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On September 14, 2015, the Laser Interferometer
Gravitational-wave Observatory (LIGO) team achieved the
first-ever direct detection of a gravitational wave (GW) event
from a binary black hole (BH) merger (GW150914), indicat-
ing the opening of GW observational window [1]. The suc-
cess of LIGO is due to the tremendous developments in ex-
perimental technologies [2-6]. As of October 2017, the LIGO
(later joint by VIRGO) team had published 3 additional BH-
BH merger events (GW151226, GW170104, GW170814)
and one double neutron star (NS) merger (GW170817)
gravitational wave event [7-10]. Moreover, in the case of
GW170817, many electromagnetic (EM) facilities detected
its EM counterparts in multi-wavelengths [11]. This has
opened up a new era of GW astronomy, whereby comprehen-
sive analyses of multi-messenger signals will shed light on
both GW and EM studies.

GW170817 was first detected online by a single-detector
of LIGO-Hanford and was rapidly confirmed by re-analysis
of the data from the LIGO-Hanford, LIGO-Livingston, and
Virgo detectors with a high coincidence level [10]. Based
only on a comprehensive analysis of the GW data, the follow-
ing properties of the GW source were obtained: the source
is located in a region of 28 deg2 at a distance of (40 ± 8)
Mpc and is a compact binary system with a chirp mass of
(1.188 ± 0.004) M⊙. Under a high dimensionless NS spin
(χ < 0.89) prior, the mass ratio of the two compact ob-
jects is in the range 0.4-1.0, such that the estimated masses
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of the two objects are 1.36 M⊙ < M1 < 2.26 M⊙ and
0.86 M⊙ < M2 < 1.36 M⊙. Under a low dimensionless
NS spin (χ < 0.05) prior, the mass ratio of the two com-
pact objects is in the range of 0.7 − 1.0, and the estimated
masses of these two objects are 1.36 M⊙ < M1 < 1.60 M⊙
and 1.17 M⊙ < M2 < 1.36 M⊙, which is consistent with a
binary whose components are neutron stars [10].

A weak short-duration gamma-ray burst (SGRB) 170817A
from the direction of GW signal was detected 1.7 s after coa-
lescence by the Fermi-GBM [12] and later confirmed by IN-
TEGRAL [13]. Ten hours later, a group of ground-based op-
tical telescopes detected a fast brightening optical signal in
the NGC 4993 galaxy ([11], for a summary). As the dis-
tance of NGC 4993 (∼ 40 Mpc) agrees with the distance of
the GW source, and the optical signal light and spectral evo-
lution behavior were in good agreement with the theoretical
predictions, the optical signal was confirmed as a counterpart
of GW170817. The Chandra telescope detected a dark X-ray
signal with a deep exposure 9 d later. Considering the ob-
served upper limit given by Swift-XRT, the X-ray signal most
likely corresponded to a late brightening signal. Finally, the
VLA telescope detected a radio band counterpart 16.2 d later.
The radio signal is still in the brightening phase, consistent
with theoretical expectations ([11], for a summary).

These observations were not surprising. For double NS
mergers, many associated EM counterparts have already been
proposed in the literature and their relative brightness is es-
sentially determined by the properties of the merger rem-
nant. During a merger, a small part of the material is ejected
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nearly isotropically with a sub-relativistic velocity, including
the tidally ripped and dynamically launched matter (dynami-
cal ejecta), and the matter launched from the neutrino-driven
wind from the accretion disk (disk wind ejecta) ([14], for a
review). The remaining material settles to form a new central
compact object, either a black hole or a neutron star, depend-
ing on its total mass and the NS equation of state [15].

It is generally believed that, for both cases, SGRBs and
their afterglow emission are expected as one of the major EM
counterparts of NS-NS mergers [16, 17]. Moreover, an opti-
cal/IR transient is expected to be associated with an NS-NS
merger event, as the merger-ejected materials are neutron-
rich and the radioactivity of these materials heat the ejecta
to power the transient [18-20]. When the merger product is
a BH, the r-process related radioactivity serves as the only
heating source. In this case, the luminosity of the optical/IR
transient is ∼ 103 times of the nova luminosity [19], and is
thus called “kilonova” emission. It is worth noting that the
neutron fractions of the dynamical ejecta and the disk wind
ejecta are different. For the former, the neutron fraction is
high enough to produce heavy nuclei with A & 130, including
the lanthanide and actinide group, so that its opacity is rela-
tively high [21,22]. In this case, the dynamical ejecta produce
red “kilonova” emission in the near IR band, while the disk
wind ejecta produce blue “kilonova” emission in the optical
band [23]. When the merger product is a NS, the magnetic
spin-down of the NS provides an additional source of sus-
tained energy injection, which easily exceeds the r-process
power and significantly enhances both the “red” and “blue”
kilonova luminosities by more than one order of magnitude
[24, 25]. Both dynamical and disk wind ejecta interact with
the ambient medium. When the merger product is a BH, the
interaction generates a weak external shock and provides a
long-lasting but weak radio emission component [26]. When
the merger product is a NS, the energy injection from the NS
accelerates the ejecta to a mildly or even moderately relativis-
tic speed, generating a strong external shock and giving rise
to a broad-band afterglow emission [27]. Nevertheless, in the
directions with ejecta cavity or after the ejecta becomes trans-
parent, X-rays from direct dissipation of the magnetar wind
can escape and reach the observer [28-30].

The joint detection of GW170817 and its multi-band EM
counterpart confirms the previous theoretical predictions.
The observations of GW170817 and GRB 170817A confirm
that the NS-NS merger events are indeed one of the origins of
the GRBs. The discovery of the optical/IR counterpart con-
firms that the NS-NS merger events are indeed an important
site for r-process nuclear reactions, which may explain the
origin of the heavy elements in the universe. It is interesting
to note that the evolution of the observed optical/IR counter-
part of GW170817 could be interpreted by invoking a “blue”
and a “red” kilonova ([14], and reference therein).

On the other hand, there are still some unexpected sur-

prises in the observation of the GW170817 and its EM coun-
terparts, with many unanswered questions suitable for fur-
ther investigations. For example, in the previous study, it
was generally believed that short GRBs were produced by
relativistic jets with relatively small opening angles, only de-
tectable in preferred directions. In this case, the probabil-
ity that a very close GW event, like GW170817, being si-
multaneously detected with short GRBs should be very low.
However, we have detected GRB 170817A associated with
GW170817. Nevertheless, the luminosity of GRB 170817A
is very small, ∼ 3 orders of magnitude lower than the normal
short GRBs [31]. The X-ray afterglow of GRB 170817A is
also very weak in the beginning, but at later times, there is a
re-brightening signature in the X-ray band. Considering these
properties, it has been proposed that SGRBs may be gener-
ated by a structured jet with a larger opening angle [31-35].
In particular, when a relativistic jet propagates through sur-
rounding ejecta, a mildly relativistic cocoon is formed that
embraces the main jet. The large opening angle and rela-
tively small velocity of the cocoon greatly enhance the de-
tection probability of the SGRB. For GRB 170817A, our line
of sight may fall onto the cocoon direction, so that a rela-
tively weak gamma-ray emission is detected. The late X-ray
re-brightening may be due to the off-axis afterglow from the
main jet.

Based on the detection of GRB 170817A, one can roughly
estimate the event rate density of low luminosity short GRBs,
and it can be found that at most a few GRB 170817A-like
events should have already been detected by the GBM detec-
tor [31]. By investigation, the GBM has indeed detected a
number of short GRBs similar to GRB 170817A in terms of
flux and signal-to-noise ratio. Do these GRBs come from NS-
NS mergers? If GRB 170817A is a special short GRBs, can
we confirm that those high-luminosity SGRBs also originated
from NS-NS mergers? Note that it has long been proposed
that NS-BH mergers could also generate SGRBs, increasing
the complexity of the situation. More observations in the fu-
ture will contribute to the further study of these issues.

It is worth noting that for the observations of the EM
counterparts of GW170817, Chinese facilities, such as the
Hard X-ray Modulation Telescope (HXMT) and the second
telescope of the Antarctic Survey Telescopes at Dome A
Antarctica (AST3-2), made commendable contributions in
X-ray and the optical band [36, 37]. In the near future, the
Chinese-French cooperation Space Variable Objects Monitor
(SVOM) [38] and the Einstein Probe (EP) [39] satellites will
be launched, which will play important roles in the future
exploration of the gravitational wave electromagnetic coun-
terparts.

In summary, the door to multi-messenger astronomy,
including the gravitational wave, has been opened by
the GW170817 key. With further improvements of the
LIGO sensitivity, increasingly more GW+EM joint detection
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events are expected. Comprehensive analyses of the multi-
messenger information will help to break the model param-
eter degeneracy and reduce parameter space, so as to better
reveal the physical properties of the merger system and pro-
cess [40-43]. For instance, it has recently been proposed that
the follow up optical/IR observations of GW170817 could
provide a more stringent constraint on the mass ratio of the
two NSs than that from the analysis using pure GW signals
[44]. For NS-NS merger systems, the combination of the GW
and EM signals could be used to constrain the EoS of the NS
[15, 45]. The combination of the multi-messenger informa-
tion could also allow the use of the GW source as a cosmic
probe to constrain the cosmological parameters [46], calcu-
late the GW background from the NS-NS mergers [47-49],
and test Einstein’s equivalence principle, general relativity,
and other important physics principles [50-53]. Therefore,
we expect that in such a new era of GW astronomy, human
exploration of the unknown will inevitably increase.
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