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A new window to the universe
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Multi-messenger astronomy

๏ Physics from a complementary 
picture. 

๏ New insights on 

‣ stellar evolution

‣ jet physics

‣ NS equation of state

‣ origin of elements 

‣ ? …
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Outline

๏ GW170817 : The first binary NS merger.

๏ Electromagnetic follow-up, particularly with the 
uGMRT.

๏ What do we learn?

๏ Future of GW-EM multi-messenger astronomy 
(specifically in radio wavelengths).
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GW 170817

Abbott+ 2017, ApJL

The 1.7s delay can be 
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GW 170817

Abbott+ 2017, ApJL

The 1.7s delay can be 
explained within several 
models
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Multi-wavelength detections

The MMA paper, including RL, ApJL, 2017.
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Multi-wavelength detections
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Multi-wavelength detections

Radio band played the most important role in 
understanding the non-thermal emission, and hence 
the jet emanated from the merger

Hallinan et al., 2017; Kim, Schulze, RL et al., 2017; Margutti et al., 2017; RL et al., 
2018; Mooley et al., 2018.
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uGMRT detection

[R] 28 Nov 
(band-4)

[L] 02 Dec 
(band-5)

‣ ALMA (undetected) and GMRT campaign from our collaboration
‣ GMRT observations began ~7 days post the GW event (narrow 

band correlator).  First detection at 60 days with uGMRT.
‣ Campaign went on for 550 days (February 2019).

Kim, Schulze, RL et al., ApJL, 2017;  RL et al., ApJ, 2018.
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Non-thermal emission: the jigsaw puzzle

Abbott+2017, ApJL

GRB 170817A : An under-luminous Gamma Ray-Burst.

Eiso = 4 𝝅 dL2   F

time integrated 
energy flux in 
𝛾-rays
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Relativity & perceptions : An off-axis GRB 

Viewing angle
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RL et al., ApJ, 2018., Mohan, Saleem, & RL 2019, in preparation.

• For a jet of total kinetic energy 1048 erg, at the distance of 
GW170817.

• With an angular distribution of energy and 𝝘 as inferred 

for GRB170817A from afterglow studies. !9
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Posterior of viewing angle from 
GW observations with EM 
constraints on 3D position.

• For a jet of total kinetic energy 1048 erg, at the distance of 
GW170817.

• With an angular distribution of energy and 𝝘 as inferred 

for GRB170817A from afterglow studies. !9



Non-thermal emission: the jigsaw puzzle (contd.)

An unusual radio/X-ray afterglow
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Non-thermal emission: the jigsaw puzzle (contd.)

An unusual radio/X-ray afterglow!10



Non-thermal emission: the jigsaw puzzle (contd.)

An unusual radio/X-ray afterglow!10

Mooley et al 2017; 
Also Margutti+ 2017; Troja+2017

A top-hat jet does not 
do well!



Laterally structured jet viewed far off its axis
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θc

observer

We use the recipe of Lamb & Kobayashi 2017 to estimate the flux

fobs=𝒂3 fon(r) 
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Laterally structured jet viewed far off its axis
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θc

observer

We use the recipe of Lamb & Kobayashi 2017 to estimate the flux

Hydrodynamical simulations show that the jet successfully emerges out of the 
tidal debri at about 1011cm or so (Xie et al 2018) and develops a structure as it 
does (Kathirgamaraju et al, 2018). Also Gill+2019.

fobs=𝒂3 fon(r) 

O

*
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• Lamb et al 2018 (updated):
• tighter 𝜃c  (5+/-0.5) degree 
• and 𝜃v,  (20+/- 1) degree
• 𝝘c consistent, and highly relativistic
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Lamb+ ApJL, 2018 • Lamb et al 2018,  after including 
most recent data (upto 1 yr since 
merger) with a laterally expanding 
jet model.
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Lamb+ ApJL, 2018 • Lamb et al 2018,  after including 
most recent data (upto 1 yr since 
merger) with a laterally expanding 
jet model.

They find that a two component (jet + non-
relativistic envelope) does not give as good 
a fit as a structured laterally expanding jet



Superluminal motion in GRB170817A
๏ VLBI measurement of flux 

centroid of radio AG

๏ Between 75 (black) and 
230 (red) days. 

๏ Proper motion ⇒ 
apparent velocity in the 
plane of the sky = (4.1 
+/-0.5) c.

๏ 𝝘 ~ 4 at this epoch.

๏ Unresolved source ⇒ jet 
size at peak  < 5°

!15
Mooley et al, Nautre, 2018
Also Ghirlanda et al, 2018.

See PCA talk for details



pre-Conclusion : GW170817
๏ A typical short GRB jet, relativistic, viewed off-axis can explain all 

observations of the non-thermal (𝛾-ray, X-ray, radio, late-HST, & VLBI) 
observations of the EM counterpart.

๏ For the first time with certainty can we say that the jet is viewed off-axis.

๏ This has brought in the jet wings into view. Lateral structure is being 
explored.

๏ An assurance to the most predominant hypothesis of short-GRB origin in 
compact object mergers.

๏ A step forward in understanding jets.

๏ However, fresh surprises should arrive with LIGO-O3 (April 2019 onwards)
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What is in store for future?
๏ LIGO to begin O3, longest and most sensitive, in Apr 

2019. 

๏ Radio band will be particularly important to catch non-
thermal emission from off-axis jets.

๏ VLBI observations of nearby BNS (and NS-BH?) mergers
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What is in store for future?
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Off-axis synchrotron emission is DEFINITELY more prominent in lower frequencies.

Saleem, RL, Misra, Pai, & Arun
MNRAS, 2018, 474, 5340.
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Potential radio counterparts I
5° jet, at 𝜗v : 10° 5° jet, at 𝜗v : 20° 

5° jet, at 𝜗v : 10°
slightly Magnetized ejecta 

Ba
se

d 
on

 R
L 

&
 Z

ha
ng

, 2
01

6.

๏ Detectability of reverse shock emission in radio?



Potential radio counterparts II1432 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. 
SKA era: many such transients will be detected.
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to the two interferometers of the story!
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Additional slides
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What causes the structure?
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What causes the structure?
๏10-2 - 10-4 M☉NS material is ejected during the merger, forming a debri 
cloud.

๏This expands with v ~ 0.1 - 0.2c (Hotokezaka+2013, Shibata+2017).

๏Kasliwal + 2017, Hallinan + 2017, Mooley + 2017,18, argues that the early 
radio/X-ray emission is from the debri itself (being re-energized by the jet —
radially structured cocoon).

๏Xie et al 2018 injects hot relativistic material to this (jet moving through the 
debri) and sees the hydrodynamical evolution of it. 

๏Breaks out at about 1011 cm (for their parameters), with a Gaussian profile.

๏Kathirgamaraju et al 2018 begins with the BH-accretion disk system, jet 
launched self-consistently, with an angular structure resulting from the 
passage through the merger ejecta. 
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Ghirlanda+2018



What kind of a jet that is?

๏Laterally structured relativistic jet

๏EM triggered GRB/AG observations of the past hadn’t given 
enough evidence to confidently infer the presence of one such.

!25
Troja et al 2018


