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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].
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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.
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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.
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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].



26

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 sjieiibns at the sky (the
Supergalactic plane, the Virgo cluster, the Great Attractor), and this lead to the expected rate of CCSN
events ~ 1/(3days).

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]).



