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Electron Neutrinos are Special

Composition of Ejecta
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Need accurate neutrino transport to extract physics from observed neutrinos, gravitational waves, and light.




Electron Neutrinos are Special

Deep Underground Neutrino Experiment
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Quantum Neutrino Plasma
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Quantum Neutrino Plasma
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> . B Equation of State
Dﬂ' , — —
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Quantum Neutrino Plasma
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Quantum Neutrino Plasma
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Neutrino mass

and potential
/ affect velocity.

. \ Weak interactions
—_

not in equilibrium.
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How hard could it be?
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“Instantaneous” collisions

S Y
I I 1

C N

Quantum Kinetics
Flavor changing is fast!
“Collisionless”
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Momentum (3D)
Flavor

= 3x3 matrix
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Vacuum Oscillations Distribution
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“The Supernova Proble

Ve

Neutrino Transport Reviews
Bruenn (1985)

Burrows, Reddy, Thompson (2007)
Mezzacappa (2022)

J>L

Combining with one-loop effects
Cherry (2012)

Vlasenko (2017)

SR et al. (2019)

Johns (2021)

Martin et al. (2021)

Sasaki et al. (2021)

Nagakura (2022)

Haonsen et al. (2022) 13
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Many processes are
important!

 Collisional instability
(Johns 2021)

—_

* Universal behavior
(Padilla-Gay 2022)

e Suppression or
enhancement of flavor
transformation

10! 102 Lot 102 > (Shalgar, Abbar, Sasaki, ...)

SR et al. (2019) Radius (km) 14
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Flavor Transformation

« Vacuum (easy)
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Aside: Plasma Instabilities

Because charged particles feel
potential from other charged
particles:

Black = Right Streaming Particles
ng Particles

Blue = Left Streaming

1. Perturbation in particle
induces electric+tmagnetic field

2. Electrictmagnetic field influences
particle

3. Particle perturbations grow
exponentially
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Neutrino Plasma Instabilities

Because neutrinos feel
potential from other neutrinos:

1. Perturbation in particle
induces flavor background

— |f[:[:| o —— |’_:[:[:|

— Ml == 2. Flavor background influences
= 221 particle

3. Particle perturbations grow
exponentially
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Don Willcox
(LBNL)

electron
neutrino

1500 particles

per cell

_ F . 1
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General Features of the FFI

Bhattacharyya ...

NuGas
EMmu
Cosev-FD
C v-FV

— {=15000

— Zaizen

1000 2000 3000 4000 5000
t(p)

SR+ (2022), following many other works

Exponential growth of perturbations

Sawyer (2005), Dasgupta, Sen, Mirizzi, Morinaga,
Padilla-Gay, Abbar, Xiong, Wu, Bhattacharyya, Zaizen,
George, Duan, Sigl, Capozzi, Shalgar, Raffelt,
Chakraborty, Kato ... [many contributions]

Complete mixing within “ELN Crossing’,

incomplete elsewhere to preserve lepton #
Bhattacharyya & Dasgupta (2021)

Modes spreading to exponential distribution.
SR et al. (2021)

Coherent post-saturation flavor wave
Duan et al. (2021)

Non-trivial interplay with collisions
Padilla-Gay, Shalgar, Johns, Xiong, Sasaki, Sigl,
Tamborrao, Hansen, Martin
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Only 30 orders of magnitude to go
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Amount of flavor transformation
_ depends on the angular distribution.

SR et al. (2021b)
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ls it actually chaotic?

nphi_equator=16
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How to move past a few centimeters?

reduced coupling

Nagakura 2022

effective models

Li & Sigel 2021

Just et al. 2022 TA?)”G bg’
Bhattacharyya et al. 2022 ar:

Fernandez, SR et al. 2022

exact toy models

easier equations

Padillo-Gay et al. 2021

Strack & Burrows 2005
SR et al. 2019

Johns et al. 2020

Myers et al. (inc. SR) 2022
SR 2022

Grohs, SR, et al. 2022
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Expect FF| to have a moderate impact on outflows

Run many 2D merger simulations, varying:
- NS lifetime
- Flavor transformation prescription

>

x [107 cm] x [107 cm) x [107 cm] x [107 cm]

Fernandez, SR, et al. (2022)



Expect FF| to have a moderate impact on outflows

- parameterized mixing scheme
- viscous hydro
Extract only disk-driven ejecta -2D
(neglects dynamical and prompt ejectq)

+ 17.7 s. evolution time
+ 28 simulations
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Fernandez, SR, et al. (2022)
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Expect FF| to have a moderate impact on outflows
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Mass in bin [,
logig abundance X/

i’ sola e
3 olar \ Wy ; = solar
e~ e " o = b = 0
! o = Bose Aoge =AS (hoge = 2/3)
M e = bone =2 b =AS (e = 2/3)
Bome = Pone i
. T
J— 1 : 100 x : 3
2 0.3 0.4

0.5

s = Boe =10 ‘e, 10ms
oo =AS (b = 2/3) F
—— Bosc =AS (o = 2/3)

A)/A

solar
. solar

fose = Bose a b 0

gz =AS (boge = 2/3)
— b =AS (e = 2/3)

ose = bose

Mass in bin [A
logyp abundance X

Bome = bose

one = bosc

T T T T T T T T .
02 X 4 5 . y 3 5 : 100

100 ms Tnx = 100ms 100 ms.

A)lA

(2202) 10 18 *YS ‘Zepuouls 4

= solar
oz = broae =)
o =AS (b = 2/3)
Boge =AS (dtosz = 2/3)

Mass in bin
logyn abundance X

solar
- solar

Ao = bose = 0
e =AS (bune = 2/3)
boge =AS (dse = 2/3)

s

Mass in bin

[

logyg abundance X (A)/4

[

o

100 150 ; 100 150
mass number A mass number A




How to move past a few centimeters?

reduced coupling Nagakura 2022
. Li & Sigel 2021
effective models Just et al. 2022 Abbar talk?

Bhattacharyya et al. 2022
Fernandez, SR et al. 2022

exact toy models Padillo-Gay et al. 2021
. . Strack & Burrows 2005
easiler GQUOtIOﬂS SR et al. 2019

Johns et al. 2020

Myers et al. (inc. SR) 2022
SR 2022

Grohs, SR, et al. 2022
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Kinetics - Hydrodynamics

p,Nny, ...
4 dp )
T +V-(pu) =0
9(pw) +V-:-(puu+P)=0
e s
—1 . P =(Equation of State)

v

OE
— +V-F =Cg(E,F)

dt

OF
— +V-P=Cp(EF)

dt

P =(Closure)



Moments Are Not Correct

But they sure are handy

=50 =25 0 25 50 12 9=0

SR (2020) x (km)  Hydro: Radice (2018) Tri-axial Prolate

Conclusion: The closure iIs non-trivial.

Use: many & longer simulations



Max. Entropy Polynomial 1

z (km)

Polynomial 2 Polynomial 3

We can predict where

instability occurs
reasonably well
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Moment-Based Quantum Kinetics

Supernova Collective Oscillations
Geometric Closure
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Moment scheme matches exact scheme surprisingly well



z (km)

Moment-Based Quantum Kinetics

Grohs, SR, et al. (2022)

Merger Fast Flavor Transformation
Modified Max Entropy Closure

Crossing Diagnostic [ ]
0.0 0.2 0.4 0.6 0.8 1.0 1 —— Emu (2f)
—————— L4 /) o
_ I S Emu (3f)
o o AT o _ ey ]
§ - 31.2_- FLASH (2f) A
= 2 [ |
2 T }(:' l(] = T L appp——— =
D < =
o % X [ o
R %I R .
e = . -
0.6F dynamical 3D box ]
—1 0 1 2 3 4

L — tmax (10_5} 5)

Moments can qualitatively predict and simulate instability




Conclusions
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Flavor transformation Converging understanding of
has a moderate effect how the FFI transforms flavor

on merger gjecta - sub-grid models are possible

Converging on known, dominant physics

Moment equations can

reproduce the FFI BUT

(subject to the closure)

The FFl is only a small part of the story

Postdoc Position Open



Neutriro Many-Body Quantum Kinetics is Difficult
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T 7 uantum Kinetics
E =22 MeV Distribution

more U, 4.2e-01

Oscillations and collisions
are not generally separable

Potential (erg)

7.3e-14

more v,

Sherwood Richers

github.com/srichers/IsotropicSQA
arXiv:1903.00022

Richers+ (2019)
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02 03 04 05 06 07 08 0.9

Flavor transformation &
collisions in the same place.

SR et al. (in prog.)
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