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Core-collapse supernovae — turning implosion into explosion
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— ~ 20 U, events (inverse [ decay) from SN1987a at LMC
thousands of events in ALL FLAVORs expected from the next Galactic SN



Core-collapse supernovae

Neutrinos play key roles in

Nucleosynthesis

shock revival

Sheckrevival

Neutrino-induced
nucleosynthesis

Neutrino-
driven wind

Proto-neutron star
[Janka+, PTEP 01A309, 2012] [Modified from Janka+, PTEP 01A309, 2012]

Detection of the next galactic SN's neutrinos would offer unprecedented opportunity
to probe supernova interior, neutrino physics, and physics beyond the Standard

Model

However, probing physics within SM requires high precision. Some of those can
sensitively depend on uncertain factors in modeling SN~ emission



Fore-front (neutrino-related) theory issues in supernovae

e neutrino nuclear matter interaction: uncertainty can be large (a factor of a few) at
high densities; impacts the neutrino luminosities at level of ~ tens percents; affects

ShOCk revival dyna m iCS a nd n UCleosyntheSiS [Burrows+, Fischer+, Guo+, Horowitz+, Lin+, Martinez-Pinedo+,
Oertel+ Reddy+, Roberts+, Schwenk+,...]

e neutrino flavor oscillations: new and exciting effects every few years, but no
consistent and trustable global impact yet;

[Abbar+, Balantekin+, Capozzi+, Cervia+, Chakraborty+, Dasgupta+, Duan+, Fuller+, Friedland+, Johns+, Kato+, Kajino+,
Kneller+, Martin+, Manibrata+, Mclaughlin+, Mirizzi+, Morigana+, Nagakura+, Raffelt+, Richers+, Rogerro+, Rrapaj+,
Sawyer+, Shalgar+, Tamborra+, Volpe+, MRW+, Xiong+, Yamada+...]
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Collective neutrino oscillations

[Fuller+ 1987, Pantaleone 1992, Sigl & Raffelt, 1992]

flavor evolution for v with different momenta
are coupled through the forward scattering
contribution of v-v interaction

(at + v ax + F : ap)Q(Xa P, t) — _i[Hvac + Hm + Hl/l/a Q(X7 P, t)] + C(Q)
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flavor density matrix of the neutrino ensemble

e for £, ~ 10 MeV:

~ 0.6 km!

e for n, ~ 1033 cm—!:

©w~V2GEn, ~ 6 x 10° km™!

— strong coupling in flavor space
leading to collective modes!



Separation of two regimes?

(at + V- 8x + F. 8p)Q(Xa P, t) — _i[Hvac + Hm + HZ/I/7 Q(X, P, t)] + C(Q)

flavor oscillations

Earlier studies on collective oscillation found that
it only starts to develop at O(10? km), due to

dominated decoherence effect, with

by collisions Weol (wVac,u)l/Q ~ 0(1) km_l (SIOW mOde)

[Duan+, Raffelt+, Mirizzi+,... many others]

— no impact on supernova dynamics, but can affect
nucleosynthesis and neutrino signals

v-sphere (r ~ 10 — 50 km)



Fast neutrino oscillations

Recent studies revealed that a novel kind
of “fast collective mode” can happen
when there exist a “crossing” in the e —
neutrino angular distribution

[Sawyer+, 1zaguirre+, Dasgupta+,...many others]
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Space-time diagram of ELN-angular crossings in CCSNe
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can exist in different regions
and epochs of SN evolution,
even inside the v-sphere

(nucleon-scattering + a~1 + cold matter)
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Type Il crossings [Exp-only]..""'--... .
(asymmetric v emissions)

— need to include this

( Any type of crossings (PNS convection)

effect in SN simulations!
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[Nagakura+ 2108.07281]

[See also Morigana+ 1909.13131, Nagakura+ 1910.04288, Johns+ 1910.05682, Delfan Azari+ 1910.06176, Glas+ 1912.00274, Abbar+ 2003.00969,
Capozzi+ 2005.14204, Abbar+ 2012.06594, Capozzi+ 2012.08525, Johns+ 2104.04106, Nagakura+ 2106.02650, Harada+ 2110.08291,...]



(code available at https://github.com/cosenu/cosenu)

Fast neutrino oscillations
Several groups started to develop multidimensional simulation code to compute

the outcome of fast oscillations in a perodic box
[See Richers+ 2205.06282 for detailed comparison of simulation results]

— fast oscillations that tend to erase the ELN crossing natacharyyar, Richers+, MRw+]
electron neutrlno surwval probability

0.2
I 1
o
N
< [
0y -0.2
0.4}
! 600 400  -200 0 200 400 600
z/(Gpn?) [MRW-+ 2108.09886]

-1 -08-06-04-02 0 0.2 04 0.6 0.8
?-)Z

These local simulations motivate the formulations of analytical approximation

of final state of neutrino distribution, which may allow SN modelers to include
[Bhattacharyya+2020, 2022, Zaizen 2022]

this effect in their simulations



Even more...collision-induced collective oscillation mode

L. Johns (2021) discovered that another kind of collective mode can be induced
when one considers both collision term and the forward-scattering term
— Weol ~ I' (collision rates)~ O(1) km~1!

needs asymmetric v, and v, collision rates
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Even more...collision-induced collective oscillation mode

L. Johns (2021) discovered that another kind of collective mode can be induced
when one considers both collision term and the forward-scattering term

— Weol ~ I' (collision rates)~ O(1) km~1!

needs asymmetric v, and v, collision rates
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Global simulations of collision-induced oscillations

We recently solve the neutrino flavor evolution equation with collision terms
over spherically symmetric background obtained by 1D SN simulation, where

the fast modes are absent
[Z. Xiong, MRW+ 2210.08254]
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— definitely needs to be implemented in SN simulations together with
fast oscillations



Collision-induced instabilities in BH disks

In the BH-disk remnants from neutron star mergers, collision-induced flavor
instabilities can be present universally inside the disk

t=20ms t=35ms t=50 ms (D=1-ng/n,)
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[Xiong, Johns, MRW, Duan, 2212.03750]
peaks at where n,,  ~ ng,



Focus workshop on collective oscillations and chiral transport of

neutrinos

14-17 Mar 2023

Institute of Physics, Academia Sinica, Taiwan

Asia/Taipei timezone
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This workshop will be devoted to recent development in understanding the collective flavor oscillations
of neutrinos, their quantum kinetic and chiral transport in astrophysics and/or cosmology, the aspect of
the many-body nature of the problem, and the possibility of integrating with hydrodynamical simulations.
The meeting shall bring together experts from these fields to discuss progresses and future directions.

The program will consist of invited overview talks for different research areas by senior scientists,
invited presentations from young researchers on their recent work, as well as some contributed talks
from participants. Ample time for discussions will be allocated on each day of the workshop to promote
collaborations.

Starts 14 Mar 2023, 09:00 Institute of Physics, Academia Sinica, Taiwan

Ends 17 Mar 2023, 17:00 No. 128, Sec. 2, Academia Rd., Nangang Dist.,
Taipei City 115201, Taiwan (R.0.C.)

Di-Lun Yang There are no materials yet. £

Huaiyu Duan

Meng-Ru Wu

Naoki Yamamoto



Connecting r-process and high-energy neutrinos in collapsars via
their annhiliation



Collapsars

e Remnants of rapidly rotating massive stars, with a black hole surrounded by
an accretion disk

e May be associated with long gamma-ray bursts, and can possibly be the

production sites of high-energy neutrinos detected by lceCube
[Woosley 1993, Woosley & MacFadyen 1999,...;
Mesaros+, Murase+, Razzaque+, Tamborra+, ...]

e May also produce r-process nuclei in the outflow driven from the accretion
disk [Siegel+ 2019; but see also Just+2022, Fujibayashi+2022,...]




Collapsars

r-process produces a lot of neutron-rich unstable nuclei that 5 decay
— produce low-energy neutrinos (7. ) of £ ~ 5 MeV

— oscillate to different flavors and annhiliate with high-energy neutrinos
with E' ~ 100 — 1000 TeV via Z-resonance

M 0.1¢\ (10% cm)’
At R ~ 1010 7 ~ 10% E R
R~10Y cm, noLE R T A A it

With 0,es ~ 10731 cm?

i UresnD,LER = 0(1)

efficient annhiliation

2 & [p—decay of

¢ radioactive nuclei

collapsar

[G. Guo, Y.-Q. Qian, MRW, 2212.08266]



High-energy neutrino production and effect of annhiliation

[Gottlieb & Globus 2021, Beloborodov+ 2015, 2017]
We consider protons accelerated at mildly-magnetized internal sub-shocks with:

¢p(Ep) X Ep_2 exp (_EP/E JﬂaX) (Ep,max ~10° GeV)

The accelerated HE protons collide with target protons and gamma-rays,
produce mesons which decay and give rise to neutrinos

P +p(and fy) — p,n, 71-0’ Wi7 Ki,(), (computed by PYTHIA and SOPHIA)
+ + (particle coolings due to synchrotron,
(L A Vi Bethe-Heitler, inverse Compton, adiabatic
,LL+ S et + Ve + 77# expansion are taken into account)

L T ellar envelope
pt = e  +v.+v,
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High-energy neutrino production and effect of annhiliation

For Lis, = 10°° erg, T, = 2T ~ 450, €, = B2/(8mwp,c*) = 0.05:

[G. Guo, Y.-Q. Qian, MRW, 2212.08266]
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e 1. flavor neutrinos dominate due to efficient cooling of ™

e strong cutoff of v above ~ 300 TeV due to efficient annhilation

e annhiliation lead to ~ amount of e— and 7— flavor neutrinos

e similar results hold for Lis, and €p,, that are 10 times smaller



Diffuse flux v.s. lceCube detection

Assuming that such sources are ~ 4 times more frequent than the bright GRB
and integrate over redshift, the resulting diffuse flux is

[G. Guo, Y.-Q. Qian, MRW, 2212.08266]

1
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May be further tested with imporved statistics on diffuse flux or from
point-source measurement



Summary

e Neutrino flavor oscillations can happen collectively in supernova interior
and can potentially affect their dynamics and composition

e Multidimensional transport codes solving the quantum kinetic equation of
neutrinos are being actively developed. Preliminary local simulations for

fast oscillations and global simulations with collision-induced oscillations
are performed.

e If collapsars are both the production site of high-energy neutrinos and
r-process nuclei, the low-energy antineutrinos prodiuced via the S-decay of
unstable nuclei can annhiliate with the HE neutrinos and produce
interesting signature in the HE neutrino spectrum






r-process in collapsar outflow?

Siegel+ (2019) suggested that the accretion disk of collapsars can result in
neutron-rich outflow due to viscos heating, in a way similar to the BH-disk
system from binary neutron star mergers

Neutron Star Merger Collapsar  [Siegel, Barnes, Metzger, 1810.00098]

kilonova Rate~ 1000 Gpc3yrt SNe |c L Rate ~ 100 Gpc3 yr?
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~0.03M,,
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-Process in COI Ia psar OUtﬂOW? [Siegel, Barnes, Metzger, 1810.00098]
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Can this really happen in nature? requires more advanced simulations as well as
observation confirmation



Collapsars as HE neutrino sources?

Non-association of diffuse HE neutrinos with GRBs put stringent bound on
their overall contribution to those detected by IceCube (< 1%) ]

—— Choked LP GRB IS (7/u cooling scenario)
- . 10 —— Choke v attenuation scenario
However, low-luminsoity GRBs (LLGRB:S) _ T Choked Ut GR8 G5 rase & 1ke 2015
. . . 1 6 - year IceCube HESE
or choked GRBs are still viable options kg e 5t
of HE neutrinos, and may share similar v -
collapsar origin as bright GRBs 3 uE
108t
WA
’Eﬂa
10° =357 10° 10° 107
E, [GeV] [Carpio & Murase 2020]
[Senno, Murase, Meszaros, 1512.08513]
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energy generation rate [erg/g/s]
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— for M¢; ~ 1 Mg, about 10°7 antineutrinos are emitted
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