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Neutron Stars

Image: Gendreau et al.
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https://ui.adsabs.harvard.edu/abs/2012SPIE.8443E..13G/abstract
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Neutrino Cooling
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Regular modified Urca (in equilibrium) 
in young neutron stars (T ~ yrs):   Eν ~ 100  keV,   φ ~ 1041 erg / sec 
at 10 kpc: 38   cm–2  sec–1 

for comparison: diffuse SN neutrinos: ~ 1   cm–2  sec–1 at Eν ~ MeV 
➠ large flux, but low energy ➠ so far undetectable
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Neutrinos from Neutron Stars

neutron stars evolve: 
spin-down / spin-up 
accretion 
expulsion of B-fields 
tidal deformation

Result: 
out-of-equilibrium Urca processes 
extra neutrinos

JK Opferkuch arXiv:2312.08457

https://arxiv.org/abs/2312.08457
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neutrino flux can be enhanced by 
several orders of magnitude 
but low energy still precludes 
detection so far 
opportunities for large low-threshold 
DM detectors?

JK Opferkuch 2023

https://arxiv.org/abs/2312.08457
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Common-Envelope Evolution

15

compact star (neutron star, black hole, white dwarf, …) 
enters companion star 
significant friction 
gigantic accretion rates 
(up to 0.1 M⊙/yr for several months) 
outcome: Thorne–Żytkov object or explosion 
crucial for the formation of 
gravitational wave sources 
rare  (0.01 / century – 1 / century in our galaxy) 
never observed

Image: Wikimedia Commons

https://commons.wikimedia.org/wiki/File:Common_envelope_evolution.svg
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gigantic accretion rates 
only cooling channel is via neutrinos

Esteban Beacom JK 2023

Common-Envelope Evolution – Neutrino Emission

https://arxiv.org/abs/2310.19868


temperature / density profile 
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Common-Envelope Evolution – Neutrino Emission

continuity equation

energy conservation

Euler equation (in Schwarzschild background)

https://arxiv.org/abs/2310.19868


neutrino emission 
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Main detection channel is IBD. 
No directionality 
Backgrounds: 

Accidental coincidences 
Li-9 from spallation 
NC interactions of atmospheric ν 
reactor ν, CC atmospheric

Esteban Beacom JK 2023

https://arxiv.org/abs/2310.19868
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Esteban Beacom JK 2023

Common-Envelope Evolution – Discovery Reach

https://arxiv.org/abs/2310.19868
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Esteban Beacom JK 2023

Common-Envelope Evolution – Discovery Reach

existing 
data 

(~20% of stars)

https://arxiv.org/abs/2310.19868


near future 
(> 80% of stars)
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CEE detectable almost anywhere 
in our galaxy 
novel astrophysical neutrino source 
opportunity for discovery

Esteban Beacom JK 2023

Common-Envelope Evolution – Discovery Reach

existing 
data 

(~20% of stars)

https://arxiv.org/abs/2310.19868
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Image: Young 2021

https://doi.org/10.1038/s41550-021-01364-6


Melson Janka Marek 2015

http://adsabs.harvard.edu/abs/2015ApJ...801L..24M
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neutrino density > 1030 cm–3 
➠ each neutrino “feels" the presence of the other neutrinos 
    (via coherent forward scattering)
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density matrix 
in flavour space

vacuum oscillations 
<latexit sha1_base64="Jmc6Tl1JbtfNxfXDE6NJm0qRsuo="></latexit>

Hvac =
1
2EUPMNSM

2
U

†
PMNS

matter effects 
<latexit sha1_base64="wGp0cG/xzA1Y1RIsQjg6XrX7Ke8="></latexit>

HMSW =
p
2GFne

⇣
1
0
0

⌘
self-interactions 

<latexit sha1_base64="iGCJZUVulKSJi+hw0TDTTb8Wt3o="></latexit>

H⌫⌫ =
p
2GF

Z
d
3
q

(2⇡)3
(1� cos ✓~p~q)(⇢~r,~q � ⇢̄~r,~q)
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neutrino density > 1030 cm–3 
➠ each neutrino “feels" the presence of the other neutrinos 
flavour evolution described by von Neumann equation  (mean field approach)

<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/
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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) 

time-evolution via Trotterization (discretisation in t + low-order expansion of S = ei Ĥ δt) 
However: in the large-N limit, fully entangled N-qubit system 
should reduce to the standard mean-field picture 
our goal here is to demonstrate this explicitly on a quantum computer

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

<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:

Friedland Lunardini  2003

https://arxiv.org/abs/2102.12556
https://arxiv.org/abs/2207.03189
https://arxiv.org/abs/2308.09123
https://arxiv.org/abs/hep-ph/0304055
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vacuum oscillations self-interactions
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reduces to the standard mean-field picture
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deployment to IBM QPUs 
(superconducting transmons) 
severely noise-limited 

more challenging than Heisenberg / Ising models 
due to all-to-all interactions 
smart algorithm design allows implementation on 
linear qubit chain

Implementation on Quantum Hardware
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IBM Heron r2 (156 qubits)
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beam 
(analytical)

beam 
(noiseless simulation)

background

IBM Heron r2 (156 qubits)
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IBM Heron r2 (156 qubits)

beam 
(analytical)

beam 
(IBM Heron r2, 

no noise mitigation)

background
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IBM Heron r2 (156 qubits)

beam 
(analytical)

beam 
(IBM Heron r2, 
Pauli twirling + 

readout mitigation + 
zero-noise extrapolation

background
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IBM Heron r2 (156 qubits)

beam 
(analytical)

beam 
(IBM Heron r2, 

probabilistic error 
cancellation) 

exponential overhead

background
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solar neutrinos 
supernova neutrinos 
★ oscillations of SN 

 neutrinos poorly 
 understood 
★ playground for 
quantum computing

high-E neutrinos

cosmology

             neutron stars     
neutrinos may enable 
      first discovery of 
  common-envelope 
                  evolution



Thank You!
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Strategy for calculating rates 
apply Feynman rules + phase space integral 
+ Pauli-blocking factors 
phenomenological parameterisation of 
nuclear matrix element 
neglect angular dependence of 
hadronic + leptonic matrix element 
treat nucleons as non-relativistic 
all momenta close to Fermi surfaces 
carry out angular integrals 
carry out energy integrals 
(multiple applications of residue theorem)

JK Opferkuch 2023

Friman Maxwell 1979 
Yakovlev Levenfish 1995 

Yakovlev Kaminker Gnedin Haensel 2000 
Shapiro Teukolsky 1983

https://arxiv.org/abs/2312.08457
https://ui.adsabs.harvard.edu/abs/1979ApJ...232..541F/abstract
https://ui.adsabs.harvard.edu/abs/1995A&A...297..717Y/abstract
https://arxiv.org/abs/astro-ph/0012122
https://ui.adsabs.harvard.edu/abs/1983bhwd.book.....S/abstract
https://arxiv.org/abs/2312.08457
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very strong dependence on 
departure from equilibrium and on T 
For muons: 
diffusion (over 𝓞(yr) time scales) + decay 
➠ potential source of MeV neutrinos 
➠ would require a mechanisms that 

drives all NSs in the MW towards 
lower muon abundances 
(~1% over 109 yrs) 

➠ all mechanisms known to us do 
the opposite 

no known mechanism 
that does this

JK Opferkuch 2023

https://arxiv.org/abs/2312.08457

