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Why we care about Supernovae Neutrinos
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Neutrinos are messengers of informa/on of physics under extreme condi4ons 

Neutrinos influence the supernovae explosion 

Efficient energy transport away from the shock region (neutrino burst)  

Energy deposi4on to revive the stalled shock (explosion)  

Weak interac4on process, electron capture,  decay are flavor-dependent 

 

 

Spectral splits can happen at some distance from the emission sphere

β
p + e− ⟶ n + νe

p ⟶ n + e+ + νe

Duan et. al (2006)

Janka et al. (2007) 
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Interes4ng quantum 
many-body problem 
governed by weak 

interac4on

H = Hvac + Hνe + Hνν
Vacuum: 

Mass eigenstates  
flavor eigenstates  

≠ MSW: 
ScaHering 

with maHer

-interac/on: 
Forward 

scaHering

νν

Flavor Hamiltonian of many-neutrino system

Neutrinos from Core-collapse Supernovae

Massive stars  explode releasing a huge amount of energy and 

neutrinos 

M ≥ 8 M⊙

∼ 1058



Cortona, 12 October 2023 - XIX Conference on Theoretical Nuclear Physics in Italy 2023Valentina Amitrano

θij ∝
| i − j |
N − 1
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Two-flavor Hamiltonian (SU(2) model) 

2-body term

H = Hvac + Hνν

1-body term

Hvac = Δ
N

∑
i=1

b⃗ ⋅ ⃗σi Hνν =
μ
N

N

∑
i<j

Jij ⃗σi ⋅ ⃗σj

The flavor state of a neutrino is a flavor isospin  

Rewrite the model using the  algebra

|ν⟩ = α |νe⟩ + β |νx⟩

𝔰𝔲(2)

N = 4

Ini4al state  

Evolved state  

 and  

Measure the probability to be in the inverted flavor 
as a func4on of 4me  

|ψ0⟩ = |νe⟩ ⊗ |νe⟩ ⊗ |νx⟩ ⊗ |νx⟩

|ψ(t)⟩ = e−iHt |ψ0⟩

⟨νe |Z |νe⟩ = 1 ⟨νx |Z |νx⟩ = − 1

P(i)
inv(t) =

|⟨Zi(0)⟩ − ⟨Zi(t)⟩ |
2
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Quantum algorithm
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A quantum algorithm is a unitary transforma/on from an ini4al qubit state into a final one  U : |ψ⟩ ⟼ |ψ′ ⟩ = U |ψ⟩

Final qubit state 
 

where  implies that  
- it preserves the norm   
- and is reversible.

|ψ′ ⟩ = U |ψ⟩
U ∈ SU(2n)

∥|ψ⟩∥ = ∥|ψ′ ⟩∥

The measurements allow us to 
extract informa4on about final 
states and at the same 4me 
collapses the wave func4on. 
Classical register is represented 
by classical wires

1. Ini/aliza/on of 
qubit state

2. Unitary 
transforma/on

3. Measurement

Involved qubits 
in the quantum register 
are represented by 
quantum wires

A QC can store an exponen/al amount of informa/on without an exponen/ally large amount of resources 
and can predict the /me evolu/on of a many-body quantum system naturally taking into account all quantum features.
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Ingredients for Hamiltonian simulation

1° ingredient: 
Encoding map

2° ingredient: 
Unitary implementa/on

|νe⟩ ↦ |0⟩

|νx⟩ ↦ |1⟩

 

Two-flavor approxima4on  

Qubit state  

 neutrinos encoded into  qubits

ℋneutrinos = ℋqubits = (ℂ2)⊗n

|ν⟩ = α |νe⟩ + β |νx⟩

|ν⟩ = α |0⟩ + β |1⟩
N N

Implement  as a quantum algorithm  

Quantum gate decomposi/on 

Exponen4al number of opera4ons in general…  

we need to op4mize it!

U(t) = e−iHtνe

νe

νμ

νμ
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Digital QC: Machine aware compilation
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Different qubit 

Superconduc4ve circuit 

Trapped ions 

Different universal gate set 

Circuit op4miza4on 

More control on what we are running 

Different qubit connec/vity 

Linear 

All - to - all 

Etc…

Honeywell Quantum

LLNL testbedIBM Quantum

Rigetti Quantum

!
Trapped ions are perfect for the 
collec/ve neutrino problem

Hνν =
μ
N

N

∑
i<j

Jij ⃗σi ⋅ ⃗σj
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RESULTS: single Trotter step
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N = 4

N = 8

ε ∼ 𝒪(dt2)

U2(t) ≈
N

∏
i<j

e−Jijσi⋅σjdt
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RESULTS: single Trotter step

10

N = 4

N = 8
error bar = 68 %

V. Amitrano et. al. Phys. Rev. D 107, 023007 (2023)

ε ∼ 𝒪(dt2)
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RESULTS: Multiple Trotter steps
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N = 4

ε ∼ 𝒪(kdt2)

ε ∼ 𝒪(dt2)
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RESULTS: Multiple Trotter steps
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N = 4

ε ∼ 𝒪(kdt2)

ε ∼ 𝒪(dt2)
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RESULTS
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η = Nμ

N = 4

B. Hall et. al. (2021) M. Illa and M. J. Savage (2023)

V. Amitrano et. al. (2023)
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Outline

14

ResultsQuantum Compu/ng Simula/onMo/va/on and physics

Flavor dynamics is crucial to 
describe many effects in core-
collapse supernovae

QC necessary for full dynamics 
simula4on of collec4ve 
neutrino oscilla4ons

Results are very promising 
We can increase the number 
of simulated neutrinos



Cortona, 12 October 2023

Valentina Amitrano 
Francesco Pederiva 
Alessandro Roggero 

XIX Conference on Theoretical Nuclear Physics in Italy 2023

Thank you for your attention 


