“Once-in-a-lifetime encounter” (OILE) models for neutrino media:

A path from coherent mean-field oscillations to quantum decoherence
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Decohered state,

Neutrinos in supernovae & more Numerical experiments with OILE models in simple situations Quick review of Bloch vectors Pl <1 P = Miscidynamics:
Paths along equilibria

A core-collapse supernova releases 10°% neutrinos in Neutrino-neutrino interactions: Density matrix Bloch vector

seconds. In such extreme, neutrino-dense
astrophysical environments, neutrinos interact
with each other and exchange their flavor. (This also
occurs during collisions of neutron stars and in the

early universe.) - The 2-neutrino interaction Hamiltonian: H}* = u(1 —7; - )

\5 =(1+P-6)/2 Decoherence from entanglement can be viewed as a

- Neutrinos have two possible flavor states, labeled “e” and “x” series of small "kicks” to the system that push it away

and exchange flavor according to: Entanglement with other neutrinos leads to from mean-field equilibrium.
quantum decoherence: changing/reducing | P|

1

To get a complete picture of these interesting 1
environments, we have to understand how the ee ex xe XX

neutrinos interact and exchange flavor. » Interaction strength (inverse timescale): u ~ Gr/Vivavepacket

 Time-evolution operator for an interaction: Ulnt = exp|— zutmt ()]

* “Impact parameter”; y = pt'™ tmt Interaction duration

Conserved quantities |P|

Miscidynamics —
Simple situation 1: Foreground neutrino in a uniform neutrino background How to predict the path along equilibria:
Vs . : : : 1. Startin an equilibrium, parameterized by |P|
Foreground neutrino i i / f | | E (comsavEe [ dnd M- el Jmly:
P —e kY . i = ] 2. Imagine a small "kick” that changes |P|.
e 1 j j : : 3. Find the new equilibrium with the new |P|.
5 5 5 5 : 4. Repeat steps 1 to 3.

We study collective neutrino oscillations
in order to understand...

Background neutrinos
Py, = e; (before interaction) Miscidynamics separates slow time scales

. : - . . , , = (decoherence from entanglement) from fast ones
SLpperieE eplesiens In this first simple model, a foreground neutrino interacts with different background y=0 Large y catillamite ), The s tir%we N
* The origin of the universe's atoms neutrinos in succession. The background neutrinos all begin in the same initial state. EE———— : . : :

: . , , : , , Eald Lt Nlati simulate with brute force, but separation of time
(r-process nucleosynthesis) The evolution of the foreground neutrino over time is shown on the right (in terms of Mean-field limit: coherent oscillation Decoherence from entanglement P

: : - scales brings the inclusion of neutrinos in
* Many-body quantum phenomena its Bloch vector, P). (From very many, very weak Interactions) (P~ Prg) astrophysical simulations within reach.

Once-in-a-lifetime encounters Simple situation 2: Two-group neutrino gas Average P (and spread) vs. t for each group Conclusions

Initial P's ~ along the e3 axis + OILE models provide an intuitive picture of the
way entanglement builds up in successive
neutrino-neutrino collisions

: _ : . : : : : : _  In the simple cases shown, the “impact

W W : ; parameter” y describes the amount of
entanglement that builds up in each collision
Mean-field OILE models Many-body models In OILE models, this entanglement drives a

In this model, all neutrinos interact and are kept track of (but otherwise, things are I TORE A A A D A A R neutrino gas along a path of mean-field equilibria,
similar to the model above). All neutrinos interact with each other in different random a: : ‘ ? ? 5 and the path is predicted by miscidynamics
(GG E1F @S et pairs. The “gas” is made up of two groups of neutrinos, differentiated by their initial ATV VYV VYV VYV VWYV VWY WV VY * Miscidynamics may allow inclusion of neutrino
states and intrinsic (vacuum) oscillation frequencies. y = 10~ for all cases shown. 25 | ooe eeeni ] dynamics in simulations of supernovae & more

An open question, currently under debate: _—Group 2

Do neutrinos get entangled with each other as they 2 P Group 1

interact, and how does this affect them? W .

Different approaches to collective neutrino oscillations:

None Some (see below) All

In real neutrino-dense environments, neutrinos are

point-like particles (small wave packets). They . , , ,
interact often, but any pair collide at most once in The evolution of the average state of each group of neutrinos is shown on the right

their lifetimes. Inspired by this, OILE models keep (the spread within a group is lightly shaded). Eventually, all neutrinos get entangled
track of 1-particle states as they collide, get and decohere (P —~ ~ 0). But, what happens along the way? Initial P's ~ 80° from the ez axis

entangled, and decohere.
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