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Overview

Flavor mixing in neutron star mergers & core-collapse supernovae
is estimated to have significant effects, but the quantum kinetic
equation (QKE) is computationally intractable.

This talk:
A coarse-grained transport theory based on local mixing equilibrium.



I. Foundations



Pairing interaction

Studies have questioned the accuracy of quantum kinetics by comparing
many-body and mean-field evolution.
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The many-body Hamiltonian used in this literature requantizes the
forward-scattering Hamiltonian—which fundamentally alters the physics.
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We study neutrino flavor evolution in the quantum many-body approach using the full neutrino-
neutrino Hamiltonian, including the usually neglected terms that mediate non-forward scattering
processes. Working in the occupation number representation with plane waves as single-particle
states, we explore the time evolution of simple initial states with up to N = 10 neutrinos. We
discuss the time evolution of the Loschmidt echo, one body flavor and kinetic observables, and the
one-body entanglement entropy. For the small systems considered, we observe ‘thermalization’ of
both flavor and momentum degrees of freedom on comparable time scales, with results converging
towards expectation values computed within a microcanonical ensemble. We also observe that the
inclusion of non-forward processes generates a faster flavor evolution compared to the one induced
by the truncated (forward) Hamiltonian.

I. INTRODUCTION

The evolution of neutrino flavor in hot and dense media
provides key input to our understanding of the synthesis
of light nuclei in the early universe and heavy nuclei in
the collapse or merger of compact astrophysical objects,
and a↵ects the neutrino signal from a future galactic
supernova. Astrophysical neutrinos are usually studied
through so-called Quantum Kinetic Equations (QKEs),
which are evolution equations for the one-body reduced
neutrino density matrix, accounting for both momentum
and flavor degrees of freedom [1–5]. The QKEs have been
derived from quantum field theory using various meth-
ods, including the two-particle-irreducible (2PI) e↵ective
action [6] truncated to three loops [3, 7]. The QKEs
involve both coherent forward scattering and collisional
kernel, and lead to a rich phenomenology of collective
phenomena and flavor instabilities (see the review [8] and
references therein).

While the computational implementation of the full
QKEs and their interface with compact objects evolu-
tion codes is an arduous task, understanding the lim-
its of applicability of the one-body approach underly-
ing the QKEs remains an active area of research. The
question whether the one-body analysis leaves out im-
portant many-body correlations and entanglement e↵ects
goes back to the early days of the field [9, 10] and has
received attention over the years [11–16].

More recently, the validity of the QKE treatment of the
neutrino gas has come under scrutiny in the context of
quantum many-body approaches to this problem (see [17]
and references therein). As far as we are aware, all exist-
ing quantum many-body studies of the neutrino system

use a truncated Hamiltonian H(T )
⌫⌫ [18] that only couples

pairs of momentum-space neutrino operators satisfying

forward kinematics. In other words, H(T )
⌫⌫ contains terms

that either preserve or exchange the momenta of inter-
acting neutrino pairs (forward and exchange terms). As
argued in Ref. [19], the use of the truncated Hamiltonian
is not justified in a first-principles many-body approach.

On the other hand, the truncated ⌫-⌫ Hamiltonian has
the virtue of mapping onto a spin-spin Hamiltonian with
all-to-all couplings [18], which is amenable to many-body
analyses [20–31] and implementation on quantum com-
puters [32–36]. In certain regimes, the many-body results
are at variance with the QKE expectations (see for ex-
ample Refs. [17, 29, 30]), and there is an ongoing debate
on whether these calculations can indeed challenge the
validity of the QKEs approach [19, 37, 38].
The path towards more realistic many-body studies

requires several developments, which include: (i) assess-
ing the impact of using the full many-body Hamiltonian
rather than its truncated version; (ii) exploring more
general initial pure states (not product states of plane
waves), and possibly admixtures of pure states, that more
realistically describe the physical system; (iii) studying
the dynamics of larger systems and systematically study-
ing the scaling of relevant observables with the number of
neutrinos. In this work, we address point (i) above: first,
we work out the full neutrino-neutrino Hamiltonian H⌫⌫

and set up the framework to implement the time evolu-
tion using the occupation number representation. Then
we explore the evolution of simple initial states. In this
simplified setting, we study the time scales for evolution
of flavor and momentum degrees of freedom, and their
interplay. While we use a plane wave single-particle ba-
sis, we emphasize that in principle any initial state can
be built within this formalism, thus allowing one to study
point (ii) above.
This paper is organized as follows: in Sect. II we setup

the basic formalism, present the full Hamiltonian and
give its matrix elements in the occupation number ba-
sis. In Sect. III we introduce the one-body density ma-
trix and the corresponding entanglement entropy, em-
phasizing the interplay between flavor and momentum
degrees of freedom. In Sect. IV we discuss the relevant
energy scales in the problems of astrophysical interest.
In Sect. V we study the time evolution in a toy model
with N = 2, illustrating some features that generalize to
larger systems. In Sect. VI we study the time evolution of
neutrino systems with N = 6, 8, 10 in a two-dimensional
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Calculations have recently been done using the correct many-body Hamiltonian:
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Calculations have recently been done using the correct many-body Hamiltonian:

Coherent forward scattering (GF vs. GF2) is a kinetic phenomenon. Most neutrino
many-body models aren’t actually expected to be described by kinetics. 

Johns, 2305.04916 (Neutrino many-body correlations)
Also see Shalgar & Tamborra, 2304.13050



Kost, Johns, & Duan, 2402.05022
(Once-in-a-lifetime encounter models for neutrino media)

We devised the once-in-a-lifetime
encounter (OILE) model to illustrate
the emergence of coherent flavor
evolution in many-body systems
with brief interaction times.

IV. DISCUSSION AND CONCLUSION

We have developed two OILE models to study flavor
oscillations in dense neutrino gases. Unlike existing many-
body models in literature, the OILE models treat each
neutrino as an open quantum system and the rest of the

medium as its environment. The results of our models
depend critically on the model parameter γ ¼ μΔz, where μ
characterizes the strength of the neutrino-neutrino inter-
action and is proportional to the neutrino density, and Δz is
the typical interaction duration of two neutrinos. Our

FIG. 2. The evolution of an ensemble of 100 particles with 60 νe’s and 40 νx’s initially. The dotted, dashed, and dot-dashed curves
represent the mean quantities in the mass basis (labeled by vertical axes) for the cases with γ ¼ 10−1, 10−2, and 10−3, respectively, and
the shadows in the top three panels represent the ranges of the corresponding quantities. The quantities in the left panels are averaged
over the particles that start as νe, and the right panels show the averages over the entire ensemble. The thin solid curves in the left and
right panels represent the solutions to Eqs. (14) and (17), respectively.
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II. Paradigms



1. Direct numerical simulation



1. Direct numerical simulation

2. Asymptotic-state subgrid modeling



1. Direct numerical simulation

2. Asymptotic-state subgrid modeling

3. Miscidynamics (i.e., transport near local mixing equilibrium)

i (@t + p̂ · @r) ⇢ = [H, ⇢] + iC

Vanishes in
mixing eq

Vanishes in
collisional eq



Length scales, coarse-grainings, & transport theories

Microscale
De Broglie

length

Mesoscale
Oscillation

length

Exact
many-body
dynamics Kinetics

Miscidynamics

Hydro-
dynamics

Computationally infeasible Inapplicable
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Asymptotic-state subgrid models are not self-consistent: If
fast instabilities are instantaneous, then angular crossings
can’t form in the first place.

Johns, 2401.15247 (Subgrid modeling of neutrino oscillations in astrophysics)
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(BGK subgrid model for neutrino quantum kinetics) 
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Essential qualities of miscidynamics:
o Astrophysical driving
o Self-consistent equilibrium

Nagakura, Johns, & Zaizen, 2312.16285
(BGK subgrid model for neutrino quantum kinetics) 
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⇢p = h⇢pi+ �⇢p

Pathway #2 to miscidynamics is the assumption of uncorrelated
fluctuations around slowly changing coarse-grained averages:
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⇢p = h⇢pi+ �⇢p

<latexit sha1_base64="tJj0ThPe/QtnbXKECot7+4thifw="></latexit>

h[Hp, ⇢p]i = [hHpi, h⇢pi] + h[�Hp, �⇢p]i

No correlations
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No correlations

This must vanish,
otherwise coarse-grained
averages vary on the
oscillation scale.



Pathway #2 to miscidynamics is the assumption of uncorrelated
fluctuations around slowly changing coarse-grained averages:

<latexit sha1_base64="YvpP7xSXcyWiTgXDQGY8/mhB1/8=">AAACRXicbVBLSwMxGMzWV62vVY9egkUQhLIrvi5C0YvHCvYB3VKy2a9taDZZkqxQlv45L969+Q+8eFDEq6aPg7YdCBlm5iNfJkw408bzXp3c0vLK6lp+vbCxubW94+7u1bRMFYUqlVyqRkg0cCagapjh0EgUkDjkUA/7tyO//ghKMykezCCBVky6gnUYJcZKbTcIVE+2syCUPNKD2F5ZMhziaxxwIroc8GI/UBP3BAcRcEMWx9pu0St5Y+B54k9JEU1RabsvQSRpGoMwlBOtm76XmFZGlGGUw7AQpBoSQvukC01LBYlBt7JxC0N8ZJUId6SyRxg8Vv9OZCTWo91sMiamp2e9kbjIa6amc9XKmEhSA4JOHuqkHBuJR5XiiCmghg8sIVQxuyumPaIINbb4gi3Bn/3yPKmdlvyL0vn9WbF8M60jjw7QITpGPrpEZXSHKqiKKHpCb+gDfTrPzrvz5XxPojlnOrOP/sH5+QVDqrSE</latexit>

⇢p = h⇢pi+ �⇢p

<latexit sha1_base64="tJj0ThPe/QtnbXKECot7+4thifw="></latexit>

h[Hp, ⇢p]i = [hHpi, h⇢pi] + h[�Hp, �⇢p]i

No correlations

<latexit sha1_base64="4ck+ta/KEpSY1xlw29/nCUMTBQY="></latexit>⇥
H

eq
p , ⇢

eq
p

⇤
= 0with

<latexit sha1_base64="UhnhZOkrtFHQWjM4sOVX9ol8gvg="></latexit>

i (@t + p̂ · @x) ⇢eqp = iCeq
p
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(·)eq ⌘ h·i

This must vanish,
otherwise coarse-grained
averages vary on the
oscillation scale.
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Why would there be rapid
relaxation or uncorrelated
fluctuations? We’ll explore
ergodicity and thermo-
dynamics as possible 
explanations.

Pathway #2 to miscidynamics is the assumption of uncorrelated
fluctuations around slowly changing coarse-grained averages:
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otherwise coarse-grained
averages vary on the
oscillation scale.



Miscidynamics generalizes adiabatic quantum evolution.

MSW
adiabaticity

Raffelt-Smirnov
adiabaticity

Miscidynamic
adiabaticity

Raffelt & Smirnov 2007

Nonlinearity
(self-interactions)

Inhomogeneity,
advection,

& collisions
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In particular, we can have adiabatic
incoherent evolution. Control parameters
include flavor polarizations |P| as well
as couplings λ and µ.
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Miscidynamics generalizes adiabatic quantum evolution.

MSW
adiabaticity

Raffelt-Smirnov
adiabaticity

Miscidynamic
adiabaticity

Raffelt & Smirnov 2007

Nonlinearity
(self-interactions)

Inhomogeneity,
advection,

& collisions

In particular, we can have adiabatic
incoherent evolution. Control parameters
include flavor polarizations |P| as well
as couplings λ and µ.

Nontrivial relaxation in OILE model

Kost, Johns, & Duan, in preparation



Current status of miscidynamics

Ø The adiabatic theory (what I’m presenting) is largely
     complete, i.e., simulation-ready.

Ø The nonadiabatic theory (with finite and/or correlated
     deviations from mixing eq) is still being developed.

Ø The nonadiabatic theory is definitely needed for
     some models, but it’s unclear whether it’s needed
     for astrophysics. There may be adiabatic adjustment.

Johns, 2306.14982 (Thermodynamics of oscillating neutrinos)
Johns, 2401.15247 (Subgrid modeling of neutrino oscillations in astrophysics)

The adiabatic hypothesis



III. Flavor ergodicity



Ergodic hypothesis
Neutrinos uniformly explore all accessible parts of flavor space.

Johns, 2306.14982 (Thermodynamics of oscillating neutrinos)



Ergodic hypothesis
Neutrinos uniformly explore all accessible parts of flavor space.

“In a sense, ergodicity is universal, and the central
question is to define the subspace over which it exists.”

Lichtenberg & Lieberman

Johns, 2306.14982 (Thermodynamics of oscillating neutrinos)



Ergodic hypothesis
Neutrinos uniformly explore all accessible parts of flavor space.

“In a sense, ergodicity is universal, and the central
question is to define the subspace over which it exists.”

Secs. IV B 2 and IV B 1, respectively. The perturbation δ⃗t
can be obtained by computing

δ⃗t ¼ r⃗per − r⃗bas: ð31Þ

The first simulation, described by r⃗bas serves as the baseline
simulation for comparison. The other, described by r⃗per, is
randomly perturbed from the baseline simulation.
Specifically, we randomly choose the initial magnitude
of the perturbation so that

jδ⃗t0 j
jr⃗t0 j

∼ 10−10: ð32Þ

This choice of perturbation is sufficiently large to avoid
numerical errors (see Appendix A). The mathematical
maximum magnitude of the perturbation at any point in
time is 2jr⃗tj (i.e., when r⃗per is oriented opposite to r⃗bas). It is
important to note that the “chaos” perturbation is indepen-
dent of the perturbation used to seed the instability (see
Sec. IV), which is present in both the baseline and
perturbed simulations. In the following discussion, the
perturbations referred to are the “chaos” perturbations
and not the initial instability seed.
If the neutrino flavor evolution is chaotic, the time

evolution of small perturbations follows an approximately
exponential trend [see Eq. (4)] with λ > 0. To test whether
perturbations exhibit this exponential behavior, we

performed two simulations in which we apply perturbations
at t0 ¼ 0 and t0 ¼ 2.65 ns in both the NSM and fiducial
simulations. The first case represents a perturbation applied
before the linear growth phase, and the second a perturba-
tion applied in the decoherence phase.
The blue curve on the left panel of Fig. 4 shows the

evolution of a perturbation applied at t0 ¼ 0 in the NSM
simulation. During the linear growth phase, between 0.10
and 0.25 ns, the perturbation follows an exponential trend
characterized by λ ≈ 59 ns−1. This trend is mainly driven
by fast flavor unstable modes and does not represent a
signature of chaos. Additionally, as previously exposed,
there is no significant flavor conversion at this time.
Towards the end of the linear growth phase, the perturba-
tion’s exponential trend abruptly transitions to a slower rate
(λ ≈ 2.6 ns−1). At this point, as observed in Fig. 3, unstable
modes have vanished and the domain-averaged density
matrix evolves into a complex, incoherent mixture of flavor
oscillation modes that has attained an equilibrium distri-
bution, closely resembling flavor equipartition. This sug-
gests that the exponential growth of the perturbation in
decoherence phase is not driven by fast flavor unstable
modes and is a signature of chaotic flavor evolution in the
flavor vector. The fiducial simulation (orange) shows a very
similar trend for the same reasons. The growth rates before
and after saturation in this case are approximately 58 ns−1

and 2.6 ns−1, respectively.
To isolate the chaotic behavior from the fast flavor

instability, we perform another simulation where we apply

FIG. 4. Time evolution of small perturbations jδ⃗tj in the NSM (blue) and fiducial (orange) simulations. In the left panel, the
perturbation is applied at t0 ¼ 0 ns (before the linear growth phase). Between 0.10 and 0.25 ns, the perturbation growth is exponentially
driven mainly by the fast flavor instability. In the right panel, to avoid the presence of unstable fast flavor modes, the perturbation is
applied in the decoherence phase at t0 ¼ 2.65 ns. The magnitude of the perturbation grows, following an approximate exponential trend.
This demonstrates that paths of similar flavor vectors in the state space diverge exponentially, illustrating the chaotic evolution of
neutrino flavor. As the simulation concludes, the magnitude of the perturbations approaches a constant value larger than the magnitude
of the flavor vector jr⃗tj (dotted lines).

CHAOS IN INHOMOGENEOUS NEUTRINO FAST FLAVOR … PHYS. REV. D 109, 103040 (2024)

103040-9

Urquilla & Richers, 2401.01936

Numerical evidence of chaotic flavor evolution

Lichtenberg & Lieberman

Johns, 2306.14982 (Thermodynamics of oscillating neutrinos)



If ergodicity is assumed, the iff relationship between
fast instabilities & angular crossings becomes easy
to prove.
Johns, 2402.08896 (Ergodicity demystifies fast neutrino flavor instability)
Proofs without ergodicity: Morinaga 2022 and Fiorillo & Raffelt 2024



If ergodicity is assumed, the iff relationship between
fast instabilities & angular crossings becomes easy
to prove.
Johns, 2402.08896 (Ergodicity demystifies fast neutrino flavor instability)
Proofs without ergodicity: Morinaga 2022 and Fiorillo & Raffelt 2024

The insufficiency of angular crossings for instability
of the fast flavor pendulum is also illuminated by
ergodicity: the infinite number of invariants restricts
the ergodic subspace.
Johns, Nagakura, Fuller, & Burrows, 1910.05682
(Neutrino oscillations in supernovae: Angular moments and fast instabilities)



IV. Neutrino quantum thermodynamics



Guided by ergodicity, equate
coarse-grained averages with
ensemble expectation values:

<latexit sha1_base64="m09Bjnr/KlUph4h1grDtqSnoowQ=">AAACFnicbVC7TgMxEPTxJrwClDQWERIN0R3iVSJoKEEiECkXIp+zSaz47MPeQ0SnfAUNv0JDAUK0iI6/wQlXQMJItsYzu1rvRIkUFn3/y5uYnJqemZ2bLywsLi2vFFfXrqxODYcK11KbasQsSKGgggIlVBMDLI4kXEfd04F/fQfGCq0usZdAPWZtJVqCM3RSo7gTSqbaEmhoOtpd+YNr1R5KN1mIcI8mzuC2328US37ZH4KOkyAnJZLjvFH8DJuapzEo5JJZWwv8BOsZMyi4hH4hTC0kjHdZG2qOKhaDrWfDtfp0yylN2tLGHYV0qP7uyFhsbS+OXGXMsGNHvYH4n1dLsXVUz4RKUgTFfwa1UklR00FGtCkMcJQ9Rxg3wv2V8g4zjKNLsuBCCEZXHidXu+XgoLx/sVc6PsnjmCMbZJNsk4AckmNyRs5JhXDyQJ7IC3n1Hr1n7817/ymd8PKedfIH3sc3KHGgDA==</latexit>

h⇢i ⇠= ⇢eq

Johns, 2306.14982 (Thermodynamics of oscillating neutrinos)
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h⇢i ⇠= ⇢eq

maximizes entropy S subject to constraints. Assuming
there are no fine-grained spatial correlations,

<latexit sha1_base64="MzgpvTd8Cpmstzyz/paEfC+j5s0=">AAAB+3icbVC5TsNAEF2HK4TLhJLGIkKiimzEVUbQUAaJHFJiovVmnKyyPtgdo0SWf4WGAoRo+RE6/oZN4gISnjTS03szmpnnxYIrtO1vo7Cyura+UdwsbW3v7O6Z++WmihLJoMEiEcm2RxUIHkIDOQpoxxJo4AloeaObqd96Aql4FN7jJAY3oIOQ+5xR1FLPLHflMHpIuwhjlEEKj1nWMyt21Z7BWiZOTiokR71nfnX7EUsCCJEJqlTHsWN0UyqRMwFZqZsoiCkb0QF0NA1pAMpNZ7dn1rFW+pYfSV0hWjP190RKA6Umgac7A4pDtehNxf+8ToL+lZvyME4QQjZf5CfCwsiaBmH1uQSGYqIJZZLrWy02pJIy1HGVdAjO4svLpHladS6q53dnldp1HkeRHJIjckIccklq5JbUSYMwMibP5JW8GZnxYrwbH/PWgpHPHJA/MD5/AC2QlTI=</latexit>

⇢eq

<latexit sha1_base64="QqikLNs2eWxGxODws2hRiVtw4qM="></latexit>

S = �V

Z
d3p

(2⇡)3
Tr [⇢p log ⇢p + (1� ⇢p) log(1� ⇢p)]

Johns, 2306.14982 (Thermodynamics of oscillating neutrinos)

Guided by ergodicity, equate
coarse-grained averages with
ensemble expectation values:
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Johns, 2306.14982 (Thermodynamics of oscillating neutrinos)

Guided by ergodicity, equate
coarse-grained averages with
ensemble expectation values:



Pathway #3 to the miscidynamic equation goes through neutrino
quantum thermodynamics:

<latexit sha1_base64="yb2InnGjbEl6tvyb25u5TWNqQu8="></latexit>

([Hp, ⇢p])
eq ⇠=

⇥
H

eq
p , ⇢

eq
p

⇤

Negligible thermal fluctuations in the thermodynamic limit

Johns, 2306.14982 (Thermodynamics of oscillating neutrinos)



Pathway #3 to the miscidynamic equation goes through neutrino
quantum thermodynamics:
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Negligible thermal fluctuations in the thermodynamic limit

Adiabaticity (∆𝑺 = 𝟎) makes S-maximization unnecessary:

1. Evolve |P| under collisions & advection.
2. Obtain new Peq using |P| from step 1.

Johns, 2306.14982 (Thermodynamics of oscillating neutrinos)



V. Collisional flavor instabilities



Johns, 2104.11369 (Collisional flavor instabilities of supernova neutrinos)

The asymmetry between neutrino & antineutrino interaction
rates can cause collisional flavor instability.



Johns, 2104.11369 (Collisional flavor instabilities of supernova neutrinos)

Akaho, Liu, Nagakura, Zaizen, & Yamada 2024

2D SN simulation

CFI
growth
rate (s-1)

FFI
growth
rate (s-1)

The asymmetry between neutrino & antineutrino interaction
rates can cause collisional flavor instability.

V. DISCUSSION AND CONCLUSIONS

We have shown that there exist two types of CFI in a
dense neutrino gas that preserves the homogeneity and
isotropy. The CFI transitions from one type to the other
where the net νELN is zero and has a resonancelike
instability that grows at a rate ∝ n1=2ν . But this is only part
of the story. There can exist the CFI that breaks these
symmetries or even in the inhomogeneous and aniso-
tropic environment as one maps out the full dispersion
relation ΩðKÞ of the collective neutrino oscillation wave.
Numerical simulations are needed to confirm if the exist-
ence of the CFI can lead to significant flavor conversion
before the physical conditions change.
We would like to emphasize that, although the CFI

can interplay with the fast neutrino flavor conversion
[12,24,28], its existence does not require a crossing of
the νELN angular distribution as the latter does. Therefore,
the CFI can exist in CCSNe and compact binary merger
remnants in the regions and at the epochs where/when fast
flavor instabilities do not yet exist (see, e.g., Ref. [29]).
Our result is strong motivation for follow-up work

assessing how the CFI impacts the dynamics, element
production, and kilonova emission of neutron-star mergers.
For example, substantially more νμ=τ and ν̄μ=τ can be
produced by the BH accretion disk through flavor con-
version and thus cool the remnant faster. The change of the

physical conditions will, of course, affect the existence of
the CFI as well as the condition of fast flavor instabilities.
This again cries out for the integration of the flavor
oscillations into the neutrino transport in the simulations
of CCSNe and compact binary mergers.
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FIG. 3. The νELN excess parameter D ¼ 1 − nν̄e=nνe (upper row) and the frequency Ω ¼ ωP þ iγ of the normal mode with the
maximum growth rate γ > 10−3 μs−1 (middle and lower rows) at three snapshots (as labeled) in the BH accretion disk model
M3A8m3a5 of Ref. [15]. The solid and dashed curves are the contours with Fνe ¼ 1=3 and Fν̄e ¼ 1=3, respectively. [See Eq. (18)]. The
dot-dashed curves are the contours with D ¼ 0.
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BH accretion disk (t = 50 ms)
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growth

rate

Xiong, Johns, Wu, & Duan, 2212.03750
(Collisional flavor instability in dense neutrino gases)

Evidence points to CFI being
prevalent in SNe & mergers,
with growth rates from Γ up
to Γ𝜇.



Estimating CFI effects is uniquely challenging because of kilometer-scale growth.
Johns & Nagakura, 2206.09225 [collision-related modeling issues]
(Self-consistency in models of neutrino scattering and fast flavor conversion)
Xiong, Wu, Martinez-Pinedo, Fischer, George, Lin, & Johns, 2210.08254 [a first attempt at estimates]
(Evolution of collisional neutrino flavor instabilities in spherically symmetric supernova models)



Slow flavor pendulum  Gravitational field due to mass splitting
Hannestad, Raffelt, Sigl, & Wong 2006 [SNe]
Johns & Fuller, 1709.00518 [early universe]
(Strange mechanics of the neutrino flavor pendulum)

Estimating CFI effects is uniquely challenging because of kilometer-scale growth.

Fast flavor pendulum  Gravitational field due to spectral asymmetry

Collisional flavor pendulum  Adiabatic spin reversal due to collisional asymmetry
Johns & Rodriguez, 2312.10340
(Collisional flavor pendula and neutrino quantum thermodynamics)

Johns, Nagakura, Fuller, & Burrows, 1910.05682
(Neutrino oscillations in supernovae: Angular moments and fast instabilities)
Padilla-Gay, Tamborra, & Raffelt 2022
Fiorillo & Raffelt 2023

Johns & Nagakura, 2206.09225 [collision-related modeling issues]
(Self-consistency in models of neutrino scattering and fast flavor conversion)
Xiong, Wu, Martinez-Pinedo, Fischer, George, Lin, & Johns, 2210.08254 [a first attempt at estimates]
(Evolution of collisional neutrino flavor instabilities in spherically symmetric supernova models)

Miscidynamic
adiabaticity

Analytic insights from idealized models:



Summary

I.   Foundations
Ø No evidence that QKE is inadequate.
Ø New type of many-body model: OILE.

II.  Paradigms
Ø Asymptotic-state models aren’t self-consistent.
Ø Miscidynamics = local-equilibrium transport.

III. Flavor ergodicity
Ø A hypothetical but potentially useful concept
     (e.g., understanding instability).

IV. Neutrino quantum thermodynamics
Ø Sheds new light on neutrino oscillations.

V.  Collisional flavor instabilities
Ø Challenging even to estimate their effects.


