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Figure 2. Snapshots of the early evolution of the GRMHD model B3d (slice y = 0), with each column corresponding to the time as labeled in the middle
row (the orbital time at the initial density peak is 3.3 ms, or 224rg/c). From top to bottom, rows correspond to electron fraction, neutrino number source
term � (equation 3), temperature, poloidal magnetic pressure, and toroidal magnetic pressure, respectively. The white contours correspond to mass densities
of 106 g cm�3 (outer) and 109 g cm�3 (inner), and some magnetic field lines are shown in gray in the lower two rows. The gray hatched area corresponds to
regions excluded from our analysis for having high magnetization or a density close to the floor value (§2.4).

from Figure 3. This process operates in both GRMHD and hydro-
dynamic models.

The continued decrease in the density eventually causes
weak interactions to drop to dynamically unimportant levels, thus
freezing out Ye. This transformation from a neutrino-cooled disk

(Popham et al. 1999; Chen & Beloborodov 2007) to an advection-
dominated accretion flow (Narayan & Yi 1994) occurs on the an-
gular momentum transport timescale (Beloborodov 2008; Metzger
et al. 2009). This transition can be quantified by the evolution of
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Overview

1. HMNS disk outflows & GW170817

2. Mass ejection from disks in GRMHD

3. Jets from NS merger disks in GRMHD



Neutron Star Mergers

RF & Metzger (2016)



Dynamical Phase: Merger

• inspiral 

• merger

Rezzolla+ (2010) 

Unequal mass NS-NS merger:

Phases:

• remnant + ejecta



Dynamical Phase: Merger

Rezzolla+ (2010) 

Unequal mass NS-NS merger:

dynamical ejecta

accretion disk

central
object

• inspiral 

• merger

Phases:

• remnant + ejecta

• relativistic jet (?)

Large body of work: 
MPA, Kyoto, Caltech-Cornell-CITA 
Princeton, Frankfurt, Trento,  
Stockholm, Illinois, Perimeter, etc.



Disk evolution
Evolution of surface density and accretion rate

Metzger+ (2008)

 • Disk evolves on timescales long  
   compared to the dynamical (orbital)  
   time, due to viscous processes

 • Weak interactions freeze-out as  
   the disk spreads viscously:  final Ye

 • Gravitationally-unbound outflows    
   driven by:

 - Neutrino heating (on thermal time)
Ruffert & Janka (1999), Dessart+ (2009)

 - Viscous heating and nuclear  
    recombination (on viscous time)

also Popham+ (1999), Chen & Beloborodov (2003)

 - MHD stresses



Equations for Newtonian hydro case (simplest)

mass
conservation:

momentum
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Wind from remnant accretion disk
 • Neutrino cooling shuts down as disk  
   spreads on accretion timescale (~300ms)

 • Viscous heating & nuclear  
   recombination are unbalanced

 • If BH-disk, eject fraction ~10-20%  
   of initial disk mass, more if HMNS-disk

 • Material is neutron-rich (Ye ~ 0.2-0.4), mostly 
light r-process, some light dep. on parameters

RF & Metzger (2013), MNRAS

 • Mass-averaged wind speed (~0.05c) is 
slower than dynamical ejecta (~0.1-0.3c)

Just et al. (2015), MNRAS Lee, Ramirez-Ruiz, & 
Lopez-Camara (2009)

Metzger (2009)

Setiawan et al. (2005)

Perego+(2014)
Fujibayashi+(2017)



Hypermassive NS versus BH

Metzger & RF (2014)See also: Dessart+ (2009)
Perego+ (2014) Fujibayashi+ (2017a,b)

Martin+ (2015)



HMNS lifetime and kilonova

Metzger & RF (2014)

Longer lifetime      more neutrino irradiation       less neutrons       smaller opacity       bluer emission

Kasen, RF, & Metzger (2015)

GRB  080503
(Perley+ 2009)

z = 0.25

3500-5000 Å



Diversity of Outcomes & Transients

Kasen, RF, & Metzger (2015)

(Metzger+ 2015)



HMNS disk outflow & GW170817

Fahlman & RF (2018)
Two-component kilonova fit from Villar+ (2017)
also: Fujibayashi+ (2017), Kawaguchi+(2018)



HMNS disk outflow & GW170817

Fahlman & RF (2018)see also Lippuner, RF, Roberts et al. (2017)



HMNS disk outflow & GW170817

Disk with viscous hydro + neutrino heating: mass-averaged 
velocity is < 0.15c for physically plausible parameters

Possible resolutions:

1) Use composite ejecta for kilonova model (e.g. Kawaguchi+2018)

3) Enhancement of dynamical ejecta (e.g. Radice+2018)

2) Magnetic stresses (e.g. Metzger+2018)

4) Other models for blue kilonova (e.g., Piro & Kollmeier, Waxman, etc.)
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Figure 1. Initial condition for the GRMHD model. The black circle marks
the inner boundary of the computational domain at rmin = 1.4rg ' 6.2 ⇥
105 cm. Top: ratio �pl of gas plus radiation pressure P (equation 2) to mag-
netic pressure Pmag (equation 30). The white contours show magnetic field
lines, and the black contour shows the isodensity surface ⇢ = 106 g cm�3,
close to the edge of the disk. The maximum field strength is approximately
4⇥1014 G. Bottom: Number of meridional cells that resolve the wavelength
�MRI of the most unstable mode of the MRI. The black contour is the same
as in the top panel.

consistent with each method: full Kerr metric for GRMHD models
(Fishbone & Moncrief 1976) or pseudo-Newtonian for hydrody-
namic models (e.g., Fernández et al. 2015). The torus has an initial
rest mass Mt0 = 0.033M

�

in the GRMHD model and 0.030M
�

in the hydrodynamic models, constant specific angular momentum
and constant entropy s = 8kB per baryon, as well as constant initial
electron fraction Ye = 0.1. The radius of the density peak is chosen
to be r0 = 50 km ' 11.3rg. The ratio of internal energy to gravita-
tional energy at the density peak is 15%, resulting in H/R ' 0.35
as generally obtained in full-physics simulations of NS-NS merg-
ers (e.g., Sekiguchi et al. 2016). For the equilibrium torus solution
in GR, this also corresponds to an inner radius of 0.62r0. The torus
becomes optically-thin to neutrinos within the first few orbits, jus-
tifying the approximations described in §2.1.

A poloidal magnetic field is initially imposed in the GRMHD
model. The magnetic vector potential satisfies A / r5/[3(�ad�1)]2

⇢2,
and is set to a constant when it drops below 10�3 of its maximum
value, to prevent the magnetic field from reaching the low-density

edge of the disk (Tchekhovskoy et al. 2011). The field is normal-
ized so that the minimum ratio of matter and radiation pressure to
magnetic pressure over most of the disk is �pl = P/Pmag = 100,
where

Pmag =
1
2

bµbµ
"

Mbhc2

r3
g

#
. (30)

The resulting field configuration is shown in Figure 1. The maxi-
mum field strength is approximately 4 ⇥ 1014 G. Given our spatial
resolution, we resolve the most unstable wavelength of the poloidal
MRI �MRI with at least 10 meridional cells (r�✓) over most of the
equatorial plane, as also shown in Figure 1.

The use of a finite volume method requires imposing a floor of
density and internal energy in regions that are dynamically unim-
portant. While a higher floor of density minimizes numerical prob-
lems near the inner radial boundary close to the BH, it also inter-
feres with the launching of the wind if the mass in the outer com-
putational domain becomes comparable to the mass ejected. We
therefore adopt a floor of density that varies in both space and time.
The floor ⇢f initially follows a power law with radius / r�2, nor-
malized so that ⇢f = 10�5⇢max at r = rg (⇢max is the initial maximum
torus density). As the torus evolves, we decrease the density floor
with time inside a transition radius rt = 4r0 ' 45rg (following the
approach of Just et al. 2015) to account for the fact that the disk
density decreases with time. The functional form adopted is

⇢f (r, t)
⇢t

=

8>>>>>><
>>>>>>:
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666641 +
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◆2
r > rt,

(31)

where ⇢t is the initial density floor at r = rt, and tv is the viscous
time at the initial torus radius, approximately 40 orbits at the den-
sity maximum for ↵ = 0.03. The time exponent comes from an em-
pirical fit to the time dependence of the density at the inner bound-
ary in F15. The floor of internal energy density in the GRMHD
model is set to

✏f (r, t) = 10�7⇢maxc2
"
⇢f (r, t)
⇢ f (rg, t)

#�

ad
. (32)

Both floors are not allowed to decrease below 10�20⇢max (density)
and 10�20⇢maxc2 (internal energy density). In the hydrodynamic
models, a floor of specific internal energy pf/⇢f is used, with pf

chosen to be about 10�14 of the value at the initial pressure maxi-
mum.

At t = 0, the space surrounding the torus is filled with material
with density ' 1.5⇢f , and a separate mass fraction Xatm = 1, mod-
eling an inert hydrogen atmosphere (Ye = 1). This mass fraction is
included in the NSE system of equations (15)-(16) for continuity at
the torus edges, but it is not available to form ↵ particles (i.e., it is
subtracted from the right hand side of equation 13).

Neutrino and nuclear source terms are set to zero when ⇢ <
10⇢ f . Given the di�culty of GRMHD schemes to recover primi-
tive from conserved variables when the magnetic field dominates
the energy density by large factors (e.g., Gammie et al. 2003), we
ignore in our analysis any regions for which

bµbµ

⇢c2 > 100. (33)

Given that these highly magnetized regions (e.g. the center of the
jet) are also associated with densities close to the floor value, we
further ignore any part of the simulation for which ⇢ < 10⇢ f .
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Use HARM, extended to 3D and 
parallelized with MPI

Start from equilibrium torus, constant Ye=0.1, 
entropy, and angular momentum, Mdisk=0.03Msun

Impose strong initial poloidal field, fully 
resolve MRI in equatorial plane

Parameterized neutrino cooling and nuclear 
recombination, gamma-law EOS, Kerr metric

see also work by Siegel & Metzger (2017,2018),  
   and Miller+2019

Compare with hydro models with identical 
microphysics

Black hole mass: 3Msun, spin = 0.8

Shibata+ (2007,2012), Janiuk+(2013), Nouri+ (2017)
RF, Tchekhovskoy, Quataert, 

Foucart, & Kasen (2019)

GRMHD evolution of BH disks



GRMHD

RF, Tchekhovskoy, et al. (2019)

Development of MRI 
starts accretion
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Figure 2. Snapshots of the early evolution of the GRMHD model B3d (slice y = 0), with each column corresponding to the time as labeled in the middle
row (the orbital time at the initial density peak is 3.3 ms, or 224rg/c). From top to bottom, rows correspond to electron fraction, neutrino number source
term � (equation 3), temperature, poloidal magnetic pressure, and toroidal magnetic pressure, respectively. The white contours correspond to mass densities
of 106 g cm�3 (outer) and 109 g cm�3 (inner), and some magnetic field lines are shown in gray in the lower two rows. The gray hatched area corresponds to
regions excluded from our analysis for having high magnetization or a density close to the floor value (§2.4).

from Figure 3. This process operates in both GRMHD and hydro-
dynamic models.

The continued decrease in the density eventually causes
weak interactions to drop to dynamically unimportant levels, thus
freezing out Ye. This transformation from a neutrino-cooled disk

(Popham et al. 1999; Chen & Beloborodov 2007) to an advection-
dominated accretion flow (Narayan & Yi 1994) occurs on the an-
gular momentum transport timescale (Beloborodov 2008; Metzger
et al. 2009). This transition can be quantified by the evolution of
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Magnetic field winding 
and amplification 
launch relativistic 
outflow over first few 
orbits

MRI increases heating 
and equilibrium Ye



GRMHD: strong poloidal vs hydro
Outflow at r=109 cm

RF, Tchekhovskoy, et al. (2019)
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Figure 8. Power generated by the GRMHD model at a radius rout = 109 cm
≃ 2 000rg, separated into components (rest mass, kinetic, electromagnetic,
and thermal) according to equations (34) and (36)–(38). The blue line shows
a power-law fit to the electromagnetic power for t > 1 s.

3.2.1 Comparison with hydrodynamic models

The luminosity and mass flow rate for the hydrodynamic models
is computed using equations (33) and (34) with ut = −1,

√−g =
r2 sin θ , and (xr, xθ , xφ) = (r, θ , φ). Fig. 6 shows that the early
evolution of Lν in the GRMHD model deviates somewhat from
that of all the hydrodynamic models due to the delayed onset of
angular momentum transport by the MRI relative to the viscous
stress (Section 3.1). At late-times, the neutrino emission from the
GRMHD model is bracketed by that of the hydrodynamic models
with α = 0.03 − 0.1.

As with the neutrino luminosity, the late-time accretion history
of the GRMHD model is bracketed by the hydrodynamic models
with α = 0.03 − 0.1. A power-law fit to the accretion rate in the
GRMHD model for t > 1 s yields t−1.8, while in the hydrodynamic
models with α = 0.03−0.1 the dependence is t−1.9. Despite the
different treatment of gravity and processes driving angular mo-
mentum transport, the temporal slope of the mass accretion rate at
late times is essentially the same in all models.

The main difference between the accretion histories of GRMHD
and hydrodynamic models has to do with the level of stochasticity of
the fluid reaching the BH. Given that MRI-driven turbulence trans-
ports angular momentum, mass flow on to the BH in the GRMHD
model shows fluctuations throughout its evolution. In contrast, ac-
cretion is smooth for the hydrodynamic models for as long as neu-
trino cooling is important. Around the time when weak interactions
freeze out, the magnitude of the accretion rate drops from its initial
power-law evolution and becomes stochastic, latching on to a dif-
ferent power-law trajectory. While the GRMHD models does not
display such a marked transition in its accretion history, fluctuations
in the accretion rate show a visible modification around t ∼ 300 ms,
when neutrino cooling becomes unimportant.

3.3 Mass ejection

The total amount of unbound mass ejected at a radius of 109 cm
is shown in Table 1. In the GRMHD model, matter is considered
to be unbound when it satisfies the condition −(1 + γadϵ/ρ) ut =
−h ut > 1. This condition corresponds to a positive Bernoulli pa-
rameter in Newtonian gravity, accounting for the internal energy
available for conversion to kinetic energy via adiabatic expansion

Figure 9. Rest mass unbound outflow rate (equation 34 restricted to
−hut > 1) at rout = 109 cm as a function of time for the GRMHD model
(solid black line). A power-law fit to this mass-loss rate yields t−2.3 for t >

1 s. For comparison, we also show the outflow rates for the three hydrody-
namic models with varying α, as labelled. The dotted line shows the mass
accretion rate at the ISCO for the GRMHD model (cf. Fig. 7), and the grey
shaded area shows the fraction of the outflow in the GRMHD model that
satisfies the condition −ut > 1.

upon subsequent evolution. For comparison, we also use the more
restrictive ‘geodesic’ condition −ut > 1, which corresponds to de-
manding that the escape speed be locally exceeded in Newtonian
gravity, thus providing a lower limit on mass ejection (e.g. Kas-
taun & Galeazzi 2015; Bovard et al. 2017). The radius of 109 km
(≃2000 rg) is chosen such that most of the outflow can be measured
before the outer edge of the disc spreads to that point.

The GRMHD model ejects about 1.3 × 10−2 M⊙, or 39 per cent
of the initial torus mass. The mass ejection history at r = 109 cm
is shown in Fig. 9. The initial outflow reaches this radius by a time
of ∼40 ms, as can be seen from Fig. 4. This early outflow plateaus
at a time of ∼0.1 s, then slowly increases to a peak at t ∼ 1 s.
Thereafter, mass ejection decreases sharply with time, following
a t−2.3 dependence. By t = 9.3 s the mass outflow rate is a factor
300 lower than at its peak. At the end of the simulation, the rate
of change of the cumulative ejected mass satisfies dln Mej/dln t ≃
0.03, thus mass ejection is complete to within other uncertainties.

Using the more restrictive ‘geodesic’ criterion to determine the
gravitational binding of the outflow results in only 30 per cent of
the disc mass being ejected. Fig. 9 shows that nearly all the decrease
(compared to the Bernoulli criterion) arises in the late-time phase of
the outflow, after t = 1 s. At this time most of the material is ejected
thermally by nuclear recombination and dissipation of MHD turbu-
lence given the absence of neutrino cooling (Section 3.4.3). Since
material is ejected from larger radii in this phase, the outflow has not
yet undergone full adiabatic expansion and retains significant ther-
mal energy at a radius 109 cm. The gravitational binding criterion
does not affect the total kinetic or electromagnetic energy of the out-
flow. Instead, these quantities are dependent on the magnetization
and low-density cut (Section 2.4).

The physics of the polar unbound outflows in three-dimensional
GRMHD simulations of accretion discs around spinning black holes
has been studied by De Villiers et al. (2005) and Hawley & Krolik
(2006). They found that the jet core is magnetically dominated,
with a very low matter density, and contains field lines that are
primarily radial, with a degree of coiling that depends on the spin
of the black hole. Matter outflow was found to reside outside the jet
‘wall’, being confined from the jet side by centrifugal forces and on

MNRAS 00, 1 (2019)

GRMHD outflow ejects 
twice more mass than 
equivalent hydro model

50% of the mass is 
ejected before 1s

Late-time behavior is 
similar to hydro: shared 
mass ejection 
mechanism
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Figure 9. Histograms of unbound ejected mass as a function of electron fraction (left column), entropy (middle column; equation 41), and radial velocity vr

(right column), measured at r = 109 cm, for models B3d (top row), h2d-v03 (middle row), and h2d-v01 (bottom row). Colors denote cumulative values at
selected times, as labeled. The vertical dashed line marks the approximate boundary between lanthanide-rich (Ye < 0.25) and lanthanide-poor material (e.g.,
Kasen et al. 2015). The bin sizes are �Ye = 0.017, � ln s = 1.26, and � ln(vr/c) = 1.31.

of the disk in hydrodynamics prior to the freezout of weak interac-
tions.

The entropy of the outflow5 is quantified by assuming that all
matter species follow an ideal gas distribution, consistent with our
calculation of the temperature via equation (2):

s =

"
5
2
� ln
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!# "
1 + Ye �

3
4

X↵
#
+

4
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#3/21CCCCA
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1
4

X↵ ln
✓ X↵

32

◆#
. (41)

Figure 9 shows that the entropy distribution of the GRMHD simu-
lation peaks in the range 20�30kB per baryon, and has an extended
tail to high values. This general shape is maintained throughout
the evolution. The low-entropy peak is similar to the entropy dis-
tribution of the hydrodynamic models, and is thus expected if the
ejection timescales and thermodynamic properties of the outflow
are similar.

5 The entropy is commonly used as one of the parameters of the r-
process. Since the conditions during nucleosynthesis are usually radiation-
dominated, the entropy directly quantifies the number density of photons
and thus the strength of photodissociation, which is assumed to balance
neutron capture along the r-process path (Wu & Goriely, private comm.).

The origin of the high-entropy tail becomes clear when in-
specting Figure 10. The bulk of the ejecta at mid-latitudes and on
the equatorial plane has entropies below 100kB per baryon. Much
larger values are obtained around the jet head and funnel, and at the
interface between the outflow and the ambient medium. The low
densities involved result in large entropies due to the radiation term
/ T 3/⇢ in equation (41), which dominates in this regime. Given that
our numerical method has limited validity in highly magnetized re-
gions close to the density floor, the results need to be interpreted
with caution. For instance, the detail form of the high-entropy tail
of the distribution is sensitive to our cut in magnetization and den-
sity (§2.4).

3.4.1 Relativistic Ejecta and Angular Distribution

A small fraction of the ejecta from the GRMHD model achieves
Lorentz factors ⇠ 1 � 10. Figure 11 shows the final kinetic energy
and mass histograms as a function of normalized relativistic mo-
mentum6 ��. While most of the mass has sub-relativistic velocity
(h��i ' 0.14 weighted by mass), most of the kinetic energy of
the outflow is carried by mildly relativistic material (h��i ' 1.8

6 Not to be confused with the adiabiatic index �ad or the ratio of gas pres-
sure to magnetic pressure �pl.

c
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RF, Tchekhovskoy, et al. (2019)



GRMHD: advective phase
3388 R. Fernández et al.

Figure 14. Mass histograms of unbound matter ejected at r = 109 cm for t > 1 s by the GRMHD model B3d, as a function of electron fraction, entropy,
and radial velocity. The restriction to t > 1 s isolates outflows produced in the late-time advective phase. For comparison, the total unbound matter ejected by
hydrodynamic models with α = 0.03 and 0.1 is also shown. The grey shaded area and dotted lines denote matter with vr/c < 0.1 and vr/c ≥ 0.1 in the GRMHD
model, respectively. The bin sizes are the same as in Fig. 10.

3.6 Uncertainties due to initial conditions

Here, we summarize the uncertainties associated with our specific
choice of initial condition. Our aim in this paper is to investigate
the intrinsic properties of merger remnant accretion discs when
evolved in GRMHD over long time-scales in a controlled setting.
We have therefore employed as initial condition an equilibrium
torus surrounded by a low-density ambient medium (a ‘vacuum’)
and an idealized magnetic field geometry.

The most important choice we make is the initial field geometry.
We have used a strong poloidal field that generates an MRI that
is easiest to resolve numerically, and which yields a robust jet. A
more realistic field is likely to be not only dominantly toroidal due
to the merger dynamics, but also have a significant stochastic com-
ponent that might enhance turbulent dissipation from the beginning
(e.g. Kiuchi et al. 2014). This enhanced dissipation can modify
the thermal balance and result in different initial tori entropies and
composition relative to an unmagnetized merger. Purely toroidal
magnetic fields have previously been found problematic to generate
jets (e.g. De Villiers et al. 2005), although it might just be a matter
of insufficient resolution (Liska, Tchekhovskoy & Quataert 2018).
Jet-like structures have nevertheless been observed to arise from
mergers of NSs with interior poloidal fields (Rezzolla et al. 2011;
Ruiz et al. 2016).

Using a more realistic distribution of dynamical ejecta, within
which the torus is immersed, is also expected to change the be-
haviour of the outflow. The properties of the disc wind can be modi-
fied due to mixing of fallback into the disc. The results of Fernández
et al. (2017) show that this admixture of neutron-rich fallback mat-
ter will result in a broader distribution of electron fraction compared
to evolving the disc alone. Because most of the dynamical ejecta
expands faster than the late-time thermal outflow, this interplay
is not expected to affect the dynamics of this component of the
wind.

However, both the jet and fast component of the outflow, which
can only obtained in GRMHD, have velocities similar or exceed-
ing that of the dynamical ejecta, and will definitely interact with
it. The formation of a cocoon or even internal shocks are pos-
sible, with consequences for the electromagnetic emission (Sec-
tion 4). Such implications must be addressed by further studies,
in which the interaction between ejecta components is the main
focus.

4 O B S E RVAT I O NA L IM P L I C AT I O N S

4.1 Kilonova

While the total ejecta mass in our GRMHD model (0.013 M⊙)
is lower than that inferred from the kilonova associated with
GW170817 (e.g. Kasen et al. 2017), our initial disc mass is also
lower than the value expected for GW170817. Depending on the
EOS and mass ratio, numerical relativity simulations predict a disc
mass in the range 0.05–0.2 M⊙ given the total inferred mass for
GW170817 (Shibata et al. 2017b).

If we simply scale our ejecta to an initial disc mass of 0.1 M⊙, we
obtain a total ejecta mass of 0.04 M⊙. Since most of the ejecta has Ye

< 0.25 with a mass-weighted velocity vr = 0.11c (Table 1), the disc
outflow can easily generate a red kilonova component similar to that
from GW170817. On the other hand, the fraction of the total ejecta
with Ye > 0.25 is too small to account for the blue kilonova compo-
nent. Performing the same scaling to a disc of mass 0.1 M⊙ would
yield 3.6 × 10−3 M⊙ of lanthanide-poor ejecta, which is lower by
almost an order of magnitude relative to the required value.

We caution, however, that these higher disc masses would be more
opaque to neutrinos, so it is probably not quantitatively accurate to
simply scale the results of our simulations to higher disc masses.
Also, the mass estimates from kilonova fits assume that the blue
and red components evolve independently of each other; proper
radiation transport of the entire ejecta can yield different inferred
ejecta masses (Kawaguchi et al. 2018). Fig. 4 shows that there
is some degree of spatial stratification in the electron fraction in
addition to the non-spherical distribution of ejecta, both of which
can generate a viewing angle dependence for the kilonova. On the
positive side, the average radial velocity of the lanthanide-poor
material (vr = 0.22c) is consistent with that from the blue kilonova
from GW1710817.

A small amount of lanthanide-poor mass ejected by a disc around
a promptly formed BH is consistent with previous hydrodynamic
disc models (Fernández & Metzger 2013a; Just et al. 2015; F15).
This has been used as an argument for a non-zero lifetime of the
HMNS in GW170817, which would irradiate the ejecta with neutri-
nos and increase the electron fraction (Metzger & Fernández 2014;
Perego et al. 2014; Fujibayashi et al. 2018), resulting in a larger
ejecta mass with Ye > 0.25. Previous simulations of discs around
HMNSs find average outflow velocities that do not significantly
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Figure 6. The rest mass outflow rate’s Ṁout (panel a), evaluated at rout =

109 cm ⇡ 2000 rg, strong dependence upon the post-merger field geometry
(see legend) demonstrates that strong poloidal flux is required for launch-
ing prompt mass outflows. The time in which the initial outflow reaches rout
depends on the post-merger geometry, stemming from the developing and
saturation time of the MRI as well as the velocity of the outflows’ strong
dependence on the post-merger field geometry (see Table 2). The large vari-
ation in Ṁout for times . 1 s presents itself as a ⇠ 12% (⇠ 4 ⇥ 10�3 M�)
di↵erence in the amount of ejected material Mejec (panel b). At late times
(t & 1 s), Ṁout becomes insensitive to the post-merger geometry, displaying
a temporal trend of / t�2.3 in all models, resulting in a flattening of Mejec.
A coloured version of this plot is available online.

discs, Liska et al. (2018) found the operation of large-scale poloidal
flux dynamo and the formation of strong jets, with ⌘jet & 1. This is
comparable to the jet e�ciency we find, but only at very late times.
In fact, it takes our simulations three times longer than those of
Liska et al. (2018) to reach ⌘jet ⇠ 1. Why is this so? If the large
radial extent of the disc is a prerequisite for the dynamo to operate
e�ciently and produce powerful jets, it would take our small disc
a substantial amount of time until it appreciably expands radially.
Importantly, unlike Liska et al. (2018), our jets also show polarity
flips. We discuss potential reasons for this di↵erence in Sec. 4.2.

3.4 Mass Outflows

Mass outflows and their composition are particularly important as
they determine the luminosity, color, and duration of the kilonova
(see Secs. 3.5 and 4.4). We quantify the ejecta by measuring the
mass outflow rate Ṁout through a sphere of radius rout = 109 cm ⇡
2000 rg. This is su�ciently far from the BH to avoid the interac-
tions with the turbulent and “viscously” expanding accretion disc.6

As shown in Fig. 6(a), the outflows reach rout earliest for strong

6 The disc eventually does expands out to such large radii, however, by that
time it has very low density and carries little mass.

post-merger poloidal magnetic fields, model BPS, followed at later
times by weak poloidal, BPW, and purely toroidal, BT, models.
This time di↵erence results from not only the MRI reaching sat-
uration earlier for stronger poloidal magnetic fields, but also from
stronger poloidal fields launching faster outflows, as seen in Ta-
ble 2. Namely, the average radial velocity7 of the ejecta for the
BPS model is hvri ⇠ 0.18 c, much higher than ⇠ 0.08 c for BPW
and ⇠ 0.05 c for BT.

The amount of ejected material also varies by model, as shown
in Fig. 6(b). For instance, in the BPS model, the mass outflow rate
rapidly ramps up in a fraction of a second and plateaus at Ṁout ⇠
10�2 M� s�1. In contrast, in weak poloidal, BPW, and toroidal, BT,
models the outflows remain about an order of magnitude weaker
and catch up to the BPS model only by the end of the first sec-
ond. This implies that strong post-merger poloidal magnetic flux is
conducive to launching prompt mass outflows. Interestingly, mass
outflows are much more similar at late times, past the first sec-
ond: the outflow rate in all 3 models largely decays as a power-law,
Ṁout / t�2.3, suggesting that qualitatively the ability of post-merger
systems to launch outflows at late times becomes insensitive to the
post-merger magnetic field geometry. The above di↵erences, pri-
marily the prompt mass ejection, lead in the strong poloidal field
BPS model to an overall largest mass ejection, carrying 40% of the
initial torus mass (0.013 M�). This is a third more than the ⇠ 30%
ejected fraction (0.01 M�) for BPW and ⇠ 27% (0.009 M�) for BT
models.

To isolate the e↵ects of post-merger magnetic fields, F19 com-
pared the strong poloidal field BPS model to an otherwise identi-
cal hydrodynamic model. They found that the strong poloidal mag-
netic fields in the BPS model ejected about twice as much mass as
in the hydrodynamic model, primarily because the hydrodynamic
model was missing the mass ejection during the first second after
the merger. Even our torodial BT model ejects more mass (about a
third more) than the hydrodynamic models of F19.

3.5 Outflow Composition

In Secs. 3.2 and 3.4, we analyzed the energetics and mass of our
outflows. However, these outflows are expected to consist of mate-
rial with a range of compositions with spatially varying Ye values.
Fig. 7 shows, at di↵erent times, the breakdown of ejecta mass Mout

into bins of Ye. Because the post-merger torus is initialized with an
electron fraction of Ye = 0.1, it is not surprising that at early times
. 0.1 s the mass composition is lanthanide-rich8 (i.e Ye  0.25)
and centered around Ye ⇠ 0.1. However, the amount of material
centered at Ye ⇠ 0.1 strongly depends upon the post-merger geom-
etry, with the BPS model containing more mass than the weaker
field BPW and BT models. This trend can also be explained by
a similar argument provided in Sec. 3.4 (additionally, see Fig. 6),
namely stronger poloidal fields launch stronger and faster outflows
thereby expelling more mass. For times in between ⇠ 0.1�1 s, there
is an increase in the amount of material passing through rout for all

7 The average radial velocities, determined by hvri =
�

((⇢ + u + P)urur +

Pgrr) dA/
�

⇢ ur dA, are slightly higher than those found in F19 due to av-
eraging over momentum rather than density.
8 Nuclear reaction network calculations show that this critical value of Ye ⇠
0.25 separates the point at which no lanthanides are formed (Lippuner &
Roberts 2015). These elements are key for the opacity and hence, the color
of the kilonova (Kasen et al. 2013).
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(t & 1 s), Ṁout becomes insensitive to the post-merger geometry, displaying
a temporal trend of / t�2.3 in all models, resulting in a flattening of Mejec.
A coloured version of this plot is available online.

discs, Liska et al. (2018) found the operation of large-scale poloidal
flux dynamo and the formation of strong jets, with ⌘jet & 1. This is
comparable to the jet e�ciency we find, but only at very late times.
In fact, it takes our simulations three times longer than those of
Liska et al. (2018) to reach ⌘jet ⇠ 1. Why is this so? If the large
radial extent of the disc is a prerequisite for the dynamo to operate
e�ciently and produce powerful jets, it would take our small disc
a substantial amount of time until it appreciably expands radially.
Importantly, unlike Liska et al. (2018), our jets also show polarity
flips. We discuss potential reasons for this di↵erence in Sec. 4.2.

3.4 Mass Outflows

Mass outflows and their composition are particularly important as
they determine the luminosity, color, and duration of the kilonova
(see Secs. 3.5 and 4.4). We quantify the ejecta by measuring the
mass outflow rate Ṁout through a sphere of radius rout = 109 cm ⇡
2000 rg. This is su�ciently far from the BH to avoid the interac-
tions with the turbulent and “viscously” expanding accretion disc.6

As shown in Fig. 6(a), the outflows reach rout earliest for strong

6 The disc eventually does expands out to such large radii, however, by that
time it has very low density and carries little mass.

post-merger poloidal magnetic fields, model BPS, followed at later
times by weak poloidal, BPW, and purely toroidal, BT, models.
This time di↵erence results from not only the MRI reaching sat-
uration earlier for stronger poloidal magnetic fields, but also from
stronger poloidal fields launching faster outflows, as seen in Ta-
ble 2. Namely, the average radial velocity7 of the ejecta for the
BPS model is hvri ⇠ 0.18 c, much higher than ⇠ 0.08 c for BPW
and ⇠ 0.05 c for BT.

The amount of ejected material also varies by model, as shown
in Fig. 6(b). For instance, in the BPS model, the mass outflow rate
rapidly ramps up in a fraction of a second and plateaus at Ṁout ⇠
10�2 M� s�1. In contrast, in weak poloidal, BPW, and toroidal, BT,
models the outflows remain about an order of magnitude weaker
and catch up to the BPS model only by the end of the first sec-
ond. This implies that strong post-merger poloidal magnetic flux is
conducive to launching prompt mass outflows. Interestingly, mass
outflows are much more similar at late times, past the first sec-
ond: the outflow rate in all 3 models largely decays as a power-law,
Ṁout / t�2.3, suggesting that qualitatively the ability of post-merger
systems to launch outflows at late times becomes insensitive to the
post-merger magnetic field geometry. The above di↵erences, pri-
marily the prompt mass ejection, lead in the strong poloidal field
BPS model to an overall largest mass ejection, carrying 40% of the
initial torus mass (0.013 M�). This is a third more than the ⇠ 30%
ejected fraction (0.01 M�) for BPW and ⇠ 27% (0.009 M�) for BT
models.

To isolate the e↵ects of post-merger magnetic fields, F19 com-
pared the strong poloidal field BPS model to an otherwise identi-
cal hydrodynamic model. They found that the strong poloidal mag-
netic fields in the BPS model ejected about twice as much mass as
in the hydrodynamic model, primarily because the hydrodynamic
model was missing the mass ejection during the first second after
the merger. Even our torodial BT model ejects more mass (about a
third more) than the hydrodynamic models of F19.

3.5 Outflow Composition

In Secs. 3.2 and 3.4, we analyzed the energetics and mass of our
outflows. However, these outflows are expected to consist of mate-
rial with a range of compositions with spatially varying Ye values.
Fig. 7 shows, at di↵erent times, the breakdown of ejecta mass Mout

into bins of Ye. Because the post-merger torus is initialized with an
electron fraction of Ye = 0.1, it is not surprising that at early times
. 0.1 s the mass composition is lanthanide-rich8 (i.e Ye  0.25)
and centered around Ye ⇠ 0.1. However, the amount of material
centered at Ye ⇠ 0.1 strongly depends upon the post-merger geom-
etry, with the BPS model containing more mass than the weaker
field BPW and BT models. This trend can also be explained by
a similar argument provided in Sec. 3.4 (additionally, see Fig. 6),
namely stronger poloidal fields launch stronger and faster outflows
thereby expelling more mass. For times in between ⇠ 0.1�1 s, there
is an increase in the amount of material passing through rout for all

7 The average radial velocities, determined by hvri =
�

((⇢ + u + P)urur +

Pgrr) dA/
�

⇢ ur dA, are slightly higher than those found in F19 due to av-
eraging over momentum rather than density.
8 Nuclear reaction network calculations show that this critical value of Ye ⇠
0.25 separates the point at which no lanthanides are formed (Lippuner &
Roberts 2015). These elements are key for the opacity and hence, the color
of the kilonova (Kasen et al. 2013).
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2 Christie et al.

Table 1. Models considered and initial parameters. From left to right: Maximum magnetic field strength within the initial torus, simulation duration tmax
in seconds and in units of rg/c, plasma � of the initial torus, and simulation resolution in terms of the number of cells (in the radial, poloidal, and toroidal
directions), the e↵ective resolution near the midplane ⇡/�✓, and cell aspect ratio near the midplane �r : r�✓ : r��. Note that the latter two are determined at a
radial distance of 40 rg.

Model Field Max Field Duration, tmax Initial Total resolution, E↵ective ✓-re- Cell aspect ratio,
Name Geometry Strength (G) (s) (105 rg/c) plasma h�i Nr ⇥ N✓ ⇥ N� solution, ⇡/�✓ �r : r�✓ : r��
BPS Poloidal 1.1 ⇥ 1014 9.2 6.2 100 512 ⇥ 256 ⇥ 64 256 3 : 1 : 8
BPW Poloidal 3.6 ⇥ 1013 4.4 3 850 512 ⇥ 256 ⇥ 128 640 8 : 1 : 10
BT Toroidal 4.7 ⇥ 1014 4.3 2.9 5 512 ⇥ 256 ⇥ 128 256 3 : 1 : 4

by r-process elements (Metzger et al. 2010; Roberts et al. 2011;
Tanaka 2016; Metzger 2017). The kilonova transient was observed
to transition from a blue optical component to an infrared one in
a few days (Chornock et al. 2017, see references therin), which
is consistent with theory if considering both blue emission, from
low-opacity light r-process elements, and red emission, from high-
opacity heavy r-process elements.

There are two main mechanisms responsible for mass ejec-
tion in the kilonova. The first is through dynamical ejecta being
expelled on ⇠ ms timescales by tidal forces (Rosswog et al. 1999;
Hotokezaka et al. 2013) or shock interactions (Oechslin et al. 2007;
Sekiguchi et al. 2016a). The second mechanism involves outflows
from an accretion disc formed from bound merger material. This
disc can evolve on longer timescales (i.e. ⇠ 100 ms �1 s) and ex-
pand viscously due to the magnetorotational instability (MRI, Bal-
bus & Hawley 1991), which can also power the accretion that trans-
ports the large-scale magnetic flux toward the black hole, leading
to relativistic jets.

Our understanding of the temporal evolution of NS merger
accretion discs was previously set by axisymmetric, hydrodynamic
simulations (e.g. Fernández & Metzger 2013; Just et al. 2015; Fu-
jibayashi et al. 2017). Siegel & Metzger (2017, 2018) have pre-
sented global 3D GRMHD simulations that tracked the evolution
of the accretion disc for ⇠ 0.4 s while including the relevant physi-
cal process, e.g. alpha-particle recombination and neutrino cooling,
and resolving the MRI. Fernández et al. (2019, hereafter F19) pre-
sented the first post-merger remnant disc simulations longer than
a second. Their duration of 9 seconds allowed the vast majority of
the merger remnant disc to either accrete or fly out as an outflow.
This work also saw the formation of relativistic jets and mildly rel-
ativistic outflows, in the form of disc winds, with speeds v & 0.25c,
above the upper limit found in Siegel & Metzger (2017, 2018).

In NS mergers, a torus with a primarily toroidal field is ex-
pected1 from the tidal disruption of one (or both) neutron stars and
from flux freezing (e.g. Kiuchi et al. 2014). Traditionally, GRMHD
simulations of black hole accretion discs have used poloidal flux
loops to initialize the disc, which is known to launch relativistic
jets and drive outflows (Blandford & Znajek 1977). Several stud-
ies have found that while a purely toroidal seed magnetic field is
su�cient for the MRI to operate in the disc, such systems pro-
duce extremely weak jets (Beckwith et al. 2008; McKinney et al.
2012). Recently, Liska et al. (2018) demonstrated, for a geomet-
rically thick and radially extended accretion disc, that an initially
toroidal magnetic field can generate a large-scale poloidal mag-
netic flux through what appears to be an ↵�⌦ dynamo (Mo↵att
1978) and produce a very powerful jet of power comparable to (or

1 Even though the magnetic field is expected to be toroidally dominated,
the geometry may be more complex, containing small-scale orientation
flips.

even exceeding) the accretion power. In fact, if the results of Liska
et al. (2018) applied to less radially extended post-merger accretion
discs, they would imply jets that are 4�5 orders of magnitude too
powerful to be consistent with short GRB observations (see, e.g.,
Fong et al. 2015). This raises an important question: is the more
natural, toroidal post-merger magnetic field geometry even capable
of leading to jets of power consistent with GRB observations? More
generally, how do the properties of the jets and disc outflows in the
aftermath of a binary NS merger depend on the initial post-merger
magnetic field geometry?

Here, we perform the first quantitative analysis of how the
results of 3D GRMHD simulations of NS merger accretion discs
depend upon the initial post-merger magnetic field configuration.
We explore what e↵ect this configuration (e.g. purely poloidal and
purely toroidal geometries) has on the accretion rate, relativistic
jets, and the large-scale outflows, including the implications for
and connections with the observed kilonova of GW 170817/GRB
170817A. In Sec. 2, we briefly describe the simulation setup. In
Sec. 3, we present our results for the mass rate and energetics of
all outflows, including the relativistic jet. In Sec. 4, we discuss the
connection of our results with sGRB observations and the observed
kilonova of GW 170817/GRB 170817A while concluding in Sec. 5.

2 SIMULATION SETUP

We performed simulations using HARMPI2, an enhanced version of
the serial open-source code HARM (Gammie et al. 2003; Noble et al.
2006), with the addition of several physical processes, e.g. neu-
trino cooling and nuclear recombination (for more details, see F19).
Throughout, we use spherical polar coordinates r, ✓, � in the Kerr-
Schild foliation. For neutrino cooling, we adopt the emission rates
described in Janka (2001) and suppress emission in optically thick
regions by a factor of e�⌧⌫ , where

⌧⌫ = ⇢/1011g cm�3, (1)

and ⇢ is the gas density. Simulations were initialized with a BH of
mass MBH = 3 M�, where M� is the solar mass, and spin param-
eter a = 0.8, surrounded by a torus of mass 0.033 M�3 and con-
stant initial electron fraction Ye = 0.1. We employ an ideal gas law
equation of state (EOS) with a constant adiabatic index �ad = 4/3,
where the gas temperature T is determined from the total pressure,
with contributions from the radiation, electron, proton, and neutron

2 https://github.com/atchekho/harmpi
3 We note that these simulations, with a torus mass of 0.033 M�, were per-
formed before the results of GW 170817/GRB 170817 A were announced
and observational modeling was performed. Studies have since inferred an
initial torus mass of ⇠ 0.1 M� (Shibata et al. 2017).
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Table 2. Summary of our results. From left to right: Cumulative jet energy Ejet, cumulative isotropic-equivalent jet energy Eiso, jet opening angle h✓jeti
(averaged over both jets and up to 1 s), accreted mass Maccr, ejected mass Mejec, ejected mass within the red kilonova component Mejec,red (with electron
fraction Ye < 0.25) and the blue component Mejec,blue (Ye > 0.25), the average radial speed of all ejecta hvri, the average radial speed within the red hvrired
and blue hvriblue kilonova components, and the average electron fraction hYei of all ejecta. All mass values listed as percentages are normalized to the initial
torus mass (0.033 M�) while speeds are normalized to the speed of light.

Model Ejet Eiso h✓jeti Maccr Mejec Mejec,red Mejec,blue hvri hvrired hvriblue hYei
Name (1050 erg) (1052 erg) (�) (%) (10�2 M�) (%) (10�2 M�) (%) (10�2 M�) (%) (10�2 M�)
BPS 25 22 13 60 2 40 1.3 37 1.2 3 0.1 0.18 0.17 0.3 0.16
BPW 3.9 3.6 6.4 67 2.2 30 0.99 27 0.89 3 0.1 0.08 0.07 0.16 0.19
BT 0.2 1.3 4.6 71 2.3 27 0.89 25 0.83 2 0.066 0.05 0.05 0.08 0.18

components:

P = [1 + Ye]
⇢ k T
mn
+

1
3

aradT 4. (2)

Here, arad is the radiation constant and mn is the neutron mass. The
electron fraction Ye is evolved according to the numerical proce-
dures outlined in F19. We note that our choice for the adiabatic in-
dex �ad was selected by comparing with hydrodynamic simulations
which use a physical EOS (see Appendix A1 of F19).

We performed three simulations di↵ering only in the initial
post-merger magnetic field geometry within the torus. We consid-
ered two models, one with a strong poloidal magnetic field config-
uration (BPS, described in detail in F19) and one with a weak field
configuration (BPW model). The initial conditions for both mod-
els are described by a vector potential A� / r5⇢2, which is then
modified to maximize the magnetic flux in the torus as described
in Tchekhovskoy et al. (2011). For each of the two poloidal con-
figurations, we normalized the magnetic field strength such that the
density-weighted ratio of gas to magnetic pressure within the disc,

h�i⇢ =
R
⇢ pgas dV
R
⇢ pmag dV

, (3)

is h�i⇢ = 100 for BPS and 850 for BPW, respectively. Here
dV =

p�g dr d✓ d� is the volume element and g is the determi-
nant of the metric. For BPS, the MRI is easily resolved at a mod-
erate resolution throughout the torus and yet the magnetic field is
not too strong to violently distort the torus after being amplified by
the shear and the MRI. For BPW, the magnetic field is ⇠ 3 times
weaker, which requires us to use a numerical grid which is more
finely concentrated near the equatorial plane to resolve the MRI
well and to use twice as a high resolution in the �-direction as in
BPS. We provide a summary of each configuration setup, including
the adopted simulation resolution, in Table 1.

The third and final configuration is a toroidal magnetic field
model, denoted as model BT, with plasma � ⌘ pgas/pmag = 5
throughout the torus. We adopted such a low � value because: i) it
was feasible to resolve the MRI given the available computational
resources and ii) the magnetic pressure is low enough so it does not
disrupt the disc. In all simulations, our numerical grid extends from
just inside the event horizon to ⇠ 105 rg in the radial direction and
from 0 to ⇡ in the ✓ and �-directions.

We carried the simulations out to tmax ⇠ (3�6) ⇥ 105 rg/c '
4�9 s, where rg = GMBH/c2 is the gravitational radius of the BH
and c is the speed of light. Along with the BPS model described
in F19, these are the longest run simulations to date, as measured
in the units of rg/c (e.g. longer than the 2 ⇥ 105rg/c duration in
Narayan et al. 2012). This unusually long duration is necessary for
mass ejection to complete: the cumulative ejected mass dependence
on time flattens out at late times (see Fig. 6(b)). It is also necessary
to capture the jet activity that lasts several seconds (see Fig. 12).

We provide a summary of our results in Table 2 and include videos
of each simulation in Supplementary Information.4

3 SIMULATION RESULTS

3.1 Mass Accretion

Upon the start of the simulation, the disc shear leads to the devel-
opment of the MRI, which amplifies the magnetic field and powers
magnetized turbulence in the disc. This drives accretion of gas onto
the black hole. As shown in Fig. 1(a), the mass accretion rate on the
black hole increases and peaks around 10 ms (⇠ 1000 rg/c). The
mass accretion rate peaks slightly earlier for the strong poloidal
case and slightly later for weaker magnetic fields. Following the
peak, Ṁaccr decays in the form of a power-law whose slope is es-
sentially independent of the post-merger field geometry. Interest-
ingly, the power-law decay portion of Ṁaccr is roughly the same for
all configurations, suggesting that the e↵ects of the magnetic field
geometry are not important qualitatively for the evolution of the ac-
cretion disc past the initial burn-in period (see also Beckwith et al.
2008). This decline in the accretion rate comes from the reduction
in the mass of the disc, due to both accretion onto the BH and ejec-
tion of gas in outflows.

We can perform a more quantitative comparison by look-
ing at the total amount of material accreted by the BH, Maccr, as
shown in Fig. 1(b) and Table 2. The amount of accreted mate-
rial reaches an asymptotic value by ⇠ 2 s for all post-merger ge-
ometries. In the strongest poloidal field model, BPS, the BH con-
sumes the least amount of gas, Maccr ⇠ 60% (0.02 M�), followed by
⇠ 67% (0.022 M�) for weak poloidal field model BPW, and ⇠ 71%
(0.023 M�) for toroidal field model BT. Stronger poloidal magnetic
fields lead to stronger outflows, so there is less gas left to be con-
sumed by the BH. Interestingly, the weaker poloidal magnetic field
models accrete approximately the same amount of mass but do not
reach the hydrodynamic limit (see F19).

3.2 Relativistic Outflows

The simulated discs can eject energy in the form of outflows
launched by the magnetic fields twisted by the rotation of the BH
(Blandford & Znajek 1977; Komissarov 2001; Tchekhovskoy et al.
2010b) or the accretion disc (Blandford & Payne 1982). Typically,

4 https://goo.gl/ct7Htx: There are two sets of videos. The first con-
tains two panels, with the left and right panels showing the logarithm of
density (in g cm�3) and the electron fraction Ye, respectively, in a vertical
slice (see also Fig. 5). The second set displays the mass-weighted red (i.e.
Ye < 0.25 material) and blue (i.e. Ye < 0.25 material) kilonova compo-
nents and the jet (green) at a distance of rout = 109 cm ⇡ 2000 rg (see also
Fig. 10).
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Table 2. Summary of our results. From left to right: Cumulative jet energy Ejet, cumulative isotropic-equivalent jet energy Eiso, jet opening angle h✓jeti
(averaged over both jets and up to 1 s), accreted mass Maccr, ejected mass Mejec, ejected mass within the red kilonova component Mejec,red (with electron
fraction Ye < 0.25) and the blue component Mejec,blue (Ye > 0.25), the average radial speed of all ejecta hvri, the average radial speed within the red hvrired
and blue hvriblue kilonova components, and the average electron fraction hYei of all ejecta. All mass values listed as percentages are normalized to the initial
torus mass (0.033 M�) while speeds are normalized to the speed of light.

Model Ejet Eiso h✓jeti Maccr Mejec Mejec,red Mejec,blue hvri hvrired hvriblue hYei
Name (1050 erg) (1052 erg) (�) (%) (10�2 M�) (%) (10�2 M�) (%) (10�2 M�) (%) (10�2 M�)
BPS 25 22 13 60 2 40 1.3 37 1.2 3 0.1 0.18 0.17 0.3 0.16
BPW 3.9 3.6 6.4 67 2.2 30 0.99 27 0.89 3 0.1 0.08 0.07 0.16 0.19
BT 0.2 1.3 4.6 71 2.3 27 0.89 25 0.83 2 0.066 0.05 0.05 0.08 0.18

components:

P = [1 + Ye]
⇢ k T
mn
+

1
3

aradT 4. (2)

Here, arad is the radiation constant and mn is the neutron mass. The
electron fraction Ye is evolved according to the numerical proce-
dures outlined in F19. We note that our choice for the adiabatic in-
dex �ad was selected by comparing with hydrodynamic simulations
which use a physical EOS (see Appendix A1 of F19).

We performed three simulations di↵ering only in the initial
post-merger magnetic field geometry within the torus. We consid-
ered two models, one with a strong poloidal magnetic field config-
uration (BPS, described in detail in F19) and one with a weak field
configuration (BPW model). The initial conditions for both mod-
els are described by a vector potential A� / r5⇢2, which is then
modified to maximize the magnetic flux in the torus as described
in Tchekhovskoy et al. (2011). For each of the two poloidal con-
figurations, we normalized the magnetic field strength such that the
density-weighted ratio of gas to magnetic pressure within the disc,

h�i⇢ =
R
⇢ pgas dV
R
⇢ pmag dV

, (3)

is h�i⇢ = 100 for BPS and 850 for BPW, respectively. Here
dV =

p�g dr d✓ d� is the volume element and g is the determi-
nant of the metric. For BPS, the MRI is easily resolved at a mod-
erate resolution throughout the torus and yet the magnetic field is
not too strong to violently distort the torus after being amplified by
the shear and the MRI. For BPW, the magnetic field is ⇠ 3 times
weaker, which requires us to use a numerical grid which is more
finely concentrated near the equatorial plane to resolve the MRI
well and to use twice as a high resolution in the �-direction as in
BPS. We provide a summary of each configuration setup, including
the adopted simulation resolution, in Table 1.

The third and final configuration is a toroidal magnetic field
model, denoted as model BT, with plasma � ⌘ pgas/pmag = 5
throughout the torus. We adopted such a low � value because: i) it
was feasible to resolve the MRI given the available computational
resources and ii) the magnetic pressure is low enough so it does not
disrupt the disc. In all simulations, our numerical grid extends from
just inside the event horizon to ⇠ 105 rg in the radial direction and
from 0 to ⇡ in the ✓ and �-directions.

We carried the simulations out to tmax ⇠ (3�6) ⇥ 105 rg/c '
4�9 s, where rg = GMBH/c2 is the gravitational radius of the BH
and c is the speed of light. Along with the BPS model described
in F19, these are the longest run simulations to date, as measured
in the units of rg/c (e.g. longer than the 2 ⇥ 105rg/c duration in
Narayan et al. 2012). This unusually long duration is necessary for
mass ejection to complete: the cumulative ejected mass dependence
on time flattens out at late times (see Fig. 6(b)). It is also necessary
to capture the jet activity that lasts several seconds (see Fig. 12).

We provide a summary of our results in Table 2 and include videos
of each simulation in Supplementary Information.4

3 SIMULATION RESULTS

3.1 Mass Accretion

Upon the start of the simulation, the disc shear leads to the devel-
opment of the MRI, which amplifies the magnetic field and powers
magnetized turbulence in the disc. This drives accretion of gas onto
the black hole. As shown in Fig. 1(a), the mass accretion rate on the
black hole increases and peaks around 10 ms (⇠ 1000 rg/c). The
mass accretion rate peaks slightly earlier for the strong poloidal
case and slightly later for weaker magnetic fields. Following the
peak, Ṁaccr decays in the form of a power-law whose slope is es-
sentially independent of the post-merger field geometry. Interest-
ingly, the power-law decay portion of Ṁaccr is roughly the same for
all configurations, suggesting that the e↵ects of the magnetic field
geometry are not important qualitatively for the evolution of the ac-
cretion disc past the initial burn-in period (see also Beckwith et al.
2008). This decline in the accretion rate comes from the reduction
in the mass of the disc, due to both accretion onto the BH and ejec-
tion of gas in outflows.

We can perform a more quantitative comparison by look-
ing at the total amount of material accreted by the BH, Maccr, as
shown in Fig. 1(b) and Table 2. The amount of accreted mate-
rial reaches an asymptotic value by ⇠ 2 s for all post-merger ge-
ometries. In the strongest poloidal field model, BPS, the BH con-
sumes the least amount of gas, Maccr ⇠ 60% (0.02 M�), followed by
⇠ 67% (0.022 M�) for weak poloidal field model BPW, and ⇠ 71%
(0.023 M�) for toroidal field model BT. Stronger poloidal magnetic
fields lead to stronger outflows, so there is less gas left to be con-
sumed by the BH. Interestingly, the weaker poloidal magnetic field
models accrete approximately the same amount of mass but do not
reach the hydrodynamic limit (see F19).

3.2 Relativistic Outflows

The simulated discs can eject energy in the form of outflows
launched by the magnetic fields twisted by the rotation of the BH
(Blandford & Znajek 1977; Komissarov 2001; Tchekhovskoy et al.
2010b) or the accretion disc (Blandford & Payne 1982). Typically,

4 https://goo.gl/ct7Htx: There are two sets of videos. The first con-
tains two panels, with the left and right panels showing the logarithm of
density (in g cm�3) and the electron fraction Ye, respectively, in a vertical
slice (see also Fig. 5). The second set displays the mass-weighted red (i.e.
Ye < 0.25 material) and blue (i.e. Ye < 0.25 material) kilonova compo-
nents and the jet (green) at a distance of rout = 109 cm ⇡ 2000 rg (see also
Fig. 10).
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Table 2. Summary of our results. From left to right: Cumulative jet energy Ejet, cumulative isotropic-equivalent jet energy Eiso, jet opening angle h✓jeti
(averaged over both jets and up to 1 s), accreted mass Maccr, ejected mass Mejec, ejected mass within the red kilonova component Mejec,red (with electron
fraction Ye < 0.25) and the blue component Mejec,blue (Ye > 0.25), the average radial speed of all ejecta hvri, the average radial speed within the red hvrired
and blue hvriblue kilonova components, and the average electron fraction hYei of all ejecta. All mass values listed as percentages are normalized to the initial
torus mass (0.033 M�) while speeds are normalized to the speed of light.

Model Ejet Eiso h✓jeti Maccr Mejec Mejec,red Mejec,blue hvri hvrired hvriblue hYei
Name (1050 erg) (1052 erg) (�) (%) (10�2 M�) (%) (10�2 M�) (%) (10�2 M�) (%) (10�2 M�)
BPS 25 22 13 60 2 40 1.3 37 1.2 3 0.1 0.18 0.17 0.3 0.16
BPW 3.9 3.6 6.4 67 2.2 30 0.99 27 0.89 3 0.1 0.08 0.07 0.16 0.19
BT 0.2 1.3 4.6 71 2.3 27 0.89 25 0.83 2 0.066 0.05 0.05 0.08 0.18

components:

P = [1 + Ye]
⇢ k T
mn
+
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aradT 4. (2)

Here, arad is the radiation constant and mn is the neutron mass. The
electron fraction Ye is evolved according to the numerical proce-
dures outlined in F19. We note that our choice for the adiabatic in-
dex �ad was selected by comparing with hydrodynamic simulations
which use a physical EOS (see Appendix A1 of F19).

We performed three simulations di↵ering only in the initial
post-merger magnetic field geometry within the torus. We consid-
ered two models, one with a strong poloidal magnetic field config-
uration (BPS, described in detail in F19) and one with a weak field
configuration (BPW model). The initial conditions for both mod-
els are described by a vector potential A� / r5⇢2, which is then
modified to maximize the magnetic flux in the torus as described
in Tchekhovskoy et al. (2011). For each of the two poloidal con-
figurations, we normalized the magnetic field strength such that the
density-weighted ratio of gas to magnetic pressure within the disc,

h�i⇢ =
R
⇢ pgas dV
R
⇢ pmag dV

, (3)

is h�i⇢ = 100 for BPS and 850 for BPW, respectively. Here
dV =

p�g dr d✓ d� is the volume element and g is the determi-
nant of the metric. For BPS, the MRI is easily resolved at a mod-
erate resolution throughout the torus and yet the magnetic field is
not too strong to violently distort the torus after being amplified by
the shear and the MRI. For BPW, the magnetic field is ⇠ 3 times
weaker, which requires us to use a numerical grid which is more
finely concentrated near the equatorial plane to resolve the MRI
well and to use twice as a high resolution in the �-direction as in
BPS. We provide a summary of each configuration setup, including
the adopted simulation resolution, in Table 1.

The third and final configuration is a toroidal magnetic field
model, denoted as model BT, with plasma � ⌘ pgas/pmag = 5
throughout the torus. We adopted such a low � value because: i) it
was feasible to resolve the MRI given the available computational
resources and ii) the magnetic pressure is low enough so it does not
disrupt the disc. In all simulations, our numerical grid extends from
just inside the event horizon to ⇠ 105 rg in the radial direction and
from 0 to ⇡ in the ✓ and �-directions.

We carried the simulations out to tmax ⇠ (3�6) ⇥ 105 rg/c '
4�9 s, where rg = GMBH/c2 is the gravitational radius of the BH
and c is the speed of light. Along with the BPS model described
in F19, these are the longest run simulations to date, as measured
in the units of rg/c (e.g. longer than the 2 ⇥ 105rg/c duration in
Narayan et al. 2012). This unusually long duration is necessary for
mass ejection to complete: the cumulative ejected mass dependence
on time flattens out at late times (see Fig. 6(b)). It is also necessary
to capture the jet activity that lasts several seconds (see Fig. 12).

We provide a summary of our results in Table 2 and include videos
of each simulation in Supplementary Information.4

3 SIMULATION RESULTS

3.1 Mass Accretion

Upon the start of the simulation, the disc shear leads to the devel-
opment of the MRI, which amplifies the magnetic field and powers
magnetized turbulence in the disc. This drives accretion of gas onto
the black hole. As shown in Fig. 1(a), the mass accretion rate on the
black hole increases and peaks around 10 ms (⇠ 1000 rg/c). The
mass accretion rate peaks slightly earlier for the strong poloidal
case and slightly later for weaker magnetic fields. Following the
peak, Ṁaccr decays in the form of a power-law whose slope is es-
sentially independent of the post-merger field geometry. Interest-
ingly, the power-law decay portion of Ṁaccr is roughly the same for
all configurations, suggesting that the e↵ects of the magnetic field
geometry are not important qualitatively for the evolution of the ac-
cretion disc past the initial burn-in period (see also Beckwith et al.
2008). This decline in the accretion rate comes from the reduction
in the mass of the disc, due to both accretion onto the BH and ejec-
tion of gas in outflows.

We can perform a more quantitative comparison by look-
ing at the total amount of material accreted by the BH, Maccr, as
shown in Fig. 1(b) and Table 2. The amount of accreted mate-
rial reaches an asymptotic value by ⇠ 2 s for all post-merger ge-
ometries. In the strongest poloidal field model, BPS, the BH con-
sumes the least amount of gas, Maccr ⇠ 60% (0.02 M�), followed by
⇠ 67% (0.022 M�) for weak poloidal field model BPW, and ⇠ 71%
(0.023 M�) for toroidal field model BT. Stronger poloidal magnetic
fields lead to stronger outflows, so there is less gas left to be con-
sumed by the BH. Interestingly, the weaker poloidal magnetic field
models accrete approximately the same amount of mass but do not
reach the hydrodynamic limit (see F19).

3.2 Relativistic Outflows

The simulated discs can eject energy in the form of outflows
launched by the magnetic fields twisted by the rotation of the BH
(Blandford & Znajek 1977; Komissarov 2001; Tchekhovskoy et al.
2010b) or the accretion disc (Blandford & Payne 1982). Typically,

4 https://goo.gl/ct7Htx: There are two sets of videos. The first con-
tains two panels, with the left and right panels showing the logarithm of
density (in g cm�3) and the electron fraction Ye, respectively, in a vertical
slice (see also Fig. 5). The second set displays the mass-weighted red (i.e.
Ye < 0.25 material) and blue (i.e. Ye < 0.25 material) kilonova compo-
nents and the jet (green) at a distance of rout = 109 cm ⇡ 2000 rg (see also
Fig. 10).
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Table 2. Summary of our results. From left to right: Cumulative jet energy Ejet, cumulative isotropic-equivalent jet energy Eiso, jet opening angle h✓jeti
(averaged over both jets and up to 1 s), accreted mass Maccr, ejected mass Mejec, ejected mass within the red kilonova component Mejec,red (with electron
fraction Ye < 0.25) and the blue component Mejec,blue (Ye > 0.25), the average radial speed of all ejecta hvri, the average radial speed within the red hvrired
and blue hvriblue kilonova components, and the average electron fraction hYei of all ejecta. All mass values listed as percentages are normalized to the initial
torus mass (0.033 M�) while speeds are normalized to the speed of light.

Model Ejet Eiso h✓jeti Maccr Mejec Mejec,red Mejec,blue hvri hvrired hvriblue hYei
Name (1050 erg) (1052 erg) (�) (%) (10�2 M�) (%) (10�2 M�) (%) (10�2 M�) (%) (10�2 M�)
BPS 25 22 13 60 2 40 1.3 37 1.2 3 0.1 0.18 0.17 0.3 0.16
BPW 3.9 3.6 6.4 67 2.2 30 0.99 27 0.89 3 0.1 0.08 0.07 0.16 0.19
BT 0.2 1.3 4.6 71 2.3 27 0.89 25 0.83 2 0.066 0.05 0.05 0.08 0.18

components:
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Here, arad is the radiation constant and mn is the neutron mass. The
electron fraction Ye is evolved according to the numerical proce-
dures outlined in F19. We note that our choice for the adiabatic in-
dex �ad was selected by comparing with hydrodynamic simulations
which use a physical EOS (see Appendix A1 of F19).

We performed three simulations di↵ering only in the initial
post-merger magnetic field geometry within the torus. We consid-
ered two models, one with a strong poloidal magnetic field config-
uration (BPS, described in detail in F19) and one with a weak field
configuration (BPW model). The initial conditions for both mod-
els are described by a vector potential A� / r5⇢2, which is then
modified to maximize the magnetic flux in the torus as described
in Tchekhovskoy et al. (2011). For each of the two poloidal con-
figurations, we normalized the magnetic field strength such that the
density-weighted ratio of gas to magnetic pressure within the disc,

h�i⇢ =
R
⇢ pgas dV
R
⇢ pmag dV

, (3)

is h�i⇢ = 100 for BPS and 850 for BPW, respectively. Here
dV =

p�g dr d✓ d� is the volume element and g is the determi-
nant of the metric. For BPS, the MRI is easily resolved at a mod-
erate resolution throughout the torus and yet the magnetic field is
not too strong to violently distort the torus after being amplified by
the shear and the MRI. For BPW, the magnetic field is ⇠ 3 times
weaker, which requires us to use a numerical grid which is more
finely concentrated near the equatorial plane to resolve the MRI
well and to use twice as a high resolution in the �-direction as in
BPS. We provide a summary of each configuration setup, including
the adopted simulation resolution, in Table 1.

The third and final configuration is a toroidal magnetic field
model, denoted as model BT, with plasma � ⌘ pgas/pmag = 5
throughout the torus. We adopted such a low � value because: i) it
was feasible to resolve the MRI given the available computational
resources and ii) the magnetic pressure is low enough so it does not
disrupt the disc. In all simulations, our numerical grid extends from
just inside the event horizon to ⇠ 105 rg in the radial direction and
from 0 to ⇡ in the ✓ and �-directions.

We carried the simulations out to tmax ⇠ (3�6) ⇥ 105 rg/c '
4�9 s, where rg = GMBH/c2 is the gravitational radius of the BH
and c is the speed of light. Along with the BPS model described
in F19, these are the longest run simulations to date, as measured
in the units of rg/c (e.g. longer than the 2 ⇥ 105rg/c duration in
Narayan et al. 2012). This unusually long duration is necessary for
mass ejection to complete: the cumulative ejected mass dependence
on time flattens out at late times (see Fig. 6(b)). It is also necessary
to capture the jet activity that lasts several seconds (see Fig. 12).

We provide a summary of our results in Table 2 and include videos
of each simulation in Supplementary Information.4

3 SIMULATION RESULTS

3.1 Mass Accretion

Upon the start of the simulation, the disc shear leads to the devel-
opment of the MRI, which amplifies the magnetic field and powers
magnetized turbulence in the disc. This drives accretion of gas onto
the black hole. As shown in Fig. 1(a), the mass accretion rate on the
black hole increases and peaks around 10 ms (⇠ 1000 rg/c). The
mass accretion rate peaks slightly earlier for the strong poloidal
case and slightly later for weaker magnetic fields. Following the
peak, Ṁaccr decays in the form of a power-law whose slope is es-
sentially independent of the post-merger field geometry. Interest-
ingly, the power-law decay portion of Ṁaccr is roughly the same for
all configurations, suggesting that the e↵ects of the magnetic field
geometry are not important qualitatively for the evolution of the ac-
cretion disc past the initial burn-in period (see also Beckwith et al.
2008). This decline in the accretion rate comes from the reduction
in the mass of the disc, due to both accretion onto the BH and ejec-
tion of gas in outflows.

We can perform a more quantitative comparison by look-
ing at the total amount of material accreted by the BH, Maccr, as
shown in Fig. 1(b) and Table 2. The amount of accreted mate-
rial reaches an asymptotic value by ⇠ 2 s for all post-merger ge-
ometries. In the strongest poloidal field model, BPS, the BH con-
sumes the least amount of gas, Maccr ⇠ 60% (0.02 M�), followed by
⇠ 67% (0.022 M�) for weak poloidal field model BPW, and ⇠ 71%
(0.023 M�) for toroidal field model BT. Stronger poloidal magnetic
fields lead to stronger outflows, so there is less gas left to be con-
sumed by the BH. Interestingly, the weaker poloidal magnetic field
models accrete approximately the same amount of mass but do not
reach the hydrodynamic limit (see F19).

3.2 Relativistic Outflows

The simulated discs can eject energy in the form of outflows
launched by the magnetic fields twisted by the rotation of the BH
(Blandford & Znajek 1977; Komissarov 2001; Tchekhovskoy et al.
2010b) or the accretion disc (Blandford & Payne 1982). Typically,

4 https://goo.gl/ct7Htx: There are two sets of videos. The first con-
tains two panels, with the left and right panels showing the logarithm of
density (in g cm�3) and the electron fraction Ye, respectively, in a vertical
slice (see also Fig. 5). The second set displays the mass-weighted red (i.e.
Ye < 0.25 material) and blue (i.e. Ye < 0.25 material) kilonova compo-
nents and the jet (green) at a distance of rout = 109 cm ⇡ 2000 rg (see also
Fig. 10).
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Figure 11. Snapshot of the entropy (equation 39) in the GRMHD model
at time t ≃ 0.1 s. The slice is perpendicular to the y-axis. The grey-shaded
region corresponds to regions excluded from our analysis for having high
magnetization or a density close to the floor value (Section 2.4).

Most of the kinetic energy of the outflow is concentrated in
directions close to the polar axis. The angular bins closest to the
north and south directions (∼21◦ in size) contain nearly all of the
kinetic energy of the outflow, approximately9 8 × 1050 erg. Moving
away from the axis results in a very steep decrease in the kinetic
energy, with the equatorial direction being lower than the poles by
a factor of ∼1000. This focusing of fast material along the polar
direction is also reflected in the angular distribution of relativistic
momentum, both mass- and kinetic-energy-weighted.

In contrast, mass ejection shows a significant pole-equator
anisotropy only at early times t ! 0.3 s, with subsequent mass ejec-
tion turning the distribution quasi-spherical, with a pole-to-equator
anisotropy of approximately 2 : 1 by the end of the simulation.

For comparison, Fig. 13 also shows the structured jet fit of
D’Avanzo et al. (2018) for the isotropic equivalent energy of
GW1710817, E(θ ) = ("cos θ /2)1052/(1 + [max (θ , 2◦)/2◦]3.5) erg,
where the prefactor normalizes the isotropic equivalent energy to
the angular bin size "cos θ . When considered over the entire range
of polar angles, the functional form of the fit has a much steeper
decay with polar angle than implied by our angular histogram. The
inset of Fig. 13 shows a zoom-in on the angular distribution of all
emitted forms of energy close to the axis. While the outflow gen-
erated in our GRMHD model produces too much kinetic energy
relative to the non-thermal emission of GW170817, the angular de-

9Removing the high-magnetization and low-density cut increases the total
kinetic energy of the jet to 1.1 × 1051 erg.

Figure 12. Final histograms of kinetic energy (top) and unbound mass
ejected (bottom) as a function of relativistic momentum for the GRMHD
model, as measured at r = 109 cm. In both cases, a quantity per bin and a
reverse-cumulative version is shown (the bin size is " ln γβ = 1.36). The
dotted line is the spherical blast wave fit to the non-thermal emission from
GW170817 by Mooley et al. (2018), E(> γβ) = 5 × 1050 (γβ/0.4)−5 erg.
The shaded areas indicate the results obtained when removing our low-
density and high-magnetization cut (Section 2.4).

pendence of the kinetic, electromagnetic, and thermal components
is compatible with the fit of D’Avanzo et al. (2018). Again, we
caution that the fastest component of the disc outflow will almost
certainly interact with the dynamical ejecta and therefore the kinetic
energy distribution will change relative to that shown in Fig. 13
(Section 3.6).

3.4.3 Mass ejection in the advective stage

Given that about half of all mass ejection by the GRMHD model
reaches our fiducial radius rout after 1 s, and that the subsequent
evolution of the mass ejection history (Fig. 9) is similar to that of the
hydrodynamic models, it is worth exploring whether the properties
of mass ejection are similar in the GRMHD and hydrodynamic
models once neutrino cooling has subsided.

Fig. 14 shows histograms of mass ejection after 1 s in the
GRMHD model (obtained by subtracting any prior contributions
from the final histogram), together with the total mass histograms
for the hydrodynamic model. Given that the amount of mass
ejected after 1 s is comparable to that in the hydrodynamic mod-
els, we expect the amplitudes of the histograms to be similar.
The late-time electron fraction distribution has the same general
shape in all models, with the GRMHD model showing an over-
all shift to low Ye (note that none of the models include neutrino
absorption).

The late-time velocity and entropy distributions in the GRMHD
model are bimodal, with the low-end distribution showing great
similarity with the hydrodynamic models. Guided by the sharp cut-
off in the velocity distribution of the hydrodynamic models, we also
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Figure 13. Histograms of kinetic energy (top), unbound mass ejected (mid-
dle), and average relativistic momentum (bottom) as a function of cos ✓
for the GRMHD model, as measured at r = 109 cm (the bin size is
� cos ✓ = 0.067; 21� at the polar axis). Black and gray solid curves in the
top two panels show cumulative values at di↵erent times, as labeled. The
weights for the average momentum are the mass- and kinetic energy his-
tograms from panels (a) and (b). The purple line in the top panel shows the
structured jet fit of D’Avanzo et al. (2018) to the non-thermal emission from
GW170817, normalized to show energy per bin. The inset in the top panel
shows energies per bin (rest mass: red, kinetic: thin black, electromagnetic:
blue, thermal: grey, and total sum: thick black) as a function of polar angle
close to the axis. Note that the detailed angular distribution of the relativistic
ejecta will be sensitive to our choice of high-magnetization and low-density
cut (§2.4).

Figure 14 shows histograms of mass ejection after 1 s in the
GRMHD model (obtained by subtracting any prior contributions
from the final histogram), together with the total mass histograms
for the hydrodynamic model. Given that the amount of mass ejected
after 1 s is comparable to that in the hydrodynamic models, we ex-
pect the amplitudes of the histograms to be similar. The late-time
electron fraction distribution has the same general shape in all mod-
els, with the GRMHD model showing an overall shift to low Ye

(note that none of the models include neutrino absorption).
The late-time velocity and entropy distributions in the

GRMHD model are bimodal, with the low-end distribution show-
ing great similarity with the hydrodynamic models. Guided by the

sharp cuto↵ in the velocity distribution of the hydrodynamic mod-
els, we also split the late GRMHD histograms into components
with velocities lower and higher than vr/c = 0.1.

Figure 14 shows that the low-velocity component of the
GRMHD model shows excellent agreement with the hydrodynamic
models, pointing to an underlying similarity in the mass ejection
mechanism. The high-velocity component is also responsible for
the high-entropy tail of the GRMHD histogram at late times. Given
its absence in the hydrodynamic models, we surmise that it is as-
sociated with magnetic driving close to the polar axis. This asso-
ciation is reinforced by the Ye distribution of this fast component,
which indicates less reprocessing by neutrinos.

3.5 Comparison with previous work

The work of Shibata et al. (2007) bears the most similarity to
our implementation of neutrino cooling and nuclear recombina-
tion (§2.1). Since their 2D simulations were evolved for a relatively
short amount of time (60 ms) given the decay of the MRI, we can
only compare their results with the earliest period in the evolution
of our models. Overall qualitative agreement is found in the growth
time of the MRI and the onset of accretion. Since their initial field
strength is such that �pl = 200 and their initial tori are more mas-
sive (0.1 � 0.2M

�

) than ours, quantitative agreement in accretion
rates and neutrino luminosities is not expected. Similar qualitative
agreement in the early phase of MRI evolution is found with the
work of Janiuk et al. (2013) and Nouri et al. (2017)

While the 2D neutrino radiation-MHD models of Shibata &
Sekiguchi (2012) cannot be directly compared with our coarser im-
plementation of neutrino physics, we can speculate about how in-
clusion of neutrino absorption would a↵ect our models. Their main
result is that neutrinos are emitted primarily along the polar funnel.
Given that material in this region moves the fastest and therefore
has a short expansion time, the e↵ect of neutrino absorption on the
overall electron fraction of the outflow might be further suppressed
relative to that in hydrodynamic models when a promptly-formed
BH sits at the center and the magnetic field is strong. If, on the
other hand, the magnetic field is initially weak, then the additional
energy deposition in the polar region can help energize a polar out-
flow (e.g. Just et al. 2016; Perego et al. 2017) and result in material
with higher Ye.

The work of Siegel & Metzger (2018) shows similarities and
di↵erences with ours. While their equation of state, neutrino emis-
sion, and nuclear recombination implementations are di↵erent, they
find the same fraction of accreted material as we do (60% of the
initial disk mass). From this number, they extrapolate their 20% of
mass ejected within 400 ms into an asymptotic fraction of 40%,
which is consistent with our converged results. Their disk also
shows very similar accretion rates and neutrino luminosity history
as ours for the first 400 ms, which is expected given the choice
of disk mass and initial field strength, which is very similar as
well. While their final electron fraction distribution is somewhat
narrower than ours at comparable evolutionary times, most of the
outflow in their model also leads to lanthanide-rich nucleosynthesis
(Ye < 0.25).

The main di↵erence between our results and those of Siegel
& Metzger (2018) is the significantly lower amount of ejected
mass with vr/c > 0.25 in their simulations (Daniel Siegel, pri-
vate communication). This can be attributed in part to our choice
of initial field topology (§2.4), which is optimal for the generation
of magnetically-dominated outflows (Tchekhovskoy et al. 2011).
Also, while their spatial resolution is comparable to ours at the ini-
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Figure 1. For a wide range of post-merger magnetic field geometries (see
legend), we find a very similar temporal trend in the rest mass accretion
rate (panel a) on the BH such that at late times (t & 5 ⇥ 10�2 s), there is
negligible di↵erence between each model. However, these slight di↵erences
in the temporal decline of Ṁaccr imprint themselves as a small variation in
the amount of material Maccr (panel b) accreted on the BH, with a purely
toroidal configuration accreting the most material. The time at which the
MRI fully develops coincides with the peak in Ṁaccr. A coloured version of
this plot is available online.

numerical simulations of BH accretion show a combination of the
two: BH-powered relativistic jets surrounded by sub-relativistic
disc-powered winds (McKinney 2005; Hawley & Krolik 2006;
Tchekhovskoy et al. 2011; Tchekhovskoy 2015). We compute the
net sum of these outflow powers through a surface integral

Ptot(r) = �
 

T r
t dA, (4)

where dA =
p�g d✓ d� is the area element,

T µ⌫ = (⇢ + u + P + b2)uµu⌫ + (P +
1
2

b2)�µ⌫ � bµb⌫ (5)

is the stress-energy tensor, bµ is the magnetic four-vector, b2 = bµbµ
is twice the magnetic pressure, and uµ is the proper velocity (Gam-
mie et al. 2003). To distinguish jets and winds, we make use of
the specific energy flux, µ = �T r

t /(⇢ur): the value of µ determines
the maximum possible Lorentz factor an outflow would achieve if
all of its internal and magnetic energy were converted into kinetic
energy. We refer to regions with µ � 2 as the relativistic jets and
µ < 2 as the mildly relativistic winds (Tchekhovskoy et al. 2011;
Tchekhovskoy 2015).

Figure 2(a) shows the jet and wind powers, Pjet and Pwind re-
spectively, evaluated at rout. Because relativistic jets are powered
by large-scale poloidal magnetic fields, it is perhaps not surprising
that the strong poloidal flux model, BPS, forms powerful relativis-
tic jets. In fact, Fig. 2(a) shows that the jet power ramps up shortly
after the light crossing time, rout/c ' 0.033 s, and flattens out at

Figure 2. The jet power Pjet (panel a, solid lines) and jet e�ciency ⌘jet
(panel b) at rout = 109 cm ⇡ 2000 rg strongly depend upon the post-merger
magnetic field geometry (see legend in panel b), producing a ⇠ 102 times
di↵erence in Pjet between the di↵erent geometries. For all geometries, ⌘jet
approaches ⌘MAD ⇠ 1 coincidentally with the time the disc reaches its MAD
state (see Fig. 3(b)). This is the first demonstration of a powerful jet forming
from a purely toroidal magnetic post-merger geometry. In the BT model, the
surrounding disc winds disrupt the jet, fueling its intermittence, portrayed
as the broken lines in Pjet and ⌘jet. During jet disruptions, the EM power
at rout (thin solid line) is therefore solely contained within the surround-
ing disc winds. The power contained within the disc winds is ⇠ few times
less powerful than the jet and follows a similar temporal trend as Pjet. A
coloured version of this plot is available online.

Pjet ' 3 ⇥ 1051 erg s�1 until ⇠ 0.5 s (F19). How can the jet power
remain constant even though the mass accretion rate rapidly de-
clines, as seen in Fig. 1? Fig. 2(b) shows that this decline leads to
the increase in jet e�ciency, ⌘jet ⌘ Pjet/hṀaccr c2i – the ratio of jet
to accretion power – from 1% at t ⇠ 0.05 s to 100% at 0.5 s in our
BPS model.

This change in e�ciency by two orders of magnitude implies
that, unlike a typical expectation that jet power follows mass ac-
cretion rate, there is no one-to-one connection between the mass
accretion rate and jet power. To understand this, it is helpful to
look at the behavior of the large-scale poloidal magnetic flux that
passes through the BH and powers the relativistic jets,

�BH = 0.5
Z

r=rH

|Br | dA, (6)

where the integral is over both hemispheres of the event horizon,
rH = rg[1 +

p
1 � a2], and the factor of 0.5 converts it to a single

hemisphere (Tchekhovskoy et al. 2011). Because the jet power is
proportional to the square of BH magnetic flux (Blandford & Zna-
jek 1977; Tchekhovskoy et al. 2010b),

Pjet / �2
BH, (7)

the constancy of the jet power would imply the constancy of �BH
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Figure 1. For a wide range of post-merger magnetic field geometries (see
legend), we find a very similar temporal trend in the rest mass accretion
rate (panel a) on the BH such that at late times (t & 5 ⇥ 10�2 s), there is
negligible di↵erence between each model. However, these slight di↵erences
in the temporal decline of Ṁaccr imprint themselves as a small variation in
the amount of material Maccr (panel b) accreted on the BH, with a purely
toroidal configuration accreting the most material. The time at which the
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by large-scale poloidal magnetic fields, it is perhaps not surprising
that the strong poloidal flux model, BPS, forms powerful relativis-
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(panel b) at rout = 109 cm ⇡ 2000 rg strongly depend upon the post-merger
magnetic field geometry (see legend in panel b), producing a ⇠ 102 times
di↵erence in Pjet between the di↵erent geometries. For all geometries, ⌘jet
approaches ⌘MAD ⇠ 1 coincidentally with the time the disc reaches its MAD
state (see Fig. 3(b)). This is the first demonstration of a powerful jet forming
from a purely toroidal magnetic post-merger geometry. In the BT model, the
surrounding disc winds disrupt the jet, fueling its intermittence, portrayed
as the broken lines in Pjet and ⌘jet. During jet disruptions, the EM power
at rout (thin solid line) is therefore solely contained within the surround-
ing disc winds. The power contained within the disc winds is ⇠ few times
less powerful than the jet and follows a similar temporal trend as Pjet. A
coloured version of this plot is available online.

Pjet ' 3 ⇥ 1051 erg s�1 until ⇠ 0.5 s (F19). How can the jet power
remain constant even though the mass accretion rate rapidly de-
clines, as seen in Fig. 1? Fig. 2(b) shows that this decline leads to
the increase in jet e�ciency, ⌘jet ⌘ Pjet/hṀaccr c2i – the ratio of jet
to accretion power – from 1% at t ⇠ 0.05 s to 100% at 0.5 s in our
BPS model.

This change in e�ciency by two orders of magnitude implies
that, unlike a typical expectation that jet power follows mass ac-
cretion rate, there is no one-to-one connection between the mass
accretion rate and jet power. To understand this, it is helpful to
look at the behavior of the large-scale poloidal magnetic flux that
passes through the BH and powers the relativistic jets,
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Figure 1. For a wide range of post-merger magnetic field geometries (see
legend), we find a very similar temporal trend in the rest mass accretion
rate (panel a) on the BH such that at late times (t & 5 ⇥ 10�2 s), there is
negligible di↵erence between each model. However, these slight di↵erences
in the temporal decline of Ṁaccr imprint themselves as a small variation in
the amount of material Maccr (panel b) accreted on the BH, with a purely
toroidal configuration accreting the most material. The time at which the
MRI fully develops coincides with the peak in Ṁaccr. A coloured version of
this plot is available online.

numerical simulations of BH accretion show a combination of the
two: BH-powered relativistic jets surrounded by sub-relativistic
disc-powered winds (McKinney 2005; Hawley & Krolik 2006;
Tchekhovskoy et al. 2011; Tchekhovskoy 2015). We compute the
net sum of these outflow powers through a surface integral

Ptot(r) = �
 

T r
t dA, (4)
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p�g d✓ d� is the area element,

T µ⌫ = (⇢ + u + P + b2)uµu⌫ + (P +
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is the stress-energy tensor, bµ is the magnetic four-vector, b2 = bµbµ
is twice the magnetic pressure, and uµ is the proper velocity (Gam-
mie et al. 2003). To distinguish jets and winds, we make use of
the specific energy flux, µ = �T r

t /(⇢ur): the value of µ determines
the maximum possible Lorentz factor an outflow would achieve if
all of its internal and magnetic energy were converted into kinetic
energy. We refer to regions with µ � 2 as the relativistic jets and
µ < 2 as the mildly relativistic winds (Tchekhovskoy et al. 2011;
Tchekhovskoy 2015).

Figure 2(a) shows the jet and wind powers, Pjet and Pwind re-
spectively, evaluated at rout. Because relativistic jets are powered
by large-scale poloidal magnetic fields, it is perhaps not surprising
that the strong poloidal flux model, BPS, forms powerful relativis-
tic jets. In fact, Fig. 2(a) shows that the jet power ramps up shortly
after the light crossing time, rout/c ' 0.033 s, and flattens out at

Figure 2. The jet power Pjet (panel a, solid lines) and jet e�ciency ⌘jet
(panel b) at rout = 109 cm ⇡ 2000 rg strongly depend upon the post-merger
magnetic field geometry (see legend in panel b), producing a ⇠ 102 times
di↵erence in Pjet between the di↵erent geometries. For all geometries, ⌘jet
approaches ⌘MAD ⇠ 1 coincidentally with the time the disc reaches its MAD
state (see Fig. 3(b)). This is the first demonstration of a powerful jet forming
from a purely toroidal magnetic post-merger geometry. In the BT model, the
surrounding disc winds disrupt the jet, fueling its intermittence, portrayed
as the broken lines in Pjet and ⌘jet. During jet disruptions, the EM power
at rout (thin solid line) is therefore solely contained within the surround-
ing disc winds. The power contained within the disc winds is ⇠ few times
less powerful than the jet and follows a similar temporal trend as Pjet. A
coloured version of this plot is available online.

Pjet ' 3 ⇥ 1051 erg s�1 until ⇠ 0.5 s (F19). How can the jet power
remain constant even though the mass accretion rate rapidly de-
clines, as seen in Fig. 1? Fig. 2(b) shows that this decline leads to
the increase in jet e�ciency, ⌘jet ⌘ Pjet/hṀaccr c2i – the ratio of jet
to accretion power – from 1% at t ⇠ 0.05 s to 100% at 0.5 s in our
BPS model.

This change in e�ciency by two orders of magnitude implies
that, unlike a typical expectation that jet power follows mass ac-
cretion rate, there is no one-to-one connection between the mass
accretion rate and jet power. To understand this, it is helpful to
look at the behavior of the large-scale poloidal magnetic flux that
passes through the BH and powers the relativistic jets,

�BH = 0.5
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|Br | dA, (6)

where the integral is over both hemispheres of the event horizon,
rH = rg[1 +

p
1 � a2], and the factor of 0.5 converts it to a single

hemisphere (Tchekhovskoy et al. 2011). Because the jet power is
proportional to the square of BH magnetic flux (Blandford & Zna-
jek 1977; Tchekhovskoy et al. 2010b),

Pjet / �2
BH, (7)

the constancy of the jet power would imply the constancy of �BH
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Figure 1. For a wide range of post-merger magnetic field geometries (see
legend), we find a very similar temporal trend in the rest mass accretion
rate (panel a) on the BH such that at late times (t & 5 ⇥ 10�2 s), there is
negligible di↵erence between each model. However, these slight di↵erences
in the temporal decline of Ṁaccr imprint themselves as a small variation in
the amount of material Maccr (panel b) accreted on the BH, with a purely
toroidal configuration accreting the most material. The time at which the
MRI fully develops coincides with the peak in Ṁaccr. A coloured version of
this plot is available online.

numerical simulations of BH accretion show a combination of the
two: BH-powered relativistic jets surrounded by sub-relativistic
disc-powered winds (McKinney 2005; Hawley & Krolik 2006;
Tchekhovskoy et al. 2011; Tchekhovskoy 2015). We compute the
net sum of these outflow powers through a surface integral

Ptot(r) = �
 

T r
t dA, (4)

where dA =
p�g d✓ d� is the area element,

T µ⌫ = (⇢ + u + P + b2)uµu⌫ + (P +
1
2

b2)�µ⌫ � bµb⌫ (5)

is the stress-energy tensor, bµ is the magnetic four-vector, b2 = bµbµ
is twice the magnetic pressure, and uµ is the proper velocity (Gam-
mie et al. 2003). To distinguish jets and winds, we make use of
the specific energy flux, µ = �T r

t /(⇢ur): the value of µ determines
the maximum possible Lorentz factor an outflow would achieve if
all of its internal and magnetic energy were converted into kinetic
energy. We refer to regions with µ � 2 as the relativistic jets and
µ < 2 as the mildly relativistic winds (Tchekhovskoy et al. 2011;
Tchekhovskoy 2015).

Figure 2(a) shows the jet and wind powers, Pjet and Pwind re-
spectively, evaluated at rout. Because relativistic jets are powered
by large-scale poloidal magnetic fields, it is perhaps not surprising
that the strong poloidal flux model, BPS, forms powerful relativis-
tic jets. In fact, Fig. 2(a) shows that the jet power ramps up shortly
after the light crossing time, rout/c ' 0.033 s, and flattens out at

Figure 2. The jet power Pjet (panel a, solid lines) and jet e�ciency ⌘jet
(panel b) at rout = 109 cm ⇡ 2000 rg strongly depend upon the post-merger
magnetic field geometry (see legend in panel b), producing a ⇠ 102 times
di↵erence in Pjet between the di↵erent geometries. For all geometries, ⌘jet
approaches ⌘MAD ⇠ 1 coincidentally with the time the disc reaches its MAD
state (see Fig. 3(b)). This is the first demonstration of a powerful jet forming
from a purely toroidal magnetic post-merger geometry. In the BT model, the
surrounding disc winds disrupt the jet, fueling its intermittence, portrayed
as the broken lines in Pjet and ⌘jet. During jet disruptions, the EM power
at rout (thin solid line) is therefore solely contained within the surround-
ing disc winds. The power contained within the disc winds is ⇠ few times
less powerful than the jet and follows a similar temporal trend as Pjet. A
coloured version of this plot is available online.

Pjet ' 3 ⇥ 1051 erg s�1 until ⇠ 0.5 s (F19). How can the jet power
remain constant even though the mass accretion rate rapidly de-
clines, as seen in Fig. 1? Fig. 2(b) shows that this decline leads to
the increase in jet e�ciency, ⌘jet ⌘ Pjet/hṀaccr c2i – the ratio of jet
to accretion power – from 1% at t ⇠ 0.05 s to 100% at 0.5 s in our
BPS model.

This change in e�ciency by two orders of magnitude implies
that, unlike a typical expectation that jet power follows mass ac-
cretion rate, there is no one-to-one connection between the mass
accretion rate and jet power. To understand this, it is helpful to
look at the behavior of the large-scale poloidal magnetic flux that
passes through the BH and powers the relativistic jets,

�BH = 0.5
Z

r=rH

|Br | dA, (6)

where the integral is over both hemispheres of the event horizon,
rH = rg[1 +

p
1 � a2], and the factor of 0.5 converts it to a single

hemisphere (Tchekhovskoy et al. 2011). Because the jet power is
proportional to the square of BH magnetic flux (Blandford & Zna-
jek 1977; Tchekhovskoy et al. 2010b),

Pjet / �2
BH, (7)

the constancy of the jet power would imply the constancy of �BH
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Figure 5. A sequence of vertical slices through density in our toroidal post-merger field simulation BT showing flips in magnetic polarity (solid and dotted
lines representing positive and negative polarity, respectively) of the jets (blue regions). The magnetic polarity switches from negative (left panel) to positive
(right panel), causing the BH magnetic flux to reconnect away, dropping the power in the relativistic jets (see Fig. 2), and the surrounding disc winds to choke
the jets (middle panel; see also Fig. 2(a)). This is the first demonstration of a striped jet formation in a BH accretion simulation with the stripes naturally
emerging through a large-scale poloidal flux dynamo in the disc rather than introduced through an initial condition. A colour version of this plot is available
online.

3.3 disc Dynamo and Poloidal Magnetic Flux Generation

How is it possible that even in the absence of any poloidal magnetic
flux, model BT produces relativistic jets, which require large-scale
poloidal magnetic flux (Beckwith et al. 2008; McKinney & Bland-
ford 2009; McKinney et al. 2012)? This has never been seen in nu-
merical simulations of compact discs, such as those expected in a
binary merger. The yellow line in Fig. 4 shows the time-dependence
of the magnetic flux through the northern hemisphere of the BH,
�BH,north, normalized by the mass accretion rate (see eqn. 9). While
initially starting at zero, the magnetic flux increases in magnitude.
This suggests that that the initial purely toroidal post-merger mag-
netic field undergoes a dynamo-like process that can generate large-
scale poloidal magnetic flux. We can see the dynamo action in
the movies5 of model BT through the emergence of poloidal mag-
netic loops above and below the equatorial plane. This behavior is
consistent with an ↵�⌦ like poloidal flux dynamo (Mo↵att 1978;
Liska et al. 2018). The dimensionless flux evolves slowly with time,
approaching the critical MAD state (although �BH ⇠ 50 is not
strictly reached in the duration of the simulation). The polarity of
the emerging poloidal magnetic flux appears to switch at random,
likely reflecting the randomness of the magnetized turbulence un-
derlying the dynamo.

To understand the connection between the magnetic flux and
the jet power, it is helpful to look at the absolute magnetic flux,
�BH (see eqn. 9), the square of which controls the jet power. We see
that the jet power varies significantly (see Fig. 2(a)), with the jets
shutting o↵ at multiple times. The jets become suppressed due to
the winds of the surrounding disc choking and disrupting the jets,
especially at the times when the magnetic flux vanishes and the jets
are weakened. Fig. 5 illustrates how one such flux flip happens.
The jets seen in blue in the left panel (at t ⇡ 1.03 s), have a well-
defined structure. In contrast, in the middle panel (at t ⇡ 1.16 s), the
surrounding winds disrupt the jets. The right panel shows that even-
tually the jets manage to push through (at t ⇡ 1.25 s). Such mag-
netic flux polarity flips occur frequently and do not appear to show

5 https://goo.gl/ct7Htx

any obvious periodicity, as seen in Fig. 4. The average duration be-
tween the flips appears to increase with the increasing simulation
time. We do not see such sign flips in the BPS and BPW models,
suggesting that at least on large scales, the initial post-merger mag-
netic flux dominates in these models the flux, if any, produced by
the dynamo. Note that jet power shut-o↵s occur more frequently
than the polarity flips, indicating that many factors (not just the
strength of the magnetic flux but also, e.g., mass-loading of the po-
lar regions by the ambient gas) determine the success of relativistic
jet formation. When the jets are shut o↵, the EM power at rout is
solely contained within the surrounding disc winds. This power,
displayed as the thin blue line in Fig. 2(a), can contribute substan-
tially to the total EM power of the combined jet + wind regions.
At late times, t & 4 s, Figs. 3(b) and 4 show that �BH approaches
the critical value of 50, and Fig. 2(b) shows that the dimensionless
jet power ⌘jet approaches the critical value of 1. This suggests that
even absent poloidal post-merger magnetic flux, the system man-
ages to generate its own poloidal flux and approach (but not quite
reach) the MAD state. With a longer simulation, it is plausible that
we would see a full MAD state develop in our BT model, allowing
us to use the jet power as an observational window in the accretion
on the BH (see eqn. 10).

Why has no simulation seen the development of strong BH
magnetic fields in simulations of compact discs with purely toroidal
initial magnetic field? There are several possible explanations.
First, BH magnetic flux becomes substantial (Fig. 4) and the jets
become noticeably strong relative to the accretion flow (Fig. 2) only
at t & 3 s. This corresponds to an extremely long duration of the
simulation in terms of BH light crossing times, t ⇠ 2 ⇥ 105 rg/c,
much longer than the typical simulation duration of ⇠ 104 rg/c.
Thus, previous simulations might not have been long enough to
observe this e↵ect. Second, in order to see the dynamo action, we
needed to use very high resolutions, 512 ⇥ 256 ⇥ 128 cells (see Ta-
ble 1). We found that while a simulation at twice as small resolution
(i.e.256 ⇥ 128 ⇥ 64 cells) marginally resolved the toroidal MRI, it
did not resolve the poloidal MRI, and did not show noticeable signs
of large-scale poloidal magnetic flux dynamo.

We note that in the context of radially-extended accretion
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Table 2. Summary of our results. From left to right: Cumulative jet energy Ejet, cumulative isotropic-equivalent jet energy Eiso, jet opening angle h✓jeti
(averaged over both jets and up to 1 s), accreted mass Maccr, ejected mass Mejec, ejected mass within the red kilonova component Mejec,red (with electron
fraction Ye < 0.25) and the blue component Mejec,blue (Ye > 0.25), the average radial speed of all ejecta hvri, the average radial speed within the red hvrired
and blue hvriblue kilonova components, and the average electron fraction hYei of all ejecta. All mass values listed as percentages are normalized to the initial
torus mass (0.033 M�) while speeds are normalized to the speed of light.

Model Ejet Eiso h✓jeti Maccr Mejec Mejec,red Mejec,blue hvri hvrired hvriblue hYei
Name (1050 erg) (1052 erg) (�) (%) (10�2 M�) (%) (10�2 M�) (%) (10�2 M�) (%) (10�2 M�)
BPS 25 22 13 60 2 40 1.3 37 1.2 3 0.1 0.18 0.17 0.3 0.16
BPW 3.9 3.6 6.4 67 2.2 30 0.99 27 0.89 3 0.1 0.08 0.07 0.16 0.19
BT 0.2 1.3 4.6 71 2.3 27 0.89 25 0.83 2 0.066 0.05 0.05 0.08 0.18

components:

P = [1 + Ye]
⇢ k T
mn
+

1
3

aradT 4. (2)

Here, arad is the radiation constant and mn is the neutron mass. The
electron fraction Ye is evolved according to the numerical proce-
dures outlined in F19. We note that our choice for the adiabatic in-
dex �ad was selected by comparing with hydrodynamic simulations
which use a physical EOS (see Appendix A1 of F19).

We performed three simulations di↵ering only in the initial
post-merger magnetic field geometry within the torus. We consid-
ered two models, one with a strong poloidal magnetic field config-
uration (BPS, described in detail in F19) and one with a weak field
configuration (BPW model). The initial conditions for both mod-
els are described by a vector potential A� / r5⇢2, which is then
modified to maximize the magnetic flux in the torus as described
in Tchekhovskoy et al. (2011). For each of the two poloidal con-
figurations, we normalized the magnetic field strength such that the
density-weighted ratio of gas to magnetic pressure within the disc,

h�i⇢ =
R
⇢ pgas dV
R
⇢ pmag dV

, (3)

is h�i⇢ = 100 for BPS and 850 for BPW, respectively. Here
dV =

p�g dr d✓ d� is the volume element and g is the determi-
nant of the metric. For BPS, the MRI is easily resolved at a mod-
erate resolution throughout the torus and yet the magnetic field is
not too strong to violently distort the torus after being amplified by
the shear and the MRI. For BPW, the magnetic field is ⇠ 3 times
weaker, which requires us to use a numerical grid which is more
finely concentrated near the equatorial plane to resolve the MRI
well and to use twice as a high resolution in the �-direction as in
BPS. We provide a summary of each configuration setup, including
the adopted simulation resolution, in Table 1.

The third and final configuration is a toroidal magnetic field
model, denoted as model BT, with plasma � ⌘ pgas/pmag = 5
throughout the torus. We adopted such a low � value because: i) it
was feasible to resolve the MRI given the available computational
resources and ii) the magnetic pressure is low enough so it does not
disrupt the disc. In all simulations, our numerical grid extends from
just inside the event horizon to ⇠ 105 rg in the radial direction and
from 0 to ⇡ in the ✓ and �-directions.

We carried the simulations out to tmax ⇠ (3�6) ⇥ 105 rg/c '
4�9 s, where rg = GMBH/c2 is the gravitational radius of the BH
and c is the speed of light. Along with the BPS model described
in F19, these are the longest run simulations to date, as measured
in the units of rg/c (e.g. longer than the 2 ⇥ 105rg/c duration in
Narayan et al. 2012). This unusually long duration is necessary for
mass ejection to complete: the cumulative ejected mass dependence
on time flattens out at late times (see Fig. 6(b)). It is also necessary
to capture the jet activity that lasts several seconds (see Fig. 12).

We provide a summary of our results in Table 2 and include videos
of each simulation in Supplementary Information.4

3 SIMULATION RESULTS

3.1 Mass Accretion

Upon the start of the simulation, the disc shear leads to the devel-
opment of the MRI, which amplifies the magnetic field and powers
magnetized turbulence in the disc. This drives accretion of gas onto
the black hole. As shown in Fig. 1(a), the mass accretion rate on the
black hole increases and peaks around 10 ms (⇠ 1000 rg/c). The
mass accretion rate peaks slightly earlier for the strong poloidal
case and slightly later for weaker magnetic fields. Following the
peak, Ṁaccr decays in the form of a power-law whose slope is es-
sentially independent of the post-merger field geometry. Interest-
ingly, the power-law decay portion of Ṁaccr is roughly the same for
all configurations, suggesting that the e↵ects of the magnetic field
geometry are not important qualitatively for the evolution of the ac-
cretion disc past the initial burn-in period (see also Beckwith et al.
2008). This decline in the accretion rate comes from the reduction
in the mass of the disc, due to both accretion onto the BH and ejec-
tion of gas in outflows.

We can perform a more quantitative comparison by look-
ing at the total amount of material accreted by the BH, Maccr, as
shown in Fig. 1(b) and Table 2. The amount of accreted mate-
rial reaches an asymptotic value by ⇠ 2 s for all post-merger ge-
ometries. In the strongest poloidal field model, BPS, the BH con-
sumes the least amount of gas, Maccr ⇠ 60% (0.02 M�), followed by
⇠ 67% (0.022 M�) for weak poloidal field model BPW, and ⇠ 71%
(0.023 M�) for toroidal field model BT. Stronger poloidal magnetic
fields lead to stronger outflows, so there is less gas left to be con-
sumed by the BH. Interestingly, the weaker poloidal magnetic field
models accrete approximately the same amount of mass but do not
reach the hydrodynamic limit (see F19).

3.2 Relativistic Outflows

The simulated discs can eject energy in the form of outflows
launched by the magnetic fields twisted by the rotation of the BH
(Blandford & Znajek 1977; Komissarov 2001; Tchekhovskoy et al.
2010b) or the accretion disc (Blandford & Payne 1982). Typically,

4 https://goo.gl/ct7Htx: There are two sets of videos. The first con-
tains two panels, with the left and right panels showing the logarithm of
density (in g cm�3) and the electron fraction Ye, respectively, in a vertical
slice (see also Fig. 5). The second set displays the mass-weighted red (i.e.
Ye < 0.25 material) and blue (i.e. Ye < 0.25 material) kilonova compo-
nents and the jet (green) at a distance of rout = 109 cm ⇡ 2000 rg (see also
Fig. 10).
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Pending Issues in Disk Modeling

1) Improve neutrino transport (with GRMHD): outflow composition

3) Realistic initial conditions for magnetic field and matter

2) HMNS disk in MHD (long-term)



Summary
1. HMNS disks evolved in hydrodynamics + viscosity + neutrino 

heating cannot reproduce blue kilonova from GW170817 if fitting 
observations with two-component fit (need MHD, composite 
ejecta, or enhanced dynamical ejecta)

3. Disks with initial magnetic fields mostly toroidal can also 
produce a jet, although power is intermittent due to field 
reversals

2. GRMHD simulations show that magnetic stresses can enhance 
mass ejection above weak freezout (hydro), effect is dependent on 
the strength of the initial poloidal field.

Thanks to:


