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Black hole-neutron star (BHNS) binary mergers can form disks in which magnetorotational insta-
bility (MRI)-induced turbulence may drive accretion onto the remnant BH, supporting relativistic
jets and providing the engine for a short-hard gamma-ray burst (SGRB). Our earlier study of magne-
tized BHNSs showed that NS tidal disruption winds the magnetic field into a toroidal configuration,
with poloidal fields so weak that capturing MRI with full-disk simulations would require ~ 10%
CPU-hours. In that study we imposed equatorial symmetry, suppressing poloidal magnetic fields
that might be generated from plasma crossing the orbital plane. Here we show that initial conditions
that break this symmetry (i.e., tilted poloidal magnetic fields in the NS) generate much stronger
poloidal fields in the disk, indicating that asymmetric initial conditions may be necessary for es-
tablishing BHNS mergers as SGRB progenitors via fully general relativistic MHD simulations. We
demonstrate that BHNS mergers may form an SGRB engine under the right conditions by seeding
the remnant disk from an unmagnetized BHNS simulation with purely poloidal fields dynamically
unimportant initially, but strong enough to resolve MRI. Magnetic turbulence occurs in the disk,
driving accretion and supporting Poynting-dominated jet outflows sufficient to power an SGRB.

PACS numbers: 04.25.D-,04.25.dk,04.40.Nr

I. INTRODUCTION

At the end of a black hole-neutron star (BHNS) binary
merger, the NS may tidally disrupt, forming a hot, mas-
sive disk around the BH, with the temperature, density,
and collimated magnetic field profiles required to launch
a jet and trigger a short-hard gamma-ray burst (SGRB).

Recently a suite of stationary BH+disk general rela-
tivistic MHD (GRMHD) simulations was performed, in
which the disks were seeded with different magnetic field
topologies and strengths [1]. It was found that to support
a long-term, Poynting-dominated jet, sufficiently strong
dipole poloidal fields are required in the disk initially.

This result may be problematic for BHNS mergers, be-
cause the NS tidal disruption event invariably winds the
magnetic fields into a toroidal configuration in all mag-
netized BHNS simulations to date. For example, in [2],
we performed the first parameter survey of magnetized
BHNS mergers using fully general relativistic MHD simu-
lations, varying the initial magnetic field strength and ge-
ometry, and the aligned BH spin. We seeded the NS with
purely poloidal magnetic fields and found that after tidal
disruption, the fluid motion becomes strongly toroidal
during disk formation, dragging the magnetic field lines
into a predominantly toroidal configuration, leaving very
weak poloidal fields.

However, even these very weak poloidal fields can be
exponentially amplified via the magnetorotational insta-
bility (MRI). But the weaker the poloidal fields, the
shorter the wavelength of the fastest-growing MRI mode.
Numerically, if this wavelength is not resolved by at least
10 gridpoints, MRI cannot be captured numerically [3].
We performed a local analysis of our magnetized BHNS
disks formed in [2] and found that the fastest-growing
MRI wavelength was under-resolved by about a factor of

10 on average. These simulations required about 30,000
CPU-hours and two weeks of wall-clock time, so resolving
MRI would require about 300 million CPU-hours and 20
weeks of wall-clock time, which is computationally un-
feasible.

Resolving MRI is considerably more challenging in
BHNS simulations than in typical magnetized NSNS sim-
ulations [4-8]. First, in NSNS mergers, the Kelvin-
Helmholtz instability amplifies the poloidal magnetic
field by an order of magnitude when the stars come in
contact [4, 5]. Second, in BHNS mergers, the NS core
containing most of the magnetic energy is quickly swal-
lowed by the BH following tidal disruption, leaving only
weakly magnetized matter in the outer layers to form a
disk which is more extended than disks formed in NSNS
mergers. Third, frame-dragging in BHNS mergers en-
hances the winding of the magnetic field, reducing the
poloidal component even further. The net effect is that
the wavelength of the fastest-growing MRI mode is much
smaller in merging BHNSs than NSNSs with the same
initial magnetized NS.

In previous magnetized BHNS simulations [2, 9], weak
poloidal fields in the remnant disk made it impossible to
resolve MRI-induced turbulence, which would drive ac-
cretion, and possibly launch and sustain jets. Addition-
ally, in our earlier study the system obeyed equatorial
symmetry, which saved computational cost. However,
these symmetric configurations prevent plasma motion
across the orbital plane and thus poloidal magnetic fields
that might be generated from such motion. Therefore we
hypothesize that introducing asymmetries in this system
will very likely enhance the poloidal fields in the remnant
disk, possibly enabling us to capture MRI. Such asymme-
tries may be common in nature, given the magnetic field
misalignment of the double pulsar system PSR J0737-



3039 [10].

Here we seed the pre-disrupted NS with the same
purely poloidal fields as our previous work, but also break
the symmetry by tilting them relative to the orbital an-
gular momentum. We find that as the tilt angle in-
creases to 90°, poloidal fields in our remnant disk be-
come stronger, confirming our hypothesis. But the re-
sulting field strengths are not sufficient to resolve MRI,
establish turbulence, or launch a jet.

The question then arises: could the presence of a domi-
nant poloidal dipole field in the remnant BHNS disk pro-
duce an SGRB engine? To answer this, we seed the rem-
nant disk from an unmagnetized BHNS simulation with
a purely dipole poloidal field, dynamically unimportant
initially, but strong enough to resolve MRI. Within a
few orbital periods, turbulence sets in and above the BH
poles the magnetic fields collimate and relativistic out-
flows turn on, sufficient to power an SGRB. This is the
first GRMHD simulation to demonstrate that jets can
be produced from a disk formed at the end of a BHNS
merger for a suitable remnant field.

We conclude that strong dipole poloidal fields in the
remnant disks from BHNS mergers can give rise to
MRI and launch Poynting-dominated outflows. Form-
ing such poloidal fields strong enough to resolve MRI
self-consistently through GRMHD simulations will likely
require asymmetric initial conditions.

The paper is structured as follows. In Sec. II we de-
scribe the initial data, basic evolution equations, and
numerical methods. The basic results are presented in
Sec. III and summarized in Sec. IV. Throughout this
work, geometrized units are adopted, where G = ¢ = 1,
unless otherwise specified.

II. BASIC TECHNIQUE

Our simulation software and methods are the same as
used for case B4 in [2], except for a few key improve-
ments. First, in our vector potential formulation for the
induction equation, we adopt the “Generalized Lorenz
gauge” (GL) we developed in [11], choosing 1/& = 0.45M.
This modification results in damped, traveling EM gauge
modes, preventing spurious B-fields from appearing on
refinement boundaries more effectively than our original,
undamped Lorenz gauge condition [2]. Second, we fixed
a coding error introduced in our attempt to make the
primitives solver more robust in [2]; this error affected
only that study. The net effect of this error was a dou-
bling of truncation errors, but ultimately it had no effect
on the bulk dynamics of our simulations. After fixing
them, for example, the small disk mass amplification and
gravitational wave mismatch found in our previous work
when comparing unmagnetized cases (A0 and B0) to the
strongest magnetic field cases (A4 and B4) [2] are signif-
icantly reduced.

Finally, we no longer impose symmetry across the or-
bital plane, except in one of our simulations. Not im-

posing symmetry across the orbital plane enables us to
study asymmetric magnetic field configurations. In this
work, we apply a rotation matrix to the vector potential
[Egs. (11) & (12) of [2]] to tilt the purely poloidal mag-
netic fields 45° and 90° relative to the orbital angular
momentum vector.

We have also added two new diagnostics to better mon-
itor magnetic effects. The first diagnostic monitors the
fastest-growing MRI wavelength [12],
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toroidal orthonormal vector carried by an observer co-
moving with the fluid. The second new diagnostic
measures Poynting flux across a surface S, Lgm =
—f 77 M /=3dS, where T4 ™™ is the electromagnetic
stress-energy tensor.

III. RESULTS

Our initial data are generated using the conformal
thin-sandwich (CTS) formulation [13-15], with the NS
modeled as an irrotational, unmagnetized, n = 1 poly-
trope. The initial binary is in a quasi-equilibrium circu-
lar orbit just outside the tidal disruption radius, with
the BH irreducible mass three times that of the iso-
lated NS ADM mass. The BH spin parameter is set to
a/M = 0.75, aligned with the orbital angular momentum
(top-left frame of Fig. 1). As in [2], the BH and NS in
our simulations are covered by 70 and 80 gridpoints on
average across their shortest diameters, respectively. Our
grid consists of 8 and 9 refinement boxes centered on the
NS and BH, respectively, with outer boundary at 210M .

We first evolve a total of five cases: B0, B4-0, B4-45,
B4-90, and B4-0-Sym. B4-0-Sym, which imposes symme-
try across the orbital plane, is identical to case B4 in [2],
but is now evolved with our latest code. B4-0 is the same
as B4-0-Sym but does not impose equatorial symmetry.
B4-45 and B4-90 are the same as B4-0, but the initial
poloidal NS magnetic fields are tilted by 45° and 90°, re-
spectively. Finally, BO is the same as B4-0, except with
zero magnetic fields.

We evolve the unmagnetized NS for nearly four or-
bits before seeding its interior with a purely poloidal,
~ 10'6G magnetic field, in the magnetized cases. With
average magnetic-to-gas pressure of 0.5%, these magnetic
fields are dynamically unimportant to the NS. The sec-
ond panel of Fig. 1 shows B4-90 when the magnetic fields
are first seeded in the NS. Though a NS cannot stably
maintain purely poloidal fields [16, 17], we choose such
an initial configuration, together with a very high field
amplitude, to maximize the prospect of obtaining large
residual poloidal fields in the remnant disk, making it



FIG. 1. Case B4-90 3D snapshots. Top-left: initial data, NS on the right (from highest to lowest rest-mass density, the colors
are: grey, green, yellow, orange, red, and blue), BH apparent horizon (AH) on the left. Top-right: magnetic fields (yellow) are
seeded into NS after ~ 4 orbits (simulation time ¢t = 633M). Bottom-left: tidal disruption after ~ 5 orbits (t = 882M); density
and magnetic field lines on the left, and magnetic energy density b /2 on the right (from highest to lowest b2 /2, the colors are:
red, yellow, and green). Bottom-right: final disk density profile with magnetic field lines, about 33ms (1.4Mg /M) after disk
formation (¢ = 2072M), where My is the initial rest mass of the NS.

more computationally feasible to resolve the MRI (cf.
Eq. 1).

The amplitude of the magnetic field seeds in the NS
scales like the local gas pressure and is thus strongly
peaked at the core of the NS. During tidal disruption, the
core of the NS is accreted (bottom-left frame in Fig. 1),
which would seem to leave very little magnetic energy
available for the remnant disk. However, the tidal disrup-
tion of the orbiting NS stretches its frozen-in magnetic
fields, leading to a net amplification of magnetic energy.
The bottom frame of Fig. 2 demonstrates that midway
through tidal disruption (accretion history is plotted in
the top frame) the magnetic energy outside the AH peaks
at ~ 2 times the initial value, then rapidly drops, so that
the final disk has roughly the same magnetic energy as
the initial seed magnetic fields.

After evolving the disks in cases B4-0, B4-45, B4-90,
and B4-0-Sym for about 1200M, 14% of the NS rest mass
remains outside the AH, regardless of the presence or tilt

of the magnetic field (see top panel of Fig. 2). If this
mass were converted into gamma-rays at an efficiency
of 1%, the energy output would be of order 10%'ergs,
sufficient to launch an SGRB. However, for an SGRB to
take place, models indicate that jets must be launched
from the final disk, and jet-launching may fail to occur if
the disk magnetic fields are not sufficiently dipolar and
poloidal near the BH [1].

When we terminate B4-90, the disk magnetic fields
are almost purely toroidal (lower-right frame of Fig. 1),
and fluid inflow continues in the BH polar regions. MRI
could amplify the remnant poloidal fields, but only if
AMri/Az 2 10, where Az is the local gridspacing [3].
On average, this ratio is only ~ 1 in the B4-0 and B4-0-
Sym disks, as these cases are by construction equatorially
symmetric. The ratio increases to ~ 3 in B4-45 and to
~ 8 in B4-90. Computational cost goes like (Az)™* in
these simulations, so MRI can be resolved in case B4-

90 at about (15)"*/(35)"* = 1/4096 the cost of B4-0.
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FIG. 2. Rest mass outside the AH M{ (top frame) and mag-
netic energy outside the AH EPM (bottom frame), versus
time. Rest mass and magnetic energy are given by Egs. (23)
and (13) in [2], respectively.

However, even though we are using high-resolution grids
and very strong initial magnetic fields, we are still not
able to capture MRI and its effects.

To demonstrate that BHNS mergers may form an
SGRB engine under the right conditions, we evolve
case B5, where we artificially seed case B0’s final disk
with a purely poloidal magnetic field having an av-
erage magnetic-to-gas pressure ratio of ~ 0.1%, cor-
responding to average magnetic field strength of =
10*(1.4Mg/Mo)G (cf.  B4-90’s final disk, with =~
4 x 10*(1.4M/Mo)G average magnetic field strength).
Though these magnetic fields are dynamically weak ini-
tially, they are strong enough to resolve MRI throughout
most of the disk because they are purely poloidal. There
are clear inflows above the BH poles when the disk is first
seeded with magnetic fields (upper-left panel of Fig. 3).
Within ~ 0.5 orbital periods magnetic turbulence begins,
accretion of the dipole poloidal fields occurs, and the in-
flows diminish.

Though b%/(2p) is at most only ~ 10~% initially
(Fig. 3, middle-left panel), after ~ 3 orbital periods, it
amplifies to a maximum value of 2 100 in the Poynting-
dominated funnels above and below the BH (middle-right
panel), and mildly-relativistic outflows appear above and
below the BH. For steady-state, Poynting-dominated
jets, the energy-to-mass flux ratio [which can be shown
to be ~ b%/(2po)] is equal to the maximum possible
Lorentz factor in the (asymptotic) jet [18]. However, in
general, the actual terminal Lorentz factor of the jet is
reduced by the (neutrino-induced) baryon-loading into
the jet funnel [19-21]. But, the Blandford-Znajek pro-
cess [22], which is captured in our simulations, alone
can accelerate a Poynting-dominated jet to the neces-
sary Lorentz factors even in the presence of baryon load-

ing [23]. In fact, magnetic launching of ultrarelativis-
tic polar outflows from a BH-disk system is possible
even for nonspinning BHs provided the neutrino lumi-
nosity L, S 10%%ergs/sec [19]. Newtonian simulations
of (10:1 mass-ratio) BHNS mergers find characteristic
neutrino luminosities L, ~ 10°%ergs/sec [24]. Moreover,
neutron-rich outflows may result naturally in a high pro-
ton Lorentz factor [25]. Thus, we expect that jets formed
following BHNS mergers can attain high Lorentz factors
even when accounting for baryon-loading in the jet.
When we terminate the B5 simulation, the Poynting
luminosity is 3.5 x 1073 Moc? = 1.28 x 10°%ergs /sec, which
may be sufficient to power an SGRB. We terminated the
simulation when densities in the funnel region began to
drop below our atmospheric density. At the time of ter-
mination, b%/(2po) and the Poynting luminosity were still
increasing. The final magnetic fields are turbulent in the
disk (bottom-left panel Fig. 3), and form a large-scale
helical structure along the BH spin axis (bottom panel).

IV. SUMMARY AND FUTURE WORK

In conclusion, if the NS tidally disrupts in a BHNS
merger, its internal magnetic fields are wound by the
fluid motion into a predominantly toroidal configuration.
However, even very weak residual poloidal fields in the
disk may be exponentially amplified by MRI, generat-
ing turbulence that drives accretion, ultimately launch-
ing jets and providing the engine for an SGRB.

Replicating this complete scenario with fully general
relativistic MHD simulations has been impossible, since
numerically resolving MRI in disks with such weak resid-
ual poloidal fields has been computationally unfeasible.
In our earlier work, equatorial symmetry was imposed,
which prevents poloidal fluid motion across the orbital
plane, thus suppressing any poloidal magnetic fields that
could be generated from this motion.

In this work, we no longer impose this symmetry and,
in addition, choose asymmetric initial magnetic field con-
figurations in the NS, tilting its poloidal fields with re-
spect to the orbital angular momentum. Such asym-
metries may be common, given the magnetic field mis-
alignment of PSR J0737-3039. We find that the more
the fields are tilted, the stronger the poloidal fields in
the disk. When the initial magnetic fields are tilted
90°, the poloidal fields in the remnant disk are ampli-
fied by about a factor of 8, producing significantly more
favorable conditions for modeling MRI. Our “Generalized
Lorenz” gauge condition prevents the spurious growth of
magnetic fields that may plague some AMR simulations
that use a simpler “algebraic gauge” [26]. Adopting GL,
we find that MRI is not resolvable with our chosen resolu-
tion and initial magnetized BHNS models, even when the
initial fields are purely poloidal and have high amplitude.

To demonstrate that BHNS mergers may form an
SGRB engine under the right conditions, we perform the
first simulation that generates an SGRB engine from a
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FIG. 3. Case B5 snapshots. Top row: map of log,, po on the meridional plane that passes through the BH centroid, at the time
when the disk is seeded (¢ = 2152M) with magnetic fields (left frame) and when we terminated the simulation at ¢ = 2598 M
(right frame). Velocity arrows projected onto this plane are also displayed (red arrows). The initial central density of the NS is
9 x 10 g cm™3(1.4Mg /Mo)? (0.13 on the color bar), where My is the initial NS rest mass. Middle row: map of log;, b?/(2p0)
on the same meridional slices and times as the frames directly above them. Bottom row: 3D snapshots when we terminate the
simulation, with viewing angles in the disk plane, both zoomed-in (left frame) and zoomed-out (left frame inset), and above
the disk plane (right frame). Magnetic field streamlines emerging just above and below the BH poles are shown in white, and
those in the disk are shown in yellow.



BHNS remnant disk with a purely poloidal field, which
is dynamically weak initially, but strong enough to ade-
quately resolve MRI. We then observe magnetic turbu-
lence, followed by the large-scale collimation of magnetic
fields and mildly relativistic outflows perpendicular to
the disk, sufficient to power an SGRB.

We conclude that strong dipole poloidal fields in the
remnant disks from BHNS mergers can give rise to
MRI and launch Poynting-dominated outflows. Form-
ing poloidal fields strong enough to resolve MRI self-
consistently through GRMHD simulations will likely re-
quire asymmetric initial conditions.

Future work will focus on exploring new regions of
parameter space that may further increase the poloidal
fields in the remnant disk and the chances for launching
jets. First, we intend to perform simulations with more
rapidly spinning BHs. With initial spin parameter 0.75,
the BH completely swallows the strongly-magnetized NS
core during merger, leaving only the weakly-magnetized
outer layers in the disk. A faster spinning BH may result
in a larger, more strongly magnetized disk. In addition,
we plan to explore asymmetric configurations in which
the BH spin is misaligned with the orbital angular mo-

mentum. Plasma in the resulting warped disk will have
much stronger motion parallel to the BH spin axis, likely
enhancing the poloidal fields and the possibility of es-
tablishing BHNS mergers as plausible SGRB progenitors
through fully general relativistic MHD simulations.
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