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We explore the impact of small-scale flavor conversions of neutrinos, the so-called fast flavor conversions
(FFCs), on the dynamical evolution and neutrino emission of core-collapse supernovae (CCSNe). In order to
do that, we implement FFCs in the spherically symmetric (1D) CCSN simulations of a 20M, progenitor
model parametrically, assuming that FFCs happen at densities lower than a systematically varied threshold
value and lead to an immediate flavor equilibrium consistent with lepton number conservation. We find that
besides hardening the v, and 7, spectra, which helps the expansion of the shock by enhanced postshock
heating, FFCs can cause significant, nontrivial modifications of the energy transport in the SN environment
via increasing the v, ; luminosities. In our nonexploding models this results in extra cooling of the layers
around the neutrinospheres, which triggers a faster contraction of the protoneutron star and hence, in our 1D
models, hampers the CCSN explosion. Although our study is limited by the 1D nature of our simulations, it
provides valuable insights into how neutrino flavor conversions in the deepest CCSN regions can impact the
neutrino release and the corresponding response of the stellar medium.

DOI: 10.1103/PhysRevD.107.103034

L. INTRODUCTION AND MOTIVATION

Core-collapse supernova (CCSN) explosions are among
the most extreme astrophysical phenomena in the Universe.
Apart from being exceptionally luminous in electromag-
netic radiation, they are also a site of intense neutrino
production [e.g., [1-6]]. Within roughly 10 s, O(10°%) erg
of gravitational binding energy are converted to O(10°%)
neutrinos with a mean escape energy of about 10 MeV.
Understanding the processes that take place in the deep
interior of CCSNe requires a solid understanding of the
behavior of neutrinos. Conversely, CCSNe provide us with
a unique opportunity to test predictions about the nature of
neutrinos otherwise not accessible.

Numerous studies have already refined our knowledge
of different aspects of the interplay between neutrinos and
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the stellar medium, where the neutrino flavor plays an
important role. Because the smaller electron mass permits a
much larger abundance of electrons compared to muons
and taus, v, and 7, interact with the supernova (SN)
medium more strongly than the heavy-lepton neutrinos.
This obviously necessitates a distinction of the different
neutrino flavors in such environments. Yet, although it has
been known for a long time that neutrinos are able to
undergo flavor conversion during their propagation due to
their quantum mechanical nature, state-of-the-art CCSN
simulations assume that neutrinos retain their flavor iden-
tity after their production. In this study, we suspend this
assumption and explore the impact of neutrino flavor
conversion on the core-collapse dynamics, protoneutron
star (PNS) formation, and the neutrino transport and
emission from collapsing stars.

An intriguing feature of the neutrino flavor evolution in
CCSNe is connected to the extremely high neutrino number
densities in these environments, which have the conse-
quence that neutrino-neutrino interactions play an impor-
tant role in the neutrino flavor evolution. Neutrino-flavor
conversions in CCSNe have turned out to be a very rich,
nonlinear collective phenomenon [3,7-12]. In particular,
neutrinos can experience the so-called fast flavor conver-
sions (FFCs), in which neutrinos and antineutrinos can
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undergo pairwise changes of their flavor, provided that their
propagation is not entirely parallel [e.g., [13—45]]. One can
prove that crossings of the angular distributions of v, and 7,
are necessary and sufficient conditions for FFCs to occur
(in a situation where n,, =ng ) i.e., zero crossings of the

so-called electron neutrino lepton number (ELN) angular
distribution should exist [27]. A characteristic feature of
FFCs is the fact that the spatial scale of such conversions
can be as short as centimeters in the deepest regions of
the SN core, as the relevant length scale depends on the
neutrino number densities, n,. This should be compared
with the traditional slow modes, where flavor conversions
occur on scales determined by the neutrino vacuum
frequency, corresponding to length scales of the order of
a few kilometers for typical SN neutrinos.

It has been demonstrated that ELN crossings can occur in
three different SN regions: (i) In the convection layer inside
the PNS, where the neutrino gas becomes nondegenerate
due to the progressing deleptonization, which is accelerated
by convective lepton-number transport [46—48]; (ii) within
the neutrino decoupling layer and the near-surface region
of the PNS, where the neutrino-antineutrino asymmetry
parameter, n; /n, , is relatively close to unity [31,49-51];
and (iii) at larger distances from the SN core, both in the
preshock and postshock regions [32,52]. Perhaps the most
interesting regions where FFCs could happen are the
neutrino decoupling layer and the convective shell in the
PNS, although the occurrence of ELN crossings does not
guarantee the development of significant FFC with impli-
cations on the source physics. Deeper inside the PNS
interior, FFCs are not expected to cause significant flavor
changes as long as the electron neutrinos are highly
degenerate (though this condition abates at later post-
bounce times because of the continuous deleptonization).
Moreover, FFCs occurring at large distances from the SN
core could be suppressed by the shape of the unstable flavor
states [53].

Although many studies have explored the physics linked
to FFCs in a dense neutrino gas, the consequences of
such conversions for the evolution of CCSNe are not clear
yet and our understanding of the physics of FFC is still
very preliminary [24,54]. Given the complex, nonlinear
feedback effects that play a role in the coupled neutrino-
hydrodynamics problem, any attempt to pin down
the dynamical impact of FFCs must include their self-
consistent implementation in CCSN simulations. However,
a full-fledged quantum kinetic treatment of neutrinos
combined with the solution of the hydrodynamics of the
SN plasma is currently (and will remain so in the near
future) an unfeasible task from the computational point of
view. One obstacle is connected to the fact that the stiff and
nonlinear nature of the problem hampers the derivation of
full-scale, multidimensional solutions of the quantum
kinetic equations of neutrinos as well as a robust assess-
ment of the amount of flavor conversion that can be

achieved. Another difficulty arises because the FFC scales
in space and time are expected to be orders of magnitude
smaller than any other dynamical scales of relevance in the
SN environment, which have to be resolved by the discrete
spatial zoning and time stepping applied in the numerical
calculations. This vast separation of scales significantly
impedes the self-consistent implementation of FFCs in
CCSN models, but it can also serve as a motivation for a
schematic description of FFC effects in the simulations
(e.g., [55,56]). A schematic approach, not based on
rigorous solutions of the quantum kinetic problem, must
make assumptions for when and where FFCs occur, how
these flavor conversions develop in space and time, and
which final state of the neutrino distributions is reached by
the flavor conversion.

In this paper we report the results of an investigation
where, for the first time, we explore the impact of FFCs in
spherically symmetric (1D) neutrino-hydrodynamic CCSN
simulations. We employ a schematic treatment in which we
use a simple density criterion to systematically vary the
spatial region where FFCs are assumed to take place. In this
region, during our entire simulations, we apply an effective,
lepton-number conserving flavor-equilibration scheme that
considers flavor conversion to happen instantaneously, i.e.,
on time scales shorter than the time step for hydrodynamics
and neutrino transport, and on short length scales smaller
than the numerical grid-resolution scale. Moreover, we
maximize the possible impact of FFCs by assuming full
equilibration under the constraint of lepton number con-
servation for all flavors (in particular also of electron lepton
number). 1D models provide the possibility to disentangle
the consequences of the FFCs from the additional complex-
ity of multidimensional effects. Irrespective of the fact
that ELN crossings have not been observed in the neutrino
decoupling region of 1D models [57], we apply our
prescription of flavor conversions in different regions
where the matter density p drops below a threshold value
pe» 1.€., our criterion for the occurrence of FFCs is p < p,
with p. running from 10° gecm™ to 10 gecm™. This
allows us to explore the influence of FFCs happening in
different regions of the SN core. In general, our results
show that FFC can modify the heating as well as cooling of
the CCSN environment in a nontrivial manner. In particu-
lar, this leads to case-dependent, short phases of stronger
shock expansion as well as faster PNS contraction and
more extreme shock recession during the long-time post-
bounce evolution in our nonexploding 1D models.
Multidimensional simulations are required to infer the
implications of such effects for the CCSN mechanism.

At the time of submission, a preprint appeared [58] along
the lines of our study, but solving the quantum Kkinetic
equations to determine the effects of FFCs in a 1D modified
hydrostatic and fixed background from a simulation and
without feedback of the flavor conversion physics on the
CCSN dynamics. The emerging steady-state solution for
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the neutrino flux leads the author to conclusions partially in
line with the results from our hydrodynamic simulations,
which assume maximum equipartition under the constraint
of ELN conservation and account for the feedback of FFCs
on the time-dependent evolution.

Our paper is structured as follows. In Sec. II we describe
the computational setup used for our simulations including
the numerical code and the implementation of FFCs. In
Sec. III we discuss our results, and in Sec. IV we finish with
a summary and conclusions.

II. SETUP FOR THE SIMULATION

For our simulations we use the well established Aenus-
Alcar code [59-61], whose major elements are summarized
in Sec. Il A. We extended the code to include an effective
treatment of FFCs in a parametrized way. In this treatment,
we enforce equipartition of neutrinos and antineutrinos in
the flavor states at each time step with the constraint that all
individual lepton numbers, in particular the electron lepton
number, are conserved, as discussed in Sec. II C. We use the
20M ; progenitor model, denoted by S20, from [62] for all
our simulations. As expected, the 1D simulation with no
flavor conversions (NFC) does not yield an explosion, and
we find that also none of our simulations with FFCs
produces an explosion in the simulated periods of at least
0.5 s of postbounce evolution.

A. Numerical code

Our 1D simulations are performed with the spherically
symmetric version of Alcar [60]. The code solves
the hydrodynamics equations of the stellar fluid
[Egs. 1(a)-1(d) in Ref. [61]], which are closed by the
microphysical SFHo equation of state (EOS) [63]
extended to a minimum temperature of 1073 MeV. The
EOS treats the nuclear composition in nuclear statistical
equilibrium. This applies accurately in the postshock
layer of our nonexploding models, and it is a reasonable
approximation in the infall regions ahead of the stalled
shock, where it accounts for the budget of nuclear energy
overall appropriately, although it does not follow the
detailed nuclear composition correctly.

Alcar treats the transport for three neutrino species,
electron neutrinos v,, electron antineutrinos 7,, and heavy-
lepton neutrinos v,, which represent v,, v, v,, and 0.,
whose interaction with the stellar medium is very similar
(for differences connected to physics that requires the
separate tracking of six instead of three neutrino species,
see Refs. [3,64,65]). The neutrino transport is solved via a
two-moment scheme [Egs. 3(a) and 3(b) in Ref. [61]], and
the moment equations for neutrino energy density and flux
density are closed by using the Minerbo closure, where the
second and third-order angular moments of the neutrino
distributions are obtained algebraically from the zeroth and
first-order ones.

In our CCSN calculations the transport of all types of
neutrinos is taken into account from the beginning of the
simulations, i.e., also during the collapse phase until core
bounce. The following neutrino interactions are included in
the transport and yield source terms for energy, momentum,
and electron lepton number in the hydrodynamics equa-
tions of the stellar medium:

(1) charged-current (f3) processes and neutral-current

scattering on nucleons (as in Refs. [66-68]),

(2) p-processes of nuclei [66,67],

(3) coherent scattering with nuclei [69,70],

(4) scattering with electrons and positrons (see, e.g.,

Refs. [66,71,72]), and
(5) thermal processes for heavy-lepton neutrino-anti-
neutrino pairs:
(a) electron-positron annihilation [73], and
(b) nucleon-nucleon bremsstrahlung [74].

Both the hydrodynamics and transport solvers use a
Godunov-type finite-volume scheme in spherical polar
coordinates with the time integration being done by an
explicit, second-order Runge-Kutta method, where the
time step is constrained by the Courant-Friedrichs-Lewy
(CFL) condition [75]. We use a logarithmically spaced
radial grid of 640 zones up to an open boundary at
10,000 km for both hydrodynamics and transport and
employ a logarithmically spaced energy grid of 15 energy
bins up to 400 MeV (outer boundary of the energy grid).
Some source terms for the interaction processes of the
neutrinos are treated time-implicitly in the transport
equations (for detailed explanations, see Appendix A
of Ref. [61]). The source terms for gravity in spherical
symmetry are computed by a Newtonian potential,
modified with general relativistic corrections according
to case A of Ref. [76].

The zeroth angular moment (the neutrino energy density,
E,) and Ist angular moment (the neutrino energy-flux
density, F, ) of the phase-space distribution of neutrino
species v,, whose time evolution is computed by the two-
moment solver, are defined as

(cE, .F,} = / 40,7, {1.n}. (1)

where 7, and n are the specific intensity (i.e., for a given
neutrino energy €) and the unit vector that points in the
direction of the neutrino momentum, respectively. 7, is
derived from the phase-space distribution function ¥, as

€ 3
Iy,‘ = Ga (%) C‘Fl/,‘9 (2)

where c is the speed of light, / the Planck constant, g, the
statistical weight of the neutrino or antineutrino (g, = 1
for one species), and € = |p|c is the neutrino energy with
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momentum p. The number of neutrinos of species v, in a
phase-space volume dx*dp? can then be found as

g
dN, = h—(;fuudx3dp3. (3)
For more details, we refer to Refs. [60,61], whose notation
we followed in this section.

B. Fast flavor conversion:
Motivation of schematic treatment

Our understanding of the physics of FFC is still very
preliminary, see e.g., [24,54]. As mentioned before, the
stiff and nonlinear nature of the problem impedes the
development of full-scale, multidimensional solutions of
the quantum kinetic equations of neutrinos as well as a
robust assessment of the amount of flavor conversion that
one should expect. Besides intense work to determine the
locations where FFCs may take place in 1D and multi-D
CCSN models (see Sec. I), a large number of studies has
also been devoted to make progress on understanding how
the flavor transformation proceeds and which flavor mix it
leads to. In order to motivate the schematic description of
FFCs adopted in our work, we refer to insights obtained
from the corresponding wealth of recent, direct calculations
of the quantum kinetic problem for specifically defined,
mostly idealized conditions.

Based on results from toy models that used setups with
imposed initial angular distributions, periodic boundary
conditions and neutrino inhomogeneities, it was pointed
out that FFCs might lead to a sort of flavor equilibrium in a
multidimensional neutrino gas [40-43,45,77]. However,
this possibility must still be considered as controversial in
view of Refs. [38,45,78,79], which aimed at simulating
the evolution of the neutrino field on large scales in the
presence of FFCs by gradually evolving the neutrino
distributions and their flavor when neutrinos decouple
from the matter background. These works suggest that
flavor equilibration may not be the general outcome but
rather one possible result of a subtle interplay between the
shape of the angular distributions, the strength of collisions
(i.e., neutrino interactions with particles of the stellar
medium), and neutrino propagation (see also Ref. [80]
for an earlier study reaching similar conclusions).

The interplay between collisions and FFCs has triggered
particular interest because of a puzzling enhancement or
suppression of flavor conversions, depending on the shape
of the ELN distributions, see, e.g., Refs. [29,39,81-84].
Intriguingly, in addition to the impact that collisions could
have on FFCs, collision induced flavor instability [84—88]
could be another way to trigger FFCs in the presence of a
large asymmetry between the collision terms of v, and 7,
[35,85-89]. Provided such a causal link exists, it is
conceivable that in hydrodynamic CCSN simulations not
only FFCs could be approximated by a schematic method

as applied by us (and described in detail in Sec. II C), but
also the impact of collision induced flavor instability or any
other flavor conversion phenomenon could be effectively
treated in a similar way. This would only require that the
flavor conversions occur on sufficiently short length and
timescales and conserve ELN number.

Collision induced conversions actually develop on char-
acteristic scales that are determined by the collision term in
the transport equation and thus by the spatial scales of
relevance for the neutrino transport. These spatial scales
can be much bigger than the local radius or the numerical
grid cell size in regions where the neutrino mean free paths
are large. However, if collision induced conversions trigger
FFCs, the fast conversion process that kicks in would again
justify our simplified parametrization that is supposed to
mimic FFCs in our CCSN simulations, assuming flavor
mixing happens on time and length scales shorter than the
numerical time stepping and the spatial grid resolution.

C. Implementation of FFC

Because of the technical challenges of rigorous solu-
tions discussed above, any attempt to implement FFCs in
CCSN simulations must currently be done schematically,
given the fact that the FFC scales are expected to be much
smaller than any other scales of relevance for the SN
dynamics. In a schematic method, one can therefore
assume that FFCs lead to spontaneous and instantaneous
pair-wise changes in the abundances of neutrinos and
antineutrinos of different flavors. This means that in our
numerical treatment we apply our flavor-conversion pre-
scription in each time step and in each grid cell identified
to be subject to FFCs according to a simple criterion.
Although it is not yet clear whether FFCs lead to flavor
equilibrium, we assume full-flavor equilibration of the
neutrinos under the constraint of lepton-number conser-
vation, in particular also of electron lepton number. We
thus aim at maximizing the impact of FFCs and therefore
at assessing the consequences of flavor conversions on the
CCSN physics in the most extreme FFC scenario.

There are two key components of any such schematic
implementation of FFCs in CCSN simulations. First, one
needs a strategy to capture the SN zones where ELN
crossings exist. Second, a prescription for the equilibrium
state that results from FFCs is required.

Considering that ELN crossings have not been observed
in the neutrino decoupling region of 1D CCSN models, as
mentioned before, we apply a simple recipe based on the
matter density in order to perform a parametric study of the
impact of FFCs occurring in different regions of the SN
core. To be specific, we introduce a threshold density, p.,
below which FFCs are assumed to happen, i.e., for p < p..
Usually (but not always) this means that our schematic
prescription of FFCs is applied in a region r > r, exterior
to the radius r. where p(r.) = p.. While the value of the
threshold density p,. is constant (i.e., time independent) and
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FIG. 1. Mass-shell diagram of model M-1el13. The gray lines

correspond to selected mass shells, i.e., to the time-dependent
radial locations of chosen, fixed values of the enclosed mass. The
thick gray lines mark the positions of 1M, and 2M , respectively,
and the thin gray lines are spaced with intervals of 0.05M , interior
to 1M and with 0.1M, outside. The PNS radius (defined at a
density of p = 10'! gem™), shock radius, and gain radius are
indicated by orange, red, and blue lines, respectively. The black
line marks the isodensity contour for a value of p = 103 gecm™
and separates the regions where we apply (outside, light-blue
shaded) or do not apply (inside, unshaded) our flavor equilibration
scheme.

specific for each of our CCSN simulations, the spatial
volume where FFCs are assumed to happen evolves with
time, which means that the radius (or radii) that deliminates
the region of FFCs evolves with time, i.e., r. = r.(1);
see the black line and blue shaded region in Fig. 1 for
an exemplary case of one of our CCSN simulations.
Beginning with a CCSN model where the density p, is
fixed to 10° gcm™, which corresponds to a region
exterior to the stalled shock front in all of our nonexplod-
ing models, we fix p. in the other simulations to values
higher by factors of 10 in steps up to 10'* gcm™, which
is a density well inside the convectively unstable layer
of the PNS. Thus we scan different values of p, and are
able to develop an understanding of possible nonlinear
feedback effects of neutrino flavor conversions in all
potentially affected regions on the SN dynamics and
neutrino emission. We also test intermediate values
for the threshold densities, i.e., p, = 107703 gcm™ with
n=2910,... ,13, but cannot find any new features
beyond those reported in Sec. III.

Concerning the prescription for equilibration, one needs
to define the equilibrium values of the zeroth and first
neutrino moments in the M1 scheme as functions of their
initial values. Here we assume that the equilibrium devel-
ops separately in each energy bin. This treatment ensures
energy conservation and can be justified by the fact that
forward scattering does not change neutrino energies and
directions.

Let us first consider the zeroth moment, i.e., the specific
neutrino number or energy densities. With our numerical
discretization, the number density of neutrinos of species v,
in the gth energy bin, n, ,, is related the neutrino energy
density E, , in that bin by

)

with €, being the mean energy of the gth energy bin. In the
following, we will use a notation where the unprimed
variables refer to the initial values of the physical quantities
(before applying our flavor conversion prescription), and
the primed variables refer to their flavor-equilibrated values
(after applying our prescription). Our prescription for the
final number densities is based on four requirements:

(1) As discussed above, FFCs cannot change the total
numbers of neutrinos and antineutrinos in each
energy bin. Hence, our prescription conserves the
summed numbers of neutrinos and antineutrinos
separately:

_ ! /
Myg 20y g =1y, 4+2n0, 4

Ny g +2n, o =n; ,+2n, . (5)

(i) FFCs themselves cannot change the neutrino ELN,
L,,=n, 4— ng 4 which is therefore conserved by
our prescription:

Leg=nyq=N5.q=MNq=N5q=Leg (6)
(iii) Any physical prescription should respect the Pauli
blocking. This can be an important issue in the
regions with high electron degeneracy, where also
the electron neutrino number densities can approach

the Pauli limit,

4re’Ae
NPayli,g = 7(}:2)3 1, (7)

with Ae, being the width of the gth energy bin, and
v, — v,, U, conversions should not overpopulate the
bins in order to avoid the violation of Pauli blocking.
This constraint is particularly relevant for the lower
energy bins with e, < kg7, when T is the temper-
ature of the fluid and kg the Boltzmann constant.
(iv) Although the physical quantities of the FFC equilib-
rium state can in general be nonlinear and compli-
cated functions of the initial values of these quantities
(for calculations that found flavor equilibration see
e.g., [40-43,77]), we assume here that the final
quantities are linear functions of the initial ones.
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Such a simple equilibrium prescription can signifi-
cantly constrain the choices for the suitable expres-
sions of the equilibrium values. In particular, our
prescription is motivated by the flavor equilibrium
observed for slow modes and small values of v,-7,
asymmetries in 1D neutrino gases [90]. Specifically,
we assume an equilibrium state where equipartition

|

occurs between v, and v, or v, and ¥,, depending on
whether electron neutrinos or antineutrinos, respec-
tively, are less abundant before applying our pre-
scription (see Fig. 2). This implies that the flavor-
equilibrium number density n.,, in the gth energy
bin of the subdominant species is given by

/ ! _ 1 .
Mopq = Mg =3M5,q+2n, 4), if Loy >0,
Neqq = , , 1 . (8)
Nyg =M, q=3(M,4+2n,,), ifL,,<O0.

Applying these conditions, the flavor-equilibrium values
of the neutrino and antineutrino number densities can be
determined as

Vy Uy Vr Ur

before
Ve

10

8
S 6
S, vy Uy Vr Ur
A
< Ve Vy Uy Vr Vg

after

before

FIG. 2. Schematic representation of the equilibrium prescrip-
tion introduced in Eq. (9) for L, , > 0. The neutrino gas reaches
an equipartition between v, and 7,, which are less abundant
than v,, with L,, remaining unchanged. The upper panel is
for v,,v, — v, conversions, the lower panel for v, — v,,7,
conversions.

n’bwq = Neqq + max (0, Le,q), (9a)
n’yq = Neqq + max (0, —Le,q), (9b)
nllzx.q = Neq.q> (90)

for n;, , < npayi 4 One can see that this prescription puts
the neutrino gas into equipartition up to the constraint of
ELN conservation. This is illustrated schematically in
Fig. 2. It should be noted that in a realistic situation the
induced neutrino flavor conversions might be weaker than
assumed in our prescription, which means that our equili-
bration recipe maximizes the conversion effects, provided
the lepton numbers of all three flavors are conserved.
Our prescription can lead to an overpopulation of an
energy bin, putting there more neutrinos than is compatible
with the Pauli exclusion principle, i.e., n;, , > npayi, could
occur for v, or U, with number densities computed from
Eq. (9). In this case, this equation must be replaced by

1y, q = Min(npayii g PPaulig + Leg) (10a)
ng o = Min(npagii g Mpaulig = Le.g): (10b)
, 1
nu,.,q = 5 (nmax,q - nPauIi,q)v (IOC)
where

2n, g+n, 4 ifL,,>0,
Nmax.g = : ‘ e (11)

’ 2ny“q +ng, 4, if Le,q <0,

is the total number density of neutrinos or antineutrinos in
the gth energy bin, depending on which one is larger.1

'Note that if v, could violate Pauli blocking, i.e., if ny, 4>
npauii 4 holds for ny, , from Eq. (9), then n,_, > n, , > n;_, and
L,, > 0 hold as well, and Eq. (10) yields n;,_, = npayi, and
”’%q = npauli,g — Le4- In contrast, in the case of Pauli blocking
being relevant for 7,, i.e., if Eq. (9) leads to nj,_, > npayii 4> then
Ng,q >Ny q>mn,, and L,, <0 are fulfilled, and Eq. (10)
yields nl’?‘,.q = Npauliq and n:/e,q = Npaulig + Le‘q~
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An astute reader will notice that the above expression
just means that flavor conversions are allowed up to the
Pauli blocking limit. Note that applying our recipe sepa-
rately for all energy bins might lead to a situation where
at a given location both of the aforementioned cases of
Pauli blocking could be encountered, though in different
energy bins.

So far we have only discussed the prescription of flavor
equilibrium for the neutrino number (or energy) densities,
1.e., for the zeroth moments. In order to construct a
similar prescription for the first moments, we make use
of another constraint:

(v) Since FFC does not modify the neutrino momentum,
our prescription shall conserve the sum of the 1st
moments of all neutrino species in each energy bin
separately, although in reality the momentum is
conserved for neutrinos and antineutrinos individu-
ally. However, our neutrino transport scheme does
not distinguish between v, and 7,, which implies
that we can only satisfy the conservation of the total
momentum in the neutrino-antineutrino gas:

Fve,q+FDf,q+4va-q:Fl/fe-q+F/De,q+4Fl/fx-,q' (12)

Now let

n,

aq (13)

Va9

Mg =

be the ratio of neutrinos of species v, in the gth bin after
and before the flavor conversion. If n, , <1, this ratio
yields the fraction of neutrinos that retain their flavor,
whereas (1 —17,_,) is the fraction that changes the flavor.
One can easily verify that the following prescriptions
conserve the total momentum of neutrinos according
to Eq. (12). In the regions where v,, 0, - v, (.e.,
Ny,q>Mo,.q < 1) we use

Flg=.qFu.q (14a)

Fy, g = 1s.qFs,q (14b)
1—p F + (1 —ny ,)F;

Fll/x,q — Fux,q + ( ’/evq) Ve.q ( I/MI) Verq (14C)

4 b
and in the regions where v, — v,,7, (€., n, 4 <1) we
apply

F,,=F, ,+2(1-n, JF, . (15a)
F, ,=F; ,+2(1-n, )F, ,. (15b)
Fll/x,q - nvx,qux.q' (ISC)

It should be kept in mind that the prescription given by
Egs. (14) and (15) is not unique in conserving the neutrino
momentum. However, it is physically intuitive, because it
can be justified on the basis of two simple facts. First,
the momentum is effectively transferred from the original
species to the one it is converted to. Second, considering
our relations of initial and final neutrino quantities, one can
see that the flux factor f = |F|/cE remains constant during
the flavor conversion in each energy bin ¢ of those species
that effectively get converted to the other ones, i.e.,

Fovsl 1L

st — 16
E,,  CE., frna (16)

fya,q =

for v, and 7, in the case of Eq. (14) and for v, in the case of
Eq. (15). Nevertheless, we have confirmed that our results
are qualitatively unaffected by reasonable alternative pre-
scriptions for the neutrino momentum behavior during
flavor conversions. A somewhat similar prescription was
also recently used in Ref. [56] for studying the impact of
FFCs during the evolution of neutron star merger remnants.

We finally remark that we switch on our schematic
treatment of FFCs right at the beginning of the CCSN
simulations, i.e., at the time when the stellar core collapse
sets in. However, applying FFCs during the collapse until
core bounce does not have any relevant effect, because
prior to bounce electron neutrinos v, dominate 7, and
heavy-lepton neutrinos in number by several orders of
magnitude, and therefore flavor conversions of the far
subdominant v, cause negligibly small differences. Of
course, we cannot exclude that in a more realistic treatment,
FFCs might find conditions to occur only at times con-
siderably later than core bounce. This adds additional
uncertainty to our schematic treatment, in particular since
we find the effects of FFCs to depend strongly on the phase
of the postbounce evolution.

III. SIMULATION RESULTS

In this section, we present the results of a set of 1D
simulations of our 20M, model. We will refer to different
simulations either as model with no flavor conversions (M-
NFCQC), or we label them with the employed threshold density
p. for simulations where FFCs are applied in the region
p < p.. Since the values of p, range between 10° gcm™ and
10'* gcm™3, the corresponding models are named M-1e09
to M-1el4. Performing additional simulations with threshold
densities of about 3 x 10° gem™3, 3 x 10'° gem™,
3x 10" gem™, 3x 10" gem™, and 3 x 103 gem™,
we verified that our sampling is sufficiently dense, because
these simulations do not reveal any qualitatively new
insights. Instead, their results match the systematic trends
witnessed in the models presented in the following.

The discussion is divided into two parts. The first part
gives a comparative overview of the impact of flavor
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conversions on global model properties. In the second part,
we focus on more detailed aspects of some special
simulations that are worth a closer look.

A. Global properties

Before reporting the findings of our simulations in detail,
we will discuss the impact of neutrino FFCs on the energy
transport in the CCSN environment in general terms. We
find that pairwise flavor conversions modify the radiated
and potentially detectable neutrino signal, change the
energy loss of the stellar medium and the energy transfer
between neutrinos and matter, and can thus alter the
evolution of the SN shock and PNS.

1. Overview of main effects

The effects of FFCs depend on the local strength of the
weak-interaction coupling between neutrinos and matter
and on whether v,,v, - v, or v, - v,,U, conversions
occur. Accordingly, we can discriminate between four
different kinds of consequences. All of them can play a
role during the postbounce evolution of the collapsing
stellar core, because only after core bounce v, and v, are
present in relevant abundances. Moreover, the effects show
up in different phases and in different spatial regions.

If flavor conversions take place only in the region ahead
of the shock, they have no significant influence on the
dynamics of CCSNe. This can be understood by the fact
that in the upstream region of the shock the densities are
usually low and the infall velocities of the stellar gas are
very high. Under such conditions neutrino interactions
with the stellar medium are infrequent and FFCs have no
relevant feedback on the SN evolution. In our set of
simulations, model M-1e09 provides an example of such
a case.

If flavor conversions take place in the cooling layer that
extends from the neutrinospheric region to the gain radius,’
they can enhance the cooling rate of the SN matter.
Conversions of the type v,, v, — v, increase the abundance
of v,, which couple more weakly to the stellar medium and
therefore lead to more efficient energy transport. At the
same time, the reduced n,, and n;, stimulate the production
of v, and 7, through f-processes in the settling accretion
layer, enhancing neutrino cooling even further. The accel-
erated energy loss through v,,7, — v, conversions thus
triggers a faster contraction of the PNS.

Despite this amplified cooling by FFCs, the inverse
conversion of v, to v, and 7, can result in the opposite
effect, namely higher energy deposition in the heating layer
between the gain radius and the shock. This plays a role
during phases when the spectral temperature of v, is higher

The gain radius is located between the neutrinospheres and
the stalled SN shock and is defined as the boundary between
layers of net neutrino cooling below and net neutrino heating
above.

than that of v, and 7, in which case v, — v,, U, conversion
is favored for high neutrino energies. The quadratic
dependence of the charged-current absorption cross sec-
tions on the neutrino energy implies that a relatively smaller
number of such conversions at high energies can potentially
compensate the impact of v,, U, — v, conversions at lower
energies and can cause more heating in the gain layer.

Finally, potential flavor conversions deeper inside the
PNS, interior to the neutrinospheres, can slow down the
transport of energy there. In the core of the PNS electron
neutrinos are highly degenerate, for which reason the
neutrino number densities obey the ordering n, >n, >n; .
At such conditions v, — v,, 7, conversions can flatten the
negative n, gradient that usually drives the cooling of the
PNS by v, diffusion. Consequently, neutrino conversions
attenuate the energy loss from these regions because the v,
and v, produced by v, conversions are more tightly coupled
to the stellar plasma and quickly get absorbed by neutrons
and protons. If neutrino flavor conversions occur deep inside
the PNS, the emission properties of the radiated neutrinos
can be more strongly affected by changes of the PNS cooling
than by the direct effects of flavor conversions.

When discussing the effects of neutrino flavor conver-
sions in the SN interior, the factors of relevance are
therefore the region where these conversions are assumed
to take place and the spectral differences between v,, 7,,
and v,, i.e., the relative differences in the number densities
of these neutrino species at different energies. The factors
that influence the dynamical evolution of CCSNe, in
particular of the SN shock, as a consequence of neutrino
flavor conversions are the contraction behavior of the
PNS and the neutrino heating in the gain layer downstream
of the shock.

2. Evolution of shock and protoneutron star radii

The evolution of the shock radius with time, rg,o(7), in
particular the maximum expansion of the shock, can serve
as a rough indicator of the proximity of a CCSN simulation
to explosion. However, 1D results should be taken with
great caution in this respect, because the absence of
nonradial hydrodynamic instabilities in the postshock layer
and convection inside the PNS can lead to qualitative
differences of the dynamical behavior compared to multi-
dimensional models.

Our simulations reveal a systematic and sensitive
dependence of rg, on the value of the threshold density
pe- The higher we choose this upper limit of the density
regime where FFCs are assumed to take place, the weaker
the shock expansion becomes, manifesting itself in a
smaller maximum radius and a faster contraction of the
shock after its maximum (Fig. 3). Basically, this behavior
can be understood by a similar systematic ordering of the
PNS radii, which are defined by the isodensity contours for
a value of p(rpxg) = 10'" gcm™3. It is well known that in
1D simulations rg.q () and rpys(2) are tightly correlated
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FIG. 3. Shock radii (solid) and PNS radii (dashed) as functions

of postbounce time. The PNS radius is defined as the location
where the density is 10'' gcm™. The black curves represent the
results of the simulation with no flavor conversions, model M-
NFC, whereas the colored curves correspond to our set of models
M-1e09 to M-1e14 with varied threshold densities for FFCs from
po = 10° gecm™ to p, = 10'* gem™3. Note that the curves for
the shock radii of models M-NFC and M-1e09 overlap. Also the
curves for the PNS radii of models M-NFC, M-1e09, and M-1e10
lie on top of each other, and the PNS radii of models M-1e13 and
M-1el4 are nearly identical.

because of the circumstance that the region between the
PNS surface and the stalled shock possess a stratification
that is nearly in hydrostatic equilibrium during the post-
bounce accretion phase [1,91,92].

The shock and PNS radii of models M-NFC and M-1e09
evolve effectively identically. This confirms our expect-
ation that flavor conversions in the preshock region have a
negligible influence on the CCSN evolution, which can
be noticed also in all other dynamically relevant quantities.
In contrast, of course, the characteristic properties of the
neutrino emission that can be measured by a distant
observer reflect the effects of FFCs at densities
p < p.=10° gcm™3.

The shock in models M-lell to M-1lel4 contracts
much faster because in these simulations flavor con-
versions v,, U, — v, happen in the near-surface layers of
the PNS. As discussed before, v, are less tightly coupled
to the stellar medium than v, and 7, and therefore the
FFCs enhance the neutrino cooling of these layers.
Because of the enhanced loss of internal energy in the
cooling region, the gravitational settling of the PNS
accretion layer is accelerated, the PNS radius contracts
more rapidly, and the radius of the accretion shock
follows accordingly.

Model M-1el0 exhibits a slightly different shock evo-
lution. In the early postbounce phase (,, between ~40 ms
and ~130 ms) the shock expands to a slightly larger radius
than in model M-NFC and shows a faster contraction only
at later times. The reason for this difference is connected to

the fact that initially r(p.) is located in the gain layer.
Therefore, flavor conversions do not lead to enhanced
cooling of the near-surface layers of the PNS and, corre-
spondingly, the PNS radius of model M-1el0 tracks the
behavior of the PNS radius in model M-NFC. Instead,
during the early postbounce phase increased neutrino
heating in the gain layer (Fig. 4) supports the stronger
shock expansion. The increased heating can be explained
by v, — v,, 7, conversions of high-energy v, in the gain
layer. Since the original v, spectra of model M-NFC are
harder than those of v, and 7, (i.e., their mean energies
are higher; Fig. 6), the conversion leads to higher v,
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FIG. 4. Total neutrino heating rate, mass, and mass-specific
heating rate in the gain layer (from top to bottom) as functions of
postbounce time. The color coding is the same as in Fig. 3 and
short-time fluctuations are reduced by smoothing the curves with
arunning average of 10 ms. The high excursions of g, in model
M-lel4 between 1, ~ 170 ms and ~220 ms are caused by the
narrowness of the gain layer due to the small shock radius in this
time interval, which leads to an ill-determined gain-layer mass.
(Model M-1e13 in Fig. 1 possesses a similarly narrow gain layer.)
Note that the curves of models M-NFC and M-1e09 mostly
coincide.
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and 7, energies and therefore more energy deposition in
the gain layer, despite a reduction of the v, and 7,
luminosities (Fig. 5).

The differences in the gain-layer heating and the neutrino
properties between the simulations of our model set will be
further discussed in Secs. III A 3 and III A 4, respectively,
and more details on the evolution of model M-1e10 will be
given in Sec. [II B 1.
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FIG. 5. Neutrino luminosities as functions of postbounce time.

They are measured at a radius of 500 km and transformed to an
observer in the lab frame at infinity. The color coding is the same
as in Fig. 3. The top, middle, and bottom panels show L, , Ly ,
and L, , respectively. L, is the luminosity for one species of
heavy-lepton neutrinos. In the top panel the maximum of the v,
burst has been cut off for better visibility. It peaks at about
5.5 x 103 ergs™! with a variation of ~10% of the maximum
value between the different models. Note that the lines for models
M-1e09 and M-1e10 on the one hand and for models M-1e13 and
M-1e14 on the other hand partly overlap. The steplike decline of
the luminosities between about 230 ms and 250 ms is caused by
the fast decrease of the mass accretion rate onto the PNS when the
Si/0 interface falls through the stalled shock. This leads to a
corresponding drop of the accretion luminosities of v, and 7,.

3. Neutrino heating in the gain region

In order to better judge the effects of FFCs on the
neutrino heating in the gain region, we consider the time
evolution of three quantities: the total heating rate in the
gain layer, Q,,n, the mass in the gain layer, M ,,, and the
specific heating rate, i.e., Ggyin = Qgain/ M gain» Se€ Fig. 4.

Indeed, the FFCs lead to major changes of Qg (top
panel), but these differences can be attributed to a large
extent to differences in M, (middle panel). These are a
consequence of the shrinking shock and gain radii, which
adjust to the faster PNS contraction. The specific heating
rate ¢, more directly reflects the impact of FFCs on the
relevant neutrino properties that determine the neutrino
energy deposition in the postshock layer. For example, gy,
is increased for up to about 150 ms after bounce in the
simulations with flavor conversion compared to model
M-NFC, despite the fact that the total heating rate is
reduced during a part of this time interval.

There are two reasons for the relative enhancement of
Qgain- First, it can be explained by v, — v,, U, conversions
occurring at higher neutrino energies in the early post-
bounce phase then the mean energies of v, are bigger than
those of v, and 7,. The corresponding hardening of the v,
and 7, spectra in models with FFCs increases the postshock
heating, despite reduced v, and 7, luminosities (see Figs. 5
and 6 for the neutrino quantities). This is particularly
relevant in models M-1e10 and M-1lell. However, with
respect to the shock dynamics, the stronger heating may be
compensated by enhanced cooling in the cooling layer
interior to the gain radius, for which reason the shock
radius in model M-1el1 is smaller than in models M-NFC
and M-1el0. The second reason for higher specific heating
rates Gy, during the earliest postbounce evolution
(fpp < 100 ms) is connected to the accelerated energy loss
through v,,v, = v, conversions in the neutrinospheric
region of the PNS. This triggers a much more rapid
PNS contraction in models M-lel2, M-1el3, and
M-1lel4 compared to all other models (see Fig. 3) and
thus, indirectly, also higher v, and 7, luminosities in
addition to a most extreme boosting of the v, luminosities
(Fig. 5) and in addition to the significantly increased mean
neutrino energies, in particular of v, (Fig. 6). The corre-
spondingly strong amplification of g, in models M-1e12
to M-1el4 can be witnessed in Fig. 4 for 100-120 ms, but it
has no noticeable supportive effect on the shock because of
the extraordinarily rapid contraction of the PNS.

At times 7, 2 150 ms, at latest, not only the total but
also the specific neutrino heating rates in the gain layer of
all models with FFCs are lower than in model M-NFC. This
is mainly connected to the fact that the differences between
the mean energies (¢,) of v,, 7,, and v, decrease with
progressing postbounce time in model M-NFC (Fig. 6),
which diminishes the impact of v, — v,, I, conversions on
the gain-layer heating.
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FIG. 6. Mean energies of the radiated neutrino spectra versus
postbounce time, analogous to the neutrino luminosities of Fig. 5.
The brief, nonmonotonic behavior between about 230 ms and
250 ms is again connected to the decline of mass accretion rate
when the infalling Si/O interface passes the stalled shock. The
curves have been smoothed with a running average of 5 ms to
improve readability.

4. Neutrino luminosities and mean energies

Figures 5 and 6 display the luminosities and mean
energies of the radiated neutrinos as functions of post-
bounce time, measured at a radius of 500 km and properly
transformed to an observer in the lab frame at infinity.

Two models serve us as reference cases for our com-
parative discussion. On the one hand, there is model
M-NFC for the results without flavor conversions, and
on the other hand there is model M-1e09, where flavor
conversions occur in the preshock region and change the
neutrino emission properties, but these changes neither
have any feedback on the CCSN dynamics nor are they
affected by variations in the SN evolution.

The comparison of the luminosities clearly shows that
the dominant conversion channel is v,,v, - v,. The
luminosities in models M-1e10 and M-1e09 are almost

identical, which means that the enhanced gain-layer heating
and slightly different shock evolution in the former have
little effect on the observable neutrino fluxes. In contrast,
the enhanced luminosities mainly of v, and v, and more
moderately also of 7, in models M-1el2 to M-1el4 during
the first ~100 ms after bounce are a consequence of the
faster PNS and shock contraction. Due to the accelerated
settling of the accretion mantle of the PNS, more gravi-
tational binding energy is carried away by neutrinos. Since
the faster PNS contraction goes hand in hand with a faster
deleptonization, L, can even exceed the v, luminosity in
model M-NFC for a brief period of time, despite the
v,,U, = v, conversions. In model M-1ell similar trends,
though much less extreme, can be witnessed. At times later
than ., ~ 120 ms, when the PNS contraction becomes
weaker, the luminosities of all neutrino species get ordered
with the value of p. such that lower luminosities correlate
with higher values of the threshold density for FFCs.
Because of the dominant v,, 7, — v, conversion, L, and
L;, are reduced compared to those of model M-NFC in all
cases and at all later postbounce times, whereas L, is
higher in all models with flavor conversions.

Despite this reduction of the v, and 7, luminosities and
increase of the v, luminosity connected with FFCs, the
mean neutrino energies, (€, ), in Fig. 6 display the opposite
effects until 200-300 ms after bounce (the exact time
depends on the neutrino species), i.e., (¢,,) and (e; ) are
increased, whereas (e, ) is decreased in all models with
FFCs compared to model M-NFC. This is a consequence of
mainly v,, 7, — v, conversions in the bulk of the spectra
and additional v, — v,,7, conversions at high neutrino
energies.

However, at times later than 200-300 ms after bounce
the effect is reversed, i.e., the mean energies of v, and 7, in
models with FFCs begin to drop below those of model
M-NFC, whereas for v, the opposite situation occurs. This
can be understood by the fact that between 200 ms and
400 ms after bounce the ordering of the mean neutrino
energies in model M-NFC changes from initially (e, ) >
(€5,) > (e,,) first to (e5,) > (€,,) > (€,,) and afterwards to
(€5,) > (€,,) > (€,,). The continuous growth of the mean
energies of v, and 7, is explained by the ongoing accretion of
infalling gas onto the PNS. The corresponding conversion of
gravitational binding energy to internal energy leads to a
monotonic growth the temperature in the neutrinospheric
region of v, and 7,, whereas the temperature at the deeper
neutrinosphere of v, remains nearly constant.

It is interesting that after an initial, more complex phase
of ~40 ms, the mean energies in particular of v, and v,
reveal a similar systematic ordering with p. as we found for
the neutrino luminosities, however now in the opposite
direction and with some minor deviations. The higher the
value of p, is, the higher the values of (e, ) and (¢, ) are.
The effect is particularly pronounced for models M-1el2,
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M-1el3, and M1-e14, where the PNS contraction is fastest
and has the strongest impact on the properties of the
neutrino emission. In contrast to the luminosities, the trend
of the mean energies includes model M-1e09; only model
M-1el0 partly breaks the systematics, and models M-1e12
and M-1el3 slightly do so at 7;, 2 180 ms, and in the case
of (e, ) also model M-1ell shows deviations until about
130 ms and at 7, 2 280 ms. The reason for the energy
ordering is again connected to the strength of the PNS
contraction and its influence on the temperatures at the
neutrinospheres (for models M-1el2-Mlel4), combined
with the dominant v,, 7, — v, conversions in the bulk of
the v, and v, spectra around their spectral peaks on the one
hand and the v, — v,,7, conversions in the high-energy
spectral tails on the other hand. These conversions lead to
an increase of (e, ) with higher threshold densities and
similarly for (e, ), though the latter mean energies are
always below those of model M-NFC until about 300 ms
after bounce.

The neutrino spectra of the radiated neutrinos at a
distance of r=500km and postbounce time of 7y, =
100 ms, normalized by a common factor, are displayed
in Fig. 7. It can be seen that in the high-energy spectral tails,
roughly indicated by gray shading, the dominant conver-
sion is v, — v,,U,, whereas it is v,, vV, — v, in the main
parts of the spectra at lower neutrino energies, as mentioned
earlier. It is an interesting question, deserving further
studies, whether the lifting of the high-energy tails of
the v, and 7, spectra could provide an identifying obser-
vational signature of FFCs, in particular because of
the boosting of the high-energy tails of the v, spectra
(€,, 2 50 MeV) through neutrino shock acceleration in
failed CCSNe [93], and potentially despite the flavor
mixing associated with matter resonances and vacuum
propagation.

Many of the effects that we have described so far also
leave imprints on the time-integrated energies lost by the
PNS through the emission of neutrinos of different species,

AE,(ty,) = [y dtL, (1), and on the sum of these energies,
AE(t,,) = AE, + AE; +4AE, (Fig. 8).

For all models with FFCs, AE, and AE; are signifi-
cantly lower and AE,_is significantly higher than in model
M-NFC, as expected from the dominant v,,7, — v, con-
version in the bulk of the spectra during most of
the evolution. But there are exceptions during the early
postbounce phase, tpp < 100 ms, which are connected to
several effects. At very early times, 7, $20ms, v, — v,, U,
is the leading flavor conversion process because initially
the production rate of v, is higher than that of v, due to
the high v, degeneracy in the postbounce deleptonization
phase (see Fig. 5 for the impact of FFCs on the 7, and v,
luminosities during this phase). In addition, as mentioned
before, the extremely fast contraction of the PNS in
models M-1el2, M-1lel3, and M-1el4 boosts all
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FIG. 7. Neutrino spectra at 500 km and 7, = 100 ms, nor-
malized by the maximum peak value of the v, spectrum obtained
in all simulations, i.e. model M-NFC. The color coding is the
same as in Fig. 3. The type of flavor conversions depends on ¢,,. It
is dominantly v, — v,, D, conversion in the high-energy tails of
the spectra, roughly indicated by the gray shading, and mainly
v,,U, = v, conversion in the unshaded region. Note that the
curves partially overlap. This is the case especially for models
M-1e09 and M-1el0 and also models M-1el3 and M-1el4.

luminosities including those of v, and 7, above the values
of model M-NFC for a time interval up to ~80 ms after
bounce (Fig. 5).

Concerning the total energy release in all neutrino
species, AE(tpb), models M-NFC, M-1e09, and M-1el10
are effectively identical at all times, because the simulations
show nearly the same dynamical evolution and small
differences connected to neutrino absorption in the gain
layer have little influence on the total energy lost in the
neutrino emission.

In models M-1ell and M-1el2, AE(t,,) is initially (up
to 7, = 250 ms and 7, =~ 325 ms, respectively) higher, and
then approaches the value of model M-NFC. For these
models, we have argued that the flavor conversions lead to
enhanced cooling of the outer layers of the PNS because of
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FIG. 8. Time integrated energy loss due to neutrino emission, AE, evaluated with the luminosities measured at 500 km and

transformed to a lab-frame observer at infinity. The color coding is the same as in Fig. 3. The solid lines represent the total energy loss,
summed up for neutrinos and antineutrinos of all flavors. The dashed, dotted, and dash-dotted lines correspond to the individual energies
lost in v,, U,, and one species of heavy-lepton neutrinos, v,, respectively. Note that the lines of various models lie on top of each other

and cannot be discriminated.

an increased rate of energy transport as a consequence of
v,,U, = v, conversions. The corresponding early increase
of AE, accelerates the settling of the near-surface layers of
the PNS and steepens the growth of AE(z,) in general.
Once the settling of the PNS’s accretion mantle in models
M-NFC, M-1e09, and M-1el0 catches up, AE(t,,) of
the five models becomes more and more equal and the
subsequent evolution proceeds nearly identically.

Similarly, the time-integrated total neutrino energy
release of models M-1el3 and M-1el4 is also higher than
in model M-NFC up to 7, ~ 180 ms, but this excess in the
energy loss compared to model M-NFC is reversed at later
times. In fact, the curves for AE(t,,) of models M-lel3
and M-lel4 nearly coincide for a somewhat longer time
interval and differences between both of them become
clearly visible in Fig. 8 only at 7,, 2 230 ms. In these
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models flavor conversions occur not only in the outer
accretion layer, where v,, U, — v, conversions speed up the
energy loss, but also in deeper regions of the PNS, where
v, = U,, U, conversions are favored because of the high v,
degeneracy (see Sec. III A 1). In these regions inside the
PNS, at densities above a few 102 gcm™, v, play an
important role for the energy transport and the net effect of
v, = v,, U, conversions is a deceleration of the energy
transport out of the high-density core of the PNS. This
reduces AE(t,,) in models M-1e13 and M-1el4 compared
to all other simulations at 7, 2 180 ms. The effect becomes
prominent only at such late times, because the neutrino
diffusion out of the core is relatively slow, and therefore the
release of gravitational binding energy by neutrinos pro-
duced in the settling accretion layer is more important in the
earlier postbounce phase. As time progresses, the neutrino
energy loss of model M-1e14 falls more and more behind
that of model M-1el3, compatible with the fact that the
energy transport is decelerated in a larger region in the
former simulation. However, in the long run, AE of both
models will approach the value of the other models,
because the final value of the energy release depends only
on the NS mass and the nuclear EOS.

Besides changing the neutrino emission properties, the
neutrino cooling and heating, and the PNS and shock
evolution, FFCs also have an impact on the electron
fraction Y, in the different regions behind the shock.
While these Y, changes are transient effects in matter that
gets accreted into the final NS, where ultimately neutrino-
less beta-equilibrium will be established, it may be more
interesting to consider possible consequences of FFCs on
the electron fraction in neutrino-heated ejecta in the case of
successful CCSN explosions. Naturally, this question can
be reliably addressed only on grounds of simulations that
produce explosions, because the onset of the CCSN blast
also alters the neutrino emission of the PNS. For a tentative
assessment, potentially indicating trends, we evaluate
Equation 10 of Ref. [94], using the neutrino luminosities
and mean energies at a radius of 500 km and at 7, =
500 ms after bounce. Thus we estimate an asymptotic value
of Y, = 0.574 for a neutrino-driven mass outflow in model
M-NFC, whereas Y, ranges between 0.552 and 0.599 for
outflows in our models with FFCs, monotonically increas-
ing from M-1e09 with the lowest value to M-1e14 with the
highest value. This suggests that FFCs might change Y,
within a few percent of the NFC value in both directions but
not enough to convert proton-rich ejecta of model M-NFC
to neutron rich ones in our investigated cases.

B. Additional aspects of individual simulations

In this section we take a closer look at some special
features of individual simulations that deserve a more
detailed inspection. In the first part we will discuss the
effects of flavor conversions happening in the heating and
cooling layers around the gain radius in model M-1el0.

In the second part, we will illuminate the consequences
how the deceleration of the neutrino energy transport by
v,,U, = v, conversions in the dense regions well inside
the neutrinospheres affects the PNS structure in models
M-1el3 and M-1el4.

1. FFCs in the cooling and heating regions
of model M-1el0

Model M-1e10 provides more detailed insights into the
effects connected to flavor conversions in the cooling and
heating regions between PNS and stalled SN shock. As
described in Sec. III A 2, this simulation is special because
during the initial phase of shock expansion, the shock
radius rg,.e reaches a larger maximum value than in model
M-NFC. But this greater extension cannot be maintained
and eventually, g, retreats even faster. In this model the
radius exterior to which FFCs are assumed to occur is
(pe) 2 Tshook UNtl 7, ~ 35 ms. At that time r(p.) drops
below rgoc, and shortly afterwards (7, ~ 39 ms) a gain
layer forms behind the stalled SN shock. As time passes,
r(p.) moves even farther inward and retreats into the
cooling region below the gain radius at 7, ~ 78 ms.

Figure 9 visualizes this evolution and its impact on the
local specific neutrino heating and cooling rate, ¢(r), for
model M-1el0 in comparison to model M-NFC at times
before, during, and after r(p,. ) shifts into the cooling region.
Although the matter profiles of the NFC and 1e10 models
are slightly shifted due to the different positions of rg,qcx»
one can see that flavor conversions tend to increase the
heating exterior to the gain radius and the cooling below the
gain radius.
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FIG. 9. Radial profiles of the specific neutrino heating and
cooling rate for model M-1e10 compared to model M-NFC at
different postbounce times. The color coding is the same as in
Fig. 3. For model M-1el0 the bullets mark the radial locations
where p, < 10!9 gcm™, i.e., they mark the first computational
zone where FFCs are assumed to take place. The corresponding
radii are 120 km at Iy = 50 ms, 112 km at Iy = 75 ms, and
93 km at #,;, = 110 ms.
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As long as r(p.) > rgock, there is no relevant influence
of FFCs on the CCSN dynamics, in agreement with what
we discussed for model M-1e09. When r(p.) moves into
the neutrino heating layer (solid and dashed lines in Fig. 9),
v, — v,, U, conversions of high-energy v, lead to enhanced
absorption of v, and 7, via the f-reactions. This increases
the specific net heating rate g in the gain layer despite
the overall reduction of the v, and 7, luminosities by
v,,U, — v, conversions in the bulk of the energy spectra
and the corresponding rise of the v, luminosities (see
Secs. III A 3 and III A 4). When r(p,) shifts inward below
the gain radius, the v,,7, — v, conversions of the lower-
energy neutrinos reduce the v, and 7, abundances in the
cooling layer and permit additional production of these
neutrinos by electron and positron captures because of
sufficiently high temperatures in that region. Therefore the
specific net cooling rate ¢ is enhanced in the cooling
layer (dash-dotted line in Fig. 9), which triggers the faster
shock contraction after the maximum shock expansion in
model M-1el0.

The described effects may explain the difference
between our results and previous studies performed to
explore the impact of neutrino flavor conversions on the
CCSN physics, e.g., in Refs. [95,96]. While these earlier
works considered slow modes of neutrino flavor conversion
in the first place, they also allowed for flavor conversions in
a much more limited region of the SN core, constrained to
the zones very close to the shock or exterior to it. Hence,
these studies observed a relatively weak impact of flavor
conversions on the SN evolution.

2. FFCs at high PNS densities in models
M-1el3 and M-1el4

Models M-1e13 and M-1e14 provide a natural extension
of our parametric study for cases where FFCs also occur
in the high-density interior (p, > 10'* gcm™) of the PNS,
well inside the neutrinospheres. This situation is quite
interesting because it leads to effects that are qualitatively
different from those witnessed for lower values of p..

At densities below ~10'2 gem™, v,,7, — v, are the
dominant flavor conversions and lead to accelerated energy
loss from the accretion layer of the PNS because of the
looser coupling between v, and the stellar medium.
Consequently, the PNS radius exhibits a faster contraction
(Fig. 3). Instead, between 10'> gem™ and 10" gem™
v, = V,, U, conversions become the dominant process
because of the increasing v, degeneracy and the corre-
sponding underabundance of 7,. Since v, play an important
role for the energy transport out of such high-density
regions, the v, — v,, U, conversions imply a significant
reduction of the energy transport deep inside the PNS. The
thus decelerated loss of energy from the PNS core can
explain the evolution of AE(f) in models M-lel3 and
M-1el4 seen in Fig. 8. Initially, the more efficient energy
loss from the outer layers of the SN core leads to a steeper

increase of AE(7) compared to model M-NFC, and later,
when the neutrino diffusion out of the core becomes more
important, the retarded transport of energy deep inside the
PNS causes a slower growth of AE(r).

Interestingly, the decelerated loss of energy also modifies
the radial structure in the high-density interior of the PNS.
This is visible in Fig. 10, where we plot density profiles vs
radius and enclosed mass of model M-1el3 compared to
those of models M-1el2 and M-NFC at two different
postbounce times. In the outer layers of the PNS, at
densities p <3 x 102 gem™, the density gradient in
model M-1el3 is steeper and more mass, corresponding
to higher densities than in M-NFC, accumulates in the
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FIG. 10. Profiles of the mass density in models M-NFC,
M-1el2, and M-1el3 versus radius r (top) and enclosed mass
Mg (bottom) at 50 ms and 150 ms after core bounce. The color
coding is the same as in Fig. 3. In both simulations of M-1e12 and
M-1e13, the contraction of the outer layers of the PNS is faster
than in model M-NFC, with more extreme effects in model
M-1el3 (top panel). Therefore, FFCs lead to higher densities and
more mass in the mantle region of the PNS and a steeper density
decline above this layer. It should also be noticed that their
absence at p > 10'> gem™ in model M-lel2 permits the
formation of a more compact high-density core (Mg, < 1.2M ¢
and r <15 km) earlier than in model M-1lel3, where the
contraction of the inner region is delayed because of the higher
reservoir of internal energy.
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region with 3 x 102 gem™ <p <3 x 1013 gem™. The
effect is similarly, though less extremely, visible in model
M-1el2. At p =3 x 10" gem™, however, the density
profile of model M-1el3 lies lower than in model M-
NFC, whereas the one of model M-1e12 is above the profile
of M-NFC. While the core of M-lel2 becomes more
compact due to gravitational settling of its outer regions,
the high-density interior of M-1el3 can resist the gravita-
tional compression because of its higher reservoir of
internal energy. Again, this is fully compatible with the
evolution of AE(z) of models M-NFC, M-lel2, and
M-1el3 in Fig. 8, and the effect even amplifies at later
times. At 7, = 500 ms, AE of model M-1e13 is lower than
that of the other models by about 5 x 103! erg, and in the
more extreme model M-1e14 this gap is even ~8 x 10°! erg
at the same time. These energy differences can be traced
back to differences in the gravitational binding energies of
the PNSs.

For a PNS with a lower mass (~1.35M), born in the
collapse of a 9M , progenitor, we found that the decelerated
energy transport out of the high-density PNS interior does
not only lead to a slower contraction of the PNS core but
can cause also a transient phase where the PNS radius
effectively stays constant. This has repercussions on the
evolution of the neutrino luminosities and of the CCSN
shock, too. We will report these results in detail in a
subsequent paper.

A curious, oscillatory density feature appears transiently
in the region where p = p. in model M-1el3 (see Fig. 10; in
Fig. 1 this feature can be witnessed as wiggles in the
isodensity contour for p, = 10'® gcm™3). It develops after
some 10 ms postbounce during a phase when the PNS
rapidly accumulates mass by accretion with a high rate and
begins to quickly settle in its gravitational potential due to
this mass infall. It disappears again at ~100 ms after
bounce when the mass accretion rate has dropped and
the settling of the PNS begins to slow down.

The feature has quite a complex explanation. It is
connected to the v, — v,, 7, conversion, which leads to
local heating near p < p. because of the rapid absorption of
the conversion-produced v, and 7,. The rising temperature
causes the density to drop, since the local pressure is
determined by hydrostatic equilibrium. Therefore a trough
in the density profile forms initially. Because of the rapid
accretion of mass, the density at a slightly larger radius
starts to grow, exceeds p., and v, — v,,U, conversion
stops. Instead, the locally created v, begin to diffuse
outward, and when reaching densities below p, a part of
them is again converted to v, and 7,.. The same sequence of
events sets in once again, and another density trough forms.
Thus, a series of density valleys and peaks emerges,
appearing as a damped wave pattern on the density profile.
In this process gravitational binding energy is tapped by the
creation of v,, which diffuse outward, are converted to
electron-type neutrinos, which are absorbed and raise the

local temperature instead of transporting the accretion
energy out of the PNS. When the PNS settling slows
down, the v, transport becomes sufficiently fast to
smoothen the temperature profile again. The wiggles in
the density profile therefore disappear, but because of the
ongoing v, — v,, U, conversion the interior of the PNS in
model M-1el3 can still not cool as fast as in model M-NFC
or in the other simulations with p, < 10> gcm™. In model
M-1el4 the oscillation feature does not develop (only a
small dip in the density profile is visible) because both the
gravitational settling of the PNS and the v, diffusion near
the flavor conversion threshold of p, = 10'* gcm™ are too
slow. The effect also does not occur for p, < 10'? gem™,
because in these simulations the v, - v,,7, conversion
does not play a dominant role.

IV. DISCUSSION AND OUTLOOK

We have studied the impact of FFCs on CCSN evolution
and the associated neutrino emission by 1D simulations of a
20M , progenitor model. For this purpose we have imple-
mented FFCs in a schematic and parametric manner. We
assumed that they take place in regions with densities lower
than a systematically varied threshold value. This allows us
to single out the effects when FFCs happen in different
spatial domains of the CCSN. Moreover, we assumed that
FFCs immediately lead to a flavor equilibrium respecting
lepton-number conservation of all neutrino flavors, in
particular also ELN conservation. Overall, our results
imply that FFCs occurring in the postshock region tend
to hamper SN explosions in 1D simulations. In particular,
neutrino flavor conversions deep below the shock accel-
erate the cooling of the neutrinospheric layers of the PNS
and thus trigger a faster contraction of the PNS radius.
This, in turn, causes a faster retraction of the SN shock.
Therefore, none of our 1D models shows favorable con-
ditions for an explosion.

The exact impact of FFCs on the SN dynamics and the
PNS structure can involve fairly complex feedback effects,
depending on the phase of the evolution, the region where
flavor conversions occur, and the type of FFCs. Flavor
conversions exterior to the SN shock do not have any
noticeable impact on the SN dynamics but just modify the
properties of the radiated neutrinos. While v,,7v, — v,
conversions in the bulk of the energy spectra around the
spectral peaks increase the v, luminosity at the expense of
the v, and 7, luminosities, v, — v,, U, conversions of high-
energy v, in the spectral tail harden the v, and 7, spectra.
FFCs in the postshock heating layer have the same effect on
the emission properties of the neutrinos and thus lead to
enhanced energy deposition through v, and 7, absorption
behind the stalled shock. In contrast, v,,v, — v, conver-
sions in the cooling layer below the gain radius as well as in
the region around the neutrinospheres facilitate a faster
cooling of the SN environment and therefore a more rapid
PNS contraction with the mentioned negative effect on the
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shock expansion. If FFCs take place deeper inside the PNS,
i.e., also at densities above ~10'> gcm™3, the dominant
channel is v, — v,, U, conversions because of the large v,
degeneracy and corresponding underabundance of 7, in the
high-density regions. In this case the energy release from
the PNS core will be decelerated because of the important
role of v, for the energy transport in the dense PNS interior.
Hence, such simulations exhibit the most pronounced
enhancement of the emission of v, and v, during the
cooling and deleptonization of the PNS accretion mantle in
the early postbounce phase. But they also show the most
extreme reduction of the v, and 7, luminosities at later
times when the energy diffusion out of the PNS core makes
a more important contribution to the neutrino emission.
The reduction of the v, population in the PNS interior by
v, = U,, U, conversions also leads to local heating as a
consequence of the rapid absorption of the electron-flavor
neutrinos made by the conversions. This prevents the PNS
core from contracting as quickly as in the model without
flavor conversions or in models with FFCs only at densities
below ~10'? gem™,

All of our simulations with FFCs show a significant
reduction of the numbers of emitted v, and 7, and a
corresponding enhancement of the v, emission. Moreover,
during the first 200-300 ms after core bounce in our
nonexploding models, FFCs lower the mean energy of the
radiated v, compared to the simulation without FFCs, and
they considerably increase the mean energies of v, and 7,,
especially by lifting their high-energy spectral tails.
Remarkably, when FFCs change v, and 7, to v, and only
in that case, the radiated luminosity and mean energy of the
v, also exhibit the characteristic steplike decline when
the Si/O composition interface falls through the shock and
the mass accretion rate onto the PNS drops steeply. It is an
interesting question deserving further study, whether such
features could be unambiguous observational indicators
of FFCs (or any other physics that leads to flavor
equilibration in a similar manner), despite the matter
resonances in the SN and earth and vacuum oscillations
on the way in between.

Although our study was motivated by FFCs, the effects
we found could be relevant also for slow flavor conversion
modes, provided that they occur close enough to the PNS
and also on scales shorter than the collision scales in this
environment. In this context it is worth noting that our
prescription of flavor equilibration is indeed expected to
apply for slow modes [38,78,90].

Major caveats of our study are its constraints to a single
stellar progenitor and to spherical symmetry. Given the
complexity and strong time and space dependence of the
discussed feedback effects of FFCs on the SN evolution, it
will be important to investigate other progenitors, too, in
particular also those with a faster decline of the mass
accretion rate and an accordingly larger gain layer, which
would bring those models closer to the possibility of an

explosion. Under such circumstances FFCs in the post-
shock region could turn out to be more supportive for a
successful shock revival. Naturally, in order to obtain
conclusive results with respect to the impact of FFCs on
the SN blast, multidimensional simulations are indispen-
sable. Nonradial hydrodynamic instabilities in the post-
shock region in combination with neutrino heating
weaken the correlation between the contracting PNS
radius and the shock radius, which has a decisive
influence on the shock behavior in 1D simulations. If a
larger mass in the gain layer, facilitated by the stabilizing
effects of nonradial flows, meets a higher specific neutrino
heating rate due to FFCs, the situation may be funda-
mentally different from the spherically symmetric case:
instead of following the PNS contraction in 1D, the shock
might be pushed outward, possibly meeting the threshold
to an explosion. Moreover, PNS convection in multidi-
mensional models might have a bearing on the way how
the PNS reacts to FFCs in its interior, because convective
mass motions moderate the relevance of v, diffusion for
the energy transport in the regions of higher density. For
all these reasons we refrain from drawing far-reaching
conclusions from our 1D study on the consequences of
FFCs for the neutrino-heating mechanism and explosion
behavior of CCSNe.

We also emphasize that in this work we did not explicitly
account for any effects of the recently unearthed phenome-
non of collision induced flavor conversions [84—88].
Indeed, our present goal was to provide a first investigation
of the impact of FFCs on dynamical CCSN simulations,
disentangling FFCs from other flavor-conversion phenom-
ena. In addition, one should note that collision induced
conversions occur on scales much larger than those of FFC,
implying that on small scales they cannot compete with
FFC. This makes a more dedicated exploration of such a
phenomenon necessary, especially since it does not respect
ELN conservation. Should, however, collision induced
conversions trigger FFCs, the overall consequences
might also be mimicked by our schematic treatment. (In
this context, notice that our prescription implements a
maximal effect by any flavor conversion process under the
assumption of ELN conservation.) Hence, the inclusion of
collision induced flavor conversions in dynamical CCSN
simulations and their impact on the physics of these settings
remain open questions at this moment. We refer the reader
to Ref. [87] for a discussion of their impact on the SN
physics based on static backgrounds adopted from a CCSN
simulation at different postbounce times.

Our systematic study, based on a parametric approach in
1D, employed simple assumptions of where and how FFCs
take place in CCSNe. By this first investigation of FFC
effects in hydrodynamic models, we have shown that FFCs
can lead to a variety of different feedback effects on the SN
dynamics, structure, and neutrino emission, all of which
are strongly time and space dependent. Further progress
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towards predictive neutrino-hydrodynamical simulations
therefore requires multidimensional modeling and also a
better understanding of the regions where FFCs occur in the
multi-dimensional SN core and how the flavor mix is
modified locally in the course of these conversions.
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