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The Big Idea

Can we see neutrinos from other/distant
"regular” stars?

The Sun is excluded from now ...
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The Bigger IDEA

Can we forecast supernova explosion?

Is the Betelgeuse excluded ?
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Early thouhts

@ 60’'s: v detector on Pluto required to detect flux from stars, due to solar neutrino
background (' chiuH.-Y. Cosmic neutrinos and their detection (1964) NASA-TM-X-51721)
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Early thouhts

60's: v detector on Pluto required to detect flux from stars, due to solar neutrino
background (' chiuH.-Y. Cosmic neutrinos and their detection (1964) NASA-TM-X-51721)
e 1978, S.E. Woosley already know the numbers:

Masor NucLEAR BURNING STAGES FOR 15 AND 25 Mo POPULATION I STARS®,

TABLE 1

Central Optical Effective  Photospherig
Burning Temperature uminosjty Temperature Radius
Stage (K (erg s=1)° (K) (em)
Hydrogen 3.4 (7) 5.9 (0) --—-- 8.1 (37)  3.26 {4} 3:2 {H) 39 (14}
.7 (1 3.8({0) ---- 3.1 (38)  3.98 (4 4.2 (M) 2.3 (14
Helium 1.6 [s} 1.3 m 3.9 (33) 2.3 538} 1.59 (4; 2.2 rz; 4.2 (13)
1.8 (8) 6.2 (2 7.3 (34) 9.5 (38) 1.58 (4 4.7 12 2.1 (13)
Carbon 6.2 {B; 1.7 (5% 3.4 {33) 3.3 (38) 4.26 (3) 3.7 :1:; 2.0 (1)
7.2 (8 6.4 (5 1.0 (40) 1.2 (39) 436 (3) 6.7(13 5.2 (9)
Neon 1.3(9) 1.6(7) 6.7 {41‘ 3.7 (38) 4.28(3) 3.9 (13; 2.2 j s}
1.4 (9) 3.7(6) 7.8(42 1.2 (39) 436 (3) 6.7 (13 3.9 (7
0. 1.9 (9 9.7 (6 .9 38 4.28 (3 3.9 (13 5.5
AR 1.8 Eg} 133 H £ 3 | {39 4,36 Es} 6.7 {Ial §
3.1 (9) .3 ’ } (38 4.28 (3) 3.9 m]
3.4 (9) 2 (39 4.36 (3) 6.7 (13
Collapse 8.3 (9) { ) 8)  4.28 (3) 3.9 {13}
8.3 (9) ) 9 4.36 (3) 6.7 (13

'Excluding neutrino Tosses during hydrogen burning.

*A11 physical parameters refer to conditions just after the core ignition of each fuel,
except the time scale which is the period between successive ignitions
the 15 M, star is Tisted first in each case.
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Early thouhts

o 80's: Bahcal, Neutrino astrophysics: only single page (of 567 total) devoted to
distant stars; renormalized CNO v, spectrum used to estimate detection (' J. Bahcall,

Neutrino Astrophysics, §6.5 Fluxes from other stars)
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Early thouhts

e 60’s: v detector on Pluto required to detect flux from stars, due to solar neutrino
background (  chiu,H.-Y. Cosmic neutrinos and their detection (1964) NASA-TM-X-51721)

e 1978, S.E. Woosley already know the numbers:

e 80’s: Bahcal, Neutrino astrophysics: only single page (of 567 total) devoted to
distant stars; renormalized CNO v, spectrum used to estimate detection ( J. Bahcall,
Neutrino Astrophysics, §6.5 Fluxes from other stars )

@ 1999: A.O. noticed v flux of 102 Lg for Si burning stage; Presupernova at
distance of d = /1012/0.02 = 7 x 10® AU ~ 35 parsecs could outshine the Sun
in neutrinos. Unfortunately, no such a massive star exists!

Table 1 Burning stages in the evolution of a 20-M, star

< Tc T L‘plmt
Fuel (gecm™?) (10°K) (yr) (ergs™")
Hydrogen 5.6(0) 0.040 L.0(7) 2.7(38) —
Helium 9.42) 0.19 9.5(5) 53(38)  <1.0(36)
Carbon 2165 0.81 3.0(2) 4.3(38) 7.4(39)
Neon 4.0(6) 1.7 38(—1)  4.4(38) 1.2(43)
Oxygen 6.0(6) 2.1 50(—1)  4.4(38) 7.4(43)

Silicon

4.9(7) 3.7 2days 4.4(38) 3.1(45)




Early thouhts

@ 2000: M. Misiaszek point out: this is thermal emission (v pairs), i.e., ~ 0.5 of
the above flux is 7e. Use inverse 3 decay p + e — n + et to catch them! But is
the neutrino energy large enough? How to capture neutrons in v detector
(considered NaCl, "wet salt solution” ...) ?
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Early thouhts

@ 2003: pair-annihilation e~ 4 et — v, + 7, identified as main 7, source; energy
spectrum estimated via MonteCarlo simulation (E,) ~ 4 kT ~ 2 MeV; Gigaton
detector required to get Galaxy coverage ( OMK, Astroparticle Physics 21, 303 (2004))
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Early thouhts

o A&A community sceptic: ,,absolutely undetectable” (S. E. Woosley, priv. comm.)
but experimental physicists excited: could we really forecast supernova?
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Early thouhts

o Beacomé&Vagins: use GdCl3 to capture neutrons; essentially background-free
detection channel (John F. Beacom and Mark R. Vagins Phys. Rev. Lett. 93, 171101 (2004))
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10 years of progress (theory side)

@ better understanding of pair-annihilation neutrino spectra (MonteCarlo —
moments/fit — 3D integration — tabulation/interpolation — 2D in-
tegration) (  Misiaszek, Odrzywolek, Kutschera, PRD, 74, 043006 (2006), Kato et. al. ApJ (2017) 848 48; arXiv:1704.05480)

10!

E [MeV]
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10 years of progress (theory side)

@ neutrino spectra: from one-zone (central single-point: k7'=0.32, u=0.85 MeV)
to stellar volume integration in: J. R Wilkes, editor, NNNO6, Volume 944 of AloP Conf. Series, 109-118, (2007).
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10 years of progress (theory side)

@ better understanding of pair-annihilation neutrino spectra (MonteCarlo —
moments/fit — 3D integration — tabulation/interpolation — 2D integration) (
Misiaszek, Odrzywolek, Kutschera, PRD, 74, 043006 (2006), Kato et. al. ApJ (2017) 848 48; arXiv:1704.05480 )

® neutrino spectra: from one-zone (central single-point: £7'=0.32, x=0.85 MeV)
to stellar volume integration in: J. R Wilkes, editor, NNNOG, Volume 944 of AloP Conf. Series, 109-118, (2007)

@ pair neutrino "light’ curves (from piecewise-const to time-integration)

A. Odrzywolek and A. Heger, Acta Phys. Pol. B, Vol. 41, No. 7, (2010), p. 1611
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10 years of progress (theory sid

@ better understanding of pair-annihilation neutrino spectra (MonteCarlo —
moments/fit — 3D integration — tabulation/interpolation — 2D integration) (
Misiaszek, Odrzywolek, Kutschera, PRD, 74, 043006 (2006), Kato et. al. ApJ (2017) 848 48; arXiv:1704.05480 )

® neutrino spectra: from one-zone (central single-point: £7'=0.32, x=0.85 MeV)
to stellar volume integration in: J. R Wilkes, editor, NNNOG, Volume 944 of AloP Conf. Series, 109-118, (2007)

@ pair neutrino "light’ curves (from piecewise-const to time-integration)

A. Odrzywolek and A. Heger, Acta Phys. Pol. B, Vol. 41, No. 7, (2010), p. 1611

@ nuclear neutronization: v, production&detection channel (Workshop Towards Neutrino

Technologies, Trieste, Italy, 2009).

Ye (25 solar masses star)

5000 T

4000 -

Radius [km]

Time before collapse [s]




10 years of progress (theory side)

o other thermal production channels (photo, plasma, deexcitation) Kelly M. Patton et. al.
ApJ (2017) 840:2, G. W. Misch, Y. Sun, G. M. Fuller, arXiv:1708:08792
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10 years of progr

°

(theory side)

better understanding of pair-annihilation neutrino spectra (MonteCarlo —
moments/fit — 3D integration — tabulation/interpolation — 2D integration) (
Misiaszek, Odrzywolek, Kutschera, PRD, 74, 043006 (2006), Kato et. al. ApJ (2017) 848 48; arXiv:1704.05480 )
neutrino spectra: from one-zone (central single-point: k7T =0.32, 4 =0.85 MeV)
to stellar volume integration in: J. R Wilkes, editor, NNN0G, Volume 944 of AloP Conf. Series, 109-118, (2007)
pair neutrino "light’ curves (from piecewise-const to time-integration)

A. Odrzywolek and A. Heger, Acta Phys. Pol. B, Vol. 41, No. 7, (2010), p. 1611
nuclear neutronization: v. production&detection channel (Workshop Towards Neutrino
Technologies, Trieste, Italy, 2009).

other thermal production channels (photo, plasma, deexcitation) Kelly M. Patton et. al.
ApJ (2017) 840:2, G. W. Misch, Y. Sun, G. M. Fuller, arXiv:1708:08792

effects of neutrino oscillations The KamLAND Collaboration, ApJ 818:91 (2016), Kato et. al. ApJ (2017)
808:2, Yoshida et. al., Phys. Rev. D 93 123012 (2016)

Electron neutrino luminosity (s12 model) Electron anti-neutrino luminosity (12 model)

—— Nooscillations.
Inverted
Normal

I3

10yr Tyr 100d 3h 1h  10min 10yr Tyr 100d 10d 1d 3h 1h  10min
Time B.C.



ars of progress (theory side

@ hydro O/Si burn (last 150 sec) Meakin & Amett, ApJ, 667, 448 (2007), S. Couch, Chatzopoulos, Arnett &
FXT, ApJ Letters, 808 Number 1, p. L21 (2015)

THE ASTROPHYSICAL JOURNAL LETTERS, 808:L21 (7pp), 2015 July 20 CoucH ET AL
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10 years of progress (theory side)

o modern stellar evolution codes Yoshida et. al., Patton et. al., Kato et. al. (2016-2017)
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10 years of progress (theory side)

o ONeMg vs Si-burning pre-supernovae Kato et. al. (2016-2017)
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10 years of progress (theory side)

o consistent post-processing of MESA stellar models with 3% processes kel Patton et.
al. (2017)

30 May 2019



10 years of progress (detector side)

@ 2009: GdCl3 incident in old Kamiokande
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http://www.lowbg.org/ugnd/workshop/sympo_all/201903_Sendai/slides/9am/9am_2.pdf
http://www.lowbg.org/ugnd/workshop/sympo_all/201903_Sendai/slides/9am/9am_3.pdf
http://www.lowbg.org/ugnd/workshop/sympo_all/201903_Sendai/slides/9am/9am_2.pdf

10 years of progress (detector side)

@ 2009-2019 EGADS — Kamiokande with gadolinium (all tests completed with

100% success) (from M. Vagins talk at Sendai conference 6-9 March 2019 )

Addlng ‘water soluble gadolinium to Super-K will greatly enhance its abili y
detect supernova neutrinos (and help with many other physics topics like
proton decay). EGADS is a dedicated gadolinium demonstrator which includes
a working 200 ton scale model of SK.

(o]

N~ 3
Ve\p - \p\ﬁ 'EGADS Facility

in Kamioka Mine “‘
m(-mnﬂ/”

12/2009 g2
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http://www.lowbg.org/ugnd/workshop/sympo_all/201903_Sendai/slides/9am/9am_2.pdf
http://www.lowbg.org/ugnd/workshop/sympo_all/201903_Sendai/slides/9am/9am_3.pdf
http://www.lowbg.org/ugnd/workshop/sympo_all/201903_Sendai/slides/9am/9am_2.pdf

years of progress (detector side)

@ 2009-2019 EGADS — Kamiokande with gadolinium (all tests completed with

100% success) (from M. Vagins talk at Sendai conference 6-9 March 2019 )

(7 E Main 200-ton Water Tank -
2 7 { fres (227 50-cm PMT’s + 13 HK test tubes)
&, - 4 .

> Selectlve Water+Gd

Filtration System

‘0

- -
Worldwide, over ¥1.1B (not counting salaries) has been spent
developing and proving the viability of the Gd-in-water concept.
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10 years of progress (detector side)

@ 2009: GdCl3 incident

e 2009-2019 EGADS — Kamiokande with gadolinium (all tests completed with

in old Kamiokande

100% success) (from M. Vagins talk at Sendai conference 6-9 March 2019 )

o Super-Kamiokande with Gd2(504)3 — SK-Gd startmg 2020
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http://www.lowbg.org/ugnd/workshop/sympo_all/201903_Sendai/slides/9am/9am_2.pdf
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10 years of progress (detector side)

@ 2009: GdCl3 incident in old Kamiokande

@ 2009-2019 EGADS — Kamiokande with gadolinium (all tests completed with
100% success) (from M. Vagins talk at Sendai conference 6-9 March 2019 )

@ Super-Kamiokande with Gd2(SO4)3 — SK-Gd starting 2020

o KamLAND: "Betelgeuse” early warning system operating KamLAND Collaboration, ApJ 818:91
(2016) (from K. Ishidoshiro talk at Sendai 6-9 March 2019 )

When we detect ?

With Odrzywolek model

—= = 25Mg a1 250 pe with normal ordering
------ 25Mo at 250 pe with inverted ordering
—— 15M@at 150 pe with normal ordering

——= 15M@at 150 pe with inverted ordering

Significance [o]

Detection before collqj



http://www.lowbg.org/ugnd/workshop/sympo_all/201903_Sendai/slides/9am/9am_2.pdf
http://www.lowbg.org/ugnd/workshop/sympo_all/201903_Sendai/slides/9am/9am_3.pdf
http://www.lowbg.org/ugnd/workshop/sympo_all/201903_Sendai/slides/9am/9am_2.pdf

sid

10 years of progress (detec

@ SuperK-Gd pre-SN warning system (from M. Vagins talk at Sendai conference 6-9 March 2019 )

Alarm efficiencies against distance, 1 false per 100 years |

Gd-loaded e
. 5 1 e |
Super-Kamiokande’s gt a——
e , g ¢ —— >8 hour warning
Sensitivity to pre-SN v's  Eos- — 524 hour warming
(Super-K internal study) < r
0.6
0.4:
Warning times for 12Me at 0.2kpc 0,2»:
Iso:— False alarm rate: Eorien .
[ 1 per 100 years, from 02 04 06 08 1 12 14 16 18 2
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10 years of progress (detector side)

o Hyper-Kamiokande project starting construction next year, operating 2027
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http://www.lowbg.org/ugnd/workshop/sympo_all/201903_Sendai/slides/9am/9am_2.pdf
http://www.lowbg.org/ugnd/workshop/sympo_all/201903_Sendai/slides/9am/9am_3.pdf
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10 years of progress (detector side)

o other low threshold ( below ~ 2 MeV) large detectors: DUNE, JUNO, Borexino,
coherent, DM search ...
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Pre-supernova warning: from sci-fi to reality in 20 years ?

Any day now, nearby (d < 1 kpc) Galactic supernova could be observed via neutrinos
in full time-extent, starting from Si burning week before collapse until late neutron
star colling or black hole formation.

In the meantime, gravitational wave astronomy (GW 170817) and neutrino astronomy
(SN 1987A) tied in observation of " precious” (not only because of gold&gadolinium
production) events. .. they stay at the same place we did afters 1987.

This is where the fun begins!
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The most recent series of events

Q 1 Feb - 30 (series of ?) ,,burst” of events in KamLAND (Japan), starting Dec
4
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The most recent series of events

@ 3 Feb 2019 (Friday) — rumors of Betelgeuse pre-SN warning from Marcin
Misiaszek
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The most recent series of events

© calls in the middle of night
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The most recent series of events

@ A-LIGO upgrade process stopped; GW detector started in emergency
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The most recent series of events

© Borexino report ZERO events (at least 1 expected)
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The most recent series of events

@ all eyes on Betelgeuse (alternatives: geo/reactor-v, )
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The most recent series of events

@ 27 Feb 2019 — Nature NEWS on Super-K Gd neutrino supernova observations

NEWS

Gigantic Japanese detector prepares to catch
neutrinos from supernovae

les t

e Super-Kamiokande neutrino observatory will allow it to trace the
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The most recent series of events

@ 1 Mar 2019 - jokes on SNEWS premature warning

30 May 2019



The most recent series of events

©Q both KamLAND and SK DAQ crushed simultaneously; SK ready for worldwide
announcement of supernova explosion
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The most recent series of events

@ Mar 2019 — still no trace of supernova on the sky (what is going on!?)
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The most recent series of events

@ 5 Mar 2019 — flight to Japan
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The most recent series of events

@ 6-9 Mar 2019 — all pre-sn experts invited discuss possible explanations; Kamioka
Observatory director 100% sure (very close) supernova has exploded!
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The most recent series of events

@ 10 Apr 2019 (today) — still no trace/confirmation of SN event: what really
happened ?
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NASA/JPL-Caltech/R. Hurt (SSC/Caltech)
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Photon diagram HR & neutrino diagram OMK
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Typical neutrino light curve for 15 M, star
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Reference MESA model

O Mzams = 16Mg

@ Z = 0.015 (+0.05 dex for Betelgeuse using Z:=0.0134)

@ no stellar wind (mass loss zero)

@ standard MESA auto-extended nuclear reaction network:

o H and He burning: basic.net
o C/O burning: co_burn.net
o Si burning: approx21.net

Core contraction stopped
by shell Si burn

i

Core Si burning

|

Direct pre-collapse stage
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http://mesa.sourceforge.net/

Reference model vs ZAMS mass perturbation
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Reference model vs metallicity perturbation
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Reference model vs wind (on/off/enhanced)
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rence model vs nuclear reaction network

130
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Reference model vs nuclear reaction network
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What happened?

o bursts/peaks of pre-SN v days/hours before core-collapse supernova consistent
with theory . ..
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What happened?

o bursts/peaks of pre-SN v days/hours before core-collapse supernova consistent
with theory . ..

@ ...BUT bursts months before surprising
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.116.042501

What happened?

o bursts/peaks of pre-SN v days/hours before core-collapse supernova consistent
with theory . ..

@ ...BUT bursts months before surprising

o however, (questioned!) v signal happened 5 hours before SN1987A, consistent
with ~8 MeV 7, neutrino line/peak still mystery (LSD - Deja Vu)
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.116.042501

What happened?

[

bursts/peaks of pre-SN v days/hours before core-collapse supernova consistent
with theory . ..

@ ...BUT bursts months before surprising
o however, (questioned!) v signal happened 5 hours before SN1987A, consistent
with ~8 MeV 7, neutrino line/peak still mystery (LSD - Deja Vu)

2 M@ premixed Ue-accelerated H explosive burn, combined with n 4 et — P+ De
emission OR ®Be* — v, + . deexcitation
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.116.042501

What happened?

[

bursts/peaks of pre-SN v days/hours before core-collapse supernova consistent
with theory . ..

@ ...BUT bursts months before surprising

o however, (questioned!) v signal happened 5 hours before SN1987A, consistent
with ~8 MeV 7, neutrino line/peak still mystery (LSD - Deja Vu)

@ 2 Mg premixed ve-accelerated H explosive burn, combined with n + et — p+ e
emission OR ®Be* — v, + . deexcitation

o some estimates 10 Galaxy SN events/century — where are they?
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.116.042501

What happened?

[

bursts/peaks of pre-SN v days/hours before core-collapse supernova consistent
with theory . ..

@ ...BUT bursts months before surprising
o however, (questioned!) v signal happened 5 hours before SN1987A, consistent
with ~8 MeV 7, neutrino line/peak still mystery (LSD - Deja Vu)

@ 2 Mg premixed ve-accelerated H explosive burn, combined with n + et — p+ e
emission OR ®Be* — v, + . deexcitation

©

some estimates 10 Galaxy SN events/century — where are they?

what about v emission from stars producing 40 & 10 Mg LIGO binaries?

[
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What happened?

©

©

©

bursts/peaks of pre-SN v days/hours before core-collapse supernova consistent
with theory . ..

...BUT bursts months before surprising

however, (questioned!) v signal happened 5 hours before SN1987A, consistent
with ~8 MeV 7, neutrino line/peak still mystery (LSD - Deja Vu)

2 Mg premixed 7.-accelerated H explosive burn, combined with n +e™ — p + e
emission OR 8Be* — v, + . deexcitation

some estimates 10 Galaxy SN events/century — where are they?
what about v emission from stars producing 40 + 10 Mg LIGO binaries?

OMK 2003: v bursts/explosions months B.C. anticipated, as well as ,,neutrino
only” supernovae

Thank you!
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5.1.(Supernova prediction?]

Supernova event is an unpredictable phenome-
non. Astronomers await nearby supernova for 400
years. Therefore, many of them speculate on the
likely next Galaxy event. The list of candidates
includes Mira Ceti, Antares, Ras Al-

gheti, y? Vel, Sher25 and Eta Carinae. Unfortu-




In a very favorable case of a close star, much
less than 1 kpc away|* with operating
scale neutrino observatory modified by addition of

appropriate neutron absorber,) we could expect
detection of oxygen and neon-burning neutrinos a

few [months before the explosion. |The detection,
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5.2.  Astrophysical importance of Si burning
neutrinos

The aim of our work is to show the feasibility of
pair-annihilation neutrinos detection. We did not
discuss the calculations of the neutrino luminosi-

ties, but actually the|silicon burning|is very com-
plicated and ‘‘potentially (numerically unstable




Si-burning neutrinos together with the following
observations of optical, neutrino and gravitational
signals from the supernova and the identification
of the progenitor would establish the relation of
pre-supernova conditions and the explosion
dynamics. Let’s note, that in case of the supernova

shrouded in interstellar clouds, Si burning neutri-

nos carry(exclusive information|on the progenitor.




Extra slides

Neutrino spectra animation
Reference stellar model animation
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https://www.youtube.com/watch?v=zLcqrcuysSA&t=317s
https://www.youtube.com/watch?v=Wa3rXQE5EFA

Precision of the thermal neutrino calculations

Total thermal neutrino luminosity error

1.20
1.15
< 110

2600 2800 3000

Timestep

3200 3400



Neutrino oscillations

MSW effect in H envelope leads to flavor exchange:

Fee  =p Fo+(1-p) Fy,
F& =(1—p) F, +p F,
Fe< —p Fo.+(1-5) Py,
FS< —(1—p) Fo +p Fy,

Depending on mass hierarchy of neutrinos coeeficients are:
sin? 613 ~ 0.02
p=

Sy

_ {cos2 012 cos? 013 ~ 0.68 Normal

sin? 612 cos? 613 ~ 0.30 sin? 613 ~ 0.02 Inverted
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No oscillations (s12 model)
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Normal v mass hierarchy (s12 model)
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Inverted v mass hierarchy (s12 model)
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