
Supernova neutrinos on a quantum computer

Joachim Kopp 
QuantHEP 2026 
London, UK 
15 July 2026

in collaboration with Katarina Bleau, Nikolina Ilic, 
Ushak Rahaman, XinYue (Theodore) Yu



Sanduleak –69 202



Sanduleak –69 202 SN 1987A



Core-Collapse Supernovae
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explosion of massive star (≳ 8 M⊙) 
that has run out of fuel 
• no more thermal pressure 
• core collapses 
• gigantic release of gravitational energy 
brighter than an entire galaxy 
~10% of the star’s mass converted to energy 
• 0.01% photons 
• 1% kinetic energy of explosion 
• 99% neutrinos
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Neutrinos allow us to look 
directly into the core of the exploding star



Budiardja Cardall Endeve 2015

https://www.youtube.com/watch?v=4SPq9_-h0Bs
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SN 1987A 
• 25 neutrino events
the next galactic supernova 
• 10s of thousands of events 
• wealth of information on collapse 

dynamics, nucleosynthesis, … 
• high-resolution “light” curves 
• detailed spectra 
• flavour composition
need to relate observables at Earth 
to what is happening inside the SN

Nakazato et al. 2012

https://cds.cern.ch/record/1734013
https://arxiv.org/abs/1210.6841
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Neutrinos feel the presence of background mater 

coherent forward scattering: 
• exchange of force carrier without momentum change 
• contributions from all background particles add up coherently  ➠  enhancement

Neutrino Oscillations in Matter
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neutrino density > 1030 cm–3 
➠ neutrinos induce matter effects for themselves 
flavour evolution in mean-field approximation:

<latexit sha1_base64="CoEdrMruXCC5gKfch+O6rNmAGwE="></latexit>

i(@t + ~v · ~r~r)⇢~r,~p = [Hvac +HMSW +H⌫⌫ , ⇢~r,~p]
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density matrix 
3 x 3 in flavour space

vacuum oscillations 
<latexit sha1_base64="Jmc6Tl1JbtfNxfXDE6NJm0qRsuo="></latexit>
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neutrino density > 1030 cm–3 
➠ neutrinos induce matter effects for themselves 
flavour evolution in mean-field approximation:

<latexit sha1_base64="CoEdrMruXCC5gKfch+O6rNmAGwE="></latexit>

i(@t + ~v · ~r~r)⇢~r,~p = [Hvac +HMSW +H⌫⌫ , ⇢~r,~p]

non-linear equation  ➠   dynamics highly non-trivial 
computationally intractable so far 
a pure Standard Model problem 
solution will be crucial for understanding the next Galactic supernova 
possible quantum entanglement?



Cartoon: Reddit u/TheVeryNearFuture

https://www.reddit.com/r/QuantumComputing/comments/glenar/comic_dead_or_9_lives/


Supernova Neutrinos on a Quantum Computer

Joachim Kopp — Supernova Neutrinos on a Quantum Computer 10

highly entangled quantum system calls for simulation on a quantum system 
basic idea: flavour state of each neutrino mode represented by qubit qi 
(in 2-flavour approximation) Hall et al. 2021, Amitrano et al. 2022, Siwach et al. 2023 

+ Alessandro Roggero’s talk at this conference

➠

➠

neutrino–neutrino:

neutrino–antineutrino:

https://arxiv.org/abs/2102.12556
https://arxiv.org/abs/2207.03189
https://arxiv.org/abs/2308.09123
https://indico.global/event/16939/contributions/160404/
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highly entangled quantum system calls for simulation on a quantum system 
basic idea: flavour state of each neutrino mode represented by qubit qi 
(in 2-flavour approximation) 

for ν–ν ̅interactions, use same Hamiltonian, but different state → qubit map 

time-evolution via Trotterization

<latexit sha1_base64="zOSfDsmP06ShoAlwaFW3zfrPt3w=">AAACOnicbVBNSwMxEM36WevXqkcvwSJ4Krsi1YsgeNGLKNgqdJeSTdM2NJusyaxQ1v4uL/4Kbx68eFDEqz/AtF2htj4IvHnzhsm8KBHcgOe9ODOzc/MLi4Wl4vLK6tq6u7FZMyrVlFWpEkrfRsQwwSWrAgfBbhPNSBwJdhN1Twf9m3umDVfyGnoJC2PSlrzFKQErNdyrhyAxPNBEtgXDx/jhruH/VoECHjMz0PYntUA0FZhxy0Vuabglr+wNgaeJn5MSynHZcJ+DpqJpzCRQQYyp+14CYUY0cCpYvxikhiWEdkmb1S2VxC4Ms+HpfbxrlSZuKW2fBDxUxycyEhvTiyPrjAl0zGRvIP7Xq6fQOgozLpMUmKSjRa1UYFB4kCNucs0oiJ4lhGpu/4pph2hCwaZdtCH4kydPk9p+2a+UK1cHpZPzPI4C2kY7aA/56BCdoDN0iaqIokf0it7Rh/PkvDmfztfIOuPkM1voD5zvH291rno=</latexit>

| i = |q1i ⌦ |q2i ⌦ . . .⌦ |qN istates: Hamiltonian:

Hall et al. 2021, Amitrano et al. 2022, Siwach et al. 2023

https://arxiv.org/abs/2102.12556
https://arxiv.org/abs/2207.03189
https://arxiv.org/abs/2308.09123
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neutrinos 
of different energy 
oscillate in unison 

(unlike in vacuum)



Emergence of the Mean Field Picture
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When are quantum simulations needed? 
for simple toy systems, one can show analytically that mean-field behaviour 
emerges in the large-N limit Friedland Lunardini 2003, Shalgar Tamborra 2023, Johns 2023 

Bleau Ilic JK Rahaman Yu, in preparation

simple beam–background interaction bipolar system 
(equal + monoenergetic ν and ν ̅populations)

➠

https://arxiv.org/abs/hep-ph/0304055
https://arxiv.org/abs/2304.13050
https://arxiv.org/abs/2305.04916
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When are quantum simulations needed? 
for simple toy systems, one can show analytically that mean-field behaviour 
emerges in the large-N limit 

confirmed using quantum simulations 

Friedland Lunardini 2003, Shalgar Tamborra 2023, Johns 2023 
Bleau Ilic JK Rahaman Yu, in preparation

quantum 
simulation

bipolar system 
104 ν + 104 ν̅

https://arxiv.org/abs/hep-ph/0304055
https://arxiv.org/abs/2304.13050
https://arxiv.org/abs/2305.04916
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When are quantum simulations needed? 
for simple toy systems, one can show analytically that mean-field behaviour 
emerges in the large-N limit 

confirmed using quantum simulations 

all-to-all interactions assumed in most quantum simulations do not reflect 
situation in an actual supernova 
• neutrinos stream away in all directions 
• each neutrino pair gets at most one chance to interact 

(“once-in-a-lifetime encounters”) 

Friedland Lunardini 2003, Shalgar Tamborra 2023, Johns 2023 
Bleau Ilic JK Rahaman Yu, in preparation

Kost Johns Duan 2024

https://arxiv.org/abs/hep-ph/0304055
https://arxiv.org/abs/2304.13050
https://arxiv.org/abs/2305.04916
https://arxiv.org/abs/2402.05022
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Bleau Ilic JK Rahaman Yu, in preparation

neutrino wave packets streaming outwards

linear chain of qubits with nearest-neighbour interactions 
(+ possibly next-to-nearest & next-to-next-to-nearest)
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variations of Heisenberg model 
➠ entanglement known to be relevant
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generalisation: multiple beams at different angles
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Bleau Ilic JK Rahaman Yu, in preparation

neutrino wave packets streaming outwards

linear chain of qubits with nearest-neighbour interactions 
(+ possibly next-to-nearest & next-to-next-to-nearest)

ν1 ν2 ν3 ν4 ν5 ν6 ν7

generalisation: multiple beams at different angles

generalisation: random walk
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Bleau Ilic JK Rahaman Yu, in preparation

neutrino wave packets streaming outwards

linear chain of qubits with nearest-neighbour interactions 
(+ possibly next-to-nearest & next-to-next-to-nearest)

ν1 ν2 ν3 ν4 ν5 ν6 ν7

but in 3D environment: 
• neutrinos stream in all directions 
• wave packet size ~ (1/nν)1/3 
• no long-duration interactions 
build-up of entanglement 
questionable 
possibly way out: 
magnetic fields 
• charged particles in 

spatially extended Landau states 
• neutrinos inherit large delocalisation
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Implementation on Quantum Hardware



If the b⃗ and Jpq are identical, H possess high degree of symmetry  ➠  rewrite: 

N-qubit system: N coupled spin-½ particles 
H depends only on total spin Stot 
Instead of N bits, need only log2 (N+1) bits 
encode orientation of Stot as binary number

Symmetry of the Hamiltonian
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Bleau Ilic JK Rahaman Yu 2026

https://arxiv.org/abs/2604.07452


For two neutrino ensembles  ➠  two quantum registers 

Simulation using Dicke States
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Bleau Ilic JK Rahaman Yu 2026  ➠  see paper for details on the implementation

<latexit sha1_base64="zEWCXs+EBmas7ekqIoXxd/SyvR4="></latexit>

Hs =
X

i=1,2

~bi · ~Si + 4J12~S1 · ~S2

https://arxiv.org/abs/2604.07452
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Simulation using Dicke States
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Bleau Ilic JK Rahaman Yu 2026

https://arxiv.org/abs/2604.07452


Take-Home Messages
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quantum entanglement in supernova neutrino oscillations 
• not a generic prediction 
• but possibly highly relevant in certain situations (e.g. magnetic fields) 

➠ use case for quantum computing 
emergence of mean-field behaviour from full multi-particle dynamics 
at large N 
• analytic results 
• explicit demonstration on both classical & quantum hardware 
algorithms for simulating collective neutrino oscillations 
• qubit-efficient encoding using Dicke states



Katarina Bleau Ushak RahamanNikolina Ilic

Thank You!

XinYue 
(Theodore) Yu




