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Preface

The new modern field of multi-messenger astronomy aims at the study of astronomical
sources using different types of “messenger” particles: photons, neutrinos, cosmic rays and
gravitational waves. Topicality of this direction is confirmed by many conferences all over the
world.

The international conference on this urgent topic was held in Russia for the third time. The
success of the first workshop “Quark Phase Transition in Compact Objects and
Multimessenger Astronomy: Neutrino Signals, Supernovae and Gamma-Ray Bursts” held in
October 2015 and the second conference “SN 1987A, Quark Phase Transition in Compact
Objects and Multimessenger Astronomy” held in October 2017 persuaded the organizers that
such meetings arranged in locations of unique Russian Observatories — Special Astrophysical
Observatory of RAS (SAO RAS), Baksan Neutrino Observatory of Institute for Nuclear
Research of RAS (BNO INR RAS) and the International Observatory Peak Terskol — are well
needed.

The conference’s scientific program covers a wide range of problems of the modern
astrophysics including that of existence of quantum-chromodynimic (QCD) phase transition
and matter states at high temperatures and densities. Such conditions are likely to be
achievable only in astrophysical objects — collapsars of stellar mass, the objects whose
formation is related with collapse and explosion of hot and dense cores of massive stars
observable as gamma-ray bursts and supernovae. Solution of such problems demands
development of methods combining optical astronomical observations and experiments with
neutrino telescopes, cosmic-ray recording sets and detectors of gravitational waves.

The Conference program will also include talks and discussion on the THESEUS (Transient
High-Energy Sky and Early Universe Surveyor) mission concept, being developed by a large
International collaboration involving also SAO and BNO. THESEUS aims at exploiting
high-redshift gamma-ray bursts for getting unique clues to the Universe and, being an
unprecedentedly powerful machine for the detection, accurate location and redshift
determination of all types of gamma-ray bursts (long, short, high-z, under-luminous, ultra-long)
and many other classes of transient sources and phenomena, at providing a substantial
contribution to multi-messenger astrophysics and time-domain astronomy. Under these
respects, THESEUS will show a beautiful synergy with the large observing facilities of the
future, like E-ELT, TMT, SKA, CTA, ATHENA, in the electromagnetic domain, as well as
with next-generation gravitational-waves (aLIGO/ aVirgo, KAGRA, ILIGO, Einstein
Telescope, LISA) and neutrino detectors, thus enhancing importantly their scientific return.
Moreover, it will also operate as a flexible IR and X-ray observatory, thus providing an even
larger involvement of the scientific community.






Results of three years search for the #*Po half-life
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Abstract Description of the TAU-3 installation intended for long-term monitoring of the
half-life value Ty, of the ?®Po is presented. Isotope 22°Th is used as a source of the mother’s
chain. The methods of measurement and processing of collected data are reported. Solar-daily
variation with an amplitude Ag,=(5.3+1.1)x10"*, lunar-daily variation with an amplitude
A =(4.8+2.1)x10™ and sidereal-daily variation with an amplitude Ag=(4.2+1.7)x10* were found
as a results of a processing of the 622 days data series (July 2015 — March 2017). An averaged
value of the #**Po nuclei decay half-life was found to be to T1,=3.705+0.001ps. A half-life value
data set with the week duration step was constructed for the 1177 days measurement time (July
2015 — September 2018). Features of the half-life time behavior were analyzed. Annular variation
with an amplitude A=(3.6+0.6)x10™* was found.

Keywords: Half-Life, 2*Po Nucleus, Daily and Annual Variations

1. Introduction

Experimental research of the ***Po half-life (t) time stabilities is carried out at the Baksan
Neutrino Observatory of the INR RAS [1-3] since 2008. A half-life is defined as a result of an
analysis of the decay curves constructed from a set of life-time values of separate nuclei of the
isotope under consideration. Delays between a birth of the nuclear (B-particle from the ***Bi
decay + y-quantum) and its decay (a-particle from the ***Po decay) are measured to define this
parameter.

Half-life value time sequences with different time steps are the objects for a subsequent
analysis. The measurements (973 days) are performed at the TAU-2 low background facility
placed in the underground low background laboratory DULB-4900 at a depth of 4900 m.w.e..
Further, time series of T with different temporal steps are analyzed. According to data obtained
at TAU-2, the averaged value of the ?*Po half-life is = 163.47 + 0.03 ps. The annual
variation with amplitude A= (9.8+0.6)x10"*, the solar-daily variation with amplitude
As, = (7.5 £ 1.2)x107*, the lunar-daily variation with amplitude A_ = (6.9 + 2.0)x10™, and the
sidereal daily variation with amplitude Ag= (7.2 + 1.2)x10™* are detected in the series of T
values. Another pair of radioactive isotopes which have similar decay diagram but much
smaller half-life of the daughter isotope was proposed to proof reality of the obtained
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variations. The **Bi(Ty, = 46 min) — 213P0(T1/2 =4.2 ps) [5] were choose as the pair. These
isotopes are the daughter products in the ?°Th (T,,=7340 years) decay chain from the %'Np
series [6]. The results obtained for the data measured during 1177 days with such source are
listed in the presented work.

2. The facility description

The construction of the TAU-3 facility with a “*Th source is similar to that of TAU-2 [1]. It
comprises a scintillation detector D1which is made of two disks d =18 mm and h =1 mm of a
plastic scintillator (PS) glued together. The radiation source *Th (T, = 7340 years)
positioned between the disks is the parent isotope for #**Po. The test sample is manufactured at
the Khlopin Radium Institute (St. Petersburg).

The source is precipitated from Th(NO3), salt solution on the surface of a LAVSAN film
with h = 2.5 um and covered by the same film pasted along the edge by the epoxy resin. The
assembly is placed at the bottom of a case made of VM-2000 reflecting film open from one end.
The case is put inside a stainless-steel rectangular case 9%23x140 mm, thickness 0.5 mm. The
open end of the case is connected with the bottom of a 2.5-mm stainless-steel cylinder with d =
44 mm, and h = 160 mm. Inside the cylinder, there is a high-speed FEU-87 photomultiplier
monitoring PS. The signal is taken from the FEU anode load through the matching circuit and
is supplied via the cable (50 Ohm) to the first entry of the registering unit. Detector D1 is
placed in the 15-cm Pb protective layer in a gap with h = 10 mm between two scintillation
detectors Nal(TI) 150%150 mm (detector D2) in a low-background box of the DULB-4900
underground low-background laboratory [6]. Signals from the anodes of two photomultipliers
of the D2 detector are amplified by charge-sensitive preamplifiers, summed, and supplied to
the second, starting entry of the registering unit. The registering facility comprises a
LA-n10-12 PCI digital oscilloscope (DO) integrated with a PC, which is registering the
waveform of pulses arriving from D1 and D2 in the online mode. The frequency of pulse
digitization in DO is chosen as 100 MHz. The reading and recording are started by a pulse in
the D2 channel. The record frame is 2048 temporal channels (10 ns per channel), including
256 channels of prehistory and 1792 channels of history. In Fig. 1, the decays of **Bi and ?*Po
isotopes [5] are presented schematically. From Figla it follows that 66% of p decays of ***Bi
are transitions to the ground level, and 31% to the excited level with an energy of 440 keV. The
decay of this level is accompanied by a y quantum emission (26% per decay). The isotope
2B3pg decays in 100% of cases with emission of an o particle with an

4559 m

213
[ i o
g3Bi S5oe 42us
Q, =1426 TEHED o' 7 A
Q?ﬁg‘% c\,t\"‘ ;:;‘%hhﬂe 213 -
0.060% 7.0, 712,812,112 a8 o0 1119.4 84 Po
[0821% 5o 72812112 = g A - —— 110016
0.064% 75 729121112 - S ,;.:? — o 100357 o Q,=8537
AN &
v & gope U2t A 7788 _poossn 250
& <P
310% 61, TRYSRt Rt REREGS 2 44042
0.322% 8.3 _ (72t St 11ieh) ’_F: 4 29280
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gal © 82

Fig.1. Decay schemes of 2®Bi (left) and ?*Po (right).
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energy of 8537 keV. If the device registers all three particles released by the decay of the pair
of isotopes, it is the event with three pulses. In this event, pulses coming from the y quantum
and B-particle coincide instantaneously, and the pulse from the o particle is delayed. In Fig. 2,
one of the events (frames) stored by DO in the PC memory is displayed as an example. The
pulse on the upper beam (1) is a y quantum, the first pulse train on the lower beam (2)
corresponds to a B particle, and the second one to an o particle. The observed triple
coincidences considerably reduce the contribution of background events accompanying
decays of the remaining isotopes in the chain of decays of “**Th to the total counting rate of the
facility. The activity of ?Th is ~ 80 Bq. Alongside the main isotope there are small amounts
of extraneous radioactive impurities in the specimen. The DO recording rate of the event
started by D2 pulses with amplitudes of 380-500 keV was ~27 s™'. The recording rate of
useful events with parameters of all pulses corresponding to ***Po decay was ~ 18 s '. From
Fig.2 it follows that signals from B- and a-particles are clusters of short subpulses with total
duration of up to ~ 1 ps, decreasing exponentially in frequency and amplitude.

500+

1400000
E | -7 2 TAU-3 (622 days)
5 400 Z 1200000 ——ExpDecl fit of EXP732_B
= ] 2 Delays. 50 - 1300 chan.
-’é 300 s g éumomm.
3 .i‘ 800000
£ 20/
l £ 600000
E 200 E
E | Z 400000
£ 100 2
g 4 200000
- } ”
- in
0 T : : o S
0 400 800 1200 1600 2000 o 200 400 600 0 1000 1200 1300
Time, channals (1 chan. = 10 ns) Delay time, (channels, 1 chan.=10 ns)

Fig2. An example of 2®Bi—?**Po pair decay event stored by ~ Fig3. Decay curve for **Po plotted by the
DO in PC memory: (1) upper beam, a pulse from D2 data from TAU-3 device obtained over 622
detector (y quantum), (2) lower beam, pulses from particle — days.

(start), and particle (stop) in D1 detector.

The clusters can overlap at small delays between particles; therefore, the processing
program should consider the relation between the amplitudes of the first and subsequent
subpulses in a cluster to unambiguously separate the delayed (B @ a) coincidences. The delays
between pulses in channel D1 are determined as the result of processing the recorded
waveforms, and a decay curve of daughter isotope #*Po is plotted for the chosen time interval.
The half-life determination is based on this curve. The sequential time series of this magnitude
is plotted.

3. Measurement results

Continuous measurements started at TAU-3 on July 9, 2015. The statistics for 622 days
(March 2017) was processed at the beginning. In Fig. 3, the decay curve of the ***Po isotope is
given. The value of T was obtained approximating the decay curve by function
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F(t) = Axexp[—In(2)t/t] + b using the minimum ¥ test in the delay interval of 0.5-13.0 ps. It
was found that T = 3.705 £ 0.001 ps. The inner moving-average (IMA) method was used to
search for a possible time variation of the t-values. A time interval with the duration equal to
about 0.5 of the expected periods is chosen to search for any harmonic component and the
t-value is determined for this interval. Then, the interval has shifted by one step and the
procedure is repeated. In the studies of daily variations of the ***Po half-life dependence on
solar, sidereal, and lunar time, the length of the respective day was divided into 24 hours. The
duration of a sidereal and lunar day in the standard solar time is 23 hours 56 minutes 4.09 s and
24 hours 50 minutes 28.2 s, respectively.

A period of 12 hours was chosen as an interval of averaging. The analysis of events was
made as follows. We selected the events registered in the interval of 0-12 hours for the entire
period study and determined the half-life values. After that, the interval was shifted by one
hour and the procedure was repeated. The results of the search of the daily variation in solar
time are given in Fig. 4. Here, the result of approximation of the daily half-life dependence by
the function 1(t) =to[1 + Axsin{w(t + ¢)}] (the red curve) is displayed, where 1 is the mean
half-life; @ = 27/24 h™'; A= 3.4x10"* is the amplitude; ¢ = —3 h is a phase shift of the initial
point of the curve relative to 0 hours. The figure shows that the time dependence of the ?3Po
half-life is well described by a sinusoidal function. The period found is 24 hours and the
relative amplitude is 0.00034 half-lives. It is easy to show that the initial periodic dependence
of time data has the same period (24 h), the amplitude is higher by the factor of 7/2 and is
shifted by 0.5 of the moving intervals (0.25%x24 = 6 h). The amplitude of the initial daily
periodic dependence obtained from these data in solar time is Ag, = (5.3£1.1)x10™* (the blue
dot-dashed curve).

In Fig. 5, the results of the search for a sidereal daily variation of the “**Po half-life are
displayed. The experimental data are approximated by the curve 1(t) = to[1 + Axsin{o(t+ ¢)}]
(the red curve) with the parameters A =2.7x10"* is amplitude; ¢ = —19 h is the phase shift of
the curve initial point relative to 0 hours. The analysis of the restored initial dependence
similar to the analysis made for the solar-daily wave shows the presence of a sidereal-daily
wave with the relative amplitude Ag=(4.2+1.7)x10~* (the blue dot-dashed curve). In Fig. 6, the



13

results of search for a lunar-daily variation of the 2Po half-life are given.
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The analysis of the restored initial dependence like the analysis made for the solar-daily
wave shows the presence of a lunar-daily wave with relative amplitude A, = (4.8 +2.1)x 10™*
(blue dot-dashed curve). In Fig. 7, the time dependence of t obtained from the decay curve for
a weekly data set is presented. It is shown that T increases with time, and that for a data set
collected over 127 days, T = (3.6998 + 0.0015) ps; for 320 days, T =(3.6993 £ 0.0014) ps; for
422 days 1 =(3.7016 = 0.0011) ps, and for 622 days t = (3.7053 + 0.0011) us. The causes of
such behavior of the t parameter are not clear yet. It could be both an instrumental effect, for
example, equipment ageing, and an unknown real physical effect. The presence of a pulse
surge of data within the time interval comparable to a year in the series of weekly data hinders
using the method of moving internal average for studies of the half-life annual variation.

The data collected during 1177 days (28 September 2018) allows us to suppose that the
obtained trend has a shape of a logistic curve which can be done by an expression of
L=A,+(A1-A)/[1+(x/%0)"]. The coefficients in the formula fitted the experimental data in the
best way were found by the y*method as L=3.733+(3.700-3.733)/[1+(x/73.42)*%*]. The
experimental data was normalized to the values of fitting curve. The results are shown in Fig.8
by points with error bars. This dependence was smoothed by a sliding averaging by the 26
points method at the ORIGIN 8.5 program. The result is shown in Fig.8 by the blue curve
which contains the annular variation. This curve was approximated by a sine function
7(t)/15=1+2.3x10*xsin((2n/365)%(t-319)) shown by red color in Fig.8. The amplitude of the
functions is A=(2.3+0.4)x10™. As mentioned above, this value was integrated over 26 points
(the 0.5-year period) in the averaging process. A real value of the annular variation could be
found by multiplying of sine amplitude by n/2 coefficient. This gives an amplitude of the
variation equal to A=(3.6+0.6)x10™.

4. Discussion

The results of a monitoring of the ?Po half-life in the period July 2015 — September 2018
presented above show that this parameter undergoes solar-daily, sidereal-daily and lunar-daily
variation with the amplitudes Ag=(5.3+1.1)x10", As=(4.2+1.7)x10*  and
A =(4.8+2.1)x10™ respectively. These values coincide within the errors with those obtained
in the #*Po half-life values series. A search for the annular variations in the ***Po data is
complicated because of appearance of a nonperiodic unidirectional deviation of the half-life
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values from the averaged one. The process became noticeable in the May - June 2016 data
time range. The effect could be caused by the electronics aging
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Fig7. Time dependence of T obtained from the decay curve  Fig8. Time dependence of T normalized on trend — the
for the weekly data set (time distance of measurements: black dots. Time dependence of smoothed t-values —
July 9, 2015 — September 28, 2018). Trend shape the blue curve. Approximation by function
L=3.733+(3.700-3.733)/[1+(x/73.42)*%*] — the red curve. ©(t)/r=1+3.6 x10"* xsin((21/365) % (t-319)) — the red
curve.

or some unknown physical factors. A length of the half-life series collected to the present
moment is enough for estimation of the trend shape. Analysis of the dependence obtained
from primary data normalization to the trend shape shows a presence of the annular variation
with the amplitude A=(3.6+0.6)x10™.

5. Conclusion

Description of the TAU-3 installation intended for long-term monitoring of the half-life
value Ty, of the **Po is presented. The isotope 29T} s used as a source of the mother’s chain.
The methods of measurement and processing of collected data are reported. Solar-daily
variation with amplitude Agy=(5.3+1.1)x10*, lunar-daily variation with amplitude A-
1 =(4.842.1)x10™ and sidereal-daily variation with amplitude Ag=(4.2+1.7)x10™* were found
from treatment of the 622 days data series (July 2015 — March 2017). An averaged value of
the 2**Po nuclei decay half-life was found to be equal to T1,=3.705+0.001ps. A half-life value
data set with the week duration step was constructed for the 1177 days measurement time (July
2015 — September 2018). Features of the half-life time behavior were analyzed. The annular
variation with the amplitude A=(3.6+0.6)x10* was found.
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Abstract The Transient High-Energy Sky and Early Universe Surveyor (THESEUS) is a
mission concept developed in the last years by a large European consortium and currently under
study by ESA as one of the three candidates for next M5 mission (launch in 2032). As detailed in
Amati et al. 2017 [1] and Stratta et al. 2017 [2], THESEUS aims at exploiting high-redshift GRBs
for getting unique clues to the early Universe and, being an unprecedentedly powerful machine
for the detection, accurate location (from ~arcmin to ~arcsec) and redshift determination of all
types of GRBs (long, short, ~high-z, under-luminous, ultra-long) and many other classes of
transient sources and phenomena, at providing a substantial contribution to multi-messenger
time-domain astrophysics. Under these respects, THESEUS will show a beautiful synergy with
the large observing facilities of the future, like E-ELT, TMT, SKA, CTA, ATHENA, in the
electromagnetic domain, as well as with next-generation gravitational-waves and neutrino
detectors, thus enhancing importantly their scientific return.

Keywords: THESEUS, Gamma-Ray Bursts, Early Universe, Gravitational Waves,
Multi-Messenger Astrophysics

1. Introduction

The main feature of the modern astrophysics is the rapid development of multi-messenger
astronomy. At the same time, relevant open issues still affect our understanding of the
cosmological epoch (a few millions years after the “big-bang”) at which first stars and galaxies
start illuminating the Universe and re-ionizing the inter-galactic medium.

In this context, a substantial contribution is expected from the Transient High Energy Sky
and Early Universe Surveyor (THESEUS), a space mission concept developed by a large
European consortium including Italy, UK, France, Germany, Switzerland, Spain, Poland,
Denmark, Czech Republic, Ireland, Hungary, Slovenia, ESA, with Lorenzo Amati (INAF,
Italy) as a lead proposer. In May 2018 THESEUS was selected by ESA for a Phase 0/A study
as one of the three candidates for theM5 mission within the Cosmic Vision program. End of
Phase A and down-selection to one mission is expected for mid-2021, mission adoption for
2024 and launch in 2032. Details on the THESEUS science objectives, mission concept and
expected performances are reported in Amati et al. 2018 [1], Stratta et al. 2018 [2] and on the
THESEUS consortium website [3]. The Proceedings of the THESEUS Workshop 2017, held
at INAF — Osservatorio di Capodimonte in Naples, Italy, are also available on the internet [4].

The program of the workshop covered such topics as THESEUS mission design and
science objectives, probing the Early Universe with GRBs, multi-messenger and time domain
astrophysics, the transient high energy sky, synergy with the next generation large facilities
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(E-ELT, SKA, CTA, ATHENA, GW and neutrino detectors).

2. THESEUS scientific objectives

THESEUS is designed to vastly increase the discovery space of high energy transient
phenomena over the entirety of cosmic history, whose modern concept is presented in Figl.

Cosmic history:
THESEUS and other milestone ESA missions

—— The BigBang/hflation

Time since the —
Big Bang (years)

380 Thousand

Dark Ages

3
Epo’ch of Reionization %
%* THESEUS. *
GRBs * o, . A X

Reionization complete
Galaxies and Large.
Scale Structure evolve

Dark Energy
accelerates the
expansion of space

13,7 Bivon

Figl. Gamma-Ray Bursts in the cosmological context and the role of THESEUS (adapted from a picture by the NASA
/WMAP Science team).

Because of their huge luminosities, mostly emitted in the X and gamma-rays, their redshift
distribution extending at least to z ~9 and their association with explosive death of massive
stars and star forming regions, GRBs are unique and powerful tools for investigating the early
Universe: SFR evolution, physics of re-ionization, galaxies metallicity evolution and
luminosity function, first generation (pop 1) stars.

A statistical sample of high—z GRBs can provide fundamental information [1]:

e measure independently the cosmic star—formation rate, even beyond the limits of
current and future galaxy surveys;
directly (or indirectly) detect the first population of stars (pop I1);
the number density and properties of low-mass galaxies (Even JWST and ELTs
surveys will be not able to probe the faint end of the galaxy Luminosity Function at
high redshifts (z>8-10));

e the neutral hydrogen fraction;

o the escape fraction of UV photons from high-z galaxies;
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e the early metallicity of the ISM and IGM and its evolution (Abundances, HI, dust,
dynamics etc. even for very faint hosts. E.g. GRB 050730: faint host (R>28.5), but
z=3.97, [Fe/H]=-2 and low dust, from afterglow spectrum (Chen et al. 2005; Starling
etal. 2005).)

On the other side, a mission capable of substantially increase the rate of identification and
characterization of high-z GRBs will also provide a survey of the high-energy sky for sof
X-rays to gamma-rays with an unprecedented combination of wide Field Of View (FOV),
source location accuracy and sensitivity below 10 keV. This features will give THESEUS the
possibility of providing a substantial contribution also to time-domain astrophysics, in general,
and in particular to the newly born and rapidly growing field of multi-messenger astrophysics.
For instance, THESEUS will be able to provide detection, accurate location, characterization
and possibly redshift measurement of electromagnetic emission (short GRBs, possible soft
X-ray transient emission, kilonova emission in the near-infrared) from gravitational-wave
sources like NS-NS or NS-BH mergers [2].

Indeed, THESEUS will be an unprecedentedly powerful machine for the detection, accurate
location (from ~arcmin to ~arcsec) and redshift determination of all types of GRBs (long, short,
high-z, under-luminous, ultra-long) and many other classes of transient sources and
phenomena, at providing a substantial contribution to multi-messenger time-domain
astrophysics.

THESEUS’s capabilities in exploring the multi-messenger transient sky can be summarized
as follow:

e Locate and identify the electromagnetic counterparts to sources of gravitational
radiation and neutrinos, which may be routinely detected in the late ‘20s / early ‘30s
by next generation facilities like aL1GO/aVirgo, eLISA, ET, or Km3NET;

e  Provide real-time triggers and accurate (~1 arcmin within a few seconds; ~1°” within a
few minutes) high- energy transients for follow-up with next-generation optical-NIR
(E-ELT, JWST if still operating), radio (SKA), X-rays (ATHENA), TeV (CTA)
telescopes; synergy with LSST;

e Provide a fundamental step forward in the comprehension of the physics of various
classes of transients and fill the present gap in the discovery space of new classes of
transients events.

LIGO, Virgo and partners make first detection of gravitational waves and light from
colliding neutron stars.

THESEUS capabilities in these directions are:

o short GRB detection over large FOV with arcmin localization;

¢ Kilonova detection, arcsec localization and characterization;

e Possible detection of weaker isotropic X-ray emission.

4. THESEUS mission concept

THESEUS will be capable to achieve the exceptional scientific objectives summarized
above thanks to a smart combination of instrumentation and mission profile. The mission will
carry on-board two large FOV monitors covering simultaneously a 1sr FOV in the soft X-rays
(0.3 -5 keV) with unprecedented sensitivity and arcmin location accuracy) and several sr FOV
form 2 keV up to 20 MeV, with additional source location capabilities of a few arcmin from 2
to 30 keV. Once a GRB or a transient of intereste is detected by one or both the monitors, the
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TEHSEUS spacecraft will quickly slew to pint, within a few minutes, an on-board near
infra-red telescope (70 cm class operating from 0.7 to 1.8 micron) to the direction of the
transient, so to catch the fading NIR afterglow or, e.g., kilonova emission, localizing it a 1
arcsec accuracy and measuring its redshift through photometry and moderate resoluton
spectroscopy.

The detailed description of THESEUS can be found in [1], [2] and [3]. The total view is
presented in Fig2.

XGISs
)

Y
SXls
IRT

I Radiators
Radiators for XSls
for XGIS

Fig2. THESEUS Satellite Baseline Configuration and Instrument suite accommodation

The main components are described below.
4.1. The Soft X-ray Imager (SXI) is led by UK

Soft X-ray Imager (SXI): a set of four sensitive lobster-eye telescopes observing in 0.3 - 5
keV band, total FOV of ~1sr with source location accuracy 0.5-1°. The appearance of the
device can be seen in Fig3.

Fig3. Left: the SXI optical elements. Middle: The SVOM MXT lobster eye optic aperture frame. Top right: A schematic
of a single square pore MCP. Bottom right: A micrograph of a square pore MCP showing the pore structure. This plate
has a pore size d = 20 um and a wall thickness w = 6 pum.
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Fig4. The point spread function of the SXI.

4.2. The X-Gamma-rays imaging spectrometer (XGIS) — led by IT

X-Gamma rays Imaging Spectrometer (XGIS,): 3 coded-mask X-gamma ray cameras using
bars of Silicon diodes coupled with Csl crystal scintillators observing in 2 keV — 10 MeV band,
a FOV of ~2-4 sr, overlapping the SXI, with ~5” source location accuracy.

Fig5. Left: Sketch of the XGIS Unit. Right: Principle of operation of the XGIS detection units: low-energy X-rays
interact in Silicon, higher energy photons interact in the scintillator, providing an energy range covering three orders
of magnitude. A pulse shape discriminator determines if the interaction has occurred in Si or in the crystal.

3.3. The InfraRed Telescope (IRT) — led by FR

The InfraRed Telescope (IRT): a 0.7m class IR telescope observing in the 0.7 — 1.8 pm band,
providing a 10'x10’ FOV, with both imaging and moderate resolution spectroscopy
capabilities (— redshift).
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Fig6. The IRT Telescope block diagram concept.
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The THESEUS total field of view is shown in Fig7.

1047
122°

Fig7. Field of view of all instruments

4. The main capabilities of THESEUS

THESEUS will have the ideal combination of instrumentation and mission profile for
detecting all types of GRBs (long, short/hard, weak/soft, high-redshift), localizing them from a
few arcmin down to arsec and measure the redshift for a large fraction of them (Fig. 8).
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Fig8. GRB distribution in the peak flux — spectral peak energy (Ep) plane according to most recent population
synthesis models and measurements (see [1] and references therein). For all the shown GRBs TEHSEUS will be able
to provide detection, accurate location, characterization and measurement of redshift. The low-Ep — low peak flux
region is populated by high-redshift GRBs (shown in dark blue, blue, light blue, green, yellow), a population
inaccessible by current facilities, while the high Ep region highlighted with red points shows the region where most
short GRBs will lay.

In addition the GRB prompt emission, THESEUS will also detect and localize down to
0.5-1 arcmin the soft X-ray short/long GRB afterglows, of NS-NS (BH) mergers and of many
classes of galactic and extra-galactic transients. For several of these sources, THESEUS/IRT
will provide detection and study of associated NIR emission, location within 1 arcsec and
redshift.

The impact of these measurements for shedding light on the early Universe with GRBs is
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represented in Fig. 9, where we show the expected number per year of GRBs detected,
localized and with redshift measurement from THESEUS compared to the present situation
achieved with the main efforts of the Swift, Konus-WIND, Fermi/GBM satellites and several
on-ground robotic and large telescopes.

Age of the Universe [Gyr]

1346 322 151 091 062 046 036 029 024 020 0.17
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Theseus (High res. spec.)

T'heseus (photometric
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Fig9. The yearly cumulative distribution of GRBs with redshift determination as a function of the redshift for Swift and
THESEUS. We note that these predictions are conservative in so far as they reproduce the current GRB rate as a
function of redshift. However, with our sensitivity, we can detect a GRB of Ejs,~ 10% erg (corresponding to the median
of the GRB radiated energy distribution) up to z = 12. Indeed, our poor knowledge of the GRB rate-SFR connection
does not preclude the existence of a sizable number of GRBs at such high redshifts, in keeping with recent models of
Pop Il stars.

5. GW/multi-messenger and time-domain astrophysics.

As discussed in previous sections, GW transient sources that will be monitored in the e.m.
domain by THESEUS include:
o NS-NS/NS-BH mergers:
o collimated EM emission from short GRBs and their afterglows (rate of
< 1/yr for 2G GW detectors but up to 20/yr for 3G GW detectors as Einstein
Telescope);
o Optical/NIR and soft X-ray isotropic emissions from macronovae, off-axis
afterglows and, for NS-NS, from newly born ms magnetar spindown (rate of
GW detectable NS-NS or NS-BH systems, i.e. dozens-hundreds/yr).
e  Core collapse of massive stars: Long GRBs, LLGRBs, ccSNe (much more uncertain
predictions in GW energy output, possible rate of ~1/yr) ;
e Flares from isolated NSs: Soft Gamma Repeaters (although GW energy content is
~0.01%-1% of EM counterpart)
In particular, THESEUS will be able to detect, localize, characterize and measure the
redshift for NS-NS / NS-BH mergers through the following channels:
e collimated on-axis and off-axis prompt gamma-ray emission from short GRBSs;
e Optical/NIR and soft X-ray isotropic emissions from kilonovae, off-axis afterglows
and, for NS-NS, from newly born ms magnetar spindown.
Thus, THESEUS will beautifully complement the capabilities of next generation GW
detectors (e.g., Einstein Telescope, Cosmic Explorer, further advanced LIGO and Virgo,
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KAGRA, etc.) by promptly and accurately localizing e.m. counterparts to GW signals form
NS-NS and NS-BH mergers and measuring their redshift. These combined measurements will
provide unique clues on the nature of the progenitors, on the extreme physics of the emission
and, by exploiting simultaneous redshift (from e.m. counterpart) and luminosity distance
(form GW signal modeling) of tens of sources, fully exploit multimessenger astrophysics for
cosmology.

6. Time-domain astronomy and GRB physics

The unique capabilities of THESEUS, will also allow to provide relevant contributions to the
more general field of time-domain astronomy and, of course, to GRB science. As a few
examples, THESEUS will provide the astrophysical community with:

e survey capabilities of transient phenomena similar to the Large Synoptic Survey
Telescope (LSST) in the optical: a remarkable scientific synergy can be anticipated;

e substantially increased detection rate and characterization of sub-energetic GRBs and
X-Ray Flashes;

e unprecedented insights in the physics and progenitors of GRBs and their connection
with peculiar core-collapse SNe.

7. Conclusions

THESEUS, under study by ESA and a large European collaboration with strong interest by
international partners (e.g., US) will fully exploit GRBs as powerful and unique tools to
investigate the early Universe and will provide us with unprecedented clues to GRB physics
and sub-classes. This mission will also play a fundamental role for GW/multi-messenger and
time domain astrophysics at the end of next decade, also by providing a flexible follow-up
observatory for fast transient events with multi-wavelength ToO capabilities and
guest-observer programs. THESEUS observations will thus impact on several fields of
astrophysics, cosmology and even fundamental physics and will enhance importantly the
scientific return of next generation multi messenger (aLIGO/aVirgo, LISA, ET, or Km3NET;)
and e.m. facilities (e.g., LSST, E-ELT, SKA, CTA, ATHENA)

In addition, THESEUS scientific return will include significant Observatory Science, e.g.:
study of thousands of faint to bright X-ray sources by exploiting the unique simultaneous
availability of broad band X-ray and NIR observations; providing a flexible follow-up
observatory for fast transient events with multi-wavelength ToO capabilities and
guest-observer programs.

We would like to remark that THESEUS is also a unique occasion for fully exploiting the
European leadership in time-domain and multi-messenger astrophysics and in key-enabling
technologies (lobster-eye telescopes, SDD by INAF, INFN, FBK, Un.).

In conclusion, THESEUS will be a really unique and superbly capable facility, one that will
do amazing science on its own, but also will add huge value to the currently planned new
photon and multi-messenger astrophysics infrastructures in the 2020s to > 2030s.
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Abstract From analysis of the light curves observed during outbursts of low-mass X-ray binaries
it was found that viscosity parameter a, which characterizes the mass transport in the accretion disk
within the framework of the Shakura-Sunyaev model, lies in the range of 0.2-1. However,
simulations of the magnetorotational instability give values of o an order of magnitude smaller. In
this work, we consider an additional source of matter transfer, namely, the wind from the disk
surface. We calculate evolution of the disk taking into account the Compton-heated wind, which
can decrease the value of o parameter derived from observations. As a result, we obtain the
dependence of o on wind parameters. We show that the presence of wind can strongly affect the
inferred value of a, as well as the entire evolution of the disk.

Keywords: Accretion, Accretion Disk, Compton-Heated Winds, Black Hole Physics, X-Ray
Binary.

1. Introduction

Alow mass X-ray binary (LMXB) consists of a neutron star or a black hole accreting matter
from the other binary component, which usually fills its Roche lobe. In LMXB systems the
donor is less massive than the compact object, and can be a main sequence star, a degenerate
dwarf, or a red giant. The brightest part of the system is the accretion disk around the compact
object. The orbital periods of LMXBs range from ten minutes to hundreds of days. LMXBs
demonstrate repeating outbursts due to instability of disk or mass-transfer.

The matter, which transfers from the companion star, creates a cool quiescent disk.
Accumulation of mass makes the disk temperature to rise. Thus, the temperature in the disk
eventually reaches the value when hydrogen ionizes. The steep temperature dependence of
opacity takes place in this temperature range, causing a thermal-viscous instability within the
disk. During an outburst, a typical LMXB emits almost all of its radiation in X-rays, and
typically less than one percent, in visible light, so LMXBs are among the brightest objects in
the X-ray sky, but relatively faint in visible light.

Currently, about 18 LMXBs with a black hole are known in our Galaxy, identified by bright
X-ray outbursts indicating rapid accretion episodes (see, for example, [1]). These outbursts
last much longer and recur much less frequently than in many types of accreting white dwarfs,
apparently due to the heating of the outer disk by X-rays emitted from the inner areas of the
accretion flow.

It is believed that the magneto-rotational instability provides the physical mechanism
underlying the angular momentum and mass transfer in accretion disks. The effective viscosity
in the disks, usually parameterized using the a-viscosity prescription, determines the
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efficiency of this transportation process. Physically, the a-viscosity parameter determines the
viscous time of the accretion flow and, thus, according to the disk instability picture, is
encoded in the decay profile of an outburst light curve. A disk with a higher viscosity, that is,
with higher a, accretes mass during an outburst faster, reducing the decay time of an outburst.

Standard model of disk accretion [2] has introduced a dimensionless viscosity parameter
a < 1, which characterizes the angular momentum transfer. Analysis of the light curves
observed during LMXB outbursts demonstrates that o lies in the range of ~ 0.2-1 [3, 4].
However, modern 3-D simulations of the magnetorotational instability give values an order of
magnitude smaller: a < 0.1 [5, 6, 7].

In this work, we consider an additional source of matter and angular momentum transfer,
namely, a thermal wind [8]. In the presence of the wind, the outburst characteristic time
decreases mimicking the effect of large a-viscosity parameter. Thus, high a inferred from
observed light curves would correspond to a smaller a if the wind operates.

2. “Compton-heated” winds

Theoretical models of accretion disks and observational data indicate that emission from the
disk center may irradiate the surface of the outer disk and thus affect the accretion flow. In the
standard a-model of accretion disks, the disk “flares up” in thickness in the direction of large
radii, which allows the surface to be exposed to a central source of luminosity.

The heating rate per particle is proportional to the radiation intensity, but at the same time
the cooling rate in the disk depends on two-particle processes and, therefore, decreases with
density, that is, away from the equatorial plane of the disk. When the density drops to a critical
value, the radiation heating suppresses the cooling, and the gas is heated to a high temperature
determined by the interactions between the particles and photons. For X-ray binaries and
quasars, the central radiation is sufficiently hard so that the gas can be heated to temperatures
in excess of 10’K, predominantly via the Compton process [8].

Following [8], let us consider a disk illuminated by X-ray or EUV continuum. The disk
thickness is determined by the ratio of the sound speed to the local Keplerian speed. Above this
hydrostatic scale height, the irradiated gas must either be in the hot phase, T =Tc , where T\c is
the inverse Compton temperature, or be in the process of heating toward T,c. The notion of
escape temperature can be introduced [2]: Ty = GMu/kR, . A hydrostatic corona may exist, if
T\c is less that the escape temperature. This condition is satisfied inside the radius

GMu  1.0x10%° (M
Ric = 1-=—7 ) cm (1)
ICc Ic8 O

where TICS = T|C/108 K [8]
Furthermore, in [2], a critical luminosity is proposed:

L =5(2) " (5)
cr — 8\ u kT[C
where Lgqq is the Eddington luminosity. The ratio L/L, characterizes the effectiveness of the
X-ray luminosity in overcoming gravity.

v =0.030T.~2L
egdd = 0. ics LEdd 3
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2.1. Oscillations

Instability takes place if the wind is driven by emission produced by accretion [9]. This
instability leads to oscillations in the luminosity of the accretion disk, provided that the wind
from the disk is strong enough. If the rate of mass loss due to wind M,,;,, is moderate in
proportion to the central accretion rate M, then the disk is stable and steady. But if M,,;,,4 is
large enough, the flow in the disk is unstable, and the disk settles in the form of periodic
oscillations [9].

3. Model
The evolution of the accretion disk is described by an equation of diffusion type [9]:

9T _ 1 (GMy)* 3%F
ot 4m h3 0n?

—wh) @)

where ¥ is the surface density of accretion disk, F is the viscous torque, h = (GMr)"? is the
specific angular momentum of the accreting matter, M, is the mass of compact object, W is the
function describing the wind action.

Initial and boundary conditions are required for a complete formulation of the problem of
viscous evolution of a disk. In the case of accretion onto a black hole, the boundary condition
at the inner boundary of the disk (corresponding to the last stable orbit) is the zero torque F. If
the accretion disk is truncated by a magnetosphere of a neutron star or a young star, the internal
boundary condition on F is determined by conditions at the magnetospheric boundary. Thus, in
many cases, the problem has the internal boundary condition of the first kind, that is, a
condition defined on the value of the unknown function. For the case of a black hole,

F(hint) =0 (4)

The external boundary condition is important as well. In a binary system, the angular
momentum is very effectively diverted by tidal forces from the outer boundary of the disk
corresponding to hoy . Next, we assume that the mass inflow into the accretion disk proceeds
only through its external boundary. Thus we obtain the boundary condition of the second kind:

(g_fz) out Mout ®)

where M,,, is the rate of matter inflow into the disk. Also we set the initial distribution of the
viscous torque:

F(h,0) = Fo(h) , (6)
which necessarily satisfies the boundary conditions.

We consider two types of the wind term in equation (3). In first case, for the function W
we take a fitting formula for wind losses per unit area from [10] in the form:

W) = mop x (S22 Vo (1= (1 + 025 2) 26 (1)

1+(n*(1+262£2))~2
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where mg, = kcM,/(nR2,,) is the characteristic mass loss per unit area, kc is a wind
constant, M, = 2 x 10'® g/s is the initial accretion rate on the compact object, & = R/R,c and
n = L/L. . Here, we set the inflow of matter into the disk M,,, equal to zero. The initial
condition is chosen as the solution for the accretion disk at an outburst peak following
Lipunova & Shakura [11].

For the wind in the second case, we use a formula from Shields et al [9]:

_ 1 CM,
W(h) T oom (ln (Rout/Rw)Rz) l (8)
where R,y is the accretion disk radius, R,, is the wind launching radius, and C = M,;nq/M,.
In this case, we take the initial condition in the form F~M, X (h — hy,), where M, =
My /(14 C) and M,,, = 10" g/s. Wind exists only for R > R,, otherwise W(h) assumed to
be zero.

— =0
t = 110 days, no wind

60000 1 —— { = 110 days, wind

40000 1

T, gem?

20000 A
04
107 10% 109 1010 10!
R, cm
1.0 A .
no wind
wind
081+ e !
"= 0.6
=
0.4 1
0.2
0 20 40 60 80 100

t, days after peak

Figl. Evolution of accretion disk with and without wind described by equation (7). The initial condition is fixed.
Upper panel: surface density versus radius. Lower panel: accretion rate on the central object. Parameters are:
Mx = 10 xMo, outer disk radius Rout = 1.5%10cm, kC = 3.
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4. Numerical method

Using an implicit difference scheme, we reduce the solution of differential equation (3) with
the boundary conditions described in the previous section to the consequential solution of a
system of algebraic equations at each time step, which is carried out by the sweep method. The
implementation of the described scheme is performed using the program code FREDDI [3].

Code FREDDI calculates the evolution of the disk if it is completely ionized or if the cold
front, beyond which the gas is not ionized, moves towards the center. The code is designed to
simulate soft X-ray transients’ light curves with fast rise and exponential decay.

The code was modified to include the wind influence on the accretion disk evolution.

5. Results

For the first type of wind (Eq. 7), dependences of the surface density on the distance from
the center of the disk were calculated for different moments of time (Fig. 1, the upper panel).
Dependences of the accretion rate on time, both with and without the wind, are shown in the
lower panel of Fig.1.

Tablel. Mass loss and change of the decay time due to wind

ke Muing, 9/ texp, days
0 0 94.7
0.1 8.2x10' 92.9
0.3 2.46x10" 89.6
1 8.2x10" 80.6
3 2.46x10" 62.6
10 8.2x10%* 39.6

Table 1 illustrates change of the decay time due to the wind effect. Here k¢ is a parameter in
the wind term W(h)~ ke X M,/(mR2,), My= 2 x 10'%,g/s is the initial (peak)
accretion rate on the compact object, M,,;,4 is the mass loss due to wind, t,,, is the time of
the exponential decrease in accretion rate on the central object.

To verify our numerical method, we have compared results of our code with the results
obtained earlier. An analytical solution for the structure of a supercritical disk with mass loss
by Shakura and Sunyaev [8] was numerically successfully obtained. Also, we have reproduced
the numerical results of the work of Shields et al. [9] for the accretion rate oscillations in the
accretion disk with the Compton-heated wind. For this, we invoke the second type of wind
(Eq. 8), which depends on the luminosity (the accretion rate on the central object). The
evolution of the accretion rate is calculated (Fig. 2), which agrees well with the results
presented by [9].
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Fig2. The time dependence of the central accretion rate for an accretion disk with wind (8) depending on the central
luminosity. Here Ry, = 0.9 x R, C = 15.8. The graph clearly shows the occurrence of oscillations.

6. Conclusion

Compton-heated winds lead to a mass loss from the disk and also remove angular
momentum from it. Mass losses due to the wind can be of the order and sometimes even
greater than the accretion rate onto the central object. Evidently, the winds are very significant
for the accretion disk evolution if the mass loss in the wind reaches the order of the windless
accretion rate. At the same time, the disk evolution speeds up remarkably.

We have verified our numerical method using the results of Shields et al [9]. Oscillations
appear if the mass loss in the wind is an increasing function of the accretion rate onto the
central object.

To sum up we note that a study of wind mechanisms is very important for understanding
the time-dependent accretion disk behavior.
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Abstract MASTER OT J033744.97+723159.0 (SN 2017gpn) was discovered in the error box
of LIGO/Virgo alert G299232. The spectrum of SN 2017gpn is consistent with a Type Ilb
supernova. In this work we present the photometry of 20 epochs of observations performed with
CCD photometer on the Zeiss-1000 telescope. The light curves in B and R filters were obtained.
The multicolor light curves were also modeled numerically using the one-dimensional radiation
hydrodynamical code STELLA.
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1. Introduction

During follow-up inspection of the error box of the LIGO/Virgo alert G299232 on 2017
August 27.017, MASTER Global Robotic Net [7] discovered an optical transient named
MASTER OT J033744.97+723159.0 [9], [10]. On 2017 September 6, M. Caimmi reported the
discovery of a supernova with the 0.24-m telescope from Valdicerro Observatory [4]. The
supernova received the IAU designation AT 2017gpn and was identified as MASTER OT
J033744.97+723159.0.

On 2017 August 29, the spectrum of MASTER OT J033744.97+723159.0 was obtained
with the Xinglong 2.16-m telescope of National Astronomical Observatory of China [11]. The
object was classified as Type 11b Supernova (SN) by cross-correlating with a library of spectra
(SNID, [3]). The spectra of SN Ilb display hydrogen features at early phases with no evidence
of helium. Helium features appear after about two weeks and they become stronger with time
as the hydrogen features weaken rapidly. SN 1lb has been proposed as an intermediate step
between SN Il and SN Ib [5]. The Ilb Type supernovae arise from stars that have lost most of
their hydrogen envelope because of powerful stellar winds or by interaction with a binary
companion.
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2. Observation and Data Reduction

We performed 20 epochs of observations (B and R filters) with CCD-photometer on the
Zeiss-1000 telescope of the Special Astrophysical Observatory of the Russian Academy of
Sciences.

All data were processed using the MIDAS software package of the European Southern
Observatory (ESO). It includes standard image processing such as bias subtraction and flat
field correction, removing the traces of cosmic particles, and stacking of individual frames into
the summary image, but we did not make dark reduction as its influence was negligibly small.
The line-of-sight reddening is adopted to be E(B — V) = 0.017 mag [12]. SN 2017gpn is
located in ~0.039 degrees (> 20 kpc) from the center of the potential host galaxy NGC1343, so
the galaxy’s contamination is negligible.

Figl. The image of SN 2017gpn and its host galaxy obtained with the Zeiss-1000 telescope of SAO RAS.

3. Light curves

We performed the aperture photometry using standard procedures of ESO-MIDAS software
package with an aperture diameter of four times the full width at half-maximum. The FWHM
was measured for point sources at each epoch.

Since no Landolt or any other standard stars were available for this region, we used the
Pan-STARRS magnitudes for comparison stars. The magnitudes of comparison stars were
re-calculated from g, r, i to B, R with use of Lupton’s transformation equations. For better
modeling (see Sec. 4) the obtained light curves were also combined with publicly available
data in B and R filters from the PIRATE robotic telescope [9]. The final light curves are shown
in Fig. 2.
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Fig2. The results of modeling of SN 2017gpn (points are our data and crosses are the data taken from [9]). Our

best-fit model is shown by solid lines (M =3.5M®, R=50R(®, E = 1.2 x 10°* erg, Msgy = 0.11 M(®, mixed). For
comparison the model with R = 400 R(©® (Mseni = 0.11 M, no mixing) is presented.

3. Hydrodynamical Modeling

The numerical light curve modeling is performed with the one-dimensional multifrequency
radiation hydrodynamical code STELLA. The full description of the code can be found in
Blinnikov et al. [1], [2]; a public version of STELLA is also included with the MESA
distribution [8].

In the current calculations we adopted 100 zones for the Lagrangian coordinate and 130
frequency bins. The main parameters we varied, were the pre-supernova star mass and radius,
the energy of the explosion, the mass of synthesized nickel *°Ni, and the mass of the resulting
compact remnant. The compact remnant mass in the central part of the pre-supernova star with
a fixed radius is treated as a point-like source of gravity that has a non-negligible influence on
the expansion of the innermost layers of supernova ejecta. The ejecta of a supernova has the
same chemical composition as a pre-SN star except for ®*Ni since STELLA does not calculate
nucleosynthesis. The explosion is initiated by putting thermal energy into the innermost layers.

Our best-fit numerical model is shown by solid line in Fig. 2. The parameters of the model
are: pre-SN mass M = 3.5 Mo, pre-SN radius R = 50 Re, mass of hydrogen envelope
Mgy = 0.06 Mo. The explosion energy is E = 1.2 x 10 erg. The 0.11 Mo of *°Ni is totally
mixed through the ejecta. The compact remnant is a 1.41Me neutron star. The parameters we
found to be consistent with the results of hydrodynamical modeling of other typical Type Ilb
supernovae.

4. Discussion and Conclusions

Varying the model parameters. The parameters we found are consistent with the results of
hydrodynamical modeling of other typical Type Ilb supernovae. However, in different
hydrodynamical models of SN Ilb there is some variance in radius of pre-SN star (from
30-50 Ro to 700 Ro, e.g., [1], [6], [13]). To check if it is possible to reproduce the observed
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light curves of SN 2017gpn with a model of higher radius, we changed the radius in our best-fit
model to R = 400 Ro and variated the degree of **Ni mixing. By putting all the **Ni in the
central part of ejecta, we were able to nearly reproduce the observed light curves (Fig. 2). This
stresses the importance of **Ni mixing in such kind of studies.
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Fig3. The classical light curves of Type Ilb supernovae in B and R filters. The SN 2017gpn light curve is one of the
brightest SNe I1b, its light curve behavior is similar to the others.

Comparison with other SNe Ilb. We also compared the resulting light curve with other
classical and well-studied supernovae Ilb light curves in B and R filters, this comparison is
shown in Fig. 3. The shape of the light curve of SN 2017gpn is similar to the other typical SNe
I1b light curves. Nevertheless, we noticed an interesting feature: SN 2017gpn is located rather

far from its host galaxy, while the others are mainly exploded in spiral arms of their hosts (see
Fig. 4).

SN 201 1hs SN 19931, ¥
s 3

‘
« SN2011dh ~ SN 2016gkg

Fig4. The location of classical Type IIb supernovae in their host galaxies.
Connection with GW alert. By adopting the date of explosion from the models (Aug 20 for

our best-fit model and Aug 16 for the model with R = 400 Ro), we can conclude that
SN 2017gpn is unlikely to be connected to the LIGO/Virgo G299232 alert.
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We obtained the multicolor light curve combining photometric data from Zeiss-1000
telescope of SAO RAS and the available data from the PIRATE telescope [9]. The light curves
in B and R filters were modeled numerically using the one-dimensional radiation
hydrodynamical code STELLA. We determined the values of the main parameters of the
pre-supernova star, and these values are consistent with the results of hydrodynamical
modeling of other typical Type l1b supernovae.
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Abstract We observed the PSR J1023+0038 millisecond redback pulsar in its accreting regime
on two nights in Nov 2017 on Russian 6-m telescope with a high temporal resolution panoramic
photometer-polarimeter in two-channel (“blue” and “red”) setup. During 400 seconds of nearly 3
hours of total observations, we detected coherent optical pulsations in both color bands with
1.69 ms period, corresponding to the rotational period of neutron star known from radio data,
with amplitudes of 2.1% (“red”) and 1.3% (“blue”). Corresponding luminosity of pulsed
component is about 10% erg/s and may be caused by a synchrotron emission of electrons with
moderate Lorentz factors close to a light cylinder during the interaction of accretion disk with
ejected matter modulated with rotational period.

Keywords: Neutron Stars, Accretion Processes, Millisecond Pulsars, High Temporal Resolution

1. Introduction

The first millisecond radio pulsar PSR B1937+21 was discovered in 1982 [1], and its nature
was immediately explained in view of the concept of neutron star rotation speed-up during the
accretion of matter from a companion star in a compact binary system [2]. However, the first
direct confirmation of this model came much later, after discovery in 1998 of a SAX
J1808.4-3658 spinning-up pulsar in a low-mass binary system [3]. Finally, three systems were
found to contain a neutron star transitioning from accretion to ejection stages —
PSR J1023-+0038 [4], XSS J12270—4859 [5], and PSR J1824-24521 [6]. The most interesting
(and mysterious!) is a 1.69 ms period PSR J1023+0038 pulsar — the component of FIRST
J102347.6+003841 binary, initially thought to be a cataclysmic variable detected by its radio
emission [7]. To date, it was twice observed switching the stage — from accretion to ejection in
2003 [4] and back to accretion in 2013 [8]. This object is a “redback™ compact binary with a
4.75 hour period, containing a 0.2 M® G class normal component overflowing its Roche lobe,
ata 1.37 kpc distance from the Earth [9]. X-ray and gamma-ray observations demonstrated the
intensity variations with orbital period, interpreted as a manifestation of a shock wave at a
collision region between pulsar wind and accreting matter [10]. Moreover, the X-ray emission
was found to consist of three separate states — high (7 10* erg/s), low (10* erg/s) and flaring
(10** erg/s) with intensity variations on tens of seconds time scale, with state switching
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occurring rapidly and sporadically [11]-[14]. Coherent X-ray pulsations with neutron star
rotational period of 1.69 ms are detectable only in high state [15], [16], in contrast to the
optical ones which was detected in flaring state too [16], [17]. In optical and infrared bands
PSR J1023+0038 also displays sporadic activity on seconds to hours time scales [18], [21].
The minimal variability time scale of optical emission is as fast as fractions of seconds [22],
[23], which is close to the characteristic time scales of variability due to matter fragmentation
in propeller regime in MHD simulations [24]. The discovery of coherent optical pulsations
synchronous with X-ray ones and having a characteristic double sinusoidal pulse shape during
the accretion stage was an extremely important and unexpected result [16], [17]. It was
suggested that these multi-wavelength pulsations may be caused by a synchrotron emission of
electrons in the region of collision of pulsar wind with accretion flow [16].

In the present work we report on detection of periodic pulsations on neutron star rotation
time scale simultaneously in two optical bands during our observations with the Russian 6-m
telescope in Nov 2017, and discuss its nature.

2. Observations and results

We observed the PSR J1023+0038 millisecond pulsar, which is currently in accretion stage,
on Nov 14 and 15, 2017, with the Russian 6-m telescope using a panoramic
photometer-polarimeter in the dual-channel regime, using two MCP-based panoramic photon
counters (the “red” one with the GaAs photocathode on 5640A effective wavelength, and the
“blue” one with the multi-alcali photocathode on 4530A effective wavelength) to detect and
register all photons in a 10"x10" diaphragm around the object [25]. Total duration of
observations was about 3 hours (1 hour at the first night, 2 hours at the second night), effective
temporal resolution was 1 us. The times of arrival of every photon were converted to the Solar
system barycenter, and then corrected for the orbital motion in the object binary system using
the timing solution published in [26], adjusting the epoch of ascending node by 25.6 seconds
by maximizing the phase-folding x* analogous to the method using in [16], [27].

Time-resolved spectral analysis of the corrected data revealed a single 400 seconds long
interval with significant (the peak significance is better than 10™°) oscillations around
rotational frequency of a neutron star. All other data intervals lack any peak there.
Time-resolved phase folding using timing solution from [26] also revealed a single pulsed
activity interval only (see Figure 1, Figure 2 and Figure 3).

Figure 4 shows the phase folded light curves in both colour bands over this time interval.
The shape of folded light curves is nearly sinusoidal, in contrast with a two-peak one seen by
[16], [17], [27]. Amplitudes of the pulsations after correction for the background flux
contribution are Az=2.1% in the “red” channel and Ag=1.3% in the “blue” band, with Ag/Ag =
0.61 (0.376 — 0.878 for 95% confidence interval), which, according to the optical spectrum of
the object [16] and the throughput curves of channels, corresponds to absolute fluxes
Fg=14.6+3 and Fg=6.8+2.6 microJansky. Therefore, for a distance to the object of 1.37 kpc [9],
the optical luminosity of pulsed component is about 10** erg/s with an accuracy of about 30%.
Assuming the power law spectrum F,~ v for a pulsed component, its slope is p=3.5 (1.4 — 5.1
for the 95% confidence interval).
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Observations started at 2017-11-15 00:54:19 UT
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Fig2. Light curves in the “red” and “blue” channels during the data segment containing coherent optical pulsations
on rotational time scale. 400 seconds long time interval when pulsations are evident is marked with vertical dashed
lines. Flaring activity is evident during this interval, though such activity is also present on some other data segments

lacking signs of coherent pulsations.
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3. Discussion and conclusions

In contrast to the results of other studies [16], [17], [27], the folded light curve in our
observations tends to have a single-peaked, nearly sinusoidal shape. It is quite similar to the
X-ray light curves of isolated radio pulsars, where the pulsations are driven by a relatively
uniform thermal emission from polar caps heated by a flow of relativistic particles [28].
However, the estimate for brightness temperature corresponding to the peak fluxes in the
pulses of PSR J1023+0038 is T, > 10"F, D?v27%~ 10" — 10°K, where F, is a flux density in
Janskys, D is the object distance in kpc, v is the frequency in units of 10'° Hz, and 7 is the
characteristic time scale of a flux onset in milliseconds. Such large temperatures practically
exclude the thermal origin of a pulsed emission, and suggests the non-thermal (synchrotron?)
one [29]. On the other hand, [16] and [17] demonstrated that a large, about 10*! erg/s, optical
pulsed emission can’t be explained in neither the scenario of accretion onto neutron star pole,
nor as a result of conversion of rotational energy. Finally, [17] suggested the generation of a
two-peaked optical and X-ray emission as a result of collision of a pulsar wind with accretion
disk, which leads to a shock wave formation and electron acceleration, and, consecutively, to
synchrotron emission in a wide range of frequencies due to the motion of accelerated electrons
in magnetic fields.

The coherent pulsations we see in our data are significantly different from those reported in
[16], [17]. While having approximately the same position inside the binary (according to the
time of passage of ascending node) and having comparable amplitudes of 1-2%, our phased
light curve has a nearly sinusoidal single-peak shape, and the spectral slope of pulsed
component (B~3.7) is much softer than the multi-wavelength slope of vF,~v** (3=0.7) seen in
high mode [16] where the optical point was obtained in the white light. The lack of
simultaneous X-ray data does not allow estimation of X-ray activity mode during our
observations, but the interval of coherent optical pulsations (see Figure 2) is coincident with
strong sporadic flaring events on a time scale of seconds to tens of seconds, especially evident
in the “blue” band. The latter and a strong time correlation between the optical and X-ray
flaring modes found in [16] motivate us to suppose that the system was likely in the flaring
mode in X-rays as well. This may explain the differences in the spectral slope and the pulse
shape. Indeed, the folded X-ray light curve in the flaring mode also shows pulsations with a
quasi-sinusoidal pulse shape above 3 keV [12]. Albeit marginal (2c significance), it is
remarkably different from the clear double-peaked pulse profile in the high mode while it
appears to be similar to what we see in the flaring optical state with much higher significance.

We suggest that the properties of coherent optical emission of PSR J1023+0038 we detected
may be explained by synchrotron emission of relativistic electrons moving in a chaotic
magnetic field just outside the light cylinder. These particles are accelerated in the current
sheets during the reconnections of magnetic field lines in an outflow formed due to interaction
of accretion disk with pulsar magnetosphere (the “propeller” regime) [24]. The parameters of
this outflow are modulated with rotational period of neutron star, which causes the variations
of the synchrotron emission with the same period. We may estimate the parameters of emission
region in the following way. For a characteristic frequency of v ~ 5-10* Hz, synchrotron
energy loss timescale shorter than 0.25 of pulsar period, T ~ 0.43 ms, we get the Lorentz factor
y <50 and B > 1.5-10° Gauss (which is consistent with magnetic field strength close to the
light cylinder). The single electron luminosity is L ~ 0.1 erg/s, which, for the pulsed
component luminosity of 10 erg/s, gives the number of emitting particles of 10%. As the size
of emission region is smaller than ct ~ 10" cm, the electron density is n > 10" cm?,

The results of MHD simulations of accretion/ejection processes onto neutron stars have
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demonstrated that the process is highly non-stationary, and various parameters — matter density,
outflow velocity and inhomogeneity, its luminosity, the structure and strength of magnetic
fields — are strongly varying. However, our estimations do not contradict the values of
parameters emerging in these simulations. On the other hand, the combination of parameters
necessary for generation of coherent optical pulsations may happen sporadically. For example,
when the density exceeds some threshold [30], the medium becomes opaque to a synchrotron
radiation, and its intensity drops significantly. That may explain why the pulsations are
detectable during the flaring mode — the chances to get a necessary combination of parameters
are higher.

Finally, let’s stress the importance of magnetic reconnections for acceleration of electrons
that produce the observed optical emission. It seems that only this mechanism may lead to the
formation of ensemble of electrons with such soft energetic spectrum, with the slope close to
-8 [31] (which is necessary for generation of synchrotron spectrum with the slope of f=3.5).

Finally, our detection of the coherent optical pulsations with characteristics significantly
different from those seen in [16], [17], [27] highlights the complex and non-stationary nature
of the processes occurring in a binary system containing the transitional millisecond pulsar
PSR J1023+0038.
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Abstract We briefly report on detection of the first electromagnetic counterpart for GW 170817A.
Thanks to it, the new Era of Gravitational Wave Astronomy has just been opened in 2017.
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1. Introduction

The detection of gravitational waves (GWs) from a coalescing black hole binary system has
been one of the major discoveries in this 21st century (Abbott et al. 2016) and will become
more common from high energy celestial sources, cosmic explosions and astrophysical
transients when a worldwide network of advanced versions of ground-based GW
interferometers will become operational within the frequency range from 10 Hz to a few kHz
within the coming years. Furthermore, the recent detection of the first GW counterpart at
electromagnetic wavelengths (GW 170817) opened the new era of multi-messenger
Astronomy in 2017. For the first time, this shed light on three open issues that remained
obscure until that time: 1) electromagnetic counterparts can be detected for at least a fraction
of GW alerts related to neutron stars (NS) mergers (Abbott et al. 2017 and references therein);
2) short duration gamma-ray bursts arise in these NS-NS mergers (see for instance Zhang et al.
2018) and 3) heavy elements (heavier than Fe) are produced in this sites due to the r-process
nucleosynthesis (Pian et al. 2017).

2. Observational facts

Besides these superb discoveries reported in 2015-17 representing the first single
accomplished direct test of general relativity, the detection of GWSs allows to probe the inner
regions of many astrophysical phenomena that are otherwise inaccessible to investigation and
provide unique information on their emitters such as the two black holes (BH) merger for
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GRB150914 or the NS-NS merger for the GW 170817. Other promising GW emitter
candidates are the mergers of binary systems hosting two neutron stars or a NS-BH
(Belczynski et al. 2008; Berger 2014) if they occur in the local Universe. The frequency of
neutron star mergers is estimated at ~40 per year within 200 Mpc (Abadie et al. 2010; Singer et
al. 2014; Kasliwal & Nissanke 2014).

The multi-wavelength imaging of a GW source is made extremely arduous by the size of the
error areas expected to be returned by the interferometers. These are dozens to hundreds of
square degrees, and only cameras with very large fields of view can cover entirely in one shot
or with a small number of tiled pointings.

The monitoring of the confirmed NS-NS counterparts from early to late time is most
essential, in order to properly sample the lightcurve and especially, monitor the evolving
spectra. An NS-NS merger, accompanied by a short GRB first, and the emergence of so-called
kilonova emission after, is expected to be accompanied by production of heavy r-process
elements (Barnes & Kasen 2013; Bauswein et al. 2013) as seen in GW170817, and this
translates into a transient signal that should peak hours after explosion at an expected optical
absolute magnitude M, = 17, and decrease thereafter with a timescale set by the diffusion time:
the decline is faster for lower ejecta masses and higher energies.

1 1.6 2.0
Wavelength (Lrm)

Figl. Left: The NGC 4993 galaxy at 40 Mpc including the optical counterpart to GW170817 following the
short-duration gamma-ray burst GRB 170817A/ Right: the spectroscopic monitoring revealing the macronova
(dubbed AT2017gfo) evolution for the first 11 days. From these observations, the existence of the r-process
nucleosynthesis was inferred. As the ejecta expands, broad absorption-like lines appear on the spectral continuum,
including atomic species produced by nucleosynthesis that occurs in the post-merger fast-moving dynamical ejecta
and in two slower (0.05 times light speed) wind regions. Comparison with spectral models suggests that the merger
ejected 0.03 to 0.05 solar masses of material, including high opacity lanthanides. Adapted from Pian et al. (including
Castro-Tirado) 2017.

The evolving spectra (complemented by NIR observations to properly model the kilonova
Rayleigh-Jeans tail) is of utmost importance in order to search for the lanthanide-rich or
lanthanide-free ejecta which may be present in heavy element production. Other candidates for
GW in the range of frequencies accessible to ground based interferometers include also long
GRBs (Corsi & Meszaros 2009), core-collapse supernovae (Ott et al. 2012; Muller et al. 2012),
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newly born magnetars (Stella et al. 2005; Dall Osso et al. 2009), and magnetars (Corsi & Owen
2011; Abadie et al. 2011).

Fig2. NGC4993 (1200s, Sloan i’-band filter) was maged by the 10.4m GTC on 19 Jan 2018, ~5 months agfter the
occurrence of GW 170817A. Left: the location of the NS-NS merger (the green circle) is shown. Right: the image has
been processed to show the different stellat shells around the galaxy. Adapter from Pandey, Hu, Castro-Tirado et al.

(2019).

3. Conclusions

The new Era of Gravitational Wave Astronomy has just been opened. With the advent of the
forthcoming advanced LIGO-VIRGO Observing Run 3 (0O3) in Apr 2019, the numbers of GW
alerts will significantly increase. Coordinated multiwavelength efforts will shed light into the
physics of compact objects mergers in the Universe.
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Abstract One of the goals of the BSUIN project is to propose standard methods for the
characterization of underground laboratories (UL). We have proposed scheme for thermal neutron
flux measurement: simple and low-cost but still very reliable. A pilot measurements were made in
mines in Freiberg (Germany) and Pyhasalmi (Finland). This work is still in progress, the final
stage of the BSUIN project is planned for 2020.
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1. Introduction

The Baltic Sea Underground Innovation Network (BSUIN) project [1] is aimed at making
the underground laboratories in the Baltic Sea region more accessible for innovation, business
development and science by improving information about the underground laboratories, the
operation, user experiences and safety. Potential beneficiaries of the project are various types
of underground physics, such as neutrino measurements or dark matter searching. The BSUIN
consortium comprises 14 members from eight Baltic Sea countries. Six underground labs are
looking for new collaboration in the project. BSUIN is EU funded as a part of INTERREG
Baltic Sea program [2].

The main topic of BSUIN Work Package WP2 (Characterization of Underground
Laboratories) is the development of a standard for the characterization of underground
laboratories. As part of WP2, National Centre for Nuclear Research (NCBJ, Poland) is the
leader of activity WP2.2 (Natural radioactive background characterization). Therefore, we
proposed a scheme for measuring the neutron background, built a test setup and carried out
pilot measurements.

2. Minimal setup for thermal neutron flux measurements

We decided to consider what the simplest setup for thermal flux measurements should be. It
is obvious that a setup containing many counters and sophisticated measuring electronics will
give more reliable results than a smaller and simpler one, but in many cases it will be overkill,
unnecessarily raising the complexity and cost of the measurement. We would like to propose a
setup as simple as possible, but still able to measure thermal neutron flux in underground
laboratories with sufficient reliability. In our opinion, the setup should have the following
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features:
e to consist of at least two counters, so that the measurement uncertainty can be
determined by comparing the results;
e the method of distinguishing real neutron recording from noise should exist;
o the presence of the operator during the measurements should not be necessary, which
will make very long-term measurements easier.
So we built a test setup consisting of two helium counters and a simple data acquisition
system.

2.1. Helium counter

In our implementation, we used two proportional helium counters of type ZDAJ
NEM425A50.

The counter is made of a 50 cm long steel tube of diameter of 2.5 cm and is filled with
helium-3 under pressure of 4 atm. and natural krypton under pressure of 0.5 atm.

This type of counter is a standard gas proportional counter, but filled with helium-3, which
is a noble gas with high cross section for thermal neutrons capture. Charged products of the
capture reaction *He(n,p)*H poses 764 keV of released energy and are recorded by the
proportional counter in the normal way. Therefore an amplitude spectrum recorded by the
counter has a characteristic shape with a peak corresponding to 764 keV energy and a tail of
smaller amplitudes for cases when one of the reaction products escaped from the active
volume (it’s a so-called “wall effect”). An example of amplitude spectrum, obtained with a
relatively large flux of thermal neutrons is shown in Figure 1.
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Figl. Amplitude spectrum measured by the helium counter with an artificial neutron source. The 764 keV peak with
tail is clearly visible.

2.2. Data acquisition system

The helium counter is a brilliant tool for neutron flux measuring because the distinction
between neutrons and background signals is easy: you only need to recognize the 764 keV
peak, so all you need is an amplitude spectrum. But in underground laboratories the neutrons
flux from natural sources is usually very low, so noises negligible in normal conditions can
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distort completely the shape of the spectrum. This is the reason why the pulse-shape analysis is
necessary.

Our data acquisition system has been designed to save oscilloscope-like waveforms for all
received signals. For each counter we use a simple device with a single channel ADC
controlled by a microcontroller. The ADC samples the signal every 700ns, and after the trigger
keeps 50 samples of the waveform. Every device is independent and self-triggered, powered
and control by a PC computer via the USB port. Example waveform recorded for neutron is
shown in Figure 2.
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Fig2. An example of waveform registered for neutron

2.3.  Remote control

Because the setup consists of only two helium counters, data acquisition time must be
relatively long (several weeks). Such long presence of an operator would be very expensive
so this forces the construction of the setup as remotely controlled. The setup of the main PC
computer can be fully controlled via Internet using the ssh client or open source remote
desktop program “Remmina”[4]. PC can be turned on and off by the standard Linux program
“rtcwake”, additionally, thanks to special PC power supply configuration, reset of all devices
powered by USB is possible.

3. Data analysis

In our case data analysis was aimed at distinguishing neutrons from other signals recorded
by helium counters. These “other signals:” can be divided into three groups:

e normal electronics noise — this type dominates at low amplitudes, but its intensity
decreases exponentially with the increase in amplitude, so it rarely appears in the area
of 764 keV peak. The electronics noise intensity depends on the quality of the used
electronics.

e alpha particles from counter’s internal parts — helium counter parts contain natural
radioactive isotopes that emit alpha particles. These particles travel random lengths
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before they reach the active volume of the counter, which is why the recorded
amplitude spectrum has a flat shape (shown in Figure 1). The shape of alpha signal is
exactly the same as neutron signal, but alpha spectrum can be easily studied for
amplitudes greater than the 764 keV peak and subtracted from the neutron spectrum.
high voltage “sparks” — this type comes from the current flow on the surface of
insulators in the high voltage connectors. Recorded pulses can have any kind of
amplitude, so they mimic neutrons. Fortunately, the rise time for "sparks" is much
shorter than for neutrons, so these two cases can be distinguished by pulse shape
analysis.

A useful tool for pulse shape analyzing is the two-dimension histogram “rise time” versus
“maximum pulse amplitude” shown in Figure 3 (in fact, in this figure “pulse maximum time”
is shown instead of “rise time”, but these times differ by a fixed value).
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Fig3. Two dimension histogram “rise time” versus “maximum pulse amplitude”

The points in the histogram are arranged in a few distinct groups.

The vertical band for amplitudes smaller than ~45 ADC corresponds to the normal
electronics noise.

The horizontal band for rise time smaller than ~29 ticks of time corresponds to high
voltage “sparks”.

The remained vertical band with a clear stain at ~120 ADC and ~35 ticks of time
corresponds to neutrons and alphas. The stain corresponds to peak 764 keV.

The impact of rejection of ‘sparks’ on the spectrum of amplitudes is shown in Figure 4.
Analysis like this allows us to determine the true frequency of neutron counts in the counters
and after comparing with the MC simulation, determine the neutron flux.
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Fig4. Amplitude spectrum registered in Freiberg mine in Saxony (Germany) after 45.5 days of data acquisition . The
red line marks the raw spectrum, the green line — spectrum after subtraction of “sparks”.

4. Pilot measurements

To test the setup we have carried out measurements of the neutron flux in two mines: in
Freiberg, Saxony (Germany) and in Pyhasalmi (Finland). These preliminary tests have shown
that the setup is a useful tool for measuring neutron flux in the underground, but requires
improvements and further tests.

4.1. Freiberg

Measurements were carried out at -250 m, in the network server room, near the “Reiche
Zeche” shaft. The room was about 3x3x3 m, brick walls and a concrete ceiling.

The measurements were divided into two phases. In the first phase the setup consisted of
two bare helium counters (as described above), and the measured results were used to
determine the neutron flux. The registered amplitude spectrum for one of the counters is
shown in Fig4, the thermal neutron flux calculated from the measurement results is equal to
(3.1£ 0.3)-10% cm'%s™.

It is a rather high flux, but Reiche Zeche is an old silver mine, so a high level of natural
radioactivity is expected. The first phase setup is shown in the Figure 5 on left panel.

Fig5. Setup used in Freiberg (Germany) in Reiche Zeche shaft Left: Bare counters for the first phase measurements.
Right: Counters in borax shield for the second phase measurements.
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In the second phase of measurements the setup from the first phase was surrounded by a
cover made of polyethylene bottles filled with technical borax. The shield decreased the
neutron flux reaching the setup due to neutron capture by boron-10 contained in borax. The
second phase setup is shown in the left panel of Figure 5.

The second phase was a test of the setup and the analysis method: the rate of neutron counts
should decrease, but the rate of internal alpha particle rate should not. The measurement lasted
30 days and confirmed that the apparatus is working properly. The comparison of the first and
second phase results is shown in Figure 6.
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Fig6. Results obtained in Freiberg (Germany) in Reiche Zeche shaft. Comparison of the first (the blue line) and
second (the red line) phase amplitude spectrum

4.2. Pyhasalmi

Measurements were carried out at -1444 m, in a special laboratory hall. The data acquisition
system was similar to that used in Freiberg (with several improvements), but in this case the
setup consisted of 10 bare helium counters. The data collection time was only about a week,
which was enough due to the relatively high counting rate. Thermal neutron flux is probably
10 times greater than flux in Freiberg, but the data analysis is still in progress. The setup used
in Pyhasalmi is shown in Figure 7.

Fig7. The setup used in Pyhasalmi (Finland)
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5. Conclusion

As a part of the BSUIN project we have proposed a simple and low-cost but still very
reliable scheme for thermal neutron flux measurement. Pilot measurements were made in
mines in Freiberg (Germany) and Pyhasalmi (Finland). This work is still in progress, the final
stage of the BSUIN project is planned for the year 2020.
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Abstract Three compact steep-spectrum sources (CSSs) have been detected by the Fermi/LAT.
We collected their broadband SEDs from the literature and compared with two typical blazars,
one BL Lacertae (BL Lac) and one flat spectrum radio quasar (FSRQ). The morphology of the
broadband SEDs for the three CSSs is more analogous to FSRQs than BL Lacs. However, the
multiband spectrum fitting may offer a complementary diagnostic clue of their gamma-ray
emission production mechanisms and jet properties.

Keywords: Galaxies: Active, Galaxies: Jets, Radio Continuum: Galaxies, Gamma Rays: Galaxies

1. Introduction

So far, most confirmed extragalactic gamma-ray emission sources are blazars (Ackermann
et al. 2015), for which the broadband spectral energy distributions (SEDs) are dominated by
the jet emission and the jet direction points to the Earth. Blazars are divided into BL Lacertae
(BL Lac) objects and flat spectrum radio quasars (FSRQs) according to their spectral features
in the optical band. Generally, the observed SEDs of blazars are bimodal and can be well
explained by the one-zone leptonic models; the synchrotron radiation and the inverse Compton
(IC) scattering of relativistic electrons in the jets (Maraschi et al. 1992; Ghisellini et al.1996;
Sikora et al.2009; Zhang et al. 2012, 2014, 2015).

Besides blazars, some other kinds of active galactic nuclei (AGNSs) have also been detected
by the Fermi/LAT, such as radio galaxies (RGs) and narrow-line Seyfert 1 (NLS1) galaxies
(Ackermann et al. 2015). For both of them, the detected gamma-ray emission is also thought to
be from the jet radiation. The SEDs of the GeV NLSL1s are similar to blazars and can be well
represented with the one-zone leptonic model. The jet properties of the GeV NLS1 galaxies are
intermediate between FSRQ jets and BL Lac jets, but more analogous to FSRQ jets (Sun et al.
2015). According to the unification models for radio loud (RL) AGNs, BL Lacs are associated
with FR | RGs, whereas FSRQs are usually linked with FR Il RGs (Urry & Padovani 1995),
i.e., RGs are the parent populations of blazars with large viewing angles and small Doppler
factors. Although a more complex model with more parameters may produce a better fit to the
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SEDs of some RGs (e.g., Tavecchio & Ghisellini 2014), the one-zone leptonic model is also
used to reproduce the SEDs of RGs by many authors (Abdo et al. 2009a; Migliori et al. 2011,
Fukazawa et al. 2015; Xue et al. 2017).

Another class of RL AGN, known as compact steep-spectrum sources (CSSs), is also
detected in the GeV band by Fermi/LAT. The radio morphology of CSSs is typically
characterized by fully developed radio lobes and by a small linear size (< 15 kpc; see O’Dea
1998 for a review). CSS is thought to be the first stage in the evolution of large extragalactic
radio sources (e.g., Migliori et al. 2014). The radiation mechanisms and origin of the
gamma-ray emission are useful to study many aspects of the physics of CSSs. Comparisons of
broadband emission between CSSs with blazars may help to reveal the intrinsic connections
among different RL AGNs.

2. The gamma-ray Emission CSSs

3C 286 also named B1328+307, at redshift of z = 0.849 (Cohen et al. 1977). The steep radio
spectrum with a spectral index of a = -0.61 (S, o v*) between 1.4 and 50 GHz with a turnover
at about 300 MHz, below which it is flat till ~75 MHz (An et al. 2017). The source displays a
primary core and a second lobe ~2.6 arcsec (19.4 kpc) to the south-west (Spencer et al. 1989;
An et al. 2017). The radio emission at 15 GHz of this source is rather stable and no significant
variation is observed in the past 10 years. The high polarization of the source has been detected
in the radio band (Akujor & Garrington 1995). A compact bright nucleus associated with the
radio core is also detected by the Hubble Space Telescope (deVries et al. 1997). Two compact
components in the inner 10-mas region with comparable flux densities are resolved with the
Very Long Baseline Interferometry (VLBI) and the more compact component showing an
inverted spectrum with a turnover between 5 and 8 GHz may infer the core (An et al. 2017). A
jet speed of ~0.5¢ and an inclination angle of ~48° are derived for 3C 286. The optical
spectrum observed with the SDSS-BOSS clearly indicates that 3C 286 can be classified as a
NLS1 (Berton et al. 2017). The source was detected in the 100 MeVV-100 GeV energy range by
Fermi/LAT (Ackermann et al. 2015).

4C+15.05 also known as NRAO 91 and PKS 0202+14. On the basis of [O 1117 A3727 and
[Ne 1713833 lines, the source was estimated to be located at z= 0.833 (Stickel et al. 1996), but
a smaller redshift of z = 0.405 is reported by Perlman et al. (1998). Recently, Jones et al. (2018)
suggested that the neutral hydrogen absorption feature of this source agrees very well with the
value of z = 0.833. The mean spectral index of a =-0.33 between 400 MHz to 8 GHz is
reported by (Herbig & Readhead 1992). This source displays a structure of a core and double
lobes with a total projected size of ~1.3 kpc. A core-jet structure at pc-scale extends the
projected size of ~25 pc at a position angle perpendicular to the kpc-scale structure (An et al.
2016). Different from 3C 286, the significant apparent superluminal motion of ~16c is
detected (An et al. 2016). 4C+15.05 has been identified as a gamma-ray AGN with the EGRET,
and later was detected by Fermi/LAT.

4C+39.23B located at photometric redshift of z = 1.18 (1.0-1.4) (Lilly 1989). The value of z
= 1.21 was used in Law-Green (1995) and Roche et al. (1998). The spectral indices between
0.4 to 1.4 GHz and between 4.9 to 8.5 GHz are -0.3 and -1.02, respectively (Fanti et al. 2001).
It is detected by Fermi/LAT and associated with J0824.9+3916 (Massaro et al. 2016). However,
its gamma-ray association is doubtful and could arise from the nearby blazar 4C+39.23
(Migliori et al. 2016; An et al. 2017).
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Figl. SEDs of the three gamma-ray emission CSSs. The gamma-ray emission data in the Fermi/LAT band for the three
CSSs are taken from our work (in preparation). The other data, for 3C 286 are from An et al. (2016) and NED, for
4C+15.05 are from Bloom et al. (1994), Comastri et al. (1997), Stickel et al. (1996) and Montigny et al. (1995), for 4C
39.23B are from SSDC (https://tools.ssdc.asi.it/SED/). The data of two typical blazars, one BL Lac (Mrk 421) and one
FSRQ (3C 273), are taken from Zhang et al. (2012, 2014).

3. Comparisons of Broadband SEDs between CSSs and Blazars

We collected the data of broadband SEDs for the three CSSs from the literature, as
illustrated in Figure 1. The average spectra in the gamma-ray band observed by the Fermi/LAT
are from our work in preparation. For comparisons, the broadband SEDs of two typical blazars,
one BL Lac (Mrk 421) and one FSRQ (3C 273), are also presented in Figure 1. In the radio
band, 3C 286 and 4C+15.05 have the higher fluxes than Mrk 421. However, in other energy
bands the radiation fluxes of the three CSSs are much lower than that of the two blazars.
Especially in the X-ray band, except for 4C+15.05, which has an observational data point in
the soft X-ray band, no other observation data are available for the three CSSs, indicating that
their X-ray emission is very weak. This is very different from blazars since blazars normally
have very strong emission in the X-ray band. The broadband SEDs of the three CSSs, similar
to that of blazars, shape two bumps. The peak frequencies of the first bumps for the three CSS
SEDs approximately locate at 10%-10" Hz, similar to the typical values of FSRQs. Comparing
with the two blazars, the morphology of the broadband SEDs for the three CSSs is more
analogous to FSRQs than BL Lacs. The broadband SEDs of blazars are thought to be
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dominated by the pc-scale jet radiation. The radiation mechanisms of CSSs in
multi-wavelengths are very unclear. The larger viewing angle of CSSs than that of the blazar
jets may challenge the one-zone leptonic models to represent the observed SEDs of CSSs.
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Abstract Quick search for optical partners of bursts of gamma radiation of high and ultrahigh
energy range are conducted using the facilities of the Baksan Neutrino Observatory (BNO) of the
INR RAS and a complex of astronomical telescopes at peak Terskol Observatory of the Institute
of Astronomy of RAS. The bursts of cosmic ray intensity and cosmic gamma radiation are
detected at the complex of BNO facilities. The search and subsequent study of optical flares
associated with the detected BNO events are carried out with a complex of astronomical
telescopes at the peak Terskol. To search by external target designations (from BNO installations,
the GCN network, etc.) of transient phenomena in the optical range a universal program for
managing a complex of astronomical telescopes was developed and created. The current state and
preliminary results of the experiment are discussed.

Keywords: Gamma Radiation, Bursts, Optical Flares, Multimessenger Astronomy

1. Introduction

Currently, the methods of multimessenger astronomy are widely used in the study of

astrophysical objects that emit a large amount of energy in a wide range of electromagnetic

radiation spectrum. Our experiment is aimed at obtaining new experimental data on

astrophysical objects generating bursts of cosmic gamma radiation of high energy together
with optical flashes. Such bursts of radiation can be generated by processes in the nuclei of

galaxies, by the interaction of astrophysical objects, at the last stage of the evolution of stars,
including supernova bursts.

The search for bursts of cosmic ray intensity and cosmic gamma radiation is carried out by

the method of a search for spatiotemporal concentrations (clusters) of showers recorded by
EAS array. Previously this method was widely used to search for very high energy gamma
radiation from cosmic gamma-ray bursts (CGRB) and from evaporating primordial black
holes (PBH) at EAS arrays and underground telescopes [1 — 5].
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2. The finding of shower clusters.

The algorithm for finding cluster of the showers is as follows: for each shower i having
absolute time t; and coordinates in the Equatorial system (a, 8); there was a chain of events i,
i+1, i+2,. . ., i+N -1 such that the directions of the shower arrival differ by less than the a,
value from the weighted average direction. Thus, each cluster is characterized by multiplicity
k, duration At, absolute time and coordinates of its center (a, 8). Because the search is carried
out within some interval AT (from 1 ms to 900 s), then At < AT. This algorithm was used
previously for searching of bursts with BNO facilities (Baksan Underground Scintillation
Telescope — BUST, EAS arrays “Carpet-2” and “Andyrchy”). The problem is that the
experimentally measured frequencies of cluster registration of different multiplicity are in
agreement (within one standard deviation) with the frequencies expected from the background
of random coincidences (i.e., background fluctuations of cosmic rays). Therefore to use as an
alert to search for transient phenomena in the optical range the additional background
suppression is needed. For additional selection of clusters the average angular distance of
showers from the center of the cluster (a.w.er parameter) is used. In Fig. 1 an example of a
modeled cluster with k = 6 from point source is shown. The true center of the cluster (the
position of a point source) is placed at the origin of coordinates. The distances of showers (a)
from true center are distributed in according to Rayleigh distribution. The restored center of
cluster is at the distance a. from true center and a; is the distance from the restored center to the
i-th shower. The average angle distance of showers from the cluster center is defined as:

1 k
Qaver :E a (1)
i=1
osin(é)
.
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Figl. An example of a modeled cluster with k = 6.

The distributions of clusters with different multiplicities from point sources by aaer
parameter have been obtained by simulations. These distributions are notably dependent on
cluster multiplicity. Comparisons of distributions of modeled and experimentally registered
clusters are shown in Figures 2 — 4.
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array “Carpet-2".

It is obvious that using of a,.r parameter allows entirely separating clusters of large
multiplicities from point sources and from background fluctuations of cosmic rays. It should
be noted that multiplicity distribution of experimentally registered clusters depends on AT.
Multiplicity distributions of clusters registered at BUST during 953.8 days of data taking are
shown in Fig. 5 for a number of AT values.
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3. Search for clusters of showers in the near-real-time mode

Primary experimental data of BNO installations are accumulated in the memory of an
on-line computer of the registration system of each facility for a fixed time, which is 15
minutes (20 minutes for the “old” registration system of the “Carpet-2” installation), and then
recorded to the hard disk of a file-server. After data recording the information is processed at
dedicated workstations and for each of registered showers the direction of arrival in the
horizontal coordinate system (zenith and azimuth angles) is obtained. After that the search for
clusters of showers is conducted using the method described above. At first the selection of
clusters as alerts for astronomical telescopes is carried out using the condition agyer < ap(K).
The ap(K) values are chosen thus that within ay(K) is placed 99% of events with relatively low
multiplicity (k < 10), for which there is no complete separation of simulated and recorded
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events. For clusters with complete separation of the simulated and experimentally recorded
events (large multiplicity clusters) all clusters from the point sources are inside a,(k). To use
clusters of small multiplicity as alerts for searching for transient phenomena in the optical
range, an additional selection is made for duration of clusters (depending on their multiplicity)
so that the frequency of alerts from the “Carpet-2” and BUST installations is ~ 1 per day.
Alerts information (coordinates, time, etc.) is recorded to a data collection server in BNO.
Access to these data is realized by means of two communications paths. The first one unites
the local networks of the BNO and the observatory at the Terskol peak through a radio channel
based on three CiscoAironet 1410 modules at a distance of about 20 km. One module operates
at Cheget peak in the access point mode. Two others modules operate in bridge mode at the
“Andyrchy” EAS array and at the Terskol peak. The module operated at the “Andyrchy” EAS
array is connected with BNO laboratory building by an optical cable. Second one is routing
through the Internet with a fixed IP address. Both communications paths allow us to connect
with dedicated server via HTTP and FTP, and over the local network using the SMB protocol.
The communications paths and the dedicated server are protected from the extraneous access.

4. Search for optical partners of clusters of showers

Search for transient phenomena in the optical range by target designations from BNO
facilities will be carried out with a telescope complex at the Terskol peak, including the
automatic telescope “Meade 14” f/10 LX200. A universal program for controlling the
complex of astronomical telescopes has been developed and created for this.

The search for optical transients on alerts from BNO facilities have been conducted in test
mode using the Officina Stelare RH-200 wide-angle (with a field of view of 3.5 degrees)
robotic telescope installed at the Zvenigorod Observatory of INASAN. As an example for one
of alerts from EAS array “Carpet-2” 61 images were taken. The coordinates of the frame
center are approximately R.A. = 08h45m u Decl. = +70°10". The overlap of images is
presented in Fig. 6. There is some shift of the frame center due to errors of telescope driving at
high declinations. The detailed analysis of this frame gives 55 galaxies, 67 radio source, 7
infrared and 7 X-ray sources. No optical transients were discovered in this event.

R W 1V Y @—T

Fig6. The overlap of images obtained by the Officina Stelare RH-200 wide-angle telescope on “Carpet-2" alert.
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5. Conclusion

The experiment under development is aimed at obtaining new experimental data on
astrophysical objects generating bursts of ultrahigh-energy cosmic gamma radiation in
conjunction with optical flashes. At the moment the search for bursts of cosmic ray intensity
and cosmic gamma radiation by means of detection of clusters of showers is implemented in
the near-real-time mode. Because the experimentally measured frequencies of cluster
registration of different multiplicity are in agreement with the frequencies expected from the
background fluctuations of cosmic rays the new method of background suppression was
developed. This method of background suppression allows us using selected clusters of
showers as alerts to search for transient phenomena in the optical range.
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Abstract During several years at the Baksan Neutrino Observatory INR RAS is carrying out the
experiment for searching of 2K (2v)-capture in ***Xe. This isotope has several advantages: 1) it
has the largest kinetic energy of transition among candidates of nuclei for which predicted the
existence of ECEC; 2) since xenon is the noble gas, then it could be easily used as a system
isotope-detecting medium in a gas detector. To search for 2K-capture in 2*Xe the large volume
copper proportional counter (CPC) is used.

In our work, we present the results of the simulation, with the Geant4 package, of CPC
background from the decays of 2*®U and 2*2Th nuclei in the construction materials of the CPC
case, as well as in elements of the low-background shield. The influence of neutrons produced in
the rock of the underground laboratory from the decay of U and 2*2Th, where the experimental
setup is located, on the production of the isotope **I in the working gas of the detector, upon
capture of thermalized neutrons by the '2*Xe isotope is considered. The | isotope can have a
significant influence on the background of the experiment since the total energy release in its
decay belongs to the same energy region as ROI of 2K-capture in **Xe.

Keywords: Double beta-decay, 2k-Capture, Proportional Counter, Low-Background Experiments

1. Introduction

A unique state is formed in the daughter atom in the case of the capture of two electrons
from the K-shell. This state represents a neutral atom with the inflated shell, exposing two
vacancies in the K-shell. In order to detect such a process, we have to keep in mind that for Z >
30, where K-fluorescence yields are large, the dominant decay of double K vacancy states
happens through the sequential emission of two characteristic fluorescence quanta.

The primary contribution (76.7%) to the ECEC process in **Xe is produced by the capture
of two electrons from the K-shell [1]. The result of the ***Xe (2v, 2e) reaction is a neutral ***Te
atom with a “lifted” shell, which leaves both K-shell vacancies exposed. The residual
excitation of the atomic shell in daughter isotope **Te™ relaxes via the emission of Auger
electrons (ea, €a), a single characteristic quantum and an Auger electron (K, ea), or two
characteristic quanta and low-energy Auger electrons (K, K, e,). In actual experiments, the
almost simultaneous emission of two characteristic fluorescence quanta produced in the filling
of two vacancies offers considerable advantages in terms of detection of such events.

The detection of the relaxation response of atomic processes after the capture of atomic
electrons in a gas medium offers several significant advantages over liquid and solid-state



67

detectors. At the same time, the impact of the background depends strongly on the energy
resolution, which gives the event detection in a gas medium another advantage over detection
in liquid. In addition, the interaction of radiation in gas provides an opportunity to determine
the topological signature of a rare event, which was demonstrated in our earlier studies [2, 3].

In contrast, extremely small primary ionization tracks typical of interactions in liquid make
it difficult to identify the specific features of the signal from low-energy primary particles.

The search technique in our experiment is based to the registration triple coincidences of
“shaked” electrons and two fluorescence photons produced in the process of filling of a double
K-shell vacancy in daughter atoms. A proportional counter filled with gas containing the
studied isotope is used as a detector. Useful events have a unique feature set in such a detector.
Their total signal comprises three partial pulses with known amplitudes formed as a result of
absorption of two characteristic photons and a cascade of low-energy Auger electrons within
the working volume. The selection of events with such features from the entire set of digitized
pulses allows one to raise the effect/background ratio up to several thousand times. Thus, in
our case, the main contribution of the background in the energy region of interest stems from
three-point events in the detector. The main contribution to such events can result from the
processes of double ionization of the K-shell or the emission of a low-energy gamma-quantum
with simultaneous registration of the relaxation products of the daughter atomic shell.

2. Setup description

The model of the experimental setup ”2K-CAPTURE” was created with the help of the
Monte-Carlo Geant4 package [4] for studying the detector response to decays of radionuclides
from U/Th families. The same model was used for simulate neutron transport and scattering.
Fig. 1 shows a cross section of the setup as implemented in the simulation. All the most
relevant geometrical features are included, such as the multilayer shield with their real shapes
and positions. The experimental setup consists of a copper proportional counter (CPC) with a
casing made of M1-grade copper (the inner surfaces of casing and flanges were covered
additionally with 1.5 and 3 mm layers of MOk copper correspondingly) and passive shield.
Shield consists of 18 cm of copper, 15 cm of lead and 8 cm of borated polyethylene.

Figl. Simulated geometry for the installing “2K-CAPTURE " with a calibration channel in Monte-Carlo Geant4
package.

Additional constructive parts located on the detector flanges, which have high voltage
inputs designed to supply high voltage to the anode of the CPC, as well as the pickup of the
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signal through a high-voltage separating capacitor, were not taken into account in the model.
In the model, the body of the CPC is presented as a 710-mm-long copper cylinder with a
working length of 595 mm and an inner diameter of 137 mm, closed on both sides with flanges,
Fig.2.

Fig2. Model of copper proportional counter. A darker color indicates the operating area of the detector.

The following structural parts were taken into account in the internal volume of the CPC: a)
the anode wire made from gold-plated tungsten with a diameter of 10um thick is stretched
along the cylinder axis; b) the anode wire passes through the copper tubes along the edges of
the detector, which in turn is inserted into the Teflon insulators. The gas volume of the detector
is represented by two logical volumes: the full volume and the fiducial volume of the detector,
which is part of the full volume, and is located between the copper tubes in which the anode
wire is included. The same volume is a sensitive area of the detector; in Fig.2 it is represented
in a darker color.

The CPC is filled with xenon gas to a pressure of 4.8 atm. Xenon has a certain isotopic
composition that was taken into account when creating the model. The isotopic composition of
gas is presented in Table 1.

Table 1. The isotope composition of working gas of xenon.

Isotope 124 126 | 128 129 130 131 | 132 | 134 | 136
Content, %| 20.311 | 27.12 | 33.44 | 18.812 | 0.071 | 0.057 |0.026|0.088 | 0.0806

As mentioned above, the CPC is surrounded by multi-layer low-background shield. For
example, copper shield also has several volumes. Therefore, to simplify the simulation: a)
copper layer around the detector housing located between the counter flanges; b) copper layers
on the ends of the detector; c) a layer of copper that surrounds the detector and copper portions
on the ends of the detector, in this volume calibrated holes are made, and through it the Teflon
calibration channel.

3. Simulation results

The following libraries were used for modeling and calculations: G4DecayPhysics — for
modeling decays of unstable particles indicated in PhysicsList, as well as for all unstable
particles that may occur during the simulation; G4RadioactiveDecayPhysics [5] - allows to
simulate radioactive decays of various isotopes, based on ENSDF data [6]; the
G4EmPenelopePhysics library was used to simulate electromagnetic processes, and
G4EmLivermorePhysics (for test) was also considered; The
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G4HadronPhysicsQGSP_BIC_HP library was used to simulate the interaction of neutrons
with matter, this library was chosen based on [7]. The radioactive source (nuclear decay, alpha,
beta and gamma radiation) is specified in a mac-file using the General Particle Source library.
The models we created on the basis of two libraries allowed us to obtain a good agreement
between the calculated and experimental response functions from an external calibration
gamma source in most of the analyzed cases.

Fig. 3 shows a comparison of the measured and simulated spectra from an external
199cd-source. The source is placed above the detector in the calibration channel, which is
located inside the low-background shield, Fig.4. To reduce the absorption of gamma-quanta in
the shield substance, three calibration holes are made above the center of the detector and
along the edges of the sensitive zone of the detector. In standard mode, calibration is carried
out in the center hole. The same was done in the model.

120
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=——_Cd109source
100 3 — G4EmPenelopePhysics
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Fig3. A comparison of experimental and simulated spectra of CPC obtained from 109Cd-source. Red and green
histograms are the Geant4 simulations obtained with the Penelope and Livermore model respectively. Black
histogram are experimental data from 109Cd-source.

Fig 4. Calibration channel and calibration holes.

As noted in the introduction, the purpose of our experiment is the search for rare events from
2v2K capture using registration a time correlation (coincidence) between the two
K-fluorescence quantum that are emitted after the decay of double K-vacancy states and Auger
electrons. The magnitude of the probable effect is estimated on the basis of the results of
comparative analysis of background data of the proportional counter of the proportional
counter filled with samples of pure xenon with different concentrations of the studied isotope.
The ultimate sensitivity of the setup to the effect of interest depends primarily on the intrinsic
detector background and the quality of the methods used to separate the desired signal with a
specified set of characteristics. This requires an extra small gamma-background. In the same
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time, a double K-shell photoionization of the atom can create the “hollow atom” by absorbing
a single photon and releasing both K electrons. Relaxation of the excited electron shell of a
daughter atom can mimic the useful signal.

As noted in the introduction, the purpose of our experiment is the search for rare events from
2v2K capture using registration a time correlation (coincidence) between the two
K-fluorescence quantum that are emitted after the decay of double K-vacancy states and Auger
electrons. The magnitude of the probable effect is estimated on the basis of the results of
comparative analysis of background data of the proportional counter of the proportional
counter filled with samples of pure xenon with different concentrations of the studied isotope.
The ultimate sensitivity of the setup to the effect of interest depends primarily on the intrinsic
detector background and the quality of the methods used to separate the desired signal with a
specified set of characteristics. This requires an extra small gamma-background. In the same
time, a double K-shell photoionization of the atom can create the “hollow atom” by absorbing
a single photon and releasing both K electrons. Relaxation of the excited electron shell of a
daughter atom can mimic the useful signal.

3.1. Gamma-background simulation.

Gamma ray background from the structural elements of the shell of the detector as well as in
the elements of the shield (copper, lead) is almost exclusively coming from the uranium and
thorium decay series as well as from decay of “°K. External gamma backgrounds originate
from these radionuclides in the surrounding rock of deep underground laboratories. Therefore,
our purpose was to estimate the response of the CPC to the gamma background from
surrounding material. The activity of natural radioactive isotopes content in different source
materials of the low-background shield was measured by the ultra-low background germanium
gamma-spectrometer [8]. The simulation included the calculation of decays of members of
uranium-radium and actinium natural radioactivity chains contained in the structural elements
of the detector shell as well as in the elements of the shield. Fig. 5 shows the background
spectrum accumulated for one year of measurement (curve 1) using CPC and Monte-Carlo
simulation of gamma-spectrum (curve 0). As can be seen in the figure, the simulated and
experimental spectrum of all events with energies above 30 keV coincide quite well. The
difference between the spectra at low energies can be related to the fact that at the ends of the
detector the proportional amplification changes to the ionization mode, which was not taken
into account in this simulation. Also edge effects at the ends were not considered.
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Fig 5. Spectrum of the background of CPC filled with xenon: (1) - all events, (2) - two-point events, (3) - three-point
events, (0) - Monte-Carlo simulations spectrum of low-energy gamma-quantum for interactions in the detector.
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The same figure shows the spectra of two- and three-point events, curve 2 and 3 respectively.
Events that are associated with a photon-absorption are distributed among the groups of one-
and two-point events in accordance with the probabilities of the Compton process, photo
absorption, and the probability for the characteristic radiation yield upon the photo-absorption
induced filling of the K-vacancy in the target atom. Two-point events take place if, for example,
a photon undergoes the Compton scattering and it is absorbed in the counters volume, a photon
undergoes photoeffect and fluorescence quantum are emitted in the process of the vacancy
filling or an electron creates the bremsstrahlung. In all these cases, secondary photon is
absorbed at some distance from its origin and creates second cluster of ionization. If these two
clusters are located at a different distance from the anode, the detected signal will be made of
two pulses, with the time difference corresponding to the moments of entering the gas
amplification region by two groups of primary electrons. Three-point events can appear if all
secondary radiation is absorbed inside the counter, as in, Compton scattering of a photon,
followed by the photoeffect and release of the fluorescence quantum by filling the vacancy in
the atomic shell, photoeffect followed by the K-shell ionization, by the photoelectron in
another atom and release of two fluorescence quantum. Three-point events, which are the main
goal of our study, have to be formed as a result of absorption into the fiducial volume of the
counter of two characteristic photons and the Auger electrons generated by the double K-shell
vacancy production in the investigated xenon samples. All more-than-three-point events are
considered as multipoint events. They can appear, for example, as a result of Compton
scattering of the photon by the K electron, followed by the K shell photoeffect and release of
two K fluorescence quantum. Events can move around within multipoint groups because of
possible overlaps of the pulses of separate components of multipoint events. A detailed
description of the selection of multipoint events and their components can be found, for
example, in [9].

3.2. Neutron background simulation.

The *?*1 may be one of the most critical background sources in the energy region of interest
for the search the 2v2K capture in ***Xe. Since the energy and type of emission of its decay
products are similar to the expected effect of 2v2K capture. In our detector, this isotope may
form after the decay of ***Xe. It is formed when a thermal neutron is captured by the ***Xe with
a sufficiently large probability (o, = 165£11 bn [10]). This can make to the impossibility to
separate the desired signal from 2K-capture with a significant flux of background thermal
neutrons. The half-life of **Xe is about 17 h, after which it decays into an atom *#I. Its
half-life is 59.49 days and it decays by electron capture (100%) to the first excited state of the
daughter ***Te which then emits a 35.46 keV gamma ray photon in dropping to its ground state
in 1.49x107° seconds. Simultaneous registration of the 35.46 keV gamma-line, characteristic K
fluorescence quanta, and Auger electrons in working volume of CPC can generate a
three-point event with a signature that simulates an event from a 2v2K capture of 2*Xe.

Therefore, we decided to test the possible number of neutrons that can “penetrate” into the
working volume of the detector, thermalize and interact with the '**Xe. Several possible
sources of neutrons were considered in the simulation calculations. The first of them is neutron
production in (o — n)-reactions during the decay of the U/Th series and their daughter nuclei
(which undergo a-decay) in the detector case, as well as in the shield elements. These
calculations showed that we have zero effect. The next stage included the calculation of the
penetration of neutrons produced in the walls of the low-background underground laboratory
and evenly distributed in the air.
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In the calculations, we focused on the work in which measurements were made of neutrons
of different energy ranges, in the same laboratory where the installation for searching for
2K-capture in ***Xe is located. In the first work, the measurements of the thermal neutron flux
were carried out on the neutron background measurements with the [ZnS(Ag)+6LiF]
scintillation detector [11]. As a result of the measurements, an estimate was obtained for the
thermal neutron flux at the level (2.6£0.4) x10° cm™s'. In the second work [12],
measurements of neutrons with energies of ~ 700 keV were carried out. The value of the
neutron flux with such energy of 5.3 x 107 - 1.8 x 10" cm s was obtained.

These values were incorporated into the design model of our installation. The neutron layer
surrounding the shield from all sides was selected with a thickness of 100 mm. Monte-Carlo
simulation of spectra of neutron passing through the material of passive shield and scattered in
the CPC allowed us to obtain the following results. The thermal neutrons (in reality neutrons
with energies below 0.5 eV were taken) do not penetrate through the low-background shield
into the detector, and therefore do not contribute to the production of the ***Xe. Neutrons with
an energy of ~ 700 keV can penetrate into the detector through low-background shield. We
have ~ 2.5 thermalized neutrons in the detector when normalizing the simulation results for a
year of measurements. We will have 0.02 atoms of the I in the detector in one year of
measurements, taking into account the interaction cross-section and the number of ***Xe atoms.
This will give us no more than one atom of the | in our detector in 4-5 years of
measurements.

4. Conclusions

The reducing of the background is crucial when searching for the 2v2K capture in ***Xe
because it determines the sensitivity when the total amount of **Xe is equal to fixed. To
estimate the radioactive contamination of the experimental setup “2K-CAPTURE” has been
applied the Geant4-based Monte-Carlo simulation of the energy spectra from background
sources. The energy distributions of the detector response obtained in the Geant4 MC
simulation were compared with measurements from a calibration source, which resulted in a
good description of the data. Detector response functions of thermal neutrons penetrating into
the working volume of the CPC have also been calculated.
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Abstract: Quasar microlensing is called the lensing effect on quasars, caused by compact
objects in the mass range [10°%, 10°]M,, inside a lens galaxy. It is shown that quasar microlensing
provides a possibility to probe extragalactic planets in the lens galaxy. THESEUS will observe
with a unique combination of huge FOV, angular resolution and sensitivity. We focus on the
ability of THESEUS to probe, through quasar microlensing, extragalactic planets.
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1. Introduction

Quasars are the most luminous, powerful, and energetic objects known in the universe. They
can be gravitationally lensed by a foreground galaxy, which deflects the light rays, when is
close to the line of sight. In 1916, Einstein calculated the light deflection by the Sun, based on
the general theory of relativity [1] and found the value o = 4GM / bc?, twice more than the
previous value found, based on Newtonian mechanics [2]. Here G is the gravitational
constant, M is the lens’s mass and b is the impact parameter of the light rays. The general
relativistic result was confirmed during the Solar eclipse in 1919 [3]. In 1936, Einstein
published a paper describing the gravitational lensing effect caused by distant stars,
considering the particular case when the source, the lens and the observer are aligned. He
noticed the existence of a luminous ring, after called the Einstein ring [4], hopelessly to be
observed at that epoch. In 1937, Zwicky understood that galaxies were gravitational lenses
more powerful than stars and might give rise to images with a detectable angular separation
[5].

Actually, there are different scales in gravitational lensing. The strong (or macro) lensing is
the regime when the gravitational lens images are separated by more than a few tenths of
arcsecs and can be observed as distinct images. In the case when the distortions induced by the
gravitational fields are much smaller, we have the weak lensing effect. On the other side, if one
considers the star-on-star lensing (as Einstein did), the resulting angular distance between the
images is of the order of mas, generally not separable by telescopes. Gravitational lensing in
this regime is called microlensing and the observable is an achromatic change in the brightness
of the source star over time, due to the relative motion of the lens with respect to the line of
sight towards the source [6]. Recently, a new effect, quasar microlensing, is detected inside the
images obtained during the strong lensing, which is related to the uncorrelated brightness
fluctuations of the macro-images due to the motion of the deflectors (the constituting objects
of the lensing galaxy). By this effect, it becomes possible to constrain the fraction of free
floating planets (FFPs) in other galaxies [7].

The first attempts to characterize the free floating planet population in our Galaxy were
done by Sumi et al. [9], by analyzing the microlensing light curves of two-year survey of
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MOA-II collaboration towards the Galactic bulge. They reported the discovery of
planetary-mass objects (the mass rang [10°, 10%]M,, ) either very distant from their host star
(~ 100 AU) or entirely unbound. By the best-fit procedure of the observed microlensing events
due to FFPs, they constrained a power-law mass function with the index ap;, = 1.3*3:3 and
defined the number of planetary mass objects per star: Np, = 5.571%. Current microlensing
observations are performed by the ground-based telescopes OGLE [9] and MOA [10] and by
the space-based telescopes Kepler [11] and Spitzer [12]. In recent years, FFPs are found in
many young star forming regions by using infrared imaging surveys [13]. The origin of the
FFPs is uncertain. One possibility is that they originally formed around a host star and then
scattered out from orbit. A second option is that they may form on their own through gas cloud
collapse, similarly to star formation.

The Transient High Energy Sky and Early Universe Surveyor (THESEUS) is a space
mission concept developed by a large international collaboration, in response to the calls for
M-class missions by the European Space Agency (ESA) [14]. Apart from GRBs, THESEUS
will observe Quasars and AGN-s in very large distances. We discuss here about the ability of
THESEUS to probe, by this way, extragalactic planets.

In the next section, we review the basics of gravitational lensing, in its regimes: strong
lensing, weak lensing and microlensing. In Section 3 we discuss quasar microlensing
following by description of THESEUS mission capabilities in Section 4. Our conclusions are
given in Section 5.

2. Basics of Gravitational Lensing

In the general theory of relativity, light rays follow null geodesics, i.e., the minimum
distance paths in a curved space-time. Therefore, when a light ray from a far source interacts
with the gravitational field due to a massive body, it is bent by an angle & = 4GM / bc% By
looking at Figure 1, assuming the ideal case of a thin lens and noting that, aD. s = (@ - 05)Ds
one can easily derive the so-called lens equation

0-05 = 62/0 1)

where 65 indicates the source position and

= /ﬂ Dis

QE - c2 DLDg

is the Einstein ring radius, which is the angular radius of the image when the lens and the
source are perfectly aligned, 6s=0. Here, Ds, D, and D are the angular diameter distances
between the observer, lens, and source, respectively. By solving Equation (1), one can define
the positions of two images appeared in the source plane. More generally, the light deflection

between the two-dimensional position of the source s and that of the position of the image 0 is
given by the lens mapping equation [15]:

)

B = 6 — Vp(h) 3

where ¢ is the so-called lensing potential of the lens. Eqn. 3 is a transformation from the source
plane to the image plane. The Jacobian of the transformation is given by:



76

_dbs .1 _ (1 P11 P12 ) _ (1 —K—V" ~7Y2 )
=—2=41= = 4
J dae 012 1—¢@y =Yz 1-k+y, “)
Source
plan
|
Observer Lens plan

plan

A

\4

A
Y VY

Figl . Schematics of the lensing phenomenon.

where the commas are the partial derivatives with respect to the two components of 4, A is
named magnification matrix, k - convergence and y - shear. The points in the source plane
where A=0 form the so called caustic lines.

The optical depth 1 is defined as the fraction of a given solid angle §Q covered by the
Einstein rings of the individual masses. To first order, it is equal to the convergence, or
normalized surface mass density
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2.1. Strong lensing

The strong gravitational lensing was first observed in 1979 and was linked to a quasar (QSO
0957+561) [16]. The existence of two objects separated by about 6” and characterized by an
identical spectrum led to the conclusion that they were the doubled image of the same quasar.
This double quasar was also the first object for which the time delay (about 420 days) between
the two images [17], due to the different paths of the photons, has been measured.
Observations can also show four images of the same quasar, as in the case of the so-called
Einstein Cross, or when the lens and the source are closely aligned, one can observe the
Einstein ring, as in the case of MG 1131+0456 [18]. The sources of strong lensing events are
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often quasars, galaxies, galaxy clusters and supernovae, whereas the lenses are usually
galaxies or galaxy clusters. The image separation is generally larger than a few tenths of an
arcsec, often up to a few arcsecs. Over the years, many strong lensing events have been found
in deep surveys of the sky, such as the CLASS [19], the Sloan ACS [20], the SQLS (the Sloan
Digital Sky Survey for Quasar Lens Search) [21], and so on.

Strong gravitational lensing is nowadays a powerful tool for investigation in astrophysics
and cosmology. It may be used as a natural telescope that magnifies dim galaxies, making
them easier to be studied in detail [22].

2.2. Weak lensing

In addition to the macroscopic deformations, in the deep field surveys of the sky single
distorted images with elliptical shape and weakly distorted images of galaxies have been also
detected. This effect is known as weak lensing and is playing an increasingly important role in
cosmology. The first weak lensing event was detected in 1990 as statistical tangential
alignment of galaxies behind massive clusters [23], but only in 2000, coherent galaxy
distortions were measured. The weak lensing cannot be measured by a single galaxy, but its
observation relies on the statistical analysis of the shape and alignment of a large number of
galaxies in a certain direction.

2.3. Microlensing

The lensing phenomenon is called microlensing when & is much smaller than the typical
telescope angular resolution, as in the case of stars lensing the light from background stars. In
the simplest case, when the point-like approximation for both lens and source is assumed and
the relative motion among the observer, lens and source are uniform and linear, individual
images cannot be resolved due to their small separation, but the total brightness of the images
is larger with respect to that of the unlensed source, leading to a specific time dependent
amplification of the source [5], which is given by,

A=

=21 (6)

where u = 65/ 6z. The parameter u can be decomposed into components parallel and
perpendicular to the direction of the relative lens-source motion and be calculated as

u(t) = |ty u2 )
tg

where ty and u, are the time and impact parameter at the closest-approach. The Einstein time
scale tz = Re/ vy is defined as the time required for the lens to traverse the Einstein radius (Rg).
The light curve is determined by three parameters: to, tz and up. However, of these parameters
only tz contains information about the lens and this gives rise to the so-called parameter
degeneracy problem. To break this degeneracy, the second order effects are considered, which
are: the parallax effect ([24]-[26]), the finite source effects ([27], [28]) and the binary lens
effect [29]. A microlensing event can also be observed astrometrically and the elliptic
trajectory of the centroid can be detected, which depends on the angular Einstein radius

([301-[32]).
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3. Quasar Microlensing

The quasars can be affected by gravitational lensing in two ways. The “Macrolensing”
concerns multiply imaged quasars, with angular separations of roughly an arcsecond. These
cases are produced by typical galaxy lenses with masses of the order of 10'?M,,. About one out
of 500 quasars is multiply imaged [33]. Some hundred of cases are known to date, most of
them consist of double or quadruple images. The second interesting regime is “microlensing”:
the compact objects in the mass range [10 %, 10%]M, affect the apparent brightness of the
quasar images. The microlenses can be ordinary stars, brown dwarfs, planets, black holes,
molecular clouds, globular clusters or other compact mass concentrations. In most practical
cases, the microlenses are part of a galaxy which acts as the main (macro-)lens. The brightness
fluctuations on the macro-images can be used to study the size and brightness profile of
quasars on one hand, and the distribution of compact (dark) matter along the line of sight on
the other hand.

In strong lensing regime of the quasar, for massive galaxy with mass of M=10"M,, at a
redshift z_ = 0.5 and a source at redshift z;=2.0 (here Ho = 50 km s*Mpc™) the Einstein radius

is
M
0; = 1.8 [m arcsec. (8)

For a quasar microlensing scenario in which stars in the lensing galaxy act as a lens for a
background quasar, the scale defined by the Einstein radius is

0y ~107° /% arcsec. 9)

This corresponds to a physical scale (Einstein radius in source plan)

re ~ 1.4x10%6 /Mi cm. (10)
O]

Quasar microlensing happens to be an interesting phenomenon when the size of the optical
continuum emitting region of the quasars is comparable to or smaller than the Einstein radius
of stellar mass objects. In fact, the image splittings on such angular scales cannot be observed
directly, but the microlensing can be observable because the observer, lens(es) and source
move relative to each other and the micro-image configuration changes with time. This
fluctuation in magnification can be measured and used to study the quasars and the distribution
of compact (dark) matter along the line of sight. In these events, two time scales can be defined.
The standard lensing time scale tg is the time the source takes to cross the Einstein radius of the
lens

tg = —2— ~ 15/M/Mg v, years (12)

Vieff

where the effective relative transverse velocity v, ¢ is parametrized in units of 600 km/s: vgqo.
This time scale tg results in large pessimistically observable values. However, in practice we
can expect fluctuations on much shorter time intervals. The reason is that sharp caustic lines
separate regions of low and high magnification. Hence, if the source crosses such a caustic line,
we can observe a large change in magnification within the crossing time t.ss , which is the
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time needed for the source to cross its own radius Ryoyrce:

t _ Rsource
Cross —
Vieff

~ 4R, vsj, months (12)

Here the quasar size Rys is parametrized in units of 10> cm.

As shown above, the fluctuations in the brightness of a quasar can have two causes:
intrinsic to the quasar, or induced by microlensing. In the case when there are two or more
macro-lensing images of a quasar, it is possible to distinguish between two possible causes
of variability: any fluctuations caused by intrinsic variability of the quasar show up in all
quasar images, with a time-lag according to the time delay. So, once a time delay is
measured in a multiply-imaged quasar system, one can “shift” the light curves of the
different quasar images relative to each other by the time delay, correct for the different
(macro-)magnification (due to the smooth lensing galaxy mass model), and subtract them
from each other. All remaining incoherent fluctuations in this “difference light curve” can
be attributed to microlensing.

Recently, the Chandra observations of several gravitationally lensed quasars show
evidence for flux and spectral variability of the X-ray emission that is uncorrelated between
images and is thought to result from the microlensing by stars in the lensing galaxy.

Dai & Guerras [7] found that in the lens galaxy there are ~ 2000 objects per main
sequence star in the mass range between Moon and Jupiter.

4. THESEUS

The Transient High Energy Sky and Early Universe Surveyor (THESEUS) is a space
mission concept developed by a large international collaboration, aimed at finding answers
to multiple fundamental questions of modern cosmology and astrophysics, exploiting the
mission unique capability to perform an unprecedented deep monitoring of the soft X-ray
transient Universe [14]. Besides high-redshift GRBs, THESEUS will serendipitously detect
and localize during regular observations a large number of X-ray transients and variable
sources, collecting also prompt follow-up data in the IR. The foreseen payload of
THESEUS includes the following instrumentation: Soft X-ray Imager (SXI, 0.3-6 keV), a
set of 4 lobster-eye telescopes units, covering a total FOV of 1 sr, with source location
accuracy <1-2 arcmin; X-Gamma ray Imaging Spectrometer (XGIS, 2 keV-20 MeV), a set
of coded-mask cameras using monolithic X-gamma ray detectors based on bars of Silicon
diodes coupled with Csl crystal scintillator, granting a 1.5 sr FOV, a source location
accuracy of 5 arcmin in 2-30 keV and an unprecedentedly broad energy band. SXI provides
the capability to monitor the X-ray flux of hundreds of AGN with 10% accuracy on daily
timescales, and hundreds more on longer timescales. The survey strategy will permit an
unbiased look at the long-term variability of an unprecedentedly large AGN/Blazar sample
at depths never reached before.

In Table 1 we show a comparison between THESEUS and Chandra capabilities (ACIS-
Advanced CCD Imaging Spectrometer; HRC-High Resolution Camera), the last one being
the most powerful, up to now, telescope for discovery of X-ray traces in high energy
Universe and the first one to observe quasar microlensing caused by FFPs.
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Table 1. The capabilities of Theseus and Chandra telescopes.

Range (KeV) Fov Accuracy Sensitivity erg/cm?/s
THESEUS SXI/  (0.3-6)/ 1sr/ 10-20 arcsec/ 107/
Chandra ACIS (0.4-10) 17x17 arcmin 1 arcsec 4x10™8
Theseus XGIS/ (2 KeV —20 MeV)/  1.5sr/ 5 arcmin / 100/
Chandra HRC (0.4-10) KeV 30x30 arcmin 0.4 arcsec 10716

We remark that THESEUS is a unique combination of huge FOV, angular resolution and
sensitivity and promises to further on the important discoveries in this direction.

5. Conclusions

The survey strategy of THESEUS will permit an observation of the long-term variability
of an unprecedentedly large AGN sample, at depths never reached before. New quasars will
be observed, with smaller Einstein Radius of lensing bodies, shorter Einstein times, smaller
quasar regions to be probed and closer to the central Black Hole, so with shorter variability.

THESEUS will be characterized by higher sensitivity to study X ray lines (FeKa), which
are considered as precious sources of information for different regions of the accretion disk.
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Abstract We study the evolution of spins of hinary black holes taking eccentricity into account.
We are interested in determining the probability that these binaries may get locked in spin-orbit
resonance configurations. We numerically evolve a large set of binaries starting from a large
separation by using post-Newtonian approximation. The initial spin distribution is taken to be
isotropic as is expected in many astrophysical environments. We find that a large fraction of the
binaries get locked into or oscillate about the spin-orbit resonance configuration towards the end
of inspiral. This can be tested in future observations which, using our results, will allow us to
deduce the initial spin distributions.

Keywords: Binary Black Holes, Spin-Orbit Resonances, Gravitational Waves, Spin Morphology,
Eccentric Binaries

1. Introduction

The black hole (BH) spin is an important parameter in binary black holes (BBHS). It has a
significant effect on the emitted gravitational waves. The spin induced effects are more
dramatic when the two BH spins in a BBH are not exactly aligned or anti-aligned with the
orbital angular momentum. Taking the spins into account introduces six additional parameters
in the binary system. Resultantly the extraction of parameters from the observed gravitational
waves becomes substantially more complicated [1].

There are three phases in the evolution of BBHs: inspiral, merger and ringdown. The
inspiral phase can be handled by using the post-Newtonian (PN) approximation [2-4]. The
spins and the orbital angular momentum vectors significantly evolve during this phase
although the spin magnitudes remain unchanged. Due to the general relativistic spin-orbit and
spin-spin coupling, the spin vectors as well as the orbital angular momentum undergo
precession about the total angular momentum J which remains fixed on small time scales and
changes only on the radiation reaction time scale. The important time scales in the PN limit
are:

(i) Orbital time scale  t,p, ,
(ii) Precession time scale tp,
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(iii) Radiation-reaction time scale tgw.
These obey, t,, < tp K tgy . The directions of spin and orbital angular momentum
change on the precession time scale as well as on radiation-reaction time scale.
We are interested in determining the statistical distribution of spins of BBHs near merger
assuming an initial distribution at large separation. The binary can get locked in a spin-orbit
resonance depending on its initial parameters. In this configuration the spin vectors and the

orbital angular momentum vector lie in the same plane and precess about J at the same
resonant frequency. In this study we shall determine the probability that the binaries may get
trapped in a spin-orbit resonance at late inspiral. It has been shown earlier that if the
distribution of spins is initially isotropic, i.e. the spins of BHs in BBHs have equal probability
to point in any direction, then the distribution remains isotropic during evolution. However it
undergoes significant change if it is initially non-isotropic [4]. In general the initial spin
distribution of the binary partners is expected to be partially aligned and depends on the
astrophysical environment of the binary. Through our study we can deduce the initial spin
distribution once we have a sufficiently large sample of gravitational waves from BBHs and
hence can deduce the nature of the astrophysical environment of the binary system [5]. These
predictions can be further tested by multi-messenger astronomy since the populations of
BH-NS (Neutron Star) and NS-NS binaries are related to those of BBHs.

2. Evolution of Binary Spins

Let §1 and §2 denote the spin vectors of the two BHs and L be the orbital angular

momentum vector. Consider a system in which the 2’ axis points along L. Let 6, and 6, be
the polar angles of the two spin vectors and A¢ be their azimuthal angle separation. In a
spin-orbit resonance (SOR) configuration, the three angular momenta vectors of BBH occupy
a planar configuration with Ap = 0,m [3,6,7]. Hence we can split the binaries into the
following three classes or morphologies:
1. Circulating: The three spin vectors are non-planar, freely precessing and A¢ can take
any value.
2. SOR-0: The spin vectors and orbital angular momentum vector librate about
co-planar configuration with A¢@ = 0 on precession time scale.
3. SOR-180: The spin vectors and orbital angular momentum vector librate about
co-planar configuration with A¢ = 1 on precession time scale.

We are interested in determining the relative probability of BBHSs to be in these three classes
at near merger. The initial distribution of spins is taken to be partially aligned. This question
has earlier been addressed by assuming that the eccentricity e is zero ([6]-[8]). However this
is not true in reality. The eccentricity is expected to become smaller during inspiral, however
beyond a certain point it is expected to start increasing [9, 10]. Furthermore even if we set
e = 0 initially, it is expected to become non-zero during subsequent evolution. Here we
examine the general case in which eccentricity is non-zero.

The basic evolution equations for the spin vectors are given in ([6]-[8]). Here we use the
radiation reaction equations at 3PN order in order to evolve the binary from a = 1000M to
a = 10M, where a is the binary separation. The PN approximation breaks down at smaller a
values.
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3. Results

The evolution of eccentricity for a set of BBHs is shown in Fig. 1. Depending on the values
of initial eccentricities, the evolution of eccentricity during inspiral exhibits three distinct
patterns: (i) monotonic decay of eccentricity, (ii) monotonic growth of eccentricity, and (iii)
growth of eccentricity after decaying to a minimum. In Fig. 1, the initial eccentricities
correspond to those values for which d e?/dt vanishes at 2PN order. The eccentricities
cannot be decreased beyond these values. We evolve 4000 such maximally spinning eccentric
binaries with mass ratios g = 0.40, 0.60, 0.80, and 0.95 (1000 eccentric binaries for each mass

ratio), where q = % < 1. In Fig. 1, the median of eccentricity evolution for each set of 1000
1

binaries are plotted. Since, the growth of eccentricity is a spin induced phenomenon, there is
no significant difference in eccentricity evolution for the four different mass ratio cases. The
eccentricities rise to 1073 towards the end of inspiral. Such eccentricities are not negligible in
numerical relativity simulations.

In Fig. 2, we show the morphology obtained for the evolved spin configurations from Fig.1
at the initial (a = 1000M) and final (a = 10M) orbital separation. At a = 1000M, most of the
binaries are in the circulating morphology i.e. freely precessing. The morphologies predict
average behaviour of binaries in a precessional time period which preserve information about
initial configurations. During inspiral, the morphologies of spin configurations evolve slowly.
At the separation a = 10M, a large fraction of binaries from the circulating morphology transit
to the resonant morphologies. The behaviour of morphology transition of eccentric binaries is
similar to that of circular binaries despite significant rise in eccentricity. This implies that
morphology classification is a useful tool to study spin dynamics in eccentric binaries too
which eventually would give information about the initial distribution of spins. The
morphology evolution of eccentric binaries is similar to that of circular binaries owing to the
fact that eccentricity growth is not dependent on the mass ratio, whereas mass ratio is a
dominant parameter of the dynamics spinning binaries.

Figl. The evolution of eccentricities during inspiral. The binaries with four mass ratios q = (0.4, 0.6, 0.8, 0.95) are
maximally spinning. We observe significant growth in eccentricity near merger of binaries.
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Fig2. In this figure, we show the evolution of morphologies of binaries during inspiral. As in case of circular binaries,
the freely precessing binaries in eccentric orbits also gradually transit to resonant morphologies (SOR-180 and
SOR-0) where the angular momentum vectors of binaries occupy a planar configuration or oscillate about the planar
configurations.

4. Conclusion

We have shown that a significant fraction of black hole binaries get locked up in the
spin-orbit resonance configurations or oscillate about them towards the end of inspiral. This
result has earlier been obtained by ignoring the eccentricity of the binary orbits. We find that
statistically the result remains unchanged even if we include the effect of eccentricity.
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1. Introduction

The main goal of the project is to combine
activities for the better use of different
Underground Locations (UL), both the
locations  of  operating  underground
laboratories as well as less known potential
underground sites.

The project activity duration is 36 months and it will end in September 2020.

Baltic Sea Underground Innovation Network (BSUIN) [1] project is funded by Interreg
Baltic Sea funding cooperation [2]. Currently 6 underground laboratories are involved in the
BSUIN project. Total budget of this project is 3.4ME€.

EUROPEAN
REGIONAL
DEVELOPMENT
FUND
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+nterreg

Baltic Sea Region

EUROPEAN UNION

BSUIN

2. BSUIN Basics

A key aspect of the BSUIN project is a transfer of technology and use of research
infrastructure for business purposes. In addition to scientific applications, there are a number
of potential applications that use the unique conditions at underground locations. There is a
range of possibilities to develop various types of mine technologies, tunnel construction,
radiation protection systems, geophysics and other research instruments. Underground
locations can potentially be used to produce food under different conditions and use

geothermal energy for different purposes.
The main assumptions of the BSUIN project are schematically presented in Figure 1. It is
important to how cooperation can be strengthened and lead to competitive advantages.
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Figl. Main benefits from the BSUIN Project.
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3. Project activities

The project is divided into 5 smaller Work Packages (WP) focusing on different aspects:

1. WP1 Project management and administration

2. WP2 Characterization of underground facilities

3. WP3 Service design, market design and branding of ULs as a capacity for

innovation

4. WP4 Underground environment improvement

5. WP5 Networking of BSR ULs and their users

Different institutions are involved in various work packages, both from project partners

and 14 associated partners. In Figure 2 the relations between different work packages and the
activities are schematically shown.

INFO BOX
Square element: Permanent
BSUIN NETWORK || outcome

Oval element: Project activity
Continuous line: Input to the network
I Dotted line: Input between activities

WP4
‘ | o ey

‘ haracterization l characterization

"' WP1

Project management and administration

Fig 2. The BSUIN project work packages (WP) scheme. Relations between different work packages and the
activities are schematically shown. In each of the work packages, institutions from many countries of the Baltic Sea
region participate.

Due to the fact that underground locations are significantly different from the Earth's
surface, it is necessary to characterize individual locations. The characteristics of
underground locations presented in a friendly way can be used by potential commercial
customers. This is the main objective of WP2.

The goal of WP3 is to highlight the innovative possibilities that can be developed.
Many of the underground locations do not have adequate infrastructure to conduct the
organized activities. In order for innovative projects to be developed there, it is necessary to
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organize safety procedures. Development of standards is needed for the transfer of
innovative technologies to the wide application market.

The WP4 package will define the conditions of work organization in ULs and safety
rules as well as risk assessment. Dissemination of best practices and development guidelines
will be shared.

The last WP5 package is organizing cooperation between underground locations.
Creation is planned of a common web page platform for innovative activities and sharing of
various types of information, training, security procedures, marketing materials and all kinds
of other information that may be useful for other partners.

4. Results & Outcomes

The most important benefit of the BSUIN project is the cooperation of underground
laboratories and potential places where such a laboratory can be organized. One of the benefits
will be a database containing the characteristics of underground laboratories in the Baltic Sea
region. This information will be organized in a friendly website, where those interested in
underground infrastructure will be able to get acquainted with it. Cooperation of the Baltic
countries in the use of underground locations can bring tangible benefits to a profit-making
industry.

The main result of the project is a balanced network organization that disseminates technical,
marketing, operational quality, training and other information about UL BSR generated during
the project. The online tool and network organization will be designed to provide an open
innovation platform for further quality and innovation development and to share best practice
on service concepts, infrastructure improvements and methodological recommendations from
pilot actions.

Underground locations are also very important for science that can take place in them.
Multi-messenger astronomers can benefit by placing underground cosmic ray detectors,
neutrino experiments, and those seeking scarce phenomena. Space weather, supernova
explosions, neutrino oscillations are just some of the topics that are explored underground.
Many of the places mentioned here and potential underground locations can contribute to the
development of science in a very wide range.

5. Project and associated partners

The BSUIN consortium has 14 members from eight Baltic Sea countries. Six underground
labs (sec. 6) are looking for new collaboration in the project.

Partner Country
University of Oulu, Kerttu Saalasti Institute Finland
Oulu University of Applied Sciences Finland
University of Silesia in Katowice Poland
Swedish Nuclear Fuel and Waste Management Co Sweden
KGHM Cuprum Research & Development Centre Ltd. Poland
TU Bergakademia Freiberg Technical University Germany
German Research Centre for Geosciences Germany
Vilnius University Lithuania

National Center for Nuclear Research Poland



http://www.cuprum.wroc.pl/en
http://tu-freiberg.de/en
https://www.gfz-potsdam.de/en/home/
https://www.vu.lt/en/
https://www.ncbj.gov.pl/en
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Baltic Scientificlnstruments Latvia
Karelian Research Center of Russian Academy of Sciences Russia
Joint stock company "Khlopin Radium Institute" Russia
Sotkamo Silver AB Sweden
Tallinn University of Technology Estonia

Associated partners of the BSUIN Project:
e The Henryk Niewodniczanski Institute of Nuclear Physics Polish Academy of
Sciences, Poland
Rockplan Oy, Finland
Normet Oy, Finland
K+S GmbH, Germany
Kalmar regional Council, Sweden
Pyhéjarvi Municipality, Finland
DMT GmbH, Germany
M-Solutions Qy, Finland
Muon Solutions Oy, Finland
University of Tartu, Institute of Physics, Estonia
Kolmas Karelia LLC, Russia
Geological Institute of Karelia, Russia
Pyhésalmi Mine Oy, Finland
University of Aarhus, Denmark
University of Oulu, Department of Architecture, Finland
University of Jyvéskyld, Department of Physics, Finland
Amberg Group including Versuchsstollen Hagerbach (VSH), Switzerland

6. Underground laboratories

Underground laboratories involved in the BSUIN
project:

» Callio Lab, Pyhdsalmi mine, Finland
. Aspé Hard Rock Laboratory, Oskarshamn, Sweden
* Reiche Zeche, TU Freiberg Research
and Education mine, Germany
» Conceptual Lab development co-ordinated
by KGHM Cuprum R&D centre, Poland . .. <
« Khlopin Institute Underground Laboratory, Russia : Lak
« Ruskeala, Russia

Copenhagen o

Fig 3. Map with denoted locations of underground locations involved in
the BSUIN project. selne

Warsaw e



http://bsi.lv/en/
http://www.krc.karelia.ru/index.php?&plang=e
http://www.khlopin.ru/en/
http://www.silver.fi/sivu/en/
https://www.ttu.ee/en
http://bsuin.primus.kpk.fi/underground-labs/callio-lab-finland/
http://bsuin.primus.kpk.fi/underground-labs/aspo-hard-rock-laboratory-sweden/
http://bsuin.primus.kpk.fi/underground-labs/reiche-zeche-germany/
http://bsuin.primus.kpk.fi/underground-labs/reiche-zeche-germany/
http://bsuin.primus.kpk.fi/underground-labs/cuprum-poland/
http://bsuin.primus.kpk.fi/underground-labs/cuprum-poland/
http://bsuin.primus.kpk.fi/underground-labs/ul-of-khlopin-institute-russia/
http://bsuin.primus.kpk.fi/underground-labs/ruskeala-russia/
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searches

Kochkarov M. M.}", Alikhanov LA, Boliev M. M., Dzaparova I. M.*,
Novoseltsev Yu. F., Novoseltseva R. .}, Petkov V. B.*?, Yanin A. F.!

YInstitute for Nuclear Research of the Russian Academy of Sciences, Moscow, Russia;
makhti.kochkarov@yandex.ru
%Institute of Astronomy of the Russian Academy of Sciences, Moscow, Russia

Abstract We report on the measurement of the flux and spectra of the fast neutron background
at BUST with a rock overburden of about 850 m w e, using a special method for the neutron flux
estimation based on neutron activation analysis. The neutron-induced events are identified by a
two-pulse signature of neutron inelastic scattering process.

Keywords: Neutron Background, Core Collapse Supernovae, Underground Physics, Neutrino

1. Introduction

In experiments searching for rare events, signals from neutrons have the same signature as a
useful signal. In particular, the registration of electron anti-neutrinos at the Baksan
Underground Scintillation Telescope [1] (BUST) made mainly through the inverse beta-decay
reaction of electron antineutrinos on protons ve + p — e +n.

The signal from the positron appears as a single operation of one of the internal counters, at
the absence of signals from other counters [2]. Since the cross-sections of reactions with
neutrinos are relatively small, all possible reactions with neutrons effectively mimic signals
from neutrinos. Neutrons produce background via elastic scattering on protons. At the same
time, inelastic neutron-induced reactions with the carbon of the scintillator allow measuring
the neutron flux with a sufficient accuracy. During the passage of neutrons through the
scintillator, unstable radioactive isotopes are generated.

We have estimated the fast neutron flux (up to some 100 MeV) in the BUST experiment
(Figure 1) which has been excavated at a depth of 300 m (850 m w e) under the slope of Mt.
Andyrchy (North Caucasus, 43.28°N and 42.69°E).

The aim of the measurement is:

1) To assess as precisely as possible the neutron contribution to the total counting rate in the
detector in view of its use for core-collapse supernova search experiments.

2) To evaluate the spurious events and background produced by cosmic ray induced
neutrons in the detectors that will be installed in the underground laboratories for experiments
in particle physics and astrophysics.
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Figl. The layout of the Baksan Underground Scintillation Telescope of BNO INR RAS.

2. Measurements

Neutron-induced reactions in organic scintillator are interesting due to a possibility to get
information about the neutron background. Significant in this respect are the reactions leading
to emission of charged particles. The **C(n, p)*?B reaction is among them.

The B reaction leads to emission of protons and energetic electrons above the threshold of
BUST counters. The prompt signal from the proton and the delayed signal from the electron
from the unstable isotope beta decay constitute the double signature. The BUST can detect
unstable radioactive isotope formation and its subsequent beta decay. The C(n, p)'?B reaction
has been exploited in the present analysis. Theoretically, the *?N isotope is known to be not
directly produced by the primary neutron, but rather the recoil proton (n+p —n+p)
interacting with the *C: C(p, n)**N. The **N decay has the same signature as the °B decay
reaction, so these background events can only be statistically subtracted from the data.

A large number of signal pairs allows constructing distribution of time intervals between the
signals in the pair. The approximation of distribution of time intervals between signals in a pair
by the decay curve makes it possible to estimate the number of radioactive isotopes produced
during the observation time. The produced number of *?B nuclei neutrons Ng related to the
neutron flux j(E) is obtained from the following expression:

Ng=n-f-t- :t’:fxa(E) - j(E)dE 1)

where n is the number of target nuclei, f is the detection efficiency, o(E) is the differential
cross section of reaction, t is the observation time. The energy range covered by the integral
spans from the counter threshold for neutrons up to highest neutron energy E,.

The values of the cross section largely vary depending on the selected model. We use as a
benchmark for the predictions of the model calculations the integral measurement of the
2C(n, p)**B reaction performed at the neutron time-of-flight facility at CERN. The best
evidence for the '2C(n, p)*?B cross-section comes from the n_TOF experiment [3]. The
n_TOF result has been compared with evaluated cross-sections used in GEANT4. Among
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models in GEANT4 good agreement is noticed only with a combined Bertini/Binary cascade
model.

In this work, the neutron flux was estimated on basis of the cross-section from the
Binary/Bertini model evaluation up to 100 MeV.

The neutron flux from the rock above 10 MeV is roughly inversely proportional to the
neutron energy [4]. In this case, equation (1) reduces to

Ng=n-f-tk- f:t’:f"a(E) JEdE )

This allows one to determine the proportionality factor k. Thus, the differential neutron flux
can be written as

. Np 1
E) = P

Ethr

Because of the quenching of the proton light yield in scintillator, and taking into account
the detector energy threshold (E = 8 MeV), the neutrons with the double signature have
energies greater than 28.6 MeV (i.e. Ey, = 28.6 MeV).

2.1. Data analysis

To estimate the neutron flux, the BUST data collected from 2001 to 2018 were used (the live
time data taking was 16.35 years). Only those events that appear as two consecutive signals
from the same counter in the absence of any signal from the other counters were selected.
From each counter, we get information which includes the coordinate of the triggered counter,
energy deposition in the volume of the counter and the time information. To have the decay of
the *“B nucleus with high probability, the time interval between a pair of events was chosen to
be equal to 6 half-lives of ?B. We fitted the distribution of signal pairs per counter by the
Poisson distribution (Figure 2) throughout the observation time. The counters which gave the
number of signals pairs exceeding that predicted by Poisson distribution were excluded from
the data processing.

500

100 Poisson distribution

®  Experimental data

W

[

Number of counters

Double_events per counter

Fig2. Distribution of the signal pairs per counter (points). The solid curve represents the Poisson distribution.
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The presence of the radioactive boron is indicated by fitting the distribution of the time
intervals between each pair of signals (Figure 3) by the decay curve F(t) = a-exp(—At/tg) +
an-exp(—At/ty) + b (zg and 7y is the mean lifetime of 2B and*?N respectively).
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Fig3. Time delay distribution between the signals at BUST. The solid line is the fit by the decay curve.

From the parameter a we obtain the number of *2B isotopes, while b and ay give the level of
background events. The chi-square distribution minimization method was applied to fitting.
Subsequently, the number of the produced 2B nuclei was converted into the neutron flux
according to equation (3). The response function f of the individual counter to double event
reactions has been evaluated using the Monte-Carlo code. All involved processes, including
energy loss, multiple scattering etc., have been taken into account.
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Fig 4. Comparison between experimental results and Monte-Carlo (Mei&Hime) predictions
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The BUST counters are commonly divided into two groups: the inner counters (for search
neutrino signals from supernova remnants) and the outer counters (used as an active muon
veto). We calculated the average neutron flux for an internal group of counters using equation
(3).

After taking into account the above-mentioned considerations, the total neutron flux with E,
from 10 to 100 MeV is @, = (2.5+5)-10° cm™s ' for the internal counters of the BUST
detector. According to Monte-Carlo simulations [5] the following equations predict the
muon-induced neutron flux as a function of depth:

P
@,y (h) = P-(B1h)-¢' P

(4)
where hq is the equivalent depth in km w e relative to a flat overburden, and P,, P, are the
fitting parameters.

The muon-induced neutron flux at the 0.85 km w e (BUST) was obtained using the scaling
method ®pe(0.85) = 15.1-10°cm ?s™". The value ®,,(0.85) is in qualitative agreement with
our results.
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Fig 5. Neutron energy spectra measured with BUST using the delayed coincidence method.

The neutron energy distribution is derived from energy release data in selected double
events. The calculation does not take into account the energy resolution of the counters. Fitting
the distribution with a power function (Figure 5) gives us a spectral index of 1.26. This value is
close to the results obtained in the LVD, KARMEN and Soudan experiments [6].

3. Conclusion

The experimental data collected by the BUST detector (16.35 years of live time) were
used to estimate the neutron flux at the external counters of facility. The experimental
method is based on the delayed coincidences between two signals from any of the BUST
counters.

It is assumed that the first signal is due to inelastic interaction of a neutron with the
organic scintillator, while the second signal comes from the decay of an unstable radioactive
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isotope formed when the fast neutron interacts with the *?C nuclei. The experimentally found
muon-induced neutron flux (for neutron energies E > 10 MeV) is in a qualitative agreement
with predictions of the Monte-Carlo models.
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Abstract The next generation of astronomical surveys will revolutionize our understanding of
the Universe, raising unprecedented data challenges in the process. One of them is the
impossibility to rely on human scanning for the identification of unusual/unpredicted
astrophysical objects. Moreover, given that most of the available data will be in the form of
photometric observations, such characterization cannot rely on the existence of high resolution
spectroscopic observations. The goal of this project is to detect the anomalies in the Open
Supernova Catalog (http://sne.space/) with use of machine learning. We will develop a pipeline
where human expertise and modern machine learning techniques can complement each other.
Using supernovae as a case study, our proposal is divided in two parts: the first developing a
strategy and pipeline where anomalous objects are identified, and a second phase where such
anomalous objects submitted to careful individual analysis. The strategy requires an initial data
set for which spectroscopic is available for training purposes, but can be applied to a much larger
data set for which we only have photometric observations. This project represents an effective
strategy to guarantee we shall not overlook exciting new science hidden in the data we fought so
hard to acquire.

Keywords: Machine Learning Techniques, Supernovae, Astronomical Surveys

1. Introduction

Supernova stars (SNe) are ones of the most brightness and interesting objects in the
Universe. They are responsible for chemical enrichment of interstellar medium; density waves
induced by their energetic explosions causes the star formation; SNe are origin of high energy
cosmic rays; moreover, thanks to SNe we are studying the composition and distance scale of
the Universe which defines its following destiny.

The generation of precise, large, and complete supernova surveys in the last years has
increased the need of developing automated analysis tools to process this large amount of data.
These scientific observations present both great opportunities and challenges for astronomers
and machine learning (ML) researchers.

The lack of spectroscopic support makes the photometrical supernova typing is very
required. The analysis of big supernova dataset with ML methods is needed to distinguish the
supernova by types on base of N-parameter grid. Such study allows us to purify the considered
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SN sample from non-supernova contamination as well — the problem, which is relevant for all
large supernova database that collect SN candidates without careful analysis of each candidate
and basing on the secondary indicators (proximity to the galaxies, transient behaviour,
arise/decline rate on light curves (LCs), absolute magnitude). It is also expected that during
such analysis the unknown variable objects or SNe with unusual properties can be detected. As
an example of unique objects one can refer to SN 2006jc — SN with very strong but relatively
narrow He | lines in early spectra (~30 similar objects are known, [25]), SN 2005bf —
supernova attributed to SN Ib but with two broad maxima on LCs, SN 2010mb — unusual SN
Ic with very low decline rate after the maximum brightness that is not consistent with
radioactive decay of 56Ni, ASASSN-15lh — for some time it was considered as the most
luminous supernova ever observed (two times brighter than super-luminous SNe), later the
origin of this object was challenged and now it is considered as a tidal disruption of a
main-sequence star by a black hole. Finding such objects (and then studying them more
closely) is one of the main aims of the current project. As such sources are typically rare, the
task of finding them can be framed as an anomaly detection problem.

Astronomers have already benefited from developments in machine learning [2], in
particular for exoplanet search [22, 29, 26], but the synergy is far from that achieved by other
endeavours in genetics [17], ecology [9] or medicine [30], where scientific questions drive the
development of new algorithms. Moreover, given the relatively recent advent of large data sets,
most of the ML efforts in astronomy are concentrated in classification [16, 15, 19] and
regression [13, 6] tasks.

Astronomical anomaly detection has not been yet fully implemented in the enormous
amount of data that has been gathered. As a matter of fact, barring a few exceptions, most of
the previous studies can be divided into only two different trends: clustering [27] and subspace
analysis [12] methods. More recently, random forest algorithms have been extensively used by
themselves [3] or in hybrid statistical analysis [24]. Although all of this has been done to
periodic variables there is not much done for transients and even less for supernova.

In this study we search the anomalies in photometrical data of the Open Supernova Catalog®
[11]. We use the Isolation Forest as an outlier detection algorithm that identifies anomalies
instead of normal observations [18]. This technique is based on the fact that anomalies are data
points that are few and different. Similarly to Random Forest it is built on an ensemble of
binary (isolation) trees.

2 Data
2.1 The Open Supernova Catalog

The data are drawn from the Open Supernova Catalog [11]. The catalog is constructed by
combining many publicly available data sources (such as Asiago Supernova Catalog, Carnegie
Supernova Project, Gaia Photometric Science Alerts, Nearby Supernova Factory, Panoramic
Survey Telescope & Rapid Response System (Pan-STARRS), SDSS Supernova Survey,
Sternberg Astronomical Institute Supernova Light Curve Catalogue, Supernova Legacy
Survey (SNLS), MASTER, All-Sky Automated Survey for Supernovae (ASAS-SN), iPTF,
etc.) and from individual publications. It represents an open repository for supernova metadata,

® https://sne.space/
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light curves, and spectra in an easily downloadable format. This catalog also includes some
contamination from non-SN objects.

Our choice is justified by the fact that the catalog incorporates the data for more than 5 x 10*
SNe/SNe candidates (~ 1.2 x 10* of SNe have > 10 photometrical observations and ~ 5x10° of
SNe have spectra). For comparison, SDSS supernova catalog contains only ~ 4 x 10° of SNe
LCs and ~ 600 SNe with spectra.

The catalog contains the data in different photometrical passbands. To have a more
homogeneous data sample, we chose only those SNe that have LCs in g'r'i’, gri or BRI filters.
We assume that g'r'i’ filters are close enough to gri and transform BRI to gri (see Sect. 2.2). We
require >= 3 photometrical points in each filter with a 3-day binning. After this cut, our sample
contains 3197 objects (2026 objects in g'ri’, 767 objects in gri, and 404 objects in BRI).

2.2 Transformation between BRI and gri

To increase the sample we convert the Bessel’s BRI into gri filters using the Lupton’s (2005)
transformation equations®. These equations are derived by matching SDSS DR4 photometry to
Peter Stetson’s published photometry for stars:

u- 08116 (u- g) + 0.1313
=g + 03130(g-r)+ 0.2271
g - 02906 (u- g) + 0.0885
= g- 05784 (g- r)- 0.0038
= r-0.1837 (g - r)- 0.0971
R = r-0.2936(r-i)- 0.1439

B
B
Y o)
174
R

3 Anomaly detection
3.1. LCsfit

It is more convenient to implement the ML algorithm to the data with uniform time grid
which is unfortunately not the case with supernovae. Commonly used technique to transform
unevenly distributed data onto uniform grid is to fit them with Gaussian processes (GP).
Usually, each light curve is fitted by GP independently. However, in this study we developed
the MULTIVARIATE GAUSSIAN PROCESS ° interpolation that allows correlating
multi-color LCs and approximates the data by GP in all filters in a one global fit (for details see
Kornilov et. 2019, in prep.).

When the fit by MULTIVARIATE GAUSSIAN PROCESS was done, we checked the
results of approximation by eye. Those SNe with unsatisfactory fit were removed from the
further consideration (mainly the objects with bad photometrical quality). We also
extrapolated the fit to have a bigger temporal coverage. In the end we got a sample that
consists of 1999 objects.

b http://imvww.sdss3.org/dr8/algorithms/sdssUBVRITransform.php
¢ https://github.com/matwey/gp-multistate-kernel
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Based on the results of approximation we extracted photometry (in flux) in the range of [-20,
100] days with 1-day bin relative to the LC maximum in r filter and the kernel parameters.

After the approximation procedure, each object has 373 features: 121 x 3 fluxes in three
bands, 9 fitted parameters of Gaussian Process kernel, and logarithm of likelihood of the fit.
We examine two cases of outliers search: with all features and with smaller number of features
obtained by dimensionality reduction.
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Figl. Left panel: sample three-dimensional set of labeled data. Right panel: the same data set reduced into
two-dimensional space by t-SNE algorithm.
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Fig2. Isolation forest applied to the two different sample data sets (left panel and right panel respectively). Redder
points are ranked as anomalies.

3.2. Dimensionality Reduction

Each object has its own flux scale due to the different origin and different distance. So,
before the dimensionality reduction procedure we normalized each vector of 363
photometrical points by its maximum value and used the maximum value as one more feature.
Then, we applied t-SNE [21] for dimensionality reduction of the data with 374 features: we
obtained 7 feature reduced data sets: from 2 to 8 features.

In Fig. 1 we show t-SNE applied to sample data set in three-dimensional space. One may see
that t-SNE is a nonlinear dimensionality reduction technique keeping vicinity of adjacent
points.
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Tablel. List of found anomalies.

Name Coordinates Obiject type Ref.
SN2016bin 1334 45.49 +1351 14.3 1a-91T [7]
SN2013cv 16 22 43.16 +18 57 35.6 SN la-pec [35, 5]
SN1000+0216 10 00 05.87 +02 16 23.6 SLSN [8]
SN2006kg 01 04 16.98 +00 46 08.9 AGN [4, 34, 28]
Gaial6aye 194001.13 +3007 53.4 Binary microlensing event  [1,33]

3.3. Isolation Forest

Isolation forest is an ensemble of random isolation trees. Each isolation tree is a space
partitioning tree similar to a widely-know Kd-tree. However, in contrast to Kd-tree, space
coordinate (a feature) and a split value are selected at random for every node of the isolation
tree. This algorithm leads to an unbalanced tree unusable for spatial search, but the tree has the
following important property. A path distance between the root and a leaf is shorter on average
for points distanced in space from “normal” data. This allows us to construct enough random
trees to estimate average root-leaf path distance for every data sample that we have, and then
rank the data samples based on the path length.

In Fig. 2 we show isolation forest applied to the different sample data sets. Note that the
major advantage of the isolation forest is that it doesn’t make any assumptions on normal data
distribution. At the left panel of Fig. 2 we could fit the data by two normal probability
distribution function and then find outliers. This approach fails for the right panel of Fig. 2
where the isolation forest still succeeded.

We run the Isolation Forest algorithm on each data set (see Sect. 3.2) and obtained a list of
anomalies.

4. Results

We visually inspected ~ 100 outliers among a total 1999 objects. Using the publicly
available sources we checked what kind of astrophysical objects they are. The most prominent
outliers are listed in Table 1 and described below, the rest are still being studied.

4.1. Peculiar SNe la

Type la supernova phenomenon is an explosion of a carbon-oxygen white dwarf that exceed
the Chandrasekhar limit either by matter accretion from a companion star or by merging with
another white dwarf [32, 14, 31]. SNe la are used as universal distance ladder since their
luminosity at maximum light is approximately the same. However, SNe la can be divided by
subtypes and not all of them are suitable for cosmology.
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Fig3. Light curves in gri filters of SN 1a-91T 2016bln [23].

SN2016bIn [7], classified by our code as anomaly, belongs to the so-called
1991T-like-supernovae subtype (see Fig. 3). SNe la-91T are characterized by higher peak
luminosity and broader LCs than a normal SN la, and different early spectrum evolution.

Another novelty is SN2013cv ([35], see Fig. 4). This peculiar supernova has large peak
optical and UV luminosity and show an absence of iron absorption lines in the early spectra.
Cau at al. suggest that SN2013cv is an intermediate case between the normal and
super-Chandrasekhar events [5].

4.2. Superluminous SNe

Superluminous SNe (SLSN) are supernovae with an absolute peak magnitude M <—-21 mag
in any band. According to [10] SLSN can be divided into three broad classes: SLSN-I without
hydrogen in their spectra, hydrogen-rich SLSN-II that often show signs of interaction with
circum-stellar material (CSM), and finally, SLSN-R, a rare class of hydrogen-poor events with
slowly evolving LCs, powered by the radioactive decay of *Ni.

SN 1000+0216 (Fig. 5) was discovered in the framework of the Canada-France-Hawaii
Telescope Legacy Survey Deep Fields and has a redshift z = 3.9. It may be an example of a
pulsational pair-instability SN or a SLSN-II which extreme optical emission is explained by
the strong interaction between the expanding ejecta and massive CSM [8].

4.3. AGN

SN2006kg was erroneously classified as Type Il supernovae ([4], see Fig. 6). The following
studies identified it as an active galactic nucleus (AGN [34, 28]).
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Fig4. Light curves in gri filters of peculiar SN2013cv [5, 34].
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4.4. Binary microlensing event

Gaial6aye [1] is an object with the most non-SN behaviour in our set of outliers (Fig. 7). In

[33] it was reported that Gaial6aye is a binary microlensing event — gravitational microlensing

by binary systems — the first ever discovered towards the Galactic Plane.
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Fig7. Light curves in gri filters of binary microlensing event Gaial6aye
(http://gsaweb.ast.cam.ac.uk/alerts/alert/Gaial6aye/followup)
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5. Conclusions

The development of large synoptic sky surveys has led to a discovery of huge number of
supernovae and supernova candidates. Among the SN discovered every year, only 10% have
spectroscopic confirmation. The amount of astronomical data increases dramatically with time
and already beyond human capabilities. While now community has dozens of thousands SN
candidates, during ten-year survey Large Synoptic Sky Telescope (LSST, [20]) will discover
over ten million supernovae (and only a small fraction of them will receive a spectroscopic
confirmation). The LSST cadence will allow receiving the light curves for ~ 105 SNe, but
before these SNe will be used in any physical analysis, they must be classified by types. In
order to process this information and to extract all possible knowledge, machine learning
techniques become necessary. Such approach will allow not only to classify supernova
candidates by known types, but to reveal other variable objects (novae, counterparts of GW
alerts, kilonovae, GRB afterglows) that were mistakenly classified as SN and what is even
more important to detect astronomical objects with strange physical properties — anomalies.
Finding such objects (and then studying them more closely) is of high priority and one of the
main aims of the current study.

We used the Isolation Forest algorithm to search the anomalies in the Open Supernova
Catalog. During the data pre-processing we fitted the supernova LCs in three (gri) filters by
Gaussian processes. The GP-MULTISTATE-KERNEL® (Kornilov et al. 2019, in prep.) was
specially developed to introduce the correlation between the filters. As a result, we found
~ 100 anomalies, among which peculiar Type la SNe, SLSN, AGN, binary microlensing
event.
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Abstract The work in the field of multi-messenger astronomy imposes increased requirements
to the experimental facilities and their data acquisition systems. Therefore the fundamental
modernization of data acquisition systems of experimental facilities of the Baksan Neutrino
Observatory (BNO) is now performed. In this paper the upgrading of data acquisition systems
and processing data of the Baksan Underground Scintillation Telescope (BUST), “Carpet-2” and
“Andyrchy” EAS arrays is discussed.

Keywords: EAS, VME, DAQ, Gamma-Ray Burst, Cosmology

1. Introduction

The study of astrophysical objects by methods of multi-messenger astronomy demands
increased requirements to the data acquisition (DAQ) systems. Especially it concerns the fast
response astronomy, i.e. the quick searchers of other messenger partners after an alert. The
development of modern experimental facilities and fast data acquisition systems (DAQ) gives
a possibility to analyze experimental data in the real-time mode. The fundamental
modernization of data acquisition systems of experimental facilities of the Baksan Neutrino
Observatory is being performed now. This modernization will make it possible to produce the
low-latency alerts from experimental facilities of BNO to a great number of various telescopes.
New data acquisition systems of the Baksan Underground Scintillation Telescope, “Carpet-2”’
and “Andyrchy” EAS arrays are based on the VME interface and provide full compatibility
with existing front-end electronics.

2. BUST

The BUST consists of four horizontal and four vertical planes. Its size is
16.7 x 16.7 x 11.1 m>. All planes are completely covered with standard scintillation counters.
Eight planes of the telescope consist of 3180 scintillation counters. The existing DAQ
system, the architecture of which was developed in the 70s of the last century, does not allow
the full use of the capabilities of scintillation counters. The dead time of the new DAQ system
is an order of magnitude less than that of the previous one. The new system is based on a VME
interface and is totally compatible with existing front-end electronics of the BUST. A
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hodoscope of pulse channels (HPC) is developed anew and is iimplemented using FPGA and
LVDS chips.

Figure 1 shows the functional diagram of the DAQ system. HPC consist of 3180 channels,
according to the number of scintillation counters of BUST. Constructively the entire HPC is
located in four CAMAC crates. All crates have controllers that serve all receiving blocks of
their crates and provide data transmission and control signals via the V1495 module. Each
plane of the BUST is divided into groups - structures. The time measurements of eight planes
and 29 plane structures are made by the TDC V1190 module. In this case, the signals coming
from the shaper with front compensation (SFC) should be converted from the NIM standard
to the LVVDS standard.

To measure the energy release, the analog signals from the scintillation counters are
summed by 100 and fed to the trigger block. In the trigger unit the analog signals are
matched to the wave impedance of flat cable of twisted pairs for transmitting them to QDC
V792 module. The trigger unit delays analog signals by 30 nanoseconds. Such a delay is
necessary for formation of the QDC GATE input signal before arrival of the measured analog
signals. The duration of the GATE signal must be greater than the measured signal.

The Hodoscope of amplitude channels (HAC), in contrast to QDC, measures not the
charge of the planes, but the individual charge of each counter. HAC was developed and
launched in 2002. All signals from logarithmic converters of eight BUST planes are
connected to seven CAMAC blocks. In addition to the HAC blocks, a dead time DAQ block
and two four-channel blocks with 12-bit analog-digital converters (ADC) are installed in the
crates.
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Figl. Block diagram of the BUST.

To study the energy spectrum it is necessary to know not only the energy release, but also
the waveform of the signals. The waveform of signals allows us to separate a useful signal
from the noise and to analyze parameters of particles, to study the decay processes inside the
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scintillation counters. The total energy release signals from the eight planes are fed to the
inputs of the NI PCI 5124 fast ADC boards located in the industrial computer. The ADC
boards make it possible to measure the energy release of events with high accuracy, which
allows studying the energy spectrum of neutrinos emitted by collapsing stars.

DECAN time
in Manchester code Industrial
computer 2
E
Analog ) T
31 B? . 3180 adder _"D é E
scintillation =
detectors (z400) —0 2|E
—x") o E
1+ 171 Jw
BUST \ |
ADC 1 Ethernet
NI PCI 5124

Fig2. Functional diagram of signal form measurement from each plane by fast ADC.

3. “Carpet-2”

The diagram of the DAQ system of the «Carpet -2» EAS array is presented in Fig.3. This
array consists of the ground part of the «Carpet» (400 liquid scintillation counters, continuous
covering square of 200 m?), six remote vans (in each van there are 18 similar liquid
scintillation counters), and an underground Muon Detector (MD) with an area of 175 m? (175
plastic scintillation counters). Signals from six remote vans are used to determine the direction
of arrival of showers. EAS muon component with energy above 1 GeV is registered by MD.

Analog signals from «Carpet» and vans modules are branched into two groups. One part
passes into trigger block 2, in which the GATE control signal for QDC is generated, the cable
delay of all analog signals is produced and then signals are fed to the measuring inputs QDC
V792 module. The second parts of signals via SFC are fed to trigger block 1. There the signals
are converted from NIM to the LVDS standard and are fed to the measuring inputs TDC
V1190B module.

The signals from MD come in different kinds: analog, signals from SFC, signals from
logarithmic converter, and signals from RC converters. In MD, the analog signals from
scintillation counters are summed by 35 (5 signals) and fed to the inputs of QDC module
implemented in the CAMAC standard. Also, these signals are summed and fed to the 6th input
QDC. Signals from RC converters (175 signals) are fed to the hodoscope inputs of amplitude
channels implemented in the CAMAC standard

The MD is being upgraded. It is planned to connect 205 already manufactured detectors.
The MD DAQ system based on CAMAC standard will be replaced by the system in the VME
standard.
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4. “Andyrchy”

The DAQ system of the “Andyrchy” EAS array (Fig. 4) is similar to the “Carpet-2” DAQ
system discussed above. Energy release of the 36 scintillation counters is measured by the
QDC V792 and V965A modules. The analog signals in this case pass through the QDC
trigger block 2 and fed to the inputs of QDC V792 and V965A modules, as in the previous
scheme, the analog signals are also delayed. The signals from the RC converters are fed to
the TDC trigger block 1, from which, after conversion to the LVDS standard, are fed to
inputs of the TDC V1190B module and, through the TBI-24/DC-3 galvanic isolation board,
to the modules UNI0-96-5 to measure count rates of all scintillation counters of the array.

Fig3. Block diagram of the "Carpet-2" EAS array.
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5. Software, data storage and transmission

The structure of on-line programs of BUST, “Carpet-2” and “Andyrchy” EAS array have
the following architecture: at the beginning the equipment is initialized, then several data
reading streams from devices and several information processing flows are formed. DAQ
systems transfer the collected information to the file-server. Two dedicated workstations
process the received information (Fig.5). First, the EAS direction is calculated in the local
coordinate system, then in the astronomical one. Then the search for spatiotemporal
concentrations (clusters) of showers recorded by the Underground Telescope or EAS array is
performed. Search results are written to files on a dedicated server. A dedicated server sends
information to the mailing list and provides access via HHTP and FTP. Currently, three event
search algorithms are performed during the processing of information: the search for neutrino
events in the BUST, the search for event clusters on the BUST, and the search for clusters of
showers at the “Carpet-2” EAS array.

The main problem in searching of clusters from astrophysical object is their separation from
background ones. For the problem of finding clusters, a method of the separating of events [7]
was developed. The method has high reliability of separating events from the background
according on the multiplicity of cluster events and time interval of cluster.
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Fig5. Network diagram.

6. Conclusion

At present the fundamental modernization of data acquisition systems of experimental
facilities of Baksan Neutrino Observatory is performed. This modernization will make it
possible to produce the low-latency alerts from experimental facilities of BNO to the great
number of various experimental facilities, including global nets of optical robotic telescopes.
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Abstract Regardless of the progenitor and central engine, the gamma-ray burst (GRB)
afterglows are produced by the synchrotron emission external forward shock. Swift and the
ground-based telescopes provide a rich early afterglow data which revealed many unexpected and
interesting features. Based on the statistics of a large GRB sample, this paper gives a brief
introduction of the GRB optical afterglow, including observations, emission components and the
afterglow puzzle “achromatic or chromatic?”. The afterglows provide a very important window
between the afterglows and prompt emission to reveal the veil of the progenitor, central engine,
ejecta composition and radiation mechanism. GRB 140323A is a good case interpreted with
circumburst medium transition from a stellar wind to a homogenous density medium in the external
shock model. GRB 140419A and 150910A are good cases for a magnetar spin down to a stable
neutron star and the collapse in black hole, respectively.

Keywords: Gamma-Rays Bursts: General, Methods: Statistical, Radiation Mechanisms:
Non-Thermal

1. Introduction

Gamma-ray bursts (GRBs) are the most luminous phenomena observed in the Universe,
with an isotropic y-ray energy up to E,, is ~10%°erg [1], and they are still mysteries after 46
years since they were first discovered by Vela Satellites [2]. Based on the observations, e.g.,
long GRBs associated with supernovae and the short GRB can be detected associated with the
gravitational waves (GW170817/GRB 170817A), they have been proposed to originate from a
super-massive black hole or a rapidly spinning magnetized neutron star during core collapses
of massive stars or mergers of binary compact objects. (e.g., [3-10]).

Regardless of the progenitor and central engine, a relativistic jet is launched, which is
decelerated by a circumburst medium by a pair of external (forward and reverse) shocks. The
reverse shock is likely short-lived. The forward shock continues to plow into the medium as
the jet is decelerated. The synchrotron radiation of electrons accelerated from the external
forward shock powers the broadband electromagnetic radiation, during the interaction
between the fireball ejecta and the circumburst medium, and produce the broadband afterglow
of GRBs [11-16]. Since Swift satellite launched [17], abundant and complicated properties can
be discovered by scientist. The afterglows provide a very important window between the
afterglow and prompt emission to reveal the veil of the progenitor, central engine, ejecta
composition and radiation mechanism.

This paper gives a brief introduction of the GRB optical afterglow, including the
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observations, emission components in Section 2; the talk about the afterglow puzzle
“achromatic or chromatic?” is in Section 3; a recent result of our observation will be shown in
Section 4; and then we give a summary in Section 5.

2. Observations

Broadband GRB afterglows were predicted before their discoveries [4], [11], [18]. Shortly
after the paper of predictions for the broad-band afterglow based on the external shock model
can be seen in the publication by Mészaros and Rees on Feb. 10, 1997 [11], 18 days later, (Feb.
28, 1997), the first X-ray and optical afterglows were discovered for GRB 970228 [19], [20].
69 days later, the first radio afterglow was discovered for GRB 970508 [21]. Afterglow
observations are routinely carried out nowadays.

The GRB optical afterglow observations are relied on the ground-based telescopes. In the
pre-Swift era [22], observations usually started several hours after the burst trigger. Thanks to
rapid Swift’s trigger and the rapid ground notification to alert large follow-up telescope
network (GCN), we obtain a lot of optical data. Figure 1 shows the GRB optical afterglow
apparent magnitude distributions [23]. We can observe the optical just after several seconds
later, e.g. GRB 08319B, 080413A and 130427A.For some GRBs the optical prompt emission
also can be discovered, e.g. GRB 990123, 041219, 050401, 050820A, 061121, 080913B. This
opened a new window to the study of GRBs. The launch of the high-energy mission Fermi and
other programs, e.g., MAGIC [24], Konus-Wind [25], Insight-HXMT [26], Suzaku [27], has
led to discovery of an extended GeV afterglow emission for many bright GRBs, e.g. 090902B,
130427A and 190114C.
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Figl. GRB optical afterglow apparent magnitude distributions [wang 2013]
One can see that the individual X-ray/optical light curves differ significantly. Reference [28]

after synthesizing the Swift/XRT light curves, summarizes the observational properties of the
X-ray afterglow emission as five-component canonical X-ray light curve [28] (as shown in
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the left panel of Figure 2):

I. Steep decay phase, which is the tail of prompt emission;

Il. Shallow decay phase (or plateau), which is incorporated within the external
shock, and need continuous energy injection into the blast wave [28-30];

I1l. Normal decay phase, which is the typical decay expected in the standard
forward shock afterglow model,;

IV. Late steepening phase, which is the jet break expected in the standard forward
shock afterglow model;

V. X-ray fares, which are related to late central engine activities.

Similarly, the synthetic optical light curve includes eight components, which have distinct
physical origins.

The joint light curve of optical and X-ray afterglows also can be delineated as a canonical
light curve, which generally includes 8 emission components [31]. These components are as

follows.
[ ]

la. Prompt & late optical flares, which is related the prompt emission;

Ib. Reversed shock emission, which is an early optical flare from the reverse shock in
the standard forward shock afterglow model, observing only in few cases;

I1. Shallow decay:, which need energy injection from center engine;

I11. Standard afterglow component with an onset hump followed by a normal decay
segment, which is the typical decay expected in the standard forward shock
afterglow model;

IV. Post-jet-break phase, which is the jet break expected in the standard forward
shock afterglow model;

V: Optical flares, which is related the prompt emission;

VI: Rebrightening humps, which is similar to the early afterglow onset hump but
occurs much later;

VII. Late supernova (SN) bumps.

Components 11-V in the optical light curves can find their counterparts in X-ray. It should be

notified

that not all GRBs show all these components.
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Fig2. Left: Synthetic Cartoon X-ray Light Curve Based on the Observational Data from the Swift XRT; Right:
Synthetic Cartoon Optical Light Curve Based on the Observational Data from the Ground Based Telescopes.
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3. Achromatic or Chromatic?

According to such an interpretation that the afterglow comes from the external shock, there
are two types of temporal breaks. The first one is related to a characteristic frequency in the
observational band [13], e.g. spectral breaks occur at different epochs in different energy bands
(called chromatic). The second one is related to the hydrodynamic or geometric properties of
the system, temporal breaks in different energy bands (e.g., X-ray and optical bands) should
occur around the same observational time (called achromatic). The observations show that
there are no spectral changes across the break time [32-33], and the theoretical simulations
also show spectral beaks are very smooth and barely observable [34]. However, some authors
based on the statistical data shows that most GRB afterglows are chromatic. Is the multiband
afterglow achromatic or chromatic? Actually, the answer is related to the open question: how
bad or how good are the external forward shock models in interpreting the GRB afterglow
data?

Trying to answer this question, reference [35] systematically investigated all Swift GRBs
that have X-ray and optical afterglow data, including 900 X-ray light curves from the Swift
XRT data archive and 260 optical light curves from published papers or GCN Circulars. Based
on the rich afterglow data, and using the closure relation predicted by the external shock model,
at least ~53% of GRBs can be interpreted within the external shock models. Up to ~96% of
GRBs may be accounted for external shock models, which need a more advanced modeling
invoked, e.g., long-lasting reverse shock, structured jets, arbitrary circumburst medium
density profile. Only less than 4% GRBs with direct evidence of chromatic behaviors, can be
classified as truly violate external shock models.

4. Recently interesting observations

As is known, the afterglow not only can present the properties of the external shock, but also
provide a very important window to constrain the physics of progenitor, central engine, ejecta
composition and radiation mechanism. Ground-based optical telescopes continue to observe
the GRB afterglow, e.g., KAIT [36], GWAC-F60, TNT [37], SAO-RAS [38], ISON-NM [39],
NOT [40], GROND [41], BOOTES [42], MONDY [43], MASTER [44]. Here we list the GRB
140423A, 140419A and 150910A as an example.

The optical observation shows that GRB 140423A have an onset bumps in the early epoch
[45], then show steeper (a; ~ — 1.6) to flatter decay (a,~ — 1.1) with a break at ~5000s. It can
be well interpreted with the standard external shock model by considering the circumburst
medium which transited from a stellar wind having a density distribution p(r) < r=2 to a
homogenous density medium.

The GRBs central engines could be a black hole with accretion disk systems or a
millisecond magnetar. When a millisecond magnetar as central engine for a long GRB, they
can produce an internal plateau as it spins down in the afterglow light curves. If the post
plateau the temporal decay index is steeper than -3, it may indicate that the magnetar collapses
into a black hole. If the mass of the magnetar is not so massive, it may spin down to a stable
neutron star, and post plateau decay index between -2 and -3. GRB 140419A [46] and
150910A [47] are good cases for a magnetar spin down to stable neutron star and collapse in
black hole, respectively. For GRB 140419A, we obtain the magnetar parameters with magnetic
field of the magnetar B, the spin period of the magnetar Py, and the radiative efficiency of
prompt emission 1 is ~10** G, ~ 0.96 ms, and ~ 2.2%, respectively. However, the radiative
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efficiency of internal plateau 7y is larger than 18.1%. For GRB 150910A, the deriving of

physical parameters of the putative magnetar is Py ~ (0.96 ~ 1.52) ms and Bp ~ (0.41 ~ 1.03)
x 10" G, respectively.

5. Summarizes

The scientist have learn a lot of the GRB in the past a half century. However, there are still a
lot things we need to understand more, e.g. progenitor, central engine, ejecta composition and
radiation mechanism, and will push the observation forwards. The GRBs occur randomly in
space at unknown time. We not only need the larger space mission to detect the high energy
emission in the future, e.g., SVOM [48], ATHENA [49], HESEUS [50], eXTP [51], ET [52],
TAP [53] and ISS-TAO. We also need large survey ground-based optical telescopes with
deeper detection ability, to discover or follow the GRB-like transients. We believe the next
decade will be an exciting era of GRB study.
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Abstract Two exotic elements have been introduced into the standard cosmological model:
non-baryonic dark matter and dark energy. The success in converting a hypothesis into a solid
theory depends strongly on whether we are able to solve the problems in explaining observations
with these dark elements and whether the solutions of these problems are unique within the
standard paradigm without recourse to alternative scenarios. We have not achieved that success
yet because of numerous inconsistencies, mainly on galactic scales, the non-detection so far of
candidate particles for dark matter, and the existence of many alternative hypotheses that might
substitute the standard picture to explain the cosmological observations. A review of some ideas
and facts is given here.
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1. History of the idea of Dark Matter

The existence of dark or invisible matter detectable through its gravitational influence has
been known by astronomers for a long time now [14]. Bessel [15] in 1844 argued that the
observed proper motions of the stars Sirius and Procyon could be explained only in terms of
the presence of faint companion stars. In 1846, Le Verrier and Adams independently predicted
the existence of Neptune based on calculations of the anomalous motions of Uranus. Le
Verrier later proposed the existence of the planet Vulcan to explain anomalies in the orbit of
Mercury, but he failed this time because the solution was not invisible matter but a change of
gravitational laws, as was solved years later by Einstein with General Relativity. The
dynamical analysis of dark matter in form of faint stars in the Milky Way using the motion of
stars was carried out by Lord Kelvin in 1904, Poincaré in 1906, Opik in 1915, Kapteyn in 1922,
Jeans in 1922, Lindblad in 1926, and Oort in 1932 with different results [14].

With regard to extragalactic astronomy, Zwicky’s [100] 1933 paper on dark matter in rich
clusters applied the virial theorem to these data and found a mass-to-light ratio of ~60 in solar
units (rescaled to the present-day value of the Hubble constant). In 1959 Kahn & Woltjer [39]
determined the mass of the Local Group and obtained a mass-to-light ratio of 43 in solar units.
In the 1950s, Page [71, 72] also found that pairs of elliptical galaxies had a mass-to-light ratio

¢ Reprint from Conference “Cosmology on Small Scales 2018”, Michal K¥izek and Yurii Dumin (Eds.) Institute of
Mathematics CAS, Prague, by courtesy of the author.
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of 66 in solar units. This showed that such binaries must have massive envelopes or be
embedded in a massive common envelope. Similar results were obtained in the 1950s from 26
binary galaxies by Holmberg [36]. In 1939 Babcock [5] first showed the need for dark matter
for an individual galaxy by measuring the rotation curve of the outer regions of M31 out to 100
arcminutes ( = 20 kpc) from its center. However, the majority of astronomers did not become
convinced of the need for dark matter halos in galaxies until the publication of theoretical
papers in the 1970s, such as the one on the stability of galactic disks by Ostriker & Peebles [69].
Later, rotation curves in the radio by Albert Bosma [18] and in the visible by Vera Rubin, Kent
Ford, and Nortbert Thonnard [79] easily convinced the community. This shows the typical
mentality of astrophysicists: accepting facts only when there is a theory to support them with
an explanation, a not-so-empirical approach that dominates the development of cosmology.

Cosmology has indeed played a very important role in the idea of dark matter on galactic
scales. The first predictions based on Cosmic Microwave Backgro und Radiation (CMBR)
anisotropies were wrong. It was predicted in the 1960s that A7/7 should be one part in a
hundred or a thousand [80]; however, fluctuations with this amplitude could not be found from
observations in the 1970s. In order to solve this problem, non-baryonic dark matter was
introduced ad hoc and was thought to be composed of certain mysterious particles different
from known matter. In a short time, the connection between particle physics and the missing
mass problem in galaxies arose. Many astrophysicists considered dark matter halos
surrounding galaxies and galaxy clusters possibly to consist of a gas of hon-baryonic particles
rather than faint stars or other astrophysical objects. This was a happy idea without any proof;
there is no proof that directly connects the problem of the amplitude of CMBR anisotropies
with the rotation curves of galaxies or the missing mass in clusters, but the idea was pushed by
leading cosmologists, who made the idea fashionable among the rest of the astrophysical
community.

Part of the success of these non-baryonic dark matter scenarios in the halos of the galaxies
was due to the good agreement of simulations of large scale structure with the observed
distributions of galaxies. At first, in the 1980s, with the attempt to fit the data using hot dark
matter composed of neutrinos, the simulations showed that very large structures should be
formed first and only later go on to form galaxy-sized halos through fragmentation, which did
not match the observations [99], whereas cold dark matter (CDM) models were more
successful, at least on large scales (> 1 Mpc).

This tendency towards selling a prediction of failure as a success for a model via the ad hoc
introduction of some convenient form of unknown dark matter still prevails. An instance of
this predilection is the introduction in 2018 of some peculiar form of dark matter [8] in order to
cool the gas at z = 18 and solving the discrepancies in the measurements of 21 cm line
amplitude with respect to the a priori predictions [19].

2. Dark matter and inconsistencies of the theory at galactic scales

That there is some dark matter, either baryonic or non-baryonic, is clear, but how much, and
what is its nature? The success of the standard model in converting a hypothesis into a solid
theory depends strongly on the answer to these open questions. Stellar and cold gas in galaxies
sum to baryonic matter content that is 8*2% of the total amount of the predicted Big Bang
baryonic matter [10]. Where is the rest of the baryonic material? What is the nature of the
putative non-baryonic dark matter required to achieve the current value of Q,, ~ 0.3?
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Current CDM models predict the existence of dark matter haloes for each galaxy whose
density profile falls approximately as r?, although the original idea [98] concerning
hierarchical structures with CDM, which gave birth to the present models, was that the dark
matter was distributed without internal substructure, more like a halo with galaxies than
galaxies with a halo [9], something similar to the scenario in [51, 52].

Some authors have been led to question the very existence of this dark matter on galactic
scales since its evidence is weak [9, 59, 29, 90] and the predictions do not fit the observations:
CDM has a “small scale crisis” since there are some features of the galaxies that are very
different from the predictions of the cosmological model. Nonetheless, many researchers are
eagerly trying to find solutions that make data and model compatible, assuming a priori that
the model “must be” correct. Some of the problems are the following.

There is a problem with an observed lower density of the halo in the inner galaxy than
predicted. ACDM (CDM including a A term for the cosmological constant; see §5) predicts
halo mass profiles with cuspy cores and low outer density, while lensing and dynamical
observations indicate a central core of constant density and a flattish high dark mass density
outer profile [74]. The possible solutions of core-cusp problem without abandoning the
standard model are: bar-halo friction, which reduces the density of the halo in the inner galaxy
[85]; haloes around galaxies may have undergone a compression by the stellar disc [33] or/and
suffered from the effects of baryonic physics [23].

Another problem is that the predicted angular momentum is much less than the observed
one. Binney et al. [16] claim that the problem of an excess of predicted dark matter within the
optical bodies and the fact that the observed discs are much larger than expected can be solved
if a considerable mass of low angular momentum baryons is ejected (massive galactic
outflows) and the discs are formed later from the high angular momentum baryons which fell
in the galaxy. The conspiracy problem is also solved if the ejection begins only once Mparyons(r)
~ Myark matter(r). Another solution within the standard cosmological model for the angular
momentum problem is the tidal interaction of objects populating the primordial voids together
with the Coriolis force due to void rotation [21].

Another fact that could cast doubt upon the existence of very massive halos of dark matter is
that strong bars rotating in dense halos should generally slow down as they lose angular
momentum to the halo through dynamical friction [22], whereas the observed pattern speed of
galactic bars indicates that almost all of them rotate quite fast [1]. There should be a net
transference of angular momentum from bars to halos, although friction can be avoided under
some special conditions [86].

The enclosed dynamical mass-to-light ratio increases with decreasing galaxy luminosity
and surface brightness, which is not predicted by dark matter scenarios [60].

Galaxies dominate the halo with little substructure whereas the model predicts that galaxies
should be scaled versions of galaxy clusters with abundant substructure [25, 43]. Moreover,
ACDM simulations predict that the majority of the most massive subhalos of the Milky Way
are too dense to host any of its bright satellites (Ly > 105 L) [20]. Also, the distribution of
satellites is in a plane, incompatible with ACDM [43, 42, 73]. Kroupa [44] says that these are
arguments against the standard model in which one cannot make the typical rebuff of
incompleteness of knowledge of baryonic physics. Furthermore, there is a correlation between
bulge mass and the number of luminous satellites in tidal streams [43, 55] that is not predicted
by the standard model, and it is predicted by models of modified gravity without dark matter.
The disc of satellites and bulge-satellite correlation suggest that dissipative events forming
bulges are related to the processes forming phase-space correlated satellite populations. These
events are well known to occur, since in galaxy encounters energy and angular momentum are
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expelled in the form of tidal tails, which can fragment to form populations of tidal-dwarf
galaxies and associated star clusters. If Local Group satellite galaxies are to be interpreted as
Tidal Dwarf galaxies then the substructure predictions of the standard cosmological model are
internally in conflict [43].

Perhaps, that most severe caveat to retain the hypothesis of dark matter is that, after a long
time looking for it, it has not yet been found, although non-discovery does not mean that it
does not exist. Microlensing surveys [45, 92] constrain the mass of the halo in our Galaxy in
the form of dim stars and brown dwarfs to be much less than that necessary for dark matter
halos. In any case, as already mentioned, the primordial nucleosynthesis model constrains
baryonic matter to be around 10% of the total mass [10], so these objects could not be
compatible with the preferred cosmological model. Some observations are inconsistent with
the dominant dark matter component being dissipationless [67]. Neither massive black hole
halos [66] nor intermediate-mass primordial black holes [61] provide a consistent scenario.
The nature of dark matter has been investigated and there are no suitable candidates among
astrophysical objects.

3. Dark matter particles

The other possibility is that dark matter is not concentrated in any kind of astrophysical
object but in a gas of exotic non-baryonic particles. There are three possible types of
candidates [14]: 1) particles predicted by the supersymmetry hypothesis, which are electrically
neutral and not strongly interacting, including superpartners of neutrinos, photons, Z bosons,
Higgs bosons, gravitons, and others (neutralinos have been the most recently studied
candidates in the last decades); 2) axions, typically with masses between 10°® and 107 eV,
predicted to resolve certain problems in quantum chromodynamics; and 3) Weakly Interacting
Massive Particles (WIMPs), which are those particles that interact through the weak force.

The latest attempts to search for exotic particles have also finished without success.
Technologies used to directly detect a dark matter particle have failed to obtain any positive
result [57, 49]. Attempts have also been made to detect neutralinos with the MAGIC and
HESS Cerenkov telescope systems for very high energy gamma rays through their Cherenkov
radiation, but so far without success and only emission associated with the Galaxy has been
found [3]. Dwarf galaxies are expected to have high ratios of dark matter and low gamma ray
emission due to other astrophysical processes so the search is focused on these galaxies, but
without positive results. As usual, the scientists involved in these projects attribute their failure
of detection to the inability of the detectors to reach the necessary lower cross section of the
interaction, or to the possibility that they may be 3—4 orders of magnitude below the possible
flux of gamma rays emitted by dark matter [83], and ask for more funding to continue to feed
their illusions: a never-ending story. As pointed out by David Merritt [63], this will never
constitute a falsification of the CDM model because although success of detection will
confirm the standard paradigm, non-detection is not used to discard it.

4. Scenarios without non-baryonic cold dark matter

Note also that some other dynamical problems in which dark matter has been claimed as
necessary can indeed be solved without dark matter: galactic stability [93] or warp creation
[52], for instance. Rotation curves in spiral galaxies can be explained without non-baryonic
dark matter with magnetic fields [9], or modified gravity [81], or baryonic dark matter in the
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outer disc [31] or non-circular orbits in the outer disc [13]. Velocities in galaxy pairs and
satellites might also measure the mass of the intergalactic medium filling the space between
the members of the pairs [51, 52] rather than the mass of dark haloes associated with the
galaxies.

The most popular alternative to dark matter is the modification of gravity laws proposed in
MOND (Modified Newtonian Dynamics; [82]), which modifies the Newtonian law for
accelerations lower than 1 x 10~*° m/s%. This was in principle a phenomenological approach. It
was attempted to incorporate elements that make it compatible with more general gravitation
theories. The AQUAdratic Lagrangian theory (AUQAL) [11] expanded MOND to preserve
the conservation of momentum, angular momentum, and energy, and follow the weak
equivalence principle. Later, a relativistic gravitation theory of MOND would be developed
under the name Tensor-Vector-Scalar (TeVeS) [12], which also tried to provide consistency
with certain cosmological observations, including gravitational lensing. However, the
successes of MOND and its relativistic version are mostly limited to galactic scales and cannot
compete with ACDM to explain the large-scale structure and other cosmological predictions.
Moreover, a search was made for evidence of the MOND statement in a terrestrial laboratory:
a sensitive torsion balance was employed to measure small accelerations due to gravity, and no
deviations from the predictions of Newton’s law were found down to 1 x 10 m/s? [48].
Therefore, unless these experiments are wrong, or we interpret the transition regime
acceleration of 1x107*° m/s? in terms of total absolute acceleration (including the acceleration
of the Earth, Sun, etc.) rather than the relative one, MOND/TeVes is falsified by this
experiment.

There are also proposals that the dark matter necessary to solve many problems may be
baryonic: positively charged, baryonic (protons and helium nuclei) particles [26], which are
massive and weakly interacting, but only when moving at relativistic velocities; simple
composite systems that include nucleons but are still bound together by comparable electric
and magnetic forces [58], making up a three-body system “tresinos” or four-body system
“quatrinos”; antiparticles which have negative gravitational charge [35], etc.

In my opinion, the problem of ‘dark matter’ is not only one problem but many different
problems within astrophysics that might have different solutions. The idea that the same
non-baryonic dark matter necessary to explain the low anisotropies in the CMBR is going to
solve the large-scale structure distribution, the lack of visible matter in clusters, the dispersion
of velocities of their galaxies, the measurements of gravitational lensing, the rotation curves,
etc., is a happy fantasy that has dominated astrophysics for the last 40 years. It would be
wonderful if we also get a happy ending with the discovery of the particles of dark matter that
constitute the dark halos of galaxies, but, in absence of that outcome, maybe it would be
prudent to bet on a combination of different elements to explain the entire set of unexplained
phenomena: possibly some baryonic dark matter in some cases, possibly a modification of
gravity is part of the explanation for a wide set of events, and maybe cold dark matter
dominates some phenomena and hot dark matter other phenomena. Certainly, a unified picture
of a unique non-baryonic type of cold dark matter to explain everything would be a simpler
and more elegant hypothesis; the question, however, is not one of simplicity but one of
ascertaining how reality is, whether simple or complex.

5. Dark energy and the cosmological constant or quintessence

The question of the cosmological constant to maintain a static universe [70] was considered
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Einstein’s biggest blunder, and it was introduced by Lemaitre [46] in his equations for the
evolution of the expanding universe. Indeed, it is equivalent to positing an attractive
gravitational acceleration a(r) = —GM/+* +Br, already proposed by Newton for B < 0, but with
B > 0 instead [41]. It is not usual physics but an exotic suggestion, since the usual
thermodynamics for fluids with positive heat capacity and positive compressibility is not
applicable to dark energy with negative pressure [7].

Twenty-five years ago, most cosmologists did not favour the scenarios dominated by the
cosmological constant [32]. In the eighties, the cosmological constant was many times
disregarded as an unnecessary encumbrance, or its value was set at zero [50], and all the
observations gave a null or almost null value. However, since other problems in cosmology
have risen, many cosmologists at the beginning of the 90s realized that an Q, ranging from
0.70 to 0.80 could solve many problems in CDM cosmology [28]. Years later, evidence for
such a value of the cosmological constant began to arrive. A brilliant prediction or a prejudice
which conditions the actual measurements?

All present claims about the existence of dark energy have measured Q, through its
dependence on the luminosity distance vs. redshift dependence [27]. In the mid-1990s the
position of the first peak in the power spectrum of the CMBR was determined to be at £ ~ 200.
White et al. in 1996 [97] realized that the preferred standard model at that time (an open
universe with Q = Q., = 0.2 and without dark energy) did not fit the observations, so that they
needed a larger Q. Between 1997 and 2000 a change of mentality in standard cosmology
occurred. This was one of the elements, together with Type la Supernovae (SN la)
observations and the age problem of the universe, that would encourage cosmologists to
include a new ad hoc element: dark energy.

One measurement of the cosmological constant comes nowadays from supernovae, whose
fainter-than-expected luminosity in distant galaxies can be explained with the introduction of
the cosmological constant. It was criticized as being due possibly to intergalactic dust [2, 34,
64]. The presence of grey dust is not necessarily inconsistent with the measure of a supernova
atz=1.7 (SN 1997ff) [34]. Dimming by dust along the line of sight, predominantly in the host
galaxy of the SN explosion, is one of the main sources of systematic uncertainties [40]. Also,
there was an underestimate of the effects of host galaxy extinction: a factor which may
contribute to apparent faintness of high-z supernovae is the evolution of the host galaxy
extinction with z [78]; therefore, with a consistent treatment of host galaxy extinction and the
elimination of supernovae not observed before maximum, the evidence for a positive A is not
very significant. Fitting the corrected luminosity distances (corrected for internal extinctions)
with cosmological models Balazs et al. [6] concluded that the SNIa data alone did not exclude
the possibility of the A = 0 solution.

SNe la also possibly have a metallicity dependence and this would imply that the evidence
for a non-zero cosmological constant from the SNIa Hubble Diagram may be subject to
corrections for metallicity that are as big as the effects of cosmology [87]. The old supernovae
might be intrinsically fainter than the local ones, and the cosmological constant would not be
needed [24]. As a matter of fact, some cases, such as SNLS-03D3bb, have an exceptionally
high luminosity [37]. Claims have been made about the possible existence of two classes of
Normal-Bright SNe la [76]. If there is a systematic evolution in the metallicity of SN la
progenitors, this could affect the determination of cosmological parameters. This metallicity
effect could be substantially larger than has been estimated previously and could quantitatively
evaluate the importance of metallicity evolution for determining cosmological parameters [75].
In principle, a moderate and plausible amount of metallicity evolution could mimic a
A-dominated, a flat universe in an open, A-free universe. However, the effect of metallicity



132

evolution appears not to be large enough to explain the high-z SNla data in a flat universe, for
which there is strong independent evidence, without a cosmological constant.

Furthermore, our limited knowledge of the SN properties in the U-band has been identified
as another main source of uncertainty in the determination of cosmological parameters [40].
And the standard technique with SNe la consists in using spectroscopic templates, built by
averaging spectra of well observed (mostly nearby) SNe la. Thus, the uncertainty in
K-corrections depends primarily on the spectroscopic diversity of SNe la.

Even if we accept the present-day SN la analyses as correct and without any bias or
selection effect, other cosmologies may explain the apparent cosmic acceleration of SNe la
without introducing a cosmological constant into the standard Einstein field equation, thus
negating the necessity for the existence of dark energy [88]. There are four distinguishing
features of these models: 1) the speed of light and the gravitational “constant” are not constant,
but vary with the evolution of the universe, 2) time has no beginning and no end, 3) the spatial
section of the universe is a 3-sphere, and 4) the universe experiences phases of both
acceleration and deceleration. An inhomogeneous isotropic universe described by a
Lemaitre—Tolman—Bondi solution of Einstein’s fields equations can also provide a positive
acceleration of the expansion without dark energy [77]. Quasi-Steady-State theory predicts a
decelerating universe at the present era, it explains successfully the recent SNe la observations
[95]. Carmeli’s cosmology fits data for an accelerating and decelerating universe without dark
matter or dark energy [68]. Thompson [91] used available measurement for the constraints on
the variation the proton to mass electron with redshift, and with Aa/a =7 x 10°° he finds that
almost all of the dark energy models using the commonly expected values or parameters are
excluded. A static universe can also fit the supernovae data without dark energy [89, 47, 54, 30,
56].

There are other sources of A measurement such as the anisotropies of the CMBR, but they
are not free of inaccuracies owing to contamination and anomalies found in it [53, 84]. In the
last two decades, many proofs have been presented to the community to convince us that the
definitive cosmology has Q, ~ 0.7, which is surprising taking into account that in the rest of
the history of the observational cosmology proofs have been presented for Q, = 0.
Furthermore, recent tests indicate that other values are available in the literature. For instance,
from the test angular size vs. redshift for ultracompact radio sources, it is obtained that A is
negative [38]. Using the brightest galaxies in clusters, the fit in the Hubble diagram is
compatible with a non-accelerated universe instead of Q, = 0.7 [94, 4]. Concordance models
produce far more high redshift massive clusters than observed in all existing X-ray surveys
[17].

The actual values of Q, have some consistency problem in the standard scenario of the
inflationary Big Bang. The cosmological constant predicted by quantum field theory has a
value much larger than those derived from observational cosmology. This is because the
vacuum energy in quantum field theory takes the form of the cosmological constant in
Einstein’s equations. If inflation took place at the Grand Unified Theory epoch, the present
value would be too low by a factor ~ 10 % and if the inflation took place at the quantum
gravity epoch, the above factor would be lower still at ~10*%° [96]. The intrinsic absence of
pressure in the “Big Bang Model” also rules out the concept of “Dark Energy”, according to
some opinions [65].

Furthermore, the standard model has some surprising coincidences. There is the coincidence
that now the deceleration of the Hubble flow is compensated by the acceleration of the dark
energy; the average acceleration throughout the history of the universe is almost null [62].
Again, everything is far from being properly understood.
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Abstract Gamma-ray bursts (GRBs) are at cosmological distances. Because there is no gap at
the Galactic plane, they can well serve to test the fulfillment of the cosmological principle
requiring a spatially homogeneous and isotropic distribution. In this contribution the author’s and
his collaborators’ efforts are surveyed concerning the spatial distribution - both in redshift and in
the angular distribution. Bold anisotropies are found in the dataset gained by the BATSE
instrument of the Compton Gamma Ray Observatory.
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1. Introduction

The observable part of the universe is finite and has the size of ~ (10 —20) Gpc depending
on the omega parameters. On the other hand, the redshifts of observed objects can be
arbitrarily large. The relevant exact formulas for this behavior can be found, e.g., in Weinberg
(1972) and Carroll et al. (1992). In this observable part the cosmological principle should be
fulfilled, i.e. the Universe should be spatially homogeneous and isotropic on scales larger than
the size of any structure, because in accordance with the cosmological principle “...in the large
scale average the visible parts of our universe are isotropic and homogeneous” (Peebles 1993,
page 15). But, on the other hand, the averaging should happen far below the ~(10 —20) Gpc
scales.

Trivially, any observational results from the high redshifts regions of the Universe are
highly useful from the cosmological point of view. For smaller redshifts, say till z ~1, the
Universe is hardly homogeneous and isotropic (see, e.g., Yadav et al. (2010) and Clowes et al.
(2013)) - for larger redshifts there are also some hints about the possible departure from the
isotropy (cf. Birch (1982)).

The gamma-ray bursts (GRBs) are partly at higher redshifts (for the survey of the topic see,
e.g., Vedrenne & Atteia (2009)). In addition, they are not vanishing at the Galactic plane.
Hence, they are ideal objects to test observationally the fulfillment of the cosmological
principle.

In this contribution the statistical studies of the spatial distribution of gamma-ray bursts
(GRBs) - done mainly by the author and his collegues - are briefly summarized.

2 Redshifts
Probably the first article about the redshifts of GRBs was presented by Usov & Chibisov
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(1975). The article claims that, if GRBs are at cosmological distances, there should be a
deviation from the log N(> F) o< (—3/2) log F relation expected for the Euclidean space (F is the
so called peak-flux, and N(> F) denotes the number of bursts having bigger peak-fluxes than
F). In addition, from the character of this deviation the redshifts of objects can be deduced. In
1986, i.e. at the year when even the cosmological origin was in doubt, Paczynski (1986) has
shown that GRBs should be at z ~(1 —2) (z denotes the redshift).

In 1995-98 the author and his colleagues confirmed the Paczynski’s conclusion and have
shown that GRBs can be till z =20 (Mészaros & Mészaros 1995, Mészaros & Mészaros 1996,
Horvath et al. 1996). Note here that also in 1995-96 only indirect evidences existed for the
cosmological origin, because the first direct measurement of a redshift appeared at 1997 by the
BeppoSAX satellite (Costa et al. 1997).

In 2006 it was shown that mainly the long GRBs should follow the star-formation-rate
(Mészaros et al. 2006).

Ahighly remarkable result was published in 2011 claiming that in average the fainter bursts
can be at smaller distances (Mészaros et al. 2011).

3. Angular sky distribution

The angular sky distribution of the Galactic objects should show a concentration toward the
Galactic plane in the angular sky distribution. On the other hand, the extragalactic objects
should have no concentration toward the Galactic plane. From this expectation the first
indirect observational proof for the cosmological origin of GRBs was given by Meegan et al.
(1992). No concentration on the sky positions of GRBs toward the Galactic plane was
observed. This indirect support of the cosmological origin was then provided by Tegmark et al.
(1996). This study also did not find any concentration toward the Galactic plane and, in
addition, did not find any deviations from the isotropic celestial distribution. It is essential to
precise here there are two things here: No concentration toward the Galactic plane proves
simply the extragalactic origin, but no deviation from the isotropic distribution in generals
expected from the fulfililment of the cosmological principle. Both these expectations were
declared in 1996 by Tegmark et al. (1996).

In 1998 Balazs et al. (1998) accepted the extragalactic origin of GRBs, and hence did not
search for any concentration toward the Galactic plane. But in this study by statistical tests the
isotropy of the sky distribution were provided in general. Today it is clear that this paper
claimed first that the sky distribution of short BATSE’s GRBs was not isotropic. This highly
remarkable result was then verified by several other articles of the author and his collaborators
(Balazs et al. 1999, Mészaros et al. 2000a, Vavrek et al. 2008). In addition, both the BATSE’s
intermediate and long subclasses were found to be distributed also anisotropically (see
Mészaros et al. (2000b), Mészaros & Stocek (2003) and Vavrek et al. (2008) for more details
and references).

In Figures 1-3 the angular distributions of the BATSE’s three subgroups are shown.

After Vavrek et al. (2008) these statistical tests allowed to claim in 2009 the existence of the
Gpc structures and thus the huge problems of the cosmological principle (Mészaros et al.
2009a, 2009b).
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Figl. The angular sky distribution of the short BATSE s bursts in equatorial coordinates. Baldzs et al. (1998) claim
that the distribution is anisotropic.

medium

Fig2. The angular sky distribution of the intermediate BATSE s bursts in equatorial coordinates. Mészdros A. et al.
(2000) claim that the distribution is anisotropic.
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Fig3. The angular sky distribution of the long BATSE s bursts in equatorial coordinates. Mészdros A. & Stocek (2003)
claim that the distribution is anisotropic.

4. Further studies

The studies, mentioned at the previous section were 2D studies and were based on the
BATSE data. Direct 3D study of the BATSE data is not possible, because in the BATSE dataset
only few GRBs have measured redshifts (Bagoly et al. 2003, Mészaros et al. 2011).

Recently two other groups obtained remarkable results from the 2D study of the dataset of
the Fermi satellite.

At the whole Fermi dataset Tarnopolski (2017) found anisotropy for the short subclass of
GRBs; for the long subclass the assumption of isotropy was not rejected by his tests. Ripa &
Shafieloo (2017) - using the whole Fermi dataset - tested the isotropy of the observed
properties of GRBs. This means that it was studied the possibility that at different directions
GRBs had different properties such as their durations, fluences, and peak fluxes at various
energy bands and different timescales. In other words, not the isotropy of the angular sky
positions itself, but the isotropies of the observed properties themselves, were tested. Some
noticeable anisotropic features were found, but a later study on a larger Fermi sample (Ripa &
Shafieloo 2018) did not confirm any deviation from the isotropy of the observed properties.
The same result was obtained for the BATSE and Swift datasets, respectively, too (Ripa &
Shafieloo 2018).

For a small sample of GRBs, which have directly measured redshifts from the afterglows,
the study of 3D structures became directly possible. But, only a small fraction of GRBs has
directly measured redshifts (Perley 2017), and hence selection effects can play here an
important role. Under these conditions huge spatial structures on the Gpc scales were found
(Horvath et al. 2014, Horvéath et al. 2015, Balazs et al. 2015, Sokolov et al. 2015, Verkhodanov
et al. 2015, Bagoly et al. 2016a, Bagoly et al. 2016b), but Balazs et al. (2018) notes that “the
large-scale spatial pattern of the GRB activity does not necessarily reflects the large-scale
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distribution of the cosmic matter”.

5. Conclusion

The results of the author’s, his collaborators’ and others’ efforts can be summarized as
follows.

1. Existence of huge redshifts were claimed already in years 1995-96, when even the direct
proof of the cosmological origin did not exist yet.

2. Both the 2D and 3D studies show that in the distribution of GRBs structures on the huge
Gpc scales can well exist. All this challenges the cosmological principle.
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1. Separation into two subgroups

After the discovery of gamma-ray bursts (GRBs) (Klebesadel et al. 1973) Mazets et al.
(1981) have shown that there are two types of GRBs. This separation of GRBs into short/hard
and long/soft subgroups was then confirmed by several other studies (for a survey see, e.g.,
Mészaros (2006)). The limiting duration is around =2 sec.

2. The third subgroup?

In 1998 two articles declared simultaneously the existence of a third subgroup (Mukherjee
et al. 1998, Horvath 1998). This claim came from the statistical studies of the dataset of
BATSE instrument being on the Compton Gamma Ray Burst Observatory”. Since that time
several other papers confirmed the same result for the BATSE dataset (Horvath 2002, Hakkila
et al. 2003, Hakkila et al. 2004, Horvath et al. 2006). This third subgroup should have an
intermediate duration (between =2 and 10 seconds). This means that in essence the earlier
long subgroup should further be separated.

The subgroup was found also in the Swift dataset® (Veres et al. 2010). For the RHESSI"
satellite the existence of the third subgroup was also found (Ripa et al. 2012). On the other
hand, no intermediate subgroup was found in the Fermi’s' observations (Tarnopolski 2015).

f https://heasarc.gsfc.nasa.gov/docs/cgro/index.html
& https://swift.gsfc.nasa.gov
h https://hesperia.gsfc.nasa.gov/rhessi3
i .
https://fermi.gsfc.nasa.gov
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Similarly, no third subgroup is declared to exist in the Konus/WIND' catalog (Tsvetkova et al.
2017).

It must be added that even in the case, when the three subgroups are found by statistical tests,
it is not sure that there are really three astrophysically different phenomena, because different
biases, selection effects, etc. can play a role (Hakkila et al. 2003, Tarnopolski 2016). For
example, in the Swift database the third group is found by tests, but a more detailed study
shows that the third group is given by the so-called X-Ray Flashes (XRFs) - which are in
essence long GRBs (Veres et al. 2010). But, on the other hand, in some cases it is claimed that
the third subgroup cannot entirely be given by the long GRBs. For example, for the BATSE
and mainly for the RHESSI database, the identification of the intermediate GRBs with XRFs
cannot be done (Ripa & Mészaros 2016).

3. Further subgroups?

There are studies claiming the existence of other subgroups - being not identical - to the
intermediate one.

In the BATSE database there were hints for the separation of the long GRBs themselves into
the harder and softer parts (Pendleton et al. 1997).

The longest GRBs can also form an extra - ultra-long - subgroup (Tikhomirova & Stern
2005, Virgili et al. 2013, Levan et al. 2014). Because there are only few GRBs in this ultra-long
subgroup, from the statistical point of view this subgroup hardly can be declared as an
astrophysically different phenomenon - for example, they can simply be outliers.

Recently, in the Fermi database five subgroups were found (Acuner & Ryde 2018).
Theoretically, it is meant that even seven different subgroups should exist (Ruffini et al. 2018).
This paper means that the long subgroup should further be separated.

It is already possible to study the diversity of GRBs also from other intrinsic quantities for
the limited sample, when the redshifts are known. This follows from the fact that the intrinsic
luminosity (Lis,) and the intrinsic total emitted energy (Eis,) can be calculated for a given GRB,
if its redshift is known. Such a probe is provided by (Levan et al. 2014) on the duration vs. L;s,
(Eiso, respectively) plane. In Fig.2 of Levan et al. (2014) such effort is done. Several possible
subgroups are seen beyond the long and short GRBs (soft gamma repeaters, low luminosity
long GRBs, ultra-long GRBs, tidal disruption events, etc.). On the other hand, there is no
intermediate subgroup.

4. Conclusion

There are known several statistical tests, theories, ideas, modeling, etc... about the further
subgroups beyond the well confirmed short/hard and long/soft subclasses. A brief - never
complete - survey was provided here. Summing these works it can be said that mainly the
long/soft subgroup does not seem to be a unique one single subclass. But, on the other hand,
any astrophysically different phenomenon - beyond the two (short/hard and long/soft) types -
is further in doubt, because both the intermediate subgroup and the possible subgroup of the
low-luminosity long GRBs are not proven yet unambiguously. In addition, any eventual
further subgroups are also in doubt, because they are low populated.

I http://www.ioffe.ru/LEA/kw/
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Robotic telescope of Zvenigorod observatory
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Abstract The Institute of Astronomy is working on the develompent of robotic monitoring
systems to solve a wide range of astrophysical problems. As a result of the work, a robotic optical
system with the 20-cm wide-angle telescope was created. The special software has been
developed. This software allows us making observations in the automatic mode without
operator's participation. The robotic telescope IRT-20 is located in the Zvenigorod Observatory of
INASAN. Photometric observations of variable stars and searching of optical transients are
carried out with the telescope in a constant mode.

Keywords: Robotic Telescope, Photometry, Optical Transients

1. Introduction

Recently, robotized telescope systems have been mainly used to solve problems of
monitoring the near-earth space and observing space objects. Recall that the term "robotized"
means the ability of a software and hardware complex to perform its tasks and interact with the
external environment without human involvement. The widespread access to the Internet and
the rapid development of the hardware market have led to the fact that robotic telescopes are
becoming more common. In turn, the traditional work of the observer in outdated
observatories gradually gives way to automatics. Reducing the role of the human factor is a
general trend that improves the quality of scientific observations.

According to a predetermined observation plan, robotized telescopes perform the necessary
actions during the entire observation session such as directing telescope to a specific area of
the sky, making frames in different filters and with the specified exposures. Such robotic
systems allow to perform routine operations without the intervention of an observer and to
achieve the highest possible speed of sight. With the help of a telescope robot, we can quickly
respond to special events, such as a gamma-ray burst, which is given priority. An equally
important part of the work of the robotic review is the stream processing of information using
special software.

2. Robotic telescope IRT-20

In Zvenigorod Observatory of INASAN, a robotic telescope IRT-20 (INASAN ROBOTIC
TELESCOPE) was created. The robotic telescope IRT-20 consists of Officina Stellare RH-200
wide-angle telescope, ASA DDM 85 mount, FLI Proline 16803 CCD camera with a UBVRI
filter wheel and a focuser, ScopeDome 3M dome, special power supply and lightning
protection equipment, a weather station for monitoring the weather parameters, control
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computer and data storage. Parameters of the Officina Stellare RH-200 telescope are: focal
length - 600 mm, field of view — 5 sq. deg, aperture 200 mm, focal ratio - 3. Parameters of the
CCD camera FLI Proline 16803: chip size - 36x36 mm, pixel size - 9 pm, chip capacity -
4Kx4K.

The IRT-20 robot telescope is the first telescope in the series of robotic telecsopes of the
observational optical network created in INASAN. Since 2016, telescopic observations are
constant. The IRT-20 robotic telescope is fully automated, which makes it possible to carry out
observations without operator intervention, and an Internet connection allows us to monitor
the operation of the telescope from anywhere in the world. A general view of the telescope
robot of the Zvenigorod Observatory of INASAN is presented in Figure 1.

Fig 1. General view of the robotic telescope IRT-20.

Each of the devices used in the observations has software and hardware interfaces for

connecting to a computer. The software part of the robotic telescope includes:
e scheduler and observing session program;

program-driver of the control of the slewing device AutoSlew;
driver software for controlling a CCD camera, filter wheel, focuser;
program-driver dome control ScopeDome 3M;
software module for determining weather conditions.
Apex Il Special Streaming Software [1]
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Most manufacturers of astronomical equipment complete their products with drivers that
support the standard ASCOM (AStronomy Common Object Model), which allows us to
simplify the development of a program to control such devices. The advantage of ASCOM is
that a single set of control commands is used to control different types of mounts or CCD
cameras, regardless of the manufacturer of the equipment. The ASCOM driver completely
hides from the developer of the control program the lower level of interaction with the
equipment.

3. The observation session management program

The observation session management program combines the control functions of all
astronomical devices involved in an observation session. Figure 2 shows a diagram of the
informational interaction of software modules and robot telescope drivers. The observation
session control program operates according to the observation plan prepared by the operator.
In observation plan, the coordinates of the objects to be observed, the tracking modes of the
object, the required number of frames, the exposure time, the required photometric filter or the
sequence of filter changes are specified. The observational session management program is
able to respond to trigger events in the observation process, for example, urgent applications
received from the Baksan Neutrino Observatory (BNO) or other events generated by the
application server. Each image obtained with a telescope is stored on a data storage server, and
key data about the file and the observed object are stored in a special database. At the end of
the observation session, a report on the tasks implementation is generated, including the results
of the tasks and the errors that have occurred are indicated. The end of the observation session
(closure of the dome, and telescope parking) is performed either with the end of the
observation plan, or due to weather deteriorating.

Mount device Daorne control Cloud sensar and
drive program diver program weather station

1I I 4

Session Management Program Weather module

i

The program
driver of the CCD

camera, wheel
filters and focusing
device

salied 5104

Tasks

Weather data
ElED JBL1EEAM

[ Shared file space (data storage server) J

Fig2. Diagram of information interaction of software modules and driver programs of a robotic telescope.

Stream processing of data for the asteroids and transients detection is carried out using the
Apex |1 software package and a special streaming processing software module that allows the
forming of observation packages from a set of received fits frames. For example, with sky
surveys for detecting unknown asteroids, a streaming processing software module forms a
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packet of several (minimum four) frames of a single sky site, and starts processing this packet
with Apex I1. After detecting an unknown object, the streaming processing module generates a
protocol for detecting a new object and creates a task for additional monitoring on the request
server.

4. Meteo station and software for determining weather conditions

During the session, the observation session program receives weather data from the weather
station. The weather station collects data on various environmental parameters from the AAG
CloudWatcher cloud sensor, the Davis Vantage Pro 2 weather station and the Starlight Xpress
Oculus-180 wide-angle camera. The meteo station and the program module for determining
weather conditions operate independently of the robotic telescope during the whole day and
night, thus collecting and storing information about the weather and climate at the telescope’s
installation site. The special database stores data on the ambient temperature, humidity,
precipitation, cloud conditions, wind speed and direction. Continuous observations of weather
conditions at the Zvenigorod Observatory in 2017-2018 showed that the percentage of cloudy,
partly cloudy and clear nights in 2017 was 41, 28 and 31 percent, respectively. In 2017, the
total number of clear hours was 928. In 2018, the total number of clear hours at night already
reached 1200 hours.

5. Obtained scientific results

The IRT-20 robot telescope is mainly used for carrying out photometric studies of
fast-variable stars, such as FC Com, LO Peg, BZ Cam, ET Dra, etc., as well as triggers from
the BNO. The robot telescope allows us to observe objects up to 15m with 180 seconds
exposure. The “seeing” image quality parameter for the Zvenigorod Observatory is about 3 ...
5". The accuracy of photometric measurements at good nights for bright objects is + 0.01m.
For example, Figure 3 shows two curves of the brightness variation of the FK Com star,
obtained in March-May 2018. In general, over 2017-2018, more than 16,000 images of
variable stars in various filters were obtained. The results of the observations were published
in [2].

00 01 02 03 04 05 06 07 08 08 10
Phase

Fig3. V light curve of FK Com, obtained during March -May 2018 period
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Fig 4. V light curve of ET DRA, obtained during August -September 2018 period

Note that the capabilities of the IRT-20 telescope for photometric and prospecting
observations are significantly limited by a small image scale of 3.1 "/ pixel and large central
screening. In addition, poor astroclimate and sky background illumination is limiting
magnitude of robotic telescope IRT-20.

6. Robotic telescope MEADE L X-200

In 2019 a new 35-cm robotic telescope at Terskol branch of INASAN will be created. The
main objective of the new robotic telescope will be to perform an operational search and
subsequent study of astrophysical objects generating bursts of cosmic radiation of high and
ultrahigh energy together with optical flares. The robotic telescope MEADE LX-200 consist of
the Meade 14” telescope, EQ8 Pro mount, QHY 163M CMOS camera with a UBVRI filter
wheel and a focuser. The automation of the 5-meter dome of the Meade LX200 telescope dome
at the Terskol peak was completed in 2018.
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Abstract The experiment on recording neutrino bursts has been carried out since the mid-1980.
As the target, we use two parts of the facility with the total mass of 242 tons. Over the period
from June 30, 1980 to December 31, 2018, the actual observational time is 33.02 years. No
candidate for the stellar core collapse has been detected during the observation period. An upper
bound of the mean frequency of core collapse supernovae in our Galaxy is 0.070 year™ (90%
CL).
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1. Introduction

Core-collapse supernovae are among the most powerful sources of neutrinos in the Universe.
Recording the supernova SN 1987A has made a considerable impact on both theoretical
investigation of SN phenomenon and experimental facilities development. The detection of
neutrinos from the supernova SN1987A experimentally proved the crucial role of neutrinos in
the explosion of massive stars, as was suggested more than 50 years ago [1, 2, 3].

Due to their high penetration power, neutrinos deliver information on physical conditions in
the core of the star during the gravitational collapse. SN1987A has become the nearest
supernova in the past several hundred years, which allowed the SN formation process to be
observed in unprecedented detail beginning with the earliest time of radiation. It was the first
time that a possibility arose for comparing the main parameters of the existing theory - total
radiated energy, neutrino temperature, and neutrino burst duration - with the experimentally
measured values [4, 5].

The SN1987A event has demonstrated significant deviations from spherical symmetry. It
means the SN phenomenon is substantially multidimensional process. In recent years great
progress has been achieved in two-dimensional (2D) and three-dimensional (3D) computer
simulations of an SN explosion. 3D simulations of the evolution of massive stars at the final
stage of their life (SN progenitors) have revealed very important role of non-radial effects.
However, further analysis would be mandatory when high-resolution 3D-simulations will
become available.

Since light (and electromagnetic radiation in general) can be partially or completely
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absorbed by dust in the galactic plane, the most appropriate tool for finding supernovae with
core collapse are large neutrino detectors. In the past decades (since 1980), the search for
neutrino bursts was carried out with such detectors as the Baksan Scintillation Telescope[6, 7],
Super-Kamiokande [8], MACRO [8], LVD [10], AMANDA [11] and SNO [12]. Over the
years, our understanding of how massive stars explode and how the neutrino interacts with hot
and dense matter has increased by a tremendous degree. At present the scale and sensitivity of
the detectors capable of identifying neutrinos from a Galactic supernova have grown
considerably so that current generation detectors [13, 14, 15] are capable of detecting of order
ten thousand neutrinos for a supernova at the Galactic Center.

The Baksan Underground Scintillation Telescope (BUST) [16] is the multipurpose detector
intended for wide range of investigations in cosmic rays and particle physics. One of the
current tasks is the search for neutrino bursts. The facility operates under this program almost
continuously since the mid-1980s. The total galaxy observation time amounts to 90% of the
calendar time.

The paper is built as follows. Section 2 is a brief description of the facility. Section 3 is
dedicated to the method of neutrino burst detection. Conclusion is presented in Section 4.

2. The facility

The Baksan Underground Scintillation Telescope is located in the Northern Caucasus
(Russia) in the underground laboratory at the effective depth of 8.5 x 10* g-sm™ (850 m of w.e.)
[16]. The facility has dimensions 17 x 17 x 11 m® and consists of four horizontal scintillation
planes and four vertical ones (Fig. 1).
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Figl. The Baksan underground scintillation telescope

The upper horizontal plane has an area of 290 m? and consists of 576 (24 x 24) liquid
scintillator counters of the standard type, three lower planes have 400 (20 x 20) counters each.
The vertical planes have 15 x 24 and 15 x 22 counters. The horizontal scintillation planes are
located on the floors that consist of an 8-mm-thick iron bottom plate, steel beams (the total iron
thickness is 2.5 cm or 20 g-cm™®' and a 78-cm-thick fill of low-background rock (dunite) (a
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concrete cap is at the top). The total thickness of one telescope layer (the scintillator layer plus
the floor) is 165 g-em™. The vertical walls of the BUST building are also composed of dunite
with iron reinforcement. The charge and atomic weight of the nuclei of BUST material atoms
averaged over the volume of one facility layer are Z = 12.8 and ove A = 26.5, respectively.
The radiation unit of length for the telescope material is t,= 23.5 g-cm™.

The distance between neighboring horizontal scintillation layers is 3.6 m. The angular
resolution of the facility is 2.5° (if the trajectory length exceeds 8 m), time resolution is 5 ns.

The standard autonomous counter is an aluminum tank 0.7x0.7x0.3 m? in size, filled with an
organic C,H,n. (n = 9) scintillator. The scintillator volume is viewed by one FEU-49
photomultiplier (PM) with a photocathode diameter of 15 cm through a 10-cm-thick organic
glass window (the thick window serves to reduce the light collection nonuniformity).

Four signals are taken from each counter. The signal from the PM anode is used to measure
the plane trigger time and the energy deposition up to 2.5 GeV (the most probable energy
deposition of a muon in a counter is 50 MeV = 1relativistic particle). The anode signals from
the counters of each plane are successively summed in three steps: 25, 100, and Y 400. In
addition to the signals from the entire plane, this also allows the signals from its parts to be
used. The current output (the signal from the PM anode through an integrating circuit) is used
to adjust and control the PM gain. The signal from the 12th dynode is fed to the input of a
discriminator (the so-called pulse channel) with a trigger threshold of 8 and 10 MeV for the
horizontal and vertical planes, respectively. The signal from the fifth PM dynode is fed to the
input of a logarithmic converter, where it is converted into a pulse whose length is proportional
to the logarithm of the signal amplitude [17]. The logarithmic channel (LC) allows the energy
deposition in an individual counter to be measured in the range 0.5-600 GeV.

The signal from each plane > 400 is fed to linear coders which have the measurement range
of (6 —80) MeV and the energy resolution 60 KeV. These coders allow us to measure with high
accuracy an energy deposition amplitude of single events (see below) which will appear in
case of a neutrino burst.

The trigger is an operation of any counter pulse channel of the BUST.

3. The method of neutrino burst detection

The BUST consists of 3184 standard autonomous counters arranged in four horizontal and
four vertical planes. The total scintillator mass is 330 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
(IBD) reactions:

V,+p-on+et (1)

If the mean antineutrino energy is E, = 12 - 15 MeV [18, 19] the path of e” (produced in
reaction (1) will be confined, as a rule, in the volume of one counter. In such a case the signal
from a supernova explosion will appear as a series of events from singly triggered counters
(one and only one counter from 3184 operates; below we call such an event "the single event")
during the neutrino burst. The search for a neutrino burst consists in recording of single
events cluster within time interval of t = 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 duration At
from the beginning of the collapse can be expressed as:
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NA=N"J " dt S dExF(ED x0 (B s (E) ?)

here Ny is the number of free protons, F(E,t) is the flux of electron antineutrinos, 6(E) - the
IBD cross section, and n(E) is the detection efficiency. The symbol "H" in left side indicates
that the hydrogen of scintillator is the target. In calculating (2), we used the Fermi-Dirac
spectrum for the ¥, energy spectrum integrated over time (with the antineutrino temperature
kgT=3.5 MeV) and the IBD cross section, (E), from [20].

For an SN at a "standard" distance of 10 kiloparsecs, a total energy radiated into neutrinos of
g0 = 3 x 10° erg, and a target mass of 130 t (the three lower horizontal planes, see Fig. 1), we
obtain (we assume the v, flux is equal to 1/6x¢&,;)

H =38 (nooscillations) 3)

Flavor oscillations are unavoidable of course. However, it was recognized in recent years
that the expected neutrino signal depends strongly on the oscillation scenario (see e.g. [21, 22,
23, 24]).

The oscillation effects depend on many unknown or poorly known factors. These are the
self-induced flavor conversions, the matter suppression of self-induced effects, specific flavor
conversions at the shock-fronts, stochastic matter flows fluctuations. In the absence of a
quantitatively reliable prediction of the flavor-dependent fluxes and spectra it is difficult to
estimate the oscillation impact on v, and v, fluxes arriving to the Earth. Therefore, it is an
open question how the estimation (3) is changed under the influence of flavor conversions
effects.

Background events are 1) radioactivity (mainly from cosmogeneous isotopes) and 2) cosmic
ray muons if only one counter from 3184 hit. The total count rate from background events
(averaged over the period of 2001 - 2018 years) is f1 = 0.0207 s™ in internal planes (three
lower horizontal layers) and ~ 1.5 s™ in external ones. Therefore three lower horizontal layers
are used as a target; below, we will refer to this counter array as the D1 detector (the estimation
(3) has been made for the D1 detector).

Background events can imitate the expected signal (k single events within sliding time
interval T with a count rate

(fxn)k? 4)

p(k) = f1 X exp (—f1 X T) X 1)

Processing of experimental data (single events over a period 2001 - 2018 y; T = 15.5
years) is shown by squares and triangles in Fig. 1 in comparison with the expected distribution
according to the expression (4) calculated at f, = 0.0207 s. Note that there is no normalization
in Fig. 2.

It should be explained that the sliding time interval moves in discrete steps from one single
event to the next, so that at least one event is always present in the cluster (at the beginning of
the interval). This gives rise to the coefficient f, in the expression (4). If a new single event
falls into the t-sec window when the beginning of the interval passes to the next event, then the
number of clusters with a given multiplicity increases by one. If, however, no new event is
added and the newly formed cluster has a multiplicity smaller by one than the preceding one,
then this cluster is considered to be a “fragment” of the preceding one and is disregarded in the
distribution.
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m  dt=20 sec
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A dt=10sec
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Fig2. The number of clusters with k single events within time interval dt= 20 s and dt= 10 s. Squares and triangles are
experimental data, the curves are the expected number according to the expression (4).

This variant of processing guarantees against the loss of a cluster with a greater multiplicity
(because some of the events fall into the neighboring cluster), but, at the same time, some
clusters overlap in time, which leads to some deviation from the Poisson distribution.

According to the expression (4), background events create clusters with k = 8 with the rate
0.178 y™*. The expected number of such clusters during the time interval T = 15.5y is 2.75 that
we observe (2 events). The formation rate of clusters with k = 9 background events is 9.2 =
107y, therefore the cluster with multiplicity k> kg, = 9 should be considered as a neutrino
burst detection.

3.1. Two independent detectors

To increase the number of detected neutrino events and to increase the “sensitivity radius”
of the BUST, we use those parts of external scintillator layers that have relatively low count
rate of background events. The total number of counters in these parts is 1030, the scintillator
mass is 112 tons. We call this array the D2 detector, it has the count rate of single events f, =
0.12 s, The joint use of the D1 and the D2 detectors allows us to increase the number of
detected neutrino events and the detection reliability of a neutrino burst.

We use the following algorithm: in case of cluster detection with k1 > 6 in  the D1, we
check the number of single events k2 in the 10-second time frame in the D2 detector. The start
of the frame coincides with the start of the cluster in D1. Mass ratio of D2 and D1 detectors
1030/1200 = 0.858 implies that for the mean value of neutrino events k1 = 6 in D1, the mean
number of neutrino events in D2 will be k2times 0.858 *0.8 = 4.12 (factor 0.8 takes into
account that the frame duration in the D2 is 10 seconds instead of 20 seconds in the D1). Since
the background adds f, x10 s = 1.2 events, we obtain finally k2(k1=6) = 4.12+1.2 =5.32.

According to the exp. (2), the expected average number of detected neutrino events in the
D2 detector is NX = 29 (under the same conditions and assumptions as in (3). So the
expected total number of detected neutrino events (in IBD reactions (1)) is

NE = NE(D1) + N2(D2) ~ 67 (no oscillations) (5)

The D1 and the D2 detectors are independent therefore the imitation probability of clusters
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with multiplicities k1 in the D1 and k2 in the D2 by background events is the product of
appropriate probabilities

P(k1k2) = P1(k1) x P2(k2) (6)

and we obtain P(6,5) = 0.23 y*, P(6,6) = 0.045 y™* (note that P1 is determined according to the
expression (4) and P2 is the Poisson distribution).

Therefore the events with k1> 6, k2>6 should be considered as candidates for a neutrino
burst detection (since mean values of k1 and k2 are significantly exceeded in two independent
detectors simultaneously and the imitation probability of such events by background is very
small).

Notice that in case of a real neutrino burst, the remainder of counters (which do not belong
to the D1 and the D2) can be used as the third independent detector — the D3 with the mass of
100 ton.

3. Conclusion

The Baksan Underground Scintillation Telescope operates under the program of search for
neutrino bursts since June 30, 1980. As the target, we use two parts of the BUST (the D1 and
D2 detectors) with the total mass of 242 tons. The estimation (5) allows us to expect ~ 10
neutrino interactions from a most distant SN ( ~ 25 kpc) of our Galaxy.

Background events are 1) decays of cosmogeneous isotopes (which are produced in
inelastic interaction of muons with the scintillator carbon and nuclei of surrounding matter)
and 2) cosmic ray muons if only one counter from 3184 hit.

Over the period of June 30, 1980 to December 31, 2018, the actual observation time was
33.02 years. This is the longest observation time of our Galaxy with neutrino at the same
facility. No candidate for the core collapse has been detected during the observation period.
This leads to an upper bound of the mean frequency of gravitational collapses in the Galaxy

foo1< 0.070 y*

at 90% CL. Recent estimations of the Galactic core-collapse SN rate give roughly the value
~ 2-5 events per century (see e.g. [25].
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Abstract We present the four-year observation results of the Mini-MegaTORTORA (MMT-9)
nine-channel wide-field optical sky monitoring system with subsecond temporal resolution. This
instrument scans the sky on every clear night with a FoV as large as 900 deg®. It is used for
real-time detection and classification of optical transients, three-filter photometry close to
Johnson’s BVR system, and polarimetry of detected objects. The limiting magnitude of the
system is V = 11m for 0.1 s (one frame duration) temporal resolution, and reaches V = 13-14 m
for an exposure of several minutes. The system is equipped with a powerful computing facility
and a dedicated software pipeline to perform automatic detection, real-time classification, and
investigation of transient events of different natures moving in the near-Earth space located in the
Galaxy and at cosmological distances. Properties of meteors and satellite samples, variable stars,
and GRBs detected using MMT-9 are discussed.

Keywords: Gamma-Ray Bursts, Meteors, Satellites, Astronomical Databases, High Temporal
Resolution

1. Introduction

In order to address the problems of detection and study of near-Earth (space debris, artificial
satellites, meteors, minor bodies of the solar system) and deep space (flaring variable stars,
novae and supernovae, gamma-ray bursts, etc.) transient events, a new field in astronomy has
emerged — “Time Domain astronomy” (Table 1). The IAU website provides data on 62
instruments under “Time domain astronomy” [1]. They have various technical characteristics
and are intended for investigating sources spanning a wide range of magnitudes, radiation
duration, and angular velocities.

To detect optical emission from transient sources occurring at arbitrary moments in time and
coming from random directions (gamma-ray bursts), the use of instruments with wide fields of



162

view and subsecond temporal resolution was suggested in [2], [3].

Tablel. Transient events zoo

Time Near-Earth, Inside our Nearby Cosmological
scale the Solar system Galaxy galaxies Distances
<01s meteors, LEO s_atellites _
and debris novae, flaring nearby GRBs, FRBs,
1s HEO and GEO stars, star supernovae gravitational
10s satellites and debris occultations wave events
100 s .
asteroids, comets variable stars, |_ngla _%éN
>1000s MACHOS variable S supernovae

This approach was implemented with development of the FAVOR (2003-2009 in Nizhniy
Arkhyz) and TORTORA (starting from 2006 in Chile, La Silla observatory, European
Southern Observatory) facilities [3], [4], [5]. These are small-lens (120-150 mm) telescopes
with an optical efficiency of 1/1.2. A combined system was used as the detector consisting of
an electron-optical converter and a fast low-noise Sony I1XL285 array. Such a combination
gave a 340-760 square-degree field of view and a limiting magnitude of up to 10.5 in the
B-band for a frame rate of 7.5 Hz (128 ms exposure).

With the TORTORA camera, the optical flare accompanying the Naked-Eye Burst of
GRB 080319b was detected in 2008. A visual light curve was obtained with a resolution of less
than one second, which allowed us to study the temporal structure of this event and match the
optical flare with the structure of gamma-ray emission [6].

A large number of near-Earth objects were detected with the FAVOR camera: artificial Earth
satellites and debris, including low-orbit space objects with angular velocities up to
1 degree/second. Many meteor events were also detected, including those with magnitudes of
up to 8-9, previously undetectable in optical observations using other methods [7].

A natural modernization of this approach led to development of multichannel (multi-lens)
systems with wide fields of view and subsecond temporal resolution. Such instruments allow
one to monitor and study in detail the discovered transient event. In the latter case, individual
channels register simultaneously in various color- and polarization filters the image of the
region containing the new source. Thus, spectral and polarization studies are now possible for
rapid events and processes.

The principles outlined above were implemented in the Mini-MegaTORTORA system.

2. Mini-MegaTORTORA (MMT-9)

Mini-MegaTORTORA is an automated multi-channel monitoring telescope. The system
consists of 9 channels-objectives, installed on 5 mounts located under a common sliding
cylindrical cover (Fig.1).

A movable coelostat mirror is mounted in an individual channel of MMT-9 in front of the
objective allowing one to quickly change its field of view. It is also equipped with a set of
BVR-filters and a polaroid, which can be introduced into the optical beam during observations
should the need arise [8], [9].
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Figl. Mini-MegaTORTORA

Andor Neo sSCMOS cameras are used as the detector. They have low readout noise (1-2,5
electrons per detector element) and a high quantum efficiency (up to 60% at 600 nm).

The field of view of a single channel amounts to ~100 square degrees; the total field of view
is determined by the task at hand and depends on the selected sky area configuration (see
observing modes below) and reaches 900 square degrees in the wide-field monitoring mode.

The entire system is controlled by the central server. The software installed on the server is
responsible for planning and conducting observations. The server gathers data on the weather
conditions obtained using the meteostation (Boltwood Cloud Sensor Il + allsky camera + Sky
Quality Meter), and signals the start of observations in the event of clear, favorable weather:
the automated cover opens, the channels are calibrated, and observations begin. At the end of
the night, or if the weather conditions become unfavorable, the server orders the stop of
operations.

Each channel has an individual computer dedicated to equipment control and data
collection functions. Data obtained in the process of observations is transferred to the channel
computer in the form of a flow of frames and is reduced in real time. This allows one to detect
transient events independently during the night.

Observations are conducted in several modes: wide-field monitoring, deep survey, research
mode, work with internal and external alerts. The main mode is the wide-field monitoring. The
system targets the selected region in the sky, positions the channels in a 3x3 configuration (one
area equals 900 square degrees), and obtains a frame flow with 0.1 second exposures (10 Hz
frame rate); the limiting magnitude in this mode reaches 11 st.mag. The areas targeted for
monitoring are computed using the observation planning software in a way that would allow
the maximum area of the celestial sphere to be covered in a single night, with the positions of
the Sun and Moon also taken into account. If the fields of view of the FERMI and Swift
gamma-ray space telescopes come into the MMT-9 visibility range, the region where these
two fields of view overlap is selected for wide-field monitoring. Each sky area is monitored for
1000 seconds, then the next area is selected.

For independent transient detection in real time, this mode uses specialized software,
allowing one to detect light variations in the frame flow and determine the type of the possible
source. If the registered object is stationary and newly emerged, it is classified as a flare.
Moving new sources are defined as satellites and meteors depending on the angular velocities
and durations [5]. Discovered transients are saved in the corresponding databases. When
registering events are classified as flares, the system goes into internal follow-up observing
mode. All channels position their fields of view based on the coordinates of the detected burst
(10x10 degree total field of view). Each channel is set with its own filter configuration and
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exposure time. As a result, the transient event is observed simultaneously in three color bands
as it passes through three polaroids with different orientations, which allows one to determine
its spectral and polarization (3 Stokes parameters) properties.

When the MMT-9 system receives telegrams from the FERMI and SWIFT telescopes in the
event of gamma-ray burst registration, and, if the coordinates of the discovered alert are in the
visibility zone, the system goes into external follow-up mode. The total field of view
dimensions, exposure times for each channel, and the filter sets are determined depending on
information in the received telegram. After carrying out alert-based observations, the system
returns to the basic mode.

Before the start of wide-field monitoring of each area with a high temporal resolution and
immediately after such, a deep survey of that sky region is carried out. Frames are obtained
with 60 second exposure and 900 square degree field of view, the limiting apparent magnitude
reaches 14-15 mag. Images obtained in this mode are stored in the database since August 2014.
Based on this array of frames, one can conduct studies of transient objects with long times of
light variations (variable stars, minor bodies of the Solar System).

A possibility is provided to observe selected sources or events in different modes, the data
on which are entered into the planning software. The software incorporates this task into the
observation list and executes it when the source is in the visibility zone.

3. Four-year work results
MMT-9 carries out regular monitoring of the celestial sphere continuously since June 2014.
3.1. Rapid Flashes and Gamma-ray bursts

Observations of regions where Swift and Fermi gamma-ray space telescopes registered
transients are conducted since 2015; this mode was implemented 71 times: 15 follow-ups to
Swift and 56 to Fermi. The diagram in Fig.2 shows the time distribution of realignment based
on telegrams.

3 Fermi
I Swift

NORAD 25909 / GLOBALSTAR M033, track at 2015-06-17 19:31:45.497

MNumber of Triggers
S H M W e om @ @

Standard Magnitude

I |

100 150 200 250 300
Time, seconds, folded to period 7.49025 (original 7.49025) s Time from TO, s.

=
3

Fig2. Right: time between observations in the follow-up mode after Fermi and Swift telegrams received and TO.
Left: photometry of satellites with MMT-9 example

Time of switching to observations of areas noted in the telegrams varies in the range from 14
seconds to several minutes from the moment of transient detection from space (T0). Long
delays in the start of optical observations (exceeding 5 minutes) are usually related to either a
delay in the emergence of this sky region above the horizon, or waiting for better weather
conditions.
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In particular, in 2016, 2 minutes after the Fermi telescope detected the GRB160625B
gamma-ray burst, the follow-up mode allowed us to detect an optical flare accompanying the
hard emission from this source [10].

3.2. Artificial Satellites and debris

MMT-9 allows us to register several hundred near-Earth space objects every clear night
(artificial satellites, space debris). The program for detecting all sources classified as satellites
determines the coordinates and derives magnitude estimates for each frame. The sequence of
the object’s positions in all frames where it was detected will henceforth be referred to as one
follow-through.

Based on the data of the obtained follow-throughs, the sources are identified with satellites
and space debris listed in available orbital data catalogs, and are stored in the photometry
database of MMT-9 [11], [12].

As of January 1, 2019, the artificial satellite database of MMT-9 contains photometric data
on 6048 space objects on near-Earth orbits, measured in 201157 follow-throughs.

For each object we compute the average reduced (to a distance of 1000 kilometers and a 90°
phase angle) magnitude based on all obtained measurements. When working in the BVR-filter
mode, the reduced magnitude in the specified filter (figure) is computed. An example is shown
in Fig.2.

Fig3. Right: the FAVOR camera was mounted with a base of 3.5 km from MMT-9; Left: image with combined frames of
one meteor, parallax is seen

Information stored in the artificial satellite database is used to analyze light variations of the
space objects. For objects with obvious light periodicity, we determine the period of
magnitude variations (in seconds).

In addition to the measured and reduced magnitudes of the objects, data on distance and
phase angle during the observations are stored in the database.

3.3. Meteors

Several hundred meteor events are registered with Mini-MegaTORTORA during every
observing night.

The detection program classifies objects as meteors in real time and analyzes them. For each
meteor event we determine the coordinates, visual magnitude, angular velocities, durations,
etc. This information is stored in the Database [13].
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As of the end of December 2018, the meteor database contains over 220 thousand events
detected with MMT-9 since 2014 and 10117 events detected with FAVOR in 2006-2009 [14].

To improve the capabilities of MMT-9 in studying meteor events, base observations (in the
test mode) are being conducted since the end of 2018 with FAVOR, which was modernized
and equipped with a time service. As a pair, they form a base of 3.5 km (Fig.3). Primary meteor
observations allow one to estimate heights and velocities of the meteor particles burned up in
the atmosphere, which, in turn, allows one to switch to the heliocentric coordinate system and
study the orbital parameters of both individual meteoroids and meteor showers. Base test
observations in the fall of 2018 have shown that the accuracy of height determination amounts
to about 1.5-3%. Over one hundred primary meteors have been detected. We show examples of
computing the absolute magnitude variations of several observed meteors with loss of height
and motion along the trajectory (Fig. 4).
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Fig4. Dependence of absolute magnitude on height and path

The number of meteor events observed during a night allows one to study their apparent sky
distribution. Meteor tracks, extrapolated backwards by 50 degrees, are plotted on the map of
the sky, and the more of these tracks cross in one area, the higher their density there [13]. The
so-called “statistical” radiants are detected in zones with the highest density. The same map is
used to plot radiants of meteor showers listed in [15]. Based on many confirmed showers, there
is a correspondence with the areas of maximum density of meteor tracks and radiants, which is
especially noticeable for major meteor showers (PER, GEM, LYR, SOA, DRA, NOA, ORI,
LEO, etc.). These statistical radiants may be used to determine meteor shower candidates,
which must then be studied in base observations.

Observing meteors with BVR-filters enabled us to estimate the color change of the meteors
along the track [13]. Evidently, a meteor track does not exhibit black body radiation, but a
combination of the continuum and various emission lines. The conducting of future joint
multicolor observations with MMT-9 and FAVOR will allow us to investigate the possible
connection between belonging to meteor showers, meteor velocities, and their color indices.
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1. Introduction

Because the high-energy sky has revealed a large number of powerful astrophysical objects
capable to emit radiation across the entire electromagnetic spectrum the multi-messenger
approach is widely applied now for the study of astrophysical objects and transient phenomena.
It is obvious that the joint study of different “cosmic messengers” (cosmic rays, neutrinos,
photons, and gravitational waves) is necessary for the complete understanding of the most
energetic phenomena in the Universe.

Multi-messenger observations can be conditionally divided into 3 types. To the first type we
attribute independent measurements of different messengers which physically are closely
connected. (e.g. gamma-rays and neutrino). The synchronous observations of astrophysical
objects by means of different messengers relate to the second type. The third type corresponds
to the fast response astronomy observations, namely, the quick search of other messenger
partners after the alert. All three types are practically accessible to experimental facilities of
the Baksan Neutrino Observatory.

The Baksan Neutrino Observatory of the Institute for Nuclear Research of the Russian
Academy of Sciences (BNO INR RAS) is one of the centers, in which the research in this
direction is being conducted. The observatory is located in the North Caucasus in the Baksan
River valley (the geographic coordinates are 43.28° N and 42.69° E, the effective rigidity of
geomagnetic cutoff is 5.7 GV). BNO has a unique set of surface and underground
experimental facilities, which have been used for the research in the area of the fundamental
physics for more than forty years [1]. The research program of the observatory was constantly
expanding as new ground and underground setups were put into operation.

2. Complex of experimental facilities

The complex of experimental facilities used in the multi-messenger astronomy studies
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consists of the Baksan Underground Scintillation Telescope (BUST) and the “Andyrchy” and
EAS “Carpet-2” (“Carpet-37) arrays.

The BUST is located in an underground laboratory under the slope of the Andyrchy
Mountain at an effective depth of 850 m.w.e.; its height above sea level is 1700 m [2, 3]. Its
size is 17x17x11 m® and it consists of four horizontal and four vertical scintillation planes. The
planes of the telescope are covered with scintillation counters, the total number of which is
3184. A standard scintillation counter of BUST is an aluminum container of a size of
0.7x0.7x0.3 m® filled with liquid whitespirit-based organic scintillator. The scintillator volume
is viewed by a FEU-49B photomultiplier with a photocathode diameter of 15 cm. The most
probable energy release in the counter from muons is 50 MeV. The DAQ system is triggered by
a pulse from the channel of any BUST counter. The counting rate of such a trigger is 17 s .

The “Andyrchy” EAS array is located on the slope of the Andyrchy Mountain above the
BUST and consists of 37 scintillation counters based on plastic scintillators [4]. A plastic
scintillator with an area of 1 m? is viewed by a FEU-49B photomultiplier. Scintillation
counters are designed for both temporal measurements (to determine the direction of an EAS
arrival) and for measuring the energy release (to determine the position of the axis and the total
number of particles in the EAS). The EAS trigger operates at a simultaneous triggering of four
or more counters of the setup, the frequency of the trigger is ~9 s. The distance between
counters in the horizontal plane is 40 m. The central counter of an array is located directly
above the BUST, the vertical distance is ®350 m. Total area of the “Andyrchy” EAS array is
5x10* m® and the solid angle visible from the telescope is 0.35 steradian. The center of the
setup is at an altitude of 2057 m above sea level, the height difference between the upper and
lower rows of scintillation counters is 150 m.

The “Carpet-2” EAS array [6] is located at the foot of Andyrchy Mountain at a distance of
900 m from BUST, at an altitude of 1700 m above sea level (which corresponds to a depth in
the atmosphere of 840 g /cm?). The central part of the setup (the “Carpet” itself [5]) is located
in a building under a roof of 29 g/cm? thickness and consists of 400 liquid scintillation counters
(of the same type as the BUST), arranged in a square with a side of 14 m and covering an
overall area of 196 m% Around the “Carpet-2” there are six remote points (RP) with a thin roof
(~1.2 g/cm?), in each of them there are 18 identical counters. Signals from a RP are used to
determine direction of the EAS arrival.

The building of the muon detector (MD) consists of three tunnels with an area of 205 m?
each. The thickness of the absorber is 500 g/cm?, which corresponds to the threshold energy of
muons of 1 GeV for the vertical direction. The distance between the centers of “Carpet” and
MD is 47 m. Since 1999, the first MD stage of 175 m? area has been put into operation,
consisting of 175 scintillation counters located in the central tunnel, of the type identical to that
of the “Andyrchy” EAS array.

At present the “Carpet-3” EAS array is designed on base of the “Carpet-2” array [7]. Within
the framework of creation of new apparatus, two tunnels were completely filled with
scintillation counters and the total area of MD was brought up to 410 m? Realization of the
EAS array suggests that continuous area of MD should be then increased up to 615m?. At the
same time, to increase the detection area of the EAS axes, 20 additional modules with liquid
scintillation counters in each module will be installed. The results of calculations of selection
efficiency of air showers from primary gamma rays demonstrated that the new array will have
the world-best sensitivity to the flux of cosmic gamma rays with energies in the range 100 TeV
—1 PeV.
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3. Multi-messenger astronomy at BNO: independent measurements of
different messengers

An impressive example of the first type of multi-messenger observations is the
measurement of fluxes of astrophysical gamma-rays and neutrinos. There is a connection
between these fluxes because energetic photons accompany energetic neutrinos. The general
model for production of energetic astrophysical neutrinos implies their creation in decays of
charged pi-mesons (pions), produced in turn in high-energy hadronic or photohadronic
interactions. These charged pions are necessary accompanied by neutral pions which decay to
photons. Since the neutrinos propagate freely through the Universe while the photons may be
absorbed, a comparison of the two fluxes may give important information about the
distribution of sources.

The diffuse flux of astrophysical neutrinos has been measured in the IceCube experiment [8].
If such neutrinos are a result of decays of charge pions in the Galaxy halo the corresponding
diffuse flux of primary gamma rays with energies higher than 100 TeV is close to experimental
limits in this energy range [9]. Future searches for the diffuse gamma-ray background in this
energy range just below current upper limits will give a crucial diagnostic tool for
distinguishing between the Galactic and extragalactic models of origin of the IceCube events.
The “Carpet-3” EAS array which is under development now will have the world-best
sensitivity to the flux of cosmic gamma rays with energies in the range 100 TeV — 1 PeV [7].
So the measurement of diffuse flux of cosmic gamma rays in the “Carpet-3” experiment gives
a principal possibility to resolve the problem of origin of astrophysical neutrinos detected in
the IceCube experiment.

The search for primary photons with energies > 1 PeV, directionally associated with the
IceCube high-energy neutrino events, has been performed using data obtained in 3080 days of
Carpet-2 live time [10]. The first ever limits on PeV photons coming from the arrival
directions of IceCube high-energy neutrino events were obtained. These limits may be used to
constrain potential models of the neutrino origin in Galactic point sources. Besides, if the
extragalactic origin of neutrinos is independently assumed, these results could constrain
new-physics models affecting gamma-ray propagation.

4. Multi-messenger astronomy at BNO: synchronous observations.

For synchronous observations of astrophysical objects by means of different messengers it
is necessary that these objects were simultaneously located in the field of view of different
experimental facilities. Because the experimental facilities of the BNO must be operating all
time the first requirement — simultaneity — is always automatically realized.

As the BUST cannot identify the arrival direction of low energy electron
neutrinos/antineutrinos, the whole sky is accessible for us in the searching of these particles.
First of all, it is necessary to note the search for neutrino bursts from supernovae at the BUST
[11]. In this experiment the best limit on the mean frequency of collapses in the Galaxy has
been obtained.

For the reason of the background suppression, for the search of electron
neutrino/antineutrino in the energy range from 21 MeV to 100 MeV the reactions of their
interaction with carbon in a scintillator are used [12, 13]. This technique was used at the BUST
for the search of neutrino signal in time coincidence with cosmic gamma-ray bursts (GRBs)
and gravitational wave events. So, no neutrino signals associated with 97 gamma-ray bursts
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recorded during 2012 by SWIFT in the time window £1000 s were found [12]. Also no
neutrino signals in the interval of +£500 s from the gravitational wave events GW150914,
GW151226, GW170104, GW170608, GW170814, and GW170817 have been detected. Only
limits on the fluxes of low-energy electron neutrinos and antineutrinos from astrophysical
sources of gravitational bursts have been obtained [13]. Figures 1 and 2 show the upper limits
(at 90% C.L.) obtained at the BUST on the fluxes of electron neutrinos and antineutrinos from
gravitational wave events as functions of their energy (for a monoenergetic spectrum) in
comparison with the Borexino, KamLAND, and Super-Kamiokande results.
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Figl. Upper limits on the flux of electron neutrinos versus their energy (for a monoenergetic spectrum) according to (1)
reaction with carbon at the BUST, (2) elastic scattering at the Borexino detector, and (3) elastic scattering at the
Super-Kamiokande detector.
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Fig2. Upper limits on the flux of electron antineutrinos versus their energy (for a monoenergetic spectrum) according
to (1) reaction with carbon at the BUST, (2) elastic scattering at the Borexino detector, (3) inverse beta decay at the
Borexino detector, (4) inverse beta decay at the KamLAND detector, and (5) inverse beta decay at the
Super-Kamiokande detector.
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The BUST construction allows us to identify tracks of muons crossing the telescope. Muons
from the lower hemisphere can be only from muon neutrinos whose traveling through the rock
may interact with nucleons to create energetic muons. Separation of arrival directions between
the upper and lower hemispheres is carried out using the time-of-flight method. Hence we can
perform the search of muon neutrinos from astrophysical objects only for objects located in the
lower hemisphere at the moment. Selection criteria of neutrino events in the BUST cut off
particles with energies below 1 GeV.

The search for muon neutrinos with energy >1 GeV correlated with GRBs has been carried
out at the BUST [14]. Between December 1978 and December 2013 more than 1500 localized
GRBs, which occurred in the field of view of the BUST, coincided with the BUST operation
periods. No neutrino signal from GRBs was detected. Figure 3 shows the model-independent
GRB neutrino upper limits on GRB neutrino fluence per GRB obtained at the BUST in
comparison with results of other experiments.
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Fig3. The 90% CL upper limits versus their energy (for a monoenergetic spectrum) on GRB neutrino fluence per GRB
obtained at the BUST, Super-Kamiokande, AMANDA and Baikal.

5. Multi-messenger astronomy at BNO: fast response astronomy

The search for optical partners of bursts of cosmic gamma-ray radiation and cosmic ray
intensity of high and very high energy range is conducted using the experimental facilities of
the BNO and a complex of astronomical telescopes at Peak Terskol Observatory of the
Institute of Astronomy of RAS. The bursts of cosmic ray intensity and cosmic gamma
radiation are detected at the BNO experimental facilities. The search and subsequent study of
optical flares associated with the detected BNO events are carried out on a complex of
astronomical telescopes at the peak Terskol. This experiment is aimed at obtaining new
experimental data on astrophysical objects generating bursts of cosmic gamma radiation of
high energy together with optical flashes. Such bursts of radiation can be generated by
processes in the nuclei of galaxies, by interaction of astrophysical objects, at the last stage of
evolution of stars including supernova bursts. Now the search for bursts of cosmic ray
intensity and cosmic gamma radiation is carried out by means of method of a search for
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spatiotemporal concentrations (clusters) of showers recorded by the EAS array. Previously this
method was used to search at experimental facilities of BNO for high energy gamma-radiation
from cosmic gamma-ray bursts (CGRB) and from evaporating primordial black holes (PBH)
[15 — 18]. At present the search for bursts of cosmic ray intensity and cosmic gamma radiation
by means of detection of clusters of showers is realized in the near-real-time mode. Because
the experimentally measured frequencies of cluster registration of different multiplicity are in
agreement with the frequencies expected from the background fluctuations of cosmic rays the
new method of background suppression was developed [19]. This method of background
suppression allows us using selected clusters of showers as alerts to search for transient
phenomena in the optical range.

The search for optical counterparts of the high energy (E, > 1 GeV) muon neutrinos is
carried out now in the near-real-time mode using the neutrino alerts from BUST. The follow up
optical observations is conducted at the robotic telescopes of the Global MASTER Robotic
Net [20].

6. Conclusion

The multi-messenger astronomy is now in the stage of rapid growth. This growth is
provided both by a large number and variety of telescopes conducting the joint search in a wide
range of electromagnetic radiation (from radio to gamma) and by participating in joint projects
of installations recording gravitational waves and ultrahigh-energy neutrinos. The
development of modern experimental facilities and fast data acquisition systems (DAQ) gives
a possibility to analyze experimental data in real-time mode. Such methodical approach gives,
in turn, a possibility to study of the dynamics of explosive processes in the detected transient
objects. At present the fundamental modernization of data acquisition systems of experimental
facilities of BNO is performed [21]. This modernization will make it possible to produce the
low-latency alerts from experimental facilities of BNO for various nets of robotic telescopes.
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Classification of short GRBs. Merging and postmerging.
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Abstract We represent a review of the short GRBs classification problem. We took four largest
GRBs catalogs: BATSE, BeppoSAX, Swift and Fermi and, as a first approximation, constructed
duration distributions for short GRBs, that is GRBs shorter than 2 seconds. It turned out that on
0.1, 0.2 and 1 seconds we have statistical peaks which we associate with different types of binary
mergers. The multimessenger astronomy allows us to come closer to a binary mergers analysis by
gravitational-wave observations. Also we offer a new test for existence of event horizon through
it.

Key words: Gamma-Ray Bursts, Binary Merges, Gravitational Waves.

1. Introduction

According to modern ideas, GRBs are classified in two types: long-soft and short-hard ones.
Long-duration bursts last from 2 seconds up to a few hundreds of seconds (several minutes),
with an average duration of about 30 seconds. They are associated with the collapse of massive
stars in supernovas. Short-duration bursts last less than 2 seconds lasting from a few
milliseconds up to 2 seconds with an average duration of about 0.3 seconds (or 300
milliseconds). These bursts are associated with binary mergers. The example of duration
distribution is shown in Figure 1.
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Figl. Graph of the time versus number of bursts for the gamma-ray bursts observed by the BATSE instrument on the
Compton Gamma-ray Telescope [26].
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However, the classification can be more detailed. So, in a paper by Ruffini R. (2018) [21]
seven types of the short GRBs are proposed. The separation is based on binary merges of
different components. Another team of Rueda J.A. (2018) [20] introduces four subclasses of
short GRBs. For example, so-called gamma-ray flashes (GRFs), that is, merges of neutron star
(NS) and white dwarf (WD) have durations up to 100 seconds. In fact, this is a long GRB, but
it is associated with short GRBs. Also authors note that gravitational-wave emission (GWE)
must be observed in a range from 10 to 10 Hz for merges of WDs and WD with NS. The
observing of GWE in the range will confirm existence of the GRFs sources and will explain its
physics.

At the present time the gravitational instruments do not register GWE in the range less than
10 Hz. Figure 2 shows spectral sensitivity of modern (aLIGO) and planned (eLISA)

instruments.
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Fig2. Spectral sensitivity of aLIGO and eLISA gravitational instruments from [22].
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2. Data

We considered four samples without any selections:
e 1234 BATSE GRBs [19];
e 1143 Swift GRBs [12];
e 1028 BeppoSAX GRBs [10];
e 2378 Fermi GRBs [18].

3. Duration analysis
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The BATSE GRBs duration distribution in higher resolution is represent in Figure 2a. When
the hard gamma-range is included in the histogram of the GRB duration T, We start seeing
features at durations of 0.1-0.5 and 1 second. In our opinion, these features are related to the
physics of a GRB source, that is, to different morphology of binary systems. From Figure 2b it
is seen that the operating range of the Swift satellite smoothes out the distribution of short
GRB durations, however there is still an indication of presence of features at 0.3 and 1 second
regions. At the same times the BeppoSAX sample in Figure 2¢c shows a monotone rate with the
strongly marked peak at 1 second. The most interesting result is shown in Figure 2d for the
Fermi extended catalog. The distribution allows distinguishing between three peaks at 0.2, 0.5
and 1 seconds.
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Fig3. The GRBs duration distributions.

For more strait result we summed the duration diagrams up to 2 second except of Swift. For
this an equal duration steps were taken and all distributions were normalized on the Fermi
GRBs number. The result is shown in Figure 4. According to integral result the peaks have
duration T about 0.1, 0.2 and 1 seconds.
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Fig4. The short-GRB duration distributions for the catalogs (the normed on the Fermi on the left and the summed on
the right).
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4. Multimessenger astronomy

In the era of mono-messenger astronomy we were getting all information about the
Universe from observations of electromagnetic waves. New era of multi-messenger astronomy
discovers for us such information sources as space particles, neutrino, and especially
gravitational waves (GWSs).

4.1 Solar neutrino

Solar neutrino of three leptonic flavors was discovered:
e Electron v, by Clyde Cowan & Frederick Reines in 1956 [9]
e Muon v, by Leon Lederman, Melvin Schwartz & Jack Steinberger in 1962 [5]
e  Tau v, by DONUT at Fermilab collaboration in 2000 [1].

4.2 Supernovae neutrino

SN1987a, detected both by optical telescopes and by neutrino observatories, is probably the
first example of a multi-messenger astronomical event. It was the first opportunity for modern
astronomers to study the development of a supernova in great detail, and its observations have
provided much insight into core-collapse supernovae [7]. There is evidences of correlation
between gravitational and neutrino detectors [11].

4.3 Indirect evidence of GWs

The Hulse-Taylor binary pulsar PSR 1913+16 was discovered by Hulse Russell Alan and
Taylor Joseph Hooton Jr., of the University of Massachusetts Amherst in 1974 [24]. The orbit
has decayed since the binary system was initially discovered, in precise agreement with the
loss of energy due to gravitational waves described by General Relativity. The ratio of
observed to predicted rate of orbital decay is calculated to be 0.997+0.002 [25].

4.4 Observations of GWs

The first direct observation of gravitational waves was made on 14 September 2015 and was
announced by the LIGO and VIRGO collaborations on 11 February 2016 [4]. The first
observation of the coalescence of two compact objects through gravitational-wave instrument
and gamma-ray telescopes is registered on 17 August 2017. The merger event has provided a
signal in gravitational waves (GW170817) detected by Advanced LIGO and Advanced
VIRGO, that has allowed us to localize the binary constraining a sky region of 31 deg® and a
distance of a 40+8 Mpc. Moreover, Fermi Gamma-ray Burst Monitor has detected a short
Gamma-Ray Burst event (GRB170817A) delayed by 1.7 second with respect to the merger
time. Later, 15.3 hours after the trigger, the source was detected in the ultraviolet by the Swift
Gamma-Ray Burst Mission [2].

5. Gravitational-wave afterglow

The recent research of GWs was made in [3]. In Figure 5 we see the waveforms of 10
gravitational events. Upper panels demonstrate relativistic modeled searches of waveform and
bottom panels show unmodeled waveform searches. The frequency distribution is on the left.
All unmodeled waveforms give a postmerging signal different from prediction of General
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Relativity (GR) [15].
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Fig5. The waveforms of 10 gravitational events from paper [3].Upper panels demonstrate relativistic modeled
searches of waveform and bottom panels show unmodeled waveform searches. On the left is a frequency distribution.

The RCO postmerging represents a rare opportunity to test nature of merging objects. The
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event waveform consists of three stages: insprial motion of an RCO, merging and postmerging.
In the simplest case two gravitationally related bodies with masses m; and m,, moving
non-relativistically in circular orbits around their common center of mass at a distance r from
each other, emit gravitational waves of the next power averaged over the period:

& 32G4m%m% (my + my)

_ 1
dt 55 @

As a result, the system loses energy, what leads to the convergence of bodies. The rate of
orbital decay can be approximated by

dr 64 G_3 (mama)(my +ms) 5
dt 5 b r3 ’ )

where r is the separation between the bodies, t is the time, G is the gravitational constant, c is
the speed of light, and m; and m; are the masses of the bodies. This leads to an expected time to
merger of
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The merging stage is a relativistic collapse (see e.g. [17]). In the postmerging stage the GWs
(gravitational-wave afterglow) emitted by an RCO rotating with period P and having
ellipticity ¢ have the luminosity
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It is impossible to make an accurate estimate by formula (4), because Lgw ~ &* which,
generally speaking, is unknown. For the Crab Pulsar, e.g., e~10%, Lgw~10 erg/s.

Lew =

6. Discussion

In all missions (except Swift) there are peaks at short duration of Tgo, which must indicate
objects with different energies and masses, for example NS+NS. It should be noted that Ty,
may drift with a rate of redshift as an instrumental effect (e.g. Kasevski [14]). Therefore, the
duration profile must be considered in different redshift ranges. This and other aspects of
GRBs research requires rich redshifts and durations sample, which may appear due to the
THESEUS mission. Also the GRBs duration significantly depends on instrument spectral
sensitivity [8, 28]. For example, GRB 150101B has a duration of 0.018 second in the Fermi
and of 0.080 second in the Swift (see Table 1 in Appendix).

Very interest results for us were obtained in the Konus-Wind experiment [22]. In Figure 6
the GRBs hardness-duration distribution is shown. One can see that the short-hard GRBs and
long-soft GRBs distributions are localized and, cconsequently, these are two different
subsamples which should be separated in the cosmological tests performed by GRBs.

According to GR there is no gravitational-wave afterglow [15]. The simulations show that
GWs from the merging of objects having an event horizon are fade out quickly [27], that is,
all information goes beyond measuring instruments. However, it may be a consequence of low
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sensitivity of gravitational-wave instruments, but not the absence of this effect. At present,
there is no direct proof of existence of objects with the event horizon. It may be a collision of
relativistic compact objects (RCO) with a gravitational-wave afterglow. If such an afterglow is
actually observed, then the problem of existence of objects of another nature (e.g. strange
quark stars) is raising and the development of appropriate physics is required. In the alternative
case of gravitational-wave afterglow we can obtain important information about nature of the
objects including the equation of state.
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Fig6. The hardness-duration distribution of GRBs with known redshifts detected by the Konus-Wind experiment from
paper [23].

Field gravity theories are an alternative of GR. In such field theories there is no event
horizon (see e.g. [13]). Also we do not know the equation of state for a RCO with masses
greater than 1-3 solar masses [29].

7. Conclusion

Based on last results of the GWs observations we can conclude with a high probability that
any geometric gravitational theory in the postmerging stage does not work. We have very little
information about this, but it is enough to make this assumption.

Our summary:

e Short GRBs are divided into subclasses by the type of merging components in binary
systems. The SGRBs duration of Tgq can reach several minutes.

e The prospects of the understanding of the RCO nature by neutron stars is a very
actual problem for the modern physics.

e  Progress of sensitivity in the future (or a closer burst) will allow us to see a fine
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structure of the gravitational-wave afterglow signal. This method is an alternative of
the Event Horizon Telescope and its cost is cheaper.
Recently, the extended emission (EE) in gravitational radiation during GRB170817A was
discovered in [16]. This is possibly the first evidence of the gravitational-wave afterglow
signal.

Appendix

Tablel. A short GRBs catalog of the Swift and Fermi missions.

¥ name T20 [=] flerg/sm2] plerg/sm2] =z mission s[erg/s/sm2]R[Mpg] E[ergl] Llerg/s] Epnlerg]
1 90426 1.200 1.80E-07 2.40E-07 2.609 Swift 1.50E-07 5956.4 9.98E+51 8.32E+51 1.33E+82
2 50813 0.450 4.40E-08 9.40E-08 1.800 Swift 9.78E-08 4881.1 9S.86E+50 2.19E+51 2.11E+51
3 1504230 0.220 6.30E-08 9.00E-08 1.394 Swift 2.86E-07 4166.0 7T.52E+50 3.42E+51 1.07E+51
4 GRB0S0927 1] 3.03E-07 0.00E+00 1.370 Fermi 5.92E-07 4118.8 3.46E+51 6.7TTE+51 0

5 100724R 1 1.60E-07 1.80E-07 1.288 Swift 1.14E-07 3953.0 1.57E+51 1.12E+51 1.86E+51
€ 1406220 0 2.T70E-08 6.00E-08 0.85% Swift 2.0BE-07 3205.4 1.2BE+50 9.83E+50 2.84E+50
7 GRE100117A O 4.23E-07 0.00E+00 0.920 Fermi 1.65E-06 3107.1 1.8BlE+51 7.06E+51 0

g 0704258 0 6.30E-08 1.76E-07 0.904 Swift 1.34E-07 3066.1 2.58E+50 5.48E+50 7.20E+50
] GREOS0510R O 3.37E-06 0.00E+00 0.803 Fermi 3.51E-06 3063.5 1.37E+52 1.43E+52 0

10 90510 o 3.40E-07 9.70E-07 0.903 Swift 1.13E-086 3063.5 1.39E+51 4.62E+51 3.96E+51
11 81217 0 4.20E-08 1.49E-07 0.827 Swift 2.00E-07 2863.2 1.3BE+50 €.5TE+50 4.88E+50
12 101218n 0 4.60E-07 4.10E-07 0.718 Swift T.6TE-07 2558.7 1.07E+51 1.78E+51 9.51E+50
13 GRB131004A 1 5.10E-07 0.00E+00 0.717 Fermi 4.43E-07 2556.9 1.18E+51 1.02E+51 o

14 1310042 1 2.80E-07 3.40E-07 0.717 Swift 1.82E-07 2556.9 6.4BE+50 4.20E+50 7.86E+50
15 141212n 0. 7.20E-08 1.20E-07 0.596 Swift 2.40E-07 2195.8 1.06E+50 3.54E+50 1.77E+50
16 051221A 1 1.15E-06 1.20E-0& 0.547 Swift 8.21E-07 2041.9 1.38E+51 9.83E+50 1.44E+51
17 GRB160&24A O 1.21E-07 0.00E+00 0.483 Fermi 2.70E-07 1834.2 1.07E+50 2.40E+50 0

18 1e0624n 0 4.00E-08 5.00E-08 0.483 Swift 2.00E-07 1834.2 3.55E+49 1.78E+50 4.44E+49
19 GRB150120A 1 4.17E-07 0.00E+00 0.460 Fermi 2.41E-07 1757.6 3.23E+50 1.91E+50 o

20 1501202 1 1.40E-07 1.80E-07 0.460 Swift 1.17E-07 1757.6 1.11E+50 9.22E+48 1.42E+50
21 0707242 0 3.00E-08 1.00E-07 0.457 Swift 7.50E-08 1747.5 2.33E+49 5.83E+49 7.7T8E+49
22 GRB100206A& O 8.6%E-07 0.00E+00 0.407 Fermi 6.79E-06 1577.0 5.13E+50 4.01E+51 0

23 71227 1 2.20E-07 1.60E-07 0.383 Swift 1.22E-07 1493.4 1.13E+50 €.26E+489 8.19E+49
24 130603B 0 6.30E-07 6.40E-07 0.356 Swift 3.50E-06 1398.0 2.T2E+50 1.51E+51 2.TeE+50
25 1408032 0 1.40E-07 2.50E-07 0.351 Swift 4.6TE-07 1380.2 5.B4E+49 1.95E+50 1.04E+50
26 0&0502B 0 4.00E-08 6.20E-08 0.287 Swift 3.05E-07 1147.4 1.05E+49 7.99E+459 1.62E+489
27 0505098 0 9.00E-09 2.80E-08 0.225 Swift 1.23E-07 913.8 1.35E+48 1.85E+49 4.21E+48
28 0B0905& 1 1.40E-07 1.30E-07 0.122 Swift 1.40E-07 s0e.2 5.46E+48 5.46E+48 5.07E+48
29 €1201 0 3.34E-07 3.86E-07 0.111 Swift 4.389E-07 4€3.6 1.06E+49 1.40E+439 1.23E+49
30 GRB150101B 0 2.38E-07 0.00E+00 0.093 Fermi 2.98E-06 390.1 5.13E+48 6.49E+49 o

31 150101B 0 2.30E-08 0.00E+00 0.093 Swift 1.2BE-08& 380.1 5.02E+47 2.79E+48 0
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Abstract An experiment for measuring the flux of gamma rays of cosmic origin with energy
above 100 TeV is currently being prepared at the Baksan Neutrino Observatory (the Carpet-3
experiment). The experiment implies the extension of the existing Carpet air shower array by
increasing areas of both muon detector and surface scintillation detectors. In this paper we
present estimates of sensitivity of the experiment to showers from primary gamma-rays for
different configurations of the accomplished array. Using experimental data of the previous
version of the array (Carpet-2) accumulated for 9.2 years, preliminary estimates of the flux upper
limit is deduced for cosmic gamma-rays with energies above 700 TeV.

Keywords: Cosmic Rays, Extensive Air Showers, Primary Diffuse Gamma Rays, Muon-poor
Showers

1. Introduction

Search for gamma-rays with energies higher than 100 TeV is applied in the Extensive Air
Shower (EAS) method, which has been used since 1960 [1]. EAS is generated by the primary
cosmic rays that strike the atmosphere and produce many secondary particles. Opposed to
primary protons and other charged cosmic rays, which deflecte in interstellar magnetic fields,
the primary gamma rays can give information about the spatial distribution and characteristics
of places of acceleration of cosmic rays, as well as about density of cosmic rays in the
interstellar space.

Investigation of diffuse gamma rays at such energies by the EAS method is based on
separation of the showers from primary gamma-rays and other charged particle (protons and
nuclei). Because the number of muons in gamma showers is lower than that in proton showers,
and if one selects muon-poor EAS, theoretically, it is possible to separate the showers initiated
by primary gamma rays with reliable efficiency.

Many experiments have been carried out to search for gamma showers in a wide energy
range, a review of which is given in [2, 3, 4, 5]. The experiments at Mt Chacaltaya, Tien Shan
and Yakutsk are worked on this principle and announced the registration of gamma showers in
the range 10™ — 5x10%" eV. But they had insufficient statistical significance and were not
confirmed later. More careful subsequent experiments (collaborations EAS-TOP, and
KASCADE in the energy range 3x10* — 5x10% eV, and Haverah Park, Yakutsk at energies
higher than 10" eV) yielded only upper limits on the fluxes of cosmic gamma rays. Those
limits appeared to be much lower than the fluxes of diffuse cosmic gamma rays supposedly
measured in earlier works. In the MSU experiment the search for showers from primary
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gamma rays in an energy range of 5x10™ — 2x10'" eV, conducted by the method of selection of
muonless showers, also yielded only upper limits with an exception of the region 5x10*® — 10*’
eV. In this region some muonless showers were detected, whose number considerably
exceeded an expectation for background events, which allowed one to derive a value of the
flux of diffuse gamma rays with such energies. It should be noticed, however, that in the
KASCADE-Grande experiment [6] in the same energy region of primary energies only flux
limits for diffuse gamma rays have been obtained, and they contradict to the results of MSU.
However, the full-scale reanalysis of the MSU data with modern simulations of the installation
does not confirm previous indications of the excess of gamma-ray candidate events. So, the
final results of the MSU experiment are also only upper limits on the flux of diffuse gamma
rays in the energy range of ~ (10 — 10'"®°) eV [7, 8.

2. The Carpet-2 experiment

The Carpet-2 air shower array [9, 10] of the Baksan Neutrino Observatory is located in the
North Caucasus region near Mount Elbrus at an altitude of 1700 m above sea level
(atmospheric depth 840 g/cm?) (Fig. 1).

45m

6.5m |"]

Figl. The layout of the Carpet-2 multipurpose air shower array: 1-6 are outdoor huts with scintillators, 7 is the
Carpet, 8 is the muon detector, and 9 is a neutron monitor.

The array consists of a ground level detector called the Carpet (200 m?), six outdoor huts
with 9 m? of scintillation detectors in each, an underground muon detector and a neutron
monitor. The Carpet consists of 400 liquid scintillation detectors; each has an area of 0.5 m2.
The range of energy release measured by a single detector is 10 — 5000 relativistic particles
(r.p.). One r.p. is the most probable energy release produced by a cosmic ray particle crossing
the detector, and it equals 50 MeV. Six outdoor huts have 18 scintillator detectors of the same
type. Four of them are placed in the shape of a square at a distance of 30 m from the array
center. The signals from these detectors are used as stopping pulses for the time measurement
system to measure delays and reconstruct the arrival direction. The Carpet can measure the
shower parameters with a good accuracy: dX = dY = 0.35 m, dN¢/N, = 0.1 in the EAS size
interval N, = 10° — 5x10°.
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The muon detector (MD) is located in an underground tunnel at a depth of 500 g/cm, which
corresponds to the energy threshold of 1 GeV. The distance between its center and the center of
the Carpet is equal to 48 m. The MD is an array of size 5x35 m, and it consists of 175 plastic
scintillation counters of 1 m® area each that are attached to the ceiling of the underground
tunnel. Two triggers of the Carpet array and the proper MD trigger formed by the coincidence
scheme upon the actuation of any three out of five MD modules are used to record information.
The Carpet and MD are operating independent 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, so that coincident events are reliably identified within the time interval dt
= 1ms. The total number of relativistic particles within the Carpet (N, ) and the number n, of
muons recorded by the MD are experimentally measured quantities used to determine the
energy of EAS and the total number of muons in it, respectively. The events satisfying the
following conditions are included into processing:

o shower axes are inside the Carpet (effective area ~160 m?);
e zenith angles of showers 6 < 40°;

e the total energy release in the Carpet > 10*r.p.;

e the number of fired counters in the Carpet > 300.

After such a selection, the number of showers recorded in a period from 1999 to 2011 is
equal to 1.3x10°. The net exposure time for this period is 3390 days (~ 9.2 years). The
CORSIKA code v. 6720 (the QGSJET01C model for high energies FLUKA 2006 for low
energies) [11] was used for modeling the showers.

3. Upper limit on diffuse flux of cosmic gamma rays.

In order to distinguish the showers from primary gamma rays on the background of ordinary
EAS, we have analyzed correlation dependences in the plane n, — Ng, for detected and
simulated events (Fig. 2). In this paper, we consider the energy region N¢;, > 3.5x10° where by
using methods of experimental data processing, one can separate simulated gamma-ray
showers from ordinary EAS events.

To evaluate the efficiency of selection of gamma-ray showers we isolated on the plane n, —
N, the area where only simulated gamma-ray showers are present, and in reality, there are no
of detected showers. Ared line in Fig. 2 shows the boundary of this region.

We can use the following formula for the estimation of the flux upper limit for primary
gamma rays:

Noo
Y SsTnegey @
Because no experimental events below the red line Ngo is equal to 2.3, it may be evaluated
from Poisson statistics at a 90% confidence level. S is the efficient area of the Carpet without
counters placed at the perimeter (~160 m?), T is the net exposure (data acquisition) time, &; is
the trigger and reconstruction efficiency of events, and ¢ is the selection efficiency for gamma
showers which is given by €,=Ngeject(>E)/Nigtal CE).
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Fig. 2. The n, versus N¢, dependence. The blue dots correspond to experimental events, the green dots are simulated
gamma-rays showers and the red line is the boundary of selected region.

Fig. 3 presents the limits on the integral flux of cosmic diffuse gamma rays as a function
of energy of primary photons together with the results of other experiments. It should be noted
that our results presented in this paper are preliminary, and the upper limits presented in Fig. 3
can be refined after more careful analysis of experimental data.

4. The Carpet-3 experiment

Preparation of the experiment suggests a systematic increase of the MD’s continuous area:
at first up to 410 m? and then up to 615 m®. The area of EAS axes detection will be also
increased. For this purpose, 20 additional modules will be installed with 9 scintillation
counters of area 1 m? each (see Fig. 4).

At the moment 410 plastic scintillation counters with a total area of 410 m? are installed in
the MD underground tunnels. They are fully equipped with necessary electronic circuits. Work
on adjustment of these counters and on creation of the special data acquisition system for a
new configuration of the MD is in progress. At the same time, calculations have been carried
out to estimate the efficiency of selection of gamma rays and the sensitivity of different
configurations of the new array to air showers initiated by primary gamma rays. Figure 3 also
demonstrates the expected limits on the flux of diffuse cosmic gamma rays for two
configurations of the Carpet-3 array and for two periods of data accumulation. One can see that
even at the MD area equal to 410 m? the new array will have the world-best sensitivity to the
flux of cosmic gamma rays with energies in the range 100 TeV — 1 PeV.
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Fig3. Limits on the integral flux of gamma rays versus their energy and sensitivity of the Carpet-3 air shower array.
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Fig4. The layout of the Carpet-3 air shower array. The big blue rectangle shows the MD area filled with plastic
scintillation counters. The dark blue and red patches present outdoor huts (modules) with scintillation detectors.
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5. Conclusions

1. From the results of the Carpet-2 air shower array the upper limits on the flux of diffuse
cosmic gamma rays with energy above 900 TeV were derived.

2. In order to provide for efficient detection of air showers initiated by gamma rays with
energies higher than 100 TeV, it is necessary to perform the array modernization with a
considerable increase of the Muon Detector area (The Carpet-3 experiment).

3. In this case, several years of data accumulation will make it possible to improve
significantly the results currently available on measuring the 100 TeV flux of cosmic diffuse
gamma rays.

4. The Carpet-3 air shower array is under construction at the Baksan Neutrino Observatory
by step-by-step upgrade and extension After final accomplishment of this array it can be
competitive in its class and will have a chance to get the world-best limit on the flux of gamma
rays of cosmic origin.
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Abstract Calculation of neutrino—nuclei cross section is a question of considerable interest for
neutrino detection, including solar, astrophysical and calibration neutrino experiments. Also it is
an essential item for investigation of primary nucleosynthesis and searches for new physics in
oscillations examination. Computations of cross sections for a number of nuclei, which are
involved in setups for neutrino signal registration are presented.

Keywords: Neutrino Absorption Cross Section, Charge Exchange Reactions, Neutrino-Gallium
Interaction

1. Introduction

Measurements of nuclear reaction characteristics, such as log ft values for electron capture
or beta-decay processes, charge-exchange spectra, nuclear fluorescence intensities can give
valuable information on nuclear structure necessary for model-independent neutrino-nuclei
cross section computation. It can be shown that these qualities provide a possibility to obtain
corresponding theoretical results, coinciding with the existing experimental data [1-7]. Here
neutrino cross sections for a number of nuclei of interest are calculated.

2. Neutrino-Nuclei Interaction Cross Section
2.1.  Neutrino interaction with *C

There are two experiments on direct measurement of neutrino-*C interaction cross sections
performed by KARMEN [1, 2, 5, 6] and LSND [3, 7] Collaborations. The neutrino sources are
the positive muon decay at rest (DAR), monoenergetic muon neutrino beam, arising from
stopped positive pion decay and muon neutrino flux, produced by positive pion decay in flight
(DIF). As was shown in [8], the nuclear reactions data give a possibility to obtain the according
nuclear matrix elements and calculate cross section for a number of neutrino-nuclei processes,
induced by charged and neutral current. The corresponding results coincide with experimental
values. Particularly the neutrino absorption cross section

12 12 -
Vet “C— “Ngs +e7,

averaged over electron neutrino DAR spectrum, was obtained. Its value is 9.1-10™ cm?, which
agrees with the measured one.

Also transition to excited states of nitrogen 2N, *C(v,,e)"*N", with u* DAR v, beam was
experimentally  investigated [3,7]. The flux averaged cross section is
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<6> = (5.7 £ 0.6  0.645)-10™* cm* [3], <> = (4.3 £ 0.4, + 0.64)-10*” cm’ [7]. As DAR
neutrino spectrum is characterized by the mean energy E,~32 MeV, predominantly low
multipoles give contribution to the cross section. Thus it can be assumed, that allowed
Gamov-Teller transitions to excited 1* states of 2N dominate. The low lying 1"-state of ?N, as
it was found by the means of charge-exchange reactions, is Ex=3.57 MeV [9]. The expression
for cross section has the following form;

2.2
e

oaT(Ey)= 0%B(GT)meceF(Z 1, ce) @)

T
Here B(GT) is the square of Gamov-Teller nuclear matrix element for transition to a certain
state of the final nucleus, divided by (2Ji+1), ga is the axial-vector interaction constant,
ga=1.2761, g, and m, are the energy and momentum of outgoing electron in units of m,,
ge = (E,-A)/m,, A is the mass difference of the *2N” and **C nuclei and Fermi function F(Zy, &)
is the Coulomb correction function.

F(Z,&1)=4(2pr)*"" Ve —|F(7° * iy)|22

[Ty, +1)]

Here yo=[1 - (aZ)?]*?, y=aZelp, r is the distance between electron and nucleus center.
Averaging of F(Z,e,r) over nucleus volume should be performed. The method of F(Z;, &)
calculation is presented in [10]. If transition to E,=3.57 MeV 1*-state of **N constitutes a major
part of the *?C(v.,e)*?N” cross section, then B(GT) can be estimated according to (1). For
<6>=5.7-10" cm’ B(GT)=0.80. This result can be compared with B(GT)ys, which
corresponds to transition to the ground state of N in **C(v,,e)"*Ny; reaction, B(GT)g = 0.88.
The value B(GT)=0.80 can be used, under the assumption made, for estimation of
C(ve,€)"N" cross section for meadow neutrino energies. Particularly, for E, =40 Mev

o(E,)=9510%cm’.

2.2. Neutrino interaction with "*Ga
Calculation of cross section of electron neutrino capture by "*Ga nucleus,
Vet 'Ga—e + 'Ge

is necessary for analysis of neutrino gallium-germanium experiments. The proposed project
BEST [11] at Baksan Neutrino Observatory is aimed to searches for sterile neutrinos [12] on
the base of calibration procedure with artificial neutrino sources. Thus estimation of v,-"'Ga
cross sections for neutrino, produced by **Cr and ¥ Ar is a question of interest.

The ground state of "“Ga has quantum numbers 3/2" and "*Ge g.s. has 1/2". Also for *'Cr and
¥ Ar artificial sources transitions to two low-lying excited states of "*Ge are possible:
E,=0.175 MeV, 5/2" and E, = 0.500 MeV, 3/2". The recent precise measurements [13] lead to
the following neutrino threshold energy for "*Ga transition to the ground state of *Ge:

B(GT),. =05

A 12

@)
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27°In2
T A2 2 5
G; cos™ g.m,

The fundamental constants values result in D = 6288.6 c. Here ga is the axial-vector
coupling constant, ga=-1.2755 [16]. So, as follows from (2),

B(GT),=0.0864::0.0003 A3)

Cross section calculations in terms of measurement [17], Q =233.5+1".2 keV, were
performed in [18]. The following values of log fty, and B(GT),s were obtained: log
fty, = 4.353 £ 0.005, B(GT),s = 0.086 + 0.001.

Avrtificial sources *'Cr and *’ Ar emit neutrinos with the following energies:

*ICr — 0.427 MeV, 8.95 %; 0.432 MeV, 0.93%:; 0.747 MeV, 81.63 %; 0.752 MeV,8.49%;

¥Ar —0.811 MeV, 90.2%; 0.813 MeV, 9.8%.

According to (1), (3) the neutrino capture cross sections for transition to the ground state of
"Ge can be calculated for *'Cr and *Ar.

*ICr: 645 = (55.83 £ 0.19)-10* cn?,
YAr: 645 = (66.74 +0.23:10™ cm?

Contributions of excited states of "*Ge, E,=0.175 MeV and E,=0.500 MeV, to the cross
sections can be estimated from (*Het) charge exchange reaction [19]. The derived
Gamov-Teller strengths are: E,=0.175 MeV, B(GT)=0.0034(26); E,=0.500 MeV,
B(GT)=0.0176(14). It should be taken into account that these results are adjusted to B(GT)gs=
0.0852, obtained from ft measurement [20]. Total cross sections of neutrino capture are as
follows:

S1Cr: 6 = (59.88 + 1.55)-10* cm?,
¥Ar: ot = (72.09 + 1.88)-10™ cm?

These values are about one percent greater, than the results of [18], for lower energy
threshold, Q=232.443+0.093 keV, is used. It will be observed, that certain problems,
concerning B(GT) extraction from the experiment should be considered. Just there are
discrepancies between B(GT),s magnitude, obtained from ft and (*He,t) reaction for **Mo [21]
and (p,n) reaction for *°Cd [22]. Further increase of precision of charge-exchange reactions
method is essential to matrix elements determination [23].

3. Conclusion

Determination of nuclear matrix elements by the model-independent method from
experimental data gives a possibility to estimate cross sections of neutrino-nucleus processes.
The calculated cross section values agree with the results of KARMEN and LSND
experiments. Increase of precision of experiments on charge-exchange reactions should give
exact results, necessary for interpretation of calibration experiments with neutrino. The
model-independent method can be used for consideration of neutrino-nuclei interaction in
different aspects of neutrino investigation.
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Abstract We present a review of possible cosmological applications of Gamma-Ray-Bursts
multi-wavelength observations. A statistical analysis of the main pulse parameters of
BeppoSAX, BATSE, Fermi and Swift GRB observational data is conducted. The spatial
distribution of GRB sources with known redshifts is analyzed. Selection effects that distort the
true source distribution are taken into account by comparing the observed distribution with fractal
and uniform model catalogs. We review GRBs as standard candles and test of Universe isotropy
by GRBs. We approximated trend of cosmological time dilation by long GRBs and discuss in
detail possible effects that influence their statistics.

Key words: Gamma-Ray Bursts, Cosmological Models, Hubble's Diagram, Time Dilation, Large
Scale Structure, Fractal Dimensionality

1. Introduction

Cosmology as a part of physics is based on the experiments/observations, which are used for
testing the validity of existing theoretical models of the Universe. Edwin Hubble (1937) in his
book The Observational Approach to Cosmology [13] defined it as the science which study the
fair sample of the Universe, i.e. the observable region of space that can be explored with
existing instruments. Sandage (1995) [27] gave the name “Practical Cosmology” to such
strategy for the large Universe exploration and formulated 23 basic unsolved yet astronomical
problems (on the analogy with ‘23 Gilbert problems” for mathematics). His list includes also
the nature of the cosmological redshift (the 15 Sandage’s astronomical problem). This
observational approach to cosmology was further developed by Baryshev & Teerikorpi (2012)
[4] (on the problem of cosmological redshift see [3]).

Modern state of the practical cosmology includes the multimessenger astronomy which
unites observations of electromagnetic radiation (from radio up to gamma bands), cosmic rays,
neutrino and gravitational waves. These new observational situation opens new possibilities
for testing the basis of the cosmological models by using the observational approach of the
practical cosmology. Last review of the luminosity correlations of GRBs, and implications for
constraining the cosmological parameters and dark energy was given by Wang F.Y. et al. (2015)
[34]. Further research of the GRBs afterglows, generally having broken power-law spectra,
will give possibility to extract intergalactic medium (IGM) absorption features.

Here we give a review of cosmological tests which use observations of gamma-ray bursts
(GRB) especially in view of the forthcoming mission Transient High Energy Sky and Early
Universe Surveyor (THESEUS) (Amati et al. (2018) [1]; Strata G. et al. (2018) [33]).
Preceding review of the GRB cosmology was given by Petrosian et al. (2009) [22].
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In Sec.2 we discuss a classification of cosmological tests and formulate those observational
relations which will be used in our review. Sec.3 is devoted to data analysis of the main GRB
missions. In Sec.4 we discuss main results from the analysis of spatial distribution of GRB
sources, test of Universe isotropy by GRBs, the Hubble diagram for GRBs and consider the
cosmological time dilation effect. Sec.5 presents general discussion of Ty, trends. Conclusion
is given in Sec.6.

2. Classification of cosmological tests

In the framework of practical cosmology it is important to distinguish between theoretically
inferred cosmological laws and empirically measured cosmological relations, which are used
for testing theoretical models (Baryshev & Teerikorpi [4]). There are several possible
classifications of observational cosmological tests, which include parametric tests (such as
derivation of main parameters of the standard cosmological model) and crucial tests (such as
establishing the nature of the large-scale structure of the Universe and the nature of the
cosmological redshift). According to Orlov & Raikov [19] there is also general division of
cosmological tests on two classes — cosmographic and physical tests.

Modern practical cosmology includes the following observational tests of world models:

o testing the validity of general relativity at largest scales;
testing the nature of cosmological redshift and reality of space expansion;
correlation properties of the matter distribution on largest scales;
measuring the temperature of the background radiation at different redshifts;
determining the ages and chemical composition of the high redshift objects in the
observable Universe.

The main obstacle in extracting true physical information from the directly observed
empirical relations is the different kinds of selection and distortion observational technical and
physical effects, e.g. K-correction, absorption, evolution, Malmquist bias and others [4]. The
most difficult part of cosmological tests is related to careful taking into account such hidden
distortion effects.

Modern cosmology is developing also neo-classical tests which include very high redshift
observations of new type objects and phenomena, such as gamma-ray bursts, very high energy
cosmic rays, neutrino and gravitational radiation. For our review we choose following
cosmological tests:

e  The spatial distribution of GRB sources
e  Hubble diagram for GRB sources
e Testing isotropy and inhomogeneity of the Universe by GRBs
e Cosmological time delay in GRB light curves
These tests relate to the fundamental aspects of cosmological models.

3. GRB missions
3.1. The BATSE

The Burst and Transient Source Experiment (BATSE) by NASA's Marshall Space Flight
Center searched the sky for gamma-ray bursts (in range from 20 to >600 keV) and conducted
full sky surveys for long-lived sources. The BATSE is an instrument on the Compton Gamma
Ray Observatory (CGRO) in the Earth orbit which detects photons with energies from 20 keV
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to 30 GeV. The observatory was launched from Space Shuttle Atlantis on April 5, 1991, and
operated until its deorbit on June 4, 2000. Successors to CGRO include the ESA INTEGRAL
spacecraft (launched 2002), NASA’s Swift Gamma-Ray Burst Mission (launched 2004) and
NASA's Fermi Gamma-ray Space Telescope (launched 2008). Description of the Fourth
BATSE Gamma Ray Burst Catalog was done by Paciesas et al. in [20].

3.2. The BeppoSAX

The Gamma-Ray Burst Monitor aboard the BeppoSAX satellite was an Italian—Dutch
satellite for X-ray astronomy which played a crucial role in resolving the origin of gamma-ray
bursts (GRBs). It was launched on 30 April 1996 into a low inclination (<4 degree) low-Earth
orbit. The expected operating life of two years was extended to April 30, 2002 due to high
scientific interest in the mission and the continued good technical status. BeppoSAX was
named in honor of the Italian physicist Giuseppe “Beppo” Occhialini. SAX stands for
“Satellite per Astronomia a raggi X” or “Satellite for X-ray Astronomy”. It was the first X-ray
mission capable of simultaneously observing targets over more than 3 decades of energy, from
0.1 to 300 (keV) with relatively large area, good (for the time) energy resolution and imaging
capabilities (with a spatial resolution of 1 arc minute between 0.1 and 10 keV). The
BeppoSAX catalog is represent by Frontera et al. in [8].

3.3. The Swift

The Neil Gehrels Swift Observatory [10], previously called the Swift Gamma-Ray Burst
Mission, is a NASA space telescope designed to detect gamma-ray bursts (GRBS). It was
launched on November 20, 2004. The observatory has the following instruments: Burst Alert
Telescope, X-ray Telescope and Ultraviolet/Optical Telescope. Burst Alert Telescope (BAT)
detects GRB events and computes their coordinates in the sky. It locates the position of each
event with an accuracy of 1 to 4 arc-minutes within 15 seconds. Energy range: 15-150 keV.
X-ray Telescope (XRT) can take images and perform spectral analysis of the GRB afterglow.
This provides more precise location of the GRB, with a typical error of approximately 2
arcseconds radius. Energy range: 0.2-10 keV. Ultraviolet/Optical Telescope (UVOT). After
Swift has slewed towards a GRB, the UVOT is used to detect an optical afterglow. The UVOT
provides a sub-arcsecond position and provides optical and ultra-violet photometry through
lenticular filters and low resolution spectra (170-650 nm) through the use of its optical and UV
prisms.

3.4. The Fermi

The Fermi Gamma-ray Space Telescope (FGST), formerly called the Gamma-ray Large
Area Space Telescope (GLAST), is a space observatory being used to perform gamma-ray
astronomy observations from low Earth orbit. Fermi was launched on 11 June 2008. Its main
instrument is the Large Area Telescope (LAT), with which astronomers mostly intend to
perform an all-sky survey studying astrophysical and cosmological phenomena such as active
galactic nuclei, pulsars, other high-energy sources and dark matter. Energy ranges from 20
MeV to 300 GeV. Another instrument aboard Fermi, the Gamma-ray Burst Monitor (GBM)
(formerly GLAST Burst Monitor) detects sudden flares of gamma-rays produced by GRB and
solar flares. Its scintillators are on the sides of the spacecraft to view all of the sky which is not
blocked by the Earth. The design is optimized for good resolution in time and photon energy.
Ranges: from 8 keV to 1 MeV and from 150 keV to 30 MeV. Review of The Fermi GBM Burst
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Catalog by Narayana Bhat P. et al. is available in [17].

4. Cosmological tests
4.1. Spatial distribution of GRB sources

One of the fundamental requirements in the ACDM model is homogeneity of the matter
distribution on a large scale. However recent works in this area [12,15] reveal more and more
inhomogeneity up to ~600 Mpc. The new evidences of existence of superstructures with sizes
about 1000 Mpc in beam surveys are given in [28, 2]. These facts require elaboration of the
cosmological model parameters by investigating visible matter spatial distribution, for
example, fractal analysis [4]. Since GRBs are indicators of galaxy clusters [31, 32] it should be
expected a correlation between statistical properties of galaxy spatial distribution and GRBs.
So a statistical analysis of minimal distances between GRBs indicates a galaxy cluster, e.g.
five GRBs with coordinates 23"50M<a<0"50™, 5<p<25 and the redshift of 0.81<z<0.97
[9,29,30].

As is emphasized in [4, Ch.10, 11] the Peebles’s correlation function [21] &(r) is strongly
distorted by the borders of real samples and to get robust statistical characteristics of the spatial
distribution of galaxies one should use the conditional density function I'(r). In particular for a
fractal spatial distribution the slope of power-law I'(r) gives the robust estimation of the fractal
dimension D (for homogeneous galaxy distribution D = 3).

In papers [9,23] the fractal dimension of GRBs spatial distribution was estimated in the
interval D = 2.2 to D = 2.7. New method of fractal analysis proposed in Raikov & Orlov [24] and
developed by Shirokov et al. [29,30] allows to estimate fractal dimension on all sample scales
where statistics of pairwise distances is defined. In Figure 1 we present the normalized
distributions of the pairwise distances for real GRBs sample and for fractal model catalogs
with D = 2.0 and D = 2.5. The horizontal line corresponds to uniform Poison’s law of spatial
points distribution.
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Fig2. The distribution of pairwise distances (Mpc) for the Swift GRBs sample and model fractal catalogs.
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4.2. Isotropy and inhomogeneity of the GRB Universe

Isotropy of the GRBs distribution over the celestial sphere by the Fermi, BATSE and Swift
data was analyzed in paper [25]. Authors considered the observed properties of GRBs and
made the conclusion: ...the results are consistent with isotropy confirming ”.

It must be emphasized that homogeneity and isotropy of spatial distribution are different
properties of the large-scale structure. For example the fractal matter distribution can have
statistical isotropy and simultaneously be strongly inhomogeneous. Our above results in
Sec.4.1 about discovery of fractal dimension D close to 2 on very large scales demonstrate that
such situation may be realized in the GRB spatial distribution.

In the framework of the fractal cosmological model suggested in Baryshev [3] the Universe
is isotropic and inhomogeneous having fractal dimension D = 2.0. Such value of the fractal
dimension guaranties the linear redshift-distance law, if the cosmological redshift is
interpreted as the global gravitational redshift within fractal structure on scales where such
structure exists.

4.3. Hubble diagram for GRB sources

Measurements of the Hubble diagram of Type la supernovae (SNIa) provided the first direct
evidence for cosmic acceleration [18]. However we can construct the Hubble diagram using
SNIla up to z < 1.5 only. GRBs provide opportunity to continue the magnitude - distance
dependence by a sample of GRBs with z > 1.5 (presented in Figure 2). It should be noted that
the error bars of SNIa are about 1-2 orders smaller than the luminosity determined errors of
GRBs. The behavior of the best fitted curve (red) is close to the standard ACDM model (grey)
with matter density parameters Q= 0.24 and Q.= 0.33 respectively. An agreement with the
ACDM model also has been obtained in [35]. Future THESEUS observations will give
essential extension and accuracy of the observed Hubble law.
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Fig2. The Hubble diagram for SNla (blue points) and GRBs (black points) with ACDM prediction (grey curve) and
approximation (red curve) from Demianski M. (2017) [7].
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4.4. GRB time dilation and the nature of cosmological redshift

One of the simplest crucial cosmological tests on the nature of cosmological redshift is the
measurement of duration of known physical processes in high redshift objects (cosmological
time dilations). Studies of the SNla light curves made by Goldhaber et. al.(2001)[11] and
Blondin et al.(2008)[5] leads to conclusion about the (1 + z)-law.

It is important to test the time dilation effect also for GRB phenomenon. We divide the Swift
GRBs in long (Tgo > 2s) and short (Tg < 2s) ones that are less than 10% in the sample and
approximate the trend by least squares for middle points, separately for long and short GRBs in
Figure 3. There is no trend up to z = 3. At 3 < z < 4 there is a significant congestion of GRBs in
the region of 100 seconds, although this is not observed at z > 5.

104 ,
103 + =
— 2 [ —
O L b o SAPINONEE
u 1 Ht—= = t=t == i
=3 1
= 10! - .
£
& 100 L 344 long GRB i
26 short GRB
mean long GRB ————
10-1 E mean short GRB —&— -
long slope = 0.04 ———
short slope = 1.07 ———
10—2 | | | | |
1 2 3 5 10
Z (logscale)
Fig3. Distribution of Ty verse redshift in log-scale separated by 2-second line.
5. Discussion

5.1 About Tg, trends

The ACDM model prediction is Ty ~ (1+2) for all time events at high redshifts in the
Universe. The observational data analysis (without taking into account hidden selection effects)
shows no trend for the separated sample with durations larger than 2 seconds. Therefore, either
no time dilation effect or separating short GRBs (at the 2 second level) is incorrect. To verify
the first statement it is necessary to discuss observational selection effects, e.g. D. Kocevski &
V. Petrosian (2013) [14]. We will analyze these effects later. In this work we suggest to pay
attention to principal difference between short GRBs and long GRBs. That is, we are talking
about a new effect of observational selection, namely an incompleteness effect of GRBs
sample.

The long GRBs are explosions of supernovas, but the short GRBs are merges of binary
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systems. These events have a different nature and different light curves Sokolov et al. [32]. It
may be that our instruments do not observe short GRBs at high redshifts, thus it is necessary to
separate these two subsamples of GRBs. Since short GRBs are less than 10% in the sample, it
is possible to use the rough constraint of 2 seconds. Even if a part of long GRBSs is shorter than
2 seconds, this effect is insignificant due to a little amount of points, which is shown in Figure
4d for approximation from 1 up to 4 of redshift.

We also considered alternative approximations and compared them with other papers. The
averaging Swift data in Figures 4a and 4b give a trend (1+z) for approximation up to z = 8, but
with a large margin of error (+0.5), a similar results were obtained in [36]. A Ty trend at

average points of all Swift GRBs is (1+2)-9+0-2 at z < 4 and this result is most reliable and

Figure 4c shows it. A similar result T~(1+z)/-4=0-3 has been obtained for the radio loud
GRBs sample in paper [16].
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Fig4. The different approximations of Tgq.

Duration of GRBs strongly depends on spectral sensitivity and other instrument features
[6,14]. For example, GRB 150101B in the Fermi/GBM catalog has Ty, = 0.018 sec., and at the
same time its Tgg = 0.080 sec in the Swift catalog. Also it is necessary to verify a light curve
expansion (the GRB time dilation essence) with redshift rate by analogy with supernovae
[5,11]. However these findings could be not secure in view of Orlov & Raikov [19]. Recently it
was shown that some otherwise “short” GRBs have T, durations up to several minutes: these
events are only short in the literal sense, e.g. Rueda et al [26]. This and similar facts also
demonstrate that the definition of long and short GRBs should be reconsidered.

6. Conclusion

Future THESEUS space observations of GRBs [1, 33] and corresponding multimessenger
ground-based studies including large optical telescopes [6, 31, 32] will bring crucial
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information for testing theoretical cosmological models.
Our summary:

The fractal dimension estimation of the Swift GRB spatial distribution gives D = 2.55
+ 0.06 on scales of 1.5 — 5.5 Gpc. This is an indirect indication that the Universe is
inhomogeneous on these scales.

The Universe is isotropic based on the BATSE, Swift and Fermi data.

The high redshift GRBs (z > 2) can be used as a tool to determine the basic
cosmological parameters, e.g. the Hubble law, in the future when the redshift defined
sample volume will increase to a several thousands.

For the long Swift GRBs Ty, observed (without taking into account selection effects)
durations distribution there is no the time dilation effect. The main selection effect is
the uncertainty of spectral shape of the GRB at different redshifts and strong
influence of the level of noise to determination of the Ty, . Also incompleteness of
GRBs sample which related to different nature of origin source (core collapse and
binary merges) and can have different space, probabilistic and durations distributions.

Obviously we still have insufficient data in order to do final conclusions. The THESEUS
project opens new perspectives in research of the Universe due to increase of redshift defined
GRBs sample, which is shown in Figure 5.
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Fig5. The estimated histograms of GRB number for 5 years due to THESEUS contribute from Amati L., et al. (2018)
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The multi-aperture survey telescope for the INF project
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Abstract INF (INASAN Near Earth Objects Finder) project is a dedicated network of robotic
telescopes to detect 10 m asteroids coming in the Near Earth Space. The main features of the
project are short cadence time (1 h) of all-sky survey and moderate limiting magnitude (19™)
without filters, possibility of carrying out the additional scientific program. The INF
multiaperture telescope consists of 8 VVT-78d telescopes on fast mount. The VT-78d telescope
provides unique combination of parameters: aperture of 250 mm, fast focal ratio F/1.58, large
field of view (10 deg diameter, 78.5 sq. deg) and Dg, image quality of 5 arcsec. The INF total
field of view is 574 sq. deg (298 Mpixels) with 5.2 arcsec/pixel scale. The key features of INF for
NEO observation program is the ability to find nearby small objects of size >10 m not included
into existing catalogues at a distance less than 0.01 a.u., follow them to determine their orbit and
report about potential impact to the Earth quickly (in few hours). INF can detect 10 m asteroid at
a distance of 0.5-2.2 million kilometers what corresponds to approaching time of 9-40 hours for
typical NEO speed of 15 km/s. The warning time, e.g. the time after preliminary orbit
determination until possible impact will be in a range from few hours up to one day. In case of
multiple sites operation (worldwide) INF can detect most of the dangerous asteroids with a size
of >10 m coming from the night sky. According to our estimates INF will discover about 7330
NEOs of 10 m size in 5 years in case of every day operation (8 hours per night).

Keywords: Near Earth Objects, Wide Field Telescopes

1. Introduction

In recent years many countries have begun work on the development of systems for the
detection and tracking of dangerous Near Earth Objects (NEOs). The majority (~90 %) of all
large (>1 km) potentially hazardous objects has been revealed in the framework of Space
Guard Program implemented in the United States. In the next decade the majority of >100 m
NEOs will be discovered by large aperture survey telescopes such as Zwicky Transient
Facility (ZTF), Catalina Sky Survey, Panoramic Survey Telescope & Rapid Response System
(Pan-STARRS) and Large Synoptic Survey Telescope (LSST).

The situation is different with the prospect of detecting smaller bodies with sizes between
10 m and 100 m. The number of potentially hazardous bodies of 10 m sizes is estimated to be
10® pieces [1], the rate of their collisions with Earth is about one event per 10 years, smaller
bodies have fallen annually. The problem of exhaustive detection of these bodies at long
distance which provides the aforementioned warning times will not be solved for at least a few
decades. It is more realistic to discover these bodies in the Near Earth Space and to provide
alerts about possible collisions with Earth.

The ideal system capable of detecting 10 m class NEOs should have:

e short cadence time (< 1 h);

e limiting magnitude of 19™ and fainter to detect 10 m NEOs at a reasonable
distance;

e reasonable angular resolution of a telescope to prevent contamination.
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Asteroid Terrestrial-Impact Last Alert System (ATLAS) is an example of successful system
designed to detect 30-50 m impactors about one week in advance coming from the night sky,
but this system is not efficient enough to detect good share of 10 m NEOs because of survey
rate (a cadence time of about 1 day).

The ground-based wide-angle camera array (GWAC) is a set of ground-based instruments in
the framework of the SVOM Chinese — French space mission dedicated to detecting
gamma-ray bursts (GRBs) [2]. GWAC is designed to comprise 36 cameras of 18 cm aperture
each with a totally covered area of more than 5000 deg? in one shot. GWAC will monitor the
sky to catch the prompt optical emission of GRBs. Besides monitoring of GRBs, GWAC has
potential to search NEOs and operate as “last alert system” to provide alerts about possible
collisions of asteroid with Earth. The GWAC system will be very fast but not sensitive enough
to detect 10 m class NEOs at reasonable distance.

INASAN suggests the INF (INASAN Near Earth Objects Finder) project that was
optimized for detection of 10 m class asteroids coming in the Near Earth Space. The
worldwide network of about 10 INF telescopes will provide 24 h of operation. In this case the
system will ensure completeness of detection and warning time from few hours up to one day.

Position of ATLAS, GWAC, INF and some other survey telescopes on survey merit diagram
is shown in Fig. 1. INF seems to be efficient instrument to detect 10 m class NEOs because of
optimal combination of cadence time and sensitivity.
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Beside detection of 10 m class NEOs, INF will be useful for many others scientific goals,
such as:
Discovery and characterization of Near Earth Asteroids and Main Belt asteroids
Search for new comets
Monitoring, discovery and characterization of space debris
Study of
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transiting exoplanets
variable stars
young and active stars
supernovae
gamma-ray bursts
AGN / QSO variations
microlensing events
ravitational wave sources

o o0 ooo oo

2. INF and VT-78d telescope

The INF multiaperture telescope (Fig. 2) consists of eight VT-78d telescopes at one
fast-track mount ASA DDM160. The main parameters of single VT-78d telescope and
multiaperture INF telescope (8 tubes) are presented in Tables 1 and 2 respectively.

For fast repointing INF will be installed in a “shell type” dome.

Fig2. INF multiaperture telescope: 8 x VT-78d telescopes on ASA DDM160 mount.

Tablel. Main parameters of the VT-78d telescope

Parameter Value
Entrance pupil diameter 250 mm
Effective diameter 212 mm

Effective focal length 395 mm




F-ratio F/1.58

Field of view angular diameter 10 deg

Field of view linear diameter 69.5 mm

Scale 1.915 pum/arcsec
Spectral range, nm 450-850 nm

Dg in integral light, 8-10 um
center-edge 4-5 arcsec
Maximum distortion at 550 nm 0.45 %

Table2. Main parameters and all-sky (20000 sg. deg) survey efficiency of the INF telescope (8x tubes)

Parameter

Value

Detector of single tube

Pixel format

Number of pixels

CMOS GSENSE6060BSI
6k x 6k, 10 um pixel

12k x 24k

298 Mpixel

Pixel scale 5.2 arcsec/pix
Field of view 17.6 x 35.2 deg
574 sq. deg
Readout time <0.25s
All-sky survey @ 10 s exposure 10 min @ 18.3™
All-sky survey @ 30 s exposure 20 min @ 18.9™
All-sky survey @ 100 s exposure 1h@ 19.4"
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The VT-78d telescope is a new generation wide field telescope designed by V. Terebizh
(INASAN patent Ne162010 (RU)). The telescope provides a unique combination of 250 mm
aperture, 10 deg field of view and 5 arcsec image quality. The VT-78d optic (Figs. 3, 4)
consists of simple optical elements, all surfaces are spherical, simple glass is used.
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Limiting magnitude

Fig3. VT-78d optical layout.
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Fig4. VT-78d mechanical layout.
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Fig5. VT-78d limiting magnitude (SNR = 7) vs exposure time.
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The telescope was designed to be used with the cost-effective CMOS detector
GSENSE6060BSI (6k x 6k, 10 um pixel) with electronic shutter. The CMOS-camera
NEVA6060 with 4 Hz frame rate is planned to be used. For specific scientific tasks [3,4] the
short series of frames can be taken with frame rate of up to 44 Hz.

The telescope limiting magnitude versus exposure time is shown in Fig. 5. Calculation was
done for atmosphere FWHM quality of 1.5 arcsec, sky background of 20.5 mag/arcsec® and
bandwidth of 500 nm.

All tubes of INF multiaperture telescope can be aligned by special mechanism to look at one
field in order to perform multicolor photometry or to improve telescope sensitivity and
sampling.

In case of all tubes looking at one field (71 sqg. deg) the limiting magnitude will be about
20.4™ for 100 s exposure without filters at good observation conditions (low background
light).

It is possible to put a filter change mechanism with one specific filter for each telescope. In
this case it will be possible to do 8-bands photometry with a limiting magnitude of 18.4™ for
100 s exposure.

3. INF system performance

One of the main characteristics of a NEO discovery system is a visibility zone, e.g. the
volume where NEOs of a given size (10 m) can be detected [5].

To calculate NEOs visibility zones the following parameters should be taken into account:

e the size and albedo of the NEO, phase angle, distance to the Sun and observer;

e the main characteristics of a telescope and detector;

e the background illumination, i.e. sky background and scattered light in a telescope;
e exposure time;

e NEO proper motion.

For night-time hemisphere the value of sky background in a range of 20.5-21 mag/arcsec’
was taken. For the day-time hemisphere we use the values in a range of 20.5-18 mag/arcsec?
for the NEO-Earth-Sun angle between 90 deg and 70 deg, which means the observation during
twilight and/or close to horizon. For the NEO-Earth-Sun angles less than 70 deg the distance of
NEO detection drops down very quickly because of phase angle and background light. To take
into account the effect of star contamination because of pixel scale and scattered light inside
INF multi-lens optical system we increase the sky background by 1 mag/arcsec?.

Fig. 6 illustrates the INF performance to detect asteroids of 10 m size with the 60 s exposure
time. The Earth coordinates are (0,0) and those of the Sun are (0, about -150). Isophote bands
(green and blue) of constant SNR are shown with a 3 unit increment. A separate pink isophote
is given for SNR =9 which corresponds to a reliable detection.

You can see that INF provides reliable detection of NEOs approaching the Earth from solid
angle of 2 & sr (night sky) at a distance of 0.5-2.2 million km from the Earth. The asteroid with
typical approaching speed of 15 km/s crosses this distance in 9-40 hours. For NEOs with large
proper motion the detection distance will be shorter.

For exhausting detection of NEOs it is necessary to install few telescopes at different
location both in the northern and southern hemispheres of the Earth. We can say that in one
night INF will detect practically every asteroids coming inside its visibility zones, getting
enough measurements to calculate preliminary orbit and provide the alert about potentially
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hazardous objects. To determine the orbit of dangerous NEOs and to calculate the entrance
point into Earth atmosphere the follow-up telescopes with better sensitivity and angular
resolution should be used. The warning time for typical 10 m size asteroid will be in a range of
few hours up to one day.
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An important question is how many NEOs will be detected by INF in 5 years. To estimate
the number we constructed a population of small virtual NEOs. We used the
Granvik-Bottke-Morbidelli model [6]. According to the Granvik-Bottke-Morbidelli model,
the number of Near Earth Asteroids with H < 25™ is estimated as 0.9 million.

We estimated the number of asteroids accessible for observations with INF in the following
way. For each virtual asteroid we integrated asteroid motion for 5 years and estimated the
conditions of visibility of the asteroid from the observatory B18 (Peak Terskol, Russia) in the
sky. The solution of numerical equations of motion of asteroids was carried out by the Everhart
integrator of 17 orders, the model of forces included perturbations from the planets, the Sun
and the Moon. We counted asteroids whose visual magnitude is less than 19.7™, and altitude is
more than 15 degrees above horizon at the night time.

According to our estimates the INF will discover ~7330 NEOs in 5 years in case of every
day operation (8 hours per night) with a limiting magnitude of 19.7™. Model distribution of
discovered NEOs over the sky is shown in Fig. 9.
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2.4. Combed visibility zones for INF and SODA projects

The Chelyabinsk event of February 15, 2013 has clearly shown that the collision of a
rather small body of a size about 17 m with Earth at a populate area may cause significant
damage. Chelyabinsk asteroid coming to the Earth from the day sky could not be discovered
by any ground-based or Near Earth Space telescopes because of unfavorable phase angle and
light scattering [7]. The only way to detect these bodies reasonably well beforehand is to put
a telescope relatively far from the Earth.

The project of Space system SODA (System of Observation of Day-time Asteroids) was
proposed [8] for exhaustive detection of decameter (and larger) bodies approaching the Earth
from the Sun direction (Chelyabinsk type meteoroids). The main idea of the mission is to put
one or two spacecrafts equipped with medium-size (30 cm) wide field telescopes with
pre-aperture active mirrors into the vicinity of L1 point of the Sun-Earth system. This
position is very comfortable for detecting asteroids coming from the Sun direction due to
relatively short distance between a telescope and an asteroid and optimal phase angle.

In Fig. 8 the visibility zone of 10 m NEOs with 0.15 albedo is shown for INF project with
the 60 s exposure time and for SODA project with the 4 s exposure time. The blue doted
isophote shows a confident (SNR = 9) detection zone for INF project and the red doted one
for SODA project. SODA project was unable to observe asteroids close and behind the Earth
because of light scattering from the Earth and the Moon. INF project can operate only at a
night hemisphere. You can see that INF and SODA projects complement each other to
provide detection of asteroids coming from all directions with the warning time from few
hours up to one day.
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Fig9. INF prototype drawing, 2 x VT-78d telescopes on ASA DDM85PRO mount.

4. INF prototype

INASAN is finishing construction of a prototype of the INF multiaperture telescope. The
prototype consists of 2 identical wide-field telescopes VT-78d (Fig. 9) equipped with 4kx4k
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CCD cameras on a fast-track mount. First light is expected in 2019. The INF prototype
consists of:
e 2 xXVT-78d telescopes, 2 x FLI ML16803 CCD cameras;
2 x FLI Atlas focusers, ASA DDM85PRO mount;
ScopeDome 3m full robotic dome;
control computer and equipment;
observation planning software;
data processing software.

5. Conclusion

The Chelyabinsk event changed our priorities in the asteroid and comet hazard problem. We
understand that it is necessary to create special facilities to detect decameter size bodies
coming both from day and night sky.

INF can operate as “a last alert system” to provide alerts about possible collisions of small
asteroids with Earth. In case of multiple sites operation (worldwide) INF can detect most of the
dangerous asteroids of a size of >10 m size coming from night sky with the warning time from
few hours up to one day. We believe that combination of ground based (INF, ATLAS, GWAC)
and Space based (SODA) projects is a proper way to provide realistic warning system against
small decameter size impactors.
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Abstract The characteristic signs of the clustering of field galaxies were detected in the
direction to gamma-ray bursts (GRBs). All accessible signs of such clustering in the lines of sight
and near the location of GRB021004 were tested. The data from observations with
BTA/SCORPIO, HST/ACS, VLT/UVES and from the cluster catalog SDSS-I1I were used. The
works on photometric redshifts were reviewed.

Keywords: Gamma-Ray Bursts, Clusters, BTA Observations

1. Introduction

GRBs with large redshift z are good cosmological probes. They reveal clusters of galaxies
on the line of sight both spectroscopically and photometrically. In this connection, mention
should be made here of the article “GRBs as an instrument for testing cosmological models”
by Shirokov S. I., Raikov A. A., Baryshev Yu. V., Sokolov V. V., and Vlasyuk V. V. in these
Proceedings. In fact, this is also the case in a recent article [1] (see Figures 1, 2 and others
there). Below, in the subsequent sections of our paper, we have reviewed also other works on
the same topic, emphasizing the relevance of research in this direction.

As a concrete example, we also use here our research on the GRB 021004 field, which we
began immediately after the discovery of this burst [2] (see also references there) because in
interpreting the results of our observations of this GRB field we used the (new then)
photometric redshifts method [3] (see also Ilya V. Sokolov’s diploma on the same topic). Here
we will specifically mention the application of the same method to similar problems in the
study of the distribution of galaxies in the direction of distant cosmological objects.

The study using the photometric redshifts method of clusters of galaxies is also discussed in
[5]. Here, the authors present the Massive and Distant Clusters of WISE Survey (MaDCoWS),
a search for galaxy clusters at 0.7 <z <1.5 based upon data from the Wide-field Infrared Survey
Explorer (WISE) mission. A total of 1723 of the detections from the WISE — Pan-STARRS
sample have also been observed with the Spitzer Space Telescope, providing photometric
redshifts and richnesses, and an additional 64 detections within the WISE — SuperCOSMOS
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region also have photometric redshifts and richnesses. Spectroscopic redshifts for 38
MaDCoWS clusters with IRAC photometry demonstrate that the photometric redshifts have
an uncertainty of o z /(1+2)~0.036. A comparison of photometric and spectral z is shown in
Figs.13 and 14 of [5].

Thus, inarticle [5], the possibility of detecting transitions to homogeneity using photometric
redshift catalogs was studied. The method is based on measuring the fractality of the projected
galaxy distribution, using angular distances, and relies only on observable quantities. It thus
provides a way to test the Cosmological Principle in a model-independent unbiased way. The
method was tested on different synthetic inhomogeneous catalogs, and shown that it is capable
of discriminating some fractal models with relatively large fractal dimensions, in spite of the
loss of information due to the radial projection. Also studied the influence of the redshift bin
width, photometric redshift errors, bias, non-linear clustering, and surveyed area, on the
angular homogeneity index in the ACDM cosmology. The level to which an upcoming galaxy
survey will be able to constrain the transition to homogeneity will depend mainly on the total
surveyed area and the compactness of the surveyed region. In particular, a Dark Energy Survey
[5] — like survey should be able to easily discriminate certain fractal models with fractal
dimensions.

This method will have relevant applications for upcoming large photometric redshift
surveys, such as Dark Energy Survey or the Large Synoptic Survey Telescope (LSST). The
same photo-z method is used in [6]. So, the photo-z method is a standard approach for
estimating the redshifts of galaxies when only photometric information is available. In Figure
3 of paper [6] a representative test set performance is shown as a scatter plot and marginal
distributions of 192000 spectroscopic vs. photometric redshifts. So, the photometrically
derived z is also used in recent works [6, 7], where galaxy clusters on z ~ 1 are investigated.

2. Observational cosmology and GRBs afterglow monitoring using the
photo-z method

The characteristic signs of the clustering of field galaxies were detected in the direction to
GRB 021004. The results are set out in the series of articles [3] and [2, 8]. It is about the study
of BTA, Hubble, Spitzer GRB 021004 deep field and on the clustering of galaxies around the
GRB sight-line and on the excess density of field galaxies near z ~ 0.56 around the GRB
021004 position. All accessible signs of such clustering in the line of sights and near the
location of the GRB were tested. The data from observations with BTA/SCORPIO, HST/ACS,
VLT/UVES and from the cluster catalog SDSS-I11 were used.

We test for reliability any signatures of field galaxies clustering in the GRB 021004 line of
sight:

The first signature is the GRB 021004 field photometric redshifts distribution based on the
BTA observations with a peak near z ~ 0.56 estimated from multicolor photometry in the GRB
direction.

The second signature is the Mg II 2796/2803A absorption doublet at z = 0.56 in the
VLT/UVES spectra obtained for the GRB 021004 afterglow.

The third signature is the galaxy clustering in a larger (~ 3x3 degrees) area around GRB
021004 with an effective peak near z ~ 0.56 for both the spectral and photometric redshift
distributions obtained from the Baryon Oscillation Spectroscopic Survey (BOSS), which is a
part of the Sloan Digital Sky Survey Il (SDSS-III).

And a possibility of an inhomogeneity (related with the galaxy clustering) near the
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GRB 021004 direction can be also confirmed by an inhomogeneity in cosmic microwave
background related with the Sunyaev-Zeldovich effect. From catalogs data the size of the
whole inhomogeneity in distribution of the galaxy cluster with the peak near z = 0.56 was also
estimated as ~6-8 degrees.

In connection with our research, we would like to emphasize here the main observational
features of GRBs noted in the literature after 1998.

So, the general characteristics of GRBs are as follows:

o Classification of the events by duration: ~ 0.2s (25%), ~ 30s (75%).

e Short and very intensive events in the high energy range.

o  Counterparts of all bursts can be observed in all ranges of electromagnetic radiation
(X, UV, opt, IR, radio)

Cosmological origin. After 1998, GRBs are distant and very distant (with measured z~10)
extragalactic sources related with relativistic collapse of massive stars cores. .. (Though before
1998 it was supposed that GRBs are the explosions on the surface of neutron stars in the
Galaxy.)
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Figl. Left: GRBs in cosmological context. Right: from [9] — The Liso luminosity-redshift distribution of 119 Swift
GRBs. Squares represent 63 GRBs used in [11], with 56 found subsequently: before (grey circles) and after (red circles)
the start of Fermi. Three Fermi-LAT GeV bursts (triangles) are shown (but not used in our analysis; see also [1] and

references therein).

It is assumed that uniformity of the Universe on cosmological scales is the fundamental
assumption of the standard cosmology that should be fulfilled even for such distant sources as
GRBs. Now it is the most distant objects with measured redshifts z </~ 10 [1], [10].

In 1997-2002, there were studies [2] of GRB fields centered on the host galaxies of GRB
970508, GRB 971214, GRB 980613, GRB 980703, GRB 990123, GRB 991208, GRB 000926,
GRB 021004 + investigation of surroundings of radio-source RC J0311+0507 of sizes ~ 4'x4’
(see Table 1 in [2]). The observations were carried out on the 6-m Special Astrophysical
Observatory telescope using the BTA/SCORPIO instrument, and these data where
supplemented with data obtained with other instruments. SDSS survey was also used. SDSS
survey has a limiting magnitude of about 22, and the catalog includes photometric red-shift
estimations as well as spectral red-shifts for brighter objects.

So, one of the goals of this work is to point out what can be obtained with 6-m telescope
(and others) in these challenging and actual tasks, supplementing these studies with other
instruments’ data. And the main thing for us here is the clustering of field galaxies near GRB
lines of sight.
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3. The study of irregularities in the spatial distribution of distant galaxies
by the method of photometric redshifts in the direction of GRBs

The GRB 021004 field: The first signature of the field galaxies clustering is the distribution
of photometric redshifts in the BTA GRB 021004 field (of size of ~ 4'x4" ) with a peak near z ~
0.56, determined from the multi-band BVRI photometry of the field galaxies the direction of
this GRB 021004 + HST/ACS data.

30
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0 0.5 1 1.5 2 25 3 3.5 4
Photometric redshift, z,p¢

Fig2. The photometric redshift distribution for 246 objects with the peak at z = 0.56 based on BTA BV RI data [2, 9].

The method of the photometry of GRB 021004 field is described in detail in our papers [2,
9]. We used the GRB021004 field, which was obtained as a part of GRB afterglow
observations program on BTA (see Table 1 in [2, 9]). This field has exposure times of about
one hour in each of the BVRI optical bands. The catalog of galaxies, extracted from this field
of size 4'x4" includes 935 objects with the signal-to-noise ratio > 3. The following limiting
magnitudes: 26.9 (B), 27.2 (V), 26.0 (Rc) and 25.5 (I). We also made sure our results are
consisted with HST ACS data and data acquired with HST ACS camera in F475W (24.5),
F606W (26.5) and F814W (25.5) bands. So, the photometric redshifts of GRB021004 field
galaxies was estimated from the multicolor photometry and the accuracy of these redshifts is
about 10%, which is high enough for statistical studies of the properties of distant objects.

The main idea of the photometric redshift estimation is as follows: an objects’ multicolor
photometry may be considered as a low-resolution spectrum that is used to estimate redshift
[2], [12]. In practice, we estimated the photometric redshifts for the extended objects of our
sample using the Hyperz software package [13]. 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. [14] for starburst galaxies, which is most commonly used for studies similar to
our own), the redshift range in which the solution is sought (we considered z from 0 to 4).

The filter transmission curves of HST ACS optical bands F475W, F606W. F814W and BTA
BVRI optical bands were used.

So, the method is based on finding the best fit of template spectra (see in [2]), it is crucial to
the initial model spectra. For ten of the brightest galaxies in the GRB 021004 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 [2]. The field also
contains four X-ray sources, for which we estimate redshift. For spatial distribution of field
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galaxies we find a large inhomogeneity at z ~ 0.57. (see Figure 2). We emphasize here again
that the template spectra of various galaxy types were used in this photometric redshift
calculation.

Tablel. Redshifts for objects in the GRB21004 field. rspss is the r-filter stellar magnitudes from the SDSS
catalog, Rgra is the R-filter stellar magnitude from BTA observations, zspss is the photometric redshift
from the SDSS catalog, Zspspss is the spectroscopic redshift from the SDSS catalog, zgra is the
photometric redshift obtained from BTA observations. zg,, is the SDSS redshift error, Prob is the BTA
redshift probability, Type is the spectrum type, M is the absolute stellar magnitude.

N rspss Rpra 2spss 2spspss 2pra 2Err  Prob  Type M

1 21.25  21.61 1.384 .342 0.435 0.051 82,150 E -19.350
2 23,46 2234 .622 0.995 47.310  Burst  -21.800
4 22,18 2216 0.425 1.332 0.420 0116 79.220 E -1R.48()
5 20.87 20,60  0.398 (.581 0410 0.099 92.530 St -20.010
6 21.84 21381 .538 (.517 0.650 0.049 2210 Bust -20.460
72099 2064 0407 ).441 0.390  0.050 71600 SH -19.970
8 20.68 2066 0.251 .176 0.200 0132 97.980 Sa -18.270
9 20.61 2042  ()L.358 (.275 0.305 0087 98160 Burst -19.380
1 2164 2177 .633 3.140 96.550 E -24.130
11 2030 21.20  (0.601 (L.508 0.445 0,066 97.750 E -19.720

12 21.25 2130 0.421 .312 1635 0.125 23.630 Bust -24.360
13 2147 2235 (.153 11347 0.440 0074 73.120 Sa -18.640
14 2156 21.63 (.483 0.444 0.115  0.091 98950 Bumst -15.450
15 2138 2078  (.755 (1.631 0.525  (L.066  73.850 E -20.930
16 20,00 1999  0.310 1).564 0.290 0.063 99.420 Bumst -19.85()
17 2197 2176 0.497 1.530 0.465 0.078 87.750 Bumst -19.300
18 20.78  20.82  (.459 .603 0.405 (0.058 50.330 E -19.750
200 2176 2234 0.371 0).328 0.455 (.045 80.380 Si -18.630
21 2131 2142 0.747 (.603 1130 0.042 0.000 Bust -22.720
22 2138 2141 0.609 (.675 0.405 (LOBR  98.440 E -19.240
23 2189 2151 (L.502 (1.146 0,420 0.123 84.200 Sa -19.170
24 2091 2105 (L388 0.420 0.440  0.049  49.290 E -19.910
25 2196 2210 0.413 0.512 0.355  0.061 72.790 Bust -17.930
26 21.27 2098  0.474 1.543 0.660  0.097  99.000 Bumst -21.280
27 21.26 2181  (.436 0.515 0.400  0.063 93.860 Bumst -18.920
280 2206 21.20 0.670 0.695 06.540 Bust  -21.580
29 2530 2453 0.664 0.790 0.480 0.151 42.830 E -16.790
35 20,69 20,61  0.440 1).281 (.255 0.120  98.630 E -18.730
41 20.64 2054 0.403 (1.581 0.395  0.070  77.230 E -20.110
42 2095 2102 0.503 0.537 0.350  0.097  95.490 SO -19.300
43 19.06  19.01  0.301 0.325 0.260  (0.028  90.410 Sa -20.440
4 2050 2042 0413 0.171 0.255 (.148 92.470 E -18.760
M 2162 2168 0.407 (. 436 0.340  0.097  B6.800 E -1R8.690
51 2185 2183  (L.673 0.827 0.650  0.093 28010 Bumst -20.550
82 22,10 2180 0.120 0.023 L605 0.080  0.020 Burst -24.200
50 2134 2210 (.178 .440 76.270 Sa -1R.800)
a8 21099 2156 0.534 .G85 0.450  0.055 95.600 Bumst -19.360
59 2180 2165  0.467 0.513 0550 0.034 37.430 Bumst -20.050
61 2267 2261 0.594 0.723 0.715 0.093 90.770 Bumst -20.000
62 2229 2201 (0.521 0.567 L770 0.038 2850 Bust -23.450
70 2041 2044 0.319 0.335 0150 0.095 85.840 Bumst -17.770
82 2103 214 0.373 ().288 2650 0184 99990 Bust -23.410
83 2169 2205  0.099 (.090 0.095  0.062 97.530 Bust -15.530
93 2171 2216 .525 (1.479 0.340  (LO8T  B6.130 E -1R.210
94 2205 2183 (.465 .413 0.345 0.082  95.950 SO -18.520
99 2262 2204 1).323 0.200 U4.980) SO -16.710
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Paper [14] on the VLT/UVES of GRB 021004 afterglow spectra shows three parts of the
UVES spectrum of GRB 021004 afterglow with the doublet Mg 11 2796/2803. So, here we
have The second signature — the absorption doublet Mg 11 2796/2803 A at the redshift z= 0.56
detected in the same VLT/UVES spectrum of the GRB 021004 afterglow of this GRB, i.e. on
the line of sight of the GRB. Totally the following was detected there:

Mg Il doublet at z= 2.3295 [GRB],

Mg Il doublet at z= 1.6020,

Mg Il doublet at z= 0.570 (identified also in SAQ).

And here (on BTA) we have also the same doublet (with the same spacing between
components) is outlined, but at z = 0.570.

Analogous cases were observed by other authors and for other GRBs. For example, see [15]
on the clustering of galaxies around GRB sight-lines. In Introduction of their paper it is said
that:

e There is evidence of an overdensity of strong intervening Mgll absorption line
systems distributed along the lines of sight towards GRB afterglows relative to quasar
sight-lines. If this excess is real, one should also expect an overdensity of field
galaxies around GRB sight-lines, as strong Mgl| tends to trace these sources.

e Andinspectraby A. J. Castro-Tirado et al. [14] for GRB 021004 afterglow such Mgll
absorption line systems are as many as 3.

Considering the redshift ranges 0.37 < z < 2.27 of the SDSS survey, an excess of strong
intervening Mgll systems was found along the 10 GRB lines of sight observed by VLT-UVES
of a factor of ~ 2 compared to QSO lines of sight [16].

But we see ourselves the 3-d system with z=0.57 in our BTA GRB 021004 afterglow spectra,
though this Mgll absorption at z=0.5550 (near Al 1l 1670 at z=1.6026) was first identified.

See also the above-mentioned study of GRB 021004 optical afterglow with the 8.2m VLT
(UVES & ISAAC) between 10 and 14 hours after the onset of the event [14].

The paper also analyzed the distribution of matter around the progenitor star of GRB
021004 as well as the properties of its host galaxy with high-resolution echelle as well as
near-infrared spectroscopy. Observations were taken by the 8.2m Very Large Telescope with
the Ultraviolet and Visual Echelle spectrograph (UVES) and the Infrared Spectrometer And
Array Camera (ISAAC) between 10 and 14 hours after the onset of the event.

And, at last, the third signature, related to this already well-studied field around
GRB 021004: on the clustering of galaxies in a larger area (>/~ 3x3 sq. degrees) around
GRB 021004 with the effective peak near z ~ 0.56, detected from distributions of spectral and
photometric redshifts from the Baryon Oscillation Spectroscopic Survey (BOSS), which is a
part of the Sloan Digital Sky Survey Il (SDSS-III).

Distributions over photometric redshifts in the fields of ~6-8 degrees near z ~ 0.56 were also
studied by data from 6 catalogs (see Figure 3):

1) redMaPPer DR8 cluster catalog [17] (Rykoff et al., AJ 785, 104, 2014),

2) Group catalogues of the local universe [18] (Saulder et al., A&A 596, Al4, 2016),

3) Newly rich galaxy clusters identified in SDSS-DR12 [19] (Wen et al., AJ 807, 178,
2015),

4) Northern Optical Cluster Survey [20] (Gal et al., AJ 137, 2981, 2009),

5) Richness of galaxy clusters [21] ( Oguri, MNRAS 444, 147, 2014),

6) Flux- and volume-limited groups for SDSS galaxies [22] (Tempel et al., A&A 566, Al,
2014).
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Fig3. The data from of 6 catalogs: the size of the whole irregularity is ~ 6-8 degrees in the distribution of galaxy
clusters with the peak near z = 0.56 was also estimated.

So, the presence of a cluster near z =~ 0.56 does not contradict the spectroscopy of the
GRB021004 afterglow and one galaxy of this cluster turned out to be at the GRB line of sight
at least... This could be determined if the spectroscopy with BTA & HST or narrow-band
observations of the area of the host galaxy were carried out. Most probably, the irregularity
with z ~ 0.57 in the direction to GRB021004 is a part of a huge supercluster and the study of
the GRB 021004 area confirms the presence of an irregularity at z=0.57.

Then the origin of other systems of absorption lines (zabs) in spectra of this and other
afterglows becomes understandable: for more distant clusters it is not a single galaxy, but the
whole cluster that gets to the spectrograph slit. That is why the lines of this doublet are stronger
at high z.

A possibility of inhomogeneity (a galaxy clustering) near the GRB 021004 direction can be
also confirmed by an inhomogeneity in cosmic microwave background (CMB) related with the
Sunyaev-Zeldovich effect. From CMB catalogs data the size of the whole inhomogeneity in
distribution of the galaxy cluster with the peak near z = 0.56 was also estimated as ~6-8
degrees [23]. Thus, the distribution of GRBs from catalogs of the BATSE and BeppoSAX
space observatories relative to the cosmic microwave background (CMB) data by Planck
space mission is studied. Three methods were applied for the data analysis:

1) a histogram of CMB signal values in GRB directions,

2) mosaic correlation maps calculated for GRB locations and CMB distribution,

3) calculation of an average response in the area of “an average population GRB” on the
CMB map.

A correlation between GRB locations and CMB fluctuations was detected which can be
interpreted as systematic effects in the process of observations. Besides, in averaged areas of
CMB maps, a difference between distributions of average fluctuations for short and long
GRBs was detected, which can be caused by different natures of these events.

The CMB fluctuations in direction of GRBs were also studied in the paper [23] on statistics
of the Planck CMB signal in direction of gamma-ray bursts from the BATSE and BeppoSAX
catalogs. See also [24] on the optical identifications of high-redshift galaxy clusters from
Planck Sunyaev-Zeldovich survey, which presents the results of optical identifications and
spectroscopic redshifts measurements for galaxy clusters from 2-nd Planck catalogue of
Sunyaev-Zeldovich sources (PSZ2), located at high redshifts, z ~0.7-0.9. The paper used the
data of optical observations obtained with the Russian-Turkish 1.5-m telescope (RTT150), the
Sayan observatory 1.6-m telescope, the Calar Alto 3.5-m telescope and the 6-m SAO RAS
telescope. Spectroscopic redshift measurements were obtained for seven galaxy clusters,
including one cluster, PSZ2 G126:57+51:61, from the cosmological sample of PSZ2 catalogue.
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In central regions of two clusters, PSZ2 G069:39+68:05 and PSZ2 G087:39-34:58, the strong
gravitationally lensed background galaxies are found, one of them at the redshift z ~ 4.262.
The data presented below roughly double the number of known galaxy clusters in the second
Planck catalogue of Sunyaev-Zeldovich sources at high redshifts, z ~ 0.8.

The giant ring-like structures at 0.78 < z < 0.86, formed by GRBs was also mentioned in
[25], where a giant ring-like structure at 0.78<z<0.86 displayed by GRBs was detected.

So, the clustering of galaxies (and around GRB sight-lines) are discovered and investigated
in detail in very many papers already — see, e.g., in [26]. Following the detection of GRB
161017A by Swift (Troja et al. GCNC 20064), Fermi (Hui and Meegan, GCNC 20068) and
Lomonosov (Sadovnichy et al. GCNC 20075), we observed the optical afterglow (Yurkov et al.
GCNC 20063; Breeveld and Troja, GCNC 20074) with the 10.4m Gran Telescopio Canarias
(GTC) at the Spanish island of La Palma, starting at 05:59 UT on Oct 18 (i.e. 12.1 hr
post-burst), covering a combined range of 3800-10000 A. The reddest spectrum (convering the
range between 7350 and 10000 A at a resolution of 2500) shows the strong Mg 11 doublet at a
redshift z = 2.0127, consistent with the value reported by de Ugarte Postigo et al. (GCNC
20069). We also identify, in the bluest spectrum, other absorption lines (eg. Sill, Fell) and the
two intervening systems reported on their GTC (+OSIRIS) R1000B spectrum taken 1.3 hr
earlier than us.

Mg Il doublet at z= 0.916

Mg Il doublet at z= 1.370

Mg Il doublet at z= 2.0127 [GRB]

4. Conclusions

Thus, the study of the GRB 021004 field confirms the presence of a cluster at z=0.57 also.

Then the origin of other absorption line systems (zabs) in spectra of this and other
afterglows becomes clear [27]. And for more distant galaxies it is not a single galaxy, but the
whole cluster gets to the spectrograph slit. That is why the lines of this doublet (and other lines
also) are stronger at higher z. All these systems can be related to analogous clusters at large z,
as is observed for a long time in direction to QSOs. See also [28], [29] where the galaxy
clusters in the range 0.2 <z <0.9 were found and quantifying the suppression of the
(un)-obscured star formation in galaxy cluster cores at 0.2 < z < 0.9 studied.

We note here also that only direct optical identification of neutrino and gravitational events
can confirm or disprove a particular model of their source, as was in the case with
identification, and subsequent choice of a theoretical model for GRB sources. Until 1998, it
was believed that these are explosions in the Galaxy on the surface of neutron stars. After 1998,
it turned out that these are still extragalactic sources (z < 10) associated with supernova
explosions and the relativistic collapse of the nuclei of massive stars...

See also the report by Alberto J. Castro-Tirado, Vladimir V. Sokolov and Sergey S.
Guziy “Gamma-ray bursts: Historical afterglows and early-time observations” in Proceedings
of the International Conference [30], which discusses the GRB afterglows (GRB 920723 and
920925C) prior to the Afterglow Era that started in 1997. There it is shown how we used
observations obtained with the 6-meter BTA in Zelenchuk (Russia) and the 10.4-m GTC in La
Palma (Spain) for the study of GRB afterglows and their host galaxies. Moreover, when
completed with our BOOTES Global Network of 0.6-meter robotic telescopes, this result had
completed studying the early phases starting seconds after the trigger. Since the discovery of
the afterglows to GRBs in 1997, much has been advanced in the field, with several hundreds of
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counterparts in the last 20 yr in all the electromagnetic range from radio to gamma-rays,
ending up with the detection of gravitational waves associated to a short-duration GRB in 2017
(GRB 170817/GW 170817).

The new Era of Gravitational Wave Astronomy was discussed at the previous (third)
conference “The multi-messenger astronomy: gamma-ray bursts, search for electromagnetic
counterparts to neutrino events and gravitational waves” (7-14 October 2018). See the talk by
A.J.Castro-Tirado [31] on “The monitoring of gamma-ray burst afterglows and search for
optical counterparts to neutrino events and gravitational wave signals”.

This talk emphasized that “the new Era of Gravitational Wave Astronomy has just been
opened thanks to the detection of the first electromagnetic counterpart to GW 170817 and will
discuss the implications of the short-duration GRB associated to it, just before the opening of
the forthcoming O3 LIGO-Virgo run in 2019.”
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Vertical structure of accretion discs in LMXB
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Abstract A low-mass X-ray binary (LMXB) is a binary system where one of the components is
either a neutron star or a black hole. The other component (donor, usually a main sequence star)
fills its Roche lobe and therefore looses mass to the compact object. We calculate the vertical
structure of an accretion disc formed around the compact object. We develop a flexible numerical
code, which allows us to change the equation of state, opacity law, and chemical composition.
Our calculations can improve the accuracy of the modeling of LMXB outbursts.

Keywords: Accretion, Accretion Discs, Low-Mass X-Ray Binaries, LMXB, X-Ray, X-Ray
Bursts, Vertical Structure of Accretion Discs

1. Introduction

Flares of LMXBs are among the brightest transient sources in the X-ray sky. To model
X-ray bursts in LMXBs, one has to solve the equation of non-stationary disc accretion (see, for
example, [1]). To solve this equation, a relation between physical parameters of the disc, for
example, the energy flux and surface density, should be provided. Such a relation can be
obtained by solving equations of vertical structure and finding dependencies of the pressure,
surface density, energy flux, and temperature on the vertical coordinate.

Considering different physical conditions and processes in discs, we can construct so-called
S-curves [2], namely, the dependencies of the radiation flux on the surface density, and study
an instability driving outbursts of LMXBs.

Up to now, the structure of accretion discs was calculated by numerical methods in many
works. For example, the vertical and radial structure of an accretion disc was calculated in [3].

In [4], the vertical structure was calculated, introducing IT-parameters (see below) and using
analytical formulas for the opacity. We offer a more advanced and more flexible code, which
uses modern opacities and is intended to be publicity open.

2 Model of the vertical structure

The equations of the accretion discs vertical structure are (see, e. g., [3], [4], and [5]):

1dP __ 2

p dz = —WgZ , (l)

az
dz

-2p )
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o 3

E = Ewl(wnp , (4)
ZE€E [0, Zo]

Here, Eq. (1) is the hydrostatic equilibrium equation with the pressure P, density p,
Keplerian angular velocity w% = GM /r3; Eq. (2) is, in fact, a definition of the surface density
¥ as a function of the vertical coordinate z; Eq. (3) gives the temperature gradient in the case of
radiative energy transfer in the Eddington approximation, where iy is the Rosseland mean
opacity, Q is the radiation flux, a is the radiation constant; Eq. (4) is an equation of viscous
heating, where w,, is a component of the viscous stress tensor. The vertical coordinate z
changes from zero (the plane of symmetry) to z,, the semithickness of disc.

This system should be supplemented by an equation of state and law of viscosity:

p=1t(PT) W, =aP.

We use the Shakura-Sunyaev a-prescription for viscosity [6], where a is the turbulence
parameter.

The code in Python 3 was developed to solve system (1-4) numerically. Input parameters
are: the mass of the central body M, radius r, radiation flux F (or effective temperature T) at
this radius, type of opacity, turbulent parameter a.

The opacity coefficient xp is determined in the code by analytical formulas or by tabular
values. In particular, we use MESA [7] for interpolating tabular opacities (opacity tables from
[8], [9], and [10]). An example of opacity coefficient in the disc at one location is shown in
Fig.1 (the right panel). At a fixed radius of the disc the opacity coefficient changes with
temperature and density.

Boundary conditions for equations (1-4) are:

2(20) =0,
Q(29) = Qo = aspToys
T(20) = Tert
P(z0) = Py

The program integrates the equations of vertical structure and performs an optimization task
to find the values of free parameter z,, for which the condition at the symmetry plane of the
disc is fulfilled:

Q(0)=0.
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Fig1l. The left panel shows the S-curve for r = 10™ em, o = 0.5, and M = 6Mo. The right panel shows an example of
opacity provided by MESA, calculated for the same range of parameters. Same colors on both panels show the same
parameters. Region of thermal instability is indicated by the dashed line.

3 Testing the code

The vertical structure (Eqgs. 1-4) with the Kramers formula for opacity has been previously
calculated in [4], where the dimensionless IT-parameters were introduced:

2,2
wWgZoU Z
Hl_ K40 0

RT, 2= 2z0pc

_ 3 @WKRTcZy = 3 (Terr)*
My =7 Qout ’ H4_32(T6)20HC'
Here T, p., and . are the temperature, density, and opacity coefficient at the symmetry
plane of disc. In our code we obtain the values of TI that are in good agreement with the values
calculated in [4] (see Table 1).

Table 1: Comparison of ITat r = 10" cm, o = 0.5, M = 6Mo, T = 2300K, AIT— difference between the
values from [4] and those calculated in our code.

Our code AIl
I 5.7928 0.0028
I, 0.5373 0.0002
I3 1.1298 0.0002

I, 0.3994 0.0016
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Fig2. Calculated vertical structure for r = 10™ c¢m, a = 0.5, M = 6Mo, Ter = 10,K. All quantities are normalized to
their characteristic values (see Egs. (5)).

4 Results

We show an example of the vertical structure calculated by our code in Fig. 2. This structure
is obtained for r = 10" cm, o = 0.5, M = 6Mg, and Ter = 10°K. Opacities provided by MESA
are used. All quantities are normalized to their characteristic values:

1 1 28Q9 ’ 4Qo ’ L 2_2
= Y= P'=— T' = =-wkz 5
Q Qo, 20z3w}’ 3azowg R K20 ©)

We obtain the half-thickness of the disc zo = 5.1 - 10° cm (zo/r = 0.069).
The S-curve calculated for the same parameters of the disc if shown in the left panel of Fig1.

5. Summary

We are developing a modern flexible code to calculate the vertical structure of accretion
discs for a wide range of parameters. Much effort is put into the code ability to easily change
the opacity, chemical composition, and equation of state. The code is intended to be publicity
available in the future.
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Abstract We present the results of a systematic study of 166 gamma-ray bursts (GRBs) with
reliable redshift estimates detected in the triggered mode of the Konus-Wind (KW) experiment.
The sample covers the period from 1997 February to 2018 October and represents the largest set
of cosmological GRBs studied to date over a broad energy band. For these bursts, we derived the
durations, the spectral lags, the results of spectral fits with two model functions, the total energy
fluences, and the peak energy fluxes, the rest-frame, isotropic-equivalent energy and peak
luminosity, and the collimation-corrected values of the energetics for 32 GRBs with
reasonably-constrained jet breaks. We consider the behavior of the rest-frame GRB parameters in
the hardness-duration and hardness-intensity planes, and confirm the “Amati” and “Yonetoku”
relations for Type Il GRBs. The correction for the jet collimation does not improve these
correlations for the KW sample. We discuss the influence of instrumental selection effects on the
GRB parameter distributions and estimate the KW GRB detection horizon. Accounting for the
instrumental bias, we estimate the KW GRB Iluminosity evolution, luminosity and
isotropic-energy functions, and the evolution of the GRB formation rate.

Keywords: Gamma-Ray Bursts, Redshift

1. Instrumentation and the burst sample

KW is a gamma-ray spectrometer designed to study temporal and spectral characteristics of
GRBs, solar flares, soft gamma repeater bursts, and other transient phenomena over a wide
energy range from ~ 20 keV to ~ 10 MeV (at present). It consists of two identical
omnidirectional Nal(TI) detectors, mounted on opposite faces of the rotationally stabilized
Wind spacecraft, which observe the entire celestial sphere. In interplanetary space far outside
the Earth’s magnetosphere, KW has the advantages over Earth-orbiting GRB monitors of
continuous coverage, uninterrupted by Earth occultation, and a steady background, undistorted
by passages through Earths trapped radiation, and subject only to occasional solar particle
events. is expected that authors will submit carefully written and proofread material. Careful
checking for spelling and grammatical errors should be performed.

The sample comprises 150 GRBs with reliable redshift estimates detected by KW in the
triggered mode from the beginning of the afterglow era in 1997 to the middle of 2016
(Tsvetkova et al. 2017), supplemented by 16 GRBs detected by KW recently, and represents
the largest set of cosmological GRBs studied to date over a broad energy band. Among these
GRBs, 14 bursts (or 8%) belong to the Type | (merger origin, short/hard) GRB population and
the others are Type Il (collapsar origin, long/soft) bursts (see Svinkin et al. (2016) for the KW
GRB classification details).
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2. Analyses and results

We derived the durations 7100, T90, and T50 (the total burst duration and the time intervals
that contain 5% to 95% and 25% to 75% of the total burst count fluence, respectively), and the
spectral lags, quantitative measures of spectral evolution often seen in long GRBs, when the
emission in a soft detector band peaks later or has a longer decay relative to a hard band; a
positive spectral lag corresponds to the delay of the softer emission. Figure 1 presents the T50,
T90, and T100 observer- and rest-frame distributions. We note that the observer-frame energy
band 80-1200 keV, in which the durations are calculated, corresponds to multiple energy
bands in the source-frame thus introducing a variable energy-dependant factor which must be
accounted for when analyzing the rest-frame durations. The same considerations apply to the
spectral lags.

For each burst from our sample, two time intervals were selected for spectral analysis:
time-averaged fits were performed over the interval closest to T100 (hereafter the T spectrum);
the peak spectrum corresponds to the time when the peak count rate (PCR) is reached. Each
spectrum was fitted by two spectral models. The first model is the Band function (hereafter
BAND; Band et al. 1993), and the second spectral model is an exponentially cutoff power-law
(CPL). In the only case where both “curved” models result in ill-constrained fits (GRB
080413B), a simple power-law (PL) function was used. All the spectral models were
normalized to the energy flux (F) in the 10 keV— 10 MeV range (observer frame). The best-fit
spectral model (the BEST model) was chosen based on the difference in »* between the CPL
and the BAND fits. The criterion for accepting a model with a single additional parameter is a
change in »* of at least 6 (Ax? = x2p, — X2anp > 6). We found BAND to be the BEST model
for 61 Tl and 56 peak spectra. The remaining spectra (with the exception of GRB 080413B)
were best fitted by CPL. Figure 2 shows the distributions of peak energies E;,. The T spectrum
E, (Ey;) distributions for both spectral models peak around 250 keV, while the peak spectrum
E, (E,p) distributions peak around 300 keV.

Figure 3 shows E,; as a function of the burst durations Ty in the observer and rest frames. In
the observer frame the KW Type | GRBs are typically harder and shorter than Type Il bursts,
which is consistent with the classification obtained from the hardness-duration distribution,
and this tendency shows no dependence on the burst redshift. In the cosmological rest frame
this pattern remains practically unchanged for GRBs at z < 1.7 but it appears to be less distinct
when the whole sample is considered. Although in the rest frame Type | GRBs are still shorter
than Type Il GRBs, their rest-frame E,, clustered around 1 MeV, are superseded by those of a
significant fraction of the Type Il population. We note, however, that the derived rest-frame
durations are affected by a variable energy-dependant factor and the KW rest-frame E, are
subject to the observational bias thus an interpretation of the rest-frame hardness-duration
distribution should be done with care.

From the BEST spectral models we calculated the 10 keV-10 MeV energy fluences (S) and
the peak energy fluxes (Fpeak) on three time scales: 1024 ms, 64 ms, and (1 + z)64 ms (the
GRB rest-frame 64 ms scale). Based on the GRB redshifts, which span the range 0.1 < z < 5,
we estimated the rest-frame, isotropic-equivalent energies (Ejs,) and peak luminosities (Ljs,) in
the rest-frame bolometric range 1 keV—(1 + 2)10 MeV. For 32 GRBs with reasonably
constrained jet break times (tj,;) we derived the collimation-corrected values of the energetics.
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3. KW selection effects and GRB detection horizon

Figure 4 shows the KW GRB distributions in the z—Eis, z—Liso, and z—Ej, diagramsk. The
region in the z—Lis, plane above the limit defined by the bolometric flux Fjim ~ 1x10® erg cm™?
s ! may be considered free from the selection bias. In the z—Ej, plane, the selection-free region
corresponds to the bolometric fluence Sy = 3 x 10 ® erg cm 2 The detector sensitivity drops
rapidly as Ep (the peak energy in vF, spectrum) approaches the lower boundary of the KW
band, and this results in a lack of bursts below the rest-frame limit ~ (1+z)*25 keV in the
z - Ey, plane.

Accounting for the KW trigger sensitivity to the GRB incident angle, its light-curve shape,
and the shape of the energy spectrum, we estimated the KW detection horizon for each burst
from the sample as a redshift z,.x, at which the GRB peak count rate in the trigger energy band
(~80-300 keV) drops below the trigger threshold (9¢) on both trigger time scales (140 ms and
1 s). The most distant GRB horizon for the KW sample (z.x = 16.6) is reached for the
ultra-luminous GRB 110918A (Frederiks et al. 2013) at observed z = 0.981. At z~ 16.6 the age
of the Universe amounts to only ~ 230 Myr, i.e. a burst which occurred close to the end of the
cosmic Dark Ages could still trigger the KW detectors, and a thorough temporal and spectral
analysis in a wide observer-frame energy range could be performed.

A common approach to estimate the GRB detection horizon is to find a redshift z.., at
which the limiting isotropic luminosity Lis jim = 47 D2 % Fjim, defined by the “monolithic” Fip,
estimated for the whole sample, starts to exceed the GRB Li,. We found that for both Type |
and Type Il GRBs zn are distributed narrowly around zg,y . corresponding to the bolometric
Fim=1x10%ergcm?s".

4. GRB Luminosity and Isotropic-energy functions, GRB Formation
Rate

To estimate the GRB luminosity function (LF), isotropic energy release function (EF), and
the cosmic GRB formation rate (GRBFR) for the KW Type Il bursts we used the
non-parametric Lynden-Bell €- method (Lynden-Bell 1971) further advanced by Efron &
Petrosian (1992) (the EP method); the details of our calculations are described in Tsvetkova et
al. (2017). Applying the EP method to the z-Li, plane and using the functional form of the
evolution (z) = (1 + z), we found the luminosity evolution significance to ~ 1.70, and
estimated the luminosity evolution index &, = 1.7%33. Applying the same method to the
z—Eis plane, we found 6 = 1.17}5 (zo ~ 1.60). Thus, the estimated Ej, and Lis, evolutions
are comparable.

Then, using the C- method, we obtained evolution-free cumulative LF and EF, y(L’ ) and
P(E' ) (Figure 5), where L’ = Li,/(1 + z)% and E/ = Eiso/(1 + 2)% , and fitted the
distributions with a broken power-law (BPL) function and with the exponentially-cutoff PL
(CPL). The derived BPL slopes of LF and EF are close to each other, both for the dim (a; ~
—0.5) and bright (a, ~ —1) segments; also, these indices are roughly consistent with the LF and
EF slopes obtained in Yonetoku et al. (2004) and Wu et al. (2012). When compared to BPL, the
CPL fit to (L” ) results in a considerably worse quality. Conversely, the cutoff PL fits (E )

¥ We use A notation for rest-frame GRB parameters.
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better (Ax® ~ 5.5), with the PL slope ~ —0.35 and the cutoff energy E',; 10> erg. The
existence of a sharp cutoff of the GRB isotropic energy distribution around ~ 1 — 3 x 10> erg
was suggested recently by Atteia et al. (2017). We also estimated the LF and EF not accounting
for the evolution, and found them very similar in shape to (L ) and (E").

The GRBFR (Figure 5), estimated using the EP method from the evolution-corrected z— L’
distribution, exceeds the star formation rate (SFR) at z < 1 and nearly traces the SFR at higher
redshifts; the same behavior is noted for the GRBFRs estimated using both the
evolution-corrected z-E’ and the non-corrected z-Ejs, distributions. The low-z GRBFR
excess over SFR is in agreement with the results reported in Yu et al. (2015) and Petrosian et al.
(2015). Meanwhile, the only GRBFR that traces the SFR in the whole KW GRB redshift range
is the one derived from the z-Li, distribution (i.e. not accounting for the luminosity
evolution).

5. Hardness-intensity correlations

We tested the KW GRB characteristics against E;—S and E—Fpea correlations in the
observer frame, and Ep,z—Eiso (“Amati”, Amati et al. 2002) and E,,—Lis, (“Yonetoku”,
Yonetoku et al. 2004) correlations in the rest frame. For the subsamples of Type | and Type Il
KW GRBs both the Amati and Yonetoku correlations improve considerably when moving
from the observer frame to the GRB rest frame, with only marginal changes in the slopes. The
derived slopes of the Amati and Yonetoku relations for Type Il GRBs are ~0.47 and ~0.49,
respectively. These values are in agreement with Amati et al. (2002), Yonetoku et al. (2004).
For 30 KW Type Il GRBs with reliable i, accounting for the jet collimation neither improves
the significance of the correlations nor reduces the dispersion of the points around the best-fit
relations. The slopes we obtained for the collimated Amati and Yonetoku relations are steeper
compared to those of the non-collimated versions.

The lower boundaries of both the Amati and Yonetoku relations (Figure 6) are defined by
GRBs with moderate-to-high detection significance, so the instrumental biases do not affect
the correlations from this edge of the distributions. Meanwhile, all outliers in the relations lie
above the upper boundaries of the 90% prediction intervals (Pls) of the relations. Since these
bursts were detected at lower significance, with the increased number of GRB redshift
observations, one could expect a “smear” of the correlations due to more
hard-spectrum/less-energetic GRB detections. Thus, using the KW sample, we confirm a
finding of Heussaff et al. (2013) that the lower right boundary of the Amati correlation (the
lack of luminous soft GRBS) is an intrinsic GRB property, while the top left boundary may be
due to selection effects. For the KW sample, this conclusion may also be extended to the
Yonetoku correlation.

The E,~Eis, and E,~Lisx correlations for the Type | bursts are less significant when
compared to those for Type Il GRBs, and they are characterized by less steep slopes.
Meanwhile, the rest-frame Ef of Type | GRBs shows only a weak (if any) dependence on the
burst energy below Ei, ~ 10% erg (Figure 6), and the same is true for the Ep —Lis, relation at Lig,
<5x10°ergs”'. Above these limits the slopes of both relations for Type | GRBs are similar to
those for Type Il GRBs. As one can see from the Figure, all KW Type | bursts are
hard-spectrum/low-isotropic- energy outliers in the Amati relation for Type Il GRBs. In the
E, ~Lis, plane this pattern is less distinct; at luminosities above Lis, ~ 10*? erg s ' the Type |
bursts nearly follow the upper boundary of the Type 1l GRB Yonetoku relation.
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6. Conclusions

We hope this work will encourage further investigations of GRB physical properties and
will contribute to other related studies. Plots of the GRB light curves and spectral fits can be
found at the loffe Web site'. This work was supported by RSF (grant 17-12-01378).
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Abstract We present Konus-UF and Helicon-1, the future space-based experiments designed to
study temporal and spectral characteristics of gamma-ray bursts, solar flares, soft gamma-repeater
bursts, and other transient phenomena over a wide energy range from 10 keV to 15 MeV. The
instruments will be mounted onboard the World Space Observatory—Ultraviolet (WSO-UV) and
the InterhelioProbe spacecraft, respectively. The spacecraft orbits are going to be far from the
Earth's magnetosphere, which enables nearly uninterrupted observations of the entire sky under
stable background conditions.

Keywords: Gamma-Spectrometer, Gamma-Ray Bursts, Soft Gamma-Repeaters

1. Introduction

Study of cosmic gamma-ray bursts (GRBs) and soft gamma-repeaters (SGRS) remains one
of the most important tasks in modern astrophysics, despite several decades of observations
and theoretical studies. The progenitors, formation and evolution of such sources remain the
subject of modern experimental and theoretical researches around the world [1].

The Konus-UF and Helicon-1 experiments are planned to study hard X-ray and gamma
radiation from gamma-ray bursts, soft gamma-repeaters and solar flares in a wide energy range
from 10 keV to 15 MeV with a high temporal resolution.

2. The Instruments

The Konus-UF instrument (Fig. 1) consists of two identical gamma-ray detector units and
an electronics unit that provides data buffering, power supply and interface with on-board
spacecraft systems. Each detector will be mounted on the opposite sides of the World Space
Observatory-Ultraviolet (WSO-UV) [2] so the instrument will observe the whole sky (Fig. 2).

The Helicon-I instrument is a single gamma-ray detector similar to the Konus-UF one,
containing all power and interfaces circuits within the unit. The instrument will be mounted
onboard InterhelioProbe [3] spacecraft.

The Konus-UF and Helicon-I detectors consist of Nal(TI) scintillation crystals with a
diameter of 130 mm and a height of 75 mm, placed in a thin-walled aluminum container with a
beryllium entrance window. The scintillation crystal is viewed with a photomultiplier tube
through a 16 mm thick high transparency lead glass, which is used to screen gamma radiation
scattered by the structures of the spacecraft. The detector effective area is about 80—160 cm?
depending on the photon energy and the incidence angle of the radiation. The spectral
resolution is ~ 8% on the **’Cs line (662 keV), and the burst sensitivity is about of 10 erg/cm?.
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The entrance beryllium window allows to effectively observe soft gamma rays, the
transparency of the entrance window for photons with an energy of 20 keV is about 95%.

Lol

o:’@:“’g@w
Leicle iy BoH

Figl. The Konus-UF instrument consists of two identical detector units (Konus-UF-DS1, Konus-UF-DS2) and
an electronics unit (Konus-UF-BE).

Telescope

Konus-UF-DS2 _Konus-UF-DS1

Fig2. Arrangement of the Konus-UF detectors onboard the WSO-UV spacecraft.
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— :T] |
Fig3. Cross-section of the detector: 1 — beryllium entrance window, 2 — Nal(Tl) scintillator, 3 — aluminum housing, 4
— lead glass, 5 — photomultiplier tube, 6 — mounting flange, 7 — outer rim, 8 — electronics PCBs.

The WSO-UV observatory will be placed into geosynchronous orbit (R = 42000 km) with
an inclination of 51.6°, while InterhelioProbe mission will consist of two identical spacecraft
operating in the interplanetary space. Both orbits will allow continuous long-term observations
uninterrupted by Earth occultation, and under conditions of a steady background undistorted
by Van Allen radiation belts.

A high orbit will also allow to localize the GRB source using triangulation method with a
high accuracy.

3. Observation program

The main objective of the Konus-UF and Helicon-l experiments is to observe cosmic
gamma-ray bursts (GRBs), soft gamma-repeaters (SGRs), and solar flares. Such transients
have a wide range of time scales from a few milliseconds (short GRBs and SGRs) to 1000
seconds (solar flares and long GRBs) and intensity range from 1 ph/cm*s (short GRBs and
SGRs) to 10’ph/cm?s (SGR giant flares). The proposed instrument parameters and
observation program will allow detailed analysis of time profiles and energy spectra of such
transients.

The instruments operate in two main modes: waiting mode and triggered mode. In the
waiting mode, time histories (light curves) are continuously recorded in 22 energy channels
with a resolution of 1 s and multichannel spectra in 256 quasilogarithmic energy channels with
an accumulation time of 60 s.

When the count rate in a certain energy channel exceeds a threshold above the background
on one of two fixed timescales, 1 s or 100 ms, the instrument switches into the triggered mode.
Two different conditions are used, since there are two different types of GRBs, which differ in
duration and hardness of gamma-radiation [4].

In the triggered mode, time histories are recorded with a varying resolution of 2-64 ms in 22
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energy channels, along with multichannel spectra with an accumulation time of 64—2048 ms.
The total time history duration in triggered mode is 115 s, including the prehistory with
duration of 2 s and a time resolution of 2 ms.

To study fine temporal structure of transients and accurate localization via triangulation, it is
preferable to use the time-tagged event (TTE) photon registration mode. In the proposed
experiments, operating in the triggered mode using TTE registration of individual photons, the
amount of output data will be comparable to the amount of data using the traditional
high-resolution time history and spectral data structures. The number of photons recorded by
the detector with the most powerful GRBs is about 10°, which requires about 3 MB of data in
the case of double-byte time code with a time resolution of 1 ps and 256 energy steps.

During the waiting mode TTE in high-energy channels can also reduce the required data
volumes, since the intensity of high-energy photons is low because the instruments will not be
exposed to charged particles from the Van Allen radiation belts.

4. Conclusion

The proposed instruments will be a continuation of a series of Konus experiments, held at
the loffe Institute for more than 40 years [5]. The instrument will contribute to the field of
multi-messenger astrophysics, in particular in observation of short GRBs — the main targets of
LIGO/Virgo gravitational wave observatories.

According to the results of more than 24 years of continuous observations in the
Konus-Wind experiment [6] in interplanetary space, under similar conditions, the expected
number of recorded GRBs is about 200 per year, which leads to the average daily amount of
data about 100 MB per day.
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Abstract On the strategy for the all SAO telescopes for the study and monitoring of afterglows
of cosmic gamma-ray bursts (GRBs), optical identification of sources of gravitational waves and
neutrino signals from supernovae, fast radio bursts (FRB). We plan to carry out (to continue)
follow-up observations of localization areas (identification) of newly-discovered gamma-ray
bursts, neutrino and gravitational signals, and supernovae (in the mode of Target of Opportunity
Observation). The telescopes: BTA, Zeiss-2000 (TB INASAN), Zeiss-100 (SAO RAS) in the
modes of photometry, spectroscopy, fast photometry and polarimetry. Alerts from missions Swift,
Fermi, INTEGRAL, Lomonosov and others. The aim of the search for optical/electromagnetic
components with SCORPIO and MANIA at BTA is the sources (related to GRBSs) of neutrino and
gravitational waves (GW events) detected by LIGO (Laser Interferometer Gravitational-wave
Observatory) and Virgo.

Keywords: Gamma-Ray Bursts Afterglow, Neutrino Signals, Gravitational Signals

1. Introduction

In the early 21st century there appeared new challenges for the ground-based astronomy.
These include:

e gamma-ray bursts observed in 1978-1997;

e gravitational wave signals. The signal GW150914 was detected on September, 14,
2015, by two detectors LIGO in Hanford and Livingston with 7 msec separation. But
the error box is too large — about 1000 sq.deg, so, there was no identification yet. The
event GW170104 has similar values. Last events were modeled by coupling of NS;

e neutrino events: SN1987A is the only reliable event so far, but the international
projects ICECUBE, ANTARES, etc. are going on;

e FRB - Fast Radio Bursts discovered in 2007, with the 64-m Parks 13-beam radio
telescope [3]. There was the first identification with a radio galaxy at z=0.5).

See Proceedings of the International Workshop “Quark Phase Transition in Compact
Objects and Multimessenger Astronomy: Neutrino Signals, Supernovae and Gamma-Ray
Bursts” held by SAO RAS and BNO INR RAS in 2015 [1]
(https:/iwww.sao.ru/hg/grb/conf_2015/proceedings.html) and Proceedings of the International
Conference “SN 1987A, Quark Phase Transition in Compact Objects and Multimessenger
Astronomy” held by BNO INR RAS and SAO RAS in 2017 [2]
(https:/iwww.sao.ru/hg/grb/conf_2017/proceedings.html).
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2. Observations in SAO RAS

Reliable identification demands optical identification.
The rates of expected events are as follows:
1. Gamma-Ray Bursts — 2-3 per week
2. Gravitational events (3 or 4 during the recent 1.5 years)
3. Neutrino events (several ones per year)
4. Fast Radio Bursts — less than 10 so far.
Observations are possible only in the ToO (Target of Opportunity) mode.
How can Special Astrophysical Observatory of RAS meet the challenge today?
We have a rather wide range of available ground-based facilities:
e BTA + complexes of spectroscopy, photometry, and fast photopolarimetry
(Figs.1,2,3,4);
e  Zeiss-1000 + a CCD photometer (the field of 7") and the low-resolution spectrograph
(Figs.5, 6).
e  MiniMegaTORTORA — a multi-channel wide-angle complex of subsecond temporal
resolution (the FOV about of 900 sqg.deg.)
e  Zeiss-2000 of Terskol Branch of INASAN + a CCD photometer (FOV - 11') + a
moderate-resolution spectrograph
e ShMT+ CCD photometers (the FOV of 9’ and 20)

A reserve of devices \
Focal reducers SCORPIO

A speckle interferometer
The complex MANIA

A photopolarimeter
with EM CCD

The main stellar
spectrograph, 3 cameras,
R=15000

The Echelle spectrograp
'NES, R=60000

Figl. The 6-meter telescope and its main devices.
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Observational modes:

- Photometry in medinm- and
narrow-band filters.

- The scanning interferorneter
Fabry-Perot

- Long-slit spectroscopy
- Spectropolarimertry
- Slitless spectroscopy

- Multislit spectroscopy (16
movable slits)

Fig2. Layout of the Spectral Camera with Optical Reducer for Photometrical and Interferometrical Observations

(SCORPIO).

CETECTCE.UMIT
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Fig3. The complexe for studying fast variability in the BTA Primary Focus (PF). MANIA for studying microsecond
variations. Scheduled in the BTA about 10-15 nights per year. Performance capabilities: wide-band photometry (up 1
microsec) and polarimetry, low-resolution spectroscopy.
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EMCCD, 1KHz
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Fig4. The complex for studying fast variability in the BTA Nasmith-1 (N-1) focus. N-1: a complex in “hot standby ”: it
will operate in the second half of 2018. Can be started up during several minutes. It includes the EM CCD with the
temporal resolution till 1 msec. Performance capabilities: wide-band photometry and polarimetry.

2009/08/22 09:21

i (LAWY

Fig5. Small SAO's telescopes. Top left: general view of the domes. Right: the 1-meter telescope Zeiss-1000. Bottom
left: the 60-cm telescope.
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Fig6. Equipment of the Im telescope: a CCD photometer with 2048x2048px by 13.5 microns. The field of view is 7'.
The limit stellar magnitude is 23.5 mag. The medium-band photometry in UBVRI filters + narrow-band filters.

SAO also uses the multi-channel wide-angle telescope of high temporal resolution
Mini-MegaTORTORA since 2014. Performance capabilities are as follows: 9 channels with
the field of view of 100 sg.deg., the threshold of magnitude — about 11.5 st.magn. during 0.1s
or 15 st.magn. during 60s. There is a project of extending the system. See also Fig. 1 in the
paper “Search and study of optical transients with Mini-MegaTORTORA” by N.V. Orekhova
et al. in these Proceedings.

Also some equipment is planned for the nearest future:

e aphotopolarimeter in Nasmith-1 (“hot standby”),
e afast photopolarimeter of the 1m telescope,
e acomplex of small telescopes with the fields of 1°.
But we need large-aperture telescopes with large fields and gigapixel CCD detectors.

3. The study of Gamma-Ray Bursts (GRB) in SAO RAS

Gamma-ray bursts are the brightest transient sources. The multiband observations of GRBs
(after 1997) confirm that a considerable part of so called “long” GRBs is related with collapse
of short-lived massive stars.

Fig.7 shows the MMT study of the gamma-ray burst GRB160625B.
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Fig7. The MMT study of GRB160625B. Operation by a precursor at -1/80 sec. The study in the field of 30x30°.
Texp=30sec. The lag of optics in comparison with gamma-rays is about 3 sec. Top: optical images. Bottom: time
diagram.

4. Some results of our team
4.1. The study of the GRB 021004 field

The results of the field galaxies clustering in GRB lines of sight based on the BTA
observations and with other instruments are presented in the paper “The field galaxies
clustering in GRB lines of sight based on observations with BTA and other telescopes” by I.V.
Sokolov, A.J. Castro-Tirado, I.A. Solovyev, O.V. Verkhodanov, O.P. Zhelenkova, and V.V.
Sokolov in these Proceedings.

The characteristic signs of the clustering of field galaxies were detected in the direction to
the gamma-ray burst GRB 021004.

All accessible signs of such clustering in the line of sights and near the location of
GRB021004 were tested.

The data from observations with BTA/SCORPIO, HST/ACS, VLT/UVES and from the
cluster catalog SDSS-I11 were used.

On the excess density of field galaxies near z ~ 0.56 around the GRB 021004 position
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We test for reliability any signatures of field galaxies clustering in the GRB 021004 line of
sight.

The first signature is the GRB 021004 field photometric redshifts distribution based on the
BTA observations with a peak near z ~ 0.56 estimated from multicolor photometry in the GRB
direction.

The second signature is the Mg II 2796/2803A absorption doublet at z = 0.56 in
VLT/UVES spectra obtained for the GRB 021004 afterglow.

The third signature is the galaxy clustering in a larger (~ 3x3 degrees) area around GRB
021004 with an effective peak near z ~ 0.56 for both the spectral and photometric redshift
distributions obtained from the Baryon Oscillation Spectroscopic Survey (BOSS), which is a
part of the Sloan Digital Sky Survey 111 (SDSS-I1II).

A possibility of inhomogeneity (a galaxy clustering) near the GRB 021004 direction can be
also confirmed by an inhomogeneity in cosmic microwave background related with the
Sunyaev-Zeldovich effect.

From catalogs data, the size of the whole inhomogeneity in distribution of the galaxy cluster
with the peak near z ~ 0.56 was also estimated as ~6-8 degrees

It is also well proven that long-duration GRBs are associated with the core collapse  of
very massive stars.

Similarly to core collapse SNe, the collapse of massive stellar iron cores results in  the
formation of a compact object (collapsar), accompanied by the high-velocity ejection of a
large fraction of a progenitor star mass at relativistic speed producing a series of internal
shocks giving rise to the GRB itself.

Namely, the determination of distance to SNe and GRBs resulting from collapse of
compact objects of stellar mass becomes the main observational task in ~ determining a basic
parameter: the total energy release related to such events.

The collapse of the massive stellar cores maybe connected with the quark phase
transition in the compact objects, which leads to neutrino, gravitational and photon signals
from the core collapse SNe (like SN1987A) and GRBs.

It is also obvious that for low and intermediate redshifts, the sky distribution of
electromagnetic and neutrino signals associated with the core-collapses can be nonisotropic,
showing the clustering of galaxies in which the formation of compact objects occurs due to
evolution of massive stars.

5. Prospects

TASK:

THE STUDY AND MONITORING of sources of cosmic gamma-ray bursts, identification
of sources of gravitational waves and neutrino signals from supernovae, fast radio bursts.

We plan to carry out (to continue) follow-up observations of localization areas
(identification) of newly-discovered gamma-ray bursts, neutrino and gravitational signals, and
supernovae (in the mode of “Target of opportunity Observations” ( ToO)).

The telescopes: BTA, Zeiss-2000 (TB INASAN), Zeiss-1000 (SAO RAS) in the modes of
photometry, spectroscopy, fast photometry and polarimetry.

Alerts : from missionsSwift, Fermi, INTEGRAL, Lomonosov and others.

The alerts from the MiniMegaTORTORA system (SAO RAS) are possible.

In addition, we aim at the search for optical/electromagnetic components (related to GRBS)
sources of neutrino and gravitational waves (GW events) detected by LIGO (Laser
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Interferometer Gravitational-wave Observatory) and Virgo.

6. International cooperation

The works as a part of program in an international observational collaboration:
1. In optical:
with teams from the German-Spanish Observatory Calar Alto (Spain, 2.2 and 3.5 m for

imaging and spectroscopy),

observatory La Palma (Spain, the telescopes of 1-2m for photometry, 4.2m and 10.4m GTC
for photometry and spectroscopy),

the Observatory Nainital (the 1.0m telescope, the 1.3m telescope Devasthal for imaging),

In near IR range the telescope AZT-24 (MAO RAS, Campe-Imperatore, Italy).

2. Radio observations will be fulfilled with the 30-meter radio telescope IRAM (Spain), the
32-meter telescopes of IAA RAS and with the telescope GMRT (India).

It is proposed to combine the observations with the robotic telescopes of the MASTER-II
network of the MASTER Net (Moscow, Kislovodsk, Amur, Urals, Spain, Argentina, South
Africa).

7. The strategy of study.

Alert signals from space gamma-raymissions, neutrino observatories (we are interested in
ICECUBE and KAMIOKANDE), LIGO&VIRGO.

Fast radio bursts — for the time being the search is made with the Parks 64m telescope (the
Southern sky).

It is planned to start searching for FRBs with RATAN-600.

It is possible to use the data from MiniMegaTORTORA.

Stage 1. IDENTIFICATION (the specification of coordinates with the 1m and 2m
telescopes in the photometry mode, for very large error boxes — the identification with
MiniMegaTORTORA) and prompt transfer of coordinates to BTA and other telescopes.

Stage 2: STUDY (photometry in BVRclc bands with 1-2m telescopes up to R~22, with BTA
— spectroscopy of objects brighter than R~22 in the range 350-950 nm for determining z of the
source and obtaining absorptions on the line of sight, resolution (depending on the source
brightness), fast photometry and polarimetry with the complex of fast variability in the first
minutes and hours after the burst, then — photometry with the deep limit up to R~25).

CRITICAL - photopolarimetry for determination of the collapse geometry, the expected
polarization is of order of 10%.

Stage 3: BTA low-resolution PHOTOMETRY and SPECTROSCOPY of different phases of
the source evolution — the appearance of the second peak in luminosity, spectral features of
supernovae.

In conclusion we would like also to emphasize here that since GRBs are detected at more
and more distant cosmological distances with redshifts more than 9.2, this poses additional
new questions which are of outmost importance for observational cosmology.

What are the redshifts at which the sky distribution of GRBs becomes homogeneous?

And what are the redshifts where such bursts (which are related now with collapse of
compact objects of stellar mass) are unobservable already?

THE PROBLEM

This strategy does well for identification of sources with good error boxes. Here our
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advantage is the fast reaction and geographic location.
In case of neutrino and gravitational signals, data of fast radio bursts, the coordinate
precision is not sufficient yet; the telescopes with large fields and good limits are necessary.
In the West: the operating PAN-STARRS and SkyMapper, DEC, etc.
Coming soon: the 8.4-m Large Synoptic Survey Telescope (LSST).

8. Our plans for the future

1. The project off a new large-aperture telescope with large field (this is not decided
yet).
2. New equipment for BTA: a spectrophotometer of the IR range (is being made)
3. Manufacturing of a series of effective moderate-resolution spectrographs for
telescopes of the 2m class (a prototype is being used with AZT33IK of ISTP RAS).
4. Creation of a photometer-polarimeter for the 1m telescope (is planned for 2017-2018)
5. Creation of a network of small telescopes (up to 6 items with D=0.5-0.6m and the
field of view about 1 sq.deg.) equipped with CCD photometers with large cameras
(up to 4Kx4K elements).
Tasks: the monitoring in fields about 1 degree, photometry of bright sources.
The project starts in Summer 2017, observations — in 2018.

8.1. A telescope of new Russian technology (TNRT)

The prototype — the 4.1m telescope VISTA ESO

The main tasks: the study of transient sources: GRB, SN, neutron events, deep surveys in
wide fields, etc.

The project status: preliminary, under discussion.

Time of creation: 2018-2023.

The TNRT design is shown in Fig.8. Some TNRT equipment is presented in Figs. 9, 10.

Fig8. TNRT design
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The main characteristics of the telescope

Alt-azimuthal mounting

Optical layout — quasi Ritchey-Chretién

Diameter of the main mirror — about 3.5(4) m

MM material — sitall CO-115M (Zerodur)

Focuses: Cassegrain, 2 (4) Nasmith

Spectral range: 0.35 — 1.7 (2.5) microns

Angular resolution (optical) - not worse than 0.5

The operational field - 2° (3 ©)

It is expected that there will be systems of active optics of MM, a system of wave
front adaptation in a small field.

Implementation of the technology of spraying high-effective reflecting coatings with
R up to 97% in a wide range.

Equipment: Cassegrain for photometry in wide fields: mosaics up to 20kx20k px
(optics) and 8Kx8K (IR), Nasmiths — for integral field spectrograph and scanning
Faby-Perot interferometer, multi-object spectrograph for 300-500 objects.

Fig9. TNRT: a view of the large-field IR camera. Size of the field of view: up to 1° x 1°. Scale: 0.3 — 0.5 arcsec/px. The
set of filters: Wideband J, H, K; medium-band (FWHM ~200-300 A). Detector: mosaic HAWAII-2 Location : the

Nasmith focus
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Fig10. Technical groundwork for TNRT: photodetector with a mosaic sensor

8.2. Complex of the 0.5-m robotic telescopes at SAO RAS

A complex of 0.5-meter robotic telescopes is being in constructed in SAO RAS. Some views
of the process are presented in Figs. 11,12.

Figl11. Construction of the complex. Left: September 2017. Right: December 2017.
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Fig12. One robotic telescope.

The main scientific goals are as follows:

e GRB: small robotic telescopes detect optical signal, measure it’s parameters and
within few seconds pass data to 6-m for detailed studies.

FRB: synchronous observations with RATAN-600 (expecting rate — 8 ev per year).

o

e  Photometrical studies of exoplanets and magnetic stars.

e  Alert observations of SNs, Novae, CV, QSO, NEO etc

e  Observational programs: students, teachers etc
Conclusion.

e For reliable identification of transients (from gamma-ray, radio, neutrino and
gravitational) it is necessary to carry out optical observations

e Equipment of SAO and other telescopes in whole is ready for observations of
transient sources of a new class.

e  Successful implementation of the projects demands a wide international cooperation
and implementation of plans of development of instrument base.
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Abstract The first double neutron star merger was observed by LIGO/Virgo collaboration on
August 17, 2017 (GW170817). The possible formation scenarios include isolated (classical)
binary evolution, dynamical formation in globular, or nuclear clusters, and other more exotic
scenarios like the involvement of quark stars. Here we present the recent simulated results aimed
at formation of a binary compact object with a special attention put to GW170817 progenitors.
All tested formation scenarios give merger rates far below the observational estimated ones. The
highest merger rate is predicted for isolated binary evolution which is still 2 orders of magnitude
too small. The scenario involving quark stars shows even worse comparison, but may potentially
explain other observational features of GW170817. The results tell us that one of the options is
possible: either the only observation is just a statistical coincidence, our understanding of stellar
and binary physics is incomplete, or we are missing some important non-canonical formation
scenario.

Keywords: Stars: massive, Neutron-star physics, Quark-star physics, Gravitational waves

1. Introduction

Recently, several double compact object mergers have been observed by LIGO-Virgo
collaboration (Abbott et al. 2017). Among them there is only one merger of two neutron stars,
GW170817 (Abbott et al. 2018), the rest being double black hole mergers. Up to now, none
mixed mergers (a neutron star with a black hole) have been observed.

Double neutron star mergers potentially have much more progenitors, because neutron stars
typically originate from lighter stars, which are more abundant on the zero-age main-sequence.
However, double black hole mergers give much more significant signal and, as a result, were
statistically predicted to be observed more frequently (Belczynski et. all 2016). Except
GW170817, the locations of mergers are not known precisely.

Although black holes detected in the Milky Way have mass in the range ~5-15 solar
masses, these detected in merging double compact objects have masses between 7 and 50
times higher than the Sun (only 25% of them have masses below 15 solar masses). This
contrast motivated a search for different formation scenarios of black holes in the merging
double compact objects, than these found for galactic black holes, which are predominantly
components of low-mass X-ray binaries. For example, it was suggested that compact objects
in these systems may originate from primordial black holes (e.g. Hawking 1971), or
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populations 111 stars (e.g. Madau & Rees 2001). Double neutron star mergers, although being a
minority among detected gravitational wave sources, are much better for analysis, because
such problems are omitted (all neutron stars have very similar masses between 1-2 solar
masses, Lattimer 2012). Additionally, the double neutron star merger produces simultaneously
electromagnetic radiation, which allows for multi-messenger observations (e.g. Abbott et al
2017b, Evans et al. 2017).

2. Merger rate estimations for GW170817

GW170817 (also known as GRB170817, or AT2017gfo) is the first observed merger of
double neutron stars (Abbott et al. 2017). The parameters estimated on the base of its
gravitational wave emission are the chirp mass (Mgp;p = 1.188Ms,,) and mass ratio
(g = M,/M, > 0.7). Itis localized on the outskirts of the old elliptical galaxy NGC 4993. The
galaxy probably had an episode of star formation 3-7 Gyr ago (Troja et al. 2017). Belczynski at
al. (2018) assumed the metallicity to be sub-solar (Z = 50%Zs,,,,)-

Three main formation scenarios are considered in the context of double neutron star mergers.
The first one is the isolated (classical) binary evolution (e.g. Lipunov et al. 1997, Belczynski et
al. 2016, Stevenson et al. 2017), which occurs in the galactic disks where interactions between
stars are rare (however see Klencki et al. 2017). Various models were calculated and
compared in the contact of double neutron star merger by Chruslinska et al. (2018). Other
scenario predicts a formation of merging double neutron stars in globular clusters (e.g.
Portegies Zwart et al. 2004, Askar et al. 2017). Stars and binaries in such environment
experience many interactions during which binaries are formed, altered, or destroyed. Neutron
stars before the merger might have been a part of a few tens of significant interaction before
the close double neutron star was formed. A very similar is a situation in nuclear clusters where
dynamical interaction may lead to formation of GW170817 progenitors (e.g. Arca-Sedda et al.
2017).

Belczynski et al. (2018) performed a comparison between merger rate estimations based on
these main formation channels and the merger rate obtained from the observation of
GW170817. Specifically, they performed simulations of isolated binary evolution using the
population synthesis code Startrack (Belczynski 2002, 2008) and simulations of a dynamical
formation of double neutron star merger progenitors using Monte Carlo code MOCCA (Giersz
et al. 2013, Hypki & Giersz 2013) for globular and nuclear clusters.

The models tend to provide rates which are significantly lower than predicted from
observations (see Table 1). Therefore, Belczynski et al. (2018) in their study used
combinations of parameters which maximize the rates in particular channels using earlier
works of Chruslinska et al. (2018) and Askar et al. (2017). Please note, that not the same
parameters give highest rates in different formation channels.

The results of Belczynski et al. (2018) are presented in Table 1. Estimations based on
observations (LIGO/Virgo; 90% credibility; Abbott at al. 2017) are provided for comparison.
Three synthetic models refer to isolated (classical) evolution, dynamical formation in globular
clusters, and dynamical formation in nuclear clusters. Estimations marked as pessimistic,
realistic, and optimistic depict the lower, average and upper estimates for LIGO/Virgo results.
For synthetic models these columns refer to estimates calculated for a burst star formation 10
Gyr ago (pessimistic), 5 Gyr ago (realistic), and 1 Gyr ago (optimistic).
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Tablel. Local double neutron star merger rates [yr "] (within D=100 Mpc?)after Belczynski et al. (2018)

Model pessimistic realistic optimistic
LIGO/Virgo 0.3 15 4.7
classical binaries 8x10° 1x1072 5x107
globular clusters 2x107° 5%x10° 2x10™
nuclear clusters 7x10° 1x10° 1x10™

Although simulations of double neutron stars show good agreement with Galactic
populations of binary pulsars, or rates of gamma ray bursts (Chruslinska et al. 2017), the
merger rates of double neutron stars are far below the estimates based on the observation of
GW170817. The comparison shows (Table 1) that isolated evolution provides merger rates
that are closest to the LIGO/Virgo rates, but still about 2 orders of magnitude smaller.
Interestingly, isolated binary evolution correctly predicts merger rates of double black holes
(e.g. Belczynski et al. 2016).

We note that all observations are subject to uncertainties due to beaming, unknown emission
mechanisms, and low statistics, which may, potentially, change the comparison in favor of the
simulations. Additionally, it is possible that NGC 4993 experienced a recent star formation
episode (300-400 Myr ago; Palmese et al. 2017). If true, it will significantly increase synthetic
merger rates, because double compact objects merge more effectively in young stellar
environments.

3. Quark stars merger

The existence of stars built partially or totally from deconfined quarks was predicted
theoretically. The former are called twin-stars (e.g. Alford et al. 2013), whereas the latter are
possible in the context of the so-called two-families scenario (e.g. Drago et al. 2014,
Wiktorowicz et al. 2017). The two-families scenario shows a promising framework to explain
all phenomena connected with the GW170817 event (De Pietri et al. in prep).

In order to obtain predictions for the merger rates within the two-families scenario, it was
assumed that the transition from a hadronic star to a quark star occurs at a conversion mass of
ME . =15 — 1.6Mg,, (Wiktorowicz et al. 2017). The results from simulations (De Pietri et
al. in prep) show the prevalence of mixed mergers (hadronic star with a quark star) for low
mass ration (but within observational estimated range for GW170817: 0.7 < g < 0.85). The
merger rate is 2 X 10™*yr~1 in the volume limited by a sphere with a radius of 100 Mpc (for
a comparison with Belczynski et al. 2018). Although higher than estimates of merger rates for
two hadronic stars or two quark stars, this estimate is more than 4 orders of magnitude below
the merger rates estimated on the base of the observations of GW170817. We note that for
higher mass ratios (¢ > 0.85) two hadrons stars give higher merger rates (up to 6.4 x 1073
than a mixed merger, or double quark star merger.

4. Conclusions

All tested formation scenarios give merger rates far below the observationally estimated rate
for the GW170817 event. Among tested model, the most promising is the isolated (classical)
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binary evolution in the field, which, nevertheless, gives merger rates about 100 times smaller
than inferred from LIGO observations.

If GW170817 is not just a statistical coincidence and next observational runs will confirm
the actual merger rate estimates, we will know that our understanding of stellar physics in at
least one of the main formation channels is incomplete, or some of the exotic or currently
unknown scenarios give much higher merger rates of double neutron stars.

An example of such a less canonical scenario is a merger of a star built of hadrons with a star
composed of quarks. We showed that for merger similar to GW170817 and with low mass
ratios (0.7 < q < 0.85) the merger rate of such mixed mergers is higher than for neutron stars.
Nonetheless, the merger rate (about10~*yr~1 within a distance of 100 Mpc) is still much
smaller than these inferred from observations (a few per year within a distance of 100 Mpc).
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Abstract Here we give an overview of the follow-up campaign of the gamma-ray bursts. And
then we give an introduction about GWAC project which is aiming to detect the prompt emission
with high-cadence photometry and large field of view monitoring. Besides, we also present our
plan to search for the associated counterparts of gravitational wave events in the optical during
the O3 run.
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1. Introduction

Gamma-ray bursts are the intensive flashes in high-energy in the deep universe. It consists
of two classes, one is long-duration, soft spectral burst, the other is the short-duration, hard
burst, separated by the duration of two seconds for their high-energy prompt emission. It is
expected that there is afterglow emission in multi-wavelength for both types of gamma-ray
bursts. A large fraction of GRB X-ray afterglows shows that there is a very steep decay
attributed to the curvature effect and followed by a shallow-decay phase. After that, the
afterglow would evolve into the normal decay phase, which is interpreted to be caused by the
interactions between the relativistic shock and medium around a GRBs. About 90% of X-ray
afterglow emission of GRBs were detected by Swift XRT (e.g. [5]) and about 50% of optical
afterglow were detected by telescopes all over the world. The successful detection of
multi-wavelength afterglows could provide fruitful information of GRB science, including the
high precise localization, the inner physics of relativistic jets, distance, and burst environment,
etc. On the other hand, only a few GRBs were detected successfully in the optical band during
their prompt emission. Nevertheless, these successful observations of prompt emission have
revolutionized much of our knowledge on the GRB science. Taking the naked-eye burst
GRB 080319B as an example, it is the brightest GRB up to now, whose peak magnitude during
the prompt emission is as high as ~5.3 magnitude in the visible band (e.g. [1]). The
non-delayed and high temporal resolution observations of prompt optical emission of
GRB 080319B by several ground-based wide-field optical monitor systems, including Pi of
the sky and TORTORA (e.g. [1]), make the burst possible for revealing the detailed structure
of optical emission, shedding light on the behavior of the burst internal engine (e.g. [3]). With
these observations, people are able to study the effect of environment (e.g. [4]) and the
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radiation mechanism in the inner area of relativistic jets (e.g. [2]).

At least for a friction of short bursts, people believe that they are related to the gravitational
events, as a result of the merger of a binary of neutron-black hole or neutron star-neutron star.
One of the promising counterpart in the optical is the kilonova/macronova, which is emission
powered by radioactive decays of r-process nuclei and it is one of the most promising
electromagnetic counterparts of gravitational wave sources (e.g. [22]). Up to now, only several
kilonova candidates were found by modeling multi-wavelength light curves of GRB
afterglows (e.g. [23]), except for one case, AT2017gfo (e.g. [14]), which was confirmed to be
associated to GW170817 and GRB 170817A.

Here we give an overview of the GRB follow-up observations by the TNT telescope in
China. In the second part, we give an introduction about the GWAC project which is aiming at
detecting the prompt emission with high-cadence photometry and large field of view
monitoring. Finally, we present our plan to search for the associated optical counterparts of
gravitational waves by follow-up observations.

2. TNT to follow-up the Swift GRBs

TNT is the Tsinghua University-NAOC 0.8m telescope, which is located at Xinglong
station (e.g. [6]), northeast of Beijing with a distance of about 120 kilometers. As one of most
primary observing stations of National Astronomical Observatories, Chinese Academy of
Sciences (NAOC) (IAU code: 327, coordinates: 40°23'39"” N, 117°34'30"” E), the average
altitude of the Xinglong station is bout 900m. The mean and media seeing values of the
Xinglong station are 1.9 arcsec and 1.7 arcsec, respectively. There are more than 100
photometric nights and about 230 observable nights per year on average. The sky brightness is
about 21.1 mag/arcsec? in V band at the zenith. Xinglong station has more than 8 telescopes
with aperture larger than 0.5 meters, including the 2.16m optical telescope (e.g. [17]).

API 1340*1300 CCD is equipped for TNT. The focal ratio of TNT is /10, giving a field of
view of 11.4*11.1 arcminutes. The pixel scale is 0.52 arcsecond. A set of the Johnson-cousin
filters UBVRI are equipped for this photometry system. Arapid follow-up system is developed
for observations of GRB afterglows for TNT telescope (e.g. [7]). With this system, more than
130 Swift GRBs have been followed and the optical afterglows have been detected for about
50% of these observed GRBs.

Figl. Left: The bird’s eye view of the Xinglong observatory, China. Right: The 0.8m TNT optical telescope. Adapted
from the website of Xinglong station (e.g. [6])
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When a GRB alert is received, TNT could start the multi-band follow-up observation in 1-2
min since the burst trigger with a pre-defined strategy. In case that the optical afterglow of a
GRB is detected and its emission is brighter than 16 magnitude in R band, a low-resolution
spectroscope observation by the 2.16m telescope would be requested. The typical delay time
for the follow-up observations by the 2.16m telescope is 10-30 min. As done for
GRB 140629A (e.g. [8]), the brightness of about 15.3 mag was measured by TNT at the time
of about 500 sec after the burst. After a request, a spectroscopic observation was obtained by
the Xinglong 2.16m telescope at about one hour after the burst time. The redshift of z=2.275
was derived based upon some absorption lines (e.g. [8]), such as CIV A 1549. After the joint
analysis by modeling the optical and X-ray afterglows in the framework of standard
synchrotron external shock model (e.g. [9]), the main sciences for GRB 140629A in the
following are derived:

1) It follows the standard forward shock model in the thin shell case.

2) The ambient density around the GRB is 60+9 cm™.

3) The opening angle of jet is very narrow, which is about 0.04 radian.

4) The GRB radiating efficiency is as low as 0.24%, likely indicating a
baryonic-dominated ejecta of this GRB.

5) It does not follow the Ghirlanda relation (e.g. [10]) confidently, but fully agrees with
Liang relation (e.g. [11]).

3. GWAC to measure the prompt optical emission

In order to measure the temporal properties of the prompt optical emission and the afterglow
of all kinds of GRBs at very early phase, an observation system with a very fast slewing or
very angle monitoring shall be employed. GWAC (Ground-based Wide Angle Cameras), after
its fully setup, would have a capability to monitor ~5000 square degrees of the sky in the
cadence of 15 seconds. As a key part of facilities of the future Chinese-French space mission
SVOM (Space-based multiband astronomical Variable Objects Monitor, e.g. [14]), the full
system of GWAC consists of 10 units. One unit consists of one mount and four cameras. The
diameter of each camera is 18cm. Four cameras are mounted in each mount. The magnitude
limit is V~16.5 mag with an exposure time of 10 seconds in the moonless night, and V~15.5
mag in the full moon phase. 4k*4k e2V CCD is equipped for each camera, giving a pixel scale
of 11.7 arcsec. No filter is equipped in order to increase the detection sensitivity.

The prototype of GWAC was set at Xinglong station, near the dome of the TNT telescope.
At present, three units are running normally every night. With the support of a powerful
database, a real-time pipeline for short-duration transient detection is developed for GWAC
system based on the catalog crossmatch from the object catalog obtained from GWAC
observed stacking image and Astronomical distributed catalogs, such as the USNO B1.0
catalog and Gaia dr2 catalog.

Two 60cm optical telescopes with a field of view of 19 arcmin for each and one 30cm
optical telescope with a field of view of 1.9 square degrees are also setup in the same dome of
GWAC in order to make fast and multi-wavelength follow-up for any transient candidates
detected by GWAC. With these follow-ups, it is more easy for people to valid the transients, to
measure their higher precise locations, and to obtain the color changes and to monitor the
evolution of light curves. Besides, these successful follow-ups also provide alert for scientists
to decide whether spectroscopic follow-up observation by the 2.16m telescope and others is
needed. More detailed description was presented (e.g. [13]).
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Fig2. GWAC and its follow-up telescope, including two 60 cm telescopes and one 30 cm telescope. Currently, all these
are set at Xinglong station, NAOC, China,

Besides, an automatic follow-up system is also developed for GWAC system to detect the
afterglow of GRBs triggered by Swift and Fermi, though there are still no positive detections
for GRB afterglows up to now. However, with optimization of the system including hardware
and software, the science is believed to be on the way.

4. Search for the optical counterparts from GRBs to GWs

During the O1 and O2 observation campaigns, only one gravitational event GW170817
(Abbott, B. P., et al., 2017) was originated from the merger of binary neutron stars and its
counterpart GRB 170817A (e.g. [15]) in high energy was found by the space observatories
Fermi and Integral. And its optical counterpart kilonova AT2017gfo (e.g. [14]) was also
detected by variety of telescopes in the worldwide. Apart from this one, other gravitational
events were considered to be results of the merger of binary of black holes (BBH). During the
01 and 02 epochs, nine BBH gravitational wave events (e.g. [13]) in total were followed by
the prototype of GWAC, Mini-GWAC. Particularly, GW151226 was the only one and the first
event for Mini-GWAC to search for any possible optical counterparts related to the
gravitational events. Eight other GW events were observed by our system during the O2 run as
shown in Fig 3. The typical upper limit for all observations for Mini-GWAC was 11-12
magnitude in R band. It is noted that among these follow-ups, the observations by
Mini-GWAC for GW170104 started soon in minutes after the alert, and about 2 hours after the
event. The sky coverage of GW170104 by Mini-GWAC was about 84.4% of probability which
was the largest probability coverage in shortest latency for all observations in the worldwide.

No credible optical transient was found in our images during the O1 and O2 runs. There
might be two reasons. One is the nature of these GW events. Nine GW events observed by our
system were originated from the merger of binary of black holes. The electromagnetic
counterparts from BBH is highly uncertain (e.g. [18], [19], [20], [21]). Secondly, the
sensitivity of the mini-GWAC telescopes was not enough to detect relatively faint transients
such as the kilonova emission like AT2017gfo (e.g. [14]).

The optimization is going on, we will utilize the GWAC system to search for the
kilonova-like transients during the O3 run. The diameter of the GWAC camera is 18cm,
compared to that of D=7cm for Mini-GWAC, the detection sensitivity could be increased to
V~16mag in a single frame. Since the brightness of AT2017gfo evolves with 1 magnitude per
day during its peak time, it is not advantage to search these relatively slowly fading transients
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in very short cadence of 15 seconds. The image stacking would increase the sensitivity of
GWAC to about V~18mag (e.g. [13]), which increases the possibility to detect optical
counterparts of GW events.

6268556 6270580

6274296 6275404

6275697 6277583

6284239 6288732

Fig 3. The skymaps of the eight gravitational wave events followed by GWAC system during O2 run, adapted from
[13]. All observation grids are shown with the red squares each of them identified with a grid ID.

5. Conclusion

Here we present an overview of the follow-up of GRBs mainly carried out by the 0.8m
Tsinghua and National astronomical observation telescope (TNT) in China. The follow-up
campaign mainly focuses on the well localized GRBs triggered by Swift for more than 12
years since 2006. The follow-up observations to search for the optical counterparts from
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gravitational wave events during the O1 and O2 runs are also briefly presented. Furthermore,
we also introduce our next plan for the follow-up observations of gravitational wave events
detected by LIGO/Virgo during the O3 run.
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