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The outflows from neutrino-cooled black hole accretion disks formed in neutron-star mergers or cores of
collapsing stars are expected to be neutron-rich enough to explain a large fraction of elements created by the
rapid neutron-capture process, but their precise chemical composition remains elusive. Here, we investigate
the role of fast neutrino flavor conversion, motivated by the findings of our post-processing analysis that
shows evidence of electron-neutrino lepton-number crossings deep inside the disk, hence suggesting
possibly nontrivial effects due to neutrino flavor mixing. We implement a parametric, dynamically self-
consistent treatment of fast conversion in time-dependent simulations and examine the impact on the disk
and its outflows. By activating the otherwise inefficient, emission of heavy-lepton neutrinos, fast
conversions enhance the disk cooling rates and reduce the absorption rates of electron-type neutrinos,
causing a reduction of the electron fraction in the disk by 0.03–0.06 and in the ejected material by 0.01–
0.03. The rapid neutron-capture process yields are enhanced by typically no more than a factor of two,
rendering the overall impact of fast conversions modest. The kilonova is prolonged as a net result of
increased lanthanide opacities and enhanced radioactive heating rates. We observe only mild sensitivity to
the disk mass, the condition for the onset of flavor conversion, and to the considered cases of flavor mixing.
Remarkably, parametric models of flavor mixing that conserve the lepton numbers per family result in an
overall smaller impact than models invoking three-flavor equipartition, often assumed in previous works.
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I. INTRODUCTION

Disks accreting material onto stellar mass black holes
(BHs) with a rate higher than ∼10−3–10−2 M⊙ s−1, which
are formed after the merger of two neutron stars (NSs) or a
NS with a BH [1–7] or during the collapse of a fast rotating
star [8–12], are called neutrino-cooled disks, or neutrino-
dominated accretion flows, because weak interactions
take place on timescales comparable to the dynamical

timescales, enabling neutrinos to radiate away most of the
heat generated in the turbulent flow [13–26]. The high
neutrino fluxes, and therefore high neutrino pair-annihila-
tion rates, produced in these disks have been suggested
to power ultrarelativistic jets of short gamma-ray bursts
[27–29]. Moreover, the massive, nonrelativistic outflows
launched from neutrino-cooled disks are believed to
represent a rich, possibly even the dominant, source of
heavy elements [19,20,30–34] created through the rapid
neutron-capture process (see [35,36] for recent reviews).
A high neutron-richness, or low electron (or proton-to-
baryon), fraction, Ye, is a necessary requirement for an
efficient rapid neutron-capture (r) process, where Ye is
regulated in neutrino-cooled disks by the competition
between the β processes,
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e− þ p ↔ nþ νe; ð1aÞ

eþ þ n ↔ pþ ν̄e; ð1bÞ

i.e., electron captures on protons, positron captures on
neutrons, and the corresponding inverse reactions. Most
existing models of neutrino-cooled disks agree that the
material inside the disk is generically very neutron rich,
Ye < 0.25, as a consequence of the mild degeneracy of
electrons, which suppresses the abundance of positrons
[16,37,38]. The question of exactly how neutron rich the
outflows of neutrino-cooled disks are, and therefore how
important these disks are for galactic chemical evolution
[39–41], is still a matter of active debate and extremely
challenging to address with numerical simulations
because of the complicated physics connected to neutrino
transport, magnetohydrodynamic (MHD) turbulence, and
general relativity [22,38,42–44]. Observational support for
the viability of BH-torus systems as r-process sites comes
from the late, red component of the electromagnetic
counterpart, called kilonova [33,45–49], that accompanied
the recent gravitational-wave event GW170817. It suggests
a significant abundance of lanthanides, which can only be
produced in ejecta with Ye ≲ 0.25–0.3 [50–52]. However,
whether or not the observed signal truly stems from BH-
torus ejecta or from other ejecta components remains to be
finally understood (e.g., [53]).
Apart from the, already significant, uncertainties con-

nected to neutrino transport that assumes massless neu-
trinos, additional, major questions are connected to the
possibility that finite-mass neutrinos could change their
flavor during the propagation through and out of the
disk. An immediate consequence of flavor conversion,
e.g., due to neutrino self-interactions, is that the change
in the abundances and mean energies of νe and ν̄e neutrinos
would lead to a modified value of the equilibrium elec-
tron fraction corresponding to neutrino absorption, Yeq;abs

e

[38,54], as well as the timescale over which Ye approaches
Yeq;abs
e in outflows exposed to neutrino irradiation [55–66].
In a dense neutrino gas, such as the one expected in the

innermost regions of neutrino-cooled disks, neutrinos could
also experience fast flavor conversion [67,68] (see also
[69,70] and references therein). Unlike the traditional
collective slow modes [71], which occur on scales on
the order of a few km for neutrinos with energies of
∼10 MeV, fast modes can grow on extremely short scales
of just a few cm. Since such scales are shorter than the
typical mean-free path between neutrino interactions, fast
modes can modify the neutrino transport also at high
densities that have long been thought to be the realm of
collisional processes (see [72–77] for recent work studying
the impact of collisions on fast conversions). For instance,
if fast conversion affects the diffusion rates out of the disk,
neutrino conversion could leave a dynamical imprint on the
disk, and among others modify the equilibrium electron

fraction corresponding to neutrino emission, Yeq;em
e (see,

e.g., [38]). Needless to say, all the aforementioned effects
potentially connected to flavor conversion could have
dramatic implications for r-process nucleosynthesis, galac-
tic chemical evolution, and the kilonova signal of neutrino-
cooled disks.
It has been demonstrated that fast flavor instabilities in a

dense neutrino gas can occur when the difference between
the angular distributions of νe and ν̄e neutrinos changes
sign in some direction [78–82]. The search for such zero
crossings of the electron-lepton number (ELN), as well as
their possible consequences, have since been the subject of
numerous studies in the context of core-collapse super-
novae (CCSNe) and NS mergers (NSMs) [65,83–98]. Since
a NSM remnant is born neutron rich, and subsequently
heats up and protonizes with time, the emission of ν̄e
neutrinos tends to dominate that of νe neutrinos (at least
globally; see, e.g., [84]), rendering ELN crossings more
likely to appear in these environments compared to
CCSNe. Indeed, recent work on the occurrence of fast
instabilities in postmerger BH disks based on analytical
models, which assumed νe and ν̄e neutrinos to be emitted
from two separate sharp neutrinospheres, suggested fast
instabilities to occur almost everywhere above the neutrino-
spheres [83,84]. While models using sharp neutrinospheres
provide a basic understanding of the conditions under
which fast instabilities can occur, their reliability is limited.
Moreover, these models cannot make any predictions
regarding the existence of ELN crossings below the
neutrinospheres. Finally, since those studies, like in fact
most existing literature on fast pairwise flavor instabilities
using data from hydrodynamic simulations, are entirely
based on postprocessing approaches, they can hardly make
faithful predictions about the dynamical consequences of
these phenomena.
In this study, we investigate the existence of fast

instabilities in neutrino-cooled accretion disks adopting
the recently developed method of Ref. [99]. The latter does
not depend on sharp neutrinospheres but uses as input
directly the angular moments of the neutrino distribution
function. We apply this method to simulations taken
from Ref. [19], which were performed with the neutrino-
hydrodynamics code ALCAR [100,101], making use of the
M1 approximation of neutrino transport. Guided by the
results of this crossings analysis, we perform simulations of
disks with an approximate, but dynamically self-consistent,
inclusion of fast flavor mixing through a parametric
approach. This approach assumes that fast modes, where
present according to a varied threshold criterion, lead to an
asymptotic equilibrium state in flavor space that can be
expressed in terms of the evolved neutrino quantities.
Implementing fast conversions in time-dependent simula-
tions is an important step forward compared to previous
postprocessing studies, because it allows to study the
dynamical consequences of fast conversions on the disk
evolution, neutrino emission, outflow properties, and
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nucleosynthesis. Our study expands on the recent work of
Ref. [97], which was the first to include fast flavor
conversions self-consistently in a dynamical simulation.
However, compared to Ref. [97], where only a single model
was discussed, here we perform a detailed analysis of the
various effects of fast conversions on the weak-interaction
equilibria and the corresponding timescales, and we test the
sensitivity to the main input assumptions, such as the type
of flavor mixing and the condition for the onset of fast
conversions.
This paper is structured as follows: in Sec. II we present

the setup and results of our analysis to spot and characterize
the locations of ELN crossings in neutrino-cooled disks,
which potentially lead to flavor conversions. The results of
this analysis serve as the motivation for the implementation
of fast conversion with a simple, parametric criterion in
hydrodynamic simulations, as discussed in Sec. III A. We
first explore the impact of fast conversions for a fiducial
model in Sec. III B, and in Sec. III C we examine the model
dependence. We summarize and conclude in Sec. IV.
Throughout this paper, h, c, and GF denote the Planck
constant, the speed of light, and the Fermi constant,
respectively.

II. OCCURRENCE OF FAST FLAVOR
INSTABILITIES IN BH TORI

Before attempting to implement fast conversions in
time-dependent numerical simulations, we analyze whether
and where favorable conditions for the development of
fast flavor instabilities exist in neutrino-cooled BH
tori using individual snapshots from previous neutrino-
hydrodynamical models. The aim of this section is to find
an approximate criterion for the occurrence of fast insta-
bilities, which is simple enough to be evaluated in each time
step in an ongoing simulation. In Sec. II A we review the
method used to analyze the snapshots, and in Sec. II B we
discuss the results.

A. Angular moment method for detecting
fast pairwise instabilities

As discussed previously, fast instabilities are thought to
occur if, and only if, the angular distributions of νe and ν̄e
cross each other, i.e., when the neutrino ELN,

Gvν ¼
ffiffiffi
2

p GF

ℏc

Z
∞

0

E2
νdEν

ðhcÞ3 ½fνeðpνÞ − fν̄eðpνÞ�; ð2Þ

changes its sign for different unit vectors of the neutrino
momentum, pν=jpνj. Here, Eν and vν ¼ pνc2=Eν are the
neutrino energy and velocity, respectively, and the fνs are
the neutrino occupation numbers. We consider here only
crossings in the electron-neutrino sector and implicitly
assume thatfνμ ¼fντ ¼fν̄μ ¼fν̄τ , but seeRefs. [94,102–104]
for dedicated analyses on three flavor effects. In contrast to

the case of (proto- or hypermassive) NSs, the densities and
temperatures in neutrino-cooled disks are typically not high
enough to produce heavy-lepton neutrinos in large amounts
via pair processes or charged-current reactions with muons
(see, e.g., Ref. [105]). We note that after the eventual effects
of fast flavor mixing, heavy-lepton neutrinos can indeed
reach number densities comparable to those of electron-type
neutrinos (as will be demonstrated in Sec. III B).
Although the neutrino angular distribution can in general

be asymmetric in the azimuthal angle, ϕν, we here consider
the ϕν-integrated distribution of the ELN,

GðμÞ ¼
Z

2π

0

Gvνdϕν; ð3Þ

and its first n angular moments,

In ¼
Z

1

−1
dμμnGðμÞ; ð4Þ

where n ¼ 0, 1, 2, 3. Here, μ ¼ cos θν ¼ er · pν=jpνj is the
cosine of the zenith angle (with the unit vector in radial
direction in position space, er), and ϕν runs around the axis
defined by er. The moments In are therefore defined by the
radial components of the, generally multidimensional,
angular moment tensors of the distribution functions.
While in principle we could also use other tensor compo-
nents in our method, we restrict ourselves to the radial
components, as this method already captures the majority
of crossings. It is important to bear in mind that although
the integration over ϕν might erase some of the ELN
crossings, it will not generate any fake crossings in our
analysis.
In neutrino-hydrodynamic simulations adopting the so-

called M1 scheme, such as in the ones considered in this
study, the zeroth and first angular moments of the neutrino
distribution function are evolved, and the second and third
moments are derived from the evolved moments by using
an approximate closure relation. Thus, one has access to the
moments I0, I1, I2, and I3. Although a significant amount
of information about the neutrino distribution is lost by
using an analytic closure, one can already derive sufficient
conditions for the occurrence of ELN crossings in a dense
neutrino gas on the basis of the available moments. As
discussed in Ref. [99] (see also [95,106–109] for other
methods), ELN crossings are guaranteed to occur if at a
given location in space and time a positive function F ðμÞ
exists, for which

IF I0 < 0; ð5Þ

where

IF ¼
Z

1

−1
dμF ðμÞGðμÞ: ð6Þ
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Since the neutrino angular information is provided in terms
of the Ins, we choose F ðμÞ to be a polynomial in μ,

F ðμÞ ¼
XN
n¼0

anμn; ð7Þ

where N is the highest neutrino angular moment available
and the an are arbitrary coefficients for which F ðμÞ > 0.
The quantity IF can then be written in terms of the In as

IF ¼ a0I0 þ a1I1 þ � � � þ aNIN: ð8Þ

It should be noted that in the M1 scheme F can be a linear
(a1 ≠ 0; a2;3 ¼ 0), a quadratic (a2 ≠ 0, a3 ¼ 0), or a cubic
(a3 ≠ 0) polynomial. While the ELN crossings captured by
the linear function are the most reliable ones, since I0 and
I1 are evolved independently of each other, the cubic
function is able to detect a larger number of crossings. This
can be understood by noting that higher moments can
capture more details of the neutrino angular distribution.
Indeed, the narrower the crossings are, the higher is the
order of the moments required to capture them. Hence,
given the maximum rank of N ¼ 3 in our case, our method
is not guaranteed to capture all the ELN crossings.

B. Occurrence of ELN crossings in snapshots of BH tori

The formalism outlined above will now be used to
investigate the occurrence of ELN crossings in neutrino-
cooled BH accretion disks. We analyze numerical simu-
lations obtained with the neutrino-hydrodynamics code
AENUS-ALCAR [100,101], which adopts an energy-de-
pendent M1 scheme to describe neutrino transport. The
scheme evolves the angular moments of the distribution
function (energy density and flux-density vector) in a
number of energy bins, Nϵ, where typically Nϵ ≈ 12–20.
For the analysis in this section we adopt the axisymmetric
model M3A8m3a5, which was described in Ref. [19].
This same model has been previously used also by Ref. [62]
for a first investigation on the occurrence of fast flavor
instabilities, which assumed νe and ν̄e neutrinos to be
emitted from sharp neutrinospheres. The specific model
considered in this section assumes masses of 3 and 0.3 M⊙
for the central BH and initial torus, respectively, and a BH
spin parameter of 0.8. We confirmed that the basic results
depend only weakly on the particular choice of the model
parameters so that our results can be used as a guideline for
the approximate implementation of flavor conversions in
time-dependent, hydrodynamical simulations. We con-
strain ourselves here to the case of axisymmetric viscous
models. However, we expect that the main result of this
exercise (namely that ELN crossings appear in large
regions throughout the disk) would also be obtained when
using 3D MHD models, which exhibit a similar structure

as viscous disks, at least in a time-averaged sense
[23,37,38,43].
In order to check for the presence of ELN crossings in

our BH-torus simulation data, we go through a large
number of points in the polar (x − z) plane and, at each
point, scan all appropriate linear, quadratic, and cubic
polynomials representing F ðμÞ using the In moments
provided by the simulation [93].
In the top row of Fig. 1, we indicate for different

simulation times (20, 50, and 150 ms after initialization,
from left to right) the locations where ELN crossings exist,
i.e., where the condition in Eq. (5) is satisfied. Here, the
crosses denote points where ELN crossings are found by a
quadratic or cubic form of F ðμÞ, while the plus signs show
locations where the ELN crossings are captured already by
linear polynomials of F ðμÞ (in addition to quadratic/
cubic ones).
An intriguing result of this analysis is that fast insta-

bilities in NSM remnant disks may occur already deep
within the torus in regions well below the neutrino-
spheres of νe and ν̄e. Note that crossings at such high
optical depths cannot be explored by models that only
investigate the neutrino field outside of the neutrinospheres,
such as employed in Ref. [62]. Following Ref. [62], we
approximately assume that the (energy-averaged) neutrino-
sphere is given by the surface at which the (energy-
averaged) flux factor

fν ¼
jFνj
cnν

¼ 1

3
; ð9Þ

where the neutrino number density and number flux density
are, respectively, defined as

nν ¼
Z

d3p
h3

fνðpνÞ; ð10aÞ

Fν ¼
Z

d3p
h3

fνðpνÞvν: ð10bÞ

Our analysis suggests that ELN crossings appear as soon
as fν ≃ 0.15–0.2.
The existence of ELN crossings so deep within the disk

can be understood from the following considerations. As a
result of the neutron-richness in the disk (with typical
values of Ye ∼ 0.1–0.3)—which itself is mainly a conse-
quence of electron-degeneracy (see, e.g., Ref. [38] for a
detailed discussion of Ye equilibria in neutrino-cooled
disks)—the absorption opacity of ν̄e (∝ np) is smaller than
that of νe (∝ nn, with np=n being the number density of
protons/neutrons). This means that ν̄e neutrinos diffuse out
of the torus more readily than νe neutrinos and, therefore,

fν̄e
fνe

> 1 ð11Þ
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FIG. 1. Cuts through the polar plane of an axisymmetric, viscous BH-torus simulation (model M3A8m3a5 from [19]) at times
t ¼ 20 ms (left column), 50 ms (middle column), and 150 ms (right column) showing properties relevant to characterize the occurrence
of fast flavor mixing. The torus rotates around the z axis and x denotes the cylindrical radius. The color maps show, from top to bottom,
the νe − ν̄e asymmetry parameter, α [cf. Eq. (12)], weak interaction strength, ξ [cf. Eq. (14)], electron fraction, Ye, and matter density, ρ.
Solid (dashed) black lines denote the neutrinospheres of νe (ν̄e) [cf. Eq. (9)]. Solid (dashed) purple lines in the top panels show the
locations where the energy-integrated flux factor of electron antineutrinos fν̄e ¼ 0.18 (0.14). The white crosses (plus signs) in the top
panels indicate regions where ELN crossings, and therefore possibly fast flavor instabilities, exist as predicted by Eq. (5) using
quadratic/cubic (linear) polynomials for F ðμÞ. Note that ELN crossings are more likely to occur where α is close to unity. Since the
matter density decreases with time due to mass accretion and viscous spreading, neutrinos decouple at smaller radii at late times,
enabling ELN crossings nearly everywhere within the torus.
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in most regions of the torus. The condition of Eq. (11) is
realized in the disk (i.e., roughly in the region enclosed by
the neutrinospheres) with an asymmetry parameter of

α ¼ nν̄e
nνe

≲ 1; ð12Þ

namely close to, but slightly below, unity (cf. top row in
Fig. 1), while at the same time the number loss rates by
which neutrinos leave the torus, LN;ν, fulfill

LN;ν̄e

LN;νe

∼
jFν̄e j
jFνe j

≳ 1; ð13Þ

because the expanding torus slowly protonizes with time
(see, e.g., Refs. [38,62]). In regions where the number
densities of both species are similar but the angular distri-
bution of one species is more forward peaked than that of the
other species, ELN crossings are likely to occur.We note that
similar conditions were found to exist also in the neutrino
decoupling region above the proto-NS in CCSNe [90,91].
Going even deeper into the torus, α becomes very small and
the angular distribution of both species too similar (i.e.,
isotropic) for ELN crossings to develop.
As shown by the crosses in Fig. 1, ubiquitous ELN

crossings (i.e., crossings captured already by linear poly-
nomials) develop only in the vicinity of the neutrino-
spheres, where α happens to be close to unity. Further away
from the torus we again find ELN crossings captured by
quadratic/cubic polynomials. Eventually, a band appears
near the polar regions where our method cannot capture any
crossings (see, e.g., top middle panel in Fig. 1). However,
this band gets narrower at later times and finally disappears.
In this band both the number density and angular distri-
bution of νe and ν̄e are very similar and thus do not exhibit
ELN crossings. Since in this region α is close to unity, it is
quite likely that here ELN crossings can only be captured
with higher neutrino angular moments.
At later times (t > 70–80 ms for this model), fast

instabilities can appear almost everywhere inside the disk.
One reason for that is simply the decreasing optical depth of
the disintegrating torus, which causes the neutrinospheres
to shrink with time. Another reason is that due to the lower
levels of electron degeneracy at later times, the abundance
ratio α becomes closer to unity. Since both of these effects
are sensitive mainly to the mass of the disk, ELN crossings
appear inside the disk earlier (later) in models with lower
(higher) torus mass.
While α is a measure of the relative asymmetry between

both species, the quantity

ξ ¼
ffiffiffi
2

p GF

ℏc
nνe ; ð14Þ

plotted in the second row of Fig. 1, is a measure of the
absolute strength of weak interactions at a given point.

Even at late times, e.g., t ¼ 150 ms in the considered
model, and with correspondingly low densities in the torus,
the neutrino density is still relatively high, ξ ∼ 105 km−1,
meaning that corresponding fast modes would occur on
length scales of ∼1 cm.
In summary, our analysis predicts that fast instabilities

are a generic feature of neutrino-cooled BH disks formed
after NSMs, both deep within the disk as well as above
the disk.

III. IMPACT OF NEUTRINO FAST CONVERSION
IN SIMULATIONS OF BH TORI

After having gained insight about the appearance of ELN
crossings in the disk, we now adopt this knowledge to
design simulations that test the possible ramifications of
fast-flavor conversions for the dynamics, composition, and
outflows in neutrino-cooled BH tori. For simplicity, we
assume that ELN crossings always lead to fast-flavor
conversions, and that flavor conversions take place in such
a way that the angular moments of the neutrino distribution
functions after conversion are simple, i.e., time and location
independent, algebraic functions of the moments before the
flavor conversion (see, e.g., Refs. [110–116] for recent
studies challenging the simplified mixing scenarios
assumed here, outlined in Sec. III A).
The disk model, the adopted simulation code, as well as

all numerical methods are identical to those used in
Refs. [19,38] except for aspects explicitly mentioned in
the following. We refer to the aforementioned references
for detailed descriptions of the simulation setup. In contrast
to most models of [38] we include weak magnetism
corrections in the charged-current and neutral-current
neutrino-nucleon interactions [117] in all of the present
models, and we evolve the two species νx and ν̄x collec-
tively representing νμ=τ neutrinos and ν̄μ=τ neutrinos,
respectively.1 In our simulations heavy-lepton neutrinos
can interact via isoenergetic scattering off nucleons [118] as
well as thermal pair annihilation [119] and bremsstrahlung
[120] using the effective treatment by Ref. [121]. However,
compared to fast flavor conversions, these “conventional”
reactions only play a subdominant role as a source or
sink of heavy-lepton neutrinos in our models due to the

1We note that in the adopted set of neutrino interactions the
only difference between the interaction rates of νx and ν̄x exists in
the weak-magnetism correction factors [117]. Since these
differences are too small to create a significant asymmetry
between νx and ν̄x neutrinos, we neglect them in our simulations
and use the same weak-magnetism correction factors for both νx
and ν̄x neutrinos (obtained by averaging). Nevertheless, we
distinguish between νx and ν̄x neutrinos in our simulations
(instead of evolving a single heavy-lepton species and assuming
fνx ¼ fν̄x ), because one of our considered flavor mixing scenar-
ios (case “mix2”) explicitly breaks the symmetry between νx and
ν̄x and, therefore, requires an independent evolution of both
species.
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relatively low densities (≲1012 g cm−3) and temperatures
(≲5 MeV) in the disk. In the remainder of this paper, we
use the symbol νx (ν̄x) to refer to one of the species νμ or ντ
(ν̄μ or ν̄τ), e.g., Lνx refers to the luminosity of a single
species and not the summed luminosities of several species.

A. Implementation and investigated models

Fast flavor conversions can be implemented in a two-
moment scheme, such as ours [101], in a relatively
straightforward manner if one assumes that flavor insta-
bilities produce a new steady-state equilibrium in flavor
space on timescales much shorter than any other dynamical
timescale [122]. Since the fast-conversion timescales [given
roughly by ðcξÞ−1 ∼ 10−11 s] are shorter than the time step
used to integrate the neutrino-hydrodynamics equations
(typically 10−7 s), we simply switch to the equilibrium state
from one time step to another without having to follow the
detailed evolution leading to that state, which would require
to solve a significantly more complicated set of equations
[123,124]. The treatment of fast conversions in our sim-
ulations therefore only depends on two ingredients: first, a
local condition for the occurrence of fast conversions that
can be evaluated on-the-fly during the simulation, and
second a prescription for the flavor mixing characterizing
the steady state after the operation of the flavor instability.
In the following we outline the treatment of both ingre-
dients. We note that a similar treatment of fast conversions
was recently also applied in a 3D general relativistic MHD
model in Ref. [97].
In order to detect occurrences of fast conversions, we

cannot employ the detailed scheme of Sec. II, which is too
expensive to be evaluated at each time step in an ongoing
simulation. Instead, motivated by the findings of Sec. II, we
assume that flavor conversion develops where

fν̄e > fthr; ð15Þ

i.e., where energy-averaged flux factor of ν̄e neutrinos, fν̄e
[cf. Eq. (9)], rises above some critical threshold value, fthr,
which lies broadly within 0.15–0.2. We choose fthr ¼ 0.175
in the fiducial case, but we also perform simulations with
values of fthr ¼ 0, 0.1, and 0.4 to test the sensitivity. We
ignore flavor conversions further away from the torus in
regions where the density drops below 106 g cm−3, mostly
because otherwise we occasionally encountered stability
problems with the numerical scheme. However, this should
be of minor relevance for the evolution, because the
neutrino field arriving in regions of such low densities
was already subject to flavor conversions during its
previous propagation out of the disk.
The second component of our implementation consists

of the prescription to mimic flavor mixing at points where
the instability condition, Eq. (15), is satisfied. We stress
again that the outcome of fast conversions for arbitrary

initial neutrino distributions is far from trivial and an
actively pursued research area on its own. Therefore, the
prescriptions used here are likely to carry poorly known,
but potentially significant, uncertainties.
We consider three different prescriptions to express the

moments of the flavor-mixed steady state (no superscript)
as functions of the moments before fast conversions
(superscript “0”), which differ in the degree of mixing
and in the respected conservation laws. In what follows, we
first outline the detailed mixing treatment of the number
densities, nν;q (having units of cm−3), for neutrino species
ν ∈ fνe; ν̄e; νx; ν̄xg in energy bin q ¼ 1;…; Nϵ centered
around energy ϵq, and we subsequently comment on the
treatment of the corresponding first moments, Fν;q. In all
three cases, the postconversion number densities are given
as a linear superposition of the preconversion number
densities, i.e.,

nν;q ¼
X
ν̃

cνν̃n0ν̃;q; ð16Þ

where ν̃ runs through fνe; ν̄e; νx; ν̄xg and the mixing
coefficients cνν̃ are constants that are defined by the
constraints that lepton number conservation is assumed
to be fulfilled (or not) in the respective case of flavor
mixing. Since we deal with four neutrino species, we need
altogether four conditions to define cνν̃ for a given species.
One of these conditions, shared by all mixing cases, is the
conservation of the total number of neutrinos, i.e.,

X
ν

nν;q ¼
X
ν̃

n0ν;q: ð17Þ

(i) Case “mix1”: lepton number per family conserved.
This case assumes that both

nfamνe;q ¼ nνe;q − nν̄e;q ð18Þ

and

nfamνx;q ¼ nνx;q − nν̄x;q ð19Þ

are conserved. Among the three cases of flavor
mixing considered here, this is the case most
compatible with Standard Model physics, but also
the most restrictive one concerning the possible
degree of flavor redistribution. The remaining con-
dition needed to fix the mixing coefficients, cνν̃, is
that number equipartition shall be achieved among
the species with subdominant number densities, i.e.,

minfnνe;q; nν̄e;qg ¼ minfnνx;q; nν̄x;qg;
¼ neq;q; ð20Þ
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which defines the quantity neq;q. The mixing equa-
tions result as follows:

nνe;q ¼ neq;q þmaxfnfamνe;q; 0g; ð21aÞ

nν̄e;q ¼ neq;q −minfnfamνe;q; 0g; ð21bÞ

nνx;q ¼ neq;q þmaxfnfamνx;q; 0g; ð21cÞ

nν̄x;q ¼ neq;q −minfnfamνx;q; 0g; ð21dÞ

with

neq;q ¼
1

3
minfn0νe;q; n0ν̄e;qg þ

2

3
minfn0νx;q; n0ν̄x;qg:

ð22Þ

(ii) Case “mix2”: total lepton number conserved. This
case relaxes the conditions of nfamνe;q and nfamνx;q con-
servation underlying Eq. (21a) and assumes that
neutrinos can mix across different neutrino families
while still conserving the total lepton number:

ntotq ¼ nνe;q − nν̄e;q þ 2ðnνx;q − nν̄x;qÞ: ð23Þ

The resulting mixing equations are

nν;q ¼
1

3
ðn0νe;q þ 2n0νx;qÞ; ð24aÞ

nν̄;q ¼
1

3
ðn0ν̄e;q þ 2n0ν̄x;qÞ ð24bÞ

for ν ∈ fνe; νxg and ν̄ ∈ fν̄e; ν̄xg. This approach to
mimic the effect of flavor mixing, which was
assumed in Refs. [84,97], leads to a potentially
higher degree of equipartition compared to case
“mix1.” Note that this scenario violates family
lepton number conservation and is therefore incon-
sistent with the Standard Model of particle physics.

(iii) 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.,

nν ¼
1

6
ðn0νe;q þ n0ν̄e;q þ 2n0νx;q þ 2n0ν̄x;qÞ ð25Þ

for ν ∈ fνe; ν̄e; νx; ν̄xg. Here, neutrinos not only can
mix across families but also with their antiparticles.
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 moments
[125–127]. 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 between
heavy-lepton neutrinos and their antiparticles. As a con-
sequence, all neutrino properties, such as luminosities
and mean energies, may differ between νx and ν̄x 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 Fi
ν;q (where i ¼ r; θ;ϕ),2

independently from the zeroth moments, we also need
appropriate mixing relations for the first moments. The
simplest and most straightforward treatment, which is
adopted in the majority of our simulations, consists of
using the same mixing coefficients, cνν̃, as used for
the zeroth moments [cf. Eq. (16)] and to compute the
flavor-mixed flux densities of any of the four evolved
species, ν, as

Fi
ν;q ¼

X
ν̃

cνν̃F
i;0
ν̃;q ð26Þ

as functions of the unmixed flux densities Fi;0
ν̃;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 zeroth
moments but a slightly different, nonlinear mixing of the
first moments, which assumes that the flux factor at any
given energy remains unchanged, i.e.,

Fi
ν;q ¼

Fi;0
ν;q

n0ν;q
nν;q: ð27Þ

The mixing scheme for these models, called “mix1f,” will
be used to test the sensitivity of our results to the mixing
treatment of the first moments. As will be seen in Sec. III C
1, this sensitivity turns out to be very small.
Table I provides an overview of all performed simu-

lations. Apart from varying fthr and the scenario adopted for
modeling flavor mixing, we also vary the initial torus mass,
m0

tor, which in NS mergers depends sensitively on the initial
binary masses and the nuclear equation of state. Most
simulations are conducted for a time of tfin ¼ 10 s in
axisymmetry and adopt the α-viscosity scheme [128] to
approximately describe angular momentum transport and
dissipation due to turbulent stresses. Explicitly, the
dynamic viscosity is assumed to be ηvis ¼ αvisPgas=ΩKep

in terms of the gas pressure, Pgas, and Keplerian angular
velocity, ΩKep, and αvis ¼ 0.06.

2We note that the fluxes in azimuthal (ϕ) direction vanish as a
result of the approximation that the ϕ velocities entering the
neutrino-transport equations are neglected in our simulations
(see, e.g., Refs. [19,38] for more details).
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As suggested by previous studies [18,19,37,38,43,129],
disk models using the α-viscosity scheme reproduce most
basic features of the torus evolution and ejecta nucleosyn-
thesis fairly well. Nonetheless, the α viscosity is merely an
effective mean-field model mimicking angular momentum
transport and dissipation generated by MHD turbulence,
which in turn is driven by the magnetorotational instability
(MRI). Hence, it carries non-negligible uncertainties
related to the poorly constrained functional form and
amplitude of the viscous stress tensor (see, e.g., [38] for
a comparison of different parametrization choices) and it is
unable to describe magnetically dominated outflows. In
order to assess the sensitivity of our results to the treatment
of turbulent angular momentum transport, we additionally
ran two MHD models, one without flavor conversion and
one using the mix1f conversion scheme.3 However, in
contrast to viscous models,4 MHD models need to be
simulated in 3D and with high numerical resolution in order

to capture sustained angular moment transport by the MRI
[133], which makes them considerably more expensive
than axisymmetric, viscous disk models. For this reason,
we could only run these models until tfin ¼ 0.5 s, i.e., for a
much shorter time than the viscous models.
For details regarding the initial models, numerical

evolution scheme, adopted numerical resolution, as well
as the extraction of ejecta properties we refer to Ref. [38].
For viscous (MHD) models we count as ejecta all material
that crosses r ¼ 104 km (3000 km) until t ¼ tfin. For the
MHD models we additionally ignore the very early and fast
ejecta that reach a radius of 3000 km before t ¼ 50 ms,
because this material is to a large extent driven by the
strong and transient hydrodynamical adjustment that com-
mences during the initial phase.

B. Results for our fiducial BH-torus model

In this section we investigate the impact of flavor
conversions on the evolution of BH-accretion tori and their
outflows by comparing a fiducial model with and without
flavor conversions (models m1mix1 and m1, respectively).

1. Impact on neutrino emission and torus evolution

We summarize global properties characterizing the
mass accretion and ejection, as well as the neutrino
emission for models with different equilibrium schemes
in Fig. 2. The time evolution of postmerger BH tori in
multiple dimensions has been investigated in several
previous studies using various methods and approximations
[18,19,22,24,34,129,134,135]. First of all, looking at the

TABLE I. Summary of numerical simulations performed in this study and properties of ejected material. From left to right: model
name, inclusion of flavor conversion (FC), initial torus mass, adopted flavor mixing scheme, treatment of turbulent viscosity (either
using α viscosity or MHD), dimensionality, final simulation time, ejecta mass, ejecta velocity at extraction radius of r ¼ 104 km
(3000 km) for viscous (MHD) simulations, average electron fraction and entropy per baryon of the ejecta at T ¼ 5 GK, total mass
fractions of second-peak elements (with atomic mass numbers fulfilling 119 ≤ A ≤ 138), of lanthanides (with atomic charge numbers of
57 ≤ Z ≤ 70) plus actinides (89 ≤ Z ≤ 102), and of third-peak elements (with 185 ≤ A ≤ 204) synthesized in the material that becomes
ejected during the simulated times.

Model
FC

enabled?
m0

tor
[M⊙]

Mixing
scheme fthr

Turbulent
viscosity Dimensionality

tfin
[s]

Mej

[m0
tor]

hviej
[c] hYei5 GK

ej

hsi5GKej

[kB]

X2nd

[10−1]
XLA

[10−2]
X3rd

[10−2]

m1 No 0.1 … … α viscosity 2D 10 0.204 0.058 0.262 21.68 3.32 1.77 3.35
m1mix1 Yes 0.1 mix1 0.175 α viscosity 2D 10 0.186 0.051 0.246 21.23 4.69 3.45 3.51
m1mix1f Yes 0.1 mix1f 0.175 α viscosity 2D 10 0.189 0.051 0.252 20.49 4.37 2.49 3.48
m1mix2 Yes 0.1 mix2 0.175 α viscosity 2D 10 0.179 0.054 0.240 21.60 4.74 4.83 4.59
m1mix3 Yes 0.1 mix3 0.175 α viscosity 2D 10 0.186 0.050 0.255 20.92 4.62 1.55 2.43
m1f4 Yes 0.1 mix1 0.4 α viscosity 2D 10 0.182 0.052 0.236 20.88 5.10 4.60 4.94
m1f1 Yes 0.1 mix1 0.1 α viscosity 2D 10 0.186 0.047 0.243 20.85 5.23 4.00 3.86
m1f0 Yes 0.1 mix1 0 α viscosity 2D 10 0.187 0.049 0.240 20.53 5.16 3.86 4.18
m01 No 0.01 … … α viscosity 2D 10 0.220 0.053 0.236 27.72 4.98 5.96 10.1
m01mix1 Yes 0.01 mix1 0.175 α viscosity 2D 10 0.218 0.053 0.220 27.92 4.95 6.36 13.1
m3 No 0.3 … … α viscosity 2D 10 0.203 0.053 0.278 17.99 3.04 1.41 1.91
m3mix1 Yes 0.3 mix1 0.175 α viscosity 2D 10 0.190 0.051 0.256 18.44 4.43 2.43 2.32
m1mag No 0.1 … … MHD 3D 0.5 0.152 0.186 0.283 29.23 4.11 1.81 3.20
m1magmix1f Yes 0.1 mix1f 0.175 MHD 3D 0.5 0.085 0.194 0.253 26.30 5.79 2.31 5.08

3The reason for the MHD model adopting the mix1f scheme,
instead of the mix1 scheme, is simply because we conducted this
simulation first, and the small differences between mix1 and
mix1f observed for the viscous models did not justify the efforts
to run an additional expensive MHD model.

4Unlike MHD models, viscous models do not require the third
dimension to capture angular momentum transport. In principle,
hydrodynamic disks can also develop instabilities other than the
MRI that could trigger nonaxisymmetric modes, such as the
Papaloizou-Pringle instability [130,131] or the runaway insta-
bility [132]. However, so far no study known to us has
demonstrated the relevance of these instabilities in realistic
postmerger disks, which have a low disk-to-BH mass ratio and
an extended, nearly Keplerian angular momentum profile.
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(a) (b) (c)

(d) (e) (f)

(g) (h) (i)

(j) (k) (l)

FIG. 2. Global properties as functions of time for models m1, m1mix1, m1mix1f, m1mix2, and m1mix3 that adopt different treatments
of flavor mixing. The panels show the following: (a) mass accretion rate into the BH, _MBH (solid), and mass flux through the sphere at a
radius of r ¼ 104 km, (b) torus mass and ejecta mass, (c) neutrino emission efficiency [cf. Eq. (28)], (d)–(f) mass-averaged density,
temperature (computed as hT5i1=5ρ to account for the T5 dependence of the neutrino emission rates), and electron degeneracy, (g) number
flux summed over all six neutrino species measured at r ¼ 500 km in the laboratory frame, (h) ratio of νe to ν̄e number fluxes, (i) ratio of
νx (single species) to ν̄e number fluxes, (j) characteristic timescales of emission and absorption computed as in Eqs. (16) and (23) of
Ref. [38], (k) average abundance of νe plus ν̄e neutrinos relative to nucleons, (l) average abundance of the four heavy-lepton neutrinos
relative to nucleons, (m)–(o) mean energies of νe, ν̄e, and νx=ν̄x neutrinos, respectively, computed as Lν=LN;ν at r ¼ 500 km in the
laboratory frame.
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rates of mass accretion and matter ejection [cf. Fig. 2(a)]
as well as the torus mass and cumulative ejecta mass
[Fig. 2(b)], which are all rather similar, it appears that the
flavor conversion does not change the accretion dynamics
at a qualitative level. With regard to neutrino effects,
however, we do notice significant differences, as we discuss
in the following.
The disk traverses three characteristic states while

accreting onto the central BH and continuously losing
mass: an optically thick and inefficiently cooled, optically
thin and efficiently cooled, and optically thin and ineffi-
ciently cooled state, and these states are typically encoun-
tered for high, medium, and low mass accretion rates onto
the black hole, respectively (see, e.g., [38,136]). Since
photons are completely trapped at the considered condi-
tions, the disk is cooled only as a result of neutrino
emission. The cooling or neutrino emission efficiency
can be measured by the quantity

ην ¼
P

iLνi

_MBHc2
; ð28Þ

i.e., the ratio of the total energy loss rate due to neutrino
emission and rest-mass energy accreted onto the BH per
unit of time; see Fig. 2(c). All neutrino luminosities
provided in this study are measured at r ¼ 500 km in
the laboratory frame. Apart from the brief spike at t ≈ 2 ms
caused by the transition from an initially nonaccreting to an
accreting configuration, the cooling efficiency exhibits
relatively low values of ην ≈ 0.04 during the early phase
for the standard case without flavor conversions (black
lines in Fig. 2). During this phase, low values of ην are a
consequence of finite optical depth effects, i.e., the circum-
stance that the timescale for neutrinos to diffuse out of the
disk is longer than, or comparable to, the timescale over
which they are advected into the central BH together with
the fluid. On the other hand, considering in Fig. 2 any of the
models with flavor conversions taken into account, we
notice that the early trough in ην is basically absent. This
indicates that the disk in these models is cooled with high
efficiency already in the early phase of evolution. As a
consequence of the higher cooling efficiency, disks with
active flavor conversions exhibit on average higher den-
sities, lower temperatures, and, as a result, higher electron
degeneracies [cf. Figs. 2(d)–2(f)] with respect to the disk
without flavor conversions. We compute density-weighted
averages of any quantity X as

hXiρ ¼
R
V1
ρXdVR

V1
ρdV

; ð29Þ

where the reference volume, V1, is given by the region
below the radius of 104 km. Although the neutrino emis-
sion efficiency is significantly boosted only for the first
∼20 ms of disk evolution, the impact on the average

density and electron degeneracy appears to be long lasting
and is visible even at much later times.
What is the reason for the enhanced neutrino emission

rates? As can be seen in Fig. 2(i), the luminosity ratio of νx
neutrinos relative to ν̄e neutrinos grows from ≲10% to
≳60% when switching on flavor conversions, while the
luminosity ratio between νe and ν̄e does not seem to change
significantly from the original values close to unity
[cf. Fig. 2(h)]. Hence, fast flavor conversions effectively
activate the production of heavy-lepton neutrinos in neu-
trino-cooled disks, which is otherwise strongly subdomi-
nant due to the low densities and temperatures in disks
compared to proto-NSs or hypermassive NSs. The flavor
conversion thus opens up an additional, more efficient
channel for disk cooling, because heavy-lepton neutrinos
do not (significantly) interact via charged-current (i.e.,
absorption) reactions with nucleons but only through
neutral-current (i.e., scattering) reactions (e.g., [118]).
The optical depth of heavy-lepton neutrinos is therefore
reduced roughly by a factor of two compared to that of
electron-flavor neutrinos, meaning that they can diffuse
more quickly through and out of the disk.
The second important consequence of neutrino flavor

conversion, which was already pointed out by Refs. [62,97],
can be grasped by considering Figs. 2(k) and 2(l). These
panels provide averages of the number fractions of all
electron-type neutrinos, Yνe þ Y ν̄e , and all heavy-lepton
neutrinos, 2Yνx þ 2Y ν̄x , where Yi is the particle number of
species i relative to the total number of nucleons. Since most
of the μ=τ neutrinos are produced at the expense of
converting electron neutrinos, the abundance of electron-
type neutrinos is significantly reduced, namely by a factor of
2–3 for all flavor-mixing cases, compared to the casewithout
flavor conversions.
Since neutrino absorption rates are not only sensitive to

the number densities of neutrinos, but also to their mean
energies, it is also worth inspecting the change of the
neutrino mean energies induced by fast conversions. To
this end, we plot in Figs. 2(m)–2(o) the mean energies of
radiated neutrinos, computed as

hϵiν ¼
Lν

LN;ν
ð30Þ

for the neutrino fluxes measured at 500 km in the observer
frame. Without flavor conversion, the hierarchy of mean
energies is hϵiνe < hϵiν̄e < hϵiνx (and hϵiνx ≈ hϵiν̄x), which
is typical for neutron-rich disks (e.g., [38,44]) and reflects
the circumstances that νe neutrinos “see” more absorption
targets (neutrons) than ν̄e neutrinos (protons) and are
therefore effectively emitted from a less dense and cooler
neutrinosphere. On the other hand, heavy-lepton neutrinos
are released from the hot and dense inner region of the disk,
because they experience no absorption at all. If flavor
conversion via the “mix1” prescription is switched on
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(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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timescales of the disk of Oð≲1 sÞ. By t ∼ 200 ms weak
interactions have ceased completely and Ye remains con-
stant along all Lagrangian fluid elements. Enabling fast
flavor conversions causes a reduction of the global average,
hYeiρ, by about 0.03–0.06 during the first ∼100 ms, as a
result of the two previously discussed effects related to
neutrino emission and absorption.

3. Impact on outflow properties

Backed by the insights about the disk evolution, we now
take a look at the ramifications of flavor conversions for the
properties of the ejected material. First, we note that the
ejecta masses, bulk velocities, and entropies, which are
summarized in Table I, all seem to exhibit slightly lower
values in most of the models with flavor conversions,5

however, only at the level of a few percent. A likely
explanation for this tendency is the enhanced cooling
efficiency during the early phase of disk evolution
(cf. Sec. III B 1). Since the mass ejection processes in
the considered disks are driven mainly by viscous heating,
higher rates of neutrino cooling counteract these processes
and may therefore lead to slower, cooler, and less massive
ejecta.

Next, we consider the distribution of Ye in the ejected
material. To this end we extract outflow trajectories
exactly in the way described in Ref. [38] by sampling
all material that crosses the sphere at a radius of 104 km
(3 × 103 km) in the viscous (MHD) models within the
simulated times. The histograms in the left panel of Fig. 5
provide information about the amount of mass that is
ejected with given electron fractions. The histograms of
both models with and without flavor conversion are rather
similar and exhibit a broad peak of width ΔYe ∼ 0.15
centered around values close to Ye ∼ 0.25. For models
including flavor conversions the distributions are slightly
shifted to lower Ye by about 0.01–0.03 depending on
the model.
Figure 6 provides more information about the evolu-

tion of average properties of the expanding ejecta for
two models with and without flavor conversions, namely
Ye; Y

eq
e ; Y

eq;em
e , and Yeq;abs

e (left panel) as well as the charac-
teristic timescales of emission, absorption, and expansion
(right panel), all averaged at given temperatures during the
expansion (cf. [38] for details regarding the computation of
these quantities). We first consider the timescales. Since the
neutrino emission rates per baryon are mainly a function of
the temperature (roughly ∝ T5) the emission timescales
are basically insensitive to flavor conversions as function of
temperature. The absorption timescales, in contrast,
become significantly longer in the model with fast con-
versions owing to the diminished abundance of νe and ν̄e
neutrinos. Finally, the blue lines indicate slightly longer
ejection timescales, i.e., smaller outflow velocities, in the

FIG. 4. Time evolution of mass-averaged values of Ye and Yeq
e (left panel) as well as Yeq;em

e and Yeq;abs
e (right panel) in the disk (i.e.,

within radii of r ¼ 109 cm) for models m1, m1mix1, m1mix2, and m1mix3 that adopt different types of flavor mixing. The combined
impact of flavor conversions on neutrino emission and absorption reduces both Yeq;em

e and Yeq;abs
e . The equilibrium value for pure

neutrino absorption, Yeq;abs
e , is significantly affected only in the case “mix3” where neutrinos can mix with antineutrinos (green dashed

lines in right panel).

5A noteworthy exception to this trend is observed for the ejecta
velocities in the two MHD models. However, since both models
are evolved only until t ¼ 0.5 s, the ejecta properties in these
models are not finalized and a comparison is therefore incon-
clusive.
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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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This is because slower ejecta material is able to adapt Ye for
a longer period of time to its local equilibrium value before
freezing out. Thus, the effect of enhanced neutrino cooling
due to flavor conversions can in that way also act in the
opposite direction, i.e., tend to increase Ye, compared to the
initial reduction of Yeq

e in the torus.

4. Impact on nucleosynthesis and
electromagnetic counterpart

We finally inspect the impact of flavor conversions on
the nucleosynthesis yields and kilonova emission. The left
panel of Fig. 7 shows the elemental abundances as function
of atomic mass number, A, for the series of models varying
the flavor-mixing schemes, while Table I provides the mass
fractions of all second-peak elements, X2nd, lanthanides
plus actinides, XLA, and third-peak elements, X3rd syn-
thesized in the ejecta of each model. The trajectories have
been postprocessed using the same nuclear reaction net-
work as adopted in [32]. We start the network calculations
at T ¼ 10 GK for the trajectories whose temperatures
exceed 10 GK during the evolution. For a small part of
the trajectories for which the temperatures are always
below 10 GK, we start the evolution at the time t ¼ 0
corresponding to the start of the hydrodynamic simulation.
As anticipated from the previously found reduction 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 depending on the model) is
observed for the lanthanides. Not surprisingly, for different
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 nucleosynthesis
analysis, assume constant velocities beyond r ¼ 109 cm,
and construct spherically symmetric distributions of mass,
heating rates, mass fractions of lanthanides plus actinides,
and mean atomic mass numbers as functions of velocity (as
was also done in Ref. [38]). We then plug these data into the
spherically symmetric version of the scheme described in
Ref. [137], which solves the radiative transfer equations in
the M1 approximation using simplified, parametrized
opacities (see [137] 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 luminosities (top panel) and the broadband
magnitudes for selected frequency bands (bottom panel).
The kilonova is affected in two ways by the modified

nucleosynthesis pattern in models with flavor oscillations:
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 second-peak elements,
which dominate the heating rates during this period of time.
The second effect is given by the increased opacities, which
mainly result from the higher abundance of lanthanides.
Since the second effect to some extent counteracts the first
effect, the light curve in the model with flavor conversions is
barely more luminous until the plateaulike peak epoch at

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 ¼ 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 effective heating rates (including thermalization; gray), 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.
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about t ≈ 10 d than in the model without conversions. After
the plateau the light curve decays more slowly and reaches
the asymptotic behavior (given by the radioactive heating
rate) several days later. The broadband light curves exhibit
similar differences between bothmodels. 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 findings
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 α viscosity
with an MHD treatment.

1. Dependence on flavor mixing scenario

Since all of our flavor-mixing treatments are likely to be
simplified, we now compare different prescriptions in order
to get a feeling for the sensitivity of the results to the final
state of the neutrino distributions reached as a result of the
flavor instability.
In the fiducial model that we have considered thus far,

m1mix1, neutrinos cannot reach full equipartition of all
flavors at unstable points, because the instability is required
to respect the conservation of lepton number of each family.
Relaxing this requirement, as in model m1mix2, leads to a
stronger conversion of νe and ν̄e neutrinos into νx and ν̄x
neutrinos. As a result, the system reaches an almost com-
plete global flavor equilibrium, in which LN;νe ¼ LN;νx and
LN;ν̄e ¼ LN;ν̄x is fulfilled nearly perfectly (not shown
explicitly in Fig. 2), LN;νe ≈ LN;ν̄e [cf. purple line in
Fig. 2(h)], as well as hYνeiρ þ hY ν̄eiρ ≈ hYνxiρ þ hY ν̄xiρ
[Figs. 2(k) and 2(l)]. The mean energies of emitted
neutrinos [cf. Figs. 2(m)–2(l)] retain the hϵiνe < hϵiν̄e
behavior but, in contrast to the “mix1” case of flavor
mixing (cf. Sec. III B 1), now fulfill hϵiνe ≈ hϵiνx as well as
hϵiν̄e ≈ hϵiν̄x . The nearly perfect alignment of all neutrino
mean energies and all antineutrino mean energies was to be
expected considering the complete (but separate for neu-
trinos and antineutrinos) equipartition in this scenario.
As can be inferred from Figs. 2 and 4 as well as
Table I, all effects identified and attributed to flavor
conversions in Sec. III B turn out to be qualitatively similar
but quantitatively more pronounced compared to the case
with conserved family lepton number. In particular, elec-
trons are slightly more degenerate, electron neutrinos
slightly less abundant, and Yeq;em

e and Yeq
e are correspond-

ingly lower. These effects render the overall impact of
flavor conversions on the ejected material and the nucleo-
synthesis yields (cf. Fig. 7 and Table I) somewhat more
significant.
Next, we consider model m1mix3 using the flavor-

mixing treatment “mix3” (cf. Sec. III A), in which neutrino

flavors are mixed even between neutrinos and antineutri-
nos. As the green lines in Figs. 2(h) and 2(i) show, this
prescription leads to a perfect equipartition of the numbers
of neutrinos emitted per time for all six flavors. However,
Fig. 2 reveals that compared to model m1mix2, where
flavor mixing is already almost complete, the quantitative
impact remains small in most diagnostic properties.
Nevertheless, a remarkable characteristic of model
m1mix3 is the complete degeneracy of all mean energies
of emitted neutrinos, hϵiν; cf. Figs. 2(m)–2(o). The con-
sequence of this feature is a larger value of [54]

Yeq;abs
e ≈

�
1þ LN;ν̄e

LN;ν̄e

·
hϵiν̄e − 2.6 MeV

hϵiνe þ 2.6 MeV

�−1
; ð31Þ

i.e., neutrino absorption tends to drive Ye to values as high
as ≈0.6, instead of ≈0.45–0.5 as in the other models
(cf. dashed lines in the right panel of Fig. 4). As a result, the
values of Yeq

e and Ye are slightly enhanced as well, as are
the electron fractions in the ejected material, compared to
the other flavor-mixing cases. For this reason, the mix3
case of flavor mixing turns out to have the smallest impact
among the considered prescriptions on the composition of
the torus and its ejecta.
Models m1mix1, m1mix2, and m1mix3 all assume the

same linear flavor-mixing coefficients for the components
of the flux density vector, Fi

ν;q, as were used for the number
densities, nν;q [cf. Eq. (26)]. Model m1mix1f instead
assumes a different treatment of the flux densities, namely
that the flux factor remains unaffected by the flavor
instability [cf. Eq. (27)]. This model thus allows an
assessment of the sensitivity of our results with respect
to a variation of the first-moment treatment. As can be seen
from comparing the purple lines with the orange lines in
Fig. 2, this sensitivity turns out to be very mild, indicating
that most of the impact of flavor conversions is connected
to the mixing of neutrino numbers and not, at least not in
the systems considered here, to changes of the angular
distribution induced by flavor conversions.

2. Dependence on threshold for the onset of flavor mixing

The second ingredient of our implementation of fast
conversions, which was motivated by the search for ELN
crossings in disk snapshots discussed in Sec. II, is the
threshold for the flux factor, fthr, above which we assume
fast flavor mixing to occur. Next to the models with
fthr ¼ 0.175, we ran additional models with fthr ¼ 0.4,
0.1, and 0 to test the sensitivity to the choice of fthr. The
case of fthr ¼ 0 is equivalent to assuming flavor conversion
to take place everywhere inside of the torus, while the case
of fthr ¼ 0.4 shifts the surface, outside of which conver-
sions take place, further away from the densest regions in
the disk compared to the fiducial model, m1mix1. As
revealed by Table I and the histograms in Fig. 8, the ejecta
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properties are not particularly sensitive to fthr, i.e., all
models exhibit a similar reduction of the ejecta Ye and
corresponding enhancement of r process abundances. The
weak dependence of the ejecta properties on fthr signals
saturation of the impact of flavor conversions and is likely
related to the circumstance that the surface f ¼ fthr, outside
of which conversions are activated, shrinks quickly during
the first ∼100 ms. This renders the differences between
models with different values of fthr small already before the
majority of ejecta experience weak freeze-out. Somewhat
surprisingly, the final Ye in the ejecta varies nonmonotoni-
cally with fthr (Table I). This behavior is possibly related to
the competition of the two counteracting consequences of
enhanced cooling mentioned in Sec. III B 3 (reduction of
torus Ye versus reduced expansion velocities, which cause a
stronger late-time increase of Ye in the ejecta).

3. Dependence on torus mass

An important global parameter controlling the weak
interaction rates in the torus, and therefore the composition
of the outflows, is the disk mass (see, e.g.,
Refs. [18,22,38,138]). Figure 9 shows the global properties
of models with lower (0.01 M⊙) and higher (0.3 M⊙) disk
masses compared to the fiducial model (0.1 M⊙) that was
considered in the previous sections. The second and third
panels from the left in Fig. 8 additionally provide the
corresponding Ye histograms. As can be seen in these
figures, as well as in Table I, neither of the cases, lower or
higher disk mass, leads to more dramatic consequences of
flavor conversions. The differences in the average Ye of
ejected material due to flavor conversions are 0.016,0.016,
and 0.018 for the series of models with torus masses of
0.01,0.1, and 0.3 M⊙, respectively, i.e., rather insensitive to
the disk mass. This seems somewhat surprising at first in
view of the fact that the role of neutrino absorption
generally grows in more massive disks [38]. The explan-
ation for this mild dependence is likely connected to the

circumstance that the extent of neutrino flavor conversion,
by which the number of electron neutrinos is reduced in the
disk, is smaller in a more massive disk. This can be seen by
the high abundances of electron neutrinos in the 0.3 M⊙
disk that survive the flavor instabilities [cf. Fig. 9(k)], at
least during the first tens of milliseconds of evolution. This
feature, in turn, is a consequence of the fact that flavor
instabilities take place further away from the densest
regions in a more massive disk compared to a less massive
disk, because a larger fraction of the disk exhibits neutrinos
in flavor-stable (f < fthr) conditions. Moreover, an addi-
tional reason for the reduced conversion ratio is that in the
0.3 M⊙ disk heavy-lepton neutrinos are produced with
non-negligible rates already without flavor mixing [cf. pur-
ple line in Fig. 9(l)]. In summary, we do not see a strong
dependence on the disk mass in our models.

4. MHD treatment instead of α viscosity

All models discussed so far adopt the α-viscosity scheme
to describe MHD turbulence by an effectively laminar
behavior to capture turbulent angular momentum transport
and energy dissipation. In order to check the sensitivity of
our results to the treatment of turbulent angular momentum
transport, we now take a look at the MHD models keeping
in mind, however, that these models could only be
simulated for a much shorter evolution time of tf ¼ 0.5 s.
The same global properties as discussed before are

shown in Fig. 10. In contrast to the viscous models, most
global properties now carry significant temporal fluctua-
tions as a result of the flow pattern being strongly turbulent
at all times in the MHD models—whereas the viscous
models are purely laminar during the neutrino-cooled phase
and exhibit convective motions only afterwards. However,
considering the time-averaged behavior, Fig. 10 reveals
that fast conversions induce qualitatively, and to some
extent quantitatively, the same effects that were obser-
ved for the viscous tori, namely higher densities, lower

FIG. 8. Mass versus Ye histograms of the ejected material for models m1, m1f4, m1f1, and m1f0 (left panel), models m01 and
m01mix1 (second panel from left), models m3 and m3mix1 (third panel from left), as well as models m1mag and m1magmix1f (right
panel). The colored lines refer to models including flavor conversion, while the black lines denote the corresponding models without
flavor conversion. In the three left panels (right panel), all material outside of a radius of 104 km (3000 km) at a time of 10s (0.5s) is
counted as ejecta.
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temperatures, and higher electron degeneracies in the disk
[cf. Figs. 10(d)–10(f)], as well as a significant reduction
(increase) of the number fraction of electron (μ=τ)

neutrinos [Figs. 10(k) and 10(l), respectively]. As a result
of these effects, the equilibrium and actual electron
fractions are again lower than without flavor conversions

(a) (b) (c)

(d) (e) (f)

(g) (h) (i)

(j) (k) (l)

FIG. 9. Same as Fig. 2 but for models m01, m01mix1, m3, and m3mix1 using the different initial disk masses as indicated in the
legend of panel (c). Note that the characteristic timescales of Fig. 2(j) are replaced here by the averages of the electron fraction and its
equilibrium value.
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[Fig. 10(j)]. As can be seen in Fig. 10(b) showing the
outflow rates across the sphere at r ¼ 104 km, the matter
ejection process is not as powerful and somewhat delayed

in the model with flavor conversions. One reason for that
are probably the enhanced cooling rates. However, at this
point we cannot exclude that another, purely numerical

(a) (b) (c)

(d) (e) (f)

(g) (h) (i)

(j) (k) (l)

FIG. 10. Same as Fig. 2 but for models m1mag and m1magmix1f using an MHD description instead of α-viscosity treatment. Note
that the characteristic timescales of Fig. 2(j) are replaced here by the averages of the electron fraction and its equilibrium value. Also note
that panels (a) and (b) count only material ejected beyond r ¼ 104 km, whereas for the ejecta analysis of the MHD models we use all
material crossing r ¼ 3000 km.
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reason might play a role, namely the possibility that the
MRI is more poorly resolved in the cooler, and therefore
geometrically thinner, torus when flavor conversions are
enabled. A similar suppression of the MRI was suspected in
Ref. [38] to explain the relatively slow evolution in a model
neglecting neutrino absorption. Resolving this issue, e.g.,
by conducting an expensive resolution study, is beyond the
scope of the present work.
Before considering the ejecta properties, we stress that

due to the shorter evolution times of only tfin ¼ 0.5 s
(compared to 10 s for the viscous models), only a fraction
of the final amount of ejecta is captured by our models.
Therefore, since the matter-ejection processes are time
dependent, and this time dependence is nontrivial and
may differ between viscous and MHD models [38,43,97], a
detailed quantitative comparison of the ejecta properties
between MHD and viscous models (even if we only
considered the material that is ejected beyond 3000 km
until 0.5 s) is likely to be inconclusive and omitted here. In
fact, even the comparison between both MHD models is
inconclusive, because, as previously mentioned, mass
ejection happens to proceed more slowly in the model
with flavor conversions, causing the fraction of the mea-
sured amount of ejecta relative to the total amount of ejecta
to be significantly smaller in this model compared to the
model without conversions. For instance, the large factor of
almost two (cf. Table I) between the ejecta masses of both
models obtained until t ¼ tfin may be strongly exaggerated
by the ambiguous time of measurement (at t ¼ tfin) and
would probably be much smaller if we had evolved the
disks until complete disintegration.
The Ye distributions of all material ejected beyond r ¼

3000 km until t ¼ 0.5 s is shown in the right panel of Fig. 8.
Bothmodels, with andwithout flavor conversions, lead toYe
distributions that are in the same ballpark as for the viscous
models. The impact of flavor conversions on Ye seems to be
somewhat more pronounced in the MHD models, where the
averageYe value is reduced from0.283 to 0.253. Thismay be
connected to the faster expansion speeds compared to the
viscousmodels (cf. Table I), which allow outflowmaterial to
retain a Ye value that lies closer to the initial value in the torus
(recalling that in the torus Ye is significantly reduced as a
result of flavor conversions). Consistent with the results for
the viscous models, the nucleosynthesis yields of r process
elements also increase by several tens of percent with flavor
conversions being activated.
Finally, we note that our results are in qualitative

agreement with the results reported recently by Ref. [97]
for a 3D general relativistic MHDmodel that was simulated
until t ¼ 0.4 s and used a more simplistic scheme than the
one described in Sec. II for finding ELN crossings. The
authors of Ref. [97] find a similar reduction of Ye and
corresponding enhancement of heavy-element abundances,
although the quantitative impact appears to be stronger in
their study. One reason for the stronger impact with respect

to our fiducial model, m1mix1, is the three-flavor mixing
(case “mix2”) assumed in their study (cf. Sec. III C 1).
However, a more detailed investigation of additional reason
(s) for the discrepancy is not feasible at this point, because
many numerical and physics details are treated slightly
differently in their model compared to ours, and the
quantitative uncertainties associated with these discrepan-
cies are poorly studied so far for neutrino-MHD models
[34,37,38,43,129,139]. It is worth to note, however, that,
judging from their Ye histograms, both models in Ref. [97],
with and without flavor conversions, seem to produce ejecta
with overall lower Ye values compared to our models.

IV. SUMMARY AND CONCLUSIONS

In this paper we investigated the appearance and con-
sequences of fast neutrino flavor mixing in BH-torus
systems that can be formed after the merger of two NSs
or a NS and a BH, or in the core of a collapsing star. We first
analyzed representative snapshots of neutrino-hydrody-
namic models adopted from Ref. [19] for the occurrence
of ELN crossings by relying on the algorithm developed in
Ref. [99]. The results were then used as a motivation to
implement fast flavor conversion through a parametric
approach in dynamical simulations using an energy-
dependent M1 two-moment neutrino transport scheme.
Motivated by the short timescales of the fast flavor
instability, we assume that flavor mixing takes place
effectively instantaneously after each integration step of
the transport scheme. Since we do not solve the quantum
kinetic equations, and we therefore cannot predict the
detailed amount and momentum-space distribution of
flavor conversion, we assume for simplicity that the flavor
instability leads to a flavor-mixed steady state that, at a
given neutrino energy, is defined entirely in terms of the
first two angular moments, namely the local number
densities and flux densities. Under these assumptions we
investigated a set of 2D axisymmetric simulations using an
α-viscosity scheme as well as two 3DMHD simulations for
the impact of flavor conversions on the disk dynamics,
neutrino emission, ejecta electron fraction, and r-process
yields. We compared the impact for different assumptions
regarding the appearance and outcome of flavor mixing,
initial disk masses, and treatments of turbulent viscosity.
Our main results are as follows:

(i) Using the methodology of Ref. [99] to spot ELN
crossings in snapshots of angular-moment distribu-
tions, we confirmed the findings of Refs. [62,83,97]
in that flavor instabilities are ubiquitous in disk
environments. In particular, we found that ELN
crossings already start to occur deep within the disk
when the neutrino distributions are still close to
isotropic and the energy-averaged flux factor of ν̄e
neutrinos, fν̄e , exceeds fthr ≈ 0.15–0.2 (cf. Fig. 1).

(ii) Motivated by these findings, we implemented fast
flavor mixing in a parametric fashion and using the
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criterion f > fthr to activate flavor conversions in
neutrino-hydrodynamic simulations, using different
choices of fthr and assuming different possibilities for
the neutrino-flavor steady state that is attained as a
result of the flavor mixing. We found that fast
conversions induce two main effects in neutrino-
cooled disks, which together reduce the equilibrium
electron fractions, Yeq

e , in the disk by about 0.03–0.06
in ourmodels (cf. Figs. 2 and 4): first, by activating the
—otherwise negligible—transport of μ=τ (anti)neu-
trinos, which diffuse out of the diskmore quickly than
νe and ν̄e neutrinos, fast conversions enhance the
cooling rates of the disk. This leads to a higher
electron degeneracy and, in turn, to a more neu-
tron-rich equilibrium state for e� captures on nucle-
ons (i.e., a lower value of Yeq;em

e , cf. Ref. [38]).
Second, fast flavor conversions reduce the number
density of νe and ν̄e neutrinos in the disk and by that
the rate of neutrino absorption reactions onto free
nucleons, which tend to increase Yeq

e (the equilibrium
value ofYe for all β processes for νe and ν̄e absorption
and emission [38]). The second effect was already
discussed in Refs. [62,97].

(iii) The corresponding reduction of Ye in the ejecta by
∼0.01–0.03 is significantly smaller than the reduc-
tion in the disk. This is connected to the circum-
stance that Yeq

e increases during the expansion, and
both neutrino emission and absorption drive Ye
towards high values, which partially erases the
differences in Ye between models with and without
flavor conversions (cf. Fig. 6). In addition, the
enhanced cooling rates with flavor conversion lead
to slightly slower expansion velocities, giving the
ejecta more time for Ye to rise towards Yeq

e .
(iv) Flavor conversion leads to an increase of r process

yields by typically tens of percent and at most a factor
of two in our models (left panel of Fig. 7). The rate of
radioactive heating is boosted by ∼20–50% percent,
primarily due to higher abundances of second-peak
elements, while at the same time the ejecta become
more opaque due to the higher abundance of lantha-
nides. The resulting kilonova signal therefore peaks
roughly at the same time andwith the samebrightness,
but decays over a longer timescale (right panel
of Fig. 7).

(v) While qualitatively the same effects were seen in all
models, the quantitative impact of flavor conversions
depend on the assumed flavor mixing scenario,
which dictates the ratio by which νe and ν̄e neutrinos
can possibly be converted into heavy-lepton neu-
trinos. Assuming that the number of leptons per
family is conserved (case “mix1”) leads to a ratio of
νx (where νx ∈ fνμ; ντg) to ν̄e neutrino fluxes of
LN;νx=LN;ν̄e ≈ 60% [Fig. 2(i)]. Allowing all three
neutrinos and, separately, all three antineutrinos to

reach equipartition—while violating the conserva-
tion of the family lepton number—increases this
value to ≈90–95%. A ratio of exactly 100% is
obtained in the exotic case that all six neutrinos can
reach equipartition. In this case, however, the impact
of flavor conversion on Ye is reduced because of the
resulting degeneracy of the mean energies of all
species, which leads to a high value of Ye corre-
sponding to neutrino-capture equilibrium, Yeq;abs

e

(cf. right panel of Fig. 4).
(vi) Varying the initial disk mass only leads to modest

variations, despite the more important role of neu-
trino absorption in more massive disks. We attribute
the modest impact in more massive disks to the
reduced conversion ratio of νe neutrinos into νx
neutrinos, which, in turn, results because of a larger
fraction of neutrinos being in diffusive conditions
with fν̄e < fthr, i.e., being stable with regard to fast
flavor conversions. An additional reason is that in
more massive disks a larger fraction of νx neutrinos
is present already without fast flavor conversions.

(vii) Replacing the α-viscosity treatment with an MHD
evolution results in qualitatively similar effects
related to flavor conversions as in the viscous
models but a slightly more significant reduction
of the average Ye in the ejected material by ≈0.03.
However, due to the high computational cost, MHD
models could not be followed for long enough time
to obtain the final amount and properties of the
ejected material, rendering a direct comparison with
the viscous models inconclusive. Our results are in
broad agreement with the 3D general relativistic
MHD results recently reported by Ref. [97].

Our study is among the first where neutrino flavor mixing
was implemented in time-dependent neutrino-hydrody-
namic simulations. In agreement with Ref. [97] our results
suggest that fast conversions can make neutrino-cooled
disks an even more prolific r-process site than previously
thought. Even though the observed impact of flavor
conversions is not overly dramatic and the remaining
modeling uncertainties are still considerable, our results
certainly motivate further research concerning the role of
fast pairwise oscillations in neutron star mergers. An
important point highlighted by our results is that flavor
conversions can not only alter the neutrino field surround-
ing the neutrino-emitting region but also the thermody-
namic conditions deep inside the disk. While the former
effect can in principle be studied by using postprocessing
methods based on the output of conventional neutrino-
hydrodynamic simulations, the dynamical feedback of
flavor conversions can only be assessed by coupling
hydrodynamics simulations self-consistently with a neu-
trino transport scheme including flavor-changing effects.
One reason for the relatively mild impact of fast flavor

conversions witnessed in our models with respect to Ye in
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the disk and in the ejecta is related to the fact that νe and ν̄e
neutrinos are emitted by similar rates already to begin with,
i.e., the ratio of number luminosities LN;νe=LN;ν̄e ≈ 1 even
without flavor conversions. Fast flavor conversions that
lead to equipartition along all directions in the neutrino-
momentum space—as assumed in this study—will not
move the ratio of LN;νe=LN;ν̄e significantly away from its
original value close to unity, and hence, cannot induce a
large impact on the neutrino-capture equilibrium value,
Yeq;abs
e . If, on the other hand, flavor conversion would lead

to an appreciable asymmetry between the νe and ν̄e
distributions, even if only along certain momentum direc-
tions, the potential impact on Ye could possibly turn out to
be more sizable than the one obtained in our models.
The present study is an early exploration of possible

dynamical effects and corresponding sensitivities related to
fast flavor conversions in neutrino-cooled disks. Future
investigations will have to develop a deeper understanding
of the amount of flavor mixing and the oscillation phe-
nomenology in global, time-dependent models. While our
study only provides a tentative glimpse of the potential
impact, many challenging questions have yet to be tackled
in order to assess the true role of the intriguing phenome-
non of neutrino oscillations in NS mergers and core-
collapse supernovae.
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