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Preface

This and the next issues are dedicated to the science results reported at the International Scientific Conference
“The BRICS Intelligent Telescope and Data Network”, which was held from 9 to 13 September 2024 in Kazan,
Russia.

BRICS is an association of five major emerging economies: Brazil, Russia, India, China, and South Africa.
Since December 2023, Egypt, Ethiopia, Iran, and the United Arab Emirates have become members of BRICS, too.
The BRICS mechanism aims to promote peace, security, development, and cooperation. It also aims at contributing
significantly to the development of humanity and establishing a more equitable and fair world.

Astronomy was established as one of five thematic scientific areas within BRICS at a ministerial meeting held
in South Africa in 2014. The goal of BRICS Astronomy Consortium (BAC) is to exploit these basic strengths
and common goals for the mutual betterment of our general populaces. The BRICS Astronomy Working Group
(BAWG) was then established, with its secretariat based in South Africa. According to official documentation
(https://www.bricsastronomy.org/) BAWG

e is responsible for promoting cooperation activities in the astronomy priority area;

e convenes BAWG meetings and workshops at least once a year;

e is composed of government officials, focal points (astronomy institutions) and experts;

e is chaired by the South African Department of Higher Education, Science and Technology (DHEST) which
provides secretariat support.

The BRICS Astronomy Consortium has laid a good foundation and made progress over the years, evident
in that finally in 2021 the consortium was successfully granted seed funding to work on the flagship project
“The BRICS Intelligent Telescope and Data Network (BITDN) Project”. The flagship programme is based on a
merger of the two leading proposals: astronomy transients and big data which were presented, discussed and voted
at the annual BAWG meetings in 2018 and 2019. The combined programme is currently ongoing and involves
astrophysical transients, survey science and time domain astronomy. It has plans to involve forefront observational
facilities and the big data/computational infrastructure needed to support them. Existing and new facilities in all
BRICS countries and others where there is access, will be harnessed and developed to support the programme.

According to the BRICS STI Calendar of Activities for 2023-2024 adopted at the 11th BRICS STI Ministerial
Meeting (Qheberha, South Africa, 4 August 2023) Russia has hosted the 10th Meeting of the BRICS Astronomy
Working Group Meeting (BAWG). The Meeting as well as the International Scientific Conference “The BRICS
Intelligent Telescope and Data Network” has been held in marvelous city. The Meeting and the Conference were
organized by the Ministry of Science and Higher Education of the Russian Federation with the support of the
Kazan Federal University!.

Scientists from Russia, Brazil, India, China, South Africa, Iran, and Kazakhstan took part in the conference.
55 talks were presented, most of which were in person. The most interesting papers, based on the talks, were
selected by the Scientific Committee for publication in this issue.

On behalf of the Program Committee
A. Pozanenko

E. Kuznetsov

B. Shustov

D. Buckley

Thttps://kpfu.ru/eng/academic-units/physics-mathematics-and-it/institute-of-physics /structure/departments/department-of-
astronomy-and-cosmic-geodesy /engelgardt-astronomical-observatory /brics-astronomy-2024 /general-information
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Participants of the Meeting and the Conference during a visit to the Engelhardt Observatory and Planetarium of
Kazan University.
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BoccTtaHoBneHue KOpOHA/IbLHOrO MarHUTHOrO NOAS NPV NOMOLLU
orpaHnyeHHow onTummnsauum no aavHeim SDO/HMI

Ixadapmyp M.X., @arxomrazane C., Hacupu C.

Dusuveckuti paryromem, Ynusepcumem um. [llaxuda Bexewmu, 1983969411, Teeepan, HUpan

XOopoIo U3BECTHO, YTO JUHAMUKA COJTHEYHOUW KOPOHBI OIPEessieTcss MAarHUTHBIM mosieM. C JApyroil CTOPOHBI, U3MEPUTDH
BEJIMYUHY W ONPEIEUTh CTPYKTYPY KOPOHAJIBHOIO MATHUTHOTO IIOJIsT HEBO3MOXKHO M3-3a TEIJIOBOrO ymmpenus. [lo sToit
[IpUYUHE T0JIe B KOPOHE MOXKET ObITh PEKOHCTPYUPOBAHO C UCIIOJIB30BAHMEM JIAHHBIX, IMOJYYEHHBIX C MOMOIIBI0 MarHu-
TOrpaMMbl U (DU3UKKU GECCUIIOBBIX IMOJIeH. 3/1eCh MBI MPEJJIAraeM MeTO, OrPAHUYEHHON ONTUMU3AIUU C UCIOJb30BAHUEM
BEKTOPHOIO MHOXKUTEJIsI JlarpaH:ka u CpaBHUBaEM Pe3YJIbTATHI C PE3YJIbTATAMU CYIIECTBYIOMMUX MoJjesieil. UuciieHHblit ana-
JTM3 HaIeit Moze u ObLIT MPOBEJIEH C MOMOIIBI0 HAOJIONATEHFHON BEKTOPHON MAarHHTOTPAMMBI, TOJIYIEHHON C MTOMOIIBIO
nzo6paxkenuit SDO/HMI. Mbl npuxoaum K BBIBOJY, 9TO 1) jlarpaH:KuaH B HACTOSIIIEH MOJIEIM CXOJUTCS HEMHOIO ObICTpee,
YeM B MOJIeJisix cpasHenus. 2) [loBesienne MaruuTHON CBOGOIHO SHEPTUY B IIPOIIECCE ONTUMU3AIUY COTJIACYETCS C TIOBEJICHU-
eM B IPEeBLLYIIMX UCCileioBanusx. 3) Paspaborana Mozesb JIUisl pealbHOI MArHUTOrpaMMbl. BBIUMCIIEHBI TaKMe BEJMYUHBI,
KaK Coflep?KaHue MarHUTHON SHEPIuH, TeKyIINi B3BEIIEHHBIN YOI MeXKJIy BeKTOPOM IIJIOTHOCTH TOKA W MAarHUTHBIM IOJIEM
U OTHOCHUTEJIbHBIE ONUOKU TIOTOKA.

Ilocrymuna B pemakmuio 28.09.2024 r. [Ipuusara B nevars 13.10.2024 r.

Karouesvie cao6a: COAHEUHAA KOPOHA, CONHEUHDIE MAZHUMHBIE NOAS, CONHEUHAA GKRMUBSHOCTIL, CONHEYHDLE BCTILIULKY, GHAAUS
daHHbLT

Reconstruction of coronal magnetic field by constraint optimization using the SDO/HMI
data

Jafarpour M.H., Fatholahzadeh S., Nasiri S.
Department of Physics, Shahid Beheshti University, 1983969411, Tehran, Iran

It is well known that the dynamics of the solar corona is governed by the magnetic field. On the other hand due to
the thermal broadening it is not possible to measure the magnitude and determine the structure of the coronal magnetic
field. For this reason, the field in the corona may be reconstructed using the data obtained by the magnetogram and the
physics of force-free fields. Here we propose a method of constrained optimization using the vector Lagrange multiplier and
compare the results with those of ever present models. The numerical analysis of the our model was conducted through
an observational vector magnetogram obtained by SDO/HMI images. We conclude that i) the Lagrangian in the present
model converges slightly faster than that of comparison models. ii) the behavior of the magnetic free energy during the
optimization is compatible with those of the previous studies, iii) the model is worked out for a real magnetogram and the
corresponding quantities such as magnetic energy content, the current weighted angle between the current density vector
and magnetic field, and the fractional flux errors are computed.

Received 28.09.2024. Accepted 13.10.2024.
Keywords: Solar corona, Solar magnetic fields, Solar activity, Solar flares, data analysis

DOI: 10.51194/INASAN.2024.9.2.001

1. Introduction

The solar coronal structures are mainly formed and evolved in accordance with the coronal magnetic field and one
can ignore other forces such as pressure gradient, gravitational, and dissipative forces in studying the dynamics of
these structures. While the Lorentz force is important, however, determination of the magnetic field in the solar
corona is currently impossible due to the fact that thermal broadening of the Zeeman lines swamps the magnetic
broadening [1].

One way to overcome the problem and to find the magnetic field in the solar corona is to reconstruct it
through extrapolation of magnetogram data [2, 3]. Since the coronal structures are in equilibrium under a single
Lorentz force, the corresponding magnetic field must be force-free. Several models have been developed following
the rules of force-free magnetic fields. Thus, it is expected that the Lorentz force should vanish for the solar
coronal magnetic field, B = B(z, y, 2),

(VxB)xB=0, (1)

where x,y, z denotes the space coordinates. In addition the physical magnetic field must be solenoidal

V-B=0. (2)

Hayuanwie Tpyast UTHACAH, 2024, Tom 9, BbIycK 2
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A solution for the above equations is

V x B = a(r)B, (3)

where a(r) is in general is a scalar function of spatial coordinates, which is zero for potential fields, constant for
linear force-free fields, and a scalar function of the spatial coordinates for non-linear force-free magnetic fields.

Since a general solution does not exist for Egs. (1) and (2), authors of [4] obtained a semi-analytical solution
for these equations (hereafter L&L). A comprehensive review of the models of reconstruction of force-free magnetic
fields can be found in [5]. Among these models, the optimization model developed in [6] has received more attention
(hereafter referred to as WSR). However, the WSR model has been frequently revised. For instance, authors of
[7] modified this model by considering a Weighting Function (hereafter denoted as OWF) and by adding a layer
to the top and lateral sides boundaries. [3] added an integral term to the Lagrangian containing the measurement
errors of SDO/HMI magnetogram and used a constant Lagrange multiplier to account for the injection speed of
the boundary conditions and measurement errors.

The WSR optimization model is now more popular due to faster computations, ease of understanding, and
cost-effectiveness. As another approach to the optimization model, authors of [8] employed the Lagrange multiplier
technique to develop a constrained optimization model that may be referred to as Constrained Optimization by
Scalar Lagrange multiplier function (COS). In section 2, the theoretical approach is introduced. In section 3 the
numerical analysis is given. Finally, in section 4 the model is applied to a real vector magnetogram including the
AR 11543. Section 5 is devoted to concluding remarks.

2. Theoretical approach

In the WSR model as well as the similar optimization methods, an appropriate Lagrangian is employed to recon-
struct a convenient magnetic field in the solar corona. In the COV model (Constrained Optimization with the
Vector Lagrange multiplier), as an extension of the COS approach, we use the optimization principle by employing
a vector Lagrange multiplier. This is done by considering Eq. (2) as the governing equation of solenoidal nature
and Eq. (1) as the constraint fixing the force-freeness nature of the magnetic field. Then by minimizing the term
|V - B| subject to the constraint (V x B) x B = 0 using Lagrange multiplier technique, an appropriate Lagrangian
is proposed as

Lecov=Lg+ Ly =

(4)
[, walV - B|2dv + [, wr(A-[(V xB) x B])dv,

where wq and wy are weighting functions, and indices d and f refer to divergence-free and force-free functions,
respectively. In the same manner as COS model, B = B(z,y, z,t) and A = A(z,y, z,t) denote the magnetic field
and the vector Lagrange multiplier, respectively. Using the Lagrange multiplier as a vector field is due to the
vector behavior of the constraint equation in Lagrangian of Eq. (4). In the same manner the scaler nature of
the Lagrange multiplier in COS model was due to the scaler behavior of the corresponding constraint equation
(V-B =0). As a result, to have scalar Lagrangian, both terms in Eq. (4) become scalar quantities. Taking the
derivative of Eq. (4) and by some appropriate vector algebra, one gets

dLeov — [ [(9B . Fooy(B,N)) + (2 - Heov(B, A))]dv .
)
+ [,(Z - Geov(B, \))ds,

where
Fcov(B,A):wf(AX (VXB))—I—wf(VX(BXA)) ( )
6
VW x (B x A) — 2[(V - B)Vwy +waV(V -B)],
Geov(B,A) = 2wg(V -B)n+ (B x A) x wyn, (7)
and
Hcov(B,A) = Wf[(v X B) X B] . (8)

For details of calculations see [9]. To reconstruct the field over an active region, we assume a box whose lower
side coincides with the given magnetogram, while the lateral and top sides are in the solar corona and satisfies
appropriate boundary conditions.

We reconstruct the magnetic field inside the computational box by extrapolation of the photospheric magnetic
field in the given magnetogram. Assuming that no active region is located near the edges of the magnetogram,
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we expect that the magnetic field of the lateral boundaries of the box would remain unchanged throughout the

iteration procedure; that is
0B
— ] =0. 9
(5), ®

Thus, the surface integral in Eq. (5) vanishes and the volume integrals in Eq. (5) will always be negative assuming

oA

E = _,U/IHCOV(Ba A) 3 (10)
and 5B

E = *,UQFCOV(B,)\)v (11)

where p; and ps are positive parameters to be specified during numeric calculations. Note that, p, and e have

the dimensions of 4> and [2, respectively. Using Eqs. (10) and (11) in Eq. (5) one may obtain

19Lcov
2 ot

. / (i1 [Flcoy (B, ) + s [Feoy (B, A)|2)du (12)

Thanks to the minimization mechanism inherent in Eq. (12) one may choose an arbitrary A, and B as an initial
input, and follow their evolution through the coupled Egs. (10), and (11). Since the final task is to find the
magnetic field satisfying the appropriate boundary conditions, one may use a potential magnetic field (Bg) as the
input field, and a suitable ansatz for the initial value of the A in terms of Bg as follows

A =Xo = |Bo| ?[(V x Bg) x By. (13)

Finally choosing a positive Looy at the beginning, it will approach zero at the end of the iteration. The Lagrange
multiplier, A, and magnetic field, B, are updated simultaneously at each iteration step according to Egs. (10) and
(11), respectively. Thus, following the optimization procedure, one may reconstruct the expected divergence-free
and force-free output magnetic field by the COV model to the extent that the boundary conditions are consistent.

3. Numerical analysis

It is well undrestood that non-linear force-free reconstruction models do not relax to an exactly force-free state,
even using the weighting function approach of the [7] to reduce the boundary mismatches [10].

This is due to the different factors such as lack of top and lateral sides boundary data, inconsistency of the
boundary condition of B, (or ) with a nonlinear force-free magnetic field, the errors and noises in the magnetogram
measurements, deviations of the photospheric magnetic field from the nonlinear force-free magnetic field, etc.
[11, 10]. The convergency considered here is reliable insofar as the above problems are fulfilled. Nevertheless, one
must try to find a maximal consistency of force-free magnetic field with the given boundary data. Preprocessing
of the measured vector magnetogram data is in this respect, which we will apply to the real magnetogram.

3.1. Applying the model to a real vector magnetogram

The COV model is applied to a vector magnetogram image of SDO/HMI, which provides a vector magnetic field
with high spatial and temporal resolution [12]. One may follow preprocessing operation using the Aly criteria [13].

The magnetogram includes the active region AR 11543 and has been observed at 00 : 12 UT, 13 August, 2012
and has 640 x 640 pixels with a spatial resolution of ~ 370 km per pixel. The target area has been selected in such
a way that the active region are located far enough from its boundaries. The computational box is considered to
have 80 pixel along the z axis and the thickness of the boundary layer is assumed as ng = 4.

We assume the standard data set for the preprocessing parameters, ul =1, y2 = 1, u3 = 0.001, pu4 = 0.01,
as given by [1] notation to correct the force-freeness, the torque-freeness, the optimized boundary matches with
the photospheric data, and the smoothing, respectively.

Optimizing the real magnetogram, the Lagrangian reaches 0.004 of its initial value after 4000 iteration steps.
The iterative behaviour of Lagrangian L is shown in Fig. (1). In addition, the average value of the fractional flux
errors, (|f:]) was reached to 1.33 x 103 for physical box as shown in Fig. (2), indicating that the final state, when
using real magnetogram, is almost close to divergence-free solution all over the grid points.

Furthermore, the current weighted angle between the current density vector and magnetic field, 6, reduces
from 59.06° and 56.69° at the beginning to 13.11° and 10.61° at the end of iteration for computational and physical
box, respectively. The ratio of magnetic energy to the potential one is calculated to be 1.185 in the box as shown
in Fig. (3). Thus, the free magnetic energy content, Exec = Er — Ep, inside the box is estimated to be 2.20 x 1029
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Figure 1: The behavior of the normalized Lagrangian, %’ in logarithmic scale using COV model.
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Figure 2: Distribution of fractional flux errors, (| f;|) over all grid points for the COV model.

erg. One may refer to the flaring behaviour of this active region at Heliophysics Event Catalogue'. Some of the
closed reconstructed nlfff lines are plotted over the given magnetogram in Fig. 4.
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Figure 3: The behavior of the ratio of the reconstructed to the potential magnetic energies during the iteration
for the real magnetogram.

4. Conclusions

According to the coronal conditions the effect of non-magnetic forces on the dynamical behavior of the corona,
such as pressure gradient, and gravity forces can be ignored. Due to technical problems, direct measurement

Thttp://helio.mssl.ucl.ac.uk/helio-vo/solar_activity /arstats/arstats_page5.php?region=11543



Reconstruction of coronal magnetic field by constraint optimization using the SDO/HMI data 39

8 5 B & 2 » B B B
=] o o g [=1 =] o

Figure 4: The nlfff lines for the magnetogram of AR 11543. The color bar shows the strength (in Gauss) and
polarity of the magnetic field.

of the magnetic field in the solar corona is impossible. Therefore, one may reconstruct the magnetic field using
photospheric data obtained by the magnetograms.

As a constrained optimization technique, we used a vector Lagrange multiplier technique, COV model, to
reconstruct a force-free magnetic field. The magnetic field is reconstructed inside a computational box over a
given real magnetogram. The initial potential magnetic field is obtained as a solution of the Laplace equation
using Green’s function method [14], and the reconstruction is implemented by optimizing a Lagrangian constructed
by a solenoidal field subject to the constrained equation governing a force-free magnetic field. As an advantage
of COV model, the Lagrangian and the angle between electric current density and magnetic field approaches zero
faster than that of comparison models at least for initial iteration steps. This behavior may be helpful when one
deals with time series events, while several magnetograms must be considered and limited steps of iteration are
needed.
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AKerLI,I/IOHHbIe BCNbILWUKN B MACCUBHbLIX MOJ104bIX 3Be34HbIX obbekTax

Sunuenko M.U.

Dedeparvroiti uccaedosamenveruti yenmp Uncmumym npukiadnoti gusuru um. A.B. Tanonosa-I'pexosa Poccutickot
axademuu wayx, Huocnut Hoszopod, Poccus

BCUBIIIKY CBETUMOCTH B MaJIOMACCHBHBIX (IIPOTO)3Be3/1aX, OOBIMHO OObsICHSIEMbIE SIM30JNYECKON aKKpelyeil, U3BeCTHBI
y2K€e HEeCKOJIbKO faecstunernii. HemaBao momobubie cobbiThs ObLIN 00HAPY?KEHBI B MACCUBHBIX MOJIOJBIX 3BE3/THBIX 00BHEKTAX
(M3O0). CymecrByor TeopeTnvecKue MOJIeJIH, IIpeICKa3blBatolye Takoe nosegenne. OHa U3 [IePBBIX TAKUX BCIIBIIIEK Oblia
3aperucrpupoBana B Hanpasiaeauun M30 S255IR NIRS3 ¢ maccoit 20 M, KOTOPBIA MbI JI0JIN0e BPEMsl U3yYau Ha Pa3HBIX
MacITabax ¢ MOMOIIBI0 HECKOJIBKMX WHCTPYMEHTOB. 37€Ch MbI MIPEJICTAB/IsIEM KPATKHUil 0630p HAIIUX UCCIAEIOBAHUIA ITOrO
00beKTa, a TaKyKe UCCJIEIOBAHUI MOJOOHBIX BCHbIMEK B JApyrux maccuBHbIx M30. B 1esiom 310 siBjieHue moarsep:kiaer
CIIEHAPUIT SMU30UIECKON JTUCKOBON aKKPEIMu KaK MeXaHu3Ma (bOpMUPOBaHUs 3Be3] ¢ MaccaMmu 110 ~ 20 M.

Ilocrynuna B pemakiuio 04.10.2024 r. Ilpunsara B nmeuars 14.11.2024 1.

Karoueswie caosa: o6pa306aﬁue 36630, MACCUBHDBLE 36630%7 AKKPEUUOHHDIE BCNBLIULKU

Accretion outbursts in massive young stellar objects
Zinchenko IL.I.

Federal Research Center A.V. Gaponov-Grekhov Institute of Applied Physics of the Russian Academy of Sciences, Nizhny
Novgorod, Russia

Luminosity outbursts in low-mass (proto)stars, explained usually by episodic accretion, have been known for decades.
Recently, similar events have been detected in massive young stellar objects (YSO). There are theoretical models which
predict such a behavior. One of the first such outbursts was registered towards the 20 My YSO S255IR NIRS3, which we
have been investigating for a long time at various scales with several instruments. Here we present a brief review of our
studies of this object and studies of similar outbursts in other massive YSOs. In general, this phenomenon supports the
scenario of episodic disk accretion as a formation mechanism for stars with masses up to ~ 20 Mg .

Received 04.10.2024. Accepted 14.11.2024.
Keywords: star formation, massive stars, accretion outbursts
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1. Introduction

The process of high mass star formation is still poorly understood (e.g., [1, 2, 3, 4]). A key question is whether this
process is a scaled-up version of the low-mass star formation or is significantly different. Observations at various
scales and regular monitoring in various bands are essential for selection between different scenarios. Observational
studies are complicated by the rarity of massive (proto)stars and, accordingly, large distances to them.

The accretion flow can be irregular due to disk fragmentation. Such a behavior in low-mass (proto)stars
is confirmed by luminosity outbursts, which have been observed in these objects for decades (FUor and EXor
outbursts). There are theoretical models which predict similar behavior in high-mass star formation (e.g., [5, 6]).
In recent years several such events have been detected in high-mass young stellar objects (YSO) [7]. One of the first
of them was registered towards the 20 Mg YSO S255IR NIRS3 as an IR and methanol maser flares [8, 9, 10]. This
object belongs to the well-known star-forming complex sandwiched between the evolved H 11 regions S255 and S257
[11]. We have investigated this area at various scales [12] with several single-dish radio telescopes (IRAM-30m,
0S0-29m, MPIfR 100-m) and with radio interferometers (ALMA, GMRT, SMA, VLA). Here we present a brief
review of our studies of this object and studies of similar outbursts in other massive YSOs.

2. Outbursts in S255IR NIRS3

Our investigations of the S255IR area include imaging in continuum and in many molecular lines. The frequency
coverage was from ~ 600 MHz (GMRT) to ~ 350 GHz (ALMA). The angular resolution achieves ~ 15 milliarc-
seconds (for ALMA observations), which corresponds to ~ 25 au at the distance to $255 (1.781513 kpc from the
maser parallax measurements [13]). In addition, we combine our radio data with our and other available data in
other bands. In our ALMA observations we detected a burst in the submillimeter continuum [14] and a new, never
predicted methanol maser line [15].

In Figure 1 (left panel) we present a composite image of the central part of the S255IR clump in the NIR
2.12 ym Hy and 1.64 pm Fe 11 lines [16], and in the 0.9 mm ALMA continuum emission [17]. The high velocity
HCN(4-3) emission [18] is also shown.

These NIR lines are shock tracers and two knots, bright in these lines, are associated apparently with bow
shocks produced by the jet. They have non-thermal radio spectra [19] indicating the presence of relativistic
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Figure 1: Left panel: S255IR area in the 2.12 pm Hj line (green), 1.64 pm Fe 11 (red) and 0.9 mm ALMA
continuum emission (blue). The magenta and cyan contours show the high-velocity HCN(4-3) emission. The NIR
data are from SINFONI observations [16]. The radio data are from [18, 17]. Right panel: the image of S255IR
area in continuum obtained with ALMA at 0.9 mm with ~ 15 mas resolution (Zinchenko, Liu & Su, submitted).
The knots in the jet are marked. The red and blue contours show the emission in the C3*S(7-6) line wings. The
dashed line indicates the jet orientation at larger scales (PA = 67°).

electrons and magnetic field. Their minimum energy and minimum magnetic field strengths, calculated from the
equipartition theorem are 4.5 x 10! ergs and 1.1 mG respectively [19]. With the projected velocity of ~ 450 kms~!
for the NE lobe [20, 21] and ~ 285 kms~! for the SW lobe [22] the ejection of these knots happened about 60-70
years ago [12]. The HCN(4-3) emission (Figure 1) as well as the HCO™ (4-3) emission observed here, too [18],
imply the presence of dense high-velocity molecular gas, probably entrained by the bow shock.

There are more Hy knots, approximately in the same direction at quasi-regular intervals [12]. They imply
several ejection events during last centuries. The direction of these ejections coincides with the orientation of the
IR jet (the position angle PA = 67°) discovered in this area many years ago [23].

In 2015 an outburst at NIR wavelengths [8] and 6.7 GHz methanol maser flare [24] were recorded. The
configuration of the maser spots in the source changed significantly [9]. A comparison of our observations of this
object with ALMA in 2016-2017 with our observations with the SMA in 2010 shows a burst at the wavelength
of 0.9 mm [14]. At the same time we detected a new, never predicted methanol maser line in the 14; — 149 A~T
transition at 349.1 GHz. In 2017 both the 0.9 mm continuum and this maser line were weaker than in 2016,
indicating a decay of the burst.

The main results obtained in that period can be summarized as follows. Bolometric luminosity of S255IR,
NIRS3 increased by about a factor of 5.5, from 3 x 10* Lg to 1.6 x 105 L, [8]. Energy release was (1.2 4 0.4) x
1046 erg, which corresponds to accretion of about 2 Jupiter masses. According to the submillimeter data [14], dust
temperature increased by a factor of 2, which implies an increase in luminosity by a factor of 16. The difference
can be due to the difference in beam sizes. In IR observations it was much larger (~ 6”) than in our submillimeter
observations and covered neighboring objects. The burst duration was about 2 years. The accretion rate during
the burst achieved ~ 5 x 1073 M, /year. An analysis of the 14; — 149 A~ methanol maser excitation shows that
lines of this series can be tracers of such outbursts [25].

In 2021 new ALMA observations of this object were carried out with the angular resolution of ~ 15 milliarc-
seconds, which is almost an order of magnitude higher than in the previous studies [26]. In Figure 1 (right panel)
we present the image of the S255IR area in continuum overlaid with contours of the emission in the C3S(7-6)
line wings obtained in these observations.

The data show a bright central source (the brightness temperature is ~ 850 K) and two pairs of bright knots
in the jet, one pair in each jet lobe. The distances between the knots in the pairs correspond to the time interval of
about 1.5 years, taking into account the lobe velocities mentioned above. Probably this implies a double ejection.
The light curve of the 6.7 GHz methanol maser at the velocity of 2.87 kms™! has two peaks with the same time
interval between them [10].
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The orientation of the jet differs by ~ 20° from that on larger scales, as mentioned also in some other recent
works [21, 27]. This implies a strong jet precession.

A comparison with the observations at lower frequencies [19, 21] shows that the emission of the central source
is a mixture of the dust emission and free-free emission of the ionized gas. The estimates of the emission measure
and electron density are rather typical for hypercompact H 11 regions [26]. In the emission of the knots in the jet
a free-free component apparently dominates.

An analysis of the position-velocity diagrams in various lines shows that the disk rotation is sub-Keplerian.
At the same time we see a deep absorption in molecular lines towards the central bright source. The deepest
absorption features are red-shifted relative the core velocity, which may indicate an infall.

The emission in continuum and in molecular lines looks very inhomogeneous as can be seen in Figure 1.
However, regular patterns are present in the continuum map, which can be a result of interferometric filtering
and/or data processing. At the same time, the inhomogeneity in the molecular maps is most probably real.
Apparently, it reflects a small-scale clumpiness in the source. However, no large-scale coherent structures, expected
in some models, are observed.

The methanol maser emission in the 14; — 149 A~ transition still persists although its integrated flux is
much lower than in 2016. A maser emission with about the same intensity was observed in the 12; — 129 A=
transition, too [12]. The peak of this maser emission is located towards the red-shifted lobe of the jet. One more
Class IT methanol maser line (6; — 52 E) was detected in the same area [28].

3. Outbursts in other massive young stellar objects

To date, similar events have been recorded in 6 objects [7]. Masses of these objects range from ~ 5 Mg to ~ 23 Mg,
the luminosity increases by a factor of ~ 5 — 16, the burst duration is from ~ 1 year to ~ 10 years, the energy
release reaches ~ 107 erg, the accreted mass is estimated to be from ~ 1 to ~ 7 Jupiter masses.

The luminosity outbursts are observed at various wavelengths and in most cases they are accompanied by
Class IT methanol maser flares (mostly in the 6.7 GHz transition but also some other maser transitions can be
excited).

In general, this phenomenon supports the scenario of episodic disk accretion as a formation mechanism for
stars with masses up to ~ 20 M.

4. Summary and conclusions

In this review we briefly described recent investigations of the accretion outbursts in massive YSOs with an
emphasis on the ~ 20 Mg S255IR NIRS3 protostar, which has been a target of our long-term studies. The main
points can be summarized as follows:

1. Observations at scales of ~ 1’ indicate quasi-regular ejections in approximately the same direction from
S255IR-SMA1 (NIRS3, mass ~ 20 M) over the past ~ 1000 years.

2. The orientation of the last ejection (happened in 2015) differs by ~ 20° (in projection). The ejection was
double with an interval of ~ 1.5 years.

3. There is an ionized region with characteristics of a hypercompact H 1I region around NIRS3, as well as a
dust shell.

4. Submillimeter emission from knots in the jet is probably mainly bremsstrahlung from ionized gas.

5. A highly inhomogeneous quasi-Keplerian disk with signs of infall motions is observed.

6. There is a maser emission in the CHsOH 12,-12¢ and 14;-14¢ A T lines, with the emission peak towards
the red-shifted lobe of the jet. The Class II maser emission in other CH3OH lines is observed in this area,
too. These maser lines can probably serve as tracers of such outbursts.

7. To date, accretion bursts have been recorded in several massive YSOs with masses from ~ 5 Mg to ~ 23 M.
The burst duration is from ~ 1 year to ~ 10 years, the energy release reaches ~ 10*” erg, the accreted mass
is estimated to be from ~ 1 to ~ 7 Jupiter masses.

8. Overall, the observed outbursts in massive YSOs support the scenario of episodic disk accretion as a formation
mechanism for stars with masses up to ~ 20 Mg,
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K Bonpocy o cyuiectBoBaHUM KOMETHOro cemencTBa YpaHa
Vcanun B.C.

Kasancxui (Ipusossiceruti) dedeparvhnt yrusepcumem, Kasanwo, Poccus

Panee cumranoch obUIENPU3HAHHBIM JI€JIEHHE KOMET B 3aBUCUMOCTH OT uX adeMHHBIX paccTosHuil Ha ceMmeiictBa FOmum-
Tepa, Carypua, Ypana n Henryna. CoBpemenHas kjaccudukarms ocraBisier TOJIbKo cemeiictBo FOmnurepa, a cemeiicTsa
Carypna, Ypana nu HenrTyHna 3amMeHeHbI rajileeBCKUM THIIOM. [lepexoj oT crapoil KiaccuduKanuu K HOBOM J10 CUX [OP BbI-
3bIBAET KPUTHUKY. B KadecTBe OHON M3 XapaKTEPUCTUK JUHAMUYECKON CBSI3M KOMET C TJIAHETaMU IPeJjIarajics KPpUTepuit
Panzuesckoro-Tuccepana, KOTOPBIil ©MeeT CMBICT OOJIBINON MOJyOCH OPOUTHI BO3MYIIAIOINIEH IJIaHeThl. B maHHO# cTaTbe,
[IPOJIOJIKAIOIIEN TIpeablLIyInyio pabory 1o cemeiicrBy Carypua, Kpurepuit Pajsnesckoro-Tuccepana npruMeHeH K KoMeTam
Kpommenuna (27P), Credana-Orepma (38P) n Temnena-Tyras (55P) s nposepku rumoressl 06 UX IPUHAIIEZKHOCTH K
cemeiicTBy Ypana. Hu oHO 3HAYeHME KPUTEPUSs, BBIYUCIEHHOE C YYETOM Pa3IUYHBIX (PAKTOPOB, HE JIEYKUT MKy 0OJIb-
mumu nosxyocamu opbur Carypua n Henryna. Takum o6pazoM, JTUHAMUYECKON CBI3U ITUX KOMET C Y DAHOM HE BBISIBJIEHO.
IloarBepKIaeTCsT COBpEMEHHAsT KJIACCU(PUKAIUST KOMET.

Ilocrymuna B pemakmuio 04.10.2024 r. [Ipuusara B nevars 14.11.2024 1.

Kmoueswie caosa: durnamura xomem, cemeticmseo Ypana, xpumepuli Padauesckozo-Tuccepara

Concerning the existence of the Uranus comet family
Usanin V.S.

Kazan (Volga region) Federal University, Kazan, Russia

Earlier, the division of comets depending on their aphelion distances into the planetary families of Jupiter, Saturn, Uranus
and Neptune was regarded as undoubted. The modern classification system retains only the Jupiter family, and the families
of Saturn, Uranus and Neptune are replaced by the Halley type. The transition from the old classification system to the new
one still raises criticism. The Radzievskij-Tisserand criterion, which fits the orbital semimajor axis of the perturbing planet,
was proposed as a measure of the dynamical relation of comets to planets. In the present paper, continuing the previous
work on the Saturn family, the Radzievskij-Tisserand criterion is applied to comets 27P /Crommelin, 38P /Stephan-Oterma,
and 55P/Tempel-Tuttle for the evaluation of the hypothesis that they belong to the Uranus family. No one value of the
criterion calculated considering different factors lies between the Saturn and Neptune’s orbital semimajor axes. So, no
dynamical relation of these comets to Uranus is revealed. The modern comet classification system seems to be right.
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1. Introduction

Earlier, the division of comets into the families of Jupiter, Saturn, Uranus and Neptune [1] was regarded as
undoubted. The modern classification system [2] retains only the Jupiter family, and comets with larger aphelion
distances belong to the Halley type. Because the numerical integration does not allow separation of perturbations
from individual planets, the transition from the old classification system to the new one still raises criticism (see [3]
for a review).

Within the framework of the circular restricted three-body problem, the Tisserand constant expressed as
a function of the orbital elements of the tertiary body (a comet) and the orbital semimajor axis of the secondary
body (a planet) with respect to the primary body (the sun) is a kind of approximate conservation law. Radzievskij
assumed values of the Tisserand constant at two different times (apparitions of the comet) equal and so expressed
the constant quantity, which fits the orbital semimajor axis of the perturbing planet:

2/3
Ao <2 (14+e1)@ cosi1—2\/(1+62)q2cosi2>
= - ,

a2*1 — a1

where ¢, e, i, and a = ¢q/(1 —e) are the perihelion distance, the eccentricity, the inclination, and the semimajor axis
of the cometary orbit, respectively, and 1 and 2 indices denote the two different apparitions of the same comet.
The Radzievskij-Tisserand criterion [4] is a measure of the dynamical relation of comets to planets.

In my previous research [5], I applied the Radzievskij-Tisserand criterion to a presumed Saturn-family comet
and revealed some practical aspects of its use. In the present paper I apply the Radzievskij-Tisserand criterion to
presumed Uranus-family comets.
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Table 1: Values of A in AU calculated for pairs of apparitions of 27P using the orbital elements from the JPL
NASA’s Small-Body Database Lookup.

1818 1873 1928 1956

2002 4796 6.35 6.50 6.36
1956  2.03 6.32 8.57
1928  2.64 5.82

1873  3.51

Table 2: Values of A in AU calculated for pairs of apparitions of 27P from the orbital elements integrated using
the JPL NASA’s Horizons Web Application backward from 2002.

1818 1873 1928 1956

2002 8.34 6.35 6.50 6.36
1956 2.68 6.32 8.56
1928 3.73 5.81

1873 4.62

2. Methods and results of calculations

The aphelion distance @ = 17.45 AU of comet 27P/Crommelin is much closer to the orbital semimajor axis of
Uranus ay = 19.19 AU than to that of Saturn what makes it a presumed Uranus-family comet. The JPL NASA’s
Small-Body Database Lookup [6] provides the orbital elements for 5 apparitions of this comet from 1818 to 2002.
The values of the Radzievskij-Tisserand criterion A for all possible pairs of apparitions calculated from these
elements are present in Table 1. We can see that no one value of A is in the exclusive proximity to the orbital
semimajor axis of Uranus and, even more, no one lies between those of Saturn ag = 9.58 AU and of Neptune
an = 30.07 AU. To eliminate possible effect of observational errors on the values of A, another set of the orbital
elements integrated using the JPL NASA’s Horizons Web Application backward from 2002 to the same times is
also applied in the calculations. The results are present in Table 2. To eliminate possible effect of nongravitational
forces on the values of A, the third set of the orbital elements integrated using the JPL NASA’s Horizons telnet
interface without the nongravitational parameters backward from 2002 to the same times is also applied in the
calculations. The results are present in Table 3. No one value of A calculated from the integrated orbital elements
is more than the Saturn’s orbital semimajor axis.

The aphelion distance @ = 20.99 AU of comet 38P/Stephan-Oterma is much closer to the orbital semimajor
axis of Uranus than to that of Neptune, so it is also a presumed Uranus-family comet. The JPL NASA’s Small-
Body Database Lookup provides the orbital elements for 3 apparitions of this comet from 1942 to 2018. The
calculations of A for all possible pairs of apparitions from these elements and from the orbital elements integrated
backward from 2018 to the same times with and without the nongravitational parameters give matching figures.
Their results are present in Table 4. No one value of A for 38P is more than the Jupiter’s orbital semimajor axis.

Comet 55P /Tempel-Tuttle is widely known as the parent body of the Leonid meteor shower and has now
the aphelion distance @ = 19.70 AU. Interestingly, it is the only comet originally listed [1] as a Uranus-family
comet with @ = 19.14 AU then. The JPL NASA’s Small-Body Database Lookup provides the orbital elements
for 5 apparitions of this comet from 1366 to 1998. The values of A for all possible pairs of apparitions calculated
from these elements are present in Table 5. JPL. NASA’s Horizons allows backward integration only to 1599, so in
further calculations 4 apparitions from 1699 are considered. The values of A calculated from the orbital elements

Table 3: Values of A in AU calculated for pairs of apparitions of 27P from the orbital elements integrated using
the JPL NASA’s Horizons telnet interface without the nongravitational parameters backward from 2002.

1818 1873 1928 1956

2002 832 6.34 6.50 6.35
1956 2.68 6.32 8.55
1928 3.73  5.82

1873  4.62
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Table 4: Values of A in AU calculated for pairs of apparitions of 38P using the orbital elements from the JPL
NASA’s Small-Body Database Lookup and integrated using the JPL NASA’s Horizons with and without the
nongravitational parameters backward from 2018.

1867 1942
2018 4.32  5.16
1942 4.77

Table 5: Values of A in AU calculated for pairs of apparitions of 55P using the orbital elements from the JPL
NASA’s Small-Body Database Lookup.

1366 1699 1865 1965

1998 2,50 4.79 - 6.23
1965 4.30 5.26 2.95

1865 9.12  8.02

1699 7.49

Table 6: Values of A in AU calculated for pairs of apparitions of 55P from the orbital elements integrated using
the JPL NASA’s Horizons Web Application backward from 1998.

1699 1865 1965

1998 4.77 - 6.03
1965 5.19 2.95
1865 7.76

Table 7: Values of A in AU calculated for pairs of apparitions of 55P from the orbital elements integrated using
the JPL NASA’s Horizons telnet interface without the nongravitational parameters backward from 1998.

1699 1865 1965

1998 4.73 - 6.07
1965 5.17  2.94
1865 7.71

integrated backward from 1998 are present in Table 6 and those without the nongravitational parameters are
present in Table 7. No one value of A for 55P is more than the Saturn’s orbital semimajor axis, and one pair of
apparitions gives insistently a complex number (denoted by dashes) for A.

3. Conclusions

No one pair of apparitions of 27P, 38P, and 55P, presumed Uranus-family comets, gives a value of the Radzievskij-
Tisserand criterion between the Saturn and Neptune’s orbital semimajor axes. So, these comets have no dynamical
relation to Uranus. The new comet classification retaining only Jupiter family and Halley type seems to be right.
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OuHamunyeckmne n dusmnyeckme napameTpbl acTeponios,
connxawwmxca ¢ 3emnein, no gaHHbIM HabnwaeHnin Ha Teneckone CBIN

Kyszuernos 9. /1., lamaymmaa M., T'namazna /1.B., Bube FO.3.

Vpaaverxut gedepanvroii ynusepcumem, Examepunbype, Poccus

IIpescraBiensl pe3yabTaThl MO3UIMOHHBIX ¥ MHOTIOIBETHBIX (POTOMETPUYIECKUX HAOJIONEHUN aCTepONIOB, COIMKAIONNXCS
¢ 3emueit (AC3), na reneckone CBI' Koyposckoii actponomutaeckoit o6cepsaropun Y panbeKoro GhegepasbHOoro yHUBEPCUTE-
Ta B 20232024 rr. ITo pe3ysibraTaM IMO3WIIMOHHBIX HAOIIONEHUN OBIIIN [TOJIY Y€HbI JIEMEHTHI OpOUT 26 acTepon10B, BKIIIOYas
HNOTEHIUAIBHO omacHblil actepony (439437) 2013 NK4 u cemp AC3 pasmepom Gosree 1 km. Kpome Toro, orenensl nepu-
OZIbI OCEBOTI'O BPAIIEHMUsI aCTEPOMIOB (154029) 2002 CY46 u (154244) 2002 KL6 mo doromerpuueckum HabioeHusiM. 13
MHOTOIBETHBIX (poTOMeTprdecKux Habsomennit B duabrpax V, R u I momywuensr mokasarenn 1msera fjs 15 acTepounios.
Habuonenus ¢ momornipsio Teseckona SBG 1103BoISIIOT ONpeIenTh KaK JUHAMAYECKHE, TaK U (PU3NIeCKUe XapaKTePUCTUKI

AC3.
Tlocrynuna B pemakiuio 12.10.2024 r. Ilpunsara B neuars 14.11.2024 1.
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Dynamic and physical parameters of near-Earth asteroids from SBG telescope observations
Kuznetsov E.D., Galiullin M.I., Glamazda D.V., Wiebe Yu.S.

Ural Federal University, Yekaterinburg, Russia

We present results of astrometric and multicolor photometric observations of near-Earth objects (NEOs) at the SBG
telescope of the Kourovka Astronomical Observatory of the Ural Federal University in 2023-2024. We improved orbital
elements for 26 asteroids from astrometric observations, including potential hazardous asteroid (439437) 2013 NK4 and seven
NEOs with diameters more than 1 km. Furthermore, we estimated the axial rotation periods of the asteroids (154029) 2002
CY46 and (154244) 2002 KL6 from photometric observations. We obtained color indices for 15 asteroids from multicolor
photometric observations in filters V, R, and I. Observations with the SBG telescope make it possible to determine both
the dynamic and physical characteristics of NEOs.
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1. Introduction

Observations of near-Earth objects (NEOs) have a few features that distinguish them from main belt asteroids.
The periods of visibility during which NEOs are accessible to small and medium-sized ground-based telescopes are
irregular. The smaller the size of an NEO, the longer the time intervals between its appearances on average, and
the shorter the time intervals that allow observations to be made. In the case of close approaches of asteroids to
the Earth, it becomes possible to observe small objects with diameters of a few tens or hundreds of meters, but the
area of the Earth’s surface from which observations can be made is reduced. Each occurrence of NEOs becomes
a unique transient phenomenon that provides new information characterizing the dynamic and physical properties
of the asteroid. We present results of astrometric and multicolor photometric observations of near-Earth asteroids
at the SBG telescope of the Kourovka Astronomical Observatory of the Ural Federal University (KAO UrFU) in
2023-2024. A description of the instruments and light-receiving equipment is given in Section 2. Section 3 presents
the results of positional observations. In Section 4, the periods of axial rotation are estimated. We derived the axis
ratio a/b of the observed NEOs in Section 5. Section 6 presents the results of multicolor photometric observations.

2. SBG telescope

Observations of NEOs were carried out using the SBG telescope of the KAO UrFU. The main parameters of the
SBG telescope and their light-receiving equipment are given in Table 1. For astrometric observations, the R filter
was used; and for photometric observations, the V, R, I filters were used.

3. Accuracy of astrometric observations

Astrometric observations processing was performed using the IzmCCD! software [1]. Based on the results of
positional observations, the orbits of asteroids that were observed with the SBG telescope in 20232024 were

Thttp:/ /izmced.puldb.ru/
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Table 1: Basic parameters of the SBG telescope.

CCD camera

Parameter SBG
Optical system Schmidt
Mirror diameter, m 0.4
Focal length, m 0.8

Apogee Alta U32

Pixel size, pm 6.8 X 6.8
Scale, arcsec/pixel 1.8
Field of view, arcmin 65 x 44

NEO o, arcsec oy, au Ou, au day !
(1685) Toro 0.44 7.3x107% | 29 x 10710
(2063) Bacchus 0.48 34%x1078 | 1.0 x 107°
(4769) Castalia 0.57 4.6 %1078 | 1.6 x 107°
(21374) 1997 WS22 0.36 34x1078 | 7.6 x 10710
(25330) 1999 KV4 0.42 4.0x 1078 | 6.5 x 10710
(68548) 2001 XR31 0.32 5.6 x 1078 | 1.3 x 107
(86667) 2000 FO10 0.36 34x107% | 7.0 x 10710
(98943) 2001 CC21 0.34 22x107% | 3.7 x 10710
(139622) 2001 QQ142 0.37 2.6x1078 | 6.4 x 107°
(141851) 2002 PM6 0.44 1.2x 1077 | 1.0x 1079
(152787) 1999 TB10 0.37 56x 1078 | 1.3 x 107°
(154029) 2002 CY46 0.34 7.3%x1078 | 2.5 x 107
(154244) 2002 KL6 0.29 75 %1079 | 2.4 x 10710
(164121) 2003 YT1 0.38 1.4x107% | 1.2x 1079
(187026) 2005 EK70 0.34 31x1078 | 1.6 x 107°
(271480) 2004 FX31 0.35 39x1078 | 7.7 x 10710
(349507) 2008 QY 0.26 1.9 x 1078 | 6.3 x 10710
(417264) 2006 AT2 0.25 44x107% | 1.3 x 1077
(422787) 2001 WS1 0.27 33x107% | 1.3x107°
(439437) 2013 NK4 0.38 79%x1078 | 6.3 x 107°
(458732) 2011 MD5 0.23 20x 1078 | 6.3 x 10710
(518635) 2008 HO3 0.29 3.0x 1078 | 7.9 x 10710
2004 UV1 0.34 6.9%x 1078 | 1.6 x 107°
2008 TB27 0.37 1.1x1077 | 5.5x 107

improved using the IDA software package [2].

Table 2: Accuracy of astrometric observations based on the improved orbits.

Based on the improved orbital elements, the root-mean-square

errors o of the differences (O — C') as the root-mean-square errors of the coordinates and velocity components o,
and o, were obtained. The results are given in Table 2, where o is the root-mean-square error of the differences
(O — C) for all observations used to improve the orbit. The accuracy of determining the coordinates of NEOs
presented in Table 2 according to observations with the SBG telescope is: in (O—C') — 0.2”—0.6", in coordinates —
10~7 — 1079 au, in velocity components — 1072 — 1071° au day ', which is sufficient to solve the problem of
operational tracking of objects.

4. Periods of rotation

The initial processing of photometric observations was carried out using the AM:PM software developed at the
Kourovka Astronomical Observatory of UrFU. Typically, photometric observations with the SBG telescope are
carried out for objects brighter than 16.5™ — 17.0™, which ensures the accuracy of determining stellar magnitude
is no worse than 0.05™ [3].

To determine the rotation periods of asteroids from phase lightcurves, magnitudes in various filters were
normalized to the R filter. When constructing phase lightcurves to take into account the dependence of the
asteroid’s brightness on the phase angle, the parameters of two- or three-parameter models were determined using
the Online calculator for H, G1, G2 photometric system? [4, 5, 6]. The construction of phase lightcurves and

2http://h152.it.helsinki.fi/HG1G2/
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Figure 1: Phase lightcurve of the asteroid (154244) 2002 KL6. The red line is the moving average.

Table 3: Axis ratios of NEOs.

NEO a/b
(1685) Toro 1139+ 0.021
(2063) Bacchus 1.168 + 0.007
(4769) Castalia 1.295 + 0.053
(21374) 1997 WS22 1.100 £+ 0.006
(25330) 1999 KV4 1.111 + 0.012
(68548) 2001 XR31 1.047 £ 0.009
(86667) 2000 FO10 1.094 £ 0.001
(152787) 1999 TB10 1.207 £ 0.028
(139622) 2001 QQ142 1.107 £ 0.010
(141851) 2002 PM6 1.108 £ 0.005
(154029) 2002 CY46 1.095 £ 0.012

(154244) 2002 KL6 | 1.275+0.005
(164121) 2003 YT1 | 1.056 + 0.005
(187026) 2005 EK70 | 1.203 + 0.002

(271480) 2004 FX31 1.089 + 0.006
(349507) 2008 QY 1.352 +0.016
(417264) 2006 AT2 | 1.304 +0.010
(439437) 2013 NK4 1.228 + 0.007
(458732) 2011 MD5 1.215 + 0.012
(518635) 2008 HO3 1.173 £ 0.012

estimation of the axial rotation period P were performed in the online system Period search service® using the

Lafleur-Kinman method [7]. Example of phase lightcurve of the asteroid (154244) 2002 KL6 is shown in Fig. 1.
The ordinate axis shows the absolute magnitudes in the R filter Hgr. We estimated the periods P of axial rotation
of two asteroids (154029) 2002 CY46 and (154244) 2002 KL6: Pj54020 = 2.6" £0.1" and Py54044 = 4.6" +0.1". The
results are consistent with the data on asteroid rotation periods contained in the Asteroid Light Curve Database
of the Minor Planet Center (ALCDEF?), within the limits of determination errors: Pss029 = 2.554% £ 0.001" [8]
and Pis244 = 4.610% £ 0.001 [9].

Shttp://scan.sai.msu.ru/lk/
4https://alcdef.org/
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Table 4: Color indices comparison.

V—-R | V-I | R—-1T | Reference
(1685) Toro
0.524 £0.040 | 0.878 £ 0.014 | 0.354 +0.026 SBG
0.489 +£0.024 | 0.869 + 0.027 - [14]
(86667) 2000 FO10
0.445+0.034 | 0.758 + 0.027 | 0.313 +0.047 SBG
0.480 £+ 0.030 - - [15]
(154244) 2002 KL6
0.456 £+ 0.002 | 0.765 + 0.003 | 0.309 4+ 0.004 SBG
0.460 £+ 0.030 | 0.750 £ 0.040 - [16]
(271480) 2004 FX31
0.432 £0.066 | 0.776 £ 0.027 | 0.344 4+ 0.091 SBG
0.420 £ 0.030 | 0.750 £ 0.040 - [17]
Table 5: Color indices of NEOs.
NEO V-R V-I R—-1
(2063) Bacchus 0.461 +=0.036 | 0.780 £ 0.024 | 0.319 4 0.022
(4769) Castalia 0.456 +0.186 | 0.949 +0.276 | 0.494 4+ 0.416
(21374) 1997 WS22 0.461 +£0.024 | 0.871 +£0.037 | 0.411 4+ 0.027
(25330) 1999 KV4 0.359 £0.013 | 0.680+ 0.011 | 0.321 4+ 0.009
(139622) 2001 QQ142 | 0.449 4+ 0.044 | 0.814 4+ 0.038 | 0.365 4 0.047
(152787) 1999 TB10 0.311 £0.036 | 0.866 £+ 0.062 | 0.554 4 0.098
(154029) 2002 CY46 0.480£0.021 | 0.830+ 0.013 | 0.351 +0.024
(164121) 2003 YT1 0.481 £0.022 | 0.659+ 0.028 | 0.178 +0.019
(187026) 2005 EK70 0.415+0.046 | 0.752+0.047 | 0.337 + 0.033
(417264) 2006 AT2 0.341 £0.042 | 0.813+0.035 | 0.472 4+ 0.077
(458732) 2011 MD5 0.386 = 0.044 | 0.706 £ 0.050 | 0.320 4 0.063

5. Axis ratio

We derived the axis ratio a/b of the observed NEOs. To correct peak-to-peak lightcurve amplitude values, we
taken into account the phase angle correction as follows:

Am(a)
A =0°) = 1
m(or=0°) = T, 1)
% 10(04Am(a))/(1+5a) (2)

where Am(a) is the lightcurve amplitude at phase angle o and s = 0.03 mag deg~! is the slope correlating the

amplitude and the phase angle [10, 11, 12]. Table 3 gives the axis ratios a/b of the observed NEOs. NEOs for
which the ratio a/b is obtained from the full lightcurve are shown in bold. For other objects, the ratio estimates
are obtained using a partial lightcurves. The average axis ratio for small near-Earth objects is 1.31 — 1.33 [13].
The results obtained in this paper are consistent with this estimate of the average value of the ratio.

6. Color indices

Tables 4 and 5 show estimates of the color indices V — R, V — I, and R — I of NEOs based on the results of
observations using the SBG. The Table 4 compares the color indices obtained from the SBG telescope observations
with data from other works. The estimates of color indices coincide within the standard deviation. The Table 5
contains estimates of color indices for which there are no data in the ALCDEF database.

7. Conclusions

The results obtained show that observations with the SBG telescope of the Kourovka Astronomical Observatory of
UrFU make it possible to determine both the dynamic and physical characteristics of NEOs. Obtaining improved
orbital elements makes it possible to conduct detailed studies of the orbital evolution of NEOs. Photometric
observations allow us to determine axial rotation periods and characterize the shape of asteroids through an
estimate of the rotation ellipsoid axis ratio. Multicolor photometry gives reliable estimates of color indices V — R,
V—1,and R —I.
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AHanuns gnHaMu4yeckux rnapameTpoB MeTeopHOro komnsekca Kankpupg,
n ero apeiicpoBOro aBu>XeHus

Cepruenxko M.B.!, Hedennes I0.A.L, Ammpees A.O.12

! Kasanckuti dedeparvrnd yrusepcumem, Kasans, Poccus
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Pabora mocssitiena mcciie[OBaHUIO0 TUHAMUYECKUX TAPAMETPOB METEOPOUIHOrO KOMILIeKca KaHKpuabl u ero JapeiidoBoro
nukenusi. COrJlaCHO COBPEMEHHBIM IIPECTAaBIEHUsIM, MaJjibie Tesa CONHEeYHON cucTeMbl GJiarofapsi CBoeil MaJjioil macce,
HE U3MEHUJIU CBOU (PUBUKO-XMMHUYIECKHUE CBONCTBA U cocTaB. 3yuenune acTpodu3ndecknx XapakTEePUCTUK MAaJIbIX HEGECHBIX
TeJI, B 0COGEHHOCTU METEOPOUJIOB M CBSI3AHHBIX C HUMHM METEOPHBIX ITOTOKOB, JIAIOT IIeHHbIE CBejleHust 00 dBosronuu CosHed-
Hoit cucrembl. OTIEIBHO JIJIsi METEOPHBIX 6a3 JIAHHBIX, CO3/IAHHBIX [0 PA3HBIM KATAJIOraM METEOPHBIX OPOUT, OIpeiesIeHbl
PaJuaHThI, ILJIOIIAIb PAJIUAIlUN, YTOYHEHBI TapaMeTpbl CyTOYHOro cMmerenusi. Onpesenennl pe3oHanchl ¢ FOmurepom. Ilo-
CTPOEHO ¥ MTPOAHAJIM3UPOBAHO PACIIPE/Ie/IEHNE KOOPIUHAT PAIMaHTOB METEOPOUIHOTO KOMILIEKCa KaHKpU bl B 3aBUCUMOCTH
ot monrorsl CosiHila. AHaIU3 pacipejiesieHusl MOKa3bIBaeT, YTO CEBEPHAs U I0YKHAsl BETBU METEOPOMJIHOIO KomIiekca Kan-
Kpuibl HaOJIIOJAIOTCS B CXOXKHE JIaThl, HAOJIOMAeTCs XOpOoIlee COIVIache I10 JaHHBIM CKOPOCTeH JUIsi PA3HBbIX METEOPHBIX
6a3 1 C JIUTepaTyPHBIMU UCTOYHUKAMHU, JIOKAJIU3AINs PAJUAHTOB ITPOUCXOIUT 110 CKJIOHEHUIO U MPIMOMY BOCXOXKJIEHUIO.
CrenaH BBIBOJI, UTO IBOJIIOIMOHHBIN MeXaHU3M OOpa3oBaHusl BeTBell Komiuiekca Kaukpu, pasubiid. [lokazano, 94To 102KHAs
U ceBepHAas BETBb KOMILIeKca KaHKpu bl 06pa3oBauch IPHU PA3JIUIHBIX IBOJIOIUOHHBIX YCJIOBUAX, KAK, HAIIPUMED, IIPU
BTOPUYHOM PACIIajie POJUTEIHCKOIO TeJla.

Tlocrynuna B pemakiuio 05.10.2024 r. Ilpunsara B nmeuars 14.11.2024 1.

Kanoueswie caosa: memeopoudnuili nomox, paduarm, pe3oranc

Analysis of the dynamic parameters of the Cancrids meteor shower and its drift motion
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The work is devoted to the study of the dynamic parameters of the Cancrids meteoroid complex and its drift motion.
According to modern concepts, small bodies of the Solar System, due to their low mass, have not changed their physical
and chemical properties and composition. The study of the astrophysical characteristics of small celestial bodies, especially
meteoroids and associated meteor showers, provides valuable information about the evolution of the solar system. Separately
for meteor databases created using different meteor orbit catalogues, radiants and radiation areas were determined, and the
parameters of daily shift were refined. Resonances with Jupiter were determined. The distribution of radiant coordinates
of the Cancrids meteoroid complex was constructed and analyzed depending on the longitude of the Sun. The distribution
analysis shows that the northern and southern branches of the Cancrids meteoroid complex are observed on similar dates,
there is good agreement in the velocity data for different meteor bases and with literary sources, the localization of radiants
occurs by declination and right ascension. It is concluded that the evolutionary mechanism of formation of branches of the
Cancrids complex is different. It is shown that the southern and northern branches of the Cancrids complex were formed
under different evolutionary conditions, such as the secondary disintegration of the parent body.
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1. Introduction

One of the important tasks of astronomy and astrophysics is the study of the solar system, specifically small bodies
such as comets, asteroids, and meteoroids. According to the modern concept, comets, asteroids, and meteoroids
contain the information about the original matter that participated in the formation of the solar system. The major
part of small bodies has not changed its physical and chemical properties and composition, as they are objects
with small masses. Therefore, by studying the astrophysical characteristics of small celestial bodies, especially
meteoroids and the showers that produce them, we may get valuable insights into the evolution of the solar system.

The Cancrids meteor complex is a small shower that has been confirmed by observations. The shower has
two branches, the Northern Cancrids NCC, number 96 on the Meteor Data Center database, and the Southern
Cancrids SCC, number 97. There is no parent body associated with the shower. It is observed in January. The
shower is poorly studied in terms of its evolution and structural parameters.

2. Methods

Tables 1 and 2 present the elements of the mean orbits of the Cancrids meteor complex. Tables 1 and 2 show the
elements of the mean orbit of the shower taken from the literature. Table 3 provides the elements of the Cancrids

Hayuanwie Tpyast UTHACAH, 2024, Tom 9, BbIycK 2
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Table 1: Elements of the shower’s mean orbits.

Branch of the Cancrids | V (km/s) | RA° | DE° | L° | a (AU) e Reference
NCC 28.2 127.6 | 21.5 | 296.9 | 2.408 | 0.835 [1]
SCC 27.9 117.5 | 16.1 | 287.1 2.298 | 0.399 1
NCC 27.0 127.6 | 21.5 | 296.0 | 2.260 | 0.810 2
NCC 29.9 131.4 | 17.6 | 299.0 - - 3
SCC 26.8 134.1 | 10.1 | 296.3 | 2.114 | 0.761 4
SCC 28.7 131.5 | 10.6 | 298.0 - - )

averaged orbits for both branches calculated by the authors. We calculated the elements of the mean orbits of the
Cancrids using our meteor data based on the EDMOND, CAMS, and SonatoCo catalogues.

It is important to note that the Cancrids complex, according to the Tisserand’s parameter T' relative to
Jupiter, lies between the cometary and asteroidal types, i.e., T' is about 3, but according to the values of the
parameter T from some of catalogues, the shower is more likely to be of asteroidal type.

Table 2: Elements of the shower’s mean orbits — our calculations.

Shower, | catalogue | a o (AU) eto g+ o (AU) i°to° m° +o° Tto
TAU No.
NCC epmonp | 2.073 £0.387 | 0.780 £0.043 | 0.437 £0.072 | 3.127 +1.262 | 222.547 £ 5.195 | 3.264 4 0.458
No. 96 CAMS 2.224 £0.656 | 0.801 £0.058 | 0.412 £0.047 | 2.481 £1.709 | 225.246 £+ 7.637 | 3.126 4+ 0.381
SonatoCo | 2.349 £0.201 | 0.813 £0.035 | 0.420 £0.080 | 2.481 £1.005 | 225.246 +=4.562 | 3.101 £+ 0.528
el epmonp | 2.063 £0.221 | 0.788 £0.028 | 0.435 £0.060 | 7.209 4+ 3.761 | 230.212 & 5.115 | 3.533 4+ 0.452
No. 97 CAMS 2.063 £0.328 | 0.812£0.061 | 0.435£0.005 | 5.676 £2.321 | 233.705 £ 7.600 | 3.076 = 0.316
SonatoCo | 2.257 £0.220 | 0.821 +0.030 | 0.374 £ 0.061 | 5.677 £ 1.320 | 233.704 £ 5.102 | 3.300 £ 0.876
3. Results

There are very few photo-derived orbits for the Cancrids meteoroid complex. Therefore, the study additionally
involved television observations as well, e.g. TV catalogues SonatoCo, CAMS, EDMOND with sufficient orbit
statistics. The minimum stellar magnitude in catalogues for the Cancrids complex is +3.4™. The error in deter-
mining the geocentric velocity is approximately 1.0 km/s.

Fig. 1 shows the distribution of the RA° and DE® radiant coordinates of the Cancrids meteoroid complex as a
function of the Sun’s longitude L°. Radiants of the northern branch (NCC) according to the SonatoCo catalogue
— black squares, radiants of the southern branch (SCC) — red dots. For the CAMS catalogue, radiants for the
NCC — green triangles, radiants of the SCC — blue rhombuses. EDMOND catalogue: radiants of the NCC and
SCC — blue and pink triangles, respectively. The black lines represent correlation linear dependencies.

The analysis of Fig. 1 shows that the NCC and SCC are observed on similar dates, there is good agreement
in velocities (see Table 1 and 2), and the radiants are localized by declination and right ascension. It can be seen
that DE® values are higher for the northern branch compared to the southern one for all the catalogues used,
while RA® values are lower. The correlation coefficients between linear dependencies of RA® and DE® and the

®  SonatoNCC 58 ®  Sonato NCC
138 # SonatoSCC 1 ® Sonato SCC
- - 1 " v
v EDMOND SCC .
1361 e . CAMS NCC | PR I TR - "| ¢ camsnNcc
. scc EDMOND NCC . e oS . %", | « EDMONDNCC

132

130 A

RA°

128

126

124 A

122 A

NCC

280

T
285

2&‘35
L° (2000.0)

T
290

T
300

T T
305 310

T
280

T T T
285 290 295

T T T
300 305 310

L® (2000.0)

Figure 1: Radiant coordinates of the Cancrids as a function of solar longitude.
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Table 3: Data on velocities and radiants for each of the branches of the Cancrids complex.

Branen | Vg, km/s Vi, km/s RA° DE° dRA® dDE® S,
veo | 27.10£3.40 | 37.41+£1.31 | 129.80 £2.71 | 19.83+2.70 | 0.170 £ 0.032 | 0.033%£0.031 | 7° x 6°
scc | 28.00+£3.10 | 36.80 £2.21 | 133.52£2.10 | 12.31 £ 1.70 | 0.021 +0.040 | —0.020 & 0.041 | 4° x 3°

stellar magnitude of the meteors were determined. Dependencies of RA° right ascension and DE® declination on
the stellar magnitude of the meteors were found to be different in sign.

The coordinates of the radiants and their diurnal variations for each branch were determined both from the
coordinates of individual radiants and from the coordinates averaged to 1° of solar longitude. Table 3 shows the
results obtained, namely, the velocity and radiant data for the Cancrids for each branch separately. Table 3 shows
the velocities V; and V4, in km/s, right ascension RA°® and declination DE®, taking into account their errors dRA°
and dDE°, and the radiant area S..

The diurnal displacement of the radiants dRA, dDE for each branch was determined from the individual
coordinates RA and DE according to the formulas:

RA =RA; — (L; — L) - dRA, (1)

DE! = DE; — (L; — L) - dDE, (2)

where RA;, DE; are the individual coordinates of the radiants. The values of dRA, dDE were found by correlation
analysis using the linear dependencies RA(L), DE(L) plotted by straight lines in Fig. 1.

The results shown in Tables 1-3 are in good agreement. The velocity values are close, but right ascension
RA® and declination DE® are different, and the radiation area is also different. Most likely, the branches of the
complex were formed under different evolutionary conditions and probably at different times. The SCC branch
has smaller values of radiation area and RA® right ascension and DE® declination, so it is very likely that the SCC
form as a result of disintegration of the parent body. Since more observational statistics is available for the SCC,
the diurnal radiant drift is more reliably determined compared to NCC.

4. Conclusion

The Cancrids meteoroid complex is subject to strong gravitational perturbations from Jupiter during its motion,
as its orbital period is approximately 4 years. The southern branch of the complex (SCC) falls into significant 2:1
and 1:1 resonances with Jupiter. The obtained radiants for both branches of the shower have a clear agreement
with the data obtained by other authors (Table 1). The values of the diurnal variations of the radiants were
refined, and the areas of radiation were determined. It is shown that it is possible that both branches (SCC and
NCC) formed under different evolutionary conditions, such as secondary disintegration of the parent body.
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MepcnekTnBbl pa3BNTUS MeTEOPHbIX PAaSUONIOKALUOHHbIX HAbAaeHNA
B KasaHckom chepepanbHOM yHuBepcutete

Koporemmkun /I.B., lepcriokos O.H., Baguymmun ©.C.

Kasanckuti gedeparvnni yrusepcumem, Kaszanwv, Poccus

CraTbsl IOCBsIIIIEHA MOJEPHU3AINKA MeTeopHOro pajapa Ha 6ase cucrembl SKiYMET B Kasanckom denepaibHOM yHUBED-
curere. llespi0 MOJEPHU3AIME SIBJII€TCS HMOBBIIIEHHE TOYHOCTH DPAMOJIOKAIIMOHHBIX HaOJIIOLeHN 3a MeTeopamu. B xozme
MO/IEPHU3AIMY KOJUIECTBO aHTEHH YBEJIMYHJIOCH € 5 110 12, a pa3mepbl m3MepuTeIbHbIX 6a3 Obuin pacmupensl 10 220
M Ha 150 M. DTy M3MEHEHUs 3HAYUTEIBHO YJIYUIIMJIA TOYHOCTH M3MEPEHUH yIJIOBBIX KOODJIMHAT, JOCTHrasi 3HAYEHUN He
xyxe 0.3 rpanyca. Tak>ke mpencTaBjeHbl CTATHCTUYECKUE JIaHHblE MOHUTODHUHTIA, IIpOBeJleHHOro B 2023 I., IO KOTOPBIM
KOJIMYECTBO 3aPETNCTPUPOBAHHBIX METEOPOB C OIEHKON CKOPOCTH MeTeopa BapbupoBasock oT 15000 mo 40000 B cytku. Ha
OCHOBE AQHAJIN3A BBIABJIEHHBIX IIPOOJIEM U CTATUCTUYECKUX JIAHHBIX IIPEJIJIOXKEHBI HAIIPABJIEHUS JJIsl TAJIbHEHNIIIEero pa3BUTHI
Pa/IMOJIOKAIIMOHHOI0 MeTo/1a HabJIoaeHnit 3a Mereopamu B Kazanckom deepanbaom yHusepcurere. st OBbIIeHNsT TOY-
HOCTH HAOJIIOIEHUI U PACIIHPEHNsT BO3MOXKHOCTEl METEOPHOI'0 KOMIIJIEKCA II0 PEFHUCTPAINN METEOPHBIX CJIEIO0B U U3y I€HHIO
[IPUTOKA METEOPHOI'0 BEIeCTBa IIPe/JIaraeTcs YBEeJUYNUTh [UIMHY n3MepuTeabHbix 6a3 10 400 M Ha 200 M, U Tak»Ke yCTaHO-
BUTH JOIOJIHUTEJIbHbIE aHTEHHBI U IIPUEMHbIE KOMILJIEKCHI, OCHAIeHHbIE (ha30BbIMU HHTEP(EPOMETPaMH, PA3MEIIEHHBIMU C
3HAYNTEJILHBIM [IPOCTPAHCTBEHHBIM PA3HOCOM, a TaK»Ke OPraHM30BaTh COBMECTHbIE HAOJIIONEHMSI METEOPHBIX sIBJIEHUI.
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Prospects for development of meteor radar observations at Kazan Federal University
Korotyshkin D.V., Sherstyukov O.N., Valiullin F.S.

Kazan Federal University, Kazan, Russia

This paper focuses on the modernization of the meteor radar system based on SKiYMET at Kazan Federal University.
The goal of this modernization is to enhance the accuracy of radar observations of meteors. As part of the upgrade,
the number of antennas was increased from 5 to 12, and the measurement baseline was expanded to 220 meters by 150
meters. These enhancements significantly improved the precision of angular coordinate measurements, achieving accuracies
of 0.3 degrees or better. Additionally, the article presents monitoring statistics from 2023, which indicate that the number
of recorded meteors with velocity estimates varied between 15,000 and 40,000 per day. Through a detailed analysis of
the encountered challenges and statistical data, several directions for the further development of radar meteor observation
methods at Kazan Federal University are proposed. To further improve observational accuracy and expand the meteor radar
system’s capabilities for detecting meteor trails and studying the influx of meteoric matter, it is proposed to increase the
measurement baseline to 400 meters by 200 meters. This also includes the installation of additional antennas and receiving
systems equipped with phase interferometers positioned with significant spatial separation, as well as the organization of
joint observations of meteor phenomena.
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1. Introduction

The analysis of burning meteors in the Earth’s atmosphere provides important data on processes occurring both
in our atmosphere and in the solar system as a whole. These studies not only help to investigate the evolution of
cosmic bodies, but also reveal the potential risks that meteors may pose to space missions and artificial satellites.
This emphasizes the importance of regular and sustained observations of meteor events.

Nevertheless, optical observations encounter challenges: weather factors such as cloud cover and rain, as
well as light pollution, make it difficult for astronomers, especially when observations must take place during the
morning, daytime or evening hours. An alternative is to use radar observations, which provide a wider and more
reliable data set without depending on the time of day. Modern digital advances and solid-state transmitters offer
the potential for more regular and in-depth analysis of meteor events, providing the basis for a more comprehensive
understanding of these processes and their impact on the Earth and surrounding space.

2. Main problems in radar observations

In this paper we focus on radar observations of meteors. Radio monitoring does not detect the meteor particles
themselves, but rather their trails resulting from combustion in the atmosphere. This process is similar to optical
methods, where not the particles themselves are observed, but bright flashes associated with the heating and glow
of the plasma resulting from collisions of atmospheric molecules with meteoric matter. The trails are ionized
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columns of air, several meters in diameter and several kilometers long, formed by the detachment of electrons from
air molecules under the influence of high temperatures arising during the combustion of the meteoric body.

Radio monitoring of meteor trails raises several key issues and challenges, among which are statistical avail-
ability, accuracy, and noise resistance. These aspects are directly related to meteor radar data, which allow to
observe and record meteor trails and to extract the necessary parameters for analysis.

Radio meteor observations fulfill several important tasks. First of all, these are astronomical studies including
bolides, meteorites, individual meteors, meteor showers and sporadic sources. The research aims to identify parent
bodies such as comets and asteroids and to study their parameters using statistical methods. Meteor velocities,
hourly zenith velocity (ZHR), meteor flux, masses, mass distributions, mass indices, and chemical composition
are analyzed. Measurements of the angles of arrival of meteor trails allow the determination of the radiants of
meteors and meteor showers, which in turn facilitates the extraction of their orbital elements. The main results
of such studies have significant theoretical value for understanding the dynamics of the solar system and practical
significance in assessing meteor hazards.

The tasks addressed also include meteorological studies, especially the dynamics of the middle atmosphere.
Meteor radars provide an opportunity to obtain detailed temporal and spatial characteristics of atmospheric
parameters such as zonal and meridional wind speed, temperature and others. Unlike satellite and other remote
sensing methods, the radio meteor method has a high spatial and temporal resolution, which makes it possible to
study a wide range of atmospheric processes, including seasonal changes in circulation in the upper mesosphere
and lower thermosphere, as well as trends in thermodynamic parameters. Wave processes such as planetary waves,
tidal motions, internal gravity waves, and mesoscale turbulence are also should be mentioned. All these processed
are studied at an altitudinal resolution on the order of 1 km. In recent years, efforts have also been made to study
the horizontal spatial structure of wind fields by combining data from several meteor radars, which allows the
horizontal structure of dynamical processes to be investigated.

The practical significance of such studies lies in their ability to predict and account for atmospheric dynamics
in the context of space launches and meteor aeronomy issues. In addition, the data obtained can be used to create
reference models of the atmosphere and for reanalysis of wind parameters.

Different parameters, such as amplitudes and phases of meteor radio reflections, are analyzed as a function
of time. In this context, two main approaches are distinguished: continuous wave and pulse. The first approach
is easy to implement, but may encounter some problems in signal reception, so in most cases the pulse method is
used. This method consists of periodically sending short radio pulses with a certain period related to the pulse
repetition frequency (PRF).

The accuracy of various parameters of radio meteor observations depends to a major extent on the power of the
radiated signal. However, increasing the power may face both permissive (radio frequency regulation) and hardware
limitations. In such circumstances, a strategy of accumulating signals through an increased number of antennas
can be used to improve accuracy. For example, this may be applicable for meteor or wind speed determination, and
for extracting parameters derived from a meteor radio echo model and empirical data. Increasing the number of
antennas improves the accumulation of radio signals, which allows more accurate estimation of signal amplitudes
and phases against the background noise, thereby increasing the signal-to-noise ratio without the need to increase
the radiated power.

Another important aspect of parameter accuracy is related not only to the number of antennas, but also to
their spatial separation. The greater the antenna spacing, the more accurate the parameters, such as the angular
and spatial coordinates of the reflection points and meteor burnup regions, can be obtained. This leads to more
accurate estimates of the radiants and orbital elements of meteors and meteor showers. However, the extremely
large antenna spacing (more than half a wavelength, 0.5)\) creates ambiguities in the estimation of signal path
differences, which complicates the determination of arrival angles. For differences between 4.5\ and 7.5\, the
ambiguities can be resolved with additional antennas, and for long bases, the number of antennas must usually
increase significantly. This, in turn, leads to an increase in computational cost, which is not a significant problem
with the current advances in computing technology.

However, modern radars are equipped with not very powerful transmitters and short baselines (2A and 2.5\
with a total baseline of 4.5)). This may be due to spatial constraints encountered when installing meteor complexes
at out-of-town radio sites. Thus, these radars do not function as astronomical instruments, but rather as wind
profilers. Although some meteors are recorded with highly accurate parameter calculations, the number of such
observations is not so large, and it appears that astronomical research is focused mainly on large meteor particles.

Important problem faced by researchers concerns the statistical availability of observations, i.e., the number
of registrations per hour, day, and so on. This is related to the number of receiving antennas: a larger number
of antennas allows to capture weaker reflections, which, in turn, gives an opportunity to record small and light
particles. However, on most radars, the small number of antennas means that the mass region responsible for
small particles and meteor dust remains largely unexplored. This is due to the lack of instruments, both optical
and radar, to detect them.
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Also a problem of radio meteor measurements is that it is not possible to obtain the spatial structure of the
dynamics of the middle atmosphere; radars can only determine altitudinal variability. This is due to the fact that
radar can determine only radial wind speed based on the Doppler frequency shift. Statistical evaluation assumes
homogeneity of the velocity in different directions of observation and the presence of meteor registrations from
different azimuthal directions. Attempts to obtain wind speed components (zonal and meridional components) in
a certain area often encounter problems with poor conditioning of matrices when using least squares methods.

Based on the analysis of the current state of radio meteor research, several key directions for improving the
efficiency and accuracy of measurements can be identified and the following recommendations can be made:

1. Increasing the antenna field and the number of antennas. It is necessary to expand the size of the antenna
field and at the same time increase the number of antennas. This will increase the number of recorded
weak reflections, including distant or short time reflections, which are characteristic of high altitudes where
ambipolar diffusion is high. Significant improvements in the accuracy of estimating the amplitudes and
phases of meteor radio echoes will be possible with this approach.

2. Installation of additional radars. It is recommended to install additional radars at a distance of 1-1.5 km,
forming long baselines (100-150)). This will make it possible to determine the angular and spatial coordinates
of meteor reflections with very high accuracy.

3. Observations from spaced antennas. It is important to make observations of the same meteors, especially
of the most powerful reflections, on widely separated antennas. The main radar is already capable of
determining the angular and spatial coordinates of the meteor radio echoes, and using a remote station to
recalculate the coordinates will allow the wind speeds in the combustion region to be refined for an individual
meteor.

4. Installation of passive radars with phase interferometer. The next step is the installation of additional
passive radars equipped with a phase interferometer and synchronized with the main radar. These systems
will operate on the principle of forward scattering of radio waves and will solve several problems:

e Eliminating poor matrix conditioning in the least-squares method of determining wind speed, allowing
meteors to be observed from different angles.

e Increase the number of registrations and their accuracy, as radio scattering increases the duration of
reflections. If the distance between stations is chosen correctly, the duration can increase by a factor of
2 or more.

e The ability to observe more high-speed meteors, improving the accuracy of meteor velocity measure-
ments due to oscillations in the amplitude and phase of meteor radio echoes associated with meteors
passing through Fresnel zones.

e Expansion of capabilities of radio meteor complex. Taking into account the high sensitivity of meteor
radars to specularity conditions, the main radar detects only a part of meteor reflections satisfying these
conditions. Some meteor showers may not meet these conditions, but they can still be recorded on an
additional remote radar.
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Figure 1: Layout of receiving antennas of the KFU meteor radar (state as of 2024). 5 antennas in the center
(points with circles) — initial antenna field in 2015-2020.
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3. Meteor radar of Kazan Federal University

Radar observations of meteors in Kazan, Russia, began in 1955 at the Problem Radio Astronomy Laboratory
(PRAL) of Kazan University [1]. Regular observations started in 1979 [2], and by 1986 the radar was equipped
with a phase interferometer and a 100 kW transmitter [3]. The SKiYMET radar [4] has been operating at Kazan
Federal University (KFU) since 2015, and the first results were published in [5].

With the development of digital technologies and computer engineering, a modern radar complex based on
the SKiYMET system was created at Kazan Federal University. In 2020, seven additional antennas were installed
and twelve superheterodyne receivers with digital data acquisition systems were developed to detect meteor trails.

From 2020 to 2023, experiments were conducted to optimize antenna placement and reduce background noise.
The final configuration is shown in Fig. 1, where the unfilled circles represent the original layout and the filled
circles represent the current position of the antennas.

The original layout was retained, but additional antennas were added. The non-symmetrical placement of the
antennas is due to space constraints and the closeness of buildings, as the science base occupies 260 meters from
north to south and 500 meters from west to east, adjacent to a residential area.

The technical characteristics of the meteor radar are presented in Table 1.

Table 1: Featured characteristics of the KFU meteor radar.

Characteristics Description

1. Radar location +55.8°N , +48.8°E

2. Method of Probing Pulsed, backscattered

3. Carrier frequency/pulse repetition frequency 29.75MHz/1594Hz

4. Pulse width 24us

5. Pulse/average transmitter power 15kW/600W

6. Number of transmitting/receiving antennas 1 & 5pes/12pes (2015-2020/2020—present)

7. Antenna type: transmit/receive Crossed Yagi-Udo antennas with 3 and 2 ele-
ments. Antennas are All-sky.

8. Overall dimensions of the antenna field 45%x45/225%150  meters  (2015-2020/2020-
present)

Monitoring on the KFU meteor radar is carried out on a 24-hour basis and all year round. During the
monitoring meteor radio echoes are detected and recorded in the form of series of amplitudes and phases of radio
signals — reflections from meteor trails. The number of such reflections for a day is distributed unevenly, which
is associated with the selectivity of the meteor radar. For example, Fig. 2 shows the daily variations of the hourly
number of registrations received on 11.02.2023. Its analysis shows that there are time intervals rich in meteor
reflections. In other hours, the number of meteors may be small, as can be seen in Fig. 2 from 13 to 18 h local
time (+3 b UTC).
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Figure 2: Hourly number of meteor registrations on 11.02.2023 depending on local time (+3UTC).

Another important aspect of radio meteor observations is the seasonal variation in the number of meteor
registrations. Fig. 3 shows the seasonal variation in the daily number of meteor registrations. The black line
indicates all registrations. We see that the number of meteors recorded by the KFU meteor radar varies from
20,000 meteors per day in February to 60,000 in June-August. This diurnal variation may be related to the
selectivity of the registrations of background sporadic sources. The red line indicates the number of meteors with
velocity estimates using the [6] method. The number of such registrations ranges from 60% to 70% of the total
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number. These registrations are very reliable, since the calculation requires the presence of a meteor signature,
i.e., special fluctuations in amplitude and phase associated with Fresnel diffraction. Such meteors per day range
from 15,000 at minimum to 40,000 at maximum.
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Figure 3: The daily number of meteor registrations in 2023. The black line represents the total number of
registrations. The red line shows the number of registrations for which a Fresnel diffraction-based meteor velocity
estimate is available.
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Figure 4: Distribution of ranges averaged over 2023. The number of N is represented at the 5 km interval. Sharp
drops are associated with blanking of this range of the direct transmitted pulse.

The KFU meteor radar emits high power radio signals (15 kW in a pulse). Nevertheless, with increasing
distance, the signals fade rapidly, and the reflected signals acquired at the receiving antenna have values on the
order of 1-100 ¢V. A very important characteristic of meteor radar is the range distribution (Fig. 4). The figure
shows that the number of registrations in the range interval [110-150 km]| is approximately the same, and then
the number of meteors begins to drop significantly due to the decrease in the power of the reflected signal due to
attenuation.

The gaps in the distribution are due to the fact that the pulse repetition frequency (PRF) is 1594 Hz, and
the radio wave only manages to travel about 94 km (round trip) during the sounding period, after which a new
sounding pulse appears, which masks the meteors with this delay/distance. It is also not possible to record meteors
at other ranges, multiples of 94 km, during the sounding period (24 us).

Meteors burn at altitudes where there is sufficient atmospheric density to heat and ablate the meteor. Radar
uses a phase interferometer to determine the arrival angles of the reflected signals, and using the range to the trail,
the height of the specular point can be estimated. From the observations in 2023, a distribution of heights is plotted
as an annual average. Although this distribution changes slightly during the year, in general the distribution shown
in Fig. 5 characterizes the capabilities of the meteor radar: it registers meteor trails in the height range 75-105 km.
Outside this range, registrations are possible, but not quite probable.

To accurately determine the angles of arrival of the signals, the differences in the radio wave paths at the
different receiving antennas are critical. Therefore, an important aspect is to evaluate the accuracy of meteor
radar phase measurements. Fig. 6 shows the distribution of the root mean square (RMS) error o of the phase
difference ® at baselines averaged over the year 2023. The errors do not refer to individual meteor radio echo
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Figure 5: Distribution of heights from measurements on the KFU meteorological radar on average for 2023. N —
per 1 km.
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Figure 6: Distribution of RMS errors of phase differences at radar baselines for 01.01.2023-01.01.2024 (M = 5).
The o4 step is 1 degree.

pulses, but to the accumulated signal over the entire period of the meteor trail observation. We see that the RMS
error of the phase difference is limited to 15 — 20°.

As an example of meteor radar functioning in monitoring mode, we can present the distribution of the number
of shower meteors depending on the day of the year and meteor speed. This distribution was obtained by finding
the maximum of the radiant distribution constructed from meteor data using the Jones method [7]. For each
construction, samples with a time interval of 1 day and a velocity interval of 10 km/h were used. The obtained
results are presented in Fig. 7.

The analysis shows the presence of all major (main) meteor showers and their relative numbers, which char-
acterizes the ability of meteor radar to register reflections from ionized trails left by meteor particles with different
velocities and mass distributions. In particular, the number of registrations for Geminids reaches 5800 per day,
while for other meteor showers — less than 2 thousand. Small meteor showers are also registered by meteor radar,
but are not represented in this diagram because of their small numbers.

4. Further development of meteor radar at KFU

The phase interferometer allows to determine the angles of arrival of radio signals by analyzing the measured
phases at the receiving antennas. The phases at the receiving antennas are related to the delay of the received
signal relative to the radiated signal due to the path to and from the meteor trail. These data can be considered
random. However, the phase difference at two arbitrary baselines is not random; it is related to the wavefront and
wave vector (Fig. 8).

In the simplest case, when the antennas are located on the same line, they form an array of measurement
baselines with different lengths. The Jones antenna arrangement [8, 9], where the antennas are placed in the form
of a cross with different beam lengths (usually 2\ and 2.5)), is considered to be the classical arrangement. Two
perpendicular measuring baselines (maximum in length) are sufficient to determine the angles of arrival. The
remaining baselines are used to eliminate the ambiguity of phase measurements. Thus, the angles of arrival can
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Figure 7: Distribution of the number of stream meteors as a function of day of the year and meteor speed for 2023.

be calculated from the phases at two perpendicular baselines A and B:

{A(bA—LA cosfsin Z, (1)

A¢p = Lg% sinfsin Z,

where 6 is the azimuth angle, Z is the zenith angle, Ly and Lp are the lengths of the corresponding baselines in
meters, and A is the wavelength in meters, A¢p and A¢p are the measured path differences at the baseline.

Antennat Antenna2

Figure 8: The path difference of the wavefront at the two antennas.

Solving the system of equations (1), we find the values of zenith and azimuth angles. For the trivial case when
the azimuthal angle is 0 (as in Fig. 8), we can obtain a single equation, which is easy to analyze:

A¢ = LQTW sin Z. 2)
Hence it is easy to obtain that
AP
frnd 1 _— . 3
A arcsm(Qﬂ_L) (3)

If we take the derivative of the equation (3) and then apply the expectation operator, we get the variance of the
zenith angle estimate as a function of the phase variance at the baseline:

2 7% AN
D[dZ] =03 = — ] . 4
[d2] = o2 cos? Z (271'L> )
Hence the RMS error of the zenith angle can be written as:
(o) A
= —— . 5
77 = cosZ <27TL> )

The formula for the RMS error of the azimuthal angle can be obtained in a similar way, with the only exception
that the perpendicular baseline to the azimuthal direction will play a key role here:

- si?Z (%) ‘ ©6)
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In the case where we have multiple baselines, and where the azimuthal angles of arrival are different from 0, the
formulas become significantly more complicated, and the RMS error of the estimates will be even better than the
estimates obtained by the presented formulas.

Analysis of the formulas (5) and (6) shows that the error of the arrival angles is inversely proportional to the
lengths of the corresponding measurement baselines, and also depends on the zenith angle . When we receive
signals from the zenith (Z = 0), we get full uncertainty in azimuth. On the contrary, when we approach a zenith
angle of 90°, the uncertainty of the zenith angle increases, while the azimuth angle is measured very accurately.
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Figure 10: Dependence of the zenith angle error on the baseline length. The graphs are plotted for zenith angle
Z = 50°.

Using the formula (5), we plot the dependence of the acceptable phase error on the length of the measuring
baseline. The graphs are plotted for three cases of interest to us: when the zenith angle error is equal to 1° (coarse
case), 0.3° is the median case, and 0.1° is the superior case. Angular resolution better than 0.1° is extremely
difficult to achieve due to the fact that long baselines can shift the position of the specular point along the trail
from antenna to antenna, which degrades the angular resolution.

Analysis of the plots presented in Fig. 9 shows that an error of 1° is achieved at baselines 4.5\ (SKiYMET
layout), and for a number of meteors 0.3°, where a phase error of less than 5°. The current meteor radar antennas
layout (Fig. 1) provides a zenith angle accuracy of 0.1° with phase error less than 5°, while the maximum zenith
angle error is no worse than 0.3° is obtained for each meteor, since the average phase error is always less than 20°.
(see Fig. 6).

Of particular interest are cases when phase estimation is performed not for the whole radio echo, but for a part
of it in order to determine the trajectory. In this case, the phase errors are no longer limited at all. Therefore,
there is still interest in even longer baselines.

Another approach (Fig. 10) allows us to choose the baseline length based on a fixed phase error (5, 15, 30°).
The figure shows that, for example, a phase error of 30° (i.e., a variant of phase estimation from a trail fragment)
requires a baseline of over 100\ to achieve an angular coordinate error of less than 0.1°.
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The proposed (possible) increase of the baseline length, based on a possible cross-shaped layout, up to 400
meters by 200 meters (these are the maximum dimensions of the PRAL radio polygon) at 0 = 15° will allow to
obtain errors in zenith angle from 0.09° to 0.18°.

It should be noted that several effects begin to play a role when the baseline length is increased. The first is
related to the fact that it will be necessary to take into account the sphericity of the reflected radio wave front,
while we assumed its flatness. The second relates to the high accuracy of the antennas setup in the array. The third
is that at large baseline lengths there is a strong ambiguity in the phase measurements, which can only be resolved
by using an additional array of receiving antennas. Modeling of antenna systems with maximum baseline lengths
of 50 by 125\ and an array of 25 antennas, some of which belong to the current antenna arrangement and some
of which extend the baselines to the specified sizes, was carried out. Analysis of the simulation results (without
taking into account the sphericity effect) showed that the phase ambiguity is completely resolved at the specified
antenna layout up to phase errors of 30°. These calculations show that in order to expand the capabilities of the
KFU meteor radar, it is quite possible to place additional antennas on the territory of the Engelhardt Astronomical
Observatory, which is just located at a distance of 1 km from the radio polygon of PRAL.

5. Radio transmission and reception point separation: meteor forward scattering

In order to receive meteor radar signals at a remote receiving station, it is necessary not only to have receiving
equipment, but also to be able to synchronize by carrier frequency and by the beginning of the probing pulse. If
the receiving station is within a radius of about 60 km, it is possible to detect a direct signal in the orientation to
the meteor radar. For example, measurements with a half-wave dipole antenna at a distance of 45 km from the
transmitting antenna of the meteor radar revealed a strong direct signal in the direction to the KFU meteor radar.
The signal strength was approximately 7 dB. It should also be noted that the experiment was conducted in a low-
lying area where reception degradation can be expected. With coherent accumulation it is possible to significantly
increase the signal level in order to more accurately lock the receiving equipment to the carrier frequency and to
the beginning of probing by meteor radar.

As it was indicated earlier, to solve a number of meteorological and astronomical tasks, it is useful to install
passive meteor radars at a considerable distance from the transmission point. Analysis of Fig. 4 shows that the
number of registrations is practically stable for ranges up to 150 km. Considering that the radio wave has to travel
twice the distance (in both directions), this value is doubled. The average height H = 92 km (Fig. 5) allows us to
determine the distance to remote stations, at which the attenuation of radio signals will not be a problem — this
distance is up to 240-300 km.

To organize such stations, it will be necessary to install a full-performance phase interferometer including at
least five receiving channels (antenna, frequency preselector/amplifier, superheterodyne receiver /SDR receiver). In
addition, since it is difficult to expect a direct signal at such a distance due to the lack of line of sight between the
receiving and transmitting sites, it is necessary to organize a system of synchronization by the carrier frequency
of sounding (for phase synchronization) and the time of the beginning of sounding (for determining the distance
to the trail). This can be accomplished using thermostabilized disciplined GPS reference signal generators. Such
generators should be used at both the receive and transmit points, collecting calibration information on the exact
values of carrier frequency and start of sounding relative to the synchronized GPS generator.

Taking into account that the sizes of antenna fields of remote stations can reach about 100x100 meters, such
meteor systems can be installed on the basis of radio polygons of universities located within a radius of 300 km
from Kazan.

6. Conclusion

The paper considers the problems arising in radar observations of meteors. The main problem is the small size of
the measuring baselines of most modern meteor radars — only 2 and 2.5\, which leads to total crossed baselines
of 4.5\, There are also a limited number of antennas (5), which limits the application of these radars primarily
for meteorological purposes.

The modernized KFU meteor radar has significantly larger measuring baselines (220 m by 150 m) and the
number of antennas has been increased to 12 compared to 5 antennas on the classic SKiYMET radar. This im-
provement allows to increase the accuracy of measurements, achieving a standard deviation of angular coordinates
of less than 0.3 degrees, while for SKiYMET this figure is 1 degree. There is also at least a double increase in the
number of registrations, from 30,000 to 60,000 during the peak summer months.

As further steps to improve the accuracy of meteor observations, it is proposed to increase the number of
receiving antennas and extend the lengths of the baselines to 400x200 meters, refining the current configuration
within the existing PRAL area.

Additionally it is proposed to install additional antennas or even phase interferometric systems with significant
spatial separation (from several tens to several hundred kilometers). This can be implemented both by radio
amateurs and research universities on the basis of radio polygons located in the regions neighboring Tatarstan.
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O cuHeprnm HasemMHbIX N KOCMUYECKNX TEeNeCKOMNOB Npun obHapy>XeHuwu
OC3 pekameTpoBOro kslacca B OKOJIO3€MHOM KOCMWUYECKOM
npocTpaHcTBe

[Iyrapos A.C., Hlycros B.M.

HUnemumym acmpornomuu PAH, Mockea, Poccus

Kak nokaszano Yesssounckoe cobbrrue 15 deppass 2013 1., CTOIKHOBEHHST MaJbIX (J€KaMEeTpPOBBIX) Tel ¢ 3emieil Moryr
[IPEJICTABJIATH OMACHOCTD JJIsd XKUATeJIeH Halel maHeTbl. Takue Teja Majo3aMeTHBI U MOU'YT ObITh CHUCTeMaTHYeCKu OOHAa-
PY?KEHBI TOJILKO B OKOJIO3EMHOM KOCMUYECKOM IpocTpancTse. Heobxomma BceMrupHasi CeTh HA3€MHBIX OIITUYECKHUX TEJIECKO-
[IOB, TIO3BOJISIONIAS OY€Hb OBICTPO OOCIEOBATEH BCE HOUHOE HEOO st OOHAPYXKEeHU HEOOIBIINX ACTEPOUIOB B OKOJIO3EMHOM
KOCMHYecKoM npocrpaHcrse. OJJHAKO 3HAUMTEJBHAST YacTh 00BeKTOB, cOmmzkarommxcs ¢ 3emseit (OC3), mpubamzkaercs
K 3emJie B JIHEBHOE BPEMsl, U UX MOXKHO ODHAPYXKUTHb TOJBKO C IIOMOIIBIO CIIEIUAIBHBIX KOCMUYECKUX CPEICTB. B mpeabimy-
[IUX CTAThAX MBI IpeIoxknan Kocmudeckuit mpoekt COIA (Cucrema oGHAPY?KEHUSsI [IHEBHBIX aCTEPOUJIOB), HAIIPABJIEHHBILI
Ha obuapyzxenne takux OC3 Ha KOPOTKO# MmKase BpeMeHn (4achl). B 9TOi cTaThe Mbl KPATKO NPEICTABIAEM OOHOBJICHHYTO
nudopmanuio o npoekre COIIA B cpaBHeHUU C JPYyrMMH aHAJOIMYHBIME KOCMUUIECKMMU ITpoekTamu. Ocoboe BHMMaHUE
VEJISIeTC PACCMOTPEHUIO CUHEPIUU HA3EMHBIX U KOCMUYECKUX TeJIeCKONOoB i ddderrusnoro obnapyxkenus OC3 me-
KaMeTpoBoro Kiacca. O6Cy»KIaloTcst MepCIeKTUBbI MEXKIyHAPOLHOro corpyaandectsa 1o nupoekty SODA, B wacrHOCTH,
B pamkax corpyaundecrsa crpan BPUIKC B obiactu actpoHoM™um.

Tlocrynuna B pemakiuio 09.10.2024 r. Ilpunsara B nmeuars 14.11.2024 1.

Kmoueswvie crosa: obsexmul, coauscarouguecs ¢ 3emaet (OC3); obnapyorcerue maavix OC3; dnesnue acmepoudsl; npoexm
BITDN; npoexm COA

On the synergy of ground-based and space-born telescopes in the discovery of decameter
class asteroids in the near-Earth space

Shugarov A.S., Shustov B.M.
Institute of Astronomy of the RAS, Moscow, Russia

As demonstrated by the Chelyabinsk event on February 15, 2013, collisions of the small (decameter class) near-Earth objects
(NEOs) with the Earth can pose a threat to the inhabitants of our planet. Such bodies are faint and can be systematically
detected only in near-Earth space. A world-wide network of ground-based instruments is needed, allowing quick survey
of the entire night sky to detect small asteroids in near-Earth space. However, a significant portion of NEOs approach
the Earth from the day-time sky and they can only be detected with special space-based facilities. In previous papers
we suggested the space project SODA (System of Observation of Day-time Asteroids) aimed to detect such NEOs on a
short-time scale (hours). In this paper we briefly present updated information about the SODA project in comparison with
other similar space projects. Special attention is drawn to considering the synergy of ground-based and space telescopes
in exhaustive discovery of decameter class NEOs. The prospects for international cooperation on the SODA project are
discussed, in particular, within the framework of the BRICS countries collaboration on astronomy.
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Keywords: Near-Earth Objects (NEOs); small NEOs detection; day-time asteroids; BITDN project; SODA project
DOTI: 10.51194/INASAN.2024.9.2.007

1. On space-born telescopes for observation of asteroids in near-Earth space

Until recently 140 m was considered as the size limit of potentially hazardous NEOs (asteroids and comets), but
the Chelyabinsk event on February 15, 2013 clearly demonstrated that decameter class NEOs can be dangerous
too. According to the modern paradigm the lower size limit of the potentially hazardous objects has been shifted
to 10 m (e.g. NASA’s document “National Preparedness Strategy and Action Plan for Near Earth Object Hazards
and Planetary Defense”!). Hence new systems for NEO detection and follow-up should be built in accordance
with this new size limit.

Such small NEOs are very faint and can be systematically detected only in near-Earth space. Many projects
have been developed with the major task of detecting such potential impactors on night-time sky. To date, most
efforts have been focused on ground-based surveys with optical telescopes (see paper by Shustov in this issue).
However, a significant portion of NEOs approach the Earth from the day-time sky and they can only be detected
with special space facilities.

For further discussion, it is necessary to clarify the concept of the day-time (day-side) sky. The well-known
diagram? shows the ratio of fireball phenomena on the night and day part of the sky (Fig. 1). In this diagram the

LTURL: www.whitehouse.gov/wp-content/uploads/2023/04/2023-NSTC-National-Preparedness-Strategy-and- Action-Plan-for-Near-
Earth-Object-Hazards-and-Planetary-Defense.pdf — accessed 24.07.2024
2https://www.esa.int/ESA_Multimedia/Images/2016/06 /Bolide_airbursts_1994-2013
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Figure 1: This diagram maps the data gathered from 19942013 on small asteroids impacting Earth’s atmosphere
to create very bright meteors, commonly referred to as fireball. Sizes of red dots (daytime impacts) and blue dots
(night-time impacts) are proportional to the optical radiated energy of impacts measured in billions of Joules (GJ)
of energy, and show the location of impacts from objects 1-20 m in size.

daytime sky refers to the part of the celestial hemisphere where the Sun is located, therefore the daytime sky is

half of the celestial sphere.
For astronomers, the concept of the daytime sky has a different meaning. This is a part of the celestial sphere

on which it is currently impossible to conduct observations with optical telescopes, except for the brightest sources
(Sun, Moon, bright planets, etc.). The area of the daytime sky is noticeably smaller than the area of the entire

hemisphere.

— 3%

horizon

Well assessable both
from near-Earth orbits
and ground

Partially assessable from ground
with large telescopes

Inassessable from ground, partially
assessable from near-Earth orbits

Inassessable both from near-Earth
orbits and ground

Figure 2: To the concept of the daytime sky during observations with ground-based and space telescopes. Top
panel — a theoretical diagram (unrealistic) of the daytime sky during ground observations. Bottom panel —
a more realistic diagram of the daytime sky.
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Figure 3: Schematic diagram of telescopes on the Earth orbit (project “Nebosvod” [4]).

Let’s remember that astronomical observations using optical instruments are possible during astronomical
twilight, i.e., when the Sun has moved below the horizon at 18° (Fig. 2, top panel). Thus, the inaccessible area
for optical observations from the Earth’s surface at a given time theoretically has an opening angle of 36° (18°
from the Sun). If observatories were densely and evenly distributed over the globe and especially on the line A-B
on the Earth’s surface, it would be possible to observe the entire celestial sphere at a given time, apart from the
inaccessible area indicated above. However, this formal analysis does not take into account unfavorable factors
such as the uneven distribution of observatories on the Earth’s surface, the fact that far from all of the roughly
1500 observatories (on the International Astronomical Union list) have instruments suitable for this task, and the
fact that, on average over the world, the number of observing nights at observatories does not exceed 50% over
a year. Another practical factor is that the illumination of the sky in the vicinity of the sunset at the onset of
astronomical twilight (up to 20° in elevation from the horizon) hinders accessibility of this area to instruments
with the best sensitivity. Our estimates indicate that, when all these factors are taken into account, the daytime
sky should correspond to the region around the Sun with an angular radius of no less than 45°. This means
that at least 15 percent of the celestial sphere is inaccessible for observations in the optical range from the Earth
at any given time. Paper [1] notes that approximately 15.6-19.9% of Earth-threatening NEOs are estimated to
be approaching Earth directly from the day side, and are thus very difficult to detect using ground surveys. In
practice this percentage seems to be higher.

As it is noted in [2] the regions of the sky within 30° of the Moon or within 15° of the galactic plane are not
covered by telescopes due to the increase of the sky background.

Placing a telescope in space does not improve the situation significantly, because the angle of avoidance, e.g.
the minimum angle by which the optical axis of the telescope should be turned away from the Sun’s direction, is
usually about 30° (Fig. 2, bottom panel).

If observations of asteroids with space-based telescopes are being discussed, then it should be considered that
an asteroid located in the near-Earth space at an angular distance of 40° (a phase angle of 140°) from the Sun is
only partially illuminated. The same asteroid located at the same distance, but at a phase angle of 40°, is of 1.6™
fainter (see [3]).

The area from 40° to 80° is potentially accessible for ground-based telescopes, but the asteroid detection
distance will be highly affected by several factors: unfavorable phase angle, increased zodiacal background, in-
creased Earth atmosphere background close to sunset and sunrise time, possible bad observation conditions close
to the horizon. As a result, while it still has a possibility to observe NEOs within 40° to 80° region with large
aperture ground telescopes, it can’t be done on a regular basis with typical medium aperture wide-field telescopes
(Fig. 2, bottom panel). Therefore, about 40% of the sky is practically unassailable from the ground for regular
observations in survey mode with moderate aperture telescopes.

This area around the Sun is subject to survey observations with space born telescopes primarily, while the
ground based telescopes may be used for follow-up observations of newly discovered objects.

Space-based surveys offer a clear advantage over ground-based surveys due to their unique possibility to look
inside the Earth orbit, and thus monitor those objects coming from the Sun. In section 2 a very brief overview of
some space-based projects for NEO detection in near-Earth space is presented.
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We have briefly presented updated information on the SODA project in comparison with other similar space
projects. In section 3 special attention is drawn to considering the synergy of ground-based and space telescopes
in discovery of decameter-class NEOs. Prospects for international cooperation on the SODA project have been
discussed too, in particular within the BRICS countries collaboration on astronomy.

L
Asteroid

Figure 4: Schematic diagrams of telescopes on the Earth-leading heliocentric orbit. The pink triangle is the
visibility zone of the survey telescope and follow-up telescope, and the yellow triangle is the single-visit field of
view of the telescope [5].

2. SODA project among other space-based projects for NEO detection in the near-
Earth space

In the previous section we argued that space-based surveys offer a clear advantage over ground-based surveys due
to their unique possibility to look inside the Earth orbit, and thus monitor those objects coming from the Sun.
Space-based systems for detecting hazardous celestial bodies are discussed by experts in various countries. Some
of the projects also allow the detection of bodies on the daytime sky. The proposed projects can be divided into
two groups according to where the telescope are placed. In the first group there are telescopes placed in the Earth
orbit ahead or behind the planet, in the Venus orbit, on the Moon surface, etc. In the second group there are
telescopes placed in the vicinity of the L1 point of the Sun-Earth system (SEL1).

In [4] a system of two 1.5 m aperture telescopes is proposed. The telescopes are placed at a considerable
distance from the Earth (project “Nebosvod”). The first spacecraft is located ahead of the Earth on the Earth-
leading heliocentric orbit (ELHO) at a distance of 0.3 au. The second spacecraft is located behind the Earth on
the Earth-trailing heliocentric orbit (ETHO) at a distance of 0.15 au. The system is designed to detect dangerous
bodies > 50 m in size. In the main survey mode the telescopes rotate in order that their fields of view form
two intersecting cones, where dangerous bodies can be detected (Fig. 3). The system also allows for follow-up
observations of known bodies. So far the proposal is in its preliminary stage.

In [5] two telescopes of ~1 m aperture were proposed to be deployed on the Earth-leading heliocentric orbit
approximately 10 million kilometers ahead of the Earth to detect asteroids approaching the Earth from the sunward
direction (Fig. 4). According to authors photometric calculations, from proposed orbit, 1 m aperture telescope
can observe > 50 m NEOs close to the Earth with a warning time of several days.

There are suggestions to put the telescope on a Venus-like orbit, at the Moon surface, etc. ([6, 7] and references
therein). In our opinion, currently these projects require serious technological advances and have a high cost that
may not justify the goal. In addition some of them do not make a breakthrough in detection efficiency of day-time
10 m class asteroids.

Papers [5, 8] provide useful tables with a comparison of the effectiveness of NEO detection by telescopes
located in different orbits. We used this idea and somewhat reworked the contents of the table in accordance with
what is described in this paper (Table 1). Our major conclusion is that placing a telescope to search for daytime
asteroids in the vicinity of SEL1 seems to be the most rational.

In [9, 10, 11, 12] we suggested and described the space system SODA (System of Observation of Daytime
Asteroids). SODA is designed to detect nearly all (> 90%) bodies larger than ~10 m entering near-Earth space
from the day sky.
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Table 1: Summary of the advantages and drawbacks of various orbits for space missions aimed at providing early
warning for asteroids approaching the Earth from the sunward direction.

Approximate Orbit

Main advantages

Main drawbacks

Warning on de-

geocentric type cameter NEOs in
distance the near-Earth
(au space
107 SSO relatively low cost poor phase angle, maximal no
blind zone
10~4 MEO, relatively low cost poor phase angle, maximal practically no
GEO blind zone
1073 Moon serviceable (in future) less than half-sky accessible too short warning
at short time scale
102 Sun-Earth  there is experience in high rate downlink required reasonable warning
L1 (SEL1) space science (for SODA project)
1071 ELHO there is experience in large aperture or IR tele- warning only > 50 m
space science, reason- scope required, high rate
able warning time for downlink required
both day-time and
nigh-time NEOs
10° Venus-like ~ Atiras observable, ob- very expensive: large aper- warning only for large

servation of the whole
area inside the Earth
orbit

ture or IR telescope re-
quired, high rate downlink
is a big problem, several SC

NEOs

needed

The main idea of the SODA mission is to put one or two spacecraft (SC) equipped with ~30 cm aperture
wide-field optical telescopes into the vicinity of the SEL1 point to perform observations in a barrier mode (Fig. 5)

A fast slewing pre-aperture flat mirror provides flexible planning of observation strategy for each telescope
in a survey mode (barrier detection). It also provides the possibility to track every potentially dangerous object
until it approaches the Earth in target mode with very flexible observation parameters.

The estimated number of decameter-size bodies to be detected per year is about 600-1000. This makes it
possible to verify current statistical models of minor body population in the Solar system. Smaller meteoroids can
be detected with lower completeness.

SODA will be an efficient instrument for the detection of bodies at collision trajectories, especially in the two
SC option. SODA is designed to determine the atmospheric entry point with an accuracy of up to a few tens of
kilometers and to ensure a 10 hour warning time.

Currently, we are working on the option of one SC. The main advantages of the two SC option in comparison
to the one SC option are:

e highly increased accuracy of orbit determination using the triangulation method of observation;

e solution to the problem of missing bodies flying close to the SC (at a distance of less than 0.4 million km);
e increased detection area;

e improved system reliability.

A single SC would be capable alone to reach the main goal of the mission. However because of the missing of
some dangerous bodies, the discovery completeness would slightly degrade. In addition, the astrometric accuracy
in target mode will also be degraded, which leads to less accuracy of prediction of impact coordinates on the Earth.

In the frame of Russian-Chinese cooperation and BRICS countries collaboration on astronomy we suggest
building the second SC similar to the SODA, which would make a significant contribution to solving the problem
of 10 m class daytime asteroids detection.

Recently an idea of how to increase the warning time from the SEL1 was put forward by P. Hermosin through
private communication. They have suggested to put the telescope at a Forced Stationary Point (FSP) beyond
SEL1. This can double or triple the warning time up to 2—3 days in comparison to SEL1, depending on how far
the FSP will be from the Earth. The project keep the main advantages of the SEL1 SODA project, such as good
visibility conditions for day-time asteroids, high completeness, moderate size telescopes, etc. Mission architecture
requires only one SC to be placed at FSP. To maintain the position at FSP, SC needs a constant force against the
Sun’s gravity (Fig. 6).
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Figure 5: SODA payload scheme of operation from the L1 point of the Sun-Earth system.

Solar sails were suggested to provide the force (see [13]), however they would have to be unrealistically large.
The high efficiency ion engine may be used, but they need an unrealistically large amount of fuel. The aperture
of the telescope, and, accordingly, its mass, with the same limiting magnitude for detecting decameter bodies,
increases with distance from the Earth, which therefore increases the required constant force to keep SC at FSP.

After consideration, taking into account the current technological level, the idea to use FSP is considered as
non feasible. Therefore, the SODA project remains the optimal one.

The NEO Surveyor (NASA) project attracts the attention of many researchers since this powerful observatory
is scheduled for launch in 2027. The mission is designed to discover and characterize near-Earth asteroids and
comets [14, 15]. The mission’s primary objective is to find the majority of objects large enough to cause severe
regional impact damage (> 140 m) within its five-year baseline survey. Operating at the Sun-Earth L1 Lagrange
point, the IR telescope will survey from 45 degrees to 120 degrees of the Sun.

The survey cadence is optimized to provide observational arcs long enough to reliably distinguish near-Earth
objects from distant asteroids that cannot pose an impact threat. A given region of sky is reobserved every 13
days, as long as it remains within the solar latitude-longitude constraints. Over the course of its survey, the NEO
Surveyor is expected to discover ~200 000-300 000 new NEOs down to sizes as small as ~10 m (but in fact only
a small share of them) and thousands of comets, significantly improving our understanding of the probability of
an Earth impact over the next century.

The main scientific idea of the NEO Surveyor is from SEL1 its IR telescope will be able to observe the Main
asteroid belt well and further beyond it. This will speed up the cataloguing process of all large (> 140 m, partially
> 50 m) bodies of the Solar system. It was demonstrated that when a very large ground-based telescope (e.g.
LSST) and space telescope at SEL1 work together, the cataloguing rate will double.

This is a completely different approach compared to SODA. SODA catches small 10 m class asteroids directly
near the Earth, which cannot be catalogued in any other way, as they are too small and they appear in the
near-Earth space for a very short time (a few days at maximum).

These two approaches — cataloguing large bodies (> 50 m or > 140 m) to make a long term prediction and
discovering small bodies (> 10 m) in close proximity to the Earth complement each other well. We may state,
that NEO Surveyor and SODA space missions at SEL1 complement each other, and they are not competitors.

The cost of the NEO Surveyor mission is about 1 billion USD. The cost of the SODA project is expected to
be up to 5 times cheaper, while the project still keeps very significant scientific and practical outcomes for the
asteroid hazardous problem concerning day-time asteroids.

3. On the synergy between ground-based and space-born telescopes

A combination of SODA and ground-based survey telescopes (e.g. SiTian, BITDN, ATLAS, etc.) is a way to
provide an efficient all-sky system for the detection of decameter size NEOs.



On the synergy of ground-based and space telescopes in NEOs discovery 71

SELL1 is an appropriate point to observe NEOs coming from the Sun, because of an optimal phase angle and
absence of background. Ground base system efficiency is remarkably affected by weather, observation conditions
and a specific aspect of day-time NEO observations — the phase angle. To be competitive with the SODA project
in terms of NEO detection efficiency, one needs a distributed network of optical survey telescopes with a limiting
magnitude of about 19™, which corresponds to a telescope aperture of about 0.5 m and a resulting all-sky survey
cadence time of about 1 h.

The combined detection zone of 10 m bodies with a ground-based telescope (19™ limited mag.) and SODA
(17™ limited mag.) is shown in Fig. 7. The SNR is shown by color isophotes (green and blue) in 3 unit
increments. Blue and pink dotted curves show SNR = 9 (quite reliable detection) for ground-based and SODA
telescopes respectively.
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Figure 6: The required force for 1 ton SC to maintain position at a given distance from the Sun.

The plot demonstrates that objects approaching the Earth along the Earth orbit have the shortest detecting
distance (0.5 million km) and therefore the shortest warning time. These objects are difficult to observe with
ground base telescopes because of the unfavorable phase angle and necessity to observe close to the horizon. For
the SODA project these objects are also difficult to observe, because 1.5...2 million km is close to the 30 cm
telescope detection distance limit for 10 m size NEOs.

In the frame of BRICS countries collaboration on astronomy it was suggested to build BRICS Intelligent
Telescope and Data Network (BITDN) [16]. This ambitious project has a goal to build a network of 1 m class
optical telescopes with the unprecedented ability to observe the entire sky continuously on a timescale of less
than an hour. BITDN will greatly increase our ability to detect and study asteroids, transient and time-variable
phenomena in the Universe, etc. Thanks to the BRICS countries unique worldwide geographical distribution, the
future BITDN network may completely solve the problem of 10 m class NEO detection on the night-time sky with
a warning time of up to several days.

China has begun a very ambition national project SiTian with the goal to get an entire sky image every 30
minutes in 3 photometrical bands [17]. It is planned to build about 70 telescopes with 1 m aperture and 5x5
deg field of view mosaic detector (18x18k pixels), the first telescope has already been built. After deployment,
a full-scale SiTian project will contribute a lot to NEO detection in the near Earth space at a distance of up to
several million km from the Earth.

Collaboration between SODA and other ground based facilities, including telescopes with spectroscopic capa-
bilities, are needed for NEO characterisation.

SODA cooperation with ground-based radio radars for rapid follow-up observation may help improve the
accuracy of dangerous bodies orbit determination and provide independent confirmation concerning the threat of
impact on the Earth.

4. Conclusions and prospects

The Chelyabinsk event changed our view on the asteroid and comet hazard problem. We understand that it is
necessary to build special facilities to detect decameter size bodies coming from the day-time sky.

10 hours of warning time provided by SODA project is sufficient to decrease consequences of asteroid impacts.
A larger warning time is possible, but would significantly increase the cost and complexity of the mission.
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It is planned to build one SODA spacecraft as part of the Russian national space safety program “Milky

Way”. International collaboration with China and BRICS countries are welcome to build the second spacecraft

to

improve efficiency and redundancy of the system. We believe that the combination of space-based (SODA)

and ground-based (e.g. SiTian, BITDN, etc.) projects is a proper way to build an efficient and realistic warning
system against small decameter size impactors.
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Manbie Tena ConHe4yHo cncTeMbl: Hay4YHble N NPAKTUYECKUE BOMPOCHI
npoekta BITDN

[IIycros B.M.

HUnemumym acmpornomuu PAH, Mockea, Poccus

Tema masbix Test CoJIHEYHON CHCTEMBI — 3TO IMIaHTCKasl 0bJlacTh HaydHBIX ucciaeroBanuil. Masble Tesa HecyT mHMOP-
Manuio 060 Becex yrosikax CosiHedHoit cucrembl. Baxkno, uro muorue (yHIaMeHTAIbHBIE UCCIEJI0OBAHUS MAJIBIX TEJI UMEIOT
OYeHb TECHYIO CBd3b C IPAKTHYECKHMHU BOIIPOCAMH HAIeil »KU3HU. B 9acTHOCTH, MPOMCXOXKJIEHWE W IBOJIIOINS IOILYJIsi-
mmn OC3 (06beKTOoB, COMIKAIONIMXC ¢ 3eMyIel) TECHO CBA3aHbI ¢ TPOBJIEMO acTepOnIHO-KOMETHOH omacHocTu. Panee B
npoekre OTN (Optical Transient Network) [1], nosyunsuero sarem nHazsanme BITDN (BRICS Intelligent Telescope and
Data Network), npegarasoch co3aTh CeTh U3 HECKOJIBKHX IMUPOKOYTOJBHBIX TEJIECKOIOB 1-METPOBOrO KJIACCA M BKJIIOYUTD
B CIHMCOK 33J1a49 CETH [TOMHMO HabJIIOJIEHUN TPaH3MEHTHBIX acTpodu3nydecKux sBiaeHuil rakxke n remaruky OC3. B nannoit
pabore aHAJM3UPYIOTCSA EPCIEKTUBBI MHCTPYMeHTOB s Habmogennit OC3 u fesmaercs BBIBOZ, 9TO Hapsiy ¢ 1-M Teje-
CKOIIaMHU HEOOXO/[MMa MIMPOKAasl CeTh MAaJIOAIlePTYPHBIX MHCTPYMEHTOB, IO3BOJISIIOIINX OYeHb OBICTPO (32 Yachl) IPOBECTH
0630p Bcero Heba st OOHAPYKEHUS MAJbIX (JIEKAMETPOBBIX) ACTEPOMJIOB B OKOJIO3EMHOM NpOCTpaHcTBe. lIpenaraercs
MyJIBTHAILIEPTYPHBI BADHAHT TAKOI'O MHCTPYMEHTA.

Ilocrymuna B pemakmuio 03.10.2024 r. [Ipuusara B nevars 18.10.2024 r.

Karoueswie caosa: manvie meaa Coanenols cucmemot, GCMePOoUIHO-KOMEMHAA onackocms, compydnuvecmeo BPUKC no acm-
poromuu, npoexm BITDN

Small bodies of the Solar system: scientific and practical issues of the BITDN
Shustov B.M.
Institute of Astronomy of the RAS, Moscow, Russia

The topic of the Solar System small bodies (SSSB) is a gigantic field of scientific research. Small bodies carry information
about all corners of the Solar system. It is important that many fundamental studies of small bodies have significant
connections with the practical issues of our lives. In particular, the origin and evolution of the population of NEOs (near-
Earth objects) are closely related to the problem of asteroid-comet hasard. Earlier, the OTN (Optical Transient Network)
project [1], now called BITDN (BRICS Intelligent Telescope and Data Network), proposed to create a network of several
1-meter wide-angle telescopes and include in the list of network tasks, in addition to observations of transient astrophysical
phenomena, also the subject of NEOs. In this paper, the prospects of instruments for observing NEOSs are analyzed and it
is concluded that, along with 1-m telescopes, a wide network of low-aperture instruments is needed, allowing very quickly
(in hours) to survey the entire sky and detect small (decameter) asteroids in the near-Earth space. A multi-aperture version
of such a telescope is proposed.
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1. Introduction

Let’s recall the basic definitions. According to the Resolution B5 of the General Assembly of the TAU the Solar
system small bodies (SSSB) are objects that by their characteristics cannot be attributed either to dwarf planets
or to planets or their moons. It is explained by the Resolution that this group includes most of the asteroids
of the Solar system, most of the trans-Neptunian objects, comets and other bodies. Meteoroids and interplan-
etary dust also belong to big class of the small bodies of the Solar system. Until recently, there was no clear
criterion for separating the concepts of “asteroid”, “meteoroid” and “interplanetary dust”. In 2017 the IAU F1
Commission adopted recommendations on the use of the terms “meteoroid” and “interplanetary dust”, allowing
for a unambiguous use of these terms. According to these recommendations:

e meteoroids — interplanetary solid objects ranging in size from about 30 microns to 1 m;

e interplanetary dust — solid interplanetary objects up to 30 microns in size.
It follows from these definitions that asteroids (and comet nuclei) are solids larger than 1 m.

The topic of SSSB is a vast field of scientific research. As it was noted in Planetary Science and Astrobiology
Decadal Survey 2023-2032! “small bodies are time-capsules of different eras of Solar system history from the most
primitive materials within the Solar system to evolved pieces of larger bodies”. Small bodies carry information
about all corners of the Solar system.

It is important that many fundamental studies of small bodies have significant connections with the practical
issues of our lives. The most important connections are:

Thttps://www.nationalacademies.org/our-work/planetary-science-and-astrobiology-decadal-survey-2023-2032

Hayuanwie Tpyast UTHACAH, 2024, Tom 9, BbIycK 2
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Table 1: Dependence of the completeness of NEO detection on the NEO size.

NEO size, m 10 50 140 | 1000 | 10 000
Completeness of detection, % ~ 0.03 ~T7 | ~40 | >95 100

e The origin and evolution of the NEO (Near Earth objects) population is closely related to the problem of
asteroid-comet hazard and to the issue of planetary resources.

e Meteoroidal environment is closely related to the problem of safety of space activities (especially in the
near-Earth space).

The project BITDN (BRICS Intelligent Telescope and Data Network) is expected to provide a significant
contribution to solving the NEO problem. In section 2 a brief analysis of the use of telescopes for NEO detection
is carried out and it is shown that at present the problem of detecting small objects is the most urgent and the
existing means are not effective enough. A wide-world network of low-aperture instruments is needed, allowing very
quickly (in hours) to survey the entire sky and to detect small (decameter) asteroids in near-Earth space. In section
3 it is proposed to include the issue in the BITDN list of tasks. A variant of the ultra-wide-angle multi-aperture
telescope system under construction at INASAN, which could enter the BITDN network, is described.

2. NEOs as a target for the BITDN

A near-Earth object (NEO) is asteroid or comet orbiting the Sun with perihelion distance less than 1.3 au. If an
NEO’s orbit approaches the Earth’s orbit at distance less than 0.05 au, and the object is larger than 140 meters
across, it is considered as a potentially hazardous object (PHO). PHOa are subset of NEOs. Most known NEOs
are asteroids, but about 0.35% are comets.

Until recently 140 m was cosidered as a “standard lower limit of the size of PHO” but the Chelyabinsk event
in 2013 showed that decameter bodies can be dangerous too. Moreover, on a short time scale (hundreds of years)
they are even more dangerous than larger bodies because they collide with the Earth much more often. According
to the modern paradigm the lower limit of the size of PHO has been shifted to 10 m. Hence a system for NEO
detection and monitoring should be built in accordance with this new limit.

The major practical issues of the NEO problem are:

1. Detection and characterisation of all dangerous bodies.
2. Risk assessment in a case of a specific collision threat.
3. Countering and mitigation (reducing damage).
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Figure 1: Left panel: the observed cumulative distribution of NEOs on H (also on diameter D) according to
the model [2] (marked as “this work”) and models presented in the works of other authors. Right panel: similar
distributions from the modified model (solid black line) [3]. Distributions presented in papers by the other authors
are presented too.
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The first problem and a significant part of the second problem is the field of responsibility of astronomers.
Obviously the first problem is of the highest priority. Solving the task means that the following questions will be
answered: how many of NEOs (particularly PHOs) do exist in the Solar system? What are their properties? How
to find them?

The answers can only be obtained if an efficient global system for detecting and monitoring potentially
hazardous space object will be created. At the moment such a system does not exist although the progress made
in recent years is impressive. Let’s look at this issue in a little more detail.

Completeness of NEO detection permanently increases and it is commonly believed that to date a detection
completeness for bodies larger than ~ 1km (more accurate 0.7km) has been achieved at the level of ~ 90 — 95%.
However as it was mentioned above the current view at NEO problem relates to collisions with bodies ranging in
size from decameter (to half a kilometer). Larger bodies collide with the Earth so rarely that these events have
no practical interest. For smaller NEOs the completeness of detection decreases significantly with a decrease in
the size. This is illustrated in Table 1, based on estimates from the NASA’s document “National Preparedness
Strategy and Action Plan for Near Earth Object Hazards and Planetary Defense”?.

The colors of the cells in the last row in the Table 1 have been added to highlight the level of our awareness.
Almost all the largest bodies (over 1 km in size, green cell) are quite confidently tracked by modern means and
no additional efforts (programs) are required to find them. Moreover, the time of approach of such NEOs is large
and it is quite sufficient to reveal the various characteristics of the NEOs. Medium-sized bodies (over 50 m, yellow
cell) obviously require increased attention. The completeness of their detection is insufficient. It is necessary to
futher develop means of detecting and monitoring them. As to the decameter bodies (over 10 m, red cell) we
can state our unpreparedness for, since lead time for such bodies is short. Moreover, as it will be noted later,
substantial share of them approach the Earth from the side of the daytime sky. Here, the available detection tools
are completely insufficient and it is urgently necessary to develop appropriate programs.

Near-Earth Asteroid Discoveries by Survey
All NEAs (as of 2024-Nov-17)
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Figure 2: Annually discovered NEAs by survey since 1995. Courtesy NASA /JPL-Caltech.

The incompleteness of the observational data implies the use of various models to describe the NEO size
spectrum. Models give a very large spread of the number of bodies of a given size, the smaller bodies, the greater
spread. Fig. 1 represents cumulative distribution of known NEOs by absolute asteroid stellar magnitude H (also
by diameter D). The left panel is drawn according to the model [2] (marked as “this work”) and models presented
in the works of other authors. Similar distributions based on more recent data and model NEOMOD (see [3]) are
presented at right panel of Fig. 1.

Identification of the size spectrum of small asteroids remains a serious scientific challenge. As it is seen from
Fig. 1 the spread of estimates of the number of 10 m bodies reaches two orders of magnitude on the left panel
and about one order of magnitude on the right panel. Obviously, the statistics of decameter NEOs needs to be
improved and this can only be done by observations. This should be taken into account in observation programs.

As practice shows an universal instument (telescope) for the timely detection of NEOs of all sizes (from 10 m
and above) is hardly to be created. Neither relatively big telescopes (like most productive Pan-STARRS?, Catalina

2https:/ /www.whitehouse.gov/wp-content /uploads/2023/04 /2023-NSTC-National-Preparedness-Strategy-and- Action-Plan-for-
Near-Earth-Object-Hazards-and-Planetary-Defense.pdf
Shttps://outerspace.stsci.edu/display/PANSTARRS/
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Ming Planet observatns in Minor Planet Electronic Circulars in 2021
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Figure 3: Number of observations published in the Minor Planet Electronic Circulars (MPECs) in 2021. The indi-
vidual MPC observatories are mapped as points on their geographic coordinates with their number of observations
as color. Observatories with no observations in 2021 are removed. The cumulated observations within an arc of
45° of the geographic coordinates is contoured [8].

Sky Survey (CSS)* and ZTF®), nor promising “Fly eye” telescope NEOSTEL [4], nor coming soon huge (w = 3°,
@8m) telescope LSST [5], nor the space infrared observatory NEO Surveyor [6] is a panacea. These instruments
are not designed for very quick all-sky surveys mode which is required if you try to detect decameter class bodies.

In [7] necessity of two-mode structure for building ground-based system for NEO detection is argued. These
two modes are:

Long-range detection mode (NEO size >~ 50m, see yellow cell in Table 1).
e Lead time ~ 30days.
e Time for all-sky survey (cadence) <~ 5days.
o It is necessary to work at the limit of 23™ V, which requires for wide-angle (w > 1°) large-aperture (@ ~ 1m)
telescopes.
Short-range detection mode (NEO size>~ 10m, see red cell in Table 1).
e Lead time ~ 1day.
e The time for all-sky survey — few hours.
e Extended network of wide-angle (w > 4°) small-aperture (@ <~ 0.5m) telescopes of the visible range is
required. It is necessary to work at the limit of 17™ V.

All the large telescopes mentioned above work in the long-range detection mode. There exists network
Asteroid Terrestrial-impact Last Alert System (ATLAS) that works in short-range detection mode too. As it is
presented at home page of ATLAS® the full ATLAS concept consists of eight 50-centimeter diameter f/2 Wright-
Schmidt telescopes, spread over the globe for full-night-sky coverage. The current system consists of four such
telescopes: two telescopes operate in the Hawaiian Islands, the third telescope is at the South African Astronomical
Observatory and the fourth in Chile. This system can image the whole night sky visible from a single location
with about 1000 separate telescope pointings. At 30 seconds per exposure plus 10 seconds for simultaneously
reading out the camera and repointing the telescope, each ATLAS unit can therefore scan the whole visible sky
a little over once each night, with a median completeness limit at apparent magnitude 19. Each telescope actually
observes one quarter of the sky four times in a night at approximately 15-minute intervals. The four exposures by
a telescope allow to automatically link multiple observations of an asteroid into a preliminary orbit, and to predict
its approximate position on subsequent nights for follow-up. Pan-STARRS goes approximately 100 times deeper,
but needs weeks to scan the whole sky just once. This makes ATLAS better suited to finding small asteroids which
can only be seen during the just few days that they brighten dramatically when they happen to pass very close to
the Earth.

Relative input of the telescopes in the discovery of NEAs is illustrated in Fig. 2 taken from JPL CNEOS site
(https://cneos.jpl.nasa.gov/stats/site_all.html).

4https://catalina.lpl.arizona.edu/
Shttps://www.ztf.caltech.edu/
Shttps://atlas.fallingstar.com/index.php
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Parameter (8x telescope) Value

Detector of single tube CMOS
GSENSE6060 BSI
6k x 6k 10 pm pixel

Pixel format 12k x 24k
Number of pixels, Mpixel 298
Pixel scale, arcsec/pix 5.2

FoV, deg 17.6 X35.2*
FoV, sq. deg 574
Readout time, s <1

All-sky (20000 sq.deg) survey time** and
limiting magnitude at best conditions

All-sky @ 10 s exposure 10 min @ 18.3™
All-sky @ 30 s exposure 20 min @ 18.9™
All-sky @ 100 s exposure 1h @ 19.4m

8x VT-78d on
ASA DDM160 mount

* Fill factor=92%
** Repointing time 5 s

Figure 4: General view and technical characteristics of INF [10].

ATLAS is a good example of a system operating in both modes (long-range and short-range ones) although
it is not as effective in long-range detection as Pan-STARRS. But it requires as any optical telescope for perfect
weather conditions. The four telescopes together can observe the full night sky every night, but bad weather at
one or the other site, occasional technical problems, and other factors reduce the effective coverage rate.

Trying to garantee continuos sky coverage our Chinese colleagues work on an ambitious project SiTian [9].
SiTian is a ground-based all-sky optical monitoring project, developed by the Chinese Academy of Sciences. The
concept is an integrated network of dozens nods of 1-m-class telescopes deployed partly in China and partly at
various other sites around the world. SiTian will scan at least 10 000 square degrees of sky every 30 min, down
to a detection limit of V ~ 21™. The plan is to complete the installation of 72 telescopes by 2030 and start full
scientific operations in 2032.

As it was mentioned in [1] small-aperture systems (e.g. Evryscope’, SuperWASP®, GWAC?) can survey the
whole sky very quickly (up to few tens of minutes), but they are unable to provide sensitivity sufficient to detect
10-m class objects at distances greater than a 1 million kilometers.

So far, most of the detections of dangerous celestial objects are carried out not by means of the BRICS
countries as it is seen from Fig. 3 (see also Fig. 2). Obviously, the contribution of BRICS countries is still
relatively small and needs to be increased.

3. On the BRICS network for NEO observations

The BRICS Astronomy Working Group (BAWG) initiated the project “BRICS Intelligent Telescope and Data
Network (BITDN)”!0 (former name — “BRICS Optical Transient Network” (BRICS OTN)). This is a dedicated
BRICS-wide flagship program to develop a network of 1 m ground-based optical telescopes for an all-sky survey
to detect short lived optical transients and to allow follow-up of multi-wavelength and multi-messenger transient
objects (see [1]).

As to the NEO topics an ideal BITDN is expected to meet the goal for successful detection and orbit deter-
mination of NEOs down to 10 of meters in size over the full sky every few hours, reaching a limiting magnitude
20™. The survey observation strategy should to allow for dedicated follow-up of PHO alerts, allowing to track the
path of the incoming object and compute the most likely location of impact.

As it follows from the discussion in the previous section, the main problem of NEO detection is the detection
of small (decameter) bodies entering near-Earth space at very short time scale. To accomplish this task, the
proposed network of four 1 m aperture telescopes seems insufficient, although its contribution to the detection of
larger objects in the long-range detection mode is expected to be significant.

Even a future network of telescopes SiTian is unlikely to be able to complete this task in full unless the
network nodes are distributed around the globe. After all, most of the nodes will be located within China. In

"https://evryscope.astro.unc.edu/

8https://www.superwasp.org/

Yhttps://www.svom.eu/en/gwac-ground-wide-angle-telescope-en /
10https://www.bricsastronomy.org/brics-intelligent-telescope-and-data-network/ — accessed 28.07.2024
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addition, such networks have a high cost and it is still unclear whether the BRICS consortium will be able to
implement a network of at least four 1 m telescopes soon enough.

Short-range detection mode requires a large network of small-aperture wide-angle telescopes. These instru-
ments are cheaper than 1 m telescopes and the network can be partially implemented even on national basis.
Telescopes should be more or less evenly distributed around the globe.

In [10] a dedicated network of robotic telescopes to detect 10 m asteroids coming to the near-Earth space
was proposed. The main features of the project INF (INASAN NEO Finder) are: short cadence time (1 h) of
all-sky survey, a moderate limiting magnitude (19™) without filters and a possibility of carrying out the additional
scientific program. View of the one telescope of the INF system and main technical characteristics are shown in
Fig. 4, left panel. The double-tube INF prototype is installed in the dome at Kislovodsk station of INASAN (see
Fig. 4, right panel).

In Table 2 characteristics of other similar project (SuperWASP, ADAM-WFS!! and GWAC) are presented.
We believe that the main advantage of the INF is a better combination of the field of view, sensitivity, and the
spatial resolution (pixel scale).

Table 2: INF comparison with other similar projects.

Parameter INF SuperWASP | ADAM-WFS GWAC
Telescope aperture, mm 250 200 300 180
Pixel format 6k x 6k 2k x 2k 4k x4k 4k x4k
Field of view, deg? 574 482 100 5000
Field of view of single tube, deg? 72 60 25 164
Pixel scale, arcsec™! 5.2 13.7 4.36 11.2
All-sky survey 1h@19™ | 40 min @ 15™ 2h@17.5™m 2 min @ 16™

Besides NEOs detection, the INF has potential to work on other scientific programs such as gravitational
wave events electromagnetic counterparts, variable stars, supernovae, gamma ray bursts and monitoring of space
debris.

For fast repointing the INF multiaperture telescope will be installed in a “shell type” dome (see Fig. 5, left
panel). The double-tube INF prototype is installed in the dome at Kislovodsk station of INASAN (Fig. 5, right
panel).

Figure 5: Left: the INF multiaperture telescope concept: 8xVT-78d tubes on ASA DDM160 mount. Right: the
double-tube INF prototype is installed in the dome at Kislovodsk station of INASAN.

To provide 24/7 operation and to detect NEOs coming from 27+ sr (night sky), several INF multiaperture
telescopes are required to be installed in the northern and southern hemispheres at sites with low sky background.
It is possible to put a filter change mechanism with one specific filter for each telescope. All telescopes can be
aligned by a special mechanism to look at one eld in order to perform multicolor photometry or improve telescope

https: //fmph.uniba.sk/en/microsites/daa/division-of-astronomy-and-astrophysics/research /adam-wfs /
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sensitivity (20.4™ for 100 s exposure). For specific scientific tasks INF can be used for high time resolution
photometry with a frame rate up to 44 Hz.

More that 20% of NEOs come into the near-Earth space from the day-time sky. Neither ground-based
telescopes nor telescopes at LEO and GSO are capable of observing such day-time bodies. In [11] it is shown that
the implementation of a system for the nearby detection of asteroids arriving from the day-time sky requires the
use of a space-based system. The update concept of such system is described in paper by Shugrov&Shustov in
this issue.

All of the above related to the hardware part of the telescope network of the project BITDN, but apparently
the most difficult problem will be the organization of planning and real-time processing of a huge amount of data.
Both observation planning and scheduling, and also analysis of observational data are still a major challenge for
proposed BITDN network. Most promising is a fully robotic planning, scheduling and observation pipeline that
extends the widely used open-source cross-platform software. This issue requires very serious attention.

The NEO problem is global in nature. This implies the necessity of international cooperation. The BRICS
network is considered to work in close collabotration with Minor Planet Center!'?, International Asteroid Warning
Network!3 and other international structures that work on the NEO problem.
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