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Main points
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1. Neutrino oscillations could have huge impacts on BNS merger

2. We are still very limited in terms of  modeling/understanding 

their effects



Binary neutron star merger ejecta

§ BNS mergers are major sites for rapid neutron 
capture (r-process) nucleosynthesis

§Ejecta electron fractions influenced by neutrinos 
through weak interations, e.g., 

§ Previous studies on accretion disks and core-
collapse supernovae found that neutrino 
oscillations
§Alter the ejecta properties

§Change nucleosynthesis yields

§Neutrino flavor conversion (FC) effect is not 
considered/understood in dynamical phase -> 
what about BNS merger from inspiral phase?
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Perego+(2021)

See Li+, Just+, Fernandez+, Ehring+, Lund+
See also in Meng-Ru, Jacob and Kyohei’s talks



Fast flavor conversions in BNS
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Neutrino “fast” flavor instability (FFI)

𝐻!"#$%&!'()~ 2𝐺*𝑛+!
()
~ 𝒏𝐬 

timescale (fast) flavor converions

relaxation time

mixing equilibrium state

Bhatnagar-Gross-Krook (BGK) 
subgrid model

See also Sawyer, Duan+, Wu+, 
Richers+, Johns+, Tamborra+, 
Fiorillo+, Abbar+, Xiong+, Volpe

See also Nagakura+, Liu+ 

Froustey + (2024)

Where/how do we model neutrino oscillations?

Electron lepton number (ELN) flux factor

See also Abbar+, Richers



Neutrino mixing models
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§ 4 neutrino species, i.e., 𝜈, , 𝜈- , ‾𝜈, , ‾𝜈-
§Relaxation time: fixed at 0.5 ns (need small enough for proof-of-concept study)

§ Flavor mixing conserves total lepton, heavy and electron lepton numbers 

§ FFI models use MX, other (density dependent) mixing models use MB

§Equilibrium states satisfy
§Many body (MB)

§Maximal mixing (MX)
Martin + (2023)

Credit: chatgpt



Binary neutron star merger simulations
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DD2 SFHo

§WhiskyTHC M1 transport + general relativistic hydrodynamics (Radice+)

§Equal mass (1.35 𝑀⊙) non-rotating BNS, with initial separation of 45km, run till 
~25-30ms after merger

§Two equations of  state: DD2 and SFHo

§Two (low/standard) resolutions (LR/SR), with spacing 246 m/184 m
§Now let’s see mixing vs. no-mixing!



General dynamics

§ Flavor conversions of  𝜈, , ‾𝜈, → 𝜈- , ‾𝜈-
§What about the neutrino luminosities?
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Lower 𝑌,

Lower 𝑁+!

Higher 𝑁+"

Similar

Sliced at ~10 ms after merger



Neutrino luminosities
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§ Higher heavy lepton 
neutrino luminosities

§ Lower electron (anti-
)neutrino luminosities

§ Final flavor 
distribution more 
“equipartition”



Multimessenger signatures

§Correlation between neutrino and GW emissions

§ Flavor conversions at high density regions increase peak luminosities

§Next: mean energies of  neutrinos?
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Neutrino mean energies
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§ Without flavor conversions, higher 𝜈-, lower 𝜈, , ‾𝜈,
§ With flavor conversions, all flavors comparable

§ Flavor mixing effectively alter the decoupling surfaces of  neutrinos

§ Next: ejecta properties?
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Impacts on the ejecta and nucleosynthesis

§ Flavor conversions of  𝜈, , ‾𝜈, → 𝜈- , ‾𝜈- reduce neutrino reabsorption 𝜈, + 𝑛 → 𝑝 + 𝑒(

§ Flavor conversions → up to 5 times more very neutron-rich 𝑌, < 0.15  material in 
dynamical ejecta, approximately 200% to 1000% more heavy element synthesis 

§Exceed the reported ~30% numerical uncertainties in Foucart+(2024)

§Next: why different flavor mixing conditions lead to quantitatively different results?
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Comparisons of  different mixing conditions

§Why 𝜌 − 11 more neutron rich than 𝜌 − 13?

§ Inner disk (between 10)) and 10)/ g/cm/)

§ 𝜈, , ‾𝜈, → 𝜈- , ‾𝜈-

§ 𝜈, , ‾𝜈, trapped, 𝜈- , ‾𝜈- optically thin

§Outer disk (below 𝜌 = 10)) g/cm/ )

§ Some 𝜈- , ‾𝜈- → 𝜈, , ‾𝜈,

§More 𝜈, + 𝑛 → 𝑝 + 𝑒(

§ Less neutron rich ejecta
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d𝑌,
d𝑡 = 𝜆+# 1 − 𝑌" − 𝜆 ‾+#𝑌" ≈ 𝜆+#

𝑌, in 𝜌 − 13 increase faster!



Comparisons of  different relaxation times
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§ Slower flavor equilibration model’s ejecta more 
neutron rich than that of  DD2-13?

§ Flavor conversions at high density compete with 
thermodynamics
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Angular dependence
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Lund + (2025)

§ Materials near equatorial plane and 
intermediate latitudes show larger differences 
between no-mixing and mixing simulations

§ Substantial differences in polar regions also, 
however it is not the main contribution to the 
boost in r-process
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Takeaways

§Neutrino flavor conversions change the neutrino 
luminosities, mean energies and flavor hierarchy, and 
increase the neutrino and GW peak luminosities. Neutrino 
flavor conversions, give rise to a more neutron rich 
dynamical ejecta and boost the heavy element production

§Where and how neutrino flavor conversion happens change 
the results quantitatively -> we need better theoretical 
understanding to model them!
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Limitations/Future work

§Neutrino mixing
§Better modeling? (see Richers+2024, Abbar+2024, Johns+2025, 

Lund+2025, Laraib+2025, Urquilla+2025)  

§Microphysics
§Muonic interactions? (see Gieg+2024, Pajkos+2024, Ng+2024)
§Pair processes and inelastic scattering (see Cheong+2024, Chiesa+2024, 

Kawaguchi+2025) 

§Magnetic field
§Affect dynamics? (see Bamber+2024, Jiang+2025, Most+2025)
§Change neutrino opacities? (see Kumamoto+2025)

§Equation of  states
§Phase transition in the cores? (see Prakash+2023)

§CPU --> GPU (potentially 10x speed up!)
§AthenaK (open-source) (see Fields+2025, Zhu+2025)
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Thank you!

Phys. Rev. Lett. 135, 091401 (arXiv:2503.11758)
Phys. Rev. D 112 (2025) 12, 12 (arXiv:2510.15028)



Impacts on the remnants

§  More neutrino mixings → more compact remnants

§ Flavor conversions alter electron type neutrinos number → affect convection 
→ higher GW binding energy (also seen in Ehring et al. 2024)
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Density dependence
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General dynamics (SFHo)
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§ Flavor conversions of  𝜈, , ‾𝜈, → 𝜈- , ‾𝜈-
§Next: observational characteristics?

Lower 𝑌,

Lower 𝑁+!

Higher 𝑁+"

Similar



Fast flavor instability

§ELN flux factor represents instabilities 

§ Fast flavor conversion instability targeted model still shows instabilities

§Dynamical effects like advections possibly regenerate the instabilities rapidly

2/6/26 Yi Qiu, 2026 YITP Long-term Workshop 21

Remnant collapses at ~7000 𝑀⊙ 
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Changes in gravitational waves

§ Frequency discrepancy up to 100 Hz 
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DD2 SFHo



Neutrino mixing

What about neutrino flavor mixing (oscillation/conversion/transformation)?
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Credit: Richers (2021)

Master (Boltzmann) equation in matter 

𝑑𝜚
𝑑𝑡 = −𝑖 𝐻 𝜌 + 𝑆, 𝜚 =

Here 𝜚 is the density matrix, 𝑆 is the collisional term, the 
Hamiltonian is often decomposed as

𝐻 = 𝐻123##4 + 𝐻42$$"% + 𝐻!"#$%&!'.



Impacts on the ejecta and nucleosynthesis
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Backup slide: more diagnositics
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Backup slide: closure and LR vs. SR
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Supplemental Materials in arXiv:2503.11758



Equilibrium 𝑌!
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§ Flavor conversions increase the equilibrium 𝑌,
§ Ejecta 𝑌, being lower means the new equilibrium are determined by the combination 

of  flavor conversions and matter interactions 


