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SN neutrinos: an odyssey
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Neutrino transport: (1+3+3)D problem

@ The matrix of neutrino densities o(¢,r, p).

o= [<vm> <V€|,,m>}

<V6|Vm> <VJ1?‘V113>

@ (Ve z|Ve ) related to total flavor content. (ve|v,) related to flavor
conversions.

@ Equation of motion:
dig = —i| Hldh | + Cld.

H{[p] — Hamiltonian containing vacuum mixing and forward scattering.

Clo] — Collisions (neglected in this talk!).
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Interaction Hamiltonian: 3 scales

o Hlglp D Hy** + HMSW 4 Hp¥

2 _
@ Vacuum oscillation: Hl‘)’aC —w= % ~ 0.3km !

e Matter effect : HMSW = \ = \/2Gpn, > 10° km ™!

@ v — v interaction: Hp" = pf dq (1—vp.vg) (g — 0q)-

Note pt = v2Gpn, > 10°km L.

~

Duan, Carlson, Fuller, and Qian (2006, 2007)
Hannestad, Raffelt, Sigl and Wong(2006)
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What are fast flavor oscillations?

@ Oscillations growing with a rate o p o« n,. Rates do not depend on
neutrino mass or energy

@ New instability, absent for isotropic angular distributions.

@ Requires crossing in the neutrino angular distributions. (sce Tobias’s talk)

— a=0.10, b=0.60
— a=0.10, b=0.40
— a=0.10,b=0.30

2 4 6 8 10

R~ 0(10km) t[107%s]

Sawyer(2005,2015)
Chakraborty, Izagguire, Hansen and Raffelt (2016)

Dasgupta, Mirizzi, and MS (2017)
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Collective Oscillations : Linear stability analysis
@ Consider 2 flavors v, and v, . The flavor density matrices
_ | Qee Qex
e Equation of motion (EoM):

idiop = (0 +V'V)Qp = [Hpvgp]

where,
Hy =y + A [ A0 (1= vpova) (0~ 6)
e Expand :
_Tro | guwe | s S
0= B) B S* _s
Drop trace.

Banerjee, Dighe and Raffelt (2011)
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Linear stability analysis

Here s? 4+ S? = 1. To begin with, S << 1, hence linearise in S.
Instability = S blows up.

Eigenvalue equation.
(O +v-V)S = (wvac+p/dF'(lv.v')g') S

—M/dl"’ (1—-v.v')gs

So,k x Exp(iK -r —1iQt)

@ This leads to a dispersion relation for flavor waves: D(, K) = 0.

What really matters is the electron lepton number (ELN)

9= [d0Gry = VI [ dr (£, (E.v) - . (Ev)
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The dispersion relation: a covariant form

o Integrate over energy. The ELN angular distribution

Gu = Va6 [ TR (B~ f(EV))

0 2m?

@ The dispersion relation

vhoY
= i = v _— =
D(Q,K) = Det [IT""(w, k)] = Det [77 + /dv va . v] 0

where
ot = (1,9)

w = Q- <wvac—|—\/§GF ne—l—/dva>

k = K—/dvav

Izaguirre, Raffelt and Tamborra( 2017)
Capozzi, Dasgupta, Lisi and Mirizzi (2018)
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Co-rotating frame

@ Possible to simplify quantities in a co-rotating frame (similar to a gauge

transformation).

w = 9 —(wvac+\/§GFne+/dva>:> w=~.

rotate away

k = K f/dvavé k=K
—_———

rotate away

@ The dispersion relation

vhyY
D(Q,K) = Det |9 + [ dvGy—"2 | =0,
w—k-v
where w and k to be Fourier modes in this frame.
Izaguirre, Raffelt and Tamborra( 2016)
Capozzi, Dasgupta, Lisi, Marrone and Mirizzi (2017)
Dasgupta, Mirizzi and MS ( 2018)
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Different types of instabilities

Interpret instabilities as gaps in dispersion relations.
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No Instability
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Why is this complicated?

@ Solving the dispersion relation in general an arduous task. Need to study
analytical structures of these dispersion relations, which is almost
impossible for multi-D angular distributions.

@ Most SN simulations provide us with the moments of the neutrino
angular distributions, and not the full distributions.
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Moments that matter...

@ The dispersion relation

Det [IT""(w, k)] = Det n””+/dvaﬂ =0
’ w—k-v

@ Focus on “zero mode”, i.e., k = 0 mode. Simple polynomial in the
moments:

Det [II*"(w, 0)] = Det[n"” + 1 /dv Gy v*v”]
w

@ Moments of the neutrino angular distribution V#* = f dv Gy vFo.

o Growth rate of zero modes in (14 1)D.:

1
w = 5 (Vll _ VOO + \/<VOO + V11)2 _ (2V01)2)
Dasgupta, Mirizzi and MS ( 2018)
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Check for instability: 10 beam model

0 -
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Growth rate : Im(w) = 1 |4 (V01)" — (V00 4 p11)
Fourier transform: Sy (t) = 1 [ dze™"** S(z,1) .

k =0 mode need not dominate the growth rate.

Dasgupta, Mirizzi and MS ( 2018)
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Predictions for a realistic spectra
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Dasgupta, Mirizzi and MS ( 2018)
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Application to a SN simulation

Three-Di ional Core-Collapse imulations with Multi-Di i Neutrino Transport
Compared to the Ray-by-Ray-plus Approximation
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ABSTRACT

1 i [ (SN) simulations in three spatial dimensions (3D) are
conducted with the ABNUS-ALCAR code, comparing, for the first time, calculations with fully multi-
dimensional (FMD) neutrino and the ray-b; lus (RbR-+) both based on

a two-moment solver with algebraic M1 closure. We find good agreement between 3D results with FMD
and RbR+ transport for both tested grid resolutions in the cases of a. 20 Mg, proge
explode with the employed simplified set of neutrino op; and of an exploding 9 M, model. This
is in stark contrast to ic (2D) si i which confirm previous claims
that the RbR+ ion can foster ions in 2D in icular in models with powerful axial
sloshing of the stalled shock due to the standing accretion shock instability (SAST). However, while
local and instantancous variations of ncutrino fluxcs and heating rates can still be considerably higher
with RbR-+ transport in 3D, the time-averaged quantitics arc very similar to FMD results because of
the absence of a fixed, artificial symmetry axis that channels the flow. Therefore, except for stochastic
fuctuations, the neutrino signals and the post-bounce evolution of 3D simulations with FMD and
RbR{ transport arc also vory similar, in particular for our calenlations with the better grid resolution

or, which docs not,

Higher spatial resolution has clearly a more impact than the by the two
treatments. Our results back up the use of the RbR-+ for neutrino in 3D SN
modeling.

@ How does our method apply to a CCSN simulation?

@ Counsider a fully multi-D simulation of a 9M model. Provide us with
the energy dependent angular moments.
N; x Ny x Ng =640 x 80 x 160

Glas, Just, Janka and Obergaulinger (2018)
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Searching for fast conversions

m Imw]=0 m Imw]=0

47 m™! < Im[w] <290 m~! 26 m~! < Im[w] < 326 m~t

M =9M, t=300ms M =9My, t=500ms

R€ [12,15] km R€ [10,16] km

@ Scattered points of fast conversions at specific directions.
@ Deeper than expected. Instabilities at R € (10 — 20) km.

Capozzi, Dasgupta, Glas, Janka, Mirizzi, MS and Sigl ( in prep)
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Understanding the result

@ Relating the moments:

Vo0 Ny, — Ny, = Any,
V7" x F, —F, =AF,,

@ In the effective (1 + 1)D problem,

w= ;<v -Vt \/(V"O +VT)? -4 (vw)“‘) :

@ In optically thick region, V'™ = V% /3. Condition for complex modes:

A= %6 (V) —4 (Vor)? <0,

Capozzi, Dasgupta, Glas, Janka, Mirizzi, MS and Sigl ( in prep)
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Can resolution play a role?

M=9My t=300ms ¢=57.4°

VO [m=1] v00 [m-1]

A[m=2]

A= 1976 (Vo) —4(vo)* <o,

Typically V% » VO A can be negative if V% ~ 0.
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Modified criteria for instability

@ To avoid resolution issues, look for change in sign of V%  (n,, —ny,).
105 10°
104 104
V00 [m-1] - V00 [m-1] o
102
10!
100
o
Y0
i
e
M =9 Mo t=300ms -0 M =9 M, t=500ms -10°
R=14km e R=14km -t

105

105

@ Concentrated away from LESA direction, which points in +y direction.
Possible correlation with LESA.

Capozzi, Dasgupta, Glas, Janka, Mirizzi, MS and Sigl ( in prep)
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Summary

@ Fast conversions are associated with a crossing of the ELN. But
simulations do not always provide us with ELNs. Easier to get the
moments.

@ Use a LSA to obtain regions of instability. Focus on the zero mode.
Allows us to predict instabilities with moments of neutrino angular
distributions.

@ Applied it to SN simulations of the Garching group. We find fast
instabilities deeper inside the “neutrinosphere” (R € (10 — 20) km).
Requires ny_, > n,, .

@ Possibility of fast conversions deeper? Need more detailed studies.

Thank You
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