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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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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)

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

Just et al. (2015, 2021) Lee, Ramirez-Ruiz, & 
Lopez-Camara (2009)

Metzger (2009)

Setiawan et al. (2005)

Perego+(2014)

Fujibayashi+(2017, 2020)

Rodrigo Fernández  - APS April 2021 - slide #3



Hydro: lower limit to mass ejection

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
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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,
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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,
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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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Figure 1. Cumulative distribution of post-merger disk masses, obtained by using analytic formulae for the post-merger BH mass and spin (Pannarale 2014),
remnant mass outside the BH (Foucart et al. 2018), and mass in dynamical ejecta (Krüger & Foucart 2020). For fixed ingoing NS mass Mns and BH mass
Mbh(in), the intervals 9�13 km for NS radii and 0�0.7 for ingoing BH spins are uniformly sampled. The uncertainty range in the post-merger BH mass Mbh(out)
indicates the range in median values obtained by using the NS masses shown, with the central value corresponding to Mns = 1.4M� . The triangles indicate
the initial disk masses selected for our hydrodynamic simulations (c.f. Table 1). The fraction of mergers that result in NS disruption for each {Mbh(in), Mns }
pair is shown in purple.

gular momentum, entropy, and electron fraction, with mass fractions
assumed to be in NSE (e.g., Fernández & Metzger 2013). Param-
eters are chosen according to §2.1. The floor of density is set to
10 g cm�3 at r = 4Rd, and has an initial radial dependence r�2. For
r  4Rd, the radial exponent of the floor is smoothly brought to
zero on a timescale of 40 orbital times at r = Rd, reaching a flat
floor in this region (Fernández et al. 2019, see also Just et al. 2015).
The initial ambient density is set at 1.1 times the floor.

The computational domain extends from an inner radius rin
midway between the radius of the innermost stable circular orbit
(ISCO) risco and the BH horizon, to an outer radius rout = 104rin,
with the polar angle spanning the range [0, ⇡]. The grid is discretized
logarithmically in radius, using 128 cells per decade, and a polar
grid equispaced in cos ✓ using 112 cells. On the equatorial plane,
this results in a spacing �r/r ' 1.8% ' 1� ' �✓. This resolution is
double that of the models in Fernández et al. (2017), equivalent to
that of the high-resolution models of Fernández & Metzger (2013)
and Fernández et al. (2015a), and the same as in Fahlman & Fer-
nández (2018) and the hydrodynamic models of Fernández et al.
(2019). The boundary conditions are set to outflow in radius and
reflecting in ✓.

2.3 Nuclear Reaction Network Post-Processing

Passive tracer particles are initially placed in the disk following the
density distribution. For each hydrodynamic simulation we employ
104 particles, each representing an equal amount of mass. Parti-
cles are advected with the flow and record various kinematic and
thermodynamic quantities as a function of time. Particles that are
ejected with positive Bernoulli parameter beyond a radius of 109 cm
by the end of the simulation are considered to be part of the disk
outflow.

Outflow trajectories are post-processed with the nuclear reac-
tion network SkyNet (Lippuner & Roberts 2017), using the same
settings as in Lippuner et al. (2017). The network employs 7843
nuclides and more than 1.4 ⇥ 105 reactions, including strong for-
ward reaction rates from the REACLIB database (Cyburt et al.
2010) with inverse rates computed from detailed balance; sponta-
neous and neutron-induced fission rates from Frankel & Metropolis
(1947), Mamdouh et al. (2001), Wahl (2002), and Panov et al.
(2010); weak rates from Fuller et al. (1982), Oda et al. (1994),
Langanke & Martínez-Pinedo (2000), and the REACLIB database;

and nuclear masses from the REACLIB database, which includes
experimental values were available, or otherwise theoretical masses
from the finite-range droplet macroscopic model (FRDM) of Möller
et al. (2016).

The rates of electron neutrino/antineutrino absorp-
tion/emission recorded by the trajectory are included in the
evolution of the proton and neutron fraction. Likewise, the tem-
perature and entropy are evolved self-consistently by accounting
for nuclear heating from the network, as well as viscous heating
and neutrino heating/cooling in the hydrodynamic simulation as
recorded by the trajectory.

Processing begins when the trajectory reaches 10 GK for the
last time, or when the temperature is maximal if lower than 10 GK at
all times. For the portion of the evolution in which the temperature
is higher than 7 GK, abundances are evolved in NSE, subject to
neutrino interactions, while full network integration is carried out
at lower temperatures. Trajectories are extended beyond the end
of the simulation (12 � 25 s) by assuming that the density decays
with time as t�3, to allow r-process nuclei with long half-lives to
decay. Since the r-process is complete by the time this transition is
made, most of the nuclear heating has already been deposited and
the exact time dependence of the density decay is not important.
While trajectories are evolved until 30 yr, information is extracted
at t = 1 day and t = 1 week to estimate the properties of the kilonova
at peak.

2.4 Models Evolved

Table 1 shows all of the hydrodynamic models we evolve. As a
baseline set, we take disks with initial conditions as described in
§2.1: black hole and disk masses as in Figure 1, initial entropy
8kB per baryon, and initial electron fraction Ye,ini = 0.2. Model
names follow the convention bXXdYY, where XX and YY refer to
the BH mass and disk mass, respectively. Tori are constructed as
an equilibrium solution to the momentum equation with constant
Bernoulli parameter, constant angular momentum, and the pseudo-
Newtonian potential of the BH (Fernández & Metzger 2013). The
torus shape is controlled by a dimensionless distortion parameter
d (Stone et al. 1999) which is solved for by fixing the entropy,
Ye, and torus mass. The distortion parameter is related to the torus
initial Bernoulli parameter bini, black hole mass Mbh ⌘ Mbh(out),
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Table 2. Summary of results. Columns from left to right show model name, disk compactness (eq. 3), ejected mass, fraction of initial disk
mass ejected Mej/Md, average ouflow velocity, average outflow electron fraction, ejecta mass with XLa+Ac < 10�4 (Mblue), ejecta mass with
XLa+Ac > {10�4, 10�3, 10�2 } ({M�4, M�3, M�2 }, respectively), and radioactive heating power (in units of 1040 erg s�1) at 1 day and 7 days,
ignoring thermalization e�ciency.

Model Cd Mej Mej/Md hv/ci hYe i Mblue/Mej M�4/Mej M�3/Mej M�2/Mej L40,1d L40,1w
(10�2 M�) (10�2)

b03d01 0.60 0.21 0.21 3.4 0.28 0.75 0.25 0.18 0.10 8.9 0.99
b03d03 0.57 0.19 3.3 0.28 0.84 0.16 0.09 0.03 21 2.2
b03d10 1.8 0.18 3.4 0.29 0.93 0.07 0.03 0.01 60 5.9
b03d30 4.8 0.16 3.1 0.29 0.86 0.14 0.08 0.05 150 17
b05d01 1.00 0.11 0.11 3.4 0.29 0.72 0.28 0.20 0.09 4.5 0.51
b05d03 0.32 0.11 3.4 0.30 0.87 0.13 0.04 0.02 12 1.2
b05d10 0.98 0.09 3.5 0.31 0.98 0.02 0.01 0.01 30 2.8
b05d30 2.7 0.09 3.1 0.31 0.98 0.02 0.02 0.01 72 6.3
b08d01 1.33 0.05 0.05 3.3 0.28 0.66 0.34 0.25 0.12 2.3 0.25
b08d03 0.15 0.05 3.9 0.30 0.82 0.18 0.08 0.05 5.5 0.58
b08d10 0.49 0.05 3.6 0.33 0.99 0.01 0.01 0.00 13 1.1
b08d20 0.87 0.04 3.9 0.33 1.00 0.00 0.00 0.00 19 1.6
b10d01 1.11 0.09 0.09 3.4 0.29 0.72 0.28 0.20 0.12 3.9 0.47
b10d03 0.27 0.09 3.4 0.31 0.86 0.14 0.06 0.02 8.6 0.99
b10d10 0.90 0.09 3.3 0.33 0.98 0.02 0.02 0.01 23 2.5
b10d20 1.7 0.08 3.5 0.34 0.99 0.01 0.01 0.00 40 4.3
b15d01 1.25 0.06 0.06 3.7 0.27 0.63 0.37 0.27 0.14 2.9 0.35
b15d03 0.19 0.06 3.5 0.30 0.79 0.21 0.12 0.04 6.8 0.80
b15d10 0.62 0.06 3.5 0.34 0.98 0.02 0.01 0.01 16 1.6

b03d01-y10 0.60 0.21 0.21 3.4 0.26 0.62 0.38 0.32 0.25 9.0 1.1
b03d30-y10 4.1 0.14 3.4 0.28 0.86 0.14 0.10 0.08 130 13
b08d03-y10 1.33 0.16 0.05 3.7 0.29 0.75 0.25 0.20 0.16 6.0 0.71
b03d01-y15 0.60 0.20 0.20 3.3 0.27 0.69 0.31 0.25 0.19 8.9 1.1
b03d30-y15 4.3 0.14 2.8 0.28 0.85 0.15 0.12 0.09 120 13
b08d03-y15 1.33 0.15 0.05 3.7 0.30 0.76 0.24 0.18 0.10 5.5 0.64

b03d03-v10 0.60 0.28 0.28 5.6 0.27 0.55 0.45 0.41 0.34 13 1.2
b08d03-v10 1.33 0.31 0.10 5.5 0.31 0.77 0.23 0.20 0.15 12 0.83
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Figure 2. Left: Fraction of the initial disk mass ejected with positive Bernoulli parameter (eq. 2) as a function of BH mass. Di�erent symbols and colors
correspond to di�erent disk masses, as labeled. The gray number above each symbol column corresponds to the disk compactness parameter Cd (eq. 3). Right:

Fraction of the initial disk mass ejected as a function of disk compactness parameter, using the same color and symbol coding as in the left panel. The gray
numbers above each symbol column denote the corresponding BH mass. The red dotted line is a linear fit to the ejected fraction for disks with Md = 0.03M� .
GRMHD e�ects can enhance the ejected fraction and average velocity by up to a factor of ⇠ 2 relative to hydrodynamic models (Fernández et al. 2019).
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Figure 3. Top: Mass accretion rate at the ISCO ( €Misco, dotted lines), cu-
mulative accreted mass at the ISCO (Macc, dashes lines), and mass outflow
rate in unbound material at r = 109 cm ( €Mout, solid lines) as a function
of time for models b08d03 (high-compactness), b03d01 (low compactness,
low disk mass), and b03d30 (low compactness, high disk mass), as labeled.
To facilitate comparison, the data from models b08d03 and b03d30 has
been normalized to a disk mass of 0.01M� (as in model b03d01). Bottom:

Electron neutrino luminosity for models b08d03, b03d01, and b03d30, as
labeled. The fraction of the disk ejected is related to the fraction of the disk
accreted at the time when weak interactions freeze out.

The physical origin of these trends in mass ejection can be
traced back to the nature of the ejection mechanism. Most of the
outflow is launched once weak interactions freeze out in the disk,
removing the source of cooling. The fraction of the disk mass avail-
able to be ejected depends on how much has already been lost to
accretion onto the BH by the time freezout occurs. This interplay
is illustrated in Figure 3, which shows the evolution of the mass
accretion rate ( €Misco) and cumulative mass accreted at the ISCO
(Macc), mass ejection rate at large radii ( €Mout), and the electron
neutrino luminosity.

In the model with the highest compactness (b08d03), accre-
tion starts much earlier when measured in orbital times than in the
lower-compactness models. By the time weak interactions freeze
out (steep plummet in neutrino luminosity at about 100 orbits) a
significant fraction of the disk (85%) has already been accreted to
the BH. This earlier onset of accretion, despite having the same
viscosity parameter, is due to the disk being closer to the ISCO.
In terms of dimensionless numbers: risco/Rd = {0.26, 0.57} for
Cd = {0.60, 1.33}, respectively.

For disks of the same compactness, the evolution of the accre-
tion rate is very similar. Figure 3 shows that mass ejection begins

Figure 4. Distribution of net specific heat gained by tracer particles due
to source terms (eq. 7) in the hydrodynamic evolution of models b08d03,
b03d01, and b03d30, as labeled. The heat gain is normalized to the initial
Bernoulli parameter in the disk (eq. 1).

later in the more massive disk, which also takes longer time to reach
freezout of weak interactions. More massive disks are more opti-
cally thick to neutrinos owing to their higher initial density, and
for the same strength of viscosity, it takes more orbits for the den-
sity to decrease to a level where neutrino processes are no longer
e�ective in cooling the disk. At the time when the neutrino luminos-
ity reaches 1050 erg s�1, models b03d01 and b03d30 have accreted
60% and 78% of their initial disk masses, respectively.

The density dependence of the neutrino optical depth is not the
only factor influencing the freezout time. Table 1 and equation (1)
show that to keep the entropy constant, initial equilibrium disks
with higher masses also have a higher internal energy content and
therefore higher temperatures. This e�ect is stronger for lower com-
pactness configurations. While disk material is more weakly bound,
it can also radiate neutrinos at relevant levels for a longer time, and
so this acts in the direction of delaying the onset of mass ejection.
The post-merger entropy of the disk thus is an important parameter
to keep track of in dynamical merger simulations given its e�ect on
mass ejection e�ciency.

Using the outflow trajectories from hydrodynamic simulations
we can further analyze the energetics of mass ejection. In particular,
we can quantify the strength and importance of di�erent processes
that change the heat content of the fluid: viscous heating, neutrino
heating/cooling, and nuclear recombination of alpha particles. For
each trajectory, we compute the time integral of the local energy
source term, yielding the heat gained or lost by the fluid element
per unit mass:

�qvisc =

π tmax,p

0
€qviscdt (4)

�q⌫ =

π tmax,p

0
€q⌫dt (5)

�q↵ =
B↵

m↵

⇥
Xalpha(tmax,p) � X↵(0)

⇤
(6)

�qnet = �qvisc + �q⌫ + �q↵, (7)

where { €qvisc, €q⌫} stand for viscous heating and neutrino heat-
ing/cooling, respectively, B↵/m↵ ' 6.8⇥1018 erg g�1 is the specific
nuclear binding energy of alpha particles, X↵ is the mass fraction of
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Figure 9. Distribution of lanthanide and actinide mass fractions at 1 day,
for nuclear-network-processed particles from models b08d03 (baseline),
b08d03-y10 and b08d03-y15 (varying initial Ye ), and b08d03-v10 (high
viscosity), as labeled. The bin size is the same is in the top panel of Figure 6.
The lowest bin contains all the particles with XLa + Xac < 10�14.5.

primarily by neutrino emission processes, which adjust to provide
the required change in Ye toward equilibrium.

Models with higher viscosity have a similar average Ye than
their low-viscosity counterparts, but a significantly higher fraction
of material rich in lanthanide and actinides. The electron fraction
distribution of model b08d03-v10 has a tail to low Ye that extends
well below the lower limit of the distribution of model b08d01.
Figure 7 shows that the material with the lowest Ye is ejected at the
earliest times in the high-viscosity model, in line with the general
expectation that the faster the evolution of a disk, the stronger the
sensitivity of the outflow composition to initial conditions (this is
consistent with the results of GRMHD simulations, which show
even stronger memory of initial conditions given their faster evolu-
tion; Fernández et al. 2019).

3.3 Implications for EM counterpart searches

The key question we are interested in is how does the disk out-
flow contribute to a kilonova transient. The answer depends on the
amount of mass ejected and its velocity, its composition, as well as
how e�ciently does the radioactive heating thermalize (e.g., Met-
zger 2019).

The mass ejected, and the composition to a lesser extent, de-
termines how much radioactive power is available for a kilonova.
Figure 10 shows the total radioactive heating luminosity at 1 day as
a function of compactness parameter Cd and initial disk mass. For
fixed compactness, the total radioactive heating is proportional to
the ejected mass, since the average radioactive heating per unit mass
is close to 2 ⇥ 1010 erg g�1 s�1 for most models, given their similar
composition. The dependence of ejected fraction on compactness
results in an additional variation of a factor ⇠ 5 between the least
and most compact models, for fixed disk mass.

The raw radioactive heating at 1 day ranges from 2 ⇥
1040 erg s�1 for the lightest and most compact disk (b08d01) to
1.5⇥1042 erg s�1 for the heaviest disk in the least compact configu-
ration (b03d30). Thermalization e�ciency can result in a decrease
in these values by a factor ⇠ 2 (Barnes et al. 2016; Waxman et al.
2019; Kasen & Barnes 2019; Hotokezaka & Nakar 2020), while
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Figure 10. Total radioactive heating luminosity at 1 day as a function of
disk compactness (eq. 3), for various disk masses, as labeled. The BH
mass is shown in gray under each symbol column. The crosses denote the
heating rates interpolated to the median disk masses from Figure 1. The total
radioactive heating rate is an upper limit to the bolometric luminosity of the
kilonova, being subject to thermalization e�ciency and radiative transfer
e�ects.

radiative transfer e�ects (dependent on the opacity and thus on
composition) set whether this power can readily escape the ejecta
or is trapped until later times. Table 2 shows that the radioactive
power at 1 week is about 10 times smaller than that at 1 day for most
models.

If we take the median disk masses from Figure 1
as representative values for each BH mass and interpolate
the ejected masses from Table 2, we obtain disk outflow
masses {2.00, 0.70, 0.22, 0.25, 0.14} ⇥ 10�2M� for BH masses
{3, 5, 8, 10, 15}M� , respectively. These values are subject to en-
hancement by a factor . 2 if GRMHD e�ects were to be included
(Fernández et al. 2019; Christie et al. 2019).

In the case of GW190425, for which our lowest BH mass model
would be applicable, the median disk outflow mass would be similar
to the total ejecta from GW170817 within a factor of two, and hence
it would have been detected with good sky coverage (Kyutoku et al.
2020). A BH-NS merger with a low-mass BH and high-mass NS
is most e�cient at tidally disrupting the NS and most ine�cient at
producing dynamical ejecta, with most mass ejection coming from
the disk (Foucart et al. 2019). In contrast, two massive NS that
collapse promptly to a BH are the least e�cient configuration for
ejecting mass and forming a disk (e.g., Radice et al. 2018, but see
Kiuchi et al. 2019; Bernuzzi et al. 2020 for the case of an asymmetric
mass ratio NS-NS merger generating a more massive BH accretion
disk than a symmetric binary).

Regarding the BH-NS merger candidate S190814bv, which had
a much smaller localization area and deeper EM coverage relative
to other candidates, constraints on the total mass ejection are in
the range 0.02 � 0.1M� depending on viewing angle, composition,
and distance. (e.g., Andreoni et al. 2020; Kawaguchi et al. 2020b;
Vieira et al. 2020). Our results indicate that, with the exception of
a very low-mass BH and/or very high disk masses, most BH-NS
merger systems would not have generated su�cient disk outflow for
a detectable kilonova.

An additional factor influencing the kilonova appearance is the
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Radioactive luminosity covers factor of 100 
(subject to thermalization and radiation 
transport effects)

No EM counterparts detected in 
O3 events. These included at 
least 1 well-localized BH-NS 
candidate with extensive 
coverage.

KN constraints on ejecta from 
GW190814 means most of BH-NS 
parameter space of disk ejection 
would be below detection.

See Raaijmakers+21 for an 
application of disk fraction results 
to parameter inference from 
GW+EM detections.

RF, Foucart, & Lippuner (arXiv: 2005.14208)
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Summary

1. Ejected fraction in BH-NS disks evolved in viscous hydrodynamics 
depends on disk compactness and disk mass (in addition to the 
known dependence on strength of viscosity). Dependence to be 
further investigated in MHD (Fahlman talk G09)

2. Over most of BH-NS parameter space, radioactive energy generation 
can vary by factor ~100, large range of possible disk-powered 
kilonovae. 

Thanks to:

3. Ejected fraction depends on ratio of ISCO to disk size (compactness) 
and time to freeze out neutrino processes (dependent on disk mass).


