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Preface

Now quarkgluon plasma is a new direction both in the high energy physics and in the study of
compact objects of the type of neutron star and candidaéscik hole BH) of stellar mass (collapsars).
The phase transition in the quagkion state is related with the mechanism itself of -colapse
supernovae explosion, because energy of such a transition can be a source of cosmi@ygdrrats.
Signals of transition fomatter to pure quargluon plasma can be neutrinos that are observed with
modern detectors, including our ones, e.g. Baksan Underground Scintillation Telescope (BUST). Now
the equipment of the gravitational detectors LIGO/VIRGO is also customized falsigf such a
transition.

The International Workshop on Quark Phase Transition in Compact Objects and Multimessenger
Astronomy: Neutrino Signals, Supernovae and GasRaa Bursts (October-¥4, 2015) was dedicated
to Quantum ChromoDynamicCD) Phase Tansitions and observational signals of these transitions
related to formation of compact astrophysical objects. The aim of this workshop is to bring together
researchers working on the problems of behavior of matter under critical conditions achiegable in
astrophysical objects as fistr an g-wocoliisionsfolischss i d 0
fundamental issues and recent developments. Topics included both observations (radio, optical and
X-ray astronomy, gamma ray bursts, gravitadil waves, neutrino detection, heaew collisions, etc.)
and theory (supernova simulations, protutron and neutron stars, equation of state of dense matter,
neutron star cooling, unstable modes, nucleosynthesis, explosive transitiongylgoarglama).

The hol di ng of t he wor kshop i n | oc & tSpecia s of
Astrophysical Observatory of Russian Academy of Science (SAO RAS) and Baksan Neutrino
Observatory of Institute of Nuclear Research of Russian Academy of S¢@NEEINR RAS)T was
determined by character of the most urgent problems of the modern physics and astrophysics included in
its program. Solution of observational and theoretical tasks related to these problems demands
development of methods combining apafi astronomical observations with experiments at neutrino
telescopes, installations for registering cosmic rays and modern detectors of gravitational waves.

The scientific program of the workshop covered a wide range of problems of the modern astsophysi
including the problem of existence ofdQ phase transitions and the matter state at high temperatures
and densities. Apparently, such conditions are achievable only in astrophysical blgeltégpsars of
stellar masses, such as, e.g., neutron staosevformation is related with collapse and explosion of
massive and dense stellar nuclei observed as supernovae and-ggnimaests. The first (and the only
unt i |l now) supernova from which neutrino emissi .
(including BNOINR RAS) was the supernova 1987A. So, the detection of neutrinos from SN 1987A
established indeed that some supernovae produce some neutrinos.

Considerable time of the workshop was dedicated to discussion of modern possibilities of
expeimental observation of similar objects and prospects of development of studying in this field.
Optical afterglows of transient sources related to gawrapaursts and their host galaxies have been
observed in SAORAS during more than 20 years. Sufficieakperience of such research was
accumulated. Participation of astronomers in programs of the study of localization boxes of neutrino
(and, possibly, gravitational) events is already being discussed in detail (e.g., see
https://wikispaces.psu.edu/display/AMONat previous international conferences of similar topic. So,


https://wikispaces.psu.edu/display/AMON

optical astronomers and radio astronomers (with all their telescopes) can join this new international
program of synchronousbservations of astrophysical objects related with collapse of massive star
nuclei.

The workshop included review lectures of leading experts in the workshop topic, original oral
presentations and poster sessions. The reports of young researchers peerallyesvelcomed.
Participation of leading Russian and foreign researchers will surely contribute to better realization of
scientific potential of our observatories (SARAS and BNOINR RAS) and to strengthening of
international relations. The holding stich a workshop will also promote further development of
studying in this field of astrophysics in Russia and education of experienced researchers.

Organizing committee of the workshop



Energetic emissions from deconfiement in compact stars and
their relation to the critical end point in the QCD phase diagram

D. E. AlvarezCastillo

Bogoliubov Laboratory for Theoretical Physidaint Institute for Nuclear Researciyliot-Curie
Str. 6, 141980 Dubna, Russivarez@theor.jinr.ru

Abstract In this work we study the case of decomfnent in compact star interiors in the presence of a

strong first order phase transition associated to a critical end point in the QCD phase diagram. Neutron stars
fulfilling these conditions show a third branch iretmassadius diagram with the first and second branches

being the white dwarfs and neutron stars configurations. The transition to the third branch can be reached by

a pure hadronic neutron star through an induced collapse releasing energy that caesponasgnergy

difference between the second and third branch configurations. Physical outcomes of this phenomenon that
can potentially explain the already detected astrophysical signals are discussed. In particular we present
energy estimations for ¢hcase of a fast radio burst, seen as adquidea k st ructure in thi
curve.

Keywords: Compact Stars, Deconfinement, Fast Radio Bursts, Massive Twins, Energy Bursts

1. Introduction

Neutron stargNS) are evolved stars being created after death of a massive star via a supernova
explosion or a transition from a white dwarf accretion or dynamical instabilities. Their interiors can
reach up to several times the saturation demgjtthe canonical density inside atomic nuclei. It is quite
uncertain what is the state of matter under such high density conditions, therefore research on equation of
state(EoSi s currently a very active area. 't i s 1 mp«
major role in the computation of the EoRu$ it can be neglected. Recent observations have completely
changed our understanding of the cold, dense nuclear matter in such compact star interiors.

In this context, accurate mass determination has proved to be of great importance. In particular the
observation of the 2M pulsars, PSR J0348+0432 [1] and PSR Ji®A30 [2], have strongly
constrained the stiffness of the NS EoS. On the contrary, radius measurements are not yet precise enough
to test, discard, and select some of the many alternative Ed8lan&or instance, frequency resolved
pulse shape analysis for the nearest millisecond pulsar [3] supports relatively large radii while analysis
from X-Ray bursters [4] point out to either moderate sonall radii. Promising future radius
measurements inafle upcoming space missions, cf. NICER [5].

Energetic phenoama like fast radio burst§FRB) i millisecond duration radio bursts from
cosmological distances [6]can be explained bgollapseof compact stars into black halg7]. Under
such scheme, the released energy of the procabsiigl0* erg. This scenario is not to be confused by
early NS evolution consisting of hot protoneutron stars, with deconfinement transition in their interior
that could serve aseémechanisnriggering the cor&ollapse supernovae [8], as well as pulsar kicks at
birth [9, 10, 11, 12, 13] associated to more energetic emissions.

Neutron stars can suffer a dynamical collapse caused by a dexoerfit phase transition in their



cores (possibly leding to a corequake) via spifown due to continuous electromagnetic emission or by

mass accretion. Some early works estimated the energy reservoir for the fydigl ) NS mass [14,

15, 16, 17], however here we present a recent EoS model derided] thdt allows for the formation of

a fAthird familyo of compact stars near the maxi
baryonic masses for compact star configurations with a transition at high masses. We denote the two
stars before and aftehte t ransiti on as #Ahigh mass twinsod beca
baryonic mass while differing in their maseergy quantity (binding energy). Although the detailed
mechanism is at the moment being developed [19Lameconjecture the followin thedeconfnement

phase transition occurs via a corequake scenario in which anfégh hadronic NS collapses into a

hybrid compact star disconnected from the former by a gap in the stable configurations (for a recent
classification of hybrid stars, s€f@0]). The instability sets in by the pure hadronic NS after
dipole-emission spirdown, or accretiofinduced spirup by matter from a companion.
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Fig1. Compact star configurations followirtheinstability due to a strong firstrder phase transition. Baryonic mass and
gravitational mass are given by the black and red curves, respectively. The models are characteahkesbtiythe vector
coupling parameted 4 : 0. O, 1.0, 3.0, 5.0, 7. @qwntbthe lttom tightr Noticentigat tier om t h e
higher the dq4 value the higher the mass at the

For these energy bursts to occur it is important to note that in cold neutron stars the temperatures in
their interiors are well below the neutrino opgd¢gmperatureT, D1MeV) such that the free streaming
scenario applies for neutrino propagation as opposed to the neutrino diffusion mostly suitable for a GRB
scenario involving a hot (proto) neutron stag € 1MeV). A new aspect of this mechanism, going
beyond the scenario of Falcke & Rezzolla (a direct collapse of a magnetized NS to a black hole [7]) is the
existence of a metastable state between the initial and final states efraasgive rotating neutron star
SURON that could explain a double pegkrsuct ur e of the FRB&s for which
[21]. This metastate in the SURON process corresponds to an object on the third family branch of high



mass hybrid stars, as found recently for microscopically motivated EoS [7, 22].

= — 1 T | FEm e e e

= [',\‘ st

24 \%3, 36 20 10 = i

. b ]

[ & & .

L g i

221 = 0

| ~ %) |

i Al |

5 ([ PSR J0348+0432 _
L ESR T1614-2250 | 7
> - T i
— 1.8F B
- i i
| (o] N

B C"‘-J .

- Q_. N

1.6 ~ H
I— DD2_p00 SFM-A -

[ DD2_p80 SFM-B I
L4 DD2_p40 SFM-C ]
[ DD2_p80 SFM-C i
[ 1 A 1«

10 11 12 13 16 17 18
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[1, 2]. The fgureis taken from [22].

2. High-mass twin equation of state

We call neutron star twins those stars with the same mass having different composition and thus

different radius. They befg to different branches in the disconnected mnadais diagram. One of

them is pure hadronic whereas the twin star is a hybrid containing quark matter in its core [23, 24, 25, 26,
27]. The case of high mass twins is of great importance because is quamtseof a critical point in the

QCD phase diagram [28, 29]. Furthermore, they do not lead to many of the modern issues of compact
star physics as discussed in [30]: masquerades [31], the hyperon puzzle [32], and reconfinement [33, 34].
Bayesian studiesased on the most reliable observations provide a useful assessment of high mass twins
identification [35, 36, 37, 38]. The description of the EoS used here is as follows:

1 For hadronic matter we utilize the D¥@ensitydependent relativistic mean fietdodel)EoS
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with excluded volume correction (resulting from the internal compositions of nucleons
produced by Pauli blocking effects of quarks [39]) that acts atrsafuration densities and
provides stiffening to this EoS. For neutron stars this meaatsthie highest mass can be

reached at a rather lower interior density values and are characterized by large Ta8ii ( T

km, [29]).

15

1 Quark matter is described by a NMMambu JonalLasinio) EoS with multiquark interactions
hNJL [40] featuring a couplingtrength parameter in the vector channel of thguark
interactiond, bringing thisquark EoS to a sufficient stéhing at high densities in order to
support the maximum observed star mass of 2Mternatively, an equation of state based on
the stringflip model [22] captures the same features (excluded volume), but has the advantage
of resulting in a broader range of radius difference between the twins (in better agreement with
the contrasting either large or short radius observations). Therawiss diagram for the
stringflip compact stars is shown Fgure 2.

3. Results and discussion

The EoS of [18] featurakefirst order phase transitions leading to instability of the NS right after the
appearance of a small, dense quark core. VNS reaches the maximum hadronic mass radial
oscillations take over creating an instability (see e.g. [41]), which results into a dynamical collapse. The
criterion for unstable configurations@M/ .@ 0, wheren, is the central density of the correspomy
NS. InFigure 1 the configurations in between circles (maximum hadronic mass NS and its hybrid twin)
that have a positive slope are thus forbidden. This is the origingap created by such prohibited
configurations in the magadius diagram. Figur8 (left panel) shows the radius charegdiin the
transition, which is between 1 and 1.5 km for some coupling constant values. The availablestBergy
following the transition equals the mamsergy differencese MT between the initial and final
configuratbns and is of about ¥berg. Sedrigure 3 (right panel). The more realistic case of rotation
configurations are being currently studied [19].
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observations of FRB121002 [21] fe@ihg a double peak light cunaructure. We identify this double

peak signal with the metastable state in the dynamicalps#lscenario of a SURON. Furthermore, it is

of great importance to mention that the NS EoS presented here can serve as an input to understand
scenarios of cosmic ray generation via supernova explosions or NS mergers.
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The search for coincidences of rare eventssing LVD and BUST
detectors

N. Yu. Agafonovd, V. V. Ashikhmin™”, M. M. BolieV', V. V. Volchenkd,

V. L. Dadykirt, I. M. Dzaparov, E.A. Dobrynind, R. . EnikeeV,

M. M. KochkaroV, Yu. F. NovoseltseV, R. V. NovoseltsevgA. S.Ma | &,g i n
V. B. Petkov?, O. G. Ryazhskay3 I. R. Shakiryanova V. F. Yakushev,

A. F. Yanin* and the LVD Collaboration

'Russian Academy of Sciendestitute for Nuclear ResearcMoscow Russia
“vole4ka8@mail.ru
Russian Academy of Sciendestitute of Astronomyoscow Russia

Abstract The results of the time coincidences of rare events in the LVD and BUST detectors are presented.
The mre events could be causedrButrino interaction in the experimental setup. The distributions of the
coincidence number per day fotydar period are obtained.

Keywords: Underground Physi¢c®eutring Supernovae

1. Introduction

Correct background estirians arevery important in the underground physics experimérts.main
goalof the experiments the search for neutrino bursts from collapsing stars, doubledieetsy, proton
decay, dark matter particles and other extremely rare phenomena. Withiorkheesarchof extremely
rare events coincidence wihableusestimaing parameters of the search for neutrino bursts. The work
is based on data of two experimental large underground detectors: Large Volume Detector (LVD) and
Baksan Underground Scillition Telescope (BUST). The detectdrave been operatinguring the
same time since 1992 ahecause they are situateddifferent places the background value of pulse
coincidences for thegketectorss much lower than for each one. Search for epeinicidences between
LvD and BUST within one second time interval are provided.

2.SN1987A and understanding problems of experimental results

Neutrino bursts from Supernova SN1987#ere detected on February 23, 198fhe sipernova
SN1987A exploded in thearge Magellanic Cloud at a distance of ~50 kpc fittaEarth [1]. Four
underground detectors (LSD, BUST, Kamiokande, and IMB) were operating at that time and recorded
two bursts of neutrino emission at 02:52 and at 07:35 UT [2]. Accordistptalardstdlar collapse
modelsdeveloped beforthe SN1987A phenomenothestellar collapse should lEEcompanied bgne
neutrino burstln Figure 1 the time diagram of registered events is presented.



14

1 3 5 7 9 11
| | | | | | | | | | | |
optical observations hour, UT
IJ m, = 121’11 m, = 6m |I
Geograv I 2:52:35,4
LSD 5 2:52:36,8 7:36:00
i 43,8 2 4 19
KII 2 2:52:34 7:35:35
(4) 4 44 12 47
7:35:41
IMB 3y 47
1 2:52:34 - 7:36:06
BUST 1 , 6 8 21

Fig1. Timing diagram of registered events from SN 1987A.

As is shownin thediagram near02:52 UT,the mosnhumber of eventarereobserved by LSD detector.
After that the seech for coincidences in the orsecond time window between the single pulses of
different pairs of detectorsas carried oufThe results msentedn Figure 2.

K4 L
BUST|3 WL 1
|
Lsp|2 TR RE
| T o I
LsD|1 TR L T L
0 ' —%53 ' 5 ' —735 ' 0 uT

Fig22The timing diagram of coincidences of the BUST and LSD pul

detectors as well as double pulses in LSD over the period from 0:00 to 10:00 UT on F&&u£§7.

As a resilt, a statistically significant increase was found in the number of matches between single
pulses in the LSD [3] and BUST [4] detectaryd in the LSDand Kamiokande detectors around 02:52
UT [5]. Near the 07:35 UT 12 signals were registelbgdKamiokandedetectoy 8 events- by IMB
detector, 6 eventsby BUST detector and 2 eventby LSD detector. The event detectimgnciple by
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the experimental facilitiess based on different physical phenomena: the IMB and Kamiokande
registrationis based on Cher&ov radiation, LSD and BUST are scintillation detectors. Moreover, only

the LSD detector could observe and define all types of neutrinos and antineutrinos, mainly electron
neutrinos and antineutrinos. For resolving all problems associated théthunderstading of
experimental resultiis necessarto get answer® some questions. Was neutrino burst detat 2:52

UT 23, February, 19877 Whats type of neutrino detected? How to explain the number of coincidences
between single pulses obtained from different detectors pairs? Is the background the number of
coincidences? For estimating the background level from single pulses coincidencdsngefarc
coincidences between LVD and BUST events within one second time interval are provided. In the work,
thedata from 2011 to 2014 were analyzed.

Other objective difficulties of the experimental data processing during the neutrino bursts from
SN1987Ashould be taken into accoulm particular, processing of experimental data with two detectors
covering a long period of time (about a year) vaasalmost impossible task because there was no
modern computing power. At present time, the joint analysiataf from two different experiments does
not look complicated Moreover, the BUST detector regigtd neutrino burst from SN1987and the
LSD detectomarea prototype ofthe LVD detector. Search for coincidenaefssingle pulses between the
LVD and BUST atectors allow us reconsidering tr@milar results obtained during SN1987A. In the
case ofa low counting rate of double coincidences, the experimental results of SN1987A become
important.

3. LVD and BUST experiments

Sensitivity ofLVD [6] is ten timeshigherthanthat ofits prototypei the Liquid Scintillator Detector
(LSD), which observed five pulses over seven secondsbruary 23, 1987 at 02:52 UTigFL). It is
located at the LNGS underground laboratory (the Laboratori Nazionali del Gran $alg$atla depth
of 3650 m.w.e. The LVD detector is an underground-goimtillator calorimeter with a total mass of 2 kt
(1 kt of liquid scintillator and 1 kt of iron). The detector contains 840 independent scintillation counters.
Structure otheLVD detectoris presented ifrig.3. The structure includ@stowers Each towercontains
5 columns, each column consists of 7 portatank levels. Each portatank consists of 8 cbhaters.
modular structure ofhe LVD and BUST detectors allosvususing external aanters as an active
protectionagainstmuons and other background events.

) . . )
Tower1 A i A A

VA, A A
(TR T Tt

ra ra

Tower2

Tower3 //
[ e .
11 [ [ |
1
10.2 m |II I I I I
1 |E|
| | | [ | .
O P /

Fig3. Modular structure of the LVD detector.
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The BUST detector [4] is located in the North Caucasus, uhderountain Andyrchy at an effective

depth of 850 m.w.e.dtsizeéi s 1 7 1 3ahdit cdnsisfis bf fonr horizontal and four vertical plates
with scintillation counters. Five plates are external, while the three lowers of horizontal planes are
internal (Fig. 4). Thé The otal numlerof cauntersds 3184 atidetotal I 0. 7

scintillator mass is about 0.3 kt. The internal volumes of the counters are filled qiiith $icintillator

and viewed bythe PMT 49B. The operating threshold of the counter is 8 MeV. Identical white spirit
based scinliator is used botln LVD andin BUST detectors. In addition to its extremely low cost, the
parameters of this scintillator remain virtually stationary under operatimglitions during long
time[1, 7].

Mt. Andyrchy
3930m

lowssnswmomronmsiy
SIS STRSR SRNES,

1!
—— = = | —
e ——— | 30 cm .
ey 00m
T J0om 1700 m BUST S
550 m 3050 m
Fig4. Scheme of thBUST detector.
4. Obtained results
I'n the wor k, o n Inyhe BVD eandtBtU$Tndetéctorareyusen in analysis The

Aneut r i naréspoasmeonly one isner counter, so far as external couraegsised foractive

defense. The search for coincidences between lWba BUST fineutrinodo events w
interval was carried out witthe 10 MeV energy threshold. The search results allste conclude about
backgroundrigin of found coincidences, i.e., coincidences can be random. Ingdbed,lookingat the

energy spectra of events in LVD and eventBIdST, it is possible teseea differencebetweentheir

forms. In the case of the same originf neufrin@ events in LVD andBUST their energy spectrum

would beidentical also. Howeverjn presented energy digiutions foo 20112014 years this is not

observed, as is seen in Figss.9Moreover, thdorm of the spectrum in LVD and BUSEmains constant,
indicatingdifferent origirs of the backgrounds in the experiments
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Fig. 5. The energy spectra of eventmincidences for 2011 year (left) and 2012 year (right)
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Fig6. The energy spectra of events in coincidences during 2013 (left) and 2014 (right)

To assess the averagaunting ratehedistribution number ofoincidenceper daywere built. Below
the data for 201:2014are presented\s can be seen from the presented distributions, 5 coincidences per
day were recorded only twice during 4 years of readout experimental data. Thisuppbrtsthe
importance of experimental resulbf SN1987A (see Fj. 2), when 13coincidencesnere observed
during 2 hours On average, the counting rate of random coincidences is approximateigcidence
per day.The obtained results are presented in Figfs. 7
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Number of coincidences per day

Fig7. The spectra of number of coincidences perfdag0112012.
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Fig8. The spectra of number of coincidences per day for 2013l

5. Conclusion

The results oheutrinoevent coincidence®gistered in th&€vVD andBUST detectorsluring 1 second
allow us makingthe following inferences The counting rate coincidencesremained practically
unchanged during 4 yean$ experimental data set, which indicates the stalolk of the experiments.
In the futureit is planring to carry outthe search for coincidencdaringthewholeperiod of jointwork
of detectors, i.e. since 1992. Differdatms of the energy spectra allow mg&king a conclusion about
different sources of background in the experiments.

The experimental value of the countirage obtained in the present waldmonstrates the imparice
of experimental results on SM87A of 23 February 1987The greatest value of the counting rate of
accidental coincidences per dagsrecorded only 2 times in 4 years and is 5 matches aQlag3
February 1987 (SMNA87A) during 2 hours 13coincidence ware detectedSuchlarge excess in the
background level could be due to registration of neutrino interactions in the detectors.
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Abstract The corecollapse supernova explosion produces both neutriand gravitational wave
(tensortransversal plupossiblescalarlongitudinal) bursts. In the case of GW detectavkich hawe low
angular resolutionthe method of sidereal time analysis of output signals wagedppr extraction of GW
signalsfrom highlevel noise. This method was suggested dsephWeberin 1970for analysis ofsignak
from his bar detector anldter was developed faxistingbar and interferometriGW detectorsThe same
sidereal ime approach can be also usked low energy neutrin detectors which havmany years of
observational time (e.g. Supkkamiokande, LVD, Baksan). This meth@based onl) difference between
sidereal and mean solar time (which help to delete noises related-togtaysolar time), 2) directivity
diagram(antenna pattern) @fdetector (which chooses a particular sky regioa particular sidereal time),
and 3) known position on the slof spatialinhomogengies of GW and neutrincsources in the Local
Universe (distances less than 100 Mme)ch aghe Galactic planethe Galaxy center, closest galaxigise
Virgo galaxy clusterthe Supergalactic planethe Great Attractor.

Keywords: CoreCollapse Supernova Explosion, Gravitational Waves, Neutrino Detectors, Methods of
Analysis

1. Introduction

Observations of the SN 1987A explosion marked the beginning of both the neutrino and gravitational
wave extragalactic astronomyi[B]. From neutrino observations there was evidence for rather complex
behavior of a collapsing stellar core during formatidra proto neutron star. Actually it was detected
two neutrino bursts of several seconds durationdaidhouré t i me i nterval between

The first neutrino burst was observed at 2h 52m U.T. on 23 February 1987 by the LSD detector located
in theMont-Blanclaboratory. The second neutrino burst was found at 7h 36m of the same day in the data
of Kamiokande, IMB and Baksan. The occurrence of two neutrino bursts, with time distance of about
four and half hours, appeared surprising because the most acitegaidds predicted that a star should
collapse in a very short time, in the range of a few seconds or even less.

The first neutrino burst coincides with the GW burst detectethéyoom temperature batetector
GEOGRAV in Rome [3, 4] (Fig.1). Alsssmaler additionalcoincident pulses in a period of 2 hours
during the rapid evolutionary phase of supernova 198@kedetectedy t he Weber s bar
antenna in Marylangb].
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Figl. Gravitational signal the continuous curve) from Rome room tengpere GEOGRAV detector (signal + noise) and the
five neutrino events of the first neutrino burst from Mont Blanc LSD detector at 2h 52m 35s UT [3].

Though the majority of publications on the SN1987A exolapse observations were dedicated only
to analis of the second neutrino burst (at 7h 36m), there are also attempts to explain the full actually
observed phenomena including two neutrino and gravitattmmets[5] 1 [13].

In this report we discuss some problems of theoretical analysis of the messimllapse SN
explosion and their influence on the strategy of observations which led to discovery of corresponding
gravitational and neutrino signals. The method of sidereal time analysis is suggested for detection of
gravitational and neutrinosigndisi dden i n the detectorsé high | evel

2. The problem of corecollapse SN explosion

Adam Bur r ows PFempediveson €CaeollapserSugernova Theary [ 1 4 ] emphasi:
that one of the most important, yet frustrating, astronomical questidriNg a t is the mecha
corecol | apse super nowear hstorp bfoQCBEN theof,0whidhiuses yadvanced
hydrodynamics and shock physiannvection theoryradiative transfer, nuclear physics, neutrino
physics, particle physics, statisticahysics, thermodynamics argtavitational physics have not
answered tis questiondefinitively. Intriguingly up to now there is no theoretical understanding of how
to extract such energy from relativistic collapse of an iron core and produce the olxésetiednergy
of an expanding stellar envelope [14]15].

21.The riddle of HAbounceo-cilapset he SN gravitational

According to the review [14], for all trustworthy models of comdlapse SNe (CCSN) the explosion
energy is never higher thariew tenths of Bethe (1 Bethel€** ergs), which is not enough to overcome
the gravitational binding ener gys.bdnyyearsitheaistso ni c al
have been presented with a stalled accretion shock at a radius ne@081Kiand have been trying to
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revive it (see [14] for a review of the literature). This bounce shock should be the CCSN explosion.
However, both simple theory and detailed numerical simulations universally indicateehautrino

burst and photodissociatiori the infalling nuclei debilitate the shock wave into accretion within ~5
milliseconds of bouncé&Vhat is more, if the shock is not revived and continues to accrete, esl wik
collapse to black holesshich contradict toobservations of N&n SN rannants.

Rapid rotation with magnetic fields (e.g. [16]) and 3D MGD simulations taking into acdifignént
instabilities need to be studied more carefully in future. The true model should explain also such
observational propertiasf the CCSNas twastag collapse and gravitational signals. However, though
many different revival mechanisms were considered, up to now there is no successful model yet, because
the problem of CCSN explosion exists at a very fundamental level.

2.2.The long time interval between two neutrino bursts

To overcome the theoretical difficulty of the standard-puakse neutrino burst from a CCSN
explosion, in a number of publications ([1] 1 3] ) t he fAtwo stage cohel apse:
key point in this scenario is thegsence of rotation in the stellar core that is about to collapse. This
mechanism of the SN explosion is based on the rotational instability and develops through several stages.
The inclusion of rotation effects can help to solve the problem of transfomudtthe original collapse
of an iron core to explosion of an SN shell with the energy release on a sbaleenfjs. The collapse in
itself leads to the birth of a neutron star emitting neutrino and gravitational radiation signals of large
intensity,whose total energy significantly (by a factor of hundreds) exceeds the SN burst energy.

In the framework of the model [11][13] for rotational mechanism of the CCSN explosion there is a
two-stage collapse with a phase differenc®5t and neutrino sital duration of several seconds. This
gives an interpretation of the events in underground neutrino signals from the supernova SN 1987A.
However within this scenario there are several phenomenological gaps which should be developed and
tested in a futureheory.

2. 3. AGravitat i o-noHlapse 6Mexglosidn prodiemt he cor e

In the understanding of the physafscorecollapse supernovaxplosion the crucial role belongs to a
correct description afravitational interactiobecause CCSNare gravitationally powered@he ruclear
burning during explosive nucleosynthesis of the outer mantle after explosion might contribute at most
~10% of the blast energy.

A possibility to revive thébounce shoclessentially depends on the gravity forceiractwithin a
pre-neutron star (prdlS), where at least peBtewtonian relativistic gravity effects should be taken into
account.

In modern theoretical physics there are two alternative descriptions of gravitational interaction. The
first description isth&Ei nst ei nds ¢ e o Beneral Relatiity Tagory (GRB),owhich is
developed in many aspects, but is still really tested in the weak field approximation. GRT is based on
curvature of the Riemannian space and has not such physical conceptdtadayavand energy of
gravitational field [17].

The second description is thee y n nfield gvavity approach (the field gravity thedrf=GT) which
is based on consideration of material relativistic quantum physical field in the Minkowski space
[18]i[ 23] . According to the Feynmand6s approach tl
relativistic (gravidynamic§ GD) and quantum (quantum gravidynamic§GD), as well as in the
theory of electromagnetic interaction we have electrodynamics (ED)yjaadtum electrodynamics
(QED).

Within FGT all general physical concepts are working as in other theories of fundamental physical
interactions, so the gravity force and positive energy density of gravitational field exist inside and
outside of a massive bpdAn important new element of FGT is the principal role of the scalafGpant
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the symmetric tensor fiel§ , whichisitstrac&f s ¢ and actually presents the repulsive force,
which was missed in [17], [18]. The unique role of the scalar fielGit was discovered in [20] (see
also [21]i [23] and references therein).

The CCSN explosion within FGT has an essentially different scenario than in GRT. The
postNewtonian equations of relativistic hydrodynamics in the context of FGT were derived jn [24]
according to which the gravity force essentially depends on the value and direction of gas flow. This
gives a possibility for pulsation of the inner core of aldf star and formation of a jéke outflow
along the rotation axis.

The quantum considerah of the macroscopic limiting higtensity quarlgluon bag gives
self-gravitating configurations with the preferred mass 6.7 Mnd radius 10 km [21]. So,
gravidynamics predicts two peaks in the mass distribution of relativistic compact objects (RQ®D): 1.
for neutron stars and 6.7 sMfor quark stars, which can be tested diyservationf close binary
systemg21].

2.4. Surprises from observations oblack hole candidates andpossible revival mechanisms in FGT

As was noted above, in the framework obgetrical GRT all coreof massive SNavill collapse to
black holes, if the shock is not revived and continues to accretd o we v e r up to now
mechani sm of CCSN explosiondo is not sol vnants [ 1
of massive SN is a puzzling observational fact.

Other surprising observational facts come from the studies of BH candidates. As was emphasized
recently in [25]i [28], the inner 20 gravitational radii around the black hole candidates at the center of
luminous Active Galactic Nuclei and stellar mass Black Hole Binaries are now being routinely mapped
by X-ray spectratiming techniques including observations of the ironlike profiles. An amazing
result of such observations is that the estimated saafithe inner edge’Y  of accretion disk around
central relativistic compact objects (RCO) is always less thaBdhearzschild radiusf corresponding
central mass. This points to a suspicion that in the nature there is no Schwarzschild blaektdhés
explains why in I|literature they Ypei motwead eoft ef
Schwarzschild radids 'Y ( ), which relates to each other as:

t he
4]

00 o "00
Y= ET OGAR N 2
w w

The f ac tessentiali [Zcauseé is the case of the Kerr BH the horizon radius is given by the
relation:

Y Y p p @

where 0 f0 ® p) is a normalized spin parameter of the Kerr metrics, which is equal to the
ratio of angular momentum of a rdteg BH to that of maximally rotating (with the velocity of ligtjt
black hole. We should note that the radius of the ergosphere, where tlé tidds always equal to the
Schwarzschildadius'Y in the equatorial plane.

From the fitting of the okerved Fe Kline profiles it follows that the radius of the inner edge of
accretion disc is about (1i21.4) 'Y which demands that BH is rotating with a velocity about 0c998
So, according to GRT, the ordinary observed BHs must be maximally rotatésy becausey
'Y , which is impossible within GRT. For example, in the case of Seyfert 1 galaxy MikK335
p& oY and the emissivity profile sharply increases to a smaller radius of disk [25].

Another kind of observations of sup@assiveBH candidates comes from the mwavelength VLBI
Event Horizon Telescope, which has been designed to answer the crucial questions: Does General
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Relativity hold in the strong field regime? Is there an Event Horizon? Can we estimate Black Hole spin
by resovVing orbits near the Event Horizon? How do Black Holes accrete matter and create powerful jets?
[29] 71 [33].

Eventhorizonscale structure in the superassive black hole candidate at the Galactic Cé8yeA*)
and M*87 can be achievable directly with tkelbmm EHT in the near future and this will give a
possibility to test relativistic and quantum gravity theories at the gravitational radiu$33Rior the
first time. The first results of EHT observations at 1.3mm surprisingly demonstrate thaR&D dn
SgrA* there is no light ring expected for BH at radius™.2 [30], [32]. These observations have
opened a new page in the study of RCO.

Beside surprising observational data there are several severe paradoxes in the very basis of the theory
of black holes (see discussions in [34]36]). For example, there is a paradox of the infinite time
formation of a black hole (in the coordinates of a distant observer, so for us) and the finite time of BH
evaporatiori a BH should evaporate before its fotioa [36].

The situation is so confusing, that even the father of black holes Stephen Hawking claimed in [34] that
though there is no escape from a black hole in the classical theory, but in the quantum theory, however,
energy and information can escapenfra black hole. An explanation of the process requires a theory
that successfully merges gravity with other fundamental forces of nature.

Such a way for constructing gravity theory, based on the same principles as other theories of
fundamental physicaliner acti ons, already exists and it is t
and QGDi see [18] [24] and their references). Within FGT the size of a limited gedfitating RCO is
about the gravitational radi ~ "O0Z® , which directly follows fom the positive energy density of
gravitational field distributed around a massive body. ddrweceptof the gravitational radius in FG$
analogous to the classical radius of electtdn ‘Q 7& & . Thus black holes and singularities are
excluded by existence @sitive energy density afravitational fieldconsidered in the framework of
FGT.

New possibilities forrevival mechanismén the theory of CCSNe are opened byliierence in
behavior of the gnaty force in GR and FQ&, as we already have discussed in Section 2.3. In the
framework of FGT aubsonic inner core and shocked matdgethercanexecute dong-time coherent
harmonic oscillatiorwith a periodof ~1 millisecond Also the core rotatiowill lead to a jetlike flow
due to strong dependence of the gravity force on direction of velocity of particles. All these facts
demonstrate that the choice of the certain direction in the physical description of gravitational interaction
has important aassequences f@analysisof thestructure and stability of relativistic astrophysical objects.

2.5. A gravitational burst during a CCSN explosion

There is a longtanding problem within the General Relativity Theory (GRT) related to existence and
norlocaliz abi | ity of the energy density of-tergarafvi t at |
energymo ment umo problem [17], which is caused by t
review in [21]).

However, discovery and observations of a bingsfesm with a pulsar PSR 1913+16 and the loss of its
orbital energy via positive energy of gravitational radiation, stopped all discussions about existence of
energy density of gravitational field. In fact the Nobel Prize in phys®@3 was given to Huls&

Taylor for discovery of a process of gravitational radiation of positive energy density.

In the case of SN 1987A the puzzling problem in interpretation of a gravitational signal detected by
the room temperature GEOGRAV is a too large amount of energyaoftational wave needed for
explanation of the ~30K signal. Indeed, the mass ofogemitorstar is about 20 M, while in the
framework of General Relativity Theory the burst of GW should have a form eidhgecond pulse
with the total energy abo@000 & M; [3] (and even more due to an additional small quaiititiye
asphericity of coreollapse).
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There are attempts to reconsider the value of the -sext®n of metallic bar detectors for
gravitational waves within GRT by adding quantum mechardt=ulations [5], [7] [10]. Such study is
still a controversial subject, though the amplification factor alpomt p 1T Was claimed.

In the frame of FGT, natural reasons exist for essential increase of sensitivity of the -¥\rebéti
metallic bar detects and so for explanation of a GW signal from SN 1987A [6]. The first one is the
ordinary physical concept of the enengymentum tensor of gravitational field exists, according to
which the GW is localizable and has a positive energy density. Seconthrtheollapse can be of
pulsating character with a slowly changing frequein®nce at some time when it coincides with a
resonance of a bar antenna, the amplification will be high. Also, thesgotien for scalar GW can be
much larger due to speciakfeires of its interaction with a metallic detector.

3. Sidereal time analysis of gravitational and neutrino signals

The ore-collapse of massive staproduces both neutrirend graviational wave (a tens@ilus a
possible scaldrbursts In the case of GW detectors, which have low angular resolution, the method of
sidereal time analysis of output signals was applied for extraction of GW signala Figimlevel noise.

This methodwas suggested by Joseph Wefd70 [37] for analysis of gnals from hismetallic bar
detector and later was developed for existing bar and interferometric GW def@8tar§42].

Thesidereal time approach can be also used for low energy neutrino detectors which have many years
of observational time (e.d¢V D [43], SuperKamiokandeg44], Baksin). This method is based on: &)
difference between sidereal and mean solar time (whicls teelgelete noises related tioe day-night
solar time), 2pdirectivity diagram (antenna pattern)adetector (which choosea particular sky region
in a particular sidereal time), and @known positionof spatial inhomogeneities of GW and neutrino
sources in the Local Univergdistances less than 100 Mpm) the skysuch aghe Galactic planethe
Galaxy center, closesttaxiestheVirgo galaxy clusterthe Supergalactic planethe Great Attractor.

3.1. Universal time vs. Sidereal Time

The Universal Time (UT) is measured by reference to the Sun direction as seen from the Earth.
Because the Earth moves around the Sus titme is not properly "universal". It is convenient only to
define a same time for all inhabitants of the planet. On the opposite, the Sidereal Tinseré®&tgd to
the true Earth rotation and refers to gusitionof the gammapoint, o (vernal equiox) in the sky There
is no bright star in this direction, bobehaves as a virtual star with null declination, obeying the same
apparent diurnal motion. More preciselys on the intersectioof two planesthe plane of the Sun orbit
(ecliptic) and tle plane of the tereet r i a l e g uat ois.in the Wireatian wheeenthe iSann ,
crosses the equator from the south to the north (the ascendant node). Because of precapsioi ithe
not rigorously fixed. Nevertheless, for our purpose this élberfectly convenient, owing to the small
angular resolution of GW and neutrino detectors and to the slow displacemend pbihe

We shouldemphasize three characteristics of ST: 1) Contrarily to the UT, the ST is notrtedm®a
different placeon the Erth, because it takes into account the difference in geographic longitudes of
different places. 2) The pace of ST is not identical to the pace of UT. A solar day is longer than a sidereal
day (sed-igure 2). In other words, the ST runs faster bgut 4 minutes per day, i.e. 24h per year. 3) The
ST is the hour angle of the gamma poanéngle between the direction of the obseiweneridian and
the gamma point counted positively towards West (clockwise).
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Fig2. Difference in definition of UT ahST. An observer in O1 will see first a distant star in O2 after 24 hours of ST and 4 minutes
h o u isequaltd ~23056m043 d¢f mesan solar day. s
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The merit of the sidereal time ansiy can be understood easily. Imagine that many galaxies in a given
cluster emit regularly ligthbeutrino/gwbursts observed with a fixed telescope crossing daghthe
cluster because of theaEh rotation. If one plots the time of bursts betwe&#B UT, the positions of
bursts will be spread all along the axis of time, because they come from an apparent direction that
changes regularlglue to the displacement of the Earth around the S

If one plots the bursts in sidereal time betweedB ST, all he bursts will appear concentrated in the

same sidereal time domain. The detection of this emitting region will be easy to identify. Even if some
bursts come from some other regions, the cluster will be seen as a bump of events. This means that the
ST plotreflects the density of potential sources. This can teetnfirm the reality of detectiofhe
s iD23h %6 84s of meéah solar day)daringca r t
several years of observations will reveakertain stacture at predicted sidereal hours (by using
directivity pattern of a detector), so the detectiondwstatistical sense.

summati on

of

al

out put

3.2 Calculation of signals within an antenna pattern

For GW detectors, different geometries exist, from a simple bar detector,nkitbree main axis, to
an interferometer with two arms. The orientation with resfzettiemain directiorto the Earth must be
taken into account-or instance, in our paper [38], the main axis OX of the deteiet®inl the local
horizontal plane, making an angle with the direction of the north (in the opposite direction of the

observeds meridian) ands counted inhe direct sense over the rar@2” . This axis (OX) together with

the zenith axis (OZ) and the ttidirect axis (OY) definareference system in which we have to express
the sensitivity pattern (lobe antenna) using the proper angles with respect to direatimuiate.
The relevant angles for expressing the relative geitgipattern of antenna arthe azimuthu of the

source measured with respect to the OX axis and the zenith distancee as ur e d

axis (see Fure 3).

At each sidereal time and for each latituglegnds primarily depend on the equatorial coordinatgs (

Wi

t h

resrg

) of asource. However, the detailed expression depends on how the signal acts on the detector (a tensor
GWi s transversal whila scalar wavés longitudina). In some cases, a polarization angle has to be used
to define the action of the signal [38].
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Source

Fig3. Geometry of the system. The antenna pattern must be expressed in the {OXYZ} coordinates, OX being often used as the main
axisofaGW detector, by expressing the t woasmmegdqeawriallcooainadesandi n f unc
mode of action ora detector)

3.3 Application of ST analysis for GW detectors

Real spatial and projected on the sky galaxy distribution of the Local Universe is very inhomogeneous
(see Fig.4 [38]). Many thousands of galaxies can be concentrated in sliexitibns at the sky (the
Supergalactic plane, the Virgo cluster, the Great Attractor), and this lead to the expected rate of CCSN
events ~ 1/(3days).

Supergalactic coordinates

Greal Attraclor - - . j e i cluster

Supergalactie Latitude (degrees)

1 1 I h I 1 1
350 300 250 200 150 100 50 o

Supergalactic Longitude (degrees)

Fig4. Sky distribution of the Local Universe galaxies (distance < 100 Mpisupergalactic coordinates. Interesting
observational fact is thahe Supergalactic plands almost orthogonal to the Galactic plane (from [38]).
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In order to test the calculation we made the catouh for data produced by the Galactiener(which
is similar to theGalactic Plang)that Webetthought to have detected (Fig.B7]). We also made the
same for two series of observations by the ROG group in R8®heThe result (Fig. B,c) isinteresting
Unfortunately, the theoretic@RT prediction does not permitchdetection42].

T T T T T T T T T T T T

0.8

- Webarl97D ] 2L ROG1898

06

0.2 04
=
QLE 04

L
[ 3 10 15 20
Sidereal Tims {hours) Stdareal Tima {bours) Stdareal Tims {hours)

Fig5. a, b, cDistribution of the relative event counts in sidereal timebfar detectors and source$ tensor (transversal) GW
from the Galactic €nterPlanefor the casesespectively 1970 Weber's data (Ief87] and ROG goup datafrom the Explorer
detector in 1998 and 2001 (middle and I§39].

A possibility to explain th&W detectiongFig.5) in principle exists in the framework of FGT, if one
takes into account pulsate character of the CCSN explosion and specificipropggeneration and
detection of the scalar GW.

4. Conclusion

The sidereal time analysi®uld provide us with a high confidence confirmation of detection of both
GW and neutrino coming from SN explosiofifie most spectacular result would be the detecif a
correlation between GW and neutrino signalé asssibly happened in the case of SN198F#y. 1).

The goal of theST analysids to get statistical evidence of the extragalactic origin of tiny signals in a
large noise.

As explained in this papespatial inhomogeneities of GW and neutrino sources in the Local Universe
(distances less than 100 Mpc) will produce bumps at given ST hours tfioGkd and neutrino events.
Eachcoincidence at the right place (after a proper shifbigitude) would b a strongevidence that the
detections are real.oTapply the ST analysis to neutrino detection, it is important to determine the
directivity diagram of neutrino detectors (LVD, Suaamiokande, Baksan). This makestasiream
and givesus ahope to expmre the Galactic plane, the Galaxy center, the closest galaxies, the Virgo
galaxy cluster, the Supegalactic plane, the Great Attractoy using existing and forthcoming GW and
neutrino detectors.
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Search for cosmic gamma rays with the Carpe® extensive air
shower array
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Abstract The presentday status of the problem of searching for primary cosmic gamma rays at energies
above 100 TeV is discussed, as well as a proposal for a new experiment in this field. It is shown that an
increase of the area of the muon detector of the Garpat shower array up to 410 square meters, to be
realized in 2016, will make this array quite competitive with past and existing experiments, especially at
modest energies. Some preliminary resultsneisurements made with smaller area of the muon detector
are presented together with estimates of expected results to be obtained with a comiagdargaon
detector.

Keywords: Cosmic Rays, Extensive Air Showers, Primary Diffuse Gamma Rays, {do@n$howers

1. Introduction

Search for primary gamma rays of energies higher than 100 TeV using the extensive air shower (EAS)
method started in 1960s. A lot of experiments were made in this line of research until the present time,
different types of detectors and different methadidsalating showers produced by primary gamma rays
being used. One can apply the EAS detection mettvatudies of the diffuse gammay emission of
cosmic origin, if there is a way of efficient separation of showers produced by primary photons from
EAS generated by primary protons and nuclei. Such a separation is possible due to the fact that the
showers from primary photons are substantially less abundant with hadrons (and, consequently, muons)
than proton showers (the more so in case of showers frofeinuthus, by selecting EAS with
diminished number of hadrons or muons one can hope to isolate the showers from primary gamma rays.
Maze and Zawadski [1] were the first who put forward the idea of searching feehégby gamma rays
by way of detecting mmonpoor showers. This seemed to be the simplest way of distinguishing
gammaray induced showersom ordinary extensive air showefollowing this idea, several groups
tried to measure the flux of diffuse gamma ray emission and claimed to obtain sdtiwe pesults. The
experiments at Mt. Chacaltaya [2] and Tien Shan [3], in Yakutsk [4] and Lodz [5] published such results,
but they have insufficient statistical significance and were not confirmed later. More careful subsequent
experiments (collaboratisnEASTOP [6], CASAMIA [7] and KASKADE [8] in the energy range
3101 510 eV, and Haverah Park [9], AGASA [1{[12], Yakutsk [13], [14], Pierre Auger [15], [16],
and Telescope Array [17] at energies higher thafi @0) yielded only upper limits orhe fluxes of
cosmic gamma rays.

2. Presentday Status of the Problem

The upper limits obtained in [B]17] are significantly lower than the fluxes measured in early works
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[2] - [5] (see Fig. 1). Quite recently, new interesting results have appearée femergy range B i

210" eV. Archival data of the MSU air shower array were analyzed in [18], [19]. Showers in this
experiment were selected according to the low content of muons with energies higher than 10 GeV. For
the entire energy range underbysis only upper limits on the cosmic gamma ray flux were obtained,
excluding a narrow interval B'® i 10" eV, where muonless showers were recorded, whose number
well exceeded the expected number of background events. This allowed authors to d&iataeltite

value of the flux of diffuse gamma rays in this energy range. These results are in line with the most recent
KASCADE-Grande flux limits at these energies [20].

T
1

Logqo(E I,(>E)[eV em s 'sr 1))

14 15 16 17 18 19 20
Log1g Emin/eV

Fig1. Estimates of the integral gamrnay flux: Detection claims by Tien Sh@ray open circle) and Lodz (gray solid cirglehd
EASMSU (blacksquares and error barspPpentriangles, squares and diamonds are for ERGP, CAA-MIA, and KASCADE,
respectively; gray diamonds: KASCAHEande, tack triangles Yakutskplackdiamonds Pierre Augersmallblack circles:
AGASA, large square3elescope Array. The curve representeaampleheoretical predictiorj23] for the model in which
photons and neutrinos are produced in cosmig collisions with the hot gas surrounding our Galaassuming the befit

IceCube observed neutrino spectrum.

It should be noted that m@ew impetus to interest in this problem was given by publications of the
IceCube results on detection of highergy astrophysical neutrinfizl], [22]. Neutrinos produed in
decays of charged pions should be accompanied by gamma rays produced in decays of neutral pions.
Hence, there is motivation for new specialized experiments with more precise measurements of the
flux of diffuse gamma rays at energies higher thanTkd0

The CarpeP air shower array of the Baksan Neutrino Observatory includes a large area muon
detector that in principle is capable of separating the showers from primary gamma rays with energies
higher than 100 TeV. In this paper we present prelirgimstimates of sensitivity of the array to the
diffuse flux of cosmic gamma rays with the existing muon detector and analyze possible results that can
be achieved after a good exposure with the increased area of the muon detector after its modernization

(this work is now in progress).

3. Experiment

The Carpe® air shower array [24], [25] consists of a surface part (the original Carpet with six
external huts) and an underground muon detector (MD). The distance between centers of the Carpet and
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MD is 47 m. The Carpet that detects the EAS elecfshnoton component includes 400 scintillation
detectors forming a square (20x20) with a total area of 196 he muon detector records the muon
component with an energy threshold of 1 GeV. Signals from extertgldach of which contains ¥m
of scintillation detectors, are used for determination of shower arrival direclitvesaccuracy of
determination of coordinates of EAS axes hitting the Carpet is no worse than 0.7 m, while the arrival
directions of showerare measured with an accuracy of better than. TBe Carpet and MD operate
independently of each other and have different dead times of recording electronics. But time markers of
events in the MD and Carpet are produced by one and the same clock, coirtbi@ent events are
identified within a time intervaDt = 1 ms. The total number of relativistic particles within the Carpet
(N;p) and the numberyof muons recorded by the MD are the experimentally measured quantities used
to determine the ener@f EAS and the total number of muons in it, respectively. The events satisfying
the following conditions are included into processing:

1. shower axes are well within the Carpet;

2. zenith angles of showeqs< 40;

3. N2 200

40 m

i 147m

16.2m

e e ]

Fig2. The layouf the Carpe® air shower array.

3.1 Simulations

For the sensitivity estimates presented here, the CORSIKA code v. 6720 (QGSJETO01C, FLUKA 2006)
[26] was used for modeling the showers. 5400 showers from primary protons and 6597 showers from
primaryiron nuclei were simulated within the energy interval (0-3166) PeV, as well as 815 showers
from primary gamma rays in the range (@3 PeV. As a result of modeling the following averaged
relations were obtained

E, [GeV] = 1748,,°™° (1)

E,[GeV] = 1096N ,,*%*(2)
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3.2. Preliminary analysis and future prospects

Figure 3 presents the calculated correlation distributipnemsus N, for showers from primary
protons, iron nuclei and gamma rays, where points wjtk 8 are shown as.j= 0.2. Though the
numbers of simulated proton and gamrag showers are not equal, all myoeoor showers with N 2
10’ are produced by gamma rays.

| = P,5357 showers
| Fe. 6597 showers
L = 7m.813showers |

100 o

_ 3
n“(E>1 GeV,§, =175m’)

* em .

T
10° 10* 10° 10
N 'pr[Carpet]

Fig3. The calculatedh, - N;,. dependence (CORSIKfy EAS induced by protons, iron nuclei and gamma rays.

A similar distribution forexperimental data is presented in Fig. 4 together with expectation for gamma
rays. To compare the simulations with the data, a subset of 4261 showers recorded durilyg 226 da
work of 175 i MD was analyzed (the exposure was 8@% cn? s sr). Experimental muonless events
(their number is 1080) are not shown in the figure. Of course, such a number of muonless showers is not
necessarily produced by gamma rays, but cam cmnsequence of fluctuations of the number of muons
or of incorrect method of selecting the events. Indeed, as follows from these two distributions the

number of muons fluctuates strongly in the interMal = 200" 8 10°, so thatit is impossible to isiate

real gamma rays against the background proton showers at currently available statistics of experimental
and simulated showers. Only the upper limit on the flux of primary gamma rays can be evaluated,
assuming that the detected muonless showers almtkground ones. Preliminary constraints on the

flux of diffuse gamma rays derived by us are considerably worse as compared to the results obtained
earlier in different experiments. In order to improve them we plan to process archival data accumulated

for 10 years.

= Experimental showers, 2852 events
4 Corsika, y-showers,815 events

. b, Ot
2 NILIR g et

e

100

Fig4. Measured and calculatet - Nr.p. dependence (experimenQRSIKA
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One can diminish relative fluctuations of the number of muons recorded by the MD (thus improving
the efficiency of separation of showers) by increasing the ndaébector area. This work is now in
progress. Next year it is planned to install 235 new scintillation counters with are& eathiin tunnels
of the MD, thus increasing the MD area up to 4f0Aacording to further plans, the effective area of the
array will be increased up t6QA0° m? (the CarpeB array).The area of the MD will be increased in this
case up to the maximum possible value of 6%%tatal filling of the three MD tunnels).

Commissioning of the 41M° MD will become a crucial step towasdjammaray astronomy with
Carpet2. Preliminary estimates demonstrate that the background of muuonless events from hadronic
showers will be reduced drastically in this configuratiéigure5 demonstrates the estimated sensitivity
of the existing array (&pet2) and two its modernizations (Car&t and CarpeB) as compared to the
upper limits obtained by other experiments. One can see that using a new configuration of the Baksan
array a significant advance can be achieved at energies below and arbie\ 10

2

A Carpet-2
(MD 175 m?)
10 years (2015)

v Carpet-2+
(MD 410 m?)
1 year (2015+1)

1 v i Carpet-3
(MD 615 m?)
5 years (7+5)

Log1o(E Ly (>E)eV em 2571571y

14 ' 15 16 17
Log1g Emin/eV

Fig5. The sensitivity aothe Carpet2 and CarpeB air shower arraydo the diffuse cosmic photans

The sensitivity of the upgraded array to point so
Preliminary estimates give a sensitivity~5Q0" cm? s* for the integral gammeay flux of Mrk 501

above 100 TeV (one year of observations with 4104m@). In more detail, the estimates of sensitivity of

Carpet2+ for gamma rays will be discussed in a forthcoming paper.

4. Conclusiors

1. The Carpet air shower array could be quite competitive in garagrastronomy above 100 TeV

2. To perform this task better, it is highly desirable to increase the area of the Muon Detector as much
as possible.

3. The work to reach an area4fOm? nextyear ands15m? in the future is now in progress.
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Abstract The origin of Ultraluminous Xay sources (ULXs) in external galaxies whosera)}
luminosities exceed those of the brightest black holes in our Galaxy hundreds and thousands times is
mysterious. The most popular models for the ULXs involve either intermediate mass black holes (IMBHs)
or stellarmass black holes accreting at sufddington rates. Here we review the ULX properties, their
X-ray spectra indicate the presence of hot winds in their accretion disks supposing the supercritical accretion.
However, the strongest evidences come from optical spectroscopy. The spectra of tbeudterparts are

very similar to that of SS433, the only known supercritical accretor in our Galaxy. The spectra are
apparently of WNL type (late nitrogen WedRayet stars) or LBV (luminous blue variables) in their hot state,
which are very scarce stallabjects. We find that the spectra do not originate from WNL/LBV type donors

but from very hot winds from the accretion disks, whose physical conditions are similar to tistesi&am

winds from these starJhe results suggest that befide ULXs must onstitute a homogeneous class of
objects, which most likely have supercritical accretion disks.

Keywords: Ultraluminous XRay Sources, Sup&ddington Accretion Disks

1. Introduction

Ultraluminous Xray sourceqULXs) are Xray sources with luminosities exceeding the Eddington
limit for a typical stellarmass black hol®2 A10* erg $ * Despite their importance in understanding the
origin of supermassive black holes that reside in most of present galaxiésstbenature of ULXs
remains unsolved [1]. The most popular models for the ULXs involve either intermediate mass black
holes (IMBH, 16i 10°'Ms ) [2] with standard accretion disks or steltaass black holesD{IOMs )
accreting at supdeddington rates. Thast idea has been suggested [3] by analogy with SS433, the only
known supeiaccretor in the Galaxy [4], and developed in [5], [6]. It was proposed that SS433
supercritical diskds fanwihappearbseamn extemalylbrigerd sairde. n e a r |
Both scenarios, however, require a massive donor in a close binary.

Most of ULXs areassociatedvith the stafforming regions and surrounded by nebulae of a complex
shape, indicating a dynamical influence of the black hole [7]. They are nabutistt throughout
galaxies as it would be expected for IMBHSs originating from-taetallicity Population 1l stars. The
IMBHs may be produced in a runaway merging in a core of young clusters. In this case, they should stay
within the clusters. It has beéund [8] that all brightest Xay sources in Antennae galaxies are located
near very young stellar clusters. It was concluded that the sources were ejected in the process of
formation of stellar clusters in the dynamical feady encounters and that thejority of ULXs are
massive Xray binaries with the progenitor masses larger thans50M
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Figl. Normalized opticaspectraof ULX counterparts. From top to bottom: SS 488 NGC 5408 XL (2), NGC 4395 A (3),
NGC 1313 X2 (2), NGC 5204 X, NGC 4559 X7, Holmberg IX X1 and Holmberg Il XL (1). The numbers in brackets mean
optical telescopes: 1L the Subaru telescope, 2/LT (ESO), 3 the Russian BTA telescope. The spectra are very similar in
appearance, they may represent a rare type of massiveVgtdks[10] or LBV stars in their hot states [11], [12]. All spectra are
also similar to SS 433 [13]. This means that the spectra of the ULX counterparts are formed in hot winds.

X-ray spectra of ULXs often show a highergy curvature with a downturn betwd24 andD7keV.
It was called fAan wultraluminous stateodo [9]. The
standard. Inner parts of the disks may be covered with a hot outflow or optically thick corona, which
Comptonizes the inner disk photons.

2. Results

Spectra of almost all optical counterparts of studied ULXs (with SS433 included) are shown in Fig.1.
All spectra were reduced by us. The main features in all spectra are the brigi68&]Ihydrogen 5]
and Hb emission lines. The lines are obwidy broad; the widths range from 500 to 1500krh s

Calibrated spectra of the ULX optical counterparts taken with the Subaru telescope [14] are given in
Fig.2. Weconcludethat all ULX counterparts ever spectrally observed have the same feature in their
spectra, namely, the broad Hell emission line. We also clearly detect the bthadbHines and
Hels6 6 78, 5876 | ines (Fig.2). There are -465 9 .s ome
Although the Hb line (Figs.1, 2) is affected by nebular ission in spite of our careful extraction, its
broad wings are clearly detected. It is obvious that the emission lines are formed in stellar winds or disk
winds.
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Fig2. Calibrated spectra of the ULX optical counterparts taken with the Subaru telesefpErdm top to bottom: the ULX in

Holmberg I, Holmberg IX, NGC4559, and NGC5204. The two upper spectra were obtained on February 28, while the rest are

the summed spectra from three nights. For befitralizationwe add the flux offsets of 1.8, 1.2 @nél (10 *érg/cnts ;) for the

Holmberg I, Holmberg IX, and NGC4559 ULXs, respectively. Besides the obvious hydrogen lines we mark Heldifés0d
86412) and Hel lineseb876 ande6678). The thick bar indicates the position of the Bowen blend ClI#N&B401 4650.

All spectra of the ULXs are surprisingly similar to each other. The optical spectra are also similar to
that of SS 433, although the ULX spectra indicate a higher teimgerature. It was suggested in [14]
that the ULXs must constitute a homogeneous class of objects, which most likelgumpevreritical
accretion disks.

Among stellaispectrasuch a strong Hell line with a nearly normal hydrogen abundance can be found
only in stars recently classified as C&5If*/WN5i1 7 [10]. Hereafter we omit index * which means a
stronger ionization as indicated by NIV/NV lines. They are the hottest transition stars, whose
classification is based on thédrofile, tracing the increasjrwind density (i.e., the mass loss rate) from
02 3.5If, 02 3.51f/WN5i 7, and to WNb7.

We studythespectra of ULX counterparts in the Hell diagram ([15], [14]), where the relation between
the line width and equivalent width of the H®1686 line is plottd (Fig.3). Here the line width
represents the terminal velocity of a stellar wind, while the equivalent width reflects its photosphere
temperature and mass loss rate.

In Fig.3, we show the classification diagram of WN stars [15] for LMC and Galactic sbj#let
supplement the diagram with additional stars recently classified [10]. The diagram plots stars in
accordance with their wind velocity (FWHM) and photosphere temperature plus mass loss rate (EW).
Three known LBV transitions (LBMA/NL) between their ha&ind cool states in AGCar, V532 in M33,
and HD5980 in SMC are also shown in the figure. Consequent states in each LBV transition are
connected by the lines. In their hotter state where the Hell line becomes stronger, the LBVs fit well the
classical WNL stes [11].

In the figure, we also present two recently discovered extragalactic black holes NGC320@X
IC10X-1 together with the soft ULX transient M101ULX The black holes in NGC3008X and IC10
haveluminositiesd * ¢ p 1 erg $ * almost identical tahat of Cyg%3, which certainly contains a
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WN-type donor star [22]. The comparable luminosities with that of G§g3hort orbital periods, and

the location in the diagram around the WNGegion confirm that their optical spectra come from WN
donors. Thesame may be supposed for M101UX0n the basis of its location in the diagram. It has
been recently found that this source indeed contains a WN8 type donor [23], although its orbital period is
D40 times longer than in CygX andD6 times longer than in twother WR Xray binaries.
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Fig3. Classification diagram of WNstarsin the LMC and our Galaxy [15]. The black open squares, triangles, and circles mark
WN8, WN®10m, and WN11 stars, respectively. The blue filled circle deaBtgs Other Galactic andLMC stars [10] are O2If
and O3If (open blue circles), O2If/WN5, O2.5If/WN6, O3If/WN6, and O3.5If/WN7 (blue crosses), and WN6ha and WN7ha stars
(open blue squares). There are three knownilMBML transitions (AGCar, V532, and HD5980) in this diagram [1n€equent
states of each LBV star are connected by the lines. Positions of our four ULX counterparts are also shown (connectied by lines
show variability from night to night), together with those of NGC1323XGC5408XL, NGC7793P13, SS433, NGC30DX
M101ULX1, and IC10X1([13], [16]-[21]).

Thus, the ULX counterparts and SS433 occupy a region at this diagram betwiegblOand
WN5i7. Thi s i s alinteonediatedreengpi eorna toufr e¢ hLeBMio V532 and t he
HD5980. Variability of the Hell lines of our counterparts in three consequent nights is shown by the
points connected by the lines. However, their behavior in the Hell diagram is not sinsilarstd hey
exhibit nightto-night variability both in the line width and equivalent width by a factor id@.2
Variability in the radial velocity of the line is also detected with amplitudes ranging frorkm@0in
Holmberg IX to 35(km < in NGC5204.

Fig4. Absdute magnitudes of all weitudied ULXs and SS433 (shadowed). The data are from [16] with some updates from [25]
and [6].
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If the ULX counterpart spectra were produced from donor stars, the variable surface gravity at about
the same photospheric temperatwould be required. Instead, the spectra may be formed in unstable
and variable winds formed in accretion disks. This idea agrees with the fact that we do not find any
regularities between the EW, FWHM, and radial velocity of the Hell line.

We can excludéhe case where these ULAstuallyhave WNL donors and their stellar winds produce
the observed optical spectra. It is difficult to explain the rapid variability of the HelWlid#n, because
the wind terminal velocity in stars is determined by theamgrfgravity.
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Fig5. Power density spectra of SS433 (left) and the ULX NGC554@ight). In SS433 we observe a flat portion [26] which may

be considered as alphascosity fluctuations appearing at the spherization radius as was originally proposed [27] for standard

disks [24]. The power spectrum of SS433 has been obtained from a sinddg3eRSCA observation. The circles and dotted line

are the observed power spectra, the red (dark grey) solid line is the initial model of the accretion disk intrinsictyafiaeiblue

(light grey) line and diamonds are the Monte Carlo model, whictstate account the gaps in observations and extra variability
added by eclipse occurred during these observations. The power spectrum of SS433 has a flat part stret¢piog*tmm

D10 *Hz. The power spectrum of NGC5408 Kas been obtained by avenagisix most long observations from XMiéwton. A
model with two breaks fitting the spectrum is shown by the solid line. This object also has a flat part in the power. spectrum

The total luminosity of a supercritical disk is proportional to the Eddingtamniosity with an
additional logarithmical factor depending on the original mass accretion rate ([24], [5]), because the
excess gas is expelled as a disk wind and the accreted gdseistedwith the photon trapping,
contributing little to the photon lumasity. However, the UV and optical luminosity in such disks may
stronglydepend on the original mass accretion rate, because these budgets are mainly produced by the
reprocess of the strong irradiation from the wind (the excess gas). Optical spectra®a8&the ULX
counterpart are nearly the same, but ina)s they are drastically different because we cannot observe
the funnel in SS433 directly. It was found [14] that the mass accretion rates in the ULXs may be by a
factor of 1.5 6 smaller and their iwwd temperatures are by 14itimes higher than those in SS433. In
Fig.4 we show the absolute magnitude of all vetlidied ULXs together with SS433. Thus, one may
interpret that SS433 is intrinsically the same as ULXs but this is an extreme case wiitutapgg high
mass accretion rate, which could explain the presence of its persistent jets [4].

In Fig.5 we present anothevidenceof the supdrEddington accretion in ULXs. The power density
spectrum of SS433 exhibits a flat part in thé 102 AL0' *Hz frequency range [26]. The presence of
such a part is related to the abrupt change in the disk structure and the viscous time at the spherization
radius. In this place the accretion disk becomes thick, which reduces drastically the time of passage of
mdter through the disk ([24], [27]). The same picture is observed in thestuglied ULX NGC5408
X-1. We need longer observations of the ULXs to study their power density spectra in more detail.
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Abstract Here we presena summary of first years of operation and first results of a novaia@nel
wide-field optical monitoring system with stdecond temporal resolution, MiMegaTORTORA (MMT9),

which is inoperation now at Special Astrophysical Observatory on Russian Caucasus. The system is able to
observe the sky simultaneously in either wide9Q0 square degrees) or narrow1lQ0 square degrees)

fields of view, either in clear light or with any combinatiof color (Johnsoi€ousins B, V or R) and
polarimetric filters installed, witexposure times ranging from Gslto hundreds of secondgne realtime

system data analysis pipeline performs automatic detection of rapid transient events, bE#rtheanl
extragalactic. The objects routinely detected by MMT include faint meteors and artificial satellites. The
pipeline for a longer time scales variability analysis is still in development.

Keywords: Telescopes Instrumentation, GamfRay Burst, Meteorites, Meteors, Meteoroids

1. Introduction

Minii MegaTORTORA is a novel robotic instrument just commissioned for the Kazan Federal
University and developed according to the principles of MegaTORTORA ichéthnel and
transforming design formulated by us earlier [1[4]. It is a successor to the FAVOR [b][7] and
TORTORA [8] singleobjective monitoring instruments we built earlier to detect and characterize fast
optical transients of various origins, batbsmological, galactic and nearth. The importance of such
instruments became evident after discovery and detailed study of the brightest ever optical afterglow of
the gammaay burst GRB080319B [9], [10].

The Mini-MegaTORTORA (MMT9) system includesset of nine individual channels (see Figure 1)
installed in pairs on equatorial mounts (see Figure 2). Every channeldusdoatatmirror installed
before the Canon EF85/1.2 objective for a rapid (faster than 1 second) adjusting of the objective
direction in a limited range (approximately 10 degrees to any direction). This allows us either
mosaicking the larger field of view, or pointing all the channels in one direction. In the latter regime, a set
of color (Johnsono6s B, difiérendirectops) fitensanaypbe ihsarted bmefere r i ¢
the objective to maximize the information acquired for the observed region of the sky (performing both
threecolor photometry and polarimetry).
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1 3 R 3 6 7 8 2

Figl. Schematic view of a MMT channel. toelostat unit2i camera unit, 3 coelostat mirror which can rotate by ~10 degrees
around two axes, # installable color and polarimetric filters, bthe Canon EF85/1.2 objective] @®ptical corrector, 7 the
Andor Neo sCMOS detectorj &onditioner to keep stédenvironmental conditions inside the channel.

The channels are equipped with Andor Neo sCMOS ¢
The field of view of a channel is roughly 9x11 de
detector $ able to operate with exposure times as small as 0.03 s. In our work we use the 0.1 s exposures
providing us with 10 frames per second because on higher frame rates we are unable to process the data
in real time.

Fig2. Photo of all 9 channels of MMT itadled on 5 mounts in the single cylindrical dome, which is open at that marherdome
of the Russian6n telescopés seen in the background.

Every channel is operated by a dedicated PC which controls its hardware, acquires images from the
detector angherforms the data processing. The amount of data acquired by a single channel is about 3Th
in 8 hours of observation. The complex as a whole is being controlled by a separate PC.

Initial tests show that the FWHM of stars as seen by MMT channels is aPopixéls wide. The
detection limit in white light for 0.1 s exposure is close to 11 mag, when calibrating to V band
magnitudes.
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2. Minii MegaTORTORA operation

Minii MegaTORTORA started its operation in June 2014, and since then has been routinely
monitoring the sky. The observations are governed by a dedicated dynamic scheduler optimized for
performing the sky survey. The scheduler selects the next pointing for NiEgaTORTORA by
simultaneously optimizing the following parameters: distances from the Sum Ktwb the horizon
should be maximized, distances from the current pointings of Swift and Fermi satellites should be
minimized, and the number of frames already acquired on a given sky position that night should be
minimized. In this way a more or less wnifn survey of the whole sky hemisphere is being performed
while maximizing the probability of observations of gamrag bursts. As a neaptimized extension,
the scheduler also supports observations of preselected targets given by their coordinatezayiéch
performed in various regimes supported by MinegaTORTORA (widefield monitoring of a given
region of the sky with or without filters, narrefield multicolor imaging or polarimetry with lower
temporal resolution, etc).

Moreover, the scheduler agéntral control system supports various types of follpobservations
triggered by external messages and typically corresponding to transient events occurred outside the
current Mini MegaTORTORA field of view. It will try to rapidly repoint and obserke tocalizations of
Swift BAT and XRT triggers in either multiolor or polarimetric mode, typically large error boxes of
Fermi GBM in widefield mode, etc. The large size of MiMegaTORTORA field of view in the
wide-field regime makes such observatioreyw promising for rapid pipointing of possible optical
transients corresponding to triggers with bad accuracy of initial localization.

3. Data analysis

The main regime of MifiiMegaTORTORA operation is the widield monitoring with high temporal
resolutbn and with no photometric filters installed. In this regime, every channel acquires 10 frames per
second, which corresponds to 110 megabytes of data per second. To analyze it, we implemented the
reattime fast differential imaging pipeline intended foteatdion of rapidly varying or moving transient
objectsi flashes, meteor trails, satellite passes etc. It is analogous to the pipeline of FAVOR and
TORTORA cameras [11], [7], and is based on building an iteratwpetated comparison image of a
current fidd of view using the numerically efficient running median algorithm, as well as threshold
image using the running similarly constructed median absolute deviation estimate, and then comparison
of every new frame with them, extracting candidate transieettiand analyzing lists of these objects
from the consecutive frames. Then it filters out noise events, extracts the meteor trails by their generally
elongated shape on a single frame, collects the events corresponding to moving objects into focal plane
trajectories, etc.

Every 100 frames acquired by a channel are bei
10 s effective exposure and better detection limit. Using these frames, the astrometric calibration is being
performed using locally installeASTROMETRYNET code [12]. Also the rough photometric calibration is
being done. These calibrations, updated every 10 seconds, are used for measuring positions and
magnitudes of transients detected by thetealme di fferenti al agagi mg amiep
are stored per man e n trésglutignidata whichis typically érasédon aillay artwd f u |
after acquisition) and may be used later for studying variability on time scales longer than 10 s.

The Minii MegaTORTORA typically obsees every sky field continuously for 1000 seconds before
moving to the next pointing. Before and after observing the field with high temporal resolution, the
system acquires deeper isurveyo i mages with 60
variability of objects down to 1415 magnitude on even longer time scales; typically, every point of the
northern sky is covered by one or more such images every observational night.

As the first step of analysis of these survey data, we implemented theemtadetection pipeline
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based on comparison of positions of objects detected in our images with Guide Star Catalogue v2.3.2, as
well as with Minor Planet Center database. This pipeline routinely detects tens of known asteroids every
night, and sometimésthe flares of dwarf novae and other transients.

The full-scale photometric pipeline for survey images is still in preparation, as the precise photometry
of these frames turned out to be quite a difficult task due to the large size of point spread éfraction
Canon objective with extended wings harbouring up to 40% of light. This leads to severe photometric
errors in typical stellar fields, significantly crowded even outside the Galaxy plane. Now we are
implementing the PSktting code optimized for thaccurate measurement of MiMegaTORTORA
survey images and hope to finish it in 2016.

Below we briefly describe some of the data products of the high temporal resolution pipeline.

3.1. Meteors

The meteors are probably the most frequent astrophysical pkeaditashing in the sky, and easiest
to detect in the MiiMegaTORTORA data stream. The meteor detection is performed in a differential
image based on their typically elongated shapes. Then the elongated trails from consecutive frames,
having similar diretions of elongation, are being merged into a single event. A dedicated analysis
subroutine extracts the meteor trail using Hough transformation, detects its extent in every frame, and
estimates brightness along the trail, light curve, trajectory, angeltaeity and duration. The majority of
events are observed in white light (then the brightness is calibrated to V magnitude), while some are
being observed in Johns@ousins B, V and R photometric filters simultaneously. For such events, the
colors are als derived automatically (see Figure 5). All these data are stored in the database and are
available onling

We are not able to perform any parallactic observations of meteors now (though we are working on
installing the second version of MifMlegaTORTORAwhich will allow us to measure meteor
parallaxes). However, huge amount of meteors measured every night might, in principle, allow detecting
the radiants of meteor streams using purely statistical methods. Figure 3 shows the density of
intersections of mebr trails from the night corresponding to 2014 Geminids, and the radiant is clearly
visible here. Such radiant maps are built automatically and available online for every night.

Tt R ™
i . s

Fig3. Density of intersections of meteor trails from the nigresponding to the peak of 2014 Geminids (left) and meteor trails
corresponding to the Geminids shower in the gnomonic projection (right).

Night 2014_12 14, ra0=113.2, deco

1 The database is publishedhdtip://mmt.favor2.info/meteorandhttp://astroguard.ru/meteors
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The databaselso contains the fullesolution imaging data, which may be useful for studying the
peculiar eventke meteors consisting of several particles flying in parallel, or the complex evolution of
long lasting tails of brighter meteors due to atmospheric motions (see Figure 4).

Fig4. Example of multparticle meteor trails (top) and the complex tempe@nedlution of a bolide trail in the atmosphere
(bottom).

02 08 06 08 10 12 4 O

Time, seconds BV

Fig5. Example of a mukcolor light curve of a meteor detected by MinegaTORTORA (left) and the corresponding evolution on
a two-color diagram (right).

3.2. Satellites

Detection of rapidly movingbjects is implemented by comparing the lists of objects detected in
consecutive differential frames and extracting those ones which move along (nearly) straight lines with
(slowly varying or) constant velocity in the focal plane. This is being dondivelsastarting from the
third appearance of the object in the frame. After initial detection, the object is being tracked until it
fades below the detection limit or leaves the field of view. Afterwards its trajectory and light curve are
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stored for a moredetailed analysis.

The accuracy of coordinate determination of the-tiea® transient detection pipeline, which is
typically53 O NjNj, i s qui te enough for rel i abadttmdeorditent i fi c
using publicly available orkal elements [13], [14]. We are routinely performing such identification and
as a result acquire a large amount of high resolution photometfrimation on these objects, which
we publish online as a fully searchable online database of satelliteiges.

The database includes the following parameters for every satellite track observed: light curves in
apparent and standard magnitudes (calibrated to t
and phase angle over time, whether the litgtelas inside the penumbra, and a light curve period if it
displays a periodicity. For every satellite it also contains the general information and classification of
activity taken from public sources (active, inactive, debris etc), as well as vayitlpktestimated by us
(periodic variability, variable but aperiodicpnvariable). The number of periodic light curves is up to
20%.

Fig6. Light curve of dreelyrotating inactive satellite detected by MiMiegaTORTORA (left), its period evolutioreotime due to
interaction with atmosphere and residual technological processes (center) and the rapid variability of an active satédlite du
stabilized antenna rotation with 1.8 s period (right).

Periodicity of a satellite light curve may be causelegiby rotation of an object as a whole (which is
typical for both inactive satellites, upper stages or debris, and active satellites stabilized by rotation), or
by some rotating element like an antenna (see Figure 6). The rotation period of inactite aftgec
changes over time due to some residual technological processes inside the object itself.

3.3. Fast optical flashes

The original aim of MiriiMegaTORTORA differential imaging pipeline is the detection of rapid
optical flashes of astrophysicatigin, which is being performed by detecting the stdila objects
visible in several consecutive differential images (to filter out sporadic noise events and cosmic rays) and
not changing their position. As of now, we are still in process of caligrétis part of pipeline, as it is
being highly contaminated by stellar scintillations and detector noise spikes. We are, however, able to
detect a number of rapid flashes caused the rotation ofdftifide slowly moving satellites, which
produce shortuyp to half a second) events with negligible motion. Such flashes are practically
indistinguishable from anticipated astrophysical bursts, and may be filtered out only by comparing their
positions with predicted ones of known satellites, which is being dsing the NORAD database [13].

An example of such an event is shown in Figure 7.

As of now, we did not detect any rapid flash not coincident with such aaftigide satellite and not
having the light curve identical to ones produced by such satellites.

2 The database is publishathttp://mmt.favor2.info/satelliteandhttp://astroguard.ru/satellites



49

Fig7. Rapid optical flash detected by MMT, with duration less than 0.5 s and peak brightness reachih@hesflash coincides
with the highaltitude passage of MOLNIYA satellite.

4. Conclusions

The Minii MegaTORTORA (MMT9) instrument is already opei@enal and shows the performance
close to the expected one. We hope it will be useful for studying various phenomena in the sky, both
astrophysical and artificial in origin. We expect it to be used for studying faint meteoric streams crossing
the Earth orli, for detecting new comets and asteroids, for finding flashes of flaring stars and novae,
studying variable stars of various classes, detecting transits of exoplanets, searching for bright
supernovae and optical counterparts of gamayabursts.

The novdty of the MMT is its ability to reconfigure itself from a widdield to narroweifield
instrument, which may open new ways of studying the sky, as it may, in principle, autonomously
perform thorough study of objects it discover® simultaneously acqré threecolor photometry and
polarimetry of them.
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Baksan Neutrino Observatory of the INR RAS: current stateand
prospects

V. V. Kuzminov
Baksan Neutrino Observatory of the INR RAS, Neutrino, KBR, Russia; bno_vvk@mail.ru
Abstract An overall view of the Baksan Neutrino Observatory of the INR RAS infrastructure is presented.

Groundbased and undergrourfidcilities used to study cosmic rays, rare nuclear reactions and decays, to
register solar neutrino, to observe various geophysical phenomena are described. Some main results obtained

with these facilities and prospects are given.
Keywords: UndergroundPhysics, Neutrino, Supernovae

The Baksan Neutrino Observatory of the Institute for Nuclear Research of the Russian Academy of
Sciences (BNO INR RS) is situated at the foot of the Andyrchy Mountairthie Baksan valley of

Figl.The overview of BNO I NR RAS and NeiuCarriprea fiv idleltaegcet:i oln) ftahce
shall ow undergro#nd dredlelctwiotnh fracadpety; 3) | aboratoryos |
AAndyfaachyy at the mountain sl ofpleyx i5l)i aernytdr aandcietss .t o t |
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KabargineBalkarian Republic of the Russian Federation. The Observatory is intended for carrying out
investigations in the fields of the cosmic rays physics, neusisirophysics and nesccelerator nuclear
physics [1], [2]. The Observatory comprises a series of grtvasdd and underground installations. The
overview of BNO INR RAS and Neutrino village is shown in Fig.1.

The ground-based complex of BNAONR RAS
1. af@eto

In 1973 the first facility of the Observatory came into operation. It was the gimasat detection
facility ACarpeto composed of 400 standard scinti
AEIlingo [3]. rEaccthandatl@act oarl uimé nam tank (70 c¢cmA7
scintillator on the base of white spirit (a high purity kerosene fraction of petroleum). Each tank is viewed
by PMT (15 cm in diametethrough a viewing port mounted on the central round ablke larger face
of the tank Analysis of the amplitude distribution of signals and of their delay in arrival to the registering
device allows one reconstructing the spatial distribution and direction of particles of an extensive air
shower. This grounthased facility of 200 Ashown in Fig.2 is an exact replica of the eilgtyter one of
the Baksan Underground Scintillation Telescope that came into operation later.

Fig22The overview of the ACarpetf facility

The A Claacpieltioty was targeted t o°ds tfeédtinyechpnismsmadr y cos
characteristics of their interaction with particles of the atmosphere by registering a single secondary
component together with EAS generated in such interaction@uBioor points, each containing nine
scintillation detectors, have been added to the central multiptedetector. Four of these points are
distributed symmetrically on a circle of 30 m radius, and two points are on a circle of 40 m radius with
regardtda¢ he fAdGarpehter. A neutron monitor in a separa
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to register neutrons generated by cosmic rays.

ACar pet o (2ncow 4i]COa rppeertf or mance was significantly
1998 of onesection (the middle one) of the thisectioned large underground Muon Detector facility
(MD). The middle section is at ~ 40 m from the f
m w.e.) which absorbs the soft c.r. component and is compdsiEts scintillator detectors (1Teach
and made of plastic scintillator of 5 cm thickne3$je continuous registering area of the facility is 175
m* (5 m 1 TH Shreshdld energy for muons is 1 GeV. The sensitivity of the facility is 0.006
particles/nf. The <cr eat3ioon tohfe faClavrapnecte-220 verrsi nawofnfAigao
supposed to be a multipurpose facility registering cosmic rays. Its main purpose would be to study the
knee of the ¢c.-30 woeld rfaleagng dicmmentdeof EASs: 1) electron and
photon; 2) muon (with a threshold ofGeV); 3) hadron [5].

Analysis of the obtained data allowed one to interpret the presence cefetsuthowers as a result of
generation of streams of particles with ktgansverse momentum, and to evaluate the -sexgon of
this process in hadreimadron interactions for the range of energies up to 500 GeVHg] experimental
result was the first one to confirm quantum chromodynamics predictions and was pubdiiivedhe
SPScollider in CERN had measured this value.

Large counting rate of si n%sh alowshighmstatistitat acowacy o s mi
even for small time intervals (0.003% for 4 min) and, as a consequence, makes it possiblevéo obser
shorttime periodic variations (micrg ar i at i ons) . None of these have &
at a confidence level of 0.001%. During this research work a new type of sporadic temporary variations
characterized by small time was discovered atiributed to meteorological effects [7]. Their strong
correlation with the electric field of atmosphere (such variations occur only during thunderstorms)
allowed one to explain this phenomenon and quantitatively describe it [8]. The gigantic increase of
cosmic ray intensity during powerful solar burst on September 29, 1989 is one of the most interesting
examples of temporary variations in the muon counting Patgticles of solar origin with energies up to
10 eV were observed for tHfgst timeinsuh  an event , and it was the fc
the most evident and accurate data at that time [9].

Studying showers of low energy corresponding to primary cosmic rays (c.r.)*bé\evealed
anisotropy of the latteiThe first and second haonics have been found in the count rate of these
showers for sidereal time. C.r. anisotropy fot’®0V was cal cul ated to be 0.0

Air showers of0L0" eV are continuously registered and the data are analyzed along $ieesral
search for point sources of ganwaaanta of the same energy [11]; search for signals from extended
gammaray sources (mainly in the galactic plane) [12]; search for c.r. anisotropy at these energies [13];
search for xay and gammaay bursts for kawn sources [14]. One of the interesting results is the
registration of the burst in Crab Nebula, on Fel
that first published the result [15]. Later it was confirmed by teams of Kolar Gold Mina) knalil EAS
Top (LNGS) facilities.

Studying air neutron flux variation involves continuous recording of neutron monitor count rate; the
data obtained are sent across internet to www.nmdiestseach.phpAnalysis of the parameters of
variations presentsiformation used in further studies of characteristics of solar bursts and their effect on
the interplanetary magnetic field.

The nQargatci | ity allows studying EAS muon comp
of muons ofO 1 G eNy) registered bD on the total number d&AS particles i) has been found as
N ~ N, whereU= 0. 8. Anal ysis of the data obtained wi

significantly increase the sensitivity of the experiment searching for local sources dfigitenergy
gammagquanta, to start studying chemical composition of primary cosmic rafs@o* eV, and to
carry out investigation ofariationsof muons with energies above 1 GeV [16].
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2. fAAndayrayc hyo

I'n 1996 t he ftArgedes to cepister BASsawitigCaljbeV came into operation. It
consists of 37 standard det e-€ Do fexchmpfastid shimtilamrh me t y |
evenly spread over the area of 45.00Dan the slope of the Andyrchy mountaintivia maximum
gradient of altitude of 150 m and at a distance of 40 m from each other [17]. The central detector of
AfAndyrchyo is |l ocated over BUST, and a vertical t
is important to secure the performanaf a facility located on the mountain slope during periods of
thunderstorm activitiesT his task has been successfully solved by registering pulses of electromagnetic
oscillations generated in lighting discharges. As the increase in amplitude of thes puith
thunderstorm approaching reaches a specified threshold, the electrical network (at the point where the
data are collected) automatically disconnects to form short segments, which are switched off from the
detector and are fleaded to the discharge The network configuratiamsumes its functioningfter the
thunderstorm is over [18].

The following researches are carriedE®utey at fAN
[19]; search for gammeay bursts with hard energy spectrum [2@ldasearch for of evaporating
Primordial Black Holes [21].

The AAndyrchyo array and BUST is a complex of t\
to study the primary cosmic ray spectrum and its composition in the energy region of thee dreeege
in the spectr a'fevi2zlldex at about 3L10

The underground complex of the BNONR RAS facilities

Schematic view of a longitudinal section of the BNO adit and Andyrchy slope is shown in Fig.3
presenting the locations of different underground laborataridghedependence of underground muon
flux on the distance from the entrance. Descriptiontb@fboratories are adduced below.

1. The Baksan Underground Scintillation Telescope

The Baksan Underground Scintillation Telescope (BUST) has come into operation in 1978. It was
targeted to solve various tasks in astrophysics, cosmic rays physics and &lgipericle physics [23].
BUST is situated in the underground hall of ~ 12.06@mma distance of 550 m from the entrance to the
underground horizontal tunnel. The effective thickness of the ground above BUST is 850Tdlem
telescope is a rectangulauilding of11.1 m height and 2807hase. The blocks of the building are made
of low-radioactive concretéts four horizontal and four vertical planes are covered with standard
scintillation detectors (3180 in total). The total mass of the telescop8st2that one of the scintillator
is 330 t. Signals are taken from eactBh80 standard scintillation detectors and processed in the same
way as those of the ACarpeto array. The threshold
of 10 MeVin the detector. Signals from individual *A™ converters, from integral discriminators, and
anode signals from a group of detectors from each of 8 layers of the telescope go to the registering
devices in the apparatus hall. Analysis of the signalsvallone to determine the coordinates of the
detectors through whiclparticles have passed and their arrival directions. The information from
registering devices together with that of absclate relativetime systems goes via a direct channel to
DAS (dataaccumulation system). Every 15 minutes the collected information that has been preliminary
processedoes through the optical fiber to the BUST server. About ten diagnostic programs are running
simultaneously providing information on the performance lahal systems of the telescope.
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Fig3. Schematic view of a section of the Andyrchy slope along the adit (right scale) and dependence of underground muon flux on
the laboratory location depth (left scale).

Though relatively small, the thickness of thaountain rock above the telescope reduces the
background caused by c.r. by 3600 times in comparison with that on the surface (the count rate of single
muons withE>0.2 TeV is 123). The reduced c.r. background allows scientists to study problems related
to rare processes registration, sucinassurement of the muon flux generated by-aiglrgy neutrino;
search for neutrino bursts accompanying a star collapse in the Galaxy, and others. At the same time, the
residual c. r. intensity in the undergroundriemnment allows one to carry out a research into a wide
range of tasks of cosmic ray physics: anisotropy of cx¥16f° eV, chemical composition of primary c.r.
of 106 1'®eV, interaction of muons ¢f1TeV with matter, and others.

The following arethe most important results obtained over the years of research:

1 muon flux generated by atmospheric neutrino of cosmic rays in the rockBid&dr has been
measuredtobe’= (2. 6 0 fem®&'sri[84); L 10
1 one of the first limits obtained for thecillation parameters of atmospheric neutrinog &f v

andv, Y types [25];

a limit on highenergy neutrino flux from local sources in the galactic plane;

the best limit, for a time, on the slow and heavy magnetic monopdlEs . 5% cinBs'sr!]

[26];

§ theamplitudd 1 2 . 3 Raddgthelibase 1. 6N0.8 (in sidereal ti
anisotropy have been measured [19];

1 data accumulated during 34 years (live time 29.8 yedmjonitoring the Galaxy in studying
neutrino bursts frorgravitational stellar collapses gave a limit on the frequenbyits f to be
f<0.077 yr (90% C.L.) [27];

1 neutrino flux from SN1987A that collapsed in the Large Magellan Cloud was registered
simultaneously with USA, Italy and Japan facilities [28];

=a =
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1 proton stability had been tested in 19883 years and tHamit for the halflife of proton was
achieved: T> 0 . §'ears [29];
f the data obtained in studying of chemical composition of primary c. r."8fL0¢ eV are in
good agreement with the résuof direct measurements for lower energies{&¥) [30]:
1 the technique to separate hadronic and electromagnetic cascades, based on registration of
"-g-e-decays accompanying the cascade, has been developed and realized in an experiment
[31];
1 total crasssection of hadronic photoabsorption has been measured for photons with energies up
to 10 TeV [32];
1 the experimental data on cresse ¢ t i -Bl mteracfion for the range of energies of-4080
GeV have been obtained using theasured valuef the nuéear cascadesaction. These data
together with those obtained at DESYds HERA c«
of crosssection of photothadroninteraction than that of hadrdradron interactions [33].
A set of preparatory and researcbrias is carrying out at the BNIDIR RAS at present time directed
to a development of a project of a large liquid scintillator detector with a masBEoktSwhich could be
built at the ~4000 m w.e. depth. The detector is intended for the investigatitims oéutrino and
antineutrino fluxes from different natural and artificial sources such as decays of the radioactive
elements in the Earth, theramuiclear reactions in the SUN, sup®va bursts, nuclear reactors and
others.

2. Low-background Laboratories

Low-Background Laboratories (LBL) carry out research of extremely rare reactions and decays with
energy release up to 4 MeV. For these studies one needs to diminish not only the background caused by
cosmic rays but also that one due to the decay of maad#active elements always present in the
environment. The latter task has been solved by screening the experimental underground facility with a
combination of layers of ultrapure shielding materials absorbing radiation, and by making sure that the
facility is made of ultrapure material. The researches carried out in the LBL are search for various modes
of double betalecay of a number of isotopes; search for candipaticles for dark matter of the
Universe; test of the law of electrical charge covaton and many others.

There are three underground laboratories, situated at a different depth, where LBL researches are
carried out: 1) lowbackground chambett a depth of 660 m w.e, 385 m from the entrance to the tunnel,
useful area of 100 fmput into operation in 1974 [34]; 2) chamber for precise measurements at 1000 m
w.e. depth620 m distance from the entrance, useful area is2@un into operation in 1985; 3) deep
underground lowbackground laboratory (DULE900) at 4900 nw.e. depth, 3670 m from the entrance,
useful area is 200 fput into operation in 1993, modernized in 2008 [35]. Cosmic ray flux in these three
chambers i s °r ed and@idespeytiveR.A 1 0

A number of lowbackground facilities based onnsieonductor, gaseous and scintillation detectors
have been designed, made and used over the years in various experiments such as: study of cosmogenic
radioactive isotope distribution in the samples of moonrock brought by Automatic Interplanetary
Stations luna16, Luna20 and Lun&?4; test of the hypothesis of cosmic ray intensity being permanent
during the last several hundreds of thousands of years performed by measuring the content of
cosmogenic isotop€'Kr in the atmospheric air [36]; investigationtbg radioactive purity of industrial
metal and a selection of those to be used in the constructiow-bfackground facilities with the lowest
possible natural radioactive contamination [37]; the experiments searfdvingvo-neutrino and
neutrinoless ddle-betadecay of isotopes dfGe, **Mo, *Nd, **°Xe [38] i [41]; for 2K-capture in
Kr and***Xe isotopes [42], as well as other experiments have been carried out.

A possibility of a creation of the new Ielbackground cryogenic laboratory in the exigtcavity at
the 2620 m distance point of the Main Adit (~3000 m w.e.) examines in the BNO at present time.
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Investigation of 0.04000 eV energyeleases from different rare nuclear processes could be done in the
laboratory with cryogenic calorimeters liay the best energy resolution in comparison with detectors of
the other types.

3. Gallium-Germanium Neutrino Telescope

Gallium-Germanium Neutrino Telescope (GGNT) is targeted to measure solar neutrino flux which
carries unique information on thermonualeeactions in the central regions of the Sun as well as on
neutrinos themselves. Sine 1986 the experiment has been carried out within the frames of the Soviet
American Gallium Experiment (SAGE) [43].

The experiment is based on the reactid& & # "‘Ge + ). The advantage of this reaction is its
low threshold of 0.233 MeV. The ppeutrinos, having energy up to 0.423 MeV and constituting the
main portion of solar neutrino flux, can be registered through this reaction. Radioactive iStepe,
prodwced in this reaction undergoes decay by electron capture, witiiT.4 days halfife. Registering
"'Ge decays allows one to determine the number of interacting neutrinos and to calculate the solar
neutrino flux.

e —

Fig4. A view of the GGNT hall.

The underground complex &GNT laboratories is situated at a distance of 3.5 km from the entrance
to the tunnel, at a depth of 4700 m w.e. where muon flux is reduced byn&é due to natural mountain
rock shielding?cm&hTthenasi n 3h.a0lNO .0lf) Lt1h0i s >dimensipns.e x i s
A view of the hall is shown in Fig.4. To reduce the background caused by neutrons andrggmma
coming from the surrounding natural rocks the hall is encased in concrete-dmactivity and steel
sheets, of 600 mm and 6 mm thickness, respectively. The flux of neutrons with energieklafi&\d
in the laboratory i€2 . 3 Lcti®*. The underground complex of GGNT laboratories includes rooms
for: analytical chemistry/'Ge decay registration siem, lowbackground semiconductor @letector
and a number of other auxiliary subdivisions. About 50 t of metallic gallium in a melted state is placed
into seven chemical reactors. Natural abundasfc&'Ga isotope in gallium is 39.6%. Given the
expecteds ol ar neut rends’, thereishould be p®duded 25 atoms’Gfe during one
month of 50 t metallic gallium expositioim the underground conditiong unique and effective
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technique (90% extraction efficiency achieved and kept over the)ykeas been developed to extract
"Ge atoms from the 50 t melted “mkeiGalatornscTheg al | i ur
periodicity of this extraction procedure which is the basic technological process of the telescope is 30
days. The gas GeHs syrthesized on the base of the extracted stabledbger atoms added to the
target to extract the generaté@e atoms. It constitutes the main component of the gas mixture filled
the proportional counter to regist€fGe decays in the underground registratsystem of GGNT
during 4 months, thereby coverif@0 haltlife periods of ‘Ge. Then, within the period of two
months, the background is measured. Data from the proportional counter are transmitted-imthe on
mode, via fiberoptic channel, to the local server of the GGNT grebaded laboratory. The whole
cycle of operationsalled a run include§'Gatarget exposition, extraction 8fGe, and measurement
of “Ge decays.
The analysis of data obtained in the period of January 1¥®€cember 2010, yielded 6% ;4
SNU [44] (1 SNU = 1 interaction per second in the targetaining 16° atoms of an active isotope).
The result obtained in the SAGE experi ment const
calculated within the frames of the Standard Solar Modal (SSM) BPS08. The SSM value does not take
neutrino oscillationinto account. This result of SAGE experiment together with the results of other
underground experiments registering solar neutrino (Homestake, USA; GALLEX/GNO, LNGS;
Kamiokande/SuperK, Japan; SNO, Canada) allows to calculate estimations of :
f  pp-neurino flux that reaches the Earth in the form of electron neutrino (electron flavor)N[(3.4
0. 4 79ct%'p[44];
9 total neutrino flux produced in pyeactions inside the Sun and reaching the Earth in various
flavors (electron muonr and tauneutrino) dueto oscillation of original electroneautrino,
[ ( 6. 0 RTm?8')[44]1L 0
The experimental value of the total neutrino flux is in good agreement with the one predicted by SSM,
(5. 95N&cn’s) L 10
To test and calibrate the techniques used in the SAGE experimié@tra sour ce®sd6f 1. 91
intensity emitting neutrinos of 747 keV (90%) and 430 keV (10%) was used. In this calibration
experiment the ratio of the measured rat&'Ge production tote expected one caused by a source of
given activity has been found to be 0.95N0.12 [ 4c¢
Another calibration experiment was made with artificial neutifr source emitting 811 keV
neutr i no s g intensitl The daind ratio of tH&Ge prodetion rates has been found to be
0.79%%,,, [46].
The experiment BEST with the two concentric zonestadget and 3MCi artificiaP’Cr neutrino
source is preparing at the BNBR RAS now [47]. The goals of this experiment are to search for the
shortbaseline neutrino oscillation and to test of sterile neutrino hypothesis.

4. OGRAN facility

At a distance of 1350 m from the entrance to the main tunnel, the new laboratory is created to
accommodate the [ptoacoustic GGRAN faclityihasnbaeh ANt en
constructed using principles of sclthte and laser interferometer gravitational antennae. Acoustic
vibrations of solidstate detector (manufactured in the form of cylindrical aluminum bar with a central
axial tunnel) induced byrgvity wave are regisred by optical resonator FabPgiot, whose mirrors are
mounted on the far ends of the detector. Low noise of such an opticaluesyktem allows sensitivity
of relative deformation to be of 8 for the detector of 2.5 t withoutny cooling procedure. This
sensitivity is good enough to detect bursts of gravity wave radiation generated in relativistic cataclysms
in the center of our Galaxy (~10 kpc) and its close vicinity (up to 100 kpc) according to optimistic
scenarios. OGRAN ithe cooperative project carried out by Institute for Nuclear Research of RAS,
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Instituteof Laser Physics of SB RAS aiibscow State University (Sternberg Astronomical Institute
SAlI MSU).

Construction of the detector was finished in 2011; its installatidhe underground laboratory was

finished this year. The detector would come into operation in 2016. Measurements of gravity gradient

background

are supposed

simultaneous dataf OGRAN and the BUST BNO.

5. Underground complex of Geophysical Facilities

t o

be performed as

vibration and acoustic noises are lowered by many times in comparison with thosesarfalce. Such

underground environment provides necessary conditions to carry out various geophysical researches

securing their high sensitivity.

entrarce and supplied with different measuring devices and instruments:
1) the labgatory of SAI MSU, at a distance of 5810 m from the entrance to the tunnel;
researches of the Earth strains are carried out with theskiggitivity wideband laser
interferomeer [48];
2) the geophysical laboratory Nol, at ~1520 m; it is a nearby geophysical complex of the
Schmidt Institute of Physics of the Earth RAS having tilt indicators (inclinometers),
magnetic variometers, and earthquake detection station at its disposal,
3) the gehysical laboratory No2, at ~4000 m; it is a distant geophysical complex IPE RAS
having tilt indicators, magnetometers, gravimeters, thermometers as well as earthquake
detection stations pertaining to Geophysical Survey RAS.

Environmental parameters of the underground laboratory complex are held within stable limits;

There are three underground geophysical laboratories situated at a different distance from the tunnel

Data obtained in geophysil experiments allow scientists to monitor seismic activity in the earth crust

related to the sleeping volcano Elbrus which is at a distance of about 20 km from the underground
geophysical complex of facilities [49].

Various researches at the Baksan NeatObservatory INR RAS are carried out in collaborations

with Institutions all over Russia and the world. To name some of them, Kab#&dikarian State
University, Federal South University, Moscow State University, National Research Nuclear University
MEPHI, Schmidt Institute of Physics of the Earth RAS, Pushkov Institute of Earth magnetism,
ionosphere and radiowaves propagation RAS (IZMIRAN), Polar Geophysical Institute RAS,
Geophysical Survey RAS, Institute of Astronomy RAS, JINR, Kharkov Nationalddsity (Ukraine),
Institute of Nuclear Problems (Cosmic Ray Laboratory, Lodz, Poland), international collaborations
AMORE, GERDA and EMMA. All these collaborations significantly increase the efficiency of the
Baksan complex of grouddased and undergrodrfacilities in solving a wide range of problems in

modern science.

A. A. Pomansky, fiBaksan

V. V. Kuzminov AThe Baksan

E. N. Al ekseev, V. V. Al ekseenko,
rays registrationo,
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Burst activity of the Crab Nebula and its pulsar at high and
ultra -high energies

A. S. Lidvansky
Institute for NucleaiResearch, Russian Academy of Sciegndescow;lidvansk@lebedev.ru

Abstract Characteristics oftie flares of gamma rays detected from the Crab Nebula by the AGILE and
FermiLAT satellite instruments are compared with those of a gamma ray burst recorcedeos! air

shower arrays on February 23, 1989 and with one recent observation made byYEIGDray. It is
demonstrated that though pulgmriodicity and energy spectra of emissions at 100 MeV (satellite gamma

ray telescopes) and 100 TeV (EAS arrays) different, their time structures seem to be similar. Moreover,

may be the difference between fAflaresodo and fiwaveso
team also exists at ultfzigh energies.

Keywords: Crab NebulaGamma Ray AstronomZosmic RaysExtensive Air Showers

1. Introduction

Gammaray flares from the Crab Nebula were discoveired fewhundredMeV energy rangdy
the AGILE [1] and FermiLAT [2] satellite telescopes. Since then, both the telescopes continue
recording such flas approximately once in a year, the strongest of them (#apex having been
detected in April 2011 [7], [8]. The energy spectra of additional emission during the flares were
measuredo be different from those of the Nebulwever,fthe mechanism diing the flares, their
impulsive nature, the tghonth recurrence time, and the location, remain unkiadd®. For all that,
based on mukivavelengthcampaign to study the Crab using Keck, Hubble Space Telescope (HST),
andChandra Xray Observatorytheauthors of [12] suggested thesaa | | ed fAi nner knot o
emitting region for the flares. In additiothe analysis made by the AGILE collaboration for the
SeptembeOct ober 2007 event has found a f iTheghaget r uct |
demonstrated that there isléference betweeshorterii f | a r éisgérii & a die tkedCrab Nebula
emissionduring this flare.

After sensational discovery of gamma ray flares by AGILE and Fermi LAT it was recalled [3] that one
event of thidype (though at much higher energies) had been discovered many years ago by several EAS
arrays [4], [5], [6].

2. Gamma-Ray Emission Burst on February 23, 1989

The first announcement about this burst was made during the International Workshop onRaynma
Astronomy in Crimea in 1989 [4]. An increase of intensity of extensive air showers (EAS) was detected
by the Carpet air shower array of the Baksan Neutrino @a&®y on February 23, 1989. After this
communication the group at Kolar Gold Fields (KGF) in India confirmed this result of Baksan and
published a paper [5] on simultaneous detection of a garaynaurst in the Crab Nebula at ultra
high-energies indepematly by two EAS arrays. Final publication [6] by the Baksan and Durham
University teams summarized the data of all arrays that could observe the source on this day. It was
demonstrated that with different significance the burst was detected by allagrsfiways located in
the longitude range from India to Italy (KGF, Tien Shan, Baksan and EAS TOP). The arrays located to
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the east and west from this interval (at that time OHYA MINE and Akeno SPICA in Japan and HEGRA

at La Palma, Canary Islands, were petation) showed no excess from the source direction. Thus, the
total duration of the observed effect was no longer than about 7 hours. One can speak also about a
possible decay of intensity whose maximum probably fell on observations with the KGF eyuagsA

and 2 taken from paper [6] demonstrate the most remarkable features of the burst as detected by the
Baksan Carpet air shower array.

D (o)
I

Events / run

w

12 13 14 15 16 17 18 19 20
UT /hours

Fig1. The number of events withime Crab cell per 20 min run for 23 February 1989. The smooth curve repsdbergxpected
background. The blacked events are from thbi@ in Fig. 2.

llllllllllllllllll

.0 3 .6 9
Phase

Fig2. The relative phase distribution of the 55 events within the Crab cell after barycentring the arrival times and applying the
values of the pulsar period and its derivatiaccording to the Jodrell Bank Crab ephemeris.

It is clearly seen that the Baksan array data demonstrate an obvious dependence of the effect on the
pulsar phase: events from a single phase bin can produce the entire observed excess of intensity (the
KGF group also found some phase irregularity, though not so well pronounced). Summarizing, one can
state that with a rather high probability (the combined probability of random coincidences was estimated
in [ 6] “asgahmaayshirdt Bom the Crab Neluwas detected on February 23, 1989 in the
energy range 07 10°eV, and excess emission in this burst
activity.
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3. Different or Similar Types of Flares at Different Energies?
3.1. Temporal Structure

In [3] attention was attracted to the fact that thpeése temporal structure in the event of February 23,
1989 might be reproduced at least in one of the AGILE flare events (September 2007). A bit later it has
been discovered [10] that in addition to flatiesre exists another type of intensity increase called waves.
And exactly during the September 2007 three short flares (F1, F2, and F3) were identified together with
two waves W1 and W2 (see Fig. 3).

0»6

b
=

F2

F1

F3

I
+ fi

e L
54378 54380

10°® photons cms™!

+

TR I
54384
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&366 54368

P IR R R R
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Time(MJD)

I L
54382 54386

Fig3. Thedifferencebetweerflaresandwavesn the Crab Nebulagammaray emissioraccordingto Strianietal. [10]. The
threeflare structure of the event is similar to three bunches of napiease emission constituting almost all exaEsstsin
Fig. 1.

Similarity of the temporal structures for events of Fig. 1 and Fig. 2 is obvious. In one case three
bunches shorter than one hour are repeated with a period slightly longer than one hour. The other event
includes three flares with duration of about one day, and dheyepeated with a period a bit longer
than one day. So, a sort of a stable pattern with a scale factor is observed at drastically different
energies of gamma rays. It should be noted that the fine temporal structure was also reported by the
Fermi LATtam f or the March 2013 fl are: AiThe | ight ¢
56357.9, 56360.1) on top of a strongly increase
is not so constant, but its duration, nevertheless, is closettofthi. 3 event.

The results of AGILE and Fermi LAT stimulated other groups to search for possible Crab flares, and
one of them at first seemed to be successful. The ARBDarray after processing the data for Crab
direction has found [9] an enhancemémtthe period September 2%, 2010, which is shown in Fig.

4 for a 10day period of averaging. The same event is presented in Fig. 5 with averaging over 2 days.
This result was obtained at energies (about 1 TeV) intermediate between two region coréideee
Nevertheless, there is a temptation to think that ratio of durations (several hours for 1989 event and
about a week in this case) gives some evidence
dichotomy at ultrehigh energies. Howevem ithe next publication [11] of ARGQBJ this piece of

data was partially disavowed, though another interesting fact was presented: a correlation between
Fermi and ARGYBJ Crab intensitiesi Ev e n i f -YBhrate varRi®@s are consistent with
statisti@al fluctuations, the Fermi and ARGYBJ data seems to follova similar trend. The
ARGO-YBJ rate appears higher.in the fAhoto Fer mi p
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3.2. Energy Spectra

It is commonly believed that the energy spectrum of the Crab Nebula is formed by synchrotron
emission below GeV and by inverse Compton radiation at higher energies. As far as flaring radiation is
concerned, it is presumed to be associated with the synchrotron component. Spectral behavior of the
flares appeared to be rather different: according to Fermi LAT,aheift 2009 February exhibited only
a flux increase with no spectral change. On the contrary, the flares in 2010 September and 2011 April had
fluxes strongly correlated with the spectral i n
synchrotronnebal har dens as the flux increaseso [15]. At
in [15], within the measurement accuracy the spectrum of the pulsar did not change in the entire analysis
window with respect to the alime average, and only synchmtrcomponent of the Crab Nebula is
rapidly variable.

For the ultrahigh energy bursts at the moment no information on spectra is available.

3.3. Pulsar Periodicity

The Crab pulsar emission haa very complicated energy dependence. In the radio waveband in
addition to the main pulse (MP) and interpulse (IP) there are a precursor of the Mifedaency
component (LFC) and two higinequency components (HFC1 and HFC?2), as well as giant radio pulses
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that randomly appear on different phaséshigher energies the Crab light curve becomes more regular
and the gammaay domain has only two pulses P1 and P2. The amplitudes of these two pulses depend
on energy. For exampléie P2 pulsés twice larger in amlitude than P1 at energy less than 10 MeV
(COMPTEL), but already at energy 30 MeV (EGRET) the situation is opposite. At the energy
exceeding 100 GeV (the data of Cherenkov telescopes VERITAS and MAl&@l)ise P2 becomes
dominant again. There are alsome indications to the possible appearance of a new pulssoPi.

would be not surprising if at still higher energy only a single pulse survives, as it takes place in Fig. 2.

4. Discussion andConclusion

Interpretation of gammeay flares as producduy synchrotron radiation of accelerated electrons in
compact regions of intensified magnetic field (plasma instabilities) requires the energy of such electrons
as high as 18eV (for example, [10]). If these electrons do really exist, one can recideh®f Atoyan
and Aharonian [16] that Crab Nebula wisps probably have sufficient amount of matter to make
bremsstrahlung radiation effective. If so, 1000 TeV electrons can easily produce 100 TeV gamma rays.
Even without this hypothesis accelerated paticdan produce simultaneously mdlgV emission via
inverse Compton effect and hundielV - GeV emission through synchrotron radiation [17]. When
explaining two sets of data discussed in this paper, the problem is that -#ightenergies the pulsar
periodicity takes place, while it is not observed in hundvi)/ flares. As possible explanation one can
suggest that at lower energies an observer receives gamma rays from a larggphorasil surface of
the pulsaiwind driven shock, so that the phaseandomized because of path differences.

Nevertheless, many details of the mechanisms of flare generation (like, for example, triple scaled
temporal structure and distinction between flares and waves) are unclear as before, and the Crab Nebula
stll remai ns an enigmatic Afastrophysi cal chi merabo
juxtaposition of data at different energies will be useful for construction of a realistic model of the source
internal mechanism.
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Mechanisms of supernova explosion: modern status

D. s. Nadyozhin

Alikhanov ITEP, Moscow, Russia; nadezhin@itep.ru

Abstract The mechanisms of explosion of different type supernovae (SNe) are discussed. At least four
mechanisms are under detailed inspection of scientific community forcobapse SNe. They are the
instability of standing accreting shock front that result$i@large scale-8imensional hydrodynamic flows,

the phase transition from nuclear to quark matter, the maguoégitonal expulsion of supernova envelope,

and rotational fission of collapsing stellar core into a pair of proto neutron stars. The mecbé&nism
explosion of cosmological SNe (of Type la) is physically understood as the thermonuclear explosion of
carbonoxygenrthelium matter. However there exists a serious problem with modeling of the structure and
propagation of unstable thermonuclear flame iharucial for numerical agreement with observations.

Keywords: Supernovae, Supernova Remnants

1. Introduction

Physically, there are two fundamental types of SNe: the thermonuclear SNe represented by Type la

SNe (SN la) and the cowllapse SNe, respectively. The caalapse SNe are subdivided into several

subtypes depending on the amount of hydrogen hanging around the stellar core just before it begins to

collapse such as Type IIP, IIn, llIb, Ib, and IceSNhe progenitors of Type IIP and lin SNe have plenty of

hydrogen in their envel ope SNellhaye alsoadme lydr@eninmao ¢ h

extended atmosphere formed by stellar wind on the top of their dense hydrogen enriched efffedopes

C

progenitors of Type |1 1L SNe hawhereasithelspedtraa Bypeh y d r «

Ilb SNe show only traces of hydrogen during the first few days after the explosion, then these SNe

become similar to SNe Ib. Types Ib and Ic progesitortually have no hydrogen left. Type Ic differs

from Ib by lack of helium. The Type Ic progenitors are believed to have lost not only all hydrogen but

also a fair amount of helium during their evolution.

2. Thermonuclear SNe (Type Ia)

The type la SNera believed to arise in close binary stellar systems from explosive carbon burning
either in a degenerate carbork y gen ( CO) white dwarf as soon as

a certain value close ©handrasekhar mag#/ 8 1.4 Ms ) or in the pocess of mergence of two white
dwarf binary components. The explosion energ¥51051erg comes from the thermonuclear burning

of *2C and™0 mixture into®Ni that has the maximum binding energy among nuclei with equal numbers

of neutrons and proton¥he white dwarf turns out to be totally disrupted in the explodiono stellar
remnant is left! The total energy of electromagnetic radiatigré® x 10°erg is mostly supplied by the

*Ni °¢o °%Fe betadecays. The hydrodynamic modeling of the SN la light curves shows that only

a small fraction of explosion energy is transformed_into radiatiQn/ Eexp @ 0.06.This is by a factor of
2 less than the ratio of the energy releaseder **ebeta decay (5.5 MeV) to the energy produced

per synthesizetNi (47 MeV) during the thermonuclear burning of the mixture of equal C and O mass
fractions. This happens because a portion of beta decay energy is expended on the hydrodynamic

d
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expansion of supaova debris. Hence, almost allfresides in the kinetic energy of the envelope
expanding with the mean velocify8 000 km/s. Comparison of the SN Ia models with observations
shows that about (0161) Ms of **Ni is produced per SN la outburst.

The igntion of thermonuclear fuel and propagation of the flame in degenerate stellar matter is a
fundamental problem still to be solved to understand the basic mechanism of SN la explosions and
finally to calibrate SN la as standard candles for observationatatogy. From the beginning the
thermonuclear flame propagates by means of eseunlz deflagration being governed by the electron
thermal conduction. The burning fronit sroves tc be extremely thin and fraught with a number of
instabilities such as Rayleighaylor, Kelviri Helmholtz and Landduarries ones. Since the Reynolds
number typically is of the order of () the front gets a strongly wrinkled structure and the burning
becomes of turbulent nature. Owing to the growth of surface area covered by ththdroate of
combustion considerably increases. As a result, after a time the deflagration can develop into a
supersonic detonation that is driven by a shock wave which heats matter up to the ignition. The
transition from the deflagration to detonati@required in order to achieve the compliance between
theoretically predicted chemical compositions of the SN la ejecta and that observed in the SN la spectra.
However, for a group of discovered recently sub luminous SNe la the deflagration alone sbems to
adequate [1]. There is also a problem with understanding how and where the nuclear fuel actually begins
to burn. The flame may flare up not necessarily in the very centre but either in an off center bubble or in
separate little spots randomly distribditeround. An extensive study of turbulent burning in degenerate
matter of white dwarfs is under way. The current results and further references can be fotfid in [1

3. Core-collapse SNe

The iron stellar cores begin to collapse owing to the loss of dgahmtability. Due to the
photodi si nt egration of i-pantiotesftbkbe adchabanscandd
the critical value 4/3. Hence, the gradient of pressure cannot withstand the force of gravity any more.
An inner core withanas s of ( © aréundithe 8tell& tentdd begins to contract almost in a
free fall regime. In a few hundredths of second the central density reaches the nuclear detisity and
contraction slows down. The outermost layers, being still in a state close to free fall, collide with the
decelerated inner core. Thereby a nearly standing accreting shock wave (SAS) forms at the boundary
of the inner core and the outer envelopke key question for the coreollapse supernova mechanism
is to verify whether such a standing shock becomes finally transformed into an outgoing blast wave
that would expel the supernova envelope.

The SN outbursdf corecollapse SNés triggered by the gravt at i on al coll apse of
a mass M=(1.22) Mg into a neutron starAbout (10 15)% Mec? is radiated in the form of
neutrinos and antineutrinos of all flavors ifgt):

E., 5 (3-5)x18%rg.
The explosiorenergy (kinetic energy of the envelope expansion) according to observations:
Eexp=(0.5-2) 16%rg.

It comes from the shock wave created at the boundary between-boneweutron star and the
envelope to be expelled. So, famccesful explosion it is enough to transport in stellar envelope less

than 1% of total neutrino ener®3~::

e 3 -
Eex/ Eg-5~10° - 107

Figure 1 clearly demonstrates the formation of the $#Sthe case of spherically symmetrical
collapse of a 2 Miron-oxygen stellar core [10;At 0.123 s after the beginning of braking of thaer
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core contractin, nearly 1.8 M is encircled by th&AS front.

| u/10°kms™
o

o

0.0349 s

-20F t=0s .
0.00870s
=30t 0.00057 s '
0.00237 s

-40F 0.00457 s Mg = 2M@ -

xxxx= neutrinosphere

0.087
0 0.037 0.187 0.287 0.387 0.489 0.78 0959
m / Mo

Fig1. The velocity versus the relative mass gailifferent times (Adapted from [10])

Figure 2 shows the characteristic features of the hydrodynamic flow in the region around the
neutrinosphere and SA#ve.

infalling
envelope

]

dYe<0 dS<0

Fig2. The layout ohydrodynamidlow in the interval between the shock wavg)Rnd the neutrinosphere 8.  Two regions
of convective instability are shaded in light gray. At radii r g:Rhe heating of matter by the neutrino flux from the
neutrinosphere exceeds the cooling by the local neutrino losses.
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The large scale convective currents are expected to evolve due to negative gradients of both the
entropy (dS < 0, entropgriven convectia) that appears in the region just below the SW and of the
electron fraction (d¥<O0, leptondriven convection) nearby the neutrinosphere. These currents
transport some energy to the SW in addition to that supplied by the neutrino flux from the
neutrinosihere. There was suggested that this effect can force the SW to propagate outside. However,
an extensive modeling of the cerellapse SNe during last three decades has demonstrated that neither
the convection nor the heating due to the neutrino flux faRg.in Fig. 2) can increase the explosion
energy to the value that would be large enough to explain the observations. Nevertheless in case of
spherically symmetric collapse, the SW finally throws an envelope out. This happens when with time
the rate of rass accretion from the envelope considerably decreases and the excessive pressure like an
overcompressed elastic spring pushes the SW outward forcing it to propagate through a steep density
gradient. Unfortunately, this effect (called a hydrodynamic beywan produce only a low energy
explosion withEe,, being at least one or even two orders of magnitude less than its standard value of
10°* erg. Although such a weak explosion seems to be adequate forssbnieminous Type IENe
like the historical Crab nebula SN 1054 (see [11] and discussion therein), the problem how to get the
more energetic explosions remains to be far from a satisfactory solution, at least in the framework of
spherically symmetric models.

Therefore, it isplausible to assume that the solution can be found by addressing to substantially
nonspherical effects such as, for instance, magmatmtional mechanism [124] and rotational
fission of the collapsing core into a binary system of praotron starshiat evolves losing angular
momentum and energy through the gravitational waves with subsequent explosion cinassw
(40.1Ms ) componenf15 - 18].

During the last years it became clear that the spherically symmetrical SN models can, nevertheless,
explode due to the phase transition from nuclear to quark matter if the transition afteufse SAS
formation.Figure 3 shows an example of detailgdirodynamic calculations [19] (see also [20]). The
formation of SAS completed at 240.5 ms (thick black solid line). Then the phase transition appeared at
radius about 8 km and initiated further gravitational contraction of stellar interiors that provhwed
shock wave propagating outwards. At 256.3 ms this shock wave reaches SAS pushing it far off the
accreting envelope and thereby triggering the supernova explosion. A very important result of
calculations in [19] is also the prediction of a narrow (~) peak of electron antineutrino flux with
mean square antineutrino energy up to 35 MeV. The peak occurs-&575s. Such a peak can be
observed by modern neutrino detectors for the SN in our Galaxy.

10k ) —240.5 Ms||
' ===255.2 ms

- ' immi255.4 ms
0 bF ’ \ o H
[ ’ % 255.5ms
= it > , |---256.3ms
B 2 i L —-=261.2 msf]
z ‘ : ‘
T
k=)
D
>

10 b il " PR |

10' 10° 10°
Radius [km]

Fig3. The supernova explosion induced by the plasesition from nuclear to quark matter inside a spherically symmetrical
stellar core [19].
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Another possibility to obtain the SN explosion for initially spherically symmetrical presupernova
model is connected with the SAS instability (SASI) with regerd?D and 3D perturbations. The
instability strengthens the convective currents in the gain region under the SAS front (Fig. 2) allowing
themto penetrate into the accreting flaamd to transport there more energy thereby facilitating the
expulsion of thesupernova envelope. The SASI is under careful examination by scientific community

already many year21- 26].
3.1. The supernova 1987A in the Large Magellanic Cloud

The most outstanding issues of the SN 1987A are
(i) the detection of extragalactic neutrinos,
(i) the discovery of radioactive nuclide¥Ni, *°Co, *’Co, *Ti) in the SN ejecta,
(iii) the recognition of the decisive significance of lasgale mixing just before or in the process
of the explosion and of nonspherical effects.

Theoretical deciphering of th8N1987A neutrino signal is not yet completed. The rotational
fragmentation model is the only one that combines two, separated by 4.7 hours, neutrino signals in one
self consistent scenar[@5- 18]. Recent observations of the intrinsic dusty ejecta oflS8[FA in the
infrared line(1.64& m[Sil]+[Fe I1]) [27] showed that the dusicreening central point source, has the shape
of a prolate ellipsoid laying in the plaperpendicular to the axis of agton- exactly as the rotational
fragmentation model predicts.

The crucial point here is the lofayvaited discovery of a stellar remnant (a neutron star or a black
hole) which emergence out of the supernova debris is expected in the near future. At @mgsapper
limits on the optical and Xay luminosities of the SN 1987A central point source are available [28].

4. Conclusion

For lack of space, several important topics were not discussed in this extremely short review. Among
them is the connection ddNe with gammaay bursts, the onset of a neutrdoven wind that
presumably should blow from a nascent hot neutron star, and the nucleosynthesis in SNe (in particular,
the neutrineinduced nucleosynthesis angnocess in a coreollapse SNe). To make this deficiency
we refer the reader to the excellent reviewsi[33].
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Abstract The current status of the experiment on recording neutrino bursts from core collapse stars is
presented. The actual observational time is 29.76 y&aesupper bound of the mean frequency of core
collapse supernovae in our Galaxyds< 0.077 yeat* (90% CL).

Keywords: SupernovaNeutrino Bursts

1. Introduction

The detection of neutrinos from the supernova SN1987A [4] experimentally proved the critical
role of neutrinos in the explosion of massivestas was suggested morertta® years agfb] 1 [7].

Neutrinos are especially important, because they reveal physical conditions in the star core at the
instant of collapse. The SN1987A event helped to establish some aspects of the theory, namely the total
energy radiated, the neurtos temperatures and the duration of neutrino B8fsf9].

At present, the standard paradignSoN e x pl osi on mdelayddaxplosomscenaiort he i
Aneutri no me c h auggesenfirst by Wisoi®]randBette [11]in this scenario, one of
thekey parameters is a neutrino energy deposition behind the stalled shock. This energy deposition can
revive the shock energy (wdti the shock wave lost duripgopagation through the outer iron core) and
leads finally to the 8 explosion.

In recent years a substantial progress has been achieved wlintemsional (2D) and
threedimensional (3D) hydrodynamic simulations of SN progenitor evolution. These simulations found
out considerable deviations from spherical symmé§t] i [14]. In particular, the dptonnumber
emission selsustained asymmetry (LESA) phenomenon is identffi&d. It meanghatthe observed
neutrino flux depends on the observer position.

On the other hand, results obtained in 3D simulations pointed dutribegy of the shock wave is
insufficient fora successful SN explosion. However in the recent vioyR. Melson et al[16] it has
been shown that strangeness contributions to netrrinteon scattering ith an axialvector coupling
of "Q T8, are sufficient to turn a neexploding 3D simulation (in whicFiQ = 1.26 was used for the
standard isovector form factor) to saccessfulexplosion. This result indicates that an accurate
knowledge of neutrinmucleon interaction rates, in particularaafer neutral current scattering, is of
crucial importance for assessing the viability of the neutringedrexplosion mechanism.

The supernova neutrino detection will be crucial to test the explosion mechanism and thus to compare
current supernova modelsth experimental data.

Several neutrino detectors have been observing the Galaxy in the last decades to search for stellar
collapses, namely SupKamiokande[17], Baksan[18], [19], MACRO [20], LVD [21], [22],
AMANDA [23], SNO [24]. At present, the neweneration detectors, which are capable to record
effectively the neutrino burst from the next SN, are added to the facilities listed above: 1¢2&jube
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Borexino[26], [27], KamLAND [28] and some others.

The Baksan Underground Scintillation Telescoperapes under the program of search for neutrino
bursts since the miti980. In this paper we present the current status of the experiment and some results
related to investigation of background events and stability of the fagpityation Section 2 isa brief
description of the facility. Section 3 is devoted to the method of neutrino burst detection. Discussion
and Conclusion are presented in Section 4.

2. The facility

The Baksan Underground Scintillation Telescope (BUST) is located in the NortherrsG®(Rassia)
in anunderground laboratory at the effective depthigr5g di? (850 m of w.e.)29]. The facility has
the sizel7l 171 1 m®and consists of four horizontal scintillation planes and four vertical @ig4).

Figl. The BaksatundergroundScintillation TelescopeRighti the upper plane of the BUST

Five planes of them are external planes and three lower horizontal planes are internal ones. The upper
horizontal plane consists of 576 {24) liquid scintillator counters of the standard type, three lower
planes have 400 (2Q0) counters each. The vertical planes havé 4% and (1522) counters. Each
counter is 0.70.71 0.3 nt in size, filled with an organic Bl (n & 9) scintillator, ad viewed by one
photomultiplier with a photocathode diameter of 15 cm. The distance between neighboring horizontal
scintillation layers is 3.6 m. The angular resolution of the facility,isithe resolution is 5 ns.

Information from each counter is trarithied over three channels: an anode channel (which serves
to trigger formation and amplitude measurements up to 2.5 GeV), a pulse channidemiieration
threshold 8 MeV and 10 MeV for the horizontal and vertical planes, respectively (at first ¢isisctior
was equal to 12.5 MeV; the most probable energy deposition of a muon in a counter is 50 M&V
relativistic particle) and a logarithmic channel witte thresholds, = 0.5 GeV.The signal from the
fifth dynode of PM tube FEW9 goes to a logarithmic channel (LC) where it is converted into a pulse
whose lengthi is proportional to logarithm of the signal amplitae].

The BUST is a multipurpose detector. The physical experiniegan in 1978. Since that time, the
parameters of scintillation counters and data acquisition system were permanently improved. One of
the currentaslks is the search for neutrino bursts. The facility has been operating almost continuously
under the progmm of search for neutrino bursts since the -&880. The total time of Galtic
observation accounts for 90% of the calertidae.
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3. The method of neutrino burst detection

The BUST consists of 3184 standard autonomous counters. The total scintillasoisr830 t, and
the mass enclosed in three lower horizontal layers (1200 standard counters) is 130 tons. The majority of
the events recorded with the Baksan telescope from a supernova explosion will be produced in inverse
beta decay reactions

T oRoE 0 (1)

If the mean antineutrino energy p ¢ p W Q(s1), [32], the pass o€" (produced in reaction
(1)) will be included, as a rule, in the volume of one counter. In suchse the signal from a
supernova (SNgxplosion will appear as a series of events from singly triggered counters (one and
only one counter fron3184 operates; below we calichaneventfi aingle everd  dl fromA3200
even) during the neutrino burst.

The search for a neutrino burst cotsistherecording of single events bunch witlatime interval
of U= 20 s (according to the modern collapse models the burst duration does not exceed 20 s). The
expected number of neutrino interactions detected during an interval of dukdtmm the beginning of
the collapse can be expressed as:

6 0, Q¢ Q000w , O- O, )

hereNy is the number of free protoris(E, t) is the flux of electron antineutrinod( E )is thelBD cross
section andyj, (E) is thedetection efficiency of &in reaction (1)d, & 0.7 if thepositron energy £= 10
MeV andd; = 0.9ifEc= 20 Me V) . HDIiméhe lsftysitbimdicated that the hydrogen is the
target.

If one assumes the distance from the SN is 10 kpc and the total energy irradiated in neutrinos is

- g pm QI Q 3)

the expected number of single events from reaction (1) (we assume the total energyidiuthés
equal to(1/6()) will be
06 egvu (4)

Flavor oscillations are unavoidablef course. However, in recent years it was recognized that the
expected neutrino signal depends strongly on the oscillation scenario ($88]e.[R6]). In the absence
of a quantitatively reliable prediction of the flavdependent fluxes and speditres difficult to estimate
the oscillation impacton ¢ ‘Q fluxes arriving tothe Earth.

Therefore we do not discuss the effects of flavor oscillations in this paper.

Background events are radioactivity and cosmic ray muons if only onéecdtom 3184 hit. The
total count rate from background events is f = 0.0hsnternal planes (three lower horizontal layers)
and & inkxtebnal snes. Therefore three lower horizontal layers are used as a target (the estimation
(4) has been caldated for three internal planes). The triggethis operation of any counter pulse
channel (withthethreshold 8 MeV).

In Fig.2 we show how the counter operation threshold changed with timé/ (108 8 MeV) and
the correspondig total count rate of single events in the three internal planes (1200 counters, the target
mass is 130t).
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Fig2. Themean count rate afingleevents in the three telescope internal planes (1200 counters) vs the counter operation
threshold

The energyspectra of single events (i.e. background events) in three lower horizontal planes are
presented in Fig.3. The planes have the numbers 6, 7 and 8 (the numeration is from the bottom upwards).
The exposure time is 322 days in 20delr The spectra have beeneasured by linear amplitude
channels which have the threshold df16V and the energy resolutiari 60 KeV.
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Fig3. Energy spectra of evenid from 3200 in the6-th, 7-th and 8th planes. The exposure time is 322 days (2014 y). The
energy bin width is ®eV. The total numbers of events are shown in each panel.

The peak in the region of 2A5 MeV is due to decays of cosmogenic isotap@; N, ®B, °Li etc.),
which are generated in inelastic interactions of muons with nuctéCafto scintillator and nuclei of
surrounding matter. We estimate the rate of cosmogenic isotopes generation on the base of results
obtained inf37]. In reality, we observe the summatgcay curve from all isotopes which is truncated at
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the left side with the operation threshold of counters (8 MeV). The rest single events are muons which
pass the external planes without recording (through a slit between counters or brushing cothéérs so
energy deposition is less than 8 MeV).

The expected number of background events during
be compared with the experimental events number.

Background events can imitate the expected sigrgih@le evers withinthesliding time intervaly
with a count rate

nQ Q AQD"QT—A (5)

The treatment of experimental data (background events over a period 2004 y; T,ca= 11.98
years) is shown by squares kig.4 in comparison with the expected distribution according to the
expressionf) calculated af = 0.02s”. Note there is no normalization in Fig.4.

Background eventareto create clusters with k = 8 with the rate 0.338and6.9A0% ™ if k = 9).

The expected number of clusters with k = 8 during the time interyah¥ 11.98 y is 1.65 that we
observe in the experiment (2 events). Clusters wi®9kshould be considered as a neutrino burst
signal.
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Figd. Number of bunches with k single events within time interyv

expected number according to expression (5)
3.1. Reactions on Carbon nuclei

There are models which predict the mean neutrino energySidiis O = 30- 40 MeV  [38], [39]
In such case the reactions on Carbon nuclei of the scintillator become effective and neutrinos can be
detected in the BUST through interactions:

60p6> 'h O p&dQw

i=e,e, 0, (6)
p6’° 6 Th O pddlAw

and ’ 69 0 Qh O pwWow

50 6 Q 'Kt 0 p&di @)
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Uis a lifetime of the nucleu$N.
Reaction (§ allowsusmeasuing the total neutrino flux with the enerdsy > 15.1 MeV.

If the mean energD = 30 MeVthe expected number efvents for reactions Jé&nd {) can be
estimatequnder conditions3) by theformulae

0 pe - O pwQw (8)
0 om—- O omQ® 9)

The radiation length for our scintillator is 47 gfdimerefored, & 0.3 In reaction {) BUST can detect
bothe with energy(E, - 17 MeV)ande", if the energydeposition from these particles is greatem8
MeV. In the lattercase, reactiorvj will have the distinctive signaturevo signals separatday thel - 45
ms time interval (dead time tifie BUST is 1 ms).

In reaction 7) the sum of energig&., + E; ) is 17.3 MeV therefore; 4 0.7.

The low part of the overlap between horizontal scintillation pléts 8 mm iron layer. This can be

used as the target in theaction

' 0® #° Ah% p1Q® (10)

(cobalt emerges itheexcited state).
Under conditions3) the expected number of events froeaction {0) (neutrinos arrive from above)
is

& s qm A6 (11)

de(20M e V ) 0.3as the detection efficiency &f with the energy 20 MeV produced into the 8 mm
iron layer.

It should be noticedf O, = 30- 40 MeV anoticeable percentage of neutrino reactions will cause
triggering two adjacent counters.

4. Discussion andConclusion

The Baksan Underground Scintillation Telescope operates under the program of search for neutrino
bursts since June 30, 1980. The counting rate of single events was stable over the period of observation
and its behavior is Poissonian.

One can sefom expression4 ) t hmdius of Beasitivity of the Baksan telescopeds20 kpc.

This region includeg 95% stars of our Galaxy. For more distant&hhe clustessignal will have the
number of recorded neutrino events k < 9 (if we do not fapenexotic mechanism with large neutrino
energies). In this case, one should investigate the correlations with others detectors.

Over the period of June 30, 1980 to December 31, 2014, the actual observation time was 29.76 years
[18], [40]. This is the logest observation time of our Galaxy withutrino at the same facility.

No candidate for the core collapse has been detected during the observation period. This leads to an
upper bound on the mean frequency of gravitational collapses in the Galaxy

foo< 0077y, 90% CL (12)

Recent estimations of the Galactic condlapse SN rate give roughly the vala€-5 events per
century (see e.g41]).

The results of twalimensional (2D)[42] i [44] and 3D[12], [13], [45], [14] hydrodynamical
simulations of SN progenitors evolution found out considerable deviations from spherical symmetry and
imply that SN explosions are mutfimensional.
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In particular, the leptomumber emission sefustained asymmetry (LESA) phenomenon is identified
in 3D simulations[36], [15], i.e. the observedeutrino flux depends on the observer position. The
dependence and ' fluxes arriving to the Eartaccordingthe oscillation scenario only complicates
the interpretation.

The result obtained if16] can be an important steponap h | eadi ng t odelayednv er si

explosion scenar@from a standard paradigra the generally usedne.
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Abstract Preliminary resultsof joint analysis of data of he | NR&és Baksan Undergr c
Telescope (BUST) anthe Gran Sasso Large Volume Detector (LVD) are presented. The results can be
explained by random pulse coincidences inBREST andLV D detectors.

Keywords: SupernovaNeutrinoBursts

1. Introduction

The neutrino burst from a supernova (SN) is a very aack transient event. To record it, several
long-time experiments with high percent of live timareneecd

A joint analysis of data of different facilitiesperatingin the search for neutrino bursts regime, will
allow usto make the search widgreaer sensitivity and increase reliability of detectedtrina signals.
For the task of gpernova search, this is especially important in cases when thenadtion of SN is
p er f or meudconfartabl® conditions for example, a shading of optical ftaby galactic dust or
in the case of neoanonical optical luminosity afnSN.

With that end in view, we attempt to carry out a joint analysis of data of the BUST and LVD detectors.
In this paper we usthe data of both facilitiesver the period of 20122014.

Section 2 isabrief description of the BUST and LVD detectors. Section 3 is devoted to the method of
neutrino burst detection. In Section 4 the algorithm ofthebearE or t empor alkingeoi nci
event® clusters in both facilities is psented. Section 5 the @nclusion.

2. The BUST and LVD detectors

The Baksan Underground Scintillation Telescope (BUST) is located in the Northern Caucasus
(Russia) in the underground laboratory at the effective dep#i@ 52cm? (850 m of w.e.)1]. The
facility hasthe sizel7 1711 m® and consists of four horizontal scintillation planes and four vertical
ones(Fig. 1).



86

Figl. Lefti the Baksan ddergroundScintillation TelescopeRighti the Large Volume Detectos¢hematic view)

Five planes othem are external planes and three lower horizontal planes are internal ones. The
upper horizontal plane consists of 576 (24) liquid scintillator counters of the standard type, three
lower planes have 400 (2R0) counters each. The vertical planes hd¥e 24) and (1522) counters.

Each counter is 0,0.7. 0.3 nt in size, filled withthe organic GHan:2 (na 9) scintillator, and viewed

by one photomultiplie(FEU 49B)with a photocathode diameter of 15 cm. The distance between
neighboring horizontal sciifiation layers is 3.6 m. The angular resolution of the facility’igt# time
resolution is 5 ns.

Information from each counter is transmitted over three charsmelanode channel (which serves
for triggeiing formation and amplitude measurements up to 2.5 GeV), a pulse channethgith
operation threshold 8 MeV and 10 MeV for the horizontal and vertical planes, respectively (at first this
threshold was equal to 12.5 MeV; the most probable energy depositomabn in a counter is 50
MeV [ rdlativistic particle)and a logarithmic channel with thieresholds, = 0.5 GeV A signal from
the fifth dynode of PM tube FEM9 gaes to the logarithmic channehere it is converted into a pulse
whose lengthi is propotional to logarithm of theignalamplitude

The BUST is a multipurpose detector. One of the cutesks is the search for neutrino bursts. The
facility has been operating almost continuously under the program of search for neutrino bursts since the
mid-1980. The total time of Galtic observation accounts for 90% of the calertdae.

The Large Volume Detector (LVD) is located at the LNGS underground laboratory (the Laboratori
Nazionali del Gran Sasso, Italy) at a depth of 3600.j2]. The LVD detectois an underground iron
scintillator calorimeter with a total mass of 2 kt (1 kt of liquid scintillator and 1 kt of itL). consists
of an array of 840 scintillator countefiSig. 1). The whole array is divided ia three identical towers
with independent high voltage powsrppl, trigger and data acquisitiom turn, each tower consisté
35 modules hosting a cluster of 8 countdtach counte1.5 11 1 m®in size) is filled with liquid
scintillator having a mass 1200 kg, and is monitored by three FEU 49B or FEU 125 photomultipliers.
The operating threshold of the coun®biMeV.The ptal time of Galactic observation accounts&®9%
of the calendr time[3].

Identicalhydrocarbonbasedscintillators areused in the BUST and LVD detectors.

3. The method of neutrino burst detection

The BUST consists of 31&tandard autonomous countefke total scintillator mass is 330and the
mass enclosed in three lower horizontal layers (1200 standard counters) is 130 tons. The majority of
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events recorded with the Baksan telescope from a supernova explosion will be produced in inverse beta
decay reactions

T hoE 0 (1)

If the mean antineutrino energy is around 15 MeV [4] tf pass o" (produced in reaction (1) will
be included, as a rule, in the volume of one counter. In@oake the signal from a supernova explosion
will appear a® series of events from singly triggered countarsifglecounterof 3184 operates; below
we cal |l s ubesinglaevede vdfomB26@) duringaneutrino burst.

Background events are radioactivity and cosmic ray muons ifardycounter fran 3184 hit. The
total count rate from background events is f = 0:0tsnternal planes (three lower horizontal layers)
and &'inkxtebnal snes. Therefore three lower horizontal layers are used as a target. The trigger is
an operation of any coter pulse channel (witthethreshold 8MeV).

In Fig.2 we show how the counter operation threshold changed with timeY128Y 8 MeV)
and the correspormtj total count rate of single events in the three internal planes (120tx)the
target mass is 130t).
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Fig2. Themean count rate of single events in the three telescope internal planes (1200 counters) vs the counter operation
threshold

Background events can imitate the expected signaingle events within sliding timaterval (J
with a count rat¢6]

ne 0 Agpat—; 2)

The processingf experimental data (background events over a period 22014 y; T,cua= 11.98
years) is shown by squaresHiy.4 in comparison with thexpected distribution according to expression
(2) calculated at = 0.02s™. Note there is no normalization in F3g.

Background eventreto create clugrs with k = 8 with the rate =188y (and=6.9*10°y " if k = 9).
The expected number of cless with k = 8 during the time intervakJ.a= 11.98 y is 1.65vhat we
observe in the experiment (2 events). Clusterswthk9 s houl d be considered a:
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Fig3. The BUSTthenu mber of bunches with k single events within ti me
curve is the expected number according to the expresgjon (
The search for aeutrinoburst in the LVD detector conséstlso inthe recording of aisgle- event
cluster withinatime interval ofU= 20 s (in the case of the LVDedt ect or , ft héfromi ngl e

8400 event).In order to reduce the count rate from background events, the counters of internal part of the
facility were selected. fotal of 38 counters in the LVD detector were selected for further analysis. The

count rate okingle events in the array of 38ounters selected for analysis in the LVD is 0'4lsis
shown in Fig4.
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Fig4. The LVD; hecountrate of single events in the agraf 360 counters vs the RUNmber; (data of 201R 2014 years, the
number of RUNs 6074

4. The joint analysis of the BUST and LVD data

We carried out a search for coincidence of clusiésingle events in both facilés (BUST and LVD).
It should be noticed, we treat background events certainly and the present adsabfsiethodical
character. The search for the clusters coincidence has been performed for two variants:

1) searchor clusters in LVD, which coincide #h clustersin h e B US T inwersditask h e

2) searchor clusters in BUST, which coincide with clusterslie LVD.

In the first variant weproceed fromthe fact that, for a real neutrino burat) LVD cluster begins

n

e
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earlier than tht at theBUST. It is related with a larger target masshalLVD (430 tinstead of 130 t in
theBUST) and a smaller value of the detectioresinold (5 MeV instead of 8 MeV &ite BUST). It will
lead to that the number of recorded neutrino events in LB, Will be 45 times greater than the event
number in BUST:

Kivp & (4 - 5) * Kgust ®3)

Therefore the search algorithm was the following.

For each cluster in BUST, which has a fixed humber of evkgisy, and starts akgst, we search
(20 s)for clusters in LVD wiich start in the interval fromgysti 10 9 up to kyst. Among the latter the
cluster withthe maximal multiplicity kyp is compared witlthe one in BUST aktst. As a result of such
processingthe distributions ofVD clusters on the multiplicity, kp, were obtained foagiven number
of events in the cluster in BUST (Fi). Some parameters of these distributionssaievn in Tablel.

10000 — kgyst=3
— Kgust=4
— Kgust=5

1000

100

; !'i é 10 1‘2 1‘4 1'6 1‘8 2‘0 2‘2 2‘4 2‘6k
LVD
Fig5. Distributions of LVD clusters on the multiplicity,k, for the fixednumber of events in tH8UST cluster

As one can see from the table, the mean and most probable number of events in the LVD obissters do
not change when the multiplicity of BUST clusters grows, a®iild be if the events in the clusters are
background eents.It is clear also that the value &does not practically change at the occurresfce
even several of real neutrino burdts. the parameteis not sensitive to presence of neutrino bursts,
however it isanindicator of stableperationof thefacility.

Tablel N(ksysp - the number of clusters registered for BUSJ;;, - the mean number of events in LVD clusters;
koeak- the number of events at which the peak in the distribution is observed (due to poor statistics, no peak is
observed atdgysr = 6 and 7)

Ksust N(KgusT) ?ZVD kpeak
3 8390Pt 9.71 10
4 12126 9.70 10
5 1273 9.63 10
6 90 9.08
7 8 8.63
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It should be nad that although the cluster in the LVD, in case of a real neutrino signal, always starts
earlier cluster in BUST, this advance does not certainly exceed of 10 sethad=fore, the proposed
algorithm provides a search for correlations for all modeth@tollapse of the star core.

T h envefs@taskconsisted in the search for clusters in the BUST that began less than 10 s later than
the LVD clusters. Such coincidences were sought in three ranges of LVD cluster multipli&ty: 6
12 14 and 1820 events in a cluster. The obtained multiplicity distribution8YfST clusters are
presented in @ble 2.As in the former case, the mean number of events in BUST clusters, k, remains the
same as the multiplicity of LVD clusters grows. This indicatesableoperationof BUST.

Table2. Multiplicity distributions of the BUST clusters that coincided in time with L\iStets with fixed

multiplicity
(V) 2 3 4 5 6 Qust
6-8 89912 6440 329 8 0 2.07
12-14 58848 4055 201 8 0 2.07
18- 20 2178 168 11 0 0 2.08
16 9 kBUST =6

14 4

127

10

Fig6. The multiplicity distribution of LVD clusters which coincide with BUST clustergat 6

In Fig.6, the multiplicitydistributionof LVD clusters which coincide with BUST clusters gtd¢= 6
is shown. If we assume that any of 90 BUSIsters with kst = 6 (see Table 1) is the signal from a real
neutrino burst (from some distant source) then the corresponding cluster in LVD must hawr(@tcor
estimation (3) & 25 - 30 events. The distribution in Fig.A3 terminates at the multiplicp = 15. It
does imply that none of 90 BUSdlusters withkgyst = 6 canbe consideed as a candidate for the
neutrino burst signal.

5. Conclusion

We havepresentedhe first result®f the joint analysis of the BUST and LVD data on the search for
neurino bursts.

We have performed the search for coincidence of clusfesingle events in the BUST and LVD
detectors over the period of 2002014. The obtained results point out to the stabplerationof the



91

facilities and can be explained by randonmcaences of background events.
The joint analysis of data of differefacilities can be especially useful ftine recording of neutrino
bursts from distant sources (e.g. in Magellanic Clouds).
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Abstract. The supernova explosion in the Galaxy is a rare event; that is why the comprehensive study of the
next one has absolute priority for the lawergy neutrino astronomy. Because the detailed explosion
mechanism has not been unambiguously identified yettla@surroundingmatter envelope is opaque for
photons, the neutrinos only can give information about physical conditions, dynamics of the collapse, and
the SN mechanism. Furthermore, neutrinos could potentially reveal new physics (e.g. QCD phasa)ransiti
operating deep in the stellar core.

Keywords: SupernovaNeutrinoBursts

1. Introduction

Observing a higistatistics neutrino signal from supernova explosiortkénGalaxy ighe major goal
of the low-energy neutrino astronomy. The prospefiis detecting all flavors of neutrinos and
antineutrinos froma corecollapse supernova (¢8N) in operating and forthcoming large liquid
scintillation detector§LLSDs) are widely discussed noWwhe newgeneration large liquid scintillation
detectors mudtave the capability to distinguish the various detection chariragige statistics must be
collected to study spectra and time profiles of all neutrino flavors, thereto the new detiectdd have
enough large target magshe peculiarities in the neuto signal from thecSNe can also be detectad
theforthcomingLLSD.

The QCD phase transition during the postbounce evolution ofcodiase supernovae can be
observable athe second peak ianeutrino signal that is accompanied by significant chaigenergy
of emitted neutrinogl1]. In contrast to the first neutronization burst, this second neutrino burst is
dominated by emission of antineutrinos. This circumstance is useful for detection of this peak due to the
high cross section of inverse belecay reactiof?].

2. Next-generation detectors
2.1. The proposed LLSD

The largdiquid scintillation neutrino detectorsuch adUNO([3, 4], RENO-50[5] and LENA [6],are
under consideration nowhe proposed LLSBare being planned far variety ofphysics reasons. These
include determinatiomf the neutrino mass hierarchy, precision measureienéutrino parameters
detection of supernova neutds, solar neutrinos, geoneutrinos, sterile neutrinos, atmospheric neutrinos,
nucleon decay, and manyhetr exotic searches

JUNO will have arinner volume of 20 kton and RENS&D is being designe® have an inner volume
of 18 kton.LENA will have a much larger target mass of liquid scintillator, 50 kéahow energies, the
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variety of detection channels ailable in liquid scintillator will allowus making theenergy and
flavorresolved analysis od neutrho burst emitted by a galactiagernova. Dudo target mass and
background conditions, LENA will also be sensitive to the faint signal ofDifiise Sipernova
Neutrino Background.

2.2.Baksan Large Volume Scintillation Detector (BLVSD)

One ofthe proposed LLSB is the BaksanLarge Volume Scintillation Detector (BLVSD). This
detector will be installecht the Baksan Neutrino Observatory (BNO) of thetitute for Nuclear
ResearchRussian Academy of Sciences, at a depth of 4800 n{fige.1).

A large volume detector filled with ligd scintillator at the BaksaneditrinoObservatoy has been
discussed for a long time [7B], [9], [10], [11]. The mén researchactivities of BLVSD are neutrino
geophysics and neutrino astrophysiés.present R&D work aimed at creation of a ngeneration
detector usingan extrapure scintillator of 51 20 kiloton mass is performed?2], [13], [14], [15],
[16], [17].

Entrance

BUSTshall g
Low Bkg Lab2 + —{ =&

Laser Interferom. Eae
620 m— 1000 mwe. =

X
Low Bka Lab1
«HAKA»
Low Bka Lab3 7~ ~
«DULB-4800% 7 QGRAN’s hall

\

4000 m
| ————3400m

 GGNT’s hall

\3700 m

4300 m

Figl. Schematic view dhe undergroundaboratoriesof theBaksanNeutrino Observatory ofNR RAS.

The recent development of new experimental techniques has opeaedpjportunityfor a new kind
of largescale detectors capable both to detecialors of neutrinos and to reconstruct the supernova
location.The approach exploiting thggdowing track ofa charged particlés under development now in
INR RAS[16], [17]. Achargedbarticle traversing a liquid scintillator induces scintillation alongyésk.
At each point of the track the produced light is emitted isotropically. Thefuseitable multipixel
photodetectors (such as CCD or SiPM matrices) ajiibropriate optical collector gives, in principle, a
possibility to do a snapshof this glaving track. This technique has obvious advantages. Fitkdy,
snapshot of glowing track afparticle gives a possibility in principke determine the direction of the
particle. Secondly, there is a possibilityn@asure the energy release alongpéuticle trackBut there
are somehallengs with this methodOne of them ishat, as opposed to PMTSs, eaattotodetector has
a large number of channebMoreoverfor the precise study of detected events the target massrathe
detector should not kieo large[16]. On the other handarge target mass the detector is needed for
obtaining large statistics of neutrino eveftsverthelesstis apparent contradiction can be resolved by
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creating a network of identichLSDs, with the target mass of 5D in the range of 2 5 kilotons.The
Baksan Neutrino Observatorydse ofthe optimal sites for location af detector of the network.

3. Detecting the QCD phase transition in theecSNneutrino burst

Simulations ofthestellarcore-collapsewith the QM phase transition predict a sharp burst of electron
antineutrinosseveral hundredilliseconds after the promplectron neutrinoseutronization burdt].
Observational signatures sfichelectron antineutrindsurst at current neutrino detectdrlkceQube and
SuperKamiokandéd were studied in paper [2]. It wégund that signatures of the QCD phase transition
can be detectefbr a GalacticccSN regardlessf the neutrino oscillation scenario.

SuperKamiokandeis an imaging water Cherenkaletectorcontaining 50.0 kilotons of pure water;
but the usual fiducial mass for neutrino measureman®2.5 kton with the approximately 1.6 10*
free protong[18]. Figure 2(taken from paper [2]shows the reconstructeghtineutrino eventrates
expected in SperKamiokande for the normal makserarchy in square points (blue) with statistical
error bars. The range of allowed rates for other possible oscillatienarios is shown by the shaded
band (red).One can see that th@CD burst would producapproximagly 60 excess events in two
relevant binsThe statistics of antineutrino events allows us identifyifeQCD bursteven at a&&cSN
distance of 20 kpdt is very important because within this distance more than 95% of expected Galactic
CcCSNs are containefl9].
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o

— T
= Normal hierarchy
= — Other oscillation scenarios

~
o

[0}
o
I

)]
o

0255 026 0265 —

w
o

Neutrino event rate [per 5 ms]
) IS
(=] o
— 77—

e
o

P i o2 kw8 Py ow BN B oY B R By oy ” e
00 0.1 0.2 0.3 0.4 0.5
Time after bounce [s]

Fig2. Reconstructedntineutrinoevent ratest SuperKamiokandgthe inset showthe enlarged second bur3t This
figure is taken from paper [2hrXiv:0912.25682).

The LLSD with fiducial mass of 2@ton and linearalkyl-benzeng(LAB) as a solvent contains
approximately 1.49 10*free protonsThis means that such LLSD can recognizeQ® burstroma
GalacticccSNin the samdashionas theSuperKamiokandedetector.

4. Conclusion

The proposedlarge liquid scintillation neutrinodetectorsare acceptable to detect all flavors of
neutrinofrom theGalacticcore-collapsesupernova antb measure thetal and average energy in each
Possible detection strategies to measheetotal and average energyadif supernova neutrino flave
with appropriate precision are being develofig]. The QCD phase transition during the postbounce
evolution of corecollapse supernovae can be observhapleL SD with a target mass of Z8onor more.
Such LLSD can recognize tigCD burstfrom almostany GalacticccSN
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Current status of GW experiment and multrmes®nger
astronomy
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Abstract. A limited review of the status addvance gravitational wave interferometers is presented. In

addition a new @to-acoustical gravitational detector OGRAN in the deep undargt of BNOINR RAS is

described The second part of the paper contains a shestriptiono f t h emefsnsuelntgier astr ono
approach in the context of the GWtetion. \arious scenarios ofsuch strategyroposed by different

authorsare discussed Speci al attenti-gnavestpacdrtel ardadlesSaewhr ch
realistic in respeadf supernova events in the Milky Way and nbgigalaxies.

Keywords: GW Detection Multistage Collapses, Neutrisl®M-Gravity Correlations

1. Introduction

It seems that a pursuit for the Gravitational Wave Astronomy is stepped in its decisive stage: three big

wide frequency band gravitational antennae (free mass laser gravitational interferofimésées) the
upgrade process and at presarggoing throudp the commissioning phase [1T.heywill entera new
gualitativestatewhen the expected rate of gravitational stochastic signals can reach the average number
of events up to severahesper day [2]. A distance from which these antennae are capabladtereg

signal is estimated by the value of few hundred Mpc, i.e. it is the cosmological scale of distance. In this
talk we very briefly present the essencettd last modernization of these instruments, describe an
original national OGRAN antenna of madee sensivity as well and finallydiscuss the problem of
multichannel reception in searching for gravitational wave signals, so called the strategy of
fi mu-mdssenger astrongyd .

2. Sensitivity jump in advanced interferometers

In Fig.1 one can look dhe noise level suppressing after transifimm the old version of LIGO GW

interferometers to new advamtmstrumentg3]. The jumpof five timesin the registered amplitude

spectral component and moreathone order of value in the signal power spdcttansity are
demonstratedhi this graphlt was achieved due to the following modernization of hardware in the three

key nodes of the setup. Firshhe quality of seismic isolation was improved so that the noise spectral
density h = 13*HZ' * ! which wastypical for the frequency region 50 Hz in the first setup version, was

shifted now to the regionof 88z . Second, the same shift was realdi

with the typical spectral density h = #HZ' *! Third, the photon noise rection was realized by

increasing the pump power so that at the frequendsHzithe amplitude speet density was evaluated
from h = 102 Hz*?to the smallest level h =B0?*HZ' ! 2
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Advanced LIGO vs. Initial LIGO
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Fig1. Comparison of the initial and adwae LIGO noise spectrakensity.

Approximately the same improvement was performed after modernization of the VIRG(4etup
(seeFig.2). To illustrate capabiliesof these instrumenta solution ofthe problem of GW astrophysical
signals detection we present Fig.3 containtrgforecast of relativistic binary calescence event reliable
registration from the distance 200 Mpc with the rate of events ~ 10 pe2day]. Together with these
extremely advanced setups the other ohesyogenic resonance bar detectors, NAUTILESd
AURIGA, with the narrow reception frequency band in kilohertz region with sensitivity h =
102'HZ' */i® were in operation durinfpst few yearg5, 6]. It is worth mentioing here that recently a
new original resonance opaxoustical bar detector OGR!l with a moderate sensitivity was installed in
the deep underground tife Baksan Neutrino Observatdiy 8].

VIRGO sensitivity evolution

I Jir—PR. 25W. BNS range: 107 Mpc
_o1 ! ——Dual rec., 125W, tuned SR. Range: 126 Mpc
10 —Dual rec., 125W, detuned SR. Range: 142 Mpc [
Virgo+ (Sept 13, 2011): BNS range: 13 Mpc
=10
3
=
107
TO-M H H H H H H
10' 10° o 10°

1
Frequency (Hz)

Fig2. The same comparison for VIRGO interferometer
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Detection of Neutron Star Binaries Coalescence
LIGO program 2015 - 2022

: [IEarly: 60 + 20 Mpc (NS-NS)
CMid00=20Mpe(NSNS) - Neutron Star Binaries:

| Near final: 140 =30 Mpc (NS-NS) Advanced LIGO: ~ 200 Mpc
| [ Final: 165 Mpc (NS-NS) “Detection rate” ~ 10/year

Class. Quant. Grav. 27, 173001 (2010)

(Initial LIGO: ~15 Mpc, Rate
~1/50years)
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"
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Fig3. Expected efficienayf reception of the GWsignal from Neutron Star Binaries coalescence for advance LIGO

3. The gtoi acoustical detector in BNOINR RAS

The idea otonstruction ot GW detector as an acoustical resonance bar coupled with the éfitical
cavity composed by imors attached to the bar ends was considerg@] iand [10].A new quality was
emphasized of such combination: (a)a more complex structure of signaksponse, containing
separately acoustical and optical parts, and (b) a possibility to get senatitivie level of bar Brownian
noise in a relatively wide spectral frequency range due to the batklaction of optical read outhe
plan forimplementatiorof this idea was reported as the OGRANject and the first pilot model was
presented in [11]At present the full scale setuyas constructed, tested and installed into underground
facilities of BNO INR RAS. A perspective othe next development is associated with a cryogenic
version of the opt@coustical baconsidered in [12] having a final dasensitivity h~16 2 Biz' 1/ 2

The principal opteelectronic scheme of the setup is giveRig. 4. Generally, it belongs to the design
type called a emparator of optical standards.is composedf two feedbackoops. The first one
couples the FP cavitst the large bar (OGRAN detector) with the pump lasmarcing a generated
frequency to be in optical resonance with bar cavity. Thus any chantie ¢fP optical length is
converted into the pump beam frequency variation. The second loop is the measariligconsists of
the additional FP reference cavityadi f r e que ncy di s c rbythe same puonp laseribdt | u mi n
tuned in resonance lanindependentpiezo er ami ¢ dri ver attached to the
So its output signal isrpportional to the frequency difference of the pump and discriminator cavity. It
means that any perturbation of the dadebar cavity is reflected ithe discriminator signaA similar
scheme was tested for the AURIGA optical bar detector [13]. How#te®GRAN detector has a big
FP cavity at the same scale as its acoustical resonance bar. Meanwhile the AURIGA project used a mini
gap FP resonator (a kind of optical accelerometer) placed on a displacement transducer attached to one of
the bar detectornels. Just this feature presents the OGRAN physical specificity: the gravitational wave
interacts not only with acoustical degree of freedtime esonance bar) but with the EM field in the
cavity as well (that is why one can tell about a complex structusggnal response with optical and
acoustical parts. Agyment for this originality is theechnical problem of constructing a large scale high
finesse FP cavity rigidly coupled witthe acoustical resonator without loosing its high mechanical
resonanceguality factor Q.
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The principal opto-electronic scheme of the setup OGRAN. GD -
gravitational detector, PD - photo detector, D - discriminator, Fl -
Faradayisolator, M - modulator, and PBS - polarized beam splitter.

Fig4 Optical scheme of the OGRAN

The potential sensitivity of suchgravity gradiometer is defined by the thermal Brownian noise of
fundamental acoustical mode. Under optimal filtration procedure, the minimum registered perturbation
of the OGRAN optical length in the bandwidhis read as ~ 102 (FDf)*Hz 2 Here he numerical
factor corresponds to the OGRAN parameters: MXk@oL=2m,J/ 2"~ = 1.3 kKR= and T
10°. The noise factor F describieexcess of optical readout fluctuation over the thermal noise level. So
for the room temperature OGRAN detor, thertegral potential sensitivity h 10*° might be provided
in the bandwidth _f£ 100Hz if F ~ 1. Thus, thanain technical challenge for the OGRAN construction
was to provide optical readout with the noise factor F = 1.

Calculation of the noiséactor for the optical readout associated vitie PoundDrever technique
resul ted i n t hedG)W wheelthdollowingnotétiansiwekk)used: &spectral density
of optical fluctuations G= B@2Hh 8 P) Z 3MNijht he par a-nde’ti éhe photodidde
quantum efficiency, N the number of reflection of FP cavity (proportional to finesse), =Df) § the
time of measuremer = (1- 1000)i the phenomenological factor of exceeding the Piossonian level of
laser noise; the speckrdensity of the bar thermal (Brownian) fluctuations € 2 k JQil the
parameter M is the effective mass was roughly e
time (the resonance signal duration for the optimal filtration) or the invatae wof filtering bandwidth
Df. Under the maximum laser power P = 2W, the incoming luminosity for each of both FP resonators
cannot exceed a half of watt. But due to losses in the light guide elements and the interference contrast ~
10% the real value offfective power is P = 0.01W. Substituting all numerical data togethér thv
measur ement dleadseto the resultify.e€timate of the required number of reflections
(mirror 6s (40lix’) (ortbgttpr). Thixs the uncooled ogtooustichgravitational antenna
was constructed for a multhannel mode operation in the deep underground of Baksan Neutrino
Observatory (look at the photo Fig.5 in parallel with Baksan Underground Scintillator Telescope (BUST)
involved in the collapse searchifg theprogram.
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In the last part of this article we present also a brief prospect of theahatinel observational
Strategy.

Fig5. TheOGRAN detector chamber in the dymbtected box.

4. Strategy ofthe multi i mesngerastronomy

The task of direct detection of gravitational radiation from relativistic extra terrestriates isvery
difficult due to extremely weak influence of gravitational waves (GW) on detectors and due to
unpredictable nature of relativistic catastrophic ésémthe Universe. Up to now no reliable GW signal
has been registered hyailableGW facilities of both types: resonance bar detectors anehieess laser
interferometers. In such a situation the idea of multichannel registration was proposed te ithereas
detection probability. Still, cooperative observations using different methods cdre @me hand, help
to maketheclaims about GW detection more robust, i.e. to raise the confidence of GW detection, on the
otherhand,can significantly deepen ounderstanding of the physics related to astrophysical sources of
GWs (see a brief summary in [14]).

Observationsaimed atGW detection can be divided into two bro&gpes: multiwavelength
electromagnetic (EM) and nelM ones The later are mostly relatéto neutrino if)-signals. For EM
observations we can also speak about two tythe$ollow-up observations (when registrationsoGW
signal serves as a tggr) andthe independent observations when, for example, coincidence of two
transients is deriveftom anoff-line reduction. Below we will briefly comment on each approacth
more detailedliscussbn of planned observations with the OGRAlstector.

Two main sources for transient GW signals with possible counterparts are supgi®heaeand
binarycoalescence where neutron stars (NS) are involved.

There is a plethora of datalated to observations of (8Nincludingn-signals [1516]

Unfortunatelythe presentlay detectors are sensitive ®V signal from a SN explosioronly in a
very limited vdumewhich includes the Milky Way and clogxy galaxies. The rate of coollapseSNe
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in our Galaxy is ~ 1/30 ytd This is not very promising. In addition, in some cases we can miss the
optical counterpart due to huge interstellar absorption [17].itnddise oly simultaneous detection

of a-burst can confirm the detection. The most optimistic sceiiaxim-stage collapsé was proposed

and developed to explain double neutrino signal from the SN1987A 208

Baksan Neutrino Observatory of the Institute for Nuclear Research, Russian Academy of Science
(BNO INR RAS) has two instruments féine multi-messenger GW astronomyhe first one ishe
Baksan Underground Scintillation Telescope (BUST) which operatesip& c i a | mode: filse:
neutrino bursts from c28rTee standoheaigthe setus QGRAN ano v a e 0
opto-acoustical gravitational wave antenna which is now in the assembling stage at the underground
BNO site.[23]. Both detectorhiave moderate sensitivity sufficient for registration of core collapse
events in the Galaxy and close environment ~100
rare eventso. The BUST resol ut i othreshod ercergyt(B10)mi ne d
MeV registered during the time 20 sec through the secondary electrons (positrons). The OGRAN
sensitivity corresponds to the threshold of spectral metric perturbations at the lev&d o Bz’ *‘irf
the bandwidth 410 Hz arownd the central frequency 1.3 kH23].

Despite moderate sensitivity, a reasonable program othaanel § and GWSs) search for transient
signals can be proposed for these instruments. Moreover, magham was stimulated by the
well-known precedent of pposedh-GW correlatiorfor the SN1987A event [24 27]. Although, later
analysis of the SN1987A data did not confirm the fact-&W correlation [2829] it has given a push
for a nonstandard twestage scenario of stellar collapse (see a revi¢diin. The mean neutrino energy
(during the first stage) in this model isi3® MeV. Another mode[B0] takesinto account a largecale
convection caused by naquilibrium neutronization of matter in the central region of a pigo The
largescale conveabin providesa high yield of high energy neutrinos from the central region of a
presupernova. The average energy of neutrinos i$B0eV which is larger than in the case of
diffusion. A drawback of these models is related to absence of correspondeatesstonGW radiation.

In fact, there is a deficit of realistic theoretical models of astrophysical sources which admit
simultaneous calculation of the neutrino and gravitational radiation bursts. For this reason a strategy of
data analysis in multichanneletection of relativistic catastrophic events might be based more on
empirical intuitionthan on arelabletheoretical scenario. The first example of such strategy was given in
the data processing of SN1987A phenomenon. The key point is the suppositigedistration of
neutrino (or an EM counterpart) event provides tic marks for the gravitational channel, i.e. GW signal is
searchedn the vicinity of this momentFig.6). Such approach to the data analysis enormously reduces
the volume of stochastic dafrom the GW channel which has to be processed, and so we have an
increase of the detection probability. The more important characteristic is the expected tiniat klelay
betweertheregistered arrival time of a neutrino burst (an astrophysical etdleat)d the moment of the

GW burst appearance tk so thet:= tk+Dk. It would be desirable to have a prior estimate of the time
delay from theoretical understanding of internal dynamics of radiative processes in the source. If such
knowledge is absent onaito accept a hypothesis of a prior homogeneous distribution for time delay
inside a resonably wide interval around tk. In the simplest model of identical nature of mutliradiation
sources the time delay is taken the same for all registered neutrino JorEMv ent s. As t he
variabled (or Asufficient statisticso) it is n
correlation function between the row m&fgistered neutrino (or EM) events and gravitational detector
noise data accountirfgr the supposed time delay shift. Composing the likelyhood ratio for this variable
one can estimate the empirical value of the time shift through the standard procedure of likelyhood ratio
maximization. Using this shift estimate one calculatesthevalue fiobser vabl e vari abl
with the statistical threshold. The last one is calculated on the basis of an empirical record of a GW
detector noise at intervals far from the moments of registered astrophysical events (neutrino or EM
bursts).
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General approach to AG-correlation searching

GWD-record MMW“-)
t

EM., 7, V, C.I.

detector events | _| Tn I 1

| 11 | | t ~ 7 7 threshold

|\
4 ti t]+1

li

GOAL: TO FIND ANOMALIES IN GW-BACKGROUND

INVICINITY OF t;- time marks

Fig6. lllustration of the strategy a search fargw coincident bursts.

For LIGO/Virgo (as well as for AIGO/adVirgo) the main sources are coalescing binaries (see a
recent review in [32]). Black holé black hole (BH) coalescence hardly can produce aryr EM)
counterpart. But those events involving NSs are promising candidates. Many possibilities to produce a
simultaneous EM burst or an afterglow have been discussed in the literature (see [33] and references
therein).

Also the usage of new astronomicaistruments (OpTIIX, ISSobster) aboard the International
Space Station (ISS) [daned to followup GW burst§34], and the new widdield X-ray instrument
NICERT is approved for installation ofsS.

One obvious task is to detect simultaneously a <BBB (SGRB) and a GW signal. The horizon for
ALIGO/adVirgo is ~300 Mpc. SGRB are rare in such small volume, but if detected they are bright, and
so their detection can be used as a tic mark to search for a GW burst in the data. Joint observations in
X-raysand GWs can help to learn nfumore about the central engiaed to determine parameters of
the coalescing binary with better precision. However, less than 10% of GW bursts eceedxp be
accompanied by SGRB3], and so the rate will be one in sederaars.

Better prospects exist for detection of an afterglow. Several mechanisms are duscussed, but one of the
most promising is relatedtothesoa | | ed A ki ledt estma@dand dsaission3sd and [36]
for an early proposal). In this s@aio theisotropic optical emission can be generated due to radioactive
decay in an ejected envelope. Emission has unique spectral characteristics, so potentially it is not very
difficult to identify such a source when it is discovered. Relatively quitliovibup by widefield
instruments can provide a discovery of an optical transient. Then the source potentially can be studied in
dedicated observation bptics, Xrays and other wavebands.

Problems with using a GW burst as a trigger for folgmobservations are related to poor localization
of GW-sources in the sky [32]. Even three working detectors (ALIGO/andVirgo) provide multiple vast
fzoneso which cannot be covered on a time scale

While the paper has beergpiared to publication, information appeared about the first registration of
GW from merging black holes in a binary system. Bbgs.Rev.Let. 116, 061102 (2016)
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Interaction of electron neutrino with LSD detector
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Abstract The interation of electron neutrino fluxgriginating in the rotational collapse mechanism on the

first stage of Supernova burst, with the LSD detector components, suchFaga large amount of this

metal is included in as shielding mateyialn d | i g u i dH,$,cis baingiinvektigated. Bothucharged

and neutral channels of neutrino reaction Wit aiFd are consideredExperimental data, giving the
possibility to extract information for nuclear matrix elements calculation sed.The number of signals,
produced in LSD by the neutrino pulse of Supernova 1987A is determined. The obtained results are in good
agreement with experimental data..

Keywords: Supernova Burst, Neutrino Signal, Charged Current and Neutral Curreactiger

1. Introduction

SN1987A is the first and tilhow the onlydeepspace object whiclhave been observed both in
electromagnetic and neutrino light. The possibility of SN neutrino observation was considered for the
first time in [1]. The neutrino signals of SN1987A were registered on February, 23, 1987 by LSD [2],
Baksan [3], Kl [4] and MB [5] detectors. The review and analysis of these experimental data is
presented in [6]LSD and BUST are liquid scintillator detectors, containing, correspondingly, in their
work volumes 90 and 130 tons of liquid scintillatogHg,. n=10, elaborated byA.V. Voevodskiy,

V.L. Dadykin O.G.Ryazhskay#7]. KIl and IMB arethewater Cherenkov detectors with work volumes
of 2140 and 5000 fn

On February, 23, 1987 LSD detected 5 neutrino events at 2.52 UT and 2 signals at,7.BeST
registered one signat 2.52 UT and 6 signals at 7.36 UT , Kll recorded 12 events at 7.35 UT and IMB
8 signals at 7.35 UThe two observed sets of neutrino signals wéthativelylarge time separation of 4
h 44 min can be naturally explained on Hzese of the rotating nseanism ofSupernova explosion [8].

In this mechanisnthetwo-stage collapse occurs with time difference-&f h. The neutrino flux during

the first burst consists of electron neutrinos ik total energyW, = 89 T 10°* erg. The neutrino

energy spectrum is hard with an average energ\36f 40 MeV. The second neutrino burst corresponds
to the standard collapse theory without rotation with formatioaredutrino sphere and with an equal
energy distribution between aljges of neutrinos [9]Below atheoretical analysis of interaction of
electron neutrino, originating from the first stage of gravitational collapse, with LSD detector is
presented.
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2. Neutrino Interaction
2.1.Interaction with *°Fe

LSD detector contam90 tons of scintillator for antineutrino observation by the reaction
ne+p- n+e’,
n+p- d+g, Eg=22MeV, fc=170ns.

LSD could measure botparticlesin this reaction. Aso the detector contairebout 200 bf *°Fe as a
shielding materialUnder the impact of neutrino flux electrons and gamma quanta would be produced as
a result of reaction with iron nuclei and they could be registered by the detector [10]. So, the following
chargeexchange reaction takes place:

ne+56Fe- 56co" + e 1)

Due toneutrino interaction, excitation of anal6¢ and GamoiTeller 1" giant resonances #Co
results [11], hat gives rise to gamma quameoduction withenergies of-5 - 10 MeV, together with
electronemission The cioss section of reaction (taused by charged current was calculated in [fh2].
order to compare thprodu@d estimations with experimental data, the theoretical cross section was
averaged oer the muordecayatr est neutrino spectrum. T%cef, corres
which is in agreement with the KARMEN experiment restiB¢ N 1.08(sta) N0.43(sysd) T 10 *°cn?
[13]. The cross section obtainéaf the process (Ifpr Ene =40MeVequal s “caf[12]. 2110

Alongside with charged current processt#® inelastic neutrino scatterininduced by neutral
current;
' *
ne+56Fe' /7e+56|:e

should be taken into accourih the neutrino energy range of interest the inelastic scattering is
determined, primary, by allowed transitiofiie cross section of this reactionthe case of the initial
nucleus ground stateas the following form [14]:

< f

2 2
Here Gk and g, are the Fermi and axial vector coupling constants, respectlglg the energy of

N G g
s“(E)=———(E, -E)’

neutrinoin the initial stateandE, is thenucleus excitation energy. The square of the reduced matrix

element

2

@)

n a o]
p(2d +1) ‘

2
aa(kyto(k)

2

gl f
k
2J; +1

governgthe cross section dependence on the nuclear transition structure.

When calculating inelastic neutrino scattering on nuclei it is reasonable to deduce it in a
modelindependent way, basing on experimental results of nuclear structure investigatiofsr fth],
currently available theoretical models may give substantial spread of nuclear matrix elements values.
The same approach is useful in the double-betamytheory, where information on corresponding
nuclear matrix elements can be obtained from diatag ft for single betaransitions and measurements

f)

B(GTg) =
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of characteristics of chargexchange reactions [16]. FdiFe the allowed transitions correspond to
transitions from initial Oto the final T - states, therefore estimations of matrix elements egrdduced
with the help of data on electromagné¥d-strengths.

The processes afuclear resonance fluorescence were investigated7in Electromagnetic dipole
transitions in>°Fe were measured in photenattering experiments with a lineaghplarized photon
beam In the case o1 transitions the width of the excited -state relatively to the transition on the
nucleus ground state is determined by the following expression [18]:

160 E’
= 5 g(my @
27 h’c
HereE, is the excitation energy, BI1) T is the reduced probability d1-transition. BM1) is written
in the following form [18,19]:

(f i)

Here® Nis nuclear magnetoi@; andQ, are isoscalar and isovector nucleon magnetic mom@sts,
0.880, 0, =4.706. As follows from the expression for Bi(l), the isovector contribution to BI(l)
exceeds significantly the isoscalar part. As for the orbital termpfiaruclei it is concentrated at
excitation energiegEx ¢4 MeV, while for Ex in the rang of 711 MeV, which is essential for neutrino
registration, the determining factor is the spin contribution.

Consequently, for calculation of cross section in neutral chaffigit;), one can use the following
relation, connectin®(GT,) andB(M1):

0

2

B(M1) :% ACCCRES 0550+ miito (k)

2
400°A B(M1)

3ng  nf,

From the values d, =4.706 andj,=-1.2761 it results:

B(GTp) = 0.3082MD ©)

R

Here it is taken into account, that for trﬁEeg_s, J; =0. The reduced transition probabilitiBE&M1) can
be found from (2) on the base of data on the widtyf excited states of ireB6 nucleus. IfGyis
measured in meV arid, in MeV, then

B(GTp) =

BMD _ 0.2592% )
Ex

As follows from (1), the cross section of inelastic neutringcleus scattering is determined by the
formula:
s NC(E,,) =1.6862000 44(E,- E4)2B(GTp) cn? (5)
HereE, , E, are measured in MeV.
The investigation of dipole excitations &¥Fe for the excitatio energiesE, up to 9.8 MeV was

performed in[17]. Twenty T i states with the totaB(M1) strengtha B(M1) :4.31(18)/7ﬁ were
examined. The reduced probabilities of electromagrdfictransitionsB(M1) are calculated with the
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help of data on the width§g of these states, obtained in [20]. So, combining (3), (4), (5) it is possible to
calculate the total cross section of inelastic neutrino scattering, caused by weak neutral current. The
corresponding plot is presented in Fig. 1. Palidy for E,=40 MeVs"“= 2 Z4crif0

o, 10" em”

404
30

204

T T T T 1
0 10 20 30 40 50

E,.M>B

Fig1. Dependence of neutririo56Fe inelastic scattering on neutrino energy.

2.2 Interaction with *2C

There are three channels of electron neutrino interaction with carbon, which is a part of the liquid
scintillator GoH,,.
Neutrino absorption, determined by charged current:

ne+12C- 12Ng.s +e cC (6)

ne+t%c- 1" +e cC. @)

Inelastic neutrino scattering, caused by neutral current:
ne+t%c- 12c” @t 11511Mev) +115 NC @)

All these interactions lead to creation of secondary particles, electrons and-gaamtz, which can
be registered by detector as neutrino signal. With the purpose to have benchmarks of the cross section
orders it is worthwhile to refer to experimental results, obtained in KARMEN experiments for neutrino
muondecayatrestspectrum, with characteristic neutrino enelgy-35 MeV. So, for reactions (6), (7)
the experi ment &tnfér es8af dsspeativety. AS for hduttaDcurrent reaction (8),
experimental result is a sum of cross sections bothrgoand n minelastic scattering and equals to

10 . T%cri’.0

Theoretical calculations of reaction (6) cross section can be produced on the base of experimental data
on logft of *Ngs(b*)*°Cys transition. Reaction (7) is considered in [21] within the continuum random
phase approximation. The cross section oftniea neutral current excitation of 15.11 MV state in
carbon can be obtained by the approach just the same as the one used for-ineutimeastic
scattering, taking into account the experimental rate offdécay of 15.11 MeV stat&;=38.5 eV. The

resulting sum of cross section v&tmies of (6), (7)
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2.3. Number of Signals

In the twestage model the first neutrino pulse fr&N1987A is connected with thwitial stage of the
collapse. For the total neutrino pawa the first phas&N,7e =8 . 9°ftetgPneutrino energy 40 MeV

and distance from Supernova to the Ear t‘fi/eld0 kPs,
[12]. The calculated cross sections values lead to one interaction for neatrirum reaction and five
interactions for electron neutrino witfiFe, that together with the registration efficiency of detector gives

the event numbers, which coincide witle observed number of signals

3. Conclusion

LSD is a uniqueletector for observing the neutrino pulse conneai@idthe first stage of collapse in
the rotational mechanisstenario [8], becausei# a detectowhich contairs a suffcient mas®f proper
material for detecting, namely, the electmmeutrinopulse, but nobnly the antineutrino one (as was
expectedbefore). As to the other detectors, including hydrogemponents (e.g., IMB type), they
cannot deteca pulse consisting mainly of electron trnps. In the same way, the number of events
detected in tha@eutrind electron interaction, as is in the case ofKhiedetector, is small because of the
smallness of theross section in the supernova neutrino energy réd@é “*cnt) in comparison vih
theneutring *®Feinteraction.

Recently a number of works have been publishedi[22], where the second neutrino pulse is
connected with deconfinement process in compact stars. The investigations in this direction are very
interesting.

On the first stage of the rotational collapse mechanism electron neutrino of high energy, with
40i 50 MeV are generated. For their registration the use of great amounts of stable isotopes with large
values of neutron excedkZ is very promising.
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Abstract In this report we test for reliability any signatures of field gi@s clustering in the GRB 021004

line of sight. The first signature is the BTA and Hubble GRB 021004 field photometric redshift distribution
with a peak at z ~ 0.5 estimated from multicolor photomdting second signature is the Mgll 2796,2803
absorptiondoublet at z ~ 0.5 in the GRB 021004 afterglow spectrum. The third signature is some
inhomogeneity in Plank + GRB 021004 fields. And the fourth signature may be the galaxy clustering with an
effective redshift of z = 0.5 from the Baryon Oscillation Spesttopic Survey (BOSS), which is a part of

the Sloan Digital Sky Survey Il (SDSI8).

Keywords: Galaxy Clustering, Gammay Bursts, Multicolor Photometry

1. Introduction. Clustering of galaxies and quark phase transition in compact
objects: neutrino, sipernovae and gammaray bursts

As is well known, measurements of the surfadghtness of galaxy clusters can be useeéstimate
the angular diametesind distance to these structures [Namely, the determination of distance to
sources of neutrino sighsa supernovas and gamfey bursts resulting from quark transitions in
compact objects becomes the main observational task in determining the basic pdrameteergy
release related to sources of such events.

On the other hand, it is known that distition of such sources over the sky carahisotropic Now
this can be said with confidence at least about GRBs whose distribution correlatesnuiformites
of distribution of the cosmic microwave background (CMB) signals P2Jper[3] also says laout
anomalies in the GRB spatial distributiohidiscussion on a possible clustering of neutrino signals in
relation with GRBs can be seen in [4]. Observational determination of such relations directly influences
the study of neutrino signals, GRBs angemnovae.

There is a mysterious connection between GatRiana Bursts (GRBs) and core collapse supernovae
(SNe). At least, longluration GRBs are associated with the core collapse of very massive stiirs ([5]
[8]). Similarly to core collapse SNe, the mpsbbably, in GRBs also the collapse of massive stellar iron
cores results in the formation of a compact object (collapsar), accompanied by thelbaity ejection
of a large fraction of a progenitor star mass. The collapse of the massive stellaconneded with the
quark phase transition in the compact objects, which leads to neutrino and photons signals from the core
collapse SNe and GRBs.

On the other hand, the sky distribution of electromagnetic and neutrino signals associated with the
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core colapses can be nerotropic [9], which can be related eventually with the clustering of galaxies in
which the formation of compact objects occurs due to evolution of massive stars. The clustering of
galaxies and the clustering around GRB sigies are deected and studied in the same manner
employed with quasar spectroscopy in many papers already [10]. Galaxies that give rise to absorption
line systems in gammay bursts afterglow spectra have been directly imaged and investigated. So, it is
possible tary to find the overdensity excess of GRB field galaxies around GRB positions by different
methodsi spectroscopic, photometric ones (deep images multiband photometry) plus the search for
correlation with Cosmic Microwave Background (CMB) and others.

2. The Clustering of galaxies around GRB sightines

The Clustering of galaxies around GRB sifjhes are detected and studied in detail in many papers
already since [10]. Gammay Bursts (GRBSs) originate at cosmological distances with energy releases
of 10" 10°® ergs at a range of redshifts between ~0.01 and up to 10 [10]. Besides studying their host
galaxies, prompt spectroscopy of the GRB afterglows has revealed (in the optical) intervening
absorption systems as found in the past with quasar spectyoshop of such is Mg Il (rest) 2800 A
which is strong and ease to detect in moderate S/N spectra. Using a large sample of GRB afterglows, it
has been found [11]12] an overdensity (thfactor 2 4) of strong Mg Il absorption line systems along
the lines 6 sight. If this excess of intervening systems is real, it should be possible to find an excess of
GRB field galaxies around GRB positions, although a preliminary study has revealed no anomalous
clustering of galaxies (in comparison with distribution odsgr?) at the estimated median redshift ~0.3
around GRB line of sights [10]. Furthermore, it has been proposed that the majority aefushticn
GRBs in earlytype galaxies will occur in clusters and three such relationships have been already found
[13]. Though the paper authors [10] are interested mostly in the GRB/quasar overdensity excess of field
galaxies around sighines, and, in connection with this problem they made a good review (for 2013) of
spectroscopic data of the 73 GRB afterglows. Inténgeabsorption line systems for GRB afterglows
can be detected in the same manner employed with quasar spectroscopy. One such absorption line
system is Mgll, which is easily detected in moder
As strong Mdjl tends to trace these galaxies, we will proceed from these spectra in our photometric study
of the field galaxies around GRB 021004 line of sight.

One of these fields GRB000926 (Table 1) was already investigated and the results were published [14].
Thiswor k presents the observations of a 3.6q0g x 3aq
(J2000.0=104™11°, J2000.0=+51A409.84d) . The obms®pecialati ons
Astrophysical Observatory telescope using the SCORPIO instrumentalalog of galaxies detected
in this field includes 264 objects for which the sigt@hoise ratio is larger than 5 in each photometric
band. The following limiting magnitudes in the catatmgrespondo this limitation: 26.6(B), 25.7(V),

25.8(R), and24.5(L). The differential galaxy counts are in good agreement with previously published
CCD observations of deep fields. Authors estimated the photometric redshifts for all of the cataloged
objects and studied the colearriationsof the galaxies with ishift. For luminous spiral galaxies with

M(B) < 18, authors found no evidence for any noticeable evolution of their linear sizes to z~1.

BTA observation data are the base of our investigations. While studying other fields (Table 1)
(GRB021004, GRB970508 imvestigation of surroundings of radémurce RC J0311+0507), these data
where supplemented with data obtained with other instruments. One of the goals of this work is to point
out what is possible to obtain withr telescope in these challenging andiaktasks, supplementing
these studies with other instrumentsd dat a.
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Table1l.BTA GRB deep fields

GRB Filters FWHM T exp SEC

GRB970508  BVRI 14.3 60077, 500714, 60
GRB971214 VR 1.2 60011, 60071
GRB980613 BVRI 14. 3 70071, 600711, 60
GRB980703 BVRI 14. 3 48071, 32011, 30
GRB990123 BVRI 14.5 60011, 60011, 60
GRB991208 BVRI 2a. 1 30016, 30015, 18
GRB000926  BVRI 14.3 50015, 30015, 18
GRB021004  BVRI 14.5 60016, 450113, 1

3. Method of photometry of GRB 021004 and RC J0311+0507 fields

We used the GRB021004 field, which was obtained as a part of GRB afterglow observations program
(see Table 1) [15]. This field has exposure times of about one hour in each of the BVRIbaptitzal
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data acquired with HSC ACS camera in F475W, F606W and F814W optical bands. Right column graphs represent
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We usedthe Sextractor software package [16] to extract objects from the stacked BVRI image. The catalog of
galaxies, extracted from this field of size 4'x4" includes 935 objects with the-sigmaike ratio larger than 3. The
following limiting magnitudes werachieved: 26.9 (B), 27.2 (V), 26.0 (Rc) and 25.5(l). We also made sure our
results are consisted with HST ACS data (see Figure 1).

4. Photometric redshifts of GRB021004 field galaxies

The secalled photometric redshifts estimated from multicolor photometry turn out to be quite
acceptable. The accuracy of these redshifts estimates is about 10%, which is high enough for statistical
studies of the properties of distant objects. The maia @f the photometric redshift estimation is very
simple: an objects multicolor photometry may be considered as-@ebmiution spectrum that is used to
estimate redshift [17] (see Figu2g In practice, we estimated the photometric redshifts for trendrd
objects of our sample using the Hyperz software package [18]. The input data for Hyperz were: the
apparent magnitudes of the objects in four bands, the internal extinction law (we used the law by Calzetti
et al. [19] for starburst galaxies, whichrsost commonly used for studies similar to our own), the
redshift range in which the solution is sought (we considered z from O to 4). The method is based on
finding the best fit of template spectra (see Figure 3), so it is crucial to the initial modehspecten
of the brightest galaxies in the field we find that model spectra assigned to these galaxies are in good
agreement to HST ACS data, which due to angular resolution of the images reveals the structure of these
objects (see Figure 4). The fieldso contains four Xay sources, fowhich we estimate redshift
(seeFigure 5). For spatial distribution of field galaxies we find a large inhomogeneity &.57. (see
Figures6, 7).
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Fig2. Filter transmission curves of HST ACS optical bands FA47B06%W. F814W and BTA BVRI optical bands.
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The GRB 021004 afterglospectrum has also been measured. The spectrum shows evidence of Mg Il
2796/2803 redshifted at=1.3820 and z1.6020 (see Figure 8). Spectrum also has two features that
could be identified as Mg Il doublet redshifted at z= 0.57 (see Figure 9, Talil2]2) [

| |
g P A

7400

Fig8. The selected areas WLT/UVES spectra, obtained in REF of GRB 021004 afterglow. The lines are identified with Mg Il
2796/2803. Redshifted Mg Il doublet at z=1.3820 (left) and z=1.6020 (right).
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4400

Fig9. Features oVLT/UVES spectra identifiedsaCll could be interpreted as Mg Il doublet redshifted at z=0.57

Table 2
GRB Zcre Zabs Wi( 22796) (i)
0.5550 0.248 N 0.025
GRB021004  2.3295 1.3800 1.637 N 0.020
1.6026 1.407 N 0.024
1.7732 0.927 N 0.030
GRB050730  3.9687 2.2531 < 0.783 (0.650)
0.6896 0.089 N 0.007
0.6915 2.874 N 0.007
GRB050820A  2.6147 14288 1.323 KN 0.023
1.6204 0.277 N 0.024

The field of GRB 021004 has tweeighboringgalaxy clusters at z~0.5 at angular distances of about
one degreeWe examined a largareaof 31 3 degrees, which includes these two clusters, using SDSS
DR12 data. SDSS survey has a limiting magnitude of about 22, and the catalog includes photometric
redshift estimation as well as spectral redshifts for brighter objects. The area dé@rees is splin
four regions and distribution of objects in these four regions also show peak at z~0.5.(<®eEMB
Plank data for the area of 3 degrees shows inhomogeneities in the areas, which could witness
SunyaevZeldovich effect (FidLl).
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Therefore, these signatures of BTA and HST data, absorf¢iatures in afterglow spectiat
GRB021004, cosmic background radiation of Plank telescope and the investigation of BOSS survey,
which is a part of SDSS could indicate a large structure of galaxies at z~0.5.
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Abstract It turns out that accumulatioof data during 4@ears observational studies just emphasized a
contrast between pulsars and black hole (BH) candidates in Galactic close binary stellar g¢$téras:
mass spectrum of these degenerate stellar objects (or collapsars) shows an eséheet @bobjects with
masses within the interval fronM# (with a first peak at about IM¥) to approximately BIfj, (2) and in
close binary stellar systems with a lomassive (about OMf}) optical companion the most probable mass
value (the peak in the madsstribution of BH candidates) turned out to be close td16.7This puzzle of
discrete mass spectra of collapsars in close binary systems demands some solution and explanation in stellar
evolution scenariog connection witlthe @re-collapse supernovaxplosion mechanism and in context of
a relation betweesupernovaeand gammaray bursts The collapsar strong fiell an analogue of BH in
General Relativityi is investigated in a totally nemetric, dynamical model of gravitational interaction
theory,in which extremely compaaibjects of the masséd,a 6.7Mfj with a quarkgluon plasma bag of
radius r*= GMg/c® & 10 km exist.

Keywords: Neutron Stars, Black HoleSupernovaeGammaRay Bursts, Dense Matter, Gravitation

1. Introduction

Compact stellaremnants in close binary systems (CBSs) have been studied systematically from the
80-th of the last century [1 15]. Now it is clear to everybody that there is indeed a considerable gap
between masses of neutron stars (NS) and black hole (BH) candttiate§served mass spectrum of
NSs and BH candidates shows an obvious absence of compact objects with masses within the interval
from2M} & &M .

Besides, the manyear investigations led to another observational property in compact objects
themselve$ the BH candidates in CBSs with relativistic companions. It turned out that, like NSs, they
(BH candidates) can have a selected mass value. In 16 CBSs withassive (about OMfj) opt i cal
companions thenost probablevalue (a peak in a mass distributiari relativistic objects) is close to
6.7Mfi. So, one cdisoretsnmssagectranbcompact ohjects in the CBSs with NSs and
BH candidates.

These two problems demand some solution both in the context stifeenovaeand gammaray
bursts (GRB) relation, and in connection withthe @re-collapse supernovaéCCSN) explosion
mechanism itself. In particular, polarized radiation of long GRBs, the {dladk component in their
spectra and other observational properties can be explained also byt andindfestation of a surface in
such collapsars.

So, the main purposes in this overview are to draw attention:

(1) to the discussion about the discrete mass spectrum problem obripact objects in the
stellarCBSs,
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(2)to6.Mffj peak i n collbpsar masssdistributodnd
(3) to probable interpretations the observed mass spectrum, which is rather similar to line one.

2. The Mass Spectrum of Stellar Compact Objects: Observational Properties

Though the mass distribution studies of compawtnants in binary systems have been carried out for
a long time already (e.g., [[112]), but astrophysicists keep discussing the mass spectrum problem of
these degenerate objects for more than 20 yBarsause,

On the one handaccording to General Relt i vi ty ( GR) , fla possibility t
with black holes depends, in particular, on the condition that the available data allow positive asserting
that the mass of an observed object is higher than the maximum permissible mass ohasterutoo
white dwarf)o (see [16], ch. 9).

On the other handaccording to GR (see the same textbook by Shapiro and Teukolsky dedicated to
The Physics of Compact Objects), thassspectrum of compact objects (collapsaidSs and BHS) in
CBSs is likely © be continuum. (Since then nobody ever predicted that it must be discrete in GR at least.)

Though the observed mass spectrum is rather similar to the line one, see Figure 1 (a) taken from [7]
and references therein. Evidently, there is a significant gapden the observed BH candidates and NSs
masses.

Mass (M)
2.5F T T T T = 1F T T T T
20 i
W \ @
i 8
1§ 1.5F Reilyscled '\ BH 1 £ :»:
< (Y 2 o0a} : -
o] 1Y = - ¢ ]
< 1.0} : s
£
A
0.5r
0.0 ) 0.01 3 i c ¥ o . =
2 4 6 8 10 5 10 15 20 25
Mass (M) Black-Hole Mass (M,)
Figl.( Taken from ¥zel et al. (2012,2010)[ 7, 8])

(a) 1 The inferred mass distributions for the most massive neutron stars population (Recycled NSs) and BHs. The dashed lines
correspond to the most &ky values of the parameters. For the case of BHs, was used the exponential distribution with a low mass

ctof f at Mc = 6.32M3 and a scale of Mscale = 1.61M3. The sol
population, for which approjate fitting formulae are given in [7]. The distributions for the case of BHs have been scaled up by a

factor of three for clarity.

(b) 1 Solid line shows the sum of likelihoods for the mass measurements of the 16 BHuas$oMvay binaries. The dasheahd

dotted lines show the exponential and Gaussian distributions, respectively, with parameters that best fit the datar(see [8] f

details).

Bailyn et al. (1998) [3] were among the first toc¢
massiveBls and a fisafeo uppMir (lei.ngi.t, fKoarl oNyS rnaa s& eBsa yoni |
also [17] in page 3 where there are more references about this effect). Though the mass separation of the
degenerate stellar objects was noticed as far as befé@hlfor all CBSs including the CygnusIX
system (see references in [18] where one of possible interpretation of this gap is adduced for the time
being). Here | say also, in particular, about of the compact object masses-iay 6iKary systems with
faint (the low massive) optical companion stars. The tables of properties and orbital parameters for these
16 BH binaries can be found in ¥zel et al . (201
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Wiktorowicz et al. (2013) [19])For these systemsith BH candidates the companion mass ratio is
=M/ My& 0. 1.

Just these very cases of the systems (with the mass of opticallgfawith uncertainties in
measurements of binary system parameters are the smallest ones now, and skepanatssn between
the BH candidates and NSs is seen the most clearly. It is these systems in which the BH candidate masses
are concentrated near maximum in Figl [t is seen well also in Fig.1 (b) taken from [8] for the sum of
likelihoods for the masseasurements of 16 BHs in lewass Xray binaries.

As was specially noted in [8], this eaff massM. = 6.32V$ in the exponential distribution is well
abovetheoretical expectations, indicating a sizable gap between NS and BH masses. Furthermore, the
exponent mass scalé; .= 1.6IMS in the exponents in Fig. 4 and Fig. 1) is significantly smaller
than the same theoretical expectations the pealof BH masses still turns out to b&ther narrow In
this connection, the authors [7, 8] specially emphasize that because of thedsglwings of the
individual likelihoods, the shape of their sum in Figahiidb) is artificial at the highmass end. (Abat
that see also the caption of Fig. 380, ch. 8, A9,
it he shape of probability density distriMution
is unreliabl ed. ) Twith ashigleoratiqe Mapts M,z 10.4& and Isegvier optinas
companions (including Cyg-A).

Figure 1 &andb) actually is a good illustration of a new propértye peakn the BH candidate mass
distribution. Figure 24d) is taken from paper [11]. Hetke solid line conforms to what was obtained by

other authors previously (by Farr et al ., 2011)
aware of a more recent study [8], also in a Bayesian framework, analyzing tineaksvXray binary
sample Our results are |l argely consistent with tt

low-mass Xray binary systems containing BHs and founstrangly peakedlistributonat 7. 8 N 1.
M. o
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Fig2. (a)1 Different versions of BH mass probabildistributions calculated in the powdaw model taken from [11]The
dot-dashed curve is from the powlew analysis with the using of parameters of 16 BH systems of Farr et altfigGptted curve
is from analysis with the using of parameters of 16lBtdry systems of Kreidberg et al. (K2012) from [11], excluding GRO
J0422+32 fromthe sample;h e dashed curve comes from analysis with systen
the samplethe solid curve is from analysis using parameterk6oBH binary systems (but including GRS 1915+105 in the sample,
see the text).
(b) (taken from [13]) Total probability density distribution of compaaject masses ¥in 20 Xray binary systems (see the text).

For Farr et al. [10] this is the matonclusion which is well confirmed by this Fig.& @lso. As was
said above, from the paper by ¥zel et al . [ 8] i
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density distribution for 16 BHs in lovmassive binary Xay systems obtained in te&ponential law is
optimal (the dashed line) withsharp breakn the lowmass end plus the fast downfall after this peak for
large masses. This fast downfall of BHs mass does not agree with theoretical expectations (or predictions)

also, as well as thézable gap betweenNSandBHmassese e it i n the article ¥z
matter is both about 16 CBSs whose parameters are measured the most accurately and about CBSs with
heavier optical component s f o rensityhlistribdtionfiuéctiamér s hap e
all BHsin the region of high values of massMs unr el i abl ed [ 8].

And here | am interested most of all in this peak itself (and its precise value especially) in the mass
distribution of objects which many peoplealreadg nf i dent |l y call #fAbl ack hol es

Fig.1, the mass correspondinghis peakis a new observational property of real BH candidates in these
CBSs.
Here astrophysicists can issue the challenge both on determinationriniheummass(because
there is this BHNS gap) and on measurement of the limit mass for these objects (BH candidates), just as
they do that for white dwarfs and NSs for a long time. All the more so, that now this already becomes the
main observational and theoretigaibblem for NSs (see in Buballa et al., 2014 [21], and in this article
below).
In Fig. 2 @) from [11] the most probable value of BH candidate mass was perfectly confirmed after
the strong testing of the same sample of objects and comparison of the BHlisigbutions with
previous results. But the main thing is this pefakd the filling ofthisNSBH gap i s fAsuccess:!
by taking into account the most unreliable binary system GRS 1915+105 (in which the corresponding
individual probability/errors dtribution in mass measurements of the compact object begins with the
zero mass of the BH candiddtsee Fig. 7 in [11]).
On the other hand, even with uncertainties of parameters measurements of the same 16 BH binaries
introduced by GRS 1915+105 and #rer debatable system 4U 1543 (see the solid curve in Fig. 2,
a), the result by Farr et al. [10] remains vakdstrong pealis in the sum of likelihoods distribution at
7.8Mf. Qt hough with a | ower maximum probability).
Recently, a SAI team [13ksted once more 20 binaryrdy systems with BH candidates by their
methods and practically confirmedistence of the gap problem in the mass spectrum of the degenerate
compact objects NSs and BH candidates. Tr& &nd p) images in Fig. 2 for BH maskstributions are
similar, in spite of differences in the sets of binary systems, in their parameters, and in the methods (see
[13] for details) of calculation of the sum probability used in these studies [11] and [13].
Thereby, calculations of probabylidistributions tested by four different groups ([Farr et. al. [10],
¥zel e 8], Keeidberg ¢t @l., [11], and Petrov et al. [13]) by different mdthconfirm the main
thingT a peak in mass distributions for BH candidates does exist really andvéyner another) it
turned out to be within thMj.Farr et al. [10] mas:s
On the other hand, it is impossible to insert easily a BH in this gap in Fy.1n(this mass
distribution (see Fig.2a)) they try (see in [11] for the 1% massgantile) to shift all 16 lowmassive
binary X-ray systems by only one system (4U 1548 just in the region where only NSs with mass not
more thard 2.IMf} [ 7] are observed. But , if we | ook at ti
(see in [11] Fy. 7), then we see at once the strong difference of the distribution for the 4417543
system from what was obtained by Farr et al. [10] for this system before (see Fig. 1 for the individual
mass distributions in [10]).
Now, returning to the upper limitf this massgap(3Mfj ) , as was said above, it
judging from what was obtained in [11]: the most probable value for the lowest BH mass is llifioye 6
with a peak aé 6.7M] f oI X-rdytinaries. This peak value was taken of direstyf Fig. 2 ).
Here it is just the peak in the mass distribution that should be considered as the most probable value of
the compact objects mass in these galactic CBSs. From this peak a downfall to the NSs side begins.
On the mass spectrum of BHs in tlo&-mass Xray binaries: at least 1& of them holds the BH
candidates with a maMfis (daiss ttrhieb unoi Sosre ByedabaTha fe &v a6l . us
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authors themselves [11] wrote not a word about this peak. Though the result by Farf1ét al.
recal cul ated by Kr ei db egygin tleetpowadaw moflel (ingrked by the he s
dashanddot line in Fig. 2 §)) also turns out to be close to the maximum nedvi8.7That is, nobody

except Farr et al. [10] wants to notice another observational fact beside this strange mass gap.

Everyone is keen on the problem to fill it (the gap) or, at least, to understand it. In doing so, nobody
wants to explainoreventonoticehni s peakij)t s erft h@86BH candi dates.
(see in [7]) in NS mass distribution are explained somehow both by CBSs (+evolution) with NSs
properties, and by the equation of state for these compact objects (neutron, hybrid gedstiransee
further about this).

As to peaks in mass distribution of BH candi
di stribution must fiome thevary megirning. But egentoa)ly, justi this dlesensd
BH mass distribution origi (with this peak from [8] namely right near 81i) have to be e:
from standpoint o$tellar evolutiorof massive stars see Figure 2 (right panel) in [40], and a discussion
therein. But even here the authors do not indicate themselves in ttieetendss value corresponding to
the peakneareMii i n the BH mass function and one has to

So, referring to the observed peaks in NSs mass distribution [7] one should pay attention to the fact
that beside the stnge NS and BH mass spectrum (with the characteristic lack of compact objects within
mass rangeiBMrfj) t he mat t e@mewolservatiomal peopemfucompact objects BH
candidates: Like NSs, these objects can have a selected (the most firethesse CBSs) value of mass.

Also this can mean perfectly that these observed objacthave a surfa@nd their own equation of
state the same as NSsé (No ideological bans cal
necessary to measuretrmmly mass, but theizeof BH candidates also.)

2. Gravidynamics

Here | call the gravidynamics some model of gravitational interaction ([22] and references therein) in
which, like for all other fields in nature, the localizability of field energy iseated a priori as a
postulate. Then, with gravitational field energy densities close or exceeding the nuclearjdgpnsity
2 . 8"Adl ém3, completely new properties of compact gravitating stellar mass objects can be
prognosticated. In particular, tederstanding of the physics of phase transition to gglaidn plasma
during formation of so dense objects can be directly connected with such dynamical gravitation
description. Thus, the case in point can be the dibservationalconsequencegelatedwith the
gravitational energy localizability.

The compact object (collapsar) strong fiéldn analogue of the BH in General Relativity (GR3¥
investigated in such totally nemetric, dynamical model of gravitational interaction theory. In the case
of extremely strong (for gravidynamics) collapéar el d a region filled by ma
radius equal to* = GMQ/C2 M10kmat the total collapsar makk, M 7Mfj. The articlg22], dedicated to
the properties of strong static field of the collapsar in gravidynamics, gives a more precise estimation of
this mass and describes some properties of egladn plasma inside this bag. Stability or hydrostatics
of theselfboundquarkgluon bag based dhe color forces only. Specifically, in the very centre (i.e., for
distances ~ 1fm =1 L 1) of such a bag with radidd10kmt he fAmacroscopi cd cons
forces will be only about 3 constants of electromagnetic interadtigs & 0.0073) For all that the
densi/t?wi U be of t h%cm’raddehe tomlfeney (Aasd) in 4 b small sphere
(r=1fm) wi | | “da&a0'*Mp ITheloBal (heasurablpmass of suchxtremely compactbject is
Mg& 6.7Mrj .

In another ourarticle [23] dedicated to the masses of macroscopic configurations in metric and
dynamic gravitation theoriga formula for calculation of the total mass of the extremely compact object
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in gravidynamics is given:

é 2,'nucl 16
c B/c 9

for the bag radius* = GMQ/c2 & 10 km whose surface consists of a strange-selfnd matter. This

selected massvalue 8/f was obtained when we chose ®uoite def
79.925MeV fm? for some quarigluon plasma bag model in aotum chromeadynamics (QCD) with

limiting equation of stat®q = 1 /4B Of or quark configurations, wher
inside the huge quamluon bag with the bag radivs= GM Q/c2 M 10 km And now it (theB value) is

still discussed, but then it was possible to refer only to such pioneer papers as E. Witten [24] (see also the
references in [23, 25]).

Thus, the gravidynamics is the model of gravitational interaction in which: (1) Gravitational field is
assigred by energy and, correspondingly, quite a definite part of any gravitating object mass is the field
energy like the electromagnetic mass of electron in electrodynamics. (2) All known relativistic effects of
weak field(that is for r >> r* :GMQICZ) are eylained (see [23] and references therein), because in such
cases the force is basically specified only bgresor partof field, or by gravitation proper. (3) In the
compact objecstrong field when the energy density of the field itself approaches ubkar density
} nuat (for r & r*), the role of thescalar componertf the field ¢epulsior) increases. (4) The total mads
of such an extremely dense objeet quark star in gravidynamitsalready half consists of the field only,
or of its scalarten®r mixture around the bag with radius. Thereby, the basiobservational
consequenceonfirming the version of gravidynamics + QCD unification suggested here, could be
indeed the existence of a selected collapsar mass Mahgzr 6.1} .

Relativistic effects in gravidynamics and in GR do coincide, but ondyfficiently weak fieldgfor
r >> r*), where GR describes them in the long run only as effects of the tensor field with the spin 2
gravitoninflatspacé i me. Thi s isprtdcaec MO etyomnmbenscar i pti on of g
Lectures on Gravitation [26]). But in strong fields, when the object size is cl@l/t5 andwhen the
energy density of the field itself becomes comparable with the energy density of(aradtef allother
fields), the consistent dynamical description of field (gravidynamics) can give quite a different result.

In gravidynamics the observational properties and all physics of the quarlasttable configuration
with extremely strong field (for ¥ r* = GMQ/c2 4 10km) i are determined only anghpermosby the
scal ar component of the field oirfigbrya viilteownistoo nwsiot h(
[22,23].

But then it already goes beyond the scope of the standard Feynman appregabhiic h At he t he
with the graviton spin 0O must be rejectedéo see t
be regarded as a certain modified or extended Feynman field approach to gravitation. In fact, in
gravidynamics the most important andraical question from the observational (experimental) point of
view is the question: to which value of the gravitational field energy density in the strong field (this
energy) cannot be considereddom c al i zabl e | i ke in GR (see in [43]

In this article the matter isssentiallyabout direct observational consequences of such consistent
dynamical description of gravitation with two field components of spin 0 and 2. And here, in particular, |
speak yet about a possibility to explain theosek peak in the mass distribution of compact stellar
objects (e.g., see Figure 1, left).

But here it should be specially said also about gravitational emission which explains secular effects in
binary systems with pulsars. In gravidynamics we are to atayraccount for contribution of scalar
emission. Though in 1992 one attempt was already undertaken (see in [27]) for PSR 1913+16. But now
modern data on binary pulsars became considerably more precise (see the references in the previous
section). So fathere is a discrepancy from GR also for observed secular period clit®igeis these
binaries. In particular, the observed®®/dtis higher and there is surely (see [28]) some unaccounted
contribution, which should be taken into account carefully. #sigecially important to take this into

M, =6.64M
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consideration in the case of relativistic collapse of a massive stellar core in the process of formation of
objects with the mass 8Mfi a n d arl@lini lo this case the contribution of the leviton scalar
radiationbecomes determinative in gravidynamics.

4. Observations of CoreCollapse Supernovae, Gammdray Bursts, Possible
Explanations of the Observed Collapsars Mass Spectrum and stellar evolution

In connection with observational manifestations of these compact objectsi ar@lapsars (NSs and
the BH candidates) one should emphasize especially the discussion on a relation between BHs and
long-duration gammaiay bursts (GRBs), since NSs and Bfblisnation of itself can be closely related to
GRBs. Here one should inevitably say about relation betweercotiepse supernovae (CCSNe) and
the same GRBs since a ledgration GRB can be the beginning of CCSNe. Or at least a GRB itself can
beone of fist signalsof a massive star core collapse and supernova explosion at the end of the massive
star evolution (see e. g. [29], and references therein).

The masses spectrum of compact remnants in binary systems is now actively discussed just in
connection ith the old problem of CCSNe explosion mechanism explanéiitmg et al, 2014) [17],
because the CCSN explosion mechanism has remained one of the outstanding challenges in theoretical
astrophysics for decades. Among the various models that have beesegoroper the years to explain
CCSNe expl osions [ 30 kee &l9d31] (Jarka, 20&4) and [B2f (Adam Bwordaws, ) ,
2012) for an ugo-date summary. The smalleddelayed neutrina@lriven mechanisrourrently remains
the best explored and mosbmising scenario (at least for CCSNe with observed explosion energies not
exceeding 1Y ergy . Still, see the remar ks i n [ 32]: T
development of techniques and tools to address thecotiepse problem in the lagititty yearsputthe
current status of the theory for the mechanism and the systematics afotapse explosions is
ambiguous, if not confusing. Wilson (1985) [44], in a pioneering paper and using a spherical code,
obtained aneutrinadriven explosiorafter a shortposb ounce del ay, €0

As was reported many times already [ 3,pality 10],
range of 2i5Mfi demands some solution both in the context of the GGRRB relation,and in

connection with theCCSN expb si on mechani sm itself. The simple
energies are weaker for these stassit is understood by the authors in [32, 17] within the framework of
thei mafttkalmMechani smso in CCSNe. | ellar materiahdoasmoti n  h ¢

receive enough energy to escape the potentialafelie newly formed NS and it falls back on to the
core.

This is the falback which can be also connected to lohgation GRBs. At least, astrophysicists
have been preoccupiedtwh t hi s str ange @ ma sawdirgalyyallong @st)irm | onc
connection with the SNe explosion mechanism itself, so long as one is forced to accept the fact that the
details of CCSN mechanism are not fully understddds means that ivill be necessary to remember
also the oldcore bounce problerim connection with SN 1987 [34]. The point is thaif a BH is formed
at once, then this AHipfioitelededp and theremeuld béo CEGINexpldsiob e ¢ 0 me
at all. Therefore ths catastrophic instability must develop before BH horizon emerges, what makes
rather improbable the very accessibility of a BH configuration at the end of massive collapsing star
evolution, and eventually QCD becomes incompatible with BHs [45] .

Wong et & [17] suggest their version of a model of the core collapse massive star progenitors through
the core bounce, in which the essential role is played by the neutrino transport. Philosophy of their
calculations is that first they form above mentioned N&xgain the CCSN itself), and then the further
ifall backo |l eads to BH origin. This fallback (w
setting compact remnant masses and is to explain some observed phenomena likes ctithrationg
GRBsand a neutrino emission. But unfortunately in such a scenario the resulting Bihosdsl the
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observed mass gdpr paucity range)in  Might now.

At least these calculations [32, 17] indicate that such a massgapdeed provide constraints thie
physics of CCSN explosions.

But it turns out that problems (related to the compact objects characteristic magslackvPrj) ar i s e
already in origin explanation @volutionof the same CBSs with the lemwass optical companions and
with g = Mopt/M, & 0.1. Right in connection with the formation puzzle, the authors of [19] (Wiktorowicz,
G., Belczynskil, K., Maccarone, T.J. 2013) try to explain just this (observed)yaiube 19 reliably
confirmed now BH Galaxy binaries or in the BHrXy transientsThe 16 of them are Xay transients
(or the BH lowmass Xray binaries) hosting ~'30Mfi BH candi dates and a Roch
low mass optical companion. The obseregdical companiormasses are found mostly in @LIMIj
mass range, but withpeakat 0. 6 MH . Under such conditions none
models allow for the formation of thebservedpopulation of Galactic BH transients with masses from
Figures 1 and 2 though.

That is, one cannot explain just these too small masse¢bdmptical companiondvi,,; = 0.6M1} ) .
According to all known standard (and described in many textbooks in detail) evolution models of such
CBSs, it mulsat bies 1tMJ] s avy, the optical companion
But at leastt is still in tension with the smallest measurement errors in mass measurements for these 16
binary X-ray systems.

So, the sum of all explanations of component massaatidlopt/M, in these 19 BH Xay transients
is as follows.

Wiktorowicz et al. [19 have reexamined the issue of donor (optical star) mass in the Galactic BH
X-ray transient binaries. Since the formation scenarios involve a common envelope phase initiated by a
massive BH progenitor, it is naturally expected that companion mass shoblkl tee small as to avoid
the common envelope merger. However, the donors that are found in ther8Htoansient binaries
have very IMjw MBEass yasdbudies have shwiwmrtehdthes tmors
likely companions for Galactic BH(CygXx1 e.g.). With the updated population synthesis code by
Wiktorowicz et al. [19], they have shown that starswithmad§l ar e most | i kely compe
the factor of ~2 improvement the predictions are tilltensionwith available (the mosexact)
observations.

fiThis failure most likely indicates that either the current evolutionary models for low mass stars are
not realistic or that the intrinsipopulation of BHs per se (in the lemvass Xray binaries) is quite
different from the observeohed seg the remarks in [19]).

Though for the time being Wiktorowicz et al. [19] do not pay attention to the peak itself in mass
di stribution of the BH candidates, but they are v
mass spectrum the ataateristic lack of compact objects is within mass rarigd#| 1 this is close to
the interval between the maximum mass of NS and minimum mass of BHs (candidates). In this
connection, when speaking about t hl;es),iretbetweer | bet
the most probable values of mass of compact objects in galactic CBSs, it would be cloisg. Tdvit}4.
l.e., the gap begins indeed wiatiast downfallof mass of compact objects both from the NSs side (1.4
Mi peak) t o BdfromtheBHisidea(6.Fjs ,peaak) t o NSs side.

Eventuallyanothermodel of supernovae was suggested for the gap in the mass spectrum of compact
objects [19]i this gap can bgualitativelyexplained with the specific model of CCSN explosion. But in
the same model [35] (Belczynski, K., Wiktorowicz, G. et al. 2012) have to take into account the fact that
thelowest masBHs are aboveMi i n correspondence wit hSsarblessf act t
thanM.iSo far we have not directly commented on t}
X-ray transient binaries. In all previously discussed models BH masses were foliddMii5 r ange .
This range is in agreement with the existentenass gamnd consistent with masses of BHs in the
Gal actic binariesd (see the remarks in [35]). At
a problem.
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Though eventually just in this new model of CCSN explosion by Belczynski et ait &) turns out
that BHs (resulting from the explosions) get di

BHs have mass aroudilj. 6 aBdd hi s finding is inconsistent wit
to imagine that currentlgnown wide spectrum of BH masses would be shifted to a very narrow range
with pMgkoanAnd3then, peak |ike this for the BH c
in Fig.1).

Besides, it should be also taken into account that the limit ofiaéserved NSsisnot 3y, bdut i s
2Mf. | .e. there are ndé@3M8y whnthl 5 mthPElpvichwasmas s & ¢

mentioned in the famous textbook by Shapiro and Teukolsky (see chapters 8.13 and 9.5 in [16]). So, the
predictian based on the wrong theory of strong interaction failed heré &§s and BHs with mass 3.2
Ml are not observed.

4. Conclusion

As far as before 1990 it was said that a strange minimum between masses of NSs and BH candidates is
outlined, but then nobodypok it seriously. Accumulation of data on CBSs with the degenerate objects
has been going on.

When I. M. Kopylov with me [14] were determining the mass of the first (at that time) CBS Cygnus
X-1 with the relativistic companion, we concentrated therhemriost precise estimation of mass of the
optical star HDE 226868 Ol supergiant. It was what should be done first of all and as precisely as
possible, because then it would be possible to determine reliabywbeboundof the degenerated star
mass also. It turned out that with the mislss; = 19.5V1} , the mass of t hnetleBsH c an
than6.5M# .

Itis this value of the madd,, in CygX-1 system that is cited in [19]. Eventually it turned out that this
lower mass limitM, O 61 5[ 15] of the rel at i Aliseldsétotheddwjmasst i n
cutoffatM,=6.3Mfj] i n t he exponenti al mass distribution

Now the data precision on BH candidates in the Galactic binary sygpemu=aahes to the precision of
NS mass data, and they can be compared at last; there are a lot of papers about that already (see refs. at
the Section 2). Certainly, they are superimposednbividual errors of mass determination in such
binary systems anlly areal mass dispersionf the compact objects themselves resulting from star
evolution in these CBSs (see at the Section 4 of the text). But, one way or another, the peaks in mass
distribution in Fig. 1 and 2bfy definitior) are themost probable masalesof these degenerate objects.

So, it turns out that the accumulation of data on Galactic CBSs with degenerate stellar objects during
40 years just emphasized ttantrastbetween NSs and the BH candidates. There are no compact objects
with masses betwen Mfj a&o6Mfi, and whiahereis the pead in #hgir mass spectrum near
6. M} ( s e e Hthiug the gteyiou® sections concern the value of mass of a quarkxstamgly
compact object) in gravidynamité,d6.7Mfi [ 23] pr e Beslédseodw itican belcOnSidered
also as an independent observational confirmation ofgtlekgluon plasma bag model in QCD
because the valug the bag constarit = 79.925MeV fm® in the limiting equation of stateo= 1 F 3 ( U
4B) follows immediatey from the value of the second pe@a6.7Mii as t he most probab
observed distribution of mass of degenerated objects of stellar mass in CBSs, i.e. where these masses are
measured the most precisely at present.

It is not excluded that furtherbservations will result in the fact that these compact objects (in these
binary systems) can be without BH properties like singularity or event horizon. Like NSs, these
degenerate objects can have their own equation of state, surface and size, deteaahithiair
observational manifestations. The absence of the pulsar effect in objects of the second peak in the mass
distribution in Fig.1 does not mean that they do not have surface. This only means that these are not
pulsars or NSsat least. Thereforet iis still early to say that these are BHs exactly, and BHs are
discovered already. Wean and shouldlook for effects related to the surface of these objects because
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many people realize that GR predictions still remain to be verified in the digdtgegime(see e. g.
[41, 42 46 and references therein).

In particular the GRBs prompt emission anisotropy, the instantaneous GRB blackbody spectra and
other observed properties (e. g.,welh o wn A Amat i | awd) must be a conse
GRB model [36] and could be explained by the direct surface manifestation of these collapsars. And
strong linear polarization of some GRBs prompt emission can be also explained in principle by the direct
manifestation of strong magnetic field of a collapsaulténg from an SN explosion, and may be related
to radiation transfer in a medium with the strong (regular up t6°~10"° Gauss) magnetic field on (or
near) the surface of the compact object [39]. And a cyclotron feBlue 21.7 (+1.9/1.6) keV or
GRB 011211 with gravitational reshift z,, = 0.318) could be explained by tHgect manifestation of
the surface magnetic field of ~f0Gauss in the GRB photon gammay spectrum [33] withzgrg =
2.140.

On the other hand, the problem of a togéamass of NSs is also actively discussed now. The main
point is,i what these objects consist of? See the recent discussions in [21] and NEOS2014 (The second
workshop on "Nuclear Equation of State for Compact Stars and Supernovae”, FIAS, Frankfurt,
Decemler3i 5, 2014, http://fias.udirankfurt.de/~neos2014/). And what maximum permissible mass
can be reliably justified for NSs; M) orMi2. Now t he equation of state
these objects (of the first peak in the mass distribution inIjiglso. Are they neutron stars? (See also
[37] and references therein.) Thus, already physicists are also excited by the mass distribution (with the
peak 148 in Fig. 1). TMie aN®s pmasnsessimdar il this dis
aretoo heavytobecalledNés ee al so t he r evi ew b )Equationof Hatet i mer
andNeut ron Star Masseso.
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High-Energy Neutrino Astronomy:
Where do we stand, where do we go?

Christian Spiering
DESY, Zeuthen, Germany; christian.spiering@desy.de

Abstract First ideas for doing neutrino astronomy with degglerwater detectors date back to 1960, first

attempts to build such a neutrino telescope to the year 1973. It took, however, further 40 years before
extraterrestrial neutrinos could be identified with fleeCube neutrino telescope in the deep Antarctic

glacier. This is a real breakthrou@hthe opening of a new window to the Universe. The present article
sketches the long path towards that discovery and summarizes the present experimental results and our
present understanding of t hem. Much is stilldl to I
landscape ofhigge ner gy neutrinoso, and | wil/| di scuss the r

Keywords: neutrino astronomyosmic rays, extraterrestrial neutrinanultimessenger astronomy

1. History

The march towards underwater neutrino telescopes started forty years ago at the 1973 International
Cosmic Ray Conference. There, a few physicists from the USA, Japan and Russia discussed for the first
time building sich a device: the Deep Underwater Muon and Neutrino Detector (DUMAND). Actually,
the idea for detecting the Cherenkov light of charged particles deep underwater had already been raised
13 years earlier by Moisej Markov [1]. The original DUMAND design frb®78 envisaged an array of
about 20,000 photomultipliers (PMs) spread over a 1.26 cubic kilometer vdluredo technical and
financial reasons the project was terminated in 1995 [2].

Starting in 1981, Russian physicists explored Lake Baikal asthksite a A Russilmn DUM
1995 the first two (atmospheric) neutrino candidates were separated from the 1994 data, taken with the 3
strings deployed at that time. NT200, with 8 strings and 196 PMs was completed in April 1998 and has
been taking data sin¢ben.

In 1988, F. Halzen and J. Learned proposed to deploy a neutrino telescope in deep Pdlhisice.
marked the starting point for AMANDA (Antarctic Muon And Neutrino Detection Array). The array was
completed in January 2000 and eventually compri€estrings with a total of 677 PMs, directly at the
geographical South Pole. AMANDA has been switched off in April 2009, after 9 years of data taking in
its full configuration.It provided 6595 atmospheric neutrinos, several important upper limits, but no
clear indication of any extraterrestrial neutrino signal.

Several projects have been pursued in the Mediterranean Sea, but only one made it to a working
neutrino telescope: the ANTARES neutrino telescope, consisting of 12 strings, each carrying 25
PM-triple t s . With a geometrical volume of O0.01 kmj
ANTARES was constructed in 20008. It has convincingly demonstrated that a detector with precise
angular resolution can be reliably operated in the deep sea.

The breathrough, however, came only with IceCube. This detector consists of 5160 digital optical
modules (DOMs) installed on 86 strings at depths of 1450 to 2450 m. A string carries 60 DOMs. The
decommissioned AMANDA was replaced by DeepCore, a-tighsity sukaray of eight strings at the
center of IceCube. DeepCore has smaller spacing and more sensitive PMs than IceCube and sits in the
clearest ice layers. This results in a threshold of about 10 GeV and opened a new venue for oscillation
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physics. The first IceChe string was deployed in January 2005, the last at Dec. 18, 2010: finally, the
idea of a cubikilometer detector became reality!

2. Detection Principles

Neutrino telescopes arelargeo | ume arrays of Aoptical modul eso (
media like water or ice, at depths that completely block the daylight. The OMs record the Cherenkov
light induced by charged secondary particles produced in reactions efiégdpy neutrinos in or around
the instrumented volume. The neutrino energy anection can be reconstructed from the hit pattern
recorded

In detecting cosmic neutrinos, three sources of backgrounds have to be considatethspheric
neutrinosfrom cosmieray interactions in the atmosphere, which can be separated from cosmic neutrinos
only on a statistical basis; (ii) dowgoing punchkthrough atmospheric muongrom cosmieray
interactions, which are suppressed by several orders of magnitidesypect to the ground level due to
the large detector depths. They can be further reduced by selecting goiagdr highenergy muons
or by selfveto methods sensitive to the muon entering the detectomafidom backgrounddue to
photomultiplier(PMT) dark counts°K decays (mainly in sea water) or bioluminescence (only water),
which impact adversely on event rgodtion and reconstruction [3].

Typical event topologies in underwater/ice neutrino telescopes ineluttacks of muons, either
geneated in neutrino interactions or in air showers above the detectb) eodtained particle cascades
induced by charged or neutral current interactions of neutrinos in the geometrical volume [3].
Extraterrestrial neutrinos can be distinguished from atmospheric neutrifiggh®jir harder spectrum
(i.e. an excess at higher egies), by2) showing a local excess at the sky map dB}xoinciding locally
and timely with a transient event (flare, burst) observed in electromagnetic radiation (in future also
gravitational radiation!).

3. Where do we stand?

In this section, | willsummarize the most important findings from searches for diffuse flaxefof
point source searche®)(@nd for transient source3)(

3.1. Diffuse extraterrestrial fluxes

Atmospheric neutrino fluxes have been precisely measured with AMANDA, ANTARE&e@dbe.
The results are in agreement with predicted spécivith the exception of IceCube data, which extend
to energies where extraterrestrial neutrinos start dominating over atmospheric neutrinos.

The discovery of extraterrestrial neutrinos in Ice€was heralded by two cascdde events each
with about 1PeV energy, dubbégnie andBert[4]. They were found in data taken in 2010 and 2011.
The two events representedi astill moderatei 2.8s excess over the expectation for atmospheric
neutrinos. Tk sheer energy, however, made them more promising candidates for cosmic neutrinos than
anything found earlier. Figure 1 shows the two events.
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Motivated by this result, an alternative analysis of the same data was performed. It constrained the
event to start in the inner volume of IceCube (using the outer part as veto layea) thedame time
considerably lowered the threshold compared to the first analysis, from 0.5 PeV down to 30 TeV (HESE
analysis, fo High Energy Starting Event)t provided 28 events, with the energies deposited in the
detector ranging from ~ 30 TeV to 4.PeV and a significance of 4.]5]. Meanwhile four years of data
have been fully analyzed, resulting in 54 events, one of them a cascade event with ~ 2 PeV. A purely
atmospheric origin of these events is excluded with a significance of €ifure 2 shws the
distribution of the deposited energy, including the background and the fitted astrophysical component.
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Fig2. The distribution of the energy deposited in IceCube, for the 54 HESE events (see text). The astrophysical component is best
fitted with an E>*®shape (solid line) while the dashed line shows the results for the canoRisahfe. About 21 events can be
statistically assigned to atmospheric backgrounds (filled histograms). The dashed areas reflect the uncertainties<fof the flu
atmosyheric neutrinos [7].

The skymap of the 54 events shows a slight clustering about 10 degrees off the Galactic center (for
IceCube: slightly above the horizon). That these events cannot be due to-pajptasburce with less
than 1A ext e menstated bji ANTARES [6]nlf the epectrum would B or steeper,
ANTARES would have identified the source at lower energies, looking to upward moving muons (for
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ANTARES the Galactic center is below the horizon).

Other searches for diffuse neutriflbixes studied wgoing muon tracks produced in neutrino
interactions outside the detector and yieldinggopng muons passing the detector. The most advanced
of these analyses is based on two years of data and providedevl@nce for astrophysical tginos.

The spectral indices and the flux normalization obtained for the extraterrestrial component still differ
from analysis to analysis, as shown in Fig.3 left.
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Fig3. Left: flux normalization versus spectral index from various analyses. Rightrebifif flux from various analyses, the red
band with fitting a single slope, the blue contour allowing for aatif8].

Figure 3 (right) shows the differential flux from different analyses, with a spectrum apparently steeper
thanE™. It is fitted witha singleslope unbroken spectrum and with a-offt More statistics and tests are
needed to understand the reasons for the differences.

Definitely, a detector with different systematics would help, like KM3NeT in the Mediterranean Sea
or GVD in Lake Bdkal. The extraterrestrial contribution as such can be considered firm by now, but the
details on spectrum and flavor composition will need to be scrutinized by independent measurements.

3.2. Search for steady point sources

Traditionally pointsource seahes are performed with the help of long tracks from upywgaidg
muons which provide suffici®niAyfgrooldcid@@Bgbhd daond e
KM3NeT). No point sources have been found, neither by ANTARES nor by IceCube (thecstafisti
Baikal NT200 was much too small to compete with ANTARES). Figure 4 shows the upper limits to the
flux obtained by ANTARES and |l ceCube as a functi
sensitivity to the Southern hemisphere is due to tbetfet at very high energies the background from
downrgoing muons can be kept sufficiently small, so that IceCube can look southwards. This possibility
is mostly lost for fluxes with a hignergy cubff (see the dashed curve). ANTARES, on the contrary,
covers part of the Northern hemisphere since it is not located at the North Pole.

The somewhat disappointing picture of only upper limits might be mitigated by the fact that the
remaining step to identify the predicted fluxes from some sources liker#iienebula or sources in the
Cygnus region is only a factor%, therefore a detection in the nexb3years seems a reasonable
expectation, either with IceCube itself or with KM3NeT and its superior angular resolution.



137

10° T 3 T T
: ® | == IceCube 4-year Sensitivity (90%C.L.)
= |ceCube 4-year Discovery Potential (5a)
* ¢ |ceCube 4-year Upper Limits (90% C.L.)
[ ANTARES Sensitivity (0% C.L.)

an®

- i %4+ ANTARES Upper Limits (90% C.L.)
0 4410 ; T T
D10 5 B :
E
N

s P .
[} 3. it
= -

.
% 1 Ll RSN L 100 TeV.cut- off
=
=
;c .
w

i ‘ ..---1--'
1072 oo I_ ’._,.t,

-1.0 -0.5 0.0 05 1.0
sin(y)
Fig4. Upper limits/sensitivitieto the flux from point sources obtainedmNTARES and with IceCufraodified Figure
from [9]).

3.3. Search for transient sources

Many searches for timéependent emissions of extraterrestrial neutrinos have been performed by all
four detectors, BaikaNT200, AMANDA, ANTARES and IceCube, notably the recent
targetof-opportunity programs of ANTARES and IceCube. Strong constraints on models could be set
for prompt neutrino emission from Gam#Ray Bursts using 4 years of data. For GRB searches the
small patial and temporal windows (a very few degrees and some seconds, respectively) dramatically
reduce the background from atmospheric neutrinos and would make a doublet of events in coincidence
with a GRB already highly significant. Figure 6 shows the cairgs on a doubly broken powkaw
spectrum versus the first break eneeggnd the normalizatioR ; of the GRB flux, derived from 506
GRB and only one coincidence of a l@mergy neutrino with a GRB, consistent with an atmospheric
neutrino. The model dkhlers et al. assumes that only neutrons escape from the fireball and contribute to
ultra-high energy cosmic rays, the model of Waxman and Bahcall allows even all protons to escape.
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Fig5. Constraints on flux normalization and break energy of two fitaballels (modified Fig. from [10].
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Follow-up programs start from alerts issued by ANTARES or IceCube [11],[12]. These alerts are
distributed in reatime to Imaging Cherenkov Telescopes (Gamma Ray Fallo)y satellites (Xray
follow-up) or robotic opticatelescope (Optical Followp, OFU). Alerts are due to neutrino multiplets
or single neutrino events of extremely high energy. This approach boosts the discovery potential for
astrophysical sources and can be used to constrain models of theenkigly ®utrino and gammeay
emission. | will report here one intriguing observation made with the OFU of IceCube [13].

An alert was sent on March 202012 to satellites and optical telescopes. This alert was based on a
neutrino doublet with the two events raniggone degree from each other and arriving within 1.7 seconds.

In the followrup observation performed by the Palomar Transient Factory (PTF) ten days later, a
previously unknown supernova was found, only 0.14 degrees from the mean neutrino directieré Figu
shows the location of the two events and the supernova. However, the age of the supernova at the time
when the neutrino vents arrived was already169 days at least. Therefore the detection was classified as a
coincidence and assumed that the neutriveog no relation to the supernova. On the other hand, as |
learned at this meeting, there are models able to explain such a delay between a beamed neutrino signal
and the optical bursts [14].
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3.4. Where do we stand and what is needed

The discovery of cosmic highnergy neutrinos with IceCube is a landmark event and a real
breakthrough. Apart from this discovery, models on a number of steadsaastent sources have been
severely constrained or falsifi#dwhich is also an advance of knowledge. But still, not a single point
source (neither steady nor transient) has been detected. Moreover, the knowledge of spectrum and flavor
composition is stilfuzzy. Astronomy, however, means just this: identification of individual sources,
measurement of their spectrum, measurement of possible time variati@diiion coverage of the
full sky.

More statistics and an incrementally improved understandintheofdetector may help IceCube
improving the understanding of spectrum and flavor composition, and possible even detect a first
individual source. But the big leap will come only with a next generation of telescopes: KM3NeT and
GVD at the Northern hemispteand IceCub&en2 at the South Pole. When finished, theses detector
will cover 510 cubic kilometers of water (North) or ice (South) and will improve the sensitivity of
IceCube by a factor-20, depending on the event signature. Moreover they will aHofull-sky
observation, with a better view to the center of the Galaxy from the North. The next chapter gives a short
description of the three projects.
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3. Where do we go?
3.1.KM3NeT

KM3NeT comprises two deegea installations, the one locatedstfioreToulon (France), the other at
Capo Passero (Sicily), with a potential third site in Greece [15]. KM3NeT will consist of blocks with 115
strings each and 18 optical modules (OM) per string. Each OM houses 31 small photomultipliers. The
diameter of the hige ner gy bl ocks (AARCAO) is abou-enery km ( s
bl ock in France (AORCAO0) is 100 m. ARCA will add
ORCA, with its small string spacing an efficient light collection, Wiélve an energy threshold in the
few-GeV range and will be sensitive to effects of the neutrino mass hierarchy by measuring atmospheric
neutrinos having crossed the Earth.
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Fig7. Top view of an ARCA bl oc kDU (cluedotsysianlg dmraMfdetefctamoutUni tilor
stands for fAJunction Boxeso of-optcaltable(E®Q)linkslthe detedor to theyshoree v e | s
station, which is 70 km away for the Italian site.

A 24i string prototype of ARCA and 7-string prototype of ORCA are just under construction
(KM3NeT Phasel). A second phase of KM3NeT will consist of full ORCA at the Toulon site and two
ARCA blocks in Italy. ARCA Phasg will scrutinize the diffuse IceCube signal but also has a good
charce to detect first galactic point sources. Eventually, ARCA will consist of 5 blocks, either all at the
Italian site or shared between Italy and Greece.

3.2 GVD

The Baikal Gigaton Volume Detecto(GVD) will have a modular structure with functionally
independentsuar r ays. Each of these fAclustersod consi st
[16]. The OMs are equipped with -lich photomultipliers. For the first phase of GVD;1D clusers
are envisaged, covering ~0.4 kmj of deep water.
second phase, the detector wil!/ be expanded to

top view of the 27string phase. The diste@to shore is about 3.5 km. The small box shows location and
cabling of a single cluster.

After a Syear prototyping phase, a first cluster of GVD has been completed in April 2015 and takes
data since then. Wi th 01wl bednhgto seratihize the diffuse IcaCobe GV D
signal.
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Fig8. Top view of the Baikal Gigaton Volume Detector GVD with 27 clusters. The small box sketches a single cluster.

3.3 IceCube-Gen2

IceCube is planned to be expanded w.r.t. to{eigérgies by an expansiof the deefice detector and
by a huge surface detector. Oscillation physics and dark matter detection will be addressed by a
high-density array, much denser than the present DeepCore array in the center of IceCube. This detector
was christened PINGU.dtmain goal is determining the neutrino mass hierarchy with the help of
atmospheric neutrinos, similar to ORCA (see Section 3.1).

Fig9. Artists view of IceCub&en2 The red array is the present IceCube, including thedégisity part DeepCore (the tvgoeen
inner cylinders). The big blue blob is IceCuBen2 with its 106040 widely spaced strings. The surface array shown in this figure
has the same footprint |ike the deep detector ( adednarea, 10 kmj ) .
thereby increasing the acceptance of the veto against particles related to an air shower. Not shown in the figureciséig extr
dense PINGU part within DeepCore.



