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INTRODUCTION

central engine is a black hole surrounded 
by a massive accretion torus                    

.   end product of a BNS or NS-BH 
binary merger

Short GRBs: 
“standard” model 

Paczynski 1986, Eichler et al. 1989,

Barthelmy et al. 2005,Fox et al. 2005, Gehrels et al. 2005, ..

Paschalidis et al. 2015

Narayan et al. 1992,

binary neutron star (BNS) 
mergers and neutron star-black 
hole (NS-BH) binary mergers 

detection rate      best guess

~40/yr~(0.4-400)/yrBNS

NS-BH ~10/yr~(0.2-300)/yr

Abadie et al. 2010

magnetic mechanism 
(Blandford-Znajek?) 

Ruiz et al. 2016

promising sources of 
GRAVITATIONAL WAVES 

for advanced LIGO/Virgo

NS-NS

NS-BH

neutrino 
mechanism vs



SIMULATION SETUP

initial 
magnetic field

• Einstein Toolkit + WhiskyMHD

• 6 refinement levels                                 
(two levels following the stars during inspiral)

• fiducial resolution 222/186 m (IF/H4 EOS) 

• also runs at different resolution        
(including higher resolution 177/150 m) 

• computational domain >1000 km 

• atmosphere floor level  

quasi-circular, irrotational BNS models (Lorene)

purely poloidal magnetic field added 
on top with prescription

different orientations 
up-up (UU), up-down (UD), down-down (DD)

Equation of state: ideal fluid and H4

Equal and unequal mass (mass ratio 1 and ~0.8)

OUR MODELS

(confined inside the two stars)
NS surface



IDEAL FLUID, EQUAL-MASS MODEL

disk mass ~0.04 Msun

BH spin ~0.8

rest-mass density 

magnetic 
energy

Kelvin-Helmholtz
instability

magnetic field amplification 
in the disk



EMERGING MAGNETIC FIELD STRUCTURE



Rezzolla et al. 2011

2 Rezzolla et al.

Figure 1. Snapshots at representative times of the evolution of the binary and of the formation of a large-scale ordered magnetic field. Shown with a color-code
map is the density, over which the magnetic-field lines are superposed. The panels in the upper row refer to the binary during the merger (t = 7.4ms) and before
the collapse to BH (t = 13.8ms), while those in the lower row to the evolution after the formation of the BH (t = 15.26ms, t = 26.5ms). Green lines sample
the magnetic field in the torus and on the equatorial plane, while white lines show the magnetic field outside the torus and near the BH spin axis. The inner/outer
part of the torus has a size of ⇠ 90/170 km, while the horizon has a diameter of ' 9 km.

netic field with a maximum strength of 1012 G (indicated as
M1.62-B12 in Giacomazzo et al. 2011). At this separa-
tion, the binary loses energy and angular momentum via emis-
sion of gravitational waves (GWs), thus rapidly proceeding on
tighter orbits as it evolves. After about 8ms (� 3 orbits) the
two NSs merge forming a hypermassive NS (HMNS), namely,
a rapidly and differentially-rotating NS, whose mass, 3.0M�,
is above the maximum mass, 2.1M�, allowed with uniform
rotation by our ideal-gas EOS8 with an adiabatic index of 2.
Being metastable, a HMNS can exist as long as it is able to
resist against collapse via a suitable redistribution of angu-
lar momentum (e.g. deforming into a “bar” shape, Shibata &
Taniguchi 2006; Baiotti et al. 2008), or through the pressure
support coming from the large temperature-increase produced
by the merger. However, because the HMNS is also losing an-
gular momentum through GWs, its lifetime is limited to a few
ms, after which it collapses to a BH with mass M = 2.91M�
and spin J/M2 = 0.81, surrounded by a hot and dense torus
with mass Mtor = 0.063M� (Giacomazzo et al. 2011).

3. DYNAMICS OF MATTER AND MAGNETIC FIELDS

These stages of the evolution can be seen in Figure 1,
which shows snapshots of the density color-coded between
109 and 1010 gr/cm3, and of the magnetic field lines (green

8 The use of a simplified EOS does not influence particularly our results
besides determining the precise time when the HMNS collapses to a BH.

on the equatorial plane and white outside the torus). Soon
after the BH formation the torus reaches a quasi-stationary
regime, during which the density has maximum values of
� 1011 g/cm3, while the accretion rate settles to Ṁ ⇥
0.2M�/s. Using the measured values of the torus mass
and of the accretion rate, and assuming the latter will not
change significantly, such a regime could last for taccr =
Mtor/Ṁ ⇥ 0.3 s, after which the torus is fully accreted; fur-
thermore, if the two NSs have unequal masses, tidal tails are
produced which provide additional late-time accretion (Rez-
zolla et al. 2010). This accretion timescale is close to the typi-
cal observed SGRB durations (Kouveliotou et al. 1993; Nakar
2007). It is also long enough for the neutrinos produced in
the torus to escape and annihilate in its neighborhood; es-
timates of the associated energy deposition rate range from
� 1048 erg/s (Dessart et al. 2009) to � 1050 erg/s (Setiawan
et al. 2004), thus leading to a total energy deposition between
a few 1047 erg and a few 1049 erg over a fraction of a second.
This energy would be sufficient to launch a relativistic fire-
ball, but because we do not yet account for radiative losses,
the large reservoir of thermal energy in the torus cannot be
extracted in our simulations.

The GW signal of the whole process is shown in the left
panel of Figure 2, while the bottom part exhibits the evolu-
tion of the MHD luminosity, LMHD, as computed from the
integrated Poynting flux (solid line) and of the correspond-

~50 deg

polar angle distribution 
of magnetic energy and 
magnetic field strength

weak field of ~2x1011 G
along the BH axis

same model of

EMERGING MAGNETIC FIELD STRUCTURE



RESULTS WITH DIFFERENT EOS/MASS RATIOS

magnetic energy

20
 k

m

same model of Kiuchi et al. 2014



H4 UNEQUAL-MASS MODEL

magnetic energy

20
 k

m

magnetorotational instability MRI wavelength 
over dx



CONDITIONS FOR INCIPIENT JET? 

• NO OUTFLOW

• NO MAGNETICALLY 
DOMINATED FUNNEL

..some necessary
conditions 

are met, but

fluid velocity (along z) and MHD ratio

missing ingredients?

• HIGHER RESOLUTION 
(or SUBGRID MODEL) to 
fully account for magnetic 
field amplification 

• LONGER SIMULATIONS 
(several tens of ms after 
BH formation)
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• studied magnetized BNS mergers forming a BH with different EOS, mass ratios, 
and magnetic field orientations, focusing on the conditions to produce SGRB jets 

• twister-like ordered structure emerging after BH formation 

• high disk masses and accretion rates can be obtained with unequal mass BNS 
mergers 

• HMNS lifetime (depending on EOS and total mass) has a major impact on 
magnetic field amplification and on the properties of the final BH-disk system, 
longer-lived HMNSs provide more favorable conditions to form a jet 

• we find no outflow and no magnetically dominated funnel, thus no evidence (yet) 
for an “incipient jet” 

• need stronger field? magnetic field amplification not fully resolved.. 

• need more time (>20 ms) to generate an outflow? 

• made direct comparisons with some previous results 

SUMMARY

Kawamura et al. (2016) submitted, Arxiv:1607.01791



BACKUP SLIDES



Influence of resolution and MRI

magnetic energy

magnetorotational instability
how well resolved?

ideal fluid EOS, q=1, dx=177 m

H4 EOS, q~0.8, dx=186 m

rest-mass density



Magnetic field orientations
20

 k
m

magnetic energy polar angle dependence



Gravitational waves

GW 
strain

instantaneous 
frequency

GW spectrum 
vs 

advanced and ET



Comparison with Rezzolla et al. 2011
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equal mass, ideal fluid EOS



Comparison with Kiuchi et al. 2014
20
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dx=150 m

equal mass, H4 EOS



FIRST GRAVITATIONAL WAVE DETECTION 
LIGO Scientific Collaboration & Virgo Collaboration, PRL 116, 061102 (2016)

a black hole binary merger!



sky localization (90% confidence level)

GW detector network

3 detectors 4 detectors


