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Neutrino oscillations & Fast flavor conversion (FFC)
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The flavor conversion can be very fast in 
sub-nanosecond and centimeter, when 
crossing exists in the angular distributions  
of neutrino electron lepton number (ELN)
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[Sawyer, PRL 116, 081101 (2016); 

Izaguirre, Raffelt, Tamborra, PRL 118, 021101 (2017); ... 
T. Morinaga, PRD 105, L101301 (2022); ...]

[B. Dasgupta et al, JCAP 02 (2017) 019] 
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QCD phase-transition supernovae

3

• Neutrino signal is dominated by  in a galactic event. 

• Possible site for rapid neutron capture (r process).

ν̄e

[Fischer, Bastian, et al, Nature Astron. 2, 980 (2018)]

proto-neutron star (PNS)

νe + n ↔ p + e−

ν̄e + p ↔ n + e+



R-process in QCD supernova
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νe + n ⇆ p + e−

ν̄e + p ⇆ n + e+
[Fischer, Wu, et al, APJ 894, 9 (2020)]

• Direct ejecta: low/
moderate entropy,  
low   

• Intermediate ejecta: 
low entropy, high  

• Neutrino-driven wind: 
high entropy, high 

Ye

Ye

Ye

electron fraction, Ye =
Yp

Yp + Yn

νe + n ↔ p + e−

ν̄e + p ↔ n + e+



QCD phase-transition supernovae

5

• 25M⊙ progenitor 
• Solar metallicity 
• Hadronic EOS: DD2 
• Quark EOS: 

relativistic density 
functional RDF-1.9 
model 

• AGILE-BOLTZTRAN
S [kB] Ye[Largani, Fischer, Bastian, APJ 964, 143 (2024)]
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ν̄e
νx

PNS

post-bounce time

post-second-bounce time
[ZX, Wu, et al., arXiv:2505.19592 (2025)]



Occurrence of fast flavor conversion
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Two major phases: 
• along with the rapidly 

propagating shock 
- transition to -dominated 

condition due to the protonization 

• near the proto-neutron star 
surface after a few 
milliseconds 
- fast cooling on this shell to build 

up electron degeneracy again

ν̄e

νe + n ⇆ p + e−

μνe
= μp + μe − μn (equilibrium)

[ZX, Wu, et al., arXiv:2505.19592 (2025)]

νe + n ↔ p + e−

ν̄e + p ↔ n + e+



Two scenarios for FFC: 
• Fluxes in electron flavor reduced 

by a factor of 3 
-  decreases by ~0.01 
- enhance the produced abundance for 

 within one order of magnitude 

• Assuming flavor equilibration 
between electron and heavy-
lepton flavors 
- enhancement on neutrino mean energy 
-  increases by ~0.01 
- reduce the produced abundance

Ye

Z ≳ 55

Ye

Potential effects on nucleosynthesis
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solid: orange trajectory 
dotted: all direct ejecta

[ZX, Wu, et al., arXiv:2505.19592 (2025)]



• Inverse beta decay (IBD) channel at the peak is nearly independent of the 
oscillation schemes, but difference in energy spectra is expected 

• A jump between FFC and no-FC phases may be detectable

Neutrino signal
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@10 kpc
200 kton

40 kton

[ZX, Wu, et al., arXiv:2505.19592 (2025)]



Neutrino quantum kinetic equation (νQKE)
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(∂t + v ⋅ ∇r)ϱ = − i[Hvac + Hmat + Hνν, ϱ]+C(ϱ)

ϱ(t, r, p) =
fνe

ϱeμ ϱeτ

ϱ*eμ fνμ
ϱμτ

ϱ*eτ ϱ*μτ fντ

coherent forward scatteringsvacuum 
mixing

self-inducedmatter

collisional weak 
processesadvection

Hνν ∼ GFnν

C ∼ χe ∼ G2
FE2nN

scale 
separation

[ZX, M.-R. Wu, et al. PRD 107, 083016 (2023)]

Hνν(p̂) = 2GF ∫ dp′ (1 − p̂ ⋅ p̂′ )[ϱ(p′ ) − ϱ̄*(p′ )]

Hmat = 2GFdiag[ne, 0, 0]

Hvac(E) = UM2U†

dfνe
/dt = je(1 − fνe

) − χe fνe

C ∼ (
je(1 − fνe

) − χe fνe
−( je + χe)ϱeμ /2

−( je + χe)ϱ*eμ /2 0 )
emissivity        opacity

[G. Sigl, G. Raffelt, 1993; A. Vlasenko, G. Fuller, V. Cirigliano, 2014; C. Volpe, 2015; S. Richers, G. McLaughlin et al., 2019 ...]



• Background matter profile (snapshot) in spherical symmetric supernova model from 
,  progenitor, post-bouncing time 250 ms𝙰𝙶𝙸𝙻𝙴-𝙱𝙾𝙻𝚃𝚉𝚃𝚁𝙰𝙽 25M⊙ tpb ≈

Global νQKE simulation set-up
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- Multi-energy & multi-angle 

- Vacuum term generates flavor mixing seed 
- Inner boundary (20km): thermal equilibrium 

at the boundary 
- Outer boundary (80km): freely stream out, no 

injection for incoming neutrinos

(∂t + vr∂r + 1 − v2
r

r
∂vr

)ϱ(E, vr) = − i[Hvac+aννHνν, ϱ(E, vr)]+C



Global νQKE simulation
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[ZX, Wu, George, et al., PRD 109, 123008 (2024)]



Global νQKE simulation

12
[ZX, Wu, George, et al., PRD 109, 123008 (2024)]



Global νQKE simulation
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νe, ν̄e

νx, ν̄x

n, p, e±
FFCs reshape the neutrino 

angular distribution &   
co-determine the flavor content 

with other weak processes

[ZX, Wu, George, et al., PRD 109, 123008 (2024)]



• incorporate analytical prescriptions into classical framework of neutrino transport 
- Prescription excellently captures the flavor evolution of the solution from νQKE  
- feasible robust integration of fast flavor conversions 

Effective prescription applicable for hydro simulations
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(∂t + vr∂r + 1 − v2
r

r
∂vr

)ϱ(E, vr) = − i[Hvac+aννHνν, ϱ(E, vr)]+C

[ZX, Wu, et al. PRL 134, 051003 (2025)]

[ZX, M.-R. Wu, S. Abbar, et al., PRD (2023)]

vc



• Set-up: 
- a local box size  with 

Nz=6000 
- two beams labeled by + and - 
- periodic boundary for neutrino gas 

with  and  
- inhomogeneous background matter 

potential  
- initial perturbation 

 
- simulations end at 

z ∈ (−30, 30) cm

μ = 1.5 cm−1 α = 1/3

λ(z) = m(z + 30) cm−1

S3(z) = 10−6e−z2/(50 cm2)

t ∼ 1 ns

Role of matter inhomogeneity on fast flavor instability
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(∂t + ∂z)S+ = [λ(z) − 2μαS−] × S+
(∂t − ∂z)S− = [λ(z) + 2μS+] × S−

χ ∼ G2
FE2nN

Vνν ∼ GFnν

Vmat ∼ GFne

[S. Bhattacharyya, M.-R. Wu, ZX, arXiv:2504.11316 (2025)]



Impact on dispersion relation
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Q±[k, t] = ∫ dz ei keff(k) zS⊥
±(z, t), where keff = k − mt

∂t (Q+
Q−) = (−i(k − mt) + 2iμα −2iμα

2iμ i(k − mt) − 2iμ) (Q+
Q−),

κ±[t] = ± i |k2
eff(t) − 2(1 + α) μ keff(t) + μ2(1 − α)2 |

S

z

driven by λ(z)

t
Im

∂t (Q̃+

Q̃−) = [− i (κ+(t) 0
0 κ−(t))−P−1(t) dP(t)

dt ](Q̃+

Q̃−)

Effect of matter inhomogeneity manifests as the drifting of unstable 
modes in k-space:

Eigenvalues:



• "Adiabaticity": : 
- Competition between the drifting in k-space and the growth of unstable 

mode:  

• Large gradient of inhomogeneous matter profile can delay the 
growth of fast flavor instability.

γ = 4αμ2/m ≳ 1

(kmax − kmin)/m ≳ (Im κmax)−1

Behaviors in linear regime
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[S. Bhattacharyya, M.-R. Wu, ZX, arXiv:2504.11316 (2025)]



Fast flavor conversion in many-body picture
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beam A

beam B

beam C

[A. Roggero, E. Rrapaj, ZX, PRD 106, 043022 (2022)]

slow bipolar evolution

[ZX, PRD 105, 103002 (2022)]



• FFC occurs in QCD phase-transition supernovae 
- in two major phases; 
- can affect nucleosynthesis and neutrino signal. 

• Global QKE simulation in a spherical symmetric supernova model 
- Asymptotic state at the coarse-grained level with EMLN crossing erased. 
- Collisional feedback. 
- Implication of prescriptions show excellent agreement with the νQKE solution. 

• Large gradient of inhomogeneous matter potential can delay the 
growth of fast flavor instability. 

• Many additional studies lie ahead: 
- spherical symmetry? time-dependent matter profiles & feedback on matter? 

muon creations? many-body? ...?

Summary & Outlook
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