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Outline

1. Neutrino flavor oscillations in supernova engines
2. IsotropicSQA: open-source neutrino quantum kinetics

3. Order-of-magnitude decoherence rates.



Neutrinos in Core-Collapse Supernovae

Current Uncertainties

e Progenitor

e Equation of State

Numerics
o Resolution
o Neutrino Transport Method

e Neutrinos
o  Microphysics
o Flavor oscillations

0
Kilometers

(Couch & O’Connor 2013)



Neutrinos in Core-Collapse Supernovae

(e.g., Bethe 1985)
Neutrinos drive explosion through heating, my drive

neutron star kick, and may be observed soon.
(e.g., Kusenko 2009)

e Delicate balance determines explodability
e Neutrinos interact and oscillate

(Historically, never at the same time)

0
Kilometers

(Couch & O’Connor 2013)




Neutrino Oscillations in Supernova Engines

1968 - 2001 Oscillations Proposed and Discovered
Excessively simplified: Pontecorvo (1968), Ahmad+ (2001)




Neutrino Radiation Transport

Standard Model of Elementary Particles

three generations of matter interactions / force carriers
(fermions) (bosons)
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Neutrino Quantum Kinetics

Standard Model of Elementary Particles _ ,
But the neutrino flavors are mixed!

three generations of matter interactions / force carriers

(fermions) (bosons) (Pontecorvo 1968, Wolfenstein1978, Mikheev & Smirnov 1985)
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https://docs.google.com/file/d/1___NcBndof4Op9ldLxnG-gwU56TjEXOo/preview
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Flavor Oscillations in Supernova Engines &= 3

1968 - 2001 Oscillations Proposed and Discovered
Excessively simplified: Pontecorvo (1968), Ahmad+ (2001)
1978 -2008 NO OSCILLATIONS: In-medium Effects

E.g., Wolfenstein (1978), Mkiheyev & Smirnov (1985), Fuller+ (1992), Quian+ (1993), Fogli+ (2007), Esteban-Pretel+ (2008)
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_In-Matter Oscillations_
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https://docs.google.com/file/d/1J-dcWPkXbE_Cehws5DnPtQXe7gQi07li/preview

Flavor Oscillations in Supernova Engines

1968 - 2001

1978 - 2008

1987 - 2006

Oscillations Proposed and Discovered
Excessively simplified: Pontecorvo (1968), Ahmad+ (2001)

NO OSCILLATIONS: In-medium Effects
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E.g., Wolfenstein (1978), Mkiheyev & Smirnov (1985), Fuller+ (1992), Quian+ (1993), Fogli+ (2007), Esteban-Pretel+ (2008)

OSCILLATIONS: Neutrino-Neutrino Interactions
E.g., Fuller+ (1987,1988), Noetzold & Raffelt (1988), Pantaleone (1992,1998), Pastor+ (2002), Duan+ (2006)
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https://docs.google.com/file/d/1XudA4MDwWysamfOHLzpC9W1JSfDZR6HZ/preview
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Flavor Oscillations in Supernova Engines

1968 - 2001 Oscillations Proposed and Discovered
Excessively simplified: Pontecorvo (1968), Ahmad+ (2001)
1978 -2008 NO OSCILLATIONS: In-medium Effects
E.g., Wolfenstein (1978), Mkiheyev & Smirnov (1985), Fuller+ (1992), Quian+ (1993), Fogli+ (2007), Esteban-Pretel+ (2008)
1987 - 2006 OSCILLATIONS: Neutrino-Neutrino Interactions
E.g., Fuller+ (1987,1988), Noetzold & Raffelt (1988), Pantaleone (1992,1998), Pastor+ (2002), Duan+ (2006)
2011-2012 NO OSCILLATIONS: Direction-Dependent Calculations

E.g., Duan+ (2010), Dasgupta+ (2011), Chakrabotry+ (2011)



ez 2i2-0vicy
Vg ” Ve

electron electron
neutrino neutrino

182 Mevicz
o
Vo

tau
neutrino

electron
neutrino

<18.2 MeV/c?

2vIcY 18.2 Mevic
J o o |
| w @

electron tau | tau
neutrino neutrino neutrino

Flavor Oscillations in Supernova Engines

1968 - 2001 Oscillations Proposed and Discovered
Excessively simplified: Pontecorvo (1968), Ahmad+ (2001)
1978 -2008 NO OSCILLATIONS: In-medium Effects
E.g., Wolfenstein (1978), Mkiheyev & Smirnov (1985), Fuller+ (1992), Quian+ (1993), Fogli+ (2007), Esteban-Pretel+ (2008)
1987 - 2006 OSCILLATIONS: Neutrino-Neutrino Interactions
E.g., Fuller+ (1987,1988), Noetzold & Raffelt (1988), Pantaleone (1992,1998), Pastor+ (2002), Duan+ (2006)
2011-2012 NO OSCILLATIONS: Direction-Dependent Calculations
E.g., Duan+ (2010), Dasgupta+ (2011), Chakrabotry+ (2011)
2005 - present OSCILLATIONS: Direction-Dependent Calculations — New FAST Instability

E.g., Sawyer (2005), Sawyer (2015), Capozzi+(2015), Chakrabotry+ (2016), Tamborra+ (2017), Abbar + Volpe (2019), Yi+
(2019), Capozzi+ (2019), Abbar+(2019), Azari+ (2019), Walk+(2019) AND OTHERS



(Cherry+ 2012, 1203.1607)

Small number of reflected neutrinos
can change neutrino flavors.

(Also, Cirigiliano+ 2018, 1807.07070)

Fast Oscillations

X

r—R<KR

&;,VT, 77
R~ O(10km) (Dasgupta+ 2017)

Neutrino/anti-neutrino angular
dependence cause instabilities

(orig. Sawyer 2005, also Izaguirre+ 2016,
Capozzi+ 2017, Dasgupta+ 2018, et al)



Neutrino Quantum Kinetics

Cardall 2008
Vlasenko et al. 2014
Blaschke+Cirigliano 2016

Different flavors experience different potentials.
f ab (X7 P, t)

Well, that's not too bad, right?



Absorption and Emission

o 1) Read neutrino structure from diagram
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Absorption and Emission

1) Read neutrino
Ct ~
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Collision Rates » QKE Terms

o 1) Read neutrino structure from diagram
[ B X 2 — eT 2
o by o+ [G2R e
(o - e o
B < fe,u/2 feT/2
QKE terms ¢~ ; / ;
from straightforward f7e/2 0
combinations of o
ordinary terms 2) Require diagonals are the same as known rates

C+ — ](1/6)< - fee)
Ce_e = /i(ue)fee )
3) Profit.
Cab = Jwa)0ab — ({J)ab + (K)ab) fab



Collision Rates » QKE Terms

QKE terms
from straightforward
combinations of
ordinary terms

We also include:
- Electron scattering/annhilation
- Neutrino scattering/annihilation
- Nucleon Scattering
-  Effective bremsstrahlung

1) Read neutrino structure from diagram
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|IsotropIicSQA

github.com/srichers/IsotropicSQA
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3) Check the impact of the interactions and adjust “block” time





https://docs.google.com/file/d/1Ng1DqbzzRpbOU1xuzPbAJHgB8k41DtDa/preview

Everything Together
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Separate timescales:
Damping oscillations
Relaxing to equilibrium

Decoherence with/without
oscillations is similar
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Many collision processes are important!

0

Core:

Absorption/Emission
Pair Processes
Scattering
Bremsstrahlung
Neutrino-Neutrino
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Conclusions

4 N N A )
Existing neutrino interaction Effective opacity Many collision
rates can be extended to approximately predicts processes are
full QKE source terms! decoherence rates. significant.
& J L J 4

IsotropicSQA simulates full isotropic QKEs in supernova conditions.

|IsotropIicSQA

github.com/srichers/IsotropicSQA

Huge potential for improvement!
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Numerical Challenges
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e Few evolution variables are difficult to parallelize

L/Leq

e Conversion between S and f induces error

10 - ' ' o Neutrino-neutrino interactions scale with N_*and require

evenly-spaced energy grid

------------------------- e Sensitive to size of the energy domain
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We don’t need to care, right?
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