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EQUATIONS OF MOTION OF THE RESTRICTED THREE-BODY
PROBLEM WITH NON-ISOTROPICALLY VARIABLE MASSES
WITH REACTIVE FORCES

Abstract. During the formation of planetary systems, especially at the non-stationary stage, the gravitational
field of the central protostar (e.g., protosun) and the most massive protoplanets (e.g., protojupiter) often dominate. In
this regard, we consider the restricted three-body problem with variable masses changing non-isotropically at
different rates, as a celestial-mechanical model of small-body motion in a non-stationary protoplanet system. Based
on the generalized Meshchersky equation, the differential equations of the restricted three-body problem are derived
in the absolute coordinate system and in the presence of a reactive forces. At the same time it is assumed that the
masses of the bodies are increasing due to accreting particles from the outer space, and decreasing due to the
particle loss. Based on the equation of motion obtained in the absolute coordinate system, the equations of motion in
a relative coordinate system whose origin is at the center of the protostar are derived in the presence of a reactive
forces. Special cases of the obtained differential equations of motion of a non-stationary dynamic system in a
relative coordinate system are discussed.

Key words: restricted three-body problem, non-isotropically variable mass, reactive forces.

1. Introduction. One of the actual problems in modern astronomy is the origin and evolution of
small bodies (asteroids, comets) in planetary systems. Studying the movement and evolution of small
bodies, we will try to understand what the planetary system was in the past and how the planetary system
will be in the future. Small bodies collide with planets every day, in particular with the Earth in the Solar
system.

In the case of the Earth, in most cases they are small and burn in the atmosphere of the Earth, before
falling to the surface [1]. Nevertheless, even if we talk about less than 10 meters in size asteroids, there
were many of them in the Earth history. Only in the last century were two such events (at least) - the
Tungussky and the Chelyabinsk meteorites. This is one of the important aspects of the small bodies’
dynamics in planetary systems.

Now and in most cases, the dynamics of small bodies studies based on the Keplerian motion of the
two-body problem with constant masses [2]. However, such an important parameter of small bodies as a
mass is variable. Consequences of the small bodies’ mass variability, especially during the stage of non-
stationarity of the gravitating system, have been little studied [3-7]. We have studied the motion of an
infinitesimal body in protoplanetary systems based on a restricted three-body problem with variable mass
in the presence of reactive forces. Here we got the differential equations of motion for the restricted three-
body problem with non-isotropically with variable mass in the absolute coordinate system and in the
relative coordinate system with the origin at the protostar center. The obtained equations of motion
describe the dynamic evolution of the considered non-stationary system of gravitating bodies with non-
isotropically changing masses in the presence of reactive forces.

— 5 —
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2. Problem statement and the equation of motion in the absolute coordinate system
2.1 Problem statement. Let's consider gravitating system consisting of three spherical celestial
bodies with variable masses. We assume that the bodies are bodies with spherical mass distributions or

points. Suppose, To - the central protostar (more massive body), T1 - protoplanet (less massive body), T2
- a body with a small mass. Accordingly, we denote the masses, which are functions of time.

m, = mo(t), m, = ml(t), m, = mz(t). (2.1

Suppose that the masses of the bodies are increasing due to accreting particles, and decreasing due to
the particle loss. In this case, the relative speed of the particles separating from the body is different than
the relative speed of the accreting particles to the body. Consider the general case when the masses of
bodies change not isotropically at different rates [8, 9, 10]

0 1 L2 L2, (2.2)
m, m, m, m, m,m,
We assume that an infinitesimal body with mass 71, , does not affect the motion of the two massive

bodies with the masses 1, and m1,, this is a restricted formulation of the three bodies problem with

variable mass in the presence of reactive forces [11-13]
my,U m,, mll m,. (2.3)

Required description of the dynamical evolution of three gravitating bodies with variable mass in the
presence of reactive forces in this formulation.

2.2 Differential equations of motion in the absolute coordinate system. Based on the generalized
equations of Meshchersky [12-14], in the presence of reactive forces we get

myR, = gradﬁoUm + g Vo, + 11,V (2.4)
m,m
U01 f — (2.5)
Ry,
Vo =ty = Rys Vip =ty = Ry, (2.6)
m, = mo( ‘mm‘ +my, = mo _[ ‘mm )dt +_[ mo2 )dt 2.7

m, (to) = const mass of the body TO at the initial time 7, 71, - the mass of particles separated from

the body 7:) in time 7, 17, - the mass of particles accreting to the body ]:) intime £ .

mR, = gmdklUm +mmy Vi + b, (2.8)
mm
Uo=S 0 2.9)
RlO
V=i, -R, V,=ii,-R, (2.10)
t
my =m, (t,)—|m,, |+ my, =m,(z, j‘mll‘)dt+j i, )t . 2.11)
ty
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m, (lfo) = const mass of the body Ti at the initial time 7, 71, - mass of particles separated from the

body T1 in time 7 ,M,, - the mass of particles accreting to the body Tl in time 7 .

m,R, = grad, U + i, V,, + 1,V (2.12)
~ m m
U= fm,| —>+— |, (2.13)
R20 RZl
Vyy =iy —R,, Vyy =thy, = R,, (2.14)
my =m, (t,) =|my|+my, = m, j \m21\)dt+j riy, )dt . (2.15)

m, (l‘o) = const mass of the body T2 at the initial time 7, 71,, - mass of partlcles separated from the
body T in time 7,71, - the mass of particles accreting to the body T2 in time 7.

In equations (2.4) - (2.15) um s Uy, u21 - are the absolute velocities of the separating particles,

— —

Voo =tlgy =Ry, Vi =t =R, Vy =ty —R,. (2.16)
relative velocities of separating particles.
Accordingly, 1:[02 , 7/712 , 7/722 - absolute velocities of the accreting particles,

— — — — — —

Voo =tloy =Ry Viy =thy, =R,V =thy, = R,. (2.17)
relative velocities of accreting particles. Also marked, that R = the radius vector of the center of mass

bodies in the absolute coordinate system( Jj= 0,1,2) , EU — the mutual distances of the mass bodies

center ( 7,i=0,1,2, j#i ), f - gravitational constant.
From equations (2.4) - (2.5), (2.8)-(2.9), (2.12) - (2.13) follows

R, = grad, Uy, +— 1 ( ity Vo, + itV ) (2.18)
0

m

Uy, :f(R—lj, (2.19)

R =grad§lU10 +— (m11 LV, ) (2.20)
m

U,=f R—O , 2.21)

R, = gradRZU* +— (77121 . 1722) (2.22)

e Loy T (2.23)

R20 R21
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Equations (2.18) - (2.19), (2.20) - (2.21) define the problem of two bodies with variable masses in the
presence of reactive forces for the absolute coordinate system.

Equations (2.22) - (2.23) define a restricted three body problem with variable masses in the presence
of reactive forces for the absolute coordinate system.

Following L.G. Lukyanov [15] we assume that the reactive forces is applied to the inertia center of
the corresponding spherical celestial bodies.

3. Equations of motion of bodies in a relative coordinate system
We introduce the relative coordinate system with the origin at the center of the central protostar 7;,,

whose axes are parallel to the corresponding axes of the absolute coordinate system. Denote

R,=R -R,,R,=R,—R,. 3.1)
Then in relative coordinates equations of motion for the two primary bodies problem has the form
: B N T
Ry, =grad; U, + _(mnVu + m12V12) - _(mmV(n + monoz)a (3:2)
01 n/l1 m
~ m, + m,

Uy,=f R (3.3)
01

In relative coordinates, the equations of motion of a body with a small mass, in the attraction field of
two primary bodies, can be written as

= ~ % 1 . i . i 1 . i . d
Ry, = gradfqozU +_(m21V21 + mszzz)__(mme + monoz)- (3:4)
m, m,
Denote the reactive forces (per unit mass)

=~ 1,. = 1 /. = =~ 1,. = 1 /. =
o, = E(mnVn) _m_o(mme ), ®,= E(mlelz ) - m_o(monoz ) , (3.5)
E=F(t)=®,+®,,. (3.6)

- 1 ,. = 1 . = = 1 /. = 1 /. =
®, = m_z(mlezl)_m_o(mme): D), = m_z(mszzz)_m_o(monoz)’ (3.7)
F,=F,(t)=0, +®,,. (3.8)

Note that the reactive forces (per unit mass) are due to separating particles denoted by
N B B U BN R
D, __( 111/11)__(”1011/01)’ D,, __(mlezl)__(mme)- (3-9)
m, my, m, my,
Similarly, reactive forces (per unit mass) are due to accreting particles indicated by the formulas

&)12 :mi( .121712)_’7%(”.102[702)’ d.)22 :ml(mzzﬁzz)_ml(mozﬁ)z)- (3.10)
| 0 2 0

In the notation (3.5) - (3.8) formulas (3.2) (3.4) has the form

R, = graa’RmU01 +F, (3.11)
R, = gdeOzU* +F,. (3.12)

— § —
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We introduce the following notation.
Ry =R, — R, :ﬁ(xlﬂylﬂzl)’ Ry, =R, —R, = 7‘2(x29y2922)’ Kh=nh=r. @Gl13)

The equations of motion (3.11) - two primary bodies problems with variable masses in the presence
of reactive forces (3.6) we can write in the form

it f(my+m)L=F. (3.14)
h

= \/xlz +y’+z°, (3.15)

E=F(t)=®,+®,,. (3.16)

Accordingly, the equations of motion of a body with a small mass (3.12), in the attraction field of two
primary bodies, can be written as

%Zgradlej*+ﬁ’z.

The last equation can be written as

|

7 + f (my +my ) = grad;2U+I~:' ; (3.17)
7"2
1 + +
U= fin| — 22700725 | (3.18)
1 I
_\/ 2 2 2
= (xl—xz) +(J’1—y2) +(Zl—22) , (3.19)
’”1:\/X12+y12+z12’ rzz\/x22+y22+222, (3.20)
F,=F,(t)=0, +®,,. (3.21)

The obtained equations of relative motion (3.17)-(3.21), a restricted three-body problem with variable
masses in the presence of reactive forces, more adequately describe the dynamic evolution of infinitesimal
body motion with variable mass in non-stationary gravitating multiple systems than the isotropic change
in the masses of bodies [4, 11, 15, 16]. In this case, the relative motion of the two primary bodies is
described by equations (3.14)-(3.16). Note that in some exoplanetary systems [17-19], where
nonstationary processes, apparently, in still dominates in the formation of planetary systems then the
equations obtained can be effectively used.

In orbital coordinate systems, reactive forces (3.16), (3.21) can be written as

F,=F,(t)=F, +F, +F, = F,(F, (¢),F, (1), F,(1)). (3.22)

—

where denoted by radial F;.r , transversal E.T and normal components En of reactive forces.

4. Particular cases of the equation of motion (3.14), (3.17). The obtained equations of motion in
the relative coordinate system, with the origin at the body center, describe the bodies dynamics in the
considered formulation of the problem in the general case. There is interest to study the problem under
consideration in various particular assumptions regarding in the bodies mass change. The possible
combination of three bodies mass change for different cases is quite a lot. A full analysis of various
particular cases will be performed in another work. In this paper we consider, as an example, one
interesting special case.

The case when the masses of three bodies are constant, but with variable composition. Let the
changes in the mass of each body be characterized by the fact that the second mass of the accreting

— Q —
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particles of a particular body is equal to the second mass of the same body discarded particles. Then we
have

. . ok . . o K . . o ¥
My =My, =My, =My =My =My, —hy =My, =M,. 4.1)

From formulas (2.7), (2.11), (2.15) it follows that the masses of the bodies are constant, but with
variable composition

my, =m, (to) = m; = const,
m, =m, (t,)=m, = const, (4.2)
m, =m, (to) = m2 = const.

From formulas (3.6), (3.5) and (4.1), taking into account (2.6), (2.10), (2.14), we get
oot _ A **_mn” 11"101* mlz" moz"_
E _E _q)11+q)12 Vu' Vo1+ Vlz' Voz_

m, m, m, m,

1 0 (4.3)

P

m* et 3 et 3 m et 3 et 3
1 L/ L/ 0 I/ I/
__(_ T 12)__(_ o T 02)_
‘”1 0

ml* ok ok m; ok ok
= _(_”11 T Uy, ) - _(_”01 T Uy )
m ny
Similarly, taking into account formulas (3.8), (3.7), (4.1) and considering these formulas (2.6), (2.10),
(2.14), we get

s o=a = MMy = My = My, My, =
F,=F, =0, +0,=—2V, - 2V, + —2V,,- =2V,
m, m, m m

2 0
R N
- (mlezl + mszzz ) B (mOIK)I + m02V02) - (4.4)
m, m,
.k * ok .k
—_2(_ _0(_ —_2(_5z U P ”
= ( Vzl+V22) ( V01+VI)2)— ( ”21+“22) ( ”01"'”02)-
m, m, m, m,
As a result, we can write

FI :E*:Z_ll(_ﬁlj‘FVl;) " ( Vo1 Voz)

m >k ok mo ok kK
(_”11 +u, ) — _(_“01 +u, ).(4.5)
0 m, ny,

= ok m* et et m* % et m* * * m* * *
— _ 2 0 _ 2 — — 0 — s
Fy = F = =2(=V, 4 Vi )= = —Voy + Vi ) = =2y + iy, ) = —2 (g, +iy, ) - (4:6)
m, m, m, m,

Thus, in the particular case of (4.1), in the three-body gravitating system under consideration, each
body has a constant mass. But at the same time, the composition of each body changes, which may affect
the chemical structure of these bodies [20]. The relative coordinate system in the equation of motion
(3.14), (3.17) contains reactive forces according to (4.5) - (4.6).

The obtained equations of motion of the problem under consideration are rather complicated,
therefore, in the future they will be investigate by perturbation theory methods [8].

— 10 ——
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5. Conclusion

The work investigated the movement of an infinitesimal body in the gravitational field of two
massive bodies in the framework of a restricted three-body problem with masses that changing at different
rates non-isotropically in the presence of reactive forces.

Based on the generalized Meshchersky equation, the differential equations of the restricted three-
body problem with masses varying at different rates non-isotropically are derived, in the absolute
coordinate system with the presence of reactive forces. At the same time, it is assumed that the masses of
the bodies are increasing due to accreting particles from the outer space, and decreasing due to the
particle loss. Also obtained equations of the relative motion for a restricted three-body problem with
variable masses, varying at non-isotropically different rates, in a relative coordinate system, in the
presence of reactive forces, with the origin at the central protostar center.

Discussed particular cases of the obtained differential equations of motion, considered for a
nonstationary dynamic system in a relative coordinate system. Considered one case, when the mass of
each body is constant, but with variable composition.

The resulting equations of motion of the restricted three-body problem with non-isotropically varying
masses in the presence of reactive forces more adequately describe the dynamic evolution of a small-body
motion with a variable mass in non-stationary gravitating multiple systems than isotropic changing masses
of the bodies.
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PEAKTUBTI KYIII ECKEPUITEH MACCAJIAPBI U30TPOIITBI EMEC
O3I'EPETIH IHEKTEJITEH YIII JEHE ECEBIHIH KO3FAJIbIC TEHAEYI

AnHotamms. [lmaneranblK oKyHenepmiH KalbIITacybl Ke3iHAE, ocipece CTalMoHap eMeC Ke3eHIE OpTalbIK
HPOTOXYJIABI3IBIH (MBICAJIBI, IPOTOKYH) XKOHE €H MAacCHBTI IPOTOIUIAHETAHBIH (MBICAJIBI, IPOTOIONUTEP) IPABUTALMSUIBIK Opici
6ackiM. OchbiFfaH Opail CTallMOHAP €MeC MPOTOIUIAHETANBIK JKYHeIeperi Kili IeHe KO3FaIbICBIHBIH HETi3Ti aclaH-MeXaHUKAaIbIK
MOZEIN PeTiHIe dPTYP:Ii KapKbIHAA H30TPONTHI EMEC ©3repeTiH Maccachl aifHbIMAJIbI MEKTENTeH eKi AeHe ece0l KapacThIpbUIa bl
MeluepcKuidfiz JKajmpilaMa TEHJACYiH Herisre aja OTBIPBII PEeakTHBTI KyuiTepi OGap aOCOMIOTTI KOOpAMHAT >KyHeciHmeri
LIEKTEIreH yin JeHe eceOiHiH anbdepeHunanaplk TeHaeynepi anbinabl. COHBIMEH, FapbILITBIK OPTaJaH KOCHUIATBIH
OeIIIeKTepIiH 9CEepiHeH MAacCaHbIH ©Cyi, COHIal-aK JIaKTHIPBHUIATHIH OONIIEKTepAiH eceOiHeH MacCaHBIH a3alobl  OalKarybl
MYMKiH JlereH OoipkaM jkacaimyda. AOCONIOTTI KOOpAMHAT >KYHMECiHIE aNblHFaH KO3FAallbIC TEHICYiH €CKepe OTBHIPBII
CAJIBICTBIPMAIIBI KOOPAWHAT KYHECIHIEC OPTANBIK MPOTOXYIABI3ABH IIEHTPI KOOPAUHATTap 0achl OONBIN TaOBUIATHIH PEaKTHUBTI
KYIII €CKEepiIreH KO3FalbIc TeHAeYi ambiHabl. CaBICTEIPMAIBl KOOPIMHAT XKYHECIHAer! CTallMoHap eMec AWHAMHKAIBIK XKylene
KapacThIpbUIFaH TuddepeHIanIbIK TeHIeyIepIiH Aepoec KaFIaibl TalKbIIaH/IbL

TyiiiH ce31ep: MEKTEIreH Yl IcHe ecedi, MacCaHbIH U30TPOITHI EMEC 63repyi, PCaKTUBTI KYIITED.

M. k. Munrau6aes, A.T. U6panmosa

KasHY um. anp-dapabu, Anmartsl K., Kazaxcran
Actpoduznueckuii uacTUTYT MM. B.I'. decenkona, r.Anmarsl, Kasaxcran

YPABHEHUSI IBUKEHASI OTPAHUYEHHOM 3AJTAYM TPEX TEJI
C HEU30TPOITHO UBMEHAIOIUMUCS MACCAMMU ITPU HAJIMYUHU PEAKTUBHBIX CIJI

AHHoOTammsi. B Xxome o0Opa3oBaHMsI IUIAHETHBIX CHUCTEM, OCOOCHHO B JTale HECTAI[MOHAPHOCTH, YacTO JIOMUHHpPYET
IPaBUTAIL[MOHHOE I0JI€ LIEHTPaJIBbHON MPOTO3BE3bI (HAIIPUMEp, IIPOTOCOJHIE) M CaMOW MAaCCHBHOI IPOTOILUIAHETHI (HapuMep,
npoToronuTep). B cBsA3m ¢ 3TUM, paccMaTpuBaeTcs OrpaHHUSHHAs 33a4a TPEX Tell C MEPEMEHHBIMHI MacCaMu, W3MEHSIOUIUMHCS
HE M30TPOITHO B PA3INYHBIX TEMIAX, KaK UCXOJHAs HEOECHO-MEXaHUUECKash MOJIENb ABIKEHUH MaJloro Tena B HECTAI[MOHAPHBIX
MPOTOIUIAHETHBIX cHcTeMax. Mcxons m3 0000meHHoro ypaBHeHHs MeImepckoro BhIBEACHB! AU(depeHInanbHbe ypaBHEHHS
OTPaHMYCHHOH 3a/1adll TPeX Tel B aOCONOTHOM cHCTeMe KOOpAWHAT, IPU HAIMYUH PeakTHBHBIX ciil. [Ipu aToM mpenmonaraercs
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OJHOBPEMEHHO POCT MAcChl T M3-3a MPHCOSANHSAIOIUXCS (HATUIAHHUA) YaCTUIl U3 KOCMHUYECKOH CPesibl, a TAKXKE yMEHbIICHHE
MaccChl Tl 3a c4eT 0TOpackiBaeMbIX 4acTHIl. Vcxons U3 ypaBHEHNUS IBIDKCHUS, TIOMydIeHHbBIE B a0COIIOTHOH CHCTEMe KOOPAHHAT,
BBIBE/ICHBI yPABHEHUSI IBWKEHHS B OTHOCHTEIBHONH CHCTEME KOOPAMHAT C HAYAJIOM B LEHTPE LEHTPAIBLHONW MPOTO3BE3/BI, IIPU
HaJIMYMU  PEakTUBHBIX CHI. OOCyXmaeTcst dYacTHBIE CIyd4al IIOMYYEHHBIX Au(QepeHINanbHbIX YPaBHEHHS IBIDKEHHUS,
paccMOTPEHHOH HEeCTAllMOHAPHOM JUHAMUYECKOM CUCTEMBL, B OTHOCUTENBHONU CUCTEME KOOPAUHAT.

KarodeBble cji0Ba: orpaHnueHHas 3a/1a4a TPEX TeJl, HEM30TPOITHOE N3MEHEHHSI MACC, PEAKTUBHBIE CUIIBI.
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RADIATIVE PROTON CAPTURE ON *H AT ASTROPHYSICAL
ENERGIES AND ITS ROLE IN THE INITIAL STAGE OF STAR
FORMATION

Abstract. Calculations of the astrophysical S-factor of the proton radiative capture on *H at energies from 1
keV to 10 MeV in the frame of the Modified Potential Cluster Model (MPCM) with classification of orbital states of
nuclear particles according to Young tableaux and isospin were carried out. The explanation of the used
phenomenological model MPCM was done. The classification of the p°H states according to Young tableaux was
given. The p’H interaction potentials and phase shifts of the p°H elastic scattering were found.

Key words: Nuclear astrophysics; primordial nucleosynthesis; light atomic nuclei; astrophysical energies;
radiative capture; thermonuclear processes; potential cluster model; forbidden states, p°H system.

1. Introduction

The proton capture on *H reaction is of certain interest from the theoretical and experimental points
of view for understanding the dynamics of photonuclear processes with the lightest atomic nuclei at low
and ultralow, i.e., astrophysical energies [1]. In addition, it is able, evidently, to attend in the primordial
elements nucleosynthesis in the Universe [1-4], leading to the prestellar formation of ‘He nuclei.
Therefore, experimental studies of this reaction continue, and new data for the total cross section of the
proton radiative capture on *H and the astrophysical S-factor in the energy range from 50 keV to 5 MeV
[5] and at 12 and 39 keV [6] (center of mass system) has been obtained. These data will use by us further
for comparison with the calculation results.

The considering reaction could play a certain role at the prestellar stage of evolution of the Universe
[1-3], when at its cooling down to the temperature about ~0.8 MeV, the processes of the primordial
nucleosynthesis [7,8] with the formation of stable ’H, *He, “He nuclei, and also stable in the first minutes
of the Universe formation *H nucleus became possible.

p+n—*H+vy(Q=2.225MeV),
’H+ p — *He + v (Q = 5.494 MeV),
H+n —H+7y(Q=6257 MeV),
*H+p — *He +n (Q =-0.764 MeV),
*He +n — °H + p (Q = 0.764 MeV),
*H+p — *He +v(Q =19.814 MeV),
*He + n — *He + v (Q =20.578 MeV),
2H +2H — *He +n (Q = 3.269 MeV),
H+H — *H + p (Q = 4.033 MeV),
10.H + *He — *He + p (Q =18.353 MeV),
11.’H +°H — *He + n (Q = 17.589 MeV),
12.°H +°H — “He + v (Q = 23.847 MeV).

WPXNANRWND =
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This situation could realize at the live time of the Universe about 100 sec, when the number of
protons and neutrons was comparable — approximately 0.2 neutrons from the proton number. The epoch
of primordial nucleosynthesis is finished approximately at 200 sec [7]; practically all neutrons are already
bound into “He nuclei, the number of which is about 25% relative to 'H nuclei. At that moment the
content of “H and *He relative to 'H is about at the level of 10*+10° [1-8].

Thus, *He is the last nucleus at the initial stage of nucleosynthesis because heavier nuclei (such as C,
O et al.) could be synthesized only in the process of nuclear reactions in stars. The reason is existence of
some instability gap for light nuclei (A =5,6), that, apparently, can’t be bridged in the process of
primordial nucleosynthesis. In principle, “He could generate heavier nuclei (A = 7) in *He + *H — 'Li +,
*He + *He — 'Be + y reactions, but the Coulomb barrier for these reactions is about 1 MeV while the
kinetic energy of the nuclei at temperature ~9:10° K (=56 xeV) is of the order of 0.1 MeV [4]. The
mechanism of prestellar synthesis of ‘He lets to explain its abundance in the Universe, confirms a
prestellar stage of *He generation, and corroborates the Big Bang theory.

However, the abundance of *H at the first 100-200 sec. after the Big Bang can be not much smaller
*H, since the reaction of the neutron capture, in spite of the reduction their number down to 0.2 from the
proton number, can go on deuteron at any energies. In addition, the half-life of *He equals 4500(8) days
[9] and do not take a real contribution in the decrease of the number of *H at the first minutes after the Big
Bang.

The quantity of tritium, except process No.3, increases due to reactions No.5 and No.9, but can
decrease due to processes No.6 and 11 (at the energy lower than 0.8 MeV reaction No.4 practically does
not contribute in decreasing of tritium). Meanwhile, the known S-factor of *H + *H — *He + n reaction
(No.11), for example, at energy 10 keV has the value of order 15 MeV b [10], and of the reaction No.6
about 2-107 keV b that can demonstrate its small relative contribution into the formation of *He. However,
the number of deuterons for reaction No.11 approximately by 4-5 orders less than protons taking part into
reaction No.6, therefore the real contribution of such reactions in prestellar formation of *He will be quite
comparable. Consequently, the proton capture reaction on *H can be of certain interest at consideration of
astrophysical problems in regard to formations of stable *He in the process of primordial nucleosynthesis
of the Universe.

It should be noted that formation of the modern understanding of the different forming stages of the
Universe, about the processes of nucleosynthesis occurring in it, as well as the properties of new stars is
still in progress. Therefore, the acquisition of new information on the primordial nucleosynthesis and
mechanisms of the Universe formation on the basis of modern concepts of nuclear astrophysics is very
urgent and one of the main tasks of a unified cosmological model construction. All this directly applies to
the detailed study of p’H capture reaction in the astrophysical energy region on the basis of modern
nuclear model which, as shown below, has already demonstrated its efficiency in the description of the
characteristics of almost 30 such reactions.

2. Used model

Earlier in our works [11-16] the possibility of description of astrophysical S-factors or total cross-
sections of the radioactive capture for three dozens of processes on the basis of two-body potential cluster
model (PCM) was shown and also the preliminary results [17] for p*H-capture at astrophysical energies
have been obtained. The calculations of these reactions are carried out on the basis of the modified variant
of PCM with forbidden states (FSs) [18] and classification of states according to Young tableaux
(MPCM).

The well-defined success of the MPCM in the description of the total cross sections of this type can
be explained by the fact that the potentials of the intercluster interaction in the continuous spectrum are
constructed on the basis of the known elastic scattering phase shifts or structure of the resonance spectrum
levels of the final nucleus, and for the discrete spectrum - on the basis of the main characteristics of the
bound states (BSs) of such nuclei: the excited (ES) or the ground (GS) states. These intercluster potentials
are based also on the classification of the cluster states according to Young tableaux [19], which enables
one to determine the presence and quantity of the FSs in each partial wave. This means finding the
number of wave function (WF) nodes in such cluster systems [16].

—— |4 ——
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Furthermore, such potentials permit us to carry out the calculations of some basic characteristics of
the considered particles interaction in the elastic scattering processes and reactions. For instance, these
can be the astrophysical S-factors of the radiative capture reactions [20] or the total cross sections of these
reactions [21]. Including radiative capture cross sections at the astrophysical and thermal energy range
which has been considered in our previous papers [11-16]. On the basis of such conception we succeeded
in the correct description of the total cross sections of the radiative capture processes of almost thirty
reactions for light nuclei at thermal and astrophysical energies [11-16].

Therefore, continuing studying the thermonuclear reactions [11-16] on the basis of the MPCM [16]
with separation of orbital states according to Young tableaux let us consider description of the
astrophysical S-factor of the radiative proton capture on “H at energies of 1 keV—10 MeV and rate of this
reaction from 7y = 0.05 to Ty = 2. Preliminary results on S-factor of this reaction at astrophysical energies
in the frame of the MPCM were given in our previous work [17]. New results for the rate of the proton
capture on *H were obtained here and comparison of our results from [17], published in 1995, and the
newest experimental data also published in 1995 year too, given further and do not take into account in
our work [17]. For carrying out of the present calculations the potentials of the scattering processes and
bound p’H states were improved and detailed classification orbital states of p°H system according to
Young tableaux and isospin is given. Basic methods and principles of the MPCM used here recently were
partially given in [15], and more detailed in book [16].

3. Classification of p®H states according to Young tableaux

It is known [19] that states with minimal spin in scattering processes in the certain lightest atomic
nuclei are mixed with respect to orbital Young tableaux, for example, the singlet state of p’H system is
mixed according to tableaux {4} and {31} [18]. At the same time, this state in the bound form, for
example, singlet p’H channel of *He is the pure state with Young tableau {4} [18]. In this case we can
suppose [19] that BSs and scattering potentials for N°H (N°He) states will be different because of the
difference of their Young tableaux. Thus, the explicit dependence of the potential parameters at the given
moments L, S and J from Young tableaux {f} is permitted in this case.

Now, let’s give the classification of states, for example, of N°H (N°He) systems according to orbital
and spin-isospin Young tableaux and demonstrate how to obtain these results. In the general case, the
possible orbital Young tableau {f} of some nucleus A({f}) consisting of two parts 4;({f1}) + 42({f>}) is the
direct outer product of orbital Young tableaux of these parts {f}; = {fi}. x {f>}. and is determined by the
Littlewood theorem [18,19]. Therefore, the possible orbital Young tableaux of the N°H (N’He) systems, in
which tableau {3} is used for *H (*He), are the symmetries {4}, and {31},.

Spin-isospin tableaux are the direct inner product of spin and isospin Young tableaux of the nucleus
of 4 nucleons {f}sr= {f}s ® {f}r and for the system with the number of particles not larger than eight are
given in [22]. For any of these moments (spin and isospin), the corresponding tableau of the nucleus
consisting of 4 nucleons each of which has an angular moment equals 1/2 is constructed as follows: in the
cells of the first row the number of nucleons with the moments pointing in one direction, for example,
upward, is indicated. In cells of the second row, if it is required, the number of nucleons with the moments
directed in the opposite direction, for example, downward, is indicated. The total number of cells in both
rows is equal to the number of nucleons in the nucleus. Moments of nucleons in the first row which have a
pair in the second row with the oppositely directed moment are compensated and have, therefore, a zero
total moment. The sum of moments of nucleons of the first row, which are not compensated by moments
of nucleons of the second one, gives the total moment of the whole system [23].

In this case for N*H (N>He) cluster systems at the isospin 7= 0 and the spin S = 0, we have tableau
{22}s or {22}1; and for S or 7= 1, the Young tableau has the form {31}s or {31}r. Upon construction of
the spin-isospin Young tableau for the triplet spin state of N *H (N *He) systems with 7= 1, we have
{31}s® {31}r= {4}sr+ {31}st+ {22}s7+ {211}sr, and for the singlet spin state with 7= 0, we have
{22§s® {22§7 = {4}sr + {22}sr + {1111}sr [22].

The total Young tableau of the nucleus is determined in a similar way as the direct inner product of
the orbital and spin-isospin tableau {f} = {f}; ® {f}sr [19]. The total wave function of the system in the
case of antisymmetrization does not identically vanish only if it does not contain the antisymmetric
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component {1"}, that is realized upon multiplication of conjugated {f}, and {f}s;. Therefore, the tableaux
{f}. conjugated to {f}sr are allowed in this channel and all other symmetries are forbidden, since they
result to zero total wave function of the system of particles after its antisymmetrization.

Thus, for p’H system in the triplet channel, independently from the 7T values, only the orbital wave
function with the symmetry {31}, is allowed and the function with {4}, turns out to be forbidden, since
the products {211}sr® {4}, or {31}5r® {4}, do not result in an antisymmetric component of the total
wave function. At the same time, in the singlet channel for 7=0, we have {1111} ® {4}, = {1111}
[22], and we obtain the antisymmetric tableau. At this channel with 7=1 we have the product
{211}sr® {31} that also gives the antysimmetric component {1111} for total wave function. Just that
very case when one can conclude that the singlet spin state for p’H and n’He systems turns out mixed
according to Young orbital tableaux each of which relates to different isospin values.

In other words, p°H system is mixed with respect to isospin, since it has the projection T, = 0, and the
following values of the total isospin are possible: 7=0 and 1. Hence, in this system both triplet and
singlet phase shifts and, therefore, potentials effectively depend on two isospin values. Mixing with
respect to isospin leads to mixing according to Young tableaux. As it was shown above, in the singlet spin
state two orbital Young tableaux - {31} and {4} - are allowed [17]. Then it was shown in [17,18] that
singlet phase shifts of the p’H scattering mixed with respect to isospin can be represented in the form of
the half-sum of pure with respect to isospin singlet phase shifts

6{T=1}+{T=0} — 1/2[8{T21} 4 S{TZO}] (1)
this is equivalent to the following expression for the scattering phase shifts in terms of Young tableaux
8{4}+{31} — 1/2[8{31} + 8{4}].

Pure phase shifts with Young tableau {31} correspond to 7= 1, and phase shifts with {4} to isospin
T'= 0. In this approach we assume that pure phase shifts with isospin 7= 1 in p’H system can be matched
to phase shifts with 7=1 for p’He channel [17,18]. Therefore p’He system at 7, = 1 is pure by isospin
with 7= 1, so the pure by isospin phase shifts of p°H scattering with 7= 0 are extracted from expression
(1) on the basis of the known pure scattering phase shifts with 7=1 for p’He system [24-29] and for
mixed p’H with isospin with 7= 0 and 1 [30-32]. Furthermore, the corresponded pure potentials of p°H
interaction are constructed on their basis, for example, for the GS of *He in p3H channel [17,18].

4. Potentials and p*H scattering phase shifts

For calculations of the photonuclear processes in the considered system the nuclear part of the
intercluster potential of p’He interactions for each partial wave can be expressed in the form

Visgp(R) = Vo(JLS{f} )exp[-o(JLS {OR’] + Vi(JLS{f))exp[-o(JLS{f} )R] 2)

with the point-like coulomb term. This potential, as for p’H system [11], is constructed so that to correctly
describe correspondent partial phase shift of p’He elastic scattering [24-29].

Consequently, the pure with respect to isospin 7= 1 potentials of p’He interactions for the elastic
scattering processes were obtained, and their parameters are listed in Table 2 [17,18]. The singlet and pure
with respect to isospin S phase shift of p’He elastic scattering, used later for calculation of the singlet p’H
phase shifts with the isospin 7= 0, is shown by the solid line in Fig. la together with the experimental
data from works [24-26].

Therefore, there are several different variants of the phase shift analysis of p’He elastic scattering, for
example [24-29], so the parameters of the potential for the singlet 'P; and the triplet >P, waves given in
the Table 2 are chosen in order to receive a certain compromise between different results. The singlet 'P,
phase shift of the elastic p’He scattering with 7= 1 used in our calculations of the E1 transition to the
ground state of “He in p’H channel with 7= 0 is shown in Fig. 1b by the solid line and the experimental
data of works [24-29] are given in this figure too.

16 ——
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Table 2 - The singlet potentials of the form (2) for p*He scattering, pure with respect to isospin T =1 [17,18]

2541 Vo a " Y
System L (MeV) (fm?) (MeV) (fm™)
3 's -110.0 0.37 +45.0 0.67
p'He T
P -15.0 0.1 — —
————T——T——TT—7— 60 —~———"T—"—"T—"—"T—"—"T"—T—"—T—"—T—"—T—"T—"T—
i *He(p,p)’He | He(p.p)’H
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Fig. 1a- Singlet 'S phase shift of the elastic p’He scattering. Fig. 1b - Singlet 'P phase shift of p’He elastic scattering.

Experimental data: points [24], squares [25], and triangles [26] Experimental data: points [24], squares [25], triangles [27],
circles [28], open squares [26], and open triangles [29]

The singlet and isospin and Young tableaux mixed S phase shift of the elastic p’H scattering,
determining from the experimental differential cross sections and used later for obtaining the pure p°H
phase shifts for potential (2) at J; = 0 with parameters

Vo=-50 MeV, a =02 fm~
is shown in Fig. 2 by the solid line together with the experimental data of works [30-32].

50, deg.

%0 r u ] 120 | .
80 u 4
L L L L L L L L L 110|III.I.IIIII.I.I.I.I.I.I.I.I.I.I.
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E, MeV E, MeV
.
Fig. 2 - Singlet 'S phase shift of p°H elastic scattering. Fig. 3 - Singlet pure according to Young tableau 'S phase shift
Experimental data: points [30], squares [31], and triangles of p*H elastic scattering
[32]

Then, using expression (1), for the pure p’H potential with 7= 0 in the 'S wave in [17] at V', = 0 the
following parameters have been found:

Vo=-63.1MeV, a=0.17 fm™. 3)
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Fig. 3 shows the pure with respect to Young tableau singlet 'S phase of p’H elastic scattering (dotted
line) and the results of calculation of this phase with potential (3) (solid line). Thus-obtained pure
(according to Young tableau) interactions can be used for calculation of different characteristics of the
bound ground state “He in p’H channel. The degree of agreement of the results obtained in this case with
experiment now depends only on the degree of clusterization of this nucleus in the considered channel and
here one supposes that this degree is high enough and the spectroscopic factor of such channel will be
close to unit.

The interaction potential (3) obtained in [17] on the whole correctly describes the channel binding
energy of p’H system (to several kiloelectronvolts) and the root-mean-square radius of *He. With this
potential and potential of the 'P scattering wave from Table 2 with the point-like coulomb term for p°H
system were carried out the calculations of differential [18] and total [17] cross sections of the proton
radiative capture on *H and the astrophysical S-factors at energies down to 10 keV. It should be noted that
at that time experimental data for the S-factor only was known in the energy region above 700-800 keV
[33]. Subsequently, new experimental data were obtained [5] and [6]. Therefore, it is of interest to
elucidate whether the potential cluster model with the singlet 'P potential obtained earlier and refined
interaction of the pure ground 'S state of *He is capable of describing this new more accurate data.

Our preliminary results [17,18] have shown that for calculation of the S-factor at energies of the order
of 1 keV the same conditions as in p’H system [11] should be satisfied — first of all, the accuracy of
finding the binding energy of “He in p’H channel should be increased. New modified programs [16] were
used here in order to improve parameters of the potential of the ground state for p’H system of *He (see
Table 3), which differ from those presented in [17] by approximately 0.2 MeV. This difference is mainly
connected with the application in new calculations of more accurate values of masses of p and *H particles
[34] and more accurate description of the binding energy of “He in p’H channel.

For this energy based on more accurate values of particle masses [9,34], a value of —19.813810 MeV
was obtained; the calculation with the potential considered here gives —19.81381000 MeV. The accuracy
of determination of the energy value in this potential using our program based on the finite-difference
method (FDM) [16] is 10® MeV. This accuracy of obtaining the binding energy in p’H channel of “He in
the given potential with parameters from Table 3 is confirmed by the calculations on the basis of the
variational method (VM), the obtained results are given below.

Table 3 - Pure with respect to isospin of 7'= 0 potentials of form (3) for p°H interactions in a singlet channel. Here, Egg
is the calculated bound ground state energy and E.,, is the experimental value of this energy [35]

285+1 Vo o Egs Eexp
System L (MeV) (fm?) (MeV) (MeV)
H 's -62.906841138 0.17 -19.81381000 -19.813810
'p +8.0 0.03 — -

The behavior of the “tail” of the numerical wave function (WF) x(R) for p’H system bound state at
large distances was verified using asymptotic constant (AC) [36,37]

1) = | 2Ky Cunher), )

which turned out to be equal to Cw =4.52(1) at an interval of 5-10 fm for the potential with GS
parameters from Table 3. Here pZ;Z,e*/(gh) is the coulomb parameter, where q is the wave number
determined by the energy of interacting particles in the initial channel, L is the orbital moment,

WaL+12(2koR) is the Whittaker function [37], k, = /Zum—z" E 1is the wave number of the GS, E is the
h

binding energy in p°H channel, and the constant h/ m, is equal to 41.4686 MeV fm?, m is the atomic

mass unit (amu) [16]. The reduced error of the asymptotic constant is determined by its averaging over
mentioned above interval of distances, it is practically stable in the limit of this zone.

The region of the AC Cy stabilization is finding for AC determination starting from the maximum
distances that were considered by us, which have order 20-30 fm. This region usually is at distances about

— 18 ——
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7—-12 fm. Inside this region the AC is changed by at least the value of the given relative accuracy, which
usually is equal to 107. At distances lower than stabilization region for the WF we use its numerical

values obtained from the Schrédinger equation solution. At long distances WF ¥, (R) is calculated from its

asymptotic (4) determined by the Whittaker function W, 11(2kor) taking into account the AC Cy found
in the stabilization region.

Known results on extraction of the asymptotic constant from experimental data give a value of
5.16(13) for p°H channel [37]. For the asymptotic constant of n°He system in [37], a value of 5.10(38) has
been obtained that is very close to the constant of p’H channel for our GS potential from Table 3. At the
same time, in [36] a value of 4.1 was given for the constant of n’He system, a value of 4.0 for p’H. The
average value between the results of works [36] and [37] is in a quite agreement with our results for the
GS potential from Table 3. Apparently, there is a considerable difference between the data of asymptotic
constants. For n’He system, the constant is in the interval of 4.1-5.5, whereas for p°H channel it may
assume values from 4.0 to 5.3.

We should note here the results of work [38] where the average spectroscopic Stfactor that is equal to
1.59, and the average value of the asymptotic normalizing coefficient Ayc (ANC) that is equal to 6.02 fm’
"2, were obtained on the basis of calculations with different potentials. Use the known relationship
between ANC and dimensional AC C [21,39]:

A =8SxC.
Meanwhile, this expression is used for dimensional AC C
x ()= CW—nLH/Z (2k0r)'

This dimensional constant is related with the used by us non-dimensional Cy constant by the
following way: C = ,/2k,C,, . Then, using the given in [38] values of ANC and St for dimensional AC C

we have found the value of 4.77 fm™"% In this case . /2k0 = 1.30, therefore for dimensionless AC Cy we

obtain the value of 3.67, which, nevertheless, slightly less than values obtained here and given in works
[36,37]. However, if the spectroscopic factor determines the possibility of certain two-body channel, so
scarcely this possibility can be more than unit. Therefore, if one assumes that the value Sy= 1.0, so for Cy

at \/2k, =1.30 we obtain 4.63 that agrees acceptably with the given above dimensionless value of 4.52

for the 'S potential of the ground state from Table 3.

For the charge radius of *He, with the potential from Table 3, we have obtained value of 1.78 fm
(calculation methods of such radius are described in [16-18]) at the experimental value of *He radius
1.671(14) fm [35]. For these calculations we have used the values of the tritium radius of 1.73 fm from [9]
and the proton radius of 0.8775 fm from data base [34].

The variational method with the independent variation of parameters with the expansion of the cluster
wave function of the p’Li system in non-orthogonal Gaussian basis [16] is used for an additional control
of the accuracy of determination the binding energy in the S potential of the GS from Table 3.

@, (R) =2 R Y C expir) 5)

where [ — variational parameters and C — expansion coefficients [16]. This method at the basis dimension
equals 10 and at independent parameter variation enabled us to obtain the binding energy of -19.81380998
MeV. The asymptotic constant Cy specified by the expression (4) of variational wave function at
distances 5—10 fm was survived at level of 4.52(2), and the value of residuals is not more than 107" [16].
It is known that the variational energy decreases with increasing of the basis dimensionality and gives
the upper limit for the true binding energy [40], while the finite-difference energy increases with
decreasing of step and increasing of number of steps [16]. Therefore, in the given GS potential in Table 3
for the actual binding energy an average value of —19.81380999(1) MeV can be taken. Thereby, the error
of determination of the binding energy in the known GS potential by two methods presented above (FDM
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and VM) and based on two different computer programs [16] is £0.01 eV =+10 meV or £10™® MeV.
Meanwhile it coincides with the initially given accuracy of the FDM, that is equal to 10* MeV [16].

It can be seen from the given results that the simple two-cluster p’H model with classification of
orbital states according to Young tableaux makes it possible to obtain a quite reasonable values for such
characteristics of the bound state of ‘He as binding energy, charge radii and asymptotic constants. These
results can testify in favor of a relatively high degree of clusterization of this nucleus in p’H channel.
Therefore, such model is completely able to bring us to reasonable results at the calculations of the
astrophysical S-factors at low and astrophysical energy range.
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' Actpodusnueckuii mactutyT B.I'. ®ecenkosa “HLUIKUT” AKK MUP PK, 050020,
O6ceparopus 23, Kamenckoe maro, Anmarel, Kazaxcran

PAJMALIMOHHBIN 3AXBAT IPOTOHOB HA *H [IPU ACTPO®HU3NYECKUX SHEPTHAX
M EI'0 POJIb B HAYAJIBHOM ®OPMHUPOBAHNU 3BE3 /]

AnHoTammsa. B pamkax MoaudUIMPOBaHHOW MOTEHIMANbHOUW KiactepHod Mozaenun (MIIKM) c¢ knaccudukanueit
OpOMTANBHBIX COCTOSIHUH SAEPHBIX YacTHI] 110 cxeMaM FOHra M M30CIHMHY BBINOJIHEHBI pacyeTsl acTpodusnueckoro S-pakropa
peaxiuy paguamionHoro p°H 3axeata mpu sueprisx oT 1 k3B 1o 10 MaB. JlaHo 06BICHEHHE UCTIONB3YeMOii (eHOMEHONOrH-
yeckoit mogermn MIIKM. IlpuBenena knaccupuxanms p3H coctossHUM Mo cxemaM lOHra. HallieHsl moTeHIHAIbI p3H B3aUMO-
NEHCTBUS U (a3bl p3H YIPYTOTO pacCcesiHus.

KnioueBble cioBa: saepHast acTpodu3uka; IepBUYHBIA HIOKJICOCHHTE3; JIETKHE aTOMHEIE S/[pa; aCTPOQU3NICCKUE SHEPIHY;
paauaIMOHHbIH 3aXBaT; TEPMOsICpHbIE TIPOIECCHL; TOTEHIMAIbHAs KIIacTepHast MOJIeNb; 3alpelIeHHbIe COCTOsHNUS, p~H cucTema.

A.B. Jlikazaupor-Kaxpamanos', JI.T. KapunGaera'

! B.I'. decenkoB aThiHAars! AcTpodu3nKkask HHCTHTYT “¥F3TO” KP KAOM AFK, 050020,
Obcepsatopus 23, Kamenckoe miaro, Anmatsl, Kazakcran

ACTPO®U3HUKAJIBIK SHEPT YA KE3IHJEL'T *H IPOTOHIAP/BIH PATUALIUASIIIBIK BACBII AJTY )KOHE
OHBIH, XKYJIbI3JAPBIHbIH BACTAIIKbI KAJIBIIITACYBIHIAATBI POJII

AnnoTtamms. Typienren aneyerti kiacrepiik monens (TOKM) menbepinae HOHr chizbanapel sxoHe M30CIUH OOMBIHIIA
SIAPOJIBIK OONIIeKTepAiH OpOUTANBIK JKaFAaibIHbIH KikTeyiMeH | k3B-man 10 MdB-ra neifinri sHeprusi Ke3iHAe paauanusuibK
p’H Gacein amy peaKUHSCHIHBIH AacTPOGH3HKATBIK S-(AKTOPEIHBIH ecerrepi opsiHAamasl. TOKM  maiiiamaHbLIaThbiH
(eHOMEHOMOTHSITBIK MOJEiHe TyciHikTeMe Gepinmi. FOHT cxemanapsr GoifbiHma p°H sKarqaifBIHBIH XKIKTeTyi KenTipinren. ©3apa
apekerTecyain p°H maManapsi skoHe ceprini mwambiayasH p H dasamapsr TaGIiIs!

Tyiiin ce3mep: fnpornsik acTpodusnka; GacTamKel HIOKJICOCHHTE3; JKCHLT aTOM SAPOJIap; acTpOGH3HUKAIBIK SHEPIHUs;
PpaauaIMsUIBIK OACKIIT ally; TEPMOSIPOIIBIK IIPOLECCTEp; dIEyeTTi KIACTepIIiK MOJIENb; THIMBIM CAJIBIHFaH Jkaraai, p~H xyiie.
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ASTROPHYSICAL S-FACTOR AND REACTION RATE
OF THE RADIATIVE *H(p,y)'He CAPTURE

Abstract. Calculations of the astrophysical S-factor of the proton radiative capture on *H at energies from 1
keV to 10 MeV in the frame of Modified Potential Cluster Model with classification of orbital states of nuclear
particles according to Young tableaux and isospin were carried out and the possibility of description of available
experimental data in the energy range from 50 keV to 5 MeV is shown. We calculated rate of this reaction from 0.05
to 2 Ty, because it can play certain role in the primordial nucleosynthesis of the Universe.

Key words: Nuclear astrophysics; primordial nucleosynthesis; light atomic nuclei; astrophysical energies;
radiative capture; thermonuclear processes; potential cluster model; forbidden states, p°H system.

1. Introduction

The proton capture on “H reaction is of interest from both theoretical and experimental points of view
for understanding the dynamics of photonuclear processes involving the lightest atomic nuclei at low and
ultralow, i.e., astrophysical energies [1]. It also plays a role in the nucleosynthesis of primordial elements
in the early Universe [1-3] leading to the pre-stellar formation of “He nuclei. Therefore, experimental
studies of this reaction continue. New data for the total cross section of proton radiative capture on *H and
the astrophysical S-factor in the energy range from 50 keV to 5 MeV [4] and at 12 and 39 keV [5] in the
center of mass system (c.m.) have been obtained. These data will be used by us for further comparison
with the calculation results. In addition, we ought to note other experimental studies of the
photodisintegration of “He carried out, for example, in works [6]. Also, interesting theoretical results for
photodisintegration of this nucleus into the p°H channel were published in [7], including, on the basis of
ab initio studies (see, for example, [8]).

Upon cooling to a temperature of ~0.8 MeV, the processes of the primordial nucleosynthesis became
possible [9,10] with the formation of stable *H, *He and *He nuclei and, also stable in the first minutes of
the Universe, the *H nucleus. These reactions are shown in Table 1 — the processes of the radiative capture
are marked by italic. In table also the data of the S-factors and total cross sections at low energies in the
energy range 10 — 20 keV were given with references to original works with these results. Table 1 shows
that only one of these reactions, No.4, results in energy absorption Q<0. All of the others lead to energy
release Q>0. Some inverse nuclear reactions, for example, photodisintegration of **He and *’H by
gamma-quantum cannot occur because of their extremely low energies at which weak processes cannot
keep the balance [10]. Therefore the constant synthesis of stable nuclei without their further disintegration
to lighter nuclei becomes possible.
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Table 1 - Basic reaction of the primordial nucleosynthesis with light nuclei

Astrophysical S-factor in

Released keV b at 10 — 20 keV in center The total cross section o in pb for
No. Process energy . Reference
. of mass — the accurate energy the given energy
in MeV . .
is stated in square brackets
ptn—H+y 2225 3.18(25)-10°[10.0] 3.18(25)-10%[10.0] [11]
’H+p — He+y 5.494 3.0(6)-10[10.4] 1.0(2)-102[10.4] [12]
3. ’H+n — *H+y 6.257 1.2-10°[10.5]* 1.1 [10.57* [13]
3 3 —0.763 . 81537 [roughly at 12 keV above the
4. Hip—Hetn  epiap 2236012 threshold or 1.03354 MeV in Ls.] [15]
5. SHe+n — *H+p 0.764 63.2[10.3] 6.14(16) -10°[10.3] [16]
SH+p — ‘Hety 19.814 2.2-10°[10.0] 4.0-10210.0] [5]
SHe+n — ‘Het+y  20.578 1.7-10* [18.4] 9.2(2.0)[18.4] [17]
51.4(2.0) [9.94 241.3(9.4) [9.94]** 18
8. ‘H+H - *Hetn  3.269 (2.0) [3.54] O[] L18]
53.05(0.55) [10.0]%** 255.1(2.9) [10.0] [19]
9. ’H+’H — *H+p 4.033 56.1(1.6) [9.97] 270.4(7.6) [9.97] [20]
10. ’H+He—*Hetp  18.353 7480(200) [10.7] 0.5(1) [10.7]** [21]
11.  *H+H—-"Hetn 17.589 12328.4 [9]*** 14200 [9] [22]
12.  ’HY’H—'Hety  23.847 5.7(2.4)-10° [10.0] 2.9(1.2)-10°[10.0] [23]
13.  °’H+He—’Li+y  16.66 0.41 [111]#** 53[111] [24]
4.  ‘H+’H—’He+y 16.792 0.17 [90]*** 50 [90] [24]

* - theoretical value calculated on the basis of the Modified Potential Cluster Model
** _ the value calculated on the basis of the S-factor
*** _ the value calculated on the basis of the total cross section

This was the situation when the Universe was about 100 sec old and the number of protons and
neutrons was comparable — approximately 0.2 neutrons to each proton. The epoch of primordial
nucleosynthesis finished at approximately 200 sec [9] by which time practically all neutrons are bound
into *“He nuclei and the number of *He is about 25% of the number of 'H nuclei. At that point the content
of ’H and *He relative to 'H was about 10*-10° [1-3,10].

Thus “He was the last nucleus to emerge at the initial stage of nucleosynthesis because heavier nuclei
such as C and O could only be synthesized in the process of nuclear reactions in stars. The reason for this
is the existence of some an instability gap for light nuclei (4 = 5), which, apparently, cannot be bridged in
the process of initial nucleosynthesis. In principle, “He could have given rise to heavier nuclei (4 = 7) in
the “He + 'H — 'Li+y and *He + *He — 'Be + vy reactions. However the Coulomb barrier for these
reactions is about 1 MeV while the kinetic energy of the nuclei at temperatures of ~1 Ty is of the order of
0.1 MeV and probability of such reactions will be negligible [25]. The mechanism of synthesis of *He
explains its abundance in the Universe confirms its origin at the pre-stellar stage and corroborates the Big
Bang theory.

It is important to estimate the S-factors of reactions 1-14. For example, as will be seen further, the
astrophysical S-factor of proton capture on “H at an energy of 1 keV is in 5-10 times lower than the S-
factor of the proton capture on “H at the same energy [13]. This means that the latter process, which
contributes to the formation of *He in primordial nucleosynthesis, is much more likely, in spite of the
lower abundance of *H relative to “H [9,10,26]. Most data available in the literature [1-4,13,25] relate to
the abundance of elements such as *He at present time. This is generally confirmed by modern
astrophysical observations [9,26]. However, the abundance of *H for the first 100-200 s after the Big
Bang cannot be much smaller than that of *H since the neutron capture reaction, in spite of the reduction
of neutron numbers down to 0.2 of the proton numbers, can go on deuteron at any energy. In addition, the
half-life of *H is 4500(8) days [27] and do not make a real contribution to the decrease of the number of
*H at the first few minutes after the Big Bang.

The quantity of tritium, additionally to process No.3, also increases due to reactions No.5 and No.9,
but can decrease due to processes No.6 and 11. At energies lower than 0.8 MeV reaction No.4 makes
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virtually no contribution to reductions in tritium. Meanwhile, the total cross section of reaction No.11 is
about 14.2 mb at 9 keV [22] and of the reaction No.6 is about 4-102 [Ib at 10 keV [5] show their small
relative contributions to the formation of *“He. However the number of deuterons available for reaction
No.11 is approximately 4-5 orders of magnitude less than the number of protons taking part in reaction
No.6. Therefore the overall contribution of the two reactions in pre-stellar formation of ‘He will be
similar.

Reaction No.12 proceeds with comparatively low probability, since the E1 process is forbidden by

the isospin selection rules. This leads to the factor \Z,/m;] +(=1)" Z, /m] ) at multipolarity of y-

quantum of J =1 [13]. This product defines the value of the total cross sections of the radiative capture
and E1 processes with the same Z/m ratio, for particles of the initial channel leads to zero cross sections.
The probability of the allowed E2 transitions in such processes is usually nearly 1.5 to 2.0 orders of
magnitude less [28] that was noted earlier in reviews [9,10].

Let us show furthermore the reaction rates given in work [29] in the form of parametrizations. Shape
of these rates for first reactions, leading to the formation of *He or nuclei with mass of 3, is shown in
Fig. 1. One can see that considered in this work reaction is at the third level for rate of forming *He and its
rate in some times lower, for example, that the reaction rates of *H(d,n)'He or *He(d,p)'He. However, at
the}energy about 10 T§ the rate of the last reaction equals the reaction rate of the proton radiative capture
on "H.

All these results and more new data from works [30,31] show that the contribution of the *H(p,y)*He
capture reaction into the processes of primordial nucleosynthesis is relatively small. However, it makes
sense to consider this process for making the picture complete of the formation of prestellar “He and
clearing of mechanisms of this reaction. In addition, as it was shown furthermore, our calculations of this
reaction rate, based on the modern data of the astrophysical S-factors [5], lays slightly lower from the
results of works [29,32-34]. The latest works do not take into account new data [4,5], which were taken
into account by us in this work, and our results can be considered as an improved data on the rate of the
considered reaction.
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Figure 1 - Reaction rates from [29]
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Moreover it should be noted that our understanding of the different stages in the formation of the
Universe, of the processes of nucleosynthesis occurring in it and of the properties of new stars, is still
developing. Therefore there is a pressing need to acquire new information on primordial nucleosynthesis
and on the mechanisms of the Universe’s formation and this is one of the main tasks for the construction
of a unified cosmological model. All of this directly applies to the detailed study of the *H(p,y)*'He capture
reaction in the astrophysical energy region on the basis of the modern nuclear model. This model, as
shown below, has already demonstrated its efficiency in the description of the characteristics of almost 30
such reactions [13,35-41].

2. Used model

Earlier in our works [13,35-37,40-42] the possibility of description of astrophysical S-factors or total
cross-sections of the radioactive capture for three dozens of processes on the basis of two-body potential
cluster model (PCM) was shown and also the preliminary results [43] for p’H-capture at astrophysical
energies have been obtained. The calculations of these reactions are carried out on the basis of the
modified variant of PCM with forbidden states (FSs) [44] and classification of states according to Young
tableaux (MPCM).

The well-defined success of the MPCM in the description of the total cross sections of this type can
be explained by the fact that the potentials of the intercluster interaction in the continuous spectrum are
constructed on the basis of the known elastic scattering phase shifts or structure of the resonance spectrum
levels of the final nucleus, and for the discrete spectrum — on the basis of the main characteristics of the
bound states (BSs) of such nuclei: the excited (ES) or the ground (GS) states. These intercluster potentials
are based also on the classification of the cluster states according to Young tableaux [45], which enables
one to determine the presence and quantity of the FSs in each partial wave. This means finding the
number of wave function (WF) nodes in such cluster systems [35].

Furthermore, such potentials permit us to carry out the calculations of some basic characteristics of
the considered particles interaction in the elastic scattering processes and reactions. For instance, these
can be the astrophysical S-factors of the radiative capture reactions [46] or the total cross sections of these
reactions [47]. Including radiative capture cross sections at the astrophysical and thermal energy range
which has been considered in our previous papers [13,35-37,40-42]. On the basis of such conception we
succeeded in the correct description of the total cross sections of the radiative capture processes of almost
thirty reactions for light nuclei at thermal and astrophysical energies [13,35-37,40-42].

Therefore, continuing studying the thermonuclear reactions [13,35-37,40-42] on the basis of the
MPCM [13,35] with separation of orbital states according to Young tableaux let us consider description of
the astrophysical S-factor of the radiative proton capture on *H at energies of 1 keV—10 MeV and rate of
this reaction from 7o =0.05 to 7y =2. Preliminary results on S-factor of this reaction at astrophysical
energies in the frame of the MPCM were given in our previous work [43]. New results for the rate of the
proton capture on “H were obtained here and comparison of our results from [43], published in 1995, and
the newest experimental data also published in 1995 year too, given further and do not take into account
in our work [43]. For carrying out of the present calculations the potentials of the scattering processes and
bound p’H states were improved and detailed classification orbital states of p’H system according to
Young tableaux and isospin is given. Basic methods and principles of the MPCM used here recently were
partially given in [40], and more detailed in book [35].

3. Astrophysical S-factor of the proton capture on *H

Earlier in [43], based on the modified potential cluster model, the total cross sections and the
astrophysical S-factor of the proton radiative capture process on *H were calculated. Meanwhile, it was
assumed that the main contribution into the cross sections of E1 photodisintegration of *He in p’H
channel, or into the proton radiative capture on “H, was due to the isospin-flip transitions for which
AT =1 [48]. Therefore, the 'P; potential for p’He scattering in the pure with respect to isospin (7= 1)
singlet state of this system and the 'S potential for the ground pure with respect to the isospin 7= 0 bound
state of “He nucleus in p’H channel [43] should be used in calculations.

Using these conceptions, the calculations of the E1 transition with refined potential of the ground
state of “He (see Table 2) were carried out from the start, in comparison with [43]. The results of these
calculations of the astrophysical S-factor at energies from 1 keV up to 10 MeV are shown in Figs. 2a and
25
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2b by the green solid lines. In the energy region specifically from 10 keV, considered earlier in [43], and
up to 10 MeV here the new results were obtained and they practically do not differ from our previous
results given in [43].

Table 2 Pure with respect to isospin of 7'= 0 potentials of the Gaussian form for p’H interactions in the singlet channel. Here, Egg
is the calculated bound ground state energy and E,,, is the experimental value of this energy [14]

25+1 Vo a Egs Eexp
System L (MeV) (fm?) (MeV) (MeV)
- 5 262.906841138 0.17 219.81381000 -19.813810
P P +8.0 0.03 - -

New experimental data was taken from [4,5], and additional data from [49] not known to us earlier
were also used. It can be seen from these figures that the calculations performed about 20 years ago [43]
well reproduce the data on the S-factor obtained in [4] at energies of p°H capture from 50 keV to 5 MeV
(center of mass system). These data were published after the publication of our article [43] and have
noticeably lower ambiguity at energies lower 1 MeV than do earlier results [50-53] and they more
accurately determine the general behavior of the S-factor at low energies, practically coinciding with early
data [49] in an energy range of 80—-600 keV. The energy region above 1-2 MeV has been studied in many
papers; therefore, for comparison, we are shown these earlier results in Fig. 2b, that demonstrate a large
ambiguity of experimental measurements done in different time and works: circles [51], open squares
[52], crosses (x) [53], and downward open triangles [50].

10-1 M MR | ML | UL | _

*H(p,y)*He )

S, keVb

-
o
[

10° 10” 10°
E , MeV
cm

Figure 2a - Astrophysical S-factor of the proton radiative capture on *H in a range of 1 keV—1 MeV. Green line shows calculation
with the GS 'S potential given in Table 3, red line shows the results of approximation from [5], blue line shows results of
approximation from [4], black line shows our approximation. Points show recalculation of total capture cross sections [4], given
in [5], upward open triangles [49], rhombs [5], downward open triangles [50]

10°

At the energy 1 keV the calculated value of the S-factor is equal to 0.95 eV b, and calculation results
at energies less than 50 keV are slightly lower than data of [5], where for Sy from the parametrization of
the form
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S(Eem) = So+ EcnSi+ ExcuSa, (1)

the value 2.0(2) keV mb was obtained, for the S| parameter the value 1.6(4)-10% mb in [5], and for the S,
1.1(3)-10* mbkeV™" is given. The results of approximation by expression (1) with the given above
parameters of experimental data [5] being in a good agreement with these data are shown in Fig. 2a by the
red solid line.

*H(p,y)'He Eﬁi
0
g
n
10" | -
[
AN
v
A | 1 1 P N B B A |

10° E_ MeV 10

Figure 2b - Astrophysical S-factor of the proton radiative capture on *H in a range of 1+10 MeV. Green line shows calculation
with the GS potential given in Table 3. Points show recalculation of total capture cross sections [4] given in [5], upward open
triangles [49], circles [51], open squares [52], crosses [53], and downward open triangles [50]

In [4] for the same values we found Sy=1.8(1.5) keV mb, S;=2.0(3.4)-10% mb and S,=1.1(1.4)-10™
mb-keV™"'. Results of such extrapolation are given in Fig. 2a by the blue solid line. However, the linear
extrapolation of the available experimental data according to three latest points of works [4,49] to 1 keV
leads to its value about 0.6(4) eV b, i.e., is three times less than it was in [5]. In addition, the data of [5]
have relatively large error and, notably, are needed to be refined in future. In order to get rid of the
existent data ambiguity of the S-factor of the proton capture on *H, we need its new measurements, even
though in 2-3 points in the energy range approximately from 5—-10 up to 30-50 keV.

It is seen from Fig. 2a that the calculated S-factor at the lowest energies, approximately at the region
1-3 keV, practically does not depend on energy. It affords ground for assumption that its value at zero
energy practically does not differ from the value at 1 keV. Therefore, the difference of the S-factor at 0
and 1 keV, evidently will be equal not more than 0.05 eV b and this value one can consider as an error of
determination of the calculated S-factor at zero energy, i.e., represent it in the form S(0) = 0.95(5) eV b. If
for parametrization of the calculated S-factor at the energy range 1-100 k3B it is necessary to use
quadratic form (1), so for its parameters it is possible to obtain the next values: S;=0.9530 eV b,
S1=3.49710%eVbkeV', S, =1.216 10" eV b keV~ at the value of y°=0.049 at 10% errors of S-factor.
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The results of such interpolation are shown in Fig. 2a by the black solid line. It is clear that expression (1)
doesn’t fit very well for interpolation of the calculated S-factor, especially lower 10-12 keV, since leads
to the other shape of the line at low energies.

4. Reaction rate of the *H(p, y)*'He radiative capture
Furthermore, in Fig. 3, the reaction rate Na<ov> of the proton capture on “H is shown by the solid
green line, which corresponds to the solid green line in Figs. 2a and 2b and is presented in the form [46]
N (ov)=3.7313-10*u"*T,*"* [ o(E)E exp(~11.605E / T )dE , @)

0

. . . 3 -1 -1 .. . . .
where N 4 <Gv> is the reaction rate in cm mole™ sec™, £ is in MeV, the cross section o (£) is measured in

ub, w is the reduced mass in amu, Ty is the temperature in 10° K [46], which specifies in our calculations
in the range from 0.05 to 2.0 T. Integration of the cross sections was carried out in the range 1 keV-2
MeV for 2000 steps with the step value of 1 keV. The expansion of this interval into the large side, for
example, up to 3 MeV from 3000 steps at the same step led to a change of the reaction rate of about 1%.
We can see in Fig. 3 the sharp increase of the reaction rate value at low Ty in the range 0.05-0.5.

However, at larger Ty, approximately 1.5-2.0, N, <Gv> almost reaches its saturation, tending to the value

on the order of 10* cm’mole'sec”. Finally note that we do not succeed to find other results on the rate of
this reaction, obtained by using other methods, in order to make a comparison with our calculations.
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Figure 3 - Reaction rate of the proton radiative capture on *H. Green line is the calculation results for the GS potential from the
Table 2, which correspond to cross sections shown in Fig. 2 by the green solid line. Dashed red line is reaction rate
approximation by (3)

The resulting shape of the reaction rate in the range of 0.05-2.0 Ty can be approximated by a general

polynomial
5

N,(ov) = ZakTg"_l 3)

k=1
with parameters given in Table 3.
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Table 3 - Expansion parameters for the reaction rate of the form (3)

k

1

2

3

4

5

ag

-9.0

105.5

2628.0

-313.0

-130.0

The result of the rate calculation with such parameters is shown in Figure 3 by dashed red line at the
average value x” = 1.33 at 1% errors of the reaction rate. The increasing of the series dimension up to 7
leads to unessential improvement in the description of the theoretical curve. However, the reduction of
dimension up to 4 leads to a sharp increasing of y* up to a value of about 100.

5. Conclusion

Thereby, in the frame of considered modified potential cluster model based on the intercluster
potentials describing elastic scattering phase shifts and characteristics of the binding state with the
potential parameters suggested about 20 years ago [43], on the basis of only the E1 transition we
succeeded in description of the general behavior of the S-factor of the proton capture on *H at energies
from 50 to 700 keV. Really, on the basis of analysis of the experimental data above 700 keV [50] about
20 years ago we have done calculations of the S-factor for energies down to 10 keV [43]. As we can see it
now, the results of these calculations reproduce well new data on the S-factor, obtained in [4] (points in
Figs. 2a and 2b) at energies in the range 50 keV to 5 MeV.

However, the available experimental data on the S-factor at 50 keV and lower energies have a low
enough accuracy and significant ambiguity, as it seen from Figure 2a. To avoid these ambiguities, it needs
new additional and independent measurements of S-factor in the energy range from about 5-10 to 30-50
keV with minimal errors. The experimenters did not return to this problem for more than 10 years [5],
while reliable measurements of S-factor at energies of 50 keV-5.0 MeV have been made more than 20
years ago [4]. Evidently, modern measurement techniques could reduce error value and obtain more
reliable data, especially at the lowest energies. And this, in turn, will get rid of the existing ambiguities in
determining the reaction rate.

The magnitude of p’H capture reaction rate calculated in this paper at temperatures from 0.01 To up to
5 Ty leads to the conclusion that this reaction might make some contribution to the formation of ‘He
nuclei in the primordial nucleosynthesis of elements in the Universe, especially at higher temperatures of
order 3—5 Ty. The results obtained for the reaction rate due to their simple numerical approximation can be
used later for the comparative evaluation of yield of *“He produced in this reaction, and, perhaps, in order
to determine their contribution to the abundance of helium nuclei formed in the primordial
nucleosynthesis of the Universe.

We emphasize once again that we could not find the results of other papers with calculations of the
astrophysical S-factor or the considerable reaction rate obtained by other methods, in spite of the
appreciable interest that this reaction represents in terms of some astrophysical problems. Currently
available errors of measurements of the astrophysical S-factor [5] may significantly affect the value of the
reaction rate of radiation p’H capture leading to ambiguities in calculations of *He yield and, ultimately,
affect the results obtained for its abundance. Perhaps it is time to eliminate the existing problems in
measuring the astrophysical S-factor of the considerable reaction and obtain, eventually, more accurate
results for the reaction rate.
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Annoranus. Typnerren oneyerti kiactepiik mogens (TOKM) men6epinne FOHT crizbanapsl koHEe W30CTIHH
OOHBIHIIIA SITPONBIK OONIIEKTepAiH OpOUTANBIK JKaFIaibIHBIH KikTeyiMeH 1 kaB-man 10 MbB-ra neifinri saeprus
Ke3iH/Ie paJnuaIisuIbIK, p3H 0achI ay peaksICHIHBIH acTPOPU3UKANBIK S-(haKTOPBIHBIH eCEeNTepi OPBIHAAIIBI KOHE
50 k3B-nan 5 M»aB-ra nieifinri sHeprusi aymarbiHa KoJijia 0ap 3KCIEepPUMEHTTIK MAIIMETTEpPAl cUlaTTay MyMKIHIIT
kepceringi. by peakius OneMmHiH 0acTankpl HyKJI€OCHHTE3iHAe Oenrini Oip pes arkapa alaThblHABIKTaH, OHbBIH
xeuTamMabpiFs! 0.05-meH 2 Ty. neifinri TemnepaTypaiapaa eCenTenrexH

Tyiiin ce3mep: Smponbik actpodusuka; OacTankbl HIOKICOCHHTE3; XKCHUI aTOM SApoJap; acTPO(HU3UKAIIBIK
SHEPIUs; PAJUAIMSUIBIK OACBIN ajly; TEPMOSIPOJIBIK MPOIECCTEDP; AIEYETTI KIACTEPIIIK MOJIENb; ThIHBIM CAJIbIHFaH
Karmai, p H xyite.

A.B. I:xazaupoB-Kaxpamanos, JI.T. Kapunoaesa
Actpodusndeckuit uHCTHTYT UM. B.I'. ®ecenkoa « HIIKUT» AKK MUP PK, Anmatsr

ACTPO®U3INYECKHUI S-PAKTOP U CKOPOCTH PEAKLIMM
PAJIMAIIMOHHOTO 3H(p, y)'He 3AXBATA

AHHoTanusi. B pamkax MOOu(HUIMPOBAHHON IMOTCHIMAILHON KIACTEPHOW MOAEIM C KiIacCH(pUKamuein
OpOUTANBHBIX COCTOSIHUH SIEPHBIX YacTHIl 10 cxeMaM HOHTa v M30CIUHY BBIIOIHEHB! pacueTsl acTPO(PHU3MIECKOr0o
S-dakropa peakuuu paguanuonHoro p3H 3axBara mpu sHeprusx ot 1 k3B mo 10 M»B u mokazaHa BO3MOXHOCTb
OMHCAHMsI UMCIOIIUXCS IKCIIEPUMEHTATIBHBIX JaHHBIX B 00jactu sHepruit oT 50 k3B mo 5 M»aB. [lockosbky 31a
peaxIsi MOXET UrpaTh ONPEENIEHHYIO pOJib B NEPBUYHOM HYKJIEOCHHTe3e BceneHHOH, paccunTaHa €e CKOPOCTb
npu Temneparypax ot 0.05 o 2 T9.

KaroueBnie caoBa: SnepHas acTpodu3uka; TEPBUYHBIA HIOKICOCHHTE3; JICTKHE aTOMHBIC SJIpa;
acTpoH3MUYECKUE SHEPTHH, PAJAUAIMOHHBIA 3aXBaT; TEPMOSJACPHBIC MPOLECCH; MOTCHIMAIbHAS KIACTepPHAS
MO/IeJIb; 3alpeleHHbIe cocTosHM, p3H crcTema.
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SPECTRAL AND PHOTOMETRIC STUDY
OF THE OBJECT IRAS20462 + 3416

Abstract. RAS20462 + 3416 belongs to low-mass post-AGB stars with a dense compact envelope, which was
formed in the process of the mass loss by the star at the end of the pulsating AGB phase. The spectrum of the object
consists of the HI, [NII], [SII] emission lines and of Hel, which is mainly observed in absorbtion.

The temperature of the central star corresponds to the value Teff = 19500 + 500K, the electron density is 10*
em”. Several episodes of gas ejection from the atmosphere of the central star were recorded. So, in 1993 - 1994,
PCygni profiles appeared in the UV and optical spectral lines. The stellar wind velocity was ~ 800 - 990 km/s. The
photometric variability of the object was noted by many authors. In particular, quasi-periodic oscillations of
brightness in the optical range with an amplitude of 0.”1 - 0.2 and a period of ~ 4 days were detected. Rapid
fluctuations in brightness can be caused by stellar pulsations and continuing mass loss.

In this paper, we present new spectral and photometric data obtained mainly in 2015-2018. Irregular brightness
variations were detected in B, V, and R filters with an amplitude of ~ 0™.4. The results of spectral observations
indicate a gradual increase in emission line fluxes. Thus, absolute fluxes in HP, Ha, [NII] lines increased by about
30 —40%.

In terms of its physical parameters and the nature of the spectrum, the object is similar to a young planetary
nebula of low excitation. However, the irregular variability of brightness and fluxes in emission lines, as well as the
observed episodes of the matter ejection, indicate that the shell formation has not finishhed. Most likely this object
can be considered as a protoplanetary nebula.

Key words: protoplanetary nebulae, emission lines; B V R values; individual: IRAS20462 + 3416.

Introduction The object IRAS20462 + 3416 = LSII + 34 26 = V1853 Cyg belongs to the low
massive post-AGB stars with a dense compact envelope of gas and dust [1, 2]. The envelope was formed
in the process of mass loss by the star at the end of the pulsating AGB phase. According to the radio
observations [3], the image of the nebula in the Bry line has dimensions 2.0” x 1.5", with the 49° position
angle. The object is located at a distance of 2.9 - 4.6 kpc [4]. The emission lines of HI, [NII], and [SII] are
observed on the background of the continuum. Hel lines are mainly observed in absorption. In addition,
numerous metal absorption lines have been recorded. The temperature of the central star according to the
observations of 1991 corresponds to the value Teff = 19500 + 500K [2]. The variability of the intensities
and profiles of emission lines is noted. So, in the early spectrograms of 1977 and 1981, only a weak Hf
emission line was observed, while Hy and Ho were in absorption. Optical observations of the object in
1991-1995 showed the presence of strong Balmer emission and the weaker forbidden lines. The electron
density calculated from the ratio of the intensities of the lines [SII], 6717, 673 1A is 10* cm™. The presence
of Sill, CII, Fell emission lines in the spectrum of the object indicates that there is an internal zone which
is located near the central star and has the even higher density. During the observation of the object,
several episodes of gas ejection from the atmosphere of the central star were recorded. So, in 1993 - 1994,
PCygni profiles appeared in the UV and optical spectral lines. The stellar wind velocity about 800 - 990
km/s was determined from the SilV, 1400 Aand C 1V, 1550A line profiles,. Observations on September
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1997 showed the presence of the PCygni profile in the optical and UV lines, and the broad wings of the
Ha line [5]. On the IRAS 20462 + 3416 spectrograms (June 4, 2003) the blue wing in the Ha profile is
weaker than the red — a sign of P Cygni with absorption filled with emission, since the wings are very
wide [6].

The photometric variability of an object is noted by many authors. Thus, quasi-periodic brightness
variations in the optical range with amplitude of 0."1 - 0."2 and a period of ~ 4 days were detected [7].
Information on rapid brightness fluctuations with an amplitude of 0."3 in filters B and V is given in [8].
They may be due to stellar pulsations and ongoing mass loss.

Observations and processing

The first spectral observations of the object IRAS20462 + 3416 in the Fesenkov Astrophysical
Institute were carried out in 2006-2007. Those spectra contained only the Balmer hydrogen lines. That
time an absolute calibration of the spectra was not carried out, only equivalent widths of emission lines
and the shape of profiles were obtained. Later, in 2015-2018 spectral and photometric observations of the
object were performed. The star HD 198183 with a known energy distribution [9] was used as a standard
for the absolute calibration of the spectra.

Photometric observations of the object were carried out with the telescope AZT-8, the 1-meter
telescope at the Assy-Turgen Observatory, and the 1-meter telescope at the Tian Shan Observatory
(TSHAO). The following CCDs: SBIG ST-8 (1530x1020, 9u) (AZT-8), SBIG ST-7 (756x510, 9p) (Assy-
Turgen), Alta F16M (4096x4096, 9u) of Apogee (TShAO) and a set of Johnson B V R filters were used.

The initial processing of an image consists of standard operations using the Bias, Dark and Flat
service files. Image measurements are performed using the standard software packages MaximDI 6 and
IRAF. Correction for atmospheric extinction and transformation of the obtained brightness to the
standard system B V R is carried out using a system of corresponding equations.

Spectral observations were carried out using diffraction spectrographs mounted on the already
mentioned telescopes. The following CCD: ST-8 (1530x1020, 9u) and SBIG STT-3200 (2184x1472,
6.8u) were used. The spectral range available for observations is ~ 3500A (40001& —7500A).

Recent years, additional spectral observations were carried out on a 1-meter telescope installed at the
Tian Shan Observatory. The telescope is equipped with a new diffraction spectrograph. At the output of
the spectrograph, SBIG STT-3200 (2184x1472, 6.8) is installed.

During observations, the spectrograms of an object with a narrow (2"- 3") and a wide (7"- 10")
entrance slit are obtained. Observations of a standard star with a known energy distribution are performed
with a wide slit, which guarantees the pass and registration of the full radiation flux. File processing
consists of subtracting the dark background, taking into account field errors and taking into account
atmospheric absorption.

The spectral sensitivity of the equipment is determined by comparing the observed energy
distribution in the standard spectrum with the Catalog data. After taking into account all corrections, the
values of fluxes are determined in absolute energy units. Spectrograms obtained with a narrow slit and
with a resolution of 0.25 - 0.5A/pc are used to study the structure of emission profiles. Log of
observations of IRAS20462+3416 is presented in Table 1.

Obtained results

The data obtained from photometric observations are given in Table 2 and in Figure 1. Rapid
brightness fluctuations with amplitudes of 0."4, 0.™1 and 0.™1 were recorded in 2016, in B V R filters,
respectively.

The overall picture of the behavior of the object brightness is as follows: at first, its decrease was
observed in all three filters, the minimum was in the middle of 2017. Then the reverse process began, and
by mid-2018 the brightness increased by about 0."15 (Figure 1).
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Table 1 - Log of observations of IRAS20462+3416

Date of Type of Wavelength range Spectral resolution Telescope,
observations observations (A) Observatory
4400 - 5100 9800
10.10.2007 Spectral 6100 - 6800 13000 1-m. Assy-Turgen
Spectral 4400 - 5100 9800
18.07.2015 Spectral 6100 — 6800 13000 1-Mm. Assy-Turgen
Photometric BVR
Spectral 4400 - 5100 9800
12.08.2015 Spectral 6100 — 6800 13000 1-m. Assy-Turgen
Photometric BVR
Spectral 6100 — 6800 13000
01.08.2016 Photometric BVR 1-m. Assy-Turgen
03.08.2016 Photometric BVR 1-m. Assy-Turgen
Spectral 4400-5100 9800
06.08.2016 Photometric BVR 1-Mm. Assy-Turgen
4400 -5100 9800
26.06.2017 Spectral 6100 - 6800 13000 1-m. Assy-Turgen
4400 - 5100 9800
21.07.2017 Spectral 6100 - 6800 13000 1-m. Assy-Turgen
15.09.2017 Spectral 6100 - 6800 13000 1-m. TShAO
19.09.2017 Spectral 6100 - 7100 9000 0.7m. AZT-8
22.06.2018 Spectral 4400 - 5100 7500 0.7m. AZT-8
09.07.2018 Photometric BVR 1-m. TShAO
18.07.2018 Spectral 4400 - 5100 7500 0.7m. AZT-8
Table 2 - B V R magitudes of the object IRAS20462+3416
Date of observations JD-2400000 B mag V mag R mag
18.07.2015 57222.330 11.28+0.01 11.07+0.01 11.0240.01
12.08.2015 57247.268 11.26+0.05 11.10+0.04 10.97+0.04
01.08.2016 57602.306 11.39+0.01 11.20£0.01 11.14+0.02
03.08.2016 57604.267 11.80+0.06 11.15£0.05 11.13+0.04
06.08.2016 57607.278 11.53+0.01 11.25+0.01 11.04+0.03
21.07.2017 58048.348 11.46+0.01 11.29+0.01 11.23+0.01
09.07.2018 58309.330 11.38+0.01 11.09+0.01 11.14+0.01
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Figure 1 —Change of brightness of the object IRAS20462+3416 in 2015 — 2018
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Only emission lines HP, Ha, [NII],6548,6583A and Hel, 4921,66781& in absorption are registered on
our spectrograms. Absolute fluxes and equivalent widths of lines are given in Table 3. The figure 2
illustrates the behavior of radiation fluxes in hydrogen lines. The results of spectral observations indicate
a gradual increase of emission line fluxes during 2015-2018 (Fig 2). A similar trend is observed in the
behavior of the forbidden lines [NII], 6548, 6583A.

Table 3 — Characteristics of emission lines in spectrum of IRAS20462+3416

Date of HB Ha [NII],6583
observations Fel07 EW Fe107 EW Fe107 EW
11.09.2006 1.240.2
12.10.2007 1.3+0.3 13+0.6 0.51+0.09
18.07.2015 2.66+0.07 0.9+0.3 1.45+0.15 6.9£0.3 0.98+0.15 0.43£0.06
12.08.2015 3.06+0.23 1.0+0.1 1.40+0.04 7.3£0.2 1.10£0.02 0.58+0.01
06.08.2016 3.34+0.28 1.2+0.1
21.07.2017 3.84+0.27 1.4+0.1 1.57+0.01 9.7+0.7 1.00£0.19 0.63+0.18
15.09.2017 1.3840.12 6.9+£0.2 1.09+0.12 0.58+0.11
19.09.2017 1.75£0.11 8.0£0.2
22.06.2018 4.04+0.16 1.5+0.1
18.07.2018 3.78+0.31 1.2+0.1 1.45+0.07 7.240.3 0.98+0.21 0.49+006
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Figure 2 — Change of HB and Ha emission line fluxes

Due to its physical parameters:(Teff=19500K, Ne=10"cm™) and the spectrum, the object is similar to a
young low excitation planetary nebula. However, the irregular variability of brightness and emission
fluxes, as well as the observed episodes of matter outflow, indicate that the shell formation was not
finished, and the object is now in a transitional stage from post-AGB stars to planetary nebulae. Most
likely, it can be considered as a protoplanetary nebula.

The work was carried out within the framework of Project No. BR05236322, financed by the
Ministry of Education and Science of the Republic of Kazakhstan.
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«B.I'.®ecenkoB atbinnarsl Actpodusuka uactutyTb» EXXIIC, Anmarsl, Kazakcran
IRAS20462+3416 OBBEKTICIHE CIIEKTPJIIK )KOHE ®OTOMETPJIIK 3EPTTEYJIEP

Annoranusi. IRAS20462 + 3416 oOwexTici, Jaymiigey Ke3eHiHIH COHBIH/A Macca JKOFAJITy HOTHXKECIHIEe
KaJIBIITaCKaH, THIFbI3, MAFbIH KaObIKmaiel post-AGB a3 maccuBTi skyiasi3aapra xaraasl. OOBEKTIHIH CHCKTPIHIC
HI, [NII], [SII] xone Hel aMuccusibIK ChI3bIKTapbl KOOIHE KYThUTY Ke3iHe Oaitkanmansl. OpTaibIK HKYJIIbI3IbIH
temnepatypacsl Teff = 19500 + 500K mramara coiikec, 3MEKTPOHIBIK THIFBI3IBIK, 10%cm™ kypaiiasL.

OpranbIK KyIae3 aTMochepacsiHaH ra3 OeIIIeKTep JKapPKbUIBIHBIH OipHEIe SIu30ATTaphl Tipkenai. 1993-1994
xpuiapaa YK npoduibinie jxoHe ONTHKAJIBIK ChI3bIKTapAa Pcygni kypayuibiiapbl naiaa Gomnasl. JKyJabi3ibik
KeImiH corikec MoHi ~ 800 - 990 KM/CeKk Kypaupl.

Kenreren aBropnap 00beKTiHIH (OTOMETPIIIK allHBIMAIBUIBIFBI Typalibl aTamn oTTi. COHBIH ilIiH/E, TEPUOJIbI ~
4 xyH Gonareid sxoHe 0."1 - 0.2 aMIUIMTY b )KapKbIPAYBIHBIH KBa3UIIEPHUOATHI TepOesici Tipkenai. OObeKTiHiH
KBUIZaM ©3repyl 3aT aFbIHBIHBIH JKAIFACYbl HKOHE KYJIBICIBIK JIYIYJIMEH OaillaHbICThl 0OJTYbl MYMKIH.

byn xymbicta 2015-2018 xpugap apanibifblHIQ ajJbIHFAH CIEKTPIIK JXKoHE (OTOMETpIIK jKaHa OakbLiayyiap
kenripinred. Ammmryzaacel ~0™.4 6onarein, B, V kone R QuibTpiapeiHa Iypeic EMEC jKapKbIpay TepoesicTepi
TaObuibl. CreKTpiiK Oakpuiayiap Ke3iHAe 3MHUCCHUSUIBIK ChI3BIKTAP/IbIH COyJIeNeHYiHIH OipTiHaen ecyi Oaiikaaspl.
biznin G6axputaynap kesinae HP, Ha, [NII] sMHCCHSIBIK CBI3BIKTAp/AAFbI COYJIENEHYAIH aOCOMIOTTIK aFbIHbI HIaMa-
meH 20-40 % apTThL

CriexTpiiik koHe (U3MKaIbIK cumarramaiapsl OodbiHiia IRAS20462+3416 00BekTiCi OCNICEHII eMec Kac
TUIAHETANIBIK TYMaHJbIKKa TOH. DMHUCCHUSUIBIK ChI3BIKTApJaFbl JKapKbIpay arblHbI )KOHE JKapKbIpay aifHbIMAIIbLIbI-
FBIHBIH JIYPBIC €MECTirl KaOBIKIIAHBIH KaJBIITACYbIHBIH JKaJFacyblH Kepcerelni. MyMKiH, OyJl 0OBEKTiHI MpOTO-
TUIAaHETAIBIK TYMaH/IBIKKA KaTKbI3yFa 00Jabl.

Tyiiin ce3nep: TuUIaHETANBIK TYMaHIBIKTAP, AMHUCCUSUIBIK ChI3BIKTAp, MOHIBI CHI3BIKTAp, JKEKe OO0BEKTiIep:
IRAS20462+3416.

YK 524.54
JL.H. KonagparbeBa, J.K. lenuciok, U.B. Pesa, M.A. Kpyros
Actpoduznueckuii MuctutyT nm Gecenkosa, Anmarsl, Kazaxcran
CIIEKTPAJIBHBIE 1 ®OTOMETPUYECKHUE NCCJIEJOBAHUS OB BEKTA IRAS20462+3416

Annoranus. O6sext IRAS20462 + 3416 oTHOCHTCA K MaroMaccHBHBIM post-AGB 3Be3maMm ¢ MmI0THOH KOM-
NaKTHOH 00601I04KO#, kKoTOpas chopMupoBanace, Oiiarogapsi IpoleccaM IMOTEPH MAacchl B KOHIE ITyJIbCAMOHHON
cranuu. B crektpe oOwvekTa mpexncraBieHsl dMuccuoHHble smHUM  HI, [NII], [SII] m muamm  Hel, xotopsie B
OCHOBHOM HaOJIIOJAI0TCS B TIOTJIOLICHHH.

Tewmreparypa neHTpansHON 3Be346I cooTBeTcTBYeT 3HaueHnto Teff = 19500 + 500K, snexTpoHHas MIOTHOCTH
coctapmster 10%cm™.

3aperucTpupoBaHO HECKOIBKO AIH300B BEIOpOCca (parMeHTOB ra3a u3 aTMOoc(epsl EHTPaTbHON 3Be3bl. Taxk,
B 1993 — 1994rr B mpodmsax YO u ONTHUSCKUX IUHHUHA MOSBIIHACH Pcygni kommoHeHTH.. COOTBETCTBYIOIICE
3Ha4YCHHE 3BE3THOTO BeTpa coctaBisieT ~ 800 - 990 km/cexk.

doromMeTpuyecKas MEPEeMEHHOCTh 0OBbEKTa OTMEYEHa MHOTMMH aBTOpaMu. B wacTHOCTH, OBUTH 3a(HKCHPO-
BaHbl KBasWIICPHOIMUECKUe Konebanmst Oimecka ¢ amrumurynoi 0."1 - 0."2 u mepwomom ~ 4 mHeid. Bwictpbie
¢uryktyaunu Giecka 00bEKTa MOTYT OBITh BBI3BaHBI 3BE3IHBIMH IYJIECALMAMH H MPOJOJDKAIONIMMCS HCTCUYCHUEM
BEILECTBA.

B nmanHO# paboTe NMPUBOASATCS HOBBIE CIIEKTPAIbHBIE U (OTOMETPUYECKHE JaHHBIC, TIOJIyYCHHBIC, B OCHOBHOM,
B 2015 — 2018 rr. OGHapy:KeHbI HeperysIpHbIe Koiebanus Onecka B B, V u R ¢uinprpax ¢ ammumurynoit ~0™.4. B
npolecce CHEKTPAIBHBIX HAOJIIOJCHUH BBIABICHO NOCTCIICHHOS YCHIICHHE HM3JIyYCHHUS B OMHUCCHOHHBIX JIMHHSX.
Tax, abcoNOTHBIE MTOTOKM WM3IMYYCHUS B dMHCCHOHHBIX JuHUAX HP, Ho, [NII] yBemwmummmce mpumepro Ha 20 —
40%.
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ITo cBOMM (PH3HUYECKNM U CHEKTPAIBHBIM XapakTepucTukaM o0BheKT IRAS20462 + 3416 moxox Ha MOJOAYIO
TUIaHETapHYI0 TYMaHHOCTh HU3KOTO BO30YJeHus. OHAKO HeperyJisipHas MepeMeHHOCTh OJiecka M MOTOKOB H3ITy-
YEHUsI B SMUCCHOHHBIX JIMHUAX, TaK )K€ KaK U BBIOPOCHI MaTEepUH, yKa3bIBAIOT HA TO, 4TO (DOPMHUPOBAHHE OOOJIOUYKH
npojospkaercs. BeposiTHee Bcero, JaHHbBI OOBEKT MOXKHO KJIACCH(HUIMPOBATH, KaK MPOTOILIAHETAPHYIO TyMaH-
HOCTb.

KiroueBble c10Ba: IPOTOIUIAHETAPHBIE TYMAHHOCTH, SMUCCHOHHBIC THHUK; B V R BeIWYNHbL, HHIUBUIYATTb-
Hele 00bekThl: IRAS20462+3416
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FEATURES OF X-RAY RADIATION IN SYMBIOTIC STARS

Abstract. Modern observations of X-ray radiation from individual symbiotic stars are given to clarify their
nature. Thus, the spectral features in a wide range of X-rays, optical and ultraviolet, and the rapid UV variability
found in SU Lyn are consistent with the assumption that this is a symbiotic star with an accreting white dwarf. RT
Cru is a prototype of symbiotics without burning shell on a dwarf with a hard type of x-ray radiation, providing an
idea of the most internal structures of accretion. The X-ray type of radiation from the symbiotic star V1329 Cyg
indicates that some of the high-energy radiation may occur as a result of strikes in the jet and beyond the symbiotic
nebula. In the symbiotic recurrent new T CrB, a sharp increase in the rate at which the material reaches the
innermost part of the accretion disk, that is, the boundary layer, is found, this can dramatically change its structure.
X-ray satellite Suzaku investigated symbiotics in which X-rays exceed 10 keV (T CrB, CH Cyg, V648 Car). Suzaku
CD-28 3719, Hen 3-1591, Hen 3-461, EG And and 4 Dra were observed, in which the models are compatible with
X-rays emitted in the boundary layer between the accretion disk and the white dwarf. This paper discusses the
various observable properties of individual symbiotic stars on space telescopes to identify common features that can
explain the nature of symbiotic stars.

Keywords: symbiotic stars, the nature of X-ray radiation.

Introduction Spectral observations of symbiotic stars in optics have shown a complex spectrum,
which is associated with duality. The hot compact component (usually a white dwarf, WD) contributes to
the blue UV region of the spectrum, while the cold red giant dominates the spectrum on longer waves.
Optical, infrared and ultraviolet spectral regions are rich in radiation lines from forbidden and allowed
transitions, which arise mainly as a result of photoionization and recombination of a nebular plasma
heated by a hot component. Radio, optical and X-ray observations show jets with velocities from several
hundred to 1000 km / s and the thermal radiation from the red giant's ionized wind can even generate y
rays during eruptions. This paper discusses the various observable properties of individual symbiotic stars
in the x-ray range, obtained by space telescopes, to identify common features that can explain the nature
of X-ray radiation from symbiotic stars.

The results of modern observations on space telescopes

Observations from space telescopes XMM-Newton, Swift / XRT, Suzaku and others have made it
possible to detect new sources of X-ray radiation in symbiotic stars. X-ray spectra with energies above 2
keV, obtained using Swift / XRT, are consistent with thermal radiation and are divided into three different
groups. They allow us to understand the place of the formation of X-ray radiation: 1 group-associated
with the boundary layer of the accretion disk. 2- consists of sources with a single, soft X-ray spectral
component, which is associated with the region of collision of winds, 3- consists of sources with hard and
soft X-ray spectral components, which exhibit UV-blink, which is a common property of symbiotic stars.
The physical interpretation of the two spectral components of x-ray radiation and simultaneous ultraviolet
photometry of Swift show that symbiotic stars with more intense x-rays tend to have more UV flicker,
which is usually associated with disk accretion. [1]

Studies on symbiotic stars usually rely on low-resolution optical spectroscopy. Observations from
Swift and ground-based optical spectroscopy made it possible to detect a hard x-ray source 4PBC J0642.9
+ 5528, which was identified with the poorly studied red giant SU Lyn. The X-ray spectra, from optical to
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ultraviolet, and the fast UV variability of SU Lyn are in good agreement with the assumption that this is a
symbiotic star containing an accreting white dwarf. The symbiotic nature of SU Lyn has so far remained
unnoticed, since it did not detect strong emission lines in low-resolution spectra. Mukai et al. (2016)
discovered that the red giant SU Lyn is the optical analog of a hard, thermal x-ray source and that it is a
symbiotic containing an accreting white dwarf. [2] Its properties, including excess in UV, compared with
non-interacting red giants and variability in the optical lines of the Balmer series, [Nelll] and Ca II, are
consistent with the accretion onto a white dwarf without burning the shell. In general, observations
confirmed that, in the X-ray range, optically thin plasma dominates in emission, which can be hot 2 x 108
K (kT 17 keV) and reach a maximum at 3 x 108 K with the assumption of cooling flux in the model. An
analysis of the hard X-ray radiation properties of the SU Lyn allowed us to identify strong and variable
internal X-ray absorption with rapid variability, suggesting that the absorber is located next to the
accreting white dwarf. [3]

Luna G.J.M. et.al. [4] showed that the RT Cru object is a prototype of symbiotics without burning
the shell on a dwarf; its hard type of X-ray radiation gives an idea of its most internal accretion structures.
Over the past 20 years, RT Cru has experienced two similar events of increasing brightness, separated by
an interval of 4000 days and with an amplitude of AV = 1.5 mag. Swift detected an increase in X-ray
brightness, near the second optical peak. Spectral and temporal analysis of multiwave observations
indicate that accretion continues through a disk that reaches the surface of a white dwarf. Moreover, the
similarity of ultraviolet and x-ray fluxes indicate that the boundary layer of the accretion disk remained
optically thin with respect to its own radiation during the increase in brightness when the accretion rate on
WD increased to 6.7 X 10 -9 Mo / yr. [4]

Among symbiotics, there are also white dwarfs with quasi-stable burning of the shell on their
surface, although the origin of this burning is not yet clear. Probably in slow symbiotic, it is associated
with past thermonuclear release. So in June 2015, the symbiotic slow new AG Peg was seen only in its
second optical flash since 1850. This recent outbreak had a much shorter duration and lower amplitude
than the previous outburst, and it contained multiple peaks — similar outbreaks were seen in classic
symbiotic stars such as Z And. Between June 2015 and January 2016, fast Peg X-ray and UV observations
were obtained. The X-ray flux was noticeably altered in time scale, especially during the four days near
the optical maximum, when the X-rays became bright and soft. This strong X-ray variability continued for
another month, after which the X-rays became hard when the optical flux decreased. The UV flux was
high throughout the flash, which is consistent with the quasistationary burning of the shell on a white
dwarf. Considering that accretion disks around white dwarfs with shell burning usually do not produce
noticeable X-rays (due to Compton-cooling of the boundary layer), X-rays are likely to have originated
from blows in the emissions. Since the photoelectric absorption of x-rays has not changed significantly,
the variability of x-rays can be directly attributed to the properties of the discarded material. This is how
AG Peg transitioned from a slow symbiotic one (which supplanted the outbreak of 1850) to the classic
symbiotic star. [5]

In another case, the X-rays of the symbiotic star V1329 Cyg detected with XMM-Newton showed a
spectrum consisting of plasma with two temperature peaks: kT =0.11 keV and kT = 0.93 keV. The impact
velocities corresponding to the observed temperatures are about 300 km / s and about 900 km / s. No
periodic or aperiodic X-ray variations were detected; the upper limits of the amplitudes of such changes
were 46% and 16%, respectively (rms value). The nature of the soft component of the X-ray spectrum
suggests that some of the high-energy radiation may occur as a result of impacts in the jet and outside the
symbiotic nebula. Lower speed in HST observations corresponds to the speed of the expanding structure.
Higher velocity may be associated with an internal impact at the base of the jet or with impacts in the area
of accretion. [6]

According to the work of Luna G.J.M. et.al. [7] The symbiotic recurrent new T CrB showed a sharp
increase in the rate at which the material reaches the innermost part of the accretion disk, i.e., the
boundary layer, which can drastically change its structure. From data analysis from X-ray, ultraviolet and
optical telescopes and the American Association of Variable Star Observers (AAVSO) in the V and B-
bands, it was found that during the optical set, which began in early 2014 (A V= 1.5): 1 - hard X-rays, as
seen from BAT, almost disappeared; 2- XRT X-ray flux decreased significantly, while the optical flux
remained high; 3- The UV flux increased 40 times the dormancy value; and 4-x-ray spectrum has become
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much softer, and a bright, new, blackish component has appeared. Probably, the optical brightness event,
similar to the one observed approximately 8 years before the most recent thermonuclear flash in 1946, is
associated with disk instability. [7]

X-rays from five symbiotic stars observed from the Suzaku satellite were recorded. These objects
were selected for deeper observations after their first detection using ROSAT and Swift. It turned out that
X-ray spectra can be adequately adapted to the absorbed optically thin different thermal plasma models.
Such models are compatible with X-rays in the innermost area of the accretion disk, that is, in the
boundary layer. Based on the large amplitude of blinking (only detected in 4 Da), high plasma
temperature and previous measurements of UV variability and brightness, it was assumed that all five
sources are accretion-active due to the optically thick boundary layer. Considering the time interval
between the previous and these observations, the long-term variability of X-ray was studied and it was
found that its own X-ray flux and intermediate absorption column may vary depending on three or more
factors. However, the location of the source of absorption and how changes in the rate of accretion and
absorption are still elusive are still elusive. [8]

Currently, symbiotics are recognized as objects with X-rays. Of the 220 known systems, 45 were
detected on X-ray waves, most of them with radiation in the range 0.3—10 keV. However, some of them
were detected at energies up to 100 keV. X-ray satellite Suzaku investigated symbiotics in which X-rays
exceed 10 keV (T CrB, CH Cyg, V648 Car). Suzaku CD-28 3719, Hen 3-1591, Hen 3-461, EG And and 4
Dra were observed with higher quality X-ray spectra. It was found that the X-ray spectra of all five
sources can adequately correspond to the absorbed, optically thin thermal plasma models with a multi-
temperature plasma. These models are compatible with X-rays that occur in the boundary layer between
the accretion disk and the white dwarf. High plasma temperatures kT> 3 keV for all objects were higher
than expected for headwinds. Based on these high temperatures, as well as on previous measurements of
UV variability and UV brightness and on a large X-ray reflection amplitude, it was concluded that all five
sources belong to objects with accretion, with mostly optically thick boundary layers. X-ray data allow us
to observe only a small optically thin part of the radiation of these boundary layers. Considering the time
between previous observations and observations, it was found that its own X-ray flux and intermediate
absorbing medium can vary over three years or more. But the location of the absorber and the relationship
between changes in the rate of accretion and absorption are still unknown. [9]

Conclusion

Thus, the region of formation of X-ray radiation at high plasma temperatures of about kT> 3 keV is
most likely associated with the boundary layer between the accretion disk and the surface of the white
dwarf, and a soft X-ray can form in the region of wind collision. X-ray spectra can be adequately adapted
to the absorbed optically thin multi-temperature thermal plasma models. Such models can explain the
formation of X-ray radiation in the innermost region of the accretion disk, that is, in the boundary layer.
Sources with hard and soft X-ray spectral components, which are accompanied with UV blinking, are
most likely associated with accretion into predominantly optically thick boundary layers.

The work is supported by the Targeted Financing Program Ne BR05336383 Aerospace Committee of
the Ministry of Defense and Aerospace Industry of the RK.
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CUMBUOTHUKAJIBIK KYJIABI3JAPABIH PEHTI'EH
COVJIEJIEHYIHJETT EPEKIIEJIIT

AnHoTanus. JKeke CHMOMOTHKAIIBIK KYJIIBI3IAP/IbIH TAOUFATBIH TYCIHAIpyTe, X-ray CoyJeleHyiHIH 3aMaHayu
Oakputay mamimertepi kenrtipinreH. SULyn oOBEKTICIHIH CIIEKTPIIK epeKILIeNiKTepl KeH JUana3oH/Ibl peHTIeHHEH,
ONITHKAJIBIK JKOHE YJIBTPAKYJITiH jkoHe Te3 Y K-aliHbIMaIbIIbIK TaOBIIIbl, OYJ1 CUMOMOTHKAIIBIK JKYJIIBI3 aK epreker
RTCru MeH akkpenusiaaHa/bl, eprexeisie KaTaH pPEHTTCHCOYJIeNeHyl, KaOBIKIIaHBIH J>KaHybl OOMManmbl, Oy
JIETeHIMI3 aKKPELMSIHBIH TYIIKI 1IIKI KYPBIIBIMBIHA JKaJITbl TYXKbIppIMaama Oepeni. CUMOMOTHKANBIK >KyI1Ib3 V1329
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Cyg X-ray coyneneHyiHiH KeiOip Oemiri >KOoFapbl SHEPTHSUIBI COyNeleHyAiH Oomy ce6eOiH CHMOMOTHKAIBIK
TYMaHJBIKTAaH THIC aFBIH COKKBUIAPBIHBIH HOTIDKeCiHIe 00iysl cyMKiH. TCrB pekkypeHTTI aHa CHMOHMOTHKAIBIK
JKYIIABI3AA KBUIIAMABIKTEIH KEHETTeH OcCyl, IIeKapajblK KadaT sSFHM aKKpPEeIFSUTBIK TUCKTIH TYIIKI imIKi OeiriHe
MaTepUsHBIH JKETyi OHbIH KYPBUIBIMBIHBIH @3repicine okeseni. Suzaku penrtre cepiri coysesnenyi 10 k3B acarbin
(TCrB, CHCyg, V648 Car) cuMOMOTHKANbBIK KyJIab3aapasl 3eprreni. lllexapanblk kadarTa akKpenualblK JHCK
JKOHE aK eprexkei/iiH PeHTIeH coyleneHyiHie Moesbaepi calikec kenetin SuzakuCD-28 3719, Hen 3-1591, Hen 3-
461, EGAnd xone 4 Dra oObekrinepine Oakpuiayaap »ypri3uii. by mympIcTa, CHUMOMOTHKANBIK KYJIIBI3AAPIbIH
TaOWFAThIH TYCIHIIPYre FaphIITHIK TEJICCKONTAP KOMErIMEH OarbUIAHFaH KEKe CHUMOMOTHKAJIBIK MKYJIIbI3AaPIbIH
JKAJIITBI YKCAC )KEKE KACUETTEPiH Ta0y OOJIBII TaObLIAIbI.
Tyiiin ce3nep: CUMOMOTHKANBIK XKYJIIBI3AAP, TAOUFAT X-ray CoyJIe/IeHY.

YK 524.386
JI.A. I1aBsioBa
Actpodusuaeckuiit MacturyT um @ecenkoa, Anmarsl, Kazaxcran

OCOBEHHOCTU PEHTTEHOBCKOI'O U3JIYYEHUA B CUMBUOTHUYECKHX 3BE3/IAX

AnnHoranus. [IpuBeneHb COBPEMCHHBIC NaHHbIC HAOIIOACHUI X-ray M3Jy4eHHs OTACIbHBIX CHMOMOTHYCCKIX
3B€3]] JUISl BBUICHEHMS MX INpUpojbl. Tak, CHEKTpajbHbIE OCOOCHHOCTH B IIMPOKOM [HMalla30HE OT pPEHTIeHa,
onTuyeckoro M ynbrpaduonera u Obictpas Y®d-u3meHumBocTh, oOHapyxeHHas y SU Lyn, coriacyrorcs c
NPEAIIOIOKEHHEM, YTO 3TO CUMOMOTHYECKas 3Be3/a C akkpeuupyromuMm OenbiM kapiaukoM. RT Cru sisercs
MPOTOTUIIOM CHMOHOTHKOB 0€3 TOpeHHsI OOOJIOUKH Ha KapJiHKe C JKECTKUM THIIOM PEHTI€HOBCKOTO W3IIyUEHUS,
o0ecrieunBaONMM MPEACTABICHHE O CaMBIX BHYTPEHHHMX CTPYKTypax akkpenuu. Tun X-ray H3IydeHHs
cumbnotryeckoit 3Be3nbl V1329 Cyg mokas3plBaeT, 4TO HEKOTOpas YacTh M3IYYCHHUS BBICOKOW DHEPTHH MOXKET
BO3HHMKaTh B PE3yNbTaTe YIAapoB B CTPye M 3a NpelaeraMd CUMOHMOTHYECKOW TyMaHHOCTH. Y CHMOHOTHYECKOH
pexyppentHas HOBoM T CrB oOHapykeHO pe3koe yBEeTHUeHHE CKOPOCTH, C KOTOPOH MaTepuan AOCTHIaeT CaMOM
BHYTPEHHEH 4acTH aKKPEIMOHHOI'O JWCKA, T. €. IOIPaHUYHOIO CJIOS, 3TO MOXET Pe3KO M3MEHHTh €r0 CTPYKTYpY.
PenTrenoBckuii cyTHHK Suzaku wccienoBai CUMOMOTHKH, Y KOTOPBIX PEHTTCHOBCKOE M3ydeHUE mnpesbimact 10
k3B (T CrB, CH Cyg, V648 Car). IIpoenens Hadmronenust Suzaku CD-28 3719, Hen 3-1591, Hen 3-461, EG And
n 4 Dra, y KOTOPBIX MOJIETH COBMECTHUMBI C PEHTT€HOBCKHM H3JIyY€HHEM, BOSHHKAIOIIUM 8 NOCPAHUYHOM ClO€
MedncOy aKKpeYUoHHbM Ouckom u OenbpIM KapnukoM. B nmaHHOW paboTe paccmarpuBaloTcs pa3HOOOpasHbIe
HaOJr0JaeMble CBOWCTBA OTAENBHBIX CUMOMOTHYECKHUX 3BE3Jl HA KOCMHUYECKUX TEJIECKOINax ISl BBISBICHUS OOIINX
MIPU3HAKOB, CIOCOOHBIX OOBSICHUTB IPUPOTY CUMOMOTHUYECKNX 3BE3].

KaioueBble c10Ba: ciMONOTHYECKHE 3BE3/bI, TPUPOAA X-ray U3TydeHHS.
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THE ESTIMATION OF THE RELIABILITY OF THE DATA FROM
THE SHAMAKHA SPECTROPHOTOMETRIC CATALOGUE

Abstract. On the basis of existing spectrophotometric catalogues and individual articles we plan to create a
joint uniform catalogue of stars with known distributions of energy in their spectra. As original catalogues we intend
to use catalogues which were created in the Fesenkov astrophysical institute, Sternberg astronomical institute, Main
astronomical observatory RAS, Odessa astronomical and Shamakha astrophysical observatories. At the preliminary
stage of the proposed project, it is necessary to assess the reliability of the data of initial catalogues. The first three
catalogues are already investigated in this respect. In this paper, we analyze the data of the Shamakha catalogue. The
reliability of the data is estimated by indirect means — according to the similarity of magnitudes calculated from the
energy distribution with the directly observed star magnitudes using the most accurate photometric WBVR-system.
Calculations of the magnitudes and color-indexes are made using standard formulas for synthetic photometry. Then,
the difference (residuals) between calculated and directly observed stellar magnitudes was computed. The results of
calculations are presented in the table. On their basis the dependencies of residuals from the V- magnitudes and
color-indexes were plotted. From them follows that noticeable systematic errors in Shamakha spectrophotometric
catalogue are absent. However, there are a significant number of accidental residuals reaching 0.20™ and higher. The
results of the calculations will be used for creating joint catalogue and for the selection of standard stars from it.

Key words: stars, energy distribution, Shamakha spectrophotometric catalogue, catalogue WBVR-magnitudes,
comparison.

Introduction. Since the astronomical observations are performed on different instruments and at
different conditions, they must be standardized. Standardization of spectrophotometric observations are
carried out by binding the observations of the studied bodies to the B-G-stars with a known distribution of
energy in their spectra. We intend to create the joint spectrophotometric catalogue, which covers all
existing catalogues and articles in which the absolute energy distributions are represent. Similar
catalogues were created previously as well, see, for example [1, 2]. The catalogue planned by us is similar
to the compile catalogue [2], but is more complete. In addition, its data will be reduced in more common
calibration of Vega - main spectrophotometric standard.

In the joint catalogue the stars will be marked that can be used for the purposes of standardization
and calibration of receiving-recording equipment. At present, the most frequently used three
spectrophotometric catalogues, which were created in FAI [3], SAI [4] and MAO RAS [5]. All three
catalogues are detailed investigated. There are still three analogues catalogue, created in Odessa
Astronomical Observatory [6,7] and Shamakha Astrophysical Observatory [8]. It is obvious that the joint
catalogue will greatly facilitate users to find suitable standards.

The method of calculations. The present paper is a first step in creating the joint catalogue. It is
devoted to the estimation of the reliability of the data of the Shamakha catalogue. Analysis carried out by
indirect means, namely, by comparing the magnitudes and color-indexes calculated from the distribution
of energy with directly observed indexes. Such comparison is necessary because the authors of Shamakha
directory used as standards, in addition to the 8 primary standards, 20 other stars being zonal standards
[9]. Accuracy of zonal standards is lower than primary. In addition, some of them are suspected of
variability. Note that due to the lack of spectrophotometric data other authors’ method of comparison with
photometric data is used quite often. In this comparison, of course, information about errors and faults of
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energy distribution in narrow spectral intervals is lost. Comparison with photometric data helps to identify
only big errors in the spectral energy distribution of the stars under investigation. Such an analysis is
made by the authors of Shamakha catalogue in the UBV-system. Photometric data were taken from the
compile catalogue Nikolet [10]. The accuracy and homogeneity of the data of this catalogue is relatively
low. We, however, took the most precision photometric catalogue WBVR-magnitudes [11]. Magnitude in
band V and color-indexes W-B and B-V calculated with the next formulas [12]:

V = 2.5 IgZE(L)xSy(W)xAX + Cy; (1)
W-B = -2.5 Ig [SE(W)xSw(A)xAL] / [S E(M)xSp(M)xAA] + C us ; )
B-V =-2.5 Ig [SE(A)xSp(L)xAA] / [E EQ)xSy(M)xAR] + C gy ; 3)

where E(L) - monochromatic illumination on wavelength A; Sw, Sg and Sy - response curves photometric
bands W, B and V; AL - length averaging interval energy distribution curves, histogram step.

Reaction curves of the corresponding bands were taken from the directory [11]. Numerical values of
the constants depend on the adopted zero-point scale of magnitudes, absolute calibration of primary
standards and physical units. Note that in Shamakha catalogue the "old" Vega-calibration was used, which
was obtained in FAI in 1968. [9]. The constants in equations (1-3) are defined using the star HD221525,
which served as the primary standard in catalogues [3, 11]. For bands W, B and V they respectively
amount to 1.285™, 2.629™ and 2.039"™. Then residuals 8V = Vi - Vips, 0(B-V) = (B-V)eat - (B-V)obs
1 O(W-B) = (W-B)ca- (W-B)ops were calculated. The numeric values of the residuals are put into table (see
annex).

Results and discussion. The table shows that for some stars the residuals reach 0.2™ or more, which
is much larger than the errors of observation listed in the Shamakha catalogue. Large values of residuals
can be explained both with variability of studied stars and with errors of observations. One of the reasons
for significant differences can be used as primary standards for variable stars, or stars, for which the
energy distribution in their spectra is erroneous. Each case requires special consideration. This was not
intended in this work. For visualization of results our calculations the different dependencies for residuals
were formed (figures 1-4). The graphs were constructed according to date for stars of first half of
catalogue (number from 1 to 212). The stars with residuals > 0.30™ (in table they by asterisk marked) on
graphs are not represent.
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Figure 2 - The dependence of the residuals 8V from color-indexes B-V
—— 43 ——




News of the National Academy of sciences of the Republic of Kazakhstan

0,2
0,15 - . -
0’1 ° ° : - : o’
° ° ° ... f X
a 0,05 v . . + ..‘. % .‘. .
1 ° . ° ‘. R o2 30, ©
; 0 T Ly - T .'f':..o" o, T |
= ° 3 ° oo o ‘. ’ ° P o ©
T 0,05 ¢ I ‘4'...“?.‘:".'6 V—7
0,1 : : T, e
-0,15 S - e, T,
-0,2 :
Figure 3 - The dependence of the residuals 3(W-B) from V
0,2 .
011 ° :. © : L &
— ° ° o ; ° O.o ® 328 '..c' °
>l ° ° 4 ° ° o °° .' ‘e -’ % & ‘. °
e‘ 0 T |.: 1] ;v .;%‘ T oo .;\..‘?. :. ib‘ a. —
] 0 1 2" 3 . 4, "5z 6 7
_0'1 - 'y ® o °
-0,2 .t

Figure 4 - The dependence of the residuals 3(B-V) from V

The results of our calculations might be used by other observers in case of choosing the

spectrophotometric standards from Shamakha catalog. For the standardization of observations it is
advisable to use standard stars with residuals less than 0.03™-0.04".

Table 1 - The values V, (W-B) and (B-V) and residuals 8V, & (W-B) and § (B-V)

No HD Sp \Y% 3V W-B 3(W-B) B-V §(B-V)
1 3 7 4 5 6 7 8 9

1 144 BOIlle 5.582 -0.203 -0.225 0.056 -0.024 0.049
2 358 B8IVp 2.067 0.060 -0.566 -0.063 -0.064 0.071
3 432 F2I1I-IV 2.275 -0.076 0.068 -0.072 0.34 0.145
4 560 B9Vn 5.541 0.043 -0.251 0.119 -0.074 -0.009
5 886 B2IV 2.826 0.053 -1.054 -0.005 -0.204 0.049
6 1976 B3IV 5.586 0.095 -0.735 0.014 -0.104 -0.051
7 2011 BOIlle 5.388 0.106 -0.168 0.001 0.009 0.004
8 2054 BIIV 5.729 0.075 -0.380 -0.024 -0.062 0.057
9 2628 ATII 5214 -0.060 0.071 0.060 0.264 -0.024
10 2772 B8Vn 4731 0.036 -0.401 0.015 -0.09 -0.026
11 3240 B7II 5.085 0.052 -0.460 -0.007 -0.103 0.023
12 3546 GSIIIp 4.360 -0.036 0.295 -0.024 0.885 -0.010
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13 3627 K3I11 3.279 0.025 1.352 -0.008 1311 -0.074
14 3712 KOIlla 2.245 0.156 0.966 0.038 1.193 -0.045
15 4222 A2Vs 5.416 0.022 0.073 0.038 0.019 0.043
16 4382 BSIII 5.422 0.013 -0.508 0.044 -0.057 0.081
17 4614 GOV+M 3.439 -0.007 -0.154 0.021 0.590 -0.002
18 4813 E7IV-V 5.171 -0.023 -0.154 0.083 0.510 0.083
19 5015 F8V 4.797 0.050 -0.082 0.003 0.553 0.036
20 5112 MOIII 4761 0.029 1.795 -0.154 1.614 0.002
21 5394 BOIVe 2.179 0.170 -1.315 -0.011 -0.051 0.010
22 5395 G8.511Ib 4.634 0.034 0.481 -0.015 0.977 0.025
23 5408 B9IVn 5.563 0.018 -0.393 -0.047 -0.061 0.023
24 5848 A5V 3.861 0.044 0.152 -0.044 0.130 0.145
25 6186 KOIlla 4.268 0.033 0.528 -0.046 0.983 0.042
26 6582 G5Vp 5.177 -0.007 -0.092 -0.006 0.692 0.001
27 6676 B8Vn 5.769 -0.009 -0.355 -0.032 0.002 -0.012
28 6805 K1.5111 3.46 0.045 1.040 -0.037 1.186 0.064
29 6860 MOIlla 2.078 0.073 1.888 -0.167 1.639 -0.026
30 6960 B9.5V 5.564 -0.031 -0.151 -0.017 -0.063 0.014
31 6961 ATV 4.342 0.039 0.143 -0.028 0.168 0.026
32 6972 BIIV 5.576 0.020 -0.374 -0.005 0.079 -0.127
33 7034 FOV 5.161 -0.009 0.261 -0.025 0.252 0.071
34 7106 KOIIIb 4.520 0.011 0.845 -0.162 1.118 0.133
35 7318 KOIII 4.672 0.030 0.680 -0.057 1.065 0.060
36 7439 F5V 5.150 -0.037 -0.168 -0.048 0.441 0.033
37 7927 FOla 4.982 -0.065 0.597 -0.003 0.711 -0.092
38 8374 Alm 5.594 -0.054 0.085 -0.023 0.279 -0.013
39 8491 KOIII 4.737 0.012 0.777 -0.049 1.068 0.010
40 8538 ASII-TV 2.674 0.011 0.179 -0.075 0.132 -0.005
41 8890 F7Ib-Ily 1.986 -0.119 0.332 0.155 0.605 0.134
42 9408 GOIlIb 4.699 0.013 0.578 -0.045 1.008 0.011
43 10204 sgA9 5.643 -0.030 0.138 -0.038 0.211 -0.008
44 10221 AO0pSi 5.560 0.039 -0.295 -0.020 -0.057 0.002
45 10425 B8IIIn 5777 0.014 -0.381 -0.017 0.001 -0.005
46 10982 B9.5V 5.858 -0.073 -0.146 -0.068 -0.044 0.029
47%* 11415 B3III 3.351 1.577 -0.722 0.163 -0.125 0.083
48 11443 F6IV 3.424 0.019 -0.063 -0.063 0.479 0.039
49 11502/3 B9V+AIp 3.874 -0.065 -0.135 0.084 -0.035 -0.037
50 11857 BS5III 6.011 0.027 -0.508 -0.004 -0.014 -0.020
51 11909 K1Vp 5.110 -0.015 0.539 -0.100 0.936 0.036
52 11946 AOVn 5.300 -0.072 -0.001 -0.161 -0.010 0.001
53 11973 0.239 4.788 -0.067 0.064 0.108 0.285 -0.047
54 12471 A2V 5.513 0.046 0.094 -0.042 0.040 0.036
55 12533/4 K31Ib+B8 2.089 -0.013 0.778 -0.083 1.222 0.007
56 12573 ASIII 5.423 0.031 0.185 -0.033 0.150 0.002
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57 12869 A2m 5.037 -0.067 0.098 0.057 0.126 0.048
58 12929 K2IIlab 2.019 0.011 0.953 -0.024 1.180 -0.029
59 13161 ASTIT 3.018 0.004 0.154 -0.051 0.139 0.023
60 13869 A0V 5.259 0.069 -0.059 -0.044 -0.011 0.051
61 13974 GOV 4.873 -0.043 -0.144 0.003 0.612 0.007
62 14191 AlVn 5.580 -0.042 0.049 0.032 0.004 -0.024
63 15089 A5pSr 4477 -0.047 0.040 -0.068 0.132 0.017
64 16161 G8III 4.865 0.010 0.382 -0.128 0.882 0.052
65 16739 F9V 4918 -0.043 -0.025 0.027 0.570 0.013
66 17584 F2111 4.230 -0.010 0.057 0.028 0.346 -0.009
67 17904 F4IV 5.333 -0.020 -0.056 0.050 0.425 -0.047
68 18411 A2Vn 4.694 0.010 0.157 -0.041 0.059 0.026
69 18449 K2III 4.947 -0.010 1.142 -0.099 1.261 0.022
70 18604 B6III 4.702 -0.050 -0.549 0.040 -0.101 0.024
71 18883 B7V 5.618 -0.013 -0.511 -0.027 -0.113 0.032
72 18884 M1.511Ia 2.532 -0.102 1.875 0.002 1.681 0.012
73 19058 MA4II 3.315 0.053 1.731 -0.152 1.675 0.008
74 19787 K2IIIv 4351 0.028 0.750 -0.018 1.047 0.107
75 20315 B8V 5.486 -0.111 -0.437 0.085 -0.063 0.023
76 20365 B3V 5.160 -0.004 -0.724 0.006 -0.050 0.048
77 20418 B5V 5.047 -0.011 -0.694 -0.026 -0.055 0.041
78 20677 A3V 4,961 -0.146 0.067 0.052 0.055 0.025
79 20809 B5V 5.324 -0.095 -0.683 0.038 -0.064 0.019
80 20902 F5Ib 1.793 -0.097 0.398 -0.038 0.500 0.051
81 21278 B5V 4.989 0.005 -0.689 -0.027 -0.083 0.015
82 21362 B6Vn 5.597 0.039 -0.583 0.029 -0.042 0.035
83 21428 B3V 4.663 0.061 -0.735 0.065 -0.091 0.023
84 21447 A1V 5.106 -0.031 0.069 -0.057 0.028 0.034
85 21552 K3III 4.353 0.026 1.429 -0.144 1.416 0.086
86 21699 B8IIIpMn 5.458 0.026 -0.724 0.024 -0.100 0.048
87 21770 FA4III 5314 0.047 -0.125 -0.155 0.400 0.180
88 22780 B7Vne 5.589 0.055 -0.528 -0.171 -0.079 0.119
89 22928 BSIII 3.010 -0.069 -0.621 0.001 -0.118 0.041
90 22951 B0.5V 4.975 -0.059 -1.041 0.014 -0.014 -0.010
91 23016 B9Vne 5.684 -0.064 -0.340 -0.029 -0.011 0.015
92 23193 A2m 5.605 -0.099 0.116 -0.010 0.065 -0.005
93 23288 B7IV 5.467 -0.023 -0.421 -0.013 -0.045 -0.009
94 23300 B6V 5.661 -0.108 -0.590 0015 -0.067 0.030
95 23324 B8V 5.663 0.021 -0.447 -0.007 -0.074 0.034
96 23630 B7llle 2.872 -0.033 -0.420 0.085 -0.087 -0.040
97 23753 B8V 5.456 -0.014 -0.390 -0.013 -0.070 -0.019
98 23793 B3V+F5V 5.064 -0.080 -0747 0.048 -0.127 -0.002
99* 23862 B8Vpe 5.116 0.990 -0.333 -0.115 -0.074 0.025
100 23985 A2V+AS5V 5.237 -0.043 0.052 0.002 0.218 -0.030
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101 24504 B6V 5.392 -0.092 -0.615 0.017 -0.077 0.011
102 24546 F51V 5.291 -0.027 -0.127 0.009 0.415 0.008
103 24760 B0.5V+A2 2.894 0.085 -1.210 -0.015 -0.177 0.002
104 25204 B3V+A4IV 3.413 -0.014 -0.757 0.053 -0.116 0.002
105 25330 B5V 5.661 0.002 -0.551 0.044 0.032 -0.001
106 25570 F2v 5.449 0.011 -0.111 0.007 0.369 -0.006
107 25604 KOIII 4.359 0.023 0.815 -0.183 1.088 0.082
108 26793 B9Vn 5216 -0.003 -0.405 0.023 -0.096 0.026
109 26965 K1V 4.424 0.087 0.259 -0.056 0.814 0.112
110 27397 FOIV 5.582 -0.034 0.028 0.001 0.276 0.002
111 27459 FOV 5.256 0.026 0.084 -0.064 0.220 0.121
112 27749 Alm 5.637 -0.052 0.119 -0.040 0.301 0.008
113 27819 ATV 4.800 0.029 0.117 -0.010 0.165 0.005
114 28556 FOV 5.398 -0.050 0.061 0.018 0.261 -0.023
115 28910 A8V 4.656 -0.027 0.071 0.011 0.246 -0.018
116 29139 K5I 0.885 -0.026 1.834 -0.016 1.593 0.013
117 29365 B8V 5.866 -0.071 -0.454 -0.016 -0.024 -0.044
118 29479 A4m 5.085 -0.033 0.136 -0.030 0.120 -0.054
119 29488 A5Vn 4.685 -0.069 0.153 0.026 0.147 -0.052
120 30780 ATIV-V 5.083 0.025 0.103 -0.037 0.216 -0.021
121 31373 B9V 5.791 -0.043 -0.570 -0.027 -0.087 -0.004
122 31398 K311 2.692 0.031 1.632 -0.066 1.561 0.010
123 32549 AOp 4.675 0.010 -0.100 0.029 -0.070 -0.009
124 33167 F5V 5.679 0.012 -0.079 -0.034 0.437 -0.035
125 33959 A9IV 5.038 -0.129 0.136 -0.023 0.211 0.011
126 34029 GS5Ie+GO 0.052 -0.020 0.285 -0.019 0.843 0.035
127 34203 A0V 5.526 -0.109 0.022 0.005 -0.024 -0.052
128 34557 A3V 5.471 0.014 0.102 0.022 0.118 0.015
129 34559 G8III 4.965 -0.142 0.537 0.024 0.952 0.005
130 34790 A1V 5.667 -0.060 0.064 -0.030 0.040 0.039
131 34904 A3V 5.559 -0.053 0.149 -0.028 0.121 0.021
132 34989 B1V 5.778 -0.177 -1.099 0.068 -0.112 -0.091
133 35296 F8V 4.998 -0.091 -0.140 0.009 0.529 0.004
134 35600 BIIb 5718 -0.046 -0.202 -0.020 0.190 0.007
135 35671 B5V 5.394 0.015 -0.684 0.027 -0.096 -0.057
136 36371 B5lab 4727 -0.057 -0.656 0.004 0.318 0.025
137 36653 B3V 5.605 0.005 -0.788 0.009 -0.121 0.014
138 36819 B2.51V 5373 -0.098 -0.795 0.039 -0.085 0.015
139 36861/2 08e 3.386 0.052 -1.268 -0.012 -0.156 -0.017
140 36881 BIIIIp 5.601 0.069 0.143 -0.008 0.187 -0.009
141 37098 BIIV-V 5.833 -0.263 -0.477 0.021 -0.066 0.052
142 37147 FOV 5.521 -0.065 0.081 0.018 0.223 -0.001
143 37269 B9.5V+F9 5.357 -0.086 0.197 -0.033 0.447 0.033
144 37320 BSIII 5.865 0.060 -0.453 -0.005 -0.059 -0.020
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145 37438 B3IV 5.165 -0.055 -0.867 0.042 -0.148 0.027
146 38656 G8III 4.534 -0.030 0.513 0.115 0.965 0.017
147 38771 B0.5Iav 2.056 -0.022 -1.257 0.044 -0.155 0.007
148 39291 B2IV-V 5.340 -0.158 -1.039 -0.022 -0.192 -0.003
149 40394 B9.5p 5.718 -0.119 -0.121 0.147 -0.014 0.069
150 40536 A6m 5.043 -0.048 0.175 -0.046 0.179 -0.087
151 40967 BSIIT 4.970 -0.124 -0.752 -0.034 -0.115 -0.009
152 41040 BSIII 5.132 0.012 -0.530 0.018 -0.118 0.051
153 41117 B2laev 4.629 0.051 -0.900 0.008 0.263 0.046
154 41335 B2Ven 5.238 -0.168 -1.082 0.037 -0.054 -0.094
155 42087 B2.5Tbe 5.755 -0.045 -0.813 -0.036 0.201 0.077
156 42477 A(OVnn 6.044 0.047 0.056 -0.014 0.012 0.055
157 42995 M3III 3.172 0.276 1.549 -0.082 1.624 0.027
158 44478 M3IlIab 2.879 0.092 1.914 -0.052 1.699 -0.070
159 46089 A3V 5.232 -0.026 0.107 0.050 0.169 -0.065
160 46553 A0Vnn 5.267 -0.400 -0.027 0.113 -0.019 0.045
161 47105 AO0IV 1.920 0.079 0.099 0.019 0.006 -0.080
162* 47152 B9np 5.765 -0.448 -0.084 0.111 -0.003 0.050
163 47839 O7Ve+B7 4.645 0.142 -1.309 0.026 -0.226 -0.051
164 48097 A2V 5.220 -0.027 0.062 0.062 0.055 -0.074
165 48329 G8Ib 3.003 0.020 1.305 -0.002 1.435 -0.003
166 48433 KOIII 4.505 -0.016 0.996 0.087 1.188 0.015
167 48737 FsIII 3.343 -0.026 -0.062 0.043 0.449 -0.038
168 49606 B71II 5.854 -0.029 -0.621 -0.059 -0.130 -0.040
169 49908 A2V 5.271 0.141 0.082 0.014 -0.004 -0.036
170 50635 FOVp 4.649 0.071 0.003 0.069 0.322 -0.048
171 58187 ASIV 5.375 0.067 0.159 0.038 0.101 -0.014
172 58715 B8Ve 2.876 -0.112 -0.318 0.044 -0.090 -0.032
173 58923 FOIII 5.222 0.241 0.179 0.070 0.221 -0.017
174* 59037 A4V 5.076 -0.352 0.118 -0.043 0.121 -0.006
175 60178/9 A1V+A2Vm 1.568 0.008 -0.003 -0.040 0.039 0.017
176* 62509 KOIIIb 1.138 -0.433 0.671 -0.055 1.024 0.355
177 63975 BS8II 5.125 0.057 -0.552 0.064 -0.115 -0.048
178* 64145 A3V 4.972 -0.474 0.141 -0.384 0.100 -0.114
179 65900 AlV 5.650 0.045 0.040 0.066 0.006 -0.070
180 73471 K211 4.452 -0.094 1.123 -0.112 1.243 -0.179
181 74280 B3V 4.283 -0.070 -0.928 0.076 -0.179 -0.094
182 74521 Alp 5.651 -0.020 -0.309 -0.041 -0.090 0.065
183 74738/9 A3V+G7.5111 4.033 -0.040 0.612 -0.087 1.008 -0.197
184 74874 GSII+ABIV 3377 0.038 0.230 0.073 0.696 -0.033
185 75137 A0Vn 4.348 0.031 -0.019 -0.067 -0.031 -0.008
186 76294 GOII-1IT 3.117 0.083 0.616 -0.056 1.023 -0.127
187 76644 A7IV+dM1 3.133 -0.016 0.045 -0.020 0.199 0.000
188 77309 A2V 5.750 -0.071 0.080 -0.057 0.020 0.043
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189 | 78316 BSIIIp 5.240 -0.133 0549 [0.024 -0.089 -0.020
190 | 78556 BO.5111 5.603 0.033 0.164 | -0.075 -0.062 0.056
191 | 79439 A5V 4818 0.013 0.068 0.011 0.193 0.093
192 | 80586 GSII+F5V 4818 0.138 0.501 -0.163 0.943 -0.041
193* [ 81797 K311 1.988 0.386 1.591 -0.022 1.491 -0.091
194 | 82308 K5I 4304 -0.031 1.819 -0.154 1583 -0.075
195 [ 82621 A2V 4.481 -0.116 0.094 0.034 0.035 0.167
196 | 84441 GIII 2.966 0.158 0.317 0014 [ 0822 -0.130
197 [ 85235 A3IV 4566 0,045 0.121 0.057 0.038 0.005
198 | 85376 ASIV 5.285 0,039 0.032 0.003 0.242 0,044
199 | 85558 ATVFASY 5.079 0.041 0.050 0.080 0.025 0017
200 | 85795 A3 5.287 0107 0.095 0.031 0.063 0.132
201 | 86146 F6Vs 5114 0,074 0121 | 005 0.455 0.003
202 | 86360 BOIV 5.267 0.080 0114 | 061 -0.051 0,004
203 [ 96663 M2Illab 4.688 0.019 1.909 0,054 1.654 0,054
204 [ 87015 B2.5IV 5.672 0,060 0905 | 0073 -0.179 0.026
205 [ 87737 AOIb 3.510 0.050 0225 | 9007 | 0017 0.002
206 | 89021 A2IV 3.441 0,052 0.108 0.155 0.031 0.015
207 | 89025 FOIII 3.440 0.183 0.181 0047 | 0302 0202
208 [ 89484/5 | KINIb+G7 2.008 0.014 0.795 0.069 1.159 0,055
209 | 89758 MOII 3.048 0.186 1.816 0,057 1626 0106
210 | 90839 F8V 4833 0120 0166 | gos6 | 0-527 0.001
211 [ 91312 ATIV 4721 0.046 0.052 0,002 0.211 0.044
212 [ 91480 FIV 5.157 0177 0114 | o039 | 0346 0.027
213 [ 94334 A1Vs 4.672 0,006 0033 | g0 | 0039 0.069
214 [ 95128 GOV 5.037 0.005 0056 | go18 | 0622 0.024
215 [ 95418 ALV 2345 0.126 0.026 0050 | 0012 0.053
216 | 95608 Alm 4.406 01035 0.075 0019 | 0046 0018
217 | 95689 KOIIa 1.793 0.071 0.748 0.042 1.093 0022
218 | 96738 A3IV 5.703 0.017 0.152 0.042 0.068 0,004
219 [ 96833 K11 3.016 0.039 0.963 0111 1177 0.028
220 | 97603 A4V2 2.547 0.225 0.133 0.008 0.127 0,032
221 [ 982301 | GOV 3.762 0.121 0153 | o067 | 0-595 0019
222 | 98262 K31lIp 3478 0.082 1.434 0,183 1.442 0.031
223* [ 100203 F6V+G3V 5.466 0331 0171 | o016 0.507 0.048
224 [ 102212 Mi1llab 4.031 0,007 1754 0,059 1.561 0,062
225 | 102647 A3V 2123 0,054 0.085 0.080 0.102 0.009
226 | 108283 FOp 4.920 0016 0.203 0.089 0.266 0.025
227 | 110423 A2V 5.578 0.011 0017 | o018 -0.008 0.031
228 | 112413 Alp 2.904 0.047 0419 [ 013 -0.098 0.068
229 [ 113797 BOV 5.198 0,045 0224 | 043 -0.069 0122
230 | 115004 KOII 4.949 0,041 0.757 0094 1.079 0.085
231 | 115271 ATV 5.786 0.010 0.113 0052 | 0195 0.114
232 | 115604 F311I 5.718 0.014 0.203 0.063 0.307 0116
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233 [ 116656/7 | AIVp+Alm | 2.033 0.099 0.040 0,012 0.032 0.060
234 | 116842 A5V 3.999 0.001 0.074 0.065 0.171 0,002
235 [ 118022 Alp 4.929 0,085 0011 | 001 0.028 0.002
236 | 118098 A3V 3.377 0.197 0.091 0.042 0.119 0.035
237 | 118232 A5V 4.669 0.014 0.144 0,085 0.141 0.072
238 | 119228 M2Illab 4.649 0.019 1.901 0023 1.686 0.073
239 | 120136 FOIV 4.489 0.053 0101 | o041 0.488 0.002
240 | 124897 K11IIb -0.089 0.087 1.096 0172 1.270 0.009
241 | 125161 A9V 4753 0.166 0.033 0070 | 0213 0010
242 | 126661 FOm 5412 0,070 0.190 0068 | 0229 0.108
243 | 128167 F2v 4.465 0,058 0195 | gos0 | 0373 0.082
244 [ 129174/5 | B9ptA6V 4504 0.055 0365 | 0034 -0.008 0.022
245 [ 129988/9 | A2V+KOII 2371 0.137 0.600 0104 | 0986 0.001
246 | 133582 K21II 4528 0,086 1187 0136 1.293 0.051
247 | 134083 F5V 4928 0.071 0161 | gog9 | 0443 0.123
248 | 135722 GSIII 3479 0.144 0.492 0056 | 0977 0.041
249 | 136849 BOVn 5.384 0,005 0219 | 0000 -0.053 0.000
250 | 137391 FOV 4313 0,028 0.003 0.034 0.315 0.006
251 | 137759 K211 3311 0,036 1.066 0,004 1.195 0.043
252 | 137909 FOp 3.669 0.042 0.070 0042 | 0279 0,012
253 | 1389178 | FOIV 3.797 0,035 0.095 0068 | 0257 0.026
254 | 139006 AOV 2.219 0.071 0.007 0027 | 0019 0.055
255 | 140573 K21lIb 2.631 0.008 1107 0,099 1.200 0.083
256 | 140775 AOV 5.568 0,034 0.077 0060 | 0032 0.205
257 | 141004 GOV 4419 0,003 0064 | 075 0.611 0.079
258 | 141653 A2IV 5.197 0.042 0.082 0.013 0.052 0.031
259 | 141714 G351V 4.652 0,018 0.192 0.091 0.805 0.031
260 | 146926 B8V 5.49 0.048 0453 | oom -0.096 0.007
261 | 1476777 | KOII 4861 0,010 0.638 o148 | 0.993 0122
262 | 148387 G8lllab 2.730 0,018 0.468 0.083 0.922 0018
263 | 148856 G7llla 2.783 0,000 0.494 0.088 0.945 0.006
264 | 150680 GOIV 2.811 0.033 0.032 0.002 0.654 0013
265 | 151525 Bp 5.229 0.065 0.017 0111 0.017 0.050
266 | 151956 A3m 5479 0.147 0.116 0.071 0.110 0.072
267 | 153210 K211l 3.195 0.145 1.026 0.140 1181 0.060
268 | 154029 A3IV 5.279 0.053 0.069 0106 | 0.015 0.089
269 | 154494 A4V 4871 0,039 0.111 0052 | 0137 0.013
270 | 155103 A5m 5.408 0103 0002 | 0031 0.310 0.022
271 | 156014/5 | M5Ib-lla 2.933 0.115 0.948 0133 1507 0.007
272 | 156164 A3IV 3.118 0,036 0.072 0.106 0.085 0.057
273 | 156729 A2V 4615 0,081 0.055 0011 0.039 0.010
274 [ 157087 A3 5372 0,046 0.148 0.100 0.051 0,004
275 [ 157198 A2V 5.131 0.001 0.079 0112 -0.004 0.053
276 | 157728 FOIV 5714 0.043 0.021 0,004 0.226 0,004
277 [ 1577789 | BO.5III+ 4154 0,088 0.019 0.032 -0.029 0.022
278 | 158352 A8V 5415 0.074 0.087 0.025 0.242 0.046
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279 [ 159139 AV 5.652 0.068 0010 | o064 -0.002 0.005
280 | 159181 G2Ib-1la 2.795 0,140 0.465 0089 | 0980 0.001
281 | 160181 A2Vn 5.754 0.002 0.052 0.070 0.119 0.001
282 | 161797 G5IV 3416 0.280 0.208 0.016 0.761 0.006
283 | 161858 AOV 3.743 0.011 0.066 0.057 0.040 0.004
284 | 163472 B2IV-V 5.821 0,005 0845 | 0.068 0.098 0.006
285 | 163506 F2Ibe 5416 0,006 0.383 0.007 0.332 0.065
286 | 164136 F2I1 4.403 010 0.168 0010 | 037 0.051
287 | 164284 B2Ve 4610 0.070 1068 | o111 -0.001 0.000
288 | 164577 A2Vn 4.436 0,056 0.036 0.147 0.031 0013
289 | 165908 F7V 5.059 0124 0213 | o018 | 0529 0.079
290 | 166045 A3V 5.857 0,083 0.092 0.014 0.129 0.058
291 | 166046 A3V 5.878 0155 0.039 0.056 0.142 0.029
292% | 167006 M3 4967 0,089 1912 0377 1.685 0.009
293 | 168723 K2I1lab 3.251 0018 0.478 0086 | 0.955 0.050
294 | 169702 A3IVn 5.127 0151 0.123 0009 | 0.040 0.036
295 | 174044 BSII-IlIp 5.408 0.074 0611 | go7a | -0.095 0.074
296 | 173417 FIIIIV 5.688 0,066 0037 | 014 0.353 0.025
297 [ 1735823 | A4VHFIV 4,681 0,054 0.073 0007 | 0174 0.039
298 [ 173607/8 | A8Vn+FOVn | 4.604 0107 0.084 0.021 0.185 0.046
299 | 173648 Am 4344 0,009 0.178 0.025 0.201 0.041
300 | 174602 A3V 5.226 0129 0.136 0052 | 0.098 0.066
301 | 175426 B2.5V 5.584 0.035 0823 | go16 | 0133 0.042
302 | 175588 M4l 4316 0,094 1.614 0073 1726 0.020
303* | 175751 K211I 4835 0121 0.841 0570 1111 0.008
304 | 176051 FOV+KIV 5.220 0,003 0110 | 0,000 0.601 0.058
305 | 176318 B7IV 5.890 0.028 0521 | 9037 | 009 0.101
306 | 176437 BOIII 3.246 0031 0005 | 0007 -0.041 0.012
307% | 176524 KOII 4829 0400 0.935 0022 1.176 0.386
308 | 176678 K11 4017 0.075 0.846 0.095 1131 0.052
300 | 176984 ALV 5.394 0.006 0.025 0037 | 0.013 0.061
310 | 177178 A4V 5.824 0.044 0.067 0.001 0.194 0.017
311 | 177756 BOVn 3.419 0,036 0310 | 075 -0.081 0.082
312 | 178125 BSIII 5.068 0127 0480 | go16 | 0054 0.105
313 | 178475 B6IV 5.246 0,081 0652 | 9023 -0.105 0.040
314 | 17859 FOII-TV 5.239 0.055 0050 | o028 0.344 0010
315 | 180482 A3IV 5.583 0.042 0.219 0.209 0.091 0.087
316 | 180868 FOIV 5.289 0.095 0.210 0039 | 0191 0.084
317 | 181276 GOl 3.803 0.026 0.559 0.012 0.966 0.054
318 | 181333 FOIII 5.5228 0,148 0.170 0.012 0.270 0.083
319 | 182568 B3IV 4.985 0.039 0893 | o133 -0.107 0,049
320 | 182572 G8IV 5.179 0.075 0.244 0.009 0.777 0.052
321 | 182640 F3IV 3.368 0,040 0031 | 0038 0.338 0.035
322 | 182835 F2Ib 4678 0.026 0.657 0.078 0.593 0.047
323 | 183912/4 | K3I4B0O.SV | 3.067 0,009 0.456 0.059 1163 0.028
324 | 184406 K31IIb 4.460 0.025 1.101 0013 1204 0.071
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325 | 184759 AOV~FSII 5415 0.027 0.268 0.107 0.581 0.001
326 | 184875 A2V 5.342 0,085 0.151 0.030 0.066 0.029

327 | 184905 AOp 6.632 0,088 0320 | o105 -0.023 0,002

328 | 185351 GOllIb 5.183 0.065 0.513 0.053 0.954 0.031
329 | 185507 B3V+B3V 5.148 0.001 0784 | 0.031 0.047 0.052

330 | 185734 GSII-IV 4.692 0.708 0.613 0032 | 0.994 0.849
331 | 185758 Glllab 4386 0014 0.273 0086 | 0789 0.006

332 | 185762 A3V 5.640 0.047 0.110 0.125 0.115 0.043
333 | 185872 BOIII 5.409 0.081 0218 | 047 -0.060 0.035

334 | 186155 FSIVIII 5.067 0,054 0.103 0.008 0.413 0.013

335 | 186203 dF3+A3 5.291 0,039 0155 | 9055 0.604 0.076

336 | 186791 K31l 2.718 0.002 1589 0.191 1567 0.066

337 | 186882 BOSIVFFIV | 2.869 0.102 0074 | o016 -0.028 0.002

338 | 187691 F8V 5.121 0,049 0080 | 0.032 0.564 0.067

339 | 187879 BII+B3V 5.655 0.086 099 | 0106 -0.029 0.046

340 | 188209 09.5Ib 5.634 0,056 1210 [ o075 -0.063 0.049

341 | 188252 B2III 5.906 0.115 1080 | 0,068 -0.163 0.001
342 | 188260 BO.5111 4581 0.070 0142 | o0 -0.041 0012
343 | 188310 KOIIIb 4721 0015 0.730 0.033 1.071 0.038

344 | 188728 ATIV 5.278 0,039 0.017 0.009 0.009 0.059

345 | 189319 MO 3.508 0036 1.857 0,050 1.617 0.011

346 | 190940 K311 4522 0041 1370 0,038 1363 0007
347 | 191610 B2.5Ve 4942 0.047 0971 | 0080 -0.141 0.050

348 | 191692 BO.5111 3.232 0.033 0121 | 029 -0.061 0.004

349 | 192640 A2V 4.945 0.058 0.031 0.005 0.160 0.062

350 | 192806 K311 4511 0.087 0.995 0218 1302 0.006
351 | 193237 B2pe 4752 0.001 0826 | 0013 0.416 0.059

352 | 193495 F8V+AQ 3.089 0.076 0.159 0.035 0.814 0.041

353 | 194093 F8Ib 2233 0,069 0.469 0.049 0.674 0.066

354 | 195050 A3V 5.642 0.010 0.104 0030 | 0066 0.064

355 | 195556 B2.5IV 4.944 0,106 0805 | 0.094 -0.065 0.011

356 | 196178 Bp 5.785 o1 0664 | 0.086 -0.141 0.084

357 | 196502 AOp 5.207 0.007 0.132 0089 | 0.085 0.026
358 | 196524 F5IV 3.627 0,064 0039 | 643 0.448 0.004

359 | 196662 B7III - ) - ) - )

360 | 197345 Allae 1267 0.045 0243 | goua 0.102 0.055

361 | 197392 BSIL-III 5.677 0.049 0534 | o018 -0.094 0.021

362 | 197963/4 | KIIV+A2la 3.890 0.046 0.372 0104 | 0863 0.043

363 | 198149 KOIV 3.430 0,085 0.420 0.041 0.929 0032
364 | 198183 B5Ve 4526 0.062 0616 | 0.052 -0.098 0.007

365 | 198478 B3lae 4834 0.027 0640 | 0061 0.382 0.063

366 | 198639 Adm 5.064 0.033 0.103 0,002 0.205 0.015

367 | 198809 G71II 4570 0,058 0.302 0119 | 0866 0.039

368 | 199081 B5V 4778 0.033 0725 | oons -0.123 0.023

369 | 199629 AlVn 3.943 0,104 0.046 0.019 0.017 0.036

370 | 200120 Blnne 4765 0.065 1186 | 0.060 -0.051 0.084
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371 [ 200310 D1Ve 5.365 0.032 1172 [ o120 -0.176 0.022
372 | 202275 F5V+GOV 4.488 0.036 0158 | o013 0.512 0.003
373 | 202444 F2IV 3.731 0.045 0068 | 0.006 0.409 0.059
374 | 202850 BOlab 4260 0.024 0455 | 0.069 0.127 0.027
375 | 202904 B2Vne 4225 0.045 0978 | o114 -0.087 0.016
376 | 203467 B3IVe 5.122 0.183 0827 | 0.070 0.004 0.037
377 | 204724 MIIII 4524 0.047 1.874 0125 1.650 0113
378 | 204770 B7V 5431 0.048 0534 | 0.008 0.112 0.058
379 | 204867 GOIb 2.885 0.168 0.446 0.009 0.852 0.035
380 | 205021 B2Illev 3.241 0,033 TI8T | 026 0213 0.030
381 | 206267 O6+BOV 5.629 0,034 0979 | 017 0.208 0.046
382 | 206672 B3IV 4.682 0.003 0836 | 0015 -0.106 0.006
383 | 206778 K2Ib 2.376 0,028 1532 0.125 1.581 0.001
384 | 206952 KOII 4550 0022 0.954 0,004 1.124 0.012
385 | 207330 B3III 4235 0,066 0889 | o018 | 0117 0.026
386 | 208057 B3Ve 5.094 0,040 0826 | goa6 | 0150 0.082
387 | 208565 A2Vmn 5.536 0,004 0.091 0.033 0.057 0.009
388 | 209409 B7IVe 4.695 0.129 0538 | 0083 -0.084 0,004
389 | 209459 BO.5V 5.831 0.014 01T | o078 -0.050 0.005
390 [ 209481 O8.5111+09 5.555 0,074 109 | o012 0.075 0.003
391 [ 209750 G2Ib 2.938 0.144 0.579 0030 | 099 0.077
392 [ 209790 3V 4273 0,060 0.030 0042 | 0331 0.083
393 [ 209975 09lb 5.112 0.000 1090 [ o013 0.079 0.030
394 | 210418 A2V 3.519 0,003 0.114 0.041 0.085 0014
395 | 210745 K1.5Ib 3.343 0.010 1549 0.037 1611 0022
396 | 210855 F8V 5.258 0.039 0055 | 0.034 0.522 0.061
397 | 210884 F2v 5.480 0.002 0115 | go17 | 0399 0.022
398 | 212097 BOIII 4798 0,050 0240 | o071 -0.011 0.033
399 [ 212120 B6V 4556 0,036 0651 | o019 | 0099 0.003
400 | 212710 B9.5Vn 5.276 0.079 —0.069 [ -0.088 | -0.033 0.084
401 | 212943 KOII 4789 0.068 0.708 0.076 1.076 0.022
402 | 213323 B9.5V 5.643 0.107 0090 [-0.036 | -0.033 -0.003
403* | 213798 A3V 5.469 0.440 0.105 -0.001 0.072 0.032
404 | 214035 A2V 5.705 0.074 0.107 -0.001 0.009 0.049
405 | 214994 ATV 4.802 0.094 0.039 0037 | -0.012 0.015
406 | 215182 G2II+F0V 2.936 0.140 0.423 0.038 0.874 -0.006
407 | 215648 FOIII/IV 4207 0.002 -0.146 [ -0.008 | 0.502 0.020
408 | 216131 GSIII 3511 -0.021 0.496 0.023 0.951 -0.004
409 | 216228 KOIII 3.513 0.072 0.763 -0.092 1.064 0.095
410 | 217906 M2.5l1le 2.365 0.151 1.921 0.001 1730 -0.027
411 | 218376 B0.5IV 4.850 0.053 1070 [ 0.026 -0.045 0.099
412 | 218634 MA4III+A2V 5.052 -0.022 1161 0.180 1541 0.160
413 | 218658 G2II+F3V 4.404 0.032 0.323 0.080 0.808 -0.038
414 [ 219485 AOV 5.901 0.038 0.011 0.078 -0.020 0.071
415 [ 219615 KOII 3.701 0.022 0.407 0.021 0.940 -0.023
416 | 220061 A5V 4595 -0.068 0.110 0.011 0.181 0.130
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417 220222 B6III 5.343 0.016 -0.561 0.075 -0.099 0.050
418 220954 KIIII 4.280 0.044 0.825 -0.021 1.095 0.079
419 221253 B3IV 4.890 -0.024 -0.800 -0.009 -0.121 0.034
420 221525 ATIV 5.571 0.054 0.176 0.021 0.226 0.155
421 222368 F7v 4.129 0.047 -0.131 0.041 0.511 0.014
422 222404 KIHII-IV 3.241 0.031 0.771 0.052 1.050 0.070
423 222439 B9IVn 4.140 -0.062 -0.258 -0.041 -0.076 0.043
424* 224427 M3III 4.678 -0.088 1.593 -0.357 1.635 0.092
425 224893 FOIII 5.576 -0.091 0.536 0.049 0.402 0.052

e - numbers of stars with residuals more 0.2™ marked by asterisks;

e -star HD196692 is absent in catalogue [11].

Acknowledgement. | express sincere gratitude to T. Bobryashova for help in calculations, N.
Morozova for digitizing the Shamakha catalogue and L. Usoltseva for remarks to manuscript of this
article.
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B. M. Tepemenxo
Fesenkov Astrophysical Institute
HIAMAXHH CHEKTPO®OTOMETPJIIK KATAJIOT' BIHBIH JYPBICTBIFbIH BAFAJIAY

AnHoTtanus. JXeke Makananap jkoHE TaHBIMAI CHEKTPO(GOTOMETPIIIK KaTAIOTBIHBIH HETi3iHAe 013 CIeKTpliepiHae SHepris-
HBIH TaJalybl aHBIKTAJFaH >KYIIBI3AAPAbIH OipBIHFal jKoHE XMHAKTAJIFAH KaTaJIOTHIH Kypy[bl XKocmapiayaambi3. JKyYMBICTEIH
QJIFAIIKBI CaTBICHIHA OepiiireH KaTaJorTapablH JYPHICTHIFBIH Oaranay. by skymbicta, [llamaxun oGcepBaTOpHsACHIHIA KYPBUIFaH
KaTaJOIThIH MAJTIMETTepiHe Tajayap skypriszingi. MamiMmerrepain nypbicTirbl- WBVR doTomeTpiik sxyiieciHiH Tikeneit 6akbl-
JIAHATBIH JKOHE SHEPTUsSHBIH Tapaiybl OOMBIHIIACCENTENTreH KYIbI3AAP/IbIK IaMaJapMEH COMKECTITiH CalbICThIPY OOMWbBIHIIA
aHBIKTAIFaH jKaHama >KoJMeH Oarananrad. JKynIbI3IpIK IIamanap/pl ecentey Oenrili CHHTETHKANbIK (OTOMETPHUs] ©pHEriMeH
aHbIkTanFad. OnaH KeifiH, OaKbUTaHATBHIH JKOHE €CENTENTeH IaMaIapAblH apachiHIarkl (KaTeliKTep) aiblpMachl ecentenmi. Tyc
KOPCETKIIITIT] jkoHe V Imamachl GOMBIHIIA KATENIKTEP ToyeIimirinin rpadpukTepi Typrombuigsl. 0.20™ maMagan acaTeiH, aitap-
JIBIKTAl KaTeNiKTep caHbl 0ap. AJIBIHFaH HOTIDKEIIEp JKYJIIBI3ABI-CTAaHAAPTTap TaHJall alyFa >KoHE )KUHAKTaJFaH KaTaJor KypyFa
KOJIIaHbLIa bl

Tyiiin ce3mep: xyiabi3nap, SHEprusHbIH Tapanybl, lllamaxun crnexrpodoTomeTpiik karanorsl, WBVR-mamanapsiHbg
KaTaJoTbl, TCHEY.

B. M. Tepeuienxo
Fesenkov Astrophysical Institute
OIEHKA JOCTOBEPHOCTH IIAMAXHHCKOT'O CHHEKTPO®OTOMETPUYECKOT'O KATAJIOT'A

AnnoTtamms. Ha 6a3e cymecTByronmx criekTpo)oTOMETPUUECKIX KAaTaIOrOB ¥ OT/EIBHBIX CTATeH MBI INIAHUPYEM CO311aTh
CBOAHBI M OIHOPOMHBIM KaTalor 3BE3] C U3BECTHBIM pACIPENENCHHEM 3HEPIUH B UX CIEKTpax. B kauecTBe HCXOMHBIX
KaTaJIoroOB Mbl HaMEPEHbl HCIIOJIb30BAaTh KaTalOrH, CO3JaHHble B AcTpodusuueckoM uHcTuTyTe M. B.I'. Pecenxosa,
locynapctBerHoM actpoHomuueckoM uHCTUTyTe MM. ILK. IlTteprOepra, riaBHOW acTpoHOMHYecKol oOcepBatopuu PAH,
Opecckoli actpoHommudeckoil u IllamaxuHcko# acTpodusmdeckoit obcepBaropusx. Ha mepBom sTame paboThl HEOOXOIHUMO
OLICHUTH JOCTOBEPHOCTH JTaHHBIX MCXOJHBIX KaTaJloros. B HacTosmeit paboTe Mbl aHaIM3UpyeM JaHHBIE KaTanora, CO34aHHOTO B
ITamaxuncKo# oOcepBaTopuH. JlOCTOBEPHOCTh JAHHBIX OLIEHHBAECTCSI KOCBEHHBIM ITyTE€M - MO CXOIMMOCTH BBHIYHCIEHHBIX U3
pacrpeseNieHust SHEPTUH 3BE3JHBIX BEJIMUYHH C HEMOCPEICTBEHHO HAOTIONAEMBIMU BEIHMYMHAMU B (JOTOMETpHYECKOIl cucTeme
WBVR. BerunciieHusi 3Be3IHBIX BEJIHYUH BBINOJIHEHBI M0 M3BECTHBIM (DOpMyJiaM CHHTETHYECKOH (OTOMETpHH. 3aTeM ObLIH
BBIYMCIICHBI PA3HOCTH MEXJy BBIYHUCICHHBIMA ¥ HAONIOJAaeMbIMM BeJIMYMHAMH (HEBs3KW). Pe3ynpTaThl BBIYMCICHHN
npezcranieHsl B Tabnuie. [1o HuM ObUTH TOCTPOEHBI 3aBUCUMOCTH HEBA30K OT 3BE3IHOM BEMUYMHBI V U MOKa3aTenei nsera. 13
HHUX CJeAyeT, 4TO 3aMeTHble cucTemaruueckue omubku B IllamaxuHCckOM Karajmore OTCyTCTBYIOT. OpHako, umeeTcs
3HAYMTENBHOE YMCIIO CIIYYalHBIX HEBA30K, nocturaromux 0.20™ u Gonee. TlomyueHnble pe3ynbTaThl OyayT MCIIOIB30BAHBI TIPH
CO3J[aHUM CBOJHOTO KaTaJora ¥ MPH BEIOOPKE U3 HETO 3BE3/I-CTAHIAPTOB.

KnioueBble cioBa: 3Be3npl, pacmperneneHue sHepruw, lllamMaxuHCKHH CIeKTpo(OTOMETPUUECKUII KaTajlor, KaTaior
WBVR-BenuuuH, cpaBHEHHUE.
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PROPERTIES OF ULTRAVIOLET EMISSION
AT DEVELOPMENT OF SOLAR FLARES

Abstract. By means of processing photoheliograms in the A1700A ultraviolet emission (temperature minimum,
upper photosphere) obtained on the Solar Dynamics Observatory (SDO) spacecraft, the behavior of the relative
intensity of bright plasma at the level of the photosphere during the development of impulsive phase of solar flares
was studied. The interrelation of the course of change in flare ultraviolet emission with the profile of time derivative
of the X-ray flux (1-8) A and with the value of enhancement in the density of electrons arising at development of
flares has been revealed.

Keywords: Solar flares, photometry, emission of flares, gamma rays.

Introduction

With the help of modern space observations of the Sun with high temporal, spatial and spectral
resolution, it is possible to study in detail the process of direct flare enhancement during the development
of its impulsive phase. As a result of the effect of magnetic reconnection in the active regions of the
corona, from areas of primary energy release, there are fluxes of rapidly moving plasma flows, heat waves
and high-energy charged particles, some of which propagate downward through magnetic flux tubes.
When interacting with a denser plasma at the footpoints of loops, X-rays, gamma rays are generated and
the plasma is heated. The rapid and significant heating of plasma in the photosphere and the
chromosphere leads to “evaporation” and raising it up and filling of all volume of the magnetic arches.
During this period the greatest increase of soft X-ray radiation is observed. All this relates to the
development of the impulsive phase. This is followed the main phase at which heated plasma in the
system of arches radiates a long time in the soft X-ray range, gradually losing energy [1].

For powerful flares at a maximum of impulsive phase at photoheliograms L1700 A there are bright
thin vertical rays located in opposite directions from sites of hot plasma (bluming) that indicates to the
excess brightness of radiation, overflowing of a charge in photomatrix pixels and its further redistribution.

At the same time, different flares have their own current sheet structure, as well as the underlying
magnetic power tubes, which in each case leads to a unique direct flare energy enhancement, both in
structural and in time dimension. Our purpose - to find regularities in properties of impulsive phase at
development of various flares.

Processing of observational data

For each of the flares presented for consideration, the profiles of the change with time of the intensity
of X-ray 1-8A (GOES), its derivative and the change in brightness of ultraviolet emission were compared.
Temporal values of derivative X-ray (resolution 1 min) for flares events are taken in the SDO spacecraft
database.

The VLAD program by means of which temporary changes of brightness of ultraviolet emission of
flare concerning the center of a disk (figure 1) are received was developed for photometric processing of
photoheliograms of SDO. The intensity of undisturbed photosphere was accepted for 1.00.
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Figure 1 - A screenshot of process of photometric processing of photoheliogram 11700 A with the image
of flare on March 7, 2012 at 00:17:43 UT

In total 12 flare events in the development of which were followed by bright areas of ultraviolet
emission (table 1) are analyzed. Flares of various X-ray power from C2.5 to X6.9 and according to
different classes are presented: impulsive and gradual.

Table I - Characteristics of the flares used in work, results of photometric processing
and data on enhancement of density of electrons in flare plasma

Data and Onset Flares UT Power X-ray Class of Flares Almax A1700A AN
Ne ¢lem’
1 07.03.2011 19:43 M3.7 Gradual 1.125 3.02
2 09.08.2011 07:48 X6.9 Gradual 1.236 3.00
3 06.09.2011 22:12 X2.1 Gradual 1.155 4.97
4 23.01.2012 03:38 M8.7 Gradual 1.099 2.50
5 07.03.2012 00:02 X5.4 Gradual 1.312 7.02
6 09.03.2012 03:22 M6.3 Gradual 1.141 2.98
7 06.07.2012 23:01 X1.1 Gradual 1.246 4.01
8 02.05.2013 04:58 M1.1 Impulsive 1.054 0.72
9 25.02.2014 00:39 X4.9 Gradual 1.253 4.03
10 16.05.2014 20:11 C2.5 Impulsive 1.020 0.51
11 20.10.2014 16:00 M4.5 Impulsive 1.051 1.03
12 24.10.2014 21:07 X3.1 Gradual 1.216 5.05
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For three events in the figure 2 results of processing of observation data are presented. On
geometrical arrangement and the sizes of bright areas of ultraviolet emission we can assume possible the
structure of coronal loops in which flare radiation during the impulsive phase gets. Each of the flares
shown in fig. 2, had a different number of flare nuclei at the level of the photosphere - from one to three.
This was it corresponded in the number of peaks in the changes in the intensity of ultraviolet emission, in
changes in the X-ray flux, as well as in the derivative of profile of this flux. Moreover, each peak is
associated with changes in the brightness of an individual region, it indicates the discrete manifestation of
sources of energy release during the development of flare in different parts of the corona.

Since the steady period of presence of negative values of a derivative on time of a flux of soft X-ray
radiation, action of a source of flare enhancement — the end of impulsive phase actually comes to end.
Further the main phase of development of flare begins. Between a maximum of impulsive phase and the
beginning of the main phase there is a period of possible raising up of the heated plasma of photosphere
and chromosphere (process of "evaporation" - an explosive stage) and fillings of all volume of coronal
arches — an interval of maximum brightness of flare loops.
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Figure 2 - Top panel: images of ultraviolet emission in a maximum of development of impulsive phase of flares: March 9, 2012
03:40:55 UT, M6.3; October 24, 2014 21:16:06 UT X3.1: September 6, 2011 22:18:55 UT, X2.1. Below - comparison of profiles
of change fluxes X-ray intensity with its derivative on time and relative intensity of ultraviolet emission of flare plasma. Vertical

dash lines are the moments of the greatest values of ultraviolet emission AI A1700 A; the dot line — maximum X-ray intensity
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All the boundaries of the existing phases in development of flares are determined by the moments of
the maximum values the intensity of ultraviolet emission 7»17001&, the X-ray flux and its derivative.
Including the position of the explosive stage, which is shown on figure 3.
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Figure 3 - Flare on March 9, 2012 M6.3 N15W03. Phases in flare development: I - impulsive phase (two vertical solid lines),
IT — the main phase. An interval between a maximum of impulsive phase and the beginning of the main phase — is explosive stage.
The top curve - profile X-ray intensity and lower - relative intensity of ultraviolet emission of flare plasma

The change in the intensity of bright plasma at the level of photosphere A1700A is a good index
characterizing the direct flash strengthening, including the emission of flare gamma-ray fluxes. The
materials of the telegram on the results of observations of the X6.9 flare on August 9, 2011 on FERMI
spacecraft [2] reported that gamma radiation in the range energy >500 keV (the GBM tool, BGO device in
period 08:02:05 - 08:03:43 UT) and LAT tool (20MeV — 1GeV, 08:01:40 - 08:05:00 UT) was recorded. It
is remarkable that all these time intervals of enhancement fluxes of gamma radiation with emission peaks,
coincide with a profile of maximum stage of development of ultraviolet emission flare plasma (fig. 4). At
the same time the visibility period on photoheliograms of bright narrow rays with an excess brightness
(08:01:43 - 08:03:43 UT), practically coincides with time of flare fluxes of high-energy gamma radiation.
The flare on August 9, 2011 represents an exceptional case when at development of a gradual event the
power prevalence of radiation in the period of impulsive phase, over main was observed.
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Figure 4 - Change of relative intensity of ultraviolet emission of flare plasma August 9, 2011 X6.9 N14 W69
and its look in the period of the maximum brightness - 08:03:43 UT (top picture)

Results of observations on the FERMI telescope for the period of impulsive phase were published
also for flare on September 6, 2011 [3]. Significant increase in intensity of gamma radiation (~ 5 MeV) on
the BGO device was observed from 22:18 till 22:23 UT, radiation peak at 22:19 UT. At the same time on
images of the photosphere the increased flare brightness in the form of narrow rays is visible during the
22:18:07 — 22:23:19 UT, with a maximum at 22:18:55 UT (see fig.2). That is, there is a coincidence on
time of the enhancement of gamma radiation with the maximum ultraviolet emission of flare.

As for development of gradual flares during the main phase, all of them were followed by joint
influence of coronal mass ejections (CME). An additional source of proton acceleration associated with
the development of high-velocity CME may be the occurrence of shock waves in the upper layers of the
corona and in the interplanetary space. The flare protons accelerated on the shock front of emissions to
energy Ex >500 MeV, became a source of gamma radiation of very high energy: (100 MeV-10 GeV)
which was registered on the FERMI telescope. Only gradual events on August 9, 2011 and on October 24,
2014 showed the maximum values of energy of gamma radiation of smaller values.

The important parameter connected with relative intensity of flare emission at the level of
photosphere the values of enhancement of density of electrons during flare development is represented. In
figure 5 comparison of temporary change of relative intensity of flare brightness in the photosphere L1700

and enhancement density of electrons of Ne™ in 1/cm’ (SC WIND) is shown. Coincidence of the course
of these profiles for two flares of an event on March 7, 2012 indicates relationship of the considered
parameters.
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Figure 5 - Comparison of the relative intensity of the ultraviolet emission A1 700A with the electron density of Ne™ during the
development of flares on March 7, 2012. At the top: photoheliograms of flares March 7, 2012 00:17:43 UT X5.4 N18 E31 and
March 7,2012 01:13:43 UT X1.3 N15 E26 in the periods of maximum ultraviolet emission

The similar picture is observed for all events used in our work. Satellite observations show of
enhancement of density of flare electrons practically simultaneous registration with gamma radiation of
ultraviolet flare emission. To explain this fact, it is necessary to allow an exit of fluxes of high-energy
flare electrons through open magnetic structures of active regions in interplanetary space and, in the
minimum interaction with plasma of solar wind, before arrival to Earth orbit. So for flares on March 7,
2012 considerable raising of an integrated fluxes of electrons > 4 MeV from background value 1.7-10" to
2.9-10° ¢ /(cm’ s sr) was registered on the GOES spacecraft.

At development of three considered impulsive flares (table 1): on May 2, 2013, ANe =0.7 (1/cm’), on
May 16, 2014, ANe =0.5 (1/cm’) and on October 20, 2014 ANe=1.0 (1/cm’), are registered only
insignificant enhancement of density of electrons, in limits by ANe = 1.0 (1/cm’). While the gradual flares
led to more significant enhancement of density of electrons: ANe =2.5-7.0 (1/cm?).

Thus, it is possible to claim about existence of relationship between the values of the maximum
intensity AI A1700 A and enhancement of density of electrons ANe¢™ the arising from development of
flares (fig. 6).
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Figure 6 - Comparison of maximum relative intensity of ultraviolet emission 11700 A and values of enhancement
of density of electrons ANe™ for the considered flare events. Averaging of dependence is shown on condition
of minimum mean squared deviations of values from an average. A coefficient of correlation according
to Pearson r=0.87 and a regression coefticient of b=0.039 are calculated

Discussion of the results and conclusion

12 flare events of different classes from C2.5 to X6.9 (March, 2011 — October, 2014) are analysed in
which development bright ultraviolet emission (A\1700 A), were observed. The program by means of
which temporary changes of brightness of ultraviolet flare emission concerning the center of a disk are
received is developed for photometric processing of photoheliograms (temporary resolution ~ 50 sec.).
For each flares change profiles intensity X-ray (1-8 A) were compared with its derivative on time and
relative brightness of an ultraviolet emission. The maximum X-ray emission of flares, which coincides
with the zero value of its derivative, corresponds to the end of the impulsive phase and the beginning of
the main phase of the development of flares. The explosive stage of flares connected with "evaporation"
of the chromosphere and fast raising of hot plasma up occurs in a period between a maximum of
impulsive phase and the beginning of the main phase.

A quite satisfactory relationship was found between the values of the maximum intensity of bright
regions of ultraviolet emission at A1700A and the magnitude of the enhancement of the electron density,
ANe’, arising during the development of flares.

The course of the relative intensity of bright flare plasma at the level of the photosphere coincides
with the profile of the derivative of the X-ray flux, and its values are a good index of direct flare
enhancement, including the emission of gamma-ray fluxes in the impulsive phase of flare development.
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I'. Munacsinn, T. Munacsun, B. Biopuuenko, A.JK. budocunon
B.I'. ®ecenkoB ateiHaFE! ACTpoU3UKaIBIK HHCTUTYT, O6cepBaTopus-23, Anmatsl, KazakcTan
KYH KAPKbIJIBIHBIH JAMY KE3IHJEI'T YJIBTPAKYJII'TH ODMUCCUSIHbIH KACUETTEPI

Annoranus. Solar Dynamics Observatory (SDO) Fapelm anmapaTslHaH adbIHFAH, YJIBTPAKYITiH IMHCCHIBI
A1700A, doTorenrorpaMm KeMeriMeH (TeMIepaTypa MUHUMYMBbIH, JKOFapFbl GoTocdepa) oHzIey, KYH KaPKbUIBIHBIH

— 62 ——
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UMIyIbCTi (asanbiH JamybiHAa doTtocdepa neHrediHAeri KaphlK IJIa3MaHbIH CalbICTHIPMasbl MHTEHCHBTINITiHIH
epeKuIeniri 3eprrenmi. YakeIT OOHBbIHIIA TyBIHABI TPO(QHUIBAI peHTreH coynenenyinin (1-8) A arbHbIH,
VIBTPAKYNTiHAI AMHCCHUAIBI KApKBUIMEH ©3apa OallIaHBICTHIPATHIH JKOHE JKApKBUINBIH NaMy Ke3iHAeri maiima
0onaThIH, 3J€KTPOHAAP THIFBI3ABIFBIHBIH KYIICIO IIaMACHIHBIH ©3repy JKOJIAaphl aHBIKTAJIIbL.

Tyiiin ce3aep: KYH XapKbUIbl, HOTOMETPHS, SMMUCHSUIBIK JKapKbUI, FAMMa COYJICIICHY.

YK 523.62
I'.C. Munacsinu, T. M. Munacsauu, B./l. BioBuuenko, A.7K. Buéocunon
Actpodusnuecknit ”HCTUTYT uM. B.I'. @ecenkoBa, ObcepBaropus-23, Anmarsl, Kasaxcran
CBOWVCTBA YJbTPA®UOJIETOBO SMUCCHUU ITPU PA3BUTHUU COJTHEYHBIX BCIIBIIIEK

An"oranusi. C momomp0 00paboTKH  (QoToremHorpaMM ¢ YIbTPa(HOIETOBOW 3IMHCCHEH A1700A
(TemneparypHblii MHHHMYM, BepxHss Qotocdepa), mosydeHHbIX Ha KocMmuueckoM ammapare Solar Dynamics
Observatory (SDO), npoBeeHO H3y4eHHE MOBEACHHS OTHOCHTEIbHOW MHTEHCHBHOCTH SIPKOW IUIa3Mbl HA YPOBHE
(dorochepsl MpU Pa3BUTHU UMITYJILCHOW (Da3bl COMHEYHBIX BCIBILICK. BBISBICHA B3aMMOCBS3b XOAa HW3MEHEHHS
BCHBIIIEYHOH yIbTPapuONEeTOBON 3MHCCHH C HPO(UIEM NPOU3BOAHON IO BPEMEHH INOTOKA PEHTI€HOBCKOIO
mnyuerns (1-8) A u ¢ BeMuMHON yCUIEHHS MIIOTHOCTU 31€KTPOHOB, BO3HUKAIONIUX NIPH PA3BUTHH BCIIBIIIEK.

KuroueBbie cJI0Ba: COJHECYHBIC BCIBIIIKH, ()OTOMETPHS, IMUCCHSI BCITBIIICK, FTaMMa U3JTy9ICHUE.
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PHOTOMETRIC RESEARCH OF SEYFERT
GALAXIES MRK 766, MRK 6, MRK 1040, MRK 1513

Abstract. The paper presents the results of the photometric observations of the Seyfert galaxies from the
Markarian list: MRK 766, MRK 6, MRK 1040, MRK 1513. The observations were carried out on “the Eastern® 1-
meter telescope, located at the Tien-Shan Astronomical Observatory of the Fesenkov Astrophysical Institute. The
observational data were processed using the MaximDL6 software package. The brightness was estimated by
differential photometry, using standard stars in the vicinity of galaxies. This paper presents the light curves of the
galaxies: Mrk 766, Mrk 6, Mrk 1040, Mrk 1513. It has been noted, that in Mrk 766, there is a tendency to a gradual
weakening of the brightness in the three filters. Photometric changes of the galaxy Mrk 6 during 2016-2019 occurred

synchronously in all three filters. The weakening of its brightness began in 2017and by 2019 it reached ~ 0™o.
During the investigation period, irregular brightness fluctuations were registered in galaxies Mrk 1040 and Mrk 1513

with amplitudes of ~ 1™ 0 and 0™.8, respectively.
Key words: Seyfert galaxies, photometry, B V R values.

Introduction

The regular observations of active galactic nuclei (AGNs) from the list of Markaryan galaxies are
carried in Fesenkov Astrophysical Institute since 1971. Variability is the main feature of AGNs. Its
maximum manifestations are recorded in the X-ray region [1,2]. It is believed that their brightness
variability is associated with inhomogeneities of their accretion disks, flashes, and jets. The study of
variability allows to understand the structure of the nuclear regions and to identify the processes
responsible for certain observable characteristics. Photometric studies of AGNs in the BVR photometric
system have been conducted at AFIF over the past ten years.

The Mrk 766, Mrk 6, Mrk 1040, Mrk 1513 galaxies belong to the Seyfert galaxies (SG) of the NLSyl
class (Seyfert 1 galaxy with narrow emission lines). This subclass of SG, discovered by Osterbrok, is
distinguished by the following properties: relatively narrow lines of the Balmer series (FWHM (Hp)
<2000 km / s), strong Fell lines and weak forbidden lines [3].

1. Observations and research methods. Photometric observations of the galaxies from the
Markaryan list were carried out on the “Eastern” 1-meter telescope of the Richie-Chretien system (focal
length 6.5 m) using the Apogee Alta F16M CCD camera and the Astrodon BVR filter set. The angular
scale of the frame with the image of the object corresponds to 0.563 "/ pixel. The MaximDL6 software
package was used to process the observational data. The standard procedure of processing consists of
correction with the Dark, Bias and Flat field files. The brightness was estimated using differential
photometry, standard stars were used located in the vicinity of galaxies. The obtained instrumental data
were transferred to the international Johnson-Morgan system using the following equations transition:

— (4 ——
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(B=V)eale=1,035-(B= V)ops— 0,013 = 0.0512 - sec Z
(V'=R)cqic =1.009 - (V= R)yps — 0.0021-0.0881- sec Z

Veale = Vobs — 0.014 - (B = V)calc —0.016 — 0.2627 - sec Z (1)
Beale = Veale * (B =V )cale

Reale =Veale —(V=R)eqlc

Typical errors of brightness measurements do not exceed + 0™.01, the real accuracy of the results is
limited by the accuracy of the standards [4].

2. Processing and analysis of results.
Mrk766 = NGC4253 refers to the Seyfert galaxies of the Syl class with supermassive central body

(SMBH). The mass of the central body is 1.29x10° Mgy, [7]. Equatorial coordinates of the galaxy:

(2000)=12118M263 51552; 5(2000)=+29%48'46,5187". Red shift z= 0.0127120.00005.

A star with coordinates a(2000)=121"18™17575547; §(2000) = + 29953'00,4561"
B=14.72; V=14.2; R=13.0 was used as the photometric standard. The following two stars were
chosen as check stars:

- Pul-3-920040 with coordinates 4(2000)=12118M198 495
§(2000)=+29750'53,8036 , B=16,14; V=152;
- GPM 184.6072220+29.83269 with coordinates (2000)=12118M255 765;

5(2000=+29%49'47,9247" B=157.

As a rule, such galaxies are characterized by the rapid variability in the X-ray range, the source of
which is usually considered to be dynamical processes in the nearest vicinity of the central body (CB) [5,
6].

Table 1 - The light curves of the Sy Mrk 766 in filters B, V, R for 2015-2019.

Date of ID- B A% R

observation 2440000

10.04.2015 17122 14,57 13,837 12,412
11.04.2015 17123 14,564 13,798 12,351
04.04.2016 17482 14,543 13,813 12,358
15.12.2016 17737 14,745 13,983 12,576
09.02.2017 17793 14,769 13,979 12,571
05.03.2017 17817 14,737 13,973 12,568
08.03.2017 17820 14,728 13,964 12,563
11.06.2017 17915 14,774 14,021 12,615
18.04.2017 17861 14,718 13,961 12,571
11.04.2018 18219 14,894 14,116 12,701
12.04.2018 18220 14,861 14,165 12,686
24.01.2018 18142 14,878 14,108 12,707
05.05.2018 18243 14,818 14,063 12,657
05.06.2018 18274 14,858 14,102 12,68
11.03.2019 18553 14,792 14,047 12,608

Figure 1 shows the light curves of Sy Mrk 766 in BVR filters for the period 2015- 2019
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Figure 1 — the light curves of the Sy Mrk 766 in filters B (rhombus), V (square),
R (triangle). The X-axis is the Julian date scale, the Y-axis is the magnitudes

Figure 1 shows a tendency to decrease the brightness of the Sy Mrk 766 in the three (BVR) filters.

Mrk 6 = 1C450 —  Seyfert galaxy  with  equatorial coordinates:
0(2000)=06"52"12%323; §(2000) = +74°25'37,2376", red shift z = 0.018676 + 0.000834 .

Distance to the galaxy 79 Mpc. This object belongs to the Sy 1.0-1.5 class. The mass of the central

8
body (CB) of the galaxy is (1—2)x 10" M Suyn [8]. In AFIF, observations of Mrk6 in the BVR
photometric system have been carried out since 2016.

The star GSC04371-00113 with coordinates a(2000)=06h5 1M545 31965;

5(2000)=+7492137,6672", B=15,06; V=14,44; R=14,33 was  used as the photometric standard.
The following two stars were used as the check stars:

- TYC 4771-167-1 with coordinates 0(2000)=06"51"025 63561; 5(2000=+74927'37,7407
B=12,81; V=11,32;
- TYC 4371-867-1 with coordinates a(2000)=06"52M015,02391; 5(2000)=+74922'46,0150',

B=12,07; V=11,16.

Table 2 - Light curves of Sy Mrk 6 in filters B, V, R for 2016-2019.

Date observation ID- B v R
2440000
05.04.2016 17483 14,102 13,477 13,158
24.11.2016 17716 14,153 13,503 13,14
15.12.2016 17737 14,068 13,438 13,097
17.01.2017 17770 14,065 13,433 13,086
27.02.2017 17811 14,272 13,595 13,29
28.03.2017 17840 14,554 13,823 13,411
14.12.2017 18101 15,178 14,301 13,883
27.01.2018 18145 15,123 14,278 13,858
07.01.2019 18490 15,287 14,458 14,029
23.01.2019 18506 15,189 14,375 13,975
29.01.2019 18512 15,081 14,297 13,911
18.03.2019 18560 14,97 14,163 13,756

Figure 2 shows the light curves of Sy Mrk 6 in BVR filters for a specified period of time.
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Figure 2 - light curves of the Sy Mrk 6 in filters B (thombus), V (square), R (triangle).
The X axis is the Julian date scale, the Y axis is the stellar magnitudes

It can be seen from Figure 2 that the weakening of brightness started in early 2017 and by 2019 it

reached ~ 0™.9. A slight increase of brightness is observed at the end of our observation period. In
general, it should be noted that all changes occur synchronously in the three filters (Fig.2).
Mrk1040 = NGC931 — the bright spiral galaxy of Syl type. Equatorial coordinates of the galaxy:

(2000)=0228™145 469; 5(2000)=+31018'41" 467, red shift = = 0.016338 + 0.000314 . Distance to the
galaxy 340 Mpc. The high-resolution spectral data for the Seyfert galaxy Mrk1040, obtained in the X-ray
range in 2013- 2014 with the Chandra space telescope, were analyzed in [11].

The mass of the central body is (7.64 £ 0.40)x10” Mg, [9]. The physical and spectral

characteristics of Mrk 1040 are considered in [11].
The last photometric studies of this galaxy were carried out by Doroshenko et al. In 2005 [12]. In
FAPHI Mrk 1040 observations in the BVR photometric system have been made since 2015.

The star TYC 2323-1484-1 with coordinates a(2000)=02127"1485 777 5(2000y=+31%2140,994 ",
B=11,47; V=10,49; R=10,16 was used as the photometric standard The star TYC2323-282-1 with
coordinates a(2000)=02127"1595 79154; 52000y=+31011'10,4625", B=12,29; V=10,97; R=10,476, was
chosen as the check star.

Table 3 - Light curves of the SG Mrk1040 in filters B, V, R for 2015-2019.

Date of JD- B \% R

observation 2440000

10.09.2015 17275 15,253 13,646 13,06
11.09.2015 17276 14,977 13,314 12,861
15.12.2015 17371 15,379 13,86 13,212
20.01.2016 17407 15,527 14,143 13,532
05.09.2016 17636 15,172 13,648 12,947
24.11.2016 17716 15,369 13,852 13,237
13.12.2016 17735 15,481 14,397 13,846
27.08.2017 17992 15,269 13,943 13,357
15.10.2017 18041 15,384 14,166 13,587
13.12.2017 18100 15,408 14,044 13,469
29.01.2018 18147 15,49 14,566 14,05
08.01.2019 18491 15,471 14,37 13,79
28.01.2019 18511 15,504 14,364 13,777

Figure 3 shows the light curves of Sy Mrk1040 in BVR filters for a specified period of time.
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Figure 3 - light curves of the Sy Mrk 1040 in filters B (thombus), V (square), R (triangle).
The X axis is the Julian date scale, the Y axis is the stellar magnitudes

Obtained data indicate that the investigating object is constantly experiencing irregular brightness
fluctuations in all three filters with an amplitude of ~ 1™. In addition, there is a gradual decrease in the
average level of brightness (Fig. 3).

2.4 Mrk 1513 = UGC 11763 = Il Zw 136 = PG 2130+099. Equatorial coordinates of the galaxy:
1(2000)=21132M275 8. §(2000)=+1008'19", red shift z=0.061990 +0.000947. Distance to galaxy 257
Mpc.

The bright compact galaxy Mrk 1513 was originally classified as NLSy1 (Seyfert 1 with narrow
lines), but in the mid-80s it was “transferred” to the quasar group (radio-quiet, low luminosity quasar). By

luminosity (M=-22™.9) this object is located on the border between quasars (Mui=-23") u Sy [13].
In FAPHI, observations of Mrk 1513 in the BVR photometric system have been carried out since
2015.

The star BD +094836 with coordinates a(2000)=21132™00%,1017; §(2000)=+1020931,681",
B=11,1; V=9,98; R=9,48 was used as the photometric standard. A star with coordinates: a (2000) =

21132M258 33 §2000)=+10%07'49,7", B=15,708; V=14,741; R=14,266 was selected as the check one.

Table 4 - Light curves of the Sy Mrk1513 in the B, V, R filters for 2015-2018.

Date of observation JD-2440000 B \ R
17.08.2015 17251 14,16 13,125 12,907
18.08.2015 17252 14,503 13,424 13,162
19.08.2015 17253 14,552 13,414 13,38
11.09.2015 17276 14,363 13,252 12,975
16.09.2015 17281 14,615 13,541 13,155
17.09.2015 17282 14,702 13,515 13,147
23.09.2015 17288 14,694 13,836 13,471
06.10.2015 17301 14,327 13,273 13,066
19.06.2016 17558 14,456 13,477 13,146
04.09.2016 17635 14,261 13,231 13
11.06.2017 17915 14,769 13,919 13,621
22.07.2017 17956 14,734 13,768 13,477
30.07.2017 17964 14,728 13,835 13,504
12.10.2017 18038 14,848 13,865 13,489
09.07.2018 18308 14,778 13,823 13,444
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Figure 4 shows the light curves for the Sy Mrk 1513 in BVR filters over a specified period of time.
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Figure 4 — The light curves of the Sy Mrk 1513 in filters B (rhombus), V (square), R (triangle).
The X axis is the Julian date scale, the Y axis is the stellar values in the BVR filters

High galaxy instability, within 0™.6, was observed in 2015. Since mid-2017, the level of the

brightness has decreased in all three filters, by about 0™.8 and it is still now at a rather low level (Fig.4).

3. Conclusion. Variability of the active nuclei of galaxies from the Markarian list is manifested in a
wide range of wavelengths. In particular, the optical variability of different degrees of activity is
registered in the all studied objects. During observable period a gradual decrease in the level of brightness
were noted in the Sy Mrk 6, Mrk766 and Mrk1513. The results of photometric observations of the Seyfert
galaxies in the optical range can be used together with X-ray data to determine the physical and dynamic
characteristics of individual zones near the nuclear regions of the AGN and to create adequate models of
these objects.

Work is performed within the program «MDDOAT RK Ne BR05336383»

YK 524.7
C. lllommexoBa, J. [leHucwok, P. Banauyaun, A. Kycakun, . Pea, 4. Omapos
«B.T". ®ecenkoB areHAarsl Actpodusuka nHCTUTYTE EXXIIC, AnmMartsr K.
MRK 766, MRK 6, MRK 1040, MRK 1513 OB BEKTIJIEPIHE ®OTOMETJIIK 3EPTTEYJIEP

Annoranusi: Maxkamaga, Mapkapsa Ttizimiageri: MRK 766, MRK 6, MRK 1040, MRK 1513 ceiipept
FaJaMIapbiHbIH (GoTOMETpIiK OakpUIayIapbIHBIH HoTiokenepi Oepinren. bakputaymap B.I'. deceHKoB aThIHOAFEI
Actpodusuka nHctutyThiHblH TsHb-11anp acTpoHOMHSIIBIK Oakbuiay 0a3achlHIa OpHAJACKaH auaMeTpi 1 MeTpliik
«IIBIFBICY TEJECKOOBIHBIH KOMETIMEH Kypri3ingi. bakpuiay manimertepin enaeyre MaximDL6 naker Oarnapiiamacsl
KoJAaHbUIAbl. FamampmapaplH MaHbBIHAA OpHAllacKaH CTaHAAPT O KYIABI3AApAbIH KOMETiMeH, OOBeKTUIepIiH
JKapKeIpaybl quddepeHmnanapK omic apkeuibl emmeHnai. Kymsicta, Mrk 766, Mrk 6, Mrk 1040, Mrk 1513
JKapKpIpay KHCBIKTapbl KenTipiireH. Mrk 766 yim ¢wuisTpaa OipTiHAen KapKbIpaybIHBIH a3aiifaHbl OaKblIaHaIbl.
Mrk 6 ramambIHBIH 3epTTey yakeT apaibirbiHga (2016-2019x0k.) ¢doroMeTpiik aWHBIMAIBIIBIK YII (QHIBTP

OoiibiHma cuaxporbl. 2017 KbUTabIH OackIH/a XKapPKbIPAYbIHBIH AJICipeyi OalKanaibl, ~ 0™.8. Mrk 1040 sxone Mrk
1513 FajamaapbIHBIH JKapKbIpaybl IYPbIC eMec aliHbIMalIbl OOJIBIT KeNei, aMIUIUTYAaIaphl ~™m (Mrk 1040) xone

~omg (Mrk 1513) »ynabpI3abIK MIaMaiapbiHA TCH.
Tyiiin ce3aep: cranmapTThl Xynas3aap, poromerpus, B V R mamanapsr.
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YK 524.7
C. IlomiexkoBa, J. [lenunciok, P. Banauyaun, A. Kycakun, U. PeBa, Y. Omapos
JATOO «Actpodusnueckuii uacTHTYT UM. B.I'. DecenkoBay, r. AMaTh
®OTOMETPUUYECKHUE UCCJIEJOBAHUSI CEU®EPTOBCKUX F'AJJIAKTHK
MRK 766, MRK 6, MRK 1040, MRK 1513

AnHoTanus. B cTatbe nmpuBoOAsTCSA pe3ynabTaThl GOTOMETPUIESCKUX HAOIIOACHUH Ceii(pepTOBCKUX TaTaKTUK W3
crmcka Mapkapsiaa: MRK 766, MRK 6, MRK 1040, MRK 1513. HaGmtonernst IpOBOIIITHCh HA «BOCTOYHOMY 1-
METPOBOM TeJIeCKOIIe, pacioyiokeHHOM Ha Tstab-11lanbckol acTpoHOMHUYECKOH obcepBaTopuu ACTpoPU3UIECKOTOo
uHctutyta uMm. B.I'. ®ecenkoBa. [ 0OpaOOTKM HAOJIONATENBHBIX [AHHBIX TMPUMEHSJICS MAaKeT MpOorpamMmm
MaximDL6. Orenka Oyiecka BBIIOJHUIOCH METOAOM auddepeHImaibHoil  (GOTOMETPUH, HCIOIb30BAIKNChH
CTaHAApTHBIC 3B€3/1bl B OKPECTHOCTAX TaJlakTHK. B pabote npuBojsiTcst KpuBble Onecka ranaktuk: Mrk 766, Mrk 6,
Mrk 1040, Mrk 1513. B Mrk 766 BbIssBIcHA TEHICHIMS K MOCTEIICHHOMY OCJIA0JICHHIO OJiecKa B TpeX (IIbTpax.
YcraHoBIIeHO, 4TO (OTOMETpHUYECKHE M3MEeHeHHs B rajaktuke Mrk 6 B mccnenyemsiit nepuon (2016-2019 rr.)
MIPOMCXOJIMIIN CHHXPOHHO BO Bcex Tpex ¢mibTpax. C Havana 2017r. Havanock ociabienue e€ Oiecka M K Hadalry

2019 r. ono mocrurio ~ 0.9, Jus ranaktuk Mrk 1040 u Mrk 1513 3a nccnenyemsiii mepuos ObUTH XapaKTEPHBI

m m
HeperyJsipHble Kosiebanus Onecka ¢ amruiutyaamu ~1 u ~ 0.8, COOTBETCTBEHHO.
KiroueBble ciioBa: ceiidepToBeckue rajakTuku, poromerpus, B V R BeanuuHbL.
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FORM FACTORS AND DENSITY DISTRIBUTIONS
OF PROTONS AND NEUTRONS IN "Li AND "Be

Abstract. Form factors and density distribution of protons and neutrons in 'Li and "Be are investigated within a
microscopic two-cluster model. The model correctly treat the Pauli principle and make use of the oscillator basis to
expand wave function of two-cluster system. Dynamics of two-cluster system is totally governed by a semirealistic
nucleon-nucleon potential. We demonstrate that the model used correctly reproduces form factors for the ground state

Y : 7
of 'Li and 'Be.
Key words: two-cluster system, form factors, density distribution, nucleon-nucleon potential etc.

Introduction

Inthis paper we consider the form factor of the elastic scattering of electron and density distribution of
protons and neutrons in light nuclei 'Li and 'Be. In previous paper [1] we have investigated properties of
light nuclei “He, °Li, SLi, "Li, 'Be and *Be within a microscopic two-cluster model. This model is the
algebraic version of the resonating group method. In Ref. [1] main attention was paid to the spectrum and
wave functions of bound and resonance states in these nuclei, and also to phase shifts of the elastic two-
cluster scattering. It was shown in Ref. [1] that the two-cluster model used correctly reproduces the main
properties of light nuclei *He, °Li, °Li, "Li, "Be and *Be. The aim of the present investigations is to obtain
complementary information on structure of bounds states in light nuclei 'Li and 'Be. This

Table 1 - Main input parameters of calculations and energy of the ground state in 'Li and "Be.

Nucleus Potential b,fm m/u fis Egs, MeV
Li MP 1.3451 0.969 1.00 -2.468
MHNP 1.362 0.0002 1.00 -2.467
Be MP 1.3451 0.969 1.00 -1.630
MHNP 1.362 0.0002 1.00 -1.588

will be done within the same two-cluster model. It is well known that the form factor provides information on
distribution of charge in a nucleus. Values of the form factor in the region of small transferred momenta
allows one to determine the proton root-mean-square radius.

Details of calculations and results

As in previous paper [1], we represent 'Li and 'Be as two-cluster system a-+t and a+ He, respectively.
Weuse a common oscillator length b to discribe distribution of nucleons in each cluster.

Two semirealistic nucleon-nucleon interactions: the Minnesota potential (MP) [2], [3] and the modified
Hasegawa-Nagata potential (MHNP) [4, 5, 6] are employed in our calculations. As in Ref. [1] we select the
oscillator length b to minimize the two-cluster threshold. We also slightly modified the Majorana parameter m
of MHNP and the parameter u of MP to reproduce the energy of the ground state accounted from the two-




News of the National Academy of sciences of the Republic of Kazakhstan

cluster threshold. In Table 1 we display all input parameters of our calculations. In all our calculations we
make of 200 oscillator functions. This number of functions guarantees a good precision for the energy and wave
functions of bound states, even for weakly bound states. We have also checked that this number of oscillator
functions provides form factors and densities distributions with acceptableprecision.

Since we consider light nuclei 'Li and "Be within two-cluster microscopic model, wave function of bound
and continuos spectrum states is represented in the following form:

Vgye = A {01041, 50) 0 (42,52) | Wi @OV @) M

Notations which we are using here are identical to those of Ref. [1].

Since wave functions @; (44, s;) and @, (Az’sz), describing internal motion of nucleons inside each
T

cluster are known and fixed, thus we have to find the inter-cluster function W{; .s(@) by solving the
dynamic equations of the resonating group method (RGM). In the standard version of the RGM, they are
the integro-differential equation. In the algebraic version of RGM, whichweemploy,thedynamicequations
aretransformedinto asetoflinear algebraic equations. This is achieved by using a full set of the radial part
of oscillator functions{®,;(q,b)}. By expanding the inter-cluster function y/{;Ls(q) over oscillator

functions

Vs (@) = Zrizo Cnris P (4, b) 2)
orthe total two-cluster function ¥g; overcluster oscillator functions {| nL; SJ)}
Yg; = Xh=0CnL;sy| nL; SJ), €))
we arrive to a system of linear algebraic equations
2_o{(nL|H|AL) — E(L|AL)}Cpy,s5 = O. (4)

In real calculations, the infinite set of equations (4) can be reduced a finite set of equations. And thus to
find energies and wave functions of bound state, we need to obtain eigenvalues and corresponding
eigenfunctionsofthe N X N matrix

[{nL[A|RLM]

It worthwhile noticing that, by assuming that the wave function ¥ ;= of a bound state is obtained,
one has to calculate the matrix element

Ey(q) = (Vg || g m) 6))
F(q) = (WE]’Tllmij]") (6)

in order to determine the proton and neutron form factors, and one has also to calculate matrix elements

D,(r) = (st A B+ )80 — 1) | ,n>, Rl

D,(r) = <ny A B - £)80 — 1) | ,n>, ®)

to obtain the density distribution of protons D,,(r) and neutrons D, (r). Here the operators F;, and E, are
=~ 1 N .
B =32 (1 + t)exp {i(an)} ©)
—~ 1 n .
F, = 1A, (1 — £)exp li(ary)} (10)

1 . 1 . o
and the operators 5(1 + %;,) and 5(1 — T;,) are projection operators on proton and neutron state,

respectively. In equations (5), (6), (7) and (8), integration is carried out over all spatial, spin and isospin
coordinates.
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It is worth noticing that by calculating both proton and neutron form factor or densities we can easily
construct the matter form factors or densities from the relations

En(@) = F, (@) + Fu(@)
Dy (r) = Dp(1) + Dy (1)
Recall that the nucleon densities are normalized by the conditions
[drD,(r) =2, [drD,(r) =N, [drD,(r)=A4,

where Z is the total number of protons, N is the total number of neutrons, and the mass number A=Z+N.
Form factor
In section we consider form factor of elastic scattering of electrons.
The elastic form factors for ground 3/2 states of 'Li and 'Be are presented in Fig. 1. The form factors
are calculated with MHNP.

q, fm’’

Figure 1 - Form factors of the elastic electron scattering from the ground states of "Li and "Be.
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Figure 2 - Form factor F(q) of elastic electron scattering on the first excited 1/2~ states in 'Li and 'Be.




News of the National Academy of sciences of the Republic of Kazakhstan

In Fig. 2 we display form factor of electron elastic scattering from the excited 1/2 states in 'Li
and 'Be. These results are also obtained with MHNP.

On both figures 1 and 2 we use the logarithmic scale and indicate only an exponent of log (F (q)). We can
see that the form factors for the ground and first excited states rapidly turn to the zero with increasing of the
momentum transfer q. The form factor for the ground state of 'Li has a node at q=2.49 fm ', while for 'Be
the first node appear at ¢=2.03 fm . For the first excited 1/2 states, the position of a node slightly shifted
to small values of the momentum transfer q and equals to q=2.26 fm ' for "Li and equals to q=1.86 fm '
for 'Be.

The present results are in agreement with other microscopic model. For example, the form factors for
the ground state of "Li and "Be, presented above, are very close to those obtained in Refs. [7], [8], [9]
within the other realization of the resonating group method. There is also fairly good agreement with the
experimental data Ref. [10].

Density distributions

Now we turn our attention to the density distribution of proton and neutrons. The proton and neutron
density distributions for the "Li ground states are shown in Fig. 3. They are calculated with MHNP. As we see
the protons are mainly concentrated at small distances, while the neutron density distribution is more
dispersed in the space.

In Figure 4 we display the proton and neutron density distribution for the ground state of 'Be. This
nucleus is mirror to the nucleus 'Li, and thus we have inverse picture for proton and neutron density
distributions with respect to Fig. 3. Despite that the energy of the 'Be is smaller than the ground state
energy of 'Li, both nuclei have similar density distributions of proton and neutron.

Conclusion

We have applied a two-cluster microscopic model to study density distribution of protons and neutrons
in light atomic nuclei 'Li and "Be. We also have studied the form factors of elastic electron scattering from
these nuclei. The microscopic model which has been employed is the algebraic version of the resonating group
method. The later is using the full set of oscillator functions to expand wave functions of bound and scattering
states. Nucleon-nucleon interaction being a key ingredient of any microscopic model was represented by two
semirealistic potentials which are often used in two- and three-cluster microscopic models.

It was demonstrated that the present two-cluster model reproduces fairly well the elastic form factors of
’Li and "Be as a function of the momentum transfer. It was also demonstrated that our results are
compatible with results of other theoretical models.

D(r)

r. fm
Figure 3 - The proton and neutron density distribution in the ground state of "Li.
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D{r)

Figure 4 - The proton and neutron density distributions in the ground state of 'Be
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A . Nyiicenbaii’, H.7K. Takubaes', B.C. BacuieBckwuii’,
B.O. Kypmanrainesa’, E.M. Akukirirosa’'

'On- ®dapabu areinarel Kasak ¥YnTTeIK YHUBepcuTeTi, Anmatel, Kasakcras;
*Boromio6oB atsiHaarsl Teopusnsik Ousnka MucTuTyThl, Knes, Ykpanna

LI 5)KOHE 7BE SIIPOJIAPBIHJIAFbI IPOTOHJIAP MEH HEMTPOH/JIAP
TBIFBI3JILIFBIHBIH, TAPAJIYbI MEH ®OPM ®AKTOPJIAPHI

Annotanus. 'Li sxone 'Be sapoapbIHIaFsl HEHTPOHIAP MEH MPOTOH/AP THIFBI3IBIFBIHBIH TapaTybl MeH GopM
(hakTOpIapHl MUKPOCKOMHSIIBIK €Ki KJIaCTEpPIIiK MOJIeIb peTine 3eprrenini. by monens [aynu npuHuuniz eckepe
OTBIPBII, €Ki KJIACTEPJIIK )KYHEHIH TOJKBIHABIK (DYHKIHMACHIH XKIKTEY YIIiH OCHUUIITOPIIBIK HeTi3al Koinanaabsl. Exi
KJIacTepJliK JKYWEHIH JWHAMUKACHl TOJBIFBIMEH JKapThUIall pEaJMCTIK HYKJIOH-HYKJIOHABIK IOTEHINAIBIMEH
aubIKTaa6l. KONIaHBUIBIT OTHIPFaH MOJIENb 'Li %oHe 'Be sIpoNaphIHbIH HErisri Kyitiepi yuin dGopm-pakrop/sl
JIypbICc OepeTiH/IriH KepceTeMis.

Tyiiin ce3mep: eki kiacTepiik Kyie, ¢opMm Gaxropiap, THIFBI3ABIKTEIH Tapalybl, HYKJIOH-HYKJIOHIBIK
MOTEHIMAT XJHE T.0.
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A . Myiicenbaii’, H.7K. Takubaes’, B.C. BacuiieBcKHuii’,
B.O. Kypmanrainesa ', .M. Ak:kururopa’

'Kasaxckuil HalOHATBHBIH YHHBEpCHUTET NMeHH anb-DPapabu, Anmatel, Kazaxcran;
2I/IHCTI/ITyT Teoperndeckoii @usnku nMenu boromobosa, Kues, Ykpanna

®OPM ®AKTOPBI ¥ PACTIPEJIEJIEHHE IJIOTHOCTHU IMIPOTOHOB
M HEMTPOHOB B SI/IPAX LI M1 'BE

AnHotanus. ®@opM (QaKkTOpel W paclpeleieHHe IUIOTHOCTH TPOTOHOB W HEWTPOHOB B spax Li u "Be
HCCIICIOBAHBI B PaMKaX MHUKPOCKOIHYECKOW JIBYXKIACTEPHOH Mojenu. MoJiellb MpaBUIIbHO YYUTHIBACT HPUHIIHIT
[Maynu ¥ MCHONB3YyeT OCHMJUIATOPHYIO OCHOBY JUISI PAa3JIOKEHUS BOJHOBOW (DYHKIMU JIBYXKIACTCPHON CHUCTEMBEL.
JluHaMHMKa [BYXKJIACTEPHONW CHCTEMbI TMOJHOCTBHIO OMNPEACNSETCS IMOTYPEATUCTHYECKUM HYKIOH-HYKIIOHHBIM
MOTEHIUAIOM. MbI TMOKa3bIBA€M, YTO HCIOJb3yeMash MOJEb MPAaBHIBHO BOCIPOU3BOAUT (HOPM-GaKTOPhI st
OCHOBHOTO coctosiaus 'Liu 'Be.

KaroueBble cioBa: aByxkiacTepHas cucrema, (GopMm (akTopbl, pacrpeleseHue IUIOTHOCTH, HYKJIOH-
HYKJIOHHBII TOTEHIHAT U T.JI.
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NUMERICAL IMPLEMENTATION OF SOLVING A BOUNDARY
VALUE PROBLEM FOR A SYSTEM OF LOADED DIFFERENTIAL
EQUATIONS WITH PARAMETER

Abstract. A linear two-point boundary value problem for the loaded differential equations with parameter is
considered. This problem is investigated by parameterization method. We offer algorithm for solving to boundary
value problem for the system of loaded differential equations with parameter. In first, original problem is reduced to
equivalent problem consisting the Cauchy problems for system of ordinary differential equations with parameters in
subintervals and functional relations with respect to introduced additional parameters. At fixed values of parameters
the Cauchy problem for system of ordinary differential equations in subinterval has a unique solution. This solution
is represented with fundamental matrix of system. Using these representations we compile a system of linear
algebraic equations with respect to parameters. We proposed algorithm for finding of numerical solution to the
equivalent problem. This algorithm includes of the numerical solving of the Cauchy problems for system of the
ordinary differential equations and solving of the linear system of algebraic equations. For numerical solving of the
Cauchy problem we apply the Runge—Kutta method of 4th order. The proposed numerical implementation is
illustrated by example.

Key words: boundary value problem with parameter, loaded differential equation, numerical method,
algorithm.
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As well-known, the problem of constructing effective models finds its solution in many areas of
science and technology. The active development of computer technology in recent decades, the
emergence of new software tools designed to automate professional activity, has significantly affected the
methods for solving the problems of identification of parameters. The application of software tools
specialized in the field of scientific, technical and engineering calculations provides an opportunity for a
deeper study of the investigated area, transferring the main burden of solving the problems from the
development, debugging of algorithms and programs to the study of qualitative and numerical
characteristics of the problem. Therefore, a modern approach in the theory of control and identification of
parameters should be directed to the development of new constructive methods and modifications of
known methods for solving boundary value problems for loaded differential equations with parameters.
The theory of boundary value problems for the loaded differential equations with parameters is rapidly
developing and is used in various fields of applied mathematics, biophysics, biomedicine, chemistry, etc.
[1-10]. In spite of this, the questions of finding the effective criterions of unique solvability and
constructing the numerical algorithms for finding the solutions of boundary value problems for the
system of loaded differential equations with parameters still remain open. One of the constructive
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methods for investigating and solving the boundary value problems with parameters for the system of
ordinary differential equations is the parameterization method [11]. The parameterization method was
developed for the investigating and solving the boundary value problems for the system of ordinary
differential equations. On the basis of this method, coefficient criteria for the unique solvability of linear
boundary value problems for the system of ordinary differential equations were obtained. Algorithms for
finding the approximate solutions were also proposed and their convergence to the exact solution of the
problem studied was established. Later, the parameterization method was developed for the two-point
boundary value problems for the Fredholm integro-differential equations [12-16]. Necessary and
sufficient conditions for the solvability and unique solvability are established, the algorithms for finding
the approximate solutions of the problems considered are constructed. In [17], methods for investigating
and solving the linear boundary value problems for the linear Fredholm integro-differential equation on
the basis of new algorithms of parameterization method are constructed. In [18] this algorithm is used for
solve boundary value problem for system of ordinary differential equations with parameter.

In present paper the proposed new algorithms of parameterization method are extended to boundary
value problem for loaded differential equations with parameters. We offer the numerical implementation
of these algorithms to solve boundary value problem for the loaded differential equations with
parameters.

So, we consider the linear boundary value problem for the loaded differential equations with
parameter

B~ Aex+ K OXO) +A,(Op+ (@), xR, weR, 12O, O

Bx(0)+Cx(T)+ B,u=d, deR"", )
where the (72X 7)-matrices A(?), K]. @), j= O,_N, (nx m) -matrix A (¢), and 7 -vector-
function f(¢) are continuous on [0,7], the ((77 +m) X n) - matrices B, C, the ((n+m)xm)
- matrix B , are constants.

Let C([0,T],R") denote the space of continuous functions X :[0,7]— R" with the norm
x(t)|
x'(t)e C([0,T],R"), 1’ (t) € R", where the function X (¢) is continuously differentiable on
(0,T) and satisfies the loaded differential equation (1) and boundary condition (2) with ¢ = ,u*.

Given the points: 8, =0<6 <0, <...<0, <60, =T, and let A () be the partition of

interval [0,7") into IV subintervals: [0,7") = LNJ[QH ,0).

||x||1:max . A solution to problem (1), (2) is a pair (u ,x (¢)), with

te[0,7T]

By C([0,T],A,,R"™) we denote the space of function systems x[¢]= (x,(¢),x,(?),...,x, (¢)),
where X [QH , 9}) —> R" are continuous and have finite left-hand limits tligI}O X, (t ) for all

=1, N, with the norm Hx”2 = max sup er (t)H
r=LN"tel6,,.6,)
Denote by x (f) the restriction of function X(¢) to the 7 -th interval [ ,6 ) and reduce problem

(1), (2) to the equivalent multipoint boundary value problem with parameter for the loaded differential
equations

% = A()x, + 3K (0x,.,(0)) +K  ()x(0,) + 4,(O + [ (1), ®)
RS (9;*7]70;*),]/' :L_N’
Bx,(0)+ Cx (T)+Bu=d, )
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LIHH% x®)=x,0), s=1,N-1, (5)

lim x, (7) = x(8,), (6)

where (5), (6) are conditions for matching the solution at the interior points of partition A N ((9) and at
the point £ = QN.

The solution of problem (3) - (6) is the triple (y*,x*(QN),x*[t]) with elements ,u* eR",

x(0,)eR", x'[t]=(x (1),x.(t),...,x, () € C([0,T],A, ,R"™), where functions X' (?),

r =1, N, are continuously differentiable on [HH ,(9)_), which satisfies system of loaded differential

equations (3) and boundary condition (4) with 4 = u* and continuity conditions (5), (6).
We introduce additional parameters A =x (6 ), ¥ =1,N,and 4, =x(60,), 4,,, = 1.

Making the substitution # (#) = x (¢) — A , onevery r —thinterval [ ,0 ), =1, N, we obtain
multipoint boundary value problem with parameters

d;‘tr =AY + 1)+ ﬁK}. (A, +A4,(DA,, + f@), teld .,0), p=LN, ()
u,(0.)=0, p=1N, (®)

BA +CA, +BA,, =d, )

A +limu ()=4., s=LN. (10)

A pair (Z* u'[t]) with elements A= (ﬂl ,/1; oo .,I;M 92:;\”2) eR™™ R

u'lt]l= (u (¢),u,(t),...,u,(t)) € C([0,T],A,,R™), is said to be a solution to problem (7)-(10) if

the functions (), r =1,N are continuously differentiable on [QH,Q), and satisfy (7) and

additional conditions (9), (10) with ﬂj = I; , J= 1, N + 2, and initial conditions (8).

Problem (1), (2) is equivalent to problem (7)-(10) in the following sense. If a pair (A",u"[¢]) isa
solution to problem (7)-(10), then the pair (x'[¢], ") with function X" (#) defined by the equalities
xX()=A +u (t), telb_.,0), r= m x(T)y=A4,,, u#" =A4,,, is asolution to problem

(1), (2). Conversely, if a pair (f(t),ﬁ) is a solution to problem (1), (2) and Zr =)~C(9H),
A,.,=%0,), A, =H, #()=%0)-%(0), te[b ,0), r=1,N, then the pair
(A,i[t]) with A=A, 4., A, A )ER™™, and #[t]= G (1)@, (0),....7i,(t)), is a
solution to problem (7)- (10).

. S _dx
Let X (#) be a fundamental matrix to the differential equation ? = A(t)x
4

on [0 _,0), r=LN.
Then the unique solution to the Cauchy problem for the system of ordinary differential equations (7),
(8) at the fixed values A = (ﬂl ,ﬂz .. .,ﬂNH A

N+2

) has the following form
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u (t)=X() [ X" (D) A@D)dT -2, + X(0) [X ' (OL K (0)d A, +

+ X(0) [ X (D)4, (1)dTh, + X(0) [X(2) f(r)dr, t (@ ,0), r=LN. (1)

Substituting (11) into continuity conditions (10) and taking into account (9), we get the system of
algebraic equations with respect to unknown parameters A = (ﬂ.l R ﬂ.z yeues ZNH s ﬂ,lm) eR"™":

BA +CA, +BA,, =d, (12)
A +X(O) [ X (AT 2, +X(0) | X (03K (1)dTh, A, +

FXO) [X (DA ()dT A+ X(0) [ X '(2)f(2)dr =0, s=LN. (3

Denoting by Q. (A v ) the matrix corresponding to the left-hand side of system (12), (13) which is

consist of the coefficients at the parameters ﬂr , Y=L, N+2, andthen introducing the vector

F(8.)=(~d.X@) X ) (0Mr X0 X (01 e

we write the system (12), (13) as:
0.(A)A=-F(a,) 2eR"". (14)

The boundary value problem (1), (2) is solved by the following algorithm:
As can be seen from the equations (12), (13), the coefficients and right-hand side of the system (14)
are composed of solutions to the Cauchy problems

dz

7 = A(t)z+ A(t), z(0.,)=0, r=1LN, (15)
t

dz —
E:A(t)ZJrK’(t)’ z(0_)=0, r=1,N, (16)
dz —

% =A(t)z+ A,(t), z26_,)=0, r=LN, (17)
dz —

% =A(t)z+ f(¢), z(0.,)=0, r=1,N. (18)

Construct the following algorithm for the numerical solving of two-point boundary value problem for
the systems of loaded differential equations with parameter by applying the Runge—Kutta method of 4th
order for numerical solving of the Cauchy problem (15) — (18).

Suppose we have a partiion 6 =0<6 <...<0, <60 =T. Divide each subinterval

[HH R 9, ), i=1,N,into N . parts. Define the approximate values of coefficients and right-hand side of
(14) via solutions to the Cauchy matrix and vector problems obtained using the Runge—Kutta method of
4th order with step h,_ = ((9[ - 9[_1 )/ N i i =1, N . Then we obtain the following approximate system

of algebraic equations with respect to parameters A :

O'(A)A=-F'(A,), AeR"". (19)
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nN+m

Solving the system of linear algebraic equations (19) we find A" eR .
As noted above, A' = ﬂf , ﬂf; yeoes ﬂfm eR"™™ components are the values of approximate
solution to problem (1), (2) at the initial points of subintervals:

F0) =75 0) £ X' 0) =R u =

N+2°

Applying the Runge—Kutta method of 4th order for numerical solving of Cauchy problem

% = A(f)x + ﬁ]K}. A, + A, + f(),

x@ )=X,tel0,.6) r=LN,

we determine the numerical solution to problem (1), (2). To illustrate the proposed approach of the
numerical solving of two-point boundary value problem for systems of loaded differential equations with
parameter (1), (2) based on the parametrization method, let us consider the following example

Example. Consider on [O,T ] the linear two-point boundary value problem for the systems of
loaded differential equations with parameter:

% = A(t)x + K,(1)x(6,) + K (1)x(0,) + K,()x(0,) + A,()u + f(t),

te[O,T], xeR ueR’ (20)
Bx(0)+Cx(T)+Bu=d, deR’ 21)
t* t+1 t 2 8 t +1 0
h Alt)= , Ko (t)= , K, (t)= K, (t)= ,
e 2 [2 3t] o) [tz t—4) ) [r 3zj () [r 4]
A\t)= e o fo= ’
t+3 2 ¢ —3t4—12t3+2t2+%t—5
1 O 5 =2 1 3 -5 -51
2 1 0 4 0 4 28
B=|3 -2|"C=|5 3 | B=[4 -2 3| d=|36
0 4 8 11 -1 3 8 57
7 9 7 8 4 -2 0 -7

In this example, the matrix of differential part is variable and the construction of fundamental matrix
fails. We use a numerical implementation of algorithm of the parametrization method. Below we provide
the results of numerical implementation of the algorithm by partitioning the subintervals [0,0.5], [0.5,1]

with step hl = hz =0.05.
Solving the system of equations (19) we obtain the numerical values of the parameters:
e _[- 0.99999562} 7 (- 0.74999836} P (0.00000017]‘
-2.00000517 -1.62499829 0.00000511

We find the numerical solutions at the other points of the subintervals applying the Runge-Kutta
method of the 4th order to the following Cauchy problems:
81

1

2

3
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é%:h“ﬂxfﬁK“ﬂﬂ?+KKﬂi§+KéU»g+l“01§+f@L relo, = | x0)=4,
g P P P 1 ~
%%:Amm+KJ&ﬂ+KKO%+KA&%+MﬂM+fm,te EJ, %( =i
1

The exact solution of the problem (20)-(21) is a pair (& ,x"(¢)), where u" =
9

t* -1
£+ =2

x'(t)=

The results of calculations of numerical and exact solutions at the partition points are presented in

the following table:

, telo.1].

%(0) * %, (1) *
t (numerical x, (2) (numerical x, ()
solution) solution)

0 -0.99999562 -1 -2.00000517 -2
0.05 -0.99749604 -0.9975 -1.99737924 -1.997375
0.1 -0.98999643 -0.99 -1.98900339 -1.989
0.15 -0.97749678 -0.9775 -1.97412762 -1.974125
0.2 -0.9599971 -0.96 -1.9520019 -1.952
0.25 -0.93749739 -0.9375 -1.92187622 -1.921875
0.3 -0.90999764 -0.91 -1.88300059 -1.883
0.35 -0.87749786 -0.8775 -1.83462498 -1.834625
0.4 -0.83999805 -0.84 -1.7759994 -1.776
0.45 -0.79749822 -0.7975 -1.70637383 -1.706375
0.5 -0.74999836 -0.75 -1.62499829 -1.625
0.55 -0.69749848 -0.6975 -1.53112275 -1.531125
0.6 -0.63999858 -0.64 -1.42399724 -1.424
0.65 -0.57749867 -0.5775 -1.30287174 -1.302875
0.7 -0.50999875 -0.51 -1.16699627 -1.167
0.75 -0.43749884 -0.4375 -1.01562083 -1.015625
0.8 -0.35999893 -0.36 -0.84799544 -0.848
0.85 -0.27749906 -0.2775 -0.66337012 -0.663375
0.9 -0.18999923 -0.19 -0.46099489 -0.461
0.95 -0.09749948 -0.0975 -0.2401198 -0.240125

1 0.00000017 0 0.00000511 0
~ W * ~ W * — 7 *
My = 141 H, My = 142 H, My = 2,43 Hs
(numerical (numerical solution) (numerical solution)
solution)
0.9999919 1 -2.00000308 -2 8.99999553 9

For the difference of the corresponding values of the exact and constructed solutions of the problem

the following estimate is true:

max | — 7] < 0.0000081,
max|x*(r,)-%(t, )| < &, & =0.000005.

j=0,20

— g2 ——
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MMAPAMETPI BAP KYKTEJITEH JU®®EPEHIMAJIIBIK TEHJEYJEP )KYHECI YIIITH
IETTIK ECENTI IMEIYAIH CAHIBIK )KY3EI'E ACBIPBIJIYBI

Annoranus. [lapamerpi Oap xykrenreH mnudepeHIHaNIbIK TeHASYIep YIIH ChI3BIKTH €Ki HYKTeNi IIETTIK
€Cell KapacThIPhUIAAbl. ATalFaH ecen IapaMeTpiiey oaici apKpUIbl 3eprrenemdi. [lapameTpi Gap kykrenreH mudde-
PEeHLMAIIBIK TEHJEYJIep JKYHecl YIIIH MIeTTIK €CeNTiH UIeNIMIH TaOyAblH alrOpUTMI YCHIHBUIAAbl. AJIBIMEH
Oacrarnkbl ecell ilKiapalnbIKTapAarbl napaMeTpiepi 0ap ko nuddepeHunanapik TeHaeynep xyieci yuin Komm
eceOlH JKOHE eHTI3UIreH mapaMeTpliiepre KaTbICThl (YHKIIMOHANJBIK KAThIHACTAP/bl KAMTUTBHIH Mapa-mnap ecernke
kenripineni. I[lapamerprnepain OekiTUIreH MOHIHJE IIIKiapaJIbIKTAFbl k9l AnudepeHInanIblK TeHAeYyIep Kykeci
yurie Ko eceOiHiy xanFbi3 miemnrimi 0ap Oonaapl. By mrermiM sxyieHiH (GyHIaMEHTAIIBIK MaTPUIACH apKbLIbI
kerinTeneni. Ockl KedinTeMeepAi naianaHa OTBIPHINT HapaMeTpIiepre KaThICThI CHI3BIKTHI aIreOpallblK TEHICYIICp
KyleciH Kypambi3. [lapa-map ecentiH caHABIK MIEMIiMiH TaOyFa apHaJFaH ajlrOPUTM YCHIHBUIAABL. byl anroputm
KoM U epeHImanIbIK TeHaAeyIep Kykeci ymin Komm ecentepid caHABIK MICIITY i )KOHE aNreOpalibIK TCHACYIIEP
JKyleciH mrerryai kamtuapl. Kommm ecenTepiH CaHIBIK TypZe WIeNTy VIniH TepTiHmi perti PyHre-KyrransH omici
KOJIIaHbUIA b, ¥ CHIHBLIBII OTBIPFAH CAHIBIK JKY3€re aChIPbLTY MBICAIIMEH KOPHEKTEIC/I1.

Kinrrik ce3mep: mapamerpi Oap MIETTIK ecem, KYKTenreH Iup@GepeHINaNAbK TEHIEY, CaHIBIK IiC,
ANTOPUTM.
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YHUCJIEHHAS PEAJIM3ALIMS PEIIEHUS KPAEBOM 3AJTAUA
JIJISI CACTEMBI HATPYKEHHBIX TMU®O®EPEHIIUAJILHBIX YPABHEHUI C IAPAMETPOM

AnHoTanus. PaccmarpuBaercsi NuHeWHas AByXTOU€YHas KpaeBas 3agada JJIsi CHCTEMBl HarpyKEHHBIX
muddepeHmanbHbIX  ypaBHeHHH ¢ mapameTpoM. JlaHHas 3ajada MCCieyeTcs METOJOM IapamMeTpu3alyu.
[Mpennaraercst anropuT™M HaxXOXKIEHHS PELICHUS] KPaeBOW 3a1auul JJIsl CUCTEMBI HarpyXeHHbIX TuddepeHranbHbIX
ypaBHEHMH ¢ mapaMeTpoM. BHauane ucxofHasl 3ajada CBOAMTCS K SKBHUBAJIEGHTHOM 3ajade, COCTOAIIEH M3 3aj1ad
Komm mnst cucrembl OOBIKHOBEHHBIX I depeHIManbHbBIX YpaBHEHUH C MapamMeTpaMH Ha IHOAWHTEpaBaiax W
(hyHKIIMOHATIBHBIX COOTHOIIEHNH OTHOCHTEIHHO BBEACHHBIX JOMOJHHUTEIBHBIX MapameTpoB. [Ipn duxkcnpoBaHHBIX
3HAUEHHMAX NapaMeTpoB 3amada Komwm st cucteMbl OOBIKHOBEHHBIX IU(QEpEeHIHMANbHBIX  YpaBHEHUH Ha
MOJMHTEPBAJIE UMEET €IUHCTBEHHOE PEIICHHe. DTO PELIeHHE MPEeACTaBIsIeTCs Yepe3 (pyHIaMEHTAIbHYI0 MaTpHILy
cucrembl. Mcronb3yss 3TH IPEACTaBICHUS COCTaBJIICTCS CHUCTEMa JIMHEHHBIX anreOpanyuecKuX ypaBHEHHH
OTHOCHUTENBHO NapameTpos. Ilpeanaraercst anroputM HaxOXKIECHUsI YUCICHHOTO PEIICHHs SKBUBAJICHTHOM 3a1adu.
JlaHHBIN anropuTM BKJIIOYAET YUCICHHOE pemieHne 3a1ad Komm 11t cucTeMbl 00BIKHOBEHHBIX AU GEepeHIINATbHBIX
YpaBHEHUIA U peLIeHNe JIMHEHHOW CUCTeMbI alredpandyeckux ypaBHeHud. [l yuciaeHHoro pemenus 3agadn Komm
npumensiercs MetoJ Pynre-Kyrra uerBeptoro mopsnka. Ilpemiaraemas yncieHHas peanu3ais WUTIOCTPUpPYeTCs
MIPUMEPOM.

KitroueBble cjioBa: KpaeBas 3aj1a4a C IIapaMeTpoM, HarpyxeHHoe quddepeHnnansHoe ypaBHEHHE, YHCIICH-
HBII METOJI, alNTOPUTM.
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ON THE SQUARE ROOT OF THE OPERATOR
OF STURM-LIOUVILLE FOURTH-ORDER

Abstract. In the present work found the root of the positive operator of the Sturm - Liouville problem of the
fourth order, which is invertible composition operator of the Sturm - Liouville problem and its adjoint. The found
root does not possess the property of positivity, but is a self-adjoint operator in the essential. One theorem of Putnam
of algebraic character is used as a leading idea. It is hoped that the results will find applications in spectral operator
theory and theoretical physics.

Keywords. Kato conjecture, dissipative operator, square root of operator, Putnam theorem, deviating argument,
fractional powers of an operator, inverse problem, spectrum, unitary operator, self-adjoint operator, positive
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1. Introduction.

Definition. Let H be a Hilbert space. A linear bounded operator B is called positive if (Bx,x) =0
for all x € H. We write B = 0 if B is positive.

Lemmal.1 (On the square root). Let A be a linear bounded operator and A = 0. Then there is a single
operator B > 0 and B? = A. Moreover, B commutes with any bounded operator commuting with A. [1.
p-219].

When extending the concept of root to dissipative operators, the hypothesis of Kato [3] arose,
consisting in the fact that the domain of the root definition from the operator always coincides with the
domain of the root definition from the conjugate operator. But in 1972 A. Macintosh [4] built a
counterexample, since then the hypothesis has been slightly reformulated: to find the largest class of
operators that satisfies this condition, and is now given very active research in this direction [5-57].

Many operators of theoretical physics have square roots [57-64]; in particular, the square root of an
operator in a Banach space was found in [65, pp.169-176]. We give an excerpt from this work.

Consider a generating operator A in a Banach space B with the following properties:

1) The operator (I + y2A)~?! exists, is defined everywhere in B and is bounded by one;

2) The operator A~ exists;

3) [lett|| <M, —0 <t < +o0.

Under these conditions, the following lemmas are valid.

Lemma 1.1. Operator

exists as an operator in B on the area D(4).
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Lemma 1.2. For any y € D(A) the equality is true

T?g = Ag.
In connection with these results, the following problem arises.
Formulation of the problem. Let a reversible Sturm-Liouville operator L

Ly = —y"(x), x € (0,1)
{an}’(o) +a2y'(0) + ay3y(1) + a1y’ (1) =0,
a21Y(0) + az,y'(0) + a3y (1) + azy'(1) =0,
where a; j (i =1,2;j = 1,2,3,4) — are complex numbers. Then it takes the following form:
Ly = —y"(x), x € (0,1) (1)
A13y(0) — (Aq2 + A32)y'(0) — Agzy(1) —
—(A14 +034)y' (1) = 0; @)
(D12 + A1z + 814)y(0) — (A3; + A42)y"(0) +
+(A3z + A34)y(1) — (B34 + A24)y'(1) = 0;
conjugate which has the form:

Ltz=-z"(x), x € (0,1), (D"
( B132(0) — (_534 +_E32)Z'(0) — Ay32(1) -
—(Ay +A15)Z'(1) =0 @)
(A2 +A13 + A14)y(0) — (A2 + A45)y"(0) +
+(Azz + A34)y(1) — (B34 + Aza)y'(1) = 0.

The question is whether there is a unitary operator.
T=icospl+sing:-S,
such that the formula takes place
TL=L*T", 3)
where I — is an identical operator and S is:
Su(x) = u(l —x). 4)
2. Research methods.

As a suggestive idea, we take the following theorem of Putnam.

Theorem [2. p.337]. M, N, T € B(H) Suppose that the operators M, N are normal and the operator T
is invertible. Suppose that

M =TNT 1, (*)
If T = UP — the polar decomposition of the operator T, then
M =UNU"L

Two operators connected by a relation (*) are called similar. If U —is a unitary operator and the
relation (1.9) is satisfied, then the operators M and N are called unitary equivalent. Thus, this theorem
establishes that such normal operators are unitary equivalent.

Our operators 4, B are Hermitian (i.e, symmetric), and such operators belong to the class of normal
operators; so there is a unitary operator T such that

AT =TB.
We believe that this particular operator is the solution of the equations:
(TH? =11 = 4, (T)? =1t = B.
Perhaps the operator T we need to impose additional conditions?!

From formula
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(TH? =TL- Tl = 1",
we see that we need to require T = [*T", then

Tl-Tl=l*7:_7:l=l*l=A,
1
Next, from Tl = [*T*, we have

TIT =17, IT=T"Y* =Tl
then
AT?> =1T-IT =T =T**| =IT-T*I* = I* =

In addition,

TB=TU =U"T"l* =I"IT = AT.
We proved the following Lemma.
Lemma 2.1. If T — is a unitary operator satisfying the condition

(TH*=TlL=1U"T",

then we have the formula
a) (T2 =1"1= 4,
b) (IT)? = lI* = B,
c) AT =TB.

Thus, the problem was reduced to finding a unitary operator T, with the property, Tl = [*T*.

This Lemma forms the basis of our method.
3. Research Results.

Lety(x) € D(L), then
z(x) =T*y(x) = —icos@y(x) +sing-y(1 —x) € D(LY),
therefore, there are formulas
z(x) = —icospy(x) +sing-y(1—x),
z'(x) =—icospy'(x) —singp-y'(1 —x),
z(0) = —icosp y(0) + sing - y(1),
z'(0) = —icos @ y'(0) —sing - y'(1),
z(1) = —icospy(1) +sing - y(1),
z'(1) =—icospy'(1) —sing - y'(0),
z(0) —z(1) = (icos ¢ + sin)y(1) — (icos @ + sinp)y(0) =
= (icos ¢ +sing)[y(1) — y(0)],
As3(icos @ +sin@)[y(1) — y(0)] + (A3, + A34)
[icospy'(0) +sing -y ()] +
+(Arz +Ary)[icosp y' (1) +sing - y'(0)] = 0;
Agz(icos @ +sing)[y(1) — y(0)] +
+[icos @ (Azz + A34) +sing (Ag; + A1)]y'(0) +
+[sin g (Az; + Azs) +icos (B, +A14)]y' (1) = 0;
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(D12 +Byq + B3y)[—icos @ y(0) +sing - y(1)] +
+(B3z + A34)[icos @y’ (0) +sing -y’ (D] +
+(B1z + A3z)[—icos @ y(1) +sing - y(0)] + (Bg; + Azy) -
“licospy'(1) +sing -y’ (0)] =
= [~icosp (A3 + Ary + Azy) + (Ag; + A3;) sinp]y(0) +
+[sing (13 + Ay +A34) —icos @ (Ayp + Agp) ]y (D) +
+[(83; + Agz) sinp + i cos ¢ (Ayz + B4)]y'(1) = 0.
This boundary condition corresponds to the matrix

— A;5(sing + i cos @)
—icos@ (Byz + A1y + Bgy) + (Byz + B3p) sing

icos @ (Bsz + Azq) +sin (Arz + Byy)
icos @ (Asy + Ayz) + sing (Arz + Aga)

Aq3(sing + icos @)
sing (Ay3 + Ajg + Azy) —icos@ (Ag, + Azy)

sing (A3, + Azy) +icos @ (A, +Ayy)
(Az; + Agy)sing +icosg (B +Az,))

Combining

the obtained system of equations with respect to the unknowns: y(0),y’(0), y(1),y'(1)

with the previously known boundary conditions (2), we obtain a system of homogenecous algebraic
equations. Since this resulting system of equations obviously has nontrivial solutions, its determinant is

Z€10.

Taking advantage of this fact, we obtain one equation to determine the unknown value ¢.

e

1) A13y(0) — (A1 + A32)y'(0) — Ay3y(1) —
(A14 +434)y' (1) =0;
2) (Agp +A13+A14)y(0) — (A3 + A43)y'(0) +
(A3 + A34)y(1) — (B34 + A34)y' (1) = 0;
3) Ai5(sing + icos@)y(0) + [icos @ (As, + Asy) + (A1, + Ayy) sing] -
+y'(0) — A43(sing + icos@)y(1) +
+[(A32 + Az4) sing + icos @ (A1 + A)]y'(1) = 0;

4) [—icos g (Byz + Ay + Bgy) +sing (Bg; + A32)]y(0) +
+[i cos ¢ (A3 + Agp) +sing (B, + A4)]y'(0) +
[(Ayz +Ar4 + A34) - sing —icos g (Ag; + Azp)]y(1) +
+[(A3z + Ayz) sing + icos g (A1 + Az4)]y' (1) = 0.

This system of homogeneous algebraic equations is denoted by (5).
The determinant of the system of equations (5) has the following form:

[ Ag3

| _AIZ + A3+ Aqy

[ Ai3(sing +icos @)

—icos ¢ (Byz + Apy + Azy) +5ing (A5 + Az;)
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—(Ag2 + A33)
e tha)
icos@ (Asp + Agy) + (A +Agy) sing
[icos@ (Azp + Ayp) +sing (Mg + Ayy)]

—A5(sin @ + i cos @)
(A3 + A1y +Az4)sing —icos g (A, + Az;)

—(A14 +A34) 1
—(A34 + Dz4)
(A3, +Ag,)sing +icosg (A, + A )|
(A3, +A,y)sing +icoso (A, +A,,)

This determinant splits into the sum of two determinants:

[ A3 —(A12 + A37)
A, ﬂ13 + Ay ;(A32_+A42)
—A3sing (A5 + Aqy)sing
(A2 +Asz)sing  (Agz + Az4) sing
—Aq3 —(A14 +A34) 1 A
Azy + Azy —(Azq4 +Az4) A +_A13 + A,
Agzsing (B37 + A34) sing —Ayzicos @
(D13 + A4 +D34)sing  (Az; +D45)singl  L—icosg (By3 +A1s + D34)
—(A12 + 437) —Aq3 —(A14 +A34)
~(s2 ¥ A02) Az +Bss ~(Bas ¥ 820)
icos@ (Azy + Agy) i-Ajzcos@ icoso (A, + A1)

icosg (Azp +Ayz) —icosg(Big +h3;) icosg (Brg +hg)

This matrix is denoted by (6).
(a) Calculate the first determinant:

A1z —(Agz +A43) —Arz —(Ags +A34)
[A12+A13+A14 —(A3z +A42) A3+ A3 —(A34+A24)]_
| D1z B+ Ay DAz Ay + Ay |
| B +Bs Bp+0y An+hy+hy, bp+h, |

sing

[0 —A =Nz —(A1q +A34)
o A 0 Azt Az —(Az4 +Az)
= sin’g - s S
e
A A Azt At Az Azt Ay,

o

—A =13 —(Ags +A34)
0 Azp+A3, —(A3+ A24)] _
A Az Dy +Az |
0 Ay +hs —(By4+43)

|

B>l o
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__A —ﬂs _(A_14 +ﬁ4) ~ —A —Aq3 —(Agq + A34)
= sin*p{—A| A Ag3 DAgp +As35 |—A[0  Agp+D3, —(Bz4+D20)| 1 =
0 Ajy+Az —(Ay, +As,) A A3 Az +Agy
) A1a + Az Nt B1a + A3
= Sinz(p A A _A13_ A£+ Ai - E E A13 A—32 + A—34 =
0 Ayy+Ahz, —(Azs+A434) 0 Az +A3, —(Az4 +45)
1A AL +A 1A A
— sin? = ] ] | .
=sin <P{A [ (Aps +Az4) A B+, (Azq +Azy) A B, ]

A A14 + A34

A
A A3+ A A

— (B34 + Az4)

—A [—(A32 + Az4)

A A14_ + A34_

= Sinz(p - { E A_32 + A_?,4 ) [E(Agz + A34) - A(A_]A. + A_34)] +

JAVE!
13

2| B + 830) — (G + B3]} =

+ |A
A
= sin®@ - {[A(B3z + A34) — DAy + A3)] - [A(Asz + Azy) — A(Ars + A3y)] +
+(A A1z — A A1) [A(Dgy + Azy) — A(Dyy + B3]} =
= Si“2<P : [|A|2 “|Azp + A34|2 - AZ(A—sz + A—34)(A—14 + A_34) - EZ(AM + A34) (A3 + Agy) +
+IA1Z Ay + Agy]® + |A12 - A3 (Agy + Agy) — A2A13(Bgs + Asy) —
—A%A13(Ag4 + Azy) + |AIPA13(Bgs + A3y)] =
= sin®@ - {|A1? - [|Azp 4+ Azql?® + |Agy + Asql?] -
—A? - [(A3z + D34)(A1g + Azy) + D13(Ags + A34)] —
—A?[(Arg + D34)(D3z + Azy) + A13(Ags + A3y)] +
+|A12[A13(Dg4 + Azy) + Ay3(Byg + B3]}
Using the obvious formula Aj3A,4 + Aj4A3,= A;,A5, transform the coefficients of the resulting
expression
(A + A34)(Azp + Azs) + A13(Azs + Azy) = Aglzp + Agglzy + Azslzy +
+035, + Ay3lpy + +A13035= D034 + AygAzy + Agglzy 4+ A5 + Aj3Az,=
= A34(A12 + Aq3 + Dqg + D3y + Agy) = D34 A
Thus, the value of the first determinant will be
sin?@ - {|A1% - [|Azy + Azql? + |A14 + Azy|?] —
—A? Dgy - A= £* - Agy - A+H|AIP[A13(Agg + Dzy) + A13(Byy + B3]} =

sin@ - {|A1% - [|Azy + Azal® 4 Ay + Bzy|?] = [|AIPA - Agy + A Azy|AI?] +

— 90 ——
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+|A12[A13(Dg4 + Azy) + A13(Dyy + A3)]}
= |A|2 -sinz(p {[lAs; + A34|2 + 1414 + A34|2] -
—[A “Agy + A- A34] +[A13(Azs + Azy) + Ay3(Byy + A_34)]}-

Thus, the coefficient at sin®¢ turned out to be a real value.
Now we calculate the second determinant from formula (6).

b)
[ A1z —(B1p +435) —Ar3 —(Ags +D34) 1
_cos |A12 + Ay + Dy —(Agp +A45) Dgp+ D54 —(A34 + Az4)|

(p{ —A13 Ay +Az, Az A +Ag ‘

—(Di3+ D1 +D34) Az +Ay; —(A; +D3;) Ay +A4,

0 -A =Nz —(A14 +A3y)
= _cos?gp 0 Az +i34 —(A34 +024) |
l 0 A A3 A + A14J
0

—A —(A12 +835) A+,
—A A3 —(Aa+ 43 [-A —Aiz —(Ara+D34)
0 —(Az+A43) Aty A Aq3 Az + A1,
e C e
=-—cos’pA-[A Az Ap+Ayl+A-|A A3 A, +Ay, | =
0 —(A1p+A43) A +Ay, 0 Az +Az, —(Azs +A34)
A A, +A A
2 14 T Q3zq 13
cos 4’{ [(Alz +As3;) A B, +5, + (A, + A24) A A, ] +
A Ay +Agy, A A,
+ A[ (A3 + Azy) A B, +5, — (Az4 + A34) A A—13] =
A Ajy+Azy

[A(Alz + A32) A(ASZ + A34)]

= 24 -
oS¢ {A A, + 1A,

A
+

5 o] 1A+ Ee) — Bty + 85y =

= cos?@ *{[A(A1; + Ary) — A(Ars + D3y)] - [A(Ar; + A3z) — A(Az, + Agy)] +
+(A A3 — Az - D[AD; + Bpy) — A(Azs + D3]}

Using the obvious formula Aj3A,, + Aj4A3,= A;,A5,, we transform the expression under the curly

bracket.
A%+ (Dp + A1) (Arp + Agp) — |AP (A + Ap)(Dgp + Agy) — |A1P(Ary + A34)(Ap; + Ag3) +
+A2(A1q + D34)(A3z + Azy); 7

A% - Ai3(Dgp + Bzg) — |AIPA13(Agy + Ag4) —
|AI2A13(A12 + Agg) + A2A13(Ag4 + Azy); (8)
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(D12 +D14) (A1 +Agp) + Ai3(Bp + Agy) = Ay + Ay - Agy +Ap, - Agy +
o BBt A At Azt Bye=
ATy + A1 Ay + A1y - Ay + Agp - Azy + A3 - A= Ag - A )

Similarly, we have

(Aga + 834)(A3p + Azy) + A13(Bgg + Agy) = Agslsp + Agalzs +
A34lzy 4+ A5, + D30y + +01303,= Dyglzy + DgyBzp + A%, +
FA120834 + A13034= Az4 - A (10)

Adding formulas (7), (8) and considering (9) and (10), we have
L _|A|2 A+ App +|AIPA - Agy — __
—|AIP[(Arz + A1g) A3z + Azy) + (D + A34) A1z +A32) +
+813(A24 + Dzq) + D13(A15 + Azy)]. (11

Now convert the expression under the square bracket.

(D12 + A14) (A3 + Azg) + (Dyg + A34) (Agz + Azp) + Ay3(Bgs + Ags) + A3 (Agp + Azy) =
= (A —Ay3 — Az — D34)(Agz + A34) + (A — Ay — Ay — Ay3)(Agp + A32) +
+A13(Ag4 + A34) + A3(B1p + Ds) = A3z + Azy) — |Asp + Agal® — A13(A3; + Azy) +
+A(A1z + Azz) — |81 + Agpl® — A13(B1p + Az2) + B13(Azs + Az4) + Ar3(B1; +D34) =
—[Az3 + Agyl? = [Ap + Agp|® + Ay3(Ags — Azp) + A13(Az4 — Agp) + A(Agp + Agy) +
A(A; + Asp) = AAgy + AAs, + AAg, + AA, +
+A13(Az4 — A3z) + Ay3(Bzs — Azp) — |Asz + Agal® — [App + Agp|%; (12)

Substituting (12) into (1), we obtain

B |A|2_'{|A33+A34|2+ |A_12+A_32£_ o
—[AAz; + AAzy + Ag3(Dg — Agp) + Ag3(Azs — A3y) ]}

Thus, the second determinant has the form:
_ —cos?@{|Azp + Azyl? + |81z + A5 —
—[AAz; + MDAz, + Ay3(Azs — Azp) + Ag3(Bys — Ag)]HAI

Adding this formula to the first determinant, we obtain the equations for determining ¢.

o |ilzsin2(p{[|A32 + A34|2_‘|‘ IAi+ Asql?] —
—[A ALY ﬂ Aﬂ"‘ [A13_(A24 + A_34) + 913(A24 + A34)]} — |A|2_'COSZ_<P{|A32 + Azg|* +
+|A17 + Asz|? = [AAzy + AAsy + Ay3(Agy — Asy) + Ay3(Ay, — Azy)]} = 0.

According to our assumption A# 0, so we can reduce this value, and as a result we have

sin?g — {|Azy + Azq|? + |Agy + Agy|* —
—[AAz; + AAgy 4 Ay3(Azy — Asp) + A13(Azs — Asp)]} - cos?g = 0.

Theorem 3.1. If ¢ is the solution to the equation

{[1832 + B341% + [Agg + Aza|?] = [A - Agy + A+ Asy] +
+[A13(Az4 + A34) + Ar3(Bg4 + A3y)]} - sin’e —
_ A F AP+ A + A5+
+[AAz; + AAsy + Ay3(Azs — Asp) + Aj3(Agy — Azp)]} - cos?p = 0, (13)

that is the formula
TL = L*T*,
— 02
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where
T=icospl+singS, Sy(x) =y(1—x), (14)
and I — is the identity operator.
Theorem 3.2.
If ¢ —is the solution of equation (13), then there are formulas
1) (TL)?*=L*L;
2) (LT)?=LL%
where L — is the Sturm-Liouville operator,
T=icospl+singS, Sy(x) =y(1—x), (14)
and [ — is the identity operator.

4. Discussions.
If

a) {[|8s; + Azal? + |[Ags + Azy|?] [A- gy + A- Aza] + [B13(Dzs + Dza) + A3(Bgs + B3]} = 0,
{1832 + Azal® + +]A1; + B35 |* —
—[8A3; + ADz; + Ay3(Azs — Azp) + Ag3(Bz4 — Bgp)]} # 0,
that cos@ = 0 and the operator T takes the form T = S, where

Sy(x) =y(1—x); L L -
b) {[lAz; + Azq|? + |A14 + Azyl?] [A Az, + A A34] + [By3(Bgs + Dgy) + Ay3(Bgy + B3)]} # 0 -

{1832 + Az4l? + +]A1; + Dgp|? — [AAzy + AAgp + Ay5(Ags — Agp) + A13(Bzs — A3x)]} =0, 10
sing = 0, and the operator T takes the form 7=il, where I —is the unit operator.

In the first case, the closure of the SL operator is self-adjoint, and in the second case, the operator L is
skew-symmetric, therefore its closure is the normal operator.

5. The authors are grateful to Anton Selitsky for his advice on the Kato hypothesis.
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ON SQUARE ROOT OF STURM-LIUVILLE OPERATOR

Abstract. In this paper, we find square root of the Sturm — Liouville operator and show that this root is a
functional-differential operator of first-order. Form of the corresponding boundary problem of this functional -
differential equation is found. As a suggestive idea, we use one Putnam theorem. Boundary value conditions of the
Sturm-Liouville operator have a very special form, and they are dictated by the method of investigation. The found
unitary operator generalizes the known momentum operator.

Keywords. Sturm-Liouville operator, square root of operator, functional differential operator, equations with
deviating argument, Kato hypothesis, Macintosh example, Gours operator, inverse problem, spectrum, eigenvalues,
eigenfunctions, unitary operator, similarity operator.

1. Introduction. It is known [1.p.393], that if A is a self-adjoint and non-negative operator in a
Hilbert space H, then there exists unit self-adjoint operator B > 0 such that B> = A. The following
theorem from the same source says that not every operator has a square root.

Theorem 1.1 [1.p.357]. Let D be a bounded open set in C such that the set
N ={a€Ca?eD}

is connected and the point 0 does not belong to the closure of the set D. Let H be a set of all holomorphic
functions f in D such that

[ir12am, < oo
D

(where m, is a Lebesgue flat measure). We give in H scalar product by the formula:

(f.9) = | fgdm,.
!

Then H is a Hilbert space. We define the product operator M € B(H ), assuming
Mf)(2) = zf(2), (feHz€eD).

Then the operator M is invertible in B(H), but it does not have a square root.

Extending the concept of a root to dissipative operators, Kato hypothesis has been arisen, consisting
in the fact that the domain of a root from an operator always coincides with the domain of a root from an
adjoint operator. However, in 1972 A.Makintosh [3] built a counterexample, since then the hypothesis
was slightly reformulated: find the largest class of operators that satisfies this condition, and very active
research in this direction is currently cited [4-57].

Many operators of theoretical physics have square roots [57—64]; in particular, the square root of
operator A in a Banach space was found in [65, pp.169-176]. We give an excerpt from this work.
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We consider a generating operator A in a Banach space B, that has the following properties:
1) Operator (I +y2A)~1 exists, is defined everywhere in B and bounded by one;

2) Operator A1 exists;

3) [le™t]| <M, —o0 <t < +oo.

In these conditions the following lemmas hold.

Lemma 1.1. Operator

ze—in'/4
Vr

exists as an operator in B in the domain D (A).
Lemma 1.2. For any y € D(A) the following equality is true

T?g = Ag.
Due to these results, the following problem arises.

T =

AJ el4%?
0

1. Formulation of the problem. Find a square root of the Sturm - Liouville operator

Ly = —y"(x), x € (0,1), (1.1)
{ ay(0) + By(1) =0, (12)
ay'(1) + By’ (0) =0,
where a, [ are arbitrary (yet) complex numbers, satisfying the condition
|| + |B| # 0. (1.3)

2. Research methods.
Calculate minors of the boundary matrix

(a: 0 B 0)
0 f 0 af
Ji2 = ap, Ji3 =0, Jia = a?, J2z = —.32' J2a =0, J34 = ap.

If /14 + J3, = @? + B2 # 0, then the Sturm - Liouville problem (1.1) - (1.3) has a complete system of
eigen and associated functions, see [66., p.41].

Find eigenfunctions of the Sturm-Liouville problem (1.1) - (1.2). General solution of the equation
(1.1) has the form:

sin Ax

y(x,A) = AcosAx + B T (1.4)

where A, B are arbitrary constants. Putting (1.4) into (1.2), we have

y'(x,1) = —AAsin Ax + B cos Ax,
sin A
y(O):A, y’(O):B; y(l):ACOSA'l'BT,
y'(1) = —AAsinA+ BcosA;
sin A

A-a+,8(Ac05/1+BT>
a(—AAsinA+ BcosA)+B-B =0;
B sin A
A(a+ BcosA) +B - 1 =0,

A(—Aasind) + B(acosA+ B) = 0.

)

Therefore, we obtained the system of equations

sin 1
A(a+ﬁcosl)+B-B /11 =0,

A(—2Aasind) + B(acosA + B) = 0.
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determinant of which has the form
a+ Bcosi B S;M

—AlasinA  acosiA+f
= a?cosA + af + facos?A + B2 cos A + afsin?A =
=a?cosA+ B%cosA+ 2ap = (a? + B?) cos A + 2ap.

If A(1) = 0, thencos 1 = _ _2aB

az+p?’
. _ 232
A = —(a® + p7)sind = F(a® + 7)1 - =
2 2
= F(a® + ) = F(a? - B2).

a’ =B
a? + p?

Consequently, if @? — 82 # 0, then the associated functions of the Sturm — Liouville operator are

absent, so the eigenfunctions of the boundary value problem (1.1) - (1.2) are complete in the space

AQY) = = (a+ fcosA)(acosA+ p) + afsin?l =

L,(0,1).
Assuming,
BsinA
A == B =—(a+ Bcosi)
and taking into account that
2af
A=——7—
cos Tt 2
we have
2a3? 232
B=—(0(+ﬂCOS/‘D=— a—m = —a 1—m =
a2+ﬁ2_2ﬁ2_ a2_ﬁ2
a? + B? - a? + B2’

4q2[32 2 _p2
AZiE 1_0(—,3:ié.0( B
A (a? + B?)? A a?+p?
If 1 = 0, then A(0) = a? + B2 + 2aB = (a + B)?, consequently, if a? — B2 # 0, then A(0) # 0.
If |A] + |B| = 0, then |a| - [(a® = B2)| + 18] - |(a® = )| = 0,=>
(Ja| + 18D |a? — B?| = 0, hence by the condition (1.3) it follows that

a’—p%=0.
Therefore, when a? — B2 # 0 the solution (eigenfunction)
sindx

y(x,1) = AcosAx + B p
is not degenerate, i.e. y(x,1) Z 0.
Further, we transform the eigenfunction:

B a?-p? a(a® - %)

y(x, ) = i—'mcoslx - A(az—-}-ﬁz)sm/lx =
a? — B2
= Mz—_fﬁZ)(iﬂ cosAx — asinAx);
a2 _ ﬁZ

y(1—x,1) = m[iﬁcosl(l —x)—asinA(1—x)] =
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a? — B2
= MZ—_I_'BBZ)(chosAcos/lxiﬁsin/lsin)lx —asinAcosdx +
aZ_ﬁZ
+acosAsindx) = m[(iﬁ cosA — asinA) cos Ax +

+(acosA + Bsind)-sinAx];

Further,
: L 2ap? _a(a®—p*) _ Fadtap®F2ap?
iBCOSA_“51nA=+a2+ﬁZ a? + B2 - a? + B2 -
_ Fa®Fap® _ —a(a®+p%) _ -
=g = T = 1@
_ 2a2f a? — B?
acosd+ Bsind= —miﬁ iaz + B2 =
_Bla?—p») —2a*f pad—p3—2a2f —pP-a’p _
G A
_ _B(@*+p?) _
R
Consequently,
(1-x,1) = o —f° (Facos A in1x) =
Y= =gy T cos i m P =
— a?-p? ;
= +/1(a2+/3’2) (acosAx + fsindx); (1.5)
/( /1)_ az_'BZ /'{($ in A A)_
) Sy gy A s Ax macos ) =
a? — B2
_A}t(cxz—-l—ﬁz)(a cosAx + Bsindx) =
_ aZ_ﬁZ .
= =g (acosAx + B sin A x). (1.6)

Comparison of the formulas (1.5) - (1.6) shows that
y'(x, 1) =+2y(1 —x,A). (1.7)
We consider the case a? — 2 = 0 separately.
Ifa? — B2 = 0, then § = +a,
A(A) = 2a? cosA + 2a? = 2a?(cosA+1),=> cosA+1=0.
In this case,

B=—(a+Bcosd)=—(atacosd) =—a(l+tcosd) =0,
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sin A

A
In this case we should choose the coefficients by using another method.

Let

y(x,A1) = cosAx + sin A x, where cos A + 1 = 0, then

_ | cosAx +sindx cosAx —sindx | _
WlyGe, A,y —x, D] = Al(cosAx —sindx) —A(cosAx +sindx)|

= —A[(cosAx + sinAx)? + (cos A x —sinAx)?] =
=—A(1+1) =—21%0.
y(1—x,1) =cosA(1—x)+sinA(1—x)=cosAdcosdx+sinAsindx+

+sinAcosAx —cosAsinAdx = cosA(cosAx — sinA x);

A
y'(x,A) = A(—sindx + cosAx) = A(cosAx —sindx) = my(l -x,A),

where cos 4 = +1, consequently,

y'(x,A) = £Ay(1 — x, A). (1.7)
Let’s check the boundary conditions:
aZ _ BZ _
y(x, 1) = W (¥B cosAx —asinix) =
K _
=7 (¥B cos Ax — asin A x).
aZ _ '32 _
y(x,—A) = m(+ﬁ cosAx + asinAx) =

K
= —_A($ﬁ cosAx + a sin A x),

y'(x,A) = K(#p sin Ax — a cos 1x),
y'(x,—1) = K(£ sin Ax — a cos Ax),

K K _
— Ip— + K
1 1121
—aK —aK
ak? _2aBK? _2ap[a? - B2
=——(FF x = =
7 FpEp) =+ 7 = e
Lemma 2.1. If
aB a?-p?
A aZ+p? *0

then any eigenfunction of the Sturm-Liouville boundary value problem (1.1) - (1.2)

Ly = —y"(x) = 2y(x), x € (0,1), (1.1)
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{ ay(0) + By(1) =0,
ay'(1) + By’ (0) =0,

is an eigenfunction of the boundary value problem
ly=y'"(1-x)=2y(k),
ay(0) + By(1) = 0;

(1.2)

1.e. the formula

d\2
1%y = (SE) y=Ly=-y"(x)
holds, where the operator S has the following form
Su(x) =u(l —x), vu(x) € L?(0,1).

In this sense, the operator L is the square root of the Sturm-Liouville operator.

The case a - f(a? — B?) = 0 requires separate study.

We find the operator VL, where

Ly ==y"(x), x € (0,1),
y(©0) —y(1) =0, y'(0) —y'(1) = 0.
General idea of the solution is as follows: first, we represent the operator L in the form
L=1%
the product of two mutually conjugate operators, then we find the similarity operator T such that
TI*l = 1I*T.

From Putnam's theorem [1. p.337] it follows that such an operator will certainly be unitary, that is,
there is the equality

T'T=TT" =1,
where [ is unit operator. In our observation [67], our desired operator has the form T, where
ly(x) =y'(x),  y(0)—y@) =0.
We solve these problems step by steps, and more in detail.
Let ly(x) =y'(x), x € (0,1),
ay(0) + By(1) =0, |al + |B] # 0. (1.8)

We find formal conjugate operator [*.
Lety € D(1) and z € D(I™), then the formula

(ly,2) = (v,172),

holds, where the scalar product has the form
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1

(w,v) = fu(x)m dx.
1 1 ’ 1

2) = [ ¥ @i@dx = [ 760 dy = 2y, - [ vz @
0 0 0

thus, we have z(1)y(1) — z(0)y(0) = 0. Combining this condition with the boundary condition (1.8), we
obtain the system of equations

{Z(O)y(O) —z(Dy(1) =0,
ay(0) + By(1) =0,
which has nontrivial solution, therefore

s [ 0| - gy + - o,
then
£z(0) + @z(1) = 0.
Therefore,

Iz =-2'(x), x € (0,1),
£z(0) + az(1) = 0.
Remark. If D(1) = D(I1),
then
ay(0) + By(1) =0, _ 2_ 112 — _
() 1 anty — o, => lal? =187 =0, lal =gl

We find the operator [*], and research its spectral properties.
Assuming A = [T, we have
Ay =ty =1ty = —y"(x), x € (0,1);
ay(0) + py(1) =0,  By'(0) +ay'(1) = 0.
We construct the boundary matrix
)

Ji2 = a,B_, J13=0, Jia = |e|?, J23 = —|,3|2;
J24 =0, J34 = Ba.
We find the characteristic function [66, p.35].

o

B
0

—
o R
= ©

QI

and calculate minors:

sin A
A(A) = J12 +J34 + (14 +J32) cOSA + ]33 W + J2aAsind =
=af +pa+ (la|®> +|B|?) cosA =0,
af + pa af + pa ]
cosAl=—————,=> A, =arccos|——————=|+ 2nm,n =0,11,1+2,..
la|? + |52 " [ la]? + | 5|2
Now we find the eigenfunctions:

Ay = —y"(x) = 22y(x), x € (0,1);
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General solution of this equation has the form
sindx

y(x,1) =AcosAx+B P

thus we have,
sin A
y(0) =4, y(1) =AcosA+ B—,

sin A
aA+,8(Acos)l+BT) =0,

sin A
A(a+ﬁcosl)+BT-B = 0;

Further,
y'(x) = —AAsinAx + B cos A x,

y'(0) = B, y'(1) = —AAsinA + B cos 4,
B + a@(—AAsinA + Bcos 1) = 0,
—AasindA+ B(@cosA+ ) = 0.
We construct the system of equations:

sin A
A(a+BCOS/1)+B-,BT:0,

A(—2Aa@sind) + B(@cosd+ B) = 0.
Calculate determinant of the system:

sinA
a+ [cosi ,BT

A= =0.

—A@sind  @cosA+f
(e + BcosA)(@cosA+ f)+ apsin?A = |al?cosA+ af + facos? A+
+|B1? cos A + @B sin? A = (|a|? + |B|*) cos A + aff + @B = 0,

af + ap aB +ap

COSA=——7——, —_—
lal? + |81 lal? + |81

=> A, = arccos [ ] +2nr,n=0,%£1,%2,..
Assuming
sin A,
An=ﬁT-Kn, B, = —(a + B cosi,) " Ky,
n
we construct the eigenfunctions:

K
Yn(x) = A_n [BsinA, cosA,x — (a+ B cosi,)sind, x] =
n

K
= A—n(ﬁ sinA, cos A, x — B cos A, sind, x —asind, x) =
n

Kn . .
=T [B sin(A,, — A,x) — asind, x] =
n

K
= A—n [Bsind, (1 —x) — asind,x];
n
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We formulate the obtained result in the form of Lemma 2.2.

Lemma 2.2. Eigenvalues and eigenfunctions of the operator A have the following form:

af+ap
le|2+|B12

a) A, = arccos [— ] +2nr,n=0,1£1,%2,...;

b) y,(x) = i—: [Bsind, (1 —x) —asini,x],

where K,, are arbitrary constants.

We find the operator B = [I*, and study its spectral properties.
ly =y'(x), x € (0,1);
ay(0) + By(1) =0,

Iz =-2"(x), x € (0,1),
£z(0) + @z(1) = 0.

Itz=—-z'(x) e D(1),=> a[-z'(0)] +p[-z'(1)] =0,
Bz =1l"z = —-z"(x), x € (0,1),
£z(0) + az(1) =0, az'(0) + pz'(1) = 0.
We find eigenvalues and eigenfunctions of the operator B:
Bz = —z"(x) = p?z(x), x € (0,1);

{ £z(0) + a@z(1) =0,
az'(0) + fz'(1) = 0.

General solution of the equation —z"’ (x) = u?z(x) has the following form:

sinu x
z(x) =Acosux+B 'u,u’

where A, B are arbitrary constants, hence we have

sinu
z(0) = A4, z(1) =Acosu+B 0

_ B sin
,8A+a(Acosy+BT> =0,

A(f +acosp) + P

‘B = 0;

In a similar way we get:
z'(x) = —uAsinux + B cos i x,
z'(0) =B, z'(1) = —puAsinu + B cos u,
aB + f(—pAsinu + Bcosu) =0,

A(—Businp) + B(a + Bcosu) = 0.
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We construct the system of equations:

(E+c7cosy)A+d¥-B =0,

(—Businu)A + (a + B cosu)B = 0.
Calculate determinant of this system of equations:

- _sinpu
A= |PHacosp @ M =(B+ acosp)(a+ B cosp) +
—Businy  a+ fcosu

+apsin?y = Ba + |B|? cosp + |a|? cosu + @p cos? u + ap sin? yu =
= (la|®> + |B|*) cosu + aff + @B = 0,
af + ap

=arccos | ——— |+ 2nn,n=0,1+1,+2,..
[ la|? + |B]2

= T laz g2 = e

We find the eigenfunctions:

Ay = Ky - (a+ B cos py), By = Ky - ppn sin pyp,

sinu

Zp(x) = Kp(a + f cos py) €oS py X + K - iy sin i, -

= K, (a cos u, x + B cos iy, cos p, x + 8 sin u, sin p, x) =
= Knla cos py x + B cos(py — pnx)] =
= K, [a cos u,, x — B cos p, (1 — x)].
Lemma 2.3. Spectrum of the operator
Bz = —z""(x), x € (0,1);

{ £z(0) + a@z(1) =0,
az'(0) + fz'(1) = 0,

consists of eigenvalues:

af + ap

ezt pe| T =0t 42,

Un = arccos [—

which correspond to the eigenfunctions:
zn(x) = Kpla cos py x — B cos py (1 — x)],
where K,, are arbitrary constants.
We note that there is the following equality
An = Un, n=0,+1,4+2,..

i.e. spectrums of the operators A and B coincide, and this happens when operators A and B are similar to
each other, i.e. there is the equality
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TA = BT,

where T, T~ are linear bounded operators.

We find the similarity operator T. We note that

It =4, l*=8B
thus
=14, Ll =Bl

i.e. lA = B, but the operator [ is unbounded, therefore it is not suitable for our purposes.

As a suggestive idea, we take the following Putnam theorem.

Theorem [1. p.337]. Let M,N,T € B(H), moreover the operators M, N are normal, and the operator
T is invertible. We suppose that

M =TNT™ . (1.9)

If T = UP is a polar decomposition of the operator T, then

M =UNU"L

Two operators, connected by the relation (1.9), are called similar. If U is a unitary operator and the
relation (1.9) holds, then the operators M and N are called unitarily equivalent. Thus, in this theorem we
establish that similar normal operators are unitarily equivalent.

Our operators A, B are Hermitian (i.e., symmetric), and such operators belong to the class of normal
operators; therefore, there exists a unitary operator T such that

AT =TB.
We assume that exactly this operator is a solution of the equations:
(TH? =11 = 4, (T)? = 1I* = B.
Perhaps, it is necessary to impose additional conditions to the operator T?!
From the formula
(TH? =TL- Tl =1"],
we see that it is necessary to require Tl = [*T*, then

TL-TI=UTTI=I1=A,
I

Further, from Tl = I"T*, we get
TIT =17, IT =T =T*I%,
then

(T)?2 =IT-IT = |IT =T**| =IT - T*I* = lI* = B.
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Moreover,
TB =TI =U'T"l" = I"IT = AT.
We have proved the following lemma.
Lemma 2.4. If T is an unitary operator satisfying the condition
(TH*=TlL=1U"T",
then the following formulas hold:
a) (T2 =1"1= A4,
b) (IT)?2 =lI* =B,
¢) AT = TB.
Therefore, the problem has come down to finding a unitary operator T, with the property Tl = [*T*.
We build an unitary operator T, satisfying the condition:
TL=1"T"
If y € D(1), then z(x) = T*y(x) € D(I*). We look for the operator T as follows
T=icospl+sing:-S,
where Su(x) = u(1 — x), I is unit operator, ¢ is unknown (yet) angle, then
T*=—icosepl+sing-S,
TT* =cos?@-1+icosg-sing-S—icosgsing-S+sin¢-1=1,
y€eD(), z(x) =T"y(x) € D(I*)
z(x) =T*y(x) = —icosp y(x) +sinp y(1 — x),
Ll—icos @ y(0) + sin@y(1)] + @&[—icos ¢ y(1) + sing y(0)] =
(—icosg B+ @sing)y(0) + (Bsing — i@ cosp)y(1) = 0.

Let's make the equation scheme:

{(—i cosg-f +asing)y(0) + (Bsing —i@cosp)y(1) =0,
ay(0) + By(1) = 0.

Calculate the determinant of this system of equations

—icosg- B +adsing fsing —i@cose
a B

—icos@ - |B|? + pasing — af sing + i|a|?cos = 0;

- -o

i(lal? = 1B1*) cos @ + (Ba — aff) sing = 0.

a)Ifaff — ap +# 0, then
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p al?=181)
aff —ap
b) If |a|? — |B|?, then
ctgp ===
i(lal? =181
¢)If |a|®> — |B|?> = 0 and aff — @f = 0, then
{“‘?‘@ﬁ_: N _[E‘ = —@?2+(F) =0,=> a? -2 =0,
aff —af =0, g —a
the converse is also true.
In our case the case c) holds, therefore the operator T has the form:
T=icospl+sing:-S,
where 0 < ¢ < 2m is an arbitrary angle.
3. Research Results.
Theorem 3.1. The following formulas hold:
a) (T2 =1"1= 4,
b) (IT)?2 =lI* =B,
where
Ay =-y"(x), x € (0,1);
ay(0) + y(1) =0, By'(0) + @y'(1) = 0;
Bz = —z"(x) = u?z(x), x € (0,1);
£z(0) +az(1) =0, az'(0) + Bz'(1) = 0;
ly =y'(x), x € (0,1); (1.10)
ay(0) + By(1) =0, |a| + || # 0; (1.11)
Itz =-27'(x), x € (0,1), (1.10)"
£z(0) + az(1) = 0; (1.11)"
T=icospl+sing:-S, (1.12)
Su(x) = u(l —x);
The angle ¢ is defined by the following way:
Ifaf — ap + 0, Then
tge = —i(|z;_—£2); (1.13)
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If |a|? — |B]? # 0, then

af-ap

i(alz—182)’ (1.14)

ctgp =

If a2 — f? = 0, then ¢ is an arbitrary angle, belonging to 0 < ¢ < 2.

4. Discussion.

If af —ap # 0 and |a|? — |B|? # 0, then from (1.13) we obtain tgep = 0, thus ¢ = 0, then (1.12)
implies that

Tly =iy'(x), x € (0,1), (1.14)
ay(0) + By(1) =0,

where |a|? — |B]? = 0.

If |a|?> — |B|? # 0 and aff — @B = 0, then from the formula (1.14) we have ctgp = 0, then ¢ = %’
and from the formula (1.12) we obtain that

Tly=Ty' =Sy'(x) =y'(1 —x), (1.15)

ay(0) + By(1) =0, |a| + |B] # O, (1.16)

where aff — af = 0.

This last operator (1.15) - (1.16) has been studied in detail in [67], the results of which were used in
study of the Gourse problem for wave equation [68] and in solving inverse problems [69-70]. These two
spectral problems are special cases of the spectral problem Tly = Ay, ay(0) + By(1) =0, |a| + |B] # 0,
study of which is of undoubted interest in all respects.

5. Conclusion.

Square root of the Sturm-Liouville operator is a functional differential operator of the first-order that
generalizes the well-known momentum operator. Results of this paper can be used to solve inverse
problems of mathematical physics, as well as in the spectral theories of linear operators.
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STUDY OF ELASTIC AND INELASTIC SCATTERING
OF DEUTREONS BY “C NUCLEI AT ENERGY E,=18 MeV

Abstract. The differential cross sections of elastic and inelastic (3/2” excited state of °C, E, = 3.684 MeV)
scattering of deuterons by "°C nuclei at energy Eq = 18 MeV in the angular range 6, = 10°-75° have been measured
at the U-150M cyclotron (Almaty, Kazakhstan). The total error of the experimental data obtained does not exceed
10%. The standard dE-E method of registration and identification of interaction products was used in the
experiment. Thin carbon films with a thickness of about 150 pg/cm2 of about 80% enrichment by '*C were used as
targets. A theoretical analysis was made within the framework of the optical model of the nucleus and the coupled
channels method. The values of the quadrupole deformation were determined, which are in good agreement with the
literature data. It is shown that in order to improve the theoretical description of experimental data, additional
mechanisms (reactions, other inelastic processes) that can influence the formation of scattering cross sections must
be taken into account in the calculations.

Key words: differential cross sections, optical potentials, deformation parameters.

Introduction. The success of the diffraction mechanism with strong absorption in explaining the
elastic and inelastic scattering of alpha particles has stimulated interest in new research on the scattering
of other particles, including deuterons, by light nuclei. Since the structure of the alpha particle is strongly
coupled, while the deuteron is weakly coupled, it remains an open question whether diffraction with
strong absorption in deuteron scattering plays an equally important role, especially in case of light nuclei.

In recent years, the scattering of deuterons by carbon isotopes nuclei has been investigated at energies
from 4 to 17 MeV. Analysis of *C(d,d)"*C the reaction in the energy range 9-14 MeV [1,2] with a simple
interaction potential, established the applicability of the optical model for light nuclei. To date, there have
been few studies on the scattering of deuterons by "C nuclei. There are only a few works where elastic
scattering was studied at energies of 13.7£17 MeV [3-7]. Data on inelastic scattering are completely
absent.

The study of elastic and inelastic processes of interaction of deuterons with nuclei is one of the main
sources of information on the properties of the ground and low lying excited states of atomic nuclei [8].
These processes, occurring during collisions of nuclei with energies of several tens of MeV, provide
valuable information about the structure of specific nuclear states.
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Experimental methods and measurement results.

Measurements of the cross sections for deuteron scattering processes on 13C nuclei were carried out
on extracted beams of the U-150M isochronous cyclotron of the Institute of Nuclear Physics (Almaty,
Kazakhstan) with an energy of Ed = 18 MeV. The interval of measured angles is 10-75 degrees in the
laboratory coordinate system.

The deuteron beam was conducted through a collimation system (two collimators 2 mm in diameter,
placed 440 mm from each other) and formed a 2 mm spot on the target. Careful adjustment of the
collimator system, as well as the mobile device with a detector for measuring the angular distributions,
made it possible to reduce the error in determining the angle to £0.20°. The experiment used a standard
experimental AE-E method for detecting and identifying particles.

Thin films of *C (isotopic enrichment of about 80%) made using electron-beam sputtering were used
as targets. During the experiments, several self-sustaining films with a thickness of about 150 pg/cm’
were used. An example of the spectrum of scattered deuterons on the target is shown in Figure 1.
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Figure 1 - Spectrum of deuterons scattered by '>C nuclei at an angle of 40 degrees

The total error of the obtained experimental data did not exceed 10 percent. The angular distributions
of the measured differential cross sections are presented in Figures 2 and 3 (the symbols are triangles).

Theoretical analysis.

The theoretical elastic scattering cross sections were analyzed using the standard optical model (OM).
The calculations were extended using global optical potentials for deuterons obtained in the work of
Haixia An [9]. The parameters of the potentials are given in Table 1. Figure 2 presents a comparison of
the experimental data with the cross sections calculated within the OM. It can be seen that the calculated
cross sections (the solid line in Figure 2) reproduce the experiment quite well.

Table 1 - Optical potential parameters used in the calculations within the framework
of optical model and the coupled channels method

14 ry ay Ws I's as Wp ) ap Vso rso aso rc

89,04 1,15 0,75 2,22 1,35 0,62 10,28 1.4 0,68 3,557 0,97 1011 1,303
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Figure 2. - Comparison of experimental data on elastic scattering with theoretical
cross sections calculated within OM using the potentials from Table 1

Inelastic scattering cross sections were calculated within the framework of the coupled channels
method (CC) using the FRESCO computer code [10,11]. The coupling between the ground (1/27) and
excited (Ex = 3.684 MeV, 3/2") states of the "*C nucleus in deuteron scattering was taken into account
within the framework of the rotational model with the form factor

_ 0, dU(R)
Jar dR

for quadrupole transitions (4 = 2), where d; is the length of the multipole deformation.
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Figure 3 - Comparison of experimental data with theoretical cross sections calculated within the framework
of the CC method (elastic scattering is above, inelastic scattering is below)
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In the calculations, the potentials from Table 1 were used. The length of the quadrupole deformation
was determined from the fit of the calculated cross sections to the experimental data and was J, = 0.54.
The found value agrees well with the literature data [12-16]. Figure 3 presents a comparison of the
calculated cross sections (solid line) with experimental data. It is seen that the coupling of channels
worsened the description of elastic scattering in the region of angles up to 60 degrees. Probably, to
eliminate this problem, it is necessary to include additional processes in the coupling: reactions and
inelastic channels with excitation of other levels of the '>C nucleus [17-21].

Conclusion. With an error of no more than 10%, the angular distributions of the differential cross
sections of elastic and inelastic (excited states of °C: 3/27, E, = 3.684 MeV) scattering of deuterons on °C
nuclei at an energy Eq = 18 MeV in the forward angles region have been measured. The values of the
quadrupole defromation are determined, which are in good agreement with the literature data. It is shown
that in order to improve the theoretical description of experimental data, additional mechanisms
(reactions, other inelastic processes) that can influence the formation of cross sections must be taken into
account in the calculations.
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E, = 18 MeV DHEPTHSIJIA C SITPOJIAPBLIHAH JEVTPOH/IAPIBIH CEPIIM/II
’KOHE CEPIIIMCI3 IIAIIBIPAYBIH 3EPTTEY

Annoramus. 0, = 10° —75° Gypeunrap nmanaszomsimma Eq = 18 MeV sueprusuisl aefiposmapasie - C
sIpoNaphIHaH cepriMai xoHe ceprivcis (C sapochIHbIH KO3AbIpbUFaH Kyiti: 3/2°, Ex = 3.684 MeV) mamsipay
muddepeHmanablk Kumackl Y-150M (AnMatsl, KazakcTaH) HUKIOTPOHBIHAA OIIICHAI. AJIBIHFAH SKCIICPUMEHTTIK
MoJliMeTTepIiH ToJbIK Kareniri 10% acmaiinel. DKCIIepUMEHTTE acepliecy eHIMIEpiH TipKey jKoHe ColKecTeHipi
yurie cranaapttel dE-E omici xommansiiabl. HelcaHa peTiHAe KaJBIHIBIFB mamaMeH 150 MKr/cm? Gonateie 80%
Gaiiprtamran °C KYKa KeMipTeri KaOBIKIIAchl MaiifanaHbUIAbl. TEOpHsIIBIK Talmaylap SOPOHBIH ONTHKAJIBIK
MoJleNi KoHe OalmaHBICKAaH apHalap ofici TeHIperiHme >XYpri3inmi. AHBIKTAIFaH KBaIPYHOIbIi xehopMarus
Y3BIHIBIFBIHBIH MOHI 9MeOMEeTTIK MONIMETTepMEH KaKCHl Yilecemi. DKCIIEPHUMEHTTIK MOIIMETTEp.i TEOPHSIIBIK
TYPFBIIAH [ONENISyai JKaKkcapTy YILIIH ecemnTeyiiepiie INamblpay KHMalapblHBIH Maiifga OoiyblHa ocep €TeTiH
KOCBIMIIIa MeXaHU3MIEPIi (peaknusiiap, 0acka cepiiMci3 IpoIeccTep) eckepy KaxeT.

Tyiiin ce3nep: auddepeHnnaiablKk KUMa, ONTHKAIBIK TOTEHITHAIAAp, AehopMaIiis mapaMmeTpiepi.
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UCCJEJOBAHUE YIIPYTOI'O U HEYIIPYI'OI'O PACCESIHUS JIENTPOHOB
HA SIIPAX “C IIPU SHEPI'MH E, = 18 MeV

AnHoranusi. Ha rmwximorpone Y-150M (Anmatei, Kaszaxcran) wmsmepensl anddepeHIHaIbHbIe CECYCHHUS
YOPYToro ¥ HeyHpyroro (ypoBeHb BO30OYKICHUS Aapa BC: 3/27, Ex = 3.684 MeV) paccesiHus AefiTPOHOB Ha sApax
Bc npu 3Heprun Eq = 18 MeV B auamna3one yrios Oy, = 10°-75° B JKCIEPUMEHTE MCNOJb30BAIACH CTaHapTHAs
dE-E wMeromuka peructpauuu M UACHTU(GUKALWK TPOJAYKTOB B3auMOJAEHCTBUS. B KauecTBe MuIIeHei
HCIIOJIb30BATHCH TOHKHE YIIIepO/HbIE IUICHKH TOJMMHOM nopsaka 150 mxr/cm” u o6oramenuem 1o >C okono 80%.
[MoyHast MOTPENIHOCT MOYYECHHBIX KCIIEPHUMEHTALHBIX JaHHBIX He mnpepbimaeT 10%. BeimonHeH TeopeTnyeckuii
aHalM3 B paMKaX ONTHYECKOH MOJENU sapa M METola CBSA3aHHBIX KaHaioB. OmpeAencHbl 3HAYCHUS JIHH
KBaJIpyHOJIbHON AedopMarim, KOTOpeIe HEIUIOXO COTIIACYIOTCS C JIUTEpaTypHBIMH AaHHBIMHU. [lokazaHo, 4TO I
VIIy4IIEHUS TEOPETUYECKOTO OINMCAaHHWA SKCIIEPUMEHTANBHBIX MaHHBIX B pacdyeTaX HeO0OXOAMMO YYHTHIBATH
JIOTIOJTHUTETFHBIE MEXaHU3MBI (peakiiu, IpyTHue HEYIpyTue IpOoIecchl), KOTOPhIe MOTYT BIUSATh HA (POPMHUPOBAHHUE
CEUEHUH paccesHus.

KuaroueBbie cioBa: nuddepeHunansHple ceueHus, ONTHUECKHUE MTOTEHIIMAIIBI, TapaMeTpbl Jedopmanu.
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HIGH-TECH PRODUCTION OF PHOTO-ENERGY
IN KAZAKHSTAN BASED ON THE SARYKOL QUARTZ DEPOSIT

Abstract. The technology of silicon purification to solar grade silicon for metallurgical silicon obtained from
the Sarykol quartz deposit by carbothermic reduction is presented. This technology is based on metallurgical
methods of purification, namely gas-slag refining and directional crystallization. Silicon ingots are grown from the
solar grade silicon using "monolike" technology. Photovoltaic converters are manufactured and investigated. Solar
cells from "monolike" silicon have a higher efficiency of 17-18.4%, in comparison with solar cells made from
multicrystalline silicon. Converters with high efficiency were tested for the light-induced degradation effect.

Key words: solar grade silicon, silicon purification, monolike technology, solar cell.

Introduction. Kazakhstan is implementing the KazPV Project - “Creating of the production of
photovoltaic modules based on Kazakhstan silicon”, that includes the production of metallurgical grade
silicon (MG-Si) and solar grade silicon (SoG-Si), the production of solar cells and photovoltaic modules.
The cluster for the production of photovoltaic modules includes three domestic enterprises: MC
KazSilicon LLP, Kazakhstan Solar Silicon LLP and Astana Solar LLP.

MG-Si was obtained at the enterprise KazSilicon by the carbothermal method by reduction of high-
purity Sarykol quartz by carbon. The MG-silicon purification technology has been developed. SoG-Si was
obtained using the developed technology, from which silicon ingots were grown using the "monolike"
technology (ML-Si). Solar cells with an efficiency of 17-18.4 % were manufactured based on ML-Si. The
solar cell panels were used in the first Kazakhstan Power Plant AstanaSolar with capacity of 250 kW.
This technology is the basis for the creation of the industrial production of materials, solar cells,
photovoltaic modules and photovoltaic stations.

Methods

MG-Si production and purification up to SoG-Si. The raw materials used for the experiments were
studied before melting for the production of metallurgical silicon. Analysis of the quartz of the Sarykol
deposit showed that the phosphorus content is the lowest in the world (compared to Australian quartz,
considered one of the best in the world, the phosphorus content is 2-6 times lower), the boron content is
similar to the Australian deposit and ranges from 1 ppm to 3-4 ppmw. It was found that a distinctive
feature of the Sarykol deposit, compared with other global deposits of quartz, is that the impurities of
boron, phosphorus and other chemical elements are outside the crystal lattice of the main component of
mineral raw materials. This allows, based on the principles of condensed matter physics and materials
science, to develop a highly efficient technology for silicon purification to “solar quality” and ensure its
use in industrial environments with less financial and resource costs compared to the technologies used in
practice. The silicon coming from the furnace needs additional cleaning. One of the options for the
purification of metallurgical silicon may be gas-slag refining, i.e. purging of liquid silicon with a special

— 120 ——




ISSN 1991-346X 3.2019

composition of gases in combination with the addition of fluxes. The article by A. Istratov and others[1]
reports on purging the silicon melt with such gases as Cl,, SiCl,, CO,, water vapor, or their combinations.
These gases react with dissolved impurities in silicon and form volatile compounds that evaporate from
the melt. For example, the chlorides of many metals are volatile compounds. According to the authors,
this method is effective in Al, Ca, C, Mg, Fe, B, P, and Ti removing.

Mixtures of SiO,, CaO, CaCOs, Na,0O, Na,CO;, Al,05;, MgO, BaO, B,0; and CaF,, and other oxides
and fluorides are used as fluxes. During the purification process, at high temperatures, the fluxes react and
create a complex glass phase - slag phase, that can react with impurities in the MG-Si melt and create a
combination of oxides. These oxides can be solid, liquid or gaseous and can be caught in the slag phase or
released in the gas phase from the MG-Si melt. Elements such as Al, Ca and Mg are oxidized and the
degree of purification is determined by the Eq. (1), (2), (3):

4Al + 3Si0, = 3Si + 2AL,04 (1)
2Ca + Si0, = Si + 2Ca0 )
2Mg + SiO; = Si + 2MgO 3)

Theoretically, this allows you to remove Al, Ca and Mg to very low levels, but in practice this is
hampered by large heat losses occurring during this operation. In order to avoid crystallization of the melt,
oxygen is purged, as a result of which an exothermic oxidation of silicon to a dioxide occurs.

After completion of the oxidative refining in the ladle, the slag, that contains some of the impurities,
is removed mechanically or settles to the bottom, and the liquid silicon is poured into a special mold. The
separation of slag from silicon is due to the difference in density and viscosity of the slag and silicon
itself, so that separation is possible. Consequently, a high CaO content will lead to a low viscosity of the
slag, which will sink to the bottom of the ladle, while the CaF, viscosity will increase, which will cause
it’s floating up in the molten silicon. Thus, the condition of the difference of properties in density and
viscosity for slag-forming additives is necessary to achieve a good separation [2].

When using silicon in photovoltaic applications, special attention is paid to such impurities as boron
and phosphorus, since these elements are the main alloying elements in p-type and n-type silicon. These
impurities are contained in concentrations of 1*-2™ orders of magnitude higher than the required level in
metallurgical silicon.

The slag purification of metallurgical silicon, carried out at MK KazSilicon LLP, is based on a flux
containing Si0,. Carrying out slag purification experiments consisted of adding several components of the
corresponding fluxes to the MG-Si melt to remove impurities from the MG-Si melt by selecting of the
composition of the slag mixture.

Boron removal process. The boron removal process occurs due to the oxidation of boron elements in
the MG-Si melt according to three chemical reactions (4), (5), (6):

1 - Boron oxidation:

[B] + (3/4) O, — (1/2)B,04 4)
2 - Boron oxide absorption, that appeared as a result of the first reaction:

(1/2)B,05 + (3/2)0* — BO;*> (5)
3 -Final expected boron removal result:

[B] + (3/2)0* + (3/4)0, — BO;™ (6)

Phosphorus removal reaction process. As for phosphorus, it is possible to purify the MG-Si melt
due to the transfer of phosphorus into the slag according to the following two reactions (7) and (8):

[P]+ (3/4)0* — P¥+ (3/4)0, (7)

or

[P]+ (3/2)0% + (5/4)0, — PO, (8)

The oxygen ions required for the oxidation reaction will be supplied into the slag phase due to the
decomposition of simple oxides, the slag components that are used for purification. For example, for the
Si0,-Ca0 slag, oxygen will be supplied according to the following reactions (9), (10):
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1 - CaO Flux Disintegration:

CaO — Ca’" + O* 9)
2 - Si0, flux Disintegration:

As for the other slags mentioned above, such as BaO, Na,O, Na,COs, etc., the same decay reactions
will occur during the purification process. For example, for Na20, the following reaction(11) occurs:

Na,O — 2Na+ + O,- (11)

When conducting experiments at MC KazSilicon LLP, the flux mixture was added directly during the
process of pouring liquid silicon from the furnace into the metallurgical ladle. The average weight of the
pouring was about 1 ton.

After the end of the pouring, the ladle was distilled off into a sump to continue refining, the time of
which was about 60 minutes. Due to the fact that during this time there was the possibility of
crystallization of the molten silicon, the ladle was driven under a special heater designed for this purpose.

The slag resulting from the refining forms creates slag crust on the surface of the liquid metal, which
is removed mechanically after the draining of refined liquid silicon into the mold.

For experiments on the removal of boron and phosphorus impurities, several mixtures of flux
components were used, representing 2, 3 or 4 component systems, such as, for example, Si0,-Na,CO;,
Si0,-Ca0-Al,03, CaO-CaF,-BaCOs;, etc.

Based on the fact that the tests were carried out directly on an industrial scale and given the economic
factor, the mass content of the mixture of flux components to the mass of liquid silicon was taken
approximately equal to 10%. During the pouring of metallurgical silicon into the ladle from the furnace
and refining, the oxygen-air mixture was supplied. The range of consumption of oxygen and air was 1.43
-2.18 m’/s and 5.18 - 9.83 m’/s, respectively.

To determine the effectiveness of slag purification, several tests were carried out, where the time for
refining was the same as for cleaning with only one gas-air mixture. Table 1 shows the average value for
the removal of Al and Ca in percent, for several issues both with and without fluxes.

Table 1 - Effect of fluxes on the removal of Al and Ca impurities

Name of impurities Aluminum removal,% Calcium removal,%
Without fluxes 77,73 91,82
With flux (Si0,-Na,COs) 94,75 94,63

In the project implementation, an optimized slag purification technology using various fluxes, as well
as purification by the crystallization method, was developed [3]. After conducting pilot tests, the SoG-Si
obtained by the carbothermic method from the quartz of the Sarykol field after all stages of purification,
as well as solar cells created from the material obtained, was investigated.

Table 2 presents the results of analyzes of quartz used to obtain silicon and silicon itself.

Table 2 - Concentrations of impurities after various stages of purification

. Impurities concentration, ppm wt
Material type Boron Phosphorus - Metals
Quartzite 1,3 0,32 125
MG-Si 15,4 68 400
Purified MG-Si (UMG-Si) <5 8 2500
SoG-Si 0,2 0,57 <3

The analyzes were carried out in certified laboratories Schmid Pilot Production (SPP, Germany) and the National Renewable
Energy Laboratory, NREL, USA.

Growing and investigation of ML-Si ingots.In order to increase the efficiency of solar cells and
reduce production costs, a process of silicon ingots production, using the so-called monolike technology
has been developed. The aim of this work was to study the effect of a higher concentration of impurities
in SoG-Si on the formation of crystalline defects (mainly dislocations) in single-crystal structures. Single-
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crystal structure visualization, mapping of the lifetime of minority carriers and photoluminescence were
used for studying the properties of a monolike ingot obtained on an industrial scale from Kazakhstan's
SoG-Si.

ML-Si ingots of p-type conductivity were manufactured using ECM technology in a PV 600 furnace
[4] and weighed about 450 kg. The process of growing ML-Si ingots consists of four stages and takes 78
hours. Silicon is heated to a melting point of 1423°C. Crystallization occurs from the bottom to the top
part of the ingot using thermal dissipation, which is carried out under conditions of a homogenized
furnace temperature to limit thermal deformations.

Silicon ingots were cut into bricks after the crystallization process. Then ingots were cut into wafers
of size 156x156 mm and 180 microns thick. The lifetime of minority charge carriers (electrons) was
measured immediately after cutting without additional processing. The measurements were carried out
using Microwave Photoconductive Decay (u-PCD) technology by Semilab WT2000 equipment. This
technique does not allow to measure the real lifetime, however, mapping by the obtained values allows to
qualitatively evaluate the uniformity of the distribution of the lifetime of the ingot and to identify areas
with defects that limit the lifetime. Resistivity was also measured on bricks, using Semilab WT2000
equipment. The uncalibrated photoluminescence (PL) image was obtained on a BT LIS-R2 equipment
with laser illumination (915 nm), equivalent to 1 solar constant; the illumination time was 1 s. In addition,
the ingots were investigated using infrared Fourier transform spectrometry (IFTS).

The concentration of dopants in the initial SoG-Si needs to be adjusted to achieve the required boron
and phosphorus values. As shown in [5]and[6], doping of silicon with gallium allows compensation of
phosphorus, despite phosphorus high concentration. Schmidt et al. [7] showed that doping of silicon with
gallium does not reduce the carrier lifetime and does not increase the concentration of structural defects in
crystalline silicon.

Comparison of the calculated and measured resistivity along ingot height, represented in Fig. 1,
shows that doping with gallium can lead to a resistance of the order of 1.5 Q cm, while the stability of the
resistance is maintained until the crystallization fraction reaches 95% without changing the conductivity
type of silicon. The carrier mobility (u) was calculated using the obtained concentrations of boron,
phosphorus and gallium, as well as the Arora model [8]. The resistivity (p) was calculated from the
obtained values of mobility and concentrations of dopants, using Eq. (12):

p=1/nqp (12)
where p is the mobility of charge carriers, q is the electron charge, p is the effective concentration of

charge carriers equal to the difference between the concentrations of acceptor and donor impurities (NB +
NGa-NP).
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Figurel - Comparison of the resistivity change dependency along the ingot height, calculated (points) and measured (squares)
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Grown ingots contain impurities that lead to the formation of defects that impair the electrical and
physical properties of silicon. Namely, oxygen and carbon are the main impurities in standard me-Si and
ML-Si, and are often found in the form of sediment due to the processes occurring during the growth of
crystals. Various types of SiO, and SiC precipitates and oxygen-containing defects can be observed
depending on the temperature conditions and the initial concentration of oxygen and carbon. They can be
deposited on the boundaries of the grains and dislocations and, thus, change their electrical characteristics.
Therefore, they can affect the recombination in the volume of silicon and the properties of the p — n
junction if they penetrate into the space charge region. In addition, it is also known that oxygen forms
complexes with boron (B-O), which can significantly reduce the lifetime.
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Figuer 2 - The concentration of O; (points) and C; (squares) obtained by IFTS measurements along the ingot height.
The shaded rectangles highlight the cut off areas on the top and bottom of the ingot, the shaded area shows
the maximum solubility of Cs in silicon

Fig. 2 shows the changes in the concentration of interstitial oxygen [O;] and carbon substitution atoms
[C;] with an increase of the crystallization fraction obtained by IFTS measurements along ingot monolike
height. There is a high concentration of oxygen at the bottom of the ingot due to contact with a quartz
crucible. The high concentration of carbon in the top of the ingot is due to its low segregation coefficient.
From the analysis of grown monolike ingots, it can be seen that the useful part of the ingot contains a
rather low concentration of O; and C; (<3°1017 crn'3). At such concentrations, the formation of SiC
inclusions is unlikely, and the probability of formation of B — O complexes is significantly reduced.

Damage to the seed with raw materials multiplies and spreads dislocations towards the top of the
ingot. A sufficiently high source of stress (3 MPa at the melting point [9]) can occur at high temperatures,
and plastic deformation of the seed, which leads to the creation of dislocations. The source of stress can
be silicon raw materials loaded on the seed or silicides (SiC, Si;N4, SiO;) formed on the surface of the
seed. With the concentration of stresses caused by microscopic points of contact, the dislocation creation
threshold is easily exceeded. These mechanisms mainly depend on the flatness and surface state at the
seed/crucible and seed/seed boundaries.

Fig. 3 presents the results of photoluminescent analysis performed on the wafers along the height of
the marginal and central bricks. The results show that the multiplication of dislocations is higher with a
higher curvature of the crystallization front. Thus, temperature conditions and equipment influence on the
multiplication of dislocations. The results of the analysis show a clear advantage of monolike ingots
compared to standard multicrystalline ingots.
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24.3 %

Figure 3 - The uncalibrated image of the photo luminescent analysis of the wafers along the height
of the central ML-Si brick (upper row of cells) in comparison with a standard multicrystalline ingot (lower row of cells).
The images indicate percent crystallization fraction

Results

Manufacturing and investigation of solar cells. For the study of the possibility of using monolike
silicon for the production of high-efficiency solar cells, wafers were chosen along the height of the central
ingot. Solar cells were manufactured using the standard Al-BSF architecture [2], according to which the
solar cell has a uniform n-type phosphoric emitter on the top part, and is electrically-passivated with
SiNx:H layer function also as an anti-reflective coating. The back side of the solar cell is passivated by the
p + area, called BSF (back surface field), as a result of screen printing and burning of the back contact
from aluminum paste. The charge carriers are assembled on a solid aluminum rear contact and on an H-
shaped silver front contact made in the form of a grid.

IV parameters were measured on ready-made solar cells under standard testing conditions (STC). The
measured parameters of the solar cells, such as the open-circuit voltage (V,.), short-circuit current (Jg.),
fill factor (FF) and efficiency (n), were obtained from the measured IV characteristics. In addition, the
current-voltage characteristics were measured on solar cells after the degradation test under illumination.
The solar cells with the highest efficiency were used to study the effect of degradation of solar cells under
lighting (LID). LID measurements were carried out on a device fixing a change in Voc, at a constant
temperature (65°C) and illumination (43 mV~=1.1 Sun), every second. Full results are presented in [10].

The influence of gettering effect on the lifetime of charge carriers.

Fig. 4 shows the measurement results of t.s for silicon wafers before and after gettering. Samples
after phosphorus diffusion showed a significant increase in t.s, regardless of the type of material used. It
is known that metallic impurities are one of the main factors reducing t.g in silicon. Metal impurities can
create precipitates in crystallographic defects or can be dissolved in the bulk of silicon, which in turn
forms deep energy levels in the forbidden zone, such as interstitial iron atoms (Fe;), which increases the
recombination activity and lowers t.. Impurities with a fairly high diffusion coefficient in the process of
diffusion of phosphorus diffuse into the n-type layer and form electrically inactive clusters - the gettering
process due to the difference in dissolution coefficients at high temperatures. However, it can be seen that
the measured t.¢ is higher for ML-Si, due to the higher initial (before gettering) 1. (10) value (Fig. 4). The
higher 1o for ML-Si is explained by the better crystal structure of this sample and the smaller amount of
metallic impurities in the bulk of the wafer.
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The measured values of 1.¢ and 1y decrease with an increase in the crystallization fraction, which is
explained by an increase in the density of crystallographic defects and an increase in the concentration of
impurities due to the effect of segregation during growth. This is confirmed by lower values of t.gand 1,
for wafers from the marginal brick of the ingot, due to the higher concentration of defects. It should be
noted that the increase in t.¢ after the gettering process is lower for the last crystallized fraction (Figure
4). The absence of an increase in T after the gettering process shows that in this case s is more limited
by crystallographic defects than by the concentration of impurities.

250 —T T T T T T T T T T T T T T T T 1
L -
I E/ ]
200 |- 1" YRR I\ ]
. L . u o \\ 4
= Py )
QEJ" L !j ' |
= A/ \ ]
3 150 C ‘7\_\‘ \D
E i jm y
g 100 | / , \ a2
o I i |
2 .‘A,,'A A__A/DA
2 sol NN S /SN ]
i3} N 7 VAN ANEYAN A‘“h’ N J
F n T2
0 s Il_\f. | Y NS NI U N RS R R
0 10 20 30 40 50 60 70 80 90 100

Solidified fraction, %

Figure 4 - Comparison of the effective lifetime (with an excessive concentration of charge carriers,
An = 1+10" ¢cm™) on the ML-Si wafers of the central brick and mc-Si, depending on the height of the ingot:
1 - ML-Si wafers before gettering, 1'- ML-Si wafers after gettering, 2 - mc-Si wafers before gettering,
2' - mc-Si wafers after gettering

Based on the data obtained, we can conclude that the use of moonlike technology for growing silicon
ingots is more promising; silicon grown using this technology has better electrical characteristics.
Therefore, solar cells made of ML-Si should have a higher efficiency.

Fig. 5 shows the distribution of J;. and V. of solar cells from central ingots of ML-Si and mc-Si,
depending on the crystallization fraction. The values of Ji. and V. directly depend on the 1. and the
diffusion length of the electrons and correlate well with the measured values of .. It can also be seen that
the values of J,. and V. are higher for solar cells made of ML-Si, that was expected due to a higher Ts.
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Fig. 6 shows the distribution of the efficiency of AI-BSF solar cells based on silicon wafers along the
height of the bricks. As expected, after measuring t.¢, solar cells made from ML-Si have higher efficiency
values due to better performance. The maximum value of the efficiency for solar cells made of ML-Si was
18.4%. In[11], a significant decrease in the efficiency along the height of the ML-Si ingot was reported,
which was explained by an increase in the density of dislocations. In contrast to our case, very precise
control of the crystallization process is not capable of limiting the crystallographic defects formation in
the bulk of the crystal. As a result, solar cells produced from a material of this level are less limited in
efficiency due to recombination losses, and this explains the presence of a wide area with a very slight
decrease in efficiency. These results show that controlled multiplication of dislocations has a significant
impact on the production process of solar cells by not only increasing the efficiency limits, but also
narrowing the distribution area.
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Figure 6 - Comparison of changes in efficiency (left) and fill factor (right) along
the height of ingots for solar cells made of ML-Si and me-Si: 1 - me-Si, 2 - ML-Si

On the other hand, solar cells made of ML-Si have a fill factor lower than mc-Si solar cells (Fig. 6).
These results can be explained by the incomplete refinement of the process and technological regimes for
creating solar cells. Since the fill factor depends on the quality of the process of metallization and
diffusion of phosphorus (the creation of the n-layer). However, even with smaller values of the fill factor,
solar cells made of ML-Si have a higher efficiency. What shows a further opportunity for increasing the
efficiency of solar cells by adjustment of technological processes and modes.

At the end of the investigation, solar cells with high efficiency were tested for light degradation to
obtain more complete results. These tests are important because of the formation of boron-oxygen
complexes (B-O) as a result of exposure to light. These complexes, in turn, are electrically active
recombination centers and can significantly reduce the efficiency of solar cells[12].

It was found that the average value of the relative degradation of efficiency is about 1%. The obtained
results show an insignificant effect of LID on the efficiency of solar cells produced from ML-Si, that well
correlates with theoretical data on the formation of B-O complexes with oxygen concentrations above
3¢10"7 cm™. According to measurements the concentration of interstitial oxygen [O;] in the ML-Si does
not exceed 3¢10'7 cm™ for the regions of the ingot used in the creation of solar cells. Unlike silicon grown
by Czochralski technology, in which [Oi] reaches about 8¢10' c¢m™, silicon grown by monolike
technology is less susceptible to the formation of B-O complexes and consequently the degradation of the
efficiency of solar cells when exposed to sunlight.

On the other hand, on the researched solar cells, the LID effect increases with an increase in the
crystallization fraction and therefore with decreasing [Oi] and it can be concluded that in this case the LID
effect is more associated with other processes and mechanisms than the formation of B-O complexes. A
recent paper [13-15]reported that metal impurities such as copper form electrically active precipitates in
the bulk of silicon when exposed to light and can cause degradation of the electrical characteristics of
solar cells. In addition, [16]reported on the influence of the architecture of solar cells on the effect of
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degradation during illumination; it was shown that solar cells with a passivated surface are more sensitive
to degradation.

Discussion

Potential production of photovoltaic cells from Kazakhstan p-type silicon purified by metallurgical
using the advantages of monolike technology investigated.

It is shown that the content of oxygen and carbon impurities is very low, which prevents the
formation of SiO, and SiC precipitates. In addition, it has been shown that monolike-grown ingots are
practically free of microcrystalline regions, and that a limitation of the dislocation density can be achieved
in industrial technology. The optimization of the technology was based on precise control of the curvature
of the crystallization front in the process of directional solidification, since the curvature of the front is a
key factor in the quality of crystallization.

It is shown that silicon ingots grown using the monolike technology have a higher carrier lifetime
compared to standard mc-Si. In addition, it is shown that in the process of creating solar cells, the lifetime
of charge carriers increases due to the effect of gettering, without additional purification processes. The
advantages of the developed technology were observed at the level of solar cells, by increasing the
efficiency and reducing the distribution of efficiency along the ingot height. It is shown that solar cells
made of ML-Si have a rather low degradation of efficiency when exposed to light.

The maximum efficiency for solar cells made of ML-Si was 18.4%. In addition, according to the
results of recent work, an increase in the efficiency of solar cells up to 20% and higher is expected due to
the adjustment of the production process of solar cells to ML-Si wafers.

In conclusion, ML-Si grown from silicon of solar grade in the near future may be a breakthrough in
PV industry, due to the high potential for the production of solar cells with high efficiency and significant
reduction in production costs.

J.A. Ka.]II)leJIOBZ, H.A. KJII/IHOBI/IIIKaﬂz, T.C. TpraraMGeTOB', A.A. HaBJIOBl,
C.B. [Lnotnukos’, B.H. Mykames', A.C.Cepukkanos', )K. Araéexos’, /1.0. Kanrap6aesa'

1CSTGaeByHl/IBepCI/lTeTi,CDl/ISI/IKa—TeXHI/IKaﬂ]:IK uHcTUTyThI, 050032, Anmartel, Kazakcras,
2Z[.Cep1/11<6aeBaT. HIKMTY, 070004, ©cxemen, Kazakcran
3KazPV Ltd, Acrana, KasakcTan

CAPBIKOJI KBAPL] KEH OPHBI HET'BIHJE KA3AKCTAHJIA
®OTOIHEPTETUKA KYPYJIbIH KOFAPBI TEXHOJIOT HSIJIBI OHIIPICI

AnHoTanus. Capblkea KEH OpHBIHAH KapOOTEPMILUIBIK KalIbIHA KENTipy apKbUIBl albIHFAH KBapITaH
METALTYPrUsAIbIK KPEMHHUHJI KYH camaibl KpeMHuiire AeliH Ta3ajmay TEXHOJIOTHSICHl YCBHIHBUIAABL. — bepinren
TEXHOJIOTHSI Ta3ajayAblH METAITYPrHUsJIbIK dAICTEPiHE — ra3ipl KOKOEH Ta3apTy »KoHe OarbITTalFaH KpUCTAIJaHyFa
Heri3aenred. AJIBIHFAaH KYHJAIK KpeMHuiineH “monolike” TexHONOTrHMsChIMEH KyiiManap naiibiHaanael. MynbTH-
KpHUCTaJIaHFaH KPEMHHMWIECH aJbIHFaH TYPJCHAIPTiliTepMEH calbICThiprania ere Thuimai — 17-18,4% OGonarbin
(hOTOANEKTPIIIK TYpIEHAIpTilTep AaibIHAAIBIN, 3epTTeNAl. OTe THIMII TYPICHAIPrilTep XKapbIKTHIK Jerpajanus-
HBIH TECTIHEH OTKI3LIII.

Tyiiin ce3aep: KyH camanbl KpeMHHA, KpeMHUII TazapTy, “monolike” TEXHOIOTHUACH, KYHIIIK 3JIEMEHT.

J.A. Ka.]II)leJIOBZ, H.A. KJII/IHOBI/IIIKaﬂz, T.C. TpraraMGeTOB', A.A. HaBJIOBl,
C.B. ILnornukos’, B.H. Mykames', A.C. Cepuxkanos', K. Aragexos’, 1.0. Kantap6aesa'

'Carnaes Yuusepcuter, @u3uko-rexuuueckuii uHcTuTyT, 050032, Anmarsl, Kazaxcran;
BKITY um. J.CepuxbaeBa, 070004, r. Ycrp-Kamenoropck, Kazaxcran;
’KazPV Ltd, Acrana, Kasaxcran

BbICOKOTEXHOJIOT'MYHOE IMTPOU3BOJACTBO 11O CO3JJAHUIO ®OTOIHEPTETUKHN
B KABAXCTAHE HA OCHOBE KBAPIIEBOT'O MECTOPOXKJIEHUSA CAPBIKOJIb

AnHoTanus. [IpencraBieHa TEXHOJOTHS OYNCTKH METAJUTyPTUYECKOTO KPEMHHSI 1O KPEMHHS COJIHEYHOTO
Ka4yecTBa, IOIY4YEHHOT0 M3 KkBapua CapbIKOJIbCKOTO MECTOPOXKACHHS KapOOTEPMHUYECKHM BOCCTAHOBIICHHEM.
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JlaHHasi TEXHOJOIUs OCHOBaHA HA METAILUTYPIHYECKHX METOAAX OYMUCTKM — Ta30lUIAaKOBBIM pauHUPOBAHHEM U
HANpPaBICHHON KpUCTau3aiueid. M3 Moay4eHHOTO0 COJHEYHOTO KPEMHHS BBIPAIICHBI CIUTKH [0 TEXHOJIOTHH
“monolike”. M3roToBI€HBI W WCCIENOBAHBI (POTOIIEKTPHUECKHE IPeodpa3oBaTeNny, KOTOphIE HMEIT Oojee
BbICOKYI0 3 dextuBHocth — 17-18,4%, mo cpaBHEHHIO C NPeoOpa3oBaTENsIMH U3 MYJIbTUKPUCTAILTMYECKOTO
kpemHust. [IpeoOpaszoBarenu ¢ BICOKOH 3pheKTHBHOCTBIO OBbLIN MOJIBEPTHYTHI TECTAM Ha CBETOBYIO JIeTPa/IallHIoQ.

KiroueBble ¢JIOBa: KPEMHUI COJTHEYHOI'O KavyeCTBa, OYMCTKA KPEMHHsI, TEXHOJOTH “‘monolike”, conHeYHbIH
DIIEMEHT.
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VIOLENT RELAXATION IN ISOLATED STAR CLUSTERS

Abstract. We study the effect of initial mass function and stellar evolution on the survivability of isolated star
clusters after instantaneous gas expulsion. Our model clusters form with a centrally peaked star-formation efficiency
profile according to the local-density-driven cluster formation model. We perform direct N —body simulations of
N, =10* star clusters with global star-formation efficiencies ranging from 0.13 to 0.50.

We have found that the stellar evolutionary mass-loss does not affect the number of bound stars of star clusters
with high global SFE ( SFEgl >0.2), and the decrease in final bound mass fraction is only due to stellar evolution.

But star clusters with lower global SFE are affected more by stellar evolutionary mass-loss and survive with less
number of stars than if it would consist of single-mass non-evolving stars. High-SFE clusters also do not expand
much after violent relaxation, while clusters with SFE, =0.15 and 0.20 expand significantly. The global SFE as low

as SFE, =0.30 is sufficient for a cluster to almost keep its mass and size at the time of gas expulsion in our models.

Keywords. galaxies: star clusters: general — methods: numerical — stars: kinematics and dynamics — open
clusters and associations: general.

1 Introduction
Stars do not form in isolation. Instead they form in large groups and clusters within dense clumps in
giant molecular clouds. Different stellar-feedback mechanisms as stellar winds, radiation pressure and

photo-ionizing radiation coming from massive stars (>8M ;) can drive the star-forming gas with the

speed about 10km/s (i.e. roughlylOpc/Myr) [1, 2, 3, 4, 5]. Star-formation efficiency (SFE), the

fraction of star-forming gas mass converted into stars, reported by observations of nearby star- forming
regions to be usually less than 30% [6, 7, 8]. That means, more than 70% of total mass is driven from the
embedded clusters by the gas expulsion, which leads to the instability in the star cluster. Lada and Lada
[9] reported that about 90% of star clusters in the solar neighborhood are disrupted after gas expulsion.
There are many works dedicated to the topic of survivability of young star clusters after gas expulsion in
the literature [eg. 10, 11, 12, 13, 14, 15, 16, 17, among many others].

Shukirgaliyev et al. [16] proposed a new approach to study the survivability of star clusters after
instantaneous gas expulsion. They consider star clusters formed according to the local-density-driven
cluster formation model of Parmentier and Pfalzner [18]. That is in their model clusters the volume
density profile of stars are steeper than that of the residual and total gas, as a consequence of star-
130
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formation taking place with a constant efficiency per free-fall time in a centrally concentrated, spherically
symmetric clump gas [18]. They reported that, such star clusters with a centrally peaked SFE profile are
more resilient to the instantaneous gas expulsion than the model clusters considered earlier [e.g. 13, and
references therein]. The model star clusters of Shukirgaliyev et al. [16] survive the instantaneous gas

expulsion with a critical global SFE of SFE,, = 0.13 instead of SFE, = 0.33 as estimated previously.

In this study we consider the survivability of isolated cluster models only in contrast to Shukirgaliyev
et al. [16], who mainly focused on the survivability of star cluster in the tidal field of our Galaxy, orbiting
in the solar neighborhood. The isolated cluster models in Shukirgaliyev et al. [16] have been considered
mainly to test their new initial conditions and simulations. Their isolated model clusters are consist of
equal-mass, non-evolving stars, while their model clusters of the solar neighbourhood consist of evolving
stars with masses sampled according to the initial mass function (IMF) of Kroupa [19]. Therefore, the
decrease of the cluster bound fractions at the end of violent relaxation caused by coupled effect of two
mass-loss mechanisms: stellar evolution and tidal stripping [16, 20, 21, 22]. The intermediate case of
isolated model clusters consist of evolving stars is now being considered in the framework of this study in
addition to Shukirgaliyev et al. [16].

We compare the survivability of isolated model clusters of Shukirgaliyev et al. [16], which consist of
equal-mass stars with our new simulations with full stellar mass spectrum where additionally stellar
evolution taken into account. The gas expulsion is assumed to be instantaneous in both cases.

1084 —— SFEg =0.05
.................... —— SFEy =0.15
5 103 —— SFE, = 0.40
I‘;'; -
§ 102
101_
10"
10! 10" 10!
r [pc]

Figure 1 - Density profiles of the star cluster (black dashed line), of the residual (solid lines), and initial (dotted lines) gas for
different SFE o in scaled physical units. A total stellar mass M, = 6000M syny and a 3D half-mass radius 7;, = 1.26 pc

are assumed. Note that the stellar density profile is a Plummer profile.

2 Model description

Our model clusters have a Plummer density profile and are in virial equilibrium together with the
gravitational potential of the residual star-forming gas, immediately before gas expulsion. The density
profile of residual gas is recovered for a given global SFE using the Eq. A.7 of Shukirgaliyev et al. [16],
assuming that our model clusters have been formed with a constant star-formation efficiency of

€ ;= 0.05from centrally concentrated, spherically symmetric gas clump. As a consequence of that, the

volume density profiles of the residual and the total gas have a shallower slope that that of stars [18, 16].
Figure 1 shows the volume density profile of stars (black dashed line), of the residual (colored solid lines)

and of the initial total gas (colored dash-dotted lines) of M, = 6000M g, cluster with a global SFE of

0.05,0.15 and 0.40 for illustration.
Isolated model clusters of Shukirgaliyev et al. [16] have number of star N, =10000in their
simulations. In this study, we run a new set of simulations of isolated clusters in order to qualify the effect
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of stellar mass function and stellar evolutionary mass loss on the cluster survivability. For that we chose
M, = 6000M g, model clusters, which have N, =10455 stars when we sample stellar masses with

IMF of Kroupa [19]. Upper and lower limits of m,, =100M g, and m,, =0.08M , have been

adopted for the IMF. We use the same normalization of our N-body units to physical as in Shukirgaliyev
et al. [16] standard case. That is our M, =6000M i, model clusters have a half-mass radius of

r, =1.26 pc at the time of gas expulsion.

We generate the initial phase-space distribution of star in our model clusters using the program
mkhalo from falcON package [23] with specially developed Gas Potential plug-in [16, 21]. The high-
presicion direct N -body code phiGRAPE-GPU [24] has been used for our N -body simulations, which
ended at time about ¢ =1Gyr .

3Bound fraction of isolated models

The bound fraction is the fraction of cluster mass immediately after gas expulsion, remaining bound
to the cluster at a given time. The bound fraction could be also considered as a number fraction of bound
stars. In case of clusters consist of non- evolving (i.e. constant mass) equal-mass stars, the bound fractions
in terms of mass and number of stars are the same. But when we consider clusters consist of evolving
stars, stellar masses decrease with time and two bound fractions become different. Therefore in this study
in contrast to Shukirgaliyev et al. [16] we consider both, bound mass fraction and bound number fraction
of our isolated model clusters.

We use the same method as we used in Shukirgaliyev et al. [16] to define the bound fraction of model
clusters. That is, instead of defining the bound fraction based on the total (i.e., kinetic + potential) energy
of stars as the fraction of stars with a negative

total energy (solid lines in Fig. 2), we eliminate unbound stars by iterative calculations of the total
energies of stars after removing of currently unbound ones. This method, described in the appendix of
Shukirgaliyev et al. [16] gives us the opportunity to to define the final bound fraction early on in the
evolution of clusters. Otherwise, the bound fraction of model clusters, which are super-virial after gas
expulsion, can be overestimated by the early method based on the total energies of stars [see the appendix
of 16, for more details]. Figure 2, brought here from Shukirgaliyev et al. [16] for the sake of clarity,
shows the comparison of the two methods of defining of the bound fraction of isolated model clusters.
Dashed lines show the bound fraction calculated by a new technique, while the solid lines correspond to
the bound fractions calculated by the old technique. Figure 2 shows that the instantaneous bound fraction
converges toward the final bound fraction determined with our technique by the end of the simulations.
This shows that with our calculation method we can estimate the final bound fraction even before the
inner part of the cluster starts to collapse back and return to virial equilibrium. We caution, however, that
with this method we underestimate the final bound fraction of a cluster with a low global SFE during their
early evolution after instantaneous gas expulsion. This is caused by removing all un- bound stars,
including the centrally concentrated ones, which contribute the most to the gravitational field of the
cluster [see Fig. B.2. in 16]. This is the reason for the unusual behavior of the final bound fractions of
isolated clusters with a global SFE of 0.13 and 0.15, which is 0 at # <1 Myr, and why they rise at an
early time in the evolution instead of decreasing.
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Figure 2 - Time evolution of the bound fraction F}, of isolated models (N = 10*) as defined by two methods: defined by the
fraction of stars with a negative total energy (solid lines), and defined by recalculating the total energy of stars in an iterative

process (see text for details; dashed lines). The vertical dotted line corresponds to = 20 Myr when we scale the isolated

models with the same scale factor as for a non-isolated model with M, = 6000M sun » Which also has N = 104 .

(This figure brought here from Shukirgaliyev et al. [16] for the sake of clarity.)

4 Results

We use the technique described above to find the bound fractions of our newly simulated star
clusters. Since we are looking at the multi-mass stars and turn on the stellar evolution, we consider two
bound fractions, one in terms of number fraction, and the other in terms of mass fraction. In Fig. 3 we
compare bound fraction evolution of two isolated models. The left panels show the bound fraction
evolution of previous model clusters consist of equal-mass stars. The right panels show the bound number
fraction evolution on top panel and bound mass fraction evolution in bottom panel of our newly simulated

clusters, consist of IMF sampled evolving stars. The SFE, =13 model cluster does not survive the

instantaneous gas expulsion when is consist of multi-mass evolving stars (see blue lines in the right
panels).

Figure 3 shows that after # =20 Myr the bound number fraction of all model clusters become
almost a constant, so the decreasing of the bound mass fraction of star clusters with IMF is only due to
stellar evolution. Therefore we assume that the violent relaxation is over before # =20 Myr and then we
measure the final bound fraction, that is the bound fraction at the end of violent relaxation at = 20 Myr .

Figure 4 presents the comparison of the final bound fractions of our model clusters as a function of
global SFE, in terms of number fraction in the left and of mass fraction in the right panel. Single mass
model clusters and evolving clusters with IMF are represented by green and red colours, respectively.
There is almost no difference between the two types of models when we look at the final bound number
fraction for a high global SFE (SFE o > 0.2). The decrease in final bound mass fractions of star clusters

with IMF mostly caused only by the stellar evolutionary mass-loss and also by Poisson noise in the phase
space distribution of stars. The model cluster with the highest SFEs (SFE o = 0.5) save almost all of its

stars after instantaneous gas expulsion (see bound number fraction). Therefore its bound mass fraction at
the end of violent relaxation is almost the same as if it did not lose any star during its evolution with mass-
loss caused by only the stellar evolution (the horizontal dashed line on the right panel of Fig. 4). It also do
not too much differ in its bound mass at the end violent relaxation from other two high SFE clusters (
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SFE, =0.3and SFE, =0.4). These three model clusters do not expand much after the violent
relaxation too (see Fig. 5). The half-mass radius of model clusters at the end of violent relaxation

normalized to their half-mass radii immediately after gas expulsion1 as a function of the global SFE are
provided in Fig. 5. As we see from our models, the highest observed SFE, as high as SFE o = 0.3 ,is

sufficient to keep the embedded clusters almost unchanged in terms of mass and size after gas expulsion.
[See e.g. 25, to learn about the expansion of star clusters after gas expulsion].

Equal mass

IMF Kroupa 2001
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Figure 3 - Bound fraction evolution of isolated clusters. The top panels show the evolution of bound number fraction, while the
bottom panels show the evolution of bound mass fraction of equal-mass star clusters in the left panels and IMF sampled evolving
star clusters in the right panels. X-axis is given in logarithmic scale. The color-coding corresponds to global SFE shown in the
key in the lower right panel. The black line in the lower right panel corresponds to the mass-loss due to pure stellar evolution
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Figure 4 - The final bound fractions of isolated model clusters measured at £ = 20 Myr as a function of global SFE. The left

panel shows final bound fractions in terms of number fraction of stars, while the right panel corresponds to the final bound mass
fractions. The equal-mass star clusters are marked with green colour, while model clusters with stellar evolution are shown by red

When we look at star clusters with global SFE lower than SFE; <0.25, their final

bound number fractions are decreased together with their final bound mass fractions when the IMF
and the stellar evolution are introduced in the simulations. This is an effect of the fast evolution of most
massive stars, when almost 15% of the total stellar mass is lost within early 20 Myrs . Due to the stellar

evolutionary mass-loss, the central gravitational well of multi-mass clusters becomes much weaker, than
that of single-mass clusters, and therefore loses more stars (hence mass). The escape of some very
massive stars also have negative influence in the survivability of multi-mass low SFE clusters. The
Poisson noise in the initial phase-space distribution of stars also can cause a scatter in the final bound
fractions of low-SFE clusters [see 20, for more details].

ISince clusters have the same stellar density profile at the time of instantaneous gas expulsion, their
half-mass radii immediately after gas expulsion are identical too.
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Figure 5 - The half-mass radii of isolated model clusters at the end of violent relaxation as a function of global SFE,
normalized to the cluster half-mass radii immediately after gas expulsion (7, (0) =1.26 PC). The green and the red filled

circles correspond to the single-mass and multi-mass clusters, respectively.
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5 Conclusions

We considered the survivability of isolated model clusters, consist of multi-mass evolving stars after
instantaneous gas expulsion. Our model clusters formed with a centrally-peaked SFE profile, as a
consequence of star formation process happening with a constant efficiency per free-fall time according
to the model of Parmentier and Pfalzner [18]. All our model clusters have a Plummer density profile
immedi- ately before gas expulsion and are in virial equilibrium with gravitational potential of the residual

gas. We consider M. =6000M g, clusters with different global SFE range from SFE, =0.13to

SFE, =0.5. The IMF of Kroupa [19] with the mass limits of m,,, =0.08M g, and m,, =100M

has been adopted. All stars lose their mass according to the stellar evolution code SSE [26]. We use high-
precision direct N -body code phiGRAPE-GPU for our simulations.

We calculated the bound fraction of model clusters based on their energies using the technique
described in Sec. 3. Then we compare our results with the results in Shukirgaliyev et al. [16] obtained for
isolated clusters, consist of non-evolving single- mass stars.

We have found that SFE, = 0.3 is sufficient to save almost all stars (> 80% ) and keep the cluster

Sun

compact after violent relaxation. The model cluster with SFE, = 0.13 does not survive the instantaneous

gas expulsion when the IMF and the stellar evolution are introduced in the simulations. The
SFE, = 0.15 model cluster survives the instantaneous gas expulsion, although with a small final bound

fraction.

The stochastic effect is high in low SFE clusters due to low number of high-mass stars [20].
Therefore in the next study we plan to consider more random realizations and study the stochastic effects
due to the mass-function in more detail. We do not consider any effect from dark matter due to relative
small scales [27].
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OKIIAYJIAHFAH JKYJIIBI3JBIK IIOFBIPJIAPABIH KAPKBIH/BI PEJTAKCALISICEI

AnHorammsi. Ocbl KyMbIcTa OacTamkbl Macca (QYHKIMACH MEH OSKYIObI3AAp AaMyBIHBIH OKYJIIBI3IBIK
LIOFBIPJIAHY IbIH, JIE3MIK ra3 BIFBICTHIPBUIYBIHAH KEHIHI CaKTallyblHa ocepi KapacThIpbLiaibl. JKyinel3 TY3ULyiHIH
tuimautiri (KOXKT) KeprimikTi THIFBI3ABIKIICH AHBIKTAJIATBIH MOJEIBIE COHKEC, 3€PTTENIN OTHIPFAH SKYJIABI3IIBIK
kiacrepiiep opranslk mbsiHFa e XOKT-men kypeinagst. XKymapi3 tysinyinig taimMairiri 0.13-nen 0.50 apanbirbinaa

JKATAThIH XKYJIIBI3BIK IIOFBIPIAHyIap/BbIH Tikenel N-body Monensaeyi N, = 10? sxarnaii yuiin opbiHaanFas.
MaccaHbIH KYIIBBIAP IBOJTIOMHUACH ceOeOIHeH JKoramysl )kahaHIBIK KYIIBI3 TY3UTYiHIH THIMIUTITI Korapsl (
SFE o> 0.2) >KYIABI3ABIK MIOFBIPIAHYIAPAArel OaiIaHBICKAH KYJIIBI3NAP CaHBIHA ocep CTIEUTIHI, aKbIPFBI

OaitnaHbICKaH (pakUSHBIH Maccachl TEK JKYIIbI3NAp JaMybl apKacblHAa (OailIaHBICKaH XYJIABI3AAD CAHBIHBIH
azalobl ceOeOiHeH emec) KEeMUTIHI TaObUTFaH. AJaiina, SFEgl =0.15TeMenney WIOFBIpIAHYNAP KYIABI3IAP

SBOJIIOLMSACHIHAH OOJIATBIH Macca JKOFATYbIHBIH 9CEpiHe YIIbIpal, Maccanapbl Oipliei, IBOJIOLUSIFA KaThICIAHThIH
KYJIBI3JIapaH TYPaThIH KacTepiepre Kaparanaa OaillaHbICKaH JKYJIIbI31ap CaHbl a37ay OOJIBII CaKTaJIbIN Kalafbl.

Oran koca, SFE g KOFapbl IIOFBIPNIAHYNIAP KAPKBIHIBI pesaKCcalysIaH KeWiH KaTTbhl KEHEeHMEWTiHi, ai
SFE, =0.15nen 0.20 TeH KiacTepyiep — aWTapiBIKTAH YIFailaThIHBI ajablHFaH. Bi3miH Momenbae SFE, =0.30

CHSIKTBI TOMEH >kahaH/BIK >KYJIIBI3 TY3UTYiHIH THIMALTIr KiacTep ra3 BIFBICTHIPBUTY Ke3iHJE ©3iHIH Maccachl MEH
OIIIIEMIH CaKTay NEPIiK YIIiH )KEeTKUIIKTI OOJBII MIBIKTHI.

Tyiiin ce3amep. rajakTHKaIap: >KYIABI3ABI MOFBIPIAP: KAl - JMICTEpP: CAHIBIK- JKYINbI3Ap: KHHEMAaTHKa
JKOHE JIHAMUKA - MIAIIBIPAHKbI TIOFBIpIap MEH OipIIeCTIKTep: JKajIIbl
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BYPHAS PEJIAKCALIUSA B U30JIMPOBAHHBIX 3BE3/ITHBIX CKOIIVIEHHUAX

AnHotanusi. B pabore wuccrnemyercs BIMSHHME HadalbHOM (YHKIMM MacC W 3BE3IHOH HBOJNIONUHM Ha
BBDKHBAEMOCTh H30JIMPOBAHHOIO 3BE3JHOTO CKOIUICHWsSI TOCIE MTHOBEHHOIO BBIIyBaHWs Tasa. Mccnemyembie
MOJIENbHBIE KJacTepbl 00pasytorcss ¢ mpodmaeM dpdexktuBHOCTH 3Be3nooOpazoBanus (SFE), umerommm
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LEHTPAIBHBI MUK, B COOTBETCTBUH C MOJENbIO (OPMUPOBAHUS KIACTEPOB, B KOTOPOil 3Ta 3(¢EeKTHBHOCTH
OTIpeNIeISIeTCS JIOKATBHOM IIIOTHOCTBIO. BBIIO BEITONHEHO TIpsi- Moe N -body MomennpoBaHie 3BE3AHBIX CKOTUICHHIA

4 . .
¢ N, =10"u rnoGansHol 3 peKTHBHOCTHIO 3B€31000pa3oBanys, Jexkameil B quanasone ot 0.13 1o 0.50.

Bei10 00HapykeHO, YTO MOTEPsl MAcChl 32 CYET DBOJIOLMH 3Be3] HE BIHACT HA KOHEYHOE YMCIIO CBS3aHHBIX
3B€3]] B 3BE3/IHBIX CKOIUICHHSX C BBICOKOH Ti100anbHON 3¢ QeKTUBHOCTBIO 3Be3noo0OpazoBanus ( SE. E, > 02), un

KOHEYHasi Macca CBA3aHHON (pakiMy yMEHbLIAETCS TOJBKO M3-3a 3BE3IHOM DBONIIOLMK (HE M3-32 YMEHBIICHHS
YUCIa CBSA3aHHBIX 3Be3xd). OMHAKO 3BE3NHBIC CKOIUIe- HHS C 0OoJiee HHM3KOH TIIIOOATbHOM SFEgl = (.15 6onpre

MOJABCPIKCHBI BJIHUAHUIO MMOTEPU MACCHI 3a CUCT 3B63]1HOI‘/II 3BOJJIIOIUH W BBDKHWBAKOT C MCHBIIUM YUCJIOM 3BEC3J, YEM

CKOIUIEHHS, COCTOSAIIME H3 HEBOTIONUOHUPYIOMIMX 3BE3J ONHONW Macchl Takike CKOIUIEHHA C BRICOKOH SFE o HE

pacUIMpsIOTCS CHABHO Tocie OypHOHM pemakcaiuy, Torga kak kiactepsl ¢ SFEy = 0.15 m 0.20 3naunTensHO
pacumpstorcs. B Hameld Mojenu Takod HM3KOH Ti100anbHOHW 3(QQEKTUBHOCTH 3BE3J000pa3oBaHMs, Kak

SFE, =0.30 , oxasbisaeTcst I0CTaTOMHO UL TOTO, YTOOBI KIacTep MOYTH COXPAHHMI CBOIO Maccy U pasMep BO

BpPEMs BLITCCHCHUS rasa.
KuroueBble ¢J10Ba. rajakTHKH: 3BC3/IHBIC CKOIIJICHMA: 061_]11/16 - MCTOJBbI: YHCJICHHBIC - 3BC3/Ibl: KHHCMAaTHUKa U
JAWHAMHKa - paCCCAHHbIC CKOIUICHUA U accorualus: O6HII/IC
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STUDY OF THE STABILITY OF THE REGULATOR
BALANCING ROBOT NI MINDSTORMS

Abstract. The article presents the results of studying the steady state of a balancing robot when the control is
carried out in a closed state. The synthesis of the controller's coefficients was carried out by estimating the root of
the characteristic equation and the linear quadratic regulator. Under the action of the PID controller, algorithms for
controlling the robot servos were compiled. The results of the experimental studies allowed us to construct transient
characteristics in a closed robot control system while balancing the state of the robot in a steady state and in motion.

Evaluation of the stability of the robot. The control system of the balancing robot is asymptotically
stable if its steady-state value at the time of its movement or at the moment of stopping will tend to zero

regardless of the initial conditions, in the absence of input influences: Me—e X(£) =0 [t is assumed that

the movement of the robot is described by a standard equation of the form: x(t) = Ax(t) + Bu(r) [1].In
order for the robot to be asymptotically stable, it is necessary and sufficient that the real part of all the
eigenvalues of the matrix be negative [2-6].

Feedbacks object state control. Let us consider that the robot under the study of a control object is a
closed system, the block diagram of which is shown in Figure 1. The feedback control action is
determined by the product of the proportionality coefficient K and the difference between the desired
values and the measured values.

Figure 1 Feedback control

The control action and the status of SIS threads shown in Figure 1 describe the following equations:

u(t) = K@) — x(t),
x(t) = (A— BK)y(t) + BKx(t). (D)

It is necessary to maintain the system under the study of a steady statem by dividing by thecount
value of the matrix K. Changing these valuesentails a change of b-governmental numbers of the
matrix (4 — B *K). For sustainable regulation of a closed robot system, it is necessary for it to be
controlled. The system will be controllable if the rank of the matrix M coincides with the rank of the
matrix 4. Here M, = [B, AB, ..., A" 1B] you can use the ctrb command to determine manageabilityinthe
ControlSystemToolbox environment. There are 2 main methods for calculating feedback coefficients:

1) Calculation of the desired roots. The method describesthecalculation of the coefficients K with
the creation of the desired eigenvalues of the matrix 4 — B * K.Inthe ControlSystemToolbox for the
calculation, you can use the place function.
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Example 1. K coefficients are  describedin the  first communication system  with  closed
CONCRETE and GOVERNMENTAL parameter values A = [0,1; -2; -3] and B = [0;1]. Pole values are
[-5, -6].

» A =1[01,-2,—3];B = [0, 1];
> poles = [-5,—6];
>» K = place (A, B, poles)
K = 28,0 8,0

2) Linear square regulator M is received by calculating the coefficients of the matrix K on the basis of
minimizing the value of the functional J calculated in the following form:

J= [ @ @rex© +u@ Ruende
v . Parameters are adjusted by selecting the weight matrices of the
state Q and the input action R, which are selected on the basis of the physical nature
of the processes. The ControlSystemToolbox application can  use the Iqr functionsto ~ calculate a
controller.
Example P 2. A=10,1; -2, -3], B=[0; 1], Q=[100, 0; 0, 1]; R=1.

» A =1[0,1,-2,-3]; B = [0,1];
> Q =[100,0;0,1];R = 1;
» K =1qr (A,B,Q,R)

K =8,198 2,137

The control of the servos of the robot is carried out to generate the desired movement of the robot.
For this purpose, the PID controller is most often used [16], i.e. a device in the feedback circuit used by an
open-loop control system to generate a robot control signal. The PID controller generates a control signal
which is the sum of 3 terms, the first of which is proportional to the input signal, the second is the integral
of the input signal and the third is the derivative of the input signal.

The purpose of the PID controller is to maintain a given value x0 of a certain value x by changing
another value of u. The value of x0 is called the “setpoint”, and the difference e = (x - y) is called the

“non-residual” or mismatch. The output signal of the regulator u is determined by three terms:
[

d
u(t) = F+.f+ﬂ=.ffje(t'}+.ifl.f e(t)dr + .ifu_E
' > de )

where K ,, K ;, K 4, are proportional, integral and differential components of the regulatorrespectively.

X |'H ¥
%= 4x+Bu =LE}——r

Figure 2 - PID controller
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Figure 3 Model Parameter Designation

Figure 3 shows the model parameters indicated for robots: mobile robots of the “Motobot” type [2]
and a balancing robot of the “Segway” type [3]. For use in specific studies below are the values of their
parameters:

g=9.81 (m/ s2) acceleration of gravity;

m = 0.03 (kg) wheel weight;

R =0.035 (m) wheel radius;

Jw=mR2 /2 (kgm2) the moment of inertia of the wheel;

M = 0.6 (kg) body weight;

W =0.14 (m) body width;

D = 0.04 (m) body thickness;

H =0.144 (m) body height;

L =H/2 (m) distance to the center of mass from the axis of the wheels;
J¥=2 (M *L)/3 (kgm2) the moment of inertia of the body is tilted;
Jo=M (W2 + D2)/ 12 (kgm2) rotational moment of inertia;

Jm = 10-5 (kgm2) the moment of inertia of the engine;

Kb =0.468 (V * s/ rad) is the counter-emf constant;

Kt=0.317 (N * m/ A) is the motor torque constant.

Now we know everything to compile the source code of the program for organizing the movement of
the robots. Let's call this program “Segway”. First of all, we compose the main control circuit of the robot.
The diagram shown in Figure 4 reflects the main window of the program. The key blocks of the program
are described above when they conducted an experimental study on assembling a Motobot robot. The rest
of the schemes are contained in the nxtway appblock.

nuﬂ.i-.j:_r.ﬂ-lr'u-"'-
- _. L — Wl
= o5
-
o "_ . iy i '
- IEH. = = e
=
¥y ey Y Ty I-i.l"a* e
— 5 e e B A bl
= Cepreqrasy muan e gk ey b g e a ETAEC )
LR :__1_ po— — i reer =
LN S0 IH 0 LR THO§ TR O
- b o T i || b (T b el B W mlae | R | T‘l .'.I'

Figure 4 - The program «Segway» (left)
for the organization of the movement of the robot with the controller (right)
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Figure 5 shows a general diagram of the model with all adjustable registrable inputs/outputs.
Shown here are the signals that transmit data on the record, which is conducted via Bluetooth protocol.

(1)

Husboodh

Eimral Buide

Figure 5 - Control generator diagram

The results of the study made it possible to examine some of the constituent blocks of the robot
model in details. ReferenceGenerator is a unit that transmits and limits control actions on the controller.
The “Controller” shown in Figure 4 is the block designating the NXT controller. On the left side there are
blocks that serve to receive data from sensors, encoders and Bluetooth.On the right side there are blocks
that serve to transmit signals to the engines and Bluetooth (Figure 6). The controller unit operates in the
discrete time system, and the model unit operates in continuous time mode; therefore, it is necessary to
convert the transmitted values.

Figure 7 shows the “NXTway-GS” subsystem, consisting of sensors, drivers, and a linearized model
of the robot. It converts the type of input data signals into real values. The subsystem calculates the
dynamics of the robot, and displays the recorded data of the results after performing the data sampling
procedure. This subsystem defines the parameters of the environment of the robot.
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Figure 6 - Circuits of ADC and DAC blocks in models for signal conversion

MEXTway-55 Flant with Actuator and Sensor Physical Integer
Value Value
|Z|_._|.|" | -
b ] o e " N S
[T i | hr-_I,l []
f:__: B P H Rossrd & Mo E Habum)
L i Ly T = ]
E rH s ol T ; [ EET—— Seriwm
e H = T o 2L
[ : [Py T— vl | i - » . - : m@ E "'In'
P i3 E]
| 4 b= -'IEI e Bemianial [ e— R:....:: —
_ Rl = I ) I R [ —
. ™ - castan il
— i -l L r el
s e :
Ay E u...-.l.-lh-nlj - Far '1‘_: J
L LLLEL LI LLE o . Bciembrr Fhard : Pl
Integer _ Physical e, s s
Walue Value -

Double Precision Floating-Point Arithmetic
Figure 7 - Scheme servo control depending on the testimony sensors development

— 43 =



News of the National Academy of sciences of the Republic of Kazakhstan

The block shown in Figure 7 “Actuator” is a subsystem that converts the power set by the controller
to the voltage supplied to the motors. Designated block «Planty is the model described by equations of
double inverted pendulumtaking into account the calibration of the gyroscope.

The “Sensor” block converts the values obtained on the state of the model into the output signals of
the sensors. Additionally, the distance to obstacles obtained from the ultrasonic distance sensor is
calculated. This information may be used for detecting obstructions and avoid collisions with them.
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Figure 8 - Drive subsystem
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The “Data”, “Store”, and “Memory” blocks are used as general blocks for distributing data between
subtasks. Block “task ts2” is responsible for detecting obstacles of Corollary robot and evading them.The
“task ts3” block is responsible for counting the time and checking the battery level of the robot.

Block “task ts1” serves for calibration and balancing the gyroscope and for controlling the sound
level and writing data. Balancing and control start after calibrating the Osprey Gear. The calibration time

is saved as “time_start”.

Further, in the constructed schemes, the subsystems of balancing and control are presented. In the
circuit shown in Figure 17 is a block “DiscreteDerivativeBlock”, which calculates the time constant of
reverse differentiation block and “DiscretelntegratorBlock”, which calculates the time integral by Euler

method.
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Figure 17 also contains the

Figure 18 shows the method for

Subsystem shown in Figure 19 calculates the state of the system using the sensor output signals. Long
"girodrifta" (gidrodreyfa), and a low pass filter is used for removing
away move speed signal. The subsystem shown in Figure 20 is responsible for calculating the supply of

gyro data is used to remove

blocks responsible for the calculation of the signal level, and with the use
of a low pass filter for reducing surges caused by abrupt changes in speed of the generated signal.

calculating the generated controls.

the required power to the servo drives.
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The simulation results. The use of the utility “NXT GamePad” can register and record the value of
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an angle of inclination of the robot of the gyroscope and the robot regarding to the beginning of the
movement using the values of the encoder of one of the servomotors. Figures 21 and 22 show the results
of experimental research in the form of a graph of the data obtained by balancing the robotin a steady state
and in a motion, respectively.
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Figure 22 - Simulation resultsinmotion

Findings. The article addresses the problems of stability of a balancing robot in motion in accordance
with the laws of TAU. The stability of a closed system on the basis of feedback has been investigated. The
coefficients were synthesized using the following methods: calculation by the desired roots and the linear
quadratic regulator method. According to the defined parameters of the PID controller, functional
diagrams are compiled for controlling the robot servos. The results of experimental studies of balancing a
robot in static and dynamic conditions were obtained using the NINXT GamePad utility, taking into
account the value of the tilt angle of the robot from the gyroscope relative to the start of movement, using
the encoder value of one of the servomotors. Registered statistics for specific values of the parameters of
the controller of the robot show the degree of compliance with its stability when the robot moves in the
closed state.
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'Waldemar Wojcik, C.A. Kyasmamupos?, K. M.Anuvkanosa’,
JL.M.Anmmkanosa’ , A.M.AxmeroBa’, B.A.Kapiokun’

! Tr061MHCKHMIT TEXHONOTHYECKUIT YHHBEPCUTET;
Kasaxckuii HAMOHATBHBII YHHUBEpCHTET UM. alib-Papadu

UCCJIEJOBAHUE YCTOMYUBOCTH PETYJIATOPA
BAJTAHCHUPYIOIIEI'O POBOTA NI MINDSTORMS

AnHoTanusi. B craTtbe mpejcraBiieHbl pe3yabTaThl UCCIEOBAHHS YCTOMYMBOTO COCTOSIHUS OaJlaHCHPYIOLIETO
poboTa, Korja yNpaBJeHHE OCYLIECTBISETCS B 3aMKHYTOM cCOCTOSSHUM. CHHTE3 KOA(QQUIMEHTOB peryssrtopa
OCYIIECTBIISIICS OLICHKOW KOPHSA XapaKTepHUCTUUECKOTO YpaBHEHHS M JMHEHHOTO KBaJpaTHYHOTO peryssitopa. [Ipn
neiicteun [T ]/]-perymsaropa cOCTaBIeHBI alTOPUTMBI YIIPAaBICHHS CEpPBONMpUBOAaMHU poborta. Pe3ynprarTs
MPOBEJCHHBIX AKCIIEPUMEHTAIBHBIX HCCIEIOBAHMNA II03BOJIMIM MOCTPOUTH MEPEXOIHbIE XapaKTEePHUCTHUKH B
3aMKHYTOH CHCTEME YIpaBJIeHUs] pOOOTOM IpH OalaHCUPOBAHUH COCTOSHUSA poOOTa Ha MECTE U B JIBHIKECHUH.

'Waldemar Wojcik, C.A. Kyasmamupos?, K. M.Aanm:kanosa’,
JL.M.Aaum:kaHoBa’ , A.M.AxmeTosaz, B.I/I.Kaplmcnﬂ2

! 106 TH06IMH TEXHOTOTHAIBIK YHHUBEPCHUTETI;
29n—<1>apa6n ATBIH/IAFbI Ka3aK YITTHIK YHUBEPCUTETI

POBOT NI MINDSTORMS PEI'YJIATOPABIH
TYPAKTBUIBITBIH 3EPTTEY TEHAECTIPY

AHHoTauus. Maxkanaga TEHIECTipy POOOTBIHBIH TYPAKTHl KYWIH 3€pPTTEYyIiH HOTIKEJepl KeNTIpiIreH, o
Gaxpray KaOBIK JKarnaiiia opeiHAaNan6l. Perreym koo uuueHTTepai CHATE3NeY TOHAIK TeHACYIiH TYOIpiH XKoHe
CBHI3BIKTBHIK KBJIPATTHIK PETTETIIITI Oaranay apKbUIbl jKy3ere achlpbuiasl. PID koHTposutepiHiH opekeTi OoibIHIIA
pobOT cepBepiiepiH Oackapy aaropuTMIEpPi Kacaiaaasl. DKCICPUMECHTTIK 3ePTTEYJICPHiIH HOTHXKeIEpi 013 pOOOTTHIH
Kal-KyHl MEH KO3raily jKar[JallblH TEHECTIpy Ke3iHAe »aOblK LHUKIIBIK poOOTTHl Oackapy KyleciHie eTrmeni
cUnaTTamanap/ibl Kypyra MyMKIiHIIK Oep/i.
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ROTATING CURVE OF THE GALAXY NGC 1068

Abstract. The matter in the body of spiral galaxies (stars, nebulae, clusters), judging by their images, is
distributed very non-uniformly. Moreover, all objects have their own velocities in space. However, in general, they
are affected by the gravitational field of the total mass, referred to the center of the galaxy. One of the main aim is to
evaluate this mass. In order to weaken the effect of random velocities, the average spectrum from fairly large
sections of the galaxy along the entrance slit of the spectrograph is recorded.

In the Fesenkov Astrophysical Institute (FAPHI) the spectral observations of the bright Seyfert galaxy NGC
1068 were carried out in the red region of the spectrum. The telescope AZT-8 with a diameter of 0.7 m and a slit
spectrograph designed and manufactured in FAPHI was used. The spectra were recorded on a SBIG CCD ST-8
(1530x1020, 9p). The spectrograms obtained with the long slit were used to measure the profiles of the Ha and
[NII], 6583A, emission lines, namely, the radial velocities were determined at different distances from the center in
the 9 "x10" areas. Further processing assumes that the galaxy is a thin circular disk whose matter rotates around the
center so that at each distance from the center the rotation velocity is constant and it depends only on the distance to
the center, and the disk itself is observed as an ellipse due to the inclination to the line of sight.

In order to obtain a real dependence of the rotational velocities on the distance from the center under these
assumptions, it is necessary to translate the distances along the slit and the radial velocities measured at these points
into the galaxy plane by taking into account its inclination to the line of sight. As a result, the dependence of the
rotation velocities of matter on the distance to the center was obtained. The mass of the disk with a radius of 6
parsec was estimated.

Keywords: seyfert galaxies, emission lines rotating curve; individual: Sy NGC 1068.

Introduction

NGC 1068 is one of the closest and brightest Seyfert galaxies (Sy). It has a complex structure. The
velocity field of the matter motion in this galaxy was studied in detail with the large telescopes [1, 2]. A
map of isolines of the equal radial velocities was obtained, which shows a very complex picture [1]. Mass
estimation is usually performed using the laws of mechanics and experimental data on the velocities of the
mass movement along the rotation curve. Obtaining of a rotation curve for galaxies, visible from the
edge is the simplest procedure. In such case, the distances from the center are measured directly from the
spectrogram, however, the measured positions of the line can differ markedly from the true rotation
velocities. At each distance from the center in this case, the total radiation of objects falling on the line of
sight in this direction is recorded. Contribution is made by all regions, including distant objects, which
also appeared on the line of sight. This leads to large errors in the estimates of the true velocities.

More accurate rotation curves can be obtained for galaxies with such an inclination to the line of
sight, at which the integration during spectroscopy occurs in a fairly narrow volume of the galaxy. At the
same time, galaxies, having the form of an ellipse, should not have an eccentricity close to zero, so that
the projections of the measured velocities are not commensurate with measurement errors. It should be
noted that the transition to the true velocities and distances implies that the galaxy is flat, thin enough and
has circular symmetry. The galaxy NGC 1068 - one of the most studied in a wide range of wavelengths
seyfert galaxies, satisfies to such criterion. Its global characteristics, in particular the mass, are known
not very well. To obtain general characteristics, observational data should be averaged. Averaging can be
carried out directly during observations.
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This paper uses the results of spectral studies of NGC 1068 obtained with a small telescope. The
procedure for processing and accounting for the orientation of the galaxy is describes in details below.

Observations and processing

Observations were carried out in the 11.2 m Cassegrain focus of the telescope AZT-8 (diameter of
0.7 m) with the diffraction spectrograph made in FAPHI [3]. CCD camera SBIG ST-8 (1530x1020, 9p)
was used as a receiver. For the wavelength calibration, the spectrum of the lamp with Hel, Nel and Arl
emission lines was used. The observations were carried out on 2007, October 28. Three 30 minutes
exposures were made. To use the different parts of the matrix, the center of the galaxy was shifted along
the slit by 15" at different exposures. The broad 10" slit of spectrograph was oriented parallel to the
celestial equator. Along the dispersion, the scale was 0.183A/pixel, and across the dispersion -
0."65/pixel.

Processing was carried out separately for each of the three spectrograms. The wavelengths of the two
emission lines Ho and [NII] 6583 A were determined. The measurements were carried out in the 6" bands
close to each other from the center in both directions until at least one of these lines remained measurable.
The results are presented in Table 1. It was especially difficult to carry out measurements in the central
band. Figure 1 shows a fragment of the spectrum in this central band, where narrower emissions are
superimposed on the broad asymmetric lines Ho and [NII] 6583 A. There is also an example of a fragment
of the spectrum at a distance of +18 ", where there are no difficulties with measurements. For this reason,
a number of authors, for example [1], do not give any data on the velocities in the central region of the
galaxy NGC 1068.

If to assume that the galaxy has axial symmetry, then, having the radial velocity along the section
passing through the center, the angle of inclination of the galaxy plane «i» or the eccentricity of the
observed galaxy «e» and the angle between the observed major axis and the «¢» section, it is possible to
get a true rotation curve in the plane of the galaxy itself. To do this, one can use any section that passes
through the center, except for that one along the minor axis.

T T T
1] 100 200 300 400

T T T
a a0 100 130 200 250 300
Fixel Location Along X

Figure 1 - Fragments of the spectrograms near emission lines of Ho and [NII], 6583A in the 9 image lines. Axis X shows the
numbers of pixels. The upper panel — the spectrum of the central band, where besides the broad lines, the narrower emission,
shifted to the «red» side, are visible. The bottom panel — fragment of the spectrogram on the 18" distance from the centre, where
the wavelengths of these lines are unambiguously measurable

Further, the result must be corrected for the effect of the projection of the section distances from the
center and radial velocities for the inclination of the galaxy to the line of sight. The transition to the true
distances «r» under the assumption that the galaxy is a circular disk tilted to the line of sight at an angle
«i» can be made using the following formula, where «e» is the eccentricity of the visible image and «p»
is the angle between the major axis of the galaxy image and the slit direction
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. V‘(I —e’ -cos’ @)
(1-e) (1)

In this case, the true rotation velocities in the galactic plane V at the corresponding distances «r» are
related to the observed Vr values by the formula:

V=Vr/cos ¢/sin i 2)

We used the following parameters: i = 32.50 [4], e = 0.5373, ¢ = 450. Thus, r"=r1" obs - 1.8483 and
V =Vr/0.2687 for all distances from the center.

The results of the observations given in Table 1 allow us to obtain the dependence of the rotational
velocitis of the annular zones in the galaxy plane on their distances from the center, expressed in parsecs.
For this the redshift of the galaxy and the Hubble constant are required. The values Vr =+1137 km /s
[4] and H = 72 km/s/Mpc were assumed.

eohe

Table 1 — The wavelengths of the emission lines Ha and [NII], measured on the different distances from the centre

R" Ho (A) N[ Ha N[II] Ha N[II]
(A) (B) B) © ©
-42 6585.6 6605.3
-36 6585.6 6605.7 6585.2 6605.3 6585 6606.6
-30 6583.8 6605.3 6583.2 6606.6 6585.2 6605.9
-24 6584.3 6605.2 6584.3 6605 6584.7 6605.5
-18 6584.5 6605.7 6584.7 6605.9 6584.5 6605.3
-12 6585.2 6606.4 6584.9 6605.7 6584.9 6606.3
-6 6585.4 6606.1 6585.8 6607.2 6584.5 6605.9
0 6589.4 6609.4 6585.4 6605 6584.9 6586.7
6 6590.7 6610.1 6591.1 6607.2 6590.7 6610.7
12 6590.3 6610.8 6590.2 6610.7 6590.3 6611.1
18 6590.2 6610.8 6589.6 6610.7 6589.8 6610.5
24 6590 6610.5 6589.8 6611 6589.8 6610.7
30 6588.7 6610.5 6590 6610.1
36 6588.7 6609.7 6590.5
42 6587.6 6608.8
*
[ ] . i} :
) ¢ 8 2
% L eHa A
oMl A
2 AHa B
' ‘ ' “ ' ' « A B
8 £ 4 2 2 4 6 mHa C
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Fig. 2 - The Y axis shows the true rotational velocities of the regions of the galaxy NGC 1068 at distances through the 6" to
both sides of the center. The distances in kpc are on the X axis. For each distance, the values are obtained for each of the
spectrograms (A, B and C) along Ha and [NII]]6583A lines (see the icons on the right)
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Obtained results

Figure 2 shows the rotation curve of the galaxy NGC 1068. It is based on the results of measuring the
position of the line (in radial velocities) at different distances from the center. The emission lines Ha wu
[NII], 6583 were used. Measurements were taken every 6" in three spectrograms. It can be seen that there
are differences in the rotation of the eastern and western (relative to the center) parts of the galaxy. In the
region of + 1.5 kpc, the rotation is close to solidstate. If to assume that at a distance of 6 kpc, the average
rotational speed is about 300 km/s (see Fig. 2), then the mass inside this radius can be estimated by the
formula M = V? - r/ G, and will be equal to ~ 1.25 - 10" M3X. Earlier for r = 5.7 kpc, the mass estimate of
6.4 - 10" MX¥ was obtained [4].

The work was carried out within the framework of Project No. BR05236322, financed by the
Ministry of Education and Science of the Republic of Kazakhstan.

VK 524.7-327
J.K. lennciok, P.P. Baanyaauun
«B.I'.®ecenkoB atbiHaarsl Actpodusuka uHCTUTYTh EXXIIC, Anmatsl, Kazakctan

NGC 1068 FAJIAMBIHBIH AMHAJTY KUCBIFbI

AnnoTtamus. Wipimai ranamMaapaa Matepus (KyJIAbI3Iap, TYMaHIBIKTap, IOFBIPIIaHyJIap), OJapIblH CypeTTepine Kaparanaa
OipTeKci3 TapanaTHIHABIFBIH KepeMi3. CoHbIMeH Oipre, KeHIiCTiKTe OapibIK OOBEKTUIepAiH ©3I1HAIK >KBUIZAMIBIKTaphl Oap.
Fanamubin neHTpine OarbITTalFaH, JKHBIHTHIK MacCaHBIH TapaBHTAIMSIIBIK epici acep erexni. ComapislH eH Herisri Oip ecebi
MaccallapblH aHbIKTay Oonbin Tabbutajgsl. CrekTporpadThIH caHbUIaybIHA KipeTiH OOHBIMEH, Ke3HEeHCOK >KbUIJaMIBIKTapAbIH
acepiH aJIcipeTyre FATaMHBIH aHAFYPIIBIM YIIKEH OOJIriHiH opTamia CIeKTpi TipKeei.

OADU crexTpaiH KbI3BIT aiMarbIHIA aca JKapblK cel(epT FalaMBIHBIH CIEKTPIiK Oakpumaymapsl xypriziini. ®ADU
KYPacTBIPBUIFAH JKOHE XKacallFaH CaHbUIAYIEI criekTporpad skone nuamerpi 0.7 M A3T-8 temeckoOs! Kongansuisl. Crnektpai 3BA
SBIG ST-8 (1530x1020, 9u) xamepachl apKbUIBI TipKenai. AJBIHFAaH Y3bIH crekTporpammanapaa Ho sxome [NII], 65834
SMUCCHUSUTBIK CHI3BIKTAPBIHBIH KECKiHepi, COHBIH IIIiH/e HEHTPACH SPTYPIIi KAMIBIKTHIKTAH ayJaHbIHBIH oimeMi 6"x10" GomaTeH
COyJIeNK KBUIIAMIBIKTAp aHBIKTANIBI. OHJCyJIepAeH KeWiH FalaM >KyaH, JNOHIeleK IVCK, MaTepHs LEHTPIIH aifHalacklHaa
aifHanmabl, HEHTpACH opOip KAIIBIKTHIKTAFbl JKBUIJAMABIK TYPAKTHI JKOHE TeK KaHa LEHTPAEH KaIIBIKTBIKKAa FaHa TOyelai Jem
GonkaHaIbl XKOHE JIe, KOpy CoyJIeNIeHyiHe KonOeyirine 6aillaHbICThI IUCK JUIUIIC OOJIBINT OaKbUIAHAMIEL.

Ochl GomkampaapaaH, alfHATy JKBULIAMIIBIFBIHBIH HEHTPICH KAIIBIKTHIKKA HAKTHI TOYESNALTIIIH allyFa Kepy COyJIeNCHYIHIH
KOJIOCYIIriH ecelKe alblll FajllaM >Xa3bIKTBIFBIHZA CAyJIeJIeHY JKbUIJAMIBIFBI ONIIEHIeH OChl HYKTEIep/l >KoHE CaHbUIay
OOMBIHIAFEI KAIIBIKTHIKKA aynapy KakeT. HoTmxkecinne, MaTepus aifHaTy >KbULIAMJIBIFBIHBIH [EHTPAEH KalIbIKTHIKKA TYEeNIUIIri
QJIBIH/IBI JKOHE PaJHyChl 6 TapceK IUCKTIH Maccachl aHBIKTaJIIbL.

Tyiiin ce3nmep: celiept FaraMaapsl, SMHCCHSIIBIK CHI3BIKTAP; alfHATY KHCBIFBL; skeke o0bekTinep: Sy NGC 1068.

YK 524.7-327
J.K. lenucmok, P.P. Bamnynaun
Actpodusuaeckuit MacturyT um @ecenkoa, Anmatsl, Kazaxcran
KPUBASI BPAIIEHUSI TAJTAKTUKHU NGC 1068

AnHOTanusi. Martepusi B TeJle CHMPaJIbHBIX T'aJaKTUK (3B€3/1bl, TYMaHHOCTH, CKOIUICHHUS), CyIsl TI0 X M300pa-
JKEHUSIM, paclpeieNnseTcs BeCbMa HeOAHOpOoaHO. [Ipu 3ToM Bce 0OBEKTHI HMEIOT CBOU CKOPOCTH B ITPOCTPAHCTBE.
OpHako B 1IEJIOM Ha HUX JEHCTBYET IpaBUTALMOHHOE MOJE CyMMAapHON MacChl, OTHECEHHON K LIEHTPY TalaKTHUKH.
OpHa W3 OCHOBHBIX 3a/lad COCTOMT B TOM, YTOOBI OLEHUTH 3Ty Maccy. Jlis Toro, 4roObl OcnaOUTH BIHMSHUE
CIly4alHBIX CKOPOCTEH, PErHCTPUPYETCs CPEAHUH CHEKTp OT JOCTATOYHO OOJIBIIMX Yy4YacTKOB TJIAKTHKH BIOJb
BXOJIHOM IIesH crekTporpada.

B A®U® npoBeneHs! crieKTpalibHble HaOMroNeHNs sipkoii ceiideprosekoii ranaktukn NGC 1068 B kpacHo
obnactu criektpa. Vcronb3oBancs teneckon A3T-8 nuamerpom 0.7 M 1 mieneBoii cnekrporpad, CipoeKTHPOBaHHBIH
u u3rotoBicHHBI B ADU®D. Perucrpanus cnekrpor Benack Ha [I3C kamepy SBIG ST-8(1530x1020, 9p). Ha
CIEKTPOTpaMMax, MOJIYYEHHBIX C JJIMHOW IENbI0, N3MepsuInch npoduim sMuccnonHbIX mHuid Ho u [NII], 65831&,
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a UMEHHO ONPEAEISUINCH JIydeBhIe CKOPOCTH Ha Pa3HBIX PACCTOSHUAX OT IEHTpa B IUIOIMAAKax pasmepom 6"x10".
[Mpu nanpHelieil 0OpabOTKEe MNpEAIOIaraeTcs, YTO TANAKTHKA SIBISETCS TOJICTBIM KPYIJIBIM JMCKOM, MaTepHs
KOTOpPOI'0 BpAILAETCsl BOKPYT LIEHTPA TaK, YTO HAa KaXJIOM PACCTOSIHUH OT LIEHTPa CKOPOCTh BpAIlleHUs TIOCTOSIHHA U
3aBHCHT TOJILKO OT PACCTOSIHUS 10 LIEHTPA, a caM JMCK HAOJII0IaeTCsl KaK JIUIUIIC M3-3a HAKIIOHA K JIy4y 3pEHHUSL.

Jist Toro, 4ro0bl B 3THX MPEIIIOJIOKESHUSIX MONYYUTh PEAbHYI0 3aBHCHMOCTh CKOPOCTEH BpalleHHs OT
paccTosiHUS OT LEHTPa, HEOOXOIMMO NIEPEBECTH PACCTOSIHUS BJOJIb LIEIH M U3MEPEHHBIE B ATUX TOYKAaX JIyueBbIe
CKOpPOCTH B IUIOCKOCTh I'aJIAKTUKH MYTEM Yy4eTa €€ HaKJIOHA K JIydy 3peHus. B pesysbrare mosydeHa 3aBUCHMOCTb
CKOPOCTH BpAILIEHHs] MATEPUH OT PACCTOSIHUS 10 LICHTPA U OL[EHEeHa Macca B JANCKE C paJinycoM 6 mapcek.

KiroueBble ci10Ba: celipepTOBCKYE TrajJakTHKH, SMUCCHOHHBIE JINHUM; KpPUBAas BPAIlEHUS; WHIUBUAYyalbHbIE
o0wexTsl: Sy NGC 1068.

Information about authors:

Denissyuk E.K. - Doctor of Physical and Mathematical Sciences, Fesenkov Astrophysical Institute. eddenis@mail.ru
Valiullin R.R., Doctor of Physical and Mathematical Sciences. Deputy Director for Science

Fesenkov Astrophysical Institute. rashit_valiullin@mail.ru

REFERENCES

[1] Kaneko N., Satoh T., Toyama K., et al. Observations of the velocity curves of NGC 1068 // A.J. 1992. V 103. P. 422 .

[2] Weinberger A. J., Neugebauer G., Matthews K. Diffraction-limited Imaging and Photometry of NGC 1068//A.J. 1999.
V 117.P.2748.

[3] Denissyuk E. K. Spectrograph for faint objects: the device and the main results of observations// AA TRANS. 2003. V
22.P. 175.

[4] Galletta G. & Recillas-Cruz E. The Large Scale Trend of Rotation Curves in the Spiral Galsxies NGC 1068 and NGC
3310/ A&A. 1982. V 112. P.361.

— 157T——



News of the National Academy of sciences of the Republic of Kazakhstan

NEWS
OF THE NATIONAL ACADEMY OF SCIENCES OF THE REPUBLIC OF KAZAKHSTAN

PHYSICO-MATHEMATICAL SERIES
ISSN 1991-346X https://doi.org/10.32014/2019.2518-1726.35
Volume 3, Number 325 (2019), 158 — 165

UDC 523.45

V.G. Teifel, P.G. Lysenko, A.M. Karimov,
G.A. Kirienko, V.A. Filippov, G.A. Kharitonova, A.P. Hozhenets

Fessenkov Astrophysical Institute, Almaty, Kazakhstan
tejf@mail.ru, lyssenko petr@mail.ru, karalikO@yandex.ru, gak39@mail.ru,

filipp.va@mail.ru, gah38@mail.ru, hogenez@gmail.com

JUPITER: ZONAL SPECTROPHOTOMETRY
OF WEAK AMMONIA ABSORPTION BANDS IN 2018

Abstract. Based on measurements of zonal spectrograms obtained by scanning the Jupiter disk in March — June
2018, the profiles of the 645 and 787 nm weak absorption bands of NH3, and the character of the zonal absorption
variations at different latitudes are derived. A standard has been prepared for processing and analyzing data in
relation to further studies of possible seasonal and sporadic variations based on Jupiter’s spectral observations for the
full period of its rotation around the Sun. The zonal and latitudinal variations of ammonia absorption are shown. As
in previous years, the NH3 absorption depression is particularly prominent at the latitude of about + 150 in the NEB
region. As in previous years, some differences in the latitudinal absorption of the 645 and 787 nm NH3 bands
remain.

Keywords: Jupiter, Atmosphere, Clouds, Ammonia, Methane, Molecular Absorption Bands,
Spectrophotometry.

Introduction

Ammonia in the atmosphere of Jupiter, despite a low relative abundance, plays a decisive role as the
main cloud-forming factor in the upper troposphere. In the program of atmospheric research of Jupiter,
which we carry out, special attention is now being paid to studying the behavior of the absorption bands
of ammonia in the visible and near infrared region of the spectrum. These are two fairly weak bands in the
region of the wavelengths of 645 nm and 787 nm. The bands are weak in intensity and very little have
been studied so far, since no special observations of these bands have actually been made. The exception
is a lot of data, possibly unique, from Jupiter’s spectrophotometric observations, which we have carried
out since 2004. We obtained the uniform observational data with a single technique during the full 12-
year period of Jupiter’s revolution around the Sun, which makes it possible to trace certain seasonal
changes in the atmosphere and in the cloud layer of the planet. Some results, but far from all ones, have
been published recently [1- 4].

The program of research of ammonia absorption on Jupiter as well as the characteristics of the
planet’s atmosphere depending on it, should cover a long period. Therefore, in order to preserve the
homogeneity of the observation and processing, a standard procedure has been developed for the general
problem of studying molecular absorption and atmospheric structure from spectral observations. This
technique is described here using the example of processing one of the Jupiter scans received in 2018.

There are no descriptions of the observations of these two absorption bands of ammonia on Jupiter in
the literature for the last decades. But it does not mean the absence of considerable attention to the
problem of studying ammonia absorption on this planet. A whole series of works was carried out, one way
or another, related to the content of ammonia and its variations in the atmosphere of Jupiter. The fact is
that the absorption of radiation by NH; molecules can significantly affect the passage of infrared or
microwave radiation in the Jupiter troposphere in those areas of the electromagnetic spectrum where there
are fairly intense NH; absorption bands. An example of this is the observation of long waves of
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microwave radio emission in the region of 8-12 GHz [5-6]. In addition, both molecular absorption by
gaseous ammonia and the cloud layer in the upper troposphere, consisting mainly of crystals of frozen
NHs, affect the transmission and output of infrared radiation in the 4+8-micron range [7-13].

Studies of the behavior of the weak absorption bands of ammonia (NH;3 535, 645 and 787 nm) give
some possibilities for optical sounding of the Jovian troposphere. Their formation occurs both inside the
ammonia cloud layer and in deeper layers of the atmosphere. But there is some peculiarity in the
conditions of their formation. Unfortunately, so far there have been a little laboratory studies of these
bands [14-15]. Recently, in 2018, two publications were published [16-17]. But still, no completely
reliable values of absorption coefficients have been obtained for these bands. This is due, in particular, to
their complex rotational-vibrational structure.

Observations

The observations of Jupiter described here, were made on the night of 9 to 10 of May 2018, using an
SGS diffraction spectrograph with a ST7-XE CCD camera installed in a 7.5-meter Kassegren focus of the
0.6-meter telescope RZ-600. The CCD matrix consists of 765x550 elements-pixels of 9x9 microns in size.
The spectrograph dispersion is 4.3 Angstroms per pixel. An entrance slit width of 25 micrometers
provides a resolution of about 8 Angstrom along wavelengths, and a formal resolution on the image of the
planet is about 0.65 angular seconds. The actual resolution in the image, of course, is worse due to the
influence of atmospheric turbulence. In the image of the spectrum, the scale is 4.08 pixels for 1 arc
second.

JUPITER Scan B 9.05.2018
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Figure 1 - Photometric profile of Jupiter’s disc scan. Each point corresponds to a separate zonal spectrogram

The entrance slit of the spectrograph was oriented parallel to the planet's equator, and when
scanning the Jupiter disk, 66 zonal spectra were obtained from the South to the North Pole. Figure 1
shows the brightness profile along the central meridian of Jupiter, constructed from the intensity readings
in each of the spectra.

The duration of exposure of each spectrum was 20 seconds, and the entire scanning process lasted
24 minutes. During this time, Jupiter rotates by 15 degrees, so the observations belong to the visible
hemisphere of Jupiter with the longitude of the central meridian of 220 + 7 degrees in the 2 rotation
system. Figure 2 shows a longitudinal sweep map in Jupiter’s second rotation system [18], where the
longitude interval of the central meridian during the scan period and the entire longitude interval covered
by the zonal spectra, are marked.
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Figure 2 - The scanned region of Jupiter on the map for May 2018 (ALPO Japan)

Spectrogram processing

We perform the initial digitization of spectrograms using the standard program for CCD Camera. An
area of 765x220 pixels is selected. The resulting digital array is transferred to an Excel spreadsheet, where
a wavelength calibration is performed so that H-alpha line of the Fraunhofer spectrum always falls on the
same line number. Then the array is transferred to the processing Excel-program. All further operations
are carried out in this program automatically up to the output of the corresponding resulting graphs. The
processing includes following stages: background accounting, calculation of the relation to the reference
spectrum, interpolation of the continuous spectrum in the region of the molecular absorption bands of
methane and ammonia for further calculation of the profiles of these bands in units of residual intensity.
Then, for each band, the absorption band equivalent widths are calculated for each point of the zonal
profile of the Jupiter disk. All this is done within the same file pertaining to the same spectrogram. In this
way, the plots of the absorption band equivalent widths course along one or another zone are obtained.
We show some examples of such graphs in Figure 3.

Separation of the NH; 645 and 787 nm absorption bands is a complicated enough procedure, since
both of these bands overlap with the absorption bands of methane. The 645 nm band falls on the weak
wing of the methane absorption band, so that its separation is carried out simply by interpolating the
methane band profile, which is almost linear in that spectral region, which the ammonia band profile
belongs to. For similar spectral regions, the spectrum of the Saturn ring is used as a reference, because it
does not contain any absorption bands. For the 787 nm band, which falls in the middle of the more intense
methane band, we used the spectrum of the center of the Saturn disk as a reference. This spectrum also
contains methane absorption bands, but ammonia absorption is practically absent there, so the ammonia
band profile stands out in the relation of the Jupiter spectrum to the Saturn's one, as described in [2]. At
the time, it was paid attention to the presence of the ammonia band in the relation of the Jupiter spectrum
to the Saturn's one [19], but no special measurements of this band were made. The results obtained for
each spectrum are then transferred to another summary table for the derivation and comparative analysis
of absorption variations at different Jupiter latitudes.

The absorption bands profiles

From each zonal spectrogram, profiles of ammonia absorption bands in units of residual intensity
were obtained. From them we calculated equivalent widths of the bands. To study the latitudinal
absorption of ammonia on each zonal spectrum, we selected and averaged equivalent widths over ten
pixels corresponding to the position near the central meridian of Jupiter. These results are presented as a
set of 66 profiles for each of the two NH; bands. We show the absorption band profiles for zones with
numbers 25, 30, 35, 40 in Figures 3 and 4 as the samples.
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Figure 4 - Fragment of a set of profiles of the 787 nm absorption band
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To compare the profiles of the studied lines, we selected seven of them, corresponding to the
seven following belts and zones of Jupiter: southern temperate belt (STB), southern tropical zone (STrZ),
southern equatorial belt (SEB), equatorial zone (EZ), northern equatorial belt (NEB), northern tropical
zone (NTrZ), and Northern temperate zone (NTB). The comparison results we present in Fig. 5 and 6.
These figures show a pairwise comparison of the absorption bands corresponding to the symmetric zones
or belts. One can see that the both absorption bands corresponding to the Northern Equatorial Belt (NEB),
have the lowest intensities.
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Figure 5 - Comparison of the profiles of the NH; absorption bands for 7 Jupiter belts
and zones (STB, STrZ, SEB, EZ, NEB, NTrZ, NTB) at the central meridian

Zonal variations of the ammonia absorption

The main objective of this study is primarily considering the behavior of ammonia absorption during
the transition from the central meridian to the edges of the Jupiter disk within each of the zones (or belts).
In our previous publications [1-2], we have already noted that the intensity of the weak NH; absorption
bands decreases to the limb rather steeply, so that the zonal absorption variations differ from the
latitudinal variations observed along the central meridian, where the decline occurs mainly at high
latitudes.
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Figure 6 - Comparison of profiles of the ammonia absorption zonal variations in the three Jupiter belts (SEB, EZ and NEB)

A decrease in the absorption to the edges of the disk is observed for all zones of Jupiter and is
inherent to the studied weak molecular absorption bands of 645 and 787 nm of ammonia and 702 and 619
nm of methane. The formation of weak absorption bands occurs mainly in the Jupiter troposphere inside
the upper cloud layer. If the cloud cover optical thickness is large enough, the multiple light scattering on
cloud particles plays an important role, because this increases the optical absorption path in the gaseous
medium. Theoretical calculations show that, with the approach to the edges of the planet's disk, the
number of scattering events decreases and, accordingly, the effective optical absorption path decreases.

In fact, those things are not so simple. While we cannot exclude the fact that the ammonia cloud layer
has a finite optical thickness, and absorption in weak bands also occurs in a sub-cloud layer of pure gas. In
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addition, large-scale images from the JUNO space probe, which is next to Jupiter, indicate a very complex
horizontal vortex and turbulent cloud structure of Jupiter [16]. Therefore, many of the effects observed in
the cloud zones of Jupiter may manifest themselves differently depending on the scale and spatial
resolution.

Latitude variations of ammonia absorption

The study of latitudinal differences in intensities of the ammonia absorption bands one can carry out
in two ways: by zonal spectra and by the spectra of the central meridian, when the spectrograph slit is
oriented in the south-north direction. In digital arrays derived from zonal spectrograms, we selected and
averaged the values of equivalent widths of the ammonia bands near the central meridian (10 points on
each side). Within these longitude intervals, the absorption is almost the same, so averaging just gives a
smaller random scatter of estimates. Figure 7 presents absorption graphs for each ammonia band,
indicating standard deviations. One can see that they are small, whereas the resulting latitudinal
differences in some zones clearly superior to them. This figure also shows the meridional course of
brightness in the continuous spectrum. We recall that each point on the curves corresponds to a separate
zonal spectrogram.
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Figure 7 - Variations of equivalent widths of the ammonia absorption bands in latitudes
at the central meridian of Jupiter from measurements of zonal spectrograms

Interestingly, the latitudinal courses of intensities of the two ammonia absorption bands always show
very noticeable differences, as one can see, for example, from figure 8. In that figure there are the both
bands’ variations normalized to the equatorial zone and shown in the scale of planetographic latitudes.
Here one can see the mismatch of absorption minima located north of the equator. In the NH; 787 nm
absorption band, the minimum occurs at a latitude of about 15 degrees, and in the NH; 645 nm band it is
shifted to the north, i. e. to a latitude of about 20 degrees. From radio observations of Jupiter in the
microwave spectrum [6], the researchers also note that the minimum of ammonia absorption, which
corresponds to the maximum output of thermal radio emission, falls not in the middle of the Northern
Equatorial Belt (NEB), but on the border between Equatorial zone and NEB.
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Figure 8 - Comparison of latitudinal variations of equivalent widths of the 645 and 787 nm absorption bands normalized to EZ
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Another difference in the absorption latitudinal course is that the 645 nm band has a greater decrease
in absorption when moving to temperate latitudes.

Conclusion

Because of a limited scope of this article we cannot present all the results and details of the conducted
research. Really, even only the 2018 observational material comprises more than 4,500 spectrograms of
individual zones.

There is still a number of problems and tasks, including the search of the most correct methods for
the best separation of ammonia absorption from methane one, as well as the problems of interpretation of
the obtained data using different models of absorption band formation.

The study of the behavior of the ammonia weak absorption bands is of interest, in particular, because
their formation in the cloud layer is most susceptible to the influence of multiple scattering, especially if
the optical thickness of the clouds is considered as semi-infinite. But an occasion of the relatively small
optical thickness of the cloud layer is also possible. Then the observed features of the absorption bands
should be largely determined by their variations in latitude and longitude. The local values of the density
and thickness of the ammonia cloud layer must be interrelated with the temperature regime and the
concentration of gaseous ammonia. So comprehensive studies in this direction are necessary in the future.

This research was carried out in accordance with the grants of MES RK 0073 / F4 and AP05131266.
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IOIATEP: 9JICI3 )KOJIAKTbI AMMHAK JKYTbIJ1YbIHbIH
AUMAKTBIK CHEKTPO®OTOMETPUSICbI

Annoranus. 2018 >XpUIIBEIH HayphI3-IIUIAE ainapeiHAa FOmuTep MUCKAchIH CKaHEepJIeyAeH KeHiHT1 alblHFaH
alfMaKTBIK CIIEKTpOrpaMMalap HETi3iHAe oJCci3 XKyThuTy komakTapel NH3 645 skoHe 787 HM KecKiHIepi ©JmeH i
JKOHE OPTYPIi €HMIKTETi KYTBUIYIBIH alMaKTBHIK ©3TepiCTepiHiH CHIaTTaMarapbl aHBIKTaNAbl. HOmuTepaiH TOIBIK
Kynni aifHaimy mepHOABIHBIH CHEKTPIIK Oakpiiay MoiMeTTepi OOMBIHIIA Ke3AeHCOK JKOHE ME3TUIIIK MYMKiH
6oaThIH OONAIIaKTaFsl 3epTTEYNIEpPre KONIAaHBUIATBIH MOIIMETTEpl OHAEYre XOHE TajjiayFa apHaJFaH diCHaMa
JaibiHAanael. EHAIK JkoHe aiimMak OOWBIHIIA aMMHUAKTBIH JKYTHUIYBIHBIH alHBIMAJbUIbIFbI KepceTiireH. NEB
ayJaHbpiHaa mamamen +15 rpagyc enaikre NH3 oKyTBUIYBIHBIH TOKBIpAaybl OBUITBIPFBI JKbUIAAFbLIAN epeKiie
Oaiikananpl. OTkeH xburnarbiiail, NH3 645 sxoHe 787 HM jKOJIaKTapbIHBIH €HIK OOWBIHAAFbI XKYTHUTY KOJIAAPBIHBIH
KeHOip ailblpMaIIbUIBIKTAPhI CaKTaIaIbl.

Tyiin ce3mep: HOmnrep, atmocdepa, OYIT, aMMuaK, METaH, MOJICKYJAIBIK YTBUTY OJaFbl, CIEKTPO(OTO-
METpHS.
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IOIMUTEP: 30HAJIBHASL CHEKTPO®OTOMETPUS
CJIABBIX ITOJIOC NOTI'JIOINEHUSI AMMHAAKA

Annotanusi. Ha ocHOBe m3MepeHHIT 30HAIBHBIX CHEKTPOTPaMM, IIOJyYEHHBIX NPH CKaHUPOBAaHMU JIUCKA
IOmurepa B mMapre-urone 2018 roga, usmepensl npoduimu cinadpix monoc normomenns NH3 645 u 787 am, u
BEIBEJICHBI XapaKTep 30HAIBHBIX BapHAIMi MOTJIOMICHNS HA Pa3HBIX IMHUPOTax. [[oATOTOBIEH CTaHAAPT METOAUKH
00paboTKM W aHamW3a JAaHHBIX HIPUMEHHTENHBHO K JajJbHEUIIMM WCCICAOBAHHUSIM BO3MOXKHBIX CE30HHBIX H
CHOpaIMYeCKUX BapHalii MO MarepuanaM CIeKTpaJbHbIX HaOmogeHnid lOmmrepa 3a MONHBINA IMEPHOX €ro
obpamenns Bokpyr Cousana. [loka3aHsl Bapuamuyu aMMHAYHOTO TOTJIOMICHMS MO 30HaM W 1o mmpote. Kak u B
MPONIIBIE TOABI OCOOSHHO BBIAENsAETCs nenpeccus moriomenns NH3 Ha mmpote okono +15 rpamycoB B paiione
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NEB. Kak u B npeapiayniue roapl COXpaHsIOTCsS HEKOTOPHIE pa3ivyvs B IIMPOTHOM XOJE IMOIJIOLIEHUS Y MOJ0C
NH3 645 u 787 um.

Kirouesble ciaoBa: FOnmrep, atmocdepa, oOmaka, amMMHuak, METaH, MOJIEKYJSPHBIC IOJOCHI TOTJIOLICHUS,
CIIEKTPOPOTOMETPHSI.
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USE OF MOLYBDENUM AS A STRUCTURAL MATERIAL
OF FUEL ELEMENTS IN LEAD OR LEAD-BISMUTH EUTECTIC
COOLED FAST REACTOR TO IMPROVE ITS SAFETY

Abstract. In our previous works has been described that the mean prompt neutron lifetime in fast reactors can
be significantly elongated [1,2]. But if the last parameter is not comparable with the time required for the heat
generated in the fuel elements to transport from a fuel to a coolant, feedback on the effect of changes in coolant
parameters on reactivity during this time will not have time to manifest. Here was studied that the thermal constants
of fuel elements can be shortened by using molybdenum as a structural material of fuel elements. Other aspects
related to the use of molybdenum in nuclear reactors have also been studied.

When performing the study the neutron-physical properties of isotopes of natural molybdenum (nuclear data
library JENDL-4.0) and thermal properties of metallic molybdenum were used.

The following results were obtained:

1. A method for reducing the thermal constant of fuel elements for light water and fast reactors by using
dispersion fuel in cylindrical fuel rods containing, for example, granules of metallic U-Mo-alloy into Mo-matrix was
proposed.

2. The necessity of molybdenum enrichment by weakly absorbing isotopes was shown.

3. Total use of isotopic molybdenum will be more than 50%.

4. Mo has a good corrosion resistance to Pb and Pb-Bi eutectic

A decrease in thermal constants of fuel elements, in combination with an increase in the mean prompt neutron
lifetimes in the absence of the heat transfer crisis in fast reactors, can be promising way for a better reactor operation
safety even under the conditions of the prompt neutron excursions.

Keywords: improvement of fast reactor safety, physic-mechanical characteristics of molybdenum, thermal
constant of fuel elements, corrosion resistance in lead and LBE.

Introduction

It is well known fact that the safety of nuclear reactor in the case of introduction of reactivity
comparable with delayed neutrons fraction depends largely on the properties of fuel and materials
constituting fuel element [3]. Sharp reactivity increase initiates neutron flash, which is suppressed by
means of feedback due to fuel heating and increase of neutron absorption by fertile nuclide (**U or ***Th)
thanks to the Doppler effect. If there is enough time for heat transfer from fuel to coolant then there would
be feedback caused by heating of the coolant. This second feedback depends largely on thermal-physical
characteristics of the fuel element and materials constituting it.

As is known, a refractory material based on molybdenum is characterized by good thermal-physical
properties [4]. Therefore, such a material appears to be attractive when using dispersion fuel elements
with good heat-conducting molybdenum matrix. However, there are some difficulties to use such a
material in the reactor core. Firstly, molybdenum of a natural isotopic composition is quite a strong
absorber of neutrons. Secondly, it is necessary to take into account its compatibility with fuel material on
the one hand and with coolant on the other hand. Resolving these issues is the subject of the present paper.
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Physico — mechanical characteristics of molybdenum and some peculiarities of its nuclear —
physical properties

Natural isotopic composition of molybdenum and some peculiarities of its nuclear-physical properties

Natural isotopic composition of molybdenum is represented by seven stable isotopes with mass
numbers 92, 94-98, and 100, of which **Mo is the most common (23.75%).

Molybdenum has a favorable complex of physico - mechanical characteristics, due to which it is one

of the best structural metals (Table 1).

Table 1 - Physico-mechanical characteristics of molybdenum

Characteristic unit of measurement Value
Crystal cell, 0 nm 0,314737
Atomic radius r, nm 0,139
Atomic volume Q M*/mole 9,42E-06
Atomic mass A a.t.u. 95,941
Ionization potential U eV 7,29
Density at 20°C p Kg/m’ 10,2E+03
Melting temperature T, °c 2587(2625)
Boiling temperature Tyoiling °C 5227
Spesific heat of fusion L, J/kg 0,382
Spesific heat of evaporation L at Thiling J/kg 6,191
Thermal conductivity at 20°C A W/(m*K) 162
Heat capacity at 20°C C, J/(xg*K) 240-250
Thermal expansion at 20°C 0 K 5,1-5,2E-06
Vapor pressure npu T, Pa 2,94(3,47)E-02
Electrical resistivity at 20°C Pe Om*m 5,0-5,7E-08
Magnetic susceptibility mpu 20°C yne m'/Kkg 0,82-0,93E-09
Electron work function A eV 4,33
Emissivity on a smooth surface p 0,4
Modulus of normal elasticity at 20°C kgs/mm” 32000
Shear modulus at 20°C Kgs/mnn’ 12200

Important advantages of Mo are its high values of melting point, normal elasticity modulus and
thermal conductivity with a relatively low density and low coefficient of linear expansion
[5,6,7,8,9,10,11]. Since the density of Mo (10200 kg / m3) is almost two times less than the density of W
(19300 kg / m3), the Mo-based alloys have a much higher specific strength (at temperatures below 1370 °©
C). Molybdenum has a rather low neutron capture cross section; the capture values of some molybdenum
isotopes, in the thermal spectrum is smaller than the zirconium (zirconium alloys are used as a basic
structural material in the core of thermal reactors) capture cross-section (G, yymermal(Zr) = 0.18 barn), and
in the fast spectrum is smaller than iron capture cross-section (6w, v mev(Fe) = 0.06 barn) (Table 2)
[12,13]. Mo has good heat resistance and high radiation resistance [14,15,16], it is characterized by high
corrosion resistance in most alkaline solutions, in liquid metals, as well as in sulfuric, hydrochloric and
hydrofluoric acids at different temperatures and concentrations.

Table 2: Isotopic composition and radiative neutron capture cross-sections of molybdenum at thermal point (En = 0.025 eV)

and in the fast spectrum

Nuclide, atomic Natural nuclei O(n,y), barn O(n,y)» Darn
number of molybdenum composition concentration (E,=0,0253 eV) (E:=1 MeV)
isotope [%] p, 1-E24 cm™
Monat 0,06403 2,55 0,035
92 14,8 0,019 0,033
94 9,3 0,015 0,036
95 15,9 14 0,054
96 16,7 0,5 0,028
97 9.6 2,1 0,055
98 24,1 0,13 0,028
100 9,6 0,199 0,017
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At the same time molybdenum of a natural isotopic composition is characterized by a significantly
larger neutron capture cross-section in the thermal energy range

It means that technology of isotopic enrichment should be applied in order to use molybdenum as a
construction material in thermal reactors. It can be seen from the table that isotopes *“Mo and **Mo
account for almost a quarter of the natural material and are located on the “light” end of isotopes natural
mixture. Their mixture provides about the same neutron capture cross-section as natural zirconium does.
Isotope *°Mo provides a dominant contribution to the total capture cross-section, the atomic weight of
which is intermediate in molybdenum isotopic composition. Use of Mo and '“Mo is not excluded, of
course. Dependence of capture cross-section of these light and heavy isotopes of molybdenum on neutron
energy is shown in figures 1 and 2 (here reactor energy range is considered). One can see that capture
cross-section is generally inversely proportional to neutron velocity, and, generally speaking, the
resonance integral is more than an order of magnitude smaller than that of >**U [12].
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Figure 1: Radiative neutron capture cross-section of molybdenum isotopes **Mo
and **Mo on neutron energy (nuclear data library JENDL-4.0)
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Figure 2. Radiative neutron capture cross-section of molybdenum isotopes **Mo
and '"Mo on neutron energy (nuclear data library JENDL-4.0)

Isotopic enrichment of molybdenum for medical purposes and for reducing its radiative
neutron capture.

As is known, the isotopic enrichment is a high-level technology requiring the use of multi-step
separation cascades, and therefore is very expensive. However, for the case of production of enriched
molybdenum there is one important factor that can significantly facilitate the solution of this issue.

There is already a commercial enrichment of molybdenum [17] with the production of the desired
isotopes **Mo and '’Mo for medical diagnosis of early formation of cancerous tumors. Currently, the
diagnosis is the most advanced in the world in the field of medicine and, therefore, the need for these
heavy isotopes of molybdenum is high and continues to rise.

Keeping this fact in mind, it can be assumed that the process of obtaining molybdenum enriched by
the light isotopes ***Mo can be successfully combined with the process of producing heavy isotopes
%Mo and '®Mo. Heavy isotopes are the product at one end of enrichment cascade, while light isotopes are
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the product at the other end. Of course, the structure of the cascade requires to be changed to get rid of the
strong neutron absorber - isotope Mo, atomic weight of which is intermediate in a series of atomic
weights. Since this isotope is in the middle of the spectrum of the atomic weights of molybdenum natural
isotopes (see table 1), a cascade of isotope separation with additional selection in the middle of the
cascade should be used. This problem is considered in [17].

Thermo — physical parameters of metallic molybdenum, important for use as a structural
material of the fuel element

Table 3. Shows some thermo-physical parameters of molybdenum and zirconium that are important
for heat transfer in the fuel element [4, 12, 18].

Table 3 - Nuclear-physical and thermo-physical properties of fuel and structural materials.
*Granules — U-9%Mo; matrix — Mo; the proportion of granules Vy= 0.5

Material Density Trnelting Heat capacity Thermal Time constant of cylindrical
[g/em’] [°C] [107J/(m* K] conductivity fuel element (rod) Ty, [s] (d
(20°C) [W/(m-K)] (1000°K) =9.1 mm)
Zr 6.5 1855 0.23 21.5 0.36
Mo 10.22 2623 0.30 112 0.20
U-9%Mo 17.6 1300 0.35 40 0.36
Dispersion fuel® - - 0.32 71.5 0.26

Apart from the fact that molybdenum has a melting point substantially greater, it also has a more than
5 times greater coefficient of thermal conductivity. Model fuel element of metallic molybdenum is
characterized by a time constant of transferring heat to the environment [3] which is almost two times
smaller than that for zirconium. These attractive properties of molybdenum can be used to create a new
concept of a fuel element for thermal and fast reactors. This structural material is compatible with the
well-known metallic uranium-molybdenum fuel good thermal properties of which are shown in table 3.

Rod fuel element with a small time constant T, for fast reactor and thermal reactor

As is known, fuel material of fuel elements of the world’s first nuclear power plant built in the USSR
(Obninsk) in 1954, was an alloy U-9%Mo. Molybdenum was chosen not only because it is able to
stabilize y-phase of uranium, but also because its alloy with uranium is characterized by a high thermal
conductivity and high nuclear density of uranium (see table 3).

It can be seen that among materials presented in table 3, for creating a fuel element it is preferable to
use dispersion fuel containing granules of a metal alloy U-9%Mo, dispersed into the molybdenum matrix.
To improve the thermal contact of fuel with cladding, the latter also should be produced, for example,
from Mo-based alloy [19].

Experimental studies [20] performed with a model nuclear fuel have confirmed the possibility of
creating such a dispersion fuel (U-Mo - fuel granules, Mo - matrix) both in terms of compatibility over a
wide temperature range of fuel granules, matrix and cladding, and at high fuel burn-up.

Since the thermal conductivity of fuel granules (U-9%Mo) is 2.8 times smaller than that of a
molybdenum matrix, the average thermal conductivity of dispersion fuel material depends to a significant
extent on the proportion of fuel granules, and on their forms. Assuming that fuel granules have a spherical
shape, when their share Vf = 0.5 in dispersion fuel material, the average coefficient of thermal
conductivity of the fuel rod is 71.5 W/(m'K) [18], and the time constant of the fuel element with a
diameter d = 9.1 mm will be 14, = 0.26 sec (see table 3).

Prospects for the use of dispersion fuel elements with molybdenum as a structural material in
fast reactors and corrosion resistance of molybdenum to lead and lead-bismuth eutectic

As for the apparent attractiveness of the possibility of using molybdenum and its alloys as a structural
material in fast reactors (fuel - uranium-molybdenum alloy, the matrix material - molybdenum in
dispersion fuel elements, cladding material - possibly also refractory material), the need for use of
molybdenum enriched by light isotopes still requires to be considered.

It is known that molybdenum and its alloys are compatible with both aqueous coolant (in thermal
reactors), and liquid metals Na, Pb and Pb-Bi [5,21,22,23,24,25,26,27] in fast reactors. Here some results
of different studies, that shows high corrosion resistance to Pb and Pb-Bi coolants.

In work [27] The relative resistance of 21 metals and alloys to mass transfer in liquid lead has been
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measured. Tests were performed in small, quartz thermal-convection loops. The test temperature was
about 800°C, with a thermal gradient of 300 °C existing across the loops. All the metals and alloys

studied, only niobium and molybdenum exhibited a high resistance to mass transfer (Figure 3). Neither of
these metals suffered noticeable mass transfer or corrosion under the test conditions. A transverse section

of the hot-

leg specimen from a molybdenum loop is shown in Fig. 4.
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Figure 3: Mass transfer in liquid lead
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N s ]

Figure 4 - Transverse Section of Hot-Leg Specimen from
a Molybdenum Loop in Which Liquid Lead Was Circulated. 500X

The specimens of molybdenum were immersed in the stirred lead-bismuth for 1000 h, that was heated
up to 700 °C [28]. Oxygen concentration was 5*10° wt.%.

Figure 5 - SEM micrograph of Mo after immersion in 700 °C LBE for 1000 h

Fig. 5 shows the SEM micrograph of the cross section of the molybdenum. There is no significant
weight change of the molybdenum specimen. These results show that after the immersion in high
temperature LBE for 1000 h. At lower temperature, high corrosion resistance of molybdenum in liquid
LBE has been also reported in another works. Fazio et al. (2003) reported that in flowing LBE at 400 °C
molybdenum exhibited smooth surface with no evidence of LBE on the surface and growth of oxide layer.
Hata and Takahashi (2005) reported that in the stirred LBE pool at 450 °C molybdenum had good
corrosion resistance.

The result of the molybdenum after immersion in Pb—Bi is shown in Fig. 6 [29]. Oxygen

concentration was 10°wt.%. (550 °C) - 2* 1075(800 °C)).
Adhered Pb-Bi, Mo

Bi

Mo

50 pm

Figure: 6 SEM-EDX micrograph analysis of molybdenum after immersion in Pb—Bi at 550 °Cfor12h
and then the temperature was increased up to 800 °C and kept there for 12 h
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Adhered
Resin Bb_Bl Mo

50 pm
Figure 7 - SEM-EDX micrograph analysis of molybdenum after immersion in Pb-Bi at 550 °C for around 500 h
and then the temperature was increased up to 800 °C and kept there for 15 h.

Fig. 7 shows the SEM-EDX micrograph analysis of the cross section of the molybdenum after
immersion in Pb—Bi [29]. Oxygen concentration was 10° wt.% (550 °C - 800 °C).

The compatibility test was performed at 673 K and the corrosion and tensile results reported concern
the first 1500-h run of the loop operation [30]. All the materials tested suffered from liquid metal attack
exhibiting a weight loss. The consequent evaluation of the corrosion rate showed that, under the given test
conditions, the refractory metals are more resistant than the steels. The measured weight loss of
molybdenum sample was 9.1*¥10"mg/mm’ (4.7¥10° pm/h). From a metallographic point of view, as is
shown in the SEM micrograph of Fig. 8 metal exhibited an almost smooth interface with the lead—bismuth
alloy. No evidence of liquid metal attack on the surface of material, or of the growth of an oxide layer,
could be detected.

Figure 8: SEM — micrograph of the Mo cross section

The weight loss measured could be associated with both the uniform dissolution and the low
solubility of Mo in Pb—Bi liquid at 673 K.

In another work [31] the specimens of molybdenum were immersed in the lead for 500 h, that was
heated up to 700 °C. Oxygen concentration was 4.5%107 wt.%.

Adhered Ph Mo Adhered Ph Mo

i 20 pm

a b
Figure 9 - SEM(a)-EDX(b) micrograph of cross section
of tested molybdenum specimen after immersion in lead at 700 °C for 500 h
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The figures 4, 5, 6, 7, 8, 9 shows that no penetration of Pb—Bi or Pb into the molybdenum matrix and
no dissolution of molybdenum atoms from specimen into Pb—Bi/Pb. Moreover, no crack on the surface of
the specimens after immersion in Pb—Bi/Pb under transient temperature up to 800 °C/700 °C was
observed.

Fig. 8a shows that neither cracks nor a friable molybdenum oxide layer on the surface of the
specimen occurred.

This results showed that the molybdenum exhibited high corrosion resistance to Pb—Bi up to 800 °C
and to Pb up to 700 °C. In all this work molybdenum specimen has a purity of at least 99.95 wt.% .

However, it is important to note that in a core the combination of a high melting point liquid metal
coolant (e.g., Pb, Pb-Bi et al.) and the fuel element with a cladding based on a refractory (molybdenum-
based) material [19] and with a molybdenum matrix can significantly increase the stability of the core
with respect to the possibility of a crisis in the heat transfer at a jump of reactivity. Using uranium-
molybdenum fuel fits well into the concept of protected fuel cycle based on a mixture of (*>U+>*U) [32].

If two heavy isotopes **"'*Mo would be used for medicine purposes (these isotopes account for about
1/3 of the total of molybdenum), and two light isotopes *****Mo would be used for reactor purposes (these
isotopes account for about 1/4 of the total of molybdenum), then the total use of the isotopic molybdenum
would be over 50%. The rest of the molybdenum without damage may be used in the national economy.

Summary conclusion

All the results presented above allowed us to make the following conclusions:

1. A method for reducing the time constant of the fuel elements allowing us to increase the safety
of light water reactors and fast reactors by using dispersion fuel in cylindrical fuel elements containing,
for example, granules of metallic U-Mo-alloy into Mo-matrix with enrichment by weakly absorbing
molybdenum isotopes was proposed.

2. The use of the isotopic molybdenum would be more than 50%.

3. Molybdenum has the good resistance to lead and LBE.

B.K. Koxaxmer', I'.I'. Ky;mnkos 2, I'.C. Hyp6akosa ', C.B. Pycrem6aeBa '

'On- ®Dapabu aterHmarsl Kazak ¥YnTTeIK YHUBepeuTeTi, Anmmatel, Kasakcras ;
2¥ 1rThIK SIAPOITBIK 3eprrey Yuusepcureti “MUTU”, Mackey, Peceit

KAYHICI3AIKTI ZKOFAPBUJIATY YIIIH, KOPFACBIH HEMECE KOPT'ACBIH-EBTETHUBTI
CAJIKBIHIATBLIFAH KbUIJAM PEAKTOPIA, OTbIH 3JIEMEHTTEPIHIH KYPbLIBIM/IBIK
MATEPHAJIBI PETIHAE MOJIMBAEHAI ITAUJTAJTAHY

AHHOTanusi. 3epTTeyiH HEeri3ri MakcaThl — SIPOJIBIK PEaKTOpJapAblH KayillCi3/iriH apTThIpy YINiH, OTHIH
AJIEMEHTTEPiHIH KYPBUTBIMIBIK MaTepUalbl PETiHAC, MOJUOICHII NaiJalaHyIbl TYCIHAIPY OOJBIN TaOBLIA[IBL.
Konpmanpurran MONMONEHHIH  €pEKIIeNiri, OHBIH HW30TONTHIK KypaMbl, KaTepii ICIKTIH MEIUIMHAIBIK
JUArHOCTUKACHIH/IA TIalTalaHbIIATHIH, 06Ty KacKaIbIHBIH KYMBICH KE3iH/Ie KJIIBIK PETIHAC ANbIHFAaH MOJIUOICHHIH
KYpaMbIHa COMKeC KeleIi.

3epTTey OapbIChIHIA TAOUFU MONMUOACHHIH HEHTPOHBI-Pr3HKaIbK KacueTTepi (JENDL-4.0 smponbIk nepexrep
KiTamrxaHachl) KOHE METaJUT MOJIHOACHIHIH KbUTYJIBIK KACHETTEPl aiJaIaHbUIIBL.

Kereci HoTHXKENIED ATIBIH/IBI:

1. Ilap Topi3ai MUKPOTBIJIIApAbl NalaiaHy >KOJBIMEH JKYPETiH KEHUI Cylibl peakTopyiap YIIiH, COHBIMEH
Katap, MOJMOJEHHIH OJICI3 JKYTBUIATHIH HW30TONTApbIMEH OaifbiThulFan Mo-MarpuuacbiHga Merawr U-Mo-
TYHIPLIKTEPiHIH KYHMAachIHaH TYPAThIH, JUCIEPCTi OTBIH TaianaHy KOJIBIMEH XKYPETIH KbUIaM peakTopap yIIiH
Jie, TBAJIIAPABIH TYPAKThI YaKBITBIH a3alTy o/1iCi YCHIHBLIFaH.

2. Monubaenai aJci3 )KYThUIATHIH N30TONTAPMEH OAMBITY IBIH KaXKEeTTUIITT KOPCETUITeH.

3. MonubaeHHIH H30TONTHIK KYPaMBIHBIH JKaJIIbl KOJIMAHbUTYbI 50%-1aH jKOFaphl.

4. Mo-uig Pb xone Pb-Bi eBreTmBiHIE KOppO3WsAFa XKaKChl Te3IMIUTIF Oap eKEHIITiH JoNeNAeuTiH
JKYMBICTapFa MOy JKaCaIbIHIBL.

MonuOaeHHiH oMCi3 JKYTBUIATEIH HW30TONTaphIMeH OalbIThUIFaH Mo-MaTpumnacekiHnga Metamn  U-Mo-
TYHIpIIIKTEPiHIH KYHMaChIHAH TYPaThIH, OWIHHAP TOPi3i OTHIH/BI OLTIKIIENepIeri TUCIePCTIK OTHIHABI HaiJanaHy
KOJBIMEH JKYPETiH, JKbUIy O6JIeTiH 3JeMEHTTEp TBAAAPBIHBIH TYPAKTHl YaKBITBIH a3afiTy, KEHIT CYJIBl KOHE
KBUIZIAM SIPOJIBIK PEaKTOPIApABIH KayiNCi3AiriH apTThIPYIbIH JaWBIKTHI TOCLTI OOIYBl MYMKIH.
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Tyiiin ce3mep: XbUIIAM peakTOpIapAblH KAyiNCi3AiriH apTTeIpy, MONHOACHHIH (H3HMKa-MeXaHUKAIBIK
cUIIaTTaMalapbl, JKbUTy OOJICTiH DJIEMEHTTEPHiH MKBUIYJBIK TYPaKThIChl, KopracklH MeH LBE-neri xopposusra
TO3IMILTITI.

B.K. Koxaxmer ', I'.I'. Kyaukos %, T'.C. Hyp6akosa ', C.B. Pycrem6aena '

'Kasaxckuii HanpoHanpHblit Yuusepcurer umeHu Anb-Dapadu, Anmatel, KazaxcraH ;
*Hanmonansusiit Mccnenoparensckuii Snepusrii Yuusepcurer “MUDN”, Mocksa, Poccus

HNCIIOJIb30BAHUE MOJIMB/IEHA B KAYECTBE CTPYKTYPHOI'O MATEPHAJIA TOIIJIMBHBIX
SJIEMEHTOB B CBUHIIEBOM NJIK CBUHIIEBHOM-3BTETHYECKOM OXJIA’KAEHHOM
BBICTPOM PEAKTOPE JJIS1 HIOBBIINEHUSA EI'O BE3OITACHOCTH

AnHoTanusi. OCHOBHOM LIEJIbIO UCCIIEJOBAHMUS SIBJISIETCS 0OOCHOBaHHE UCIIOJIb30BAHUS MOJIMOICHA B KA4eCTBE
KOHCTPYKIIMOHHOI'O MaTe€puajia TOIUIMBHBIX OJBJICMCHTOB [Jid IMOBBLIIICHUA 6630HaCHOCTI/I AACPHBIX PEAKTOPOB.
OCOOCHHOCTBIO HCITOJIb3YEMOT0 MOJIMOICHA SBJISETCS TO, YTO €r0 M30TOIHBIA COCTAaB COOTBETCTBYET MOJIHMOICHY,
KOTOPBIH MOJy4YaeTcsi B Ka4eCTBE XBOCTAa NPU pabOTe pa3aeUuTeIbHOrO Kackaia /Ui M3TOTORJICHUS MaTepuaia Jyis
MEIHUIMHCKON TUAarHOCTUKH paKa.

IIpu mpoBeZcHUU WCCIETOBAHUS UCIIOB30BAIUCH HEWTPOHHO-(PH3UUCCKUE CBONCTBA HM30TOMOB MPHPOTHOTO
MoiuOnena (Oubnmoreka saepHbIX jgaHHBIX JENDL-4.0) u Ttemnodu3nueckue CBOWCTBA METAIMYECKOTO
MOJIHOIeHA.

BbUTH [OJTy4eHbI CIEAYIOIIUE PE3yIbTATHI:

1. TIpemntoxen cnocod yMEHBIICHHUS TIOCTOSIHHON BPEMEHHU TBAJIOB KaK JUIS JIETKOBOIHBIX PEAKTOPOB MyTEM
UCIIOJIb30BaHKs IIAPOBBIX MHKPOTBAJIOB, TaK M JUIsi OBICTPBIX PEAKTOPOB IyTEM HCIIOJIB30BAHUS IMCIEPCHOTO
TOIUTMBA, COJAEPIKAIIEro, HapuMep, rpanyisl MeTamummdeckoro U-Mo - ciutaBa B Mo - marpuie ¢ oborameHneM
CJIA0O0ITOTJIOMIAOIIMMH H30TOIIAMH MOIHNOIEHA.

2. Tloka3aHa HEOOXOAUMOCTH OOOTAIICHUS MOJIHOIeHA ¢J1a00 MOTIOMIAIOIIMMA H30TOIAMHU.

3. OO01ee UCIIOIB30BAHUE U30TOTHOTO COCTaBa MO0 eHA cocTaBuT Ooee 50%.

4. BemonHeH 0030p 10 paboTam, rie JOKa3hIBaeTcs, 4T0 MO MMEeT XOpOIIYI0 KOPPO3HOHHYIO CTOMKOCTh B
Pb u eBreTuke Pb-Bi.

YMeHbIICHHE TMOCTOSHHOM BPEMEHHM TB3JIOB TCIUIOBBIACISIONIAX 3JIEMEHTOB, IyTEM HCIOJIb30BAHUS
JIACTIEPCHOHHOTO TOIUIMBA B [WIMHAPUYECKUX TOIUTMBHBIX CTEPIKHSX, COJCPIKAIINX, HAIPUMEpP, TPAHYJIIbI
metamndeckoro U-Mo-ciutaBa B Mo-Matpuiie ¢ oboraiieHiueM ciado MOIJIOMIAIIMME H30TOMAaMU MOJUOIeHa,
MOXET OKa3aThCsl 3aCTY)KMBAIOIMM BHHUMAHHE CIIOCOOOM TMOBBINICHHS O€30MACHOCTH JITKOBOAHBIX M OBICTPHIX
SIIEPHBIX PEAKTOPOB.

KiroueBble ¢ji0Ba: TOBBIIIEHHE 0€30MMACHOCTH OBICTPBIX PEAKTOPOB, (U3UKO-MEXaHUIECKHE XapaKTEPUCTUKU
MOJIUOICHA, TETUIOBAS TIOCTOSTHHAS TETITIOBBIACIIAIONINX JIEMEHTOB, KOPPO3HOHHAsI CTOMKOCTh B cBUHIIE 1 LBE.
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INTERACTIVE VIRTUALIZATION IN THE PROGRAM DELPHY
ENVIRONMENT OF ALGORITHMS AND PHENOMENA
OF THE SECTION OF PHYSICS OF "ELECTRICITY",
FOR HIGHLY EFFECTIVE TUTORING

Abstract. The training program assumes not only studying of theoretical material, but also performance of
laboratory works. They are necessary for development of skills of measurement of physical quantities, performance
of physical experiences, ability to draw the correct conclusions from the observations. Modern computer
technologies allow to add this traditional scheme of training. The training programs modeling physical processes and
the phenomena which not always manage to be shown "in live" in the training conditions can provide to pupil’s
substantial assistance [1,2,3,7]. Processes the phenomenon of the section of physics "Electricity” are visualized and
online virtualized by means of the computer program Delphy environments. The made, laboratory work on a
research of processes the phenomenon of the section of physics "Electricity”" are very effective at development of
this course, and the technology of creation of the virtual and interactive laboratory described in this article is very
relevant for creation of the similar virtual and interactive laboratories (VIL) in other objects. This virtual interactive
laboratory development is introduced in educational process of the Eurasian technological university and is
successfully applied in training.

Keywords: Algorithm, virtual interaktivization, virtual and interactive laboratory (VIL), electricity, multimeter,
two-channel oscillograph, capacity, inductance, electrical circuit, computer program Delphy, Pascal.

Introduction. Physics - science experimental. Therefore, the training program assumes not only
studying of theoretical material, but also performance of laboratory works. They are necessary for
development of skills of measurement of physical quantities, performance of physical experiences, ability
to draw the correct conclusions from the observations.

Modern computer technologies allow to add this traditional scheme of training. The training
programs modeling physical processes and the phenomena which not always manage to be shown "in
live" in classroom conditions can provide to pupil’s substantial assistance. The value of such programs,
however, should not be exaggerated. It is necessary to remember - nothing can replace a real physical
experiment in which a part a natural phenomenon, but not the copy of "virtual reality" simulated by the
person talks to the researcher!

The "Virtual and Interactive Laboratory of the Section of Physics "Electricity
in the course of training differently.

First, with its help it is possible to show demonstrations during an explanation of new material. Such
demonstrations are very evident, improve perception and awaken interest in a subject. Advantage of such
demonstrations, in comparison with usual videos, also that the teacher can quickly, changing parameters
in the program, to answer questions of pupils: "And what will be if ...?" The answer is simple - let's make
and we will look!

Secondly, the program can be used as a "laboratory" practical work. It is the best of all to give these
classes in a computer class. In this case each pupil will be able to perform the laboratory work
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independently. Preliminary preparation is usually necessary for such occupation - when the theory of the
phenomenon is already known, then intelligent work with experimental installations can bring benefit in
deeper understanding of a subject. A set of laboratory works and demonstrations offered by us far does
not exhaust all opportunities of the program, and the teacher can always complement this list with own
developments.

In the third, on the basis of the program it is possible to perform research works and projects. Within
the opportunities, the program allows to conduct researches enough difficult electric processes and the
phenomena which theory is beyond the program of training. Inquisitive pupils could open, for example,
for themselves laws of Ohm, Kirchhoff for a branched chain, the law of Joule Lenz, etc. if to think over
the scheme of an experiment and to take the corresponding measurements. Below examples of laboratory
works and demonstrations which can be used in the program are given. It must be kept in mind that the
calculations which are carried out by our program for model of real electrical circuits have qualitative
character. The list of laboratory works the physics offered for performance on the computer according to
the section "Electricity".

Laboratory work Ne 1 - Studying of dependence of resistance of real conductors on their geometrical
parameters and specific resistance of materials.

Laboratory work Ne 2- Research of resistance of conductors at parallel and consecutive connection.

Laboratory work Ne 3- EMF and internal resistance of DC power sources. The law of Ohm for a
complete chain.

Laboratory work Ne 4 - Research of difficult chains of direct electric current.
Laboratory work Ne 5- Power in a chain of a direct current.

Laboratory work Ne 6- The principles of operation of fuses in electrical circuits.

Laboratory work Ne 7- Elements of chains of alternating current. Capacitive and inductive resistance,
their dependence on the frequency of alternating current and parameters of elements. Laboratory work Ne
8- The resonance phenomenon in a chain of alternating current.

Realization virtual-interaktivization stages of works in the program environment Delphi-7.

The present requirement of time, visualization and interaktivization, including animation images in
movements physical the phenomenon and work with them demands the convenient software for
realization. The modern visual programming system of Delphi-7 provides convenient means for creation
of the environment of modeling of any physical task. We use the Delphi programming language and its
Delphi development environment [5.6]. This environment was created by the Borland company with use
of the Object Pascal language. Now development of Delphi it is carried out by the Embarcadero company,
and the environment supports several languages: Delphi, C, C, C#. The Delphi environment allows to
compile the same codes of the program for Windows, Mac OS, iPhone, Android, etc. For reduction of
capacity of use of memory for virtual — interaktivization of Delphi-7 technologies is very effective. Delphi
is the system of visual object-oriented programming in the Object Pascal language for the Windows
operating system. The programs written for Windows are called applications. The technology of visual
programming gives to the user an opportunity to create applications by means of a mouse and to observe
on the screen results of work in the course of application programming. By the way, the Delphi
environment is written to Delphi. [4].

The program in Delphi consists, at least, of four types of files:

1. *.dpr — the file project (for example, Projectl.dpr) connects other files in the uniform program.
Project options (settings kompilyator, names of office catalogs ...) are stored in the file *.dof;

2. *.pas — descriptions and the operators trained by the programmer for what decision - or parts of a
programmable task contain files of modules (for example, Unitl.pas). The compiled module is a file
*.dcu;

3. *.res — the binary file of resources (for example, Projectl.res) stores the Delphi resources used in
the program — pictograms, the image of the cursor of a mouse, etc. It is created automatically during
creation of the project.

4. *.dfm — *.res is similar, keeps properties of setting up the interface

(forms) of the program. [4,5,6].

After compilation we receive one executable *.exe the file, for example, Projectl.exe which
comprises the *.res and *.dfm files.
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The program of the project has the following sections:
-program< program heading (coincides with a name of the file of the project)>;
(* The section of announcements (fo the first begin): *)
-uses < the list of the used modules >;
[Announcements of tags; constants; types; variables; procedures and functions]
-begin
(* Section of operators: *)
<operator1>; <operator2>; <...>;
<operatorN>
end. // End of the project
The first Begin means the end of announcements and the beginning algorithmic part of the
program which consists of the operators divided by a symbol ";". The program comes to an end
with the word end. (with a point). When the new project opens, its text (code) is created
automatically and looks as follows:
program Projectl;
uses
Forms,
Unitl in 'Unitl.pas' {Forml};
{$R * RES}
begin
Application.Initialize; /I initialization of the
application Application.CreateForm(TForml, Forml); // creation of a form
Application.Run; /I application
launch
end.

The body of the project consists of three operators: preparation of initial data of the program
(initialization), creation of the interface on the basis of the main Forml form and, at last, application
launch.

Appointment and general features of the program.

The product is intended for the aid to pupils (and to teachers) average and also average special
educational institutions for studying of sections of a course of physics "Electricity". It naturally
supplements the classical scheme of training consisting of digestion of theoretical material and
development of practical skills of experimenting in physical laboratory.

The program represents the electronic designer allowing to imitate on the monitor screen processes of
assembly of electric circuits, to investigate features of their work, to take measurements of electrical
quantities as it becomes in a real physical experiment. By means of the designer it is possible:

* to study dependence of resistance of conductors on the specific resistance of its material, length and
Cross section;

* to study laws of a direct current - Ohm's law for sub circuit and the law of Ohm for a complete
chain;

* to study laws of consecutive and parallel connection of conductors, condensers and coils;

* to study the principles of use of safety locks in electronic schemes;

* to study laws of allocation of thermal energy in electric and lighting fixtures, the principles of
coordination of sources of current with loading;

* to study the principles of carrying out measurements of current and tension in electronic schemes by
means of modern measuring devices (a multimeter, a two-channel oscillography), to observe a type of
alternating current on separate details, shift of phases between current and tension in chains of alternating
current;

* to study manifestation of capacitive and inductive resistance in chains of alternating current, their
dependence on the frequency of the generator of alternating current and face values of details;

* to study allocation of power in chains of alternating current;

* to investigate the resonance phenomenon in chains with a consecutive and parallel oscillatory
contour;
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* to determine parameters of an unknown detail;

to investigate the principles of creation of electric filters for chains of alternating current. The
designer it is also possible to use within his opportunities and for other tasks in independent creative work
of pupils.

One of the main features of a complex is the greatest possible imitation of real physical process. For
this purpose, following is provided, for example:

* images of details of the designer and measuring devices are provided not schematically, and in such
look as "actually";

* at excess of rated power of the electric current proceeding through resistance the last "burns down"
and takes a form of the turned black detail;

+ the bulb and the electric heater at the rated power begin to shine and "fuse" if the power
disseminated on them exceeds working value;

* at excess of operating voltage on the condenser, the last also "fails";

« at excess of rated working current via the safety lock, it "fuses";

+ the majority of operations and their results are followed by sound effects.

It becomes in order that the pupil visually saw consequences of the mistakes, learned to understand
the reasons of this or that unsuccessful experiment and developed necessary skills of the preliminary
analysis of the scheme.

For use of the program enough initial skills of work in the Windows system.

Maintenance of a working window and basic principles of work with a complex.

At start of the program, the monitor of the computer is displayed:

* the bench with contact platforms on which it is possible to collect and analyze work of electric
circuits (in the center of the screen);

» the panel of details containing a set of electric elements (in the right part of the screen);

* "recycle bin" where the fused and unnecessary details are thrown out (it is located in the left bottom
corner of the screen);

* the control panel of the program with buttons for a call of auxiliary tools (it is located in the top part
of the screen);

* the panel of comments (in the lower part of the screen).

Bench.

B9/ d ABLUGT AR

The bench is set of 7 x 7 = 49 contact platforms to which electric details, for assembly of various
electric circuits "are soldered". Each detail can be located only between two next contact platforms or
vertically or horizontally. In points of their connection with contact platforms, it is possible to connect
probes of measuring devices to details. The choice of details from construction set and their "soldering"
on a desktop is made by means of the mouse manipulator. It becomes standard for Windows —
applications in the way — it is necessary to place the index of "mouse" on the necessary detail (the index
takes a tweezers form), then to press the left mice button and, holding it in the pressed state, to move a
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detail to the right place of the bench. After release of the left mice button, the detail will be established in
the specified place. The unnecessary and "spoiled" details can be removed from a table in "recycle bin" in
the same way.

It is possible to delete details from a table and other method. It is necessary "to right-click" on a detail
of "mouse" — the window with the inscription "Throw Out a Detail" will appear. After confirmation (click
on the button), the detail will be removed in a basket.

The details which are "thrown out" out of bench limits, but not in a basket collect in the lower part of
the bench.

On a table sources of an alternating and direct current cannot be at the same time located.

Panel of details of the designer.

In the designer it is possible to use the following details:

- the resistor (it is characterized by resistance in Ohms and power in
Watts, "burns down" at its excess);

- the safety lock (it is characterized by the maximum working current,
"burns down" at its excess);

- the condenser (it is characterized by capacity in Farads and operating
voltage, fails at its excess);

- the inductance coil (it is characterized by inductance in Henry, has very
small active resistance);

- an assembly wire (has very small resistance);

- the switch (it is characterized by two states - "is opened" and "closed");

- a battery (it is characterized by polarity, EMF in Volts and internal
resistance in Ohms);

- the generator of sinusoidal tension (it is characterized by amplitude and
frequency of alternating voltage);

- a bulb (it is characterized by operating voltage in Volts, working current
in milliamperes or power in Watts, "fuses" at their excess);

- the electric heater (it is characterized by the operating voltage and
operating power, "fuses" at their excess);

- the real conductor (it is characterized by material, length and cross-
sectional area);

- an unknown detail (can be the resistor, the condenser, the coil, the
battery or the generator);

- a rheostat (it is characterized by the maximum resistance in Ohms);

- the condenser of variable capacity (it is characterized by the maximum capacity in Farads).

Panel of comments. Data on details and hints about purpose of buttons of the control panel are
output to panels of comments. This information appears after installation of the index of "mouse" on the
corresponding elements.

Digital multimeter.

General view and details purpose of a multimeter. Rules of work with a miltimeter.
Measurements by means of a multimeter: Measurement of tension. Measurement of force of a direct
current. Measurement of resistance.

General view and details purpose of a multimeter.

In the drawing are shown arrangement of control elements and nests for connection of a multimeter to
the electronic scheme. Switching of operating modes and limits of measurement is made by "click" of the
mouse manipulator on tags of the corresponding limits (at installation of the index on limits it takes a
hand form).

Rules of work with a multimeter.

1. The multimeter is caused on the screen (desktop) by pressing of the Receive a Multimeter button
on the top panel of a window of the program. The following pressing this button calls the second device
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(at the same time the button is blocked). For removal of the device it is necessary to click on the button in
the right top corner of a window of a multimeter. The device together with the clips disappears from the
screen.

2. Connection of a multimeter to points of the studied scheme is made by installation to the right
places of the general (dark blue) and measuring (red) the clips connected to the corresponding nests of the
device.

The general view of a multimeter is shown below in the drawing:

Digital board

Position
"BBIKJIFOYEHO"

Limits of measurement of

alternating voltage.

Limits of measurement of
constant tension.

Limits of measurement of
force of a direct current.

[ ]
Limits of measurement of 2000k Switch of operating modes.
resistance. 200k
[ ] L
—108 pc—/ Nest for measurement of
; current ranging from 200
Nest for measurement of —Yama= |\, mA to 10 A

parameters of transistors (B
mporpamMmMe He paboTaer)

Nest for connection of a
measuring wire (the red
terminal)

Nest for connection of the
general wire (uepHast
KJIeMMa)

Connecting wires of the device on the screen are not shown not to encumber the bench. It is
necessary for connection of the device to the studied scheme:

- to establish the index of "mouse" on the necessary clip of the device (the index will take a hand
form);

- to press and hold the left mice button:

- to drag a clip (holding the button) in the necessary point of the scheme and to release the mice
button.

If in the course of work it is required to switch clips to other places of the scheme, then the same
procedure is used. Transfer of a clip on area of the device brings to its automatic "parking" on the
corresponding entrance nest of a multimeter.
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3. Switching of operating modes of the device is carried out by installation of the index of "mouse"
on the corresponding point of the panel of the device (at the same time the index changes the look) and
click of the left mice button. The switch of operating modes of a multimeter turns in noted position.

4. On a digital board of the device the numerical value of the measured size (current, tension,
resistance) in units specified on the chosen measurement limit is displayed. If in the left part of a board it
is highlighted-1 (overflow) it means that the value of the measured size exceeds the maximum value of
the chosen measurement limit. It is necessary to switch the device to other limit.

5. You can use one or two multimeters which have number 1 and 2 for work. Clips of devices also
have the corresponding numbers. Devices can be used at the same time and independently. For example, it
is possible to measure by the first device tension, and the second - current, in different parts of the studied
scheme.

Measurements by means of a multimeter.

The multimeter allows to take measurements:

» tension of direct and alternating current;

« forces of a direct current;

* resistance of sites of a chain of a direct current.

to check existence of contacts with use of the sound alarm system.

Measurement of tension.

For voltage measurement on the site of the studied chain it is necessary to consider the following:

The voltmeter always turns on parallel to the site of a chain on which measure tension (the real
voltmeter can fail at the wrong inclusion!).

What type of current - constant or variable, proceeds in a chain? The switch of operating modes needs
to be installed in the corresponding position.

The voltmeter shows effective value of alternating voltage.

At measurement of constant tension, the voltmeter shows value taking into account polarity - if
potential on a measuring clip less, than on the general, on a board the sign "minus" is highlighted.

Limits of measurement of constant tension: 1000 V, 200 V, 20 V, 2000 mV, 200 mV.

Limits of measurement of alternating voltage: 750 V, 200 V.

Entrance resistance of the device is equal in the mode of the voltmeter to 1 megOm.

Measurement of force of a direct current. For measurement of current on the site of the studied
chain it is necessary to consider the following:

The ampermeter always turns on consistently in the site of a chain where current is measured (the
real ampermeter can fail at the wrong inclusion!).

Our ampermeter can measure only force of a direct current.

At measurement of current in chains, the ampermeter shows its value taking into account polarity: if
current via the device flows from the general terminal to measuring, on a board the sign "minus" is
highlighted.

Limits of measurement of force of a direct current: 10 A, 200 mA, 20 mA, 2000 mA.

Entrance resistance of the ampermeter is not enough (near 10 ° Om)

Measurement of resistance. For measurement of resistance it is necessary to consider the following:
The ohmmeter can measure only the active resistance of elements of the scheme; Limits of measurement
of resistance: 2000 kOm, 200 kOm, 20 kOm, 2000 Ohms, 200 Ohms and a special limit for definition of
contacts with the sound alarm system; On the measured site of the scheme the device gives voltage of 2
V; It is possible to determine by the Device existence of contact in the scheme, at the same time, if
resistance of the measured site is less than 75 Ohms, the sound signal is given. mereny forces of a direct
current. For measurement of current on the site of the studied chain it is necessary to consider the
following:

The ampermeter always turns on consistently in the site of a chain where current is measured (the
real ampermeter can fail at the wrong inclusion!).
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Our ampermeter can measure only force of a direct current.

At measurement of current in chains, the ampermeter shows its value taking into account polarity: if
current via the device flows from the general terminal to measuring, on a board the sign "minus" is
highlighted.

Limits of measurement of force of a direct current: 10 A, 200 mA, 20 mA, 2000 mkA.

Entrance resistance of the ampermeter is not enough

Dual trace oscilloscope. General view and details purpose of an oscillograph of the Rule of work

with an oscillograph: Description of governing bodies of an oscillograph. Measurements by means of an

oscillograph.
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General view and details purpose of an oscillography:

The front panel of an oscillography contains the following parts:

- The screen with a large-scale grid for observation of a form of a signal and quantitative
measurements;

- Control panel of strengthening of channels and shift of beams down;

- Control panel of development, shift of beams across, choice of the modes of synchronization and
some support functions.

The oscillography is intended for visual observation of a form of alternating voltage. It allows to
define quantitative characteristics of a signal also: frequency and amplitude of alternating voltage,
impulse duration, shift of phases between two periodic signals (for this purpose the oscillography has to
be two-channel).

Entrance resistance of an oscillography is rather high (near 10 megOms).

General view and details purpose of an oscillography:

The front panel of an oscillography contains the following parts:

- The screen with a large-scale grid for observation of a form of a signal and quantitative
measurements;
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- Control panel of strengthening of channels and shift of beams down;
- Control panel of development, shift of beams across, choice of the modes of synchronization and
some support functions.

Rules of work with an oscillography.

1. The oscillography is caused on the screen (desktop) by pressing of the Receive an Oscillography
button on the top panel of a window of the program. For removal of an oscillography it is necessary to
click on the button in the right top corner of its window. The oscillography together with the clips
disappears from the screen.

2. Connection of an oscillography to points of the studied scheme is made by installation to the right
places of the general (dark blue) and measuring (red) the clips connected to the corresponding nests of an
oscillography. Connecting wires on the screen are not shown not to encumber the bench. Clips have
designations (letter A and B) corresponding to channels of an oscillography. It is necessary for connection
of an oscillography to the studied scheme: to establish the index of "mouse" on the necessary clip of the
device (the index will take a hand form); to press and hold the left mice button: to drag a clip (holding the
button) in the necessary point of the scheme and to release the mice button. If in the course of work it is
required to switch clips to other places of the scheme, then the same procedure is used. Transfer of a clip
on area of the device brings to its automatic "parking" on the corresponding entrance nest of an
oscillography.

3. Installation of operating modes of an oscillography is carried out by means of adjustment of
coefficients of strengthening of channels, the choice of duration of development, the mode of
synchronization and adjustment of support functions.

4. On the screen of an oscillography the measuring grid by means of which it is possible to take
quantitative measurements of parameters of a signal is put.

5. You can use for work one or two channels at the same time. Clips of an oscillography have
designations "A" and "B", according to channels "A" and "B"".

Description of governing bodies of an oscillography.

Installation of coefficient of strengthening.

In order that the image of a signal on the screen of an oscillography did not go beyond the screen or
had no too small amplitude, it is necessary to choose coefficient of strengthening of the channel correctly.

The coefficient of strengthening of an oscillography is set in Volts/divisions. It means, for example,
that the price of division of a scale of the screen of an oscillography will be down equal to 500 mV if
value of coefficient of strengthening to choose equal 500 mV / put.

The coefficient of strengthening of an oscillography can be changed in the Strengthening window by
the choice of the necessary value from the offered list. This list opens when pressing the [] button located
to the right of a window. Besides, it is possible to change smoothly strengthening coefficient in some
limits by means of a cursor of 7] located more to the right of a window with the button. For this purpose,
it is necessary to establish the index of "mouse" on this badge, to press the left mice button and, holding it
in the pressed state to move a cursor to the necessary position.

The cursor "Shift down" allows to displace an oscillography beam up or down.

Choice of the mode of development.

For the correct display of a periodic signal it is necessary to choose the corresponding duration of
development of an oscillography also.

Duration of development is set in units time/division. It means, for example, that the price of division
of a scale of the screen of an oscillography will be equal to 20 ms across if value of duration of
development to choose equal 20 ms / put. The numerical value of duration of development is set by the
ways similar for installation of coefficient of strengthening.

The cursor "The synchronization level" determines the time point of the beginning of development of
a signal corresponding to a preset value of its amplitude. This adjustment can be useful to numerical
definition of phase shift between two signals. Buttons "A" and "B" choose the channel on which
development synchronization is carried out. The button "Network" changes development of both channels
of an oscillography from the internal generator of sinusoidal tension. This mode is used for observation of
addition of perpendicular fluctuations — Lissazhu's figures.
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Cursor "Brightness" can be changed intensity of a luminescence of beams of an oscillography (at the
same time brightness of a large-scale grid does not change).

Measurements by means of an oscillography.
The oscillography allows to take measurements: amplitudes of tension of alternating current;
frequencies of alternating voltage; shift of a phase between two signals.
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Measurement of devices and characteristic of all details of the scheme work in the real mode
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Conclusion.

As a part of information technologies the new industry develops - it is a virtual interaktivization and
visualization of the hardly understood subjects of physics, chemistry, biology and other objects [2,3,7].
And creation is virtual — interactive laboratories in the called objects meet the operated measuring devices
very seldom. Therefore the technology of creation of the virtually-interactive laboratory (VIL) for the
section of physics "Electricity" given in this work will be very relevant to creators similar to VIL — at
higher step in other objects of knowledge. Such VIL — on the computer are very effective for development
of a certain course of knowledge and develop independent research skills and awaken to creative search of
methods of a research. Given VIL according to the section of physicists Electricity, due to visuality and
interactive intervention in change process an experiment condition, it is very useful to fast development of
a subject of physics by students and to development of skills a research. Brought VIL — according to the
section of a course section of physicists Electricity, are introduced in educational process of the Eurasian
Technological University and are successfully applied.
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AJITOPUTMJEPIH DELPHY BAFJAPJIAMA OPTACBIHJA HHTEPAKTHUBTI BUPTYAJIJIAY,
KOTF'APBI CAITAJIbI OKBITY IbIH KYPAJIBI

AnHoTtanusi. byn okeiTy Garmapiamachl TEK TEOPHSUIBIK MaTepUaliapAbl YHpeTy FaHa eMec, COHBIMEH Oipre
a00paTOPHSUIBIK  3€PTXAHAJIBIK KYMBICTapIbl OpbIHAAayFa Oonambl. 3epTXaHalblK JKYMBICTAp, (DU3HKAIBIK
IIaMaiapabl eIIey ONIiCTepiH YHpeHyTre, (PU3HWKANBIK ToXKipuOenepli OpbIHIAyOsl MEHIrepyre, ©3iHiH 3epTTey
HOTIDKETIEPIHEH NYPBIC KOPBITBIHABI LIbIFapyFa KakeT. Ka3ipri KOMIIBIOTEpIIiK TEXHOJOTHUsIAp ASCTYPIIl OKBITYFa
Ka)XeTTI KOChIMILIANIap Ibl JKacayra MyMKIHZIr 6ap. Ou3nKanblk nporecTep MeH KYObUIBICTapAbl MOJEbACY apKbUIbI
KacaJraH OKBITY OarmapiamManapbl, OKBITY Ke31HIET1 «Tipiiei» KepceTe alMalTBIH MpOIeCTepai , KOpCeTe ajajlbl
’KOHE OKYILBIFa TYCIHY VIIiH 30p Kemek Oepeni.[1,2,3,7]. ®u3nKaHbIH <«QJIEKTPIiK» OeJiMiHAErT MporecTep MeH
kyObuibicTap Delphy xoMmbroTepiik Oarnmapiama opTachlHIa KOPHEKLUTIK-KE Ue OOJIAbI )KOHE MHTEPAKTUBTI TYpIe
BUpTyanganapl. JKacajublHFaH BUPTYaJAb-MHTEPAKTHBTI J1a00PaTOPHUSIBIK JKYMBICTAD (U3UKAHBIH «IJICKTPIIKY
OesiMiHzeTi mporiecTep MEH KyOBLIBIC-TapIbl 3epTTEy HOTIDKECIHAE OChI KYPCThl MEHrepyre ore mNaijaibl, ain
MaKaJiaJlaFbl KENTIpUIreH BUPTYaJAbl-MHTEPAKTHBTI Ja0OpaTOPUSHBI KYPYZIBIH TEXHOJOTMACHI, 0acka IoHAEpIeH
OCHI CHSI-KThI BUPTYalIbI-MHTEPAaKTUBTI Jabopatopusiiap (BIJI) kypyra kemek perinae ere akryanasl. Kenripinren
BUPTYaJIIbI-HHTEPAKTUBTI J1abOpaTopusi KOHABIPFBUIAPBI EBpasus TEXHONOTHSUIBIK YHHBEPCUTETIHIH OKBITY
MIPOIIECiHE TONBIFBIHAH CHTI31UITeH XKOHE OKBITY OapBICHIHAA KOJIIaHbBIC-TA.

Tyiiin ce3mep: AJroput™, BUPTYyaiabl HHTEPAKTUBTEHIIPY, BUPTYalbl-MHTEPAKTUBTI abopartopust (BUJI),
AIIEKTPIIIK, MYJIBTHMETP, eKiKaHAIAbI OCUMILIOrpad, CUbIMIBUIBIK, UHIYK-TUBTUIIK, 3JIEKTP Ti30eri, KOMIIbIOTEPIIIK
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UHTEPAKTUBHAS BUPTYAJIU3ALIUA B TIPOTPAMMHOM CPEJIE DELPHY AJITOPUTMOB
ABJIEHUN PA3JEJA ®U3UKU «JEKTPUYECTBA», VIS BBICOKO®PEKTUBHOI'O
OBYUYEHUA

AnHoTtanus. O0yyarommas nporpaMma IpearnoaaraeT He TOJIbKO H3y4eHHe TEOPETHYECKOTO0 MaTepHana, HO U
BBITIOJIHEHHE J1a00paTOpHBIX padoT. OHM HEOOXOIUMBI JUIS BHIPAOOTKH HABBHIKOB M3MEpEHHsT (PU3NUECKUX BEJINYWH,
BBITIOJIHEHHS (DPM3MYECKUX OIBITOB, YMEHHs JeNaTh NpPaBHIbHBIE BBIBOJBI M3 CBOMX HaOironeHuil. CoBpeMeHHbIE
KOMITBIOTEPHbIE TEXHOJOTWUHM II03BOJISIIOT JOMOJHUTH 3Ty TPaAMUMOHHYIO cxeMy o0OydeHus. OOyuaromue
MPOrpaMMBbl, MOJIENUpYIOIIKe (HU3MUECKHE IPOLECCH U SBJICHUS, KOTOPbIe HE BCET/Ia yIaeTcsl IoKa3arh "B )KUBYIO"
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B 00Y4YaOIINX YCIIOBUSAX, MOTYT OKa3aTh yUYaIllMMCs CYIIECTBEHHYIO rmomoibk.[1,2,3]. TIpomecchl sBiieHUU pasena
u3ukHr «DIEKTPUYECTBO» BU3YATU3NPOBAHBI M MHTEPAKTUBHO BUPTYaIH3UPOBAHBI C ITOMOIIBI0 KOMIIBIOTEPHBIX
nporpaMMHBIX cpen Delphy. Cuenannast, maGoparopHas padoTa MO HCCIICIOBAHHMIO MPOIECCOB SBICHUHM paseia
buzukn «DIeKTprUYeCcTBO» OueHb 3()(HEKTUBHBI IPU OCBOSHUH JJAHHOTO Kypca, a TEXHOJIOTUS CO3/IaHHsl BUPTYaJIbHO-
WHTEPAKTHBHON JTabopaTopuy ONWCAHHOM B [JAaHHOM CTaThe, OYEHb aKTyalbHa JI1 CO3JAHMS AHAJIOTHYHBIX
BHUPTYaJIbHO-UHTEPAKTUBHBIX Jaboparopun(BWJI) mo mpyrum mpenMeram. /laHHas BUPTyalbHO- WHTEPAaKTHBHAS
naboparopHasi pa3paboOTKa BHeApeHa B Y4eOHbIH mporecc EBpa3MHCKOro TEXHOJIOTMUECKOIO YHHUBEPCHTETA M
YCIEUIHO PUMEHSETCS B 00yUCHHH.

KioueBble ciaoBa:  ANropuTM, BHUpPTyalbHas  HHTEPAaKTHBU3AIMS, BUPTYaJIbHO-UHTEPAKTUBHAS
nabopatopusi(BUJI), 37eKTpUYECTBO, MYJIBTUMETP, IBYXKAHAJIBHBIA OCIULIOTpad, €MKOCTh, HHIYKTUBHOCTH,
AJIEKTPHYECKAs [IeNb, KOMITBIOTEPHAS IporpaMma,iesihu, MacKaib.
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