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Introduction

The flavor evolution of neutrino plays a vital role in shaping the dynamics and
element compositions during explosive astrophysical events, such as core-collapse
supernovae and binary neutron star mergers.

- A.AA

57 58 59 61 62 63 64 65 66 67 69 70 71
La Ce Pr Pm | Sm | Eu Gd Tb Dy Ho Tm R Yb Ly
89 90 92
Ac Th U

Merging Neutron Stars
Dying Low Mass Stars  Exploding White Dwarfs Cosmic Ray Fission

Credit: NASA, AAVSO



Introduction

Collective Flavor Oscillations

* Collisional instability
e Fast mode
* Slow mode

People used to deal with neutrinos
and antineutrino separately.
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Generalized Mean-Field
Density Matrix Approach

Flavor evolution of neutrinos and antineutrinos, in a background can
be determined using one-body density matrices:

pij(@ = (a] (@ a; (@)
5:;(q) = (b] (@)b;(q))

Cristina Volpe realized the pairing densities should also be considered
(2015):

ki (@) = (b;(@a;(—q))

k(@) = (& @b ()



Generalized Mean-Field
Density Matrix Approach

Equations of motion for the neutrino and pairing density matrices
can be obtained from the Ehrenfest theorem :

ipij (¢, @) = ([al(t, Dai(t, @), Hep ()])
l'l.Cij(t, C[) — ([b](t; C[)Cli(t, _CI); Heff(t)]>
Generalized Equations of motion :

iR(q) = [H(q), R()],

([ p@ k(q)
R(‘”‘(Wq) 1—ﬁ<q>>'



We need to consider the model at least
2D In space

dq’3

_(T%(q) TY’(q)\ TY(q) ==& -V2Gp j (@) + (9] q
j—[(q) Bl DU U (27-[)
“(q) I'(q) . .
+ |other terms including k|
Note:
e ™ €y - q" = cos(6)sin(8') cos(¢p’ — )
€, €, =0, €,-&,=2 — cos(0") sin(0)

e.g. = Do — iPy + i sin(0")sin(¢p’ — ¢)
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We need to consider the model at least
2D In space

dq”
20)3 lo(q") +p(—q")] q

+ |other terms including k|

_ (T (@ I@) TI(q=—¢ - V2Gp
jL[(Q)_<Fv”(q) FW(OD) q j

We define the coupling strength as follow

2
A TE

Gr (MeV)3 =~ 1071* MeV;

To speed up the calculation we set
u= 10"°MeV.



Model Setting

Single-Energy, Two Pair

We consider the case of single flavor

Z ..
and set the initial value:
pf — ) ,02 — 0; __f — 1) _—2 — O;
Ky = VU, K; = 0.

iR(q) = [H(q), R(Q],

_( p(Q) k(q)
“‘”‘(ﬂ@ 1—ﬁ(q>)'




Linearized Instability Analysis
Single-Energy, Two Pair

Keep the first-order terms after expanding the EOM, and
then we will have the following time derivative equation:

y=Ay+c y(t) = ey, + ct.

Where y = (Re[k,], Re[k,], Im[k,], Im[x,])T

Thus, we can have the growth rate of the pairing instability by
solving the eigenvalues of the matrix A.



Linearized Instability Analysis

Keep the first-order terms after expanding the EOM, and
then we will have the following time derivative equation:

CONSTANT
v =AvV+c y(t) = ey, +ct.

Where y = (Relk,], Re[k,], Im[x,], Im[x,]DT

Thus, we can have the growth rate of the pairing instability by
solving the eigenvalues of the matrix A.



Linearized Instability Analysis
Single-Energy, Two Pair

The eigenvalues A of matrix A are:
A=+42Eyy  wherey=(-1%2up,/EVbb")

and b = (1= px = P-x), b' = (1 — Pz _p_—z)-

When E > p,, we derived the criteria:

Note:

E is neutrino energy;,

. ATEZAE
U'O - :Ll (MBV)3 )

u is coupling strength.

o
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[ When bb" < 0 the instability exists. ]




Linearized Instability Analysis
Single-Energy, Two Pair

The eigenvalues A of matrix A are:
A=+42Eyy  wherey=(-1%2up,/EVbb")

and b = (1= px = P-x), b' = (1 — Pz _p_—z)-

The growth rate Re[A] Is:

[Re[/'l] = 2104/ [bD’] ]

Note:

E is neutrino energy;,

. ATEZAE
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u is coupling strength.
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Simulation
Single-Energy, Two Pair

Time evolution of p and p Time evolution of |k]|
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Simulation

Single-Energy Bin & Multi-Angular Pairs
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Simulation

Multi-Energy Bins & 4 Angular Pairs
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Simulation

2-Energy Bins & 4 Angular Pairs
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Simulation
2-Energy Bins & 4 Angular Pairs
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Pairing instability is only
confined in a certain energy bin.
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Summary

* Pairing correlation could introduce a new instability which can trigger
collective pairing conversions.

* This pairing instabifity is not sensitive to multiple angular distribution.

® Increasing energy bins can highly suppress this pairing instabilily.
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Appendix
a;; o [dx3e”P*YPT(x); a, < [ dx3e®P* P(x)
Two point function take the form of G(x — y)

(afag) = [ dRPe™{P~DR [ dr3e-ib+ar f(7)

Where R = x+y; r = x-v.



_ength Scales

1D CCSN simulation at the time of maximum shock radius
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Mean-Field Theory

Density Matrix Approach

Fquations of maotion for the neutrino density matrix can be obtained from the
Ehrenfest theorem:

ipii(t,q) = ([a;-r(t» q)a;(t,q), Heff(t)])

Equations of motion:
ip(t) =T (t) - p(t) — p(t) - T (1) + T (t) - T (t) — K(t) - T7¥ (1),
ip(t) =T (t) - p(t) — p(t) - T (t) — T””(f)-h:( t) + w1 () - TV (1),
ii(t) = T () - 5(t) = k() - 7 (t) = T () - p(t) — p(t) - T"(2) + T (1)
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Mean-Field Theory

Fquations of motion for the neutrino density matrix can be obtained from the
Ehrenfest theorem:

ip;j(t,q) = ([a}(t; q)a;(t, Q):Heff(t)])

Equations of motion:
ip(t) = T (t) - p(t) — p(t) - T (&) 177 (0) - nl(0) — w170,
ip(t) =T77(t) - p(t) = p(t) - 77 (6) — 170wl el 1,
(1) = m(8) - T77(t) = T (8) - p(t) — p(t) - TV7 (1) +T"7(t)



Self-Interaction Hamiltonian

(’T

Fj?lf(f,f) — Tg W(1—7 ){Tr”’(f r) + OEJT&,( —*)}
Where TP (t,&) = = (4 (t D)y (L — 35)¥ss(t. 7))

u(p)y" (I =7s)u(p) = v(p)v" (1 =s5)v(p) = 2n"(p)

(=) (1 — s)ul@) = 26 ()

Here n#(p) = (;) and €"(p) = (EO )
p
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