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Neutron Stars
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Image: Gendreau et al.
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neutron stars harbor 
abundant quantities of muons

Schaffner-Bielich 2008


Muons in Neutron Stars
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https://arxiv.org/abs/0801.3791
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Neutron Stars in Chemical Equilibrium
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Neutron Stars Away from Equilibrium
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Departure from Equilibrium
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Neutron Stars are not always static

spin-down (electromagnetic energy loss)

accretion

B field expulsion

tidal deformation 
(tight binaries, random encounters)

…?


➠ equilibrium abundances of particle 
species changes


➠ star needs to react via 
out-of-equilbrium Urca processes

JK Opferkuch 2023

https://arxiv.org/abs/2312.08457
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Departure from Equilibrium
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very strong dependence on pF/pFeq

and on T

For muons: 
diffusion (over 𝓞(yr) time scales) + decay

JK Opferkuch 2023

https://arxiv.org/abs/2312.08457
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Departure from Equilibrium
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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


Regular modified Urca (in equilibrium)

~1022 erg / cm3 / sec ➠ ~1041 erg / sec


Eν ~ 109  K ~ 100  keV

at 10 kpc: 38   cm–2  sec–1


➠ large flux, but low energy
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Neutrino Flux
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JK Opferkuch 2023

Yakovlev Levenfish 1995

https://arxiv.org/abs/2312.08457
https://arxiv.org/abs/2312.08457
https://ui.adsabs.harvard.edu/abs/1995A&A...297..717Y/abstract


Muon diffusion + decay


Eν ~ 10 MeV

star contains 𝓞(1056) muons

assume 1053 are lost over 1  Gyr

flux at Earth ~ 10–10   cm–2  sec–1 

current limit: ~ 1  cm–2 sec–1

What if all neutron stars in the Milky Way 
were to lose muons?

➠ no known mechanism
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Neutrino Flux
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JK Opferkuch 2023

https://arxiv.org/abs/2312.08457


Common-Envelope Systems
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Common-Envelope Evolution – Examples
Ivanova et al. 2012

https://arxiv.org/abs/1209.4302
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Common-Envelope Evolution – Examples
Ivanova et al. 2012

zero-age main sequence

Roche-lobe overflow

common-envelope evolution

supernova

high-mass X-ray binary

low-mass X-ray binary

millisecond pulsar 
+ He white dwarf

neutron star–neutron star 
(or BH–BH) binary 
potential GW source!

https://arxiv.org/abs/1209.4302
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Common-Envelope Evolution
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neutron star enters companion star

gigantic accretion rates 
(up to 0.1 M⊙/yr for several months)

only cooling channel is via neutrinos 
➠ new type of neutrino source

in addition: de-protonization

rate < core collapse SN rate


Esteban Beacom JK 2023

Common-Envelope Evolution – Neutrino Emission

https://arxiv.org/abs/2310.19868
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Thank You!




