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2.2 Ejection channels

Figure 1: Sketch of potential post-merger remnant structures.

As alluded to above, the number of known ejecta channels
has substantially increased in recent years, and we group
them here broadly into “dynamic ejecta”, “winds”, and “torus
ejecta”, which we discuss separately below.

2.2.1 Dynamic ejecta

The historically first identified ejection channel are so-called
dynamic ejecta that are launched on a dynamical time scale
(⇠ 1 ms) at merger. The ejecta of equal mass systems are
dominated by shock-driven ejecta, while with decreasing mass
ratio q the contribution from tidal ejecta becomes more and
more important. The shock-driven ejecta result from both
matter being shocked at the interface between the merging
stars, and from strong post-merger pulsations of the remnant
when outward travelling sound waves steepen into shocks as
they pass through matter of decreasing density (and therefore
decreasing sound speeds). Since this matter becomes heated
to temperatures of a few MeV, where the weak interaction
time scales compete with the dynamical ones, its electron
fraction can increase substantially by both positron captures,
n+ e+ ! p+ ⌫̄e, and neutrino absorptions, n+ ⌫e ! p+ e�.
The latter processes, however, need some time to “ramp up”
since the neutrino luminosities only reach large values once a
substantial torus has been assembled around the central ob-
ject which typically takes ⇠ 5 ms. Tidal ejecta, in contrast,
usually do not experience shocks and are therefore ejected
with their pristine, neutron star electron fraction of Ye ⇠ 0.05
(but see the discussion in Sec. 4.2.1). The detailed ejecta
properties depend on the total mass, the mass ratio q and
the equation of state, but one can expect a broad distribution
of Ye between ⇠ 0.05 and 0.4.[47, 64,84] The total amount of
dynamic ejecta found in simulations ranges from ⇠ 10�4 to
⇠ 10�2 M�

[42, 47,80–86] with soft equations of state typically
ejecting more matter than sti↵ ones.

The average ejecta velocities are in a range between ⇠

0.15c to ⇠ 0.3c,[47, 80,82,84] but for specific cases2 they can
reach ⇠ 0.4c.[81] Many groups have found small amounts of
ejected matter that reach asymptotic velocities in excess of
0.5c.[47, 80–82,87–90] While none of the groups can claim full
numerical convergence of the properties of this small amount
of mass from 3D simulations, it seems increasingly clear that
such a high-velocity tail does exist. As Fig. 3 suggests, this
high-velocity component is (at least partially) due to shock-
heated matter from the interface between the two neutron
stars. If indeed such a high-velocity component is present,
the ejecta should contain a significant fraction of free neu-
trons at freeze-out, and their decay should cause an early
blue/UV transient on a time scale of several minutes to an
hour.[88, 91] Moreover, such a high-velocity component would
have a strong e↵ect on the shock breakout signal[92] and it
could additionally cause synchrotron emission many months
after a neutron star merger.[93–96]

2.2.2 Winds

On a time scale exceeding the dynamical one, various pro-
cesses can unbind matter from the accretion disk3. First, and
especially for the likely common case that a central neutron
star survives at least temporarily, energy deposition by neu-
trino absorption can inflate the disk vertically and can drive
quasi-spherical outflows on time scales of ⇠ 100 ms.[47, 49,50]

Since this matter is exposed to intense neutrino irradiation,
and the time scales are relatively long, its neutron-to-proton
ratio can change substantially and will, starting from the pris-
tine Ye-value< 0.1, evolve towards an equilibrium value[100,101]

2
These latter simulations use the conformal flatness approximation

to General Relativity.
3
Sometimes the word “disk” is reserved for geometrically thin accre-

tion disks and “torus” for thicker matter configurations that are ther-

mally “pu↵ed up” because they cannot e�ciently cool on a dynamical

time scale. The latter is the case in a neutron star merger. We use both

terms synonymously.

3

(sketch	by	Rosswog	&	 
Korobkin	22)

Basic	picture
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Korobkin	22)

NO	self-consistent	hydro	models	yet	of	
scenarios	with	collapse	times	>	20	ms	! 
(as	was	likely	the	case	in	GW170817	)

Basic	picture
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Ingredients	of	kilonova	modeling	pipeline
hydrodynamic	modeling	 

of	merger	+	dynamical	ejecta

hydrodynamic	modeling	 
of	remnant	+	post-merger	ejecta

neutron	star 
torus	system

black	hole 
torus	system

heavy	element	nucleosynthesis

kilonova	radiative	transfer

Villar	17

t ∼ 𝒪(10 ms)

t ∼ 𝒪(10 s)

t ∼ 𝒪(10 s)

t ∼ 𝒪(10 days)
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Ideally,	all	ingredients	fully	consistent,	i.e.:

1. post-merger	simulations	adopting	results	from	merger	simulations

2. nucleosynthesis	+	kilonova	calculations	adopting	local	ejecta	information
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Often	adopted	simplifications
hydrodynamic	modeling	 

of	merger	+	dynamical	ejecta

hydrodynamic	modeling	 
of	remnant	+	post-merger	ejecta

heavy	element	nucleosynthesis

kilonova	radiative	transfer

• often	entirely	ignored

• manually	constructed	initial	models

• no	or	simple	neutrino	transport

• neglecting	turbulent	viscosity	and	
angular	momentum	transport
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Often	adopted	simplifications
hydrodynamic	modeling	 

of	merger	+	dynamical	ejecta

hydrodynamic	modeling	 
of	remnant	+	post-merger	ejecta

heavy	element	nucleosynthesis

kilonova	radiative	transfer

• often	entirely	ignored

• manually	constructed	initial	models

• no	or	simple	neutrino	transport

• neglecting	turbulent	viscosity	and	
angular	momentum	transport

• parametrized	outflow	
trajectories


• time	extrapolation	assuming	
self-similar	expansion

• spherical	symmetry	(i.e.	1D)

• analytic	density	structure

• using	only	average	ejecta	
properties,	not	local	properties
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Open	questions	(that	can	only	be	addressed	by	delayed-collapse	models)
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turbulent	viscosity?
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Open	questions	(that	can	only	be	addressed	by	delayed-collapse	models)

1. How	does	the	lifetime	of	the	NS	remnant	until	BH	formation	depend	on	the	binary	mass	ratio	and	
turbulent	viscosity?

2. Properties	of	the	ejecta	from	the	NS	remnant?

3. Mass	and	neutron	richness	of	accretion	torus	around	newly	formed	BH?

4. How	does	the	NS	lifetime	affect	the	nucleosynthesis	yields?

5. How	does	the	NS	lifetime	affect	the	kilonova?

…
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Challenge:	Resolving	all	relevant	processes	in	the	NS	remnant

·M

torus

·M , ·J·J

NS

What	process	(if	any)	transports	angular	
momentum	in	the	NS	most	effectively	(MRI,	
Taylor	Spruit	dynamo,	B-field	winding,	…)???

(many	works,	e.g.	by:	Aguilera-Miret,	Bauswein,	
Ciolfi,	Duez,	Fujibayashi,	Fernandez,	Guilet,	
Kiuchi,	Margalit,	Metzger,	Moesta,	Palenzuela,	
Radice,	Rezzolla,	Siegel,	Shibata,	…)
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·M

torus

·M , ·J·J

NS

log Ω(R)

log R

q ≡
d log Ω
d log R

|q | < 1.5 ?

|q | ≈ 0 ?

q > 0 ?

q ≈ − 1.5

“shear”

Challenge:	Resolving	all	relevant	processes	in	the	NS	remnant
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·M

torus

·M , ·J·J

NS

log Ω(R)

log R

q ≡
d log Ω
d log R

|q | < 1.5 ?

|q | ≈ 0 ?

q > 0 ?

q ≈ − 1.5

Our	approach:

• parametrize	turbulent	viscosity	
depending	on	the	shear	q


• in	the	torus	(q~-1.5):	“usual”	alpha-
viscosity	scheme


• in	the	NS	(|q|<1.5):	reduced	
viscosity


• allows	to	regulate	viscosity	in	the	NS	
independently	of	visc.	in	the	torus!	

“shear”

Challenge:	Resolving	all	relevant	processes	in	the	NS	remnant
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hydrodynamic	modeling	 
of	merger	+	dynamical	ejecta

hydrodynamic	modeling	 
of	remnant	+	post-merger	ejecta

heavy	element	nucleosynthesis

kilonova	radiative	transfer

Setup	of	our	models

• 3D	smoothed-particle	hydro	
with	conformal	flatness	
condition


• ILEAS	neutrino	scheme

• initial	conditions	mapped	from	
merger	simulations


• 2D	axisym.	special	relativistic	
with	TOV	potential


• energy-dependent	M1	neutrino	
transport


• newly	developed	scheme	to	
parametrize	viscosity	in	the	NS	
indep.	of	the	surrounding	disk	

• extraction	of	~5000	outflow	
tracers	per	model	to	sample	
local	hydrodynamic	history	
until	100	s


• post-processed	by	two	high-end	
nuclear	networks

• 2D	axisymmetric	radiative	
transfer	using	approximate	M1	
scheme


• using	local	time-dependent	
results	from	nucleosynthesis	
calculations
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able to predict the final, spatial distribution of the total ejecta, a
task that can only be accomplished by end-to-end models that
capture the launch and expansion of all ejecta components and
their dynamical interaction with each other.

The dynamical ejecta, defined here as all11 material
fulfilling r(tmap)> 250 km, are launched during the merger

in a roughly spherical fashion (Bauswein et al. 2013;
Hotokezaka et al. 2013). During the subsequent evolution of
the NS remnant (tmap< tpm< tBH), neutrino emission, starting
off at rates of ∼1053 erg s−1 per neutrino species and mean
energies of ∼15, 20, and 30MeV for νe, eŌ , and νx, respectively
(see panels (g)–(i) of Figure 2), drives a thermal wind from the
NS surface with a half-opening angle of ∼20°–40° toward both
polar directions. This neutrino-driven wind (NDW), which in
most of our models dominates matter ejection during the NS
torus phase, drills through large parts (up to velocities of
v/c∼ 0.5–0.6) of the dynamical ejecta, pushing most of them

Figure 1. Snapshots of model sym-n1-a6 at different postmerger times, tpm. Panels (a)–(d) show the density ρ, radial velocity vr, electron fraction Ye, and entropy per
baryon s, as well as velocity arrows (left side) and contours of temperature T (right side). Panel (e) shows the mass fractions of lanthanides plus actinides, XLA, and of
elements in the first, second, and third r-process peaks, overlaid with green lines denoting the time-dependent location of the radial photosphere (computed as in Just
et al. 2022). Panel (f) shows a map color-coding the three main ejecta components, the opacity κ, and the effective radioactive heating rate Qheat. Panels (a)–(d) show
data from both hemispheres, and panels (e) and (f) show data from just the northern hemisphere assuming equatorial symmetry.

11 Note that we do not need to impose an additional criterion to filter out
gravitationally bound from unbound material because the time at which we
identify ejecta (100 s) is late enough to ensure that all material counted as ejecta
is indeed gravitationally unbound.

5

The Astrophysical Journal Letters, 951:L12 (16pp), 2023 July 1 Just et al.

Evolutionary	phases	1:	merger	
(hypermassive) 
neutron	star	 
remnantaccretion	disk

dynamical 
ejecta

“post-merger	time” 
(since	first	 
touch	of	NSs)

Dynamical ejecta of NSM I: nucleosynthesis 2813 

Figure 13. (Colour online). 2D snapshots of the density distributions of the DD2-135135 simulation in the equatorial plane at six different times. The locations 
of the 783 finally ejected mass elements are indicated by coloured dots, projected on to the equatorial plane, with the final Y e -values colour-coded within the 
following ranges: dark red: Y e < 0.1, red: 0.1 ≤ Y e < 0.2, purple: 0.2 ≤ Y e < 0.3, blue: 0.3 ≤ Y e < 0.4, light blue: 0.4 ≤ Y e < 0.5, white: Y e ≥ 0.5. Note that 
the high- Y e particles mo v e mostly perpendicular to the plane of the figure. 
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Evolutionary	phases	2:	NS-torus	evolution
polar	wind	powered	by	 

absorption	of	neutrinos	from	NS 
	(“neutrino-driven	wind”)

accretion	disk	expands	 
due	to	turbulent	viscosity NS	cools	by	neutrino	emission	 

and	looses	angular	momentum	by	
viscosity

• causes	rise	of	central	density

• eventually:	gravitational	
instability	+	BH	formation
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gravitationally bound from unbound material because the time at which we
identify ejecta (100 s) is late enough to ensure that all material counted as ejecta
is indeed gravitationally unbound.
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Evolutionary	phases	3:	BH-torus	evolution
polar	jet	outflow	powered	by	 

neutrino	annihilation 
(or	magnetic-field	effects	 

not	included	here)

viscous	disk	winds 
(once	neutrino	cooling	 
becomes	inefficient)	

away from the rotation axis while accelerating near-axis
material in front of the NDW. By doing so, the NDW strongly
enhances the anisotropy of the ejecta compared to that of the
original dynamical ejecta (see panels (a) and (b) of Figure 4, or
compare the contours of Ye and κ between Figure 1 of the
present study and Figure 2 of Just et al. 2022). We note that
Fujibayashi et al. (2020a) and Kawaguchi et al. (2021, 2022)
reported a similar anisotropy for their models of long-lived NS
remnants.

While the velocities in the NDW are in the range 0.05 v/
c 0.6, the average velocity lies at about v/c∼ 0.2 in most
models (see Table 1). This value is significantly higher than the
corresponding values reported in studies using a more
approximate description of neutrino effects and the central
NS (Dessart et al. 2009; Perego et al. 2014; Fahlman &
Fernández 2018), though seemingly well in agreement with
Fujibayashi et al. (2020a), who adopted a gray leakage-plus-
M1 scheme in GR. We demonstrate in Appendix E that this fast

Figure 2. Global properties of the four models mentioned in the bottom right, namely, the maximum density (panel (a)), outflow mass fluxes through the sphere at
r = 104 km and mass fluxes into the central BH once formed (panel (b)), ratio of the total neutrino luminosities to the volume-integrated viscous heating rate
(panel (c)), masses of the NS and torus (panel (d)), angular momenta of the NS and torus (panel (e)), radii of the NS surface in the equatorial and polar directions
(panel (f)), luminosities of electron-type neutrinos (panel (g)) and heavy-lepton neutrinos (panel (h)), neutrino mean energies (computed as the ratio of energy-to-
number fluxes; panel (i)), mass-averaged radius of the torus (∫rdm/∫dm; panel (j)), and mass average of the torus electron fraction (∫Yedm/∫dm) and its equilibrium
value Ye

eq (panel (k)). The torus is defined as all material below r = 104 km having ρ < 1012 g cm−3, and the NS is defined as all material with ρ > 1012 g cm−3. All
neutrino-related quantities are measured in the lab frame at r = 500 km by an observer at infinity. The neutrino fluxes vanish initially (at tpm  tmap = 10 ms) because
the plot shows only data from the postmerger simulations (which are initialized at tmap with vanishing neutrino fluxes).
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Evolutionary	phases	4:	expansion	until	homology

able to predict the final, spatial distribution of the total ejecta, a
task that can only be accomplished by end-to-end models that
capture the launch and expansion of all ejecta components and
their dynamical interaction with each other.

The dynamical ejecta, defined here as all11 material
fulfilling r(tmap)> 250 km, are launched during the merger

in a roughly spherical fashion (Bauswein et al. 2013;
Hotokezaka et al. 2013). During the subsequent evolution of
the NS remnant (tmap< tpm< tBH), neutrino emission, starting
off at rates of ∼1053 erg s−1 per neutrino species and mean
energies of ∼15, 20, and 30MeV for νe, eŌ , and νx, respectively
(see panels (g)–(i) of Figure 2), drives a thermal wind from the
NS surface with a half-opening angle of ∼20°–40° toward both
polar directions. This neutrino-driven wind (NDW), which in
most of our models dominates matter ejection during the NS
torus phase, drills through large parts (up to velocities of
v/c∼ 0.5–0.6) of the dynamical ejecta, pushing most of them

Figure 1. Snapshots of model sym-n1-a6 at different postmerger times, tpm. Panels (a)–(d) show the density ρ, radial velocity vr, electron fraction Ye, and entropy per
baryon s, as well as velocity arrows (left side) and contours of temperature T (right side). Panel (e) shows the mass fractions of lanthanides plus actinides, XLA, and of
elements in the first, second, and third r-process peaks, overlaid with green lines denoting the time-dependent location of the radial photosphere (computed as in Just
et al. 2022). Panel (f) shows a map color-coding the three main ejecta components, the opacity κ, and the effective radioactive heating rate Qheat. Panels (a)–(d) show
data from both hemispheres, and panels (e) and (f) show data from just the northern hemisphere assuming equatorial symmetry.

11 Note that we do not need to impose an additional criterion to filter out
gravitationally bound from unbound material because the time at which we
identify ejecta (100 s) is late enough to ensure that all material counted as ejecta
is indeed gravitationally unbound.
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NS-torus	ejecta:

m						~	0.01–0.04	M⨀


<v>			~	0.1–0.2	c

dynamical	ejecta:

m						~	0.001–0.01	M⨀


<v>			~	0.2–0.4	c

BH-torus	ejecta:

m						~	0.01–0.04	M⨀


<v>			~	0.03–0.1	cable to predict the final, spatial distribution of the total ejecta, a
task that can only be accomplished by end-to-end models that
capture the launch and expansion of all ejecta components and
their dynamical interaction with each other.

The dynamical ejecta, defined here as all11 material
fulfilling r(tmap)> 250 km, are launched during the merger

in a roughly spherical fashion (Bauswein et al. 2013;
Hotokezaka et al. 2013). During the subsequent evolution of
the NS remnant (tmap< tpm< tBH), neutrino emission, starting
off at rates of ∼1053 erg s−1 per neutrino species and mean
energies of ∼15, 20, and 30MeV for νe, eŌ , and νx, respectively
(see panels (g)–(i) of Figure 2), drives a thermal wind from the
NS surface with a half-opening angle of ∼20°–40° toward both
polar directions. This neutrino-driven wind (NDW), which in
most of our models dominates matter ejection during the NS
torus phase, drills through large parts (up to velocities of
v/c∼ 0.5–0.6) of the dynamical ejecta, pushing most of them

Figure 1. Snapshots of model sym-n1-a6 at different postmerger times, tpm. Panels (a)–(d) show the density ρ, radial velocity vr, electron fraction Ye, and entropy per
baryon s, as well as velocity arrows (left side) and contours of temperature T (right side). Panel (e) shows the mass fractions of lanthanides plus actinides, XLA, and of
elements in the first, second, and third r-process peaks, overlaid with green lines denoting the time-dependent location of the radial photosphere (computed as in Just
et al. 2022). Panel (f) shows a map color-coding the three main ejecta components, the opacity κ, and the effective radioactive heating rate Qheat. Panels (a)–(d) show
data from both hemispheres, and panels (e) and (f) show data from just the northern hemisphere assuming equatorial symmetry.

11 Note that we do not need to impose an additional criterion to filter out
gravitationally bound from unbound material because the time at which we
identify ejecta (100 s) is late enough to ensure that all material counted as ejecta
is indeed gravitationally unbound.
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able to predict the final, spatial distribution of the total ejecta, a
task that can only be accomplished by end-to-end models that
capture the launch and expansion of all ejecta components and
their dynamical interaction with each other.

The dynamical ejecta, defined here as all11 material
fulfilling r(tmap)> 250 km, are launched during the merger

in a roughly spherical fashion (Bauswein et al. 2013;
Hotokezaka et al. 2013). During the subsequent evolution of
the NS remnant (tmap< tpm< tBH), neutrino emission, starting
off at rates of ∼1053 erg s−1 per neutrino species and mean
energies of ∼15, 20, and 30MeV for νe, eŌ , and νx, respectively
(see panels (g)–(i) of Figure 2), drives a thermal wind from the
NS surface with a half-opening angle of ∼20°–40° toward both
polar directions. This neutrino-driven wind (NDW), which in
most of our models dominates matter ejection during the NS
torus phase, drills through large parts (up to velocities of
v/c∼ 0.5–0.6) of the dynamical ejecta, pushing most of them

Figure 1. Snapshots of model sym-n1-a6 at different postmerger times, tpm. Panels (a)–(d) show the density ρ, radial velocity vr, electron fraction Ye, and entropy per
baryon s, as well as velocity arrows (left side) and contours of temperature T (right side). Panel (e) shows the mass fractions of lanthanides plus actinides, XLA, and of
elements in the first, second, and third r-process peaks, overlaid with green lines denoting the time-dependent location of the radial photosphere (computed as in Just
et al. 2022). Panel (f) shows a map color-coding the three main ejecta components, the opacity κ, and the effective radioactive heating rate Qheat. Panels (a)–(d) show
data from both hemispheres, and panels (e) and (f) show data from just the northern hemisphere assuming equatorial symmetry.

11 Note that we do not need to impose an additional criterion to filter out
gravitationally bound from unbound material because the time at which we
identify ejecta (100 s) is late enough to ensure that all material counted as ejecta
is indeed gravitationally unbound.
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• asymmetric	mergers	tend	to	
lead	to	more	slowly	rotating	NS	
remnants 
—>	asymmetric	models	collapse	
systematically	earlier	than	
symmetric	models	(for	same	
viscosity)


• strong	sensitivity	to	viscosity 
—>	solid	understanding	of	
viscosity	required	to	predict	NS	
lifetime	for	given	progenitor
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Neutrino	emission

• stronger	viscosity	causes	higher	
luminosities	—>	stronger	
neutrino-driven	wind


• however,	total	wind	mass	
comparable	between	all	models,	
because	cases	of	stronger	
viscosity	have	shorter	NS	
lifetimes
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away from the rotation axis while accelerating near-axis
material in front of the NDW. By doing so, the NDW strongly
enhances the anisotropy of the ejecta compared to that of the
original dynamical ejecta (see panels (a) and (b) of Figure 4, or
compare the contours of Ye and κ between Figure 1 of the
present study and Figure 2 of Just et al. 2022). We note that
Fujibayashi et al. (2020a) and Kawaguchi et al. (2021, 2022)
reported a similar anisotropy for their models of long-lived NS
remnants.

While the velocities in the NDW are in the range 0.05 v/
c 0.6, the average velocity lies at about v/c∼ 0.2 in most
models (see Table 1). This value is significantly higher than the
corresponding values reported in studies using a more
approximate description of neutrino effects and the central
NS (Dessart et al. 2009; Perego et al. 2014; Fahlman &
Fernández 2018), though seemingly well in agreement with
Fujibayashi et al. (2020a), who adopted a gray leakage-plus-
M1 scheme in GR. We demonstrate in Appendix E that this fast

Figure 2. Global properties of the four models mentioned in the bottom right, namely, the maximum density (panel (a)), outflow mass fluxes through the sphere at
r = 104 km and mass fluxes into the central BH once formed (panel (b)), ratio of the total neutrino luminosities to the volume-integrated viscous heating rate
(panel (c)), masses of the NS and torus (panel (d)), angular momenta of the NS and torus (panel (e)), radii of the NS surface in the equatorial and polar directions
(panel (f)), luminosities of electron-type neutrinos (panel (g)) and heavy-lepton neutrinos (panel (h)), neutrino mean energies (computed as the ratio of energy-to-
number fluxes; panel (i)), mass-averaged radius of the torus (∫rdm/∫dm; panel (j)), and mass average of the torus electron fraction (∫Yedm/∫dm) and its equilibrium
value Ye

eq (panel (k)). The torus is defined as all material below r = 104 km having ρ < 1012 g cm−3, and the NS is defined as all material with ρ > 1012 g cm−3. All
neutrino-related quantities are measured in the lab frame at r = 500 km by an observer at infinity. The neutrino fluxes vanish initially (at tpm  tmap = 10 ms) because
the plot shows only data from the postmerger simulations (which are initialized at tmap with vanishing neutrino fluxes).
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eq (panel (k)). The torus is defined as all material below r = 104 km having ρ < 1012 g cm−3, and the NS is defined as all material with ρ > 1012 g cm−3. All
neutrino-related quantities are measured in the lab frame at r = 500 km by an observer at infinity. The neutrino fluxes vanish initially (at tpm  tmap = 10 ms) because
the plot shows only data from the postmerger simulations (which are initialized at tmap with vanishing neutrino fluxes).
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r = 104 km and mass fluxes into the central BH once formed (panel (b)), ratio of the total neutrino luminosities to the volume-integrated viscous heating rate
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number fluxes; panel (i)), mass-averaged radius of the torus (∫rdm/∫dm; panel (j)), and mass average of the torus electron fraction (∫Yedm/∫dm) and its equilibrium
value Ye

eq (panel (k)). The torus is defined as all material below r = 104 km having ρ < 1012 g cm−3, and the NS is defined as all material with ρ > 1012 g cm−3. All
neutrino-related quantities are measured in the lab frame at r = 500 km by an observer at infinity. The neutrino fluxes vanish initially (at tpm  tmap = 10 ms) because
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c 0.6, the average velocity lies at about v/c∼ 0.2 in most
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approximate description of neutrino effects and the central
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Fujibayashi et al. (2020a), who adopted a gray leakage-plus-
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Figure 2. Global properties of the four models mentioned in the bottom right, namely, the maximum density (panel (a)), outflow mass fluxes through the sphere at
r = 104 km and mass fluxes into the central BH once formed (panel (b)), ratio of the total neutrino luminosities to the volume-integrated viscous heating rate
(panel (c)), masses of the NS and torus (panel (d)), angular momenta of the NS and torus (panel (e)), radii of the NS surface in the equatorial and polar directions
(panel (f)), luminosities of electron-type neutrinos (panel (g)) and heavy-lepton neutrinos (panel (h)), neutrino mean energies (computed as the ratio of energy-to-
number fluxes; panel (i)), mass-averaged radius of the torus (∫rdm/∫dm; panel (j)), and mass average of the torus electron fraction (∫Yedm/∫dm) and its equilibrium
value Ye

eq (panel (k)). The torus is defined as all material below r = 104 km having ρ < 1012 g cm−3, and the NS is defined as all material with ρ > 1012 g cm−3. All
neutrino-related quantities are measured in the lab frame at r = 500 km by an observer at infinity. The neutrino fluxes vanish initially (at tpm  tmap = 10 ms) because
the plot shows only data from the postmerger simulations (which are initialized at tmap with vanishing neutrino fluxes).
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• initial	BH	torus	mass	mtor	(tBH)	relevant	property	for	models	of	
BH-torus	remnants


• mtor	result	of	competition	between	angular	momentum	transport	
in	NS	and	torus


• for	strong	(weak)	NS	viscosity	—>	mtor	grows	(declines)	with	
time	until	tBH

BH formation
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c 0.6, the average velocity lies at about v/c∼ 0.2 in most
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corresponding values reported in studies using a more
approximate description of neutrino effects and the central
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Figure 2. Global properties of the four models mentioned in the bottom right, namely, the maximum density (panel (a)), outflow mass fluxes through the sphere at
r = 104 km and mass fluxes into the central BH once formed (panel (b)), ratio of the total neutrino luminosities to the volume-integrated viscous heating rate
(panel (c)), masses of the NS and torus (panel (d)), angular momenta of the NS and torus (panel (e)), radii of the NS surface in the equatorial and polar directions
(panel (f)), luminosities of electron-type neutrinos (panel (g)) and heavy-lepton neutrinos (panel (h)), neutrino mean energies (computed as the ratio of energy-to-
number fluxes; panel (i)), mass-averaged radius of the torus (∫rdm/∫dm; panel (j)), and mass average of the torus electron fraction (∫Yedm/∫dm) and its equilibrium
value Ye

eq (panel (k)). The torus is defined as all material below r = 104 km having ρ < 1012 g cm−3, and the NS is defined as all material with ρ > 1012 g cm−3. All
neutrino-related quantities are measured in the lab frame at r = 500 km by an observer at infinity. The neutrino fluxes vanish initially (at tpm  tmap = 10 ms) because
the plot shows only data from the postmerger simulations (which are initialized at tmap with vanishing neutrino fluxes).
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Figure 2. Global properties of the four models mentioned in the bottom right, namely, the maximum density (panel (a)), outflow mass fluxes through the sphere at
r = 104 km and mass fluxes into the central BH once formed (panel (b)), ratio of the total neutrino luminosities to the volume-integrated viscous heating rate
(panel (c)), masses of the NS and torus (panel (d)), angular momenta of the NS and torus (panel (e)), radii of the NS surface in the equatorial and polar directions
(panel (f)), luminosities of electron-type neutrinos (panel (g)) and heavy-lepton neutrinos (panel (h)), neutrino mean energies (computed as the ratio of energy-to-
number fluxes; panel (i)), mass-averaged radius of the torus (∫rdm/∫dm; panel (j)), and mass average of the torus electron fraction (∫Yedm/∫dm) and its equilibrium
value Ye

eq (panel (k)). The torus is defined as all material below r = 104 km having ρ < 1012 g cm−3, and the NS is defined as all material with ρ > 1012 g cm−3. All
neutrino-related quantities are measured in the lab frame at r = 500 km by an observer at infinity. The neutrino fluxes vanish initially (at tpm  tmap = 10 ms) because
the plot shows only data from the postmerger simulations (which are initialized at tmap with vanishing neutrino fluxes).
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Figure 1. Properties connected to the kinetic emission equilibrium, which is established once the rate of p + e− → n + νe equals that of n + e+ → p + ν̄e. The
colour map in all panels illustrates Y

eq,em
e defined by equations (1a), (1b), and (5) and the 4-species NSE composition employed in our numerical simulations.

Panel (a): characteristic neutrino emission time-scale, τ em (white lines), electron degeneracy parameter, ηe (purple lines), and average density–temperature
evolution of a fiducial numerical model (dashed black line); (b): Ye corresponding to µν = −µe (purple lines) and to µν = 0 (red lines); (c): Y

eq,em
e computed

with weak-magnetism and recoil corrections (red lines) as well as using the simplification Qnp = me = 0 (purple lines); (d): same as panel (c) but the colour
map and lines are obtained using the coarser neutrino energy grid that is employed in numerical simulations of this study; (e): Y

eq,em
e resulting with the NSE

composition of the SFHO EOS (red lines) and for a pure neutron–proton gas (purple lines); (f): the mean energies of neutrinos, 〈ε〉, emitted from a gas with the
density, temperature, and Ye = Y

eq,em
e given at each point (where some regions less relevant to the freeze out are neglected). All Ye contours show values of

0.1, 0.2, etc. from top to bottom. Since the dynamical time-scales of outflows in neutrino-cooled discs are typically no longer than ∼ 1 s, the region left of the
τem = 100 s contour, where approximately T <∼ 1 MeV, is irrelevant to our discussion.
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weak	interaction	equilibrium	Ye

• Ye	~	0.25–0.3	at	birth	of	BH	torus


• Ye	higher	than	assumed	by	many	previous	BH	torus	 
studies	based	on	manually	constructed	initial	conds.


• reason:	disk	expansion	during	NS	phase	 
—>	low	densities	=	high	weak	equilibrium	Ye

BH formation

Torus	neutron-richness	@	BH	formation

Ye =
Nproton

Nproton + Nneuton
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Neutron	richness	by	ejecta	component

polar outflow is indeed driven by neutrino heating, mostly by
neutrino captures on free nucleons but with an additional boost
due to neutrino pair annihilation. Given the intrinsic angular
structure of the NDW, with the highest velocities being reached
close to the polar axis, it can be assumed that multidimensional
effects, such as collimation by the other ejecta components,
play a relevant role in explaining the high velocities. For
stronger viscosity in the NS remnant (i.e., lower nvis or higher
αvis), the neutrino luminosities, and therefore the NDW mass
fluxes (see panel (b) of Figure 2), are higher at given times due
to faster dissipation of rotational kinetic into thermal energy.
However, due to the reduced NS lifetimes, the total mass of the
NS torus ejecta (counted here as all material that isfulfilling
r(tBH)> 1000 km and not being dynamical ejecta) shows only
a modest sensitivity to viscosity, m M0.02 0.04ej

NS » –  (see
Table 1), in particular more modest than in the models of long-
lived NSs reported by Fujibayashi et al. (2020a), in which the
ejecta from the torus (which tends to be more massive for
higher viscosity) are launched entirely during the lifetime of the
NS remnant.

Once the NS collapses, the neutrino luminosities quickly
decrease, and the NDWs are mostly shut off. Consistent with
previous studies using viscous equilibrium BH tori (Fernán-
dez & Metzger 2013; Just et al. 2015a; Fujibayashi et al.
2020a), viscous matter ejection becomes operative once
neutrino cooling starts to become inefficient and dominated
by viscous heating (see panel (c) of Figure 2), and it produces
an outflow of roughly spherical geometry (see the reddish
region in the density map in panel (d) of Figure 1). This
viscously driven (and dominant) part of the BH torus outflow
carries away about 20%–40% of the torus mass at BH
formation, mtor

BH; i.e., it inherits the uncertainties connected to
viscosity imprinted on mtor

BH (see Section 3.2). Due to their
low velocities of vej

BH~ 0.03–0.06c (see Table 1), the viscous
BH torus ejecta barely interact with the faster outflow
components ejected earlier.
In models with high values of mtor

BH, we also observe,
similar to Just et al. (2016), an additional BH torus outflow
component, namely, a jetlike outflow powered by neutrino–
antineutrino pair annihilation, which transports a small

Figure 3. Mass vs. Ye histograms for models sym-n1-a6, sym-n10-a3, and asy-n1-a6 (panels (a)–(c)) and the corresponding mass fractions of synthesized elements vs.
atomic mass number using nuclear network A (panels (d)–(f)) for each ejecta component and the total ejecta (see labels). The third row shows, for model sym-n1-a6,
yields vs. atomic mass number (panel (g)) and elemental abundances (panel (h)) obtained with network B, as well as the specific radioactive heating rate for the
indicated ejecta components and networks. All yields are shown for a time (typically about 100 Myr) when all elements, except the three longest-lived Th and U
isotopes, have decayed into stable nuclei. Black circles in panels (d)–(h) show solar r-process yields (Goriely 1999) scaled to the predicted total yields of Sr, the only
confirmed element in AT 2017gfo (Watson et al. 2019; Domoto et al. 2021; Gillanders et al. 2022). Orange triangles in panel (h) denote abundances observed for the
metal-poor star HD 222925 (Roederer et al. 2022) scaled to match the solar Eu abundance. The gray dotted line in panel (i) shows the heating rate

t10 1 days10
pm

1.3´ -( ) erg g−1 s−1 for reference.
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Neutron	richness	by	ejecta	component
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fluxes (see panel (b) of Figure 2), are higher at given times due
to faster dissipation of rotational kinetic into thermal energy.
However, due to the reduced NS lifetimes, the total mass of the
NS torus ejecta (counted here as all material that isfulfilling
r(tBH)> 1000 km and not being dynamical ejecta) shows only
a modest sensitivity to viscosity, m M0.02 0.04ej

NS » –  (see
Table 1), in particular more modest than in the models of long-
lived NSs reported by Fujibayashi et al. (2020a), in which the
ejecta from the torus (which tends to be more massive for
higher viscosity) are launched entirely during the lifetime of the
NS remnant.

Once the NS collapses, the neutrino luminosities quickly
decrease, and the NDWs are mostly shut off. Consistent with
previous studies using viscous equilibrium BH tori (Fernán-
dez & Metzger 2013; Just et al. 2015a; Fujibayashi et al.
2020a), viscous matter ejection becomes operative once
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carries away about 20%–40% of the torus mass at BH
formation, mtor

BH; i.e., it inherits the uncertainties connected to
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BH (see Section 3.2). Due to their
low velocities of vej
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components ejected earlier.
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BH, we also observe,
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component, namely, a jetlike outflow powered by neutrino–
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atomic mass number using nuclear network A (panels (d)–(f)) for each ejecta component and the total ejecta (see labels). The third row shows, for model sym-n1-a6,
yields vs. atomic mass number (panel (g)) and elemental abundances (panel (h)) obtained with network B, as well as the specific radioactive heating rate for the
indicated ejecta components and networks. All yields are shown for a time (typically about 100 Myr) when all elements, except the three longest-lived Th and U
isotopes, have decayed into stable nuclei. Black circles in panels (d)–(h) show solar r-process yields (Goriely 1999) scaled to the predicted total yields of Sr, the only
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metal-poor star HD 222925 (Roederer et al. 2022) scaled to match the solar Eu abundance. The gray dotted line in panel (i) shows the heating rate

t10 1 days10
pm

1.3´ -( ) erg g−1 s−1 for reference.

7

The Astrophysical Journal Letters, 951:L12 (16pp), 2023 July 1 Just et al.

• NS-torus	ejecta	Ye	>	0.3,	dominated	by	
neutrino-driven	wind	


• BH-torus	ejecta	Ye	>	0.25,	mainly	viscous	
winds	with	high	equilibrium	Ye	at	freeze-
out


• Ye	<	0.25	only	reached	by	dynamical	
ejecta
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Total	neutron	richness	by	model

• Ye	pattern	relatively	robust	w.r.t.	 
different	viscosities	and	mass	ratio

• trend	towards	less	neutron-rich	
matter	for	longer	NS	lifetime
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Ejecta	nucleosynthesis	yields

polar outflow is indeed driven by neutrino heating, mostly by
neutrino captures on free nucleons but with an additional boost
due to neutrino pair annihilation. Given the intrinsic angular
structure of the NDW, with the highest velocities being reached
close to the polar axis, it can be assumed that multidimensional
effects, such as collimation by the other ejecta components,
play a relevant role in explaining the high velocities. For
stronger viscosity in the NS remnant (i.e., lower nvis or higher
αvis), the neutrino luminosities, and therefore the NDW mass
fluxes (see panel (b) of Figure 2), are higher at given times due
to faster dissipation of rotational kinetic into thermal energy.
However, due to the reduced NS lifetimes, the total mass of the
NS torus ejecta (counted here as all material that isfulfilling
r(tBH)> 1000 km and not being dynamical ejecta) shows only
a modest sensitivity to viscosity, m M0.02 0.04ej

NS » –  (see
Table 1), in particular more modest than in the models of long-
lived NSs reported by Fujibayashi et al. (2020a), in which the
ejecta from the torus (which tends to be more massive for
higher viscosity) are launched entirely during the lifetime of the
NS remnant.

Once the NS collapses, the neutrino luminosities quickly
decrease, and the NDWs are mostly shut off. Consistent with
previous studies using viscous equilibrium BH tori (Fernán-
dez & Metzger 2013; Just et al. 2015a; Fujibayashi et al.
2020a), viscous matter ejection becomes operative once
neutrino cooling starts to become inefficient and dominated
by viscous heating (see panel (c) of Figure 2), and it produces
an outflow of roughly spherical geometry (see the reddish
region in the density map in panel (d) of Figure 1). This
viscously driven (and dominant) part of the BH torus outflow
carries away about 20%–40% of the torus mass at BH
formation, mtor

BH; i.e., it inherits the uncertainties connected to
viscosity imprinted on mtor

BH (see Section 3.2). Due to their
low velocities of vej

BH~ 0.03–0.06c (see Table 1), the viscous
BH torus ejecta barely interact with the faster outflow
components ejected earlier.
In models with high values of mtor

BH, we also observe,
similar to Just et al. (2016), an additional BH torus outflow
component, namely, a jetlike outflow powered by neutrino–
antineutrino pair annihilation, which transports a small

Figure 3. Mass vs. Ye histograms for models sym-n1-a6, sym-n10-a3, and asy-n1-a6 (panels (a)–(c)) and the corresponding mass fractions of synthesized elements vs.
atomic mass number using nuclear network A (panels (d)–(f)) for each ejecta component and the total ejecta (see labels). The third row shows, for model sym-n1-a6,
yields vs. atomic mass number (panel (g)) and elemental abundances (panel (h)) obtained with network B, as well as the specific radioactive heating rate for the
indicated ejecta components and networks. All yields are shown for a time (typically about 100 Myr) when all elements, except the three longest-lived Th and U
isotopes, have decayed into stable nuclei. Black circles in panels (d)–(h) show solar r-process yields (Goriely 1999) scaled to the predicted total yields of Sr, the only
confirmed element in AT 2017gfo (Watson et al. 2019; Domoto et al. 2021; Gillanders et al. 2022). Orange triangles in panel (h) denote abundances observed for the
metal-poor star HD 222925 (Roederer et al. 2022) scaled to match the solar Eu abundance. The gray dotted line in panel (i) shows the heating rate
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Ejecta	nucleosynthesis	yields
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r(tBH)> 1000 km and not being dynamical ejecta) shows only
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Table 1), in particular more modest than in the models of long-
lived NSs reported by Fujibayashi et al. (2020a), in which the
ejecta from the torus (which tends to be more massive for
higher viscosity) are launched entirely during the lifetime of the
NS remnant.
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decrease, and the NDWs are mostly shut off. Consistent with
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2020a), viscous matter ejection becomes operative once
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carries away about 20%–40% of the torus mass at BH
formation, mtor

BH; i.e., it inherits the uncertainties connected to
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BH (see Section 3.2). Due to their
low velocities of vej

BH~ 0.03–0.06c (see Table 1), the viscous
BH torus ejecta barely interact with the faster outflow
components ejected earlier.
In models with high values of mtor

BH, we also observe,
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component, namely, a jetlike outflow powered by neutrino–
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• dominance	of	high	Ye	material	causes	
underproduction	of	A>130	elements	cp.	
to	solar	abundance	pattern


• suggests	that	delayed	collapse	mergers	
are	sub-dominant	r-process	sites	and	that	
most	mergers	have	short	delay	times	
(<~0.1seconds)


• results	consistent	with	models	of	short	
and	very	long	delay	times	by	Fujibayashi	
et	al.

solar	abundances
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Elemental	yields	+	spec.	heating	rate

polar outflow is indeed driven by neutrino heating, mostly by
neutrino captures on free nucleons but with an additional boost
due to neutrino pair annihilation. Given the intrinsic angular
structure of the NDW, with the highest velocities being reached
close to the polar axis, it can be assumed that multidimensional
effects, such as collimation by the other ejecta components,
play a relevant role in explaining the high velocities. For
stronger viscosity in the NS remnant (i.e., lower nvis or higher
αvis), the neutrino luminosities, and therefore the NDW mass
fluxes (see panel (b) of Figure 2), are higher at given times due
to faster dissipation of rotational kinetic into thermal energy.
However, due to the reduced NS lifetimes, the total mass of the
NS torus ejecta (counted here as all material that isfulfilling
r(tBH)> 1000 km and not being dynamical ejecta) shows only
a modest sensitivity to viscosity, m M0.02 0.04ej

NS x –  (see
Table 1), in particular more modest than in the models of long-
lived NSs reported by Fujibayashi et al. (2020a), in which the
ejecta from the torus (which tends to be more massive for
higher viscosity) are launched entirely during the lifetime of the
NS remnant.

Once the NS collapses, the neutrino luminosities quickly
decrease, and the NDWs are mostly shut off. Consistent with
previous studies using viscous equilibrium BH tori (Fernán-
dez & Metzger 2013; Just et al. 2015a; Fujibayashi et al.
2020a), viscous matter ejection becomes operative once
neutrino cooling starts to become inefficient and dominated
by viscous heating (see panel (c) of Figure 2), and it produces
an outflow of roughly spherical geometry (see the reddish
region in the density map in panel (d) of Figure 1). This
viscously driven (and dominant) part of the BH torus outflow
carries away about 20%–40% of the torus mass at BH
formation, mtor

BH; i.e., it inherits the uncertainties connected to
viscosity imprinted on mtor

BH (see Section 3.2). Due to their
low velocities of vej

BH_ 0.03–0.06c (see Table 1), the viscous
BH torus ejecta barely interact with the faster outflow
components ejected earlier.
In models with high values of mtor

BH, we also observe,
similar to Just et al. (2016), an additional BH torus outflow
component, namely, a jetlike outflow powered by neutrino–
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Figure 3. Mass vs. Ye histograms for models sym-n1-a6, sym-n10-a3, and asy-n1-a6 (panels (a)–(c)) and the corresponding mass fractions of synthesized elements vs.
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yields vs. atomic mass number (panel (g)) and elemental abundances (panel (h)) obtained with network B, as well as the specific radioactive heating rate for the
indicated ejecta components and networks. All yields are shown for a time (typically about 100 Myr) when all elements, except the three longest-lived Th and U
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metal-poor star HD 222925 (Roederer et al. 2022) scaled to match the solar Eu abundance. The gray dotted line in panel (i) shows the heating rate
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observed	metal-poor	star 
HD	222925	(Roederer	’22)

late-time	increase	in	NS-torus	ejecta 
from	Ni56	and	Co56	decay
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Ejecta	expansion	towards	homology

density temperature	

• each	line	represents	a	finite-mass	outflow	trajectory

• r-process	heating	ignored

• almost	all	outflow	homologous	after	100s
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able to predict the final, spatial distribution of the total ejecta, a
task that can only be accomplished by end-to-end models that
capture the launch and expansion of all ejecta components and
their dynamical interaction with each other.

The dynamical ejecta, defined here as all11 material
fulfilling r(tmap)> 250 km, are launched during the merger

in a roughly spherical fashion (Bauswein et al. 2013;
Hotokezaka et al. 2013). During the subsequent evolution of
the NS remnant (tmap< tpm< tBH), neutrino emission, starting
off at rates of ∼1053 erg s−1 per neutrino species and mean
energies of ∼15, 20, and 30MeV for νe, eŌ , and νx, respectively
(see panels (g)–(i) of Figure 2), drives a thermal wind from the
NS surface with a half-opening angle of ∼20°–40° toward both
polar directions. This neutrino-driven wind (NDW), which in
most of our models dominates matter ejection during the NS
torus phase, drills through large parts (up to velocities of
v/c∼ 0.5–0.6) of the dynamical ejecta, pushing most of them

Figure 1. Snapshots of model sym-n1-a6 at different postmerger times, tpm. Panels (a)–(d) show the density ρ, radial velocity vr, electron fraction Ye, and entropy per
baryon s, as well as velocity arrows (left side) and contours of temperature T (right side). Panel (e) shows the mass fractions of lanthanides plus actinides, XLA, and of
elements in the first, second, and third r-process peaks, overlaid with green lines denoting the time-dependent location of the radial photosphere (computed as in Just
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11 Note that we do not need to impose an additional criterion to filter out
gravitationally bound from unbound material because the time at which we
identify ejecta (100 s) is late enough to ensure that all material counted as ejecta
is indeed gravitationally unbound.
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amount of torus material in a narrow stream along the
rotation axis (see Figure 1), reaching up to velocities of
0.5–0.6c but being unable to break out from the dynamical
ejecta owing to insufficient energy supply.12 However, due to

its low mass and relatively small volume, this choked jet has
only a very small impact on the overall nucleosynthesis pattern
and KN signal.

3.4. Nucleosynthesis Yields

In all of our models, the dynamical ejecta (Figure 3, red lines)
are the main source of material with Ye< 0.25 and A> 140,
despite having a subdominant mass among the three ejecta

Figure 4. Differential mass of lanthanides and actinides per solid angle along the polar angle (panels (a) and (b)); bolometric, isotropic-equivalent luminosity and effective
(i.e., including thermalization as in Rosswog et al. 2017) heating rate (panels (c) and (d)); photospheric temperature (panels (e) and (f)); and photospheric velocities (panels (g)
and (h)). The left (right) column shows plots for all models based on the symmetric (asymmetric) binary mass configuration. The bottom three rows share the same x-axis, and
solid (dashed) lines denote quantities averaged over the entire sphere (over solid angles with θ < π/4), while black circles denote data observed in AT 2017gfo (from
Waxman et al. 2018). The crosses in panels (c) and (d) denote peak emission properties obtained from one-zone estimates (Metzger 2019) using the mass, average velocity,
and average opacity of all NS torus ejecta with Ye > 0.3. Nucleosynthesis-related properties were obtained from network A.

12 A more powerful jet that is able to break out (such as observed with
GW170817; Mooley et al. 2018) may be powered through the GR Blandford–
Znajek process (Blandford & Znajek 1977; see, e.g., Gottlieb et al. 2022 for
recent numerical models), which our postmerger simulations are unable to
describe.

8

The Astrophysical Journal Letters, 951:L12 (16pp), 2023 July 1 Just et al.

polar	neutrino-driven	wind	pushes	aside	dynamical	
ejecta	and	creates	a	polar	“hole”	for	abundances	of	
A>100	elements


—>	impact	of	anisotropy	on	the	kilonova	may	be	used	
to	distinguish	prompt	from	delayed	collapse	events	(cf.	
Sneppen	’23)
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Dynamical ejecta with weak processes II: Kilonova 13

Figure 7. Same as Fig. 4 but comparing the four hydrodynamic models with different nuclear EoSs and binary mass ratios and not
distinguishing between polar and equatorial regions, i.e. only spherically averaged or integrated quantities are shown. Note that the top
middle panel now shows q instead of q/Mej.

Figure 8. Same as Fig. 7 but comparing the fiducial model DD2-135135 with its counterpart DD2-135135-noneu, in which neutrino
reactions have been neglected after the plunge.

and equilibration of trapped neutrinos. The advection of
trapped neutrinos can be accounted for without significant
efforts and even without computing any neutrino interaction
rates – basically by replacing the electron fraction with the
total lepton fraction in optically thick regions (e.g. Goriely
et al. 2015; Ardevol-Pulpillo et al. 2019). However, the main
challenge lies in the reliable description of the emission and
absorption rates in the semi-transparent regions surrounding
the hot merger remnant once it is formed. In order to quan-

tify the impact of (not) including any neutrino interactions
after the first touch of the two stars, we introduced in Part I
a variation of model DD2-135135 (called DD2-135135-noneu
here), in which Ye is held constant after the point when the
two stars plunge into each other. In this model the abun-
dances of elements with mass numbers 90 <

⇠ A <
⇠ 140 are

found to be reduced, while the mass fractions of lanthanides
and heavier elements are enhanced by a factor of 2�3. More-
over, the pole-to-equator composition gradient basically dis-
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• overall	good	agreement	with	AT2017gfo

• post-merger	ejecta	make	the	KN	signal	brighter	and	longer	than	
for	just	the	dynamical	ejecta


• slightly	too	faint	at	early	times	t	<	1day

• MHD	effects	may	not	be	necessary	to	explain	blue	component	of	
GW170817	(e.g.	Metzger	’18,	Siegel	’22,	Kiuchi	’22,	Curtis	’23)

dynamical	ejecta	only:
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1. How	does	the	lifetime	of	the	NS	remnant	until	BH	formation	depend	on	the	binary	mass	ratio	and	
turbulent	viscosity? 
-	systematically	shorter	lifetime	for	asymmetric	mass	ratios 
-	even	stronger	sensitivity	on	viscosity



24.07.2023  |   INT Workshop |     Oliver Just   

Summary	of	results	suggested	by	our	models

1. How	does	the	lifetime	of	the	NS	remnant	until	BH	formation	depend	on	the	binary	mass	ratio	and	
turbulent	viscosity? 
-	systematically	shorter	lifetime	for	asymmetric	mass	ratios 
-	even	stronger	sensitivity	on	viscosity

2. Properties	of	the	ejecta	from	the	NS	remnant? 
-	massive	and	fast	neutrino-driven	wind	with	high	Ye 
-	stronger	viscosity	—>	higher	wind	masses



24.07.2023  |   INT Workshop |     Oliver Just   

Summary	of	results	suggested	by	our	models

1. How	does	the	lifetime	of	the	NS	remnant	until	BH	formation	depend	on	the	binary	mass	ratio	and	
turbulent	viscosity? 
-	systematically	shorter	lifetime	for	asymmetric	mass	ratios 
-	even	stronger	sensitivity	on	viscosity

2. Properties	of	the	ejecta	from	the	NS	remnant? 
-	massive	and	fast	neutrino-driven	wind	with	high	Ye 
-	stronger	viscosity	—>	higher	wind	masses

3. Mass	and	neutron	richness	of	accretion	torus	around	newly	formed	BH? 
-	mass	can	both	grow	or	decline	depending	on	NS	viscosity 
-	Ye	~0.2-0.3	@	BH	formation	—>	higher	than	previously	assumed



24.07.2023  |   INT Workshop |     Oliver Just   

Summary	of	results	suggested	by	our	models

1. How	does	the	lifetime	of	the	NS	remnant	until	BH	formation	depend	on	the	binary	mass	ratio	and	
turbulent	viscosity? 
-	systematically	shorter	lifetime	for	asymmetric	mass	ratios 
-	even	stronger	sensitivity	on	viscosity

2. Properties	of	the	ejecta	from	the	NS	remnant? 
-	massive	and	fast	neutrino-driven	wind	with	high	Ye 
-	stronger	viscosity	—>	higher	wind	masses

3. Mass	and	neutron	richness	of	accretion	torus	around	newly	formed	BH? 
-	mass	can	both	grow	or	decline	depending	on	NS	viscosity 
-	Ye	~0.2-0.3	@	BH	formation	—>	higher	than	previously	assumed

4. How	does	the	NS	lifetime	affect	the	nucleosynthesis	yields? 
-	long	lifetime	—>	more	high-Ye		ejecta	—>	less	consistent	with	solar	pattern 
-	events	with	short	lifetime	may	dominate	galactic	chemical	evolution
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Figure 10. Schematic illustration of the characteristic weak-interaction regimes encountered in neutrino-cooled disks and their corresponding equilibrium
electron fractions in dependence of the mass accretion rate onto the central BH, ṀBH. The torus can roughly be divided into a region where only neutrino
absorption is relevant (A), where both neutrino emission and absorption are relevant (B), where only neutrino emission is relevant (C), and where all weak
interactions are inefficient (D). The cases 1 to 4 indicate different regimes of mass accretion rates onto the BH. See Sect. 2 for the definition of the corresponding
Ye -equilibria and the emission/absorption timescales, as well as Sect. 4.2.1 for a discussion of the regions A, B, C, and D.

direction through the entire computational domain. A straightfor-
ward estimate of ⌧opt can be obtained by adopting for the neutrino
energy the mean energy of released neutrinos measured far away
from the torus, given by L⌫/L⌫,N . We use the approximate formula
(e.g. Bruenn 1985)

abs(✏ ) ⇡
�0

4mec2 (3g2
A + 1)nB✏2 , (18)

for calculating all optical depths in this paper (where �0 = 1.761⇥
10�44 cm2 and gA = 1.254). The solid lines in panels (j) and (k)
of Figs. 2 and 3 depict the evolution of ✏ and ⌧opt(✏ ) computed in
this way for various models. However, the numbers resulting in this
case for ✏ and ⌧opt(✏ ) are systematically underrated, because they
disregard the fact that preferrably neutrinos of higher energy are
absorbed, owing to the ✏2 dependence of abs. Therefore, a more
appropriate energy for measuring the impact of absorption is given
by the average energy of all neutrinos captured by nucleons per unit
of time, i.e.

✏abs =

R
r<r1

ėabsdV
R
r<r1

ṅabsdV
, (19)

where ṅabs = �⌫̄e np + �⌫e nn and ėabs is the corresponding energy-
absorption rate that results after replacing ✏2 by ✏3 in the rates
�⌫e/⌫̄e , cf. Eq. (1). The resulting changes in ✏ and ⌧opt(✏ ) / ✏2

are quite significant, approximately a factor of 2 and 4, respec-
tively, during the neutrino-dominated phase. For the fiducial model,
m01M3A8, with a relatively low torus mass of 0.01 M� the optical
depth computed in this way exceeds 10 during the first ⇠ 20 ms
and drops below ⌧opt = 1 only after t ⇡ 60 ms. The sharp depen-
dence of the optical depth on the detailed neutrino energy spectrum

highlights the importance of using an energy-dependent neutrino
transport scheme for investigating optical-depth related effects in
neutrino-cooled disks.

We provide for each model in Table 2 the time-integrated
mean energies of released and absorbed neutrinos as well as the
maximum value of the optical depth10 attained by each model dur-
ing its evolution, ⌧max

opt . We find higher values of ⌧max
opt for models

that lead to more compact torus configurations, namely for larger
disk masses, smaller BH masses, higher BH spins, and lower val-
ues of the viscous ↵-parameter. An enhanced role of absorption
for faster spinning BHs has also been reported in Fernández et al.
(2015). It turns out that ⌧max

opt is not only a useful measure for the
importance of neutrino absorption in a given torus configuration,
but it also correlates, though only approximately, with the aver-
age electron fraction of the torus and, therefore, of the ejecta, as
can be seen in Fig. 11. The reason for this correlation is simple:
High optical depths tend to be found in tori with high densities and
therefore more degenerate electron distributions and correspond-
ingly low values of Y eq,em

e (see, e.g., Fig. 1).
Lastly, to enable the comparison with popular neutrino leak-

age schemes we compute another measure for the importance of

10 The reason why in Table 2 we employ a fixed neutrino energy of ✏ =
20 MeV to compute maximum optical depths instead of ✏abs from Eq. (19)
is simply to enable a straightforward comparison between all models, even
those neglecting neutrino absorption.
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Figure 1. Properties connected to the kinetic emission equilibrium, which is established once the rate of p + e− → n + νe equals that of n + e+ → p + ν̄e. The
colour map in all panels illustrates Y

eq,em
e defined by equations (1a), (1b), and (5) and the 4-species NSE composition employed in our numerical simulations.

Panel (a): characteristic neutrino emission time-scale, τ em (white lines), electron degeneracy parameter, ηe (purple lines), and average density–temperature
evolution of a fiducial numerical model (dashed black line); (b): Ye corresponding to µν = −µe (purple lines) and to µν = 0 (red lines); (c): Y

eq,em
e computed

with weak-magnetism and recoil corrections (red lines) as well as using the simplification Qnp = me = 0 (purple lines); (d): same as panel (c) but the colour
map and lines are obtained using the coarser neutrino energy grid that is employed in numerical simulations of this study; (e): Y

eq,em
e resulting with the NSE

composition of the SFHO EOS (red lines) and for a pure neutron–proton gas (purple lines); (f): the mean energies of neutrinos, 〈ε〉, emitted from a gas with the
density, temperature, and Ye = Y

eq,em
e given at each point (where some regions less relevant to the freeze out are neglected). All Ye contours show values of

0.1, 0.2, etc. from top to bottom. Since the dynamical time-scales of outflows in neutrino-cooled discs are typically no longer than ∼ 1 s, the region left of the
τem = 100 s contour, where approximately T <∼ 1 MeV, is irrelevant to our discussion.
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Figure 1. Properties connected to the kinetic emission equilibrium, which is established once the rate of p + e− → n + νe equals that of n + e+ → p + ν̄e. The
colour map in all panels illustrates Y

eq,em
e defined by equations (1a), (1b), and (5) and the 4-species NSE composition employed in our numerical simulations.

Panel (a): characteristic neutrino emission time-scale, τ em (white lines), electron degeneracy parameter, ηe (purple lines), and average density–temperature
evolution of a fiducial numerical model (dashed black line); (b): Ye corresponding to µν = −µe (purple lines) and to µν = 0 (red lines); (c): Y

eq,em
e computed

with weak-magnetism and recoil corrections (red lines) as well as using the simplification Qnp = me = 0 (purple lines); (d): same as panel (c) but the colour
map and lines are obtained using the coarser neutrino energy grid that is employed in numerical simulations of this study; (e): Y

eq,em
e resulting with the NSE

composition of the SFHO EOS (red lines) and for a pure neutron–proton gas (purple lines); (f): the mean energies of neutrinos, 〈ε〉, emitted from a gas with the
density, temperature, and Ye = Y

eq,em
e given at each point (where some regions less relevant to the freeze out are neglected). All Ye contours show values of

0.1, 0.2, etc. from top to bottom. Since the dynamical time-scales of outflows in neutrino-cooled discs are typically no longer than ∼ 1 s, the region left of the
τem = 100 s contour, where approximately T <∼ 1 MeV, is irrelevant to our discussion.

MNRAS 509, 1377–1412 (2022)

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/509/1/1377/6384847 by guest on 15 N
ovem

ber 2021

➡ generically	low	Ye	for	neutrino-cooled	disks	because	
of	moderate	electron	degeneracy	eta~1


➡ freeze-out	at	relatively	low	Ye	roughly	when	weak	
timescales	tau_{em}	>	1-10	seconds
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the conservation of the total number of neutrinos, i.e.

X

⌫

n⌫,q =
X

⌫̃

n0

⌫,q . (17)

• Case “mix1”: lepton number per family con-
served. This case assumes that both

nfam

⌫e,q = n⌫e,q � n⌫̄e,q (18)

and

nfam

⌫x,q = n⌫x,q � n⌫̄x,q (19)

are conserved. Among the three cases of flavor mix-
ing considered here, this is the case most compati-
ble with Standard Model physics, but also the most
restrictive one concerning the possible degree of fla-
vor redistribution. The remaining condition needed
to fix the mixing coe�cients, c⌫⌫̃ , is that number
equipartition shall be achieved among the species
with subdominant number densities, i.e.

min{n⌫e,q, n⌫̄e,q} = min{n⌫x,q, n⌫̄x,q}

= neq,q , (20)

which defines the quantity neq,q. The mixing equa-
tions result as follows:

n⌫e,q = neq,q +max{nfam

⌫e,q, 0} , (21a)

n⌫̄e,q = neq,q � min{nfam

⌫e,q, 0} , (21b)

n⌫x,q = neq,q +max{nfam

⌫x,q, 0} , (21c)

n⌫̄x,q = neq,q � min{nfam

⌫x,q, 0} (21d)

with

neq,q =
1

3
min{n0

⌫e,q, n
0

⌫̄e,q} +
2

3
min{n0

⌫x,q, n
0

⌫̄x,q} .

(22)

• Case “mix2”: total lepton number con-
served. This case relaxes the conditions of nfam

⌫e,q-

and nfam

⌫x,q-conservation underlying Eqs. (21a) and
assumes that neutrinos can mix across di↵erent
neutrino families while still conserving the total lep-
ton number:

ntot

q = n⌫e,q � n⌫̄e,q + 2 (n⌫x,q � n⌫̄x,q) . (23)

The resulting mixing equations are

n⌫,q =
1

3

�
n0

⌫e,q + 2n0

⌫x,q

�
, (24a)

n⌫̄,q =
1

3

�
n0

⌫̄e,q + 2n0

⌫̄x,q

�
(24b)

for ⌫ 2 {⌫e, ⌫x} and ⌫̄ 2 {⌫̄e, ⌫̄x}. This approach
to mimic the e↵ect of flavor mixing, which was as-
sumed in Refs. [83, 96], leads to a potentially higher

degree of equipartition compared to case “mix1”.
Note that this scenario violates family lepton num-
ber conservation and is therefore inconsistent with
the Standard Model of particle physics.

• Case “mix3”: total equipartition. Finally, the
case with the largest degree of flavor redistribution
is the one of complete equipartition among all six
neutrino species, i.e.

n⌫ =
1

6

�
n0

⌫e,q + n0

⌫̄e,q + 2n0

⌫x,q + 2n0

⌫̄x,q

�
(25)

for ⌫ 2 {⌫e, ⌫̄e, ⌫x, ⌫̄x}. Here, neutrinos not only
can mix across families but also with their anti-
particles. Such a case is exotic but could possibly
be realized for Majorana neutrinos in the presence
of strong magnetic fields and in beyond-Standard-
Model scenarios for the neutrino magnetic mo-
ments [124–126]. We include this scenario in order
to explore the maximal impact of flavor mixing on
the disk and its composition.

We remark that (see also Footnote 1) the above case
“mix2”, and only this case, breaks the symmetry be-
tween heavy-lepton neutrinos and their antiparticles. As
a consequence, all neutrino properties, such as luminosi-
ties and mean energies, may di↵er between ⌫x and ⌫̄x in
the model using “mix2”, whereas they are identical in all
other models.
Since our neutrino transport scheme evolves the 1st-

moment vector, with components F i
⌫,q (where i =

r, ✓,�)2, independently from the 0th moments, we also
need appropriate mixing relations for the 1st moments.
The simplest and most straightforward treatment, which
is adopted in the majority of our simulations, consists of
using the same mixing coe�cients, c⌫⌫̃ , as used for the
0th moments (cf. Eq. (16)) and to compute the flavor-
mixed flux densities of any of the four evolved species, ⌫,
as

F i
⌫,q =

X

⌫̃

c⌫⌫̃F
i,0
⌫̃,q (26)

as functions of the unmixed flux densities F i,0
⌫̃,q. This

case is equivalent to assuming that flavor mixing takes
place independently of angle in momentum space. We
also consider two models with a “mix1” treatment of the
0th moments but a slightly di↵erent, non-linear mixing
of the 1st moments, which assumes that the flux factor
at any given energy remains unchanged, i.e.

F i
⌫,q =

F i,0
⌫,q

n0
⌫,q

n⌫,q . (27)

2
We note that the fluxes in azimuthal (�) direction vanish as a

result of the approximation that the �-velocities entering the

neutrino-transport equations are neglected in our simulations

(see, e.g., Refs. [19, 37] for more details).

flavor	equipartition,	e.g.	like:

✓ two	main	effects	due	to	the	effective	
creation	of	mu/tau	neutrinos:


➡ enhanced	neutrino	cooling	rates	
lead	to	high	electron	degeneracy	
and	lower	value	of	Yeeq,em


➡ reduced	abundances	of	electron-
type	neutrinos	reduce	impact	of	
absorption	and	lead	to	additional	
reduction	of	Yeeq

(cf. orange lines of Fig. 2), we observe a swap in the
hierarchy of mean energies, i.e., hϵiνx ends up somewhere
between hϵiνe and hϵiν̄e . This is a consequence of the fact
that nνe;q > nν̄e;q (nνe;q < nν̄e;q) in low (high) energy bins q,
which, according to the “mix1” prescription [cf. Eq. (21a)]
means that the flavor mixing results in nνx;q ¼ nν̄e;q for low
q and nνx;q ¼ nνe;q for high q. In other words: since heavy
lepton neutrinos always attain the lower of the two
occupation numbers, nνe;q and nν̄e;q, at a given q their
spectrum must peak between the two spectra of the
electron-type neutrinos.
Besides a changed hierarchy, we also observe a spectral

hardening (i.e., enhanced mean energies) for both electron-
type neutrinos. This result is less straightforward to under-
stand. We suspect it to be a consequence of the possibility
that high-energy heavy-lepton neutrinos, which can diffuse
more easily out of the disk than electron-type neutrinos,
repopulate the high-energy tail of electron-type neutrinos
through flavor mixing, or equivalently, that low-energy
electron-type neutrinos are converted more effectively into
heavy-lepton neutrinos than high-energy electron-type neu-
trinos. However, we leave a more conclusive analysis to
future work. Finally, we point out that the impact of flavor
conversion on the mean energies seen in model m1mix1 and
described above is not universal but depends on the cases of
flavor mixing; see Sec. III C 1 for their discussion.

2. Impact on the electron fraction in the torus

We now examine the consequences of the effects
identified in the previous section for the evolution of the
electron fraction, Ye, in the disk. A useful proxy for the
electron fraction is the equilibrium value Yeq

e that would
result for Ye for a fixed density, temperature, and neutrino
field [38]. For the considered conditions in the disk, nuclei
are fully dissociated into free nucleons during most of the
time such that Yeq

e is determined entirely by the β processes
on free nucleons of Eq. (1). In order to gain insight about
the individual sensitivities of Yeq

e on the thermodynamic
state and on the neutrino field, Yeq

e can be further decom-
posed into a value characterizing a pure emission equilib-
rium, Yeq;em

e , as well as a quantity corresponding to a pure
absorption equilibrium, Yeq;abs

e . Given the relatively low
optical depth of neutrino-cooled disks, Yeq

e typically lies
close to, but slightly above, Yeq;em

e , while the difference,
Yeq
e − Yeq;em

e , grows with the abundance of νe and ν̄e neu-
trinos relative to nucleons. While Yeq;abs

e depends mainly on
the neutrino field, Yeq;em

e depends solely on the thermody-
namic state (namely on ρ and T in nuclear statistical
equilibrium). Importantly, the state of pure emission
equilibrium characterized by Yeq;em

e becomes more neutron
rich for higher levels of electron degeneracy [15,16]
because of the concomitant suppression of positrons and
correspondingly low rates of eþ captures on neutrons.

Figure 3 shows radial profiles of Ye, Y
eq
e , Y

eq;em
e , and

Yeq;abs
e along the equator at t ¼ 50 ms for two models with

(solid lines) and without (dashed lines) fast conversions. In
both models the hot and dense part of the disk in the
innermost ∼100 km is close to weak equilibrium, Ye ≈ Yeq

e ,
while in the expanding outer layers of the disk Ye departs
from its local equilibrium value and eventually freezes out.
In the model with active flavor conversions we observe
values of Yeq

e (green lines) that are reduced throughout the
first ∼100 km by approximately 0.05–0.07 compared to
the model without conversions. This reduction results
from the combination of the two effects related to flavor
conversions that were previously identified in Sec. III B 1:
first, the enhanced cooling rates and higher electron
degeneracies cause the neutrino emission rates to favor a
more neutron-rich equilibrium, as can be inferred from
the fact that Yeq;em

e (red lines) is lower by about 0.04
when flavor conversions are taken into account. Second,
the attenuation of electron-type neutrino abundances in the
disk [cf. Fig. 2(k) and discussion of Sec. III B 1] reduces
the tendency of neutrino captures to drive Ye towards
Yeq;abs
e ∼ 0.5.
In Fig. 4 the global averages of Ye and its equilibria are

plotted as functions of time. In all models hYeiρ tends to
follow hYeq

e iρ but gradually decouples from it with time,
because a growing fraction of the disk expands and cools
down to temperatures T ≲ 1 MeV, where neutrino emis-
sion timescales become much longer than the evolution

FIG. 3. Radial profiles of Ye along the equator for models
m1mix1 (solid lines) and m1 (dashed lines) with and without
flavor conversions, respectively, as well as the equilibrium values
that would result for a constant thermodynamic background and
neutrino field, Yeq

e , for a constant thermodynamic background
and vanishing neutrino field, Yeq;em

e , and for vanishing neutrino
emission rates and a constant neutrino field, Yeq;abs

e . Explicit
expressions for Yeq

e ; Y
eq;em
e , and Yeq;abs

e are provided in Sec. 2
of Ref. [38].
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model with flavor conversions. These lower outflow
velocities are probably a consequence of the enhanced
rates of neutrino cooling, which effectively reduce the
initial, total energy of fluid elements ending up in the ejecta
and thereby reduce their final kinetic energies.
Now looking at the left panel of Fig. 6, we observe at

high temperatures, which are sampled primarily by material
located near the density maximum of the torus, the same
features already identified in the previous section, namely a
reduction of Ȳeq

e and Ȳe due to the combination of increased
electron degeneracies and reduced absorption rates of νe
and ν̄e neutrinos. However, following the material along its
expansion to lower temperatures the differences in Ȳe, Ȳ

eq
e ,

and Ȳeq;em
e between both models decrease, such that the

values of Ȳe at freeze-out (i.e., at T ≳ 1 MeV) lie much
closer together than initially in the torus.
The result that the net effect on the ejecta Ye is relatively

small, while the impact on the torus Ye is more significant,

is not particularly surprising in light of what is known from
previous investigations of neutrino-cooled disks; see, e.g.,
Ref. [38] for a systematic study of the torus Ye and the
ejecta Ye. After leaving the hot and dense equilibrium
conditions in the early stage of the disk evolution but
before entering weak freeze-out—namely in regions where
2 MeV > T > 1 MeV—the material is still subject to
numerous weak interactions. Both emission and absorption
reactions tend to increase Ye for T ≲ 2 MeV (cf. left panel
of Fig. 6), and by doing so can partially erase the memory
of the original torus Ye. Hence, the final Ye in the outflow
material does not only depend on Ye in the bulk of the torus
(which lies close to Yeq

e ) but also on the detailed conditions
during the expansion, such as the expansion timescale. The
fact that material expands on average slower in the models
with flavor conversions, as a consequence of enhanced
neutrino cooling, may contribute to the explanation for the
only modest impact of flavor conversions on the ejecta Ye.

FIG. 5. Mass versus Ye histograms of the ejected material for models m1mix1, m1mix1f, m1mix2, and m1mix3 (orange lines, from
left to right) using different schemes of flavor mixing in regions where flavor conversions occur. Black lines denote the reference model
without flavor conversions.

FIG. 6. Electron fraction and its equilibrium values (left panel) as well as characteristic timescales (right panel) averaged at given
temperature during the expansion of ejected material for models m1mix1 (solid lines) and m1 (dashed lines) including (not including)
flavor conversions. Note that the temperature decreases from left to right.
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FIG. 7. Left panel: Abundance distributions as functions of the atomic mass number of elements synthesized in the ejected
material in models m1, m1mix1, m1mix1f, m1mix2, and m1mix3 measured at t = 1 d after the birth of the disk. The imprint
of flavor conversions is most visible in the enhanced abundances of lanthanides. Right panel: Kilonova signal powered by
radioactive heating of synthesized material for models m1 (dashed lines) and m1mix1 (solid lines) estimated using spherically
averaged ejecta properties. The top panel shows the bolometric luminosities (black) and e↵ective heating rates (including
thermalization; grey), the bottom panel depicts AB magnitudes in selected bands. Flavor conversions induce more powerful
heating but also higher opacities, causing the peak emission to take place with nearly the same luminosity but for an extended
period of time.

always below 10GK, we start the evolution at the time
t = 0 corresponding to the start of the hydrodynamic
simulation. As anticipated from the previously found re-
duction of Ye in the ejecta, flavor conversions enhance
the production of nearly all r-process elements, while the
largest relative increase (of up to a factor of ⇠ 2 depend-
ing on the model) is observed for the lanthanides. Not
surprisingly, for di↵erent models the size of the impact
of flavor conversions on the mass fractions scales pretty
well with the size of the impact on Ye, i.e. models with
smaller reduction of Ye exhibit a milder increase of XLA

etc.
In order to assess the impact on the kilonova light

curves, we use the trajectories and results from the nu-
cleosynthesis analysis, assume constant velocities beyond
r = 109 cm, and construct spherically symmetric dis-
tributions of mass, heating rates, mass fractions of lan-
thanides plus actinides, and mean atomic mass numbers
as functions of velocity (as was also done in Ref. [37]).
We then plug these data into the spherically symmet-
ric version of the scheme described in Ref. [136], which
solves the radiative transfer equations in the M1 approxi-
mation using simplified, parametrized opacities (see [136]
for technical details of the solver). The right panels of
Fig. 7 provide the results for the two models m1 (dashed
lines) and m1mix1 (solid lines), namely the radioactive
heating rates powering the light curve and bolometric lu-
minosities (top panel) and the broadband magnitudes for
selected frequency bands (bottom panel).

The kilonova is a↵ected in two ways by the modi-

fied nucleosynthesis pattern in models with flavor oscil-
lations: First, the radioactive heating rates are boosted
at 3 <

⇠ t <⇠ 20 d by several tens of percent mostly as a
consequence of the increased abundance of 2nd-peak ele-
ments, which dominate the heating rates during this pe-
riod of time. The second e↵ect is given by the increased
opacities, which mainly result from the higher abundance
of lanthanides. Since the second e↵ect to some extent
counteracts the first e↵ect, the light curve in the model
with flavor conversions is barely more luminous until the
plateau-like peak epoch at about t ⇡ 10 d than in the
model without conversions. After the plateau the light
curve decays more slowly and reaches the asymptotic be-
havior (given by the radioactive heating rate) several
days later. The broadband light curves exhibit similar
di↵erences between both models. Overall, the impact of
fast flavor conversions on the kilonova predicted by our
models is noticeable mostly in the duration of the high-
luminosity emission.

C. Model dependence

In this section we examine the sensitivity of the find-
ings of the previous section to variations of the flavor-
mixing prescription, the chosen threshold for the onset
of flavor instabilities, the disk mass, and to replacing the
↵-viscosity with an MHD treatment.
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FIG. 7. Left panel: Abundance distributions as functions of the atomic mass number of elements synthesized in the ejected
material in models m1, m1mix1, m1mix1f, m1mix2, and m1mix3 measured at t = 1 d after the birth of the disk. The imprint
of flavor conversions is most visible in the enhanced abundances of lanthanides. Right panel: Kilonova signal powered by
radioactive heating of synthesized material for models m1 (dashed lines) and m1mix1 (solid lines) estimated using spherically
averaged ejecta properties. The top panel shows the bolometric luminosities (black) and e↵ective heating rates (including
thermalization; grey), the bottom panel depicts AB magnitudes in selected bands. Flavor conversions induce more powerful
heating but also higher opacities, causing the peak emission to take place with nearly the same luminosity but for an extended
period of time.

always below 10GK, we start the evolution at the time
t = 0 corresponding to the start of the hydrodynamic
simulation. As anticipated from the previously found re-
duction of Ye in the ejecta, flavor conversions enhance
the production of nearly all r-process elements, while the
largest relative increase (of up to a factor of ⇠ 2 depend-
ing on the model) is observed for the lanthanides. Not
surprisingly, for di↵erent models the size of the impact
of flavor conversions on the mass fractions scales pretty
well with the size of the impact on Ye, i.e. models with
smaller reduction of Ye exhibit a milder increase of XLA

etc.
In order to assess the impact on the kilonova light

curves, we use the trajectories and results from the nu-
cleosynthesis analysis, assume constant velocities beyond
r = 109 cm, and construct spherically symmetric dis-
tributions of mass, heating rates, mass fractions of lan-
thanides plus actinides, and mean atomic mass numbers
as functions of velocity (as was also done in Ref. [37]).
We then plug these data into the spherically symmet-
ric version of the scheme described in Ref. [136], which
solves the radiative transfer equations in the M1 approxi-
mation using simplified, parametrized opacities (see [136]
for technical details of the solver). The right panels of
Fig. 7 provide the results for the two models m1 (dashed
lines) and m1mix1 (solid lines), namely the radioactive
heating rates powering the light curve and bolometric lu-
minosities (top panel) and the broadband magnitudes for
selected frequency bands (bottom panel).

The kilonova is a↵ected in two ways by the modi-

fied nucleosynthesis pattern in models with flavor oscil-
lations: First, the radioactive heating rates are boosted
at 3 <

⇠ t <⇠ 20 d by several tens of percent mostly as a
consequence of the increased abundance of 2nd-peak ele-
ments, which dominate the heating rates during this pe-
riod of time. The second e↵ect is given by the increased
opacities, which mainly result from the higher abundance
of lanthanides. Since the second e↵ect to some extent
counteracts the first e↵ect, the light curve in the model
with flavor conversions is barely more luminous until the
plateau-like peak epoch at about t ⇡ 10 d than in the
model without conversions. After the plateau the light
curve decays more slowly and reaches the asymptotic be-
havior (given by the radioactive heating rate) several
days later. The broadband light curves exhibit similar
di↵erences between both models. Overall, the impact of
fast flavor conversions on the kilonova predicted by our
models is noticeable mostly in the duration of the high-
luminosity emission.

C. Model dependence

In this section we examine the sensitivity of the find-
ings of the previous section to variations of the flavor-
mixing prescription, the chosen threshold for the onset
of flavor instabilities, the disk mass, and to replacing the
↵-viscosity with an MHD treatment.

Impact	on	nucleosynthesis	and	kilonova

➡ moderate	enhancement	of	r-process	yields


➡ mildly	prolonged	kilonova	signal	due	to	enhanced	lanthanide	abundance


➡ possibly	larger	effect	for	more	realistic	mixing/QKT	treatment	(???)
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