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EM follow-up in the time of LHVKI

❖ Better sky coverage and localization 
accuracy.

❖ Improvement in network 
sensitivity : sqrt(N).

❖ Tighter constraints on inclination 
angle.

❖ High sensitive EM missions joining 
by that time : LSST, TMT, SKA, 
Thesus/Athena (by late 2030s)
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RL, Schulze, Ishwara-Chandra, Misra et al., ApJ, 2018, 867, 57
Kim, Schulze, RL et al., ApJL, 2017,  850, 21. 

Em couNterparts of GRAvitational wave sources at the VEry 
large telescope. Using ESO facilities and follow-up in X-ray/
mm/radio frequencies.



Structured relativistic jets
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Mohan, RL, & Saleem, 2019.



Ghirlanda+2018

Rates of GRB prompt emission detections from structured jets 
are consistent with current Fermi observations



Jet structure: GW-EM combined study
๏ EM measurements of viewing angle (𝜗v)

‣ VLBI angular size measurements : 
model dependent. 14-28° for 170817a 
(Mooley et al 2018)

‣ Multi-wavelength modelling of EM 
counterpart emission. Model 
dependent. At the moment tighter than 
the VLBI measurements : 19-21° (Lamb 
et al 2018)

Mooley et al, Nautre, 2018
Also Ghirlanda et al, 2018.
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• Lamb et al ApJL, 2018,  after 
including most recent data (upto 1 
yr since merger) with a laterally 
expanding jet model.

• tighter 𝜃c  (5+/-0.5) degree 
• and 𝜃v,  (20+/- 1) degree

RL, Schulze, Ishwara-Chandra, Misra et al., ApJ, 2018, 867, 57



Jet structure: GW-EM combined study

๏ EM measurements of viewing angle (𝜗v)

‣ VLBI angular size measurements : 
model dependent. 14-28° for 170817a 
(Mooley et al 2018).

‣ Multi-wavelength modelling of EM 
counterpart emission.

๏ GW measurements of ɩ will be improved ~ 
5deg error with 3D localization by EM 
(LHVKI) at 200Mpc. 

๏ Combined posterior of the inclination 
angle with GW-EM.

๏ Tighter 𝜗v improves jet structure estimates.

Arun et al 2014

For GW170817, 8° error on ɩ  with 3D localization 
and independent H0 (Mandel et al., 2018, ApJL.)



Radio counterparts: jet
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Off-axis synchrotron emission is DEFINITELY more prominent in lower frequencies.

Saleem, RL, Misra, Pai, & Arun
MNRAS, 2018, 474, 5340.



Faint radio counterparts: immediate
5° jet, at 𝜗v : 10° 5° jet, at 𝜗v : 20° 

5° jet, at 𝜗v : 10°
slightly Magnetized ejecta 
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๏Another faint emission component could be the 
NS merger debri.

๏Hydrodynamical simulations show that the jet 
can emerge out of the debri at ~ 1011cm or so (Xie 
et al 2018, Kathirgamaraju et al, 2018).

๏However, the debri can emit non-thermal radio 
emission (Hotokezaka et al).



Faint radio counterparts: late1432 K. Hotokezaka and T. Piran

Figure 1. Left-hand panel: the kinetic energy and the radial component of the four-velocity of the different components of the ejecta. The lines mark the
deceleration time-scales of equation (2) assuming an external density of 1 cm−3. The star in each component shows the fiducial model. Right-hand panel: a
schematic picture of the morphology of the different components of the ejecta on the meridional plane. The distribution of the dynamical ejecta is taken from
a merger simulation (Hotokezaka et al. 2013a). Other components are added schematically. Colours depict different components and are the same on the r.h.s.
and the l.h.s.

and β is a velocity in units of the speed of light c. Also shown
in the figure are the deceleration time-scales due to the interaction
with the ISM, which are discussed later. This time-scale gives the
characteristic peak time of the radio flares from each component.
The right-hand panel of the figure shows schematically the expected
morphology of the ejecta.

In the following, we briefly describe the properties of the different
components. In each case, we focus on the total mass, energy, and the
corresponding velocities. We also mention the expected distribution
of energy as a function of velocity, which is essential in order to
estimate the radio flares from these components. For completeness,
we also mention the electron fraction Ye. This is not needed for
the radio estimate, but it is a critical quantity that determines the
composition of the ejected material as well as the heating rate that
is essential for the macronova estimates.

2.1 The dynamical ejecta

Gravitational and hydrodynamical interactions produce the dynam-
ical ejecta. In many senses, it is the easiest to calculate and as such
it is the most robust element. It was investigated using Newtonian
simulations (e.g. Davies et al. 1994; Ruffert et al. 1997; Rosswog
et al. 1999; Rosswog 2013) and using general relativistic simula-
tions (e.g. Oechslin, Janka & Marek 2007; Bauswein et al. 2013;
Hotokezaka et al. 2013a). According to these numerical simulations,
the mass and kinetic energy of the dynamical ejecta are expected to
be in the range of 10−4 ! Mej ! 10−2 M⊙ and 1049 ! E ! 1051 erg,
respectively. The median value of E in the general relativistic sim-
ulations is a few times 1050 erg. The properties of the dynamical
ejecta are as follows.

The tidal ejecta. A fraction of the material obtains sufficient
angular momentum and is ejected via tidal interaction due to non-
axisymmetry of the gravitational forces. Current simulations show
that this matter is ejected even before the two stars collide with
each other2, and it lasts as long as the gravitational field is not
axisymmetric (about 10 ms after the merger in the case that the
remnant is an MNS). This tidal component is mostly ejected into

2 This earliest component could be possibly weaker than what is calculated
because of the poor modelling of the crust in current numerical simulations.

the equatorial plane of the binary within an angle about 20◦ (see
e.g. fig. 17 in Hotokezaka et al. 2013a).

The electron fraction of the dynamical ejecta, and the resulting
nucleosynthesis have been studied in the literature (e.g. Goriely
et al. 2011; Korobkin et al. 2012; Wanajo et al. 2014). The tidally
ejected material has initially a low electron fraction Ye ≪ 0.1 as this
matter does not suffer from shock heating and neutrino irradiation
(Wanajo et al. 2014). This is particularly important concerning the
possibility that this is the source of heavy (high atomic number)
r-process nuclides, but it is not so relevant for our discussion that
is concerned mostly with the radio flare. This fraction can increase
by electron neutrino absorption or by positron absorption. The tidal
component ejected at late times has higher Ye values.

The shocked component. A shock is formed at the interface of
the merging neutron stars. The shock sweeps up the material in
the envelope of the merging neutron stars. Furthermore, a shock is
continuously produced around the envelope of a remnant MNS as
long as the MNS is strongly deformed. As a result, a fraction of
the shocked material obtains sufficient energy and is ejected from
the system. Recent general relativistic simulations show that this
component can dominate over the tidal component in the case of a
nearly equal mass binary (e.g. Bauswein et al. 2013; Hotokezaka
et al. 2013a). The shocked component is ejected even in the direction
of the rotation axis of the binary. The average electron fraction of the
shocked components is relatively large compared with that of the
tidal ejecta (Wanajo et al. 2014). It may be as large as Ye ∼0.2–0.4,
and it will result in a different nucleosynthesis signature.

We take the velocity distribution of the dynamical ejecta from
the result of a numerical relativity simulation of Hotokezaka et al.
(2013a) for a 1.4–1.4 M⊙ ns2 merger for the case of APR4 equation
of state. The energy distribution of this model can be approximately
described as E( ≥ β) ∝β−0.5 with a cut off at β ≃ 0.4, and an
average velocity is β ≃ 0.2, where E( ≥ β) is the kinetic energy
with a velocity larger than β. Note that it is not clear whether the cut
off at β ≃ 0.4 is physical or that it arises just because it is difficult
to resolve such a small amount of fast material in the numerical
simulations. For our fiducial model, we use a total kinetic energy of
5 × 1050 erg.

The relativistic shock-breakout component. When the shock
breaks out from the neutron star surface to the ISM, it is acceler-
ated and a fraction of the shocked component can have a relativistic

MNRAS 450, 1430–1440 (2015)
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•For n = 0.1; 

- Jet (1049, 30) → tdec = 10.3 
days 

- Dyn.Ejecta(1049, 0.2) → tdec 
= 1781.5 days

Several authors (Metzger & Bower, 2014, Horesh et al 2016, Fong et al 2016) have looked for 
this emission in VLA/ATCA. Limits of a few mJy.
We are currently studying the same with uGMRT (Cherukuri et al). 
SKA era: many such transients will be detected.



Counterparts in other wavelengths
❖ Deep searches of KN in nearby (z < 0.5) GRBs rules out AT2017gfo 

type events: Diversity in KN emission (Gompertz et al 2017)

❖ Rate of KN similar to AT2017gfo : consistent with BNS rates. More 
events will give tighter constraints (Yang et al 2018).

❖ LSST : AT2017gfo like KN beyond 1Gpc (Metzger et al 2017)

❖ TMT for follow-up studies.

❖ Merger remnant : Spin down luminosity (conversion efficiency of 
0.001, 11.5 < log(B) < 14) of an NS post-merger will be brighter than 
the observed X-ray flux of GW170817 (Pooley+2018). Future post-
merger remnant detection in X-rays? (Athena/Thesus)



GW follow-up of EM triggers
❖ There is a considerable diversity in 

short duration GRBs at present. 
Diverse origins predicted (Virgili et 
al 2009).

❖ Particularly, a soft long lasting 
extended emission (EE) is puzzling.

❖ Current statistical studies can not 
conclude on a separate population 
for EE  events (Anand, Shahid, & 
RL, MNRAS, 2018).

❖ In the era of LHVKI, EM triggers 
could be followed up by GW! 

❖ (Anand, Shahid, & RL, 
MNRAS, 2018).



Summary
❖ Diverse outflows from BNS and NS-BH merger.

❖ Differences between BNS and NS-BH merger.

❖ What is the origin of classical short GRBs? All from NS 
mergers?

❖ Structure of jets : a unique perception after GW-triggered 
events.

❖ Post-merger remnant and its EM signatures.

❖ NS kick velocity measurements from Off-sets.


