
RF & Metzger (2016)

Neutron Star Mergers: Overview

https://ui.adsabs.harvard.edu/abs/2016ARNPS..66...23F/abstract


Mass limit for prompt BH formation, and lifetime of HMNS 
influenced by the EOS, as well as treatment of magnetic fields 
(which regulates differential rotation support) and neutrino 
transport (thermal support).

Merger Remnant: Mass Limits
BHNS: remnant is always a BH, semianalytic formulae 
connect initial binary mass with remnant BH mass, calibrated 
with Numerical Relativity simulations.

NSNS: depending on initial binary mass, remnant can be:

1) Promptly-formed BH (~ 1ms)

2) Hypermassive NS (HMNS): differential rotation, finite lifetime

3) Supermassive NS (SMNS): uniform rotation (low-mass cases)

e.g., Anderson et al. (2008), Giacomazzo et al. (2011), Kaplan et al. (2014)

e.g., Pannarale (2014)

https://ui.adsabs.harvard.edu/abs/2008PhRvL.100s1101A/abstract
https://ui.adsabs.harvard.edu/abs/2014ApJ...790...19K/abstract
https://ui.adsabs.harvard.edu/abs/2014PhRvD..89d4045P/abstract


Merger Remnant: Gravitational Waves
Clark et al. (2016)

Bauswein et al. (2012)

fpeak

e.g. Palenzuela et al. (2015), Breschi et al. (2022)

The remnant of a NSNS 
merger executes 
oscillations at ~few kHz 
frequencies. Detectable 
out to ~20Mpc currently.

The peak frequency is the ~ inverse 
dynamical time

Encodes information about the EOS.

e.g. Shibata & Taniguchi (2006),  
       Abbott et al. (2017)
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https://ui.adsabs.harvard.edu/abs/2016CQGra..33h5003C/abstract
https://ui.adsabs.harvard.edu/abs/2012PhRvD..86f3001B/abstract
https://ui.adsabs.harvard.edu/abs/2015PhRvD..92d4045P/abstract
https://ui.adsabs.harvard.edu/abs/2022PhRvL.128p1102B/abstract
https://ui.adsabs.harvard.edu/abs/2006PhRvD..73f4027S/abstract
https://ui.adsabs.harvard.edu/abs/2017ApJ...851L..16A/abstract


Accretion Disk

Q1: outflow mass, properties

Q2: r-process contribution

Q3: observational EM signature 
       (contribution to kilonova, jet, etc.)

Structure formed by gas orbiting a central 
object. Gravity balanced mostly by 
centrifugal acceleration (angular momentum). 
Matter is (initially) bound gravitationally.

Thermal pressure provides partial support, 
determines vertical extent of disk (“puffiness”).

Settling of mass onto central object 
(“accretion”) requires gas to lose angular 
momentum and thermal energy.

- neutrino cooling (for NS mergers)

- angular momentum transport mechanism

Mass can be unbound from the accretion 
disk by a variety of mechanisms: disk outflow

Mario Flock / KITP



Accretion Disk: Mass ejection mechanisms

“Thermal” EjectionNeutrino absorption Lorentz force

t ~ms 

depends on existence 
and  strength of poloidal 
field at disk formation

t ~10ms 

important for HMNS, 
sub-dominant for BH

t ~100ms 

neutrino cooling drops 
on viscous time

- MRI turbulence 
(viscous) heating

- nuclear recombination 
(n,p into alpha)

Metzger, Piro, & Quataert (2009)

e.g. Ruffert & Janka (1996)e.g. Blandford & Payne (1982) 
        Blandford & Znajek (1977)

https://ui.adsabs.harvard.edu/abs/2009MNRAS.396..304M/abstract
https://ui.adsabs.harvard.edu/abs/1996A&A...311..532R/abstract
https://ui.adsabs.harvard.edu/abs/1982MNRAS.199..883B/abstract
https://ui.adsabs.harvard.edu/abs/1977MNRAS.179..433B/abstract


j

Outflow in Viscous Hydrodynamics

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

 • Viscous heating & nuclear  
   recombination are unbalanced

 • Fraction ~10-20% of initial disk mass  
   ejected, ~1E-3 to 1E-2 solar masses

 • Material is neutron-rich (Ye ~ 0.2-0.4)

RF+ (2013, 2015, 2020)

 • Wind speed (~0.05c) is slower than 
dynamical ejecta (~0.1-0.3c)

Just et al. (2015, 2022) Lee, Ramirez-Ruiz, & 
Lopez-Camara (2009)

Metzger (2009)

Setiawan et al. (2006)

Fujibayashi et al. (2020a-b)

Haddadi et al. (2023)

https://ui.adsabs.harvard.edu/abs/2013MNRAS.435..502F/abstract
https://ui.adsabs.harvard.edu/abs/2015MNRAS.446..750F/abstract
https://ui.adsabs.harvard.edu/abs/2020MNRAS.497.3221F/abstract
https://ui.adsabs.harvard.edu/abs/2015MNRAS.448..541J/abstract
https://ui.adsabs.harvard.edu/abs/2022MNRAS.509.1377J/abstract
https://ui.adsabs.harvard.edu/abs/2009ApJ...699L..93L/abstract
https://ui.adsabs.harvard.edu/abs/2009ApJ...699L..93L/abstract
https://ui.adsabs.harvard.edu/abs/2009MNRAS.396..304M/abstract
https://ui.adsabs.harvard.edu/abs/2006A&A...458..553S/abstract
https://ui.adsabs.harvard.edu/abs/2020PhRvD.101h3029F/abstract
https://ui.adsabs.harvard.edu/abs/2020PhRvD.102l3014F/abstract
https://ui.adsabs.harvard.edu/abs/2023CQGra..40h5008H/abstract


Hypermassive NS versus BH

Metzger & RF (2014)See also: Dessart+ (2009)

Perego+ (2014) Fujibayashi+ (2017,2018)

Martin+ (2015) Moesta+ (2020)

Ciolfi+ (2020)

https://ui.adsabs.harvard.edu/abs/2014MNRAS.441.3444M/abstract
https://ui.adsabs.harvard.edu/abs/2009ApJ...690.1681D/abstract
https://ui.adsabs.harvard.edu/abs/2014MNRAS.443.3134P/abstract
https://ui.adsabs.harvard.edu/abs/2017ApJ...846..114F/abstract
https://ui.adsabs.harvard.edu/abs/2018ApJ...860...64F/abstract
https://ui.adsabs.harvard.edu/abs/2015ApJ...813....2M/abstract
https://ui.adsabs.harvard.edu/abs/2020ApJ...901L..37M/abstract
https://ui.adsabs.harvard.edu/abs/2020MNRAS.495L..66C/abstract


Disk Evolution in GRMHD

GRMHD evolution of NS merger disks 7
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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

c� 2014 RAS, MNRAS 000, 1–19
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Several groups have carried out GRMHD 
simulations of accretion disks starting from 
equilibrium initial conditions, or mapped 
from a hydrodynamic merger simulation but 
with an equilibrium initial magnetic field.

More recently: ab-initio simulations of 
magnetized BHNS and NSNS mergers.

Siegel & Metzger (2017), RF et al. (2019), Miller et al. (2019), Just et al. (2022)

Must be done in 3D and with sufficient 
spatial resolution to capture the MRI. 
Computationally expensive, but metric can 
be taken as fixed, so cheaper than 
numerical relativity.
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https://ui.adsabs.harvard.edu/abs/2019MNRAS.482.3373F/abstract
https://ui.adsabs.harvard.edu/abs/2017PhRvL.119w1102S/abstract
https://ui.adsabs.harvard.edu/abs/2019MNRAS.482.3373F/abstract
https://ui.adsabs.harvard.edu/abs/2019PhRvD.100b3008M/abstract
https://ui.adsabs.harvard.edu/abs/2022MNRAS.509.1377J/abstract
https://ui.adsabs.harvard.edu/abs/2022PhRvD.106b3008H/abstract


GRMHD: poloidal, toroidal & hydro

Magnetic Fields and Neutron Star Merger Discs 3

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� / r

5⇢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 ⇥ 105

rg/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� / r

5⇢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 ⇥ 105

rg/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� / r

5⇢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 ⇥ 105

rg/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
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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� / r

5⇢2, which is then
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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-
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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
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sumed by the BH. Interestingly, the weaker poloidal magnetic field
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(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).

MNRAS 000, 1–14 (2019)

α = 0.1
α = 0.03 21

22 0.67
0.63

0.05
0.03

0.17
0.20

GRMHD

Hydro

Christie, Lalakos, Tchekhovsoy, RF+ (2019)
Main caveat: Ye set only by neutrino cooling 

α = 0.01 16 0.48 0.260.03

RF et al. (2019)

https://ui.adsabs.harvard.edu/abs/2019MNRAS.490.4811C/abstract
https://ui.adsabs.harvard.edu/abs/2019MNRAS.482.3373F/abstract


Comparison with Dynamical Ejecta

The disk outflow ejecta is in 
general less neutron rich and 
slower than the dynamical ejecta, 
although distinction is not sharp.

The amount of mass ejected in 
the disk outflow vs dynamical 
ejecta depends on the binary 
properties. For GW170817, the 
ejecta was most likely 
dominated by the disk.
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e.g., Shibata et al. (2017), Radice et al. (2020)

https://ui.adsabs.harvard.edu/abs/2016MNRAS.463.2323W/abstract
https://ui.adsabs.harvard.edu/abs/2017CQGra..34o4001F/abstract
https://ui.adsabs.harvard.edu/abs/2017PhRvD..96l3012S/abstract
https://ui.adsabs.harvard.edu/abs/2020ARNPS..70...95R/abstract


Mass Ejection & EM Transients
Matter unbound from a gravitational 
field by one or more processes that 
deposit energy or impart momentum.

Ejecta initially opaque to photons, 
internal energy is trapped.

Upon expansion, density drops 
and photons can escape: peak 
luminosity.

Arnett (1980), Kasen & Woosley (2009)

Further emission requires a 
persistent energy source 
(e.g., radioactive heating).

tpeak �
�

�Mej

vexpc

�1/2

https://ui.adsabs.harvard.edu/abs/1980ApJ...237..541A/abstract
https://ui.adsabs.harvard.edu/abs/2009ApJ...703.2205K/abstract


GW 170817

Drout et al. (2017)
Figure 3: Evolution of the ultraviolet to near-infrared spectral energy distribution (SED)
of SSS17a. (A) The vertical axis, log F�,o, is the logarithm of the observed flux. Fluxes have
been corrected for foreground Milky Way extinction (33). Detections are plotted as filled sym-
bols and upper limits for the third epoch (1.0 days post-merger) as downward pointing arrows.
Less-constraining upper limits at other epochs are not plotted for clarity. Between 0.5 and 8.5
days after the merger, the peak of the SED shifts from the near-UV (<4500 Å ) to the near-IR
(>1 µm), and fades by a factor >70. The SED is broadly consistent with a thermal distribution
and the colored curves represent best-fitting blackbody models at each epoch. In 24 hours after
the discovery of SSS17a, the observed color temperature falls from &10,000 K to ⇠5,000 K.
The epoch and best-fitting blackbody temperature (rounded to 100 K) are listed. SEDs for each
epoch are also plotted individually in Figure S2 and described in (33). (B) Filter transmission
functions for the observed photometric bands.
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Abbott et al. (2017) [LVC]: GW170817

https://ui.adsabs.harvard.edu/abs/2017Sci...358.1570D/abstract
https://ui.adsabs.harvard.edu/abs/2017ApJ...848L..12A/abstract


r-process opacities: kilonova color

r-process

Fe-like

Theoretical kilonova spectra & light curves:

r-process-dominated material 
generates IR transient

(large number of lines in optical)

Lanthanides have more atomic transitions

Much higher opacity than iron-group elements

Kasen et al. (2013)

also Tanaka & Hotokezaka (2013), Fontes+ (2015), 
Tanaka et al. (2020) Non-LTE modeling: e.g., Pognan et al. (2023)

https://ui.adsabs.harvard.edu/abs/2013ApJ...774...25K/abstract
https://ui.adsabs.harvard.edu/abs/2013ApJ...775..113T/abstract
https://ui.adsabs.harvard.edu/abs/2015HEDP...16...53F/abstract
https://ui.adsabs.harvard.edu/abs/2020MNRAS.496.1369T/abstract
https://ui.adsabs.harvard.edu/abs/2020MNRAS.496.1369T/abstract
https://ui.adsabs.harvard.edu/abs/2023MNRAS.526.5220P/abstract


R-process Heating: 
Nuclear Uncertainties
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Nuclear uncertainties have a direct impact 
on kilonova predictions in two ways:

1) Uncertainties in the abundances, which 
affect opacities and heating rates

2) For fixed abundances, uncertainties 
in nuclear properties (beta decay, 
fission, etc) that affect the heating rate.

At late time, individual nuclei can have 
an outsize importance in setting the 
heating rate, modifying the time-
dependence of kilonova light curves.

http://Lanthanides%20have%20more%20atomic%20transitions
https://ui.adsabs.harvard.edu/abs/2018ApJ...863L..23Z/abstract


Neutron-powered Kilonova Precursors

Fastest portion of the ejecta is such 
that neutron-capture freezes out: 
free neutrons left over which decay 
and produce heating.

Dean et al. (2021)

Metzger et al. (2015)

Leading portion of the ejecta, low 
optical depth: thermal transient 
peaking on ~hr timescales, 
powered by neutron decay heating.

Amount of fast ejecta is low (10-6 to 
10-4 Msun), numerical simulations 
have not converged. First few hours 
important to constraint KN models.

Bauswein et al. (2013), Radice et al. (2018), Dean et al. (2021)
Metzger et al. (2015)Arcavi (2018)

https://ui.adsabs.harvard.edu/abs/2021ApJ...921..161D/abstract
https://ui.adsabs.harvard.edu/abs/2015MNRAS.446.1115M/abstract
https://ui.adsabs.harvard.edu/abs/2013ApJ...773...78B/abstract
https://ui.adsabs.harvard.edu/abs/2018ApJ...869..130R/abstract
https://ui.adsabs.harvard.edu/abs/2021ApJ...921..161D/abstract
https://ui.adsabs.harvard.edu/abs/2015MNRAS.446.1115M/abstract
https://ui.adsabs.harvard.edu/abs/2018ApJ...855L..23A/abstract


GRB Emission: Jets
NSs have magnetic fields, merger tangles 
magnetic fields and can launch 
magnetically-powered jets. Jet onset can 
now be obtained self-consistently in 
GRMHD simulations that form BHs.

Sun et al. (2022)

Current challenges include obtaining 
proper field amplification given resolution 
limitations, and understanding whether 
successful relativistic jets can be 
produced with longer-lived HMNS.

https://ui.adsabs.harvard.edu/abs/2022PhRvD.105j4028S/abstract


GRB Emission: Jets

Recent GRMHD simulations of 
NSNS mergers with full 
physics have produced 
successful jets that can break 
out of the slower ejecta.

Whether the jet can break out 
depends on the jet power, 
ejecta mass, and opening 
angle. Nature of jet in 
GW170817 was subject of 
debate. Superluminal apparent 
motion of radio afterglow 
centroid favours successful jet.

Combi & Siegel (2023)

Gottlieb et al. (2018)
Mooley et al. (2018)Duffell et al. (2018)

https://ui.adsabs.harvard.edu/abs/2023PhRvL.131w1402C/abstract
https://ui.adsabs.harvard.edu/abs/2018MNRAS.479..588G/abstract
https://ui.adsabs.harvard.edu/abs/2018Natur.561..355M/abstract
https://ui.adsabs.harvard.edu/abs/2018ApJ...866....3D/abstract


GRB Emission: Afterglow in GW170817

GW170817 produced a non-
thermal afterglow, generated 
when the jet collides with the 
ISM, generating synchrotron 
emission.

Troja et al. (2019)

Single power-law spectrum 
from X-rays to radio was 
observed for up to 3 yr, when 
the source started dropping 
below detection limits, and 
possible deviations were 
suspected.

Hajela et al. (2022)

https://ui.adsabs.harvard.edu/abs/2019MNRAS.489.1919T/abstract
https://ui.adsabs.harvard.edu/abs/2022ApJ...927L..17H/abstract


GRB Emission: application to Cosmology

There is a degeneracy in gravitational 
wave luminosity and inclination angle of 
a source. This degeneracy can be 
broken by using information from the 
EM counterpart. 

Palmese et al. (2023)

Bulla et al. (2022)

Constraints on the Hubble 
constant (redshift from host 
galaxy, luminosity from GWs and 
inclination angle) have been 
placed using GW170817. Best 
constraints use inclination angle 
information such as that from 
super-luminal apparent motion of 
radio afterglow centroid.

https://ui.adsabs.harvard.edu/abs/2023arXiv230519914P/abstract
https://ui.adsabs.harvard.edu/abs/2022Univ....8..289B/abstract


Late-time Radio Transient

Radio transient on ~yr to ~decades timescale (predicted).
Dependent on kinetic energy of ejecta and circum-burst densities.

Hotokezaka et al. (2016)

Sub-relativistic ejecta interacts with ISM and accelerates 
particles: synchrotron emission. Distinct from GRB afterglow.

Nakar & Piran (2011)

Radio upper limit at 4.5yr: Balasubramanian et al. (2022)

https://ui.adsabs.harvard.edu/abs/2016ApJ...831..190H/abstract
https://ui.adsabs.harvard.edu/abs/2011Natur.478...82N/abstract
https://ui.adsabs.harvard.edu/abs/2022ApJ...938...12B/abstract

