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Collective neutrino flavor conversions in core-collapse supernovae begin with instabilities, initially

triggered when the dominant νe outflow concurs with a small antineutrino flux of opposite lepton number,

with ν̄e dominating over ν̄μ. When these “flipped” neutrinos emerge in the energy-integrated angular

distribution (angular crossing), they initiate a fast instability. However, before such conditions arise, spectral

crossings typically appear within 20 ms of collapse, i.e., local spectral excesses of ν̄e over ν̄μ along some

direction. Therefore, postprocessing supernova simulations cannot consistently capture later fast instabilities

because the early slow ones have already altered the conditions.
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Introduction—At the end of its life, the core of a massive

star collapses and forms a protoneutron star (PNS). It

releases an intense flux of neutrinos, which likely is the

primary driver of the subsequent supernova (SN) explosion

[1–3]. Neutrinos depositing energy in the gain region revive

the stalled shock wave, thereby triggering the delayed

explosion. They also regulate nucleosynthesis in the ejecta.

Neutrino interactions, which strongly depend on flavor, are

thus key microphysical ingredients in these spectacular

cosmic fireworks.

Intriguingly, when neutrinos are dense, their flavor

evolution famously remains an open challenge [4–6].

Collective flavor conversions (CFCs) dominate—flavor

exchange among neutrinos driven by the coherent weak

field they themselves generate. This process is akin to

energy exchange between electrons via electric fields in a

plasma. Though typically negligible, this weak field can

grow exponentially, representing a flavor instability, which

occurs when the dominant νe outflow is accompanied by a

small excess in the energy and angular distribution of

opposite lepton number (flipped neutrinos [7]). Such

instabilities may develop below the shock wave and could

alter energy deposition and the explosion dynamics [8–11].

Instability is a diagnostic tool: SN simulations neglect

flavor conversions, so instabilities reveal inconsistency of

the subsequent evolution. Johns has stressed the corre-

sponding inconsistency in mapping a preinstability to

postinstability configuration [12]. When an instability

arises, it disrupts the evolution rendering later ones

unphysical. The only meaningful concept is that of weak

instabilities that emerge gradually from a previously stable

configuration [7,13]. Most attention has focused on fast

instabilities [14], which grow within tens of picoseconds

and thus appear particularly disruptive. However, not the

fastest instabilities are most significant, but rather the first

ones to appear, as these will shape the subsequent

evolution. This is the key message of this Letter.

Fast instabilities require angular crossings (the distribu-

tion flipping from νe to ν̄e dominance), which may or may

not occur in 1D simulations [15–19], while they seem

generic after some 100 ms in multidimensional models

[20–26]. In contrast, “slow” instabilities, those induced by

neutrino masses, require only a spectral crossing: domi-

nance in some energy interval of ν̄e over ν̄μ (ν̄ crossing) or

of νμ over νe (ν crossing). Such CFCs consist of pairwise,

collisionless conversions ν̄eνe → ν̄μνμ or νeνμ → νμνe,

reshuffling lepton number across the energy distribution.

They are triggered by a sign change of the difference of νe
and νμ lepton number (DLN), defined as nDLN ¼ nνe − nνμ
for neutrinos and nDLN ¼ nν̄μ − nν̄e for antineutrinos.

Figure 1 shows a realistic double-crossed spectrum that

we will use as a reference case. We show antineutrinos as

neutrinos with negative energy, and use nν to denote number

densities. The dominant DLN is positive; the plasma is

dominated by νe. There is a “flipped” range in both the ν and

ν̄ sector, where the DLN is negative, i.e., opposite to the

dominant one.

In this Letter, we show that ν̄ crossings emerge immedi-

ately after collapse, making slow instabilities the first to

appear. Despite their name, they grow quickly enough to

alter the flavor distribution well before angular crossings
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develop, undermining any meaningful search for fast

instabilities at later times, when the simulation has already

become fundamentally inconsistent.

The mechanism by which these early slow instabilities

arise is generic: after the neutronization burst, the ν̄e
overshoot their heavy-flavor partners and cause a spectral

crossing. We illustrate this development in a postprocessed

SN simulation, exhibiting the progressive breakdown of the

consistency of postprocessing, with stronger neutrino-mass-

driven instabilities growing within tens of milliseconds.

This early phase of SN evolution does not depend on

detailed model assumptions or 3D effects, so our specific

SN model is representative for the generic effect. We also

stress that the wave numbers and growth rates of the slow

instabilities follow from our recent analytic estimates [28]—

they could not have been identified in a global numerical

treatment.

Flavor instabilities—Flavor instabilities emerge in super-

novae (SNe) when, relative to the dominant νe flux, a small

population carries the “wrong”—opposite to the dominant

one—lepton number. This role is played, in our two-flavor

setup, by ν̄e or νμ. Flavor dynamics tries to avoid species

that are wrong in this sense, so these subdominant species

flip identity by emitting a flavomon—the quantum of the

weak field they generate—through the decays ν̄e → ν̄μ þ ψ

and νμ → νe þ ψ . If there is an energy interval in which ν̄e
dominate over ν̄μ, their decays dominate over the inverse

reactions, causing an instability; the same can happen if

there is an energy interval with νμ dominating over νe. The

lepton number extracted from the flipped neutrinos is not

lost, but converted to collective flavor waves and exchanged

with the much larger νe flux. As more flavomons are

emitted, the field grows, representing CFC. A full account

of this mechanism is provided in Supplemental Material

(SM) [29].

Spectral ν̄ crossings are unavoidable in SN evolution,

driven by the increasing ν̄e flux relative to ν̄μ after core

bounce. In addition, ν crossings may also occur, owing to

the harder νμ spectra compared to νe. To assess whether

“slow” CFCs can significantly affect the subsequent evo-

lution, we must go beyond this qualitative picture and

quantify when and where the crossings emerge, and how

rapidly the resulting instabilities grow.

The answer requires solving the dispersion relation for

collective modes, which arises from the quantum kinetic

equation [67–71], linearized under the assumption of small

flavomon field amplitude. The field evolves as a super-

position of waves with wave vectors K—assumed to

satisfy jKj ≫ l
−1, where l is the characteristic scale of

SN inhomogeneities—each oscillating with frequency ΩK

and possibly growing at a rate γK.

Treating each K mode separately furnishes the

dispersion relation in the form of an integral equation,

which is surprisingly cumbersome to solve in practice. One

needs to rely on root-finding algorithms in the manner of a

black-box approach that obscures physical insight. We

deliberately make the opposite choice and rely on the

approximations developed in Refs. [7,13,28,72,73], which

are derived from first principles and validated by compari-

son with SN-inspired numerical solutions. These formulas

relate γK to the DLN parameters, providing a physical

order-of-magnitude strategy.

Slow instabilities can display qualitatively distinct forms

of behavior, depending on the underlying neutrino distri-

bution. We identify three classes according to the depth of

the spectral crossing, and elaborate in more detail in SM

[29]. This subdivision is not redundant: the differences

between these classes are the same as those between the

bump-on-tail and beam-plasma instabilities in ordinary

plasmas, emerging continuously from one another, yet with

distinct physical properties [74].

For very shallow spectral crossings, we have narrow slow

instabilities [28], due to the narrow resonance in the

neutrino-flavomon interaction. These are directional, with

flavomons emitted collinearly with the parent neutrinos.

The order of magnitude of γK is proportional to the

energy splitting of neutrinos with opposite lepton number

and energy E, which is ωE ¼ δm2 cos 2ϑ=2E, with δm2

the squared-mass splitting and ϑ the mixing angle in

vacuum. For our estimates, we use the simple values

δm2 ¼ ð50 meVÞ2 and cos 2ϑ ¼ 1. We employ natural

units with ℏ ¼ c ¼ 1.

The DLN is dominated by νe, whereas the growth rate is

proportional to the small fraction of flipped neutrinos

carrying opposite lepton number. This result, derived in

Ref. [28] and reviewed in SM [29], reveals that flavomons

FIG. 1. Double-crossed spectrum from our SN model at 62 ms

post bounce, r ¼ 100 km, and an angle to the radial direction of

cos θ ¼ 0.6 (asterisk in Fig. 2). Spectra reconstructed from

discretized energy bins using a Gamma fit, as in Ref. [27].

The total (i.e., energy-integrated) DLN is positive; the positive

contribution is highlighted with blue shade. A local excess in an

energy interval of flipped neutrinos, with the opposite DLN (red

shade), forms a spectral crossing and can cause an instability.

Dotted line for DLN energy distribution.
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moving in a direction cos θ grow approximately with

the rate

γðcos θÞ ¼ maxjKjγK ∼
1

hω−1
E iðcos θÞ

dnflip=d cos θ

dnDLN=d cos θ
: ð1Þ

Here nflip is the number density of flipped neutrinos, those

shaded in red in Fig. 1, whereas the average is taken over

the DLN distribution in the form

hω−1
E iðcos θÞ ¼

Rþ∞

−∞
dE dnDLN

dEd cos θ
ω−1
E

dnDLN
d cos θ

: ð2Þ

When the number of flipped neutrinos along a given

direction reaches the total DLN along that direction, this

estimate breaks down, transitioning into a broad slow

instability [28,72]. The flavomon energy ΩK has a width

γK ≫ ωE and

γðcos θÞ ¼ maxjKjγK ∼ hωEiðcos θÞ ð3Þ

becomes the maximum growth rate in that direction—the

neutrino beams can be approximated as monochromatic.

For very small DLN, the growth rate is enhanced by the

small denominator dnDLN=d cos θ appearing in the average

hωEiðcos θÞ. The instability then enters a nonresonant

regime, where it loses its directional character, i.e., neu-

trinos with any direction emit flavomons. This happens

when γ becomes comparable with the refractive energy

scale
ffiffiffi

2
p

GFnDLN. (We previously identified this scale as μϵ,

where μ ¼
ffiffiffi

2
p

GFnν and ϵ ¼ nDLN=nν.) This regime, in

which the growth rate scales as γ ∼
ffiffiffiffiffiffiffiffiffi

ωEμ
p

, never appears in

SNe as it requires a very small DLN.

Our overall estimate of the slow-mode growth rates thus

relies on Eqs. (1) and (3). Crucially, we associate a growth

rate to each neutrino direction cos θ, which is physically

interpreted as the growth rate of flavor waves moving in

that particular direction.

Spectral crossings in SNe—To assess the impact of

spectral crossings, we consider the fraction of flipped

neutrinos, which actively emit flavomons. Angular cross-

ings rely on a delicate balance of flavor-dependent angle

distributions and depend sensitively on details and dimen-

sionality of the simulations. In contrast, the dominance of

ν̄e over ν̄μ along certain directions is generic [75,76] due to

the smaller, hotter decoupling region of ν̄μ. Additional

effects, such as energy degradation via nucleon scattering

and positive temperature gradients in accreting models,

reinforce this feature. Hence, the details of the SN model do

not significantly affect our results.

We use a numerical model with available angle and

energy distributions [77], namely a spherically symmetric

SN simulation of the Garching group, computed with

PROMETHEUS-VERTEX. This code includes energy-dependent

three-species neutrino transport with relativistic corrections

and state-of-the-art microphysics. The progenitor is a

13.8M⊙ model of Refs. [78,79], the EOS the one of

Lattimer and Swesty with incompressibility of 180 MeV

[80], though results with 220 MeV are nearly identical

during the first 100 ms postbounce. The model does not

explode, which is irrelevant at a few tens of milliseconds.

Details of the model are found in Ref. [81].

Spherical symmetry is also not a limiting assumption, as

3D effects are small when slow instabilities develop at

some 10 ms after bounce. Their properties are governed by

generic outflow features—notably the growing dominance

of ν̄e over ν̄μ caused by the shock-heated PNS mantle

rapidly growing by high postbounce mass accretion rates—

justifying the use of a single representative model.

We first test whether a spectral crossing exists at all, of

both the ν̄ and ν type. For each time, radius, and neutrino

direction, we determine the total number of flipped ν̄

(number of ν̄e in excess of ν̄x in every energy bin) and ν

(same for νμ in excess of νe). The concrete definition, e.g.,

for ν̄, is the ratio between the red-shaded area for negative

energies in Fig. 1 and the energy-integrated DLN. In Fig. 2,

we highlight with a red (blue) contour the regions con-

taining a spectral crossing.

Crossings of ν̄ appear immediately and over extended

regions. They arise first because, while the ν̄e and ν̄μ fluxes

are comparable, the ν̄μ are more forward directed, causing a

ν̄e excess in nonforward directions already within the ν̄e
sphere. With time, the overall ν̄e flux dominates over ν̄μ and

the crossing extends even to forward directions. Meanwhile,

a ν crossing, corresponding to a high-energy excess of νμ
over νe, becomes progressively more significant in the

forward direction. However, it is less prominent and occurs

after ν̄ crossings, which thus could affect the appearance of

ν crossings.

Since ν̄ crossings dominate, we show the fraction of

flipped ν̄e in Fig. 2 by color coding, providing a direct

handle on the importance of CFCs triggered by spectral

crossings; this is defined as the integral of the red-shaded

area for negative energies in Fig. 1 divided by the energy-

integrated number of ν̄e. Already at early times, up to 40%

of antineutrinos along nonforward directions are flipped and

will emit flavomons, and this fraction strongly increases

with time, even reaching up to 100%. These spectral

crossings develop well below the shock wave, suggesting

a potential impact on the explosion.

Dynamical impact—Spectral crossings alone are not

enough to assure a dynamical impact. We need to dem-

onstrate that the resulting instabilities are rapid enough to

(i) outpace the rate of beta interactions, which compete with

the decay ν̄e → ν̄μ þ ψ in pinning neutrinos to their flavor

states, and (ii) grow substantially to become nonlinear over

the dynamical timescale tdyn ∼ r for neutrino propagation

through the SN. This estimate for tdyn is only approximate

because flavomons propagate through a radial profile with a

space-changing growth rate. For an order-of-magnitude

estimate, we may still assume that there is a single relevant
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length scale, namely the radius itself. A full study of the

propagation through a stratified environment is beyond our

scope; more comments are provided in SM [29].

We estimate the growth rate from the smallest among

Eqs. (1) and (3), determining which class is relevant. To

assess the dynamical impact, we use the number of e-folds

γr developed over the dynamical timescale. When it

strongly exceeds unity, the instability develops fully. To

estimate the role of collisions, we compare the growth rate

with the energy-averaged νen → e−p rate, taken from from

Eq. (11) of Ref. [82].

Figure 3 shows the γr (e-folds) distribution. Initially

nonforward directions dominate the instability, as the

forward-peaked ν̄x suppress spectral crossings. Later, ν̄e
dominate across the entire angular range. As time pro-

gresses, the instability strengthens with the increasing

population of flipped neutrinos, eventually entering the

broad regime, within the region marked by the blue line.

However, the growth rate remains below that of fast

instabilities and never reaches the nonresonant limit

γ ∼
ffiffiffiffiffiffiffiffiffi

ωEμ
p

, confirming the findings of Refs. [28,72,73].

Except for a narrow region below 50 km, the growth rate

exceeds that of beta reactions, so collisions do not hinder the

instability. This illustrates the central point of our Letter:

within tens of milliseconds, slow instabilities grow rapidly

enough to alter the flavor distribution.

Discussion—Spectral crossings are generic in SNe. We

have shown that ν̄ crossings, caused by ν̄e dominating over

ν̄μ, induce instabilities rapid enough to alter flavor evolu-

tion within tens of milliseconds after bounce. The affected

region starts below the ν̄e sphere and reaches beyond the

shock wave. The impact on shock revival is difficult to

assess without understanding the nonlinear feedback on the

medium. At early times, the instability is driven by flipped

ν̄e, so CFCs will attempt to remove them via ν̄e → ν̄μ þ ψ ,

suggesting negative feedback on the explosion by reducing

the rate of energy deposition. Later effects such as ν

crossings, which would tend in the opposite direction by

converting high-energy νμ → νe þ ψ, cannot be captured

consistently by postprocessing. Most importantly, at the

early times of interest here, no angular crossing develops

[26], so there are no fast instabilities.

While we use a specific numerical SN model for

convenience, our argument for the early emergence of

slow instabilities is generic. ν̄ crossings always lead to

instability [83], and they only require a directional domi-

nance of ν̄e over ν̄μ. In the core, such crossing is precluded

by chemical equilibrium, with ν̄e suppressed by a negative

chemical potential, but outside of the core ν̄ crossings are

induced by the luminosity of accretion-powered ν̄e over-

taking ν̄μ (see, e.g., Fig. 2 of Ref. [84]).

These slow instabilities are quite insidious: their wave-

lengths are even millimeters at these early times, they

oscillate over picoseconds, yet grow only over tens of

microseconds [28,72,73]. This is quick enough to alter

flavor evolution in SNe, yet slow compared with their rapid

oscillations as to obstruct numerical analysis. Conversely,

they grow so slowly that their initial amplitude is another

concern, a question deferred to SM [29]. Even worse, their

initial growth timescale is comparable with the dynamical

timescale of escaping neutrinos, so their evolution is

nonlocal. Flavomons themselves have a preferred direction

along the streaming velocity, initially slightly nonforward,

and later entirely in the forward direction. A possible way

forward is to treat flavomons as independent degrees of

freedom, with their own streaming velocity, affected by the

inhomogeneity of the medium [30,73,85].

It is well known, of course, that neutrino-mass-driven

instabilities may appear without angular crossings.

Reference [86] noted that close to an angular crossing,

FIG. 2. Fraction of flipped ν̄e color coded as a function of radius and direction at different times. Regions exhibiting a ν̄ or ν crossing

are indicated by colored lines, using a threshold of 5% for the flipped fraction. We show the shock wave radius (dashed white line) and

the ν̄e sphere (dotted white lien), defined as the radius where the ν̄e number flux equals one-quarter of the density. The number-changing

reactions for ν̄μ freeze out much deeper inside. The asterisk marks the location for the energy distribution shown in Fig. 1.
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slow instabilities might appear—their reference cases show

broad or nonresonant ones—and Ref. [87] has identified

such conditions at about 50 ms. Our configurations,

however, are far from an angular crossing and mainly

produce narrow slow instabilities. With millimeter to

centimeter scales, one can find them only with our analytic

tools. Beyond identifying these early slow instabilities, we

highlight their implications: the induced flavor conversions

jeopardize the later appearance of angular crossings, or at

least any robust conclusions about their existence.

In the innermost region (below 50 km), spectral cross-

ings occur where beta reactions are fast. Collisions may

here suppress the instability or trigger a collisional insta-

bility (CFI) [88]. However, this requires not only a spectral

crossing, but also a sufficiently large νe–ν̄e asymmetry. An

approximate condition is nνe=Γνe
≲ nν̄e=Γν̄e

, where Γν is the

beta reaction rate [28]. Since Γνe
=Γν̄e

∼ nn=np, this implies

nν̄e ≳ nνenp=nn, with nn and np the neutron and proton

densities and Pauli blocking was neglected. This condition

is only marginally satisfied in our simulation, mostly in

regions where the slow instability growth rate is much

larger than the beta rate.

Hence, since CFI have a threshold, unlike slow insta-

bilities, they are generically less important. This conclusion

is strongly vindicated by a recent study [89], showing that

the typical growth rate of CFIs is γ ∼ 100 s−1, generally

smaller than the ones of slow instabilities in our Letter,

which start at γ ∼ 10−1 km−1
∼ 104 s−1 at 20 ms, but

rapidly grow larger by several orders of magnitude as

the crossing gets deeper. At a few 100 ms, CFIs appear in

the PNS convective region with larger growth rates due to

the small νe–ν̄e asymmetry, which however is long after the

first appearance of slow instabilities.

We finally stress again that searching for instabilities by

postprocessing numerical simulations is a purely diagnostic

tool. At best, the only realistic instabilities are the first ones

to appear. Figure 3 illustrates the progressive breakdown of

postprocessing. At early times, instabilities are found in a

narrow region with small growth rate, whereas later, the

number of e-folds becomes progressively larger, signaling a

complete loss of realism. This picture agrees with the

message highlighted in Refs. [7,13,28,72,73,85] that weak

instabilities are the only ones that can be consistently

inferred from postprocessing. Already at about 20 ms,

CFCs will prevent the emergence of strong instabilities.

Moreover, since these slow instabilities appear already at

tens of milliseconds, long before angular crossings [26], the

impact of the latter is directly questioned.

A similar reexamination of what are the first and there-

fore most important instabilities is also needed for neutron-

star mergers, where postprocessing reveals ubiquitous fast

instabilities (see, e.g., Refs. [90–93]). We plan to address

this question in the future.
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