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Black hole-neutron star (BHNS) mergers are one of the most promising targets for multimessenger astron-
omy. Using general relativistic magnetohydrodynamic simulations of BHNS undergoing merger we previously
showed that a magnetically–driven jet can be launched by the disk + spinning black hole remnant if the neu-
tron star is endowed with a dipole magnetic field extending from the interior into the exterior as in a radio
pulsar. These self-consistent studies considered a BHNS system with mass ratio q = 3 : 1, black hole spin
a/MBH = 0.75 aligned with the total orbital angular momentum, and a neutron star that is irrotational, threaded
by an aligned magnetic field, and modeled by an Γ–law equation of state with Γ = 2. Here, as a crucial step in
establishing BHNS systems as viable progenitors of central engines that power short gamma–ray bursts (sGRBs)
and thereby solidify their role as multimessenger sources, we survey different BHNS configurations that differ
in the spin of the BH companion (a/MBH = −0.5, 0, 0.5, 0.75), in the mass ratio (q = 3 : 1 and q = 5 : 1),
and in the orientation of the magnetic field (aligned and tilted by 90◦ with respect to the orbital angular momen-
tum). We find that by ∆t ∼ 3500M−4000M ∼ 88(MNS/1.4M�)ms−100(MNS/1.4M�)ms after the peak
gravitational wave signal a magnetically–driven jet is launched in the cases where the initial spin of the BH com-
panion is a/MBH = 0.5 or 0.75. The lifetime of the jets [∆t ∼ 0.5(MNS/1.4M�)s−0.7(MNS/1.4M�)s] and
their outgoing Poynting luminosities [Ljet ∼ 1051±1erg/s] are consistent with typical sGRBs, as well as with
the Blandford–Znajek mechanism for launching jets and their associated Poynting luminosities. By the time
we terminate our simulations, we do not observe either an outflow or a large-scale magnetic field collimation in
the other configurations we simulate. These results suggest that future multimessenger detections from BHNSs
are more likely produced by binaries with highly spinning BH companions and small tilt-angle magnetic fields,
though other physical processes do not considered here, such as neutrino annihilation, may help to power jets in
general cases.

PACS numbers: 04.25.D-, 04.25.dg, 47.75.+f

I. INTRODUCTION

The era of multimessenger astronomy has accelerated with
the detection of GW170817 [1], a gravitational wave (GW)
signal from the coalescence of a compact binary, accompa-
nied by electromagnetic (EM) counterpart radiation across the
EM spectrum (see e.g. [2–8] and reference therein). From
the gravitational radiation signal alone, the inferred masses
of the individual binary companions are in the broad range
of 0.86 − 2.26M�, though the total mass of the system is
constrained to be 2.73 − 3.29M� with 90% confidence [1].
These estimates, along with the EM counterparts, and, in
particular, the detection of a short gamma–ray burst (sGRB)
– GRB 170817A– 1.7s–following the inferred merger time
by the Fermi Gamma-Ray Burst Monitor [9] and INTE-
GRAL [10, 11], as well as the associated kilonova/macronova,
demonstrate the presence of matter [2]. These observa-
tions strongly suggest a merging binary neutron star system
(NSNS) as the source of GW170817, although they cannot
rule out the possibility that one of the binary companions is
a stellar–mass black hole (BH). Recently, a summary of pos-
sible low–mass BH formation channels, and routes by which
they may arise in binaries with a NS companion, have been
presented in [12].

Due to the limited sensitivity of the current LIGO/Virgo
GW laser interferometers there is still an open question re-
garding the nature of the GW170817 remnant if one assumes
that its progenitor is a NSNS system (see e.g. [13–19]). Us-

ing EM constraints on the remnant imposed by the kilonova
observations [2, 9–11] along with the GW data, it was ar-
gued in [18] that the GW170817 NSNS remnant resulted in
a hypermassive NS (HMNS) undergoing collapse to a BH in
∼ 10−2s−1s. This hypothesis was supported by our GRMHD
simulations reported in [19] where we showed that a long-
lived, HMNS seeded with a pulsar-like magnetic field does
not power magnetically-driven and sustained outflows (jets)
believed to be crucial for generating GRBs as in GW170817.
The astrophysical implication of these observations create
therefore the urgent need to model GWs and EM counterparts
from both NSNS and BHNS systems [20].

GW170718 and GRB 170817A provide the best direct con-
firmation so far that the merger of compact binaries in which
at least one NS is involved can be the engine that powers
sGRBs. This identification was originally proposed by [21–
23] and recently demonstrated by self-consistent simulations
in full general relativistic magnetohydrodynamics (GRMHD)
of merging BHNSs [24] and merging NSNSs that undergo
delayed collapse [25]. The numerical studies in [24] (here-
after Paper I), whose initial configuration is a BHNS binary
with mass ratio q = 3 : 1 in a quasicircular orbit, with
an NS modeled as an irrotational Γ = 2 polytrope and a
BH with dimensionless spin ã ≡ a/MBH = 0.75, showed
that a collimated, mildly relativistic outflow –an incipient
jet– can be launched from the highly spinning BH remnant
surrounded by a magnetized accretion disk. Such a jet re-
quires that a strong poloidal magnetic field component which
connects the disk to the BH poles persist after the disrup-
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tion of the NS [26, 27]. This key feature was achieved
in Paper I by seeding the NS initially with a dipole mag-
netic field that extends from the stellar interior into the ex-
terior in a pulsar-like, force-free exterior magnetosphere (see
e.g. [28]). Following the onset of tidal disruption, it was
found that magnetic winding and the magnetorotational insta-
bility (MRI) amplify the magnetic field above the BH poles
from ∼ 1013(1.4M�/MNS)G when the disk first settles to
∼ 1015(1.4M�/MNS)G, and this field eventually drives and
confines the incipient jet by ∆t ∼ 100(MNS/1.4M�)ms af-
ter peak GW emission. The lifetime of the jet and the out-
going Poynting luminosity are ∆t ∼ 0.5(MNS/1.4M�)s and
LEM ∼ 1051erg/s, values which are both consistent with typ-
ical sGRBs (see e.g. [29–31]).

In the NSNS scenario, by contrast, an incipient jet emerges
whether or not the initial poloidal magnetic field is confined
to the NS interior, as long as the binary forms a HMNS that
undergoes delayed collapse to a BH [25]. During the for-
mation and spindown of the transient, differentially-rotating
HMNS magnetic winding and both the Kelvin-Helmholtz
instability and the MRI boost the rms value of the mag-
netic field to & 1015.5G [32, 33]. In the prompt collapse
scenario, the onset of BH formation following the NSNS
merger prevents that amplification [34]. The calculations
in [25] that model the NS with a simple Γ–law equation
of state (EOS) with Γ = 2, allowing for shock heating,
show that the disk + BH remnant launches a jet at about ∼
44(MNS/1.8M�)ms following the NSNS merger, which lasts
∆t ∼ 97(MNS/1.8M�)ms. The outgoing Poynting luminos-
ity is LEM ∼ 1051erg/s, consistent with short sGRBs (see
e.g. [29–31]). Recent GRMHD simulations of NSNS mergers
reported in [35, 36], in which the effects of different EOSs,
different mass ratios, and different magnetic field orientations
with an initial strength of ∼ 1012G were studied, did not find
evidence of an outflow or a jet after ∆t ∼ 35ms following the
NSNS merger, although the formation of an organized mag-
netic field structure above the BH was observed. A lack of
a jet in the high resolution NSNS mergers has been also re-
ported [32], in which the NS is modeled by an H4 EOS. At
the end of those simulations, however, they report persistent
fall-back debris in the atmosphere, which increases the ram
pressure above the BH poles, preventing the system form ap-
proaching a near force-free environment as required for jet
launching. A longer time integration may be needed for the
atmosphere to disperse and for the jet to emerge. Note that jet
launching may not be possible for all EOSs, if the matter fall-
back timescale is longer than the disk accretion timescale [37].
The seeded poloidal magnetic field in the numerical studies
of [32, 35, 36] is restricted to the NS interior.

In this paper, we survey fully relativistic BHNS configu-
rations initially in a quasicircular orbit that undergo merger
to address the question: Can all the BHNS configurations
that undergo merger in which the NS is seeded with a pulsar-
like, force-free magnetic field be progenitors of the engine that
launches incipient jets?

In particular, we now consider BHNS configurations with
mass ratio q = 3 : 1 in which the dimensionless spin of the
BH companion is ã = −0.5 (counter–rotating), ã = 0 (non-

spinning), and ã = 0.5, all aligned with the orbital angular
momentum. In addition, we consider a BHNS configuration
with mass ratio q = 5 : 1 in which the BH companion has
no spin initially. In all cases, the NS is endowed with a dy-
namically weak poloidal magnetic field that extends from the
stellar interior into the NS exterior (i.e. a pulsar-like mag-
netic field) whose dipole magnetic moment is also aligned
with the orbital angular momentum. Finally, to study the ef-
fect of different magnetic field topologies on the jet launching,
we evolve the same configuration as in Paper I (mass ratio
q = 3 : 1 and BH spin ã = 0.75) but now seed the NS with
a pulsar-like magnetic field whose dipole magnetic moment is
tilted 90o with respect to the orbital angular momentum. Fol-
lowing Paper I, we model the initial stars as irrotational Γ = 2
polytropes.

In agreement with our earlier calculations, where the
star is seeded with a dipole magnetic field confined to the
stellar interior [38, 39], we find that the BHNS mergers
listed above lead to a disk + BH remnant with a rest-
mass ranging from ∼ 10−3M�(k/189.96km2)1/2 to ∼
10−1M�(k/189.96km2)1/2, and dimensionless spin ranging
from ã ∼ 0.33 to ∼ 0.85. Here k is the polytropic gas
constant defined as k = P/ρΓ

0 , where P and ρ0 are the ini-
tial cold pressure and the rest-mass density (see below). The
early evolution, tidal disruption and the merger phases are un-
altered by the dynamically weak initial magnetic field. In
the post-merger phase we find that, as in Paper I, by around
∆t ∼ 3500M ≈ 88(MNS/1.4M�)ms after the GW peak
emission a magnetically–driven jet is launched in the case
where the initial spin of the BH companion is ã = 0.5. The
lifetime of the jet [∆t ∼ 0.7(MNS/1.4M�)s] and outgoing
Poynting luminosity [Ljet ∼ 1052erg/s] are consistent with
observations of sGRBs (see e.g. [29]), as well as with the
Blandford–Znajek (BZ) [40] mechanism for launching jets
and their associated Poynting luminosities [41]. In contrast,
by the time we terminate our simulations, we do not find any
indication of an outflow in the other cases; in the nonspinning
case (ã = 0), where a persistent fall-back debris toward the
BH is observed until the end of the simulation, the magnetic
field above the BH poles is wound into a helical configuration,
but the magnetic pressure gradients are still too weak to over-
come the fall-back ram pressure, and thus it is expected that a
longer simulation is required if a jet were to emerge. However,
if the fall-back debris timescale is longer than the disk accre-
tion timescale [∆t ∼ 0.36(MNS/1.4M�)s], the jet launching
in this case may be suppressed. By contrast, in the counter
rotating BHNS configuration the star plunges quickly into the
BH, leaving an “orphan” BH with a negligibly small accre-
tion disk containing less than 1% of the rest-mass of the NS.
Similar behavior is observed in the BHNS configuration with
mass ratio q = 5 : 1. Finally, in the tilted magnetic field case,
we do not find a coherent poloidal magnetic field component
remaining after the BHNS merger, hence the key ingredient
for jet launching [26] is absent.

These preliminary results suggest that jet launching may
strongly depend on a threshold value of (a) the initial black
hole spin, which, along with the tidal-break up separation,
controls the mass of the accretion disk, and (b) the tilt-angle
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of the magnetic field, which triggers the presence of a poloidal
component of the magnetic field in the post-merger phase. So
future multimessenger detections from BHNSs are most likely
produced by binaries with a highly–spinning BH companion
and small tilt-angle magnetic fields (see also [42]).

The remainder of the paper is organized as follows: A short
summary of our numerical methods and their implementation
is presented in Sec. II A. A detailed description of our adopted
initial data and the grid structure used for solving the GRMHD
equations is given in Sec. II B and Sec. II C, respectively. In
Sec. II D we describe the diagnostics employed to monitor and
verify the reliability of our numerical calculations. We present
our results in Sec. III, along with a comparison with the results
of Paper I, as well as with the ”universal” analytic model pre-
sented in [43]. Finally, we offer conclusions in Sec. IV. We
adopt geometrized units (G = c = 1) throughout the paper
except where stated explicitly. Greek indices denote all four
spacetime dimensions, while Latin indices imply spatial parts
only.

II. NUMERICAL METHODS

The formulation and numerical schemes for BHNS evolu-
tions have been described in detail previously in [24, 38, 39,
44] and we refer the reader to those references for further de-
tails. In this section we introduce our notation and briefly
summarize our numerical methods.

A. Basic Equations

We carry out the numerical evolution using the Illinois
GRMHD moving mesh refinement code that has been em-
bedded in the Cactus/Carpet infrastructure [45–48]. The
code has been tested, including resolution studies, and used in
the past in multiple GRMHD studies involving compact ob-
jects including magnetized BHNS binaries; see e.g. [24, 27,
49, 50]. The code has the following sectors:

Spacetime evolution: We use the 3 + 1 formalism of GR
and decompose the full metric of the spacetime gµν according
to

ds2 = gµν dx
µ dxν

= −α2 dt2 + γij
(
dxi + βi dt

) (
dxj + βj dt

)
, (1)

with α and βi the gauge variables, and γµν = gµν +nµ nν the
three-metric induced on a spatial hypersurface with a timelike
future pointing unit vector nµ = (1/α,−βi/α). Associated
with the time slice we define the extrinsic curvature Kµν ≡
−γµα∇α nν . The spatial three-metric and extrinsic curva-
ture are then evolved via the Baumgarte–Shapiro–Shibata–
Nakamura (BSSN) formulation [51, 52]; see also [53] for dis-
cussion. The dynamical variables are then: (a) the conformal
exponent φ = ln(γ)/12, where γ is the determinant of the
three-metric, (b) the conformal metric γ̃ij = e−4φγij , (c) the
conformal, trace-free extrinsic curvature Ãij = e−4φ(Kij −
γij K/3), (d) the trace of the extrinsic curvature K, and (e)

the three auxiliary variables Γ̃i = −∂j γ̃ij . These variables are
evolved using the equations of motion (9)-(13) in [38], along
with the 1+log time slicing for α and the “Gamma–freezing”
condition for βi cast in first order form (Eq. (2)-(4) in [38]).
For numerical stability, we set the damping parameter η ap-
pearing in the shift condition to η = 3.3/M for configurations
with mass ratio q = 3 : 1 and to η = 1.2/M for the configu-
ration with mass ratio q = 5 : 1 (see Table I). Here M is the
Arnowitt-Deser-Misner (ADM) mass of the system.

The spatial discretization is performed by using fourth-
order accurate, cell-centered, finite-differencing stencils, ex-
cept on shift advection terms, where fourth-order accurate
upwind stencils are used [38]. Outgoing wave-like bound-
ary conditions are applied to all the evolved variables. The
time integration is performed via the method of lines using a
fourth-order accurate, Runge-Kutta integration scheme. Fifth
order Kreiss-Oliger dissipation [54] has been also added in the
BSSN evolution equations outside the BH apparent horizon to
reduce high-frequency numerical noise.

TABLE I. Summary of the initial properties of the BHNS config-
urations. We list the mass ratio q ≡ MBH/MNS, where MBH and
MNS are the masses of the BH and NS at infinite separation (see [55]
for details), the dimensionless BH spin parameter ã, which is either
aligned or anti-aligned with respect to the total angular momentum
of the system, the dimensionless ADM mass M̄ ≡ κ−1/2M (here
k is the polytropic gas constant) and ADM angular momentum J of
the binary system, the orbital angular velocity Ω0, and a rough esti-
mate of the innermost stable circular orbit (ISCO) separation RISCO

computed via Eq. (2.21) in [56]. All the NSs in the configurations
have a nondimensional rest-mass M̄NS = 0.15. The label for each
configuration includes successively: a magnetic field configuration
tag (Ali=aligned or Til=tilted), a tag identifying the binary mass
ratio (q = 3 or q = 5), and a tag identifying the spin direction
(sp=aligned and sm-antialigned) and the magnitude of the BH spin.
In all cases, the initial M Ω0 corresponds to an orbital separation of
about D0 ' 8.7M .

Model q ã M̄ J/M2 M Ω0 RISCO/MBH

Tilq3sp0.75 3 0.75 0.55 1.09 0.0328 3.2
Aliq3sp0.5 3 0.5 0.55 0.96 0.0330 4.2
Aliq3sp0.0 3 0.0 0.55 0.70 0.0333 6.0
Aliq3sm0.5 3 -0.5 0.55 0.44 0.0338 7.5
Aliq5sp0.0 5 0.0 0.83 0.52 0.0333 6.0

MHD evolution: For the matter and magnetic field, the
Illinois code solves the equations of ideal GRMHD in a con-
servative scheme via high-resolution shock capturing meth-
ods. For that it adopts the conservative variables

ρ∗ ≡ −
√
γ ρ0 nµ u

µ , τ̃ ≡ √γ Tµν nµ nν − ρ∗ ,
S̃i ≡ −

√
γ Tµν n

µ γνi ,

with Tµν the stress-energy tensor for a magnetized plasma de-
fined as

Tµν = (ρ0 h+ b2)uµ uν +

(
P +

b2

2

)
gµν − bµ bν ,
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FIG. 1. Volume rendering of rest-mass density ρ0 normalized to the initial NS maximum value ρ0 = 8.92 × 1014 (1.4M�/MNS)2g /cm3

(log scale) at selected times for case Aliq3sp0.5 (see Table I). White lines denote the magnetic field while the arrows denote the fluid velocity.
The BH apparent horizon is shown as a black sphere. Here M = 2.5× 10−2(MNS/1.4M�)ms = 7.58(MNS/1.4M�)km.

where ρ0 is the rest-mass density, P is the pressure, h =
1 + ε + P/ρ0 the specific enthalpy, ε is the specific internal
energy, bµ = Bµ(u)/(4π)1/2 gives the magnetic field as mea-
sured by an observer co-moving with the fluid, b2 = bµ bµ
gives the magnetic energy (b is proportional to the magnitude
of the magnetic field), and uµ denotes the four-velocity of the
fluid. We evolve the conservative variables through Eqs. (27)-
(29) in [57]. To ensure the magnetic field remains divergence-
less during the evolution, we integrate the magnetic induc-
tion equation by introducing a vector potential Aµ (see Eqs.
(19)-(20) in [57]). As noted before [57, 58], interpolations
performed on the vector potential at refinement boundaries on
nested grids can induce spurious magnetic fields. To avoid
that, we also adopt the generalized Lorenz gauge [59] with a
damping parameter ξ ∼ 5.5/M for configurations with mass

ratio q = 3 : 1 and to ξ = 6.4/M for the configuration with
mass ratio q = 5 : 1 (see Table I). Finally, we adopt the Γ–law
EOS P = (Γ− 1)ρ0 ε, with Γ = 2.

B. Initial data

The quasiequilibrium BHNS configurations (see Table I)
are constructed by solving the GR constraint equations in the
conformal thin-sandwich (CTS) decomposition, along with
the relativistic equations of hydrostatic equilibrium, imposing
BH equilibrium boundary conditions as in [60]. These CTS
initial data correspond to BHNS binaries in a quasicircular or-
bit with a separation chosen to be outside the tidal disruption
radius [61].
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The initial data are calculated using the Lorene spectral
numerical libraries [62] employing dimensionless quantities
as in [53] where, for example, the mass M can be rescaled
as M̄ = k−1M , the spatial coordinates as x̄i = k−1 xi, etc,
where k is the polytropic gas constant. The excised BH re-
gion is populated with smooth junk data using the technique
described in [63]. As in the previous studies [38, 39], the ini-
tial data quantities are extrapolated from the BH exterior into
the interior using a 7th order polynomial with a uniform sten-
cil spacing of ∆r ≈ 0.3RBH, with RBH the radius of the
apparent horizon. A detailed description of our methods can
be found in [38, 61].

We assume that the initial NS can be modeled as an ir-
rotational Γ = 2 polytrope, and treat BHs that are non-
spinning (ã = 0), aligned (ã = 0.5 and 0.75) and anti-
aligned (ã = −0.5) with respect to the total orbital angu-
lar momentum of the system. The mass ratio considered
here ranges from q = 3 : 1 to q = 5 : 1 (see Table I).
In all BHNS cases considered here the resulting NS has a
compaction of C = MNS/RNS = 0.145, where MNS and
RNS are the ADM mass and the circumferential radius of the
NS in isolation. For the adopted EOS the maximum mass
configuration has C = 0.215. We rescale the rest mass of
the star as MNS = 1.4M�(k/189.96km2)1/2. For an iso-
lated NS with compaction C = MNS/RNS = 0.145, the
ADM mass turns out to beMNS = 1.30(MNS/1.4M�)M�,
the isotropic radius is Riso = 11.2(MNS/1.4M�)km and
the Schwarzschild radius is RNS = 13.2(MNS/1.4M�)km.
The maximum rest-mass density of the NS is ρ0,max =
8.92 × 1014 (1.4M�/MNS)2g/cm3. In all our BHNS con-
figurations, the initial orbital angular velocity M Ω0 corre-
sponds to an orbital separation of about D0 ≈ 8.72M ∼
67.15(MNS/1.4M�)km for configurations with mass ratio
q = 3 : 1, and D0 ≈ 8.68M ∼ 101.35(MNS/1.4M�)km
for mass ratio q = 5 : 1. Note that these BHNS configura-
tions have been used in [38, 39].

Following Paper I, we evolve the configurations until they
reach two orbits prior to tidal disruption. At that point, the NS
is endowed with a dynamically unimportant, dipolar magnetic
field generated by the vector potential [64]

Aφ =
π$2 I0 r

2
0

(r2
0 + r2)3/2

[
1 +

15 r2
0 (r2

0 +$2)

8 (r2
0 + r2)2

]
, (2)

which approximately corresponds to a potential generated by
an interior current loop. Here r0 is the current loop radius, I0
is the current, r2 = $2 + z2, with $2 = (x− xNS)2 + (y −
yNS)2, and (xNS, yNS) is the position of the center of mass
of the NS. As is displayed in Table I, we consider configura-
tions in which the dipole magnetic moment is either aligned
(see left top panel in Fig. 1) or tilted by 90o (see left panel in
Fig. 2) with respect to the total orbital angular momentum of
the system.

For comparison purposes, we choose the current I0 and ra-
dius of the loop r0 such that the magnetic pressure is 5% of the
gas pressure at the center of the NS as in Paper I. The resulting
magnetic field strength isBpole ' 6.7×1015(1.4M�/MNS)G
on the surface of the star. Notice that although the resulting
magnetic field is large, it is still dynamically unimportant and,

as it was shown in Paper I, does not affect the tidal disrup-
tion or the merger phases. We expect therefore that the final
outcome of the post-merger phase should be approximately
independent of the initial magnetic field strength; the ampli-
fication of the magnetic field following disruption is mainly
due to magnetic winding and the MRI [65].

To reliably evolve the exterior magnetic field with the Illi-
nois GRMHD code, and at the same time mimic the magnetic-
pressure dominant environment that likely characterizes the
force-free, pulsar-like exterior magnetosphere at the time the
magnetic field is seeded in the NS (t = tB), a low and variable
density is enforced initially in regions where magnetic field
stresses dominate over the fluid pressure gradient. This proce-
dure is typically done in ideal MHD codes to evolve exterior
magnetic fields (see e.g. [66]). This “atmosphere” is con-
structed such that the exterior gas-to-magnetic-pressure ratio
(the plasma parameter β) equals a target value β0 � 1 ev-
erywhere (see Fig. 3). This choice allows us to automatically
define the NS surface as the region where the interior plasma
parameter β equals β0 for the first time in moving outward
from the center, or equivalently

ρsurf
0 =

(
β0 b

2

2κ

)1/Γ

� ρ0,c , (3)

with Γ = 2, and ρ0,c the initial NS central density. In the
stellar exterior we reset the rest-mass density to ρ0 = ρsurf

0 .
The profile for β both inside the star, where the field is weak,
and outside is plotted in Fig. 3. The density outside at t = tB
is set to

ρatm
0 =

(
β0 b

2

2κ

)1/2

, (4)

so that as the magnetic field strength falls from the NS surface
as 1/r3, the above prescription forces ρatm

0 to fall as 1/r3 as
well.

In Paper I we showed that different exterior conditions
ranging from moderate to complete magnetic field pressure
dominance (β0 = 0.1, 0.05, 0.01) do not affect the final out-
come of the BHNS mergers; a larger β0 affects the inertia of
the matter in the atmosphere resulting in a delayed jet launch-
ing. We set β0 = 0.01 which provides the best approximation
to a force-free environment that our code can handle reliably.
This choice of β0 increases total rest-mass of the system in
less than 1%.

We assume that the pulsar-like magnetosphere comoves
with the NS, for which we set the exterior plasma three-
velocity to

vi =


viCM , if $ ≤ 3RNS ,

viCM (3RNS/$)4−
βi (1− (3RNS/$)4) , if $ > 3RNS ,

(5)

where viCM is the three-velocity of the NS centroid. This con-
dition implies that the variable atmosphere is stationary with
respect to Eulerian observers.

For the subsequent evolution, we integrate the ideal
GRMHD equations everywhere, imposing a density floor in
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TABLE II. Grid hierarchy for models listed in Table I. Symmetry about the orbital plane (i.e. z = 0) is imposed in all cases except in
Tilq3sp0.75 (90o–tilted magnetic field) where we consider full 3D domain. The computational mesh consists of two sets of nested refinement
boxes, one centered on the BH and the other on the NS. The finest box around the BH (NS) has a half length of ∼ 1.5RBH (1.2RNS), where
RBH (RNS) is the initial radius of the BH (NS). The number of grid points covering the radius of the BH apparent horizon and the equatorial
radius of NS is denoted by NAH and NNS, respectively. Note that the resolution used here matches that in Paper I, but it is higher than that in
[38, 39] where the same cases were evolved.

Model Grid Hierarchy (in units of M )(a) Max. resolution NAH NNS

Tilq3sp0.75 (211.3, 93.0, 46.5, 23.2, 11.6, 5.8, 2.9, 1.45 [1.65], 0.76 [N/A]) M/60.6 38 42
Aliq3sp0.5 (253.6, 93.0, 46.5, 23.3, 11.6, 5.8, 2.9, 1.45 [1.65], 0.85 [N/A]) M/60.6 35 42
Aliq3sp0.0 (253.6, 93.0, 46.5, 23.3, 11.6, 5.8, 2.9, 1.45 [1.65], 0.96 [N/A]) M/60.6 38 42
Aliq3sm0.5 (253.6, 93.0, 46.5, 23.3, 11.6, 5.8, 2.9, 1.45 [1.65], 0.85 [N/A]) M/60.6 35 42
Aliq5sp0.0 (196.7, 98.3, 49.2, 24.6, 12.3, 4.4,2.2, 1.1) M/48.2 41 48

(a) Half length of the refinement boxes centered on both the BH and the NS. When the side around the NS is different, we specify the NS half
length in square brackets, or as [N/A] if there is no corresponding refinement box, i.e. if the NS is significantly larger than the BH.

FIG. 2. Volume rendering of rest-mass density ρ0 normalized to its initial NS maximum value ρ0 = 8.92× 1014 (1.4M�/MNS)2g/cm3 (log
scale) at selected times for case Aliq3sp0.0 (see Table I). White lines denote the magnetic field while the arrows denote the fluid velocity. The
BH apparent horizon is shown as a black sphere. Here M = 2.5× 10−2(MNS/1.4M�)ms = 7.58(MNS/1.4M�)km.
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FIG. 3. Gas-to-magnetic pressure ratio β ≡ Pgas/Pmag along the x-
direction at the time t = tB the dipole-like magnetic field generated
by the vector potential Aφ in Eq. 2 is seeded in the star (see Table I).

regions where where ρatm
0 < 10−10ρmax0 , where ρmax0 is the

initial maximum density of the NS.

C. Grid structure

The grid hierarchy used in our simulations is summarized
in Table II. It consists of two sets of mesh nested refinement
boxes centered on both the BH and the NS. We use 9 nested
boxes centered on the BH and 8 boxes centered on the NS in
configurations with mass ratio q = 3 : 1, and 8 nested boxes
centered on the BH and on the NS in the configuration with
mass ratio q = 5 : 1. The finest box has a half length of
∼ 1.5RBH around the BH and ∼ 1.2RNS around the NS.
These choices resolve the initial apparent horizon equatorial
radius by & 70 grid points, and the initial NS equatorial radius
by & 84 grid points. We impose reflection symmetry across
the orbital plane (z = 0) for all configurations for which the
magnetic dipole moment is aligned with the orbital angular
momentum of the system, and consider the full 3D domain
for the 90o–tilted magnetic field (see Table I). Note that the
resolution employed here matches the one used in Paper I, and
it is higher than that previously employed in [38, 39] where
same cases were evolved.

D. Diagnostic quantities

During the numerical integration we adopt a number of di-
agnostics to analyze and verify the reliability of our magne-
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TABLE III. Summary of main results. Here ã is the dimensionless remnant BH spin parameter, ∆EGW and ∆JGW are the total energy
and angular momentum carried away by GWs, respectively. The kick velocity due to recoil is denoted by vkick in km/s, b2/(2ρ0)ave is the
space-averaged value of the magnetic-to-rest-mass-density ratio (force-free parameter) over all the grid points inside a cubical region of length
2RBH above the BH pole (see Fig. 8), Brms denotes the rms value of the magnetic field above the BH poles in units of (1.4M�/MNS)G, αSS
is the Shakura–Sunyaev viscosity parameter, Mdisk is the rest-mass of the accretion disk remnant, Ṁ is the rest-mass accretion rate computed
via Eq. (A11) in [67], τdisk ∼ Mdisk/Ṁ is the disk lifetime (lifetime of the jet, if any) in units of (MNS/1.4M�)s, and Ljet is the Poynting
luminosity in units of erg/s driven by the incipient jet, time-averaged over the last 500M ∼ 12.5(MNS/1.4M�)ms of the evolution. A dash
denotes “no information available”.

Model ã ∆EGW/MADM ∆JGW/JADM vkick b2/(2ρ0)ave Brms αSS Mdisk/MNS Ṁ(M�/s) τdisk Ljet

Aliq3sp0.75(a) 0.85 0.97% 14.25% 54.20 & 100 & 1015.0 0.01− 0.03 10.0% 0.25 0.5 1051.2

Tilq3sp0.75 0.85 1.0% 14.33% 54.34 0.26 1014.1 0.01− 0.013 11.29% 0.29 0.54 −
Aliq3sp0.5 0.76 0.96% 14.95% 65.32 113.7 1015.5 0.012− 0.031 6.15% 0.12 0.71 1051.6

Aliq3sp0.0 0.54 1.0% 18.38% 45.20 3.25 1014.6 0.013− 0.022 2.33% 0.09 0.36 −
Aliq3sm0.5 0.33 0.99% 24.96% 56.65 10−3 1013.3 − 0.24% 0.03 0.11 −
Aliq5sp0.0 0.41 0.91% 19.63% 69.96 10−3 1012.3 − 0.34% 0.04 0.12 −

(a) BHNS configuration reported in paper I for β0 = 0.01.

tized BHNS mergers. We monitor the L2 normalized Hamil-
tonian and momentum constraints computed via Eqs. (40)-
(41) in [38]. In all cases listed in Table I, we find that the
constraint violations peak at . 2.7% during the merger, as
expected. During inspiral and post-merger phases, the viola-
tions are smaller than . 1%, and stay roughly constant until
the end of the evolution. The BH apparent horizon is located
and monitored through the AHFinderDirect thorn [68].
We estimate the BH mass MBH and the BH dimensionless
spin parameter ã via Eqs. (5.2)-(5.3) in [69]. We monitor the
conservation of both the total mass Mint and the total angu-
lar momentum Jint interior to a large radius r, which coin-
cide with the ADM mass and ADM angular momentum of the
system at r = ∞, via Eqs. (19)-(22) in [39]. To measure
the flux of energy and angular momentum carried away by
GWs, we use a modified version of the Psikadelia thorn
that computes the Weyl scalar Ψ4, which is decomposed into
s = −2 spin-weighted spherical harmonics [70] at different
radii between rmin ≈ 22M ∼ 166(MNS/1.4M�)km and
rmax ≈ 130M ∼ 985(MNS/1.4M�)km for cases with mass
ratio q = 3 : 1, and rmin ≈ 22M ∼ 252(MNS/1.4M�)km,
and rmax ≈ 130M ∼ 1490(MNS/1.4M�)km for the mass
ratio q = 5 : 1. We find that ∼ 1.0% of the total energy
of our BHNS models is radiated away during the evolution
in form of gravitational radiation, while between ∼ 14% and
∼ 25% of the angular momentum is radiated (see Table III).
Taking into account the GW radiation losses, we also find that,
in all configurations considered here, the violation of the con-
servation of Mint is . 1% along the whole evolution, while
the violation of the conservation of Jint is ∼ 1% in cases
Aliq3sm0.5 and Aliq5sp0.0 (see Table I), and . 4% in the
remaining cases.

In addition, we monitor the conservation of the rest-mass
MNS =

∫
ρ∗d

3x, where ρ∗ ≡
√
γρ0 nµ u

µ, as well as
the magnetic energy growth outside the BH apparent horizon

through

M =

∫
uµuνT (EM)

µν dV , (6)

as measured by a comoving observer [39], where dV =
e6φ d3x is the proper volume element on the spatial slice.
Here T (EM)

µν is the electromagnetic energy-momentum ten-
sor. The rest-mass accretion rate is computed via mass fluxes
across the apparent horizon as

Ṁ = −
∫

AH

α
√
γ ρ0 u

µ∂µf J dθ dφ , (7)

where

f =
√

(x− xh(t))2 + (y − yh(t))2 + (z − zh(t))2

− R(t, θ, φ) , (8)

is a scalar function such that f = 0 on the spatial hypersurface
corresponding to the world tube of the BH apparent horizon.
Here J = ∂(f, θ, φ)/∂(x, y, z) is the Jacobian, (xh, yh, zh)
is the position of the BH centroid, and R(t, θ, φ) represents
the coordinate distance from the BH centroid to the appar-
ent horizon along the (θ, φ) direction. For details see Ap-
pendix A in [67].

To probe MHD turbulence in our systems, we compute
the effective Shakura–Sunyaev αSS parameter [71] associated
with the effective viscosity due to magnetic stresses through
αSS ∼ TEM

r̂φ̂
/P (see Eq. 26 in [72]). We also verify that the

MRI can be captured in the post-merger phase of our simu-
lations by computing the quality factor QMRI ≡ λMRI/dx,
which measures the number of grid points per fastest grow-
ing MRI mode. Here λMRI is the fastest-growing MRI wave-
length defined as [27]

λMRI ≈ 2π

√
|bP bP |/(b2 + ρ0 h)

|Ω(r, θ)|
, (9)
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where |bP | ≡
√
b2 − bµ (eφ̂)µ|2, and (eφ̂)µ is the orthonor-

mal vector carried by an observer comoving with the fluid,
Ω(r, θ) is the angular velocity of the disk remnant, and dx
is the local grid spacing. Typically to capture MRI requires
QMRI & 10 (see e.g. [73, 74]). Finally, we compute the out-
going EM Poynting luminosity

L = −
∫
T
r(EM)
t

√
−g dS , (10)

across spherical surfaces of coordinate radii between
Rext = 46M ' 350(MNS/1.4M�)km and 190M '
1440(MNS/1.4M�)km.

III. RESULTS

As all our initial BHNS binaries are in a quasicircular or-
bit with an initial coordinate separation outside the tidal dis-
ruption distance, their evolution can be roughly characterized
by three stages: late inspiral, tidal disruption-and-merger, and
post-merger. During the late inspiral, the orbital separation
decreases as energy and angular momentum are carried off by
gravitational radiation. Once the NS is disrupted a rapid re-
distribution of the angular momentum in the external layers
of the star pushes matter out of the innermost stable circu-
lar orbit (ISCO) causing long tidal tails (see right top and left
middle panels in Fig. 1). Depending on the specific angular
momentum of the matter in the tidal tail, it can be accreted, it
can wrap around the BH to form the accretion disk (see left
middle panel in Fig. 1), or it can be dumped in the atmosphere
as escaping or fall-back debris.

The fluid motion in the new-born disk drags the frozen-in
magnetic field lines into a predominantly toroidal configura-
tion. However, the presence of an external magnetic field in
the initial NS that connects matter in the star with footpoints at
the poles of the BH establishes a poloidal field component that
persists throughout the disk and amplifies following tidal dis-
ruption (see second row in Fig. 1 and central panel in Fig. 2).
Depending on the poloidal magnetic field, the fall-back de-
bris, and the rest-mass of the disk, these instabilities may in-
duce high magnetic pressure gradients above the BH poles
that eventually can launch an outflow. In paper I, we showed
for the first time that BHNS remnants with a strong poloidal
magnetic field component can launch a collimated, mildly rel-
ativistic outflow—an incipient jet– and hence be the progen-
itors of sGRBs. In the following section, we summarize the
dynamics of our new BHNS configurations that differ in BH
spin, mass ratio, and magnetic field configuration (see Ta-
ble I). Table III highlights the key parameters at the termi-
nation of our simulations.

A. Effect of black hole spin

To disentangle the effects of the initial BH spin ã on jet
launching from the effects of the mass ratio and the mag-
netic field geometry, we next consider only configurations

with mass ratio q = 3 : 1, aligned magnetic field and BH
spin ã = −0.5, 0.0, 0.5. For comparison, we also summarize
the results of the configuration reported in Paper I that corre-
sponds to a similar configuration but with a BH spin ã = 0.75.

Figs. 1 and 4 (see also Fig. 1 in Paper I) display snapshots of
the evolution of the rest-mass density along with the magnetic
field lines starting from magnetic field insertion at t = tB ,
followed by the disruption of the star and the formation of the
accretion disk. The bulk of the star is accreted into the BH,
and the disk + BH remnant eventually settles down as does
the outflow, when it occurs.

Consider the binary separation at which the star is tidally
disrupted. It can be estimated by (see Eq. (17.19) in [53])

Rtid ' 2.4 q−2/3 C−1MBH . (11)

For a star with compaction C = 0.145 and mass ratio q = 3 : 1
we find that disruption distance is Rtid ' 8.0MBH. On
the other hand, we estimate the initial position of the ISCO
using Eq. (2.21) in [56], which is strictly correct for a test
particle in a Kerr spacetime (see [61] for a careful analysis).
We find that the ISCO ranges from RISCO ∼ 7.5MBH (for
Aliq3sm0.5 case) to ∼ 3.2MBH (for Aliq3sp0.75 case). We
expect thus heavier disks in configurations with higher spin-
ning BH.

After t − tB ∼ 40M ∼ 1(MNS/1.4M�)ms following
the onset of accretion the bulk of NS in the case Aliq3sm0.5
is quickly swallowed by the BH companion along with its
frozen-in magnetic field (see Fig. 5). Only a tiny fraction
of tidally disrupted debris (less than 1% of the rest-mass of
the NS) is left to form the a disk around a BH remnant with
spin ã ∼ 0.3 (see Table III). The rest-mass accretion rate com-
puted through Eq. 7 settles down to Ṁ = 8 × 10−2M�/s
by t − tGW ≈ 690M ∼ 26(MNS/1.4M�)ms and then de-
cays slowly (see Fig. 6). Here tGW corresponds to the time
(retarded) of the peak GW amplitude measured at rext ≈
60M ∼ 455(MNS/1.4M�)km. Fig. 7 shows the evolution
of the magnetic energy M outside the BH horizon. Dur-
ing the first ∼ 40M following the onset of the accretion, the
magnetic energy plummets by three orders of magnitude (see
Table III), as expected. By the time we terminate the sim-
ulation [t − tGW ∼ 3000M ∼ 75(MNS/1.4M�)ms], we
do not find any evidence of an outflow or tightly wound
and globally collimated magnetic field (see right top panel in
Fig. 4), although we observe that the field lines just above
the BH poles have been partially wound into a helical struc-
ture within ∼ 2RBH, due to low density fluid motion. At that
time, the rms value of the magnetic field above the BH pole
is only ∼ 1013.3(1.4M�/MNS)G, which is expected because
only the weakly magnetized external layers of the star survive
the merger and form the disk and the field is not amplified
much during the post-merger phase (see Fig. 8). Not surpris-
ingly, a basic ingredient for jet launching is a sizable remnant
accretion disk.

On the other hand, as the BH spin increases the ISCO
shrinks, and therefore the NS can be totally disrupted before
being swallowed by the BH companion (see right top and left
middle panels in Fig. 1). The larger the BH spin, the longer the
tidal tails, and thus the heavier the accretion disk (see Table
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FIG. 4. Volume rendering of rest-mass density ρ0 normalized to its initial NS maximum value ρ0 = 8.92 × 1014 (1.4M�/MNS)2g/cm3

(log scale) for cases Aliq3sm0.5 (top row) and Aliq3sp0.0 (bottom row) at selected times. White lines denote the magnetic field while
the arrows denote the fluid velocity. The BH apparent horizon is shown as a black sphere. Here M = 2.5 × 10−2(MNS/1.4M�)ms=
7.58(MNS/1.4M�)km.

FIG. 5. Rest-mass MNS of NS matter outside the BH versus time for
all cases listed in Table I. The time has been shifted by tB , at which
time the magnetic field is seeded in the NS.

III). By about t ∼ 1200M ∼ 30(MNS/1.4M�)ms following
the peak of the accretion (t− tB ∼ 300M ), the remnant disk
settles with a mass of ∼ 4.43% of the rest-mass of the NS in
case Aliq3sp0.0, ∼ 10.1% in case Aliq3sp0.5, and ∼ 15.2%
in case Aliq3sp0.75 (see Fig. 5), and then slowly decreases in
mass as the accretion proceeds. Similar values were reported
in [38, 39], indicating that the seeded magnetic field has a low
impact on the formation of the disk remnant (see Table III for
values near the end of the simulations).

By t − tGW ≈ 1500M ∼ 38(MNS/1.4M�)ms, the
rest-mass accretion rate in the three cases begins to set-
tle to quasi-equilibrium (see Fig. 6), and then slowly de-

FIG. 6. Rest-mass accretion rate for all case listed in Table I com-
puted via Eq. (A11) in [67]. Time is measured from the moment
(retarded time t− r) of maximum GW amplitude tGW.

cays (see also Table III). By the time we terminate the
simulations we find that Ṁ ≈ (0.09, 0.12, 0.25)M�/s,
for cases ã = 0.0, 0.5, and 0.75, respectively. The rem-
nant disk is hence expected to be accreted in ∆t ∼
Mdisk/Ṁ ∼ 0.36(MNS/1.4M�)s for Aliq3sp0.0, in
∆t ∼ 0.75(MNS/1.4M�)s for Aliq3sp0.5, and in ∆t ∼
0.5(MNS/1.4M�)s for Aliq3sp0.75.

During the tidal disruption and the early disk + BH phase,
the frozen-in magnetic field is either stretched and wound into
a predominantly toroidal configuration as part of the tidal tail
wraps around the BH forming the accretion disk, or stretched
by the low density material dumped in the atmosphere in the
poloidal direction (see right top and left middle panels in
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FIG. 7. Total magnetic energyM outside the BH apparent horizon
for all cases listed in Table I, normalized to the ADM massMADM =
9.3 × 1054(MNS/1.4M�)erg. The inset shows that there is no a
significant enhancement ofM during disruption. The time has been
shifted by tB at which moment the magnetic field is seeded in the
NS.

FIG. 8. Average value of the force-free parameter b2/(2ρ0) vs time
(log scale) for all cases listed in Table I. The average is computed
using grid points contained in a cube of edge 2RBH above the BH.
Here RBH denotes the radius of the BH apparent horizon.

Fig. 1). However, during those phases we do not observe a
significant enhancement of the total magnetic energy (see Fig.
7) which is expected since initially the magnetic field has an
equipartition–strength [Bpole ' 6.7×1015(1.4M�/MNS)G],
i.e. magnetic energy ≈ kinetic energy [65]. During t ∼
40M = 1(MNS/1.4M�)ms following the onset of accre-
tion, the bulk of the star, which contains most of the mag-
netic energy, is swallowed by the BH (see Fig. 5) leaving only
∼ 6% of the total initialM in case Aliq3sp0.0, and ∼ 15%
in Aliq3sp0.05 and Aliq3sp0.75. As the accretion proceeds,
the magnetic energy slowly decreases until quasi–stationary
equilibrium is achieved.

To probe MHD turbulence in the post-merger phase, we
compute the effective Shakura–Sunyaev αSS parameter asso-
ciated with viscous dissipation due to magnetic stresses. In
all our cases we find that, between the ISCO and the posi-
tion of the maximum value of the rest-mass density, αSS is
∼ 0.01 − 0.031 (see Table III). Similar values for αSS were
found in previous MHD studies of accretion disks [75, 76].
To check if the MRI is indeed operating in the disk + BH
remnant, we compute the quality factor QMRI at t − tGW ∼
350M ∼ 8.75(MNS/1.4M�)ms following the GW peak am-
plitude. In the three cases, we find that in the bulk of the
disk the fastest growing mode of λMRI is resolved by at most
five gridpoints (see Fig. 9), although in some parts it is re-
solved by more than ten. We also find that for the most
part λMRI/2 fits in the disk. As the timescale for MRI is
τMRI ∼ Ω−1 ∼ 0.1 − 0.2(MNS/1.4M�)1/2ms, it is likely
that the MRI is at least partially resolved and operating in the
system [76]. Here Ω is the angular velocity of the disk. The
accretion is thus likely driven by MHD turbulence.

Shortly after tidal disruption, the MRI and mag-
netic winding in the disk convert poloidal to
toroidal flux on an Alfvén timescale [77], τA ∼
1.0(B/1015G)−1(Rdisk/50km)(ρ/1014g/cm3)1/2ms,
where Rdisk is the characteristic radius of the disk (see
Eq. (10.6) in [78]), building high magnetic pressure gradients
above the BH and pushing gas outwards above the BH
poles (see top panels in Fig. 10). As the regions above
the BH poles are cleared, the environment becomes near
force-free (b2 � ρ0). Depending on the initial spin of the BH
companion, we find the following:

a. Nonspinning (Aliq3sp0.0) case: By t − tGW ∼
400M ∼ 10(MNS/1.4M�)ms, we observe that above the
poles of the BH remnant with spin ã ∼ 0.54 (see Table III)
the magnetic field has been wound into a helical funnel (see
middle and right bottom panels in Fig. 4) but, in contrast with
the Aliq3sp0.75 case reported in Paper I, there is no evidence
of a large-scale sustained outflow. As the magnetic pressure
above the BH poles increases, magnetically dominated re-
gions (b2/2ρ2

0 & 1) expand outwards above the BH poles until
the magnetic pressure balances the ram pressure produced by
fall-back gas at a height of ∼ 15M ∼ 115(MNS/1.4M�)km
(see left bottom in Fig. 10). At that height the magnetically
dominated regions rise and fall above the BH poles, but no
longer expand. The left panel in Fig. 11 shows the magneti-
cally dominated regions along with the field lines near the end
of the simulation.

As jet launching via the Blandford–Znajek (BZ) mecha-
nism requires a near force–free environment above the BH
poles, we compute the space-averaged value of the force-
free parameter b2/(2ρ0) on a cubical region of a length
side 2RBH just above the BH poles during the whole evo-
lution (see Fig. 8). We observe that the plasma parame-
ter rapidly grows during the first t − tB ∼ 2000M ∼
50(MNS/1.4M�)ms following the insertion of the mag-
netic field, and then settles down to b2/2(ρ0)|ave ∼
3 (see Table III). After about t − tB = 6000M ∼
150M(MNS/1.4M�)ms, near the end of the simulation, a
persistent fall-back flow toward the BH is observed; the mat-
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FIG. 9. Rest-mass density on the meridional plane along with the λMRI/2 (left panel), and the quality factor QMRI on the equatorial plane
(right panel) at t − tGW ∼ 350M ∼ 8.75(MNS/1.4M�)ms following the peak GW amplitude in case ã = 0.5 (Aliq3sp0.5) but similar
behavior among all cases with spinning BH ã ≥ 0. The BH apparent horizon is denoted by the black disk.

FIG. 10. Magnetic field strength on a meridional plane after t − tGW ∼ 350M ∼ 8.75(MNS/1.4M�)ms following the maximum GW
amplitude, time at which the accretion disk + disk remnant starts to settle, and nearly to the end of the evolution for cases Aliq3sp0.0 (left
column) and Aliq3sp0.5 (right column). Arrows denote the fluid velocity, while the BH apparent horizon is shown as a black disk.
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FIG. 11. Volume rendering of the ratio b2/2ρ0 (log scale) near the end of the simulation for case Aliq3sp0.0 (left panel) and Aliq3sp0.5 (right
panel). The magnetic field lines are denoted by white lines plotted in regions where b2/2ρ0 ≥ 0.

ter ejected during the disruption has a specific energy E =
−u0 − 1 < 0 (in the asymptotically flat region) and eventu-
ally rains down with increasing the ram-pressure. However,
we also observe that magnetic field above the BH poles is
amplified from ∼ 1013.4(1.4M�/MNS)G, when the disk first
settles, to ∼ 1014.6(1.4M�/MNS)G near the end of the simu-
lation (see Fig. 10). Hence a longer simulation may be needed
for a magnetically driven outflow to emerge. However, if the
fall-back debris timescale is longer than that of the disk, jet
launching may be suppressed. This suggests that there may
be a threshold value of the initial BH spin below which a sus-
tained outflow is suppressed.

b. Spinning (Aliq3sp0.5 and Aliq3sp0.75) cases: As
in the above case, by t − tGW ∼ 400M ∼
10(MNS/1.4M�)ms when the remnant disk + bh first set-
tles (see bottom panel of Fig. 12), the field lines have been
wound into a helical funnel (see right top and left middle pan-
els in Fig. 1). However, in contrast to case Aliq3sp0.0, as
the accretion above the remnant BH poles proceeds, the at-
mosphere becomes thinner, and the magnetic pressure gra-
dients grow. Fig. 8 shows that following the magnetic field
insertion, the force-parameter b2/2ρ0 above the BH poles
grows from ∼ 10−1 to & 100 (see also right panel in
Fig. 11) near the end of the simulation (see Table III). Even-
tually the magnetic pressure settles to a value b2/2ρ0 & 10
that allows it to overcome the ram-pressure of the atmo-
sphere. At about t − tGW ∼ 400M ∼ 10(MNS/1.4M�)ms,
the inflow is halted, and a magnetically sustained outflow
emerges (see bottom panels in Fig. 1). The unbound out-
flow (E = −u0 − 1 > 0) extends to heights greater than
100M ∼ 760(MNS/1.4M�)km in Aliq3sp0.5 (ã = 0.5)
at t − tGW ∼ 3500M ∼ 88(MNS/1.4M�)ms, and at
t − tGW ∼ 4000M ∼ 100(MNS/1.4M�)ms in Aliq3sp0.75
(ã = 0.75). The characteristic maximum value of the Lorentz
factor in the funnel is ΓL ∼ 1.2 − 1.3. So, we conclude that
by & 88(MNS/1.4M�)ms these two cases launch an incip-
ient jet –an unbound and mildly relativistic outflow within a
tightly wound, collimated, helical magnetic funnel above the
BH poles. The delay of the jet launching in Aliq3sp0.75 with
respect to that in Aliq3sp0.5 is likely due to a heavier atmo-
sphere; a larger ejection of the matter outside the ISCO occurs

for higher spins. Although the jet is only mildly relativistic,
it is expected that the jet will be accelerated to ΓL & 100
as required by sGRB models. As it was pointed out in Paper
I, the maximum attainable Lorentz factor of a magnetically–
powered, axisymmetric jet is Γmax

L ∼ b2/2ρ0 [79]. The life-
time of the engine fuel (lifetime of the disk) is ∆t ∼ 0.5 −
0.75(MNS/1.4M�)s and thus consistent with sGRBs [29].
We also observe a magnetic field amplification above the BH
poles from ∼ 1013.4(1.4M�/MNS)G, when the disk first set-
tles, to & 1015(1.4M�/MNS)G near the end of the simulation
(see right bottom panel in Fig. 10).

The level of collimation of the jet is measured by the funnel
opening angle θjet, which is defined as polar angle at which
the Poynting flux drops to 50% of its maximum. Based on
the angle distribution of the outgoing flux on the surface of a
sphere with coordinate radius 60M ∼ 460(MNS/1.4M�)km
(see Fig. 13), we estimate that the opening angle of the jet is
∼ 25◦ − 30◦.

We compute the ejecta via Mesc =
∫
|ut|>1

ρ0d
3x at dif-

ferent radii between 30M ∼ 230(MNS/1.4M�)km and
100M ∼ 760(MNS/1.4M�)km. We find that in these cases
the rest-mass fraction Mesc/MNS of the escaping mass is
∼ 10−2, and thus in principle could be detected with the Large
Synoptic Survey Telescope [80] and give rise to Kilonovae
phenomena [81].

To further assess if the BZ mechanism [40] is operating in
our BHNS remnants, we compute the ratio of the angular ve-
locity of the magnetic field ΩF ≡ Ftθ/Fθφ to the angular
velocity of the BH defined as

ΩH =
ã

2MBH

(
1 +

√
1− ã2

)
, (12)

on a meridional plane passing through the BH centroid and
along a coordinate semicircle of radiusRBH < Rext < 2RBH

as in Paper I. Here Fµν is the Faraday tensor. Notice that the
definition of ΩF is strictly valid for stationary and axisymmet-
ric spacetimes in Killing coordinates [82]. In both cases we
find that the ratio ΩF /ΩH ranges from ∼ 0.4 − 0.45 at the
BH pole to ∼ 0.1 near the equator. The deviation from the
expected split-monopole value ΩF /ΩH ∼ 0.5 (see [83]) can
be attributed to the deviations from a split-monopole magnetic
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TABLE IV. Comparison of simulation results with the unified model presented in [43].

Case Ljet (erg/s) ṀBH (M�/s) ρ [(1.4M�/MNS)2] (g/cm3) Bp [(1.4M�/MNS)] (G)

Model Simulations Model Simulations Model Simulations Model Simulations
Aliq3sp0.5 1052 1052 100 10−1 1010 109 1016 1015

Aliq3sp0.75 1052 1051 100 10−1 1010 1010 1016 1015

field, the gauge in which ΩF is computed, and/or inadequate
resolution. On the other hand, the outgoing Poynting luminos-
ity is Ljet ∼ 1051.2 − 1051.6 (see top panel of Fig. 12), which
is consistent with that generated by the BZ mechanism [84]

LBZ ∼ 1051 ã2

(
MBH

5.6M�

)2 (
B

1015G

)2

erg /s . (13)

It is therefore likely that the BZ mechanism is operating in
our systems. Note that we normalized the mass of the BH to
5.6M� because & 90% of the rest-mass of the NS is swal-
lowed by the BH during merger (see Table III).

In contrast to cases Aliq3sm0.5 and Aliq3sp0.0, the BHNS
configurations Aliq3sp0.5 and Aliq3sp0.75 launch a mildly
relativistic outflow sustainable by a helical magnetic field.
These results suggest that the ingredients for jet launching
from the remnant of BHNS mergers are: (1) a binary com-
panion that contains a spinning BH (for sizable disks), and
(2) a strong NS poloidal exterior magnetic field component
that ties fluid elements in the disk to low density debris above
the BH poles.

B. Effect of varying the mass ratio (case Aliq5sp0.0)

As it can be seen from Eq. 11, the tidal disruption distance
decreases as the mass ratio of the binary increases. The closer
the tidal distance to the ISCO, the smaller the tidal effect and
hence the smaller the mass of the remnant disk and, conse-
quently, the less magnetic energy left to launch a jet. The
tidal separation for a BHNS configuration with mass ratio
q = 5 : 1, a star compaction C = 0.145, and a nonspining
BH companion is Rtid ∼ 6MBH, which “coincides” with the
ISCO.

Fig 14 summarizes the evolution of this case starting from
the insertion of the magnetic field (left panel), through the
tidal disruption and merger (middle panel), and finally show-
ing the outcome once the disk + BH remnant relaxes to a
quasi–steady state (right panel). As expected, the star is some-
what disrupted before it plunges into the BH. Fig. 5 shows
that during the first t − tB ∼ 40M ∼ 1.5(MNS/1.4M�)ms
following the onset of accretion the bulk of NS is quickly
swallowed leaving an “orphan” BH remnant surrounded by
a small, weakly magnetized cloud (less than 1% of the rest-
masss of the star) to form the accretion disk. By t − tGW ≈
680M ∼ 26(MNS/1.4M�)ms the rest-mass accretion rate
settles down to Ṁ = 1.4 × 10−2M�/s and then decays
slowly (see Fig. 6). Fig. 7 clearly shows that during that pe-
riod there is basically no magnetic energy left (see Table III)

FIG. 12. Outgoing EM (Poynting) luminosity for t ≥ tjet
computed at a coordinate sphere of radius r = 100M ∼
760(MNS/1.4M�)km (top panel), and (2,2) mode of the gravi-
tational wave strain h+ as functions of retarded time extracted at
rex = 80M ∼ 606(MNS/1.4M�)km (bottom panel) for case
Aliq3sp0.5 (continuous line) and case Aliq3sp0.75 (dashed line).

as the frozen-in magnetic field has been dragged into the BH
during the plunge phase. We do not find evidence of mag-
netic field collimation or an outflow. Near to the end of the
simulation the magnetic field strength above the BH poles is
. 1012.3(1.4M�/MNS)G.

Notice that population synthesis studies have suggested that
the most likely BHNS mass ratio may be q = 7 : 1 [85, 86],
although recently it has been suggested how low-mass BH
formation channels may arise in BHNS [12]. For this high
mass ratio configuration with a typical NS of compaction
C = 0.145, the binary tidal separation is Rtid ∼ 0.45MBH.
So, the critical spin at which tidal disruption occurs at the
ISCO is ã = 0.375. As the basic ingredient for jet launching
is a sizable magnetized disk, the above estimation suggests
that high mass ratio BHNS configurations may be the progen-
itors of central engines that power sGRBs only if the spin of
the BH companion is ã > 0.4 (see also [87–89].

C. Effect of magnetic field orientation (case Tilq3sp0.75)

In the above section, we described the effects of the BH
spin and mass ratio on the emergence of an incipient jet when
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FIG. 13. Angular distribution of Poynting flux for case ã =
0.5, normalized by its peak value on a sphere of radius 60M =
4600(MNS/1.4M�)km. Angles are defined with respect to a spher-
ical coordinate system centered on the BH center, with the spin axis
along the z direction.

the pulsar-like magnetic field seeded in the NS is aligned with
the total orbital angular momentum of the system. In the fol-
lowing, we consider a BHNS configuration in which the BH
companion has a spin of ã = 0.75, and the star is seeded with
a pulsar-like magnetic field whose dipole magnetic moment is
now tilted 90◦ with respect to the orbital angular momentum
(see left panel in Fig. 2).

The dynamics of the gas during tidal disruption, merger
and early disk + BH phases are similar to those reported
in Paper I, and summarized in Sec. III A. This is not unex-
pected since the strength of the dynamical unimportant mag-
netic field in both cases is the same. However, by around
t − tGW = 1600M ∼ 40(MNS/1.4M�)ms, by which time
the accretion rate Ṁ settles down (see Fig. 6), the frozen-in
magnetic field has been driven into a predominantly toroidal
configuration in the disk, while in the atmosphere, in contrast
to the spinning cases reported in Sec III A (see also Paper
I), there is no a coherent poloidal magnetic field configura-
tion (see right panel in Fig. 2). After evolving the remnant
disk + BH for t − tGW & 4000M ∼ 100(MNS/1.4M�)ms,
we do not find any evidence of magnetic field collimation or
an outflow above the BH poles. As before, we compute the
space-averaged value of the force-free parameter b2/(2ρ0) on
a cubical region of a length side 2RBH just above the BH
poles along the whole evolution (see Fig. 8). Following dis-
ruption, we observe that the plasma parameter peaks at two
times its initial value and then slowly decreases until it falls to
a value of b2/(2 ρ0)|ave ∼ 0.26 (see Table III). After about
t − tGW = 5000M ∼ 125M(MNS/1.4M�)ms a persistent
fall-back material toward the BH is observed.

When the magnetic field is aligned with the total angular
momentum of the system, vertical field lines thread the BH
prior to tidal disruption (see left top panel in Fig. 1 in Paper
I). After disruption, these lines connect the polar regions of
the BH to low-density debris in the atmosphere. Similarly,
fluid elements in the disk are linked to other fluid elements in
the disk, and to those ejected during the disruption, through
external vertical magnetic lines (see right top panel in Fig. 1

in Paper I). These two effects induce a strong poloidal mag-
netic field in the BHNS remnant. By contrast, in the tilted case
Tilq3sp0.75, horizontal field lines mainly thread the BH prior
to tidal disruption (see left panel in Fig. 2). After disruption,
these lines can only connect the BH poles to the inner part
of the new–born disk, and they are rapidly wound to a pre-
dominantly toroidal configuration. Also, fluid elements in the
disk are linked to other fluid elements in the disk, and to the
low-density debris in the atmosphere, through external pre-
dominantly horizontal field lines. The BHNS remnant hence
lacks a coherent poloidal magnetic field component (see right
panel in Fig. 2).

While the properties of the disk + bh remnant, such as BH
spin, mass, and accretion rate, are approximately independent
of the magnetic field topology (see Table III), the emergence
of the jet seems to be very sensitive to it. As it was pointed out
in [26], a poloidal magnetic field component with a consistent
sign in the vertical direction is required to launch and support
a jet.

The above results indicate that there is a threshold value
of the tilt angle of the dipole magnetic moment with respect
to the orbital angular momentum below which the poloidal
dipole magnetic field component is suppressed, and with it the
emergence of a jet.

D. Universal model

Recently we proposed a “universal” analytic model in [43]
that estimates a number of global parameters that characterize
disk + BH remnants that launch jets following BHNS mergers,
BHBH mergers immersed in magnetized disks, and the col-
lapse of massive stars. The jets are powered by the BZ mech-
anism and the parameters are determined by only a couple
of nondimensional ratios characterizing the remnant system.
This model predicts the characteristic density in the accretion
disk, the strength of the magnetic field above the BH poles, the
rest-mass accretion rate after the system has reached a quasi-
stationary state, and most significatively the EM (Poynting)
luminosity as follows (see Eqs. 11-13 in [43]):

ρM2
BH ∼

1

π

(
Mdisk

MBH

) (
M

Rdisk

)3

, (14)

B2
pM

2
BH ∼ 8

(
Mdisk

MBH

) (
M

Rdisk

)3

, (15)

Ṁeq ∼ 4

(
Mdisk

MBH

) (
M

Rdisk

)3

[Ṁ0] , (16)

LBZ ∼
1

10

(
Mdisk

MBH

) (
MBH

Rdisk

)3 (
a

MBH

)2

[L0] , (17)

where L0 ≡ c5/G = 3.6 × 1059erg/s and Ṁ0 ≡ c3/G =
2.0 × 105M�/s. Table IV shows a comparison of our sim-
ulations results with the model predictions, i.e. using as in-
put the data in Table III to calculate the nondimensional ra-
tios. We find that within an order of magnitude, the results
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are consistent. As was pointed out in [43], while there exist
different formation scenarios for forming disk + BH systems,
and their disk masses, densities and magnetic field strength
vary by orders of magnitude, these features conspire to gen-
erate jet Poynting luminosities that all lie in the narrow range
of 1052±1erg/s. Interestingly, these luminosity distributions
mainly reside in the same narrow range characterizing the ob-
served luminosity distributions of over 400 short and long
GRBs [90].

IV. CONCLUSIONS

The coincident detection of gravitational radiation (event
GW170817) with short gamma ray bursts (GRB 170817A),
detected∼ 1.7s after the inferred binary merger time [2], con-
firm that merging compact binaries, containing at least one
neutron star, can be the progenitors of the engine that powers
sGRBs as proposed by [21–23]. This single multimessenger
detection has been already used to impose some constraints on
the maximum mass of a spherical neutron star [18, 19, 91, 92],
on the tidal deformability, on the radius of the star [1, 93–96],
and other properties of the progenitor stars.

We recently reported the first self-consistent numerical cal-
culations in full GR that demonstrate that the remnant of mag-
netized BHNS mergers can launch an incipient jet if the star is
initially seeded with a dipole magnetic field that extends from
the NS interior into a pulsar-like exterior magnetosphere [24].
Here we survey different BHNS configurations that differ in
the initial BH spin, mass ratio, and magnetic field topology to
study the robustness of the jet launching scenario. Although
the numerical studies reported here are illustrative and not ex-
haustive, they suggest the following:

Varying the initial spin of the BH companion in the bi-
nary from ã = −0.5 to 0.5, we observe that only the higher
spin BHNS configuration launches a jet. In the antialigned
case Aliq3sm0.5, the star basically plunges into the black hole
leaving a weakly magnetized matter (less than 1% of the ini-
tial rest-mass of the star) to form the disk (see Table III). We
do not find any evidence of large-scale magnetic field collima-
tion or an outflow for this case. By contrast, in Aliq3sp0.0 we
did observe magnetic field collimation above the BH poles,
but after t − tGW ∼ 7000M ∼ 175(MNS/1.4M�)ms the
magnetic pressure gradients were still too weak to launch an
outflow. The lack of an outflow may be attributed to the per-
sistent fall-back toward the BH observed as we terminated the
simulation. When the atmosphere above the BH poles be-
comes thinner as the accretion proceeds, we anticipate that
the magnetic pressure may eventually overcome the ram pres-
sure. However, jet launching may not be possible if the
onset time is longer than the lifetime of the accretion disk
[τdisk ∼ 0.36(MNS/1.4M�)s]. The mass of the disk is de-
termined by how far from the ISCO tidal disruption occurs.
According, for a given NS companion, the above results in-
dicate that there is a threshold value for the initial BH spin
below which the jet launching cannot occur.

Varying the mass ratio of our BHNS configurations from
q = 3 : 1 to q = 5 : 1, we find that only remnants with siz-
able accretion disks, and consequently considerable magnetic
energy, may launch a jet. Taking into account population syn-
thesis studies (see e.g. [85, 86]) that suggest that the most
likely BHNS mass ratio may be q = 7 : 1, we estimated that
the critical spin at which tidal disruption occurs at the ISCO is
ã = 0.4 (see also [87]). As the basic ingredient for jet launch-
ing is a sizable magnetized disk, the above estimate suggests
that high mass ratio BHNS systems can be the central engines
that power sGRBs only if the binary contains a highly spin-
ning BH (ã & 0.4).

Finally, varying the direction of the magnetic field with re-
spect to the total angular momentum of the system from an
aligned configuration to a 90◦-tilted configuration, we found
that the disk + BH remnant in the latter case lacks of a co-
herent poloidal magnetic field configuration. At after about
t − tGW ∼ 4000M ∼ 100(MNS/1.4M�)ms we did not
see any indication of magnetic field collimation or an outflow.
A poloidal magnetic field component with a consistent sign
in the vertical direction is required to launch and support a
jet [26]. These results suggest thus that there may also be a
threshold value of the tilt angle of the magnetic dipole mo-
ment above which there are no jets.

A caveat is in order. Our GRMHD simulations do not ac-
count for all the physical processes involved in BHNS merg-
ers. In particular, it has been suggested that neutrino anni-
hilation in disk + BH systems may carry away a significant
amount of energy from inner regions of the accretion disks
that may be strong enough to power jets [97–101]. Recently,
it was suggested in [102] that the emergence of a jet in slowly
BH + spinning disk systems may be triggered by neutrino-
annihilation and then by the BZ mechanism, leading to a tran-
sition from a thermally-dominated fireball to a Poynting EM-
dominated flow as is inferred for some GRBs, such as GRB
160625B [103]. We plan to study such processes in the future.

ACKNOWLEDGMENTS

We thank V. Paschalidis for useful discussions, and the Illi-
nois Relativity group REU team (Eric Connelly, Kyle Nelli,
and John Simone) for assistance with some of the visual-
izations. This work has been supported in part by National
Science Foundation (NSF) Grant PHY-1602536 and PHY-
1662211, and NASA Grant 80NSSC17K0070 at the Univer-
sity of Illinois at Urbana-Champaign. This work made use of
the Extreme Science and Engineering Discovery Environment
(XSEDE), which is supported by National Science Founda-
tion grant number TG-MCA99S008. This research is part of
the Blue Waters sustained-petascale computing project, which
is supported by the National Science Foundation (awards
OCI-0725070 and ACI-1238993) and the State of Illinois.
Blue Waters is a joint effort of the University of Illinois at
Urbana-Champaign and its National Center for Supercomput-
ing Applications.



16

FIG. 14. Volume rendering of rest-mass density ρ0 normalized to its initial NS maximum value ρ0 = 8.92 × 1014 (1.4M�/MNS)2g /cm3

(log scale) at selected times for case Aliq5sp0.0 (see Table I). White lines denote the magnetic field while the arrows denote the fluid velocity.
The BH apparent horizon is denoted as a black sphere. Here M = 11.44(MNS/1.4M�)km = 3.81× 10−2(MNS/1.4M�)ms.
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R. Opiela, A. ZadroŻny, R. Aptekar, D. Frederiks, D. Svinkin,
A. Kusakin, R. Inasaridze, O. Burhonov, V. Rumyantsev,
E. Klunko, A. Moskvitin, T. Fatkhullin, V. V. Sokolov, A. F.
Valeev, S. Jeong, I. H. Park, M. D. Caballero-Garcı́a, R. Cun-
niffe, J. C. Tello, P. Ferrero, S. B. Pandey, M. Jelı́nek, F. K.
Peng, R. Sánchez-Ramı́rez, and A. Castellón, Nature Astron-
omy 2, 69 (2018), arXiv:1612.03089 [astro-ph.HE].

http://dx.doi.org/ 10.3847/2041-8205/816/2/L30
http://dx.doi.org/ 10.3847/1538-4357/aa9074
http://dx.doi.org/ 10.3847/1538-4357/aa9074
http://arxiv.org/abs/1708.05043
http://dx.doi.org/ 10.1038/s41550-017-0309-8
http://dx.doi.org/ 10.1038/s41550-017-0309-8
http://arxiv.org/abs/1612.03089

	Jet launching from binary black hole-neutron star mergers: Dependence on black hole spin, binary mass ratio and magnetic field orientation
	Abstract
	Introduction
	Numerical Methods
	Basic Equations
	Initial data
	Grid structure
	Diagnostic quantities

	Results
	Effect of black hole spin
	Effect of varying the mass ratio (case Aliq5sp0.0)
	Effect of magnetic field orientation (case Tilq3sp0.75)
	Universal model

	Conclusions
	Acknowledgments
	References


