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We examine the effect of neutrino flavor transformation by the fast flavor instability (FFI) on long-term
mass ejection from accretion disks formed after neutron star mergers. Neutrino emission and absorption in
the disk set the composition of the disk ejecta, which subsequently undergoes r-process nucleosynthesis
upon expansion and cooling. Here we perform 28 time-dependent, axisymmetric, viscous-hydrodynamic
simulations of accretion disks around hypermassive neutron stars (HMNSs) of variable lifetime, using a
3-species neutrino leakage scheme for emission and an annular-lightbulb scheme for absorption. We
include neutrino flavor transformation due the FFI in a parametric way, by modifying the absorbed neutrino
fluxes and temperatures, allowing for flavor mixing at various levels of flavor equilibration, and also in a
way that aims to respect the lepton-number preserving symmetry of the neutrino self-interaction
Hamiltonian. We find that for a promptly-formed black hole (BH), the FFI lowers the average electron
fraction of the disk outflow due to a decrease in neutrino absorption, driven primarily by a drop in electron
neutrino/antineutrino flux upon flavor mixing. For a long-lived HMNS, the disk emits more heavy lepton
neutrinos and reabsorbs more electron neutrinos than for a BH, with a smaller drop in flux compensated by
a higher neutrino temperature upon flavor mixing. The resulting outflow has a broader electron fraction
distribution, a more proton-rich peak, and undergoes stronger radiative driving. Disks with intermediate
HMNS lifetimes show results that fall in between these two limits. In most cases, the impact of the FFI on
the outflow is moderate, with changes in mass ejection, average velocity, and average electron fraction of

order ~10%, and changes in the lanthanide/actinide mass fraction of up to a factor ~2.
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I. INTRODUCTION

Neutron star (NS) mergers became the first confirmed
cosmic site of r-process element production, following
the detection of a kilonova from GW170817 [1-6].
Nucleosynthesis takes place in the expanding ejecta, which
is neutron-rich and therefore favors the operation of the
r-process [7-9]. The ejecta is made up of multiple
components launched over a range of timescales and by
a variety of mechanisms (e.g., [10-12]). Of particular
importance is matter unbound from the accretion disk
formed after the merger, which can dominate mass ejection
in events like GW170817 (e.g., [13]).

Transport of energy and lepton number by neutrinos is a
key physical process in the accretion disk, because the
timescales associated with some of the ejection mecha-
nisms are comparable to or longer than the weak-
interaction timescale. Neutrino transport heats or cools
different parts of the disk and modifies the electron fraction
of the disk material (e.g., [14]). Neutrinos can also be
involved in the launching of a gamma-ray burst jet, by
clearing out dense matter from the polar regions, or
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contributing energy through neutrino-antineutrino pair
annihilation (e.g., [8,15-19]). Given the thermodynamic
conditions reached in NS mergers, however, temperatures
are well below the muon and taon mass energies
(~100 MeV and ~1.8 GeV, respectively), thus electron-
type neutrinos and antineutrinos are the only species that
can exchange energy and lepton number with matter locally
or nonlocally through charged current weak interactions,
with heavy lepton neutrinos fulfilling primarily a cool-
ing role.'

Flavor transformation due to nonzero neutrino mass and
to interactions with background matter (the MSW mecha-
nism [21,22]) have long been expected to occur at large
distances from the merger, with little impact on the
dynamics or nucleosynthesis of the ejecta. However,
neutrino-neutrino interactions make the flavor transforma-
tion process nonlinear, leading to a rich phenomenology
(e.g., [23-25]). In the context of neutron star mergers, the
matter-neutrino resonance was shown to occur in the polar
regions above the remnant, such that it could have
significant impacts on the nucleosynthesis in outflows

"The exception being neutrino pair annihilation in low-density
polar regions (e.g., [20]).
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along the rotation axis [26,27]. More recently, the so-called
fast flavor instability (FFI) was shown to be ubiquitous in
both neutron star mergers and core-collapse supernovae,
resulting in extremely fast (nanosecond) flavor transforma-
tion both within and outside of the massive accretion disk
[28] and the HMNS [29].

Although local simulations of the FFI have been per-
formed and can predict the final flavor abundance follow-
ing the instability [30-39] (see also [40] for a code
comparison study), a general description of the effects of
the instability and a consistent inclusion in global simu-
lations is still lacking. Assessment of the FFI in post-
processing of time-dependent simulations of NS merger
remnants has confirmed the prevalence of the instability
outside the neutrino decoupling regions, with implications
for the composition of the disk outflow [29,41,42].

Effective inclusion of the FFI in global simulations of
postmerger black hole (BH) accretion disks has been
achieved recently, first in general-relativistic (GR) magne-
tohydrodynamic (MHD) simulations over a timescale of
400 ms [43], and then also on viscous hydrodynamic
simulations over the full evolutionary time of an axi-
symmetric disk (~10 s, [44], who also performed 3D MHD
simulations for 500 ms). In both cases, a standard
3-species, 2-moment scheme (M1) was modified based
on a criterion indicating fast flavor instability, along with an
algebraic swapping scheme between species to mix the
zeroth and first moments. Both studies found that the FFI
results in a ~10% decrease in mass ejection, with the ejecta
shifting toward more neutron-rich values. The prevalence
of the instability over the entire disk system was confirmed,
and the sensitivity to various mixing prescriptions was
found by [44] to be moderate.

Here we introduce a different method to include the
effects of the FFI in global simulations that employ a
leakage-lightbulb-type neutrino scheme, in order to enable
parameter studies over a larger number of long-duration
accretion disk simulations. We employ an optical depth
prescription to smoothly activate the FFI in regions where
neutrinos are out of thermal equilibrium, and use algebraic
expressions to parametrically mix the fluxes and energies of
each neutrino flavor absorbed by the fluid. The scheme
relies on the very rapid growth and saturation of the
instability (~ns timescales over ~cm length scales) relative
to the relevant evolutionary time- and spatial scales of the
system (> ms timescales over ~km length scales). The
efficiency of our method allows for exploration of varying
degrees of flavor equilibration, as well as flavor mixing that
respects lepton number conservation in the neutrino self-
interaction Hamiltonian.

We apply this method self-consistently to an axisym-
metric viscous hydrodynamic setup representative of a
postmerger accretion disk, and explore the effects of the
instability on long-term mass ejection from disks around
hypermassive neutron stars (HMNSs) of variable lifetime.

Viscous hydrodynamic simulations that include neutrino
emission and absorption as well as nuclear recombination
produce ejecta that is consistent with GRMHD simulations
at late-time (s timescales), since viscous heating models
dissipation of MHD turbulence reasonably well, with the
main difference being the lack of earlier ejecta launched by
magnetic stresses [45]. Thus, our results produce a lower
limit to the quantity of ejecta from these systems, while also
focusing on the portion of the ejecta that is most affected by
neutrinos.

The paper is structured as follows. Section II describes
the hydrodynamics simulations, the neutrino implementa-
tion, flavor transformation prescription, and models
evolved. Results are presented in Sec. III, including
evolution without and with flavor transformation, nucleo-
synthesis implications, and comparison with previous
work. A summary and discussion follow in Sec. IV.
Appendix provides a derivation of our lepton-number-
preserving prescription for FFI flavor transformation.

II. METHODS

A. Numerical hydrodynamics

We solve the equations of time-dependent hydrodynam-
ics in axisymmetry using FLASH version 3.2 [46,47], with
the modifications described in [48-51]. The code solves the
equations of mass, momentum, energy, and lepton number
conservation in spherical polar coordinates (r, 8), subject to
the pseudo-Newtonian potential of a spinning BH [52] with
no self-gravity, an azimuthal viscous stress with viscosity
coefficient a, [53], and the equation of state of [54] with the
abundances of neutrons, protons, and alpha particles in
nuclear statistical equilibrium, accounting for nuclear bind-
ing energy changes.

Neutrino effects in the disk are included through a
leakage scheme for cooling and annular lightbulb irradi-
ation with optical depth corrections for absorption
[48,49,51]. The HMNS is modeled as a reflecting inner
radial boundary from which additional neutrino luminos-
ities are imposed. In Sec. II B we describe the baseline
neutrino scheme, including upgrades relative to versions
used in previous work, and modifications to include flavor
transformation due to the FFL

The initial condition is an equilibrium torus with con-
stant angular momentum, entropy, and composition [48].
The disk configuration and central object mass is the same
in all the simulations, aiming to match the parameters of
GW170817 (cf., [55]) and to connect with previous long-
term postmerger disk calculations (e.g., [44,56]). The
central object has a mass 2.65 M, spin 0.8 if a BH, or
otherwise a radius 30 km and rotation period2 3 ms if a

*The rotation period of the HMNS affects the way in which the
viscous stress is applied at the surface, where rigid rotation is
enforced. The pseudo-Newtonian potential is set to have spin zero
when the HMNS is present.
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HMNS. The disk has a mass 0.1 M, radius of maximum
density r4 = 50 km, initial ¥, = 0.1, and entropy 8 kg per
baryon. The viscosity parameter in all simulations is
a, = 0.03. The computational domain outside the torus
is filled with an inert low-density ambient medium. The
initial ambient level and density floors are set as described
in [57].

The computational domain spans the range 6 € [0, z] in
polar angle, with reflecting boundary conditions at each
end of the interval. The domain is discretized with a grid
equispaced in cos @ using 112 cells. In the radial direction,
the grid is logarithmically spaced with 128 points per
decade in radius. This results in a resolution Ar/r ~ Af ~
0.02 at the equator. When a BH sits at the center, the inner
radial boundary is set at r ~ 8.8 km, halfway between the
ISCO and the horizon of the BH, and the boundary
condition is set to outflow. When a HMNS is present,
the inner radial boundary is reflecting and set at r = 30 km.
The outer radial boundary is a factor 10° times larger than
the inner radial boundary, and the boundary condition is set
to outflow.

When a HMNS is transformed into a BH, the inner radial
boundary is moved inward (from 30 km to 8.8 km), the
extension to the computational domain is filled with values
equal to the first active cell outside the HMNS prior to
collapse, the imposed HMNS luminosities are turned off,
and the inner radial boundary is set to outflow. The newly
added cells are filled with inert matter: no neutrino source
terms are applied, and their angular momentum is set to
solid body rotation to eliminate viscous heating. The inert
matter in these new cells is quickly swallowed by the BH,
with a minimal impact on the evolution. This collapse
procedure largely follows that of [49,55], allowing us to
parametrize and isolate the HMNS lifetime without needing
to fine-tune many parameters in a microphysical EOS.

For each simulation, we add 10* passive, equal-mass
tracer particles in the disk, following the density distribu-
tion, in order to record thermodynamic and kinematic
quantities as a function of time. In models with a finite
HMNS lifetime, particles are added upon BH formation; no
disk material has left the domain by that time, so all relevant
matter is sampled. We designate trajectories associated to
the unbound disk outflow as those that reach an extraction
radius 7 = 10° cm and have positive Bernoulli parameter

1 P
Be=§v2+eim+;+c1>, (1)

with v the total fluid velocity, e;, the specific internal
energy, P the total gas pressure, p the mass density, and ®
the gravitational potential. These outflow trajectories are
then postprocessed with the nuclear reaction network code
SkyNet [58], using the same settings as in [51,57]. The
network employs ~7800 isotopes and more than 10°
reactions, including strong forward reaction rates from

the REACLIB database [59], with inverse rates computed
from detailed balance; spontaneous and neutron-induced
fission rates from [60-63], weak rates from [64—66] and
the REACLIB database, and nuclear masses from the
REACLIB database, which includes experimental values
where available, or otherwise theoretical masses from the
finite-range droplet macroscopic model (FRDM) of [67].

B. Neutrino leakage scheme and flavor transformation

We introduce a prescription to account for some of the
salient features of neutrino flavor transformation via the FFI
in neutron star mergers. While we directly solve neither the
quantum kinetic equations nor the Boltzmann equation for
neutrinos, the following prescription is constructed to only
transform neutrino flavor outside of regions where neu-
trinos are in thermodynamic equilibrium, since the angular
asymmetries needed to incite the FFI are weak in near-
equilibrium conditions. We also provide a means to respect
the conservation of net lepton number called for by the
symmetries of the neutrino self-interaction potential.

1. Leakage scheme

The baseline neutrino leakage scheme used here follows
[68], and in particular the specific implementation
described in [48,49,51]. While various modifications to
the leakage approach have been proposed to enhance its
ability to realistically replicate true neutrino transport (e.g.,
[69,70]), our purpose here is only to assess the potential
impact of neutrino flavor transformation in a variety of
scenarios, and the computational efficiency of the present
scheme enables a large number of inexpensive simulations.
Nevertheless, several upgrades have been made to the
leakage implementation used in our previous work ([49])
in order to extend it to three species, borrowing from the
implementation in FLASH reported in [71]. First, a third
species (denoted by X) accounting for all heavy lepton
species (I/M, Uy Vg, U.) is now tracked. Second, emissivities
due to plasmon decay and electron-positron pair annihila-
tion have been added for all species, following [68]. Third,
we compute opacities for number and energy transport
accounting for neutrino-nucleon elastic scattering for all
species, in addition to charged-current interactions for
electron-type neutrinos and antineutrinos, again following
[68]. When computing emissivities and opacities, the
chemical potential for nucleons is set to that of an
ideal gas, for consistency with the equation of state used
(Sec. IT A). Finally, the electron neutrino and antineutrino
chemical potentials for Fermi blocking factors is obtained,
as in [68], by interpolating between the beta equilibrium
value for opaque regions and zero for the transparent
regime, but using the variable p/(10"" gcm™) in lieu of
optical depth. This is done to avoid an iteration, since the
optical depth depends on the opacity, which has Fermi
blocking factors.
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The hydrodynamic source terms accounting for neutrino
absorption are obtained from the local absorption opacity
and the incident luminosity of electron neutrinos and
antineutrinos. In our implementation, luminosities used
for absorption are made up of a contribution from the disk
and another from the HMNS, when present. For disk
luminosities, we use the annular light bulb prescription
of [48], which heuristically accounts for neutrino reab-
sorption by modeling incident radiation as originating from
an equatorial ring with a radius and luminosity represen-
tative of the net radiation produced by the disk. In this
prescription, the distribution function of emitted neutrinos
is assumed to have the form

fy_ — pTimi Nyi @(COS t9k — COS gk,min) , (2)
; 2z exp(e/[kT,]) + 1

with

L*
= b . 3
ND" (7/16)4zxr? UT,AjI, (3)

em,i

Here, © is the step function, cos 8, is the angle between
the propagation direction and the radial direction, and
08 Oy min = 1 — 0.5(repi/d)?. The emission radius rep; is
an emissivity-weighted equatorial radius indicative of the
point where most of the neutrinos are emitted in the disk,
while d is the distance between a point on this equatorial
ring and the irradiated point. The neutrino temperature 7',
is computed from the mean neutrino energy (e, ), which in
turn is obtained as in [68] by taking the ratio of the volume-
integrated energy to volume-integrated number emission
rates [we use the conversion (e, ) = [F4(0)/F3(0)]kT, ~
4kT,.), with F;(u/kT) the Fermi-Dirac integral]. This
prescription yields a neutrino distribution that follows a
Fermi-Dirac spectrum with temperature 7, and zero
chemical potential, but normalized such that the luminosity
of the ring is equal to the net disk luminosity leaving the
computational domain L; = L, — Ly, ;. Here we denote
the volume integral of the neutrino emissivity L, and the
volume integral of the neutrino absorption power Labs,i.3 In
previous work, it was sufficient to assume L, ; = 0, since
the reabsorption correction produces no major qualitative
changes on the dynamics and ejecta composition. However,
we find that accounting for L, ; is needed to ensure that
the number luminosity of electron antineutrinos is higher
than that of electron neutrinos, as occurs for a leptonizing
accretion disk, and the relative number of different neutrino
species does impact the effects of flavor transformation.

3Absorption terms are computed with the luminosity from the
previous time step, and absorption terms are set to zero during the
first time step after neutrino sources are turned on.

The incident neutrino flux from the disk at any point r
in the computational domain is attenuated by a factor
exp(—7yy,;), where

Tirr,i(r) = max [Tu,- (rem.i>’ Tv;(r>] (4)

is the maximum between the local optical depths at the
emission maximum (annular ring r.,) and the irradiated
point. The local optical depth at any location is computed
using the minimum between the vertical scale height,
horizontal scale height, and the radial direction

Ty, = Kg,- min(Hverlv Hhoriz’ r)’ (5)

where «j is the neutrino opacity for energy transport,
Hyeq = P/(pg| cos 9|) and Hyoi, = P/(p[gsmt9 - acent])
are the vertical and horizontal scale heights, respectively,
with g the local acceleration of gravity, and ag., the
centrifugal acceleration given the local specific angular
momentum and position. See, e.g., [70,72] for a compari-
son of this optical depth prescription with others used in the
literature.

The luminosity contribution from the HMNS, when
present, is parametric and imposed at the boundary. The
following functional dependence is used (cf. [49])

[ o JW’ ©)

ns __ ns __ ns
Lie = L5, = Lio max (10 ms,
with L) . =2 x 10% ergs™'. The normalization of this
functional form compares favorably with results obtained
using moment transport on the combined HMNS and disk
system (e.g., Fig. 3 of [73]), and the time dependence
corresponds to diffusive cooling [74]. In our default setting,
the heavy lepton luminosity from the HMNS has the same
time dependence and the same normalization as the electron
neutrinos and antineutrinos (i.e., LY, = Lﬂf.o)' To test the
effect of this choice on our results, for each HMNS lifetime,
we run an additional model that increases the heavy lepton
luminosity normalization to twice the default value
(LXo = 2L}} o). The neutrino temperatures of HMNS neu-
trinos are constant and set to 77 = 4 MeV, T3 = 5 MeV,
and T7° = T3 = 6 MeV. This choice is made following
typical values in protoneutron stars (e.g., [75]). As with disk
neutrinos, the spectrum is assumed to follow a Fermi-Dirac
distribution with zero chemical potential.

The local distribution function of neutrinos from the
HMNS has a similar functional form as Eq. (2), with the
following differences [49]: (1) there is no absorption
correction to the luminosity (i.e., L;;™ = L}%), (2) the
angular distribution is that of an emitting sphere, so we
use the HMNS radius instead of the ring radius and the
factor cos 6 i, is computed analytically, (3) the neutrino
temperatures are constant, and (4) the attenuation factor
uses the optical depth integrated along radial rays,
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5 (r) = / k¢ (r.0)dr, (7)

ns

with r,, = 30 km the stellar radius. The neutrino absorp-
tion contribution from the HMNS is then added to that from
the disk. The energy absorbed from HMNS neutrinos enters
the absorption luminosity L,,,; used to correct the disk
luminosity.

2. Implementation of the FFI

In the neutrino leakage treatment, emission and abso-
rption of neutrinos are treated separately. Flavor trans-
formation occurs after emission during propagation, so
the neutrino emission terms are unchanged by flavor
transformation.

We include the effects of the FFI by modifying the
incident neutrino fluxes and neutrino temperatures for
absorption. In order to restrict flavor transformation to
regions in the postmerger environment where we expect
instability (see, e.g., [42,44]), we control where flavor
transformation occurs by interpolating between oscillated
and unoscillated luminosities. At any point in the computa-
tional domain where neutrino absorption takes place, the
luminosity used in Eq. (3) becomes

L — leff =(1- ”osc)LZ,. + Hose LY. (8)

where L; is the net unoscillated luminosity, corrected for
absorption, and the superscript “osc” indicates oscillated
luminosities. The activation parameter 7, restricts flavor
transformation to regions where at least one electron-type
species is out of thermal equilibrium. Specifically, for disk
luminosities we choose

Mose = exp(—q—,g ) , (9)

where the local optical depth [Eq. (5)] to electron anti-
neutrinos is usually smaller than that to electron neutrinos,
given the lower proton fraction.

When a HMNS is present, the luminosities from the disk
and the star are oscillated separately, since in our formu-
lation they originate from separate locations. The oscil-
lation parameter for the HMNS luminosities uses the same
radially-integrated optical depth used to attenuate it
[Eq. (7)], i.e., nis = exp(—7;°). This working definition
results in a simple linear superposition in regions trans-
parent to both disk and HMNS neutrinos (polar regions),
while ignoring flavor transformation for HMNS neutrinos
in regions where they are heavily attenuated anyway
(equator to mid-latitudes). In Sec. III, we show that disk
luminosities are much larger than HMNS luminosities and
hence more impactful.

We express the flavor-transformed luminosities them-
selves as a linear combination of the untransformed
luminosities,

L2 = (1 = o)L}, + doieL, (10)
L2 = (1= boee)LE, + boseLs - (11)

We separate heavy lepton neutrinos from heavy lepton
antineutrinos by evenly splitting the total heavy lepton
luminosity Lyx produced by the leakage scheme:
L, =L; = (1/2)Lx. This is justified in that the mech-
anisms that produce heavy lepton neutrinos and antineu-
trinos are symmetric. The electron neutrino and
antineutrino temperatures for absorption in Egs. (2)-(3)
are modified in the same way as the luminosities

kTﬁff = (1 - ﬂoscaosc)kTue + noscaosckTvxv (12)
kTSEf = (1 - noscbosc)kTDﬂ + noscbosckTDv" (13)

where T, =T; = Tx. Reabsorption of heavy lepton
neutrinos is neglected, since their absorption opacities
are much smaller than those of electron neutrinos and
antineutrinos. Equations (10)—(13) are applied separately to
disk and HMNS luminosities.

The coefficients a,. and b, in Egs. (10)—(13) are scalar
quantities that allow us to manually tune how much flavor
change occurs. We test a variety of flavor transformation:

(1) Baseline: a.,. = by, = 0, which ensures no flavor
transformation and consistency with standard neu-
trino treatment.

(2) Complete: ay. = by, = 1, such that all neutrinos
fully change flavor. This is quite extreme and
unrealistic.

(3) Flavor Equilibration: ays. = boe = 2/3 results in
all neutrinos and antineutrinos separately having
equal abundances in all three flavors. This is still
likely extreme.

(4) Intermediate: a,. = by, = 1/2 is a less extreme
version of the assumption of full Flavor Equili-
bration.

(5) Asymmetric (AS): The fast-flavor instability is
driven by the neutrino self-interaction Hamiltonian
alone, the symmetries of which imply that the net
lepton number cannot change. This requires that
Aose(Ny, =N, ) = boy(N;, =Ny ), with N, the
local incident number luminosity (Appendix). We
choose either a,. = 2/3 or by, = 2/3 and deem the
other value asymmetric as determined locally by this
relationship. Given that electron neutrinos are gen-
erally subdominant by number, and therefore more
likely to undergo flavor transformation, the case

2 2(N, =N,
Aose = g bosc = 5 <M> (14)

is expected to be the most realistic. A related scheme
was proposed in [44]. In practice, we compute the
asymmetric coefficient in Eq. (14) by using the
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global number luminosity attenuated with the ap-
propriate optical depth [i.e., as in Eq. (2) for disk
neutrinos], as geometric dilution cancels out. Also,
the asymmetric coefficient is constrained to the
range [0, 1].

Note that Eqgs. (10)—=(11) allow both heavy lepton
neutrino flavors to transform to the electron-type flavor,
instead of restricting the flavor transformation to be
between electron-type and only one heavy lepton flavor.
Our scheme conserves energy and neutrino number, but
does not reflect all of the symmetries of the Hamiltonian
driving flavor transformation. Because of this, in situations
where there are equal numbers of all three flavors (e.g.,
Ly =2L,=2Ly =4L, = 4Ly when all flavors have the
same average energy), one would expect Complete flavor
transformation (a,s, = by = 1) to leave all luminosities
unchanged, since as many v, transform into v, and vice
versa, and likewise with v, — v, as well as antineutrinos. In
that situation, our scheme instead enhances the electron
neutrino luminosity to L = L2* =2L; . NS merger
environments generally operate far from this limit, since
there are generally fewer heavy lepton neutrinos than
electron neutrinos or antineutrinos, so Egs. (10)—(11)
always result in a reduction of electron flavor luminosity
and we do not encounter this pathology. However, a
different construction (perhaps allowing only one heavy
lepton flavor to participate in transformation) may be

needed to avoid pathologies in environments like core-
collapse supernovae, where heavy lepton neutrinos are
more abundant. While our HMNS luminosity prescription
resembles the core-collapse supernova regime, the
disk luminosities dominate throughout the evolution
(cf. Fig. 1).

C. Models evolved

All of our models are shown in Table I. We evolve four
groups of simulations that differ in the lifetime of the
HMNS: ¢, = {0, 10,100} ms, plus a set with a HMNS
surviving until the end of the simulation (labeled #,, = o0).
All models are evolved for 17.735 s, which corresponds to
5000 orbits at ¥ = 50 km (initial torus density maximum).
By that time, disks have lost at least 95% of their initial
mass to outflows and accretion.

For all four sets of models, we evolve neutrino
flavor transformation cases corresponding to Baseline,
Intermediate, Complete, Flavor Egquilibration, and
Asymmetric (see Sec. II B for definitions). Table I uses
AS to refer to the coefficient set to asymmetric, with the
other held constant [e.g., b, = AS corresponds to
Eq. (14)]. The naming convention of models indicates first
whether it is a prompt BH or its HMNS lifetime, followed
by the value of the oscillation coefficients a,,. and b if
symmetric (e.g., model t100-ab10 has f#,, = 100 ms and
Aose = bosie = 1) or by AS if one of them is set to

10%3 e =0

1052 | i

107" | 1

neutrino luminosity (ergs™")

ths = 10 ms

ths = 100 ms

Ihg = o

N
[*}
=)
>
g
[=]
(5]
o
g
=
5
Q
=]
1072 10! 1072 107! 1072 107! 10°2 107! 1 10
time (s) time (s) time (s) time (s)
FIG. 1.

Neutrino luminosities emitted by the disk (top) and associated mean neutrino energies (bottom) in models without neutrino

flavor transformation (a,s. = b, = 0) and various HMNS lifetimes ¢, as labeled (corresponding, from left to right, to models bh-
ab00, t010-ab00, t100-ab00, and tinf-ab00 in Table I). The dashed lines show the imposed luminosity [Eq. (6)] and neutrino energies at
the surface of the HMNS, when present. Note that the disk luminosities used in Eq. (3) are corrected for global absorption, and are thus

lower than those shown here (cf. Sec. III B 2).
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TABLE L

Models evolved and summary of results. Columns from left to right show model name, oscillation coefficients a,,. and b

[Egs. (10)—(13)], lifetime f,, of the HMNS, ratio of HMNS heavy-lepton luminosity normalization to HMNS electron neutrino
luminosity normalization [Eq. (6)], mass-outflow-averaged electron fraction and velocity at » = 10° cm [Egs. (16) and (17)] unbound
mass ejected at » = 10° cm, and unbound mass with ¥, < 0.25 that contributes to the red kilonova component.

Ins L;l(jo <vr> Mej Mej,red
Model ose bose (ms) (L) (v,) 0.01 ¢) (1072 M) (1072 M)
BH-ab00 0 0 0 0.29 2.8 2.4 0.08
BH-ab05 1/2 1/2 0.28 3.1 1.9 0.09
BH-ab07 2/3 2/3 0.27 3.2 1.9 0.18
BH-ab10 1 1 0.26 34 1.8 1.09
BH-aAS AS 2/3 0.27 3.1 2.0 0.29
BH-bAS 2/3 AS 0.28 3.1 1.8 0.15
t010-ab00 0 0 10 e 0.27 3.0 32 0.69
t010-ab05 1/2 1/2 1.0 0.26 3.2 2.9 0.54
t010-ab07 2/3 2/3 0.26 3.2 2.4 1.29
t010-ab10 1 1 0.24 3.1 2.3 1.72
t010-aAS AS 2/3 0.25 2.9 2.6 1.16
t010-bAS 2/3 AS 0.26 3.1 2.5 0.62
t010-L20 2/3 AS 2.0 0.26 34 2.6 1.49
t100-ab00 0 0 100 e 0.31 4.5 4.2 0.53
t100-ab05 1/2 1/2 1.0 0.31 5.7 5.0 0.93
t100-ab07 2/3 2/3 0.31 6.1 5.3 1.21
t100-ab10 1 1 0.34 7.8 5.8 1.08
t100-aAS AS 2/3 0.31 6.3 5.3 1.25
t100-bAS 2/3 AS 0.31 6.2 5.2 1.26
t100-L20 2/3 AS 2.0 0.31 6.1 5.1 1.23
tinf-ab00 0 0 00 e 0.38 7.3 9.7 0.51
tinf-ab05 1/2 1/2 1.0 0.37 7.8 9.7 1.05
tinf-ab07 2/3 2/3 0.38 8.2 9.6 1.10
tinf-ab10 1 1 0.40 9.2 9.4 1.03
tinf-aAS AS 2/3 0.38 8.2 9.6 1.31
tinf-bAS 2/3 AS 0.38 8.2 9.6 1.15
tinf-L.20 2.0 0.38 8.2 9.7 1.17
tinf-noT* 1.0 0.40 6.9 9.4 0.54

*This model does not mix temperatures [Eqgs. (12) and (13)].

asymmetric. For each HMNS lifetime, we also evolve
models with b, = AS that double the normalization of the
HMNS heavy lepton luminosity [Eq. (6)], labeled ‘L.20’.
Additionally, we evolve a test model with 7, = oo and
b = AS that includes transformation of neutrino fluxes
[Egs. (10) and (11)] but not neutrino mean energies
[Egs. (12) and (13)], denoted by tinf-noT.

III. RESULTS

A. Overview of evolution without flavor transformation

In order to analyze the effects of the FFI on the disk
outflow, we first establish the baseline of comparison;
accretion disks with variable HMNS lifetime that evolve
without flavor transformation effects (model names ending
in ‘ab00’). The initial maximum temperature and density in
the torus are 7 x 10'° K (~6 MeV) and 8 x 10' gem™,
respectively, thus neutrino emission from the disk is
significant, and the disk is optically thick in its densest
regions (e.g., [14,76]).

In the model with a promptly-formed BH (BH-ab00), the
inner disk adjusts to a near-Keplerian spatial distribution
over a few orbits at = 50 km (initial density peak radius),
with neutrino emission peaking at # ~ 20 ms (top left panel
of Fig. 1). The emitted electron antineutrino luminosity is
slightly larger than the electron neutrino luminosity, and
both are about an order of magnitude larger than the
combined heavy lepton luminosity. Neutrino emission
evolves on a timescale set by viscous angular momentum
transport, with luminosities dropping by a factor ~100
below their maximum at a time ¢ ~ 400 ms. Thereafter, the
disk is radiatively inefficient (e.g., [77]).

When a HMNS is present, a boundary layer forms at the
surface of the star, and the disk can reach higher maximum
densities and temperatures (~10'> gcm™ and ~10'' K,
respectively) than in the prompt BH case. This results in
electron neutrino and antineutrino luminosities from the
disk being higher by a factor of up to ~2 relative to the
prompt BH case. For a long-lived HMNS (model tinf-ab00,
top right panel of Fig. 1), disk luminosities decay much
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more slowly with time than both the prompt BH luminos-
ities and the HMNS luminosities imposed at the boundary.
The heavy lepton neutrino/antineutrino luminosity from the
disk Ly is significantly higher in model tinf-ab0O0 than in
model BH-ab00, rising to values within a factor of a few of
the emitted electron neutrino and antineutrino luminosities
from the disk at r ~ 200 ms.

The intermediate cases of a HMNS lasting for 10 ms
(model t010-ab00) or 100 ms (model t100-ab00) show
neutrino luminosities intermediate between the prompt
BH and long-lived HMNS cases. In the model with
t,s = 10 ms, upon HMNS collapse, all luminosities drop
sharply to a level below those of the prompt BH case at the
same time, and then recover over a timescale ¢ ~ 100 ms
until they approximately match those from model BH-
ab00. The model with #,; = 100 ms is such that upon BH
formation, all luminosities also drop sharply but
never recover to the level of the prompt BH model. We
attribute this difference to transport of angular momentum
by the boundary layer when the HMNS is present.
The chosen surface rotation period of 3 ms corresponds
to sub-Keplerian rotation at the stellar surface and also at
the ISCO radius of the BH, thus material corotating with
the star at its surface is not able to circularize upon BH
formation, and the resulting disk has less matter at the same
time than a torus that began evolving around a BH.

Before BH formation (and for 7 < 100 ms in models
BH-ab00 and t010-ab00), the mean energy of heavy lepton
neutrinos emitted by the disk is higher by up to a factor of
~2 than those of electron neutrinos and antineutrinos
(bottom row of Fig. 1). This hierarchy is due to the low
opacity of heavy lepton neutrinos and the steeper temper-
ature dependence of the primary mechanism that produces
them (e*e™ pair annihilation). In all cases, the mean
energies of electron antineutrinos emitted by the disk are
20-50% higher than the mean energies of electron neu-
trinos, with values becoming close to one another only
before a sharp drop at # ~ 0.5 s. The drop in mean energies
is a consequence of energy luminosities decreasing faster
with time than number luminosities as the disk transitions
to a radiatively inefficient state with lower temperature and
density.

Due to enhanced neutrino irradiation and suppressed
mass loss through the inner boundary, a longer HMNS
lifetime correlates with more mass ejected as well as an
overall higher average electron fraction and velocity of the
unbound ejecta [49,55,56,78,79], which in turn translates
into a lower yield of heavy r-process elements [51,80,81]
(Table I). Our model t010-ab00 has a slightly lower average
Y, than the prompt BH model due to a relative increase in
the ejecta with ¥, < 0.25 material (Fig. 2).

Mass ejection in our models is driven by neutrino energy
deposition, viscous heating, and nuclear recombination.
Neutrino-driven outflows operate on a timescale of 210 ms
and are significant whenever a HMNS is present. In pure

BH models, and also in late-time HMNS disks, mass is
primarily ejected by a combination of viscous heating and
nuclear recombination, operating on a timescale of
few 100 ms. Simulations that include MHD effects have
additional mass ejection channels available in the form
of magnetic stresses (Lorentz force) that eject matter on a
~ms timescale, providing a distinct component (e.g.,
[45,82—85]). The composition of this prompt disk outflow
is sensitive to that of the disk upon formation (i.e., neutron
rich), since weak interactions do not operate for long
enough to bring Y, toward its equilibrium value. The
properties of this early magnetic-driven ejection component
are also sensitive to the initial field geometry (e.g., [72,86]).
In models with a long-lived HMNS, magnetic stresses and/
or neutrino absorption combine to launch a fast outflow
(e.g., [87-92]).

B. Effect of flavor transformation on outflow properties

1. Overall trends

Figure 3 shows the FFI activation parameter 7. [Eq. (9)]
for the prompt BH and long-lived HMNS models with
Aose = boge = 0 at various times in the evolution. The BH
disk starts optically thick in its denser regions and flavor
transformation operates outside these opaque regions, by
construction. For as long as neutrino emission remains
significant, the disk retains a dense core where flavor
transformation does not operate, while 7., ~ 1 in all the
outflow material.

To diagnose the long-lived HMNS case, we compute an
effective activation parameter (weighted by attenuated
luminosity) that combines disk and stellar contributions
(which are treated separately in our formalism, see
Sec. II B),

r[(eff) _ L;g’/lgsc + Lgf"]g:‘cz (15)
P Ly e + LB

This formulation implicitly neglects the difference between
the distance to the HMNS surface and the disk emission
ring, and assumes 7y, ; = 75, [Eq. (5)]. The disk optical
depth is initially the same as in the BH case, but as
accretion proceeds, a dense and neutrino-opaque boundary
layer forms at the surface of the HMNS. Figure 3 shows
that most of the disk and its outflow have nevertheless
Nose ~ 1, which is due to the dominance of disk luminosities
over HMNS luminosities (cf., Fig. 1). In fact, the opaque
boundary layer prevents neutrinos emitted from the HMNS
surface from reaching the disk, from the equator up to mid-
latitude regions. Neutrino emission from the disk, on the
other hand, is optically thin everywhere except the disk
mid-plane at early times and the boundary layer, whenever
present. This suggests that the effects of the FFI manifest
primarily through disk luminosities on equatorial latitudes,
while a mixture of both contributions acts along polar
latitudes.
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FIG.2. Mass histograms of electron fraction for unbound ejecta reaching » = 10° cm by the end of each simulation (f =~ 17.7 s). Rows
from top to bottom show groups of models with different HMNS lifetime ¢, as labeled. The gray shaded histograms show models
without flavor transformation, while colored curves show different combinations of flavor transformation coefficients {aggc, bosc | (se€
Sec. II B for definitions); runs with symmetric coefficients (a., = b,s) are on the left column, and asymmetric combinations on the
right column. The bin width is AY, ~0.017.
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Activation parameter 7, [Eq. (9)] that describes where we assume that the FFI operates, shown at selected times as labeled in

the upper left corner of each panel (the rotation axis is along the z-axis and the equatorial plane is at z = 0). The top row shows the
prompt BH model with no flavor transformation (BH-ab00), while the bottom row shows the long-lived HMNS model with no flavor
transformation (tinf-ab00). For the latter, we compute—in postprocessing—an effective activation parameter that combines the
contribution of disk and HMNS luminosities [Eq. (15)]. The solid lines show density contours at 103 gcm™ (outer) and 10'! gcm™
(inner). The black and gray circles indicate the size of the BH (absorbing) or HMNS (reflecting) boundary. The square-edged red region
in the leftmost panels, and the cavity around the z-axis for the top row, corresponds to low-density ambient material where neutrino

source terms are suppressed and we set 77, = 0.

To quantitatively assess the effects of flavor transforma-
tion on our model set, we describe global outflow proper-
ties through quantities measured at an extraction radius
Fouw = 10° cm. The total ejected mass with positive
Bernoulli parameter [Eq. (1)] reaching that radius over
the course of the simulation is denoted by M., and the
subset of this mass with ¥, < 0.25 by M .q. The average
electron fraction and radial velocity at r,, are weighted by
the mass-flux (e.g., [48])

v.) = [ r2upv,Y .dQdt (16)
¢ [ raupv,dQdt
0,) frgutpv%det (17)
V) =T,
[ raupv,dQdt

where only matter with positive Bernoulli parameter is
included in the integral, and the time range includes the
entire simulation.

Table I shows that for each HMNS lifetime, the overall
changes introduced by neutrino flavor transformation on
the ejecta properties are moderate; at most ~10% in average
electron fraction, up to ~40% in total ejecta mass, and
~10-40% in average velocity except for the most extreme
FFI case with 7, = 100 ms, for which it is a 73% increase.
The mass with ¥, < 0.25 (M q) can change by a factor of
up to a few.

The direction of these changes depends on the HMNS
lifetime, as illustrated by Fig. 4 for models with symmetric
FFI coefficients (aq = bose)- For t,, < 10 ms, the average
electron fraction of models with flavor transformation is
always lower than in the un-oscillated case. Figure 2
illustrates the shift of the electron fraction distribution to
more neutron-rich values, with the peak of mass ejection
typically decreasing by up to 0.05. A HMNS with lifetime
t,s = 100 ms, on the other hand, shows an overall broad-
ening of the Y, distribution when including flavor trans-
formation, with the average electron fraction staying
constant or increasing by at most 0.02. The long-lived
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FIG. 4. Average outflow properties as a function of flavor transformation intensity, parametrized through the FFI coefficients
{@gse> bosc } In symmetric combinations (dqe = bose, Table I). Shown are the total unbound ejected mass (left), average electron fraction
(middle), and average radial velocity (right), for various HMNS lifetimes ¢, as labeled in the middle panel.

HMNS set shows a peak Y, value shifting to higher, proton-
rich values.

In all cases, the average outflow velocity stays nearly
constant or increases (most notably for #,; = 100 ms) when
including flavor transformation relative to the baseline case.
Likewise, mass ejection decreases with a more intense FFI
all in cases except for the set with #,; = 100 ms.

For symmetric values of the oscillation coefficients
(model names ending in ab00, ab05, ab07, and abl0),
the magnitude of the changes introduced by flavor trans-
formation generally varies monotonically with the value of
these coefficients. The case da,. = b, = 1 shows the
strongest effect, as expected. When using asymmetric
coefficients, we find that the ratio of number luminosities
in Eq. (14) starts low, since initially N, < Ny, but
approaches values close to unity on a timescale of ~35 ms
(10 orbits at » = 50 km). The magnitude of the changes in
average quantities is similar (but not always identical) to
the case ag = boe =2/3, as expected. Differences
between setting either a. or b, to asymmetric are minor,
as shown by the right column of Fig. 2.

2. Physical origin of the changes due to the FFI

The effect of the FFI on the disk outflow can be ultimately
traced back to the hierarchy of luminosities and energies
shown in Fig. 1. For the prompt BH case, where only
neutrinos from the disk exist, flavor transformation through
Egs. (10)—(13) replaces a high-luminosity, low-energy spe-
cies (v,, 7,) for a low-luminosity, high-energy species
(vy, Uy). In the optically-thin limit, neutrino number absorp-
tion is proportional to ~L, (e, ), with energy absorption
having an additional power" of (€,,)- In this simple picture, a
complete flavor swap should decrease the electron-flavor
neutrino luminosity by an order of magnitude and increase
the average energy of electron-flavor neutrinos by a factor of

“For simplicity, we assume (€2 ) = (¢, )? in the argument.

up to ~2, for an overall decrease in number absorption of a
factor of ~2.

To diagnose quantitatively the effects on the electron
fraction, we show in Table II the time-integral of the source
terms that control the evolution of Y, (cf., [57]),

. Imax .
AY: — / Tidr, (18)
Tmin

where I is the rate per baryon of charged-current weak
processes,

[emve =1,-Y,ie”+p—->n+u,, (19)
remve = ).Y,.et +n—p+o,, (20)
absve — /L/EYn:ye +n—>e +p, (21)
[absZe — lDer U, +p— et + n, (22)

where 4; are the reaction rates per target particle, and Y, ,
the number of neutrons or protons per baryon (in the
notation of [44]). Equation (18) is computed for each weak
process in each trajectory that is unbound and reaches
r> 10° cm. Values are then averaged arithmetically
over trajectories (which have identical mass for a given
run), denoted by a bar above, and the net change is
computed

AT = AYE™F — AVE™e 4 AT — AV (23)

The time range [f,i, fmax) in Eq. (18) is different for model
sets with different HMNS lifetime. For the prompt BH
case, the interval is the entire simulation time. For sets with
t,s = 10 ms and 100 ms, the interval begins at BH
formation (f.;, = f,,) and extends to the end of the
simulation, because particles are created after HMNS
collapse. For these model sets, quantities capture the impact
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TABLE II.

Average of quantities extracted from tracer particles. From left to right, the first nine columns show model name, net

change in Y, [Eq. (23)], change in Y, due to emission/absorption of electron neutrinos/antineutrinos [Eqs. (18)—(22), as labeled], net
energy change due to viscous heating, neutrino emission/absorption, and alpha particle recombination [Eqs. (24)—(26)]. For models with
t,s = 10 ms and 100 ms, direct time integration of source terms (columns 2-9) is done from BH formation onward (7, = fns)-
Likewise, for the long-lived HMNS model, integration begins at #,,;, = 0 but stops at ,,,, = 35 ms. Therefore, except for the prompt
BH series, the net change in Y, in the second column does not capture the entire history, and comparisons should only be made between
simulations with the same 7. The last two columns show the average mass fraction of Lanthanides (X[ ,) and Actinides (X .) obtained
with SkyNet including the entire simulation, and extrapolating the trajectories to 30 yr.

_ _ A‘_]visc XLa XAC
Model AP APEMe APE™Te AP APTSE (1010 ergg!) AG, Ag, (1072 (1072
BH-ab00 0.19 1.05 0.96 0.44 0.16 2.06 -1.07 0.33 0.8 0.3
BH-ab05 0.18 1.03 0.99 0.34 0.12 2.13 -1.15 032 0.8 0.2
BH-ab07 0.17 1.08 1.06 0.30 0.11 231 -1.31 0.31 0.9 0.2
BH-ab10 0.16 1.09 1.12 0.20 0.08 2.60 -158 0.30 1.9 0.3
BH-aAS 0.17 1.04 1.06 0.25 0.11 2.43 —1.34 0.31 1.0 0.3
BH-bAS 0.17 1.08 1.07 0.30 0.13 2.36 ~1.30 0.31 1.1 0.2
t010-ab00*  0.11 0.69 0.58 0.32 0.10 1.39 -0.56 0.29 23 0.9
t010-ab05  0.10 0.63 0.57 0.22 0.07 1.50 —0.65 0.28 1.5 1.3
t010-ab07  0.09 0.59 0.56 0.17 0.05 1.52 -0.67 0.28 2.1 1.4
t010-ab10  0.07 0.57 0.58 0.08 0.03 1.67 -0.83 0.26 3.0 1.1
010-aAS  0.09 0.54 0.54 0.14 0.05 1.44 —0.66 0.27 2.1 1.4
t010-bAS  0.09 0.61 0.59 0.18 0.06 1.63 -0.70 0.28 1.8 1.3
010-L20  0.09 0.65 0.62 0.19 0.06 1.63 -0.76 0.28 1.8 1.4
t100-ab00°  0.011  0.029 0.035 0.009 0.004 0.25 —0.04 0.13 0.6 0.08
t100-ab05  0.004  0.009 0.013 0.001 7% 1074 0.14 —0.01 0.10 1.1 0.2
t100-ab07  0.002  0.006 0.008  6x107* 3x107* 0.09 -0.01 0.09 1.1 0.3
t100-ab10  0.001  0.004 0.005 3x10° 1x10°5 0.06 —8x 1073 0.07 1.1 0.2
t100-aAS  0.003  0.009 0011  8x10* 4x107* 0.09 -0.02 0.09 1.2 0.3
t100-bAS  0.003  0.007 0010  6x10* 4x107* 0.12 -0.01 0.09 1.2 0.3
t100-L20  0.003  0.010 0013  9x10* 5x107* 0.11 -0.02 0.09 1.3 0.3
tinf-ab00°  0.08 1.00 0.88 0.41 0.20 1.13 -1.79 002 05 0.2
tinf-ab05 0.08 1.02 0.90 0.40 0.19 1.09 -1.63 0.02 1.0 0.4
tinf-ab07 0.09 1.02 0.90 0.40 0.19 1.08 -1.52 002 09 0.4
tinf-ab10 0.11 1.06 0.90 0.43 0.17 1.07 —1.40 002 07 0.2
tinf-aAS 0.09 1.04 0.92 0.41 0.19 1.08 —147 0.02 1.0 0.4
tinf-bAS 0.09 1.01 0.90 0.40 0.19 1.09 -152 002 09 0.4
tinf-L20 0.09 1.05 0.91 0.44 0.21 1.09 ~1.49 002 09 0.4
tinf-noT 0.07 1.00 0.87 0.37 0.17 1.15 -1.91 0.01 0.4 0.1

“For this group of models, source terms are integrated over ¢ > f,, = 10 ms.
°For this group of models, source terms are integrated over ¢ > f,; = 100 ms.
“For this group of models, source terms are integrated over 0 < 7 < 35 ms.

of the FFI on postcollapse neutrino processes. For the long-
lived HMNS case, the period extends from the start of the
simulation (#,;,, =0) until 10 orbits at r =50 km
(tmax =~ 35 ms). Limiting the integration interval is neces-
sary because the absorption and emission terms in the long-
lived HMNS case are large, and our trajectories are sampled
at coarser time intervals at later times, leading to imprecise
cancellation of large terms when numerically integrating
over very long time intervals in postprocessing. Because of
this, direct comparisons should be made across models with
the same ¢, in Table II. Note that the tracer particles
themselves are updated every time step and do not suffer
from this postprocessing error. In all cases, the chosen time
interval satisfies ¥, (fmin) + AY2 = ¥, (fmay)-

The change in Y, with flavor transformation in the
prompt BH models can be explained straightforwardly: as
the FFI becomes stronger for models with increasing
values of a.. = b., the average absorption of both

electron neutrinos and antineutrinos decreases, with

—ab s . —ab N . .
AY?*" decreasing more than AYS™*"*, with a maximum

drop in absorption of a factor ~2. Emission terms, on the
other hand, change by a few percent at most, since
flavor transformation only changes emission rates indi-
rectly through a minor effect on the disk dynamics. A
decrease in neutrino absorption decreases the rate
at which weak interactions bring Y, to its equilibrium
value, and also lowers the equilibrium value itself
(e.g., [44,84]).
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FIG. 5. Mass histograms of radial velocity for unbound ejecta from selected simulations with a prompt BH (left) and long-lived

HMNS (right), with flavor transformation coefficients as labeled. The dashed line on the right panel corresponds to the long-lived
HMNS model with asymmetric b, but no mixing of the neutrino temperatures (model tinf-noT in Tables I and II). The bin width is

Alog(v,/c) =0.1.

We diagnose the effects of flavor transformation on the
outflow dynamics by integrating energy source terms of
fluid elements. Table II shows the average specific energy
gain of disk outflow trajectories through the quantities

tmﬂx
Agyise = / QViSCdL (24)
Tmin
Imax
Amz/ q,d1, (25)
min
B,
Ag, = m_ [Xa(tmax) - Xa(tmin)]’ (26)

where ¢, and g, are the rate of viscous and net neutrino
heating per unit mass, respectively, B,/m, is the nuclear
binding energy per unit mass of alpha particles, and X, is
the mass fraction of alpha particles. For each model, the
time range and particle sample employed is the same as
in Eq. (18).

For the prompt BH models, the overall decrease in the
neutrino absorption to emission ratio due to flavor trans-
formation also results in higher net cooling of the torus
(more negative Ag,), decreasing the vertical extent of the
disk. This is accompanied by an increase in viscous
heating, which is proportional to the local disk pressure
(cf., [48]). In the BH model with Complete flavor trans-
formation (BH-ab10), net neutrino cooling increases by
60% while viscous heating increases by 30% relative to the
Baseline model (BH-ab00). The left panel of Fig. 5 shows
the velocity distribution of the outflow from both models:
the high-velocity portion of the histogram remains at a
similar level, with flavor transformation inducing a slight
shift to higher velocities of the peak, and a sizable decrease
in the low velocity portion. If we change the unbinding

criterion from Bernoulli to positive escape velocity,” we
find that the amount of mass ejected in model BH-ab10 is
10% higher than in model BH-ab00, versus 25% lower if
we use the default Bernoulli criterion. Thus, the overall
change in energy source terms introduced by the FFI in BH
disks results in less marginally unbound mass ejected.

Regarding the long-lived HMNS model set (tinf),
Table II shows that absorption of electron neutrino number
slightly increases or stays constant in models with increas-
ing dug = bose in the first 35 ms of evolution, while
absorption of electron antineutrino number decreases in
a similar way as in the pure BH case. A decrease in electron
antineutrino absorption relative to neutrino absorption, with
little change in the emission terms, increases the equilib-
rium value toward which Y, is driven (e.g., [84]).

The increase in electron neutrino absorption with flavor
transformation intensity for the long-lived HMNS is the
consequence of two effects that modify the simpler picture
for a prompt BH. First, the drop in electron neutrino
luminosity upon flavor mixing is not as large as in the
BH case. The heavy lepton luminosity is significantly
larger than in the pure BH case, as the boundary layer
region reaches higher densities and temperatures (Fig. 1).
Also, electron neutrino absorption is more important than
in the pure BH case due to the opaque boundary layer.
Figure 6 shows that the absorption-corrected luminosity L;,
is reduced relative to the emitted luminosity L, by a larger
factor in model tinf-abO0 than in model BH-ab0OO0 (for
heavy leptons Ly = Ly always, since we neglect their

The positive escape velocity criterion is more stringent,
showing less overall mass ejected, and selecting only higher-
velocity matter. The Bernoulli criterion accounts for the con-
version of internal energy to bulk kinetic energy via adiabatic
expansion, allowing slower matter to be considered as having
sufficient energy to become gravitationally unbound.
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FIG. 6. Luminosities as a function of time for the prompt BH
model (top) and HMNS model (bottom) without flavor trans-
formation. Shown for electron neutrinos and antineutrinos are the
emitted luminosities L,, (thin solid lines), total power absorbed
Lﬁ"’s (dashed lines), and net luminosities used in Eq. (3), L) =
L, - Lﬂ?s (thick solid lines). The black lines show the emitted
luminosities of heavy lepton neutrinos and antineutrinos, L, =
L; = Lx/2 (we neglect their absorption so no correction is
applied, ie., L; =L,).

absorption). As a result, swapping L; and L; in the
HMNS case results in a moderate (factor <2) drop in
electron neutrino flux during the relevant part of the
evolution, in contrast to the BH case in which the decrease
is a factor ~10.

The second effect leading to more electron neutrino
absorption with flavor transformation in long-lived HMNS
disks is the mixing of the temperature of emitted neutrinos
[Egs. (12) and (13)]. This effect is present in all models
with flavor transformation, and it tends to increase net
absorption by increasing the cross section, as the mean
energy of heavy lepton neutrinos is always larger than that
of electron neutrinos or antineutrinos (Fig. 1). For the
prompt BH models, this effect is subdominant, since the
drop in neutrino flux is much larger than the increase in
mean neutrino energies from the disk (cf. Fig. 6). For the
long-lived HMNS case, however, the reduction in absorp-
tion rate due to the difference between L; and L; is
comparable to or smaller than the increase in absorption
rate from the increase in the absorption cross section due to

the higher average neutrino energy. Thus, the global
absorption of electron neutrinos remains nearly constant
or even increases. More absorption of electron-type neu-
trinos increases the equilibrium electron fraction [84].

As a test of this interpretation, we ran another model
(tinf-noT) with the same parameters as tinf-bAS but
neglecting the swap of neutrino temperatures. The absorp-
tion of electron neutrinos then decreases during the first
35 ms of evolution relative to model tinf-ab00 and tinf-bAS
(Table II) as expected, since L; is still larger than L; by a
factor > 2 over that time period. The change in Y, over this
interval is also smaller in model tinf-noT than in all other
models with 7,, = .

Despite the lower amount of electron neutrino absorption
in its early evolution and smaller change in Y,, however,
model tinf-noT has a higher average electron fraction by the
end of the simulation (Table I) than its sibling model that
includes neutrino temperature oscillation (tinf-bAS).
Figure 7 shows that while the peak of the electron fraction
distribution by the end of the simulation is nearly the same
in both cases, the amount of low Y, material is lower in
model tinf-noT, hence the average over the entire outflow is
higher.

To further dissect the origin of these changes, we note
that Lippuner et al. [51] showed that the outflow from
HMNS disks can be separated into an earlier, mostly
neutrino-driven component, and a late component driven
primarily by viscous heating and nuclear recombination.
The early component exhibits a strong correlation between
electron fraction and entropy, with a turnover in the range
Y, ~0.4-0.5, while the late component shows a more
scattered distribution in entropy in a narrower Y, range.
Figure 8 shows a scatter plot of unbound particles in Y-
entropy-velocity space for models tinf-noT, tinf-bAS, and
tinf-ab00, tagged by the time at which they reach the

— tinf-bAS
2] T tinf-noT
o
=
=
£
E 1073,
3
=
1074
0.1

FIG.7. Mass histograms of electron fraction for unbound ejecta
at the end of the simulation for a pair of long-lived HMNS models
that differ only in that they either include (tinf-bAS, solid blue) or
exclude (tinf-noT, dashed violet) mixing of the neutrino temper-
atures via Eqs. (12) and (13).
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FIG. 8. Entropy and radial velocity vs electron fraction for
unbound tracer particles from models with long-lived HMNS and
different flavor transformation configuration; no FFI (tinf-ab00,
top), asymmetric (tinf-bAS, middle) and asymmmetric with no
neutrino temperature oscillation (tinf-noT, bottom). The color
shows the time at which the particle last reaches r = 10° cm.

extraction radius at r = 10° cm. The presence of the early
(t < 1 s, yellow) neutrino-driven wind component is evi-
dent, making up the majority of particles that span the
electron fraction interval [0.15, 0.5] and forming the broad
component of the Y, histogram in Fig. 7. The smaller
amount of low-Y, ejecta from model tinf-noT is thus
associated with a smaller contribution of the neutrino-
driven wind, given the drop in luminosity upon flavor
mixing without compensation by a higher neutrino
temperature.

The late-time component is also evident in Fig. 8 (blue
particles), and is associated with the peak in the Y,
histogram. The fact that this peak is at a similar value of
Y, in models tinf-noT and tinf-bAS (Fig. 7), but higher than
the peak Y, from model tinf-abO0 (bottom right panel of
Fig. 2), indicates that its location is much more sensitive to
the swapping of fluxes than to that of neutrino temperatures
when the FFI operates. We can gain a qualitative under-
standing of these trends by evaluating the equilibrium
electron fraction from pure absorption, to which a neutrino-
driven wind without cooling is driven [93]

ey )L\ 1
Yiq'ab5~<1+—< 3 ) : (27)

where again we assume (e7,) = (¢, ). Ignoring attenua-
tion, considering the contribution of the disk alone, and
adopting constant duy = by = 2/3 we find Y4 ~
{0.35,0.39,0.45} at =1 s for models tinf-ab00, tinf-
noT, and tinf-bAS, respectively. Considering the HMNS

contribution alone, we get Y24 ~ {0.44,0.44,0.48} in-
dependent of time for the same set of models. These values
are consistent with model tinf-bAS having a more proton-
rich Y, peak than the baseline model tinf-ab00, but do not
fully account for model tinf-noT being closer to model tinf-
bAS than to model tinf-ab00 in its late-time component. A
spread in Y, within a given model can be accounted for by
(1) latitude; particles ejected closer to the rotation axis have
a stronger irradiation contribution from the HMNS, and
(2) attenuation; fluctuations in the ratio of neutron to proton
fraction alter the local incident luminosities in Eq. (27)

though the optical depth, and thereby affect Y24, Also,
neutrino emission is non-negligible, thus a more accurate
value of the equilibrium electron fraction would include all
four reactions contributing to the change in electron
fraction [Egs. (19)—-(22)] but is beyond the scope of
this study.

Regarding mass ejected and average velocity of the long-
lived HMNS outflow, Table I shows that when comparing
model tinf-bAS with the unoscillated model (tinf-ab00),
the average outflow velocity increases by ~10% while the
mass ejected barely decreases (<2%). Removing the
mixing of neutrino temperatures (model tinf-noT) results
in a somewhat larger decrease in ejected mass (3%) and a
5% decrease in average velocity relative to the model
without flavor transformation (tinf-ab00). Figure 5 shows
the velocity histograms for these models: flavor trans-
formation without oscillation of the neutrino temperatures
produces more ejecta with low velocities, which is more
weakly bound than matter that expands faster, for similar
thermal energy content. We can attribute this to the lower
absolute amount of absorption given the lower electron
neutrino and antineutrino luminosities. Including temper-
ature mixing increases neutrino absorption substantially, to
the point that the low-velocity tail of the ejecta distribution
is removed. Figure 8 shows that the missing low-velocity
ejecta is primarily late-time, convective outflow that is
more marginally unbound. This removal of low-velocity
ejecta is also behind the trend of increasing average velocity
with decreasing ejected mass for 7, = co models with
increasing aqe. = by

Regarding models with finite HMNS lifetime, the set
with #,, = 10 ms shows properties similar to the BH set.
Tables I and II show that 65% of the Y, change
0.11/[(Y,) = Y.(t = 0)]) occurs after BH formation for
the unoscillated model (t010-ab00), following the same
trend with FFI coefficients as the BH set. The same applies
to the energy source terms post-BH formation; more
viscous heating and net neutrino cooling, with nearly
constant nuclear recombination heating.
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The most notable difference with the prompt BH set is
the bump in the electron fraction histogram at Y, ~ 0.1-0.2
(Fig. 2), which due to its similarity to models with longer
HMNS lifetime, can be attributed to a more significant
neutrino-driven component at early times. This bump
decreases in magnitude and shifts to lower Y, with
increasing FFI coefficients, in line with a weaker overall
neutrino absorption level and a faster decrease of electron
neutrino absorption than antineutrino absorption.

Regarding the model group with 7, = 100 ms, Table II
shows that very little change (~5%) in Y, occurs after BH
formation, in line with the sharp decrease without recovery
of the electron neutrino and antineutrino luminosities
(Fig. 1). The time integral of energy source terms also
shows a very reduced importance of viscous heating and
neutrino cooling, but a contribution of nuclear recombina-
tion that is only a factor of 3 lower than models for which
the earlier phases are also computed (#,, = 0 and 10 ms).
The evolution of this set of models is thus dominated by the
earlier HMNS phase, during which neutrino absorption is a
dominant process.

Comparing the Y, histograms of this set with those of the
t,s = oo series (Fig. 2) indicates that a neutrino-driven wind
is clearly present, and becomes stronger with a more
intense FFI. Figure 4 shows that 7,, = 100 ms is the only
model set for which the ejected mass increases with more
intense flavor transformation, which we interpret as neu-
trino absorption taking over as a driving mechanism of the
outflow. We surmise that models with a long-lived HMNS
saturate their mass ejection at nearly > 95% of the initial
disk mass, whereas the model set with 7, = 100 ms has
room to grow by starting at 42% of the initial disk mass
without FFI effects.

Finally, we find that our results have little sensitivity to
the normalization of the heavy lepton luminosity imposed
at the HMNS surface. Models t010-L20, t100-L20, and
tinf-L.20 have identical input parameters as the correspond-
ing asymmetric models t010-bAS, t100-bAS, tinf-bAS,
respectively (Table I), except that we set LY, = 2L}* ) in
Eq. (6). Comparing each pair of models with the same }ns in
Table I shows differences at the few percent level in all
average quantities, with the exception of model t010-L20
which has an average velocity 10% higher than model t010-
bAS, and a mass with ¥, < 0.25 that is a factor ~2 higher
in the L20 case.

Table II shows that for this pair of models (t010-bAS and
t010-L20), the main difference is that electron antineutrino
emission after BH formation is higher in the model with
enhanced heavy lepton HMNS luminosity, with a corre-
spondingly higher net neutrino cooling. Looking at the tinf
counterparts in Table II, which share the first 10 ms of
evolution with the t010 models, we find a 10% higher
electron neutrino and antineutrino absorption in model tinf-
L20 than in model tinf-bAS. While the net change in Y, is
identical in this 35 ms HMNS phase, the larger radiative

driving can account for the higher average velocity in
model t010-L20 relative to model t010-bAS. The larger
amount of mass with ¥, < 0.25 can be attributed to a more
robust neutrino driven wind, which tends to launch more
low-Y, ejecta at early times (Fig. 8).

We expect the equilibrium Y, of the long-lived HMNS
outflow to have an important dependency on the imposed
electron neutrino and antineutrino luminosities at the
HMNS boundary [normalization and time dependence,
Eq. (6)], since much of this radiation emitted toward
equatorial latitudes is absorbed at the boundary layer, thus
strongly influencing the Y, evolution in this region, which
acts as a reservoir for the outflow. A more extended
parameter space study, or a self-consistent HMNS and
disk evolution, would be able to provide a more physically
based characterization of the baseline Y, of a long-
lived HMNS.

C. Nucleosynthesis implications

Outflows from accretion disks are important contributors
to the total ejecta from NS mergers, an example of which is
GW170817, for which the disk ejecta is expected to have
been dominant (e.g., [13,94]). The abundance pattern of the
ejecta thus has implications for the r-process enrichment
contribution (e.g., [95-98]) as well as on the kilonova
signal through the opacities [99-101] and radioactive
heating rates (e.g., [102-105]). The r-process requires a
high abundance of free neutrons when the ejecta temper-
ature T <5 x 10° K (e.g., [106]), which relates directly to
the electron fraction of the ejecta shaped by neutrinos at
earlier times when matter is hotter.

Figure 9 shows r-process abundances for trajectories
from the same models shown in Fig. 2. Overall, there are no
qualitative changes in the abundance pattern for a given
HMNS lifetime, regardless of the intensity of flavor trans-
formation. More noticeable differences occur in models
with larger t,; due to the increasing protonization. The
general trend is consistent with the Y, histograms:
more intense flavor transformation produces more heavy
r-process elements, and also more light elements (relative
to A ~ 130) in models with a long-lived HMNS.

For a quantitative assessment, the average mass fraction
of lanthanides X;, (57 <Z <72) and actinides X,
(89 <Z<104) are shown in Table II for all models.
Overall, we see that flavor transformation induces at most
a factor ~2 change in these mass fractions except for the
model set with 7, =100 ms, which shows a larger
variation in the actinide fraction relative to the unoscillated
model. A more significant change of up to a factor of
several in M .q (mass ejected with ¥, < 0.25) is seen in
Table I, which can alter the ratio of blue/red kilonovae light
curves.

Our models suggest that the FFI introduces quantitative
uncertainty in the disk outflow of at most a factor of two in
the mass fraction of heavy r-process elements relevant to
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FIG. 9. Final abundances at t = 30 yr as a function of mass number, for unbound tracer particles from various models. Each row
shows models with different HMNS lifetime, with left and right column showing models with symmetric and asymmetric flavor
transformation coefficients, respectively. Circles show solar r-process abundances from [107], scaled to the abundance at A = 130 from
the model with no flavor transformation (a.,. = b = 0), for each value of 7. Abundances are normalized such that all mass fractions

X(A) add up to unity.
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kilonova opacities, with minor changes to the overall
r-process abundance pattern relative to the standard,
no-FFI case.

D. Comparison with previous work

Li and Siegel [43] carried out GRMHD simulations of
BH accretion disks using M1 neutrino transport.
Their criterion to activate the FFI stems from a dispersion
relation arising from the linearized evolution equation for
neutrino flavor, with the FFI activated in regions with
imaginary frequencies. Once activated, the FFI manifests
as the equality of distribution functions of neutrinos
(fv, = fu, = f,,) and antineutrinos, which is an equivalent
assumption as used in our Flavor Equilibration case
(Agse = bose = 2/3). In contrast to our models, however,
mass ejection is dominated by magnetic stresses, since it
takes several hundred milliseconds for the disk to reach the
radiatively-inefficient stage where the outflow is driven
(mostly) thermally. In this early phase of evolution, the
initial composition of the disk is more important than for
late-time outflows that were fully reprocessed by neutrinos.
Consequently, their un-oscillated Y, distribution is much
more neutron rich (peaking between 0.15 and 0.2) than that
from our unoscillated prompt BH model (Fig. 2).

Given that baseline difference, however, introduction of
the FFI produces very similar changes as in our prompt BH
simulations. The Y, distribution shifts to more neutron-rich
values by 0.01-0.02, while the unbound mass ejected
decreases by ~10%. While the mass ejection mechanisms
are different, this similarity stems from the fact that their
FFI activation criterion results in widespread operation of
the instability, similar to our 7., parameter, and flavor swap
should alter the emission terms (which dominate in the pure
BH case) in the same way, making the disk more degen-
erate. Their r-process abundance pattern displays a larger
enhancement in heavier elements when the FFI operates,
given the larger relative amounts of ejecta with Y, < 0.25
than in our BH models.

Just et al. [44] performed axisymmetric viscous hydro-
dynamic simulations of BH accretion disks for a time 10 s,
as well as 3D MHD simulations for a time 0.5 s, with an M 1
neutrino scheme. The FFI is activated once the energy-
averaged electron antineutrino flux factor (ratio of number
flux to number density times c¢) exceeds a given value of
0.175 by default, which corresponds to a layer below the
neutrinosphere where angular asymmetries relevant to the
FFI begin to appear according to a more detailed (static)
analysis. The neutrinosphere is assumed to be at a flux
factor of 1/3, which in core-collapse supernovae corre-
sponds to a radial optical depth of 2/3 [41]. This activation
criterion is very similar to our optical depth based para-
meter 7, [Eq. (9), Fig. 3]. Once active, the FFI is
implemented by algebraically mixing the neutrino number
densities and number fluxes of each flavor, separately for
each energy bin of the multigroup M1 scheme. Three flavor

mixing prescriptions are used, among which the assump-
tions behind their ‘mix2’ prescription are equivalent to our
Flavor Equilibration case (ays = b = 2/3), while their
‘mix 1° scheme that conserves net lepton number shares
some similarities with our asymmetric scheme but is not
equivalent.

Their baseline hydrodynamic simulation yields a similar
ejecta mass, average velocity, and electron fraction distri-
butions as our model bh-ab00. Their model that employs
the ‘mix2’ scheme shows a 10% decrease in ejecta mass
and a decrease of the average electron fraction of 0.02
relative to their baseline model, which follows the same
trend as our models bh-abO07 compared to bh-ab00
(although we see a larger fractional ejecta mass decrease).
Similar trends are found in their models that employ other
mixing prescriptions. Unlike our models, however, the
average velocity of all of their models that include the FFI
decreases (by 10% for the ‘mix2’ case) while in our
corresponding models the average velocity shows an
increase of 20% when including the FFI. This discrepancy
can be due to the way in which the average velocity is
computed; mass-flux weighted at a fixed radius in our
models [Eq. (17)] while density-weighted over a spatial
region in theirs. It could also be due to the differences in
absorption resulting from the different neutrino scheme, or
the implementation of alpha viscosity and how viscous
heating reacts to the increase in degeneracy from more
efficient cooling due to the FFI. Their nucleosynthesis
results are entirely consistent with ours.

Our long-lived HMNS model without flavor transfor-
mation is in overall qualitative agreement with that reported
in [51], which used the same hydrodynamic setup but an
older leakage scheme that considered only charged-current
weak interactions, no heavy lepton neutrinos, and did not
include an absorption correction to the disk luminosities.
Quantitatively, comparing our Fig. 8 to their Fig. 3, the
asymptotic Y, of their neutrino-driven wind (~0.55) is
higher than ours (~0.48), and the peak Y, of their late
component (~0.34) is lower than what we find (~0.42).
Both models eject close to 100% of the initial disk mass.

IV. SUMMARY AND DISCUSSION

We have studied the effect of the FFI on the long-term
outflows from accretion disks around HMNSs of variable
lifetime using axisymmetric, time-dependent, viscous
hydrodynamic simulations. The instability is implemented
parametrically into a 3-species leakage scheme for emis-
sion and a disk-light bulb scheme for absorption by
modifying the absorbed neutrino fluxes and temperatures.
We explore a variety of cases, including partial and
complete flavor equilibration, as well as an “asymmetric”
flavor swap that reflects the conservation of lepton number
in the neutrino self-interaction Hamiltonian. Our main
results are the following:
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The impact of the FFI on the disk outflow is
moderate, changing the total unbound mass ejected
by up to ~40%, the average electron fraction by
~10%, and in most cases the average velocity by up
to ~40% (Table I, Fig. 4). The lanthanide and
actinide mass fractions of the outflow change, in
most cases, by up to a factor of ~2 (Table II), with no
qualitative changes in the r-process abundance
pattern for a given HMNS lifetime (Fig. 9).

The direction of the changes depends on the HMNS
lifetime. For a promptly-formed BH or short-lived
(ths < 10 ms) HMNS, the mass ejected and average
electron fraction decrease, and the average velocity
increases. The composition changes can be traced back
to a decrease in the electron neutrino/antineutrino
absorption with FFI intensity (Table II), which lowers
the equilibrium Y, as well as the rate at which this
equilibrium is reached (as previously found by [44] for
prompt BH disks). The lesser absorption results in
increased cooling, partially compensated by a higher
viscous heating, with the net effect of lowering the
entropy of the disk. A lower amount of ejected material
with low velocities accounts for the decrease in mass
ejected and higher average ejecta velocity (Fig. 5).
A longer-lived HMNS (#,, > 100 ms) displays a
more significant role of neutrino absorption in
driving the outflow (Fig. 8). The FFI results in a
more significant neutrino driven wind, broadening
the electron fraction distribution, increasing the peak
Y, to higher values (Fig. 2), increasing the average
velocity of the ejecta (Fig. 5), and increasing the
mass ejected up to a value of ~95% of the initial disk
mass within 17.7 s of evolution, for a very long-lived
HMNS (Fig. 4).

The trends with HMNS lifetime can be traced back to
the effects of flavor mixing by the FFI on the neutrino
fluxes and temperatures. For BH disks, the heavy
lepton luminosity is lower by a factor ~10 than the
electron neutrino and antineutrino luminosity, while
the mean energies of heavy leptons are higher by a
factor ~2 (Fig. 1). The net effect of flavor swap is to
decrease absorption (more on electron neutrinos than
antineutrinos) due to the change in neutrino flux
(Table II). For a HMNS disk, on the other hand, the
heavy lepton luminosity is much higher than for a BH
disk and the amount of electron neutrino reabsorption
is significant, resulting in a very moderate change in
the neutrino flux due to the FFI (Fig. 6). The mixing
of neutrino temperatures then results in a net increase
in electron neutrino absorption (Table II), with a
protonization of the outflow as well as a more
energetic neutrino-driven wind that ejects less low-
velocity material (Figs. 5 and 8).

Despite the mild changes in composition, the total
mass ejected with Y, < 0.25 can change by a factor

of several (Table I), thus altering the ratio of red to
blue kilonova components if they are to be treated
separately (e.g., due to spatial segregation).

Given the moderate impact of the FFI on the disk
outflow, it is natural to think of this effect as introducing
an uncertainty band to theoretical predictions for the ejecta
properties. Our calculations corroborate other work
[43,44], indicating that an overall uncertainty of ~10%
in ejected mass, electron fraction, and velocity, as well as a
factor of 2 in lanthanide/actinide mass fraction can be used
as a rule-of-thumb uncertainty in parameter inference from
and/or upper limits on multimessenger observations and
galactic abundance studies (e.g., [108-116]). A similar
uncertainty level is associated with spatial resolution of
grid-based simulations of postmerger remnants (e.g., [48]).
A more difficult task is to estimate uncertainties in kilonova
light curves and spectra due to spatial segregation of
lanthanide-rich vs lanthanide poor material, which would
require radiative transfer simulations to assess the impact
on the final outcome (e.g., [117-119]).

Our predictions can be made more reliable by (1) improv-
ing the quality of neutrino transport, in particular by using a
spectral moment scheme to improve the angular distribu-
tion of radiation for the long-lived HMNS case, (2) self-
consistently including the HMNS-disk system, avoiding
the use of separate luminosities from each object, and
(3) including magnetic fields in the evolution. The latter
requires the use of three spatial dimensions, and the length
of time required to fully capture the disk outflow makes
such simulations computationally expensive, precluding an
extensive parameter search with current capabilities.
Selected flavor transformation scenarios will need to be
carefully selected for those 3D GRMHD studies to
augment the relatively small number of dynamical models
performed to date.
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APPENDIX: DERIVATION OF THE
OSCILLATION COEFFICENTS FOR THE
ASYMMETRIC FLAVOR TRANSFORMATION
CASE

Neglecting collision terms in the quantum kinetic equa-
tion, the FFI arises from the neutrino self-interaction
Hamiltonian

V3G,
12720 (2”)3

/ Pp(f, - F)(1 —cos), (A1)

where f, is the distribution function of species v, p is the
neutrino momentum, € the angle between the direction of
the neutrino experiencing the potential and the momentum
in the integrand, G is the Fermi constant, and we have
assumed 7 =c =1 (e.g., [33]). Equation (A1) satisfies
H,, = —H?,, which implies that the probability of flavor
transformation is equal for neutrinos and antineutrinos
propagating in the same direction. Integrating the quantum

kinetic equation over neutrino direction, this symmetry
implies conservation of net lepton number, which can be
expressed as
n, —n, —n; +n; = constant. (A2)
Defining “oscillated” number densities as in Egs. (10)
and (11), we have

15t = (1= Gose) 1y, + Gosety, (A3)
np = (1 = dose)ny, + doschy, (A4)
ng¢ = (1= bose )z, + boscy, . (AS)
”gfc = (1 - bosc)nz‘/), + boscnz‘/g- (A6)
Applying Eq. (A2)
ny =y = ng kngt = n, —ny, —ng, +ng, o (A7)
and using n, =ng;, we obtain
aosc("w - ”u)) = bosc(”zé, - ”zx)’ (A8)

which defines the Asymmetric flavor transformation case,
and is the basis of Eq. (14).
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