Neutrino Quantum Kinetics
or Neutrino Transport

Sherwood Richers, N3AS Fellow, NCSU, Berkeley
Gail McLaughlin, NCSU
Yonglin Zhu, NCSU
Alexey Vlasenko, NCSU
James Kneller, NCSU
Francois Foucart, UNH




Neutrino Quantum Kinetics
and Neutrino Transport

Sherwood Richers, N3AS Fellow, NCSU, Berkeley
Gail McLaughlin, NC State University
Yonglin Zhu, NC State University

Alexey Vlasenko, NC State University
James Kneller, NC State University
Francois Foucart, UNH




Outline

|
—
)
2]
c
@©
1 S
|_

Supernovae Neutron Star Mergers

Quantum Kinetics




Neutrinos in Core-Collapse Supernovae

Neutrinos drive explosion through heating, my drive
neutron star kick, and may be observed soon.

e Turbulence/SASI drive asymmetric radiation
e \elocities few % speed of light

e Delicate balance determines explodability

0
Kilometers

(Couch & O’Connor 2013)



Neutrinos in Neutron Star Mergers

Neutrinos drive outflows,

modify composition.

Complex geometry
Relativistic orbital

velocity

Strongly GR

Smaller optical depth
than CCSN (in disk)
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Quantum Kinetics



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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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?
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https://docs.google.com/file/d/1Ng1DqbzzRpbOU1xuzPbAJHgB8k41DtDa/preview
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< quantum collision terms
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Let’'s use them to understand mergers!
But the geometry is difficult.
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Just Transport



Neutrino Transport

f(x*, p") is (# of neutrinos) per (volume) per (energy) per (solid angle)

Classical Boltzmann Equation




Neutrino Transport

f(x*, p") is (# of neutrinos) per (volume) per (energy) per (solid angle)

Classical Boltzmann Equation

Discrete Ordinates




Neutrino Transport

f(x*, p") is (# of neutrinos) per (volume) per (energy) per (solid angle)

Classical Boltzmann Equation

F— Monte Carlo
- Ray-Tracing



Neutrino Transport

f(x*, p") is (# of neutrinos) per (volume) per (energy) per (solid angle)

Classical Boltzmann Equation

:
(F') t &7 Flux-Limited Diffusion
f = Two-Moment (M1)




Neutrino Transport

f(x*, p") is (# of neutrinos) per (volume) per (energy) per (solid angle)

Classical Boltzmann Equation

Left Side: Expand the derivative

df of dxM Of

dr  or i dr Oxm

Right Side: Integrate collision rate with other things (1 + 2 < 3+ 4)

C~ /d3p2/d3p3/d3p4 R(fla f27 f37 f47 P1, P2; P3, p4)



SEDONU:

GR Monte Carlo Transport

Q Take fluid
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SEDONU: GR Monte Carlo Transport
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SEDONU: GR Monte Carlo Transport
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SEDONU: GR Monte Carlo Transport
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SEDONU: GR Monte Carlo Transport

12
0 Take fluid 11
snapshot Ts 10
Q@ Emit 2:>~. 9l
(4]
© Propagate :Eo 8|
& Absorb = 71
&
Q Scatter = 6
5
4



SEDONU: GR Monte Carlo Transport
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CCSN: Neutrino Heating
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Richers+ (2015) Few % difference in 2D as well!
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Supernovae Neutron Star Mergers

Moments work well in 1D
(worse in multi-D)

Transport

Do they work for mergers?

Can use existing neutrino
interaction physics to build
quantum collision terms

Quantum Kinetics

Let’'s use them to understand mergers!
But the geometry is difficult.




What About
Mergers?
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Hydro: Radice+2017




Lots of structure in higher moments.

30.0

29.5 IE 60

29.0 o Compare to _
25550 0.01 for CCSN — —¢

20 28.0 40F
275 2
27.0

3)

0Q10€
Z (km)

30.5
30.0
29.5 @ 0 for : 60
c spherical
€ 290 g radiation
X ! ) o
B 128.5 w _sEc
o S N
28.0 2 20
275 . . . ‘4 . : @02
. . -60 —-40 =20 0 20 40 60
27.0 Richers+ (in prep...) y (km)

X (km)



MERGERS: How well does M1 do?
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Supernovae Neutron Star Mergers
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Moments work well in 1D Analytic closures
(worse in multi-D) are inadequate for merger simulations

Transport

Do they work for mergers? Solution: Monte Carlo transport

Can use existing neutrino
interaction physics to build
quantum collision terms

Quantum Kinetics

Let’'s use them to understand mergers!
But the geometry is difficult.
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Pure oscillations in neutron star mergers

z (km)

250F Ve of 10.67 MeV - Ve-of 10,67 Mev
v, of 16.22 MeV 7, of 16.22 MeV --------+o-- 2 1 ;
Ve of 24.66 MeV v, of 24.66 MeV é 08k \ .
200F 'g 06 F \‘ F
2 E
— b P m r
s 0.4 pron
150} S 02} Plow '
3 OF Pl pred o
100 S 10" F 1
3 10M} - :
_(_‘g 10'20 3 Ve GW S p——— e ——
S0F S 102 Vo - E ,/ ;
- = V,(x,0) ]
& 10 2t IV XA)] weeeeeneee 1
ol—s i A . 102 k . . . —a i
-150  -100  -50 0 50 100 150 50 60 80 100 120 140 160 180
y (km) Position (km)
(Zhu+ 2016)

Neutrino-matter resonance efficiently transforms neutrinos.



Matter-Neutrino Resonance (3D GR)
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Simultaneous Oscillations and Collisions
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Simultaneous Oscillations and Collisions
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Supernovae Neutron Star Mergers
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S Moments work well in 1D Analytic closures
= (worse in multi-D) are inadequate for merger simulations

Do they work for mergers? Solution: Monte Carlo transport
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< quantum collision terms
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Let’s use them to understand mergers! This is gonna be tough.
But the geometry is difficult.
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Supernovae and Mergers are Unstable! eincez01s)
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mass fraction, X (A)

(Wu+ 2017)
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Potential (cm~1)

Accretion Disk

20 40 60 80 100 120 140
Distance (km)

Synchronized MSW

© o © o
w s w (o))
Survival Probability

o
N

0.1

0.0



Monte Carlo Random Walk Approximation
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