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Gravitational-wave and Photon Astronomy
properties of space-time in the strong-field, high-velocity
regime and confirm predictions of general relativity for the
nonlinear dynamics of highly disturbed black holes.

II. OBSERVATION

On September 14, 2015 at 09:50:45 UTC, the LIGO
Hanford, WA, and Livingston, LA, observatories detected

the coincident signal GW150914 shown in Fig. 1. The initial
detection was made by low-latency searches for generic
gravitational-wave transients [41] and was reported within
three minutes of data acquisition [43]. Subsequently,
matched-filter analyses that use relativistic models of com-
pact binary waveforms [44] recovered GW150914 as the
most significant event from each detector for the observa-
tions reported here. Occurring within the 10-ms intersite

FIG. 1. The gravitational-wave event GW150914 observed by the LIGO Hanford (H1, left column panels) and Livingston (L1, right
column panels) detectors. Times are shown relative to September 14, 2015 at 09:50:45 UTC. For visualization, all time series are filtered
with a 35–350 Hz bandpass filter to suppress large fluctuations outside the detectors’ most sensitive frequency band, and band-reject
filters to remove the strong instrumental spectral lines seen in the Fig. 3 spectra. Top row, left: H1 strain. Top row, right: L1 strain.
GW150914 arrived first at L1 and 6.9þ0.5

−0.4 ms later at H1; for a visual comparison, the H1 data are also shown, shifted in time by this
amount and inverted (to account for the detectors’ relative orientations). Second row: Gravitational-wave strain projected onto each
detector in the 35–350 Hz band. Solid lines show a numerical relativity waveform for a system with parameters consistent with those
recovered from GW150914 [37,38] confirmed to 99.9% by an independent calculation based on [15]. Shaded areas show 90% credible
regions for two independent waveform reconstructions. One (dark gray) models the signal using binary black hole template waveforms
[39]. The other (light gray) does not use an astrophysical model, but instead calculates the strain signal as a linear combination of
sine-Gaussian wavelets [40,41]. These reconstructions have a 94% overlap, as shown in [39]. Third row: Residuals after subtracting the
filtered numerical relativity waveform from the filtered detector time series. Bottom row:A time-frequency representation [42] of the
strain data, showing the signal frequency increasing over time.
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Figure 2. Timeline of the discovery of GW170817, GRB 170817A, SSS17a/AT 2017gfo, and the follow-up observations are shown by messenger and wavelength
relative to the time tc of the gravitational-wave event. Two types of information are shown for each band/messenger. First, the shaded dashes represent the times when
information was reported in a GCN Circular. The names of the relevant instruments, facilities, or observing teams are collected at the beginning of the row. Second,
representative observations (see Table 1) in each band are shown as solid circles with their areas approximately scaled by brightness; the solid lines indicate when the
source was detectable by at least one telescope. Magnification insets give a picture of the first detections in the gravitational-wave, gamma-ray, optical, X-ray, and
radio bands. They are respectively illustrated by the combined spectrogram of the signals received by LIGO-Hanford and LIGO-Livingston (see Section 2.1), the
Fermi-GBM and INTEGRAL/SPI-ACS lightcurves matched in time resolution and phase (see Section 2.2), 1 5×1 5 postage stamps extracted from the initial six
observations of SSS17a/AT 2017gfo and four early spectra taken with the SALT (at tc+1.2 days; Buckley et al. 2017; McCully et al. 2017b), ESO-NTT (at
tc+1.4 days; Smartt et al. 2017), the SOAR 4 m telescope (at tc+1.4 days; Nicholl et al. 2017d), and ESO-VLT-XShooter (at tc+2.4 days; Smartt et al. 2017) as
described in Section 2.3, and the first X-ray and radio detections of the same source by Chandra (see Section 3.3) and JVLA (see Section 3.4). In order to show
representative spectral energy distributions, each spectrum is normalized to its maximum and shifted arbitrarily along the linear y-axis (no absolute scale). The high
background in the SALT spectrum below 4500Å prevents the identification of spectral features in this band (for details McCully et al. 2017b).
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EOS=APR, Mtot = 2.7Msun

EOS=APR, Mtot = 2.9Msun

KH + 13



Variety in merger remnants

Figure 1

A summary for the merger and post-merger evolution of binary neutron stars. Mthr and
Mmax,spin denote the threshold mass for the prompt formation of a BH and the maximum mass of
rigidly rotating cold neutron stars, respectively. Their values are likely to be Mthr ⇠> 2.8M� and
Mmax,spin ⇠> 2.4M�. For the total mass m > Mthr, a BH is formed in the dynamical timescale
after the onset of merger, and for the nearly equal-mass case, m1 ⇡ m2, the mass of disks
surrounding the BH is tiny ⌧ 10�2

M�, while it could be ⇠> 10�2
M� for a highly asymmetric

system with m2/m1 ⇠< 0.8. For Mmax,spin < m < Mthr, a hypermassive neutron star (HMNS) is
formed, and it subsequently evolves through several angular-momentum transport processes,
leading to eventual collapse to a BH surrounded by a disk (or torus). See Refs. (69, 70) for the
definition of the HMNS (and SMNS referred to below). When m is close to Mthr, the lifetime of
the MNS is relatively short, while for smaller values of m toward Mmax,spin, the lifetime is longer.
For the longer lifetime, the angular-momentum transport process works for a longer timescale, and
the disk mass could be ⇠> 0.1M�, whereas for a short lifetime, it could be ⇠ 10�2

M� or less. For
m < Mmax,spin, a supramassive neutron star (SMNS) is formed and it will be alive for a
dissipation timescale of angular momentum which will be much longer than the cooling timescale
⇠ 10 s. Note that MNS denotes either a SMNS or a HMNS.

their spin is minor, the total mass (m = m1 + m2), the mass ratio (q = m2/m1 ( 1))

of the system, and the EOS are the key quantities for determining the merger remnant.

For BH-NS binaries, the BH spin as well as the mass ratio and neutron-star EOS are the

key quantities. In the following two subsections, we classify the remnants formed after

neutron-star mergers.

2.1. Binary Neutron Stars

Figure 1 summarizes the possible remnants and their evolution processes for mergers of bi-

nary neutron stars. Broadly speaking, there are two possible remnants formed immediately

after the onset of merger; BH and MNS. A BH is formed if the total mass m is so high that

the self gravity of the merger remnant cannot be sustained by the pressure associated pri-

marily with the repulsive force among nucleons and centrifugal force due to rapid rotation

associated with the orbital angular momentum of the premerger binary.

In the last decade, simulations were performed employing a variety of neutron-star EOSs

(e.g., (73, 74, 75, 76, 43, 77, 78, 79, 80, 38, 37, 52, 49, 39, 81)), of which the maximum mass

of a non-rotating neutron star is consistent with the existence of two-solar-mass neutron

4 Shibata and Hotokezaka

Shibata & KH 2019
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Follow-up observations of GW170817

• Neutron Star Merger and Equation of State 

• R-process Kilonova 
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Figure 1: Localization of GW170817 and associated transient EM170817. (A) Constraints at
the 90% confidence level on the sky position from gravitational-wave and �-ray observations.
The rapid LIGO localization is indicated by the green dashed contour, and the LIGO/Virgo
localization by solid green. Fermi GBM (4) is shown in orange, and the Interplanetary Network
triangulation from Fermi and INTEGRAL in blue (50). The shaded region is the Earth limb
as seen by AstroSat which is excluded by the non-detection by the Cadmium Zinc Telluride
Imager instrument. (B) 49 galaxies from the Census of the Local Universe catalog (Table S3;
red, with marker size proportional to the stellar mass of the galaxy) within the LIGO/Virgo
three-dimensional 50% and 90% credible volumes (green). One radio-selected optically-dark
galaxy whose stellar mass is unknown is marked with a +. (C) Cross-section along the X-
X’ plane from panel B, showing the luminosity distances of the galaxies in comparison to the
LIGO/Virgo localization. (D) False-color near-infrared image of EM170817 and its host galaxy
NGC 4993, assembled from near-infrared observations with the FLAMINGOS-2 instrument
on Gemini-South (10), with J , H , and Ks shown as blue, green, and red, respectively. Our
Ks-band detections span 2017 Aug 18.06 to 2017 Sep 5.99 and we show 2017-08-27.97 above.
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1 Scientific justification

The era of gravitational-wave (GW) astronomy has begun with the announcement of the discovery
of five double black hole (BH-BH) mergers (Abbott et al. 2016a, 2017a,b,c) and one double neutron
star (NS-NS) merger (GW170817; Abbott et al. 2017d). Localized to the lenticular galaxy NGC
4993 at 40Mpc (Coulter et al. 2017), GW170817 was the first GW event with an electromagnetic
(EM) counterpart. It was accompanied by prompt �-rays, fast-fading UV/optical/NIR, and long-
lived X-ray, optical, and radio emission (Abbott et al. 2017e and references therein; left panel of
Figure 1). GW170817 yielded a scientific bonanza in fields as wide-ranging as gravitational physics,
nucleosynthesis, extreme states of nuclear matter, relativistic explosions and jets, and cosmology.
The EM signatures of GW170817 were remarkably di↵erent from what prior models predicted. The

�-rays were a factor of ⇠ 103 weaker than for ordinary short �-ray bursts (SGRBs), there was an early
blue kilonova presumably due to lanthanide-free polar ejecta (Fernandez & Metzger 2016, Kasen et
al. 2017), and late onset of radio/X-ray emission (Abbott et al. 2017e and references therein). A
subsequent fainter, longer-lived, red kilonova emission was powered by lanthanide-rich tidal ejecta or
an accretion disk wind. The merger likely produced a hyper-massive NS, rapidly followed by collapse
to a BH on a short timescale (⇠ 100ms; Kasen et al. 2017, Pooley et al. 2018). A relativistic jet was
launched, but became entrenched in the dynamical ejecta, driving a wide-angled, mildly relativistic
outflow, commonly referred to as a “cocoon” or “structured jet”. This cocoon was likely responsible
for the early-time �-rays, as well as late time X-ray (Ruan et al. 2018, Margutti et al. 2018, Troja et
al. 2018) and radio emission (e.g. Mooley et al. 2018, Margutti et al. 2018). It is unclear whether
the jet eventually burrowed through the ejecta to successfully produce a SGRB (e.g. Margutti et al.
2018). See Figure 1 for a depiction of the di↵erent ejecta components and EM signals.

Figure 1: Left panel: The optical/NIR “kilonova” and the X-ray, radio afterglows of GW170817.
The short-lived kilonova signal is powered by the radioactive decay of r-process nuclei, while the long-
lived X-ray and radio are synchrotron emission from fast-moving, wide-angle shocks. X-ray, Optical,
and radio emission is expected in 30–80% of NS-NS and NS-BH mergers. Right panel: The variety
of ejecta components, labeled in black font, and resulting EM signals, labeled in colored font, from
NS-NS and NS-BH mergers (adapted from Ioka & Nakamura 2017).

Despite the smashing success of the observing campaign surrounding GW170817, many fundamen-
tal questions about the NS merger process remain unanswered. What fraction of mergers produce
central engines and relativistic jets? How long do they operate, and how often are they able to
successfully penetrate the merger ejecta and radiate to on-axis observers as a classical SGRB? How
much energy is released in total? What is the maximum mass for a stable NS remnant? What will

1

GW170817: GRB, Kilonova & Afterglow
31

Figure 7. The 256 ms binned lightcurve of GRB 170817A in the 10–300 keV band for NaI 1, 2, and 5. The shaded regions are

the di↵erent time intervals selected for spectral analysis. The inclusion of the lower energies shows the soft tail out to T0+2 s.
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Figure 8. Spectral fits of the count rate spectrum for the [Left] main pulse (Comptonized) and [Right] softer emission (black

body). The blue bins are the forward-folded model fit to the count rate spectrum, the data points are colored based on the

detector, and 2� upper limits estimated from the model variance are shown as downward-pointing arrows. The residuals are

shown in the lower subpanels.

GRB 170817 (X-γ) Kilonova (uv-IR) Afterglow (radio-X)
Dissipation in the outflow: 

L ~ 1046 - 1047 erg/s
Radioactive decay: 
~ 1038 - 1042 erg/s

Kinetic energy deposited 
into the ISM: ~ 1038 - 1040 erg/s 

Goldstein +17



A Gamma-Ray Burst after GW170817

Figure 2. Timeline of the discovery of GW170817, GRB 170817A, SSS17a/AT 2017gfo, and the follow-up observations are shown by messenger and wavelength
relative to the time tc of the gravitational-wave event. Two types of information are shown for each band/messenger. First, the shaded dashes represent the times when
information was reported in a GCN Circular. The names of the relevant instruments, facilities, or observing teams are collected at the beginning of the row. Second,
representative observations (see Table 1) in each band are shown as solid circles with their areas approximately scaled by brightness; the solid lines indicate when the
source was detectable by at least one telescope. Magnification insets give a picture of the first detections in the gravitational-wave, gamma-ray, optical, X-ray, and
radio bands. They are respectively illustrated by the combined spectrogram of the signals received by LIGO-Hanford and LIGO-Livingston (see Section 2.1), the
Fermi-GBM and INTEGRAL/SPI-ACS lightcurves matched in time resolution and phase (see Section 2.2), 1 5×1 5 postage stamps extracted from the initial six
observations of SSS17a/AT 2017gfo and four early spectra taken with the SALT (at tc+1.2 days; Buckley et al. 2017; McCully et al. 2017b), ESO-NTT (at
tc+1.4 days; Smartt et al. 2017), the SOAR 4 m telescope (at tc+1.4 days; Nicholl et al. 2017d), and ESO-VLT-XShooter (at tc+2.4 days; Smartt et al. 2017) as
described in Section 2.3, and the first X-ray and radio detections of the same source by Chandra (see Section 3.3) and JVLA (see Section 3.4). In order to show
representative spectral energy distributions, each spectrum is normalized to its maximum and shifted arbitrarily along the linear y-axis (no absolute scale). The high
background in the SALT spectrum below 4500Å prevents the identification of spectral features in this band (for details McCully et al. 2017b).
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Gravitational wave γ-rays

Similar to normal GRBs

Much less than normal GRBs

Properties of γ-rays: 
1) Delay is ~1.7 sec and duration is ~2 sec. 
2) Isotropic energy is ~ 1047 erg and spectral peak is ~200 keV. 



Top-hat off-axis scenario doesn’t work
6 Matsumoto, Nakar & Piran
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Figure 3. Required conditions for the γ-rays emitting region.
The black curve shows the upper limit on the kinetic energy im-
posed by the afterglow. The microphysics parameters are set as
n = 10−4 cm−3, εe = 10−1, and εB = 10−3 (Mooley et al. 2018a).
The upper limits for the near off-axis (solid) and the far off-axis
(dashed) cases are connected at ∆θ = 0.08 rad. The red curve shows
the limit derived by the compactness argument for case (i) (see
also Fig 2). The data point denotes the observed jet core’s an-
gular distance and the kinetic energy (Mooley et al. 2018a). The
magenta line shows the observed γ-ray energy in GRB 170817A.
The region that emitted the γ-rays must lie in a narrow range
above the observed magenta line, to the left of the compactness
(red) curve and below the afterglow (black) line.

on semi-analytic code that takes into account geometrical
factors that were ignored in these papers.

5 COMBINED CONSTRAINTS ON THE
SOURCE OF GRB 170817A AND
COMPARISON TO SGRBS

Fig. 3 combines the limits obtained in the previous two sec-
tions. The red line shows the compactness limit. The γ-ray
emitting region of GRB 170817A must lie to the left of this
line. The black line marks the upper limit on Ek,iso(∆θ). The
isotropic equivalent afterglow kinetic energy must lie below
this line. First, the combined constraints3 leave a very nar-
row allowed region for the source of GRB 170817A. The
emitting region cannot be more than 5◦ away from the line-
of-site and the total isotropic equivalent energy carried by
the emitting material cannot exceed ∼ 3 × 1049 erg, namely
with a reasonable γ-ray efficiency A ! 100. The observed
gamma-rays must have been emitted either on-axis (i.e.,
∆θ ! Γ−1), or alternatively if there is a significant off-axis
suppression then it is rather limited, corresponding to only
∼ 10−3 of the jet core isotropic equivalent energy. Thus, if
the core of the jet produced a regular sGRB towards an ob-
server along its beaming cone, the sGRB was brighter by

3 We use the conservative assumption that Eγ, iso ! Ek, iso, which
holds unless the γ-ray efficiency is extreme even in GRB stan-
dards.
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Figure 4. The trajectory (for case i) on which on-axis observables
should be located to produce the observed average properties of
the prompt γ-rays in GRB 170817A. The dashed line marks re-
gions with A > 100 that are ruled out when compactness and
afterglow considerations are taken into account. The black points
show other observed sGRBs from (Wang et al. 2017).

several orders of magnitude than the emission from the re-
gion that produced the γ-rays that we observed, even if the
luminosity that we saw was suppressed by off-axis effects.

The observed γ-rays were ∼ 10−5 fainter than the pu-
tative sGRB emitted by the jet core. Our results show
that even if off-axis effects were important in shaping GRB
170817A then an on-axis observer saw a signal that is at
most ∼ 10−3 fainter than the sGRB produced by jet core.
Therefore there is no motivation to expect that off-axis ef-
fects played a significant role. Yet, it is interesting to ask
how did the on-axis emission looked like in that case. Tak-
ing the maximal value of A ∼ 100 results in ∼ 5 × 1048 erg
burst, which is weaker than the faintest sGRB seen to date.
The variability time scale of its pulses is ∼ 10 ms and the
average spectrum hardness is ∼ 2 MeV. Fig. 4 shows the
track that GRB 170817A can take on the Eγ,iso − Ep plane
as a result of off-axis effects. Clearly, there is no point along
this track that resembles an sGRB we have seen before. Our
conclusion is that the γ-rays that we observed were most
likely emitted by a different emission mechanism than that
of a regular GRB.

6 SUMMARY AND DISCUSSION

We derived two different constrains on the processes that
took place in the neutron star merger event GW170817 and
its EM counterparts. First we derived a constraint on the
emission region that produced the prompt γ-rays. We have
shown that compactness implies a minimal Lorentz factor
(Γ ∼ 5 for “on-axis” source and larger for “off-axis” ones) of
the emitting region and a maximal angular distance from us
to the source. In particular, this angular separation should
have been very small (! 5◦; see Fig. 2) and it is much smaller
than the estimated angular separation between our view-
ing angle and the core of the jet as found by Mooley et al.

MNRAS 000, 1–7 (2018)
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GRB 170817A seems too hard and too weak be explained by an off-axis short GRB. 
Also see Ioka & Nakamura 2018, 2019 for off-axis structured jet considerations. 
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On-axis mildly relativistic outflow

βsh, Γsh=(1-βsh2)-1/2
Explosion (merger) at t=0

1. Duration:  Tobs ~Rsh/2Γsh2c ~ 1 sec. (observed) 

2. γ-ray energy: E ~ Γsh Μc2 ~ 1047 erg (observed) 

3. Optical depth: τ = κM/4πRsh2 ~1 (required)

Rsh

Shock

Kasliwal…KH+17, Gottlieb, Nakar, Piran, KH 17 
Also Beloborodov + 19



On-axis mildly relativistic outflow

β, Γ=(1-β2)-1/2
Explosion (merger) at t=0

R
Shock

Merger simulations show a fast ejecta tail with ~0.8c and 10-7Msun (Kiuchi+17, KH+18)

Time delay:  δΤ = (1-βej)Rsh/c ~ 1 sec => βej ~0.7 - 0.8

1. Duration:  Tobs ~Rsh/2Γsh2c ~ 1 sec. (observed) 

2. γ-ray energy: E ~ Γsh Μc2 ~ 1047 erg (observed) 

3. Optical depth: τ = κM/4πRsh2 ~1 (required) 

=> Rsh ~ 1011-1012 cm, Γsh ~ 3-5, Μ ~ 10-8-10-7 Μsun 

Kasliwal…KH+17, Gottlieb, Nakar, Piran, KH 17 
Also Beloborodov + 19



1 Scientific justification

The era of gravitational-wave (GW) astronomy has begun with the announcement of the discovery
of five double black hole (BH-BH) mergers (Abbott et al. 2016a, 2017a,b,c) and one double neutron
star (NS-NS) merger (GW170817; Abbott et al. 2017d). Localized to the lenticular galaxy NGC
4993 at 40Mpc (Coulter et al. 2017), GW170817 was the first GW event with an electromagnetic
(EM) counterpart. It was accompanied by prompt �-rays, fast-fading UV/optical/NIR, and long-
lived X-ray, optical, and radio emission (Abbott et al. 2017e and references therein; left panel of
Figure 1). GW170817 yielded a scientific bonanza in fields as wide-ranging as gravitational physics,
nucleosynthesis, extreme states of nuclear matter, relativistic explosions and jets, and cosmology.
The EM signatures of GW170817 were remarkably di↵erent from what prior models predicted. The

�-rays were a factor of ⇠ 103 weaker than for ordinary short �-ray bursts (SGRBs), there was an early
blue kilonova presumably due to lanthanide-free polar ejecta (Fernandez & Metzger 2016, Kasen et
al. 2017), and late onset of radio/X-ray emission (Abbott et al. 2017e and references therein). A
subsequent fainter, longer-lived, red kilonova emission was powered by lanthanide-rich tidal ejecta or
an accretion disk wind. The merger likely produced a hyper-massive NS, rapidly followed by collapse
to a BH on a short timescale (⇠ 100ms; Kasen et al. 2017, Pooley et al. 2018). A relativistic jet was
launched, but became entrenched in the dynamical ejecta, driving a wide-angled, mildly relativistic
outflow, commonly referred to as a “cocoon” or “structured jet”. This cocoon was likely responsible
for the early-time �-rays, as well as late time X-ray (Ruan et al. 2018, Margutti et al. 2018, Troja et
al. 2018) and radio emission (e.g. Mooley et al. 2018, Margutti et al. 2018). It is unclear whether
the jet eventually burrowed through the ejecta to successfully produce a SGRB (e.g. Margutti et al.
2018). See Figure 1 for a depiction of the di↵erent ejecta components and EM signals.

Figure 1: Left panel: The optical/NIR “kilonova” and the X-ray, radio afterglows of GW170817.
The short-lived kilonova signal is powered by the radioactive decay of r-process nuclei, while the long-
lived X-ray and radio are synchrotron emission from fast-moving, wide-angle shocks. X-ray, Optical,
and radio emission is expected in 30–80% of NS-NS and NS-BH mergers. Right panel: The variety
of ejecta components, labeled in black font, and resulting EM signals, labeled in colored font, from
NS-NS and NS-BH mergers (adapted from Ioka & Nakamura 2017).

Despite the smashing success of the observing campaign surrounding GW170817, many fundamen-
tal questions about the NS merger process remain unanswered. What fraction of mergers produce
central engines and relativistic jets? How long do they operate, and how often are they able to
successfully penetrate the merger ejecta and radiate to on-axis observers as a classical SGRB? How
much energy is released in total? What is the maximum mass for a stable NS remnant? What will

1

GW170817: GRB, Kilonova & Afterglow
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Figure 7. The 256 ms binned lightcurve of GRB 170817A in the 10–300 keV band for NaI 1, 2, and 5. The shaded regions are

the di↵erent time intervals selected for spectral analysis. The inclusion of the lower energies shows the soft tail out to T0+2 s.
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Figure 8. Spectral fits of the count rate spectrum for the [Left] main pulse (Comptonized) and [Right] softer emission (black

body). The blue bins are the forward-folded model fit to the count rate spectrum, the data points are colored based on the

detector, and 2� upper limits estimated from the model variance are shown as downward-pointing arrows. The residuals are

shown in the lower subpanels.

GRB 170817 (X-γ) Kilonova (uv-IR) Afterglow (radio-X)
Dissipation in the outflow: 

L ~ 1046 - 1047 erg/s
Radioactive decay: 
~ 1038 - 1042 erg/s

Kinetic energy deposited 
into the ISM: ~ 1038 - 1040 erg/s 

Goldstein +17



Late-time Afterglow across  multi-wavelength

GW170817 HST 5

Afterglow (F606W)

Structured Jet (WM18)

Quasi-Spherical
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Figure 2. Top: HST/F606W light curve of the afterglow of
GW170817 spanning ⇡ 110.5 - 584.1 days (green points; observer
frame); downwards triangles denote 3� upper limits. The upper
limit at ⇡ 584.1 d is measured from the median-subtracted image,
while all other data points are measured from HOTPANTS residual
images. Also shown are a structured jet model and the range of
light curves describing the top 5% of models (black solid and dot-
dashed lines), and a quasi-spherical outflow model (dotted line; Wu
& MacFadyen 2018). Bottom: Magnitude difference, �m, between
published values in previous works (Alexander et al. 2018; Margutti
et al. 2018; Lyman et al. 2018; Lamb et al. 2019a; Piro et al. 2019)
and the new values measured in this work. Upward triangles denote
epochs which were previously reported as upper limits, and are now
detected in this work.

the radio band, there are available data for all epochs except
at �t ⇡ 137, 337 days, and 362 days. The data are taken
with the Karl G. Jansky Very Large Array (VLA) and the
Australia Telescope Compact Array (ATCA), spanning 2.5-
17 GHz (Alexander et al. 2018; Dobie et al. 2018; Margutti
et al. 2018; Mooley et al. 2018a,b,c; Troja et al. 2018c). We
also use a 6 GHz VLA observation at �t ⇡ 585 days, pre-
sented in Hajela et al. (in prep.).

In the X-ray band, we find relevant comparison Chan-
dra X-ray Observatory observations at five epochs. Previous
analyses of these observations have appeared in Nynka et al.
(2018); Margutti et al. (2018); Troja et al. (2018a); Pooley
et al. (2018); Ruan et al. (2018); Troja et al. (2018c); Lin
et al. (2019). Here, we use the fluxes and spectral parame-
ters calculated in Hajela et al. (in prep.), which serves as a
uniform analysis of all available Chandra data of the X-ray
afterglow of GW170817 to ⇡ 583.1 days. To enable compar-
ison of the X-ray observations to the optical and radio data,
we convert the 0.3 - 10 keV X-ray fluxes to flux densities,
F⌫,X , at a fiducial energy of 1 keV, using the derived photon
index, � at each epoch, where F⌫,X / ⌫�X and �X ⌘ 1 -�.
The radio and X-ray data, along with our HST photometry,
are displayed in Figure 3.
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Figure 3. Broad-band SED of the afterglow of GW170817 at nine
epochs of our HST observations, spanning ⇡ 110 - 584 days; fluxes
are scaled for clarity. The HST photometry in this paper (green
circles), radio afterglow (red squares; Margutti et al. (2018); Mooley
et al. (2018c); Dobie et al. (2018); Mooley et al. (2018b); Alexander
et al. (2018); Troja et al. (2018c), Hajela et al. in prep.), and X-ray
afterglow (blue diamonds; Hajela et al. in prep.) are shown. The
gray lines are best-fit power laws to the data at each epoch. 1�
uncertainties are plotted but the large majority are smaller than the
size of the symbols.

We use �2-minimization to fit the broad-band spectrum at
each epoch to a single power law model in the form F⌫ / ⌫� ,
characterized by spectral index � and a flux normalization
parameter. We fit all of the available data at each epoch sep-
arately. The resulting fits have �2

⌫ ⇡ 0.6 - 1.3, demonstrat-
ing that the single power law model is adequate to fit the
data over all epochs (Figure 3). The values for � and 1�
uncertainties are given in Table 2 and the temporal evolu-
tion is displayed in Figure 4. We calculate a weighted aver-
age of the spectral index across all epochs considered here of
h�i = -0.583±0.013.

4. DISCUSSION

4.1. Off-Axis Afterglow Properties

We present a revised light curve of the optical afterglow
of GW170817, relative to previous studies which have used
subsets of HST observations to derive measurements and up-
per limits of the afterglow in the F606W filter (Alexander
et al. 2018; Margutti et al. 2018; Lyman et al. 2018; Lamb
et al. 2019a; Piro et al. 2019). We calculate the difference
�m between the published values and the values presented
in this work (Figure 2). Overall, we find that the afterglow
in most epochs is systematically brighter than previously re-
ported, with differences of �m ⇡ -0.1-1 mag between pub-
lished values and the values presented in this work (Figure 2),

GW170817: Afterglow spectrum

Fong+19, also Margutti+18

Hallinan+17, Margutti+17,18, Troja+17,19, 
Haggard+17, Ruan+17,Lyman+18,Mooley+18
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Spectrum
• A single power law: ~ν-0.6 
=> synchrotron radiation 
      (optically thin)       

• Electron distribution: 

 ~5 orders of magnitude in γe 

• Fermi acceleration works well

dN
d�e

/ ��2.2
e

Kinetic energy powers the 
afterglow.

6 Makhathini et al.

Figure 1. Upper panel: The panchromatic (radio, optical and X-ray) afterglow light curve of GW170817, color coded according
to the observing frequency, up to 940 days post-merger (all data points have 1� errorbars as presented in Table 1; upper limits
are not shown here) using the uniform dataset presented in this work. The light curve is scaled to 3 GHz using the best-fit
spectral index (�0.569) derived from the MCMC power-law fitting (see §3). Lower panel: The averaged (using moving average;
�t/t = 1/17 where �t is the width of the kernel and t is the time after merger) light curve (blue data points) shows a general
trend consistent with power-law rise and decline. In grey are the same data points as shown in the upper panel.

on the pn detector were used to determine periods of
high background data, which were excluded from our
analysis. Significant background flaring resulted in only
26 and 48 ks filtered exposures for obsIDs 0811210101
and 0811212701, respectively. Source events were then
extracted from a circular region with radius 500 centered
on GW170817. While this is less than 50% of the EPIC-
pn encircled energy, it was necessary to use a small re-
gion in order to exclude emission from the AGN, which
is only 10 arcsec from the source. We find this does
not introduce any large systematic e↵ect when compar-

ing to Chandra results from similar epochs. Background
events were extracted from nearby, source-free circular
regions of 5500 in radius.
For both GW170817 and NGC 4993, the spectra were

grouped with a minimum of 1 count per bin with the
heasoft tool grppha. We used the X-ray spectral
fitting package xspec v12.10.1 to fit the data. For
GW170817 we fit the data with an absorbed power-
law model (tbabs*ztbabs*powerlaw), where tbabs is a
neutral absorbing column attributed to our own Galaxy,
fixed at 8.9⇥ 1020 cm�2 (Dickey & Lockman 1990), and

Light curve (Makhathini+2020) Spectrum

• The light curve rises and declines, which 
looks like an off-axis emission. 

• The spectrum is a beautiful single power 
law, suggesting synchrotron emission.



Variety in relativistic merger outflows

Successful Jet

Top hat jet
Good approx.  
for on-axis cases.

Structured jet

Jet + Cocoon

Central engine origin

Choked Jet
The jet can’t be seen. 
Only the cocoon may break out 
from the ejecta.

No Jet

Fast moving tail of dynamical ejecta

KH&Piran 15, Lazzati+17, Gottlieb+17,18, Xie+18, Zrake+18, Nakar & Piran 18



Imaging the afterglow with VLBI
Breaking the degeneracy: VLBI

Two observations with the HSA
(75 d and 230 d post-merger)



Breaking the degeneracy: VLBI

Two observations with the HSA
(75 d and 230 d post-merger)

Figure 1: VLBI images. The cleaned images (natural weighting; 0.2 mas pixel�1) from the two

epochs of VLBI, 75 d (panel a) and 230 d (panel b) post-merger. The center coordinates for these

images are RA 13:09:48.069, Dec -23:22:53.39. The white contours are at 11, 22, and 44 µJy

beam�1 in both images (red contour is �11 µJy beam�1 ). The peak flux density of the sources is

58±5 µJy beam�1 and 48±6 µJy beam�1 in the two epochs respectively (image RMS noise quoted

as the 1� uncertainty). The ellipse on the lower left corner of each panel shows the synthesized

beam: [12.4, 2.2, -7] and [9.1, 3.2, -4] for the two epochs [major axis in mas, minor axis in mas,

position angle in degrees].

Imaging the afterglow with VLBI



Figure 1: Proper motion of the radio counterpart of GW170817. The centroid offset posi-

tions (shown by 1� errorbars) and 3�-12� contours of the radio source detected 75 d (black)

and 230 d (red) post-merger with Very Long Baseline Interferometry (VLBI) at 4.5 GHz. The

two VLBI epochs have image RMS 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

shape of the synthesized beam for the images from both epochs are shown as dotted ellipses to 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 86o ± 18o, over 155 d.

Superluminal Jet in GW170817
VLBI resolve the motion of the radio source Mooley…KH (2018)

Day 75Day 240

1, The source moved  
     2.7 mas in 155 day.  

 => 2.7 mas ~ 0.5 pc (at 40Mpc) 

�app = 4.1± 0.4 at 41Mpc

2, The source size is  
unresolved.  

=> the emission region 
does not extend much.

• Very strong evidence for a jet in GW170817 
• First time to see a superluminal motion of a “GRB” jet.



The fast outflow in GW170817

Successful Jet

Top hat jet
Good approx.  
for on-axis cases.

Structured jet

Jet + Cocoon

Central engine origin

Choked Jet
The jet can’t be seen. 
Only the cocoon may break out 
from the ejecta.

No Jet

Fast moving tail of dynamical ejecta

KH&Piran 15, Lazzati+17, Gottlieb+17,18, Xie+18, Zrake+18, Nakar & Piran 18
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Jet Parameters

  

≤5o

15o–25o

n ≈ 10-4 – 5x10-3 cm-3

E ≈ 1049 – 1050 erg

θ
jet

θ
obs

Mooley+KH,18

– 32 –

Fig. 8.— sGRBs of our sample in the Ep � T90, Ep � Flux, and Flux � T90 planes. GRB

170817A is marked with a red star.

– 34 –

Fig. 10.— Eiso as a function of Ep in the burst frame for a sample of sGRB taken from

Zhang et al. (2009). The red star is GRB 170817A. The solid line is the Spearman linear fit

together with its 2� confidence level.
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Figure 7. The 256 ms binned lightcurve of GRB 170817A in the 10–300 keV band for NaI 1, 2, and 5. The shaded regions are

the di�erent time intervals selected for spectral analysis. The inclusion of the lower energies shows the soft tail out to T0+2 s.
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Figure 8. Spectral fits of the count rate spectrum for the [Left] main pulse (Comptonized) and [Right] softer emission (black

body). The blue bins are the forward-folded model fit to the count rate spectrum, the data points are colored based on the

detector, and 2� upper limits estimated from the model variance are shown as downward-pointing arrows. The residuals are

shown in the lower subpanels.
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Figure 7. The 256 ms binned lightcurve of GRB 170817A in the 10–300 keV band for NaI 1, 2, and 5. The shaded regions are

the di�erent time intervals selected for spectral analysis. The inclusion of the lower energies shows the soft tail out to T0+2 s.
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Figure 8. Spectral fits of the count rate spectrum for the [Left] main pulse (Comptonized) and [Right] softer emission (black

body). The blue bins are the forward-folded model fit to the count rate spectrum, the data points are colored based on the

detector, and 2� upper limits estimated from the model variance are shown as downward-pointing arrows. The residuals are

shown in the lower subpanels.

Figure 5: Light curve of GRB 170817A observed by Fermi GBM (top left). Spectrum of the first
spike of GRB 170817A (top right). Comparison of GRB 17817A with Fermi GBM GRBs: the peak
energy and duration (bottom left) and the peak energy and isotropic equivalent energy for short
GRBs (bottom right). The top figures are adopted from Goldstein et al. (2017) and the bottom
figures from Lu et al. (2017).

where M is the mass of the outflow and Eiso is the isotropic-equivalent energy of the spike radiated
in �-rays.

⌧ ⇠ 3M

4⇡R2
, (42)

& 3Eiso

16⇡�t2c4�5
, (43)

⇠ 1

✓
Eiso

2.7 · 1046 erg

◆✓
�t

0.2s

◆�2 ✓�

5

◆�5

. (44)

Therefore, we conclude that GRB 170817A must involve an outflow moving at least � = 5.
This estimate is quite rough, one can do more sophisticated estimates based on the spectrum by
calculating the optical depth due to electron-positron pair production.

3.3 O↵-axis emission

We now discuss whether GRB 170817A can be explained by a normal short GRB seen from o↵-axis.
Causally connected jets (✓j ⌧ 1/�): In this regime, the jet is practically considered as a point

source moving at �. Given the fact that L⌫/⌫3 is a Lorentz invariant in such cases, the observed
flux density as a function of viewing angle is simply given by

F⌫ =
1

4⇡d2
L0
⌫0

�3(1 � � cos ✓obs)3
, (45)
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Viewing angle from VLBI & afterglow

θobs ~ 1/βapp + θj

VLBI image  
 0.25 rad

Light curve  
 ~ 0.1 rad

=> θobs ~0.35 rad ~ 20o



GW + light curve + VLBI => H0

3-4% of a systematic uncertainty due to jet modeling 

the information about the host galaxy NGC4993 (see Methods)15. Figure 2 depicts the poste-84

rior distribution for H0 for a PLJ model and that of the GW-only analysis15, 27. The constraint85

is improved from the GW-only analysis, 74+16
�8 km/s/Mpc, to 68.1+4.5

�4.3 km/s/Mpc (median and86

symmetric 68% credible interval). Also depicted in Figure 2 are the regions determined by the87

Planck CMB3 and SH0ES Cepheid-supernova distance ladder surveys4 respectively. Figure 388

shows the posterior distributions for H0 with the different jet models: hydrodynamics simula-89

tion jet (0.25 < ✓obs

⇣
d

41 Mpc

⌘
< 0.5 rad), PLJ, and GJ models. The medians and 68% credible90

intervals are 70.3+5.3
�5.0, 68.1+4.5

�4.3, and 68.3+4.4
�4.3 km/s/Mpc, respectively, corresponding to a precision91

of 6–7% at 1-� level. These are consistent with that estimated by using the surface brightness92

fluctuation technique applied to NGC 499328. The sources of errors in our analysis are the GW93

data, the shape of the light curve, the centroid motion, and the peculiar velocity of the host galaxy.94

While the constraint on ✓obs is slightly different between the three models, the systematic error95

in H0 due to this difference is much smaller than 7%. This is because the uncertainty in H0 of96

our analysis is dominated by both the GW data and the peculiar motion of NGC 4993 (contrary97

to the GW-only analysis, where the uncertainty in the observing angle is a major source of error).98

Finally, it is important to bear in mind that our result does not depend on the spin prior in the GW99

analysis27 (see Methods).100

Our new analysis, which is based on this single event, improves the H0 measurement to101

a precision of ⇠ 7% but it does not resolve the discrepancy between Planck and SH0ES yet. We102

expect that the precision of the measurement will improve by observing more merger events similar103

to GW170817, i.e, mergers with detectable jet afterglows. In the coming years, several to tens of104

5
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Outline

• Introduction: Binary Neutron Stars 

• What we have learned from multi-wavelength 
observations of GW170817. 

• Some future prospects on VHE gamma-rays from 
mergers.



An Implication to very-high energy γ-rays, CTA
GRB 190114C (MAGIC Collaboration 2019, see also Derishev & Piran 19, Fraĳa+19, Asano+20) 
Sub-TeV emission is found at ~102 sec (early afterglow) by MAGIC. 
- Inverse Compton scattering works to produce very high energy emission.

• Distance ~ 3 Gpc 
• Lorentz fator >~ 100. 
• EK, iso >~ 3 x 1053 erg

Lesson from GRB 170817A (a GRB associated with GW170817) 
X-ray emission is detected by Fermi and INTEGRAL. 
- Seed photos are there. 

• Distance ~ 0.1 Gpc for a typical GW merger 
• EK, iso ~ 1052 erg from GRB 170817A. 

Energetically, very high energy photons may be observable for neutron star merges. 
However, it will be very rare because of a larger Lorentz factor ~ 100.



Up-scattered Sub-TeV emission from mergers

12 Murase et al.
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Figure 10. Light curves of high-energy gamma-rays gen-
erated by external inverse-Compton radiation, for E =
100 GeV. Three different viewing angles (measured from
the jet axis) are considered, and extended emission with
Ta = 102.5 s and plateau emission with Ta = 104 s are as-
sumed as seed photons. The distance is set to d = 40 Mpc.

sufficient for the purpose of this work. For more detailed
evalulation, one needs to calculate the equal-arrival-time
surface for an off-axis observer, taking into account the
anisotropy of inverse-Compton scattering, as well as the
possible jet structure (e.g., Mészáros et al. 1998).
The results are given in Figures 10 and 11. The after-

glow parameters are Ek = 2× 1050 erg, n = 10−3 cm−3,
εe = 0.1, εB = 0.01, s = 2.2, and θj = 0.2. For an
on-axis observer, the duration of the external inverse-
Compton radiation is comparable to Ta. The result-
ing inverse-Compton radiation is so bright that it is de-
tectable up to ∼ 300 Mpc with Fermi-LAT, HAWC,
and current imaging atmospheric Cherenkov telescopes
such as MAGIC, VERITAS, HESS, and CTA in fu-
ture. In particular, CTA is expected to be powerful due
to its high sensitivity of EFE ∼ 10−12 erg cm−2 s−1

at 100 GeV and EFE ∼ 10−13 erg cm−2 s−1 at
1 TeV (Inoue et al. 2013). On the other hand, the dura-
tion of off-axis emission is significantly longer, of order
t ∼ 1 − 10 d for θ ∼ 15 − 30 deg. However, in this
simple top-hat jet model, the expected gamma-ray flux
becomes significantly lower as the viewing angle is larger
than θj .

3.2. Implications from GeV-TeV gamma-ray

observations of GW+EM170817

An MeV gamma-ray counterpart of GW+EM170817
was detected, which is identified with GRB
170817A (Abbott et al. 2017c; Savchenko et al. 2017).
The origin of the MeV gamma-ray emission, which
is under debate, could be, e.g., off-axis jet emission,
or on-axis emission from mildly relativistic outflows
including a cocoon formed by a jet drilling through the
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Figure 11. Gamma-ray spectra corresponding to Figure 10.
For extended emission with Ta = 102.5 s, the spectrum at
t = 102 s is shown (top curve), and the viewing angle is set to
θ = 0 deg. For plateau emission with Ta = 104 s, the spectra
at t = 104 s, t = 2.5 × 104 s, and t = 8.2 × 105 s are shown
(from the second top to bottom), and the viewing angles are
θ = 0 deg, θ = 15 deg, and θ = 30 deg, respectively.

merger ejecta. On the other hand, GeV gamma-rays
associated with GRB 170817A have not been detected
by observations, and there are only upper limits, e.g.,
EFE ∼< 2× 10−9 erg cm−2 s−1 in the 1− 100 GeV range
for tGW + 1153 s to tGW + 2027 s (Ackermann et al.
2017).
For the purpose of searching for long-lasting gamma-

ray emission described in this paper, we have also ana-
lyzed the Fermi-LAT data positionally coincident with
the optical counterpart of the LIGO event (RA =
197.45◦,DEC = −23.3815◦) and temporally selected be-
tween 2017 August 17 to 2017 September 17 (524620805
to 527299205 MET). The analysis was performed with
ScienceTools v10r0p5 using the P8R2 SOURCE V6 in-
strument response function. Events were selected from
within a 21.2◦ × 21.2◦ region, centered on the counter-
part position, defining our region of interest (ROI). Fur-
ther cuts were made by selecting SOURCE class photons
of energies ranging from 0.1 – 300 GeV and filtered for
data-taking periods corresponding to good time inter-
vals using gtmktime. Data were then binned spatially in
0.1◦ sized-pixels and in energy with 34 logarithmically
uniform bins. A 50◦ × 50◦ exposure map was created,
centered on the source position, using the same binning
as the ROI. A larger exposure map was used to account
for potential contributions from sources not in our ROI –
a consequence of Fermi-LAT's large point-source spread-
ing function at low energies.
The region is modelled with all known 3FGL sources

within 25◦ along with the Galactic, gll iem v06, and
isotropic, iso P8R2 SOURCE V6 v06, diffuse emission
templates. Except for the normalization of the vari-

Short GRBs are often followed by extended X-ray emission (t~100s, 1049 
erg/s) or X-ray plateau (t~104s, 1047erg/s, see e.g., Kisaka & Ioka 15). These X-rays 
are upscattered at the forward shock.  
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It would be very bright if we see it on axis.

100 GeV, 40 Mpc 
Ek ~ 2x1050 erg



Figure 1

A summary for the merger and post-merger evolution of binary neutron stars. Mthr and
Mmax,spin denote the threshold mass for the prompt formation of a BH and the maximum mass of
rigidly rotating cold neutron stars, respectively. Their values are likely to be Mthr ⇠> 2.8M� and
Mmax,spin ⇠> 2.4M�. For the total mass m > Mthr, a BH is formed in the dynamical timescale
after the onset of merger, and for the nearly equal-mass case, m1 ⇡ m2, the mass of disks
surrounding the BH is tiny ⌧ 10�2

M�, while it could be ⇠> 10�2
M� for a highly asymmetric

system with m2/m1 ⇠< 0.8. For Mmax,spin < m < Mthr, a hypermassive neutron star (HMNS) is
formed, and it subsequently evolves through several angular-momentum transport processes,
leading to eventual collapse to a BH surrounded by a disk (or torus). See Refs. (69, 70) for the
definition of the HMNS (and SMNS referred to below). When m is close to Mthr, the lifetime of
the MNS is relatively short, while for smaller values of m toward Mmax,spin, the lifetime is longer.
For the longer lifetime, the angular-momentum transport process works for a longer timescale, and
the disk mass could be ⇠> 0.1M�, whereas for a short lifetime, it could be ⇠ 10�2

M� or less. For
m < Mmax,spin, a supramassive neutron star (SMNS) is formed and it will be alive for a
dissipation timescale of angular momentum which will be much longer than the cooling timescale
⇠ 10 s. Note that MNS denotes either a SMNS or a HMNS.

their spin is minor, the total mass (m = m1 + m2), the mass ratio (q = m2/m1 ( 1))

of the system, and the EOS are the key quantities for determining the merger remnant.

For BH-NS binaries, the BH spin as well as the mass ratio and neutron-star EOS are the

key quantities. In the following two subsections, we classify the remnants formed after

neutron-star mergers.

2.1. Binary Neutron Stars

Figure 1 summarizes the possible remnants and their evolution processes for mergers of bi-

nary neutron stars. Broadly speaking, there are two possible remnants formed immediately

after the onset of merger; BH and MNS. A BH is formed if the total mass m is so high that

the self gravity of the merger remnant cannot be sustained by the pressure associated pri-

marily with the repulsive force among nucleons and centrifugal force due to rapid rotation

associated with the orbital angular momentum of the premerger binary.

In the last decade, simulations were performed employing a variety of neutron-star EOSs

(e.g., (73, 74, 75, 76, 43, 77, 78, 79, 80, 38, 37, 52, 49, 39, 81)), of which the maximum mass

of a non-rotating neutron star is consistent with the existence of two-solar-mass neutron

4 Shibata and Hotokezaka
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opacity would be more favorable for long-lived NS rem-
nants.
Studies of Galactic pulsar wind nebulae suggest that

almost all the spin-down power is extracted in the form
of a Poynting flux, and eventually released as non-
thermal nebular emission rather than thermal radiation.
The Poynting-dominated pulsar wind is accelerated to
relativistic speed although its evolution beyond the light
cylinder has been under debate. In this work, follow-
ing Murase et al. (2015) and Omand et al. (2017), we
make the ansatz that microphysical parameters of em-
bryonic pulsar wind nebulae are the same as those of
young pulsar wind nebulae, in which it is assumed that
electrons and positrons are accelerated with a broken
power law with s1 = 1.5 and s2 = 2.5 with a break
Lorentz factor γb = 105. The magnetic energy fraction is
set to εB = 0.003 and the rest of the energy (εe = 1−εB)
is used for the acceleration of electrons and positrons.
In the very early stages of the nebular evolution, non-

thermal emission can be thermalized even inside the neb-
ula (Metzger & Piro 2014; Fang & Metzger 2017). At
late times, given that the pulsar wind is highly relativis-
tic beyond the light cylinder, the pair density quickly
drops, and subsequently the thermalization of non-
thermal photons starts to occur instead in the merger
ejecta. When intra-source electromagnetic cascades do
not occur in the so-called saturated cascade regime, it
is relevant to solve kinetic equations to discuss high-
energy signatures that can escape from the nebula and
ejecta (Murase et al. 2015).
In Figure 5, we show thermal bolometric light curves

of the thermal luminosity, Lth. The ejecta mass and ve-
locity are assumed to be M = 0.02 M! and V = 0.2 c,
respectively. If a long-lived NS exists with Pi ∼ 1 ms,
the energy injection from the pulsar can readily ex-
ceed that from radioactive nuclei unless the magnetic
field is less than ∼ 1010 G. The spin-down time can
be much shorter than the photon breakout time if the
magnetic field is strong enough, in which case the radi-
ation luminosity is not far from that of the radioactive-
decay-powered one. However, the ejecta speed becomes
close to c, which is at least different from the case of
GW+EM170817. The case of B∗ = 5 × 1016 G and
Pi = 10 ms, which is motivated by SGRB extended
emission, keeps the ejecta speed comparable to the orig-
inal ejecta velocity and could put an energy injection at
early times. Even if the long-lived pulsar model does not
explain GW+EM170817, such a long-lived NS remnant
could be born in low-mass NS-NS binaries. Our study
here allows for the possible variety of NS remnants.
In Figure 6, we show spectra of embryonic pulsar

wind nebulae embedded in the merger ejecta. The spec-
tra consist of synchrotron and inverse-Compton com-
ponents, and the latter is dominant in the GeV-TeV
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Figure 5. Thermal bolometric light curves of thermal radi-
ation from a NS-NS merger leading to a long-lived NS. A
possible contribution from the spin-down energy is included.
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Figure 6. High-energy photon spectra of a long-lived pulsar
left as a compact remnant of the NS-NS merger, at t = 106 s
(thick curves) and t = 107 s (thin curves). The distance is
set to d = 40 Mpc.

range (Murase et al. 2015). In the case of B∗ = 1015 G
and Pi = 3 ms, the external inverse-Compton compo-
nent due to up-scattering of thermal photons is promi-
nent, making the broadband spectrum as flat as EFE ∝

const. even beyond E ∼ mec2. Hard X-ray emis-
sion with a very hard spectrum is also expected above
∼ 10− 100 keV. Note that the rotation energy for Pi ∼<
10 ms is Erot ∼> 4× 1051 erg, which can exceed ∼ 5Eej =
(5/2)MV 2 ∼ 4 × 1051 erg (Suzuki & Maeda 2017), so
a wind bubble breakout occurs through Rayleigh-Taylor
instabilities, which allows more X-rays to escape, would
occur. Here Eej is the ejecta kinetic energy. Note that
the gamma-ray attenuation by the extragalactic back-
ground light is not included in this work.
We show the X-ray light curves in Figure 7 and the

radio light curves in Figure 8. Using NuSTAR, with sen-
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Figure 1. Stages for the optical/X-ray emission from a binary NS merger that results in a stable millisecond magnetar remnant. (1) NS binary merges due
to the emission of gravitational radiation. (2) The merger produces a stable millisecond magnetar. Following the merger, a mass Mej ∼ 0.01 − 0.1M# is
ejected with an initial velocity vej ∼ 0.1 c, encompassing the magnetar in a quasi-spherical shell. (3) Magnetar wind dissipates its energy behind the expanding
ejecta, producing a nebula of e± pairs and non-thermal photons. Non-thermal UV and X-ray photons thermalize via their interaction with the ejecta walls. This
thermalization process is in some cases suppressed due to the large pair optical depth through the nebula, which decreases the effective rate that non-thermal
photons transfer their energy to the surrounding ejecta. Nebular X-rays drive an ionization front (red dashed line) outwards through the ejecta. (4) On a
timescale ∼ tejd,0 ∼ several hours to days, optical and X-ray photons diffuse out of the nebula, producing luminous emission.

formed with a millisecond rotation period and a strong magnetic
dipole field Bd ∼> 10

14 G. Initially the magnetar is surrounded by a
centrifugally-supported accretion disk, but most of this disk either
accretes or is unbound by outflows on a relatively short timescale ∼<
seconds (Metzger et al. 2008; Dessart et al. 2009; Lee et al. 2009;
Fernández & Metzger 2013). Within a few seconds following the
merger, the magnetar is thus surrounded by an expanding shell of
ejecta with mass Mej ∼ 0.01 − 0.1M# and initial velocity v ∼ 0.1c
(Stage 2).

Assuming that the inertia of the ejecta is sufficient to sti-
fle the formation of a jet (eq. [2]), the energy of the magnetar
wind is dissipated behind the ejecta via shocks or magnetic re-
connection (as is observed to occur in normal pulsar wind nebu-
lae; Kennel & Coroniti 1984), forming a hot nebula of photons and
electron/positron pairs (Stage 3). At early times this nebula is small
and opaque. Most injected energy is lost to PdV work, causing the
ejecta to accelerate to velocities v ∼ c on a timescale comparable
to the pulsar spin-down time ∼ minutes−hours. In such an envi-
ronment newly-injected pairs rapidly lose their energy to inverse
Compton scattering and synchrotron radiation. This hard radiation
in turn produces more pairs, resulting in a ‘cascade’ of pair pro-
duction and a non-thermal X-ray spectrum Jν ∝ ν−α with α ≈ 1
(Svensson 1987).

Nebular X-rays that encounter the ejecta walls are either re-
flected or absorbed, depending on the albedo of the ionized layer
that separates the nebula from the outer neutral ejecta. The albedo
in turn depends on the ionization state of the layer, which itself de-
pends on the irradiating X-ray flux. The efficiency with which the
pulsar X-rays are thermalized depends not only on the absorption
efficiency of the ejecta, but also on the very presence of pairs in
the nebula. When the pair optical depth of the nebula is high, then
X-rays from the pulsar lose a substantial fraction of their energy
to PdV work before they can cross the nebula to be thermalized
at the ejecta walls. As we will show, the effects of (1) a realistic
ejecta albedo and (2) a high pair optical depth, can substantially
reduce the optical luminosity in comparison to models that assume
the pulsar luminosity is thermalized with high efficiency.

As the ejecta expands, its optical depth decreases. Once the
photon diffusion timescale becomes shorter than the expansion
timescale, photons are able to escape the nebula. At optical wave-
lengths where the opacity is relatively low, this transition occurs on
a timescale of several hours to days. At X-ray wavelengths, how-

ever, the bound-free opacity remains orders of magnitude higher
because the ejecta recombines to become neutral as it expands and
cools. If the ejecta remains neutral X-rays are effectively trapped
on time-scales of interest. However in many cases the nebular X-
rays are sufficiently luminous to re-ionize the ejecta, after which
time the X-ray opacity is instead set by the much lower value due
to Thomson scattering. Ionization, if it occurs, thus allows X-rays
also to escape the nebula on a time-scale which is is typically com-
parable to the time of peak optical emission. At later times, as
the ionized ejecta becomes optically thin, X-rays are thermalized
with decreasing efficiency. Emission thus becomes dominated by
the non-thermal radiation, with its total luminosity tracking the de-
caying pulsar spin-down power ∝ t−2.

3 MODEL

In this section we describe our model for the evolution of mil-
lisecond magnetar wind nebulae following binary NS mergers. The
model is similar to that developed by Metzger et al. (2013) for
superluminous supernovae, but is applied here to different physi-
cal conditions corresponding to a much lower ejecta mass, higher
ejecta velocity, and a NS with a stronger magnetic field. This pro-
vides the basic ingredients that will be used in the evolution equa-
tions we present in the §4.

3.1 Merger Ejecta

The merger site is surrounded by an envelope of mass Mej =

10−2M−2M# moving outwards with an initial velocity vej,0 = cβ0 ∼
0.1 c and density profile

ρej(r, t) =
3
4π

Mej

R(t)3
, (3)

where R is the characteristic radius of the ejecta. A uniform density
profile is assumed for simplicity since our results are not particu-
larly sensitive to the precise radial mass distribution.

The ejecta includes both matter which is unbound dynam-
ically during the merger itself (‘tidal tails’) and that produced
subsequently by outflows from the accretion disk or remnant NS
(Dessart et al. 2009; Metzger et al. 2012). The tidal tails are con-
centrated primarily in the plane of the original orbit, although
the effects of self-similar expansion (Roberts et al. 2011) and

c© 2012 RAS, MNRAS 000, 1–??
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A millisecond pulsar remnant after merger is also an interesting target.

t=106s,  D=40 Mpc



Summary
• A very weak short GRB was observed 1.7 s after GW170817. 

The required Lorentz factor is just a few. 

• The superluminal motion of the jet in GW170817 is observed. 
It helps to estimate the jet’s energy and viewing angle.  

• The total kinetic energy of the jet is sufficiently large to 
produce a typical short GRB. 

• If we see a GW neutron star merger on axis. We may be able 
to see VHE gamma-rays. 

• A millisecond pulsar remnant after merger may  produce 
isotropic VHE gamma-ray emission.

Thank you !!!


