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Core-collapse supernovae

progenitor star (2 8 Mg)  [Figure from G. Raffelt]

Mre core = 1.4Mg,
Rre.core = 3000 km
pe ~ 10° g cm™3

T. ~ 10'° K~ 1 MeV
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/ 1 \, T. ~ 30 MeV
E ClMpxs 1053 diated mostly by ~ 10% s in ~ 10 second
grav ™~ “Rone erg, radiated mostly by ~ rsin ~ seconds

— ~ 20 events from SN1987a at LMC

— thousands of events in ALL FLAVORs expected from the next Galactic SN



General feature of supernova neutrino emission

e neutronization burst: dominant v, emission for ~ 30 ms from shock-breakout off
neutrinosphere; robust theory prediction

e accretion phase: powered by accreting material for O(100) ms; neutrinos play key
role in reviving the shock

e cooling phase: O(10) s emission from PNS; v-driven wind for nucleosynthesis
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Core-collapse supernovae

neutronization burst

& early rise time accretion phase PNS cooling phase
F @ L,/7100 1F o) L,/ 10 1B © Ve
) F 1F 18 Ve =
=
(=¥ ]
=
=
&
£
g
=
]

Average energy (MeV)

aﬁ.:'.ﬂ«.;s.tm nb_?'iﬁ-.tail- Observa t(.‘:'-:"yl_

5 ;r_-_-::_::,_: - |

-0.05 0.00 005 01 02 03 04 05 06 2 4 6 8 10
time post core bounce (second)

e What have we learned / what will we learn from the detection of SNv?

e How well do we understand SN~ and their role in SN explosions?



What have we learned / what will we learn from the detection of SNv?



Supernovae as particle/nuclear physics laboratories

e SM physics: neutrino mass & ordering, strange quark
contribution to proton’s spin, explosion mechanism,
nuclear equation of state, quark-hadron phase transition, ...

[Kachelriess+2004, Serpico+2012, MRW+2014, Vale+2015, Scholberg+2012, Jia+2017,
Lai+2020, Brdar+2022,Takiwiki+2013, Mueller+2014, Tamborra+2014, Brueen+2014,
Kuroda+2017, Takiwiki+2017, Seadrow+2018, Walk+2018, 2019, Lin+2019, Nakazato+2008, o
Sagert+2008, Dasgupta+2009, Nishimura+2011, Fischer+2020, Zha+2020, 2021, Fischer+2021, &
Kuroda+2021, Lin+2022, Jakobus+2022, Roberts+2011, Horowitz+2016, Rosso+2017, &.
Roggero+2017, Nakazato+2017, Rosso+2018, Suwa+2019, Nakazato+2020, Li+2020,...]

e bSM physics: emission of light bSM particles from Sld“ dd thordmlles
SN core/merger remnants, eV-MeV sterile neutrinos, -
non-Standard neutrino interactions, -

neutrino-DMinteraction,... for Fundamental Physics

[Raffelt+1988, Turner+1988, Janka+1995, Fischer+2016, Bar+2019, Lucente+2020,
Fischer+2021, Mori+2021, Lucente+2022, Ferreira+ 2022, Dent+2012, Rrapaj+2015, .
Hardy+2016, Chang+2018, DeRocco+2019, Sung+2019, Dev+2020, Darme+2020, '
Sung+2021, Balaji+2022, Raffelt+2011, Arguelles+2016, Suliga+2019, 2020,
Syvolap+2019, Rembiasz+2018, Mastrototaro+ 2019, Esmaili+ 2014, Franarin+ 2017,
Tang+2020, MRW+2013, Tamborra+ 2011, Pllumbi+ 2014, Xiong+ 2019, Ko+2019,
Kolb+1982, Fuller+1988, Choi+1988, Grifols+1988, Berezhiani+1989, Blennow+2008,
Stapleford+2016, Das+2017, Yang+2018, Dighe+2018, Shalgar+2021, Das+2022,
Abbar+2022, Murase+2019, Das+2021, Carpio+2022, Lin+2022, Carenza+2022, 2023,
Lella+ 2023, Diamond+2021, 2023, Bhupal Dev+2023, Caputo+ 2021-2023...]

THE ASTROPHYSICS OF NEUTRINOS, AXIONS, AND

OTHER WEANLY INTERACTING PARTICLES

Georg G. Raffelt




Mass ordering and absolute mass

The distinct hierarchy in luminosity of different
flavors during the neutronization burst allows
independent determination of mass ordering
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Mass ordering and absolute mass

The distinct hierarchy in luminosity of different
flavors during the neutronization burst allows
independent determination of mass ordering
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The temporal information of SN events

also allows to probe the absolute v mass
down to m, < O(eV)

(see also Loredo+01, Nardi+04, Pagliaroli+10, Lu+15,
Hansen+19, Pitik+22, ...)

expected significance
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Vale+15, Scholberg+17, Jia+17, Lai+20,...)
NO: Vginal,MSW ~ V;mtlal

10: Vginal,MSW ~ 0.3Vienitial T 0.7Vai;nitial

8a [ [ ]
= °
L
Tor -
- e
- [ ]
6o - "
o L
5o -
[ ]
* °
4o ° ® .
.
- °
30 -
[ ]

® 9
20 o
lo ® DUNE+JUNO

[Brdar+2204.13135] e DUNE+HyperK

1.23456 678910 12 14 16 18 20

n-th event
— N illati
o oseLatons [Pompa+ 2203.00024]
—— Normal Ordering

Inverted Ordering

5 10 15 20 25
D/kpc



2

Light (~ eV) sterile neutrinos?

If light (~ eV) sterile v exists and mixes with electron-flavor neutrinos, v, and 7,
will be converted to v and 7, after leaving the supernova core

Event number at first ~ 10 ms
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Other bSM physics For axion-like particles

PNS cooling bound:
Lexotic < Ly, ~ 3 x 10°% erg/s

8ap

e

weakly-interacting
bSM particles?

[Lella+ 2306.01048]
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Other bSM physics For axion-like particles
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Other bSM physics

For axion-like particles
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Better / more robust bounds may be obtained with detailed statistics
from the next galactic SN, provided that these exotic physics can be
implemented into SN simulations
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How well do we understand SNz and their role in SN explosions?



SN explosion and v transport

In SN explosions: F, ~ Eq ns ~ 10° erg >> Feyxp ~ 10°! erg

— a few percent of neutrino energy deposition is enough to deliver the explosion
— needs to model the neutrino transport accurately

State-of-the-art general relativistic (magneto-) hydrodynamic simulations of super-
novae include approximate treatment of classical Boltzmann transport of neutrinos

v,[,N,... v,l,N, ...
(O +v-0x+F -0p)f. (x,p, 1) =C
v v,l
Electron flavor (v, and V) [Janka 1702.08713, Raffelt 2012]
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— a few percent of neutrino energy deposition is enough to deliver the explosion
— needs to model the neutrino transport accurately

State-of-the-art general relativistic (magneto-) hydrodynamic simulations of super-
novae include approximate treatment of classical Boltzmann transport of neutrinos
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Collective neutrino oscillations

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

The forward scattering of v-v interaction couples
the flavor evolution of v with different momenta

and introduce a new time scale ;1 ~ /2G pn,,

— quantum kinetic equation (extended Boltzmann equation):

(875 +v- -0k +F- 8p)Q<X>P>t) =
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flavor density matrix of the neutrino ensemble

o for £/, ~ 10 MeV:

2
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Weane ™~ G ™ 0.6 km™*
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o for n, ~ 1033 cm~—3:

1w~ V2Gpn, ~ 6 x 10° km™!

— strong coupling in flavor space leading
to collective oscillations with “fast”
frequency (weol ~ 1 ~ O(1)ecm™1)



Fast flavor conversions (FFC) dn,, /d(cos )

~200 km Shock wave

A
Fast flavor conversions can be very effective at

regions where the “e — u lepton number crossing”

exists in neutrino angular distribution
[Sawyer+, Izaguirre+, Dasgupta+,...many others]

Space-time diagram of ELN-angular crossings in CCSNe
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[Nagakura+ 2108.07281]

— generally exist in regions below the shock, not only affect v signals, but also the
shock revival, i.e., the SN dynamics [seee.q. Enring+ 2305.11207]
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Fast flavor conversions (FFC)

Several groups started to develop multidimensional simulation code to compute
the outcome of FFC in a small and perodic box, mimicking a tiny volume inside

Su Pem Oovae [Bhattacharyya+, Richers+, MRW+, Martin+; see Richers+ 2205.06282 for detailed comparison of simulation results]

— FFC will erase the e — i1 lepton number angular crossing,
I.e., lead to flavor equipartition in certain angular range

[MRW+ 2108.09886]
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Toward including FFC in SN simulation

The simulation results can be well approximated
by anayltical formulae, provided that the initial
angular distributions are known (error < 3%)

[Xiong+2307.11129]
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These serve as the fundamental inputs to construct physics-informed neural network
to predict the v angular moments post FFC, given the input moments
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[Abbar+2311, 16656, 2401.17424] offer hopes to implement FFC in SN simulations



Summary

e The detection of neutrinos from the next galactic SN can provide independet
probes to a wide array of fundamental physics properties, including (but not limited
to) neutrino mass ordering, absolute mass, sterile neutrinos, ALPs, neutrino-DM

Interaction, etc.

e Significant progresses have been made rapidly in recent years to understand the
daunting issue of collective neutrino flavor oscillations in SNe. In particular, practical
inclusion of the fast flavor conversions in SN simulations may become feasible in

the near future.



	Slide 1
	Slide 2
	Slide 3
	Slide 4
	Slide 5
	Slide 6
	Slide 7
	Slide 8
	Slide 9
	Slide 10
	Slide 11
	Slide 12
	Slide 13
	Slide 14
	Slide 15
	Slide 16
	Slide 17
	Slide 18
	Slide 19
	Slide 20
	Slide 21
	Slide 22
	Slide 23

