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Stellar Evolution
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Supernova
©

N
ASA 

• Explosion mechanism:

‣ thermal runaway: type Ia

‣ core collapse: type II, type Ib, 

type Ic, etc.

©ESA/Hubble 

• Messengers: photons, neutrinos 
and gravitational waves


• Classification: type I (no H),  
type II (H)
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Core-Collapse SN &  Emissionν

Burrows, Rev. Mod. Phys. 85, 245 (2013)

• Progenitor stars:  


• Stellar collapse & bounce shock


• Neutrino heating & shock revival


• Neutrino emission: , 


• Compact remnant: neutron star or black hole

≳ 8 M⊙

∼ 1053 erg ∼ 10 MeV

• Delayed neutrino-heating mechanism


‣ production, propagation
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Physics bSM in Neutrino Sector

Physics beyond the standard model (SM):




• for d = 5, Weinberg operator


• for d = 6, non-standard interactions


Non-standard neutrino properties:


‣ non-standard neutrino interactions (NSI)


‣ non-standard neutrino self-interactions


‣ neutrino electromagnetic properties


‣ …

ℒeff = ℒSM +
ℒd=5

Λ
+

ℒd=6

Λ2
+ . . .
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For updated constraints, see: Eseban et al., JHEP 
08,180 (2018); Coloma et al., JHEP 02,023 (2020)

Farzan & Tortola, FP. 6, 10 (2018)

ℒNC−NSI = − 2 2GFϵ f X
αβ (ν̄αγμPLνβ)( f̄γμPX f )

ℒCC−NSI = − 2 2GFϵ ff′�X
αβ (ν̄αγμPLlβ)( f̄′�γμPX f )
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Non-Standard Neutrino Interactions
• Low-energy effective NC neutrino interaction in the SM:




• Non-standard NC neutrino interactions: 



‣ : chirality projection operators


‣ vector(axial) coupling constants:


     


‣ Flavor-diagonal NC vectorial NSI couplings: 


‣ relatively larger parameter space: 


‣ other parameters: 


‣ SNO experiments        small NSI axial interactions, 

ℒSM = − 2 2GFgf
X(ν̄γμPLν)( f̄γμPX f )

ℒNSI = − 2 2GFε fX
αβ (ν̄αγμPLνβ)( f̄γμPX f )

PX (X = L, R)
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NSI Effects in -Matter Interactionsν
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• Reactions to be modified (  & ):


    , 


    , 


• Effective NSI couplings to nucleons:



• NSI modifications to cross sections:


‣ nucleon: 


‣ nucleus:  


                   


• For nucleus: 

νe ν̄e

νe + p ⟷ νe + p νe + n ⟷ νe + n

νe + α ⟷ νe + α νe + X ⟷ νe + X

εp = 2εu + εd, εn = εu + 2εd

gp(n)
V ′� = gp(n)

V + εp(n)

Q′�W = QW + QNSI
W

QNSI
W = − 2(Zεp + Nεn)

σSM+NSI /σSM ≈ Q′�2
W /Q2
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Cross Sections in the SM

• :





• :





‣  , 


‣ Corrections (little effect on SN):


✓ : ion-ion correlation function, mostly by Coulomb interaction


✓ : form factor, nuclear structure, strong interaction


✓ : electron polarization correction, electron

νe + p/n ⟷ νe + p/n
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Simulation Setup

• Simulation code: GR1D & NuLib  
✓ 1-D, general-relativistic hydrodynamics


✓ M1 neutrino transport scheme


• Ingredients:


‣ progenitor star: s15s7b2


‣ nuclear equation of state (EOS): SFHo


‣ neutrino-matter interactions

O’Connor & Ott, CQG. 27 114103 (2010) 
O’Connor, ApJS. 219, 24 (2015)

Woosley & Weaver, ApJS. 101,181 (1995)

Steiner, Hempel & Fisher, ApJ. 774,17 (2013)
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Simulation Results: Dynamics
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Simulation Results: Observables
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Preshock Burst

•Preshock burst as a probe of the NSI

✓ great sensitivity to the NSI

✓ relatively simpler dynamics

✓ weak model dependence on EOS

✓ slightly depend on the progenitor

✓ similar predictions in 1-D and 3-D

(t: evolution time)( :  luminosity)Lν ν

( :  number luminosity)Ln
ν ν

breakout burst
preshock burst

( : NSI parameter)ε



Thank you! 
Q & A
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•sntools

‣ HyperK

‣ ES

‣ 1 kpc
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https://github.com/JostMigenda/sntools
https://github.com/JostMigenda/sntools
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O’Connor, ApJS. 219, 24 (2015)


