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Large-scale simulations: what’s included and what’s not
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Classical and quantum transport

e (lassical neutrino transport:

0
Boltzmann’s equation ( o \% V> fv. =C,.
* Quantum neutrino transport:
[ 0Oece Oex\ (Distribution function of v, Flavor coherence
0= or . Osx) Flavor coherence Distribution function of v,
o . 0 .
Quantum Kinetic Equation 5 TV V0]o=—i|H,ol+C
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Flavor instabilities in dense astrophysical environments

e We can check if classical simulations are self-consistent.

 Take the classical results, and solve the QKE.
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Flavor instabilities in dense astrophysical environments

o [Fast] flavor Instabilit
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Flavor instabilities in dense astrophysmal environments

e We can check if classical simulations are self-consistent.

 Take the classical results, and solve the QKE.
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Fast flavor instabilities (FFIs)

 FFls are driven by the neutrino/antineutrino self-interaction mean-field

a .
(815 -V V) o(t,x,p) = —i |Hseir, 0(t, %X, p)] H.oqp =

e Various approaches to include FFIs in simulations:

4

Angular moment methods

Attenuation of the Hamiltonian (to increase
length- and time- scales)

Subgrid model with predicted
asymptotic state
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Fast flavor instabilities (FFIs)
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Asymptotic state of FFl — Axisymmetric case

% 1031

Data: E. Urquilla with the
particle-in-cell code Emu

S. Richers et al., [2101.02745]

|
—_

ELN — XLN (cm™3)
g

—3
4
—9
—1.0 —0.9 0.0 0.9 1.0
cos(6)

ELN = Qee(e) — @ee(e)

Instability <— Crossine in ELN — XILLN
XIN = 030 (0) — B0 (6) Y 5



Asymptotic state of FFl — Axisymmetric case

% 1031

Data: E. Urquilla with the
particle-in-cell code Emu

S. Richers et al., [2101.02745]

Deep’” side

|
—_

“Shallow” side

ELN — XLN (cm™3)
g

—3
4
—9
—1.0 —0.9 0.0 0.9 1.0
cos(6)

ELN = Qee(e) — @ee(e)

Instability <— Crossine in ELN — XILLN
XIN = 030 (0) — B0 (6) Y 5



Asymptotic state of FFl — Axisymmetric case
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Three-dimensional generalization
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Three-dimensional generalization
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A quantum/classical competition




Context

* (Collisions are generally expected to destroy tlavor coherence.

* |n some regimes, a discrepancy between the neutrino and antineutrino reaction rates can
actually amplify coherence through the non-linear self-interaction term.

PHYSICAL REVIEW LETTERS 130, 191001 (2023)

Isotropic collisional instability

Collisional Flavor Instabilities of Supernova Neutrinos
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A lingering mystery in core-collapse supernova theory is how collective neutrino oscillations affect the
dynamics. All previously identified flavor instabilities, some of which might make the effects considerable,
are essentially collisionless phenomena. Here, it is shown that collisional instabilities exist as well. They are
associated with asymmetries between the neutrino and antineutrino interaction rates, are possibly prevalent 0 20 40 60 80
deep inside supernovae, and pose an unusual instance of decoherent interactions with a thermal t (us)
environment causing the sustained growth of quantum coherence.
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(Homogeneous and isotropic) Quantum Kinetic Equations
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(Homogeneous and isotropic) Quantum Kinetic Equations
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In reality for v, steady-state = thermal equilibrium because of ~ — k(N - N)

advection (escape).
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NSM-like configuration W JF, [2505.16961]

7/ ms post-merger snapshot of NSM simulation by
Foucart et al. [2407.15989]
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* Solve the homogeneous and isotropic QKEs



NSM-like configuration  JF, [2505.16961]
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Classical/quantum trade-off

 [he classical steady-state Is unstable

—> Instability and flavor conversion

NP JF, [2505.16961]
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Classical/quantum trade-off

NP JF, [2505.16961]

w1034 Point A
* [he classical steady-state Is unstable oL \[ I _
, . , i
—> Instability and tlavor conversion 2
\g/ LOT W\/\f‘h——L _
_ , _ Z i
« U,and v, are quickly brought back to classical :
equilibrium -t 2 2 .

« Long-term relaxation of v, toward Ngl)
(difference of timescales Kk, < K., K,)

12



Classical/quantum trade-off
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e System unstable again
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Asymptotic state % W JF. (250516961

X1034 Point A
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Asymptotic state W JF. (250516961

¢ 1034 Point A
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Asymptotic state
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Asymptotic state W JF. [2505.16961]
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Asymptotic state and flavor coherence
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Treatment of collisions %  JF, (250516961

Collision term:
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—> Equipartition is an artifact of neglecting the repopulation of v,, v,
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S. Richers et al., [2409.04405

Summary J. Froustey, [2505.16961

s

 Asymptotic state of FFI: erasure of ELN-XLN crossing in the “shallow”™ angular domain

» Used In large-scale simulations! [Wang & Burrows, 2503.04896], [Lund et al., 2503.23727]

» Caveat: dependence on the boundary conditions [Zaizen & Nagakura, 2304.05044]

* Possibility to predict the outcome of collisional flavor instabilities
» Crucial to include the classical relaxation term

» “Compromise” between relaxation to / instability of classical steady-state

* |imitations: single-energy, homogeneous calculation (large-scale advection effects?)

\_,, Important phenomenology with multi-energies [Zaizen, 2502.09260]

* Flavor coherence cannot necessarily be neglected in the asymptotic state!
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