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Outline

• Generalized compactness argument & GRB 170817A

• Similar events to GRB 170817A

• Other applications of compactness

• Minimal Lorentz factor of extended emissions in short GRBs



•  δt ~ 2 s
•  Power law+cut-off
•  εp ~ 185 keV
    ( ~ 520 keV : 
        Using time-resolved analysis)

GRB170817A

The 90% credible intervals(Veitch et al. 2015; Abbott et al.
2017e) for the component masses (in the m m1 2. convention)
are m M1.36, 2.261 Î :( ) and m M0.86, 1.362 Î :( ) , with total
mass M2.82 0.09

0.47
-
+

:, when considering dimensionless spins with

magnitudes up to 0.89 (high-spin prior, hereafter). When the
dimensionless spin prior is restricted to 0.05- (low-spin prior,
hereafter), the measured component masses are m 1.36,1 Î (

M1.60 :) and m M1.17, 1.362 Î :( ) , and the total mass is

Figure 2. Joint, multi-messenger detection of GW170817 and GRB170817A. Top: the summed GBM lightcurve for sodium iodide (NaI) detectors 1, 2, and 5 for
GRB170817A between 10 and 50 keV, matching the 100 ms time bins of the SPI-ACS data. The background estimate from Goldstein et al. (2016) is overlaid in red.
Second: the same as the top panel but in the 50–300 keV energy range. Third: the SPI-ACS lightcurve with the energy range starting approximately at 100 keV and
with a high energy limit of least 80 MeV. Bottom: the time-frequency map of GW170817 was obtained by coherently combining LIGO-Hanford and LIGO-
Livingston data. All times here are referenced to the GW170817 trigger time T0

GW.
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power associated with Poisson noise at a particular timescale
and the triangles denote 3 s upper limits. We define the
minimum variability timescale as the transition between
correlated (e.g., smooth, continuous emission) and uncorrelated
(e.g., rapid variations or pulsed emission) variability in the
data. As discussed in Golkhou & Butler (2014), the resulting
minimum variability timescale tminD does not necessarily
represent the shortest observable timescale in the light curve,
which tends to heavily depend on the signal-to-noise of the
data. Rather it is a characteristic timescale that more closely
resembles the rise time of the shortest pulses in the data. Such
correlated variability appears in the scaleogram as a linear rise
relative to the Poisson noise floor at the smallest timescales and
the break in this slope represents the shift to uncorrelated
variability. The linear rise phase and the subsequent break are
demarcated by the dashed blue line. The blue circle marks the
extracted value of tminD .

Using the full 10–1000 keV energy range, we obtain
t 0.125 0.064 sminD = . Repeating the analysis over two

restricted energy ranges covering 10–50 keV and 10–300 keV,
we obtained values of 0.312±0.065 s and 0.373±0.069 s,
respectively. A decrease in tminD as a function of increasing
energy matches the results reported by Golkhou et al. (2015)
and is consistent with the observed trend of GRB pulse
durations decreasing as a function of energy, with hardest
energy channels having the shortest observed durations
(Fenimore et al. 1995; Norris et al. 1996; Kocevski & Liang
2003). Figure 10(b) shows the resulting tminD over
10–1000 keV energy range compared to the full sample of
short and long GBM-detected GRBs analyzed by Golkhou
et al. (2015). It is apparent that GRB170817A is broadly
consistent with the short GRB population.

6.4. Search for Periodic Activity

Some short GRB models invoke a newly born millisecond
magnetar as a central engine, e.g., Bernardini (2015). The
GBM TTE data were searched for evidence of periodic activity
during or immediately before and after the burst that might
indicate the pulse period of the magnetar. For two energy

ranges, 8–300 keV and 50–300 keV, three time intervals were
searched: T0−10 s to T0+10 s, T0−2 s to T0+2 s, and T0−0.4
s to T0+2.0 s, selected by eye to incorporate all possible
emission from the burst. The TTE data were binned into 0.25
ms bins and input into PRESTO24 (Ransom 2001), a standard
software suite used for searches for millisecond pulsars in
Fermi /LAT, X-ray, and radio data. Specifically, an accelerated
search (Ransom et al. 2002) was used to search for drifting
periodic signals in the range 8–1999 Hz. Significant red noise,
due to the variability of the burst itself, was found at lower
frequencies. No significant periodic signals were detected
above 1.5s that were present in all energy ranges and time
intervals. To search for quasi-periodic signals, each time
interval above was divided into subintervals (1 s, 0.5 s, and
0.4 s, respectively). Power spectra were generated for each sub-
interval and then were averaged over each full time range. No
significant quasi-periodic signals were found in any of the time
intervals in either energy range. Red noise was present below
about 1–2 Hz, consistent with the the noise in the periodic
searches. The power above 1–2 Hz was consistent with white
noise.

6.5. Pulse Shape and Start Time

GRB pulse shapes can be well described by analytic
functions(Norris et al. 1996, 2005; Bhat et al. 2012). These
are especially useful to derive more accurate estimates of pulse
properties in case the GRB is dim. We adapt the pulse profile
described in Norris et al. (1996), where the pulse shape is given
by I t A t texp peak rises= - - n( ) ( (( ) ) ) for t tpeak< and
I t A t texp peak decays= - - n( ) ( (( ) ) ) for t tpeak> . Here, A is
the amplitude at the peak time of the pulse, t ,peak rises , and decays
are the characteristic rise and decay times of the pulse,
respectively. Lee et al. (2000) studied a large sample of GRB
pulses, including short GRBs by fitting the same function.
While they did not discuss short GRBs in particular, 2n = is
close to the median of the distribution of fitted ν values. We

Figure 8. Spectral fits of the count rate spectrum for the (left) main pulse (Comptonized) and (right) softer emission (blackbody). The blue bins are the forward-folded
model fit to the count rate spectrum, the data points are colored based on the detector, and 2s upper limits estimated from the model variance are shown as downward-
pointing arrows. The residuals are shown in the lower subpanels.

24 http://www.cv.nrao.edu/∼sransom/presto/
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Weakest sGRB

Since the total baryonic mass of the system can only be
reduced (by mass ejection), the maximum baryonic mass of the
merger remnant and accretion disc is bound by MB

Initial. From
Figure 3, we can see that for the measured NS gravitational
masses with the low-spin prior, the MS1 and SHT EOS could
not form a BH since M MB

Initial
B
Static< . Assuming that the

magnitude of the spins is small, the MS1 and SHT EOS are
incompatible with BH formation. If the dimensionless spins of
the NSs are allowed to be larger than 0.05, BH formation is
only disfavored: we find that a fraction 83% (MS1) and 84%
(SHT) of the posterior distribution satisfies M MB

Initial
B
Static< .

For both spin priors, we find that the H4, LS220, SFHo, and
SLy EOS result in M MB

Initial
B
Uniform> . Even when assuming a

large ejecta mass of M0.1 :, the remaining mass cannot form a
uniformly rotating NS. For those EOS, the merger either results
in prompt BH formation or in a short-lived remnant, with a
lifetime determined by the dissipation of differential rotation
and/or disk accretion.

To be compatible with scenario (ii), the lifetime of the
merger remnant would have to be sufficiently long to power the
GRB. We note that prompt BH formation is a dynamic process
accessible only to numerical relativity simulations. Although
there are parameter studies (Hotokezaka et al. 2011; Bauswein
et al. 2013), they only consider equal mass binaries.
Considering also the error margins of those studies, we
currently cannot exclude prompt collapse for the H4, LS220,
SFHo, and SLy EOS. Finally, we note that for the APR4 EOS
only the possibility of a stable remnant can be ruled out. More
generally, only EOSs with M M3.2B

Static < : are consistent with
scenario (i) when assuming the low-spin prior, or with
M M3.7B

Static < : for the wider spin prior. These bounds were
derived from the 90% credible intervals of the MB

Initial posteriors
(and these, in turn, are determined for each EOS in order to
account for binding energy variations). These upper limits are
compatible with and complement the lower bounds on MG

Static

from the observation of the most massive known pulsar, which
has a mass of M2.01 0.04 :( ) (Antoniadis et al. 2013). In

Section 6.5 we will discuss some model-dependent implica-
tions of the lack of precursor and temporally extended
gamma-ray emission from GRB170817A on the progeni-
tor NSs.

6. Gamma-ray Energetics of GRB170817A
and their Implications

Using the measured gamma-ray energy spectrum and the
distance to the host galaxy identified by the associated optical
transient, we compare the energetics of GRB170817A to those
of other SGRBs at known redshifts. Finding GRB170817A to
be subluminous, we discuss whether this dimness is an
expected observational bias for joint GW–GRB detections,
what insight it provides regarding the geometry of the gamma-
ray emitting region, what we can learn about the population of
SGRBs, update our joint detection estimates, and set limits on
gamma-ray precursor and extended emission.

6.1. Isotropic Luminosity and Energetics of GRB170817A

Using the “standard” spectral information from Goldstein
et al. (2017) and the distance to the host galaxy NGC 4993
42.9 3.2( )Mpc, we calculate the energetics of GRB170817A
using the standard formalisms (Bloom et al. 2001; Schaefer
2007). GRBs are believed to be relativistically beamed and their
emission collimated (Rhoads 1999). Isotropic energetics are
upper bounds on the true total energetics assuming the GRB is
observed within the beaming angle of the brightest part of the jet.
We estimate that the isotropic energy release in gamma-rays
E 3.1 0.7 10iso

46= ´( ) erg, and the isotropic peak luminos-
ity, L 1.6 0.6 10iso

47= ´( ) erg s−1, in the 1 keV–10MeV
energy band. These energetics are from the source interval—i.e.,
the selected time range the analysis is run over—determined in
the standard manner for GBM spectral catalog results, allowing
us to compare GRB170817A to other GRBs throughout this
section. The uncertainties on the inferred isotropic energetics
values here include the uncertainty on the distance to the host
galaxy. As a cross check, the isotropic luminosity is also

Figure 4. GRB170817A is a dim outlier in the distributions of Eiso and L iso, shown as a function of redshift for all GBM-detected GRBs with measured redshifts.
Redshifts are taken from GRBOX (http://www.astro.caltech.edu/grbox/grbox.php) and Fong et al. (2015). Short- and long-duration GRBs are separated by the
standard T 2 s90 = threshold. For GRBs with spectra best modeled by a power law, we take this value as an upper limit, marking them with downward pointing
arrows. The power law spectra lack a constraint on the curvature, which must exist, and therefore, will overestimate the total value in the extrapolated energy range.
The green curve demonstrates how the (approximate) GBM detection threshold varies as a function of redshift. All quantities are calculated in the standard 1 keV–
10 MeV energy band.
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The origin of γ-rays
1) An ordinary sGRB viewed off-axis?

LETTER

RESEARCH

2 0 8  |  N A T U R E  |  V O L  5 5 4  |  8  F E B R U A R Y  2 0 1 8

increasing with time (owing to more mass residing in slower ejecta, 

which is seen at later times). For example, using canonical micro-

physical parameters (εB  = 0.01 and εe  = 0.1, the fractions of internal 

energy that go to the magnetic field and to the electrons, respectively), 

a circum-merger density of 10 −4 cm −3 implies that between day 16 

and day 107 after the merger, the blast wave decelerated from γ ≈ 3.5 

to γ ≈ 2.5 and its isotropic equivalent energy increased from roughly 

10 49 erg to 10 50 erg. On the other hand, a density of 0.01 cm −3 implies 
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Figure 1 | The radio light curve of GW170817. 

a, The flux densities Sν  correspond to the 

detections (markers with 1σ error bars; some 

data points have errors smaller than the size 

of the marker) and upper limits (markers with 

downward-pointing arrows) of GW170817 at 

observing frequencies ranging from 0.6 GHz 

to 15 GHz (colour scale; black for ≤1 GHz and 

yellow for ≥10 GHz) between day 16 and day 

107 after the merger. Radio data are from ref. 12 

or Extended Data Table 1. The marker shapes 

denote measurements from different telescopes. 

b, Same as a, but with flux densities corrected 

for the spectral index α = −0.61 (Methods) and 

with early-time, non-constraining upper limits 

removed. The fit to the light curve with temporal 

index δ = 0.78 (Methods) is shown as a red 

line and the uncertainty in δ (±0.05) as the red 

shaded region. c, Residual plot after correcting 

for the spectral and temporal variations (t0  and 

ν0  are normalizing parameters for the fit).
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Figure 2 | Schematic of the various possible jet and dynamical ejecta 

scenarios in GW170817. In all cases, the black point represents the 

merger remnant that releases bi-conical jets, and is surrounded by 

the dynamical ejecta (colour-graded region); the black dotted region 

represents the circum-merger environment and the blue shaded region 

denotes the jet propagating into this environment. (A) A jet, seen on-axis, 

generates both the low-luminosity γ-ray emission (SGRB, short hard-γ-

ray burst) and the observed radio afterglow. This scenario cannot explain 

the late rise of the radio emission. It is also unable to explain 11 how a 

low-luminosity jet penetrates the ejecta. It is therefore ruled out. (B) A 

standard (luminous) short hard-γ-ray burst jet, seen off-axis, produces 

γ-ray and radio emission. The continuous moderate rise in the radio 

light curve rules out this scenario. (C) A choked jet gives rise to a mildly 

relativistic (γ ≈ 2–3) cocoon, denoted by the red shaded region, which 

generates the γ-rays and radio waves via on-axis emission. This is the 

model that is most consistent with the observational data. It accounts for 

the observed γ-ray and X-ray emission (and possibly also the ultraviolet 

and optical emission) as well as the radio emission, and provides a natural 

explanation for the lack of any signatures of an off-axis jet in the radio 

emission. (D) The high-velocity tail (β ≈ 0.8–0.6, that is, γ ≈ 1.67–1.25) of 

the ejecta produces the radio emission. In this case, the jet must be choked 

(otherwise its off-axis emission should have been seen). Although the 

radio emission is fully consistent with this scenario, the energy deposited 

in faster ejecta (γ ≈ 2–3) must be very low. In this scenario, the source of 

the observed γ-ray emission remains unclear. (E) A successful jet drives 

a cocoon but does not have a clear signature in the radio emission. The 

cocoon generates the γ-ray and radio emission, and outshines the jet 

at all wavelengths. This scenario is less likely on the basis of theoretical 

considerations, which suggest that the jet and the cocoon should have 

comparable energies, in which case the signature of the jet would have 

been observed in the radio band. This scenario can also be visualized as 

a ‘structured’ jet, with a relativistic narrow core surrounded by a mildly 

relativistic wide-angle outflow, in which no signature of the core can be 

seen by an off-axis observer. The relativistic core could have produced a 

standard short hard-γ-ray burst for an observer located along the axis of 

the jet. Such a jet, if it exists, could be too weak (made a sub-dominant 

contribution to the radio light curve early on) or too strong (such that its 

radio and X-ray signatures will be observed in the future; see Methods).

© 2018 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.
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2) Shock breakout from a cocoon?   (not the focus of this talk)
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increasing with time (owing to more mass residing in slower ejecta, 

which is seen at later times). For example, using canonical micro-

physical parameters (εB  = 0.01 and εe  = 0.1, the fractions of internal 

energy that go to the magnetic field and to the electrons, respectively), 

a circum-merger density of 10 −4 cm −3 implies that between day 16 

and day 107 after the merger, the blast wave decelerated from γ ≈ 3.5 

to γ ≈ 2.5 and its isotropic equivalent energy increased from roughly 

10 49 erg to 10 50 erg. On the other hand, a density of 0.01 cm −3 implies 
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Figure 1 | The radio light curve of GW170817. 

a, The flux densities Sν  correspond to the 

detections (markers with 1σ error bars; some 

data points have errors smaller than the size 

of the marker) and upper limits (markers with 

downward-pointing arrows) of GW170817 at 

observing frequencies ranging from 0.6 GHz 

to 15 GHz (colour scale; black for ≤1 GHz and 

yellow for ≥10 GHz) between day 16 and day 

107 after the merger. Radio data are from ref. 12 

or Extended Data Table 1. The marker shapes 

denote measurements from different telescopes. 

b, Same as a, but with flux densities corrected 

for the spectral index α = −0.61 (Methods) and 

with early-time, non-constraining upper limits 

removed. The fit to the light curve with temporal 

index δ = 0.78 (Methods) is shown as a red 

line and the uncertainty in δ (±0.05) as the red 

shaded region. c, Residual plot after correcting 

for the spectral and temporal variations (t0  and 

ν0  are normalizing parameters for the fit).
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Figure 2 | Schematic of the various possible jet and dynamical ejecta 

scenarios in GW170817. In all cases, the black point represents the 

merger remnant that releases bi-conical jets, and is surrounded by 

the dynamical ejecta (colour-graded region); the black dotted region 

represents the circum-merger environment and the blue shaded region 

denotes the jet propagating into this environment. (A) A jet, seen on-axis, 

generates both the low-luminosity γ-ray emission (SGRB, short hard-γ-

ray burst) and the observed radio afterglow. This scenario cannot explain 

the late rise of the radio emission. It is also unable to explain 11 how a 

low-luminosity jet penetrates the ejecta. It is therefore ruled out. (B) A 

standard (luminous) short hard-γ-ray burst jet, seen off-axis, produces 

γ-ray and radio emission. The continuous moderate rise in the radio 

light curve rules out this scenario. (C) A choked jet gives rise to a mildly 

relativistic (γ ≈ 2–3) cocoon, denoted by the red shaded region, which 

generates the γ-rays and radio waves via on-axis emission. This is the 

model that is most consistent with the observational data. It accounts for 

the observed γ-ray and X-ray emission (and possibly also the ultraviolet 

and optical emission) as well as the radio emission, and provides a natural 

explanation for the lack of any signatures of an off-axis jet in the radio 

emission. (D) The high-velocity tail (β ≈ 0.8–0.6, that is, γ ≈ 1.67–1.25) of 

the ejecta produces the radio emission. In this case, the jet must be choked 

(otherwise its off-axis emission should have been seen). Although the 

radio emission is fully consistent with this scenario, the energy deposited 

in faster ejecta (γ ≈ 2–3) must be very low. In this scenario, the source of 

the observed γ-ray emission remains unclear. (E) A successful jet drives 

a cocoon but does not have a clear signature in the radio emission. The 

cocoon generates the γ-ray and radio emission, and outshines the jet 

at all wavelengths. This scenario is less likely on the basis of theoretical 

considerations, which suggest that the jet and the cocoon should have 

comparable energies, in which case the signature of the jet would have 

been observed in the radio band. This scenario can also be visualized as 

a ‘structured’ jet, with a relativistic narrow core surrounded by a mildly 

relativistic wide-angle outflow, in which no signature of the core can be 

seen by an off-axis observer. The relativistic core could have produced a 

standard short hard-γ-ray burst for an observer located along the axis of 

the jet. Such a jet, if it exists, could be too weak (made a sub-dominant 

contribution to the radio light curve early on) or too strong (such that its 

radio and X-ray signatures will be observed in the future; see Methods).

© 2018 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.



• Luminous, high-variable, non-thermal GRBs

• compact & photon dense

=> pair production : τγγ ~ 1013 

• Relativistic effects : τγγ ~ 1013/Γ6

=> Γ > 102

Compactness Problem

Ruderman75, Schimdt78

Piran99, Lithwick&Sari01

We generalize this analysis to off-axis 
sources with an arbitrary viewing angle

this field. The redshifts of the afterglow21 and the host galaxy22 were
both found to be z 5 0.356.

Another proposed signature of the merger of two neutron stars or a
neutron star and a black hole is the production of a kilonova (some-
times also termed a ‘macronova’ or an ‘r-process supernova’) due to
the decay of radioactive species produced and initially ejected during
the merger process—in other words, an event similar to a faint, short-
lived supernova6–8. Detailed calculations suggest that the spectra of
such kilonova sources will be determined by the heavy r-process ions
created in the neutron-rich material. Although these models10–13 are
still far from being fully realistic, a robust conclusion is that the optical
flux will be greatly diminished by line blanketing in the rapidly expan-
ding ejecta, with the radiation emerging instead in the near-infrared
(NIR) and being produced over a longer timescale than would other-
wise be the case. This makes previous limits on early optical kilonova
emission unsurprising23. Specifically, the NIR light curves are expected
to have a broad peak, rising after a few days and lasting a week or more
in the rest frame. The relatively modest redshift and intensive study of
GRB 130603B made it a prime candidate for searching for such a kilonova.

We imaged of the location of the burst with the NASA/ESA Hubble
Space Telescope (HST) at two epochs, the first ,9 d after the burst
(epoch 1) and the second ,30 d after the burst (epoch 2). On each occa-
sion, a single orbit integration was obtained in both the optical F606W
filter (0.6mm) and the NIR F160W filter (1.6mm) (full details of the imag-
ing and photometric analysis discussed here are given in Supplemen-
tary Information). The HST images are shown in Fig. 1; the key result is
seen in the difference frames (right-hand panels), which provide clear
evidence for a compact transient source in the NIR in epoch 1 (we note
that this source was also identified24 as a candidate kilonova in indepen-
dent analysis of our data on epoch 1) that seems to have disappeared by
epoch 2 and is absent to the depth of the data in the optical.

At the position of the SGRB in the difference images, our photo-
metric analysis gives a magnitude limit in the F606W filter of
R606,AB . 28.25 mag (2s upper limit) and a magnitude in the F160W
filter of H160,AB 5 25.73 6 0.20 mag. In both cases, we fitted a model
point-spread function and estimated the errors from the variance of
the flux at a large number of locations chosen to have a similar back-
ground to that at the position of the SGRB. We note that some tran-
sient emission may remain in the second NIR epoch; experimenting
with adding synthetic stars to the image leads us to conclude that any
such late-time emission is likely to be less than ,25% of the level in
epoch 1 if it is not to appear visually as a faint point source in epoch 2,
however, that would still allow the NIR magnitude in epoch 1 to be up
to ,0.3 mag brighter.

To assess the significance of this result, it is important to establish
whether any emission seen in the first HST epoch could have a con-
tribution from the SGRB afterglow. A compilation of optical and NIR
photometry, gathered by a variety of ground-based telescopes in the
few days following the burst, is plotted in Fig. 2 along with our HST
results. Although initially bright, the optical afterglow light curve dec-
lines steeply after about ,10 h, requiring a late-time power-law decay
rate of a < 2.7 (where F / t2a describes the flux). The NIR flux, on the
other hand, is significantly in excess of the same extrapolated power
law. This point is made most forcibly by considering the colour evolu-
tion of the transient, defined as the difference between the magnitudes
in each filter, which evolves from R606 2 H160 < 1.7 6 0.15 mag at about
14 h to greater than R606 2 H160 < 2.5 mag at about 9 d. It would be
very unusual, and in conflict with predictions of the standard external-
shock theory25, for such a large colour change to be a consequence of
late-time afterglow behaviour. The most natural explanation is there-
fore that the HST transient source is largely due to kilonova emission,
and the brightness is in fact well within the range of recent models
plotted in Fig. 2, thus supporting the proposition that kilonovae are
likely to be important sites of r-process element production. We note
that this phenomenon is strikingly reminiscent, in a qualitative sense,
of the humps in the optical light curves of long-duration c-ray bursts

produced by underlying type Ic supernovae, although here the lumino-
sity is considerably fainter and the emission is redder. The ubiquity and
range of properties of the late-time red transient emission in SGRBs
will undoubtedly be tested by future observations.

The next generation of gravitational-wave detectors (Advanced LIGO
and Advanced VIRGO) is expected ultimately to reach sensitivity levels
allowing them to detect neutron-star/neutron-star and neutron-star/
black-hole inspirals out to distances of a few hundred megaparsecs26

(z < 0.05–0.1). However, no SGRB has been definitively found at any
redshift less than z 5 0.12 over the 8.5 yr of the Swift mission to date27.
This suggests either that the rate of compact binary mergers is low,
implying a correspondingly low expected rate of gravitational-wave
transient detections, or that most such mergers are not observed as
bright SGRBs. The latter case could be understood if the beaming of
SGRBs was rather narrow, for example, and the intrinsic event rate was,
as a result, two or three orders of magnitude higher than that observed
by Swift. Although the evidence constraining SGRB jet opening angles
is limited at present28 (indeed, the light-curve break seen in GRB 130603B
may be further evidence for such beaming), it is clear that an alterna-
tive electromagnetic signature, particularly if approximately isotropic,
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Figure 2 | Optical, NIR and X-ray light curves of GRB 130603B. Left axis,
optical and NIR; right axis, X-ray. Upper limits are 2s and error bars are 1s. The
optical data (g, r and i bands) have been interpolated to the F606W band and
the NIR data have been interpolated to the F160W band using an average
spectral energy distribution at ,0.6 d (Supplementary Information). HST
epoch-1 points are given by bold symbols. The optical afterglow decays steeply
after the first ,0.3 d and is modelled here as a smoothly broken power law
(dashed blue line). We note that the complete absence of late-time optical
emission also places a limit on any separate 56Ni-driven decay component. The
0.3–10-keV X-ray data29 are also consistent with breaking to a similarly steep
decay (the dashed black line shows the optical light curve simply rescaled to
match the X-ray points in this time frame), although the source had dropped
below Swift sensitivity by ,48 h after the burst. The key conclusion from this
plot is that the source seen in the NIR requires an additional component above
the extrapolation of the afterglow (red dashed line), assuming that it also decays
at the same rate. This excess NIR flux corresponds to a source with absolute
magnitude M(J)AB < 215.35 mag at ,7 d after the burst in the rest frame. This
is consistent with the favoured range of kilonova behaviour from recent
calculations (despite their known significant uncertainties11–13), as illustrated by
the model11 lines (orange curves correspond to ejected masses of 1022 solar
masses (lower curve) and 1021 solar masses (upper curve), and these are added
to the afterglow decay curves to produce predictions for the total NIR emission,
shown as solid red curves). The cyan curve shows that even the brightest
predicted r-process kilonova optical emission is negligible.
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Figure 2.1: Schematic picture of a observer and binary system.

envelope inflows to the primary via Lagrange point, so-called ”Roche lobe over flow”. When

the gas inflows the primary, they bring angular momentum and circulates around the BHs.

This system is called as accretion disk, which we discuss in the next section.

2.2 Accretion Disk

Generally, the accreting gas has angular momentum and starts to circulate before reaching

the central BH. The resulting system is called an accretion disk. The accretion disk systems

have been extensively studies since 1960’s, and even now, the accretion disk is one of the

main research field in astrophysics. In this section, we review the basic theoretical aspects

of the accretion disk theory.

2.2.1 Standard Disk

In this subsection, we discuss the standard disk, which is the basic system and gives inspira-

tion to discuss the disk system. The Keplerian rotating gas feels friction due to the velocity

gradient along to the radial direction. By the viscosity, the angular momentum of the gas is

transported to the outer radius, and the gas accretes to the inner radius. In the following,

we only consider disks which is stationary and axial symmetric in the cylindrical coordinate

(R,ϕ, z). In particular, when the following assumptions hold, the disk structure is described

analytically (Shakura & Sunyaev, 1973).

injection × Γ

Observer



• On axis : Γ 

•General angle : Doppler factor

=> τγγ ~ 1013/δD6

Generalization to an arbitrary 
viewing angle

this field. The redshifts of the afterglow21 and the host galaxy22 were
both found to be z 5 0.356.

Another proposed signature of the merger of two neutron stars or a
neutron star and a black hole is the production of a kilonova (some-
times also termed a ‘macronova’ or an ‘r-process supernova’) due to
the decay of radioactive species produced and initially ejected during
the merger process—in other words, an event similar to a faint, short-
lived supernova6–8. Detailed calculations suggest that the spectra of
such kilonova sources will be determined by the heavy r-process ions
created in the neutron-rich material. Although these models10–13 are
still far from being fully realistic, a robust conclusion is that the optical
flux will be greatly diminished by line blanketing in the rapidly expan-
ding ejecta, with the radiation emerging instead in the near-infrared
(NIR) and being produced over a longer timescale than would other-
wise be the case. This makes previous limits on early optical kilonova
emission unsurprising23. Specifically, the NIR light curves are expected
to have a broad peak, rising after a few days and lasting a week or more
in the rest frame. The relatively modest redshift and intensive study of
GRB 130603B made it a prime candidate for searching for such a kilonova.

We imaged of the location of the burst with the NASA/ESA Hubble
Space Telescope (HST) at two epochs, the first ,9 d after the burst
(epoch 1) and the second ,30 d after the burst (epoch 2). On each occa-
sion, a single orbit integration was obtained in both the optical F606W
filter (0.6mm) and the NIR F160W filter (1.6mm) (full details of the imag-
ing and photometric analysis discussed here are given in Supplemen-
tary Information). The HST images are shown in Fig. 1; the key result is
seen in the difference frames (right-hand panels), which provide clear
evidence for a compact transient source in the NIR in epoch 1 (we note
that this source was also identified24 as a candidate kilonova in indepen-
dent analysis of our data on epoch 1) that seems to have disappeared by
epoch 2 and is absent to the depth of the data in the optical.

At the position of the SGRB in the difference images, our photo-
metric analysis gives a magnitude limit in the F606W filter of
R606,AB . 28.25 mag (2s upper limit) and a magnitude in the F160W
filter of H160,AB 5 25.73 6 0.20 mag. In both cases, we fitted a model
point-spread function and estimated the errors from the variance of
the flux at a large number of locations chosen to have a similar back-
ground to that at the position of the SGRB. We note that some tran-
sient emission may remain in the second NIR epoch; experimenting
with adding synthetic stars to the image leads us to conclude that any
such late-time emission is likely to be less than ,25% of the level in
epoch 1 if it is not to appear visually as a faint point source in epoch 2,
however, that would still allow the NIR magnitude in epoch 1 to be up
to ,0.3 mag brighter.

To assess the significance of this result, it is important to establish
whether any emission seen in the first HST epoch could have a con-
tribution from the SGRB afterglow. A compilation of optical and NIR
photometry, gathered by a variety of ground-based telescopes in the
few days following the burst, is plotted in Fig. 2 along with our HST
results. Although initially bright, the optical afterglow light curve dec-
lines steeply after about ,10 h, requiring a late-time power-law decay
rate of a < 2.7 (where F / t2a describes the flux). The NIR flux, on the
other hand, is significantly in excess of the same extrapolated power
law. This point is made most forcibly by considering the colour evolu-
tion of the transient, defined as the difference between the magnitudes
in each filter, which evolves from R606 2 H160 < 1.7 6 0.15 mag at about
14 h to greater than R606 2 H160 < 2.5 mag at about 9 d. It would be
very unusual, and in conflict with predictions of the standard external-
shock theory25, for such a large colour change to be a consequence of
late-time afterglow behaviour. The most natural explanation is there-
fore that the HST transient source is largely due to kilonova emission,
and the brightness is in fact well within the range of recent models
plotted in Fig. 2, thus supporting the proposition that kilonovae are
likely to be important sites of r-process element production. We note
that this phenomenon is strikingly reminiscent, in a qualitative sense,
of the humps in the optical light curves of long-duration c-ray bursts

produced by underlying type Ic supernovae, although here the lumino-
sity is considerably fainter and the emission is redder. The ubiquity and
range of properties of the late-time red transient emission in SGRBs
will undoubtedly be tested by future observations.

The next generation of gravitational-wave detectors (Advanced LIGO
and Advanced VIRGO) is expected ultimately to reach sensitivity levels
allowing them to detect neutron-star/neutron-star and neutron-star/
black-hole inspirals out to distances of a few hundred megaparsecs26

(z < 0.05–0.1). However, no SGRB has been definitively found at any
redshift less than z 5 0.12 over the 8.5 yr of the Swift mission to date27.
This suggests either that the rate of compact binary mergers is low,
implying a correspondingly low expected rate of gravitational-wave
transient detections, or that most such mergers are not observed as
bright SGRBs. The latter case could be understood if the beaming of
SGRBs was rather narrow, for example, and the intrinsic event rate was,
as a result, two or three orders of magnitude higher than that observed
by Swift. Although the evidence constraining SGRB jet opening angles
is limited at present28 (indeed, the light-curve break seen in GRB 130603B
may be further evidence for such beaming), it is clear that an alterna-
tive electromagnetic signature, particularly if approximately isotropic,
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Figure 2 | Optical, NIR and X-ray light curves of GRB 130603B. Left axis,
optical and NIR; right axis, X-ray. Upper limits are 2s and error bars are 1s. The
optical data (g, r and i bands) have been interpolated to the F606W band and
the NIR data have been interpolated to the F160W band using an average
spectral energy distribution at ,0.6 d (Supplementary Information). HST
epoch-1 points are given by bold symbols. The optical afterglow decays steeply
after the first ,0.3 d and is modelled here as a smoothly broken power law
(dashed blue line). We note that the complete absence of late-time optical
emission also places a limit on any separate 56Ni-driven decay component. The
0.3–10-keV X-ray data29 are also consistent with breaking to a similarly steep
decay (the dashed black line shows the optical light curve simply rescaled to
match the X-ray points in this time frame), although the source had dropped
below Swift sensitivity by ,48 h after the burst. The key conclusion from this
plot is that the source seen in the NIR requires an additional component above
the extrapolation of the afterglow (red dashed line), assuming that it also decays
at the same rate. This excess NIR flux corresponds to a source with absolute
magnitude M(J)AB < 215.35 mag at ,7 d after the burst in the rest frame. This
is consistent with the favoured range of kilonova behaviour from recent
calculations (despite their known significant uncertainties11–13), as illustrated by
the model11 lines (orange curves correspond to ejected masses of 1022 solar
masses (lower curve) and 1021 solar masses (upper curve), and these are added
to the afterglow decay curves to produce predictions for the total NIR emission,
shown as solid red curves). The cyan curve shows that even the brightest
predicted r-process kilonova optical emission is negligible.
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Figure 2.1: Schematic picture of a observer and binary system.

envelope inflows to the primary via Lagrange point, so-called ”Roche lobe over flow”. When

the gas inflows the primary, they bring angular momentum and circulates around the BHs.

This system is called as accretion disk, which we discuss in the next section.

2.2 Accretion Disk

Generally, the accreting gas has angular momentum and starts to circulate before reaching

the central BH. The resulting system is called an accretion disk. The accretion disk systems

have been extensively studies since 1960’s, and even now, the accretion disk is one of the

main research field in astrophysics. In this section, we review the basic theoretical aspects

of the accretion disk theory.

2.2.1 Standard Disk

In this subsection, we discuss the standard disk, which is the basic system and gives inspira-

tion to discuss the disk system. The Keplerian rotating gas feels friction due to the velocity

gradient along to the radial direction. By the viscosity, the angular momentum of the gas is

transported to the outer radius, and the gas accretes to the inner radius. In the following,

we only consider disks which is stationary and axial symmetric in the cylindrical coordinate

(R,ϕ, z). In particular, when the following assumptions hold, the disk structure is described

analytically (Shakura & Sunyaev, 1973).
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A P P E N D I X A : O N T H E L O C A L I Z AT I O N O F
THE OBSERV ED R E G IO N

Consider a relativistic structured jet in which the luminosity, Lν and
the Lorentz factor, ", depend on the angle θ and an observer at an
angle θobs. We show here that a small region dominates the observed
γ -ray flux. This statement holds generally unless the distributions
are fine-tuned and even in that case it will hold only for a single
observer. The observed flux is given by

Fνobs (θobs) = 1
d2

L

∫
d%̃

dL̃ν̃

d%̃
δ3

D(θ̃ − θobs), (A1)

Figure A1. Schematic picture of a γ -ray emitting region for a structured
jet. The integrand in equation (A1) is composed of two factors of dL̃ν̃/d%̃

and δ3
D(θ̃ − θobs) which have each peak (dashed curves). The observed flux

is produced by a small region between both peaks (solid curve). For a given
function "(θ̃), only when the function dL̃ν̃/d%̃ is fine-tuned like in the inset,
the integrand has a flat profile.

where tilde denotes the quantities in the rest frame of the jet and the
Doppler factor is defined as

δD(θ̃ − θobs) = 1
"(θ̃)[1 − β(θ̃ ) cos(θ̃ − θobs)]

. (A2)

The factor δ3
D(θ̃ − θobs) has a steep peak with a width of

∼1/"(θobs) at θ̃ ≃ θobs if "(θobs) is still relativistic, or ∼1/"(θ̃ ) at
θ̃ < θobs where the outflow becomes mildly relativistic. The other
factor in integrand, dL̃ν̃/d%̃, is independent of θobs and it peaks at
θ̃ = 0. Since the integrand is a product of two largely independent
quantities, unless there is some fine-tuning (see the inset in Fig. A1),
the integrand must peak somewhere between θobs and the origin.
The peak is at θ eγ and its width is roughly !1/"(θ eγ ). Fig. A1
depicts a schematic picture of the two components and the resulting
integrand. Note also that since the Doppler factor depends on θobs

while the other factor does not, a flat integrand for one observer will
not be flat for others.

As an example, we consider a Gaussian structured jet that is
commonly used. The luminosity and Lorentz factor distributions
are given by:

dL̃ν̃

d%̃
= L0 exp

[
−
(

θ̃
θc

)2
]

, (A3)

"(θ̃ ) = ("0 − 1) exp
[
−
(

θ̃

θc

)2]
+1, (A4)

where L0 and "0 are the normalizations of the distributions, and
θ c is the jet core size. We set L0 = 100, "0 = 100, and θc =
0.1 rad. In Fig. A2, we show the integrand in equation (A1) for a
viewing angle θobs = 0.2 rad with a solid curve. The dashed and
dash–dotted curves denote dL̃ν̃/d%̃ and δ3

D(θ̃ − θobs), respectively.
For this distribution of ", the Lorentz factor is ∼1 at θobs and the
Doppler factor peaks at θ̃ ≃ 0.15 rad < θobs. The full width at half
maximum is ∼0.02 rad, demonstrating that for this structured jet,
the γ -ray emitting region is very narrow. Interestingly, in this case
"(θ̃ ≃ 0.15) ≃ 11 and hence the observer at θobs = 0.2 rad is inside
the beaming cone of the emission region, namely, the emission
region is on-axis for the observer. Unless the jet core is very small,
e.g. θc ∼ 0.01 rad, this is true for any Gaussian jet.
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Generalized compactness limit 3

is larger by a factor of Γ − 1 and our limit is, correspondingly, less
restrictive. The energetics argument limits the total baryon number
as

Γmpc2N ′
baryon ! ϵ ′pN ′

γ, (5)

where ϵ ′p and N ′
γ are the observed peak photon energy (peak energy

of the energy flux) and the total photon number in the emitting
region, respectively, such that the right-hand-side is approximately
the total rest frame radiation energy. Clearly this estimation is valid
only in the case that the energy source is the energy carried by the
baryons (e.g. for an internal-shock model but not a Poynting flux
dominated outflow).

For normal GRBs, limit C gives the weakest limit, hence not
much attention was paid to it in terms of limit on the Lorentz factor.
Instead it was used to put a lower limit on the emission radius. In
this limit, pair production has nothing to do with the opacity, and
the optical depth depends only on total observed radiation energy
and it is independent of the specific observed spectrum.

2.2 The optical depth
We consider a general γ-ray transient, characterized by the fol-
lowing observables: (a) an isotropic γ-ray luminosity Lγ,iso, (b) a
variable timescale (duration of an observed single pulse) δt, and (c)
the photon spectrum dN/dϵ with a peak energy ϵp (see Table 1).
Using these observables, we evaluate the optical depth of the γ-ray
transient taking the different limits into account. Note that in this
section we do not take redshift effects into account. However those
are inserted later when we estimate the final results shown in Table
2.

The optical depth of γ-rays in the rest frame is given by (e.g.,
Nakar 2007)

τ ≃ σN ′
s l ′

πθ2γR2∆R′ . (6)

σ is the relevant cross section, l ′ is the path length of the photons
within the region before escaping to the observer, and N ′

s is the
number of annihilating photons in limit A, number of produced
pairs in limit B, and number of source electrons in limit C. θγ , R,
and ∆R′ are the characteristic angle of the γ-ray emitting region,
radial distance where the emission episode takes place, and the
thickness of the γ-ray emitting region, respectively. The angle and
distance are measured in the lab frame.

The cross section for pair production peaks slightly above the
threshold (given by Eq. 3) and then it decreases quickly with energy.
For a power-law photon spectrum with a photon index −2, the
average value of the cross section becomes (11/180)σT where σT
is the Thomson cross section, (Svensson 1987; Lithwick & Sari
2001). We use this factor for a power-law spectrum (PL). We don’t
use it for a cut-off power-law spectrum that declines sharply at high
energy. In the following, we still use the notation σT for simplicity,
but restore the coefficient in the summarizing Table 2.

Generally, the outflow that produces the γ-ray emission has an
angular structure, e.g., luminosity and Lorentz factor distributions
that depend on the angle. Each point on the outflow contributes to
the observed γ-ray flux with different intensity and Doppler boost.
In Matsumoto et al. (2019), we showed that, because of the sensitive
dependence of the Doppler boost on the viewing angle, unless there
is an extreme fine tuning a small patch of the outflow dominates
the observed γ-rays . Thus, we can reasonably assume that the
luminosity and Lorentz factor over the patch are approximately

Figure 1. Schematic picture of aγ-ray emitting region and an observer. Over
this region, the luminosity and Lorentz factor are uniform.

constant. We denote this region as the γ-ray emitting region and
approximate the geometry of the emitting source by a characteristic
angular size θγ over which the luminosity and the Lorentz factor do
not vary significantly. It is viewed from an angle θ, measured from
the center of this region (see Fig. 1).

For a small viewing angle and a large Lorentz factor, the an-
gular variation of the Doppler factor depends on the product Γθ.
Hence, for θ < 1/Γ, the observer is on-axis and relativistic beam-
ing dictates the size of the γ-ray emitting region: θγ ≤ 1/Γ. For
θ > 1/Γ, the observer is off-axis and the observed γ-ray emission is
suppressed by the Doppler de-beaming. Hence, only a region of size
θ can contribute significantly. Overall, the size of the γ-ray emitting
region satisfies:

θγ ≤ max
{

1
Γ
, θ

}
. (7)

We turn now to evaluate the various quantities that determine
the optical depth (Eq. 6) using the observables. For limits A and B,
we write N ′

s as

N ′
s = f N ′

γ . (8)

Here, f is the fraction of photons whose energy is larger than the
thresholds ϵth,A (Eq. 3) or ϵth,B (Eq. 4). Nγ is the total number of
photons:

N ′
γ ≃

4πd2Sγ
δ2D(θ, Γ)ϵp

≃
Lγ,isoδt

δ2D(θ, Γ)ϵp
, (9)

where d is distance to the burst , Sγ ≃ Lγ,isoδt/4πd2 is observed γ-
ray fluence during δt and Lγ,iso the isotropic equivalent luminosity.
In deriving this relation, we have used the transformation of the solid
angles ∆Ω = ∆Ω′/δ2D(θ, Γ), and assumed that the source radiates
photons isotropically in the rest frame.

For a normalized photon spectrum, the photon fraction, f , is
calculated as

f =
∫ ∞

ϵth

dN
dϵ

dϵ , (10)

where ϵth = ϵth,A or ϵth,B and we assume that the observed high end
of the photon spectrum extends to higher energies. We consider two
spectra: a power-law in the relevant (high energy) segment (denoted
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is larger by a factor of Γ − 1 and our limit is, correspondingly, less
restrictive. The energetics argument limits the total baryon number
as

Γmpc2N ′
baryon ! ϵ ′pN ′

γ, (5)

where ϵ ′p and N ′
γ are the observed peak photon energy (peak energy

of the energy flux) and the total photon number in the emitting
region, respectively, such that the right-hand-side is approximately
the total rest frame radiation energy. Clearly this estimation is valid
only in the case that the energy source is the energy carried by the
baryons (e.g. for an internal-shock model but not a Poynting flux
dominated outflow).

For normal GRBs, limit C gives the weakest limit, hence not
much attention was paid to it in terms of limit on the Lorentz factor.
Instead it was used to put a lower limit on the emission radius. In
this limit, pair production has nothing to do with the opacity, and
the optical depth depends only on total observed radiation energy
and it is independent of the specific observed spectrum.

2.2 The optical depth
We consider a general γ-ray transient, characterized by the fol-
lowing observables: (a) an isotropic γ-ray luminosity Lγ,iso, (b) a
variable timescale (duration of an observed single pulse) δt, and (c)
the photon spectrum dN/dϵ with a peak energy ϵp (see Table 1).
Using these observables, we evaluate the optical depth of the γ-ray
transient taking the different limits into account. Note that in this
section we do not take redshift effects into account. However those
are inserted later when we estimate the final results shown in Table
2.

The optical depth of γ-rays in the rest frame is given by (e.g.,
Nakar 2007)

τ ≃ σN ′
s l ′

πθ2γR2∆R′ . (6)

σ is the relevant cross section, l ′ is the path length of the photons
within the region before escaping to the observer, and N ′

s is the
number of annihilating photons in limit A, number of produced
pairs in limit B, and number of source electrons in limit C. θγ , R,
and ∆R′ are the characteristic angle of the γ-ray emitting region,
radial distance where the emission episode takes place, and the
thickness of the γ-ray emitting region, respectively. The angle and
distance are measured in the lab frame.

The cross section for pair production peaks slightly above the
threshold (given by Eq. 3) and then it decreases quickly with energy.
For a power-law photon spectrum with a photon index −2, the
average value of the cross section becomes (11/180)σT where σT
is the Thomson cross section, (Svensson 1987; Lithwick & Sari
2001). We use this factor for a power-law spectrum (PL). We don’t
use it for a cut-off power-law spectrum that declines sharply at high
energy. In the following, we still use the notation σT for simplicity,
but restore the coefficient in the summarizing Table 2.

Generally, the outflow that produces the γ-ray emission has an
angular structure, e.g., luminosity and Lorentz factor distributions
that depend on the angle. Each point on the outflow contributes to
the observed γ-ray flux with different intensity and Doppler boost.
In Matsumoto et al. (2019), we showed that, because of the sensitive
dependence of the Doppler boost on the viewing angle, unless there
is an extreme fine tuning a small patch of the outflow dominates
the observed γ-rays . Thus, we can reasonably assume that the
luminosity and Lorentz factor over the patch are approximately

Figure 1. Schematic picture of aγ-ray emitting region and an observer. Over
this region, the luminosity and Lorentz factor are uniform.

constant. We denote this region as the γ-ray emitting region and
approximate the geometry of the emitting source by a characteristic
angular size θγ over which the luminosity and the Lorentz factor do
not vary significantly. It is viewed from an angle θ, measured from
the center of this region (see Fig. 1).

For a small viewing angle and a large Lorentz factor, the an-
gular variation of the Doppler factor depends on the product Γθ.
Hence, for θ < 1/Γ, the observer is on-axis and relativistic beam-
ing dictates the size of the γ-ray emitting region: θγ ≤ 1/Γ. For
θ > 1/Γ, the observer is off-axis and the observed γ-ray emission is
suppressed by the Doppler de-beaming. Hence, only a region of size
θ can contribute significantly. Overall, the size of the γ-ray emitting
region satisfies:

θγ ≤ max
{

1
Γ
, θ

}
. (7)

We turn now to evaluate the various quantities that determine
the optical depth (Eq. 6) using the observables. For limits A and B,
we write N ′

s as

N ′
s = f N ′

γ . (8)

Here, f is the fraction of photons whose energy is larger than the
thresholds ϵth,A (Eq. 3) or ϵth,B (Eq. 4). Nγ is the total number of
photons:

N ′
γ ≃

4πd2Sγ
δ2D(θ, Γ)ϵp

≃
Lγ,isoδt

δ2D(θ, Γ)ϵp
, (9)

where d is distance to the burst , Sγ ≃ Lγ,isoδt/4πd2 is observed γ-
ray fluence during δt and Lγ,iso the isotropic equivalent luminosity.
In deriving this relation, we have used the transformation of the solid
angles ∆Ω = ∆Ω′/δ2D(θ, Γ), and assumed that the source radiates
photons isotropically in the rest frame.

For a normalized photon spectrum, the photon fraction, f , is
calculated as

f =
∫ ∞

ϵth

dN
dϵ

dϵ , (10)

where ϵth = ϵth,A or ϵth,B and we assume that the observed high end
of the photon spectrum extends to higher energies. We consider two
spectra: a power-law in the relevant (high energy) segment (denoted
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very strongly on Γ (as roughly Γ10.4), which implies that on day 150 the 
Lorentz factor of the radio source was19 less than about 5. Last, and 
most constraining, is the rapid turnover around the peak of the radio 
light curve and the very fast decline that follows Fν ∝ t−2 after day 200, 
where Fν is the flux density and t is the time in the observer frame 
(K.P.M. et al., manuscript in preparation). The shape of the peak and 
the following decline depends on the ratio θs/(θobs − θs). A smaller ratio 
results in a narrower peak, and if θ θ θ−≫s obs s the decay is expected to 
be19 at first roughly linear in time, whereas if θ θ θ−≪s obs s the flux decay 
after the peak is predicted to behave as roughly Fν ∝ t−p, where the 
radio spectrum dictates8,12,16 that p ≈ 2.16. We conclude that the com-
bination of the image and the light curve indicate that around the peak, 
at day 150, the emission is most probably dominated by a narrow com-
ponent with θ .≪ 0 25 rads  and Γ ≈ 4, which is observed at an angle of 
θobs − θs ≈ 0.25 rad (in contrast to the emission during the first month 
or two, which was most probably dominated by cocoon emission from 
angles larger than θs).

The constraints derived above strongly disfavour an uncollimated 
choked jet, where the jet has a wide opening angle and does not suc-
cessfully escape the neutron-rich material ejected dynamically during 
the merger (that is, it is choked and so does not contain a relativistic 
narrow core). A narrowly collimated choked jet may generate an out-
flow with a narrow high-energy core, but it is hard to obtain a Lorentz 
factor that is high enough without a fine tuning of the location where 
the jet is choked. In contrast to all other models, the successful-jet 
model predicts a structure that can easily satisfy the constraints of the 
image and the light curve. In this model, the gradual rise is generated 
by cocoon emission and the peak is observed when the core of the 
successful jet decelerates and starts to dominate the emission. The jet 
opening angle θj and its Lorentz factor are those of the source in our 

images around the time of the peak, namely θj ≈ θs. We can only put a 
lower limit on the initial Lorentz factor of the jet Γ0, because we do not 
know the deceleration radius (that is, when the transition from the 
coasting phase to the power-law decline phase took place). All of the 
observational data can be explained with a narrowly collimated jet with 

!Γ 100 .
To verify the analytical considerations discussed above, and to find 

tighter constraints on the outflow, we ran a set of relativistic hydrody-
namic simulations (see Methods). Our simulations include configura-
tions of choked and successful jets at various opening angles and 
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Fig. 1 | Proper motion of the radio counterpart of GW170817. The 
offset positions of the centroid (shown by 1σ error bars) and 3σ–12σ 
contours of the radio source detected 75 days (black) and 230 days (red) 
after the merger event using VLBI at 4.5 GHz. The two VLBI epochs have 
image root-mean-square noise of 5.0 µJy beam−1 and 5.6 µJy beam−1 
(natural weighting), respectively, and the peak flux densities of GW170817 
are 58 µJy beam−1 and 48 µJy beam−1, respectively. The radio source 
is consistent with being unresolved at both epochs. The shapes of the 
synthesized beams for the images from each epoch are shown as dotted 
ellipses in the lower right corner. The proper-motion vector of the radio 
source has a magnitude of 2.7 ± 0.3 mas and a position angle of 86° ± 18°, 
measured over 155 days.
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b

Fig. 2 | Radio, 3-GHz light curves of several representative simulated 
models. The black error bars (1σ) are the 3-GHz flux density (Fν) values 
for GW170817. The grey shaded regions denote the VLBI epochs:  
75 and 230 days after the merger. a, A narrow jet with an initial opening 
angle of θj,0 = 0.04 rad (2.3°), total energy of E = 1050 erg and isotropic 
equivalent energy of Eiso = 1053 erg at the core, as observed at three 
different viewing angles (models A1–A3). For all light curves, we take  
the energy fraction of accelerated electrons to be εe = 0.1, assume a  
power-law index of p = 2.16, and vary the energy fraction of the magnetic 
field εB and the external density n (which is assumed to be constant in 
space) to obtain a best fit to the light curve. The opening angle of the jet 
core at the time of the peak is θj,p = 0.08 rad. The model that gives best fits 
both for the light curve and the images corresponds to a viewing angle 
of θobs = 0.35 rad (εB = 10−4, n = 6 × 10−4 cm−3). The red line shows the 
contribution of emission from the jet core (θ < θj,p) and the green line 
shows the cocoon emission. The fit to the observations is obtained  
only in a narrow range of viewing angles. For smaller angles (such as 
θobs = 0.25 rad, εB = 2 × 10− 4, n = 10− 4 cm−3) the light curve rises too 
slowly and the image centroid moves too far, whereas at larger angles (such 
as θobs = 0.5 rad, εB = 8 × 10− 5, n = 6 × 10−3 cm−3) the light curve rises too 
quickly and the image centroid motion is too small. b, Light curves of three 
other models. Model B: another narrow jet with a lower energy, θj,p = 0.06 rad,  
E = 1049 erg and Eiso = 2 × 1052 erg (εB = 4 × 10− 5, n = 7 × 10−3 cm−3), 
at θobs = 0.3 rad, which provides a reasonable fit to the data. Model C: a 
wider jet with θj,p = 0.13 rad; even for θobs = 0.5 rad, the light curve does 
not decay fast enough to be consistent with the most recent data points, 
and at this viewing angle the image centroid moves too slowly. Model D: a 
model of a choked jet; the light curve does not decay fast enough after the 
peak and the image motion, although superluminal, is very slow compared 
to the observations. In all of the models that we considered, the spectrum 
between radio and X-ray frequencies follows a constant power law (cooling 
and self-absorption do not affect this spectral range) and so models that fit 
the radio, 3-GHz data fit the entire afterglow observations from radio to 
X-ray frequencies; see Methods for details.

3 5 6  |  N A T U R E  |  V O L  5 6 1  |  2 0  S E P T E M B E R  2 0 1 8
© 2018 Springer Nature Limited. All rights reserved.

(Superluminal motion)
vapp ' 4 c

LETTERRESEARCH

density29 for short GRBs (SGRBs); while keeping all other values con-
stant), we find an afterglow that is brighter by about an order of mag-
nitude at the peak compared to that of GW170817. Such an afterglow 
could have been detected at a distance of 40 Mpc at a larger viewing 
angle of about 50°.

Our VLBI result implies that binary neutron-star mergers launch 
relativistic, narrowly collimated jets that successfully penetrate the 
dynamical ejecta, which is a prerequisite for the production of SGRBs 
(which require !Γ 1000 ). If GW170817 produced an SGRB pointing 
away from us, then its peak isotropic equivalent luminosity in γ-rays 
was Liso ≈ 1052 erg s−1 when observed within the jet cone, assuming 
that the initial opening angle of the jet was around 0.05 rad. The rate of 
SGRBs with a peak Liso of more than about 1052 erg s−1 is only30 about 
0.1 Gpc−3 yr−1, corresponding to about 1% of all SGRBs that point 
towards Earth. This suggests either that we were extremely lucky to 
observe such an event or that all such luminous events are more nar-
rowly beamed than events of smaller Liso and do not typically point 
towards Earth. For example, if GW170817, with an opening angle of 

approximately 0.05   rad, is representative of events with 
Liso ≈ 1052 erg s−1, it would imply that there are 1,000 events with such 
luminosity that point away from Earth for every SGRB-producing event 
that points towards Earth—that is, a rate of about 100 Gpc−3 yr−1 for 
GW170817-like events. This rate is about 3%–30% of the binary  
neutron-star merger rate1 −

+ − −(1,540 Gpc yr )1,220
3,200 3 1  and would imply 

that the true fraction of high-luminosity SGRBs is much higher than 
observed at Earth. An anticorrelation between the opening angle of the 
jet and its isotropic equivalent energy is one possible cause for such a 
relationship, and follows naturally if the total energy of different events 
varies less than their beaming. This possibility can be easily tested with 
a small number of future events with off-axis afterglow emission.
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Fig. 4 | Schematic of the physical and geometric parameters derived 
for GW170817. GW170817 has a successful jet (yellow) that drives a 
cocoon (red) through interaction with the dynamical ejecta (blue). This 
scenario is the same as scenario E in our previous work8 and consistent 
with structured-jet models. The shock breakout from the cocoon probably 
produced the γ-ray signal and the cocoon’s interaction with the interstellar 
medium produced the early-time (up to about two months after the 
merger) radio and X-ray emission. The relativistic core of the jet has a 
half-opening angle of θjet ≤ 5°. Earth is located θobs = 14°–28° away from 
the core of the jet. GW170817 most probably gave rise to a SGRB pointing 
at such an angle away from Earth. The interaction between the jet and the 
interstellar medium produced the late-time radio and X-ray emission. Our 
VLBI measurement suggests that the Lorentz factor of the jet 150 days 
after the merger (at the peak of the radio light curve, when the core of the 
jet came into view) is Γ ≈ 4. The total energy (E) of the jet and cocoon 
system is 1049–1050 erg. The density (n) of the circum-merger environment 
is 10−4–5 × 10−3 cm−3.
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ns ch
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ion,

an
d

th
e brig

htness
is

in
fac

t well
with

in
the ran

ge
of rec

en
t models

plotte
d in

Fig.
2, th

us su
pporti

ng th
e pro
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t pro
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at
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The origin of γ-rays

this field. The redshifts of the afterglow21 and the host galaxy22 were
both found to be z 5 0.356.

Another proposed signature of the merger of two neutron stars or a
neutron star and a black hole is the production of a kilonova (some-
times also termed a ‘macronova’ or an ‘r-process supernova’) due to
the decay of radioactive species produced and initially ejected during
the merger process—in other words, an event similar to a faint, short-
lived supernova6–8. Detailed calculations suggest that the spectra of
such kilonova sources will be determined by the heavy r-process ions
created in the neutron-rich material. Although these models10–13 are
still far from being fully realistic, a robust conclusion is that the optical
flux will be greatly diminished by line blanketing in the rapidly expan-
ding ejecta, with the radiation emerging instead in the near-infrared
(NIR) and being produced over a longer timescale than would other-
wise be the case. This makes previous limits on early optical kilonova
emission unsurprising23. Specifically, the NIR light curves are expected
to have a broad peak, rising after a few days and lasting a week or more
in the rest frame. The relatively modest redshift and intensive study of
GRB 130603B made it a prime candidate for searching for such a kilonova.

We imaged of the location of the burst with the NASA/ESA Hubble
Space Telescope (HST) at two epochs, the first ,9 d after the burst
(epoch 1) and the second ,30 d after the burst (epoch 2). On each occa-
sion, a single orbit integration was obtained in both the optical F606W
filter (0.6mm) and the NIR F160W filter (1.6mm) (full details of the imag-
ing and photometric analysis discussed here are given in Supplemen-
tary Information). The HST images are shown in Fig. 1; the key result is
seen in the difference frames (right-hand panels), which provide clear
evidence for a compact transient source in the NIR in epoch 1 (we note
that this source was also identified24 as a candidate kilonova in indepen-
dent analysis of our data on epoch 1) that seems to have disappeared by
epoch 2 and is absent to the depth of the data in the optical.

At the position of the SGRB in the difference images, our photo-
metric analysis gives a magnitude limit in the F606W filter of
R606,AB . 28.25 mag (2s upper limit) and a magnitude in the F160W
filter of H160,AB 5 25.73 6 0.20 mag. In both cases, we fitted a model
point-spread function and estimated the errors from the variance of
the flux at a large number of locations chosen to have a similar back-
ground to that at the position of the SGRB. We note that some tran-
sient emission may remain in the second NIR epoch; experimenting
with adding synthetic stars to the image leads us to conclude that any
such late-time emission is likely to be less than ,25% of the level in
epoch 1 if it is not to appear visually as a faint point source in epoch 2,
however, that would still allow the NIR magnitude in epoch 1 to be up
to ,0.3 mag brighter.

To assess the significance of this result, it is important to establish
whether any emission seen in the first HST epoch could have a con-
tribution from the SGRB afterglow. A compilation of optical and NIR
photometry, gathered by a variety of ground-based telescopes in the
few days following the burst, is plotted in Fig. 2 along with our HST
results. Although initially bright, the optical afterglow light curve dec-
lines steeply after about ,10 h, requiring a late-time power-law decay
rate of a < 2.7 (where F / t2a describes the flux). The NIR flux, on the
other hand, is significantly in excess of the same extrapolated power
law. This point is made most forcibly by considering the colour evolu-
tion of the transient, defined as the difference between the magnitudes
in each filter, which evolves from R606 2 H160 < 1.7 6 0.15 mag at about
14 h to greater than R606 2 H160 < 2.5 mag at about 9 d. It would be
very unusual, and in conflict with predictions of the standard external-
shock theory25, for such a large colour change to be a consequence of
late-time afterglow behaviour. The most natural explanation is there-
fore that the HST transient source is largely due to kilonova emission,
and the brightness is in fact well within the range of recent models
plotted in Fig. 2, thus supporting the proposition that kilonovae are
likely to be important sites of r-process element production. We note
that this phenomenon is strikingly reminiscent, in a qualitative sense,
of the humps in the optical light curves of long-duration c-ray bursts

produced by underlying type Ic supernovae, although here the lumino-
sity is considerably fainter and the emission is redder. The ubiquity and
range of properties of the late-time red transient emission in SGRBs
will undoubtedly be tested by future observations.

The next generation of gravitational-wave detectors (Advanced LIGO
and Advanced VIRGO) is expected ultimately to reach sensitivity levels
allowing them to detect neutron-star/neutron-star and neutron-star/
black-hole inspirals out to distances of a few hundred megaparsecs26

(z < 0.05–0.1). However, no SGRB has been definitively found at any
redshift less than z 5 0.12 over the 8.5 yr of the Swift mission to date27.
This suggests either that the rate of compact binary mergers is low,
implying a correspondingly low expected rate of gravitational-wave
transient detections, or that most such mergers are not observed as
bright SGRBs. The latter case could be understood if the beaming of
SGRBs was rather narrow, for example, and the intrinsic event rate was,
as a result, two or three orders of magnitude higher than that observed
by Swift. Although the evidence constraining SGRB jet opening angles
is limited at present28 (indeed, the light-curve break seen in GRB 130603B
may be further evidence for such beaming), it is clear that an alterna-
tive electromagnetic signature, particularly if approximately isotropic,
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Figure 2 | Optical, NIR and X-ray light curves of GRB 130603B. Left axis,
optical and NIR; right axis, X-ray. Upper limits are 2s and error bars are 1s. The
optical data (g, r and i bands) have been interpolated to the F606W band and
the NIR data have been interpolated to the F160W band using an average
spectral energy distribution at ,0.6 d (Supplementary Information). HST
epoch-1 points are given by bold symbols. The optical afterglow decays steeply
after the first ,0.3 d and is modelled here as a smoothly broken power law
(dashed blue line). We note that the complete absence of late-time optical
emission also places a limit on any separate 56Ni-driven decay component. The
0.3–10-keV X-ray data29 are also consistent with breaking to a similarly steep
decay (the dashed black line shows the optical light curve simply rescaled to
match the X-ray points in this time frame), although the source had dropped
below Swift sensitivity by ,48 h after the burst. The key conclusion from this
plot is that the source seen in the NIR requires an additional component above
the extrapolation of the afterglow (red dashed line), assuming that it also decays
at the same rate. This excess NIR flux corresponds to a source with absolute
magnitude M(J)AB < 215.35 mag at ,7 d after the burst in the rest frame. This
is consistent with the favoured range of kilonova behaviour from recent
calculations (despite their known significant uncertainties11–13), as illustrated by
the model11 lines (orange curves correspond to ejected masses of 1022 solar
masses (lower curve) and 1021 solar masses (upper curve), and these are added
to the afterglow decay curves to produce predictions for the total NIR emission,
shown as solid red curves). The cyan curve shows that even the brightest
predicted r-process kilonova optical emission is negligible.
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Figure 2.1: Schematic picture of a observer and binary system.

envelope inflows to the primary via Lagrange point, so-called ”Roche lobe over flow”. When

the gas inflows the primary, they bring angular momentum and circulates around the BHs.

This system is called as accretion disk, which we discuss in the next section.

2.2 Accretion Disk

Generally, the accreting gas has angular momentum and starts to circulate before reaching

the central BH. The resulting system is called an accretion disk. The accretion disk systems

have been extensively studies since 1960’s, and even now, the accretion disk is one of the

main research field in astrophysics. In this section, we review the basic theoretical aspects

of the accretion disk theory.

2.2.1 Standard Disk

In this subsection, we discuss the standard disk, which is the basic system and gives inspira-

tion to discuss the disk system. The Keplerian rotating gas feels friction due to the velocity

gradient along to the radial direction. By the viscosity, the angular momentum of the gas is

transported to the outer radius, and the gas accretes to the inner radius. In the following,

we only consider disks which is stationary and axial symmetric in the cylindrical coordinate

(R,ϕ, z). In particular, when the following assumptions hold, the disk structure is described

analytically (Shakura & Sunyaev, 1973).

injection 
this field. The redshifts of the afterglow21 and the host galaxy22 were
both found to be z 5 0.356.

Another proposed signature of the merger of two neutron stars or a
neutron star and a black hole is the production of a kilonova (some-
times also termed a ‘macronova’ or an ‘r-process supernova’) due to
the decay of radioactive species produced and initially ejected during
the merger process—in other words, an event similar to a faint, short-
lived supernova6–8. Detailed calculations suggest that the spectra of
such kilonova sources will be determined by the heavy r-process ions
created in the neutron-rich material. Although these models10–13 are
still far from being fully realistic, a robust conclusion is that the optical
flux will be greatly diminished by line blanketing in the rapidly expan-
ding ejecta, with the radiation emerging instead in the near-infrared
(NIR) and being produced over a longer timescale than would other-
wise be the case. This makes previous limits on early optical kilonova
emission unsurprising23. Specifically, the NIR light curves are expected
to have a broad peak, rising after a few days and lasting a week or more
in the rest frame. The relatively modest redshift and intensive study of
GRB 130603B made it a prime candidate for searching for such a kilonova.

We imaged of the location of the burst with the NASA/ESA Hubble
Space Telescope (HST) at two epochs, the first ,9 d after the burst
(epoch 1) and the second ,30 d after the burst (epoch 2). On each occa-
sion, a single orbit integration was obtained in both the optical F606W
filter (0.6mm) and the NIR F160W filter (1.6mm) (full details of the imag-
ing and photometric analysis discussed here are given in Supplemen-
tary Information). The HST images are shown in Fig. 1; the key result is
seen in the difference frames (right-hand panels), which provide clear
evidence for a compact transient source in the NIR in epoch 1 (we note
that this source was also identified24 as a candidate kilonova in indepen-
dent analysis of our data on epoch 1) that seems to have disappeared by
epoch 2 and is absent to the depth of the data in the optical.

At the position of the SGRB in the difference images, our photo-
metric analysis gives a magnitude limit in the F606W filter of
R606,AB . 28.25 mag (2s upper limit) and a magnitude in the F160W
filter of H160,AB 5 25.73 6 0.20 mag. In both cases, we fitted a model
point-spread function and estimated the errors from the variance of
the flux at a large number of locations chosen to have a similar back-
ground to that at the position of the SGRB. We note that some tran-
sient emission may remain in the second NIR epoch; experimenting
with adding synthetic stars to the image leads us to conclude that any
such late-time emission is likely to be less than ,25% of the level in
epoch 1 if it is not to appear visually as a faint point source in epoch 2,
however, that would still allow the NIR magnitude in epoch 1 to be up
to ,0.3 mag brighter.

To assess the significance of this result, it is important to establish
whether any emission seen in the first HST epoch could have a con-
tribution from the SGRB afterglow. A compilation of optical and NIR
photometry, gathered by a variety of ground-based telescopes in the
few days following the burst, is plotted in Fig. 2 along with our HST
results. Although initially bright, the optical afterglow light curve dec-
lines steeply after about ,10 h, requiring a late-time power-law decay
rate of a < 2.7 (where F / t2a describes the flux). The NIR flux, on the
other hand, is significantly in excess of the same extrapolated power
law. This point is made most forcibly by considering the colour evolu-
tion of the transient, defined as the difference between the magnitudes
in each filter, which evolves from R606 2 H160 < 1.7 6 0.15 mag at about
14 h to greater than R606 2 H160 < 2.5 mag at about 9 d. It would be
very unusual, and in conflict with predictions of the standard external-
shock theory25, for such a large colour change to be a consequence of
late-time afterglow behaviour. The most natural explanation is there-
fore that the HST transient source is largely due to kilonova emission,
and the brightness is in fact well within the range of recent models
plotted in Fig. 2, thus supporting the proposition that kilonovae are
likely to be important sites of r-process element production. We note
that this phenomenon is strikingly reminiscent, in a qualitative sense,
of the humps in the optical light curves of long-duration c-ray bursts

produced by underlying type Ic supernovae, although here the lumino-
sity is considerably fainter and the emission is redder. The ubiquity and
range of properties of the late-time red transient emission in SGRBs
will undoubtedly be tested by future observations.

The next generation of gravitational-wave detectors (Advanced LIGO
and Advanced VIRGO) is expected ultimately to reach sensitivity levels
allowing them to detect neutron-star/neutron-star and neutron-star/
black-hole inspirals out to distances of a few hundred megaparsecs26

(z < 0.05–0.1). However, no SGRB has been definitively found at any
redshift less than z 5 0.12 over the 8.5 yr of the Swift mission to date27.
This suggests either that the rate of compact binary mergers is low,
implying a correspondingly low expected rate of gravitational-wave
transient detections, or that most such mergers are not observed as
bright SGRBs. The latter case could be understood if the beaming of
SGRBs was rather narrow, for example, and the intrinsic event rate was,
as a result, two or three orders of magnitude higher than that observed
by Swift. Although the evidence constraining SGRB jet opening angles
is limited at present28 (indeed, the light-curve break seen in GRB 130603B
may be further evidence for such beaming), it is clear that an alterna-
tive electromagnetic signature, particularly if approximately isotropic,
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Figure 2 | Optical, NIR and X-ray light curves of GRB 130603B. Left axis,
optical and NIR; right axis, X-ray. Upper limits are 2s and error bars are 1s. The
optical data (g, r and i bands) have been interpolated to the F606W band and
the NIR data have been interpolated to the F160W band using an average
spectral energy distribution at ,0.6 d (Supplementary Information). HST
epoch-1 points are given by bold symbols. The optical afterglow decays steeply
after the first ,0.3 d and is modelled here as a smoothly broken power law
(dashed blue line). We note that the complete absence of late-time optical
emission also places a limit on any separate 56Ni-driven decay component. The
0.3–10-keV X-ray data29 are also consistent with breaking to a similarly steep
decay (the dashed black line shows the optical light curve simply rescaled to
match the X-ray points in this time frame), although the source had dropped
below Swift sensitivity by ,48 h after the burst. The key conclusion from this
plot is that the source seen in the NIR requires an additional component above
the extrapolation of the afterglow (red dashed line), assuming that it also decays
at the same rate. This excess NIR flux corresponds to a source with absolute
magnitude M(J)AB < 215.35 mag at ,7 d after the burst in the rest frame. This
is consistent with the favoured range of kilonova behaviour from recent
calculations (despite their known significant uncertainties11–13), as illustrated by
the model11 lines (orange curves correspond to ejected masses of 1022 solar
masses (lower curve) and 1021 solar masses (upper curve), and these are added
to the afterglow decay curves to produce predictions for the total NIR emission,
shown as solid red curves). The cyan curve shows that even the brightest
predicted r-process kilonova optical emission is negligible.
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envelope inflows to the primary via Lagrange point, so-called ”Roche lobe over flow”. When

the gas inflows the primary, they bring angular momentum and circulates around the BHs.

This system is called as accretion disk, which we discuss in the next section.

2.2 Accretion Disk

Generally, the accreting gas has angular momentum and starts to circulate before reaching

the central BH. The resulting system is called an accretion disk. The accretion disk systems

have been extensively studies since 1960’s, and even now, the accretion disk is one of the

main research field in astrophysics. In this section, we review the basic theoretical aspects

of the accretion disk theory.

2.2.1 Standard Disk

In this subsection, we discuss the standard disk, which is the basic system and gives inspira-

tion to discuss the disk system. The Keplerian rotating gas feels friction due to the velocity

gradient along to the radial direction. By the viscosity, the angular momentum of the gas is

transported to the outer radius, and the gas accretes to the inner radius. In the following,

we only consider disks which is stationary and axial symmetric in the cylindrical coordinate

(R,ϕ, z). In particular, when the following assumptions hold, the disk structure is described

analytically (Shakura & Sunyaev, 1973).

injection 

this field. The redshifts of the afterglow21 and the host galaxy22 were
both found to be z 5 0.356.

Another proposed signature of the merger of two neutron stars or a
neutron star and a black hole is the production of a kilonova (some-
times also termed a ‘macronova’ or an ‘r-process supernova’) due to
the decay of radioactive species produced and initially ejected during
the merger process—in other words, an event similar to a faint, short-
lived supernova6–8. Detailed calculations suggest that the spectra of
such kilonova sources will be determined by the heavy r-process ions
created in the neutron-rich material. Although these models10–13 are
still far from being fully realistic, a robust conclusion is that the optical
flux will be greatly diminished by line blanketing in the rapidly expan-
ding ejecta, with the radiation emerging instead in the near-infrared
(NIR) and being produced over a longer timescale than would other-
wise be the case. This makes previous limits on early optical kilonova
emission unsurprising23. Specifically, the NIR light curves are expected
to have a broad peak, rising after a few days and lasting a week or more
in the rest frame. The relatively modest redshift and intensive study of
GRB 130603B made it a prime candidate for searching for such a kilonova.

We imaged of the location of the burst with the NASA/ESA Hubble
Space Telescope (HST) at two epochs, the first ,9 d after the burst
(epoch 1) and the second ,30 d after the burst (epoch 2). On each occa-
sion, a single orbit integration was obtained in both the optical F606W
filter (0.6mm) and the NIR F160W filter (1.6mm) (full details of the imag-
ing and photometric analysis discussed here are given in Supplemen-
tary Information). The HST images are shown in Fig. 1; the key result is
seen in the difference frames (right-hand panels), which provide clear
evidence for a compact transient source in the NIR in epoch 1 (we note
that this source was also identified24 as a candidate kilonova in indepen-
dent analysis of our data on epoch 1) that seems to have disappeared by
epoch 2 and is absent to the depth of the data in the optical.

At the position of the SGRB in the difference images, our photo-
metric analysis gives a magnitude limit in the F606W filter of
R606,AB . 28.25 mag (2s upper limit) and a magnitude in the F160W
filter of H160,AB 5 25.73 6 0.20 mag. In both cases, we fitted a model
point-spread function and estimated the errors from the variance of
the flux at a large number of locations chosen to have a similar back-
ground to that at the position of the SGRB. We note that some tran-
sient emission may remain in the second NIR epoch; experimenting
with adding synthetic stars to the image leads us to conclude that any
such late-time emission is likely to be less than ,25% of the level in
epoch 1 if it is not to appear visually as a faint point source in epoch 2,
however, that would still allow the NIR magnitude in epoch 1 to be up
to ,0.3 mag brighter.

To assess the significance of this result, it is important to establish
whether any emission seen in the first HST epoch could have a con-
tribution from the SGRB afterglow. A compilation of optical and NIR
photometry, gathered by a variety of ground-based telescopes in the
few days following the burst, is plotted in Fig. 2 along with our HST
results. Although initially bright, the optical afterglow light curve dec-
lines steeply after about ,10 h, requiring a late-time power-law decay
rate of a < 2.7 (where F / t2a describes the flux). The NIR flux, on the
other hand, is significantly in excess of the same extrapolated power
law. This point is made most forcibly by considering the colour evolu-
tion of the transient, defined as the difference between the magnitudes
in each filter, which evolves from R606 2 H160 < 1.7 6 0.15 mag at about
14 h to greater than R606 2 H160 < 2.5 mag at about 9 d. It would be
very unusual, and in conflict with predictions of the standard external-
shock theory25, for such a large colour change to be a consequence of
late-time afterglow behaviour. The most natural explanation is there-
fore that the HST transient source is largely due to kilonova emission,
and the brightness is in fact well within the range of recent models
plotted in Fig. 2, thus supporting the proposition that kilonovae are
likely to be important sites of r-process element production. We note
that this phenomenon is strikingly reminiscent, in a qualitative sense,
of the humps in the optical light curves of long-duration c-ray bursts

produced by underlying type Ic supernovae, although here the lumino-
sity is considerably fainter and the emission is redder. The ubiquity and
range of properties of the late-time red transient emission in SGRBs
will undoubtedly be tested by future observations.

The next generation of gravitational-wave detectors (Advanced LIGO
and Advanced VIRGO) is expected ultimately to reach sensitivity levels
allowing them to detect neutron-star/neutron-star and neutron-star/
black-hole inspirals out to distances of a few hundred megaparsecs26

(z < 0.05–0.1). However, no SGRB has been definitively found at any
redshift less than z 5 0.12 over the 8.5 yr of the Swift mission to date27.
This suggests either that the rate of compact binary mergers is low,
implying a correspondingly low expected rate of gravitational-wave
transient detections, or that most such mergers are not observed as
bright SGRBs. The latter case could be understood if the beaming of
SGRBs was rather narrow, for example, and the intrinsic event rate was,
as a result, two or three orders of magnitude higher than that observed
by Swift. Although the evidence constraining SGRB jet opening angles
is limited at present28 (indeed, the light-curve break seen in GRB 130603B
may be further evidence for such beaming), it is clear that an alterna-
tive electromagnetic signature, particularly if approximately isotropic,
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Figure 2 | Optical, NIR and X-ray light curves of GRB 130603B. Left axis,
optical and NIR; right axis, X-ray. Upper limits are 2s and error bars are 1s. The
optical data (g, r and i bands) have been interpolated to the F606W band and
the NIR data have been interpolated to the F160W band using an average
spectral energy distribution at ,0.6 d (Supplementary Information). HST
epoch-1 points are given by bold symbols. The optical afterglow decays steeply
after the first ,0.3 d and is modelled here as a smoothly broken power law
(dashed blue line). We note that the complete absence of late-time optical
emission also places a limit on any separate 56Ni-driven decay component. The
0.3–10-keV X-ray data29 are also consistent with breaking to a similarly steep
decay (the dashed black line shows the optical light curve simply rescaled to
match the X-ray points in this time frame), although the source had dropped
below Swift sensitivity by ,48 h after the burst. The key conclusion from this
plot is that the source seen in the NIR requires an additional component above
the extrapolation of the afterglow (red dashed line), assuming that it also decays
at the same rate. This excess NIR flux corresponds to a source with absolute
magnitude M(J)AB < 215.35 mag at ,7 d after the burst in the rest frame. This
is consistent with the favoured range of kilonova behaviour from recent
calculations (despite their known significant uncertainties11–13), as illustrated by
the model11 lines (orange curves correspond to ejected masses of 1022 solar
masses (lower curve) and 1021 solar masses (upper curve), and these are added
to the afterglow decay curves to produce predictions for the total NIR emission,
shown as solid red curves). The cyan curve shows that even the brightest
predicted r-process kilonova optical emission is negligible.
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envelope inflows to the primary via Lagrange point, so-called ”Roche lobe over flow”. When

the gas inflows the primary, they bring angular momentum and circulates around the BHs.

This system is called as accretion disk, which we discuss in the next section.

2.2 Accretion Disk

Generally, the accreting gas has angular momentum and starts to circulate before reaching

the central BH. The resulting system is called an accretion disk. The accretion disk systems

have been extensively studies since 1960’s, and even now, the accretion disk is one of the

main research field in astrophysics. In this section, we review the basic theoretical aspects

of the accretion disk theory.

2.2.1 Standard Disk

In this subsection, we discuss the standard disk, which is the basic system and gives inspira-

tion to discuss the disk system. The Keplerian rotating gas feels friction due to the velocity

gradient along to the radial direction. By the viscosity, the angular momentum of the gas is

transported to the outer radius, and the gas accretes to the inner radius. In the following,

we only consider disks which is stationary and axial symmetric in the cylindrical coordinate

(R,ϕ, z). In particular, when the following assumptions hold, the disk structure is described

analytically (Shakura & Sunyaev, 1973).
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increasing with time (owing to more mass residing in slower ejecta, 

which is seen at later times). For example, using canonical micro-

physical parameters (εB  = 0.01 and εe  = 0.1, the fractions of internal 

energy that go to the magnetic field and to the electrons, respectively), 

a circum-merger density of 10 −4 cm −3 implies that between day 16 

and day 107 after the merger, the blast wave decelerated from γ ≈ 3.5 

to γ ≈ 2.5 and its isotropic equivalent energy increased from roughly 

10 49 erg to 10 50 erg. On the other hand, a density of 0.01 cm −3 implies 
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Figure 1 | The radio light curve of GW170817. 

a, The flux densities Sν  correspond to the 

detections (markers with 1σ error bars; some 

data points have errors smaller than the size 

of the marker) and upper limits (markers with 

downward-pointing arrows) of GW170817 at 

observing frequencies ranging from 0.6 GHz 

to 15 GHz (colour scale; black for ≤1 GHz and 

yellow for ≥10 GHz) between day 16 and day 

107 after the merger. Radio data are from ref. 12 

or Extended Data Table 1. The marker shapes 

denote measurements from different telescopes. 

b, Same as a, but with flux densities corrected 

for the spectral index α = −0.61 (Methods) and 

with early-time, non-constraining upper limits 

removed. The fit to the light curve with temporal 

index δ = 0.78 (Methods) is shown as a red 

line and the uncertainty in δ (±0.05) as the red 

shaded region. c, Residual plot after correcting 

for the spectral and temporal variations (t0  and 

ν0  are normalizing parameters for the fit).
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Figure 2 | Schematic of the various possible jet and dynamical ejecta 

scenarios in GW170817. In all cases, the black point represents the 

merger remnant that releases bi-conical jets, and is surrounded by 

the dynamical ejecta (colour-graded region); the black dotted region 

represents the circum-merger environment and the blue shaded region 

denotes the jet propagating into this environment. (A) A jet, seen on-axis, 

generates both the low-luminosity γ-ray emission (SGRB, short hard-γ-

ray burst) and the observed radio afterglow. This scenario cannot explain 

the late rise of the radio emission. It is also unable to explain 11 how a 

low-luminosity jet penetrates the ejecta. It is therefore ruled out. (B) A 

standard (luminous) short hard-γ-ray burst jet, seen off-axis, produces 

γ-ray and radio emission. The continuous moderate rise in the radio 

light curve rules out this scenario. (C) A choked jet gives rise to a mildly 

relativistic (γ ≈ 2–3) cocoon, denoted by the red shaded region, which 

generates the γ-rays and radio waves via on-axis emission. This is the 

model that is most consistent with the observational data. It accounts for 

the observed γ-ray and X-ray emission (and possibly also the ultraviolet 

and optical emission) as well as the radio emission, and provides a natural 

explanation for the lack of any signatures of an off-axis jet in the radio 

emission. (D) The high-velocity tail (β ≈ 0.8–0.6, that is, γ ≈ 1.67–1.25) of 

the ejecta produces the radio emission. In this case, the jet must be choked 

(otherwise its off-axis emission should have been seen). Although the 

radio emission is fully consistent with this scenario, the energy deposited 

in faster ejecta (γ ≈ 2–3) must be very low. In this scenario, the source of 

the observed γ-ray emission remains unclear. (E) A successful jet drives 

a cocoon but does not have a clear signature in the radio emission. The 

cocoon generates the γ-ray and radio emission, and outshines the jet 

at all wavelengths. This scenario is less likely on the basis of theoretical 

considerations, which suggest that the jet and the cocoon should have 

comparable energies, in which case the signature of the jet would have 

been observed in the radio band. This scenario can also be visualized as 

a ‘structured’ jet, with a relativistic narrow core surrounded by a mildly 

relativistic wide-angle outflow, in which no signature of the core can be 

seen by an off-axis observer. The relativistic core could have produced a 

standard short hard-γ-ray burst for an observer located along the axis of 

the jet. Such a jet, if it exists, could be too weak (made a sub-dominant 

contribution to the radio light curve early on) or too strong (such that its 

radio and X-ray signatures will be observed in the future; see Methods).
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increasing with time (owing to more mass residing in slower ejecta, 

which is seen at later times). For example, using canonical micro-

physical parameters (εB  = 0.01 and εe  = 0.1, the fractions of internal 

energy that go to the magnetic field and to the electrons, respectively), 

a circum-merger density of 10 −4 cm −3 implies that between day 16 

and day 107 after the merger, the blast wave decelerated from γ ≈ 3.5 

to γ ≈ 2.5 and its isotropic equivalent energy increased from roughly 

10 49 erg to 10 50 erg. On the other hand, a density of 0.01 cm −3 implies 
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Figure 1 | The radio light curve of GW170817. 

a, The flux densities Sν  correspond to the 

detections (markers with 1σ error bars; some 

data points have errors smaller than the size 

of the marker) and upper limits (markers with 

downward-pointing arrows) of GW170817 at 

observing frequencies ranging from 0.6 GHz 

to 15 GHz (colour scale; black for ≤1 GHz and 

yellow for ≥10 GHz) between day 16 and day 

107 after the merger. Radio data are from ref. 12 

or Extended Data Table 1. The marker shapes 

denote measurements from different telescopes. 

b, Same as a, but with flux densities corrected 

for the spectral index α = −0.61 (Methods) and 

with early-time, non-constraining upper limits 

removed. The fit to the light curve with temporal 

index δ = 0.78 (Methods) is shown as a red 

line and the uncertainty in δ (±0.05) as the red 

shaded region. c, Residual plot after correcting 

for the spectral and temporal variations (t0  and 

ν0  are normalizing parameters for the fit).
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Figure 2 | Schematic of the various possible jet and dynamical ejecta 

scenarios in GW170817. In all cases, the black point represents the 

merger remnant that releases bi-conical jets, and is surrounded by 

the dynamical ejecta (colour-graded region); the black dotted region 

represents the circum-merger environment and the blue shaded region 

denotes the jet propagating into this environment. (A) A jet, seen on-axis, 

generates both the low-luminosity γ-ray emission (SGRB, short hard-γ-

ray burst) and the observed radio afterglow. This scenario cannot explain 

the late rise of the radio emission. It is also unable to explain 11 how a 

low-luminosity jet penetrates the ejecta. It is therefore ruled out. (B) A 

standard (luminous) short hard-γ-ray burst jet, seen off-axis, produces 

γ-ray and radio emission. The continuous moderate rise in the radio 

light curve rules out this scenario. (C) A choked jet gives rise to a mildly 

relativistic (γ ≈ 2–3) cocoon, denoted by the red shaded region, which 

generates the γ-rays and radio waves via on-axis emission. This is the 

model that is most consistent with the observational data. It accounts for 

the observed γ-ray and X-ray emission (and possibly also the ultraviolet 

and optical emission) as well as the radio emission, and provides a natural 

explanation for the lack of any signatures of an off-axis jet in the radio 

emission. (D) The high-velocity tail (β ≈ 0.8–0.6, that is, γ ≈ 1.67–1.25) of 

the ejecta produces the radio emission. In this case, the jet must be choked 

(otherwise its off-axis emission should have been seen). Although the 

radio emission is fully consistent with this scenario, the energy deposited 

in faster ejecta (γ ≈ 2–3) must be very low. In this scenario, the source of 

the observed γ-ray emission remains unclear. (E) A successful jet drives 

a cocoon but does not have a clear signature in the radio emission. The 

cocoon generates the γ-ray and radio emission, and outshines the jet 

at all wavelengths. This scenario is less likely on the basis of theoretical 

considerations, which suggest that the jet and the cocoon should have 

comparable energies, in which case the signature of the jet would have 

been observed in the radio band. This scenario can also be visualized as 

a ‘structured’ jet, with a relativistic narrow core surrounded by a mildly 

relativistic wide-angle outflow, in which no signature of the core can be 

seen by an off-axis observer. The relativistic core could have produced a 

standard short hard-γ-ray burst for an observer located along the axis of 

the jet. Such a jet, if it exists, could be too weak (made a sub-dominant 

contribution to the radio light curve early on) or too strong (such that its 

radio and X-ray signatures will be observed in the future; see Methods).
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GRB 150101B 
: a similar event to GRB 170817A

Troja+18, Burns+18

cocoon shock breakout as the origin of the main peak of GRB
150101B. However, the soft tail may arise from the photosphere of
the wide-angle cocoon during the brightest phase.

Afterglow observations of GRB 170817A 200-300 days
post-merger show a turnover in the temporal decay from X-ray
to radio that appears to favor the structured jet scenario over the
cocoon scenario (Alexander et al. 2018). The very long
baseline interferometry measurements of the movement of the
core of the radio emission do as well (Mooley et al. 2018a). If
the components in GRBs 150101B and 170817A are indeed
similar, our analysis of the main peak of GRB 150101B adds
additional evidence against the observed non-thermal emission
originating entirely from a cocoon.

In GRB 150101B, the onset of the soft tail emission begins
at least by the end of the main peak, but may occur earlier and
be hidden by the main peak. This suggests that the significantly
more energetic main peak and the soft emission have a
common origin. While the absolute timescales of the two bursts
differ greatly, the relative timescales are similar: the duration of
the soft tail is about four times as long as the duration of the
main peak and the possible secondary, very soft peak arises at
the end of this interval. The long and softer observed
characteristics of GRB 170817A could be a result of timescale
broadening, Dt∝1 + (Γ θoff-axis)2 (Abbott et al. 2017a). This
is consistent with the inclination angle inferred from multi-
messenger observations (Abbott et al. 2018a; Finstad et al.
2018) and follow-up observations of the non-thermal emission
(Margutti et al. 2017; Mooley et al. 2018a). The short minimum
variability timescale for GRB 150101B suggests a high Γ
(Sonbas et al. 2015) and the higher luminosity would be
expected for a more on-axis or fully on-axis alignment. If both
components emit from the structured jet then they would be
significantly broadened for GRB 170817A but not for GRB
150101B, resulting in large differences in absolute timescales
but not in the relative timescales of the two components.
Therefore, this interpretation is self-consistent for both bursts.
One physical model for both components arising from the jet is
an external shock origin for the main peak and a photospheric
origin for the soft tail (Abbott et al. 2017a). Subdominant
spectral components that are consistent with a thermal origin
are often observed during the main peak of GRBs and generally
attributed to photospheric emission (Ryde 2005). The soft tail

would follow the main peak if the photospheric radius is larger
than the deceleration radius (Abbott et al. 2017a).
We here demonstrate that this model can explain GRB

150101B. The innermost stable circular orbit for a 2.8Me
black hole (roughly the total mass of GW170817; Abbott et al.
2017c) is R0=2.5×106 cm. We can rewrite this as
R0=106.4 R0,6.4 cm, a notation that we use in the following
derivation. A jet launched at R0,6.4 with a total luminosity
L0=1051 L0,51 erg s

−1 will have an initial temperature of
kT0=k(L0/ pR4 0

2ca)1/4= -L R1.3 0,51
1 4

0,6.4
1 2 MeV, with the radia-

tion constant a=7.57×10−18 kg s−1 cm−2 K−4. The jet
accelerates as Γ∝R/R0 until it reaches the saturation radius
Rsat=ηR0=7.2×108η2.5R0,6.4 cm, with η being the dimen-
sionless entropy of the fireball (which is generally above ∼100
to prevent the compactness problem; Goodman 1986).
The jet becomes optically thin at the photospheric radius

Rphot=LσT/4πmpc
3η3=4.3×1010 h-L0,51 2.5

3 cm (when
neglecting pairs; Mészáros & Rees 2000), with σT the
Thompson cross section and mp the mass of the proton. Here
the photosphere occurs during the coasting phase (Rsat<Rphot),
giving an observed temperature kTobs=kT0 -( )R Rphot sat

2 3 =
h-L R3.5 0,51

5 12
2
8 3

0,6.4
1 6 keV and Lphot=L0(Rphot/ -)Rsat

2 3=2.7
×1048 hL R0,51

1 3
2
8 3

0,6.4
2 3 erg s−1. For fiducial values » ´L 6.10

1051 -R0,6.4
2 3 erg s−1 (L0 exceeds Liso because it also converts into

the kinetic energy of the jet) and η≈160 -R0,6.4
1 6 in the above

equations, we recover the observed kTobs=6 keV and
Lphot=1.8×1049 erg s−1.
Lastly, we derive the condition for the photospheric radius to

occur above the deceleration radius. The density in the close
vicinity of a neutron star merger can be approximated as a wind
medium (e.g., Bauswein et al. 2013). The number density can
be written as n(R)=AR−2 where A=Ṁ/4πmpv, with v the
outflow velocity of the wind and Ṁ is the mass-loss rate. The
deceleration radius, where the jet slows down significantly is:
Rdec=Ek/4πmpc

2Aη2 where Ek is the kinetic energy of the
outflow (Panaitescu & Kumar 2000). For RdecRphot,
2 h´ -A E L4.5 10 k

35
2 ,50 0,51

1 . This corresponds to a mass
density ρ10−2 (R/100 km)−2 g cm−3, which is consistent
with simulations (Bauswein et al. 2013). Therefore, the
condition for the soft tail arising from photospheric emission
and being emitted at a larger radius than the external shocks

Figure 2. Isotropic-equivalent energetics for GBM GRBs with redshifts. This is a modified version of a figure in Abbott et al. (2017a). The total energetics (Eiso) is
shown on the left and the 64 ms peak luminosity (Liso) on the right. Both are given over the bolometric energy range from 1 keV to 10 MeV. GRBs best fit by a
spectral model that constrains spectral curvature are shown as points. Power-law fits do not constrain spectral curvature and therefore overestimate the true value.
GRBs best fit by a power law are shown as upper limits. The dashed black line is an approximate threshold for triggering GBM on-board.
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von Kienlin+19

GRB 170111B has an intriguing soft precursor that is
difficult to understand in any of the simple variants of the
above two models. A possible scenario would ascribe the first
soft spectral component to thermal emission from a jet
photosphere. The nonthermal emission of this jet has to be
suppressed (e.g., because of low efficiency), so the thermal
component dominates. With additional activity from the central
engine, the nonthermal main peak emerges, e.g., from
interaction between additional jet components. Finally, another

jet emerges with suppressed nonthermal emission or with a
cocoon to produce the second soft tail. Such a picture can be
further refined or rejected by additional observations.
Based on our candidates any model explaining the main peak

+soft tail structure needs to account for a correlation between
the peak flux of the main pulse and the soft tail (and no
correlation between the fluences). This correlation indicates
that the main link between the two components is the
luminosity and not the total energy.

Figure 9. Light curves of the remaining candidates. Notations similar to Figure 8.
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Selection criteria 
1) a first pulse in 50-300keV 
2) a soft tail in 8-50 keV 
3) a discernible change in a light curve 

11/395 sGRBs 
in Fermi GBM 10yr catalog

Manual
selection

Other similar GRBs

Figure 8. Three channel light curves of the candidates. We indicate the main pulse used for the spectral analysis with blue and the soft emission with red. These
intervals might not exactly correspond to the ones from the Bayesian analysis. The interval, determined automatically to calculate the hardness ratio, is marked with
dashed vertical lines. Green line marks the background.
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von Kienlin+19

2 Matsumoto, Nakar & Piran

Table 1. List of events showing similar signatures with GRB 170817A selected by (von Kienlin et al. 2019).

Event Energy flux Fluence Duration Minimal variable timescale Peak energy Spectral index
F [10−7 erg cm−2 s−1] S [10−7 erg cm−2] δt [s] δtmin [ms] ϵp [keV] αp

GRB 081209A 40.14 15.4 0.384 < 15 1473 −0.75
GRB 100328A 33.61 15.1 0.448 < 11 927 −0.54
GRB 101224A 4.04 2.07 0.512 47 341 −1.04
GRB 110717A 25.57 3.27 0.128 11 328 −0.34
GRB 111024C 4.11 1.58 0.384 41 144 0.53
GRB 120302B 3.72 1.90 0.512 < 120 133 0.66
GRB 120915A 13.66 6.99 0.512 41 526 −0.21
GRB 130502A 2.12 3.26 1.536 221 91 −0.80
GRB 140511A 14.85 2.85 0.192 < 94 280 −0.78
GRB 170111B 7.42 3.80 0.512 < 63 154 −0.62
GRB 180511A 34.29 2.19 0.064 < 5 639 −0.61

3.1 Location in the Amati plot
First, we study the locations of these candidate in the Amati plot
and discuss whether they are a normal sGRBs or not. Fig. 1 depicts
the Amati plot (a diagram of isotropic γ-ray energy vs. intrinsic
peak energy) and the locations of 11 candidates. Since these events
do not have a measured redshift, we show a trajectory of each
event assuming the redshift 0.003 < z < 3. The trajectories have a
same shape. We also show normal sGRBs with/without measured
redshifts by black dots and grey trajectories. The latter events are
taken from the Fermi-GBM catalog,1 and we pick up events only
with Comptonized spectrum.

Most of the black dots are located on a line of , so-called Amati
relation. The locations of the trajectories of the selected events are
not so much different with those of others. In particular, they can
overlap with the Amati relation if their redshifts are z ≃ 0.1 − 3.
It should be noted that the peak energy is given from the first hard
pulse of the burst, whose properties are not so peculiar compared
with those of normal sGRBs. Thus it is natural that the candidates
overlap with the locations of normal sGRBs.

3.2 Compactness
Next, we consider the compactness limit, that is any γ-ray emitting
source should be optically thin to the γ-rays , for the candidates.
As Lithwick & Sari (2001) discussed, there are three main opacity
sources for a γ-ray : (a) the most energetic photon should escape
from the source without producing pairs by colliding other photons,
(b) the pairs created by high-energy photons Since for selected
events maximal photon energy is not reported, we here consider
only limit B and C.

Figs. 2 depicts the minimal Lorentz factor determined by limits
B and C, respectively, as a function of redshift. Even if the redshift
is very small, these sources should be relativistic. We also show the
minimal Lorentz factors of other events with grey curves (without
redshift) and black dots (with redshift). Interestingly, the minimal
Lorentz factor is smaller than that of long GRBs (typically 100 −
300). This is already pointed out by Nakar (2007), and attributed
that usually the photon spectra of sGRBs are well fitted not by Band
spectrum but by Comptonized spectrum.

Similar to the discussion on the Amati plot, the candidates have
the similar minima Lorentz factor to ordinary sGRBs. Again, this is
because the adopted parameter is calculated mainly for first spike,
which is not so peculiar compared with normal bursts.

1 https://heasarc.gsfc.nasa.gov/W3Browse/fermi/fermigbrst.html
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Figure 1. Amati plot (Isotropic γ-ray energy vs. intrinsic peak energy).
Each colored trajectory shows the sequence of selected 11 events for redshift
0.003 < z < 3. The color corresponds with the peak energy (bluer is higher
peak energy). Grey curves show other 143 sGRBs detected by GBM and
showing Comptonized spectrum. SGRBs with measured redshift are shown
with black points including GRBs 170817A and 150101B.
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sGRBs similar to GRB 170817A 3

Table 1. The events selected by von Kienlin et al. 2019 (vK19 sample). Observables are only for first hard spikes.

Event Energy flux Fluence Duration Minimal variable timescale Peak energy Spectral index
F [10�7 erg cm�2 s�1] S [10�7 erg cm�2] �t [s] �tmin [ms] ✏p [keV] ↵p

GRB 081209A 40.14 15.4 0.384 < 15 1473 �0.75
GRB 100328A 33.61 15.1 0.448 < 11 927 �0.54
GRB 101224A 4.04 2.07 0.512 47 341 �1.04
GRB 110717A 25.57 3.27 0.128 11 328 �0.34
GRB 111024C 4.11 1.58 0.384 41 144 0.53
GRB 120302B 3.72 1.90 0.512 < 120 133 0.66
GRB 120915A 13.66 6.99 0.512 41 526 �0.21
GRB 130502A 2.12 3.26 1.536 221 91 �0.80
GRB 140511A 14.85 2.85 0.192 < 94 280 �0.78
GRB 170111B 7.42 3.80 0.512 < 63 154 �0.62
GRB 180511A 34.29 2.19 0.064 < 5 639 �0.61
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Figure 1. Trajectories of bursts in the ✏p-E�, iso plane. Each col-
ored trajectory shows the sequence of 11 events in the vK19
sample for redshifts 0.003  z  3. The colors correspond to
the peak energy (bluer is a higher peak energy) and are the
same as in Fig. 2. Grey curves show other 143 sGRBs with a
Comptonized spectrum detected by Fermi-GBM. sGRBs with
measured redshifts (taken from Zhang et al. 2012; Tsutsui et al.
2013; Fong et al. 2015) are shown with black dots including GRBs
170817A and 150101B (magenta). Note that GRB 130603B with
the macronova/kilonova candidate (Berger et al. 2013; Tanvir
et al. 2013) is among the central group of sGRBs.

and E�,iso ' 1051�52 erg while there are some outliers, GRBs
050709, 090510, and 131004A.

The vK19’s trajectories are located in a similar position
to those of regular ones. In particular, they overlap the range
of sGRBs with known redshift if their redshifts are z ' 0.3�
3 as expected for regular sGRBs. It should be noted that
the peak energy is determined from the first hard pulse of
the burst, whose properties are not so peculiar compared
with those of normal sGRBs. Thus, it is natural that the
vK19 bursts overlap the locations of regular sGRBs. At the
redshift z . 0.1, some of the vK19 events are located in a
similar range to GRBs 170817A and 150101B.

been suggested for sGRBs (e.g., Zhang et al. 2012; Tsutsui et al.
2013). However it is not obvious in Fig. 1.

3.2 Compactness

Next, we consider the compactness limit: a �-ray emitting
site should be optically thin to the observed �-rays . There
are several opacity sources (Lithwick & Sari 2001): (A) The
most energetic photon should escape from the source with-
out producing pairs by colliding with other photons. (B)
Photons should not be scattered by the pairs created by
high-energy photons. (C) Photons should not be scattered
by electrons accompanying the baryons in the outflow. Since
for selected events the maximal photon energy is not re-
ported in the catalog (and would be small for bursts with a
Comptonized spectrum), we consider here only limits B and
C.

Fig. 2 depicts the minimal Lorentz factor determined by
limits B and C as a function of the redshift (see Matsumoto
et al. 2019b for a detailed discussion). Generally, limit C
yields the more constraining Lorentz factor. Only for bursts
with a large peak energy, limit B gives a larger minimal
Lorentz factor at small redshift (z . 0.01). As shown in Fig.
2, even if the redshift is very small, the vK19 events should
be relativistic. However, the limits on the Lorentz factor
are rather modest but this is common for the whole sGRB
sample. We also show the minimal Lorentz factors of other
sGRBs with grey curves (without redshift) and black trian-
gles (with redshift). Clearly, the minimal Lorentz factors of
the vK19 sample are consistent with those obtained for reg-
ular sGRBs. Again, this is because the adopted parameters
are calculated mainly for first spike, which is not so peculiar
compared with normal bursts.

Interestingly, the minimal Lorentz factors of regular
sGRBs are smaller than that of long GRBs (typically & 100).
This is already pointed out by Nakar (2007). It is attributed
to the fact that the fluences of sGRBs are usually small and
their high-energy spectrum is not well determined. Hence
typically it is fitted better by a Comptonized spectrum than
by a Band spectrum (Ghirlanda et al. 2004, 2009). Thus
this result may come from the observational selection ef-
fect, and be changed if more sensitive �-ray detectors in the
high-energy range will be available. Actually the minimal
Lorentz factor of the powerful GRB 090510, which shows a
Band spectrum, is constrained to be large �min ' 700 in limit
B (Matsumoto et al. 2019b, see also Ackermann et al. 2010
for other limits).

As a conclusion of the above two tests, all events in the
vK19 sample are consistent with being regular sGRBs as
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Table 1. List of events showing similar signatures with GRB 170817A selected by (von Kienlin et al. 2019).

Event Energy flux Fluence Duration Minimal variable timescale Peak energy Spectral index
F [10−7 erg cm−2 s−1] S [10−7 erg cm−2] δt [s] δtmin [ms] ϵp [keV] αp

GRB 081209A 40.14 15.4 0.384 < 15 1473 −0.75
GRB 100328A 33.61 15.1 0.448 < 11 927 −0.54
GRB 101224A 4.04 2.07 0.512 47 341 −1.04
GRB 110717A 25.57 3.27 0.128 11 328 −0.34
GRB 111024C 4.11 1.58 0.384 41 144 0.53
GRB 120302B 3.72 1.90 0.512 < 120 133 0.66
GRB 120915A 13.66 6.99 0.512 41 526 −0.21
GRB 130502A 2.12 3.26 1.536 221 91 −0.80
GRB 140511A 14.85 2.85 0.192 < 94 280 −0.78
GRB 170111B 7.42 3.80 0.512 < 63 154 −0.62
GRB 180511A 34.29 2.19 0.064 < 5 639 −0.61

3.1 Location in the Amati plot
First, we study the locations of these candidate in the Amati plot
and discuss whether they are a normal sGRBs or not. Fig. 1 depicts
the Amati plot (a diagram of isotropic γ-ray energy vs. intrinsic
peak energy) and the locations of 11 candidates. Since these events
do not have a measured redshift, we show a trajectory of each
event assuming the redshift 0.003 < z < 3. The trajectories have a
same shape. We also show normal sGRBs with/without measured
redshifts by black dots and grey trajectories. The latter events are
taken from the Fermi-GBM catalog,1 and we pick up events only
with Comptonized spectrum.

Most of the black dots are located on a line of , so-called Amati
relation. The locations of the trajectories of the selected events are
not so much different with those of others. In particular, they can
overlap with the Amati relation if their redshifts are z ≃ 0.1 − 3.
It should be noted that the peak energy is given from the first hard
pulse of the burst, whose properties are not so peculiar compared
with those of normal sGRBs. Thus it is natural that the candidates
overlap with the locations of normal sGRBs.

3.2 Compactness
Next, we consider the compactness limit, that is any γ-ray emitting
source should be optically thin to the γ-rays , for the candidates.
As Lithwick & Sari (2001) discussed, there are three main opacity
sources for a γ-ray : (a) the most energetic photon should escape
from the source without producing pairs by colliding other photons,
(b) the pairs created by high-energy photons Since for selected
events maximal photon energy is not reported, we here consider
only limit B and C.

Figs. 2 depicts the minimal Lorentz factor determined by limits
B and C, respectively, as a function of redshift. Even if the redshift
is very small, these sources should be relativistic. We also show the
minimal Lorentz factors of other events with grey curves (without
redshift) and black dots (with redshift). Interestingly, the minimal
Lorentz factor is smaller than that of long GRBs (typically 100 −
300). This is already pointed out by Nakar (2007), and attributed
that usually the photon spectra of sGRBs are well fitted not by Band
spectrum but by Comptonized spectrum.

Similar to the discussion on the Amati plot, the candidates have
the similar minima Lorentz factor to ordinary sGRBs. Again, this is
because the adopted parameter is calculated mainly for first spike,
which is not so peculiar compared with normal bursts.

1 https://heasarc.gsfc.nasa.gov/W3Browse/fermi/fermigbrst.html
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4 ARE THE EVENTS CONSISTENT WITH COCOON
BREAKOUT?

In the previous section, we have studied whether the selected events
by von Kienlin et al. (2019) can be twins of GRB 170817A or nor-
mal sGRBs. By checking the location in Amati plot and minimal
Lorentz factor, we can conclude that they are consistent with or-
dinary sGRBs. However, it should be noted that these results are
given by using the observables of first spike, which is similar to
other sGRBs. What these events makes special is the following
soft tail. Although the origin of the tail is still uncertain, cocoon
shock breakout model naturally explains both the first spike and the
tail. Thus, it is worthwhile checking whether these candidates are
consistent with the shock breakout model or not.

We can check the consistency by adopting the closure relation
of the shock breakout model Nakar & Sari (2012); Gottlieb et al.
(2018). The observables of the shock breakout emission should
satisfy the following relation:

δt ′ ≃ 1 s
( Eγ,iso
1046 erg

)1/2 ( ϵ ′p
150 keV

)− 9+
√

3
4
, (1)

where δt, Ebo, and Tbo are the duration, radiated energy, and peak
energy, respectively. These quantities are related with the observ-
ables as δt = (1+ z)δt ′, Eγ,iso = 4πd2

LS, and ϵp = ϵ ′p/(1+ z). Thus,
substituting them into Eq. (1) gives the following equation which
gives a redshift of the event:

δt−1
0 S1/2

−7 ϵ
− 9+

√
3

4
p,150 keV ≃ (1 + z)

5+
√

3
4

(
dL(z)

29 Mpc

)−1
≡ f (z). (2)

While the left hand side depends on only observables, the right one
is a function of redshift. It should be noted that the function f (z)
has a minimum at z ≃ 3, and there are two redshift values which
satisfy the equation. Here we take the redshift of z ! 3.

We derive the redshift which satisfies Eq. (2) for each event.
For a given redshift, we calculate the isotropic γ-ray energy. Fig. 3
depicts the derived redshift and γ-ray energy. From this Fig, we can
exclude some events as a shock breakout candidate.

First, since only a small fraction of the energy is emitted in
the shock breakout emission, the events with Eγ,iso " 1050 erg is
rejected (e.g., GRB081209A). Second, events with too low redshift
are also excluded because in such a small volume, the binary NS
merger rate is smaller than 0.1 yr−1 and unreasonably large event
rate is required (e.g., GRBs 170111B, 111024C, 1120302B, and
130502A).

Fig. ?? depicts the redshifts satisfying the equation for each
event. Most of the events have redshift less than ≃ 0.03. Interest-
ingly, events with harder peak energy have larger redshift. In the
breakout model, the peak energy is given by a Doppler boosted
characteristic energy as Tbo ∼ 50 Γ keV, and this suggests that these
events are observed from nearby jet core, which is bright and rate.
This supports the cocoon breakout model.

5 EVENT RATE OF OFF-AXIS EMISSION
We consider that they are off-axis population as working hypothesis
and study whether this assumption is consistent with the event rate.
We consider two possibilities for the jet structure. One is a top-
hat jet. Although this model is rejected by afterglow observation
of GRB 170817A, it is sill important to check this model with
prompt emission. The other is a structured jet. Not only the unusual
afterglow but also the weak prompt emission of GRB 170817A
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Figure 3. Inferred redshift from closure relation and isotropicγ-ray energy of
each event. The horizontal lines show the redshift which give the detection
rate of binary NS mergers of 0.1, 1, and 10 yr−1 for NS merger rate of
103 Gpc−3 yr−1. Clearly, the events with z ! 0.006 are inconsistent with the
observed detection rate.

strongly suggest that a sGRB jet has a structure along the polar
angle. As we show below, only a small luminosity at the wing
dominates the observed emission and gives a consistent event rate.

5.1 Event rate of off-axis emission from top-hat jet
We evaluate the fraction of off-axis event rate to the total rate and
compare it with observed detection rate by von Kienlin et al. (2019).
First, we consider a simple top hat jet, where the angular profiles of
luminosity and Lorentz factor are given by

dL
dΩ
=

{
1 ; θ ≤ θj
0 ; otherwise

(3)

Γ =

{
Γ ; θ ≤ θj
0 ; otherwise

(4)

The observed luminosity is given by integrating the luminosity
distribution with Doppler factors as

Lγ,iso(θobs) =
∫

dΩ δ4D(Ω, θobs)
dL
dΩ
, (5)

δD(Ω, θobs) =
1

Γ(θ)(1 − β(θ) cos ϑ), (6)

cos ϑ = sin θobs sin θ cos φ + cos θobs cos θ, (7)

where we locate the observer at (θ, φ)=(θobs, 0). we should take
into account that the compactness consideration. Fig 4 depicts the
observed luminosity as a function of viewing angle. The observed
luminosity decreases very sharply outside the jet core due to the
de-beaming effect (Granot et al. 2017; Ioka & Nakamura 2018).

The event rate is evaluated as follows. Here we ignore any
redshift effect for simplicity, which will be justified for evaluating
the even rate of dim off-axis emission. For a given detector with
sensitivity f , the horizon is given by d =

√
Lγ,iso/4π f . Then, the

detection rate of event viewed from (0, θobs) is given by

R(0, θobs) =
∫ θobs

0
dθobs sin(θobs) (n

4π
3

( Lγ,iso(θobs)
4π f

)3/2
. (8)
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4 ARE THE EVENTS CONSISTENT WITH COCOON
BREAKOUT?

In the previous section, we have studied whether the selected events
by von Kienlin et al. (2019) can be twins of GRB 170817A or nor-
mal sGRBs. By checking the location in Amati plot and minimal
Lorentz factor, we can conclude that they are consistent with or-
dinary sGRBs. However, it should be noted that these results are
given by using the observables of first spike, which is similar to
other sGRBs. What these events makes special is the following
soft tail. Although the origin of the tail is still uncertain, cocoon
shock breakout model naturally explains both the first spike and the
tail. Thus, it is worthwhile checking whether these candidates are
consistent with the shock breakout model or not.

We can check the consistency by adopting the closure relation
of the shock breakout model Nakar & Sari (2012); Gottlieb et al.
(2018). The observables of the shock breakout emission should
satisfy the following relation:

δt ′ ≃ 1 s
( Eγ,iso
1046 erg

)1/2 ( ϵ ′p
150 keV

)− 9+
√

3
4
, (1)

where δt, Ebo, and Tbo are the duration, radiated energy, and peak
energy, respectively. These quantities are related with the observ-
ables as δt = (1+ z)δt ′, Eγ,iso = 4πd2

LS, and ϵp = ϵ ′p/(1+ z). Thus,
substituting them into Eq. (1) gives the following equation which
gives a redshift of the event:

δt−1
0 S1/2

−7 ϵ
− 9+

√
3

4
p,150 keV ≃ (1 + z)

5+
√

3
4

(
dL(z)

29 Mpc

)−1
≡ f (z). (2)

While the left hand side depends on only observables, the right one
is a function of redshift. It should be noted that the function f (z)
has a minimum at z ≃ 3, and there are two redshift values which
satisfy the equation. Here we take the redshift of z ! 3.

We derive the redshift which satisfies Eq. (2) for each event.
For a given redshift, we calculate the isotropic γ-ray energy. Fig. 3
depicts the derived redshift and γ-ray energy. From this Fig, we can
exclude some events as a shock breakout candidate.

First, since only a small fraction of the energy is emitted in
the shock breakout emission, the events with Eγ,iso " 1050 erg is
rejected (e.g., GRB081209A). Second, events with too low redshift
are also excluded because in such a small volume, the binary NS
merger rate is smaller than 0.1 yr−1 and unreasonably large event
rate is required (e.g., GRBs 170111B, 111024C, 1120302B, and
130502A).

Fig. ?? depicts the redshifts satisfying the equation for each
event. Most of the events have redshift less than ≃ 0.03. Interest-
ingly, events with harder peak energy have larger redshift. In the
breakout model, the peak energy is given by a Doppler boosted
characteristic energy as Tbo ∼ 50 Γ keV, and this suggests that these
events are observed from nearby jet core, which is bright and rate.
This supports the cocoon breakout model.

5 EVENT RATE OF OFF-AXIS EMISSION
We consider that they are off-axis population as working hypothesis
and study whether this assumption is consistent with the event rate.
We consider two possibilities for the jet structure. One is a top-
hat jet. Although this model is rejected by afterglow observation
of GRB 170817A, it is sill important to check this model with
prompt emission. The other is a structured jet. Not only the unusual
afterglow but also the weak prompt emission of GRB 170817A
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Figure 3. Inferred redshift from closure relation and isotropicγ-ray energy of
each event. The horizontal lines show the redshift which give the detection
rate of binary NS mergers of 0.1, 1, and 10 yr−1 for NS merger rate of
103 Gpc−3 yr−1. Clearly, the events with z ! 0.006 are inconsistent with the
observed detection rate.

strongly suggest that a sGRB jet has a structure along the polar
angle. As we show below, only a small luminosity at the wing
dominates the observed emission and gives a consistent event rate.

5.1 Event rate of off-axis emission from top-hat jet
We evaluate the fraction of off-axis event rate to the total rate and
compare it with observed detection rate by von Kienlin et al. (2019).
First, we consider a simple top hat jet, where the angular profiles of
luminosity and Lorentz factor are given by

dL
dΩ
=

{
1 ; θ ≤ θj
0 ; otherwise

(3)

Γ =

{
Γ ; θ ≤ θj
0 ; otherwise

(4)

The observed luminosity is given by integrating the luminosity
distribution with Doppler factors as

Lγ,iso(θobs) =
∫

dΩ δ4D(Ω, θobs)
dL
dΩ
, (5)

δD(Ω, θobs) =
1

Γ(θ)(1 − β(θ) cos ϑ), (6)

cos ϑ = sin θobs sin θ cos φ + cos θobs cos θ, (7)

where we locate the observer at (θ, φ)=(θobs, 0). we should take
into account that the compactness consideration. Fig 4 depicts the
observed luminosity as a function of viewing angle. The observed
luminosity decreases very sharply outside the jet core due to the
de-beaming effect (Granot et al. 2017; Ioka & Nakamura 2018).

The event rate is evaluated as follows. Here we ignore any
redshift effect for simplicity, which will be justified for evaluating
the even rate of dim off-axis emission. For a given detector with
sensitivity f , the horizon is given by d =

√
Lγ,iso/4π f . Then, the

detection rate of event viewed from (0, θobs) is given by

R(0, θobs) =
∫ θobs

0
dθobs sin(θobs) (n

4π
3

( Lγ,iso(θobs)
4π f

)3/2
. (8)
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Figure 2. Minimal Lorentz factor. The color solid curves denote the minimal
Lorentz factor of the candidates in Table 1 as a function of redshift. GRBs
with Γmin > 100 have Band spectrum.
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Figure 3. Minimal Lorentz factor. The color solid curves denote the minimal
Lorentz factor of the candidates in Table 1 as a function of redshift.

2018). The observables of the shock breakout emission should sat-
isfy the following relation:

δt ′ ≃ 1 s
( Eγ,iso
1046 erg

)1/2 ( ϵ ′p
150 keV

)− 9+
√

3
4
, (1)

where δt, Ebo, and Tbo are the duration, radiated energy, and peak
energy, respectively. These quantities are related with the observ-
ables as δt = (1+ z)δt ′, Eγ,iso = 4πd2

LS, and ϵp = ϵ ′p/(1+ z). Thus,
substituting them into Eq. (1) gives the following equation which
gives a redshift of the event:

δt−1
0 S1/2

−7 ϵ
− 9+

√
3

4
p,150 keV ≃ (1 + z)

5+
√

3
4

(
dL(z)

29 Mpc

)−1
≡ f (z). (2)

While the left hand side depends on only observables, the right one
is a function of redshift. It should be noted that the function f (z) has
a minimum at z ≃ 3, and there are two redshift values which satisfy
the equation. Here we take the redshift of z ! 3. We derive the
redshift which satisfies Eq. (2) for each event, and corresponding
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Figure 4. Inferred redshift from closure relation and isotropicγ-ray energy of
each event. The horizontal lines show the redshift which give the detection
rate of binary NS mergers of 0.1, 1, and 10 yr−1 for NS merger rate of
103 Gpc−3 yr−1. Clearly, the events with z ! 0.003 are inconsistent with the
observed detection rate.

isotropic γ-ray energy. Fig. 4 depicts the derived redshift and γ-ray
energy.

We find that some events are inconsistent with the shock break-
out model. First, since only a small fraction of the total kinetic
energy is emitted in a shock breakout emission, the events with
Eγ,iso " 1049 erg are too energetic and cannot be explained by
shock breakouts. We evaluate the critical γ-ray energy as a fraction
10−3 of typical kinetic energy of sGRB Ek,iso ∼ 1052 erg. This
limits excludes GRBs 081209A and 100328A.

Second, very close events with z ! 0.003 are unreasonable be-
cause such events require too large event rate of binary NS mergers.
For a fiducial binary NS merger rate of R = 103 Gpc−3 yr−1, we
show the redshifts whose corresponding volume gives the binary
merger events of 0.01, 0.1, 1, and 10 yr−1. For the 10-years obser-
vation, only 0.1 event could occur within the redshift z < 0.003.
The events with redshift smaller than this value, GRBs 111024C,
120302B, 130502A, and 170111B, are clearly excluded to be pro-
duced by shock breakouts. It should be noted that we do not take the
beaming effect or viewing angle dependence into account in this
estimate. Since these effects reduce the GRB event rate from the
merger rate, the events with z " 0.01 could be consistent with the
shock breakout scenario.

Among 11 selected events, only three GRBs (120915A,
101224A, and 180511A) are securely consistent with the shock
breakout model. The Lorentz factors of these events are evaluated
by Γ ≃ 7 − 13, which are consistent with compactness limits in
Figs. 2 and 3. The γ-ray energy and Lorentz factor of these events
larger than those of GRB 170817A may suggest that they are pro-
duced by a part of outflow closer to the jet core. If they are really
cocoon shock breakout emissions, the fraction of event rate is about
3/395 ≃ 0.8 % of total Fermi-GBM sGRBs.

5 EVENT RATE OF EMISSIONS FROM JET WING
We consider the fraction of event rate of emission from wing to
that of total events (jet core + wing) for several jet structures. As
In the previous section, we have shown that about 3 events are
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Figure 2. Minimal Lorentz factor. The color solid curves denote the minimal
Lorentz factor of the candidates in Table 1 as a function of redshift. GRBs
with Γmin > 100 have Band spectrum.
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Figure 3. Minimal Lorentz factor. The color solid curves denote the minimal
Lorentz factor of the candidates in Table 1 as a function of redshift.

2018). The observables of the shock breakout emission should sat-
isfy the following relation:

δt ′ ≃ 1 s
( Eγ,iso
1046 erg

)1/2 ( ϵ ′p
150 keV

)− 9+
√

3
4
, (1)

where δt, Ebo, and Tbo are the duration, radiated energy, and peak
energy, respectively. These quantities are related with the observ-
ables as δt = (1+ z)δt ′, Eγ,iso = 4πd2

LS, and ϵp = ϵ ′p/(1+ z). Thus,
substituting them into Eq. (1) gives the following equation which
gives a redshift of the event:

δt−1
0 S1/2

−7 ϵ
− 9+

√
3

4
p,150 keV ≃ (1 + z)

5+
√

3
4

(
dL(z)

29 Mpc

)−1
≡ f (z). (2)

While the left hand side depends on only observables, the right one
is a function of redshift. It should be noted that the function f (z) has
a minimum at z ≃ 3, and there are two redshift values which satisfy
the equation. Here we take the redshift of z ! 3. We derive the
redshift which satisfies Eq. (2) for each event, and corresponding
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Figure 4. Inferred redshift from closure relation and isotropicγ-ray energy of
each event. The horizontal lines show the redshift which give the detection
rate of binary NS mergers of 0.1, 1, and 10 yr−1 for NS merger rate of
103 Gpc−3 yr−1. Clearly, the events with z ! 0.003 are inconsistent with the
observed detection rate.

isotropic γ-ray energy. Fig. 4 depicts the derived redshift and γ-ray
energy.

We find that some events are inconsistent with the shock break-
out model. First, since only a small fraction of the total kinetic
energy is emitted in a shock breakout emission, the events with
Eγ,iso " 1049 erg are too energetic and cannot be explained by
shock breakouts. We evaluate the critical γ-ray energy as a fraction
10−3 of typical kinetic energy of sGRB Ek,iso ∼ 1052 erg. This
limits excludes GRBs 081209A and 100328A.

Second, very close events with z ! 0.003 are unreasonable be-
cause such events require too large event rate of binary NS mergers.
For a fiducial binary NS merger rate of R = 103 Gpc−3 yr−1, we
show the redshifts whose corresponding volume gives the binary
merger events of 0.01, 0.1, 1, and 10 yr−1. For the 10-years obser-
vation, only 0.1 event could occur within the redshift z < 0.003.
The events with redshift smaller than this value, GRBs 111024C,
120302B, 130502A, and 170111B, are clearly excluded to be pro-
duced by shock breakouts. It should be noted that we do not take the
beaming effect or viewing angle dependence into account in this
estimate. Since these effects reduce the GRB event rate from the
merger rate, the events with z " 0.01 could be consistent with the
shock breakout scenario.

Among 11 selected events, only three GRBs (120915A,
101224A, and 180511A) are securely consistent with the shock
breakout model. The Lorentz factors of these events are evaluated
by Γ ≃ 7 − 13, which are consistent with compactness limits in
Figs. 2 and 3. The γ-ray energy and Lorentz factor of these events
larger than those of GRB 170817A may suggest that they are pro-
duced by a part of outflow closer to the jet core. If they are really
cocoon shock breakout emissions, the fraction of event rate is about
3/395 ≃ 0.8 % of total Fermi-GBM sGRBs.

5 EVENT RATE OF EMISSIONS FROM JET WING
We consider the fraction of event rate of emission from wing to
that of total events (jet core + wing) for several jet structures. As
In the previous section, we have shown that about 3 events are
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Figure 2. Minimal Lorentz factor. The color solid curves denote the minimal
Lorentz factor of the candidates in Table 1 as a function of redshift. GRBs
with Γmin > 100 have Band spectrum.
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Figure 3. Minimal Lorentz factor. The color solid curves denote the minimal
Lorentz factor of the candidates in Table 1 as a function of redshift.

2018). The observables of the shock breakout emission should sat-
isfy the following relation:

δt ′ ≃ 1 s
( Eγ,iso
1046 erg

)1/2 ( ϵ ′p
150 keV

)− 9+
√

3
4
, (1)

where δt, Ebo, and Tbo are the duration, radiated energy, and peak
energy, respectively. These quantities are related with the observ-
ables as δt = (1+ z)δt ′, Eγ,iso = 4πd2

LS, and ϵp = ϵ ′p/(1+ z). Thus,
substituting them into Eq. (1) gives the following equation which
gives a redshift of the event:

δt−1
0 S1/2

−7 ϵ
− 9+

√
3

4
p,150 keV ≃ (1 + z)

5+
√

3
4

(
dL(z)

29 Mpc

)−1
≡ f (z). (2)

While the left hand side depends on only observables, the right one
is a function of redshift. It should be noted that the function f (z) has
a minimum at z ≃ 3, and there are two redshift values which satisfy
the equation. Here we take the redshift of z ! 3. We derive the
redshift which satisfies Eq. (2) for each event, and corresponding

1044

1045

1046

1047

1048

1049

1050

1051

1052

10-3 10-2 10-1 100

170817A

150101B

Is
ot

ro
pi

c 
γ-

ra
y 

en
er

gy
 : 

E γ
,is

o 
[ e

rg
 ]

Redshift : z

1044

1045

1046

1047

1048

1049

1050

1051

1052

10-3 10-2 10-1 100

To
o 

M
an

y 
Ev

en
ts Too Energetic

0.
01

0.
1

1 
yr

-1

10

Figure 4. Inferred redshift from closure relation and isotropicγ-ray energy of
each event. The horizontal lines show the redshift which give the detection
rate of binary NS mergers of 0.1, 1, and 10 yr−1 for NS merger rate of
103 Gpc−3 yr−1. Clearly, the events with z ! 0.003 are inconsistent with the
observed detection rate.

isotropic γ-ray energy. Fig. 4 depicts the derived redshift and γ-ray
energy.

We find that some events are inconsistent with the shock break-
out model. First, since only a small fraction of the total kinetic
energy is emitted in a shock breakout emission, the events with
Eγ,iso " 1049 erg are too energetic and cannot be explained by
shock breakouts. We evaluate the critical γ-ray energy as a fraction
10−3 of typical kinetic energy of sGRB Ek,iso ∼ 1052 erg. This
limits excludes GRBs 081209A and 100328A.

Second, very close events with z ! 0.003 are unreasonable be-
cause such events require too large event rate of binary NS mergers.
For a fiducial binary NS merger rate of R = 103 Gpc−3 yr−1, we
show the redshifts whose corresponding volume gives the binary
merger events of 0.01, 0.1, 1, and 10 yr−1. For the 10-years obser-
vation, only 0.1 event could occur within the redshift z < 0.003.
The events with redshift smaller than this value, GRBs 111024C,
120302B, 130502A, and 170111B, are clearly excluded to be pro-
duced by shock breakouts. It should be noted that we do not take the
beaming effect or viewing angle dependence into account in this
estimate. Since these effects reduce the GRB event rate from the
merger rate, the events with z " 0.01 could be consistent with the
shock breakout scenario.

Among 11 selected events, only three GRBs (120915A,
101224A, and 180511A) are securely consistent with the shock
breakout model. The Lorentz factors of these events are evaluated
by Γ ≃ 7 − 13, which are consistent with compactness limits in
Figs. 2 and 3. The γ-ray energy and Lorentz factor of these events
larger than those of GRB 170817A may suggest that they are pro-
duced by a part of outflow closer to the jet core. If they are really
cocoon shock breakout emissions, the fraction of event rate is about
3/395 ≃ 0.8 % of total Fermi-GBM sGRBs.

5 EVENT RATE OF EMISSIONS FROM JET WING
We consider the fraction of event rate of emission from wing to
that of total events (jet core + wing) for several jet structures. As
In the previous section, we have shown that about 3 events are
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Figure 3. Inferred redshift from the closure relation (Eq. 2) and
isotropic �-ray energy of each event. The horizontal lines show the
redshifts within which the binary-NS-merger event rates become
0.01, 0.1, 1, and 10 yr�1 for the NS merger rate of 1550 Gpc�3 yr�1.
Clearly, bursts at too small redshift z . 0.003 and too energetic
bursts with E�, iso & 1049 erg are inconsistent with the observed
detection rate and the energetics of the cocoon shock-breakout
emission. The bursts shown in small dots also inconsistent with
the cocoon model because of their disconnected light curves.

becomes more severe. When taken into account, these ef-
fects may also lead to the rejection of GRBs 110717A and
140511A (z ' 0.004). The rest of the events with z & 0.01
are consistent with the cocoon shock-breakout scenario.

In addition to the energetics and event-rate consider-
ations, we should also take the light-curve structure into
account. Some events in the vK19 sample show clearly sepa-
rated hard spike and soft tail (von Kienlin et al. 2019). While
in the cocoon shock-breakout model, the hard spike and soft
tail are produced in the planer and spherical phases respec-
tively, such disconnected light curves may not be reproduced
by this model. Among the remaining three candidates, GRB
101224A has such a separated light curve and we exclude it.

We find that among 11 events in the vK19 sample, only
two GRBs 120915A and 180511A are consistent with the
shock-breakout model. The Lorentz factors of these events
are estimated to be � ⇠ 10 consistent with the independent
compactness limit (Fig. 2). The �-ray energy and Lorentz
factor of these events are larger than those of GRB 170817A
and may suggest that they are produced by a part of an
outflow closer to a jet core. If these are indeed cocoon shock
breakouts, the fraction of these event rate is about 2/395 '
0.5 % of the total Fermi-GBM sGRBs.

5 OFF-AXIS AND JET-WING EVENT RATES

The ratio of the number of the events in the vK19 sample
(and cocoon-emission candidates found in the previous sec-
tion) to the total regular sGRBs is ⇠ 3 % (⇠ 0.5 %). While
the sample is still consistent with regular sGRBs, if the hard
spike and following soft tail identified in the vK19 sample are
indeed a special signature, they may suggest a novel mecha-
nism for the �-ray emission. Here we consider two possibil-

ities that such a signature results from the geometry of the
outflow, and study their consistency with the event rate of
the vK19 sample. One possibility that has been discussed ex-
tensively is that this signature is produced by o↵-axis emis-
sions, that is, the viewing angle dependence of the event.
Although this possibility is rejected (see e.g. Kasliwal et al.
2017; Matsumoto et al. 2019a,b) for GRB 170817A, we check
it again for the vK19 sample. The other is that the bursts
are produced by an outflow surrounding the jet core, here-
after we call this part a jet wing. The cocoon shock-breakout
emission scenario, discussed earlier, is one such possibility.

We consider the following three simple axisymmetric
jet structures and estimate the event rates for: (a) A top-
hat jet (see also Salafia et al. 2016); (b) A Gaussian jet; (c)
A top-hat jet with Gaussian wings (see also Kathirgamaraju
et al. 2018, for estimates of the rate of wing emission based
on the result of numerical simulations). We adopt simple
models in which we assume that the �-ray luminosity and
Lorentz factor distributions at the lab-frame4 are given by:
(a) A top-hat jet,

dL
d⌦
=

(
1 ; ✓  ✓j,
0 ; otherwise,

(3)

� =

(
� ; ✓  ✓j,
0 ; otherwise;

(4)

(b) A Gaussian jet,

dL
d⌦
= exp


� ✓

2

2✓j2

�
, (5)

� = (� � 1) exp

� ✓

2

2✓j2

�
+1; (6)

and (c) A top-hat jet with Gaussian wings,

dL
d⌦
=

8>><
>>:

1 ; ✓  ✓j,

exp

� (✓�✓j)2

2✓j2

�
; otherwise,

(7)

� =

8>><
>>:
� ; ✓  ✓j,

(� � 1) exp

� (✓�✓j)2

2✓j2

�
+1 ; otherwise.

(8)

Here � and ✓j are the Lorentz factor at the jet axis (✓ = 0)
and the jet opening angle, respectively. In these simple mod-
els, we assume that the luminosity and Lorentz factor dis-
tributions have the same function form. We normalize the
luminosity distribution at the jet axis. Models (a) and (b)
are motivated by the o↵-axis and wing scenarios, respec-
tively. In model (c), the jet has a comparable width to the
wing and core ⇠ ✓j (we give a detailed definition of a jet core
below). This is an intermediate structure between models
(a) and (b), and it is useful to understand the result. We
stress that these are ad hoc models and there is no reason
that nature will adopt these structure. In particular we con-
sider Gaussians in the lab frame rather than in the source
frame. These are motivated by simplicity and the aim of this

4 From a physical point of view, it would have been more reason-
able to define the luminosity distribution in the source-rest frame.
However, this would have introduced unnecessary complications
to the calculations.
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Magnetar spin-down in extended emission SGRBs 1747

the magnetic field and spin period of the central magnetar to be de-
rived, although the calculated spin period must then be corrected for
spin-down during EE to get the true birth period (see Section 4.2).

The basic outline is that the central engine, in this case a magne-
tar, emits both an initial impulse energy Eimp as well as a continuous
injection luminosity which varies as a power law in the emission
time. The initial impulse energy represents the prompt emission of
the burst (excluding EE), and is a short, violent event which tran-
sitions into a power-law decay at very early times. The continuous
injection luminosity is the product of the magnetar spinning down,
and begins as soon as the magnetar is formed. Although it is present
throughout, it is at a much lower level than the initial impulse, and
so is initially hidden beneath the more luminous component. At a
critical time, Tc, the prompt emission has faded enough so that the
injection luminosity begins to dominate the light curve, causing it
to flatten. This effect can be seen in the red data points in Fig. 2.
The plateau then re-steepens after the characteristic time-scale for
dipole spin-down, Tem. At this point, the magnetar reveals itself as
either unstable, collapsing into a BH with a sudden drop in the light
curve, or stable, continuing to decay with a comparatively shallow
power law. For this plateau to appear, Tem must be greater than Tc,
otherwise the continuous injection luminosity is spent before the
prompt emission has faded sufficiently for it to be observable.

To derive the parameters that control the injection luminosity
plateau, the dimensions of the plateau itself must be ascertained
by fitting. The area of interest for fitting is the point at which the
continuous injection (dipole spin-down) luminosity emerges from
beneath the initial impulse energy and the fading EE tail, shown
by the red data points in Fig. 2. Obtaining fits that describe the
luminosity and duration of this plateau allows the magnetic field
and spin period of the sample to be found. The key equations for
the model are as follows:

Tem,3 = 2.05 (I45B
−2
p,15P

2
0,−3R

−6
6 ), (1)

L0,49 ∼ (B2
p,15P

−4
0,−3R

6
6), (2)

B2
p,15 = 4.2025I 2

45R
−6
6 L−1

0,49T
−2

em,3, (3)

P 2
0,−3 = 2.05I45L

−1
0,49T

−1
em,3, (4)

where Tem,3 is the characteristic time-scale for dipole spin-down
in 103 s, L0, 49 is the plateau luminosity in 1049 erg s−1, I45 is the
moment of inertia in units of 1045 g cm2, Bp,15 is the magnetic
field strength at the poles in units of 1015 G, R6 is the radius of
the neutron star in 106 cm and P0, −3 is the spin period of the
magnetar in milliseconds. The mass of the magnetar was set to
1.4 M⊙ and the radius was 106 cm. Using these values, the moment
of inertia, I, is 9.75 × 1044 g cm2. Equations (1)–(4) are taken
from Zhang & Mészáros (2001) and were combined into a QDP

COmponent Definition (COD) file for fitting to data by Rowlinson
et al. (2013) during their work. This COD file was used to obtain
fits as previously in the current work. It has been assumed that
emission is both isotropic and 100 per cent efficient, since little is
known about the precise emission mechanism and beaming angle.
Lyons et al. (2010) discussed the effects of beaming in the context
of the magnetar model, and showed that a narrower opening angle
results in higher B and P (slower spin). This is illustrated by their
Fig. 4.

The magnetic dipole spin-down model was fitted to the late-
time data of the rest-frame light curves of nine GRBs with EE.
Of the original sample of 14 bursts, five did not contain sufficient
data points for accurate model fitting and were dropped from the
sample. GRB 050911, GRB 090715A and GRB 090916 do not have
XRT data available, and the XRT data for GRB 090531B contains
only a single point and an upper limit. GRB 080503 either has an
incredibly weak dipole plateau or none at all (Perley et al. 2009), so
values for magnetic field and spin period were unobtainable. Table 2
contains the results of the fitting to the nine remaining GRBs.

Fig. 2 shows the individual fits for each of the nine bursts, along
with the estimated EE region, denoted by the vertical dashed lines.
The start of the EE region is taken as the first upturn in the light

Figure 1. Overlay of all bursts with extended emission, showing the apparently common evolutionary path. Left: bursts with known z. Black – 050724; red –
050911; green – 060614; blue – 061006; light blue – 061210; pink – 070714B; yellow – 071227. Right: bursts using the sample average z = 0.39. Orange –
051227 (using the upper limit z = 2.8, D’Avanzo et al. 2009); lime green – 080123; mint green – 080503; blue – 090531B; purple – 090715A; red – 090916;
grey – 111121A.
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Extended emission powered by relativistic outflow in sGRBs 3

In limit C, scattering by electrons accompanying with baryons
in the outflow is the opacity source. It should be noted that limit
C is the same as the photospheric condition and relevant only for
the baryon-dominated outflow (does not work for the Poynting-
flux-dominated outflow). The number of electrons is estimated by
energetics, that is the observed total photon energy should be smaller
than the baryon kinetic energy. As we show below, we can use the
same function form for the optical depth as limit B, by using the
“fraction” given by (Matsumoto et al. 2019b)

f =
ϵmin

2Γ2mpc2 , (4)

where mp is the proton mass and we use ϵmin to evaluate the total
photon energy.3

The optical depth is given by

τ ≃ σTLEE f
16πc2ϵminδtΓ4 ≃

σTSEEd2
L f

4c2ϵminδtTEEΓ4 , (5)

where σT, LEE(= 4πd2
LSEE/TEE), dL, SEE, TEE, and δt are the

Thomson cross section, luminosity, luminosity distance, observed
fluence, total duration, and variable timescale of EEs, respectively.
The fraction of photon of each limit is given by Eqs. (3) and (4),
and summarized as

f =
⎧⎪⎪⎨
⎪⎪⎩

Γ(ϵth/ϵmax(1+z),αp+1)
Γ(ϵmin/ϵmax,αp+1) ; Limit B,

ϵmin(1+z)
2Γ2mpc2 ; Limit C,

(6)

where Γ(αp+1, x) is the incomplete Gamma function and we restore
the redshift dependence. In Eq. (5), we also use ϵmin to estimate
the total photon number. The variable timescale is assumed to be
δt = 1 s for all calculations in this paper (see, e.g., Norris & Bonnell
2006, for the light curves of EEs).

We derive the minimal Lorentz factor by setting τ = 1. For
limit B, we solve Eq. (5) numerically. In particular, for limit C, we
can obtain the minimal Lorentz factor of EEs analytically,

ΓEE,min =
(
σTSEEd2

L(1 + z)
8mpc4TEEδt

)1/6
(7)

≃ 4.4 S1/6
EE,−7T−1/6

EE,2 δt
−1/6
0

(
dL

2.9 Gpc

)1/3 ( 1 + z
1.5

)1/6
. (8)

For EEs without measured redshifts, we adopt z = 0.5 (dL =
2.9 Gpc) which is the median redshift for sGRBs with measured
redshifts (e.g., Berger 2014).

In Table A1, we show the sample of EEs we analyze in
compactness arguments. The events are taken from Bostancı et al.
(2013); Kaneko et al. (2015), which contain the spectral informa-
tion. They are divided into three groups detected by BATSE, BAT,
and GBM, respectively. For BATSE GRBs, we include GRB 950531
whose T90 = 3.52 s into our sample.

We show the minimal Lorentz factors of EEs derived for limits
B and C in the last column of Table A1. The more constraining limit
is shown with boldface. All EEs should involve a relativistic motion
with ΓEE ! 10. The minimal factor for limit C does not change so
much for event by event because the Lorentz factor weakly depends
on the observables (see Eq. 7). On the other hand, limit B gives
different minimal Lorentz factors for EEs detected by BATSE and

3 This prescription underestimates the minimal Lorentz factor for bursts
with a hard single power-law spectrum αp > −2, but the resulting error is
less than a factor 2.
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Figure 2. Distribution of the minimal Lorentz factor of EEs, ΓEE,min, ob-
tained by compactness arguments. The average and standard deviation are
10.3 and 3.2, respectively.

the other two detectors. It should be noted that the minimal value
for limit B depends on the spectrum, and in particular we cut off the
spectra exponentially above the maximal energy of the detectors.
Larger ϵmax gives larger photon fraction (see Eq. 3), which results in
larger ΓEE,min. Thus, EEs detected by BATSE with ϵmax = 2000 keV
has larger ΓEE,min than those given by limit C and EEs detected by
the other detectors.

Fig. 2 depicts the distribution of ΓEE,min. The average and
standard deviation of the distribution are 10.3 and 3.2, respectively.
Again, this is direct evidence that outflows producing EEs should
be relativistic with at least ΓEE ≃ 10. The central engine of these
bursts has to be active and continue to launch relativistic outflows
at least the duration of EEs (∼ TEE). This fact not only constrains
models for EEs but also motivates us to consider the fate of the
relativistic outflows.

3 ENERGY INJECTION FROM EXTENDED-EMISSION
OUTFLOW: ORIGIN OF PLATEAU EMISSION

In the previous section, we find that EE should be produced by a
relativistic outflow with ΓEE ! 10. Hereafter, we call the outflow
producing EEs as EE-outflow.

3.1 Plateau emission powered by EE-outflow
We consider the fate of an EE-outflow after producing an EE. It
is reasonable to consider that the EE-outflow is separated from a
prompt jet because the timescale of EEs is much longer than that of
prompt emissions TEE ∼ 102−3 s. Furthermore, we could also as-
sume that the Lorentz factor of the EE-outflow is smaller than that of
the prompt jet mainly because prompt emissions are much brighter
and harder than EEs. Then, such an EE-outflow finally catches
up with the prompt jet and injects energy into the forward shock
formed by the prompt jet, which results in a plateau as originally
proposed for long GRBs with shallow-decaying X-ray afterglows
(Rees & Mészáros 1998; Kumar & Piran 2000; Sari & Mészáros
2000; Nousek et al. 2006; Zhang et al. 2006).

Interestingly, several sGRBs with EEs actually show a plateau
(PE) in X-ray afterglow with a duration of TPE ∼ 104−5 s

MNRAS 000, 1–8 (2019)
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=> 39 EEs with spectrum detected by BATSE, BAT, GBM
(list in Bostanci+13,Kaneko+15)
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Figure 1. Histogram of the minimal Lorentz factor Γmin of extended emis-
sions.

where Γ(αp + 1, x) is the incomplete Gamma function and we add
the redshift dependence. In Eq. (5), we also use ϵmin to estimate the
total photon number.

We derive the minimal Lorentz factor by setting τ = 1. For
limit B, we solve Eq. (5) numerically. In particular, for limit C, we
get the lower limit analytically,

Γmin =
(
σTSEEd2

L(1 + z)
8mpc4TEEδt

)1/6
(7)

≃ 4.4 S1/6
EE,−7T−1/6

EE,2 δt
−1/6
0

(
dL

2.9 Gpc

)1/3 ( 1 + z
1.5

)1/6
. (8)

For unknown redshift events, we adopt z = 0.5 (dL = 2.9 Gpc)
which is the median redshift for GRBs with measured redshifts
(e.g., Berger 2014).

In table 1, we show the minimal Lorentz factors derived for
limits B and C. The more constraining one is shown with boldface.
The minimal value for limit C does not change so much for event
by event. This is because the Lorentz factor weakly depends on the
observables (see Eq. 7). On the other hand, limit B gives different
minimal Lorentz factors for different detectors. It should be noted
that the minimal value for limit B depends on the spectrum, and in
particular we cut off the spectrum exponentially above the maximal
energy of the detector. Larger ϵmax gives larger photon fraction
(see Eq. 3), which results in larger Γmin. Thus, extended emissions
detected by BATSE with ϵmax = 2000 keV has larger Γmin compared
with events by the other detectors.

Fig. 1 depicts the distribution of Γmin for extended emissions.
This is an evidence that extended emissions should be produced by
a relativistic outflow. Thus, the central engine of these bursts have to
be active at least the duration of extended emissions (∼ TEE). This
motivates us to study the energy injection by extended-emission
outflow to the blast wave produced by the prompt emission.

3 ENERGY INJECTION BY EXTENDED EMISSION
OUTFLOW AND AFTERGLOW

4 DISCUSSION
4.1 Implication for models of extended emission
4.2 Very late time afterglow: mass estimation
4.3 Constraint on CDFS-XT2
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Figure 1. Histogram of the minimal Lorentz factor Γmin of extended emis-
sions.

where Γ(αp + 1, x) is the incomplete Gamma function and we add
the redshift dependence. In Eq. (5), we also use ϵmin to estimate the
total photon number.

We derive the minimal Lorentz factor by setting τ = 1. For
limit B, we solve Eq. (5) numerically. In particular, for limit C, we
get the lower limit analytically,

Γmin =
(
σTSEEd2

L(1 + z)
8mpc4TEEδt

)1/6
(7)

≃ 4.4 S1/6
EE,−7T−1/6

EE,2 δt
−1/6
0

(
dL

2.9 Gpc

)1/3 ( 1 + z
1.5

)1/6
. (8)

For unknown redshift events, we adopt z = 0.5 (dL = 2.9 Gpc)
which is the median redshift for GRBs with measured redshifts
(e.g., Berger 2014).

In table 1, we show the minimal Lorentz factors derived for
limits B and C. The more constraining one is shown with boldface.
The minimal value for limit C does not change so much for event
by event. This is because the Lorentz factor weakly depends on the
observables (see Eq. 7). On the other hand, limit B gives different
minimal Lorentz factors for different detectors. It should be noted
that the minimal value for limit B depends on the spectrum, and in
particular we cut off the spectrum exponentially above the maximal
energy of the detector. Larger ϵmax gives larger photon fraction
(see Eq. 3), which results in larger Γmin. Thus, extended emissions
detected by BATSE with ϵmax = 2000 keV has larger Γmin compared
with events by the other detectors.

Fig. 1 depicts the distribution of Γmin for extended emissions.
This is an evidence that extended emissions should be produced by
a relativistic outflow. Thus, the central engine of these bursts have to
be active at least the duration of extended emissions (∼ TEE). This
motivates us to study the energy injection by extended-emission
outflow to the blast wave produced by the prompt emission.

3 ENERGY INJECTION BY EXTENDED EMISSION
OUTFLOW AND AFTERGLOW

4 DISCUSSION
4.1 Implication for models of extended emission
4.2 Very late time afterglow: mass estimation
4.3 Constraint on CDFS-XT2
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the magnetic field and spin period of the central magnetar to be de-
rived, although the calculated spin period must then be corrected for
spin-down during EE to get the true birth period (see Section 4.2).

The basic outline is that the central engine, in this case a magne-
tar, emits both an initial impulse energy Eimp as well as a continuous
injection luminosity which varies as a power law in the emission
time. The initial impulse energy represents the prompt emission of
the burst (excluding EE), and is a short, violent event which tran-
sitions into a power-law decay at very early times. The continuous
injection luminosity is the product of the magnetar spinning down,
and begins as soon as the magnetar is formed. Although it is present
throughout, it is at a much lower level than the initial impulse, and
so is initially hidden beneath the more luminous component. At a
critical time, Tc, the prompt emission has faded enough so that the
injection luminosity begins to dominate the light curve, causing it
to flatten. This effect can be seen in the red data points in Fig. 2.
The plateau then re-steepens after the characteristic time-scale for
dipole spin-down, Tem. At this point, the magnetar reveals itself as
either unstable, collapsing into a BH with a sudden drop in the light
curve, or stable, continuing to decay with a comparatively shallow
power law. For this plateau to appear, Tem must be greater than Tc,
otherwise the continuous injection luminosity is spent before the
prompt emission has faded sufficiently for it to be observable.

To derive the parameters that control the injection luminosity
plateau, the dimensions of the plateau itself must be ascertained
by fitting. The area of interest for fitting is the point at which the
continuous injection (dipole spin-down) luminosity emerges from
beneath the initial impulse energy and the fading EE tail, shown
by the red data points in Fig. 2. Obtaining fits that describe the
luminosity and duration of this plateau allows the magnetic field
and spin period of the sample to be found. The key equations for
the model are as follows:

Tem,3 = 2.05 (I45B
−2
p,15P

2
0,−3R

−6
6 ), (1)

L0,49 ∼ (B2
p,15P

−4
0,−3R

6
6), (2)

B2
p,15 = 4.2025I 2

45R
−6
6 L−1

0,49T
−2

em,3, (3)

P 2
0,−3 = 2.05I45L

−1
0,49T

−1
em,3, (4)

where Tem,3 is the characteristic time-scale for dipole spin-down
in 103 s, L0, 49 is the plateau luminosity in 1049 erg s−1, I45 is the
moment of inertia in units of 1045 g cm2, Bp,15 is the magnetic
field strength at the poles in units of 1015 G, R6 is the radius of
the neutron star in 106 cm and P0, −3 is the spin period of the
magnetar in milliseconds. The mass of the magnetar was set to
1.4 M⊙ and the radius was 106 cm. Using these values, the moment
of inertia, I, is 9.75 × 1044 g cm2. Equations (1)–(4) are taken
from Zhang & Mészáros (2001) and were combined into a QDP

COmponent Definition (COD) file for fitting to data by Rowlinson
et al. (2013) during their work. This COD file was used to obtain
fits as previously in the current work. It has been assumed that
emission is both isotropic and 100 per cent efficient, since little is
known about the precise emission mechanism and beaming angle.
Lyons et al. (2010) discussed the effects of beaming in the context
of the magnetar model, and showed that a narrower opening angle
results in higher B and P (slower spin). This is illustrated by their
Fig. 4.

The magnetic dipole spin-down model was fitted to the late-
time data of the rest-frame light curves of nine GRBs with EE.
Of the original sample of 14 bursts, five did not contain sufficient
data points for accurate model fitting and were dropped from the
sample. GRB 050911, GRB 090715A and GRB 090916 do not have
XRT data available, and the XRT data for GRB 090531B contains
only a single point and an upper limit. GRB 080503 either has an
incredibly weak dipole plateau or none at all (Perley et al. 2009), so
values for magnetic field and spin period were unobtainable. Table 2
contains the results of the fitting to the nine remaining GRBs.

Fig. 2 shows the individual fits for each of the nine bursts, along
with the estimated EE region, denoted by the vertical dashed lines.
The start of the EE region is taken as the first upturn in the light

Figure 1. Overlay of all bursts with extended emission, showing the apparently common evolutionary path. Left: bursts with known z. Black – 050724; red –
050911; green – 060614; blue – 061006; light blue – 061210; pink – 070714B; yellow – 071227. Right: bursts using the sample average z = 0.39. Orange –
051227 (using the upper limit z = 2.8, D’Avanzo et al. 2009); lime green – 080123; mint green – 080503; blue – 090531B; purple – 090715A; red – 090916;
grey – 111121A.
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in the framework of engine models (Gompertz et al. 2013, 2014,
2015; Kisaka & Ioka 2015, but see e.g., Beniamini et al. 2019 for a
different idea).

In this work, we study the properties of EE in a different aspect
from those of previous works and propose its possible relation with
PEs. First, we derive the minimal Lorentz factor of EEs by using
compactness arguments, which are usually applied to prompt emis-
sions (e.g., Lithwick & Sari 2001). We find that outflows producing
EEs should be relativistic with the Lorentz factor ! 10. Then, we
consider a possible connection between EEs and PEs and propose
an emission scenario of PEs. In Fig. 1, we show a schematic pic-
ture of our scenario, where a relativistic outflow which produces
an EE catches up with a decelerating prompt jet, and injects en-
ergy into a forward shock. Due to the energy injection, the emission
from the shock produces a shallow decay (Rees & Mészáros 1998;
Kumar & Piran 2000; Sari & Mészáros 2000), which we observe
as a PE. In this scenario, PEs are a natural outcome of the inter-
action between the outflows producing prompt emissions and EEs.
Finally, we evaluate the emission efficiency and Lorentz factor of
the outflow producing EEs within our model.

We organize this paper as follow. In §2, we constrain the
Lorentz factor of the outflow producing EE by compact considera-
tion. We turn to focus on the behavior of X-ray afterglow following
EE in §3. We propose a scenario of the X-ray afterglow including
the PE. Within this model, we calculate the emission efficiency of
EE and Lorentz factor of the outflow producing EE. In §4, we sum-
marize this work and discuss implications of our results for emission
mechanisms of EE and central engines.

2 MINIMAL LORENTZ FACTOR OF EXTENDED
EMISSION

We derive the minimal Lorentz factor of EEs based on compact-
ness considerations. Compactness arguments have been a pow-
erful tool to constrain the minimal Lorentz factor of prompt
emissions in GRBs (Krolik & Pier 1991; Lithwick & Sari 2001;
Matsumoto et al. 2019b). In these arguments, usually a detected
most energetic photon is required to escape from a γ-ray emitting
site without producing a pair by colliding with other photons (this
condition is named as limit A by Lithwick & Sari 2001). While this
condition gives a stringent limit on the Lorentz factor for luminous
and variable prompt emissions, it is not so constraining for dimmer
emissions such as EEs. Thus, we consider the other two conditions
and call them limits B and C according to Lithwick & Sari (2001).

In limit B, Compton scattering by produced pairs is the main
opacity source. Using an observed spectrum, we evaluate the num-
ber of pairs which is assumed to be equal with the number of
photons with larger energy than the threshold for self-annihilation
in the observer frame:

ϵth = 2Γmec2, (1)

where Γ, me, and c are the Lorentz factor of the emitting site, electron
mass, and speed of light, respectively. As shown in Table A1, most
of EEs show a single power-law (PL) spectrum: dN/dϵ ∝ ϵαp ,
where αp is the photon index. To be conservative, we cut off the

faster than t−2 and external one does slower. On the other hand, we empiri-
cally identify EEs and PEs mainly according to their typical timescale (e.g.,
Kisaka et al. 2017). Internal plateaus are identical with EEs as discussed by
(Lü et al. 2015) and external plateaus are also likely to correspond to PEs
because observables of them are similar with those of PEs (Lü et al. 2015).

this field. The redshifts of the afterglow21 and the host galaxy22 were
both found to be z 5 0.356.

Another proposed signature of the merger of two neutron stars or a
neutron star and a black hole is the production of a kilonova (some-
times also termed a ‘macronova’ or an ‘r-process supernova’) due to
the decay of radioactive species produced and initially ejected during
the merger process—in other words, an event similar to a faint, short-
lived supernova6–8. Detailed calculations suggest that the spectra of
such kilonova sources will be determined by the heavy r-process ions
created in the neutron-rich material. Although these models10–13 are
still far from being fully realistic, a robust conclusion is that the optical
flux will be greatly diminished by line blanketing in the rapidly expan-
ding ejecta, with the radiation emerging instead in the near-infrared
(NIR) and being produced over a longer timescale than would other-
wise be the case. This makes previous limits on early optical kilonova
emission unsurprising23. Specifically, the NIR light curves are expected
to have a broad peak, rising after a few days and lasting a week or more
in the rest frame. The relatively modest redshift and intensive study of
GRB 130603B made it a prime candidate for searching for such a kilonova.

We imaged of the location of the burst with the NASA/ESA Hubble
Space Telescope (HST) at two epochs, the first ,9 d after the burst
(epoch 1) and the second ,30 d after the burst (epoch 2). On each occa-
sion, a single orbit integration was obtained in both the optical F606W
filter (0.6mm) and the NIR F160W filter (1.6mm) (full details of the imag-
ing and photometric analysis discussed here are given in Supplemen-
tary Information). The HST images are shown in Fig. 1; the key result is
seen in the difference frames (right-hand panels), which provide clear
evidence for a compact transient source in the NIR in epoch 1 (we note
that this source was also identified24 as a candidate kilonova in indepen-
dent analysis of our data on epoch 1) that seems to have disappeared by
epoch 2 and is absent to the depth of the data in the optical.

At the position of the SGRB in the difference images, our photo-
metric analysis gives a magnitude limit in the F606W filter of
R606,AB . 28.25 mag (2s upper limit) and a magnitude in the F160W
filter of H160,AB 5 25.73 6 0.20 mag. In both cases, we fitted a model
point-spread function and estimated the errors from the variance of
the flux at a large number of locations chosen to have a similar back-
ground to that at the position of the SGRB. We note that some tran-
sient emission may remain in the second NIR epoch; experimenting
with adding synthetic stars to the image leads us to conclude that any
such late-time emission is likely to be less than ,25% of the level in
epoch 1 if it is not to appear visually as a faint point source in epoch 2,
however, that would still allow the NIR magnitude in epoch 1 to be up
to ,0.3 mag brighter.

To assess the significance of this result, it is important to establish
whether any emission seen in the first HST epoch could have a con-
tribution from the SGRB afterglow. A compilation of optical and NIR
photometry, gathered by a variety of ground-based telescopes in the
few days following the burst, is plotted in Fig. 2 along with our HST
results. Although initially bright, the optical afterglow light curve dec-
lines steeply after about ,10 h, requiring a late-time power-law decay
rate of a < 2.7 (where F / t2a describes the flux). The NIR flux, on the
other hand, is significantly in excess of the same extrapolated power
law. This point is made most forcibly by considering the colour evolu-
tion of the transient, defined as the difference between the magnitudes
in each filter, which evolves from R606 2 H160 < 1.7 6 0.15 mag at about
14 h to greater than R606 2 H160 < 2.5 mag at about 9 d. It would be
very unusual, and in conflict with predictions of the standard external-
shock theory25, for such a large colour change to be a consequence of
late-time afterglow behaviour. The most natural explanation is there-
fore that the HST transient source is largely due to kilonova emission,
and the brightness is in fact well within the range of recent models
plotted in Fig. 2, thus supporting the proposition that kilonovae are
likely to be important sites of r-process element production. We note
that this phenomenon is strikingly reminiscent, in a qualitative sense,
of the humps in the optical light curves of long-duration c-ray bursts

produced by underlying type Ic supernovae, although here the lumino-
sity is considerably fainter and the emission is redder. The ubiquity and
range of properties of the late-time red transient emission in SGRBs
will undoubtedly be tested by future observations.

The next generation of gravitational-wave detectors (Advanced LIGO
and Advanced VIRGO) is expected ultimately to reach sensitivity levels
allowing them to detect neutron-star/neutron-star and neutron-star/
black-hole inspirals out to distances of a few hundred megaparsecs26

(z < 0.05–0.1). However, no SGRB has been definitively found at any
redshift less than z 5 0.12 over the 8.5 yr of the Swift mission to date27.
This suggests either that the rate of compact binary mergers is low,
implying a correspondingly low expected rate of gravitational-wave
transient detections, or that most such mergers are not observed as
bright SGRBs. The latter case could be understood if the beaming of
SGRBs was rather narrow, for example, and the intrinsic event rate was,
as a result, two or three orders of magnitude higher than that observed
by Swift. Although the evidence constraining SGRB jet opening angles
is limited at present28 (indeed, the light-curve break seen in GRB 130603B
may be further evidence for such beaming), it is clear that an alterna-
tive electromagnetic signature, particularly if approximately isotropic,
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Figure 2 | Optical, NIR and X-ray light curves of GRB 130603B. Left axis,
optical and NIR; right axis, X-ray. Upper limits are 2s and error bars are 1s. The
optical data (g, r and i bands) have been interpolated to the F606W band and
the NIR data have been interpolated to the F160W band using an average
spectral energy distribution at ,0.6 d (Supplementary Information). HST
epoch-1 points are given by bold symbols. The optical afterglow decays steeply
after the first ,0.3 d and is modelled here as a smoothly broken power law
(dashed blue line). We note that the complete absence of late-time optical
emission also places a limit on any separate 56Ni-driven decay component. The
0.3–10-keV X-ray data29 are also consistent with breaking to a similarly steep
decay (the dashed black line shows the optical light curve simply rescaled to
match the X-ray points in this time frame), although the source had dropped
below Swift sensitivity by ,48 h after the burst. The key conclusion from this
plot is that the source seen in the NIR requires an additional component above
the extrapolation of the afterglow (red dashed line), assuming that it also decays
at the same rate. This excess NIR flux corresponds to a source with absolute
magnitude M(J)AB < 215.35 mag at ,7 d after the burst in the rest frame. This
is consistent with the favoured range of kilonova behaviour from recent
calculations (despite their known significant uncertainties11–13), as illustrated by
the model11 lines (orange curves correspond to ejected masses of 1022 solar
masses (lower curve) and 1021 solar masses (upper curve), and these are added
to the afterglow decay curves to produce predictions for the total NIR emission,
shown as solid red curves). The cyan curve shows that even the brightest
predicted r-process kilonova optical emission is negligible.
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Figure 2.1: Schematic picture of a observer and binary system.

envelope inflows to the primary via Lagrange point, so-called ”Roche lobe over flow”. When

the gas inflows the primary, they bring angular momentum and circulates around the BHs.

This system is called as accretion disk, which we discuss in the next section.

2.2 Accretion Disk

Generally, the accreting gas has angular momentum and starts to circulate before reaching

the central BH. The resulting system is called an accretion disk. The accretion disk systems

have been extensively studies since 1960’s, and even now, the accretion disk is one of the

main research field in astrophysics. In this section, we review the basic theoretical aspects

of the accretion disk theory.

2.2.1 Standard Disk

In this subsection, we discuss the standard disk, which is the basic system and gives inspira-

tion to discuss the disk system. The Keplerian rotating gas feels friction due to the velocity

gradient along to the radial direction. By the viscosity, the angular momentum of the gas is

transported to the outer radius, and the gas accretes to the inner radius. In the following,

we only consider disks which is stationary and axial symmetric in the cylindrical coordinate

(R,ϕ, z). In particular, when the following assumptions hold, the disk structure is described

analytically (Shakura & Sunyaev, 1973).

injection 

Observer

this field. The redshifts of the afterglow21 and the host galaxy22 were
both found to be z 5 0.356.

Another proposed signature of the merger of two neutron stars or a
neutron star and a black hole is the production of a kilonova (some-
times also termed a ‘macronova’ or an ‘r-process supernova’) due to
the decay of radioactive species produced and initially ejected during
the merger process—in other words, an event similar to a faint, short-
lived supernova6–8. Detailed calculations suggest that the spectra of
such kilonova sources will be determined by the heavy r-process ions
created in the neutron-rich material. Although these models10–13 are
still far from being fully realistic, a robust conclusion is that the optical
flux will be greatly diminished by line blanketing in the rapidly expan-
ding ejecta, with the radiation emerging instead in the near-infrared
(NIR) and being produced over a longer timescale than would other-
wise be the case. This makes previous limits on early optical kilonova
emission unsurprising23. Specifically, the NIR light curves are expected
to have a broad peak, rising after a few days and lasting a week or more
in the rest frame. The relatively modest redshift and intensive study of
GRB 130603B made it a prime candidate for searching for such a kilonova.

We imaged of the location of the burst with the NASA/ESA Hubble
Space Telescope (HST) at two epochs, the first ,9 d after the burst
(epoch 1) and the second ,30 d after the burst (epoch 2). On each occa-
sion, a single orbit integration was obtained in both the optical F606W
filter (0.6mm) and the NIR F160W filter (1.6mm) (full details of the imag-
ing and photometric analysis discussed here are given in Supplemen-
tary Information). The HST images are shown in Fig. 1; the key result is
seen in the difference frames (right-hand panels), which provide clear
evidence for a compact transient source in the NIR in epoch 1 (we note
that this source was also identified24 as a candidate kilonova in indepen-
dent analysis of our data on epoch 1) that seems to have disappeared by
epoch 2 and is absent to the depth of the data in the optical.

At the position of the SGRB in the difference images, our photo-
metric analysis gives a magnitude limit in the F606W filter of
R606,AB . 28.25 mag (2s upper limit) and a magnitude in the F160W
filter of H160,AB 5 25.73 6 0.20 mag. In both cases, we fitted a model
point-spread function and estimated the errors from the variance of
the flux at a large number of locations chosen to have a similar back-
ground to that at the position of the SGRB. We note that some tran-
sient emission may remain in the second NIR epoch; experimenting
with adding synthetic stars to the image leads us to conclude that any
such late-time emission is likely to be less than ,25% of the level in
epoch 1 if it is not to appear visually as a faint point source in epoch 2,
however, that would still allow the NIR magnitude in epoch 1 to be up
to ,0.3 mag brighter.

To assess the significance of this result, it is important to establish
whether any emission seen in the first HST epoch could have a con-
tribution from the SGRB afterglow. A compilation of optical and NIR
photometry, gathered by a variety of ground-based telescopes in the
few days following the burst, is plotted in Fig. 2 along with our HST
results. Although initially bright, the optical afterglow light curve dec-
lines steeply after about ,10 h, requiring a late-time power-law decay
rate of a < 2.7 (where F / t2a describes the flux). The NIR flux, on the
other hand, is significantly in excess of the same extrapolated power
law. This point is made most forcibly by considering the colour evolu-
tion of the transient, defined as the difference between the magnitudes
in each filter, which evolves from R606 2 H160 < 1.7 6 0.15 mag at about
14 h to greater than R606 2 H160 < 2.5 mag at about 9 d. It would be
very unusual, and in conflict with predictions of the standard external-
shock theory25, for such a large colour change to be a consequence of
late-time afterglow behaviour. The most natural explanation is there-
fore that the HST transient source is largely due to kilonova emission,
and the brightness is in fact well within the range of recent models
plotted in Fig. 2, thus supporting the proposition that kilonovae are
likely to be important sites of r-process element production. We note
that this phenomenon is strikingly reminiscent, in a qualitative sense,
of the humps in the optical light curves of long-duration c-ray bursts

produced by underlying type Ic supernovae, although here the lumino-
sity is considerably fainter and the emission is redder. The ubiquity and
range of properties of the late-time red transient emission in SGRBs
will undoubtedly be tested by future observations.

The next generation of gravitational-wave detectors (Advanced LIGO
and Advanced VIRGO) is expected ultimately to reach sensitivity levels
allowing them to detect neutron-star/neutron-star and neutron-star/
black-hole inspirals out to distances of a few hundred megaparsecs26

(z < 0.05–0.1). However, no SGRB has been definitively found at any
redshift less than z 5 0.12 over the 8.5 yr of the Swift mission to date27.
This suggests either that the rate of compact binary mergers is low,
implying a correspondingly low expected rate of gravitational-wave
transient detections, or that most such mergers are not observed as
bright SGRBs. The latter case could be understood if the beaming of
SGRBs was rather narrow, for example, and the intrinsic event rate was,
as a result, two or three orders of magnitude higher than that observed
by Swift. Although the evidence constraining SGRB jet opening angles
is limited at present28 (indeed, the light-curve break seen in GRB 130603B
may be further evidence for such beaming), it is clear that an alterna-
tive electromagnetic signature, particularly if approximately isotropic,
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Figure 2 | Optical, NIR and X-ray light curves of GRB 130603B. Left axis,
optical and NIR; right axis, X-ray. Upper limits are 2s and error bars are 1s. The
optical data (g, r and i bands) have been interpolated to the F606W band and
the NIR data have been interpolated to the F160W band using an average
spectral energy distribution at ,0.6 d (Supplementary Information). HST
epoch-1 points are given by bold symbols. The optical afterglow decays steeply
after the first ,0.3 d and is modelled here as a smoothly broken power law
(dashed blue line). We note that the complete absence of late-time optical
emission also places a limit on any separate 56Ni-driven decay component. The
0.3–10-keV X-ray data29 are also consistent with breaking to a similarly steep
decay (the dashed black line shows the optical light curve simply rescaled to
match the X-ray points in this time frame), although the source had dropped
below Swift sensitivity by ,48 h after the burst. The key conclusion from this
plot is that the source seen in the NIR requires an additional component above
the extrapolation of the afterglow (red dashed line), assuming that it also decays
at the same rate. This excess NIR flux corresponds to a source with absolute
magnitude M(J)AB < 215.35 mag at ,7 d after the burst in the rest frame. This
is consistent with the favoured range of kilonova behaviour from recent
calculations (despite their known significant uncertainties11–13), as illustrated by
the model11 lines (orange curves correspond to ejected masses of 1022 solar
masses (lower curve) and 1021 solar masses (upper curve), and these are added
to the afterglow decay curves to produce predictions for the total NIR emission,
shown as solid red curves). The cyan curve shows that even the brightest
predicted r-process kilonova optical emission is negligible.
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envelope inflows to the primary via Lagrange point, so-called ”Roche lobe over flow”. When

the gas inflows the primary, they bring angular momentum and circulates around the BHs.

This system is called as accretion disk, which we discuss in the next section.

2.2 Accretion Disk

Generally, the accreting gas has angular momentum and starts to circulate before reaching

the central BH. The resulting system is called an accretion disk. The accretion disk systems

have been extensively studies since 1960’s, and even now, the accretion disk is one of the

main research field in astrophysics. In this section, we review the basic theoretical aspects

of the accretion disk theory.

2.2.1 Standard Disk

In this subsection, we discuss the standard disk, which is the basic system and gives inspira-

tion to discuss the disk system. The Keplerian rotating gas feels friction due to the velocity

gradient along to the radial direction. By the viscosity, the angular momentum of the gas is

transported to the outer radius, and the gas accretes to the inner radius. In the following,

we only consider disks which is stationary and axial symmetric in the cylindrical coordinate

(R,ϕ, z). In particular, when the following assumptions hold, the disk structure is described

analytically (Shakura & Sunyaev, 1973).

injection 

this field. The redshifts of the afterglow21 and the host galaxy22 were
both found to be z 5 0.356.

Another proposed signature of the merger of two neutron stars or a
neutron star and a black hole is the production of a kilonova (some-
times also termed a ‘macronova’ or an ‘r-process supernova’) due to
the decay of radioactive species produced and initially ejected during
the merger process—in other words, an event similar to a faint, short-
lived supernova6–8. Detailed calculations suggest that the spectra of
such kilonova sources will be determined by the heavy r-process ions
created in the neutron-rich material. Although these models10–13 are
still far from being fully realistic, a robust conclusion is that the optical
flux will be greatly diminished by line blanketing in the rapidly expan-
ding ejecta, with the radiation emerging instead in the near-infrared
(NIR) and being produced over a longer timescale than would other-
wise be the case. This makes previous limits on early optical kilonova
emission unsurprising23. Specifically, the NIR light curves are expected
to have a broad peak, rising after a few days and lasting a week or more
in the rest frame. The relatively modest redshift and intensive study of
GRB 130603B made it a prime candidate for searching for such a kilonova.

We imaged of the location of the burst with the NASA/ESA Hubble
Space Telescope (HST) at two epochs, the first ,9 d after the burst
(epoch 1) and the second ,30 d after the burst (epoch 2). On each occa-
sion, a single orbit integration was obtained in both the optical F606W
filter (0.6mm) and the NIR F160W filter (1.6mm) (full details of the imag-
ing and photometric analysis discussed here are given in Supplemen-
tary Information). The HST images are shown in Fig. 1; the key result is
seen in the difference frames (right-hand panels), which provide clear
evidence for a compact transient source in the NIR in epoch 1 (we note
that this source was also identified24 as a candidate kilonova in indepen-
dent analysis of our data on epoch 1) that seems to have disappeared by
epoch 2 and is absent to the depth of the data in the optical.

At the position of the SGRB in the difference images, our photo-
metric analysis gives a magnitude limit in the F606W filter of
R606,AB . 28.25 mag (2s upper limit) and a magnitude in the F160W
filter of H160,AB 5 25.73 6 0.20 mag. In both cases, we fitted a model
point-spread function and estimated the errors from the variance of
the flux at a large number of locations chosen to have a similar back-
ground to that at the position of the SGRB. We note that some tran-
sient emission may remain in the second NIR epoch; experimenting
with adding synthetic stars to the image leads us to conclude that any
such late-time emission is likely to be less than ,25% of the level in
epoch 1 if it is not to appear visually as a faint point source in epoch 2,
however, that would still allow the NIR magnitude in epoch 1 to be up
to ,0.3 mag brighter.

To assess the significance of this result, it is important to establish
whether any emission seen in the first HST epoch could have a con-
tribution from the SGRB afterglow. A compilation of optical and NIR
photometry, gathered by a variety of ground-based telescopes in the
few days following the burst, is plotted in Fig. 2 along with our HST
results. Although initially bright, the optical afterglow light curve dec-
lines steeply after about ,10 h, requiring a late-time power-law decay
rate of a < 2.7 (where F / t2a describes the flux). The NIR flux, on the
other hand, is significantly in excess of the same extrapolated power
law. This point is made most forcibly by considering the colour evolu-
tion of the transient, defined as the difference between the magnitudes
in each filter, which evolves from R606 2 H160 < 1.7 6 0.15 mag at about
14 h to greater than R606 2 H160 < 2.5 mag at about 9 d. It would be
very unusual, and in conflict with predictions of the standard external-
shock theory25, for such a large colour change to be a consequence of
late-time afterglow behaviour. The most natural explanation is there-
fore that the HST transient source is largely due to kilonova emission,
and the brightness is in fact well within the range of recent models
plotted in Fig. 2, thus supporting the proposition that kilonovae are
likely to be important sites of r-process element production. We note
that this phenomenon is strikingly reminiscent, in a qualitative sense,
of the humps in the optical light curves of long-duration c-ray bursts

produced by underlying type Ic supernovae, although here the lumino-
sity is considerably fainter and the emission is redder. The ubiquity and
range of properties of the late-time red transient emission in SGRBs
will undoubtedly be tested by future observations.

The next generation of gravitational-wave detectors (Advanced LIGO
and Advanced VIRGO) is expected ultimately to reach sensitivity levels
allowing them to detect neutron-star/neutron-star and neutron-star/
black-hole inspirals out to distances of a few hundred megaparsecs26

(z < 0.05–0.1). However, no SGRB has been definitively found at any
redshift less than z 5 0.12 over the 8.5 yr of the Swift mission to date27.
This suggests either that the rate of compact binary mergers is low,
implying a correspondingly low expected rate of gravitational-wave
transient detections, or that most such mergers are not observed as
bright SGRBs. The latter case could be understood if the beaming of
SGRBs was rather narrow, for example, and the intrinsic event rate was,
as a result, two or three orders of magnitude higher than that observed
by Swift. Although the evidence constraining SGRB jet opening angles
is limited at present28 (indeed, the light-curve break seen in GRB 130603B
may be further evidence for such beaming), it is clear that an alterna-
tive electromagnetic signature, particularly if approximately isotropic,
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Figure 2 | Optical, NIR and X-ray light curves of GRB 130603B. Left axis,
optical and NIR; right axis, X-ray. Upper limits are 2s and error bars are 1s. The
optical data (g, r and i bands) have been interpolated to the F606W band and
the NIR data have been interpolated to the F160W band using an average
spectral energy distribution at ,0.6 d (Supplementary Information). HST
epoch-1 points are given by bold symbols. The optical afterglow decays steeply
after the first ,0.3 d and is modelled here as a smoothly broken power law
(dashed blue line). We note that the complete absence of late-time optical
emission also places a limit on any separate 56Ni-driven decay component. The
0.3–10-keV X-ray data29 are also consistent with breaking to a similarly steep
decay (the dashed black line shows the optical light curve simply rescaled to
match the X-ray points in this time frame), although the source had dropped
below Swift sensitivity by ,48 h after the burst. The key conclusion from this
plot is that the source seen in the NIR requires an additional component above
the extrapolation of the afterglow (red dashed line), assuming that it also decays
at the same rate. This excess NIR flux corresponds to a source with absolute
magnitude M(J)AB < 215.35 mag at ,7 d after the burst in the rest frame. This
is consistent with the favoured range of kilonova behaviour from recent
calculations (despite their known significant uncertainties11–13), as illustrated by
the model11 lines (orange curves correspond to ejected masses of 1022 solar
masses (lower curve) and 1021 solar masses (upper curve), and these are added
to the afterglow decay curves to produce predictions for the total NIR emission,
shown as solid red curves). The cyan curve shows that even the brightest
predicted r-process kilonova optical emission is negligible.
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envelope inflows to the primary via Lagrange point, so-called ”Roche lobe over flow”. When

the gas inflows the primary, they bring angular momentum and circulates around the BHs.

This system is called as accretion disk, which we discuss in the next section.

2.2 Accretion Disk

Generally, the accreting gas has angular momentum and starts to circulate before reaching

the central BH. The resulting system is called an accretion disk. The accretion disk systems

have been extensively studies since 1960’s, and even now, the accretion disk is one of the

main research field in astrophysics. In this section, we review the basic theoretical aspects

of the accretion disk theory.

2.2.1 Standard Disk

In this subsection, we discuss the standard disk, which is the basic system and gives inspira-

tion to discuss the disk system. The Keplerian rotating gas feels friction due to the velocity

gradient along to the radial direction. By the viscosity, the angular momentum of the gas is

transported to the outer radius, and the gas accretes to the inner radius. In the following,

we only consider disks which is stationary and axial symmetric in the cylindrical coordinate

(R,ϕ, z). In particular, when the following assumptions hold, the disk structure is described

analytically (Shakura & Sunyaev, 1973).

injection 

this field. The redshifts of the afterglow21 and the host galaxy22 were
both found to be z 5 0.356.

Another proposed signature of the merger of two neutron stars or a
neutron star and a black hole is the production of a kilonova (some-
times also termed a ‘macronova’ or an ‘r-process supernova’) due to
the decay of radioactive species produced and initially ejected during
the merger process—in other words, an event similar to a faint, short-
lived supernova6–8. Detailed calculations suggest that the spectra of
such kilonova sources will be determined by the heavy r-process ions
created in the neutron-rich material. Although these models10–13 are
still far from being fully realistic, a robust conclusion is that the optical
flux will be greatly diminished by line blanketing in the rapidly expan-
ding ejecta, with the radiation emerging instead in the near-infrared
(NIR) and being produced over a longer timescale than would other-
wise be the case. This makes previous limits on early optical kilonova
emission unsurprising23. Specifically, the NIR light curves are expected
to have a broad peak, rising after a few days and lasting a week or more
in the rest frame. The relatively modest redshift and intensive study of
GRB 130603B made it a prime candidate for searching for such a kilonova.

We imaged of the location of the burst with the NASA/ESA Hubble
Space Telescope (HST) at two epochs, the first ,9 d after the burst
(epoch 1) and the second ,30 d after the burst (epoch 2). On each occa-
sion, a single orbit integration was obtained in both the optical F606W
filter (0.6mm) and the NIR F160W filter (1.6mm) (full details of the imag-
ing and photometric analysis discussed here are given in Supplemen-
tary Information). The HST images are shown in Fig. 1; the key result is
seen in the difference frames (right-hand panels), which provide clear
evidence for a compact transient source in the NIR in epoch 1 (we note
that this source was also identified24 as a candidate kilonova in indepen-
dent analysis of our data on epoch 1) that seems to have disappeared by
epoch 2 and is absent to the depth of the data in the optical.

At the position of the SGRB in the difference images, our photo-
metric analysis gives a magnitude limit in the F606W filter of
R606,AB . 28.25 mag (2s upper limit) and a magnitude in the F160W
filter of H160,AB 5 25.73 6 0.20 mag. In both cases, we fitted a model
point-spread function and estimated the errors from the variance of
the flux at a large number of locations chosen to have a similar back-
ground to that at the position of the SGRB. We note that some tran-
sient emission may remain in the second NIR epoch; experimenting
with adding synthetic stars to the image leads us to conclude that any
such late-time emission is likely to be less than ,25% of the level in
epoch 1 if it is not to appear visually as a faint point source in epoch 2,
however, that would still allow the NIR magnitude in epoch 1 to be up
to ,0.3 mag brighter.

To assess the significance of this result, it is important to establish
whether any emission seen in the first HST epoch could have a con-
tribution from the SGRB afterglow. A compilation of optical and NIR
photometry, gathered by a variety of ground-based telescopes in the
few days following the burst, is plotted in Fig. 2 along with our HST
results. Although initially bright, the optical afterglow light curve dec-
lines steeply after about ,10 h, requiring a late-time power-law decay
rate of a < 2.7 (where F / t2a describes the flux). The NIR flux, on the
other hand, is significantly in excess of the same extrapolated power
law. This point is made most forcibly by considering the colour evolu-
tion of the transient, defined as the difference between the magnitudes
in each filter, which evolves from R606 2 H160 < 1.7 6 0.15 mag at about
14 h to greater than R606 2 H160 < 2.5 mag at about 9 d. It would be
very unusual, and in conflict with predictions of the standard external-
shock theory25, for such a large colour change to be a consequence of
late-time afterglow behaviour. The most natural explanation is there-
fore that the HST transient source is largely due to kilonova emission,
and the brightness is in fact well within the range of recent models
plotted in Fig. 2, thus supporting the proposition that kilonovae are
likely to be important sites of r-process element production. We note
that this phenomenon is strikingly reminiscent, in a qualitative sense,
of the humps in the optical light curves of long-duration c-ray bursts

produced by underlying type Ic supernovae, although here the lumino-
sity is considerably fainter and the emission is redder. The ubiquity and
range of properties of the late-time red transient emission in SGRBs
will undoubtedly be tested by future observations.

The next generation of gravitational-wave detectors (Advanced LIGO
and Advanced VIRGO) is expected ultimately to reach sensitivity levels
allowing them to detect neutron-star/neutron-star and neutron-star/
black-hole inspirals out to distances of a few hundred megaparsecs26

(z < 0.05–0.1). However, no SGRB has been definitively found at any
redshift less than z 5 0.12 over the 8.5 yr of the Swift mission to date27.
This suggests either that the rate of compact binary mergers is low,
implying a correspondingly low expected rate of gravitational-wave
transient detections, or that most such mergers are not observed as
bright SGRBs. The latter case could be understood if the beaming of
SGRBs was rather narrow, for example, and the intrinsic event rate was,
as a result, two or three orders of magnitude higher than that observed
by Swift. Although the evidence constraining SGRB jet opening angles
is limited at present28 (indeed, the light-curve break seen in GRB 130603B
may be further evidence for such beaming), it is clear that an alterna-
tive electromagnetic signature, particularly if approximately isotropic,
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Figure 2 | Optical, NIR and X-ray light curves of GRB 130603B. Left axis,
optical and NIR; right axis, X-ray. Upper limits are 2s and error bars are 1s. The
optical data (g, r and i bands) have been interpolated to the F606W band and
the NIR data have been interpolated to the F160W band using an average
spectral energy distribution at ,0.6 d (Supplementary Information). HST
epoch-1 points are given by bold symbols. The optical afterglow decays steeply
after the first ,0.3 d and is modelled here as a smoothly broken power law
(dashed blue line). We note that the complete absence of late-time optical
emission also places a limit on any separate 56Ni-driven decay component. The
0.3–10-keV X-ray data29 are also consistent with breaking to a similarly steep
decay (the dashed black line shows the optical light curve simply rescaled to
match the X-ray points in this time frame), although the source had dropped
below Swift sensitivity by ,48 h after the burst. The key conclusion from this
plot is that the source seen in the NIR requires an additional component above
the extrapolation of the afterglow (red dashed line), assuming that it also decays
at the same rate. This excess NIR flux corresponds to a source with absolute
magnitude M(J)AB < 215.35 mag at ,7 d after the burst in the rest frame. This
is consistent with the favoured range of kilonova behaviour from recent
calculations (despite their known significant uncertainties11–13), as illustrated by
the model11 lines (orange curves correspond to ejected masses of 1022 solar
masses (lower curve) and 1021 solar masses (upper curve), and these are added
to the afterglow decay curves to produce predictions for the total NIR emission,
shown as solid red curves). The cyan curve shows that even the brightest
predicted r-process kilonova optical emission is negligible.
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envelope inflows to the primary via Lagrange point, so-called ”Roche lobe over flow”. When

the gas inflows the primary, they bring angular momentum and circulates around the BHs.

This system is called as accretion disk, which we discuss in the next section.

2.2 Accretion Disk

Generally, the accreting gas has angular momentum and starts to circulate before reaching

the central BH. The resulting system is called an accretion disk. The accretion disk systems

have been extensively studies since 1960’s, and even now, the accretion disk is one of the

main research field in astrophysics. In this section, we review the basic theoretical aspects

of the accretion disk theory.

2.2.1 Standard Disk

In this subsection, we discuss the standard disk, which is the basic system and gives inspira-

tion to discuss the disk system. The Keplerian rotating gas feels friction due to the velocity

gradient along to the radial direction. By the viscosity, the angular momentum of the gas is

transported to the outer radius, and the gas accretes to the inner radius. In the following,

we only consider disks which is stationary and axial symmetric in the cylindrical coordinate

(R,ϕ, z). In particular, when the following assumptions hold, the disk structure is described

analytically (Shakura & Sunyaev, 1973).

injection 

② Extended emission

③ Plateau emission

④ Normal decay

① Prompt emission

EE-outflow (relativistic)

Energy injection

T90 ~1s

TEE~102-3s

t

L

TPE~104-5s

Prompt jet

Figure 1. Schematic picture of our scenario for EE and PE. (1) A relativistic
prompt jet produces a prompt emission. (2) The central engine continues
to be active and launch a relativistic EE-outflow, produces an EE. The
EE-outflow can be either connected with or disconnected from the prompt
jet, but its Lorentz factor is smaller than that of the prompt jet. (3) The
EE-outflow catches up with the decelerating prompt jet and injects energy,
which results in a PE from an forward shock. (4) Finally, the merged outflow
evolves adiabatically and produces a standard afterglow (normal decay).

spectrum above the maximal photon energy of a detector’s energy
band, ϵmax:

dN
dϵ

∝ ϵαp exp
(
− ϵ

ϵmax

)
. (2)

The fraction of photons f , which can produce pairs by self-
annihilation, is evaluated by

f =

∫ ∞
ϵth

dϵ ϵαp exp
(
− ϵ

ϵmax

)
∫ ∞
ϵmin

dϵ ϵαp exp
(
− ϵ

ϵmax

) =
∫ ∞
ϵth/ϵmax

dx xαp e−x∫ ∞
ϵmin/ϵmax

dx xαp e−x
, (3)

where ϵmin is the minimal energy of the detector and the denomi-
nator is the normalization of the spectrum.2 For BATSE, BAT, and
GBM, the maximal and minimal energy are given by (ϵmin, ϵmax)
= (30, 2000), (15, 150), and (50, 300), respectively, in unit of keV.
For a burst with a cut-off power-law (CPL) spectrum with αp > −2,
the maximal energy is replaced with ϵp/(αp + 2), where ϵp is the
spectral peak energy.

2 In Matsumoto et al. (2019a,b), the normalization of spectra is ignored.
This is justified for detectors whose ratio of maximal to minimal energy is
larger than ϵmax/ϵmin ! 0.1 as BAT and GBM. However, detectors with a
smaller ratio like BATSE, the normalization should be taken into account.
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Figure 4. (Top) The distribution of the emission efficiency of EEs, ηEE
given by Eq. (9). The average, standard deviation, and median of logηEE are
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bars show the efficiency for GRB 160821B given by independent analyses of
Lamb et al. 2019 and Troja et al. 2019 (see also Table 1). (Bottom) The ηEE
- ΓEE plot. The Lorentz factors ΓEE are consistent with the minimal Lorentz
factor ΓEE,min ≃ 10 given by compactness (above the black dashed line).
The pink shaded region shows the parameter space of prompt emissions.
The blue points connected with a blue line represent GRB 130603B whose
ISM density is not constrained tightly.

If an EE-outflow has an energy distribution of E(> Γ) ∝ Γ1−s after
producing an EE,7 the increase of the kinetic energy during the PE is
given by E(t) = Ek,iso(t/TPE)

3(s−1)
s+7 (t < TPE), where we normalize

E(t) at the end of the energy injection. The index s is related with
the temporal index α of the PE’s flux, Fν ∝ tα, depending on the
cooling regimes (see, e.g., Sari & Mészáros 2000):

s =

{ 6p−3+7α
3−α ; slow cooling,

6p−2+7α
2−α ; fast cooling,

(11)

resepctively, where p is the power-law index of the energy distri-
bution of electrons. For the typical value of p = 2.4 (Fong et al.
2015) and −0.5 ≤ α ≤ 0, the index becomes s ≃ 2 − 6 and the
kinetic energy evolution is given by E(t) ∝ t0.3−1.2. Thus, for a
PE continuing from t ∼ 103 s to TPE ∼ 104 s, the original kinetic
energy of the prompt jet is evaluated to be 10−(0.3−1.2) ≃ 0.06−0.5
times smaller than that obtained by normal decay. The significant
reduction of the original kinetic energy requires a large efficiency
of prompt emissions, as pointed out for long GRBs with early-time
shallow decays by Nousek et al. (2006); Ioka et al. (2006).

Late-time engine activities can be an energy source
of macronova/kilonova emissions (Kisaka et al. 2015, 2016;
Matsumoto et al. 2018), whose main energy source is considered to
be radioactive decay heating of r-process elements (Li & Paczyński
1998; Kulkarni 2005; Metzger et al. 2010). If a central engine con-
tinues to launch a relativistic outflow and powers an EEs, the outflow
may form shocks and heat up ejecta, which results in macronovae.
The previous works assumed that PEs are also powered by the inter-
nal dissipation of such outflows (not from external shocks), which
is more favored than EEs because an energy injection at late time

7 We follow the notation in Sari & Mészáros (2000), where the mass distri-
bution is given by M(> Γ) ∝ Γ−s .

does not suffers from adiabatic cooling. However, as we proposed if
PEs are powered by refreshed shocks and the engines have already
shut down at ∼ TPE, the PEs cannot be the energy source. Further
check whether PEs are powered by a dissipation of jet-like outflows
or not may be done by detecting early-time X-ray counterparts of
NS mergers without prompt γ-ray emissions (Matsumoto & Kimura
2018). The prolonged engine activities in the PE phase can be also
probed by long-lasting high-energy γ-ray and neutrino counterparts
(Kimura et al. 2017, Kimura et al. in prep). No detection of the high-
energy particle counterparts to GWs with the planned experiments
(CTA & IceCube-Gen2) will support the refreshed shock model for
PEs.

Finally, if protons are loaded to EE-outflows as assumed in
limit C for compactness considerations, they are likely to be ac-
celerated together with the electrons that emit the observed EEs.
The accelerated protons interact with the photons emitted by the
electrons, leading to the neutrino production. Since EE-outflow is
sufficiently energetic, they are a good candidate of high-energy neu-
trino counterparts to GWs (Kimura et al. 2017). Since the values of
ΓEE affect the target photon density and energy, a good estimate of
ΓEE is crucial to evaluate the detectability of the neutrino counter-
part.
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(i) slow cooling (νx < νc)͜ͷͱ͖ spectrum

Fν = Fνmax

( ν
νm

)− (p−1)
2 (A19)
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where f (p) = [(p − 2)/(p − 1)], ͱ༩͑ΒΕΔɻDecay ͔Β p =
1 − 4α/3ͱ༩͑ΒΕɺenergy

E52 =
(

Fx

1.11 × 106(7.52 × 103)
1−p

2 µJy

) 4
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(A21)

ͱ༩͑ΒΕΔɻଞͷύϥϝʔλ ϵB, ϵe, n, d ΛܾΊͳ͍ͱͩΊͰ
͋Δɻp = 2.5ͱͯ͠ґଘੑΛੵݟΔͱɺϵB͓͓Αͦ ϵB0.64

Ͱ͜Ε࠷ෆఆੑΛ༩͑ͦ͏ɻଞ ϵe−1.1 ͕ͩɺ͜Ε͓͓
Αͦ 0.1ͱͯ͠ྑ͍ͩΖ͏ɻn−0.36, d−1.45 ͱ͔݁ߏ͍ɻ

(ii) fast cooling: νx > νc

Fν = Fνmax

( νc
νm

)− (p−1)
2

( ν
νc

)− p
2 (A22)

≃ 8.54 × 106(7.52 × 103)−p/2 µJy
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p = (2 − 4α)/3 and the energy is given by

E52 =
(

Fx

8.54 × 106(7.52 × 103)−p/2 µJy

) 4
p+2

ϵ
2−p
p+2

B,−2ϵ
4(1−p)
p+2

e,−1 d
8

p+2
27 ν

2p
p+2
x,18 f (p)

4(1−p)
p+2 t

3p−2
p+2

4 (1 + z)−1 (A24)

ͱ༩͑ΒΕΔɻଞͷύϥϝʔλͷґଘੑ ϵB−0.11ϵe−1.33d1.78

for p = 2.5.

RedshiftͷޮՌΛ͑ߟΔͱ࣍ͷΑ͏ʹม͞ߋΕΔɻ

Fνmax ≃ 1.11 × 106 µJy (1 + z)ϵ1/2B,−2n1/2
0 E52d−2

27

νm ≃ 1.32 × 1014 Hz (1 + z)1/2
(

p − 2
p − 1

)2
ϵ1/2B,−2ϵ

2
e,−1E1/2

52 t−3/2
4

(A25)

νc ≃ 7.82 × 1015 Hz (1 + z)−1/2ϵ−3/2
B,−2 n−1

0 E−1/2
52 t−1/2

4 (A26)

ԿճΔͷݏͳͷͰϊʔτ͓ͯ͘͠ͱɺFνmax  rest frameͱ
obs frame Ͱͷؒ࣌ͷҧ͍Ͱ 1 + z ͕ՃΘΔɻ֤पৗʹ
obs frameͰ͑ߟΔͱ͢Δͱɺνi,obs = νi/(1 + z)ͱͳΔɻ·ͨɺ
ؒ࣌ tobs = t/(1 + z)ͳͷͰͱͱͷදࣜͷ t Λ͜ΕͰஔ͖
ɺ1ͯ͑ + z ͰׂΕ্ͷ͕ࣜͰΔɻ͜ͷࡍɺspectrumશ
ͯ obs ͷྔͰॻ͔Ε͍ͯΔͷͰܥ obs ͢Δ ν ͦͷ··
༻͍ͯྑ͍ɻ͜ΕΒΛྀࣜͨ͠ߟΛ্ͷࣜʹࣈͰमਖ਼͓ͯ͠
͍ͨɻ

Ҏ্ͷ݁ՌΛ༻͍ͯ fittingΛ͏ߦɻ·ͣɺPE͔Β normal
decayʹભҠ͢Δࠁ࣌ tp ͱͦͷ flux F, index α,ڑ dΛٻΊΔ
ඞཁ͕͋ΔɻલऀMangano et al. (2007)ͷ݁ՌΛࢀরʹ͢Δɻ
ParameterΛ Table A1ʹࣔ͢ɻRedshiftKagawa et al. (2019)͔
ΒऔͬͨɻBreaking time, flux, and temporal index are taken from
Mangano et al. (2007). But we can find a broken power-law fitting
in the Swift website Evans et al. (2009). In Table A2, we show the
resulting isotropic kinetic energy given by Eqs. (A21) and (A24),

for slow and fast coolings, respectively.͜ΕΒͷࣜʹݟΒΕΔΑ͏
ʹɺslow coolingͷͱ͖ microphysics parameter ϵB and nʹ͔
ͳΓେ͖͘ґଘ͢ΔɻSpectral index β͕Θ͔Ε closure relation
Λ༻͍ͯͲ͔ͬͪఆͰ͖Δ͔ͱ͕ͨͬࢥɺslow, fast coolingͰ
ͦΕͧΕ β = 2α/3 and β = 2α/3+1/3ͱ΄ͱΜͲมΘΒͳ͍ͷ
Ͱ͏ͦ͠ݫɻΑͬͯɺެฏʹͱΓ͋͑ͣ̎ͭͷ cooling regime
ͷ݁ՌΛͤࡌΔɻ์ࣹޮΛٻΊΔͨΊʹ prompt emission and
EEͷ isotropic radiation energyͷΛKagawa et al. (2019)͔Β
pick upͨ͠ɻҙ͢Δ͖ಘΒΕͨ kinetic energy͕྆์ࣹ
ΤωϧΪʔΑΓখ͍͞߹Ͱ͋Δɻ͜ͷ߹์ࣹޮ͕
ҟ༷ʹ͍͍͜ͱཁ͞ٻΕΔͷͰɺೖಓͷ͍ͨͯͬݴ efficiency
crisisΛؾʹ͠ͳ͍ͱͩΊ (Ioka et al. 2006)ɻRadiative efficiency
is given by

ηEE ≡
EEE,iso

EEE,iso + Ekin,iso
. (A27)

Microphysics parameterʹ͍͓ͭͯͯ͘͠ߟͱΑ͍ɻ༻͍ͯΔ
fiducial parameter valueͰͷ efficiency͕ࣔͯ͋͠Δɻ

ଞͷΠϕϯτʹߟΛՃ͑ΔɻTable A1ͷ t, α 
Evans et al. (2009) ͔Β pick up ͢Δɻͭ·Γɺfit ͜ͷจ
ʹ४ͣΔɻͭΓ͕ͩͬͨɺͳΜ͔શͯͷ fit Ͱ͡ײ͍͍͕
ͳ͍ͷͰɺΓ data Λ͓Ζͯ͠ gnuplot Ͱ fit ͢Δ͜ͱʹ͢
Δɻ݁ՌΛ Table A2ʹͨͤࡌɻ

Fig. A5 depicts the efficiency ηEE for selected sGRBs.͜Ε
Eq. (A27)Λ༻͍ͯͨ͠ࢉܭɻͦͷࡍɺEkin  Table. A2ͷ fast
and slow coolingͷΛ༻͍ɺ͔ͭ microphysics parameterͱ͠
ͯ 10−6 < ϵB < 10−1, 10−4 < n < 1ͷൣғͰ͍ͯ͑ߟΔɻઢ
ͱ࣮ઢͦΕͧΕ slow and fast cooling Λࡍͨͯ͑ߟͷޮͰ
͋ΔɻΓ fast coolingͩͱෆఆੑ͕͔ͳΓԼ͕Δɻ͔͠͠ɺ
͜ͷղऍ͕ਖ਼͍͔͠Θ͔Βͳ͍ͷͰଞͷจͱൺΔඞཁ͋
ΔͩΖ͏ɻFor GRB 080123, the assumption of fast cooling gives
p = 1.72 < 2, thus it is removed.

Fong et al. (2015)ΛݺΜ͕ͩɺmicrophysics parameterͷͱ
Γ͔ͨɺX-rayޫΛ 1000sҎ߱ͱҰׅͯ͠அͯͯͬ͠
͍ΔͷͰͲ͜·Ͱ৴༻͍͍ͯ͠ͷ͔Θ͔Βͳ͍ɻͦ͜Ͱɺ͏
গ͠ෆఆੑΛݮΒ͢ྗΛ͢ΔɻSample ͷΠϕϯτʹରͯ͠
ͳΔͷɺࣗલͷʹؾ fit Λ͔͍͍ͯͬɻଟޫ·Ͱ༻
͍ͯ fittingΛ͍ͯͬߦΔΠϕϯτʹ͍ͭͯͦΕΛߟࢀʹ͢Ε
Α͍ɻແ͍Πϕϯτʹରͯࣗ͠લͷ fitΛ͏ඞཁ͕͋Δɻ
͔͠͠ɺX-ray͕ fast or slow coolingͷͲͪΒ͔ͱ͍͏ٞ͋
ΔɻClosure relationΛ༻͍ͯFong et al. (2015)͜ΕΛఆ͠
͓ͯΓɺզʑͷ plateauΛ careͯ͠ fittingͰ α͜ΕΑΓ
underestimate͞ΕΔɻΑͬͯɺfixed βͰ fast cooling͕ favor
͞ΕΔͷͰɺFong et al. (2015)Ͱ fast coolingͷΠϕϯτ fast
cooling Ͱྑ͍ͩΖ͏ɻҎ্ΛͱʹΠϕϯτʹରͯ͠͏গ
͠৻ॏʹղੳΛ͜͏ߦͱʹ͢Δɻ

Table A3ʹৄ͍͠ใΛͨͤࡌɻΠϕϯτগ͠૿͑ͯ
͍ΔɻͱΓ͋͑ͣ͜͜ʹ্͛ͨ ref͕ଘ͢ࡏΔͷʹ͍ͭͯௐ
͍ͯ͘ɻؾʹ͢Δ͖ (1)plateauΛ energy injecitonͱղऍ
͍ͯ͠Δ͔ɺ(2)ͦͷ߹ʹ injected energyͲΕ͘Β͍͔ɺ(3)
·ͨ fast or slow cooling͔Ͳ͏͔ɺͰ͋Ζ͏ɻ

ௐͨ݁Ռ Table A3ʹͨͤࡌɻಛผʹղੳ͕ͳ͞Εͯ
͍ΔΠϕϯτʹؔͯ͠ ref ؚΊ͍ͯͯͤࡌΔ͕ɺͦͷΑ
͏ͳΠϕϯτগͳ͍ (rank: S & A)ɻͦ͜ͰํݟΛม͑ͯɺ
Kagawa et al. (2019); Fong et al. (2015) ͷղੳΛਖ਼͍͠ͱͯ͠
ηEEΛ͢ࢉܭΔɻ྆จͰಘΒΕ͍ͯΔ EEE,iso, Ek,isoΛ []Ͱه
ͨ͠ɻ͔ͦ͜Βͨ͠ࢉܭ ηEE ͨͤࡌɻؾʹͳΔͷɺprompt
emissionͷ efficiency͕ͲΕ͘Β͍͔ɺͱ͍͏͜ͱͰ͋Δɻ
͠ Ek,iso ! Eγ,iso ͷ߹ɺ΄ͱΜͲͷΤωϧΪʔ͕ prompt
ͰΘΕͨ͜ͱʹͳΔɻޮͷయܕΛΒͳ͍͚Ͳɺ͠
ηγ ∼ 0.1ͱ͢Δͱɺprompt jet Eγ,iso ͷ 10ഒͷΤωϧΪʔΛ
ʹɺ͞Βͭͭͪ࣋ EE outflow͔Βͷ energy injectionͰΤωϧ
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• Generalized Compactness argument : Γmin, θmax

• GRB 170817A : we did not see γ-rays from the jet core
(the region that could have emitted a regular sGRB.)
   Γmin > 5,  θmax < 0.1 rad <-> jet core 
   => another γ-ray emission mechanism is favored.
        The source is relativistic and consistent with a cocoon emission. 

• Similar GRBs to GRB 170817A
150101B : off-axis model is inconsistent with compactness
Other events : ~2/395 events can be consistent with cocoon emissions

• Other application
Γmin ~10 of extended emissions of sGRBs => very inefficient energy 
dissipation?

Summary



Generalized compactness limit 3

is larger by a factor of Γ − 1 and our limit is, correspondingly, less
restrictive. The energetics argument limits the total baryon number
as

Γmpc2N ′
baryon ! ϵ ′pN ′

γ, (5)

where ϵ ′p and N ′
γ are the observed peak photon energy (peak energy

of the energy flux) and the total photon number in the emitting
region, respectively, such that the right-hand-side is approximately
the total rest frame radiation energy. Clearly this estimation is valid
only in the case that the energy source is the energy carried by the
baryons (e.g. for an internal-shock model but not a Poynting flux
dominated outflow).

For normal GRBs, limit C gives the weakest limit, hence not
much attention was paid to it in terms of limit on the Lorentz factor.
Instead it was used to put a lower limit on the emission radius. In
this limit, pair production has nothing to do with the opacity, and
the optical depth depends only on total observed radiation energy
and it is independent of the specific observed spectrum.

2.2 The optical depth
We consider a general γ-ray transient, characterized by the fol-
lowing observables: (a) an isotropic γ-ray luminosity Lγ,iso, (b) a
variable timescale (duration of an observed single pulse) δt, and (c)
the photon spectrum dN/dϵ with a peak energy ϵp (see Table 1).
Using these observables, we evaluate the optical depth of the γ-ray
transient taking the different limits into account. Note that in this
section we do not take redshift effects into account. However those
are inserted later when we estimate the final results shown in Table
2.

The optical depth of γ-rays in the rest frame is given by (e.g.,
Nakar 2007)

τ ≃ σN ′
s l ′

πθ2γR2∆R′ . (6)

σ is the relevant cross section, l ′ is the path length of the photons
within the region before escaping to the observer, and N ′

s is the
number of annihilating photons in limit A, number of produced
pairs in limit B, and number of source electrons in limit C. θγ , R,
and ∆R′ are the characteristic angle of the γ-ray emitting region,
radial distance where the emission episode takes place, and the
thickness of the γ-ray emitting region, respectively. The angle and
distance are measured in the lab frame.

The cross section for pair production peaks slightly above the
threshold (given by Eq. 3) and then it decreases quickly with energy.
For a power-law photon spectrum with a photon index −2, the
average value of the cross section becomes (11/180)σT where σT
is the Thomson cross section, (Svensson 1987; Lithwick & Sari
2001). We use this factor for a power-law spectrum (PL). We don’t
use it for a cut-off power-law spectrum that declines sharply at high
energy. In the following, we still use the notation σT for simplicity,
but restore the coefficient in the summarizing Table 2.

Generally, the outflow that produces the γ-ray emission has an
angular structure, e.g., luminosity and Lorentz factor distributions
that depend on the angle. Each point on the outflow contributes to
the observed γ-ray flux with different intensity and Doppler boost.
In Matsumoto et al. (2019), we showed that, because of the sensitive
dependence of the Doppler boost on the viewing angle, unless there
is an extreme fine tuning a small patch of the outflow dominates
the observed γ-rays . Thus, we can reasonably assume that the
luminosity and Lorentz factor over the patch are approximately

Figure 1. Schematic picture of aγ-ray emitting region and an observer. Over
this region, the luminosity and Lorentz factor are uniform.

constant. We denote this region as the γ-ray emitting region and
approximate the geometry of the emitting source by a characteristic
angular size θγ over which the luminosity and the Lorentz factor do
not vary significantly. It is viewed from an angle θ, measured from
the center of this region (see Fig. 1).

For a small viewing angle and a large Lorentz factor, the an-
gular variation of the Doppler factor depends on the product Γθ.
Hence, for θ < 1/Γ, the observer is on-axis and relativistic beam-
ing dictates the size of the γ-ray emitting region: θγ ≤ 1/Γ. For
θ > 1/Γ, the observer is off-axis and the observed γ-ray emission is
suppressed by the Doppler de-beaming. Hence, only a region of size
θ can contribute significantly. Overall, the size of the γ-ray emitting
region satisfies:

θγ ≤ max
{

1
Γ
, θ

}
. (7)

We turn now to evaluate the various quantities that determine
the optical depth (Eq. 6) using the observables. For limits A and B,
we write N ′

s as

N ′
s = f N ′

γ . (8)

Here, f is the fraction of photons whose energy is larger than the
thresholds ϵth,A (Eq. 3) or ϵth,B (Eq. 4). Nγ is the total number of
photons:

N ′
γ ≃

4πd2Sγ
δ2D(θ, Γ)ϵp

≃
Lγ,isoδt

δ2D(θ, Γ)ϵp
, (9)

where d is distance to the burst , Sγ ≃ Lγ,isoδt/4πd2 is observed γ-
ray fluence during δt and Lγ,iso the isotropic equivalent luminosity.
In deriving this relation, we have used the transformation of the solid
angles ∆Ω = ∆Ω′/δ2D(θ, Γ), and assumed that the source radiates
photons isotropically in the rest frame.

For a normalized photon spectrum, the photon fraction, f , is
calculated as

f =
∫ ∞

ϵth

dN
dϵ

dϵ , (10)

where ϵth = ϵth,A or ϵth,B and we assume that the observed high end
of the photon spectrum extends to higher energies. We consider two
spectra: a power-law in the relevant (high energy) segment (denoted
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