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Quantum Kinetic Neutrino Transport
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Neutrino Physics in CCSN

Core-collapse supernova (CCSN)

Ye [1/baryon]
0.260

0.255

CCSN: forming an extreme environment in the center.
e.g., Nuclear density
Neutrinos: coupling weakly with matters

0240 - Affect the dynamics and the observables.

VA X
T _ e.g., Neutrino heating mechanism

2.0e+09
l':'sc+(l'9l__
L0e+09 3 At Need numerical modeling.

- 7= - Incorporation of all physics.

- One of the uncertainties is
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Solar Neutrino Problem

Potential
from Electrons

T

Borexino ‘18

Neutrino energy (MeV)



Sea of Leptons & Nucleons

Potential
from Electrons

Potential
from Neutrinos

Collisions w/ nuc

Neutrino

“Non-linear”

) ) j1> Flavor conversion
Self-interaction
+ Transport

Pantaleone PLB ‘92 )




Quantum Kinetic Neutrino Transport

Beyond Boltzmann eq.:

. ) p = —i[Hosc, p] + Clp]

Collisions

Transport
w/ Flavor mixing
@ 0O(10-100 km)



Quantum Kinetic Neutrino Transport

Beyond Boltzmann eq.:

9, - 0 .
(p“7 — IV VPMPV@> p = —1 [Hosca P] T C[P]
\ J

|
Neutrino oscillation

Advection for (x, p)

+V2GF ne + V2GFg n,

Electrons Neutrinos

a4
Y

2F,

Radial profile
(Background)

Transport
w/ Flavor mixing

0O(10-100 km)



Matter Gradient (Advection)

Bhattacharyya+ ‘25

HOSC — Hvac + Hmat + Hw/

103 4

2
10°+ M
~ —— + V2Gp ne + V2Gr n,
10-3 QEV
B Electrons Neutrinos
9\
10771
» Bhattacharyya+ (2504.11316) says
o “Inhomogeneous matter can suppress
i the flavor conversion.”
Dominant unstable mode is shifted due to
Growing mode background matter.
N IS -- It prevents it from evolving sufficiently?
sl &, Competition between growth time scale
Bl vs. matter inhomogeneity
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Matter Gradient (Advection)

Bhattacharyya+ ‘25

10%1 _mem HOSC — Hvac + Hmat + Hw/
- ig:i _? - Z M2
10°+ _
7 ~ —— +V2Grn. + V2Grn,
103 : QEV

Electrons Neutrinos

’ } Bhattacharyya+ (2504.11316) says

o “Inhomogeneous matter can suppress
O o 0 0[.215] 0.6 075 0.9 theﬂavor conversion.”

t ns
Growing mode But, investigated for

ey * local & periodic sim.

““ shift * constant v number density in space.
Fwg |/ — For global geometry?

ol |/ ' Gradient as a global geometry.



Attenuation Technology for Global

Quantum Kinetic Equation in 1D spherical symmetry (r; E,, 0,):

G, 0 |
(p“@ — T{Wp“p (9—103) P = _I[Hoscv /0] + C[IO]

0<¢{<1

¢ 1s an attenuation parameter

handling oscillation scales.
Nagakura & MZ PRL ‘22

No attenuation:
osci. scale 1 cm vs. O(10-100 km)

If the attenuated scale remains dominant,
it is acceptable.

/ Flavor
conversion Outer boundary
r ~100 km



Attenuation Technology for Global

Quantum Kinetic Equation in 1D spherical symmetry (r; E,, 0,):

G, 0 |
(p“@ — T{Wp“p (9—103) P = _I[Hoscv /0] + C[IO]

0<¢{<1

¢ 1s an attenuation parameter

handling oscillation scales.
Nagakura & MZ PRL ‘22

ex.)
n,=1033 cm3
@ & =104 pw—&p
/ Osci. scale ~ 271/ ~1cm — 100 m
@ Treatable?
/ Flavor

e Outer boundary

vV, r ~ 100 km 10



Global Simulation w/ Attenuation

1D spherical symmetry:
* N_(rE,0,)=24,576 X1Xx12

« Ar ~25cm

L —4
e At~ 2nS 5_10

Flavor
conversion

Angular directions cos6,

Pxx
Time t=0000[ps]for A=0 Pee + Pxx

70 80
Radius [km]

’ z 9
[~ AN
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Outer boundary

r ~100 km 1



Global Simulation w/ Attenuation

No matter background & Attenuation dependence

Time averaged over the quasi-steady state

1.0

— =101
£=4x10"*
— (=102
— ¢=10°
------ No Osci.

Asymptotic behaviors are the same
irrespective of attenuation!
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+ Background Matter

Background number density:

A(r) = Ao ( r )m R,,: inner boundary

Riy c.f.) Neutrino flux « r -2
A= \/iGF Ne
= V2Gy Ny, 32 3
n,, = 6 x 10%2g /em
o = p(Rin) 8/

Attenuating Hamiltonian: £ H

For & =104, A,/Ju,=1,4&m-=o,-1,-3
AR = 50 km

For & =102, A,/u, =1,20,30 &m = o0, -3
AR = 0.5 km
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vs. Matter Gradient (Advection)

With matter background & Large attenuation:
Flavor conversion can be suppressed.

1.0
r " A£:1O_4 0
. = AQ = Mo, M =

A(1T) = Ao (R- > Mo = pio, m = —1 }nean/e
08 - _— )\0 = Wo, M = -3

A = V2GF n. —== Xo=4up, m=0 4

——= =4, m=—1 ~

Lo = M(Rln) L )\Z :4527 s Ne nl/e

oefy N~ L. No osci.

Significant decrease of matter density
until the onset of v-osci.

©
S

Ny, /M, (r = 50 km)

o
)

£=10""*

50 60 70 80 90 100
Radius [km]
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Attenuation vs. Matter Gradient

With matter background & Small attenuation:
Flavor conversion can occur.

But a higher resolution is required to resolve shorter matter oscillations.

Ne > Ny,

1.0 1=

h“.

o 27/&u ~ 160 cm

« Ar~1cm (N,~ 49k)

£ =102

Not resolved
Jor lower reso.

ne ~ 20, 30N,

=102 m= -3
)\0 = Mo, Nz = 24576, m =20
/\0 = Mo, Nz = 24576
Ao = 30po, N, = 24576
Ao = 20 N, = 49152
0 Ko, ], H]
Ao = 30pp, N, = 49152
No Osci.

woer reso.

igher reso.

50
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50.2

Radius [km]

50.3

50.4

50.5
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Growing mode vs. Background Shift

plane-wave ansatz:  p,, ~ CNQ exp [i(Q — K - x)] QeC

Growth rate

Dominant growing modes move away due to the advection

Dispersion relation (2, K)

0.10
-———w
—— Q(m= -23) |
0.08 - / \ |
1 \
I \ |
1 \
l' 1 I
0.06 - ! \ I
! \
h 1 |
1 1 |
] 1 I
0.04 H ; |
! ‘ |
I /"\\: I
| / \ I
1 A/ 1 I I
/\o=uoandm=—3 I I
(w, k) —— r=60km | I
(Q, K) —— r=70km 1L |
r= 50km _— = 80km L T T T 1 T T
F=52km = 90km 0.2 0.4 0.6 0.8 1.0

r=55km —— r=100km  ReQ[u]

toward the outer radii.

Growing rate
VS.

Background change rate

¥

Adiabaticity €,,4

Note:

Advection is not attenuated.
- &-dependence
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Ad

abaticity for Flavor Wave

1.0

N

——

=~

70
Radius [k

X
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Adiabaticity €,q

£E=10"*

— Xo=po,m=0

— Ao =po, m=-1

)‘0::u‘07m:73
/\0:4/1,0,1’)1:0

>‘0 :4/‘L03 m=-1
Mo = djig, m = —3

Strong attenuation
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Adiabaticity for Flavor Wave

].O .

£ =102
£=10"2, m=-3 —_— )\o<u0r0
—== Xo = o, N, = 24576, m = 0 i
—== )Xo = o, N, = 24576 — AXpor
=== Ao =20po, N. = 24576 —_— X o< 200 73
] Xo = 30u0, N, = 24576 3
0.2 —— o = 200, N, = 49152 A oc 30uo T
Ao = 300, N, = 49152 ‘Ead —
------ No Osci.
0 T T T T
50 50.1 50.2 50.3 50.4 50.5
Radius [km]
——
.© -
o e B
< 10—2 _ﬁHH

€aq K 1

Weak attenuation
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Summary & Discussion

e Attenuated flavor conversion

vs. Background gradient in global geometry.

 Large attenuation hinders flavor conversion even under
comparable n,.

e Calculation of sr.nall. atter}qajcion demonstrates that the
strong suppression is artificial.

 Evaluating adiabaticity in flavor evolution.
 Using linear stability analysis.
 Similarly applicable for realistic CCSN models.

« Nevertheless, too weak growth rates could be defeated
by a steep density gradient/fluctuation.

* Need updates to the QKE modeling w/ consideration of
the background?
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