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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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    Multi-Messenger 
 
GW detector triggered； 
 
1.7s later, Fermi／GBM 
Detect a Short GRB; 
 
10 hours later, an optical 
IR counterpart detected; 
 
9 days later，Chandra find 
a X-ray counterpart; 
 
16 days later, VLA detected 
a radio counterpart. 
 

GW170817: First NS-NS Merger Detection 

Abbott et al. 2017，PRL	



BNS mergers could be used to …	
p  Measure Hubble Constant H0 

p  Test Gravity Theory 

p  Constrain NS EoS 

p  Study the Origin of Heavy Elements 

p  Study the Properties of Short Gamma-ray Bursts 
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Neutron Star / Quark Star  
Equation of State 

Lattimer, 2012, ARAA 

BNS mergers for Constraining EoS 



Neutron Star / Quark Star  
Equation of State 

BNS mergers for Constraining EoS 
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p  Gravitational waves provide 
tidal deformability of NS, which 
could constain NS radius. 

 

Annala, 2018, PRL 



Neutron Star / Quark Star  
Equation of State 

Lattimer, 2012, ARAA 

p  Sufficiently large observed NS 
masses could set interesting 
lower limits to MTOV, which 
could help ruling out soft EoSs. 
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Neutron Star / Quark Star  
Equation of State 

Lattimer, 2012, ARAA 

p  BNS mergers are proposed to 
place stringent constraints on 
NS maximum mass, it could be 
lower limits or upper limits. 

BNS mergers for Constraining EoS 

Mmax?�
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Ms: gravitational mass of the merger remnant
MTOV: maximum mass for non-rotating NS
Mmax: maximum NS mass taking rotation into account 

Merger remnant mass 	

Remnant being BN/NS 	

Tight constraints on MTOV	

NS MTOV constraint from NS-NS mergers 



Merger Remnant Mass Ms 	

GW	 Mtot	 KN	 Mej	
Ms=Mtot-Mej	



Current GW detectors cannot determine 
remnant being NS/BH 



Improving GW detector or post-merger waveforms 

p  3rd Generation 
Detector 

p  kHz Detector 

Miao et al. 2018, PRD 

Easter et al. 2018 

Fast and Reliable 
Waveforms	



Metzger & Berger (2012) 

Short GRB �
Multi-wavelength afterglow 
~hours, days�
Li-Paczyński Nova 
   (Macronova, Kilonova) �

Optical flare 
~ days， weeks�

Ejecta-ISM interaction shock �
Radio 
~years�

Li & Paczyński, 1998 
Metzger et al .2010 

Nakar & Piran, 2011 

EM signature when remnant being BH 



EM signature when remnant being NS 

Gao+ 2013 ApJ  

Jet-ISM shock (Afterglow)�

Shocked ISM�

Ejecta �

SGRB�

Radio 
Optical 
X-ray�

X-ray�

X-ray�

Poynting 
flux �

MNS�

SGRB?�
Late central engine activity 
~Plateau & X-ray flare�
Orphan X-ray Plateau �

1000 ~10000 s �

Ejecta-ISM shock with Energy Injection �
Multi-band transient, ~hours to even years�

Zhang, 2013 ApJL 

Li-Paczyński Nova      Merger-Nova 
Yu, Zhang & Gao 2013 ApJL 

  

Gao+ 2013 ApJ, Wang & Dai 2013 ApJL 
  



Agree to disagree 

Evidence for BH as remnant: 
– There was a GRB  
– Kilonova is “kilo” and the kinetic energy inferred from sGRB or 

ejecta afterglow is small (A supramassive NS would inject a huge 
mount of energy to the ejected material, and GRB jet (~1052ergs) 

– No evidence of a magnetar (e.g. no internal plateau in X-ray) 
If you believe: 

– Long-lived NS never be the central engine for any GRB 
– Secular GW radiation would not take away too much energy 



Agree to disagree 

Evidence for NS as remnant: 
– X-ray plateau with/without SGRB association �
– Kilonova (1041erg/s) becomes 10-100 times brighter (1042-43erg/s) or 

kinetic energy inferred from sGRB or ejecta afterglow is large  
(~1052ergs) 

– Late central engine activity, such as late X-ray flare 

If you believe: 
– BH central engine can never give internal plateau signature in X-ray 
– There are upper limits for the mass of ejected material, so that there 

are upper limits for the bright of r-process powered kilonova 



NS vs BH:  SGRB with plateau feature in X-ray afterglow 
 

(11) of Zhang et al. (2007a) to derive EK,iso. In some cases, the
spectral regime ν ν ν< <m c is inferred and Equation (13) of
Zhang et al. (2007a) is adopted to derive EK,iso

In order to place an upper limit of EK,iso for the Internal
sample GRBs without a detected external shock component,
one needs to assume the spectral regime and decay slope of the
normal decay. To do so, we perform a statistical analysis of the
decay slope and spectral index in the normal decay phase using
the External and Non samples (Figure 6). Fitting the
distributions with a Gaussian distribution, we obtain center
values of α = ±1.21 0.04c0, and β = ±0.88 0.05X c, . We
adopt these values to perform the calculations. Since
α β≈2 3 X0 is roughly satisfied, the spectral regime belongs to

ν ν ν< <m c, and Equation (13) of Zhang et al. (2007a) is again
used to derive the upper limit of EK,iso.

In our calculations, the microphysics parameters of the
shocks are assigned to standard values derived from the
observations (e.g., Panaitescu & Kumar 2002; Yost
et al. 2003): �e = 0.1 and =� 0.01B . The Compton parameter
is assigned to a typical value of Y= 1. The calculation results
are shown in Table 2.

After obtaining the break time tb through light curve fitting,
we derive the bolometric luminosity at the break time tb:

=L πD F k4 · , (2)b L b
2

where Fb is the X-ray flux at tb and k is the k-correction factor.
For the Internal sample, we derive the isotropic internal plateau
energy, EX,iso, using the break time and break luminosity (Lü &
Zhang 2014), i.e.,

≃ +E L
t

z
·

1
. (3)X b

b
,iso

This energy is also the isotropic emission energy due to internal
energy dissipation.
Comparisons of the statistical properties of various derived

parameters for the Internal and External samples are presented
in Figure 7. Figures 7 (a) and (b) show the distributions of the
internal plateau luminosity and duration. For the External
sample, no internal plateau is detected and we place an upper
limit on the internal plateau luminosity using the observed
luminosity of the external plateau. The internal plateau
luminosity of the Internal sample is ∼ −L 10 ergs sb

49 1. The
distribution of the upper limits of Lb of the External sample
peaks at a smaller value of ∼ −L 10 ergs sb

47.5 1. This suggests
that the distribution of internal plateau luminosity Lb has an
intrinsically very broad distribution (Figure 7(a)). The
distribution of the duration of the plateaus for the Internal
sample peaks around 100 s, which is systematically smaller
than the duration of the plateaus in the External sample, which
peaks around 103.3 s. In Figures 7(a) and (b), we also compare

Figure 3. Ensemble of X-ray light curves (0.3–10 keV) of the GRBs in our Internal sample with EE, Internal sample without EE, External sample, and Non sample.
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p  Swift 10 years: 96 SGRBs  
p  30/96 (32%) with plateau,  
 21/96 (22%) with “internal plateau” 

Chincarini et al. 2005; Nousek et al. 2006), reflecting some
common underlying physics of GRBs:

1. In most cases (e.g., GRB 050126 and GRB 050219A), a
steep decay is observed up to several hundred seconds after the
burst trigger, which is followed by amore conventional, shallower
decay (Tagliaferri et al. 2005; Goad 2006). This conclusion is
drawn by choosing the GRB trigger time as the zero time point
(t0). At later times (e.g., t ! t0 3T90, where T90 is the duration of
the GRB), the afterglow decay slope d ln F!/d ln (t ! t0) is essen-
tially independent of the adopted t0. However, at early times (e.g.,
t ! t0 not much larger than T90), the measured decay slope could
be very sensitive to the assumed t0. Tagliaferri et al. (2005) ex-
plored the t0 effect and concluded that the two distinct light-curve
segments are likely intrinsic rather than due to a poor choice of t0.
Furthermore, in some cases, the steep decay segment also has a
different spectral index (e.g., for GRB 050319; Cusumano et al.
2006). Usually it also connects to the spectral extrapolation of the
BAT prompt emission light curve smoothly (Barthelmy et al.
2005a). All of these facts indicate that the steep decay component
is a distinct new component that may be unrelated to the conven-
tional afterglow component.

2. In a good fraction of GRBs (e.g., GRB 050128, Campana
et al. 2005; GRB 050315, Vaughan et al. 2006; GRB 050319,
Cusumano et al. 2006; GRB 050401, De Pasquale et al. 2006), the
early X-ray afterglow is characterized by a shallow-to-‘‘normal’’
transition. During the transition the spectral index is not changed.
The decay slope after the break (e.g., approximately !1.2) is
consistent with the standard ISM afterglow model, while the de-
cay slope before the break is usually much shallower (e.g., ap-
proximately !0.5).

3. In some cases (e.g., GRB 050315; Vaughan et al. 2006), a
further steepening is detected after the normal decay phase, which
is consistent with a jet break.

4. Bright X-ray flares have been detected in the early X-ray
light curves of nearly one-half of the burst population (e.g., GRB
050406, GRB 050202B; Burrows et al. 2005a; Romano et al.
2006; Falcone et al. 2006). In particular, the X-ray afterglow of
the short-hard burst GRB 050724 also shows at least three flares
(Barthelmy et al. 2005b). The flares typically happen hundreds
of seconds after the trigger or earlier, but in some cases they oc-
cur around a day after the trigger (e.g., GRB 050502B, Falcone
et al. 2006; GRB 050724, Barthelmy et al. 2005b). The ampli-
tudes of the flares are usually larger than the underlying after-
glow component by a factor of several (e.g., a factor of 6 in GRB
050406; Burrows et al. 2005a; Romano et al. 2006) but can be
much larger (e.g., "500 in the case of GRB 050202B; Burrows
et al. 2005a; Falcone et al. 2006). A similar feature was evident
for GRB 011121 detected by BeppoSAX (Piro et al. 2005).

In summarizing the current X-ray afterglow data, one can ten-
tatively draw a synthetic cartoon light curve in the X-ray band,
which consists of five components (see Fig. 1): ( I) an initial steep
decay (with a typical slope approximately !3 or steeper); ( II) a
shallower than normal decay (with a typical slope approximately
!0.5); ( III) a normal decay (with a typical slope approximately
!1.2); ( IV) a late steeper decay (with a typical slope approxi-
mately !2); and (V) one or more X-ray flares. We note that
Nousek et al. (2006) also arrived at a similar schematic diagram
that includes the segments I, II, and III in our cartoon picture (see
their Fig. 3). Limited by the quality of the data, the current anal-
yses indicate that the spectral indices remain unchanged in seg-
ments II, III, and IV, with a typical value of "X " 1 (FX / !!"X ;
Nousek et al. 2006). In some bursts, segments I and II have
different spectral indices (e.g., GRB 050319; Cusumano et al.

2006). In some cases, a time evolution of the spectral index has
been detected (e.g., in the giant flare of GRB 050502B; Falcone
et al. 2006). In Figure 1 we have indicated the typical temporal
index for each segment. Throughout the paper the transition times
between the adjacent segments for the four light-curve segments
are denoted as tb1, tb2, and tb3, respectively.

In this paper we systematically study the physical processes
that shape an early X-ray light curve and discuss possible the-
oretical interpretations of the above phenomena. In x 2 we dis-
cuss the GRB tail emission arising from high angular latitude
relative to the viewing direction, which takes longer to reach the
observer due to the extra distance it travels, as a conical (or spher-
ical) shell suddenly stops shining. This is the so-called curvature
effect (Fenimore et al. 1996; Kumar & Panaitescu 2000b; Dermer
2004; Dyks et al. 2005). In x 3 we review the main emission prop-
erties from the external forward shock region in the X-ray band,
summarizing the temporal and spectral indices expected in the
X-ray band for both the ISM and the wind models. Furthermore,
we also discuss the case of a continuously refreshed shock and its
three possible physical mechanisms. Several case studies are in-
vestigated to reveal an intriguing refreshed shock phase com-
monly present in many bursts. In x 4 we briefly discuss whether
and how the reverse shock emission would influence the X-ray
band emission. In x 5 we explore various mechanisms that might
give rise to the X-ray flares observed in many bursts (e.g., GRB
050406 and GRB 050202b) and conclude that the phenomenon is
best interpreted as due to a late central engine activity. Our con-
clusions are summarized in x 6.

2. GRB TAIL EMISSION AND THE CURVATURE EFFECT

2.1. GRB Tail Emission

The temporal bridge between the GRB prompt emission and
the afterglow emission is essential for revealing whether the
prompt emission and the afterglow originate from the same com-
ponent. The earliest GRB relativistic shock model invoked the
external shock as the site for prompt gamma-ray emission (Rees

Fig. 1.—Synthetic cartoon X-ray light curve based on the observational data
from the Swift XRT. The phase ‘‘0’’ denotes the prompt emission. Four power-
law light-curve segments together with a flaring component are identified in the
afterglow phase. Segments I and III are most common, and they are marked with
solid lines. The other three components are only observed in a fraction of bursts,
so they are marked as dashed lines. Typical temporal indices in the four seg-
ments are indicated in the figure. The spectral indices remain unchanged for
segments II, III, and IV, with a typical value of "X " 1 (FX / !!"X ). Segment I
sometimes has a softer spectrum (e.g., "X " 1:5), but in some other cases it has a
similar spectral index as the other three segments. The flares (segment V) have
similar spectra as segment I, and time evolution of the spectral index during the
flares has been observed in some bursts (e.g., GRB 050502B).

SWIFT XRT OBSERVATIONS OF GRB AFTERGLOWS 355

zhang et al. 2016, ApJ 

plateau	
normal	

“Smoking gun”	

Internal plateau:  
plateau followed 
by a decay index 
steeper than 3.  t: 100-1000s	
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FIG. 1.— Modeling results for the broad-band observations of GRB 050724 (left panel), GRB 070714B (middle panel) and GRB 061006 (right panel). The blue
and red colors denote X-ray and optical, respectively. Detections are denoted as dots or diamonds with error bars, and upper limits are denoted by downwards
arrows. The blue and red dashed lines represent the GRB afterglow emission in the X-ray and optical bands, respectively; blue and red dotted dash lines represent
the merger-nova emission in the X-ray and optical band, respectively; the green dashed line denotes the evolution function of the magnetar spin-down radiation
luminosity; the light blue dashed line denotes the late magnetar wind dissipation emission. The blue and red solid lines denote the sum of various emission
components in the X-ray and optical bands, respectively.

3.4. Summary

The late time optical data of all three GRBs show a com-
mon feature of re-brightening, which can be well interpreted
as the presence of a magnetar-powered merger-nova in each
of them. The X-ray behaviors of the three bursts, on the other
hand, are completely different. For instance, unlike GRB
050724, GRB061006 did not show a late re-brightening fea-
ture in the X-ray band, suggesting that the magnetar may have
collapsed into a black hole before the surrounding ejecta be-
comes transparent4. On the other hand, the XRT light curve
of GRB 070714 shows small flaring features superposed on
the fading power-law behavior, which dose not exist for GRB
050724 and GRB 061006. The flaring is consistent with the
erratic activity of a magnetar. Because of these repeated activ-
ities, the funnel punched by the jet never completely closes in
contrast to GRB 050724 and GRB 080503. This can also ex-
plain the lack of a very steep decay phase in this burst, in con-
trast to the other two GRBs. In any case, all three cases can
be interpreted within the framework of the magnetar-powered
merger-nova model.

It is worth noting that the late optical data points for GRB
061006 are close to each other in log space, and the last data
is possibly contaminated by the host galaxy (Malesani et al.
2006b). Taking into account that the X-ray light curve of GRB
061006 behaves as a simple power-law decay without any ad-
ditional features after the initial decay phase, we put GRB
061006 as a less robust case compared with GRB 050724 and
GRB 070714B.

4. CONCLUSIONS AND DISCUSSION

In this work, we carry out a complete search for magnetar-
powered merger-nova from the short GRB data. With the
three criteria we set up (extended emission / internal plateau,
late time high-quality X-ray and optical data, and redshift), we
are left with three bursts i.e., GRB 050724, GRB 070714B,
GRB 061006. Interestingly, all three bursts exhibit chromatic
behaviors in late optical and X-ray observations, suggesting

4 In the interpretation of GRB 070714B and GRB 061006, we invoke the
magnetar collapsing time as an additonal free parameter tcol. We find that the
adopted value of tcol barely affects the final results as long as it is much larger
than the spin down timescale of the magnetar but smaller than the transparent
timescale of the ejecta.

TABLE 1
MODEL PARAMETERS TO INTERPRET THE BROADBAND DATA OF GRB

050724, GRB 070714B AND GRB 061006

Magnetar and ejecta parameters

B (G) Pi (ms) Rs (cm) Mej (M⊙) vi/c κ (cm2 g−1)
GRB 050724 6× 1015 5 1.2× 106 10−3 0.2 1

GRB 070714B 1× 1016 2.5 1.0× 106 10−2 0.2 1
GRB 061006 5× 1015 2 1.0× 106 10−2 0.2 1

Jet and ambient medium parameters

E (erg) Γ0 n (cm−3) θ (rad)
GRB 050724 3.9× 1050 200 0.1 0.2

GRB 070714B 1052 95 0.01 0.2
GRB 061006 1.6× 1052 200 0.1 0.2

Other parameters

ϵe ϵB p ξ

GRB 050724 0.025 0.001 2.3 0.01
GRB 070714B 0.06 0.0002 2.6 0.1
GRB 061006 0.015 0.00003 2.1 0.01

that the X-ray and optical data are contributed by different
emission components. In particular, the late optical data of
the three bursts all show a clear bump, which is consistent
with the presence of a merger-nova. The X-ray data of the
three bursts show different behaviors (GRB 050724 has an
early steep decay and late re-brightening; GRB 070714B does
not have a very steep decay phase but has flaring along the
way; GRB 061006 has an early steep decay but no late re-
brightening), but can be all understood within the framework
of a magnetar central engine. We find that with standard pa-
rameter values, the magnetar remnant scenario can well in-
terpret the multi-band data of all three bursts, including the
extended emission and their late chromatic features for X-ray
and optical data.

The fact that all three internal-plateau short GRBs with red-
shift measurement and late X-ray/optical observations have
merger-nova signatures suggest that short GRBs with inter-
nal plateaus are indeed powered by a magnetar central en-
gine. We therefore encourage intense late-time multi-color
optical follow-up observations of short GRBs with extended
emission/internal plateau to identify more magnetar-powered
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FIG. 2.— Peak luminosity for all claimed “kilo-novae" and magnetar-
powered merger-novae.

merger-novae in the future.
It is interesting to compare the properties of magnetar-

powered merger-novae and the r-process powered merger-
novae claimed in the literature. In Figure 2, we present the
peak luminosities of all claimed cases, compared with the typ-
ical luminosities of novae, supernovae, and super-luminous
supernovae. One can see that the three r-process powered
merger-novae associated with GRB 050709, GRB 060614,
and GRB 130603B indeed have peak luminosities about 1000
times of that of a typical nova. The three magnetar-powered
merger-novae claimed in this paper, on the other hand, are sys-
tematically brighter by more than one order of magnitude, so
that the term “kilo-nova” cannot catch the properties of these
events. The two populations are clearly separated from each
other. More late-time follow-up observations of short GRBs
are needed to quantify the fraction of NS-NS mergers with a
magnetar merger product.

To interpret the data of GRB 050724, we need a rela-
tively large value of the initial spin period of the magnetar
Pi = 5 ms. In this case, the total energy budget of the mag-
netar power is relatively small, ∼ 1051 ergs. This may be
due to gravitational wave radiation loss during the merger
process (Radice et al. 2016) or after the merger due to the
large deformation of the magnetar (Fan et al. 2013b; Gao et al.
2016; Lasky & Glampedakis 2016). Most recently, Fong et al.

(2016) studied the long-term radio behavior of GRB 050724
with the Very Large Array, and placed a stringent limit of
Emax ≈ (2 − 5)× 1051 erg on the rotational energy of a sta-
ble magnetar. This is consistent with our results. However,
we notice that the limit in Fong et al. (2016) is placed by as-
suming ϵB = 0.1, a relatively extreme value for ϵB in GRB af-
terglow modeling (Kumar & Zhang 2015; Wang et al. 2015).
We adopt ϵB = 0.001 to interpret the afterglow data of GRB
050724, in this case, the constraint on the rotational energy
would become much looser, e.g., Emax could be larger than
1052 erg (Fong et al. 2016).

Taking into account GRB 080503, we now have 4 candi-
dates of magnetar-powered merger-nova. Among the sample,
GRB 080503 and GRB 050724 show late re-brightening fea-
ture in the X-ray band, indicating a stable magnetar (at least
stable up to 105 s) as the central engine. For GRB 070714B
and GRB 061006, the supra-massive NSs seem to have col-
lapsed to black holes before their surrounding ejecta become
transparent (collapse before 105 s). Although the sample is
small, the ratio between stable magnetars and supra-massive
magnetars is roughly 1 : 1, which is consistent with the re-
sults predicted in Gao et al. (2016), where a neutron star EoS
with a maximum mass close to a parameterization of Mmax =
2.37M⊙(1 + 1.58× 10−10P−2.84) is adopted. A larger sample
of magnetar-powered merger-novae in the future could give
more stringent constraints on the EoS for neutron matter.

With the current sample, some simple statistics may be ob-
tained. For instance, for the central magnetar, the values of
initial spin period spans from 2 ms to 5 ms, and the dipolar
magnetic field of strength span from 5×1015 G to 1016 G. The
mass of the ejecta material spans from 10−3 M⊙ to 10−2 M⊙.
A larger sample in the future would increase the statistics
and shed light into the detailed properties of the binary NS
merger products, both the central magnetar and the surround-
ing ejecta.
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21 SGRBs with internal plateau; 
3/21 with high quality late data  
and z measurement; 
3/3 show brighter kilonova	

NS vs BH:  Kilonova becomes 10-100 times brighter 

GW170817	

Gao et al. , 2017 ApJ, 837, 50 �



GW170817: cannot determine BH or NS 

GW170817	

Optical luminosity is just in 
between BH and NS cases  	
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properties of GRB 170817A (see Methods). Instead, a structured jet 
profile, where the outflow energetics and Lorentz factor vary with the 
angle from the jet axis, can explain both the GRB and afterglow prop-
erties (Extended Data Fig. 3). Alternatively, the low-luminosity γ-ray 
transient may not trace the prompt GRB emission, but come from a 
broader collimated, mildly relativistic cocoon29.

Another independent constraint on the off-axis geometry comes 
from the spectral and temporal evolution of the kilonova light curves 
(Fig. 3b). The luminous and long-lived optical emission implies that the 

observer intercepts a substantial contribution from the wind compo-
nent along the polar axis, which would be shielded by the lanthanide- 
rich ejecta for an edge-on observer along the equatorial plane (Fig. 4).  
A comparison between the kilonova models30 and our optical- 
infrared photometry favours an off-axis orientation, in which the 
wind is partially obscured by the dynamical ejecta, with an estimated 
inclination angle anywhere between 20° and 60° (Extended Data  
Fig. 4), depending on the detailed configuration of the dynamical 
ejecta. Taking into account the uncertainties in the model, such as the 
morphologies of the ejecta and the possible different types of wind, 
this is in good agreement with the orientation inferred from afterglow 
modelling. The geometry of the binary merger GW170817 (Fig. 4), 
here primarily constrained through electromagnetic observations, 
could be further refined through a joint analysis with the gravitational- 
wave signal.

The discovery of GW170817 and its X-ray counterpart shows that 
the second generation of gravitational-wave interferometers will enable 
us to uncover a new population of weak and probably off-axis GRBs 
associated with gravitational-wave sources, thus providing an unprece-
dented opportunity to investigate the properties of these cosmic explo-
sions and their progenitors. This paves the way for multi-messenger 
(that is, electromagnetic and gravitational-wave radiation) modelling 
of the different aspects of these events, which may potentially help to 
break the degeneracies that exist in the models of neutron-star mergers 
when considered separately.

Online Content Methods, along with any additional Extended Data display items and 
Source Data, are available in the online version of the paper; references unique to 
these sections appear only in the online paper.
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Figure 3 | Multi-wavelength light curves for the counterpart of 
GW170817. a, Temporal evolution of the X-ray and radio counterparts 
of GW170817 compared to the model predictions (thin solid lines) for a 
short GRB afterglow viewed at an angle θv ≈ 28°. The thick grey line shows 
the X-ray light curve of the same afterglow as seen on-axis, falling in the 
typical range15 of short GRBs (vertical dashed line). Upper limits are 3σ. 
b, Temporal evolution of the optical and infrared transient AT 2017gfo 
compared with the theoretical predictions (solid lines) for a kilonova seen 

off-axis with viewing angle θv ≈ 28°. For comparison with the ground-
based photometry, Hubble Space Telescope measurements (squares) were 
converted to standard filters. Our model includes the contribution from a 
massive, high-speed wind along the polar axis (Mw ≈ 0.015M⊙, v ≈ 0.08c) 
and from the dynamical ejecta (Mej ≈ 0.002M⊙, v ≈ 0.2c). The presence of 
a wind is required to explain the bright and long-lived optical emission, 
which is not expected otherwise (see dashed line).
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Figure 4 | Schematic diagram for the geometry of GW170817. Following 
the neutron-star merger, a small amount of fast-moving neutron-rich 
ejecta (red shells) emits an isotropic kilonova peaking in the infrared.  
A larger mass neutron-free wind along the polar axis (blue arrows) produces 
kilonova emission peaking at optical wavelengths. This emission, although 
isotropic, is not visible to edge-on observers because it is only visible 
within a range of angles and otherwise shielded by the high-opacity ejecta. 
A collimated jet (black solid cone) emits synchrotron radiation visible at 
radio, X-ray and optical wavelengths. This afterglow emission outshines 
all other components if the jet is seen on-axis. However, to an off-axis 
observer, it appears as a low-luminosity component delayed by several 
days or weeks.
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X-ray observation starts 
 too late  	



Future GW Cases 

Optical transient with much 
lower or higher luminosity  	

Early X-ray afterglow observation 

Einstein Probe Weimin Yuan

Figure 3: (left) Layout of the Einstein Probe satellite. (right) Illustration of the field-of-view and pointed
observations in one orbit.
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What’s MTOV from GW170817 / GRB 170817A? 

¨  MTOV <~ 2.5 M⊙: if the remnant was a 
BH or hypermassive NS; 

¨  MTOV ~ (2.3-2.4) M⊙: if the remnant 
was a supramassive magnetar with 
“typical” parameters surviving ~300 
seconds; 

¨  MTOV ~ (2.3-2.5) M⊙: if the remnant 
was still active ~1 day  

¨  MTOV ~ 2.5 M⊙: if active at ~155 
days, unless the NS parameters are 
very abnormal (low B, low ∊)  
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Constraints on MTOV with SGRB Data 

p  Part of (or all) SGRBs are from NS-NS mergers 
p  Given mass distribution of NS-NS systems 
p  Internal plateau indicates supra-massive NS as merger remnant 
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p  Part of (or all) SGRBs are from NS-NS mergers 
p  Given mass distribution of NS-NS systems 
p  Internal plateau indicates supra-massive NS as merger remnant 
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Mass Distribution of NS-NS Systems 

¨  Cosmological NS-NS systems have the same mass distribution as the 
observed Galactic system; 

Lattimer & Prakash (2010) 



EoS Parameterization	

  Mmax = MTOV (1+αPβ )

  Mmax :

  MTOV :

  P :

maximum gravitational mass  

maximum gravitational mass  
for a nonrotating NS �
spin period �

Constraints on MTOV with SGRB Data 

22% �

Gao et al., 2016 PRD, 93, 044065 
Li et al., 2016 PRD,  94, 083010�

Bottom line: MTOV >~ 2.3 M⊙    

We theoretically calculate, for any given initial spin
period Pi ≤ PK, the upper bound Msup for the mass
of the supramassive NS/QS, by solving ½ðMsup −
MTOVÞ=ðαMTOVÞ$1=β ¼ Pi deduced in the last section.

Setting the lower bound as the nonrotating maximum mass
MTOV, we can finally evaluate the supramassive NS/QS
fraction based on the M ¼ 2.46þ0.13

−0.15M⊙ mass distribution
[10]. This is done for all employed NS/QS EoSs. The
results are shown in Fig. 3. One can see that all except the
BCPM NS EoS can reproduce the 22% fraction constraint
(with slightly different required Pi). In the following, we
omit the BCPM EoS.

VI. COLLAPSE TIME SIMULATION OF
SUPRAMASSIVE NSS/QSS

Previously, when confronting Swift observations of the
internal plateaus sample with several matched NS EoSs
[10], Ravi and & Lasky [9] and Gao et al. [7] found that,
although the star parameters can be reasonably constrained,
the predicted break time tb of NSs is always too wide
compared with the data. In this section, we apply our
previous Monte Carlo simulations [7] to the new EoSs for
both NSs and QSs studied in this paper. The results are
shown in Fig. 4 and Table II.
By requiring that the P values of the Kolmogorov-

Smirnov (KS) tests of all three distributions (tb, Lb, and
Etotal) are larger than 0.05 as the criteria for reproducing
the observations, we list the constrained ranges for the
NSs’(QSs’) parameters: an ellipticity ε as low as 0.002
(0.001), an initial spin period Pi commonly close to the
Keplerian limit PK, a surface dipole magnetic field of
Bp ∼ 1015 G, and an efficiency of η ¼ 0.5–1 related to the
conversion of the dipole spindown luminosity to the
observed x-ray luminosity. The results with the best P
values for the KS tests are listed in brackets. In the last
column, we show PbestðtbÞ, the best values only for the tb
distribution. It is clear that the KS test for the tb
distribution is indeed improved from Ref. [7]. In particu-
lar, as one can see from Fig. 4, the tb distributions in the
QS scenarios are more concentrated, which provides a
better agreement with the observed ones. The required Pi
for QSs is also larger (longer than 1 ms), which is
consistent with the recent numerical simulations of NS-
NS mergers that show a significant GW is released during
the merger phase [32]. Also, a slightly lower and more

FIG. 3. Theoretical estimations of the supramassive star frac-
tion based on four cases of unified NS EoSs and three cases of QS
EoSs, as compared with the observed 22% constraint. Previous
calculations [7] using the APR NS EoS model are also shown for
comparison.
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FIG. 4. Simulated collapse time distributions with three unified
NS EoSs and three QS EoSs, as compared with the observed one
(dashed curve).

TABLE II. Simulated parameter ranges for supramassive NS/QS properties from the Swift internal plateaus sample with EoS models
(except BCPM) from Table I. Here, ε, Pi, Bp, and η are the ellipticity, the initial spin period, the surface dipole magnetic field, and the
radiation efficiency, respectively. Data in brackets are those with the best KS tests. PbestðtbÞ in the last column is the best P value only for
the tb distribution.

EoS ε Pi (ms) BpðGÞ η PbestðtbÞ
BSk20 0.002 0.70–0.75 (0.75) NðμBp ¼ 1014.8−15.4; σBp ≤ 0.2Þ½NðμBp ¼ 1014.9; σBp ¼ 0.2Þ$ 0.5–1 (0.9) 0.20
BSk21 0.002 0.60–0.80 (0.70) NðμBp ¼ 1014.7−15.1; σBp ≤ 0.2Þ½NðμBp ¼ 1015.0; σBp ¼ 0.2Þ$ 0.7–1 (0.9) 0.29
Shen 0.002–0.003 (0.002) 0.70–0.90 (0.70) NðμBp ¼ 1014.6−15.0; σBp ≤ 0.2Þ½NðμBp ¼ 1014.6; σBp ¼ 0.2Þ$ 0.5–1 (0.9) 0.41
CIDDM 0.001 0.95–1.05 (0.95) NðμBp ¼ 1014.8−15.4; σBp ≤ 0.2Þ½NðμBp ¼ 1015.0; σBp ¼ 0.2Þ$ 0.5–1 (0.5) 0.44
CDDM1 0.002–0.003 (0.003) 1.00–1.40 (1.0) NðμBp ¼ 1014.7−15.1; σBp ≤ 0.3Þ½NðμBp ¼ 1014.7; σBp ¼ 0.2Þ$ 0.5–1 (1) 0.65
CDDM2 0.004–0.007 (0.005) 1.10–1.70 (1.3) NðμBp ¼ 1014.8−15.3; σBp ≤ 0.4Þ½NðμBp ¼ 1014.9; σBp ¼ 0.4Þ$ 0.5–1 (1) 0.84

LI, ZHANG, ZHANG, GAO, QI, and LIU PHYSICAL REVIEW D 94, 083010 (2016)

083010-4



Mass Distribution of NS-NS Systems 

Population Synthesis�
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Monte Carlo simulation results based on the 
NS-NS redshift distribution and population 
synthesis method are consistent with MW. 



¨  Era of GW Astronomy has been Opened 
¨  GW-EM joint detection of NS-NS merger event could make 

tight constraints on NS maximum mass 
¤ GW+EM give remnant mass 
¤ GW/EM determine remnant being BH/NS 

¨  Short GRB data only could also make constraints on NS 
maximum mass 
¤ Known NS-NS mass distribution 
¤ Fraction of SGRBs with Internal plateau 
¤ Current data favors MTOV~2.3-2.4M! 

Summary	

Thanks for the attention！ 



Identifiable EM signature for NS 

Metzger & Berger, 2012 

X-ray plateau with/without SGRB association 
Kilonova (1041erg/s) becomes 10-100 times brighter (1042-43erg/s) 

Gao et al., 2013 

BH NS 


