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HenTpuHO OT B3pbiBOB CBEpXHOBbIX:
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3Be3/1a pe3KO YBEIMYUBAET CBOKO CBETUMOCTh Ha 4—8 MOPSIKOB
(10—20 3BE3HBIX BEJMYUH), C TIOCIEAYIOIIIM CPABHUTEIHHO
ME/IJIEHHBIM 3aTyXaHUEM BCIBIIIKH.

1. IlponcxoxaeHne XUMHUIECKUX 3JIEMEHTOR
(B3pBIBHOM HYKJICOCHUHTE3)

2. [IporucxoXaeHNE KOCMAYECKUX JTy4Yen

3. B3pbIB CBEpXHOBOM C KOJUIATNICOM SIJIpa —
HEUTPUHO YHOCAT MOJABISIONLYIO YaCTh SHEPTUH

KonnyecTBeHHas OLIEHKA YaCTOTHI MOSIBJICHUS! CBEPXHOBBIX SIBJISIETCS
BEJIMYMHOM, UMEIOIIEN KITFOUEBOE 3HAYCHUE ISl HEUTPUHHBIX TEJIECKOIIOB
HBIHEIIHETO U CIIEYIOLIETO TOKOJICHHS, @ TAK)KE aKTyallbHa JJIs
MHOTOBOJIHOBOW TraJIaKTUYECKOM aCTPOHOMUHU, (PUBUKUA KOCMUYECKUX
Jay4deit 1 acTpoU3UKH B LIETIOM.



YCKOPEHNE TOAAKTUYECKUX KOCMUYECKUX AYHEN B OCTATKOX
CBEPXHOBbIX
(yckopenue KA yAQpPHBIMM BOAHOMM)

CBepXxHOBbBIE — HAM0O0JIE€ BEPOSTHHIE ICTOUHUKN KOCMHUYECKUX JTyUeil?
(B.JI. I'muz6ypr u C.U. CeipoBarckuii, [Ipoucxoxkaenne kocmuueckux gyueid, M., 3n-so AH CCCP, 1963)

[T10THOCTH SHEpPTUM KocMudeckux aydeit: ~ 1 aB/cm? (10712 apr/cm?)

MomtHocTh, HEOOXOAUMAs JJIs1 MOAAEPAKAHKS HAOII0JaeMOU TIIIOTHOCTH SHEPTUU

Kocmudecknx gyderd ncrounnkoB KJI B 'amaktuke: ~10*! spr/cex (T ~ 10 cex ~
3*108 mer)

B pesynbrare B3pbiBa CBEpXHOBOM BbIcBOOOXAaeTcs E ~10°! apr B Buie KuHETHYIECKOM
Y DJIEKTPOMArHUTHON SHEPIUH.

Brinensiemast ipu 3ToM cpeansist MOonTHOCTh: E/Tsy ~ 10% apr/cex ipu Tsy ~ 30 net

MomtaocTte nctounnkoB KJI: 10 % MomHOCTH B3phIBa CBEPXHOBBIX

YacToTra B3pbIBOB CBEPXHOBBIX B | ajlakTUKE?



BCHBIIIKY CBEPXHOBBIX B HAIIIEH FaJJaKTUKE — PEAKUE COOBITHUS:
110 COBPEMEHHBIM MPEJICTABICHUAM, OHUA MPOUCXOaAT | — 3 pasa B cTonerue.

The expected rate of stellar deaths in the Galaxy (~ 0.1 per year) is computed using a
detailed model of the distribution of stars in the disk and standard values for Population I
stellar evolutionary lifetimes.

(John .N. Bahcall and Tsvi Piran, Stellar collapses in the Galaxy. AJ, 267, L77, 1983)

« Expected rate of the ccSN in the Galaxy: 3.2*7° | per century.
(S.:M. Adams et al., Observing the next Galactic supernova. AJ, 778,164, 2013)

R =1.63 £ 0.46 ccSN per century

The rate based on the combination of:

1) counts of massive stars,

2) census of supernova explosions in the cosmos,

3) counts of neutron stars and

4) measurement of the galactic chemical enrichment of 26 Al.

(K. Rozwadowska et al. On the rate of core collapse supernovae in the Milky Way.
New Astronomy, V. 83, 2021, 101498; arXiv:2009.03438)

Tsn = (10 — 170) ner



" 1) Haubosiee 10CTOBEpHBIC HCTOPUUECKHUE TaJTaKTUUECKUE CBepXHOBBIE: 5, ¢ 1006 roxa.
2) Ilocnennss ceepxHoBas (Kaccuones-A) Benbixayna B 16307 (16807) rony.
3) 3a npoueaiue ~340 et Mbl JOJKHBI ObLTH ObI HAOMIOAATH ~ (6 — 10) BCIbIIEK
CBEPXHOBBIX, HO HE HAOJIIOAAIN HUA OTHOM.

HeBOOp}I)KeHHI)IM I''Ta30M BUAHBI TOJIBKO IIPUMCPHO 13 % ramakTu4ecKux CBCPXHOBBIX C

KOJJTATICOM sifipa U 0Kojio 33 % TepMosIepHBIX CBEPXHOBBIX (THII [a).

C.T. Murphey et al. Witnessing history: sky distribution, detectability, and rates of naked-eye Milky Way
supernovae. MNRAS 507, 927-943 (2021)

OcTatku CBCPXHOBLIX B ["anakTuke
294 Galactic SNRSs. D.A. Green. A revised catalogue of 294 Galactic supernova remnants. J Astrophys Astron 40,
36 (2019). arXiv:1907.02638

303 Galactic SNRs. D.A. Green. A Catalogue of Galactic Supernova Remnants (2022 December version,).
http.//'www.mrao.cam.ac.uk/surveys/snrs/

390 Galactic radio SNRSs. S. Ranasinghe and D. Leahy. A Statistical Analysis of Galactic Radio Supernova
Remnants. ApJS, 265, 53, 2023.

G1.9+0.3 — Hanbosee MOJIOIOM U3BECTHBIN OCTaTOK cBepxHOBOM (Ia) B Hameit ["anaktuke: ~100
netT. — [locnennss qyis 3eMHBIX HaOIIOMATENeH BCIIBIIIIKA CBEPXHOBOM B ["amakTHKe, KOTOPYIO HE

BU/JICJIA U3-3a Ta30MbLUICBBIX 00J1aKoB (BOMM3H 1ieHTpa ["anmaktuku). CoBpeMeHHbIC HAOMIOIECHUS:
paauo, peHTICH.

Stephen P. Reynolds et al., The youngest Galactic supernova remnant: G1.9+0.3. ApJ, 680, L41, 2008.

S Chakraborti et al. Young remnants of type la supernovae and their progenitors. a study of SNR G1.9+0.3. ApJ, 819, 37 2016.



HelitpuHHOE M3NTy4yeHUE UTPAET BAXKHYIO POJIb B ABOJIFOIIUM 3B€37l, OCOOCHHO B (PMHAIHHOM YacTH
HBOJIIOIIMHA MAaCCUBHBIX 3B€37. JBOJIIOLMS 3B€3]] C MAcCOM, mpeBbimaromux 8 macc ConHIa,
3aKaHYMBACTCS IPaBUTAIMOHHBIM KOJUIAICOM sijipa (+ Bo3MokHasi CBEpXHOBAsI) U COIIPOBOXKAAETCS

HEUTPUHHOM BCIbIKOW. — Hanbonee noaxonsimymM HHCTPYMEHTOM JIJ1sl OOHAPYKEHHSI CBEPXHOBBIX C
KOJIJIATICOM $i/Ipa SIBJISIFOTCS OOJIbIINE HEUTPUHHBIE 1ETEKTOPHI.

HelnTpuHHbIE Teneckonbl: MONCK HENTPUHHBIX BCMbILLEK
OT B3pbiBOB CBEPXHOBbLIX C KOJIJIANCOM sipa.

1) ApremoBCckuil CUUHTWILIAIMOHHBIN neTekTop (AC/): HosiOps 1977 —2017(?)

2) bakcanckuit [Togzemusiii CriuatruisiiinonHbid Teneckorn (BIICT): morck HEUTPUHHBIX BCHBIIIEK
uaer ¢ 30.06.1980 —

3) Kamiokande-II: 1985 — 1990. Kamiokande-III: 1990 — 1995.

4) Super-Kamiokande: 1996 —

5) Irvine—Michigan—Brookhaven (IMB) detector: May 1986 — 1991

6) Liquid Scintillation Detector (LSD): okTsi6pp 1984 — 2002

7) Large Volume Detector (LVD): 1992(1 tower), 1998 (3 towers) —

MBI cunTaem, 4to B ['ajakTuke He ObLIO B3pbIBOB CBEPXHOBBIX C KOJUIAIICOM sipa
c Hos10ps 1977 rona.



HenTpuHHbIE BCMbILLKM OT B3pbiBOB CBEPXHOBLIX C KOJ1J1AarNcoMm sapa.

Peaknum TepMoOsIEpHOTO CHHTE3a: BHAYAIC ICUTECPUI U TN, 3aTeM 00JIee TSHKEIIbIE DIIEMEHTHI BILIOTH 10
KeJesa, 1Sl KOTOPOro YHEPIrus CBS3U HYKJIOHOB B SiJIp€ MaKCUMaJlbHA, U JaJbHEUIINE PEAKIIMU CUHTE3a
CTAHOBSITCSI HEBO3MOXKHBI. 3B€3/1a TEPSAET YCTOMYMBOCTD, MPOUCXOAUT KaTacTpo(PUIECKOe CyKaTHe BEIIECTBA,
obpa3yeTrcs CMeCh HEHTPOHOB, IPOTOHOB U 3JICKTPOHOB C MIIOTHOCTHIO ~10' r/cM®. DIEKTPOHBI BAABINBAIOTCS
B [IPOTOHBI, CO3/1aBasi HEUTPOHBI — MPOUCXOJUT HEUTPOHU3ALUS 3BE3/bl U BOBHUKAET KOPOTKUK MOIIHBIN

BCIIJICCK HCfITpI/IHHOFO H3JIyUCHMUA.

p—I—e'—)Ve—l-n

massive star
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He

N ! collapse
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— 00pa3oBaHNEe HEUTPOHHOM 3BE3/IbI;

M3MEHEHUE TPABUTAIIMOHHON SHEPTUHU CBSI3M OT HAYaIbHOIO
COCTOSIHHSI 10 KOHEUHOTO cocTaBisieT: ~ 3-10 apr.

~ 99% 3TOU SHEPrUU NEPEXOJUT B HEUTPUHO U AHTUHEUTPHUHO
BCEX COPTOB (JICIUTCS IPUMEPHO MTOPOBHY MEXKY Pa3IUUHBIMU
TUIAMUA HEUTPHUHO).
T, .~ 10 cekynn, E ~ 10—-20 M>B

~ 1% nepexoauT B KHHETUYECKYIO SHEPTUIO pa3JICTAIOIICHCS
000JIOYKH U CBETOBYIO BCIIBIIIKY.



Epoch Duration

Dominant neutrino

Presupernova ~ days
Collapse < 50 ms

"~

v, and v,
pte& —v.tn initially mostly v,, later all flavors

Accretion ~ 100 ms for ONeMg core gl -

~ 200 — 700 ms for Iron core v, < v, <v,

Cooling ~ 10 s

Vprme Wy v Wy

S. Horiuchi, James P. Kneller, arXiv:1709.01515

Prompt v, burst

Luminosity [1 o2 erg/s|

Time [ms]

Luminosity [1 02 erg/s]

Accretion Cooling

Luminosity [10°2 erg/s]
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Neutrino signal using data from a spherically symmetric 10.8 M _simulation

T. Fischer et al, Astron. Astrophys. 517 (2010) A80




[leTeKTnpoBaHne HENTPUHO OT B3pbiBOB CBEPXHOBbIX
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Cross sections per target for relevant interactions

Kate Scholberg. Supernova Neutrino Detection. Annual Review of Nuclear and Particle Science Volume 62, 2012. arXiv:1205.6003



[leTeKTnpoBaHNe HENTPUHO OT B3PbiBOB CBEPXHOBBIX

Channel Observable(s) | Interactions
Ve+€ —ve+e C 17/10
Ve+p—et 4+n C, N, A 278/165

Ve +p—va+p C 682/351
ve+ 2C—=e” +2N™  [C,N, G 3/9
U.+12C s et + 2B |C,N,G, A |[6/8

ve + 2C = v, + 12C* G 68/25

Vo 4+ 180 5 e~ + 16F() C.N. G 1/4

Ve + 0 s et + 15N |C, N, G 7/5

ve + %0 = v, + 1°0° G 50/12
ve+YAr s e” +K*  |C, G 67/83

ve +YAr - et +1°C1* |C, A, G 5/4

ve + *°Pb = e~ + *®Bi* [N 144,228

vy +2%®Pb — v, + 2®Pb*|N 150/55
v+ A—=v, 4+ A C 9,408/4,974

Estimations of the number of interactions per 1 kt at 10 kpc for two different neutrino flux models,
E,>5 MeV.
Abbreviations: C, energy loss of a charged particle; N, produced neutrons; G, deexcitation ys; A,

Kate Scholberg. Supernova Neutrino Detection. Annual Review of Nuclear and Particle Science Volume 62, 2012.

positron annihilation vs.

arXiv:1205.6003



[TONCK HEUNTPUHHBLIX BCMbILLEK OT B3PbIBOB CBEPXHOBbLIX C
KoJinancom aapa B lanakTnke Ha bakCaHCKOM NMoA3eMHOM
CUNHTUANAULNOHHOM Teneckone (BINCT)

Pacnosoxenue bHO:
bakcaHckoe ymenabe, Heqaaeko (~ 20 kM) oT ropsl iabopyc




bakcanckas HelitpunHas oocepsaropuss USAU PAH:
YHUKaJIbHBI KOMIUIEKC HA3eMHBIX U TIOJI36MHBIX YCTAHOBOK, CO3JJAHHBIX JIJIsl PEIICHUS
(yHIaMEHTANIbHBIX 3a/]a4 B Pa3JIMYHBIX 00JIACTSIX HAYKH: OT HEUTPUHHOM acTpO(DU3UKHU J0
reo(pr3uKH.
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bakcanckas HedTpunHas oocepsaropuss USAU PAH:

MOJA3eMHbBIE JIA00OPATOPHH.

bakcanckas Hefitpuaaasa OdcepBaTopus I'opa AHABIpYH

MmoJa3¢MHbIC ﬂaﬁopaToplm
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PaccrosinHe oT BXoJa B IITOJILHIO [M]

PaCHpelIeJIEHI/Ie HMHTEHCUBHOCTU MIOOHOB B/JI0JIb IIITOJIBHU

[w] sdow wanaodL e eiod19g

A — bakxcaHckHil MOA3eMHBIN CLIUHTHLISIIUOHHBINA
TENECKOTI
b — Tannuii-repmMaHueBblil HEUTPUHHBII
TEJECKOII
H-1 — amnsroonoBas maboparopust Ne 1
H-2 — mmskodonoBas madopatopus Ne 2
H-3 — amnskoonoBas maboparopus Ne 3

NJI — BakcaHckuit nazepHblii HHTEphEPOMETP-
nedopmorpad

OI'PAH — onTo-akycTuueckas rpaBUTalliOHas
aHTEHHa

I'®-1 — reodpusuyeckas madoparopus Ne 1
['®-2 — reodpuzuyeckas madoparopus Ne 2

HKJI — Hu3ko¢oHOBAsi KPHUOTEHHAsI
Jabdoparopus (IPoOeKT)

BBHT — Bakcancknii 60,1601 HeHTPHHHBIN
Tejeckon (MPoeKT)



3an BrCT

H® nab.2 +
BakcaHckuin nasepHbIn

MHTepdepomeTp-gedopmorpad
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4000 m
3an THT

IIpeanmonaraemoe MecCTo 1Jis1i HU3KO(POHOBOU
KPHOTCeHHOM J1adopaTopuu



BUST: 1977 - up to date
— Stable operation of the telescope, stable scintillator

Anode
|12th dinode,,

Sth dinode

dimensions: 17 * 17 * 11 m?
number of counters: 3180
tank size: 70 * 70 * 30 cm?

T 300
mm

the scintillator C H, ,, (n=9)

low-background
concrete

S the total mass of scintillator is 330 t
Iron layer (0.8cm) (3180 counters)
three lower horizontal layers (the interior): 130 t
(1200 counters)
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DKCNepuMEeHT Nno NoUCKY HeNTPUHHBbIX BCnAecKoB Ha BICT

=]

vet+p—an+tet ~88%

E, =18 MeV
E,=E -13MeV
E ., =8 MeV

<E. >=12-15 MeV

— ranges of e of path lengths
o L basically is within individual
- scintillation counter

06 }

04 F

detection efficiency of e* , : : .
2 — neutrino signal from SN is series
02 |

of single events during the burst

10 2 alu T MeV
I — energy threshold 10 MeV (1989 -1991 yr)
2 —energy threshold 8 MeV (since 1992 yr)
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jo"dE-F(E,t)-a(E)-n(E)

o At

CpeaHee 4ncno cobbITUr B TEYEHNE d

BpemMeHu At oT Havana konnarca sgpa Np f t
0

N, — uuncio cBOOOIHBIX TPOTOHOB B MuUllieHH, F(E,t) — MOTOK 3JIEKTPOHHBIX AHTUHEUTPHUHO,
o(E) — ceuenue peakiuu IBD, n(E) — a3ppekTUBHOCT AETEKTUPOBAHUS

Yucno codwiTui B Tpex BHyTpeHHUX IiockocTsax (130 1), E=3-10% erg, R = 10 kpc

0e3 ocumusiuii: N, = 35

(Temneparypa antuneiitpuno T = 4.5 MeV)

Ocuwusinun, Toapko MCB-3ddext

(Temmeparypa HE3NEKTPOHHBIX HEUTpUHO Tx = 6
M>5B)

HopMaJIbHas MaccoBas uepapxus: N = 39
(\\%

oOpatHast MaccoBast uepapxusi: N_ = 48



The search for a neutrino burst at the BUST

10000 000 =

1000000 -

100000 =

10000 -

1000 -

N

At=20s

16.03.2001 - 18.08 2024

—plki=af &7 'M—I

Sliding interval, At=20s

Background events

1) ghost signals from module (noises)
2) cosmic ray muons:

- a single muon is registered by one counter
due to spatial gaps between tanks of the
telescope

- a muon energy release < 8 MeV
3) radioactivity

* Some part of the background events
can be connected with inelastic muon
interactions which can produce

20.9 meT 4MCTOro BpPEMEHH unstable nuclei whose disintegration

brings into operation the only counter

k=9: 6.9-10- per year
1/145 years



Po)xxaoeHne pagnoakKTUBHbLIX M30TOMOB B CUMHTUANATOPE OT Kackaga B bIICT

MakcumanbHoe
SHEPIOBBIICIICHHUE, C
Hsoron )K}?IEEAI:;IT Q. MoB Tun yaETOM OcHoBHas Koneunoe
, pacnana peakiust COCTOSIHUE
AQHHUTHJLILIAH
TIO3UTPOHA
2N 15.9 ms 16.38 B+ 17.38 12C(p,n) crab. (2C)
2B 29.1 ms 13.4 B- 13.4 12C(n,p) crab. (2C)
SLi (84%),
SHe 171.7 ms 10.7 B- 10.7 12C(m,n3p) OCTaNbHBIC —
cTab.?
°C 182.5 ms 16.5 B+ 17.5 2C(n*,*H) cTab.?
°Li 257.2 ms 13.6 B- 13.6 2C(m,*He) ctab.?
B 1.11s 18.0 B+ 19.0 12C(n*,>H?H) cTab.?
8Li 1.21s 16.0 pB- 16.0 2C(n,pa) cTab.?
UBe 19.9s 11.5 B- 11.5 12C(n,2p) crab.?

Ney | At, ¢ | counter | €, MsB
1 | 0.007 | 7:9-14 12.1
2 0.015 | 6:15-16 11.7
3 0.023 | 6:17-16 12.1
4 1 0.080 | 6:15-12 9.8
5 | 0.101 | 6:18-14 134
6 | 0.131 | 6:20-13 10.7
7 0.775 | 7:13-16 12.0
8 1.341 | 7:12-16 9.0
9 |19.529 | 6:8-13 38.7

[TapameTpsl kinactepa c k = 9,
At — épems 3a7€pKKUA COOBITHSI OTHOCUTENBHO KacKaaa

OHeprus kackaaa: 12.3 TaB,
SHEPrOBbIJICJICHUE B TOPU3OHTAIBHBIX CIOSX (CBEPXY BHU3):
1.215B, 26515B, 1090 I'»’B 1 355 I»B




Mownck KOPOTKUMX HGI7|TpVIHHbIX BCriblllEK OT rnpepBaHHONo B3pbiBa CBerHOBOI7I

Cuenapuil npepBaHHOIO B3pbIBa CBEpXHOBOW BO3MOXKEH IS 3B€3]] ¢ MaccamMu >~20M ,, eciau akkpenus

BEIIECTBA Ha IEHTPAIBHYIO TPOTOHEHTPOHHYIO 3Be31y C(HOPMUPYET YEPHYIO IBIPY OYEHB CKOPO TIOCIIE
OTCKOKa si/ipa. B 1aHHOM crieHapu# BBIOPOCHI U3JIyUEHUS U TPABUTAIMOHHBIX BOJIH OTHOBPEMEHHO PE3KO
npeKpamiarTcs. B aTom ciydae ncuesaromnias 3se371a-IpapoauTeIbHUIIA UCITYCTUT TOJIBKO OYCHD CIIA0BIHI
AIIEKTPOMArHUTHBIA CUTHAJ, TAK YTO HAOIIOJCHUE HEUTPUHO W TPABUTAIIMOHHBIX BOJTH MOXKET OBITH
€IMHCTBEHHBIM CIIOCOOOM MOUCKa TakuX coObITUH. [ToHas NIUTENbHOCTh HEUTPUHHOW BCTIBIIIKH B
clly4ae MpepBaHHOIO B3pbiBa CBEPXHOBOM ropa3o KOpode, 4eM Jyisi OOBIYHOTO B3pPbIBA, U B 3aBUCUMOCTH
OT MOJIENIN OKUJaeTcs B npezaenax ~ 0.5 — 2 ceKyHbI.
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In Model 1, the BH formation occurs t 5, = 0.568 s after the bounce, whereas for Model 2 the gravitational instability occurs at a
later time of t,,, = 2.113 s after the bounce thanks to a lower mass accretion rate of the collapsing stellar core.

1) S. E. Woosley and T. A. Weaver, The Evolution and explosion of massive stars. 2. Explosive hydrodynamics
and nucleosynthesis, Astrophys. J. Suppl. 101, 181 (1995).

2) S. E. Woosley, A. Heger, and T. A. Weaver, The evolution and explosion of massive stars, Rev. Mod.

Phys. 74, 1015 (2002).



Two parts of the BUST - two independent detectors, ~ 240 tons

1980 counters,1.4 sec’!

External planes:

1200 counters (130 tons), 0.02 sec™

Internal planes, the D1:

the D2 - 1030 counters (112 tons), 0.12 sec™



Curve 1 1s for 130 tons, curve 2 is for 330 tons of scintillator.
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The joint use of D1 and D2 detectors

allows us to increase the sensitivity radius
of the BUST.

R =10 knk:
35 coobrTHid (130 1)
65 coobITHM (240 T)

S.M. Adams et al. Observing the next Galactic supernova.
Al, 778,164,2013



[TONCK HEUTPUHHbIX BCMbILLEK OT B3PbiBOB CBepXHOBbIX Ha BICT

*  JonroBpemenHas ctabuinbHOCTh paboThl BIICT no novucky HEHTPUHHBIX BCILIECKOB.

*  Hcnonb3oBanue Bcero Habopa nanHbix BUST mo3BossieT HaM y3HaATh MPEABICTOPUIO COOBITHIMA
OY€Hb MOAPOOHO U — UCKII0YATh OOJBIIYIO YaCTh (POHOBBIX COOBITHMA.

*  JIBa HezaBucumbix gerektopa D1 (BHyTpennuid, 130 1) u D2 (BHemHui, 112 T) noBsimaroT
HAJIC)KHOCTh PETUCTpAIlMd HEUTPUHHOTO CUTHAJIA U paauyc yyBcTBUTeIbHOCTH BIICT.
Perucrtpanus 10’)KHbIX BCIUIECKOB HEUTpUHO OT CH mpakTrdecku UCKIIIOUeHa.

* Ot cambix ynanennbix CH B I'anaktuke (~ 25 knk) oxxupaercs ~ 10 coObITHiA.

* B cayuae ouens Onuskoii CH (nanpumep, berenbreiize, ~ 0.2 KIK) HEKOTOpast 4aCTh COOBITHIA,
3aBucsas ot paccrosuus 1o CH, Oyaet norepsiHa.

*  3aBech nepuoa HadmoneHus ¢ 30.06.1980 no 02.12.2024 He ObLIO 3apETUCTPUPOBAHO HU
OJTHOTO COOBITHS - KaHJIUJaTa Ha HEUTPUHHYIO BCIBIMIKY B ["ajmakTuke. 3a 3TOT NEPUOJ YUCTOE
BpeMs HaOmroneHust coctaBuiio T= 38.77 roga — camoe Mpoa0KUTEIIBHOE BpeMs HaOMIoAeHUS 3a
HEUTPUHHBIMU BCIBILIKAMU B HaIlIe ['allakTUKE HA OJHOU YCTAHOBKE.

*  DTO NPHUBOJIUT K 3HAYEHHUIO BEPXHEW I'PAHULIbI CPEHEN YaCTOThI TPaBUTALIMOHHBIX KOJUIAIICOB
3Be3n B ["amakTuke 0.059 rog ! (5.9 B cronmerne) Ha 90% ypoBHe qoctoBepHOCTH (Tsny = 17 1er).



OrieHKa 4nciia 3aperucCTPUPOBAHHBIX COOBITHI B HEUTPUHHBIX JIETEKTOPAX OT B3PhIBA

S. Al Kharusi et al. SNEWS 2.0: a next-generation supernova early warning system for multi-messenger astronomy. New J. Phys. 23,

031201, 2021.

CoBpEMEHHOE COCTOSHUE:
CJICAYIOUINNA B3PbIB CBEpXHOBOU B ["anakTrike He OyJeT MpOIyIIeH

Experiment Type Mass (kt)  Location 11.2 M 27.0 M, 40.0 M,
Super-K H,0/v, 32 Japan 4000/4100 7800/7600 7600/4900
Hyper-K H,O/v, 220 Japan 28K/28K 53K/52K 52K/34K
IceCube String/7.  2500%  South Pole 320K/330K  660K/660K  820K/630K
KM3NeT String/v.  150% Italy/France  17K/18K 37K/38K 47K/38K
LVD C,Hay /7. 1 Italy 190/190 360/350 340/240
KamLAND C,H,, /7. 1 Japan 190/190 360/350 340/240
Borexino C,Hyu/7e 0278  Ttaly 52/52 100/97 96/65
JUNO C,H,, /7. 20 China 3800/3800  7200/7000  6900/4700
SNO+ CaHoa, /v, 0.78 Canada 150/150 280/270 270/180
NOvA C.Hy, /v, 14 USA 1900/2000 3700/3600 3600/2500
Baksan C.Hj, /v, 0.24 Russia 45/45 86/84 82/56
HALO Lead/v. 0.079 Canada 4/3 9/8 9/9
HALO-1kT Lead/v, 1 Italy 53/47 120/100 120/120
DUNE Ar/v, 40 USA 2700/2500 5500/5200 5800/6000
MicroBooNe Arlv, 0.09 USA 6/5 12/11 13/13
SBND Ar/ve 0.12 USA 8/7 16/15 17/18
DarkSide-20k  Ar/fany v 0.0386  Italy — 250 —
XENONnT Xe/any v 0.006 Italy 56 106 —

1z Xe/any v 0.007 USA 65 123 —
PandaX-4T Xe/any v 0.004 China a7 70 —

CBEpXHOBOM Ha 10 Kk mJist Tpex Mojeien



SuperNova Early Warning System: SNEWS 2.0
HeWTprHHas BCIBIIIKA KaK ajaepT JJIs MOCISAYIONINX HaOM0ICHUN
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3Be30a-IPApOAUTEIbHULIA: HEBpaIaromasics, 17 My
the total energy emitted after the bounce in the form of v. , photons, and gravitational waves are
~6 x 10> erg, ~4 x 10% erg, and ~7 x 10* erg

S. Al Kharusi et al. SNEWS 2.0: a next-generation supernova early warning system for multi-messenger astronomy.
New J. Phys. 23, 031201, 2021.



HelTprHHAas BCIBIIIKA KaK alepT s HOCIECAYOIMUX HaOI0ACHUI
— ONPEACIICHUE HAIIPABJICHUS HA CBEPXHOBYIO.

Metoabl onpeneaeHrs HarpaBIeHUs

* AHHW30TPONHBIE B3AaUMOACHUCTBUS HEMTPUHO: BOCCTAHOBIICHUE
HalpaBJICHU IPUX0AA HEUTPUHO IO HAMPABIECHUIO BTOPUYHBIX YACTHII

* TpuaHrynsinus: o0 BPEMEHU MEKAY PETUCTPALIMEN BCIIBIIIKN HA
Pa3JIMYHBIX JETEKTOpPax



CUUHTWIISIIUOHHBIE IETEKTOPHI: peakiiis 00paTHOro OeTa-pacmnaja
3axBatr HeUTpoHa: = 170 — 200 MKc
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V. Fischer et al. Prompt directional detection of galactic supernova by combining large liquid scintillator neutrino detectors.
J. Cosmol. Astropart. Phys. JCAP 08(2015)032.



CUYMHTULIAIMOHHBIE IETEKTOPHI: PeaKIus 00paTHOro OeTa-pacmnana
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V. Fischer et al. Prompt directional detection of galactic supernova by combining large liquid scintillator neutrino detectors.
J. Cosmol. Astropart. Phys. JCAP 08(2015)032.

Temarnueckas cexmusi: JleTeKTOpbl, METOIUKA SKCIIEPUMEHTA U SIACPHO-(PU3UIECKUE METOIBI
bexesnrii 3am, Feb 21, 2025, 5:15 PM

MUOKOCUNHTUNNALNOHHbIN LeTeKTop 6onbworo obbvema ¢ doTonpueMHMKamMym Ha OCHOBe MaTpuUL, N3
KpeMHMneBbIX (DOToyMHO)KI/ITeJ'IGVI ONA HU3KOMOHOBbLIX SKCMNEPUMEHTOB.

Ucnam YuarnokoB (UM PAH, bakcanckas HelTpuHHAs 06cepBaTopHsl)



BonHbie Y4EpEHKOBCKHE AETEKTOPHI: V€ —>V+e
YyIPYroe paccesHue + peakuus oopaTrHoro oera-pacnajia
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Right ascension (deg.)

Super-Kamiokande: 7 MeV total energy threshold.
The pointing accuracy for a supernova at 10 kpc is estimated using a modern supernova
model to be 4.3° —5.9" (68.2% C.L.) covering all combinations of neutrino oscillations and
mass orderings.

K. Abe et al. Real-time supernova neutrino burst monitor at super-Kamiokande. Astropart. Phys. 81, 39—48, 2016.



MeToa TpuaHryaun
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Experiments Major process Target ot (ms) ot (BH)
Super-K Vet+p—et +n 32ktH,0 0.9 0.14 ms
JUNO Vet+p—et +n 20kt G, 1.2 0.19 ms
DUNE ve + %Ar - ¢ + 9K 40 kt LAr 1.5 0.18 ms
NOvrA Tetp—et +n 14 kG5 1.4 0.24 ms
CJPL Vet+tp—et +n 3ktH,O 3.8 0.97 ms
[ceCube Noise excess H,0 1 0.16 ms
ANTARES Noise excess H,O 100 32 ms
Borexino Tet+p—e +n 0.3kt C, H;; 16 5.5ms
LVD Ve t+p—e™ +n 1kt CH.. 7. 2.4 ms
XENONIT Coherent scattering 21X, 27 10 ms
_ DARWIN Coherent scattering 40t 1.3 0.7 ms
cos(a) = c*At/d . X

For the core collapsing into a neutron star the width of the 1o region
is 3° and 7° degrees in 0 and a, respectively.
For the core collapsing into a black hole precision of 1.5° in declination
and 3.5° in right ascension is obtained.

d(cos(a)) = c*d(At)/d

V. Brdar et al. Neutrino astronomy with supernova neutrinos J. Cosmol. Astropart. Phys. JCAP 04(2018)025



SN 1987A:
[lepBas 1 Noka eaNHCTBEHHASN CBEPXHOBAsS, OT KOTOpPOn 6bIN10
3aperncTpupoBaHO HENTPUHHOE N3NTyHEHME.

The progenitor of supernova 1987A was catalogued by in 1969 as an OB
star of 12th magnitude and given the designation Sanduleak-69 202.



SN 1987A: history of observations
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Observations of SN 1987A before and during the first days after its discovery.
Blue supergiant supernova progenitor Sanduleak - 69 202.
¥YB = SW (shock wave, models)

B. C. Umwennux, /[. K. Haoéxcun. . YOH, 156, 4, 562, 1988.



The time sequence of events detected by the Kamiokande II, the
Baksan telescope, IMB and LSD at 7:35 UT

Ee (Ho.\f) _
40 JAmin_ imin Kamiockande 1
30 - :
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10 T . ™ (1)
[ b . .
40 - 7:35:40 1:35:50 ?sis-oo;q cec 5 cec 1136120  F:36:30
ig: ———— Baksan
10 - L il T(vT)
4O +50 ' ?'—if:SD ?:k".ﬂo Q:ist‘lO 7:36:20 :-.'36-.50
- (5, ]
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BIICT: 5 coObrtuii 32 9.1 ¢, hon — 0.7 coObITHIA B CYTKH.
BepositHocTh ciyuaiinoro coBmanenus BIICT u Kamiokande I1 B uaTepBasie Bpemenu ~ 1 mun: ~ 5*10

E.H. Anexcees u op. Ilucoma 6 JKITD, m.45, 6. 10, c.461 — 464, 1987.




Scatter Plot of Energy and Time at 7:35
t=0.0 - BpemMsa nepBoro cobbiTnga ans
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Re-examination of the Time Structure of the SN1987A Neutrino Burst Data in Kamiokande-I1.
Yuichi Oyama. ApJ, 922, 223, 2021.

« the probability of the Kamiokande-II experiment detecting no SN1987A neutrino, no cosmic ray
muon, and no low-energy background for 7.304 s is less than 0.112%.»

«it was reported that the v output of SN1987A is estimated to be 8 x 10°* ergs. If the seven
seconds’ gap is dead time and it is assumed that a similar number of neutrino events i1s expected
during this dead time, the v~ output of SN1987A should be larger by a factor ~2.

Supernova simulations confront SN 1987A neutrinos.
D.F.G. Fiorillo et al. Phys.Rev. D, 108, 083040, 2023

«However, according to a private communication by M. Nakahata, this explanation is not viable
because the event numbers were continuous across the gap.»



AHann3 HeMTPUHHOro nsnydyeHmda ot SN 1987A

The total energy release in electron antineutrinos which would be required
e to produce the signals observed by various detectors, as function of
10+ MB temperature. The horisontal dashed line is the energy release would be
expected in standard theory.

Q%.., erg

2
F(EV,T)ZC gexp(—aez)
1+e
e=EJ/T

T (MaB) — addexTruBHas TemMneparypa HeUTpuHOChepb

The reability of detection of neutrino burst from the gravitational collaps of star is not a simple and
unambiguous matter which requires a futher and more detailed study: both an examination of other

theoretical possibilities and reexamination of the experimental data.
— E(K II): +20% and E(IMB): -20%

A.E. Chudakov, Ya.S. Elenskii, S.P. Mikheev. Characteristics of the neutrino emission from supernova
1987A4. JETP Let., V. 46, No.8, p. 373, 1987.




AHanms3 HenTpuHHoro nsny4dyeHma ot SN 1987A

Effects near 7: 36 UT, each separately, do not contradict registration of neutrino
radiation pulse for none of the three detectors BUST, Kll, and IMB, but do not

agree well with each other

ki oKHuaaeMoe

eTeRTOP ki (3KCTIePIIMEHT)
Peariing (1) | Pearnua (2)

LSD 1,5 0,04 0-=1

BIICT 2 0,05 6

KII 17 0,5 12

IMB 6 0,4 8

1) i,?e+p—:»n—|—e+

v+e - v+e
)RR
v+e - v+e

VL. Dadykin, G.T. Zatsepin, O.G. Ryazhskaya. Events detected by underground detectors
on February 23, 1987. Soviet Physics Uspekhi(1989),32(5):459



AHann3 HemTpmMHHoOro nsnydeHmda ot SN 1987A

Old Data, New Forensics: The First Second of SN 1987A Neutrino Emission.
Shirley Weishi Li et al. Phys.Rev. D,109, 083025, 2023

JlaHHBIC 0 HEUTPUHO U JICKTPOMATHUTHBIX CBOMCTBax SN 1987A, KOTOpbIE pa3yMHO COINIACYIOTCS C
MOJIEISIMU CBEPXHOBBIX TOTO BPEMEHM, MMEIOT pellIarolee 3Ha4YeHUE ISl Halllero TOHUMaHUSs
CBEPXHOBBIX C KOJUTaricoMm sijipa. OOBIMHO MPEANOJIaracTcsl, YTO COBPEMEHHBIE MOJIETN CBEPXHOBBIX
— ¢ 36 rogaM# YCOBEPIIIEHCTBOBAHUI — TaK)Ke€ COOTBETCTBYIOT 3TUM JaHHBIM. MBI IIepecMaTpruBaem

9TO NPCAIIOJIOKCHHUC.

[Ipenckazanusi HEUTPUHO COBPEMEHHBIX Mojieieit (1-, 2- u 3-D) B TeueHue nepoit =1 ¢ 1eaom
CormacyrTcs apyr ¢ apyrom. OHaKo, TaXe NTPUHUMAs BO BHUMaHUE MAJIOE€ KOJIMYE€CTBO HEUTPUHO,
MOJICJIM B 1IEJIOM He comtacyroTces ¢ nanHbiMu Kamiokande-I1 u IMB.
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AHanmM3 HemTpmHHoro nsny4dyeHmda ot SN 1987A

Supernova simulations confront SN 1987A neutrinos.

D.F.G. Fiorillo et al. Phys.Rev. D, 108, 083040, 2023

While our models show compatibility with the events detected during the first seconds, PNS
convection and nucleon correlations in the neutrino opacities lead to short PNS cooling times of 5-9
s, in conflict with the late-event bunches in Kam-II and BUST after 89 s, which are also difficult to

explain by background.

50

40k
30f
20k ++

10F

6800t

40F
30F
20F
10F
0 |

Kam-I + - 1605 —>

v

BUST (Baksan)

40F
30F
20—+

- 4305 —

t
4 &

0 I 1 1 1

LSD (Mont Blanc)

30F
20F
10F

-5 0 5 10
Time [s]

15

Number ol events

Number of events

10 30 6
IMB Kam-I1 BUST
y : A ar
A D, " —=
i 20
6 m—
15r
y & 10
, ol
2r 3{ DD2 —— SFHe | 5F
),».-..I' — LS220 SFHx
0 ' s . (
10 — 3
R —
8 5,
G_
4t E
. o 1L36My ———- LTTMg
ar & 1.44M, —— 1.93M.]| 5f
i ——— 1.62M; rr‘
0 a1, 0 0

20 0 60 0 20 ) 80 0 20 10 60
Positron event energy [MeV] Positron event energy [MeV] Positron event energy [MeV]
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flavor swap (bottom row). The black dashed lines for Kam-II and BUST

leave out the late events.



Liquid Scintil

# of Time, Energy,

event UTE2ms | MeV
1 2:52:36,79 | 6,27
2 40,65 | 5,8 —8
3 41,01 | 7,8 -11
4 42,70 | 7,0 -7
5 43,80 | 6,8 -9
1 7:36:00,54 8
2 7:36:18,88 9

ator Detector (LSD)

* LSD detected on real time a burst of 5 signals (time
interval - 7 s) at 2:52:36, before optical observation.
* LSD detected two pulses at the IMB — Kamiokande time

The results are not explained in the frame of the standard collapse model, but can be

naturally explained by rotating collapsar model which predicts two-stage collapse. LSD
detected neutrino from the stage of neutronization of the star due to the presence of the
iron in LSD. The first stage was ~ 5 hours early then second one.

V. Imshennik,O. Ryazhskaya, Astron. Lett. 30, 14, 2004.



3aKJ1rn4YeHune.

[lepBoii 1 MOKa €IMHCTBEHHOW CBEPXHOBOM, OT KOTOPOI OBLIO
3apErUCTPUPOBAHO HEUTPUHHOE U3TydeHue, obuta SN 1987A.

JleTekTpoBaHWE HEMTPUHO OT CBEpXHOBOU SN1987A sBUIOCH
OKCIIEPUMEHTAJIbHBIM MOATBEPKICHUEM KpaHE BAXXHOU POJIM HEUTPUHO B
[poLECCE B3PbIBA MACCUBHBIX 3BE3/I.

CoBpeMEHHBIEC MOJIEJIM CBEPXHOBBIX B IIE€JIOM HE COTJIACYIOTCA C JaHHBIMU IO
HEUTpUHHOMY u3IydeHHto oT SN 1987A.

B HacTosiiiee Bpemsi MOCTOSHHO pad0TaEeT HECKOJIBKO HEUTPUHHBIX JETEKTOPOB U
ecnu B ['anakTuke B Ofvkaiiiiee Bpemsi pou3oiaeT B3pbiB CBEpXHOBOM €
KOJIJIATICOM SI/Ipa, TO HEUTPUHHAS BCIIBIIIKA OY/IET 3apEruCTpUpOBaHa.
CoBpeMeHHbIC HEUTPUHHBIE JIETEKTOPBI 00beMHEHBI B ceTh SuperNova Early
Warning System.

SNEWS 2.0 OyneT BrIpaOaThIBaTh ajIepThl U 1aBaTh MeICyKa3aHUe JJIs
MOCJICTYIOIIUX HAOIIOACHUM.
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