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Outline of the talk

• Eccentric binary neutron star mergers: overview 

• Numerical simulations 

• Ejected mass: properties and implications 
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Eccentric binary neutron star mergers
• Circular binaries are the most likely candidates to be 

detected by the 2nd generation GW interferometers 
(Abadie et al. `12, Dominik et al. `13) 

• Large uncertainties in the estimate of the event rates 

• Population synthesis models for isolated binaries 
or extrapolation from galactic BNS 

• Dynamical formation of binaries in dense stellar 
environments 

• Tidal captures, effective at rp 30-40 GM/c2 (Lee et 
al. `10) 

• Gravitational-wave induced captures, at rp 600–
700  GM/c2 (Gold et al `12, East et al. `13, 
Rosswog et al. `13)  

• Tsang `13 rate few tens Gpc−3 yr−1 What about the ejected 

material?

waves. For !y & 0:020, within 1000M a merger and for-
mation of a black hole occurred. Selected models were
continued for!700M (! 10 ms) after the merger in order
to follow the accretion process on to the final black hole.
During evolution, the largest violation of the rest-mass
conservation occurs before collapse, !M0=M0 ! 0:01.
Similarly, the ADM mass was conserved up to 1%. The
consistency of the results was assessed by convergence tests.

III. ORBITAL DYNAMICS

We begin by reporting the orbital dynamics in selected
models. See Fig. 1 for the star tracks as computed from the
minimum of the lapse function [29].

In Model 1 (!y ¼ 0:010), the stars move almost directly
towards each other, collide, then undergo prompt collapse
to a black hole at t ¼ 423M with dimensionless spin
parameter aBH ! 0:58 and mass MBH ! 2:8M#. The
resulting disk has negligible rest mass, Md & 10$7M0,
which is at the level of the artificial atmosphere used for
the numerical treatment of vacuum for the matter.

In Model 2 (!y ¼ 0:020), the stars come into contact but
survive the first encounter. During contact, matter is
exchanged between the outer layers of the stars (see Fig. 2).
The density-weighted Newtonian vorticity is 10 times
larger than for an irrotational NSNS binary. During a
second encounter, they merge, forming a black hole
at tAH ¼ 975M with initial aBHðtAHÞ ! 0:7 and mass
MBHðtAHÞ ! 2:05M#. In contrast to Model 1, there is a
massive disk with Md ¼ ð0:15' 0:02ÞM# (the error esti-
mate is based on five resolutions between h! 0:15M# and
0:2M#), measured 100M after the formation of an apparent
horizon. We find larger masses up to Md ! 0:27M# for
intermediate models which are not discussed here in detail
(see Table I). By the time td ¼ tAH þ 100M the accretion
increases the mass and spin (see Table I) toMd

BH ! 2:61M#
and adBH ! 0:81, respectively. Prior to the onset of merger,

for a time of) 100M the binary approaches a nearly circular
orbit, where the separation remains close to a constant!5M.
This suggests a transition through a whirl regime, as in BBH
systems [17,20–23,33]. After the merger, we observe quasi-
periodic oscillations in the accretion flow at a frequency
"QPO ! 0:5 kHz in the vicinity of the black hole.
In Model 3 (!y ¼ 0:022), multiple close passages with

no matter exchange are observed. The two bodies do not
merge during a simulation time of t ¼ 6400M. The orbits
show a significant periastron precession, leading to an over-
all rotation of the quasielliptical orbit of almost 90 degrees
per encounter. Although the precession is highly relativis-
tic, these encounters occur well outside the whirl regime.

IV. WAVEFORMS

The orbital motion of each model results in a character-
istic gravitational wave signal. Figures 3 and 4 display the

FIG. 1 (color online). Star tracks for Models 1, 2, and 3. The
tracks of the second star can be inferred from symmetry.

FIG. 2 (color online). Model 2 at t ¼ 553M, shortly after the
stars have touched and separated again. The rest mass density
(log scale) and the three-velocity in the orbital plane are shown.

FIG. 3 (color online). Real part of the r"4
22 waveforms (central

panel) and instantaneous gravitational wave frequency M!22

(bottom panel) as a function of retarded time, ðt$ rÞ=M, for
Models 1 and 2. The top panel shows a zoom-in on the shaded
region in the central panel for Model 2. The horizontal line in the
bottom panel marks the perturbative f-mode frequency.
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✦ Ejected mass and its properties are affected 
by: 

• Binary mass and mass ratio (Bauswein et 
al. `13, Hotokezaka et al. `13)!

• NS EOS  (Bauswein et al. `13, Hotokezaka et 
al. `13)!

• Neutrinos (Sekiguchi et al. `15) 

• Magnetic fields (Siegel et al. `14) 

• NS Spin (See Kastaun and Paschalidis’ talks) 

• Binary orbital properties
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Fig. 3.— Amount of unbound material for 1.35-1.35 M⊙ mergers (top left) and 1.2-1.5 M⊙ mergers (top right) for different EoSs
characterized by the corresponding radius R1.35 of a nonrotating NS. Red crosses denote EoSs which include thermal effects consistently,
while black (blue) symbols indicate zero-temperature EoSs that are supplemented by a thermal ideal-gas component with Γth = 2 (Γth =
1.5) (see main text). Small symbols represent EoSs which are incompatible with current NS mass measurements (Demorest et al. 2010;
Antoniadis et al. 2013). Circles display EoSs which lead to the prompt collapse to a black hole. The lower panels display the sum of the
maxima of the coordinate velocities of the mass centers of the two binary components as a function of R1.35 for symmetric (bottom left)
and asymmetric (bottom right) binaries.

Bauswein et al. 2013
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FIG. 1. Mass (upper panel) and characteristic velocity (lower
panel) of the ejecta as functions of time for SFHo (red solid),
DD2 (blue dashed), and TM1 (green dotted-dashed). tM−6

approximately denotes the time at the onset of merger (see
text).

and simulation setup.

III. RESULTS

For all the models, a massive neutron star (MNS) is
formed after the onset of merger as expected from our
previous results [30]. The MNS are long-lived in the
sense that their lifetime is much longer than their ro-
tation period of ! 1ms. For SFHo, the MNS eventually
collapses to a black hole (BH) in ∼ 10ms because the
maximum mass of spherical neutron stars is relatively
small as ≈ 2.0M⊙. The mass and spin parameter of the
BH are MBH ≈ 2.6M⊙ and aBH ≈ 0.70, and a torus
with mass Mtorus ≈ 0.05M⊙ is formed around it. Such
a system may be a central engine of short-hard gamma-
ray bursts. For other two cases, the remnant MNS does
not collapse to a BH in our simulation time ∼ 30–40ms.
Because the maximum mass of spherical neutron stars
for DD2 and TM1 is ≈ 2.4 and 2.2M⊙, the formed hot
and rapidly rotating MNS with mass ∼ 2.6M⊙ will not
collapse to a BH unless a substantial fraction of the angu-
lar momentum and thermal energy is dissipated by some
transport process and the neutrino emission, respectively
(e.g., [19, 30]).
Figure 1 plots the evolution of the rest mass Mej and

the characteristic velocity Vej for the ejecta. Here, tM−6

denotes the time at which Mej exceeds 10−6M⊙ (here-
after we will use tM−6 as the time at the onset of merger).
We specify the matter as the ejecta if the time component
of the fluid four velocity ut is smaller than −1. Note that
another condition [31] for the ejecta hut < −1 where h
is the specific enthalpy, which may be more appropriate

for the hot matter, gives slightly larger ejecta mass. Vej

is defined by
√

2Ekin/Mej where Ekin is kinetic energy of
the ejecta. Figure 1 shows that the ejecta mass depends
strongly on the EOS: For softer EOS (i.e., for smaller
values of R1.35), the ejecta mass is larger. Remarkable
is that with the decrease of R1.35 by ∼ 3 km, the ejecta
mass increases by more than one order of magnitude and
only for R1.35 ! 12km the ejecta mass exceeds 0.01M⊙,
as already indicated in [14, 15]. The averaged ejecta ve-
locity is ∼ 0.1–0.2c as also found in [14, 15]. In the later
phase, the total ejecta mass relaxes approximately to a
constant, and the ejecta are in a free expansion phase for
all the models.
There are two major mass ejection mechanisms during

the merger phase. One is tidal interaction and the other
is shock heating. By the tidal interaction, the matter
tends to be ejected near the orbital plane. On the other
hand, by the shock heating, the matter is ejected in a
quasi-spherical manner. Because both effects play a role,
the ejecta usually have a spheroidal morphology. For
small values of R1.35, the shock heating plays a stronger
role and the ejecta in this case have a quasi-spherical
morphology.
Figure 2 plots the profiles of the electron fraction, Ye,

(left half) and entropy per baryon, s, (right half) of the
ejecta on the x-y and x-z planes for DD2 (left panel) and
SFHo (middle and right panels). For DD2, the ejecta are
composed of (i) tidally-ejected matter with low values of
Ye and s near the orbital plane and (ii) shock-heated mat-
ter with relatively high values of Ye. The shock-heated
ejecta are less neutron-rich because the temperature gets
much higher than ∼ 1MeV as a result of the shock heat-
ing, producing copious e−e+ pairs that activate e− and
e+ captures by protons and neutrons, respectively. As a
result of e− and e+ captures, the luminosities of νe and ν̄e
become quite high as " 1053 ergs/s (see Fig. 3), as long as
the remnant MNS is present. Because the original ejecta
are neutron-rich, e+ capture dominates e− capture, and
hence, the luminosity of ν̄e is higher than that of νe [19]
and the ejecta become less neutron-rich.
In addition to the tidal-driven and shock-heated com-

ponents explained above, we found the third compo-
nent in a later phase, that is, neutrino-heated compo-
nent with even higher values of Ye and s in the re-
gion above the MNS pole (see the high-entropy region
in the left panel (x-z plot) of Fig. 2). Furthermore,
some fraction of the material obtains enough energy to
be additional neutrino-driven ejecta. Possible existence
of such a component was recently reported in a MNS sys-
tem [32, 33] and a BH and torus system which is expected
to be formed after the BNS mergers [34]. We confirmed
the existence of the neutrino-driven component in self-
consistent numerical-relativity simulations of the merger
for the first time.
For TM1, the results are basically similar to those for

DD2 except for the fact that the tidally-ejected compo-
nent is more dominant and the e+ capture is less effi-
cient. Also, the neutrino-driven wind appears to play

Sekiguchi et al. 2015
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Eccentric binary neutron star merger 
simulations

✦ Superposition of boosted TOVs, not 
solving for the hydrostatic equilibrium or 
the constraints 

✦ Equal mass NSs system 
• Lattimer-Swesty EOS (1991) K = 220 
• MNS=1.389 M�,  R =12.7 km 
• separation 150 km 
• Newtonian periastron at rp = 0.0, 5.0, 

7.5, 10.0, 15.0 M� 

✦ Numerical grid 
• 6 refinement levels (Rout=750 km) 
• dx = 0.221 km (120 points across the star) 
• moving boxes



WhiskyTHC
✦ Templated-Hydrodynamics Code (THC) is a  highly modular and versatile 

code to solve the GRHD equations (See Rezzolla’s talk) 

In this study we use the following setup 

• Finite-Volume methods (MP5, HLLE) 

• Runge-Kutta third-order for the time stepping (method of lines) 

• BSSN equations: 4th order, finite-differencing 

• Equation of state : tabulated nuclear  

• Neutrino treatment: leakage scheme (Ruffert and Janka `96, Rosswog & 
Liebendörfer `03, Galeazzi et al. `13, Neilsen et al. `13)



MNS=1.4 M� RP 10 Leakage



MNS=1.4 M� RP 7,5 Leakage



Ejected mass
• substantial amount of ejecta compared 

to the circular case (East & Pretorius `12) 

• Large parameter space, fix the EOS, 
mass, mass ratio and change the 
periastron 

• rp ≲ 5 prompt BH formation: few 
ejecta 

• 5 < rp<10 few encounter and 
formation of HMNS 

• rp>10 multiple encounters   

• geodesic criteria (ut<1) applied to the 
material which crosses a sphere at 150 
km distance (similar results are found at 
larger radii)
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Ejecta properties
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Neutrino luminosity
• Neutrino leakage scheme 

(Galeazzi `13) with simplified 
optical depth calculation from 
Neilsen et al. `14 

• The leakage tends to 
overestimate the cooling (upper 
limit) 

•  As expected the eccentric 
mergers are more luminous 
(higher temperatures) 

• the amount of mass ejected is 
affected by the cooling 
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Gravitational wave emission
• Pulsated signal at each close 

encounter  

• f-mode excitation (Gold et al. `11)  

• models with rp ≲ 10 form an HMNS 
in within 30 ms 

• models with rp>10 are hard to 
follow (multiple encounters) 

• significant SNR prior the merger, 
better sky localisation ( Kyutoku & 
Seto `14) 

• EM precursors?
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Outlook
• First simulations of eccentric neutron star mergers including the effects 

of nuclear EOS and neutrino cooling 

• In contrast with quasi-circular BNS mergers, dynamical capture mergers 
can result in up to a few percent of a solar mass in ejecta 

• The ejecta are very neutron-rich: sites for r-process nucleosynthesis 

• Study the formation of heavy-nuclei from the abundant ejecta 

• Include the effects of neutrino absorption   

• Consistent initial data (Moldenhauer et al. (2014))

Next 
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