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BNS Merger & Multi-Messenger Astronomy

This study Late ObservationsNumerical Relativity

Credit: Fernandez Metzger 2016



Jet propagation (collapsar)

Credit: T.Totani



Jet Propagation (BNS merger)

• 1

Credit: Hamidani Kiuchi Ioka 2019



Motivation
• Any Information on GW170817’s Engine?                        

i.e., power, opening angle, etc. 

• Is GRB170817A A Typical sGRB?                                     
i.e., the origin of its faintness?


• Any Cocoon’s EM Counterparts?                           
i.e., its luminosity, magnitude, peak time, etc.

Credit: LIGO/FERMI17; Kasliwal+17 & Hamidani+17



Step I:  
Hydrodynamical Simulations For Jet 

Propagation



Numerical Simulations (Collapsar)

Velocity Density

β = β2
r + β2

θ log10(ρ)



Hints From 
Numerical Relativity Calculations of NSM

• Crucial information no the first moments after the merger: 
i.e, Density profile, Velocity profile 

Credit: Kiuchi+ 2017



Hydrodynamical Simulations (BNS merger)

Velocity Density

β = β2
r + β2

θ log10(ρ)



Step II:  
Analytic Modeling of Jet 

Propagation



Analytic Modeling of Jet Propagation
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1 INTRODUCTION

Gamma-Ray Bursts (GRBs) are ... ...
The numerical simulations were carried-out using

CFCA X30. In total, this study consumed about ??? 000
core-hours of computing time.

This paper is organized as follows: In § 2, we. In § 3, we
. In § ??, we . Results are presented and discussed in § 4. A
conclusion is given at the end of this paper (§ 5).

2 NUMERICAL METHOD

We...

3 SETUP OF THE SIMULATIONS

3.1 Stellar model
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3.2 Grid

4 RESULTS

4.1 ???

5 CONCLUSION

Using a 2D hydrodynamical relativistic code...
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APPENDIX A: THE ANALYTICAL MODEL

Here we prsent the analytical model for a relativistic jet,
powered by the central engine, and expanding in a given
medium (or ejecta). The shock jump conditions can be writ-
ten as (refer to Bromberg et al. 2011; and, Ioka & Nakamura
2017):

hj⇢jc
2�2

j�
2
j + Pj = he⇢ec

2�e�
2
e + Pe (A1)

Both Pe and Pj can be neglected. Hence, we can write
the jet head velocity as it follows:

�h =
�j � �e

1 + L̃�1/2
+ �e ' L̃1/2 + �e (A2)

Where L̃ is the ratio of energy density between the jet
and the ejecta.

L̃ =
hj⇢j�

2
j

he⇢e�2
e
' Lj

⌃j⇢ec3
(A3)

⌃j is the jet cross section. Assuming ✓j as the jet open-
ing angle, ⌃j = 4⇡✓2j r

2
j . We assume that the jet opening

angle is roughly constant: ✓j ' ✓0.

A1 Case 1: Static ejecta

For a static medium (or ejecta) case, �e ' 0 and �j ' 1.
Equation A2 can be simplified to the following:

c� 2018 The Authors

Gives:  
Jet head motion  

Cocoon (E, M, <v>)
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Ram Pressure Balance

Engine Ejecta
As in: 

Bromberg+11 
Mizuta+13 

Harrison+18 
etc.

Credit:  
Hamidani+17



Analytic Modeling:  
The Key Equations

⟨β⊥⟩ =
Pc

⟨ρa(t)⟩ c2

rc ≈ χc ⟨β⊥⟩ (t − t0)

Pc =
Ein

3Vc
= η

Lj (1 − ⟨βh⟩) (t − t0)
2πr2

c rh(t)

Σj(t) = πr2
h(t)θ2

j (t) =
Ljθ2

0

4cPc

Based on Bromberg et al. 2011 (also Nakar Piran 2016):

JetCocoon

Credit: Hamidani+19



The Opening Angle of The Jet

θj(t)
θ0

= [ f 2
r

η

Lj

6Mejc2vej ]
1
4

[ rh(t)
rm(t) ]

n − 3
4

[rm(t) − rm,0]
1
4 ∝ t1/4

We approximate:

θj(t) ≡ θj

Credit: Nagakura+14 & Hamidani+19



Equation of Motion:
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drh(t)
dt

+ (−
vej

rm(t) ) rh(t) = Arm(t)3 − n
2 rh(t)

n − 2
2

drh(t)
dt

= Arh(t)
n − 2

2 Static medium

Expanding medium

A = (
r3−n
m,0 − r3−n

0

(3 − n)r3−n
m,0 ) (

4Lj

θ2
j Mejc ) ∝ θ−1

j ∼ Constant

Hamidani+19



The Breakout Time

tb − t0 ≃ 0.173s (
Mej

0.002M⊙ )
1
2

( rm,0
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Liso,0
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(3 − n)
(4 − n)2
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1
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fj
5 )
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tb − t0 ≃ 4.61s (
Mej
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2 3 − n
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(
fj

14 )
−1

.

+0.077s (
Mej

0.002M⊙ ) ( vej

0.346c ) (
Liso,0

1051erg s−1 )
−1 (3 − n)

(4 − n)2

1/4 ( Ns

2/5 )
−2

(
fj
5 )

−2

Expanding  medium case (i.e. BNS mergers):

Static Medium case (i.e. Collapsar):

(for n<3)

Hamidani+19
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Analytic Vs. Numerical Results
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II. Application for 
GW170817’s Engine



Inputs 
(Knowns) 

Calculations  

Output 
(Unknowns)

Early 
Observation

Numerical 
Relativity

Late 
Observation

Restricted jet’s: 
• 𝜃jet 
• 𝛦jet

• Collapse (𝛥t) 
• 𝜌ejecta Profile 
• 𝛽ejecta Profile

Analytic Model 
Input :Mejecta, 𝛽ejecta, 𝜌ejecta, 𝛥t… 

Calibrate to: 𝛳jet & 𝛦jet

Output 
GW170817’s Engine: Liso,0  & t0 - tm 

Cocoon: Mc, Ec, 𝛽c  

GW170817

• 1.7s Delay 
• Ejecta (Mejecta)



Results I:  
GW170817’s Engine
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Results I:  
GW170817’s Engine
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GRB170817A: Why so faint?

Credit: Fermi/LIGO+17 & Hamidani+19



II. Application for 
GW170817’s Cocoon



Modeling The Cocoon

Ein = 3PcVc

Ec = Ein + Ek,e

Approximations on the cocoon:

Ec, Mc, & ⟨βc⟩
Gives:

Ec ≈
1
2

Mc(c ⟨βc⟩)2

Ein = Lj(tb − t0 − Rb/c)

JetCocoon

Hamidani+19 in prep



Results I:  
GW170817’s Cocoon
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The EM Counterparts  
& The Cocoon
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Late Time Engine Activity  
& Potential EM Counterparts 



EE, and Plateau Emission

Kisaka+17



EE, and Plateau Emission

Kisaka+17



The Different Cocoons 
(Preliminary)

HH+19 in prep
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The Cocoon Can Outshine r-Process 
(Preliminary)
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The Cocoon Can Outshine r-Process 
(Preliminary)
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The Cocoon Can Outshine r-Process 
(Preliminary)
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Temperature & Color of the Cocoon 
(Preliminary)
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One Prediction

HH+19 in prep



Summary
Analytic modeling of jet head motion                                                     
in an expanding medium (i.e. BNS mergers)


The Cocoon outshines r-process                                                       
likely to have contaminated the early macronova in GW170817


Large Opening Angles for the central engine                
are excluded


Prediction of A Bright Early Counterparts        to 
peak and outshine r-process in the first a few hours [considering 
the EE/PL emission from the engine].                                                            
Expected to be revealed by future prompt followup Observations.



