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We present the first simulations of core-collapse supernovae in axial symmetry with feedback from fast
neutrino flavor conversion (FFC). Our schematic treatment of FFCs assumes instantaneous flavor
equilibration under the constraint of lepton-number conservation individually for each flavor. System-
atically varying the spatial domain where FFCs are assumed to occur, we find that they facilitate SN
explosions in low-mass (9–12M⊙) progenitors that otherwise explode with longer time delays, whereas
FFCs weaken the tendency to explode of higher-mass (around 20M⊙) progenitors.
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Introduction and motivation.—Multidimensional simu-
lations of core-collapse supernovae (CCSNe) with refined,
energy-dependent neutrino transport, in particular also
in three dimensions (3D), support the viability of the
neutrino-driven explosion mechanism [1–8]. Since the
huge binding energy of several 1053 erg of a newly formed
protoneutron star (PNS) is carried away by neutrinos and
antineutrinos of all flavors, about one percent of this
energy is well sufficient to explain the vast majority of
the observed CCSNe [9]. The energy transfer to the
explosion is mostly mediated by the absorption of several
percent of the escaping electron (anti)neutrinos (νe and ν̄e)
on free neutrons and protons behind the stalled core-
bounce shock [10]. These reactions therefore decide about
success or failure of the explosion. They also determine the
neutron-to-proton ratio and thus the formation of chemical
elements in the innermost ejecta of successful explosions.
Neutrinos of other flavors (commonly pooled as νx) do not
interact via charged-current processes in the ejected matter
and thus are subdominant for powering the explosion,
although their creation by thermal pair processes contrib-
utes significantly to PNS cooling. For numerical models to
be predictive, and to understand the processes that trigger
and power the blast wave, a reliable implementation of
neutrino transport and flavor evolution in the deep SN
interior is indispensable [11–15].

Neutrino flavor conversions in the SN core remain one of
the major uncertainties for rigorous, self-consistent ab initio
modeling. Despite the long-standing insight that neutrinos
can change flavor during propagation, the possible conse-
quences have usually been ignored in SN simulations. But
the extremely high neutrino number densities in this
environment facilitate nonlinear, collective phenomena that
are not suppressed by matter effects [16]. In particular, ν
and ν̄ can pairwise undergo so-called fast flavor conver-
sions (FFCs) [17–22]. The characteristic length scales
depend on the neutrino number density and can be as
short as centimeters. FFCs have been at the focus of
numerous recent investigations, and their possible occur-
rence has been diagnosed in different regions inside the
PNS, in the neutrino-decoupling layer, and ahead and
behind the SN shock [23–28].
Here, we explore, for the first time, the impact of FFCs

on the evolution of collapsing stars by multidimensional
neutrino-hyrodynamic simulations, thus expanding our
previous work in spherical symmetry [29]. Considering
several, distinctly different progenitor models, we demon-
strate that the consequences of FFCs depend on the stellar
core structure and mass range. The quantum kinetic
problem of neutrino flavor transport still awaits a practical
solution. Therefore, once more we apply our schematic
treatment [29], i.e., we assume that below a chosen critical
density ρc, FFCs lead to flavor equilibrium under the
constraint of lepton-number conservation (thus maximizing
the impact of FFCs).
Interestingly, our results show that FFCs can both

support or suppress neutrino-driven explosions, with the
exact dynamical response depending on the progenitor and
the assumed region of flavor conversions.
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Numerical setup and set of simulations.—Our simula-
tions were performed in axial symmetry (2D) with the
neutrino-hydrodynamics code ALCAR [30,31]. This is a
state-of-the-art, Eulerian, conservative, higher-order
Godunov-type finite-volume solver for the 1D and multi-
D fluid dynamics equations coupled to a two-moment
scheme for energy-dependent three-flavor neutrino trans-
port. It uses a well-tested implementation of all relevant
neutrino processes. The main features, input physics,
numerical setup of the models, and description of the
FFC implementation are provided in our earlier paper [29].
In the absence of a fundamental prescription, and to

enable a systematic parametric study, we assume that FFCs
take place in the entire volume where ρ < ρc, a chosen
density threshold value. We assume that pairwise νν̄ flavor
conversion is “instantaneous,” i.e., on length scales much
less than our numerical cells and timescales defined by our
computational time stepping. This approach is justified for
FFCs (and any other flavor conversion phenomenon) that
proceed on scales much below the resolution of full-scale
hydrodynamic CCSN models. We further assume that
FFCs lead to complete flavor equilibrium under the con-
straints of lepton number conservation for each flavor
individually, in particular also of electron-neutrino lepton
number, as well as energy and total momentum conserva-
tion, and with respecting the Pauli exclusion principle. Our
algorithm, defined in Eqs. (9), (10), (14), and (15) of
Ref. [29], is applied after each time step in each spatial cell

where ρ < ρc. Some recent studies have focused on the
asymptotic FFC state [32]. We stress that our recipe leads to
a converged state: it does not change if the algorithm is
applied twice.
Our simulations were evolved in 1D until 5 ms pb (post

bounce) and then mapped onto a 2D polar coordinate grid
consisting of 640 logarithmically spaced radial zones and
80 equidistant lateral ones. The central 2 km core was still
calculated in 1D, permitting larger time steps, yet having
negligible influence on the hydrodynamic evolution.
During the mapping, random cell-by-cell perturbations
of 0.1% of the local density were applied to seed the
hydrodynamic instabilities, which otherwise would
develop only due to uncontrolled numerical noise.
We selected three progenitors with different zero-age

main-sequencemasses. One is the 20M⊙ model [33] that we
used in our previous 1D study [29]. In addition, we
investigated a 9M⊙ [34] and 11.2M⊙ model [35]. The
9M⊙ star consistently explodes in multi-D simulations,
although in some more quickly and about twice as ener-
getically [6,8,36] than in others [31,37,38]. The 11.2M⊙
model is less ready to blowup, exhibiting a delayed and slow
onset of shock expansion [39–42]. In contrast, the 20M⊙ star
failed to explode inmostmulti-D simulations [31,37,43,44].
The convention for naming our simulations follows

our previous one [29], supplemented with a numerical value
for the stellar mass: M9.0-2D-xxx, M11.2-2D-xxx, and
M20.0-2D-xxx. Here, xxx is a placeholder for either noFC

×
×
×
×
×
×

FIG. 1. Angle-averaged shock radii (top) and PNS radii (bottom; defined at ρ ¼ 1011 g cm−3) vs postbounce time for the indicated
models. Black solid lines: Models noFC (no flavor conversions). Colored solid lines: Instantaneous FFCs for ρ < ρc as labeled in the
legend. The unsteady motion of the average shocks with contraction and expansion phases is caused by the violent large-scale
convective mass flows in the neutrino heated gain layer behind the CCSN shock. The sudden growth of rshock (small at ∼100 ms for
M9.0-2D and prominent at ∼70 ms for M11.2-2D and at ∼220 ms for M20.0-2D) signals a decrease of mass accretion rate due to the
arrival of the Si=O interface. For the noFC models, we also show the angle-averaged gain radius (dashed black) and the mean radii for
ρ ¼ 109 and 1010 g cm−3 (dash-dotted and dotted black lines , respectively), all smoothed with 10 ms running averages. For the 9.0 and
11.2M⊙ progenitors, FFCs support an earlier onset of the explosion, whereas for 20.0M⊙ they thwart it and the shock recedes even
more rapidly.
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(“no flavor conversion”) or for the FFC threshold density.We
implement ρc ¼ 109 gcm−3;…1014 gcm−3 in steps of factors
of 10, corresponding to xxx¼ 1e09;…;1e14.
Results.—In our previous 1D simulations [29] of the

20M⊙ progenitor we found that FFCs caused a faster and
stronger shock contraction than without FFCs for all
threshold densities ρc and for all times (except for ρc ¼
1010 g cm−3 during a short period of about 70 ms around
100 ms pb). This finding suggested that FFCs tend to
hinder shock revival and neutrino-driven explosions, and
this conclusion is confirmed in 2D for the 20M⊙
star (Fig. 1).
However, our 9 and 11.2M⊙ progenitors demonstrate

that this is not generally the case (Fig. 1). Including FFCs,
in particular for ρc ¼ 109, 1010, 1011 g cm−3, yields sig-
nificantly earlier explosions. The main explanation is a
higher net heating rate per nucleon (qgain) for at least
∼100 ms pb. The increased qgain causes a persistently
higher mass Mgain in the energy-gain layer behind the
stalled shock and a correspondingly higher total net heating
rate Qgain in this volume (Fig. 2).
This enhanced heating can be traced to νx → νe; ν̄e

conversions of high-energy heavy-lepton neutrinos exterior
to the neutrinospheres. Although the νe and ν̄e number
fluxes exceed the νx ones during the accretion phase before
the onset of the explosion, equilibration with the more
energetic νx raises the mean νe and ν̄e energies, hϵνei and
hϵν̄ei (Fig. 3, right). Despite the concomitant decrease of the
νe and ν̄e luminosities (Fig. 3, left), the energy transfer to
the postshock layer is boosted because qgain ∝ hϵ2νi.
The set of simulations M9.0-2D-1e09, 10, 11 as well as

M11.2-2D-1e09, 10, 11 each exhibit a similarly fast
expansion of their shock trajectories. In particular, even
the ρc ¼ 109 g cm−3 cases feature such a rapid shock
revival because the surface of constant ρ ¼ 109 g cm−3
moves behind the shock (Fig. 1, dash-dotted black lines).
Therefore νx → νe; ν̄e conversions take place in a major
part of the gain layer even for this low conversion density.
The FFC impact on the postbounce evolution changes

when flavor equilibration occurs deeper inside. In
M9.0-2D-1e12 and M11.2-2D-1e12, the explosion sets
in at nearly the same time as without FFC, although the
shock transiently expands to nearly 500 km at ∼220 ms pb
in M11.2-2D-1e12. The subsequent breakdown of the
shock expansion follows from extremely rapid PNS con-
traction (Fig. 1), caused by enhanced cooling due to
νe; ν̄e → νx conversions in the layer between 1011 and
1012 g cm−3. The νx can easily escape from this region
exterior to their neutrinosphere. The corresponding lumi-
nosities increase visibly in Fig. 3 not only for νx, but also
for ν̄e (and slightly for νe) because of the compression
heating of their neutrinospheres. This fast PNS contraction
also pulls matter from the gain layer into the cooling layer,
whose mass is lower than in the quickly exploding model

M11.2-2D-1e11 at all times. After ∼250 ms, qgain, Mgain,
and Qgain of M11.2-2D-1e12 become similar to noFC
(Fig. 2), for which reason both models ultimately explode
in a synchronous way. Similar arguments linked to the
faster PNS contraction also apply for M9.0-2D-1e12.
In M11.2-2D-1e14, qgain and Qgain before ∼100 ms are

higher than in M11.2-2D-noFC, but stronger cooling
between the gain radius rgain and PNS radius rPNS (at
1011 g cm−3) prevents a fast explosion of this model. After
∼100 ms heating and cooling in the gain and cooling layers
and Mgain differ little between the two models (Fig. 2).
Therefore M11.2-2D-1e14 explodes only slightly earlier,
possibly triggered by stochastically intensified postshock
convection. M9.0-2D-1e13 and 14 compared to noFC
show amplified cooling below rgain for roughly 150 ms,
and smaller Mgain and Qgain from this time until twice
longer. In all of these models, includingM9.0-2D-1e12, the
explosion sets in only later than ∼300 ms (Fig. 1).
M11.2-2D-1e13 is a stark outlier: it sports rapid shock

expansion very early and similar toM11.2-2D-1e10, but in
clear contrast to M9.0-2D-1e13. The favorable explosion
conditions in M11.2-2D-1e13 derive from rPNS exceeding
that of any other simulation of this star during the first
100 ms (Fig. 1). This permits more mass to stay in the gain

×
×
×
×
×
×

FIG. 2. Total net neutrino-heating rate (top), mass in the gain
layer (middle), and net heating rate per baryon (bottom) for our
M11.2–2D simulations. (10 ms running average.).
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layer during this period when qgain is enhanced by FFC
effects (Fig. 2). These conditions facilitate the runaway
shock expansion when the composition interface between
the progenitor’s Si shell and Si-enriched O shell reaches the
shock at tpb ∼ 70 ms. The larger rPNS is caused by very
strong PNS convection, which is boosted by local heating
around ρc ¼ 1013 g cm−3. This happens when νx diffusing
out from the PNS core are converted to νe and ν̄e just below
this threshold density and the newly created νe and ν̄e get
rapidly absorbed in the local medium (see [29] for a
detailed description of this effect in 1D). This intriguing
convective boost is much weaker when νx → νe; ν̄e hap-
pens at ρc ¼ 1014 g cm−3.
This FFC effect on PNS convection and increased rPNS

also appears in M9.0-2D-1e13 (Fig. 1). However, in this
model the mass accretion rate Ṁ decreases gradually and a
pronounced decline of the density and thus of the mass
accretion rate at the progenitor’s Si=O interface are absent
(Fig. 4). Ṁ in the 9.0M⊙ star drops below the one in
11.2M⊙ only at tpb ∼ 200 ms. At this time, qgain,Mgain, and
Qgain of M9.0-2D-1e13 have come close to noFC and
therefore both models exhibit a very similar later shock
evolution.
Our findings are completely different for the 20M⊙

progenitor, where FFCs do not improve the explosion
conditions. Without FFCs, there is no explosion within
500 ms pb, and in all FFC cases, the average rshock is even
smaller most of the time, with only a few short inversions

(Fig. 1). The overall shock evolution resembles our 1D
simulations [29], except for some secondary differences of
the PNS contraction and a corresponding reaction of the
shock due to the FFC-induced boosting of the PNS
convection in M20.0-2D-1e13 and 14. All models fail to
explode, because at the time (∼230 ms) when the Si=O
composition interface arrives at the shock, qgain, Mgain, and
rshock in M20.0-2D-1e09 are close to noFC and in all other
FFC models considerably lower.
In this critical phase, the weaker FFC-implied qgain is

traced to the high mass infall rate in the collapsing 20M⊙
star. This leads to the formation of a very massive PNS
(∼1.9M⊙ instead of 1.30–1.36M⊙ in the lower-mass
progenitors) that accumulates a hot accretion mantle. As
this PNS contracts, hϵνei and hϵν̄ei increase quickly in

×
×
×
×
×
×

FIG. 3. Evolution of luminosities and mean energies of the radiated νe, ν̄e, and one species of νx for our M11.2-2D simulations. All
quantities are angle averaged, measured at a radius of 500 km, and transformed to a distant observer at rest.

FIG. 4. Mass accretion rates at 400 km for the noFC models.
The steplike features (arrows) derive from density jumps at the
Si=O interfaces of the collapsing progenitors.
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M20.0-2D-noFC, whereas hϵνxi remains nearly constant.
Therefore, νx → νe; ν̄e can result in only moderately higher
hϵνei and hϵν̄ei. In qgain, these marginally higher hϵνei and
hϵν̄ei cannot compensate for the considerable reduction of
the νe and ν̄e luminosities caused by flavor equilibration.
Whether FFCs help or hinder the CCSN explosion is

therefore tightly connected to Ṁ and the corresponding
growth of the PNS mass and hϵνi of the radiated neutrinos.
This suggests that the dynamical impact of FFCs correlates
with the compactness defined in Ref. [45] for character-
izing the stellar core structure.
Discussion.—We have studied the possible impact of

FFCs on CCSNe by 2D simulations, using a schematic
treatment that enforces instantaneous (i.e., on subgrid
scales) flavor equilibration under the constraints of energy,
momentum, and individual lepton number conservation.
We have systematically varied the threshold density below
which FFCs are assumed to occur.
Our results suggest that FFCs can both facilitate or

weaken the onset of runaway shock expansion, depending
on the core structure of the stellar progenitor and the region
where FFCs are assumed to occur. Concerning their
supportive influence on explosions, FFCs are on a par
with a variety of other effects that assist the neutrino-driven
mechanism. In particular the 3D nature of precollapse stars
in terms of density and velocity perturbations associated
with convective oxygen and silicon shell burning is
important for the successful shock revival in 3D simula-
tions [46,47]. Neutrino-powered explosions are also fos-
tered by other effects such as muons in the high-density
medium [47,48], strangeness-dependent contributions to
the axial-vector coupling constant of neutral current
neutrino-nucleon scattering [43,49], a higher effective
nucleon mass at densities above roughly 10% of the nuclear
saturation density [50,51], or magnetic fields. The B fields
can aid the initiation of the shock expansion even without
the field-amplifying effects of rapid rotation, provided the
precollapse core of the progenitor star is strongly magnet-
ized [52–55].
Also, nonstandard physics such as a hadron-quark phase

transition [56], beyond-standard-model particle physics
[57,58], and modified theories of gravity [59] have been
suggested as potentially supportive to shock revival. In
contrast to such possibilities, which reach beyond the limits
of currently well constrained physics, FFC is a phenome-
non that occurs within the framework of well established
theory, and its consequences for CCSNe should therefore
be better understood.
Further work on practical solutions of the neutrino

quantum kinetic equations in SNe and neutron star (NS)
mergers is therefore imperative [60]. And simulations for a
wider range of progenitors and longer evolution times are
needed to explore the consequences of FFCs on observable
signals and CCSN properties, for example explosion ener-
gies, nucleosynthesis in neutrino-heated ejecta, neutrino

signals from all evolution phases, and gravitational waves,
which could be amplified by stronger PNS convection.
In contrast to most of the other effects mentioned above,

we found the impact of FFCs on the CCSN dynamics to
differ in low-mass and high-mass progenitors. This is an
intriguing result and therefore requires verification by more
elaborate treatments of the neutrino flavor evolution to
replace our simplifying assumptions.
If our results are confirmed, they could also be relevant

for the mass distributions of NSs and black holes (BHs).
Earlier explosions due to FFCs can lower the minimum NS
mass expected from stellar collapse and might help to
explain the formation of NSs below 1.2M⊙, whose obser-
vation challenges current CCSN models [38,61]. For
example, our model M11.2-2D-1e10 produces a NS with
a baryonic mass of only 1.30M⊙ (gravitational mass of
∼1.19M⊙ for 12 km radius; [62]) instead of ∼1.36M⊙
without FFC. On the other hand, more difficult explosions
for massive progenitors would not only raise the BH
formation rate, but could also bear on the red supergiant
problem, i.e., the lack of observed type-II SNe from
progenitors with zero-age-main-sequence masses above
17–20M⊙ [63], although current 2D and 3D models yield
explosions well beyond this mass range [8,64].
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