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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) Neutron star mergers

2) Accretion disk outflow & neutrinos

2) Effect of Fast Flavor Instability



Neutron Star Mergers

• inspiral 

• merger

Rezzolla+ (2010) 

Unequal mass NS-NS merger:

Phases:

• remnant + ejecta



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.

Neutron Star Mergers



Neutron Star Mergers

RF & Metzger (2016)



r-Process Nucleosynthesis

llnl.gov

~50% of elements heavier than Zinc 
(Z=30) require formation by ‘rapid’ 
neutron capture (r-process) Neutron

Proton
Electron

(+antineutrino)

Rapid neutron 
capture

Unstable 
neutron-rich 

nucleus

Beta decay to 
new element

tn�capture � t��decay

Astrophysical sites that meet the conditions:

1) Neutron Star Mergers
2) Core-Collapse Supernovae

Nuclear Chart & Solar System abundances:

Burbidge et al. (1957), Cameron (1957)

Möller, Nix, & Kratz (1997)



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



Outflow from accretion disk

 • 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 & Metzger (2013)

 • 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)

Fujibayashi et al. (2020)

Haddadi et al. (2022)



GRMHD: poloidal, toroidal & hydro
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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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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�)
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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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Nucleosynthesis with Tracer Particles
Passive tracers follow density distribution Disk is convective

M-R Wu, RF, Martinez-Pinedo & Metzger (2016) • Nuclear network: ~7000 isotopes, 
      include neutrino effects

 • Non-spinning BH, parameter dependencies



Black Hole Accretion Disks
Varying disk viscosity: Varying disk mass:

 • Most sensitive to viscosity: expansion 
time vs weak interaction time

 • Also sensitive to disk mass and 
degeneracy: neutrinos & equilibrium Ye

 • Not very sensitive to initial Ye

M-R Wu, RF, Martinez-Pinedo & Metzger (2016)

 • See also Just et al. 2015



Hypermassive NS versus BH

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

Perego+ (2014) Fujibayashi+ (2017a,b)
Martin+ (2015) Moesta+ (2020)

Ciolfi+ (2020)



HMNS disks

Lippuner, RF, Roberts, et al. (2017)

Varying HMNS lifetime & BH spin Outflow components (lifetime 300ms)



Fast Flavor Instability
Quantum Kinetic equation (fab : occupation number matrix)

(e.g., Sigl & Raffelt 1993)

Hamiltonian matrix:

Self-interaction Hamiltonian

Angular asymmetry in neutrino fluxes can result in rapid (~ns) oscillations 
over small (~cm) distances. Conditions fulfilled in NS merger remnants.

(e.g., Wu & Tamborra 2017)

+ large body of recent work (Richers, Duan, Dasgupta, Xiong, George, etc.)



Global Prescription for Leakage Schemes

flavor equilibration:

Carry out a sequence of simulations, varying oscillation coefficients and HMNS lifetime

Simple implementation in a leakage+lightbulb scheme: neutrinos 
undergo flavor transformation upon emission, so effect applies only 
to absorption.

luminosity for absorption:

“oscillated” luminosities:

“oscillated” temperatures:

(previous work by Li & Siegel 2021 and Just et al. 2022)

lepton number conservation:
<latexit sha1_base64="OsxkEtTO3Dqkgk0hBrkuwhLjIvs="></latexit>

aosc (n⌫e � n⌫x) = bosc (n⌫̄e � n⌫̄x)



Onset of the FFI

RF, Richers, Mulyk, & Fahlman (2022)

Activation Parameter:

arXiv:2207.10680



Hierarchy of Luminosities & Energies

RF, Richers, Mulyk, & Fahlman (2022) arXiv:2207.10680



Effect on Ye distribution: BH

RF, Richers, Mulyk, & Fahlman (2022)

Increasing the strength of 
flavor transformation makes 
the outflow more neutron 
rich: electron fraction 
distribution shifts

A short-lived HMNS 
preserves the trend: more 
neutron rich outflow (a 
neutrino-driven component 
emerges)

arXiv:2207.10680



Effect on Ye distribution: HMNS

RF, Richers, Mulyk, & Fahlman (2022)

For longer lived HMNS disks, 
the strength of flavor 
transformation also 
introduces a less neutron 
rich component 

The effect is strongest for 
very long-lived HMNS (until 
the end of the simulation)

arXiv:2207.10680



RF, Richers, Mulyk, & Fahlman (2022)

FFI and Radiative Driving

arXiv:2207.10680

For long-lived HMNS, flavor 
transformation increases 
radiative driving: low velocity 
outflow is removed.

Effect of temperature 
swapping is most important 
for radiative driving. Keeping 
swapping of fluxes but not of 
temperature yields similar 
results to unoscillated case.



Trends with Flavor Swap

RF, Richers, Mulyk, & Fahlman (2022)

Short-lived HMNS: lower Ye, mass ejection decreases

Long-lived HMNS: higher Ye, mass ejection can increase

faster outflow in all cases (lower amount of  marginally bound ejecta)

arXiv:2207.10680



Nucleosynthesis 
Effects

RF, Richers, Mulyk, & Fahlman (2022)

Overall, minor impact on the 
composition of the outflow.

Mass fraction of lanthanides 
can change by a factor ~ 2

arXiv:2207.10680



Summary

Thanks to:

1. Global prescription for the FFI applicable to neutrino leakage 
schemes, using flavor equilibration at varying levels, or 
conservation of lepton number. Applied to accretion disks.

2. Effects controlled by swapping of neutrino fluxes and mean 
energies. 

3. Prompt BH: lower electron neutrino absorption and higher 
cooling, less ejecta and more neutron rich

4. Long-lived HMNS: broader Ye distribution, more ejecta moving 
faster, stronger neutrino driven wind component

PRD, 2022, v. 106, 103003 arXiv:2207.10680


