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Merging binary neutron stars (BNSs) represent the ultimate targets for multimessenger astronomy, being
among themost promising sources of gravitationalwaves (GWs), and, at the same time, likely accompanied by
a variety of electromagnetic counterparts across the entire spectrum, possibly including short gamma-ray bursts
(SGRBs) and kilonova/macronova transients.Numerical relativity simulations play a central role in the study of
these events. In particular, given the importance ofmagnetic fields, various aspects of this investigation require
general relativistic magnetohydrodynamics (GRMHD). So far, most GRMHD simulations focused the
attention on BNS mergers leading to the formation of a hypermassive neutron star (NS), which, in turn,
collapseswithin few tens ofms into a black hole surrounded by an accretion disk. However, recent observations
suggest that a significant fraction of these systems could form a long-lived NS remnant, which will either
collapse on much longer time scales or remain indefinitely stable. Despite the profound implications for the
evolution and the emission properties of the system, a detailed investigationof this alternative evolution channel
is still missing. Here, we follow this direction and present a first detailed GRMHD study of BNS mergers
forming a long-livedNS.We consider magnetized binarieswith differentmass ratios and equations of state and
analyze the structure of the NS remnants, the rotation profiles, the accretion disks, the evolution and
amplification of magnetic fields, and the ejection of matter. Moreover, we discuss the connection with the
central engine of SGRBs and provide order-of-magnitude estimates for the kilonova/macronova signal. Finally,
we study the GW emission, with particular attention to the post-merger phase.

DOI: 10.1103/PhysRevD.95.063016

I. INTRODUCTION

With the discovery of binary black hole (BH) mergers by
the Laser Interferometer Gravitational Wave Observatory
(LIGO), the era of gravitational wave (GW) astronomy and
multimessenger astronomy including GWs has begun
[1–3]. As the advanced LIGO and Virgo detectors approach
design sensitivity in the next few years [4,5], exciting new
discoveries could be made, including binary neutron star
(BNS) and NS–BH mergers [6,7]. Due to the absence of
baryonic matter in these systems, stellar-mass binary BH
mergers are not expected to produce bright electromagnetic
(EM) counterparts to their GW signal (but see, e.g., [8]).
Instead, mergers involving NSs are expected to link the EM
and GW skies. Furthermore, these mergers are also of wide
interest as they offer a unique opportunity to constrain the
equation of state (EOS) of matter at supranuclear densities
(e.g., [9,10]) and provide a prime candidate astrophysical
site for the production of heavy elements in the universe,

via r-process nucleosynthesis in the matter ejected during
and possibly after merger (e.g., [11–13]).
Mergers involving NSs are expected to generate EM

emission across the entire EM spectrum and over a variety
of timescales [14]. Detection of EM counterparts will
enable the identification of the host galaxy and its position
within/relative to the host, which will provide valuable
information on binary formation channels, age of the stellar
population, and supernova birth kicks [15]. Additionally,
by measuring redshifts, EM counterparts can determine the
distance to the source and help alleviate degeneracies in the
GW parameter estimation between distance and inclination
of the binary. Moreover, combined GW and EM observa-
tions can prove the connection between short gamma-ray
bursts (SGRBs) and BNS or NS-BH mergers (see below),
revealing crucial information on when and how a SGRB
can be produced. Finally, even without a GW detection,
EM counterparts can reveal exclusive information on
the very rich physics of the merger and post-merger
evolution, especially if the merger remnant is a massive
NS [16–18].*NASA Einstein Fellow.

PHYSICAL REVIEW D 95, 063016 (2017)

2470-0010=2017=95(6)=063016(29) 063016-1 © 2017 American Physical Society

https://doi.org/10.1103/PhysRevD.95.063016
https://doi.org/10.1103/PhysRevD.95.063016
https://doi.org/10.1103/PhysRevD.95.063016
https://doi.org/10.1103/PhysRevD.95.063016


SGRBs are among the earliest proposed counterparts to
BNS and NS-BH mergers [19–29]. The standard paradigm
explains the formation of a SGRB via a relativistic outflow
(jet) generated by a torus of matter accreting onto a remnant
BH. Although there is tentative evidence for this scenario
on the basis of previous general-relativistic magnetohy-
drodynamic (GRMHD) simulations [28,29], much still
remains to be understood. Moreover, if the merger leads
to the formation of a long-lived NS instead of a BH, which,
as we argue below, can occur in an order unity fraction of
all BNS merger events (but not in NS-BH mergers), baryon
pollution in the surrounding of the merger site [30–36] can
choke a relativistic outflow [37–39] or even prevent its
formation in the first place. Reference [40] has proposed
the “time-reversal” scenario, in which the problem of baryon
pollution can be avoided, with additional important obser-
vational consequences (see [41] for an alternative proposal).
In order to explore theSGRB-merger connection for theBNS
case, more simulations of systems with different properties
are required, to examine in detail the merger and early post-
merger dynamics and to better quantify the amount of baryon
pollution and thus the potential for generating relativistic
outflows. Furthermore, magnetic fields are likely to play a
key role in the formation of a jet and therefore investigating
the nature of SGRBs demands GRMHD simulations.
Kilonovae or macronovae represent another important

EM counterpart to the GW signal of BNS and NS-BH
mergers [26,27,42–49]. These thermal transients at optical
and infraredwavelengths and timescales of days toweeks are
powered by heating from radioactive decay of r-process
elements produced in the expanding subrelativistic ejecta.
The amount of r-process material synthesized in the dynami-
cal ejecta (e.g., [30–33,50]) and in winds from the remnant
object [34,35], or froma remnant accretion disk/torus [11,51]
depend sensitively on properties of the matter outflows at
launch, such as the distributions in mass, velocity, entropy,
and electron fraction. Numerical simulations are necessary to
investigate these properties in detail.
While NS-BHmergers inevitably end up in a BH possibly

surrounded by a massive accretion disk, BNS mergers can
lead to qualitatively different remnants. Depending on the
EOS and the component masses, the BNS can form a BH
(prompt collapse), a hypermassive NS (HMNS; NS with
mass above the maximum mass for uniformly rotating
configurations), or a long-lived NS, which we assume to
be either supramassive (SMNS; NS with mass above the
maximum mass MTOV for non-rotating configurations) or
indefinitely stable. HMNSs typically collapse to a BH on a
timescale of ∼ms to ∼100 ms, while SMNSs can typically
survive for minutes or even much longer. It is commonly
believed that HMNSs are supported against collapse by rapid
rotation of the core (see [52] for such HMNS models) and
consequently collapse when enough differential rotation
is removed (via GW emission or electromagnetic torques
[53–55]). SMNS are thought to be supported by uniform

rotation and to collapse when enough angular momentum is
carried away via magnetic dipole radiation and GWs. In
contrast, a growing number of simulations [33,56–59]
indicate that both HMNSs and SMNSs typically have slowly
rotating cores, and that collapse is rather avoided because a
significant amount of matter in the outer layers approaches
Kepler velocity. This implies that the exact mechanism
leading to collapse is still poorly understood, which has
important consequences when interpreting the lifetimes of
HMNSs and SMNSs. Therefore, special attention should be
paid to the rearrangement of the radial remnant structure
preceding collapse.
BNS mergers leading to a hypermassive, supramassive

or stable NS are characterized by a post-merger phase in
which GW emission can still be significant for several tens
of ms (or more) and in general much stronger than the short
and weak BH ringdown signal. This post-merger GW
emission carries the signature of the remnant structure
and represents a promising way to constrain the NS EOS. In
particular, the spectrum always shows a dominant peak at a
frequency that strongly depends on the EOS (e.g., [60–62]).
In this paper, we perform a set of GRMHD simulations of

BNS mergers with different EOS and mass ratios, focusing
most of the attention on systems leading to the formation of a
long-lived remnant NS (i.e. supramassive or stable). For
comparison, we also consider two BNS mergers forming a
HMNS that collapses to a BH by the end of the simulation.
With MTOV ≳ 2 M⊙ [63,64], the maximum mass of uni-
formly rotating configurations ∼20% larger, i.e. Msupra ≈
1.2MTOV ≳ 2.4 M⊙ [65], and a typical remnant mass
between 2.3–2.5 M⊙ when accounting for mass loss and
neutrino and GWemission [66], we expect that an important
(order unity) fraction of BNS merger events should lead to
the formation of a long-lived NS. Despite being very likely,
this case remains poorly studied in numerical relativity, and
only a few simulations of such systems were performed
including magnetic fields (i.e. in GRMHD) [56,67,68].
The presence of a long-lived remnant has important

consequences. First, neutrino and/or magnetically driven
outflows can provide an additional source of ejecta material
for r-process nucleosynthesis on secular timescales (∼1 s)
[34,35]. Second, the spindown radiation from themagnetized
remnant NS represents an additional source of energy that
can power nearly isotropic EM transients. This emission
provides a possible explanation for the long-lasting
(∼minutes to hours) x-ray afterglows observed by Swift
[69] in associationwith a substantial fraction of SGRBevents
[70,71]. At the same time, long-lasting afterglows are hardly
explained within the popular BH-disk scenario of SGRBs,
due to the short accretion time scale of the disk onto the BH
(∼seconds). If the above interpretation is correct, this
provides additional evidence that the product of BNS
mergers is very often a long-lived NS. Moreover, independ-
ently from SGRBs, spindown-powered EM transients re-
present an additional and potentially very promising EM
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counterpart for multimessenger astronomy with BNS merg-
ers [16–18,72]. In addition, theymaybe connectedwith other
astrophysical phenomena, such as fast radio bursts [73].
Here, we initiate a systematic investigation on BNS

mergers ending up in a long-lived NS, aimed at covering all
of the key aspects mentioned above. The paper is organized
as follows. Section II describes the physical models, the
numerical setup and the generation of initial data. In Sec. III
we discuss in detail the evolution from the inspiral to
the post-merger phase for the different models. The
following sections provide a more detailed analysis of
individual aspects, such as the rotation profile of the
remnant, its structure and its stability against collapse
(Sec. IV), the evolution of magnetic fields (Sec. V), and
the implications for SGRBs (Sec. VI). In Sec. VII we
investigate mass ejection, while Sec. VIII is devoted to the
analysis of the GW emission, with particular emphasis on
the post-merger signal. Conclusions are presented in
Sec. IX and an appendix is added to discuss aspects of
numerical convergence.

II. PHYSICAL MODELS AND NUMERICAL SETUP

In this work, we study a set of magnetized BNS systems
with a mass ratio of either q ¼ 1 (equal mass) or q ¼ 0.9
(unequal mass). The most relevant initial parameters of our
models are summarized in Table I. In the equal-mass case,
each NS has a gravitational mass at infinite separation of
1.35 M⊙, which appears to be the most likely mass for NSs
in a merging BNS system according to current models
and observations (e.g., [66,74,75]). For the unequal-mass
case (q ¼ 0.9), we impose the same total gravitational mass
at infinite separation. Both the individual masses and the
mass ratios we consider span roughly the same range
as the available BNS observations with well constrained
masses [74,75]. We consider three different EOS to
describe NS matter: APR4 [76], MS1 [77], H4 [78].
These are chosen to cover a relatively wide range of

compactness (Mg=Rc ≃ 0.134"0.176 for a canonical
1.35 M⊙ NS). With the chosen masses, the final product
of the merger is a SMNS for the APR4 EOS, a stable NS for
the MS1 EOS, and a HMNS for the H4 EOS. The latter
collapses to a BH within the physical time covered by the
simulations. In order to assess the effect of magnetic fields,
we also consider the equal-mass APR4 model without
magnetic field (labeled “B0” in the figure legends).
We compute the initial data using the publicly available

code LORENE [79,80]. Our initial binary systems are
computed as irrotational and on a circular orbit. Because of
the lack of an initial radial component of the velocity, the
orbits have some minor residual eccentricity, as shown in
Fig. 1. For all our models the initial coordinate separation
is 45 km, corresponding to a proper separation of
≃57"59 km. Each EOS used in this paper has been
implemented employing a piecewise-polytropic approxi-
mation of the corresponding nuclear physics (tabulated)
EOS, taken from [81] for the H4 and MS1 EOS and form
[56] for the APR4 EOS. In particular, H4 and MS1 are

TABLE I. Initial data parameters: mass ratio (q ¼ M1
g=M2

g), total baryonic mass of the system (Mtot
b ), baryonic and gravitational

masses of each star at infinite separation (Mb and Mg), compactness (Mg=Rc, dimensionless), initial orbital frequency and proper
separation (f0 and d), initial magnetic energy (Emag), initial maximum value of magnetic field strength (Bmax), and Ab, the value in
geometric units used in Eq. (1) in order to fix Bmax.

Model APR4 equal APR4 unequal MS1 equal MS1 unequal H4 equal H4 unequal

q 1 0.90 1 0.91 1 0.91
Mtot

b [M⊙] 2.98 2.98 2.91 2.91 2.92 2.92
Mb [M⊙] 1.49 1.58,1.41 1.45 1.53,1.38 1.46 1.54,1.38
Mg [M⊙] 1.35 1.42,1.28 1.35 1.41,1.28 1.35 1.42,1.29
Mg=Rc 0.176 0.185,0.167 0.134 0.140,0.127 0.143 0.150,0.135
f0 [Hz] 283 284 287 287 287 286
d [km] 59 59 57 57 58 58
Emag [1047 erg] 2.42 2.42 2.42 2.42 2.42 2.42
Bmax [1015 G] 3.00 3.51,2.37 2.05 2.36,1.70 2.42 2.91,1.89
Ab 776 748 4714 4609 2816 2720
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where all perturbations are considered in the Fourier con-
�guration. The quantities � i and � i represent the velocity
potential and the anisotropic stress, respectively. It can

be seen from the last of these equations that the coupling
function acts also as a source for the anisotropic stress.
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As for the homogeneous KG Eq. (12), the choiceV / F 2

also leads to an e�ectively massless scalar �eld uctua-
tion. Both initial conditions for the background and for
the linear perturbations at the next-to-leading order in
� are shown in the Appendix A. We consider adiabatic
initial condition for the scalar cosmological uctuations
[3, 34].

Analogously, the transverse and traceless part of the
metric uctuation hT

ij is expanded as:

hT
ij =

Z
d3kei ~k �~x �

h+ e+
ij + h� e�

ij

�
; (34)

whereh+ ; h� and e+ ; e� are the amplitude and normal-
ized tensors of the two independent states to the direction
of propagation of gravitational waves in Fourier space.
The evolution equation for the amplitude is:
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F
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where s denote the two polarization state of the two in-
dependent modes (s = + ; � ) and the right hand side
denotes the contribution of the traceless and transverse
part of the neutrino anisotropic stress. The importance
of the extra-damping term in the evolution equation for
gravitational waves has been previously stressed [35, 36].
The example of the impact of this term with respect to

FIG. 10. Evolution of scalar �eld perturbations in the syn-
chronous gauge fork = 0 :05 Mpc� 1 .

GR is depicted in Fig. 11. Note that the parameters cho-
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their error limits. The values offc, r/ � r, andr were assumed to
have uniform distributions within their error limits. By
multiplying these distributions and with the appropriate
constants from Equations1–3 we obtained the distributions
of M��, E��K/ LBol, and p L cBol( )�� . We � nally determined the
mean values of the distributions ofM��, E��K/ LBol, and
p L cBol( )�� and estimated the 68% con� dence ranges.

Special relativistic effects in modeling ultrafast out� ows
were recently presented in Luminari et al.(2020). As a
consequence of these relativistic effects the true hydrogen
column densities of the out� owing absorbers are larger than the
observed column densities by a velocity depended factor. In
Table9 we list the relativistic correction factors as calculated in
Luminari et al.(2020) for the observed out� ow velocities. The
mass-out� ow rate, the kinetic power, and the rate of change of
momentum of the out� ow are all proportional to the column
density and therefore these quantities also need to be adjusted
by the relativistic correction factor.

The locations of the absorbers is not well constrained with
the available CCD resolution spectra. As a conservative
approach(see Gofford et al.2015) we calculate a lower bound
of the distance of the absorber from the center of the black hole,
rmin, by equating the observed velocity with the escape velocity
at that radius.

��r R c v , 4smin wind
2( ) ( )

wherevwind is the observed out� ow velocity andRs = 2GM/ c2,
is the Schwarzschild radius. We note that we observe the
projected component of the wind velocity. The true out� ow
velocity will be larger than the observed one and the true radius
will be smaller than thisrmin value depending on the angle
between our line of sight through the absorber and the velocity
of the X-ray absorbing material. The observed wind velocities
are derived from the best-� t redshift parameterszabsof model 3
in Tables 4–6, where the out� owing ionized absorber is
modeled with the photoionization software package XSTAR.

Variability of the properties of the ultrafast out� ows has
been observed and reported in several quasars of our sample
including APM08279, PG1115, and HS1700 on timescales
comparable to the light-crossing time over regions of 10Š100rg

(Chartas et al.2003, 2009; Saez & Chartas2011; Lanzuisi et al.
2012). The short term variability timescale of the X-ray
absorption lines suggest that the distances of the out� owing
absorbers from the center of the black holes are consistent with
the estimates ofrmin.

In the case that the wind is not continuous but made up of
clouds we can de� ne a� lling factor f = Vgas/ V. Assuming the
clouds have a thickness of� r, the column density is
N H � n(r)(� r)f and the distance between the ionizing source
and the absorbing cloud is given by

�Y
��

�%
r

L rf
N

. 5
H

absorber
ion

1 2

� �
�
�

�
�

( )

In order to obtain an upper limit on the location of the
absorber, the following approximations are often used in the
literature,� r/ r = 1 and a� lling factor of f = 1 (e.g., Tombesi
et al.2012; Gofford et al.2015). These approximations lead to

the following upper limit on the location:

�Y
��r

L
N

. 6
H

max
ion ( )

There are several problems with usingrmax with � r/ r = 1
andf = 1 as a useful upper limit for the location of the absorber.
Filling factors based on estimates for absorbing clouds can be
as small as� 1 × 10Š6 (e.g., Laha et al.2016) . Assumingf = 1
and� r = r can result in estimatedrmax values that are several
orders of magnitude larger than the true values ofrabsorber.
Using Equation(6) will also result in an overestimate of
quantities that are proportional torabsorbersuch as the mass-
out� ow rate, the out� ow ef� ciency and the momentum boost.
In Table9 we list the ratio ofr rmax min. For our study we are
interested in placing conservative constraints on the energetics
of ultrafast out� ows and determining whether they are
powerful enough to produce feedback on their host galaxies
based on criteria presented in Hopkins et al.(2016). We
therefore adopt thermin values for estimating the location of the
absorbers resulting in lower limits of the energetics of the
out� ows.

In Table9, we list the total hydrogen column densitiesNH of
the X-ray absorption lines, the relativistic corrections of the
optical depths, the minimum and maximum distances between
the ionizing source and the absorbing cloud, the ionization
parameters, the out� ow velocities of each absorption comp-
onent, the mass-out� ow rates, the ef� ciency of the out� ows
and the momentum boosts of the out� ows. In Figure4 we
present the distribution of the estimatedrmin values of the
quasars of our sample derived from Equation(4). Most quasar
winds appear to havermin � 100rg, with a signi� cant fraction
havermin near� 20rg. This is consistent with detailed general
relativistic radiative magneto-hydrodynamic(GR-rMHD)
simulations, showing a continuous production of fast AGN
out� ows within such a microscale region(e.g., Sadowski &
Gaspari2017).

Insight into the acceleration mechanism of ultrafast out� ows
is obtained by estimating the fraction of their kinetic luminosity
(E��K) to the bolometric luminosity(LBol). An ef� ciency fraction,
E��K/ LBol near or greater than the covering fraction would imply
that a driving mechanism in addition to radiation pressure must
be contributing to the acceleration of ultrafast out� ows.
Speci� cally, assuming that the bolometric emission of the
high-z sample is approximately isotropic, an out� owing wind

Figure 4. Distribution of the distances of the ionized ultrafast absorbers from
the central sources of our quasar sample.
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The effect of the magnetic field on GW strain and phase
velocity is shown in Fig. 26 for the equal-mass APR4
model. We find very little difference in this case. Note
that the impact for a remnant closer to collapse could be
larger since near the threshold for BH formation the
system tends to be very sensitive to small changes. In
particular, the lifetime of the remnant could be altered
significantly.
The Fourier spectra of the GW signals are shown in

Figs. 27–29, each comparing the equal- and unequal-mass
models for one EOS. The main peak caused by the post-
merger phase shows only minor changes for different mass
ratios, compared to the width of the peak. The impact of the
EOS exceeds by far that of the mass ratio, at least in
the range q ¼ 0.9 to 1. We note that a small influence of the
mass ratio makes it easier to constrain the EOS from the
post-merger frequency. Correlations between EOS, initial
NS properties, and post-merger frequencies have been
studied by different groups, e.g. [60,121,122], for a large
number of models.
In all cases, the post-merger peak as well as the inspiral

contribution are above the (design) sensitivity curves of the
advanced LIGO and Virgo detectors. Nevertheless, the
corresponding signal-to-noise ratio (SNR) is likely insuffi-
cient for a confident detection of the post-merger signal at
100 Mpc distance. Of the three EOS, the APR4 EOS leads
to the post-merger signal with the smallest SNR. Although
the H4 models emit the strongest post-merger signals (see
discussion above), their frequency is also higher, such that
the MS1 and H4 cases result in comparable SNRs.
The dominant frequency of the post-merger phase for

each model is given in Table II. We report both the location
fpm of the maximum in the Fourier spectrum as well as a
measure defined in [123] using the instantaneous frequency
f to compute

f10 ¼
"Z

jhðtÞjdt
#−1 Z

fðtÞjhðtÞjdt; ð3Þ

where the time integrals are carried out over the first 10 ms
after merger. Interestingly, the GW frequency in the post-
merger phase is approximately twice the maximum rotation
rate inside the remnant (compare 2νmax and fpm in Table II,
as well as Fig. 15). As was already observed in [33,56–59],
the maximum rotation rate is apparently limited by the
angular velocity of the m ¼ 2 density deformation, which

FIG. 26. Comparison of gravitational wave strain ℜðhaÞ (top
panel) and jump-corrected phase velocity (bottom panel), be-
tween the magnetized APR4 equal-mass model and the corre-
sponding nonmagnetized model.

FIG. 27. Power spectrum of the gravitational wave strain at
100Mpc for the APR4 models, compared to the sensitivity curves
of current and planned gravitational wave detectors.

FIG. 28. Like Fig. 27, but for the MS1 models.

FIG. 29. Like Fig. 27, but for the H4 models. Note the
differences in the high-frequency part are simply due to the fact
that the unequal-mass case was not evolved long enough to obtain
the part of the signal corresponding to the collapse to a black hole.
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is in turn half of the GW frequency. The frequency of the
main post-merger peak increases with the bulk compact-
ness of the remnant (as does the rotation rate, see Sec. IV),
which depends on the EOS.
When considering the characteristic low- and high-

frequency side peaks appearing around the main post-
merger peak, we find more significant differences between
the equal and unequal-mass cases. We caution however that
those peaks are not necessarily related directly to physical
oscillations. As was already shown in [58], their location
can change drastically when removing the aforementioned
phase jumps. This can be explained in terms of cancella-
tions between the contributions of different parts of the
signal to the Fourier spectrum.
The impact of the magnetic field on the spectrum is

rather small, as shown in Fig. 27. We observe a slight shift
of the main peak, which is however less than the peak
width. The substructure of the peak also changes slightly,
such that a subpeak at 3.47 kHz becomes the new global
maximum for the nonmagnetic case. The average fre-
quency f10 changes less than 0.5%. Also the amplitude
of the peak and the corresponding SNR is essentially
unaffected by the magnetic field. Overall, we conclude that
magnetic fields up to the strength considered here are
unlikely to cause any detectable changes in the GW signal
for BNS mergers forming a long-lived NS.

IX. SUMMARY AND CONCLUSIONS

In this paper, we investigated the merger of BNS systems
by means of GRMHD simulations, with special attention
devoted to mergers producing a long-lived NS remnant (i.e.
a supramassive or stable NS). We considered equal and
unequal mass binaries with mass ratios q ¼ 1 and 0.9,
keeping a fixed total gravitational mass at infinity of
2.7 M⊙. We considered three different EOS known in
the literature: APR4, MS1, and H4. For the given total
mass, these EOS lead to the formation of supramassive,
stable, and hypermassive NS remnants, respectively. Only
the latter models (H4 EOS) collapse to a BH by the end of
our simulations, which cover the evolution up to
∼30–50 ms after merger.
Remnant structure, rotation profile, accretion disk. We

studied in detail the structure and the fluid flow of the
merger remnants. In a frame corotating with the dominant
m ¼ 2 density deformation, the remnant structure appears
much more complex than simple differential rotation. In
particular, we found long-standing vortices correlated with
density perturbations, which slowly evolve toward axisym-
metry. In the H4 unequal-mass case, we also found a
sudden rearrangement of the internal flow starting ∼5 ms
after merger, which seems to have an impact on the HMNS
lifetime and to leave a distinctive signature on GW signal
and mass ejection.
For the long-lived models, a quasistationary state is

reached around 20 ms. For all models, the rotation profiles

on the equatorial plane around this time shows a generic
structure with a slowly rotating core, a maximum rotation
rate at a radius of ∼15–20 km, and an approximately
Keplerian rotation profile in the outer layers. This confirms
previous indications suggesting that the collapse is not
prevented by a rapidly rotating core, but rather by the
centrifugal support of the outer layers of the remnant. The
EOS is found to have a much stronger impact than the mass
ratio on the maximum angular velocity, which is approx-
imately given by the angular velocity of the m ¼ 2 density
perturbation. Moreover, we found that the slowly rotating
core is well approximated by the core of a TOV (i.e.,
nonrotating NS) solution and that BNS merger remnants
seem to resist the collapse as long as a TOV core equivalent
is admitted. Our H4 models indeed collapse to BH as soon
as this condition is no longer satisfied.
For our collapsing (H4) models, we found BHs with spin

parameter of ∼0.6 surrounded by accretion disks of
0.1–0.2 M⊙. In the long-lived NS cases (APR4 and
MS1), we found a significant amount of mass outside
the remnant at radii r > 20 km: ∼0.2 and ∼0.4 M⊙ for the
APR4 and MS1 models, respectively (roughly half of
which outside a radius of 60 km). We note that further
away from the remnant the matter is distributed more
isotropically (i.e., also along the orbital axis) and its
internal flow is rather unordered and does not correspond
to simple accretion, at least on the timescales covered by
our simulations (∼50 ms after merger). We also note that a
small fraction of this mass will be ejected from the system.
As a general trend, unequal-mass systems are found to
produce more massive disks (by∼25% in the long-lived NS
cases, and ∼60% in the collapsing cases).
Magnetic fields. The evolution of magnetic fields is

characterized by different stages of amplification. We
started from initial poloidal fields of ∼1015 G confined
inside the two NSs and we observed a first stage of
amplification taking place already before merger.
Interestingly, all models started with the same total mag-
netic energy and gravitational mass at infinity, and all
ended up with roughly the same magnetic energy at the
time of merger, which is about one order of magnitude
higher than the initial one. Nevertheless, it is still unclear
whether this amplification corresponds to a well-resolved
physical mechanism, although our analysis ruled out a
number of physical and numerical causes. A possible
explanation might be that the time-changing tidal defor-
mations during inspiral induce fluid flows inside the two
NSs that might amplify the magnetic field. This effect will
be further investigated in future studies.
After merger, magnetic fields are strongly amplified for

5–10 ms, most likely by the KH instability. Further
amplification continues at later times, although at a lower
rates. In this last phase, the MRI outside the NS remnant is
likely playing a major role in the amplification. From our
resolution study, it is clear that the KH phase is not well
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resolved. However, the magnetic energy achieved in last
stage (up to ∼50 ms after merger for the long-lived NS
models) shows a much better convergence.
The overall dependence on EOS and mass ratio is

nontrivial and no general trend is observed. At all stages,
the magnetic field amplification is mostly in the toroidal
component and takes place mostly on the equatorial plane.
We studied the geometrical distribution of magnetic fields
in 3D for the long-lived NS cases, and found that no
ordered configuration has emerged around the orbital axis
by the end of our simulations, although we note a slight
tendency to helical structures.
Short gamma-ray bursts. We discussed how our results

compare with different scenarios linking BNS mergers to
the central engine of SGRBs. In particular, we considered
the leading BH-disk scenario and the alternative magnetar
scenario. Both models envisage the formation of an
accretion-powered jet launched by the post-merger system,
i.e. a BH surrounded by a massive accretion disk in the
former case and a strongly magnetized long-lived NS also
surrounded by an accretion disk in the latter case. While not
much can be added on the standard BH-disk scenario from
our collapsing (H4) models, since the simulations were
interrupted only a few ms after BH formation, our long-
lived NS (APR4 and MS1) models provided useful
indications on the viability of the magnetar scenario. We
note that so far this case has been poorly investigated in
numerical relativity, with only very few studies reporting
on GRMHD simulations of BNS mergers with long-lived
NS remnants. We found that∼50 ms after merger, the long-
lived NS is still surrounded by a dense and nearly isotropic
environment. In particular, baryon pollution along the
orbital axis is substantial (densities of ∼1010 g=cm3) and
could easily prevent the formation of an incipient jet. In
addition, there is no well defined accretion flow nor an
ordered magnetic field structure that could favor the launch
of a collimated outflow. We thus concluded that the long-
lived NS systems considered are not able to produce a jet, at
least on timescales of ∼0.1 s. As we discussed, however,
such a conclusion could be affected by our present
limitations.
Matter ejection. We carried out a detailed analysis of the

matter ejected during and after merger. We estimated the
outflow of matter that is unbound according to the geodesic
criterion and we found dynamical ejecta composed by
(i) initial tidal tails launched right before merger that are
more massive for the unequal-mass models, (ii) a strong
ejecta wave, most likely due to the breakout shock
generated when the two NS cores collide, and (iii) addi-
tional ejecta waves launched by the first oscillations of the
remnant NS. In total, these ejecta amount to ∼10−2 M⊙ for
the APR4 models and ∼10−3 M⊙ for the others [124].
Within the errors, magnetic fields have negligible effect on
these results. Using a simple analytical model by Grossman
et al. (2014), we also obtained order-of-magnitude

estimates for the corresponding kilonova/macronova sig-
nals. We found electromagnetic transients peaking around
1–10 days after merger, with peak luminosities of
∼1040 erg=s and effective temperatures of ∼2000–3000 K.
In addition to the formally unbound ejecta, we observed

further matter outflows. These become dominant 15–20 ms
after merger and, although slower, they can contribute
significantly to the total flux accumulated by the end of the
simulations across a spherical surface of radius ≈300 km.
In particular, for the long-lived NS cases ∼50 ms after
merger, the cumulative flux of formally bound matter can
be comparable to the unbound ejecta (APR4) or even
dominant (MS1). Moreover, by comparing results obtained
with and without magnetic fields, we found that the main
contribution to these outflows is magnetically driven. This
indicates that the geodesic criterion does not apply and
leaves the possibility that a relevant fraction of this matter
could also become unbound at later times. Finally, our
simulations suggest that the ongoing matter ejection will
persist for much longer.
Gravitational wave emission. For all our models, we

analyzed the GW signal, with particular attention to the
post-merger waveform and spectrum. Systems forming a
long-lived NS (APR4 and MS1 models) have post-merger
waveforms of similar amplitudes which rapidly decay
within ∼20 ms. The collapsing (H4) models show a
stronger post-merger GW emission that is however shut
off as soon as the HMNS collapses to a BH. We note that all
models exhibit a phase jump during merger, which might
be relevant for GW analysis. In agreement with well
established results in the literature, we found post-merger
spectra characterized by a main peak at a frequency of
2–3 kHz. While the mass ratio has minor influence on this
frequency, differences are significant for different EOS. In
particular, more compact remnants have a higher peak
frequency. We recall that all our BNS systems have the
same total mass at infinite separation. By comparing the
spectra of the magnetized and nonmagnetized APR4 equal-
mass models, we concluded that for BNS merger forming a
long-lived NS, magnetic fields up to ∼1016 G are unlikely
to alter the GW spectrum in a detectable way.
Although for all our models the main post-merger peak

lies above the sensitivity curves of advanced LIGO and
Virgo, the SNRs are most probably not sufficient for a
confident detection of the post-merger part of the GW
signal at a distance of ∼100 Mpc or more.
Outlook. With the present work, we initiated a systematic

investigation of BNS mergers leading to the formation of a
long-lived NS. As suggested by recent observations, this
case might represent a significant fraction of all BNS
mergers. Nevertheless, it remains poorly studied in numeri-
cal relativity and thus more effort in this direction is
urgently needed.
The results presented here are affected by various

limitations that should be overcome step by step in the
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future. In particular, a higher resolution is needed to better
resolve the KH instability and possibly the MRI also inside
the remnant. Moreover, an improved description of the
microphysics including composition and neutrino radiation
is likely to affect the structure of the NS remnant and
surrounding disk/environment, and the matter outflows.
Both improvements are also required to make conclusive
statements about jet formation.
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APPENDIX: RESOLUTION STUDY

In order to estimate the numerical errors, we evolved the
equal-mass APR4 model with two additional resolutions,
one higher and one lower by a factor 1.25 than the fiducial
(medium) resolution. The corresponding spacing of the
finest grids is 277, 222, and 177 m. First, we compute
the error of the maximum rest-mass density during
the evolution. We define the difference between two
resolutions as

δρ ≡
R
ðρ1ðtÞ − ρ2ðtÞÞ2dtR
1
4 ðρ1ðtÞ þ ρ2ðtÞÞ2dt

; ðA1Þ

where the integrals are carried out over the full duration of
the simulations, and the time coordinates are aligned at the
time of the merger for each run. We obtain relative
differences of δρ ≈ 3.5% between low and medium reso-
lution and ≈1.0% between medium and high resolution.
This would correspond to a convergence order of 5.7.
Similarly, the minimum of the lapse would converge with
order 4.6. Nevertheless, both convergence orders are clearly
misleading, since the hydrodynamic evolution scheme is
second order accurate at best, and in practice between first
and second order due to the presence of shock waves. In the
following, we provide error estimates under the assumption
that only the lowest resolution is too low and that results
show first order convergence starting from medium
resolution.
We now estimate the error on the GW frequencies for the

APR4 case. The average post-merger frequency f10 differs

by 0.31% between low and medium resolution, and by
0.24% between medium and high resolution. From the
latter results and the above assumption of linear conver-
gence, we estimate the error of f10 to be below 2%. We also
note that the frequency range relevant for our results (up to
4 kHz) corresponds to wavelengths resolved by at least 10
grid points at the extraction radius, which is sufficient to
prevent signal loss.
Our MS1 and H4 equal-mass models have also been

studied in [123], using the same piecewise polytropic
approximation of the EOS and the same thermal part,
but without magnetic fields. Assuming that the impact of
the magnetic field is as small as for the APR4 case, we
expect to obtain similar frequencies. For those models, the
post-merger frequency f10 indeed agrees within 1.3% and
0.4%, respectively. Our unmagnetized APR4 equal-mass
model is almost the same as another model studied in [123],
apart from a slightly different piecewise polytropic approxi-
mation (see [56]) of the APR4 EOS used in our work. For
this model, f10 agrees within 1.5%. We conclude that
within the numerical error and neglecting the influence of
magnetic fields, our results agree well with [123].
Next, we consider the finite difference error in our

estimates of the (unbound) ejected mass. Again, a direct
measure of the convergence order yields an unrealistically
large value (≈10). The difference between medium and
high resolution is 3.5%, and under the assumption of first
order convergence, we obtain a total error of 17%. Note,
however, that this does not include the effects of the
artificial atmosphere and the assumptions used in the
extraction. In total, we roughly estimate the mass of
the unbound ejecta to be accurate within a factor of 2.
Finally, we consider the impact of resolution on mag-

netic field evolution and amplification. Figure 30 shows the
evolution of the total magnetic energy for low, medium, and
high resolution. The initial amplification during the inspiral
seems to converge until the saturation phase, where the

FIG. 30. Evolution of magnetic energy for the equal-mass
APR4 model at different resolutions: low resolution dx ¼ 277 m
(LR), fiducial/medium resolution dx ¼ 222 m (MR), and high
resolution dx ¼ 177 m (HR). The vertical line marks the time of
merger.

RICCARDO CIOLFI et al. PHYSICAL REVIEW D 95, 063016 (2017)

063016-26



absolute differences become suddenly larger and conver-
gence is gradually lost. This could mean that the saturation
is due to the finite resolution or that a physical effect
causing the saturation is more difficult to resolve. We note
that a resolution study does not allow us to exclude the
remote possibility that interaction with the artificial atmos-
phere is responsible for the amplification. As expected, in
the post-merger phase we are not in a regime of con-
vergence. This is likely due to the unresolved small-scales

at which the key amplification mechanisms act (in par-
ticular the KH instability). Nevertheless, for t > 30 ms we
find a much better agreement between the medium and high
resolutions compared to the low and medium resolutions. A
possible explanation is that magnetic energy in this late
phase is dominated by the contributions of MRI and
winding outside the remnant, which are much better
resolved (as shown in Fig. 17, the resolution should be
sufficient to resolve the fastest growing MRI modes).
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[60] A. Bauswein and H.-T. Janka, Phys. Rev. Lett. 108,
011101 (2012).

[61] A. Bauswein, N. Stergioulas, and H.-T. Janka, Phys. Rev.
D 90, 023002 (2014).

[62] K. Takami, L. Rezzolla, and L. Baiotti, Phys. Rev. Lett.
113, 091104 (2014).

[63] P. B. Demorest, T. Pennucci, S. M. Ransom, M. S. E.
Roberts, and J. W. T. Hessels, Nature (London) 467,
1081 (2010).

[64] J. Antoniadis et al., Science 340, 1233232 (2013).
[65] J.-P. Lasota, P. Haensel, and M. A. Abramowicz,

Astrophys. J. 456, 300 (1996).
[66] K. Belczynski, R. O’Shaughnessy, V. Kalogera, F. Rasio,

R. E. Taam, and T. Bulik, Astrophys. J. Lett. 680, L129
(2008).

[67] B. Giacomazzo and R. Perna, Astrophys. J. Lett. 771, L26
(2013).

[68] C. Palenzuela, S. L. Liebling, D. Neilsen, L. Lehner, O. L.
Caballero, E. O’Connor, and M. Anderson, Phys. Rev. D
92, 044045 (2015).

[69] N. Gehrels et al., Astrophys. J. 611, 1005 (2004).
[70] A. Rowlinson, P. T. O’Brien, B. D. Metzger, N. R. Tanvir,

and A. J. Levan, Mon. Not. R. Astron. Soc. 430, 1061
(2013).

[71] H.-J. Lü, B. Zhang, W.-H. Lei, Y. Li, and P. D. Lasky,
Astrophys. J. 805, 89 (2015).

[72] Y.-W. Yu, B. Zhang, and H. Gao, Astrophys. J. Lett. 776,
L40 (2013).

[73] Z. G. Dai, J. S. Wang, and X. F. Wu, arXiv:1611.09517.
[74] J. M. Lattimer, Annu. Rev. Nucl. Part. Sci. 62, 485 (2012).
[75] F. Özel and P. Freire, Annu. Rev. Astron. Astrophys. 54,

401 (2016).
[76] A. Akmal, V. R. Pandharipande, and D. G. Ravenhall,

Phys. Rev. C 58, 1804 (1998).
[77] H. Müller and B. D. Serot, Nucl. Phys. A606, 508 (1996).
[78] N. K. Glendenning and S. A. Moszkowski, Phys. Rev. Lett.

67, 2414 (1991).
[79] E. Gourgoulhon, P. Grandclement, K. Taniguchi, J.-A.

Marck, and S. Bonazzola, Phys. Rev. D 63, 064029 (2001).
[80] K. Taniguchi and E. Gourgoulhon, Phys. Rev. D 66,

104019 (2002).
[81] J. S. Read, B. D. Lackey, B. J. Owen, and J. L. Friedman,

Phys. Rev. D 79, 124032 (2009).
[82] K. Kiuchi, K. Kyutoku, Y. Sekiguchi, M. Shibata, and T.

Wada, Phys. Rev. D 90, 041502 (2014).
[83] B. Giacomazzo, L. Rezzolla, and L. Baiotti, Phys. Rev. D

83, 044014 (2011).
[84] R. Ciolfi and L. Rezzolla, Mon. Not. R. Astron. Soc. 435,

L43 (2013).
[85] K. Kiuchi, P. Cerdá-Durán, K. Kyutoku, Y. Sekiguchi, and

M. Shibata, Phys. Rev. D 92, 124034 (2015).
[86] B. Giacomazzo and L. Rezzolla, Classical Quantum

Gravity 24, S235 (2007).
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