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Preface 

The new modern field of multi-messenger astronomy aims at the study of astronomical 

sources using different types of ñmessengerò 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 ñQuark Phase Transition in Compact Objects and 

Multimessenger Astronomy: Neutrino Signals, Supernovae and Gamma-Ray Burstsò held in 

October 2015 and the second conference ñSN 1987A, Quark Phase Transition in Compact 

Objects and Multimessenger Astronomyò held in October 2017 persuaded the organizers that 

such meetings arranged in locations of unique Russian Observatories ï 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 ï are well 

needed.  

The conferenceôs 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 ï 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.   
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Abstract    Description of the TAU-3 installation intended for long-term monitoring of the 

half-life value T1/2 of the 213ʈʦ is presented. Isotope 229Th is used as a source of the motherôs 

chain. The methods of measurement and processing of collected data are reported. Solar-daily 

variation  with an amplitude ASo=(5.3Ñ1.1)Ĭ10
-4, lunar-daily  variation  with  an  amplitude 

AL=(4.8Ñ2.1)Ĭ10
-4 and sidereal-daily variation with an amplitude AS=(4.2Ñ1.7)Ĭ10

-4 were found 

as a results of a processing of the 622 days data series (July 2015 ï March 2017). An averaged 

value of the 213Po nuclei decay half-life was found to be to T1/2=3.705Ñ0.001ɛs. A half-life value 

data set with the week duration step was constructed for the 1177 days measurement time (July 

2015 ï September 2018). Features of the half-life time behavior were analyzed. Annular variation 

with an amplitude A=(3.6Ñ0.6)Ĭ10-4 was found.   

Keywords: Half-Life, 213Po Nucleus, Daily and Annual Variations 

1. Introduction  

Experimental research of the 
214

Po half-life (Ű) 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 (ɓ-particle from the 
214

Bi 

decay + ɔ-quantum) and its decay (Ŭ-particle from the 
214

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 Ű with different temporal steps are analyzed. According to data obtained 

at TAU-2, the averaged value of the 
214

Po half-life is Ű = 163.47 Ñ 0.03 Õs. The annual 

variation with amplitude A = (9.8 Ñ 0.6)Ĭ10
ī4

, the solar-daily variation with amplitude 

ASo = (7.5 Ñ 1.2)Ĭ10
ī4

, the lunar-daily variation with amplitude AL = (6.9 Ñ 2.0)Ĭ10
ī4

, and the 

sidereal daily variation with amplitude AS = (7.2 Ñ 1.2)Ĭ10
ī4

 are detected in the series of Ű 

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 
213
Bi(ʊ1/2 = 46 min) Ÿ 

213
Po(ʊ1/2 = 4.2 ɛs) [5] were choose as the pair. These 

isotopes are the daughter products in the 
229

Th
 
(ʊ1/2=7340 years) decay chain from the 

237
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 
229

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 
229

Th (T1/2 = 7340 years) 

positioned between the disks is the parent isotope for 
213

Po. The test sample is manufactured at 

the Khlopin Radium Institute (St. Petersburg).  

The source is precipitated from Th(NO3)4 salt solution on the surface of a LAVSAN fil m 

with h = 2.5 Õm 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 fi lm open from one end. 

The case is put inside a stainless-steel rectangular case 9Ĭ23Ĭ140 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 fi rst 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 NaI(Tl) 150Ĭ150 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 
213

Bi and 
213

Po 

isotopes [5] are presented schematically. From Fig1a it follows that 66% of ɓ decays of 
213

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 ɔ quantum emission (26% per decay). The isotope 
213
Po decays in 100% of cases with emission of an Ŭ particle with an 

 

Fig.1. Decay schemes of 213Bi (left) and 213Po (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 ɔ quantum 

and ɓ-particle coincide instantaneously, and the pulse from the Ŭ 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 ɔ quantum, the first pulse train on the lower beam (2) 

corresponds to a ɓ particle, and the second one to an Ŭ particle. The observed triple 

coincidences considerably reduce the contribution of background events accompanying 

decays of the remaining isotopes in the chain of decays of 
229

Th to the total counting rate of the 

facility.  The activity of 
229

Th is Ḑ 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 Ḑ27 s
ī1

.  The recording rate of 

useful events with parameters of all pulses corresponding to 
213

Po decay was Ḑ 18 s
ī1

. From 

Fig.2 it follows that signals from ɓ- and Ŭ-particles are clusters of short subpulses with total 

duration of up to Ḑ 1 Õs, decreasing exponentially in frequency and amplitude.   

 

Fig2. An example of 213Biï213Po pair decay event stored by 

DO in PC memory: (1) upper beam, a pulse from D2 
detector (ɔ quantum), (2) lower beam, pulses from particle 

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

 

Fig3. Decay curve for 213Po plotted by the 

data from TAU-3 device obtained over 622 
days. 

The clusters can overlap at small delays between particles; therefore, the processing 

program should consider the relation between the amplitudes of the fi rst and subsequent 

subpulses in a cluster to unambiguously separate the delayed (ɓ ṧ Ŭ) 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 
213

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 
213

Po isotope is 

given. The value of Ű was obtained approximating the decay curve by function  
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Fig4. Dependence of  213Po half-life on the time of solar 

day obtained by the method of interior moving average 

(triangles). Approximation by function Ű(t) = 

Ű0[1+3.4Ĭ10ī4sin{2ˊ/24(tī3)}] (red curve). Restored 

dependence Ű(t) = Ű0[1+5.3Ĭ10ī4 Ĭ Ĭsin{2ˊ/24(tī9)}]  

(the blue dot-dashed curve). 

Fig5. Dependence of  213Po half-life on the time of 

sidereal day obtained by the method of interior moving 

average (triangles). Approximation by function 

Ű(t)=Ű0[1+2.7Ĭ10ī4sin{(2ˊ/24)(t ī19)}] (red curve). 

Restored dependence Ű(t) = Ű0[1+ 4.2Ĭ10ī4Ĭ  

sin{2ˊ/24(tī1)} (the blue dot-dashed curve). 

F(t) = AĬexp[īln(2)t/Ű] + b using the minimum ɢ
2
 test in the delay interval of 0.5-13.0 Õs. It 

was found that Ű = 3.705 Ñ 0.001 Õs. The inner moving-average (IMA) method was used to 

search for a possible time variation of the Ű-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 

Ű-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 
213

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 Ű(t) =Ű0[1 + AĬsin{ɤ(t + ű)}] (the red curve) is displayed, where Ű0 is the mean 

half-life; ɤ = 2ˊ/24 h
ī1
; A = 3.4Ĭ10

ī4
 is the amplitude; ű = ī3 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 
213

Po 

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 ˊ/2 and is 

shifted by 0.5 of the moving intervals (0.25Ĭ24 = 6 h). The amplitude of the initial daily 

periodic dependence obtained from these data in solar time is ASo = (5.3Ñ1.1)Ĭ10
ī4

 (the blue 

dot-dashed curve). 

In Fig. 5, the results of the search for a sidereal daily variation of the 
213

Po half-life are 

displayed. The experimental data are approximated by the curve Ű(t) = Ű0[1 + AĬsin{ɤ(t + ű)}] 

(the red curve) with the parameters A = 2.7Ĭ10
ī4

 is amplitude; ű = ī19 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 AS=(4.2Ñ1.7)Ĭ10
ī4

 (the blue dot-dashed curve). In Fig. 6, the 
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results of search for a lunar-daily variation of the  
213

Po half-life  are  given. 

 

 

Fig6. Dependence of 213Po half-life on the time 

of lunar day obtained by the method of interior 

moving average (triangles). Approximation by 

function 

Ű(t)=Ű0[1+3.1Ĭ10ī4sin{2ˊ/24(tī14)}] (the 

red curve). Restored dependence 

Ű(t)=Ű0[1+4.8Ĭ10ī4sin{2ˊ/24(tī20)}] (the 

blue dot-dashed curve). 

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 AL = (4.8 Ñ 2.1)Ĭ 10
ī4

 

(blue dot-dashed curve). In Fig. 7, the time dependence of Ű obtained from the decay curve for 

a weekly data set is presented. It is shown that Ű increases with time, and that for a data set 

collected over 127 days, Ű = (3.6998 Ñ 0.0015) Õs; for 320 days, Ű = (3.6993 Ñ 0.0014) Õs; for 

422 days Ű = (3.7016 Ñ 0.0011) Õs, and for 622 days Ű = (3.7053 Ñ 0.0011) Õs. The causes of 

such behavior of the Ű 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=A2+(A1-A2)/[1+(x/x0)
P
]. The coeff icients in the formula fitted the experimental data in the 

best way were found by the ɢ
2
-method as L=3.733+(3.700-3.733)/[1+(x/73.42)

4.94
]. 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 

Ű(t)/Ű0=1+2.3Ĭ10
-4
Ĭsin((2ˊ/365)Ĭ(t-319)) shown by red color in Fig.8. The amplitude of the 

functions is ɸ=(2.3Ñ0.4)Ĭ10
-4
. 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 ˊ/2 coefficient. This gives an amplitude of the 

variation equal to ɸ=(3.6Ñ0.6)Ĭ10
-4
. 

4. Discussion 

The results of a monitoring of the 
213

Po half-life in the period July 2015 ï September 2018 

presented above show that this parameter undergoes solar-daily, sidereal-daily and lunar-daily 

variation with the amplitudes ASo=(5.3Ñ1.1)Ĭ10
-4
,  AS=(4.2Ñ1.7)Ĭ10

-4
 and 

AL=(4.8Ñ2.1)Ĭ10
-4
 respectively. These values coincide within the errors with those obtained 

in the 
214

Po half-life values series. A search for the annular variations in the 
213

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 

  

Fig7. Time dependence of Ű obtained from the decay curve 

for the weekly data set (time distance of measurements: 

July 9, 2015 ï September 28, 2018). Trend shape 

L=3.733+(3.700-3.733)/[1+(x/73.42)4.94] ï the red curve. 

Fig8. Time dependence of Ű normalized on trend ï the 

black dots. Time dependence of smoothed Ű-values ï 

the blue curve. Approximation by function 

Ű(t)/Ű0=1+3.6Ĭ10
-4Ĭsin((2ˊ/365)Ĭ(t-319)) ï 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 ɸ=(3.6Ñ0.6)Ĭ10
-4
.  

5. Conclusion 

Description of the TAU-3 installation intended for long-term monitoring of the half-life 

value T1/2 of the 
213
ʈʦ is presented. The isotope 

229
Th is used as a source of the motherôs chain. 

The methods of measurement and processing of collected data are reported. Solar-daily 

variation with amplitude ASo=(5.3Ñ1.1)Ĭ10
-4
, lunar-daily variation with amplitude A-

L=(4.8Ñ2.1)Ĭ10
-4
 and sidereal-daily variation with amplitude AS=(4.2Ñ1.7)Ĭ10

-4
 were found 

from treatment of the 622 days data series (July 2015 ï March 2017). An averaged value of 

the 
213

Po nuclei decay half-life was found to be equal to T1/2=3.705Ñ0.001ɛs. A half-life value 

data set with the week duration step was constructed for the 1177 days measurement time (July 

2015 ï September 2018). Features of the half-life time behavior were analyzed. The annular 

variation with the amplitude A=(3.6Ñ0.6)Ĭ10
-4
 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 ñbig-bangò) 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 ï 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 



17 
 

(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 Fig1. 

 

Fig1. 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 III) stars.  

A statistical sample of highïz GRBs can provide fundamental information [1]: 

¶ measure independently the cosmic starïformation rate, even beyond  the limits of 

current and future galaxy surveys; 

¶ directly (or indirectly) detect the first population of stars (pop III); 

¶ 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)); 

¶ the neutral hydrogen fraction; 

¶ the escape fraction of UV photons from high-z galaxies; 
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¶ 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 

et al. 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.  

THESEUSôs capabilities in exploring the multi-messenger transient sky can be summarized 

as follow: 

¶ Locate and identify the electromagnetic counterparts to sources of gravitational 

radiation and neutrinos, which may be routinely detected in the late ó20s / early ó30s 

by next generation facilities like aLIGO/aVirgo, eLISA, ET, or Km3NET; 

¶ Provide real-time triggers and accurate (~1 arcmin within a few seconds; ~1ôô 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;  

¶ 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: 

¶ short GRB detection over large FOV with arcmin localization;  

¶ Kilonova detection, arcsec localization and characterization;  

¶ 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 ï 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. 

 

Fig2. THESEUS Satellite Baseline Conýguration 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 0.5-1ô. 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 ɛm and a wall thickness w = 6 ɛm. 
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Fig4. The point spread function of the SXI. 

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

X-Gamma rays Imaging Spectrometer (XGIS,): 3 coded-mask X-gamma ray cameras using 

bars of Silicon diodes coupled with CsI crystal scintillators observing in 2 keV ï 10 MeV band, 

a FOV of ~2-4 sr, overlapping the SXI, with ~5ô 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) ï led by FR 

The InfraRed Telescope (IRT): a 0.7m class IR telescope observing in the 0.7 ï 1.8 ɛm band, 

providing a 10ǋĬ10ǋ FOV, with both imaging and moderate resolution spectroscopy 

capabilities (Ÿ redshift). 

 

Fig6. The IRT Telescope block diagram concept. 
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The THESEUS total field of view is shown in Fig7. 

 

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). 

 

Fig8. GRB distribution in the peak flux ï 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 ï 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.  

 

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 Eiso~ 1053 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 III 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: 

¶ NS-NS / NS-BH mergers:  

o collimated EM emission from short GRBs and their afterglows (rate of 

Ò 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).  

¶ Core collapse of massive stars: Long GRBs, LLGRBs, ccSNe (much more uncertain 

predictions in GW energy output, possible rate of ~1/yr) ;  

¶ 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: 

¶ collimated on-axis and off-axis prompt gamma-ray emission from short GRBs;  

¶ 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, 



23 
 

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: 

¶ survey capabilities of transient  phenomena similar to the Large Synoptic Survey 

Telescope (LSST) in the optical: a remarkable scientific synergy can be anticipated;  

¶ substantially increased detection rate and characterization of sub-energetic GRBs and 

X-Ray Flashes;  

¶ 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 Ŭ, 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 Ŭ 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 Ŭ parameter derived from observations. As a result, we obtain the 

dependence of Ŭ on wind parameters. We show that the presence of wind can strongly affect the 
inferred value of Ŭ, as well as the entire evolution of the disk. 

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

Binary. 

1. Introduction 

A low 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 Ŭ-viscosity prescription, determines the 
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efficiency of this transportation process. Physically, the  Ŭ-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 Ŭ, 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 

Ŭ Ṃ ρ, which characterizes the angular momentum transfer. Analysis of the light curves 

observed during LMXB outbursts demonstrates that Ŭ lies in the range of ~ 0.2ï1 [3, 4]. 

However, modern 3-D simulations of the magnetorotational instability give values an order of 

magnitude smaller: Ŭ Ṃ 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 Ŭ-viscosity parameter. Thus, high Ŭ inferred from 

observed light curves would correspond to a smaller Ŭ if the wind operates. 

2. ñCompton-heatedò 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 Ŭ-model of accretion disks, the disk ñflares upò 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
7
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 = TIC , where TIC is 

the inverse Compton temperature, or be in the process of heating toward TIC. The notion of 

escape temperature can be introduced [2]: Tg = GMɛ/kR0 . A hydrostatic corona may exist, if 

TIC is less that the escape temperature. This condition is satisfied inside the radius 

Ὑ
Ȣ

ṩ
ὧά                              (1) 

where TIC8 = TIC/10
8 
K [8]. 

   Furthermore, in [2], a critical luminosity is proposed: 

ὒ
Ⱦ Ⱦ

ὒ πȢπσπὝ
Ⱦ
ὒ                   (2) 

where LEdd is the Eddington luminosity. The ratio L/Lcr characterizes the effectiveness of the 

X-ray luminosity in overcoming gravity. 
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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 ὓ  is moderate in 

proportion to the central accretion rate ὓ  then the disk is stable and steady.  But if ὓ  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]:  

ὡ Ὤ                            (3) 

where Ɇ is the surface density of accretion disk, F is the viscous torque, h = (GMr)
1/2

 is the 

specific angular momentum of the accreting matter, Mx 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(hin,t) = 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 hout .  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: 

ὓ                                    (5) 

where ἁ  is the rate of matter inflow into the disk. Also we set the initial distribution of the 

viscous torque: 

F(h,0) = F0(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:  

ὡ Ὤ ά
Ȣ Ⱦ

Ⱦ

Ὡὼὴ ρ ρ πȢςυ‚ Ⱦ Ⱦς‚       (7) 
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where  ά ὯὓȾ“Ὑ  is the characteristic mass loss per unit area, kC is a wind 

constant, ὓ ς ρπ g/s is the initial accretion rate on the compact object, ɝ = R/RIC and 

ɖ = L/Lcr . Here, we set the inflow of matter into the disk ἁ  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]: 

ὡ Ὤ
 Ⱦ

  ,                             (8) 

where  Rout is the accretion disk radius, Rw is the wind launching radius, and ὅḳἁ Ⱦἁ . 

In this case, we take the initial condition in the form  Ὂͯ ὓ Ὤ Ὤ , where ἁ0
ἁ  Ⱦ1 ὅ and ἁ   10

18 g/s. Wind exists only for R > Rw otherwise W(h) assumed to 

be zero. 

 

 

Fig1. 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 ĬMṩ, outer disk radius Rout = 1.5Ĭ1014cm, 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 transientsô 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.  

Table1. Mass loss and change of the decay time due to wind 

kC wind, g/s texp, days 

0 0 94.7 

0.1 8.2 10
16

 92.9 

0.3 2.46 10
17

 89.6 

1 8.2 10
17

 80.6 

3 2.46 10
18

 62.6 

10 8.2 10
18

 39.6 

 

Table 1 illustrates change of the decay time due to the wind effect. Here kC is a parameter in 

the wind term ὡ Ὤ  ͯὯ   ἁ0Ⱦ“Ὑ
2 , ἁ0  2  10  

18ȟὫȾί is the initial (peak) 

accretion rate on the compact object, ἁ  is the mass loss due to wind, ὸ  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 Rw = 0.9 Ĭ Rout , 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 IIb 

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. 

Keywords: Supernovae: General ï Supernovae: Individual: Sn 2017gpn ï Stars: Evolution 

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 IIb Supernova (SN) by cross-correlating with a library of spectra 

(SNID, [3]). The spectra of SN IIb 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 IIb has been proposed as an intermediate step 

between SN II and SN Ib [5]. The IIb 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. 

 



33 
 

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 ī V) = 0.017 mag [12]. SN 2017gpn is 

located in ӱ0.039 degrees (> 20 kpc) from the center of the potential host galaxy NGC1343, so 

the galaxyôs contamination is negligible. 

 

Fig1. 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 Luptonôs 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 =3.5 Mṩ, R = 50 Rṩ, E = 1.2 Ĭ 1051 erg, M56Ni = 0.11 Mṩ, mixed). For 

comparison the model with R = 400 Rṩ (M56Ni = 0.11 Mṩ, 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 
56

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 
56

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 Mṩ, pre-SN radius R = 50 Rṩ, mass of hydrogen envelope 

Menv = 0.06 Mṩ. The explosion energy is E = 1.2 Ĭ 10
51

 erg. The 0.11 Mṩ of 
56

Ni is totally 

mixed through the ejecta. The compact remnant is a 1.41Mṩ neutron star. The parameters we 

found to be consistent with the results of hydrodynamical modeling of other typical Type IIb 

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 IIb supernovae. However, in different 

hydrodynamical models of SN IIb there is some variance in radius of pre-SN star (from 

30-50 Rṩ to 700 Rṩ, 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 Rṩ and variated the degree of 
56

Ni mixing. By putting all the 
56

Ni in the 

central part of ejecta, we were able to nearly reproduce the observed light curves (Fig. 2). This 

stresses the importance of 
56

Ni mixing in such kind of studies. 

 

Fig3. The classical light curves of Type IIb supernovae in B and R filters. The SN 2017gpn light curve is one of the 

brightest SNe IIb, its light curve behavior is similar to the others. 

Comparison with other SNe IIb. We also compared the resulting light curve with other 

classical and well-studied supernovae IIb 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 

IIb 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).  

 

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 Rṩ), 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 IIb 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 (ñblueò and ñredò) 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% (ñredò) and 1.3% (ñblueò). Corresponding luminosity of pulsed 

component is about 1031 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 ï 

PSR J1023+0038 [4], XSS J12270ī4859 [5], and PSR J1824ī2452I [6]. The most interesting 

(and mysterious!) is a 1.69 ms period PSR J1023+0038 pulsar ï 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 ï from accretion to ejection in 

2003 [4] and back to accretion in 2013 [8]. This object is a ñredbackò compact binary with a 

4.75 hour period, containing a 0.2 Mṩ G class normal component overflowing its Roche lobe, 

at a 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 ï high (7 10
33

 erg/s), low (10
33

 erg/s) and flaring 

(10
34

 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 ñredò one with the GaAs photocathode on 5640A effective wavelength, and the 

ñblueò one with the multi-alcali photocathode on 4530A effective wavelength) to detect and 

register all photons in a 10ǌĬ10ǌ 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 ɢ
2
 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
-16

) 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 AR=2.1% in the ñredò channel and AB=1.3% in the ñblueò band, with AB/AR = 

0.61 (0.376 ï 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 

FB=14.6Ñ3 and FR=6.8Ñ2.6 microJansky. Therefore, for a distance to the object of 1.37 kpc [9], 

the optical luminosity of pulsed component is about 10
31

 erg/s with an accuracy of about 30%. 

Assuming the power law spectrum Fɜ ~ ɜ
-ɓ
 for a pulsed component, its slope is ɓ=3.5 (1.4 ï 5.1 

for the 95% confidence interval). 
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Fig1. Overall light curves for data from the ñredò detector (up) and phase-folding ɢ2 (down) using [26] timing 

solution in 100 s wide sliding windows. Left panel: data from the night on Nov 13, 2017. Right panel: data from the 

next night, Nov 14, 2017. Gaps separate continuous intervals of observations (data segments). Telescope pointing was 

adjusted between these observations, which explains the intensity jump on Nov 14. Only a single 400 seconds long 

interval in the last data segment contains significant pulsations on neutron star rotational period. 

 
Fig2. Light curves in the ñredò and ñblueò 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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Fig3. Periodograms of the ñredò and ñblueò channel light curves of a data segment shown in Figure 2. Shown are the 

ones for the whole segment (green), inside the activity interval (red) and outside it. The significance of the ñredò 

channel peak inside the 400 seconds long activity interval is better than 10 -16 after correction for the number of trial 

frequencies. There are no signs for any periodic oscillations outside the activity interval. The amplitudes listed for the 

peaks correspond to pure sinusoidal variations and are not corrected for the contribution of background emission (see 

the text for corrected ones). 

 
Fig4. Folded light curves of a 400 seconds long interval containing coherent optical pulsations on rotational 

frequency in the ñredò (upper panel) and ñblueò (lower panel) channels. The intensities are not corrected for 

background text contributions (see the text for corrected amplitudes). The pulse shapes of different channels are 

similar and co-phased, and are close to sinusoidal shape, with no signs of a two-peaked shape reported by 

[16],[17],[27].  
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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 Tb > 10
11

Fɜ D
2 
ɜ

-2 
Ű
-2 
å 10

7
 ï 10

8 
K, where Fɜ is a flux density in 

Janskys, D is the object distance in kpc, 
 
ɜ is the frequency in units of 10

15
 Hz, and

 
Ű 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
31

 erg/s, optical 

pulsed emission canôt 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 (ɓ~3.7) is much softer than the multi-wavelength slope of ɜFɜ ~ ɜ
0.3

 (ɓ=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 ñblueò 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 (2ů 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 ñpropellerò 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 ɜ ~ 5Ŀ10
14

 Hz, synchrotron 

energy loss timescale shorter than 0.25 of pulsar period, Ű ~ 0.43 ms, we get the Lorentz factor 

ɔ < 50 and B > 1.5Ŀ10
5 
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
31

 erg/s, gives the number of emitting particles of 10
32

. As the size 

of emission region is smaller than ʩŰ ~ 10
7
 cm, the electron density is n > 10

10
 cm

-3
. 

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 ï matter density, 

outflow velocity and inhomogeneity, its luminosity, the structure and strength of magnetic 

fields ï 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 ï the chances to get a necessary combination of parameters 

are higher. 

Finally, letôs 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 ɓ=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. 

Keywords: Gravitational Wave, Short-duration Gamma-Ray Bursts, Multimessenger Astronomy 

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 GWs 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 Mv = 17, and decrease thereafter with a timescale set by the diffusion time: 

the decline is faster for lower ejecta masses and higher energies.  

 

Fig1. 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 iô-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 (O3) 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 



49 
 

features: 

¶ to consist of at least two counters, so that the measurement uncertainty can be 

determined by comparing the results; 

¶ the method of distinguishing real neutron recording from noise should exist; 

¶ 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 
3
He(n,p)

3
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 (itôs a so-called ñwall effectò). An example of amplitude spectrum, obtained with a 

relatively large flux of thermal neutrons is shown in Figure 1. 

 

Fig1. 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. 

 

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 ñRemminaò[4]. PC can be turned on and off by the standard Linux program 

ñrtcwakeò, 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 ñother signals:ò can be divided into three groups: 

¶ normal electronics noise ï 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. 

¶ alpha particles from counterôs internal parts ï helium counter parts contain natural 

radioactive isotopes that emit alpha particles. These particles travel random lengths 



51 
 

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 ñsparksò ï 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 ñrise timeò versus 

ñmaximum pulse amplitudeò shown in Figure 3 (in fact, in this figure ñpulse maximum timeò 

is shown instead of ñrise timeò, but these times differ by a fixed value). 

 

Fig3. Two dimension histogram ñrise timeò versus ñmaximum pulse amplitudeò 

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 ñsparksò. 

¶ 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 ósparksô 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 ï  spectrum after subtraction of ñsparksò. 

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 ñReiche 

Zecheò 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 

(3.1Ñ 0.3)Ā10
-6
 cm

-2
s

-1
. 

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.  

 

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. 
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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 (AGNs) 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 NLS1s 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 I RGs, whereas FSRQs are usually linked with FR II 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 OôDea 

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 Ŭ = -0.61 (Sɜ  θɜŬ) 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 ~0.5c and an inclination angle of ~48Á 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 MeVï100 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 III] ɚ3727 and 

[Ne I] ɚ3833 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 Ŭ = -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). 



57 
 

   

 

Fig1. 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
12

-10
13

 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 ï 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 i and coordinates in the Equatorial system (Ŭ, ŭ)i 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 ar 

value from the weighted average direction. Thus, each cluster is characterized by multiplicity 

k, duration ȹt, absolute time and coordinates of its center (Ŭ, ŭ). Because the search is carried 

out within some interval ȹT (from 1 ms to 900 s), then ȹt Ò ȹT. This algorithm was used 

previously for searching of bursts with BNO facilities (Baksan Underground Scintillation 

Telescope ï BUST, EAS arrays ñCarpet-2ò and ñAndyrchyò). 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 (aaver 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 ac from true center and ai 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: 

ä
=

=
k

i

iaver a
k

a
1

1
                                    (1) 

 

Fig1. An example of a modeled cluster with k = 6. 

The distributions of clusters with different multiplicities from point sources by aaver 

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 ï 4.  
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Fig2. Distributions of modeled and experimentally registered clusters with k = 3 by the aaver parameter for the EAS 

array ñCarpet-2ò. 

 

Fig3. Distributions of modeled and experimentally registered clusters with k = 30 by the aaver parameter for the EAS 

array ñCarpet-2ò. 

It is obvious that using of aaver 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 ȹT. 

Multiplicity distributions of clusters registered at BUST during 953.8 days of data taking are 

shown in Fig. 5 for a number of ȹT values. 
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Fig4. Distributions of modeled and experimentally registered clusters with k = 11 by the aaver parameter for BUST. 

 

Fig5. Multiplicity distributions of clusters experimentally registered at the BUST. 

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 ñoldò registration system of the ñCarpet-2ò 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 Ŭaver Ò Ŭb(k). 

The Ŭb(k) values are chosen thus that within Ŭb(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 Ŭb(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 ñCarpet-2ò 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 

ñAndyrchyò EAS array and at the Terskol peak. The module operated at the ñAndyrchyò 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 ñMeade 14ò 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 ñCarpet-2ò 61 images were taken. The coordinates of the frame 

center are approximately R.A. = 08h45m ʠ Decl. = +70Ü10'. 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. 

 

Fig6. The overlap of images obtained by the Officina Stelare RH-200 wide-angle telescope on ñCarpet-2ò 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 (2n)-capture in 124Xe. 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 124Xe 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 238U and 232Th 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 238U and 232Th, where the experimental 

setup is located, on the production of the isotope 125I in the working gas of the detector, upon 

capture of thermalized neutrons by the 124Xe isotope is considered. The 125I 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 124Xe. 

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 
124

Xe is produced by the capture 

of two electrons from the K-shell [1]. The result of the 
124

Xe (2n, 2eK) reaction is a neutral 
124

Te 

atom with a ñliftedò shell, which leaves both K-shell vacancies exposed. The residual 

excitation of the atomic shell in daughter isotope 
124

Te
**

 relaxes via the emission of Auger 

electrons (eA, eA), a single characteristic quantum and an Auger electron (K, eA), or two 

characteristic quanta and low-energy Auger electrons (K, K, eA). 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 
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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 

ñshakedò 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 ò2K-CAPTUREò 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 M0k copper correspondingly) and passive shield. 

Shield consists of 18 cm of copper, 15 cm of lead and 8 cm of borated polyethylene. 

 

Fig1. Simulated geometry for the installing ñ2K-CAPTUREò 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 10ɛm 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 ï 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 
109

Cd-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. 

 

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 

2n2K 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 ñhollow atomò 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 

2n2K 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 ñhollow atomò 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 
40

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. 

 

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 
125

I may be one of the most critical background sources in the energy region of interest 

for the search the 2n2K capture in 
124

Xe. Since the energy and type of emission of its decay 

products are similar to the expected effect of 2n2K capture. In our detector, this isotope may 

form after the decay of 
125

Xe. It is formed when a thermal neutron is captured by the 
124

Xe with 

a sufficiently large probability (sth = 165Ñ11 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-lif e of 
125

Xe is about 17 h, after which it decays into an atom 
125

I. Its 

half-life is 59.49 days and it decays by electron capture (100%) to the first excited state of the 

daughter 
125

Te which then emits a 35.46 keV gamma ray photon in dropping to its ground state 

in 1.49Ĭ10
ī9

 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 2n2K capture of 
124

Xe. 

Therefore, we decided to test the possible number of neutrons that can ñpenetrateò into the 

working volume of the detector, thermalize and interact with the 
124

Xe. Several possible 

sources of neutrons were considered in the simulation calculations. The first of them is neutron 

production in (Ŭ ī n)-reactions during the decay of the U/Th series and their daughter nuclei 

(which undergo Ŭ-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 
124

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 (2.6Ñ0.4) Ĭ10
ī5

 cm
ī2

s
ī1

. 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 Ĭ 10
ī7

 - 1.8 Ĭ 10
ī7

 cm
ī2

s
ī1

 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 
125

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 
125

I in the detector in one year of 

measurements, taking into account the interaction cross-section and the number of 
124

Xe atoms. 

This will give us no more than one atom of the 
125

I in our detector in 4-5 years of 

measurements. 

4. Conclusions 

The reducing of the background is crucial when searching for the 2n2K capture in 
124

Xe 

because it determines the sensitivity when the total amount of 
124

Xe is equal to fixed. To 

estimate the radioactive contamination of the experimental setup ñ2K-CAPTUREò 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 [10ī6, 103]Mӟ, 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. 

Keywords: Gravitational Lensing, Strong Lensing, Weak Lensing, Microlensing, Quasar 

Microlensing  

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 Ŭ = 4GM / bc
2
, twice more than the 

previous value found, based on Newtonian mechanics [2]. Here G is the gravitational 

constant, M is the lensôs 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
ī5

, 10
-2
]Mӟ ) either very distant from their host star 

(Ḑ 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 ‌ ρȢσ Ȣ
Ȣ and 

defined the number of planetary mass objects per star: ὔ υȢυ Ȣ
Ȣ. 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 Ŭ = 4GM / bc
2
. By 

looking at Figure 1, assuming the ideal case of a thin lens and noting that, ŬDLS = (ɗ - ɗS)DS 

one can easily derive the so-called lens equation 

                                ʃ-— — —ϳ                                     (1)   

where ɗS indicates the source position and 

                              —                                    (2) 

is the Einstein ring radius, which is the angular radius of the image when the lens and the 

source are perfectly aligned, ɗS=0. Here, DS, DL and DLS 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 ɗS and that of the position of the image ɗ is 

given by the lens mapping equation [15]: 

                           — — ʒɳ—                                (3) 

where ű 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: 
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Fig1 . Schematics of the lensing phenomenon. 

where the commas are the partial derivatives with respect to the two components of ɗ, A is 

named magnification matrix, k - convergence and ɔ - shear. The points in the source plane 

where A=0 form the so called caustic lines. 

The optical depth Ű is defined as the fraction of a given solid angle ‏ɱ covered by the 

Einstein rings of the individual masses. To first order, it is equal to the convergence, or 

normalized surface mass density 

                    † В ‖                                (5) 

where the critical density is ɫ . 

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 6ǌ 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 ɗE 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,  

                            ὃ ρ.                                  (6) 

where u = ɗS / ɗE. The parameter u can be decomposed into components parallel and 

perpendicular to the direction of the relative lens-source motion and be calculated as 

                            όὸ ό                               (7) 

where t0 and u0 are the time and impact parameter at the closest-approach. The Einstein time 

scale tE = RE / vT is defined as the time required for the lens to traverse the Einstein radius (RE). 

The light curve is determined by three parameters: t0, tE and u0. However, of these parameters 

only tE 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 

([30]-[32]). 
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3. Quasar Microlensing 

The quasars can be affected by gravitational lensing in two ways. The ñMacrolensingò 

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
12

Mӟ. 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 ñmicrolensingò: 

the compact objects in the mass range [10
ī6

, 10
3
]Mӟ 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
12

Mӟ at a 

redshift zL = 0.5 and a source at redshift zS=2.0 (here H0 = 50 km s
-1
Mpc

-1
) the Einstein radius 

is 

                          — ρȢψ
ἄ
 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 

                         — ρπ
ṩ

 arcsec.                               (9) 

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

                          ὶ ρȢτὼρπ
ṩ

 cm.                             (10) 

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 tE is the time the source takes to cross the Einstein radius of the 

lens 

                      ὸ
ȟ

ρυὓ ὓṩϳ ὺ  ώὩὥὶί                    (11) 

where the effective relative transverse velocity vṶ,eff  is parametrized in units of 600 km/s: v600. 

This time scale tE 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 tcross , which is the 
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time needed for the source to cross its own radius Rsource: 

                        ὸ
ȟ

τὙ ὺ  άέὲὸὬί                        (12) 

Here the quasar size R15 is parametrized in units of 10
15

 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 ñshiftò 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 ñdifference light curveò 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 Ḑςπππ 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 CsI 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/cm2/s  

THESEUS SXI/ 

Chandra ACIS 

(0.3 - 6) / 

(0.4-10) 

1sr / 

17x17 arcmin 

10-20 arcsec / 

1 arcsec 

10-9 / 

4x10-15  

 

Theseus XGIS/ 

Chandra HRC 

(2 KeV ï20 MeV)/ 

(0.4-10) KeV 

1.5sr / 

30x30 arcmin 

5 arcmin / 

0.4 arcsec 

10-10 / 

10-16 

 

 

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 (FeKŬ), 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 binary 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 ὐᴆ 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   Ô  , 

(ii)  Precession time scale  Ô, 
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(iii)  Radiation-reaction time scale  Ô . 

These obey, ὸ ḺὸḺὸ . 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 ὐᴆ 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  Ὓᴆ  and Ὓᴆ denote the spin vectors of the two BHs and ὒᴆ be the orbital angular 

momentum vector. Consider a system in which the ᾀͮ axis points along ὒᴆ. Let — and —  be 

the polar angles of the two spin vectors and Ў• be their azimuthal angle separation. In a 

spin-orbit resonance (SOR) configuration, the three angular momenta vectors of BBH occupy 

a planar configuration with Ў• πȟ“ [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 Ўʒ can take 

any value. 

2. SOR-0: The spin vectors and orbital angular momentum vector librate about 

co-planar configuration with Ўʒ π on precession time scale. 

3. SOR-180: The spin vectors and orbital angular momentum vector librate about 

co-planar configuration with  Ўʒ ʌ on precession time scale. 

We are interested in determining the relative probability of BBHs 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 Ὡ 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 

Ὡ π 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 ὥ ρπππὓ to 

ὥ ρπὓ, where ὥ is the binary separation. The PN approximation breaks down at smaller ὥ 
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 ὨὩ Ὠὸϳ  vanishes at 2PN order. The eccentricities 

cannot be decreased beyond these values. We evolve 4000 such maximally spinning eccentric 

binaries with mass ratios q = 0.40, 0.60, 0.80, and 0.95 (1000 eccentric binaries for each mass 

ratio), where ή ρȢ In Fig. 1, the median of eccentricity evolution for each set of 1000 

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 ρπ 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. 

 

Fig1. 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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Abstract  The aim of the BSUIN project is to join efforts in making the underground 

laboratories in the Baltic Sea Regionôs (BSR) more accessible for innovation, business 

development and science by improving the availability of information about the underground 

facilities, service offerings, user experience, safety and marketing. 
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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 3.4Mú. 

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. 

 

Fig1. 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. 

 

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 ScientificInstruments 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: 

¶ The Henryk NiewodniczaŒski Institute of Nuclear Physics Polish Academy of 

Sciences, Poland 

¶ Rockplan Oy, Finland 

¶ Normet Oy, Finland 

¶ K+S GmbH, Germany 

¶ Kalmar regional Council, Sweden 

¶ Pyhªjªrvi Municipality, Finland 

¶ DMT GmbH, Germany 

¶ M-Solutions Oy, Finland 

¶ Muon Solutions Oy, Finland 

¶ University of Tartu, Institute of Physics, Estonia 

¶ Kolmas Karelia LLC, Russia 

¶ Geological Institute of Karelia, Russia 

¶ Pyhªsalmi Mine Oy, Finland 

¶ University of Aarhus, Denmark 

¶ University of Oulu, Department of Architecture, Finland 

¶ University of Jyvªskylª, Department of Physics, Finland 

¶ Amberg Group including Versuchsstollen Hagerbach (VSH), Switzerland 

6. Underground laboratories 

Underground laboratories involved in the BSUIN 

project: 

 

Å Callio Lab, Pyhªsalmi mine, Finland 

Å  spº Hard Rock Laboratory, Oskarshamn, Sweden 

Å Reiche Zeche, TU Freiberg Research  

   and Education mine, Germany 

Å Conceptual Lab development co-ordinated  

 by KGHM Cuprum R&D centre, Poland 

Å Khlopin Institute Underground Laboratory, Russia 

Å Ruskeala, Russia 

 

Fig 3. Map with denoted locations of underground  locations involved in 

the BSUIN project. 

 

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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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 ɜ
~
e + p Ÿ 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, 43.28ÁN and 42.69ÁE). 

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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Fig1. 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 
12

C(n, p)
12

B reaction is among them. 

The 
12

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 
12

C(n, p)
12

B reaction 

has been exploited in the present analysis. Theoretically, the 
12

N isotope is known to be not 

directly produced by the primary neutron, but rather the recoil proton (n + p Ÿ n + p) 

interacting with the 
12

C: 
12

C(p, n)
12

N. The 
12

N decay has the same signature as the 
12

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 
12

B nuclei neutrons NB related to the 

neutron flux j(E) is obtained from the following expression: 

ὔ ὲϽὪϽὸϽ᷿ „Ὁ ϽὮὉὨὉ                   (1) 

where n is the number of target nuclei, f is the detection efficiency, ů(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 En.  

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 
12

C(n, p)
12

B reaction performed at the neutron time-of-flight facility at CERN. The best 

evidence for the 
12

C(n, p)
12

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 

ὔ ὲϽὪϽὸϽὯϽ᷿ „ὉȾὉὨὉ                   (2) 

This allows one to determine the proportionality factor k. Thus, the differential neutron flux 

can be written as 

ὮὉ
ϽϽϽ᷿ Ⱦ

Ͻ                 (3) 

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. Ethr = 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 
12

B nucleus with high probability, the time interval between a pair of events was chosen to 

be equal to 6 half-lives of 
12

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. 

 

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) = aĀexp(īæt/ŰB) + 

aNĀexp(īæt/ŰN) + b (ŰB and ŰN is the mean lifetime of 
12

B and
12

N respectively). 

 

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 
12

B isotopes, while b and aN give the level of 

background events. The chi-square distribution minimization method was applied to fitting. 

Subsequently, the number of the produced 
12

B 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. 

 

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 En 

from 10 to 100 MeV is ūn = (2.5 Ñ 5)Ŀ10
ī9

 cm
ī2

s
ī1

 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: 

() ( ) 0 1
0 0 1 0

/
/

h

pred

P
ū h =P P h eÖ Ö                            (4) 

where h0 is the equivalent depth in km w e relative to a flat overburden, and P0, P1 are the 

fitting parameters. 

The muon-induced neutron flux at the 0.85 km w e (BUST) was obtained using the scaling 

method ūpred(0.85) = 15.1Ŀ10
ī9

cm
ī2

s
ī1
. The value ūpred(0.85) is in qualitative agreement with 

our results. 

 

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 
12

C nuclei. The experimentally found 

muon-induced neutron flux (for neutron energies E Ó 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 ð 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 ð SN with very strong but relatively 

narrow He I lines in early spectra (Ḑ30 similar objects are known, [25]), SN 2005bf ð 

supernova attributed to SN Ib but with two broad maxima on LCs, SN 2010mb ð unusual SN 

Ic with very low decline rate after the maximum brightness that is not consistent with 

radioactive decay of 56Ni, ASASSN-15lh ð 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
a
 

[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, 

                                                             
 
a
 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 Ĭ 10
4
 

SNe/SNe candidates (Ḑ 1.2 Ĭ 10
4
 of SNe have > 10 photometrical observations and Ḑ 5Ĭ10

3
 of 

SNe have spectra). For comparison, SDSS supernova catalog contains only Ḑ 4 Ĭ 10
3
 of SNe 

LCs and Ḑ 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 gǋrǋiǋ, gri or BRI ýlters. 

We assume that gǋrǋiǋ 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 gǋrǋiǋ, 767 objects in gri, and 404 objects in BRI). 

2.2 Transformation between BRI and gri 

To increase the sample we convert the Besselôs BRI into gri filters using the Luptonôs (2005) 

transformation equations
b
. These equations are derived by matching SDSS DR4 photometry to 

Peter Stetsonôs published photometry for stars: 

 

ừ
Ử
Ử
Ừ

Ử
Ử
ứὄ  ό ɀ πȢψρρφ ό ɀ Ὣ  πȢρσρσ

ὄ  Ὣ  πȢσρσπ Ὣ ɀ ὶ  πȢςςχρ

ὠ  Ὣ ɀ πȢςωπφ ό ɀ Ὣ  πȢπψψυ

ὠ  Ὣ ɀ πȢυχψτ Ὣ ɀ ὶɀ πȢππσψ

Ὑ  ὶ ɀ πȢρψσχ Ὣ ɀ ὶɀ πȢπωχρ

Ὑ  ὶ ɀ πȢςωσφ ὶ ɀ Ὥɀ πȢρτσω

                     (1) 

 

3 Anomaly detection 

3.1.  LCs fit 

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
c

 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://www.sdss3.org/dr8/algorithms/sdssUBVRITransform.php 

c
 https://github.com/matwey/gp-multistate-kernel 
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Based on the results of approximation we extracted photometry (in þux) in the range of [ī20, 

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 Ĭ 3 þuxes 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. 

      

Fig1. Left panel: sample three-dimensional set of labeled data. Right panel: the same data set reduced into 

two-dimensional space by t-SNE algorithm. 

 

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 þux 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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Table1. List of found anomalies. 

Name Coordinates Object type Ref. 

SN2016bln 13 34 45.49 +13 51 14.3 Ia-91T [7] 

SN2013cv   16 22 43.16 +18 57 35.6 SN Ia-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] 

Gaia16aye 19 40 01.13 +30 07 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 ñnormalò 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 doesnôt 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 Ḑ 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 Ia 

Type Ia 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 Ia are used as universal distance ladder since their 

luminosity at maximum light is approximately the same. However, SNe Ia 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 Ia-91T 2016bln [23]. 

SN2016bln [7], classified by our code as anomaly, belongs to the so-called 

1991T-like-supernovae subtype (see Fig. 3). SNe Ia-91T are characterized by higher peak 

luminosity and broader LCs than a normal SN Ia, 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 < ī21 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 
56

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 II supernovae ([4], see Fig. 6). The following 

studies identified it as an active galactic nucleus (AGN [34, 28]). 

 

Fig4. Light curves in gri ýlters of peculiar SN2013cv [5, 34]. 
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Fig5. Light curves in gri filters of superluminous SN1000+0216 [8]. 

 

Fig6. Light curves in gri ýlters of SN2006kg [28]. 

 

4.4. Binary microlensing event 

Gaia16aye [1] is an object with the most non-SN behaviour in our set of outliers (Fig. 7). In 

[33] it was reported that Gaia16aye is a binary microlensing event ï gravitational microlensing 

by binary systems ð the first ever discovered towards the Galactic Plane. 

 

Fig7. Light curves in gri filters of binary microlensing event Gaia16aye 

(http://gsaweb.ast.cam.ac.uk/alerts/alert/Gaia16aye/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 Ḑ 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 ï 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
d
 (Kornilov et al. 2019, in prep.) was 

specially developed to introduce the correlation between the filters. As a result, we found 

Ḑ 100 anomalies, among which peculiar Type Ia 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), ñCarpet-2ò and 
ñAndyrchyò 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, ñCarpet-2ò 

and ñAndyrchyò 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
3
. 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 LVDS 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. 

 

Fig1. 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. 

 

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

3. ñCarpet-2ò 

The diagram of the DAQ system of the çCarpet -2è EAS array is presented in Fig.3. This 

array consists of the ground part of the çCarpetè (400 liquid scintillation counters, continuous 

covering square of 200 m
2
), 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
2
 (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 çCarpetè 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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Fig3. Block diagram of the "Carpet-2" EAS array. 

4. ñAndyrchyò 

The DAQ system of the ñAndyrchyò EAS array (Fig. 4) is similar to the ñCarpet-2ò 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 UNIO-96-5 to measure count rates of all scintillation counters of the array. 
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Fig4. Block diagram of the "Andyrchy" EAS array. 
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5. Software, data storage and transmission 

The structure of on-line programs of BUST, ñCarpet-2ò and ñAndyrchyò 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 ñCarpet-2ò 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. 

 

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 ñachromatic or chromatic?ò. 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 ɔ-ray energy up to Eɔ, iso ~10
55

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 

ñachromatic or chromatic?ò 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 M®sz§ros 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 Swiftôs 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.  

 

Fig1. 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;  

¶ II. Shallow decay phase (or plateau), which is incorporated within the external 

shock, and need continuous energy injection into the blast wave [28-30];  

¶ III. 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. 

¶ Ia. 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; 

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

¶ III . 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 IIïV in the optical light curves can find their counterparts in X-ray. It should be 

notified that not all GRBs show all these components. 

  

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 Ḑ53% of GRBs can be interpreted within the external shock models. Up to Ḑ96% 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 (ɻͯ ρȢφ) to flatter decayɻͯ ρȢρwith a break at ~5000 s. 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 ʍÒᶿÒ  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 Bp, the spin period of the magnetar P0, and the radiative efficiency of 

prompt emission ɖ is Ḑ G, Ḑ 0.96 ms, and Ḑ 2.2%, respectively. However, the radiative 
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efficiency of internal plateau  is larger than 18.1%. For GRB 150910A, the deriving of 

physical parameters of the putative magnetar is P0 Ḑ (0.96 Ḑ 1.52) ms and Bp Ḑ (0.41 Ḑ 1.03) 

Ĭ 10
15

 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. 

Keywords: Dark Matter, Dark Energy 

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, Poincar® in 1906, ¥pik in 1915, Kapteyn in 1922, 

Jeans in 1922, Lindblad in 1926, and Oort in 1932 with different results [14]. 

With regard to extragalactic astronomy, Zwickyôs [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 
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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 ( å 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 ȹT/T 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 non-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 å 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 ψ % 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 ɋm å 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
ī2

, 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 ñsmall scale crisisò 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 ñmust beò 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. ȿCDM (CDM including a ȿ term for the cosmological constant; see Ä5) 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 Mbaryons(r) 

~ Mdark 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, 

ȿCDM simulations predict that the majority of the most massive subhalos of the Milky Way 

are too dense to host any of its bright satellites (LV > 105 Lṩ) [20]. Also, the distribution of 

satellites is in a plane, incompatible with ȿCDM [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
ī6

 and 10
ī4

 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 3ï4 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 Ĭ 10
ī10

 m/s
2
. 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 ȿCDM 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 Newtonôs law were found down to 1 Ĭ 10
ī12

 m/s
2
 [48]. 

Therefore, unless these experiments are wrong, or we interpret the transition regime 

acceleration of 1Ĭ10
ī10

 m/s
2
 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 ñtresinosò or four-body system 

ñquatrinosò; antiparticles which have negative gravitational charge [35], etc. 

In my opinion, the problem of ódark matterô 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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Einsteinôs biggest blunder, and it was introduced by Lemat́re [46] in his equations for the 

evolution of the expanding universe. Indeed, it is equivalent to positing an attractive 

gravitational acceleration a(r) = īGM/r
2
 +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 ô90s realized that an ɋȿ 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 ɋȿ 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 ǎ å 200. 

White et al. in 1996 [97] realized that the preferred standard model at that time (an open 

universe with ɋ = ɋm å 0.2 and without dark energy) did not fit the observations, so that they 

needed a larger ɋ. Between 1997 and 2000 a change of mentality in standard cosmology 

occurred. This was one of the elements, together with Type Ia Supernovae (SN Ia) 

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 

at z = 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 ȿ 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 ȿ = 0 solution. 

SNe Ia 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 Ia [76]. If there is a systematic evolution in the metallicity of SN Ia 

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 

ȿ-dominated, a flat universe in an open, ȿ-free universe. However, the effect of metallicity 
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evolution appears not to be large enough to explain the high-z SNIa 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 Ia consists in using spectroscopic templates, built by 

averaging spectra of well observed (mostly nearby) SNe Ia. Thus, the uncertainty in 

K-corrections depends primarily on the spectroscopic diversity of SNe Ia. 

Even if we accept the present-day SN Ia analyses as correct and without any bias or 

selection effect, other cosmologies may explain the apparent cosmic acceleration of SNe Ia 

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 ñconstantò 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 

LemátreïTolmanïBondi solution of Einsteinôs 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 Ia observations 

[95]. Carmeliôs 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 ȹŬ/Ŭ = 7 Ĭ 10
ī6

 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 ȿ 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 ɋȿ å 0.7, which is surprising taking into account that in the rest of 

the history of the observational cosmology proofs have been presented for ɋȿ å 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 ȿ is 

negative [38]. Using the brightest galaxies in clusters, the fit in the Hubble diagram is 

compatible with a non-accelerated universe instead of ɋȿ = 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 ɋȿ 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 

Einsteinôs equations. If inflation took place at the Grand Unified Theory epoch, the present 

value would be too low by a factor ~ 10
ī108

, and if the inflation took place at the quantum 

gravity epoch, the above factor would be lower still at ~10
ī120

 [96]. The intrinsic absence of 

pressure in the ñBig Bang Modelò also rules out the concept of ñDark Energyò, 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 authorôs and 

his collaboratorsô 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 Ḑ (10 ī20) 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 ñ...in the large 

scale average the visible parts of our universe are isotropic and homogeneousò (Peebles 1993, 

page 15). But, on the other hand, the averaging should happen far below the Ḑ(10 ī20) 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 Ḑ1, 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) θ  (ī3/2) 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, PaczyŒski (1986) has 

shown that GRBs should be at z ḗ(1 ī2) (z denotes the redshift).  

In 1995-98 the author and his colleagues confirmed the PaczyŒskiôs conclusion and have 

shown that GRBs can be till z ḗ20 (M®sz§ros & M®sz§ros 1995, M®sz§ros & M®sz§ros 1996, 
Horv§th 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 

(M®sz§ros et al. 2006).  

A highly remarkable result was published in 2011 claiming that in average the fainter bursts 

can be at smaller distances (M®sz§ros 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 fulfillment of the cosmological principle. Both these expectations were 

declared in 1996 by Tegmark et al. (1996).  

In 1998 Bal§zs 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 BATSEôs GRBs was not isotropic. This highly 

remarkable result was then verified by several other articles of the author and his collaborators 

(Bal§zs et al. 1999, M®sz§ros et al. 2000a, Vavrek et al. 2008). In addition, both the BATSEôs 

intermediate and long subclasses were found to be distributed also anisotropically (see 

M®sz§ros et al. (2000b), M®sz§ros & Ġtoļek (2003) and Vavrek et al. (2008) for more details 

and references).  

In Figures 1-3 the angular distributions of the BATSEôs 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 (M®sz§ros et al. 

2009a, 2009b). 
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Fig1. The angular sky distribution of the short BATSEôs bursts in equatorial coordinates. Bal§zs et al. (1998) claim 

that the distribution is anisotropic. 

 

Fig2. The angular sky distribution of the intermediate BATSEôs bursts in equatorial coordinates. M®sz§ros A. et al. 

(2000) claim that the distribution is anisotropic. 
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Fig3. The angular sky distribution of the long BATSEôs bursts in equatorial coordinates. M®sz§ros A. & Ġtoļek (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, M®sz§ros 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. ř²pa & 

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 (ř²pa & 

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 (ř²pa & 

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 

(Horv§th et al. 2014, Horv§th et al. 2015, Bal§zs et al. 2015, Sokolov et al. 2015, Verkhodanov 

et al. 2015, Bagoly et al. 2016a, Bagoly et al. 2016b), but Bal§zs et al. (2018) notes that ñthe 

large-scale spatial pattern of the GRB activity does not necessarily reflects the large-scale 
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distribution of the cosmic matterò.  

5. Conclusion 

The results of the authorôs, his collaboratorsô and othersô 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., 

M®sz§ros (2006)). The limiting duration is around ḗ2 sec.  

2. The third subgroup?  

In 1998 two articles declared simultaneously the existence of a third subgroup (Mukherjee 

et al. 1998, Horv§th 1998). This claim came from the statistical studies of the dataset of 

BATSE instrument being on the Compton Gamma Ray Burst Observatory
f
. Since that time 

several other papers confirmed the same result for the BATSE dataset (Horv§th 2002, Hakkila 

et al. 2003, Hakkila et al. 2004, Horv§th et al. 2006). This third subgroup should have an 

intermediate duration (between ḗ2 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
g
 (Veres et al. 2010). For the RHESSI

h
  

satellite the existence of the third subgroup was also found (ř²pa et al. 2012). On the other 

hand, no intermediate subgroup was found in the Fermiôs
i
 observations (Tarnopolski 2015). 

                                                             
 
f
 https://heasarc.gsfc.nasa.gov/docs/cgro/index.html 

g
 https://swift.gsfc.nasa.gov 

h
 https://hesperia.gsfc.nasa.gov/rhessi3 

i
 https://fermi.gsfc.nasa.gov 



146 
 

Similarly, no third subgroup is declared to exist in the Konus/WIND
j
 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 (ř²pa & M®sz§ros 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 (Liso) and the intrinsic total emitted energy (Eiso) 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. Liso 

(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. 

                                                             
 
j
 http://www.ioũe.ru/LEA/kw/ 
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Abstract  The Institute of ɸstronomy 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 ï 5 sq. deg, aperture 200 mm, focal ratio - 3. Parameters of the 

CCD camera FLI Proline 16803: chip size - 36x36 mm, pixel size - 9 ɛm, 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: 

¶ 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 II 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. 

 

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 II 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 II. 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 ñseeingò image quality parameter for the Zvenigorod Observatory is about 3 ... 

5 ''. The accuracy of photometric measurements at good nights for bright objects is Ñ 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 2017ï2018, more than 16,000 images of 

variable stars in various filters were obtained. The results of the observations were published 

in [2]. 

 

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 LX -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 14ò 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-1 (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 Ĭ 10
4
 gĀsm

-2
 (850 m of w.e.) 

[16]. The facility has dimensions 17 Ĭ 17 Ĭ 11 m
3
 and consists of four horizontal scintillation 

planes and four vertical ones (Fig. 1).  

 
Fig1. The Baksan underground scintillation telescope 

The upper horizontal plane has an area of 290 m
2
 and consists of 576 (24 Ĭ 24) liquid 

scintillator counters of the standard type, three lower planes have 400 (20 Ĭ 20) counters each. 

The vertical planes have 15 Ĭ 24 and 15 Ĭ 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 gĀcm
-2),

 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 gĀcm
-2
. 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 ὤ = 12.8 and ove ὃ = 26.5, respectively. 

The radiation unit of length for the telescope material is t0 = 23.5 gĀcm
-2
. 

The distance between neighboring horizontal scintillation layers is 3.6 m. The angular 

resolution of the facility is 2.5
o
 (if the trajectory length exceeds 8 m), time resolution is 5 ns. 

The standard autonomous counter is an aluminum tank 0.7Ĭ0.7Ĭ0.3 m
3
 in size, filled with an 

organic CnH2n+2 (n å 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 ſ 1relativistic particle). The anode signals from 

the counters of each plane are successively summed in three steps: ×25, ×100, and ×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 ï 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: 

’Ӷ ὴᴼὲ Ὡ                            (1) 

If the mean antineutrino energy is Ὁ = 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 Ű = 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 ȹt 

from the beginning of the collapse can be expressed as:  
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here NH is the number of free protons, F(E,t) is the flux of electron antineutrinos, ů(E) - the 

IBD cross section, and ɖ(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 ’Ӷ energy spectrum integrated over time (with the antineutrino temperature 

kBT=3.5 MeV) and the IBD cross section, ů(E), from [20]. 

For an SN at a "standard" distance of 10 kiloparsecs, a total energy radiated into neutrinos of 

Ůtot = 3 Ĭ 10
53

 erg, and a target mass of 130 t (the three lower horizontal planes, see Fig. 1), we 

obtain (we assume the ’Ӷ flux is equal to 1/6Ĭ‐ ) 

.Åʉ
(ḙσψ  (no oscillations)                       (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 ’ and ’Ӷ 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
-1
 in internal planes (three 

lower horizontal layers) and å 1.5 s
-1
 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 Ű with a count rate 

ὴὯ Ὢ ÅØÐ Ὢ †
Ȧ

                   (4) 

Processing of experimental data (single events over a period 2001 - 2018 y; Tactual = 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 f1 = 0.0207 s
-1
. 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 f1 in the expression (4). If a new single event 

falls into the Ű-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 ñfragmentò of the preceding one and is disregarded in the 

distribution. 
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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
-1
. The expected number of such clusters during the time interval T = 15.5 y is 2.75 that 

we observe (2 events). The formation rate of clusters with  k = 9 background events is 9.2 å 

10
-3
 y

-1
, therefore the cluster with multiplicity kÓ kth = 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 ñsensitivity radiusò 

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 f2 = 

0.12 s
-1
. 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 Ó 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 Ὧςtimes 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 f2 10 s = 1.2 events, we obtain finally Ὧς(Ὧρ=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 ὔ ḙςω (under the same conditions and assumptions as in (3). So the 

expected total number of detected neutrino events (in IBD reactions (1)) is 

ὔ ὔ Ὀρ ὔ Ὀς φχ (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(k1,k2) = P1(k1)   P2(k2)                     (6) 

and we obtain P(6,5) = 0.23 y
-1
, P(6,6) = 0.045 y

-1
 (note that P1 is determined according to the 

expression (4) and P2 is the Poisson distribution). 

Therefore the events with k1Ó 6, k2Ó6 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 ï 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 å 10 

neutrino interactions from a most distant SN ( å 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  

fcol < 0.070 y
-1
 

at 90% CL. Recent estimations of the Galactic core-collapse SN rate give roughly the value 

å 2-5 events per century (see e.g. [25]. 

Acknowledgements 

The work has carried out at a unique scientific facility the Baksan Underground Scintillation 

Telescope (Common-Use Center Baksan Neutrino Observatory INR RAS) and was supported 

by the Program for Fundamental Scientific Research of RAS Presidium ñFundamental 

Interactions Physics and Nuclear Technologiesò. 

References 

[1] Gamow G. and Shoenberg M., The Possible Role of Neutrinos in Stellar Evolution, Phys. Rev., 58, 
1117 (1940) 

[2] Zeldovich Ya.B. and Guseinov O.Kh., Neutronization of matter during collapse and the neutrino 
spectrum, Dokl. Akad. Nauk SSSR, 162, 791,(1965) 



159 
 

[3] Colgate S.A. and White R.H., The hydrodynamic behavior of supernovae explosions, Astrophys. J., 
143, 626 (1966) 

[4] Loredo T.J., Lamb D.Q., Bayesian Analysis of Neutrinos from Supernova SN1987A, Phys.Rev.D, 
65, 063002 (2002) 

[5] Pagliaroli G., Vissani F., Costantini M.L., Ianni A., Improved analysis of  SN1987A antineutrino 
events, Astropart. Phys., 31, 163 (2009) 

[6] E.N. Alekseev, L.N. Alekseeva, V.I. Volchenko et al., Upper bound on the collapse rate of massive 
stars in the Milky Way given by neutrino observations with the Baksan underground telescope, Zh. 
Eksp.Teor.Fiz.,104, 2897 (1993) 

[7] Novoseltseva R.V., Boliev M.M., Dzaparova I.M. et al., The Search for Neutrino Bursts from Core 
Collapse Supernovae at the Baksan Underground Scintillation Telescope, Phys. Part. Nucl. {\bf 
47}, 968 (2016) 

[8] M. Ikeda, A. Takeda, Y. Fukuda et al., (Super-Kamiokande Collaboration) "Search for Supernova 
neutrino bursts at Super-Kamiokande", Astrophys.J., 669, 519 (2007) 

[9] Ambrosio M. et al. (MACRO Collaboration) Search for stellar gravitational collapses with the 
MACRO detector, Eur.Phys.J.C, 37, 265 (2004) 

[10] Aglietta M. et al. (LVD Collaboration), The most powerful scintillator supernovae detector: LVD, 
Nuovo Cimento A, 105, 1793 (1992) 

[11] Ahrens J. et al. (AMANDA Collaboration), Search for supernova neutrino bursts with the 
AMANDA detector, Astropart.Phys., 16, 345 (2002) 

[12] B. Aharmim, S.N. Ahmed, A.E. Anthony et al., Low Multiplicity Burst Search at the Sudbury 
Neutrino Observatory, Astrophys. J., 728, 83 (2011) 

[13] T. Lund, A. Marek, C. Lunardini et al., Fast time variations of supernova neutrino fluxes and their 
detectability, Phys. Rev. D 82, 063007 (2010) 

[14] Bellini G. et al.(Borexino Collaboration), First real time detection of 7Be solar neutrinos by 
Borexino, Phys. Lett. B 658 (4), 101 (2007) 

[15] Bellini G., Novel results on low energy neutrino physics, Talk at TAUP 2011 conference, Munich, 
5-9 Sept. 2011, 

[16] Eguchi K. et al. (KamLAND Collaboration), First Results from KamLAND: Evidence for Reactor 
Antineutrino Disappearance, Phys. Rev. Lett. 90, 021802 (2003) 

[17] E.N.Alexeyev, V.V.Alexeyenko, Yu.M.Andreyev et al., Baksan underground scintillation telescope, 
in proceedings of 16 ICRC, Kyoto, 10,276 (1979) 

[18] Achkasov V.M., Bakatanov V.N., Novoseltsev Yu.F.et al., An investigation of the energy spectrum 
and inelastic muon interaction at the Baksan Underground scintillation telescope, Bull. Russ. Acad. 
Sci. Phys.,50, 2224 (1986) 

[19] Imshennik V.S., Nadezhin D.K. Final stages of star evolution and supernova explosions, Itogi 
Nauki i Tehniki, ser. Astronomy 21, 63 (1982) 

[20] Hillebrandt W., Hoish P., The supernova 1987A in the Large Magellanic Cloud, Rep. Prog. Phys. 
52, 1421 (1989)  

[21] Strumia A. and Vissani F., Precise quasielastic neutrino/nucleon cross section, Phys. Lett. 



160 
 

B  564, 42, (2003); [astro-ph/0302055] 

[22] Pantaleone J., Neutrino oscillations at high densities, Phys. Lett. B 287,128 (1992) 

[23] Sawyer R.F., Speed-up of neutrino transformations in a supernova environment, Phys. Rev. D 72, 
045003 (2005) 

[24]  Duan H., Fuller G.M., Carlson J. et al., Simulation of Coherent Non Linear Neutrino Flavor 
Transformation in the Supernova Environment I: Correlated Neutrino Trajectories, Phys. Rev. D 74, 
105014 (2006) 

[25] I. Tamborra, G. Raffelt, F. Hanke et al., Neutrino emission characteristics and detection 
opportunities based on three-dimensional supernova simulations, Phys. Rev. D 90, 045032 (2014) 

[26]  Adams S.M., Kochanek C.S., Beacom J.F. et al., Observing the Next Galactic Supernova, 
Astrophys.J., 778, 164(2013) 

 

  



161 
 

 

Search and study of optical transients with 

Mini -MegaTORTORA  

N.V. Orekhova
4,*

, G.M. Beskin
1, 2

, A.V. Birykov
2, 5

, S.F. Bondar
4
, E.A. 

Ivanov
4
, S.V. Karpov

1,2,6
, E.V. Katkova

4
,  A.V. Perkov

4
, V.L. 

Plokhotnichenko
1
, V.V. Sasyk

 2 ,3
 

1
Special Astrophysical Observatory of RAS, Nizhny Arkhyz, Russia 

2
Kazan Federal University, Kazan, Russia 

3
JS ñParallaxò Enterprise, Kazan, Russia 

4
Optical observation station ñArkhyzò, RPC PSI, Nizhny Arkhyz, Russia; 

elvilforeva@gmail.com  

5
Sternberg Astronomical Institute, Moscow State University, Moscow, Russia 

6
 CEICO Institute of Physics, Czech Academy of Sciences, Prague, Czech Republic  

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 deg2. It is used for 

real-time detection and classification of optical transients, three-filter photometry close to 

Johnsonôs 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 ï ñTime Domain astronomyò (Table 1). The IAU website provides data on 62 

instruments under ñTime domain astronomyò [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 
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view and subsecond temporal resolution was suggested in [2], [3]. 

Table1. Transient events zoo 

Time 

scale 

Near-Earth,  

the Solar system 

Inside our 

Galaxy 

Nearby 

galaxies 

Cosmological 

Distances 

< 0.1 s 
meteors, LEO satellites 

and debris novae, flaring 

stars, star 

occultations 

nearby 

supernovae 
GRBs, FRBs, 

gravitational 

wave events 

1 s HEO and GEO 

satellites and debris 10 s 

100 s 

asteroids, comets 
intra-day 

variable AGNs > 1000 s 
variable stars, 

MACHOs 
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 IXL285 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 ʄʄʊ-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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Fig1. Mini-MegaTORTORA 

Andor Neo sCMOS 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 II + 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 3Ĭ3 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 ʄʄʊ-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 

(10Ĭ10 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 

ʄʄʊ-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. 

   
Fig2. Right: time between observations in the follow-up mode after Fermi and Swift telegrams received and T0.  

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 

 ʄʄʊ-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 objectôs 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 ʄʄʊ-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 90Á 

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). 

  
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 ñstatisticalò 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 ñcosmic messengersò (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 43.28Á N and 42.69Á 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 ñAndyrchyò and 

EAS ñCarpet-2ò (ñCarpet-3ò) 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 17Ĭ17Ĭ11 m
3
 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 

0.7Ĭ0.7Ĭ0.3 m
3
 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
ï1

. 

The ñAndyrchyò 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
2
 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
ï1

. 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 å350 m. Total area of the ñAndyrchyò EAS array is 

5Ĭ10
4
 m

2
 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 ñCarpet-2ò 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
2
). The central part of the setup (the ñCarpetò itself [5]) is located 

in a building under a roof of 29 g/cm
2
 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
2
. Around the ñCarpet-2ò there are six remote points (RP) with a thin roof 

(~1.2 g/cm
2
), 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
2
 

each. The thickness of the absorber is 500 g/cm
2
, which corresponds to the threshold energy of 

muons of 1 GeV for the vertical direction. The distance between the centers of ñCarpetò and 

MD is 47 m. Since 1999, the first MD stage of 175 m
2
 area has been put into operation, 

consisting of 175 scintillation counters located in the central tunnel, of the type identical to that 

of the ñAndyrchyò EAS array.  

At present the ñCarpet-3ò EAS array is designed on base of the ñCarpet-2ò 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
2
. Realization of the 

EAS array suggests that continuous area of MD should be then increased up to 615m
2
. 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 

ï 1 PeV.  




