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OOBIYHO CYUTACTCS, UTO TPHU «MU3BJICUCHUW» KBAIPATHOTO KOPHS U3 orneparopa [amambepa
2

U=A-

IPUXOJAT K YPaBHEHUSAM 1-ro mnopsiika Tumna ypaBHeHus Jlupaka B BUJE:

c’ot’
1 u 0
JUIS YacTHIl €O CIIMHOM —, | " ——+m [y =0 (1)
2 ox*
0
must gactuiy co cimaom 0, 1. | B F+ m|y=0 ()
X

3necy MaTpuibl Y U " yIOBIETBOPSIOT KOMMYTAIIHOHHBIM COOTHOIICHUSIM anreOpsl J(upaka—
Kmuddopaa (AK)

vyt =287 €)
u anreopsl [letno—/lydhduna—Kemmepa (ITIK)
BB +B7BYB* =5"B" +57B" )

Ecnu He orpannuuBate panr matpun v" u ", o ypaBHenwuii Tuna (1) u (2) MoxeT OBITH

NPEUIOKEHO feCKOHEeUHO MHO20, HO (HPM3UYECKHI MHTEPEC MPENICTABIISAIOT YPaBHEHUS C
MaTpHIIaMH HauMeHbIero panra (B ciyuae J[K-anreopsl ¢ 7 = 2,4 ; B ciiyuae anredpst [1/1K ¢
r=5,10). Panr marpun f B (3) MoxxHO MOHM3HUTH (5 — 4, 10 — 4) ¢ yuétom Toro ¢akra, 4TO
BOJIHOBBIC (DYHKITMH ypaBHEHU (2) B cirydae anredpsl (4) [1JIK peanusyior npuBoanMbie
npezacrasiaenus rpymnmnsl Jlopenna. Hanpumep, Hamu ObUH TIpesioKeHbI 60iee MpoCThie
ypaBHeHus Tumna (2) mms MaccuBHbBIX (m # 0 ) yactuiy co ciuHoM s =0 [1]u s=1 [2] ¢
MaTpuiiamu  panra 7 =4, yZ0BJICTBOPSIOIIUMH COOTHOIICHUSM (4).
Oxka3sbIBaeTcs, 4YTO HE BCE MPOCTENIINE BOZMOXHOCTH, BOSHUKAIOLIUE MTPU «U3BJICUECHUI
KOpHs KBajpaTHOro u3 Jlanambepruana u coaepxamuecs B (1) u (2) npu ycnosusix (3) u (4)
yke ucdeprnansl. Harmpumep, Obu10 nipeyioskero [3] 6oJiee mpocToe ypaBHEHHUE, YeM YpaBHEHUS
(1) u (2) B BUzIE
(2]

u'—+m|p=0 (%)

ox"

¢ MaTpuuaMu u", yI0BIETBOPSIONIMME a0eneBoii anredpe
u'u’ —u'u" =0. (6)

PensituBrCTCKAs MTHBAPHMAHTHOCTH YpaBHEHHUS (5) OUEBH/IHA, €CITU B Ka4eCTBE MATPHIL u"
ypaBHeHUs (5) B34Th, HaIpUMeEp, 4-BEKTOP CKOPOCTU YACTHUIIbI. YpaBHEHHM THMNa (5) TaKxke
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CYLIECTBYET OECKOHEUHO MHOTI'0, €CJIM HE OIPaHUYMBATh PaHT NpeacTaBiaeHui rpynns! Jlopenia,
K KOTOPBIM MPUHAJUICKHUT BOJHOBAs (PyHKIHUS ¢.

Hwxe mbl mokaxkem, 9to gaxe anredpamu (3), (4), (6) He ucuepnwvisaromces éce

603MOMCHOCIU.

Paccmotpum 310 Ha npumMepe ypaBHenus Makceiia. Enié co Bpemen Maiiopana [4]

M3BECTHBI JICCATKH 3amucell 3TuxX ypaBHeHuid B Buze (1) u (2), B TOM 4ncie U Ipu 0TOOpaXeHUH
HaIpsHKEHHOCTEN TOJIEH EwH (TeH30pa SIIEKTPOMArHUTHOTO TOJIs F),, ) Ha MPOCTpaHCTBA

CIIMHOPOB M KBaTEPHUOHOB.
BBeném oeiicmeumenvnsle Heapmumoesl MaTpulbl 6 = (G,,6,,0,) paHra 3, sSBisoLecs
reHepaTopamu Irpymisl TpéxMepHsbIx BpameHuit SO(3) [5]

0 1 0 0 0 -1 0 0 O
c,=|-1 0 0|, o,={0 0 0|, c,=/0 0 1], (7)
0 0 O 1 0 O 0 -1 0
YAOBJICTBOPAIOIMIUEC KOMMYTAIMOHHBIMHA COOTHOIICHUAM
0,6, =6,0, =G;. (8)

Hcnonb3ys oueBUIHOE TOKACCTBO (G:-V)d =rota ypaBHeHHE MakcBellia B BaKyyMe 3aluIieM
B BUJC:

aa—f—(aﬁ)ﬁzo, (9.2)
%—i]ﬂaﬁ)E:o, (9.6)

JlomHOXUB ypaBHEeHHs (9.0) Ha «i» U, CKJIaIbIBas JIBA YPABHCHHSI, IOTYIHM:
. o - -
F=E+iH. |:5+i(G'V):|F:0, (10)

3necy Mbl BBENH, cienyd Maiiopane [4], KOMIJIEKCHBIN BEKTOP /', yIOBIETBOPSIOUINI YCIOBUIO
nzorponHoctu Kaprana

~2 oy = = — - -~ - = . R
|[F[ =F"-F=E+H*#0. FP=F-F=E*-H*+2i(E-H)=0,
[IpoBepuM, yIOBIETBOPSIET JIM KBaAPUPOBAHHOE YPaBHEHUE BOJIHOBOMY ypaBHeHHIO [lanmambGepa
KaK 3TO UMEET MECTO B ciiyyae ypaBHeHus [lupaka it Kax a0 u3 4-Xx KOMIUIEKCHBIX (Win 8

JICCTBUTENIBHBIX) KOMIOHEHT BOJIHOBON (DYHKIIMHM TI0 OTAEIBHOCTH. {7151 3Toro nomHoxum (10)
CJIeBa Ha COMPSDKEHHBIN OmepaTop B KBaJPAaTHBIX CKOOKaX:

0 .. =ll9 .2 aila_
|:5—Z(G'V):||:5+Z(G'V):|F_O' (11)
[Honyunm:

{%4—(6-?)(6-@)}}7:0. (12)

VuuThiBas cooTHOMEHHE (G-V)(G-V)F =V(V-F)—AF , 4T0 B 0GBIYHBIX 0003HAYCHUSX

SKBUBAICHTHO (hopmyine rot rot F = grad div F — AF , ipu TOTIOHUTENEHOM ycinoBuu div F =0
II0JTy4aeM BOJIHOBOE YpPaBHEHHE
o> )=
c ot
Pa3nenss nelicTBUTENbHBIE U MHUMBIE YacTH B ypaBHEHHUH (13), momyunm 6 cKaasipHbIX

BOJIHOBBIX YpaBHEHUM i nojie £ u H :
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oH=0. of£=0, (14)

Taxum o6pa3om, ypaBHeHus: Makcpesuia (9.a) u (9.6) MoryT OBITh 3amHcaHbl B hopme
ypaBHenus Jqupaxa (10), HO ¢ UCTIOIB30BAHUEM 3-PAOHBIX 0CUICHIEUM ESILHBIX HEIPMUM OBLLX
MaTtpull G B (7), COBEpIIEHHO OTIMYHBIX OT MaTpull MaiiopaHa. 3anucek ypaBHeHUI MakcBeinia
B BuJe (10) obnanaer onpenenéHHpIMU IPEUMYILIECTBAMU IIPH NEPEXOJIE K KBAaHTOBOM T€OpuH,
TOCKOJIBKY KOMILICKCHBII BeKTOp F = E + i MOKHO paccMaTpUBATh KAK 60JTHOGYIO (YHKUUIO,
TaK Kak BenudauHa FF = E* + H? SBISETCS MIOTHOCTHIO SHEPTHHA
jﬁ*ﬁdV:j(E2+F12)dV=s. (15)

[Tocne HOpMUPOBKH Ha MOJTHYIO SHEPTHIO € (JeTeHus 00enx yacTeil BoipakeHus (15) na
KOHCTAHTY €) MOABIHTETPAIIbHOE BHIPAXKEHUE MOXKHO UHTEPIPETUPOBATH KaK HIOMHOCHLb
6€POAMHOCHU:

j(iﬁ*j(iﬁjdrle. (16)

Je  N\Ve

HurtepecHo, 4To BBEIEHHBIE HEAPMUTOBBI MATPULIBI G HE YAOBJIETBOPSIIOT KOMMYTAIIMOHHBIM
cootHoueHusM (3), (4), (6).

Eciu I0TOTHAT KOMIIIEKCHBIH 3-BeKTOp F = E+iH 110 KOMIUIEKCHOTO 4-BekTopa

{ H+iE
i(H +i€)
(uneapuanmmuoie ipu npeoOpazoanusax Jloperia), To npuaémM Kk 0000MEHHON CHMMETPHYHOM

CHUCTEME ypaBHEHU MakcBeiia ¢ 3JEKTPUUYECKUMHU U MAarHUTHBIMU 3apsiJlaMH, JTOMYCKAIOIIEeH

CYILIECTBOBAHUE HPOOOIbHBIX DIICKTPUUECKUX U MATHUTHBIX T0JIeH ¢ eakyyme [6]. [Ipu sTom
HCII0JIL30BAIIUCh MATPHIIBI O-pasMepHocTH 4x4, ynosnerBopstomue anreope K (3), Ho He

} , IAC BBCACHBI JOMOJIHUTCIIbHBIC CKAJIAPHOC € U IICCBAOCKATIAPHOC H nonsa

AenAI0OWUeca y-MaTpuliamu Jlupaka B CHITy JIOTIOJHUTENEHOTO COOTHOEHUs oo’ = iat* .
DaKkTUUYECKH, ITO €CTh F€HEPATOPHI IPeACTaBIeHH paHra 4 rpynnsl SU(2), Kak 1 MaTpULbL p,,

G, , UCIIOJIb30BaHHbIE JIUPaKoOM, TaKkKe yI0BJIECTBOPSIOLINE COOTHOLIEHUSAM (3) 1

JIOTIONHUTENBHBIM yenoBuaM p'p’ =ip*, o'c’ =ic" (i, j, k=1, 2,3 ; quKINYecKas epecTaHOBKA
HHJICKCOB).
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ASYMPTOTIC SOLUTIONS OF THE HILL EQUATION
WITH A SLOWLY VARYING PARAMETER

E.M. Maslov and V.A. Koutvitsky

Pushkov Institute of Terrestrial Magnetism, lonosphere and Radio Wave Propagation
of the Russian Academy of Sciences, Troitsk, Russia.

We consider a general Hill equation

d?Y/d6* + h(p,0)Y =0, (1)

where h(p,#) is a real 2m-periodic even function with respect to the fast variable 0, and a
parameter p varies slowly in accordance with the equation

dp/dd =eR(p) (e < 1). (2)

In the inflationary cosmology such equations describe evolution of perturbations of the
oscillating inflaton scalar field at the post-inflation reheating stage [1- 4]. In this case the scale
factor or the energy density of the oscillating scalar background, both evolving slowly when
expanding the Universe, can play the role of the parameter p.

The solutions of Eq. (1) are constructed in the form of asymptotic expansions,

YH0) = 9T (p,0)e™ @, Y(6) = ¢ (p,0)et ), (3)

= et (p, ), dEE/dI =Y e E ()
n=0 n=0 (4)

where ¢(p,0) = ¢ (p,0 + 27), ¢35 (p,0) = Yo(p, +0), i (p) = £po(p) with normalizing
Yo(p,0) =1, ¥E(p,0) =0 (n = 1), ££(0) = 0. Substituting (3), (4) into Eq. (1) and setting
YE(p,0) = XF(p,0)eT ) we arrive at the inhomogeneous Hill equations

02X /6% + h(p,0) X = Fif(p, 6)*+, ©)
where F5" = 0, and the functions F¥(p,0) = F¥(p,0 +27) (n > 1) contain ¢ with m < n.
For example,

a?w:t a¢:|: d” 8¢:|:
Fi(p,0) = —2R paoe - 2Ru6*8—/§’ > wo 200 0~ — 25 HTYG ©)

Note that p in Eq. (5) is just a parameter.

Suppose we know the solutions X (p,0) = tho(p, 20)e*#®)? of the homogeneous Hill
equation (Eq. (5) with n = 0). They can be obtained, e.g., by the Lindemann-Stieltjes method
[4-7]. Then the solutions X*(p, #) of Eq. (5) for any n > 1and, hence, ¥~ (p, 0), are given by

X0 =20 = 235000 (504 [ K00 o) -
0 0

[’}
X5 (p,0) (ﬂf+ /0 Xa(p,e)F:(pﬂ)e*modG)], @
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where Wy(p) = W[X,, X, ] is the Wronskian. The requirement of 2m-periodicity of ¢ (p, 0)
with respect to 6 leads to the conditions

2r
! X2 (p, 0) F:£(p, 0)c*#9°df,
0 (8)

27
| X500 F o o) o,
0

+ _
511 (p) - 6i47r'“0 -1

)]
the later determining U: (p)forn > 1.
Thus the general solution of Eq. (1) is written as
Y (0) = ctot(p, 0)e" @+ (p,0)et @, (10)

where the constants c* are related to the initial conditions by the formulas

et = I e (11)
oo [0 O F %0

W= % (Wr+W™), Wo=3) "Wy, (12)
Wi (o) = 52 [Mf(m ; (WnTg”@)L_J | (13)

For the purposes of illustration we then consider Lamé equation with a slowly varying
parameter.
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CONTROL OF PROGRAMMED MOTION IN HIGHER ORDER NONHOLONOMIC
SYSTEMS

Chernet Tuge Deressa, Jimma University, Ethiopia
Chernettuge@ymail.com
1. Introduction:

M. R. Flannery in 2011 applied D’alembert-Lagrange’s principle to higher order constraints and
established new dynamic equations and transposition relations between dg; and %(Ei ,

8§ ; and di(%ii) for first and second order nonholonomic constraints. The results are the
following.
1. For constraints of the form
¢.(q.q.t)=0 k=12,...d (1)
1). The work done by the constraint forces is given by:
dq; 1
i1). The dynamic equation is proved to be:
d dL dL o 1 2 dg, 3)
dtdq; dq; Q; “\ 84,
iii). The transposition relation is:
5 L1925, 1= 0 (4)
2. For constraints of the form:
Y,.(q.q.4.t)=0 ,(k=1,...d) (5)
i. The work done by the constraint forces is given by
Y
—— fg.=0 6
35, %% (6

7

ii. The dynamic equation is proved to be

d dL gL A,
@ oL 9L _ e ,1,{(__, ) (7
dtdq; dq; 1 a4,

. . a® [fawy _

iii. The transposition relation is:dir, — ey [(E) d qi} =0

The main purpose of this paper is to develop dynamic reference control model for trajectory
tracking of programmed motion based on the above dynamic equation of higher order
nonholonomic constraints.

Note that: A programmed constraint is any requirement put on a physical system motion
specified by an equation. A programmed motion is a system motion that satisfies a
programmed constraint
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2. Dynamic Model for Control of Programmed Motion.

The constrained dynamic equation (7) can be written in the form:

{M(q)iH Clq.q) + D(g)=J"(q.q)A + Q%

- (8)
¢k(qrqrqrtj:ﬂ r('k: 1, rdj
where M(4q) is a (n X m) positive definite symmetric inertia matrix, A is a d-dimensional vector

M”] is a full rank (d X n) ,C(q.q).is n X 1 matrix,

of Lagrange’s multipliers, J(t.q.q) = ( 33

contains all other position and velocity terms(vector of centripetal and Coriolis forces terms),
D(q) is the n-vector of gravitational torques,@** is an external force

For model-based control of programmed motion, the dynamic model is to be transformed to

the reduced-state form. The concept of Null space is used to eliminate the Lagrange multiplier in
(8) .From Eq. (6) we have:

This can be written as:

Alg.q)q=0 (9)

-
Where, 4 = E;‘;‘__‘, q=1(q1: Gz :qy)

fl

Let S be be n % (n — d) , full rank matrix made from the basis vectors of the null space of 4 in
(9) such that 5(q) = [9,(q) 9.(q) - Gn-s (@)]

Then there exists velocity vector v(t) = [v, v, ...v,_, ] such that
i = S(@)w(o) (10)
Substtuting § in (8) and premultiplying it by ST we obtain:

) Mo(t) + F(q,q) + D(q)=E (11)
Where,
M = s™M(q)5(q),F(q.q) = S"[M(q)S(q)v(t) + €(q.q)], D(q) = S"D(q), E = 57Q"

The constrained dynamic equation (7) is now changed to reference Control model for
programmed motion given by:
{ Mi(t) + Flq.q) + D(a) = E (12)
@k(%ﬁr&rtj:ﬂ r[k:]'!"'!d]
The advantage of(12) is that ,it doesn’t include the constraint force and hence is convenient for
tracking control.
Equation (12) is said to be reference control model because it is used for planning a dynamically
possible trajectory of a given dynamic system and a programmed motion. An example is
provided to make the concept clear.

Example: Consider a wheeled mobile robot shown in the figl.The natural constraints of the
system are given by:
—x 5ind + v, cosf = 0,
i cosf L _sinf L 6L = Roy,
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% cos6 + ¥y, sinf — 0L = Re,
Let us add a programmed constraint to the robot, that we require it to move along a curve whose
curvature is 5.1.e.
3P =0

=]

iﬂ}?ﬂ - J:Fﬂ'%ﬂ - 5[1.:
Based on (12) we can get the plane (dynamically possible trajectory for the robot) or the required
curve can be obtained. Indeed, it can be shown that,
my, v, +t mx_x =0
Where, m is the mass of the robot. The required curve as a result of the programmed constraint
is obtained to be:

= L i = _—1 = "
X = sin(5bt), ¥, o cos(5bt),8 = 5bt (

for a non-zero constant b.
The Dynamic Control Model is developed by considering only the natural constraints (without
the programmed constraint) from:

Fﬂ@&+cmﬁj+ﬂm}=HWmﬂﬂ+q” (13)
Bg=20
. . .. — [y
Where B is the usual Jacobian matrix given by B = (a_q-)

Remark: Natural constraints includes holonomic and linear first order nonholonomic
constraints that are not programmed constraints.
Using the concept of Null space employed above (13) can be written in the form:

{fﬁi +Cq+N=1
Bg=0
T is the control input .Equation (14) is said to be dynamic control model.

(14)

For the purpose of programmed motion tracking control, we use both equations (12) and (14).
The required trajectory is obtained from (12) based on the given programmed constraint and the
control tracking is done by (14).

Moreover for stabilization purpose we use the well known control method called Computed
Torque(CT) .

If 2 is the reference trajectory and g is the actual trajectory vectors
then from CT method the torque is required is given by:

#(q) %, + C(q.d) %+ N(g) = © (15a)
Eq.(15a) is the first torque required to start motion tracking. (15a) is
then improved to (15b) to look for appropriate entries of the positive
definite symmetric matrices Kz andK,

M(q)|[ % — Kye—K,e] + Clq@)q+N(gq) =1 (15b)

Where e = x5 — q is the error encountered while tracking,

Note: The main objective of tracking a programmed motion is to a find a torque that constrain
the motion of the dynamics towards the required trajectory.
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Let us continue with the example started above. With regarding to equation(*) let us take
b = 1/10 and then the reference trajectory becomes:

x; = 25in(0.5.t); y; = —2.cos(05.t); 6, =0.5.¢;
Simulation. We obtain 7 from (15a) and then actual position from the first part of (14) .
The new trajectory becomes: x,=sin(0.5t); y~-cos(0.5t), 8,=0.5t

After several experimentation on MATLAB, the following simulation is made using
k d 11=0.01,k d 22=0.01,k p 11=0.0L,k p 22=0.01,k d 33=1,k p 33=10

Error simulation result;

o.1 e)

l ‘
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The planned trajectory and the controlled trajectory with good harmony are shown in figure 3.
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COSMOLOGICAL MODELS WITH AN EFFECTIVE /A -TERM IN LYRA
MANIFOLD

V.K. Shchigolev*

Department of Theoretical Physics, Ulyanovsk State University, Ulyanovsk 432000, Russia

Lyra's geometry [1] provides one of the possible alternatives in modification of the
cosmological models, the need for which is almost generally recognized. Such a modification of
the gravitational theory has long been known, but now it again attracts attention due to the
opening of the late-time cosmological acceleration. This fact followers from the supernovae of
type la observations, Cosmic Microwave Background Radiation and Baryon Acoustic
Oscillations in galaxy surveys. Different versions of the scalar-tensor theories are involved to
solve the problem of late acceleration. Recently, a number of interesting results have been
obtained for the effective cosmological term in Lyra geometry [2]-[4]. One should recall that the
displacement vector field has a purely geometrical origin. Therefore, it seems rather logical that
such a field in the dynamical equations of cosmological models should be considered as a
constant, possibly associated with a cosmological constant, or as a hidden parameter which is
masked in some dynamical parameters of the model. We intend to apply this idea to the models
in Lyra geometry. Initially, an auxiliary cosmological term as a kind of "bare" cosmological term
A(t) , somehow interacting with the displacement vector field, is substituted into the

gravitational equations.

Einstein's field equations in Lyra's geometry, in normal gauge, can be written with a time-
varying A -term as

1 3 3 .
Rik _EgikR_Agik +E¢i¢k _Zgik¢j¢j :Tika

where ¢ 1is a displacement vector. For simplicity, we assume that the gravitational constant

87G =1. Considering the matter to be a perfect fluid, we have T, =(p, + p, Ju.u, —p, &>

where u, =(1,0,0,0) is 4-velocity of the co-moving observer, satisfying uu’' =1 .Let ¢ bea
time-like vector field of displacement, ¢, = (2 B/ \/3,0,0, O), where [ = pB(¢) is a function of

time alone. Given a spatially-flat FRW- metric, we can reduce the field euations to the following
set:
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3H* =p, + A+ B, 2H=—(p, +p, +2B°),

where H =a/a is the Hubble parameter, and an overdot stands for differentiation with respect
to cosmic time ¢. The continuity equation is p, + A + 28 + SH(pm +p, +2B° ): 0. If we are

going to preserve the continuity equation for matter in its standard form, the field equation yields
the following equation for the A term and displacement field:

3 1 :
Ay =2 (09" -56199, ).
Consequently, we have the following continuity equation for the matter: p, +3H(p, + p,,) =0.

One can obtain that A+288+6HB> =0. Here, we study our model with the assumption of

A # const . Moreover, we suppose that the last equation is satisfied by a curtain A(¢) , which
can be found as the result of formal integration as A =—-p"— 6J.Hﬁ *dt+A,, where A, isa
constant of integration. The substitution of this expression into the Friedmann equations allows
us to get the basic equations of the model as 3H > = P s 2H = —(py + Doy )» where we have
introduced the effective cosmological constant A, (1) =A, —6J.Hﬁ2dt, and the effective

values of the energy density and pressure with the following expressions:

Py =P, +N,y P =p, N\ ”_Aeﬂ"
eff m eff » eff m eff 3H

Therefore, the auxiliary A - term is disappeared now, and an effective A, - term (13),
generated by the displacement field, is appeared.
It is easy to verify that the effective energy density and pressure also satisfy the continuity

equation in its usual form: p,, +3H(p,; + p,;) =0.

We consider three examples of solution for our model in the simple cases.

1. First of all, we consider the case of inflationary model, when H = H, =const. and

a(t) = a, exp(H,t) . Then we get that A, =A,—6H, [ f7dt. Ttis casy to find that
P =Ny —3H; —6H, [B*dt—=2p",  p,=—-A,+3H; +6H, [ pd.

In addition, it follows that p, +p, =-2B>. As well known, there are several approaches to
investigate stability of a model. For instance, one can use the fact that the sound-speed squared
should not be negative, ¢ = £ > 0. For our model, we conclude that this stability condition can
0
1 dinp’
3H, dt

>0.

be expressed as ¢ =—1-
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If we assume that our universe is filled with a perfect fluid described by some effective EoS
p, =Ww,p, »then we have w_=-1-28°/p . Therefore, due to the real character of the

displacement vector and non-negativity of the matter density, we obtain w_<-—1 . It means that
the matter should be of the phantom nature. For example, it can be a phantom scalar field ¢(¢) ,
for which p, =—¢>/2+V($), p, =p, =—¢>/2-V(¢) . It follows that ¢> =24 and

V(¢):¢—22+ 3H, [§7dt+3H; - A,

In this case, the stability condition (20) can be written as: dIn¢* /dt < -3H,. For the evolving
exponentially field with ¢ = ¢, exp(—A¢) , we have the potential of the following form

Vig)= %(l—?)H > +V,, where V, is a constant, and the stability condition reduces to the

inequality A >(3/2)H, . At this, the displacement vector field is obtained in the form:
B(®) = +(Ay, /\2) exp(~At).

2. In the second simplest case when the displacement vector is constant, thatis S° = 3, , we
have that A, (1) = A, -6, In[a(t)/a,], where a, is a constant of integration (the present-

day value of the scale factor). If we assume that the matter component of the Universe can be
described by a barotropic perfect fluid with some constant EoS parameter: w, <1 , then

=3(1+w,,)

P = Pod "
where p, is a constant of integration. Then the field equations take the following form:
3H? = pya”"" + A, —6B2 In[a(t)/a,], 2H=—(1+w, )p,a """ —2p7.

As known, the SNIa Union2 database includes 557 SNIa and provides one of the possible
observational restrictions on cosmological models. For this end, we express the scale factor a

in terms of redshift z by the relation a=(1+z)"', where we put the present value of scale
factor to be 1. Considering the definitions of the dimensionless energy densities,
Q,=po/3Hia,""", Q, =A,/3H;,Q, =2p)/H; , the Friedmann equation can be

. H2 +w, :
written as E°(z) = i Q  (1+z)0) 4 Q,, +Q, In(1+z), where H, is the present value
0
of the Hubble parameter. As well known , the distance modulus u is given by
u(z)=5log,,(d, /Mpc)+25, where d, is the luminosity distance. In the flat universe, it is

connected with redshift as follows

d, _(1+z)jHE( ot
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We study our model for a small value z compared with unity , that is for the epoch close to the
present time. Retaining in the series expansion of the power and logarithmic functions only
linear terms and using the relation €Q,,+€Q, =1 , we obtain

20+ )T B+ w, )R, + Q)2 1)
Lo Ho B0 +w,)Q,0 +Q '

Using this expression, we can obtain the distance modulus in terms of redshift parameter z and
find the best-fit values of Qg and Q,,. Thus, one could be to estimate the magnitude of

Bo=H;Q, /2 .

3. Now consider the following example, making use of the phenomenological law
o
3a’(t)

A =ala’(t). We obtain % (t) = and

_ =3(1+w,,) -2 _ =3(1+w,,) 1 -2
Py = Pod +tAy+aa”, py; =w,pa —AO—Eaa .

One can see that the term with o in the effective parameters reveals itself quite similar to the

curvature of three-dimensional cross-section ~k/a” . However, recall that the model is built in
the flat space-time. The appearance of this curvature-like contribution in the energy and pressure

is absolutely due to the displacement vector. :Introducing in additionto Q_, and Q, one
more dimensionless energy density Q_ =a/3H;a, , the following equation for the effective

EoS w, =p, /p, canbe obtained:

3(1+w,,) 1 (1+3w,,)
B wQOO—QAOx —3Q,x

w =
eff QmO +QA0x3(1+wm) +an(1+3wm)

b

where and below x =a/a, isthe dimensionless scale factor. At this, the deceleration parameter

can be obtained as g=—-1-H/H* = (1+3w,)/2 . Assuming w, >-1, we have w, — -1

as x —> oo regardless of the values €, and Q, . Note that the effective EoS is able to cross

the phantom divide line w,, =—1 at a certain value x=Xx , which satisfies the following

300
equation: X" =—(w_ +1 m0
q (w, +1) 20

a

. If X # 0, then the crossing occurs at w, <-1 .

For the Friedmann equation, we obtain the following equation for the dimensionless scale
factor

-2 .2 —(1+3w,,) 2
H; x" =Q, x +Q, X" +Q,.
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One can find the analytical solutions to this equation for some values of the barometric index
of matter w,_ . Let us note an interesting feature of this equation regarding its coefficients, i.e.,
the relative densities of energy. Assuming that at the early stages of evolution the matter exists
mostly in the form of radiation, ie. w, =w, =1/3 , then we can that equation for a non-

negative y=x" as y=2H, \/Qmo +Q,y +QA0)’2~ The real and non-oscillating solutions for
v can be obtained if the discriminant of quadratic polynomial is not negative:
Q2 -4Q Q A, 20. Assuming the limiting case of zero and taking into account the identity

Q,,+Q, +Q,=1 , we can obtain the following interesting relations:
Q, =(1-y2, ). o, =2/o, (1-/a,).

Choosing, as an example, €, =0.72, we obtain the approximate values Q,, =0.02,

Q,=0.26 , which we used above. When these conditions, the equation for y can be easily

integrated and gives:

1_\/97/\0 2H\[Qy 8 "
a=a, T(e —1) ,

where the constant of integration is chosen according to the condition a=0 as ¢=0 . Because
a, corresponds to the present scale factor, it is easy to find the age of the universe ¢, as

1
t,=———=In{l—-,/Q that for Q, =0.72 gives ¢, ~1.112/H, .
0 2H0\/Qi/\0 ( AO)’ Ay g 0 0

We have to note that our model can be more realistic if we introduce one more matter
component that interacts with the first one or not. Each of these components should be
responsible for its own contribution to the total energy density.

[1] G. Lyra, Math. Z. 54 52, 1951.
[2] V. K. Shchigolev, E. A. Semenova, arXiv: gr-qc/1203.0917
[3] V. K. Shchigolev, Mod.Phys.Lett. A 27 1250164, 2012.

[4] V. K. Shchigolev, Chin. Phys. Lett. Vol. 30, No. 11 119801, 2013.
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CYLINDRICALLY AND AXTALLY SYMMETRIC WORMHOLES.
THROATS IN VACUUM?

K. A. Bronnikov and M. V. Skvortsova

Center for Gravitation and Fundamental Metrology, VNIIMS, Moscow, Russia

Institute of Gravitation and Cosmology, Peoples’ Friendship University of Russia, Moscow,
Russia

We discuss the existence conditions of wormhole throats and wormholes as global configu-
rations in general relativity under the assumptions of cylindrical and axial symmetries. It is
pointed out, in particular, that wormhole throats can exist in static, cylindrically symmetric
space-times under slightly different conditions as compared with spherical symmetry. In
cylindrically symmetric space-time with rotation, throats can exist in the presence of ordinary
matter or even in vacuum space-times. However, there are substantial difficulties in obtaining
asymptotically flat wormhole configurations: such examples are yet to be found. Some features
of interest are discussed in static, axially symmetric configurations, including wormholes with
singular rings and wrongly seeming regular wormhole throats in the Zipoy-Voorhees vacuum
space-time.
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METRICAL CONCEPTION OF THE SPACE-TIME GEOMETRY
Yuri A. Rylov
Institute for Problems in Mechanics, Russian Academy of Sciences,

e-mail: rylov@ipmnet.ru

Conception of the space-time geometry describes an interaction of concepts in the space-
time geometry. Hierarchy of concepts is essential in the conception. There are two conceptions
in the space-time geometry: (1) axiomatic conception and (2) metric conception.

Geometry has been arisen many years ago as a science on a shape of geometrical objects and on
their mutual disposition in space. It was the proper Euclidean geometry GE. Any geometrical
object in GE can be constructed of blocks. Blocks are segments of straight line. Any geometrical
object O can be filled by a set S of straight line segments Lin such a way, that any point VP € O
belongs to one and only one segment L € S . Segments Lhave no common points. This property
of GE can be used for construction of any geometrical object O of the Euclidean geometry GE.
Properties of the straight line segment can be formulated as some statements St/. The rules of
displacement of the straight line segments can be also formulated as some statements Sz2. Using
these statements St/ and St2, one can formulate the rules for construction of any geometrical
object in GE. Considering St=St/" St2 as basic statements (axioms) of GE, one can obtain the
rules of any geometrical object construction as a logical corollary of Sfand of definition of the
geometric object. These rules can be formulated as some statements. The set of these statements
forms the proper Euclidean geometry GE. Such a form of the Euclidean geometry GE
presentation can be qualified as the axiomatic conception of GE.

The Euclidean geometry GE is considered formally as a logical construction founded on the set
Stof Euclidean axioms. Usually one does not consider the reasons, why the logical construction
describes the Euclidean geometry GE. One believes, that any logical construction, containing
axioms about properties of the simplest geometrical objects such as the straight line, describes
some geometry G which may differ from GE. The symplectic geometry has no relation to
properties of geometrical objects. Nevertheless, it is treated as some kind of a geometry, because

it is a logical construction, which is close to the Euclidean geometry GE.

For construction of a generalized geometry G one uses another set Sg of axioms Ag. If the
axioms Sg are consistent, one obtains a generalized geometry G, which is a logical construction
in the framework of the axiomatic conception of a geometry.

In such a way one constructed the geometry GM of the space-time, known as the
geometry of Minkowski. Such a logical construction is possible, because axioms describing
properties of straight lines are practically the same in GE and in GM. However, if the properties
of the straight line segments in the generalized geometry G differ from those in GE, the logical
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construction of G becomes to be problematic. Let us imagine that the straight line segment Lg in
G has the shape of a hallow tube. In this case a usage of the segments Lg as constructing blocks
for construction of geometric objects becomes to be impossible. In the microcosm the real space-
time geometry is discrete, and the straight line segments have the shape of hallow tubes. In this
case axiomatic conception of the space-time geometry cannot describe the real space-time
geometry. Then a connection between the geometry as a logical construction and geometry as a
science on the shape of geometrical objects fails. It means that capacities of the axiomatic
conception for construction of generalized geometries are restricted.

Besides, a construction of a geometrical object in GE and in the generalized geometry G,
obtained from GE in the framework of the axiomatic conception, needs a proof of numerous
theorems. In other words, a construction of a geometrical object in G needs a repeating of the
construction of this object in GE. There is another way of a geometrical object O construction in
G. One constructs OF in GE and thereafter one deforms GE into G. At this deformation the
geometrical object OF in GE is deformed in the geometrical object O in G. The deformation
procedure of OE is much simpler, than the construction of OF and O from constructing blocks (it

means a proof of theorems). Such a procedure of the geometric object construction is used in the
metric conception of a geometry. This procedure (deformation) is very simple.

The fact is that, the Euclidean geometry can be presented completely in terms of its metric
d(P,Q). Here the quantity d(P,Q) is the distance between VP,Q € Q.

Here Q is the set of points, where the Euclidean geometry GE is given. Instead of d it is

. : 1 o .
convenient to use the world function W (P,Q) = Ed *(P,Q). The world function is real even in
the geometry of Minkowski, where the distance d is imaginary for spacelike intervals. Idea of
metric conception is not new [1]. Unfortunately, the distance geometry of Blumenthal [1] is not
a monistic conception, when a geometry is described completely in terms of distance and only in
terms of distance. Blumenthal failed to construct a monistic conception of geometry, although
the monism is very important for the metric conception construction.

In the metric conception the world function W of a generalized geometry is defined

as a single-valued function
W:QxQ—>R, W(P,Q)=W(Q,P) W(P,P)=0VP,0ecQ (1)

Here Qis the point set, where the geometry is given. In the Euclidean geometry GE the world
function W has definite properties which can be described by additional restrictions.

The Euclidean geometry GE is formulated in terms of the world function W and only in terms
of the world function. Geometrical vector (g-vector) PQ={P,(Q} is defined as an ordered set of
two points P and Q. The term "geometrical vector" is used in order to distinguish it from the
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linvector u, which is defined as an element of the linear vector space Ln, which is used in GE,
and ue L, . In GE linvector and g-vector can coincide. However after deformation of GE they

do not coincide, generally speaking.

Two g-vectors PQ and RS are equivalent (PQeqvRS), if their lengths are equal and they are in
parallel (PQ.RS)=]PQj * jRS]j

(PQeqvRS): (PQ.RS)=jPQj ® jRS] " jPQj =]RS] )
Here (PQ.RS) is the scalar product of two g-vectors PQ and RS, defined in terms
of the world function in the form
(PO.RS)=W(P,S)+W(Q,R)-W(P,R)-W(Q,S) 3)

The length jPQj of the g-vector PQ is defined by the relation

POj= 20(P,0) 4)
Here o is the world function of GE. Equivalence of two g-vectors is defined by (2).
ng-vectors POP1,POP2, ...POPn are linear dependent, if and only if the Gram

determinant

F,(P,) = det|(R,P.F,R,)

., ,ik=0,1,...n (5)

Vanishes
F,(P)=0 (6)

The relations (4), (2), (6) are general geometric relations. They are valid in any generalized
geometry G obtained as a result of deformation of GE. Deformation of GE into G is obtained at
the replacement o — W in relations (4), (2), (6). Hereo is the world function of GE, and W is
the world function of G.

There are the special relations of the n-dimensional proper Euclidean geometry, which have the
form [2].

In the framework of metric conception geometrical objects are described in terms of world
function, and one can recognize the same object in different space-time geometries.

In the framework of the metric conception any generalized geometry is obtained by repalcement
of the Euclidean world function o by the world function W of the generalized geometry G in
relations (4), (2), (6). Such a replacement in the special relations of GE is not produced, because
these relations describe properties of the world function o of GE.

The Riemannian geometry which is used as the most general geometry in the axiomatic
conception cannot be described without a reference to a coordinate system. It is a defect of the
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axiomatic conception with respect to the metric conception. One cannot identify the same
geometric object in different space-time geometries described in the axiomatic conception. It is
also a defect of the axiomatic conception. The set of physical space-time geometries is more
powerful, than the set of Riemannian space-time geometries. It is also a defect of the axiomatic
conception at its use as a space-time geometry.

In the general relativity, where the space-time geometry is determined by the matter distribution,
one should use the metric conception for a description of the space-time geometry. A use of the
metric conception leads to impossibility of the dark holes formation [3]. The reason of such an
impossibility is the induced antigravitation, arising in the case, when the matter is very dense [4].

In the metric conception world line of a tachyon wobbles with infinite amplitude, and detection
of a single tachyon is impossible. However, the tachyon gas forms the dark matter, and its
gravitational influence can be detected [5, 6]. The metric conception of the space-time geometry
solves easily the problem of the dark matter, which fails to be solved in the framework of the
axiomatic conception.
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ON A CLASS OF AXTALLY SYMMETRIC WAVE SOLUTIONS TO THE YANG-
MILLS EQUATIONS

A. S. Rabinowitch

Moscow State University of Instrument Engineering and Computer Science, Moscow, Russia
E-mail: rabial@mail.ru

In the present work we study axially symmetric wave solutions to the Yang-Mills equations
with SU(2) symmetry which play an important role in modern physics. These equations can be
represented as [1, 2]

D, F*" =0 ,F*" + ge, F™* Al = (4r /)T ", (1)
FoHr = ot 45 — 0" A5 — gg,, AP A™ (2)

where A" and F**¥ are potentials and strengths of a Yang-Mills field, respectively,
k,bm=1,2,3; nv=0,1,2,3, J kv are three 4-vectors of source current densities, Eum 18 the

antisymmetric tensor, &5, =1, g is the constant of electroweak interactions, D, is the Yang-

Mills covariant derivative, 0O L =0/ox", x" are space-time coordinates of the Minkowski

geometry, x" =ct, x' =x, x> =y, x> =z, t is time, and x y, z are spatial rectangular

coordinates.
The Yang-Mills equations (1)—(2) have the following consequence [1, 2]:
D,J* =0, J" +ge, JVA" =0. (3)
Let us examine Yang-Mills fields generated by macroscopic sources of the classical form
JE =efyY, (4)
where ®* and V'V are source charge densities and 4-velocities of source points, respectively.

As is well known, the Yang-Mills equations (1)—(2) are covariant under rotations of the field

sources J* in the three-dimensional gauge space [1, 2]. Performing such gauge rotations, we
can reduce the field sources (4) to the following form:

Jl,V :JV’ J2,V :J3,V :0’ (5)
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where J" is a classical 4-vector of current densities. It should be noted that the Yang-Mills
equations (1)—(2) with the field sources of form (5) were investigated in Ref. [3].

From (3) with &=1 and (5) we come to the differential equation of charge conservation

8,J" =0. (6)

v

Examine now non-Abelian waves propagated through axially symmetric sources of the
following form conforming to (5):

T =), T =x ), TV =y Lp), TV =P m,p),
J2,V — J37V — 0’ (7)

n=wx’-z, p=yx*+y?, o=const,

where ;" are some functions of the wave phase wx” — z and the radial coordinate p .

This problem was studied in Ref. [4]. In it axially symmetric wave solutions to the Yang-
Mills equations (1)—(2) with the examined field sources (6) were sought in the form

A =t @.p). A =0 (n.p). A% = (. p). A = (. p). (8)
Further we will use results obtained in our work [4].

First it should be noted that after substituting expressions (8) into formula (2), we find

k03 _ K
F =xq 01.p), F*” = yq" (1.p), F*% =", p), ©)
q" =ovy +(/ pluy - gegu V", s =ow, —u; - gegu w",

k:

o du* /9p , and also obtain

where u,/; =ou’/om, u
FR12 =0, FEU = xn* @, p), F*% = yh* (. p), (10)
h* = —(l/p)wﬁ —v,]; —gep,v W
Let us now substitute expressions (7)—(10) for the field sources, potentials, and strengths into
the Yang-Mills equations (1). Then we come to the following system of equations:

Pay+2q" sy = g8 (P2gV" +5'W") = ~(4n/¢) j°5, (11)
oqy +hy +geg, (q'u" +h'w")=(@r/c)j's,, (12)
wsy + phl +2h" + gey, (s'u” — p* V") = (4n /) /5, (13)

where

S =1, 8=6,=0. (14)
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Consider the case of transversal non-Abelian waves in which the vector of energy flow is
parallel to the direction z of the wave propagation. Then we should put

F*% =% =0. (15)
From (9) and (15) we have
(ow* —u®), —geyu'w" =0. (16)

k

Multiplying (16) by e@w® —u* and summing the product over k, we find, taking into account

the antisymmetry of &, ,

d 3
— > (ow* —u")? =0. (17)
dnia
Let us assume that the considered waves are absent and have zero potentials when 7 <0.
Then, as follows from (17), we have
u® = ow®. (18)
From (9), (10), and (18) we obtain
q" =—-oh*. (19)

Substituting equalities (15), (18), and (19) into Egs. (11)—(13), we come to the following
system of equations:

Jj' =wj’, (20)
pht +20* — gpPey, h'v" = (4 /)8, (21)
(1 —wz)(hrl; + ggk/mhlwm) = (477/0)j15k' (22)

It should be noted that the following sources ;°, j* satisfy equality (20) which are the sum of

the sources j{, j; and j3, j> with different signs of the charges of their carriers:
) =R 7=
v =a@,p)l+ wgl(n,op)], 3= —a(gn,p)[l — B, (1, p)], (23)
Ji=nh B2 J2==J2B,
where a(n, p), f1(n,p),and B, (n, p) are arbitrary functions.

Examine the system of equations (21) and (22) describing the transversal non-Abelian waves
under consideration. Let us use equalities (3), (5), and (6). From them we readily find

0,J" =0, JWAI=0, J™4) =0. (24)
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Taking into account (7) and (8), from (24) we obtain
wj) +piy+2j' = jo =0, (25)
Fout - p? ik = dwk =0, k=2,3. (26)

Owing to (5), we can choose a gauge rotation about the first axis in the gauge space so as to
also fulfill equality (26) when k =1. Then because of (18) and (20), Eq. (26) acquires the form

iVt + (-0 W =0, k=1,2,3. (27)
Using equality (20) again, we can represent Eq. (25) as
Pip+2j' =(1-0%)j;. (28)
Let us denote
rf=pht, a=p'jt -0, b=p. (29)
Using (29), we can rewrite equalities (27) and (28) as
apv = —bw*, (30)
a,=b,. (31)
Let us turn to Egs. (21) and (22). Using (29), we can represent them in the form
fp = 8Peun fV" = (411 )bSy., (32)
1+ gepm [ W" = (4r/c)as, . (33)
Consider Egs. (30)—(33). From Eq. (30) we have
k

vi=bo*, wh=—pact, (34)

where o =% (n, p) are some functions.

Substituting (34) into Egs. (32) and (33), we obtain

fY=ba, ff=ak., (35)
where
My =@4r ] )y +gpey, fla™ . (36)

Let us turn to solving Egs. (35). From them we easily obtain
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afy —bf; =0. (37)

Let us now show that Egs. (37) have the following solutions:
k k k f 3
=%, o%0)=0, £=[bdp, b=pi’@n.p). (38)
0

where ®F (&) are arbitrary differentiable functions that should be zero when & =0 because of
(29).

Indeed, from (38) we have, taking into account (31),
P P

&, =b, & =[bydp=a,dp=a, (39)
0 0

[f=08©), [y =@ dE)b, fi =(d0"/dS)a, (40)

P

where it is used that because of (29), a =0 when p =0.

From formulas (40) we easily come to equalities (37). Therefore, formulas (38) give solutions
to Egs. (37).

Because of the arbitrariness of the functions ®*, the obtained formulas (38) give the general
solutions to Egs. (37), since they are partial differential equations of the first order.

Let us now substitute expressions (38) for the functions /¥ and formulas (40) for their

derivatives into Egs. (35)—(36). Then these equations acquire the form
dd* /dé - gpe,, ®'c™ =(4n/c)s,, &, =1, 5,=5,=0, (41)
where we have taken (14) into account.

Multiplying Egs. (41) by ®* and then summing them over k, we obtain, using the
antisymmetry of ¢, ,

3
> o do" /dé = (4n /o)D" . (42)
k=1

Besides (42), from Egs. (41) we derive

oo 1 d® 0O s 1 d0’ @)

T T de oo T gpdl(©) d& @)

Using relations (9), (10), (15), (19), and (38), we come to the following formulas for the field
strengths in the considered transversal waves:

(43)
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FE% = —(ax/ p?)@* (£), F*% =—(ay/ p?)@" (&), F** =0, (44)
FE2 =0, FF5 = (x/ p")®* (&), F*2 =(y/p)0* (&), (43)

P
©'(0)=0. &=[p’dp. J' =/ (@"~zp). (46)

0

where ®F (&) are arbitrary differentiable functions satisfying relation (42) and equal to zero
when £ =0.

The obtained formulas (44)—(46) describe the Yang-Mills field strengths F**"for the
considered class of transversal non-Abelian waves propagated at the constant phase velocity wc
through field sources in the direction of their axis of symmetryz .
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ON THE HOMOTOPY PERTURBATION METHOD IN COSMOLOGY
V. K. Shchigolev

Department of Theoretical Physics, Ulyanovsk State University, Ulyanovsk 432000, Russia

The basic equation governing dynamics of the cosmic evolution is known as the Friedmann
equation. Since this equation is relevant to many cosmological models, any approach to its
solving is always of great interest. The homotopy perturbation method was first proposed by Dr.
Ji-Huan He [1-3] for solving differential and integral equations. This method has been
extensively studied over a number of years and successfully developed by numerous authors. As
well known, this method is a combination of homotopy in topology and classic perturbation
techniques. The HPM has a significant advantage in that it provides an analytical approximate
solution to a wide range of nonlinear problems in applied sciences.

Applications of the HPM cover the nonlinear differential equations, nonlinear integral
equations, nonlinear differential-integral equations, difference-differential equations, and
fractional differential equations. It has been shown that this method allows us to solve
effectively, easily, and accurately a large class of nonlinear problems, and generally one or two
iterations can lead to highly accurate solutions. The HPM yields a very rapid convergence of the
solution series in most cases considered so far in literature. In the present work, we show that the
usage of this method in cosmology also can provide good results where obtaining the exact
analytical solutions is basically impossible [4].

The Einstein's field equations with a constant A - term can be written as
1
R _EgikR_Agik =T,

where we assume that the gravity coupling constant 87G =1 for the sake of simplicity. All
other symbols have their usual meanings. Considering the matter as a perfect fluid with the
energy density p, and pressure p, , we have the following tensor of energy-momentum

(TEM) of matter T, =(p, +p,)uu, —p, &> Wwhere u, =(1,0,0,0) is 4-velocity of the co-
moving observer, satisfying uu’ =1 . The line element of a spatially flat FRW space-time can

be represented by ds’ = dt’ —az(t)(dx2 +dy® +dzz), where a(f) is a scale factor of the
Universe. Given this metric, we can reduce the field equation to the following set:

3H>=p, +A, 2H+3H=-p, +A,
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where H =a/a is the Hubble parameter, and the overdot stands for differentiation with
respect to cosmic time ¢ . The continuity equation is p, +3H (pm + pm): 0. Integrating this

equation for a constant equation of state (EoS) parameter w, =p /p,  , we have

=3(1+w,,)

L, =P d , where p ., is aconstant of integration. By substitution of this result into the

Friedmann equation along with the Hubble parameter, we obtain the following main equation of
2
Py 3Hj

dimensionless density parameter of matter, and p, = A/3 is the vacuum energy density. By

the model: a&*=H, lQmA a ) 4 aZJ, where H, = \/g, Q=P - Puo e he

introducing the dimensionless cosmic time ¢ =H,t , the Friedmann equation becomes
a’=Q  a"" +a* where the prime stands for the derivative with respect to 7 . The

Friedmann equation (10) is substantially non-linear, with the exception of the obvious case of
quasi-vacuum EoS, w, =-1 . So hereinafter we are interested in the EoS of matter w, # -1 .

As a test example we consider the case of FRW cosmology with the only form of matter
represented by the pressureless dust. The EoS of such a matter is known as w,_ =0 . Therefore,

the Friedmann equation after multiplying by the scale factor a becomes as follows:

aa'’=Q . +a’. The exact solution to this equation can be readily found in the form

1/3
ae.mct (T) = |:Qm/\ ) Sinh 2(%Tj:| :

Now on, we consider the HPM of solving equation (16). For this end, we suppose the following
homotopy aa'’-a’—pQ, , =0, pe[0,1], and assume that the solution of (16) can be

expressed as a series in p by a(r)=a,(t)+pa,(t)+p a,(t)+...

The initial condition a,(0) can be freely chosen. Here we set
a,(0)=—-a,(0)=a, =const.#0 and a,(0)=0 , where i>1 . The substitution of (19) into
equation (18) yields

0. t2 3
p ia,a, —a,; =0,

1, v ) 2 _

p :2aya,a +(a, —3a;)a,—-Q,, =0,

2 . . ) . ) o
p :2a,a,a,+(a, —3a;)a,+a,a, —3a,a; +2a,a,a, =0,

It is noteworthy that we obtain the set of linear equations. Their solutions with the initial

conditions given above can be readily found as a,(r)=a,e’, a,(r)=a,e’ [ﬁm(l—e%’)—ll

~ ~ ~ 1~ ~ ~
a,(r) = a, efEQm (1-Q )1-e)+ Zan (1—-e* )} where and below Q =Q  /6d,.

In accordance with the HPM, it follows that the solution is given by
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a(r) = f—;eT [(26 110 )ﬁm —2(13-70, )3, e —302 e — }

In order to determine the free parameter @, in this solution, let us compare (27) with a series

expansion of the exact solution (17) in exp(—27) represented by

Q 2 1
a,, . (t)=3 —2 ¢ {1 —te e - }
4 3 9

If we put, for example, Q , =4,= Q_=2/3a; for the sake of simplicity, then we can

rewrite the HPM solution as follows

~ 1 22 1 14
o) =y e’ | ——|26-= |- L fi3- M jos o L e |
18a;, 3a, 9a; 3a, 9a,

As can be seen from the behavior of the HPM solution in time compared with the exact
solution, this solution approaches the exact solution in a much greater degree than the last
approximate solution of the same order. It should be emphasized that in the HMP solution we are

able to fine-tune the model by means of the free parameter a,. One can see that a fairly high

degree of accuracy is achieved in solving the Friedmann equation by the HPM, even by means of
two iterations.

Let us now consider the model with the dust and a quentessence (w, < —1/3). For example,

we put w, =-2/3. Then we can obtain the following Friedmann equation:

aa'’=Q,, +Q a’ +a’, where Q,, =p /3H,. This Friedmann equation can be solved

only in quadratures, and does not have an exact analytical solution. So the attempt to solve this
equation with the HPM and a comparison of it with the corresponding numerical solution are of
certain interest.

In this case, we suppose the following homotopy

2
aa'

—a’—p(Q,,+Q,,a’)=0, pe[0,1], and assume that the solution can be expressed as a
series in p . Here, we set a,(0)=a, =const.#0 and a,(0)=0 , where i#0 . As aresult, we

have

0. 12 2 _
p a, —a, =0,

":2a,a,a +(a) *-3a)a,-Q , -Q  a’ =0
p aya,a 0 0/ mA gh 4o =Y

p’i2a5aya ,—2a, ay+ay(a) *=3a})+2aya,a,-2Q,, a,a, =0.
It is easy to obtain the exact solutions as follows

a,(t) =G, e D, (1—e)+ 0, (1—e )| a,(r)=¢ |- (23, @, - 1)@, +0,)1-e )+

~ ~

~ X2

Q. e~ Q Q
—-6a,0, ~2)(1-e>) 23,0, (Q, +Qm)(1—e’3’)—T’”(5aOQq +1)(1—e*4’)+‘1$Tm(1—e*6’) :
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where Q) . =, /2a,, and the initial condition a,(0)=a,(0)=0 is applied. As a result, the

approximate solution of the Friedmann equation is given by

a(t)=e’ (AO +A, e +A, e +A, e+ A, e +A4 e ),

where

(20,+38,,)

Ay =3,(Q, +Q, +1)+ 0 B (502 4210, Q, +7Q0),

~

A, =a,Q, -)Q,+Q,)-3,Q,, 4,=-10,3a,Q,-2),

A, =3,Q,020,+20, -1), 4,=10,63,Q,+1), 4,=-1+3,02.

4

As an illustrative example, we can set Q,, =04, Q , =1/35 . For these values of the relative

densities of matter and, for example, a,=1.1 , one can find from (39) that

A, =1.204623506, A, =0.006354359928, A , =-0.04814604228, A , =0.01341633573,
A ,=-0.0006899125812. The graphs of a(r) for the numerical solution and the HPM

solution are plotted in Fig. 1.

a(7)

T

Figure 1. The scale factor a(t) is shown for the numerical solution with @,(0) =1 (dotted line),
obtained with the help of Maple, and for the HPM solution with a, =1.1 (solid line).

It can be seen that two lines which describe the numerical solution and the approximate solution
(with @, =1.1 ) look almost identical. It is quite remarkable that the further and better

approximation could be achieved by means of the further fine-tuning of a,, .

Given the analytical solution obtained here, we are able now to study this model further. It is
not our aim here to consider all its features in detail. Note only that one can obtain almost all
parameters of the model by means of the Hubble parameter H =da/a . From our HPM solution,
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it is easy to derive the following equation for the Hubble parameter:

A, - 22:2 (n—-1DA_, e —54_ e

H()=H
() ="H, A +Y A e+ A, e

Hence we can see that H(r > o) =H

Thus, the results of the present work reveal that the HPM is very effective and simple for
obtaining approximate solutions of the Friedmann equation in cosmology.
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ROTATION OF AN ELASTIC SPHERE ABOUT ITS MASS CENTRE IN THE
GRAVITATIONAL FIELD OF TWO ATTRACTING CENTRES

Baranova E.Y., Vilke V.G.
Lomonosov Moscow State University, Moscow, Russian Federation

There is a model problem of the Earth as an elastic uniform sphere moving in the gravitational
field of two particles the Moon and the Sun. We suppose that the Sun is fixed and the centre of
the Earth moves around the Sun in the circular orbit and the Moon moves around the Earth’s
centre in the circular orbit too. The Earth deformations are determined by centrifugal forces of
inertia and gravitational forces of attraction of two particles the Moon and the Sun. The problem
of this research is to determine a rotation law of the deformable sphere (the Earth) about its mass
centre.

In the problem there is a small parameter inversely proportional to the coefficient of
elasticity of the sphere. As a result it appears that the sphere deformations due to centrifugal
forces of inertia and gradient field of gravitational forces are small.

Deformed state of the sphere is determined under the motion separation method as a
solution of the quasistatic problem of elasticity theory [1,2].

The sphere deformations field is considered as a sum of four displacement fields

u(r,t) =« Z u (7, t).

k=1

Here £ is the small parameter. The displacement fields w4 (7,t) and u, (7,t) are produced by the
gravitational fields of the Moon and the Sun and named by tidal deformations. The displacement
field ug(r) is permanent and it appears because of the inertia centrifugal forces field acting
under the sphere rotation and determines the sphere compressing. The permanent field u,
corresponds to spherically symmetric deformation of the sphere.

At first we consider disturbed motion of the deformable sphere without regard for the
influences of the Moon and the Sun. The motion equations describe regular precession like the
one in the Euler case of the inertial motion of the symmetrical solid body. In the case of the

Earth this motion occurs with the constant angular velocity and has the Chandler term 7, =428
days [3].

After substitution the Earth’s values for the expression of the sphere comparative
compressing due to centrifugal forces under the rotation equivalent magnitudes of the coefficient
of elasticity and Poisson ratio are found.

Then influence of the Moon and the Sun is considered. The moment of the external forces
acting at the points of the deformed sphere is caused by the field of the gravitational forces of the
attraction of the two particles the Moon and the Sun. The potential energy of the gravitation
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forces is the integral over the sphere of the specific potential of gravitational forces. Satellite
approach of the gravitational potential is used in the problem [4].

The shape of the sphere changes under the influence of the field of centrifugal forces. As
a result the sphere deformations are occurred and the inertia tensor of the deformed sphere is
axisymmetric relative to the axis of rotation.

The sphere inertia tensor which components depend on time is found.

Perturbation of angular velocity is also found. The changes of the first and second
projections are the superposition of the oscillations with Chandler term 428 days and oscillations
with twenty-four hours period, their amplitudes change with the period half a month and half a
year. The third projection of the angular velocity disturbance is the sum of the constant and
periodic additives with the periods half a month and half a year. All this corresponds to the real
values of the angular velocity of the Earth rotation [3].

The represented model doesn’t consider disturbances under seasonal climatic conditions
and dynamics of the atmosphere.
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STABILIZATION OF OSCILLATIONS IN THE MODEL CONTAINING THREE
COUPLED SUBSYSTEMS

Valentin N. Tkhai, Ivan N. Barabanov

Trapeznikov Insitute of Control Sciences of Russian Academy of Sciences, Moscow, Russia

Consider the model containing three coupled subsystems of the second order [1]. We
suppose that each of generating subsystems admit a family of periodic solutions. Each subsystem
is assumed to operate in the ordinary mode [2] at the point of interest (the main oscillations mode
of the MCCS)

In the frame of MCCS concept we can state two kinds of stabilization problems: 1) to
stabilize oscillations of the set of generating subsystems by small periodic coupling controls; 2)
to stabilize the oscillations of MCCS itself.

Both problems are solved on the base of stability conditions for MCCS. Those stability
conditions for the MCCS containing three subsystems of the second order are found in explicit
form and are based on the analysis of Lyapunov exponents of the MCCS.

The obtained results can be applied to stabilize various systems, such as chains of
mechanical oscillators, wind turbine, coupled pendulums, etc.

This work was supported by the Russian Foundation for Basic Researches (13-01-00347a, 13-
01-00376a) and by the Program 14 of the Branch of Power Engineering, Industrial Engineering,
Mechanics, and Control Processes of Russian Academy of Sciences.
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THE MODEL CONTAINING THREE COUPLED SUBSYSTEMS: EXISTENCE OF
OSCILLATIONS IN THE MAIN MODE

Valentin N. Tkhai, Ivan N. Barabanov

Trapeznikov Insitute of Control Sciences of Russian Academy of Sciences, Moscow, Russia

The model containing coupled subsystems (MCCS) is introduced in [1] to describe
systems encountered in nature, engineering, etc. The model is described by a system of ordinary
differential equations (ODE), where subsystems are autonomous ODEs. The coupling between
subsystems is characterized by a numeric parameter &, the subsystems becoming independent as
€ = 0. The N-planet problem serves as an example of the MCCS with single-leveled subsystems.
In this paper we consider the MCCS that contains three subsystems at a single level. The
subsystems are supposed to operate in the ordinary mode. The problem existence of oscillations
is solved.

Consider the MCCS that consists of three subsystems of second order. Each subsystem is
supposed to admit a family of oscillations with period depending on a single parameter [2]. In
the point of interest each subsystem operates in the ordinary mode, i.e. the derivative of the
period with respect to parameter is nonzero. The mode when all subsystems operate in the
ordinary mode is called the main mode of oscillations of MCCS.

In order to determine necessary and sufficient conditions for oscillations to exist a special
system of amplitude equations is constructed. Those conditions are formulated in terms of the
existence of a simple solution.

This work was supported by the Russian Foundation for Basic Researches (13-01-00347a, 13-
01-00376a) and by the Program 14 of the Branch of Power Engineering, Industrial Engineering,
Mechanics, and Control Processes of Russian Academy of Sciences.
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AJITEBPANYECKHUE OCHOBAHUA MEXAHUKHU HBIOTOHA: 3AKOHBI
COXPAHEHUS, THAYINUPOBAHHBIE IIOJIMHOMUAJIbBHBIMHU CBA3AMU

Brnagumup B. Kaccangpos, Unayc L. Xacanos
Email: vkassan@rambler.ru, khasanov@sci.pfu.edu.ru
Hucmumym epasumayuu u kocmono2uu, Poccutickutl ynusepcumem opyarcovl Hapooos, Mockea
Abstract

In development of the old ideas of Stueckelberg-Wheeler-Feynman on “one-electron Universe”,
we define trajectories of motions of the ensemble of (two kinds of) identical point-like particles
by the algebraic system of implicit equations. We choose the polynomial form of the functions
which define a single “worldline” and represent by their roots (real and complex conjugate) a
model for dynamics of particles. The dynamics includes events of “merging” of some two
particles modelling the processes of annihilation/creation. Correlations in the location and
motion of the particles-roots relate, in particular, to the Vieta's formulas. Analyzing these
relations we found that this algebraic construction reproduces by itself the general structure of
Newtonian mechanics including almost the complete set of the canonical conservation laws.

B mpencraBnsieMoM Moaxoje, OCHOBAaHHOM Ha UACAX aleeOpOOUHAMUKU, BMECTO CTaHAAPTHOTO
napaMeTpUIecKoro crocoda 3aaanusi MUPOBOW JIMHUU B BUE X, = f,(t), mbl [1,2] ucons3zyem

€€ Hes6Hoe 3aJjaHNe CUCTEMOH 3-X aareOpandecKuX ypaBHEHUH, BKIIOUYAIOMIMX TAKKe IMapaMmerp
IBOJIIOLUH ¢ — a0COJIIOTHOE HBIOTOHOBCKOE BpEMSI:

F (x,%5%q,t) = 0,a=123. (1)

[Ipu sToM mis PUKCUpOBAHHOTO 3HAYCHUs Mapamerpa ¢ cucrema (1) mmeer, BooOIIe TOBOPS,
CUCTHBIN HA0Op pelIeHU X,(t), MHOKECTBO KOTOPBIX OIMCHIBACT MOJIOKCHHUEC M THHAMHKY

LEJIOTO0 gHCAMOAA YacTHIl HAa OJHOM M TOW XK€ MHUPOBOH JIMHUM U PEaTH3yeT TEM CaMbIM
KOHIICTIIINIO «OJTHORJIEKTpoHHOU Beenennoi» Yunepa-®eiinmana-IlItiokensoepra [3,4].

B kauectBe reHepupyrommx ¢GyHKUMA s cucteMbl (1) BeIOMparoTCs  noauHOMbl  C
BEILECTBEHHBIMH KOA(G(QUIUEHTAMH, YTO MO3BOJSAET IPU JTIO0OOM ¢ ONPEAEIUTh NOIHOE YUCTO
KopHell (M accouMUpyeMbIX ¢ HUMH dYactul) Haj mnonem C. Ilpu stom wactuuer OyayT

MPEACTABJICHBI JBYMS TUIAMH, C KOOPAMHATAMH, COOTBETCTBYIOIIMMHU YHCTO BEIIECTBEHHBIM
(R-gacTHIIbl) MM KOMIUIEKCHO-COMPSIKEHHBIM KOpHSAM (C-4acTUllbl) TEHEPUPYIOIIEH CHUCTEMBI.
Ha BemecTBeHHOM cpe3e 3-MEpPHOTO IMPOCTPAHCTBA MMEEM MHOXKECTBO HECGA3HbIX  BETBEU
TpackTopuii u  Ooraryr0 JUHAMUKY, BOCIPOM3BOJSIIYI0, B YaCTHOCTH, IPOIECCHI
AHHUTWISAIUU/POXKICHUS TIPU CIUSHUU Tapbl BEIIECTBEHHBIX KOPHEH € WX MOCICTYIOIUM
MepexoJlOM B KOMIUIEKCHO-CONPSDKEHHYIO Tmapy, u oOparHo. I[lomumo Toro, HMMEHHO
MOJIMHOMHUAIIBHBIN BHUJT UCXOTHBIX (DYHKIIUN TO3BOJISET C IOMOIIBIO U3BECTHBIX (hopmyn Buema
BBISIBUTH KOPPEISALUN MEXKIY MOJT0XKEHUSIMH U TMHAMUKON KOPHEU-4acTHI] (CM. HIDKE).

[lo-BuauMoMy, BIEpBbIE paccCMOTpEN IMHAMUKY KOopHel nosmHoma [aycc [5]. B 1836 r. on
II0Ka3aJ, YTO BCE HYIU NPOouU3800HOU TPOU3BOJIBHOTO KOMIUIEKCHOTO IOJMHOMA, OTIMYHBIE OT
KPaTHBIX KOPHEH CaMOoro MOJMHOMA, SIBISIFOTCS MOJIOKEHUSAMU PaBHOBECHS JUIA 3((HEKTHBHOTO
paauaIbHOTO MOJIS CHJI, CO3[JaBaeMOr0 4aCTHLIAMM, PACHOJIO0KEHHBIMHM B TOUKaxX C-IJIOCKOCTH,

OTBCHAIOMIUX KOPHAM CaMOI'O IMOJIMHOMA; IIPpHU 3TOM KaxXJad 4dactula Co34acT CUIly, 06paTHO

IIPONOPLUMOHAIBHYIO DPACCTOSHUIO. B panmpHelineM 3azadyy AUHAMUKU KOPHEW ITOJIMHOMOB
paccMmaTpuBaii MHOTHE aBTOPHI (cM. Hanpumep [6]), HO 001ast TEOpHs 10 CHX MOP OTCYTCTBYET.
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Jl1s ynpo1eHust Mbl OTPaHUYMBAJIUCH CIIY4aeM n10CKO20 IBUKEHMs. PaccMarpuBas BpeMEHHOU
napamMerp / Ha paBHBIX IIpaBaX C KOOPAMHATAMM X M ), Mbl TaKXKe IMpearosaraiu
MOJIMHOMMAJIBHYIO  3aBUCHMOCTb TI'€HEPUPYIOLIMX ypaBHEHUM OT BpemeHu. Toraa, B
HEBBIPOK/IEHHOM CJ1y4ae, COOTBETCTBYIOIAsl CUCTEMA YPAaBHEHUN MOXET OBbITh IIPEJICTaBJICHA B
BHJIE

Rloy.t) = Tino Xl Al x'yts @
FEEI,}T’t] = ?:DE::-:?-::?{ Bz?j-gxi}r}.fj ’

rae ko3 QUIueHTs! fl:"}-s u E;}; €CTh IIPOCTO BEMIECTBEHHBIE KOHCTAHTEL

s uccnenoBaHUMS M HAxXOXKJEHUS BCEX KOpPHEW CHCTEMbl (2) UCHOJIB30BAJICS METO
pe3yiomanmos [7]. Vckmrodas OAHY M3 MEPEMEHHBIX X U Y C IOMOIIbIO BBIYMCICHUS
pPe3yAbTAaHTOB, MPUXOJUM K JBYM MOJMHOMUAILHBIM YpaBHEHUSIM cTeneHu N = m n, Kaxa0e u3
KOTOPBIX 3aBUCHT JIMIIb OT OJJTHOM U3 KOOPIMHATHBIX IEPEMEHHBIX U MMapaMeTpa IBOJIIOIUH ¢

H}. (R-, t] = G.-D.TN + a-i:xﬁ_ 1 + LD + fI-J'.'.' (3)
R.(y.t) = boy" +byy" '+ ..t by »

rae B Ko3pdUUMEHTaX a, = const , a,~t , ... a,;~t" coOGmomaeTCs IMHEHHBIH 3aKOH
BO3PACTAHUSI 10 { U aHAIOTUYHO Uit b, i = 0... N (cm. [8]).

Haxons mpu ¢ukcupoBaHHOM mapameTpe t =1t; Bce N KopHedl (Ham C) KaxAoro us3

pe3ynbranToB ([3]) M comocraBisis UX B mapbl ¢ yuyétoMm (2), Haxoaum Bce N KOpHEW 3ToH
UCXOJTHOU CUCTEMBI.

Cenenune ucxoaHo 2D cuctembl K 00HOMepHbIM TIOJWHOMUAIBHBIM ypaBHEHUsAM Buaa (3)
MO3BOJISIET MPUMEHHUTh K aHAIU3y KOPPEJSIUN B MOJOKEHUU U JTUHAMHUKE PA3JIMYHBIX YaCTHUII
U3BECTHBIE popmynbl Buema.

B yactHocTH, nepBas (JquHEHHAas 10 KOpHIM) ¢popMyna Buera 3anumiercs B BUze:

z.’k'k - _ rz.;':r]' = ‘q[ﬂ (4)

o

E}’k = - b_b_lf] =B‘(t)
e

B npaBbIx "yacTax, B CHILy BbIlIECKa3aHHOTO, BenuunHbl A(t),B(t) nuHeliHO 3aBUCAT OT BpeMEHHU.
OueBunHO, uTo A(t),B(t) MOXHO paccmaTpuBaTh Kak KOOPAUHATHI YeHmMpa Macc sl 3aMKHYTOU
cucteMbl N 4YacTHI] OJMHAKOBOM Macchl (i, =m, = == = m,;). lloatomy mnsa oo
(HEBBIPOXKJACHHOM) CHCTEMbI MOJIMHOMHUAIBHBIX YPABHEHHMM LIEHTP MacC COOTBETCTBYIOILEH €e
PELIEHUSIM CUCTEMBI YaCTHLL IBUKETCS NPAMOIUHEUHO U PABHOMEPHO.

JuddepeHupys AaHHBIE COOTHOIICHUS, HAXOIUM, YTO MPOEKIIUKM CKOPOCTEN YacTull 2, X; (t) u
2 ¥;(t) CoOXpaHSIOTCS, HYTO COOTBETCTBYET 3AKOHY COXPAHEHUs UMNYIbCA JUIL  YacTHIL
OJMHAKOBOM Macchl. BaKHO, YTO COXpaHEHME NOJIHOTO MMITYJIbCa UMEET MECTO JIMIIB IPU Y4ETe
BTOPOTO THUIIA YACTUL, OTBEYAIOLIUX KOMIUIEKCHO-CONPSDKEHHBIM KOPHSAM CHCTEMBI (2).
JuddepeHunpyss NoTydeHHbIE COOTHOLICHHS TOBTOPHO, B KauyeCTBE CIICACTBUS IMOJIydaeM
"ocnabieHHy0" Bepcuto 3-ro 3akoHa HproTOHa: cyMmMa MIHOBEHHBIX YCKOPEHMH BCEX YAacTHIL B
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cucreMe (WM, SKBUBAJICHTHO, PE3YIbTUPYIOIIMX CHJ, JEHCTBYIOIIUX HA BCE YaCTHIIBI)
IIOCTOSIHHA U paBHA HYIIO.

AHaJOTHUYHO paccMaTpUBAJICS BOIMPOC O 3aKOHAX COXPAHEHHs, CBS3aHHBIX C '"BbICIIUMU"
(HemuHEHHBIMU 1O KOpHsAM) ¢opmyramu Buera. [leiicTBUTENLHO, B COOTBETCTBYIOIIHUX
dopmynax crenenu J=1,...,N-I ipaBble 4aCTH MPEICTABISAIOT COOON MOTMHOMBI CTETICHH J TIO £.
[TosTomy, mocie J nuddepeHimpoBannii Mo BpeMeHH, Kaxaas u3 Gopmyn Buera nmpuBoauT K
HEKOTOpPOU He 3asucawjeil om épemeHu CBSI3U MEXIY IMOJIOKEHUSIMH Pa3IMUHBIX YacTHUIl U HUX
MPOU3BOIHBIMH BBICIIUX MOPSJIKOB IO BPEMEHH.

Jns mepexoma oTcioa K OOBIYHONW (OpMe 3aKOHOB COXPAHEHHUS, BOCIOJIb30BABIIUCH
modwcoecmeamu Hvromona, nonyanm "momuduuupoBanusie” dopmynsl Buera, neBble yacTu
KOTOPBIX TPEACTABISIOT COOOW CyMMBI J-BIX CTENEHEH KOOPAMHAT X HJIM ) BCEX KOPHEH
cuctemsl (2), a mpaBble — TOJWHOMEI 10 ¢ crenieHu J. [locne J muddeperumpoBanuii mo ¢,
[IOJIy4aeM NpsIMbIE AHAJIOI'M 3aKOHOB COXpaHEHUs, NEpBbIM W3 KOTOpbIX (mpu J=1) — 310
paccMOTpPEHHBIH BBIIIE 3aKOH COXPAHEHUS HMITYJIbCa.

3aMeTUM, YTO MHTEpEC NPEACTABIISIIOT, MO-BUAUMOMY, TOJIBKO KOMOMHALIMU COXPaHSIOLINXCS
BEJIMYMH, HMMEIOMIMX IpaBWIbHbIE TpaHC(HOPMAIIMOHHBIE CBOWCTBA NpPU  IpeoOpa3oBaHUSIX
rpynmnel BpameHuid. C 3TOW TOYKHM 3pEHHs, TOJBKO KBaapaTuyHble (Gopmynsl Buera mmeror
HEMOCPEACTBEHHOE (pu3mueckoe 3HadyeHue, mnpuBoAsd K SO(2)-WHBapUAaHTHOMY 3aKOHY
COXpaHEHHUs BUJa

v (D + a,()r.(0)] = const, (4)

rae 1;(t), v;(t), @;(t}— MrHOBEHHbBIC paJIMycC-BEKTOPHI, CKOPOCTH M YCKOPEHHS OTACIBHBIX
YJaCTHII.

dopmyna (4) mpeacTaBisieT COOOM «YCHIIGHHYIO» BEPCHIO HM3BECTHOW meopembl GUpuald
KJIACCUYECKOM MEXAaHMKH, TJIe, OJTHAKO, OHA CIPABEUIMBA TOJBKO I YCPEAHEHHBIX 110 IEPUOTY
(MHUTHBIX IBHKCHUN 3HAUCHUH.

3aMeTHUM, YTO MPHU YCIOBUU CYLIECTBOBAHUS PA3JI0KEHUSI PE3YJIbTUPYIOIIET0 YCKOPEHUS (CHUIIBI)
Ha IOMNapHble U MOTEHIMAIbHBIE (BO3MOKHOCTh YETO B KOHTEKCTE OOIIEH «IOJIMHOMUAIBHOU
TUHAMUKW» TI0Ka HE JO0Ka3aHa M JaXe He OdYeBHIHA), 3Ta (opMyia OKa3bIBaeTCsi TECHO
CBSI3aHHOW C KAHOHWYECKUM 3AKOHOM COXPAHEHUs NOTHOU MEXAHUYECKOU SHEPSUU.

Uto kacaeTcst TpeTbero KaHOHM4ECKOTO ¥ SO(2)-KOBapUAHTHOTO 3aKOHA COXPAHEHUs «IIOJHOTO
MOMEHTa HMIIyJdbCa», OH TaKXke, MO-BUAUMOMY, HMEET MECTO Uil IPOU3BOJIBHOU
(HEBBIPOXKJAECHHOM) CHUCTEMBl MOJMHOMHAJIBHBIX YPaBHEHMH. JTO HE yJaeTcs, K COXKaJCHHIO,
JOKa3aTh B oOmeM Buje (NMOCKOIBKY Hem3BecTHO mpsimoe 2D-o6obmienne Gopmyn Buera),
OJ/IHAKO, CTAHOBUTCS «IPAKTHUYECKU JIOCTOBEPHBIM» IOCIE PACCMOTPEHHUS] MHOTOYMCIECHHBIX
IPUMEPOB TOJIMHOMHUAIBHON IUHAMUKUA C PA3IMYHBIMU CTENEHSAMH 7 U m, B KOTOPBIX, C
MCII0JIb30BAHUEM CIEUATIBHOM MpOLETyphl, BEIMUYNHA OJHOTO MOMEHTA BbIYUCIANACL MOYHO,
He npuberasg K YUCIEHHOMY HaXOXICHHUIO KOPHEH COOTBETCTBYIOUIEH CHCTEMBbI YpaBHEHMM.
bonee  Toro, M HEKOTOpPHIX  YAaCTHBIX  CJIydaeB  HaWJEHbl  COOTBETCTBYIOILKE
«(henomeHnonornyeckne» HOpPMyIbl Il BEJIMYUHBI TOJIHOTO MOMEHTA UMITYJIbCA.

Brimeonucanabie CBOKWCTBA €IUHOW «IOJUHOMHUAIBHON JUHAMUKNY MPOWJUIFOCTPUPOBAHBI HA
NPUMEPE CIYYAUHO 8bIOPAHHOU TEHEPUPYIOIIEH CUCTEMBbI C MOJMHOMAMHU CTENEHU n=7, m=3,
ONPEETSAIONIeH MUHAMUKY "3aMKHYTOM'" MEXaHMYECKOM CHCTeMBbl M3 35 4acTHUIl JABYX THUIIOB,
BKJIIOYasi B3auMHbIE mepexosl R- u C- wactui apyr B Apyra. PaccMoTpeH Takxke npumep 3-X



40 Cekyus « Teopemuyeckasn pusuKa»

MEpPHOH MOJMHOMMAJIBHOW AUHAMUKH, COOTBETCTBYIOLIEH PELIEHUSM CUCTEMBI 3-X ypaBHEHUM
C TOJIMHOMAaMU cTeneHe n=3, m=2, k=2 u onuchIBaroieii, COOTBETCTBEHHO, 12 YacTHUIl ABYX
pa3nuyHbIX TUNOB. [IOJMHBIA UMITYIBC, MOMEHT MMIIYJIbCA W AHAJIOT IMOJHOM MEXaHUYECKOU
SHEPruu (5) CHCTEMBI YACTHII B KOKJIOM U3 MPUMEPOB COXPAHSIOTCS M ObLTH BBIYMCICHBI TOYHO.

JleMOHCTpHUpYeTCsl TaKKe KOMITBIOTEpPHAs aHMMAIMsl CaMOCOTJIACOBAaHHOM IUHAMHMKH OOOMX
TUIIOB  YaCTHIl, BOCCTAHOBJICHHAs IIyT€M YHUCIEHHOTO BBIYHMCICHHUS BCEX pPEIICHHH
TeHEPUPYIOLIUX YPaBHEHUN C IMOMOIIBIO CUCTEMbI KOMIIbIOTEpHOM anreOps! “Mathematica 9”.
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ATOM BOJOPOJA U TEOMETPUU JJE CUTTEPA

0.B. Beko', O.B. Kasmepuyk', E.M. OBcuiok', B.M. PenbKkoB

1 Y o« o
YO «Mo3swvipckuii I'ocyoapcmeennstii nedazozuueckuii ynugepcumem um. H.I1.
Hlamaxkuna», Mo3wvips, benapyco

S Hucmumym guzuxu um. b.H. Cmenanosa HAH Benapycu

1. Beegenne. B pabote uccnenyercs BiusHUe reomerpuil ae Currepa Ha KBaHTOBO-
MEXaHMYECKOE OIKMCAaHHWE aTroMa BOJOpoJa Ha ocHOBe ypaBHeHHs Kieitna--Doka--I'opaona.
Amnanmusupytorcst o0a cimydas reomerpuii: ge Currepa dS m antu ne Cutrepa AdS. B ciydae
npocTtpancTBa dS mpoBeseH KayeCTBEHHBIM aHAIN3 KJIACCHUYECKOTO BBIPAXKEHHS /ISl KBajpaTa
0000IIEHHOTO PaHaIbHOrO HMMITyJbca. YpaBHeHue p”{2}=0 cBoauTCS K MOJMHOMY YETBEPTOU
CTENEHM, XapaKTep pacloJIOKEHNs KOpPHEH MOJMHOMA TOBOPUT, YTO CYLIECTBYET PEKUM TPEX
IIOJIO)KUTEIbHBIX BEIIECTBEHHBIX KOHEW U OJIHOTO OTPULATENIBHO BEIIECTBEHHOIO KOPHS,
KOTOPBII OTBEYAEeT CUTYallMM HAXOXJIEHUS YacTUIBl B (P(GEKTUBHONW MOTCHLIUAIBHOW sIME C
PacIoNoKEHHOW cIipaBa KOHEYHO 3alpelieHHON s KJIaCCUYEeCKOro IBMKEHUS 00JacThio., U
Jlaniee CyIIeCTBYeT 00JacTh pa3pellieHHas Ui KIACCHYeCKOro JIBMXKEHUs. Jlpyrumu cioBamw,
reomerpuss Je CuTrepa HHTEpPECHa TEM, YTO aTOM BOJOpOJA OKa3bIBAE€TCA 37€ECh
MPUHIUIIMAIGHO HECTaOMJIBHOM KBAaHTOBO-MEXaHUYECKOMU CHUCTEMOM, dYacTHIIa MOKET
TYHHEJIMPOBATh W3 MOTCHUIHAIBLHON SIMBI Yepe3 MOTEHIMANbHBINA O0apbep B 00IaCTh AATEKYIO OT
MECTa pAacloJIOKEHUs ILEHTpaibHOro 3apsia. CoOTBETCTBYIOIIEE KBAaHTOBO-MEXaHUYECKOE
ypaBHEHUE CBEICHO K ypaBHeHHIO Tuma ['oiiHa ¢ 4-Ms 0COOBIMH TOYKAaMU; HEKOTOPBIN
NpeBapUTENbHBI  aHAIM3 BO3MOXHBIX pelIeHuid BbinonHeH.Haiinensl npuOnmxeHHbIe
3HauUEHUsl KOPHEW MoJIMHOMA 4-11 cTeneHu, Ha TOH OCHOBE BBIUMCIIEHBI OCHOBHOM UJIEH U IEpBast
[0 KpHUBHU3HE TIOINpaBKa K YPOBHSM OHEpPruu (BEIIECTBEHHOM YacTH YpOBHEH); OLEHEHa
BEPOSITHOCTh pacnaja CUCTEMBI. AHAJIOIMYHOE HCCIEJOBAHUE BBINOJHEHO JUIS  cly4as
npoctpanctBa AdS:  IlpoBeneH KayeCTBEHHBIH aHAIU3 KIACCHYECKOTO BBIPAKEHHS JUIS
KBazpara OOOOIIEHHOTO paJUuaATbHOTO UMIMYJIbca; ypaBHeHHE p{2}=0 Tarxke CBOAMTCA K
IIOJIMHOMY YE€TBEPTOM CTENEHU. XapakTep pacHoJIOKEHUS KOPHEH IOJIMHOMA TOBOPHUT, YTO
BO3MOXEH TOJIBKO pEXHUM JIBYX IIOJOXHUTEIbHBIX BELIECTBEHHBIX KOPHEH M JBYX
OTPHUIIATENBHBIX, KOTOPBI OTBEYaeT CHUTyallMd HAXOXACHUS dYacTUlbl B 3(deKkTuBHOM
NOTEHLUAJIBHON SIME C PAclOJIOKEHHONW CIpaBa 3alpelieHHON AJIs KJIaCCUYECKOTo ABMXKEHUS
00J1aCThI0 BILJIOTh JJO OECKOHEUHOCTH. Jlpyrumu clloBaMH, aTOM BOJAOPOJAa OKa3bIBaeTcs 3/€Ch
cTabunbHOM cucteMoil. COOTBETCTBYIOIIEE KBAaHTOBO-MEXAaHUYECKOE YPAaBHEHHME CBEJIEHO K
ypaBHEHHIO Tumna ['ofiHa ¢ 4-Ms8 0COOBIMH TOUYKaMHU; HEKOTOPBIM MpeABapUTEIbHBIN aHAJIN3
BO3MOXHBIX PEIICHUI BBIMOJIHEH.

2. IIpocrpancrBo ae Currepa. Paccmorpum ypaBHeHue Kieitna-®oxka-I'oprona c
KYJIOHOBCKHM IOTEHLIMAJIOM B CTaTUUECKON METpUKe IpocTpaHcTBa e Currepa
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2 2
ds* = (1-25)de* —(1-5) " dr* —r*(d6* +sin* 0d¢*)
p p

TlepeMeHHbIe pa3aesaioTcs nojcTanoskoit @ =e Y, (04) f(r):

d? 2(1-2r%/p%) d e+elr)’ 1 M?*c* I(+1 1
2 +( 2/)2)_ +( 22) 2 22_( 2 +(2)) 2 zf:O' (2.1)
dr r(l—r"/p”) dr c’h (1-r"/p7) h r 1-r/p

[ToBenenue kBaspara 0000IIEHHOTO UMITYJIBECA

*Ir)? 1 r 1
2 _(e+elr) VRN S

Pr Z (=rpt) 2 1= p

yka3biBaeT [ 1] Ha HecTaOMIILHOCTH CUCTEMBI B ITpOCTpaHcTBe e CutTepa:

— -

*

. 1
Puc. 1 T'paduk pynkuuu p’, r =Py *rip
2 1-rlp
2 M2 2 2
B Oe3pasmepHbIX BeIWYMHAX X = r , P _ E, £ - a, 02 P =M (2.1)
P ch ch h

MMPUHUMACT BU

S 2L L]L [ £ Sy e
dx dx X 4 (x=1)" 4 (x+)

x x-1 x+1

2Ba(E+2a)"—o’ =2[M” +1(1+D)]  (E-2a)’ —a’ =2[M” +I(/+1)] £ =0 Crenaem
x 4(x—1) 4(x+1) o

nozacTanoBKy : f = x" (1-x)® (1+x)° F:

A:-%ﬁ_a/(lﬂ/z)2 —a’, B:ié(E+a), C:i%(E—a)
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2
d f {2A+2+2B+1+2C+1}£+

3 +
dx X x—1 x+1 |dx

N 24+3B+3C+2(AB+ AC+BC)+M?* —E2/2—3a2/2+l(l+1)+
(x—1)(x+1)

+2(—Ea+B—C+AB—AC) Py (2.2)
x(x=1D(x+1)
€r0 MOKHO OTOXKJECTBUTH ¢ 00mmM ypaBHeHueM (cMm. [2]) [oitna G(a;q, A, B,7,0;2)
2 — — —
d(z?_{l_i_ o +l+ﬂ y 5+1}d_G+ APx—q _
dx x x-1 x—a dx  x(x—-1)(x—a)
a=-1, y =2(A+1), 0=2B+1,q=2(Ea—B+C—-AB+ AC),
2 2
1:3+A+B+Ci\/2+A2+B2+C2+A+3a +E——M2—l(l+1),
2 4 2 2
2 2
ﬂ:%+A+B+C¢\/%+A2+B2+C2+A+3Z +E7—M2—l(l+1). (2.3)

Oynkius [oiiHa mo cBoemy ompeneneHuro cummerpuyHa nmo A, 3. C y4eroM TOXIecTBa

A+ A+o’ —=1(I+1)=0 5Ti GOopMYyIbl YIPOIAIOTCS:

2

E2
l:%+A+B+Ci\/B2+C2+ o —M2+%,
E2 2
ﬂ:%+A+B+C¢\/B2+C2+ o —M2+% (2.4)
Nmem  peuieHwus. KOHEYHbIE B  Hayajle  KOOpAMHAT,  TOITOMY  BBIOMpaem

A=—-1/2++(+1/2)> —a’ . B 3aBucumoct ot BEIGopa B,C uMeeM 4 BO3MOXKHOCTH:

. . 2 2

(+,+) B:+é(E+a), C:+§(E—a),B+C:+iE, pic=-L era ;

. . 2 2

(=) B=—“(E+a), C=—L(E-a),B+C=—iE, B +C?=—L %,
2 2 2

E+a’

(+,-) B:+§(E+oc), C:—é(E—a),B+C:+ia, B +C>=—

b

2
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E?+a?

(—+) B:—é(E+oc), C:+§(E—a),B+C:—ia, B+ C =

Bo Bcex YCTBIPEX ClIydadX BBIIOJIHACTCA TOXKACCTBO

E2+ 2 E2+ 2 E2+ 2
B*+C* + 2a =- 2a + 2a =0

CJIEIOBATEIIBHO, BRIDAKECHUS I A, § yIpoIarTcs emie 0oJiee

1:3+A+B+Ci‘/—M2+2, ﬂ:§+A+B+C¢ /—M2+2,
2 4 2 4

Haiinem B 4-x ciaydasix BbIpayKe€HUE AJIs HapaMeTpOB
(++)  q=2a[E-i(4+])], (=) g=2a[E+i(4+])],

(+-) q=2E[a-i(4+1)], (—+) q=2E[a+i(4+])].

(+,+) i:l+A+1+iEii ? 9, ﬂ=l+A+1+iE¢i‘/M2—2
2 4 2 4
1 R B 1 a2 9
(=) A=—+A+1-iEti B=—+A+1-iEFi M ——,
2 4 2 4

(+,-) i:%+A+1+iaii M=, ﬂ:%+A+1+ia¢i M=,

7

H

(=+) i:%+A+1—iaii Pz, ﬂ:%+A+1—ia¢i M?—=.

Janple npoaBUHYTHCS C AaHAIU30M J3TUX PEIIEHUN HE YAAETCA.

3. IIpocTpancTBo anTH ae Currepa. ['eomerpust antu ae Currepa SBISETCS OJHON U3
IPOCTBIX OCIHWIIUpPYIOIIUX Mozened BceenenHoil. OpHako B 3TOM NPOCTPaHCTBE-BPEMEHU
CYLIECTBYET U CTaTHUYECKasl CUCTEMA KOOPAMHAT:

2

2
dS? = (1+2)dt* —(1+-2) ' dr* = r*(d0° +sin® 0d¢*) 3.1)
p p

PaccmoTtpum B 3THX KOOpauHarax ypaBHeHue Kienina-®oka-1'opoHa ¢ BHEIIHUM KYJIOHOBCKUM
IIOTEHIMAJIOM; MOCIIE Pa3JECJICHNs [IEPEMEHHBIX I10JIydaeM

2 2 2 2 2 2 2
d* . 20+270p%) d +[(g+e/r) 1 M I0+D,

dr2 ]"(1+]"2/p2) E c2h2 (1+r2/p2)2 _( )

=0. (32
n r 1+r2/p2}f (3-2)
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. 2 2.2 .2
B 0e3pa3zMepHbIX BeTUYUHAX X :Z, P _ E, c - a, M;zp: M, ypaBHEHHE
P ch ch h
(3.2) npuHuMaeT BUA
d> 201-2x%) d ia ., 1 , 1+, 1
+ ——(E+— + (M - =0 3.3
Lz’x2 x(1-x*) dx ( x) (1-x*) ( x’ )l—x2 / (3-3)

B ypasuenuu (3.3) cienaem nojactanoBky f =x" (x—1)% (x+1)° F:

A:-%ﬁ_a/(lﬂ/z)2 —a?, B:i%(Eﬂ'a), C:i%(E—ia)

d*f [2A+2 2B +1 2C+1} df
—+ + + —~+
dx dx

X x—1 x+1

N 24+3B+3C+2(AB+ AC+BC)-M* +E2/2—3a2/2+l(l+1)+
(x—1)(x+1)

+2(iEa+B—C+AB—AC)}f:O. (3.4)

x(x—=D(x+1)

VYpaBuenue (3.4) MOXKHO COMOCTAaBUThH € OOIIMM ypaBHEHHEM [ 0liHa (IeTanu omycKaem).

MOoOXHO TpPOBECTH KAYECTBEHHBIA aHAIM3 33Jadyd Ha OCHOBE HCCIICIOBAHUS TOBEICHUS
KBaJipaTa 0000IIEHHOTO UMITYJIECA; BBOJUM HOPMHUPOBKY JUIS paHalibHOTO UMITylbca HA Mc U
UCIIOJIb3yeM Oe3pa3MepHbIC BETUUHHBI:

2 L2 2 1
Prosp', Lo, s, S—=g;
M- c M-c'p p Mc
)=+ Dy — o maly (3.6)
P roo(1+r7) 1+ '
Haiinem Touku OCTaHOBKH JBUXKEHUSI (TOUKU TOBOPOTA) pr2 =0:
==L -1)-2eqr+(L’-q°)=0 (3.7)

Bocnonbs3yeMcs paznoxeHueM
r4+Ar2+Br+C:[(r—rl)(r—rz][(r—r3)(r—r4)],
ntntn+n =0, A=nnRn AR s AL,

B=—(nnn+nnn +nnn+nnn),  C=nnnr,. (3.8)
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Bnece A=—(e’-L'-1),B=-2eq,C=(L"—g*). Coortnoumenune 7, =C >0 roBOpHT, 4TO

€CIIM TPEeojaraTh BEIECTBEHHOCTh BCEX YETHIPEX KOPHEH (TOYEK MOBOPOTA), TO BO3MOXKHBI,
HaIpHUMep, /1Ba CIEAYIOIUX BapUaHTa (CIEAUM 3a 3HaKaMU KOpHEHN):

(17,7555, 14) ~ (————) (17,755 155 14) ~ (5, +,1)

Opnako, TpWHMMAas BO BHHUMaHHWE cooTHomieHus (3.8), 3akmoyaem, 4Yro o00a BapHaHTa
HEBO3MOXKHBI M3-3a paBeHCTBA 7, +7,+7,+7r, =0. Takke B cuny rrnnr, =C>0 He Moryr

pealu30BbIBaTBCA W BapUAHTHI (r,1y,15,1,) ~ (—=——+) (7, 1y,15,1,) ~ (+,+,+,7)

EnuHCTBEHHBIN BO3MOXKHBIM U UHTEPIIPETUPYEMBIN BAPUAHT COOTHOCUTCS CO CIIy4aeM
(7, 1y,15,1,) ~ (=—+,+) 1, >r, >0; (3.9

3neck 7, >r, >0 — ¢usnueckue TOUKM MOBOpoTa. Takum 00Opa3oM, KadeCTBEHHBIH aHAIU3

MOKAa3bIBAET, YTO CICKTP JHEPruu aToMa Bojopona Ha ¢oHe reomerpuu aHtu ne Currepa
JOJKEH OBITh TUCKPETHBIM, WU aTOM BOJOPOJA JOJKEH OBITh CTAOMIBHBIM C TOYKH 3PCHHS
KBAaHTOBOU MEXaHUKHU.

JIUMTEPATYPA
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0.V. Veko, K.V.. Kazmerchuk, E.-M. Ovsiyuk, V.M. Red’kov. The hydrogen atom
and de Sitter geometries

The hydrogen atom theory in developed in de Sitter spaces of constant and negative
curvature on the base of Klein-Fock-Gordon wave equation in static coordinate. After separation
of the variables in both mlodel the problem reduces to the Heun type second order differential
equation with four singular points. Qualitative examination shows that the energy spectrum fot
the hydrogen atom in de Sitter space slpoul be quasistasionary, that is this system becomes in
this model principally unstable. Similar analysis shows that in anti de Sitter model, the hydrogen
atom should stable in the sense of the quantum mechanics.

Teopust aroma Bojopoaa B mpocTpaHcTBax Je Currepa MOJOXUTEIBHOW U
OTPULIATEIILHON KPUBU3HBI HcclenyeTcs Ha ocHOBe ypaBHeHus Kieitna-®Poxka-I'opnona. Ilocie
pa3zeneHus NepeMeHHbIX B 000MX CIyJasx 3ajiadya cBeleHa K o0memy ypaBHeHuto [oiiHa ¢ 4-
MsI OCOOBIMH ToukamMu. KadecTBeHHBIN aHaIu3 IMOKAa3bIBACT, YTO CIICKTP OSHCPIrUM aTromMa
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Bozopoja Ha (oHe reomerpum ae Currepa IOJHKEH OBITh KBa3WCTAIMOHAPHBIM, T.€. aTOM
BOJIOpPOJIa SIBIISICTCSl MPUHIUITUATBHO HECTAaOWIBbHOW (DU3MYECKONW CHUCTEMOW B 3TOM MoIenu
MPOCTPAHCTBA-BPEMEHHU. AHAJOTUYHBIN aHaM3 TOBOPUT, CIIEKTP SHEPTUM aTOMa BOJOpPOJA HA
¢done reomerpun antu ae CUTTEpa JOJKEH OBITH TUCKPETHBIM, H aTOM BOJOPO/Ia TOJDKEH OBITh
CTAOWJIbHBIM C TOUYKHU 3PEHUS KBAHTOBOW MEXaHUKHU

CBEJIEHUSA Ob ABTOPAX

BEKO Oumnbra BraguMupoBHa — CTyZIEHTKA 5 Kypca GU3UKO-MaTEMaTHUECKOTO (haKyIbTeTa

YO «Mo3bipckuit rocynapcTBeHHbIN nenarornyeckuit yausepcurer uM. W.I1. [amsikunay.
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ATTPAKTOPBI, XAOTHYECKASA IUHAMUKA - PUBNYECKOE COJAEP KAHUE

M.E. Ma3ypoB
Mocxosckuii I'ocyoapcmeennwiii Yuusepcumem xonomuru, Cmamucmuxu u Uugopmamuxu
(MD5CH), Mockea, Poccus

ATTpakTOpsl JENAT Ha: peryispHble (IPUTATHBAIOLIAS  HENOJBUKHAS  TOYKA,
NPUTATHBAIONIAS MEPUOANYECKas TPACKTOPHsI, MHOrooOpas3ue) W CTpaHHbIE (HEperyJsipHbIC -
3a4acTyro (pakTalbHbIE B KAKOM-THOO CEYEHUH YCTPOCHHBIE KaK KAHTOPOBO MHOXKECTBO).
CrpaHHBII aTTPAKTOpP - MPUTATHBAIONIEE MHOXKECTBO HEYCTOMUYMBBIX TpaeKTOpuil B (pasoBoM
IPOCTPAHCTBE JMCCUIATUBHOM JUHAMHUYECKON cucTembl. CTpaHHBIM aTTpakTop B OTJIWYHE OT
PEryIsipHOTO aTTPaKTOpa, HE SABISETCS MHOTooOpazueM (T.e. HE SBISCTCS KPUBOM WK
MOBEPXHOCTHI0); €r0 TEOMETPUYECKOE  YCTPOMCTBO CII0KHO, a €ro CTPYKTypa 3a4acTylo
¢pakranbHa. ToT (akT, YTO BCE TPACKTOPHH, PACIIOIOKEHHBIE B OKPECTHOCTH CTPAHHOTO
aTTPAKTOPA, MPUTATUBAOTCSA K HEMY, IPUHLUIIMAIBHO CBSI3aH C XapaKTEpPOM HEYCTOMYMBOCTEHN
COCTaBIIIOIIMX €r0 TPACKTOPUM, KOTOpbIE HEYCTOMYMBBI 10 OJHMM M  YCTOWYHBBI
(mpuTArMBaroUIUe) MO APYTUM HAIpPaBJICHUAM, T. €. SBJSAOTCS ceanoBbiMu [1,2]. CTpaHHBIM
aTTPaKTOp ONKCHIBAIOT CTAIlMOHAPHBIE CTOXAaCTUYECKHE aBTOKOJIEOaHMs, MOJJIEPKUBAEMbBIC B
JUCCUMATUBHOW cHUCTEME 3a CYET BHEPruM BHEIIHEro HCTOuHUKA. CTpaHHBIE aTTPAKTOPbI
XapaKkTepHbl JUIIb Ui aBTOKOJICOATENBHBIX CHCTEM, Pa3MEpHOCTh (Ha30BOTO IMPOCTPAHCTBA
KOTOPBIX OOJIbIIE IBYX.

Beenem omnpenenenue ¢pakranbHON pazMepHocTd DF mpown3BoibHOTO aTTpakTopa B n-
MepHOM (ha3oBoM mpocTpancTBe o Konmmoroposy - Xaycnopdy:

D, =lim[Iln M(¢)/In(1/¢)],

rae M - MUHUMAaJIBHOE YHUCIIO #-MEPHBIX KYOMKOB ¢ peOpoM - & , HEOOXOAMMBIX JUIS TIOKPBITHS
aTTPaKkTopa.
W3BecTHBI rasiepen cTpaHHbIX aTTPaKTOpoB. HekoTopkle U3 HUX MOKa3aHbl Ha puc. 1.

Puc. 1. Arrpakropsr: 1- Jlopenna; 2 — Uya; 3 — Peccnepa; 4 — ¢unancoBblit; 5 — Xemmm; 6 —
Yena-JIn
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B HacTosimiee BpemMsi M3BECTHBI YEThIPE MOJXOJA Ul UCCIENOBAaHUSA aTTPakTopoB: 1 —
FEOMETPUYECKUM; 2 — CTaTUCTUYECKUH; 3 — TEOMETPUYECKUH C WIUIIOCTPALUIMU U3
PazMOdIEKTPOHHUKH; 4 — MMOAX0J], OCHOBAaHHBIN Ha MCCIENOBAHUAX (yHIAMEHTAIbHBIX CBOWCTB
ABOJIIOLUOHHBIX PEIICHUH JUHAMUYECKUX CUCTEM C XaOTHYECKOM TUHAMUKOU. B manHO# padoTe
OyayT pacCMOTPEHBI OAXObI IO MyHKTaM 3,4.

HccaenoBanue GyHAaAMEHTAIBHBIX CHCTEM € Xa0THYECKON JMHAMUKON U UX aTTPAKTOPOB
HA OCHOBe aHa/IM3a 0a30BbIX pelIeHN MX MaTeMaTH4YeCKHX MojieJIeil

B kauectBe mpumepa paccCMOTpUM aBTOI€HEPATOP € TYHHENbHBIM Iuo0M. CucTemsl ¢
NEPUOINYECKUMHU aBTOKOJEOAHUSAMH YHAaETCs MCCIEA0BaTh JOCTATOYHO MOJHO C IOMOIIBIO
METOJI0B KadyecTBEHHOM Teopuu auddepeHunansueix ypaBHeHuid. IlogoOHO ToMmy, Kak
reHepatop Ban nep llosns sBiusercs npocTEeHIIMM M KAaHOHUYECKUM IIPUMEPOM CHCTEMBI,
JIEMOHCTPUPYIOLIEH TepuoIuYecKue aBTOKOJIEOaHHs, CXeMa, NpPEICTaBJICHHAs Ha puUC. 2a U
OIIPENEIAIONIAs HECKOJIBKO YCIIOKHEHHBIN reneparop Ban aep Ilomns, MOXKET CIyKUTh OJHUM U3
NPOCTEHUIINX PUMEPOB TEHEPATOPOB CTOXACTHUECKUX aBTOKoseOanuii. Ot reHepatopa Ban nep
[lons ¢ KOHTYpOM B IL€NM CETKM 3Ta CXeMa OTJIMYACTCS JIMIIb BKIIOYEHHBIM B KOHTYD
IIOCJIEI0OBATEIBHO ¢ MHAYKTUBHOCTBIO TYHHEJIBHBIM AUOJIOM HIIU JIP. HEIMHEHHBIM JJIEMEHTOM C
BOJIbTAMIIEPHOM XapaKTEePUCTUKOM, TPeACTaBICHHOH Ha puc. 2 0.

a (V) o B

|
1

Im

P /,..-.— [
m-/

B ——

7

Puc. 2. a - npuHIMnuanbpHas cxema MpocToro reneparopa Iryma - reueparopa Ban nep [lons, B
CETOYHBI KOHTYP KOTOPOTO 100aBIIeH TYHHEIbHBIA TUO0M; O - BOJIbTAMIICpHAs XapaKTePUCTHKA
HEJIMHEWHOTO 3JIEMEHTA - TYHHEJIBHOTO M0/1a; B - ()a30BBIi OPTPET CHUCTEMBI

Hcxomabie ypaBHEHUsT CXEMBI IPeoOpa3yroT K 6e3pasMepHOMY BUY:

x=2hxxy—-gz, y=—x, uz=x-f(2),
rne x=1/1,z=V/V -HOpMHpOBaHHAs XapaKTEPUCTHKA TUO0JA. 31ECh L - MAJIBIA TapamMeTp.

[ToaTomy Bce nBkeHus B (ha30BOM IMPOCTPAHCTBE (PHC. 2B) MOXKHO pa3OUTh Ha OBICTpBIC
NEepeKIIIoueHus Auoja (MmpsiMple X =const, y =const) U MEUIEHHBIE, P KOTOPBIX HAIPSHKEHUE
Ha JIMOJIE «CJIETUT» 332 TOKOM; COOTBETCTBYIOLIUE TPACKTOPUU JIeKAT Ha MOBEPXHOCTAX A u B
[x =f(z), f(z) >0], oTBeHarOMKX y4acTKaM M XapaKTEPUCTHKHU JHOJA.

Cucrema uMeeT 0JJHO HEYCTOMUMBOE COCTOSIHUE paBHOBecusl x = y = z= () TuUma ceaso.
TpaekTopun, NeKalre Ha MOBEPXHOCTH A, paCKpy4UBAIOTCS BOKPYT HEYCTOMUMBOTO (hoKyca
B KOHIIE KOHIIOB JOCTUralOT Kpasi MoBepXHOCTH  A. 31echb IPOUCXOJUT CpPbIB TOUKH,
oToOpaxaromieil Ha (a30BOi TPACKTOPUU COCTOSTHHE CUCTEMBI (T. H. M300pakaroieil TOYKH) 10
JMHUKA OBICTPBIX JABWXKEHWH Ha moBepxHocTh B. Ilpoiins mo B, mzoOpaxaromas Toyka
CpbIBaeTCsl 0OpaTHO Ha MOBEPXHOCTb A M NOMNAAAeT B OKPECTHOCTb COCTOSIHUS PABHOBECHUS -
HAYMHACTCS HOBBIM IYT HapacTalIUX KoyieOaHuil. Bce Tpaekropuu BHYTpHU 3TOU oOmactu
HEYCTOWYMBBI, T. €. aTTPAKTOP SBIISCTCS CTPAHHBIM TUrepOoarnuecKuM. [Ipu ManbIX 3HaYEHUSX
CBOMCTBAa CTOXaCTUYHOCTH JBUXKEHUH coxpaHstorcad. CHEKTp MOIIHOCTH  CHUTHAJOB,
TEHEPUPYEMBIX CXEMOM, U OCLIMJJIOTPAMMBbI 3TUX CUTHAJIOB [T0OKA3aHbI Ha puC. 3.
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Puc. 3. CnekTp MOIIHOCTH CUTHAJIOB, TEHEPUPYEMBIX CXEMOM, MPEACTAaBICHHONW Ha puc. 2a, U
OCLIWJIJIOTPaMMBbl 3THX CUTHAJIOB

A BOT apyroil mpumep OudypKanuu B MOBEACHUU CHUCTEMBI: oclmuisaTop Uya, cxema
KOTOPOro I0Ka3aHa Ha puc. 4.

Puc. 4. Cxema ocummisitopa Uya mpu HEKOTOPBIX 3HAUYECHMSIX MApaMETPOB JA€T CIEAYIOIINI
rpaduk HanpspkeHust Ha EMkoctu C1, 0061aaaromero CBOHCTBAMU MEPEKITIOUCHIS

Paccmorpum ocrmuistop Peccrepa. Ocunisitop uMMeeT J1Ba yYCTOWYHMBBIX pPEXKHMa
paboThl, MEePEKITIOYeHNE MEXKITYy KOTOPBIMH OIKCBIBAETCS CUCTEMOM Tpex nu¢depeHnnanibHbIX
YPaBHEHUH MIEPBOTO MOPsIAKa

X=—-y—z, y=x+ay, z=b+(x-r)z,

TJIe X, J, Z - IMHAMHUYeCKue MepeMeHHsbIe, a, b, r - mapamerpsl. OHa npeanoxeHa B 1976 r. kak
CKOHCTPYHPOBAHHAsA MCKYCCTBEHHO CHUCTEMa C XaOTHUYECKOW NTUHAMHKOH, Oojiee mpocTasi, 4yem
XOpOIIO HM3BECTHAass K TOMy BpeMeHH Mojenb Jlopenua. IIpuBomum KapTy AMHAMHYECKUX
pexxuMoB ocumiuiaTopa Peccnepa Ha mimockoctu mapameTpoB a, r nipu b=0.2 Ha puc. 4. Ilo
nepudeprun pUCyHKa IMOKa3aHbl ()a30BbIe MOPTPETHI aTTPAKTOPOB B HEKOTOPHIX XapaKTEPHBIX
TOYKaX MJIOCKOCTH apaMeTPOB.
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Puc. 4. Kapra quHaMH4YeCKUX PEKUMOB OCHMIUIATOPA Pecciiepa Ha TUIOCKOCTH MapameTpoB a, ¥
npu b=0.2.

OnHa 13 caMbIX 3HAMEHUTHIX JUHAMUYECKUX CUCTEM MpeyioxkeHa B 1963 r. JlopeHiem B
Ka4yeCcTBE YIPOIICHHON MOJIeIN KOHBEKTUBHBIX TYPOYICHTHBIX IBKeHUH. CHcTeMa COCTOUT U3
tpex OJY u mmeer Tpu mapamerpa mojend. [1OCKONBKY HEM3BECTHBIX (DYHKIUH TpH, TO
($a30BbIl MOPTPET CUCTEMBI JOJDKEH OINPEACTAThCS HE Ha IUIOCKOCTH, a B TPEXMEPHOM
npocTpancTBe. PemienneMm cuctembl JIopeHIla Mpu OMpeAesieHHOM COYETaHWH TapaMeTpoB
SBIIICTCS. CTPAHHBIA AaTTPAKTOP — MPUTATHBAIOIIEE MHOXKECTBO TPACKTOpUid Ha (Ha30BOM
MPOCTPAHCTBE, KOTOPOE MO BUIY HMJCHTHUYHO CIydallHOMY mpolieccy. B HEKOTOpOM CMbICie
aTTpaktop JIopeHIa SBISIeTCS CTOXaCTUYECKIMH aBTOKOJICOAHUSIMH, KOTOPBIE TIOIICPKUBAIOTCS
B TMHAMHUYECKON CUCTEME 32 CUET BHEIIIHEr0 UCTOYHHKA, KaK MOKA3aHO Ha pPHC. 5.

(2,7, 2)
Puc. 5. Pemenne ypaBHeHus JIopeHua npu onpeneaeHHOM COYETaHUM MMapaMEeTPOB - CTPAHHBIN
aTTPaKTOP, KOTOPOE MO BUAY UAEHTUYHO CIy4allHOMY IpOIIECCY.
U3 puc. 5 BUIHO, YTO MEPEKITIOYATEISIMU MTPOLECCA SIBISIOTCS IEPEMEHHBIE X U Y.
PaccmotpuM marepuansl U3 ctatbu JIanmocku 0 ero SKCIepuMeHTax ¢ ocuuuiorpadom B
50-x rogax mo MOJETUPOBAHUIO TEOMETPUUICCKHX OOBEKTOB THIA aTTPAaKTOpoB. Ha pa3BepTky

OH TOJaBajl NEPUOJUYECKUE CHTHANBI, a TaKKe MOAYIUPOBAT HMHTEHCHBHOCTH ITydKa.
"OcmutoHsl" 3aTeM GOTOrpadupOBaTHCH C MOMOIILIO YYCTBUTEIHHON TUICHKH JIUISI CIIOPTHBHOU
cbeMku. K Hacrosmemy BpeMeHH COXPaHMUIOCh U3 YePHO-0eIbIX - 0KoJ10 20.
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Puc. 6. JIBa arrpakTopa Jlanocku
Wntepecusiit  Bompoc: Obul s JIamocku TepBbIA, KTO COTBOPWIJI M HAOIIOJall CTpPaHHBIC
aTTPaKTOphI?
3akio4enue

MBI yCTaHOBMIIM, YTO CTPAHHBIM aTTPAKTOP ONMUCBHIBAIOT CTALMOHAPHBIE CTOXAaCTUYECKUE
aBTOKOJIE0aHUS C MEPEKITIOYEHUSIMH PEKUMOB, NTOAJEPKUBAEMBIE B IUCCUIIATUBHOMN CUCTEME 3a
CYET BHEPrUU BHEIIHETO0 MCTOYHHUKA. 13 pacCMOTPEHHBIX METOIOB MCCIEAOBaHUS aTTPAKTOPOB
U TMHAMUYECKOTO Xaoca CIEAYeT, YTO Uil KAYECTBEHHOI'O U IIyOOKOIO M3YYEHUsl MEXaHHU3MOB
BO3HUKHOBEHHUSI XaOTHUECKOW IMHAMHUKH MOYXHO OOOWTHCH O€3 HCCIIeOBaHUS aTTPAKTOPOB
CUCTEM C XaOTHYECKOW TUHAMUKOM.

Jluteparypa
l. Maruauuxuit H.A., Cugopos C.B. HoBeie metoap! xaotudeckoil nunamuku. M.: YPCC,
2004. 318 c.
2. Masypoe M. E. MWaentudukamuss MareMaTHYecKHMX MOJENEH  HEeIMHEHHBIX

JIuHaMudeckux cucteM. M.: - Mbkesck. PXJI, 2008. 284 c.

ATTRACTORS, CHAOTIC DYNAMICS - PHYSICAL CONTENT

M.E. Mazurov
Moscow State University of Economics, Statistics and Informatics (MESI), Moscow, Russia

Attractors are divided into: regular (attracting fixed point, attracting periodic trajectory,
diversity) and odd (irregular - often fractal in any section is organized as a Cantor set).
Strange attractor attracts many unstable trajectories in the phase space of dissipative dynamical
systems. Strange attractor unlike regular attractor is not diversity (i.e. not a curve or surface); its
geometrical device is difficult, and its structure is often fractal. The fact that all paths that are
located in the vicinity of a strange attractor, are attracted to it, fundamentally related to the nature
of the instability of trajectories that are unstable for one and sustainable (attracts) in other areas,
i.e. are saddle [1,2]. Strange attractor describe stationary stochastic self-oscillations supported in
a dissipative system at the expense of external energy source. Strange attractors typical only for
self-oscillating systems, the dimension of the phase space which is more than two.
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T'PABUTAIIMOHHOE " 3JJEKTPOMATHUTHOE U3JIYYEHHUE OT TECHBIX
JBOMHBIX CUCTEM

J.C. bonnapes
Y4eOHO-HAYYHBIN WHCTUTYT I'PABUTAIIMHA U KOCMOJIOTHU POCCHIICKOTO YHUBEPCUTETA IPYKOBI
HapoaoB, Mocksa, Poccust

ITonck MCTOUYHNKOB T'paBUTAIUMOHHBIX BOJIH. I"'aMma-BCIIIIECKH 1 MX BO3MOKHBIC MEXaHU3MBI.

Hcrounnkamu rpaBUTALMOHHBIX BOJIHCUMTAIOTCS JIBOWHBIC 3BE37bl, BPAIAIONIMECS BOKPYT
0011IeT0 LIEHTpa Macc, U MyJibcapbl - BpallaloluMecs HEHTPOHHbIE 3Be3/bl. [ paBUTALIMOHHOE U
AJIEKTPOMArHUTHOE U3JIyY€HHUE OT CHCTEM, COCTOSIIIMX U3 JBYX NYJIbCAPOB C CHUIBHBIMHU
MarHUTHbBIMU TOJISIMU  (OOJBIIMMU MAarHUTHBIMM MOMEHTaMH), JOCTaTo4yHO Beiuko. Ho, k
COKQJICHUIO, 3TH HMCTOYHHUKH HAXOJATCS Ha TPOMAJHBIX PACCTOSHUAX OT 3eMiid (IECATKU
CBETOBBIX JIET), U K HaM IMPUXOJUT HHUYTOXKHAS YaCTh HMX TPABUTALMOHHOTO W3JIyYCHHUS.

[ToTOK IpaBUTALMOHHOIO M3JIyY€HUs, BO3HMKAIOIIETO NpPU CIUSHUU IyJIbCAapOB, MPUMEPHO B
10" pa3 Gompe, ueM MNOTOK OT OmKaimedl gBoiHON 3Be3mbl. IIOSBISETCS peaabHAs
BO3MOXHOCTb 3apETUCTPUPOBATh TAKOE U3IYYEHHUE, HO TPYJHOCTh COCTOUT B TOM, UYTO 3apaHee
HEU3BECTHO, KOTJa U OTKYJla PUJET BCILIECK.

JIBuKeHue  IMyabcapoB ONpENeNseTcs  IpaBUTalued. 3a  CUeT MOTEepU  SHEPruu  Ha
I'PaBUTAIIMOHHOE M3JIyYEHHE MyJIbCapbl COMMKAIOTCA U HA KOHEYHOM 3Tarle CIMBAIOTCS B OJHY
YEPHYIO JABIPY C YIVIOBBIM MOMEHTOM, HO 0€3 MarHUTHOro mnoJjs. Vcue3HoBEeHHME MarHUTHOTO
IOoJsl INPUBOJUT K raMMa-BCIUIECKY.I'paBUTalMOHHOE M JIEKTPOMATHUTHOE  M3JIy4EHUS
KOPPEJIMPOBAHBI U 3aBUCAT OT MACC IIyJIbCAPOB U UX HAYAJIbHbIX MArHUTHBIX ITOJIEH.

9T0 INPHUBOAUT K MBIC/IHU, YTO MCTOYHHKAMHU I'PABUTAIIMOHHBLIX BOJIH M I'aMMa BCIIJICCKOB MOI'YT
OBITH OIHHU U TC XKC O6L€KTBI, U HCKAaTb BO3MOXHOCTb 3apCruCTPUPOBATHL I'PaBUTAIMOHHLIC
BOJIHBI HY?KHO B OJTHUX U TCX KC MCCTax.
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KAHOHHMNYECKAS KAJIMBPOBKA T'PABUTAIIMOHHOI'O BAKYYMA U 3AKOHBI
COXPAHEHUAA B ITPOCTPAHCTBAX PUMAHA-KAPTAHA

P. ®. ITonuumyk
denepanbHOE rOCyIapCTBEHHOE OIOKETHOE YUPEKICHUE HAYKU

Ouznueckuit mHcTHTYT UM. [1. H. Jlebenena, Poccuiickast akajgeMus HayK,
Jlenunckuit nip., 53, Mocksa 119991, Poccus

[Ipennaraercss ¢GopMynIupoBKa TEOpUU TIATOTeHUs OWHIITeHHa-KapTana Ha s3bIke
ABTOMAaTUYECKH COXPAHSIOIIMXCSA TETPAJHBIX TOKOB — B TOM YHCJIE U JJI KaHOHUYECKOIO
TETPAJHOTO TOJs, ONMPENENseMOro B OOIIEeM Cilyyae OJHO3HAYHO TPH YCIOBUHU BBIMOJHEHHS
TOXKJIECTB DbSIHKM 171 TE€H30pa KPUBU3HBI C JABYMsI KOOPAMHATHBIMU U JBYMs JIOPEHLIEBBIMU
WHJIEKCAMM: B 3TOM CJIy4ac pPaBEHCTBO HYJIK0 KOBAPUAHTHOW AMBEPIECHIMM YKAa3aHHOTO TEH30pa
SKBUBAJICHTHO OOpAIICHUIO B HYJb €ro OOBIYHON TUBEPreHIIMU (C BECOBBIM MHOXKHUTEIIEM), UTO
Ja€T NpU HHTErPUPOBAHUU MO 4-00bEMY MPOCTPAHCTBA-BPEMEHM OOBIYHBIE JIOKAJIbHBIE
UHTETpajbHbIe (TO €CTh I MHTETpaja OT (PYHKIINH, a HE JUI1 HHTEerpaja OT MHTETpasia) 3aKOHBI
COXpaHEHHs B TpaBUTAUUH. TeM caMbIM CTAaBUTCS, BUIMMO, TOYKAa B PEIICHUU IMPOOIEMBI
ompeneneHuss B o0mieM ciaydae (a HE TOJbKO A OCTPOBHOM CHCTEMBI) IpaBUTALlMOHHOM
SHEPTUU U UMITYJIbCa IPOU3BOJIBHON I'PAaBUTHPYIOLIEH (PU3HUECKON CUCTEMBI.

B nanHO# paboTe MBI HCXOIUM U3 CIEAYIOIINE MTOJIOKEHUM.

1. OcHoBOW omucaHusi JUHAMUKA (PU3MUECKUX TOJICH SBISETCS BapHAMOHHBIN MPUHIIMIL.
I[Ipu »sTomM kmaccuyecknii (6e3 y4déra KBAHTOBBIX 3()(EKTOB) TpaBHUTAMOHHBIN
Jarpamxuad B ayxe ['mb0oHca m XOKMHIa COJOCPKUT TOJNBKO KBaJpPAaTHUHBIC UYJICHBI
CIIMHOPHOM CBSI3HOCTM M KpOME€ KOCMOJIOTMYECKOW IIOCTOSSHHOM COIEPKUT Pa3HOCTb
cKasipa Pruy4M ¥ yJBOEHHOM KOBAPUMAHTHOM AMBEPIEHLMHM BEKTOPA OTPHULATEIBHOIO
pactsokeHust ((pokycupoBaHUS) TETPAgHOTO IMOJISA: WHAYE WHTErpajl ACHCTBUS IS
IrPaBUTALIMOHHOTO MOJS HE aJAUTUBEH NI 4-00bEMOB MPOCTPAHCTBA-BPEMEHH, B3ATHIX
B BUJIE CYMMBI «TOJICTBIX COHABUYEN», a TAKXKE I'PAaBUTALIMOHHBINA FaMUIbTOHUAH HE JAET
NPaBUIHHON BEIIMYMHBI TOJIHOM MAaCCBHI-DHEPTUH OCTPOBHON (DH3UUECKON CHCTEMBI C
ACUMIITOTUYECKH IUIOCKMM IPOCTPAHCTBOM B  OKPECTHOCTH IPOCTPAHCTBEHHOM
0ECKOHEUHOCTH.

2. 3aKOHbBl COXPAHEHHUS U 3aKOHbl TUHAMHKU MMEIOT PaBHBIA OHTOJOrMYecKkuil craryc. Ha
MHTYUTUBHOM YPOBHE 3TO O3HAYaeT, YTO CUMMETpUsS (3aKOHBl COXPAHEHHUS) AUKTYET
B3aMMO/ICHCTBHE: YCHIICHHE CUMMETPUN TPEOOBaHNEM €€ COXPAHEHUS MPH JIOKATN3AIUH
(BBeIEHMEM 3aBUCUMOCTH OT MHPOBOM TOUYKHM) MPUBOJIUT K MOSBICHUIO KATMOPOBOYHBIX
(KOMIIEHCHUPYIOIIMX) TOJied, JUHAMHMKA KOTOPBIX HalleJI€Ha Ha BOCCTaHOBJIEHUE
HapYIIEHHOW CUMMETPHUH.

3. T'mnote3a A. M. BuHorpanoBa: Bcsikasg peryispHas CUCTEMa YPaBHEHHMM B YaCTHBIX
IPOM3BOIHBIX UMEET IMOJIHBIA Ha0OP HEJIOKAJIbHBIX HHTETPATbHBIX 3aKOHOB COXPAaHCHHS.
HHTerpanbHpIM SKBUBAJIECHTOM CBEPHYTBIX TOXKJIECTB DbsSHKM sBIIAE€TCS, HalpuMmep,
MMEHHO HEJIOKaJIbHBIM MHTErPAJIBHBIA 3aKOH coxpaHeHus. IIOCKOIbKYy BCE CHIIbHBIC
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4.

5.

6.

7.

dusznyecKkue TOJNs TPABUTHUPYIOT, B OOMEM cllyyae BaXHOE 3HAYCHHE HWMEET
HeJIOKalIbHOE 00001IeHne (POPMYTUPOBKHU 3aKOHOB COXPAaHEHHUSI.

Pemenne mnpoGnemMbl TPaBUTAMOHHOW SHEPruM TpeOyeT mepexoAa OT METPHUKH
(cummerpuunas 4x4 matpuna u3 10-tu ¢yHknmit) k Terpane (4x4 marpuna u3 16-tu
¢GyHKIMI), YYUTHIBAIOMIEH TPOEKIHMIO MHPOBBIX TE€OMETPHUECKUX OOBEKTOB B
npoctpanctBe  Pumana-Kaprama Ha  u3MepuTenbHble  TPUOOPHI  KOHKPETHBIX
HaOogaTeNnel ¢ UX pa3IMUYHbIMU COCTOSIHUSAMU ABMKEHMs. CBEPTKA F€OMETPUUECKOTO
00BEKTa C BEKTOPOM TETPaAbl 3aMEHSET COOTBETCTBYIOUIUMI KOOPAMHATHBIM MHUpOBOM
MHJEKC Ha MHJIEKC JIOPEHLEB (3TO MOJYTETPaAHBIA MOAXOJ K T'PaBUTALMH: MOJHOCTHIO
TETPaJHBIA MOJXO0/ OTBEYAET 3aMEHE B ypaBHEHMAX DWHIITeNHA-KapTrana Ha T0peH1IEeBbI
MHJEKCBI 000X KOOPAMHATHBIX MHIEKCOB, UTO MpPEBpAILlaeT TEH30PHbIE YPABHEHMSI TIOJIS
B SKBMBAJICHTHBII UM Ha0Op ypaBHEHUH CKaJISPHBIX). DTO BBIKIIOUYEHUE KOOPJMHATHOTO
UHJEKCa U BBEJECHHE HHJEKCOB JIBYX THUIIOB (YTO JONOJHSET 3aBHUCHUMOCTh
T€OMETPUYECKUX OOBEKTOB OT MHUPOBOW TOYKM HMX 3aBUCUMOCTBIO OT JIOPEHIIEBBIX
BpalllCHUI perepa) HM3MEHSET JICHCTBHE HAa OOBEKT KOBAPHAHTHOW MPOU3BOIHOM,
YYUTBIBaCT  (Uepe3  JIarpaHkuMaH)  B3aUMOJCWCTBME  OOBEKTa € TETPAIHBIM
I'PaBUTAIIMOHHBIM TI0JIEM M U3MEHSET (POPMYTUPOBKY 3aKOHOB COXPAHEHUSI.

[InoTHOCTH MacchI-3HEPTUH HCTOUYHUKOB NOPOKIAET PUMAHOBY KPUBU3HY POCTPaHCTBA-
BPEMEHH, a CIIMH MCTOYHUKOB INOpoxaaeT kpydueHue Kaprana. ITockosbky usomerpun
MHUpa TOCTOSHHOM OJHOPOAHOHN 4-KpuBH3HBI (KOMIUIEKCHON 4-cdeprl ne Currepa)
NEPEeMEIINBAIOT MacCy M CHHH, (U3NYECKUH CMBICT B OOLIEM CiIydae  UMeEeT
KOMOMHAIMSI Macchl W CIUHA (CIMH-Macca), OTBEYAIoIas COOCTBEHHBIM 3HAYEHUSIM
oneparopa Kasumupa.

I'paBuTannonnoe mone ectb l-popmMa CHHUHOPHOH CBS3HOCTH (TO €CTh SBISETCA
HEOTHOPOIHO MPeoOpa3yIoIMMCcs PH JOPEHIEBBIX MPe0o0pa30BaHUAX KAINOPOBOYHBIM
N0JIEM) C JABYMS AHTHUCHUMMETPUYHBIMHU JIOPEHLIEBBIMU MHJIEKCAMU B IMPOCTPAHCTBE
Pumana-Kaprana. Ona ompenensiercss BBEAECHHMEM TETPAIHOIO MOJs (MOJS PENEpOB),
3aJaf0IIEro BEIOOPOM 3TAJOHOB JUITMH U YIJIOB KaJHMOPOBKY T'PaBUTALIMOHHOTO BaKyyma
(Bempb MO MPHUHLMITY 3KBHUBAJEHTHOCTH DWHINTEHHA TpaBUTALMS U MHEPLHUS JIOKAIBHO
SKBUBAJIEHTHBI, YTO O3HAYae€T HAJIMYUE PA3JIUYHBIX HEHYJIEBBIX YHUCTO KaJIMOPOBOYHBIX
IPaBUTALIMOHHBIX BAKYYMOB C Pa3JIMYHON MJIOTHOCTHIO IPaBUTALIMIOHHOM SHEPIUU AaXKe B
IUIOCKOM MMpe). PaznuuHble IpaBUTALMOHHBIE BaKyyMbl Ha KJIACCUYECKOM YpPOBHE
CBA3aHbl JIOPEHLEBBIMHU BpALICHUSIMH pENepa, a Ha KBAHTOBOM YpPOBHE CBS3aHbI
npeobpazoBanussmMu  boromo6oBa. CpaBHHMM: BpallleHHE pernepa BO BHYTPEHHEM
M30TONMYECKOM MPOCTPAHCTBE IE€PEBOJUT HYKJIOHBI JApPYyr B JIpyra, a JIOPEHLIEBO
BpallleHUE TPACKTOPUI YaCTULl BO BHELIHEM MIPOCTPAHCTBE U3MEHSAET UX OTHOCUTEIbHbBIE
CKOpPOCTH ¥ UX CYMMapHYIO Maccy KaK MX OOIINi rpaBUTALMOHHBIN 3apsil.

TerpagHoe mosie ecTh JOMOJHUTENbHAs WHBAapUAaHTHAs CTPYKTypa Ha IMpPOCTpPaHCTBE-
BPEMEHH, OTOXKJIECTBIIsIeMast ¢ (pU3MUECKOr CUCTEMOM OTCcUETa: (PU3MUECKas peanu3aris
U3MEHEHHUS CUCTEMBl OTCYETA OCYIIECTBISAETCS 3aTpaTOd  MAacChl-DHEPTMM  Ha
neopmanuio (puU3MUECKOro BaKyyMa, KOTOPBIH «4yBCTBYET» YCKOpPEHHs (BEIb Camo
MOHATHUE YACTHUIIBI U HEKOTOPBIX €€ XapaKTEPUCTHK 3aBUCUT OT BBIOOpA CUCTEMBI OTCUETA
U COCTOSIHUS IBUKCHUSI U3MEPUTEIBHOTO TPUO0pa).
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8.

9.

[TockonbKy COOCTBEHHBIM 3HAU€HHUEM KBAaHTOBOTO OTIEPATOPa CKOPOCTH SBISIETCS TOIBKO
IUTIOC-MUHYC CKOPOCTh CBETA, MCXOHBIM PACIICIUICHUEM MHpa COOBITHH siBiseTcs 2+2
paclenjaeHue JUisi UCXOJHBIX CBETOBBIX COCTOSIHUN 3JIEMEHTapHBIX yacTull. Bpems u
IPOCTPAHCTBO - BTOPUYHBIC MTOHSATHUS, OTBEYAIOLINE 00bIuHOMY 1+3 pacuienyieHuo Mupa
HYJIBMEpPHBIX COObITUH (McxonHOTO 4+0 pacuieruieHuss MHHKOBCKOTO) BO3HHKAIOT MpPU
CYIEPHO3ULUU UCXOIHBIX CBETOBBIX BPEMEH.

OOm1ast Teoprsi OTHOCUTEIIBHOCTU JOIYCKAeT NMPOU3BOJIBHBIN BBIOOP CHCTEM OTCUETa U
NPOM3BOJIGHYI0O ~ CKOPOCTh ~ W3MEHEHHUS  PACCTOSHUS  MEXKIy  HaONI0JaTessIMH.
Habntonareneil co cBEpXCBETOBOM CKOPOCTbIO M3MEHEHMSI PACCTOSIHUS MEXKIY HUMU
paszenser TOPU30HT COOBITH B BHUAEC CBETOBOH THIEPHOBEPXHOCTU. JlJIsg OSTHX
HaOroaTeNell UMeeT MECTO pa3jiMuHas CUTHATypa UX MHMPOBBIX JIMHUW U pa3iIMuHOE
JIEJIEHNE 3JIEMEHTAPHBIX YaCTHIl HA YaCTULIbl pealibHbIE U BUPTYaJlbHbIE (HapuMep, Ipu
pacCMOTpPEHUM KBAHTOBOIO MCIApEHUsl YEPHBIX AbIp). B wacTHOCTH, UId BHEIIHErO
Ha0JI01aTeNsl BHYTPEHHOCTb YEPHOM JBIPbl HAIPSIMYIO HE BUAMMA U SBIISETCS AJIS HETO B
OTIPENICIIEHHOM CMBICIIE YUCTO BUPTYAIbHON (DM3MUECKOH pPEaTbHOCTHIO, TOCTYITHOU
TOJBKO YMO3PEHHIO - MPSIMOMY HAOJIOJICHUIO JOCTYITHO TOJBKO BIUSHHUE YEPHOU JIBIPHI
Ha OKpY»Karolee €€ MpOoCTPAHCTBO.

10. I'paBuTanimonHoe 1moJie OOLIEr0 TOJOXKEHUs JOMyCKaeT TPH IPEUMYIIECTBEHHBIC

CHUCTeMBI OTCY€Ta. PuYYM-KaHOHHMYECKash CHCTEMa COIYTCTBYET IPOTHOarouIei
TreOMETPUIO MPOCTPAHCTBA-BPEMEHN MaTepHAIBHOM cpenie 1 00pa3oBaHa COOCTBEHHBIMU
BeKTOpamMH TeH3opa Puuun (u DitHmTeiina, 10 GyHKUMN 111 CHMMETPUYHOM CBSA3HOCTH,
nojy4aemMoil oOpamieHueM B HyJIb Kpyuenus Kaprana). Belib-kaHoHWYecKas cuctema
COIYTCTBYET CBOOOJHOM 4YacTHM TPaBUTALMOHHOTO TIOJIA, OTPBIBAIOLIETOCS OT
HUCTOYHUKOB, W 00pa3oBaHa C MOMOIILI0 COOCTBEHHBIX CIHHOPOB Beitnsa (emé 10
¢ynkuuit). ToxnectBa bbsanku ans TeHzopa kpuBu3HBl (20 QyHKIME U1 TeH30pa
KPUBU3HBl Kak TIpaJlE€HTAa PUMAHOBOM CBSI3HOCTH, OJHO3HAYHO IIOJIy4aeMOW U3
cBszHocTu Kaprana) mpator quddepeHnnanbHyro CBsA3b YKa3aHHBIX JBYX CHCTEM OTCUETA.
TpeboBaHue BBINOJHEHUS TOXAECTB DbSHKM mOcCie CBEPTKM TEH30pa KPUBU3HBI C
mecteio 2-hopmamu, 0Opa30OBaHHBIMU BHEIIHMUM TIpou3BeneHHeM 1-popm TeTpambl,
OTIPENEIAeT EAUHCTBEHHYIO (PUMaH-KaHOHUYECKYI0) CUCTEMY OTcu€Ta. B miockoM mupe
NpEeUMYIIECTBEHHA HMHEpIHaIbHAas CHCTEeMa OTCY€ra, TNojydaemas TpeOOBaHUEM
oOpalleHuss B HYyJb CYMMBI npousBeneHuN 12-TM  KOMILJIEKCHBIX CIIMHOBBIX
k03 dunreHToB cBsa3HOCTH (TI0 [IeHpoy3y) Ha KOMIUIEKCHO CONPSDKEHHBIE MM BETHYUHBI
(3Ty CyMMy €CTECTBEHHO Ha3BaTh MOJYJEM CBSI3HOCTH). B obOmem cinydae nmepexon (1o
OWHIITEHHY) OT CHENUaJbHOW TEOPUHM OTHOCHUTEIBHOCTH K OOImeH Teopuu
OTHOCHUTEJIbHOCTH B HEKOTOPOM CMBICIIE CYXaeT OTHOCUTEIBHOCTH (CBOOOAY BBIOOpA
¢u3nUecKn paBHOTIPABHBIX IPABUTAIIMOHHBIX BAKYYMOB) JI0 HYJIS.

11.B HEOOHOpPOIHO MCKPUBJIEHHOM IPOCTPAHCTBE-BPEMEHU CYILIECTBYIOT HE TOJIBKO

NPEUMYIICCTBEHHBIC TPaBUTALMOHHBIC BAKYYMbI, HO U (PH3MUYECKH MPEUMYIECTBEHHBIC
muddepernnansapie  onepatopsl. Cpenu  nuddepeHIraIbHbBIX  ONepaTopoB BTOPOTO
HOPSIIKA TAKOBBIMHU SIBIISIFOTCSI, HAIpUMep, omneparopbl Kasumupa v TOTOJOTUYECKH H
METPUYECKH caMOCONpPsKEHHBIN oneparop Jlammaca (neiictByromuii Ha Gopmbl 110001
CTETIEHU KBaZpaT CcyMMbl nuddepeHnuana u koauddepeHnnanra, AU CyMMY
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omeparopa Jlamambepa m xomOmHammii auddepeHInpyeMOl BEIWYMHBI C TEH30POM
KPUBHU3HBI, YUCJIO KOTOPBIX PABHO CTETIEHU (POPMBI, TO €CTh YHCITY €€ WHACKCOB).

12.Tunore3a: OeCKOHEUYHO Mayble M OECKOHEYHO OOJbIINE HWHTEPBAJIbl BPEMEHU U
NPOCTPAHCTBA SBIIAIOTCA HEU30SKHBIMH HJCATH3ANMIMH, HE PEATU3YIOIIUMUCS B
npupoje (huautu3M ['mipdepra). Ommbka MaTEMaTHYECKOTO MPEACTHLHOTO Mepexoaa «u
TaKk Janee A0 OCCKOHEYHOCTH» COJEPKUTCS B YTBEPKICHUU «TaK»: pEalbHOCTD
nepexo1a K HOBBIM MaciTabaM 0ObIYHO TpeOyeT 0000meH s PU3MYECKUX MOHSATHHA.

13. YpaBHenuss MakcBemia umeroT Bui: jamiacuad (koguddepenuuman nuddepennmana
wiroc  quddepennuan komuddepeHmana) BeKTOp-MOTeHIMaNa (TouHee, 1-Gopmbi)
paBeH Toky. JIopeHIeBa KaMOpOBKAa OTBEYAET HYJICBOMY 3HAUYCHUIO KonupdepeHmana
(KOBapUaHTHOW JIUBEPTCHIINN) norennuana. Komuddepennman muddepennmana
NOTEHIMajla €CTh AaBTOMATHUYECKH COXPAHSIOMIASCS BEJIMYMHA, ITTOCKOJIbKY KBaJpar
komuddepennuana (m kBaapar guddepeHnuana, YacTHOW  MPOUM3BOJHOU ¢
QIBTEPHUPOBAHUEM MUPOBBIX HHIEKCOB) TOXKIECTBEHHO PaBEH HYIIIO.

14. YpaBuenus OunHmreliHa-Kaprana wmeror Bua: kxomauddepeniuman muddepenuana
TETPaJbl paBEH aBTOMATUYECKH COXPAHSIOUIEMYCS TETPaJHOMY TOKY, PaBHOMY CyMMe
JanamMOepThaHa TeTpajabl, WIEHY C TEH30pOM MaTepuu (M ero cienom) u (co 3HaKOM
MuHyc) muddepennnana koauddepeHnnana TeTpaapl (PaBHOTO HYIIO TIPH JIOPSHIIEBOU
KaTMOpOBKE TETPAJHOTO TMOTeHUHWana). J[nsg pa3HOCTHM TETpagHOrO TOKa M TEH30pa
Marepuu (C JOPEHUEBBIM M KOOPAMHATHBIM HMHJAEKCAMHU) TMOJay4aeMm (/i BpPEMEHH-
noJ0OHOTO BEKTOpa TeTpaabl, TO €CTh Ui MOHAJbl KaK CHCTEMBI OTCYETa 10
3e1bMaHOBY)  MOHAAHBIH  (XpOHOMETPUYECKM  HMHBApPUAHTHBIM)  MCEBIOTEH30D
I'PaBUTAIIMOHHOTO TOJIsI, KOTOPBII MHOTO JIET UCKall MOW yunuTenb A. JI. 3e1pMaHOB.

15. JIns mupa ne Cutrepa Kak 00pa30BaHHOTO CEMEHCTBOM (MMEIOIIUX HYJICBBIC TPAHUIIBI)
3-cep OOHOMOJOCTHOTO THUNEPOONIOUAA TOJNHAs Macca-dHEeprust paBHA  HYIIO:
OTpULIATeNIbHAs TpaBUTAIIMOHHAs Macca-3Heprus Bakyyma e Currepa (reomerpusi)
MOJTHOCTHIO KOMIIEHCHUPYET MacCy-dHEprHi0 MaTrepuu (BeAb B3SATHIA CO 3HAKOM MHHYC
TEH30p OMHIUTEHHAa Kak CBEPTKA JABAXJbl JyaJbHOTO TEH30pa KPUBU3HBI TOXKE
MOJIHOCTBbIO KOMIIEHCHPYET TE€H30p Marepuu). OnaceHus: DUHIITENHHA, 4YTO COXpaHEHUE
HYJISI HE TapaHTHPYeT (PU3MUYECKYIO0 CUCTEMY OT MCUE3HOBEHHUSI, HAIIPACHBI: COXPAHSIOTCS
10 OTJICIBHOCTU M T€TPAJHbIC TOKU (OHH TOKJECTBEHHO 00pAaIIaOTCs B HYJIb TOJIBKO JUIS
MOCTOSIHHOTO TE€TPaIHOTO MOJIs), U TEH30p MAaTepHH (C €ro HeOKaJTbHBIM MHTETPATbHBIM
3aKOHOM COXPaHEHH$), U TEH30p DHHIITEHHA.

16. 3aK0HBI COXpaHEHHMS B TPABUTALMU BBIMOJHSIIOTCS TOJBKO JUISl COBOKYITHOCTH
UCTOYHUKOB U ONPEIENSEMOr0 MMM TPAaBUTAI[MOHHOTO Bakyyma (IIOJIHBIE TOXKIECTBA
BbsiHKM  yKa3pIBalOT Ha CBS3b HMCTOYHUKOB M KpHUBH3HBI). To, dYTO Bakyym
(HeTpUBHAJbHASI KBAaHTOBAsI CUCTEMA, a HE MPOCTO IyCTOTa) HE 3aBHUCHUT OT IMOCTOSHHBIX
CKOPOCTEH, HO 3aBUCHUT OT YCKOPCHHH (H3UYECKOM CHUCTEMBI OTCU€Ta Kak
JIOTIOJIHUTETILHOW WHBAapUAHTHOM CTPYKTYpbl B MHpE COOBITHI (rae coOblTHEe — 3TO
nepeceueHue JIMHUN UK TUIEHOK pa3HOM, BOOOIE TOBOPS, pa3MEPHOCTH), YKa3bIBAaET Ha
€ro CBETOBYIO MPHUPOAY (BCIOMHUM IPO TEPBUYHYIO CBETOBYIO INPHPOAY UM CaMUX
YaCTHI).
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KOCMOJIOI'MYECKASA JTMHAMUKA

B OBOBIIEHHOM MOJJU®UIIUPOBAHHOMN I'PABUTAIINH

Ckyropesa M. A.
Yuebno-Hayunwrit Uncmumym I pasumayuu u Kocmonoeuu,
Poccuiickuti Ynusepcumem J[pyacovr Hapooog

Mockea 117198, Poccus

AHHOTAIUA

B oroif  pabote paccMOTpeHa  KOCMOJIOTMYecKas JWHaMHKa B 000OIIEHHOM
MOM(UIMPOBAHHON TPaBUTAUMU C WIEHOM ROR, N00aBJIEHHBIM B IUIOTHOCTH JIarpaH)kKMaHa
R+R" . Ommcano BimsiHME caaraeMoro ¢ ROR Ha M3BECTHbIC penieHus: MOIuPUITUPOBAHHOM
Teopun rpaBuTaimy f(R) . MBI OKa3bIBaEM, YTO B YaCTHOM ciaydae N=3 oGe mompasku R" u
ROR B narpanxuaHe 0OJAMHAKOBO BaXKHBI JUIsSl CTETIEHHBIX PEILIEHUH. DTH PELIEHUS U UX XapaKTep
YCTOMYMBOCTU OBIM H3YYEHbl C IIOMOLIBIO TEOPUU JUHAMHYECKHX cucTeM. Hekoropsie
pe3ynbratel B ciydae N #3 (BKIHOYas YCJIOBHE YCTOMUMBOCTH pemeHuss ae Currepa B
paccMaTpuBaeMOM MOJIENIN) NOJMYyYEHBI JPYTUMU METOIaMHU.

COSMOLOGICAL DYNAMICS IN GENERAL MODIFIED GRAVITY
Skugoreva M. A.
Institute of Gravitation and Cosmology,
Peoples Fiendship University of Russia

Moscow 117198, Russia

Abstract

We consider cosmological dynamics in generalized modified gravity theory with the RoR
term added to the action of the form R+R". Influence of ROR term to the known solutions of
modified gravity f(R) is described. We show that in particular case of N = 3 these two non-
Einstein terms R" and RoR are equally important on power-law solutions. These solutions and
their stability have been studied using dynamical system approach. Some results for the case of
N #3 (including stability of de Sitter solution in the theory under investigation) have been
found using other methods.
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O BJMSTHUU TPABUTAIIMOHHOTI O IOJIAI UAEAJBHBIX JKUJIKOCTEMN HA
CBOWCTBA B3AUMOJIEVMCTBYIOINUX CKAJISIPHOI'O 1 CIIHHOPHOI' O
MOJIEN B MWINHAPUYECY-CUMMETPUUYHOM METPUKE

ABOUT INFLUENCE OF THE GRAVITATIONAL FIELD OF THE IDEAL FLUIDS
ON THE PROPERTIES OF THE INTERACTING SCALAR AND SPINOR FIELDS IN
THE CYLINDRICAL SYMMETRIC METRIC

H. A. Kosanpuykos, I'. H. ukun, JI. I1. FOmenko

HccnemoBanbl  CBOMCTBA  CTAaTUYECKHX — IIJIMHIPUYECKU-CUMMETPUYHBIX  KOH(UTYpanuid
B3aWMOJICHCTBYIOIUX CHUHOPHOTO M CKAJSIPHOTO MOJIEH C YYETOM HACAIBHOM MKUJIKOCTH C
YpaBHEHUEM COCTOSIHMSL p = W[I, roe p — JaBieHHe, || — IUIOTHOCTb JSHEPruu, W —
MIPOU3BOJILHBIN Oe3pa3MepHBIid mapaMeTp.

B Hacrosimee Bpems, uisi OOBSICHEHMS YCKOPEHHOIO paciuupeHusi BcenenHoll, B
KAaueCTBE OJHOTO U3 BO3MOKHBIX IOJXO0JI0B, B KOCMOJIOTHH HCIIOIb3YIOTCS MOJENH UICAIbHBIX
JKAJKOCTEH C OTPHULIATEJIBHBIM JABJICHHEM, KOIJa IMapaMeTp W IPUHUMAET OTPULATEIbHBIC
3HadyeHus. lIpencrasisier HMHTEpec HCCAEAOBaHUE BIUSHMS TPABUTALMOHHOIO  IOJIA,
MOPOXKAAEMOTO HICATBHOM >KUIKOCTBIO C OTPHUIATEIbHBIM JaBJICHHEM, Ha (OPMHUPOBAHUE Yy
CHCTEM B3aMMOJCUCTBYIONIMX CKaSIPHOTO ¥ CIHHOPrOro TMoJied KOHHUrypauuid ¢
JIOKaJIM30BAHHOM INIOTHOCTBIO SHEPIUH.

Jlarpanuan cUCTEMbI B3aUMOICHCTBYIOIIUX MMOJIEH U UICATHHOMN )KUIKOCTH UMEET BUJ

R i[ . o - L
L :2x+2(‘/’ AV W =V ) myy B AR
(1)

+Lpf,

int

—V(p)D(s)+ P= 2R + Ls,, +L,+L
y4

rae F(s) u @(s) npousBoibHbIE (YHKIUU HHBAPHAHTA CIIMHOPHOTO Moyt s =Wy, V(p) —

IPOM3BOJIbHAS (DYHKIMU CKAJSIPHOTO TOJS, P — JaBJIEHUE UACATBHON KHUIKOCTU ,CBS3aHHOE C
IJIOTHOCTBIO SHEPIUU UICAIBHON KUIKOCTHU [ | ypaBHEHHUEM COCTOSIHUA P = WL/, w = const.

CraTtuueckas MUIMHAPUYCCKU-CUMMCTPHUYIHAA MCTPUKA 3aIlIMCBIBACTCA B BU/IC:

ds* = e7dt* — edx” — e*Pdg® — ed7’ (2)
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C KOOPJAMHATHBIM yCIIOBUEM, COOTBETCTBYIOIIIUM I'APMOHUYECKONW KOOPAUHATE X:
a(x) = y(x) + Bx) + p(x) ()

U3 Jlarpamxuana (1) nosydaeM ypaBHEHUs DUHINTEHA I8 METPUKH (2)

Beu B —uy - By =Ty e

wB +puy + By =—xT'e™, @
woAy —u B —uy By =—xI;e*,
y +B —up —uy -By =—xT e

CKaJIIPHOTO

°(zeme,)r Yo =0, )
F dp
Y CIIMHOPHOTIO IOJIEN

. dF dd
iy*"Vw —my ——vy -V(p)—wy =0,
ds ds ©6)

-  dF dd
iV wy,+my +—w +V(p)—y =0.
ds ds

[lonydeHbl TOYHBIE pELIEHUS YPAaBHEHHS B3aUMOJECHCTBYIOLUIUMX CKAJISPHOITO U CIMHOPHOIO
noneit (5) — (6) u ypaBHeHu#l DiHIITeHHA (4) C y4eTOM ypaBHEHUS JABUKEHUS HUICAIbHOU
KUAKOCTH IPU IPOU3BOJIBHOM W. BBINMCaHbl YCIOBHSI PErylsipHOCTH METPUKH (2) Ha ocH
CUMMETPHUH CHCTEMBI W Ha MPOCTPAHCTBEHHOM OECKOHEYHOCTH. PaccMoTpeHO BIuUsSHUE
Pa3IMYHBIX THIIOB HJCAIbHBIX KHJIKOCTEH Ha (JOPMHUPOBAHUE Y CUCTEMBI B3aUMOICHCTBYIOIINX
NOJIEH COTMTOHOIOIOOHBIX M CTPYHOTIOJOOHBIX KOH(PHUTypaIHiA.
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[Ipu 3TOM ycTaHoBi€HO, UTO eciii W = | (NpeaesnbHO KECTKas Marepusi), CylIeCTBYET
pelIeHue, ONMCHIBAIOIIEE MOJIEBYI0 KOHPUTYPAIHIO C JIOKATHM30BAHHON TUIOTHOCTHIO SHEPTHHU B
OKPECTHOCTH OCH CUMMETPUU. A SHEPTHUs, MPUXOIAIASACI HA OTPE30K SAUHUYHOM JITTUHBI 110 OCU
Z:

+0 2 1 4

4
HNurepecHo otmeruth, uto BenuuuHa 3-10 8 IUH €CTh IUIAHKOBCKas eauHuIa cuibl. OIHAKO
YCTaHOBJIEHO, YTO B 3TOM CJIyda€ YCIOBHS PEryasipHOCTH METPUKH Ha MPOCTPAHCTBEHHOU
OECKOHEUYHOCTH HE BBLITOJIHSIOTCS.

B cnydasx w = 1/3 (ynapTpapensaTuBucTCKas matepus), w = - 1/3 (ra3 KOCMHYECKHX
CTpyH), W = -2/3 (XaoTH4YecKoe pacrpeielieHHe JOMEHHBIX CTCHOK), W = - 1 (KocMHuYecKui
BakyyM), W = - 4/3 (anTOoMHas maTepus) peryisipHble KOH(PUTYpaluu C JOKAJIHM30BAHHOU
IUIOTHOCTBIO PHEPTUU HA €AWHUILY JJIUHBI 110 OCH Z CYILIECTBYIOT IIPY BBHITIOJHEHUHU YCIOBHS Ha
KOHCTaHTBl HHTETPUPOBAHUS A, Sy, C, TIOJIydaeMble TIPU PELICHUN CUCTEMBI ypaBHeHHH (4) — (6),
¢. = As;. B 5TOM cilydae COMHOPHOE M CKaJAPHOE TOJIs KOMIICHCUPYIOT CBOM BKIIaJ[ B TEH30D

SHEPTUU-UMITYJIbCA U TIPU STOM IOJIY4alOTCs PEIICHHUS, KOTOPBIC MOAPOOHO HCCIeI0BaHbI B [ 1].

B caysae w = 0 (umbuieBuaHas (TeMHasi) Marepusi)) CTaTUYECKOE pPaBHOBECHE
HEBO3MOKHO.

Crnucok autepaTypbl:

[1] BponnuxoB K.A., Uynaera E.H., A0mens-Carrap Bamun, Illukun I'.H.. Cratudeckue
WINHAPUYECKU-CUMMETPUYHbIE KOH(Urypanuu uaeanbHol skuakoctu // Becrnuk PYJIH,
cepus «Maremaruka. Uapopmaruka. Omukay, - 2009, - Nel, - C. 85-95. [Bronnikov K.A.,
Chudaeva E.N., Abdel-Sattar Walid, Shikin G.N.. Static, Cylindrically Symmetric Perfect Fluid
Configuration // Bulletin of Peoples Friendship University of Russia, Series ‘“Mathematics.
Information Sciences. Physics”. — 2009. - Nel. — P.85-95.]
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O KOHIENTYAJBbHBIX OCHOBAX BAP-AHAIIOJIbHON MOJIEJN TEMHOM
MATEPUH

C.1. Ky3nenosn
«ON CONCEPTUAL BASIS FOR BAR-ANAPOLE MODEL OF DARK MATTER»
S.I. Kuznetsov

Dnexmpozopck, Poccus
Web-Hncmumym ucciedosarnutl npupoosl 8pemenu
www.chronos.msu.ru

e-mail: KSI@chronos.msu.ru, bitva@mail.ru

This paper presents a new hypothesis about the nature of dark matter. The proposed bar-
anapole model of dark matter can refer to the so-called exotic baryon models. It solves some
cosmological and astrophysical problems, but requires a radical revision of the current ideas
about the birth and evolution of the Universe.

Pemenne mpoOneMbl TEMHON SHEPrHH, KOTOpOE OBUIO MPEATIOXKEHO Ha MpeIbLAyIIei
KoH(pepeHIwH [ 1], IPUBOAUT K 3aKIIIOYCHHUIO, YTO, BO3MOXKHO, TEMHAasi MaTepust coctaBisieT 95%
noJIHOM Macchl BeeneHHoi (octanmbHbie 5% NpUXOASTCS HA JIOJIO OAPHOHHOTO BEIIECTBA).
3aTAHYBIIUIICS HEyCHEeX C MPSMOW perucTpanueil CynepCHMMMETPHUYHBIX YacTUIl (BHUMIIOB),
paccMaTprUBaeMBIX B KaUe€CTBE OCHOBHBIX KaHIMIATOB HA POJIb TEMHON MaTtepuu B CTaHIapTHON
KOCMOJIOTHYECKOW MOJIETH, 3aCTaBJIsIeT MCKATh ajJbTepHATHBHBIC BAPHAHTHI JJISI OOBSCHEHHS
IPUPOIBI 3TOH 3araJIouHON CyOCTaHIUH.

Hacrosdmmuii noknaa IMOCBSIIEH HOBOM TUIIOTE3€ INPOUCXOXKICHUS TEMHOM MaTepuu,
KOTOpas moJrydmia pabodee Ha3BaHUE “‘Oap-aHAMOILHOW MOACTH .

Temuoit Marepueld (TM) HazpiBalOT “HEBUAMMOE” BEIECTBO, KOTOPOE CO3/aeT
TpaBUTALITMOHHOC IIOJIC, HO HC H3JIy4acT (I/IJ'II/I II0YTH HEC I/I3J'Iy‘-Ia€T) SJICKTPOMArHUTHBIC BOJIHBI.
[IpennonoxeHnne O CYIIECTBOBAHUM S3TOW CyOCTaHIIMM JAl0 BO3MOXHOCTh OOBSICHUTH
pacxoxkaeHne HaONI0aeMbIX TUHAMMYECKHMX CBOWCTB TaJlaKTUK W CKOIUICHHH TallaKTHUK C
TCOPCTHUYCCKUMU MPCACKA3AHUAMH, OCHOBAHHBIMU Ha MOJCJIH, B KOTOpOfI BCC 3TH CHCTEMBI
COCTOST TOJBKO M3 cBeTsmerocs Bemecta (D.1pukku, 1933).

C ¢usnyeckoil TOYKHM 3pEHUS MOJCIH, MPU3BAHHBIC OMHCATh CBOWCTBA "HEBHIUMON"
MaTepHH, NOAPA3CIIAIOTCS Ha TpH OoJbinme Tpynnsl [2]: 1) 6apuonHble, 2) HeOapuOHHBIE U 3)
MOJIeNH, JIOMyCKAoIe MOIU(HUKAINIO 3aK0Ha TsroTeHus: HpioToHa. B mepByto rpymmy BXoauT
U CEMEHCTBO TaK HAa3bIBAEMBIX ‘DK30THYECKUX OApUOHHBIX MOJEIEH’, paccMaTpUBAIOIINX
HeoObIuHbIC (DAa30BBIC COCTOSHUS SICPHOM W CyObsimepHOW Marepuw (cMm., Hamp., [3]).
[Ipemnaraemyro Mojienb Gap-aHaNOILHOW TEMHON MaTepPUU MOKHO OTHECTH K 3TOMY CEMEUCTBY.
Ee cnegyer ornuMuaTh OT WM3BECTHOM aHAmoOJIbHOW Mojaenu [4], KOTopas NO CYTH SIBJISIETCS
HeOapuonHo. [Ipedukc “Oap” mpuszBaH 00€CNEUUTH pA3IMYUE MO HA3BAHHUIO ITHX JBYX
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aJIbTEPHATUBHBIX MOJIEIECH.

B HacTostimee Bpemsi TOMHHHUPYET HeOapHOHHAs MOJEIh XOJOJIHOW TEMHOW MaTepuu
(CDM), coriacHO KOTOpOH 3Ta HEBUAMMAS TPABUTHPYIONIAs CyOCTaHIIHMS MPEICTABISIET OO0
ra3 HEB3aUMMOJCUCTBYIOMMX YacTUIl-BUMITOB. “Bumner” (WIMPs — Weakly Interacting Massive
Particles) — 9TO rMIOTETHYECKHE YaCTHIIBI MACCOI GObIIE HeCKOMbKUX ['9B/c’, yaacTByromme
TOJIBKO B ciaboMm B3ammojeiictBun. [Ipeamnonaraercs, uro nuddysHeie obdmaka “rTeMHOT0” Tasza
3aMONHAIOT 00JacTH, THE COCPEAOTOYCHA CBETAIIascs OapruoHHAs Marepus (TaJTaKTHKH,
CKOIUICHHS TalakTuK). HecmoTpss Ha mpuemiiemoe omucaHue (OPMUPOBAHUS KOCMUYECKHX
CTPYKTYp Ha CpAaBHUTENHHO O0JIbIINX paccTossHusX (~ 1 Mnk), CDM-Moens naet Ha MEHbIIIEM
MaciITade 3aMeTHBIC PACXOKICHUS C HaOoeHusIMH [5]:

1) B pacuerax MoJy4yaeTcsl CIMIIKOM MHOTO KapjMKOBBIX IaJIaKTHK-CIIYTHUKOB (B 10, a
T0 U B 50 pa3 0oJibliie, 4eM B peabHOCTH);

2) rpaduk pacmpeneneHus IIIOTHOCTH BEIIEeCTBA M0 PaANyCy HEMPEMEHHO UMEET OCTPhIT
MUK B IEHTPE TaJakTUK{A, B TO BpeMs KaKk W3 HAOMIOJCHHI CIIeyeT, YTO pacHpeleicHue
IUIOTHOCTH JIOJDKHO OBITH 0OJIEe MIIOCKUM.

O6e 3TH mpoOiieMbl yHaeTcsl PEUIuTh, €CJIM MPUIHCATh YacTHI[AaM TEMHOW MaTepuu
CHOCOOHOCTH YIPYro B3aMMOAEWUCTBOBATH JAPYT C JApyrom. Jlydmime pe3yiabTaThl MOJTy4YaroTcs,
€CIIM CeUCHHE YNPYroro B3aumojeicTBus TM-dacTuil Ha €IWHUILy Macchl OA00PaTh MOPsAKaA
6 =0,1 cM’/r. [6] DTa BeqHUMHA COOTBETCTBYET OOBIYHBIM CCUCHHAM YIPYrOTo B3aHMOICHCTBHS
HEHTPOHOB, TOCKONBKY OHH HMEIOT Maccy mopsaka my~ 107*T u moomams momepedHOro

2 2
ceuenus Sy~ 10 S em?,

Takum 00Opa3om, IO CBOMM CBOMCTBaM HEWTPOHBI OTBEYAIOT TPEOOBAHHIM K YacTUIAM
TEMHOUW MaTepHuH: JIEKTPUUYCCKU HEUTpaIbHBIE, 00JIAaf0IINe MACCOU MOKOS, OHH K TOMY K€
UMEIOT MOJAXOJsllee IMorepedyHoe ceuyeHue. OnHAKo B CBOOOJHOM COCTOSIHUM 3TH SiACpHBIE
YACTHIGI HECTAOHIIBHBI U 3a BpeMs ~ 10° ¢ paciamaioTcs Ha MPOTOH, SMEKTPOH M IEKTPOHHOE
AQHTHUHEHUTPUHO. DTO OOCTOSATENBCTBO BBIHYKIAET OTKA3aThCsi OT CBOOOJHBIX HEHTPOHOB B
KAaueCTBE YaCTULl TEMHOW MaTepUHu.

Tem HEe MeHee, U3BECTHO, YTO HEMTPOHBI 0OPETAIOT CTAOMIIBHOCTD B HEJIPaxX HEUTPOHHOM
3B€3[bl M BHYTPM aTOMHOIO sjapa. ECTb OCHOBaHMS IMOJjaraTh, YTO BO3HHMKAKOIIAs B 3THUX
YCIIOBUSIX CTaOMIBHOCTh HEHTPAIILHOTO HYKJIOHA HE SIBJISIETCS CIEACTBHEM HEKOETro 3ampera Ha
ero pacmnaja. Ckopee BCEro, Mbl UMEEM JIEJI0 C HEMPEPHIBHBIMU OCHWJUISAIUSAMU: HA CAaMOM JIejie
HEUTPOH pacnajacTcs Ha COCTaBHBIE YAaCTH, IMPEBPAIA’ACh B MNPOTOH C COMYTCTBYKOUIMMH
ANIEKTPOHOM M AHTUHEWTPUHO, HO 3aTE€M, Y€pe3 ONPEACIICHHBIN MPOMEKYTOK BPEMEHH, CHOBA
MEPEXOIUT B MEPBOHAYATIHLHOE COCTOSIHUE. Takoro pojaa B-ocuuuisiiuy 00YyCIOBICHBI HATMYUEM
BHEIIHUX CWJI: TPABUTALlMOHHOIO TIOJS B CIyd4ae HEUTPOHHOM 3BE3bl U CHIIBHOTO
B3aWMOJICHCTBHS, JOMHUHUPYIOIIETO B sAepHOM Marepur. Hano mnonarate, 3TH  CHJIBI
o0ecreynBaroT CBOCOOpa3HbIN KOHPAWHMEHT I TPOIYKTOB paciajia HeHTpoHa.

B psane pabot nmokaszano (cwm., Hamp., [7]), 4TO HEUTPOH MOXKET 0OpeTaTh CTAOMILHOCTH B
MJIOTHOW Cpe/ie U MPHU HAIMYUU JOCTATOYHO CHJIBHOTO MAarHMUTHOTO MOJs, MPHU 3TOM IPOTOH,
HA00OpOT, CTAHOBHUTCS HECTAaOWIBHOW dYacTUIlei. PaHee aBTOp paccMaTpwBall BOIMPOC O
BO3MOXHOCTH TIPOTEKaHUs TaK Ha3bIBAEMBIX ‘KOJIEOATENBHBIX SACPHBIX peakiuii” [8] B
CBEPXCUJIBHBIX MAarHUTHBIX MOJISX (~10" I'c); FEHEPALMI0 TAaKUX TMOJEH TEOPETUUYECKAS
acTpo(u3nKa MpeCKa3bIBACT B HEIPAX HEUTPOHHBIX 3BE3/I.

B cBsa3u ¢ BBIIEHU3IIOKECHHBIM NpeaACTaBIACTCA BO3MOKHBIM IIOIBITATHCA IMOCTPOUTH
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“aToM” TEMHOTO BeIlleCTBAa M3 IMPOJYKTOB pacnaga HedTpoHa. Vckomasi snemeHTapHas
CTpYKTypa “HEHTpOHHOH’ TEMHOW MaTepuu JOJDKHA 3aKiIiouaTh B ce0e  CHIIbHOE
CTaOUIN3UPYIOLEE MAarHUTHOE T10J1€, IPAKTUUECKH HE POHUKAIOLIEE 3a €€ MPEAEIIbI.

[MomoOHast cTpykTypa H3BECTHA B DIIEKTPOTEXHUKE M SACPHOH (HU3MKE: ITO Tak
Ha3bIBAEMBIM “‘TOPOMIHBIA JUIIONB”, WM ‘“‘aHanoib’, Kak ero HazBan f.b.3enpmoBuu [9].
AHAIOroOM aHamoJisi MOXET CIY)KUTh COJICHOWJ| C 3aMKHYTBIMH KOHIIaMH B (opMe Topa, I
00MOTKE KOTOpOro TedeT ToK. UTo kacaeTrcs TEMHOro “‘atoma’, TO €ro MOYKHO NpPEJCTaBUTh B
BUJIC LIETIOYKU (-OCIMUTUPYIOMIKUX HEUTPOHOB, 3aKIIFOYAIONIEH B cebe CBepXCHIIBHOE MarHUTHOE
noJie.

B mpocreiimieil Moieny Takoro JUHEHHOIO “aroMa’” 3apsyKEHHbIE YaCTUILbI — AIEKTPOHBI
U IIPOTOHBI — COBEPIIAIOT BCTPEUYHOE JBUKECHUE C PEIATUBUCTCKUMU CKOPOCTSAMH, IEPEMEILAsAChH
Ipyr 3a OPYrOM IO CIHUPAJIbHBIM TPACKTOPHUAM BJOJIb CHIOBBIX JIMHMM MAarHUTHOIO IIOJIS.
BcerpeuHoe naBMKEHHME NPOTUBOIIOJIOXKHO 3apsDKEHHBIX 4YACTHI CO3JA€T TOKOBBIM  CIIOH,
SKPAHUPYIOIIUKA MarHUTHOE TOJIe BHYTPU HEUTPOHHOW CTPYKTYphl. CTaOMIBHOCTH HEHUTPOHOB
UMeeT TUHAMHUYECKYIO TMPHPOJAY: OHM BO3HUKAIOT M Cpa3y K€ pacmajgaroTcs, 4ToObl yepes
HEKOTOpOE BpeMs MOSIBUTHCS BHOBH NMPAKTUYECKHU B TOH ke Touke. brmaromaps koHdaitHMeHTY
CBEPXCHUJIBHOTO MAarHUTHOTO IIOJI, CIOCOOHOTO YIEpKHBATh PENISTUBUCTCKHE 3apsKCHHBIC
YyacTULbl, 00pa3yloTcs UIMHHBIE U OYEHb MPOYHBbIE HEUTPOHHBIE “TIOJNIMMEpHbIE Lenouku”. B
OTHMCAaHHOHN MpOCTEHIIel MOJETH TPACKTOPUU BCEX YACTHIL JOJDKHBI OBITH 3aMKHYTBIMHU, HHAYE
Takas CUCTEMAa, B KOTOPOM COCTABIIIOIIME €€ BJIEMEHTHl JBIKYTCS B IHPOTUBOIIOJIOKHBIX
HaIpPaBJICHUSX, TIONPOCTY pacnaaercs. boyee cioxHas MOJENb, BEPOSITHO, IOTPEOYET BBEACHUS
MAarHUTHBIX MOHOIIOJIEH U aHTUYACTHULL.

K coxxanenuto, Oap-aHamoJIbHYI0 MOJEJIb TEMHOW MaTEpUU TPYAHO, a CKOPEE BCETO,
HEBO3MOXKHO coryiacoBaTh co CranzmapTHoM Mmojenbto bonbmioro B3psiBa. Ilpexzae Bcero
IIOTOMY, YTO HEHTPOHHBIC AHANOJIM HE MOTYT 00pa3oBaTbCs B YCIOBUSAX TOPSUYEH paHHEH
BcenenHnoii:  BbICOKas ~ TeMIeparypa  MCKIIOYAaeT  BO3MOXKHOCTb  CaMOOpPraHU3aluu
PENATUBUCTCKUX YAaCTHIl B CTOJIb CJOXHBIE CTPYKTYphl. DTO OOCTOSTENBCTBO BBIHYXKIACT
00paTUThCS K aJIbTEPHATUBHOU TUIOTE3e ‘“XosnonHoro” bombmoro B3peiBa [10], BHecs B Hee
HEKOTOpPBIE CYLIECTBEHHbIE N3MEHEHHUS.

B nmnpeanaraeMoM cueHapuM pOXKICHMS M 3BOJIOLNMU BceneHHON Bce BELIECTBO
W3HAYQIBHO CYIIECTBOBAJO B BHAE Oap-aHamoJbHOW TeMHOW wmatepuu. CHHTYISIpHOE
o0Opa3oBaHue, U3 KOTOPOTO BOZHUKIIO HAOI0aeMoe pasHooOpa3ue acTpohU3HIECKUX 0OBEKTOB,
B YCJIOBHMSX BBICOKOH IUIOTHOCTH M HYJIEBOM TeMIleparypbl, IO-BUAMMOMY, 001a1ano
CBOMCTBaMHU TBEPJOrO TeJa, NPEACTaBIsAsl COOOW  YIOPSIOUEHHYIO (KPUCTALTHUECKYIO)
CTPYKTYpy U3 IUIOTHOYNAKOBAHHBIX AaHANoOJbHBIX ‘“‘aromoB”. Hano mnosarate, Takoi
Cunrynspubsiii Kpucram, 01aronapsi BBICOKOW MIIOTHOCTH CUJIOBBIX JUHUN COCPEAOTOYCHHBIX B
HEM MarHUTHBIX OJIEH, 00J1a/1a)1 KOJIOCCATIbHBIM BHYTPEHHUM HAIPSHKCHUEM.

I[lo sToli mpuMuYMHE HA HEKOTOPOW CTAaaMHU PACIIUPEHUS NPOCTPAHCTBA MPOMU3OLLIO
pactpeckuBanue Kpucramia. DTO CIydumoch, CKOpee BCEro, KOIJa IUIOTHOCTb CPEIbl,
YMEHbBILAACh B IMPOLECCE DPACIIMPEHMS], AOCTUIA SAEPHON IUIOTHOCTU. BHyTpu TpemuH B
pe3yiabTaTe  pa3pylieHus HEKOTOoporo kojuuectBa (~4-5%) aHamosibHBIX  “ATOMOB”
o0Opa3zoBanock GapHOHHOE BeIIeCTBO. BBICBOOOXIEHHAs! MPHU Pa3pyLUICHUH aHAMOJEeW SHEeprHs
CBEPXCUJIBHOTO BHYTPEHHETO MAarHUTHOTO TIOJIA TpUBENa K Pa3orpeBy 0Opa30BaHHOM
0apHOHHOW TIIa3Mbl 70 3HAYMTENBHBIX Temreparyp. Takum oOpa3om, pacrpeeieHue
CBETSIIEHCS MaTepuu (TaJIaKTUK) TIOBTOPSIET PUCYHOK MEPBBIX KPYIMTHOMACIITAOHBIX TPEIUH.

OmHo W3  BaXHBIX  OTIAMYMM  TpeayaraeMoro  cueHapusi  (HOpMUPOBAHHSA
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KpYyIHOMAacIITaOHOW CTpYKTYyphl BeeneHHoM 3akimodaeTcs B NpeACKa3aHUy HAJIMYUS MaTepUU B
BOI1aX, KOTOPbIE B COBPEMEHHOM KOCMOJIOTMM HPHUHSITO CUMTaTh IycThiMH. HaOmronaembie B
HACTOSIIIEE BpEMS BOHABI COOTBETCTBYIOT OONacTsAIM Mexay TpemuHaMu CHHTYISIPHOTO
Kpucranna, o6pa3oBaBmuMucs B MOMEHT “X0JI0AHOT0” bonbiioro B3peiBa. Bolabl 3amoaHeHbl
MaTepuel, KOTopasi COXpAaHWIACh B “TEMHOM COCTOSTHHH — B BUJC YIEJIEBIIUX Oap-aHAMOJIbHBIX
cTpykTyp. Ilo 3T0il mpuunHe obiiee pacupeaeneHre BemecTsa Bo BeeneHHol B cpenHeM Oouiee
OJIHOPOJHO, YEM TO, KOTOpoe mpeickazaHo B CTaHAApTHOM KOCMOJIOTMYECKOM MOJEnH. ITO
MOKHO pacleHHBaTh Kak (pu3mueckoe 0OOCHOBaHHME MATEMaTHYECKH OOYCIOBJICHHOTO 3aKOHA
Xabbma, uTo, 0€3yCIIOBHO, UMEET 3HAYCHHE MIPH PeIIeHn: napagokca Xadoma-Conaumka [11].

Kak  wu3BecTHO, Hapsimy €  TOpaBAONOAOOHBIM  ONMHMCAaHUEM  (POPMHUPOBAHUS
KpYIHOMAacCIITaOHOH CTpyKTypsl BceenenHo#t oOmienpusHanHas Teopus “ropsdero” Bosbmioro
B3pbIBA HMeEET elle JBa JocTkeHus. OHa NpeacKa3blBa€T YEPHOTEIBHOE PEIUKTOBOE
U3JTy4YEHUE M TO3BOJIAET PELIUTh BOIPOC O XMMHUYECKOM cOcCTaBe OapuOHHOH marepuu. Ectb
OCHOBAHMs I0JIaraTh, YTO M3JIaraeMas 3/€Cb albTEPHATUBHAS MOJENb CIOCOOHA JAaTh TAKHE XKe
pe3yNbTaThl, COBNANAIOIINE C HAOIIOACHUSIMU.

Bap-ananonpHyl0o TEMHYI0 MaTepuIO CIEAyeT paccMaTpuBaTh Kak ocoOyio dopmy
OapuonHoro BemiectBa. HaOmiomaemasi cBeTsimasicss Marepust (TaJaKTHKH) CBOMM TOSIBICHUEM
o0s3aHa pa3pylICHUIO Oap-aHANOJBHBIX HHUTEH. [pyruMu CiIOBaMH, COTJIACHO MpPEIaraeMoi
runore3e, OObIYHOE OAPUOHHOE BEIIECTBO — 3TO CBOErO poja “OCKOJNKH’ Oap-aHANOJLHOM
TeMHOH Marepuu. C camMoro Havaja CBOETO TOSIBJICHHUS OapHOHHAs KOMIIOHEHTa CojepiKala
HEKOTOpPOE KOJHMYECTBO TsDKENbIX snep (“MerauioB” Ha s3bike  acTpodusukm). Takoi
XMMHYECKUH COCTaB HMEET KOCMOJIOTMYECKOE IMPOMCXOXKJIeHHEe. Meramibl  JOJKHBI
IPUCYTCTBOBATh YK€ B paHHEel BceneHHOoM — 10 3moxu 3B€31000pa30BaHus U B3pPbIBOB IEPBbIX
CBEPXHOBBIX. DTO NPOTUBOPEUMUT MpeAcTaBieHUsIM CTaHAApTHOM KOCMOJOTMYECKOM MOAENH,
COTJIACHO KOTOPHIM MEPBUYHBIA HYKIEOCHHTE3 CIIOCOOEH MOPOAUTH TOJIBKO JIETKUE SIPa.

Uto KacaeTcsi MHKPOBOJIHOBOTO PEIMKTOBOIO H3IY4YEHHUsS, TO €ro IPOUCXOKICHHE
CBS3aHO C BBICOKOTEMIIEpPATypHOW OApUOHHOW IIIa3MOM, BO3HUKIIEH B  mporiecce
pactpeckuBanus CHHTYJISIPHOTO TEMHOro KpucTaiuia. OOpa3oBaBmiasicss IUla3Ma 3aroJIHUIIA
MHOTo4McieHHble TpeuuHbl Kpucramna. EcTecTBeHHO, 3Ta HEOJHOPOJIHOCTb paclpeesieHus
U3JTYYaloUIero BEIIeCTBa JOJDKHA TPOSIBISATBCS B HAOMIOZaeMOl B HACTOsIIEe BpeMs
AQHU30TPOMUU MHUKPOBOJHOBOTO (poHa. CTOUT 3aMETHTh, YTO B TpEAJaraéMoM CIICHApHH He
BO3HUKAET MpodieMa TepMalu3allud PEIUKTOBOIO M3IY4YEHMs, KOTOpas cuuTaercs Hauboiee
TPYAHOU IIPHU MOCTPOEHUH TEOPUHU “X0JIOJHOr0” BoIbIIOTo B3pHhIBA.

XKecrkne wu ynpyrue Oap-aHanoJbHbIE HUTH, OOpa30BaHHbIC PENSATUBUCTCKUMU
YacTULIAMM, HABUTHIMH Ha CHJIOBBIE JIMHUM CBEPXCHJIBHOIO MArHUTHOIO IIOJI, CTPEMSTCS
pactpsmMuTbes U 06ocoouthesi. He oOmanast BEIpaKEHHBIMHU 3JIEKTPOMAarHUTHBIME CBOMCTBaMH,
0ap-aHanoJbHBIC HUTH B3aUMOJICHCTBYIOT APYT C IPYTOM H C OKPYKAIOUIMMH 00bEKTaMH (B TOM
Yuciae M YUCTO OApHOHHBIMH) B OOJBIICH CTENIEHH MEeXaHW4YecKH. HUTH HMMEIOT TeHIEHIIHIO
HaBUBATHCS IPYT Ha Jpyra ¢ 00pa3oBaHMEM KIyToOB. B ciydae 3arernieHus MHOXKECTBA HUTEH U
KTYTOB (OPMHPYETCS CII0)KHOOPTaHU30BAHHBIM “KITyOOK”, KOTOPBIH MOKHO Ha3BaTh ‘‘0ap-
aHaMoJIbHBIM I1azMouioM”. IIpouecc npeBpalieHust nepBoOHa4YaIbHO TBEPABIX OCKOJIKOB TEMHOM
MaTepuH B Oap-aHamoJibHbIE TUIa3MEHHBIE 00pa30BaHUsI HAdaics cpa3y BCKOpE MOCIE MEePBOroO
akta pactpeckuBanusi Cunrynspuoro Kpucranna.

B nacrosiee BpeMsi TeMHas MaTepHsl pacpe/iesieHa 1o IpOCTPaHCTBY (BKItOYast BOWIbI)
B BHJE IUIA3MOMJOB PAa3JIMYHBIX PA3MEpPOB M IUIOTHOCTH. MOKHO OKHMJAATh, 4YTO OTHAEIbHBIE
00pa3oBaHusl COCTMHEHBI CBOMMH NEepU(PEPUITHBIME KT'yTaMH M HUTAMU U TaKOW ‘‘COCTaBHO”
TEMHBIE OOBEKT MOXKET HMMETh MPOTSHKEHHOCTh MacuiTada rajakTuku. [Ipw CTOJIKHOBEHWH
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TEMHBIX IJIa3MOUJOB HUX OT/ACIbHBIC Oap-aHAMOJNbHBIC XI'YThl M HUTH PBYTCA. DTOT IPOLECC
JIOJIKEH COIPOBOXKAATHCS BCIIBIILIKOW KOPOTKOBOJIHOBOTO M3IY4YE€HUS U BBIOPOCOM SHEPTrUYHBIX
snep. Takum oOpa3oM, TeMHasi MaTepHst ABISETCS UCTOYHUKOM HaOII0JaeMbIX TaMMa-BCIJIECKOB
U KOCMHYECKHX JIydel CBEPXBBICOKHMX SHEPruid, MpeBbIIAOIMUX Npeaen I'peitzena-3anenuHa-
Kyssmuna (5-10" 5B). Creayer mogdepKHyTh, 4TO 3TH SBICHHS IPOMCXOIST TOBCEMECTHO, B
TOM YHCJIE€ B IpEeAeNax Halen ["amakTuky.

TemHas MaTepusi HTpacT IJIaBHYIO POJIb B 0Opa30BaHUM TaNlaKTHK, 3BE3] U IUiaHeT. [lo
HAallleMy MHEHHIO, Oe3 ydacTwsi Oap-aHamoJIBHOTO TUIa3MOHWA, HAaXOJMIIErocs Ha CTaJuu
VIUIOTHEHHS, OapHOHHOE Ta30-MbUIEBOEC O0O0JIAKO HE CIOCOOHO CKOHIICHTPUPOBATHCA MOJ]
I[€I>'ICTBPI€M CO6CTBCHHLIX FpaBI/ITaI_[I/IOHHLIX CUJI U CXKATBCA 0 TaKOI>'I CTCIICHH, ‘IT06BI 3AXKIJIaChb
3Be3ga. Camo CyIIecTBOBaHHME 3BE3[bI U €€ OCHOBHBIE CBOWCTBA, BKJIIOYAs CTAOMIBHOCTH
CBCTHUMOCTH, 3BC3AHBIC ITUKJIBI, IIATHA M T.II., CBA3aHbI CO CHO)KHOOpFaHI/I3OBaHHBIM O6’LCKTOM
0ap-aHamoOJNPHOM TEMHOW MaTepuu, MpeOBIBAIONIMM B IIOCTOSHHOM JIBIKCHMHM BHYTPU
0apuOHHOTO Ta30-IJIa3MEHHOTO Iapa.

OueBUIHO, TPABUTAIIMOHHOE CXKaTHe Oap-aHAINOJIFHOTO BEIIECTBA HE MOYKET MPHUBECTH K
00pa30BaHUIO YEPHOU ABIPBI, MOCKOJIbKY CBEPHYTBIE CIIHMpad, HAUMHEHHbIE CBEPXCHJIBHBIM U
HEYCTPAaHHUMBIM MarHUTHBIM M0JIeM, 3(GEKTHBHO MPOTUBOACHCTBYIOT IABJICHUIO U CHKATHIO.

Crnenyrouuii 3eMeHTapHbII pacyeT MOXKET CIYKUTh JOMOIHUTEIbHBIM CBUIETEILCTBOM
HeCIy4ailHOCTH BbIOOpa HEUTPOHA B KAUECTBE KPAaeyroJIbHOTO KaMHs B Oap-aHANOJIbHOM MOJEIH
KOCMOJIOTUYECKOW TEMHOW MAaTepUuM M, B OIPEACICHHON CTENEHH, IOATBEPKIACHUEM
000CHOBAaHHOCTH OOpAIICHHS K MOTy3a0BITON TEOPHH “X0JI0AHOTO” BobIIOro B3phIBa.

Byzem momarath, 4To Bo BceneHHoii cymectByer mopsuzka N ~107° atomos [12]. B
pamkax Oap-aHaroJIBHOW MOJENHM BCE ATH “‘aToMbl” (B BUAEC HEHTPOHOB) 00pa3yrOT BOIW3H
CHHIYISIpHOCTH IUIOTHOYNAKOBaHHBIN 1m1ap. HetpynHo oueHuTs paguyc BeenenHoil Ha ctaauu
“HeﬁTngHOFO” mapa (t.e. paauyc Cunrynspuoro Kpucramia), monaras pasmep HEHUTpoHaA
d, =107 cm:

R~3IN-d ~10%-10" =10"cu.

BripaxeHHbIIl BO BpEMEHHBIX €IMHHUIIAX 3TOT pa3Mep MPUHHUMAET 3HaueHHE (CKOPOCTh
1
ceera ¢ ~10'° em/c):

t, ~R/c~10°cex .

MO>HO BHIETh, YTO IOJIydCHHAs BEIUYMHA YIUBUTEIBHBIM 00pa3oM COBHANACT CO
BPEMEHEM JKHM3HM CBOOOJHOro HeWTrpoHa. B 3ToM coBmaseHuun oOHapyXUBaeTcs CBSI3b
TEMIIOPAIbHONW XapaKTEPUCTUKU OTIEJIBHOM JIEMEHTAapHOM YacTUIbl (KOHKPETHO, HEUTPOHA) €O
Bcenennoi B ieaoM.
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Ob YPABHEHUMU JJIA IIVMIOTHOCTHU BEPOATHOCTH
C.B. Konbuio
MockoBcKHii TOCy1apCTBEHHBIN MAIIMHOCTPOUTENbHBIN yHUBepcuTeT (MAMMN).

Mocksa, Poccus

Beenenue.

2

B ypaBnenun pénunrepa: ihaa—l/t/: ﬁl// , ¢ Tammibronnamom H = —?—Vz +U, npu
m

U=const(t) nepeMmeHHble pa3nensorcs. To ectb W (X,f) MOXHO TMPEICTaBUTh B BHIIE
v (x,t)=@(X) exp(—iEt/h). 3nech E — monHas sHEpTHUs, a @(X) YHAOBIETBOPSET CTAIIHOHAPHOMY
ypaBHenuto lpénunrepa: ﬁgo = E¢@ . Ilpu 3tom U cTaHOBUTCA NOTEHUHAIBHOM dHEpruen. Huxke

MBI CTPOMM JH(pdepeHINaTbHOE yPaBHEHHE IS INIOTHOCTH BEPOSTHOCTH : (X )

1. YpaBHenne ais ¢ .

BomHoBas ¢yHKIMS W (X,f) — 9TO HOBBIH 00BEKT, KOTOPBIA BBOJAUTCS B (PU3UKY KBAaHTOBOU

teopueil. OIHAKO, MHTEPIPETALMIO IMOJy4aeT HE CaM 3TOT OOBEKT, a KBAApaT €ro MOJIYJs
v (X, 0y (3,0 =|y (X,1)

craroHapHoro ypaBaenus llIpénuarepa mmeem: |l//()?, t)|2 :|go()7)|2 = (X)*, mockonbky @(X)

2 .
, KOTOPBI HHTEPNPETUPYETCS KAK INIOTHOCTh BEPOSATHOCTU. B ciydae

byHKIUS TeHCTBUTETbHAS.

[TockonbKy, Kak yIIOMHHAJIOCh BbIIE, QYHKOHS @(X) yIOBICTBOPSET YpPaBHEHHIO

(ﬁ —E)¢@ =0, a MHTEpIPETALHMIO TIOy4aeT ¢, IPEeJCTaBIsAET HHTEPEC 3aNMCaTh yPABHEHHE IS

2

Q.

[Tepenmmem crarmonapHoe ypaBHenue Llpémnunrepa B BUC ((h2 /2m) A+ (E-U ))go =0.
Wnu, gto ToXKeE:!

(8i+8i+8§+A)(0:O, ()

3neck A=2m/h(E-U) .

YT06bI MOTYYUTH YpaBHEHHE I ¢, HoAeiicTByeM Ha ¢ omepatopoM A+ A . Ilomyuaem:
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(A+A)p* =2(0,0)" +2(0,p)" +2(0.9)" +20(A+ A)p— Ap”. )

Iockombky cornacho (1) (A+A) =0, 10 (A+A)p* =2(8,9)* +2(0,9)* +2(8,9)* — Ap”.
VuuteiBast, uto 0, (¢°)=200,.¢—>0.¢=0_(p°)/2¢, mis TPEABbIIYIIETO yPaBHEHUS HMEEM,
(A+A)p* =1/20°((0,0°) +(0,9°) +(0.9°) ) - Ap” , wn:

2W(A+24)W —((0W) +(@,W) +(@.W) ) =0, (3)

e W=¢".

Takum  o0Opa3oM, IUIOTHOCTb  BEPOSITHOCTHU W  ONHUCHIBAeTCS  HEJIUHEHHBIM
muddepeHInaTbHBIM ypaBHeHUEM (3) B OTIIMYHE OT TMHEHHOTO ypaBHeHus (1) mis ¢ .

2. O peuieHMsIX ypaBHeHus 1as W .

Paccmotpum ypaBHeHue (3) B mpocTeiiiiem, TO ecTh OJHOMEpHOM ciydae, npu 4=0. Umeem
O:W— (W) /2W =0. Cornacho [1] ypaBHeHue BuAAa Y, _ = (yx )2 E(x)/y  3ameHoit
w(x)=xy,/y mupuBoauTCs K ypaBHeHHIO Bephymmu xw. =w+[E(x)—1]w’. B namem cnydae
E(x)=1/2.

Vpaerenne Beprymwm y, = f(x)y+g(x)y® [1,2] 3amenoit u(x)=y'"“ npusomutcs K
nuHelinoMy ypaBHenmio Buna u, =(1—a)f(x)u+(1—a)g(x). Beoms F(x)=(1- a)J. f(x)dx
umeeMm y ¢ =Ce" + (l—a)eFJ.eng(x)dx. B namewm ciiywae a =2, f(x)=1/x,a g(x=-1/2x.

2
B pesyasrare umeem W =(Cix+C,), tae C, u C, HEKOTOPbIC KOHCTAHTBL.

K sroMy pesynbrary MOXKHO NPHUATH U OPYTMM IIyTEM, €CIU B YCIOBHUAX IIOCTAaHOBKHU
3agaun (ogHOMepHBbI ciydal, A=(0) pemmts ypaBHenue (1). ITomysaem: @=Cx+C,, a

IMOCKOJIbKY W= (02 , TO HOJ'Iy‘-ICHHBIfI BBIIIC PE3YJIbTAT CTAHOBUTCSA OYCBUAHBIM.

Msl paccMmoTpenu peuieHHe ypaBHeHUs (3) B yacTHOM ciydae ais wounoctpauuu. K
BOIIPOCY O €ro PeHIeHUSIX MOXKHO MOJOUTH ¢ OoJiee oOux mo3unuid. B camoMm Jiene, BeIpakeHue
(2) aTO TOXKIAECTBO BepHOE MpH JH000H pyHKIMM ¢ . YpaBHeHHe (1) CBOUMH pELICHUSAMH UMEET

BIIOJIHE ompenenéHubie QyHkuuu ¢ . [losTomy, BerumuTas u3 Toxaectsa (2) ypaBaenue (1) MbI
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npeBpaiiaem ero B ypaBuenue. [lonyuenHoe ypaBHeHue - (3), 0O4EBUAHO, UMEET TE K€ PEIICHMUS,
yTo U ypaBHeHue (1). B camom nene, ecu ¢ peurenue ypaBuenus (1), To ToxaecTBo (2) BepHO,

B YaCTHOCTH, W IIpU TaKOM @. Uckmrouas us3 TOXIECTBA C TaKUM (@ COOTHOLICHHUC,

COOTBETCTBYIOIIEE ypaBHEHHUIO (1) MBI MojgydyaeM OCTAaTOK TOXKJAECTBA, C KOHKPETHBIM BHJIOM
GyHKIIMU @ . DTOT OCTaTOK M ecTh ypaBHeHHE (3). [Ipr 3TOM 3TOT KOHKPETHBIN BUA QPYHKIHH @

OKa3bIBaeTCs pelleHreM Kak ypaBHeHus (1) Tak u ypaBHeHUs (2) 1 HA0OOPOT.

3aKiIouyeHue.

[IpennpuHsATOE MOCTPOGHHME UMENO CBOEH LENbl0 B SBHOW (¢opme, Ha YpOBHE
Qg QepeHnrnanbHbIX COOTHOUICHUH, TIPOIEMOHCTPUPOBATH MPUHIMITAATBHOE OTINYHE BOJTHOBOU
¢GyHKIIMY OT KBaapaTa e€ MOy — IJIOTHOCTH BEPOSTHOCTH.

C ¢usnyeckoil TOYKH 3pEHUS IPEICTAaBIISET HECOMHEHHBIH HMHTEPEC PAacCMOTPEHHUE B
NEPCIIEKTUBE 337a4u HE CTALlMOHAPHOM.

C mareMaTHyecKoil ke TOUYKHM 3pEHUs MPEANPUHATOE NMOCTPOEHUE NPEACTABISIET UHTEPEC,
KaK Croco0 MOCTPOEHUS] HEMMHEWHBIX NU(GEpeHIINANBHBIX YPaBHEHUH, PEIICHHSI KOTOPBIX TEM
WJIM UHBIM 00pa30M COOTHOCATCS C PELICHUEM JIMHEMHON 3a1auH.
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ON A PROBABILITY DENSITY EQUATION
S.V. Kopylov
MAMI Moscow State Technical University
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Introduction

2
In the Schrédinger equation: ihaa—l’/t/ = ﬁl// , with the Hamiltonian H = —?—Vz +U, where
m

U is independent of time, the variables are separable, i.e. w(X,t), can be represented as

v (x,t)=@(X) exp(—iEt/h). Here E is the total energy, and ¢(X) satisfies the stationary
Schrodinger equation ¢ = Eg . Therewith U becomes a potential energy. Below we construct a

differential equation for the probability density o(¥)>.
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Ob YCTOﬁqI/IBOgTI/I IJIOCKOI'O BPAIIEHU S CITYTHUKA HA
SJUVIMIITUYECKOU OPBUTE B OJHOM PE3OHAHCHOM CJIYUYAE
Maprxees A.11.

Hucmumym npobnem mexanuku um. A.FO. Huwnunckoeo PAH, Mockea, Poccus,
markeeev@mail.ru

STABILITY OF A PLANAR ROTATION OF A SATELLITE
Markeev A.P.

A. Ishlinsky Institute for Problems in Mechanics RAS, Moscow, Russia

The stability results of a planar resonant rotation of a satellite in an elliptic orbit in a
particular degeneracy case of the Hamiltonian of the perturbed motion are described.
Keywords: satellite, resonance, stability.

[IpuBeneHsl pe3yiabTaThl UCCIEIOBAHUS YCTOMYMBOCTU IIJIOCKOTO PE30HAHCHOIO BpAIllCHMUS
CIyTHHKA Ha JJUIMNTHYECKOW OpOUTE B OJHOM YAacTHOM CiIydae BBIPOXKIEHUS (YHKIHUU
['amuiibTOHA BO3MYIIEHHOTO IBUKEHMUSL.

KittoueBble cnoBa: CyTHUK, pE30HAHC, YCTOMUUBOCTb.

PaccmoTpum miiockoe ABMKEHHME CIYTHHKA OTHOCHTEIBHO LIEHTPA MAacc Ha UIIUNTHYECKON
opbure. Yepez J, 0003HaUUM MOMEHT WHEPLMU CIyTHHMKA OTHOCHTEIIBHO €ro TIJIaBHOU

nenrpanbHoil ocu Ox, (i=1,2,3). Oce Ox, BO Bce BpeMs ABIXKEHHs IEPIEHAUKYISpHA
IUIOCKOCTU OpOuTHL, ocu ke Ox,,Ox, HaxoIaTcsa B IUIOCKOCTH opOuThl. Yepes 6 o6o3HauUMM
yroa Mexay ocbto Ox,u paguyc - BEKTOpPOM IIEHTpAa MacC CIIyTHUKAa OTHOCHTEJIBHO

NPUTSTUBAIOMEro eHTpa. [lycTh e —3KCHEHTPUCUTET OpPOWTHI, a V —UCTHHHAS AHOMAJIHSL.
JIBMKeHNE CHyTHUKAa OTHOCHTENIBHO IIGHTpa MacCc oOmnuchiBaeTcs auddepeHInanIbHbIM
ypaBHEHUEM BTOpOTO mopsika [1]

d’o 40 3(J,-J)

(1+ecosv)d ——2esinv sin @ cosf = 2esinv
1%

v J,

Eciu MOMEHTBI MHEPLIMH U KCLEHTPUCUTET CBsI3aHbl cooTHoweHueM (J, —J,) =2eJ,, TO 31O

ypaBHEHUE J0MycKaeT [ 1] yacTHoe pelieHue

0=0, = (1)

v
2

J% k3 HCPABCHCTBA TPCYTOJIbHHUKA JJIsI MOMCHTOB MHCPLUUU CICAYCT, UYTO SKCUCHTPUCUTCT Op6I/ITBI
AOJIKCH IIPH 3TOM JICKATh B IPOMECIKYTKC
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O<e£% )

B cootBerctBHM C pemieHueM (1) COyTHHK Bpamjaercs B IUIOCKOCTH OPOHUTHI, cOBepiias B
abCOJIFOTHOM MPOCTPAHCTBE TPU 000POTa 32 BpeMs, paBHOE JABYM MEproaaM 0OpaleHus IeHTpa
Macc 1o opoure.

VYceroitunBocTs Bpaienus (1) uccnepoBanace panee [2,3]. Ilokazana HEyCTOMYUBOCTh WIIK
yCcTOMUMBOCTh 1O JISMyHOBY Ui BCceX 3HAUEHHWH SKCHEHTpUcHTETa M3 obmactu (2), Kpome
onHoro 3HaueHusa e=e, =0.054773. Ilpu e =e, 4IECHBl UYETBEPTONW CTENEHU PA3IOKCHUS

¢yHkuy ['aMIIIbTOHA B Psii B OKPECTHOCTH HEBO3MYIIIEHHOTO JBMkeHU (1) Beipoxknatotes [3].
[ToaTomy cTporoe perieHre 3a1a4u 00 yCTOMYMBOCTU TpeOyeT yueTa WICHOB BBILIE YETBEPTOM
CTENECHU B pazjiokeHHH ¢yHKIUM ['amuiabToHa B psn. B noxiage mokaszaHo, 4To IpH e = e,

nBuxkeHue (1) Oyner ycToMuuBbIM.

Kak u B [3], BBeieM BO3MYLIEHUS ¢, p IPU IIOMOILLU PABEHCTB

0-=0,+—9 ﬂ:p
l+e,cosv  dv

Ilycts ©,v —Ha4yanbHblEC 3HAYEHUSA IEPEMEHHBIX ¢, P, 4 U,,V,—HX 3HadeHus npu v =2z . Ilo
Teopeme JIMyBUILIISL OTOOpak€HUE u,V —> u,,V, COXPaHAET IJIOMWAAb. DTO OTOOPa)KEHUE HUMEET

HETOJIBMKHYIO TOUKY u =V = (0, KOTOpas COOTBETCTBYET HUCCIEAYEMOMY JBUKEHUIO CITyTHUKA
(1). 3amawa 06 ycroiumBocTH aBwKeHHs (1) SKBHBaJeHTHa 3amade 00 YCTOMUMBOCTH
HEMOJBUXKHOM TOUKH u = v = () oToOpaxkeHus. J{is uccieqoBaHus YCTOMYMBOCTH HEMOABUKHOMN

TOYKA u© = v =0 HCIOIb3yeM AITOPUTM U3 CTaThu [3].

Bbruncienuss TNOKa3bIBAIOT, YTO JIMHEAPU30BAHHOE B OKPECTHOCTH TOYKH u =v =0
oTOOpaskeHue u,v —> u,, Vv, IPEJCTaBIseT coboil MoBOPOT Ha yroa o ~104°40". Jlna Takoro
3HAUEHUS Q KOPHU p =cos@ tisina@  XapaKTePUCTHUYECKOTO  YpPaBHEGHUS  MATPHIIBI
JUHEApU30BAHHOTO OTOOpaKEHUsSI YAOBIETBOPSIOT HepaBeHCTBaM p" #1 (m=1,2,...,6), T.e.

PE30HAHCHI 10 LIECTOr0 MOpsAAKa OTCYTCTBYIOT. IIpy moMomM aHaaIuTUYECKOr0 KaHOHHYECKOTO
npeoOpa3oBanus u,v — &,1 NpUBEIEM OTOOpaXeHUe u,v —> u,,v, K ero HopMajibHOi dopme [4-
6] 10 4JIEHOB MATOM CTENEHH BKIIOUMTEIbHO. [lociie HEKOTOPhIX BBIYMCICHUN HaWeM, 4YTO B

HOBBIX NEPEMEHHBIX OTOOpa)KeHUE HE OyIeT coAep)KaTh WIEHbI BTOPOM, TPEThEH U 4eTBEpPTOU

CTEIIEHEH U 3alUIIETC B BUAC



76 Cekyus « Teopemuyeckasn pusuKa»

§+£n(§2+n2)2+~--

n—£§(§2+n2)2+--

cosa sina

g
",

,y =-698.956746

—sina cosa

MHuororounem 0603Ha4€Ha COBOKYITHOCTh YJICHOB HE HIKE IIECTON CTENIEHN OTHOCUTEBHO &,7).

B cumniekTrnyeckux noJIsIpHbIX KOOpAUHATax R,y , BBOAUMBIX PABEHCTBAMHU

E=+2Rsiny, n=4/2R cosy

HOPMaJIM30BaHHOE OTOOpaKECHUE 3AIUILIETCS B BUJIC
R =R+O(R"?), wy, =a+y+yR> +0RR"*) (3)

Tak xkak y # 0, To B 11000¥ AOCTATOYHO MO OKPECTHOCTH Hauaja KOOPAUHAT CYHIECTBYET [6]

KpHuBas WHBapuaHTHas npu otobpaxkeHuu (3). [losTromy HemoaBM)XKHAsg TOYKAa OTOOpaKEHHUS
ycroitunBa. Tem cambIM yTBEp)KJICHHE 00 YCTOMYMBOCTH BpalleHHs CIYTHHUKA (2) pU 3HAYCHUU

OKCIICHTPUCHUTCTA , pABHOM €, , JOKAa3aHO.

Pabora BeinonHeHa npu nojaepxxke Poccuiickoro Hayunoro ®onaa.
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PEJICTABJIEHUE ®OJIJIU-BOYTXOY3EHA 3ATTA3JIBIBAIONIENA ® YHKIIUA
I'PUHA ®OTOHOB SMHIITENHA

A.A. betinmuacon, H. I'oruMm

«FOLDZBWOUTHUYSEN REPRESENTATION OF THE RETARDED GREEN
FUNCTION OF EINSTEIN PHOTONS »

A.A. Beilinson, N. Ghonim

Poccuiicknii ynuBepcuret apyx0bl HapoaoB, Mocksa, Poccust

e-mail: alal@m9com.ru, d.chrno@mail.ru

Mgl Oynem u3ydath 3anaszapiBaromnyio Gynkmuio ['puHa (GpyHIaMeHTaIbHOE PEIICHHE) CUCTEMBI
ypaBHeHu MakcBeia

%E,(x)zrotH,(x),tht(x):—rotEt(x) (1)

UHTEPHPETHPYs €€ KaK XapaKTePUCTUKY SBOJIIOLUU COCTOSHUS OHOTO (OTOHA,

WCIIOJIb3Ysl CUCTEMY €IUHHUI HU3MEpPEHHS, B KOTOpPhIX h=c=1. Ilpy 3TOM MBI TOKaxKkeM
CYIIECTBOBAHHE HEBBIPOXKJICHOTO IpeoOpa3oBaHue NepeBOAAlIero 3Ty ¢yHkuuio ['puHa B
¢ynkuio I'puna snexrpona J{upaka.

Msl Oynem paccmarpuBath (yHkuio I'puHa cuctembl ypaBHeHu#l (1) xak 0000mIEHHYIO
¢yHKIMI0 Ha (UHUTHBIX OCHOBHBIX (yHKumsx [2]. Bymem crpouts 3Ty QyHKuuio ['puna
ypaBHeHU MakcBeia B nepeMeHHbIXx Maitopana [1]

m, (x) = E, (x) + H, (x), M,(x)=E,(X)~iH,(x).

Torna 3T ypaBHEHUS CTAaHOBSITCS
. 0 0 -
lgmt(x) =-rotm, (Xx), zamt(x) =rotm,(Xx).

3anuiieM 3Ti YpaBHCHHA B UMITYJIbCHOM MPCACTABJICHUHA,; IIPU 3TOM BpPCMsA t MBI IOHUMAaEM Kak
napamerp.

i;ﬁt(p) = —(S,p), (p), i;ﬁt ) =S.p)i (). n

rac
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O - [
0 'O, —ip;, /PZ 0 s
Sp)=L ip, 0, —ip L=[]s;p,=Ip[(SP,), 3)

J=1

% _ipzo iplo 0 n

0, 0, O 0, 0, i 0, —i, 0
p.=P s =00 -il,s,=| 0,0, 0f,s,=7i 0, 0
|p| 0, i, 0 —-i, 0, O 0, 0, 0

3neck s,, s,, $; — omneparopsl cnuHa poToHa, pasHoro 1 (cm. [1], [3]).

Matpuna (3) - s3pMHUTOBA, MOATOMY €€ MOYKHO IPHUBECTU K AUArOHAJIBHOMY BUAY HEKOTOPBIM

YHUTAapHBIM TpeoOpazoBanueM Q(p). B pesynprare mnosydaercs IuaroHajgbHash MaTpulia C

onementamu P (p=p +pi+p;) u 0. OTcioma cleayeT BBIPOXKIEHHOCTh CHCTEMBI

ypaBHeHU MakcBeJuta, TO €CTh MOCJEIHNE MPEICTABISIIOT CO00M HE IMIECTh, & TOJHLKO YETHIPE
HE3aBHCHUMBIX ypaBHeHUs. [loaTomMy pelieHne nepBoi Tpoilku ypaBHEHHH (2) ecTh

M, (p)=¢"*" =Q'(p)e™ *'Q(p) = Q' @M (P)Q(p) 4
rae
O O
iy 0 L 0, O 0
h(p)=p10, -1, 0 [=ph, (5)
O O
20,0, 0~
— npuBenEHHAs K JUaroHanbHOMY Buay marpuna (3), a CN)(p) — YHUTaApHBIA ONeparop u

CN)T(p) — €ro CONpsDKEHHBIH.

i F
EcrectBenno M, (p) Ha3biBaTh mnpexactaBieHueM Ponnu-Boyrxoy3eHa, Mo aHaloruu C

U3BECTHBIM TPEACTABICHUEM pelIeHIH ypaBHeHM [lupaka st cBOOOIHOTO 31eKTpoHa [4].

OtmeruM, uto Q(p) HE 3aBHCUT OT BpeMeHH. Takum 0Opa3oM, BO3HUKAET

e, 0, 0
Mf(p)=| 0, ™, 0 (6)
0, 0, 1

pemenue 3amaun B mnpexacraBieHnn Dongu-BoyrxoyseHa B mepeMeHHbIX MaiopaHa, KOTOpoe
onpeensercs cKansApHoit 006006ménHoM Qynkuueii I'puna C,(p)=€” [2]. OueBumno
npoobpasza @ypse C,(X) B 0OBIYHOM CMBICIE HE cymiecTByeT. [loaToMy Ul MOCTPOEHUS 3TOrO

npooOpa3a Mbl JOJDKHBI TOHMMATh €ro Kak OOOOIEHHYI (YHKUIMIO Ha aHAIUTHYECKUX
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OCHOBHBIX (D)YHKIHSIX. MOXKHO MOKa3aTh, YTO 3Ty 00OOIIEHHYIO (PYHKUIUIO MOKHO MOHUMATh U
KakK (DYHKIIMOHAJ Ha (PUHUTHBIX OCHOBHBIX (DYHKIIHSX

C= it 7
it 47112 7_[2 (t2 —7"2)2 >
rae 8% — nenpra-GyHKIHSA, y KOTOPOil HOCHTEb ecTh chepa paguyca ¢ ¢ HEHTPOM B Hadaje

KoopAuHar [2].

Hameit 3agaueii siisiercs noctpoenne Q(p). 3amerum yto B Mmarpuue (5) /4, mpeacraBiseT

co00¥i MHPUHUTE3NMAIILHBIN OTIEPaTOp MOBOPOTA BOKPYT OCH z B KaHOHUYECKOM 0Oaszuce (To
ecTh B 0asuce, COCTOSALIEMY M3 COOCTBEHHBIX BEKTOpoB omepatopa H,) [3]. Ilostomy

TeOMETPUYECKUI CMBICI UCKOMOTO MPeoOpa30oBaHUs 3aKIIOYAETCsl B IIOBOPOTE, NEPEBOISIIETO
MH(UHATE3UMAIBHEI onepatop (§P,) IOBOpOoTa BOKPYr OCH p B HMH()UHUTE3UMAIbHBII

orepaTop MOBOPOTAa BOKPYr OCH z B EBKIMIOBOM Oasuce. Mcmonb3ys yrimm Ditnepa, Jierko
BUJICTh, YTO ITOT OTIEPATOP ECTh

[] : L
0 cos @, sing, 0 C
[l —cosfsing, cos@cosf, sinf [

% singsinf, —cos¢@sinb, cos@%

3areM HY)XHO BBIIIOJJHUTH MEPEXoda OT CBKIHMAOBOIO 62131/103 K KAaHOHHUYCCKOMY, UYTO U
OCYIIECTBIISIET IIpUBeeHUE onepaTopa (S p,) K IMaroHAILHOMY BHIY.

Takum 00pa3oM, OKOHYATEILHO UCKOMBII YHUTAPHBIN OMEpaTop €CTh

| — Dy, +ip,ps, D +ip,ps, —i(l—p32)
Q(p)zm Py +ipyps, =P +ip,ps, —i(l—p32) (8)

— 2.1 2.1 2.1

Ps pl\/i(l_l% ), pzﬁ(l_l% ), p3\/§(1_p3 )’

rae p;+p;+p; =1

Kak mokazano B [5], 3ana3gpiBatomas ¢yHkuus ['puHa snektpoHa Jlupaka B MpeacTaBICHUU
®onau-BoyTxoy3eHa UMEET BU]L

tC,t(x), 0,0, Ot
LO’ C,-t(X), O, OL
10,0,C,(x),0-
0,0,0,C,(x)"

Tak kak omepaTopsl, nepeBojsdmue ¢(yHkuuu ['puHa ypaBHeHWil Jlupaka M ypaBHEHHA
MaxkcBemna B ux mnpencraBieHus @Donau-Boyrxoyszena He BbpoxaeHsl (cMm (8), [5)),
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JEUCTBUTEIIBHO  CYLIECTBYET  HE  BBIPOXKAECHHOE  IPeoOpa3oBaHUE,  CBSA3BIBAIOLLECE
dyHIaMeHTalbHBIE pelieHusl ypaBHeHHH MaxkcBemna s ¢oToHa U ypaBHeHud [lupaka s
AIIEKTPOHA, HE CMOTPS Ha TO YTO 3TO OO30HBI U (PEPMHUOHBIL.
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CBS3b KYPCOB OBIIEN 1 TEOPETUYECKON ®U3UKU Y1 BO3MOKHOCTD EE
PEAJIN3ALIUUA B ITPEIIOJABAHUU ®U3UKHU
(HA IPUMEPE TEPMOJINHAMMUKHN)

1O. I'. Pynoii, O.C. OBcsiHHUKOBA

Poccuiickuii yauBepcutet npyx0bl HApOI0B, Kadeapa TeopeTuieckor huznku, Mocksa,
Poccuiickas @enepanus

1. Mapanaeasnoe pazButue KO® u KT®. Xopomnio u3BeCTHO, YTO pa3BUTHE (PU3HKH KaK
HayKd HEU3MEHHO OIEpEeKaeT €€ pa3BUTHEe Kak y4eOHOW JUCHUIUIMHBI, YTO BIIOJHE
3aKOHOMEpPHO M 00BsACHMMO. OIHAKO B POCCHUHCKOM HAyYHO-TIEJATOTHYECKOM COOOIIECTBE
BBI3bIBACT OECHOKOWCTBO HAPACTAIOIIMNA TEMII 3TOrO ONEPENKEHUS: 3TO MOXKET INPHUBECTH — U
(aKTHUECKH yXKe MPUBOINUT — K ONIACHOMY /ISl yCIIeXa MpenojaBaHus GU3NKH (B TOM YHCIE — U
IPEX/Ie BCETrO — B MENAarormyeckoM BY3€) pa3pbIBy MEXIy Kypcamu OOIIeld M TeOpeTHUECKOM
¢u3uku (nanee — KOO u KTO).

Ha panHux stamax pa3BUTHS (PU3MKH 3TOT pa3pbiB, BOOOIIE TOBOpS, OTCYTCTBOBAI —
JIOCTaTOYHO BCIIOMHUTB B 3TOM CBsA3M 0 «/lnanmorax» n «becenax» ['anuies, a Takxke 0 TpakraTtax
HeroTtoHa 1o mexaHuke 1 ontuke. To ke BO MHOIOM CIIPaBEAJIMBO U Ul MOCIEAYIOMINUX TPYAOB
Qapanes u MakcBeia Mo 3JIEKTpOMarHeTusmy, a Takke bepHymm u Krnaysmyca mno
MoJIeKy IsIpHO-KHeTH4eckoi Teopuu (MKT) TernoTs! — conepxaHue STUX TEOpUid OBUIO BeChbMa
HarJIsTHO U JIETKO BOCIIPOU3BOJAMMO B IPOCTBIX ONBITAX.

Opnnako yxe B KoHIE 19-ro — Hayasie 20-ro BEKOB yKa3aHHBIM pa3pbIB Hayal HEYKIOHHO U
CTPEMHUTEIBHO HapacTaTh. leopeTndeckue nocTwkeHus bonbimana, [ub6ca, Ilnanka,
OiHITeRHA ¢ OONBIINM 3aM03/aHUEM BXOJIWIH B «00IIEe(U3NYECKYIO» KYIbTYpYy, OCTaBasCh
(maxxe Mo cuio mopy!) B OCHOBHOM yJieIOM (PM3HKOB-TEOPETUKOB. B eme Oosbiieii ctenenu 31o
OTHOCUTCSI K KpaTkoH, HO OypHo#l snoxe 20-bix rogoB 20-ro Beka, Korjga ycunusMu bopa,
Hlpenunrepa, ['eiizenbepra u Jupaka Obula co3JaHa KBAaHTOBas MEXAaHUKA, JOJTOE BpeMs
B0OOIIIE HE TipeacTaBieHHas B KOD.

B nanpHelinieM HEONHOKpPATHO MNPEANPUHUMAIINCH TMOIBITKM €CIM HE YCTPaHUTh — 4TO,
pa3ymeeTcs, B IOJHOM OObeMe BOOOIE HEBO3MOXKHO — TO XOTS OBl HECKOJBKO CIJIAJUTh
yKa3aHHbIM pa3pblB. ONHON W3 NEPBBIX YJAuHBIX IOMBITOK TAaKOIO poja CIEAYeT CUMTATh
naTuToMHoe «BBenenue B Teopermueckyro ¢pusuky» M. Ilnanka, m3gannoe B TeueHue 1925-
1930 rr. u nHemaBHo (2005-2006) nepeusnannoe wuzgarenbctBoM URSS, B menom BmosiHe

JOCTYITHOE COBPEMEHHOMY UUTATENIO C 00IIepU3NIECKON MOITOTOBKOM.

[Tone3no 0O6patuTh BHUMAaHKUE HA MMOCTPOCHUE ITOTO Kypca: CHaualla U3jiaraeTcsa MeXaHuka
(cHauaya TBEpABIX, a 3aTeM AeHOPMUPYEMBIX TEIN), Jajiee FICKTPOMArHETH3M U ONTHKA, U JIUIIh
B KA4yeCTBE 3aBEPIICHUS Kypca — YYEHHME O TEIUIOTE W CTPOEHUM BemecTtBa. MIMeHHO sta
JIOTUYECKASI CXEMa JIETJIA B OCHOBY BCeX nocienyrmux kypcoB KT®, oqHako BO MHOTHX Kypcax
KO®, x coxaneHuto, 10 CHUX TOp COXpaHWIach HMHas — a HMEHHO, MCTOpUYECKas —
MOCJIEI0OBATEIBHOCTD U3JI0KEHUS, COTIAaCHO KOTOPOM TEIUIOTA U CTPOEHUE BEUIECTBA U3J1aracTcs
cpasy MocJie MEXAHUKH.

UetBepTh Beka cnyctd nocie kypca M. I[lnanka, a umenHo B koHIie 40-bix — Hauane 50-bIx
ronoB 20-ro Beka, ObLT M3/IaH M TaKke MOJHOCThIO mepeBeneH Kypc KT® A. 3ommepdenba.
OTOT Kypc B TOYHOCTH cieayer Jjoruueckoil cxeme M. IlnaHka, oJHaKo B OTJIMYUE OT
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nocjenHero TpedyeT AOCTaTOYHO CBOOOJHOTO BJIAACHUS METOJAMU MaTeMaTU4eCKOH (DM3HKH:
00 3TOM CBHUJETEIBCTBYET HAJIWYUE B KYpCE CHEHUATBHOTO (3aKIIOYUTENBHOT0) TOMA,
MOCBSIIIEHHOTO U PEepeHIINaTBbHBIM YPaBHEHUSIM MaTeMaTHUECKON (DU3UKH.

Oco0oe MecTo B 3TOM cMbICiIe 3aHMMaeT 3aMmedarenbHblil kype KT® JI/I. Jlangay u E.M.
JInpmmia, co3naHHpi B TeueHue 4eTBepTH Beka (1937-1972) u mpoaoinKaromuii peryaspHo
COBEPILECHCTBOBATHCA U IIEPEU3AaBATHCS MTOCIEA0BATEIAMH 3TOW HAY4HOU 1IKOJIbL. HecmoTps Ha
CBOE Ha3BaHUE, 3TOT Kypc (II0 KpaliHEH Mepe, ero KIIOYeBblE TOMA) IO 3aMbICIy aBTOPOB
JIOJDKEH ObLT OBITH B ONPENIETICHHON Mepe MOCTYIEH HE TOJNBKO s (PU3UKOB-TEOPETUKOB, HO H
JUis 00JIe€ MUPOKOr0 KOHTUHIEHTA YUTATeNed — IMEHHO 00 3TOM CBUJETENIbCTBYET aHHOTALIUS
Y aBTOPCKOE MPEAUCIOBUE K MEPBOMY U3aHUIO repBoro Toma (1937 ron).

B nmampHeitmem cosmanue kypca Jlammay wu Jlupmwmma momuio Bce ke mo Oosee
«TEOPETHUYECKOMY ITyTH», OJHAKO MPHUBEP)KEHHOCTh aBTOPOB K €IMHOMY H3JI0KECHUIO (DU3UKHU C
aKIEeHTOM Ha ee oOmedu3nueckue OCHOBBI Hallla BhIpaXEHHWE B H3AaHuUU B 1965 romy
(coBmectHO ¢ A.M. Axumeszepom) 3ameuaTeNbHOM M BIIOJHE JOCTYIHOM CTyIEHTy (M paxe
IIKOJIbHUKY) KHUTH «MexaHuka M MoJieKyasipHas (usuka»; emie panee (B 1948 rony) JI.
Jlanmay mpoumTan Kypc Jekiui mo oOmieit ¢usuke B MOTU — k cokaleHUIo, Tak U He
U3JIAHHBIM HIUPOKUM THPAKOM.

B pesynbrare mnurenbHOro nepuoja «mnapamienabHoro» passutusi KO® u KT Bo3HMK
LEeNbId  PsIi  MOJIOKUTEIBHBIX «IIOABWKEK» — HallpUMEp, HEKOTOpbIE CBEICHUS U3
PENATUBUCTCKON M KBAaHTOBOHM (DM3MKM BOLUIM CErOJHS AK€ B IIKOJIbHBIC ydyeOHUKU. OIHAKO
U3JIO’)KEHUE, HAIPUMEP, OCHOB MOJIEKYIspHO-KuHeTHueckoi Teopun (MKT) BemiectBa naxe B
xopomio u3BecTHbIX kypcax KO® (/.B. CuByxun, B.U. CasenneB, A.H. MarseeB) rmo-
INpeXHEMy OCTaeTCs Ha YpOBHE B JydllleM ciydae KoHHa 19-ro Beka ¢ HEOOJIBIIUMHU
BKpAIUJIEHUSIMH 3JIEMEHTOB KBAaHTOBOM TEOPUH.

[Ipunsto cumrare, uro m11 KO® »sTOro BmOIHE JOCTATOYHO, OJHAKO NPOABUKEHUE
COBPEMEHHBIX TEXHOJIOTUH B Me30- U HAHOPa3MEpHBIN TUAIa30Hbl MOXKET YK€ B OIbKaiIieM
OyaymeM noTpeboBaTh 0ojee AeTaNbHBIX MPEICTABICHUA O TETUIOBBIX U KBAHTOBBIX CBOMCTBAX
BEIIECTBA. OJTO BO3MOXKHO, HAlpUMeEp, B CBSA3M C NpOOJEeMOM CO3JaHHMA W TNPUMEHEHHS
KBAHTOBBIX KOMIIBIOTEPOB, HOBBIX MCTOYHUKOB SHEPrUU U T.N.; COOTBETCTBEHHO, s HOBBIX
HNOHATUM NOJKEH ObITh OTpakeH yxke B Kypce KO® — a B panpHeillieM, BO3MOXHO, U B
MIKOJIBHOM Kypce (PU3UKH.

OcHOBHasi 1LeNb JAaHHOTO COOOWIEHHS COCTOMT B TIOMBITKE TI0Ka3aTh (Ha TNpuMepe
TEPMOJIMHAMHKN), 4TO Takoe «B3auMonpoHukHoBeHHE» KOD u KT® BrnosHe BO3MOXKHO U HE
HY)KJaeTcs B mOpuBiedeHun memooos KT®D, HO onupaercs JHIillb Ha BO3MOXKHOCTH,
npenocrasisgemble KO®, nononHeHHbIE HOBBIMU noHAmMuAMU (KOTOpPbIE, KOHEYHO, KaK BCETAa,
BBOJIsATCA ad hoc).

[lo Hamemy MHEHHIO, OCHOBaHHOMY Ha Oosiee yeM 40-J1eTHeM OnbITe MpenoaBanus (pru3nku
Ha Bcex ypoBHsX oT KO® ngo KT®, uHorna 1oCTaTOYHO JIMING CJErKa CMECTUTh aKIEHTHI U
BBECTH HEKOTOpbIe 0oJiee «Ipo3payHbley O0003HAYEHHUsS, KaK «J10 OOJM 3HAKOMBIE» IPOCTHIC
(GOopMyNBl «3aMrpaloT» COBEPLIICHHO HWHAue M JAAAyT MPOCTOP JUIS IIUPOKUX (PHU3HUECKUX
00001eHnil. Pasymeercs, Bce 3TO HE MOXET 3aMEHUTh CTPOTMX BBIBOJIOB, HO IOpOil B
npenogaBanu KO® noctaTouHO JUILb «HAMETUTh TEHJCHIIMIO», UCIOJb3Ysl JUIsl STOTO BEChbMa
MOMYJISIPHBIN B pU3UKE METONT 2hpexmusnvix napamempos (I11).

B meTononornyeckomM cMbICiie€ 3TOT METOJ OCHOBaH Ha M3BECTHOM IPUHIUIIE, Ha3bIBAEMOM
«OputBoil OKkaMa» W TpeOyIOLIeM MO BO3MOKHOCTH HE YMHOXaTh YHCJIa «CYHIHOCTEH» (B
JAHHOM cllydae — (HU3UYECKUX TMOHATHI), a MaKCHUMajJbHO IIOJHO HCIOJb30BaTh YKe
UMEIOIITUECS, HATIOHSISI UX HOBBIM, OoJiee 00IUM cojepkanueM. Pazymeercs, Takoi MOAX0J €
caMoro Hayasa SBISeTCS NOMy(PEHOMEHOJOTHUYECKUM, HO CIIEAYET JIU TpeOOBaTh OOJBILIETO IS
JTOCTIDKEHUST TIOCTABICHHOW obOpazosamenvhou 1enu? IlomoOHBIA MOAX0a BOOOIIE BechbMa
mpoko ucnosbdyercss B KO® — nanpumep, npu usnoxenuu meMmentoB CTO unu OTO; 3xech
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MBI JIMIIb MOTBITAEMCS] €T0 HECKOJIBKO PACIIMPUTh MpuMeHuTenbHo K obomactu MKT u BooOmie
TETUIOBBIX SIBJICHUH, KOTOpas B AaHIJIOSI3BIYHOM JHTEparype OObIYHO HuMeHyercsi «thermal
physics».

2. Bo3moxnoe 00061menne MKT B pamkax KO®. Kak uzsectHo uz KTO, as agekBaTHOTO
U3JI0KEHUS YKAa3aHHOW TeMbl HEOOXOJWM METOJ BTOPHUYHOTO KBAHTOBAHHS, TIOHSATHS
XUMHYECKOTO MOTEHIMaNIa U OOJBIIOr0 KAHOHMYECKOTO aHCcamOJIsl, a TakKe YMEHHE CBOOOIHO
oOpalarbes ¢ BECbMa CI0XKHBIMU HHTErpanamu. Hudero 3toro, pasymeercsi, HEIb3s 0XKUAATh OT
cTryneHToB B pamkax KO®, ogHako W TOJHOCTHIO MTHOPUPOBATH BCE OOOOLICHHS MOJACITH
Bepuymmm — Makcgema criyctst 150-200 net mocne ee co3nanus ObUIo Obl, HABEPHOE, HE BIIOJTHE
pa3zymHoO.

Bo Bcex cymectByromux ydeOHnkax mo KO® BecbMa moapoOHO paccMaTpUBACTCS TOIBKO
JBa TakuX OOOOILICHMS, a MMEHHO y4eT HEHJCalbHOCTH Ta3a B paMKax Mojenu Ban-nmep-
Baanbca, a Taxke yuyeT MHOrOaTOMHOCTHM MOJIEKYJ ra3a B paMKax T.H. «KBAaHTOBOM TEOpuu
teroeMkocTu». Oanako nocne uzydeHus KO® cryneHT A0KeH, Ha Halll B3TJIsA], YMETh XOTs
Obl KaUECTBEHHO OTBETUTb M HA JIpyrue — MOpol Jaxke 0oJiee MpOCThIe — BOIIPOCHI, IOYEMY-TO
ocTalpIuecs OOBIYHO BHE MOJS 3pEHUs Kak CTyJeHTa, Tak W IpenojaBaTend. Pa3se He
MHTEPECHO Yy3HATh, HANPUMEpP, KaKUM 00pa3oM IMOBJIHSIET Ha BUJ MEPMUYECKO20 yPaBHEHUS
cocrosiHus (YC) Knaneiipona — MeHaeneeBa y4eT PpeISITUBUCTCKOTO, a TAaKKE KBAHTOBOIO
XapakTepa JBIKEHHUS 4YacTULl 00HoamomMHo2o (a HE Ccpa3y IMOYEMY-TO JIBYXaTOMHOTO)
UACATBPHOTO Tra3za; B MPOTUBHOM Cllydae 3HAHUS CTyAEHTa BpAJd JU MOXHO Ha3BaThb
MIOCJIEZIOBATEIbHBIMUA U CUCTEMAaTUYECKUMHU.

K coxanenuto, maxke JIydliue W3 CYIIECTBYIOIIUX Yy4eOHBIX mocoomit mo KO® Takoit
BO3MOXHOCTH CTYAEHTY HE IpPEIOCTaBJISIOT: KBAHTOBBIE HJIEM BBOJATCS JIMIIL B CBS3H C
kanopuweckum YC nIns omucaHusl BHYTPEHHUX (KOJeOaTEeNbHBIX M BpallaTelbHBIX) CTEIICHEH
CcBOOO/IbI IBYXaTOMHBIX T'a30B, a pelsTUBUCTCKUE ujieu B koHTekcte MKT He paccMatpuBaroTcst
BOBCE.

Mexny Tem B pamkax KO® B KOHTEKCTE€ CBOWCTB TEIUIOBOTO M3IYyYEHHUS] LIMPOKO
00CYXJaI0TCSl TEPMOIMHAMUYECKUE CBOMCTBA UJICAIBHOTO Ia3a KaK pa3 yJIbTPapeIsITUBUCTCKUX
yactuil (pOTOHOB), OJTHAKO ATAa TeMa H3JIaraeTcsi 00bIYHO BHE BCskoH cBsizu ¢ MKT. D10 Becbma
HEIOCJIE0BATENbHO, TaK Kak MoJenb bepHynmnu—MakcBenna, a Takke IOHITHE YIPYroro
COYZIapeHUsi CO CTEHKOH COXpaHSIOT MPUMEHUMOCTh, BBUIY TOTO YTO Y (POTOHOB UMEETCs KaK
SHEPTUs, TAK U UMITYJILC (BCTIOMHHM OTIBITHI JIebeieBa 1Mo TaBIeHUIO CBETA).

AmnanoruuHo, B apyrux pasgenax KO® HaxoauT cBoe€ MECTO MOHSITHE KBAHTOBOTO
BBIPOKJICHUS — MPEXKE BCErO MO OTHOIIECHHUIO K TPAHCISAIMOHHBIM CTETEHSM CBOOOIBI YaCTHII
raza ¢ y4eToM MX CTaTHUCTHUKH, OJHAKO IPU M3JIOKEHUU CBOMCTB HAEaJIbHBIX KBAHTOBBIX I'a30B
O0OBIYHO OTPAHUYMBAIOTCA O0JACTHIO HU3KHX TEMIIEPATyp BOJU3UM OCHOBHOTO COCTOSIHUS IPH
7=0.

B pesynbprare naxke 700pOCOBECTHBIN U JTI0003HATENBHBIN CTYJJEHT OCTAETCSl B HEBEACHUH 110
IOBOJly TOI'O, U3MEHSIIOTCS JIM — U €CJIM J1a, TO KaKk UMEHHO — Y C, ONMChIBAIOUINE UI€aTbHBIN
ra3, B 00JaCTU npomedcymoynvlx TEMIEPATyp (UM KOHIEeHTpaluii). Takoil BOIpOC €CTECTBEHHO
BO3HHUKAET MPH MOJX0/1e K 00J1aCTH KBAHTOBOTO BBIPOKJCHUS, 00pa3ylomiel JTHHUIO Ha (a30Boii
iockocTH (7, n) HEe cHM3Y, a cBepXy Mo 7 (WM, COOTBETCTBEHHO, HE CBEPXY, & CHHU3Y IO 7).
AHaNOTUYHO, OCTaeTCs «3a Kagpom» u Moaudukamus YC B ciyyae, KOT/1a YaCTUIIBI UACATBHOTO
raza o0nasaloT O4YeHb MaJiod (WM Jaxe HYyJEBOM) Maccoi IMOKOs, a UX 3aKOH JTUCIEPCUHU
CYLIECTBEHHO OTJINYEH OT KBAaJPAaTUYHOTO.

Lenb maHHOTO JOKIJIAJa COCTOMT UMEHHO B TOM, 4TOOBI MMOKa3aTh, KAKMM 00pa3oM MOXKHO,
u3berass BBeaeHUs 4dyxablx KOO mOHATHI M METONOB, HE TOJILKO COOOIIUTH CTYICHTaM
JOTIOJHUTEIbHBIE 3HAaHUA, HO, TJIABHOE, 3HAYMTENBHO IIOJHEE I[I0Ka3aTb UM IIHPOKHE
BO3MO>KHOCTH, 3aJI0)KEHHBIE JTA)K€ B IPOCTHIX (PU3MUECKUX MOJEISAX — BEb, B KOHEYHOM UTOTE,
onHa u3 OCHOBHBIX Ieneit KO® kak pa3 M COCTOMT B Pa3BUTHH (PU3MYECKOTO MBILIUICHUS H
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UHTYHLIUU CTYAEeHTOB. [Ipennaraemsrit Hamu noxoxa D11 moxpobHo onucan B crathsix [1, 11], rae
B | mano penstuBUCTCKOE 0000mIeHME, a B Il — KBaHTOBOE 0000IIEHIE, CTIOIB3YET MPOCTYIO U
€CTECTBEHHYI0O MOTHBHMPOBKY, OCHOBAHHYIO Ha 3HAaKOMBIX CTyJIEHTaM (M JaXKe IIKOJbHHUKaM)
dopmynax, cripaBemuBbix MKT kiaccrueckoro uaeaabHOTO rasa.

[I, II] Pynoit FO.I'., Keiita U. Tepmoounamuueckue ypasHeHnusi cOCMOAHUS KIACCULECKO2O
UdeanbHo20 2aza u ux 0600weHue nocpeocmeom «IQPoexmusHvixy napamempos. Dungeckoe
obOpazoBanue B By3ax. 2007. tom 13, Bein.1 (wacts 1), Bein. 3 (dacts II).
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TOIIOJIOT' YA, YACTHULBI U TPABUTALUA
TOPOLOGY, PARTICLES AND GRAVITAION
Kypasnes B.M.,

(Zhuravlev V.M.)

VY bSHOBCKUM TOCYIapCTBEHHBI YHUBEPCUTET,

ViesHOBCK, Poccus

zhvictorm@gmail.com

B pabote paccmarpuBaroTcst mpoOIeMBbl U 3314l TOCTPOSHHUS TEOPUU JIEMEHTAPHBIX YaCTHIL U
noJiei Ha OCHOBE TOMOJOTMYECKOTO TOJX0Ja K OINHCAHUIO CTPYKTYPHl (PU3HUECKOTO
IPOCTPAHCTBA, KaK 3-X MEPHON T'MIIEPIIOBEPXHOCTH B €BKJIMJA0BOM IPOCTPAHCTBE Pa3MEPHOCTH
D=4. B pamkax IaHHOrO MOAXO0Ja PacCMaTPHUBAIOTCS BOIPOCHI ONUCAHUS T'PABUTALIMOHHOIO
110JI ¥ BBIUMCJIEHNUS MACChl YaCTHII.

In work the problems of constructing a theory of elementary particles and fields based on the
topological approach are represented. Theory realize of the description of the structure of
physical space as a 3-dimensional hypersurface in Euclidean space of dimension D = 4. This
approach allow to represent the description of the gravitational field and calculate the mass of
the particles.

OcCHOBHBIC HJIEH JaHHOW TEOPUH ObUIM M3JI0XKEHBI B padoTtax [1,2] u mpeacraBisuucy Ha
npenpiaymei kondepenuuu [3]. B Hactosmieir pabdoTe uaeu, M3JI0KEHHbIE B 3THX padoOTax,
pPa3BUBAIOTCA W YTOYHSIOTCS. OCHOBHBIM 3JIEMEHTOM JIaHHOM TEOpPUM  SIBISAETCS
TONOJIOTUYECKAas ~ MHTEpIpeTanuss  LEJOYUCICHHOIO  DJIEKTPUYECKOrO  3apsija  Kak
TOTIOJIOTUYECKOT0 ~ MHBapuaHTa oOnacteii  (U3MYECKOrOo  MPOCTPAHCTBA,  BBIICICHHBIX
TeOMETPUYECKUM CIOCOOOM € TOMOIIBI0 (YHKIMU BBICOTHI [, KOTOpas 3a/laeT ¢ MOMOIIbIO
YpaBHEHHUS:

u=F(x,t),

(QU3MYeCKYI0 TpPeXMEpHYI0 THIEPHOBEPXHOCT, F° B  UETBIPEXMEPHOM  EBKJIHOBOM
npocrpanctee W*. 3neck x={x',x*,x’} u u=x" - nexaproBsl KoopauHaTEl Ha W*, t - Bpems
(abcomotnoe B W*). Koopmuuatel x={x',x’,x’} COOTBETCTBYIOT TOKaM TpEXMEpPHOii

eBKJIMIOBOH rumepmiockoctn P° e W*. Bee mpocTpanctBo P’ pa36uBaeTcs OJHO3HAYHO HA
OTIENbHBIE  OOJIACTH  OCOOBIMHM  M30MOBEpPXHOCTAMU  (GyHKIMM  F',  Ha3pIBaeMoii
dynaamMeHTanbHbIM noTeHIMAOM. 1o 0co00if M30MOBEPXHOCTRIO QYHKUIMU F TOHHUMAaeTcs
M30TI0BEPXHOCTh (WM €€ 3aMKHYTasi KOMIIOHEHTA), Ha KOTOPOH JISKUT XOTs OBl OJIHA CeAIoBast
Touka AaHHOW (yHKuuU. [Ipu 3TOM BBOAMTCS TOHATHE TOMOJOTUYECKOW SYCUKH, KOTOpas
ompezensieTcss Kak 00JacTh MPOCTPAHCTBA, OTPAaHUYCHHAS JIIOOOH HM30MOBEPXHOCTHIO (PYHKIHH
F . IlpocToil TOMOJIOrHYECKON SYEWKOW Ha3bIBae€TCA TONOJOTMYEcKas s4elika, KoTopas
COJICP)KHUT OJIMH U TOJIBKO OJWH IKCTpeMyM GyHKIUU F . OcoOble TOMOJIOTHYECKHE SUCHKH,
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OTpaHNYCHHLIC 0CO0BIMH HN30IIOBCPXHOCTAMHU, COCTOSAT U3 OG'LGI[I/IHGHI/ISI HCCKOJIBKUX IMPOCTBIX
AYCCK U PACCMATPUBAIOTCA KaK OTACIBHBIC 3JICMCHTAPHBIC YaCTHUIIBI MATCPUH.

DNEKTPUYECKUI 3apsii YacTHUIIbl, KaK TOMOJIOTMUECKOW siUeku V , ompeaensercs ¢
MOMOUIBIO COOTHOLLIEHUS:

O=1x(1),

rae y (1) - sinmepoBa xapakrepuctuka [4,5] TOHOJOTrHYECKOW siaeiku 7/ . DTO COOTHOIICHHE
BBITEKAET U3 00IIEro crmocoda yCTAaHOBIECHUS CBSI3H DJIEKTPUIECKOTO TOJsS ¢ PyHIaMEHTATbHBIM
MOTEHIIMAJIOM C IOMOIIBIO BBEACHHUS T€OMETPUUYECKUX MapKepoB. ['eomerpuuene MapKepbl
ONPENENSAIOTCS KaK KOOpPJAWHATHI Ha BCIIOMOTaTeIbHOM, BOOOIIE TOBOPS, PUMaHOBOM
MPOCTPAHCTBE, CBSI3aHHBIE C KOOPJAMHATAMM X HAa KaXKJOW NPOCTOM TOMOJIOTMYECKOW SYEHKE
COOTHOUIICHUSIMU:

ox“ oF _

oe ox“

2
CJICACTBHUECM KOTOPBIX SABJIACTCA COOTHOLICHUC!
1o
F=F+&—|el,
2

2 142
e e’ =(e')’ +(e’)’ +(e’)’, a F, - 3nauenne Qynkuuu F, B dkcTpemyme F , JexauieM B
JTAHHOM TOIIOJIOTUYECKOU siuelike. BBeileHne reOMeTpuYeCKUX MapKepPOB € IIPUBOAMT K IIEPBOMY
ypaBHeHHIO MakcBeIa Uit COBOKYITHOCTH TOUEUHBIX 3aps/ioB B (hopme:

N
divD = 47rzgk5(x -Xx,),

k=1
r71e cyMMa OeperTcs o BCEeM KPUTHYECKUM TOYKaM QYHKIUH F (T.e. SKCTpeMyMaM U CEeIOBBIM
TOUYKaM 3TOH GyHKUMHU), &, =+1 - 3HAKM TOYEUHBIX 3apsAJ0B, COBINAJAIOIIUX C KPUTHUUECKUMHU

TOYKaMH. HpI/I 9TOM IOJIC HHAYKIIMU MOKHO 3alliMCaTh B CICAYIOIIEM BU/IC:

J| ,0x“
D* = | 3| e —.
le|” Oe
B 310 cooTHOMICHHE BXOMUT QyHKIHUS | J |:
Oe*
| J |= det b
ox

MPEJICTABIISIONIAst OO0 SIKOOMaH MPeoOpa3oBaHus X — €.

B [1] moxka3ano, 4yTo BenmuuHA |J | TO3BOJISET BBECTH MOHATHE T'€OMETPHUYECKOTO

yCcpeaHeHHs PYHKIIMA Ha TOTIOJOTMYEeCKHUX sSYehKaxX:

7=|71|J-f(x,t)|J|dV, V1= [1J1dV.
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DTO cpa3y NpUBOIUT K ypaBHEHUSM HpIOTOHA IS CpeHMX KOOPJIMHAT SUYEEK, CPEIHUX
CKOpOCTEM M YCKOPEHUH, KOTOpPBIE ColepKaT B CTaHAapTHOM Bule cuiy Jlopenua n Kynona, a
TaK € HEKOTOPYIO JIOMOJHHUTENIbHYIO CHIIY, KOTOPYIO CIEAyeT MHTEPHPETUPOBATH KAK CHUIY
TsaroteHus. Iloka3zano Ttak ke, 4ro |J| mpencramBiser coOOW KBaapar MOIYJsSl BOJIHOBOWM
(GyHKIHMH, KOTOpasi YAOBIETBOPSET MO CMBICIY CBOETO MOCTpoeHUs ypaBHeHuio IlIpemunrepa
JUISL 9acTHIbl B SJICKTPOMArHUTHOM TIOJI€ U JIOTIOJHUTENBHOM IMoje  TAroTeHus". Takum
00pa3oM, B JaHHOW TEOPUU BOCHPOU3BOIATCS BCE OCHOBHBIE YpPAaBHEHHUSI COBPEMEHHOM
JUHAMHUKN YacTHI], a TOTIOJOTUYECKasl KIACCU(PHUKAIUS SYeeK MO3BOJISIET OOBSICHUTH CTPOCHUE
AJIEMEHTAPHBIX YACTHUIl, KAK MUHUMYM, 110 ABYM KBAHTOBBIM YHCIIaM - 3JIEKTPUUYECKOMY 3apsiiy
1 OapMOHHOMY 3apsify, a TaK e MPEANOJIOKUTEILHO O CIIUHY.

B npencraBinenHOM A0KIaAe pelaeTcs 3agada MpOBEICHHS BBIYMCICHUNH THHAMUYECKHX
XapaKTePUCTHK YAaCTHUI], B TOM YHCJIE MACChl, C MOMOIIBIO CBEJICHUS BHIYMCIICHUS YCPEIHEHHBIX
XapaKTePUCTHK YaCTUIBI K JUCKPETHBIM CYMMaM JIOKAIBbHBIX 3HAUYCHUH B KPUTUYECKUX TOYKAX
¢ynakuun F . OOmas ¢gopmyrna, mo3BOJIAIONIas TPOBOIUTh TaKHE BBIYUCICHHS, OCHOBBIBACTCS
Ha 00LIEM TOXKIECTBE:

f= j [T 1(e) f (x,t)dV =—4r > F, + j PYdo,, (1)
v ov
« ox*
rae P“ =S(x,t)I(e)|J | Py e - BcroMoraTeibHOE BEKTOPHOE TM0JIe, CBsi3aHHOe ¢ f(x,1),
e

R

F, =47 lim | C, + [I()f (x,) R*dR |¢,, )

.’C—).’Ck

a noctosgHHble C, BBIYHMCIIOTCA U3 YCIOBUM COTJIACOBAHMSA 3HAYCHHUM [, B CEIUIOBBIX TOYKAX.

B stux cootHomenusx: R=,/2|F,—F | - paiuanbHas KOOpAUHATA B IIPOCTPAHCTBE MAapPKEPOB

Ha JIUCTE, COOTBETCTBYIOLEM JAHHOW IPOCTOM TOIOJOTHYECKOM sueiike. Ha ocHoBe
MOJIYYEHHBIX OOIIMMX COOTHOIICHUU pPAacCMaTPHUBAIOTCS OOIIUE AaCMeKThl TUHAMHUKH YacTHI] U
0011Me UHTErpabl JBM)KEHUS AMHAMUKY YacTull. B ToM uuncne, B JaHHON paboTe o0cy)kaatoTcs
BOIIPOCHI BBIYUCIICHUS MAaCC YaCTHII.

Eme omHo#t 3amaueii, pemieHne KOTOPOU OOCYKITAeTCsi B NTAHHOM JIOKJIAJE, SIBISICTCS
npoOiieMa onucaHus NOJI TATOTEHUS B paMKax JaHHOW TEOpUH U BblYMcieHUs Macchl. Kax
II0OKA3aHO, Macca B JAHHON TEOPUH, C TOUHOCTBIO O MHOKMTEIISA, COBIIAJAET C IIOJIHOW dHEPIUEH
(GyHIaAMEHTAILHOTO 3JEKTPOMATrHUTHOTO TIOJI, YTO 3KBHUBAJIECHTHO DPEISTHBHCTCKOW (Qopmyrne
OWHIITEHA CBA3M MAcChl U SHEPTUH, HO 0€3 HE0OXOIMMOCTH BBEACHUSI POCTPAHCTBA-BPEMEHU
MuHKOBCKOTO. B pamkax maHHOW TEOpHM €CTECTBEHHBIM OOpa3oM TOSBISETCS aHaJor
Hbr0TOHOBCKOrO 1OJISI TATOTEHHS, HO C TPABUTAUMOHHOW TIOCTOSIHHOM, MEHSIOLICHCS B
3aBUCUMOCTH OT paJualibHON KOOpAMHATHl R Ha JaHHOM Tomosiorudeckoi sueiike. IlokazaHo,
YTO 3TO MOXET OBITh COIMOCTaBICHO 3((deKTy CKpHITOH Macchl WIM ~ TEMHOH wmarepun'.
IToka3zaHo, KaK MOKHO W3 YCJIOBHUH CBSI3M MAacChbl M DHEPIUU BBIYMCIHMTHL BUJ PACIPEIACICHUS
“'TeMHOW Marepun" B Ka)KJOW TOMOJIOTHYECKOMN STUEHKeE.
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Abstract

The work is devoted to the study of the mechanism of charge photogeneration in low
dimensional and polymer organic materials by the photoinduced discharge method. It is shown
that in the investigated materials the process of the charge photogeneration is the multistep
process, the final step, thermal dissociation of light generated electron-hole pairs, can be well
described by the Onsager model. It is found that the photogeneration quantum yield in all
investigated materials is the function of temperature and the electric field.

PaGoTta mnocesleHa HCCIEOBAaHUIO MeEXaHH3Ma (OTOreHepaluu HOCHUTEeNel 3apsana B
HU3KOMOJIEKYJSIPHBIX ~ M TIOJMMEPHBIX  OpraHMuYecKux  mMarepuanax.  IlonumepHsie
MOJIyIIPOBOITHUKOBBIE MAaTEpHalibl, COYETAoNINe (OTOAIEKTPUUECKYI0 YYBCTBUTEIBHOCTh C
XapakTepHbIMA  CBOMCTBaMH  TOJMMEPOB:  IJICHKOOOPa3yeMOCTBIO,  AIIACTHYHOCTBIO,
TEPMOIUIACTUYHOCTBIO, MOJY4aloT Bce Oojee IIMPOKOE IPAKTUYECKOe IPHUMEHEHUE Ipu
CO3/IaHUM HOBBIX MPHEMHUKOB ONTUYECKOTO M3JIydyeHHUs, pabOTalomMX B Pa3IHYHBIX
CHEKTpPaJbHbIX  Jauana3oHax.  JlaHHble  Marepuanbl  HCIOJNB3YIOTCI B KauecTBe
JIOMUHECLUPYIOIIMX  Cpel, MPOBOJAIIMX IUIEHOK M BOJIOKOH, a TaKkKe B KadyecTBe
PETUCTPUPYIOIUX CPE]] B AMEKTPOPOTOrpadMueckoM U TEPMOILUIACTUYECKOM IpOIeccax 3alucu
ontuueckoi nnpopmarmu [1]. BeneacrBuum 3toro, uccnenoBaHus GOTOIIEKTPUIECKAX CBOICTB
OpPraHUYECKHUX IOJIYIPOBOJHUKOBBIX MaTEpHalOB BEAYTCS YpPE3BbIYalHO WHTEHCHBHO. OTU
UCCIENOBAaHU MMEIOT U BaXHOE HAYYHOE 3HAYEHHE IIOCKOJIbKY IO3BOJIIOT IIOJIYy4aTh
uHpOpMaIKIO 0 BO30YXKIEHHBIX COCTOSIHUAX, MEXaHU3MaxX MepeHoca 3apsjia U SHEPTHH, U TAKHUM
o0Opa3oM, yriyOnsioT (U3NYEecKue MPEACTaBICHUS O TMPHUPOJAE  AIEKTPOHHBIX SIBJICHUN B
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OpraHMYECKUX MOJYnpoBOJIHMKaX. K HemocraTkaM OpraHM4eCKHX MOJIYIPOBOJHUKOB MOYHO
OTHECTH UX HHU3KYIO COOCTBEHHYIO ()OTOUYBCTBHTEIBHOCTh B BUIUMOM 00nacTu criekrpa. Jns
pacimupeHus CeKTpaIbHOM 061acT (HOTOUYBCTBUTEIBHOCTH TAKUX MATEPUATIOB UCTIOIB3YIOTCS
paznuuHble (HOTOCEHCHOWIM3HPYIONME MpuUMecH. Hampumep, mns  pacuiupeHus oO0JIacTw
(OTOAIEKTPUUECKON YYBCTBUTEIHHOCTH MOJMMEPOB C COMPSDKEHHBIMH CBSI3SIMU HCHOJIB3YIOTCS
HU3KOMOJIEKYJISIPHBIE OpraHU4ecKue IpuMecH akuentopHoro tuna TH®, terpauumaHsTUICH U
npyrue coenuHeHus. JlerupoBaHue CBSi3aHO ¢ 00pa30BaHUEM KOMILJIEKCOB C IIEPEHOCOM 3apsiza
(KII3) Mexnay 3BeHOM MoJaMMEpa U MIPUMECHIO, IIPU ITOM B CIIEKTpaX MOTJIOLIEHUS TAKUX CUCTEM
HOSIBJISIETCS JUIMHHOBOJIHOBAS 1I0JI0CA, OTCYTCTBYIOIIAsl Y HCXOJHBIX KOMIIOHEHTOB [2].

B pabote m3y4anach 3aBUCUMOCTbh KBAHTOBOTO BBIXOJa ()OTOTEHEPALMH KaK B YHCTBIX, TaK U B
JIETUPOBAHHBIX TOHKOIUIEHOYHBIX 0Opa3nax. KBaHTOBBIN BBIXOJA ONpEAETSUICS MO W3MEHEHHIO
MIOBEPXHOCTHOTO TMOTEHIMANIA TPU ONPEICICHHON CBETOBOW AKCIO3ULMHU B KBA3UMOCTOSIHHOM
noje. [Ipsamoil pacuer ciaBura HOCUTENEH 3apsa M MCCIEIOBAaHUE 3aBUCHUMOCTH KBAaHTOBOI'O
BbIX0JIa (pOTOTEHEepaIMy MOKAa3ajlH, YTO YCIOBHS 3KCIIEPUMEHTa 00ECNeurnBalOT BO3MOXXHOCTD
MIOJTHOTO cOOpa TeHEePUPOBAHHBIX CBETOM HEPABHOBECHBIX HOCUTEINEH 3apsa. Y CTAHOBJICHO, YTO
B M3YYEHHBIX 00pa3lax KBAaHTOBBIH BBIXOJ (h0TOd(PdeKTa aKTUBAMOHHO PACTET C POCTOM
TEMIEpaTypbl U SIBJISAETCS HETUHEHHON (YHKIMEH NMPHIIOKEHHOTO 3JIeKTpuyeckoro mouss [3].
Koneunast cragus ¢oToreHepanuu sBISETCS MHOTOCTYNEHYATHIM MPOIIECCOM U MPOTEKAET IO
MexaHuzmy Onzarepa [4].
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YACTHIIBI B MOJIEJISAX IPUUYMHHOCTHOI'O MHOXKECTBA B KBAHTOBOU
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B kBanToBOH I'paBUTAlMH HUMCIOTCA Pa3HbIC IMOAXOAbl, OAHHMM H3 KOTOPBIX ABJIACTCA
TUTIOTE3a MPUIMHHOCTHOTO MHOXecTBa (causal set hypothesis) (mampumep, cm. 0630p [1]).
[TpUYMHHOCTHOE MHOKECTBO — 3TO JIOKAJIbHO KOHEYHOE YACTHUYHO YIIOPSIOUYECHHOE MHOXKECTBO
coObITu. YacTHUHBIA TOPSINOK HMIACHTUDUIMPYETCS KaKk MPUYUHHOCTD aAHAJOTHYHO
npoCTpaHcTBY MuHkoBckoro. [lpennosnaraercs, 9To MPOCTPAHCTBO-BPEMsI B MHUKPOMHUPE
KOHCYHO JICJIUMO, YTO OIMCHIBACTCS KaK JIOKaJbHas KOHCYHOCTh. MHOXECTBO AJIEKCaHIpPOBa
napbl TOYEK — 3TO MHOXKECTBO TOYEK, CJICAYIOIIMX 3a MEPBOM M TMPEANICCTBYIONUX BTOPOHU.
JlokaynbHasi KOHEYHOCTh 03HAYAET, YTO MHOXKECTBO AJIEKCaHIPOBA JIFO00i Mapbl TOYEK KOHEYHO.

[TpuunHHO-CIIEACTBEHHBIE CBS3H SBIISIOTCS €IUHCTBEHHBIMU CBSI3SIMH MEXIY COOBITHSAMHU.
[TosToMy, MHOXXECTBO OJHOBPEMEHHBIX COOBITMH MpPEACTAaBISET COOOH  MHOXKECTBO
HECBSI3aHHBIX COOBITHH. JI100ass CTpyKTypa, COCTOAIIast U3 CBS3aHHBIX COOBITHI, SBISIETCS HE
00BEKTOM B MOMEHT BPEMEHH, a IPOLIECCOM KOHEUHOM JIUTENBHOCTH.

[IpyarHHOCTHOE  MHOXXECTBO ~ MOXKET  OBITh  MPEACTABICHO  AI[MKIMYECKUM
OPHUEHTUPOBAHHBIM TpadoM, TO €CTh OPHEHTUPOBAHHBIM TrpadoM, HE HMCIOIIUM
OPHUEHTUPOBAHHBIX ITUKIOB. DTO MPEACTABICHUE yAOOHO TPU MOCTPOCHHHM MOJCNCH, U HIDKE
OyIyT paccMaTpUBaThCS TOJIBKO TaKUE rpadpbl.

Bepmunel u pebpa rpada sBISIOTCS 3JIEMEHTAPHBIMU HENeNUMbIMU OO0bekTamu. OHU He
MMEIOT BHYTPEHHEH CTPYKTYpBl H, CJIEIOBATEIBHO, BHYTPEHHHUX CBOMCTB. Bce umx cBolicTBa
OTIPENeNIAIOTC MX TMojoxeHneM B rpade. COOTBETCTBEHHO, CBOWCTBA JHOOOTO OOBEKTa,
SIBIISIIOIIETOCS HEKOTOPBIM MOArpad)oM, OINPENENAIOTCS CBS3SIMU BEpIIMH H  pebep, ero
COCTABJISIFOIINX, M UX CBSI3SIMH C IPYTMMHU BEPIIMHAMU U peOpaMu.

[Ipennosaraercs, 4T0 NPUUYUHHOCTHOE MHOKECTBO SIBJISIETCS €AUHCTBEHHON PEaIbHOCTBIO.
KonTunyanpHOE IPOCTPAaHCTBO-BpEMs JOJDKHO BO3HMKATh, KaK HEKOTOpas anmpOKCHUMAaLMs
00JBIIOT0 NPUYMHHOCTHOTO MHOXECTBAa. TakuM o00pa3oM, MHKPOOOBEKTHI  SBISIOTCS
noarpadamMu M JIOJDKHBI OINMUCHIBATHCS 0€3 MCIOJIb30BAaHMS KOHTHHYAJIBHOTO TPOCTPAHCTBA-
BpemeHH. [IpocreiiiinmMy MaTepuanbHBIMU OOBEKTaMU SIBJISIOTCS JIEMEHTapHbIE YacTUIbl. KX
MOJICJISIMU JTOJDKHBI SIBJIATBCS HEKOTOpbIe IpocTteimue noarpadst. [lockonbky mro60it noarpad,
KPOME MHOXKECTBA HEYMOPSAJOYCHHBIX BEPIIWH, SIBISETCS MOJENBIO Tpolecca, TO Jirodast
yactuna ectb npouecc. CtabuiabHas 4aCTHIIA €CTh TOBTOPSIONIMICS MM KBAa3UITOBTOPSIOIIUICS
npouecc. Takum oOpa3oM, UHAMBUAYAJBHOCTb YaCTULBI  ONpPENENSIETCs  HEKOTOpOM
MUHHMMAJIBHOW CTPYKTYpPOH, KOTOpas MHOTOKPaTHO IIOBTOPSIETCS, BO3MOXHO, C HEKOTOPBIMHU
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Bapuanuamu. [Ipu 3TOM MOBTOPBI JUHEWHO ynopsiAo4eHbl. VX MOCIenoBaTebHOCTD SBISETCS
npooOpa3oM MHUPOBOM JIMHMU. B KBaHTOBOM TEOpPUM IMKIMYHOCTH M CBOWCTBA YaCTHI]
MOCTYIUPYIOTCs. PaccmaTpuBaeMasi MoJiellb €CTECTBEHHBIM 00pa3oM OMHCHIBAET YACTHILY, KaK
MOBTOPSAIOLIMKCS MPOUECC, M HANCIAECT €€ HHAMBUIYAIbHOM CTPYKTypou. Bce cBolicTBa
YACTHIIBI JOJKHBI ObITh HACHTU(DHUIIMPOBAHBI C TOMOJOTHYECKUMHU CBOMCTBAMH €€ CTPYKTYPBI.

B pabote [2] mpenmpuHsATa MOMBITKA HIACHTH(OUIIMPOBATH YACTHIBI C KOHKPETHBIMU
CTPYKTYpaMU U TMOCTYIHMpOBaHa (opMmyna s BBIYMCICHHS Macc dYacTul. YacTHIbI
UICHTU(PHUIMPOBAHBI C TEPHOJUMUYECKUMH TrpadamMu, BEpIIMHBI KOTOPHIX OJHO3HAYHO
pa30buBaroTCs Ha MOJAMHOXECTBA HEYIOPSI0UEHHBIX BeplinH. [IpocToTa CTpYKTYp 3aKitoyaeTcs
B TOM, YTO YMCJIO BEPUIMH B Ka)KJOM TaKOM IOJIMHOKECTBE HeBesMKo. Hanpumep, oauH nepron
SNIEKTPOHA HWACHTU(GHUIMPOBAH C MOCIEAOBATEIBHOCTBIO W3 TPEX MHOXECTB BEpUIHH,
cozepkamux 1, 2 u 1 BepuIMHY COOTBETCTBEHHO. Macca 4acCTHIIbl BBIPAYKAETCS YEpE3 UUCIIO
TaKUX NOJMHOXECTB B OJHOM IIE€pUOJIE, MOPSIOK UX CIECJOBAHUS M YUCIIO BEPIIMH B KaKJIOM
NOJMHOXKECTBE. Macchl 4YacTHIl IOJIy4alOTCS BBIPRKEHHBIMU B HOBBIX TOIOJOTHYECKUX
eauHunax. C 3KCIIEpUMEHTOM JOJDKHBI COBIIAaTh UX OTHolIeHus. lIpemiaraemas Monens gaer
HNOTPEIIHOCT BO BTOPOM — YETBEPTOM 3HAKE, YTO HE IUIOXO JJIsl TaKOW MpPOCTON MOJEIH.
HenocratkoM Monenu siBisieTcs ee MOATOHOUHBIN XapakTep. CTpyKTypa dacTHil ¥ popmyIia JUis
Macchl MOCTYJIHPYIOTCS, HO HE BBIIIAAAT O4YEeBUIHBIMH. OJHAKO HMHTEPECHO, UYTO MpOCTas
MOJIEJIb AAET YJOBJIETBOPUTEIBHBIN CIIEKTP YAaCTHUI] U UX Macc.

Beimre cTpykTypa yacTull MOCTYIMpOBalIachk. B mociaenoBaTenbHON MOJEIN OHA JOJIKHA
ciefoBaTh W3 TUHaMUKH. JIrobasi qMHAMUKa ecTh crmoco0 MpeacKa3biBaTh OyIyIIHe COCTOSHHS
CUCTEMBl WJIM PEKOHCTPYHPOBaTh IMpOLUIbIE. JTO O3HAa4yaeT, YTO y HAC €CTb HEKOTOPBIH
KOHEUHBIH Trpad), ¥ MBI JOJDKHBI €r0 JOCTPOUTh. MHUHUMANIBHOM YacThio Tpada sBISETCS OJHA
BEPILIMHA, U MBIl MOKEM JIIO0YIO0 TOCTPOMKY BBINOJHUTH KaK MOCJIEI0BATEIbLHOCTh A00aBICHMUS
HOBbIX BepuimH 1o oxaHod [3]. Takoil mporecc mMOJydyus Ha3BaHUE «IUMHAMHUKA
MOCJIeI0BATEILHOTO pocTay [4].

ANTOpUTM, TO KOTOPOMY BBIOMpAaeTCs KOHKPETHBIH BapuaHT J00aBICHHUS HOBOM
BEPIIHUHBI, UTPAET POJb YPABHEHUS JBIKCHUS. AJNTOPUTM MOKET OBITh AETEPMUHUCTHUECKUM
WIA BEpPOSATHOCTHBIM. B mepBoM citydae BbIOOp HOBOW BEPIIMHBI OAHO3ZHAYHO OIpPECIISETCS
CTPYKTYpOil nmeromierocs rpada. Bo BTopom ciydae 3Ta CTpyKTypa 3a1aeT TOJIBKO BEPOSATHOCTH
pa3IMYHBIX BapuaHTOB J00ABJICHUS HOBOW BEpIIMHBL. B JHHaMuKe MoCienoBaTeNbHOTO pocTa
CTPYKTYpPbI YacTHUI[ JOJDKHBI BO3HHMKATh KaK HEKOTOPHIE CAaMOOPraHU3YIOUIUECS CTPYKTYPHI.
Takum 00pazoMm, HHTEpEC MPEICTaBIsAET MOUCK W H3YYEHHE alTOPUTMOB, IOPOKIAOIINX
camoopranuzanuio. OIHUM M3 OCHOBHBIX METOJOB HCCICIOBAaHUS SIBISETCS YHCICHHOE
MoenupoBanue. [lepBpIME TakKUMHU aITOPUTMAMH OBLITH JIETEPMHUHUCTHUECKUE aJTOPUTMBI [5].
B ar1oii pabore mpuBeneH psng npumepoB. OQHAKO HE OBUIO TMOMBITKH WACHTU(DHUIIMPOBATH
MOJTy4aeMbI€ CTPYKTYPBl C KaKUMHU-THOO OOBEKTaMH peaJbHOro Mupa. BeposTHOCTHBIE
QITOPUTMBI MPEJICTaBIIEHBI B paboTax [6, 7, §].

B pabGore [6] mMomenb He SBISETCS NPUUYMHHOCTHBIM MHOKECTBOM B YHCTOM BHJIE.
PaccMoTpeHo nBymMepHOE MPOCTPAaHCTBO MUHKOBCKOTO, @ B HEM YaCTHUIII, ABMIKYIIHAECS TIO
CBETOMOJOOHBIM MUPOBBIM JHHHSIM. OHM WHOTJAa B3aMMOJCHCTBYIOT (HEMOCPEICTBEHHO
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CTAJIKUBAIOTCS). DTU CTOJIKHOBEHUS 00pa3yloT MPUUYUHHOCTHOE MHOXKECTBO WX Tpad), BEPIIUHBI
KOTOPOTO HWHIMIEHTHBI JBYyM BXOJSIIMM M JIByM BBIXOJSIIUM pedpaM (MUPOBBIM JIMHUSIM
yactul). /lMHaMuKa 3aKIl04aeTcsi B IOCIEIOBATENIbHOM T00aBJIEHUH HOBBIX CTOJIKHOBCHHH.
Nmeercss anroput™M, KOTOpBIH BEPOSITHOCTHO ONPEIEINIAET, KAKOE CTOJKHOBEHHE N00aBIISAETCS.
Yucnenno moaemuposanoch 10° — 10° cronkHoBeHnii 80-TH 4acTHIl H HAGNIOANCS MPOLECC
caMoopraHu3anui. BHauane KOOpAMHATBI CTOJKHOBEHHMH ObUM XaoTHYHBIMU. [locTemenHo
CTOJIKHOBEHUS BBICTPAUBAIOTCA B MIPSIMbIE JIMHUU.

B pabotax [3, 7, 8] Takxke paccmaTpuBaics rpad, BepIIMHBI KOTOPOTO MHIIMACHTHBI IBYM
BXOJSIIIMM W JBYM BBIXOAAUIINM pebpam (X-rpad). OmHako OH paccMaTpPUBAICS YHUCTO
TOTIOJIOTUYECKH 0€3 BJIOKEHHUS B MPOCTPAHCTBO-BpeMsi WM J00aBICHHUS KaKUX-THOO CBOICTB
BEpIIMH WM pedep, 4TO COOTBETCTBYET HCXOJIHOM THIIOTE3€ MPUUYUHHOCTHOIO MHOKECTBA.
PaccmarpuBanuch BEpOSTHOCTHBIE AITOPUTMBI I1OCJIENI0BATEIIBHOTO POCTA, OCHOBAHHBIE Ha
CIIyJ9allHBIX ONyXIaHusx Ha X-rpade. B pabote [7] mist 0qHOTO U3 aNTOPUTMOB JOKA3aHO, YTO
JUIs JII00OTO HAYaJbHOTO X-rpad)a MMEeTcss KOHEYHash BEPOSITHOCTb, YTO IOCIIEIOBATEIbHBIN
pocCT, HAUMHAs C HEKOTOPOTO Iara, OyeT MpeCTaBIsATh COOOH HE3aBUCUMBIN POCT HECKOJIBKHIX
MIOCTIeIOBATEIbHOCTEH BEPILIHH, CBA3aHHBIX JBOWHBIMU peOpamH.

B paborax [3, 7] anropurMmbl MOPOXKAAIOT OYEHb IPOCTHIE CAMOOPraHU3YIOIIKECS
CTpYKTyphl. B pabote [8] paccmorpeHa Goiiee crnokHas MOIUQPHUKAIUS alropuTMa U3 pabOTHI
[7]. Ero anHanuTHdYeckoe uCClenOBaHUE TMpoOIeMaTHYHO. UYHWCICHHOE MOJEIHpPOBAHUE
MIOKa3bIBaET 00pa30BaHHWE CaMOOPraHU3YIOMIMXCS CTPYKTyp. Ha pucynke 1 mpuBeneH mpumep
MOCTIEIOBATEIBHOTO J00aBieHUsT K oaHOW BepmmHe 141 Bepmmubl. HawanpHas BepuinHa
yKka3zaHa OoiblIoi crpenkoir. OpueHTamusi BceX peOep HampaBiieHa BBepX. MalleHbKHUMH
CTpeNIKaMHi HW300pa’keHbl CBOOOJHBIC BAJCHTHOCTH BEpIIMH, K KOTOPBIM MOTYT pebpamu
NPUKPEIUIATECS HOBBIE BepIIMHBL. Buano 7 o0pazoBaBmIMXCS CTPYKTYp. OCHOBHBIMH
CyOCTpYKTypaMu SIBJISIFOTCS LIEMOYKH JBOMHBIX pebep. HekoTopsie mpocreiime cTpyKTypsl (4,
6) COCTOSAT TOJBKO U3 OJHOH Takoil 1ernodykd. CamMbIMU OOJBIIMMH W CIIOXKHBIMH SIBJISIFOTCS
cTpykrypbl 1 u 2. Kaxxngas cTpykTypa MHTEpHOPETUPYIOTCS KaK MPOILECC 3BOJIONHUU YaCTHIII.
OnHu cBsizaHbl MEXAy co00i peOpamu. DT pedpa WHTEPIPETUPYIOTCS KaK B3aUMOICHCTBUS
yactull. MoJiens He MPEeTEeHAyeT Ha OMMCAHUE peajbHBIX yacThll. [lo3ToMy HE MMeeT cMbIcia
IBITATHCSI UACHTU(PHUIUPOBATH KAKHE-INO0 YaCTHUIIBI C STUMH CTpYKTypamu. OHAKO MUHTEPECeH
(daxkT MoIeNUpPOBaHUS TUHAMUKH BOJIOIMUA M B3aUMOJICHCTBUSI HETPUBUAIBHBIX CTPYKTYp Ha
OCHOBE YUCTO TOTIOJIOTMYECKOTO MPOCTOTO BEPOSITHOCTHOTO aJIrOPUTMA.
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Puc. 1. [Ipumep pe3ynbrara YMCIEHHOTO MOJEIUPOBAHMS TUHAMUKHU IMOCIEI0BATEIHLHOIO
pocra x-rpada.

OtmeueHHbIE pabOTHl MOKA3bIBAIOT, YTO B TIIOCIEAHEE BPEMs JOCTUTHYT HEKOTOPBIH
IPOrpecc B MOJICIMPOBAHUY YACTHI] B paMKaxX I'MIOTE3bl IPUYMHHOCTHOIO MHOXecTBa. OHAKO
HE peleH paa QyHAaMEeHTaIbHBIX TPOoOeM. AJITOPUTM, OMIMCHIBAIOIIUI pealIbHbI MUp, J0JDKCH
CIe0BaTh W3 HEKOTOPBIX MEPBUYHBIX MPUHUMNOB. Takue MNPUHLMIBI M  AJITOPUTMBI
npeiaranuch [3, 4], HO OHM He HOPUBOIAT K camoopraHuzauuu. CamoopraHuzauus
HAOIIONAeTCsl Ha OCHOBE QJIrOPUTMOB, CHENHMAIbHO JJI 3TOT0 CKOHCTPYHPOBAHHBIX.
OtcyrctByer 0OOCHOBaHHAs HJICHTH(UKALKSA TOMOJOTMYECKHX CBOMCTB CTPYKTYyp C
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XapaKTepUCTHUKAaMU 4YacTUll (KBAaHTOBBIMU 4YHCIAMH), a CaMHX CTPYKTYp C pealbHBIMU
YaCTULIAMH.
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PARTICLES IN CAUSAL SET MODELS IN QUANTUM GRAVITY

Alexey L. Krugly

Scientific Research Institute for System Analysis of the Russian Academy of Science, 117218,
Nahimovskiy pr., 36, k. 1, Moscow, Russia, E-mail: akrugly@mail.ru

A causal set is locally finite partially ordered set. This is a model of a discrete pregeometry
on a microscopic scale. Particles in this model must be repetitive structures. Their properties
must have a topological nature. A review of particular models is considered. One example is a
model of particles and a mass formula. The dynamics is an addition of new elements one by one
(a sequential growth). An equation of motion is an algorithm of sequential growth. Particles must
be emergent self-organized structures. An equation of motion is an algorithm of sequential
growth. There are algorithms that generate self-organized structures. Some algorithms are
deterministic and some are probabilistic.
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YUCJIEHHOE MOJEJUPOBAHUE PACCACBIBAHUS ®JIYKTYAIIUI B
TUAPOJJAHAMHMUYECKON MOJIEJIA KBAHTOBO-TEILIOBOH JU®®Y3UN

Tomny6esa O.H.", Cunopos C.B."

NUMERICAL SIMULATION OF FLUCTUATIONS RELAXATION IN THE
HYDRODYNAMIC MODEL OF QUANTUM-THERMAL DIFFUSION

Golubjeva O.N.", Sidorov S.V.?

1 .
) Poccutickuil YVHU8epcumem Opyxucovt Hapooos, Mocksa, Poccusi.
2
) Mockosckas 20cyoapcmeentas akademusi 600Ho2o0 mparcnopma, Mockea, Poccus

e-mail: sidorovsv@mail.ru

Abstract

A system of two-speed equations obtained on the basis of Quantum mechanics in the
hydrodynamic form is studied. .It can be interpreted as a generalization of Nelson's stochastic
mechanics. It is shown that the numerical analysis of the system solutions allows to make a
decision of its suitability for describing of the relaxation process of quantum- thermal
Sfluctuations at the temperature T>0.

TpaguuMOHHO ypaBHEHHS TUAPOJWHAMHUKH BBIBOAATCA JHOO W3 CTaTUCTUYECKOU
MEXaHUKH, MO0 M3 KUHETUKH, TJ€ UCIMOIB3YIOTCS KOHKPETHBIE MPEJCTABICHUS O CTPYKTYype
cpeapl M B3aUMOJEMCTBMM  cocraBistomux ee  yacted. COOTBETCTBEHHO,  y4eT
THAPOJMHAMUYECKAX  (IIYKTyalluid  MPOW3BOAMUTCS IyT€M BKIIOYEHHUS B  YpaBHEHHS
TUAPOJMHAMUKN CIYYaiHOTO TE€H30pa HANPSHKEHUH, Ui KOTOPOTO HAa OCHOBE (PIYKTyallMOHHO-
JUCCUIIATUBHON TEOPEMBI 3a1a€TCS TOIBKO KOPPEIATOP.

B paGorax [1,2] ObUTO MpeIOKEHO paccMaTpUBaTh TEOPHIO IMpOIEcca paccachlBaHUs
KBAaHTOBO-TEIJIOBBIX (DIyKTyanuid IMJIOTHOCTH U Jpel(OBOM CKOPOCTH MpPH PAaBHOBECHUU IO
TEMIIEpaType KaK CTOXaCTUYECKYI0 THAPOJAMHAMUKY. OTO IO3BOJIMIO pPacCHpOCTPAaHUTh
TUIPOJMHAMUYECKYIO ()OPMY KBAaHTOBON MEXaHMKH Ha KOHEUHBIE TeMIIEpaTypbl U y4ecTh He
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TOJIBKO camouddy3uro, HO U U dy3NOHHOE TaBICHHE TEIUIOr0 Bakyyma. B pesymbraTe mis
OJIHOMEPHOM MOJeNu Oblila MOJyueHa CHCTeMa YPaBHEHHUH CTOXAaCTHYECKOW T'MIPOIMHAMUKH,
cripaBeUIMBas MpH JIOOBIX Temreparypax. Ee oTiinuue cocTOUT B TOM, YTO B HEH HEaJTUTUBHO
YUUTBIBAIOTCS KBAHTOBBIE W TEIUIOBbIE (piykTyauuu. boyiee TOro, STMM ypaBHEHHSM YyIallOCh
npuaath GopMy ypaBHEHHH JBYXCKOPOCTHON TUIAPOANHAMUKI

2 (1)

MPEJICTABIISIIONICH cO00i 0000IIeHre cToXacTHIecKoi MexaHukn Henmbcona [3]

8_“ = —i(uv),
ot oq 5
dv 10U 0 (u? (2)

o m Oq %2

M

. 1 oU
rae u — nqudQy3uoHHasE CKOPOCTh, v — ApeiQoBas CKOPOCTh, T rPaIu€HT BHEUIHETO
m

noteHuuana. HecMmoTps Ha To, 4To HMKHUE ypaBHeHus cucteM (1) u (2) moaHOCTBIO
UJCHTUYHBI, MEKy HUIMH UMEETCS CyLECTBEHHOE OoTanuue. OHO CBSI3aHO C TEM, YTO B TEOPUH,
NpeUIOKEHHOW B [2], mpUHUMaeTcs BO BHuUMaHue camoau(ddy3us B XOJIOJHOM BaKyyMe,
BCJIEJICTBHE 4Y€ro B ypaBHeHHE i AU(DPY3MOHHON CKOPOCTH BXOIHUT TPAJAUEHT TUIOTHOCTH
sHeprun aup¢dy3uoHHOTO HaBieHUs. boyiee TOro, €cTh OCHOBaHHE MoJjlaraTh, YTO B OOLIEM
cinyyae ypaBHeHus (1) B orimume ot ypaBHeHud Henbcona (2) crnpaBemiuBbl Tpu 11000
TEeMIIepaType.

VYpagaenus (1) wm (2) TpencTaBiSOT  cO0OW  KBa3sWJIMHEHHBIE  CHCTEMBI
T hepeHIINATBHBIX YPABHEHHUH MEPBOTO MOPSIKA OTHOCUTEIIBHO JIBYX HEH3BECTHBIX ()YHKIIHIA
u(t, g) m v(t, g) OT IOBYX MEPEMEHHBIX. BaKHEUITUM OOCTOSTEIBCTBOM, OMPEICIISIOIINM
pelIieHHe TaKWX  YpaBHECHWIA, SBISETCS  YCTAaHOBIIEHHWE THUMA —  DIUTUOTHYECKOTO,
TUNIEPOOIMIECKOTO MM MapaboIMuecKoro, K KOTOPOMY OTHOCHUTCS ypaBHeHUe. J[ns perneHwus
TUNEpOOIMIECKIX YpPaBHEHUM, KaK W3BECTHO, WCIONB3YeTCsS IOHATHE XapaKTEPUCTUKH —
HUHTETPATBl HEKOTOPOTO XapaKTEPUCTUUYECKOTO YPABHEHHUS. DIUTUNITHUCCKUN ONepaTop HE UMEET
XapaKTePUCTHK B BEIIECTBEHHOU 00JACTH U JUTMNTUYCCKUM IUDdepeHITNaTbHBIM YpaBHEHUSIM
B (pusmke, BOOOIIE TOBOPSI, COOTBETCTBYIOT CTAI[MOHAPHBIC PABHOBECHBIC COCTOSHHUSL.

Jis wccnenoBanusi pemieHui ypaBHeHW# (1) m (2) mocnenHue ObUTM MPUBEICHBI K
OJHOPO/IHBIM CUCTEMaM
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u, +Qu+vu, +uv, = 0,
3)

v, —uu, +vw, =0,

I
=

u, +vu, +uv,

(4)

v, —uu, +vw, =0,

NPECTAaBICHHBIM YPaBHEHUSIMH HCKIIOUUTEIBHO B YaCTHBIX MMPOM3BOAHBIX. B paboTe nmokaszaHo,
YTO TUJPOJUMHAMHYECKas cucTeMa ypaBHeHui HenbcoHa (2) sBIsSeTCs SUIMNTUYECKOW U
HEMPUTOAHA Ul HWCCIEAOBAaHUS HBOJIONMU (IYKTyalud NpU KBAaHTOBO-MEXaHUYECKOM
onucannu cucremel. Hamportus, cuctema (1) siBisiercss mapa®oJIMYECKOM, TO €CThb CHUCTEMOM
HBOJIIOLMOHHOIO THIA M, CJIEOBATEIIbHO, MOXET HCIOJIB30BaThCS Ul ONUCAHMS IBOJIOLUH
BO3MYIIICHNH, BO3HUKAIOIIUX MPH QIIYKTyausX. B KOHTEKCTe MCIIOIb30BAaHUS JaHHOW CHCTEMBI
UMeeTcss B BHIY CJeayromee 00CTOSTeNnbCTBO. DIyKTyalliM MakpomapaMeTpoB, HampHuMep,
TEMIIEPATYpBbl, IUIOTHOCTH, 1aBJICHUS, HEIPEMEHHO BBI3bIBAIOT BO3MYIIEHUS IEPEMEHHBIX U U V
B YpPaBHEHUSAX THMJAPOJMHAMUKU. OBOJIIOLMIO OSTHUX BO3MYILIEHUH MOXHO OIMCHIBATh H
UCCJIEI0BATh C IOMOLIBIO CUCTEMBI ypaBHEHUH (1).

[IpuBenennble cooOpakeHHs HaMU MPOWIIIOCTPUPOBAHBI C IOMOIIBIO YHCIEHHOTO
MozaenupoBaHus pemieHuil cucreM (1) u (2). MoaenbHbBIM ypaBHEHHEM sl 3TUX CHCTEM
SBJISIETCSI 3alIUCAHHOE B BEKTOPHOI (hopMe ypaBHEHHE IepeHoca

oy oy
—+ A(y)— =0,
o TS

rae y = (u, v)', 4 € R*? — marpuna cucremst. [ast cucrem (1) u (2) HaMH paccMOTpeHa 3axada
Kommu

y(x,0)=y,(x), xeR, >0,

Ha BEILIECTBEHHOU MpsiMOM. JIJig perieHus 3a1auu Ha MIOCKOCTH (Z,g) UCTOJIb30Balach CETKa
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®, =0, X0,

T

o, ={q,=ih, i=0,£1,£2, .., £N},
o, =, =jr, j=0,12,.},

C IIAaroM /1 1o MEPEeMEHHOW ¢ M C IIaroM 7 IO NEepeMEHHOM ¢. Pemienue 3a1aun uccue10Baioch
C UCIIOJIb30BAHUEM HESBHOM CXEMBI

Jj+l Jj+l

3);/41 — 4)// + ylv_’;l _ _A(y3i) Vi —Via
27 l 2h ’

. 2 12
uMeroIIel mopsaok anmnpokcumanuu O(7°, h°).

I[Ipy ducieHHOM  MOJENMPOBAHMM  HMCCIENOBAJIOCH  PEIICHHE IIPU  HEKOTOPOM
BO3MYILIEHUU OJHOU U3 IIEPEMEHHBIX, 33JaBA€MOM B HAYaJIbHbIII MOMEHT B OKPECTHOCTU TOYKH ¢
= 0. Dro BO3MymIeHHE B Ha4YaJbHOM YCIOBUM MOJCITUPYET pEe3ynbTaT QIyKTyaluu
MakporapaMmerpa (QU3NYECKON CHUCTeMbl. UWCICHHBIE BBIYHCICHUS MOKA3alu CIICIYIOIIUN
pe3ynbrar. Jlroboe, naxe ckoib yroJHO Majoe BO3MYIIEHHME B cucTeMe ypaBHeHMH Henbcona
IPUBOJUT K HEOTPAaHMYEHHOMY POCTY IEPEMEHHBIX # M V. DTO €CThb CIEACTBHE TOIO, YTO
ypaBHeHHs HenbcoHa MMEIOT 3uMnTHYeCKHi Tum. Takum 00pa3oM, OHHM TPUTOAHBI JUIS
ONMCAaHMs CTAllMOHAPHBIX IPOLIECCOB, TAaKMX Kak OOTeKaHHWE Tel TIOTOKOM, 3ajad
NIEKTPOCTATUKY, CTALIMOHAPHBIX 3a7a4 TEOPUH I'PaBUTALUU U IP.

[Ipu pemenun cuctembl ypaBHeHM (1) MOdydeHO pemieHHe BUAa Oerymiedl BOJHBI
BO3MYILEHUSI II0 IPOCTPAaHCTBEHHOM KoopauHare. [Ipy 3TOM Hapsay ¢ HepeMeleHUEM B
IPOCTPAHCTBE HAOIIOJAETCS 3BOIOLUS CAMOTO BO3MYILEHHS — €0 aMIUINTY/Ia yMEHBIIAETCS, U
OHO PACIIBIBAETCA [0 IPOCTPAHCTBEHHON KOOPAMHATE.

TakuM oOpa3oM, Mbl CUMTAEM, YTO I'MJIPOJMHAMUYECKHM MOAXO0J K KBAaHTOBOM TEOpUU
NPUHIUNHMAIBHO TO3BOJISIET HCCIENOBaTh KBAaHTOBO-TEIUIOBBIE (DIyKTyallud Ha OCHOBE
MOJIY4ECHHBIX TUAPOAUHAMUYECKUX YPABHCHUM.

Pabora BeinoniHena npu noaaepxke PODU (mpoekr 12-01-99423-V-a).
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KERR-NEWMAN ELECTRON AS SPINNING SOLITON:
EMERGENCE OF THE DIRAC EQUATION

Alexander Burinskii,
Theor. Phys. Lab., NSI, Russian Academy of Sciences: bur@ibrae.ac.ru

It has been discussed for long time that black holes (BH) have to be related with elementary
particles. The Kerr-Newman rotating BH solution has gyromagnetic ratio g = 2 as that of the
Dirac electron, and the four measurable parameters of the electron: spin, mass, charge and
magnetic moment shows unambiguously that gravitational and electromagnetic field of the
electron should correspond to over-rotating Kerr-Newman (KN) solution without horizon.
However, remarkable properties of this soliton cannot draw us away from the question:

Where is the Dirac equation hidden inside this soliton?

Here we try to answer this question.

Metric of the Kerr-Schild solutions has the form gik=gik(’"i"k) + H kiky where g('"i"k) is an auxiliary
minkowskian background, and k; is a null vector field (kik'=0) which defines a shear-free
geodesic null congruence on the minkowskian background (Kerr congruence) which is
determined by Kerr theorem. The naked Kerr singular ring forms a branch line of space into the
sheet of advanced and sheet of the retarded fields with different null congruences K™ and K
creating two different metrics

(in) _ g(mink) + 2Hk(l")k(l") and

g(()ut) — g(mink) + 2Hk(()ut) k(()ut)

on the same Minkowski background M4 .

The Kerr singular ring conflicts with flat spacetime of quantum theory, which requires
“regularization”of space. The consistent regular source of the KN solution is formed by a regular
soliton model in the form of a bag which covers the Kerr singular ring, closing the “‘door” to
negative sheet of the Kerr geometry. The bag has a disk-like form and confines the Higgs field in
a superconducting false-vacuum state, which regularizes the KN electromagnetic (EM) field. The
EM field acquires inside the bag a mass, which pushes it out from the interior of the bag towards
the sharp string-like boundary of the disk. Simultaneously, as it was shown in [1], interplay of the
time-like component of the EM field with phase of the Higgs field induces oscillations of the
Higgs field with the frequency ® = 2m, which is typical for oscillating electroweak solitons
(oscillons) [1,2].

It seemed that the disk-like soliton covers the ““door” to negative sheet of the Kerr geometry and
removed twosheeted space. However, the second sheet emerges from another side. This time the
second sheet emerges from advanced field, analogous to the old Dirac model of radiation
reaction. According to Dirac, the retarded potential Aret may be split into a half-sum and half-
difference with advanced fields Aadv as follows

Aret = 1/2 [Aret + Aadv] + 1/2 [Aret - Aadv].

The half-difference is responsible for radiation reaction, while the half-sum is responsible for
self-interaction of the source and corresponds to an orientifold structure of the source.
Orientifolding the soliton source, one has to add to the sheet of retarded fields an additional sheet
of advanced fields, which should be related with self-interaction of the soliton, which determines
its mass. However, in accord with the properties of the Kerr-Schild solutions, the fields Aret and
Aadv could not reside on the same physical sheet, because each of them should be aligned with
the corresponding Kerr congruence.
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Considering the retarded sheet as a basic physical sheet, one should fixe the congruence Kret and
corresponding metric

g(ret) — g(mink) +2 Hk(ret) k(ret)’

which are not suit for the advanced field Aadv, which is consistent with another congruence
Kadv and should be positioned on a separate sheet with metric

g(adv) — g(mink) + 2Hk(adv) k(adv).

However, this problem disappears inside the bag, where the space is flat, and the both null
congruences Kret and Kadv are null not only with respect to the corresponding Kerr-Schild
metrics, but also with respect to the flat Minkowski background g™"".

Two external spinor fields associated with two Kerr null congruences Kret and Kadv are
generated by two conjugate solutions of the Kerr theorem Y + and Y, which reside on the
different sheets and are connected by antipodal relation [3]

Y+=-1/(Y)*.

It is known, that the projective spinor coordinate, Y is equivalent to the Weyl

two-component spinor ¢ [4]. The antipodal left and right Weyl spinor fields ¢ and y generared
by two conjugate solutions of the Kerr theorem, ¥ + and Y , may be joined into one Dirac
spinor which obeys the massless Dirac equation. On the other hand, the Dirac spinor field in the
Weyl basis it splits into two Weyl equations of opposite chirality. From these two Weyl fields
one can form two null vectors ™ and k“®”  corresponding to two principal null congruences
given by conjugate antipodal solutions of the Kerr theorem.

Outside the bag these null fields should reside on different sheets of the KN solution, but
penetrating in the bag they may meet without conflict on the same internal sheet due to flatness
of internal space g™"¥ and they may be joined without conflict into a four-component Dirac
spinor (¢ ,y)* satisfying the massless Dirac equation. The confined in the bag Higgs field @
provides the left and right spinor fields of the Kerr congruence by the Yukawa interaction

LY ukawa(o ,y, @) =-g (¢* |D| y) ,

and gives them the mass term m=g |®| creating the massive Dirac equation.
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OOPMAJIN3AIIUA JTEIITOHHOI'O CEKTOPA B MOJAEJIN CKUPMA-®AJIIEEBA

B.N.MosnoTkoB
Kadenpa reopernueckoit puzuku, molotvi@gmail.com
Poccwuiickuii yHUBEpCUTET APYKObI HAPOJIOB
Beenenue

W3BecTHO HECKOJIBKO MOJENEH [ OINUCAaHUS DSJIEMEHTapHbIX YacTUL[ C IOMOIIbIO
TOIOJIOTUYECKUX COJIUTOHOB: TEOPHSI MarHUTHBIX MOHoToJIeH, Mmoenb T. X. P. Ckupma (1954r.)
u mozens JI. JI. @anneesa (1972r.). B mogenu Ckupma, ONUCHIBAIONIEH BHYTPEHHIOIO CTPYKTYPY
0apuoOHOB W JIETKUX SIEp, B KadecTBE TOMOJNOTMYECKoro 3apsaga () = deg(s3 — &3)

UCHONb3YeTCs OapruOHHOE 4MCIo B. OHO CIYKUT TE€HEPATOPOM TOMOTOIMYECKOW TI'PYIIIBI
m*($¥) — Z. Ananornuno B Mojenu MDajneesa ajs OMUCAHKS JIEITOHOB MCHOJL3YETCS MHIEKC

Xomda 'y, KOTOPBIA CIYKHUT FEHEPATOPOM FOMOTONMYECKO#H Tpymmsl 7 (5%) — Z.

Hdns  obvenuunenuss wmogneneit Ckupma u  @DanneeBa paccMarpuBaercs 0000IIeHHE
JNEKTPOAMHAMUKA Mu B pamkax d>(PQeKTuBHONH CNUHOPHOW TmosieBoM Monenu. Jlis
KJIaccu(UKAIMK BCEX BO3MOKHBIX MOJEJICH KUPAJbHOTO THIIA HCIIOJIB3YETCSl CIEUAbHOE §-
CIIMHOPHOE TOXAecTBO bpuocku [1]

ju* = Jui® — s* + p* +v* +a’.
B 3TOM TOXAECTBE UCTIOJIB3YIOTCS CIIETYIONINE BEIIUUNHBI:
s =y, p = Py, v = YA, a@ = iy, j, = Py, Jy — Wy ysw
IloneBasi Moe/ b IECTHAAUATH-KOMIIOHEHTHBIX CHUHOPOB

[IpenBaputensHo BBeaem oOO3HaYeHHWE [, U1 N-MEPHOW €IUHHYHOW MATpHLbBl, N —
HATypaJIbHOE YHCJIO.

[lo aHajmormm ¢ BOCBMHUMEpHBIM CIIy4a€M pacCMOTPUM 16-CIMHOPHOE IPOCTPAHCTBO,
OIIpeNIENIIEMOE CIUHOPOM:

W= col(, @2, P, y), Uy — col(@y,x1),i = 1,..4,
T€ Py, Xj-2-CIUHOPHIL.
Bsenewm Tok mis 16-cniuHopa:

Ju =PG,¥
rae ¥ = W7 Gy-conpskeHHbI cnuHop U G, =y, & |3 & I~ pacmmpenne Matpun Jlupaka Ha
16-MepHOE TPOCTPAHCTRBO.
Orcrozia mogy4yaeTcsi TOK Ha 16-CIMHOPHOM T10JI€ UMEET CIICTYIOIINI BU/I:
lo = Zilol @i +xix) 1 = Zilo! o9 — x o).

BBenem KBaJipaTUYHYIO CIIMHOPHYIO BEJIHUYHNHY aKCHAJILHOTO TOKA J, KOTOPas OMPeaeIIseTCs
dbopmynoit
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I-:L - LTJQLLQSLP:»
KOTOpyIO MOXHO HepeHI/IcaTb B IBHOM BH]JIC
o — 2@l o —x7x) 1=2ilof 0@+ xi ox).

Beenem BochMucnuHOp Bakyyma W, KOTOpBIil 3aBUCHT TOJIBKO OT BHYTPEHHHX KOOPIMHAT ¢,

€CJIN KC BHYTPCHHCC HNPOCTPAHCTBO HC YUYUTBIBACTCS, BAKYYM MOKHO CUHUTATb INOCTOSHHBIM
CIIMHOPOM.

PaccmarpuBaercs rpymma cUMMeETpuH, BKIoHamomas B cebs rpymnmy Ilyankape u rpymiy,
OIIMCBIBAIOLYIO BHYTPEHHEE IPOCTPAHCTBO.

G — PG
JeiictBue reneparopa Iy, 3701 BHyTpeHHel rpynnsbl Gy, Ha BAKYYM JA€T HOJIb

lint'lo =0
JIytst BBITIOJIHEHUS! YCIIOBUSI BBOSATCS MATPHIBI G, KOTOpBIE AEHCTBYIOT HA YE€THIPE KOMIIOHEHTHI

= . I o
JaHHOTO CIIMHOPA, MATPHIIA 4, KOTOpAst ACHCTBYET HA M30TOII, M MaTpuiia A, KOTopast JeHCTBYET
y)Ke Me)KI[y BOCBMI/ICHI/IHopaMI/I.

Torga BakyyM MOXHO omnpenenutb u3 ypaBHeHus A'ly = 0, rme marpuna A onpenensercs
CJEeAYIOLUM 00pa3oMm:

1 M o
a=j@s-n=[; ]

B  pesynaprare mnoisiydaercs, 4To  16-CIMHOpPHBI  TOK  CKJIAObIBAeTCA M3  JBYX
BOCBMHKOMIIOHEHTHBIX TOKOB, KaXKIbIH M3 KOTOPBIX BPEMEHHUNOJOOHBIH. DTO ymaeTcs ¢
noMmouiplo ToxzaectBa bpuocku. Ilostomy g 16-KOMIOHEHTHOIO CIMHOPAa BakyyM
OTIpEIIeNIIeTCS TOU ke camMoi opMymnoit bprocku, Tak Kak BakyyMm ecTh BocbMucrmHop. OTcrona
CIIElyeT, 4TO CTPYKTypa KBajpaTa TOKa B BaKyyMe€ IOJy4aeTCsl B TOUHOCTH TaKOH K€, UTO y
Bbpucoku — cyMMoii BOCBMH KBaJpaToOB, KaXAblil U3 KOTOPHIX MOKHO MHTEPIPETUPOBATH JINOO
KaK CKaJsp B KBajpare, JTMO0 KaK ICEeBIOCKAIAP B KBaJpare, MO0 Kak BEKTOp B KBaapate, 1100
KaKk TIICEBAOBEKTOp B KBaJgpare. OTOT BaXHBIM pe3ylbTaT I03BOJSET IPOU3BECTH
KJIacCU(UKAIIMIO COCTOSHHM I10 TOTOJIOTHYECKOMY 3apsily, Ha JIENTOHHBIM M OapHOHHBIN
CeKTopa.

AHaNOTUYHBIM CTIIOCOOOM BBEIEM Jpyrue KBaJpaTHUHbIC CIUHOpHBbIE BelMWYMHBI S,P,V A,
AQHAJIOTMYHbIE BEIMYMHAM ISl 8-CIIMHOPOB:

S=9Y¥= Z_[qﬂfx: +x @) P=iPGY= iz_&fﬁﬂf — @, x)
L 1
V=0AY = z (@ oy +xiog) A=i¥GAYi= Z il op, — ol oxy)
1 L

e A =1, @ L&,

JlenToHHBII ceKTOP B 16-CHIHHOPHOM NPOCTPAHCTBE
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Bsenem marpuny
a b
)
c d
riae a, b, ¢, d -KOMILJIEKCHBIE YUCTIA.

Urobb1 mpeoOpazoBaHUsl 3TOW MaTpuiel oOpasoBbiBaio rpynmy SU(2), TOAUYUHUM 3TH
KOMIUIEKCHBIE Yuclia TpeOOBaHUsAM, 4T0 MaTpuila U yHUTapHas W 4YTO €€ JIETePMUHAHT paBeH
eAVHMUIIE:

ad —chb =1
aa”+bb" =1
V=9¢cc"+dd" =1
ac’ —bd* =10
ca'+db" =10

Hiem rpynmny cMuMMETpUi B CIEAYIOLIEM BUJE:

{-;01 = ay’ +by;
@2= 1t ax;

3nech U nanee, yToObl OOJETYUTH BBIKIAAKA OyZEeM paccMaTpUBaTh BBIYMCICHUS TOJIBKO JUIS
BEPXHEro BOCbMUKOMIIOHEHTHOTO m3octuHa cal (il 1y ). TlogcraBnseM B BepakeHue Juist P:

P=xio1 | X202 @1x1 @2X2
[loacraBum npeoOpa3oBaHusl TPYMHIbI CUMMETPUN
P— yilay: +by3) + yilexy —dyl) — @y + bxzly — (e + @™ x2)x2

[IpuBenst nogoOHBIE WIEHBI, TOJIYYUM, YTO AJIs BBINOJHEHUS ycioBud I’ = (), matpuna U
JOJDKHA IIPUHUMATE CIEAYIOLINE 3HAYCHUS

U= (_Db f;j

HaknanpiBas ycnoBus detU=1 u TpeOOBaHUS YHUTAPHOCTH, [1OJIy4aeM JIMILb J1BA BO3MOKHBIX
3HaYeHust Mmatpuubl U

= (2 ok =0 )

[IpoBepum neiictBue Marpuubl /) Ha cnuHOpHBIE BenuuuHbl S, P, V,A. Paccyxnenus nis ciydas
[/; aHaJIOTHYHBI:

P=xix: xix2 ! Xxax1 Xxa2x1=20
Vi = Xa¥s—¥1X1 T X2¥2 — ¥, 7 0
Vo= t(—X2X2 —Xix1 tX3k2 —X1x: ) =0

Vis—xeatxtxixstyie+0
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S=xiX:—#1 ¥z txixi—x3x =0
Ay =i( =) x2 +xy a0 —¥3x:+x1x1) =0
Ay = yixy vaixy Tasxitxix =0
Ay =i =gz 0y —¥1 &2 txlxztaas) =0

OTcrona cnenyer, 4To MpH BIOPAHHOM rpyrre cuMMeTprii Iy coxpaHseTcst BCero JIHIb
niceBoBeKTOp A% # 0. B nTore mosyyaeM roMOTONUYECKYO TPy 72 (52), 4T0 COXpaHsET
TOTIOJIOTUYECKHIA 3apsi/ THIIAa HHAeKca Xormda.

[IpousBenem HOpMUPOBKY BekTOpa A. Micnons3yem 3ameny y1 — ¥y +izu y, —u +iv. B
pe3ysipTaTe NoJlyyaéM KOMIOHEHThl HOPMUPOBAHHOTO BEKTOPA:

A =2 ye v
V-f|_:a:u: — vy + 4lu? + v+ vz )E + 16]yz —vul?
= u? + vt +yita?
2= 4
V-f[zu vy]? | 4[u? 1 w21 y2122]2 1 16[yz  wvul?
- — Zil — UJ-’
A;_.; =

2
JIzu—vyl? + 4u? + v2 + v2+22]2 + 16[yz — vu]?

Jlist BekTopa A peanusyercst OJJMH BUJI KUPAIbHBIX TOTIOJOTHYECKUX COJTUTOHOB B BUJIE
3aMKHYTBIX "3aKpy4eHHBIX" CTPYH C HETPUBHAJILHBIM HHIEKCOM Xorda B moaenu PasieeBa B
(3+1) usmepenun. B cuity HOpMHUPOBAHHOCTH €r0 MOKHO MPEACTABUThH KaK OTOOpaKeHUE
A:5% = §2, CooTBETCTBEHHO, A-TI0JI€BbIE KOHPUIYPALIUK KIACCUPUITUPYIOTCS SJIEMEHTAMU

rpynmsl 72 (5%) = Z. [IIOTHOCT JIarpanKkuaHa MOJIEIH UMEET BUJL

-
= - ——

- TI,[{%J —m? (1 - A"')a v = 011,2,3

e 2
— 32 i
£ =7%(8,4") 2
rje £, A, m - MOCTOSTHHBIE TapaMeTphbI.

fu'u = 23['}';{ 3;}:!-' a.{,..j:quk = 3; HU — avﬂp

Maccosblii unen m2(1 — A5) nobasisercs 1 oOecredeHus TpeOyeMOro aCUMITOTHYECKOTO
MOBE/ICHUS T0JIeH HAa OECKOHEYHOCTH.

Tomonoruueckuii ”THBAPUAHT MOJAEIH - UHICKC Xorda Oy, BEIYUCTIETCS 110 hopMye

" RrotNd3x

O =~ 7 |

" IJId SHCPIrun UMECT MCCTO OLICHKA

E > i (4m)2V23 Qg1

oOecriednBaroas crabMIbHOCTh HEOCOObIX BUXpell B pamkax mozenu Danneesa.
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3aKJIoueHue

[ToxBoas utor, mpuBeaEM KpaTKyto (GOPMYITUPOBKY MOJYYEHHBIX PE3YIbTATOB!

I/ICCHGIIOBaHa noJieBasd MOA€CJb MICCTHAAUATH-KOMIIOHCHTHBIX CITMHOPOB.

Brienen 1enToOHHBINA CEKTOP

B OynymeM BoO3MOKHO HECKOJIBKO HANIPABICHUN pa3BUTHS pabOTHI:

®opmanuszanus 6apuOHHOIO CEKTOpa.

HaxoxneHue o01ero Bakyyma Ijist ISNTOHHOTO ¥ GapHOHHOTO CEKTOPA.

[osryyenue sSBHBINM BUa Jarpamkuana A 00beJMHEHHOW MOJIEIH.

ABTOp OnaromapeH HayuHOMY pykoBouTelnto npodeccopy FO. I1. PribakoBy 3a MoCTaHOBKY
3ala4yi U MMOCTOSAHHYIO MTOMOIIb IIPpU €€ PCIICHUH.

Jlureparypa.

1.

2.

Rybakov Yu.P. Soliton configurations in generalized Mie electrodynamics. Phys. of
Nuclei 74, Ne. 7, 1102-1105, 2011.

Molotkov V.I. The effective 8-spinor model of elementary particles. Conference
abstracts of International Student Conference “Science and Progress”. Petergof, 2011.

MornotkoB B.M. DddexrrBHas BOCBMUCIMHOpPHAS MOJENb 3JIEMEHTApHBIX YaCTHII.
Tesucs! B nmporpamme 54-it HayuHoi koHpepernunn MO TU. lonronpynusrii, 2011.

MonotkoB B.W. Crpykrypa HEIMHEMHOW CHUHOPHOW MOJENU DJIEMEHTAPHBIX
yactull.//@uznueckoe oOpazoBaHue B By3ax. Tpynbl KOHPEpEHIMHU-KOHKYPCa MOJIOIBIX
¢uzukos. - 2014.
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MOTEHIUAJIbHOE TEYEHUE KUJIKOCTH B TIOPUCTOM CPEJIE:
OI'PAHUYEHUSA HA 3AKOH JIAPCH, YCTOMUYUBOCTH TEYEHUSI.

Pri6akos 1O.I1., CBupugosa O. ., [luxun I'.H.
Poccuiickuii yHUBEpCUTET APYKObI HAPOJIOB
PaccMOTpeHO MOTEHUHAIBHOE TEUEHHE HEC)KUMAEMOU KUJKOCTH B MOPUCTOM Cpelle C YYETOM

3akoHa /[lapcu. TedeHuwe mpeamnosaraeTcsi CTAalMOHAPHBIM M AKCHAJIbHO CHMMETPHUYHBIM.

—
-2 o
[peamonaraeTcs Tak ke, uto cuna Jlapcu ummeer BUA fp = —@D, rae & — OOpaTHBINA

—3
K03(puIuenT nponumaemoctd Japcu, B obmeM Bupe 3asucameii or 1, VP, P, rne U —

CKOPOCTh TCUCHUA KUIKOCTH, a F — JaBJICHHC. T.K. TeUeHHE CUUTACTCH NOTCHIMAJIbHBIM, TO

-
cxopocts T = Vip, riie (7, Z) — noTeHmman ckopocTu.

HpI/I AKCUAJIBHO-CUMMCTPUYHOM TCUCHUMU CKOPOCTb HMMECT TOJBKO JABC KOMIIOHCHTBI:

a a
U= [II-‘,_,,, D,IFZ], rme U, = a—qo, v, = a—@. HeoOxoauMbIM U OCTaTOYHBIM  YCJIOBUEM
rs =

COBMECTHOCTHM ypaBHEHMI Diepa

Gur+ dv,  10P (ﬁﬁp P)
ar T ez T par o\t

av av 1aP =
v,— +v,— =——— —a(#,VP,P)v,
ar dz poz
g*p _ 3*P gp __ ap N
SIBIIIETCA TOXKIECTBO = , Tne — W — ompenensitorcsa U3 ypaBHeHui Ditnepa. Ecnu
drdz dzdr ar dz

9TO PAaBCHCTBO HC ABJIACTCA TOXKACCTBOM, a4 YPABHCHUCM, TO OHO OIIPCACIIACT q)YHKLII/IIO (PET, Zj,

KOTOpas JOJHKHA yJIOBJIETBOPATh YPABHEHUIO HEPEPBIBHOCTH
. 13 g

div v =-—(rD(r, 2) —z)
¥ ar ar

Kosdpduuuent [apcu @ sBiseTcs CKalsIpOM, 3aBUCSIIAM OT JBYX BEKTOPHBIX apryMEHTOB H

OJITHOT'O CKaJIApPpHOTO. CHCHOB&TCHBHO, €T0 MOYKHO MPCACTAaBHUTH B BUAC

a(3,VP,P) = f(&,x,0,P),

rac
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Ao\ 2 A2 apy2 ap2 dp 8 A 3
= T - [ o
ar dz dr dz dr dr dz 0=

ap _ a*p

8rdz  dzdr

IIpu moxcraHOBKE (X B ypaBHEHHME OWiepa yCTaHOBJIEHO, 4YTO PAaBEHCTBO HE

YJIOBJIETBOPAETCS TOKIECTBEHHO, a onpeaenseT Gpynkimio @ (T, Z), KOTopas He YIOBIETBOPSET
ypaBHEHHIO HempepblBHOCTH. OTcroga cieayeT, 4yto & = CONSt, u cuna Jlapcu sBisercs

o o o —+
JMHEWHOW (QyHKIHEH CKOPOCTH 1.

HccnenoBana Takke YCTOMYMBOCTH MOTEHIMAJIBHOIO TEUEHHS >KUIAKOCTA B MOPUCTOM Cpene.
[Ipu 3TOM BO3MYIIEHHBIN NOTEHUHUAJI CKOPOCTH MPEICTABISETCA B BUJE:

@(r,z) = @(r,z) + ¢, (1,2),

e @,(T,Z) — manoe Bosmymenne notenumana: |@, (7, 2)| < |@(r,z)|. Uccnenosana
YCTOWYHUBOCTh PEIICHUN ypaBHEHHs HEMPEPHIBHOCTH UL MPOJIOJIBHOM KOMIIOHEHTBI CKOPOCTH

1, (7, Z) npu Tpex BO3MOXKHBIX BHax kod(pdunuenra quddysun D(z):
D(z) = Dy = const, D(z) = %, D(z) = Dye%%,¢& = const.

[Toxa3aHno, 4TO penIeHHusI HEYCTOMYMBBI OTHOCUTEIBHO MAJIbIX BO3MYIIEHUN CKOPOCTH.
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HENIOTEHIIUAJLHOE TEYEHHUE )KUJKOCTH B IIOPUCTOM CPEJIE,
YUUTBIBAIOIIEE 3AKOH JAPCHU U TU®DY3UIO.

Poi6axos 10.11., CBupunosa O. /1., lHukun I'.H.

Poccwuiickuii yHUBEpCUTET APYKObI HAPOJIOB

PaccmarpuBaeTcst TeueHHe XKHUAKOCTH B TPyOe pajguyca 7, B IPENOJIONKEHHH, YTO IIOTHOCTH

JKUJKOCTH IIOCTOsIHHA, [} = CONS{E, a 1aBJIeHUE U CKOPOCTh )KUAKOCTH 3aBUCIT OT PaJIUATIBHON
o —*

T W nponoibHOii Z ummumapuueckux koopmunar: P = P(r,z), v = (v,,0,v,). Ilpu stom

CUcTeMa ypaBHeHI/Iﬁ TUAPOJUHAMUKU OJId CTAHMOHAPHOTI'O TCYCHHA KUJAKOCTU B HOpI/ICTOI\/'I cpeac
¢ yueroMm 3akoHa Jlapcu u nepemenHoro ko3ddunmenta quddy3uu umeer BUA:

p(ﬁﬁ)ﬁ =—VP + pg — [o:ﬂ, - Eu[ﬁﬁPJ]ﬁ (1)
div .F = O!jr = JD(I'?T - D(zjarvzjrjz = pPr: (2)

B (1) &y u &£y — mocrosnuble, Bxojsmue B 3akod Japcu, D'(z) B (2) — kodbduument

T dy3un.

PaccmarpuBaercs TeYeHHUE KUAKOCTH, IPH KOTOPOM KOMIIOHEHTHI CKOPOCTH 17, M 17, MOXHO

NPEICTABUTh B BUIE:
v, + &(r,2), ¢l € v, ,v,. € vy ,V, = cONSL.

V2 =1v7+ (vg+ &) ~ vi + 2v,é

C TOYHOCTBIO JIO BEJIMYMH MEPBOrO INOPAAKA HO 1. M 10 ¢ YypaBHeHHe Dilepa H

HETPEPHIBHOCTH 3aIUITYTCS TAKUM 00pa3oM:

a2 8 a2 a8
ATV g _ %, PO 3)
8z2 dz dzdr Fr
13 35)] a¢
-——|rlv,—D(z)=)|+—-=10
 dr [ ( r {' ) dz dz i (4)
- 1 2)-2
e A = puy,B = 0P ¢ P o +522} T
>¥p o%¥o oo

VpaBuenue (3) u (4) sBuAoTCA MHEHHBIMH AU dEpeHIUANBHBIMUA  yPaBHEHHUSMH,

JOIYCKAIOI[MMH ~ PCLICHHE B pa3feleHHBIX IMepeMeHHbIX B Buuie 1, = P(r)Q(z),

& = M(r)N(z). B pasnencHHbIX mepeMeHHBIX u3 (3) U (4) mOIydaeM CICIYIOLIYIO CHCTEMY

YpaBHEHUM:

M"Y+ M () + Ar*M(r) =0, (5)
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Q(r) = oD (2)N(2) + S N'(2), ()

Q" (z)+ g@’(z) = %:N’(z) + %N(z], A, @ = const. (7

VYpaBHenue (5) sBIsieTcs ypaBHEHHEM beccenst HYIEBOTO MOpsAKAa W HMEeT YOBIBaroIiee
pelLIeHUE BUA:

M(r) = —Jo (V). ®)

U3 cesisu P(r) u M(7r) maxomum P(7):

P(r) =~ J;(\An), ©)
Vpasrenus (6) u (7) CBOASTCS K OJHOMY yPaBHEHHUIO TpeThero mpsiaka 1t ¢pyukuun N(z):
E AB AC AT
N+ (AD+ )N + (240" + ZD )N + (D" =) N = 0. (10)

Hpu D(z) = Dy = const u3 (10) crenyer ypaBHEHHE C IOCTOSHHBIMH KOd(dULMEHTaMH,

UMeolIee YOBIBAIOIIEE C POCTOM Z pellCHHE:

N(z) = Nue‘i(ﬂﬂﬂ"g)z. (11)

ITpu Beibope D(z) B BUAE

- zop [BY, Yo _¥B_ ¢, T
D(_z]—y(y_é)(mﬂe}’ ChJ:Z+A " A+A), (12)

B
rJie ¥ — IpOHM3BOJIbHAS IIOCTOSIHHAS, YOBIETBOPSIONIAs YCIOBHIO ¥ = B /' A- B oTom ciydae

ypaBHenue (10) umeer penienue
N(z) = Nye~ "%, N, = const.

Janee paccMoTpen ocoObi ciydait, koraa B (7) [T = (), uro npusoaur k cnexyromeii casa3u

MCXKAY NOCTOSAHHBIMU, BXOAAIINMU B CUCTCMY ypaBHeHHﬁI

__ Z&g¥ppg
a ="
+Egl7G

ITpu 5ToM ypaBHeHus (6) 1 (7) CBOAATCA K OJHOMY ypaBHEHHI0 BToporo nopsaka uia N(z):

N"+(AD(z)+a)N'+(AD'(z)+aAD(z) =b)N =0, (13)
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Eq8 p — A

rmed=—-—,b= .
1+5,03° 1-z,02

Tony4ensl TouHbIe pelenus ypasrenus (13) npu tpex Boibopax D(z).

1. D(z) = 0, muddysus orcyrcryer
N(z) = Nﬂe‘}"z,}f=$(a+M). (14)
2. D(z) = Dy = const.
N(z) = Noe 7%,y == (R, +/RZ —4R;) (15)
R, =ADy+ a,R, =aDyA—b.
3. D(z) = D,e”Y?, y = const,D, = const. (16)
COOTBETCTBYIOIIEE YPABHEHHE HMEET BUII
N + (ADye™¥* + a)N' + [(aAD, — AyD,)e ¥* — b]N = 0. (17)

B ypaBuenuu (17) nepexoa Kk HOBOH ()yHKIIMM OT HOBOTO apryMeHTa

N(z) =¥(),§=e

IIPUBOJUT K YPABHEHUIO

W”+§(i—“—%{)%’+§(@{—%)qj= 0. (18

VYpaBHenue (18) siBisiercs ypaBHEHMEM BBIPOKIEHHOTO THUIIEPrE€OMETPUYECKOTO THUMA MU C

MTOMOIIBIO TIO/ICTAHOBKHU LP(E )= @ (&) V(&) cBomutest kK KaHOHMYECKOH GopMe st QYHKIHUH

y(&):
§y"'(&) + ()Y () —ay(§) =0, (19)
rae T(£) — monuHoM nepsoii crenenn, @ = CONSE.

CymectByer deTblpe Tuma ypaBHeHHM (19), COOTBETCTBYIOIIMX pa3IUYHBIM  BHJAM

p(@),t@)ua

Hnst Bcex ypaBHeHmid (19) momydeHbl oO0muMe pemieHWs B BHUJAC JIMHEWHOW KOMOWHAIUU
BBIPOKICHHBIX THUTIEPTEOMETPHUSCKUX (PYHKIIHIA, a TAK)KE YACTHBIC PEIICHUS B BUJIE TIOJUHOMOB
Jlareppa.

Jlureparypa:

1. Heiinerrep A.D. dusuka TeueHus XKUAKOCTEH uepe3 mopucteie cpeabl. M — MxeBck,
2008, 250 c.
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THE EXISTENCE OF THE DIRAC SCALAR FIELD IN NATURE
AND DARK ENERGYAND DARK MATTER PROBLEMS

0.V. Babourova, K.N. Lipkin, E.V. Febres, B.N. Frolov

Moscow Pedagogical State University,
Faculty of Physics and Informational Technologies,
Moscow, Russian Federation

E-mails: baburova@orc.ru, lipan86(@mail.ru, solntce 07@mail.ru, frolovbn@orc.ru

The Poincare—Weyl gauge theory of gravitation (PWTG) has been developed in [1]. This
theory is invariant both concerning the Poincare subgroup and the Weyl subgroup — extensions
and compressions (dilatations) of spacetime. Dilatations are equivalent in the mathematical sense
to the transformations of the group of length gauge changes, which is the gauge group of the H.
Weyl theory developed in 1918. The gauge field introduced by the subgroup of dilatations is
named as dilatation field, its vector-potential is the Weyl’s 1-form. The dilatation gauge field
does not coincide with electromagnetic field. In particular, quanta of this field can have nonzero
rest masses.

As it has been shown in [1], an additional scalar field S is introduced in PWTG as an
essential geometrical addendum to the metric tensor: g, = B (x) ggl . The properties of this field

coincide with those of the scalar field introduced by Dirac [2] in his well-known article and
earlier by S. Deser [3] (on the history of the subject see [4, 5]. The Dirac scalar field plays an
important role in construction of the gravitation Lagrangian, some members of which have
structure of the Higgs Lagrangian and can cause an appearance of nonzero rest masses of
particles.

Spacetime in PWTG has the geometrical structure of a Cartan—Weyl space with a
curvature 2-form R “,, a torsion 2-form T “ and a nonmetricity 1-form of the Weyl type:

Q,=(1/4)g,Q , where Q isa Weyl 1-form. On the basis of PWTG, a conformal theory of

gravitation in Cartan—Weyl spacetime with the Dirac scalar field has been developed in [6—8].
The Lagrangian density 4-form of this theory is invariant under transformations,

SB=s(x)B, bg,=0, 50%=—-g0°, T =5'de,
SR, =0, 6T =-eT" Q" =2g"de, 6Q=28de.

The Lagrangian density 4-form reads in the formalism of external forms,
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L=2£[(1/2)pR" An, = B*An+(1/4)AR‘, A*R ", + TR ASR ",
+7, (R A0 ) A%(R [“b] ~nO)+1(R [PI A0 ) A*(R [“h] nG,)

+7,(R [”h] ANO AO YA A*(R [Cd] INCAVNCAS

+75(R [”h] ANO AOY)AER [Cd] ANO AO) (1)
+T (R AO ANONVA*R A0, AO")+ p, B°T “ A*T,

+0,B (T AOYAR(T " AO)+ p, B (T AOYA(T" AO,)

+EBQ AMQ + B Q AO A*T, +1dB A*dB + 1L, BdB AO% AT,

+1BAB AQ |+ LA AQ, —(1/4)g.Q) .

Here A is the exterior product sign, d is the exterior derivative operator, * is the Hodge dual
conjugation. The second term in (1) is interpreted as the effective dark energy density (A is the

Einstein cosmological constant). The last term in (1) contains Lagrange multipliers A?

Variational field equations in the Cartan—Weyl spacetime have been derived from (1) by
the exterior form variational formalism [9]. Independent variables are basis 1-forms 6“, a
nonholonomic connection 1-form I'“, , the Dirac scalar field  and the Lagrange multipliers

Aab

As aresult we have 0 -, I'- and S -equations. We solve the field equations for the scale
factor a(t) and the scalar Deser—Dirac field [(¢) at the very early stage of evolution of

universe, when a matter density has been very small, L ~0.

In homogeneous and isotropic spacetime the condition, T “ =(1/3)T A8“, is valid, and
from the field equations we can obtain, T = y,dIn 3=, Q = y,dIn = Here the coefficients y,,

X, are expressed by the couple constants of the Lagrangian density (1).
Now we consider the spatially flat Friedman—Robertson—Walker (FRW) metric

ds* =dt* —a*(t)(dx* +dy”* +dz*).

Taking into account that L.~ 0, we obtain from the 6 -equation together with the /3 -equation
the following system of equations, where we put u = Ina(¢), v = In (¢),

(1) + 2uv + (V) =(A/3)exp(2v), (2)
i+V—uv—(¥)?=0, (3)
V +3uv + (B/A4)(v)’ =0. (4)

The constants 4, B are expressed through the parameters of the Lagrangian density (1).

Eq. (2) is equivalent to the equation,

a+v=i%exp(v), A =+/3A. (5)
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It is easy to check that Eq. (3) is fulfilled identically as a consequence of Eq. (5). Therefore
we have only 2 equations (4) and (5) for 2 unknown functions a(¢), [(¢), and this system of

equations is consistent. In what follows we choose the sign "+" in Eq. (5).

Let us find u from Eq. (5) and put it in Eq.(4). We obtain the equation,
V+ Avexp(v) + o(V)’ =0, @=(B/4)-3. (6)
The first integral of this equation is the following (4, is a constant of integration),

31
1+ w

V=48 - JEA (7

The system of equation (5), (7) have a large variety of integrable solutions parametrized
by @ and 4, . Let us obtain the solution for the primary case @ =0.

If we put 4, =1 in Eq. (7), then this equation reads, v = A(1—exp(v)), and we have a
solution, B(¢)=-exp(v(?)),

1

A —— TS

a(t) = a,exp((A /3)(t+1,))(1 —exp(=A(t +,))*". (8)

If we put @ =1, another solution is found:

L+exp(-A(+4)) (0) = a, exp((A/3)(t +1) (1—exp(-A(t +1,))"° '

pO=1" exp(—A(t+1,))’ 1+ exp(—A(t +1,)

9)

These solutions realize exponential diminution of a field £, and thus sharp exponential
decrease of physical vacuum energy (dark energy) by many orders. We have

B—1, A,=pA>A inalimitat t— .

Thus the effective cosmological constant can slightly differ already by the end of inflation
from the limiting value equal to its modern size A that provides the subsequent transition from
the Friedman epoch to the epoch of the accelerated expansion in accordance with the modern
observant cosmological data.

0

N The function

4of () =1/(1 — exp(-A(t +1¢,)))
30f when t — o

20F

X 100 200 300 ——Ano————1560
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These solutions could be realized at the very beginning of the Universe evolution, when
the cosmological constant A jestimated by quantum field theory was equal

A,/ A=p%(0)010", and the number B(0) ] 10° was very large. Thus our result can explain

the exponential decrease in time at very early Universe of the dark energy (the energy of
physical vacuum), describing by the effective cosmological constant. This can give a way to
solving the problem of cosmological constant as a consequence of fields dynamics at the early
Universe. It is well-known that this problem is one of the fundamental problem of the modern
theoretical physics [10—13].

We find a static spherically symmetric solution for a central mass m in the case A =0
[14].

In this case the torsion satisfies to the condition, T “ =(1/3)T A6“, and we obtain that
T =sdIn B Q =¢gdln = where s and ¢ are constants. Then the solution reads,

L)

ds’> =e rdt* —e” (dr* + r*(d0* +sin* 0 dp?)), (10)

kr, o

uzlnﬂ:7°+lnﬂw, Br)=pe’, (11)

where [, is the value of the Dirac scalar field at infinity and the constant £ is a function of the
couple constants of the Lagrangian density (1). The metric (10) at large values of » will give the
same results as the Schwarzshild metric, if 7, =r, =2Gm / ¢* .

The metric (10) of this solution is known as the Yilmaz—Rosen metric [15]. The interest to
this metric [16—18] has emerged from the fact that this metric has no singularity, characteristic
for the Schwarzschild metric, and therefore does not describe a black hole type solution. We can
conclude that the presence of the Dirac scalar field, which always exists, because it has an
equally fundamental status as a metric, eliminates the existence of the black hole solution. The
solution (10), (11) can become apparent, for instance, on the final stage of the collapse of
massive stars.

As a consequence of the solution (11), the Dirac scalar field intensive concentrates near
massive objects. In [8] the hypothesis has been formulated that the Dirac scalar field is realized
itself not only as the 'dark energy', but also as one of the components of the 'dark matter’.
Maybe, the Higgs particle, which has been recently found at Large Hadron Collider (CERN), is
a quantum of the Dirac scalar field in a reality.
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VIIK 532.526
MOJIYOMIAPHYECKNI MHTET PAJIbHBIA METOJI PACYETA TYPEYJIEHTHOT'O
CBOBOJIHO-KOHBEKTHBHOT'O IIOT' PAHUYHOT'O CJIOS

A.A.Cycnos, C.I Yepxacos
I'HII ®I'VII «lenTp Kenapima

Cpenu WHCTPYMEHTOB HCCIEIOBAHUS TYpOYIEHTHBIX TMOTPAHUYHBIX CJOEB CBOCH
IPOCTOTOM BBIJENSIOTCS MHTETpajibHble METO/bl. [IpMMEHUTENBHO K €CTECTBEHHON KOHBEKIIUH,
HanOoJiee U3BECTHBIM HHTETPAIIbHBIM METOJIOM SsBJsieTCs MeTon Jkkepra-/lxekcona [1,2]. B
JAHHOW paboTe MPEJIOKEH HOBBIM MHTErpajbHbI METOJ PELICHUs] YpaBHEHUM TypOyJIe€HTHOIO
CBOOO/IHO-KOHBEKTUBHOIO  MOIPAaHUYHOIO  ciosi. MeroJ OCHOBaH Ha  HCHOJIb30BaHHUM
sMmnupuueckor Gopmynsl Brmuta — Pocca [3] mpu pacuere TemjgoBOro MOTOKAa Ha CTEHKE,
anemeHTOB Teopuu Jhxopmka — Komma [4] u 00OOMmIEHUMM HW3BECTHBIX JKCIIEPUMEHTAIBHBIX
nanubix [S5] . [IpoBeneHbl cpaBHEHUs PE3yIbTaTOB pacdera 1mo Meroay JKkepra — JxekcoHa u
HOBOMY HMHTEIPaJIbHOMY METOJY C DKCIEPUMEHTANbHBIMU JaHHbIMU [5,6]. [lokazaHo, uTO, MO
CPaBHEHMIO C METOJOM OKKepTa-/[)KeKCOHa, MPEIJIOKEHHBIM METOJ JAaeT 3HAYUTEIbHO JIydlllee
COMJIACOBAaHME C M3BECTHBIMM OSKCHEPUMEHTAJIbHBIMU JAHHBIMH [0  PacHpelesICHUsIM
TEMIIEPATypbl U CKOPOCTH MOMNEPEK MOTPAHUYHOIO CJIOS, @ TaK K€ M0 TOJIIKMHE NMOTPaHUYHOIO
CJI04.
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THE SEMIEMPIRICAL INTEGRAL METHOD OF CALCULATION OF TURBULENT
NATURAL-CONVECTIVE BOUNDARY LAYER
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FIDELITY OF THE ONE-PHOTON STATE REFLECTIVITY
FROM THE 1D ABSORBING BRAGG MIRROR

D.Cevizovi¢ 1, A.V. Chizhov ?
Y Vinca Institute of Nuclear Sciences, Belgrade, Serbia

% Joint Institute for Nuclear Research, Dubna, Russia

The Bragg mirrors have a wide use in many optical devices, such as resonant cavities and
interferometers, since they act as high-quality reflectors. Their structure might be formed
from multiple layers of different materials with varying refractive index. Due to
constructive interference of the reflected waves from the mirror layers there appears a
certain range of wavelengths, within which light propagation in the mirror structure is
strongly suppressed. Such a wavelength range is called the photonic stopband.

In the case of the quantized electromagnetic field such a characteristic of the mirror as
reflectivity, which is related to the intensity of the field (i.e., the mean photon number),
seems to be obviously insufficient for description of the reflection process. It is because
the interaction of the incident electromagnetic field with the fields of the mirror might
cause a significant change in the quantum state of reflected light.

The aim of the present report is to investigate the influence of the 1D absorbing Bragg
mirror on the quantum state of reflected light taking as an example an incident one-
photon state. As the measure of the degree of reflection we use the fidelity of the incident
and reflected states F = {(1,,,18 |1, ) that shows their quantum closeness.

Our theoretical description is based on the quantum-state transformation for dispersive
and absorbing four-port devices [1]. The transformation characteristics of the Bragg
mirror formed as a sequence of different semiconductor and dielectric plates of the
certain refractive indices we calculate analytically based on the quantum-optical input-
output relations for multilayer plates [2].

We compare the fidelity of the one-photon state reflectivity for the cases when the mirror
is in the ground and one-particle excited states. As follows from our analysis, the fidelity
for the mirror being in the ground state F, = [Ty, |* is determined only by the coefficient

of reflectivity Ty4 of the transformation matrix (like for the classical state), whereas for
the one-particle excited mirror state the fidelity F, = [Ty, |* + 44, [* — 24Ty, |74, |7
turns out to depend on the absorption matrix coefficient 4,, as well.

For the numerical analysis we consider the Bragg mirror of the titanium dioxide (with the
refractive index n; = 25+ i2-1077) and silica (n, =1.5) type with N =12 of
repeated pairs. The widths of the pair slabs Ly and L, are chosen to fulfill the Bragg
condition for the center wavelength of the stopband as L,/L, = Re(n,/n,;) = 1.5/2.5.

The results of calculation for the fidelities are shown in Fig. 1. It is seen the substantial
decrease of the stopband for the excited reflector as compared with the mirror in the
ground state because of effects of absorption on the light quantum state.
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Fig. 1. Fidelities of the one-photon state reflectivity from the Bragg mirror being in the
ground (solid line) and one-particle excited (dashed line) states as functions of the wave
vector (of the wavelength A) scaled by the first material (titanium dioxide) slab width L.

Thus, we conclude that in the case of the quantized electromagnetic field the reflection
properties of the Bragg mirror with absorption based on the fidelity of incident and
reflected states are rather sensitive to the quantum state of the mirror and it might lead to
the significant narrowing of the stopband.
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BAPUAHTBI KBASUKOHCTPYKTUBHOI'O OIIMCAHUA
UHIUBUIYAJBHOI'O COCTOSSHUA KBAHTOBOM YACTHIIbBI

A. B. Koranos.
Hayuno-uccnenoBarenbckuit HHCTUTYT CHCTEMHBIX MCCIIEIOBAHUM
Poccuiickoit Akagemuun Hayk (HUMCHU PAH),

HaxumoBsckuit npocnekt, 33, kopnyc 1, Mocksa, Poccusi.

Panee Oputo moxazano [2,8,9,10], uto cormacoBanue (opmMaiu3Ma KOPPEIHPOBAHHBIX
KBaHTOBBIX YacTHUIl C TEOpUEH OTHOCUTEIBHOCTH BO3MOYKHO IIpM BBEICHHM OIllepaTopa
VUHAUBUAYAJIBHOTO COCTOSIHMSI JUIsl Ka)KOW 4YacTHULbI M3 KBAHTOBOTO aHcamOis, KOTOPBIH
COTIOCTABIISICT KaXKJJOMY 3PMHTOBOMY OIIEPaTOpPy U3MEPEHUs, ACHCTBYIOIIEMY Ha THILOEPTOBOM
INPOCTPAHCTBE KBAHTOBBIX COCTOSIHUH, POBHO OJMH €ro coOcTBeHHBbIH Bekrop. CyTb
BO3HUKAIOMIMX IPOTUBOPEYMH 3aKIIOUaeTcs B HAOIIOACHWM KOppensuuu (MHOTIA Jaxe
JETEPMUHUPOBAHHON) MEXIYy pe3yibTaTaMM W3MEPEHUH Ul YNAJIEHHBIX U HE CBSA3aHHBIX
MeXxay co00i MpuOOpPOB, €CIM U3MEPSIOTCS MOTOKHU YACTHI] B 3allyTaHHOM cocTosiHuu [1,5,6].
Jl1s yacTHOTO ciy4yast U3BMEPEHUH CIIMHA U 3apsja 4acTUL MOJEIb UHANBHUIYaJbHOTO COCTOSHUS
Oblta paccmoTpeHa B pabore [11]. Bompoc o UpHHIMIIHAAIBLHOM CYIIECTBOBAHUM TaKHX
OIEpaTOpPOB B OOLIEM Cllydyae M3MEPUMBIX KBAHTOBBIX IIapaMETPOB pEHIAETCs MOJIOKHUTEIBHO C
OMOUIbI0 Teopun MHOXKeCTB Llepmeno-®Ppenkensa. OTanuue U31araeMoro nojaxoja COCTOUT B
NpUBS3KE KOHCTPYKIMH HHIUBUAYAJBHOTO COCTOSHHS K (opMalu3My HW3MEpPEHHH B
CTaHJApPTHOM MOJEIM KBAaHTOBOM MEXaHUKHU. ECIM CONOCTaBUTh YACTHUIIE OPIMHAIBHOE
yrnopsiioueHre Bcex 00OOIMIeHHBIX (YHKIMN HaJ MPOCTPaHCTBOM [ mibOepra, TO IS KaXI0TO
oreparopa M3MEpeHHs OTepaTop MHIMBUAYATBHOTO COCTOSIHUSI OyIEeT BBIOMpATh 3JIEMEHT €ro
COOCTBEeHHOro 0a3uca ¢ MHHHMAJIbHBIM HOMEPOM. B 3TOM cilydae COCTOSIHME OIMCHIBACTCS
ynopsaounBanueM. O1HaKo, IPaKTUUYECKH, TOJIBKO CYETHBIE MHOKECTBA MOKHO KOHCTPYKTHUBHO
OPAUHAIBHO YNOPSA0YUTh. ByneM roBOpUTH O KEA3UKOHCMPYKMUEHOM OMMCAHUU OIEpaTropa
WH/IMBUIYAIILHOTO COCTOSIHHSA, €CJM aKCMOMa BBIOOpAa B 3TOM ONUCAHUM OYIET MCIOJIb30BaHA
TOJIBKO [l CYETHBIX MHO>KECTB.

1. KBa3uMKOHCTPYKTHBHAasi MoOJeJb HHIMBHIAYAJbHOTO COCTOSIHHS. [ HiIp0epTOBO
IPOCTPaHCTBO cemapabenbHOe. YacTuile MOMKHO CONOCTaBUTH OCCKOHEUHYIO CUETHYIO

MOCTIeIOBATEIBHOCTh BEKTOPOB TMIILOEPTOBA MPOCTPAHCTBA {ui}, KOTOpast BCOAy I1oTHa. [l
OPMHUTOBA OIEpaTOpa HU3MEPECHHsS] C JUCKPETHBIM CIEKTPOM BBIOMPAETCS TIEPBBIA BEKTOP
MOCJICJIOBATEILHOCTH, Y KOTOPOTO OKaXETCsI €IUHCTBECHHBINA OMVKAWIIUN COOCTBEHHBIN BEKTOP

U3MEpEHUs, KOTOphIi M Oyaer comocTaBiieH u3MepeHHio. CoOCTBEHHBIH 0a3uc ODpMHUTOBA
orepaTopa OpTOHOPMUPOBAH, U TOATOMY PACCTOSIHHE MEXIY IBYMs COOCTBEHHBIMH BEKTOpPaMH

f u g paBHO || f- g|| =2 . Cnenosarenso, HEPBBIN WIEH MOCIEI0BATEIbHOCTH U, , KOTOPBII

OyzeT Ha pacCTOSIHUM MEHbIIE O =2/2 or ognoro u3 BEKTOpOB Oa3uca Oyner oT Jro0oro
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Ipyroro Bekropa 0aszuca nanblie yeM Ha O . [lockospKy mocienoBaTenbHOCTh BCIOLY IUIOTHAS,
TO TaKOM MHIEKC { CYIIECTBYET, a IOCKOJBbKY IOCIEIOBATEIFHOCTh II0 OIPEEICHHUIO
OpPAUHAJTIBHO YIIOPpAAOYCHA, TO MOXKHO HaWTH HAaUMEHBIITNHN U3 TaKUX HHACKCOB.

Jlnis onepaTopoB C HEMPEPHIBHBIM CIIEKTPOM TAaKOTO BEKTOpa MOXET He ObITh. B aTOoM
cilyyae sl TOJYYEHHUS KBAa3HMKOHCTPYKTHBHOTO OIMCAHMS BBIOOpPAa COOCTBEHHOTO BEKTOpa
omepaTopa H3MEpPEHUs HaJ0 OIPaHWYMTh TOYHOCTh H3MEpPEHUs. OJTO O3HA4aeT, 4TO Hajo
IOCTPOUTH CYETHYIO & -CE€Th Ha HEMPEPbIBHOM MHOKECTBE COOCTBEHHBIX 3HaueHWH. [lotom

HY’)KHO COIIOCTaBUTb KaX/JOMYy COOCTBEHHOMY 3HAU€HHIO A, M3 3TOH CeTH ero coOCTBEHHBIN

BEKTOpP. MOXHO 3TO CJelaTh TakK, YTO BEKTOPHl 00pa3ylOT OPTOHOPMUPOBAHHYIO CUETHYIO

COBOKYITHOCTb {Ql.} 0000mennbix ¢ynkiuit. Kaxngas o6oOmenHas ¢ynkmus O B
npoctpaHcTBe ['mnbpOepra MoOXeT OBITh INPEACTaBIEHA KaK IIPENeNl CBEPTOK C HEKOTOPOH

NOCIIEI0BATEIBHOCTBIO {ql. ].} AIIEMEHTOB ATOTO IpocTpaHcTBa. Ecnu r — rnankas GuHUTHAS

bynxuust, To Q,(r)=1lim (‘1; ]. *r) . IIpu 3ToM 117151 100OT0 MHJEKCA i BBIIOJHEHO YCIOBUE

aCUMIITOTUYECKOW HOpMUpOBaHHOCTH lim qu”=1= U A8 J00bIX ABYX Pas3IMYHBIX
WHJEKCOB i,i' BBIIIOJIHEHO YCIIOBHE aCHUMITOTUYECKOMN OpPTOHOPMAaIBHOCTHA
. NG 2

lim, Hqi’j—ql..’ i”: 2 . BribepeM 3HaueHue g<? . OnpenenuM 3HaueHue (1O MPHU3HAKY

cxonumoctu Komm) j(i) = argmin(j){j'> j = qu’ —ql.’j.H< 8} . Oboznaunm ¢, =g, ;; - M

¢dbyHKIEE 00pa3yr0T Ha COOCTBEHHOM 0a3uce omeparopa 2¢ -ceTh. Jlanee, Mo BBIIEU3I0KESHHON
CXeMe, MOXHO TIPOBECTH BBIOOP OJHOTO W3 COOCTBEHHBIX OOOOIICHHBIX BEKTOPOB,
COOTBETCTBYIOIIMX JTOH ceTH. Ecnau HEKOTOphIH BEKTOp u, U3 IOCIEJOBATEIbHOCTU

UHJUBHUIYaJIBHOTO COCTOSIHUSL JUIsI HEKOTOpOH (YHKIUH ¢, YAOBJIETBOPSIET YCIOBHIO
””k —ql.” <&, To I J11000# npyroil pyHKIUN g, BBIIOJIHEHO ||uk —ql..||> J2-3¢>¢ . Moxno

OCYIIECTBUTh OJHO3HAYHBIA BBIOOP Ommkaiimiero o0OOMIEHHOrO BekTopa (), MO MHEPBOMY

TaKOMY UHJIEKCY K .

B Takoii uneonorun u3MepeHne OMpeesieTcss He TOJIBKO IPMHUTOBBIM OIEPaTOPOM, HO U
3aJaHMEeM TlapaMeTpa TMOTPEeIIHOCTH &, a TakkKe HadoOpoM COOCTBEHHBIX BEKTOPOB,
COOTBETCTBYIOIIUX & -CeTH. [[JIsl omepaTopoB ¢ AUCKPETHBIM CIIEKTPOM TapaMeTp TOYHOCTH HE
BIIMSET HA BBIOOP.

BCIOIIy IJIOTHasA IMOCJICA0BATCIBHOCTD {ul} onpeaAcIACT MHAUBUAYAJIIBHOC COCTOSAHHUC

qaCTUILIbI. E¢€ moxnO0 NpEACTaBUTh KaK MPOUCCC M3MCHCHUA MI'HOBCHHOI'O COCTOSHHA YaCTHUILIbI,
KOTOpPO€ UMHUTHPYET BOJHOBYIO (DYHKIIMIO, U KOTJa CpaBHEHHE OOHAPYKMBAET JOCTATOYHO
OJIM3KO€ YMCTOE COCTOSIHUE, TO aKT B3aUMOJEMCTBUS OCYLIECTBIISIETCS UMEHHO B 3TOM UYHUCTOM
cocrostHMH. Eciu a10 B3aI/IMOIIeI\/JICTBI/IC HC SABJIICTCA CIICHHUAJIBHO IMPOBOAMMBIM U3MCPCHUCM, TO
COOCTBEHHOE 3HAUEHHUE XapaKTEpPU3yeT HEKOTOPBIN NapaMeTp B3aUMOAEUCTBUSI, KOTOPBIM MOXKET
IOPOSIBUTHCSI B MAKPOCKOTIMUYECKHMX CBOMCTBaX KBAaHTOBOTO aHcambOis. Hampumep, Tax
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MMPOABJIAIOTCA SHCPICTUUCCKHUEC YPOBHH OJBJICKTPOHOB B aTOMax IIpyU TI'CHCpallUn (bOTOHHOFO
H3ITYUYCHUSA, XOTA HCIIOCPCACTBCHHO U3MCPCHUA Ha KAXKIOM 3JICKTPOHEC HC ITPOU3BOAATCA.

2. KB33I/IKOHCprKTI/IBHaﬂ MOJ€JIb BbIﬁOpa COOCTBEHHOI'0 3HAYEHHUS.

Wnes mpomecca mM3MeHEHHs] BHYTPEHHETO COCTOSHHMS YacCTHIIBI KaK BCIOAY IUIOTHOU
MIOCTIEIOBATEILHOCTH MOKET OBITh HCIIOJIb30BaHa HE B (DYHKIIMOHAIBHOM IPOCTPAHCTBE, a B
YHCIIOBOM MPOCTPAHCTBE CIIEKTpa omeparopa. Torma BbIOMpaeTcss TOJIBKO COOCTBEHHOE
3Ha4YeHHE, U BOZMOXKHBI JiBa cirydas. Eciim 310 coOCTBEHHOE 3HauU€HHE HE KPAaTHO B CIIEKTpPE. TO
JUIE HETO HMMEETCS TOJIBKO OJHO YHCTOE COCTOSHHE HM3MEpPEHHs, M ero MOXHO BbIOpaTh Kak
peanu3anuio HHIMBUAYAIBHOTO COCTOSIHUA. Ecim ke coOCTBEHHOMY 3HAYEHHMIO COOTBETCTBYET
MOJMPOCTPAHCTBO PA3MEPHOCTH OOJBINE EIUHUIIBI, TO OJHO3HAYHO BBIOPATh COOCTBEHHBIN
BEKTOp Henb3s. Ho nr000i#, Hampumep BEpOSITHOCTHBINM, BHIOOP OJHO3HAYHO OMPEACITHT
pe3yabTar u3mMepeHus. [loatomy, cratucTika BHIOOpa COOCTBEHHBIX 3HAYCHHMI HE 3aBHCUT OT
crocoba BbIOOpa Ha COOCTBEHHOM IMOJANPOCTPAHCTBE JAHHOTO OJJIEMEHTA CIIEKTpa. ITOTrO
JOCTATOYHO JJIsl TIOPOXKACHUS JIF000H KBAaHTOBOW CTATUCTHKH, IMOCKOJIBKY OHA OTHOCHUTCS HE K
COOCTBEHHBIM (DYHKITHSIM, @ K COOCTBEHHBIM 3HAUE€HUSAM. Moieb HHAMBUYAIbHOTO COCTOSHUS,
MOCTPOEHHYIO C TOYHOCTBIO /IO BbIOOpa COOCTBEHHOTO 3HAYEHUsS, HA30BEM CHEKMPAIbHbIM
UHOUBUOYAILHBIM COCMOAHUeM. DTH MOAENH ynoOHee s aHanuu3a, IOCKOJIBKY BBIOOD
OCYIIECTBIISICTCSI HE Ha MPOCTpAaHCTBe (QYHKIMH wWin 0O0O0OmEeHHBIX (QYHKIUH, a Ha

JNEUCTBUTENILHOM  4HMCIOBOM ocHu. CHEeKTpaJbHOE HWHIUBUIYAIbHOE COCTOSHUE ®<a>
COOTBETCTBYET BCIOJ1y TUIOTHOU («OTOPHOI») MOCIEI0BATEILHOCTU a = (al. |i= l,oo) ,ac R, na

JEeNCTBUTENBHON uncinoBoi npsamoil. Onpenesnenne 1. Eciu 3anano nogmuoxectso M < R, To

WHAYIHPOBAHHBIM J3JICMCHTOM IIOCJIICAOBATCIBHOCTH a HA30BCM JJICMCHT 4, KOTOprfI UMECT

HauMeHbIM HOMep [ =i(M) cpemu TeX D3JIEMEHTOB TOCIEIOBATEIBHOCTH, I KOTOPBIX

ompezeneH Onmxanuil s1eMeHT MHoxkectBa M . i(M )=min{i:EIminmeM m—al.|} . Ecim

CYLIECTBYET MHAYLUUPOBAHHBIN 3JIEMEHT MOCIEI0BAaTEIbHOCTH a Ul NMOAMHOXecTBa M , TO
BBIOpaHHBIM 3JeMeHTOM M (a) Ha30BeM HaWMEHBIINH M3 DJIEMEHTOB M , Ha KOTOPOM
JOCTUTAETCsl MHHHMYM pAcCTOSHUA OT HMHIYLUPOBAHHOIO IEMEHTA IOCIEA0BATEIbHOCTH.
M (a) =min{argmin,_,, ‘m—a[( M)‘} . CnexTpalbHOE MHAUBUAYAIBHOE COCTOSHUE ONpPEIEIAeT

BBIOpaHHBINA 1eMeHT M (a) s criektpa M .

Onucanue o6JacTu  omnpeaeeHust CI)<a> HA  MHOECTBE  ONEPaTOpPOB.
YrBepknenue 1. DnemeHT M (a) oOmpeneneH ecIM W TOJNBKO €CITH HMMEETCS JSJICMEHT
HOCIIEN0BATENbHOCTH @, , KOTOPBIHA MIPUHAUIEKUT JTUO0 MOAMHOXKECTBY M , 1nOO MHTEpBaly U3
nonosHenuss R\ M , y xotoporo Omwkaimmi k a, koHew npuHamiexur M . CuencrBue 1.

Ecim y mHoxectBa M wumeercs XOoTs Obl OJWH HHTEPBAT B JIONOJHEHUU C KOHIIOM,
MPUHAJICKALNUM MHOKECTBY M , TO OHO BXOJUT B 00JacCTh OMpPEACIICHUs] BCEX CHEKTPaIbHBIX
MO/IeJIel HHANBUIYAIBHOTO COCTOSIHUS CO BCIOAY MJIOTHOM OMOPHOM MOCIEA0BATEIBHOCTBIO.
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Omnpenenenne 2. Onepatopy usMepeHuss H  COOTBETCTBYeT wu3Mepenue H, ; ¢

KOHEYHOH norpemHoctso. Ha yucnosoi npssmoit R 3amaerca HexoTopas cueTHas ¢ * O — ceThb
JUIE HEKOTOphIX 0< § < &: 3TO &—CEeTh, B KOTOPOH PACCTOSHUS MEXAY JIOOBIMH YIICHAMH
Oonpmie ¢ . s n1r000r0 COOCTBEHHOTO BEKTOPA MCXOJHOTO omepatopa /H ¢ HEKOTOPbIM
COOCTBEHHBIM 3HaYEHHEM A 3aJaJiM HOBOE COOCTBEHHOE 3HAUEHHE 7] U3 CETH, HAaUMEHbIIEE U3

OMmKalliuX K 3HAYeHUI0 A . DTUM HOBBIM omepaTop u3MepeHus omnpenencH. Teopema 1.
Oneparop H,; BXomuT B O00NacTh ONpPENENCHHMSA BCEX CHEKTPAIbHBIX — MOJENEH
WHWNBUAYAIBHOTO COCTOSIHHSI C OTIOPHOMU IOCIIEIOBATEIIEHOCTRIO. Y TBep:kIeHue 2. Eciu a u
a' 7Be BCIOAY IUIOTHBIE YMCIIOBBIE TMOCIEIOBAaTENbHOCTH, [a] W [a'] — MHOXecTBa HX
JIeMEeHTOB, U [a]c#[a'], To s obnactedl ompeneneHus HHAUBUIYATbHBIX COCTOSHHI
BBITIOJTHEHO domCI)<a> c# domCI)<a'> . Onpenenenne 2. HazoBeM CBOOOAHBIM COETUHEHUEM
JBYX TOCJIEIOBATEIIEHOCTEH JIFOOYI0 TIOCIEA0BATEIHhHOCTh, MHOKECTBO YJICHOB KOTOPOW pPaBHO
00bEIMHEHUIO UX MHOXKECTB WieHOB: [a"]|=[a]uU[a']. YTBepxkaenne 3. Cpenu CreKTpabHBIX
WHJIUBHUIYAJIbHBIX COCTOSHMM C ONOPHOM IIOCIENOBATEIBHOCTBIO HET oOllepaTtopa C
MaKCHUMaJbHOW OOJIaCTBIO  ONIpEACICHUA. YTBep:kaeHHe 4. €ClIM ITEpBbIM  WICH  u,
(COOTBETCTBEHHO @, ) MOCIENOBAaTENbHOCTU {u,} ({a,}) cCOBImAmaeT ¢ HEKOTOPOH COOCTBEHHOM
GyHkuueit ¢, (coOCcTBeHHBIM 3HaueHueM A ) omeparopa usmepenus H, to O,(H)=¢, . D10

MO3BOJISIET CTPOUTH SIBHO IMOCJEAOBATEIBHOCTH WHIMBUAYAJbHBIX COCTOSHUM C 3aJaHHOMU
CTaTUCTUKOM.

PabGora BeimomHena mpu nmoxadepkke Poccuiickoro ¢onma (yHIaMEHTaIbHBIX
uccienoanui, npoekt 13-01-00190a.
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BO3MOXHOCTH IIPEOAOJIEHUSA INPEJAEJIE FPEI‘/'I3EHJA-3AIIEHI/IHA-3A CUET
IMPUBJINKEHHOI'O PACIIUPEHUSA JIOPEHHEBOU CUMMETPHUHA 10
KOH®OPMHOM B ITPEJIEJIE CBEPXBBICOKHWX DHEPT .
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APPROACHED EXPANSION OF LORENZ SYMMETRY TO CONFORM SYMMETRY
ON HIGH - ENERGY LIMIT. GREISEN - ZATSEPIN — KUZMIN PROBLEM
COMMUNICATION.

I.A. Vernigora, Yu.G. Rudoy
People’s Friendship University of Russia, Department of Theoretical Physics

Bor yxe Oonee mosyBeka B actpodusuke kocmudeckux nydedt (KJI) B obrmactu CBEpXBBICOKHX
sHEprui (mopsaKa 10'*-10* 5B) ocraercs OTKPBITOM TTpo0IieMa cyiecTBOBaHus npenena [ peiizena
— 3anenuna — Ky3smuna (I'3K), nmpeanonokeHHOro npakTUuecKy OJJHOBPEMEHHO M HE3aBUCHMO B
paborax [1] u [2]. CornmacHO 3TUM paboTaM, paclpeelCHHIE 110 YHEPTUSM MPOTOHHON KOMITOHEHTBI
nepBuuHBX KJT TOKHO pe3ko o6phIBAaThCSA B 0OmacTh sHepruii mopsaka Ersx~5-10"" 5B 3a cuer
MOTEph YHEPIUH MPOTOHOB HA (POTOPOKIACHHE THOHOB B PEAKIMAX BHAA p+y—p+n win p+y—ntr
(c mocnenyronuM B-pacnaniom n—p+e +ve), rae Y — GOTOHBI PETMKTOBOTO U3ITyYCHHUS.

HecMmoTps Ha nnutenbHOE BpeMs, IpoOIIEIIee ¢ MOMEHTa npeackazanus npenena I'3K, ero
HKCIIEPUMEHTANIbHBIN CTaTyC BCE €Ill€ OCTAeTCsl HE BIIOJHE OIpeAeNIeHHbIM (CM., Hampumep, [3]).
[TosTomy, HaumHast ¢ paboTel Kupkauma n Yeunna [4] (cm. Takxke Koymmen u I'mamoy [S] u 6onee
no3aaue padboTel [6,7]) — paccMaTpuBallaCh BO3MOXHOCTh, OCTaBasCh B paMKax «OOBIYHON
GU3MKKM, HAWTH pecypchl ee «aedopManumy», IOomycKaromme (Mo KpaiHed mepe, B MPUHIIHIIC)
npeononenue npeaena ['3K. Cornacuo [4], mogoOHYIO poib MOTJIO ObI CHITpaTh OTKJIOHEHHUE OT
JIOPEHIIEBCKON KHNHEMATHKH TIPH O4YeHb BHICOKHX 3HAUCHUAX JTOpeHI-hakTopa y=E/E=10'"+10".

Opnako B [4] aToT oaxon ObUT chopMymHpoBaH HA TOTY(HEHOMEHOIOTUYECKOM YPOBHE M, HA
Hall B3MJISAN, HYKJaeTrcs B Oojee HaJAeKHOM MaTeMaTHUYECKOM OOOCHOBAaHUM, YTO W SIBIISETCS
1eNblo JaHHOUM pa®oThl. Haira ucxonHas uaes COCTOUT B TOM, UTO IIPU CBEPXBBICOKUX 3HAYEHUSIX
SHEPTUU U JIOpeHI-(hakTopa Y B KHHEMATHKE JIOOBIX MACCHBHBIX YacCTHIl ¢ HEOOXOAUMOCTBHIO
HOSIBIISIIOTCSL «KOH(OPMHBIE» TOMPAaBKH MO cTemeHsM 1/y (oTcyrcTByromue s 0e3MacCOBBIX
yactul B pezaene 1/y=0). 3aeck uMeeT MECTO aHaJIOTHS C XOPOIIO W3BECTHBIMHU PENIITUBUCTCKIMHU
(JTOPEHIIEBCKMMH) TOIMPABKaMU IO CTENEHSIM Majol BelWunHbl Y—1 (TOYHEe, Mo creneHsM P=v/c
~(y=1)*«1, ¢ — CKOPOCTH CBeTa) K OOBIYHON TATHICCeBCKOI KHHEMATHKE.

Teoperndyeckoil OCHOBOH MOJOOHOTO MOAXOJA CIYKUT IMOCTETIEHHOE PACIIMPEHUE TPYIIIbI
JOIYCTUMBIX Pe00pa30BaHuil ¢ poCTOM 3HaueHuil y: oT rpynmnsl ['amuies Gio k rpynne Jlopenna —
[lyankape Pjp u mamee x koHdopmHOU rTpymnme Beins — ®oka Cis, mMprueM YUCIO TOYHBIX
MHBAapUaHTOB B ATOM IIpolecce coKpaiaercs. TeM He MeHee, IpearnoJiaracTcs BO3MOXKHOCTh HE
TOJILKO TOYHOTO, HO W TPHUOIMKEHHOrO HApYIICHUsS TOH WIM MHOH CHMMETPHHM, a TaKxke
IPUMEHUMOCTH TEOPUH BO3MYIICHHI MO0 COOTBETCTBYIOIUM MaJlbiM Mapamerpam y—1 u E=1/y.

B uactHOCTH, pu Manbix E=E¢/E cnenyer 3aMEHHTbH JIOPEHIIEB CKAaJsip IL(p;Eo)=E2—p2=E02,
WHBapUaHTHBIN Tpu 1r00bIX 3HadeHusX Eop m &, Ha xoH(opMmHBIA ckansp lc(p;Eo)=C(E)IL(p;Eo),
KOTOPBIN SIBIISICTCSA TOYHBIM WHBAapUAaHTOM TOJILKO B Oe3maccoBoM ciydae Ey=0, E=0. MmenHo
NOCJIeJTHEE OOCTOSATENBCTBO M YKA3bIBAET €CTECTBEHHBIM MyTh MOCTPOEHUS TEOPUH BO3MYIIECHMIM
s C(€) mo manomy napamerpy & npu nepexoje ot rpymmsl P x rpynme Cis.
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I'pynna Py onpenensierca 10 mapamerpamu U SIBISIETCS TEH30PHBIM IPOU3BEACHUEM TPYIIIBI
JopeHueBbIX BpaueHMd L w rpynmsl  TpaHcmsiumii  Tu(c), ompenenseMoll IMPOU3BOJBHBIM
IOCTOSIHHBIM 4-BeKTOpoM c. | pynna C;s BKIIIOYaeT AOMOJHUTENBHO K P1o 0IHOMEpHYIO OArpymnIy
D, munatanmii ¢ OJHUM CKaJSIpHBIM mapameTrpoM A>0, a TakkKe MOATPYIIY «CTIEHUATBHBIX)
KOH(OPMHBIX TIpeoOpazoBanuii, wim npeodpazoBanuii Méomyca-Beins-Doxka, Ci(c)=RT4(c)R, Tre
R — HenmmHeiiHOe (3aBUcsIee 0T P) npeobpasoBanue nuBepcun RP=—P/P*, BooGlue He copepikaIiee
KAKHX-THOO0 1apaMeTpoB i 00Iajalolee HHBOOTHBHEIM CBOMCTBOM R*=R.

[ox neiictBuem npeodpazoanmii Cy(c) M000ii 4-BeKTOp P MepexoauT B

Pc=C(P;c)P+AP(Pic), AP(Pic)=C(Pic)cP*; Pc’= C(Pic)P?, (1)
npudeM KoH(GOpMHBII MHOXUTENb C(P;c) naeTcs BEIpaXKEeHUEM
C(P:0)=[o(P;c)]",  o(Pic)=1-2cP+c*P*=c*(P—c/c*). )

Jnis  mocTaBieHHBIX B JaHHOM paboTe Ieneil J0CTaTOYHO OrpaHUYUTHCS (DU3HYECKH
BBIJICJICHHBIM BBIOOPOM c=—aP (a>0) ¢ mocieayomuM Nepexo0M K OJHOPOJIHBIM KOOpAUHATAM:
oT Bekropa 4-ummynsca P k Bekropy 4-ckopoctu V=P/E=(1,v=p/E) (370 ynoOHO, MOCKOJBKY
1?=£%). TlokasaHo, 4TO 3a CcyeT BbIOOpa KOH(GOPMHOIrO IapaMeTrpa B Buae a=ay*, Tie
y*=EHHaHKa/EHp0TOHa:1018, a=0(1), aeiicTBuTEIBHO yaaeTcs npeoaosers npeaen ['3K ans npoToHOB,
IIPUYEM HECMOTPS Ha pa3inyuue MOIX0/0B, TOJYUYEHHBIE PE3yJIbTaThl B LIEJIOM corjacyrorcs ¢ [4-8].
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HYKJEOXUMMSA XOJIOJHONU TPAHCMYTAIIUUA ATOMHBIX SJEP
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AHHOTAIUA

Hameuena  teopermueckas cxemMa  OOOCHOBaHHSI ~ BO3MOXKHOCTH  TOJTYYCHHS
KYMYJISITHBHOTO TIpOIlecca TMPEOJOJCHHUS KYJIOHOBCKOTO Oaphepa 3apsHKEHHBIMH HYKITHIAMHU.
JanbHelimas pa3paboTka dTOW TEOPETHUYECKON BO3MOXKHOCTH  (DAaKTUYECKH  O3HA4aeT
dopMupoBaHHE HOBOW  KOHIENIMH  SACPHBIX  TNPEBpAlIeHHA B  JIADOPATOPHBIX U
acTpo(PHU3MUECKUX YCIOBHSIX. DTO HOBOE HAIPaBIICHHE HCCIEIOBAHUN €CTECTBEHHO HAa3BaTh
HyKJIGOXHMHGfI ATOMHBIX SAJICP U KaKTUBHUPOBAHHBIX AACPHBIX KOMIIJICKCOB).

TeopeTndeckoid OCHOBOM JTHX WCCIEAOBAHHWN SBIIACTCS 00O0OIIEHHWE TIOHATHS
CaMOCOTJIACOBAaHHOTO TOJISl JUIS AKTUBUPOBAHHBIX SIIEPHBIX KOMIUIEKCOB W JUIS IPOIIECCOB
ruOpHUIUN3aui HyKJIOHHBIX OpOUTANIEH.

OcHOBHBIE  TeopeTHUecKMe waAed  (QOPMHUPOBAHUS  KYMYJISATHBHOTO  TIpoIiecca
IPEOJIOJIECHUST  KYJIOHOBCKOTO Oapbepa 00CYXJalOTCs Ha IpPUMEPE DSKCIEpUMEHTa ¢
METAJUIMYECKUM OepUILTUEM, TOTPYKEHHBIM B aTMOc(hepy BOIOpoia, 000TaEHHOTO AeHTepreM
[1]. B aTom skcrepuMeHTe HAOMIOJAINCh MEJICHHBIC (TEIUIOBBbIE) HEUTPOHBI C IMMOMOIIBIO
cuérunka CHM-18. lMeHHO TOSBIEHHWE TaKWX HEHTPOHOB OXHIACTCS B OOCYKIaeMOu
TEOPETHUYECKON MOJIENHU XOJOAHON TPAaHCMYTAlUH SAEP.
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Abstract

By usage of analytical model it is considered the possible influence of intermittency and coherent
structures on the behaviour of structure functions for the electric turbulence in thunderclouds.
The coherent structures (CS) and intermittency (IM) are modeled by some spatially localized
functions with parameters determining the amplitudes of CS and IM dynamics, their spatial
sizes and distributions inside turbulence. Numerical calculations of turbulence structure
functions (SF) have shown that the influence of CS and IM may be essential enough under the
suitable choice their parameters? For example, some variations from power law dependence
are observed and at the middlel-scale range the autocorrelation function is increasing. The CS-
contribution and IM-one are the most essential at the scales of the order of their typical width.
More obvious their influence on SF-behaviour is seen on the plotts of so-called relative structure
functions.

BBenenune

N3ydyeHne CTPyKTYpHBIX XapaKTEpUCTHUK XAOTU3UPOBAHHBIX IOJIEW IPEACTaBISAET
MHTEPEC M MHOTMX HPAaKTHUYECKUX NPUIIOKEHWM, HampuMep, JUld aHalIW3a MEXaHHU3MOB
BO30YXXJICHHUS W TOJJICP>KAaHUS HEOJHOPOJHBIX KPYIMTHOMACHITAOHBIX TEUYEHHH B OKOJIO3EMHOM
npocrpanctBe, Qusnku MIJI-TypOyIeHTHOCTH B IJIa3M€ COJIHEYHOTO BETpPAa, HCCIICIOBaHUI
nporeccoB (HOPMHUPOBAHHUS WHTEHCHUBHBIX KPYIMHOMACIITAOHBIX BHUXPEBBIX CTPYKTYp THIA
Tali()yHOB M POJIM 3apsHKCHHBIX MOJCHCTEM 3THUX BUXpEH B WX TUHAMMKE, IJIi MOHUTOpPHHTA
reo(pru3NYecKux IMoJed KOCMHUYECKUMH CPEICTBAMH, Ui COBPEMEHHBIX METOJ0B 00pabOTKU
JAHHBIX JUCTAHIIMOHHOTO 30HIUPOBaHUS Te0(U3NICCKON Cpelbl U KOPPEKTHOW (U3HUECKOU
UHTEpIpETallui e pe3yibTaToB (cM.Hampumep, padotel [1-10]). DTo BaxkHO W A TOHMCKA
BO3MOXHOCTEIl BO3JCHCTBUS Ha pa3BUTHE M IPOCTPAHCTBEHHYIO JAMHAMUKY HHTEHCUBHBIX
BUXpPEBbIX CTpYyKTyp. llpu wuccienoBaHuMm CTPYKTYpPHBIX CBOWCTB  XaOTHU3MPOBAHHBIX
reo(pu3nYecKux TOJEH B HACTOALIEE BpPEMs LIMPOKO HMCIOJIB3YETCS aHAIU3 CTPYKTYPHBIX
¢yuknmii (CD) ¢ ompeneneHneM TaKHX XapaKTEPUCTHK KakK, CTATUCTHYECKas CTAIMOHAPHOCTD,
NePEeMEKaeMOCTh, CIEKTPAJIbHbIE HMHJICKCH, OO0OOIIEHHBIE PpPa3MEPHOCTH, CKEHJIMHIOBBIC
AKCIOHEHTHI U JIp. HA MacCUBE JaHHBIX M3MepeHuil [5-9]. KpoMe mosiydyeHus CTaTUCTUYECKUX
apaMeTpoB NpuU O0OpabdOTKE [aHHBIX Ba)XHO BBISIBUTH HAJIWYUE KOTEPEHTHBIX CTPYKTYD,
IEPEMEKAEMOCTH, KOTOPbIE MOTYT CYIIECTBEHHO BIIUATH HA JUHAMUKY ITPOLIECCOB, B YACTHOCTH,
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TPAHCIIOPTHBIE SIBJICHUSI, T€HEPALUIO KPYIIHBIX BUXPEH, THIPOJAUHAMUYECKOE CONPOTUBIICHUE U
np. B mHacrosmeit paboTe mpeAcTaBieHbl PE3YJAbTAThl aHAIM3a AHAJUTHYECKON MOJIeIu
AIIEKTPUIECKONM TYpOYJICHTHOCTH B TPO30BOM OOJAYHOCTH C y4ETOM BO3MOKHOTO BIIHSTHHS
KOTE€PEHTHBIX CTPYKTYP, IEPEMENKAEMOCTH Ha MapaMeTPbl CTPYKTYPHBIX ()YHKIHH.

ITocTaHoBKa 331244 U pe3yJabTaThl pPac4€TOB

Hamnune cnimpansHoctn H = v-rot v B armMoc(epHBIX BUXpSAX M IUIa3Me MOBBIMIACT WX
YCTOMYMBOCTh K BO3MYILIEHUSM U YBEJIWYMBAET BPEMs CYIIECTBOBaHMUS (CM., HalpuUMep,
[2,3,4,10]). Kpome Toro, cnmpanbHOCTh H criocoOCTByeT BOSHMKHOBEHHIO OOpaTHOTO Kackaja
SHEPTUU OT MaJbIX MAacCIITa0OB B KPYIHBIE T.€. BOBMOXKHO YCHJICHHE CIaOBIX CHHONTHYECKUX
BO3MYIIEHUN 110 ypoBHS MOIIHBIX LUKIOHOB (TLl). [l KOppEeKTHOTrO OmMUCaHUS 3TOTO
MeXaHH3Ma HYXHO YYHUTHIBAaTh BKJIAJ 3apsDKCHHBIX IOJCUCTEM TPO30BBIX O0OJAaKoB B
¢opMHUpOBaHHE CaMOCOTJIACOBAHHOM, CYIIECTBEHHO HEOJHOPOIHONW CTPYKTYPhI BETPOBBIX
MOTOKOB U B UX IMOCJEAYIONIYI0 HEIMHEHHYIO AUHAMUKY (CM., B 4acTHOCTH, [11]). Nmerommecs
OKCIIEPUMEHTAIbHBIE JAHHBIE O BEPTHKAIBHBIX MPO(WILX 3iekTpuueckoro mons E,(z) B
rpo3oBoil oOnaunoctu (cM., Hampumep, [12-14]) yka3piBalOT Ha MNPUCYTCTBUE JOCTATOYHO
CHIIBHBIX ~ DJIEKTPUYECKMX (uyKTyanmwidi ¢ TUnuuHbIMEH  pasmepamu  (10+500) m wu
HATIPSHKEHHOCTSIME 1107151 Topsizka 10° B/M u Gonee. [109TOMY 1Sl OLEHOK BKIAA 3aPSyKEHHBIX
MIOJICUCTEM B T€HEpaIHIO CIIUPAILHBIX IBWKEHHUH aTMochepsl HE00X0IMMO H3y4aTh MapaMeTphl
ANEKTPUYECKUX (PIyKTyalMid, B YaCTHOCTH, HCCIIEJOBATH CBONCTBA CTPYKTYPHBIX (DYHKIIHIA
Sm(L), tne L = z; — 7, pa3HOCTh BBICOT ABYX aTMOc(epHBIX cioeB. Vcrmonb3ys cTaHaapTHBIC
METOJbl aHAIM3a THIPOAMHAMHYECKOH TypOyneHTtHocTH [3-9] paccMOTpUM XapakTepUCTHKH
CTPYKTYpHBIX (yHKIMHA Sy(L) mis snexkrpuueckoro monsi E,(z) B rpo3oBoil 00mMagyHOCTH C
YU4E€TOM KOTE€pPEHTHBIX CTPYKTYp M nepeMexaeMocTH. OCHOBOM /Ui aHanu3a SIBISIFOTCS
AQHAIUTUYECKUE MOJEIM Ais 3JeKTpuueckoro mnois E,(z), coaepkaiiero asa MHEPLHUOHHBIX
UHTEpBaJa, B KOTOpbIe M00aBIsIOTCA KorepeHTHble cTpykTyphl (KC) Tuma mpocTpaHCTBEHHO
JIOKQJIM30BAHHBIX (QYHKIMN U mepemekaemoctb. st onucanus npoduneit KC ucnonb3yrores
BBIpAXKEHHS BUIA by(z) = a, / [ 1 + ky” ( z - 2, )*] ¢ mapamerpamu ay, ky 1 z, . JUist HccieoBaHus
TypOyJI€HTHOCTH C WHEPIUOHHBIMH HHTEpBAIaMU TreO(DU3NYECKUN Pl AaHHBIX IS
TypOYJEHTHOCTH MOJEIMPOBAIICS PSAAOM CIEIYIOIIErO BUIA
E() =2k bsin[(2nik /M) + W], k=1,2...... M, i=1,2.... N.
3necw mns (a3 rapMoHuK Wy MCTIOIB30BANIKCH CIydaliHas BEIOOpKA M3 WHTEepBana ( - T, T ), by
UMEET CTENEHHbIE CHEKTPbl M0 K B MHEPLHUOHHBIX HHTepBajax. CTeNneHb NepeMeKacMOCTH
TypOYJEHTHOCTH YYHUTHIBAEM BEJIMYMHON OTHOCUTENIBHOTO IOHM)KEHUS 3JIEKTPUUECKOIO IOJIs
E(z) B omnpeneneHHbIX HHTEpBaJlax BBICOTHl BBEACHHEM JOINOJHUTEIBHOIO MHOXMTEIS,

MMEIOIIEro B HUX NMpoBajbl, a yuer KC — nobaBieHnemM HEKOTOpOro uncia GyHKuui by(z).

Crpykrypable QyHKIMH Syi(L) mopsaka m BeaucsioTes cormnacHo ¢opmyne Sp(L) = <|
E(z + L) - E(z) | ™ >, tne z = ¢ i, { npoCTpaHCTBEHHOE pa3peIlCHUE, HAPUMEDP, OHO MOKET
OBITh HECKOJIbKO METpoB Juisi mHTepBayia BRICOT 0 < z < h, 1 <1 < N, N =h/ /, a
IPOCTPAHCTBEHHOE ycpenHeHne mpoBoauTcs B oomactu 0 <z < h — L. OOGbIYHO moJaraeTcs, 4ro
¢ <L<h/3.

3aBucumoctb Sp(L) ot Macmraba L 1 pa3ianyuHbIX 3HaYEHUM MOpsiiKa m
npezcrasisiercs Ha rpadukax B Ig-lg koopaunarax. B orcyrcreue KC u
nepeMexxaeMocTu rpadukn Sy,(L) moka3piBalOT HATHMYUE B JIEKTPHICCKON
TypOYJEHTHOCTH ABYX MHEPIIMOHHBIX HHTEPBAJIOB, B KOTOPBIX HMEETCS JIMHENHAs
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3aBrCUMOCTb MeXy Ig Sm(L) u Ig L T.e. B MHEpUMOHHBIX HHTEpBaIaX HAOIIOAIOTCS
CTeNeHHbIe CKeWNMHru Thna Sp(L) ~ L™ | rre g(m) CKeHIMHTOBAs! HKCIIOHEHTA.
OtMertum, uto 11t m = 1 monydaercss unaekc Xepcra H = g(1), a unaekc cnekrpa
MOIITHOCTH TypOyJIeHTHBIX (DIyKTyauui o BeIpaxaercs uepes g(2) u pasen o = 1 + g(2).
Y 106H0 pUBOIUTH IpadUKu CTPYKTYPHBIX PyHKIUH Si(L) B 3aBUCHMOCTH OT
0e3pa3MepHOTro cIBUTa MO BeicoTe n = L / /, a st my4iiero cpaBHEHUs rpadukoB
UCTOJb30BaTh HOpMUpoBaHHBIE CD: W(n) = Sp(n) / Sp(1) T.e. Wp(1) = 1. [Ipu yuere
KC u nepemexaeMocTu 3JEKTPUIECKON TYpOYIEHTHOCTH Ha rpaduKax MOSIBISIOTCS
OTKJIOHEHUS OT CTENEHHBIX CKEHIIMHTOB CTPYKTYPHBIX PYHKIHHA Spm(L), 00ycioBneHHbIE
3TUMHU (PaKTOPAMH.

AHanmu3 moxasai, YTO OTKJIOHEHHS CTPYKTYPHBIX (DYHKIMI OT CTETEHHBIX CKEWJIMHIOB 32 CUET
KC u mepemexaeMOCTH MPOUCXOIAT HAa MaciuTabax, KOTOPHIE COOTBETCTBYIOT THIWYHBIM
pasmepam paccMoTpeHHbIX KC u TOIUMHTEpBAJIOB, B KOTOPHIX BBEIEHA NEPEMEKaeMOCTh
TypOYJIEHTHOCTH.
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Abstract

It is investigated the trajectories dynamics on phase plane during surfatron acceleration
of charged particles with large longitudinal impulse by electromagnetic wave
propagating in space plasma across external magnetic field. For large longitudinal
impulse the electrons are trapped by the immediately if the initial wave phase at the
particle trajectory Y(0) is positive. For the negative values of ¥(0) the electrons trapping
by wave isn’t observed. According to numerical calculations on the phase plane the
trajectory for trapped particles has the stable focus and the trajectory behaviour
corresponds to motion in complicated nonstationary effective potential.

(I)OpMyJII/IPOBKa 3a/la4Yi U pEe3yJbTaThbl PaAC4€TOB

Cepdunr 3apsa10B Ha NEKTPOMArHUTHBIX BOJIHAX, KOTOPHIE MOTYT UMETh YEPCHKOBCKUHN
PE30HAHC C YacTHUIAMH, SIBJIICTCS OJHUM W3 HanOoJiee BEPOSATHBIX MEXaHW3MOB TI'e€HEpaluu
MOTOKOB YJIBTPAPENIATUBUCTCKUX YACTUIl B KOCMUYECKOU mia3me (cM., Hanpumep, [1-9]). dus
KOPPEKTHBIX OIICHOK YCJIOBHI T'e€HEpPAIllMU MOTOKA OBICTPBIX YACTHII, MX TAPAMETPOB HEOOXO UM
JNETANbHBIN aHAIM3 MEXaHW3Ma 3axBaTa 3apsDKCHHBIX YacTHUIl B PEXHUM  CepPOTPOHHOTO
YCKOPEHUS DJIEKTPOMATHUTHOU BOJIHOM, 3(PPEKTUBHOCTH ITOTO YCKOPECHHS W  ONTHMAIbHBIX
YCIIOBUH ero peanu3aruy. YacTh 3TUX BOIPOCOB paHee paccMaTpUBaiach, HaIpUMeEp, B paboTax
[1-6]. ITockomnbKy 3aaya UMeeT HaOOp CBOOOIHBIX MAapPaMETPOB MOJHBINH 00beM TPEOYIOMIMXCS
BBIYHCIICHUH OKa3bIBACTCS BEChbMa OOJIBIIIMM U UCCIICIOBATH 3Ty 33/1a4y HE0OX0IUMO IMOATAITHO.

B nanHOl paboTe BBIMONHEH aHAIM3 CTPYKTYphl (PAa30BOM TUIOCKOCTH IS
3aXBaThIBAEMBIX B PEXHM cep(UHTa 3apsDKEHHBIX YacTUIl TMPU WX  YIbTpapens-
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TUBUCTCKOM YCKOPEHHMH DJICKTPOMArHUTHON BOJHOW B cCilydae OOJBIIMX 3HAYCHUH
MIPOJIOJILHOTO UMITYJIbCA AJIEKTpoHa. Panee mokaszaHo panee ( cM., Harpumep, padboTsl [6,
7]), uyto B Hamboyiee TPOCTONM MoJenu CepPOTPOHHOTO YCKOPEHHUS 3apsaoB 3amada
CBOJUTCS K  HCCICNOBAaHHMIO  DEUICHHS  HEJIMHEWHOTo,  HECTallMOHApHOTO
Qg QepeHInanbHOT0 YpaBHEHHSI BTOPOTO TOPSIIKA TUCCUIIA-TUBHOTO THMa JUIs (ha3bl
BoHBI W(T) Ha TpaeKTOpHwH 3apsDKEHHOW YacTHIbI, KoseOmromeiics B 3PQexkTuBHON
NOTEHIMATFHON sSIME B 00JIaCTH YCKOPSIOMHUX mosneld. COorflacHO YHCICHHBIM pacdeTam,
IPU JOCTAaTOYHO CUIIBHOM YCKOPEHHH MEPHOJ STHX KOJIeOaHUH BO3pacTaeT 3HAUUTENBHO,
a aMIUIMTyAa KoJiebaHuil yMmeHbInaeTcs. Takoe moBeneHHe COOTBETCTBYET HAJIMUYHUIO HA
¢azosoii mockoctu (W(t), d¥/dt ) ocoboil Toukum THma yctoWuymBoro ¢okyca. IJrta
BO3MOJKHOCTh OblJIa yKa3aHa paHee, B YaCTHOCTH, B paboTax [7, 9].

JIyist BBISIBJICHHSI aCHMIITOTHK B JBFOKCHUH YCKOPSEMOM YacTHIIBI B JIaHHOUW paboTe
paccMOTpeHO cepPOTPOHHOE YCKOPEHHE 3apsiioB NpU OOJBIION HAYaIbHOW >HEPruu
yacThil, Korja penstuBucTckuii (akrop 3apsma y(0) mopsiaka coreH. B obGmactu
ONTHUMAJILHBIX IS peanu3anuu ceppuura HadanbHeIX ¢Ga3 W(0) u npu BHINOTHCHHUH
YCIIOBUSI YEPEHKOBCKOTO PE30HAHCA YHCICHHBIE PACYeThl MOKA3aJId, YTO IMPOWCXOJUT
3axBaT 3apsAa B O(PPEKTUBHYIO TOTCHUUATBHYIO SMY C  IMOCTEAYIOIINM
YIBTPAPEISITABUCTCKUM  YCKOPEHHUEM TIPH  aMIUTHTY/€ BOJHBI BBIIIE HEKOTOPOTO
MOPOTOBOTO 3HAYCHHSI M ONTUMAIBHOM 3HAaKe KOMIIOHEHTBHI MMITyJIbCa 3apsijia BIOJIb
BOJIHOBOTO (poHTa. [Ipn 3TOM Temn yckopenus 3apsiga dy / dt He 3aBUCHT OT aMIUTHTYIbI
BOJIHBI U OIpe/eIsieTcs BeIUUUHOIN Oe3pa3mMepHoil (a30Boil CKOPOCTH BOJHEBL B, = ® / €
k, rae ®, k yacTora U BOJIHOBOW BEKTOp. AMILIUTYIA BOJHBI OMPEICIISICT MOJOKECHUE
paBHoBecusi 1o (aze ¥, okomo KOTOpOoro mpoucxomaT kosebanus ‘P(t) T.e. AHO
3¢ deKTUBHON MOTEHIMATBLHOU MBI s HavanbpHbIX da3 V(0) B uHTEpBae | ‘P(0)| <r
BraronpusiTHRIMU 1711 peanM3anuu cepPUHra 0Ka3bIBAIOTCS TOJIOKUTEIbHBIC 3HAUYCHUS
Y(0), xorga 3axBar 4acTHUIl BOJIHOM mpoucxoaut cpasy. us ciyyas - 1 < W(0) < 0 Ha
JOCTYITHBIX BPEMEHAX CUeTa 3aXBaT HE HAOII0IaeTCA.

B cinydae HeOmarompusTHOrO 3HAaKa KOMIIOHEHTHI HMITYJbCca 3apsAna BJOJIb
BOJIHOBOTO ()pOHTA BHAYAJIE YACTUIIA OCTABASICh 3aXBAYCHHON TOPMO3UTCS U MEHSET 3HAK
3TOr0 MMIIYNbCA, A 3aT€M UMEIOT MECTO €€ 3aXBaT U yckopeHHe. COOTBETCTBEHHO ITOMY
Ha TIEPBOM OJTame JABIKEHHE u300paXkaromeld Toukun Ha (a30BOW  IUIOCKOCTH
COOTBETCTBYET TPAEKTOPUHU OKOJIO HEYCTOMYMBOTO (POKyCa C YBEIMUYCHHEM PaCCTOSHHS
OT HEro [0 Mepe TOPMOKeHHUs 3apsaa. Ha BropoM arame, KOrja UMEeT MECTO YCKOPEHHE
YaCcTUIBl DJIEKTPOMArHUTHOM BOJIHOM TpPAaeKTOpHS M300pakaromieil TOYKHW OTBEYACT
JBYDKEHUIO OKOJIO IPYTro#l (a3sl — yCTOWYMBOTO (POKyca C MOCTETIEHHBIM YMEHBIICHHEM
aMIUIMTY/Abl OCHWJUIALMH IO Mepe pocTa 3Hepruu 3apsaa. OTMETHM, 4YTO YETKOE
BBISIBJICHHE YKA3aHHBIX XapakTEPUCTUK JBIDKEHHUS YacTUI Tpu cepduHre Ha
AIIEKTPOMArHUTHONH BOJIHE TpeOyeT OOCTATOYHO OOJNBINUX BPEMEH JUIS YHCICHHBIX
pacyeToB MOCKOJIbKY IpU YABTPAPEISATUBUCTCKUX SHEPrusix 3apsiioB XapaKTEepHbIE
BpPEMEHA CYIIECTBEH-HOTO U3MEHEHHS MapaMeTpOB OPOUT YaCTHIl BEChbMa BEJIHKH.
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[IpuBenem HEKOTOPBIE PE3YAbTATHl BHIIOJHEHHBIX UMCIEHHBIX pacueToB il ciydas : u = 0.23,
Bp = 0.37, h = 80, g(0) =9, a =d¥/dt = 0 npu © = 0. 3mecp h, g(0) KOMIOHEHTHI
UMITYJIbCA YaCTHIBI BJOJIb MarHUTHOTO TOJSL U BOJHOBOTO (PPOHTA COOTBETCTBEHHO.
WuTepecuslii ciyyail npu HavanbHOU ¢aze W(0) = 3 U OTKIOHEHHH OT YEPEHKOBCKOTO
pe3onanca. CoriacHO YMCIEHHBIM pacueTaM MpH OOJIBIIOM MPOJOJIBHOM HMITYJIBCE XOTS
¥ €CTh MaJIble OTKJIOHEHUS OT YEPEHKOBCKOTO PE30HAHCA, HO 3apsiJl 3aXBaTHIBACTCS CpPa3y.

Hns 3nauenuit W(0) = 3; 2.6; 2.2; 1.8; 1.4; 1; 0.6; 0.4; 0.2 3apsig 3axBaThIBaeTCs
BOJIHOW B pexuM cepdoTponHoro yckopenus npu T = 0. B cnyqasx W(0) = - 3; - 2.6; -
2.2;-1.8;-1.4;-1;-0.6;-0.4; - 0.2; 0 na uaTepnane T < 40000 3axBaT HE HAOIFOIACTCS.

Just ciyqas h=25.1,u=0.2,8,=09,c=1.6-6.,g=1,a=0, '¥(0) = - 2 rpadux
penaTUBUCTCKOTO  (hakTopa Y(T) M €ro aHATUTHYECKOW ammpokcumanuu M(T)
npejacrasieHsl Ha puc. 1. CormacHo puc.l mocine 3axBaTa BOJHOM YacTUIA YCKOPSIETCS C
MOCTOSIHHBIM TEMIIOM Habopa sHepruu. Manble Bapuaiuu (T) UMEIOTCS 10 MOMEHTa
3axBarta 3apsjia BOJHOW, HO OHU HE 3aMETHHI Ha Tpaduke.

Puc. 1. I'paduku pensituBrcTckoro (hakropa y(T) ¥ €ro aHATUTHYECKOH anmpokcuManuu M(t) =
9.281 +0.413 ( T -27500).

[Tpu 3axBate Yepe3 AOCTATOYHO OOJNBIIOE BPEMsi TUIIMYHASI CTPYKTYypa (a3oBoii miockoctu (W,
@), e ® = d¥/dt, Ha unTepBane BpemeH (5.3 - 6)-10* | BxTOUaIOIIEM MOMEHT 3aXBaTa 3apsia
3IIEKTPOMArHUTHON BOJIHOW B peXUM cep(uHTa MmpencTaBiieHa Ha pUcC.2 Ha HHTEpBaJie BPEMEHH,
BKJIFOUAIOIIEM MOMEHT 3aXBaTa 3apsijia 3JIeKTPOMarHUTHON BOJIHOW B peXUM cepduHra.
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5¥ (1)

! l ! l !
-2
5.36-10° 5.37.10° 5.33-10% 5.39.10% 5410 541-10%

Puc. 2. ®a30Basi IIOCKOCTh YaCTHIbI ISl HHTEpBana BpeMerd ( 5.3 - 6)-10°.

Jlo 3axBaTa BOJIHOM TpaeKTOpHs u300paxaromier Touku Ha (azoBoi miockoctu (¥, @)
COOTBETCTBYET ILMKIOTPOHHOMY  BpameHuto. OTMETUM Mallble  Bapualuu  KpUBOM,
00yCJIOBIICHHbIE HECTAIIMOHAPHOCTHIO AdexkTuBHOTO MoTeHnHata U. PacueTsl MOKa3bIBAIOT,
YTO NPU HUKIOTPOHHOM BpAIICHUH 3apsiaa GakTop HecTauroHApHOCTH U MOXKET MPUBOJIUTH B
HEKOTOpblE MOMEHTBl BPEMEHM K BO3pAaCTaHMIO Y IMPUMEPHO Ha MOPSAOK OT HA4YaJIbHOIO
3HaueHus 11 yMepeHHbIX 3HaueHui y(0). B xoHIle JaHHOrO BpEMEHHOIO MHTEpBajia JUHAMHKA
ompeseNnsieTcss KoJeOaHUsAMU 4YacTUIBl C YMEHBIIAIOWIEHCS aMIUIUTYIOW M BO3PACTAIOLINM
nepuoioM B o0nactu aHa 3((GEKTUBHON MOTEHIMATBLHON SMbI. BBUIYy Manoro paspemeHus puc.
2 Ha HeM ocHWUIINUMH B 3(PQEKTUBHON MOTEHIMAIBHOW sMe He3aMmeTHBI. l[locie 3axBara
YaCTHUIBl BOJHON TPAaeKTOpPHUS M300pakarolield TOYKU M0 CHUPAIA MEJICHHO NMPHOIMKAeTCs K
0c000i1 Touke TUNa yCTOWYUBBIA (POKyC. DTOT MPOLECC HAIJISIIHO BUAEH HA KPUBOH puc. 3, T1e
rmokasaHa (azoBasi INIOCKOCTh CHCTEMbI ISl HHTepBana BpeMeri (5.44 - 5.8)-10%.

®(1) T = 54400, 54401 .. 53000

01—

-0.05 —

¥ ()

| | | | |
015
53942 10° 530425 10 53943 10" 539435 10% 53044 107
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Puc. 3. Tpaekropus n3o0paxkaromieil TOYKd B OKPECTHOCTH yCTOHYHMBOTO (poKyca.

Pacuersr st apyrux 3HAUEHMM TApaMeTpOB  3a/layd  JAIOT  aHAJIOTUYHBIC
pe3yibTaThl. PacCMOTpeHbl JUHAMHUKA JTAHHOW CUCTEMbI IMPU HAIIMYMWKA B Ha4aJlb-HbIN
MOMEHT BpPEMEHHU OTCTPOMKH OT YEPEHKOBCKOIO PE30HAHCAa YaCTUIBI C BOJHOIA.
CoryacHo pacueTaMm TIOCIIE CEpPHHM IUKIOTPOHHBIX OOOPOTOB 3apsiia BO3HUKAIOT
YEpEHKOBCKHI pe30HAHC, OnmarompusTHas A 3axBaTa (haza BOJIHBI Ha TPACKTOPUHU
YaCTHIIBI U peann3yercs cepdoTpoHHOE yeKopeHrue. OHAKO 3aMEeTHM, YTO TPU OOJBIITHX
MPOJIOJLHBIX UMITYJIBCAX 3JIEKTPOHA 3aXBAT IMPOUMCXOIUT HA OYCHH OOJIBIITUX BpEMEHAX.

[IpoBeneHHOE HccneI0OBaHUE IPEICTABISET MHTEPEC Ul KOPPEKTHOM HHTEpIpETaluu
OKCHEPUMEHTAJIbHBIX JAHHBIX [0 PETUCTpPAllMd IOTOKOB PENATUBUCTCKUX YacTHUI] B
KOCMUYECKUX YCIOBHUSIX BKJIIOYas OKOJIO3EMHOE IPOCTPAHCTBO, A TaKXKe A OObSICHEHMS
PErUCTPUPYEMBIX 3KCIIEPUMEHTAIBHO OCOOEHHOCTEN B CIIEKTPaX KOCMUYECKUX JTydeil.
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HUCCJEIOBAHUE TOYHBIX YPABHEHUM IBUKEHUSA YACTHIIBI
B QJIEKTPOMAI'HUTHOM ITIOJIE

E.A. Copokuna, H.A. Mapycos
Poccwuiickuii yHuBepcuTeT ApyxObl Hapo 0B, Mocksa, Poccust
HUL “KypuaToBckuii UHCTUTYT”
sorokina.ekaterina@gmail.com
nn.marusov(@gmail.com

Jliist uccienoBaHus ABMKCHUS 3aPSKECHHBIX YaCTHIL B SJICKTPOMArHUTHOM T10J1€
npuMeHsieTcs opetighosas meopus. JlanHas paboTa MOCBAIIEHA aTbTEPHATUBHOMY TTOIXO0TY K
3a/1a4e O ABMKCHHUH YaCTHUII, KOTOPBINA MO3BOJIUT PACHIMPHUTH KIIACC MOJICH, a TAK)KE PACCUUTATh
MOTIPABKH K KJIACCHUYECKOH IpeiioBOii TEOPUH.

YpaBHEHHE IBIKEHUS BEAYIIETO IICHTPA B IPEHPOBOM MPHUOIMIKEHUN UMEET BHI:

drs me vi VB
I < qam.» - s P - 1
ot =v,b 7 'E x B] EE (W X B}+2ﬂ[b>< B]+ﬂ[bx{bV}b] (1)

rev=vb+v,v, =(@Xxp,)Q&=—(Ze/mc)B p, =[vxQ]/Q°
W= I:C,:’sz[E X B], b= B/E, V|, V, — CKOPOCTH BJIOJIb ¥ NIOTIEPEK CHIIOBBIX JTMHHIH

MarHUTHOTO HOJIS COOTBETCTBEHHO, {) — MKIOTPOHHAs 4acTOTa, fF; — JTAPMOPOBCKHUIL paanyc.

[IepBeIil wieH B IpaBOii 4aCTH OTBEYAET 3a JABMKEHUE BEAYLIETO LHEHTPA BAOJIb CUIOBOW JIMHUU
MarHiTHOTO TIOJIsl, BTOPOU — 32 IBIKEHUE B CKPEIICHHBIX JICKTPOMArHUTHBIX MOJISIX
(a1exkmpuueckuii Opetigh), TpeTUI — ABMKCHUE TIOJT ICWCTBUEM CHIIBI MHEPIIUU, YETBEPTHINA U
MATHIN — IBIPKEHHE B HEOTHOPOTHOM MAarHUTHOM MOJIE (epaduenmmublii U YeHmpoOe#CHbll
Opeti¢h COOTBETCTBEHHO).

VYcnoBus NPUMEHUMOCTH:

1. Manoe u3MeHeHue MoJjeil Ha JIAPMOPOBCKOM pajinyce
|p,* VB| < B,|p, VE| <« E.

2. Cnaboe 3JIeKTpUUECKOE MoJjie

cE/B <« wv.
B xone paboThl OBUIO TOTYYCHO TOYHOE YPABHCHHUE TBUKCHUS
BEIYIIETO [IEHTPa MOCPEACTBOM PA3/ICICHHUS IBIKECHUS YaCTHUIIBI [
P
(PI/ICI) Y = Tri + pL'
JuddepeHuupys 1aHHOE BhIpaKEHUE IO BpEMEHH, IoJiaras uro: r,
/ r

Puc.1
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W axv1+28E 5 —[@xp,]
dt_ v m y P = P2l

rae (1 = Q(r,t), E = E(r,t), nonyunwm:

dry c mcfd /b mc[d /b
v e eSO e (3) e
ar PV D EX Bl = (3 ) v+ Ze [ \B ) <
mc[b

+m[«§><rd].

Boipaxkenue (2) sBisieTcsl TOUYHBIM YPaBHEHHEM JIBUKEHUS BEAYILETO LIEHTPa, [1paBasi 4acTh
KOTOPOTO, UMEET CXOXKYIO CTPYKTYPY ¢ ypaBHeHHEM (1), 0OTHAKO BKIFOYAET B ceOst

(2)

JOTIOJHUTEIIbHBIC [BA YJICHA.
B pabote paccMOTpeH JACTHBIH CT:I}"IBITI 00HOPOOHO20 CMAYUOHAPHO20 MATHUTHOTO
HOJISL U OOHOPOOHO20 HECMAYUOHAPHO20 DIEKTPUIECKOTO
nonsi: E = E(t), B = const, E L B. Torna ypaHenue (2) 3anichIBacTCS B CIEIYIONIEM
BH/JIC:
dry, ¢ m

cfb
HZF[EXB] +ﬂ[§><l‘dl. (3)

B kauectBe pemienus ypaBHeHus (3) MOXKHO 3anmucaTh (PYHKIIMOHAIBHBIA Psijl, TOJY4YECHHBIN TPU
IIOMOILM UTEPALMOHHOM MPOLEAYPBI:
}- (4)

Oco0mIi HHTCPCC IJId UCCIICAOBaHUA MTPCACTABIIAIOT IOJIA, ICPUOJUICCKH MCHAIOIIUCCA CO

ExB

= +
dt zZe Q20 | den+t mc |dt®

n=0

dl‘é B ?’TICZ = (”’"ljn{ d:{m-:t Ze [dZ?!

BpemeHeM. Eciu none E 3aBuCUT OT BpeMeHH 10 3aKOHY CHHYCa WJIM KOCUHYCA, TO psia (4)
UMeeT BUA:

dry mcgi m:“{dE+ Ze Ex B]} s
dt  Ze a0 ldt  me ' ©)

n=0

rae () — vacrora noist. Ecnn /() << 1, Toraa psin (5) cxomutes, u ero cymma paBHa:

dr, mc? 0 (dE Ze
)

dt  Ze 02 —w?ldt  me

B BrIpakenuu (6) nosBsercs nonpapounsiii kodddumuent 1/(Q? — w?), koTopsIii mo3BoseT

MCII0JIb30BATH I0JI1 C HEOJHOPOIHOCTBIO NOPAOKA YUKIOMPOHHOU 4aCmOmyl, 3HAUUTEIBHO
pacimpsisi KJIacc TOJIeH, He PeyCMOTPEHHBIX KIIACCHYeCKO! apei(hoBOi TeOpHEH.



CEKL{UFI «Pu3uKa Naa3mel U 83aumodeticmsue 31eKMPOMA2HUMHO20 U3/Y4HEeHUSA C 8eUecmaeom» 139

3axtoueHue: PaccMOTpeHHBIH TpUMEp HATJIAHO WILTIOCTPUPYET PE3YIbTAaThl IPUMEHEHUS
JTAHHOT'O METOJa, KOTOPBIM MOYKHO MCIIOJIb30BaTh KaK JUIs pacyera MOMPaBOK K KIAaCCUYECKON
TEOPHUH, TAK U B KAUECTBE AIIbTEPHATUBHOIO MTOAXO0AA K UCCIIEIOBAHUIO JIBHKEHUS BEYILETO
LIEHTpa.
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O IIPUYMHE U3JIOMA B CIEKTPAX KOCMHUYECKHX JIYUEH ITIPOTOHOB "
AAEP I'EJIUSA OKOJIO ~230 I'B

Jlo3nukos B.M. 1), Epoxun H.C. 1’2), 3onsaukoBa H. H. 1), Muxaitnosekas JLA."

"ON THE REASON OF BREAKING IN COSMIC RAYS SPECTRA OF PROTONS AND
HELIUM NUCLEI NEARBY ~230 GV”

Loznikov V.M.", Erokhin N.S."?, Zolnikova N.N.", Mikhailovskaya L.AD

I)I/IHCTI/ITyT KocMuueckux uccaenosanuii PAH, MockBa, Poccust
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e-mail: vloznikov@yandex.ru

Abstract

For the description of cosmic rays spectra of protons and helium (p and He) (in the range of ~30
+2-10° GV) suggested the ternary phenomenological model. The first component correspond to
constant background, the second component correspond to variable heliospheric source
(existing at the periphery of the heliospere beyond of TS), the third component correspond to
nearby variable Galactic source (hypothetically located near the border of the local interstellar
cloud (LIC) at the distance ~0.01 pc from the Sun). For existence and variability of both sources
fits corresponding surfatron accelerators, for operation of which it takes existing the region with
almost uniform and constant in magnitude and direction magnetic field, orthogonally (or under
some angle) to which propagates plasma waves. Existing and location of the breaking in the
energetic spectra of p and He (nearby ~230 GV) depends on the relationship between the values
and indexes of the background, “soft” heliospheric source and “hard” nearby Galactic source.
Formation harder spectrum of He comparatively to spectrum of p explained by that surfatron
mechanism more effectively accelerates particles with major charge and capture of charged
particles by plasma wave is more effective for particles with minor mass.

BBEJIEHUE

Ota paboTa MOCBSIIEHA MCCIEAOBAHNUIO NIEPEMEHHOCTH CIIEKTPOB KocMuueckux jtydei KJI
npotoroB (p) u sgep remus (He) B mmamasone ~30 + 2:10° I'B. M3 GOIBIIOro KOJMYECTBA
HKCTIIEPUMEHTOB ObUIHM 0TOOpaHbI TpH HanboJee cuiibHO paznuyatontrecs cnekrpa KJI (p u He) B
TsB-Ho#t obnactu sHepruil. Ilockonbky uccienoBanuio nepemMeHHocTH B ['3B-HOM oOmactu



CEKL{UFI «Pu3uKa Naa3mel U 83aumodeticmsue 31eKMPOMA2HUMHO20 U3/Y4HEeHUSA C 8eUecmaeom» 141

SHEepruil OblIa MOCBSIICHA HAama Mpeapiaymas padota [1], To B 3ToW 00JiacTH SHEPTUN MBI
OTPaHUYUIINCH BBIOOPOM TOJIBKO JABYX ONMM3KHUX CIIEKTPOB.

Cnexrpometp 3apsbkeHHbIX yacTul, PAMELA [2], ycraHOBIEHHBIM Ha cryTHUKe Pecypc-
JK1, u pabortaromuii B InpokoM auanasone 3Hepruil ~1+1000 I'3B, oOHapyxun 0coOEHHOCTh
(pe3kuil V-00pa3Hblii U37I0M) B CLIEKTPaxX IPOTOHOB (p) u renus (He) kocmuueckux ayueit (KJI),
n3MmepeHHbix B Teuenue 2006 — 2008 rr., B obmactu okono ~230 I'B (puc.1). Cnekrp nmoroka
npotoHoB KJI, uamepennsiii Ha 3.5 rona pansiie (B auanasone 50 I'B + 30 T>B) B 6amioHHOM
skcriepuMmente ATIC-2 [3] B Teuenue mecsina (B mepuon 12.2002 — 01.2003 rr.) yacTU4YHO
nepekppiBatoLuiicss co cnekrpoM PAMELA, Taxke XOpOLIO ONUCHIBAET ATY OCOOEHHOCThb, U

COTJIACyeTCsl TAaKKe CO CHEKTpoM OammoHHOro skcnepumenta BESS-Tel [4], mpoBeneHHOTO
08.2002 r.

Onnako, B crnekrpe ATIC-2 sipep He sta ocobennocts He BumHa. Cnektpsl ATIC-2 n
PAMELA cosnapatot nuib B obnactu >300 B, a naknon cnekrpa AT/C-2 yBenuuuBaeTcs
iaBHoO (6e3 u3noma) B oomactu >200 I'9B (puc.1).

Cuextpst ATIC-2 anep He B o6nactu <300 ['5B nyuiie cornacyrores (uist 11a3) €O CHEKTPOM
OaimonHoro skcnepumenta BESS-Tel (08.2002 r.), 4ro BroJiHe OOBSICHUMO, T.K. pa3HULA BO
BPEMEHM IPOBEJICHUS ITHX JKCIIEPUMEHTOB HauMeHbllas (~4 MmecsueB). Tem He MeHee, Kak
OyZIeT Moka3aHO HMXKE, COIJlacue MexXay crnekTpamu suep He u B skcnepumentax ATIC-2 un
PAMELA Taxxe BIIOJIHE YAOBIETBOPUTEIbHOE. DHEPreTUUECKUE CIEKTPHI p U He, n3MepeHHbIE
(B nuamazone 2.5 + 250 T»>B) B 6amnonnom skcniepumente CREAM [5, 6] B TeueHue mecsna (B
nepuon 12.2004 — 01.2005 rr., Ha 1.5 rona pasbiie sxcnepumenta PAMELA), kK coXaleHuto, He

nepekpbIBatoTcs co crnekrpamu PAMELA, HO XOpoWIO JIOXAaTcsi Ha IMPOJOJDKEHHE CIEKTPOB
PAMELA wn BESS-TeV.

JIJist IIUTFOCTpAalliY CYIIECTBOBAHUS MIEPEMEHHOCTH B dHEpreTudeckom auamnazone > 1 ToB u
yKa3aHUs Ha BO3MOYKHOCTh 3HAYCHHS CTEIIEHHOTO WHIeKca (oHa ~2.75 Ha puc.l mpuBeACHBI
Taoke (B mKkane Flux*R*") nanuble 6amwtonHoro sxcepumenta RUNJOB [7, 6] usmepeHtsie (B
nuanaszone 10 + 1000 T>B) B reuenue 10 mosieroB B nepuoa 1995 — 1999 rr.

10* |-

R275, Flux (m?2 s1s1Gv170)

102 L
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Puc. 1.

Crekrpsl motokoB KJI (p u He). Tlo ocu aGcruce — )KecTKOCTh R B TUTaBOJIbTax [R=p+c /Z =
(T1<in/Z)~(1+2-Mc2 /Tin)"*]; mo ocH OPJAUHAT — CIEKTP YMHOKEHHBIN Ha JKECTKOCTh B CTEIIEHU
2.75. Cnextpsl He ymMmHOXKeHBI Ha kK03 duuuent 0.4.

PAMELA: pomOuku, 3arioiHEHHBIE ClipaBa — (p), cieBa — (He);
BESS-TeV: xpyX0OuKH, 3all0JIHEHHBIE — (p), HE3aIl0JHEHHbIE — (He);
ATIC-2: KpyK04KH, 3aII0JJHEHHBIE CBEPXY — (p), cHU3Y — (He);
CREAM: TpeyrojlbHUKH, BEPIINHON BBEPX — (p), BHU3 — (He);

RUNJOB: nmocuku — (p), kpectsl — (He).

MOJEJIb

Jlna onucanua HaOmomaeMbix crektpoB KJI p u He mpemiaraercss TpeXKOMIIOHEHTHas
(eHOMeHOIOrYeCKast MOJIETb, B COOTBETCTBUU ¢ KOTOpoi moTok KJI s koMnoHeHTs! (j = p,
He) paseH Fy= Fpp + Fsupy + FSGO) IlepBast KoMnoOHeHTa Fpj COOTBETCTBYET MOCTOSTHHOMY
creneHHOMY ¢GoHY Fpp= BO) EP7 ¢ BenmummO#i CIEKTpambHOrO HMHIEKCA Bi. Bropas
KOMIIOHEHTa COOTBeTCTByeT MﬂFKOMy” CTENEHHOMY HCTOYHUKY Fyy; Ha nepudepun
reocdeps! Fsyg = Sug): EH0.-oxp(- E/Ecng) ¢ obpe3anueM Ha 3Hepruu Ecyjy ~1 TaB. Tperbs
KOMIIOHEHTa COOTBETCTBYET “9KECTKOMY  OJIM3KOMY TallakKTHUECKOMY UCTOUYHUKY Fsg) = SggE
“GO)-exp(—E/ECG@) c obpezannem Ha oHeprun Ecgy ~1000 TaB, npeamonokxuTesnbHO
HaxoJsIeMycs BOJIM3H IPaHUIbl MECTHOTO Mek3Be3iHoro obiaaka MMO (LIC).

Frocyon -
<::> % Sirius 1 parsec
Puc. 2.

http://en.wikipedia.org/wiki/File:The Local Interstellar Cloud and neighboring G-
cloud complex.gif
Kapra, nokassiBaromias pacmonoxenue Conana Bomu3u kpas MMO.

OBCYXJIEHHE
IIpennoskeHa TpeXKOMIOHEHTHAs ()eHOMEHOJIOrHYecKas Mojenb Fj= F) BO) + Fsugp + Fscgp).
Cymma noctostHHOTO (poHa Fpj U ABYX CTENEHHBIX KPUBBIX (Fsup= Sk E° exp( E/Ecug) u

Fsop = Sci-E ™ exp(-E/Ecgg)) ¢ pasHBIME BHICOKOSHEPrudHBIME oOpesanusmu (Ecyj) W
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Eccg) ¢ pasabiMu nHaekcamu HakinoHa (aH(j) u aG(j)) u ¢ pasabiMu amrumtyaaMu (Sug 4 Sgg)),
COOTBETCTBEHHO, (A1 Kaxa0M KOMIOHEHTHI (j = p, He) KJI) MoxkeT onucath U 00bSICHUTH Kak
BO3MOYHOCTB IMOSIBJIEHUS PE3KOT0 U3JIOMa B CHEKTpax (p U He), Tak U BO3MOKHOCTh MOSIBICHUS
MJIaBHOTO Teperuoa.

Bennuunsl napamerpos obpesanus (Ecygp U Ecgg)) cuibHO pasnuydatorces: Ecpg ~100 I'B, a
EcGy =100 TB. D10 cBs3aHO C pasHBIMU pa3MepamMu oOnacTedf, B KOTOPHIX pPabOTaroT
“cepdOTpOHHBIE YCKOPHUTENH , OTBEYAIOIIME 3a TEHEpaluio MepeMeHHbIX KommoHeHT KIJI.
I'enmnocdepuslii “cepdoTpoHHBIN yckopuTens Fsy; HaxoauTcs B obmactu Mexnay 7S u HP ¢
pamuycom ~100-200 AU. bnuskuii ramaktuueckuil “cepOTpOHHBIA yckopuTenb Fsgj ©
panuycom ~2:10* AU (~0.1 nk), BOu3u rpanunitl MMO, KoTopasi HAaXOAUTCS Ha PacCTOSTHUU
~2:10° AU (~0.01 nx) ot Connua.

N3 »sKkcnepuMEHTANbHBIX JAHHBIX CJIEAYET, 4YTO XapaKTEpHOE BpeMs IEPEMEHHOCTU
“MATKOT0” HMCTOYHMKA MOPSAJKA HECKOJBKMX MECALIEB, a ‘“YKECTKOTO’ HCTOYHHUKA, — IMOPsAKa
HECKOJIbKUX JIeT. Takue XapaKTepHble BPEMEHA BIIOJHE MOI'YT COOTBETCTBOBAaTb ‘‘MATKOMY’
remmocEepHOMY UCTOYHUKY, KOTOPBIH HAXOAUTCS 32 yIapHOU BOHOM comHewHoro BeTpa (TS), u
“KecTKoMY”’ OJHM3KOMY TaJaKTHYECKOMY HMCTOYHUKY, MPEIINOIOKUTEIFHO HAXOAAIIEeMYCs
BOM3u rpanuibl MMO Ha paccrosinun ot Connua ~0.01 k.

MBpI 1aeM TOJBKO Ka4yeCTBEHHOE 0OBSICHEHNE Pa3iIMyKsl B CTENICHHBIX HHJIEKCaX CIIEKTPOB p U
He KJI, a KOMUYeCTBEHHBIE OIICHKH — TpeaMeT Oymymux crareid. [IpuumHa Oojee KeCTKOM
BEIIMYUHBI UHACKCA Uit He B ToM, uTo oxaHa U Ta xe DJ[C (B cucreMe oTcyeTa BOJIHBI) Oojice
3pPeKTHBHO ycKopseT siapa He, >MEKTpUYECKUM 3apsa KOTOPBHIX B 2 pasa OoJjblie 3apsiaa
IIPOTOHA.
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Ob OIIMCAHUA MOIIHOTI'O JIABEPHOI'O U3JIYUEHUSA
ON THE DESCRIPTION OF INTENSE LASER RADIATION

B.II. Muantses, f.H. [laap
V.P. Milant’ev and Ya.N. Shaar

Poccwuiickuii yHuBepcuTeT ApyxObl Hapo 0B, MockBa, Poccust
Peoples’ Friendship University of Russia, Moscow, Russia

B kBa3znonTHUeCKOM MPUOIMKEHHH HEMOCPEACTBEHHO C IMOMOIIBIO MapaboMuecKoro
ypaBHEHHUsI MOJYYCHBI BRIPAKEHUS JIJIsl BEKTOPOB I0JISI MOIIHOTO JIA3€PHOTO HMITYJIbCA.

In the quasioptical approximation the expressions for the vectors of the field of intense
laser pulse are obtained with the help of parabolic equation.

B uccrieoBaHusaX ABMKEHUS 3apSDKEHHBIX YAaCTHIL B MTOJIC JIA3EPHOTO U3TyUCHHS BOKHYIO
pOJIb UrpaeT aJIeKBaTHOE 3aJIaHKe BEKTOPOB MOJIsL. JTa mpoliieMa paccMaTpuBaliach, HaIIpUMep,
B pabotax [1, 2]. TlockoJibKy MOIIHOE JIa3epHOE U3ITYYCHHUE SBIISICTCS UMIYJIbCHBIM, TO €TO
OMKCaHKUE JOJDKHO OMPEICNIATHCSA pa3MepoM (DOKAILHOTO MATHA M JUIUTEILHOCTHIO MUMITYJIbCA.
Ecimu pa3smep (okanbHOrO mMiTHA @, HA3bIBACMBIH CY)KEHHEM JIA3€PHOTO Iy4dKa, HAMHOTO
NPEBOCXOAUT JUIMHY BOJHBI A, TO JIa3epHOE M3JIyYCHHE JAOCTATOYHO XOPOILO OTHCHIBACTCS B
NapakCHaJIbHOM  KBA3WONTHYECKOM  MpUONMXKEeHMH. B 3TOM  ciiyuae  XapaKTEpHBIH
nudpakunoHHbld yroi U cumtaercs nocrarouHo manbeiM [3]: = A, /ma = afzp << 1. 3aece
zp = kya®/2 — poneeBckas mMHA, ONpeeNAONIas AU(PPAKIHOHHOE PACIUIBIBAHME BOJHOBOTO
nyuka, kg = 2m/A, = w,/c - BomHOBOe wumcno. Takum 00pa3oM, B MMapaKCHATLHOM
NpUOIMKCHUH CYIIECTBYET MaJIblii TapaMeTp:

u=2kym < 1, (1)
npu dtoM a/zp = . C WCHoiab30BaHHEM TOAOOHOTO MapamMeTrpa BO3MOXKHO OIHCAHUE
(PEMTOCEKYHIHBIX HMITYIbCOB C HHTEHCHBHOCTBIO okono 10'® Br/em? [1].

B caysae ocTpo CQOKYCHPOBAaHHOTO  JIa3€PHOTO  M3JIy4eHHS] C  OTPOMHOM
MHTEHCHBHOCTBIO mopsiaka 10°% Br/cM” 1 BhIme pasMep (pOKATBHOTO MSTHA MOXKET ObITh MEHbIIE
JUTHHBI BOJTHEI [2]. B aTOM cityuae mapameTtp (1) He Man, Tak 4TO MapakCHAILHOE IPUOIIKEHUE
HENIPUMEHHUMO, W OTIMCAHHE JIA3€PHOTO U3MYYeHHS TPeOyeT 0co00To moaxoaa.

B nannoi#t pabore paccMaTpuBaercs Moje MOIIHOTO Ja3epHOTO HM3IYyYEHHs] B paMKax

napakcuaibHOrO npuOmmkeHus. B ommuue ot [1] 06cyknaioTcst pa3ivuyHble cliydad MajloCTH
JUTMHBI BOJIHBI TIO CPABHEHHIO C JUTUTEIIBHOCTHIO UMITYJILCA U PACCMATPUBAIOTCS TAyCCOBBI MTyYKH
MPOU3BOJIBHOM MOJbl KpPYyroBoM mnosisipu3anuu. Kpome TOro, BEKTOpPbI MOJS HAXOAATCS
HEMOCPEACTBEHHO C  TOMOLIbI0  MapaboIM4ecKoro  ypaBHEHHS B KBa3HONTHYECKOM
IpUOIMIKEHUU.

EyI[eM ONMUCBIBATHL JIa3€pHOC HU3JIYYCHHMC B BaKyymM€ C IIOMOIIBKO BCKTOPOB
HanpsbkenHocreil mons E(r,t) u B(r,t). Dnexrpuueckoe nosne E(r,t) ymoBierBopser

BOJIHOBOMY YpPaBHEHUIO:
1 3°E

AE-=2Z=19 )

o2 ar?
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IPU YCIIOBUHU
divE = 0. (2a)

Bynem cuutarth, 4TO W3NIy4eHHE PACHPOCTPAHSETCS B HANPABICHUU OCHU Z, M BEKTOP
HAIPSHKEHHOCTH DJICKTPUYECKOTO MOJIS 3aBUCHT OT «OBICTPOrO» BpeMeHH T =t —z/fc u
Oe3pasmepHOoro mapamerpa ¢ = (t— z/c)/Ai, onpemeNsOUICT0 WMITYJIbCHBIA XapakKTep
msnyuenust: E(r,t) = E(r,1,¢). 30ech At — IIMTENBHOCTh UMITYIIbCa. [IpencTaBUM BEKTOP
E(r,7,0) B Buze pasnoxenus Oypbe no «OLICTPOMY» BPEMEHH:

E(r,t,o0) = (2n) ' [dw E_(r,a) exp (—iwT). 3)
[loacrasinss (3) B BOJIHOBOE ypaBHEHUE (2), mostydyaeM ypaBHeHUE 111 Pypbe-aMIIUTY]
E, (r,0):
z 8%E,

. 8E, , °E, I _
ﬁ_Em‘FZLkE‘F Py 0

cAt dedz

3nece A, — omeparop Jlammaca mo momepedHbIM KoopauHaram (x,v). YToObI ONpeneinTh
OTHOCHUTEIIBHBIN MOPSIIOK WICHOB 3TOTO YpaBHEHHUS, BBElIeM Oe3pa3MepHBIC MPOCTPAHCTBEHHBIE
xoopauHatel (X,¥,Z) = (x/fa, v/a, z/zz). Torga ypaBuenue s Pypbe-aMILIMTY] BEKTOpa
HANPSDKEHHOCTEH MPUHUMACT BH/I:

3E . 8%F 21, 8'E
AE +4i—=24 o _—2_—a=y
- + wy 8Z + H aze mcht dodZ : (4)
3nech  w, — HecylLlad 4acTOTa lasepHoro mMmynsca, A, — oneparop Jlammaca 1o

noTepevHbIM KoopauHaTam (X, ¥). BuaHo, uTo TpeTuii WwieH B ypaBHEHUH (4) SBJIAETCS MajbIM
BTOPOTO TOPSJIKA U B HYJIEBOM NPUOIMKEHUH MOXKET ObITh OmylieH. Posb mocieaHero wieHa
CYIIECTBEHHO  3aBUCHUT OT JUIMTENBHOCTH  paccMaTpuBaeMoro  umimynasca.  OObIdHO
npeanonaraercs [1], 4To IMHA UMITYJIbCca MPEBOCXOIUT JUIMHY BOJIHBI Ag/cht << 1, wn,
SKBUBAJICHTHO, YTO JUIUTEIBHOCTD UMITYJIbCA MPEBBIMIACT MEPHO]] OBICTPBIX KosieOaHuid At > T.
IIpy 3TOM HOPSAIOK MANOCTH HE KOHKPETH3MpYyeTcs. EciM 3TOT uieH mOpsaka p° MM MEHbIIE,
TO 3TO COOTBETCTBYET JOCTATOYHO JUIMHHBIM MMIIYJIbCaM C MPOTSHKEHHOCTbIO cAt = 2zg.
Hanpumep, npu umHe BOJHBI Ag = 1um u cyxeHun @ = 10 um JUIMTENBHOCTh HMITYJIbCA
At = 2 ps. B 3TOM cilydae nocineaHUN 4ieH B ypaBHEHUM (4) He BiauseT Ha 3BoJionuio Dypbe-
aMIUIMTYZ HyJeBoro npuOmmkenus. Toraa BEKTOPhI MOJI MOKHO HAalTH B BUJIE Pa3JI0KEHUH 1O
YEeTHBIM CTereHaM napamerpa i E,, = E) + p”EZ 4+ -,

Ecnu nmocnennuil wieH B ypaBHEHMU (4) sBJSIETCS MajblM MOpSAKa i, TO B HYJIEBOM
npUOIMKEHUN OH TaK)Ke MOKET ObITh OmyIleH. B 3ToM ciydae MMITyJabChl MOTYT OBITH Oojiee
kopotkumu: cAt ¥ 2a . Hanpumep, npu a = 10 ym mmmrensHOCTs MMIybca At % 60 fs.
NMnynbcel Takoil AJUTENBHOCTH JIETKO T'€HEPUPYIOTCS COBPEMEHHBIMU MOILHBIMH JIa3€paMu.
Torga BeKkTOpsl MO MPEACTABIAIOTCS B BHUJAE  IOCIEAOBATEIBHBIX  PA3JIOKEHUIL:
E, = Ej +pE, + 0B + .

B ciiyuae ynpTpakoOpOTKHX MMITYJIBCOB, KOTJa UX JUIMHA ciAt * 24, /m, mocnenHuil wieH
B YpaBHEHMM (4) CTAaHOBUTCA CpPAaBHHMBIM C OCHOBHBIMHM YJIE€HAMU U YpPAaBHEHUE HYJIEBOIO
NpUONIMKEHNs. CYILIECTBEHHO YycnoxHseTcsa. OnHako, B 3TOM Clydae CcaMO HapaKCUaIbHOE
IpUOIMKEHNE CTAHOBUTCSA HEIPUMEHHUMBIM.

TakuMm 00pa3om, onyckasi B HyJIEBOM NMPHUOIMKEHUU MOCIEIHUN WieH B ypaBHEHUH (4),
MO>KHO OIHCHIBaTh MOIIIHOE JIA3€PHOE U3JIyYEHUE B BUJIE 1OCTATOYHO KOPOTKUX UMITYJILCOB.

B HyseBOM NpUOIMKEHUH TOJIE J1a3epHoro usiydenus E, MoskHO paccmaTpuBath B BUIE
TIOTIEPEUHBIX DJIEKTPOMATHUTHEIX BONH. IlostomMy Bektop EY mMeer Tombko momepeunsie
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KOMIOHEHTHI E° = E° |, a npo/IoJibHast COCTABIIAIOIIAs B HYJIEBOM MPUOIMKEHUH OTCYTCTBYET:
EP_ = 0. B obuiemM, ypaBHeHue (4) OMMCHIBAET JIMILb MOIEPEUHbIE COCTaBsIOmUe BekTopa E
HC TOJIBKO B HYJICBOM, HO U B INOCICAYIOIUX HpI/I6JII/I)KCHI/I$IX. OTO CBA3aHO C TEM, 4YTO OOJDKHO
BBIIIOJIHATHCS ypaBHEHHE (2a). I3 3TOro ypaBHEHMs NpHU 3aJaHHBIX [TONEPEUYHBIX KOMIOHEHTaX
Iocjaca0BaTCIIbHBIMU HpI/I6JII/I)KCHI/I$IMI/I MOKHO OIPCACTIUTh IMPOAOJIbHBIC KOMIIOHCHTBI BEKTOPA
E_(r.o).

Takum 00pasom, coriacHo (4) Bekrop E°,, B HYJIEBOM MPUOIMKCHHH OMHCHIBAETCS
1apaboJINYECKUM YPAaBHEHUEM:

w JE°

AEY, +4i———
- w, 0Z

Orciofa BMIHO, YTO KOOPAMHATHl M UMITYJILCHBIA IIapaMerp pasfelsiorcs, TaK 4YTO BEKTOP

E° (r,0) wmoxuo mupencrasute B Buge EC, (r.c) = E_ (r)f(c), roe oysxmma F(o)

onpenensier (opmy wmmmyinsca [1, 2]. ®@yukuus f(o) Moker 3amaBaThCs [MO-pasHOMY.

Harnpumep, B pabote [1] npunumaercs, uto: f(o) = cos®w(t — z/c) /24t
B akcuanbHO-CUMMETPHUYHOM Clyyae BBIITMCAHHOE YPAaBHEHUE MMEET PEIICHUE B BUJC
rayccoBa Imy4ka #m —oi Mol [3]:

o P % el
o g0 ) = Eom(0)r(e)
Eor 2 Eouim(r2,0) = o=

3nece E° (0)— ammmtyna mons B Qokyce Ha oOcH Tydka (OCH Z), Iapamerp
{ =p*/(1+iZwy/w), p =7/a, r — paccTosHue OT ocu myuka, L, ({)— monunom Jlareppa

L,.({) exp (~0).

nopsiika m. [lomunaombl L, ({] 06pa3syioT OpTOHOPMHPOBAHHYIO CHCTEMY (YHKIIHI C BECOM
exp (—0) [3].

Ecnu gacToTHBINA cnekTp uMmynbca A SBISIETCS TOCTATOYHO Y3KUM (4w fwy << 1), TO
Dypbe-ammuutyasl E° | MMEIOT OCTPBIi MakCHMyM BOJIM3M HECYIIEHW 4YacTOThl wgy. Toraa
NOTEPEYHbIE KOMIIOHEHTHI M0JIs U3JTy4eHHs (3) MOXKHO MPEACTAaBUTh B BUJE:

E(r,1,0) = Egn_m(r,zjf(cr]exp (—lew,T) + c.c.
3neck c. c. 0003HaYaET KOMIIJIEKCHOE CONPSIKEHNUE.

3anuiueM BbIpaXKEHHUE AJIS MONEPEYHBIX KOMIIOHEHTOB IEKTPUYECKOTO MOJI U3IYUEHHUSI
B DKBHBAJICHTHOU (popme (OImyckasi Bce UHACKCHI):

E(r,7,0) = f(0){En(r,2)/2}exp (i) + c.c. 5)

T'IC KOMIUICKCHAA aMIUIUTyda T — oM MOAbI

‘Mlm{@'}exp (-p* /(1 +Z9), (5a)

daza
Yo = 0+ pZ/(1+ZH— (m+ 1y, (50)
8 =wy(z/c—t), y=arctgZ
[MonuuoM Jlareppa mopsiika 2, B o0miem, omnpeaesnsercs GopMyioi [4]:
(1T (m+ 1) -
=il (s+1T(m—-s+1)
rae I'(m) — ramma-QyHKIus.

L(Q) =
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©—exp(—iy) SBISETCS KOMILICKCHBIM, TO B KAXIOM

ITockobKy apryment § = P

yieHe mnonuHOMa Jlareppa comepxutcs (a3oBeiii  MHOXuUTENb. llostomy dopmymy (5)
HEO0OXO0IMMO YTOUYHUTH!

E(r,z,1,0) = f(0) ZTo{E s (r 2) 2} explivy,,.) + c.c. (6)
3;[er BBCACHBI ﬂeﬁCTBHTeHBHBIe aMHJII/ITYI[BI:
_ E,, (0) (=1°T® (m+1) o> a o
Ems{r’z} - .-:“,z:-';;f.'r.-;. o :—1,-:;,1-,1}‘-,-:”1,,5_:1:, {1423)53 exp {""10 Kfl +Z ,]'}; (68.)
dassr:
Yone = Y — 51 (66)

Paccmotpum Teneps ypaBHeHue (2a), mpearnosarasi, 4ro MPOJOJIbHAs COCTaBIISIONIAS
BEKTOpa HAIIPSHKEHHOCTH M0JIs1 UMEET BUJ, aHAJIOTMUHBIH (6):

V E p tiE "V ¥, e ik{l L O(JL‘:}}E:%M = 0. (7

Loz L¥ms 3z

OTCIOI[a CJICaAyCT, 4TO MHOpOoA0JibHAd COCTaBJIAIOIIAass BCKTOpaA SABJIACTCA BEIIMYHUHOM nepBoro

nopsAaaka v mpeacTaBIsACTCA B BUIC:
E:J'u [:I”.Z, t) = Z?ﬁ 0‘{5;’15 (T*Z' ET),"E} exp(i:;"ms) Ty (8)
T'IC KOMIUICKCHBIC aMIUIATYAbI

i .
Eju :;{E_ ’ E?‘Cﬂj‘ +LE?‘J‘13 . E_¢m}-
Bynem nanee paccMarpuBarh H3JIydeHHE KpPYroBOM mmojspusanuud. B stom ciydae

COTJIACHO (6) MOKHO TMOJIOKUTH:
E® (v,z,t) = f(o) XM, E, . (r,2) siny__,

ES,,(+,2,8) = f(0) Elg By (r,2) cOS Y. ©)
JlelicTBUTENbHbBIE aMILIUTY bl E, (7, z) ompenenstorcs popMynoi (6a).

BripaskeHue Ju1si TpOI0JILHOM COCTABIISIONIEH BEKTOpA B TIEPBOM MPUOIMIKCHHUH CIICTYET
u3 (7) c yuerom (8):

E},. (r.z,t) = f(0) L of Ef e (v, 2) cOS WY, + ES, (v,2) siny,, ), (10)
rac
s 1(%Ems Sdm = — _1(8En: Sdm
ims k( fx Epns dy )’ Eams kS dv Eoms B ) (10a)

B cinydae ¢peMTOCEKYHIHBIX MUMIYJILCOB W3 ypaBHEHUs (4) CIeAyeT, 4TO B TIEPBOM
NpUOJIM)KEHUH BO3HUKAIOT TMOMPAaBKM TakKe K IMONEPEYHbIM KOMIIOHEHTaM BEKTOpa

HAIMpsA’KCHHOCTU 3JICKTPUUCCKOT'O IOJIA. Ot MOIIpaBKH OMPCACIIAOTCA YPAaBHCHUCM:

AEL 44 %e _ 2h o) 08, _ g (11)

Ecnu Bektop EY | OMKUCHIBAET rayccoB My40K OCHOBHOW MOJIBI, TO OTCIO/Ia MOKHO HAMTH:
| O Fom ™ £ 0
Ay "Ew(ﬂ_}f (o)

E! (rz,t) =— z-= -
e ? 2mecAt (1 +iZ)°

(1 =) exp(—{ +i6).

B skBuBanenTHo# dopme:

Ay EL(0)fT(o) | P

Z V(1 —p) + Zexp| — —— |expiy,
2mwelt [1*2"}3“'W( P%) exp( 1*3"_)8'{}”11&

El (rzt) =—

(12)

rae dasa
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Y=0-3y+p*/(1+Z%) +arctgZ/(1—p*)+an(1-pY),

n(x) — crynenuaras ynxuust Xesucaiina, f (¢) = z—i, napametp { = p*/(1+iZ). B yacTHOM
clydae MMIyIbca, 3ajaBaeMoro B Buje fl(o) =cos®[m(t —z/c)/2At], dopmyna (12)
cosmagaer ¢ pesynsratom [1]. Eciu Bexrop EY_ onmceiBaeT rayccoB mydok IPOM3BOJIBHOM

MOJIBI 712, TO monpaBKa E 1, HECKOIBKO YCIOXKHSCTCS:

RGBTAT . b
El (rzt) = ——2zm0W9,  (DYexp(—( + i6). (12a)

e e (1+:2)"

3nech L. (¢ ) — momunom Jlareppa nopsiaka m + 1.
KoMmoHeHThl BEKTOpa MHIYKIUH MAarHUTHOTO Touisi B (7,t) MOXHO HAaWTH C IMOMOIIBIO

138
ypaBHeHus: MakcBemia: rot E = — —a [IpencraBnsist Bekrop B(r,t) B Buge (3), yerko
I0Ka3aTh, 47O B HYJIEBOM IPUOIKEHHH: Bl (r.z.t) = —E}. (r.z1),

By (r.2,t) = Ep (r,z,t). Takue ke COOTHOICHHS MEXIy IOIEPEUHBIMH COCTABISIOLIMHU

BEKTOPOB JJICKTPUYECKOTO W MArHUTHOIO TMIOJIeH, XapakTepHbIe I IONEPEYHON BOJIHBI,
COXpAHSIFOTCSI W B cleAyromeM npuoOmmkenud. [Ipy 3TOM MpoONOJIbHAS —COCTABIISIFOIIAS

1 (8Emy  BEps
MarHUTHOTO TOJIsS BO3HUKAET JIMIIb B TIEPBOM Npubvkenuu: Bl = - (T-‘HL_ a—“‘) o0,
i x ¥

€CTeCTBEHHO, corjacyercs ¢ ypaBHeHuem divB =0. B ciydae wu3iIydeHUs Kpyrosoii
noisipuzanu  (9) TpoJoJIbHAS COCTABIIAIONIAs MAarHUTHOTO TIOJISi BOJIHBI  OTPEIENISIeTCs
dbopmymoii:

Eziw = f(o:} E.?; &{Bfm {.T‘, ‘E::j Cos U."m; + B.:Tm (‘J’",Zj sin wm: }a (13)
rac

z _ _1(0Ems 3bm z _— _1(%Ems Ibm

Ims — k Bx + Em oy J’ dma k( By Em dx M (133.)

3Hasi BEKTOPHI MOJIA HM3IYYCHHsI, MOXKHO Jajee HMCCIeN0BaTb OCOOCHHOCTH JBHIKEHHS
YacTHUIBI B TI0JI€ (DEMTOCEKYHIHBIX JIa3€PHBIX HMITYJIbCOB.
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Abstract

It is considered the dynamics of relativistic electrons capture with following surfatron
acceleration in space plasmas by electromagnetic wave. By usage of nonlinear, nonstationary
equation for the wave phase at the electron path the numerical calculations have been
performed under different values of wave phase at the particle trajectory (-7 < ¥Y(0) < n) . It
has been shown that for the large initial electron energy (y ~ 1000) its interaction with wave
results to the following. For the positive values of wave phase Y(0) the electron is trapped by
wave immediately but for negative values of wave phase ¥(0) the electron capture isn’t observed
for large enough times. The charge energy growth rate does not depend on wave electric field

amplitude. The analytical approximation for charge energy dependence on time during particle
acceleration is given.

BBenenune

HccnenoBanue mpoIieccoB reHepaIiui IOTOKOB PEISTUBUCTCKUX YaCTHUIT
OTHOCHUTCA K YUCIIY aKTyaJIbHBIX 3a1a4 (bl/ISI/IKI/I KOCMHYECKOH IJj1a3mMbl, HaIpUMEpP, OHO
MPEJICTaBISIET OOJIBIION HHTEPEC Il MOHMMAHUS HAOII0JaeMBIX XapaKTEPUCTUK
KOCMUYECKHX JTy4eid B actpodusuke. Panee [1-7] paccmarpuBaics cepuHT 3apsIoB Ha
SJICKTPOMArHUTHLIX BOJIHAX, KOTOpBIﬁ ABJIACTCA OAHHUM UX MCXaHU3MOB I'CHCpAllUA
IMOTOKOB YJIbTPAPCIATUBUCTCKUX YaCTHUII. HpI/I 9TOM IJId KOPPCKTHBIX OLICHOK
KOJIMYECTBA U MAaKCUMAaJILHOM OHCPruu YyCKOPCHHBIX YaCTHUL, UX SQHCPICTUICCKUX
CIIEKTPOB U T.J. TpeOyeTCs AeTalbHBIA aHAIM3 YCIOBHIA 3aXBaTa 3apsKCHHBIX YaCTHIL B
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pexuUM cep(HOTPOHHOTO YCKOPEHUS, OIIpeesieHHe OaronpusTHBIX IS 3aXBaTa
3apsHKEHHBIX YacTHUI] (a3 BOJHBI M CKOPOCTEH 3apsioB, 3PPEKTUBHOCTH YCKOPEHUS
YacTUI] PU B3aUMOJCHCTBUH 3apsI0B C MPOCTPAHCTBEHHO JIOKATN30BAaHHBIMU
BOJIHOBBIMH ITaKETaMH, BO3MOKHOCTH MHOTOKPAaTHOTO YCKOPEHUS 3apsI0B C yI€TOM
UKJIOTPOHHOTO BPAIIEHHUS YaCTHIl BO BHEIITHEM MarHUTHOM 1oJie. B nenom ams
BBISIBJIICHUS 3aKOHOMEPHOCTEH cepuHra 3aps10B Ha HJIEKTPOMArHUTHBIX BOJIHAX
TpebyeTcst 00JBIIOI 00bEM PACUETOB.

B nacroset paboTe Ha OCHOBE YMCIEHHBIX PACUETOB PACCMOTPEHBI 3aXBAT JIEKTPOHOB
U UX CHJIbHOE cep(OTPOHHOE YCKOPEHHE IEKTPOMArHUTHON BOJIHOW, PaCIpOCTPaHSIONICHCS B
KOCMUYECKOW IJJa3Me TOMEpPeK CJIad0ro BHENTHET0 MAarHUTHOTO ITOJIS H, , m1a cuibHO

PCIATUBUCTCKHUX HAaYaJIbHBIX 3H€pFHI>i YaCTHUIbI.

AHanu3 mokaszana, 4To JUIS aMIUIMTYZA BOJHBI BBIIIE [OPOrOBOIO 3HAYEHUS, NPU
BBITIOJTHEHUH YCIIOBUSI YEPEHKOBCKOTO pE30HAHCa B Jauamna3oHe (a3 BOJHBI Ha TPAaCKTOPUH
anektpoHa ( - © < W(0) < m) OnaronpuATHBIMU Uil 3aXBaTa YAaCTHUI[Bl BOJHOW B PEXHUM
cepuHTa ¢ MOCIEAYIOMUM YIbTPAPEIATHBUCTCKAM yCKopeHHueM sBiisitorest (azel 0 < W(0) < .
Jist HavaneHbIX 3HaueHUH ¢asbl - m < WY(0) < 0 3axBara 2JeKTpOHA BOJHOW HA JTOCTYITHBIX
BpEMEHaX YHCJICHHOTO cueTa He Habmromaincs. IIpoBeneHHble paHee pacdeThl MpHu ciaabo u
YMEPEHHO PpEIATUBUCTCKUX HAYAIbHBIX OSHEPrusX YacTUL] Jadd JApYyroil pe3ynbTar:
OnmaronpusTHBIC U peanu3ainuu cepuHra HayalbHbIe (a3bl NMPENCTABISAIOT HA0OP Y3KUX
nosioc B B uHtepBaie ( - n < W(0) < m). IlomydyeHbl aCUMOTOTHKU KOMIIOHEHT HMIIYJIbCA,
CKOPOCTH W SHEPTUU YCKOPSIEMOM YacTHIIBI IpU OONBIIOM (Ha TPU-UYETHIPE MOPSAKA) POCTE ee
sHepruu. TemIl yCKOpEeHHs YacTUIbl BOJHOM OBICTPO BBIXOAMUT HA MPAKTUYECKU MOCTOSHHOE
3HaUEHUE, TPACKTOPHUS UIEKTPOHA HA IJIOCKOCTH, NMEPHEHIUKYIIPHON BHEUIHEMY MarHUTHOMY
II0JII0 BECbMa OJIM3Ka K IPSIMOH.

ITocTaHoBKa 331244 U pe3yJabTaThbl YUCJICHHBIX PACUY€TOB.

PaccmoTpuM  yCKOpeHHE DJIEKTPOHOB AJIEKTPOMArHUTHOM BOJHOW Pp-IOJIA-pU3ALMHU  C
YacTOTON BEPXHETO THOPHUIHOTO PE30HAHCA, PACTIPOCTPAHSIONICHCS B MArHUTOAKTUBHOM Tl1a3Me
nonepek BHemHero MaruurHoro nosst Hj . Kak nokasanu pacyersl, B IAHHOW 3aJa4e JUIsl MOJIs
BOJIHBI C YaCTOTOH ® W BOJIHOBBIM BEKTOPOM K MOKHO HCHOJB30BATH JJIEKTPOCTATHUECKOE
npuOmxenre. COOTBETCTBEHHO, DIEKTPHIECKOE T0Jie BOJIHEI OepeM B Bune By = E | cos 'Y, rae
Y = ot -k x, a nokasarens npenomiuernus N = ¢ k / @ onpenensercs KOMIOHEHTaMHU TEH30DPa
JUIIEKTPUYECKOM IPOHMIAEMOCTH MAarHUTOAKTUBHOW IUIa3Mbl Ha 4acTOTE BEPXHErO
ruOpUAHOTO pe3oHaHca. [ cpaBHUTENIBHO MallbIX 3HaYEHUH mapaMeTpa u = ope / © < 0.3, rae
OHe UMKIOTPOHHAs YacTOTa HEPEISITUBUCTCKUX JJIEKTPOHOB IUIa3Mbl, MOXKHO IpeHeOpedb
HEJIMHEHHOCTBIO B3aUMOJCHCTBUS BOJIHBI C IUIa3MOM. PaccCMOTpUM pENsTUBUCTCKUE ypaBHEHMS
JBHKCHHUS 111 yCKOPSIEMOT'O BOJIHOM JIEKTPOHA P
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dp,/dt=-e¢E —ev H;/c,dp,/dt=0,p,=const,dp /dt=ev Hy/c. (1)

Jlist ananusa cuctemsl ypaBHeHuHi (1) yIoOHO BBeCTH Oe3pa3MEpHBIE MEPEMEHHBIE T =
t, & = k X, a Taxke Ge3pa3MepHBIE CKOPOCTh 3 =V / C M aMIIIMTY[y BOJHBEI G = ¢ E; / m ¢ o.

Ormernm, uro B, =B, [ 1 - (d¥/dt) ], a mmmynsc snexrpona paseH p=mcy B, raey=1/(1

212 .
- B ) - pensatuBucTCKHiA pakTOp YacTUIBL. B nTore B 6e3pa3MepHBIX MEPEMEHHBIX YPaBHEHUS
JBUKEHUS 3JIEKTPOHOB (1) mpuHUMaroT BUA:

d(yp,)/dt=-ccos¥-uf,, d(yp,)/dt=0,

d(yB,)/dt=u B, dy/dr=-0 B, cos¥. (2)
Ucnone3ys (2) HaxoAuM UHTETPabl JBUKEHUS JIIsl YCKOPSEMOT0 3JIEKTpOHa
J=yB,tup,(¥-1)=const,h=yf,= const. 3)

Benmuuuna J omnpenensiercst 3nauenusimu g = y(0) By(O) u Y(0). C yuerom (3) momyuaem

PENATUBUCTCKHMA (DAaKTOP Y M KOMIIOHEHTY CKOPOCTH 3apsijia BJIOJIb BOJHOBOTO (hpOHTA By
y={1+n2+[J+up, (t-¥)17} " Pr1-p0) "7, 4)
By=[J+tup,(t-¥)]/y, B,=w/ck

AHanu3 yCcKOpeHHMs 3aps[0B IMPOBOJUTCS HAa OCHOBE BbITEKaOLIEro u3 (2)-(4) HenMHEHHOro
HECTAIMOHAPHOTO YpaBHEHUs JUIA (pa3bl BOJIHBI Ha TPACKTOPUH JIEKTPOHA

d W dt' [ (1-B)/yB,lcos¥-(up,/yp,)=0. (5)

Jns pemenus ypaBHeHUs (5) HavanbHble naHHele Oepem B Buae VP(0) = ¥, , ¥ (0) = a
Coorsercreenno umeem B.(0) = B, (1 — a ). Beenem morepeunbic K MarHUTHOMY IOJIEO
KOMIIOHEHTBI Oe3pa3sMepHOro mMiynbca dactuuel g =y B, , g, = v P, . Iloporosoe s
BO3HUKHOBEHUS CEPPOTPOHHOTO YCKOPEHHUs 3HAUCHHE Oe3pa3MEepHOI aMIUTUTY/IbI BOJIHBI PaBHO
oc=uvy,,rmey,=1/A1- sz )1 2 PENATUBUCTCKUN (PaKTOP YCKOPSAIOUIEH BOJHBIL. 3axBat
3apsHKEHHOM YaCTHIBI B PEKUM YCKOPEHHUS TPOUCXOAMT TPU aMIUIMTYJIaX BOJHBI G > G¢ .
Henuneitnoe ypaBHeHUE (5) pemagoch YUCICHHO. [[Jst TOCTaTOYHO OONBIINX BPEMEH YCKOPEHUS
ANIEKTPOHA YHUCIEHHOE pEIICHHWE JIOJDKHO BBIXOAWTH Ha CIEAYIOUIMEe ACUMITOTHKH JUIS
KOMIIOHEHT CKOPOCTH U PEIIATHBHCICKOTO (akTopa dactuusl y(t) ~u Py, 1, B, =B,, B, =1/
Y, - TakuM 00pa3soM TeMIl yCKOPCHHs IOCTOSHEH U HE 3aBUCHT OT aMIUIMTY[bl BOJHEI O,
OnpeeNAoIel aCMMITOTUKY XapaKTEPUCTUKK PE30HAHCHOTO B3auMojeicTeud ¢ < P _cos W >

T.€. THO (P (PEeKTHBHON MOTEHIIMATHEHOM SIMBI JIJISl 3aXBAYCHHBIX YACTHII.

Jnis HaxoKJIeHHsI OJIarompHsATHBIX HavyaldbHBIX (a3 u3 obmactu |‘P0|< T, IPU KOTOPBIX
NPOMCXOJUT 3aXBaT 3apsifa B PEXUM HEOrPAaHMUYCHHOTO YCKOPEHHs BOJHOH, (HKCHpPOBANaCh
¢azoBast CKOPOCTh BOJIHBI Bp ~ Bp . AMmuTyna BOJHBI G BbIOMpanach BbILIE MOPOTOBOIO
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3HA4YEHMA G, : G = 1.6 o . 3aTe€M YMCIECHHBIMU PACYE€TaMK HA OTHOCHUTEIHLHO MaJlblX BPEMEHAX T
< T = 25000 ompenensuics quama3oH HAYaIbHBIX a3, B KOTOPOM MMET MECTO 3axXBaT 3apsjia B
PSKMM  HEOTPAaHMUYEHHOTO YCKOpeHHs BodHOHW. IIpuBemem pe3ynabTaThl pacyeToB s
CJIETYIOIIEro BapuaHTa napamerpos 3agaun: h =300, g =1, Bp =09,u=02,6=160c,,6,=u
Y, » a =0, korma yo = 688.255. PaccmMaTpuBatich 3HaYCHUS HaYaIbHOM ¢asbr ¢ mmarom dY(0) =
0.2 B unTepBane ( - 3 + 3 ). Pacuersr nokazanu, yro mis W(0) B quanazone ( 0.2 + 3 ) yactuna
3aXBaThIBACTCSA BOJHOM B PEXHM ceppHHra cpazy, MMEET MECTO CWJIbHOE YCKOPEHHUE, B
YaCTHOCTH, €€ PENIATUBUCTCKUIA ()aKTOp B MOMEHT BPEMEHH Tp JOCTUTAET BEIUYUHBI Y(Tm) =

10410 T.e. mist BIEKTPOHA TO COOTBETCTBYET 3Heprum = 5.73 I'3B. I'paduk ¢a3er BomHEI Ha
TPaeKTOPUU YaCTHIIBI IPH cep(UHTE MpecTaBlieH Ha puc. 1.

4 Puc.1. [Iunamuka  da3bl
BOJHBI Ha  TPACKTOPHU
3aXBAUCHHOTO  JIEKTPOHA.
da3za MEIJIEHHO CTPEMUTCS
A K ACUMIITOTHYCCKOMY
3HAUCHUIO,  [EPUOJ  ee

OCHMJUIALIUU HOCTENEHHO

T BO3pacTacrT.

0 | | | |
i

0 5000 10 1510t zao®

CornacHo pacueTaMm CMELICHHE 3aXBAYCHHOT'O 3JIEKTPOHA BJIOJIb HANIPABJICHHS PACIIPOCTPAHEHUS

BOJIHBl BO3pACTAacT B CPEAHEM INPONOPLUOHANBHO Bpemenun &(t) ~ P t.  JlunHamnka

PENATUBUCTCKOTO (hakTopa 3apsna y(T) U ero aHaquTHUecKoi ammpoxcumanuu M(t) = y(0) +
0.413-t - 500 mms uHTepBama BpemeHH T < 2.5-10% mokasama ma pmc.2. Kak Bummm, y(t)
MOHOTOHHO BO3pacTaeT coriacHo acuMmntotuke y(t) ~ 0.413 t, a ero Bapuanuu BECbMa Malibl.
[TockoNbKy TPOMOJIBHBIA HMMITYJBC BJIEKTPOHA SIBISETCS HMHTErPAIOM JBIDKEHUS MO Mepe
yckopenus 3, — 0. PocT nonepeyHbIX KOMIOHEHT UMITyJIbCa dIEKTPOHA gx = Y(T) B,(T), gy = Y(T)

Byr) MIPOUCXOJUT NPAKTUYECKHU C IMMOCTOSHHBIM TEMITOM.
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Puc.2. I'paduku pensTuBu-
CTCKOTO (pakTOpa 3axBaycH-
HOT'O 3JICKTPOHA U €ro aHaJu-
THUYECKOM  alMpPOKCUMALIUU

5000 M().

0 5000 10 1.5-10% 210

3akjaoueHue

Ha ocHOBe 4HCIIEHHBIX pacyeTOB HEJIMHENHOT0, HECTALIMOHAPHOTO YPABHEHUS IS
(ba3bl BOJIHBI HA TPACKTOPUU YACTHUIIBI U3y4€HA TUHAMHUKA YIbTPAPEIATHBHCTCKOTO
cep(GOTPOHHOTO YCKOPECHHS SJICKTPOHOB JICKTPOMAr-HUTHOW BOJTHOM,
PacIpOCTPAHSIONIEHCS B KOCMUYECKON IIa3Me MOIEePEK BHEIIHETO MarHUTHOTO MOJIs
npu 0oJbIINX Yo = 688.255 HauaNbHBIX SHEPTUSX YaCTHULIBI.

[Toka3aHo, yTO NpH BHINOJHEHUM YCJIOBHS YEPEHKOBCKOTO PE30HAHCA 3aXBaT YacTUIl B
pexuM cepuHTra MPOUCXOAUT AJS  JAMAna30Ha MOJOXKHUTEIbHBIX 3HAYCHWH HadaabHOU (asbl
BOJIHBI Ha Tpaekropuu snekTpoHoB Y(0). B mnTepBane HavanpHbeix ¢a3 - 1 < Y(0) < 0 Ha

6 o

JOCTYIIHBIX BpEMEHAaX YUCICHHOTo cyera T < 10 3axBaT yacTHI BOJHOH He HaOmonamics.
CrnenoBatenbHO, CTPYKTypa 00JacTH HadalbHBIX (a3, OMaronpusTHBIX IS pean3aluu
cepuHra, CHIBHO YIPOIIAETCH.
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Abstract

It is considered the dynamics of spatial structures described by the one-dimensional Burgers
equation. The structure parameters like the amplitude, width and velocities are different ones. So
after some time of perturbations evolution it may transform into the saw-like form. The analysis
performed is based on the exact solution of Burgers equation under usage of Cole-Hopf
transformation which reduces nonlinear Burgers equation to the linear diffusion one. For large
amplitudes of structures in the perturbation after some time the narrow jumps are appear in the
perturbation spatial profile.

BBenenune

BonnoBeie mpomecchl  sSBiAOTCA  3()(EKTUBHBIM CPEIACTBOM IEpeladyd dSHEPruu U
uHpopmanuu. MccnenoBanue pacpocTpaHeHHs BOJIH Pa3InYHON MPUPOIBI SBISIETCS BaXKHOU U
aKTyaJbHOM 3a1adyeil. Y JapHbIE BOJHBI — 3TO IOBEPXHOCTH, KOTOPBIE ABUXKYTCS OTHOCUTEIBHO
rasa, NIpU HMX PaCIpPOCTPAHCHUU ILIOTHOCTb, JABJIICHHE CKOPOCTb MOTYT HCIBITBIBAaTh
IIPOM3BOJIBHBIN CKa4OK. YpaBHEHHE broprepca MCHOIb3yeTcsl IpU MOJEIUMPOBAHUM YAAPHBIX
BOJIH, paCIpOCTPAHSIONIUXCS B CIUTOMIHBIX cpenax. C momonipio npeodpazoBanus Koyna-Xomda
OJHOMEpPHOE HEJIIMHEWHOE ypaBHEHME broprepca CBOIUTCS K PELICHUIO JIMHEWHOIO ypaBHEHMS
i Qy3un, 9TO 3HAYUTENHFHO YIPOIIAeT aHAIW3 JUHAMUKHA ero pemenuid [1-5]. Panee Obuio
NOKa3aHo, YTO pelieHne ypaBHeHus: broprepca Buaa v(x, t) = f(X — u t) onuceiBaeT 3BOJIOIHIO
HEJIMHEHHON BOJHBI, JBIKYIIEWcs cieBa HampaBo npu u > 0. Ha mepennem ¢poHTE BOJHEI
UMEETC CKa4OK CKOPOCTHM M APYTrHX IapamMeTpoB ra3a WU KUAKOCTH, NPUYEM I MaJoi
BS3KOCTH TOJIIMHA CKadyka OyneT BechMa Maloi. BS3KOCThP HE JaeT yaapHOW BOJHE
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OTIPOKMHYThCA. B o0meM ciaydae, Korja HadalbHBIM NPOPWIb HEITMHEHHONW BOJIHBI
IpEeICTaBIsieT HAa0Op NPOCTPAHCT-BEHHO JIOKATM30BAHHBIX CTPYKTYpP, HMEIOMIUX pa3HbIe
CKOPOCTH W TOJIIMHBI, BpEMEHHAs JAWHAMHKA TaKOTO BO3MYIIEHHS MOXET OBITh JOCTAaTOYHO
ClI0HOM. B wacTHOCTH, OyzneT BO3HUKATh psl (PpOHTOB, MpUYEM IpU mepexoae depe3 (GpoHT
yIapHO! BOJHBI B HANpaBJICHWHM JIBUKECHHUS, IUIOTHOCTh HUCIBITHIBaCT cKkadok. B pabore Ha
OCHOBE TOYHOTO PELICHHMs, 3alTUCAHHOTO B MHTETPaIbHON (popme, ObLITH pacCMOTPEHBI MOJIEINH,
OTIMCBHIBAIOIINE TPOCTPAHCTBEHHBIH MpOQMIb pelleHus ypaBHeHHs broprepca uis pa3HBIX
BPEMEH.

IIpocTpaHcTBeHHO-BpeMeHHAs HeJIMHEeHAs TUHAMHUKA CTPYKTYP

Ha ocHOBe uuCIIEHHBIX pacueTOB PACCMOTPEHA 3BOJIIOLHUS MMPOCTPAHCT- BEHHOTO TPOQHIISL
BO3MYIIICHUsI B ypaBHeHMH broprepca ¢ HadanbHBIM TpoduiieM BHaa Habopa pasleseHHBIX
CTPYKTYpP AOCTaTOYHO OOJIBIION aMIUIMTY[bI, KOTAa ObICTpo mposiBisiercs 3hdeKT yKpydeHHUs
npoduneli Ha QpoOHTE KaXKIOW  CTPYKTyphl. I[IpoBeneHHBI aHANIMW3 pPEIICHUS YpaBHEHUS
Broprepca Ha OCHOBE TOYHOTO pPEUICHMS, 3aMCAHHOTO B MHTErPAIbHON (opMme, MOKa3bIBAET
cleayouiee.

[Ipn Bo3pacTaHwy BPEMEHH B CHUCTEME MPOUCXOAMT PACHIUPEHUE MPOPIIIST KaxIa0h
CTPYKTYpHl ¢ (OPMHUPOBAHHEM IEpPEAHEro (PpOHTA, a € aMIUIUTyJda YMEHBIIAeTCS 3a CYET
pacruibiBanus. KpoMe TOro sHeprusi KaKJIOW CTPYKTYphl yObIBaeT OoJjiee MEIJICHHO 3a CUeT
JIEHUCTBUS BA3KOCTH.

[Ipryem npu QOCTATOYHOM pa3fEICHUU CTPYKTYP B IIPOCTPAHCTBE MX HBOJIIOLHUS Ha
HEKOTOPOM HMHTEpPBAJe BPEMEHH MPOMCXOAUT HE3aBUCUMO JAPYT OT JAPYyra, a mpoduin Kaxaou
CTPYKTYPBI OJIM3KH K THJI000pa3Hoi popme.

Kak noxa3zanu uyncieHHble pacyeThl, IOJYIIMPUHA HAYAJIbHOTO PaclpeieleHNsl CKOPOCTH B
KaXJ0W CTPYKType CYLIECTBEHHO BJIMSET Ha €€ IoBeaeHue B cBOIO odepenb, MaKCUMalIbHOE
3HaUEHUE CKOPOCTH B HAYAJIbHBIII MOMEHT BPEMEHHU BIMSET TOJIbKO Ha aMmiuuryay. CoryacHo
IPOBEJICHHOMY aHAJIM3y MOKHO OXHJAaTh, YTO MpHU Ooyiee CI0NKHOM HavyaJbHOM Mpoduie c
HECKOJIbKUMU MHUHHMYMaMH, a TaKK€ M IPHU Pa3JU4HbIX HalpaBJIEHUSAX CKOPOCTEH B HUX, Ha
JOCTATOYHO OOJBIINX BPEMEHHBIX HMHTEpBaAJaX B CTPYKTYHPOBAaHHOM BO3MYILICHHH OyaeT
HaOIroaThCsl CIOUSHHE TOpOOB M BO3HUKHOBEHHME E€IMHOTO pa3MBITOro mepexona (¢ppoHTa
BOJIHBI) B IPOCTPAHCTBEHHOM TIpoduIe.

Takum 00pa3oM B cHUCTEME, ONMHCHIBAEMOW HETMHEHHBIM ypaBHeHUeM broprepca, mMoxer
peaIn30BBIBATHCS CIMSIHUE POCTPAHCTBEHHO Pa3A€ICHHBIX CTPYKTYP HOCTaTOYHBIX AMILTUTY/ C
o0pa3oBaHuEM B CUCTEME OJTHOTO (hpOHTA MUI000pa3HOM (HOPMBL.

JIaHHBI aHQJIW3 NPEICTABIACT HHTEPEC Uil KOPPEKTHOM HHTEpPHpPETAllMM  JaHHBIX
AKCHEPUMEHTAIBHBIX HM3MEPEHUN, KaCaIOUIMXCS HEJIMHEMHOW JIMHAMUKU BO3MYILUECHUN B
atMocepe W OKeaHe, B TOM 4HCIE TypOYJEHTHOCTH M KBa3HIIEPUOAWYECKUX CIIOKHBIX
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CHUTHAJIOB, a TaKXe MPH UCCIIETOBAHIUH HOHOC(HEPHO-aTMOC(EPHBIX CBA3CH, IPU AUCTAHIMOHHOM
30HUPOBAHUU CIUIOIIHBIX CPEI U JP.
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VYJIbTPAPEJSITUBUCTCKOE YCKOPEHHUE ITPOTOHOB DJIEKTPOMATHUTHOMN
BOJIHOM B KOCMHUUYECKOM ILJIABME

Epoxun H‘C.l’z), 30/ILHHKOBA H.H.l),, MuxaiiaoBcKas H.A.l), Jlo3uukos B.M."

THE HIGHLY RELATIVISTIC ACCELERATION OF PROTONS BY
ELECTROMAGNETIC WAVE IN SPACE PLASMA
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Abstract

On the basis of numerical calculations it is considered ultrarelativistic proton acceleration in
space plasma by the electromagnetic wave propagating across the external magnetic field. The
conditions for proton capture by wave, the dynamics of velocity components and the particle
momentum are considered in the dependence on problem incoming parameters. The structure of
phase plane of the accelerated proton is considered also. The optimal conditions for the
realization of ultra-relativistic p and He surfatron acceleration by wave are formulated. It is
noted that for heavy charged particles at the initial stage for some initial values of the wave
phase on the particle trajectory the charge may be trapped by wave but very soon particle may
go out from the effective potential wall and its cyclotron rotation occurs. It is discussed the
possibility of appearance of differences in the accelerated protons spectra from the standard
power dependences.

BBenenune

HccnenoBanue mpoueccoB reHepaiy MOTOKOB YAbTPAPETIATUBUCTCKAX YaCTULl OTHOCHTCS
K YHCITy aKTyaJbHBIX 3a/1a4 (PU3UKH KOCMUYECKOH IIa3Mbl U IPEJCTABISAET OOJBIION HHTEpEC, B
YaCTHOCTH, ISl TPOOJIEMBI MPOUCXOKICHUS KOCMUYECKHX JIyded, MOHHMMAaHUS MEXaHHW3MOB
dopmupoBanus crnekrpoB KJI, BO3HUKHOBEHHS HMX HW3MEHYMBOCTH M 3aBUCUMOCTH OT
Kocmuueckor moroapl. CephHUHr 3apsoB Ha SIEKTPOMArHUTHBIX BOJIHAX PacCMaTPUBAJICS
panee, Hampumep, B paborax [1-14] mpumeHUTENHHO K AJIEKTpoHaM. ITo 3 (HEKTUBHBIN
MEXaHU3M T'€HEpalUK MOTOKOB YIBTPAPEIATHBUCTCKAX YaCTHIl B KOCMHYECKo#l muasme. Ero
UCCIIeIOBaHNE HEOOXOIUMO, HampHUMeEp, JUISl OIIEHKHM YHMCIIa YCKO-PEHHBIX YacTHUIl, pa3MepoB
oOnacTeil yCKOpEHHsI, SHEPT€TUYECKUX CIIEKTPOB, YTO TPeOyeT JETalTbHOTO aHajlu3a YCIOBUI
3axBaTa 3apsHKCHHBIX YaCTHUI[ B PEXKUM CePPOTPOHHOTO YCKOPEHHUS, BBIABICHHUS OJIaronpHsITHBIX
JUI 3axBaTa 3apsDKEHHBIX 4YacTUI[ HapameTpoB, 3(PQGEKTUBHOCTH YCKOPEHHsI YacTULl TpU
BO3CUCTBUU NPOCTPAHCTBEHHO JIOKAJTM30BAHHBIX BOJHOBBIX MAaKeTOB U T.A. [Ipu momepedHom
pactpoCTpaHeHUN dSJICKTPOMArHUTHOW BOJHBI P-TIOJSIPU3AlMM  JUIA  KBaJapara MOKa3aTels
npenomaenns miasMel N> = (¢ k / ®)* Ha 4acTOTe BEPXHEr0 IHOPUIHOTO PE30HAHCA (O HMEEM:
Ne=1-[v(A-v))1-1v"-V), u=ou/o v=_(0p/ ®, rae o = eHo /me ¢ -
rUpOYacCTOTa HEPEIATU-BUCTCKUX IEKTPOHOB ILIA3MBL, Mpe = ( 4me’ng/ me ) — IEKTPOHHAS
JICHTMIO-POBCKasl 4aCTOTa, N MJIOTHOCTH IJIa3MBl.
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Huxe paccmarpusaercst ciaydaii u” << 1. Toraa $ha3oBas CKOPOCTb 37EKTPOMATHUTHOM BOJTHBI
MEHbIIIE CKOPOCTH CBETa B BaKyyMe Ui Cliefyiouieii obmactu mapamerpa v : 1 —u® < v < 1.
3axBar B peXuUM cep(UHTA MPOUCXOAUT IPHU TOJIE BOJIHBI BBIIIE KPUTHUECKOTO 3HAUYEHUS T.C.
mist 6 =e Eo/me coo >oc=uyp=u/(1- sz) 12 Bp = ®/ ¢ k. Hwke npu uncneHHpIx pacyerax
cepuHTa MPOTOHOB 33/Ja4y YIMPOCTHUM IpeHeOperas BHXPEBBIMH KOMIIOHEHTAMH BOJHOBBIX
nonedt By , Hz . CornacHo pacueram ux yder He cyuiectBeHeH. Henumueiinbie >ddexTst
B3aWMOJICVCTBHS YCKOPSIOLIEH BOJHBI C IUIA3MOM Majbl, €CIM aMIUIMTyAa BOJHBI  Eg
CYLIECTBEHHO HUXE XapaKTEPHOTO IMOJIS PENATUBUCTCKONW HEJIMHENHOCTHU T.€. IIPU BBINOJHEHUU
ycnoBus 62 << 1.

OcHoBHOE YPaBHEHUE U PE3YyJIbTAThl YUCJICHHBIX PACY€TOB

PaccMoTpuM pensiTUBHCTCKUE YpaBHEHUS IBUKECHHUSI POTOHA Macchl M B moJie
anekTpoMarauTHOH BoaHbl Ex = Eg cos W, W = ot —k x. Ilycts B = v /c, T = o t 6e3pazmepHoe
Bpemst, E = w x / ¢. Torna umeem B=v /¢, Bx=PBp (1 -d¥/dr),

VY =1-(&/ Bp). Yrobro BBecTH Mmanbiii mapamerp &€ = ( me / M )" 1 HOpMHpO-BaHHOE
Oe3pasmMepHOE BpeMs $ = € T. YPAaBHEHHUs IBUKEHUs IPOTOHA UMEIOT uHTErpan J = y By +u g!?
2Bp(t-¥)=constre yPy=J+ueZ Bp(¥-1). Beenem obosnauernne G=1+h2 +[J+u
g2 Bp (V¥ - 1)]2, Torga y* = G/ (1 - by?), v - pensTuBucTCKuil pakTop mpotoHa. Temeps moaydaeMm
HEJIMHEIHOe, HECTallMOHAPHOE YpaBHEHHE Uisl ()a3bl BOJHBI HA TPACKTOPUHU ITPOTOHA

d*W/ds® + [o(1 - B2 )2 /G Bylcos W + (W/G Bp)-(1 - By)- [T+ uePy(e P-s )] =0.

JlaHHO€ HeNMMHENHOE ypaBHEHUE PEIIAeTCsl YUCIEHHO, HaualbHble JaHHble OepeM B Buze ‘P(0) =
Vo, ¥«(0) =a. Ilpu srom Bx(0) =Pp (1 —a ), rae mapameTp a AOIKEH yAOBIETBOPATH YCIOBHIO
1-(1/Bp)<a<1+1/Bp).3axsar npotoHa B pexxuM ceppuHra IPOUCXOUT TIPH YCIOBUHU G
>0oc ,0c=UYyp, A€ Yp PENATUBUCTCKUI (hakTOp yckopsiroied Bosubl. Ha mnocrarouno
00JBIINX BpeMEHaX YCKOPEHHUS YMCIIEHHOE PEIICHUE OJDKHO BBIXOJUTH Ha aCUMIITOTUKHU Px ~

Bp ., By = 1 / yp . BaxHo 0TMETUTD, YTO TEMIT U3MEHEHHUS SHEPTMHU YCKOPAEMOIO MPOTOHA HE
3aBHCHUT OT aMIUIMTY/IbI MOJISE BOJHBI Eo, onpenensionieil mapaMerp CpeaHero TeMmna yCKOpeHUs

< cos ¥(1) > = 6¢ / G T.e. aCUMIITOTUKY TOJIOKEHHUS AHA YPPEKTUBHONW MOTEHIMATBHON SIMBI,

KOTOpoe Ha (ha30BOH MIIOCKOCTH SBIISETCS 0COO0H TOYKOM THUTIA YCTOWYUBBIN (POKYC.

Jnis HaxoKJeHus auanazoHa HayaiabHbeIX (a3 W(0), mpu KOTOPHIX MPOUCXOANT 3aXBaT MPOTOHA B
PEeXUM  CUIILHOTO yCKOPEHHMs BOJIHOH, (ukcupoBanach (as3oBas CKOPOCTb BOJHBL Pp
10J1arajioch |‘P(O) |< m. AMIUIMTY/la BOJIHBI G BBIOMpPAJaCh HECKOJBKO BBIIIE IOPOTOBOIO
3HAYeHUS G¢ , @ IMEHHO G = 1.5 o¢ . 3aTeM YHCIeHHBIMU pacueTaMy Ha CPaBHUTEIILHO MaJIbIX

BpemeHax s < 7000 ompenensuics Auana3oH HayalubHBIX (Da3, B KOTOPOM HMEN MECTO 3axBaT
IPOTOHA B PEXKHUM YIBTPAPEIATHBUCTCKOTO yCKOpeHHs BoJHOU. Ecnu s HekoTopsix da3z W(0)
3axBaTa IIPOTOHA He ObLIO, CUET BBITIOMHSIICA 10 s < 7X104,

[IpuBenem pe3ynbTaThl pacyeToB Ui CIEIYIOUIETO BapHaHTa BHIOOpA MmapaMeTpoB 3agauu h =
0.35, (0)By(0) = - 0.47, Bp = 0.52, u=0.31, a = 0, COOTBETCTBYIOLIETO CIAGOPENITUBUCTCKOMY
nportony y(0) = 1.357 npu s = 0. Hauansnas ¢aza ¥(0) BerOupanace B cieayromnem HaTepBaie ( -
3.1, 3.1). Pe3ynbTarsl pacueToB 3axBaTa MPOTOHA BOJHOM B pexXUM cep(UHTa MOKa3aiH, YTO JUIs
HavyanpHBIX (a3 u3 umHTepBanma (— 2.6 | 0.2) ¢ marom OW¥(0) = 0.1 3axBar 4YacTuibl B
3QPEKTUBHYI0 TOTEHIHATBHYIO SIMy C TOCIEIYIOUUM YIbTPAPENsi-TUBUCTCKUM YCKOPEHUEM
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MPOUCXOAUT Cpa3y T.e. Bpems 3axBara str = 0. Ognaxo st auanazonos W(0): (—3 | - 2.7), (0.3 ,

3) B pacuerax ¢ marom S¥(0) = 0.1 Ha uHTEepBaNe BpemeHu s < 104 3axBaT IMPOTOHA BOJIHOIH B
pexuM cepPOTPOHHOTO YCKOPEHHUSI OTCYTCTBYeT. Takum 0o0pa3oM ajisi NPOTOHOB CHUTYaIUs
COBEpILIEHHO MHAs 10 CPABHEHUIO C IEKTPOHAMHU WJIHM TO3UTPOHAMH, TJe AMana30H HavyalbHBIX
¢da3 YO6(0)0< p menmuTcs Ha MENbIA Psi Y3KUX IMOJUHTEPBAIIOB C 3aXBATOM 3apsijia BOJHOW U €ro
otcyrctBueM !! CiienoBaTenbHO, AJIsl POTOHOB peanu3yercs ropas3ao 0oliee mpocras CTPyKTypa
3 PeKTUBHON MOTEHIMATIBHOH sSMBI. Buanmo, 3ToT 3¢hdext 00ycnoBiieH CymecTBEHHO 0OIbIICH
Maccoil MPOTOHA B CPaBHEHUH C 3IEKTpoHOM. COrtacHO pacueTam JUis 3aXBau€HHOTO MPOTOHA
aMIUTUTYAA OCIWILIAIMNA (a3bl BOJIHBI HA TPAEKTOPUHU YACTHUIBI BECbMa MEIJICHHO YMEHBINACTCS
C pPOCTOM BpPEMEHH, a TMEePUOJ OCIWUIAIMN MeaeHHO Bo3pactaeT. Ha daszoBoii mmockoctu (
d¥/ds, V) TpaekTopus 4acTHIBI UMEET 0CcOOyI0 TOUYKY THIA YCTOHYMBBIM (POKYC, UTO BIIOJIHE
AQHAJIOTUYHO paHEe pACCMOTPEHHOMY YCKOPEHHMIO OJIIEKTPOHOB. I'paduk pensiTHBHCTCKOTO
¢axTopa MpoToHa Y(S) XOPOLIO COTJIacyeTcs ¢ JTUHEHHOM anmpoKCUMaIel T.e. TEMIT YCKOPEHHS
IPOTOHA MPAKTHYECKH MMOCTOSHEH B COOTBETCTBHU C ACUMITOTHKAMH NPU CHIIBHOM YCKOPEHHUH
gacTulpl. [ MOmepevHbIX K BHEIIHEMY MarHUTHOMY TOJIO0 KOMIIOHEHT HMMIYJIbCa MPOTOHA
TEMIIBl POCTA BEJIMYMHBI TOKE MPAKTU-YECKH ITOCTOSHHBI U COOTBETCTBYIOT aCUMITOTHKAM Yfx =
YBp . YB ~ - v / vp . Ilonepeynbie KOMIOHEHTBI CKOPOCTH YCKOPSEMOIO MPOTOHA [OBOJLHO
OBICTPO BBIXOJAT Ha YKa3aHHBIC BBIIIE aCHMIITOTUYECKHE 3HaueHHs. KoMIOHEHTa CKOpOCTH
IPOTOHA BJIOJIb BHEUIHETO MArHUTHOTO TOJISL 10 MEPe YCKOPEHHS YacTUIbl yOBIBaeT 0OpaTHO
IPOTNOPIHOHATBEHO PEISATUBUCTCKOMY (hakTopy y. B oTimume ot 351ekTpoHOB mpu cepHoTpoOHHOM
YCKOPEHUHU TPOTOHOB JJIsl HEKOTOPBIX 3HAUEHWI HaudanbHOU (ha3bl oOHapy:keHa BO3MOXHOCTh
3axBaTa M YCKOPEHHsI YaCTHUIbl Ha CPAaBHUTEIBHO MajOM HA4yaJlbHOM HHTEpBaJiCé BPEMEHU S
HOpsAKA JIECITKOB-COTEH, HO TIOTOM IPOTOH BBUIETAET U3 APPEKTUBHON MOTEHIIMATBHON SIMBI.
[Tocrne BbIIETA YaCTHIIBI U3 SIMBI TPOMCXOIUT €€ UKJIOTPOHHOE BpaIlleHHeE.

[IpuBenem CKEHIUHT Ui PENATUBUCTCKOTO (haKTOpa YCKOPSEMOTO MPOTOHA Y MPUMEHUTEIBHO K
remocdepe ¥ =621 vp «(PBp/0.9)- (u/0.3)-(s/ 105 ), rae f— yacrora yckopsioleil BOJIHEI B
', a TaxKe sk CMEIIEHHUS YACTULIBI B HANIPAB-JICHUH PACIPOCTpaHeHus BOMIHBI 0X = (Bp /0.9)-

(102 Try / £)- (s / 105)- 12.46-AU. HanoMHMM, 9TO O/{HA ACTPOHOMMYECKAs €IHMHHIIA COCTABIIAET
AU = 1.5-108 xm, pamuyc conneunoii remmocdepsl mopsaka 200 AU. Taxum o6pazom
3axXBau€HHBIC 3JEKTPOMATHUTHOW BOJIHOW MPOTOHBI OYIYT HOYCKOpSATHCS B renmnocdepe (B
3aBMCUMOCTH MECTa 3aXBaTa M OT BEIMYUHBI (Da30BOM CKOPOCTH BONHBI PBp ) M0 JHEPrui
nopsJika JecsTkoB-coTeH 9B Ha paccrosnuax (10+100) AU.

CrnenoBarenbHO, cepPOTPOHHBI MEXaHH3M YCKOPEHHS SBIISETCS JIOKAIbHBIM HCTOYHHUKOM
JIOTIOJIHUTEIILHOM TeHEepaly KOCMUYECKHMX JIydeld B YKa3aHHOM BBIIIE WHTEPBAJIEC SHEPIUil.

BrionHe ouyeBuAHO, 4TO 3PPEKTUBHOCTH ITOTO UCTOYHUKA OYAET 3aBUCETh OT T'eMOCHEPHOMN
MOTOJIBI, YTO O3HAUYAET MepeMeH-HOCTh crekTpa KJI, koTopas Habmoganachk IKCIEPUMEHTAIBHO.
Pacuersl anst Apyrux 3HAYEHUH HMCXOAHBIX MApPaMETPOB 3a7add TPUBOJAT K AHAJOWYHBIM
pesynbratam. W3 mpoBeneHOro aHaim3a CIEAyeT, YTO AaHAJOTUYHBIA XapakTep IWHAMHKU
B3aMMO/ICHCTBUS BOJIHA-YACTHUIIA OyIET peaTn30BbIBATHCS U JUTS SIICP TEIHsL.
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MATHUTHASA KOHOUT'YPAIIUA TOKAMAKA C 3PTOAN3NPOBAHHbBIM
HEHTPOM IVIASMEHHOT'O IIHYPA

O.U. Tloxrypoa'?, E.A. Copoxuna'>
'"Poccniickuii YHUBEPCUTET JIpYKOBI Hapo10B, Mocksa, Poccus

2 .
HUILI «KypuaroBckuiit uHCTUTYT», MOCKBa, Poccus

AHHOTaAUA

B tepmunax ¢pyHkumuu ['aMuibToHa MOCTpOEHA TOPOUAATbHAS MAarHUTHAsT KOH(QUTypaIHst
TOKaMaka C 06JIEICTBIO CTOXaCTUYHOCTH MAarHUTHBIX CUJIOBBIX JIMHUU B LHCHTPC U BJIOKCHHBIMU
MAarouTHbBIMH IOBCPXHOCTAMU Ha Hepn(bepml IJIa3SMCHHOI'O IIHYpaA. Tonoysoruss MarHUTHBIX
CWJIOBBIX JIMHUU 3aJ]aHa C KCIIOJIb30BAaHHEM YHHBEPCAIHHOTO TMOJX0Ja B TepMHUHAX (PYHKIUU
lamunbpToHa, 0000mIarONIEr0 TPAJULIIMOHHOE IOTOKOBOE TMpEACTaBiIeHUE. Takoil Moaxon
MNPpUMCHUM JJid GIII/IHOO6pa3HOI‘O OIMHCaHusA, KaK BJIOXXCHHBIX MAarHUTHBIX HOBCpXHOCTef/'I, TaxK "
CTOXaCTHUYCCKOI'O MarHuTHOI'O I10JIA.

1. BBEJEHHUE

OdeHb BaXHYIO pOJb B YACpKAHUM IUIa3Mbl MAarHUTHBIMU IMOJIIMH WIpaeT HUX
KoHpurypauus. TpagulMOHHO B  YCTAHOBKAX MAarHUTHOTO TEPMOSIEPHOTO  CHUHTE3a
UCTIOJIB3YIOTCSl TOPOUJANIbHBIE KOH(UTYpAIH, MATHUTHBIE CUJIOBBIE JIMHUU KOTOPBIX 00pa3yroT
CUCTEMY BJIOKEHHBIX JIpyr B Jpyra TOPOB — MAarHUTHBIX NoOBepxHOcTed. Takas cTpykTypa
MarHUTHOTO NOJisi O00ECHeYMBaeT YMEHbBILIEHUE A0 HYJIs PaBHOBECHOTO MAABJICHUS IUIa3Mbl K
IPaHULIE IUIa3Mbl, NTOCKOJIbBKY B PAaBHOBECHUHU JABJIEHUE p IOCTOSIHHO BJOJb CHUJIOBOM JIMHUU
MarHuTHOTO NoJs B u, cnenoBarenbHO, Ha KaXk10M MarHUTHON noBepxHocTu (B-Vp =0).

Opnako Hambosiee OOIIEH TOIMOJIOTHEH MAarHUTHOTO IO 00Jamaer KoH(Urypauus, B
KOTOpPO#l CHJIOBBIE JIMHUM MAarHUTHOTO II0JI 3ProOAMYECKH, T.€. BCIOJY IJIOTHO, 3aMOJIHSIIOT
HEKOTOPBI 00bEM BO BHYTPEHHEH 00JIacTH yaep:KkuBaeMoi 1a3mbl. [10CKONBKY CHIIOBast TUHUS
3aMoJHSAET BCIO OTPaHUYEHHYIO 00NacTh, TO M3 TOro ke ycnoBus B-Vp =0, ciemyer, uro

JIaBJIEHUE MOCTOSHHO BO BCEM 00BEME sproamyeckoil obmactu. YtoObl obecneunts p =0 Ha

T'paHULEC IUIa3Mbl, HCIOJB3YCTCA CIIOM BJIOXKEHHBIX MATrHUTHBIX HOBerHOCTef/’I. HCHLIO
HaCTOSIH_ICﬁ pa6OTBI ABJIACTCA HUCCICAOBAHUC BO3MOXHOCTH SproJu3alilii MAarHUTHBIX CHUJIOBBIX
JINHUH B TOPOHUJAJIBHOM 061>eMe, OrpaHNM4YC€HHOM 3aMKHYTBIMH MAarHUTHBIMU IIOBCPXHOCTAMMU.



162 CEKL{UFI «Pu3uKa Naa3mel U 83aumodeticmsue 31eKMPOMA2HUMHO20 U3/Y4HEeHUSA C 8eUecmaeom»

2. OBIIEE U TAMUWJIBTOHOBO NPEACTABJIEHUE MAT'THUTHOI'O TOJIA

BBemem  KpuBonMHelHyI0 cucreMy KoopmuHar {a'(r)},i=1,2,3 ¢ 6asucom
Va’xVa® Va’xVa' Va'xVa?
elz—[ @ ; @ ], 2:—[ @ ; @ ], e3=—[ @ ; @ ], rae J:[VOCIXVocz]-Voc3 -

skoOmnaH. Kak BCSKUI BEKTOP, MarHUTHOE T10JIE MOXKHO TPEACTaBUTh B KOBAPHAHTHOM 0azuce:
3
i 1 2 3 2 3 1 3 1 2
B=Y AJe = AV’ xVa' |+42 Ve’ xVa' |+ £[Va' xva?]. (1)
i=1
Toraa KOMIIOHEHTHI YAOBJIETBOPSIOT YCIOBUIO COJICHOMAAIBHOCTH V - B = 0, xoraa

+ + =0.
' da® da’

iaA" 04" oA> oA’
' oa' Oa

I[J'ISI TOKaMakKa C BJIOJKCHHBIMW MArHUTHBIMU MOBCPXHOCTAMHU HHAYKLIUA MArHUTHOI'O
oJrA MpCACTABISACTCA B BUAC

27B =[VOx VD]+[Vox VY], (2)
rae 6 — TOJOWAANbHBI Yroi, ¢ — TOpoMJANbHBIA yroi, @ — QyHKOUS TOPOMAAIHHOTO
MarHWTHOTO TIOTOKa, [| — (QYHKOUS MOJIOMJAILHOTO MAarHuTHoro motoka [1]. 3mech

do

TOPOMJIAIBHBIA TOTOK sBisieTcsl (pyHKuMed mnonoupansHoro, T.6. @ =D(VY), u E:q(‘{').

Torma mMarHUTHas TOBEPXHOCTH 3a1aeTcs ciemyroum obpasom: B-Vf (W) =0. YpaBueHus

MarduTHBIX CHJIOBEIX JIMHUM B TaMIJIBTOHOBOM (bopMe UMCIOT BU:

io_1_ (o)
d aq) O=const

¢ q
dd (oY ©)
2(3),_
D=const

g 1060 Apyroil TOMOJOTMM MAarHUTHOIO IOJI MHAYKLUS MarHUTHOTO MOJS TaKke
MOXeT ObITh mpezctaBieHa B Buze (1), ¢ Toil pasauueit, uto @ # O(VY) u Moxer 3aBUCETbH
YIIJIOBBIX NIEpeMEHHbIX 6 1 ¢. TeMm He MeHee, ypaBHEHHS CUJIOBBIX JIMHUH BBITTISAIAT CIETyIOLUTIM
00pazom:

d6 B-VO (0¥
d¢ B-V§ _(acbl,d,m
dd B-VO (0¥

do B-Vo ‘( 00 )4,

(4)
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TakuM 00Opa3oM, TaMHIBTOHOBO IPEACTABICHUE OMKCHIBACT MoJyie 000 Tononoruu. [lpu
nepexojie OT oOmiero mnpeacraBieHus (1) K raMUIbTOHOBY NPEIACTABIECHUIO (2) HUKAKUX
npubnvkeHuid He caenaHo. To ecTh o0yl KOH(UTYpaluio, KOTOPYIO MOXHO Pa3IoXHTh IO
KOBapHaHTHOMY 0a3HCy, MOKHO CBECTH K IpencTaBieHuo (2) [1].

3. IPUMEP TOPOUJAJBbHON MATHUTHOM KOH®UTYPAIIUH C
3PITOJINYECKOM OBJACTHIO

['aMuUIbTOHOBO OINHMCaHME IO3BOJIIET TEPEHECTH HAa MAarHUTHYIO KOH(HIypamuio Bce
pe3yiabpTaThl TEOPUM ITUHAMHMYECKUX cucteM. lIpuBenaem npumep, MOAEIUPYIOLUA MarHUTHYIO

KOH(HUIypallMio TOKamMaka ¢ 3amacoM ycToitumBoctu ¢ = (1+s®)’, Tme s — BapbUpyeMBlii

ko3 uIMeHT, omnpeaensomuil  npoduas  KoddduiMeHTa 3amaca  YCTOWYMBOCTH B
HEBO3MYIICHHOW MarHUTHOW KOH(UTYpaIluu, U ¢ PE30HAHCHBIMU BUHTOBBIMU BO3MYIICHHUSIMH C
m/n = 1/1 ¢ ammmurynou A1, m/n = 3/2 ¢ ammATy 1o A3z ¥ ¢ m/n = 5/3 ¢ aMIUTYI0U As/3:

¥ = —%+ (1-2®)4,,, cos(p —0) + 4,,, cos(2p —30) + A, , cos(3p —56)). (5)
S

3nece m U n — HOMeEpa IMOJOUJAIBHON M TOPOMJAIbHOM TapMOHMK BHHTOBBIX BO3MYILEHUM
COOTBETCTBEHHO, M3MEPAEMBIX BJAOJb IMOJOUJAIBHOIO M TOPOUIAIBHOTO HAIpPaBJICHUH,
XapaKTepu3yeMbIX yriamMu (| U ¢. MHOXuTens nepen ckoOkoit B (5) obecrieunBaeT 3aHylieHUE
BO3MYILEHUSI Ha IMOJOBUHE MAarHUTHOIO IOTOKA IUIa3MEHHOro HHypa (B (5) Bce BEIMYUHBI
3a/ianbl B 6e3pasMepHoit Gopme).

Brnepeie mpumep mnomoOHOH KoH(purypanuu Obul TmpencTaBieH B Jokimage  [2].
OcoOeHHOCTh HacTOsIIEH pPabOThl, MOMHUMO BCETO IMPOYEro, 3aKIIOYAeTCs B OCO3HAHUH
BaXHOCTH BBICOKOTIPEIIMO3UOHHBIX BBIYMCICHUN TPH BBINOJIHEHUU pPAcuEToOB ONyKIaHHS
CWJIOBOU JIMHUH B 3Progudveckoil obynactu. B wactHocTH, B HanucanHoM Ha si3bike FORTRAN
YHCJICHHOM KOJIe HEOOXOIMMO HE IMPOCTO HCIOJBb30BaTh JBOWHYIO TOYHOCTh B 3HAUCHHSIX
NEPEMEHHBIX, ONPEACISIONINX IOJ0KEHHE TOYEeK CHJIOBOM JIMHMU B MPOCTPAHCTBE, HO H
npuMeHsATh npouenypsl double precision function B ompeneneHusix MOAIporpaMM-QyHKIHH,
UCTIOJIb3YEMBIX B TPOMEKYTOUHBIX BBIUYUCIECHUSX — OOCTOSITEIHCTBO COBEPUICHHO H3JIHIIHEE
npu pacuérax KOH(PHUTypaluHu C BJIOKEHHBIMH MarHUTHBIMH MOBEPXHOCTSMH, OOJIaJarolIuMu
MHTErpaJioM B CMBICJIE YpaBHEHUH (3).
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Puc. 1. Ceuenue Ilyankape uccieayeMoit MarHUTHON KOHPUTYpaIUU.

B xOoMOBHOTEPHOM KOJIE, PACCUMTHIBAIOLIEM M BU3yaIM3upyrollem ceueHue [lyankape cuinoBbix
JMHUM MAarHuTHOrO TOJISI, MCIOJB3YETCAd UMJIMHAPUYECKAass CcucTeMa KoopauHar. Torma
KOMITOHEHTHI TTOJISI UMEIOT CIAEAYIOUIUNA BU:

(r-R)d¥Y =z d¥
Cp? dO rpdp
__ .z d‘~P+(r—R)d‘~P
* rp? do rp dp
_Ldo

pdp’

B =

B

¢
rie ' =R+ pcosh, z=psin6.

Ceuenue Ilyankape uccieayeMoil MarHUTHON KOH(Urypaluy MpPEACTaBICHO Ha PHCYHKe I.
DaKTHYECKH, HA JAHHOM PUCYHKE MPEACTABICHBI CIebl TOUEK, 00Pa3yIOMIHUXCS OT MepECCUCHUS
CHJIOBBIX JIMHHUHM MAarHUTHOTO TOJII paccMaTpHUBaeMO KOH(UTYpalMy HEKOTOPOW IIOCKOCTH,
CEeKyIIel Hall TOKaMak B TOJOWJAJbHOM HamNpaBieHUU. B IeHTpanpHOW 001acTH yKa3aHBI
CJIebl JTUIIb OJHOM CHIJIOBOM JIMHUM, BHINYILIEHHOW U3 HEKOTOPOI TOUKHU B YKa3aHHOU 00JacTH.

4. 3AKJIIOYEHUE
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B pabore npoaeMOHCTpUpPOBaHBI BO3MOXKHOCTb M IMPEUMYILIECTBA HCIOJIb30BaHUs
IIOTOKOBOT'O MPEJCTAaBICHUS Ul €IMHOOOPA3HOTO 3aJaHusl MarHUTHOTO TOJIA Haubosee oOrmei
KOH(l)I/II‘ypaLII/II/I, BKJIIO‘IB,IOH.ICﬁ MAaroivMTHbIC OCTpOBa W CHJIOBBIC JIMHUH, 3SProAUYCCKU
3anonHstome oodbeMm. [lokasaHo, 4TO 3proauyeckas 00JacThb pa3pyLIEHHBIX MAarHUTHBIX
MOBEPXHOCTEH MOXET CYIIECTBOBATH BHYTPH 3aMKHYTOTO TOPOHMJIAIBHOTO  00beMa,
OTpaHUYCHHOTI'O BJIOKCHHBIMH MardiuTHBIMHA MMOBCPXHOCTAMU, JaHHOC YTBCPKIACHUC
HOJIKPEIJIEHO Pe3yIbTaTaMU MPSIMOTO YMCIEHHOTO MOJIEIUPOBAHMUSL.

Jannass paGota yactuuHO mnoanepxkaHa rpantomMm PODU Nel3-02-00645 u rpanrom
[Ipesunenra PO s noanepkku Benyuux HayuHbix mkon Poccun HIL- 3328-2014-2.
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MAGNETIC CONFIGURATION OF A TOKAMAK WITH ERGODIC CENTER
OF PLASMA COLUMN

0.1. Podturova'?, E.A. Sorokina'*

'Peoples’ [ Friendship | UniversityJoflJRussia, [IMoscow, []Russia

*National Research Centre “Kurchatov Institute”, Moscow, Russia

Abstract

In terms of the Hamiltonian function, toroidal magnetic configuration of a tokamak with an area
of stochastic magnetic field lines in the center and with nested magnetic surfaces on the
periphery of the plasma column is designed. The topology of magnetic field lines is given by
using a universal Hamiltonian approach generalizing the traditional flux representation. This
approach is applicable for both nested magnetic surface configuration and stochastic field as
well.
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OIIPEJEJIEHUE APAMETPOB IL1A3Mbl MUKPOBOJIHOBOTI'O D1IP
PA3PSIJIA METOJIAMM O9C

Poccutickuii ynugepcumem opyacovl Hapooos, 2. Mockea, P®
U. Bacunecka, M.A. KopneeBa

OES-INVESTIGATION OF PLASMA PARAMETERS IN MICROWAVE
ECR DISCHARGE

Introduction

Plasma, created in a condition of microwave electron cyclotron resonance (ECR), is a typical
example of microwave plasma in a magnetic field with a wide range of practical use. [1] Heating
of the discharge plasma by ECR was extensively studied in a connection with the problems of
fusion, physics of ion sources, and plasma technologies [1, 2]. The technological benefits of that
kind of plasma are: high purity vacuum processes, high degree of ionization, easy handling
plasma parameters. The main task in this work is carrying out absolute measurements of the
radiation characteristics in the visible region of the spectrum by emission optical spectrometry
(EOS).

BBenenune

[Ina3ma, co3gaBaemasi B yCIOBHSIX MUKPOBOJIHOBOT'O 3JEKTPOHHOIO IIMKIOTPOHHOTO PE30HAHCa
(OLIP), sBisieTcs TUNUYHBIM OPUMEPOM MHUKPOBOJIHOBOHM IJIa3Mbl B MarHUTHOM IIOJIE C
HIMPOKUM CHEKTPOM IPAKTUYECKOIO IPUMEHEHHUS B IIJIA3MEHHBIX TEXHOJIOTUSIX M TEPMOSIIEPHBIX
uccienoBanusax [1, 2]. K mpeumymiectBam ee€ HIMPOKOTO TEXHOJIOTMYECKOIO INPUMEHEHUS
OTHOCSATCS: BBICOKas BaKyyMHas 4HMCTOTa IpPOLIECCOB, BBICOKAs CTENEHb WOHM3ALMM, JErKas
YIPABISIEMOCTh IUIA3MEHHBIMU  ITapaMeTpamu. B nmanHoii paboTe mocTaBieHa 3aaada
IpOBeJCHUE aOCOJIIOTHBIX HM3MEpeHUi Temieparypbl (7,) M KOHLEHTpAlUu 3JIEKTPOHOB (7,)
mna3mbl DLP-pa3psina B 0065acTH yMEpEeHHBIX JTaBJICHUM METOJAAaMHU SMUCCHUOHHON ONTHYECKOM
cnekrpomerpuu (30C).

3KCHepI/IMeHTaJ'II)HaH YCTaHOBKA U CPpEeACTBA TUATI'HOCTUKHA

I'enepanus mia3msl MuKpoBosHOBoro JIL[P-paspsana ocyiiecTBiaseTcsl Ha SKCIEPUMEHTAILHOM
CTEHJIE, COCTOAIIEM H3 MHKPOBOJIHOBOTO UMIUHApHUUecKoro pe3onaropa (Puc. 1, a) ¢
razopaspsHoil kamepoil BHyTpu Hero (kBapieBoe cTekio — KVY), moMemeHHoro B akCHaJlbHO-
CUMMETPUYHYI0O MArHUTHYIO JIOBYIIKY WPOOOYHOTO THIA, CO3/1aBaeMyI0 TOCTOSHHBIMU
MarHuTaMu ¢ CUCTEMOM MarHUTHOTro 3ambikanus (Puc. 1, 0).
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Puc. 1 Cxema ycTaHOBKHU Puc. 2 MarautHoe nosue
Pabouast wacrora pesonatopa 2,44 ITn, moma xonebanuit TE;;;, m3mepenHas

noopotHocTh Q = 700. [l reHepaluy M HarpeBa I1a3Mbl UCHOJb3yeTcs MarHeTpoHHelii CBY-
reaeparop (CMB-150-1) ¢ TexHMUeCKUMH XapaKTepUCTHKaMH: pabouas wactora — 2,44 I'TT,
MakcHUMajbHas BbIXoJHas MouiHocTh 10 170 Br. CBY reneparop nmoaxioueH KOAKCHAIbHBIM
KabeleM K KOaKCHaJbHO-BOJHOBOJAHOMY IEPEXOJy, 3alMTHIBAIOLIEMY HACTpauBaeMbIi
BOJIHOBOJIHBII TPaKT, COCAWHEHHBIH C PE30HATOPHBIM OJOKOM IOCPEACTBOM IPOCCEIHHOTO
BosHOBOHOTO (annia (Puc. 1, B). Becb CBY TpakT ¢ 4eTBEpPTHBOJIHOBBIM MOPIIHEM H
pe30HaTOpoM OBLI COIJIACOBAH M HACTPOEH HAa PE30HAHCHYID YacTOTy MAarHeTPOHHOIO
rereparop. M3mepennsiii koapduuuent crosueir Bonusl (KCB) CBY tpakra (reHeparop —
BOJIHOBO/I- PE30HATOP) COCTaBIISLI HE Ooee 2,3.

MarauTHoe TMoJie YCTAaHOBKHM WMeeT MpoOouHyro koHburypamuto (Puc. 2), co3maBaemyro ¢
IIOMOIIIBIO JUCKOBBIX IIOCTOSIHHBIX Mar"HuToB Sl’l’lCO5 n MAarduTHOTO 3aMbIKaHUs,
HU3TOTOBJICHHOTO M3 MAarHUTOMSII'KOTO MaTrcpHalia. MI/IKpOMeTpI/I‘-IeCKaSI nmogada IIOCTOSAHHBIX
MAaraviToB IIO3BOJIMJIa UBMCHATH BCIIMUYUHY U HpO(bI/IJIB HaMps>KCHHOCTH MArHUTHOI'O ITOJIA (PI/IC
2) B noBymike. BakyymHas cucreMa ycTaHOBKU oOecnieunBaia (pOHOBOE JaBJIeHUE HE MEHbIIE 1
10'5T0pp. B kauecTtBe mia3zmMoo0Opa3yroIero rasa HCIOJIb3oBalics aproH. /[uama3zoH paboumx
naBieHuit cocrasmsur 1 107 — 1 10™ Topp.

OnTuueckas JAUAardHoCTUKa IUJIa3Mbl IMPOU3BOAWIIACH IIPU ITOMOIIM MOHOXpOMATopa-
cnekrporpada MS35401 ¢ pemerkoit 1200 mtp/mMM U mupuHO menu 30 MKM.

Jns u3mMepeHuil aOCONIOTHBIX 3HAYEHHH WHTEHCHUBHOCTH PETUCTPUPYEMBIX CIEKTPAIbHBIX
JUHUNA W3TydeHus ObUIa TpOBEJeHa KaaMOpOBKAa BCETO CIIEKTPOMETPUYECKOTO TpakTa B
nuanazone 300-800 HM mpu paboumx mNapaMmeTpax CIEKTpOMeTpa. B KauecTBe 3TaJIOHHBIX
HCTOYHMKOB UCTIOJIb30BaIH Bosib(hpamoBsie tammbel CUPII 252 (6.5 B, 6 A) u CUPIL 6-100 (6.5
B, 15A), wumeromue mnpu yKa3aHHBIX [apaMeTpax IBETOBYyI0 Temiepatypy 2840 K.
KannOpoBouHble JTaMIIbl 3alUTHIBAIIMCH OT BBICOKO CTAaOMIM3HMPOBAHHOTO MCTOYHMKA IHUTAHUS
(touHocTs ycraHOBKH TOkKa +10 MA, npeiid +0,1 mMA/muH). Cnexktp perucTpupoBalics ¢
nomotnpsio @Y, npu Hanpspkenun 1200 B u Bpemenn HakoruieHust 50 Mc, B pabouyio aneprypy
cBetoBoja (22°) Ha paccrostaue 50 cm.

st ToTO, YTOOBI MPUBECTH H3MEPSEMBIE BEIIMYMHBI K aOCONIOTHBIM 3HAYEHUSM HEOOXOJIUMO
NepPeUTH OT TUIOTHOCTH H3JIyu4eHHUs a0COJIOTHO YEPHOTO Tella K IUIOTHOCTH W3JIydeHUs
KaMmOpoBOYHOM tammbl [3]:
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W, =W, g (1)
rae €, 7 - Ko3hPUIHEHT cepocTH, W, - MIOTHOCTh MHTEHCUBHOCTh M3Iy4EHHUsS YEPHOTO TeEla.

Ee BennmumHa MokeT ObITh ompeneneHa u3 Gopmyisl [lmaHka ist KaKAOro 3HAYEHUsS JTHHBI
BOJIHBI U TEMIIEpATyphI:

2
W (.T) = 2T e[ S (1)
u. p) 2T

rae h — nocrosinHas [lnanka; ¢ — CKOpOCTh CBETa B BaKyyMe; A — JUIMHA BOJHBI M3IyYCHUS; kK —
nocrosHHass bonbuMana; 7' - 3aJaHHAs CIEKTpalbHas TeMmmeparypa u3ilydeHus. [InoTHOCTh
SAPKOCTH CaMOTI'0 TeJla BBIUUCISIETCS C Y4ETOM TEJIECHOTO YIJla U3 IUIOTHOCTH MHTEHCUBHOCTHU
n3nyyeHus. CpaBHeHHME KanuOpoBOYHbIX KpuBbIX Jamnbl (BHUMO®U) u nosydeHHBIX
HKCIIEPUMEHTAIBHBIX 3aBUCUMOCTEH CBHUIETEIBCTBYET, YTO OLIMOKAa M3MEPEHUN HE MPEBBIIIAET
3 % (Puc. 3) B yka3aHHOM CIIEKTPAJIbHOM JIMaIa30He.

1 IKCTICPHM CHTANBHBIC [aHHEIE
BHHHODH

6000000 4

5000000

3

HHTEHCHBHOCTE (BT/M CTp)

4000000

3000000

2000000

1000000

T T T T
300 400 500 600 700 800

A(HM)

Puc. 3 DxcnepumeHTanbHbIe pe3yabTaThl U KannOposka BHUNODU

[TonydenHbie KaTUOPOBOYHBIE KOI(DPHUIIMEHTHI HCIIONB3YIOTCS Il OTpeesieHUsT aOCOTFOTHBIX
3HAYEHUI MHTEHCUBHOCTHU JIMHUI aproHa

MeToauka onpeaejJIeHus TEMIEParypbl U KOHHEHTPAIUH 3JICKTPOHOB

Kaxk noxazano B [4], uccneayemas 1iazMa siBJIsIeTCSI HEPaBHOBECHOM M HE OMUCHIBACTCS TAKUMU
XOpOIIO W3YYEHHBIMH MOJICSIMM  KaK MOJIEb TEPMOJUHAMUYECKOTO PABHOBECUS HITU
JOKAJIBHOTO TEPMOJIMHAMUYECKOTO paBHOBecus. [lis ompenenenust n, u 7, BOCIOIB3yeMcCs
npUOIKEHHEM CTOJKHOBUTEILHO-PAJIMAIMOHHON Mojenu. B manHOM ciaydae (QyHKIUS
pacnpeneNieHrss aTOMHBIX COCTOSIHUN OyieT uMeTh BUT [S]:
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In A

Inz,

Puc. 4

37ech 15 W 17 MIOTHOCTB 3aCENIEHHOCTH YPOBHS 10 Bosbimany u Caxa COOTBETCTBEHHO, A 1

(aKTOp OTHOCUTENHHON 3aCEICHHOCTH.
1 v
N> Mo U T, ONPECISIOTCS SKCICPUMEHTAIBHO, IIyTEM PAacueTa 1, Ul PAsIn4HbIX yPOBHEH IO

dbopmyme:

Ng =i Lgp (3)

~ Jpa
ApgEpg

rae j,o, — aOCONIOTHAs MHTCHCHBHOCTH JIHMHHH, A,. — Kodhduiuents DiiHmreiina, E o —

SHEPrus epexo/ia, g, — CTATUCTHICCKHIA BeC.

Ilo momy4eHHbIM 3Ha4deHusAM crpoutca rpapuk (Puc. 4), mpu sTOM 11 OmpeneneHus
MCIIOJIb3YIOTCSl IMHUY TPyMIbl 4p ¢ 3Heprueit menee 15.1 3B, a ans onpenenenus 1), - TMHUU C

sHeprueit >15.1 3B. TlomyueHnHble 3HaUEHUS TO3BOJISIOT ONPENACIUTD N U Te [S].

Bce nuHuMu, HEeoOXOAMMBIE UISI MPUMEHEHHUS JAHHOTO METOAA XOPOIIO PETUCTPUPYIOTCS B
cunektpe (Puc. 5). DkcrepMMEHTAIbHO YCTAHOBJIEHO, YTO HWHTEHCHBHOCTH PETUCTPUPYEMBIX
JUHUNA KOppETHpyeT C HW3MEHEHHEM NapaMeTpOB pa3psla: W3MEHEHHE MOIIHOCTH BOJIHBI-
HAaKauyKW, JaBJICHUS IUIa3MOOOpAa3yloUIero ras3a, HaNpsHKeHHOCTH MArHUTHOTO TIONS U
poOOYHOTO OTHOIICHHUSI.
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Puc. 5 O630pHbIi ciekTp

3aKiIoueHue

[IpoBeneHHbBIE UCCIENOBAHUSA CBUAETEILCTBYIOT, YTO B IPEICTABICHHON JKCIIEPUMEHTAIBHON
koHurypauun DLIP paspsa oTiamuaeTcs BO3MOXXHOCTBIO JOCTATOYHO JIETKOTO 3a)KUTAHUS B
YCIOBUSAX MPEIENbHbIX JaBieHU ¢ Hu3kuM ypoBHeM CBUY wmomnuocTH.  Pe3ynbpTaThl
KaTMOpPOBKH  CBHJCTEIBCTBYIOT O TNPUMEHMMOCTH METOJa HM3MEpeHUs  abCOJIIOTHBIX
uHTeHCUBHOCTe B pamkax CP monenu mmasmel [S5] uid ompeleneHHs €€ IapaMeTpoB.
[Tomyyennble nepBUYHBIE O030pHBIE HM3MEpPEHHs CIIEKTPOB B YKAa3aHHOM JMala3oHE |
usMepsieMass HMHTCHCUBHOCTb  XapaKTEPHBIX JIMHUKM  TO3BOJIMJIA  ONPEACINUTH  COCTaB
CHEKTPAIbHBIX JINHUH, KOTOPBIE MOTYT OBITh HCIIOJIBE30BAHBI JIs1 a0COTIOTHBIX U3MEPEHUH.
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METO]I MAKCUMAJILHOM SHTPOITMHA B PACIIUPEHHOM MOJIEJIN
COJHEYHOI'O BETPA C YYETOM TYPBYJEHTHBIX ®JIYKTYAIIUA IIJIA3ZMBI
THE MAXIMUM ENTROPY METHOD IN THE CONSIDERING TURBULENT
FLUCTUATIONS OF PLASMA THE EXPANDED SOLAR WIND MODEL
Muponos I1. I1., ’Kypasnes B. M.

DenepanbHOE rOCYIapCTBEHHOE OIOKETHOE 00pa30BaTEIbHOE YUPEKACHUE
BBICIIETO MPO(EeCcCHOHAITBHOTO 00pa30BaHUs

«YIbIHOBCKHM FOCYapCTBEHHBIN YHUBEPCUTET)
r. YibsHOBCK, Pocculickas ®enepanus

B nmoxmane wu3nmaraercs NOAXOA K AHAIM3Y PACUIMPEHHOM  CIIydalHO-BO3MYIICHHOM
HEJIMHEWHOW JTUHAMUYECKOW MOJENH CcoJiHeyHoro Berpa [l, 2] ¢ momompio Meroaa
MakcuMaiabHOU 3HTponuu [3-10]. B ocHoBe noaxoaa nexxut Meron PeliHonbaca s ycpeaHEHUS
110 aHCaMOJII0 YPaBHEHUH CIIy4aiiHO-BO3MYILEHHBIX CUCTEM.

The approach to analysis of expanded random-disturbed nonlinear dynamic solar wind model
[1, 2] by means of the maximum entropy method [3-10] is stated. The Reynolds method for
averaging of equations of random-disturbed systems on ensemble underlies approach.

B npenmpiaymux pabGortax [7, 8, 9] ObuiM omucaHbl pe3yabTaThl MPUMEHEHUS METOJa
MaKCHMaJIbHOM 3HTPOINUHU K MoJenu cojiHedHoro Berpa Ilapkepa [1, 2]. OnHako, HECMOTpsS Ha
HEIUIOXME TOJYYEHHbIE PELICHUs] NPUMEHUTENBHO K IapamMeTpaM COJHEYHOI'O BETpa, CTOUT
OTMETHUTh, 4YTO YCpeIHEHHas Mojenb llapkepa He Y4YUTHIBACT 3aBUCHMOCTb CKOPOCTH U
IUIOTHOCTH, a TAKXKE UX MOMEHTOB paclpeeieHUsl OT BPEMEHH, a TAK)KE OTCYTCTBYIOT MOJISIpHAs
U a3suMyTalbHasl COCTABJIAIOIINE CKOPOCTH W JaBJEHUS IMOTOKA YAacTHIl COJIHEYHOM IJIa3MBbI.
CnenoBarenbHO, Ul YCTPAaHEHHMsS] 3TUX HEJOCTAaTKOB CTOUT 3alUCaTh CIEIYIOLIYI0 CUCTEMY
ypaBHEHHI B C(HEPUIECKUX KOOPHMHATAX:

1 l(, 1
u, +uu, +—vu, + a)u(p——(v + o )z——P,—qS,,,

r rsin@ r

1 1 ctgf , 1
O, +Uuo, +—vo, + v, +—Uw——="—v —P,

r rsin@ r r rp

1 1 ctgl 1 M
v, Huv, +—=w, +———ov, +—uv+ up=—-——=~P,

r rsin 6 r r or

5 B

9 [sin Op]+ 2 [w]=0.
r<ing o0 000 rsin@@go[pv]

P +%§[r2pu]+

3n1ech u - paauaigbHas CKOPOCTh, V - a3UMyTajlbHasi CKOPOCTh, @ - MOJISIPHAs CKOPOCTh, O -

IUIOTHOCTB, P - faBieHHe, ¢, - TpaBUTALMOHHBIN NOTeHIMad. CTOUT OTMETHUTS, uTO cucteMa (1)
OTMCBHIBAET MOTOK HEBS3KOM IJIa3Mbl, U JIaBJICHUE HE 3aBUCUT OT TEMIIEpaTyphl TUIa3Mbl, TaK Kak
paccMmaTpuBaeTcs ciaydail aanabaTHYHOCTH TOTOKA YACTHUIl IJIa3Mbl. B MPUOMMKCHUH MaJIbIX
3HAQYCHUI KOMIIOHEHT CKOPOCTHM M JaBJICHHS COJHEYHOrO BETpa M0 Aa3UMYTAIbHOMY U
MOJIIPHOMY YTIIy MOJy4aeM YCPEIHEHHBIC 10 aHCaMOII0 ypaBHEHHS PeifHOmbaca s CUCTEMBI

(1):
— PR 1 a 12 1 12 12 l
u,+uu,,+55<u >—;(<V >+<60 >)=—<;P},>—(Dr,

(2)
e 2, )
p,+p,,u+pu,,+;(pu+<pu>)+<pu>r:O.
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2 2 2
3nech <u' >, <v’ >, <a)' > - MCIEPCHH KOMIIOHEHT CKOPOCTH COJHEUHOro Betpa, (p'u') -

KoBapuanus Quykryanuid. [IpuMeHsss METOJ MaKCUMaJIbHOW SHTPONUU K YypaBHEHHSIM (2),
MoJy4aeM JOTIOJHUTENbHBIE YCPEIHEHHbIC YpaBHEHHUS HJsi 3aMbIKaHUS paccMaTpUBaEMOM
CHUCTEMBI:

iy =i, + PV, = W, + 2L, =0,

r

5<1R> .
L LW, + =, =,
0 r

26{(u”) detC e =

9

(3)
1
15detC 1 5<pp">
— W =0
2 5<pr2> detC+ 5<P’2> 1 s
lédetC 1 +%W2—W2r=0,
2 5<p'u’> detC r
lédetC 1 _Z_ l5detC 1 _Z_
2 5<V'2> detC r 25<a)’2>detC o
5detC= odetC _ odetC _0 odetC _ odetC _0
5<u'v’> 5<u'a)’> 5<v’a)'> ’ 5<p'v'> 5<p’a)’> '
31ech W, W, - MHOKHUTEIN Jlarpanxa. C y4eToM perieHus

(u'a)'>:<u'v'>:<v'a)'>20, <p’w’>=<p’v’>=0 MaTpuila KOBapHWalWil Uil  YCPEIHCHHOM
paciupeHHOW MOJIENI COTHEYHOTO BETpa B C(hepUIeCKHX KOOPAMHATAX BBITTISANT TaK:
12 [
<p > <pu> 0 0
<p!u!> <u12> O O
2
0 0o () o0
2
0 0 0 (o”)
Hcnonb3oBanue pa3BUTOTO METOJAa MAKCUMAJIbHOM SHTPONUM IO3BOJISIET MOCTPOUTH
3aMKHYTYIO MOJENb COJIHEYHOTO BETpPa C Y4YeTOM TYpOYJIEHTHBIX (IyKTyauuid miasmel. B
npemiaraeMoii pabore s cucteMbl ypaBHeHHH (2)-(3) BBIYMCICHBI W TPOAHATH3HPOBAHBI
pelieHus Ui CKOPOCTH U IUIOTHOCTH COJIHEYHOTO BETPa, a TAKXKE MOMEHTOB MCCIEAYEMBIX
BenmunH. [IpoaHanmu3upoBaHa poJyib JaUcCHepcuil  (IyKTyaluid CKOPOCTH IO YIJIOBBIM

NEPEMEHHBIM B YCPEIHEHHON pAacIIMpPEeHHOM MOJEIN COJIHEYHOTO BETpa C YYETOM
TypOyJIEeHTHBIX (IIYKTyalui miIa3Mbl.

detC = 4)
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NU3YUYEHHUE BO3MOKHOCTEHM ITPOTUBOY JAPHOM U30JIAIIUA ITPHA
PE3KHWX BHEIIHWX BO3JIEHCTBUSAX

LIMITING PERFORMANCE ANALYSIS OF SHOCK ISOLATION FOR THE CASE
OF SHARP EXTERNAL DISTURBANCES

B.A.Kopneen

HUncmumym npoonrem mexanuxu um. A.FO. Huwnunckoeo PAH, Mocksa, Poccus

e-mail: korneev@ipmnet.ru

Beenenue. PaccmoTrpeHa MoOJenb CHCTEMBI INPOTUBOYJAPHOW M3O0JIALMM C OJHOM
CTENEHbIO CBOOOJIbI C OTPaHUYEHHBIM YIPABIAIOIIMM BO3JEHCTBUEM M 33JaHHBIM MHTETPAJIOM
OT BHEIIHET0 BO3MYIIEHHUS. YNPaBIAIOIIee BO3JCHCTBHE BBHIOMpANOCH IS OOeCTeueHHs
MUHHUMYMa MaKCUMAJIbHON BENMYMHBI CMEIICHHUS 3alIMIIAeMOTO OOBEKTa OTHOCHTEIBHO
ocHOBaHMs. PaccmarpuBaemas 3a1a4a ObUTa CBEICHA K 33/a4€ JMHEWHOTO MPOrPaMMHPOBAHUS.
Jis pOM3BOJIBHBIX BHEIIHMX HEOTPHUIATEIbHBIX BO3JCHCTBHMA, O0O0JIAAAIONIUX OJUHAKOBBIM
UHTETPAJIOM M JJIUTEIBHOCTBIO M BBIXOJAUIMX 3a MpPeAeiabl MaKCUMaJbHOIO 3HAYEHUS
yhopaBieHUs He Oojee OJHOIO pasa, MOJy4YeHa OIEHKAa JUIsl KPUTUYECKOTO 3HAYCHUS
JUINTEIBHOCTH, HHWXKE€ KOTOPOM ONTHUMAJIbHOE YIPABIEHUE 3a/laeTcsi IPOCTONH KyCOYHO-
noctosiHHOW (pyHKIMEH. [Ipy TOMOTHUTETLHOM MPEANOJIOKEHHH 00 0CEBONH CHMMETPHUYHOCTH
BO3MYIIICHHUSI TOJydeHa Ooiiee ciabas OlEHKa s KPUTUYECKOTO 3HAYCHHS JUTMTEIBHOCTH.
JlokazaHo, 4To 3HaYeHHE (YHKIIMOHANA JJIS JOKPUTHUECKUX 3HAUYEHUH JUIMTENLHOCTU B CIIydae
CUMMETPUYHOTO BO3MYIIEHMSI HE 3aBUCUT OT €ro KOHKPETHOIO BHJAA U pELIEHUE 3ajauu
aHasiuTHyeckoe. /[l pa3nMyYHbIX BO3MYILEHUN IIPOBEIEHO CPaBHEHHUE IMOJIYYEHHBIX OLIEHOK C
pe3yabTaTaMu MOJYYCHHBIMH M3 TOYHOro pemeHus. Jlannas pabota OGasupyercss Ha
pe3ylbTaTax, U3JI0)KCHHBIX B MOHOTrpaduu [ 1] 1 maeT nanpHelee ux pa3BUTHE.

Introduction. A single-degree-of-freedom model of an active shock isolation system is
considered. The excitation function (shock disturbance) and the control force are subject to
constraints. The aim of the control is to minimize the maximum absolute value of the
displacement of the object to be isolated relative to the base. This problem under consideration is
reduced to a linear programming problem. The excitation functions are assumed to be
nonnegative and to have only one excursion beyond the maximum value allowed for the control
function. The integral of the excitation function with respect to time over the duration interval is
given. For such disturbances, an estimate is obtained for a critical value of the duration, below
which the optimal control is defined by a simple piecewise constant function. If, in addition, the
excitation function have an axial symmetry, a weaker estimate for the critical value of the
duration is obtained. It is proved that for symmetric excitation functions characterized by
subcritical durations, the optimal value of the performance index is independent of the shape of
the excitation function. In this case, the control problem is solved analytically. The estimates are
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compared with the results of the exact solution for various excitations. This work is based on the
results presented in the monograph [1] and provides their further development.

IMocTaHoBka 3amaum . PaccMaTpuBaeTCss MEXaHHMYECKas CHCTEMa, COCTOSIIas U3
JKECTKOTO OCHOBAaHUS U OOBEKTa, CBSI3aHHOI'O C OCHOBAHHEM IOCPEJCTBOM IPOTHBOYIAPHOTO
U30JSITOpa — YCTPOICTBA, KOTOPOE CO3/aeT YIPABISIOMIYIO CHIY f MEKIy OCHOBaHHUEM W

00BEKTOM U CIYXUT I CHIDKEHUS HAarpy3kd Ha OOBEKT B CIIydae yJapHOTO BO3JCUCTBHUS Ha
ocHoBanue. [Ipennonaraercs, 4To OCHOBaHHE M OOBEKT JIBUKYTCS MOCTYNATEIBLHO BIOJIb OJHOM
u Toi ke mpsmMod. OOO3HAUYMM: z — CMEIIEHHE OCHOBAHUS OTHOCUTEIBHO HETOBUKHOMN
(MHEpLUMAIbHON) CUCTEMBI OTCYETa, X — CMEIIEHHE OOBEKTa OTHOCUTEIHHO OCHOBAHUSA, M —
Macca 00beKTa. YJapHOE BO3JCHCTBHE Ha OCHOBAaHME MOJEIUPYETCS €ro0 YCKOPEHUEM Z ,
3aJIaHHBIM KaK (DYHKITUS BPEMCHH.

JIBmxeHue 00beKTa OTHOCUTEILHO OCHOBAHHUS 33/1a€TCSl YpaBHEHUEM
X+u=v{t), u=fim, v=-z. (1.1)
[Tosaraem, 4To B HaYaJIbHBIH MOMEHT BPEMEHH OOBEKT MMOKOUTCS OTHOCUTEILHO OCHOBAHHMS T.C.
x(0)=0, x(0)=0 (1.2)
U YTO BO3MYIIICHUE V(f) UMEET BU]I

W) =V(t—t), t,>0, (1.3)

rae ¢ynkius V(&) ompeneneHa Juis Bcex BeLIECTBEHHbIX &, mpudeM V(E)=0 ma £<0,a ¢,
— HEKOTOpBII MOMEHT BpeMeHH f, >0, KOTOpbIi MOXXeT OBITh 3aJaH WM I0JUICKATh

onpeneneHuo. Takoe onpeneneHue COOTBETCTBYET CUTYallMH, KOra BO3MYILEHUE } HauuMHAeT
JCHCTBOBATh HAa OCHOBAHUE CIIyCTA BPEMs [, IOCIE BKIIOYEHHS CUCTEMBbI IIPOTUBOYAAPHOU

H30JIA1IUU, TO CCTh JOITYCKACTCA BO3MOXKHOCTD YIIPCIKAAIOIICTO YIIPABJICHU .

O06o3HauuMm uepe3 x, (f;¢,) pewenue ypaBHeHus (1.1) ¢ HadanbHbIMU ycioBusmu (1.2)

npu v(¢) Buga (1.3).

Zapaua 1. /[na cucmemor (1.1) ¢ navanouvivu ycinosusmu (1.2) u 8ozmyweHuem 8uoa
(1.3) navimu ynpaenenue u(t), yoosiemeopsiouee 0cpaHudeHuro

|u() [<u,, 1€[0,0),

U 8pems ynpexicoenus t,, npu KOmopuix MaKCUMyM MOOYilsl cMeujeHusi 00beKma OmHOCUMENbHO

OCHOBAHUA

J(u,to) = max |xu (tﬂto)l

te[0,0)

npurHumaent MURUMA1bHOe 3HAYEHUE.
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B nanpHeiimem paccMaTpuBaeTcs YacTHBIH caydaid 3agauu 1 npu £, =0.

Buemnne Bo3mymenusi . OrpaHudmMcsl KIaccoM BO3MYIIEGHUU V' (¢), oOnamarommx

CBOMCTBaMU:
1. V() =0.
2. Bo3myiienne nMeeT KOHEUHYIO TUTeNbHOCT 1 : V(¢) =0, ecmm ¢t <0 wim ¢t > T .
3. V(@) <u, npu 0<t<t, ut,<t<T; V(t)>u, npu t, <t <t,.

CaoiictBa 1-3 03Ha4alOT, YTO BO3MYILIEHHUE JIEHCTBYET TOJIBKO B OJJHY CTOPOHY, HE MEHSs
3HAaK, U 4TO Ha OJHOM U TOJBKO OJHOM MHTepBaie ¢, < ¢ <t, a0COJIOTHOE YCKOPEHUE OCHOBAHUS

V(t) npeBbllIaeT 3HAYCHUE U,,.

Cnyuaii, xorma V(f)<u, nmpu 0<¢<T, He paccmarpuBaerci. B 3TOM ciyuae

ynpasienue u(t) =V (¢) ontumansao u J(u,t,)=0.

COBOKYIHOCTh BCEX KYCOYHO-HENPEPHIBHBIX BO3MYIICHUN V (1), yIOBIETBOPSIOUINX

ycioBusiM 1-3, Ha30BeM W -KilaccoM.

Bo3myiieHus1 «CHMMeTPUYHOI» popMbl. [101 BO3MYIIEHUIMI CUMMETPHUYHON (POPMBI
OyzeM NOHMMAaTh BO3JICHCTBHSA, 00JIaAAI0INE CIEIYIOUIMM CBOHCTBOM:

Vey=v(T-1). (1.4)

B stom ciydae rpaduk ¢yHKmu V(¢) Ha KOOpAWHATHOW TUIOCKOCTH ) CHMMETpPUYCH

OTHOCHUTEIIEHO OCH, poxoasmieii uepe3 Touky (7/2,0) mapamieabHO KOOpIUHATHON ocu V.

JocTraTouyHble ycJ0BHS ONTUMAJIBHOCTH YNPaBjdeHUs. YHNCICHHbIE U aHATUTHYECKUE
UCCJIEI0BaHUsl TIOKA3aJld, YTO NPHU HAJOXKEHHHM OTPAHWYEHUS Ha JUIUTEIbHOCTh BO3MYILIEHUS
CJIEIyIOILIEE YIIPABICHUE ONTUMANIBHO:

u,, 0<t<T, . (15)

u=u (t)=
) 0, t>T, Cu,

CrnipaBeyIUBHI CIIEIYIOLIUE TEOPEMBI.

Teopema 1. Ecau ona eosmywenuss  us xknacca W cnpageonugo ceoticmeo (1.4) u

6blNOJIHEHO HEPABEHCMEBO

T
T<2l2-1)"%, v, = [V,
MO 0
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mo 6 3adaiye ONMUMANLHOU NPOMUBOYOApHol uzonayuu 6e3 ynpeosicoenus (t,=0)

ONMUMATLHBIM YNPasIeHueM A6semcs ynpasienue (1.5), a MunHumMym MaKxcumMaibHOU 6elUYUHb
cMeweHuss 00beKma OMHOCUMENbHO OCHOBAHUS PACCUUMbBIBAEMCS NO opmye

Yo | Yo

J(w )= -T

U
Benuuuna J(u.), paccuumvieaemas no smoui ¢hopmyne, 3aeucum mMoabKO OmM
npoooaxcumenbHocmu osmyujenus T u e2o UHmMezpanbHOU XapaKmepucmuKky v, u He 3a6Ucum

0m KOHKpemHoll peanuzayuu 6o3mywenus V(t) ¢ smumu napamempamu.

Teopema 2. Eciu ona 6éosmywjenus V uz knacca W 6vinoineHo HepaseHcmso
T < (2 =1)v/u,,

mo 6 3a0aue ONMUMANbHOU NPOMuUeoyoapHou usonayuu 6es ynpescoenus (t, =0)
ONMUMANbHBIM  YRPAGIeHUeM U,, A61Aemcs ynpaenenue (1.5), a MuHUMYM MAKCUMATbHOU

BENIUHUHbL CMEUWEeHUA 00vexma OMHOCUMENbHO OCHOBAHUS paccdumosleaemcs no d)opMsze

J(u)=x(T,)= JE(TC - T)(V(T) - u*(r))dr.

Caenctue 1. B ycrnosusx Teopemvt 2 binoiHenbl pageHcmea

2 2

Vo Vo
Jgp = sup J(u.)=_—, Sy = —Tv,.
ROR 2u, 2u,

CaencrBue 2. B ycnosusx Teopembi 2 8binoiHeHbl HepageHcmed

J. J
3—2ﬁsJ’ls1, 1< <3422,

sup inf

[IpuBeneHHbIE TEOpEMBI NAIOT JOCTATOYHBIE YCIIOBHS [UIsl NPUMEHEHMS YIPABICHUS

(1.5).

Pe3yibTaThl cpaBHEHHS PA3JIHYHbIX BO3MYIIEHH . /)11 BO3MYILEHNUN IPSAMOYTOJIbHON
GopMBI M TpPEYroJbHOTO BO3MYIIEHHS C BepmMHOW npu ¢=1f,=0 yaanoce NOIY4IUTh

AQHAJIUTUYECKUE BBIPAKECHMS, KOTOPBIE IIOCIYKWJIM TECTOM IIPM YHUCICHHOM IOCTPOCHUH
pemenus. beuta co3gana nporpamma Ha si3bike Matlab mis pacdera onTUMaabHOTO yIIpaBJIEHUS
U COOTBETCTBYIOILErO0 OTHOCHTEIBHOIO cMelmeHus. IIporpamma mo3BoJymia MpOBECTH TOYHBIE
pacueTbl 3amaun | JUIsT BHEUIHMX BO3JACHCTBHH CHHYyCOMJanbHOW ¢GopMbl U B Qopme
OCTPOYT'OJIBHBIX M NPAMOYTOJIbHBIX TPEYTOJBHUKOB C BEPIIMHOMN npu ¢ =7 . J{nsd Kaxaoro us
PaccMOTPEHHBIX BO3MYIIEHUH OBLTH OMpEIeNeHbl 00JacTH MapaMeTpoB 3aJadud, Ui KOTOPBIX
ynpasienue (1.5) sBasercs ontumanbHbIM. [Ipu 3TOM B 3THX 007acTSX MapaMeTpoB s
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CUHYCOUJAJIBHBIX U IMPSIMOYTOJbHBIX BHEIIHMX BO3JEHCTBUI OoNTHUMajbHOE ympasieHue (1.5)
enuHCTBeHHO. OKa3zajnoch, 4YTO JUIS TPEYroJbHBIX BHEIIHUX BO3JCHCTBHIA  00JacTh
ONTUMAIBHOCTH YyrpaBieHus (1.5) comepX HuT momo6iacTb HEETMHCTBEHHOCTH ONTHMAIbHOTO
ynpasieHuss B oOmactax napamerpoB, rie ympasieHue (1.5) onTUManbHO M €AMHCTBEHHO,
MOJIyYEHO AaHAJTUTUYECKOE PELIECHHUE 3a/1a4M 1 I BceX pacCCMOTPEHHBIX BO3MYIIICHUH.

CpaBHeHHE BIMSHHUSA BO3MYIICHUN HA 3HaYeHUE (DYHKIIMOHAJIA TPOBOIMIIOCH B YCIOBHSAX
TeopeMbl 2, T.e. npu T < («/5 -1)v,/u,, Kakx HpuU OJUHAKOBBIX aMIUIUTyJaX TaK M IpH

OJVHAKOBBIX JUIMTEJIBHOCTAX. IIpM OOMHAKOBBIX AaMIUIMTYJaX HaWXyAIIUM OKa3aloCh
BO3JICUCTBUE B BUJE NPAMOYTOJIbHUKA, @ BO3ZMYILECHUEM C HaUMEHBIIUM BO3JEHCTBUEM B 3TOM
KJacce (QYHKUUH SBIISICTCSI BO3MYIICHUE B BUJIE MPSIMOYTOJIBHOTO TPEYTOJIbHUKA C BEPIIMHON B
t=T.

HpI/I OJJMHAKOBLIX IMTCIBHOCTAX HAUXYAIIMM OKa3aJloCh BO3HeﬁCTBHC B BUAC
IIPSIMOYIOJIBHOTO TPEYTrOJIbHHKAa C BepmMHOM B f=(0, a BO3MYILEHHMEM C HAUMEHBIIUM
BO3JICHICTBUEM B 3TOM Kiacce (YHKIUH SBISIETCS BO3MYIICHHE B BHUJAC MPSIMOYTOJILHOTO
TPEYroJIbHUKA C BEPIIUHOM B ¢ = T . DTOT pe3yabTar ABISETCS 0KHUIAEMBbIM, IIOCKOJIBKY J1€1bTa-

byHKIIS voé(t) SBIISICTCA HAaUXYAIIMM BO3MYILIEHHEM B Kiacce (YHKUMH, OJUHAKOBBIX MO

JUTHTENBHOCTH, HE MpEBbIAomel Bemuaunsr (/2 —1) V,/Uy, @ BO3MYLIEHUEM C HAUMEHBIIUM

BO3EHCTBHEM ABISIETCA BO3MyIIeHue v,5(t —T).

Pabora Beinosinena npu nogaepxke POOU (14-01-00356 a, 13-01-00384 a).

Jluteparypa
[1]. Balandin D.V., Bolotnik N.N., and Pilkey W.D. Optimal Protection from Impact,
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THE MODEL CONTAINING THREE COUPLED SUBSYSTEMS: EXISTENCE OF
OSCILLATIONS IN THE MAIN MODE

Valentin N. Tkhai, Ivan N. Barabanov
Trapeznikov Insitute of Control Sciences of Russian Academy of Sciences, Moscow, Russia

The model containing coupled subsystems (MCCS) is introduced in [1] to describe
systems encountered in nature, engineering, etc. The model is described by a system of ordinary
differential equations (ODE), where subsystems are autonomous ODEs. The coupling between
subsystems is characterized by a numeric parameter €, the subsystems becoming independent as
€ = 0. The N-planet problem serves as an example of the MCCS with single-leveled subsystems.
In this paper we consider the MCCS that contains three subsystems at a single level. The
subsystems are supposed to operate in the ordinary mode. The problem existence of oscillations
is solved.

Consider the MCCS that consists of three subsystems of second order. Each subsystem is
supposed to admit a family of oscillations with period depending on a single parameter [2]. In
the point of interest each subsystem operates in the ordinary mode, i.e. the derivative of the
period with respect to parameter is nonzero. The mode when all subsystems operate in the
ordinary mode is called the main mode of oscillations of MCCS.

In order to determine necessary and sufficient conditions for oscillations to exist a special
system of amplitude equations is constructed. Those conditions are formulated in terms of the
existence of a simple solution.

This work was supported by the Russian Foundation for Basic Researches (13-01-00347a, 13-
01-00376a) and by the Program 14 of the Branch of Power Engineering, Industrial Engineering,
Mechanics, and Control Processes of Russian Academy of Sciences.
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STABILIZATION OF OSCILLATIONS IN THE MODEL CONTAINING THREE
COUPLED SUBSYSTEMS

Valentin N. Tkhai, Ivan N. Barabanov

Trapeznikov Insitute of Control Sciences of Russian Academy of Sciences, Moscow, Russia

Consider the model containing three coupled subsystems of the second order [1]. We
suppose that each of generating subsystems admit a family of periodic solutions. Each subsystem
is assumed to operate in the ordinary mode [2] at the point of interest (the main oscillations mode
of the MCCS)

In the frame of MCCS concept we can state two kinds of stabilization problems: 1) to
stabilize oscillations of the set of generating subsystems by small periodic coupling controls; 2)
to stabilize the oscillations of MCCS itself.

Both problems are solved on the base of stability conditions for MCCS. Those stability
conditions for the MCCS containing three subsystems of the second order are found in explicit
form and are based on the analysis of Lyapunov exponents of the MCCS.

The obtained results can be applied to stabilize various systems, such as chains of
mechanical oscillators, wind turbine, coupled pendulums, etc.

This work was supported by the Russian Foundation for Basic Researches (13-01-00347a, 13-
01-00376a) and by the Program 14 of the Branch of Power Engineering, Industrial Engineering,
Mechanics, and Control Processes of Russian Academy of Sciences.
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Ob YIHPABJIAEMOCTHU CUCTEMBI /IBY3BEHHBIX MAATHUKOB B
OKPECTHOCTH NNOJIOKEHU S PABHOBECHUSA

W.M. AnanbeBckuii, T. A. Mmxansx

DdenepalibHOE TOCYIAPCTBEHHOE OIOKETHOE yupekaeHue Hayku Muctutyt [poGiem
Mexanuku um. A. 10. Nuunackoro Poccuiickoit akageMun HayK,

MocKkoBckHii (PU3NKO-TEXHUYECKUH MHCTUTYT (FOCYIapCTBEHHBIH YHUBEPCUTET),

Mocksa, Poccus

PaccmarpuBaercst 3amaya 00 yHOpaBIsSEMOCTH CHCTEMBI JBY3BEHHBIX MAasSTHUKOB BOJIH3U
MI0JIO’KEHUSI PAaBHOBECHSI C MOMOLIBIO OJTHOTO MOMEHTA, MPUJIOKEHHOTO B 00IIEl TOUKE TOIBECA.

.JII/IHeapI/IElOBaHHI)Ie YpaBHEHUSAI [IBHKCHUHA MHOIO3BCHHOI0 MasiTHUKA. PaCCMOTpI/IM
MHOT'03BEHHBIN MAasSTHHK Kak MCXaHUYCCKYIO CUCTEMY, COCTOALIYIO U3 71 TBCPAbIX HCBCCOMBIX

CTep)KHEH ¢ [uyiHaMu /,...,/,, COeANHAIOMUX MaTepHalbHble TOUKH C MaccaMu mi,,...,m, (puc.

0
1). IlepBblii cTEpKEHb OJJHUM KOHIIOM LIAPHUPHO NPUKPEIIIEH K HEMOABUKHON oniope. MasaTHHUK
HaxOJUTCA B II0JI€ TSPKECTH M MOXKET JIBUTaThCsl B BEPTUKAIBHOM IJIOCKOCTH. Takol MasTHUK
uMeeT 2" pa3lIMYHBIX MMOJIOKEHUI PABHOBECHS, B KAXKIOM M3 KOTOPBIX HEKOTOPBIC U3 CTEPKHEH
OPUEHTUPOBAHBl BHU3, & OCTAJbHBIC - BBEpPX. byaem paccMarpuBarh MasTHUK B HEKOTOPOM
OKPECTHOCTH OJITHOTO U3 TAKUX ITOJIOKEHUH PAaBHOBECHSI.

Mn
I

Puc. 1. MHOTO3BEHHBIN MasTHUK
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O0603Ha4nM uepe3 ¥, Yroa MeXAy k -M CTEep)KHEM U BepTUKajbio, k =1,...,n . BBenem BekTop

6 pasMepHOCTH 7, ONPEACTSAIONINI OPUCHTALMIO 3BEHHEB MAsTHHKA B paccMaTPUBACMOM
MOJIOKEHUU PAaBHOBECHUS:

0, ecnu i-e3BEHO OPUEHTHUPOBAHO BBEPX;

i

1, ecnu 1- e 3BEHO OPUEHTHPOBAHO BHU3.

[onoxum ¢, =y, —60, 7. Toroga Bce @, paBHBI HYJIIO, €CIM MasSTHUK HAaXOAUTCS B JAHHOM

IMMOJIOKCHHUU PAaBHOBCCH. Kunernueckas u NMOTCHIMAJIbHAA SHCPIruu MasiTHUKA IIPUHHUMAIOT BUA:

n 1 k o k n
T= ngk Zlilj cos((ol. -+ 0, —Gj)ﬂ)(pl.(oj, I1= gZIl. cos(gol. + Qiﬂ)ka.
k=1

i,j=1 i=1 k=i

[Ipennonoxum, 4To K MEPBOMY 3BEHY MAasTHUKA MPHIOKEH YIPABIAIOLIUNA MOMEHT u(Qp,Q).

JInHeapu30BaHHbIE B OKPECTHOCTH MOJIOKEHHSI PABHOBECHS YPABHEHHS JIBUIKCHHUS MasATHUKA
MOTYT OBITh 3aIHCaHbI B opMe

Ap+Pop=bu, ()

T o
rae b - BEeKTOp BUIA bZ(I,O,...,O) , A nu P - nuHeapu30BaHHBIE MATPHIIBl KHHETHYECKOH H

MOTEHIIMATbHON SHEPrUM:

0,40, ul . 0.+1 <
A= 0 Y m, P=diagi(-1)" gl Y m,
k=i

k=max (i,])

[TycTs mMeeTcst cucTemMa U3 HEeCKOJIbKUX MHOTO3BEHHBIX MAsTHUKOB ¢ OOIIEH TOYKON mMojBeca,
ynpasisieMasi OJHIM MOMEHTOM, NPUJIOKEHHBIM B 3TO Touke. IIpeanonaraercs, 4to Kaxabli U3
MasiTHUKOB HAaXOJUTCS B OKPECTHOCTH KaKOro-TO, HE 0053aTelNbHO HMIKHEIO, IOJIOKEHUS
paBHOBecus. JIMHeapu30BaHHbIE YPABHEHMS [AWHAMUKHM KaXJIOTO MasTHHKAa HMMEIOT BUJ,
aHasiornunblil (1). g uccnenoBaHusl YyOpaBiIsseMOCTH TaKOW CUCTEMBbI YPaBHEHUS IBUKECHUS
Ka)X/I0TO MasiTHUKA MPUBOJIAT K TJIaBHBIM KoopauHaTaMm. HeoOxoamMoe u J0CTaTOYHOE YCIIOBUE
YIPaBISEMOCTH COCTOUT B TOM, YTO YaCTOTHI (KOPHU BEKOBOI'O YPAaBHEHMsI) BCEX MasTHUKOB
JOJDKHBI OBITH Pa3iMyHBI, @ MPOEKLIUU BEKTOpOB b u3 mpaBoil wactu (1) HA aMIUIUTYAHBIC
BEKTOPBI HE JI0JKHBI PaBHATHCS HYIIO.

YnpaBisieMoCTh CHCTEMbI ABY3BEHHbIX MAasITHHKOB. PacCMOTpUM CHUCTEMY JBY3BEHHBIX
MasiTHUKOB, YIPAaBISIEMbIX MOMEHTOM, IMPHJIOKEHHBIM B 0OmIel Touke mojaseca. Mcciemyem
ClIy4all CHCTEMBI W3 YETBIPEX OJMHAKOBBIX JIBY3BE€HHBIX MAasATHHUKOB, KaXIbld M3 KOTOPBIX
JIBHKETCS B OKPECTHOCTH CBOEIO, OTIUYHOIO OT IPYrUX, IOJIOKEHUs PaBHOBeCHs. Beero takux
NOJIOKCHUI PABHOBECHS] UETHIPE, OHM OJHO3HAYHO OIpenensercs BekTopamu 6O, a
COOTBETCTBYIOIME UM KOH(HUTypalluu 3BEHbEB N300paKEHBI HA pUC. 2.
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Puc 2. [lonoxeHnus: paBHOBECHS IBYX3BEHHOIO MasTHHKA.

Marpuiipl KHHETUYECKOW U NOTEHIMAIBHOW SHEPTUI 3aIUIIYTCS KakK
0,+1
1

I,(m; +m,) 0

+
4= 112(m1+m2) (_1)91 gzlllzmz , P=g (1)
0,+1

- +
D20 Lm, I;m, 0 """ Lm,

Jist HaXOXKJICHUsI COOCTBEHHBIX YAaCTOT ATUX CUCTEM PEUIAeTCsl ypaBHEHHE YacTOT, HIIM BEKOBOE
ypaBHeHue [1]

det(P—14)=0. (2)

Jnis IBYX3BEHHOTO MasTHUKA ypaBHEHHE (2) ecTh KBaJpaTUUYHOE YPAaBHEHHE OTHOCHUTENBHO A .
Kaxnomy u3 kopHeil A, COOTBETCTBYET aMIUIMTYIHBIA BEKTOp u,,i=1,2. AMIIUTYyAHbIE

BCKTOPLI HAXOAATCA U3 YPABHCHUA
(P-24u=0.

Tak Kak 1O OTACIBHOCTM KaXIbld IUIOCKUA MHOIO3BEHHBIH MAasTHUK B OKPECTHOCTH
MPOU3BOJILHOTO TIOJIOKECHUS PAaBHOBECHUSI B JIMHCWHOM NPHONKEHUU YIPABISEM C MOMOIIBIO
MOMEHTa, MPHUJIOKEHHOTO K MEPBOMY 3BEHY [2], TO MPOEKIUU BEKTOPOB b Ha aMILTUTYIHBIC
BEKTOpbl HE paBHbl HYJIIO. BBIICHMM, NMpU KakOM YCIOBHM MOTYT COBIIACTb 4YacTOTHl B
Pa3TUYHBIX KOH(HUTYpaIUsIX IMMOJOXKEHUS PABHOBECHUS IABY3BEHHOTO MAasTHHKA. BhImuinem s

3TOro COOCTBEHHBIC YAaCTOTHI MASTHHKOB B TOM MOopAAKE, B KOTOPOM OHHM PACIOJIOKCHBI HA PUC.
2.

g (I, +1,)(m, +m2)—\/m1 +m, \/(11 —12)2m1 +( +lz)2m2

A==
4 2L1,m, ’
A =—g (4 +5)(my +my) +my +m, \/(11 =LY m +(+1,)"m,
2

211,m,
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=g (l, =1,)(m, +m2)—\/m1 +m, \/(11 +lz)2m1 +(, —12)2m2
1 211,m,

g (L, =1,)(m, +m2)+\/m1 +m, \/(11 +lz)2m1 +(, —12)2m2 ’
211,m,

A= 2gm, +m,
C: (I = L)\Jmy +m, —\/(11+12)2m1+(11—12)2m2
A =—g (L, =L)(my +my,) —[m; +m, \/(11 +5) my +(, =1,)"m,
2 21,1,m,

g (4, +1,)(m, +m2)—\/m1 +m, \/(11 —12)2m1 +( +12)2m2
211,m,

g (1, +1,)(m, +m2)+\/m1 +m, \/(11 —12)2m1 +( +12)2m2
211,m,

A=
D:

Ay =

AHanu3 BCEBO3MOXHBIX KOMOHMHAIMI MapaMeTpoB CUCTEM m,,M,,l [, TOKa3bIBaeT, YTO

COBIIAJICHUE YaCTOT BO3MOXHO TOJIBKO B Cllydae, KOrJa UIMHBI 3B€HbEB MasTHUKA OJUHAKOBBI,
IpUYeM COBIMAJCHHE MOXET ObITh TOJBKO JJIsi BTOPOM W TpeTrbel KoHuUrypamwuii,
n300paXeHHBbIX Ha puc. 2. Bo BceX OCTaJbHBIX Ciy4yasX CHCTEMA, COCTABJICHHAs U3
BCEBO3MOKHBIX KOMOMHAIMHA 3THX 4-X MasgTHUKOB, IOJHOCTBIO yIpaBisiema. [Ji1 MasiTHUKOB C
OJIMHAKOBBIMH JUIMHAMHU 3BEHBSIMH YIIPABIAEMOCTb OyAET COXpaHEeHa, €Cld HUCKIIOYHUTh
koHurypanuto B nnm C, ocTaBUB TpU OCTABHBIX.

Jluteparypa
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About controllability of a set of two-link pendulums near equilibrium

The problem of controllability of a set of the two-link pendulums near equilibrium position with
a single torque applied at a common point of suspension is considered.
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OB YCTOMYUBOCTHU OTHOCHUTEJBbHBIX PABHOBECHM TBEPIOI'O TEJIA C
BUBPUPYIOIIEN BJIOJIb TOPU30HTAJIA TOYKOM MMOJABECA
STABILITY OF RELATIVE EQUILIBRIUMS OF A RIGID BODY WITH A
SUSPENSION POINT VIBRATING ALONG THE HORIZONTAL

MockoBckuii ABHanimoHHbI MHCTUTYT (HAalIMOHATIBLHBINA UCCIIE0BATENbCKUI YHUBEPCUTET)
r. Mocksa, Poccus.
benmnuenko M. B. (Belichenko M. V.)

B pabote paccmaTpuBaeTcsi IBMKEHHE TSDKEIOro TBEPIOTO TeNa, OJHA M3 TOYEK

KOTOporo (Touyka TojBeca O) COBEpIIAeT TOPH3OHTAIbHBIC TaAPMOHUYECKHE KOJICOaHUSI.
Haiinensl mosjo)keHUs paBHOBECHSI CUCTEMBI MPUOIMKEHHBIX YpaBHEHUH, U PacCMOTpPEHA UX
YCTOMYMBOCTD B MEPBOM MpuOIMKeHuu. ViccienoBansl 1Ba ciaydas T€OMETPHH MacC — Telo C
LIEHTPOM Macc Ha IJIaBHOM OCU M INHAMUYECKH CUMMETPUYHOE TEJIO.

BBeném nocrynarenpHo nBHXKYyIIytocs cuctemy koopauHaT OXYZ, oce OZ xoTopoi
HampaBJeHa BEPTHKAIBHO BBEpX, a och OY HampaBieHa BJOJIb HANpaBICHHsS KOJICOAHUH, U
CBA3aHHYIO C TEJIOM CUCTEMY KOOpAMHAT OXyz ¢ OCSIMHM, HAlIPAaBJIEHHBIMU BJIOJIb IJIaBHBIX OCEH
uHepiun Tena s Touku O. COOTBETCTBYIONINE TJIABHBIE MOMEHTHI MHEPIIUH 0003HAYUM Yepes3

A, B u C, a npoekuun paauyc-ekropa nenrpa macc OG na ocu Ox, Oy u Oz —uepes X, ), u
Zg.
Bynem npeanonarats, 4To aMIuIMTyAa KojaeOaHWid TOUKK NOBeca Tesia h mana o

CPaBHEHHMIO C pacCTOsiHUEM Fi; = OG , auacrora {) Bemuka 10 CPaBHEHHIO C XapaKTEPHO#H

yacToTon () =4/ & / G -
Beesiem Mabiii mapametp € no gopmyie h=¢g’r, ,(0 < & <<1) u Gyaem cuutath, 4To
42 ~ 2
hQ~1,g=¢'Qr,o.(Jg/r; 1Q~¢
C mnoMOmBI0 METOJOB TEOPUM BO3MYILEHHH cuctemy U depeHInanTbHbIX
HEaBTOHOMHBIX YPaBHEHHH JABIKEHHS MOXKHO TPUBECTH K aBTOHOMHOMY BHUIY, OTOpachIBas
cllaraeMble 4YeTBEPTOTO Mopsaka mo & u Beime. CucremMy NpUOIMKEHHBIX aBTOHOMHBIX

Qg QepeHInaNbHbIX YPaBHEHUH JBWKCHUS 3alUIIEM B BHJIE MOIU(PHIIMPOBAHHBIX YPaBHEHUI
tumna Dinepa — [lyaccona [1]:

Ap +(C=B)gr =mg(z,y, — ys7;)+m,,

Bq+(A-C)pg =mg(x;7, _ZG71)+mya (1)

Cr+(B—A)yrp=mg(ysy, —xs¥,)+m.,

V1 =1V =qY372 = PV = TY75 = 4Y — PV

o, =1, —qo,,0, = PO, — 1o, 05 = qo, — POL,.

3nece  D,q,1,Y5Y,5Y3, O, 0,05, M, ,MI, W 1M, — TpPOSKIMH BEKTOpa
a0COJIOTHOW YIII0BOM CKOpOCTH Tena, opta ocu OZ, opta ocu OY u BHOpAIIOHHOTO MOMEHTA
[2] Ha ocu cuctemsl koopauHaT OXyzZ COOTBETCTBEHHO, IPUUYEM

X X o, +z.0o
m_=o —Gba2+—Gca3—yG 2GS
B C A

a 2
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X0 +zZ.Q
m,=o y—Gaa1+y—Gca3— 671 673 |, )
C B
z z X, + .o
m, =o| ~aa, +-<ba, — -4 Yo% o |,
A C
a=z.0,—y:0,b=x.0,—z.0,,c=y.0 =X,
1
Gzi(th)z.

PaccmarpuBaercss BOmpoC O CYIIECTBOBAaHHMM, OUBypKaUsaX W YCTOHYMBOCTU
MOJIOKEHUW OTHOCHUTENIBHOTO paBHOBecHs (B cucteme koopauHat OXYZ) MexaHW4YecKou
CUCTEMBI, ONIUChIBAEMON ypaBHeHUsMU (1). PaccmoTpens! aBa ciyyas reoMeTpuu macc, Koraa
LEHTP Macc TeJa JICKUT Ha OJJHOM M3 TJIABHBIX OCEH MHEPIUU ISl TOUKH MOJBECa, U KOT/1a TEJO
TUHAMUYECKH CHMMETPUYHO. Y CTOWYMBOCTH HCCIEAYETCS 1O JUHEHHOMY MNPUOINKCHHUIO,
nyréM aHaiu3a KOpPHEH XapaKTepUCTUYECKOTO YpaBHEHUS JIMHEAPU30BAHHOW CHCTEMBI
ypaBHEHU BO3MYIIEHHOTO JIBMKCHHSL. BBIIIM HCIIOIb30BaHBI METO bl KOMITBIOTEPHOM anreOpsl U
CHUCTEMBbI aHaMUTHYeCKUX BoiunciaeHuit MAPLE.

Cy1iecTBYIOT MOJIOKEHHSI OTHOCUTEIBLHOTO PAaBHOBECHS, IMPU KOTOPBIX IIEHTP Macc Tejia
JIEKUT HA OJHOM BEPTHUKAIM C TOYKOM MOJBECA BBILIE WM HUXKE €€, MPUUEM UMEETCS JBa TUIIA

BEPXHUX U JIBA THIIAa HUKHUX PaBHOBECHBIX KOH(puUrypauuii (puc. 1, 2).
Z Z Z Z
G x/ or* /
z
V. z N / Y
oV Y o Y z/lo Y o< Y
Y / G G
/s b7 x
X X X X
a) 0) B) r)

Puc. 1. BepTukaiibHble M0JIOKEHUSI OTHOCUTEIILHOTO PAaBHOBECHUSI JIJISl TEJIA C LICHTPOM
Macc Ha IrIaBHOMU OCH.

V4 V4 V4 V4
GZ G
ﬂ/ a4 o/ o/
Jo YV Yy y/o Y ://,xy Y zb//\‘ Y
/ 3G ny
: /
X X X X
a) 0) B) r)

Puc. 2. BepTukanabHble 0JI0KEHUSI OTHOCUTEIBHOTO pPaBHOBECUS 11 JUHAMMUYECKU
cuMMeTpuyHoro Tena (A=B).
AHanu3 yCcTOMYMBOCTH IIOKa3aj, YTO BCE BEPXHUE IIOJIOKEHUS pPaBHOBECHUS
HEYCTOWYMBBI TPH JIIOOBIX 3HAYEHHUSX YACTOThI BUOpammid Touku mozaseca. [l HIDKHHX
IIOJIOKEHUN PaBHOBECHUS HAWMICHBI CIIEYIOLIUE YCIOBUS YCTOMYUBOCTH:

C B
a<ﬂ&3C>B@mmm a<ﬁ§38>0@mmm
X X
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o <

AC
Lgl’(;z,c > A. (puc. 2. B)

Am

o <

g,A > C. (puc. 2. 1)

2
Axg +Cz I
Tarxoke HaiiieHbl OOKOBBIE TTOJIOKEHUST paBHOBECHS (IIEHTP Macc U TOYKa IMoJ(Beca HE Ha
OolHOM BepTHKanu). [Ins HUX LEHTp Macc Tela pacloJIoKEH B IIJIOCKOCTH, COJEpKallei
BEPTUKAIb M OChb BUOpaluii, NMpUYEM paJAnyC-BEKTOp LIEHTpa MacC MOXKET COCTaBJIATH JBa
PAa3JIMYHBIX yrijia ¢ BCPTHUKAJIBIO. I[JISI KaKI0T0 U3 3THUX ABYX CJIYYacB C€CThb JBa PA3JIMUHBIX THUIIA
PaBHOBECHBIX pacoJIoKeHUH Tena (puc. 3, 4).

Z / ZZ/ Z
5 z J’\é‘)

X

X X
a) 0)

Puc. 3. bokoBbIe M0JI0KEHUSI OTHOCUTEILHOTO PAaBHOBECHUS JIJIsl TEJIa C LIGHTPOM Macc Ha
IJIaBHOU OCH.

Z / Z Z / Z
777777 Yy
0 Y 0 0/ x| o/ .z
2y | x Y | Y | Y
v N\ N\ A\
XG /Z G ZG /)CG
X X X X
a) 0) B) r)

Puc. 4. BokoBbI€ MMOJIOKEHUS OTHOCUTETHHOTO PABHOBECHS TSI THHAMUYECKH
cuMMeTpuyHoro Tena (A=B).
Yka3aHHbIE TIOJIOKEHUS PABHOBECHS CYIIECTBYIOT MPU CICIYIOIIUX YCIOBUSIX:

o >mgC / x.. (puc. 3. a, 6) o >mgB/x.. (puc.3.8,1)
o >mgA / 7..(puc. 4. a, 6) o > CAmgr,. | (Ax.. + Cz.). (puc. 4. 8, 1)

n YCTOI\/'I‘II/IBBI IIPpU BBIIIOJTHCHHUU HCPABCHCTB!

o > mgC/xG,C > B. (puc. 3. a, 6)
mgA

o > mgB/xG,B > C. (puc. 3. B, 1)

CAmgr,, C> A
———,( > A.(puc. 4.8, 1)
7, Axl +Czl’ ’
G G G

JIitst BceX pacCMOTPEHHBIX IOJIOXKEHUIT OTHOCUTEIILHOTO paBHOBecusi Teia Bektop OG

JXKUT B IIOCKOCTH OYZ, HO COCTaBISIET C BEPTUKAIIBIO Pa3HbIC YIJIbl. Y CIIOBUS CYLLIECTBOBAHUS
Y YCTOMYHMBOCTHU JJIsI PACCMOTPEHHBIX PABHOBECUM TAKKE pas3sIiMuHbl. [IoKa)xkeM Bce pe3ysbTaThbl
Ha puc. 5.

o > ,A> C.(puc. 4. a, 6) o >
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'-<‘|F

Puc. 5. Bce nonokeHrst OTHOCUTENBHOTO PABHOBECHUS TEJIA.
Bepxnee mnosioxeHue paBHOBecus | Bcerga HeycroWuumBo. HumkHee mnonoxeHue
pPaBHOBECHUS BO3MOXKHO IIPH JBYX PAa3IMYHBIX I'PYNIIAX OPUEHTALUUK TeJla, OJHA U3 KOTOPBIX

HEYCTOMYMBA, a apyras ycroiunsa ipu O < O, . Ecimu O > O, , To BO3HUKAET HEYCTOMYHBOE

nosiokenue pagaosecus 4. [lpu G > O > O, TOSBIAETCS MOJIOKEHUE PABHOBECUS 3, KOTOpOE

YCTOWYHBO B 00JIACTH CBOETO CYLIECTBOBAHUSL.
Pabora BeimonHeHa npu ¢puHaHCOBOU noepxkke PHO.

We study here a motion of a rigid body with a point committing specified fast
horizontal harmonic oscillations of small amplitude. Equilibriums of an approximate
autonomous system are found, and their stability in the first approximation is investigated. Two
cases of the body mass geometry are considered when its center of mass is on one of the
principal axes of inertia for the suspension point and when the body is dynamically symmetric.

Jlureparypa:
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O KOH®OPMHBIX CUMMETPUSAX U ITIEPBBIX UHTEI'PAJTIAX
B MEXAHUKE BECKOHEYHOMEPHbBIX CUCTEM

Bynouxkuna C.A.

®I'bOY BIIO “Poccuiickuii yHuBepcuTeT Apyx0bI HapogoB”, MockBa, Poccus
E-mail: budochkina sa@pfur.ru

ON CONFORMAL SYMMETRIES AND FIRST INTEGRALS
IN THE MECHANICS OF INFINITE-DIMENSIONAL SYSTEMS

Budochkina S.A.

The conformal invariance of the given operator equation of the Birkhoffian type is
investigated. Formula for finding a first integral is given. Connection between symmetries of the
equation and its conformal symmetries is established.

1. BBeaenue

B Hacrosmield paboTe Teopus Tpymm NpeoOpa3oBaHHWl MPUMEHSETCS Ui yCTaHOBJICHHS
KOH(MOPMHON WHBAapUAHTHOCTH YypPaBHEHUH JBIDKEHUS OCCKOHEYHOMEPHBIX CHCTEM U s
OTpe/IeNICHHUs MEPBBIX UHTETPAJIOB 3TUX YPaBHEHUM.

HccnenoBanuio KoHGOPMHON WHBAPUAHTHOCTH YPABHEHHM IBMKCHHUS CUCTEM C KOHEYHBIM
YHCIIOM CTEIeHEeW CBOOOIbI TIOCBSIIECHBI, B YaCTHOCTH, paboThI [1,2].

[lepBble HMHTETpayibl 3BOJIOLMOHHBIX YPAaBHEHUU WIpAlOT BAXKHYIO pPOJb B MaTEeMaTuHKe,
MeXaHUKe, PU3UKE B CBS3H C TEM, YTO OHU MUCIOJB3YIOTCS IS IOKA3aTeIhCTBA €IMHCTBEHHOCTH
Kiaccuyeckux — pemenund  JAYUII, ama uccienoBaHMs — yCTOMYMBOCTU — JIBHJKCHMS
OCCKOHEYHOMEPHBIX CUCTEM U T.[I.

OtmeTuM, 9TO TPUMEHEHHUE TPYHH MpeoOpa3oBaHWl K HAXOXKICHUIO TEPBBIX HWHTErPajoB
YpaBHEHUU JBW)KCHHSI CUCTEM C OCCKOHEUHBIM YHCIIOM CTENEHEH CBOOOJBI TECHO CBS3aHO CO
CTPYKTYPOU CaMHUX YpPaBHECHUM.

ensr paboThl — HccaenoBaTh KOHPOPMHYIO HHBAPUAHTHOCTH ONEPATOPHOTO YPaBHEHHS THIIA
bupkroda, ycraHOBUTH 3aBUCUMOCTh KOH(MOPMHBIX CHMMETPUH M TIEPBBIX HHTETPAIIOB
3a/IaHHOTO YPAaBHEHUS JBIKEHHUS, @ TAKXKE B3aUMOCBSI3b MEXy CHMMETPUSIMHU YPABHEHUS U €r0
KOH()OPMHBIMU CHMMETPHUSIMHU.

2. OcHOBHAA 4YaCTh

[lycTe ypaBHEHHS IBMKEHHS MaTepUAIbHOW CHUCTEMBI MPEJICTABIEHBI B (JOPME YpaBHEHHI
Bupxkroga

OR(u)
a0 )

£ -
[peanonoxum, uto 3 (R, — R, ). B aT0oM cityuae ypasuenue (1) MOMKET OBITh 3alIMCaHO B

N(u)=(R, - R,)u, +grad, Blu]-

Buje u, = F(u), rae

F(u)=(R, -R, )1( —grad,, B[u]}

Bynem cnenoBath 0003HaUEHUSM U TepMUHOJIOTHH [3-5].
PaccmoTpuM oHOTIapaMeTpUdecKyIo Tpymny npeoopa3oBaHuil BUa

OR (1)
t
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G {t_: t+ep(t,u), )
u=u+ey(tu),

I7Ie @, - HEKOTOPBIE OTIEPaTOPBI.

C mnomomipio mnpeobpazoBanus (2) 3amaHHOW QyHKOMHA u(f) MOXKHO TIOCTaBUTh B
COOTBETCTBUE (QYHKIHIO #(Z,€) TIO MPABUITY

u=u+eSu), 3)

rie S(u)=y(t,u)—u,e(,u). Ilpu »>T0M onepatop S  Ha3plBaeTCs IEHEPATOPOM

npeobpaszoBanus (3).

Omnpenenenue 1. IlpeoOpazoBanue (3) Ha3pBaeTCs KOHMOPMHON CHMMETPUCH YpaBHECHHS

(1), ecmu  anga Mr0O0rO0 JOCTATOYHO MAJOro & JI0OOE pEHIeHUE 3TOTO YpPaBHEHUs SIBISETCA
TaK)Ke PEIICHUEM YPaBHCHUS

OR (u) _

(R, —R,)u, +grad, Blu]- =

0,

rae R(u)=R(w), Blu]=Blu].
OtmeruM, 4TO B 3TOM ciy4ae ypaBHeHue (1) Ha3piBaeTcsi KOH()OPMHO HHBAapUAaHTHBIM
OTHOCHUTEIIEHO peodpazoBanus (3).

Teopema 1. IIpeobpaszosanue (3) — konghopmuas cummempus ypasnenust (1) mozoa u
MOoNbKO mo20a, Ko2o0a

[S, R, +[R,(S@))]" —R,S, =R, (S@))]F(u)+
+ S:gmd@] Blu]+ (grad,, Blu)), S(u) - %(R;S(u)) =0.

Teopema 2. Eciu npeobpasoganue (3) — Kongopmuas cummempus ypaswenus (1) u
cywecmeyem QYHKYUOHAL g MAKOMU, YmMo

D glu]= <% grad, Blu], S(u)> + <grad®] Blu], OSa(tu)> + <% (R;S(u)),ut >,

mo
11t,u) = (grad,, Blu],S()) - glu]
ABIAEMCA NEPELIM UHMESPATIOM IMO20 YPAGHEHUSL.

Omnpenenenne 2. IIpeobpazoBanue (3) HazpiBaeTcs cumMMeTpuen ypaBHenus (1), ecnm uist
JTH000T0 IOCTATOYHO MAJIOTO £ U JII0OOTO pelieHus ¢ 3TOTo ypaBHeHUs GyHKIuUsS # Buaa (3)
TaKXKe SBISIETCS PEIICHUEM STOTO YPaBHEHUSI.

Teopema 3. J[1a moeco umobvl cummempus ypaswenus (1) aensanace marxoce e2o
KOHGOPMHOU cummempuetl, HeoOX00UMOo U OOCMAMOYHO, 4modvl

£ ' aS(u) [E3P [ £
(R -R )7 + RIS, F(u)— S, R F(u)-S. grad, Blu]=0.

u

3. 3axuarouenue

B paboTte mosnyyeHO HEOOXOAMMOE M JOCTATOYHOE YCIOBHE KOH(POPMHOW WHBAPUAHTHOCTH
ypaBHEHHs MBIKEHUS Tumna bupkroda, man oOmuil BHI NEpBOro HWHTErpaja 3aJaHHOTO
yYpaBHEHHS B ClIy4ae €ro KOH(QOPMHON MHBAPHAHTHOCTH, a TAK)KE YCTAHOBJICHA B3aMMOCBS3b
MEX]y CAMMETPHSIMH YPaBHEHUS ABIKEHUS U €ro KOH(QOPMHBIMU CUMMETPHUSMH.
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3AJIAYA CYCJIOBA JIJISI HETOJIOHOMHOM CUCTEMBI YAILIBITUHA
P.I'. MyxapisamoB, Mocksa, PYJIH,
K.K. Kupruzbaes, Kazaxcran, llsimxent, KUITY JIH.
SUSLOV PROBLEM FOR NONHOLONOMIC TCHAPLYGIN SYSTEM
R.G. Mukharlyamov,
G.K. Kirgizbayev

IIpennaraercs meton pemieHus 3agaun CycnoBa 7Sl HETOJOHOMHOM cucTeMbl YaruibIruxa.
Meton TOCTpPOCHHS MHOMKECTBa CHCTEM IH(QepeHIUaNbHbIX YPAaBHEHHH IO HW3BECTHBIM
HHTCrpajaM HUCHOJB3YCTCA IJIA OMPCACIICHUSA BBIpa)KeHI/Iﬁ IIO3UIIMOHHBIX W ITOTCHIHAJIBHBIX
YHIpaBJIAIOMIKUX CUII, IO HCﬁCTBHCM KOTOPBIX H3o6pa>1<a}0u1a51 TOYKa COBCpIIACT ABHIKCHUA I10
3aIaHHOU KPHUBOM.

The method of the decision of Suslov problem for nonholonomic Tchaplygin's systems is
offered. The method of construction of the differential equations systems on known integrals is
used for definition of expressions of positional and potential control forces under which action
the representing point makes motions on the set curve.

1. BBenenne. OOpaTHas 3ajaua AMHAMHUKH, COCTOSINIAS B OTPE/ICIICHUN CHIIOBOM (DYHKIIUH,
COOTBETCTBYIOIICH  JBIDKEHUIO  M300paKarollel TOYKM IO  33aJaHHOW  KpHUBOW B
KOH(HUTypanmoHHOM IMpocTpaHcTBe, OblIa paccmoTpeHa I'.K. CycnossiMm [1]. YpaBHeHus cBsizeit
paccMaTpuBalOTCS Kak IepBble HWHTErpajibl JAuddepeHIUaNbHBIX ypaBHEHUH JHHAMUKU
cucTeMbl. METOJI pEIEHHs] COCTOMT B HCHOJB30BaHUM 7 — | ypaBHEHHil CBA3el M MHTErpaia
SHEPTUU Ui BBIpAXEHHUA 7 OOOOIIEHHBIX CKOPOCTeH uepe3 000OIIEHHBIE KOOPIUHATHI
cucrteMbl. B [2] mpennaraercst pemenue 3amgaun CycioBa B cilydae, KOTJa YHCIO YpaBHEHUH

CBSI3EH MOXKET ObITH MeHbIIEe 1 — 1 .

B Hactoseld pabote npemnaraercss pemieHue 3agauu CycioBa s HETOJIOHOMHOM
CUCTEMBI, JUHAMHMKa KOTOpPOW ONMChIBaeTCs ypaBHeHHMAMM YamneiruHa. Pemienue 3anaun
OCHOBAHO Ha MOCTPOCHHH MHOXXECTBa CUCTeM U (EpeHINATbHBIX YPaBHEHUH U T03BOJISAET
paccmaTpuBaTh ypaBHEHHMS CBSI3€d KaK 4YacTHbIE MHTErpajbl YpaBHEHMM JBMkeHus [3].
Onpenensitorcsi BBIPAKEHUS MO3MLHMOHHBIX M IMOTEHIMAIBHBIX YIPABIAIOUIUX CHJI, MO
JIeCTBUEM KOTOPBIX H300pa)karomiasi TOYKa COBEPIIACT IBHKEHHUS 10 3aJaHHOH KPUBOM.

2. YnpaBJ/jieHue JABU:KEHUEM MO 3aJaHHOIl KpuBOM. PaccMarpuBaeTcsi HEroJIOHOMHas
CHCTEMA, Ha KOTOPYIO HAJIOKEHBI CBS3U

P
vh:thk(q)vk, q4=(4,>--9,)> sV, =4y, h=ptl..n (2.1
k=1

n JMHaMHKa KOTOpOfI OIIMCBIBACTCA YPaBHCHUAMU anJIBIFI/IHa, COACPpIKAIIUMH B HpaBOI;'I qaCcTu

(GyHKIMU ynpaBieHUs u, :
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dor” or" L Or(&(dby Oby

dt i Oqx  p=pr1Ovh U=\ 99k  Oq;

\7i :fk +uy ,(2.2)

1 * p *
k=1,...p, 2T= Yayvv;, 2T = Y a;vv;,

i,j=1 i,j=1

% n n
h=p+1 h,l=p+1

VYpaBHeHust ABWXKEHUS (2.2) mnpuBOAATCA K BUAY, pPa3peUIEHHOMY OTHOCHTEIBHO
0000IIEHHBIX CKOPOCTEH U YCKOPEHUM:

p . p .

. : / .

qi=vi. Vit Yalvive=>al(f;+u;), i=1..,p.23)
=1 =)

J
i

Jjl

* 1
Yepes a; o0003HAUEHBI AIEMEHTBI MaTpPHUILIbI (A ) . OyHKIMHU d}

aHaJIOTU4YHbI CHUMBOJIaM

Kpucroddens Broporo pona B ypaBHeHusax Jlarpanxa. TpeOyercst onpeaenuTs ynpaBJsioIne

INMO3UIITHUOHHBIC CHUJIBI U, = U, (q) , 11O I[GI\/JICTBI/ICM KOTOPBIX H306pa>1<a}0u1a51 TOYKa ABUKCTCA B

KOH(HUTypanmoOHHOM IPOCTPAHCTBE 10 331aHHON KPUBOM:

g.(q9=0, u=1...p-1. (2.4)

YpaBHeHus cBsizeii (2.4) Oyaem 3a1aBaTh COOTHOIICHUSIMH:

g (=a,, u=L.,p-1, (2.5)

IIpaBbI€ YACTH, KOTOPBIX YAOBJIETBOPSIOT YPABHEHUAM BO3MYLIEHUS CBSI3EU

p-1 p-1
Gy =Dkt + 20y, (2.6)
v=Il v=l

k,=k,(@), c,=c, (@), u,v=1L...,p—1.

N3 (2.5) cnenyroT paBeHCTBA:

P
dﬁ;gm(q)vp gu=—r. pu=l.,p-1. @7

YpaBHEHUS CBSI3€ii MOTYT OBITh TaK)Ke 3a/1aHbl KOMOWHAITEH TOJOHOMHBIX CBsi3eit (2.5) u
JUHEHWHBIX HETOJOHOMHBIX cBsizei Buaa (2.7). Ilpu »TOM, ecTecTBEHHO, MPEANOJiaracTcsi, 4To
YPaBHEHUS CBsI3€l COBMECTHBI, HE3aBUCUMBI, 00I1I€€ YUCII0 YPAaBHEHUN CBsA3EM paBHO p-1.
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[Mponuddepermupyem nBaxapl 1o ¢ paBeHCTBO (2.5) ¢ ydeToM cooTHomeHu# (2.6), (2.7):
p 2

Zgyivi + Zguij Zkyva + chv Vo (2.8)

i=1 i,j=1 v=l

u=1L1..,p-1.
3amenuB B (2.8) 00OOIICHHBIE YCKOPEHMS V; HX BBIPAKCHUAMH 4epe3 ypaBHEHHMS

TUHAMUKY (2.3), TOTyduM ypaBHEHUS ISl ONIPeAeTIeHUS 0000MICHHBIX YITPABIISIFOIINX CHIT U it

Zgyz Za (fi +ug)- Za ViV | T Zgy]k" Vi =
i=1

jk=l1 jk=l1
p-1 p-1
= D ke, + 2 ey (2.9)
v=l v=l

ByzeMm npexmonarats, 4To aKTUBHBIC CHIIBL f;, ICHCTBYIOILIIE HA MEXaHHYECKYIO CHCTEMY,

COJIEp’KaT CKOPOCTH B CTETIEHU HE BBILIE BTOPOM:

fi=fio@+ Zfl](q)v + Zfl,k(q)v Vi (2.10)

jk=l1

Torna ypaBHeHue (2.9) MOKHO 3anucaTh Kak CUCTEMY JIMHEWHBIX YpPaBHEHUN

OTHOCHUTCIIBHO I/lj .

P
DSHU; =Sy, (2.11)
j=1

PaccMoTpum paBeHcTBa (2.7) Kak CHCTEMY JHMHEHHBIX anreOpanuyeckux ypaBHEHUM
OTHOCHUTEIIBHO V; !

Gqv=a, (2.12)

G=(8u) u=1.,p-1, i=1...,p.
Pemenue cucremsl (2.12) onpenensercs BeIpaXkeHUEM
T + 8
v=vpv*(g)+ G (). vo=v(q) (2.13)

M3 (2.13) cnenyer, dYTO O0OOOIIEHHBIE CKOPOCTH V; CKIAQ[bIBAIOTCA M3 JBYX

COCTaBJIAOIIHUX:
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p-1
vi =vovi () + X g (@, . (2.14)
n=l1

Ucnonb3ys (2.14), cucremy (2.11) MOXHO NpeAcTaBUTh YpaBHEHUSMHU, IpaBble YacTH

KOTOPBIX 3aBHCAT TOJBKO OT ¢; U &y, :

pj 0 p_]v- p_]wc--
2sau; =hy, + Y o, + Y hfa,a,, (2.15)
j=1 v=] v,k=1
u=L.,p-1,
3anueM cuctemy (2.15) B MaTpudHOM Buje
Su=h, (2.16)

S=(s}). u=@;). h=(h,). j=1..p.

Obuee pemenue cucteMsl (2.16) onpenensercs BbIpaXxeHUEM

u=gy[S1+S"h, (2.17)

Sy =589(q) - mpomsBonbHas ckamsipHas QyHKuus, [S]- BEKTOPHOE MPOU3BEICHHE BEKTOPOB-

crpok Matpunsl S . U3 (2.15), (2.17) BuaHO, 4TO €ciu mpaBble 4acTH ypaBHeHui (2.15) He

CoJiepKaT TEPEMEHHBIX O > TO pelIeHue (2.17) Oymer 3aBuCeTb TOJBKO OT KOOpPIMHAT

MEXAHUYECKON CUCTEMBI (1 ,...,{J P

Pabora BeimonHeHa npu ¢puHancoBoi noanepxkke PODU, npoekt Ne 13-08-00535.
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BJIUSIHUE BUBPALIMU HA U3HOC HIEJEBOI'O YIINIOTHEHMUMSI
PABOYEI'O KOJIECA HE®TSAHOI'O HACOCA
C.B. COCHOBCKHﬁl, B.IL CGJIBKI/IHz, C.B. Konbuios®

THE EFFECT OF VIBRATION
ON WEAR OF IMPELLER GROOVE SEAL OF OIL PUMP
S.V. Sosnovskii, V.P. Selkin, S.V. Kopylov

" OAO «T'omensrpancHedTs [pyK6ay, yi1. Aprumiepriickas, 8a, 246022, Tomens, Bexapych

THY «MHCTUTYT MEXaHUKHU METAJIIONONIUMEpHBIX cucteM uM. B.A. bennoro HAH Bbenapycu»,
yi. Kuposa, 32a, 246050, I'omens, benapych
3 MockoBCKHiA rOCY/IapCTBEHHBIA MAIIMHOCTPOUTEIbHBIN YHUBEPCUTET,
yi. [1.Kopuaruna, 22, 107996, r. Mocksa, Poccus
e-mail: selkin vi@mail.ru

HccnenoBano BiausiHUE BHOpalMU poOTOpa MarucTpaabHOTO HE(TIHOTO Hacoca Ha M3HOC
IEJIEBOT0 YIJIOTHEHUS ero pabouero koieca. Iloka3aHo, uTo panuanbHOe OHEHHE pabouero
KoJICCa MOXKCT MNPUBOAUTH K 3HAYUTCIIBHOMY YBCIWMYCHHUIO HWHTCHCHUBHOCTH H3HAIIMBAHUWA
JIeTajeH 11eJIEBOr0 YIUIOTHEHUS.

The effect of vibration of a trunk oil pump rotor on wear of impeller groove seal is studied.
The shift of a radial throb of the impeller was shown to result in significant increase of wear
intensity of parts of the groove seal.

Kak mnoxaselBaeT npakTuka, OCHOBHOM mnpuunmHOM cHmxkeHus KIIJ[ marucrpanbHbIX
HE(PTSIHBIX HACOCOB B MPOIIECCE SKCIUTYaTallMHU SIBJISETCS POCT OOBbEMHBIX MOTEPh BCIEICTBHUE
M3HOCA INEJNEBBIX YIUIOTHEHWH uX paboumx kosiec. B pabore [1] paccMoTpeHsl (axTophl,
BJIMSIOUIME HAa MHTEHCUBHOCTb W3HAILMBAHUS IIENEBBIX YIJIOTHEHUH LIEHTPOOEKHBIX HACOCOB
Opyd TEepeKaunBaHUM UMM ChIpoil HedpTH. CraenaH BBIBOA, YTO OCHOBHBIM (DaKTOPOM,
OTIPE/ICISIIOIINM HW3HOC JeTajiel IIEeNEeBbIX YIUIOTHEHHH, sBIseTcS a0pa3uBHOE BO3ACHCTBHE
MOTIA/IAIONUX B IMICIIEBOM 3a30p COACpkAIIUXCS B HE(PTU TBEPIBIX YACTHII (IIECOK, KPUCTAILIBI
coJiel, IpoAYyKThl Koppo3uu). Iloka3zaHO Takke, YTO MPOTEKAIOIIME B MOBEPXHOCTHBIX CIIOSX
MaTepHalioB AeTalel YIIIOTHEHUH (DPU3MKO-XMMHUYECKHE MPOIECCHl TaKXKe MOTYT MPUBOIHUTH K
YBEJIMYCHUIO MHTEHCUBHOCTH MX W3HamuBaHus [2]. B To xe Bpems oOpallleHO BHMMaHUE Ha
3aMETHOE YCWJIGHHWE HM3HOCA IIEJeBBIX YIUIOTHEHUH NpU paboTe MaruCTPalbHBIX HE(TSHBIX
HACOCOB B PEeKMMaxX MalbiX moaad [3]. DTo 0OBACHSIETCS TEM, YTO HAIMYHUE JOTMOJHUTEIHHBIX
TUIPOJMHAMUYECKAX CHJI, CBSA3aHHBIX C JIBUKCHHEM JKHJIKOCTH B IEHTPOOESKHOM Kojiece B
peKHMME MaJblX TO0Jad MPUBOJUT K POCTY HArpy30K M YCHJIEHHIO BHOpAalMUd OCHOBHBIX
AJIEMEHTOB HAaCOCHOM YCTaHOBKM, B TOM UHCIIE €r0 poTopa. BaxkHOCTH Bompoca yueTa BIMSIHUS
BUOpall Ha BEJIMYMHY YTEYEK 4depe3 IIeJeBOE YIUIOTHEHHWE OTMedeHa B pabore [4].
[IpuBeneHHbIE pe3ynbTaThl pacuyeTOB IOKA3bIBAIOT, 4YTO IpU 3a3ope 0,5 MM C yBEIHYEHHEM
OTHOCHUTEJIBHOTO JKCLIIEHTPUCUTETAa POTOpa OTHOCHUTENIbHO Kopmyca Hacoca ¢ 0 mo 0,6 pacxon
Yyepe3 YIUIOTHEHUE MPH JIAMUHAPHOM pEeXXHME MCTeUeHHs yBeInunBaeTcs 6osee yeM B 1,5 pasa.
B pa6ore [5] npu paccmorpenun auHamuku poropa Hacoca HM 3600-230 nmomuepkHyTO, 4TO
IpU 3HAUYUTEIbHBIX BEJIMYMHAX TEXHOJIOTMYECKUX IOTPEIIHOCTEH B IIEIEBOM YIJIOTHEHUU
peakmust ¥ MOMEHT B HEM 3HAUMTEIBHO BO3PACTAlOT M BHOpalusi pOTOpa MOXKET BBI3BATH
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pacKpbITHE CThIKA M TOTEPI0O TEPMETUYHOCTH Hacoca. BMecTe ¢ TeM BIMSHHE PagualibHOTO
OueHust pOTOpa MaruCTPaIbHOTO HEYTIHOTO HACOCa HA MEXaHMUECKUI U3HOC JIeTaJIeH MIEIeBOTO
YIJIOTHEHUS pabodero KoJjieca M3y4eHo He I0CTaTOYHO.

OOBEKTOM HCCIIEeIOBAHUS SBJSUTMCH CTalb KOHCTPYKIIMOHHAS yriaepoaucTas mapku Ct3c,
3akanenHass npu 850 °C KOHCTPYKIMOHHAS JICTUPOBaHHAS XpOMHCTast crtanb Mapku 40X u
UCTOJIb3yeMasi B KauyeCTBE 3allUTHOTO TOKPBITHS pabo4YMx KoJieC B OOJIACTH ILEIEBOTO
VIUTOTHEHHS] MapTEeHCUTHAs HepkaBewmas craiab Chromecore 410-G. 3amuTHOE TOKPHITHE H3
matepuana Chromecore 410-G HaHOCWIH HA POJIMKH U3 CTAIH 45 B JIBA CJIOS IO TOJIIIMHBI 2 MM
METOJIOM 3JIEKTPOyroBoi HarutaBky Ha anmapare Kuhtreiber KIT-384.

JIuHelHYI0 MHTEHCHUBHOCTh M3HAIIMBAHMS OOpA3LOB ONpPENENsIN, HCIOJIb3ysS U3BECTHYIO
dopmyny I, = Ah / AL, tne I — TMHEWHAsS MHTEHCUBHOCTh U3HANTNBAHUS; A/ — yOBLIb TUHEHHOTO
pasmepa oOpasma, M; AL — TyTh TpeHUs, M. YObUIb JIMHEWHBIX pa3MepoB 0Opa3IoB
pacCUMTHIBAIH 110 H3MEHEHHIO MX Macchl. Maccy o0pasmos u3mepsiiu Ha Becax Ohaus RV214.

[IpenBaputensHO OBUT MPOBEAEH aHAIM3 XapakTepa M CTENECHHM MHOBPEXKACHUS JeTayeit

IIETICBBIX YIUIOTHEHUH MaructpanbHbiX HepTaHeix HacocoB HM  7000-210 mocne wux
JKCIUTyaTallud Ha MarucTpaibHoM HedrempoBoae «JlpyxOa». YcTaHOBIEHO, YTO KHHETHKA
W3HAIIMBAHUS TIOBEPXHOCTU pabOYMX KOJIEC B 30HE INEIEBOrO YIUIOTHEHHSI MMEET CIIOXKHBIN
xapakrep. Ha HayaiapHOM 3Tame SKCIUTyaTallid Ha HOBEPXHOCTH paboyero Kojeca CO CTOPOHEI
o0JlacTH BBICOKOTO JaBJiCHUs 0Opa3yeTcs BIaJWHA, KOTOpas Xopomio BujaHa Ha puc. 1. C
YBEIMYCHUEM HapaOOTKU HM3HOC HAYMHACT PACHpOCTPAHAThCS BIOJb wmienu. Jlis HacocoB
npopaboTaBmux Oosiee 15 ThICSY YacoB OH yXe Ha BCEM €€ MPOTSHKEHHH MpHoOpeTaeT Ooee
pPaBHOMEpHBII XapakTep, XOTs YIIyOJeHHWE Ha HA4aJbHOM Y4YacTKE YIUIOTHEHHUS COXpPaHSICTCS.
JlaHHBIE pE3yNbTaThl COMIACYIOTCS C NPEACTABICHUSMH, YTO OCHOBHBIM MEXaHH3MOM
W3HAIIMBAHUS B IICJIEBBIX YIUIOTHCHHSX MArMCTPAIBHBIX HE(QTSIHBIX HACOCOB SIBISECTCS
aOpa3uBHOE BO3/ICICTBHE MOMAJAONINX B 3a30p MEXaHUYECKUX YacTUIl. bolbiue ero 3HaueHus
CO CTOpPOHBI O0JAaCTH HAarHETaHWsI HAacoca OOBSACHSAIOTCS TEM, YTO B ITOW 30HE MPOUCXOHUT
Han0oJiee MHTCHCHBHOE BO3/ICHCTBIE YAaCTHUIl Ha TOBEPXHOCTH BPAIAIOIIETOCS paboduero Kojeca,
JI0 TOTO KaK OHHU Pa3pylIaloTCs J0 MEHBUIMX IIEJICBOr0 3a30pa pa3MepoB U BBIMBIBAIOTCS B
001acTh BCachbIBaHUS.

Pucynox 1 — [Ipo¢uib BOOb 11e1eBOro YIIOTHEHHS MOBEPXHOCTEH N3HOCA paboyero Koeca
Hacoca HM 7000-210, mpopaboTaBimiero 8§ ThICSY 4acoB
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B T0 e BpeMsi HAMH OTMEYEHO, YTO Ha TIOBEPXHOCTH psifa pabounx KoJiec OBPEKICHNUS B
dopMe KOJBIEBBIX YIIyOJCHU, 3HAYUTEIHHO MPEBBIMAIIUX [0 [MUPHHE HOMUHAIBHYIO
BEJIMYMHY IIEJIEBOTO 3a30pa, HAONIOJATUCh M Ha 3HAYUTEIBHOM pACCTOSHUM OT BXOJa B
nienieBoe yrioTHeHue. [Ipu paccMOTpeHUN TPOTHBOJICKAIIUX TOBEPXHOCTEH YIIJIOTHUTEITHHBIX
KOJIen ITUX KOJIeC 6BIJII/I OTMCUYCHBI CJIICABI, KOTOPLIC MOTI'JIn 6BITB OCTaBJICHBI
NEPCKATLIBAIOIIUMHUCS IO MOBEPXHOCTHU KOJICH KPYINHBIMU MEXAHWYCCKUMH YaCTHIAMU WU UX
OCKOJIKaMH.

[MosiBneHne Takux ACPEKTOB MOXKHO OOBSCHUTh HaIWM4MeM OWEHHsS pOTopa Hacoca,

BBI3BIBAIOIIECTO 3HAYUTEIbHbIC KOJNIEOaHUs BEIMYMHBI ILENEBOTO 3a3zopa. Ilpu 3HaYMTETHHOM
OKCLEHTPUCUTETE PAIUAIBHOTO OHEHHS B MOMEHT HAaWOOJBIIETO YAAICHUS MOBEPXHOCTH
pabouero Koieca OT TOBEPXHOCTH YIUIOTHUTEIBHOTO KOJNbLA B IIEIb MOTYT IPOHHKATH
OTHOCHTEJIBHO KpYNHbIE 4YacTHUlbl abpasuBa. Torma mpu HOBOPOTE POTOpa C yMEHBIIEHUEM
3a30pa OymeT MpOHMCXOJUTh MEXaHWYEeCKOE W3HAIMBAaHUE TOBEPXHOCTH Kozeca. [Ipuuem mpu
HAJIMYUH OCEBOTO OMEHUS MPOLECC pe3aHus OyAeT MPOUCXOJUTH YK€ He TOJIBKO B PaTHaIbHOM,
HO U B IIPOJI0JIbHOM HalpaBJIeHUH.

Jlisl OLEHKH CTENeHM BIMSHUS HA MHTCHCUBHOCTh M3HALIMBAHMA ILEIEBHIX YIUIOTHEHUH
HE(TSIHBIX MAarUCTPAJIBHBIX HACOCOB BEJIMUMHBI HE COBIAZCHUS OCH BpAIllEHUsI paboyero KoJyeca
(poTopa) ¢ ero reoMeTpUYecKO OChI0 MBI TIPOBEIH JTA0OPATOPHBIM IKCIEPUMEHT, B XOJIC
KOTOPOTO CPaBHMUBAJIHM U3HOC 00pa3lOB NMpU KOJEOAHUHU IIEIEBOTO 33a30pa BCIEACTBUE OMEHUS B
muarnazoHax 150 — 250 u 100 — 300 mxkm. MeTotnka MpoBeIeHUsI UCIIBITAHNUN OblJIa OCHOBaHA Ha
UCTIOJIb30BAHMH CIICAYIOIIEH CXEMBl TPEHUSI — BpAINAIOUINICA NCIBITBIBAEMBIA 00pasell B BUJE
pOJIKa, HAXOSAIIETOCs OT OBEPXHOCTH HEMOBIKHOTO KOHTPTENA HAa HEKOTOPOM PACCTOSHHH.
Ob6pa3nam 3amaBayiv pagualibHOE OMEHHE IMyTeM HACaKMBAHUS POJMKOB HAa BaJl MPUBOJAA C
3agaHHbIM dKcieHTprucuTeToM (50 1 100 Mxm). Takum oOpa3om, BearuMHA 3a30pa B YCTaHOBKE
MIOCTOSIHHO HW3MEHsIach, MUMUTHPYs KOJIEOAHHS pa3Mepa pPEalbHOTO IIENEBOTO YIJIOTHEHHS
pabouero kosieca IEeHTpoOekHOro Hacoca. KOHCTPYKIMS YCTaHOBKH CIICTAaHHONW Ha 0Oa3ze
mamuHbl Tpenus 2070 CMT-1 npuBenena B padote [1]. Cxema y3na TpeHHs moka3zaHa Ha puc. 2.

3
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Pucynok 2 — Cxema y31a TpeHUsI YCTAaHOBKH ISl IPOBEICHUSI UCTIBITAHUN HA BIUSHUE OMEHUS
pOTOpa Ha U3HOC JeTalel LIeNIEBbIX YINIOTHEHU: 1 — Bpalaromuics poytK; 2 — KOHTPTENo; 3 —
HarpaBJIeHUE T0Jaul cMecH HehTH ¢ abpa3uBoM; 4 — HaIlpaBJICHUE BPALICHHUS POJIHKA; 5 —
3a30p, MOJECIUPYIOLIUHI IEIEBOE YIUIOTHEHUE; € — SKCLIEHTPUCUTET

[TapameTpbl WCHBITAaHWNA: KOHTPTENO — IUIACTUHA M3 TBEpAoro cruiasa Mapku BKS;
mieneBoit 3a3op — 200+£50 u 200+100 MKM B 3aBHCHMOCTH OT 3aJaHHOTO SKCIICHTPHUCHUTETA,
abpasuB — KapbepHbIil necok aucnepcHocThio 100 — 315 mMxwm; cpena — HedTh Mapku Urals;
pacxon abpazuBa — 100 r/MUH, pacxon JKUIKOCTU — | JI/MUH; CKOPOCTh BpamieHus poiauka — 500
00/MuH, NWHEHHAas CKOPOCTh W3HAIIMBAEMOW TIOBEPXHOCTH poiMka — 1 M/c; ucxonaHas
HIEPOXOBATOCTh paboyeii MOBEpXHOCTU 00pa31oB (poiukoB) — Ra = 0,5 MkM.

Pesynbrarel ucnblTaHuii OpeAcTaBieHbl Ha puc. 3. BuaHo, 4YTO INpH yBEIUMYEHUU
skcreHTpucutera ¢ 50 1o 100 MKM MHTEHCHBHOCTH W3HAIIMBAHMS B 3aBUCUMOCTH OT MapKH
cranu yBenuuuBaiack Ha 60 — 120%. IIpuuem oTMeueHO, YTO MaTepual, U3HAYATbHO UMEBIINI
0ojee BBICOKYIO HM3HOCOCTOMKOCTb, B MEHbBIIEH CTENEHH 3aBUCET OT  BEJIMYUHBI
IKCIIEHTpUcUTeTa. Takoe 3HAUUTENIbHOE YBEIMYEHHE HMHTEHCUBHOCTH H3HAIIMBAHUSA MOYKHO
OOBSICHUTB TEM, YTO C YBEJIHMUEHHEM BEIIMYMHBI OMEHHS HE TOJIBKO OOJbIIee KOJTMYECTBO YaCTHUI]
abpas3uBa CTaJI0 MPOHHUKATH B ILEJIEBOH 3a30p, HO (PAKTUUECKH U OOJbIIEe UX KOJIUYECTBO CTAJIO
y4acTBOBaTh B TIpoIlecce pe3aHus. TakuMm o0O0pa3oM, HKCIEPHUMEHTAIBHO IOKAa3aHO, 4YTO
CMEIIEHHE OCH BpAIlEHUS OT T'eOMETPUYECKOW OcH paboyero Kojieca MOXET MPUBOIAUTH K
3HAYUTEIbHOMY YBEIMUYEHUIO HHTEHCUBHOCTH U3HAILIMBAHUS JETAJIEH 111E€JIE€BOI0 YINIOTHEHUS.

2,5E-09 -/

2E-09

1,5E-09

1E-09

5E-10

MHTEHCMBHOCTbL M3HAlMBaHWA

Pucynok 3 — IHTEHCUBHOCTH H3HAIIUBAHUS 00PA3I[0B HCIBITHIBAEMBIX MAaTEPHUAIOB
cmeckto Hedtu Urals ¢ meckom mipu meneBom 3azope 200+£50 mxwm (1,3,5) u 200£100 Mxm
(2,4,6): 1 u 2 — cranb Cr3cm; 3 u 4 — 3akanenHas crayb 40X; 5 u 6 — IOKPBITUE U3 CTATU
Chromecore 410

AHanu3 xapakrepa ¥ CTENEHHU TOBPEKJCHUS JeTalled IIeJeBbIX  YIUIOTHEHUU
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MarucTpajibHBIX HE(TIHBIX HACOCOB M INPOBEJCHHAS SKCIEPUMEHTAJIbHAs OIEHKA IO3BOJISIOT
clenarb BBIBOJ, 4YTO OJHHUM H©3 OCHOBHBIX (DAaKTOPOB OMPEACISAIONINX HWHTCHCUBHOCTD
W3HAIIMBAaHUS JTAHHBIX JIeTajel B Mpollecce SKCIUTyaTaluu sBisgeTcs OueHue poropa (padbouero
KOJIECA), BBI3BAHHOE TE€XHOJIOTMUECKUMHU MOTPEIIHOCTAMU IPU €0 W3TOTOBJIEHUU U MOHTaXe B
Hacoc. M3 mepBoouepeiHbIX 3a7a4 HAIIPABJICHHBIX HA CHIKEHHE JTAHHOTO HEraTUBHOTO (P ¢eKTa
HaJl0 OTMETUTh HEOOXOUMOCTb IIPOBEIEHUS TEXHOJIOTUUECKUX MEPONPUSTUI HAlIPAaBJIECHHBIX Ha
Ooyee TIIATENBHBIA KOHTPOJIb BEIWYMHBI OWEHUsS pOTOpAa, KaK IPU €ro MOHTaXe, TaKk U B
npouecce dKciutyaraund. HeoOXoaumo Taxke BBEIEHUE OIPEAEICHHBIX KOHCTPYKIIMOHHBIX
u3MeHeHuid B Hacocsl Tuna HM. Ilyreil pemenus mpoOnemMbl MOKET ObITh MHOTO, HO BCE OHHU
TpeOyYIOT THIaTeIbHOM NMPOPaOOTKH U U3YUCHHUS.
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O HEKOTOPBIX ITPOBJIEMAX B TEOPETUYECKOW MEXAHUKE
(MOJAEJIMPOBAHUME KAK HCKYCCTBO)

JL.LK.Ky3pMuna

Kazanckuil HarmoHaNbHBIN HcceA0BaTeNbCKUM TexHudeckuili yuusepcutet uMm.A.H.Tymnonesa —
KA

Anamiok, 4-6, Kazans-15, 420015, POCCH I

«Bcakoe nosnanue bepem nauano uz owsyueHuLL»
A . Komenckuii

(BEJIUKAS TUTAKTHKA)

Temarnka pabOTHl TOCBAIIEHA HEKOTOPHIM  MpPOOJIEeMaM OCHOB MEXaHMKH W HH)KEHEPHOTO
oOpazoBaHus. PaccMarpuBaloTcsl aKkTyajabHbIE BOIPOCHI, CBA3aHHBIE C YPOBHEM M Kau€CTBOM
(dyHIaMEHTAIBHBIX 3HAHUA 10 TEOPETUYECKOW MEXaHWKE MpH IMOJArOTOBKE CHEIHAINCTOB
(MHXCHEPOB-MEXaHUKOB) KaK B OOIIEMH)KEHEPHBIX 007acTsAX, TaK W MPUMEHUTEIBHO K
CIIO)KHEUITUM MHOTOJIMCIUIUIMHAPHBIM ~ OONACTSIM aBHAIIMOHHOH ¥ PaKETHO-KOCMHUYECKOM
TeXHUKH. OOCYXIAI0TCS MPUHIMITBI W3YyYCHHUS TEOPETHUECKOW MEXaHWKH B BBICHICH MIKOJIE,
npuBosAmne K APQPEKTUBHBIM MpHUEMaM B IpOIecCe IMO3HAHMSA, C MOMCKOM TaKHX METOJIOB
peAMETHOTO 00y4eHUs], KOTOpbIe ObUTH ObI OTHOBPEMEHHO 00Yy4YarOIUMH, aKTUBU3UPYIOIIUMHU U
YIPaBISAIONIMMHA  TI03HABATEIbHON JEATENBHOCTBIO. JTO OBUIO TNPEIMETOM CHEHUATbHBIX
00CYXJIEHUM KPYMHEUIINX MEXaHUKOB, YUEHBIX-IIEJarOroB, XOPOIIO M3BECTHBIX B Poccuu u 3a
pyoexom (A.H.Kpsuioga, A.Il.MuHnakoBa, A.JO.Muununckoro, H.I'Yeraena,
[1.B.XapnamoBa,...). PaccMmarpuBaroTcsi HEKOTOpbIE OOIIME acHeKTbl O0COOEHHOCTEM Kypca
TEOPETHUYECKON MEXaHWKH, BBIJCISIOUINE €r0 CPein IPYruX 0a30BhIX TUCIHUILIUH HWHXEHEPHOTO
oOpazoBaHus. Taxke aHATU3UPYIOTCS 3aTPYIHEHUS] B YCBOCHUHU, TIOHUMAHUHM OCHOB MEXaHUKH U
B 00y4eHMH, BbI3bIBacMble UMH. [IprueM, Kak MOKa3bIBAIOT CHEIMAJIbHBIE UCCIEIOBAaHUS, OHU
HOCSIT CUCTEMaTUYECKUN XapakTep, 00)clo6neHbl 00beKMUGHbIMU NPUYUHAMU, YTO U SIBISIETCS
HUCTOYHUKOM «TOPMO3a» B YCBOCHUHU 3AKOHO8 MeXaHuKu W JUINTEIbHOIO «IIpoliecca aJanTalun
npu oOydeHuu. OOCYXKAAIOTCA TMYTH M METOJbI, ICHUXOJIOTO-METOJIMYECKHE AaCTEKThI
IIPEOI0JIEHNS UHTYUTUBHBIX TEOPUI U MOJIETIEN B MEXaHUKE.

Teopemuueckas mexamuxa (3mo — HAYKA O OBUNCEHUU MAKpOmel 8 NpOCmpaucmee) umeem
OmHOUleHUe KO 8CeM ABNEHUAM NpUpoobl U MEOPEHUIM MEXHUKU, KO 6CeM eCmecmE8eHHbIM
HAYYHLIM OUCYUNIUHAM. V3yueHue MeXanuku 8 evicuiell WKoae umeem onpeoensioujee 3HayeHue
o ¢hopmuposanusi Hagvlkog u mviuiienus o6yoyweeo CIEILHAJIUCTA, ona pazgumus e2o
unmennekma 6 yenom. OCHOBHAsI IENIb TEOPETUYECKONH MEXaHWKH — BBISABIICHHE, NIO3HAHUE U
NPaKTUYECKOE MPUMEHEHNE OOIINX 3aKOHOB MEXaHUYECKOTO JIBUKEHUS. be3 yceoenus mexanuku
He Modcem Obimb COBPEMEHHO20 UHICEHEPHO20 U YHUBEPCUMENCKO20 00pazosanusd. Imom
2NIABHBIU  NpUHYUN Obll 3AN10CeH KAk OCHoéa npenooaganusi 6 Huowcenepnoui Illxone
Kaaccuueckumu — mpaouyusmu — uzeecmuou  pycckoni  ILllkonet  Mexanuxos,  pazeumoix
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@ynoamenmanvrvimu mpyoamu «Omya Pyccxou Asuayuuy» H.E.JKykosckoeo, C.A.Yannvleuna,
A.H Kpvinosa, H.I.Yemaesa,... I'naBHas 3ajaya TEOPETUYECKOW MEXaHMKM — JaTh oOIiee
pa3BuUTHE, HEOOXOAMMbBIC HABBIKHM, HAYYUTh yUUThCA. Kak? «3ampyonenus me 6 eonpoce, umo
HYJHCHO cOoelamv, HO Kak coenams. A 9mo  6onpoc neoazo2udeckou MexHuKuy, —
A.C.Maxkapenko. Bcesi opranuzanusi yueOHOTO IMpoiecca Mo TEOPETUIECKOW MEXaHHWKE BCerja
ObLIa MOCBSIIIEHA 3TOH 3a/1aue, U 3TO CBSI3aHO C 0COOEHHOCMAMU npeOMemd, BHIACTSIONUMU €T0
Cpeu APYrux TUCIHUIUIMH, C OCOOBIMU 3aTPYAHCHUSMH IIPH YCBOCHHUH OTACIBHBIX BOIIPOCOB.

UccnenoBanus  WHTYUTHUBHBIX  TPEACTABICHUW M IMCUXOJIOTMYECKUX  MPOIIECCOB  HUX
dbopMUpOBaHHS JTOJDKHBI OyayT MO3BOJUTH YCOBEPIICHCTBOBATH METOIHMKY IPETOIaBaHuUs
TEOPETUYECKOW MEXaHWKH; TOMOYh BBECTH CHUCTEMHBIM METOJ OOYYCHHsI, ITO3BOJISIOIIUI
pa3BuTh: 1) yMeHHE MPOHUKATH B CYIIHOCTh HM3Y4aeMOTO SIBJICHHUS;, 2) yMmMeHHe o0000marbp u
pacuupsTh MOHATUSA, 3) YMeHue MBICIUTh aHAIOTHSIMU U MoOoeiuposams;4) NMOHUMaHUE, 4TO
MOJETUPOBAHUE —3TO 0CO00E «HCKYCCTBO». IJTO OCOOCHHO AaKTyaldbHO I TEOPETHUECKOU
MEXaHUKH, JUII KOTOPOU «8Csi mMPYOHOCHb COCMOUM 8 MOM, YmoObl NO A6ACHUAM OBUNCEHUs
PACnoO3HamMy CUlbl NPUPOObl, d NOMOM NO IMUM CULAM UBBACHUML OCMATbHLIE SAGTEeHUY
(U.Hvromon).

Uccnenosanue Boinonnsiercs B pamkax HUP no roczapannio MOH PO.

ON SOME PROBLEMS IN THEORETICAL MECHANICS
(MODELLING AS ART)
Lyudmila K.Kuzmina
Kazan National Research Technical University of A.N.Tupolev name — KAI
Adamuck, 4-6, Kazan-15, 420015, RUSSIA

“Every knowledge is taking the beginning
from sensations”

Yan Komenskiy

(GREAT DIDACTICS)

This research is devoted to the specific problems of Mechanics Foundations. The actual
questions are considered, that are connected with the level and quality of fundamental knowledge
on Theoretical Mechanics in training-teaching of specialists (Engineers-Mechanicians) both in
general and aviation engineering domain. The principles of subject teaching are discussed, that
are led to the activating and governing methods of learning in High Engineering Education. In
regard to this statement the general aspects of the peculiarities, inherent to the Theoretical
Mechanics subject, that are distinguishing it from another basic disciplines of Engineering
Education, are studied. Also of the special difficulties in the understanding and the education,
that are generated by these peculiarities, are analyzed. The objective causes, having systematic
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character, are selected and discovered. The general tenets are illustrated on the examples from
the experience of our Education System in the Mechanical Engineering domain.

Our work is dedicated to actual problems that are related to the questions of study effectiveness
in Theoretical Mechanics domain in High School, to the search of such methods of Education
that could be at the same time both the teaching, activating and controlling ones in process of
education. It was paramount subject for specific discussions of famous Mechanicians, Scientists-
Teachers, well-known in Russia (SU) and in World in whole (A.N.Krylov, A.P.Minakov,
N.G.Chetayev, A.Yu.Ishlinskiy, P.V.Kharlamov,...). The some general aspects of the peculiarities
of Theoretical Mechanics subject are considered; the difficulties in education and understanding
that are caused by these specific peculiarities are investigated. Moreover special analysis is
showing, that these peculiarities have systematic character; and also it is revealed, that they are
attributed by objective causes.

And it is the source of hindrance in the knowing of mechanics laws, and it is leading to
prolonged adaptation process in the education in domain of Theoretical Mechanics.
Theoretical Mechanics (it is Science about the motion of macro bodies in space and time) has the
relation to all phenomena of Nature and Engineering Products; it is connected with all natural-
scientific subjects (disciplines).

The study of Mechanics in High School (University) has great importance and paramount
significance to the forming skills and mentality of future specialist. Main aim of Theoretical
Mechanics is discovery, cognition and practical application of general basic laws of mechanical
motion. The modern Engineering and University Education are impossible without knowing
Mechanics. This leading principle was mortgaged as foundations for teaching in Engineering
School by classical traditions of well-known Russian School of Mechanics, developed by
fundamental researches of N.E.Zhukovskiy — “Father of Russian Aviation”, S.A.Chaplygin,
N.G.Chetayev, A.N.Krylov, ...

Principle task of Theoretical Mechanics is to give the general maturity-level, necessary skills,
and — to learn to study. How?

“The difficulties are not in the question that it is necessary to do, but — ow is it possible to
do”, A.S.Makarenko.

All organizing of educational-teaching process on Theoretical Mechanics was always
dedicated to this task; and it is caused the subject peculiarities that are distinguishing this
discipline among another scientific-educational subjects; it is connected with the specific
difficulties during learning of some sections — questions of subject.It is necessary to develop the
special approach allowing possess the art of modeling due to mechanics.

It is very actual for Theoretical Mechanics, for that “the all difficulty in whole is contained in
what, that it is necessary on motion phenomena to understand the forces of Nature, and after on
these forces — to explain another phenomena”, — Isaak Newton.

Acknowledgements: The research is implemented with support from RF Education and Science
Ministry for fundamental investigations.
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MPUHIIAII OBPATHOM CBSI3HM IO KBA3TY CKOPEHUIO

JIJISA BE3YJIAPHOM CTABUJIN3ALIAY ITPOT PAMMHBIX MHOT'OOBPA3HUI
YIIPABJIAEMBIX CUCTEM

THE PRINCIPLE OF FEEDBACK ON THE QUASI-ACCELERATION

FOR NON-IMPACT STABILIZATION OF PROGRAM MANIFOLD

OF CONTROLLED SYSTEMS

Myxamer3sHoB N.A.

Poccutickuti ynusepcumem opyacowvt Hapooos, Mockea, Poccus, mukhia@mail.ru

Beegenue. Omnucana mpoueaypa IOCTPOCHUS CaMOHACTPaMBaeMOIo YIPABIISIOIIErO
BEKTOpa Ui TPUBEACHUS COCTOSIHMS MEXaHWYECKMX M OOOOIIEHHBIX cHCTEM 0e3 yaapa B
3aJJaHHO€ MHOT000pa3ue 3a KOHEUHbII TPOMEXKYTOK BPEMEHH B YCIOBUAX HEONPEAEIEHHOCTH.

Introduction. The procedure of construction of the control vectors for bringing of the phase
condition of mechanic and generalized systems to given manifold in finite time in the face of
uncertainty is discribed.

IToctanoBka 3amaum. IlpoOnema cuHTE3a 3aKOHOB YIPABICHUS MEXAaHUYECKUMHU U
0000IIIEHHBIMU CHCTEMaMHU SBJISIETCS OJHOM W3 LEHTPAIbHBIX 3aJad TEOPUU U TPAKTUKU
yIpaBJICHUS] TAKUMHU O0OBEKTaMHU KaK POOOTHI-MaHUIYISATOPHI, MIPECIIECIYIONIUE TEIa U CUCTEMBI
TEJI, KpaHbl, HEHTPU(YTH, JeTaTeIbHbIE, IUIABATEIbHBIC, KOCMUYECKUE alNapaThl MOCTOSHHON U
IIEPEMEHHOM MacCChl, a TAK)KE TMHAMUUYECKHE AaHAJIIOTH IKOHOMHUYECKUX CUCTEM.

Becbma akTyanpHBIMH TNPU  PEHICHUM 3TOW MPOOIEMBI MPEACTABISIOTCS CIOCOOBI,
NPUTOJHBIE B Cllydae HEMONHOW HWHQPOPMAIMK O MAaCCO-MHEPIMOHHBIX XapaKTePUCTHKAX
CUCTEMBI U O JICHCTBYIOIIMX HA HEE HEYMPaBJIAIONIMX CHJIAX M BO3MYIICHHsX. [y pemieHus
npoOnembl  ynpaBieHuss TakumMu —cuctemamu  E.C.IlatHunikuM OB TIPEUIOKEH B
[1] «mpuHIUT IEKOMITO3UIIUIY, Pa3BUTHINA aBTOpamMu padort [2-5].
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3T10T IMPUHIIHUII, HpeI[Ha?,Ha‘-ICHHBIﬁ IJi1 IpUBCACHUA COCTOSAHUA MCXaHUYCCKUX CHCTEM CO
CTAIlMOHAPHBIMU CBSI3IMH U3 JIO00W TOYKHM (Da30BOro MPOCTPAHCTBA B JIFOOYIO JPYTyIO
HETO/IBIDKHYIO TOYKY, MPEANoaracT HaJMYMe BEKTOPa YIPABJICHUS C Pa3MEPHOCTHIO, PABHOM
YHCITY CTeNeHeH CBOOO b CHCTEMBI.

Hmeer MecTo JOCTaTOYHO MHOTO CIIy4aeB, KOrJa HE0OXOJUMO YIPaBISTh CHCTEMOH Tak,
yTOOBI CHUCTEMa OblIa MpHUBEACHA 0e3 yaapa w3 000 Todkw (Pa30BOro MPOCTPAHCTBA B
3aJjaHHOe MHOT00Opa3ue (pa3o0BOTO COCTOSHMS 332 KOHEYHBIH MPOMEXKYTOK BpeMeHH. PerieHue
0Ka3aJIoOCb BO3MOXXHBIM MHOXXCCTBOM BCKTOPOB YIIPABJICHUA. B cBs13u ¢ 3TUM cTaBUTCA 3aga4da
HOCTPOCHHSI 3TOTO MHOXECTBA C TOCIICAYIOUIMM BBIICJICHHEM W3 HEro CaMOHACTPauBaeMOIo
BEKTOpa yNpPaBJICHUS MHHUMalIbHON pasmepHocTH. (CaMOHACTpOMKa  OCYIIECTBISETCS
NpUMEHEHHEM IPUHIIUITA 00paTHON CBS3U MO KBa3WYCKOPEHUIO [6].

ITocTpoenne MHOXKecTBa BEKTOPOB ynpasiieHusi. B paGore [7] mosiyueHo pelieHue
3aaun NpUBEACHUS (Ha30BOTO COCTOSIHUSL CHCTEMBI B 33JaHHYI0O OKPECTHOCTh MHOTO0Opa3us,
00pa30BaHHOIO0 HECTALIMOHAPHBIMU T'OJIOHOMHBIMU NPOTPaMMHBIMU CBSI3IMU. B nanHol paboTe
3TOT TOAXOJ PAaCHpOCTpPAHIECTCS Ha pelIeHHE 3anadd Oe3yJapHOro TNpHBEeNEHHS (Pa30BOTO
COCTOSIHUS CHCTEMBl 32 KOHEYHBI MPOMEXKYTOK BpEMEHM B MHOrooOpasme, o0pa3oBaHHOE
TOJIOHOMHBIMU U HErOJIOHOMHBIMH IIPOrpaMMHBIMU CBsi3siMU. [Ipu 3TOM caMa cucrtema MOKeT
UMEThb, KpOME CTAllMOHAPHBIX, W HECTalMOHApHbIC CBA3U. [IOIy4eHO MHOKECTBO BEKTOPOB
yIpaBJieHUs, 00ECTIEUNBAIOLIUX PEUIEHUE ITON 3aJayd CaMOHACTPauBAEMbIM YIPABICHUEM 10
IPUHLMITY 0OpaTHOM CBSI3U MO KBAa3MYCKOPEHHUIO B TUCKPETHBIE MOMEHTHI BPEMEHU. A 3aTEM U3
3TOTO MHOECTBA BBIACIAIOTCA BEKTOPHI YIPABIEHUS C Pa3MEPHOCTbIO, MEHBIIEH YucIa
CTENEeHEeW CBOOOJbI CUCTEMBI, B TOM YHCJIE BEKTOpAa MUHMMAaJIbHOM pa3MepHocTU. B ciyuasx,
KOTJIa pa3MEpPHOCTb BEKTOPOB YIPABJICHUS OOJbIIE MHUHUMAIBHOW, BBIACISIOTCS BEKTOPHI C
MHHUMAJIBHOW €BKJIMI0BOY HOPMOW.

BbiBoabl. l3105keHHBIE BBINIE PE3YIbTAThl IMO3BOJIAIOT pEHIATh PA3JIMYHbIE 3a/auu
NPUKIAJHOTO XapakTepa 10 YIPABJICHUIO IPOLECCOM Oe3yqapHOW CTHIKOBKH Ha3eMHBIX,
IUIaBATENIbHBIX, JIETATENBHBIX M KOCMHUYECKHMX anlapaToB MPH UX CBOOOIHOM JBIKEHHH B
IPOCTPAHCTBE, MPOLECCOM Oe3ylapHON TIOCAIKU CITyCKaeMbIX amlaparoB Ha MOJBUKHbIC
w1aTGOpMBbl, XapakTep MABWKEHHS KOTOPBIX M3BECTEH HE TIIOJHOCTBIO, a TaKkKe 3a7a4yd
yIpaBiICHUS AUHAMUYECKUMU aHAJIOTaMHU SKOHOMUYECKUX CUCTEM [8].

Jns wmroctpanuu 3G PEKTUBHOCTH TMPEIJIOKEHHOTO CIOc0o0a pelIeHUs TaKuxX 3aaad
NPUBOJUTCS TPUMEp YIpPABJICHHUS TMPOLECCOM Oe3yJapHOTrO MpUAAHUs IIOJIOKEHHIO Tela
3aJ]aHHOW OPHMEHTALMM TPH MPECICAYIONEM JBMKCHUM LIEHTpAa Macc Tejla MO HPUHIIUITY
IPONOPLHOHANIBHOM HaBuranuu [9].

Takum oOpa3om, pe3yabTaThl pabOTHl MOXKHO pacCMAaTPUBATh B KAa4eCTBE OMPEIEICHHOTO
BKJIaJ]a B TEOPHUIO CaMOHACTPAaWBAEMOTO YIIPABIICHUS MEXaHUYCCKUMU U 000OIICHHBIMU
CUCTCMAaMH, a TAaKXKC HMX JUHAMHWYCCKHMMH aHAJIOraMH, KOI'Ja LCJIIbIO YIIPABJICHUA ABJIACTCA
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0e3yaapHOe PUBEICHNUE COCTOSIHUS CHCTEMBl B MHOTOOOpasue, 00pa30BaHHOE MPOrPAMMHBIMU
CBA3sIMH TIpU HEITOJTHOM I/IH(l)OpMaLII/II/I 0 MAaCCO-MHCPHUHUOHHBIX IMapaMeTpax CHUCTEMbBI U
I[€I>'ICTByIOH_[I/IX Ha HCC HCYIPABJIAIOMUX CUJIaX U BOSMYILICHUAX.

[Ipu 5TOM mEpEXOAHBIN MTPOLIECC 3aBEPIIACTCS 32 KOHEUHBIN IPOMEKYTOK BPEMEHHU.

Pabora BeimonHena npu ¢puHancoBoi nouepxkke PODU (Ne 13-08-00535a).
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O MPUMEHEHUSX IIPUHIIUIIA OBPATHOM CBSI3U IO
KBA3ZUYCKOPEHUIO

IMPLEMENTING THE PRINCIPLE OF FEEDBACK ON THE QUASI-
ACCELERATION

Myxamer3sanoB U.A., Uexkmapesa O.U.

Poccuiickuii ynugepcumem opyacovt Hapooos, Mockea, Poccus, spacefrogling@mail.ru

BBenenne. Pemena 3amaua O6e3yqapHON CTHIKOBKH JBYX TMOJBIKHBIX OOBEKTOB, OJUH H3
KOTOPGLIX ABJISICTCA YIIPABJIAICMBIM, IBUKYIIUMCA B PCKUMC IPCCIICAYIOIICTO TCJIA 10 MPHUHIUITY
HpOHOpHHOHaﬂbHOﬁ HaBuUTragyu C OCJIbIKO CTBIKOBKM CO BTOPbBIM OG’LGKTOM, ABWKYIIUMCA
HerpeackasyeMbiM  oOpasoM. Ilpu 3ToM Heynpapisiomue CHIbl, B TOM 4YHCIE CHIIA
COMPOTHUBJICHUA Cpcanbl, CUHUTAOTCA HCU3BCCTHBIMU. I[JISI ABTOMAaTHYCCKOI'O BBI60pa
ONTHUMAJILHOTO  3HAYCHHWS  VYIPaBJICHHS  MpEajaraercs CcaMOHACTpaMBaeMBId  CIIOCOO,
OCYIIECTBIISIEMBIA MO «IPUHIMITY OOpPAaTHOM CBSA3M MO KBAa3HYCKOPEHHIO» B JHUCKPETHBIC
MOMEHTBl BpeMEHM. Pemenue 3amauu IOJY4EHO Kak B ClIy4ae IIPECIEAYIOLIEro Teia
MOCTOSIHHOM, TaK U MEPEMEHHON MaccChl, KOT1a JBUKEHUE YIPABISIEMOTrO Tela OCYILIECTBIAECTCS
PEaKTUBHOM cuiIoil. Bo BTOpOM cilyyae OLIEHHMBAETCA BEJIMYMHA PACXOIYEMOW B MpOLECCE
YIPaBJIEHUS MAacCCHI.

Introduction. The problem of non-impact docking of two moving objects is solved, one of
which is driven, moving in the body mode, pursuing the principle of proportional navigation to
docking with the second object, moving unpredictably. In this non-control force, including force
environmental resistance, considered to be unknown. To automatically select the optimal values
of the control features self-adapting method, implemented by the "principle of feedback on the
quasi-acceleration" at discrete points in time, is proposed. Solution of the problem is obtained as
in the case of a haunting body of permanent mass, so as of variable mass, when the movement of
the body is managed by reactive force. In the second case, the amount of mass, which expended
in the process of control, is estimated.

ITocranoBka 3amaum. IIpoGiema ynpaBieHUS NPOLIECCOM NPUBEIEHUS MEXAHUUYECKOUN
CHCTEMBI U3 JH000# TOYKH MPOCTpaHCTBA (Pa30BOTO COCTOSHUS B 33JaHHYIO TOUKY 32 KOHEUHBIN
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MPOMEXYTOK BPEMEHH HCClieoBaiach TakuMu yueHbiMH, Kak E.C.IIstaunkuii, B.M.MaTtioxuH,
WN.M.AnanbeBckuii. B paborax M.A.MyxamerssnoBa [1,2] Obul mpeanoxeH yHUBEpCaIbHBIN
METOJ], TO3BOJISIIOIIMI PEmUTh 3afady Oe3ylapHOro NPHUBEACHUS MEXaHHYECKHX CHCTEM B
3aJaHHOE MHOroo0Opasue, 00pa30BaHHOE HECTAI[MOHAPHBIMU TPOTPAMMHBIMH CBSI3SIMH, 32
KOHEYHBI IPOMEXYTOK BpPEMEHHU IIPU Pa3MEPHOCTU YIPABISAIOUIUX CUJI, MEHbIIEH uucia
cTeneHeil cBo0oabI cucTeMbl. [Ipu 3TOM mpeamnonaaraeTcs, 4T0 MacCco-MHEPIHOHHBIE MTapaMeTphI
CUCTEMBl U JIEHCTBYIOIIME Ha HEE HEYNpaBJIAIOLIME CWIbl, B TOM YMCIE BO3MYILIAIOLIUE,
U3BECTHBI HETOUHO. Panee 3TOT MeTo/ ObLT MPUMEHEH IS yIpaBlIeHHs Oe3yJapHOU MocaaKoit
TeJIa Ha MOABIDKHYIO MIatdopMy. 31ech CTaBUTCA 3a/1ada 0e3yZapHOW CTHIKOBKH TOJBHKHBIX
00BEKTOB 3a KOHEUHBII MPOMEXYTOK BPEMEHM Ha IPHUMEPE YIPABISAEMOIO IPECIEAYIOIIETO
T€la, MMEIOLIEro WIM IOCTOSHHYIO, WU NEPEMEHHYIO MacCy, CTPEMSIIErocsi COIM3UTHCSA C
IpecieyeMbIM TEJIOM, ABIKYIIMMCS HEMpencKa3yeMbIM 00pa3oM, Ui CTHIKOBKM C HUM HITH
3axBarta 0e3 ynapa.

OcHoBHbIe pe3yabTaTbl. Pemena 3amauya Oe3ynapHO#l CTHIKOBKM JBYX TTOJBH)KHBIX
00BEKTOB Ha MpHUMEpPE YIPABISEMOTO TeNa, ABMXKYILIETOCS B PEXHME IPECIEIOBAaHUS IO
OPUHLMITY TNPONOPLUUOHATIBHOW HABUTALMM C LEJIbI0 CTBIKOBKU C IPECIEIyEMbIM TEIOM,
JBIDKYITUMCS HeTlpesickazyeMbiM o0pa3oM. Kpome Toro, HeynpaBisione CHilbl, B YaCTHOCTH,
CHJIa CONPOTHUBJIEHUS CpEAbl, CUUTAIOTCS HEU3BECTHbIMHU. PelieHue moJydyeHo s
YIPaBIIEMOTO TeJIa KaK MOCTOSIHHOM, TaK U IEPEMEHHON MACCHI.

Jnsa  pemieHus  3ajadyd UCIOJB3YETCS  YPAaBHEHUE  OTHOCHUTEIIBHOIO  JIBHIKCHUS
IPECICAYIONIETO TeJla IO OTHOLIEHHIO K IIPECICAyeMOMY, B KOTOPOM IPHUCYTCTBYIOT
Clly4yallHble, HO HENPEPbIBHbIE WU OrPaHUYEHHBIE CHWIIbI, KaK AaKTUBHbBIE, TaK U HHEPLUHU.
BBoautcs ynpasnsromas cuiia, IpecTaBisiomas coboii CcyMMy HENMpPEpBHIBHOM M CTYIEHYAaTOH
¢ynkuuii. CryneHyarasi COCTaBJISIONMIAs SBJISIETCS BETUYUHON MEPEMEHHOTO 3HaKa, JJOCTATOYHO
00JBIIONW AT TOTO, YTOOBI HMBEIMPOBATH HAJMUME BO3MYIIEHHH. B pesympraTe mporuecc
CTaHOBUTCS «KBa3HMIIOJ00EH» Tpoleccy Oe3ylapHON CTHIKOBKM JBYX 3THX Tel B HICATBHBIX
YCIOBUSX.

Takas ympaBistomiass cujga CTPOMTCS JUIsl  JIBYX CIIy4aeB, KOTJa YIpaBlsieMoe
Ipeciaeayouiee TeJ0 MMEET WM MOCTOSHHYIO, WM IEepeMEHHYI0 Maccy. Bo BTopom ciyuae,
KOI'/Ia YIPAaBJIEHUE OCYILECTBISAETCS PEAKTUBHOMN CHUJIOH, OLIEHUBAETCS BEJIMUYMHA PacXoayeMou
Macchl Tella B Mpoliecce CTHIKOBKU. KpoMe Toro, npeajaraercs alrOpuTM CaMOHAcTPauBaeMoro
YIPaBJIEHUS MPECIETYIOINUM TEJIOM, TO3BOJISIIOIINNA aBTOMAaTUYECKU ONPENENSITh ONTUMAIbHYIO
BEJIMYMHY CTYIECHYATON YNPAaBIAIOMIEH CHIIbI, HEOOXOAMMOM aisi Oe3ylapHON CTHIKOBKH TEJl.
CaMoHacTpoiika  OCYIIECTBJISETCS ~ NMPUMEHEHHEM  MPUHIMIA  OOpaTHOW  CBS3M  IIO
KBa3UyCKOPEHUIO B JUCKPETHBIE MOMEHTBI BPEMEHH, NPETI0KEHHOTO B [4].

BoiBoabl. [IpuMeHsisi moaxoi, MPEeAoXKeHHbIM B [2], W NpUHIUN OOpaTHOW CBSI3M IO
KBa3WyCKOPEHUIO B JUCKPETHbIE MOMEHTHl BPEMEHM peElIeHa 3ajada CaMOHACTPauBacMOIO
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yIIpaBJIeHUs] TpoIieccoM Oe3yIapHOM CTHIKOBKH IOABIKHBIX OOBEKTOB KaK MOCTOSIHHOM, TaK U
NIEPEMEHHON Macchl B YCIOBUSIX HEOTIPEAEIEHHOCTH.

Pabora BeimonHeHa npu ¢puHancoBo noepxkke PODU (Ne 13-08-00535a).
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YIIPABJIEHUE JUHAMUKOM CUCTEM C IPOTPAMMHBIMHU CBA3SIMHU

P.I'. MyxapiamoB, Mocksa, PYIH

DYNAMICS CONTROL OF THE SYSTEM WITH PROGRAM CONSTRAINTS

R.G. Mukharlyamov

B nos6pe 2014 1. ucnonusiercs 95 ner co nausa poxaenus A.C. lanuyninuHa, 3a710KUBIIETO
OCHOBBI JIMHAMHKH CHUCTEM C MPOTPaMMHBIMH CBs3sMU. IlepBbie pabOTHl B 3TOM HaNpaBICHUU
ObLIM IMOCBSLIEHBI PELICHUIO 3a/ad YIPAaBICHUS JWHAMUKOM CUCTEM C NEPEMEHHON Maccoil.
AHanmoruu B MEXaHUKE CHCTEM IIEPEMEHHOW Macchl, B JHMHAMHUKE IPOU3BOJICTBEHHBIX U
TEXHHYECKUX CHUCTEM, SKOHOMHUYECKHX M (UHAHCOBBIX OOBEKTOB IO3BOJIMJIM HCIIOJIb30BaTh
YpaBHEHHS M METOABl KJIACCMYECKOW MEXaHWKH /IS pEeHICHUs 3a7a4 YIpPaBICHUS U
TUTAHUPOBAHMSL.

In November 2014 marks the 95th anniversary of the birth of A.S. Galiullina, laid the
foundations of the dynamics of systems with software links. The first works in this direction
were devoted to the issues of managing the dynamics of systems with variable mass. The
analogy in the mechanics of systems with variable mass, in the dynamics of the production and
technical systems, economic and financial objects allowed to use equations and methods of
classical mechanics for solving problems of control and planning.

1. Beenenme. OCHOBHBIC HAaNpaBJICHUS UCCICIOBAaHWNA [0 JWHAMHKE CHCTEM C
IPOTPaMMHBIMH CBS3SIMU ObUTH copmynupoBansl B padore [1] A.C. annynnuHa.

A.C. Tamuymnun (26.11.1919-17.04.1999) npoxonun oOyuenue B acnupantype Kazanckoro
aBHALlMOHHOIO MHCTUTYTa moJ pykoBojacTBoM ['B. KamenkoBa. B 1930-40 romax B Kazanckom
yHUBEpcHUTETe U aBHannoHHOM uHCTHTYTe H.I. UeraeBbiM ObLT OpraHn30BaH HaydyHBIH CEMUHAP,
BIIOCJICJICTBUU U3BECTHBIN Kak Ka3aHCkas 1IKoIa yCTOMYMBOCTU JBWKEHUSA. Y YaCTHUKAMU 3TOTO
cemuHapa Obuin ML.II. Amunos, I'H. barayrnunos, E.H. bepéskun, I'B. Kamenkos, ILA.
Ky3pmun, W.I. Mankun, I1.C. Hyrmanosa, K.I1. Ilepcunckuii, X.C. Mypraszun. MccnenoBanus
IIKOJIBI YCTOMYMBOCTH OBLIIM HAIIPABJICHBI HAa PEIICHUE aKTyaJbHBIX MPOOIEM Pa3BUTHS aBUALIUH
U PAaKETOCTPOECHUS. YUAaCTHUKU 3TOM IIKOJIBI U MX MOCJIEI0BATENN CO3AAIN U3BECTHBIE HAyYHbIE
ueHTpsl B Mockse, B Kazanu, B CBepioBcke, B Anma-Ara.

B 1950 1. rony A.C. laumnyniuH 3aiynaeT KaHIuaaTCKyo JUCCePTalNIo, OCBAIIEHHYIO
JUHAMHUKE paKeT, 3aHMMACTCs MCCIENOBaHUMEM YycTouMBocTH nBwxkeHud. Ilo cosery I.B.
KamenkoBa ocBanBaeT HOBOE HampaBlICHHE, CBSA3aHHOE ¢ MpoOiieMamu yrpasieHus. B 1958 .
3alllMLIAET JUCCEPTALNIO HA COUCKAHUE YIEHOW CTENEHU JOKTOpa TEXHUYECKUX HAyK, B KOTOPOI
ObUIN 3aJI0KEHBI OCHOBBI TEOPHH MTPOTPAMMHOTO JIBH)KEHHUSI.
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B cBs3u ¢ otkpeiTHeM B 1960 1. YHUBepcuTeTa apy:x061 HapoaoB A.C. [Manmymina

nepesxaer B MockBy. byyun nepBeiM fiekaHoM (hakyinbTeTara (U3NKO-MaTeMaTHUECKUX U
€CTECTBEHHBIX HAYK U 3aBEAYIOIIUM Kadeapoil TeOpeTHIEeCKOH MEXaHUKH OCHOBHIBACT
M3BECTHYIO HAyYHYIO IIKOJY YCTOMYMBOCTH U YIPABICHHS IPOTPAMMHBIM ABHKeHUEM B PYJIH.

CoBpeMeHHbIE METO/Ibl MOACTHPOBAHHUS TIO3BOJISIIOT 00ECIIeUnTh TpeOyeMble CBOMCTBA
(GYHKIIMOHUPOBAHUS CI0KHOM CUCTEMBI Ha 3TaIle COCTABIICHUS YPaBHEHUN JUHAMUKU.

2. IlocTanoBka 3aaaun. JIBIDKCHHE MEXaHUUECKON CHCTEMBI C UACATHHBIMU CBA3SIMU
OIUCHIBAETCS yYpaBHEHUSAMHU Jlarpanxka

T T
UL N A PN P S 0
dt ov 0Oq oq ov

rae T — kuHeTH4eckas sHeprus, O — BeKTOp 00001meHHbIX cuit. Muoxutenn 4,1’ Moryr

paccMaTpUBAThCS KaK YIIPABICHUS, HEOOXOIMMBIE /IS BHIIOIHEHNS YPABHEHHN CBA3EH
f€ER,, f(g:1)=0, (2)
m+r<n. f'eR., f'(g.v.1)=0, 3)

Pewenne g = q(t) , V= v(t) cuctemsl (1), COOTBETCTBYIOIIEE HAYAJIBHBIM YCIOBUSIM

q(t,)=4", v(t,)=»", ynoenersopser ypasnennsm csseit (2),(3), ecrm

f=fyv+f, £(4%0)=0. 7(a°°16) =0, f'(¢°".15) =0, 4)
U MHOXKHTEH A, A’ ONpeaessiFoTcs U3 yCaoBHMA

AT S
dt dt dt

C MCMOJIb30BaHUEM YpaBHEHMH (1) U1 BBIYMCIIEHUS IPOU3BOAHON av, 0t

f. (5)

Ecnu ycnoBus (4) He BRIIOJHSIOTCS, TO U3 YpPaBHEHUH (5) OTHOCUTENBHO (HYHKIUI
f=r(q.t), "= f'(q,v.t) cnenyer, uro pemenne ypasrenuii (1) He ynoBIETBOPSIET
ypaBHeHHM cBszeid (2),(3). st crabunmsanuu cBsi3eil Mpu YUCIIEHHOM PEIICHUH YpaBHEHHHA
JTUHAMUKH B [2] ObLIO MPEIOKEHO OMPEeNsiTh MHOXKUTENN Jlarpanika, UCroJib3ys BMecTo (5)
YpaBHEHUS BO3MYLIEHUN CBS3€i

df’ df - d
ook, a>0, k>0. i:—kf', l:—a)zf—2af, izgo, (6)

dt dt dt

[Tpu 3TOM dyHKIMH (2),(3) ONUCHIBAIOT HHTETPAIbHOE MHOTO00pa3ne CUCTEMBI
muddepeHnnanbHbIX ypaBHeHud auHamMuku (1) [3].
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Paznuunbie Mmomudukamu metona baymrapra [2] cocrosiin B mogbope Kod3pPHIIHEHTOB
cucteMbl ypaBHeHuit (6) (Hanpumep, [3-4]). [lo cymiecTBy 3aaa4a onpezesieHus ynpaBiaeHU
A,A" CBOIUTCS K IOCTPOCHHIO ypaBHEHHUI AUHAMUKY (1), 4aCTHBIE HHTTEPAIbl KOTOPBIX
OTUCBIBAIOTCS YpaBHEHUs cBsizei (2),(3) [4]. DTO BO3MOXKHO, €CiH MpaBble 4acTu ypaBHeHUH (1)
OTIPENEINIAIOTCS B COOTBETCTBUU C PABEHCTBAMHU
df

(fafaflaqavat)a E:F(fafof'aqavat)a _:fa (7)

4 _ g
dt

F'(0,0,0,q,v,t) =0. F(0,0,0,q,v,t) =0,

[IpaBbie yacT ypaBHEeHUN CUCTEMBI (7) MOTYT OBITh OIIPEECTICHBI B COOTBETCTBHH C
JOTIOTHUTEIFHBIMU yCTIOBUSIMU [6]. CyIIeCTBEHHBIM SIBIISICTCS TpeOOBaHUE 00eCTICUeHUs
cTabunmu3anuu cBsazei (2),(3) npu 4YMCcIeHHOM pElleHUU ypaBHEHUM ntuHaMuku (1).

3. IlocTpoeHue ypaBHeHH I JTMHAMHMKHN TEXHHYECKO# cucTeMbl. VIcnonb3ys n3BeCTHHIC
JTUHAMHWYECKHUE aHAJIOTUH, I OIIMCAHUs JUHAMUKH YIIPABIISIEMBIX CUCTEM, COAEPIKALIUX
AIIEMEHTHI Pa3IMYHON TPUPOBI 7], SKOHOMUYECKUX 0OBEKTOB M MTPOU3BOJICTBEHHBIX CHCTEM [ 8]
MOTYT OBITh NCHOJIB30BAHBI T€ MJIM HHBIE (DOPMBI ypaBHEHHUN KIACCUYECKON MEXaHUKH.
[IpencraBuM ypaBHEHUs TMHAMHUKU TEXHUYECKOW CUCTEMBI ypaBHeHUAMU Jlarpanxka

0 0
@:viai_ai: "+ B%, (8
dt dt ov  0q

3necy L0 — JarpaH>kKuaH CUCTEMBI, a®

— BEKTOP HENOTEHLIMAJIBHBIX CHUJI, B’ =R’ (q,v,t) —
MaTpuia Ko3pPHUIUEHTOB, ¥ — BEKTOP yIPaBICHHS Pa3MEPHOCTU M + F,

obecrieunBarolMi BBITIOJIHEHUE YpaBHEHUH cBsi3el (2),(3).

Beenem ¢ynkiuro Jlarpanka U TMCCUIIaTUBHYIO (DYHKIIUIO

D:D(q:»vofafaflat)a L:L(qavofafaf'at)a
D(q,v,0,0,0,t)zo, L(q,v,0,0,0,t)zo,

YUYUTBIBAIOIIMEC BO3MOKHBIC OTKIIOHCHUS OT ypaBHCHI/Iﬁ CB$I3GI>'I, M 3al1MiIcMm
COOTBCTCTBYIOIIMEC YPABHCHUA JUHAMUKU:

4L _OL_ 0450y, da_,, 9)
dt ov 0Oq dt
doL oL oD df .
dot_oL_ 3 4 _; (10)
datof of o dt
i@_L:_a_D' (11)
deof’  of

4. Onpenenenne BekTopa ynpasJienus. [Ipencrasum ypasuenus (9)-(11) B Buzne,
Pa3pCIICHHOM OTHOCHUTCIIbHO IMPOU3BOJHBIX!
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ﬂszu, ﬁzv, (12)

dt dt

=(7.f"). —==5f+Kg, ——=f, 13
g=(/.1") =S +Kg =1 (13)

3nech BEeKTOp a W Marpuubl B,S, K sSBisiorcs QyHKUUSMU IEPEMEHHBIX ¢, V,! .
VYpaBHEHuUE JUIsl ONpEETICHUS BEKTOpA YIIPABICHUS U MOJydaeTcs

G depeHIIMPOBAHUEM BEKTOPA g(q, v,t) ¢ yuetom ypaBHenuii (12),(13):
G'=g,. G=g,, Gv+G'(a+Bu)+g =S +Kg, (14)

[locne onpenenenus Bekropa u u3 (14) ypaBHenus nuHamuku (12) npuHuMaroT
BU:

dv . , dq
= —4+B(GB)(Sf +K b
dt a+B(GB)(Sf +Kg), dt

v, (15)
a=a-B(G'B) (Gv+Gla+g,).
Cucrema (15) nomyckaeT yacTHbIE HHTETPaAIbl, ONPENEIIEMOE PABEHCTBAMU

g(g.v.t)=0. f(q.t)=0, (16)

5. Cradnam3anms cesaseil. [Ipencrasum ypasuenus (15),(13),(16) B cokpaiieHHOM

BUJIE:

ﬂ—a(x t)+M(x t) (17)
dr ’ Y

P

& —A(x,t)y, (18)
y:h(x,t), (19)

Y :[B(G'B)O1 (SK))’ “:(cv%)’ ! :(g) x:(g),

C=(1,0), A:[g Iij

I, — enunnuHasg matpuna. YpasHeHus (17),(19) umerotr unTerpaipHoe MHOrooOpasue

h (x,t) =0, KOTOpOMY COOTBETCTBYET ypaBHEHUE Bo3MyIleHui (18). YcroitunBocTh

pemieHnii ypaBHeHus (17) mo OTHOLIEHUIO K MHOXKECTBY /1 (x,t) =0 ompenensercs

MaTpuIei KodpPUIIHEHTOB A(x,t). Ecnu matpunia 4 sBisieTcst IOCTOSHHOM, TO
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YCTOHYMBOCTB [0 OTHOLIECHHIO K pyHKIMHU /1 (x, t ) = 0 onpenensieTcss 3HaKOM

JEMCTBUTENBHBIX YacTel KOPHEN XapaKTepUCTUUECKOT0 ypaBHEHUs cucTeMsl (18). B

ciydyae 4= A(x,t) YCJIOBHS YCTOWYMBOCTH ONPEICISIOTCS MeTOIoM (yHKIui JlamyHoBa
[8].

Ecnu TpuBnanbHoe perieHue ypaBHeHus (18) ycToH4MBO acCUMITOTUYECKH, TO
cTa0mIn3anus CBsA3ed MOXKET OBITh JOCTUTHYTA JIaXKe NP UCTIOIB30BAHUN IPOCTEHIIINX

YHCJIEHHBIX METOJI0B peuieHust ypasHenui (17),(19). Ilycts HyOH <g, Y =h (xo, t ) , ¥

Juid penieHus ypaBHeHus (17) ucnons3yercs meton Ditnepa:
Xk:a(xk,tk)+M(xk,tk)yk, = xF 4 xt,

VYuuTeiBas pasnokeHue QpyHKIUU yk ey (xk“,tk +1) B psia U ypaBHeHue (18),

UMEEM:
k+1 K\ .k k2
y :(I2m+r+TA )y +Y( ), (20)
k2
rae Y (k2) _ MOTPEITHOCTb, ONPeAeIIsieMasi OCTATOYHBIM WICHOM PA3JIOKECHHUS B P U

NOTPEIIHOCTAMU OKpyryieHns. OLeHuBas mpaByro yacTb paBeHcTBa (20), nosyyaem

Hyk+1 “yk“+“y(k2) . @1)

= H(]Mr +74")

Y(kz)

CrienoBaTenbHo, eciu Hka <g, <(l-y)em H(12m+r +rA(xk,tk))H <y<l,T0

k+1

BBITIOJIHSCTCS OTPaHUYICHUC H y < &, OTKyJa cieayer, 4YTo H yk H < & TIpH BCEX

k=12,..
Ecnu nns pemenus ypaBuenuit (17),(19) ucnonb3yercst pa3HocTHasi cxema
o>0, Axk:T(l—cr)Xk+rc7)_(k, xk:xk+Axk,

20=1, a >0, x* =x* +ar X*, Xk :a()?k,tk+ar)+M()7k,tk+ar))7k,

TO yCJIOBUE H yk H <g, k=1,2,..., OyAeT BBIOJHATHCS MIPH OTPAHUICHUSIX

1 2\ (daY*
12m+r+rAk+E((Ak))+£Ej <y<l, HY"(”Hs(l—y)g,
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OFpaHquHHH, HaKJIaAbIBACMbIC Ha MAaTpHUILly A (x, l) IIpU UCIIOJIb30BAHUKU METO1a

Pynre-Kyrra, nonyuens B [9]. [l pa3HOCTHOH cXeMbl 4-T0 MOPsIIKA OHU COCTABIISIOT
HEPaBEHCTBA

<y<l, H Yk(S)HS(l—y)g,

4 TS i
I2m+r + Z_As
s=1 s!

d’A _dA

Ay=—0 43— A+ 4, A, =—+ A%, A=A,
dt dt dt
3 2 2

A, :%+4%A+3£ﬁj Ly
dt dt dt dt

6. Ipunnoskenus. V310KeHHBIE METOIBI U AJITOPUTMBI OBLTU UCIIOTH30BAHBI IS PEIICHUS
3a/1a4 YIpaBlIeHUS MaHUITYISITOPOM Ha MOJABIKHOM OCHOBAHHH, MOOHMIIBHBIM POOOTOM C
00X010M MPEMNATCTBUH, JIEKTPOMEXAHUUYECKON CUCTEMOM, aJaTUBHONW ONTHYECKOM CUCTEMOH,
MIPOM3BOJICTBEHHBIM MPEANIPUATHEM U APYTUMU 0OBEKTaMHU.

Pabora BeimonHeHa npu ¢puHaHcoBo nouepxkke PODU, npoekt Ne 13-08-00535.
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OCHOBHBIE KHHEMATHYECKUE U IUHAMHNYECKHUE
XAPAKTEPUCTUKHU CUCTEM PA3JIMYHOM

®U3NYECKOUM ITPUPOIBI

Illemenosa O.B., Hmwxaekamck, HXTU KI'TY
HuxHexkaMCKHil XMMHKO-TEXHOJIOTHYECKHI MHCTHTYT (puamair)
(enepanbHOro rocy1apcTBeHHOro 0I01’KETHOr0 00Pa30BATEJILHOI0 YUPeKICHHUS

BbICIIET0 MPO(eccuoHAIBLHOro o0pa3zoBanus «Ka3zaHcKHii HAITMOHAJIbHBIH
HCCJIeI0BATEILCKUA TEXHOJIOTHYEeCKUI YHUBepcUTeT», I. HHsKkHeKaMceKk

THE MAIN KINEMATIC AND DYNAMIC
CHARACTERISTICS OF VARIOUS PHYSICAL SYSTEMS
Chemelova o.v.

AnHomayus

B paboTe paccMaTpuBaroTCs aHAJIOTHH MEXAY (GU3NIECKUMHU XapaKTEePUCTUKAMU CUCTEM
pasnu4HON (PU3MYECKOW MPUPOABI M MEXAaHWYECKHMX CHCTEM. OTH aHAJIOTHH ITO3BOJISIOT
HUCII0JIb30BaTh MCTO/AbI KJIACCHYECKOM MEXaHUKH AJI UCCIICA0OBAHUA JTUHAMWYCCKUX ITPOLCCCOB B
CHCTEMax, COJACPIKAIIUX IEMEHTHI Pa3IMYHON (PHU3HUECKON MPUPOIBL.

Kniouesvie cnosa: cucmemvl paznuunoll Quauueckou npupoovl, YHUDUYUPOBAHHOE
MHOXMHCECNB0 NEPEMEHHBIX, MAMEMAMUYecKoe MOOeIUuposanue.

There are considered the analogy between the physical characteristics of the systems of
different physical nature and mechanical systems. These analogies allow the use of methods of
classical mechanics to the study of dynamic processes in systems containing elements of
different physical nature.

Cpemu pa3HOOOpa3sHBIX SIBICHUH pPA3TUYHON (U3HMUECKOW MPHUPOABI HEPEIKO MOKHO
BCTPETUTDH MIOXOKUE SABJICHUS, 0OHAPYKUBAIOILIME OJMHAKOBBIE IPU3HAKK U 3aKOHOMEpHOCTU. B
TaKUX CIIydasx TOBOPAT O (PHU3MUECKUX AaHAJOTHSAX, MM AaHaJOrM4YHBIX cucremax [l, 2].
CoBpeMEHHBIE CUCTEMBI YIPABICHUS MMEIOT JOCTAaTOYHO CIOXKHYK CTPYKTYPY, COJAEpPIKAILyIo
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AIIEMEHTHl Pa3INYHON (pusmueckoil mpuponsl. MccnenoBaHue IUHAMHUKH TaKWX CHUCTEM, B
NepByI0 odepens, TpeOyeT MOCTpoeHHs OOIIeld MaTeMaTHYeCKOW MOJENH, OTMCHIBAIOIIEH
TUHAMUKY Bce cucTtembl [3]. KunemaTtnueckue M JUHAMHUYECKHE AHAJIOTUU, CYIIECTBYIOIIUE
MEXAY IEKTPUYECKUMHU, MEXAHMUYECKUMH, aKyCTUYECKUMHU U JPYTUMHU CHUCTEMaMH, JABHO C
YCIIEXOM HUCMOJIb3YIOTCS IIPU OCTPOEHUN U UCCIIEOBAaHUM MaTeMaTUYeCKUX Moaeneil. MeTtopl,
OCHOBAHHbIE Ha IPUMEHEHNUN aHAJIOTUH, B PAJE CIIy4aeB OKa3bIBAIOTCS BECbMa IUIOJAOTBOPHBIMU
npu peuieHuH 3aad. OHU MO3BOJISIFOT CBOJUTH PELICHUS HEKOTOPBIX 33]1a4 K PEIIEHUSAM JIPYTUX
(y’Ke M3BECTHBIX) 3a/1a4 (3a4aCTyr0 U3 JAPYroro pasaena Gu3mKu).

B pabote mpemnaraercsi o0oOmmenne 1 yHu(puKanus MHOXKECTBA MTEPEMEHHBIX, KOTOPbIE
OTIHMCBHIBAIOT KHHEMATHUKY U JUHAMUKY (PU3HUECKON CUCTEMBI.

B [1] onpenensiercs yHH(pUUIMPOBAHHOE MHOXECTBO NEPEMEHHBIX, KOTOPOE BKIIOYAET
CJIEYIOIHNE U3BECTHBIC BEIMUMHBL: YCUIIUE, PACX0J UMITYJIbC U NIEPEMEIIECHUE.

JlanHO€ YHH(HUIHUPOBAHHOE MHOXKECTBO MOJKET OBITH C YCIHEXOM HCIOJIB30BAHO JUIS
IIOJIy4CHUS] YPAaBHEHUN IMHAMMKHA MEXaHMYECKOM cucTeMbl. Mcronb30BaHHE AMHAMUYECKUX
aHAJIOTUI TO3BOJIIET CTPOUTH YPAaBHEHHS IUHAMHKH JUIS CHUCTEM DAa3JIMYHON (PU3UUECKOM
npuponsl [1, 3, 4].

W3BecTHBIE K HACTOAIIEMY BPEMEHH AMHAMUYECKHAE aHAJIOTUU IO3BOJIAIOT UCIIOJIb30BATh
METO/bl KJIACCUYECKON MEXAHUKHU NI PEUICHUS 3a/1a4 YIIPABJICHUS CUCTEMAMHU, COEpKAILIUMHU
BJIEMEHTHl PA3IMYHOM TMPHUPOJBI, SKOHOMHUYECKUMHU OOBEKTAMH W IPOU3BOACTBEHHBIMHU
cucremami. [Iporieccsl H3MEHEHHs COCTOSHUS TAKUX CUCTEM OIUCHIBAIOTCA MU PepeHInaTbHO-
anreOpandecKUMU YpaBHEHUSMH, COCTaBICHHBIMU W3 KMHEMAaTUYECKUX COOTHOLIEHMH, Lienei
yIpaBJICHUS, YpaBHEHHWH CBs3ed M YpaBHEHUH IUHAMUKH, BBIPAKEHHBIX B 00OOIIEHHBIX
KOOPJMHATAX WU B KAHOHUYECKUX IIEPEMEHHBIX.

CootBercTBytomue (PpU3MUECKUEe BEIUYMHBI MOXKHO TNPEACTAaBUTh YHU(PHIIMPOBAHHBIM
MHOYKECTBOM B BHJIE TaOIUIIBI 1.

Ta0muma 1.

yHI/I(I)I/IL[I/IpOBaHHBIC MHOXXCCTBaA INICPCMCHHBIX IJId (1)I/I3I/I‘-IGCKI/IX CHUCTEM

Cucrema Yeunue e Pacxon f IIepememenne g HMmnynsc p
MexaHnueckas KonunuectBo
Cuna F CxopocTsb v [Tonoxenue x
MOCTymareabHas TBUKCHUS P
> MomeHT
Mexanuueckass ~ DPAIIAIONIHE Vriosast
BpaluiaTeibHas CKOPOCTh ® yrox 6 romrecTsa
MOMEHT T p nBIKeHus H
DIIEeKTPOIBIKYIIAS . MarauTHbIN
OnexTpuyeckas P v Cuna Toka i 3apsan q
cua e MOTOK A
CxkopocTh Jlasnenue
AkycTuueckas [aBnenue P TEYEHHUS O6bem y
UMIIYIbCA P)

Marepuaia Q
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Jlannast Tabnuua MO3BOJISIET CONOCTaBUTh BEJIMYMHBI, AHAJOTUYHBIE B KaXIOU U3
yeTblpex cucteM. OHM yKa3bIBalOT Ha JUHAMMYECKYIO aHAJIOTHIO, CYIIECTBYIOLIYI0 MEXKIY
ATUMM YETBIPbMS CUCTEMAMH.

HccnenoBanue Bcex CUCTEM pa3inUyHON (U3NYECKON MPUPOABI MOXKET OBITh Pa3/IeieHO
Ha JIBE YacTU: Ha cocTaBieHue auddepeHnnanbHoro ypaBHeHUs, UCXO0s U3 TOCTAaHOBKH 33/1a4H
U PU3UYECKUX 3aKOHOB, U Ha pemeHne auddepeHnanrsHoro ypaBHeHuUS.

s moCTpOeHMsI ypaBHEHHMM JMHAMUKHM pPacCMaTPUBAIOTCA BEIMYMHBL, KOTOpPBIC
XapaKTepU3yIOT TUHAMHYECKOE MOBEJICHHE CUCTEM PAa3UYHON (PU3NYECKON MPUPOABL. A Tak Kak
ypaBHEHHS AUHAMHUKU CHCTEMbI MOTYT OBITh COCTaBIICHBI B (hopMe ypaBHEHUH Jlarpamxka nim B
dopme ypaBHeHmit [‘amMuIbTOHA, Cpeau IUHAMHYECKMX BEJIWYMH BO3MOXKHO IIPOBECTH
HEKOTOPYIO KJIACCH(PUKALIUIO.

OnHUM W3 OCHOBHBIX TIOJIOKEHUH sl OOJNBIIMHCTBA HAyK SBISCTCS TPUHIHIL
COXpAaHEHUs DJHEPrUM. B 3JIEKTPUYECKON, MEXaHMYECKOW IOCTYNATEIbHOW, MEXaHWYECKOMN
BpalaTeIbHON M aKyCTHYECKOM CHCTeMax SHEPrusl MOXKET OBbITh B TpeX BUIAX: KHHETUYECKas,
NOTEHLIMAJIbHAs U TemsoBas. KuHeTnueckasi JHEPIHsl CUCTEMBI 00YCIIaBINBAETCS €€ CKOPOCTHIO;
MOTCHIIMATBHAS SHEPTHUS CUCTEMBI 00yCIaBiIuBaeTcs ee KoHpurypamuei wim aedopmarnueir. Bo
BCEX YETHIPEX CUCTEMAX — JIEKTPUUYECKOM, MEXaHMYECKOW MOCTYIATEIbHOM, MEXaHUYECKOM
BpalllaTE€IbHOW M aKyCTUYECKOW, SHEprus, MPEBPALLAETCsl B TEIJIO B PACCEUMBAIOIIEH YacTH
CHCTEMBI. DHEprusi paccesHusi (IUCCHUIAIMH) ompenensercs (QyHKIUEH paccesHus, WM
JMICCUTIATUBHON (DYHKITUEH.

Kak u3BecTHO, KHHETHYECKasi SHEPTHs MOXKET ObITh BBIpa)KEHA Yepe3 UMITYIIbC, JTHO0 Ke
sBnsieTcs ¢GyHkuueil ckopoctu (pacxona f). B [1] mpenmnaraercs Ha3bpiBaTh KHHETHYECKYIO
SHEPIUIO, BHIpAKEHHYIO uepes pacxon I =T *( f ,q,t) KMHETUYECKON KodHeprueu. Ilpu stom
IIPY COCTAaBJICHUH YpaBHEHUU JAWHAMHUKHU cHCTEM B (hopMme ypaBHeHH Jlarpanxa mcnonb3yercs
bynxius T =T *( f ,q,t), T.e. KHUHETHYECKas KOBHEprus, a ypaBHeHHs [amuibToHa
COCTAaBJAIIOTCS C HCnoab3oBaHuem 1 =T (p,q,t), T.€. KMHETUYECKOM SHEpruu. AHaJIOIMYHO
paccMaTpUBaOTCS TIOHATHS MOTEHIIMAIBHOW 3Hepruu V =V (q,t) 1 NOTEHIHMAIBHON KOSHEPTUU
ve=v" (e,t) , aTake D= D(f,t) — muccunatuBHoil pynkuuu u G = G(e,t) — TUCCUTTATUBHON
KopyHKuuu. B Tabn. 2 mpeactaBieHbl W3BECTHBIC JWHAMHYECKUE AHAIOTUU JJIS BEJUYHH,
XapaKTepU3YIOMUX TUHAMUYECKOE TIOBEJICHUE CHCTEM Pa3IHYHON (PU3NUIECKOM TPUPOIBI.

Kak yxe ynoMHHamOCh paHee, IOCTPOCHHE YPAaBHEHMM JUHAMUKM Ul CUCTEM
pa3nuyHON (pU3MUYECKOW MPHPOJBI MOXKHO COCTaBISITh B (Qopme ypaBHeHuid Jlarpamxka u
lamuiproHa (B KaHOHMYECKMX NEepeMeHHBIX) [4, 5, 6]. [Ipm 3TOM mnonydeHHbIE YypaBHEHMS
cozepKaT HEOIpeleNeHHble MHOXuTenu Jlarpamxka x um p. B pesymbrate onpeneneHus
BBIpQXXECHUH U1 MHOXKHTENeH Jlarpamka nosiBisercst cucreMa nudGepeHIHalIbHbIX YpaBHEHHH
JUHAMHUKH, 1JI1 KOTOPOW YPaBHEHUS CBSI3€H SABIIAIOTCS MHTErPaJlaMu.
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Ta0muma 2.
Mexaunue- Mexannue-
CrcTeMa Onexrpuue- | AKycTHue-
CKas MoCTy- CKas Bpalla-
CKast CKast
rmareixbHast TeJIbHAA

Kunernueckas sneprus 7 =T (p,q,t) ¥ KUHeTHdecKas kodHeprus I =T *( f ,q,t)

2
Kunernueckas 2 H*? A2 p
T(p’ q, t) p_ - _ 'd
SHEPIus 2m 21 2L 21,
Kuneruueckas . 1, 1 1., 1 2
- ~ I ~L- ~1
KOSHEPTHs T (f,q,t) 2 " 2 @ 2 l 2 2

[orenumansHas sueprust V =V (q,t) 1 KOSHEPrus Ve = V*(e,t)

! 2 y?
Motenmmanbuas | 1, ) 12 1 ko6° q° A
SHEpPrust 2 2 2C 2Cy
II;[OTGHLII/IaJIBHaSI V*(e,t) F_2 12 lC ) e2 lIsz
OdHEprus 2% 2kg 2 2

HuccunaruBnas Gyakuust D = D(f,t) u xopyakus G = G(e,t)

JuccunaruBHas D(F.1 lb 2 1 2 q2 1 2
, —bv —byo 1 —R
A (/f.1) 5 5o e 5 2%
2 2 2 p2
JuccunaruBHas G(e,t) F T e
KO YHKIIUS ’ 25 2bg IR 2R

[omy4yennsie ypaBHeHHs Jlarpamka BTOpOro poja mpeoOpa3oBhIBacTCS K BULY,
paspenaeMoMy OTHOCUTENBHO CTapIIMX IPOU3BOAHBIX. [IpencraBienne cucteMsl ypaBHEHUN
cBs3el U ypaBHeHul Jlarpanka BTOpOro poja B BUIE CUCTEMbI OOBIKHOBEHHBIX
muddepennuanbaeix ypasaeHui (OY) nepBoro mopsiaka ¢ M3BECTHBIMU YaCTHBIMH
MHTETpajaMy MO03BOJISIET UCIIOIb30BaTh CTAHAAPTHBIEC YHCIEHHBIE METObI JJISl PELLICHUS
YpPaBHEHUU IBUKECHUS.

B koHe4HOM HTOre, MOXHO CKa3aTrb, YTO AHAJIOTMHM B JUHAMHYECKUX I1OKA3aTEJSIX
Pa3IMYHBIX CHCTEM TMO3BOJISIOT ONMUCHIBATH (Da30BOE COCTOSHUE CUCTEM PA3IUYHON (PU3HMUECKON
Opupoasl B YHUUIIMPOBAHHBIX IEPEMEHHBIX M HUCHOJNB30BAaTh ISl HCCIEIOBAHUS
JUHAMHYECKHUX ITPOLIECCOB METOIBI U MOJIEIHN KIIACCUYECKON MEXaHUKH.

Pabora BeimonHena npu ¢puHancoBoi nouepxkke PODU, npoekt Ne 13-08-00535.
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MNPUMEHEHUE METO/JOB HEJIMHEWHOMN JJMHAMUWKH ITPA IIOCTPOEHUH
HEWPOCETEBBIX MOJEJIEM B HEGTEITPOBOJIHOM TPAHCIIOPTE

APPLICATION OF NONLINEAR DYNAMICS METHODS IN THE CONSTRUCTION
OF NEURAL NETWORK MODELS IN THE PIPELINE TRANSPORTATION

H.T. I'abopaxmanosa,

Poccutickuti ynugepcumem opyacowvt napooos, Poccus, e. Mocksa

AnHoTanus. M3105keHbl OCHOBHBIE PE3YNbTATHI IOCTPOEHUS MAaTEMATUYECKON MOJENHN AJIs
pelIeHus 3a/1a41 MPOTHO3UPOBAHMS PACX0a AIEKTPOIHEPTUU Ha MEPEKAYKy HEPTH 110
JMHEHHOMY y4acTKy HedTenpoBoa. [TokazaHo, 4To pu BIOOpE apXUTEKTYPhl HEHPOCETEBOI
MOJIEJIM BPEMEHHOTO PsAJia MOKHO HUCIIOJIb30BAaTh METO/bl HEJIWHEHHOM NMHAMUKU. lIpuBeneHsl
OCHOBHBIE pE3YJIbTAaThl MOCTPOCHUS MOJEIECH 110 IPEMI0KEHHOMY METOY C UCIIOJIb30BAHUEM
HaTypPHBIX TaHHBIX.

Abstract. The main results of a mathematical model to solve the problem of
predicting power consumption for pumping oil through the linear portion of the pipeline. It
is shown that the choice of the architecture of neural network time series model can use the
methods of nonlinear dynamics. The main results of constructing models by the proposed
method using full-scale data.

CoBpeMeHHBIE YCIOBHS Pa3BUTHUSI TPAHCHOPTa HepTH M raza oOyCIaBIMBAIOT IIUPOKOE
BHEJPEHHE aBTOMATU3UPOBAHHBIX CHUCTEM YIPABICHHUS TEXHOJOTHYECKHM  IPOLIECCOM.
Tpancopr HedpTH W ra3za CONPSHKEHBI CO 3HAYUTEIBHBIMH 3aTpaTaMH  AIIEKTPOIHEPTHUH.
Cornacno [1] monst >neKTpOIHEPrud B c€0ECTOMMOCTH TPAHCHIOPTAa HE(PTH COCTABISET OKOJIO
35%. B nHacTosiiee BpeMsi CYIIECTBYET MHOMXECTBO METOAMK[2], MO3BOJSIOMIMX PAcCUUTAThH
pacxojl dJIEKTPO’HEPTrUU Ha MEepeKayky He(TH B 3aBUCUMOCTH OT PEXKUMOB IEPEKayKd, OT
XapaKTepUCTHK TPYObI, PEOJOTUYECKUX CBOMCTB Hept M T.n. OOHAKO OTU METOAMKH He
YJIOBJIETBOPSIOT COBPEMEHHBIM TPEOOBAHHSIM.

B mpeapiaymux pabotax aBTopa [3] M370KEHBI OCHOBHBIE PE3YJIBTATHI MOCTPOCHUS
HEUpOCeTeBOW MoOJenu WACHTU(UKANUNA JUTSI BBIUMCICHHS pacxoja JJIEKTPOIHEPTHH Ha
nepekauky HedTH. Bepudukamums mokazama, 4TO JaHHAs MOJENb IO3BOJSIET C BBICOKOU
JIOCTOBEPHOCTBHIO PACCUUTATh PacXo]l AEKTpo3Hepruu. HepoctaTkoM MoAenu sIBIsieTcs TO, 4TO
TOYHOCTh BBIYMCJICHUSI BBICOKA TOJIBKO B TOM CJIy4ae, €CJIM MOTPEIIHOCTh BXOJHBIX JAHHBIX
HelipoceTeBoil Moien HeBenuka. [1oaToMy, B cilydae UCTIOIB30BaHUS MOJICIH UACHTU(DUKAIIH
JUISL IPOTHO3a PacXoia SIEKTPOIHEPTHH, HE0OX0AUMO TIOCTPOUTH KOMHUTET MOJieneil. A UMEHHO,
HEOOXOJMMO TOCTPOUTH MPOTHO3HBIE MOJETU ISl BBIYUCICHHUS HEIOCTOBEPHO HM3BECTHBIX
3HAUEHUH MacCHBa BXOJHBIX JJAHHBIX U MOJIeNb uaeHTU(GuKanmuu. OCTaHOBUMCS Ha TIPHUHIIUATIAX



222 Cekyus «Teopemuyeckas MexaHuKka»

IIOCTPOEHUS MOJIENM NEPBOro TUmna. B kadecTBe mpruMepa BO3bMEM BXOJHYIO NEPEMEHHYIO —
BS3KOCTh IepekaunBaeMoil He(TH. IIpoBenéHHbIE aBTOpaMHU MCCIICOBAHMS BPEMEHHBIX DPSJIOB
TeMIepaTypbl aTMoc(hepbl, BA3KOCTH HE(TH TOKA3ald, YTO JAaHHbIE PSIIbI HIMEIOT (PaKTAIbHYIO
cTpyktypy [4]. C mMaTeMaTH4eckoil TOYKH 3peHHs (PpaKTAIbHBIM O0OBEKT 00JiagaeT IpoOHOI
pasMepHOCThIO. [Ipyroe Ba)kHOE CBOWCTBO, KOTOPBIM OOJIQHAlOT IMOYTH BCe (QPAKTAIBI —
CBOMCTBO camonojo0usi (maciutaOHas HWHBApUAHTHOCTh). IIpuBenéM OCHOBHBIE pE3YIbTATHI
HalIuX UCCIICJOBAaHUM.

Ha puc. 1 npuBenen rpaduk BpeMEeHHOTO psifa Bs3KocTu. Ilo ocu abGcumcec OTIOXKEHBI
TOYKM HaOJIIOACHUN, [0 OCHM OpJUHAT HOPMHMPOBAHHBIE 3HAYEHMs] YPOBHEW BPEMEHHOIrO psiia
COOTBETCTBYIOLIETO MTOKA3ATEIS.

Baskocts cCt
6
4
2
§ o
g - 85 169 24 BsaskocTs cCT
-4
-6
-8
t, Bpems

Puc.1. I'paduk n3mMeHneHust BO BpeMEHN HOPMUPOBAHHBIX 3HAUECHU I

KHHEMaTUYECKOM BSI3KOCTHU (M2/c) HeTH.

Briuncnenbl OCHOBHBIE CTATUCTUYECKUE XapaKTEPUCTUKU MMOKa3aTeei.

KoaddunmeHT BHIOOPOYHOH KOPPETSIIMN MEXKITYy TEMIIEPATypOi M BSI3KOCTHIO PaBEH. 7=
-0.66251; mexay TemIiepaTypoi U IIOTHOCTEIO: = -().72369; MeX 1y IIIOTHOCTBIO U BA3KOCTHIO:
r=0.591.

Jlnist u3ydeHust HaTMYHUs CaMOTIO00Ms B M3y4aeMOM TpoIiecce BBIYHMCIICH MmapaMeTp Xepcra (mpu
nomomu makera Fraktan 4.4). M3BecTHO, YTO HENPEPBIBHBIH CTOXACTUYCCKUI IpOIIece
CUMTaeTCs caMomnoo0HbIM, eciu 0,5 < H <1. Jlns Bsa3koctu HepTu: mokaszarens Xepcra H paBen
0,8857, ¢pakranpnas pazmepnoctb D=2-H=1.1143. KoppensuuoHHas pa3MepHOCTb paBHa
C=3. Ilony4yeHHbIE BBIYUCIEHHUS TOBOPST O TOM, YTO IPHU HNOCTPOECHUHU IMPOTHO3ZHOM MOJENH
MOHO HUCTIOJI30BATh METO/Ibl HEIMHEUHOW TUHAMUKH[4].

PesynbraTel  BBIYMCICHHH aBTOKOPPEISIIMOHHOW (YHKIIMM W ToOKazaTeneil Xepcra
CBUJICTEJILCTBYIOT O CaMONOJOOHOM XapakTepe BpeMEHHBIX psnoB. [lomydeHHBIN pe3ynbTar
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NOJNTBEPXKAACTCI M TEM, YTO PEOJIOTHUECKHE CBOMCTBA MMEIOT BBICOKHH Ko3(duimeHt
KOppesiiuu C TeMieparypoil. M3BecTHO, YTO MMEHHO MCCIENOBAaHUS BPEMEHHBIX PSIOB
TEMIepaTypbl IPUBEIH K OTKPHITHIO CBOMCTBA CaMOMOAOOHOCTH B mponeccax. [IpuBenéHubie
pe3yabTaThl  MCCIENOBAaHMS HCIOJNB30BAIMCH B  JalbHEHIIEM TIpu BbIOOpE METOJOB
MOJIETTUPOBAHUS U CTPYKTYPbI MOJIEIH.

[lo naHHBIM BpeMEHHOro pdAja BA3KOCTH INOCTpPOEHA HeipocereBass MOJENb THUIA
MHOTOCJIONHBIN nepcentpoH (MLP)

y(n+1)=F(y(n),y(n—1),,y(n—p+l)) ) (1)

rae F —HekoTopas HenuHeHHast PyHKIHS CBOMX apryMeHTOB. Apxutektypa MLP BbiOpana ¢
UCIIOJIb30BAHUEM METOI0B HEIIMHEMHON TMHAMUKU. JlJI1 Haled IpoOrHo3HOM HEMPOCeTEeBON

MOJIETT! BPEMEHHOTO PsiJia BA3KOCTH BBIYHCIICHO 3HaUeHue p B (1) mo gopmyne [4]:

p =[2C]+1, rae C — KOppeNsILMOHHAS pa3MEPHOCTb.

BriBon. B Hacrosiiee Bpemsi, coOpaHHasi cTaTHCTUYECKass HHPOopMaIus Ha
He(TENepeKaYNBAIONIUX CTAHIIUSAX UCIIOIB3YETCs MIPH PEIICHUH MTPOU3BOJICTBEHHBIX BOIIPOCOB,
0JIHAKO METOJIbI 00pabOTKH ATOM MH(OPMAIIMK OCHOBAHBI TTABHBIM 00Pa30M Ha HECIIOKHBIX
apudmernueckux onepanusx. [[poBecHHBIE HCCIEIOBAHUS CBHIETEIILCTBYIOT O BO3MOKHOCTH
pENICHHSI PA3TUYHBIX YITPABICHYECKUX 3a/1a4 HA OCHOBE MOJICH UICHTH(PHUKAIIUU PacXxo/a
anekTpo3Heprun. Kpyr perienust 3a1a4 Ha OCHOBE MOJIETH MICHTU(UKAIIMA MOXKET ObITh
pacuIupeH IpU YCIOBHUH MMOCTPOSHUS JTOTIOJHUTEIBHBIX K HEH MOJIeliel U UCTIOIh30BaHUU

KOMHUTETA MOJIEJIEH.
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MOCTPOEHUE MATEMATHUYECKOM MOJIEJIN 3AJTJAHHOT'O JIBUKEHUS
TPEX3BEHHOI'O JIEKTPOMEXAHUYECKOI'O MAHUIIYJIAATOPA

A.B. Cokonos
Poccutickuti ynueepcumem opyacowvt napooos, Mockea, Poccus

CONSTRUCTION OF MATHEMATICAL MODELS OF THE MOTION ASSIGNED
THREE-TIER ELECTROMECHANICAL MANIPULATOR

A.V. Sokolov
Peoples’ Frendship University of Russia, Moscow, Russia

Questions of stability of program movement of electromechanical robots are designed.
Deals with the construction of mathematical models that describe the kinematics and
dynamics of the controlled manipulation of systems with software links. Investigates
conditions of asymptotic stability of the software motion of a mechanical system with
holonomic and non-holonomic constraints.

I/ICCJ'Ie)IleTCH yciaoBust acCHMITOTHYECKOI yCTOﬁqHBOCTH ABUKEHUSA MOJC/IH TPEX3BECHHOI'0
YHnpaBJjasieMoro J3JEKTPOMEXaHUYIECKOI'0 MaHI/IHyJIHTOPa.PaCCManI/IBaIOTCﬂ BOIIPOCHI
MOCTPOCHUHA MATEMATHYCCKHUX Moue.nei/i, OMUCBIBAKOIIMAX KHHEMATHUKY MW JUHAMHUKY
YiupaBJisieMbIX MAaHUINIYJIANUOHHBIX CUCTEM C MNMPOrpaMMHBIMHU CBS3SIMMU. I/ICCJ'[e)IleTCH
yYciaoBud acMMITOTHYECKOI yCTOﬁqHBOCTH MNpOorpaMMHOIro JABUKCHUSA MeXaHHu4eCKoil
CHUCTEMBI C TOJTIOHOMHBIMHA U HEI'OJIOHOMHBIMHU CBA3AMMH.

s mostydeHust ypaBHEHHMM POTPaMMHBIX CBSA3EH UCIOJIB3YIOTCS METOABI PELLICHUS
0o0paTHBIX 33/1a4 KadecTBEHHOU Teopuu auddepeHnnanbHbiX ypaBueHuil. [IpaBeie yactu,
MOJIYYEHHBIX TAKUM CIIOCO00M AuddepeHIInaTbHBIX YPaBHEHHM, COIEPIKAT MTPOU3BOJILHBIC
(GyHKIIHN, BBIOOPOM KOTOPBIX MOYKHO YIIPABIIATH HAIPABICHUEM JIBUKEHHS IO MHOT000pa3Hio,
COOTBETCTBYIOILIETO YPABHEHUSIM CBSI3€H, U B €0 OKPECTHOCTH. JTO MO3BOJISIET 00ECICYUTh
YCTOWYMBOCTh MHOTOOOpAa3us, pacipe/ie]iCcHHe CeMeNCTBA TPaeKTOpUid B JaHHOH 001acTu,
HEO00X0IMMYIO TOYHOCTh BBIINOJIHEHNS YPABHEHUH CBSI3€U MPU YMCIEHHOM PELICHUM U JpYyrue
cBoicTBa. /st cocTaBieHUs ypaBHEHUIN AMHAMUKHA MO>KHO BOCIIOJIb30BaThCS
middepeHnranbHBIME ypaBHeHHsIME B (hopme Jlarpanxa. [lepexosst k 4-X MEpHBIM
OJIHOPOJHBIM KOOPJHMHATAM, cucTeMa auddepeHInaNbHbIX YpaBHEHU MOXKET OBbITh 3alicana B
matpuyHoM Buje [1]. MaremaTudeckasi MOJENIb pOOOTa-MaHHITYIIATOPA BKIFOYAET B CeOsI
muddepeHnnanbHble YpaBHEHUS, ONMCHIBAIOIINE 3JICKTPUUECKUE TPOIIECCHI B IETISIX
UIEKTPOIBUTaTEICH IPUBOIOB.

HccnenyroTcst ycaoBHUsl aCUMOTOTHYECKOW YCTOMYMBOCTH ABUKEHUS MOJEITN
TPEX3BEHHOTO YIPABJISEMOT0 3JIEKTPOMEXAaHUUECKOTO MaHUITyIATopa [2].

Pabora BeimonHeHa npu ¢puHaHCcOBOU noanepxkke PODU, kox 13-08-00535.
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Ob YCTOFI‘—IPIBO?TH IIJIOCKOTI'O BPAHIEHU A CITYTHUKA HA
SJUVIMIITUYECKOU OPBUTE B OJHOM PE3OHAHCHOM CJIYYAE

Maprxees A.11.
Hnuemumym npobnem mexanuku um. A.FO. Huwnunckoeo PAH, Mocksea, Poccus

STABILITY OF A PLANAR ROTATION OF A SATELLITE
Markeev A.P.

A. Ishlinsky Institute for Problems in Mechanics RAS, Moscow, Russia

The stability results of a planar resonant rotation of a satellite in an elliptic orbit in a particular
degeneracy case of the Hamiltonian of the perturbed motion are described.

Ilpusedenvr pezynomamel uUccied06anus YCMOUYUGOCMU NIOCKO20 PE3OHAHCHOZ20
épauieHus CHYMHUKA HA YJUTURMUYECKOU opOume 6 00HOM YACHMHOM CyYde 8blPOHCOeHUs
Gyuxyuu I'amunvmona 603MyueHHO20 0BUIHCEHUS.

PaccmoTpum miiockoe ABMKEHHME CIYTHHKA OTHOCHUTEIBHO LIEHTpPAa MAacc Ha UIIUNTHYECKON
opbure. Yepez J, 0003Ha4MM MOMEHT HHEPLMU CIIyTHHKAa OTHOCUTEIBHO €ro IJIaBHOI

nenrpanbHoil ocu Ox, (i=1,2,3). Oce Ox, BO Bce BpeMs [ABIXKEHHs IEPIEHAUKYISIpHA
IUIOCKOCTU opOuTHI, ocu ke Ox,,Ox, HaxomiATcAd B ILUIOCKOCTH OpOUTHL. Uepe3 € 0003HAYMM
yroa Mexnay ocblo Ox, M paguyc - BEKTOPOM LEHTpa MacC CIIyTHHKAa OTHOCHTEIBHO
npuTsAruBaroniero neHrpa. Ilycts e — sKcueHTpucUTeT OpOHUTHI, @ V — HCTHHHAS aHOMAJIMSL
JIBI)KCHHE CIIyTHHKa OTHOCHTEJIBHO IIEHTpa Macc OIHChIBaeTcs Iud@epeHnaIbHbIM
ypaBHEHUEM BTOPOTO mopska [ 1]

’ 3(J, —J
(1+ecosv)j ? —2esinvﬁ+(1—3)
v

sin @ cosf = 2esinv (1)
v J,
Eciu MOMEHTBI MHEPLIMU U SKCLUEHTPUCHUTET CBsI3aHbl cooTHoUeHueM (J, —J,) =2eJ,, T0 310

ypaBHEHUE J0MycKaeT [ 1] yacTHoe pelieHne

6=0, = )

v
2

J% k3 HCPABCHCTBA TPCYIOJIbHUKA AJI1I MOMCHTOB MHCPIHHU CICAYCT, YTO OKCUCHTPUCUTET 0p6I/ITbI
JOJIKCH IIPHU 3TOM JICKATh B IMIPOMCIKYTKC

1
O<e<— 3)
2
B cootBercTBUU C penieHneM (2) CIyTHUK BpallaeTcsi B IUIOCKOCTH OpOMTHI, COBeplias B

abCOJIFOTHOM MPOCTPAHCTBE TPU 000pOTa 3a BpeMsi, paBHOE JIBYM IEpHOaM OOpaIleHus HEeHTpa
Macc 1o opoure.
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VYceroitunBocTh BpaieHus (2) uccnenoBanach panee [2,3]. IlokazaHna HEyCTOWYUBOCTh WU
yCcTOMuMBOCTh 1o JISMyHOBY Ui BCeX 3HAuU€HHWI 3KcueHTpucurera u3 obmactu (3), Kpome
onHoro 3HauyeHusa e=e, =0.054773. Ilpu e=e, 4ICHB YETBEPTOH CTECNEHU PA3IOKCHUS
¢yskuy ['aMIIbTOHA B Psil B OKPECTHOCTH HEBO3MYIICHHOTO BKeHH (1) BeIpoxkaatorcs [3].
ITosTomy cTporoe pemieHue 3a1adu 00 yCTOHYMBOCTU TpeOYeT ydyeTa YJICHOB BBINIE YETBEPTOU
CTENECHU B pa3iokeHHH ¢GyHKIMM ['amMuiabToHa B psa. B noxiaze mokasaHo, 4To IpH e = e,

JnBUKeHHUE (2) OyaeT yCTOMUUBBIM.

Kak u B [3], BBeieM BO3MYLIEHUS ¢, p IPH [IOMOILU PABEHCTB

0=0,+—91 ﬂ:p
l+e,cosv  dv

ITycTs u,v —HavanbHble 3HAYEHUS NMEPEMEHHBIX ¢, p, a U,,V,—HUX 3HAYCHUS IpU vV =27 .
ITo Teopeme JlmyBuiuis otoOpaskeHHE u,V —> u,,V, COXpaHAET IIOIIAAb. JTO OTOOpa’keHHE

MMEET HENOJABMKHYIO TOYKYy u# =V =0, KOTOpas COOTBETCTBYET MCCIEAYEMOMY IBHKECHUIO
cnyTtHUKa (2). 3amaya 00 yCTOWYMBOCTH JBIDKEHUS (2) SKBUBAJICHTHA 3a7aue 00 YCTOWYUBOCTH
HENOJABWKHOM TOukH u = v = () oToOpakeHus. s vccinenoBaHus yCTOMYUBOCTH HEMOABHXKHOMN
TOYKH u =v = (0 HCNOIb3yeM aITOPUTM U3 CTaThu [3].

Boeruncnienuss TOKa3bIBalOT, YTO JIMHEAPW30BAHHOE B OKPECTHOCTH TOYKH u =v =0
oTOOpaXkeHue u,v —> u,,v, NPeJCTaBseT coboi MoBopoT Ha yron « ~104°40. Jlns Takoro
3HAUEHUS @ KOPHH p =coSa tising  XapaKTePUCTHUECKOTO ypPaBHEHUS  MAaTPHUIIBI
JUHEApU30BAHHOTO OTOOpaXKCHUS YIOBJIECTBOPSIIOT HepaBeHCTBaM p” #1 (m=12,...,6), T.e.
PE30HAHCHI J0 MIECTOTO MOPSIKA OTCYTCTBYIOT. [Ipy MOMOIIM aHATUTHYECKOTO KaHOHUYECKOTO
npeoOpa3oBaHus u,v —> &,1 NpUBEIEM OTOOpakeHHEe u,V —> u,,V, K €ro HOpMalbHOU (opme

[4-6] 1m0 4eHOB MATOM CTENEHU BKIIIOUUTENBHO. [lociae HEKOTOPHIX BEIYMCICHUIN HAWJEM, YTO B
HOBBIX IIEPEMEHHBIX 0TOOpa)keHHE HE OyleT coiepKaTb 4IEHbl BTOPOM, TPEThEH M 4YETBEPTOM
CTEIIEHEH U 3alUIIETCI B BUAC

& [ cosa  sina 5+£77(§2+772)2+...
= y 7 =698.956746 @)
M [—sma cosa 77_25(524‘772)24-.-

MuorotouneM 0003HaUYEeHA COBOKYITHOCTDb YJICHOB HC HUIKC IIECTOM CTeEHH OTHOCHUTEIBHO

S,1.

B cumniekTryeckux noJIsIpHbIX KOOpAUHAaTax R,y , BBOAUMBIX PABEHCTBAMHU
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E=+2Rsiny, n=4/2R cosy

oToOpakeHue (4) 3anuiercs B BUIE

R =R+O(R"?), wy, =a+y+yR>*+0(R’"?)

Tak kak y # 0, TO B JIF0OOM JOCTATOYHO MaJIOM OKPECTHOCTH Havalla KOOPAUHAT CYIIECTBYET [6]

KpHBask MHBapHaHTHas mpu oToOpaxenun (4). [TosTomy HemoaBHMXKHAs TOYKAa OTOOPaKECHHS
ycroitunBa. TeMm cambIM yTBepKIeHHE 00 YCTOMUMBOCTH BpalleHHs CIIYyTHUKA (2) MpH 3HAYCHUU

SKCIICHTPUCHUTCTA, PABHOM €, , I0Ka3aHO.

PaGoTa BeImosTHEHa pu noiaepxkke Poccuiickoro GoHma pyHAaMEHTATBHBIX UCCIIEIOBAHHIA.
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HNCCIEJOBAHME JIBUXEHUSA TBEPJIOI'O TEJIA,
HECYHIEI'O MIOABUKHYIO MATEPUAJIBHYIO TOYKY

b.C. bapaun, A.C. [1anés

®enepabHOE rocy1apcTBEeHHOE O107KeTHOE 00pa3oBaTe/ibHOe YUpeskIeHne BbICIIero
npogeccuoHaILHOro 06pa3zoBanus «MoCKOBCKHII ABUAIIMOHHBIN HHCTUTYT
(HaLMOHAJBHBIN HCCIEA0BaTEbCKUN YHUBEPcUTET)», MockBa, Poccuiickas ®eaepanus.

Investigation of motion of solid body, with the internal mobile point mass
BBenenune. Cpeay pa3inyHbIX THIIOB COBPEMEHHBIX CAMOXOHBIX MOOMIIBHBIX pOOOTOB 0COOYIO
rpynny o0pa3yloT BHOpAalMOHHBIE YCTPOWCTBA, IMEPEMEILAIONIMECS 3a CUET JEHCTBUS CHJI
WHEPILIMY, BBI3BAHHBIX OTHOCHTEIILHBIM JIBIOKEHHEM BHYTPCHHHUX 3JIeMEeHTOB. OCOOEHHOCTH
TaKOT'O THIIa MOOMJIBHBIX POOOTOB 3aKJIIOYAETCS B TOM, YTO OHU MPOCTHI MO KOHCTPYKIMH: HE
TpeOYIOT IBM)KHUTEIICH, TAaKUX KaK KoJieca MM 'yCeHHIbl. Tak Kak BUOpalMOHHBIC POOOTHI HE
HY)XJQIOTCS BO BHEIIHUX JBIDKUTENISX, TO WX MOXXHO KOHCTPYKTHBHO BBINOJIHSTH B BHUJIC
3amasiHHBIX KarCyl, YTO JENaeT UX YCTOWYMBBIMU K arpeCCHBHOMY BO3JICHCTBUIO BHEIIHEH
CpeJibl, a TAKXKE CO3JaeT YCIOBUS Uil UX MPUMEHCHUS, KaK Ha TBEP/bIX MOBEPXHOCTSX, TaK U B
KHUIKOCTSAX. DTO JeNlaeT MX IMEPCHEKTUBHBIMHU JUIi COBPEMEHHOW KOCMHYECKOW oTpaciu. B
YaCTHOCTH, TI0JIOOHBIC YCTPOMCTBA MOTYT HAWTH IIPUMEHEHHE ISl MCCIICI0OBAHMS TOBEPXHOCTEH
yIaJICHHBIX HEOCCHBIX TEJ: aCTEPOUIOB, IUIAHET COJTHEYHOM CHCTEMBbI U HX CITYTHUKOB.
Introduction.

Among the various types of modern self-propelled mobile robots form a special group of
vibrating devices moving through the action of forces of inertia caused by the relative motion of
the internal components. The peculiarity of this type of mobile robots is that they are simple in
design not require propulsion such as wheels or tracks. Since vibrating robots do not need an
external propellers, they can perform as a structurally sealed capsules that makes them resistant
to aggressive external environment and creates the conditions for their application, as on hard
surfaces and in liquids. This makes them promising for advanced space industry. In particular,
these devices can be used to study surfaces distant celestial bodies: asteroids, solar system
planets and their satellites.
IMocranoBka 3amaum. 3agauvl JAWHAMHKHA TBEPJIOrO TeNa, JBIIKYIIErOCs MOCPEACTBOM
OTHOCHUTEJIBHOTO TMEPEMCIICHUST B HEM OJHOM WM HECKOJBKHX MaTepHalbHBIX TOYEK,
paccmarpuBamuch B paborax [1,2]. B maHHO#l paboTe WCCIENOBAaHHUS —TPOBEIACHBI
AQHAJMTUYECKUMH METOJaMu. PaccmarpuBaeTcs MpsIMOJIMHEWHOE JIBIYKEHUE IO TOPH30HTAIBHOM
IUIOCKOCTH MEXaHMYECKOM CHCTEMBI, COCTOSIIEW U3 Hecylero Ttena (kopryca) maccoid M,
HEMOCPEICTBCHHO B3aUMO/ICHCTBYIONIETO C IUIOCKOCTBIO, ¥ MAaTepPHAIbHOW TOYKH MAacChl 1,
COBEpUIAIONICH KPYroBOE ABHXKCHHE OTHOCHTEIBHO IIEHTpa Macc KOpIyca C IMOCTOSHHOM
YIJIOBOW CKOPOCTBIO (. [IBHXKEHHE CUCTEMBI OY/IeM pacCMaTpUBAaTh B BEPTUKAILHOH TIOCKOCTH,
B KOTOpO# BBeaeHa abcomoTHas cuctema koopauHaT OXY. C KOpHycoM >KECTKO CBsi3aHa
noABWxkHas cuctema koopauHaT O;¢n. Ilonoxkenue mneHTpa macc kopmyca (O; ompenensercs
KOOpJIMHATAMUA X W ) aOCOJIOTHOW CHCTEMbl KOOpAMHAT. MEXIy KOPIIYCOM H IUIOCKOCTBIO
OTIOPBI ACUCTBYIOT CHJIBI CYXOTro (KYJIOHOBA) TPeHHS, K — KOX(PPHUIHUEHT cyxoro Tperus, N —
HOpMaJIbHAsi COCTAaBJISIONIAs CHJIBbI, JICHCTBYOIIass HA KOPIYC CO CTOPOHBI TUIOCKOCTH OIOPBI
(cuiia HOpMAJIBHOTO JIABJICHUS), g — YCKOPEHHE CBOOOTHOTO MaJieHus, R — pauyc OKpYKHOCTH,
10 KOTOPOU JABIKETCS] MaTepraibHasi TOUYKa. [l0JI0’KeHHEe MaTepUaTbHON TOYKH 3a/1aCTCs YTIIOM
@ (puc. 1). Ilyctb ¢y — 3HaueHue yria ¢ B HavYaJbHBIK MOMEHT BpeMeHH. Toraa ypaBHEHUS
JIBMDKCHHSI CHCTEMBI 3aITUIITYTCS CIICAYIOIUM 00pa3oM:

{ M% +m(X + Rw*cos(wt + @,)) =F,

My +m(¥ + Rwlsin(wt + @,)) = —(M +m)g + N 1
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B nanHOii paboTe mpuHATA MOJENH CYXOro KYJOHOBCKOTO TpPEHHs (HE YYUTHIBACTCS CHIIA
BSI3KOTO TPEHUS MEXIy KOPILYCOM M MOBEPXHOCTHIO OMIOPHI):
—kNsign(x), i#0
F = mé, x=0u|—mé| < kN (2)
—kNsign(-m&), & =0wu|—mé| > kN

Mu1 npearojaracm, 4To rnapaMeTpbl CUCTCMbIL BBIGpaHBI TaK, 4YTO B MOMCHT HaydaJla IBHXXCHHA U
MMOCJIC HCTO KOPIIYC COBCPIIACT MOCTYIMATCIIbHOC IBUKCHUC.

Mg
\

L
\
Fe

Puc. 1. Cunvi, oeticmeyrowue na cucmemy
Jig  nanbHeMiiero McciaeAOBaHUS BBOJATCS Oe3pasMEpHbIE IIEPEMEHHBIE BPEMEHH U
KOOPAWHATHI, (PYHKIUS, XapaKTepU3YIOIasi CUIIy CyXOTo TPEHHs, ¥ JOTIOJTHUTEIbHBINA mapaMeTp
u:
t’ Rmx' F, (M+m)g
t=—, x=ge—, fiS s, p= G)
W M+m Rmw* Rmw*
[lycts B HauanbHBIE MOMEHT BPEMEHHU TE€JIO MOKOUTCS Ha IUIOCKOCTH, a MaTepuajbHasl TOUKa,
BpallasiCh C IMOCTOSHHOM YIJIOBOM CKOPOCTBIO, HAXOAMTCS HA BEPTUKAIM B HIDKHEH TOYKE.
Takxe mpenmosiaraeM, 4To TOYKAa BpallaeTcsl MPOTHUB 4YacoBOM cTpenku. Torga ypaBHEHHE
JBUKEHUS IPUMET BU:

I
z

@ = sin(t) + f;_ , (4)

rjae U = ¥, B JanbHeieM 0003HaueHuH O€3pa3MEPHOrO BpeEMEHH t' mTpux «’» OylIeM OIycKaTh
oz —k(u+ cos(t))sign(u), u=0

f = —sin(t), u = 0wu|sin(t)| £ k(u+ cos(t)) (5)

—k(u+ cos(t))sign(sin(t)), u = 0w |sin(t)| > k(n + cos(t))

YciioBusl 6€30TPLIBHOTO IBH:KeHUsI. 30HBI 3aMeieHus. )i uccienoBaHus IBUKCHUS Tela
M0 TOPU30HTAIBHOH TIOCKOCTH MOTPEOYEM BBITIOJTHEHHE JIBYX YCIOBUM.

1. VYcriowue, pu KOTOPOM TEJIO CMOXKET HAYaTh IBUKCHHUE U3 COCTOSIHHSI ITOKOSI.

2. VYcnoBue, mpu KOTOPOM Telno OyaeT IBUTAThcs O€3 OTphIBA OT TOPH3OHTAIBHOM

TJIOCKOCTH.

[TepBoe ycnoBue OyAeT BBIMOJTHEHO, €CIH CYIIECTBYET TaKOW MOMEHT BpPEMEHH, HYTO
TOPU30HTAIbHASL COCTABJISIFOIIAS CHIIBI MHEPIIUHU, TIPUIIOKCHHON K MaTepUalbHON TOYKE, paBHA
110 a0COJIFOTHOM BEIMYMHE MPEACTFHOMY 3HAYCHUIO CHITBI CYXOTO TPEHUS, T.€. €CIIU YPABHCHHE
sint =+ k(u+ cost) (6)
UMEeT JACUCTBUTENbHBIC perieHus. HeTpyqHo mokas3aTh, 4To mocieaHee OyIeT BBIIOIHEHO, €CITU
UMEET MECTO HEPABEHCTBO

k%= =
Tl (7)
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Bropoe ycioBue OyaeT BBITIOJHEHO, €CIM BO BpPEMsl IBMIKEHUS BEPTUKAIbHAS COCTABIISIONIAS
CHJIBI MHEPIMM MO a0COJIIOTHOM BEIMYMHE HE INMPEB30MAET CHIIbI TSKECTH, NMPUIOKEHHON B
LIEHTPE MACC CUCTEMBI, T.€ €CJIM YPAaBHCHUE

i +cost =0 (8)

HE UMEET JICHCTBUTENBHBIX peleHnid. YToObI 00eCneunTh BBITIOJHEHUE TAHHOTO YCIOBHSI, Jlajiee
mojaraem fi = 1.

Haiinem xopuu ypaBHeHus (6)

1-I-BGE=D
-
By = ;fl?”t?l-'g( ﬁ’{}l - l‘} } [ ty = I — ts (9)
1+yToRGE=D, (te=21—1
t. = 2arctg( ) )

MowmenTsl BpemenH t; (i=1,2,3,4) aBistoTCA TPAaHUYHBIMU TOYKAaMU UHTEPBAJIOB (f2, 13) U (14, 1),
Ha KOTOPBIX YCKOPEHHUE Tela MPOTUBOIIOI0KHO HAIIPABJIEHUIO CKOPOCTH MM paBHO Hyn0. [lpu
IPOXOXKJACHUM IE€PBOrO M3 yKa3aHHBIX MHTEPBAJIOB MaTepualbHas TOUKAa HAXOAUTCSA B BEpXHEU
4YacTH TPACKTOPUHU JABWKEHHUS, NPU IMPOXOXKACHUU BTOPOrO — B HIDKHEW 4acTH. YKazaHHbIE
MHTEPBaJIbl HAa30BEM COOTBETCTBEHHO 8epXHell U HUNCHEU 30HAMU 3aMeO0IeHUsl MPEHUEM.
AHaJM3 peKUMOB JABHKeHHUsI Kopmyca. PaccMOTpUM OJMH BUJOB JIBUKEHHUS — JBH)KEHHUE C
3aqunaHueM (OCTaHOBKOM) Kopmyca, HpHU MPOXOXKIEHUMM TOYEHYHOM Macchl BEpPXHEH 30HBI
3aMmenieHus. B 3TOM cilyyae B HEKOTOpPBII MOMEHT BpPEMEHH, NMPENLIECTBYIOUIMI MOMEHTY
BPEMEHM 13, CKOPOCTh KOpIlyca JA0JDKHA PaBHATHCS Hyito. [loatomy, nHterpupys ypaBHeHue (4)
C HauaJbHBIMU ycioBHueM u(f;) = 0 Ha UHTEpBaje BpeMeHH (f,, 13) U Tpedys u(f3) < 0, npuxoaum
K CJIEyIOIIEMY HEPABEHCTBY

J1=k*(pr=1) 0
(k*+ Duk  —
KOTOPO€ rapaHTUPYET, YTO KOPIYC OCTAHOBUTCS IPU MPOXOKIACHUN BEPXHEN 30HbI 3aMEICHHUS.
JlelicTBysl aHAJIOTHUYHO, MOXHO II0Ka3aTh, YTO YCJIOBHE, OCTAHOBKM T€ja B HIKHEH 30HE
3aMeJUICHHs TakKe oOecreynBaeTcsl BhIMOHEHHEeM HepaBeHCTBa (10). DTo o3HavaeT, 4yTo eciu
TEJIO OCTAHOBHUTCA TPU MPOXOXKJECHUM BEPXHEH 30HBI 3aMEIUICHHs, TO OHO 00s3aTeIbHO
OCTAaHOBUTCS M IpPU NPOXOXKAECHUU €10 HIDKHEW 30HBI 3aMmelyieHus. Kpome Toro, HeCI0KHO
[I0Ka3aTh, YTO PACCTOSHHUE MPOIAECHHOE TEJIOM IpPH JABM)KEHUU BIIEPENl PaBHO PACCTOSIHMIO,
KOTOPOE TeJIO MPOXOINT MPU IBMKEHUH Ha3al. To ecTh KOpIyc COBEpIIAeT JBMKEHUE TO00HO
TOMY, KaK JIBUTAJIOCh OBl TBEPIOE TEJIO MO aOCOJIOTHO IIaJKOW MOBEpXHOCTH. Takum oOpaszom,
JAHHBIA PEXUM SIBISETCS NEPUOAMYECKHUM, a JIBUKEHUE OTPaHUUYEHHBIM 10 TOPU30HTAJIbHOMN
OCH.
Ecnu HepaBeHCTBO (11) BBINOIHEHO ¢ IPOTUBOMOJIOKHBIM 3HAKOM, T.€.
Vi“kWw -1, (11)
(k? 4+ 1)pk '
TO TEJIO HE OCTaHaBJIMBAETCA NPU MPOXOKJIECHUU BEPXHEH 30HBI 3aMelUleHHs. B arom ciyudae
KOpIYC MOJ AEHCTBUEM CHJIbI MHEPLMM PA3rOHSIETCS TaK, YTO HE OCTAHOBUTCS B BEPXHEH 30HE
3aMeJVICHUS U IPOCKAKUBAET ee 0e3 OCTaHOBKH.
Onpenenum Tenepp YCIOBHE, PU KOTOPOM TEJIO HE OCTAHOBUTCS IPU MPOXOXKACHUU HIKHEH
30HBI 3ameaneHus. Mcenenyem ciydaid, KOrja TelO OCTAaHOBUTCS POBHO Ha I'PaHULE HIKHEN
30HBI 3amemieHus. s 3Toro mpouHTerpupyem ypaBHeHue (5) Ha mpoMexytke (t;t*) um

—arctg(k) +

(10)

—arctg(k) +

(t*,t; + 2m) u npu ycnosuu, uyro ult;) = u(t*™) = u(t, + 27) = 0 ¥ HOAYYMM CIIEXYIONIYIO
CUCTEMY YpaBHEHHM
—cos(t*) +cos(s,) —ku(e' — &) —k(sin(t*) —sin(s,)) =0
{ms{:*) —cos(t,) + ku(t, + 27 — ) + k(sin(t,) — sin(+*)) = 0 (12)
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rae t* MOMEHT OCTAaHOBKH KOPITyca TOCIIe MIPOXO0XKICHHUS BEPXHEH 30HbI 3aMeieHus. PeruB 3Ty
CHUCTEMY YPAaBHEHUU IMOJYyYHM AHAJIUTUYECKOE YCIOBHE MEPUOJMYECKOTO PEXHUMA JIBUIKEHUS

(13).

{ 1

f"l — 1= k*(p? — 17}
\ elu—1)

[t

- sin( 2arctg

_— 1= 1=k = 1)
cos(2arcty \ P AT - )

! f O ———— i , —

. (1 -1 -k —I}J { 11—k~ 1)
] in< 2a “‘ 7 w e '1';:- }' i 2 1"’!‘ 2 \
'@s.,. ( 2arctg {«, PTOPEY ' (mku 2mky cos \_arctg ( -1 ) (13)
—.\I 4 4
. K
{ 1 -T2 <D
-C0s ( 2arcty fr— D) Smkp =0
mi - L)

1. ecnmu naHHOE BBIPAKCHHE MEHBIIE WIM pPAaBHO HYIIO, TO TeJlo OyAeT CoBepLIaTh
NEPUOINYECKOE ABM)KEHNE C OCTAHOBKOM TOJIBKO B HUYKHEH 30HE 3aMEICHHUS.

2. ecid AaHHOE BbIpaKeHHE OOJIbIIE HYIS, TO TEJIO HE OCTAHOBUTCS HU B HIDKHEH HU B
BEpXHEW 30HAX 3aMENJICHUs, TO €CTh JBIJKEHHE B 0OmeM ciayyae He Oyner
HNEPUOUYECKUM.

[lokaxem, yTO B cilyyae 2, CYIIECTBYET HEKOTOPBI MEPUOJUYECKUM DPEXUM ABMKEHUS C
HAyaJIoM JIBWKCHUS B MOMEHT BPEMEHH t; U OCTAaHOBKOM B MOMEHT BpeMeHH t5. Ecim 310 Tak,
TO UMEEM CJIEAYIOIIYIO CUCTEMY YPaBHEHUM:

{ ~—cos(t3) + cos(t;) — ku(ts — £}) — k(sin(t3) —sin(£;)) = 0

cos(ts) — cos(ty) — ku(t; — ¢ + 2m) + k(sin(t]) — sin(£3)) =0
UucneHHble HCCIeI0BaHUS MOKa3alM, 4To cucreMa Buja (14) umeeT eIMHCTBEHHOE pEIlIEHUE B
00J1acTH cieBa OT KpUBOl 3 Ha pUCYHKe 2.
[lokaxkem, 4YTO HaHHBIA pPEXUM JBWXKECHHMS YCTOMYMB ACUMITOTUYECKH, I ITOTO
IIPEAIOJIOKHUM, YTO ABMKEHUE HAYMHAETCS ¢ HEKOTOPOU MAJION Ha4aJIbHOM CKOPOCTBIO €. Takum
00pa3oM HCNOoIb3ys YCIOBUE MAJIOCTH €, IOJIY4aeM:

ult, +2mn) = =-A™ + 0(=%), (15)

(14)

rac
_ —sin(t3)-ku—keos(ty) 16
sin{té]—kg—kcos{t%] ’ ( )
MMPOBEAA HECIOKHOC MATCMATHYCCKOC NUCCIICAOBAHUEC YCTAHOBUM YTO 0 < A< 1, CJICOOBATCIBHO

ypaBHenue (15) mpexacraBiser U3 ceds cxumaromiee otoOpaxkeHue mnpuuem, u(ty + 2mn) — 0
IIPU 1 —+ 03, TO €CTh NIEPUOAUYECKUM PEKUM YCTOMYUB ACUMIITOTUYECKH.

[Ipeamnonaoum, 4To TEIO HAYMHACT JBMKCHUE C TAKOW CKOPOCTh, YTO HE OCTAHABIMBACTCS HU B
HIDKHEH, HA B BEpXHEH 30HaX 3aMEUICHUS U HE MEHSICT HalpaBJICHUE IBUKCHUS Ha POMEKYTKE
OJHOT'O ITOJIHOT'O 060pOTa TOYKH, TOTAa CIPAaBCAJINBO PABCHCTBO:

u(t] + 2nn) = ult;) — 2rwkun,
TO €CTh 3a KaX/Iblii MEPHUOJ CKOPOCTh YMEHBIIIACTCS Ha KOHCTAHTY 2fkin, JI0 TeX MOp MokKa B
MOMeHT BpeMenu ult; + 2mn) = 0, Torma ABMKEHHME OydeT MMETh XapakTep OJHOr0 U3

OIMCAHHBIX BBIIIE B 3aBUCUMOCTHU OT IaPaMETPOB CUCTEMBI.

Ha puc. 2 B mI0CKOCTH MapaMeTpoB 3a7add M300paKEHBI 00JACTH, B KOTOPHIX UMEIOT MECTO
TPHU, PACCMOTPEHHBIC BBINIE, peXHMa JBWKeHHA.  OOIacTp CyIIECTBOBAHUS JBH)KCHUS
HaxonuTcs cieBa oT KpuBoil (1). Obnacte Mexay kpuBbiMU (1) 1 (2) onpenensier IBUKEHUE C
3aJIMMIaHUEM Tella, MPU MPOXOXKJICHUHU BEPXHEHW 30HBI 3aMeJICHUS; MEXay KpuBbIMU (2) u (3)
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pacronoxkeHa o0JacTb, B KOTOPOH BO3MOXKHO IBIDKEHHE 0€3 3aJHIaHusl MPH MPOXOKICHUU
BEpXHell 30HBI 3aMe/UICHHs U ¢ 3QJIMIIAHUEM B HIDKHEH 30HE 3ame/uieHus. B obmactu cieBa ot
KpHBOH (3) XapaKTepHBIM JBHKEHUEM SBIISICTCS IBMKEHUE O3 3aIMIaHMsl.

OBNacTH BO3MOKHEIX PEXUMOB [BIDKEHUA

4 T
: \ : 1 — Yenosme cywecTaosaniA ropuacHTansHorD BeacTpLIaHoro AEBIKERNA
,,,,, L. S _____.__] 2 —Ycnoswe nepuoguueckoro pexuma ABMKEHIR
3 Ycnoewe anepuognYEcKOro PexuMa JBIBKEHNA

° \

= 25 —--r-- R e e Rt SEEEE R e R R e S A ERbhh bt i R e EREh R SR .-

Puc. 2. Obracmu cywecmeosanus 08udsxceHus

Pabora BbInoJiHeHa npu nojep:xkke Poccuiickoro Hayunoro gonaa.
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N3YYEHUE BOSHUKHOBEHUA AliTOKOJIEBAHI/II‘/JI B CUCTEMAX C
BECKOHEYHBIM YU CJIOM CTEIIEHEHN CBOBO/Ibl HA ITPUMEPE 3AJIAYH O
KOJEBAHHMSX CTEPXKHSA ITPU ET'O B3AUMOJENCTBAN CO CMBIUKOM

STUDY OF THE APPEARED SELF-OSCILLATIONS IN SYSTEMS WITH INFINITE
DEGREES OF FREEDOM EXAMPLED IN A TASK OF VIBRATIONS OF A ROD AND
ITS INTERACTION WITH A BOW

Buabke B.I'. a.¢-m.H. npogeccop, llanosasos U.JI. acnupanT
Mockosckuii I'ocynapcrBennbiii YHuBepceurer uM. M.B.JlomonocoBa, MockBa, Poccust

KonTakTHOE  B3amMojelcTBME JBYX T€I B  psAlE  CIy4aeB  CONPOBOXKAACTCS
BO3HMKHOBEHHMEM KoJieOaHUM yacTed Ten Apyr oTHocutenbHO npyra. Kosebanus momoOHOTO
pOJa HA3BIBAIOTCS ABTOKOJICOAHHMSIMU WIIM DETaKCAIlMOHHBIMU KoyieOanwmsimu [2, 3, 4]. Ux
BO3HMKHOBEHHME CBS3aHO C IPUTOKOM SHEPrUM B CHUCTEMY OT BHEIIHETO MCTOYHMKA U C
HaJU4YMEeM HEJIMHEHHOCTH B 3aKOHE, OMMCHIBAIOIIEM CHIIOBOE B3auMoeiicTBue Tei. [Ipumepamu
MEXaHUYECKUX CHCTEM C OJIHOW CTENEeHBbIO CBOOOJBI, B KOTOPHIX BO3HHKAIOT aBTOKOJICOAHWS,
MOXKET CIYXUTh MasTHUK Dpyna win rpy3 Ha JIEHTE€ TPAHCIIOPTEPA, B KOTOPHIX HCIOJIb3YETCA
MOJIEJIb CYXOTO TPEHHUS, KOT/a CHJIa TPEHHS IMOKOS MPEBOCXOJUT CUIIY TPEHUS CKOJIbXKEHUS.
AHanoru4Hasi MOJielb TMO3BOJISIET HAWTH TMEPUOJUYECKUE JBUKEHUS B CHUCTEME C JABYMs
cTeneHsaMu cBoOoawl [5, 6, 7]. Ilpu onuMcaHuM JUHAMHUKU KOJECHBIX JKHUMaXeH MOmyisipHa
MOJIeTTh B3aUMOJICUCTBHS IIMH C JOPOTOM, Ha3pIBaeMas «Marudeckoi (Gpopmynoii», B KOTOpOH
CWJIa TPEHUS NPEICTABISICTCS KOMOMHAIMEH IBYX AapKTAHTCHCOB, 3aBUCAIINX OT CKOPOCTH
CKOJIBKEHUSI IIUHBI 10 JIOpore, a Takke (GopMmylia B BUAEC MHOTOUWICHA OT 3TOH CKOPOCTH H €¢
Moy [8].

In some cases the contact interaction of two bodies can be accompanied by vibrations of
parts of the bodies relative to each other. The vibrations are referred as auto-oscilations or
relaxation oscillations [2, 3, 4]. They appear due to flush into the system from an external source
as well as nonlinearity of laws describing force interaction of the bodies. The Froude pendulum
or a load on the conveyor can serve examples of the mechanical systems with one degree of
freedom. They use a model of the Coulomb friction in which the static friction exceeds the force
of sliding friction. The analog models permits assessing periodical motions with a system of
equations with two degrees of freedom [5, 6, 7]. A model of interaction of tyres with the road,
the so-called "magic formula", in which the static friction is a combination of two arctangents
depending upon velocity of the tyre sliding on the road, as well as a formula in terms of the
velocity polynomial of the velocity and its modulus are popular for describing dynamics of the
wheeled vehicles [8].

C mareMaTu4ecKkoil TOYKM 3pEHHUs UCIOJB30BAaHUE 3aKOHOB IOJO0OHOTO poja IMPHUBOIUT
aMb0 K HEOJHO3HAYHOCTU PELICHM, BBI3BAHHOW IEPEMEHHON CTPYKTYpOM MpaBbIX yacTeil
TG GepeHINATBHBIX YPAaBHCHHMA, JIMOO K CIIOKHOCTSIM —aHAJIMTUYECKOTO HCCIICIOBAHUS
noBeneHUs (Ha30BBIX TpaeKTOpuidl. B pe3ynbraTe HUCHONB3YIOTCS UUCIEHHBIE METOMIbI
UCCJIEJOBAHUS IMHAMUKH CUCTEM C HEJTMHEMHBIM TpeHHUEM [5].

B nmaHHON 3amaye paccMaTpuBaeTCs MOJENb TPEHUs, ONMCHIBAEMAasl IOJUHOMOM IISITOU
CTEIIEHU, COJEp>KAallMM HEUYETHbIE CTENEHW OTHOCHUTEIBHONW CKOPOCTH TPYIUMXCA Tell.
XapakTepHOH 0COOCHHOCTHIO CUJIBI TPEHHS SBIISICTCS HAIMYKME HHTEPBAIa CKOPOCTEH, B KOTOPOM
CUJIa TpeHUsl yObIBAaeT ¢ POCTOM CKOpoCTH. lIpemiokeHHas MOJENb TPEHUS UCHOJb3YeTCsl A
aHajau3a JUHAMUKHU JBYX B3aMMOJCUCTBYIOIIMX TEJI — CTEPKHS U CMBIUKA, C MCIIOJIb30BAHUEM
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MEPEeMEHHBIX JCHCTBHE—yroJl W MeTona ycpeaHeHus. Ha (a3oBOH TUIOCKOCTH YCpPEIHEHHBIX
IIEPEMEHHBIX JIEHCTBUE HAWIEHBI CTALlMOHAPHBIE TOYKU U MCCIEA0BAHA UX YCTOMYMBOCTb. JTUM
TOYKaM COOTBETCTBYIOT OJHOYACTOTHBIC WJIHM JBYXYaCTOTHBIC KOJI€OaHMSA, KOT/Ia TOYKa B
JIByMEPHOM KOH(UT'YpallMOHHOM MPOCTPAHCTBE OMUCKHIBaeT (purypy tuna ¢urypst Jluccaxy.

CIIMCOK JIMTEPYPBI

1.Bunvke B.I', Illanosanos H.JI., ABTOKOne€OaHUS IBYX T€JI C HEIUHEHHBIM TPEHHUEM.
Bectauk Mockosckoro ynuBepcutera. Cepus 1: Marematunka. Mexanuka. Ne 4/2011.

2.Anoponog A.A., Bumm A.A., Xaiikun C.O. Teopus xonedbanuit. M.: @uszmarrus. 1959.
916 c.

3.Jlanoa I1.C. ABTOKONE0aHHUS B CHCTEMax ¢ KOHEYHBIM YHCIIOM CTereHed cBoOobl. M.
JInopoxom. 2010. 360 c.

4. Muwenxo E.@., Pozos H.X. [lubdepeHnanbapie ypaBHEHUS C MaJIbIM ITapamMeTpoM U
penakcannoHHbIe konebanus. M. Hayka. 1975. 248 c.

5.Cmenanog C.A., Xuzeuses C.B. ABTOKOJI€OaHUSI IBYXMACCOBOM MEXaHHUYECKOM CUCTEMBI
C KYCOYHO—TIOCTOSIHHOM MOJENBIO cyXoro TpeHus. JlomoHocoBckue urenus, anpens 2007, U3n—
Bo MI'Y. 2007 .C.142.

6.XuzeusesC.B. ABTOKOJE€OaHHS BYXMAacCOBOTO OCHWJIISATOpPA C CYXHM TpeHUeMm //
I[IMM.2007. Ne 6. .C.1004-1013.

7.Pascal M. Dynamics and stability of a two degrees of freedom oscillator with an elastic
stop // J. of Computational and Nonlinear Dynamics. 2006. V.1. Ne 1. P. 94-102.

8.Pacejka H.B. Tyre and Vehicle Dynamics. L.UK: Elselvier. 2005. 621

9.Pybanosckuii B.H., Camconoé B.A. YCTONUMBOCTH CTallMOHApHBIX JIBUKEHUU B
npumepax u 3anagax. M.Hayxka. 1988. 304 c.

10. Bunvke B.I'. Teoperuueckas mexanuka. 3 uznanue. C.—II. Jlans. 2003. 302 c.



236 Cekyus «Teopemuyeckas MexaHuKka»

YIIPABJIEHUE IBUKEHUEM OBPATHOI'O MASITHUKA HA KOJIECHOU
CUCTEME

O.B. MaryxuHa

«THE MOTION CONTROL OF INVERSE PENDULUM ON WHEELED SYSTEM»

0.V. Matukhina

Hudicnexkamckuii XuMuko-mexnono2udeckuil UHCmumym,
Huorcnexamcek, Tamapcman, Poccus

e-mail: ovmatukhina@gmail.com

The solution of dynamics control problem of inverse pendulum mounted on wheeled
system is provided. The control problem is to stabilize the pendulum during movement of the
wheeled system on the horizontal plane.

Pabota nocesieHa ynpaBieHUIO ABM)KEHUEM IIEPEBEPHYTOTO MAATHHKA, 3aKPEIUIEHHOTO
Ha YETHIPEXKOJIECHOM TeJIekKKe. 3a/1aya yIpaBlIeHHs 3aKIII0YaeTcs B CTAOMIN3alUY MasiTHUKA BO
BpEMS ABWKEHUS TEJIEKKU [0 TOPU30HTANIBHOM MIIOCKOCTH.

Konecnas cucrema COCTOMT M3 Ky30Ba, XKECTKO CKPEIUIEHHOIO C OCAMM HEPEIHUX U
3aJHUX KoJjiec. byaem cuuTarh, 4YTO YyOpaBJICHUE KOJIECHOM CHUCTEMOW OCYIIECTBIISIETCS
MoMeHntamu M, M, u R,, NPUIOKEHHBIMU COOTBETCTBEHHO K JIEBOMY M IIPABOMY KOJIECaM
IepeHEr0 MocTa M K pyjaeBoMy npusonay. HeoOxoanmo ompenenuTh BBIPaXKEHUS MOMEHTOB
M,, M,, R, Takue, 4ToObl 00ECIIEUNTh BEPTHKAIBHOE MOJIOKEHNE OOPATHOTO MasTHHUKA IIPU

JBIKEHUH TEJICKKHU T10 3a/IaHHON Ha TUIOCKOCTU TPACKTOPHHU.

TpaekTopusi IBWKCHHSI CUCTEMBI MOXET OBITh 3aJaHa C IOMOIIBI0 YPAaBHCHHIA
HETOJIOHOMHBIX CBSI3€/, HAJIOKEHHBIX HAa KOOPAMHATHI U CKOPOCTH cUCTEMBbl. COOTBETCTBYIOIIHE
YpaBHEHUS MOXKHO IOJIYYUTh Ha OCHOBE METOJIAa MOCTPOEHHS CHUCTEMBI MU(PEpeHIINATHHBIX
ypaBHEHUH, U3JI0KEHHOTO B [1].

I[I/IHaMI/IKa CUCTCMBbI OITMCBIBACTCS YPABHCHUSIMU Yarmernaa

5

‘ o or [ab, ab, 5
iai_ai"‘zaiz b _abkl ./'=Qi+Ri7 q.l( =Zbk/'q./' (i=1,...,5,k=6,...,9),
dt aql aql k=6 an = aqt aq/ k = g1,

q,,4, — KOODIOMHATBI TOYKM OCHOBAHHMA MAATHUKA, ¢, — YIOJI MEXKIY OCBIO CHMMETPHH

KOJIECHOW CUCTEMBI U OCbl0 OX, ¢, — YroJ IOBOPOTA MEPEIHUX KOJIEC, OTCUUTBIBAEMBIN OT OCU
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CHMMETPUHM CHCTEMBI, ¢s — Yroj OTKJIOHCHHS MAasiTHUKA OT BEPTHKANH, ¢4,q,,qs,qJy — YTIBI
TOBOPOTOB COOTBETCTBEHHO JIEBBIX H MIPABBIX KOJIEC MTEPEIHETO U 33/THETO MOCTOB, T(q,,...,q,) —
KHHETHYeCKas OJHeprus cucteMmsl, 7°(q,..,q;) — TpHBEICHHAs KHHETHYECKAs DHEPTHs,
0, =b;M,+b,M,, R,R,,R;, R, —peakuuu cBsizel, R, — ynpapsArOLI1i MOMEHT.

Jnist pemieHus 3aauu CTaOMIM3aMK CBSI3€ BBOAATCS YpaBHEHHsI POTPAMMHBIX CBSI3EH

[2].
Pemenue 3agaun mpoBOAUTCS B CUCTEME CUMBOJIBHBIX BRIYUCIICHUH Maple.

Paboma evinonnena npu punarcosoii noodepaicke PODU, npoexm 10-08-00535.
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CONTROL OF PROGRAMMED MOTION IN HIGHER ORDER NONHOLONOMIC
SYSTEMS

Chernet Tuge Deressa, Jimma University, Ethiopia.e-mail: Chernettuge@ymail.com
1. Introduction:

M. R. Flannery in 2011 [1] applied D’alembert-Lagrange’s principle to higher order constraints

and established new dynamic equations and transposition relations between 8¢ ; and i(":'ii] ,

aq
of the form:y, (q.q,g.t) = 0,The work done by the constraint forces , the dynamic equations

d &g ; . . . .
;and = (T] for first and second order nonholonomic constraints. In particular constraints
r 14

and the transposition relation are respectively given as:

dir 4 9L 9L _ qax B
aT,r"_a*q}.:u (1) araa, 3q, +ik(3§[) (2)
¥ - -
d- 'awk ™ )
ka‘w[(aﬁ)qu']ﬁa (3)

In this paper the dynamic equations developed in [1] are used to develop dynamic reference
model for trajectory tracking of programmed motion.

The main purpose of this paper is to develop dynamic reference control model for trajectory
tracking of programmed motion based on the above dynamic equation of higher order
nonholonomic constraints.

Note that: A programmed constraint is any requirement put on a physical system motion
specified by an equation. A programmed motion is a system motion that satisfies a
programmed constraint [2,3,4,5].

2. Dynamic Model for Control of Programmed Motion.

The constrained dynamic equation (2) can be written in the [5,6] form:

{M(Q)ﬁf +C(q-4) + D(q) =] (q.9)4 + Q™ (4)

V(@ qqt)=0 ,(k=1,..,d) ‘
where M(g) is a (n X n) positive definite symmetric inertia matrix, 4 is a d-dimensional vector
Z":] is a full rank (d xn) ,C(g.q),is n X 1 matrix,
contains all other position and velocity terms(vector of centripetal and Coriolis forces terms),
D(q) is the n-vector of gravitational torques,@°* is an external force

of Lagrange’s multipliers, J(£.q.4) = (

For model-based control of programmed motion, the dynamic model is to[3] be transformed
to the reduced-state form. The concept of Null space is used to eliminate the Lagrange multiplier
in (4) .From Eq. (1) we have:

This can be written as:
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Alg.q)q=0 (5)

Ay
Where, 4 = ai'__‘, q=(qy,92 +q,)

J

Let S be be n x (n —d) , full rank matrix made from the basis vectors of the null space of 4 in
(5) such that 5(q) = [g1(q) g2(q) - gn—z (a)]

Then there exists velocity vector v(t) = [vy v, ...w,__]" such that
q = S(q)v(t) (6).
Substtuting g in (4) and premultiplying it by S¥ we obtain:

Mi(t) + F(q.q) + D(q)=E (7)
Where,
M= STM(q)S(q),F(q.q) = ST[M(q)S(q)v(t) + €(q.4)], D(q)=S"D(q), E = STQ**

The constrained dynamic equation (4) is now changed to reference Control model for
programmed motion given by:
#i(2) + F(q.4) + D(q) = E :
TN (8)
(g4t =0 ,(k=1,..4d)
The advantage of(8) is that ,it doesn’t include the constraint force and hence is convenient for
tracking control.
Equation (8) is said to be reference control model because it is used for planning a dynamically
possible trajectory of the dynamic system and a given programmed constraint. An example is
provided to make the concept clear.

Example: Consider a wheeled mobile robot shown in the
figl.
The natural constraints of the system are given by:
—x 5ind + v, cosf = 0, Fig.1
i cosf L _sinf L 6L = Roy, :
%,co58 + V_sind — 8L = R¢,
Let us add a programmed constraint to the robot, that we require it to move along a curve whose
curvature is 5.1.e.

- s 0 s O 2 .2 3-’2 _
xﬂ};rﬂ - }Iﬂxﬂ - S[IE + }FE] = D

Based on (8) we can get the plane (dynamically possible trajectory for the robot) or the required
curve can be obtained. Indeed, it can be shown that,

my, v, +mx_x_ =0
Where, m is the mass of the robot. The required curve as a result of the programmed constraint

is obtained to be:
1

. _ -1 _
Esm(.‘iht},ya = cos(5bt),8 = 5bt (9)

Xy =
for a non-zero constant b.
The Dynamic Control Model is developed by considering only the natural constraints (without

the programmed constraint) from:

{M(q‘}ii-% €(q.q) + D(q) = BT(q-q)A+ Q™ (10)
Bg=0
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. . . . diby
Where B is the usual Jacobian matrix given by B = (ai;)
L

Remark: Natural constraints includes holonomic and linear first order nonholonomic
constraints that are not programmed constraints.
Using the concept of Null space employed above (10) can be written in the form:

{J’t:ﬁir +Cq+N=1
Bg=0
T is the control input .Equation (11) is said to be dynamic control model.

(11)

For the purpose of programmed motion tracking control, we use both equations (8) and (11). The
required trajectory is obtained from (8) based on the given programmed constraint and the
control tracking is done by (11).

Moreover for stabilization purpose we use the well known control method called Computed
Torque(CT) [6].
If x4 is the reference trajectory and g is the actual trajectory vectors then from CT method the

torque is required is given by:

W(q) & + Cg.q) % + N(g) =1 (12)
Eq.(12) is the first torque required to start motion tracking. (12) is then improved to (13) to look
for appropriate(in the sense that the system is stable) entries of the positive definite symmetric
matrices Ky andK,

M(q)|# — Ksé— K,e] + Clqq@)q+N(q.¢) = (13)

Where e = x; — q is the error encountered .

Note: The main objective of tracking a programmed motion is to a find a torque that constrain
the motion of the dynamics towards the required trajectory.

Let us continue with the example started above. With regarding to equation(*) let us take
b = 1/10 and then the reference trajectory becomes:

xp = 25in(0.5.t); ¥, = —2.cas(05.t); 6, =0.5.t;
Simulation. We obtain T from (15a) and then actual position from the first part of (14).

The new trajectory becomes: x,=sin(0.5t); y~-cos(0.5t), 8,=0.5t

After several experimentation on MATLAB, the following simulation is made using
k d 11=0.01,k d 22=0.01,k p 11=0.0L,k p 22=0.01,k d 33=1,k p 33=10

Error simulation result;
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The planned trajectory and the controlled trajectory with good harmony are shown in figure
3.

1+ === planned trajectory A
—— controlled trajectory

2 15 4 05 0 05 f 15 2 25
Fig.3 X
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O NOBEJEHNU IMHAMMNYECKHN HEYPABHOBEIIEHHOI'O POTATOPA C
CYXUM TPEHHUEM B OIIOPAX OCH

B.B. Hucrsaxos
®I'bOY BIIO Apocaascknii I'ITY nm. K.Jl. Yimmuckoro,
150000, Poccus, r. SIpociasas, yia. Pecnydiiukanckas, 108

E-mail: v.chistyakov @ yarcx.ru
ON THE BEHAVIOR OF DYNAMICALLY NON-BALANCED ROTATOR BY DRY
FRICTION ACTING IN THE AXE SUPPORTS

V.V. Chistyakov
Yaroslavl’ State Academy of Agriculture, Tutaevskoe shosse, 58, Yaroslavl’, 150042, Russia

Abstract. — Studying is a rigid body rotation around the central but non-principal axis fixed by
two supports O and B under combined dry friction and drag acting. Obeying the D’ Alembert’s
principle the reaction forces Np 3 in the supports are both depending on angular acceleration ¢
and influencing it through dry friction torque My = aNo, ) along with quadratic in angular speed
drag M; =—cw’ and other moments applied. This results in explicit irrationality of dynamical
equation and strong peculiarities of rotational free and forced dynamics especially in partial case
when the axial moment of inertia J.. is equal to the ¢ and o.

B omopax O u B HEnoABWXKHOW OCH BpallleHUs, MPOXOJAIIECH dYepe3 ILEHTP Macc
abcooTHO TBepaoro tena (a.m.m.) (Puc.l), HO He coBmanawIei ¢ rIaBHBIM HalpaBJICHUEM,
BO3HHUKAIOT MNOHNCPCYHLIC CHJIBI PCaKHM, OIMPCACIACMBbIC B COOTBCTCTBHMM C IIPUHIHIIOM
Hanamb6epa (cM., Hanpumep, [1]) kax

B _ e, —o'J, o - el +a’J,
, , (D).
eJ,twJ, e, —ow Jyz
x:'T Oy:_T, h=0B

Hanuune Hen30eKHOTro CyXoro TpEeHHUs! CKOJIBKEHHS MO0 KaueHUs! B OTIOPaX MPUBOIMT K
MOSIBJICHUIO TOPMO3SIIEr0 MOMEHTA

foto + fa; \/sz+J2)Z &+
Mﬁ,:—( 0o BB) (h ))( ):—(X ’824—&)4 (2),
riae f,, fzs7y,7; — COOTBETCTBYIOLIHE (QPUKIHOHHBIE KOIDPUIMEHTH U paauychl Hand omop,

J,.»J .,— UCHTPOOEIKHBIC MOMCHTBI HHEPLIHH.
Topmo3ssamiee JeHCcTBUE TaKKe OKa3bIBACT a’pOANHAMHUYECKOE/)KUIKOCTHOE
COIPOTHUBJICHHE C MOMEHTOM M, = —c|a)|a) , U IpU HAIAYUM JAPYTHX MOMEHTOB M (t,(o)

JTUHAMHUYECKOE YpaBHEHUE JJIs YIJia MOBOPOTa ¢(f) UMEEeT BUJL

J.§=-a§* +¢* —co’ + M (t,0) 3).
Ero ocoOeHHOCThIO SBIISETCS 3aBUCUMOCTB MPABOIl 4acTU OT cTapllield MPOU3BOAHON ¢,
YTO YK€ camo Mo cebe UpeBaTo HEOXKHUIAHHOCTSIMU PUIHHHO-CIIECTBEHHOTO XapaKTepa.
[IpaBma, Takast 3aBHCHMOCTb MOXET OBITh YCTpaHEHa B COOTBETCTBHH C METOJIOM,
U3NOKEeHHBIM B § 7.2 monorpadum AWM. Jlypee [2], mpenmoiiararomieM BBEICHUE U
MOCTIEIYIONIEe «BBIMOPAKMBAHUEY JIOMOJHUTEIBHBIX OOOOIIEHHBIX KOOPIMHAT, CBSI3aHHBIX C
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cunamu peakiuu. OJHaKO TMOJydyarolmieecss NMpH 3TOM ypaBHEHHE B JIIOOOM ciiydae Oyner
SKBUBAJICHTHO YpaBHEHUIO (3), HO pa3perieHHOMY OTHOCUTENILHO ¢ :
.| 4 12 2 2 -2 2
. (M(t,(o)—c|q0|qo)—a\/(o (Jzz+c -« )—20(0 M (t,0)+M (t,9) .
Q= > > , J_<a (4).
J.—a
B cnyyae J_ =a =c=J ypaBHeHuUe TepAET CBOX UPPALMOHATBHOCTD —
5 ((00)-2k19) 1 (1.0) 5
27 (M (6,0)- 1] 9)
HO NMpUoOpeTaeT NOTEHNAIbHYIO Pa3pbIBHOCTh U3-3a 3HAMEHATEIS.
WurerpupoBanue (4) a1 MOCTOSHHOTO pa3rOHSAIOIIEr0 MOMEHTA JAET 3aBUCUMOCTH

@ (sz—az)a)'da)'

- 6),
7(o) !JZZ (M—ca)'z)—a\/a)'4(sz +c —052)—2coo'2M+052M2 ©
(@)= U —a)do 7).

oJZZ(M—ca)'z)—oc\/oo"‘(sz+c2—052)—2coo'2M+052M2

MeXy TeM Kak (5) naet unblie kpusbie (Puc.2)

M

2 2 \/7_60

(o(a)):Ja) - Lln 1_2Ja) , tH(w) = Jo | J In| 12/ (8—9).
oM \8M M o Nsm | M

2J

B oTcyrcTBUM AONOJHUTENBHBIX MOMEHTOB M (t,(o) =(0 ypaBHeHue (5), ONMUCHIBAIOIIEE

BpalICHUC MO0 MHECPUHUU, CTAHOBHUTCSA HCCOBMCCTHBIM JIs1 a.T.T, T. K. OIMKUCBIBACT HCBO3MOXXHOC
pPaBHOMEPHOE BPAIICHHUE, YTO COCTABISACT €Il OJUH MapaJioKC CyXOro TPEHHs, JOTOJHSIOMUIL
JaBHO cylecTByromui cnucok I1snnese [3] u ero nocnenosareneil.

BBenenue 3amasgpiBaHus BO BPEMEHU MEXIY YIJIOBBIMU TEMIIAaMU B JIEBOM M IIPaBOU

/ 1 .
gacTsx (3) Ha BENUYHMHY T = — << —, TJe / — XapaKTepHBINA pa3Mep Tela, ¢— CKOPOCTh 3BYKa
c o
0

B €ro Marcpualic, @, — HadajlbHasd YriioBasd CKOPOCTb, IPUBOIUT K JTMHAMUYCCKOMY YPABHCHUIO

G(1)=—\9* (1—7)+§* (t-7) — 4 (1) (10),
pa3pemmnMomMy pasiioskeHueM B psi Telsopa no BeIMYMHE T OTHOCUTENIBHO 12108020 pbisKa [4]
)
Iy
go(t)zJ”T()—zqﬁ(t) (11).

OHO JIETKO MHTETPUPYETCS KaK
@ ' ' @ '
() =~ [ e () 3V [ (12)
”0\/2a)‘)+5a)gr—2w—a)'4r ”0\/2a)‘)+5a)gr—2w—a)'4r
3 3 3 3
U OTHCHIBACT COO0H SBICHHUE (PPUKYUOHHO-AIPOOUHAMULECKO20 YOapad, TeM 00Jiee BRIPaKEHHOE,
YeM BBIIIE HayallbHas yIiIoBas CKOPOCTh (), U MEHbIIIE JIar .
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|— dry friction —— aerodyn. = — degenerated |

Puc. 1. Actatnueckuii poTaTop ¢ HETJIaBHOW OCBIO BpAlLlEHUSI.
Puc. 2. Kunetuku npu M=const B o01meM ciydyac KOMOMHUPOBAHHOTO TpeHus J_ # o,

TOJIBKO a9POAMHAMUYECKOT0 conpoTuBieHus (0=0) 1 B BBIPOKIECHHOM cilydae J_ =a =c.

BBIpOXXICHHOCTh MapamMeTpoB OCOOCHHO TMpOSIBISAETCS B  Clydae CBOOOIHBIX U
BBIHY)KJCHHBIX KOJICOAHMH TI0J [OIOJHUTENIBHBIM JeHCTBUEM ymnpyroro M, =-k¢@ u

rapmonudeckoro M, , (1) = 4, sin(£2t) momenToB. B mepBoM ciydae peleHue JHHAMUYECKOro

yYpaBHEHHS MMEET J[BE pa3JilIEHHbIE CKAYKOM YCKOpPEHHs (a3bl: HA4aJbHYIO, OIpPENeIIeMYI0
CTapTOBBIMH YCIOBHAMH, U (Da3y OYEHb MEIJICHHOTO KBa3unepuoauueckoro yosiBanus (Puc.3).

T=10,1=0.2
[ J=c=0=105=16,4=0.27,0=3Q0.4=0,00=0,
100 150 200 70=-1t/3

t 0.003

0.002

0.001

-0.001

-0.002 4

—_ ) — - — IOM ) —— J
o(1) (1) 100e(t) gy

Puc. 3. Kunetuka n3smeHeHus yria, yrjioBoro ycKOpeHusi U MOMEHTa CyXOro TPEHHUSI B
BBIPOKJCHHOM cinydae ipu J_ =a =c=10, k =0.2.
Puc. 4. Kunetuka ¢ (t) BBIHYX/IEHHBIX KOJIEOaHU B BBIPOXKJAECHHOM Clly4ae.

B BBIpOXJICHHOM Clly4ae BBIHY)KJICHHBIX KOJICOAHMH YriioBash KMHETHKAa UMEET TJIaJKUi
anepuoAMYECKUM XapakTep ¢ KBa3UIIEPUOINYECKON MOLYISIUEN, IPUYEM B HEKOTOPBIX CIIydasix
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umeeT MecTo yobiBaromuid Tpena (Puc.4). [1pu 3ToM aMIumTya aBTOKOPPEISILIMOHHON (PyHKIIMK
st @ (1) TaKKe MeUICHHO YObIBAeT Y YepeoBaHuy 3Haka (Puc.5).

Mexay TeM Kak B 00IeM ciydyae KHHETHKA XapaKTepPH3yeTCsl CKauKaMU YCKOpeHHS &(t) u
u3noMamu o(t) B Toukax pazsopota poraropa (Puc. 6), a mpu mManslx 3HadeHUAX « <<.J_ OHa
MaJIO YeM OTJIMYAETCS OT JIMHEHMHOTO OCIMJUIATOpA C AUCCUTIAIINEH.

Autocorralation y(t), t=3..10T0,J=c=0=10,5%=16, T e

A=0.272=3020.6=0,0=0v0=-1/3
, =0 ad= 0% oio0 | / {q
08 D'W"_ Fj{ /
- o.om—_ /r
¥ 0.002 '
04 £ K ff
02 TNTY N AT 7o T F T
-0.002 1 t |
X T T N - ] \
1 1] 21 300 00 300
-0.004
02 ] \
T ' -0.006 \ \l
-04 ] . .
-0.008 4 \JI \J
06 :
: — o) — o)

Puc. 5. ABToxoppemsuuvoHHas (yHKOHUA JUIA (o(t) BBIHY)KJCHHBIX KOJIEOaHUW B

BBIPOXKJICHHOM CITy4ae.
Puc. 6. Kuneruka BeIHYX/I€HHBIX KOJICOaHUI B 00IIeM Cirydae.

Taxkum 06pa30M, ABYCTOPOHHAA IPUINHHO-CIICACTBCHHAA CBA3b MCIKAY MOMCHTOM TPCHHA
Mﬁ, U YCKOPCHUCM & NPUBOAUT K HCCTAHAAPTHBIM KaK YPAaBHCHUSAM JUHAMUKH, TaK U HX

pelieHusiIM, B OCOOCHHOCTH B BBIPOXKICHHBIX CIIydasX, KOTJa YpaBHEHUs TMPUOOPETAIOT
Pa3pBIBHOCTS, MIEPEBOIS MPOOIEMY B Kilace 3a/1a4 HETIaIKOW JTUHAMHKH.
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MODIFIED FORMULATION FOR DYNAMIC EQUATION OF CONSTRAINED
MECHANICAL SYSTEM

Assaye Walelgn Beshaw
Department of mathematics
Bahr Dar University

Bahr Dar, Ethiopia.

1. Introduction

Let the total number of displacement components in a discrete mechanical system be N-vectors
[1] and denoted by

u(t) = (uy(£)uy (8, . uy()). (1)

If the configuration coordinates (tt4,1us, ..., 1y) are not all independent variables, a set of
reduced-order variables g = (g4,q5, .-, q,,) €xists,where n < N, that is sufficient to define a
system’s configuration [2] with initial conditions

q(ts) = q°,4(t;) =4° )
The equation of motion of the system can be obtained, using Lagrangian equation

d [aT ar _ -
() Ea-aiminn >

where % = v,;. The equation of motion of the system (3) can be rewritten by a relation

Mg = f, (4)

where M is an n X n symmetric, positive-definite, generalized mass matrix and f = f((q.4.t))
isann X 1column array of generalized applied forces and generalized inertia force terms. The
generalized acceleration of the system, which we denote by the n-vector a = a(g, g, t), is then
given by

g=M'f=a, (5)
where a = % is said to be unconstrained acceleration, and let us denote it as a,,.

2. Construction of Dynamic Equations of the System
We suppose next that the system is subjected to m constraints of the form

W(gq.q.t) =0, (6)
where W = (W4, W, ..., W, ). The constraints (6) include all the usual varieties of holonomic

and nonholonomic cases.

The initial conditions g(t,) = g®and §(t,) = q° are assumed to satisfy these constraints.

Under the assumption of sufficient smoothness, we can differentiate equations (6) with respect to
time:

U=Yd+wat . (7)
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To avoid the stability problems during numerical integrations of constraints let us add terms
those compensate the deviations. So that equation (7) rewritten as

vea+ gty =g )
where g = (W,q,d,t) and g(0,q,q,t) = 0.
Rearranging the coefficients of (8) along with acceleration, velocity and other terms we get
Ag=Bq+C, 9)
The presence of the constraints (6) imposes additional constraint forces on the system which

change its acceleration. Using Lagrange’s method of undetermined multipliers the equation of
motion of the constrained system can be given as [3,4,5]:

Mg=f+A (10)

Solving for acceleration from (10) will give us
g =M1(f+ATw). (11)

If the combined mass and constraint matrix is nonsingular, equation (11) can be solved as
al, = al, + Dip,, (12)

where g, is the Lagrange multiplier obtained from (11), al, is unconstrained acceleration of the
system which is obtained from (4) and a’ is the actual acceleration of the constrained system.
Substitute (11) in equation (9) and solve for i« we get

p=(AM1AT)y 1 Bg + (AMIATY Y — AMT1If). (13)
The dynamic equations of motion of the system can be obtained by replacing the Lagrange
rnultlpher (13) from relation (11)

G=Mf + MTAT(AM*AT)" Y {Bg + (C — AM™*f)]. (14)
Equation (14) further simplified and can be written in the form:
a,=a, +H(Bqg+C— Aa,), (15)

where H = M~1AT(AM~1AT)™1 is an n by m matrix.
Again relation (15) may be put in the form
a, = Pa, +5v+ R, (16)
where P =1 — HA, S =HBand R = HC.
To solve equation (16) numerically we should change the equation from second order to first
order ordinary differential equations as:
da’ _
dt
- E? 1pz_;| dr +E_;| =1 z_;lt]}. +TE

The terms (8-1 1) added to correct deviation of constraints during numerical integrations may be
represented as a multiple of constraints themselves:

8y = &= ;'z+1kz}1|1y =1,..,m, (18)
3. Stabilization of Constraints During Numerical solutions
Let the initial values q°, v satisfy the condition |[W°|| < o and the system (17) is solved by
Euler method
{qé+1 — qz’ _|_ Tfi'i,

vz+1 = ot +T'I‘:"z,.

r

(17)

where q* = q(t,), T = tisq — t;, {;f = and

i Tm av!
(")

]
(q'%) T |'ir-:'fti}’L 0,12, ...
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Taking T sufficiently small and the inequality ||1|;i || = ¢ holds for t = t;;, and expanding the
components of ¥ in powers of T in relation with (16) we get

Yt =t + [A(Pay + Sv+ R) — By — Cl't + 297, (19)
where W' = W(g,vi,t,) and %qﬂif} is the remainder of Taylor expansion.

From the relation (19) and the supposition (18) it follows that

Ut = (I 4+ 7KW +§ Pt (20)
where I is the identity matrix. The following statements can be proposed by estimating the right
hand side of (20).
In the power series expansion of WL if ||Wi|| <o, |1 +7K'|| €6 < 1and
2y@|| £ (1- 8)o, then W] 0.
That is,
w2 < 17+ ||| @] + 5 WP < bo+< (1 - 8o = 0.
4. Example

A disk that rolls on a plane without gliding can be considered as a system with differential
coordinates. The disk shall always stand perpendicular to the xy-plane.

A
YA

<V

disk axis

v
x

(xy)
The center of the.disk is exactly above the contact point (X,y), and the velocity of the
circumference R@ of the edge equals the velocity of the contact point in the xy-plane;
v = R0, % = ROsind,y = —ROcos8. (a)
These nonholonomic constraint forces can be put in the form [5]
U, =i—rDsinf =0,
qJ:E]Ir+T@CDsH=D (b)

The kinetic energy is T = %Mx'z + %Mjﬁz + %fllil: -I-%IEE-:,



CeKuyua «Teopemu4yeckas MexaHuKa» 249

where I, is the moment of inertia of the disk about the axis perpendicular to the disk though the
center, and I, is the moment about the axis through the center and the contact point (x,y). The
resulting dynamic equation before stabilization will be

§ =M TAT(AM1AT) 1), (c)
1 0 0 0
0 1 0 0 l;l Ei ]
B . - Y L
where M =10 0 S 0l A = Ccing cosd ,b—[ﬂ@cnsﬁ' E@smﬂ] .
0 0 0 1 0 0

And the dynamic equation after stabilization can be given as

g =M1AT(AMTAT) (b + K), =Ko (d)
k=1=0.01
35 T T T T T T T T T
3l TN before i
\ ———— after /

position y

time
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HNCCJIEJOBAHUE YCTOI‘/'IU‘:[I/IBOCTI/I HNHTEI'PAJIBHOI'O MHOT'OOBPA3HS B
CJIIYYAE YPABHEHWH BO3MYIIIEHUS CBA3EN C MOCTOSAHHBIMHA
KO2®OPUIIMEHTAMHA

Topwrxos E.A.
Poccuiickuti ynugepcumem opyacovt Hapooos, gorshkov j@mail.ru

IIpennaraercs MeToa TMOCTPOCHHUS MATEMATHYECKOM MOJENM JUHAMUKU  YIPABISEMOU
MEXaHNYECKOU CUCTEMBEIL.

BBenenune

CoBpeMEHHBIE CUCTEMBI YIIPABJICHUS UMEIOT JOCTaTOYHO CIIOKHYIO CTPYKTYPY, COAEPKAILYIO
ANIEMEHTHl Pa3iIn4YHON (usndyeckoi mpuponsl. MccrnenoBaHue IUHAMUKA TaKHX CHUCTEM B
HEepByI0 ouepenp TpeOyeT NOCTpoeHHst oOmell MaTeMaTHYeCKOH MOJeNu, OIMCHIBAIOIIEH
JUHAMHUKY Bceill cucrembl. KuHemMaTuueckue M JAMHAMHUYECKHUE AHAJIOTMM  I1O3BOJISIOT
UCIO0JIb30BATh JUISI MOJEIMPOBAHUS KUHEMAaTUKU U JMHAMUKU YIPABISEMBIX CHUCTEM METOJbI
Kjaccuueckoi mMexaHuku [1]. OCHOBbIBasiCh Ha MU3BECTHBIX NMPUHIMIMAX, YPABHEHUS TUHAMUKU
YIIPaBJIIEMBIX CUCTEM MOYKHO MPEICTaBUTh B hopme ypaBHeHmi Jlarpanxa. [2], [3].

MO}IGJ’[I/IPOBaHI/Ie AUHAMHUKH CUCTECMBbI

ypaBHeHI/ISI JUHaAMUKHU MEXaHHYECKOM CHUCTEMBI MOTYT OBITH INOCTPOCHBLI, CCJIN U3BCCTHLI €C

74" 47 = P'(o!
KHHETHYeCKas SHeprus | =1 (‘1 4> t), NOTEHIUAIbHAS SHEPTUs P=P(q J),

D=D'(¢'.¢,

JUCCHUIIaTUBHAaA

_ i
1) | 06OBIIEHHBIE HEMOTEHIMATBHBIE BHELIHUE CHIIBI Q=0 (q TEX ) , 1
. dq
U, =U(q.¢’ 1) =0 s
ynpasisiore cuabl s~ 2 s\9 9 e t, b

byHKIHS

=1,...,n

Yipasioomue CUIbl U, , ICCTBYIOIINE HA CHCTEMY, IPU3BAHBI 00ECTIEUNUTH BBIOIHECHHUE

YpaBHEHUH CBSI3Ei
f/‘(qi,t)zoj fr S :0’ fﬂ(q"’q",t)=0, (1)

u
ﬁ“:i f*‘:af“
oq' ‘ ot i,j=1,..,n ,u=1,...,m’ p=m+l..,r

2 2 2

CornacHo npuniuny [lanamb6epa-Jlarpanxka MOXKHO IOCTPOUTH YPaBHEHHS TUHAMUKH
pacimupeHHoi cuctembl. OHU coCTOAT U3 ABYX yacTeil. [lepBas rpymnmna ypaBHeHUN
COOTBETCTBYET YPAaBHEHUAM JUHAMUKU YIIPABIISIEMON CUCTEMBI

dor or  oP @D
dtog' oq' oq' o4

+ Qi + ﬁkik
- @)

Bropas rpynma npeacrasisier co0oi cUCTeMy ypaBHEHHUI BO3MYIIEHUH CBsI3Ei
d o T __ P aD
aqn+y aq-nﬂc ' (3)

an-nﬂ( _aqn+y -

TocrenHee craraemMoe MpaBoii uacTy ypasHenns (2) /A« npencrasiser co6oii ypassorue

CHIJIbI U, .
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HUcciaenoBanue yCTOﬁ‘lHBOCTH CHUCTECMBbI

Pemenue cucremel ypaBHeHU# (2)- (3) CBOAUTCSA K ONPEIECIECHUIO MHOKHUTEIEH A w3 2)n
n+p o sn+K
BBIPKECHUSAME U30bITOUHBIX epeMeHHbix ¢ > 9 u3 (2),(8) uepes 0000ImIECHHBIE KOOPAUHATHI

i - j
9 wu ckopoctu 1 .
B pesynbrare mpuxoanM K CUCTEME TMHEHHBIX alNreOpandecKuX YpaBHEHHH OTHOCHTEIBHO

MHOKHTENEH M :
K0 K
a“ A, =a
o, (4)
aKQ — af’ .fiQ’ aK‘ :k;q-n+;/ +b;qn+;/ _afi’ql _ af’ mi _%
oq 0q oq ot
Cucrema (4) uMeer pelieHue:
Al =a,o”
(] Ok’ R (14)
I )
aKB aeK :(aJc fknJ a;(
roe %o — Marpuia, oopaTHas q ,a OTIPE/IEIIACTCA CYMMOM CllaraeMbIx
(ZK Z(ZK(O)-F(ZK(I)-F... qn+,u qn+1<
, pacIpeICICHHBIX 0 CTETICHIM NEPEMEHHBIX ’ :
. o ., of . o
a (0):—afl,q— f.l,m——f
q oq O Tlpu MHOXKHTEISIX * , OIPE/ICICHHBIX TAKUM 00Da30M, YPaBHCHMS
cBsi3ei (1) UCXOTHOM CUCTEMBI OKa3bIBAIOTCS CIIPABEAJIUBBIMHU JIJISl PEILICHUMA 9 =49 (t)
v o n+p s Hn+K
i depeHIraTbHBIX YPaBHEHUH THHAMHUKH YIIPABIsIeMO# cucremsl ipu ¢ = 0, ¢"" =0.
d ! . d /' i iK K
_q:ql i:m + f oy 0
dt , dt ) (5)

OTki0HEeHHUs pelieHuit cucTeMsl (5) OT ypaBHEHMH cBsi3el (1) onuceiBatoTCsl ypaBHEHUSMU
BO3MYILICHUI CBS3EH

dq"ﬂl _ q'n+/1 quK :kkq'n+7 +bkqn+7
dt dt ! T (16)

BriBoabI

Yyer BO3MOMKHBIX OTKJIOHEHHH OT YpPaBHEHUW CBA3CH YIPABIIEMbIX CHCTEM Ha JTame
COCTaBJICHUS YpPaBHEHHI IO3BOJIAET pEIINTh 3agady crabwimzanuu cBsized. [l storo
ypaBHEHHS BO3MYIICHUH CBS3€ MOJDKHBI OBITH MOCTPOEHBI B COOTBETCTBUU C TPeOOBAaHHEM
ACUMIITOTUYECKON YCTOMYUBOCTH 10 OTHOIICHUIO K YPABHEHUSM CBSI3EH.

[IpuBeneHHBIE MOEIN PELICHUS PEAIM30BaHbl aBTOPOM B CUCTEME CHUMBOJIBHBIX BBIUYNCICHUN
Maple u wmoryr OBITH HCIOJIB30BaHBl ISl PELICHHUS 3a7ad YIPaBJICHUS TMPOrPaMMHBIM
JIBUKCHHUEM.
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RESEARCH OF STABILITY OF INTEGRATED VARIETY IN CASE OF THE
EQUATIONS OF INDIGNATION OF COMMUNICATIONS WITH CONSTANT
FACTORS

E.A. Gorshkov
Poeples' Friendship University of Russia, gorshkov_j@mail.ru

The method of construction of mathematical model of dynamics of operated mechanical system
is offered.
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OJIVH COYYAN MAATHUKOBBIX JIBVKEHU HEABTOHOMHOTI'O
I'MPOCTATA

A.B.Ma3ues, T.B.bbiukoBa
Joneyxuii hayuonanvHulll yHusepcumem, 2./[oneyx, Yxpauna
PaccmMoTpena 3agaya O MAasSTHUKOBBIX [JBWKEHUSAX THpOCTaTta C IEPEMEHHBIM

TUPOCTATUYECKMM MOMEHTOM TII0J] JEHCTBUEM NOTEHIMAIbHBIX U THPOCKOMUYECKUX CHJL.
YpaBHeHUs ABHKEHUSI HEABTOHOMHOTO THpOCTaTa 3anuiiem B Buje [1]:

Ao =Aoxo— L))o -A{t)(@xa)+@xBv+vx(Cv—s), (1)

V=VX®, izL(t), (2)

rre @, V, 7\,(t ) - IepeMeHHbIe 3a1a4uu; O, § - MOCTOSIHHBIE BEKTOPHI; A, B, C — MOCTOSIHHbBIE

MaTpUIlbl TPETHETO MOPSAKA; L(t ) - MPOEKIIMSI MOMEHTA JCUCTBYIOIIUX CUJI HA OCh BpalleHUS
HOCHMOTO Tea.
Vpasuenus (1),(2) gomyckaroT /iBa MepBbIX HHTErpaja

v-v=1, (Am+k(t)a)-v—%(Bv-v):k. 3)

.
Ecnu Bekrop yrinosoit ckopoctd umeer Bug O = (A, rae eIMHUYHBIA BEKTOp @
HENOJIBUKEH B TE€J€, TO TMPOCTAT COBEPIIAET MAsTHUKOBBIE IBHUKEHUs. J{s ciydas, Korjga Ha
TUPOCTAT ACUCTBYET TOJIBKO CHUJIA TSAXKECTH, UCCIEI0BAHNE MASITHUKOBBIX JIBUJKEHUH MPOBEIECHO
B pabore [2].
[IpoexTtupyst paBeHctBo (1) Ha Tpu JNMHENHO HE3aBUCUMBIX BeKTOpa @, V, A XV u
BBIOMpas MOJIBIKHYIO CUCTEMY KOOPJIMHAT TakK, 4TOObl Ol ;—-\01,0, a, \, HOJTy9UM

o A(t) + Ay @ =—C) cos2¢ + C,sin2¢ + K| cosQ— K, sing, (@)

oL, dy Sin Q@ + ayoL, ) A1) + ajo, cos @ PA(E) +

+(B, cos @+ B, sino+ B, )¢+ (B coso— P, sing) o + (5)

+(B2 sin2¢ — B, cos 29 —a,y; cos ¢ + a,, sin (p)(p =0,

ayo, cos@-A(t) — ago, sin@ - A(f) +(B|cos o —B,sing)o—  (6)
—(B, cos@+p;sin (p)(f)2+ (B, cos2¢+ B, sin 2@+ a,y, cos ¢ +

+a,y; sin @ — Bg)(b+ (@,C, cos2¢+a,C,sin2¢+8, cosp+
+8;sino+G, ) =0,
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W3 unTerpana MoMeHTOB (3) MOJIydeHO paBEHCTBO HAa (DYHKIIHIO 7\,(1 ) .

A1) = (a,a) sin o + a0, )_1[2‘IB2cos 20+27'Bisin 2 +

: . . (7)
+a,y,c08 P+a,y, sin g+ (k +27'B, ) — (B, cosp+P;sinp+p, )(p}

P\2 2
opmyie (7) npeanonaraem :
B (7) (onag) +(ap0,) %0

Pacemotpen ciyyaii, korga Ol, = O(r.e.0 - @ = 0). U3 ypaBueHus (4) cienyer, 4to

2 _ . .
¢ =A4; (—C, cos2¢—C,sin2¢ + 2| sin@ + 2k, cosQ + ¢ ), (8)
rae C, — Tpou3BoJibHas MOCTOsiHHAsA. OUeBHIHO, YTO ([)(t ) SABJISICTCSL  AJUITMIITHYECKOM

(byHKIIHEH BpEeMEHH.
[Tockonbky ypaBHeHue (7) sBIS€TCS CieICcTBHEM ypaBHEHHs (5), To ypaBHeHHE (6) C
yuéroMm paBeHCTB (7), (8) MOXKHO 3amucaTh B BUIE

p;,c0s30+ p;sin3@+ p, cos2¢+ p;sin2¢+ p, cos@+ p;sing+

. )
TPy = A33[2_lBg cos2¢+a,y, cosp— 2" (2k+B2 + B, + B )](P,

re Bce KOd((UIIMEHTHI U CBOOOIHBIN YJICH U3BECTHHI.
TpebGoBanue ToTO, 4TOOBI MpaBas 4acTh ypaBHeHus (9) oOpamanack B HyIlb IS JTFOOBIX

3HayeHui (D, NPUBOJUT K CUCTEME anreOpauvyeckux PaBEeHCTB HA NAapaMeTphl 3alaud, NpU

BBINOJIHEHUU KOTOPBIX TMPOCTAT COBEPIIAECT MAsTHUKOBBIC NBHKEHUA. [loka3aHa BO3MOXKHOCTb
TPEX KIJIACCOB TAKUX JIBUKEHUM, JI1 KOTOPBIX BBIITOJIHEHO OJIHO U3 YCIOBUH.

* a,= 0 (0ch MAaSATHUKOBOTO IBIIKEHHS TOPH30HTAIBHA);

e $=0 (eHTp Macc pacnoJioKEeH B HEMOABMKHOU TOUKE);
e S.a#0,a,#0.
Haiineno tpu pemenus (1), (2), koTopble 3aal0T YKa3aHHbIE KIacChl ABM)KEHUM.

Eciu xe d; # 0, o yaJoCch HAWTH JBa perieHusi cucrembl ypaBHeHui (1), (2). B

Clly4ae, KOTJa OCh COOCTBEHHOTO BpANICHHs TOpU3OHTaNbHA (A, = 0), naiinensr YCIIOBUSA

CYIICCTBOBAHMA TAKOI'O PCUICHUSA

A23 = O, OL1A33 _a3A13 = O) B22 = 07 B12 = 07 C12 = C23 = O’

o, (C22 —C“)—oc3C13 =0, o5 +a,5,=0, s5,=0,
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a pCHICHUC MOKHO 3allucaTb B BUAC
A1) = (o, sing)”! [—4_1811 cos 2 + (k +47'B, ) — A, sing-¢ },

o, [(k —8_lBll)coscp+ 8°'B, cos3(p}(.p =, sin® @ x
><[2‘1 (C, —C,)sin2¢-s, coscp].

Bropoii ciiyuyail xapakTepu3yeTcs CICIYOIMUMU OrPAHUYEHNUSIMU HA TAPAMETPHI 3aJa41
oAy —034,=0, 4,,=0, B, =B,,, B,=0, B, =0,
C,=Cy, C,=0, 5,=0,Cs, s,=0a,Cy,
| 2 1”2 2
k = [aooc3B13 -Q, (ao B, +a;B;, )/2]/0(1.

[Ipu BBINIOJIHEHUM 3TUX YCIOBHUN PELICHUE MOYKHO 3alUCATh TAK:

Q= [a(’,C23 cos @+ a,Cp, sing — (s3 +a, (C11 -C,, ))]/B22 ,

At) =o' (a,B,, — A, Q). (10)

O4eBUIHO, 9TO PYHKIIUS (p(t ) B OTOM CJTydae sIBIISICTCS DJIEMEHTApHOU (yHKIIMEH BpEMEHHU.
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OIITUYECKHUE U IUPPOBBIE METO/bl KOAUPOBAHUA NHOOPMAIIHN
OB OFBEMHBIX CIIEHAX C HIOMOIIBIO CIYYAWHBIX ®A30BBIX MACOK
B IIU®POBOM I'OJIOT PAGUH
H.H. EBtuxues, E.A. Kyp6arosa, C.H. Crapuxos, I[1.A. Yepémxun

«OPTICAL AND DIGITAL METHODS OF ENCRYPTION OF INFORMATION OF 3D SCENES
USING RANDOM PHASE MASKS IN DIGITAL HOLOGRAPHY»

N.N. Evtikhiev, E.A. Kurbatova, S.N. Starikov, P.A. Cheremkhin

Hayuonanvnwiii uccneoosamensvckuil soepruiti ynusepcumem « MUDHU», Mocksa, Poccus
e-mail: holo@pico.mephi.ru

Hudposass  romorpadust [1]  sBIsgeTcS  pacHpPOCTPAHEHHBIM  WHCTPYMEHTOM
UCCIICIOBAaHUM M NPAKTUYECKUX TMPUMEHEHUH B PA3IUYHBIX 00JACTAX HAYKH U TEXHUKH.
Cpemu oOnacteil mpuMeHeHuss LUGPOBOM rojorpaduu K UHCITy Hamboliee Ba)KHBIX
OTHOCHTCSl oOnTuYeckas oOpaborka wuHpoOpManmuM, B YAaCTHOCTH KOJUPOBAHHE U
nekogupoBanne uHGopMmauuu. Hambosiee pacrmpocTpaHeHbl METOAbI  KOJAWPOBAHUS
UH(POpMALUY C UCIIOJIB30BAaHUEM CITy4aiHbIX (ha30BBIX Macok [2-6]. B mpomecce ¢uxcanun
UHTEPPEPEHIIMOHHON KapTHHBI 3TH ()a30BbIe MACKU IMO3BOJIAIOT CO3JATh CIIOXKHYIO (opmMy
BOJTHOBOTO (ppoHTa. Jlysi BoccraHoBiIeHHUS WH(MOpMANUU 00 OOBEKTE HEOOXOIUMO HMETh
TOYHYIO WJIM HPAaKTUYECKU TOYHYIO KOIHUIO MACKH, HMCIOJb30BAaHHOW NpU KOJIMPOBAHUU
udpoBoi rojsorpaMmmbl. Tak Kak ¢opmMa Mackd MOXeT OBITb caMoil pa3HOOOpa3HOMW, TO
nojo0paTh ei MOoJOOHYI0 MPAKTUYECKH HEBO3MOXHO. TakuMm oOpa3oM, obOecriedrmBaeTCs
BBICOKAsI CTETCHD 3alUIICHHOCTH UHpopMaiuu. [lepBoit paboToit mo100HOTO poia SIBISUICS
METOJ] KOJUPOBAHUSA M300paKEHHUH C MCIOJIb30BAaHHEM JBYX CIYYalHBIX (Pa30BBIX MAcCOK,
npezacrasieHHbli B 1995 rony [2]. B 2000 roay monoOHBIN anropuT™ ObLI afanTHPOBAH IS
KOJMpoBaHUs WH(GOpPMAUU ¢ MoMomIsio nudpoBoi romorpaduu [3]: ciyuaiinas dazoBas
Macka J100aBJjach B ONOPHBIM Iy4ok. B pesynpTaTe perucrpupoBanach 3aK0JUpOBaHHAS
1upoBast roJiorpaMMa ¢ BRICOKOW CTENEHBIO 3alUINEHHOCTH HH(DOPMAIINH.
KogupoBanne w©  JekogupoBaHMe  IUQPPOBBIX  JAHHBIX C  HCIOJIb30BaHUEM
roJjorpa)uueckoro MPUHIIMIA Ba)KHO BO MHOTHX MPUMEHEHUSX, CBSI3aHHBIX KaK C 3alHChHIO
poBoii MHPOPMAITUN HA HIIEKTPOHHBIE HOCHTENH, TaK M C nepenadeil nHGopMauu mno
KaHajgaMm cBs3U. llenbro maHHOM pabOTHI SBJSUIACh pealu3allvs, IPOBEPKAa W aHAIN3
KPHUIITOCTOMKOCTH Pa3IMYHBIX METOJIOB KOJMPOBAHUS MHPOPMALIUU O «IUIOCKUX» 0OBEKTaxX
1 00BEMHBIX CIIEHAX C MMOMOIIBIO CITy9alHBIX (Da30BBIX MAcOK B IIU(POBOH Toorpaduu.
[IporpamMmmHO peanu3oBaHbBl U MPUMEHEHBI 3 METOoJa KOAWPOBaHUS HH(pOpMaAIMu 00
00BEKTax, PETUCTPUPYEMBIX IIU(PPOBBIMHU rOJIOTPAMMAMHU:
1. OnTuveckre METOIbl: KOJAUPOBAHHE C IBYMsI CIIy4alHbIMH (a3oBbiMH Mackamu (K2)
[2] m xoaupoBaHHE OOBEKTHOTO Iy4Yka B MPOCTPAHCTBEHHOM IIJIOCKOCTH C
UCIIOJIb30BaHMEeM cirydaiiHoi ¢a3zoBoit macku (KOII) (moxoxuit MmeTos nmpeacTaBiieH
B [3]).

2. lludpoBoii METO] KOTUPOBAHUS B YACTOTHOW TUIOCKOCTH CBEPTKOW C MMITYJIbCHBIM
OTKJINKOM CHUCTEMBI C UCTIOJIb30BaHUEM ciydaiiHo (azoBoii macku (KUC) [6].

AHanmu3 METOI0B MPOU3BOAMIICS ITyTEM MOJICIIMPOBAHUS ONTHYECKON 3arucu IU(POBHIX
rojgorpamm  DpeHens, MOICTUPOBAHHUS ONTHYECKOTO WM LU(PPOBOTO KOAWPOBAHUS,
MOJICIIUPOBAHUS ONITUYECKOTO MM ITU(PPOBOTO IEKOAMPOBaHUS HHPOpMALWH. J{I1MHA BOIHEI
U3JIy4YeHUs] MPUHUMANAch paBHOW 532 HM, pa3Mep mHKcems (OTOPErucTpaTopa COCTABISII
9x9 MkM’. B KauecTBe HCXOIHOTO OOBEKTHOTO H300PaKEHHs HCIIONB30BATOCH CTAHIAPTHOE
TECTOBOE M300pakeHHE B OTTEHKax ceporo pasmepom 128x128 orcuéroB Ha noje
1024x1024 orcuéroB. Ha puc. | mpuBeacHBl BOCCTAHOBICHHBIC U300paKEHHUS OOBEKTHBIX
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noJjiell ¢ KOJUPOBAHHBIX TOJIOTPAMM TIOCJIE JEKOAMPOBAaHUS HMH(OpPMAMK € HHX C
UCTIOJIb30BAHUEM CITy4aiiHOH (a, B, 1) U TpeOyemoii (pa3oBrix Macok (0, r, €). Kak BuaHo, nmpu
JNEKOTUPOBAaHMM HMH(POPMALMU C HCIOJB30BAHUEM HEKOPPEKTHOM (Da3oBOil  Macku
nU300paxkeHne 00bEeKTa HEUICHTHUPHUITUPYEMO.

Puc. 1. BoccTanoBieHHbIe H300paskeHUsI OOBEKTHBIX TOJIEH € 3aKOJMPOBAHHOM TOJIOTPAMMBI
Openenss meronamu K2 (a, 6), KOII (B,r) u KUYC (z,e) ¢ HEKOppeKTHbIM (a, B, 1) U
KOPPEKTHBIM JIeKoaupoBanueM (0, I, €)

brina mpoBeneHa npoBepka CTOWKOCTH PAcCMaTpUBAEMbIX METOJOB KOAMPOBAHMS K
UCTIOJIb30BAHUIO TIPU JIEKOJAUPOBAHUY MPOU3BOJIBHBIX (Pa30BhIX Macok. Ha puc. 2 mpuBenéu
rpaduk 3aBHCHUMOCTH HOPMHUPOBAHHOTO cpeaHekBaapatudeckoro otkioHeHus (HCKO)
BOCCTAHOBJICHHOTO H300pa)XEHUSI OTHOCHTEIBHO MCXOJHOTO OT MOPSAKOBOTO HOMEpa
UCTIOJB3YyeMON TpU JEKOJMPOBAHMM HH(POPMALMM IMPOU3BOJILHOW CllydailHON Macku. B
nanHoM ciyyae 3HaueHuss HCKO mnpakTtudecku MIEHTHYHBI U cOCTaBiAlOT okojio 0,6. B
pe3yabTare BOCCTAHOBIIEHHOE M300pakeHHMEe OO0BEKTa, KaK M MpEACTaBICHHOE Ha pHC. la,
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HenneHtuuuupyemo. I'paduxu mis apyrux meronos (KOIT u KCY) ananoruyuHsl.
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MopAAKOBLIN HOMEP NPOU3BONbHON (ha30BOIN MacKy,
MCNonb3yeMon Npyu AeKoaUupoBaHuK

Puc. 2. I'padpux 3aBucumoctn HCKO npexoampoBaHHOTO HM300pa)KE€HHsI OTHOCHUTEIBHO
OpUTHHAaJa OT MOPSAJKOBOTO HOMEpPA MPOU3BOJIBHON CIy4allHOW MAacKH, UCIOJIb3YEMOU MPHU
JEKOAUPOBAHUU

Taxke Oblla TpOBEACHA OLEHKAa CTOWKOCTH pacCMaTpUBAaEMBbIX METOJOB K
UCTIOJIb30BAHUIO TIPU AEKOJUPOBAHUH CIIy4aiHOH (pa30BON MAaCKH, CXOJHOH ¢ UCHIOIB3YeMOM
npu komupoBanuu. Ha puc. 3 mpuBenén rpaduk 3aBucumoctn HCKO BoccTaHOBIEHHOTO
U300paKeHUs] OTHOCUTENIFHO HCXOJHOTO OT JOJW JuanazoHa (a3 2 ciaydailHbIX (a3oBBIX
MacoOK IpH JIEKOJAMPOBAHUH MH(POPMALIUU C TOJIOTPAMMBbI OTHOCUTEIFHO HCIIOJIb3YeMOH Mpu
KoaupoBaHuu. J{ns komupoBaHus ucnoawszoBaics Meron K2. Kak BuIHO, M3MEHEHHe
nuana3zoHa Macku Ha 18 % OTHOCHTENBHO HCIOJIB3YEMOM NHpU KOJUPOBAHUU IPUBOIUT K
ysesmmuenuto HCKO o 0,2.

bruta mpoBeseHa uMCIEHHAas OIEHKAa KPUOTOCTOMKOCTH METOJIOB KOIMPOBAHUS
uHpopmanuu. HMcmonb3oBamuck (a3oBble Macku ¢ 256 rpamamusMu Gasbl U pazMepoM
2048x2048 otcuéroB. COrnacHO TEOPHHM CTATUCTUKH BEPOSTHOCTH aOCOJIOTHO BEPHOTO
nojoopa (C TOYHOCTBIO JI0 Ka)JOTO IMUKCENS) MOJOOHBIX MAcCOK COCTaBIISET 10720201781,
BeposarHocts moabopa (a3oBBIX Macok ¢ y4€TOM BO3MOKHOCTEH MOJYYEHHS HE TOJIBKO
MakcuMaiabHO BeicOKOro kadecTBa, HO U npuemsieMoro (HCKO<HCKO i, +0,2, rie HCKOpiy
OIIpe/IeIsIeTCs IPH BEIOOpE aBCOIIOTHO BEpHBIX (azoBbIX Macok) cocrapmma 1070, TIpu
3TOM OBLIH MCIIOJIb30BaHBl HEKOTOPHIE OLIEHKU KPpUNTOCTOWKOCTH MeTona K2, mpuBenéHueie
B [7], ang mMacok ¢ MaibIM uuciaoM oTcu€roB. [Ipu komupoBanum Meronamu KOIT u KCYH
UCTOJb3yeTcs onHa (a3oBas Macka. B pesynbraTe BEpOSTHOCTH aOCOJIOTHO BEPHOTO

-101 2 -
noadopa macku cocraut 107" a mackm ¢ mpuemmembiMu xapakrepuctukamu - 10
3953723
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Puc. 3. I'pagpuk 3aBucumoctn HCKO npexkoampoBaHHOTO HU300pa’kKeHHs] OTHOCHUTEIBHO
OpHUTHHANA OT J0JIM AUana3zoHa (a3bl MaCKH, UCIOIB3yEMO MPH KOJIMPOBAHUU

Takum o0pa3zom, Moa00p KOPPEKTHOTro Kiroda MyTEM MpsIMOTrO mepebopa 3HaYeHUi
¢da3bl (Ha30BBIX MACOK SIBIISETCS YPE3BBIUAHHO PECYpCOEMKUM M TIPU CYIIECTBYIOIIMX Ha
JTAHHBIA MOMEHT KOMITBIOTEPHBIX MOIIHOCTSIX COCTABHUT MPUOIH3UTEIHLHO 1077°° et s
Mmerona K2 u 10°9°%9 et 1utst Mmeto1oB koauposanust KOIT u KCY.
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SJIEKTPUUYECKUE CBOMCTBA KPUCTAJLJIA LiCu;0;45
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« INFLUENCE OF CRYSTAL LATTICE DEFORMATION ON DC ELECTRICAL PROPERTIES OF
CRYSTAL LiCu,0;4 5 »

H.S. Dau”, E.A. Tishchenko?, A. A. Bush®, K.E. Kamenzev®
1. People’s Friendship University of Russia, Moscow, 117198, Russia.
2. P.L. Kapitza Institute for Physical Problems, Moscow, 119334, Russia
3. Moscow State Institute of Radioengineering, Electronics, and Automation (Technical
University), Moscow, 117454, Russia
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OnementapHas sueiika LiCu,O, mpencraBinser co0oil  CTPYKTYpy, OCHOBHBIMH
6a30BBIMU GIOKAMH KOTOPOil sBisOTCs mapamumsl Cu’ Os ¢ KBaAPaTHBIME OCHOBAHHSAMU
Cu*"0*, ranremn O-Cu' -0, u takue sxe ma Li' [1]. Dt 610kH B miockoctn ab 06pasyior
CIIOUCTYIO CTPYKTYpYy U3 IBOHMHBIX cioeB Tuma LiCuO;, B KOTOPBIX MEIHbIE U JHUTHUEBBIC
NUPaMUIbl BEICTPOCHBI B BHJIE IMHEHHBIX LIENEH BIOJIb OCH b aqbTepHAaTHBHO BIOJbH OCH a.
JIBOifHBIC CIOM BJONb OCH € PpasjeneHbl miockocTamu Cu'’, oOpasylomMMH  IOYTH
KBaJPaTHYI0 pELIETKY, B KOTOPOH IIEHTPbI KBaJIpaTOB MOTYT OBITh BaKaHCHSMH IS
aKKOMOJalMKU AKcTpa-kuciaopoaa Os WM Ipyrux AONUPYIOLUIUX 3JIEMEHTOB. OJTH CIIOU
OJIHOBAJICHTHOM MEI¥, TaHTEJIbHO KOOPAMHUPOBAHHBIE KHCIOPOJIOM, COOTBETCTBYIOT
ctpykrypHomMy MoTuBy BTCII coenunenuii tuna 123.

VYCTaHOBJIEHO, 4YTO 3JIEKTPUYECKUE CBOMCTBA ATOr0 KpHUCTAUIa HM3MEHSIOTCA IOJ
BJIMSTHUEM JIOKQJIBHBIX JeopManii KpUCTALTHYECKOW PEUISTKH U MPH MPONYCKAaHUH Yepe3
HEro cuiibHOTO TokKa [2].Takue nedopManuu BO3HHKAIOT HE TOJIBKO M3-3a BHeApeHus O, HO
¥ ¥3-32 B3aUMHOTO OOMEHA CTPYKTYPHBIMH MO3HIMAMH KatnoHOB Li~ i Cu’'c GIu3KHME
XUMHAYECKHMHU PaJyCcaMH B IPOIIECCE 3aKAIKH 00pa3loB U3 00JIacTH TeMnepaTyp Bbiiie Ty~
993 K, npu KOTOpPOH MPOUCXOJUT CTPYKTYPHBIN IIEpEX0] TUIIAa MOPAIOK — Oecriopsiiok [3].

IKCIHHEPUMEHT U OBCYXKJIEHUE

Uto0bl M3y4uTh BIMAHUE JAePOpMAIMH KPUCTALTUYECKON PEIIeTKH Ha 3apsIOBBIN
tpancnopT Kpucramia LiCu,O,, MBI HCIIONB30BaNIN CEPUI0 00PA3II0B, BEIPAIIEHHBIX METOIOM
CIOHTAaHHON KpHUCTAIUIM3AallMd W3 pacTBopa B paciuiae. s momudukanmuu o0Opasios
ucnoJib3oBanu oTkur mpu 1120 K B Teuenue 40 MUHYT B BO3IYIIHOHN aTMocdepe, ObICTPYIO
3aKayIKy M nocieayromuil Markuit omxur npu 400 K B Teuenne 4 yacoB B MOTOKE BO3AyXa.
W3mepenneM Macchl 00pas3loB [0 M TOCIE 3aKaJKH W PEHTITCHOBCKUM CTPYKTYPHBIM
aHaJTM30M OBIJIO YCTAaHOBJIEHO, YTO Macca 00pa3IoB Ha yPOBHE MUKPOI'PaMM HE H3MEHsIIACh,
omHako Ha moBepxHOCTsX (001) kpucCTaIOB B OYEHb TOHKOM CJIO€ MOSBISIAch Qasza
LiCu30s3, xoTOpas JIerko yCTpaHsiiach MOIUpOBKOH. Kpucrammndeckas cTpykrypa oOpas3ion
XapaKTepu30Balach PEHTICHOBCKUM (Pa30BbIM aHAIM30M, a MOP(OJIOTUS MX TMOBEPXHOCTH
HOJIIPU3aLUOHHBIM MUKPOCKOIIOM. BBIJIO YCTaHOBIIEHO, YTO MOCIIE CUHTE3a, KaK MIPaBuio, Ha
obeux (0 O 1) ab -mockocTsax 00pa3loB HaOMIOJANACh MENKas JOMEHHAs CTPYKTYpa,
KOTOpas mocie MoAu(UKalMK Hucue3aia ¥ BO3HUKaa 0oJjiee KpymHasi JOMEHHasi CTPYKTypa
B BUJIC MIEPUOJUYECKUX CBETIBIX U TEMHBIX MOJIOC, BHITAHYTBIX BAOJb €CTECTBEHHBIX [2 1 0]
w [2 -1 0] rpaneit kpuctamna ( cM. puc. 1). Ilpuuem Ha Tex ab miuockocTsx, re miomaib
IO/l CBETIBIMU I[0JIOCAMHM TIPEBAJIMpPOBaia, HW3MEPEHHBIE KOHCTAaHThl € ObuIM OoJibLIE
AQHAJIOTHYHBIX JUISI CTOPOH C MPOTHUBOTIOJIOKHBIM COOTHOIICHHEM, a peduiekTsl (0 0 12) Obinm
MHTCHCUBHEE MMOYTH Ha 2 pa3a. YKa3aHHbIE TEHACHIIMN HaOIIOIANCh Ul BCEX M3YyYCHHBIX
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HAMU MOJTUQUIIMPOBAHHBIX 00pa3oB (Oojee necsTka). B pesympraTre MomuduKanuud B
CpPEIHEM KpUCTAIJIMYECKAs] PELIETKAa CHKUMAETCS: yMEHbUIAeTCsl OOBEM 3IIEMEHTapHOMN
SYEUKHN U 0COOEHHO KOHCTaHTa € (CM. puc. 2).

W3 pe3ynbraroB 1a3epHOTO Macc-CIEKTPOMETPHUUECKOIO aHalIM3a BBIICHUIIOCH, YTO

OTHONICHWE aTOMHBIX KoHIeHTpamuid [Cu]/[Li] oTimyamack OT CTEXHOMETPHYECKOTO
3HAUCHUS 2 B TPEThEM-UYETBEPTOM 3HAKE MaHTHCCHI, a oTHolieHue [O]/[Li] cocraBnso 2,2—
2,3 Ui MCTIOJIb3YeMbIX HaMU 00pa3lioB U3 JBYX Pa3HBIX CHHTE30B. MOXKHO MPEAIOIOKHUTD,
yto AaHHble 3HaYeHHus O = 0,2—0,3 cooTBeTCTBYIOT M30bITOUHOMY Kuciopoay Oz, KOTOPHIiA
anajgornyHo BTCII tuma 123 mMoxeT 3aHUMaTh BaKaHTHBIE OKTadJApUUYECKUE MO3ULUU B
IJIOCKOCTSX ojHOBajeHTHOW meau [4]. U3 mpaktuku BTCII matepuaioB u3BectHo, 4to Op
o0namaeT MOOMIIBHOCTBIO M CIIOCOOCH CaMOOPraHM30BBIBATHCA B KIIACTEPHI, OCYILECTBIISS
JOKaJbHYIO Ae(opManuio KPUCTAIMUECKON CTPYKTYphl M JAblpouHoe fonupoBaHue CuOy
0s10k0B [5]. Mcxoas u3 cka3aHHOTO MOKHO MPEIOI0XKUTh, YTO CKATUE BJIOJIb OCH € CBS3aHO
¢ yuactueMm Os. g WUIIOCTpallud OMNMCAHHOM KapTUHBI Mbl HCIIOJIb3YyEM JaHHbIC JUIS
obOpasna A4.
[Mocne momudukanun DC mpoBoANMOCTh NMPH KOMHATHOW Temrieparype 1o ab miockocTu
yBeIu4miIach npuMepHo Ha 20% U B 11€I0M U3MEHMJIA CBOIO TEMIEPATYPHYIO 3aBUCHUMOCTb.
B ucxogom ob6paszue mpu 150 < T < 300 K xpuBble 3TUX 3aBUCHMOCTEH XOPOIIO
HNOJTOHSAJIMCh MOJIENbIO TPBDKKOBOM TPOBOJAMMOCTH MEXIY ONMKAWIINMH  COCEAIMU
(IMBC) (o = coexp{-Ea/T}) ¢ E, = 800 K; mmxe 150 K Hu 912 Mogens Hu Mozenbs Motra [6]
JUIS. TIPBDKKOBOM MpoBOAMMOCTH ¢ nepeMenHoi jmmHo# npsbkka (ITTITIAIT) (o = c.exp{-
[TJ/T]"}), v=1/(d+1), d — pasmepHOCTb cucTeMbl) He paboTanu. [Tostomy B mHTEepBaie 50 <
T < 150 K ¢ nomouipto nporpammsl MATHCAD Mbl NOATOHSJIM 3KCIIEPUMEHTAIbHbBIE
KPUBBIE 110 NEPEXOJHON MOJAENU, KOTOPAsi OMUCBIBAET TPAHCIOPT IPU MEPEXOAE U3 OJHOIO
pexuMa B apyroii (6 = ooexp{-EJ/T-[Ty/T]"}), xopomas moaromka momydamach ¢
napamerpamu E, = 354 K u Ty = 1,46. 10’ K u mucnepcueii 0,4%. Ilocie 3aKkankd B
untepsane 300-150 K u mmxe 50 K xopomo padorana mogens I ¢ Ty = 3,46 10" u
4,34 10° K, coorerctenno. Ilocne msrkoro orxura B maTepsane 300-100 K kpusbie
MPOBOAUMOCTH omnuckiBamuchk wmojaenbto [T ¢ Ty = 2,80 10’K. Usnoxennoe
npowuttocTpupoBaHo Ha Puc. 3 u 4. Pasmepnocts npoBoaumoctu s [IIIIAIT Obuta
IPOKOHTPOJIMPOBAaHA IIyTEM OIPEIEIICHUS 3HAUEHUS V M0 HAKIOHY JUHEHHOM NOArOHKHU
KPUBBIX TEMIIEPAaTypHOM 3aBUCUMOCTH JIOKQJIBHOM aKTUBALIMOHHOW »Heprunm A = -
Olnp/0In(1/T), mocTpoenusix B koopauHarax (log(A), logT). D1o 3Hauenue, Hanpumep, s
ab mockoctu nocne Msrkoro orxura B uatepsaiie 120-300 K paBusuiocs 0,23 + 0,03 = V4,
910 OMM3KO K 3HaYeHuto d = 3.

ITo ocu ¢ curyauus apyras (puc. 5): DC npoBoaumocTs Ipy KOMHAaTHOW TeMIepaType
nocie MOAW(UKAUHN YBEIMYMIAch HA  MOPANAOK, A0 MOJU(PHUKAIUKA 3aBUCUMOCTH B
unTepsane 300-70 K xopomro mogromsiores Mozensio HIITIAI ¢ Ty = 2,6. 10° K; mocme
3akanku ot 1120 K : B 300-100 K — IIIIIIAII ¢ To= 3,94107 Kunpu T <50 K moaensio amns
CMEIIaHHOTO pexuMa ¢ Ty = 1,06105 Ku E, = 56,8 K; nocne msrkoro omxura npu 400 K: B
300-130 K - TIIIIAI ¢ To = 3,08.10" K u nmpu T < 50 K — IIIBC ¢ E, = 124 K.
AxtuBanonHeid pexxum npu T < 50 K mocne momudukanuu MOXeT OBITh CBS3aH C
aKTUBAIlME HOCHUTENEH 3apsga uyepe3 MarHUTHYIO KECTKyIo wienb (puc. 5). 3HaueHue
napamerpa Ty xapakrepusyercs: hopmyinoit [6]:

To = 2,1%.[a’/kg N(Ep)] (1)
I'me 1/a — pamuyc BOJHOBOH (YHKIMH, COOTBETCTBYIOLIMH paguycCy JOKaJIHM30BaHHOTO
coctosiausi, N(Ep)-IIIOTHOCTE 3JEKTPOHHBIX COCTOSIHUN BOJIM3H ypoBHS DepMu HA eIMHUILY
oO0bemMa W DSHEpruM. YMEHbIIEHHE 3HadeHus T( mocie MOauQHKAIMKU YyKa3bIBaeT Ha
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YBEIMYEHHUE TIOTHOCTH AJIEKTPOHHBIX COCTOSHUI B 00beMe JOKaIH3allMi HOCUTENS 33 CUeT
cKatus oobeMa.

BenuunHa HampspKeHMsT U TOKa CMELIEHHUS OKas3blBalOT BIMSIHUE HAa BEJIIMYUHY €r0
npoBoaumoctu. Ha Puc. 6 nokaszans! kpussie DC npoBoanMocTu oOpasua o ab miockoctu
10CJIe MATKOTO OT)KWTa MpHU JABYX HampsbkeHusx cmemenus 10 B u 1 B. Buano, uro npu
cmemennu 10 B yBenmuMBaroTCs M MPOBOAUMOCTb, M 3HaueHue Ty MO CpaBHEHHIO CO
cmemnenreM 1 B. Dto cBuaerenscTByeT 00 yBEIMUYEHHUH MIIOTHOCTH JIEKTPOHHBIX COCTOSTHHUM
3a CYET MHKEKLIUU HOCUTENEH. AHATIOTUYHAs CUTYallUs TaKKe€ BO3HUKAET U BJI0JIb OCH C.

3AK/IIOYEHHUE

Cwmena nocne moaudukanuu pexkuma nposoaumoctu [MIIBC wa TIIITAIL B mnockoctu
ab B obGmactu T > 150 K yka3eiBaeT Ha BOZHMKHOBEHHE OOJBIICH Pa3ymopsii04eHHOCTH B
JIOKaJIbHOU CTPYKTYpe, MPUBOISAIICH K 0oJiee IMHUPOKOMY PACIpEIeICHUIO KaK MPBIHKKOBBIX
0apbepoB, TaK U AIEKTPOHHBIX COCTOSIHUM, JIOKAJIIM30BAHHBIX 0K0JI0 ypoBHS Pepmu. OHAKO
C)KaTHe PELIETKH YBEJIWYWIO MHTErpaj MNEpeKpbITHS, YTO IMPHUBEIO K POCTY IJIOTHOCTU
COCTOSIHUH M IPOBOAMMOCTH, KaK 3TO BUAHO U A pexxuma IIIIIAIT o ocu ¢. Dto npuseno
K YMEHBIICHMIO aHU30TPONMM M  TPEXMEPHOMY TpaHCIOpPTY. Bo3HHMKHOBEHHE
MaKpOCKOIMYECKUX YHOPSAOYECHHBIX IBOMHUKOB MOXXHO OOBACHUTH camoopranuzanueii Os,
KOTOPO MPENATCTBYIOT XUMUYECKHI OECTIOPSIOK U3-32 00MEHA B3aMMHBIMHU TO3UIUSIMU Li’
1 Cu”" u cTpyKTYpHBIE Ae(eKTh! (OJHOMEPHEIE U JBYXMEPHBIE), KOTOPhIE MOI'YT BO3HHKATH
U YCUJIUBATBCS B pe3ysbTaTe rnporeccoB ObicTporo Harpesa no 1120 K u 3akanku go 300 K.
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B nacrosmiee Bpems ckaHUpYyIOLash ONTHYECKAass MHUKPOCKOIUS OTHOCHUTCS K YHUCIY
HauboJee pacnpoCTpaHEHHBIX METO/IOB UCCIIEI0BaHUsS IOBEPXHOCTH. TemM He MeHee, 3a7aua
UCCJIEIOBAHUS BO3MOXKHOCTH €€ TNPHUMEHEHUS JJIs KOJUYECTBEHHON XapakTepu3aluu
00BEKTOB HE TEPSET aKTyaJbHOCTH. CBS3aHO 3TO, C OJHOW CTOPOHBI, C TEXHOJIOTMYECKUM
IPOTPECCOM U MOSIBIIEHUEM HOBBIX EPCHEKTHUBHBIX OOBEKTOB IS UCCIEIOBAHUS, a C JPYroi
— C €ECTECTBEHHBIM OTCYTCTBUEM YHUBEPCAJIbHBIX METOJOB U, Kak CIEACTBHE,
HEO0OXO0IMMOCTHIO B3aUMHOM aanTanui 00EKTOB M METOIOB.

OCHOBHBIMH TIPEUMYILIECTBAMU CKAaHUPYIOIMIEro Au(depeHnnanbHOro ONnTHYECKOTo
mukpockorna (CHAI'M), ucnonb3yemMoro HaMu JUIsi Ieled ONTHYECKOW XapaKTepu3alluw,
SIBIISIIOTCS: OJTHOBPEMEHHAsI PETUCTpaIMs Kak (a30BOM, TaK U aMIUTUTYIHOM COCTaBIIAIONICH
ONTUYECKOTO CHUTHala, BBICOKAas YCTOMYMBOCTh K AKYCTHYECKMM IIOME€XaM, a TaKxke
JIOKAIBHBIN (TOpsIKa BEIWMYUHBI JU(PPAKIHMOHHOTO TMpeea pa3peiieHus) xapakrep coopa
unpopmanuu [1]. Kpome storo, B CIAI'M ecTb NOMONHHUTENIbHAS CTENEHb CBOOOJIBI,
CBSI3aHHAs C BO3MOXKHOCTBIO YCTAaHOBKM HEOOXOIMMOIO PpACCTOSIHHS MEXIYy IBYMs
30HIUPYIOIIMMH IydkamMu Ha oObekre. OnHako mmpokomy mnpumeHeHuio CIHI'M
NpPEMATCTBYET, B YAacCTHOCTH, HEJIMHEWHBIM XapakTep ero (yHKIUH OTKIUKa. Pemienue
obpatHoii 3amaun CJI'M BbINONHSIETCS NpPU PELICHUU HEIUHEHHOIO0 HUHTETPAbHOTO
yYpaBHEHHMS, CBS3BIBAIOIIETO (DYHKIIMIO OTKJIMKA C TTapaMeTpaMHi MUKPOCKOIA U MapaMeTpaMu
oObekTa:

F(x,)= jjg(xs +e/2-x)g (x, —€/2—x")r(x)r (x")dxdx',

rae g(x) — dyHKIUsS GOpMBI 30HAUPYIOIIETO MATHA, Xs — KOOPAWHATA CKAaHUPOBaHUS, 7(X) —
JOKAJBHBIA KOA(PQPHUIMEHT OTPaXKEHUS OOBEKTa, € — HMHTEPBAT MEXAY 30HAUPYIOMIMMHU
nyuykamu. CyIIecTByeT allfOPUTM JUHeapu3anuu (pyHKIHH OTKIMKA [2], OCHOBAaHHBIA Ha
UCIIOJIb30BaHUU TeopeMbl oTcueToB KoTenbHukoBa-llleHHOHa, HO 3apaHee ONpEAEIUTh
BO3MOKHOCTh €r0 MpPHMEHEHHs s MPOU3BOJIBHOTO 00bekTa Henb3s. KiroueBbiM
napaMeTpoM 3JIECh SBISIETCS OTHOLIECHHE CHTHAJI/IIYM, KOTOPOE CTAHOBHUTCS JIOCTOBEPHO
M3BECTHBIM TOJBKO B X0/1€ nosryueHus otkinka CLAI'M.

B Hactosmeil pabore m3ydaercs BO3MOXKHOCTH IPUMEHEHHS METOJa CKaHUPYIOIEH
Qg QepeHInanbHON reTepOIMHHON MUKPOCKOTIMHU /7Sl OTIPEAETICHHUS TOJIIMHBI, TOKa3aTess
IPEJOMIIEHUSI U ONTUYECKONH HEOJAHOPOJHOCTU TOHKUX ONTHUYECKMX BOJHOBOJHBIX IUICHOK,
c(OPMHUPOBAHHBIX C TMOMOINBIO 30JIb-T€Ib TEXHOJIOIMH Ha CTEKJISIHHBIX MOJUIOKKax. Jls
NOJYYeHHBIX OKCHEPUMEHTAJBHBIX OTKIMKOB OOpaTHas 3ajada pEHIaeTcss MeETOJIOM
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JIMHCapu3alunu. AHaJII/I3I/IpYIOTC5I BCIIMYMHBI W HCTOYHHUKHU HOI‘pCH.IHOCTCfI ONpCACIICHUA
napamMmeTpoB ONTHUYCCKHUX IIJICHOK, a TakKiKC MPOBOAUTCA CPaBHCHHUEC TTOJYYCHHBLIX
PE3YIbTATOB C PC3yjibTaTaMU, MMOJYYCHHBIMU AJIbTCPHATUBHBIMH MCTOJAMMU.
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MOBBIITEHUE TOYHOCTHY PEHTEHUS OBPATHOM 3AJIAUM JIJISI
MNPAMOYT OJbHBIX MUKPOBOJIHOBO/IOB IO OTKJIUKY OIITUYECKOI'O
MUKPOCKOIIA
H. M. Axmemxkanos, /. B. bapanos, E. M. 3o50ToB

«ADVANCED SOLUTION OF THE INVERSE PROBLEM FOR RECTANGULAR
MICROWAVEGUIDES BY THE RESPONSE OF OPTICAL MICROSCOPE)

I. M. Akhmedzhanov, D. V. Baranov and E. M. Zolotov

Unemumym obwett puzuxu um. A.M. I[Ipoxoposa PAH, Mockea, Poccus
e-mail: zolotov@kapella.gpi.ru

CkaHupylomas reTepoAnHHasi MUKPOCKOTHS O1aroiapsi BBICOKOH TOUHOCTH M3MEPEHUI
U YCTOMYMBOCTH K BHOpanusM SBISIETCS IEPCIEKTHUBHBIM CPEJICTBOM JJIsi METPOJIOTUU
NOBEPXHOCTHBIX HAHOCTPYKTYp, B TOM 4YHCI€ IUIa3MOHHBIX BoJHOBOJ0B (IIB),
(bopMUpYyEMBIX B METAJUIMYECKUX TOJUIOKKAX B BUAEC MUKPOKAHABOK PA3IMYHOTO MPOQHIIs
[1]. Henpto HacTosimeld pabOTHI SBISAETCS HCCIEAOBAHUE ANTOPUTMA pEIICHUs OOpaTHOM
3anaun (O3) ckanupyromiero muddepeHnuanTsHOro rerepoauaHoro mukpockona (CAIM) no
€ro OTKJIMKAaM Ha JBYX JiIuHaX BoJH oT IIB mpsmoyromsHOro mpodmuis. IIpemnoxeHHbIH
panee B paborax [2,3] amroputm pemenus O3 Juisi yKa3aHHOTO THIA BOJHOBOJIOB
UCTIOJIb30BAJl aMIUTUTYHO-(a30Bble OTKIMKH HA OJHOM [UIMHE BOJHBI 30HAMPYIOIIETO JTyda
MuKkpockorna. OIHaKO 3TOT METOJ MMEN HEJOCTAaTOK, BBIPAKAIOLIUICS B HAINYUU
OTpe/ieNieHHBIX oOnacTeil 3HaueHuil mapamerpoB IIB, B kortopeix pemenue O3 ObLI0
HEYCTOWYMBBIM. XOTS ObIT Hal/IeH aNTOPUTM CMELICHUS THX OOJIaCcTei MyTeM U3MEHEHHS
apaMeTpoB MHUKPOCKOINA, TEM HE MEHEE IPEJCTaBISIET MHTEPEC MCCIEAO0BAaHUE IPYTHX
BapuaHToB pemieHus O3, cBOOOIHBIX OT YKa3aHHOTO HeJocTaTKa. B Hactosiei paboTe Mbl
ucciieqyeM BO3MOXKHOCTh pemieHuss O3 Toibko mo (a3oBbIM OTKIMKaM Ha onxHol TE
NOJIApU3allii, HO Ha JABYX pa3HbIX JUIMHAX BOJIH 30HJUPYIOIIETO IIy4Ka MHKPOCKOIIA.
OOpaTtHas 3ajava, Kak U B IPEABIAYILIUX CilydasX, PEeIIaeTcs C HUCIOJIb30BAaHUEM METOJA
nojoopa [4], 6a3a maHHBIX YIS KOTOPOro (OPMHUPYETCS M3 BETUYHMH (Ha30BOTO KOHTPACTA,
paccUMTaHHBIX Ui BBIOpaHHOTO auanazoHa mnapamerpoB IIB. YcmoBuem BO3MOKHOCTH
pemienust O3 sBIsETCSA CYLIECTBOBAHUE PELIEHMs, €r0 OJHO3HAUYHOCTb M YCTOWYUBOCTb.
Hannune ykasanHo# 0a3bl JaHHBIX M anropurMa pemieHuss O3 MO3BOJNIUT OCYIIECTBIISTH
XapakTepu3anuio peanbHbIXx [IB mpsMoyrombHOTO mpoWiIs MO SKCHEPUMEHTAIHHBIM
otkymmkam CIII'M.

B Hamem ciydae 6a3a JaHHBIX COCTOSJIA M3 3HAUYEHHH KOHTpacTa (a3oBBIX OTKIMKOB,
paccuuTaHHBIX Juis AIUH BOMH A = 0,63 MkM u Ay = 0,53 mxm Ha TE-monspuzarmm.
Juanasonsl 3HaueHuil napamerpoB [IB, B koTopblXx paccunmThiBanach 0aza JaHHBIX
coctaBisin w= 0,4 + 0,6 mxm ast mupunsl U d = 0,8 + 1,5 MKkM 1t TiIyOUHBI BOJIHOBOJIA.
Paccunrannbpie AByMEpHBIE MacCHBBI KOHTpPAcToB @) u @, misg A; U Ay, COOTBETCTBEHHO,
ObLTM MHTEpHoJMpoBaHsl 10 pazmepa 300x300 npu uHTEpBanax quckperuzanuu Aw =1 HM u
Ad =2 HM, KOTOpBIE B TpaUuecKOM NPEACTABICHUU HMEIOT BHJ KBAa3HIIEPHOIUYECKUX
JBYMEPHBIX (YHKIIHA, 3aBUCSAIIUX OT MapameTpoB w u d (puc. 1). BXogHbIMU NaHHBIMH JJIS
O3 sBisAtoTCS 3HAYEHHs KOHTpacTa (a3oBoro orkiumka Mukpockoma Dy(A)) u Do(Ay),
MOJIyYUEHHOTO Ha JBYX JUIMHax BOJH. Pemennto O3 Ha mpeacTaBIEHHOM PHUCYHKE OyayT
COOTBETCTBOBATh T€ 3HAUYEHHUS M1apaMETPOB BOJHOBOJAA W U d, KOTOPbIE SBISAIOTCA OOLIMMU
npu nepeceueHun mnoBepxHocTe Di(d, w) u Dy(d, w) TOPU3OHTAIBHBIM IUIOCKOCTSIMU
D = Dp(A1) u Dy = Dy(A2), COOTBETCTBEHHO.

Crenyer OTMETUTh, YTO B 3HAUYEHHUSAX KOHTpacTa (pa30BOr0 OTKIIMKA IMOAPa3yMeBaeTCs
HaJIMYMe HEKOTOPO# OMMOKH, 00YCIOBIEHHONH TOYHOCTBIO OTpeieneHus (pa3oBoro OTKIMKa,
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KOTOpasi OLIEHMBAETCS Ha OCHOBAaHUM OHKCHepuMeHTa. ['paduuecku ykazaHHas omrOka
JIOJDKHA TIPOSIBIIATHCS B TOM, uTO QyHKIMH Di(d, w) u D1(d, w) JOKHBI MPENCTaBIATHCS
MOBEPXHOCTAMHM HEKOTOPOM TOJILIMHBI, BCIEJACTBHUE YEro INEPECEUEHHE IOBEPXHOCTEU C

TOPU30HTAIBHBIMU TNIOCKOCTSIMU OyZIET UMETh BUJ TOJIOC, YTO MPHUBENET K BOSHUKHOBEHHUIO
OLINOKYU peleHusl.
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Puc. 1. Konrpact dazoporo orknmmka CIAI'M Ha BOJHOBOJ C TPSMOYTOJBHBIM
HpO(l)I/IJIeM B 3aBHCHUMOCTH OT I‘JIy6I/IHbI U IMPHUHBI BOJIHOBOJA A JOBYX

3HaYeHUW [UIMHBI BOJHBI 30HIUpyOmero mnydka: A; = 0,63 MkMm (cneBa) u
A2 = 0,53 MkM™ (cmipaBa).
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Puc. 2. M3onuHum mnoBepxHOCTH KOHTpacTta (asoBoro orkiauka CAI'M Ha
BOJIHOBOJ] C IPSMOYTOJIBHBIM TPO(HIEM B 3aBUCUMOCTH OT TIIYOUHBI ¥ IIMPUHBI
BOJIHOBOJA ISl JABYX 3HAUEHUH JUIMHBI BOJIHBI 30HJUPYIOILIEro IyyKa:
A = 0,63 MKM (crutomHbIe TUHUK) U A2 = 0,53 MKM (IITPUXOBBIE JIUHUH).
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[upuHa MOJOCH], KaK M YIJIbl NEPECEYeHMs MOJOC IS ABYX AJUH BOJIH, SIBJISIFOTCS
OTpeesIoIUME  (pakTOpaMu  BeMMYMHBI ommOKku  pemenuss O3  MuKpockoma  Juis
BbIOpaHHOTO 00BEKTa. Y 100HEe BCEro B3aUMHOE MepeceueHre CEUYeHH IBYX MMOBEPXHOCTEH
NpEACTaBUTh C TOMOIIbI0 KX HW30JMHUM Ha KoopauHaTHOM cerke Owd. Ha puc. 2
n300pakeHbl M30JIMHUKM (PYHKIMH (a30BOro KOHTpacTa pacCUMTAHHBIX MAaCCHBOB JUIS IBYX
JUIMH BOJH ¢ uHTepBaJioM A® =40°. Touku mnepecedyeHus H30JMHUN MPEICTaBISIOT
pelieHre OOpaTHOM 3aJaud JUIsl pacCMaTpUBAEMOro OObEKTa. XapaKTEPHBIM OTIMYUEM
MOJy4eHHOH ceTKH (Da30BbIX M3OJIMHHUMA JUIS BYX JIMH BOJIH OT HCIOJBH30BAHHOW paHee
aMIUTUTYAHO-Ga30Boi ceTku [3] A OJHOM JUIMHBI BOJHBI SIBISETCS OTCYTCTBHE
HETIEPECEKAIOMINXCS M30JIMHUN, 00pa3yIolx HecTaOuiIbHBIE 30HBL. Kpome Toro, (asoBsie
H30JIMHUHA MICPECCKANOTCA MCKIY coboii Ioa OOJBIINMU yriiaMy, 4TO CBUACTCILCTBYCT O MCHBIIUX
MOTPEIIHOCTSX pellieHuss 00paTHOi 3amaun B ToM BapuaHTe. OneHka ommbOku pemeHus O3
Obly1a OCYIIECTBIIEHA JUIsl KOHTPOJBHOTO BOJHOBOJA C TEMU K€ napaMerpamu d = 1,1 MKkM u
w=0,5 MmkM, kak u B pabore [3]. Ecnu mpuHATh B Ka4eCTBE BXOJHBIX MOTPEIIHOCTEH st
¢a3oBoro KoHTpacTa Te€ K€ 3HAUEHWs, YTO M B yKa3aHHoOW paborte, T.e.
0Dy(A1) = 0@p(A2) = 0.5°, TO moOCIIe pacueToB MONYYMM 3HA4YCHHS OmHMOku perierus O3,
paBHble 0d =10 HM, Ow=15HM, 4YTO CyHIECTBEHHO MEHbBIIE, YeM B CIlydyae pPELICHHS
oOpaTHOW 3amauu MO aMIUTMTYJHOMY M (Pa30BOMYy KOHTpAcTy Ha OJHOHM JJIMHE BOJIHBL
OneHka OTHOCHTENBHON MOTPEIIHOCTH PElIeHHs IS IPYTux o0jacTell mpeacTaBIeHHOU
CETKM IOKa3aja MPUMEPHO TaKOM >K€ BBIMIPHIII B TOYHOCTH, MPAKTUUECKU BE3JE OHA
HaxoauTes B mpeaenax 0,5...2% s o0oux mapamMeTpoB BOJTHOBOA.

Taxum 00pazom, pa3paboTaHHBI HAa OCHOBE JIBYXBOJHOBOTO 30HIMPOBAHUS aJTOPUTM
pemenuss O3 CAI'M Ha TE-nonsgpuzanuu MO3BOJSET XapakTepU30BaThb IapaMeTphbl
npsiMoyrosbHbIX 1B ¢ Gosblieil TOUHOCTBIO, YEM B Cllydae MCIOJIb30BAaHUS KOHTpAacTa Ha
OJHOW JUIMHE BOJHBL JlaJbHEHIIAass ONTUMU3ALUSA NPEUIOKEHHOIO alrOpUTMa BO3MOXKHA
nyreM mnoadopa JAJAMH BOJH M HCIOJB30BAaHUS JOMOJHHUTENBHON WHGOpMAIMKU U3
aMIUIMTYAHOTO OTKJIMKA JUIsl MOBBIILIEHUs TOUHOCTH peweHus O3.
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E.V. Basisty V.A. Komotskii Yu. M. Sokolov
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Mopaynauus  7a3epHOTO0  H3JIyYEHUS  MOXKET  OCYIIECTBIATBCA C  IOMOIIbIO
T(PaKIMOHHBIX >JEMEHTOB. Tak, Hampumep, B padote [1] mpemmoskeHa opUrMHalIbHAS
KOHCTPYKIUS TUPPAKIUOHHOTO (PUIbTpA Ui YIPABICHHUS M3Ty4€HHEM MOIIHBIX JIa3€pOB.
QunbTp npeacTaBigeT coboil AMPPaKIMOHHYIO CTPYKTYPY, BBIIIOJHEHHYIO HA TUCKE B BUJC
OJTHOMEPHOH TU(PPAKINOHHOW PEHMIETKH C MOCTOSIHHBIM IIEPUOJIOM, HO ¢ U3MEHSIOMIEHCS 10
KPYI'Y CKBa)XHOCTBIO, WJIM JABYMEPHYIO AU(DPAKIMOHHYIO PEIIETKY C W3MEHSIoUencs
IIoHIapl0 AuyeeK. Bpamas AMCK, MOXXHO H3MEHSTh BBIXOJHYIO MOIIHOCTH HYJIEBOTO
HOPsJIKA Ja3€PHOT0 My4YKa B 3HAYUTEIBHOM IMHAMUYECKOM JIMaNa3oHe.

31ech ONHMCAHBI 08€ HOGble CXEMBI MOIYISATOPOB AU(PAKIIMOHHOTO THIIA, B OCHOBE
paboTBl KOTOPBIX JICKUT SIBICHHE IU(PPAKIUN JA3E€PHOTO IMy4YKa IMPH OTPAXKEHUU OT
penbedHO AUPPAKIMOHHONW peMIeTKH C NPSAMOYrOJbHBIM MpoduiIeM C OJWHAKOBOMH
IPOTSKEHHOCTHIO BHICTYIIOB U BIA/IMH,

CxeMa MoaynsiTopa nepeo2o muna [2] npuBeaeHa Ha puc. 1.

Hudpakimonnas pemerka 5, ¢ rmyonHoi penbeda H mopsiika HECKOTBKUX UIMH CBETOBOM
BOJIHBI A, IOKPBITAsi METANTHYECKON TUIEHKON 6 ycTaHOBIIEHAa Ha MOJBMXKHOM Tuiatdopme 2,
3aKpEIUIEHHOW Ha OCH MOBOPOTa 3.

Puc. 1. Cxema MoaynsiTopa 1a3epHOTO U3JIyUYECHHs TIEPBOTO THIA

[Ty4yok m3nydenus nasepa | HampasisieTcs Ha TUGPAKIUOHHYIO PEIIETKY MO yrioMm O,
KOTOPBI COOTBETCTBYET JMHEHHOMY Y4acTKy 3aBUCUMOCTH MOIIHOCTH B HYJIEBOM IOPSIKE
mdpakiun Po(©) . Dta 3aBUCHMOCTD OTIPEACISIETCS CIEAYIOINUM COOTHOIIEHUeM [3,5]:
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2 11 (4
P,=P-R-cos’ (—ﬂHcos(aj:E ‘R —+—cos(—ﬂHcos®) :
A 2 2 A

3neck R — koadduiuent orpaxenus, P — MOIIHOCTb JIa3€PHOTO U3Iy4CHHUs, aJalOLIeTo Ha

TQpakuoHHyto pemeTky. CepeauHa JMHEHHOTO yJyacTKa COOTBETCTBYET TOUKE, B KOTOPOM
MOIITHOCTh HYJIEBOTO TOpSIKa MU(PPAKIMU paBHA TOJOBHHE MOILIHOCTH MAJAIONIETO Ha
MOJYJISTOp J1azepHOro mydka. C MOMOIIBIO HIETIEBOrO MPOCTPAHCTBEHHOTO (GuibTpa 9 B
OTpaXEHHOW NU(PAKIMOHHON KapTHHE BBIJIENSEM H3JIyYCHHE HYJIEBOTO MOpPsIKa
mudpakiun. Ilpu konebaHusx mIaTGOpPMBI C PEHIETKOH BOKPYr OCH 3 TOJ JACHCTBUEM
AIIEKTPOMEXaHMUECKOTO BHOpaTopa 7 MOIIHOCTh HYJIEBOTO IU(PPAKIIMOHHOTO MOpPSAKA
U3MEHSIETCd B COOTBETCTBUM C 3aBUCUMOCTBIO Po(0). ['myOmHa Moaynanuu MOIIHOCTH
OTPaXEHHOIO IyYyKa HYJEBOIO MOpsKa B HEKOTOPOM JHana3oHE JIMHEWHO 3aBHCHUT OT
aMIUTUTYZB! YITOBBIX KoJeOaHWH ruiardopmel ¢ pemérkoil. [Ipu yBenMueHUN aMIUTMTYIbI
MOKeT ObITh moydeHa 100% Momynsius, HO TIpU 3TOM He OyJeT cOONIoNaThCs TUHEHHas
3aBHCHMOCTh MOIIHOCTH OT yIjla MOBOpPOTa IUIATGOPMBI. 3aMeTUM, YTO MOJIYJISALHUS
MOIIHOCTH M3JIy4Y€HHUs B MOJIYJSTOPE NEPBOrO THUIA CONPOBOXKAAETCS MPOCTPAHCTBEHHOMU
MOAYJISLUEH, T.€. N3MEHEHUEM HAlIPaBJIEHUS! OTPAKEHHOTO ITy4YKa.

CxeMa Monaynsitopa emopozo tina [4] uzobpaxena Ha puc. 2. B oTiauune oT cxembl
MOJYJIATOPA MEPBOTO THUIIA, B 3TON KOHCTPYKIMM MOAYJSALMS MOIIHOCTH JIA3€PHOTO ITydKa
HE COIIPOBOXIAETCA N3MEHEHUEM HAIPaBJIEHUS BBIXOIHOTO IMyYKa U3JIY4EHUS.

Puc. 2. Cxema MoaynsiTopa 1a3epHOTO U3ITy4YEHHUS] BTOPOTO THUIIA

[Iydox wu3nyuenus naszepa | C JATUHOM BOJIHBI A HAampaBlSIOT Ha TOBEPXHOCTH
OTpaKaTeJNIbHOW U(PAKINOHHON PEIIeTKH, KOTOpasi COCTaBlieHa W3 ABYX TI'PYII IUIACTHH:
CTallMOHApHOW 2 W MOJABMXHOU 3 . B pe3ynbrare MNOCTYNaTeNbHOIO MEPEMEIIEHUS TPYIIIIbI
MOJIBW)KHBIX TUIACTHH 3 B10JIb ocH 0z 1o/1 BO3JCHCTBUEM JIEKTPOMEXaHUYECKOTO BUOpaTopa
8 wu3mensercs TiayOmHa penbeda H, mpum STOM MOIIHOCTH M3NIyYeHHS B HYJICBOM
TU(QPAKIIMOHHOM TIOPSJIKE MOXKET MEHAThCS B TNpeAesax OT HYJEBOrOo 3HAYEHUsS [0
MaKCHMAaJIbHOTO 3Ha4eHus, papHoro £, =P -R.
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Nmnynec MK um3inyyeHus moryiomaercss B HEKOTOPOM Cpele M pa3orpeBacT €€, 4To
NPUBOAUT K M3MEHEHHIO MOKa3aTessl MPeJOMJICHUsI. DTO M3MEHEHHE MBI OOHapYKHBaeM C
NOMOIIBIO cHenn(UIecKoi TU(PPaKIMOHHOW CXeMBbl, KOTOopas n3oOpakeHa Ha puc. 1. Drta
cXeMa COJICPKUT OTPAKAIOIIYIO TITyOOKYyI0 AU(PPAKIMOHHYIO PELIETKY 6, 3aKpEIUICHHYIO Ha
IOBOPOTHOM  CTOJIMKE 7, WMCTOYHUK 30HIUPYIOUIETO KOTEPEHTHOTO  ONTHYECKOTO
u3nydenus 1, nmadparmy 4, NpeACTABISIONIYI0 COOOH MPOCTPAHCTBEHHBIH (QWIBTP, H
($oTOUyBCTBUTENBHBIM 37eMEHT 3. JIIg OIEHKHM UYYyBCTBHTEIBHOCTH JaTYMKa B CXEMY
noOasnsiercss uctouHuk MK uznydenus 2, a Taxke MOAYIATOP ITOrO U3ITyYEHHS S.

7
e

Puc.1. Cxema mqudpakuuonnoro natunka MK uzmyuenus

Pemerka mpexacraBisier coboit penbed ¢ mpoduieM B BHAE MeaHApa  MOKPBITHIN
OTpaKarolle aIIOMUHUEBON TICHKOW ¢ KoddduimentoM otpaxenus R . [lepuon pemerku
A BbIOMpaeTCst B COOTBETCTBUU € yciioBueM Al A, rae A — JUIMHA BOJIHBI 30HAUPYIOLIErO
na3epHoro usnydeHus (31). BniaguHbl permieTky 3amnojHEeHbl BELECTBOM, MPO3PAuyHbIM AJIs
31, HO mMmerommuM BbICOKHMN Kod(h¢unuent noriomenus mist UK usmydenus. JlazepHsrii
My40K OT HUCTOYHHWKA |, HampaBieHHBIH mojn yriom O, mudparupyer Ha pemerke. C
MOMOIIBIO TPOCTPAHCTBEHHOTO (MIBTPA BBLACISEM HYJIEBOM MOPSAOK JU(paKIuH,
MOIIIHOCTh KOTOPOTO paccuuThiBaeTcs o popmyre (1):
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30H

P =P -R-cosz(z—ﬂh-ncosej, (1)
A

rae P, — MOILNHOCTb HM3JIydeHHs Jlazepa, /i — TIilyOMHA pELEeTKH, 7 — IOKa3aTelb

30HO

NPEJIOMIICHUSI BEIIECTBA, 3alOJIHSIOMIETO BHAAWHBL. [ TyOMHaA pemeTrkn BbIOMpaeTcs ¢
A .
YCIOBHEM: hn>z. [lon pmeiictBuem nornomenHoro MK u3nydeHus mpoucxouT Harpes

BEILIECTBA, 3alOJIHSIONIETO BMHAJAMHBI, B pe3yJbTaTe YEro W3MEHSETCs IOKa3aTelb
npenomiieHuss n. Kak BugHo w3 ¢opmynsl (1), B pe3ynbraTe U3MEHSETCS MOIIHOCTh

U3JIy4EHUS B HYJIEBOM MOpsAKe Tupakuuu. ITo u3MeHeHHe pukcupyercs GoToAeTEKTOPOM
3.

dP,
[Monyaum popmyiy, onpeensony0 KpyTH3HY d_o , mupdepermupys (1).
n
dF, _
dn
Janee, HaiineM ycIoBHS, TpPU KOTOPBIX KPYTH3HA HMEET MAaKCUMAaJIbHOE 3HAYCHHE.
Hccnemyem 3aBUCUMOCTD KPYTH3HBI OT yTJIa.

30HO

2—ﬂh-cos-0-R-sin(4—ﬂh-ncost9j. (2)
¥l A

T
[Ipu usmenenun yrima 6 ot 0 1o EX cosfd MOHOTOHHO YObIBaeT. MHOXUTENb

. (4r .

sin Th -1ncos 6 | MOKET UMETh MHOKECTBO Kosiebanuii ot 0 10 1, ecu pemrerka riayookas,

4
TO €CTh 3HaYCHHUE apryMEeHTa Th -ncosf I0CTAaTOYHO BEIUKO.

MakcuMaabHbIM 3HAUEHUSIM CHUHYCAa B BBIpaXEHUU (2) COOTBETCTBYIOT 3HAUYCHUS
aprymeHra:

M ncosO=" 47k 3)
A 2
OTtcro1a HaX0AUM YTJIbI, COOTBETCTBYIOIINE MAaKCUMyMaM CHHYca B (2):
2k +1
0, = arccos( ket ji (4)
8 )nh

A
[Ipu rnybune pemerku h = '’ MAaKCUMyMY CHHYCa COOTBETCTBYET JIMIIb OJWH Yroi 6.
n
OpnHako Mpu yBEIMUYEHUU TIyOMHBI PELIETKH KOJIMYECTBO 3TUX YIioB pacTeT. Ilockonbky B
(2) cos@ mpucyrcTByeT Kak MOHOTOHHO YOBIBAIOLIMII MHO>KMTEJb, a 3HAYEHUS] CUHYCOB B
5

MakKCUMyMax OAWHAKOBbI W PABHBI 1, TO MAaKCHMAJIbHOC 3HA4YCHHUC d_ 6YI[GT
n

COOTBETCTBOBATh MHHUMAJIBHOMY yIUIy U3 Habopa yrios 6, .
il
Paccunraem kpyTusny r IpU Pa3IMYHbIX MTyOUHAX AU(PAKIUOHHBIX pereTok. s
n

IPOCTOTHI K03 (HUITMEHT OTpaskeHUsI R TOJIOKHUM PaBHBIM €HHHUIIC.
1) PaccuntaemM mMakCHManabHYIO KPYTH3HY MPEeoOpa3oBaHMs JaTYMKa MPH TIIyOWHE peleTKH

1
h-n=2A. W3 (4) HalineMm yroj, COOTBETCTBYIOIINI MakcUMyMy (2): 6, = arccos (éj =20".

[ToacraBuB 3TOT yroa B (2), MOIy4UM MaKCHUMaJlbHOE 3HAYEHME KPYTHU3HBI JaT4HKa C 3TON
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PELIETKOM:

P
ﬁ(6?7):—11,81ﬂ. (5)
dn n

dP,
JUns HarmsagHOCTH Ha pUC. 2 TpeAcTaBieHbl 3aBucumoctu P (0) u d—no(é?) pu

h-n=27.

|
|
|
40 |
° 97 6’6 95 94 93 92 6’1 6’0

Puc. 2. 3aBucuMoCTh MOLTHOCTH AUGPAKINY B HyJIEBOM HOpsAaKe F, (CIUIONIIHAS JINHUS) U

KPYTHU3HBI d_o (myHKTUpHas! TMHUA) OT yruia nagenus 31U 6
n

2) [IponenaeM aHanoruyHble BbIYMCAEHUs A h-n=104.
31ech MakcuMyMy (2) COOTBETCTBYET yroiu 6, =9°.
Kpyrusna B 3Tom ciydae Oyner paBHa

P
ﬁ (0,)) =—62,041 == (6)
dn n

Kak BuaHO, KpyTH3HA YBEIMUYMBACTCS C YBEIMUYEHUEM TIIyOMHBI pemeTku. Mcmonb3ys
IIOJIy4CHHbIE MAKCUMAJIbHBIC 3HAYEHUsI KPYTU3HBI JJI1 Pa3HBIX PELIETOK, MOKEM IOCYUTATh
YyBCTBUTEIBHOCTh Jaruuka K Bo3uercTeuio MK m3nmydenus. Pacder Benercs npu ycioBuu
KPaTKOBPEMEHHOI'O BO3ICHCTBUS U3JIy4EHHUs, T.€. B TECUCHHUE BPEMEHH, 32 KOTOPOE TEIUIO HE
YCIEBAaET pPaCHpPOCTPAHUTHCS B IMOJIOXKKY, a HAET TOJBKO Ha pa3orpeB BELIECTBA,
3aI0JIHAIOIIETO BIIAIUHBI.

IIpu BospmedictBun MK wu3aydeHus ¢ IUIOTHOCTBIO DJHEPrUM dw  IOKa3aTellb
IIPEJIOMJICHUS BEILECTBA, 3allOJIHSOLIETO BIIAJIMHBI PEIIETKH, U3MEHSETCS B COOTBETCTBUU CO
cnenyromen Gopmyno:

k' 1_ -2 xh
dn:(—e)dw. (7)
cph
3nece k — TepmoonTHueckuil ko3ddumment, y — kxodpdunument normomenus WK

U3JIy4YeHUs B IJICHKE, /i — TIyOMHA pelieTky, ¢, 0 — TeIIOEMKOCTh U IJIOTHOCTh BEIIECTBa,
00pa3yrolero mieHky.
N3MmeHeHre MOIIIHOCTH B HYJIEBOM MOPSIIKE TU(MPAKIIUU TIPU YCIOBUH (3) B 3TOM Cllydae
COCTaBMUT:
k-(1—e?*")
Jlng mpumepa BO3bMEM MOJUCTHPOJI B KAayECTBE BEILECTBA, 3AIOJIHSIOUIETO SYCHKH.
PaccunraeM 4YyBCTBUTEIBHOCTb JaTYMKa IIPpU CIEAYIOLIUX YCIOBHUSX: h-n=21 W IpHU

dw

30H]

dP,=-P, q%{-cosﬂ

h-n=104 npn P, =10mBm. B xauectBe HCTOYHMKA 30HAMPYIOLIETO H3Iy4EHHS
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ucnosas3yerca He-Ne nazep, B kauecTBe (POTOUYBCTBUTEIBHOTO AJIEMEHTa — ()OTOIUO/.

2=0,6328-10°m, k=2-10" o=,  z=7800~, c=111022%
C M xke'C
p=1200 =5, n=15%, S,=0,244/Bm.
M
[Ipu rnyOune pemerku h-n=2A:
U3 (5) u (7) nonydaem:
P
s =)y gy Lo dn gy g7 B . (8)
0 dw n dw Il | em

YuuteiBast ~ KpyTH3HY  npeoOpasoBanuss  (oToaMona,  OMpEeAeHrM  KPYTU3HY
npeoOpa3oBaHus TNIOTHOCTH YHEPTUH B (POTOTOK:

P
Swal = S(D 'Sw»P0 = do—(@)S@ = _491'10_8

> )
dw Mo | em
[ToporoBasi 4yBCTBUTEIBHOCTh AATYUKA OMPENEISICTCS YPOBHEM BHYTPEHHHX IIYMOB.
Jist cxem ¢ poTOIMOTOM OCHOBHOM BKJIAJ 1a€T APOOOBBINA IITyM.
Ilpu P, =10mBm B nonoce 9actot 1k’ myMOBO¥ TOK paBeH:
10 4.
1,0 uBm) = 1, =|q-Sep- Py - Af =6,3-107 4;
3Hasi ypoBEHb BHYTPEHHUX IIYMOB M KPYTHU3HY NPEOOpa3oBaHUs JATUMKA, HAXOIUM
YyBCTBUTEIHHOCTH JaTuuKa. [Ipu oTHOIEHUH ¢/1=1, 9yBCTBUTEILHOCTh TaTYHKA paBHA:
I o Mo
w_—1,5.10° 2

2
(&7

D=

w—1

[IponenaB aHajormyHble BBIYHCICHUS NpU TIyOMHe perietku /-n =101, momydaem
0~ Lo

—_—.

cm

YyBCTBUTEIBHOCTb, paBHYyl0 D =3,4-1
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HNCCIEJOBAHUE ®OTOYYBCTBUTEJIBHOCTHU METOJAOM JIIP
CIIEKTPOCKOIINH IIJIEHOK TiO,, U3TrOTOBJEHHLIX IO I'EJIb
TEXHOJIOI'MA
C. A. Anues, H. C. Tpopumon

«INVESTIGATION OF PHOTOSENSITIVITY OF OPTICAL TiO, GEL WAVEGUIDES BY ESR
SPECTROSCOPY»
S. A. Aliev, N. S. Trofimov

Poccutickuti ynusepcumem opyacowvt Hapooos, Mockea, Poccus
e-mail: tchekhlova@mail.ru

B nacrosimee Bpemsi mpuUCTaJbHOE BHHMAaHHE HCCIENOBaTeNei, Kak (HU3UKOB, TaK U
XMMHMKOB, OOpallleH0 Ha HAHOKPUCTANIMYECKUM JAMOKCHJ THUTaHa, B TOM 4YHCIIE
JIETUPOBAHHBIN PA3TUYHBIMU JIEMEHTAMH. JDTO BHUMaHUE O0YCIOBJICHO PSIIOM YHUKAIbHBIX
CBOMCTB 3TOro coeauHeHus. Jluokcua TtuTaHa oO6namaer (OTOUYBCTBHTEIBHOCTHIO,
(OTOKATATUTHYECKOW AKTUBHOCTBIO, XHMHUYECKON YCTOWYMBOCTBIO M TMPEKPACHBIMU
ONTHYECKUMHU CBOKCTBAMMU.

OnHO¥ U3 MepPCIIeKTUBHBIX 00IacTel MPUMEHEHHs JUOKCHIa TUTaHA SBIISIETCS CO3aHNe
BBICOKOO(D(PEKTUBHBIX COJIHEUHBIX OaTapei, MIsi W3rOTOBIEHHUS KOTOPBIX TpeOyroTcs
Marepuaibl ¢ OOJBIION  yIenbHOW  IJIOMIAABI0O  TOBEPXHOCTH UM BBICOKOM
NIEKTPONPOBOAHOCTHIO.

WNuTepec k 3TUM HCCIeNOBaHUAM OOYCIOBJIEH Onarojapst WX HCIOJb30BaHUIO B
¢doTokaTanmse, B YaCTHOCTH, IPU (HOTOJIN3E BOJBI, KAK SKOHOMHUYECKH BBITOJHOTO CIIOCO0a
noJiydyeHus: Bojioposa. POTOKATAIUTUUECKUE TPOILECCH TAK)KE€ MOXKHO MHCIIOJIb30BaTh IS
OYHCTKH BO3yXa.

Kpome Toro, xopomme omruueckue cBOWCTBa MIeHOK TiO, MalOT MEpPCHEKTUBHI UX
WCIIOJIb30BAHUS JUIS CO3JIaHMS SJIECMEHTHO! 0a3bl nHTerpasibHol ontuku (HMO).

Lenpto HacTosimel pabOThI SBISIETCS HCCIENOBaHUE (POTOUYBCTBUTEIB-HOCTU TICHOK
TiO,. OTH MIeHKH MOTYT OBITH U3TOTOBJIEHBI PA3TUYHBIMH CIOCOOAMH, B TOM YHUCIIE, 30JIb-
refs W rens Meronamu. Hamu Obut BeIOpaHa Teib TEXHOJOTHS M3rotoBieHus [1], koTtopas
MO3BOJISICT TOJYYUTh IJICHKH TUOKCHIA TUTAaHA C COJIEpKaHMEM aHarasa, onm3kuM K 100%.
B oTnuume oT 307b-renks METOAA 37eCh HE MPOMCXOAWT OOpa3oBaHHE pacTBOpa 30,
W3TOTOBJIEHUE IJIEHOK YIPOIIAETCS.

Jns monmydeHusi renb IuleHOK Ha ocHoBe TiO, um ero Moaudukanuii B KadyecTBe
UCXOJHBIX MAaTEpUANOB HCMONB3YIOT TeTpadbyrokcun TtutaHa (TBT) u momurmmkosny.
[Tosryyennbie TakuM 00pa3oM IUIEHKM 00Nagar0T MOPUCTOCTHIO. PasMep mop ompexnensercs
BJIMSIHUEM TOJIUTIIMKOJIEH, KOTOPBIE B TO K€ BPEMsI IPAKTUUECKU HE OKA3bIBAIOT BIMSHUS Ha
(dopMupOBaHKE KPUCTAILTMYECKON CTPYKTYPHI i TEMIIEPATypy MOTUMOPQHBIX MPEBPALICHHIA.
[TosryyeHHble pe3ynbTaThl HA MPAKTUKE TAK)KE MOKA3bIBAIOT, YTO HanOoJee MEePCIeKTUBHBIM
s nomydeHuss TiO, HaHomarepuasoB SIBISICTCS COEAMHEHHE TeTpaOyTOKCHUTHTAH-
TpudTUACHTIUKONb (TOI7), mOTOMY YTO TONBKO B 3TOM cliydae OOpa3yroTCs JTUHEHHBIC
CTpyKTypel. DopMUpOBaHUE IUICHKH MPOUCXOIUI0 B pesynprare peakuuu TbT u ero
coequaenus: ¢ TOI, reneoOpazoBanus pactBopa noxydyeHHoro coeamnenus TOI' u THT B
OyraHoJie-1 Ha BO3AyXe U MOCIEAYIOLUX IPEBPALLEHUIN IPU OTXKUTE.

[Ipouecc mnenkoobpazoBanus amaykra TET ¢ TOI' B ToHKOM cloe 0e3 ydera peakiuu
MOJIMKOHICHCAIIUY MOKET OBITh TIPEJICTABIICH CIICIYIOIIEH CXeMOM:
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3a cYeT JUMHEIHOro CTPOEHUS MOJIEKYJbl MOXKET IMPOSBUTHCSI CBOMCTBO aHU30TPOIUHU B
MOJIy4aeMbIX IUICHKAaX MPHU ONPEEICHHBIX MapaMeTpax TEXHOJIOTMYECKOro pexxuma [2], uto
MOKET OBITh HCHOJb30BAHO JUISI CO3JaHUSl HEIUHEHHBIX MHTETPAIBHO ONTHYECKHUX
YCTPOWCTB.

Hnst popmupoBanus TICHOK B pabore ucnoib3oBanu terpadbyrokcuturana (TBT),
TpudTHiIeHruKoab (TOI)), n-Oyranon mapku x.4. COOTHOLIEHHWE KOMIIOHEHT pacTBOpa
TBT:TOI' cocrassuio 27:6.

[Inenku M3roTaBIMBaINCh yTEM BBITATMBAHUS CTEKJIIHHON NOJUI0KKHU U3 pacTBopa. [lo
ONMCAaHHON TEXHOJIOTHHM Oblla M3TOTOBJICHA cepHs OOpa3loB IUIEHOK JMOKCHIA THUTaHa,
napaMeTpsl KOTOPBIX, @ MMEHHO TOJIIIMHA M IOKa3aTeslb MPEIOMIIEHMs, BapbUpPOBAIIUChH
NyTeM U3MEHEHHUS! COOTHOILIEHUS KOMIIOHEHT pacTBOPA, CKOPOCTH BBITSTUBAHUS TOJI0KKHU
U3 pacTBOpa, TEMIIEPATypbl pacTBOpa U TEMIEPATYPhl U BPEMEHH OTKUTa.

W3 MHOTrOYMCIIEHHBIX JINTEPATYPHbIX MCTOYHUKOB, Hampumep [3], HaM HM3BECTHO, YTO
nox neiicrBueM ynbTpaduoneroBoro (Y®) wuznmydeHus B IUieHKax Ha ocHoBe TiO;
00pa3yroTcst cBOOOJHBIC pajuKaibl. [losToMy 1t rccnenoBanuii ObuT BeIOpaH Meton DIIP B
CUJIYy CBOEH BBICOKOM UyBCTBUTENBHOCTH K paaukanam. Taxxke meron OIIP B psne ciydaes
JaeT uHPOpMaNHUIo 0 OKaleM JOKaIbHOM OKPY)KEHUHU ITapaMarHUTHOTO LIEHTPA.

B pabote [4] meTomom criektpockormu DIIP Obumm MccienoBaHbl 00pa3ilbl TUOKCHIA
TUTaHa B nporiecce YD o0mydeHns, NOTyIEHHBIE IO 30J1b-T€Ib TEXHOJIOTUH (CM. pHC. 1).

HccnenoBanus nokasaiu, 4to npu BosaeicTBur Y® oOiaydeHMs] CUTHAN MOTJIOLIEHUS
CMEIlaeTcs B CTOPOHY MEHBIIMX 3HAYEHUH HANpPsDKEHHOCTM MAarHUTHONO TOJS U
YBEIUYMBACTCS 10 aMIUIUTYy/AE, a 1Mo mnpomecTBur 10 MUHYT mocie OOJy4eHus CHrHal
HOTJIOLIEHUS] BOCCTAHABJIMBAETCS JI0 MIPEKHEr0 YPOBHA IPU KOMHATHOM TemmepaTrype, a Juis
HU3KHUX TEMIIEPATyp OCTAETCsS HEM3MEHHBIM. B HacToseit pabore Obun rccnenoBansl DI1P-
CHEKTPbI IVIEHOK TUOKCH/Ia TUTaHA, N3TOTOBJIEHHBIX 10 T€Ib-TEXHOJIOTHH.

20095

20040 a i lq]“q::_l JZ_U[].?U' h
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Puc. 1. Cnextpsr DI1P 00pa3ioB nuokcuaa TuTaHa 1o oomydenus (crektp 1), B mporecce
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o6yuenus (ciextp 2) u yepe3 10 munyt nocne YO obnydenus (cnektp 3) npu
temneparype 300K (a) u 10K (b)

JlMokcn TUTaHa MOJKET CYIIECTBOBATh B BHUJE YETHIPEX OCHOBHBIX MOAM(DUKAIUIL:
aMOp(pHOTO COCTOSIHMS, aHaTa3a, OpyKHTa M pyTWIa, OTIMYAIONIMXCS IapamMeTpaMu
KPUCTANIMYECKON pemeTku. AHaTa3, KaK CYHTaeT OOJIBIIMHCTBO HCCIICAOBATENCH,
nposiBiIsieT 0oJiee BHICOKYIO (POTOKATAIUTHUECKYIO aKTHBHOCTB IO CPABHEHHIO C PYTHIIOM.
Ycunenune (HOTOAKTUBHOCTH OOBsICHsIETCs 00Jiee BHICOKMM MOJIOXKEHHEM ypoBHS Depmu y
anarasa (3,3 — 3,4 5B) no cpaBaenuto ¢ pyrunom (3,1 — 3,2 3B). Jlns reHepanuu 37€KTpOH-
JOBIPOYHBIX Tap HEOOXOAWMO  YNbTpaHOJETOBOE H3JIydeHHe. Bo3MOXXHO, TmyTeM
Ha/IJISKAIIETO JETUPOBAHMS TUOKCHIA TUTAaHA YAACTCS CO3/aTh MPUOOPHI, paboTaronue He
TOJIBKO B Y@, HO ¥ B BUIUMOU 00JIACTH CIIEKTpA.

st yCTpOMCTB MHTETrPajJbHOM ONTUKU INPEANOYTUTEIBHO HCIOJIB30BATh IPO3pAayHbIC
IUIGHKA JUOKCHJAA TUTaHa (aMOpgHOE COCTOSHHME M aHaTa3), a TaKkKe BaXHO H3yYHUTh
MEXaHH3M BO3JCHCTBUS YAbTPa(UOIECTOBOTO U3IIyUYSHHS Ha TIOTydaeMble TUICHKU.
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PACUYET TIAPAMETPOB JEMYJIbTUILIEKCOPA
HA OCHOBE TiO;-SiO; 30JIb-I'EJIb MATEPHUAJIA
C.B. IlaBnos, H.A. Pynnes

«CALCULATION OF PARAMETERS OF DEMULTIPLEXER
ON THE BASE OF TiO;-SiO; SOL-GEL MATERIAL»

S.V. Pavlov, N.A. Rudnev

Poccutickuti ynueepcumem opyacowvt Hapooos, Mockea, Poccus
e-mail: tchekhlova@mail.ru

B mocnemnee Bpemss B obOnmactu pa3pabOTKH W HCCIEAOBAHUN JIIEMEHTHOU 0a3bl
YCTPOMCTB BOJIOKOHHO-oNTHYecKuX TuHUK cBsizu (BOJIC) mosiBuiics 60nbIinoit mHTEpEC K
ONTUYECKUM  BOJIHOBOJAM, H3TOTOBJIEHHBIX IO 30JIb-T€Jb  TEXHOJOTUH, KOTOpas
00ecreyrBaeT XOpPOIIME ONTUYECKUE CBOMCTBA M MPU ITOM HE TpeOyeT JOpPOrOCTOSIIETO
000pyI0BaHUSA U CTIEUAIBLHO 00YYEHHOTO TMepCoHalIa sl €r0 00CITy>KUBaHUSI.

OnTuyeckue 307b-Tellb IUICHKH, OONagaroT psAAOM CBOWCTB, JAIONIUX OOJbIINE
NEPCIEKTUBBI X IPUMEHEHUS B YCTpoiicTBax uHTerpanbHoi ontuku u BOJIC [1].

Bxognoii Boanoeon BrIxoIHLIE BOTHOBOILI
* A
11,12,...,7&“ - -' 1
Bxonnan . = %y
thoxycupywiasa A
CHCTEMA
BrixogHas
doxycupyromasn
- -
.’ H cHCTEMA
/: :\ Si-mogno:kka
7 )
Iloayeoanorasn BoanopogHan
IJIaCTHHa MaTpHIa

Puc.1. Ontruueckas cxema JeMyJIbTUILIEKCOpa

Omna wu3 mnpoOlieM COBPEMEHHBIX JIEMYJIbTHIUIEKCOPOB (puc. 1) ¢ BBICOKUM
paspelieHreM CBs3aHa C TEMIIEPATYpPHBIMU HM3MEHEHHMSIMU HX XapaKTepUCTUK. BaxHoi
OCOOEHHOCTBIO ONTUYECKUX IJIEHOK, M3TOTOBJIEHHBIX 10 30JIb-T'€lIb TEXHOJIOTHUHU, SIBISETCS
OTHOCHTEJIbHO OOJIbIION oTpuuaTenbHbli TepmoonTuyeckuii kodpdumuent (TOK), uro
MO>KET OBITh UCIIOJIB30BAHO JUISI TEPMUUYECKOM MOACTPOUKH MapaMEeTPOB JIEMYJIbTUILUIEKCOPA
(JAM) nmns oGecrieueHust CTaOMIBHOCTH B IMPOKUX Tpeieax Temmeparyp [2].

YerpoiictBo JIM COCTOUT U3 HECKOJBKUX YAaCTE — BXOJHOTO BOJIHOBOJA, [0 KOTOPOMY
HATPABIICTCS B CUCTEMY U3IyUEHUE C JUTMHAMHE BOJIH A, A2,...,AN; BXOJTHOU (POKYCHUPYIOIICH
CUCTEMBI; BOJHOBOJHOW MATPHUIIBI U BBIXOJHOH (DOKYCHPYIOIIEH CHCTEMBI, K KOTOPOI
MPUCTHIKOBBIBAIOTCS BBIXOIHBIC BOJIOKOHHBIC CBETOBOJIBI HITH (POTOTIPUEMHUKH [3].

Br160op BosmHOBOIHO# crucTeMbl [IM 00yciioBIieH ClieayomuMu (pakTOpaMu:
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1 — BO3MO>KHOCTBIO 00ECTICYeHHS 3aJaHHBIX CIIEKTPAIbHBIX XapaKTepucTukK JM;

2 — BO3MO>KHOCTBIO 00ECTICUeHHS 3aJaHHOTO YPOBHS TIOTEPD;

3 — BO3MOJKHOCTBIO 00€CIeueHUs] TE€OMETPHUUECKUX IMapaMeTpOB, OTBEYAIONIIUX 3aJlaHHBIM
CIIEKTPaJIbHBIM XapakTepucTukaM [IM u 3aJlaHHOMY ypOBHIO IIOTEPb;

4 — HaMM4YMeM XOpOIIO OTPAaOOTAHHOW TEXHOJIOTHH, KOTOpas MO3BOJISIET peann3oBath JM c
3a/laHHBIMH XapaKTEPUCTUKAMU.

B nannoit paboTe Obl1a paccMOTpeHa BO3MOKHOCTE co3ianus JIM Ha ocHoBe TiO,-Si0O;
30JIb-reb MaTepuana. OCHOBHOE BHUMAHME YJENAJIOCh pacuyeTaM OCHOBHBIX IapaMeTpOB
JAM u ux TeMneparypHbIM H3MEHEHHUSM.

OcHoBHBIM 311eMeHTOM [IM sBIIsSIeTCs BOJIHOBOJHAS MaTpulla, paboTaromias 1mo cxeme
siIeoHa MaliKenbCOHa, OCHOBHBIE MapaMeTpbl KOTOPOro, Biusiouue Ha padoty M B
neiaoM, — obnacte aucnepcuu Al,,, paspelaromas CcrocoOHocTs R,y M paspenraeMoe
CHEKTPAIBHOE PACCTOSIHUE OAy, 3aBHUCAIIME OT TE€OMETPUYECKHX BEIHUYUH CTPYKTYPHI
3ILIETIOHA U XapaKTEPUCTUK ONTUYECKOI0 MaTepuaia.

BonHoBonmHas wmaTpuima TpeAcTaBiIseT CcoOO0M  MaTpUIly KaHaJIbHBIX TI'PeOHEBBIX
BOJIHOBOJIOB, T€OMETPHUYECKUE TapaMeTphbl BBIOMPAIOTCS Uil 00ECredeHus: 0JHOMOIOBOTO
pexxuMma. Paguyc m3rmba R MODKEH MMETh BENHUYMHY, O0ECIEYMBAIOUIYI0 MHUHHMAaJIbHBIC
NOTepH Ha IEHTPAJbHON JUIMHE BOJHBI A; W paBeH OOBIYHO ~ 2 MM. PasHocThb
F€OMETPUYECKUX JJIMH COCEIHUX 3JIEMEHTOB MaTpullbl AL HE0OXOIMMO H3rOTaBIUBAaTh C
JOCTATOYHOM TOYHOCTBIO, YTOOBI 0OecneunTs pacueTHoe OA. Benmnunna AL CHIIBHO BIHSET
Ha CIEKTpaJbHBIE XapaKTepUCTHKH M — crekTpaibHbI nuama3oH AA, CIEKTpalbHOE
pa3HeceHrne KaHaIoB 04 M IeOMETPUYECKOE PACCTOSIHUE MEXKIY BBIXOJAHBIMH KaHAJaMH oOX,
oTIpeIeNsIIoNIee IMHEHHBIN pa3Mep 00JacTh MPUEMHHUKOB.

Arg, MKM
0.632
0.630
0.628
0.626
0.624

0.622
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20 40 60 80 100 I,°C
Puc. 2. 3aBucumocts neHTpaabHOl JinHbl BoHbI JIM ot Temneparypsl st TE Moapbl.

W3menenne paboueil TeMnepaTypbl BBI3BIBACT CABHT IIEHTPATBHON UTMHBI BOJHBI Ac(7T)
B pe3yJIbTaTe€ W3MEHEHMs JJIMHBI ONTUYECKOTO IYyTH, YTO OTPHULIATEIBHO CKa3bIBAa€TCS Ha
CTaOUIIBHOCTH CIIEKTPAJIbHBIX XapakTepucTuk M (puc. 2).

JUis yMEHBIICHUS BIUSHUS TEPMHUECKOTO (aKTOpa MOXKHO HCIIOJIB30BaTh BOJHOBOIbBI
Ha OCHOBE 30JIb-Iejlb MaTrepuayia. Moasl 30Jb-rejlb BOJHOBOJOB O0JIaJal0T OTHOCUTEIBHO
0OJBIINM OTPHLATEIBHBIM TEMIEPATYpPHBIM K03 duineHToB 3()h(HEeKTUBHOTO TOKa3aTems
npenomiienuss (TK OIIIT), 9TO BBITOJHO OTIMYAET WX OT OOBIYHBIX HCIOJIB3YEMBIX
matepuanoB. TK OIIII cuiapHO 3aBUCUT OT NapaMeTpoB IUIEHKHM U €T0 MOYKHO HM3MEHSATH B
OTHOCHTEJILHO IIMPOKOM Juamnaszone [4].
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[IpoBeneHHbIE Hccaea0BaHUs TOKA3aIH, YTO apaMETPaMU IJIEHOK MOXHO BapbUpPOBATh
TK OIIII BOAHOBOIHBIX MOJ s MHUHUMH3ALMHU TEMIIEPATYpHOTO CJIIBUra ILIEHTPaIbHOMI
JUIMHBl  BOJIHBI, T.€. OOECIEUYeHHsS TEMIIepaTypHOW CTaOMIIBHOCTH IapaMeTpoB H
xapaktepuctuk JIM Ha ocHoBe TiO,-Si0O; 307b-renbs MaTepuaa.
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