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Thoughts on Baha and George

- as community leaders

“I want to hire you!”

George (circa 2003)

Baha-powered
sabbatical at the NAOJ,
Tokyo (2023)
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Core collapse supernovae: overview



Stellar death: a core collapse supernova

Credit: Lucy Reading-lkkanda/Quanta Magazine

time

»

Advanced Loss of pressure; free Falling matter Star explodes
nuclear fusion fall; core formation bounces; shockwave;
Cooling via neutrinos

Neutrino burst, ~ 10 s



Neutrinos from core collapse

« Neutrinos thermalized in ultra-
dense matter
- Surface emission
« Fermi-Dirac spectrum, E ~ 10-15 MeV

« Neutrino cooling of proto-neutron
star is most efficient
- gravitational binding energy:
L, ~ G M%/R;— G M?/R;~ 3 10°3 ergs
(R~ 10 Km)

- Cooling timescale ~ neutrino
diffusion time

. . Figure: Amol Dighe, talk at WHEPP XV, 2017
- Time ~ (size?)/(mean free path) ~ 10 s ® §



Direct narrative of near-core events
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e
High (low) statistics, low (high) probability

« Water Cherenkov detectors: 7, + p — et + n
« N~ 10* (D/10 kpc)

galaxy

Rate of collapses within distance D

Diffuse

® SN1987A

Ando, Beacom & Yuksel, PRL 95 (2005)
Pablo Fernandez, Super-Kamiokande coll., PhD thesis, 2017.



S
Within our lifetime....

Credit: ESA/Hubble, NASA

Guaranteed:
multiple SNe, (quasi-)diffuse flux

Credit: Anglo-Australian observatory

Possible:
single, galactic SN burst

This talk

‘ Exceptional:

single, near-Earth
SN burst

SmithsonianScience.org



e
Near Earth CCSNe: candidates

e D =<1kpc:31starsin supergiant phase
* E.g., Betelgeuse (D = 0.22 kpc), Antares (D=0.17 kpc)

2

e

Mukhopadhyay, CL, Timmes and Zuber, Astrophys.J. 899 (2020) 2, 153



The gamma ray echo of a neutrino burst



Star as a neutrino mega-detector?

- IBD in the star’s hydrogen envelope: 7. +p — et + n

- Positrons lose energy and annihilate atrest: et + e~ — v+ v
* 0.511 MeV gamma rays signature!

- neutron is captured: n+p—"H+y

« 2.22 MeV gamma rays
- Subdominant (not considered here)

Bisnovatyi-Kogan, Imshennik, Nadyozhin and Chechetkin, Astrophys. Space Sci. 35, 23 (1975).
Ryazhskaya, N. Cim. 22C, 115 (1999).

Lu and Qian, PRD 76, 103002 (2007)

CL, J. Loeffler, M. Mukhopadhyay, M. Hurley, E. Farag and F. X. Timmes, Astrophys.J. 969 (2024) 2, 149



Positron annihilation

Lu and Qian, PRD 76, 103002 (2007)
- Example: envelope with
T~10*K p~107% gcm™3 Y, = 0.7 Y. = 0.85

- Positron thermalization:

- Mostly due to excitation of free electrons
- is fast: ~ 1072 s
 Occurs before annihilation in ~ 87 % of the cases

« Annihilation:
- Mostly on free electrons
- (E,) =511KeV , AE, = 2 KeV



Surface emission

- Gamma rays undergo Compton scattering
- Mean free path << of stellar radius:

Ic «O(10) or R = 1035 cm

- Emission rate follows neutrino luminosity
- Time-integrated flux:

Yo/Dig/ 1 4 o5 10t
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Ny = éc%\h « Ny |

N, '

Requires telescope with A> 10? cm?

(n, = 1.74, avg. number of photons per positron)



-
A gamma ray echo of SN neutrinos

CL, J. Loeffler, M. Mukhopadhyay, M.
Hurley, E. Farag and F. X. Timmes,

R Astrophys.J. 969 (2024) 2, 149
—(1 — cos0)
C

 photon flux from surface shell (dR ~ photon m.f.p. K R)

 Photon-neutrino time delay : At = % (1 —cosh)

ny  Yplomp) [ R
®,(t, R, D) = - pYe;iD /O L,,(t—;(l—cos@))d(cos@)

(1, = 1.74, avg. number of 0.511 MeV photons per positron)



- Minutes/hours-long echo:
- starts in coincidence with neutrino burst

R = 10%5cm
D= 1kpc
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- Calculation parameters:

E stot = 5 10°2 erge IE 4 = 15MeV /E2j = 293.2 MeV?
(1+ &)V = IE2/IEL - ¢=23
Loe /T 0<t< _
L(t) = 0e 0<t<1 T =35
0 elsewhere

oc = 31072 cm? foigp/ = 2.05 10°4" cm?
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- Better S/B ratio for smaller R (shorter echo)



-
Detectability: signal, S/B ratio
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Detection prospects

- Upcoming: COSI, A > 20 cm? , resolution 60 = 4.1°

- could be sensitive to Betelgeuse (D=0.2 kpc) with a factor of 2
improvement

» 25% sky coverage

- Distant future: AMEGO (A= 3 103 cm? ), GECCO (A= 800 cm?),
resolution 66~3°

- Sensitivity to 1 kpc

Tomsick, J. A. 2021, PoS, ICRC2021, 652

Caputo, R., et al., 2022, J. Astron. Telesc. Instrum. Syst., 8, 044003,

Kierans et al, Proc. SPIE Int.Soc.Opt.Eng. 11444, 1144431 (2020);
Orlando et al, JCAPQ7 (2022) 036



Discussion and conclusions



What can we learn?

- Test neutrino emission away from line of sight

- Complementary measurement of stellar radius

- Test for stellar envelope composition

- Star as near detector (neutrino flux at star’s surface)



Possible generalizations

- More realistic envelope
« Subdominant interactions
+ Realistic nuclear composition
» Non-spherical star

- Non-hydrogen envelopes?

- non-envelope hydrogen: clouds, companion star, ...



Conclusions

- A near-Earth supernova is possible
- 30+ candidates at D < 1 kpc (Betelgeuse, Antares, Rigel, ... )
« It can happen any day!
+ Unigue multimessenger opportunities

- Detectable multimessenger signals that have neutrinos as
source
- Gamma ray echo
- Gravitational wave memory



Thank you!






- Galactic 511 KeV background
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Preparedness: near-Earth supernova

- Danger of Data Acquisition System overload!
- New SuperK protection module with veto

D=0.8 kpc

1 Protection module
is triggered

M. Mori et al. (SuperK. coll.), arxiv:2404.08725
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