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t − tmerger = 5 ms

Merger of two  neutron stars1.2 M⊙

General relativity

Equation of state

Hydrodynamics

Neutrino transport

…

*
*without neutrino flavor oscillations

Potential impact: 
‣ Supernova explosion 
‣ Nucleosynthesis 
‣ Neutrino signal 
‣ GW signal 
‣ …



• Classical neutrino transport: 

• Quantum neutrino transport:

Classical and quantum transport
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Quantum many-body approaches
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• Growing literature on possible signatures of many-body effects, discarded in the QKE (mean-field) 
approach 

Rrapaj [1905.13335], Martin+ [2112.12686], Cervia+ [2202.01865], Patwardhan+ [2301.00342], Balantekin+ [2305.01150], 
Siwach+ [2411.05169]… 

Impact on heavy-element nucleosynthesis? Balantekin+ [2311.02562]

<latexit sha1_base64="d2/e9LebgakFfKTFLAWAALu4oHQ="></latexit>
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A. Patwardhan et al., [2109.08995]
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Quantum many-body approaches
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• Quantum computers are a promising tool to solve this quantum many-body problem.

Hall+ [2102.12556], Yeter-Aydeniz+ 
[2104.03273], Illa+ [2202.12340, 
2210.08656], Amitrano+ [2207.03189], 
Siwach+ [2308.09123], Spagnoli+ 
[2503.00607], …

Spagnoli+ [2503.00607]
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Quantum many-body approaches
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• But these “many-body studies” may not be applicable in actual environments (separation of scales 
not satisfied) 

Shalgar & Tamborra [2304.13050],  
Johns [2305.04916]

• Quantum computers are a promising tool to solve this quantum many-body problem.

Hall+ [2102.12556], Yeter-Aydeniz+ 
[2104.03273], Illa+ [2202.12340, 
2210.08656], Amitrano+ [2207.03189], 
Siwach+ [2308.09123], Spagnoli+ 
[2503.00607], …

Spagnoli+ [2503.00607]
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In the following, we assume the Quantum Kinetic 
Equation accurately describes neutrino evolution in 

astrophysical environments



• We can check if classical simulations are self-consistent. 

• Take the classical results, and solve the QKE.

Flavor instabilities in dense astrophysical environments
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• We can check if classical simulations are self-consistent. 

• Take the classical results, and solve the QKE.

Flavor instabilities in dense astrophysical environments
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(Fast) flavor instability
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Exponential growth of 
the flavor off-diagonal 

components

Flavor conversion

Very short timescales (~ ns)

(Fast) flavor instability
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How to include neutrino flavor conversion in large-scale simulations?
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1 Direct simulation

but hugely different scales!
<latexit sha1_base64="R6TTbSvU9Zi3JFDupDpmHAj1dek="></latexit>

tH → tcoll, tadv

↑ 0.1 ns ↑ µs

<latexit sha1_base64="ql8ssyD4St5yacfT20SakpYu9e8=">AAADg3icjVHbTttAEB3j0gK9kLaPvKyaVgoijRyEoC9ISPQB9YmqBJDiCK03m2TF+qL1OgJZ/rX+RtU/gL/o7GRTtUVVu5btM2fOmd3ZSQqtShtF34OV8NHq4ydr6xtPnz1/sdl6+eq8zCsj5EDkOjeXCS+lVpkcWGW1vCyM5Gmi5UVyfezyF3NpSpVnZ/a2kKOUTzM1UYJbpK5aX2MtJ7YTTwwXdVxwYxXXzU/EbMN2WDyXop 43LBbj3C6iOOOJ5kgZNZ3ZbSS5MbO8Q8mbpkv/ouli6pC9Z4rRPkMWd1mccjsTXNcnjQu7xC3sBKniyG27FB43HS/AdMJN7aNm+6rVjnoRLfYQ9D1og1+neesbxDCGHARUkIKEDCxiDRxKfIbQhwgK5EZQI2cQKcpLaGADvRWqJCo4stf4nWI09GyGsatZklvgLhpfg04G79CTo84gdrsxyldU2bF/q11TTXe2W/wnvlaKrIUZsv/yLZX/63O9WJjAB+pBYU8FMa474atUdCvu5OyXrixWKJBzeIx5g1iQc3nPjDwl9e7ullP+jpSOdbHw2gru3SlxwP0/x/kQnO/2+vu9/c977aOPftRrsAVvoIPzPIAjOIFTGIAI3gafgi/BWbga7oS74d5CuhJ4z2v4bYWHPwAwQtGk</latexit>(
ω

ωt
+ εv · ε→

)
ϑ(εx, εp, t) = ↑i [H , ϑ ] + C(ϑ, ϑ̄)

A. Burrows & D. Vartanyan,  
[2009.14157]

F. Foucart et al., [1502.04146]

How to reduce the computational cost?
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• Attenuation of the Hamiltonian (then extrapolation of 
results)

How to include neutrino flavor conversion in large-scale simulations?

8

1 Direct simulation

but hugely different scales!
<latexit sha1_base64="R6TTbSvU9Zi3JFDupDpmHAj1dek="></latexit>

tH → tcoll, tadv

↑ 0.1 ns ↑ µs

<latexit sha1_base64="ql8ssyD4St5yacfT20SakpYu9e8=">AAADg3icjVHbTttAEB3j0gK9kLaPvKyaVgoijRyEoC9ISPQB9YmqBJDiCK03m2TF+qL1OgJZ/rX+RtU/gL/o7GRTtUVVu5btM2fOmd3ZSQqtShtF34OV8NHq4ydr6xtPnz1/sdl6+eq8zCsj5EDkOjeXCS+lVpkcWGW1vCyM5Gmi5UVyfezyF3NpSpVnZ/a2kKOUTzM1UYJbpK5aX2MtJ7YTTwwXdVxwYxXXzU/EbMN2WDyXop 43LBbj3C6iOOOJ5kgZNZ3ZbSS5MbO8Q8mbpkv/ouli6pC9Z4rRPkMWd1mccjsTXNcnjQu7xC3sBKniyG27FB43HS/AdMJN7aNm+6rVjnoRLfYQ9D1og1+neesbxDCGHARUkIKEDCxiDRxKfIbQhwgK5EZQI2cQKcpLaGADvRWqJCo4stf4nWI09GyGsatZklvgLhpfg04G79CTo84gdrsxyldU2bF/q11TTXe2W/wnvlaKrIUZsv/yLZX/63O9WJjAB+pBYU8FMa474atUdCvu5OyXrixWKJBzeIx5g1iQc3nPjDwl9e7ullP+jpSOdbHw2gru3SlxwP0/x/kQnO/2+vu9/c977aOPftRrsAVvoIPzPIAjOIFTGIAI3gafgi/BWbga7oS74d5CuhJ4z2v4bYWHPwAwQtGk</latexit>(
ω

ωt
+ εv · ε→

)
ϑ(εx, εp, t) = ↑i [H , ϑ ] + C(ϑ, ϑ̄)

<latexit sha1_base64="vwtgvfe67l0QwhPzKpBAB38kT6U=">AAADqHicjVFLbxMxEJ7t8ijlFcqRi0WElMISbVDV9oJUqRzKLUikKcpGlddxEqvOeuX1Ro1W/p2IMxf4F4xdLwIqBI6y/uab+ebhyUspKpOmX6Kt+NbtO3e37+3cf/Dw0ePOk92zStWa8RFTUunznFZcioKPjDCSn5ea01Uu+Ti/PHH+8ZrrSqjio9mUfLqii0LMBaMGqYvO10zyuellc01Zk5VUG0Gl/YmIseQVydacNWtLMj ZT5trKCppLipQWi6XZQ5JqvVQ977yyib9Lm6DrLXlNBPF1JqTJfM8TvcinTdo/St1J0v5+C/yd2owbl31FzZJR2ZxakpAsacuEslPXWxtyYnvBi2E51U2w7N5Fp9vmJTfBIIAuhDNUnc+QwQwUMKhhBRwKMIglUKjwN4EBpFAiN4UGOY1IeD8HCzuorTGKYwRF9hK/C7QmgS3Qdjkrr2ZYReJfo5LAC9QojNOIXTXi/bXP7Ni/5W58TtfbBu885Foha2CJ7L90beT/6twsBuZw5GcQOFPpGTcdC1lq/yquc/LLVAYzlMg5PEO/Rsy8sn1n4jWVn929LfX+bz7Ssc5mIbaG765LXPDgz3XeBGdv+oOD/sGH/e7xu7DqbXgGz6GH+zyEYziFIYyARe8jFV1Fm/hlPIzH8afr0K0oaJ7CbyfOfwD+Dd4Q</latexit>(
ω

ωt
+ εv · ε→

)
ϑ(εx, εp, t) = ↑i [ϖH, ϑ] + C(ϑ, ϑ̄)

A. Burrows & D. Vartanyan,  
[2009.14157]

F. Foucart et al., [1502.04146]

How to reduce the computational cost?

<latexit sha1_base64="Fvmky1cwv89XeTQRG4K5fjIAprU="></latexit>

ω < 10→2Nagakura+ [2206.04097, 2211.01398], 
Xiong+ [2402.19252]…



Julien Froustey

• Attenuation of the Hamiltonian (then extrapolation of 
results)

How to include neutrino flavor conversion in large-scale simulations?
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1 Direct simulation

but hugely different scales!
<latexit sha1_base64="R6TTbSvU9Zi3JFDupDpmHAj1dek="></latexit>

tH → tcoll, tadv

↑ 0.1 ns ↑ µs

7-dimensional problem

<latexit sha1_base64="ql8ssyD4St5yacfT20SakpYu9e8=">AAADg3icjVHbTttAEB3j0gK9kLaPvKyaVgoijRyEoC9ISPQB9YmqBJDiCK03m2TF+qL1OgJZ/rX+RtU/gL/o7GRTtUVVu5btM2fOmd3ZSQqtShtF34OV8NHq4ydr6xtPnz1/sdl6+eq8zCsj5EDkOjeXCS+lVpkcWGW1vCyM5Gmi5UVyfezyF3NpSpVnZ/a2kKOUTzM1UYJbpK5aX2MtJ7YTTwwXdVxwYxXXzU/EbMN2WDyXop 43LBbj3C6iOOOJ5kgZNZ3ZbSS5MbO8Q8mbpkv/ouli6pC9Z4rRPkMWd1mccjsTXNcnjQu7xC3sBKniyG27FB43HS/AdMJN7aNm+6rVjnoRLfYQ9D1og1+neesbxDCGHARUkIKEDCxiDRxKfIbQhwgK5EZQI2cQKcpLaGADvRWqJCo4stf4nWI09GyGsatZklvgLhpfg04G79CTo84gdrsxyldU2bF/q11TTXe2W/wnvlaKrIUZsv/yLZX/63O9WJjAB+pBYU8FMa474atUdCvu5OyXrixWKJBzeIx5g1iQc3nPjDwl9e7ullP+jpSOdbHw2gru3SlxwP0/x/kQnO/2+vu9/c977aOPftRrsAVvoIPzPIAjOIFTGIAI3gafgi/BWbga7oS74d5CuhJ4z2v4bYWHPwAwQtGk</latexit>(
ω

ωt
+ εv · ε→

)
ϑ(εx, εp, t) = ↑i [H , ϑ ] + C(ϑ, ϑ̄)

A. Burrows & D. Vartanyan,  
[2009.14157]

F. Foucart et al., [1502.04146]

How to reduce the computational cost?

<latexit sha1_base64="Fvmky1cwv89XeTQRG4K5fjIAprU="></latexit>

ω < 10→2Nagakura+ [2206.04097, 2211.01398], 
Xiong+ [2402.19252]…
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• Attenuation of the Hamiltonian (then extrapolation of 
results)

• Angular moment approaches

How to include neutrino flavor conversion in large-scale simulations?
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1 Direct simulation

but hugely different scales!
<latexit sha1_base64="R6TTbSvU9Zi3JFDupDpmHAj1dek="></latexit>

tH → tcoll, tadv

↑ 0.1 ns ↑ µs

∫ dΩ ⃗p ⋯ , ∫ dΩ ⃗p
⃗p

| ⃗p|
⋯

<latexit sha1_base64="8SrX2Ztx/ka+5h1R27t941Sj+GM="></latexit>ω →↑ Angular moments

7-dimensional problem

<latexit sha1_base64="ql8ssyD4St5yacfT20SakpYu9e8=">AAADg3icjVHbTttAEB3j0gK9kLaPvKyaVgoijRyEoC9ISPQB9YmqBJDiCK03m2TF+qL1OgJZ/rX+RtU/gL/o7GRTtUVVu5btM2fOmd3ZSQqtShtF34OV8NHq4ydr6xtPnz1/sdl6+eq8zCsj5EDkOjeXCS+lVpkcWGW1vCyM5Gmi5UVyfezyF3NpSpVnZ/a2kKOUTzM1UYJbpK5aX2MtJ7YTTwwXdVxwYxXXzU/EbMN2WDyXop 43LBbj3C6iOOOJ5kgZNZ3ZbSS5MbO8Q8mbpkv/ouli6pC9Z4rRPkMWd1mccjsTXNcnjQu7xC3sBKniyG27FB43HS/AdMJN7aNm+6rVjnoRLfYQ9D1og1+neesbxDCGHARUkIKEDCxiDRxKfIbQhwgK5EZQI2cQKcpLaGADvRWqJCo4stf4nWI09GyGsatZklvgLhpfg04G79CTo84gdrsxyldU2bF/q11TTXe2W/wnvlaKrIUZsv/yLZX/63O9WJjAB+pBYU8FMa474atUdCvu5OyXrixWKJBzeIx5g1iQc3nPjDwl9e7ullP+jpSOdbHw2gru3SlxwP0/x/kQnO/2+vu9/c977aOPftRrsAVvoIPzPIAjOIFTGIAI3gafgi/BWbga7oS74d5CuhJ4z2v4bYWHPwAwQtGk</latexit>(
ω

ωt
+ εv · ε→

)
ϑ(εx, εp, t) = ↑i [H , ϑ ] + C(ϑ, ϑ̄)

A. Burrows & D. Vartanyan,  
[2009.14157]

F. Foucart et al., [1502.04146]

How to reduce the computational cost?

<latexit sha1_base64="Fvmky1cwv89XeTQRG4K5fjIAprU="></latexit>

ω < 10→2Nagakura+ [2206.04097, 2211.01398], 
Xiong+ [2402.19252]…

Grohs+ [2207.02214, 2309.00972, 2501.05740], 
Froustey+ [2311.11968, 2409.05807], 
Kneller+ [2410.00719]
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How to include neutrino flavor conversion in large-scale simulations?
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1 Direct simulation
but hugely different scales! 

 Attenuation of the Hamiltonian, moment methods…→

<latexit sha1_base64="ql8ssyD4St5yacfT20SakpYu9e8=">AAADg3icjVHbTttAEB3j0gK9kLaPvKyaVgoijRyEoC9ISPQB9YmqBJDiCK03m2TF+qL1OgJZ/rX+RtU/gL/o7GRTtUVVu5btM2fOmd3ZSQqtShtF34OV8NHq4ydr6xtPnz1/sdl6+eq8zCsj5EDkOjeXCS+lVpkcWGW1vCyM5Gmi5UVyfezyF3NpSpVnZ/a2kKOUTzM1UYJbpK5aX2MtJ7YTTwwXdVxwYxXXzU/EbMN2WDyXop 43LBbj3C6iOOOJ5kgZNZ3ZbSS5MbO8Q8mbpkv/ouli6pC9Z4rRPkMWd1mccjsTXNcnjQu7xC3sBKniyG27FB43HS/AdMJN7aNm+6rVjnoRLfYQ9D1og1+neesbxDCGHARUkIKEDCxiDRxKfIbQhwgK5EZQI2cQKcpLaGADvRWqJCo4stf4nWI09GyGsatZklvgLhpfg04G79CTo84gdrsxyldU2bF/q11TTXe2W/wnvlaKrIUZsv/yLZX/63O9WJjAB+pBYU8FMa474atUdCvu5OyXrixWKJBzeIx5g1iQc3nPjDwl9e7ullP+jpSOdbHw2gru3SlxwP0/x/kQnO/2+vu9/c977aOPftRrsAVvoIPzPIAjOIFTGIAI3gafgi/BWbga7oS74d5CuhJ4z2v4bYWHPwAwQtGk</latexit>(
ω

ωt
+ εv · ε→

)
ϑ(εx, εp, t) = ↑i [H , ϑ ] + C(ϑ, ϑ̄)

A. Burrows & D. Vartanyan,  
[2009.14157]

F. Foucart et al., [1502.04146]
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How to include neutrino flavor conversion in large-scale simulations?
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2 Phenomenological models
e.g., full flavor equilibration in some regions 
Li & Siegel [2103.02616], Just+ [2203.16559]… 

Included in some supernova models (Ehring+ 
[2301.11938, 2305.11207], Mori+ [2501.15256]  impact 
on explosion), and 
neutron star merger simulations (Qiu+ [2503.11758]).

→

1 Direct simulation
but hugely different scales! 

 Attenuation of the Hamiltonian, moment methods…→

<latexit sha1_base64="ql8ssyD4St5yacfT20SakpYu9e8=">AAADg3icjVHbTttAEB3j0gK9kLaPvKyaVgoijRyEoC9ISPQB9YmqBJDiCK03m2TF+qL1OgJZ/rX+RtU/gL/o7GRTtUVVu5btM2fOmd3ZSQqtShtF34OV8NHq4ydr6xtPnz1/sdl6+eq8zCsj5EDkOjeXCS+lVpkcWGW1vCyM5Gmi5UVyfezyF3NpSpVnZ/a2kKOUTzM1UYJbpK5aX2MtJ7YTTwwXdVxwYxXXzU/EbMN2WDyXop 43LBbj3C6iOOOJ5kgZNZ3ZbSS5MbO8Q8mbpkv/ouli6pC9Z4rRPkMWd1mccjsTXNcnjQu7xC3sBKniyG27FB43HS/AdMJN7aNm+6rVjnoRLfYQ9D1og1+neesbxDCGHARUkIKEDCxiDRxKfIbQhwgK5EZQI2cQKcpLaGADvRWqJCo4stf4nWI09GyGsatZklvgLhpfg04G79CTo84gdrsxyldU2bF/q11TTXe2W/wnvlaKrIUZsv/yLZX/63O9WJjAB+pBYU8FMa474atUdCvu5OyXrixWKJBzeIx5g1iQc3nPjDwl9e7ullP+jpSOdbHw2gru3SlxwP0/x/kQnO/2+vu9/c977aOPftRrsAVvoIPzPIAjOIFTGIAI3gafgi/BWbga7oS74d5CuhJ4z2v4bYWHPwAwQtGk</latexit>(
ω

ωt
+ εv · ε→

)
ϑ(εx, εp, t) = ↑i [H , ϑ ] + C(ϑ, ϑ̄)

A. Burrows & D. Vartanyan,  
[2009.14157]

F. Foucart et al., [1502.04146]



Julien Froustey

How to include neutrino flavor conversion in large-scale simulations?
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2 Phenomenological models
e.g., full flavor equilibration in some regions 
Li & Siegel [2103.02616], Just+ [2203.16559]… 

Included in some supernova models (Ehring+ 
[2301.11938, 2305.11207], Mori+ [2501.15256]  impact 
on explosion), and 
neutron star merger simulations (Qiu+ [2503.11758]).

→

3 Subgrid models

1 Direct simulation
but hugely different scales! 

 Attenuation of the Hamiltonian, moment methods…→
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• Timescale: linear stability analysis (Banerjee et al. [1107.2308], Izaguirre et al. [1610.01612], Froustey et al., 
[2311.11968], Fiorillo and Raffelt [2505.20389], and many many others) 

• Asymptotic state?
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• Asymptotic state? Method: local (cm-scale) high-resolution QKE 
calculations with periodic boundary conditions



Some flavor instabilities
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• Fast flavor instability (FFI) 
related to an angular crossing between neutrino and antineutrino distributions 

• Collisional flavor instability (CFI) 
related to different collision rates between neutrinos and antineutrinos

⃗x

νe ν̄e
<latexit sha1_base64="f5/IiTUTMjqHj2YPZqpmBnF/RKI="></latexit>

f⌫e(~x, p, ✓1)� f⌫̄e(~x, p, ✓1) > 0

and

f⌫e(~x, p, ✓2)� f⌫̄e(~x, p, ✓2) < 0

L. Johns, [2104.11369]

R. Sawyer, [hep-ph/0503013]



Asymptotic state of FFI — Axisymmetric case
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Data: E. Urquilla with the 
particle-in-cell code Emu

S. Richers et al., [2101.02745]
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Data: E. Urquilla with the 
particle-in-cell code Emu

S. Richers et al., [2101.02745]
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particle-in-cell code Emu

S. Richers et al., [2101.02745]
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Data: E. Urquilla with the 
particle-in-cell code Emu

S. Richers et al., [2101.02745]

M. Zaizen and H. Nagakura, 
[2211.09343]

This “localized crossing 
erasure” can be expressed 

as a survival probability.
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Box3D scheme
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Positive and negative parts

Recall: 
instability = crossing = 

both integrals are non-zero

S. Richers, JF, S. Ghosh, F. Foucart, J. Gomez, [2409.04405]
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Inclusion of FFIs in large-scale simulations
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T. Wang and A. Burrows, The effect of the fast-flavor 
instability on core-collapse supernova models, 

[2503.04896]

K. Lund et al., Angle-dependent in-situ fast flavor 
transformations in post-neutron star merger disks, 

[2503.23727]



• Collisions are generally expected to damp flavor coherence. 

• In some regimes, a discrepancy between the neutrino and antineutrino reaction rates can 
actually amplify coherence through the non-linear self-interaction term.

Collisional flavor instabilities (CFIs)
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• Approximate model: homogeneity, isotropy, mono-energetic system 

• Quantum Kinetic Equations with collision-like term, driving the system back to the initial 
classical steady-state

Homogeneous and isotropic CFI
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• 7 ms post-merger snapshot of NSM simulation by 
Foucart et al. [2407.15989]

NSM-like configuration

19

• Assume isotropy, number densities from simulation 
= classical steady-state 

• Solve the homogeneous and isotropic QKEs

JF, [2505.16961]
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• Assume isotropy, number densities from simulation 
= classical steady-state 

• Solve the homogeneous and isotropic QKEs

JF, [2505.16961]
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Evolution and asymptotic state
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• The classical steady-state is unstable

 instability and flavor conversion⟹
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Evolution and asymptotic state

20

0.7

0.8

0.9

1.0

1.1

1.2

N
a
a
,
N

a
a
(c
m

°
3
)

£1034 Point A

∫e ∫̄e ∫x

0 200 400 600 800

t (µs)

1028

1029

1030

1031

1032

1033

|N
e
x
|,
|N

e
x
|(

cm
°
3
)

|Nex|
|Nex|

JF, [2505.16961]

• The classical steady-state is unstable

 instability and flavor conversion⟹
•  and  are quickly brought back to classical 

equilibrium
νe ν̄e
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Evolution and asymptotic state
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• The classical steady-state is unstable

 instability and flavor conversion⟹
•  and  are quickly brought back to classical 

equilibrium
νe ν̄e

• Long-term relaxation of  toward  (difference of 
timescales )

νx N(cl)
xx

κx ≪ κe, κ̄e

• System unstable again
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Evolution and asymptotic state
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• The classical steady-state is unstable

 instability and flavor conversion⟹
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νe ν̄e

• Long-term relaxation of  toward  (difference of 
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Evolution and asymptotic state

20

0.7

0.8

0.9

1.0

1.1

1.2

N
a
a
,
N

a
a
(c
m

°
3
)

£1034 Point A

∫e ∫̄e ∫x

0 200 400 600 800

t (µs)

1028

1029

1030

1031

1032

1033

|N
e
x
|,
|N

e
x
|(

cm
°
3
)

|Nex|
|Nex|

JF, [2505.16961]

• The classical steady-state is unstable

 instability and flavor conversion⟹
•  and  are quickly brought back to classical 

equilibrium
νe ν̄e

• Long-term relaxation of  toward  (difference of 
timescales )

νx N(cl)
xx

κx ≪ κe, κ̄e

• System unstable again

 instability and (smaller) flavor conversion⟹
• …
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Summary

21

• Asymptotic state of fast flavor instabilities: erasure of ELN-XLN crossing in the “shallow” angular 
domain 

‣ Used in large-scale simulations! [Wang & Burrows, 2503.04896], [Lund et al., 2503.23727] 
‣ Caveat: dependence on the boundary conditions [Zaizen & Nagakura, 2304.05044] 

• Study of the outcome of collisional flavor instabilities 
‣ “Compromise” between relaxation to / instability of classical steady-state 
‣ Flavor coherence cannot necessarily be neglected in the asymptotic state! 

Limitations: single-energy, homogeneous calculation (large-scale advection effects?) 

• Other instabilities (e.g., “slow”),…  need a diversity of approaches, theoretical and numerical, to 
address neutrino flavor transformation in astrophysical environments.

→
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Julien Froustey

• Many large-scale simulations use angular moments:

• Boltzmann equation:

Moment methods for classical neutrino transport
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Pressure tensor distribution function, ≥ 0
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Julien Froustey

• Many large-scale simulations use angular moments: 

• Quantum Kinetic equation:

Moment methods for quantum neutrino transport

24
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Julien Froustey

• Moments can describe flavor instabilities!

Quantum moments and neutrino flavor instabilities

25
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Julien Froustey

• Moments can describe flavor instabilities!

• Underlying issue: the “closure” problem 

‣ Quantum extension of the maximum entropy 
closure 

‣ General parameterization of quantum closures 

‣ Exploration needed for other instabilities and 
large-scale calculations

Quantum moments and neutrino flavor instabilities

25
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J. Froustey et al. [2409.05807]

0 1 2 3 4 5

t (ns)

10°6

10°5

10°4

10°3

10°2

10°1

|N
e
x
|/
N

to
t

Multi-angle

Moments, flavor-trace

Moments, Quantum Minerbo

Moments, multi-angle closure

Homogeneous FFI from [2410.00719]



Quantum maximum entropy closure
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NSM 5 ms post-merger snapshot from F. Foucart et al. [1607.07450]

Better performance of the Quantum Minerbo closure in finding 
regions of instabilities

Semiclassical,               
ad hoc closure

Quantum maximum 
entropy closure

“Truth”, 
expensive

JF, J. Kneller and G. McLaughlin [2409.05807]



Points A and B
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Parameters:

Timescales:



Points A and B
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• We can also predict the asymptotic size of the off-diagonal components

Amount of flavor coherence

30
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• We can also predict the asymptotic size of the off-diagonal components

Amount of flavor coherence
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Treatment of collisions
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