[Ipo0.aema HenrpuHHOro nayuenus ot SN 1987A.
ABajauarno J1eT cmycrs.

Problems of Neutrino Radiation
fom SN 1987A T

7 20,1@@ ter
b i

I F PHDKCK




SN 1987A
23 February 1987

\What was seen in underground neutrino detectors?

What were the questions on the neutrino
detection at that time?

What'are the answers on that now after 20 years?



Possible explanation of the
results, obtained by underground detectors
during Supernova SN1937A explosion.
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,Ni+e = N +v
~ URCA-process

pHe g nF¥v,

A A = T
N>, N +e +v-

The idea was born in Rio casino “Urca” where it
was possible to lose a lot of money very quickly. 5 — p+ e +v
(4

1941 «We have developed the general views regarding the
role of neutrino emission in the

known to astronomy, while the are still considered as

highly hypothetical particles because of the failure of all efforts
made to detect them».

G.Gamov, M.Schoenberg

1965 Ya. B. Zel'dovich and Q. H. Guseinov show, that gravitational

collapse is accompanied by powerful and short (~10 ms) pulse of
neutrino radiation.

1965 The first proposal to search for collapsing starts (c.s.) using neutrino
detectors by G. V. Domogatsky and G.T. Zatsepin

1965 7he birth of an experimental neutrino astrophysics.




1964-1966 W. Fowler, F. Hoyle investigate the role of neutrinos in
the last stages of stellar evolution. The dissociation of iron
core plays an important role in stability loss by massive
stellar envelopes.

1966 The first calculation of collapse dynamics by S. Colgate,
R.White

1966-1967 The process of an implosion for stars with 32; 8; 4; or
2 solar masses has been studied. The parameters of
neutrino radiation are obtained (W. Arnett).

1967-1978 The structure of netitrino burst, v, and v, energy
spectra was studied by V.S.Imshennik, L.I.Ivanova,
D.K.Nadyozhin, I.V.Otroshéenko (Model I) at the first time .
Also it was shown that the main flux of the neutrinos is
emitted during the cooling stage of a new born neutron star.
The duration of neutrino pulse was shown to be ~ 10 s.

~

1980-1982 The time structure and energy spectraof v., 0., 0 ,,U,
for the initial stage of collapse (<0.1 ms) are obtained by
R.Bowers, J.Wilson (Model II).

1987 S. Bruenn’s calculations




Neutinondetection from a collapsing Star makes It possible:

-To detect gravitational collapse even it is “silent” (isn‘t accompanied by

Supernova explosion);
-To Investigate the dynamics of collapse;
-To estimate the temperature in the star center.

If the star is nonmagnetic, nonrotating, spherically symmetrical the
parameters of neutrino burst are the following (Standard model):

Total Total Total energy of | | Duration,
Model energy, energy of v, 10%erg o . | E(v) S
0%z | 7, 0%z | ST | MeV | MV | ey
Model |
26 S - =20
Model I 3-14 0.5-2.3 Gl
10 8 25 5

From the theory of the Standard collapse it follows that the total energy,carried

out by all types of neutrinos v,,v,,v,,v,v,v, , corresponds to~ 0.1 of
star core mass and is divided among these 6 components in equal parts.




General idea

Hows€an one detectthe neutrino flux from collapsing stars?

Until now, Cherenkov (H,O) and s€intillation (C _H,, ) detectors which are
capable of detecting mainly V,, have been used in searching for neutrino
radiation, This choice is natural and connected with large v -p cross-section

i S
V,T D4 TH
G gy ~ 9.3E2 10 e . >> U5 by
As was shown at the first time by G.T.Zatsepin,
O.G.Ryazhskaya, A.E.Chudakov (1973), the proton can be

used for a neutron capture with the following production of
deuterium (d) with y - quantum emission with t~180 — 200 ps.

n+p—>d+y lE =22 MeV

The specific signature of event
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Thepessinilitystoiobserve theneutrino burstdepends
eniackground conditions

The source of background:
1. Cosmic rays 0<E<e
a) muons
6) secondary particles generated by muons (e,y,n and long-living

isotopes)
c) the products of reactions of nuclear and electromagnetic interactions

2. Natural radioactivity E<30 MeV, mainly E<2.65 MeV

a) Y
Rny), U3°, Th>?
c) o, (an) d) Rn?222

Background reduction:

1. Deep underground location

2. Using the low radioactivity materials

3. Anti-coincidence system

4. Using the reactions with good signature

5. The coincidence of signals in several detectors
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Detection
Detcetdl Depth, FiC:UCial Material | Energy efficiency Bacl:g:‘:und
meters of V‘: i threshold, K
water o MeV |(e*spectrum|e spectrum
equivalent of reaction | of reaction
v.p—>en| ve —ve
BUST
130 C H,, 10 0.6 0.15 0.013
USSR 850 (200) o) (0.54) (0.033)
160

LSD
USSR — 5200 90 C.H,, 5-7 0.9 0.4(0.7) 0.01

200 Fe
Italy
Kl

2140 H,O 7-14 0.7 0.17 0.022
Japan-| 2700 (0.54)
USA
IMB

5000 H,O 20-50 0.1 0.02 3.5x10-6
USA 1570 (0.18)




The muon depth-
intensity curve
(underground data):
curves are calculated
by Bugaev et al.,

1998
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February 23, 1987

1 3 5 7 9 11
optical observations
| m,=12m m,=6m |
Geograv | 2:52:35,4
LSD 5 |2ﬂg’.88 . I7:36:({2
Kir 2 252:3:& 1 7:35:2;
IMB | 7:35:41

BUST 1 pHYHCT 6 7:36:06
I l 21




The detector responses to the standard stellar collapse

In the Large Magellanic Cloud

Detector K. @ K_(2a)+(2b)| K _ (2b)
LSD 1.5 0.043 0.024
BUST 2 0.052 0.036

Kl 17 0.53 0.36
IMB 6 0.4 0.35
o 2 i :
D (s~ MeV ™) ~ e (¢==X) if kT ~2MeV
; 1+ kT
w. -10%, .
kT, Mev| ¢ z i
Fg LSD |BUST | KiII IMB
1.7 0.1 | 2.1%1.0 5 0.2 5+2.5 0
2.1 0.1 | 1.8:0:8 5 0.5 1246 0

The total energy of neutrino radiation from SN1987A is more than an order of
magnitude higher than the binding energy of neutron star with a baryon mass

of about 2M,

E, =6W; ~(1+2) -10”erg




Spherically symmetrical medel

.
9-detection NN FEARETRED

LSD event is not similar to #» -detection
L o +n

n+p—d+y t~180us
Only 1 trigger has small pulse with At =278 usec

1. 2years of observations N (>5 pulses, deltaT <7s) =0
2. Coincidence wi SN < 1 per 1000 years
3. Distribution of pulses is uniform

4. N@ﬁses in the low e channel (E>0.5 MeV) are absent
5. Counting rate of highi'energy pulses (E>25 MeV) is normal

The LSD event i's not due to fluctuations.




CBA3b Mexay aHeprnen E n yrnom
npuxoga aongd Yacrtuy,
3aperucTpmpoBaHHbIx getektopamu Kil
(a) n IMB (6)

Dadykin V.L., Zatsepin
G.T., R.O.G., 1989, UFN

Correspondence between energy E and angle
to SN1987A for pulses detected by KII and
__| IMB




The possible solution is :
A rotating collapsar

The short review of the rotational mechanism:

On the threshold of gravitational collapse
the Fe-0-C stellar core

. B

M, — total mass, I, — total angular momentum

are conserved
during the collapse of the core
into a rotating collapsar



The collapsar with the high probability falls into the region
of the dynamical instability.

>0.27

IB i grot
ggrav

b Total gravitational energy

Total rotational energy

During the collapse €70t increases compared to ‘ggmv :
which is also an increasing quantity

This instability grows with the characteristic hydrodynamic time and
leads to the breakup of the collapsar into pieces.



A rotating collapsar

The Two=Stage Gravitational Collapse Model
[ImShennIK'NAS., Space Sci Rev, 74, 325-334 (1995)]

View from
aside T 5

V

e

5 h later

View from
above




Therotation effects make it possible:

1. To resolve the problem of the transformation of collapse
into an explosion for high-mass and collapsing supernovae
(all types of SN, except the type Ia — thermonuclear SN)

2. To resolve the problem of two neutrino signals from
SN 1987A, separated by a time interval of 4.7 h.



nce of neutrino emission in the standard

The diffe
'ode nd in the model of rotating collapsar.
" Imshennik V.S., R.0.G., 2004

o " v
’c X100K V. T~5x101K g

: p~2.6-10"g-cm™ e

‘ The main reaction:

pte —>n+v,
‘ E, = (30-55)MeV

& 7 RE, =8.9-10"erg
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Let us consider how the various detectors
operated during the explosion of SN1987A
could record the neutrino signals in terms of
the model of a rotating collapsar, which
reduces to the following:

1. Two neutrino bursts separated by a time t;,,~5 h must

exist.
2. The neutrino flux during the first burst consists of electron

neutrino with a total energy of 8.9x10°2 erg: the neutrino
energy spectrum is hard and asymmetric with mean energies
in the range of 25-50 MeV; the duration of the neutrino
radiation ist ~ 2.4 - 6 s.

3. The second neutrin@ burst corresponds to the theory of
standard collapse.



Bugaev E.V., Bisnovaty-Kogan G.S. et al., 1979
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The comparison of the total reduced cross-sections with Vn

cross-section on a free neutron for the reaction .
v,+(A4,Z) > e +(A4,Z+1)
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Estimated number of Estimated
Detectort| Energy eA interaction e
threshold P& ols NG 4l N, 4| N, N, 7

EXp.

D) S.28mo:i f 35 | 49 3.2 5

7—-14 0.9 s 1.2 | 2.5 2.1 | 2-4%

10 2.6 | 82 ~1 { =

E, =30MeV (Ny)* E, =40MeV (N,)

f(E) with =5 (N,) n kT =5.34 MeV

F(Ey) with 9=75 (Ny) kT 0=2.6-10" o/cm®

* De Rujula, 1987 ** Alexeyev, 1987



Events
1 06 =
C B clectrons

:i Energy I‘ange, @ positrons
L detected by LSD A gamma Energy spectrum

105 b, |— of the particles,
e coming from 2,8
104 i cm Jjron plate
: - (Geant4 calculations;

histogram — total
energy deposit)

103 |

102

V. Boyarkin, 2004

30 35 40
Energy, MeV




<u

Ne Time UT+1min E, MeV Theta, degree
1 2:52:34 5.3 99
2 37 5.8 47
3 40 114 15
4 2:52:44 4.8 130
T =4.5 hours

SO KT
. e NN N 1N
1 2 3 4 5 6 7 8 9 10

<N>=1.3 V Ve @r / VE>25

— > <2 «—» <2s
Nd_9 S
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The distribution

of time differences bet-
ween the pulses in the
pairs (At=2 s) for the

whole data set excluding
the interval of interest

S
T

probability

6 8
"cu” [5']0"“]

The probability distribution of the
counting rate of pairs of correlated For 10 pairs (At=3 s) from 5:42 UT to
pulses per 5 hours and the poissonian

fit to this distribution; <n_,>=1.46/(5
hours), AT=2 s 10:13UT on February 23, 1987 .

9 pairs (At=2 s)
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ge Volume Detector (LVD)
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CH,  HORgaactions for scintillation and Cherenkov counters

l9€/O-|—p —>e +n ol 3 9.3E62+ 10" em” E . >>05M>B
Ve P E, =Ey—13 M5B
V.+te >V, +e ol ¥ 9.4E, -10"cm”
V.+e >V +e . o 1.6E, .10 cm?
‘71' Fas | 171 L P 1.3E; 10" ®cm’

v+ °C>°C*+v-15.1 MeV & (E, =10MeV) =0.066-10 2 cm?
o i kL 42 2
12C‘|‘7/ (151 M@V) Gﬂ,e(Evﬂ = ZOMeV) =1.23-10 " cm

e C > "N +e”

2c il E, =17.34 MeV 7=15.9 ms

V,+ CH °B + ¢t

W' E, =144 MeV 7 =20.3 ms
L 2Cte +v,




Number of

Thret Efficiency Back-
Depth | Mass, | shold, events ground
Detector ktons | MeV 7 i
b 1 NS0, .o | VA | VL
Arteomovsk 0.1 19*
ASD 570 : 5 097 | 0.8 [ 0.85| 57 g** 0.16
: C.H,,
Russia
Baksan 850 | 0.13 10 0.6 - 0.2 | 45 548) | 0.013
BUST (V3] (67) 37(4) | (0.033)
Russia C.H,,
KamLAND 1 180*
USA | 2700 C H ~4 500 80**
Japan 2o
I(_B\rlaDn Sasso 0.95 * *
3300 | Fe | 4-6/ 0.9 | 0.6 |0.55| 500 1258 110" | < 0.1
*%* 50**
Italy,Russia i o
Kamioka o 650"
Super-K 2700 H 0 5.5 0.9 - - | 9400 |<160™
Japan,USA 2
SNO * - E=40 MeV 600*
Canada | 6000 (1 D,0O 5 ** - E=30 MeV 700 |350*




The search for neutrino bursts from
collapsing stars was started ~ 29.5 years

- Upperlimit of collapse rate in Galaxy 15 less
than 124ears at 90% confidence level

LVD & Super-Kamiokande
Borexino & Kamland

/| (Earth diameter ~ 42 ms)
= | Asymmetric signal from
ve scattering: Pointing
accuracy ~ 5° (SuperkK)
Amanda or ~ 20° (SNO)
(Antarctic ice) [Beacom & Vogel, hep-ph/9806311][
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http://space.rin.ru/cgi-bin/gallery.pl?ac=show&id=484&kat=

Cari amici!

Grazie mille per la nostra collaborazione
perfetta e la nostra amicizia di piu di 30
anni, @
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*Fe+w, =e +°Co+y XFe+v,ze +°Co+y

\

X Fe®y, =e +*Co +y
E,=E,—AE\|




PM FEU -'49B (& 15 cm)
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Events
106 =
C B clectrons

:i Energy I‘ange, @ positrons
L detected by LSD A gamma Energy spectrum

10° by, |— of the particles,
e coming from 2,8
104 i cm Jjron plate
. - (Geant4 calculations;

histogram — total
energy deposit)

103 |

102 |

30 35 40
Energy, MeV




Yu.V. Gaponov, S.V. Semenov

F 56

Ve+261*;e—> C0+e

E{ 0 Co|—E 2 Fe|=4.056 MV
}
QEV=4O MeV o 1=4.24F~0cm?
=31.84MeV
£40 2 y
Fo=12710 cm WE =182MeV ) E =172MeV
V41 o _—30 84 MeV E =1 MeV
T 0=6.4110 cm £1.82 MeV SE,=1. 72 Moy
ﬁ =27.84MeV E, = 4MeV
O' 10510 | Ey=1.82MeV ZE =1.72 MeV
40 EK.e_ = 24 .84 MeV E, =1 MeV
GT ’
0-!2710 om’ —1.82 MV Y E, =1.72 MeV




Col disegnatore Renato Frascoli
abbiamo ricostruito il telescopio
neutrinico. In alto, la macchina in
sezione. Qui sopra, uno dei 72 elementi
del telescopio. Il neutrino, dopo aver
oltrepassato la montagna, incontra un
protone nella speciale macchina. Da
questo incontro (interazione nucleare)
nascono un‘elettrone positive (e+)
che si disperde, e un neutrone (n).
Questo, a sua volta, incontra un
protone: da questo nasce un raggio
gamma che illumina i fotomoltiplicatori

TELESCOPIO /
| |-

P - o A i ii F Y 'F:Ti'

del tel

dallo spazio.

io: solo cosi gli
hanno la certezza di trovarsi in
+presenza di un neutrino p i

9

PROTONE

NEUTRONE

+
ELETTRONE
POSITIVO




Events, detected by LSD

# of
event

Time,
UTx2ms

Energy,
MeV

2:52:36,79
40,65
41,01
42,70
43,80

6,2-7
5,8—-8
7,8 11

7,07
6,8X 9

N =210 B WO N =

7:36:00,54
7:36:18,88

-




1977 Arteomovsk Scintillation Detector (INR RAS) has scintillator mass
of 105 t, good signature of events (the p055|b|I|ty to detect both Qartlcles in
the reaction)

— | V+tp—oe +n

n+p—d
L d4y E, =22 MeV

1978 Baksan
Underground !
Scintillation Telescope
(INR RAS) with a total
‘mass of 330 t

1984 LSD-
(Liquid Scintillation Detector, USSR — Italy),
scintillator mass - 90 t, good signature of events
(the possibility to detect bath

particles in the reaction : VP —> he’ )




	The Two-Stage Gravitational Collapse Model�[Imshennik V.S., Space Sci Rev, 74, 325-334 (1995)]

