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We perform general relativistic, magnetohydrodynamic (GRMHD) simulations of binary neutron stars in
quasi-circular orbit that merge and undergo delayed or prompt collapse to a black hole (BH). The stars are
irrotational and modeled using an SLy or an H4 nuclear equation of state. To assess the impact of the initial
magnetic field configuration on jet launching, we endow the stars with a purely poloidal magnetic field that
is initially unimportant dynamically and is either confined to the stellar interior or extends from the interior
into the exterior as in typical pulsars. Consistent with our previous results, we find that only the BHþ disk
remnants originating from binaries that form hypermassive neutron stars (HMNSs) and undergo delayed
collapse can drive magnetically powered jets. We find that the closer the total mass of the binary is to
the threshold value for prompt collapse, the shorter is the time delay between the gravitational wave peak
amplitude and jet launching. This time delay also strongly depends on the initial magnetic field
configuration. We also find that seed magnetic fields confined to the stellar interior can launch a jet
over ∼25 ms later than those with pulsarlike magnetic fields. The lifetime of the jet [Δt ≲ 150 ms] and its
outgoing Poynting luminosity [LEM ∼ 1052�1 erg=s] are consistent with typical short gamma-ray burst
central engine lifetimes, as well as with the Blandford–Znajek mechanism for launching jets and their
associated Poynting luminosities. Our numerical results also suggest that the dynamical ejection of matter
can be enhanced by the magnetic field. Therefore, GRMHD studies are required to fully understand
kilonova signals from GW170818-like events.
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I. INTRODUCTION

The coincident detection of gravitational waves (GWs)
with counterparts across the electromagnetic (EM) spec-
trum from GW170817, whose source has been officially
classified as a merging binary neutron star [1–3], triggered
the beginning of multimessenger astronomy. This single
multimesssenger event provides: (i) the first direct evidence
that compact binary mergers where at least one of the
companions is a neutron star can be the progenitors of
the central engine that powers short gamma-ray bursts
(sGRBs). This conclusion was anticipated in [4–6] and
confirmed by self-consistent simulations in full general
relativistic, magnetohydrodynamics (GRMHD) of merging
binary neutron stars (NSNSs) [7,8], and binary black hole-
neutron stars (BHNSs) [9,10]; (ii) tight constraints on the
equation of state (EOS) at supranuclear densities [11,12];
(iii) limits to the maximum mass of neutron stars [13–16];
(iv) evidence of ejecta masses of ≈0.01–0.05 M⊙ with
velocities ≈0.1–0.3 c [17–19]. This ejecta is roughly
consistent with the estimated r-process production rate
required to explain the Milky Way r-process abundances;
and (v) an independent measure for the expansion of the
Universe [20,21]. GW170817 also demonstrated that to

understand multimessenger observations and, in particular,
to understand the physics of matter under extreme con-
ditions, it is crucial to compare them to predictions
from theoretical modeling. Due to the complexity of the
underlying physical phenomena, such modeling is largely
numerical in nature.
Our GRMHD numerical simulations in [7–10], which

model the NSs by a simple Γ¼2, polytropic EOS, provided
an existence proof for jet launching.1 However, to date there
are no self-consistent, GRMHD calculations of NSNS or
BHNS mergers involving realistic EOSs, or detailed micro-
physical processes, confirming these results. Such jets are
believed to be crucial for launching a GRB (see e.g.,
[22–24]). The numerical studies of NSNS mergers under-
going delayed collapse to a BH reported in [25,26], in
which different EOSs, mass ratios, and orientations of
a poloidal magnetic field confined to the stellar interior,
were explored found no evidences of magnetically driven

1We define an incipient jet as a tightly collimated, mildly
relativistic outflow which is driven by a tightly wound, helical,
forcefree magnetic field (i.e., B2=ð8πρ0Þ ≫ 1, where ρ0 is the
rest-mass density, and B2 ¼ BiBi, with Bi the magnetic field [9].)
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outflows or incipient jets, though their results confirm the
formation of an ordered magnetic field above the BH poles
(see e.g., Fig. 7 in [25]). It is likely that longer evolutions
and/or higher resolutions are required to properly capture
the undergoing magnetic instabilities for the emergence of
an incipient jet. The formation of jet-like structures have
been also reported in [27]. On the other hand, the very high
resolution studies of NSNS mergers in [28] found no jets
nor an ordered poloidal field above the BH poles after
∼39 ms following merger. By t ∼ 26 ms following BH
formation, there is still material in the atmosphere that is
being accreted, so that the strong ram pressure of the fall-
back debris chokes the emergence of a magnetically driven
outflow. An incipient jet might be launched once the
baryon-loaded surrounding debris above the BH poles
becomes sparse. However, the emergence of an incipient
jet may be possible only for EOSs for which the fall-back
timescale is shorter than the accretion disk lifetime [29].
On the other hand, microphysical processes may also have
strong impact on the final outcome of compact binary
mergers and jets (see e.g., [30,31]). For example, neutrino
processes in BHþ disk systems may extract a significant
amount of energy from inner regions of disk to power jets
[32–36]. However, they cannot explain the duration of
typical sGRBs (see e.g., [36,37]). Nevertheless, it has been
suggested that, in slow spinning BHþ disk systems, jets
can be initially triggered by neutrino pair annihilation and
then powered by the Blandford-Znajek (BZ) mechanism
[38,39], leading to a transition from a thermally dominated
fireball to a Poynting dominated outflow, as observed in
some GRBs such as GRB 160625B [40].
As a crucial step in solidifying the role of NSNSs as

multimessenger sources, we survey in this paper configu-
rations that undergo either delayed or prompt collapse and
treat different representative EOSs and initial geometries of
their magnetic field to probe their impact on jet launching
and the dynamical ejection of matter. In particular, the NSs
are modeled using a piecewise polytropic representation of
the nuclear SLy [41] and H4 EOSs [42], as in [43]. We adopt
these as representative of realistic candidate EOSs that are
broadly consistent with current data [44–46]. For compari-
son, we also consider the binaries we considered in [7,8,47]
in which the stars are modeled using a simple polytropic
EOS with Γ ¼ 2. For the magnetic field, we endow the stars
initially with a purely poloidal magnetic field that either
extends from the interior of the NSs into its exterior, as in
pulsars, or that is confined to the stellar interior. We also
evolve unmagnetized configurations to assess the impact of
the magnetic field on the ejecta. As NSNS mergers tend to
create very baryon-loaded environments (see e.g., [36,48]),
we consider binaries whose merger outcome is a short-
(1≲ τHMNS≲5 ms), medium- (5≲ τHMNS≲20 ms) or long-
lived (τHMNS ≳ 20 ms) hypermassive neutron star (HMNS)
followed by delayed collapse to a BH. These choices will
allow us to probe the impact of light vs heavy matter

environments on the physical properties of the incipient jet.
Here τHMNS is the lifetime of the HMNS.
Consistent with our results reported in [7,8], we find

that incipient jets only emerge from binary remnants that
undergo delayed collapse, regardless of the EOS. The
lifetime of the jet [Δt ∼ 92–150 ms] and its corresponding
outgoing EM Poynting luminosity [LEM ∼ 1052�1 erg=s]
are consistent with the lifetime of the sGRB central engine
[49–52], as well as with the Blandford-Znajek (BZ)
mechanism for launching jets and their associated
Poynting luminosities [39]. Our results can be summarized
as follows: (i) the closer the total mass of the binary is to the
threshold value for prompt collapse, the shorter is the time
delay between the GW peak amplitude (our definition of
the moment of coalescence) and the jet launching time. In
particular, we find that the BHþ disk remnant of a stiff H4
NSNS configuration in which τHMNS∼2.5 ms (labeled as
H4M3.0P in the discussion below) launches an incipient jet
after ∼19 ms following BH formation, while that of an H4
NSNS configuration in which τHMNS∼9.6 ms (labeled
H4M2.8P) launches a jet after ∼27 ms following BH
formation; (ii) the jet launching time strongly depends
on the initial geometry of the seed magnetic field.
We observe that the BHþ disk remnant of a soft SLy
binary initially endowed with a pulsarlike poloidal mag-
netic field (labeled as SLyM2.7P) launches an incipient jet
at t ∼ 20 ms following BH formation, while the same
binary endowed with a poloidal magnetic field confined
to the stellar interior (labeled as SLyM2.7I) launches it at
t ∼ 60 ms following BH formation. As we discuss later,
during the BHþ disk phase the magnetic energy in the
latter is a factor of ∼20 times smaller than in the former.
Therefore, the BHþ disk remnant in SLyM2.7I requires
more time for magnetic pressure gradients to overcome the
ram-pressure of the falling-back debris and eventually
launch an incipient jet. On the other hand, in the prompt
collapse case, the absence of an extended HMNS epoch
prevents the magnetic field from reaching equipartition
strength above the remnant BH poles, thereby preventing
magnetic field collimation and a magnetically supported
outflow; (iii) the dynamical ejection of matter following
merger strongly depends on the initial magnetic field
geometry. Note that it has been suggested that the magnetic
field lines of a rotating compact object may accelerate fluid
elements due to a magnetocentrifugal mechanism [53].
These results suggest that magnetic field is a key ingredient
in explaining kilonova signatures from GW170817-like
events. We use an analytical model recently derived in [54]
to compute the peak EM luminosity, the rise time and an
effective temperature of the potential kilonova. We find that
the bolometric luminosity is Lknova ¼ 1040.6�0.5 erg=s with
rise times τpeak ∼ 0.4–5.1 days and an effective temperature
Tpeak ∼ 103.5 K. This temperature can be translated in a
peak wavelength λpeak ¼ 1.35 × 103 nmðTpeak=103.33 KÞ−1
[54], implying λpeak ∼ 730–1830 nm. The associated
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emission may be detected with current or planned tele-
scopes such as ALMA or the Vera C. Rubin Observatory
[55,56]; and finally (iv) using the GW match function (see
e.g., [57]), we find that the imprints of the magnetic field on
the gravitational radiation can be observed by current
based-ground detectors (aLIGO/Virgo/KAGRA) only if
the GW event occurs within at a distance ≲6.0 Mpc. We
recall that GW170817, the closest GW signal detected to
date, had a luminosity distance of 40þ8

−14 Mpc [1]. If the GW
event occurs within a distance≲50 Mpc, these imprints can
be observed only with next generation of GW observato-
ries, such as the Einstein Telescope or Cosmic Explorer
(see e.g., [58]), with a sigma-to-noise ratio (SNR) ≳30.
The remainder of the paper is organized as follows.

A short summary of the numerical methods and their
implementation is presented in Sec. II A. A detailed
description of the adopted initial data and the grid structure
used to evolve the GRMHD equations numerically are
given in Sec. II B and Sec. II C, respectively. A suite of
diagnostics used to verify the reliability of our numerical
calculations is summarized in Sec. II D. We present our
results in Sec. III. Finally, we summarize our findings and
conclusions in Sec. IV. Throughout the paper we adopt
geometrized units (G ¼ c ¼ 1) except where stated explic-
itly. Greek indices denote all four spacetime dimensions,
while Latin indices imply spatial parts only.

II. NUMERICAL SETUP

A. Methods

Much of the numerical approach employed here has
been extensively discussed in previous works (see e.g.,
[7,59,60]). Therefore, in the following we only summarize
the basics aspects, referring the reader to those references
for further details and code tests.
We use our well-tested ILLINOIS GRMHD code [61]

which is embedded on the CACTUS infrastructure [62] and
employs the CARPET code [63,64] for its moving-box mesh
capability. Our code evolves the Baumgarte–Shapiro–
Shibata–Nakamura (BSSN) equations [65,66], coupled
with puncture gauge conditions cast in first order form
(see Eq. (2)–(4) in [67]), using fourth order centered spatial
differencing, except on shift advection terms, where a
fourth order upwind differencing is used. Fifth order
Kreiss-Oliger dissipation [68] is also added in the BSSN
evolution equations. The matter and magnetic fields are
evolved using the equations of ideal GRMHD, which are
cast in a conservative scheme, via a high-resolution shock
capturing method (see Eqs. (27)–(29) in [61]). To ensure
the magnetic field remains divergenceless during the whole
evolution, we integrate the magnetic induction equation
using a vector potential Aμ (see Eqs. (19)–(20) in [61]).
We adopt the generalized Lorenz gauge described in [69]
to avoid the build up of spurious magnetic fields [70].
The time integration is performed via the method of lines

using a fourth-order accurate Runge-Kutta integration
scheme with a Courant-Friedrichs-Lewy (CFL) factor
set to 0.5.

B. Initial data

1. Equation of state (EOS)

We consider NSNS configurations in a quasiequilibrium
circular orbit that inspiral, merge and undergo either
delayed or prompt collapse to a BH. The binaries consist
of two identical irrotational NSs, modeled by a piecewise
polytropic representation of the nuclear EOSs SLy (soft)
[41] and H4 (stiff) [42], as in [43]. The initial binary data
are computed using the compact object calculator (COCAL)
[71,72], and their properties are summarized in Table I.
We note that these representative EOSs broadly satisfy

the current observational constraints on NSs. For example,
the maximum mass configuration of an isolated star
predicted by SLy is Mmax

sph ¼ 2.06 M⊙, while that predicted
by H4 is Mmax

sph ¼ 2.03 M⊙. Both are consistent with:

(i) Mmax
sph > 2.072þ0.067

−0.066 M⊙ from the NICER and XMM
analysis of PSR J0740þ 6620 [73]; (ii) Mmax

sph >

2.01þ0.017
−0.017 M⊙ from the NANOGrav analysis of PSR

J1614-2230 [44]; (iii) Mmax
sph > 2.01þ0.14

−0.14 M⊙ from the
pulsar timing analysis of PSR J0348þ 0432 [45]; and
Mmax

sph > 2.14þ0.20
−0.18 M⊙ from the NANOGrav and the Green

Bank Telescope [46]. We also note that SLy predicts that a
star with a mass of 1.4 M⊙ has a radius of R ¼ 11.46 km,
consistent with the value R ¼ 11.94þ0.76

−0.87 km obtained by a
combined analysis of x-ray and GW measurements of PSR
J0740þ 6620 [74]. Such a star modeled with a H4 EOS has
a radius of R ¼ 13.55 km, which is just marginally outside
of the above constraint. Consistent with this, the combined

TABLE I. Summary of the initial properties of the NSNS
configurations. We list the EOS employed to model the NSs,
the rest-mass M0, the equatorial coordinate radius Rx toward
the companion of each star, the compactness C and the tidal
deformability Λ ¼ ð2=3Þk2C−5 (where k2 is the second Love
number), the ADM mass M, and the angular velocity Ω, for an
initial binary coordinate separation of ∼45 km. The tag for each
configuration is composed of the EOS followed by the binary
ADM mass. We also consider the Γ ¼ 2 NSNS configurations
treated previously in [7,8,47].

Model EOS M0½M⊙� Rx ½km� C Λ M½M⊙� MΩ

SLyM2.6 SLy 1.45 9.14 0.169 463 2.6 0.024
SLyM2.7 SLy 1.51 9.04 0.175 367 2.7 0.023
SLyM3.0 SLy 1.71 8.72 0.197 173 3.0 0.031

H4M2.8 H4 1.55 11.12 0.155 818 2.8 0.025
H4M3.0 H4 1.67 10.81 0.166 524 3.0 0.031

Γ2M2.8 Γ ¼ 2 1.51 12.74 0.140 979 2.8 0.027
Γ2M3.0 Γ ¼ 2 1.67 11.52 0.160 359 3.0 0.030
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analysis of the LIGO/Virgo scientific collaboration (LVSC)
of the progenitors of GW170817 with the radio-timing
observations of the pulsar J0348þ 0432 [11,45] constrain
the radius of a NS with mass in the range 1.16–1.6 M⊙ to
be 11.9þ1.4

−1.4 km at the 90% credible level. However, the
NICER analysis of PSR J0030þ 0451 [75] constrains
the radius of a NS with mass of 1.44þ0.15

−0.14 M⊙ to be R ¼
13.02þ1.24

−1.06 km. SLy and H4 EOSs predict that a 1.44 M⊙
star has a radius of 11.45 km and 13.54 km, respectively.
The former is hence slightly below the NICER constraint.
Furthermore, the LVSC analysis of GW170817 predicts
that the tidal deformability of a 1.4 M⊙ NS is Λ1.4 ¼
190þ390

−120 at the 90% credible level [11]. Such a star has
Λ1.4 ¼ 306.4 and Λ1.4 ¼ 886.6 for SLy and H4, respec-
tively. Therefore, the NICER analysis favors stiff (e.g., H4)
over soft EOSs (e.g., SLy), while that of the LVSC favors
soft over stiff EOSs [76].
For comparison, we also consider the Γ ¼ 2 NSNS

configurations we treated previously in [7,8,47] that allow
us to cover a large set of stellar compactions. Note that
Γ ¼ 2 is the stiffest EOS considered in this survey. When
using an Γ-law EOS, we have the freedom to scale the
masses and distance to any value. Therefore, we rescale the
rest-mass of the Γ ¼ 2 star companions to match those of
SLyM2.7 (i.e., M0 ¼ 1.51 M⊙ðκ=κLÞ1=2, where κL ¼
232.93 km2 is the polytropic constant employed to com-
pute the initial data). We note that the maximum mass
predicted by the Γ ¼ 2 EOS is Mmax

sph ¼ 1.69ðk=kLÞ1=2 M⊙
and, that a Γ ¼ 2 star with a mass of 1.4 M⊙ has a radius
of R ¼ 22.72ðk=kLÞ1=2 km.
The NSNS merger outcome may be a remnant that can

either settle into a transient HMNS or promptly form a
highly spinning BH upon merger. Given an EOS, this
outcome depends strongly on the total mass of the binary
and it is independent of the mass-ratio [77]. The threshold
mass Mthres for prompt collapse for a Γ ¼ 2 EOS is
≃2.88ðk=kLÞ1=2 M⊙, while for SLy and H4 EOSs are
Mthres ≃ 2.82 M⊙ and Mthres≃3.12M⊙, respectively [78].
Thus, it is expected that only the NSNS configurations
SLyM3.0 and Γ2M3.0 (see Table I) undergo prompt
collapse to a BH. The merger outcome in all other cases
is a highly differentially rotating HMNS [79].
A cold EOS is adequate to model the NS prior to merger.

However, during merger considerable shock heating
increases the internal energy. To account for this, we adopt
an EOS that has both a thermal and cold contribution. The
total pressure can be expressed as

P ¼ Pth þ Pcold; ð1Þ

where Pcold ¼ κiρ
Γi
0 , with κi and Γi the corresponding

polytropic constant and the polytropic exponent in the
rest-mass density range ρ0;i−1 ≤ ρ0 ≤ ρ0;i, respectively (see
e.g., [43]), and the thermal pressure is given by

Pth ¼ ðΓth − 1Þρ0ðϵ − ϵcoldÞ; ð2Þ

where

ϵcold ¼ −
Z

Pcolddð1=ρ0Þ; ð3Þ

and Γth a constant that we set to 1.66 ≃ 5=3 in all our
simulations. This value is appropriate for ideal nonrelativ-
istic baryons [80,81].
We further simplify our notation hereafter by dropping

the factor ðk=kLÞ in all physical quantities quoted for Γ ¼ 2
models. The scalefree property of these results can be easily
recovered by restoring this factor.

2. Magnetic field configuration

Following [7], we initially seed the star with a dynami-
cally unimportant, purely poloidal magnetic field that
extends from the interior of the NSs into the exterior
(see top right panel in Fig. 1), and that approximately
corresponds to that generated by an interior current loop
with radius r0 and current I0 (see Eq. (6) in [8]). In all our
configurations, we choose I0 and r0 such that the maximum
value of the magnetic-to-gas-pressure ratio in the NS
interior is Pmag=Pgas ¼ 0.003125. The resulting magnetic
field strength at the NS pole measured by a normal observer
is Bpole ≃ 1015.3 G. This choice allows us to mimic the
exponential growth of the magnetic field observed in high-
resolution simulations arising from magnetic instabilities
(mainly the Kelvin-Helmholtz (KH) instability) triggered
during the binary merger. The NSNS simulations reported
in [82] found that, with a local numerical resolution of
Δx ∼ 37 m, a pure poloidal magnetic field confined in the
NSs with a strength of ∼1011 G can be amplified to rms
values of ∼1016 G within the first ∼5 ms following merger.
Similar results have been reported in very-high-resolution
NSNS simulations in [83] employing a local resolution of
Δx ∼ 17.5 m. These values are beyond the resolutions of
this broad survey (see Table II).
To reliably evolve the exterior magnetic field and

simultaneously model magnetic-pressure dominance that
characterizes the force-free pulsar-like magnetosphere, we
initially enforced a variable and low atmosphere in regions
where magnetic field stresses dominate over the fluid
pressure gradient such that the magnetic-to-gas-pressure
ratio in the NS exterior is Pmag=Pgas ¼ 100 (see Eq. (4)
in [10] for implementation details). This choice increases
the total rest-mass of the system in less than 0.5%.
Finally, to assess the impact of the initial magnetic field

configuration, and to compare with previous studies, we
also consider cases where seed the NSs with a poloidal
magnetic field confined to the stellar interior. This field is
generated via the vector potential Aϕ [84]
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FIG. 1. Volume rendering of the rest-mass density ρ0 normalized to its initial NS maximum value (log scale) at selected times for
H4M2.8H (left column) and SLyH2.6P (right column) cases (see Table III). White lines shows the magnetic field lines and the arrows
indicate plasma velocities. The bottom right panel highlights the system after an incipient jet is launched. Here M ¼ 2.8 M⊙ (left
column) or M ¼ 2.6 M⊙ (right column), hence M ∼ 1.3 × 10−2 ms ∼ 4 km.
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Ai ¼
�
−
y − yc
ϖ2

c
δxi þ

x − xc
ϖ2

c
δyi

�
Aφ; ð4Þ

Aφ ¼ Abϖ
2
c maxðPgas − Pcut; 0Þnb ; ð5Þ

where ðxc; yc; 0Þ is the coordinate position of the center of
mass of the NS, ϖ2

c ¼ ðx − xcÞ2 þ ðy − ycÞ2, and Ab, np
and Pcut are free parameters. The cutoff pressure param-
eterPcut confines the magnetic field inside the NSwithin the
region where Pgas > Pcut. The parameter nb determines
the degree of central condensation of the magnetic field.
In our evolutions, we choose Pcut to be 1% of the
maximum pressure and nb ¼ 1, while the value of Ab is
chosen such as the magnetic-to-gas-pressure ratio at
the NS center matches that in our pulsarlike case
(i.e., Pmag=Pgas ¼ 0.003125).

C. Grid structure

The numerical grid hierarchy is summarized in Table II.
It consists of two sets of nested refinement boxes centered
on each star. Each of them contains nine boxes that differ in
size and in resolution by factors of two. When two boxes
overlap they are replaced by a common box centered on the
center of mass of the NSNS. The finest box around the NS
has a side half-length of ∼1.2R, where R is the initial NS
equatorial radius. This choice allows us to initially resolve
the equatorial NS radius by ∼120 grid points (see Table I).
We impose reflection (equatorial) symmetry across the
orbital plane. In terms of grid points per NS radius, the
resolution employed in these studies is a factor of

∼1.4 finer than that in [7,8] where NSNSs are modeled
by a Γ ¼ 2 EOS (see Table I).

D. Diagnostics

To validate our evolutions, we monitor the L2 norm of
the normalized Hamiltonian and momentum constraints
computed through Eqs. (40)–(43) in [67]. In all simula-
tions, the Hamiltonian constraint violations remain smaller
than 0.06% during the inspiral, peak at ∼0.3% during BH
formation and then relax to ∼0.02% once the BHþ disk
remnant settles into a steady state. The normalized momen-
tum constraint violations remain smaller than 0.8% during
the inspiral, peak at 4.2% during BH formation and
subsequently relax to ∼0.18% during steady state. We
note that these values are similar to those previously
reported in our long-term, pure hydrodynamic simulations
of spinning NSNSs modeled by SLy and ALF2 EOSs [85].
After the catastrophic collapse of the merger-outcome-

remnant, we use the AHFinderDirect thorn [86] to
track the BH apparent horizon. In addition, we estimate the
BH mass MBH and its dimensionless spin a=MBH using
the isolated horizon formalism as in [87]. We use the
Psikadelia thorn to compute the Weyl scalar Ψ4 which
is decomposed into s ¼ −2 spin-weighted spherical har-
monic modes. We use Eqs. (2.8), (2.11) and (2.13) in [88]
at ten different extraction radii between rmin ≈ 50 M and
rmax ≈ 320 M to compute the total flux of energy and
angular momentum transported away by GWs. We find that
between ∼0.15% and ∼2.3% of the total energy of our
NSNS models is radiated away during the evolution in
form of gravitational radiation, while between ∼8.7% and
∼17.4% of the angular momentum is radiated (see
Table III). We measure the dynamical ejection of matter
via Mesc ¼

R
r>r0

ρ�d3x, where ρ� ¼ − ffiffiffi
γ

p
ρ0nμuμ, on the

conditions that: (i) the specific energy E ¼ −ut − 1 of the
outgoing material is always positive (unbound material),
and (ii) the radial velocity of the outgoing material vr > 0.
Here γ is the determinant of the three-metric, nμ is the
timelike future pointing unit (i.e., normal) vector, and uμ is
the four-velocity of the fluid. We vary the coordinate radius
r0 between rmin ¼ 30 M and rmax ¼ 100 M to verify that
the measure of the ejecta is r0-independent. Depending
on the stiffness of the EOS and the magnetic field we
find that the rest-mass ejected following merger ranges
between ≲10−4 M⊙ and ∼10−2 M⊙ consistent with values
previously reported in e.g., [89,90]. We note that if ejected
material with masses ≳10−2 M⊙ is converted to r-process
elements, GW170817-like events could account for
the amount of heavy elements observed in the
Milky Way [91,92].
We monitor the conservation of the ADM mass

and ADM angular momentum computed throughout
Eqs. (19)–(22) in [84]. Consistent with [85], in all our
evolved configurations we find that the ADM mass is

TABLE II. Grid hierarchy for models listed in Table I. The
computational mesh consists of two sets of nine nested refine-
ment boxes for the binaries modeled with a nuclear EOS, and
seven nested refinement boxes for those modeled with a
Γ ¼ 2 EOS. The finest boxes are centered on each star and have
a half-length of ∼1.2RNS, where RNS is the initial equatorial
stellar radius. The number of grid points covering the equatorial
radius of NS is denoted by NNS. In terms of grid points per NS
radius, the resolution used here is a factor of ∼1.4 finer than that
in [7]. In all cases, we impose reflection (equatorial) symmetry
about the orbital plane.

Model Grid Hierarchya Maximum resolution NNS

SLyM2.6 2835.26 km=2n−1 110.75 m 83
SLyM2.7 2835.26 km=2n−1 110.75 m 82
SLyM3.0 2835.26 km=2n−1 110.75 m 79

H4M2.8 3477.92 km=2n−1 92 m 121
H4M3.0 3477.92 km=2n−1 92 m 118

Γ2M2.8b 1015.02 km=2n−1 206.27 m 62
Γ2M3.0b 954.06 km=2n−1 133.10 m 87

aBox half-length.
bConfigurations treated previously in [7,8,47].
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conserved to within ≲1% and angular momentum to within
≲6%. In addition, we monitor the conservation of the rest
massM0 ¼

R
ρ�d3x, which is conserved to within≲0.05%,

as well as the magnetic energy growth outside the BH

apparent horizon M ¼ R
uμuνTðEMÞ

μν dV as measured by a
comoving observer [8].
To probe MHD turbulence in our systems, we compute

the effective Shakura–Sunyaev αSS parameter [94] asso-
ciated with the effective viscosity due to magnetic stresses
αSS ∼ TEM

r̂ ϕ̂
=P (see Eq. (26) in [95]). To check if the

magnetorotational instability (MRI) can be captured in
our evolution following the NSNS merger, we compute the
λMRI-quality factor QMRI ≡ λMRI=dx, which measures the
number of grid points per fastest growing MRI mode. Here
λMRI (see Eq. (1) in [96]) is the fastest-growing MRI
wavelength and dx is the local grid spacing. The MRI can
be properly captured if: (i) the quality factor QMRI ≳ 10;
and (ii) λMRI fits inside the remnant [97,98].
We compute the outgoing EM Poynting luminosity L ¼

−
R
TrðEMÞ
t

ffiffiffiffiffiffi−gp
dS across spherical surfaces of coordinate

radii between rext ¼ 50 M and 350 M. A summary of the
above results is displayed in Table III. Note that we
add an “P”, “I” or “H” at the end of the tag name of a
given configuration to denote the initial magnetic field
configuration [i.e., P ¼ magnetic field that extends
from the stellar interior into the pulsarlike exterior,
I ¼ magnetic field confined in the stellar interior, or
H ¼ purely hydrodynamic (i.e., unmagnetized)].

III. RESULTS

The basic dynamics and final outcome of the NSNS
models listed in Table III can be summarized in Fig. 1. Left
and right columns display the evolution of the unmagne-
tized and magnetized representative cases at selected times,
respectively. Gravitational radiation losses cause the orbital
separation to shrink driving the binary merger (see second
rows). Figure 2 displays the coordinate separation between
NS centroids, defined as the coordinate position of the
maximum value of the rest-mass density, for the magnet-
ized cases. We note that the softer the EOS (see Sec. II B),
the longer the inspiral phase. In particular, SLyM2.7P and
Γ2M2.8P, binaries with the same initial rest-mass (see
Table I) merge after ∼6.2 and ∼3.2 orbits, respectively,
while H4M2.8P, the binary with the same ADMmass as the
latter, merges after ∼4.6 orbits. As shown in the left panel
of Fig. 3, similar behavior is observed in the unmagnetized
cases. This is anticipated because the seed magnetic field is
initially unimportant dynamically (we recall that the initial
magnetic pressure is only ∼0.3% of Pgas) and hence cannot
have a strong impact during the inspiral.
Following the merger, we note that:
(i) If the ADM mass of the binary is ≲Mthres, then the

merger outcome can be a short- medium- or long-
lived HMNS that undergoes delayed collapse to a

BH immersed in an accretion disk (see second and
third rows in Fig. 1). Although the masses of the
NSNSs are slightly different (see Table I), there is an
impact of the EOS on the lifetime of the transient:
the softer the EOS, the shorter the HMNS lifetime
τHMNS. In particular, the HMNS remnant in cases
SLyM2.7P, H4M2.8P, and Γ2M2.8P lasts ∼8.9 ms,
∼9.3 ms, and ∼17 ms, respectively (see Table III for
other cases). In addition, the softer the EOS, the
larger the amount of energy and angular momentum
carried away by GWs. Note that the sensitivity of the
HMNS lifetime to the magnetic field is physical and
has been previously reported in [99]. However, as
pointed out in [7], τHMNS depends on numerical
resolution, even in unmagnetized simulations. High
resolution studies may be required to accurately
determine the HMNS lifetime.

Following the collapse of the HMNS, material
with high angular momentum wraps around the BH,
forming an accretion disk (see bottom panels in
Fig. 1). If the accretion disk is magnetized then an
incipient jet—i.e., a mildly relativistic outflow con-
fined in a tightly wound, helical magnetic field
[7]—is launched once the ratio B2=ð8πρ0Þ≳ 1 above
the BH poles. The incipient jet emerges regardless of
the EOS or the initial magnetic field configuration
(see Figs. 1 and 4 and middle panel in Fig. 5). These
preliminary studies suggest that an incipient jet is the
typical outcome of magnetized NSNS mergers.

We note that the jet launching time strongly
depends on how close the total mass of the binary
is to the threshold value for prompt collapse, which in

FIG. 2. Binary coordinate separation between NS centroids,
defined as the position of the maximum value of the rest-mass
density, for the magnetized cases displayed in Table III. The inset
shows the binary separation for cases where the BH forms within
the first ∼3 ms following merger (i.e., prompt collapse and short-
lived HMNS undergoing collapse).
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turn depends on the maximum mass configuration of
a given EOS. For realistic EOSs, such as SLy
or H4, the threshold mass for prompt collapse is
∼1.3–1.5 Msph ≃ 2.82 M⊙ while for polytropic

EOSs like Γ ¼ 2 it is ∼1.7 Msph ≃ 2.88 M⊙
[78,100–102]). The same values also apply to
configurations with dynamically weak initial mag-
netic fields. In particular, we observe that in

FIG. 3. GW strain h22þ (dominant mode) as functions of retarded time (left) at extracted coordinate radius rext ≈ 100 M, and GW power
spectrum of the dominant mode (right) at a source distance of 50 Mpc along with the aLIGO (dashed line) and Einstein Telescope
(dotted line) noise curves of configurations in [58] for cases listed in Table III. Main spectral frequencies are denoted as f2�0, fspiral, and
fpeak (see Table IV).

FIG. 4. Volume rendering of the remnant BHþ disk configuration for cases SLyM2.7I (top left), SLyM2.7P (top right), H4M2.8P
(bottom left) and Γ2M2.8 (bottom right). The rest-mass density is normalized to the NS initial maximum value. White lines depict the
magnetic field lines while the arrows display fluid velocities. The BH apparent horizon is displayed as a black surface.
Here M ∼ 1.3 × 10−2 ms ∼ 4 km.
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SLyM2.7P a magnetically driven jet is launched after
t − tBH ∼ 20 ms while in SLyM2.7I it is launched
after ≳60 ms (see below).

(ii) If the ADM mass of the binary is > Mthres, then it
undergoes prompt collapse to a BH surrounded by a
small a disk with rest-mass of ≲0.5% of the total
rest-mass of the binary (see Fig. 5). Consistent
with the results reported in [8], we do not observe
a persistent outflow or tight magnetic field collima-
tion in these cases (see left and right panels
in Fig. 5).

We summarize below the outcome of our binary merger
simulations during the HMNS and BHþ disks phases
of the evolution. We recall that our configurations differ
in the EOS and seed magnetic field (magnitude and initial
geometry). Key results from these simulations are dis-
played in Table III.

A. Delayed collapse

Figure 6 shows the evolution of the magnetic energy for
all cases in Table III. During the inspiral the magnetic
energy M either decreases or at most is slightly amplified
until merger. This behavior depends on the NS compact-
ness and the initial seed magnetic field geometry. In our
extreme cases (see Table I), we observe that at merger M
has decreased by a factor of ∼1.5 in SLyM2.6P, while in
Γ2M2.8P it has been amplified by roughly the same factor.
Our simulations show that until merger, the frozen-in
magnetic field lines, which are anchored to the fluid
elements, are simply advected (see second row, right panel
in Fig. 1). Neither spurious magnetic fields or appreciable
changes in the internal structure of the stars are observed.
The relative changes in the central NS rest-mass density
during inspiral is ≲0.2%. It has been suggested that pure
poloidal magnetic field configurations are unstable on an
Alfvén timescale (see e.g., [103,104]). In our models,
the Alfvén timescale can be estimated as (see Eq. (2)
in [105])

τAlfven ∼
R
vA

¼
ffiffiffiffiffiffiffiffiffiffi
4πρ0

p
R

jBj ∼ 10jBj−115R10ρ
2
0;14 ms; ð6Þ

where jBj15¼jBj=ð1015GÞ, R10 ¼ R=ð10 kmÞ and ρ0;14 ¼
ρ0=ð1014 g=cm3Þ are the characteristic strength of the
magnetic field, the radius, and rest-mass of the NS,
respectively. In all our cases, we find that the central
Alfvén time is τAlfven≲7.5 ms, and hence their inspiral
phase last at least one Alfvén time (see Table III).
In addition to magnetic instabilities, tidal effects, which
can drive fluid motion in the stars, may also change the
magnetic energy [26]. We are currently investigating this
effect.
During the next ∼3 ms following merger, the magnetic

energy is exponentially amplified due mainly to the KH
instability. Such an effect has been found in high resolution
studies reported in [82,83]. We note that in binaries
endowed with a pulsarlike interior þ exterior magnetic
field, M is amplified by a factor of ∼20 (see Fig. 6).
In contrast, M is only amplified by a factor ∼10 in
those endowed with a magnetic field confined to the NS.
Further amplification during the HMNS phase is only

FIG. 6. Total magnetic energy M normalized by the corre-
sponding ADM mass (M ∼ 5. × 1054 erg) versus coordinate time
for cases listed in Table III. The inset displays the short-lived
HMNS and prompt collapse cases. Dots mark the BH formation
time tBH; tGW is the merger time.

FIG. 5. Volume rendering of the remnant BHþ disk configuration for cases SLyM3.0I (left), H4M3.0P (middle), and Γ2M3.1 (right).
The rest-mass density is normalized to the NS initial maximum value. White lines depict the magnetic field lines while the arrows
display fluid velocities. The BH apparent horizon is displayed as a black surface. Here M ∼ 1.5 × 10−2 ms ∼ 4.5 km.
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observed in Γ2M2.8P. In all other cases, M slightly
decreases.
Top panels in Fig. 7 display the contours of the λMRI-

quality factor QMRI on the equatorial plane for SLyM2.7P
(left) and SLyM2.7I (right) after the transient HMNS has
settled down (t − tGW ∼ 5 ms). This parameter must be
≳10 in order to resolve MRI. We note that QMRI ≳ 10 over
a rather lager portion of the HMNS remnant (central coreþ
cloud of matter that has wrapped around it) of SLyM2.7P.
By contrast, QMRI is larger than 10 only in the bulk of the
central core of the HMNS of SLyM2.7I, and by at most 4 in
the external cloud of matter (low-density regions). Bottom
panels in Fig. 7 show the rest-mass density of the HMNS on
the meridional plane overlaid by λMRI along the x coor-
dinate. For the MRI to be unstable at a given position, the
HMNS must extend to a local height above λMRI. In the
above cases, λMRI fits within a region where the rest-mass
density is ≳1011.3 g=cm3, well above of the floor density.
Based on the above results, we conclude that MRI can
operate all over the transient remnant in SLyM2.7P, but

only in the central core of the HMNS of SLyM2.7I. This is
expected because right after merger, a double-core structure
is formed by the two central cores of the merging NS. These
two cores collide and bounce repeatedly until they even-
tually merge, forming a single central core. During this
process, the external layers of the merging stars gain
angular momentum due to orbital angular momentum
advection and to torques arising from the nonaxisymmetric
structure of the double-core, as well as to magnetic
instabilities (MRI and magnetic winding). This causes
the external layers to expand and simultaneously the central
core to shrink, forming a massive central core immersed in
a low density cloud. In the HMNS remnant of SLyM2.7I,
the cloud of matter is formed by low-magnetized material.
We recall that in this case, the magnetic field is initially
confined within interior regions with pressure larger than
1% of the initial maximum pressure of the NS (see
Sec. II B), and hence its outermost layers are initially
unmagnetized. Consistent with this, once the central core of
the HMNS collapses, the magnetic energy in SLyM2.7I

FIG. 7. Contours of the quality factor Q ¼ λMRI=dx on the equatorial plane (top), and the rest-mass density of the transient HMNS
normalized to its initial maximum value (log scale) along with λMRI (white line) on the meridional plane (bottom), at t − tGW∼5.2 ms for
SLyM2.7P (left) and SLy2.7I (right). Similar behavior is observed in all other cases in Table III.
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decreases and settles into a steady state faster than in
SLyM2.7P (see Fig. 6). Similar behavior is observed in all
cases in Table III; MRI is operating all over the HMNS
formed after the merger of an NSNS initially seeded with a
pulsar-like interior þ exterior magnetic field, and is only
operating in the central core of the HMNS of those binaries
seeded with a magnetic field confined inside the star. Such
behavior has been reported before (see e.g Fig. 17 in [48]).
Notice that very high-resolutions are required to properly
capture MRI in the low density regions of the HMNS
formed after the collapse of stars initially endowed with
magnetic field confined to their interior.
Calculating the effective ShakuraSunyaev αSS parameter

in the HMNS, we find that αSS ranges between ∼10−3.5 to
∼10−2 (see Table III). Similar values were reported in
previous, high-resolution NSNS merger studies [106].
Therefore, we expect that magnetic turbulence, which
grows on an effective viscous timescale τvis ∼
R3=2
HMNSM

−1=2
HMNSα

−1
SS ∼ 1–10 ms (see Eq. 3 in [105]) where

R3=2
HMNS and MHMNS are the characteristic radius and mass

of the HMNS, is also operating in the remnant. We confirm
this on meridional slices of the transient star, where we see
evidence for turbulent magnetic fields. Magnetic turbulence
strongly depends on resolution. The results in [106] show
that numerical (diffusion) artifacts can suppress a sustained
magnetic turbulence, hence values of αSS quoted in
Table III may be underestimated. Higher resolutions studies
may shorten the viscous timescale τvis.
Following merger, nonaxisymmetric oscillation modes

of the HMNS, which persist until stellar collapse to a BH,

trigger the emission of quasiperiodic GWs (see Fig. 3). The
dissipation of angular momentum due to GW radiation is
more efficient in the unmagnetized cases. In particular, we
find that in SLy2.6H around 17% of the total angular
momentum is carried away by gravitational radiation, while
in SLy2.6P it is around 14% (see Table III for other cases).
However, centrifugal support due to differential rotation
allows the HMNS remnant of SLy2.6H to survive for more
than ∼43 ms after merger, time at which we terminate its
evolution. By contrast, magnetic turbulence in the HMNS
remnant damps the centrifugal support, driving the collapse
to a BH roughly at ∼41 ms following merger. This effect is
shown in Fig. 8 in which the averaged angular rotation
profiles of the HMNSs for SLyM2.7 and H4M2.8 are
plotted at regular times (in multiples of the initial central
period of the HMNS). In contrast to the unmagnetized
cases (see insets in Fig. 8) where the angular velocities
roughly maintain their initial profiles, in the magnetized
cases the central core of the HMNS becomes almost
uniformly rotating over an Alfvén timescale (see Eq. (6),
while its external, low density envelope maintains a
Keplerian rotation profile. These results demonstrate that
angular momentum redistribution from the inner to the
outer regions due to nonaxisymmetric torques and GW
losses are inefficient mechanisms compared to magnetic
fields in removing the added centrifugal support provided
by differential rotation [105].
Angular momentum redistribution eventually triggers

HMNS collapse to a highly spinning BH immersed in an
accretion disk (see bottom panels in Fig. 1). The stiffer the
EOS, the heavier the BH remnant and the higher its spin

FIG. 8. Average rotation profile of the HMNS (see Eq. (2) in [47]) for magnetized cases SLyM2.7P (left) and H4M2.8P (right) in
the equatorial plane at Δt ¼ t − tHMNS, together with a Keplerian angular velocity profile. The inset displays the corresponding
unmagnetized cases (see Table III). The arrow marks the coordinate radius containing ∼50% of the total rest-mass of the transient
remnant. Here tHMNS is the HMNS formation time, with Pc the central HMNS period at t ¼ tHMNS, which is Pc ∼ 0.25 ms and
Pc ∼ 0.51 ms for SLy and H4 cases, respectively.
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parameter. In particular, the mass and spin of the BH
remnant in SLyM2.7P are ∼2.45 M⊙ and a=MBH ∼ 0.62,
respectively, while in Γ2M2.8P they are ∼2.65 M⊙ and
a=MBH ∼ 0.74 (see Table III for other cases). As mentioned
before, after merger angular momentum is transferred from
the inner to the outer layers of the stars, causing the latter
to expand. In the soft EOS (SLy) a significant fraction of
the matter from the outer layers of the star gains enough
angular momentum to expand and remain outside the ISCO
once the bulk of the star collapses. Eventually this material
wraps around the BH forming the accretion disk. In the stiff
EOS (Γ ¼ 2), the external layers remain closer to the bulk
of the star and, hence, when the BH forms, most of them get
caught inside the ISCO and eventually are swallowed by
the BH, leaving less material to form the accretion disk.
Consistent with this, Fig. 9 shows the rest-mass of the
accretion disk for all cases in Table III, which ranges
between 3% in Γ2M2.8P (stiff EOS) to 7% in SLyM2.7P
(soft EOS) of the total mass of the system.
In our long-lived HMNS (SLy2.6P) case, in which the

transient remnant has a lifetime of ∼41 ms, angular
momentum transfer operates for many rotation periods,
and hence more material from the external layers can be
released in the surroundings of the central core, forming
a puffy disk that wraps around it. Consistent with this,
Fig. 9 demonstrates that the accretion disk of the SLy2.6P
remnant is the most massive one of our cases, and hence it
has the lightest BH (∼2.26 M⊙) with the lowest dimen-
sionless spin (a=MBH ∼ 0.47).
Right before the collapse of the HMNS, the rms

magnetic field strength ranges between ∼1015.8 and
1016.2 G (see Table III), consistent with the values reported
in [82,83]. Shortly after BH formation, the inner region of
the star, which contains most of the magnetic energy, is
promptly swallowed by the BH, causing the magnetic

energy to drop quickly in Δt≲ 3 ms and then slightly
decrease thereafter as the accretion proceeds (see Fig. 6).
During the BHþ disk evolution phase we do not find
evidence of magnetic field enhancement. In all cases, the
rms value of the magnetic field in the bulk of the disk
remnant is ≲1015 G.
Shortly after BH formation, material ejected during

merger and HMNS formation begins to fall back, increas-
ing the ram-pressure. This pressure is so strong that it
prevents the launching of a wind [107]. However, as shown
in the third row and right panel in Fig. 1, magnetic winding
has begun even before BH formation. As the accretion
proceeds (see Fig. 10), the baryon-loaded environment in
the polar region above the BH gradually becomes thinner
until the ratio B2=ð8πρ0Þ exceeds unity. At this point, the
inflow halts and eventually a magnetically supported out-
flow is triggered—the incipient jet.

1. Magnetic field initially confined inside the star

During the HMNS phase, the enhancement of the
magnetic energy in case H4M2.8I is a factor of ∼2 larger
than that in SLyM2.7I (see Fig. 6). However, following BH
formation, we note that in both cases M plummets and
settles into a steady state. By t−tBH ∼ 3 ms the magnetic
energy in both cases isM=M ∼ 10−4.6 and roughly remains
constant until the termination of our simulations. We evolve
these two cases during the next t − tGW∼20 ms and,
consistent with the results reported in [28], we observe a
persistent inflow toward the BH and an intermittent and
weak helical magnetic field structure above the BH poles
(Bp ∼ 1015.8 G), though in both cases we note that the ratio
B2=ð8πρ0Þ is slightly rising as the accretion takes place.
As the behavior of the BHþ disk remnant in these two
cases is basically the same, given our finite computational

FIG. 9. Rest-mass fraction outside the BH apparent horizon
versus coordinate time for all cases listed in Table III.

FIG. 10. Rest-mass accretion rate for all cases listed in Table III
computed via Eq. (A11) in [93].
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resources we chose to continue only the evolution of
SLyM2.7I. This case has the longest accretion disk
lifetime (see Table III), consistent with the sGRB engine
lifetime [49–52].
By t − tBH ∼ 3000 M ∼ 40 ms, the magnetic pressure

in the regions immediately above the BH remnant is
high enough to balance the ram pressure of the fall-back
material and hence the inflow halts. Fluid velocities then
begin to turn around and magnetically dominated regions
(i.e., B2=ð8πρ0Þ≳ 1) gradually expand. As these regions
expand, the field lines tighten around them forming a
helical structure, inside of which fluid elements escape.
By t − tBH ∼ 4200 M ∼ 56 ms the outflow, which has been
accelerated to Lorentz factor ΓL ≲ 1.25, reaches a height of
∼100 M ∼ 400 km, and so an incipient jet has formed (see
top left panel in Fig. 4). Following [7], we define the half-
funnel opening angle θf as the boundary of the region
above the BH in which B2=ð8πρ0Þ≳ 10−2. In this case, we
find that the half-opening angle is θf ∼ 25°.
We also assess if the BZ mechanism is operating in the

BHþ disk remnant, as we found in our previous studies.
For this, we compare the outgoing Poynting luminosity
LEM generated in our simulations (see Sec. II D) with the
EM power generated by the BZ mechanism given in [108]

LBZ ∼ 1052
�

ã
0.75

�
2
�

MBH

2.8 M⊙

�
2

jBpj216 erg=s ð7Þ

where jBpj16 ≡ jBpj=1016 G is the strength of the magnetic
field at the BH poles. The Poynting luminosity, time-
averaged over the last ∼5 ms before the termination of
our simulation for SLyM2.7I, is 1051.3 erg=s (see Fig. 11).
On the other hand, jBpj ∼ 1015.8 G, and LBZ ∼ 1051.4 erg=s,
in close agreement.

Another key feature of the BZ mechanism is that the field
lines rotate at frequency ΩF ≈ 0.5ΩH for ã ≪ 1 if the field
has a monopole geometry and its surroundings are strongly
forcefree (B2=ð8πρ0Þ ≫ 1) [39]. Here ΩH is the angular
frequency of the BH. The numerical results in [109]
showed that for a monopole magnetic field around a
spinning BH, the field lines at the BH poles rotate at a
frequency of ∼0.5ΩH for a BH spin ã ¼ 0.1, and between
∼0.52ΩH, at the BH pole, and ∼0.49ΩH, near the equator,
for a BH spin ã ¼ 0.9. Following [9], we measure ΩF on a
meridional plane passing through the BH centroid and
along coordinate semicircles of radii rBH and 2rBH within
the magnetically dominated (or mildly forcefree) region.
We find that the field lines differentially rotate with a
frequency in the rangeΩF=ΩH ∼ 0.2–0.6. As pointed out in
[9,110] the differences from the expected ΩF=ΩH ∼ 0.5
BZ-factor may be due to artifacts such as the deviation from
strictly forcefree conditions, deviations from monopole
geometry and/or lack of resolution. Our cumulative results
nevertheless suggest that the BZ mechanism is operating in
our system, as concluded in [7,47].

2. Pulsarlike magnetic field

The magnetic energy exponentially increases during
merger and slightly changes during the HMNS phase.
As shown in Fig.. 6, by t − tGW ∼ 1.5 the magnetic energy
in all these cases is amplified roughly by the same factor,
which is ≳3 times larger than in those seeded with a
magnetic field confined inside the star. We note that in
HMNS cases with intermediate lifetime, the decrease of
the magnetic energy following BH formation depends on
the EOS. The stiffer the EOS, the faster M decreases.
In particular, the magnetic energy in SLyM2.7P decreases
by a factor of ∼2 in t − tBH∼3 ms, while in Γ2M2.8P it
decreases by a factor of ∼10 during the same period of
time. As shown in Fig. 6, at the termination time of our
simulations, the BHþ disk remnants of the SLy and H4
cases have a larger magnetic energy than that in Γ2M2.8P.
This is likely due to the amount of magnetized material that
wraps around the BH forming the accretion disk. As
mentioned before, Fig. 9 shows that the stiffer the EOS,
the smaller the accretion disk, so less magnetized material
outside of the BH.
Consistent with our previous results [7], as the magnetic

field is not amplified during the BHþ disk phase, a
magnetically driven jet is launched only after the density
in the polar region above the BH poles decreases to values
ρ0 ≲ B2=8π. Figures 1 (right bottom panel), 4 and 5
(middle panel) show the helical structure of the magnetic
field once the incipient jet has reached steady state.
There is a trend in the jet launching time: the shorter the
HMNS lifetime, the faster the emergence of the incipient
jet. In particular, the HMNS lifetime in H4M3.0P is
τHMNS ∼ 2.5 ms and the system launches an incipient
jet at time t − tBH∼19 ms following BH formation.

FIG. 11. Outgoing EM (Poynting) luminosity following jet
launching at a coordinate sphere of radius r ¼ 160 M for cases
listed in Table III. The inset shows the rest-mass fraction of
escaping matter following the GW peak amplitude (merger).
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By contrast, the HMNS lifetime in H4M2.8P is τHMNS ∼
9.6 ms and its BHþ disk remnant launches a jet by
t − tBH ∼ 27 ms following BH formation. Similarly,
τHMNS∼17 ms in Γ2M2.8P and the jet is launched by
t − tBH∼40 ms. This time difference is likely due to the
ram-pressure of the falling-back debris toward the BH. The
shorter the HMNS lifetime, the less angular momentum
deposited in the outer layers of the transient remnant, and
so the less material released in the atmosphere. This effect
is translated in lighter baryon-loaded environments, which
allows the ratio B2=ð8πρ0Þ to grow to values ≳1 more
rapidly. Consistent with this, the BHþ disk remnant of
SLyM2.7P launches an incipient jet by t − tBH∼24 ms,
while that in SLyM2.6P (the case with the longest τHMNS)
launches it by t − tBH∼26 ms. In the latter case angular
momentum transfer processes operate for longer times than
in the former. This behavior is confirmed in Fig. 12, which
displays the force-free parameter B2=ð8πρ0Þ once the
incipient jet is well-developed for SLyM2.7P (left),
H4M2.8P (middle), and Γ2M2.8P (right). The shorter
the τHMNS, which results in lighter baryon-loaded environ-
ments, the higher the above ratio.
In all cases, magnetically dominated regions

(B2=ð8πρ0Þ≳ 1) extend to heights ≳20 M ≈ 20rBH above
the BH, where rBH is the BH apparent horizon radius.
As before, we use the B2=ð8πρ0Þ ∼ 10−2 contour as the
definition of the funnel boundary, which has an opening
half-angle of 25°–35°. We note that in the funnel the
maximum value of the Lorentz factor is ΓL ∼ 1.2–1.25 (see
Table III) and hence the outflow is only mildly relativistic.
However, as pointed out in [111], the maximum attainable
Lorentz factor of a magnetically -powered, axisymmetric
jet is ΓL ≈ B2=ð8πρ0Þ. Therefore, we expect that the fluid
elements inside the funnel can be accelerated to values
ΓL ≳ 100 as required by most sGRB models [37].
Figure 11 displays the outgoing Poynting luminosity

LEM. We find that LEM ∼ 1051.3–1052.8 (see Table III).
These values reside in the narrow band of luminosities
shown theoretically in [112] to constitute a “universal
range” for most BHþ disk þ jet systems arising from
compact binary mergers containing NSs, as well as from

the magnetorotational collapse of massive stars. This band
also agrees with the narrow range characterizing the
observed luminosity distributions of over 400 short and
long GRBs with distances inferred from spectroscopic
redshifts or host galaxies [113] (see also [49]). A similar
universal range applies to the BH accretion rates upon jet
launching, also shown in [112], and the range shown in
Fig. 10, is also consistent with this expectation. We also
note that near the end of the simulations, the magnetic field
magnitude above the BH pole is ∼1015.8–1016.2 G and
hence using Eq. (7) we have LBZ ∼ 1051.4–1052.1, which is
roughly consistent with our numerical results as well. As
before, we compute the angular frequency of the magnetic
field lines on a meridional plane passing through the BH
centroid and along coordinate semicircles of radii rBH and
2rBH within the force-free region. In all these cases the field
lines differentially rotate with a frequency in the range
ΩF ∼ 0.1–0.54, and according to our previous discussion, it
is likely that the BZ mechanism is operating in our systems.

B. Prompt collapse

The basic dynamics of NSNSs undergoing prompt
collapse has been reported in [8], where it was found that,
shortly after the stars touch for the first time the remnant
undergoes collapse to a BH. As there is no angular
momentum transport due magnetic instabilities, only the
external and low density outer layers of the stars, which are
able to gain enough angular momentum due to tidal
torques, are pushed away from the bulk of the merging
stars. Eventually, this material wraps around a highly
spinning BH, forming an accretion disk with a rest-mass
≲0.5% of the total rest-mass of the system (see Table III).
The rest-mass of the BH remnant settles toMBH ≳ 2.8 M⊙,
with a dimensionless spin parameter aBH=MBH ∼ 0.8. The
BH remnant in prompt collapse cases is the heaviest and
with the highest spin of all our cases. These results are
anticipated because basically all the material is swallowed
by the nascent BH.
Consistent with the previous results, the inset in Fig. 6

shows that during the merger the magnetic energy is
continuously amplified until BH formation, when it

FIG. 12. Volume rendering of the forcefree parameter B2=ð8πρ0Þ (log scale) after the incipient jet is well-developed for case
SLyM2.7P (left), H4M2.8P (middle), and Γ2M2.8P (right). Magnetic field lines (white lines) are plotted inside regions where this ratio
is ≳10−2 (funnel boundary). Magnetically dominated regions (B2=ð8πρ0Þ≳ 1) extend to heights ≳20 M ∼ 20rBH above the BH (black
sphere). Here M ∼ 1.3 × 10−2 ms ∼ 4 km.

JET LAUNCHING FROM MERGING MAGNETIZED BINARY … PHYS. REV. D 104, 124049 (2021)

124049-15



then plummets. By t − tBH ∼ 2 ms it falls to values
M=M ≲ 1010

−5
and continuously decreases thereafter.

We track the evolution of the BHþ disk remnant for
t − tBH ∼ 15 ms. We note that on x-z meridional slices
passing through the BH centroid, regions with
B2=ð8πρ0Þ ∼ 10−0.6 begin to expand as material in the
polar region is accreted. By t − tBH∼9 ms, these regions
reach a height of ∼10rBH, where the magnetic pressure is
high enough to balance the ram pressure of the fall-back
material. Subsequently, we observe that these regions
expand and contract until the termination of our simula-
tions. As shown in the left and right panels of Fig. 5, we do
not find evidence of an outflow or magnetic field collima-
tion, hence no jet.

C. Dynamical ejection of matter

The inset of Fig. 11 shows the fraction of the dynamical
ejection of matter (ejecta) following the GW peak
amplitude for all cases in Table III. These values are
roughly consistent with those reported previously (see
e.g., [89,90]).
We note that the EOS and the seed magnetic field

(geometry and strength) have a strong impact on the ejecta.
The softer the EOS, the larger the amount of matter ejected
following the NSNS merger. In particular, the ejecta in
SLyM2.7P is a factor of ∼3 larger than that in H42.8P. This
result is anticipated because, as mentioned above, a
compact object modeled by a soft EOS cannot hold high
angular momentum material. During merger, orbital angu-
lar momentum transfer by tidal torques induces the ejection
of the outer layers of the stars. A significant fraction of this
material gains enough energy to escape. The ejecta in
SLy2.7I (configuration with a poloidal magnetic field
confined in the NS) and SLy2.7H (unmagnetized configu-
ration) is a factor of ∼5 and ∼8 smaller than in SLy2.7P,
respectively (see Table III for other cases). It has
been suggested that the magnetic field lines of a rotating
compact object may accelerate fluid elements due to a
magnetocentrifugal mechanism [53]. These results collec-
tively suggest that GRMHD studies are required to
fully understand kilonova signals from GW170817-like
events.
Ejecta masses ≳10−3 M⊙ are expected to lead to

detectable, transient kilonova signatures (see e.g., [114])
powered by radioactive decay of unstable elements formed
by the neutron-rich material ejected during NSNS mergers
[114,115]. An analytical model that computes the peak rise
times, bolometric luminosities and the effective temper-
atures for kilonovae was derived in [54]. This model
assumes an ejecta of mass Mesc that is spherically distrib-
uted and expanding homologously with an average
speed hvesci and characterized by a gray opacity κγ. The
peak time of the kilonova emission τpeak can be then
estimated as [54]

τpeak ∼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Mescκγ

4πhvescic

s

≈ 4.6 days

�
Meje

10−2M⊙

�
−1=2

�hvejei
0.1 c

�−1=2
; ð8Þ

assuming a gray opacity of κγ ¼ 10 cm2=g. This opacity
corresponds to ejecta containing a significant fraction of
lanthanides and actinides (i.e., ejecta with an initial electron
fraction Ye ≲ 0.25) [116,117]. The peak luminosity of the
ejecta can be approximated by

Lknova∼2.4×1040
�

Meje

0.01M⊙

�
0.35

�hvejei
0.1 c

�
0.65

erg=s ð9Þ

Finally, assuming black body emission, and using the
Stefan-Boltzmann law, the effective temperature at the
peak can be estimated as [54]

Tpeak ∼ 2.15× 103
�

Meje

0.01 M⊙

�−0.16�hvejei
0.1 c

�−0.09
K ð10Þ

Using the above formulas, we estimate that the bolo-
metric luminosity of potential kilonovae signals is Lknova ¼
1040.6�0.5 erg=s with rise times of τpeak ∼ 0.4–5.1 days and
an effective temperature Tpeak ∼ 103.5 K (see Table III).
This temperature can be translated into a peak wavelength
λpeak ¼ 1.35 × 103 nmðTpeak=103.33 KÞ−1 [54]. We found
that λpeak ∼ 730–1830 nm, and the emission can be
detected with current or planned telescopes, such as
ALMA or the Vera C. Rubin observatory [55,56].

D. Gravitational wave signals

The left panel of Fig. 3 shows the GW strain of the
dominant (2,2) mode as a function of retarded time for
cases in Table III. We note that the amplitude differences
between the unmagnetized and magnetized cases are less
than 3% and their GW peaks occur roughly at the same
time. The largest difference between the GW peak (merger)
times of the unmagnetized and magnetized SLyM2.7
binaries is ∼83 M ∼ 1.1 ms. These results confirm that
the seed magnetic field used here does not significantly
impact the global dynamics during inspiral.
Following merger, the GW strain either comes to an

abrupt end following the quasinormal ringdown modes of
the BH, in prompt collapse cases, or decays as the (initially
nonaxisymmetric) HMNS remnant settles prior to its
collapse. During this period, the waveform amplitudes in
SLyM2.7 and Γ2M2.8 are roughly the same, and diminish
faster than those in H4M2.8.
To assess the impact of the magnetic field during the

postmerger phase on the GW forms, we first extend the
GW spectra in the low frequency domain by appending a
TaylorT1 post-Newtonian waveform [118] to that of our
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GRMHD simulations to cover the earlier inspiral
phase. As in [119], the hybrid waveform is obtained by
minimizing

Z
tf

ti

dt½ðhNRþ − hPNþ Þ2 þ ðhNR× − hPN× Þ2�1=2; ð11Þ

using as free parameters the initial PN phase, amplitude,
and orbital angular frequency. In all cases, the integration
range was chosen to be between ti ≈ 100 M and
tf ≈ 600 M. The right panel of Fig. 3 shows the spectra
of the GWs of the dominant mode ðl; mÞ ¼ ð2; 2Þ at a
source distance of 50 Mpc, along with the aLIGO (dashed
line) and the Einstein Telescope (dotted line) noise curves
of configurations in [58] for the cases listed in Table III.
Consistent with previous results (see e.g., [120–122]),

we note that the GW spectrum has at least four main
frequencies (oscillation modes) associated with the fluid
motion during the postmerger phase, which depend
strongly on the compactness of the stars, as well as the
seed magnetic field (see Table IV). As shown in Fig. 3,
these oscillation modes are only present in middle- and
long-lived HMNSs. In the short-lived HMNS and prompt
collapse cases, most of the matter (≳99% of the total rest-
mass of the system; see inset in Fig. 9) is swallowed by the
BH in less than 2.5 ms, and hence the oscillations in
the spectra are associated with the quasinormal modes of
the nascent BH.
The frequency of the f2−0 mode, which is produced by a

nonlinear interaction between the quadrupole and quasir-
adial modes [120], depends strongly on the NS compact-
ness and is roughly independent of the magnetic field (see
Table IV). We also find that this mode is consistent within
≲6% with the “universal” behavior associated with the
compactness described by the fitting formula [Eq. (1)] in
[120]. By contrast, we observe that in most of the cases,
the magnetic field damps the amplitude and the frequency
of the fspiral mode, which has been associated to the

interaction between the two stellar cores rotating about
each other right after merger. In particular, fspiral peaks
∼87 Hz earlier in H4M2.8P than in H4M2.8H. This
suggests that magnetic viscosity tends to accelerate the
merger of the two stellar cores. This peak frequency shows
a large deviation (≲17%) from the fitting formula [Eq. (2)]
in [120]. On the other hand, the fpeak mode, which is related
to the rotation of the nonaxisymmetric HMNS, rises
∼30 − 150 Hz in the magnetized cases beyond those in
the unmagnetized ones. This behavior is consistent with the
rotation profiles of the HMNS remnants displayed in Fig. 8.
We also observe that this mode is consistent to within
≲12% with the fitting formula [Eq. (3)] in [120]. Finally,
the f2þ0 mode in all the unmagnetized case peaks earlier
than that in the magnetized cases. Remarkably, this peak is
highly affected by the pulsar-like magnetic field (see
Table IV). In particular, f2þ0 in SLyM2.7H peaks
∼160 Hz earlier than that in SLyM2.7P. These results
suggest that the magnetic field introduces a degeneracy
with the EOS: two different EOSs may potentially peak at
the same frequency due to magnetic effects. These results
imply that magnetic effects should be taken into account to
constrain the EOS.
According the classification of the postmerger dynamics

and GW spectra for transient remnants discussed in [120],
all our transients are Type III. In these cases, the dominant
secondary peak in the GW spectrum is fspiral, while f2−0 is
very weak (see right panel in Fig. 3) due to low-amplitude
radial oscillations of the two NS cores rotating about each
other after merger.
Finally, we probe whether the magnetic field leaves any

detectable imprints on the GWs that can be measured by
the current or future GW detectors. For this purpose, we
compute the match function MGW [57]

MGW ¼ max
ðϕc;tcÞ

hh1jh2ðϕc; tcÞiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffihh1jh1ihh2jh2i
p ; ð12Þ

between two given waveforms. The maximization is taken
over a large set of phase shifts ϕc and time shifts tc. Here
hh1jh2i denotes the noise-weighted inner product

hh1jh2i ¼ 4Re
Z

∞

0

h̃1ðfÞh̃�2ðfÞ
ShðfÞ

df; ð13Þ

where h ¼ hþ − ih×, h̃ is the Fourier transform of the strain

amplitude
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
h̃þðfÞ2 þ h̃×ðfÞ2

q
of the dominant mode

ðl; mÞ ¼ ð2; 2Þ, and ShðfÞ is the noise curve of a given
detector [58]. As discussed on [57], the value of the
match function at which waveforms can potentially be
distinguishable depends on the SNR of the waveforms.
For a SNR of 15, signals can be indistinguishable if
MGW ≳ 0.9978, or for a SNR of 25, if the match is larger
than 0.9992. For the SLy binaries, those whose three main

TABLE IV. Main spectral frequencies (in Hz) of the dominant
mode h22þ for NSNS undergoing delayed collapse (see Table III).
Binaries whose merger outcome last ≲2.5 ms do no exhibit peak
frequencies (see right panel in Fig. 3).

Model C f2−0 fspiral fpeak f2þ0

Γ2M2.8H 0.140 1178 1680 2027 2425
Γ2M2.8P 0.140 1192 1656 2065 2478
H4M2.8H 0.155 1722 2384 2691 3498
H4M2.8I 0.155 1730 2284 2751 3646
H4M2.8P 0.155 1752 2297 2768 3760
SLyM2.6H 0.169 2288 2866 3341 4450
SLyM2.6P 0.169 2301 2899 3404 4458
SLyM2.7H 0.175 2364 2855 3744 4558
SLyM2.7I 0.175 2352 2803 3714 4567
SLyM2.7P 0.175 2378 2807 3930 4718
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spectral frequencies peak above the aLIGO sensitive curve
(see top right panel in Fig. 3), we find that at distance of
50 Mpc the match function is: (i) MGW ¼ 0.9811 between
SLyM2.7H and SLyM2.7I; (ii) MGW ¼ 0.9876 between
SLyM2.7I and SLyM2.7P; and (iii) MGW ¼ 0.9708
between SLyM2.7H and SLyM2.7P with a SNR of ∼1.2
and ∼3.2 for KAGRA and aLIGO, respectively, or with a
SNR of ∼30 at a distance of ∼2 Mpc for KAGRA or of
∼6.0 Mpc for aLIGO, given their current sensitivity [58].
We recall that GW170817, the closest GW signal detected
to date, had a luminosity distance of 40þ8−14 Mpc [1].
Current based-ground GW detectors are unlikely to
observer the imprints of the magnetic field on the GW.
However, using the expected sensitivity curve for the
Einstein Telescope [1], at distance of 50 Mpc we find
the sameMGW but with a SNR of ∼30, and so it can easily
observe these imprints. Similar results are found for the H4
and Γ ¼ 2 binaries. Next generation of GW detectors are
thus required to measure the magnetic field imprints on
the gravitational radiation at the expected NSNS merger
distances.

IV. CONCLUSIONS

A plethora of new GW observations from compact
binary mergers is changing our understanding of the
Universe at an unprecedented rate. However, these obser-
vations have some limitations: (i) source localizations are
≳20 deg2 (see e.g., [123,124]), preventing identification of
the source environment; (ii) the merger of low-mass
compact binaries cannot be detected by current ground-
based detectors, preventing our determination of their final
fates; (iii) GW signals contain uncertainties in the individ-
ual masses and spins of the binary companions, etc.
However, the coincident detection of GWs with electro-
magnetic counterparts across the EM spectrum are useful in
overcoming some of these limitations. In particular, the
detection of GW170817 along with its EM counterparts
enabled us to address several long-standing issues: the
central engines that power sGRBs, the discovery of off-axis
afterglows, the unambiguous identification of a kilonova
(AT2017gfo) and the production of heavy elements
[1,3,17–19]. GW170817 also demonstrated that to interpret
new observations and, in particular, to apply them to
understand the physics of matter under extreme conditions,
it is crucial to employ results from theoretical modeling.
To understand the physical processes that trigger the

emergence of incipient jets, the role of magnetic fields in
the dynamical ejection of matter, and the features of GWs
from NSNS mergers, we surveyed magnetized NSNS
configurations that undergo merger followed by either
delayed or prompt collapse to a BH. The binary compan-
ions are irrotational stars modeled using a piecewise
polytropic implementation of the representative nuclear
EOSs SLy and H4, as in [43]. The stars were endowed with
an initially poloidal and dynamically weak magnetic field

that was either confined to the stellar interior or protruding
from the interior into the exterior, as in typical pulsars.
Consistent with [7,8], we found that jets launched by

BHþ disks originate only from NSNSs mergers that form
HMNS remnants that undergo delayed collapse. This
conclusion is independent of the EOS or the magnetic
field geometry. This last result may differ from BHNS
mergers, where a jet is launched only when the NSs are
suitably magnetized with a pulsarlike interior þ exterior
magnetic field [9].
We noticed that the EOS have a strong impact on the

time delayΔtjet between the GW peak amplitude and the jet
launching. We observed that the closer the total mass
of the binary is to the threshold value for prompt collapse,
the shorter Δtjet. We also found that this time strongly
depends on the initial extend of the seed magnetic field.
The magnetic energy M in BHþ disk remnants whose
progenitors are initially endowed with a pulsarlike
interior þ exterior magnetic field is a factor of ∼20 larger
than in those endowed with a magnetic field confined to the
stellar interior. As M is not enhanced after BH formation,
the remnant in the latter requires more time for magnetic
pressure gradients to overcome the ram-pressure of the fall-
back debris and launch an incipient jet. The lifetime of
the jets [Δt ∼ 92–150 ms] and their outgoing Poynting
luminosities [LEM ∼ 1052�1 erg=s] are consistent with the
sGRB engine lifetime [49–52], as well as with the BZ
mechanism for launching jets and their associated Poynting
luminosities [39]. The luminosities and BH accretion rates
also lie within the rather narrow “universal” range of values
predicted in [112] for BHþ diskþ jet systems formed
from compact binary mergers containing magnetized NSs.
These results suggests that incipient jets are typically the
final outcome of magnetized NSNS undergoing delayed
collapse to a BH. Notice that in [59], we discussed the
evolution of Γ2M2.8 in full 3D (no symmetries), and found
that the remnant launches a magnetically driven jet at
roughly the same time as that in the equatorial evolution.
In addition, we found that the physical parameters of the
BHþ disk system, such as mass of the accretion disk, BH
spin, etc., are in both cases roughly the same. These results
imply that equatorial symmetry does not play any role in
the final outcome of the binary merger. As magnetic
instabilities cannot be affected by the EOS, we expect
our current results to hold in full 3D.
We also observed that the dynamical ejection of matter

amounts to Mesc ∼ 10−4–10−2 M⊙ and is strongly affected
by the EOS. In particular we found that: (i) the softer the
EOS, the larger the amount of matter ejected following the
NSNS merger. Specifically, the ejecta in SLyM2.7P is a
factor of ∼3 larger than that in H42.8P (see Table III for
other cases); (ii) the ejecta can be up to a factor of ∼8 larger
in magnetized NSNS mergers than that in unmagnetized
ones. It has been suggested that the magnetic field lines of a
rotating compact object may accelerate fluid elements due
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to a magnetocentrifugal mechanism [53]. These combined
results suggest that GRMHD studies are required to fully
explain kilonova signals from GW170817-like events. We
used an analytical model [54] to compute the peak
luminosity, rise time and effective temperature of the
potential kilonova. We found that the bolometric luminos-
ity is Lknova ¼ 1040.6�0.5 erg=s with rise times of τpeak ∼
0.4–5.1 days and effective temperature of ∼103.5 K. We
note that this temperature can be translated in a peak
wavelength λpeak ¼ 1.35 × 103 nmðTpeak=103.33 KÞ−1 [54],
and so λpeak ∼ 730–1830 nm. This EM radiation can be
detected with current or planned telescopes [55,56].
Finally, we probed whether the gravitational waveforms

contain measurable imprints of the seed magnetic field. We
extended the GW spectra in the low frequency domain by
appending a TaylorT1 post-Newtonian waveform to that
of our numerical simulations. We found that the magnetic
field damps the amplitude and shifts the frequency of the
main oscillations modes of the transient HMNS. These two
effects introduce a degeneracy with the EOS, since two
different EOSs may have peaks at the same frequency
due to magnetic effects, and so magnetic fields should be
taken into account to constrain the EOS. In addition, we
computed the match function between waveforms from
systems with the same EOS but different magnetic field
content and initial geometry. We found that at distance of
50 Mpc only the next generation of based-ground GW

detectors, such as the Einstein Telescope, can observe
imprints of the magnetic field on the GWs. Movies and
additional 3D visualizations highlighting our simulations
can be found at [125].
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