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Ingredients of a Neutrino-Driven Core Collapse Supernova Explosion
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Progress to Date

The efficacy of the neutrino shock reheating/delayed shock mechanism has now been demonstrated by all leading groups across progenitor
characteristics (mass, rotation, and metallicity). Nonetheless, significant challenges remain. For recent reviews, see:

* Janka, Melson, and Summa, Ann. Rev. Nucl. Part. Sci. 66 341 (2016)

* Mueller, Liv. Rev. Comp. Astr. 6:3 (2020) Among the first two 3D sophisticated CCSN
* AM, Endeve, Messer, and Bruenn, Liv. Rev. Comp. Astr. 6:4 (2020) explosion models, which ushered in

*  Burrows and Vartanyan, Nature 589, 29 (2021) contemporary CCSN modeling and theory.

/ w/ Melson et al. Ap.J. Lett. 801, L24 (2015)
Ch i mera MOdeIS First 3D Chimera Model: Lentz et al. Ap.J Lett. 807 L31 (2015)
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To date, only one three-dimensional, general relativistic, spectral-two-moment model with an extensive suite of up-to-date weak interactions and an allowed
EOS has been published:) Kuroda Ap.J. 906, 128 (2021).



Effective Potential vs. General Relativity
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Quantum Kinetics: It’s still all about the angular distributions!

Length and Time Scales Severe
* length scale is O(1 cm) and typical CCSN radial resolution is O(100 m) — differ by O(10%)
* time scale is O(1 ns) and typical CCSN temporal resolution is O(1 us) — differ by 0(103)
How do we couple this quantum evolution to the classical evolution?

flavor mixing due to
neutrino forward scattering
on neutrinos

flavor mixing due to RS

V' fast flavor instability

* Tamborra I. and Shalgar S. ARNPS
2021 71, 165 * Duan, H., Fuller, G. M., & Qian, Y.-Z. 2010, ARNPS 60, 5

A

not as well understood

Do we know the QKE?

R~ 0(10kn) * Mean field versus many-body a
Dasgupta, Mirizzi, and Sen, JCAP 1702, 019 (2017) * Moments approaches?



The Anatomy of a Core Collapse Supernova Neutrino “Light Curve”

Lentz et al. Ap.J. Lett. 807, 31 (
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Opportunities: Electron Neutrino Burst
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Opportunities: Accretion Phase
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For an optimal viewing angle, the “SASI
can be detected throughout the Galaxy.”
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Impact of Exotica: Axions
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Summary of the different supernova simulations including the references to the various treatments for the calculation of the

axion emissivity.

Label

N+N->N+N+a T +p-o>n+a

Ref. run (Appendix)

Vacuum one-z exchange, m, = 0 [41,43,60]

aNN

aNN* Improvements according to Ref. [32] e

aNN* + an Improvements according to Ref. [32] Rates according to Ref. [45] with X, =0
aNN* + ar* Improvements according to Ref. [32] Rates according to Ref. [45],

with X, according to Ref. [17]

[32] P. Carenza, T. Fischer, M. Giannotti, G. Guo, G. Martinez-
Pinedo, and A. Mirizzi, Improved axion emissivity from a
supernova via nucleon-nucleon bremsstrahlung, J. Cosmol.
Astropart. Phys. 10 (2019) 016.Erratum, J. Cosmol. As-
tropart. Phys. 05 (2020) EO1.



Impact of Exotica: Quark — Hadron Phase Transitions

Sagert et al. PRL 102, 081101 (2009)

Zha et al. PRL 125, 051102 (2

@ | [— e Neutrino

S '| - - e Antineutrino 10

89 1 B

205 =

£ MQ -

B 0 ; ; S 0

) — w/z Neutrino -
m& 1| - — ‘w1 Antineutrino 45 _5
2 A | —— Hybrid

Zosl Q\ = —10f——-- STOS

) S + -

mi / AN =

oH : I ; |

s ; —— e Ne\trino —15

> 30} 1= = e Antingutrino || -

%25 "I ‘_'_H/T Neutr OS\ _20 | [ e ———————
% -f'“"‘\'/'\ S | | | L L | | L
c20r A/ _ _ _._ : - S~ N

el & 00 0.1 02 0.28 0.290

T ol | Time after the first bounce s

0 0.1 0.2 0.3 0.4
Time After Bounce [s]
Associated Grav

Electron Antineutrino Burst Muon and Tau Neutrino and Antineutrino Bursts




A Poster Child for Multi-Messenger Astronomy?

Bruenn et al. Ap.J. 947, 35 (2023)

Murphy, AM, Marronetti, Landfield, and Lentz (2023), in prep.
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How do we distinguish the progenitors? Clue: The PNS masses differ. ~ And the GW spectrograms differ.



The Road Ahead

Addressing the Primary
Sources of Uncertainties
in CCSN Neutrino
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UT—ORNL Supernova Code Lines

Code

Eric Lentz Chimera thorado Eirik Endeve

Newtonian Gravity with RajhyeRay, Olv/c)

General Relativistic
Corrections

Newtonian General Relativistic Three-Dimensional
Hydrodynamics, No B Extensive Weak Physics Gravity (xCFC, CCZ4 General Relativistic
Fields Under Development) Neutrino Kinetics

General Relativistic
Hydrodynamics (MHD Extensive Weak Physics
under Development)

Neutrino Kinetics with
General Relativistic
Corrections

Related and Future Developments

* |nclusion of a nuclear network in thornado./

. Raph Hi
e thornado is a development platform for Flash-X. apn

Nick Roberts  Zack Elledge Sam Dunham Jesse Buffaloe
(Vanderbilt)

Bronson Messer




