PepaknuonHbIil coBeT »KypHaJia
«BectHuk Poccuiickoro yauBepcurera Apy>k0bl HAPOJOB» :

B. M. ®uaunnos — npedcedamenn
. II. Buaubum — szamecmumens npedcedamens

YiaeHnt pPeaJaKIIMOHHOI'O coBeTa:

T. M. Baavixurna, H. V. Benckosckut, H. II. I'ycaxos,
B. B. /laswdos, B. H. /lenucenxo, A. Il. E¢pemos,
A. 4d. Kanycmun, H. C. Kupabaes, E. B. Jlanees,
B. I. ITarvowuxos, H. K. Ilonomapes, H. A. YepHwix,
B. A. @ponos, B. A. Ilewvk, B. H. Illaponos, B. B. fxywes

T. O. Cepzeesa — omsemcemeennvili cekpemaps

Pe,ZI;aKIJ;I/IOHHaﬂ KoJlJierms cepum:

FO. II. Pwibarxos — 24661l pedaxmop
JI. A. Cesacmbaros — samecmument 2461020 PeOaKrmMopa
. C. Kyasabos — omsemcmseennuill cexpemaps

A. B. Apymionos, I II. Bawapun, A. H. I'opdees,

B. B. /laswdos, B. A. Komouxut, H. H. Jlobanos,

II. Muaanmwves, B. U. Muxees, P. I. Myxapasamos,

3. Huxonaes, K. E. Camyiinos, A.JI. Cxybauescrudi,
B. /. Cmenanos, M. @. Cyxurun

B.
H.

ISSN 0869-8732

Anpec penakmuu:
117923, I'CII-1, Mocksa, yi. OpeKoHUKHI3e, 3

(©Poccuiickuii yausepcurer apyk0bl Hapojos, znarenberso, 2007



BeCTHI/IK HAVUYHBIN YKYPHAJI

POCCHﬁCKOFO Ocnosan B 1993 roay

yHUBepcurera
JIPYy2KObI HAPOI0B

Cepus
Maremaruka. Uudopmaruka. Pusmka
2007, Ne 1-2

Poccuiicknit yauepcuteT JpyKObI HAPOIOB

COAEP2KAHUE

MATEMATUKA

Bamapun I'. II., Knanoymak C. H. Yupasienue pecypcamMu cOTbl B
OOBIYHBIX M YPE3BBIYANHBIX CUTYAITUAX . . . . o o o o o oo oo o o o .

Bouapos II.II. |, Bapaaos U. C. CrannonapHoe pacipejiejieHue Be-
POSITHOCTEl B CHCTEMax MacCOBOTO OOC/IYZKHBAHUS C OOHOBJICHUEM . . .

HOOPMATUKA

Kyna6os .C., KopoabkoBa A.B., XoxmaoB A.A. Ilogcucrema
maprpytuzamun Click . . . . . 000000 oo
KopoabkoBa A. B. Meton pacdera BepossTHOCTH cOpoOca IaKeTOB B aJl-
roputme RED . . . . . . oo
Kyns6os /1. C., KokorunkoBa M. I'. Anajmrudeckuii 0630p crucreMm
CUMBOJIBHBIX BBIUMCIEHUM . . . . . . o v o v v e o e e e e
Acnamvos E. B., BuckoB A. B., ®omun M. B. CsoiicrBa anajmmTude-
CKUX U3MEPEHHUMA . . . . . . . . . . o v vt vttt e e e e

DU3BUKA

BemiroeB X. M. Ociuursiun HERTPUHO B CXeMe CMEITUBAHUS 3aPsi/IOB
(KOHCTAHT CBAZEH) . . . . . . . o ittt it
Caxa B. Cnunopsble nojist B kocMmojiornn buanku VI . . . . . . . . ..
Caxa B., Iukuu I'. H. CuuHopHble OIS B IJIOCKO-CUMMETPUTHOM
[MPOCTPAHCTBE-BPEMEHU . . . . « « v o o v v e e e e e e e e e e e e e
Borganos 0. I1., /Inakosckast . FO. Yupyroe paccesinue peakTop-
HBIX aHTUHEHTPUHO Ha JIEKTPOHAX U OIPDAHUYEHUE HA MACCY JIOMOJTHU-
TEJIbHOIO HEATPAJILHOI'O BEKTOPHOI'O DO30HA . . . . . . . . . . . . . . .
Yepuurikuii A. A. O6 OCHOBHBIX IMapamMeTpax JEKTPOMATHUTHBIX da-
CTHI] ¥ 3JIEKTPOMAIrHUTHOM B3aUMOJEHCTBAM . . . . . . . . . . . . . . .
Pynoit FO.T., Keiita U. /lunamudeckoe JiaBjienue u ero (pJryKTyarmn
JIJIST KJIACCHYIECKOTO HJIEAJIbHOIO ra3a PeJIATUBUCTCKUX YacTUIl . . . . .
KomnbicoB FO. C., CroxxkoB FO.W. DjekrporazounnaMuieckasi MoO-
JIeJIb YCKOPEHUST 3apsIyKEeHHBIX YaCTHI] BO BCIIBIIKAX KAPJIUKOBBIX 3BE3]]
['maBHOI MOCTEOBATEIIBHOCTH . . .« « o o o o o o e e e e e e e e e e

14

24
32
38
46

93
62

66

70
75
84

94



2

Marapiiak FO.B. Pesonancuas mMomenb aroMa u d)OpMHpOBaHHe Ba-
JIEHTHBIX CBSA3€ii

BoromosioB ®., Mar‘apmaK 10.B. prnna HopeHua u ee pOJIb B Hepe—.

JSATUBUCTCKON MOZAeJIn aTOMa

Awmupxanos WN. B., Bap6auioi3 B. M., t‘yc.el's AA, .1_'Ie'p'13$/-‘

mmmH B. H., IllyBaaos C. A., Bununkuiit C. 1., 3axapoB A. ®.,
Sunuyk B. A. Heoronosckuii nmorennuas B OOIIeit Teopun 0THOCH-
TEJIbHOCTU B KOHETHOM ITPOCTPAHCTBE .

Pribakos 0. II. O BozmokHOM I‘eOMeTpI/I‘{eCKOM HpOI/ICXO}K,ZLeHI/II/I CHM-

merpuit FO. Marapmaka .
Komornkuit B. A., Cokosios FO. M. OHToaneKTpOHHbm I/IBMepI/ITeJIb
YIJIOBBIX KOJIEOAHUN KOHCTPYKITHIA

Cyneiiman C. I11., Caaksau A. A., Hukorocsi C., I’OHyCOBa C.A.

ViiesibHasl JIEKTPUYECKasi IIPOBOJUMOCTh HATYPAJIbHBIX [EOJTUTOB U3
Apmennn (kmusaontmwionnt) n Cupun .

100
117

123
136
138

147

(©Poccuiickuii yausepcurer apyK0bl Hapouos, 3narenscrso, 2007

(©Becrrauk Poccniickoro yHusepcureTa apyKObl Hapomos, 2007



Bulletin SCIENTIFIC JOURNAL

Y

of Peoples Founded on 1993

Friendship
University
of Russia

Series
Mathematics. Information Scinces. Physics.
2007, No 1-2

Peoples’ Friendship University of Russia

CONTENTS

MATHEMATICS

Basharin G.P., Klapouschak S.N. Cell Resource Management in
Ordinary and Emergency Situations . . . . ... ... ... .. .. ..
‘ Bocharov P.P. ‘, Zaryadov I.S. Queueing Systems with Renovation.
Stationary Probability Distribution . . . . . . . .. ... .. ... ...

COMPUTER SCIENCES

Kulyabov D.S., Korolkova A.V., Khokhlov A.A. Routing
Subsystem Click . . . . .. ... ...
Korolkova A. V. The Methods of Drop Probability Calculation for RED
Algorithm . . . . . . . . ..
Kulyabov D. S., Kokotchikova M. G. Analytic Review of Computer
Algebra System . . . . . ...
Aslamov E. B., Viskov A.V., Fomin M. B. Analytical Dimensions
Properties . . . . . . . ..

PHYSICS

Beshtoev Kh. M. Neutrino Oscillations in the Scheme of Charge
(Couple Constant) . . . . . ... ... .. ...
Saha B. Spinor Fields in Bianchi Type-VI Cosmology . . . . .. . . ..
Saha B., Shikin G. N. Spinor Fields in Plane-Symmetric Space-Time
Bogdanov Yu. P., Didkovskaya I. Yu. Elastic Reactor Antineutrino
Scattering by Electron and Bound on the Mass of Extra Neutral Gauge
Boson . . . ...
Chernitskii A. A. On General Parameters of Electromagnetic Particles
and Electromagnetic Interaction . . . . . . . . .. ... ... ... ...
Rudoy Yu. G., Keita I. Dynamic Pressure and its Fluctuations for the
Ideal Gas of Relativistic Particles . . . . . . ... .. ... ... ....



4

Kopysov Yu.S., Stozhkov Yu.I. Electrogasodynamic Model of
Charged Particle Acceleration in Flares of the Main Sequence Dwarf
Stars . . . . . e

Magarshak Yu.B. Resonant Atom Model and the Formation of Va-
lence Bonds . . . . . . ...

Bogomolov F., Magarshak Yu.B. Lorentz Group and it’s Role in
the Non-Relativistic Atom Model . . . . . . . ... ... ... .. ...

Amirkhanov 1.V., Barbashov B.M., Gusev A.A., Per-
vushin V.N., Shuvalov S. A., Vinitsky S.I., Zakharov A.F.,
Zinchuk V. A. Newton Potential in General Relativity in a Finite
Volume . . . . . . .

Rybakov Yu.P. On Possible Geometric Origin of Symmetries by
Y. Magarshak . . . . . .. ...

Komotskii V. A., Sokolov Yu.M. Optoelectronic Device for Mea-
surements Angular Oscillations of Constructions . . . . . .. ... ..

Soulayman  S. Sh., Sahakyan A.A., Nikogosyan S.,
Yunusova S. A. Specific Electrical Conductivity of Natural Syr-
ian and Armenian Zeolites . . . . . . .. ... L.

(©Peoples’ Friendship University of Russia, Publishing House, 2007

(©Bulletin of Peoples’ Friendship University of Russia, 2007



Bectuuk PY/IH, CeEpuss Mamemamuxa. Ungopmamura. Pusuka. Ne 1-2.2007. c. 5-13 5

MATEMATHUKA

VIIK 621.39

YipaBiieHnEe pecypcaMu COThbl B OOBITHBIX U
Ype3BbIYallHbIX CUTYAIUAX

I'. II. Bammapuu, C. H. Kinanoymak

Kagedpa cucmem menexommyrurayui
Poccutickuti ynusepcumem dpyotcbv, 1apodos
Poccus, 117198, Mocxsa, ya. Murxayxo-Maxnaas, 6

B pabore ucciemoBano dyukimonuposanue ouoit corsl CCIIC, B KOTOPYO IOCTYIAIOT TPH
THUIIA BBI30BOB: 9KCTPEHHbBIE, HOBbIE HEIKCTPEHHBIE U X9H0BEP-BLI30BHI. IlocTpoena maTema-
TUIECKas MOJEJb COTBI ¢ OydepaMu 0XKUTAHUA U PE3EPBHBIMU KAHAJAMH JIJIsT SKCTPEHHBIX U
X9HIOBEP-BBI30BOB. [IpesmoskeH aJropuTM J0CTyma K pecypcaM COTHI STUX THUIIOB BBI3OBOB,
TIO3BOJIAIONINN PErYINPOBATH IPUOPUTET IKCTPEHHBIX BBI30BOB JIJIsI OOBIUHLIX M YPE3BbIUAil-
veIX cutyaruit. [lomyuensr dopmystsl it ocHoBHBIX BBX u pazpaboran sdbdeKTUBHBIN aJi-
roputm perenuss CYI'B. Pesynprarst paboThbl MOTYT OBITH MCIIOJIB30BAHBI B TPAKTUIECKOM
JIeSITeJIBHOCTU OIIEPATOPOB COTOBOI CBsI3M KaK B ODBIYHBIX CHUTyalUsX, Tak u B ciaydae JC.

KJIIOYEBBIE CJIOBA: cetn cotooii momsuzkuoit cBs3u (CCIIC), 9KCTpeHHBbIE BBI3OBBI, X3H-
noBep, upessbruaiinele curyanun (HC), cucrema ypaaenuii rinobansHoro 6ananca (CYI'B),
BEPOSITHOCTHO-BpeMeHHbIe xapakTepuctuku (BBX).

BBenenue

B konrne XX u B nagasre XXI Bexa ceru coropoii nosuzkuoii cessu (CCIIC) passu-
BAIOTCs OY€HBb OBICTPO, CTAHOBSICh JACTHIO COBPEMEHHOM IUBUIN3AINNA U CIIOCOOCTBYS
riobasmsaiu. CCIIC passuBaioTcst HE TOJBKO KOJMYECTBEHHO (YHCIO MOGHJIBHBIX
TesiepOHOB ITPEBBICUIIO YUCJIO CTAIMOHAPHBIX KAK B MUPE B IIEJIOM, TaK U B OTJIEIbHBIX
crpaHax, BrIodasg PD), HO 1 KA4eCTBEHHO — IIPOUCXOJUT JIOCTATOYHO OBICTPAsi CMEHa,
TEXHOJIOTUIl U TIOBCEMECTHO 3aBepieH mepexo oT TexHojgornn 1G K Texnosioruu 2G,
IIPOMCXOUT repexo ], oT Texuosioruu 2G K Texnosorusm 2.5G u 3G. Bosnukaer MHOTO
HOBBIX PaINOMPU3NIECKUX, PAINOTEXHUIECKUX M MaTeMaTHIYeCKUX MPobyieM U 3a7ad,
0 9éM CBHJIETEILCTBYET OPOMHBIH 00bEM myOsnkanmii [1].

SHaunTeIbHAA YACTH MPODJIEM TPEOYET Jjist CBOErO PEeIleHUsl MPUBJICICHNST BEPO-
SITHOCTHBIX MeTOJ0B, BKJodas Meroasl TMO u TT [1,2]. Oanoit u3 rakux mpobiem
SIBJISETCS KJIACCHIeCcKasl MpobJieMa Ieperpy30K B CeTAX CBI3U, KOTOPas BO3HUKJIA B
Hauaje XX Beka U, COOCTBEHHO, IpuBeja K Bo3HukHOBeHnio TT m cmocobcTrBoBasa
passutuio TMO.

[Teperpysku MOryT BO3HHKATH B OIIPEJIEJIEHHBIE IEPUOJIbI (HATIPUMED, B TIPA3IHIY-
HbIE JTHH, BO BPEMsl KPYIHBIX CIOPTUBHBIX MEPOIPHUATHIA), U4TO MMO3BOJISIET K HUM 3apa-
Hee MOJITOTOBUTHCS, YBEJININB PECYPC CETH K HAYaIy mepuoia OosbImmx HArpy30k. Ho
HarOOJIBIIYIO TPYAHOCTD MPEICTABIISIET CODOM MpobiieMa Imeperpy3oK, BpeMsi KOTOPBIX
HEBO3MOKHO IIPEJICKA3aTh — 9TO CTUXUIHBIE OeJICTBUsI, IPUPO/IHBIE MJIA TEXHUIECKHUE
KaTacTpodbl, a B MOCTETHNAE TOAbI 1 TEPPOPUCTUIECKIE aKThl. Bce 3Th MpuIuHbI mpu-
HATO HA3LIBATH YPE3BBIYAMHBIMEU CUTYaIlUsIMUA. B 3TH Iepuojbl Harpy3Ka MOXKET BO
MHOT'O Pa3 IPEBBINIATh HOPMAJIBHYIO, & 9acTh ceTH, HarpuMep 6a3obble cranmuu (BC)
MOOHUIBHOI CETH, MOYKET BBIXOIUTH W3 CTPOST MOJTHOCTHIO WM TACTHUIHO.

Cy1iecTBy0T pas3ndHble oaxoanl K ucciaeaopanuio mosegenns CCIIC mocie YC.
B pa6orax [3,4]| npezicraBiien MakpoIoixo/|, KOrja paccMaTpuBaeTcst 6oJibInoii dpar-
MEHT ceTH (PEruoH) M MCCIIEyeTcsl JKUBYUIEeCTh COTOBOI ceTu 1pu pasHbix Tunax JC.
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[Ipeanonaraercss, uro yacts BC moaHOCTHIO TepsieT pabOTOCIOCOOHOCTH M C IIOMO-
IIbI0 BEPOSTHOCTHO-IPAGOBBIX METOIOB MCCIEAYETCS BEPOATHOCTH YCTAHOBJIEHUS CO-
eIMHEeHWH MeXK Iy abOHEeHTAMU MOCPEICTBOM ocTaBmuxcst paborocmocobubix BC. Dra
npobsemMa OJIM3Ka K PACCMATPUBABIIUMCS B IOCIeIHENl deTBepTH XX BeKa 3aIadaM
pacUuéTa HaJIE?KHOCTH U YKUBYIECTH CETEBBIX CTPYKTYD.

B pabore [5] B pamMkax MHKpOIOXO/a paccMarpuBaercst otaenbHas cora CCIIC,
KOTOpast He BBIXOIUT mu3 cTposi mocie UC, HO Ha Heé PE3KO YBEJUIUBAETCS MOTOK
9KCTPEHHBIX BBI30BOB. JTOT MOTOK PACCMATPUBAETCS OTIEIHHO OT OOBITHBIX HOBBIX
BBI3OBOB U3 PACCMATPUBAEMON COTHI U XIHIOBEP-BHI30BOB M3 CMEYKHBIX COT, TIOCKOJIBKY
SKCTPEHHBIE BBI30BBI JOJIKHBI UMETh HAUBBICIIUN ITPHOPHUTET.

B macrosimeit crarbe paccmarpusaercs omHa cota CCIIC, B KOTOpyIO MOCTyITaroT
TPU IIOTOKA, BBI30BOB: 9KCTPEHHBIE, XIHJOBED U HOBBIE HEIKCTPEHHBbIE BBI3OBBI. llpes-
JlaraeTcst BBECTHU B COTe /1Ba Oydepa 0KUIAHUS: I IKCTPEHHBIX W XIHI0BEP-BhI30BOB.
IIpu BBIGOPE BBHIZOBA, HaxomgAITerocs B Oydepe, Ha 0OCTYKIUBAHIE BBOAUTCH AJTOPUTM
YIPABJIEHUS JIOCTYIIOM, 3aKJIIOYAIINACS B THOKOM PEryJIMpOBAHUU BBIOOpA KaHAJA
it OOCTYyKUBAHUSA MEXKIY SKCTPEHHBIMU U XIHIOBEP-BBI30BAMU C TIOMOIIBIO 3313~
BaeMOro mapamerpa. biaromaps sToMmy mapamMeTpy BO3MOXKHO OIEPATHBHOE Pearupo-
BaHHe Ha M3MeHeHne TpadUKa MPU PE3KOM IEPEXOie OT OOBITHOIO PeXUMa (PyHKIIH-
OHUPOBaHUS COTHI K pexkuMy paborel B ycmoBuax UC. Takxke myis ymydrneHnss Ka-
9ecTBa OOCTYKUBAHUS TPUOPUTETHBIX TUIIOB BBHI30BOB IIPEIYCMATPUBACTCS BBEICHUE
pe3epBHBbIX KaHasioB B core. C HCIOIb30BAHMEM METOJMKHU, M3JI0KEHHOi B [2], cTpo-
UTCS MaTeMaTH4IecKasi MOJIeJIb COThI B BUJE TPEXMEPHOIO CTYIEHIATOIO MapKOBCKOI'O
nporecca (CtMII). Ipemynaraercst HoBbiii 3 dekTuBHbI asropurm pemenns CYT'B u
OIIPEJICISIETCS PABHOBECHOE PACIIPEeIesIEHNe, TTOJTy I€Hbl (DOPMYJIBI /1Jisi ocHOBHBIX BBX.

1. Maremarn4ieckasi MOJIeJIb

Bceero mna BC corbr umeercst C' pa3roBopHBbIX KaHAJIOB. B HeE mOCTymamT Tpu M0TO-
K& BBI30BOB: 9KCTPEHHBIE BBIZOBBI U3 9TOH Ke cOTHI (1-BBI30BBI), XIHIOBEP-BHI30BHI U3
COCEJTHUX COT (2-BBI3OBBI) M HOBbIE HEIKCTPEHHBIE BBI30BBI (3-BBI30BbI), BO3HUKAIOIIUE
B Ipefe/iaX pacCMaTPUBAEMON COTBI, ¢ MHTEHCUBHOCTAMHU A1, A2 M A3 COOTBETCTBEH-
Ho. Bpemsa obciyxkuBanust BbI30Ba JIOO0TO M3 TPEX TUIIOB MMEET SKCIIOHEHITHAJIBHOE
pacmpeesiearne ¢ napamerpom ji. 3 obmiero uncia C' KaHAJIOB BBIJEJIEHO § PE3EPB-
HBIX KAHAJOB HCKJIIOYATENBHO IJIs OOCTY>KUBAHWS MPUOPUTETHLIX THUIIOB BBHI30BOB:
SKCTPEHHBIX U XIHJIOBEP-BHI30BOB.

B cucreme peanmzoBan mpuHIUI OOCTYKUBAHAS C OKATAHIEM KaK i 1-BBI30BOB,
TaK W Jis 2-BbI30BOB. Kcjm 1-BbI30B mim 2-BBI30B 3aCTAET MPHU MOCTYIJIEHUH B COTY
BCe KaHAJIbl 3aHSITHIME, OH IIOMeNaeTcst B Oydep 0KUJaHUST EMKOCTBIO ') M I’y COOTBET-
CTBEHHO. 1-BBI30B, HAXOMAIINNCS B OUEPEIN, MOXKET MOKHHYTH €€ C MHTEHCUBHOCTHIO
V1, HE JOXKIABIINACH OOCTY’KUBAHUS, BCAEACTBHAE CIEIMU(PUKNA UPE3BLIYANHBIX CHTYa-
Iuil, Korja >Ku3Hb abOHEHTa HAXOJUTCS IO YyrpO30i M BO3MOXKHO BO3HUKHOBEHHUE
HEIMPEIBUIEHHBIX [TOMeX TIpHU ycTaHoBjeHnn cBs3u ¢ bC coThl. 2-BbI30B, HAXOSTITHICT
B OUY€peH, TAKXKE MOXKET TIOKUHYTh €€ C MHTEHCUBHOCTBIO Vo BCJIEIICTBUE TIEPECEUCHIS
abOHEHTOM I'DAHUIIBI XIHI0BEP-30HBI. [IpH 9TOM IPOUCXOIUT PA3PhIB y2KE YCTAHOBJIEH-
HOTO COEIMHEHUS.

[Ipon3BoIbHOMY BBI30OBY MOYKET OBITh OTKA3aHO B OOCJIY>KHBAHWUU IO CJIEIYIOIIM
IPpUYUHAM:

— BBI3OB 3aCTaJl BCE KAHAJBI U Bee MecTa B Oydepe Jiyist oxkumanust (111 9KCTPEHHDBIX
U X3HJIOBED-BBI30OBOB) 3aHSITHIMIE;

— 9KCTPEHHBIN WJIM X9HJIOBEP-BBI30B IIOC/IE TONa aHus B Oydep yIIEa U3 CUCTEMBI,
He JIOXKJIABINNCH 0OCITY KIUBAHUSI.

Ha cucTeMy HaKJ/IaAbIBAIOTCHA CJ/IEAYIONIe OI'PDaHUYICHUA:

— BC€ IIOTOKH BbI3OBOB, IIOCTYIIaIOIIUE B COTY, IIyaCCOHOBCKHUEC N HE3aBHUCHUMBIEC;

— IIOCJIe OKOHYaHUA O6CJIy}KI/IBaHI/IH B COTE€ Pa3roBOp IpeKpallaeTCdA UJIN BBI3OB II0-
KuJgaeT COTY, HE OKa3bIBas BJIMAHWUA Ha APYTHUE BHI3OBDLI,

— JKCTPEHHbIE BBISOBBI HE HCIIOJIB3YIOT IIPOIEAYDPY XI9HJI0BEpPA.
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Ha puc. 1 npencraiena cxema paccMarpubaemoii cucrembl. Ha HéM JromosHuTEB-
HO BBEIEHBI 00O3HAYEHUST N;, ¢ = 1,2 — KOJUIECTBO i-BBI30BOB B COOTBETCTBYIOIIEHT
ouyepenu.

Aﬂl-l '.ﬂ anl,@

i s
L *

1| 1|—
i

A "
= =T~ 4

1 KoHTponb Ly

v *,

T, \\ pocrtyna M
P LA — g
3 Pe3epBHBIX

; KaHAJOB 1S
' SKCTPEHHbIX

i
‘ H M X3HJIOBEp-
7 - BBI30BOB

Puc. 1. Mognens paccMarpuBaeMoil COTHI.

KonuTposb mocryna K pecypcaM COTBI OCYIIECTBJIAETCS CJIELYIONIUM OOpa3oM: 3a-
JIQIIMCsT HEKOTOPbIM KoadbdurmenTom b (T. . Koabdunument B3pemmBanus). Toraa
[IpY HAJIMYUHU B 00EUX 0YepeIsiX XOTsl ObI 110 OJIHOMY BBI30BY SKCTPEHHBIN BBI3OB OyIeT
[IPUHSAT Ha, OOCIYKUBAHKUE C BEPOSITHOCTHIO

A=PT, < T, (1)

a X9HJI0BEP-BBI3ZOB — C BEPOATHOCTBHIO

Alzl—A:P{bT1>T2}, (2)

riae T3, 1 = 1,2 — BpeMsi, ocTaBIlleecs JI0 yXOJla 1-BbI30Ba U3 OYEPE/IH.

ITockonbky B paccmarpuBaemom ciaydae m3Bectao, uro CB T u Th mMeroT sKcmo-
HEHIMAIbLHOE PACIpe/ieIeHre, Mbl MOYKEM MOJIyIUTh 3HadYeHns BeposTHocTeit (1) u (2)
B aBHOM BHe. Kak m3BeCTHO M3 Kypca Teopun BepositHocTeil, ecau CB T pacmpene-
JIeHa 3KCIIOHEHIINAJIBLHO ¢ mapamerpom vi, To CB b1 Takxke Oyier mMeTb SKCIIOHEH-
IIaIbHOe pacrpeenenne, Ho ¢ mapamerpom 4t. Torma mis BeposTHocTeit (1) MOXKHO
[TOJTY 9UTh

P{OT, < Th} = / P{Ty = ¢} P{bT, < c}de =
0

o0 oo
= /sz (¢)Fyry (c)de = /Vze_’”c (1 - 6_1_710> de =
0 o
v o0
Cero pe e 2 T
= —¢ 24|0 + vy =1- v vy
nt3 oo, v+ 1t

OTKy/1a, BBIIOJHSS AHAJIOPMYIHbIE TIpeobpa3oBanust st (2),

V_bl 121 {1, b—>0

, (3)

= —
vo+ 45 v +bry 0, b— o

_ b 0, b—0

Aotz _bn H{ . (4)
vo+ 5 v +bie 0, b— o
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IIpenoKeHHbli aaropuT™M JOCTYIIa BKIIOUAET B ceOsl B KAUECTBE YACTHBIX CJIyUIaeB
AJICOPUTMBI BBIOOPa BBI30BA U3 OYEPEIN Ha OOC/IY>KHBAHUE C OTHOCUTEJHHBIM IIPUO-
pUTETOM st JIOOOr0 M3 KJIACCOB BBI3OBOB: Ipu b = 0 OTHOCUTENLHBIA IPUOPUTET
[IOJIY9AIOT SKCTPEHHBIE BBIZOBHI, & IPHU b = 00 — X3HIOBEP-BLI30BbI, IIOCKOJIBKY IIPH
3ToM A =1 u A = 0 COOTBETCTBEHHO.

HOBe,ILeHI/Ie paCCManI/IBaGMOﬁ CHUCTEeMbl BO BpEeME€HU OIIMCbhIBaeTCA TpéXMeprIM

CtMII
X(t) = (X2(0). Xa(0). Xs(0), ¢ 30, (5)
rie

X1 (t) — 9mCa0 BBI3OBOB, HAXOMSIIMXCS HA OOCTy’KUBAHAM B MOMEHT BPEMEHH f,
X2 (t) — 9MCI0 SKCTPEHHBIX BBI30BOB B OY€PEM B MOMEHT BPEMEHH
X3(t) — 9nca0 X3HOBEP-BBI30BOB B OYEpE/IN B MOMEHT BPEMeHH i.

HpOCTpa.HCTBO COCTOSIHUIT 3TOr0 npornecca nMeeT BUJL

S={(c,0,0)U(C,4,5): ¢=0,C;i=0,r1;j=0,r2}.

Marpuiy nHTeHCHBHOCTEl IIepexonoB mpomecca X (t) obosnaunm A = [a(s, t)]s tes-
I'pad uHTEHCHBHOCTE! EPEXO0B HPOIECca IIPeJICTaBIeH Ha PUcC. 2.

A~ /’1
CHA*'V; CﬂA+2/ (:/1A+r|/1

2 C;l+r2u2 zC,uA+rv A C;1A+r2|/2

T

/1 C/t+2/ /1 c;:A+ v, A C/IA+2V2

’/1\,\ )//l\y /‘/\

T \C,uA+v T \CyA+2|/ C,uA+rv1r \
/]2 C,u+v /]2 C,uA+|/2 A C,uA+|/2

li il 12] 12\' //1 .!/ .i 1W / .
Cy+rv
H C-gu (C g+u (C g+2u  Cu

Puc. 2. 'pad uHTEHCHBHOCTEH IIEPEXOJOB CiIydaiiHoro nporecca X (t).

ITycTh BBIIOJHSIIOTCS BCE YCJIOBHsL JIsi CyIIECTBOBAHUSI PABHOBECHOIO DACIpe/ie-
nenust P(c,i,7), (¢,i,7) € S MII (5) [2]. Jns kpaTkocTn 06O3HAYNM PABHOBECHBIE
BeposiTHOCTH TIporiecca X (1), korja 3ausTbl Bece C' pasrOBOPHBIX KAHAJIOB CJIE/LYIOIIIM
obpazoMm

P(C,Z,]) =:iDij; i:17T17 j:1,7’2.

[To anasorun ¢ 2] Herpynuo nokasars, uro CYI'B mis npomecca X (t) numeer Bugy

A1+ A2 +ulc—C+ g+ 1)As + u(c)ep] P(c,0,0) =
=u(c)[M + Ao+ u(c—C + g)A3] P(c—1,0,0) +
+ (c+ 1D)puP(c+1,0,0); ¢=0,C—1,;

()\1 + Aoy + C/L)P(C, 0, 0) = ()\1 + )\Q)P(C — 1,0, 0) + (CM + 1/1)]91,0 + (C/,L + I/2>p071;
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{ulri — )M +ulra — j) A2 + u(i))Cu[A — (A= 1)(1 — u(j))]+
+ivy +u(f)CulA — (A= 1)(1 —u(i))] + jvo}pi; =
= u(i)Mpi—1,5 + u(f)Aapij—1+ (6)
+{u(ry —i)Cpu[A — (A —1)(1 —u(5))] + (i + D)vi }pig1;+
+{u(rs = §)CulA — (A= 1)(1 —u(@)] + (G + V2 }pijt1;

t=0,r1, j=0,72, t4+75>0.

2. Pemienue CYI'B

Pemenne nosydennoit CYI'B crangapTHbIME MATPUYHBIME METOJAMHU IIPHBOUT
K 3HAYUTEJbHBIM BBIYHCINTEIBHBIM TPYAHOCTSM. B 1aHHO pabore mpeyioXKeH aJi-
FOPUTM BBIYHCJICHHUS CTAIMOHAPHBIX BEPOSTHOCTEI, MCIOJB3YIOMMI CrrennduaecKmii
Bu rpada nHTEHCHBHOCTE epexo1oB nporecca X (t). IIpeyiokeHHbIi aaropuT™ Ipu
GOJIBIINX 3HAYEHMS CTPYKTYPHBIX MAapaMeTPOB CHCTEMbI ITOKa3BIBACT TOpPa3I0 00JIb-
IHIyI0 CKOpOCTh Bhrumcsenuii, dem pemenne CYI'B nanpsimyio. CyTs anropurMa 3a-
kioudaercst B ceegennn CYI'B (6) pasmepuoctu C' + (1 + 1)(r2 + 1) xk CJIY pasmep-
HOCTH 71 (WM T2, B 3aBHCUMOCTH OT 3HAYEHHIl STUX IIAPAMETPOB) C BEPOSITHOCTSIMHE
pok =: Tg; k = 1,72 (6) B KadecTBe HemsBecTHBIX. [[JIs1 OCTAJIBHBIX BEPOSITHOCTEH
HAXOJUTCSL UX BBIPAKEHHE Yepe3 JIMHEHHY10 KoMOuHaImo 3uadenuit (6).

2.1. ITapameTpbl TPOU3BOJNTEILHOCTH CUCTEMBI

Tenepb BEPOATHOCTH 6JIOKI/IpOBOK (T. €. BEPpOATHOCTU MTHOBEHHOM II0TEpH Ha BXO/1€
B CUCTE€MY BBIZOBOB COOTBETCTBYIOIIETO TI/IHa) JJIA TpéX TUIIOB BBISOBOB MOTYyT OBITH
3alliCaHbl CJIE/YIONTUM 06pa30M

c—-1

| =Driei 21 =Dery; T3=pee=1—> P{k0,0} (7)
k=0

JIUISI 9KCTPEHHBIX, XIHJIOBEP- U HOBBIX HEIKCTPEHHBIX BBI3OBOB COOTBETCTBEHHO.
BepositHocTu yxoma u3 ouepenn 6e3 oOCTyKUBAHUS JJIsT SKCTPEHHBIX U XIHIOBEP-
BBI30BOB MOYKHO BBIMHC/IUTH, UCXOS M3 CJIEIYIONINX COOOPasKEeHMIA.
BBeném ciyuaiitable BEIUUNHBL ¢ U o — KOJUIECTBO BBI30BOB, OXKUIAIOIINX OOCITY-
JKUBAHUS COOTBETCTBEHHO B OYEPEIH JJIA 1-BbI30BOB U 2-BBI3OBOB. MaTOXKUIAHUS STUX
BEJIMUNH MOYKHO TIOJYIUTD 10 (POPMYIaM

71
Esi =Y ipie,
i=1

T2
Egy = jpe-

Ecim odepeab 1-BBI3OBOB He IIyCcTa, TO V1E§1 — UHTEHCUBHOCTDH yXO/Ia BbBI3OBOB N3
T T2

910t Ovepesu 6e3 obciykuBanus, a Cu Z pio + CuA Y Z Di,j — AHTEHCUBHOCTH
i=1j5=1

yXOJIa, BBI30BOB M3 HEE Ke Ha O6C.Hy)KI/IBaHI/Ie. [TosToMy mMeeT MeCTO PaBEHCTBO WH-

TEHCUBHOCTEI TTOTOKOB 1-BBI30BOB, MMOCTYMAIOIINX B OYEPENDb 71 U MOKUJAIONINX €€

T1— 1 T2

A Z Die = =1 EQ + C,Uzpzo + C,UAZZPW

i=1j5=1
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13 91010 COOTHOIIEHNsT MOYKHO BBIYUCIUTH BEPOSTHOCTH (110 MHTEHCHBHOCTU) 712
yxoma 1-BbI30Ba U3 odepean 6e3 00CTyKUBAHUS

v1 E¢
Tig = 171. (8)

ri—1

)\1 E Die

AnajtoruvHo, I oYepeu 1o, VgEgg—HHTeHCHBHOCTL yXOJia BBI30BOB U3 STOMU
T2 T
ouepenn 6e3 obcrykuBanus, a Cp Z poj + CuA S Y pij — WHTEHCHBHOCTH yXOma
J=1 Jj=1l1i=1
BBI30BOB U3 Heé Ke Ha o0C/IyKuBaHme. TakuM oOpa3oM, OajaHC WHTEHCUBHOCTEH IM0-
TOKOB 2-BBI30BOB, IOCTYIIAIOINIUX B OY€pE/b 1'| U MOKUJIAIOMNX €€, UMeeT BU/I

ro—1 T2 T1

A2 ZP.] —V2E§2+C/~LZPOJ+CMAZZPZJ

Jj=1l:=1

Orkyna, anagoruaao dpopmysie (8), MOXKHO MOJYIUTh BEPOSITHOCTD (10 WHTEHCUB-
HOCTH) T2 Pa3pbiBa COEJIMHEHMsI, OXKUIAIONIEr0 OOCIyKUBAHUSI B XIHJIOBEP-OUEPeIn
T2

vo G
Top = 22 (9)

ro—1

A2 E De,j

2.2. YnuciaeHHbIl aHaAIN3

st mpuMepa BO3BMEM CHCTEMY € YHCJIOM KaHAJoB 30 M AByMs pPe3epBHBIMH Ka-
HajaMu, 0ydepoM JIjisi SKCTPEHHBIX BLI30BOB M3 3 MECT [IJIs OXKUJAHUdA u O6ydepom
JIUTsT X9HJIOBEP-BBI30BOB U3 3 MecT 1isi oxkujanus. CpejiHee BpeMsi pa3roBopa puMeM
paBebIM 100 cexkyHgaMm, cpegHee BpeMs Ku3HU B odepean 20 cekyuy u 10 ceKyH, Jits
9KCTPEHHBIX U X3IHJIOBEP-BBI30BOB, COOTBETCTBEHHO. By/ileM cunTarh, YTO HAaNOOIBIIYIO
Harpy3Ky Ha CHUCTEMY U3 TPEX THUIOB BLI30BOB O0ECIEUYMBAIOT HOBBIE HEIKCTPEHHBIE
BBI3OBBI, HECKOJIPKO MEHBIIYIO — SKCTPEHHBIE W XIHJIOBEP-BBI30BBI. Bce OCHOBHBIE Ta-
paMeTphI CHCTEMBI IIePEYNCIeHbl B Ta0I. 1.

Tabymmna 1
OcHOBHBIE apaMeTpPbl CUCTEMBI JJIsi YMCJIEHHOTO IIpuMepa

P1 P2 p3

Lo 2

1 1
30 2 3 3 1.5 1.5 15 15 20
Opa | Dpa | Dpx

Ha puc. 3 moka3ana 3aBHCHMOCTb BEpOATHOCTEH OJIOKMPOBOK BBI30BOB BCEX TPEX
THUIIOB OT 3Ha4YeHUs Ko duimenTa B3BennBanns. Kak MOKHO 3aMEeTHTh, DU 3HAUE-
HuaxX b, OIM3KUX K HYJIO, BEPOSITHOCTH 791 3HAUUTENBHO MPEBOCXOIUT BEPOSITHOCTD
1. DTO 00bsICHAETCS TeM (PaKTOM, ITO [IPU ITUX 3HAUEHUdAX b HA 0OCTy)KUBAHIE BbI-
OUpAIOTCsi, B OCHOBHOM, 1-BBI30BBI U3 o4uepenn. Kcin ke b yBemanBaeTcsi, CTpeMsiCh K
0EeCKOHEYHOCTH, 3HAYEHNE 1] YBEJIMIUBACTCS U HIOCTIE OIPE/IEJIEHHOIO MOMEHTA CTAHO-
BHUTCH OOJIbITE, YeM 3HaUeHne To1. Ipn b = 1 3HAUYeHUS ABYX BEPOSITHOCTEIN COBIIAIAIOT,
ITOCKOJIbKY 1-BBI3OBBI U 2-BBI30BBI U3 OUEPEIEil IPU STOM BBIOMPAIOTCS Ha 00CITY XKUBa-
HU€ ¢ paBHOI BeposTHOCTHI0. Hamo orMeTuTh, 9TO MOmMOOHOE COBITAIEHIE NMEET MECTO
“MeHHO B To4uke b = 1 BcjencTBme TOrO, UTO MOTOKU 1-BBI3OBOB U 2-BBI30BOB MMEIOT
OJINHAKOBBIE XaPaKTEPUCTUKU: CO3/AI0T OIMHAKOBYIO HAIDY3KY, COBIAJIAIOT Pa3Mepbl
O6ydepoB OXKUIAHWS W WHTEHCHBHOCTU HeTeprieHus. 1Ipm pa3amymsax B mepevunc/ieH-
HBIX XapaKTEePUCTUKAX JBYX MOTOKOB TOYKA COBIAJEHUS BEPOSTHOCTEH OyIeT cMmerre-
Ha. /JluHaMuKa n3MEHEeHU BEPOSATHOCTEH 711 U o1 SPKO JEMOHCTPUPYET BO3MOXKHOCTh
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ruOKOTO pas3ie/IeHusT IPUOPUTETA MEXK Ty 1-BBI30BaAMU U 2-BhI30BaMH. TaKKe Ha PHUC. 3
MOYKHO YVBUJETH, 9TO 3aBUCUMOCTH OT KO3(DUIMEHTa B3BEITUBAHUS U CBI3b MEXKTY
00O BEPOATHOCTEN 712 U Moy YXO/A BBI30BOB U3 oUepenn 6e3 0OCIyKUBAHUST NMEIOT
TaKOM K€ BUJ, KaK U JIJIsi BEPOSITHOCTEN 7711 U T21 COOTBETCTBEHHO.

BepositHocTn norepb
o
o
[oe]
4
N

0,0001 0,001 0,01 0,1 1 10 100 1000

Koaddunment B3pemmBanms

Puc. 3. I'paduk 3aBUCUMOCTH BEPOSITHOCTEN GJIOKHPOBOK BBI30BOB OT KO3(M(UIIMEHTA B3BEIIITUBAHUSI:
C=30,g=2,7r1 =3,7r2 =3,p1 =15,p2 = 15,p3 :20,”#—1 = 1,5,”#—2 = 1.5.

Ha puc. 4 upeacrapien rpaduk 3aBUCUMOCTU BEPOSITHOCTEN 11 U o1 OJOKUPOBKHI
1-BBI30BOB M 2-BBI30BOB COOTBETCTBEHHO IPHU BXOJE B CUCTEMY OT 3HavUeHUsT KO3PDu-
IMEeHTa B3BEITUBAHUS IPU PA3INIHBIX 3HAUECHUSIX EMKOCTH 11 6ydepa HAKOUTEsT [IJIsT
1-BBI30BOB.

0,14

=
I
U W

0,1

e > m
o T
TR
o

0,08

0,06

[Torepu

0,04

0,02

0,00010,001 0,01 0,1 1 10 100 1000
Koaddunrent B3BemmBanus

Puc. 4. I'pacduk 3aBUCHMOCTH BEPOSATHOCTEH IOTEPH OT KOI(MMUIMEHTa B3BEIIUBAHUS I[IPU T'] =
3,5,10: C = 30,9 = 2,72 = 3,p1 = 15,p2 = 15,p3 = 20, - = 1.5, 22 = 1.5.

Ha puc. 4 Bumno, uro npu yBemumdennn éMkoctu Oydepa s 1-BbI30BOB BepOsT-
HOCTB 7711 OJTOKMPOBKHU 1-BBI30BOB CHJIBHO yMmenbImaercsd. [Ipu r1 = 10 e€ 3uatenune ne
npesocxoauT 1% mpu o6bIx 3HaYeHus KoagpuiuenTa B3semuBanus b. BeposaTHocTh
91 OGJIOKUPOBKHU 2-BLI30BA IPU yBEJIMYEHUH éMKOCTH Oydepa B auamnasone r; = 1,6



12 Bawapun I'.II., Knanoywax C.H. YupasiieHre pecypcamMu COTHI B. . .

3aMETHO YBEJUYINBAETCS IPU U3MEHEHUH 7'1, OJHAKO IIPU JAJIbHEHIIIeM POCTe 3HAUECHUIH
71 3HAYEHUS To) MPAKTUIECKN CTAOMIN3UPYIOTCS.

SameTuM TakxKe, 9To pu 71 = 10 w11 < mo1 st 00BIX b. Takmm obpasoM yBean-
qeHne EMKocTH Oydepa MOXKeT CIyKUTh 0oJiee paJuKaIbHBIM METOIOM YMEHBITEHUsT
BEPOSITHOCTH TIOTEPh 3KCTPEHHBIX BBIZOBOB, YeM KOHTPOJB JOCTYIA C TIOMOIIBIO KO-
s durmenTa B3BEIUBaHUS, OAHAKO opranu3arius Oydepos mis oxunanus B CCIIC
SABJIETCH CJIOXKHON TEXHUYECKOI 3a/1adeil.

Takum obpazom, Mmocje MPOBEIeHMs INCJIEHHOTO aHAIN3a MOYKHO CJIeJIaTh BBIBOJ,
qTO HEJIb3sl PACCMATPUBATH KarKIbIi CIIOCOO ITPEIOCTABIEHNsT TPUOPUTETa BBI30BAM
oTZIEeSIbHO OT npyrux. Heobxoammo mogdupaTh mapamMeTpbl CUCTEMBI TaK, UTOOBI Mpu
VMEHBIIIEHNN BEPOSTHOCTEN OJIOKMPOBOK SKCTPEHHBIX BBHI30BOB BEPOSTHOCTHU OJIOKUPO-
BOK HOBBIX HEIKCTPEHHBIX BBI30BOB HE IMPUHUMAJIN KPUTUIECKUX 3HAUEHUI.

3akJiroueHue

B crarbe mzyueno dbyurmmonuposanue ogmoit corbt CCIIC ¢ yuérom mocryma-
OMNUX B HEE SKCTPEHHBIX BBIZOBOB. /JljisT 0OC/Iy:KWBaHWs SKCTPEHHBIX W XIHIOBED-
BBI3OBOB BBOJIATCS Pe3epBHbIE KaHAJbl U Oydepsl /st oxKuganus. Kpome Toro, BBO-
JUTCS KOHTPOJIb HOCTYIA Jjisi THOKOTO PETYIMPOBAHUS IPUOPUTETA MEXKIY ITHMU THU-
[TaMU BBI30BOB B OOBIYHBIX U UIPE3BBIYAMHBIX cATyanuax. s anajgmsa mapamMeTpos
IIPOM3BOUTEILHOCTH pa3paboTaHa COOTBETCTBYIOIIAs MaTeMATHIECKas MOJEIb B BH-
ne tpéxnorouanoit CMO ¢ oxumanuem. Ilpeamoken n peaJn3oBan aJrOpuT™M PEIICHUST
CYT'B. YucmenHblit aHaIN3 MOKA3aJI, 9TO KOMILIEKC IPeIIaraeMbIX MEeTO/IOB TTO3BOJIS-
eT 0becIle nTh BBICOKNE IIOKA3aTeN KAveCcTBa 0OCIIyKUBAHUS JIJIs 9KCTPEHHBIX BBI30-
BOB B IIEpUOJI, UPE3BBIYANHBIX CATYAIWIA, 8 TAaKXKe YIyJIUThL OOCTIYKUBAHIE BHI30BOB
ciry»x0 01, 02, 03 B OOBITHBIX CHUTYAIIUSX.
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UDC 621.39

Cell Resource Management in Ordinary and Emergency
Situations

G. P. Basharin, S. N. Klapouschak

Telecommunication Systems Department
Peoples’ Friendship University of Russia
6, Miklukho-Maklaya str., Moscow, 117198, Russia

A mobile network cell with emergency, handover and new arrival calls is investigated. A
mathematical model with queuing and guard channels for handover and emergency call is
developed. An admission control to cell resources for the above two types of calls is proposed
that provides flexible priority to emergency calls in ordinary and emergency situations. The
formulas for performance analysis are obtained and effective algorithm for solving system
of balance equations is provided. This paper’s results can be applied by cellular networks
operators both in ordinary and emergency cases.
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YIK 519.872

CranuonapHoe pacnpe/iejieHrne BEPOsATHOCTEN B
crucTeMaX MaCCOBOTO OOC/Iy>KMBaHNs C OOHOBJIEHHEM

I1. II. Bouapos |, 1. C. 3apsaos

Kagedpa meopuu eepoammocmeti U MAMEMATMUNECKOT, CMAMUCTUKY
Poccutickuii yrusepcumem 0pyostcovr Hapodos
Poccun, 117198, Mocxksa, ya. Murasyxo-Maxaas, 6

PaccmarpuBaroTcst MApKOBCKHE CHCTEMBI MAacCOBOTO OOC/IyKuBaHust ¢ obHOBIeHUEM. JIyst
9THUX CHCTEM Ha OCHOBE JIOKA3aHHOI B paboTe 1j1st 000OIIEHHOrO IIPOIECCa PA3MHOXKEHUS U U~
Gesii TeOpEMBI MTOJIYYEeHBbI AJTOPUTMbBI HAXOXKIEHUST CTAIIMOHAPHBIX BEPOSATHOCTEN COCTOSTHUIA.
B Ka4dyeCTBe NPUMEPOB IIPUBEACHDBI aJITOPUTMbI PACYE€TOB JIdd SKCIIOHEHIINAJIBHBIX CUCTEMBbI
¢ obuosnenuem — cucreMsl M /M /n/r 6e3 noobeiyxusanuem u cucreMmsl M/M/n/r ¢ noo6-
CILyXKIBAHUEM.

KUIIOUEBBIE CJIOBA: MAapKOBCKHI MPOIECC, MATPUYIHOE pEIleHNne, CTAIIMOHAPHOE pacupere-
JieHue, OOHOBJIEHUE, JTOOOC/TY KIBaHUeE.

BBenenue

Paccmorpum siBe cucrembr MaccoBoro obcsrykusanusi (CMO) ¢ obHOBIEHHEM.

B CMO nepsoro Tuma (6€3 1000CTy KIBAHIA) 3asiBKa, OKOHIHUBIIAsT 00CITy KIBAHIE
Ha 1pubope, ¢ BEpOATHOCTHIO ¢ yOuBaeT Bce 3asgBKU B Hakonuresne u nokumaer CMO,
a C JIOTIOJIHUTEILHON BEpOSATHOCTBIO p = 1 — ¢ IMPOCTO IMOKUIAET CUCTEMY. BeposiTHOCTD
¢ HA3BIBAETCH BEPOATHOCTHIO OOHOBJICHMUSI.

B CMO Broporo tumna (¢ 10006CIy>KUBaHIEM) € BEPOSITHOCTBIO ¢ OOCIIY KHUBIIASICST
3asBKa OCTAETCS B CHCTeMe, yOuBasi BCe 3asBKM B HAKOIUTEJE, W C BEPOATHOCTHIO
p = 1 — g moKumaeT cucreMy. 37eCh BEPOSITHOCTD ¢ TAKXKe HA3BIBAETCS BEPOSITHOCTHIO
OOHOBJICHUSI.

Warepec K JaHHOMY KJIACCY CHCTEM MaCCOBOI'O OOC/IYXKHUBAHUsI CBSA3AH C PA3BUTH-
€M KOMITBIOTEPHBIX U TeJIEKOMMYHUKAIMOHHLIX cucteM. Briepssie CMO ¢ obHOBIEHIEM
6butn pacemorpensl A. 51, KpeitnunbiM [1,2] 1 npuMeHsMes Jyist MOJIEIMPOBAHUST Pa-
GOTBI CHCTEMBI, B KOTOPYIO IOCTYIIAIOT MOTOKU KOMaHJI (3asBOK) HECKOJIbKUX THUIIOB
(B TOM dmCIIe MOTOK WCIIOJHSIEMBIX KOMAH]I) ¥ BO3MOXKEH I[EPeXOj OT MCIOJIHSIeMOIt
KOMAH/bI K WHOW KOMAH[Ee C TOTepeil MPOMEXKYTOUHBIX KOMaHI. B HacTosIee BpeMst
9TOT IOJIX0/T HAYUHAIOT IIPUMEHSITh K MOJIEIMPOBAHUIO CHCTEM, B KOTOPBIX OOCIIYKU-
BaHHUe (& TOYHeEe roBOPS — MOMEHT OKOHYaHUsl OOCJIY’KUBAHUsI) MOXKeT BbI3BATh COOIt
B paboTe CHCTeMBbI, YpEBATHIil MOTEpsiMU 3asiBOK. B dacTHOCTH, B 3] ObLIM M3ydYeHBI
BEPOSITHOCTHBIE MOJIEJIH IIPOTOKOJIOB JIJIsi CUCTEM, IYBCTBUTEJILHBIX K OTKa3aM. B 3roit
»Ke paboTe OBbLIM MOCTPOEHBI CHCTEMBI MACCOBOTO OOC/IY2KUBAHUS C MPUOPUTETAMU U
obroBeaneM. OrmeruM, uro CMO ¢ 06HOBIEHIEM UMEIOT TaKyKe MHTEPECHYIO WHTEP-
[IPETAINIO C TOYKU 3PEHUs] MATEMATHYECKUX MOoJlejieil (DUHAHCOB U SKOHOMUKH, TJe
C UX TIOMOIIBIO ONUCHIBAETCA CTOMMOCTb PHUCKOBOW IeHHO# Oymaru Ha (pUHAHCOBOM
poiake. [Ipu 3TOM mepexor B Hy/IeBOe COCTOSHEME MHTEIPETHUPYETCsT KaK OAHKPOTCTBO
(medonT) KOMIAHUY, BBILYCTHUBIIE JAHHBI PUCKOBBIN aKTHB.

B nacrosimeii pabore, B ormaune or 1], B KOTOpoil cranuoHapHOe pacipe/ieseHe
BEPOSITHOCTEM COCTOSTHMI HAMIEHO B TEPMUHAX TPOU3BOISIIEN (DYHKINH, Tpe1Iaraer-
sl QJICOPUTM TIOMCKA, 9TOTO PACIIPEJIE/IeHNsT, OCHOBAHHBIN Ha TIPEJIJIOXKEHHOM B [4] s1st
obobmennoro ITPT' merose.

Pabora Bbinmosinena npu dunancoBoit nogaepkke Poccuiickoro donsia pyHIaMEHTAIBHBIX UCCIIEI0-
Banuit (PODU rpant Ne06-07-89056).
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1. BcnomorareibHble Pe3yIbTaThl

PaccmoTpum 01HOPO/IHBIN HENPUBOAMMBINT MAPKOBCKUN IPOIECC C HEIPEPHIBHBIM
BPEMEHeM, KOHEYHBIM MHOXKECTBOM COCTOSHUI M MHMDUHUTE3UMAJIHHON MaTpHIei ()
CJIeTYIOIIETO BHUA:

No A 0 0 0 0 0 0 0
My N A 0 0 0 0 0 0
My M; Ny 0 0 00 0 0
My M, M> 0 0 00 0 0
Q=|M M M, A O 00 0 o0 [, (1)

Mo Ml Mg Nl A

My M; My M, N 0 0 0 0
My M; My M, M N A
My M, My M, 0 M Npy

rne A, N, M, Ng, Mk, M}, — xBagpaTHBIE MATPUILI, npudem M = M + Mk, k=0,1
nl<r—2.

Kak Bugno us (1), HaunHas ¢ [ + 1-ro cToabiia MaTpuila, CTAHOBUTCS TPEXIAAro-
HaJILHOI.

B uactrocTH, 17151 MHOTOSIMHEHHOT CMO € KOHEYHBIM HAKOIUTEIEM U OOHOBJIEHHEM
6e3 m000CTyKUBaHWsT MATpUIia () UMEET BUT,

No A 0 0 0 0 0 0
My N, A 0 0 0 0 0
0 My, Ny A 0 0 0 0
0 0 M; N; 0 0 0 0
0O 0 0 0 A 0 0 0
0O 0 0 0 N,1 A 0 0
Q=Q1= el )

0O 0 0 0 M, N 0 0
0O 0 0 0 M M 0 0
0O 0 0 0 M 0 A 0

M 0 N A
0O 0 0 0 M 0 M N,
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rae M, = M,, + M, a nns muoronuneiinoit CMO ¢ KOHEUHBIM HAKOIUTEJIEM U OOHOB-
JIEHHEM C JI000C/Ty?KUBAHUEM BUJL

N A 0 0 0 0 0 0 0
My, Ny A 0 0 0 0 0 0
0 My, Ny A 0 0 0 0 0
0 0 M; Nj 0 0 0 0 0
0O 0 0 0 N,1 A 0 0 0
M, N, A
Q=0,=|0 0 0 0 v 0 0 | (3)
0O 0 0 0 0 M, N 0 0
0O 0 0 0 0 M M 0 0
0O 0 0 0 0 M 0 A 0
0 0 0 0 M 0 N A
0 0 M 0 M N,y

rne M, = M,, + M, N, =N+ M.

Juist MapKOBCKoOro mporiecca ¢ Marpurieii (1) cranuonapHoe pacipe/iesieHIe BeposiT-
Hocreit cocroguuit = (o, P1, - - -, Pri1) , LI Pk — KOMIOHEHTBI BEKTOPA JJ, HAXOIATCSI
u3 cucreMbl ypasHenuii pasaosecusi (CYP)

r4+1
PoNo+PT Mo+ > 5y M=0", (4)
j=2
r+1 B
PhoaA+PEN+pf M+ > p M, =0", k=11, (5)
J=k+2
PraA+PiN+pf M =07, k=I+1r, (6)
PrA+ P  Noy1 =07 (7)
C yCJ‘IOBI/IeM HOPMHPOBKHA
r+1
pri=1 (8)
k=0

st MapKOBCKuX TporeccoB ¢ Marpunamu (2) u (3) umeem ciegyrontne CYP:

PoNo+pT M =07, 9)
P A+PIN+ P My =07, k=T,n-2, (10)
n+r
oo+ P h  No1+p M+ pTM=0", (11)
n+1
ﬁfflA—i—ﬁfN—kﬁ;‘gﬂM:(_)’T, k=n,n+r—1, (12)
ﬁg—i—r—lA +ﬁz;+an+7" = GTv (13)
" T T ;T
pPoNo+pi M1 =07, (14)

P A+PEN+PE M1 =07, k=T,n—1, (15)
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n+r
P A+ Ny + 55 My + Y 5 M =07, (16)

n+2

- T T _RT _
P A+ N+pp  M=0", k=n+1n+r—1, (17)
ﬁgﬂ«qA +ﬁz;+an+r = GT- (18)
PaccmorpuM Tenepb cucreMy ypaBHEHHI

LA+ 2B+ 2T =07, k=1,1-1, (19)
rne A, B u C — KBagpaTHbIe MAaTPUIILI OJUHAKOBOIO OPSIKA, a 2y, 21, . . ., 2] — BEKTO-

pBI TOIl YK€ pPa3MepHOCTH.

Teopema 1. [lycmv cywecmeyiom wmampuuse R uw S  maxue wmo
A+ RB+R>C =0, S?2A+SB+C =0, u ne ewposcdena mampuya SA+ B + RC.
Tozda obwee pewenue cucmemv, ypasreruts (19) npedcmasumo 6 cude

7T = fTRF + G784k Kk =0,1, (20)

ede f u § — npouseoavrvie eexmopoi .

OrmeTnM, 9TO yTBEpXKJEHHEe TeopeMbl 1 IPIMEeHNMO K cucTeMe ypasHeHuii (19) ¢
sobbivMu MaTpuniamMu A, B u C' (a He TOJIBKO ¢ MATPUIIAMU WHTEHCHBHOCTEH Mepexo-
JIOB).

[TepeiiiemM HeENOCPEICTBEHHO K MaTpHIle MHTEHCHBHOCTEH mepexoyioB (1).

Teopema 2. Ilycmwv cywecmeyrom mampuyvt B u S maxue wmo: A + RN +
R?M =0 u S?A + SN + M = 0, xpome moeo, 1e sviposicderna mampuua SA + N +
RM. B amom cayuae 6exmop cmayuonapuolr eepoamuocmeti o= (Po, D1, - -, Pri1) L
ydosaemeopsem CYP pTQ =07 ¢ mampuueti Q euda (1) mozda u moavko moezda,
K020a A Hexomopwuix eexkmopos f u § cnpasediusv, pasercmaea:

pr=fTR 4 gTe ok p=Tr T, (21)
l B o r+1 B
PoNo+0T Mo+ > pTMy+ f7 | Y. RM'| Mo+
j=2 k=l+1
r+1 B
+g" [ DY SR My =07, (22)
k=I+1
l B . r—+1 B
PrhoaA+PiNe + P M+ Y 0 M+ 7| > R M+
j=k+2 k=I+1
r4+1 B 7
+gT > SR | My =0T, k=T1-2, (23)
k=Il+1

PN+l N1+ (JFT + !7TST+1_Z) M1+

! NokazaTenbcTBo TeopeMbl cM. B [4] wrn [5].
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r+1 r+1
7T k—1 v =T 1-k v nT
+FT X B M+ gt | Y SR M =07, (24)
k=Il+1 k=l+1

FEAA+ FT (N + RMy) + G787~ (M + SNy) +

r+1 r+1
+FT D> R Mu+gT | Y ST M =07, (25)
k=142 k=142
FTR™ (RNyyy +A) +G7 (Npy1 + SA) =07 (26)

Hoxka3zareabcTrBo. CornacHo Teopeme 1 ypasHeHusi (6) IMEIOT MECTO TOTJIA ¥ TOJIb-
KO TOIJIa, KOIJIa JIJIsi HEKOTOPBIX BEKTOPOB f W § ClpaBeyinBbl Bbipazkenus: (21)

T = FTRM1 4 gTor+lok | T 741
Vuurssas, uro My, = M + My, soipasun u3 (21) BeKTODSI Pj_1, Pi:
— FT 4 GTs ol 5 = fTR4 G
[Mozcrasnss moaydenuble 3Hadenus pj—1 u p; B (6) npu k =1 u | — 1, npuxoaum K

ypasrenusiM (24)—(25).
r+1

B BbIpakKeHUHn (4) IpeacraBuM CyMMY Z pj M B BHJ€E
j=2
r4+1 r+1
ZPJT M = Zﬁf M+ > p

Jj=l+1

[Moxcrasngas (21) B mocsieiHee caraeMoe BMECTO P JT 1 IPOM3BO/ISI AHAJIOTHIHYTO OIle-
panuio ¢ (5) npu k = 1,1 — 2, npuxomnm K (22)—(23).
st BeKTOPOB Py 1 Pry1 U3 (21) numeem

pr=f R +§"7S, pa=fTRH 4 g7
IToxcrasiisist oty deHHble BoIpakenus B (7), nosydaem (26). g

U3 TeopeMbl 2 HEITOCPEICTBEHHO BLIBOASTCS CJIEAYIONIIE CIEICTBIS, [I03BOJISIONINE
HaliTH cTalmoHapHOe pacipeaenenne dncia 3asBok B CMO ¢ MaTpuiiaMu MHTEHCUB-
Hocreit (2) u (3).

CaencrBue 1. ITycmv cywecmeyrom mampuyse B u S maxue wmo: A + RN +
R’M =0 u S?2A+SN+M = 0, xpome mozo, 1e sviposcerna mampuya SA+N+RM.
B amom cayuae 6exmop B = (Po, P1, - - - Pnir)’ ydosaemeopaem CYP pTQ; = 0T

c
mampuyet Q1 6uda (2) mozda u moavko mozda, ko2da A HEKOMOPLIT 6eKMOPOS f
U § Ccnpasediusvl PaBeHCcmea.:

ﬁ{ fTRk n+1+ gT gntr— k: ]f:in—l,n—l—r,

DA+ FT (Nuo+ RIL) + G787 (SNu oy + M) +

n+r ) 5 n+r ) 5
+ fT Z RJ—n—i—l M +§»T Z Sn—i—r—] — OT
j=n+1 Jj=n+1

FTR" (RNpyr + A) + 7 (Npyy + SA) =07,
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CaencrBue 2. ITycmo das nexomopvix mampuy, R u S eepnvt evipascenus A +
RN + R?M = 0 u S?A + SN + M = 0, xpome moz0, ne 6uiporcoena Mampuya
SA+ N+ RM. B smom cayuae 6exmop = (Do, P1, - - -, Pnir)’ ydosaemsopaem CYP
PTQs =07 ¢ mampuueti Qa 6uda (3) mozda u moavko mozda, K020a OAA HEKOMOPLIL
6exmopos f u § cnpasedausy pasencmea:

ﬁf — f_’Tkan + g»TSnJrrfk, k= 77%” I,

Phah+ i Ny + (f7 +75") My =07,

FT_ A+ FT (N, + RM,) + G751 (SN, + M,,) +

. n+r ] B n+r ] B
+ fT Z Rg—l M _|_§»T Z ST-‘rl—J M = OT,
j=n j=n

FTR™™ Y (RNnyr +A) + T (Npir + SA) =07

B cnenyromux pazgenax paccMoTpuM pabOTy MPEJIOZKEHHOTO METOJIA, TIOUCKA Pe-
IMIEeHUs Ha TIPUMEPE JIBYX IKCIIOHEHIINAIbHBIX MHOTOJIMHETHBIX CUCTEM ¢ OOHOBJICHHEM:
crucTeMbl 0e3 JTO0OCTYKUBaHNST W CUCTEMBI C JOOOCIyKUBAHUEM, KOTOpPhIE OyIeM KO-

JIMPOBATh, COOTBeTCTBeHHO, Kak M /M /n/r w M/MPEE /n /r. Tna stux cucrem Gymem
0603HAUATH Yepe3 A\ MHTEHCHBHOCTH BXOJIAIIEO IIOTOKA, & Yepe3 (i — MHTEeHCHBHOCTD
00CITY > KIUBAHUSI.

2. Cucrema M/M?%/n/r ¢ obHOBICHUEM
06e3 Joo00cTyKNBaHUS

Cucrema ypasaenwnii papaoecus i CMO u ycjoBrue HOPMUPOBKH UMEIOT BHJIL:

— Apo + pup1 =0,
Ap—1— A+ kpw)pr + p(k+ Dppr+1 =0, k=1,n—-2,
n-+r
Apn—z + (A + (n = 1) p)pp_1 + pnpupn + qnpe Y pj =0, (27)
Jj=n+1
Apr—1— (A +np)pr + poppry1 =0, k=n,n+r—1,
)\anrrfl + UDn4r = 0,

n+r

Zpk: =1L
k=0

Cormacno ciencreuio 1, permenue Takoit CYP umeer B
pe= fRMT 4 g8t TR k=n =T+, (28)
e f U g — MOCTOSHHBIE, OIpe/ieisieMble U3 COOTHOIIeHHT
Mon—2 + f[=A+ (n—1)pu+ pnuR| 4+ gS™[— (A + (n — 1)) S + pnpu]+

n+r n—+r
+ fnqu ZRJ_”“ + gnqu ZS””_J =0, (29)
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FR™ (A= nuR) + g (AS — 1) =0, (30)

a S m R—XopHH KBajpaTHBIX ypaBHenuit A — RN + u) + R?pp = 0 nu
S2X\ — S(A+ p) + pp = 0, yaosrersopsronme yeaosmo SA — (X + u) + Rpu # 0.

_ At pt V(A4 p)? - ApAu g A+ pF VA +p)? = dpu

R
12 2pp ’ 2\

)

Ormernm, uro ¢ yuerom yeaoBus SA — (A + p) + Rpu # 0 i najpHeRmux pacde-
TOB MOYKHO B3sITh JIFOOYIO M3 JIByX nap Kopueit: (S1, Ry) wmm (So2, Re). EcrecrBenno,
ACIOJIL30BAHKAE JII00O0M M3 3TUX Iap IMPUBOIUT K OJHOMY M TOMY YK€ KOHEYHOMY pe-
3YJILTATY.

U3 nepsoro u Broporo ypasrenuii CYP (27) umeem:

rie p = A/u. 13 (29)—(31) mocsie npeobpazoBaHmil MOy IaeM BbIPAXKEHUSI:

1-5
— r+2
g=fR TR

PA—npR

g=1IR = AS

IMoncrasnsis moboe u3 HUX B ypaBHeHue (28) U MCHOJIB3Ysl yCJIOBHE HOPMUPOBKH, I10-
sgyanM dopmysel st f u g:

f B pnfl 1— R

T -1l T-R+ (RS)"I(R— RS)""

B p”_l RT+2(1 — S)
I= -0 1-R+ (RS (R— RS

e
1
=R RO—(RS)™) 1\
> T (n—1)! (1—R+(RS)T+1(R—RS)>

=0

Taxum 06pa30M, OKOH4YaTeJIbHOE€ BbIpazK€HHE [IJigd CTalliOHapHBIX BepOHTHOCTefI
nMeeT BUI:

Po =

)

n-1l n—1 R(1—(RS)"+1)
EO b+ & (17R+(RS)T+1(R7RS))
i - 32
pi:p._'p()) 7::1,77,—]., ( )
1.
pn—l (1 _ R>Ri—n+1 + (1 _ S)Rr+25n+r—i

PTGl I-Rt(RSyT(R-RS) e T

Cpe,lIHI/Ie YUCJIa 3adBOK B CUCTeMe M Oodepeaur OIIpeaesIAr0TCA CI)O];)MyJ'IaMHZ

n—1 n—1
AL pusr) + npa(ng — 1) — (1 — qn) (zo it 'S &) -
N — 1= 1= ,

nqp
-1

n i n—1 i
Q:N—n—f—(nZ%—Zi%)po.
: i—o v

=0
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CTa.HI/IOHapHaE{ BEPOATHOCTD Pw:O HeMeIJIeHHOI'o O6CJIy}KI/IBaHI/IH nMeeT BHUJL

B wactrocTn, misa ommosmmeitnoit CMO M /M /1/r ¢ obroBnermem (n = 1) to-
JaydaeMm cieiyomue (hOpMyJIbl JJIs CTAIMOHAPHOTO DPACIPEJIEJICHHs] YUCIa 3asBOK B
CHCTeME U CPEeJIHUX JHCes 3asBOK B CHCTEME U B OYepe/IH:

1
1— (RS)+2

P (1= R)R* + R™#2(1 = §)S™H17%) k=071,

N = ML =pri1) = pp(1 — po)
11q ’ 1q

g = ML=pra1) = p(1 = po)

3. Cucrema M /M*%? /n/r ¢ o6HOBICHHEM 1
J1000CTy )KUBAaHUEM

Cucrema ypasaennit pasaoBecus g CMO u ycoBrue HOPMUPOBKH UMEIOT BU:

0= —Apo + pup1,
0= Apr—1— (A +kp)pr +p(k + Dppr1, k=1,n-1,
n+r

0= Apn—1+ (A+npu)pn + qnupn + prupn1 +qnue Y pj, (33)
j=n+1

0=Apx—1 — (A +nu)pr +pnpprr1, k=n+ln+r—1,
0= )\anrrfl + UPn+r,

n+r

> pr=1
k=0
Cornacuo ciencrsuio 2 pemenue Takoit CYP nMmeer Bu
pr = fRE" 4 gSTT R k=m,n+r, (34)

rje p = A/p, a f U g— NOCTOsIHHBIE, OIpeJesisieMble U3 COOTHOIIEHUIT

Apn—1— (A +npnp) (f + gS™) + pnp (FR+ g™ ") +

n+r n+r
+fngu | Y R | 4gngu | Y S™TTT =0, (35)
j=n+1 j=n-+1
SR (A = npuR) + g (AS — np) =0, (36)
a S u R—KOpHH KBaJpaTHBIX ypaBHenuit A\ — RN + u) + R?pp = 0 u

S2\ — S(A+ p) + pu = 0, ynosnersopsronue yeiaopmio SA — (A + u) + Rpu # 0.

_A+pEVOAFE? A o A+ pF V4 p)? - dphp
B 2 roohe 2\ '

Ry

)

Kak u B mpenpaylieM IpUMepe, OTMETHM, 4YTO C YYeTOM  YCJIOBHUS
SA—(AN+p)+ Rppu #0 i 1aipHEAIIIX pacdeToB MOYKHO B3SATb JIOOYIO U3
JByX nap kopHeit: (S1, Ry) uwmm (Sa, R2). EcrectBenno, ncnonb3osanue 0601 U3 9THX
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[ap IPUBOAUT K OJHOMY M TOMY K€ KOHEYHOMY pe3y/brary. 3 mepsoro m BTOporo
ypasuernii CYP (33) nmeem:

P -
pi = p ibo, 1= 1,n. (37)
U3 (37)—(36) mocie npeobpa3oBaHuii MOy IaeM BBIPAZKEHHS:
A—nuR 1-5
— R’r'fl _ R'r’+1
g=JIR s 9T TR

Ioncrasnss moboe u3 HUX B ypaBHenue (34) u MCHOJIBb3ysl yCJIOBHE HOPMUPOBKH, I10-

sgyanM dopmyssl st f u g.

o 1-R o R™2(1-9)
f - n : - Po, g = n : o Po,
p*n! 1—R+ (RS)"(R— RS) p*n! 1— R+ (RS)"(R— RS)
rae
1
Po =

n R(1—(RS)") '
EO T+ (17R+(RS)T(R7RS))

Taxum 06pa30M, OKOH4YaTeJIbHOE€ BbIpazK€HHE [IJid CTalllOHapHBIX BEPOATHOCTEU

nMeeT BUIL:
1
Po = — ; 5
n R(1—(RS)"
; L+ (1—R+((Rs()r(1)2—)Rs))
pi = p Do, 1= ]-)nv (38)
pti!
pn (1 _ R)Rifn + (1 _ S)RrJrlSVLJrrfi ) -
. . . i=niLnir
Pi = I—R+ (RS (R—RS) Do '=nthntr

Cpe,ILHI/Ie YUCJIa 3adBOK B CUCTeMe M Oodepeaur OIIpeaesIAr0TCA CI)OpMyJ'IaMI/I.
no n—1
AL = pptr) — nplp — qn) + p(gn — p) (E it —n 3 p’ii!) Po
N = i=1 i=0
nqpu
i n—1 pi
N —n n
0=yt (1S LS

=0

i

CrammonapHasi BEpOSITHOCTb P, HeEMeIJIeHHOTO O0OCTyKUBAHUS MMEET BHUII:

n—1 4

Pw:0:p0 i
im0 P

B wacrroctH, ams ogmommreitnoin CMO M/MER /1 /r ¢ obnosnernem (n = 1) mo-
JydaeM ciejyomue (hOpMyJIbl JJIsl CTAIMOHAPHOTO DACIPEJIEJICHIs] YUCIa 3asBOK B
CHUCTEME U CPEJIHUX JHCeJI 3asiBOK B CUCTEME U B OUEPEJIH:

T (1-R)+ SR (1-5) ,
A BE(1—R)+BSTRHI(1—S5) +1— (RS) ! (39)
oo BA-R) RV -S)STE  e
BE(1— R)+ BESTRrH(1—S) +1— (RS) 1
AL = prs1) = pp(1 = po)
wq

A1 —=pri1) — pulp—q)(1 = po) 0=
11q ’

N =
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SakKJ/IroueHue

B pabore paccMOTpeHBI MapKOBCKHE CHCTEMBI MACCOBOIO OOCIy’KUBAaHHS ¢ OOHOB-
JenneM. /Ijis 5TUX cucTeM Ha OCHOBE JIOKa3aHHOI B pabore J1j1st 0000IIEHHOTO IIpoIecca
Pa3MHOXKeHUsI U rubesid TeopeMbl [IOJIyYeHbl AJI'OPUTMBI HAXOXKIEHHUs CTalliOHAPHBIX
BEPOSITHOCTEH cocTOsTHA. B KadecTBe IpUMepOB IIPUBEIEHB! AJITOPATMBL PACIETOB 151
9KCIIOHEHIAJBHBIX CHUCTEMBbI ¢ OOHOBJIeHHeM — cucreMbl M /M /n/r 6e3 noobeiyKu-
Banust u cucreMmbl M /M /n/r ¢ noobeiryKuBaHueM.

B nanpHelinieM IaHUpYyeTCs U3ydeHHe CHCTEM MACCOBOIO OOCIIyKHBaHHS 0OoJiee
o01Iero Buia ¢ OOHOBJIEHHEM, & TaKXKe PACCMOTPEHHE CIydasl, KOTa 3asBKU, BEIOUTHIE
u3 o4epe iy, GOPMHUPYIOT OT/IE/IbHBIH HAKOIHUTE b, 13 KOTOPOrO IIOBTOPHO MOT'YT IONTH
Ha, 00C/Iy>KUBaHUE.
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NHDOOPMATUKA
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Iloacuncrema mapmpyrTusanuu Click

. C. Kynaa6os, A.B. KopoabkoBa, A. A. XoxJioB

Kagedpa cucmem mesexommyrukauuti
Poccutickuti yrusepcumem 0pyostcovr Hapodos
Poccus, 117198, Mocksa, ya. Muxasyxo-Maxaasn, 6

B crarbe omucwiBaeTcs nmporpaMmMubiii komiieke Click Modular Router, paspaGorannblii B
MaccadyceTcKOM TeXHOTOTHIECKOM YHUBEPCUTETE JIJIsT TOCTPOEHMST OBICTPBIX, THOKUX U JIETKO
VIIPaBJIFEMbBIX TPOTPAMMHBIX MapPIIPYTU3ATOPOB C MOIEPKKOI TexHosorun QoS.

KJ/IO4EBBIE CJ10BA: routing, QoS, router, Click Modular Router, Click, Linux, Device
Polling.

BBenenne

C momenTa pa3paborku creka 1poTokosaos TCP /IP neorbemsieMoil 9acTbio J1t06oii
KOMITHIOTEPHOH CeTH CTa/ii MAPIIPYTU3ATOPHI, IEPECHLIAIONINE TAKETHI MEYKIY XOCTa-
vu. Hapsimy co creruanm3npoBaHHbBIMEA KOMITBIOTEPAMU-MAPIIPY TH3aTOPAMU, KOTOPHIE
3aHUMAJIUCh TOJIBKO MapIIPYyTU3aImeil, MOsBUIOCH MHOIO MOJYJIEN JIJIsl Pa3JIMYIHBIX
OTIEPAITMOHHBIX CUCTEM, KOTOpPBIe obecrednBasin (DYHKIMOHAIHHOCTH OOBITHOTO KOM-
IBIOTEPA B KAYECTBE MapIIPYyTU3ATOPA.

PazpaboTunku KazK/10#1 U3 CETEBBIX OIEPAIMOHHBIX CUCTEM CTAaPaJIUCh BHEIPITH B
CBOM TIPOJIyKTHI HOBBIE TexHO0rUH, IT0ObI X OC «muim B HOTY cO BpeMeHeMm». V3Ha-
gajpHo, Kak B BSD UNIX, tak u B Linux cucremax, Bcg CTaTudecKasi MapIIpy TH3AITAS
ObLIa IIpeJCTaBJIeHA JIUIIDb IPOCTHIM II€PEHAIIPABJICHIEM [TAKeTOB MeXK Iy HHTepdeiica-
MU COTJIACHO TabJIHIE, a JUHAMUYIECKass — CTOPOHHUMHE mporpamMMamu gated u routed.
Yepes HeOOIIBINON IPOMEXKYTOK BpeMEHU TPeOOBaHUsS K MapIIPYyTH3aTOPaM BO3POCIIH,
OT HUX CTaJI0O TPeOOBATHCH HE TOJBKO YMEThb II€pechlIaTh TPadUK Uepe3 CBOU MHTEp-
delichl, HO U JeIaTh MHOXKECTBO JPYTUX BEIeil — UCIOTHATDh (DYHKINHA OPIHIMAYIPOB
(firewall) npakTuuecku Ha Beex yposasix TCP/IP, kpome amnmapaTHoro, mojcuuTbi-
BaTh TpadUK, COCTABIATH CTATUCTHUKY, BHICTYIIATH B POJIH ProXy-CepBEpPOB, OIPAHUYN-
BaTh TpadUK OT OJHUX MIPUJIOKEHUI OO0 aIPECOB, U, HAODOPOT, BHIACIATH OOIBIITI
npuopuTeT TpaduKy OT APYTUX, OCYIMIECTBJSATH TPAHCIISINIO CETEBBIX &JIPECOB U WX
MacKapaJuHr. Tak, MapuIipyTU3aTOpPbl CTAJX He TOJLKO IEePEeHAIpPaBiIsaTh Tpaduk, a
€eITle ¥ MU3MEHSITh €ro, MapKUpOBaTh, KJIACCU(PUIIMPOBATH, COPTUPOBATH, OTOPACHIBATD
HEHYKHBI TpadUK — TO €CTh YIPaBJIATh TPaDUKOM U 00pabaTbIBaThL €ro.

EcrecTBeHHO, 9TO B Pa3BUTBHIX CETEBBIX OMEPAIMOHHBIX cucTemax — Linux u BSD
Unix (manpumep — FreeBSD) craja akTUBHO BHEJPSITHCS MOJJIEPIKKA BCEX ITUX TEX-
HOJIOTUIA.

Paspaborunknu snpa Linux, maunnas ¢ gaep 2.2, BBeIU B CUCTEMY IIPOTDAMMHEBIIA
naker ipchains (memouknu IP), KoTopslil BrocaeAcTBHUN 3aMeHHIN Ha makeT iptables (
rabuiet [P) u cucremy IPRoute Bepenii 1 u 2, paboratomue ¢ mozysiem siapa netfilter
u apyruvu moxyssimu. IPRoute 2 coBmectHO ¢ iptables (sro obosiouka K cucreme
dbubrpanuu Tpaduka sijipa) sBUIM cOOON BOMCTHHY BBIIAIOILYIOCS CBS3KY, 00JIa/1a-
TOIYI0 TPAKTUIECKN HEOTPAHMIEHHBIMA BO3MOXKHOCTIMHU B 00paborke Tpaduka. Bor
JIMIIb HEKOTOPBIe BO3MOXKHOCTH Linux B obsactu obpaborku tpaduka [1]: yupasienne
ITOJIOCOM TIPOITYCKAHUS, pa3e/ieHne U MpropeTu3anus Tpaduka, moaaepKKa 60IbIIo-
ro kojgmdyectBa MexaHu3aMoB QoS, duibrparusi, NAT, firewalling, TyHHEIMpOBaHUE U
MHOTO JIPYTOe.
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K coxanenuto, maker IPRoute2, HerpepblBHO pa3BuUBasiCh U pa3pacTasiChb, CTAHO-
BUTCH Bce OOJIee TPYIHO YIIPABIISIEMBIM.

Paspatorunku FreeBSD permu noiitu apyrum myrem [2,3]. B 1996 romy nporpam-
muctbl Komnaaun Whistle InterJet Apun Ko66¢ (Archie Cobbs) u [Lxynuan Dimcuaep
(Julian Elischer) Bcramm nepesn 3ajadeiil peaan3oBaTh MHOIOIIPOTOKOJIbHBI MapIIpy-
TH3aTOp Ha Gaze omepanuoHHoi cucreMbl FreeBSD. Ilo HeKOTOPBIM IpUYMHAM HX HE
YCTPOWJIA YK€ CYIIECTBYIOIUE MPOIYyKThl, W OHM PEIIMJIA HAIUCATh CBOIO OMOJINO-
teky. Ee mazBaum NetGraph. NetGrpah me mMeer HemoCTATKOB, MPUCYIUX MTPOIYK-
TaM — [IPEJIIIIECTBEHHIKAM, [IOTOMY YTO €€ M3HAYAJbHO MPOEKTUPOBAIN KAaK CHCTEMY,
PENIAONIYI0 MHOXKECTBO 3aJad, COCTOSIIILYI0 U3 Moysieir. HoBbie Moysin MoryT no6aB-
JISITH JTIOOBIE TPOTPAMMUCTHI, IOITOMY CHCTeMa Maciirabupyema. Ee moBosbHO mpocToe
YCTPOMCTBO TO3BOJIAET CTOPOHHUM JIIOJIAM JIETKO B Heil pasdbuparbcs W yiIydilnaTb 110
HEOOXOIMMOCTH.

NetGraph —aTo MomynbHAs ceTeBas MOACHCTEMA, KOTOPas MOXKET HCIIO/Ih30BaTh-
cd I JIOTIOJIHEHUsI CYIIEeCTBYIOIIEH ceTeBoil nH(pPacTpyKTyphl siapa. MHorue cyiie-
cTByMOIIre paboTaronue MOAY/IH HocTaBjsoTcs ¢ FreeBSD u BKIIOYAIOT MOIIEPKKY
MMPAKTHYIECKN BCEX CETEBBIX CTAHIAPTOB.

NetGraph norsgTHa JJIsT TOHUMAHUS, IIOTOMY YTO KOH(UIYpPaIldsl MapIIpPyTH3aTO-
pPa OIUCBHIBAETCS B BHJIE OPUEHTUPOBAHHOIO rpada, Mo pebpaM KOTOPOro IEpeIaeTCs
TpaduK. ITO MO3BOJISIET C JIEIKOCTHIO M3MEHSITh U MACIITAONPOBATH KOH(PUTY PAIIHIO.

Henocrarkom NetGraph siBuoch OISATH Ke MaJjIoe KOJMYECTBO JIOKYMEHTAIuu U
orcyrcTBHe mmoiepkku QoS. OugaTh ke, B IOC/IeHee BpeMsl CUCTeMbI Linux moJryyaior
ropaszmo OoJbIllee pacrpocTpanenne, yeM BSD, m Gosbiee KommdecTBO pas3pabOTOK
BeJIETCsl B 9TOM HaIIPaBJIEHUN.

OsHoit 13 Takux pa3zpaboTok craJ nporpaMMubiii Komiieke Click Modular Router.

1. Omnucaunune Click

1.1. UcTropuss BOBHUKHOBEHUS

Click 6611 paspaboran B MaccadycerckoMm Texuosiormdeckom yausepcurere CIITA
nupu nojep:kke HarmonasabHoro areicrsa DARPA. Buepssie asropst (Eddie Kohler,
Robert Morris, Benjie Chen, John Jannotti, M. Frans Kaashoek) 3asiBuau o Hem B
nekabpe 1999 roza Ha 17 cuMmnosmyme 06 apXuTEKType OIlEpaIMOHHBIX cucreM [4].
Click 6bL1 mpejicraBieH Kak rubKast, WjeaJbHO MaciuTabupyemasi, ObICTpas MOLYJIb-
Has CHCTEMa IjIf IOCTPOEHUsI JIIOOBIX, CKOJIb YTOIHO CJIOXKHBIX MApIIpyTu3aTopoB. C
TeX MOp CHCTEMa DPA3BUBAJIACH, JONOJIHSIACH HOBBIMU MOJY/IAME (HA TEKyIHil MO-
MEHT OHa TOJIEPKUBAET pabOTy C MPAKTHIECKHU JTFOOBIMU CETEBBIMU ITPOTOKOJIAMU U
craHgapramMn) u nojjep:xusastack. O6HOBIeHNE ee ipousBoauTcs depes CVS.

1.2. Uneonorusa Click

B ocrosy nmeonorun Click mostoxKeHbI THOKOCTH, MACIITAONPYEMOCTb, BBICOKAsT CKO-
pocTb paboThl, JIETKOCTb B YIIPABJIEHUH W BO3MOXKHOCTH CAMOCTOSITEIBHO M3MEHSITh
CUCTEMY.

l'ubkocTh, MacmTaOUPYEeMOCTh U JIETKOCTH B IMOHUMAHUN JOCTUTAIOTCSI TEM, UTO
kouduryparuu Click mpejcrasiieHbl B BUjie OpUEHTUPOBAHHOIO I'pada. Bo3MoKHOCTH
JIFOOOMY IIPOI'PAMMHUCTY U3MEHSITH U JIONOJIHATH CUCTEMY IIPEJIOCTABJISETCSI B CUJIY TO-
ro, ato Click mamucan #a C++, 1 B JOKyMEHTAIINN €CTh ITA0JI0HBI KJIACCOB, Ha, OCHOBE
KOTOPBIX MOYKHO IIHCATH HOBbIE KOMIIOHEHTHI CHCTEMBI.

Bricokasi ckopocTh 00paboTKu TpaduKa JOCTUTAETCs 3a CIeT MexaHu3MoB Device
Polling n BHyTpeHHEr0o MeXaHM3Ma aHHOTAIHIA.

Device Polling [5] —3T10 HOBasi Texnosorusi paborsl siapa Linux ¢ ycrpoiicrBamu,
KOTOpasl MO3BOJISIET YCKOPATH 00pabOTKYy IAaKETOB B HECKOJIBKO Pas.

Click moxxeT 3aMeHIUTH BCIO CTAHAAPTHYIO Maprapyru3aruio Linux. DMmupuaeckn
JIOKa3aHo [4], 9To cKOpoCTh ero paGoThl GOJIbIe, XOTh U HEMHOIO, CKOPOCTH PabOThI
CTAHIAPTHOTO SIAPA.

Hampumep, Ha xommbioTepe ¢ mporeccopom Intel Pentium IIT 700 MHz ¢ aBymst
ceresbiMu Kapramu DEC Tulip 100 Mbit/s, oneparmonnasi cucrema — Linux, siapo —
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2.2.4, Ipou3BOMTEILHOCTh MapIIpyTH3aTOpa, nocrpoerHoro Ha 6ase Click Modular
Router, o 3asBrenmnio pazpaborankos, cocrapmiaa 144000 64-6aiitabix [P makeros B
cekynuy [4]. Hus cpaBHenusi, mpousBoauTepHOCTh MapinpyTusaropa Cisco 3750 B
pexkume Fast Switching moxker joxoauts Jmimb 10 120000 64-6aiitabix [P makeros B
CEKYHITY.

1.3. Apxurektypa Click

KommonenTsr cucrembr, KOTOpble 00pabaTHIBAIOT MAKEThI, HA3BIBAIOTCI 06pabom-
wyukamu. OCHOBHOI KoOJI 06pabOTIMKA JOBOJIBHO MaJj, OH BKJIIOYaeT B cebs, B OC-
HOBHOM, TOJBKO (DYHKITMN WHUITHAJIABANNA U MEPEIadn MAKeTa, OJHAKO MOYKET ObITh
JIOTIOJTHEH JTOTIOJIHUTEIbHBIMY (DYHKIIUIMA, HAIPUMED, Iepemadeil pa3Mepa Odepean
[TAKETOB.

JJtst moCTpoeHnsT MapIIPyTU3aTOPa TOJIbB30BATENb JOJKEH BhIOpaTh HAOOp 0Opa-
OOTYMKOB U COEIMHUTL WX B OPHMEHTUPOBaHHBIN Tpad. Pebpa rpada masbiBaioTcs
coedurnenuamu. OHE TPEICTABISIOT COOOU BO3MOXKHBIE ITyTU CJIEJOBAHUS IMTAKETA.
I'pad aBisiercst OpmeHTHPOBAHHBIM IO MPUYWHE TOTO, UTO MAKETHI CJIEAYIOT depe3
MapIIPyTU3aTOP B OIPEIEJICHHOM HAIIPABJIEHUN.

Ilnst moBbIeHnst QyHKIIMOHATIBLHOCTH ITOJIB30BATEN MOTYT CO3/IaBaTh CBOH COO-
CTBeHHBIE 00PAOOTINKY, & TaKKe MOIUMPUIINPOBATEL MOJKHBIM 00PA30M MMEIOITHECS.
O6paboTanKn MOKHO KOMOMHUPOBATH MEXKIY CcO00it JTIOObIM 00pa3oM IIPU MTOMOIIH
KaHaJoB (pipes) onepanuonHoii cucrembl Unix.

Ilepenaga makera Mo COEIMHEHUIO MOYKET OBITh WHUITMMPOBAHA KAK MCTOYHUKOM
(push processing), Tak u mynkTom HaszuHadenus (pull processing). Dro nosropsier 60J1b-
IIIUHCTBO aJITOPUTMOB TI€PeIadn TAKETOB MapIIPyTU3ATOPAME U ITO3BOJISET CO3/IABATDH
[TOJTHOIIEHHBIE TIJIAHUPOBIIUKY TIePEIadn TaKeTOB.

Ob6paborunk Click mpemcrasiser coboit HEKHi JEMEHT, B KOTOPOM ITPOUCXOIUT
00paboTKa IaKera.

Kaxmoe neiicrsue, mpounspegerHoe mporpaMmMubiM KoMiniekcoM Click Router, un-
KAIICYyJINPOBAHO B 00pabOTYNK, HAUMHAS OT AIIaPATHON 0OPADOTKY U 3aKAHIMBAS IO
CIETOM KOJIMIECTBA ITAKETOB.

Buyrpu paboueit koHpUryparmn KaxKabiii 0o0pabOTINK MpesicTaBieH OO0bEKTOM
C++, coenuuenust peajM30BaHbI IPHU TOMOIMHN yKasaTejaeil Ha OOBLEKTHI, & MPOXOXK-
JIEHUE TAKEeTa IIPEJICTABJIEHO BBI30BOM BUPTYaJbHBIX (byHKImi C++.

Hwuke mipesicraBieHbl OCHOBHBIE CBOiCTBa 00pabOTIMKA:

— Kaacc obpabomyuKka: IPUHAJJIEZKHOCTD K OIIPEJIEJIEHHOMY KJIACCY OIpeesisieT
KOJI, KOTOPBIiT paboTaeT, Korja Ha 00pabOTINK MOMa aeT aKeT;

— TOPMBL: KAXKIBIL 9JIEMEHT MOXKET MMETh OIPEJIEJIEHHOE KOJMIECTBO BXOHBIX U
BBIXOIHBIX TIOPTOB. CoenuHaenust MexK Iy 0OpabOTIMKAMU CO3MAIOTCS «MEXKIy UX
IOPTAMUy - MEXKJIY HUCXOJSIINUM MOPTOM OJHOIO 00pabOTUYMKaA W BXOJSIIUAM JIPY-
roro. /IBa coenuHeHMsT MEXKy OIHUMHU M TEMHU Ke 00pabOTIMKAME, HO Pa3HBIMU
UX TIOPTAMHU MOTYT UMETh abCOIIOTHO Pa3HYIO CEMAHTUKY;

— CcMPoKa UHUUUAAUIAUUU: OTIPEJIETISIeT COCTOsTHIE 00pabOTINKA [IPU [T€PBOHA~
JaJIbHOM 3AITyCKe IPOTPAMMHOIO KOMILIEKCA,

— unmepgeticol: KaxKaplii 00pabOTINK [TO/KEH MMETh KaK MUHUMYM HHTepdeiic
JUTsT IPHEMa ¥ [IEePEJIavdn [AaKeTOB, OJIHAKO ITOMHUMO y 00pabOTUInKa MOXKET CyIIe-
CTBOBATH HEKOTOPOE KOJIMYECTBO JOIMOJHUTEIHHBIX MHTEPdEHCOB, MPU TOMOITN
KOTOPBIX 00paboTInKN 0OMEHUBAIOTCA WHMOPMAIUEl, Oy IeHHON B PE3yIbTaTe
UCIIOJTHEHUsT UX METOJIOB.

Ha puc. 1 upencrasien mpocreiimuii obpaborunk Tee (2), npuHUMAIONMI TTAKETHI
Ha eIMHCTBEHHBII BXOJISAIUN HOPT M KONUPYIONUI ux Ha JBa ucxondamux. Tee — 310
KJ1acc obpaborunka. 371ech U Jlajiee TPEYroJbHUKOM 0DO3HAYAETCsI BXOMAIIUI MOPT, a
IPAMOYTOJBHUKOM — ucxogamuit. [Ipocreiimuit o6paboTuuk mpeacrasien Ha puc. 1.

Hudpa 2 B cTpoKe MHUIUATU3AINNA O3HATAET 3AMPOC HA J[BA UCXOAANINX mopTa. B
JaHHOM IIpuMepe MHTepdECOB METOIOB HE UMEETCs.

Ha puc. 2 mokazana xoudurypaims, B KOTOPOil HECKOJIBKO 3JIEMEHTOB O0bHeINHEHbI
B IIPOCTEHuii MapIIPyTU3ATOP, KOTOPBIA CINTAET BXOSINNE MAKETHI U OTOPACHIBAET
UX.



BectHuk PY/IH, CeEpusa Mamemamuxa. Ungopmamura. Pusukra. Ne 1-2.2007. c. 24-31 27

Knacc obpaborumnka i

—— WUcxopsiwme noprbl

Bxoasiwum nopt —+ Tee(2)

Ctpoka MH|/||.u/|aj1w:;au,mmI

Puc. 1. IIpocreitmmit o6padoruuk Click.

FromDevice(eth0) % Counter —» Discard

Puc. 2. Ilpocreitimuit MmapupyTusaTop.

1.4. Push mn pull coeaunenus

Tenepsb paccMoTpuM JiBa MexXaHU3Ma, KOTOpble moiiep:kuBaer Click — mepemady
nakera 110 TpeboBaHmMO ncrouHuka (push processing) u mo rpeboBanuio aapecara (pull
processing). Push—coeunennst, npn KOTOPHIX IAKET MOCHUIAETCS [0 WHUIUATHBE HC-
TOYHUKA, TTOXOXKM HA METOJBI, KOTOPHIE HCIIOJB3YIOT BCE CTAHIAPTHBIE MApPIIPYTH3a-
Topbl. [Ipu Pull-coenunrenusx, Hao60poT, 00pabOTINK, KOTOPOMY TTaKeT IpeTHA3HAYA-
€TCsl, OCHLIAeT 3aIPOC HA KCTOYHUK C T€M, 9TOOBI TOT BEPHYJI €My HaKeT WA HyJIeBOM
yKasaTeslb B TOM ClIydae, ecin makera HeT. Oba 3TUx crmocoba peasim30BaHbl IPH TI0-
MOIIM BUPTYaabHbIX (byHKImin C++.

Ciremyer 3aMeTuTh, 9TO JIIOOOH MOpPT 06paboTdyuKa MOXKeT ObITh Jiubo push, mbo
pull Tuna. TUBl TOPTOB OIpPEEISIOTCS 3apaHee, NPU WHUIMAIU3AIUNA MapIIpPyTH-
3aTopa. MexIy mopTaMu pa3HbIX THUIIOB COEIWHEHNE HE MOYKET OBITh yCTaHOBJIEHO.
Cy1imecTByer CHerua/bHbIi TUI IOPTOB, KOTOPbIE, B 3aBUCUMOCTH OT THUIIA IIOPTa, C
KOTOPBIM ILJIAHUPYETCS B3aUMOJIEHCTBHE, MOI'YT IPUHUMATH Pa3HbIe THIILI.

Push—coemunenust ucnonab3yiorcsi, HaIpuMep, IPU IIOCTYIJIEHUH I1AKETOB Ha
cereByto Kapry. llocime mocTymieHnmst Ka)K7A0ro IakeTa OH IIEPeIaeTcsd JaJiee.
Pull-coennuennst MOXKHO MCITOIF30BATH, HAPUMED, B TOM CJIydae, KOTJA s epea-
YU [IAKEeTa B CETh HAJI0 MOJI0XKIaTh OCBODOXK JIEHHS TIEPEIAIOIIEr0 YCTPOCTBA, KOTOPOE,
KaK TOJIBKO ocBoOomuTcs, manrmupyer Pull-coemnnenne u mepemact maker.

1.5. Ouepenu makeToB

Obpaborunkn Click He nMer0T BCTpOEHHBIX OY(MEPOB I MOCTPOEHUsT OUepeieit
HeOOPabOTAHHBIX MMAKETOB, OMHAKO TAKHe OYepeay MPUCYTCTBYIOT B CHCTEME B SIBHOM
Buge. OHM TIPEJCTABIIEHBI CHENUAJBHBIMI (Queue—00paboOTINKAME, KOTODPBIE UMEIOT
push — Bxogsmmit mopt u pull — ucxomsmmit. Paborator mo anropurmy FIFO. Crpokoit
MHUTAAII3AIIA SBJISIETCS BMECTUMOCTE 00pabOTINKA-OUePE I.

1.6. Mexanu3M 1mmoucka oopaboTYMKOB HA OCHOBE MOTOKOB
MaKeTOB

Eciin o6paborunky A morpebyercsi UCIIOIb30BaTh 00paboTuuk B, oH jo/2KeH cHa-
gajia HailiTu B. DTa mpobiiema He pemaercsl COeIMHEHUsIMHU, Tak Kak Mexjuay A u B
MOXKeT OBITh HE yCTaHOBJIEHO HUKAKUX COeIuHeHuil. Bolpoc peraercst cjiemayommum
obpaszom: smbo A wmer B no mMmenu (Hampumep, CChLIKa HA B mMeercss B ero CTpoke
MHUIUAJIA3AIMN ), 60 UCIIOJIb3yeT aBTOMATUIECKUH MeXaHU3M, HA3BaHHbI MeXaHU3-
MOM TIOMCKa 0OpabOTYMKOB HA OCHOBE ITOTOKOB IAKETOB, KOTOPBIN HA OCHOBE aHHOTA-
[ TTAKETOB OIpEJIesIsieT MECTOIOJIOKEeHe 00pabOTIYNKOB B KOH(MDUTY PAIIUH.

Kak pa3 sror mexanusMm siBiisieTcst ofHO#M 3 mpuunH, mo Kotopoit Click paboraer
owicTpee, uem [PRoute 2.
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1.7. Ad3bpIKk KOHDUTrypaun

Koudwurypamun cucremsr Click Modular Router murmryTcst Ha mpocToMm s3bIKe, OC-
HOBAMHU KOTOPOI'O SIBJISIIOTCS dekAapayuy (0ObsIBJICHNs) 9JIEMEHTOB, KOTOPBIE CO3/1a~
0T 9JIEMEHTHI, U coeduHeHUs,, KOTOPhIE OIMMCHIBAIOT, KAKAM 00pa30M 00pabOTINKH
JOJIKHBI OBITH coennHeHbl. Paspaboranku HazbBaioT ero C — momo0HBIM.

DTOT HA3BIK ABJSIETCH JIEKJIAPATUBHBIM I3BIKOM — TO €CTh OH OIUCBHIBAET, KaKWe
00pabOTIMKH HAJIO0 CO3/IATh M KaK UX COEJMHUTH, HO HE OIMCHIBAET, KAKHM 00Pa30M
oru paboraior. Ito gemaer Koupurypanun Click TOHATHBIME U JIETKO M3MEHSIEMBIMU.
IIpocroit mpumep:

frometh0 :: FromDevice(eth0); toethl :: ToDevice(ethl); fromethO -> toethl;

Kaxk BumnO, 06paboTINKN OOBSBIIAIOTCS IPU MTOMOIIU OIIEPATOPA «:i», & COEJIMHSI-
FOTCS — IIPU TIOMOIIA «->>». DTOT SI3bIK OYEHDb JIETOK JIJIsI YCBOEHUS, JJOCTATOIHO Yaca,
9TOOBI HAYIUTHCS C HUM pabOTaTh B MOJHOM Mepe.

1.8. Criocobbl B3auMO/IEICTBUS C OII€PAIlMOHHOI cucTeMOii

Click moxker paborarh Ju60 Ha yPOBHE fJIpa, JJjIs 9ero sJIpo IPUIAETCSA TEPEKOMIIH-
JINPOBATH, HAJIOXKUB IIE€Pe] STUM Ha €ro MCXOIHbIE KOJbI CIEIUAJIbHBIA HaTd, MO0 Ha
MTOJIb30BATEIFCKOM YPOBHE W B3AMMOJIEHCTBOBATH C CETHIO JIMOO MPH TTOMOIIMU KAKOTO-
Jinbo TmakeTHOro (UILTPa, JIUOO MPHU IOMOIMU KAKOTO-HUOY/IL JIPYTrOro MeXaHH3Ma.
Pabora Ha 1mop30BaTE/IbCKOM YPOBHE GOJIBIIE TOAXOJUT JjIsl HACTPONKY, HAIMCAHWS
7 OTJIAJKY KOH(MUTYpAITHii, B TO BpeMsI KaK paboTa Ha YPOBHE siipa OOJIBIIE TTOIXOIUT
JUIT PeaJIbHBIX 3aJlad, B CHJIy TOIO, YTO Ha YPOBHE #JIpa CKOPOCTH pabOThI ropasio
OoJtbIIIE.

st paboThl Ha ypPOBHE sJipa CYIIECTBYIOT MEXAHU3MBI JJIsI «IOpsideil» 3aMeHb
KOHMUTYpAIHil «Ha JIETY».

1.9. Peanmuzanusa o6paboTunkoB

Kaxknprit kmacc obpaboruanka Click coorBercTByer mojkimaccy kiacca Element
C++, xoropslii uMmeer mpuMmepHo 20 BUpPTyaJbHBIX (QyHKIWi. Element BKIOYaeT B
cebs 6a30BbIe peasu3anuu OOJBIMUHCTBA W3 HUX, TAK 9ITO MOMKIACCAaM TpeOyeTcs Iie-
peonpeieuThb 6 WIu MeHee BUPTYaIbHBIX (hyHKIM. Beero Tpu (pyHKITUN UCTIOIB3YIOT-
csl B IIporiecce paboTsl MapripyTudaropa — push, pull u run _sheduled. Bcee ocranbubie
HYXKHBI JIJII UACHTUMOUKAITIN, THUITHAJIT3AIANA, CTATUCTUKH U JIP.

2. IP mapmpyTtusarop

B aTom pazznene npencrasiena cxemMaTndeckasi MOJIEIb ITPOCTERITIET0 MapIIPy TH3a-
TOpa, KOTOPBI MOXKET IIePEHAIIPABJIATh [TaKeThl MEXKJIy JIBYMs CETE€BBIMH HHTEpQEii-
camu. Paboraer oH cieyonuM oOpa3oM.

O6paborunk FromDevice co CTpOKOH MHUIUAIM3AINANA <«eth(» IPUHUMAET IaKeT
or uuTepdeiica eth( n momernaer ero B odopaboruank Classifier, KOTOPBIA pas3aessier
tpaduk Ha ARP—3anpocei, ARP-orBersr u IP-rpaduxk.

ARP-3amnpocsr 6ynyT nepenaBarbes 0opaborunky ARPResponder, KoTopblii Oymner
orBeuaTh Ha HUX. CTPOKA MHUIMAIMU3AINNA y STOTO 00pabOTIMKa OYIET CJIeIyIOoNast:
ARPResponder (1P _adpec_unmepgpetica_eth0, MAC _adpec_unmepdgetica_ eth0).
ARP-orBerbl, KOTOpbIE NPUXOIAAT Ha HHTEp(dERc, O0YeBUIHO, ObLIN ITOJYyYEeHbI B
pesyabTraTe HEeKHMX 3ampocoB. Mx cosgasan obpaboruuk ARPQuerier, eMy OHU U
HAIIPABJIAIOTCH.

I[P—mrakers1, orcdunbrpoBanubie obpadboraunkom Classifier, HampaBsitoTcst 06paboT-
unky Paint(1), KOTOpBIl «METHT» IIAKET HAPAMETPOM, 3aJIAHHBIM B CTPOKE MHUIIUA-
JU3AlMU. DTO MOXKET OBLIThL mejoe 4dnciao or 1 go 255. Ono o3HadaeT cereBoil nH-
repdeiic, OTKy1a mpuines maker (st Broporo uHTepdeiica 6yieT BbI3bIBATHCS 00pa-
6orunk Paint(2)). Tenepb, npu momMoImum MexaHu3Ma aHHOTAIMIA, JIFO00H 00paboTINK
OymeT 3HaTh, ¢ KAKOro mHTepdeiica mpures maker. amee maker mocrymaer obpaboT-
quKy Strip, KOTOpBIA «oTpe3aeTs 14 6aifiT o Hada a nmakera (ITO yKA3aHO B €r0 CTPOKE
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uHUIMaIu3anun «14»), st 14 6ailT ABISOTCS HEeHYXKHBIM Jijist [P MapripyTusanun
Ethernet—saromoskom.

Hasee IP-niaker nocrynaer Ha obpaboruunk CheckIPHeader, KoTOpbIil mpoBepsieT
MakeT Ha MPaBUJIBHOCTD 1P—aipeca mosryvaTesisi, ”CTOYHUKA, BBIYHCISIET KOHTPOJIHHYTO
CyMMy TIaKeTa W CPAaBHUBAET ee C TOIl, UTO MMeeTcs B 3arojioBke. Ecim Bce poBepKU
IIPOXOJIAT YCIEIIHO, [TaKeT IepeIaeTcs Ha BBIXOMHON nHTepdeiic Hen3MeHEeHHBIM, €CJIN
JKe ITO-TO He Tak, ITaKeT OTOPaChIBAETCSI.

Hastee maket nonajaer Ha obpaborunk GetlPAddress, kotopslit Konupyer [P—aipec
Ha3HAUEHUST M3 3ar0JIOBKA IIAKeTa B €ro aHHOTAIMIO. llepeHampaBiseT makeT Hem3Me-
wenabiM. [loroMm maker momasgaer B obpaborunk LookuplPRoute, KOTOPBIH, nMeeT B
Ka4JecTBe CTPOKU MHUIUAJIUSAIME MAPIIPYTHYIO TabJIMILy. TOT 06pabOTINK HATUHAET
co0oii BeTBJIEHNE JIepeBa, TOCHLIASI TAKET Uepe3 Psill APYTUX 00pabOTINKOB Ha TEepPBbIi
wu Bropoii uuTepdeiic, mubo B TCP/IP crek Linux.

Pacemorpum ogay us Berseit. [locie obpaborunka LookuplPRoute makeT momagaer
B obpabotuuk DropBroadcasts, KOTOPbIi Ha OCHOBAHWHU aHHOTAIMH-(JIara, YKa3bIBAIO-
IIIEro Ha, IMIPOKOBEIaTeIbHbIE COODIIEHUsT I (PU3NIECKOI'O COETUHEHN, C KOTOPOTO
MIPUIIEST TAKeT, YCTAHOBIeHHOTO obpaborunkom FromDevice, 0OTOpachIBae€T 3TH IITUPO-
KoBelareabHble nakeTsl. lanee obpaborunkom CheckPaint mpoBepsieTcst aHHOTAIUSI,
B KOTOPOIl yKa3aHO, ¢ Kakoro uHTepdeiica mpuiiesr maker. Ecjin 0Ka3bIBaeTCst TakK, YTO
IMakKeT WAET B TOT 2Ke mHTepdeiic, OTKyIa OH IIPUINESI, TO 9TO HE COBCEM KOPPEKTHAs
curyanusi, reaepupyerca [CMP omubxka.

Hanee maker mocrymaer Ha obpaborumk [PGWOptions, KOTOpBIi 00pabarbi-
Baer mapamerpbl Record Route m Timestamp.red blackEciu blackRecordblack
blackRouteblack BkifoUeH, MapIIpyTH3aTOp <«BIUCHIBAET» cebsl B CIMCOK IIPOMIEH-
HBIX MapIIpyTH3aTOpOB. 3aTeM MeHsercs mapamerp blackTimestampblack, xoTopsbrit
HYy2KeH JIJIs M3MEPEHUsI BPEMEHH T€peIadn [TaKeTa OT OJHOINO0 MapIIpyTH3aTopa K JIPy-
romy. B caydae kaxkux-mmb6o ommbok renepupyiorcst ICMP—coobmenus. Jlaree maker
nepemaercss  obpaboruuky blackFixzlpSrcblack co cTpoKoit MHAIMAIA3AINN, KOTOPAs
npeacrasiser coboit blackIPblack—anpec nunrepdeiica, depe3 KOTOPBI OTIIPABUATCA T~
KeT.

DT1oT 06pabOTYNK, IIPHU yCJIOBUU, 9TO aHHOTanus-dguar Fix Ip Source Bkiodena,
uctpasut [P—agpec ucrounuka wa IP—anpec sroro naTepdeiica. ot diar ycraHas-
smBaet obpaborauxk ICMPFError. leno B tom, uro ICMP—omubru g01KHBI IPUXOINTH
MMEHHO OT 9TOr0 Mapiipyrusaropa, a obpaboruuk [CMPError He MOXKeT Ipeiyra-
aTh, Yepe3 Kakoil mHTepdelic yimerT makeT B CeTh, IIOITOMY OH IIPOCTO BKJIIOYAET
apHoTanmo-daar Fix Ip Source, a yxxe mocie Toro, kak obpaboruamk LookuplpRoute
ompeiesinT uHTEpQeEiic, Yepe3 KOoTopblil 3rorT maker yiiger, FixIpSrc ucmpasur IP-
agpec mcrouHmKa Ha IP—ampec storo muTepdeiica. Jlamee maxer mepemaercst obpa-
6otauky DecIPTTL, xoropsrit yoasisger na 1 nmose TTL zaronoska makera, u, ecian
[TOJIy9E€HHOE YHCJIO He cTayio paBHbiM (0, OTIpaB/seT makeT JaJblie, a ecian TTL uc-
TeKJI0, Tlepegaer maker oopaborauky ICMPError co cTpokoi mHATIMATA3AIAN «115,
aro ozuagaer ICMP—-ommbky «TTL Expired», KoTopsiilt remepupyer aHajJOrmIHYIO
omubKy. IlakeTsl, KOTOpbIE ycCIenHO MpoxoasaT ymenbinenne TTL, momagaoT Ha 00-
paborumk IPFragmenter co crpokoil mauma n3amun «1500». 1500 —sT0 cranmapt-
we1it MTU ggs [P—cereit. [lakersr, menbInme, wem 1500 6aiiT, 06pabOTINK MIPOITyCKAET
GecITpersiTCTBEHHO cpa3y. Te, KoTopble 0OJIbIle — OH JIeJINT Ha (pparMeHThl, MEHbIIINe
1500 Gaiit, popmMupyeT m3 3THX (PparMeHTOB HOBBIe [P-TrakeTbl m mepemaeT mx Ha
BBIXOAHOM mHTepdeiic. OaHAKO, ecim BXOAHON makeT Gosbime, weM 1500 Gaiit, a B
3arojioBke ycraHosjieH ¢diar don’t—fragment, obpaboTynk depe3 BTOPOIl BBIXOHOI
naTepdeiic mocetaeT maker obpaboruanky [ICMPError co CTpOKO# WHUITHAIABAIAN
«3,4», aro ozuagaer ICMP—coobimerne «meobxomnma dparMeHTanusi», KOTOPBIi, B
CBOIO 0oYepeib, renepupyer ICMP—-1aker ¢ aHaJIOrU9YHON OIMIMOKOIA.

ITocne obpaborunka IPFragmenter Mbl TOJiydaeM TOTOBbIE K OTIPABKE IO Ka-
HaJIbHOMY ypoBHIO makerbl. OHu mocrymaior B obpaborunk ARPQuerier, cTpoKoit
VHUIIAJIN3AIAA KOTOporo sBistercst [P—amgpec maTepdeiica. dToT 06pabOTINK, BO-
nepsbIx, npununMaer ARP-orBers u3 obpaboranka Classifier, pacCMOTPEHHOTO BbIIIIE.
Bo-BTopnIxX, 0H nHKamcyupyeT noaydeHuble IP-nakersr B Ethernet—kaapsr u oTmpas-
JISTeT X B OY€peb Ha OTIPABKY Ha cereBoil maTepdeiic. Tak ke 3ToT 00paboTanK 1mo-
ceutaer B cetb ARP—3amnpocsr st pactiosaasanust MAC — TP HeoOXOIUMBIX aIpecoB.
Kaxk 6bu10 ckazano Bbiie, oopaborank ARPQuerier mpu nomornu push—coequrennst



30 Kyasnbos /. C. u dp. Ilogcucrema mapmpyrusanuu Click

«KJIaJIeT» MAKeThl B oUepeb Queue CO CTPOKON MHUIMAIUIAINHT, SABJISTIOIIEHCS 11EJIbIM
9UCJIOM, KOTOPOE sIBJISIETCS IIPOCTO PAa3MepOM 3TOi odepeau. B mannom mpumepe ode-
penp mpeacrasisier coboit crpykTypy FCFEFS crarmdeckoro pasmepa. U3 ouepean mpu
oMot pull-coemuenust Kajpbl «BbITacKUBaeT» obpaboTunk ToDevice co cTpokoi
VHUITIAJI3AIIAN, SIBJISTIOIIENCST MMEHEM CeTeBOro MHTepdeiica B cucTeMe, W OTIIPaB-
JITeT WX B CEeTh IO Mepe ee OCBODOXKIEHUsI. DTOT 0OpabOTIMK paboTaeT Ha YpPOBHE
nporokonoB MAC/LLC. Cnenyer 3aMeTuTh, BbIIIE ObLIO PACCMOTPEHO 4 ciiydasi, KO-
raa maker yxoamsi B ICMPFError obpaboTanKm, KOTOpPbIE, B 3aBHCHMOCTH OT CHTYa-
1MUY, reHepupoBa/u pasuble makeTsl ¢ [CMP—ommbkamu. Bee 5Tu makeTs! mepegaiorcst
Ha Bx0J 00paborunky LookuplPRoute, m OH X HaIpaBJsgeT B Hy>KHbIe HWHTEePdEHCHI.
Huke mpencraBieH pUCYHOK, KOTOPBIM HAIVISIIHO JEMOHCTPUPYET MapIpyTH3aTOP,
[IPEJICTaBJIsAS €r0 B BHJIE CBA3HOIO I'pada, y3JaMi KOTOPOro SBJISIOTCS 00paboTdn-
KU, a pebpamu — coeauHeruss. CxeMaTndeckKoe n300pazkeHre 3TOr0 MapIIpyTH3aTOpa
MIPEJICTABIEHO HA PUC. 3.

FromDevice(eth0) FromDevice(eth1)

Classifier (...) Classifier (...)
ARP ARP P ARP ARP P
Queries  responses Queries  responses
-_ -_ -— -— -_—

4

N
ARP Responder | To ARP
(192’.1_6‘8.0-1) Queuer

ARP Responder To ARP
) Queuer

N4
Paint(2)
[l

v
Paint(1)
[

To Queue —
o Queve —
J—

CMPErrorg |
redirect

ICMPError g
bad param

| icvpErord |
redirect 5

| icMPErrorg |
bad param |

CMPEror
TTLExpired 5§ |

ICMPErTor
must frag

~
IPFragmenter(1500)
[l _

=)

ICMPError
¥ mustirag ™

\ =

T
Classifier

|

|

\ From
Classifier

~7
ToDevice(ethl)

~7
ToDevice(eth0)

Puc. 3. Koudurypanus npocroro IP — mapmpyrusaropa.
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SakKJ/IroueHue

B crarpe paccMmoTpeH mporpaMMHBIN KOMILIEKC, TO3BOJISIONINN PEAN30BbIBATE
[IporpaMMHBIE MapIIpyTu3aTopbl Ha 6a3ze Linux cucrem. Click yzke ¢ mepBoro B3rJsia
[IPUBJIEKAET CBOEHl ITPOCTOTOM, THOKOCTHIO W JIOTUIHOCTHIO TI0 CPABHEHWIO C JIPYTUMUI
IPOTPAMMHBIMU MAapPIITPY TH3ATOPAM.

SasiBiieHHas] pa3paboTYNKaMU W U3MEPEHHAasl SMIUPUIECKH ITPOU3BOIUTEIHLHOCTD
BBICOKA, U OTPAHUIUBAETCS IIPOITYCKHON CIIOCOOHOCTHIO CETEBBIX MHTEPQENHCOB Ha all-
maparaoM ypoBae. OIHAKO MEPBBIE IKCIEPUMEHTHI C CETEBBIMU ATAIITEPAMU Ha, IINHE
PCI Express nokazaiu, uro #Ha 6a3e Click MozKHO OyIeT CTPOUTH CBEPXOBICTPhIE MaPIII-
PyTH3aTOPHI.

Imy6okoe nzyuenune Click BBIABUIO, 9TO OH MOXKET IOJIEPKUBATH TAK WJIN MHAYE
[IPAKTUYIECKH BCE aJIIOPUTMbI YIIPABJIEHUs TpapUKOM, KOTOPbIE MPUCYIIH COBPEMEH-
HoMy QoS u momenm DiffServ B wacTHOCTH.

Bce 310 mozBosiger caenars BoiBoA, uTo y cuctembl Click 6osbimoe Oymyiee B Hute
[IPOrPaMMHBIX MapIIPyTU3aTOPOB U YTO yKe ceiiyac ee MOYKHO YCIEIITHO IIPUMEHSITh
B PEAJIbHBIX CUTYAIASIX.

Taxeke mpencTaBIseTCS MEPCIEKTUBHBIM TPUMEHEHNE JAHHOTO TAKEeTa JJIsT WMU-
TAIMOHHOTO MOJEJIMPOBaHus, B paMKax makera ns-click. JlaHHBI makeT MO3BOJIAET
TOCTPOUTH WMUTAIMOHHYIO MOJE/Ih Ha NS2, UCIOJb3ysd IPU ITOM PEAbHBIE MOIY/IN
cucrembl Click.
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in this article. It was developed in MIT in 1999. A QoS support is also included in this
software.
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YIK 519.217.2

Metoa pacdyeTa BepOsITHOCTH cOpoca IIaKeToOB B
asropurme RED

A. B. KopoabkoBa

Kagedpa cucmem mesexommyrukayuti
Poccutickuti ynusepcumem dpyotcovl Hapodos
Poccus, 117198, Mocksa, ya. Muxasyxo-Maxaasn, 6

B crarpe wmcciemosana momensb dyHkumonuposanusi ajroputma RED (Random Early
Detection). Tloctpoena anamuTudeckas Mofgens B suge CMO Gy (3 |M|1|R ¢ moporamu ajist
3HAYEHWH CpeJHeH JJIMHBI OYepe i M MHTEHCUBHOCTBIO BXOJSINEro MOTOKA A(G), 3aBHCSIIEi
OT CpeJiHeH NJTUHBI OIePEeIn q.

KntoueBBIE cs1oBA: RED, Biioxkennas nenb MapkoBa, BEpOSTHOCTb cOpOCa, CPeIHss JIJTHHA,
OYepeIn.

ITocTanoBka 3aa9m1

Asropurm RED [1] 6bw1 coznan mjist cereil makeTHOH KOMMYTAIME U XOPOIIO cebst
3apEKOMEHIOBAJI P PaboTe ¢ MPOTOKOJIAMU, OPUEHTHUPOBAHHBIMU HA YCTAHOBJIEHUE
COEJIMHEHNS, B YACTHOCTH, ¢ 1poTokojoM TCP.

AJropuT™M BKJIIOYAET JIBE IPOIELyPhbl — OIEHKY CPEIHEN JJIUHBI OYepe i W IIPH-
HeTHe perrenust 0 copoce maxera. [lakeTsr cOpachbIBalOTCs Mepe] MOCTYIJICHIEM B OYe-
Pellb, HE NOXKUIAICH ee MEPEIOoTHEHNs, ITO 03BOJIsIeT M30eXKaTh Meperpy3oK u oopa-
GaTbIBaTh MyJILCUPYIOMUN TpadUK. AJropuT™M HHAIUUPYET CHUYXKEHUE CKOPOCTH IIepe-
magu mtst mporokosia TCP, mockoabKy mpu morepe XOTs ObI OTHOTO TAKETa ITPOTOKOJT
3aHOBO TIPOBOIUT CHHXPOHUBAINIO COETUHEHNS U KOPPEKTUPYET Pa3Mep OKHA, CHUYKA
MHTEHCUBHOCTb TpaduKa.

Ha puc. 1 usobpaxkena jguarpamma ynknuonuposanus RED. 3necs §— cpen-
Helsl JIJIMHA OYEpPEeIn MAKETOB Ha Mepeiady, 7'y — MUHUMAJIbHOE U T's — MAKCHUMAJIBHOE
TOPOTOBbIE 3HAYEHUS CPEIHEHN ITUHBI O9€PEIIHN, My ax — MAKCUMAJIbLHOE 3HAYUCHIE BEPO-
sTHOCTH T(g) cOpoca makera. 3aMeTUM, U9TO BEPOSTHOCTH COPOCA NAKeTa B AJIrOPUTME
RED zaBucur or 3HadeHus cpejHeil JIUHLI odepeau. Kcim 3HaveHne cpeHeil JInHbI
OdYepein MEHbIIe MUHUMAJIBHOTO MTOPOra, TO BCE MPUXOISINNE TAKEeThl IPUHUMAKOTCS.
Ecnu snadenwe cpemmeit namHBI OUepean HAXOAWTCI MEXKIy MUHAMAJIBLHBIM U MaK-
CUMAJIbHBIM IIOPOraMU, TO BEPOSITHOCTH COPOCa BXOJSIIErO ITAKETa BBIYUCIISIETCS I10
dbopmysie (1) u, ciaenoBaresbHO, JUHEHHO Bo3pacTaerT or () 10 3HAYEHUS Tpax. KODma
3HAYEHUE CpeJHell JIMHBI OYepe  CTAHOBHUTCH OOJIbIE MaKCUMAaJbHOI'O IIOpOra, Bce
[TOCTYTaIoNue MakeTbl copacbiBaioTcss. Ha mpakTuke B JieficTByIONEM Ha ceTr 060py-
JIOBAHUY 3HAYEHNE CPEIHEHN JTMHBI OUePeIn § OMPEeIeIaeTCsl CTATUCTUIECKU B PEKUAME
peanbHOro Bpemenu, u 1o dopmyde (1), peasmsosannoit B asropurme RED, paccun-
THIBAETCSL BEPOSTHOCTD T ().

Useecren psiyi pabor (cMm., Hanpumep, [2—4]), rae wccienoBaHbl XapaKTePUCTHKI
agropurMa RED. Pesyabrarsr 9TuX ncciie1oBaHmit MOy IeHbl ITyTEM U3MEPEHuit 100
C MOMOIIBI0O UMUTAIIMOHHOIO MOJEJIMPOBaHUsA. B IaHHON cTarbe JjIs aHAJU3a W Pac-
q6Ta BEPOATHOCTHBIX XapakTepucTuk ajroputma RED mcnosbs3oBana Mozesnb B BUJE
cucreMmsl Maccosoro obciyxusanus (CMO) tuna GI|M|1|R [5]. Ilpeasapurensubie
pesyabrarsl uccsenosansl 1t CMO M|M|1|R n ony6aukosansr B [6].

CyTb pobJsieMbI COCTOUT B TOM, 9TO HHTEHCHBHOCTH nocTytmatomiero ua CMO moro-
K& 3aBHCHT OT 3HAYEHUsI § CPEJHEN JIJIMHBI OYepeIi, KOTOPYI0 HEOOXOIMMO OIPEIETUTD
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MocTtynnenve
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HOCTaHOBKa naketa BLIUMCHEHME ﬂ(q
B oulepep,b

777(@) < Tliex

7(0) 2 7

Cbpoc naketa

B MOMEHTBI BpEMEHH, HEIIOCPEACTBEHHO IIPEeIIIeCTBYONINe TOCTYIIEHIIO 3adB0K. Kpo-
Me Toro, BemauHbl A(§) un 7(g) cBs3anbl coorHomenusiMu (1)—(2), Koropble Hpe/cTas-

Puc. 1. Iuarpamma dpyuknumonupoanust RED.

JISTIOT cODOI CHCTeMY TPAHCIEHICHTHBIX YPABHEHUI «HEIOIBIKHON TOYKUY, PEITeHUe

KOTOpOfI IIpegjaracTcd UCKaTb MEeTOJ0M ITOCJIe0BaTC/IbHBIX HpI/I6J'II/I}KeHI/II'7I.

1. MeToa pacdera BeposaTHOCTH cOpoca

O6o3naunm depes v(t) aucio 3asok B CMO B MOMeHT BpemeHu ¢ >

MOMEHT IIOCTYIIJICHUSA

HEIIOCPE/ICTBEHHO IIepeJt ocTyieHneM n-if 3assru. Ilocienosarensuocrs {v, ,n > 0}
sBistercs nenbio Mapkosa (IIM), mist koropoit cupasemmuso [5] cieyrormee cooTHO-

Vpy1 = {

nIeHune

07 0<<j<7’1,
_ q—r _
m(q) = S Mmaxs 1< G < T2,
To —T1
13 67>7’2a
>\a q<ri,
M@= A=7(@)A, r <qg<re,
0, q>ro

0. IIycrs 7, —

n-it 3agsku B CMO, v, = v(1, — 0) — aucso 3asBok B CMO

min(v,, +1—apt1,72+1), v, +1—ap41 >0,
0, v, +1—ap41 <0.

(3)
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Cucrema ypaBHEHHHI DaBHOBECHs JyIsi CTAIllMOHAPHBIX BepositHOcTeil ¢; IIM
{v, ,n > 0} nmeer Bu:

ro+1 [e’e}
0= >, om|,
7=0 m=j+1 (4)

T2
G= Y GO—iy1+ Gror10m_it1, i=1L12+1,
=il

rie
7 k
a = / (lel) e "*dA(x), k=0,ry (5)
0
Iyers g; = ;1) i = 1,79 +1, go=1. Torma
¢ = 9i¢i—1 = 9i9i-1¢i—2 = ... = H gmqo, =112+ 1 (6)
m=1

U3 (4) u (6) caemyer, aro

Qg

1= ——
Gro+ 1— Oéo,
(7]

Gry = ,

l—a1 = gr,4100

(674} . — (7>
Gro—i = it 1 o1 i1 , t=1,1r0 — 1,
1—oa1— > or [ Gro—itm — g1 II Gro—itm
k=2 m=1 m=1

a U3 yCJIOBHYA HOPMHUPOBKU IIOJIyda€eM

o= ! . (8)

ro+1 4
1+ 2 11 9m
i=1 m=1

Dopmyisl (6)—(8) onpemensitor MeTo/| pacuéra pacupejesnenus ¢;, i = 0,79 + 1, 3Has
KOTOpBIE MOXKHO BBIYHC/IUTEL 3HAUCHHUE CpejHeil JUIMHLI OYepeid § B MOMEHTHI IIOCTYII-
neanst B CMO 3asBoK:

'I"2+1
=y ig. (9)
=0

Huke npesjiozkeH MTEpaIMOHHbINH aJIropuT™ pacuéra BepogTHOocTH 7(g) 110 op-
mynaM (1)—(2), oue 3Hadenue ¢ BeramciaeHo 1o dopmyrte (9). MexomubMu gaHHBIME
JUIsl BBIYUCJIEHUS] SIBJISIFOTCSI 3HAYEHUST BEJUINH Ok, 71, T2 U Tmax-
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AnropurMm pacuéra BeposiTHOCTH T(q)

01,3 —0, Mq") — X
aas j=0,1,...,ry + 1 BbIYMCIUTH qf o dopmymnam (6)—(8)
sbraucautb ¢°, 7(q%), A(q%) no dopmymam (9), (1)-(2)
ecu |r(q") —7m(g"")| <e, o

{ — ¢+ 1 u nepeiitu Ha mar 2

unade BosBpatuth /, ¢, 7(q%), \(7°)

Bamernm, 9TO Ha mare 2 aaropuTMa TpeOyIOTCs 3HAUEHUs BeJaUuuH o, k = 0,72,
KOTODBIE 3aBHUCAT OT BH/Ia (DYHKIMH pactpesetenns A(x) HHTepPBaJIOB MEXK Ly MOCTYII-
nenusivu 3asiBoK B CMO GI|M|1|R. B npuBenénHOM najiee mpuMepe YHCICHHOTO aHa-
Jm3a paccMarpuBaercst ciaydail cucrembr M|M|1|R, B KOTOPOM HETPYIHO yOeUTHCS,
YTO BEJIMYUHBI (v BBIYHUCIISIIOTCS PEKYPEHTHO IO (hOpMyIam

0= P
p+1
! k=T Y
ap = ——Ql— =1r = .
k p+1k17 T2, P 1%

YuciieHHBIN aHAJJIN3

[TpowocTpupyeM NPUMEHEHHe [IPEeJTIOKeHHOIO MeTo/a JJisl CJIydasl IyaCCOHOB-
ckoro Bxozgero noroka (CMO M |M|1|rg). Ucxouble mapaMeTpbl UM CJIe Ly IoMue
3HAUEHHs: 71 = D, T2 = 20, Tmax = 0,4, € = 1074

Ha puc. 2 nokaszano usMeHeHne 3HadeHHil BeposiTHOCTH cOpoca 7 () OTHOCHTEIHLHO
quciia nrepanyii. 3a KOHETHOe YHCJIO HTEPAIHil BEPOSTHOCTL COPOCa CXOUTCS K €JIMH-
CTBEHHOMY 3HAYEHUIO. DTO FOBOPUT O TOM, YTO IIPU PA3IMIHBIX [IAPAMETPAX MOXKHO
IPOrHO3UPBATH ONTUMAJIBHOE 3HAYECHHE BEPOSTHOCTH COPOCA JIJIsl PEAIbHBIX CHCTEM.

0.4

03

o
M)
3]

02

0.15

BEPOSTHOCTb cHpoca

0.1

0.05 |- L ,

4ymcno ntepauui

Puc. 2. Iamenenue 3navdenuii BeposgTHOCTH cOpoca 7(J) OTHOCUTENIBHO dncia urepanmii: (1) A = 16,
p=42)A=4,p=2.
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Ha puc. 3 nokazano n3mMeHeHre ONTUMAJIBHBIX 3HAUEHU CPeIHE JINHBI OYepean
OTHOCHUTEJIbHO HArpy3Ku p(q). 3HaueHue cpejiHeii JIMHBI OYepe/IH § JazKe IPU BBICOKOIT
Harpy3Ke He IIPEeBbINIaeT MaKCUMaJIbHO BO3MOXKHOI'O 3HAYCHHUSI.

20 | B

cpeaHss onuHa odepenu
)

ol L L L
0 0.5 1 15 2

Harpyska

Puc. 3. lI3MmeHeHMe ONTUMAIBHBIX 3HAYEHU CPEIHEH INHBL OYepey § OTHOCUTEJILHO HArpy3ku p(q).

Ha puc. 4 nokazano u3MeHeHHe ONTHUMAIBHBIX 3HAUYEHUIT BeposiTHOCTH cOpoca m(q)
OTHOCHTEJILHO CpeHell JJINHBI OYepenn §. JHAYEeHUsl BEPOSTHOCTU cOpOca JIeXKaT Ha
TEOPETUIECKON KPUBOI M HEe MPEBBIMAIOT 33JJAHHOTO MAaKCHMAJIBLHOTO 3HAYEHUS.

0.5

0.4

03| |

BEPOATHOCTL cOpoca

0.1 - . 4

I
0 5 10 15 20
cpenHsaa onuvHa ovepenn

Puc. 4. VI3ameHeHne ONTUMAJIBHBIX 3HAYEHUH BEPOSTHOCTH cOpoca 7(§) OTHOCUTEIBHO CPeHEl NJINHbL
ouepenu q.

SaKJ/IroueHue

ITocTpoena aHajuTHYECKas MOJENb JUUIs PAcdera BEPOSITHOCTU cOPOCa IIAKETOB B
anroputme RED B Buge cucremsr GIyg)|M|1|R ¢ moporamu s sHaveHnit cpeHeit

JUIMHBI OY€Pe/I U UHTEHCHBHOCTBIO BXOJSIIEr0 HOTOKA A(§), 3aBHCSIINEH OT cpejHeil
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JUHBbL ouepen . Ha ocHOBe aHAJMTUYIECKOH MO pa3paboTaH UTEPAITHOHHBIHN aJl-
TOPUTM, TIO3BOJISIIONIUH 38 KOHEYHOE UHCJI0 UTePaliii pacCINTaTh ONTHUMAaJbHbIE 3HA-
9eHUs BEPOSITHOCTH COPOCA MaKeTa IPHU Pa3/JIMIHbIX IMapaMeTpax cucrembl. [lokazano,
YTO TIPU BBICOKOM 3HAYEHWUN HATPY3KU ONTHMAJIbHOE 3HAUEHHE CPeJIHelN JIJTUHBI Odepe-
JV HUKOT/Ia HE IIPEBBINIaeT MaKCHMAaJIBHOT'O IIOPOTa M, CJIeI0BATEIbHO, OINTUMAIbHOE
3HAYEHNE BEPOATHOCTH COpPOCA OCTAETCs HA HU3KOM YPOBHE.
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The Methods of Drop Probability Calculation for RED
Algorithm

A.V. Korolkova
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Peoples’ Friendship University of Russia
6, Miklukho-Maklaya str., Moscow, 117198, Russia

The analytic model of the functioning of RED algorithm is examined in the article. The
model is based on the queueing system GIyz |M|1|R with thresholds for the queue length
average and the income flow rate A(q), dependent on queue length average, was developed.



38 Kyasnbos /. C., Kokomuwuxosa M. . Anamurudeckuii 0630p CUCTEM . . .

YIK 519.673:519.682.6

AHannTnyecKnii 0630p CUCTEM CHUMBOJIBHBIX
BBIYMCJICHU

. C. Kyas6os, M. I'. KokoTunkoBa

CucreMbl CUMBOJIBHBIX BBIYUCIEHUNH CHOCOOHBI CYIIECTBEHHO OOJIEMYUTH BBIYUCIECHUS UC-
cJIe10BaTe IsI, OCBOOOIUTH €10 OT PYTUHHBIN PAOOTHI: BBIYUCJIECHUS WHTETPAJIOB, TPOU3BOIHBIX
BBICOKUX TOPSIJIKOB, PEIEHUi cucTeM auddepeHIMaIbHbIX YPABHEHNH, TOCTPOEHUs Tpadu-
KOB CJIOXKHBIX (pyHKIMI. CTaThs TMOCBSAIIEHa COBPEMEHHBIM CPEJACTBAM ITPOBEIEHUsT SKCIIEPH-
MEeHTa, JIJIsT 00JIerYeHUsI PACYETOB KOTOPOT'O UCIIOJIb3yeTcst KoMmibiorep. Ha ocHOBaHMHN m1poBe-
JEHHOTO aHAJUTHIECKOr0 0030pa Al0TCs PEKOMEH AN TI0 UCIIOIBb30BAHUIO MPOIPAMMHBIX
npoayKToB. [Ipenmnourenue ormaérest cBoboHO-pacnpocTpansemomy 110.

Kuto4uEBBIE c10BA: CAS, Axiom, Maxima, cucreMbl KOMIIBIOTEPHO# aarebpbl, CUCTEMBI
CUMBOJIbHBIX BBIIHCJICHU.

BBenenue

Cucrema cuMBosbHbIX Bbrancaernii (CCB), uiun cucrema KoMIbIOTEpHOlH aireGpbt
(CKA), — MOIIHBIH IPOrPAMMHBIN [IPOYKT CHOCOOHBI peIaTh MUPOKUii KpyT 3a1ad
C PA3JIMIHBIM YPOBHEM BBIYUCIUTEHHOM CJI0KHOCTU, HAUNHAS OT IIPOCTHIX Tpeodpa3o-
BaHUIT BHIPAXKEHUI: IOJTMHOMOB, PSIJIOB, PAIMOHAJIBHBIX (DYHKINN 1 (POPMYII, U BILJIOTH
JIO PEIeHusT PA3JIMIHBIX CUCTEM YPaBHEHUH. Y TAKMX CUCTEM €CTb PsiJl IPEUMYIIEeCTB
repeJi CUCTEMaMU, KOTOPbIE ITPOU3BOJSAT BHIYUCJIEHUS] YUCJIEHHO.

BombmuacTBO MaTEMATHIECKAX CUCTEM, UCIIOJIB3YEMBIX B PA0OTE ¢ KOMITBIOTEPOM,
SABJIAIOTCA IUCTCHHBIMU cucTeMaMu. OHU TPEBPAIAOT KOMITBIOTED B MOIIHBIN ITPO-
rpaMMUPYEMbBIHl KaJbKYJIsITOD, ITO3BOJISIONIN BBITIOIHATE apudMEeTUIeCKNe BhITUCTIE-
HUsSI C OTPOMHOI CKOPOCTBIO. XOTsI B Hallle BPeMsi JIMCKOBBIE ITPOCTPAHCTBA, OIepa-
THBHAS TAMATH ¥ CKOPOCTH 0OPAOOTKU OIEepaIiuu MpoIeCCOPOB CTPEMUTEIHHO PACTYT,
PEJIKO TaKue Pe3ybTaThl BBIUUCIEHNH OBIBAIOT abCOTIOTHO TOYHBIMU — KaK MPABUJIO,
IIPY OTIEPAIUSIX C BEIECTBEHHBIMI YHUCJIAMHE TIPOUCXOIUT UX OKpyryeHue. Peamuzarus
GOJIBITUHCTBA YUCJICHHBIX METOIO0B Da3mpyercss Ha 3aBEIOMO MPUOJIMKEHHBIX THCJICH-
HBIX MeTojaX. acTo M3-3a HAKOILUIEHUs] IOI'PENIHOCTH STU METOIbI PACXOJATCSI. 3a
IpejielaMi BO3MOYKHOCTEN YHCJIEHHBIX MATEMATHIECKUX CUCTEM OKA3AJMCH OOIIHIP-
Hble 00JIACTH MATEMATHKY, CBI3aHHBIE C IIPOBEICHNEM AHATUTUIECKUX PACIETOB — OT
MPOCTHIX TIOJICTAHOBOK B BBIPAYKEHUSIX JI0 OOy UIE€HUsT KOMITLIOTEPA HOBBIM MaTeMaTHIe-
CKUM 3aKOHOMEPHOCTSIM U OTHOIeHUIM. CHUMBOJIbHBIE OIIEPAIUN — 3TO TO, YTO KAP/IU-
HAJIBHO OTJINYAET CHCTEMbI CUMBOJIBHONH MaTeMaTHKN (UM KOMIIBIOTEPHOI ajreOpbl)
OT CHCTEM JJIsI BBITTOJIHEHNSI YUCJIEHHBIX PACIETOB.

1. UcTtopudeckasi cnpaBKa

B Hay4HBIX MCCIEIOBAHUSX M TEXHUYECKUX PACUETaX CIEIUAJJUCTAM TPHXOIUTCS
ropa3no OOJIbIlle 3aHUMATHLCA TPe00Pa30BAHUIMA (DOPMYJI, IeM COOCTBEHHO UHCJICH-
HBIM CYETOM, OJHAKO C MOSIBJIEHHEM KOMITbIOTEDOB OCHOBHOE BHUMAHWE Y/IEJISIIOCh aB-
TOMATHU3AINH TIOCIEHETO, XOTs KOMIIBIOTEPHI CTAJIN TIPUMEHSITHCS JJIsT PEIIEHUST TAKIX
3a/1a9 CUMBOJIBHBIX BBIMHCJIEHUN, KaK, HAIIPUMED, CUMBOJIbHOE TudOepeHImpOBaHue,
emé B 50-e TOIAX MPOMLIOTO BeKa. AKTHBHAS pa3pabOTKa CHCTEM KOMIBIOTEPHON a-
re6pbl Hauanack B Kouie 60-x [1]. C rex mop co3iaHo 3HAYUTENbHOE KOJMIECTBO pas3-
JIMYHBIX CHUCTEM, IIOJIyUYMBIIUX B PA3HOU CTENEHU PACIPOCTPAHEHUE; HEKOTOPbIE CH-
CTEMBI ITPOJIO/IZKAIOT PA3BUBATHCH, JIPYTHE OTMUPAIOT, OSABJIAIOTCS HOBBIE. JInHAMUKA
CHCTEM HEIPEPHIBHA.
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Opy cozmaHusl KOMIBIOTEPHON CHUMBOJIBHOW MATEMATHKHU MPUHATO OTCYUTHIBATH
¢ Hagajsia 60-x romoB. VIMeHHO TOTrJa B BBIUYMCINTEIBHONW TEXHUKE BO3HUKJIA HOBAs
BETBb KOMITBIOTEPHOM MATEMATUKN, HE COBCEM TOYHO, HO 3aTO OPOCKO Ha3BaHHAS KOM-
IbI0TepHO ajarebpoil. Peub mura o BO3MOXKHOCTH CO3JAHMSI KOMIIBIOTEPHBIX CHCTEM,
CITOCOOHBIX OCYIIECTBJISITh TUIIOBBIE AJIreOpanvecKre Mpeodpa30BaHUs: TOJICTAHOBKY B
BBbIPAsKEHUsIX, YIIPOIIEHNEe BbIPDAYKEHUIT, OTIePAIUU CO CTEeHHBIMU MHOTOUYIeHaMHU (110~
JIMHOMAM¥ ), DellleHre JINHEIHbIX W HeJIMHEHHBIX YPABHEHUIl U UX CHUCTEM, BBIYHCIIE-
Hre ux Kopueit. [Ipu 3ToM mpemmosrarasack BO3SMOXKHOCTD MOy I€HNUST AHAJIATHIECKAX
(CMMBOJIBHBIX) PE3YJIbTATOB BE3JIe, IJIE ITO TOJIBKO BO3MOXKHO.

Bombmunerso noab3osaresieii 6bLI0 3aNHTEPECOBAHO B TOM, YTOOBI IIPABUILHO BbI-
[IOJIHATH KOHKPETHBIE aHAJTUTHYECKHE IIPeoOpPa30BaHus: BEIUUCIUTL B CUMBOJILHOM BH-
Jie TPOU3BOIHYIO WK MIEPBOOOPA3HYIO 33 aHHON (DYHKINM, PA3/I0KUTH ee B P Teii-
Jiopa niit Pypbe, a BOBCEe HE B JIETAJILHOM U CJIOXKHOM MaTEMATHIECKOM M JIOITIECKOM
OIIMCAHUU TOT'0, KaK 9TO JIEJIAETCs. KOMIBIOTEPOM (MJIHM, TOYHEe, €r0 IPOrPAMMUCTOM ).

IlonsiB 310, MHOTHE 3amaHble (PUPMBI TPUCTYIUIN K CO3JAHUIO0 KOMITBIOTEPHBIX
CUCTEM CHMBOJIBHON MaTEeMATHKN, OPUEHTHPOBAHHBIX Ha IMMUPOKUE KPYTH MOJIb30BATE-
JIeli, He SIBJISIONINXCS IpodQeccuoHalaMi B KOMITBIOTEPHOM ajirebpe. Y YnThIBasl HeBe-
POSITHO OOJIBITYIO CJI0KHOCTH ABTOMATU3AIIMHN PEIEHNsT 33189 B aHAJIUTIIECKOM BHJIE
(ancso MaTeMaTHIeCcKuX MpeoOpa30BaHUN U COOTHOINEHUi BEChMa BEJIMKO), HEpPBbIE
TO/I0OHBIE CUCTEMBI YAJIOCh CO3/IaTh JIUIIb s 60sbiux 9BM. Ho 3arem nosiBuuch
¥ CHCTeMBI, JOCTyIHBbIE s MUHI-OBM. 3amMeTHOE pa3BUTHE TOJIYIHIN S3BIKH ITPO-
rpaMMUPOBaHNs JJIsT CUMBOJILHBIX Bbranciiennii Reduce, cucrema muMath st masisix
9BM, a B maJibHERIEM — UHTErPUPOBAHHBIE CUCTEMbI CUMBOJILHOW MaTeMaTHKU JIJIs
nepcoHabHbIX KoMIboTepos: Derive, MathCAD, Mathematica, Maple V.

B tabu. 1 [1] npusenena kparkasi xponosorusi pazsurust CKA, BbliesieHbl ee oc-
HOBHBIE STAIbI.

2. CCB u cucremMbl 4YUCJI€EHHBIX BBIUNCJIEHUIN.
O06J1acTu IPUMEHUMOCTH KaXK/JIOro II0X01a

CucreMbl YUCJIEHHBIX BBIYUCIEHUI ITPUMEHSIIOTCS Ha IEPBBIX Tallax HCCIIeI0Ba-
HUsI, OHU TIO3BOJISIIOT OIEHUTH PE3YJIbTATHI. DTO MOXKET OBITH IIPEIBAPUTEHHBIM OIle-
HOYHBIM ITAIIOM HUCCJeToBaHuil. KOMIIbIOTEp MO3BOJISIET OOJIErYUTh AHAJM3 IOy IeH-
HBIX JaHHbIX. JIjis sroro u npennasaadensl nakersi ROOT u PAW (Physics Analysis
Workstation). Crauasa 3aj1a9a paccuauTbiBaeTcsi Ha HAOOPE TOYEK U IIPU MOMOIIH T1a-
kera ROOT umun PAW B03MOXKHO TPUOIU3UTE PE3YJIbTAT KAKOW-HUOYIb (DyHKITUEI.

PAW — 510 mHTEpakTHBHAas IpOrpaMMa, UCIOJb3yeMast JJisl aHajm3a U rpadude-
CKOT'O TIPEJICTABJIEHUSI PE3y/IHTATOB, C BO3MOXKHOCTBHIO aBTOMATHU3AIIUK TTOCPEICTBOM
CKPUIITOB.

PAW nozBossier paborarh ¢ 60bIME 00beMaMu JIaHHBIX. JIaHHBIE B OCHOBHOM
[IPEJICTABJICHBI B BUJIE CIIUCKA, HE CBA3AHHBIX MEXK Iy cob0il cobbrTuit. Karkmoe cobbrTme
Mpe/icTaBseT u3 cebst HabOp MMEHOBAHHBLIX moJjeil. /[aHHBbIE MOXKHO MPE/ICTaBUTH B
BHJIE OJHOMEPHBIX WJIM JBYMEpPHBIX rucrorpamMm. B PAW peasmzoBana duiabrpaliust
coOBITHIT TIO yCToBUIO. JIJIst cpaBHEHUsT 9KCIIEPUMEHTAJIbHBIX JaHHBIX ¢ Teopueii PAW
peiocTaBisier wHTepdeiic K Ipe3BbIYaitHO MOIIHONW U TMOKOM TPOTIEIyPe MOATOHKH 1
OIIEHKH OIINOOK.

[Taker PAW 6bu1 coznan mist 3aa4 dbusukn sjnementapubix dacrur (PIY). Ue-
Topust PAW 6Geper coe magasio B 1986 romy B Espomneiickom IlenTpe dAmepubix Uc-
cienoanuii (CERN). B mporecce paspabGoTkun OCHOBHOM yTIOp JIeJIAJICs Ha PabOTy ¢
O4YeHb OOJILIIUM OOBLEMOM JIAHHBIX.

st nesieit pusnyaeckoro anasmsa PAW pacnpocrpansiiack ¢BOOOIHO ¢ CaMOIo Ha-
qajia, HO ToJibKO B 2000 romy ona crasna jgocrymnHa mo GPL. Ilo cytu PAW sasisiercst
naTepdeiicom kK Habopy 6ubmmorek CERNLIB. Bcee, uro moxHo crenars 8 PAW un-
TEepPaKTUBHO, TaK»Ke MOYKHO PEeaIM30BaTh B KOMITHJIUPYEMOM IIPOrpaMMHOM Koje. B
PAW BcTpoen uHTEpIpeTaTop si3blKa mporpamMmmupoBanust Fortran.

Yem ke nnrepecaa PAW ceituac, korna ecrb ROOT? Bo-nepsbix, HeT HEOOX0IU-
moctu MeHsTb PAW B Tex mpoekTax, rje oHa y»Ke Iprkmiach. s neseit naTepak-
tuBHOrO aHaym3a PAW sddekrusnee, vem ROOT, uz-3a usjmiiHeii MHONOCJIOBHOCTH
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Xponouiorusi CCB

ara

CobbITHe

Cepeauna
XIX Beka

Ilepsoie naen apromarnsanyuu GOPMYJIbHBIX BbI-
KJ1agoK —Jjiean Ana Ayrycra Jlasieiic.

50-e roamwi
XX Beka

OT,ILGJ'IBHI:IG IporpaMmbl JIJid pelieHusA KOHKpPeT-
HBIX 3a/Ja9 Ha MaIlIMHHOM fA3bIKE.

— IlepBoie nporpammbr auddepeHITnpoBaHTs
dyuknwmii, CIITA
— Pa6orwr JI.B.KanToposuaa

60-e roambi
XX Beka

Wccnenopannst o co3manmio oOINUX AJITOPUTMOB
U IPOTPaAMM B PA3JIMIHBIX KJIACCAX BBIPAXKEHUI.

— IlosiBieHIEe AITOPUTMITIECKUX SI3BIKOB BBICO-
KOT'O YPOBHSI

— Peasmzanus nosmaoMuaIbHON airedpe

— Anropurm Puma (1967,cucrema SIN)

— IlosiBiieHre TIPOrPaMMHBIX CHCTEM O0IIe-
ro HasHadenuss (yHumBepcasibubix CKA):
REDUCE, @ MACSYMA, MATHLAB,
SCRATCHPAD, FORMAC, CHUPUYC,
ABTOAHAJIUTUK, AHAJIUTUK

70-e roabBI
XX Beka

IIepsoie 8 CCCP cucremarnvieckne mpuMeHEHUsT
KA nna pemenusi dusmyeckux 3aja4, JlyOHa,
ondn

80-e roamwr
XX Beka

— PasBurne BeIYUCIUTE/IBHON TEXHUKU: CyTIEp-
KOMIIBIOTEPHI, pabotune crammun, PC

— TlosiByileHne cucreM € pa3BUTBIM IOJIB30Ba-
resibekuM uHTepdeiicom: MAPLE (1981) u
MATHEMATICA (1988)

— CKA HOBOT'O [TOKOJICHUST>
(SCRATCHPAD-II, SMALLTALK) —
y4IeT abCTPAKTHBIX THUIOB JIAHHBIX, UCIOJIhb-
zoanue cpegcrs OOIT

— Amnaparnas peanuzanus: ABTOAHAJIU-
TUK, LISP-marmmumb:

90-e roambi
XX Beka

— HWurerpariust CUMBOJIBHBIX BBIYUCIEHUNU U
YHUCJIEHHBIX PaCUYeTOB

— MATHEMATICA u MAPLE: Bce acnexrsl
HAYYIHOI'O U TEXHUYIECKOI'0 KOMITBIOTUHTA — B
OHOI cucTeMe

— CKA craHoBsITCS CepUIHBIMA KOMMEPYECKH-
MU TIPOyKTaMU

HauaJio
XXI Beka

— CucremMa Axiom cTaHoBUTCA CBODOIHOM
(2001)

— Iosienue cucremer Cadabra (2001)

— Ywmep cozmarenb cucreMbl Maxima Busbsim
[ITerrnep (2001), mpoekT crajg MejJIeHHEE
pa3pabaThIBATHLCS

Tabymna 1
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nocyeaaero (nacnemue C++). Muorme 6a30Bble Ujen, KOTOpbIE ObLIN 3aJI0XKEHBI B
dynmamenr PAW, nocraTrodHo MHTEPECHbI B ILIAHE M3YyYeHWs U KomuposaHusi. IIpo-
rpaMMBI JIJIST TOTO W JIEJTAIOTCS CBOOOTHBIMU, YTOOBI JIEsKAIIFie B MX OCHOBE W He
MIPOTIAIAJIH.

PAW omnepupyer BekTOpaMu, rucTOrpaMMaMU, CIUCKAMU COOBITHI ¥ BBIOOPKAMMU
IMOAMHOYKECTB TUX COOBLITHI. ITH 00BLEKTHI aBaoTcsa mig PAW 6aszoseivm. Cragana
Bo3auk PAW, a 10 sier ciycrs nosisusicss ROOT. C 2006 rona ROOT (http://root.
cern.ch/) cran Bbiryckarbest 10j jmnensueii GNU, u, BO3MOXKHO, CKOPO IIONAJET
Bo Bce ocuoBHble mucTpubyTuBbl GNU/Linux. ROOT akTuBHO TOMIEPKUBAETCS U
passuBaerca. ¥ ROOT ects moBosibHO MotHOe coobiectBo. Ha caiite http://root.
cern.ch MOXKHO HaliTH OTBET IIOYTH HA BCE BOIIPOCHI, KACAIOIINAEC ITaKeTA.

[Ipu moctpoennn rpadukos, B oraudne oT cBoero mnpeaka PAW, ROOT mosso-
JIIeT UHTEPAKTUBHO MEHSATH HapaMeTPbl KAPTUHKHU C MOMOIIBIO BBIIAIAIONIAX MEHIO.
Tum MeHO 3aBHCUT OT TOTO, Ha KaKOi OOBEKT HAIPAaBJIEH yKa3aTeJ b MBIIN. TakKe
¢ TIOMOINBIO JIEBOI KHONKKM MOYKHO WHTEPAKTUBHO M3MeHsSITh MaciTab rpaduxa. He
CTOUT CUJIBHO U3MEHATH I'paduK, TaK KaK OOJIBIIOE KOJUIECTBO OIMEPAITUil yBEININ-
BaeT BpeMsi, TOTpadeHHOe Ha CO3JaHNe KapTUHOK. B oTyimdme oT HabpaHHBIX KOMAH]I,
OCMBICJIEHHBIE JIBUKEHUSI ¥ KJIMKHU MBI COXPAHNATE JIJIsT TIOBTOPHOTO MCIIOJIb30BAHST
HEBO3MOXKHO. ['mCTOrpaMMa sIBJSIETCS OJHUM U3 OCHOBHBIX 3JIEMEHTOB aHaau3a. MH-
tepuperarop it ROOT mammcan Ha si3bike C, TO3TOMY BO3MOXKHO MHTEIPHPOBAHIE
B IIpOrpaMMy MOIyJIel, HalmncaHHbIX Ha sa3bike C.

ITocite mpenBapuTEILHON YNCTEHHON OIMEHKYM MOYKHO TIEPEXOIUTH K AHATUTHIECKIM
BeIUnCTeHUsIM. TakuM 00pa3oM, MOKHO TepeiiTu K Oojiee TeTaJTbHOMY H3YYEHHIO TI0-
crpoernoil wuciierHo Mojenbio. CKA cHabKkaoTCs CcrenuaibHbIM IPOIECCOPOM  JIJTst
BBITIOJIHEHVSI AaHAJIUTHYECKUX (CUMBOJIBHBIX) BBIYHCIeHHNA. Fro OCHOBOI siBiIsieTcs siji-
PO, XpaHsIee BCIO COBOKYITHOCTh (DOPMYJT U (POPMYJIbHBIX ITPeoOpa30BaHUM, ¢ IIOMO-
IO KOTOPBIX MTPOU3BOISTCS AHAJUTUIECKIE BBIUNCIEHNS. deM OoIbIe STrX (hopMyJT
B f/Ipe, TeM HaJIesKHEll paboTa CUMBOJILHOTO IIPOIECCOPA U TEM BEpOATHEE, ITO TOCTAB-
JIEHHasI 3aJ1a9a OyJIeT pelieHa, eCIu TaKOoe PellleHre CYIeCTBYeT.

Busyanmsarust siBiasieTcst BaXKHEHIIIUM WHCTPYMEHTOM uccaeaoBaTessi. I Tyt mpo-
apngercs paziaunane mexk iy CCB u CUB. s anciieHHbIX pacdéTOB PE3yIbTATOM SIB-
JisieTcst HabOp 3HAYMEHUH, MO9TOMY OOBITHO CTOHUT 3a/ada MPeICTaBUTh WX B BHJE I'pa-
duKa, CpaBHUTH C IKCIEPUMEHTAJIBHBIMUA pe3yabraTamu. [103ToMy BasKHEHITUM 3J1e-
MEHTOM ITaKeTOB UMCJIEHHBIX BBIUMCJIEHUN SBJIAIOTCS Tpadudeckne oubamoreku. [Ipn
AHAJIMTUIECKUX PACIETax Pe3yabTaToM siBaseTcs (opMmysia. U Ha mepBBIi IJIaH BBI-
XOJIUT TPUBBIYHOE Tpadudeckoe mpejicTaBieHne HGoOpMyJibl, TO €CTh BO3PACTAET POJIb
rpacdudeckoro maTEpdEiica.

3. YHuBepcaJabHble u cnenunajan3supoBanubie CCB

CKA TpaJunuoHHO JeATCs Ha ClIeIUaJIn3ipOBaHHble U yHUBepcaibHbe. Crerma-
JIN3UPOBAHHBIE CUCTEMBI CIIPOEKTUPOBAHBI U IPEIHAZHAYUECHBI JIJIsi DEIIEHUsS] KOHKPET-
HBIX 33J1a4, HAPUMED, U3 HeDEeCHOW MEXaHUKHU WM KBAHTOBON TEOPHUM IOJIA. Y HUBED-
CaJIbHBbIE CHUCTEMBbI OPHEHTUPOBAHBI HA IMIUPOKUN KPYT MATEMATHIECKUX 37aT, XOTSI
OHU UMEIOT B CBOMX OMOJIMOTEKAX YACTHBIE MAKETHI.

PesynbraTom passurus si36IKOB IporpaMMupoBanus, B yacraoctu Cu u Lisp, cranu
VHUBEPCAJILHbIE MaTeMaTu4decKne maxkeTol, nanpumep, Maple, Mathematica, Maxima
n Axiom. DTu cuCTEMBI UMEIOT JIPYKECTBEHHBI WHTEP(EIC, Pealn3yoT MHOKECTBO
CTAHJAPTHBIX U CHENUAJIBHBIX MATEMATUIECKAX ONepaInii, CHAOXKEHbI IpadUIeCKUMU
cpeacTBaMu U 00J181aI0T COOCTBEHHBIMU SI3BIKAMU IIPOrpaMMupoBanus. Bee aTo mpemo-
CTaBJIAET MIUPOKUE BO3MOXKHOCTH Jist 9(DPEKTUBHON PAOOTHI CIEIUATNCTOB PASHBIX
npoduieil, 0 9eM NOBOPUT AKTHBHOE IMPUMEHEHHE MATEMATHIECKUX [MAKETOB B HAYyd-
HBIX WCCIeNOBaHUAX U B npernomaBannu. C MOMOIIBIO 9TUX MAKETOB MOYXKHO TOPA3/I0
mpoire u ObICTpee peIaTh WHXKEHEPHbIE 331a9M, TOTOBUTH W BBITOJIHATH JIOMAITHUE
3a/IaHUS.

OHako 3a yHHBEPCAJBHOCTH MPUXOUTCS pacIyiadnBaTbes. 1Ipu perieHnn Heko-
TOPBIX 3aJ[a< 9TU CUCTEMBI CJIUIIKOM MHOTOCJIOBHBI, & 3a9aCTyI0 TPEOYIOT YCTAHOBKU
(nn 1azke JIONUCHIBAHMsI) JIOMOJIHATEIBHBIX MOJLy/Ieil. B KadecTBe mpumepa Takux 3a-
Jlad MOXKHO IPUBECTH TEOPUIO TOJIsl, TJI€ BO3HUKAIOT TEH30PHBIE BEJUIUHBI, WHJIEKCHI
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(oburazratorue onpeeéHHbIME CBOicTBaMu), cuMMerpun. Onucanue STUX CyIHOCTEN
TpebyeT yCIOKHEHHOTO BXOMHOTO si3biKa. CIncovHasi BHYTPEHHSIST CTPYKTYpa, TIpuMe-
HsIeMasl YHUBEPCAJTBbHBIMIA CHCTEMAMM, CTAHOBUTCS TPOMO3IKON JJISI MX IPEICTaBJIe-
Hust. V1 Torjga mpoucxXo[uT CMeHa HMapaJurM: OT YHUBEPCAJIbHBIX K CHEIaIn3UPOBaH-
HBIM crucTeMaM. Kak sIpKkuii TpuMep CIHeIruaJIn3uPOBAaHHON CHUCTEMBI MOYKHO ITPUBECTH
maker Cadabra.

Ha nannbiit Moment cymecrsyer Gosee 26 CKA [2]. Cpeau cymecrByomux mare-
MaATHYIECKUX MTAKEeTOB MOYKHO BBIJEIUTH ciaeayrommne cucteMbl: Maple m Mathematica
(kommepueckne), Maxima n Axiom (cBobogno-pacnpocrpansemsie). OHON U3 OT/IH-
YUTEJIbHBIX YEPT Y 9TUX CUCTEM BJISIETCs OIEpaIlMOHHAas cucreMa, cucreMbl Maple u
Mathematica paborator mog OC Windows, a cucrembr Maxima u Axiom paborator
kak o OC Windows, tak u mog OC Linux (ciemyer ormeruTh, 9To pabora JaH-
veix cucreM 1o OC Windows ocyIecTBiisiercst ¢ CyIeCTBEHHBIMUA OTPaHUYEHUIME,
cucrema Axiom nox OC Windows e mojyiepkuBaeT rpadpuaeckux MOJLyJIeit).

B Tabn. 2 npuBenén crnmcok u3 15 cucreM, B TakKe YKA3aHO IPUMEHEHHsI KOH-
KpeTHO# cucreMbl. 4 cucrembl — Axiom, Maple, Mathematica 1 Maxima — saBisioT-
cs1 yHUBepcaabHbIMU. Cieayer oOpaTuTh BHUMAHHUE W Ha YCJIOBUS PACIPOCTPAHEHMS.
[Ipeamourenune ormaeTcss CBOOOTHO-PACIPOCTPAHSIEMBIM CHCTEMAaM, OJHAKO HE CTOUT
OTOJIBUTaTh Ha BTOPOH IJIaH TAKyIO MOIIHYIO YHUBEPCAJIbLHYIO W IPUHATYIO 3a pybe-
JKOM cucreMy, Kak Maple.

Tabmuna 2
CpaBuenune CCB
HaszBanue HauaJsio JIuniensusy Ilpumenenue
pa3pabor-
KU

1. Axiom 1971 BSD Yuusepcanbaas CCB

2. Cadabra 2001 GPL TenzopHast anrebpa, TeOpUsT OIS

3. CoCoA 1987 GPL st onepariuii ¢ mMOJTMHOMOB

4. Fermat 1986 shareware | IToauHOMBI U MaTPUITHI

5. GAP 1986 GPL I'pymmiber, Teopust XxapaKTepoB, JTUC-
KpeTHasl MaTeMaTHKa

6. GiNaC 1997 GPL Bubsmmoreka sizpika C+-+

7. GINV 2005 GPL Meron 6azucos I'pebuepa st cu-
CTeM ypaBHEHUN

8. Maple 1979 KomMmepu. | Yuupepcaibnas CCB

9. MathCad 1985 Kommepu. | WYSIWYG wunrepdeiic u Tumo-
rpacgckoe KadecTBO BBIBOJA WH-
dopmarmu

10. 1986 Kommepu. | Yaupepcanpuas CCB

Mathematica

11. 1986 LGPL O6mas anrebpa

Mathomatic

12. Maxima 1967 GPL VYuusepcaasnas CCB

13. Meditor 2000 GPL Bubanoreka CUMBOJIBHBIX BBITHC-
JIeHU# sI3BbIKa, Java m MaTeMaTrmde-
CKU# pelaKTop

14. 1985 GPL Teopust uuces m 3ajlaHHAsT TOY-

PARI/GP HOCTb BBIYUCJIEHUIT

15. Singular 1984 GPL IlommHOMBI, KOJIBIIA, MIEaJIbI
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4. YHuUBepcaJibHbIe cucTteMbl Axiom m Maxima

Ilepeuncaum obmue ocobennoctn cucremM Maxima m Axiom mepen cucreMa-
MU, TPUBEIEHHBIMU B Tabja. 2. Bo-TiepBBIX, 5TH [Be CHUCTEMBI SBJISIFOTCSI CBOOOIHO-
pacrpocrpansiembivu cucteMamu (Jyunensust GPL). Bo-Bropbix, cpejia mporpaMMupo-
BaHUs #A3bIK LiSp, 9TO, OIHAKO, HE O3HAYAET, YTO IOJIH30BATEIb MUIIET KOMAHIBI HA
si3bike Lisp. u1st Kazk10ii cucTeMbl OIpeJIiesieH 3apaHee CIIMCOK KOMaH,I, KOTOPBIE IIPe/I-
BapUTEJbHO MMHUCAINCH CO3JAaTe/IeM Ha si3bIKe Lisp, OfHoi u3 1eseil co3manust KOTOPOTo
SIBJISITIACH BOBMOYKHOCTD BBITHCJIEHUI B CHMBOJIBHOM Bue. B-tperbux, 3t CCB siBs-
f0TCA KpocciiardopMenHbiMA, TO ecTh paboraroT noj OC Linux u mox OC Windows.
st Toro, aTobs! padorath B 3tux CCB, monp3oBaTes o He 00513aTETBHO Tepey IMBaATh-
cst ¢ Windows Ha Linux u Hao6opor.

Ilepeuncaum ocobernnoctu cucreMbl Maxima:

1) YyBCTBUTEJIBLHOCTH K PETUCTPY.
2) KonconpHasi mporpaMma, HO BO3MOXKHBI MHTerparuu B rpadpudeckue 060J0UKN.
Ciretyer moJipobHO OCTAaHOBUTHCS Ha 31X obosioukax: TEXmacs n wxMaxima.

B wxMaxima BBogsTCs: (hOpMYyJIbI B TEKCTOBOM BHJIE, & BBIBOJ, OTOOParKaeTCst
rpaduIecKy, TPUBBIYHBIMU MaTEMATHIECKUMU CUMBOJIaMu. Kpome Toro, 60Jib-
II0# yIIOp 3/1eCh CAEJIaH Ha yIo0CTBO BBOJA: KOMAHIHAS CTPOKA OTIAEICHA OT OKHA
BBOJIa-BBIBO/IA, & JIOTIOJHUTEIbHBIE KHOIIKM M CUCTEMa MEHIO TI03BOJISIOT BBO/IUTH
KOMAHJIbI He TOJIbKO B TEKCTOBOM, HO U B JINAJIOTOBOM pexkmme. Tak HazbIBaeMoe
«aBTOJIOIIOJIHEHNE» B KOMAHIHON CTPOKE HA CAMOM JeJie ¢ TAKOBBIM MMEEeT JIUIIb
TO CXOJICTBO, YTO BbI3bIBaeTCs Kiaasurieii « Taby. Peasm3oBana Kak BbI30B UCTOPUU
KOMAaH]I, OH BBI3bIBAET Ty KOMAaH/Iy U3 yKe BBEJICHHBIX B 9TOI ceCcCHU, KOTOpas Ha-
YUHAETCs C 33JaHHBIX B KOMAHIHOM CTPOKE CHMBOJIOB, HO HE JOMOJIHSIET 0 UMEH
KOMaHJ 1 uxX napamMerpoB. Takum obpa3om, 3TOT nHTEpdeiic Hanboiee yaI00eH B
TOM CJIydae, KOIJia HY?KHO MHOTO BBIUHC/ISITH U BUJETH PE3YJIbTATHI HA IKPAHE;
u eme JjsI OBICTPOTHI BBOZa KoMamHa. Kpome Toro, wxMaxima mpemocTaBisieT
yI0OHBIN nHTEepdeiic K JJOKYyMEHTAIINN 110 CHCTEME; XOTs, TaK KaK JJOKYMEHTAIIUSs
rnocraBjsiercss B popmare html, BMECTO 3TOr0 MOXKHO HCIIOJIB30BATH OOBIYHBIMH
Gpaysep.

Bropoit nocrarouno unTepecHbiit mHTEpdeEiic K Maxima — 3T0 JTOTMOJTHUTEIBHBIH
pexxum B pegakTope TEXmacs, KOTOPBIi MOArpykaercs B Bujie ceccnn. Maxima—
ceccusi BbI3bIBaeTcst n3 MeHi0: «BceraButh — Ceccusi—Maximay, Ipr 9TOM TTOSTB-
JITeTCsl JIOTIOJTHUTE/IbHOEe MeHIo ¢ KoMaHgamu Makcuwmbl. Iloce 3amycka ceccun
MOXKHO y2Ke BHYTpH Hee TepefiTi B MaTeMaTHIeCKUil PeXKUM BBOJA W IIPU BBOJIE
TaKKe WCIOJIb30BATh IJIEMEHThI MATEeMATHIECKON HOTAIMH. DTOT PEIaKTOP Pas-
pabaTbIBaeTCs JJIsi BU3YaJbHOIO PEJAKTUPOBAHUsI TEKCTOB HAYYIHON TEMATUKH,
IIPY KOTOPOM BBI BUJINTE HA SKPaHEe PEJAKTUPYEMBIT TEKCT TPAKTUIECKNA B TOM Ke
BHJE, B KOTOPOM OH OyJeT pacmedaran. B qacTHoCcTH, OH MMeeT MaTeMaTuIecKuit
PEXKUM BBOJIa, OYE€Hb YJIOOHBIN 7SI PAOOTHI C CAMBIME PAa3HOOOPA3HBIMU (HOPMY-
JIAaMU, ¥ yMEEeT MMIIOPTUPOBATH/3KcnopTupoBaTh TekcT B WITEX u XML /HTML.
Nmenno BoamokuOCTSIMEI 110 padoTe ¢ popmyaamu mosb3yerca Maxima, Ber3aBan-
Has u3 TEXmacs. @akTudecku, HGOPMyJIbI OTOOPAXKAIOTCA B MPUBBIYHON MaTe-
MaTUIeCKON HOTAIMH, HO MPU ITOM UX MOXKHO PEIAKTUPOBATH W KONUPOBATDH B
Jpyrue JTOKYMEHTHI Harmomo0mne OOBIKHOBEHHOIO TEKCTa. JTOT mHTepdeiic Oymer
HauboJstee ya00eH TeM, KTO XOUeT UCIOIb30BATh PEe3y/IbTAThl BHIUYUCIEHNH B CBOUX
TEKCTaX U JIIOOUT PEIaKTUPOBATH UX B BU3YAJHHOM DPEXKIME.

) He tpeboBaresbha K pecypcam KOMIbOTepa. PaboTaer Ha MAJOMOIIHBIX KOMITBIO-
Tepax.

) Kaxnprit oneparop B Maxima — dyHkimsi.

) Komiuiekcuble uncia 3anucbiBaorest B ajrebpandeckoii hopme: a+bx%i, rue %i —
MHUMAs eIWHWIA, & U b — COOTBETCTBEHHO, MEHCTBUTEIbLHAT M MHIMAS IACTH.

) CUMBOJIbHOE BBIYHCJICHHE: MIPEJIEIbl, YIIPOIIEHNEe BbIPaXKEeHMsl, IPOU3BOJHBIE, WH-
TerpaJibl, yIPOIIEHNE TPUTOHOMETPUIECKNX (YHKIWMiA, pernenne auddepeHti-
aJIbHBIX yPaBHEHUN.

7) Bremmnsis rpaduueckas 6ubamoreka GNUPIlot.
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Cnenytormeii 0COOEHHOCTBIO 3THX CHCTEM SIBJISIETCS BO3MOXKHOCTB IIOCTPOEHHE
rpacdukoB. B cucreme Maxima mocTpoeHme OCYyIIECTBIISETCA TPHU TOMOIMM TTAKETa
GNUPIlot.

Kpome mepeunciieHHBIX 0COOEHHOCTEH, JJisi CUCTeMbl AXiom TpHUCyIyM u Jpyrue
0COOEHHOCTH:

1) Crporas Tunuzanus. [lepemeHnblit 1 DYHKIUM JTOJKHBL ObITH U3HAYATIBHO IE€TKO
ompeJieieHbl, JIMOO He OIpeeseHbl BOOOIIE, B 9TOM CIyvae CUCTeMa caMa, 010~
paer TUll Jjid COOTBETCTBYIOLIEH IIePEeMEHHOI.

) BosmorkHOCTE H0baBiaeHust Momyseil. Moaynb mpeacTaBisier coboil OTmesbHBIH
daiin ¢ pacumpenueM * . input, KOTOPBIN IpU HAOOHOCTH IOAIPYKAETCA TTOTOM.
3) JIoKyMeHTHPOBAHHOCTh. DTa CHUCTEMa XOPOIINO JOKYMEHTHDPOBAHA, MOYKHO CKa-
JaTh M0IpOoOHYI0 KHUT'Y 0K0s10 1100 crpanwuir.

) Ilocrpoenue rpadukos. OcobernocTwio siBisiercs To, 4o B OC Windows nocrpo-

eHne rpadUKOB IMOKa HEBO3MOXKHO.

) Cpena nporpammuposanust: Lisp, Aldor, Fortran. Lisp — BHyTpeHHUIl sI3bIK CH-
CTEMBI, CYIIECTBYET BO3MOXKHOCTH KOMIIUJISIIIMA W Ha JApyrux sa3bikax: Aldor u
Fortran.

6) CobcreenHasi BcTpoeHHast rpaduyieckasi Gubamoreka.
7) CumBosibHble BbIuncaenusi. CucreMa ¢ JIETKOCTHIO IPOU3BOUT B CUMBOJIBHOM BH-
Jie CJIeIYIOIINEe OTIEPATIHIL:
— MpeoOpa30BaHUE;
— BBIYHCJIEHUE TIPOU3BOJIHBIX, MIPEJIE/IOB, MHTETPAJIOB;
— peIlleHne Pa3JNIHbIX CUCTEM yPaBHEHHUIT;
— paboTa ¢ MaTPHUIAMU.

i1t TeX, KTO MPUBBIK PabOTATh HE B KOHCOJIN, & TPadpUIecKoil 000I09Ke, CUCTEMa,
Axiom npejocraBisier BO3MOXKHOCTb paborel B TEXmacs. [IpuHnmner paboThbl CXOIHBI
C OIMCAHHBIMU paHee MPUHIUIAME PAbOTHI ¢ cucTteMoit Maxima.

BriBoabl

Hagum pekomeHmanuu 1o obsactsiM npumMenennst ocHOBHBIX CKA. Tlpu ucciemno-
BAHUU CJIOXKHOI CHCTEMBI Ha HAYAJIHLHOM JTAIle CJIe/lyeT IPUMEHUTH YHCJIEHHbIE CUCTe-
vb: ROOT u PAW. D10 no3sosuT npubIn3uTh, CrIaIUTh YUCIEHHBIE PE3YJIBTaTHI,
AIMIPOKCUMUPOBATh M3BECTHBHIMU (pyHKIuaAMU. Jlasee CTOUT NMpUMEHATH OO y3KO-
CIIeNUaIn3UpOBaHHbIe cucTeMbl (cM. Tabit. 2), subo yuusepcambubie CKA, Axiom u
Maxima, peub 0 KOTOPBIX HLjia Bbimie. 1Ipm Bu3yasmsanuy JAHHBIX HCIOIB3YIOTCS
B 3asucumoctu or CKA mbo Berpoennbie 6ubamoreku, jmbo BHeNTHUE(HAPIMED,
GNUPIot). DTor caMOCTOSTEIBHBIN [AKET XOPOII T€M, YTO MO3BOJISIET BU3YaIU3UPO-
BaTh JaHHBIE U3 Pa3HBIX mporpamm, daiioB. Ecan mepen Bamum cromr 3amaga u3

Tabmuna 3
CchlIKM HA HPOTPaMMHBIE MPOAYKTbI

Ha3zBanue OdununanbHbliil caiiT

PAW http://paw.web.cern.ch/paw/
ROOT http://root.cern.ch/

Axiom http://wiki.axiom-developer.org/
Maxima http://maxima.sourceforge.net/

GNUPIlot http://www.gnuplot.info/
TEXmacs http://www.texmacs.org/

wxMaxima | http://wxmaxima.sourceforge.net/
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00JIaCTU INCKPETHOM MATEeMATHKU WM TEOPUHU I0Jisl, 00paTuTe BHUMAHUE HA CIEId-
aymmsupoBanable CKA. CcblIKi Ha MPOTPAMMHBIE MTPOJYKTHI, YIIOMSIHYTHIE B CTATHE,
[IPEICTABJICHBI B Ta0OJI. 3.

OcHoBHOe HaITpaBJieHHe, KPOMe HAYIHBIX Pa3pabOTOK, IJe TaKue MPOrpaMMbl BOC-
TpebOBaHBI — 3TO BICIIee 0OpaA30BAHNE; a UCIOIb30BAHUE JJIsI YICOHBIX HY K MMEHHO
cBobomoro [10 — 310 peasbHas BOBMOXKHOCTD U JJIS By3a, U JJIs CTYJACHTOB U IIPETIO-
JlaBaTresieil IMeTb B CBOEM DAaCIOPsi?KeHNN JierajabHble Konuu Takoro 110 6e3 60sbImx
n gJazxKe CKOJIBKO—HI/I6y,Z[b CYIIIEeCTBEHHbBIX JIEHE2?KHBIX 3aTpaT.
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UDC 519.673:519.682.6
Analytic Review of Computer Algebra System

D. S. Kulyabov, M. G. Kokotchikova

A computer algebra system (CAS) is a software program that facilitates symbolic math-
ematics. The core functionality of a CAS is manipulation of mathematical expressions in
symbolic form. This article describe some of CAS, opensource primary, and make his com-
parison.
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B nannoit ctathbe paccmarpuBaeTcs (HOPMaJIbHOE OIIpesesieHne aHAJIUTUYIECKOTrO U3Mepe-
HUS, UCXOMS U3 aHAJIN3a KOTOPOTO C(hOPMYyTUPOBAHBI U JIOKA3AHBI HEKOTOPBIE CBOMCTBA, aHa~
JATUYICCKUX U3MepeHn

KJIIOYEBBIE CJIOBA: MHOTOMEDHBIE MOJIEJIN JAHHBIX, aHaauTuIeckoe namepenne, OLAP.

1. BBeaenue

AHayi3 MHOTOMEDHBIX JIAHHBIX, KaK MTPABUJIO, TPOU3BOJUTCS B MPUBSI3KE K KOH-
KpeTHOMY WH(MDOPMAIMOHHOMY KOHTEKCTY, OIPEIeIsIeMOMY IIPEIMETHONW O00JIaCThIO.
Touka 3peHus Ha aHAIU3UPYEMbIE JTAHHBIE 3aJIAETCS AHATUTUIECKUMU U3MEPEHUSIMUI
— CYIIHOCTSIMH TPEJIMETHON O0JIACTH, OT KOTOPBIX 3aBUCHUT IpeIMeT aHajm3a. AHa-
JIUTUYIECKOe M3MepeHue (jiajiee MpocTo M3MePeHHe) COCTOUT U3 MHOYKECTBa OOBEKTOB
(Ha3BIBAEMBIX YJIEHAME U3MEPEHHil) OJ[HOIO WJIN HECKOJIBKUX TUIOB, 006ECIeINBAIOIITIX
MHOOPMAITMOHHBIFT KOHTEKCT aHAJU3UPYEMbBIX JTAHHDIX.

2. Onpenesenne n3MepeHUst

Wsmepenne BKIIIOUaET 00BHEKTHI, IIPEICTABIISIONNE PA3IUIHYIO CTEIEHD JIeTAIIN3a-
MY aHAJIM3UPYEMBIX JaHHBIX. COBOKYIIHOCTH 3JIEMEHTOB, 00O3HAYAIONIAs OJHY U TY
JK€ CTEIeHb JIeTaJn3allni, 00Pa30BBIBAET YPOBEHDb M3MEPEHMs. ¥ DOBHU MTOKA3BIBAIOT,
KaK 3JIEMEHTBI U3MEPEHUS TPYIIIUPYIOTCS [IJTsT TPUMEHEHNS ArPETariiOHHbIX (DYHKITAI.
CBsi3u, Ompeie/IeHHbIE MEXKIy JIEMEHTAMK Ha PA3HBIX YPOBHAX arperaliii, sBJISTIOTCS
KOMTIIO3UTTHEN.

Taxum 0b6pa3zoM, M3MepeHre MOXKHO OIPEIE/INTh KAK CBI3HBIN OPUEHTUPOBAHHDIN
rpad. Kaxmas pepruHa B 3TOM Trpade COOTBETCTBYET YPOBHIO arperamiu, a JIyra
TIOKa3bIBAET, ITO KAXKJIBIH 3JIEMEHT YPOBHS, OIIPE/IEJISTIONIETO KOHEI AyTH, JeKOMIIO31-
pyeTcsl Ha MHOXKECTBO 3JIEMEHTOB HUZKeJIesKaIllero yPOBHSI, COOTBETCTBYIOIIETO HATAJLY

JYyTH.

CesoH

Mecay, lon,

Keapran

Puc. 1. Ilpumep usmepenust
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3. CBoiicTBa u3mepeHmit

Kak moka3zaHo Ha pHCYHKe 2, MOXKHO BBIJIEJINTH TPHU PA3IUIHBIX, HE3ABUCAIINX
oT 00JTaCTH TIPUMEHEHUS THUIA OTHONIEHUH «YIaCTb-1I€JI0e», ONPEJIE/ITEeMbIX COCTaABHOMN
CTPYKTYPOIi 1eJioro. BolesisgeTcss Tpu THUIA CTPYKTYPHI I€JI0rO:

1) macca — B cily4ae OTCYTCTBHsI OIPEIEIEHHOI CTPYKTYDBI II€JIOr0, CUUTAIOIIEroCst

FOMOIEHHBIM (HAIIpUMep, Ky4Ka PHCa);

2) KOJUIEKIUsI — B CJIydae, KOIVIA PACCMATPHBAIOTCS PA3JIMUHBIE JIEMEHTHI IEJIOT0,

UMEIOIIEr0 OJIHOPOJIHYIO COCTABHYIO CTPYKTYPY (HAampumep, KOJIOHHA I'PY30BUKOB);
3) KOMIUIEKC — B CJIydae, KOIJIa PA3JINYHble YACTH IEJIOIO BBIMOJHSAIOT PA3JIUIHbIE

pOJIH, TIeJI0e SIBJISIETCS] KOMILJIEKCOM C PeTePOreHHOI COCTaBHOI CTPYKTYpoil (Ha-

[IPUMEP, YACTHU JIBUTATEID).

Meacca Konrnexps Konmnexc
(romoreHHas) (oaHopoaHas) (reTeporeHHbI)

L L
P P1 P5
%&\ %&
4U Y4 4 Yy yuy

1 Y 4y vy ys
O6em SOnemeHTbI KOMMOHEHTbI

Ll—uernoe, Y—yacms, P—pore

Puc. 2. Tumnsr nesnoro

I'maBHast mesib ompe/iesieHust CBsI3eil MEXKIy PA3IHIHBIMU CYIHOCTSIMU H3MEPEHUsT
COCTOUT B TOM, YTOOBI IIOKA3aTh, KAKUM 00Pa30M MOTYT IIPUMEHSITHCS arperaiioHHbIe
dbyskuun (Takue Kak CyMMa, MUHHMYM, MakKCHMyM, CpeiHee, U T.J.). Tak Kak 9Tu
dyHKIN paccMaTPUBAIOT 9JIEMEHTHI N3MEPEHHsT KAK UTPAIOIINe B arperaifii OJIHy U
Ty K€ POJIb, TO 9TH CBSI3U JOJIKHBI PAacCMAaTPUBATBC Kak KoJurekims. C Toro mMo-
MEHTa, OTHOIIEHUS «JACTh-IIeJIOe» MEKIy YPOBHSIMU arpPeralniy B H3MEPEHUHN IO ZKHBI
HOHUMATHCS KaK 00pa3yIoliye KOJIIEKIITIO.

B cirydae paccMoTpeHnst KOJIEKIUH, JIJIsl OLUCAHNUST 1 ODOCHOBAHHsI CBOMCTB II€JI0-
o, a TaKXKe CBsI3eil MEeXK/Iy COCTABJIAIONIIMI JIEMEHTAMI MOYKHO HCIIOJIB30BATh AKCH-
OMATHKY KJIACCHIECKOl 9KCTEHCHOHAIbHOM Mepeosornu [1,2].

1) CyuiecrBoBauue. Ecim A sBisiercst yactbio B, 10 1 A u B CyIecTByoT.

) AcummerpuyHocTb. Eciin A sBisiercst gactbio B, 10 B He siBisieTcss 4acTbio A.

) TpausurusHoctb. Ecim A sBisiercs qacteio B u B aBiserca dactsio C, To A
saBgercs dacTtbio C.

) Jdononuenue. Ecin A siBisiercst HEKOTOPO#i yacTbio B, Torja cymecTByer 1pyroi

)

)

[\)

3

B

cyowbexT C, KOTOPBIA ABJISIETCST OCTaBIIeficss dacTbio B.

DKCTEHCUOHAJIIBHOCTh. A 1 B cOCTOST U3 ONHUX U TEX YKe YacTell TOra u TOJIBKO
Torna korma A m B coBmamaror.

CymmMma. s m00b1x 1ByX CyOBEKTOB BCETa HAMIETCS COCTABIEHHBIN M3 HUX Tpe-
Tuit cyObeKT.

Ut

6

I/ICXO,H,H n3 onpeaejieHud 1 akCuOM MepeOoJIOrnuu, MO2KHO BbIBECTH HEKOTODPbIE CBOM-
CTBa H3MepeHHI>i.

CsoiicTBo 1: lI3Mmepenne He cOmepKUT IIUKJIOB.

HoxkazareabcTBo. IIpenmonoxkum, 9To B rpade u3MepeHus eCThb MUKJI. B k-
Jie y9acTBYIOT XOTs Obl JiBa ypoBHsi. [1o akcnome 3 (TpaHsuTuBHOCTH) eMeHT A
OJTHOTO YPOBHSI €CTh YacCTh 3JIeMeHTa B apyroro yposHst u Haobopot. [lomydaaem
[IPOTUBOPEYHE C AKCUOMON 2. SHAYUT IIPEJIIOJIOKEHIEe HE BEPHO. O
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CsoiicTBo 2: JIj1s1 KaXK7I0ro M3MepeHns CyIIeCTBYeT eIUHCTBEHHbIA aToOMapHbIH
YPOBEHb arperamuu, COJEPKaIlluil 3JIeMEHTApPHBbIE CYIIHOCTH, KOTOPble HE MOT'YT
OBITH pasjesieHbl Ha 60JIee MeJIKIe TacTH.

HdokazaresbcTBo. [lo cBoiicTBY 1, cyImiecTByeT Kak MUHUMYM OJUH yPOBEHbD,
3JIEMEHTBI KOTOPOT'O HE COEpKaT JacTei.

Ecnu cymectByeTr 60siee 0JIHOTO aTOMapHOTO YPOBHSI, TO, TaK KakK rpad nsmMepe-
HUSI CBSI3HBIN, U, YIUTHIBasg aKCUOMY 3, OyJIeT CyIIecTBOBaTh 3/IeMeHT E, KoTophlit
SABJIETCS KOMIIO3UTIMEN JIEMEHTAPHBIX CYTITHOCTEHN KayKJI0r0 U3 aTOMaPHBIX YPOB-
ueii. [To akcrome 5, Bce KOJIIEKITUN 3JIEMEHTAPHBIX CYIIHOCTEH, cocTaBasionux b,
JIOJIZKHBI IBJSTHCS OJTHON W TOM Ke KOJIJIeKIneit eMenToB. Takum obpa3oMm, cy-
IMECTBYET TOJBKO OJIMH aTOMapHBIN YPOBEHbD.

CsoiictBo 3: Jls1 1106010 M3MEpeHHs, MOXKET CYIIeCTBOBATH ypoBeHb «Bcey,
COZIep>Kaliil 9JIEMEHTBI, COCTABIEHHBIE BCEMU JIEMEHTAPHBIMU CYIIHOCTSIMHA W3-
Meperusi. Ecim Takoil ypoBeHB CyIIECTBYET TO,

1) ero seMeHTBI He SIBJSIOTCS YaCTsIMH HUKAKOTO JIPYTOr0 YPOBHS arperaryu;
2) 9TOT yPOBEHDb arperaiyu COAEPKUT B TOYHOCTU OJMH SJIEMEHT;

3) 9TOT ypOBEHb €JIMHCTBEHHBI B M3MEPEHWH.

HdokazaTesbcTBOo. [lociienoBaTe/ibHO TIpUMEHSIST aKCUOMY 6, MOXKHO TTOCTPO-

UTh 3jieMeHT E, cocrosiuil u3 Bcex 3/IeMEHTapHBIX CYITHOCTEH U3MEPEHMSI.

1) Eciu E Oymer sBasTbcsi 4acThiO HEKOTOPOro 3jeMenta E' To, mo akcuome 4
Oy/eT CyIecTBOBaTh 3JIeMEHTapHasl CyIIHOCTb, He BXOJdilas B K, 4ro mpo-
THUBOPEYNT Tpeanoaokennto. [losromy, E mpuHammeXur ypoBHIO, 3JIEMEHTHI
KOTOPOI'O He sIBJIAIONIErOCsI 9acThi0 HUKAKOI'O JPYTrOro YPOBHS B U3MEPEHUH.

2) Ecim s10T ypoBeHb OyJeT cojeprKaTh JBa dJeMeHTa, oba cojepIKaliue Bee
SJIEMEeHTapHBIE CYIIHOCTH, TO, IO aKCHOMe D, OHU OYyIyT SIBISTHCS OJHUM U
TEeM YK€ JIEMEHTOM.

3) DTOT ypOBEHDb €JIMHCTBEHHBIH, IIOTOMY, YTO €CJIH Obl CyIIeCTBOBAJ JAPYTOii ypo-
BEHb, 9JIEMEHTBI KOTOPOT'O BKJTFOUAIOT BCE 3JEMEHTAPHBIE CYIITHOCTH, TO OHU OBI

COBIIa/IaJI C JIEMEHTOM, NMEIOIIEMCs Ha YPOBHE «Bce» (HO aKCuome 5)
O

CsoiictBo 4: Te ypoBHH, 37I€eMEHTHI KOTOPBIX HE SIBJIAIOTCA KOJIJIEKIHeN 3Jie-
MEHTOB JIFOOOTO JIPYyTroro ypoBHs (T.e. OHU HE SIBJISIFOTCS HAYAJIOM Jyru B rpade)
MOT'yT OBITH CBSI3aHHBI HEKOTOPBIM pebpom ¢ ypoBHeM «Bces.

JdokazaresbcTBO. DjieMeHT ypoBHs «Bce» MoOKeT ObITH pa3J/ioXKeH Ha CyIIl-
HOCTHU JIIOOOTO YPOBHSI, TMOKPBIBAIOIINE ATOMAPHbBI yPOBeHb. Ecam CyiecTByer
YPOBEHDb, HE TOKPBHIBAIOIINI aTOMapHBINl ypPOBEHb, TO, MO akcuome 6, K ero 3je-
MEHTaM MOTYT OBITH JOOABJEHBI HOBBIE 3JIEMEHTHI, COCTABJIEHHBIE U3 KOJIEKITU
HEJIOCTAIONTNX 3JIEMEHTOB aTOMAPHOTO YPOBHS. O

CsoiicTBO 5: Ka}K,H,bII;‘I QJIEMEHT YPOBH HE ABJIAIOIIECTOCA aTOMapHBIM COAEP2KUT
KaK MUHUMYM OJHY YaCTb.

JokazareabcTBo. CymmHOCTH, HE BK/IIOYAIOIINE YACTEH, SBJISIOTCS 3JI€MEH-
TapHBIMH, & BCE dJIEMEHTApHbIE CYITHOCTH, II0 CBOHCTBY 2, PaCIOJararoTcd Ha
aTOMapHOM yPOBHE. ]

CsoiicTBO 6: Ka.)K,ILbeI QJIEMEHTDBI YPOBHS, HE ABJIAIONIECTOCA aTOMapHBIM MO2KET
nMeTh boJjiee yeM OJHY YaCTb.

HokazaresnbcTBOo. [lo akcrome 4, ecii 9J1eMEHT BKJIIOYAET 9aCTh, TO HAWIETCs
JPYTOil JIEMEHT, SIBJISIIONIENCS OCTABINENCS] YaCThIO UCXOJITHOTO SJIEMEHTA. O

CBOICTBO 7: DJIEeMEHT MOXKET ABJISATHCA YaCTbI0 HECKOJILKNX KOJJICKIINHA B OTHO
1 TOXK€e BpeMsI.



BectHuk PY/IH, CeEpus Mamemamuxa. Ungopmamura. Pusurxa. Ne 1-2.2007. c. 46—52 49

HoxkazarenbcrBo. He cymiectByer Mepeosornveckoil akCHOMBI 3allperaio-
1iei, 9ToOBI JEMEHT sIBJISLICS JaCThI0 HECKOJIbKUX KoJulekiuii. B kavectse 10-
Ka3aTeIbCTBA MOXKHO PaccMOTperh npumep. Kak HokasaHo Ha puCyHKe 3, 3a-
JIAHHBIA TOBap (HA yPOBHE «TOBAPOB») MOXKET HPHHA/IEKATH J[BYM Da3INIHbIM
BHUJIAM TOBApPOB Ha YPOBHE «BHJIOB TOBAPOB». TaKoe JOIyIIeHne He CO3/aeT KaKIX-
b0 KOHIENTYATbHBIX IPOOJIEM, OJJHAKO MOXKET SIBIATHCS IPHUIMHON BO3HUKHO-
BEHUsI BBIUUCIIUTEIIbHBIX CJI0KHOCTell. Tak, HaupuMep, HEKOTOPbIE BBIYHUCIISIEMbIE
aTpUOyTHI CYIIHOCTEH Ha YyPOBHE «CeMeHCTBO» (KOTOPBIE COCTOAT W3 HJIEMEHTOB
YPOBHsI «BHJIbI TOBAPOB») JOJKHBI PACCUMTBHIBATHCS HA OCHOBAHMH JIEMEHTOB
Ha yPOBHE «TOBap» (HAIPUMED, PA3MEPHOCTH MHOXKECTBA PA3JIOXKEHUS JICMEHTA
noJapku (YpoBEeHb «CeMeHCTBO TOBApOB») HE PABHA CyMMe Da3MepHOCTEH MHO-
JKECTB Pa3JI0ZKEHUI 3JIEMEeHTOB CJIa/I0CTU U UIPYIIKK (YPOBEHb «THUIIbI TOBAPOB» ):
card(nopapku) # card(cnanoctu) + card(urpymxkn)).

Tosapbl

Puc. 3. Ilpumep obpazoBaHus 1IEJIOTO C IIEPECEUYEHUEM

Wcxonsa m3 onpejiesieRnst m3MepeHusi, U, MO CBOMCTBAM 1 W 2, MOXKHO CIEeJIaTh
BBIBOJI, ITO B 00IIIEM CiTydae rpad ypoBHEH arperanyun m3Mepenust 00pa3yer moJry-
ceTb. Kpome Toro, ceoiicTsa 3 1 4 TOKa3bIBAIOT, ITO B rpade n3MepeHuii, s TOro,
9TOOBI TIOJIYIUTh CE€Th, BCETJa MOXKHO OIpene/nTh yposenb «Bces. CoiicTBa 5 u
6 TOKA3BIBAIOT, YTO OTHOINEHWE MEXKIy ABYyMs ypOBHaMU Oymer BrJodaTb 1..N
JacTel JJIs KayKJIOTo 1eJioro. 1o ecThb st KayKJI0ro JIEMEHTa Ha BBIIIEJIeZKAIIeM
YPOBHE BCeT/Ia MOXKHO OIIPEJESINTh €ro Pa3JI0yKeHHNe Ha HUXKeJIeKallleM YPOBHE B
cooTBeTcTBYyIOIeil nepapxun. CBOWCTBO 7 MOSCHSET, 9TO YaCTh MOXKET BXOIUTDH B
COCTAB KaK OJIHOT'O IIEJIOT0, TAK U HECKONBKUX. CIle/yeT OTMETUTD, UTO €CJIN JIe-
MEHT HUKeJIeXKAIer0 YPOBHS MOXKET SIBJISTHCS JACTHIO TOJIBKO OJTHOTO dJIEMEHTA
BBIIIIEIEXKAINETO YPOBHA, TO B TAKOM CJIydae OH 00A3aTEIHHO BXOIUT B COCTAB
HEKOTOPOI'O 3JIEMEHTa BBIIIe/IeXKalller0 YPOBHs, €CJIN YK€ MHOXKEeCTBa Pa3JIoXKeHu!
3JIEMEHTOB MOTYT IIE€PECEKATHCHA, TO, BOOOINE TOBOPS, HJIEMEHT HUKEIEXKAIIEro
VPOBHSI MOXKET M HE BXOJWTDH B 3JIEMEHT BBINIeeyKaInero yposus. Omuako, yan-
TBIBasi aKCUOMY 6, KOTOpasi CBUJIETEJILCTBYET O TOM, UTO JJIis JTI000# YacTu BCeria
MOXKHO OIPEE/IUTh TeJI0e, MOJIyIaeM, U9TO B CIydae HeOOXOIUMOCTHU BCETIa MOXK-
HO JIOOIPEIEIUTD JJEMEHT BBINIEIEKAIIEro YPOBHs, KOTOPBIA Oy[eT BK/IIOYATDH
paccMaTpUBaeMbIil 9JIEMEHT HUKEJIEXKAIIEr0 YPOBHSL. DTO O3HAYAET, UTO JIEMEHT
HUZKeJIeXKaIlero YPOBHs BCErJla BKJIFOUAETCS KaK MUHUMYM B OJIMH 3JIEMEHT BBI-
TITeJIEYKAITETO YPOBHSI B COOTBETCTBYIOIIEH MepapXud.

Ha pucynke 4 nmokasaHbl JIOIyCTHMbIE KapIUHAJIbHBIE OTHOIIEHUS MEXKY 3dJIe-
MEHTaMHU YPOBHEN B arperalyoHHBIX nepapxuax. MOKHO BBIJIETUATDH JIBA BUIA
OTHOIITEHUH, TAKUX YTO, KAXKJIOMY IIEJOMY OyIeT IMPUHAIJIEXKATH XOTsS Obl OHA
JacTh. B Hambosiee pacrnpoCTpaHEHHOM CJIydae OKa3bIBAeTCsd, UTO CYIIEeCTBYET B
TOYHOCTH OJHO IIejI0e Jjid Kaxkaoil gactu. OQHAKO, TAKXKE BO3MOXKHO, UTO OIpe-
JeJeHHasl 9acTh MPUHAIEXKUT HECKOJIBKUM TeIbIM. B TakoM cirydae, ecid Hail-
JIeTCsl YacTh, KOTOpasl He NMPUHAJJIEXKUT HU OIHOMY I€JIOMY, BCET/Ia MOTYT OBITDH
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HOCTPOEHBI IIeJIble, TaK YTO KazKiasl IacThb Oy/eT IIPUHAJ[IeXKATh XOTs Obl OTHOMY
IeJIoMy.

Kpowme orHOmIEHNMiT «9IaCTh-IIeI0€» MeKLy SI€MEHTAMI N3MEPEHUs MOXKHO BbI-
JIEJITH TAKIKe CBSA3M, SIBJISIOIINE acCOIUAIUsIMI. TaKoil TUII CBSI3M MCIOJIB3YETCs
JIUIsT TOTO, ITOOBI IOKA3aTh, YTO OJHA CYI[HOCTH OIKCHIBACT HEKOTOPOE CBOWCTBO
Jpyroit cymmocTr. Bee cympocTn B m3MepeHnn Oy/LyT CBSA3aHHBI ¢ HEKOTOPBIMI
JIPYTEMHE CYITHOCTSIME, TaK KaK OHU SIBJISIOTCH MX YaCTsIMU, JU0O JJIst TOrO ITOOBI
[IOKa3aTh HEKOTOPBIE UX CBOICTBA.

OTHOIIIEHNE «9aCTb-1IEJI0e» MOKA3bIBAET, KAK PA3JIMIHBIC JIEMEHTHI IPYIIIApPY-
I0TCS BMECTE B U3MEPEHHH, TOIJIa KAK acCOIHAINs [IOKA3bIBAET, KAKIe XapaKTepH-
CTHKH JOCTYIHBI JIsl IOCTPOEHHsI BBIOOPOK cyrHocTeii. Takum obpasoM, omepa-
mn <o abEM» («roll-up») u «cmycks» («drill-down») GyayT BBIIONHATHCS BIOJDb
cBsi3eil «9IacTh-11es10e» (0 Hepapxun), Tora Kak BeIOOD 1eMeHToB (<«slice-dice» )
Oy/1eT BBIIOJIHSATHCH B COOTBETCTBHU C OTHOIIEHUSIMI ACCOIUAIIIN.

1..N O.N
YUactb — Leroe

1.N 1.1 \J\/\/
Yactb — Llence

Yactb — Liernce

Puc. 4. BozamozkHbIE KapUuHAJIbHBIE OTHOIIEHUS MEXK /LY SJIEMEHTAMH yPOBHEN B HEPAPXUN N3MEPEHUS

Crernuaan3aliyst — 3T0 OJIHO U3 HarboJIee BayKHBIX OTHOIIEHU, KOTOPOE JIOJI?KHO
ObITH TIOKA3aHO HA MHOTOMEpPHOI cxeMme [3,4|. V3osmpoBanHbIe ypOBHU arperarym
HE MOTYT OBITH CIIEIUAJU3UPOBAHHBI JJIsi 0TOOpaXkKeHust Oosiee crienupuIHbIX ac-
MIEKTOB, OHU JO/I?KHBI PaCCMaTpPUBATHCA B PaMKaX M3MEPEHUs. O

CsoiicTBo 8: B 00mem ciydae, ypoBeHb W €r0O CIEIHaJIN3aIids MOTYT He IpH-
HaJJIe2KaTh OJTHOMY W TOMY K€ U3MEPEHUIO.

HokazaresnbcTBo. [Ipeamnonoxum, 9To u ypoBeHb L u ero crennaau3amnus L
HaXOMATCS B OTHOM m3MepeHuu. JIs Toro 4Tobbl OmpenenTh MOLyCeTh C YPOB-
meMm «Bce», MmoxxeTr nmoTrpeboBaThCs 100aBUTH HA YPOBHE Ly HEKOTOPHIE SJIEMEHTHI,
TaK KaK B TaKOM ciy4ae Lg JIOJIZKEH IMOKPBIBATH aTOMAPHBIN yPOBEHb. DTU dJIe-
MEHTBI, MOTYT HE yIOBJIETBOPIATH KpUTEepHio crenuaan3anuu. [loaTomy, He Bcerma
BO3MOKHO 0DECIIEINTh MPUHAJIE?XKHOCTh 000UX YPOBHE OHOMY M3MEPEHUIO.

Ha pucynke 5 mokasaH mpumep, Korja u3mepeHue «JIoams crenuain3npoBaH-
HO B Bujie usmepenusi «IIpomasupi» Ha yposre «IIpodeccusi» (crutomuas Hempe-
PBIBHASI CTPEJIKA). DTa ClIeNUaIN3HPOBAHHOE U3MEPEHHE COIEPIKHUT YPOBEHD, dJIe-
MEHTaMHU KOTOPOTO SIBJISIIOTCS BCE JIIO/M, SIBJISIONINECS TPOIABIIAMHI, U €I OJINH
YPOBEHb C €JIMHCTBEHHBIM 3JIEMEHTOM (KOTODBIH siBjisteTcst cynHocThio «IIpodec-
CHU» ), UPECTABISIONNM COOOI MHOYKECTBO BCEX IIPOJABIIOB. PaspbIBHAsS JIMHUS
[OKA3bIBAET, YTO yPOBEHb SIBJISIETCs CIIEIUATU3AIMEl PyTroro (3JIeMeHT YPOBHSI
«Bce» usmepenusi «IIpomaBibly sBisiercst cymHocTbio «IIpodeccuns» B ciydae,
KOTJIa BBITIOJIHsIETCsT Kpurepwuil crienmasm3anuu «IIpodeccus = Iponaseny ). Ypo-
BeHb «Bospacrrasa I'pynmas nna m3mepenns: «lIpomgasmbly» He paccMarpuBaeTcs.
Cremyer oTMETUTH, ITO eciu Obl TaKOil ypoBeHb B m3mepennn «lIpomasibiy pac-
CMAaTPUBAJICS, TO OH OBbI HE SIBJISJICS CIEIUAIH3AIINE! COOTBETCTBYIOIIETO YPOBHS
B m3MepeHnn «JIom», Tak KakK €ro 3JeMEHTHl OTJINYAJNACH Obl OT 9JIEMEHTOB HA
ypoBre «BospocrHas ['pynmas B uamepenun «JIrom» (OHI BKIIOUAIN ObI MEHbIIIE
Jofeit).

O60061mast mpumep, eciu Dy 9T0 crienuain3alys u3Mmepenusi D Ha yposHe L, TO B
s1OM citydae Dy BKIIIOYAeT, 110 MeHbIIIeil Mepe, ypoBeHb L (Crienuams3anmo ypoB-
He L), U crenuasm3anyy Kax0oro u3 yposHeil B D, cojepKaliux 4acTb 3JIeMeH-
TOB Lg. DTU CIIEIUAN3UPOBAHHBIE YPOBHHU COJIEPXKAT B TOYHOCTU T€ JIEMEHTBI
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COOTBETCTBYIOIIUX YPOBHeH u3 D, KOTOPBIE SIBJISIOTCS JIIOOOW YAaCTBIO IJIEMEHTA
Ls. Kpome stux obs3arenbHbIX ypoBHEH, Dy TakKe BO3MOXKHO BKJIIOUAIOTCS U
JIpyrue ypoBHH (KOTOPBIE He sIBJISIOTCs CHelajn3anieil Kakux Jubo ypoBHeil B
D), s;ilemMeHTBI KOTOPBIX He cojepKarcs B D.

Cuernuanu3auy U3MepeHHs IPEJIOCTABISIET BO3MOXKHOCTH MTOKA3aTh CIHenngu-
Ky OTHOIIEHUS <«9aCTh-TIeJI0€» I HEKOTOPOTO TOJMHOYKECTBA JIEMEHTOB M3Me-
peHus, a TaAKKe BBIIEJUTEL OOIINe [ 9TOr0 MOIMHOXKECTBa aTpudyThl. Bee cyr-
HOCTHU HEKOTOPOI'O yPOBHSI UMEIOT OOIIMe CBONCTBA, TAK KaK yPOBEHD OIIPEIEJIsIeT
3aJIAHHBIN KJIACC OOBLEKTOB, BBIMOJHSAIONINX OIHY W Ty K€ POJb B KOJLIEKITUN.
OTHorrenne acconmausi, TakKKe KaK U arperanui HACAeAyeT B PaMKax CIIeIna-
smzanuu. Takum 06pa3oM, OTHOIIEHNE CIEINAIU3allid UMeeT O0JIbIIoe 3HAYUECHIE
B BOIIPOCE MTOBTOPHOT'O HCIOJIb30BAHUS M3MEPEHUM.

PaccmarpuBaembie cemaHTHYIeCKHE OCODEHHOCTH OTHOIIEHUST CIEIHAIN3AIINN
BayKHBI HE TOJIBKO JJIsI KOHEYHBIX II0JIb30BaTeNIel — aHAJUTHUKOB, OHHU MTO3BOJISIOT
TaKKe ONTUMU3APOBATH 3AIPOCHI M MOBBIMATH WX TPOU3BOJIUTEIBHOCTD, ITO3BO-
JISAS, HAIIPUMED, OCYIIECTBJIATH MapaJlIeIbHble BBIYUCIEHUS 0 PA3HBIM CIIEIa-
JIN3AIUAM U3MEPEHUs.

Toan
BospoctHaalpynna \
Yenosek Bce
5 \ Mpodeccus |~
5 i
' H T {Mpodeccus = «Mpoaaseyy}
[] 1
Mpoaasupi | ! fmmm e mm e -
1 1 | —> CleyuanM3aums nsmepeHns |
Mpopasey > Bee | -——> cneumanusayus yposHs
]

1
l
| —> arperauyus :

Puc. 5. Ilpumep onpenenesus crieruaIn3aiun

4. 3aKJII04eHne

B pabore ObLIH paccMOTpEHBI U JOKA3aHBI CBOMCTBA AHAJUTHYECKUX U3MEPEHUH.
Paccy:xieHnsi OCHOBBIBJINCH HAa MEPEOJOTMYecKUX akcmomax. Kpome ormcaHusi CBsi-
3eit MeXK/Iy 3JIEMEHTaMU OJTHOTO M3MEPEHUsI, TaKxKe ObLIN pa300paHbl BO3MOXKHbBIE BHU-
Jbl OTHOIIEHUI MeXKJ1y Pa3/InYHbIMUA U3MEPEeHUsSMU, KaK OJJHON CXeMbl JaHHBIX, TaK U
pasHbIX. PaccMoTpeHHBIN CcItocob onmcannst n3MepPEeHNil 1 BBITEKAOIIIE U3 HEro CBOM-
CTBa MOT'YT OBITH TIOJIE3HBI JIJIsT TIOCTPOECHUST MOJIESIN TIPEIMETHOM 00/IACTH U TTO3BOJISAT
pa3paboTunkaM UH(MOPMAIIMOHHBIX CHCTEM 00jiee YETKO IMPOBOIUTH KJIACCUMUKAIIIO
U TPYUIVPOBKY JTAHHBIX.
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UDC 681.3
Analytical Dimensions Properties

E.B. Aslamov, A.V. Viskov, M. B. Fomin

In this paper, we propose a formal definition for an analytical dimension. We formulate
and prove some properties of an analytical dimension within the proposed formal definition.
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DOUBUKA

VK 539.123, 539.123.06

Ocruinsnuy HERTPUHO B CX€Me CMeNINBAaHUS
3aps/10B (KOHCTAHT CBsi3eii)

X.M. Beurroes

Obzedurenmnviil uHCmumym Adeproit uccaedo8aHUL
Poccus, 141980, Mock. obracmo, Hybna, ya. 2Kosuo Kropu, 6

B crangaprHOit TeOpuu OCHMILIAINI HEUTPUHO MCIIOJIH3YETCSI CXEMa MAaCCOBBIX CMEIIUBa-
HUM, T. €. TapaMeTPbl OCHUJLISINI BRIPaskaloTCdA Yepe3 3JIeMEHThI MAaCCOBOM MaTpuIlbl. B nan-
HO# paboTe pacCMaTPUBAIOTCS OCUMJIISIIINA HEATPUHO, FTeHEPUPOBAHHbBIE CMEIIMBAHIEM 3apsi-
J10B (KOHCTaHT CBsi3ell caabbix B3auMogeiicTsuil). IloyyeHbl BbIpaXKeHusl JJIsl yIJIOB CMEIIIH-
BaHUSA W JUIUH OoCcuJuidnuii. Tak>ke BBIMUC/IEHBI BBIPDAXKEHUS JIJIsT BEPOSTHOCTEN MEPEX0/I0B
TpeX HEATPUHHBIX OCHUUIAmi. OCUUIIAIY HEATPUHO B 9TOH cxeMe (MeXaHU3Me) sBJISIOT-
Ccs peaJIbHBIMU, €CJII MaCChl HEUTPUHO PABHBI, U BUPTYAJbHBIMH, €CJIUI MAaCChl HEUTPUHO HE
PaBHBI.

BBenenne

IIpennonoxkenne, uro, no anajgornu ¢ K°, K° OCHMIIANNAME, MOIJH Obl OBITH
HeATPUHO-AHTHHERTPUHHBIE oCILIAuN (v — ), paccmarpusajoch [lonrekopso [1]
B 1957. Buocsiencrsun Maki u sip. [2] u Pontecorvo [3| npeanonarasu, aro MoryT ObITH
cMermuBaHust (U OCIUJUISIIINK ) HEATPUHO PA3JIMIHBIX ApOMATOB (T. €. MOIYT CYIIECTBO-
BaTh Ve — V/y,II€PEXOIDI).

B obmem citygae BO3MOMKHBI B CXEMBI (THIIBI) CMEMINBAHUS (OCIUJUISIIINN) Heil-
TPHUHO: CXeMa MACCOBBIX CMEITMBAHUIT U CXeMa 3aPsIOBbIX CMENIUBaHuUii (KaK 970 NUMeeT
MECTO B MOJIEJIN BEKTOPHOM JOMUHAHTHOCTH WJIM MIPH CMENTUBAHUYM BEKTOPHBIX 6O030-
HOB B CTaHJAPTHO MOJIEJN 3JIeKTPOCIa0bIX B3auMojeiicTsuii) [4-6].

B crangaprroit Teopun ocnmsuisiiuu Hefirpuao [7—-10] npemmonaraercsi, uro ¢u-
3UdecKn HaOJI0/aeMble HEIITPHHHBIE COCTOSHUSA Ve, Vg, Vr HE UMEIOT OIpEJeIeHHbIE
Macchl (B 9TOM CJIydae, Mbl He MOKeM chOopMysupyiiTe 3aKOH COXPAHEHUSI SHEPIUHU-
UMILYJIbCA B CTPOroil (hopMe B PEAKIUsX ¢ ydacTueM HeATpuHO [4-6]) 1 4To OHUM mpsiMO
POXKJIAIOTCST KaK CYTEPIO3UIIH V1, Vo, V3 HEATPUHO.

Bormpoc 06 ocripisiiuyn HeATPUHO MOYKHO PACCMOTPETH B JIBYX MOJXOJAX.

1. He unrepecysicb TpUIUHON TPOUCXOXKJIEHUSA CMEITUBAHUS HEUTPUHO, MOXKHO IIPO-
CTO C(HOPMYIUPOBATD, YTO Ve, Vy, Vy HEHTPUHO CPa3y POKJAIOTCA B CyIePIIO3UIIU-
OHHBIX COCTOSHUSIX V1, Vo, V3 HEHTPUHO, KAK 3TO (DOPMYJIUPYETCS B CTAHIAPTHOM
nozxoze [7-10]. Torga npuHIUn IPHYUHHOCTH Oy/IeT HAPYIIIEH, TAK KAK MbI IIPEJIIIO-
JlaraeM, 9TO Ve, V,,, Vy HEHTPUHO B MOMEHT POXKJICHHH y»Ke 3HAIOT, YTO OHU IIpeBpa-
TSATCS B CYNEPIIO3UIUIO V1, Vo, V3 HeliTpuHo. HapyineHue mpuHIUIS TPUIAHHOCTH
O3HAYAET, IYTO B ITOM IIPOIECCE 3AKOH COXPAHEHUS YHEPTUH-UMITY/IHCA He Oy/1eT BbI-
HOJIHATBCH. JIeHCTBUTeIbHO, B 9TOM HOAXOAE CIUTACTCH, 9TO Ve, V), Vr HEHTPUHO HE
WMEIOT OIPEIeIeHHON MacChl. DTO O3HAYAET, IYTO MBI HE MOXKEM C(hOPMYIHPOBATH
3aKOH COXPaHEHUs SHEPTUU-UMITYJIbCA B TOUHOM hopme.

2. OueBnmHO, UTO TaK KaK Ve, Vy, V; HEHTPHHO POXKIAIOTCS B CJIAOBIX B3amMOJIEii-
CTBUSIX U SIBJISIFOTCSI COOCTBEHHBIMU COCTOSIHHUSIMEM STHX B3aWMMOEHCTBUI, TO OHU
JOJIZKHBI IMETh OIpeJleJIeHHbIe MaCChl, 1 JIENTOHHBIE UUCJIa, JTOJI2KHBI COXPAHATHCS.
Ecnu npucyTcTByer B3ammojielicTBre, HAPYIIAIOIIEE JIEITOHHBIE YHC/IA, KOTOpbhIE
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UMEIOT COOCTBEHHBIE COCTOSIHUSA V1, V2, V3, TO TOTJA Ve, V), Vy HEATPUHO JOJIZKHbI
IIPEBPATUTHCS B CYIIEPIO3UIAN V1, Vo, V3 HEUTPUHO. B 3TOM ciydae MaccoBasi MaT-
pHUIla CTAHOBUTCS HEIMATOHAIBHOMN, M 9TH HEIUATOHAJIbHDBIE WIEHBI OTBETCTBEHHBI 34,
HapyIIeHNe JIEITOHHbBIX dncesl. Bpuio nokaszano [4-6,11-13], uro sTu HexmaroHab-
HBIE YJIEHBI MOXKHO MHTEPIPETHPOBATh KaK MIMPUHBI IEPeXOJ0B MEXKIY Ve, Vy, Vr
HEUTPUHO W YTO OHU SIBJIAIOTCS OTBETCTBEHHBIMU 33 BO3HMKHOBEHUE OCITUJIISITINAMN
HeliTpuHo. [Ipm TakoMm momxome MBI MOXKeM COPMYIUPOBATH 3aKOH COXPAHEHUS
SHEPIUU-UMITY/IbCA B CTPOTOM BHJIE.

B ciyuae, ecin ocipyuiaAnny HERTPUHO T€HEPUPYIOTCS MACCOBOM MaTpUIlEll, TOTIa
napaMeTpbl CMEIINBAHNS HEHTPUHO BbIPAXKAIOTCA 4epe3 3JIeMEHTHI MaCCOBOU MaTPUIIbL
HelTpuHO. MaccoBblil JarpamKkuas JBYX HEHTPHHO (Ve, 1/#) IMeeT CHAeIYIOINNA BUJL
(J1J1s1 yIIPOIIEHUsT PACCMATPUBAETCS CIIydail JBYX HEHTPHUHO)

Lo =-—

(Mo, eVe + My, Uy + My, (Ve + Dpve)| =

1
Y A [ N
eV Mu v, My, vy )

KOTOPBIii JUaroHaJIn3yeTcsl BpaleHueM Ha yroul 6§, u Torja 9ToT jarpaszkuan (1) npu-
obperaer cieayronuit Buz (cm. [7-10]):

N = N =

1
Ly = ~3 [miv1v + mabars] (2)

rjae
1 1/2
m1>2 = 5 (mVe + mV[L) :I: ((ml/e - mV[L)2 + 4ml2/‘ul/e> :| )

n yroJ 0 OoIpeiesddeTrcs CAEAyIOIIUM BbIPpazKE€HUEM

2m,, »

tg(20) = 7(7%”“ —

; (3)
Ve = cos Ov1 + sin Oy,

v, = —sin Oy + cos Oy .

Torna maccel ve, V), ecTb

m,, = m cos? 0 4 ma sin® 0,

(5)

my, = m sin? 6 + mo cos® 6 ,

B OTJIMYUE OT II€PBOHAYAJILHOIO MPEAIIOJIOXKEHN, YTO Ve, Vy, (i HEATPUHO HE MMEIOT
HUKAKOI OIlpelesIeHHOII MacChI.
BeposiTHOCTE Ve — Ve TIEPEXOIA JIAETCS CJIEAYIONIUM BBIPAXKEHHUE:

P(v, — v,) = 1 —sin® (20) sin” ((m3 — m3)/2p)t, (6)
e
sin 0 = L 1-— I, — My ) (7)
V2 \/(ml,“ —my, )%+ (2my,.,)?
wim

(QmVeV;L)Q

. 2 2 —
sin® (20) (M, — 1, )2 + (200, )2

(8)

Toraa HeMaroHabHBIA “IEH MACCOBON MATPUILI My, ,, B (1) MOXkeT HHTEpHpPETHPO-
BaTbCsl KaK MIUPUHA Ve < U, Iepexonos [4-6].
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B cranmapTHOl Teopun OCHMLIANUH HEHTPUHO OCHUJUIAINN HEATPUHO SIBJIAIOTCS
peaJIbHbIMH, Ja2Ke e€CJIN MacCChI HeﬁTpHHO Pa3/IMIarOTCA, ITO3TOMY 3aKOH COXPaHEHUAd
SHEPIUU W UMITY/IbCa HapyIleH. B KOPPEKTHWPOBAHHON TEOPUH OCHUJLISAIIAN HeHTpH-
HO [11-13] 3aKOHBI COXpaHEHWs] SHEPIUM M MMILYJIbCA BBIIOJIHSIOTCS, ¥ HEHTPUHHbBIE
OCIIUJIJIATAN ABJIAIOTCA BUPTYaJIbHBIMU, €CJIH MaCChbI HeﬁTpHHO Pa3/ImIar0TCA, 1 pe-
AJIbHBIMM, €CJIX MaCChI HeﬁTpHHO PaBHDBI.

Heobxoaumo oTMeTHTB, 9TO B (PU3UKe BCE MPOIECCHI PEAIUBYIOTCST Yepe3 JTUHAMU-
Ky. K coxkasrennio, B BbIllle paCCMOTPEHHON CXeMe MaCCOBBIX CMENIUBAHUI JTUHAMUKA
OTCYTCTByeT. BeposITHO, eCcTh yKazaHue Ha TO, YTO 3Ta CXeMa SIBJISeTCs HEIIOJIHOM, T. e.
9Ta cxema Tpedbyer dusmaeckoro obocHoBaHMsA. HrKe MBI paccCMOTPHUM OCIMJLISIITAN
HEHTPHHO, KOTOPbIE MOSBJISIIOTCS B CXeMe 3apsJIOBbIX (KOHCTAHT CBsi3€il) CMeIBaHuii,
T. €. TIPU UCIIOJIH30BAHUY JUHAMUKN [4—6].

1. Ocimnnganum HEUTPUHO B paMKaX CXeMbI
3apa10BbIX CMENINBAHUMN

CHauaJia Mbl pacCMaTPUBAEM CJIydail cMeluBaHus (OCIUIUISIINK) JBYX HEATPUHO,
a 3aTeM IepeiijleM K PacCCMOTPEHUIO CIydas OCIUIIANNAN Tpex HeHTPUHO.

1.1. Cay4ait cmemuBanust (OCHUJIISIIIAN) ABYX HEHTPUHO B
cxeMe
3apda0BbIX CMENINBAaHUNA

B s10it cxeme (mim MexaHU3Me) CMEIIMBAHUS [EPEXO/bl MEXKJIy HETPUHO MOZKET
OBITH peaIM30BAHO IIyTeM CMEIIMBAHUS HEUTPHHHBIX IIOJIEH IT0 aHAJIOTHU C MOJEJIHIO
BEKTOPHOI JoMuHaHTHOCTH (7 — p° mwin Z° — 7 CMEIIUBaHusl ), KAK 9TO UMeET MECTO B
dusrKe TeMEHTAPHBIX YACTHUI]. 10rma, B CIydae AByX HEATPUHO MBI UMEEM

vy = cos Ov, — sin Oy, ,

(9)

vy = sin Ov, + cos Oy, .

3apsizKEeHHBII TOK B CTAHIAPTHON MOJEN CIa0bIX B3AMMOIEHCTBUI JIJTsT IBYX CEMECTB
JIENTOHOB MMEET CJICAYIOMUNA BUI:

Vu
cos § —sin 6
V= <Sin 6 cos b ) ’ (10)
1 TOI/a JIarPAHXKNaH B3aMMOAEHCTBUS €CTh
r
L=—j"W}+h.c. 11
7 Wa (11)
H .
Ve = cgs Ovy + sin Ovy (12)
v, = —sin Oy + cos Oy .
Jlarpanzkuan (10)—(11) mMoxkHO nepenucarb B ciemyroreii hopme
L= "W +he., (13)

V2

rje j¢ ecTb

. _ V1
3¢ = (ep),v* <V2>L ;
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mi 0
0 ™Mo ’

B sTtoMm ciydae ocrusuisiuun HEHTPUHO HE MOTYT UMETh MECTO, W JIaXKe eCcJid Heil-
TPUHHBIE OCIWLISIII UMEIOT MECTO, TO JIOJI2KHBI OBITH OCIUJLISIITUN MEXKIY V1 <> Vo
HEHTPHUHO, HO He MeXKJy V. < I, HeHWTPHHO.

B sTrom MecTe BO3HUKAIOT HEKOTOPBIE BONPOCH. OTKY 18 MBI B3AIHN Ve, V,, HEITPHHO,
eCJIi B CJIADBIX B3aUMOJIEIICTBUSAX, JaBAeMbIX BbIpaxkeHneM (13), IpUCYTCTBYIOT TOJIb-
KO V1, Vo HelirpuHo? V3 BceX yCKOPHUTEJBHBIX SKCIIEPUMEHTAJIBHBIX JIAHHBIX XOPOIIO
M3BECTHO, YTO B CIAOBIX B3aUMOJEHCTBIAX POXKIAIOTCA Ve, V), HEHTPHHO, U JIEIITOHHbIE
qucia ly,, l,, xopomo coxpansiorcs. O4eBuIHO, Mbl JIOJIZKHBI PEIIUTD 3TY IIPOO/IEMY.
V1, V2 HERTPUHO €CTh COOCTBEHHBIE COCTOSTHUSI CJIA0BIX B3aUMOJIEHICTBUI, HAPYIIAIOIINE
JIENTOHHBIE YUCJIA, & Ve, Uy, HEHTPUHO €CTh COOCTBEHHbIE COCTOSHHA CJIAOBIX B3aMMO-
neitcremit ¢ W, Z° 6030m obMenoM. U MBI TOTZKHBI IIEpeICcaTh JarParKHa CIabbIx
B3aMMOJIEHICTBUIl B MPABWIBHOHN (bopMe, ITOOBI KOPPEKTHO OIUCATH POYKIECHUSI U OC-
nwsnun Heifirpuao. Torma

A maccoBag MaTpHIla €CTb

r

L=

oW +he. (14)
e

Kakum obpazom mapyrmmaroTcs JienmToHHbIe unciaa? Bummmo, HE0OXOmMMO MIPernosio-
JKHUTbB, 9ITO TIOCTE POXKJICHUA Ve, V), HEHTPHHO HMeeT MeCTO HapyIleHHe JIeNITOHHBIX

JHCced, T. e.
Vel _ V1 _ (cos @ —sin 6
<VM)L =V (VZ)L V= (sin 6 cos 6 ) ' (15)

U TOLJA Ve, V;, HEATPUHO CTAHOBATCA CYNEPIO3ULUAMUA V1, Vo HEATPUHO:

Ve = cos Oy + sin O,

. 16
v, = —sin Ovy + cos Oy . (16)
VuauTeiBasg, 9TO 3apsiibl V1, Vo HEATPUHO €CTh (1, g2, MBI IOJIyYaeM
gcos 8 =g1, g¢gsinf =gy, (17)
T.€ p
cos § =2 sin = 22 (18)
g g
Tak xak sin® 6 + cos? 6 = 1, Toraa
9=\9 +9%
" g
cos = —2L sin = ——2_ (19)
9t + 93 \VIi+ 93
Ecmu npeamnonoxuts, 910 g1 = gy = %, TOTJIa
. 1
cos f =sin 0 =2 —. (20)

V2

B obmiem ciydae KOHCTaHTBI CBSI3U g1, g2 M § MOI'YT He MMeThb HUKAKON CBA3M U
TOrJIa MOJIyYUM TOJIBKO Bbipakenue (19).
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YT0 MporCXOaUT ¢ MaCCOBOI MAaTpUIlEil HEUTPUHO B 3TOM cirydae? IlepBuunas mac-
COBasi MaTPUIA HEATPUHO MMEET JTUATOHAJILHBINA BUJT

(0

TaK Kak B c/J1abbIx B3aumoseiicteusx (¢ oomenom W, ZY 6ozonamu) JienToHHbIE YHCTA
COXPAHAIOTCS, TOTJA Ve, V), — COOCTBEHHbIE COCTOSTHUS STHX B3AMMOJICHCTBHIA.
VHTepecHo 3aMeTUTh, YTO Ta K€ caMas CUTYallUs MMeeT MECTO B KBAPKOBOM CEK-

Tope, Korma Mbl paccmarpuBaeM K°, K 0 OCIUJLISANIN. B CHIBHBIX B3aMMOIEHCTBUSX
POXKIAIOTCS TOJBKO d, S, b KBapKM, W apoMaTUYeCKHe UNCJa B 9TUX B3aUMOIEHCTBU-
sIX XOPOIIIO COXPAHSIOTCSI, T. €. 9TU COCTOSTHUS SIBJSIIOTCS COOCTBEHHBIMH COCTOSTHUSIMI
CUJIbHBIX B3auMoJieiicTBuil. Torna oCu/IIsIIUN OIBJISIIOTCS TIPU HAPYIIIEHUH APOMAaTH-
YeCKHUX YHCeJI B CJIa0bIX B3AUMOIEHCTBUSIX IIPHU BBeaeHun MaTpul] Kabutbo—Kobasgmm—
MackaBsI.

Torjma m3-3a MpUCYTCTBUS HAPYIIEHUs JIEIITOHHBIX YHCE/I, B 9TOW MATPUIE IIOSB-
JISIOTCS HEIUATOHAJIbHBIE YWIEHBI, U TOLJA 3Ta MACCa MATPUIILI IPEOOPA30BLIBACTCS B
CJIEJIYIONIYIO Hemaronaabuyo marpuiyy (C'P coxpaHsiercs):

( My, myeyu) (22)

My, ve My,

TOIJIa MACCOBBII JIArpaHKUAH HEHTPUHO npuobperaer cieiyromuit uy (v = vy,)

Ly = -5 (Mo, DelVe + My, Uy + Moy, (Vely + Dpve)| =

Y my, My,v, Ve
= ——(Ve,7y) m m .

2 Vple Vi Vu
MaccoBblif JIarpaHKUaH HOBBIX COCTOSHUMN, TTOJTYYeHHBIN JUaroHAIU3aIeil 3Toi MaT-
PUIIBI TIPU BPAIEHUN Ha yTie §, UMeeT CaeIyronuii Buj (3TU COCTOSIHUS SBJISIOTCS

MMEHHO TeMH YK€ CAMBIMU COCTOSIHHSIMU CJIa0bIX B3aMMOJEHCTBHI, PACCMOTPEHHBIME
BBIIIIE):

IR P 1 (my, 0 ve\
EM——§(1/6,1/M)V (O mz)V<yu>_

(23)

1 (7es 72) my cos? 0 + ms sin? 6 (mg — my) cos fsin 0 (%) (24)
= z\Ve,V . . =

N TH (mg —my)cosfsin® my sin? 0 + mycos?6 ) \Vu

1
=35 [mitrv1 + maiars]

rje V1, V2 — COOCTBEHHBIE COCTOSIHUSI, & M1, Mg — COOCTBEHHbIe Macchl. VI3 BbIparke-
Huu (23), (24) MBI Oy UM

vy = cos Ov, — sin Ov,, ,

. 25
vy = sin Ov, + cos Ov,, , (25)
m,, =m cos? 0 + mosin® 0,

m,, =my sin® 6 4+ mq cos® 6, (26)
My, = (mg — my) cos Osin 6
wim
(my, cos? 0 —m,, sin® 0)
myp = ,
' (cos? 6 — sin? 6) (27)
(m,, sin? 6 — my, cos? 0)
mo — s

(cos? 6 — sin? 6)
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rje sin 6, cos f onpenensiercst BoipazkerueM (19).

Torma Am? = m2 — m? ectn

(m?ju cos* § —m,, sin? 9)

A 2
" (cos? § — sin? 9)2

(28)

BolpaskeHust /11l BDeMEHHO{ 9BOJIIOIUH V1, Vo Hefitpuro (eM. (25)—(27)) ¢ maccamn
mi1 1 Mo eCTb ) )
vi(t) = e "' (0), va(t) = e P15 (0) (29)

rae
Ei=@*+m}), k=1,2.

Ecnu mefitpuro pacupocTpaHsSioTcss 6e3 B3aMMOIeHCTBUM, TOT/IA

Ve(t) = cos fe™ 1ty (0) + sin fe~"F211y(0)

) ) 30

v, (t) = —sin O™ 1ty (0) + cos feF211y(0) . (30)
Ucnonb3yst Bbipazkenusi (25) st vy U Vo 1 nojcTaBisig 310 B (20), mosydaem ciesy-
IolIee BBIpasKeHHe:

ve(t) = [e*iElt cos® 0 + e~ "F2t gin? 0} ve(0)+

+ {e_iElt - e_iEﬂ sin 6 cos 6v,(0),
_ . (31)
vu(t) = [eilElt sin? 0 4 e~ *F2! cos? 9} v, (0)+

+ {e—iElt _ e_iEQt} sin 6 cos v (0) .

BeposatHOCTH TOrO, 9TO HEUTPUHO V., MPOU3BEAECHHBIN BO BpeMda ¢ = ( mepeiier
B U, 3a BpeMd t, JlaeTcs KBaJIpaToM abCOJIIOTHOMR BeJIMYMHEBI CJIe/IyIOMIero CKaIspHOro
IIPOU3BEICHUSL:

P = 1) = [(0u(0) - ve®)] = 5 sin? 20)[1 — cos (mE —m) /)], (32)

Ijie TPeJIoNIaraeTcs, 9To p > my, me u B ~p+m2 /2p.

Bripazkenue (32) onpe/iesisier BEpOSITHOCTD OCIAJUISIIIAN apOMATOB HEATPUHO. Y T0JI

0 (yroJs cMmeriuBaHUsI) XapaKTepU3yeT BeJMUIUHY CMelnBanus. BepositHocts P(ve —

V) SIBJISIETCs EPUOANYECKON (DyHKIMEl PACCTOSHMIA, IJe ePUOJ| OIIPEIEIISIET ST ClIe-
JYIOIIAM BBIPAYKEHIEM: )

P

L, =21—5——5—.
C T m3—mi

(33)

U BepositHOCTh P (Ve — V), 9TO HEHTPHUHO V., IPOM3BE/IEHHBIH BO Bpems ¢ = 0,
COXPAHSIETCs] KAaK Ve HEIITPHHO BO BpeMs t, JaeTCsi KBaPATOM aOCOIIOTHOM BEJIMUUHBI
ammryasl ve(0) B (31). Tak xak cocrosiuns B (31) SIBJIAIOTCS HOPMAJIN30BAHHBIMI
COCTOSIHUSIMHU, TO

P(ve = ve) + P(ve —v,) =1. (34)

Wrak, MBI BUUM, 9TO OCIMJLISIIIAN aPOMATa, BEI3BAHHBIE HEINATOHAJIBHOCTHIO MaC-
COBOII Macchl HEHTPUHO, HAPYIIAeT 3aKOH COXPaHeHUs JeNTOHHBIX ducen —f, u £,,. Ox-
HAKO B 9TOM CJIydae, KakK MOXKHO BUeTh u3 (34), mosHoe 4ducio jaentonos ¢ = (. +
COXPAHSIETCSI.

Heo6xommmo noiuepKHy Th, 9T0 HETPUHHBIE OCIMJIISAIMNA B 9TOH cxeMe (MeXaHu3-
Me) SIBJISIFOTCSI BUPTYAJbHBIMHU, €CJIU MACChl HEHTPUHO DPA3INYarOTCs, ¥ PEeATbHBIMIE,
€CJTM MACChI HEUTPUHO PABHBI M €CJIU ITU OCIUJIJISIINE TPOUCXOIAT B PAMKAX COOTHO-
IIIeHNsT HEOTIPEIEIEHHOCTEH.
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1.2. Cay4ait cmemuBaHus (OCHUIJISIIINN) TPEX HENTPUHO B
cxeme
3aps0BbIX CMEITUBaHUI

Iljist ciiydast Tpex HEMTPUHO MBI MOXKEM BbIOpATh MApaMeTPU3AIMI0 MATPUIIBI CMe-
muBanust V' B dbopme, npejyioxkentoit Maitanu [14]:

1 0 0 c3 0 Sp Co S0 0
V=0 ¢ s, 0 1 0 —sp cg 0 |, (35)
O _S’y C’y —Sﬂ 0 Cﬁ 0 0 ].
_ o 2 2 _1q.
Cep = COS 0, Sey =sin 0, Cop T S, =1
Cer =c08 3,  Ser=sinf, i +so=1; (36)
Cur = COS 7, 8,7 = sin 7, ciT—FsiT:l.

ITepeiiiem K pacCMOTPEHMIO CIydas TpeX THUIOB HEHTPUHO Ve, Vy, Vr.
J1s1 mepBOro u BTOPOro ceMeficTB (IIpU OCHUIIANUY Ve, V,, HEATPUHO) MBI IOJLY-
JaeM

cos 0 = cos 0,,,, = S - )
Vi + 93
(37)
2
sin (20) = % .
91 t 92

Torja BEPOSITHOCTD Ve — Ve NEPEXOJIA OLPEJIEIISETCS CIIE/LYIONIM BbIPasKeHIEM

P(ve — ve) = 1 —sin?(20) sin® (7t(m3 — m3)/2py.) - (38)
B cnygae g1 = g0
1

sin 0,,,, = cos 0., = —=. (39)

V2

st IepBoro u Tperbero ceMeiicTs (P OCIMILISINN Ve, Vr HEHTPUHO) MBI TI0JIY-
JaeM

g1

cos B =cos By, = ——,
[ 2 o
+
91 T 93 (40)

. 29193
S1n (QB) = m .

Torma BepOATHOCTD IEPEXOIA Ve — Ve JACTCHA CJIELYIOIMINM BBIPAsKEHIEM
P(ve — 1) = 1 — sin?(20) sin? (nt(m32 — m?2)/2p,.) . (41)
B cay4uae, korma g1 =2 g3
. 1
cos By, Zsin By, = ﬁ (42)

JlJ1st BTOPOTO M TPETHETO CEMENCTB (HpI/I OCHUJIIAIIANA Vy,, Vr HeI‘/’ITpHHo) MBI IIOJIYyYaeM
92

\/ 93 + 93 (43)

29293
95+ 93

COS 7Y = COS Vy,p, =

sin (2v) =
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Torma BepOATHOCTD V), — V), EPEXOJA AeTCs CIIELYIOMIIM BbIPayKeHHEM
P(v, — v,) = 1 —sin®(2y) sin® (wt(m3 — m3)/2p,,) - (44)
B cayuae, xorjma g = g3

1
COS Yy, v sinqy, , = —. (45)
VT VT \/i

Urak, cmemuBanusi (OCIULISINN) HEHTPUHO MOSBJSIIOTCS BCJEICTBHE TOTO, UTO
POXKIAIOTCS HEMTPUHO, SABJISIIONINECS COOCTBEHHBIMU COCTOSTHUSIMU CJIAOBIX B3aUMOIel-
crBuii (Ve, Vy, Vr HEHTPHHO), a He V1, Vg, V3 HETPUHO, SIBJISIFOIIIECs] COOCTBEHHBIME CO-
CTOSTHUSIMY CJIAOBIX B3aMMOIEHCTBUI, HAPYIIAIONINX JIEMTOHHBIe ducaa. U Torma, mpu
IPOXOKIEHNN HEHTPUHO Yepe3 BAKyyM, OHU IIPEOOPA30OBBIBAIOTCI B CYIIEPIIO3UINN 11,
Vg, V3 HEATPUHO, U Yepe3 9TU IPOMEXKYyTOYHbIC COCTOAHUA MPOUCXOAAT OCIUAIIAIIAN
(mepexonpr) MEXKIY Ve, Vy,, Vy HEHTPUHO.

3akJiroueHue

Heobxosumo ormeTnTh, 9TO B (PU3UKE BCE IIPONECCHI MJYyT 4Yepe3 JAuHAMHKY. K
COXKAJICHUIO, B CTAHIAPTHON TEOPUU OCUM/IIALUNA HEHTPUHO, OCHOBAHHOI Ha cxeme
(MexaHU3Me) MACCOBBIX CMEIINBAHUIA, IMHAMIKA OTCYTCTBYeT. BeposiTHO, 9TO IpU3HAK
TOro paKTa, ITO ITA CXEMA SIBJISTETCS HEIIOJTHBIM, T. €. 3Ta CXeMa TpedyeT (pU3MIECKOro
000CHOBAHHUS.

B mannoi#t pabore paccMaTpUBAIOTC OCIUILISIIMA HEHTPHUHO, TeHEPUPOBAHHBIE CMe-
[IMBAHUEM KOHCTAHT CBsi3eil caabblx B3aumMoJeiicTBuil (3apsaoB) [4-6], kak 510 nmeer
MECTO B MOJIEJIM BEeKTOPHOI momuuanTHOCTH |15, 16] muim B Momenn 3,1eKTpocIadbIx
B3anmozeiicruii [17-19] npu cmemuBanuu BeKTOPHBIX 6030HOB. IloryueHbl BhIpazKe-
HUSI JJIsT YIJIOB CMEITTUBAHNST M JIJIMH OCTIHJUISIINI TPU TPEX HEHTPUHHBIX OCTIAIIIATIASX.
Ocryutsinuy HeRTPUHO B 9TOM cxeMe (MeXaHU3Me) sSIBJISIIOTCs PEAJIbHBIMU, €CJIU MACChI
HEHTPUHO PABHBI, ¥ BUPTYAJbHBIME, €CJIH MAaCChl HEHTPUHO HE DABHBI.
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Neutrino Oscillations in the Scheme of Charge (Couple
Constant)

Kh. M. Beshtoev

Laboratory of Particle Physics
Joint Institute for Nuclear Research

In the standard theory of neutrino oscillations, a scheme of mass mixings is used, i.e.
oscillation parameters are expressed in terms of mass matrix. In this work, neutrino oscil-
lations generated by charge (the weak interaction couple constant) mixings are considered.
Expressions for angle mixings and lengths of oscillations are obtained. The expressions of
the probability for three-neutrino oscillations are given. Neutrino oscillations in this scheme
(mechanism) are virtual if neutrino masses are not equal and real if neutrino masses are
equal.
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CruHopHbIe moJiss B KocmoJuiorun Buankm VI

B. Caxa

Jlabopamopus UHPOPMAUUOHHBLT METHOAO2UL
Obzedunenmnuiil uHcmumym Adeprot uccaedo8aruti
Poccusa, 141980, /lybra, Mockosckasn 0ba.

[Tosrydenbl TOYHBIE pEIIEHUsI CAMOCOIJIACOBAHHOM CHCTEMBbI ypaBHEHUN HEJMHEHHBIX CIIU-
HODHBIX U CKaJIIPHBIX TOJIEil B paMKax KOCMOJIOTHYECKOil Mojesin Tuna Buanku VI, 3amos-
HEHHOU UIeAJTBHOMN KUIKOCTHIO ¢ yaeTroMm A-uiena. V3ydena posib MpOCTPAHCTBEHHON HEOJI-
HOpomHOCTH. [l0Ka3aHO, UTO BBEIEHNE TOIOKUTENbHOrO A (Hambosiee MMPOKO PacIpocTpa-
HEHHBI BUJ| TEMHOH HEPTUM) MPUBOJUT K OBICTPOMY POCTY BCEJIEHHON, B TO BpeMs Kak
OTPUIIATEIbHBIN, COOTBETCTBYIOIIU JIONOJTHUTEILHON I'PABUTAIMOHHON SHEPTUU, TeHEPUPYET
KojebaTebHbIe WM HEMEPUOAMIECKUE MOJIBI PDACIITUPEHUSI.

Posb cimHOpHOTO T0JI1 B pa3BuTuu BceejleHHOl Oblia M3ydYeHa MHOXKECTBOM aB-
TopoB [1-7|. OcHOoBHas Tesb 3TUX pabOT 3aK/IIOYAIACH B HAXOXKJIEHUU DPEryJISIPHBIX
pellleHn#i COOTBETCTBYIOIIUX IIOJIEBbIX ypaBHEHMT. B KadecTBe IpaBUTAIMOHHOIO II0-
JIsT B 9TUX C/IydasX PacCMATPUBAJIACH AaHU30TPOIHAST KOCMOJIOTHIECKAsT MOJETh TUIIA
Buanku-1 (BI). Beiio nosyueno, 4To BBe/IeHIE HEJMHEHHOIO CIIMHOPHOI'O II0JIS B HEKO-
TOPBIX CHEIUAIBHBIX CJIyYasX IPUBOIUT K ObICTpoMy pocTy Bceesennoit. B cBere stux
uccsesioBanuii MHOTHE aBTOPBI [8-10| BepsAT, YTO CHMHOPHOE TIOJIE SIBJISIETCS OJ[HUM
13 BO3MOXKHBIX KaHIUIATOB JJIsi OObSCHEHUsI YCKOPEHHOI'O pacliupeHust BceseHHOI,
KOTOpOe HaOJII0IAeTCs B MOCTEIHEE BPEMS.

XoTsI B Ka4ecTBe AHM30TPOITHON KOCMOJIOTMYECKON MOJIEJM KOCMOJIOIM B OCHOB-
HOM paccMmarpuBaioT bumanku Tuma-l mpocTpaHCTBO-BpeMsi, eCTh BCe eIle HEeCKOJBKO
APYyTUX MOjesieil, KOTOPbIe OIUCHIBAIOT AHM30TPOITHOE MPOCTPAHCTBO-BPEMSI M IIPOU3-
BozAT crenududeckuii naTepec cpean usnkos [11-18]. B nemasaux paborax [19-21]
MBI U3YYUIIA CAMOCOTJIACOBAHHYIO CHCTEMY HEJNHEHHOTO CIIMHOPHOTO U AHU30TPOITHOTO
HEOTHOPOHOTO TPABUTAIIMOHHOTO TOJIEl, ITOOBI PA3bICHUTE POJIb HEJTUHEITHOCTH CITH-
HOPHOI'O I10JIsI ¥ HEOJHOPOIHOCTH IIPOCTPAHCTBa-BpeMEHN B (POPMUPOBAHUK BCEJIEHHOM
6e3 cuHTYIIpHOCTEH. B KatecTBe aHM30TPOITHOTO TPOCTPAHCTBA-BPEMEHN Mbl BHIOpa-
mu Buankn tuna-VI (BVI) mozesnp, Tak Kak MOAXOAAIMA BBIOOD €ro mnapamerpos
MPUBOJUT K TOSIBJIEHUIO HEKOTOPBIX JIPYTUX DranHkm Momeseil, BKIOYasi BCEJIEHHBIE
BI u FRW. Ormerum, sro B owmune or BI, mpocrpancrBo-spemst BVI #eomropo -
HO. BriTtouenme HEOTHOPOIHOCTH B IMOJI€ TATOTEHUS 3HAYUTEIHHO YCJIOYKHSIET TOUCK
TOYHOTO PEITIeHNnsI CUCTeMbl. Bhijla TakKe MCC/IeI0BAaHa, CaMOCOTJIACOBAHHAS CHCTEMa,
CIIMHOPHOT'O, CKaJISIPHOIO U I'PABUTAIMOHHOIO IoJieil Tuita Buanku-VI B npucyTcTBum
UJICAJTBHON 2KMJIKOCTH M KOCMOJIOTTYECKOA TOCTOAHHON U N3y49eHa POJIb COOTBETCTBYIO-
X MATEPUATHHBIX TIOJIEH B 9BOJIIONIY Beesiennoit. 1lenb ctaThy B mogBeiennn nTOroB
CJIeJIAHHBIX PaboT.

Kak 6bu10 ykazano, 3tu pabOTHI MPOBOIWINCH B TEUYEHWE HECKOJIBKUX JIET U OC-
HOBHBIE Pe3yJIbTaThl ObLIN MIPEJICTABIEHBI Ha HAYYHBIX CEMUHAPAX U KOH(DEPEHIUSIX U
OIyOIMKOBAHBI B PA3HBIX KypHasaX. [109TOMy MBI OIyCTHM AETaIu W yIeJUM HAIITEe
BHUMaHUe Ha OCHOBHOMY YpaBHeHUIO (ypaBHEHHe JIJisl HaXOXK IeHnst 0o beM-(akTopa ),
TaK KaK BCE OCTaJIbHBbIE, BKJIIOYas CIMHOPHOE W CKAJSIPHOE II0JIsI, & TaK:Ke MeTpude-
ckue QPYHKINN, BhIPayKaeTCs depe3 Hero. bosee Toro, npyrue dusnieckn m3mepsieMbie
BEJIMUNHBI M WHBAPUAHTHI ITPOCTPAHCTBA-BPEMEHN TaK Ke 3alliCHIBAIOTCS B TEPMHUHAX
7. OT™MeTnM, 9TO BCE 9TH BEJUYUHBI OOPATHO IIPOIOPIMOHAJIBHBL K T (Tounee 1/77),
T7e 7 — HEKOTOPbIE TOJIOXKUTEThHbIE THCIIA.

IIpoctpancrBo-Bpemsi buanku-VI 3amaercs B Bujie

ds® = dt? — a®e™™% da® — b2e®"7 dy® — * d2?, (1)

e a, b, ¢ 3aBUCAT OT BpeMeHHU t W M, N — HEKOTOPBIE ITOCTOSIHHBIE, OIMMICHIBAOIIIIE
IIPOCTPAHCTBEHHYIO HEOTHOPO/IHOCTD.
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Mpbr paccMaTpuBaeM ciydail, KoOrja IoJieBble (DYHKIIUU 3aBUCSIT TOJBKO OoT t. B
KadIeCcTBe HEJIMHEHHOCTH CIUHOPHOTO IO/ PacCMATPUBAJIACH KAK CTEIeHHas (DyHK-
Insi, TAaK U TPUTOHOMETpUYIecKasi (DYHKINS OT WHBAPUAHTOB OMIMHEHHBIX CITUHOPHBIX
dopm. Tak Kak pereHusi, MOJyIeHHbIE BO BCEX ITUX CJIyUasX, KAUEeCTBEHHO HE OT-
JIMIAIOTCSI, MBI PACCMOTPUM CJIydail cO CTeleHHON HeJMHeiHOCThI0. Kpome Toro, Mbl
TaKKe U3yInuM CJIy9ail, KOT/ia HeJTUHEeHHbIH YJIeH B JIarPAHKUAHE SBJIIeTCS PyHKITHEH
or S = ¢1). IlonpobHO 5T U Jpyrue pe3ysibraTbl MOXKHO HaiiTu B paborax [19].

W3 ypaBuenns DHHIITEHA HAXOIUM BBIPAYKEHUS JIsT METPUIECKUX (DYHKITHI

a = [ 7_ncm—2nj| 1/(m+n) , b= [Tmcn—2m/N] 1/(m+n) ’ (2)
TJIe MBI OIIPEJIEJTIIN
T = abc. (3)
VpaBHenune 115l HAXOXK/JIEHNs T B JTAHHOM CJIyYae UMEeET BU/I
. 2 2
T m°—mn-+n 3k [ M 1-¢
- =2—FF— | —+ N+ —= 3A. 4
T c? +2 T+1+71+<+ )

3aece M — Macca CIMHOPHOTO II0JIs, ¢ — IIapaMeTp, OIUCHIBAIONINIT UIeaIbHYIO KU
KOCTb. F'| CBf3aH C HEJIMHEHHOCTBIO CIIMHOPHOIO II0Jid. Eciam HeJlmHeHOCTh CIMHOD-
HOTrO TI0JisI 3a/1aeTcst B Bujie F' = A\S" = \/7", 10 B ciay4ae camogeiicrBust umeem F) =
A(n—2)/7", a B cirydae uHIyUPOBaHHON HesuHeltHOCTH UMeeM Fy = Ant7=2/(A+771)2.
Kak BujHo, ypasuenue (4) comepkut (yHKIMIO ¢ B siBHOM Buje. s paspemntennst
9TOi1 IPOOJIEMBI MBI IIPEJIIIOIOZKIM, UTO C fABjsgercs dyuknueit or 7. Torna ypasnenus
(4) MoxHO OyJieT 3anucaTh B BHJE

T=F(19). (5)

VYpasrenue (5) J0mMycKaeT CJeIyONuil MepBblii HHTErpas

T =/2[E-U(r.q)], (6)

rae U(7,q) = — [ F(71,q)dr. C MexaHudeckoil TOYKN 3peHHst ypaBHeHue (5) MOXKHO
HMHTEPIPETUPOBATh KaK ypaBHEHHUE IBUKEHNsI OQHON YaCTHILI ¢ €IMHUIHON Maccoi
noz geiicteueM cuibl F (7, q). B (6) mocrosiunast uaterpuposanus E MoxkeT ObITH pac-
CMOTpEHa KakK YpOBeHb 3Hepruu, a U(T,q) moreniman. B mgaibHeirieM MbI pentiM
ypasrenue (5) upu (i) ¢ =7 u (ii) ¢ = /7.

Paccmorpum citydait ipu ¢ = 7. g noreHnuaia mMeeMm

U(r,q) = —{4(m* = mn +n?)InT + 36[MT = A/7772 4+ 717+ 3472} (7)
B CjIy4dae CaMO,]],efICTBHH n
U(r,q) = —{4(m* = mn 4+ n?)In7 + 36IM7 = A/ (77 + X) + 717+ 3077} (8)

B cJlydae WHIYIINPOBaHHOH HesmHeiiHOocTH. Kak BujHO u3 puc. 1, a Tak»Ke U3 BbIpake-
uust (7), ipu ) < 2 BO3HUKAET MOTEHIMAJbHBIN Gapbep npu 6obiux 3HadeHusx 7. C
JIyToit CTOPOHBI, In 7 mopoxkmaeT OeCKOHETHO BbICOKUi O6aphep mpu 7 = 0. DTO IPUBO-
JINT K TIOSIBJIEHUIO OCIUJIIMPYIONINX pelIeHnil He3aBucuMo OT 3HadeHus A. B ciayuae
n > 2, TakyKe KaK IIPU WHIYIIUPOBAHHON HEJIMHEWNHOCTH WMeeM OCITUJIIUPYIONINe pe-
menust ToJbKo upu A < 0, a npu A > 0 umeeM Mozeb paciupsomeiics BeesgeHHoiA.
CooTBeTCTBYOIINI TIOTEHITHAT TPEJCTABICH HA PHUC. 2. 3aMETUM, UTO B CJIydae HHILY-
[IMPOBAHHON HEJMHEHHOCTH MTOTEHITNAJ WMEeT IMPUMEPHO TOT K€ BHJ] 9TO MOKA3aH Ha
puc. 2. Bo Bcex aTux ciydasx pelienue BCIOAY PeryJisipHoe, T.e. HUTIe W HUKOTIA T
HE MOXKET OBITh TPUBUAJBHBIM.
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Puc. 1. Bun morennmana U, 3aJaHHOTO BbI- Puc. 2. Bux norennmasna U, 3aJaHHOTO BBI-
paxenueM (7) npu n = —3 paxxerueM (7) npu n =3

Tenepnb paccMoTpuM cirydaii ipu ¢ = /7. s norennuasia nveem
U(r,q) = —{4(m? = mn +n?) 7+ 36[M7 = \/T"2 4+ 7 4 3072 (9)
B CjIy4dae CaMO,ILefICTBHH n
U(r,q) = —{4(m? — mn +n?) 7+ 36[M7 — \/(7"+ X) + 77| + 3472} (10)

IIpu 7 = 0 noreHnMa LHBIA Oapbep B 9TOM CjIydae MMEETCd TOJbKO mpu 1 > 2. A
npu 7 < 2 BO3HUKAET MOTEHIMAILHBIN Oapbep mpu Oosbimux 3uadenuax 7. [lpu n < 2
nMeeTcs KoJebaTeIbHOe WM HEIePUOAMIEeCKOe DEIleHne B 3aBUCHMOCTH OT BBIOODA
ypoBHs sHepruu E. B ciydae 1 > 2 pemenus Bcerja peryisipabie. IIpu A < 0 oHO
KoJiebaresibaoe, a mpu A > 0 uMeeMm Mofesib pacuupsiorieiicss BeejenHoil, pu 3ToM
[TOJIOKUTEJIbHAS KOCMOJIOTHIECKAsT TTOCTOSHHAS TTPUBOINT K OBICTPOMY POCTY BCEJIEH-
uoit. Ilpn uHIyIIMpOBaHHON HEJTMHEHHOCTH TIOBEJIEHUE T COBIAIAET C TEMHU, YTO UMEEeM
IPU CaMoOMeMCTBUN TPU 7) > 2, 3a MUCKJIIOUYEHHEM TOTO, UTO PEIIEHUs B 3TOM CIIydae
MOT'YT OBITH TaKKe CHHTYJISTPHBIME.

Ha puc. 3 u 4 npejcraBieHsl oBejieHre T Ipu pasHbiX 3Hadenusix A. Ha puc. 3
MTOKA3aH CIyYail ¢ YCKOPEHHBIMEU PACIIHPEHUSMY, & Ha PUC. 4 IpeICTaBIeHbl KOojeha-
TeJTbHOE W HENEPUOJINIeCKOe paciiupenne BcesleHHOI.
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B CJIy4Jae MHIYINPOBAHHON HEJIMHENHOCTH C pa3HbIMH 3Ha4dYeHuAMHU F
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Spinor Fields in Bianchi Type-VI Cosmology

B. Saha

Laboratory of Information Technologies
Joint Institute for Nuclear Research
Dubna, Moscow req., 141980, Russia

Exact solutions to the self-consistent system of equations of interacting spinor and scalar
fields are considered within the scope of Bianchi type VI cosmological model filled with a
perfect fluid in account of a A-term have been obtained. The role of the spatial inhomo-
geneity has been studied. It has been shown that the introduction of a positive A, the most
widespread kind of dark energy, leads to the rapid growth of the universe, while the nega-
tive one, corresponding to an additional gravitational energy gives rise to an oscillatory or
non-periodic mode of expansion.
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CHI/IHOprIe I10JId B IIVNIOCKO-CUMMETPUYIHOM
IIPOCTpPpaHCTBe-BpeMeEeHUn

B. Caxa*, I. H. IIlukun |

* Jlabopamopusa ur@OpMaAYUOHHBLT MexHoA02Ull
Obzedurenmnviil uHcmumym Adeprout uccaedo8aruti
Poccusa, 141980, /lyora, Mockosckasn ooa.

T Kagpedpa meopemuneckot dusuru
Poccutickuii yrusepcumem 0pyostcoHvl Hapodos
Poccus, 117198, Mocksa, ya. Muxasyxo-Maxaasn, 6

B pamKax mjIocKO-CHMMETPUYHON KOCMOJIOTHYECKON MOJIEIM PACCMATPHUBAETCH CUCTEMA
HEJIMHENHBIX CIMHOPHBIX U HEJIMHENHBIX CKAJISPHBIX IT0JIeH ¢ MUHUMAJIBHOH cBA3bI0. [lokaza-
HO, YTO IPABUTAIMOHHOE II0JI€ UTI'PAET PEIIAIONLYIO POJIb B DOPMUPOBAHUYU COTUTOHOIIOJO0HBIX
PeIeHni, T. €. PENIeHNH ¢ OTPAaHUYIEHHBIMU IIOJTHOM dHeprueil, CHUHOM U 3apsIOM.

B mocimemame rogbl KOCMOJIOTMYECKHE MOJENH, TPOSIBIISIIONINAE IOCKYI0 CHMMET-
pUIO, IPUTATUBAIOT BHUMaHNE MHOTHX CIEIUaIUCTOB. B HacTosimee Bpemst Beenennas
cepraecKn CUMMETPUYHA, U PACIPEIEeHIe MATEPUHU B HEll N30TPOITHO U OHOPOIHO.
Ho B panneit craguum sposforun y Hee He MOTJIO OBITH TaKO# TIaIKOM KapTUHBL. Bimke
K CHHTYJIAPHOCTH OOJIBIITOTO B3PhIBA, HU IIPEJIIOIOXKEHNE O chePUIeCcKOil CUMMETPHUH,
HU TIPEJITOIOXKEHNEe 00 M30TPOITHOCTH HEe MOTYT OBITH CTPOTO BBITOTHEHbI. VIMEHHO 110-
9TOMY MHOTHE CITEIUANCTHI PACCMATPUBAIOT TIJIOCKYIO CUMMETPHUIO, TAK KAK OHA MEHEe
cTpora dem cdepudecKas CHMMETPHUs ¥ 00eCIIeIrBaET T0JIe JIJIsT U3YIEeHUsT HEOTHOPO/I-
Hoctu panueit Bcemenmoit. 3aMeTrnm, UTO HEOTHOPOIHBIE KOCMOJIOTHIECKHE MOJIEIN
UTPAIOT BAXKHYIO POJIb JjId MOHUMAHUST HEKOTOPBIX CYIIECTBEHHBIX UEPT, TAKMX KaK
dbopMUpOBaHe TaJAKTUKKA B PaHHEH CTa/J MU SBOJIONUM M ITPOIECCA TOMOTEHU3AIMI
Bceenennoit.

C npyroit cTOpOHbBI, HEJIMHEHHOCTD (DEHOMEHA OCTAETCs OJHON M3 CaMbIX ITOILYJISIpP-
HBIX TeM HCCJICIOBAHMS B TE€UEHUE ITOCJIEIHUX JIeT. XOTs HEJUHEHHbIE KJIACCHIECKIe
TIOJIsT HE TIOJIYUIMJIN OOIEro oa00peHusi, HeJnHeiiHoe 0000IeHne KIACCHIeCKOTO TOJIs
SABJISIETCS OJTHAM W3 BO3MOXKHBIX MyTeH It MPEOJIOIEHNsT TeX TPYAHOCTEH, KOTOpbhIe
WCIBITHIBAET TEOPHUsi, PACCMATPHUBAIONIAS JJIEMEHTAPHBIE UACTHUIHI KAaK MaTeMaTHIe-
ckme Touku. Haxoxkmenne n nccjaenoBaHne CBONCTB PETYJISPHBIX JOKAJIM30BAHHBIX Pe-
IIeHU} HeJIMHEHHBIX KJIACCHYECKUX TI0JIEBbIX YPABHEHNUIl (COMTOH MJIM YaCTUIEIION00-
HBIX DEIIeHNnil) CBA3aHO ¢ HAJEXKJION CO31aTh CBOOOJHYIO OT PACXOAMMOCTEH TEOPUIO
9JIEMEHTAPHBIX YaCTHUIl, KOTOPas MOIJIA OBl OMUCHIBATH CI0KHYIO TPOCTPAHCTBEHHYIO
CTPYKTYDPY YacTHIl, HaOJI0aeMy0 SKCIePUMEeHTaIbHO [1|. YpaBHEHUHE rpaBUTAIMOH-
HOT'O TIOJIS SIBJISIETCS HEJIMHEMHBIM IO MPHUPOJIE, U CAMO IOJIe SABJISIETCS yHUBEPCAJIb-
HBIM ¥ HEIKPAHUPOBAHHBIM. IJTH CBOWCTBA MPUBOIAT K TIOSBJICHUIO OIIPEIETEHHOTO
dusnaeckoro mHTEpPECa K COOCTBEHHOMY TPABUTAIIMOHHOMY IIOJIO. JTOT IPOEKT OBbLIT
peaiM30BaH BO MHOYKECTBE paboT, TJie ABTOPHI MOAPOOHO U3YUAIN CKAJISIPHOE U /WIn
3JIEKTPOMATHUTHOE TI0JI B paMKaxX C(PEPUTIECKOTO U IMUIMHIPUIECKOTO TPOCTPAHCTBA-
Bpemenu [2-8|. Oxnako B paboTax, CBSI3aHHBIX C COJIMTOHOIOIOOHBIM PeIlleHneM HeJIH-
HEWHBIX ypaBHEHUI IOJIel, 9acTO UTHOPUPYETCS COOCTBEHHOE T'PABUTAITUOHHOE IIOJIE.
Ilon cobGcTBEHHBIM TPABUTAIMOHHBIM TIOJEM MBI TOIPA3yMEBaeM CJIEAYIOINee: MaTe-
pUaIbHOE TI0JIe BeJeT cebsi KaK MCTOYHUK IPaBUTAIIMOHHONO II0JIsI. A IpaBUTAIMOHHOE
TI0JI€ CO CBOEM CTOPOHBI 3(DDEKTUBHO BIIUSET HA KOH(PUTYPAITAIO MATEPUATIBLHOTO TIOJIS.
B stoMm cmbicie cobcmeentoe TpaBUTAIIMOHHOE TIOJIe SIBJISIETCS PEIeHUEM CaMOCOTJIa-
COBAHHOW CHCTEMBbI MaTEPHUATHHOTO U I'PABUTAIIMOHHOTO TTOJIEH.

B mocnennue roapr m3ydeHneM KOCMOJIOTHIECKUX MOJIEJIEH, TPOSBIISAIONIAX TIJI0C-
KYIO CHMMETPHIO, 3aHUMAJIUCh MHOXKeCTBO aBTopoB [9-18]. B 10 ke Bpems Hamu Gbi-
Jla, m3ydeHa CUCTeMa HEeJMHENHBIX CIIMHOPHOTO M CKAJISIPHOTO IMOJjell ¢ MUHUMAJIbLHOM
CBS3BIO B INIOCKO-cuMMeTpudHOM (ore [19-22]. [esbio HacTOsIIElH 3aMETKH SIBIISETCS
00001IIeHNEe BCEX ITUX PE3YIbTATOB.
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JlarpamkuaH CIIMHOPHOI'O U CKAJISIPDHOI'O IIOJIel ¢ MUHUMAJILHON CBSI3bIO BLIODAH B
BUOE

L= %[&VHVM¢ - V;ﬂ;ﬁ’“@b] - m&w + F + \I}(Q) , Q= So,agoya . (1)

Brech F HEKOTOpPBIE IPOU3BOJIbHBIE (DYHKIMH OT NHBAPHAHTOB OMIIMHEHHBIX CIMHOD-
Heix dopm, a mverno F = F(I,J), tne I = S? = (Y)? u J = P? = (ipy°h)2.
['paBUTAIIMOHHOE TI0JI€ MBI BHIGEDEM B BHJIE

ds? = e2Pdt? — e29dx? — e2ﬁ(dy2 + dz2) , (2)

e Merpudeckue (PYHKINA P, &, (3 3aBUCAT TOJIHKO OT MPOCTPAHCTBEHHON KOOPIHHA-
THI T W HOJMUHSIOTCS YCJIOBUIO
a=20+p. (3)

PaccmarpuBaeMble CIMTHOPHOE W CKAJIAPHOE TIOJISI TOXKE 3aBUCAT TOJIBKO OT z. B cmry
9TOr0 U3 YpPaBHEHUS DUHIITEHHA [TOJIYIUM

1 1
§@) = 3 (ale) + BX), (x) = 5 (a(x) - 2Bx). 4
rie Hekoropoe B mocrosinnoe. JIist v u3 ypaBHEHUsI DWHINTEHHa HAXOIUM
4
o = B? = =3k |mS — F(I,J) + 2T — w(7)] . (5)

IIpaBas gacTb ypasHeHus: (5) 3aBHCHT TOJBKO OT v [20-22], cie10BaTeIbHO €ro pele-
HUEe MOXKHO IIOJIyYUTb B KBaJIpaTypax.

VYpasaenue (5) O6bLIO TOAPOOGHO M3YUEHO TPU PA3JINIHBIX BHIOOPAX MPABON YaCTH:
JITHEIHOe CIMHOPHOE U JIMHEeHOe CKaJIApHOe II0JIfA; HeJIMHeHoe CIIMHOPHOe W JIMHeil-
HO€ CKaJIAPHOE IOJIs; HEeJMHEeWHOe CKaJIAPHOE II0JIe B OTCYTCTBHU CHHHOPHOTO IOJIf
U, HaKOHeIl, HeJIMHellHOe CIIMHODHOe U HeJWHeilHOe CKaJIsipHOe IoJist. MBI mogpobHO
U3Y4IWINA 3TO ypaBHEeHUe, KOI/Ia HeJIMHeHHBI 4/IeH B JarpaHKHaHe 3aJaBaJjicd B BHUJE
cremennoit GyukIwmu ot 1, J.

Ilokazano, 9TO B Ciaydae JMHEHHOrO CHMHOPHOTO U JHHEHHOrO CKAaJIAPHOTO IoJjieit
¢ MHHHUMAJIBHOH CBA3BIO 3apsd]] U CIUH CIHHOPHOIO IIOJIA SBJIAIOTCA OrPaHHYIeHHOH
BeJIMYUHOI, & IVIOTHOCTb SHEPTUN CHCTEMBI OIpeesIsaeTcs TOIBKO 3a CUET CKaJIAPHOTO
IOJIAL.

B ciyuae HeJIMHERHOIO CIMHOPHOIO M JIMHEHTHOTO CKAJIsIPHOrO IoJjieil jjist S, KOTO-
pasd cBA3aHa C v KaK

S =Cexp—a(z),

[P HEKOTOPBIX CIIENUATBHBIX CIydasx JOIMYCKaeT KUHK-0Opa3Hoe perienue (puc. 1).
Ha camoM fiesie 9T0 BO3MOYKHO TOJIBKO HYJIEBON Macce CIUHOPHOIO IIOJIsI, TAK KaK B
POTHBHOM CJIydae HU NIPU KaKUX 3HaYeHusAX r, S(x) He MOxKeT ObITh TPHUBHUAJILHOIL.
3amMeTnM, UTO B PACCMATPUBAEMOM C/Iydae CKAJIAPHOE TIOJI€ SBJISIETCS JUHEHNHBIM U
6e3maccoBbIM. [IO0CKOIBKY B OTCYTCTBHM CIIMHODHOI'O ITOJISI INIOTHOCTH SHEPIMH CKa-
JISIPHOTO II0JISI HE JIOKAJIM30BaHa U IIOJIHAA SHEPIusd He OrpaHndeHa, TO B 9TOM CJIydae
CBOMCTBA TOJIEBBIX KOH(MUTYPAIUil OIPENEISIIOTCS CBONCTBAMU HEJUHENHOTO CITHOD-
HOT'O II0JIS.

B orcyTcTBuUM COMHODHOTO TOJIT B KaveCTBE HEJIMHEHHOIO CKAJISIPHOIO IIOJIS MBI
paccmoTpenu Teopuio Bopaa—upenbna ¢ JarpaH:knaHOM

U(T) =~ (1- VIF o), (6)

r7e 0 ecTh mapamerp Heguneitnoctu. [lokazamo, 9T0 B 9TOM CiIydae IMIOTHOCTD SHEPTUU
CKAJISIPHOTO TIOJIg HE JIOKAJM30BaHA, OJHAKO B IIPU HEKOTOPBIX YCJIOBUAX B €IUHUILY
MHBapUAHTHOM OO'beMe OHa, JIOKAJN30BaHA, U [TOJIHAS SHEPTUs CKAJISPHOTO T0JIsi OTpa-
nudeHa. B atom ciaygae T mmeeT KUHK-0Opa3HBIN BUIL.

Taxum 06pa3zoM MBI PACCMOTPEIN CHCTEMY HEJIWHEHHOTO CIIMHOPHOTO U HeJIWHe-
HOTO CKAJISIPHOTO TIOJIell ¢ MUHMMAJIBHON CBSI3bI0 B PaMKaX IJIOCKO-CHMMETPUIHOM
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Puc. 1. Bux S(x) B ciydyae HenuHEHHOTO criMHOPHOTO noJist ¢ n = 4. Kak BUaHO, B paccMaTpUBaeMoM
ciayudae dyuknusa S(z) umeer MakcuMyM B Touke T = 0

KOCMoJIorudeckoit Mojenu. IlokazaHo, 9TO CIMHOpPHOE Tojie 60Jiee TyBCTBUTEIBHO K
rPaBUTAIMOHHOMY TIOJIIO YeM CKaJsgpHoe moje. Kak 0Ku1aaoch, IOTHOCTh SHEPTUU U
IOJIHAS SHEPIUud CACTEMBbL JIMHEHHOrO CIIMHOPHOIO U JIMHEHAHOI'O CKAaJIAPHOrO IIOJIel He
Or'paHUYeHbl, U CUCTEMA HE UMeeT pPeaJbHYI0 (pU3nIecKyro OecKOHeUHOCTh. BBenenue
HEJIMHEHHOI'0 CIIMHOPHOIO II0JIsL YCTPAHSET 9TOT HEJOCTATOK, U B 9TOM CJIydae CUCTEMa
JOITyCKAaeT KOH(PUTYPAIINIO ¢ KOHETHON IIJIOTHOCTHIO M OTPAHUIEHHON MOJTHON SHEPIHU-
eii. B sToM ciiygae cucrema cTaHOBUTCS HaOJI0/1aeMoit. Mbl TakKe yCTAHOBUJIH, UTO
CBOMCTBa CHACTEMBbl HEJIWHENHOr0 CIMHOPHOI'O U CKaJIIPHOIO II0JICH OIpelessdeTcsd TOU
YaCTbhIO I'PABATALMOHHOIO II0JIs, KOTOPasd IIOPOXKIACTCH HeJIMHEHHbIM CIIMHOPHBIM I10-
JieM. BbLIO MoKa3aHo, 9TO BMECTE C HEJIMHEHHBIM CIUHOPHBIM ITOJIEM I'DABUTAIIMOHHOE
[I0JIe TOXKE UT'PAET BAXKHYIO POJIb B (POPMUPOBAHUU IOJEBLIX KOH(MUTYPAIHil C Orpa-
HUYEHHOM TIOJIHOM 9Heprueil, CInHOM U 3apsaoM. B obrmem 66110 MOKa3aHO, ITO BEIOOD
HEJIMHEHHOCTU CIIMHOPHOI'O IOJIA MOXKET YCTPaHATh BKJIA/J CKAJAPHOI'O II0JIS B METPHU-
qeckue (QYHKIUH, HO IIPU ITOM €0 BKJIAJ, B IMOJHYIO SHEPTUIO OCTAETCH HETPOHYTHIM.
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Spinor Fields in Plane-Symmetric Space-Time

B. Saha*, G. N. Shikin f

* Laboratory of Information Technologies
Joint Institute for Nuclear Research
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Within the framework of a plane-symmetric cosmological model system of a minimally
coupled nonlinear spinor and scalar fields has been considered. It has been shown that the
gravitational field plays crucial role in the formation of soliton-like solutions, i.e., solutions
with limited total energy, spin and charge.
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YIK 539.17.01

Yipyroe paccesHne peaKTOPHBIX aHTUHEHTPUHO HA
3JIEKTPOHAX W OrpPaHUYEHUE HA MACCy
JTOTIOJIHUTEJIbHOTO HefITPaJIbHOTO BEKTOPHOTO O030HA

FO.1I. Bormanos, U. FO. /IunkoBckasi

Kagedpa dpusuru
Poccutickuti ynusepcumem dpyotcovl Hapodos
Poccun, 117198, Mocxksa, ya. Muxasyxo-Maxaas, 6

B craTbe usyueno ynpyroe paccesHre aHTUHEHTPHUHO HA 9JIEKTPOHE B paMKax CTaHIAPTHON
MOJIEJIN 3JIEKTpOociaboro B3anmoseiicTBust. [losrydeHbl orpaHndeHust Ha TapaMeTpbl U yIJIbl
CMENIUBAaHUS MOJIEJIN, & TaK»Ke OTPAHUYeHUs Ha MacCy JOUOJHUTEJIHBHOIO HEHTPAJIbHOTO BEK-
TOPHOTO 6030HA, CYNIECTBOBAHIE KOTOPOT'O JIOIYCKAETCST CAMOM MO/IEJTBIO.

BBenenue

Kak u3BecTHO, CTaHIapTHAs MOJEIb JIeKTpocaaboro s3ammoseiicteus Iiemntoy—
Baitn6epra—Camnama (I'BC), ocnoBannas na xammbposounoii rpymme SU(2) ® U(1),
[I03BOJIsIET ONUCHIBATH UMEIOIIHECs] SKCIEPUMEHTAIbHbIE JAHHBIE C TIOMOIIBIO CJIE/LYI0-
IIMUX 3HAYEHMI TapaMeTpa cMemmBanus Sy = sin® 0, 1 Mace mpoMeskyToanbx W+ u
79 6ozonos [1]

Sw = 0,226 +0,004; My = (81,8 +£1,5)T98; My = (92,6+1,7)Ias. (1)

Hecmorpsi HA BBICOKYIO TOYHOCTH CPEJIHEMHPOBOrO 3HadeHust Sy, B (1) cymie-
CTByeT 3aMETHOe PACXOXKIEHUE B BEJIMYWHE ITOTO MAapaMeTpa, M3MEPEHHON B pa3/nd-
HBIX 9KCIIEpUMEHTaX. B gacTHOCTH, M3MepeHne 3JIeKTPOCIabbiXx 9P (EKTOB B IIPOIECCEe
+0,18
—0,17
Huit v,e” - u vy e-paccestaus rpynmoit CHARM [3] 6bu10 mosydeno Sy = 0, 21540, 032,
TOrZa KaK M3MEPEHHe CeUeHHs PACCesHNs PeaKTOPHBIX aHTHHEHTPHHO Uy e — Uye [4]
najsio Sy = 0,28 £ 0, 08.

IToucku BO3MOXKHOI'O OTKJIOHEHHS OT CTAHJIAPTHON MOJIEJIH, & TaKyKe ITOIBITKU II0-
CTpOeHusT MoJiesiei ¢ OoJiee MUPOKOH IEKTPOCTIA00N IPYIIION IPeIIPUHIMAIICH TaB-
HO. TeopeTnyecKoil MpeIIToChIIKOW TOMY SIBJISIETCSI HEOOXOJIUMOCTb OObEINHEHMS Ha-
Psiy €O CJabbIM U 3JIEKTPOMATHUTHBIM TaKKe CHJIbHOIO W I'PABUTAIMOHHOIO B3aMMO-
JeficTBuii (Moziesu GOJIBIIOro OObeuHeHns u cyneprpasuraiys). OOHAIEKUBAIOIITIE
pe3yIbTaThl B 9TOM HAIIPABJIECHUH IIOJYYEHBI B IIOCJEIHEE BpeMsl B paMKax TakK Ha-
3BIBAEMBIX CYHEPCTPYHHBIX Teopuil [5], ocHoBanHbIX Ha rpynne Fg ® Eg. B kauectse
3 HEKTUBHON HU3KOIHEPTreTUIECKON TPYIIILI B 9TOM MTOIXOJE MOXKET BBICTYTIATH TPYII-
na Eg [6]. B 3aBucumocTr or criocoba MOHUMAHUsS PaHra IPYIIbl Fg 9JeKTPOCIadblii
CEKTOp BKJIIOYAET OJINH WJIN JIBA JOTLTHUTEIbHBIX HEATPAIBHBIX TPOMEXKYTOIHBIX BEK-
TOPHBIX 0030HA, KOTOPBIE MOTYT UMETh MACChl, HE CUJIBHO OTIHIAIONIAECT OT MACCHI
yzKe oTKpbIToro Z%-6030mHa.

Anamm3y BO3MOXKHBIX HPOSBICHHUN JIOMOJHATEIBHOrO Z'-6030HA TPU BBICOKUX
SHEPIUsX MOCBAMIEHO 3HAYUTEIbHOE KOIMIeCTBO paboT (cM., Hanpumep, |7,8]).

B nmacrosiimeit pabore BinsiHIE JOMOJTHATEILHOIO IIPOMEXKYTOYHOIO BEKTOPHOIO 6O~
30HA, HA TPOIECC PACCESTHUS

ete™ — eTe™ ma yckopurene PEP [2] namo Sy = 0,24 [Tyrem u3MepeHus cede-

UVete —ve+e (2)

ucciieyeTcs B 00JIaCTHA SHEPIUil peaKTOPHBIX aHTHHeHTpuHO Fp < 10 MaB.
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1. AMnanTyna u cedeHue Irporecca

MBI pacCMOTPHUM 371eCh BJINUSIHHAE OHOTO JIOIOJTHUTEIBHOIO HEHTPATBLHOTO BEKTOD-
HOro 6030Ha Ha XapaKTepUCTHKH mporecca (2).

JlarpaHKuaH B3aUMOJIEIICTBHUS 3JIEKTPOHHOINO HEHTPUHO (aHTUHEHTPUHO) C IJI€K-
TPOHOM JIA€TCs BbIParKCHUEM

L= Lzr+ Lur, (3)
rjae JIaI‘paH}KI/IaH B3aI/H\40ﬂeﬁCTBI/IH 3apﬂ}KeHHbIX TOKOB
Lap = L [1761717—(1+75)e+éW+(1+75)ue] , (4)
22

a JIArpaHKNaH B3anMOAEUCTBUA HEUTPAJIbHBIX TOKOB

Lur = Y S {otmZa(t+ v +26Za (vf +ain") e} - (5)
a=0,1
31ech
GF €
g% = g%’U(Q) = ﬁ . 8]\4—5[/7 g = 7SWCW ; CW = COS2 QW’

npu o = 0 cooTBeTcTByeT m3BecTHOMY Z'-6030mHYy, a o = 1 — momoiHETEILHOMY Z'-
6o3ony. Koncrants! vy, v, u a, 3aBUCAT OT yIJIOB

O, B (k=1,2,3; Cy = cosby; Si =sinby),

KOTOPBLIMU OIIPEJIEJISIeTCsS XapaKTep CMeIINBaHUs [eHepaToOPOB U (PePMUOHHBIX MYJIb-
THUILJIETOB HU3KOIHEPTETUIECKON KAJIMOPOBOTHON TPYyIIIBI

SUB)ec®@SU2),U1)eU'(1)@U"(1).

Vrou 01 dukcupyer cmemuBanne runepsapana Y u kombunammm Y = CbY’ — S5V B
CJIyYae OJHOIO AOIOJTHUTEIHHOIO OO30HA IPEII0JIAraeTCs, UYTO OPTOrOHAIbHAS KOMOU-
namust SoY' + CoY” cazaHa ¢ reHepaToOpoM, HAPYIIAEeMbIM IIpU 00Jiee BLICOKUX 3HEP-
IUSX, TAK 9TO COOTBETCTBYIOIIMIT TOK YCTPAHSICTCA U3 HU3KO3HEPIeTHICCKOH TEOpUH.
Vrou f3 BXOAUT B MaTPHILy, IAATOHAJIU3UPYIONLYI0 MACCOBYIO MATPHUIY KAJIAOPOBOU-
HBIX OO30HOB.

B mpubnmxkennn Masibix mepesaBaeMbIX UMITYIBCOB Hq2|| < MI%V < M% u3 (4) u
(5) moury4mM citejyroniee BoIpazkKeHne Jisi AaMILUIUTY (bl peakiun (2)

G
M = Mzt + Mut = —7;17@’7“(1 + 7" ey, (Cv + Car’)e. (6)

DddekTuBHBIE BEKTOpHAS W aKcHaJbHbIe KOHCTAHTHI Cy m C 4 CBSI3aHBI C COOTBET-
CTBYIOIINMY KOHCTAHTAMU §y U ¢4 JJIsI TIPOIIECCOB C YIACTHEM TOJIBKO HEHTPAIHHBIX
TOKOB (v, — v e”; Uye” — Dye” ) COOTHOIICHHAMH

Cy =14gv; Ca=1+ga. (7)

JId gy U1 g4 B HalleM CJIy4dae MOXKHO 3aIlliCaTb

gv =gV +n 200 ga = g% +n v as, (8)
rie
1 1
0 0
=——+28w; = ——
gv 5 + 25w ga 5



72 Bozdaros [IO. 1., Jludkosckas H.FO. Yupyroe paccesiHie peaKTOPHBIX . . .

— 3HadeHUsI BeKTOPHOII U aKCHaJIbHOII KOHCTaHT HeHTPaJIbHOIO 3JIeKTPOHHOI'O TOKa B
crangapraoit mojesu I'BC, an= My /M.
13 (6) caexyer Boipazkenue Jyisi quddepeHnuaabHoro cedenust npouecca (2)

do . _ GZm Ep\? meEy,
d—Ek(Vee )=—5— 93+gi<1—E—> — 99+~ | (9)

B KoTopoM g+ = C,, + Cy, a Ej — KuHeTH4IecKasi SHEprusi JIeKTPOHOB oTa4dn [9)].

Huke MBI OrpaHUYUMCsT aHAJIM30M BKJIQJIA JIOTNOJHUTEIbHOrO Z'-6030Ha B (9) B
JIOCTATOYHO MPOCTOM cirydae: A3 = 0 (3T0 SKBUBAJIEHTHO CHPABEJIMBOCTH MACCOBOTO
cooTHoIeHus crangapTHoii momenn My = CwMyz), a rakxke 62 = 0 (Y u Y ne
cMermuBaioTest). [Ipu ¢IeTaHHBIX IPEJIIONIOKEHUAX UMEIOT MECTO CJIELYIOIIHE COOTHO-
HIeHUs]

gr =1+2Sw +S%6; g =2Sw + S50, (10)

13 KOTOPBIX CJIEJyeT, YTO OTKJIOHEHWE OT BEJIMUUH ¢4+ CTAHIAPTHON MOJIEH OIpeje-
JISTETCST TOJIBKO OTHUM 3DDEKTUBHBIM TAPAMETPOM

1 2
= o [CF+ X5 —=3C1S:1 (N = 1)], (11)
3l1eCb A = gy /¢4 U Bcerja MoxeT ObITh BbIOpaHo A > 1.

BamernM, 4TO B paccMaTpuBaeMoM ciydae, Korma 0y = 03 = 0, B cury (11) Bruiag
JIOTOJIHATEJILHOTO 6030Ha B mapamerpsl (10) HeoTpunaresieH.

2. CpaBHeHI/Ie C IKCIIepnmMeHTOM
Ceuenne yIpyroro paccesiHusi peakTOPHBIX aHTUHEHTPUHO ObLIO n3MepeHo [4]

(o)1 = (0,87 +0,25)(c" )1 ;
(0)2 = (1,7£0,44) (0" ™),

IZIe YIJIOBBIe CKOOKH O3HAYAIOT YCPEIHEHHE IO CIICKTPY PEAKTOPHBIX aHTHHEHTPHHO
U UHTErPUPOBAHUE II0 COOTBETCTBYIOIIEMY HHTepBady Ky — KUHeTHIeCKOl sHepruu
3JIEKTPOHOB OTJIAYN
1-it marepBax: 1,5 MsB < Ey < 3,0 Mas;
2-it waTepBa: 3,0 Mo < E < 4,5 M»3B.
[Tocsie ycpe/iHeHNsT U UHTEIPUPOBAHUSI TEOPETHIECKOIO cedeHus (9) B KaxKJIOM U3
JIAHHBIX MHTEPBAJIOB BO3HMKaeT ypasHenue suja (k= 1,2)

a1 g> + as,g5 + 2at,9-g4 = (o).

OTrHOCHTEILHO TIapaMeTpoB Sy U 0 9TO ajarebpandeckoe ypaBHeHHe mopsizika 4 u 2
COOTBETCTBEHHO. YCJIOBHE HACBIIIECHNST SKCIEPUMEHTAIBHBIX ommbok 10| maer B mioc-
koctu (Syy,d) JiBe KPHUBBIE, MOJIOCHI MEXK/Ly KOTOPBIMHU IIPEJICTABIIAIOT 00JACTU JIOIY-
CTUMBIX 3HaUeHuit Sy u 0 st Kaxkaoro u3 uarepsasios [10]. Ilepeceuenne sTux mosoc
C yUEeTOM eCTeCTBEHHOTO ycyioBus Sy, d > 0 maer obacTs 3HaUeHn Sy 1 0, KOTOphIE
COBMECTHMBI C Pe3y/IbTaToM JaHHoM B [10].

Huxe HamMu BCTIOIB30BaHbBI JIBA HECKOJIBKO OTJIMYAIONINXCS JIPYT OT JIPyTa SHEpre-
TUYECKUX CIIEKTPA JIJIsl IOTOKA PEaKTOPHBIX aHTHHEHTPUHO, paccunTaHHbix B [10,11].

B pamkax crangaprroit Mogeu (6 = 0) pacuer co cekrpom [11] maer ciemyromniue
3HaYeHHsI apaMerpa BaitaOepra

S8 =0,26+£0,06; S =0,30+£0,05; Sy =0,28+0,08,
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a co crexrpoM [10]:
SW =0,254£0,06; S =0,2940,05; Sy =0,27+0,08,

re depes3 Sy 0003HAYEHO CPeJHEee IBYX 3HAMEHMI S‘(,‘l,) u S{(/{z})'

C nomornpio coorHorterust (11) 9t orpanuderust MOryT ObITH TPaHC(HOPMHUPOBa-
HBI B OTPAHWYEHAS HA BEJIMIMHY MACCHI JIOTOJHATENLHOTO Z'-6030Ha. B 0bmem cydae
(A > 1) orpanuveHne Ha 7) 3aBUCUT OT YIJIA 7)1, OJHAKO Hpu A = 1 9Ta 3aBUCUMOCTH
ncuesaer. O4ueBnIHO, 9TO orpaHudenus csepxy Mz < 0,52Myz noa My < 0,46 M4
MOT'YT CBH/IETEJIbCTBOBATH O TOM, UTO PE3yJIbTAThI IKCIepuMenTa [4] mioxo corsacy-
I0TCSL CO CPE/IHEMUPOBBLIM 3HaueHueM Sy .

OTmMernM, 9TO HIZKHHE TPAHMILI ISl MACCHI JOIOJHUTEILHOrO Z'-6030HA, MOJIy-
JeHHble B OOJIACTH BBICOKHUX SHEPrHil, U3 JAHHBIX IO PP-B3aUMOJEHCTBUSIM COCTABIISI-
o1 My 2 140 I'ss [7] u Mz > 100 I'sB [8|, a u3 maHHBIX 1O Ve -paCCEsSHUIO —
MZ/ z 200 I'ss.

3akJIroueHue

Ilomyuennsle 3/1eCh PE3YIBTATHI CBUIETEILCTBYIOT O HEOOXOAUMOCTH TTOBBINIEHMS
TOYHOCTU IKCIIEPUMEHTAJIbHBIX JAHHBIX 110 YIIPYTOMY PACCESTHUIO PEeaKTOPHBIX aHTU-
HENTPUHO, YTO MOXKET ITO3BOJIUTH B IIPUHITUIE TIOJYYIUTh HE TOJbKO OTPAHUYEHUS HA
MaCCy JOMOJTHATETHHOTO MPOMEXKYTOIHOTO BEKTOPHOTO Z'-6030Ha, HO MCCIEI0BATD UX
3aBUCAMOCTH OT yIJIOB CMEITUBAHUs U JPYTUX MapaMeTpoB Mmojaenun Fg.
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UDC 539.17.01

Elastic Reactor Antineutrino Scattering by Electron and
Bound on the Mass of Extra Neutral Gauge Boson

Yu. P. Bogdanov, 1. Yu. Didkovskaya

Department of Physics
Peoples’ Friendship University of Russia
6, Miklukho-Maklaya str., Moscow, 117198, Russia

Elastic antineutrino-electron scattering is studied in the frame of standard electroweak
model. Restrictions on the parametres and angles of model mixing as well as bounds for the
mass of assumed extra gauge neutral boson are obtained.
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VIIK 539.12.014+537.8

OO0 OoCHOBHBIX MMapaMeTpax 3JEKTPOMATrHUTHBIX
4aCTUIl U 3JIEKTPOMArHUTHOM B3auUMO/IeiiCTBUUA

A. A. YepHunkuii

Jlabopamopus meopemuneckoti gusuru um. A. A. Opudmana,
Hrcmumym 2pasumayuis U KOCMOA0U
Poccutickozo ynusepcumema Opyoscobv. Hapodos;
Canxm-Ilemepbypackuill Unotcenepro-akoHoMuteckuti YyHuBepcumem,
Poccusn, 191002, Canwxm-Ilemepbype, ya. Mapama, 27

PaccmarpuBaercs mozmesb HeJmHeHON ajieKTpoauHamuky Tuita bopaa—Wudenbna. Beo-
JSTCsT OIPeJIeJIeHUsI MaCChl, CIIMHA, 3apsijia U JTUIOJIBHOTO MOMEHTA 3JIEKTPOMATHUTHON Ja-
cruipl. Kimaccudyeckue ypaBHEHUsT IBUYKEHNST MACCUBHOM 3aPsyKEHHOM 9JIEKTPOMArHUTHOM Ja-
CTHIIBI CO CITTHOM BO BHEIITHEM 3JIEKTPOMATHUTHOM TIOJIE ITOJIYYeHbI N3 MHTErPAJIbHBIX 3aKOHOB
COXpaHeHusI 1oJIeBoit Mosesu. [lomydyenne aTux ypaBHeHU TOKa3bIBaeT 0OOCHOBAHHOCTH BBE-
JEHHBIX OIPEJIeJIEHNH MacChl, CIIMHA, 3apsijia U JIUTIOJLHONO MOMEHTa JacTUIlbl. B gacTHOCTH,
TaK»Ke CTAHOBUTCS OOOCHOBAHHBIM M3BECTHOE DUHINTEHHOBCKOE COOTHOIIIEHNE SKBUBAJIEHTHO-
CTH MacCChl U SHEPIUH.

BBenenue

IIpocreimas 31eKTpOMarHuTHAS MOJETb JIEMEHTAPHON YACTHUIHI aCCOIUMUPYETCS
co CcPepUTIeCKN CUMMETPUIHBIM PEIeHNeM YPABHEHUI JTMHEHHON 3JIeKTPOINHAMUKN
C TOYEYHOU 3apsi?KEHHOW CHHI'YJISIPHOCTBIO. DTO XOPOIIO BCEM M3BECTHBIN TOUYETHBIIH
amekTpoH. OIHAKO TaKash MO IO CYIIECTBY O0JIAJAeT TOJHKO OJHUM IapaMeTpPOM
HaOJTI0IAeMOIl 97IeMEHTaAPHON YACTUIIBI: JIEKTpUdecKuM 3apsamoM. OcTaabHbIE OCHOB-
Hble XapaKTePUCTUKU YaCTHUIIbl: MacCa, CIIUH U MAarHUTHBIH MOMEHT — JIOJI?KHBI B 3TOM
cJIydae BBOJUTHCS JOTOJHUTEIbHBIMU MaTeMaTHIeCKUMH KOHCTPYKIIUSIMU, BBIXOJIS-
IMAMU 33 PAMKHU JIEKTPOJIMHAMUKHN KaK T0JIEBOM Mojiesn. Vjiest »Ke cO3/IaHns TTOJTHO-
IIeHHOI IT0JIeBOI MOJEN YaCTHUIlbl IPeJICTaBIAeTCA BeCbMa IIPUBJIEKATE/IbHOIL.

CaMo 10J1e JIOJIZKHO IIOJYUHSATHCA HEJIMHEHHBIM ypPaBHEHHUSIM JJIsi BO3MOYXKHOCTHU
€CTeCTBEHHOI'0 OIMCAHUsI B3auMOJIeiicTBrsT MeXK Ly dacTuiiaMu. COOTBETCTBYIOMAS MO-
JIeJTh HeJTMHEIHOM 3JIEKTPOMHAMUKI BIIEpBbIe ObLIa mpeaioxena ['yctapom Mu. Bmo-
craegacteun Makce Bopu u Jleonosba NHdenba uccaenoBaiu Apyryio 3JeKTPOITHAMUI-
YECKYI0 MOJIeJIb, KOTOpas B HACTOsIIIEe BPEMsl PACCMATPUBAETCS KaK BECbMa MHOIO-
obemrarormas [1].

DJIeKTPOMATHUTHAST TACTUIA, BBITJIAJANAS C OOJIBIIIOTO PACCTOSHHUS KaK TOYed-
HBIIl OOBEKT, IPH JIOCTATOYHO OJIM3KOM PACCMOTPEHUU JIOJI?KHA UMETh OIPEIeIEHHY O
CTPYKTYpPY, KOTOpas U obecriednBaeT Bce e HabJIIo/[aeMble XapaKTEPUCTUKU. Takrast
MHTEPIIPeTaUsl TOYeYHOCTH SJIEMEHTAPHBIX YacTHIl 00CYK/Ianach B jgureparype [2]| u
[peJIcTaBaseTcss 000CHOBAHHOIA.

B Hacrostimeit crarbe paccMaTpuBaeTcs HeJTUHEHAST JIEKTPOTHAMITIECKAST MOJIEITD
tuna Bopua-Uudenbma ¢ npousBosbHOM dyHKIMEN HemmHeiiHocTu. [lokasbiBaercs,
KaK B paMKaX 33191 O B3aNMOJEHCTBUH 3JIEKTPOMATHUTHON YaCTHIIHI C YIAJEHHBIMI
JaCTUIIAMU €CTECTBEHHO IIPOSIBJISIOTCS OCHOBHBIE €€ XapaKTEepPUCTUKM: MAaCCa, CIINH,
3apsiJi U JIUIOJILHBI MOMEHT.



76 Yepruykuti A.A. O6 OCHOBHBIX ITapaMeTPax 3JEKTPOMATHUTHBIX YACTHUIL U . . .

1. HeauneiliHnasi BaKyyMHas 3J€KTPOAMHAMUKA

Ob6rmmas cucreMa 3JIeKTPOINHAMUIECKNX YPaBHEHWI B MHEPIIMAJIBHON CHCTEMEe KO-
OPJIMHAT TLJIOCKOTO IPOCTPAHCTBA-BPEMEHU U JIJIsi 00JIacTeil TPOCTPAHCTBA BHE CUHTY-
JAPHOCTEN II0Id UMeeT BUJ,

0B
@‘FCUI‘IE:O, leB:O,
(1)
oD
@—CurlHZO, leD:O,

rne D u B —ssrekrpudeckast u MmaruuTHas nHaykiun, B u H — sekrpudeckast u mar-
HUTHAsT HAPSXKEHHOCTH.

Cucrema (1) gomosHsiercst ajreGpandecKUMU COOTHOIEHUSIME, CBsI3bIBAIOIIUMU
BekTopel D, B, E, H. 91 cooTHoImenns: OymeM Ha3bIBATh MATEPUATBHBIMHU, KOTO-
pble B obmem ciayuae Hesmueiinbl. [laper Bekropos (E,B) u (D, H), kak ussectHO,
[IPEJICTABJISIIOT CODOI MPOCTPAHCTBEHHO-BPEMEHHBIE aHTHCUMMETPUYIHBIE JIEKTPOMAr-
HATHBIE TEH30PHI W MAaTepUaIbHBIE COOTHOIINEHUsI MOTYT OBITh 3AIMCAHBI KaK CBSI3b
MezKJIy 3TUMU TeH30paMu. B 9ToM ciydae B KadeCTBe HEM3BECTHBIX (DYHKIIWIA 33 189K
MoxkeT ObITh B3gTa mapa (E,B) mmbo mapa (D, H). Ognako mMarepuasbHBIE COOTHO-
IIeHUsT MOTYT ObITh TPeoOpPAa30BaHBI TAK, UYTO OHU OYIyT CBA3BIBATH MAPY BEKTOPOB
nanpsekénnocreil (E, H) ¢ napoit Bekropos upaykmuit (D, B) [3]. IIpuuem B 3TOM

cIydae
o€ o0&

Ei:4ﬂw, Hi:4ﬂ.@’ (2)
rae € = £(D,B) — mI0THOCTD 3JIEKTPOMATHUTHON SHEPIUU, ACCOIMUPOBAHHAS C CH-
creMoil ypaBHenuii (1); JIATHHCKUE MHJEKCHI IPUHUMAIOT 3HadeHus 1, 2, 3.

O6r1e HeTMHENHBIE MaTepUAJbHBIE COOTHOITEHUST TOTIA MMEIOT BT

E=ED,B), H=HD,B). (3)

Jutst caydast c1aboro MoJIst 9TU COOTHOIEHUsT JTOIKHBI OBITh ACHMITOTUIECKH OJIM3KN
K JIMHENHBIM

E=D, H=B. (4)

Oxkazasioch yJ0OHBIM B KadeCTBe HEM3BECTHBIX (DYHKIIHMIT PACCMATPUBATH UMEHHO
ssiekTpoMarauTHble nHAYKmu (D, B). 910, B 9acTHOCTH, TI03BOJISIET 3IIUCHIBATH (DOP-
MyJIBL B BH/JIe, IBHO HHBAPUAHTHOM OTHOCHTEJIBHO JyaJIbHBLIX IIPeoOpa30BaHMI

(5 )=(ome &) (s) ()
(1) (Se wd ) ) (50)

rae { — yrosa AyaJIbHOI'O IIOBOPOTA.

Haxonen, BecbMa yn00HO HCIOJIB30BaTh I'MIEPKOMILTIEKCHOE IIpeJICTaBJIeHue IS
ssrekTposuHaMuky |4, 5. B 9ToM mpencraBieHHn 3,1eKTPOJHMHAMHUYIECKOE yPaBHEHUE
(om0, BMecTO deThIpéx (1)) MoxkeT GBITH 3alUCaHO JJIs JBYX KBa3HOUBEKTOPOB

Y=D+:B, Z=E+:1H, (6)

/e 2 — PUIEePMHIMAS eIMHIATA WIH € MHIIHBI IIceBI0CKasp, 12 = —1. B obmem ciry-
Yae YMHOXKEHUE TUITEPKOMILIEKCHBIX YUCEs HEKOMMYTATUBHO. OIHAKO ¢ KOMMYTHUPYET
C BEKTOpaMM TIOJISI U C OmepaTopoM audpepeHIMPOBaHNs, BXOISIINM B ypaBHEHNE
MpeicTaBjIeHns, B KOTOPOM Y pacCMATpPUBAETCsT KaK HeM3BecTHas (DYyHKIMA. Takum
00pa3oM, ¢ BeJIET ceOst M MCIOIb3YeTCsT KaK OObITHAs MHUMAS €THHUIIA.
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2. 3aKOHBI COXpPaHEHUs IHEPTrUU-UMMIYJIbCa U MOMEHTA
UMILYJIbCA

Bamumenm muddpepeHnmaIbabIe 3aKOHBI COXPAHEHHS IVIOTHOCTEH SHEPTrUN-MMITYJIb-
ca U MOMEHTa, SHEPIUH-MMILYJIbCa (B JIeKAPTOBbIX KOODJMHATAX) JIJIsi CUCTEMbI ypaBHe-
Huit (1)

o oMHvP
=0, —F/——=0. (7)
ox¥ oxP
I'pedeckne nHekchl mpuHUMaOT 3HaYeHud 0, 1, 2, 3 ¥ IO MOBTOPATOTITUMCS WHIEKCAM
IIOPa3yMeBaeTcsl CyMMUPOBaHUE.
KoMIIoHeHTBI CHMMETPHYHOIO TeH30pa IJIOTHOCTU SHEPIUU-UMIIYJIbCA BBIPAZKAIOT-
sl epe3 KOMIIOHEHTHI TI0JIs CJIELYIONIUM 00pa3oM

Tooig’ TO’L:T’Loip’L, ’P:4—(DXB),
vy

Tii — ﬁ [miﬂ‘ (Dl E + B Hl) - (DiEJ‘+Bi HJ)] —mi g, (8)

ryie £ — IIOTHOCTD SHEprum, P — IJIOTHOCTb UMITYJTbCa, MHY — KOMIIOHEHTHI MeTpIHe-
CKOTO TeH30pa MHepruajbHOH cucrembl koopmuaar (m’ = 0, [m%| = 1). Oynxmua
mwiornocru suepruu E(D, B) 3anaér, cormaco (2), KOHKPETHYIO 3J1€KTPOIMHAMUYE-
CKyI0 MOjiesb. Jljis JimHefiHbIX cooTHOIIeHu T (3) MIOTHOCTH SHEPrul UMeeT BUJ

Széii(quLBQ):

& ST

(Y-"Y), (9)

rae *Y o3HadaeT KOMILIEKCHOe compsikenne K Y (6).

KommnonenTnr KBa.SI/ITeHBOpa1 IIJIOTHOCTHU MOMEHTa SHEPrun-mMIlyJjabCa CBA3aHbI C
TEH30POM IIJIOTHOCTU 9HEPIUN-UMITyJIbCa CJICIYIOIINM o6pa30M:

MWP = g TP — gV T (10)

PaccmorpuMm Tpéxmepnblil 00béM V', orpaHUYeHHBIH 3aMKHYTOH IBYMEPHOH IIO-
BEPXHOCTBIO S C HAIPABJIEHHBIM BEKTOPHBIM 3jieMeHTOM dS. Cunmraem 00bEM U IO-
BEPXHOCTh (DUKCUPOBAHHBIMU (HE 3aBUCANIUME OT BPEMEHH) B BBIODAHHOI cucTeMe
koopauHat. OIpesie/ MM SHEPIHI0 U MMILYJIbC T0JI B 0ObéMe V' Kak HHTErpajibl OT
COOTBETCTBYIOINX IJIOTHOCTEN

EV¢P0¢/5dV, @#/Pidv. (11)
14 14
AHaJ’IOFI/I‘IHO olpejaesjsaeTrcd aHTI/ICI/IMMeTpI/I‘{HbIﬁ TEH30PD MOMEHTa HMIIYJIbCa
. 0
ML = / MOy (12)

\%

JlJ1sl KOMIIOHEHT IIOCJIe/IHeTO TeH30pPa, COJePXKaIluX HyJIeBOI MHJIEKC, COIJIACHO OIIpe-
nenernsim (10) u (11), umeeM ciiefryrolee TOXKIECTBO

MY =2Pi, — i Ey . (13)

In0THOCTHL MOMEHTA, SHEPIUH-MMITY/IbCA, SB/ISETCS TEH30POM TOJBKO OTHOCHTEIBHO JIMHEHHBIX IIpe-
06pa30BaHUl KOOP/IMHAT: CABUIOB, IPOCTPAHCTBEHHO-BPEMEHHBIX ITIOBOPOTOB, MACIITAOHBIX IIpeobpa-
30BaHUMi. DTO CBA3AHO C TE€M, YTO COOTBETCTBYIOIIEE ONPEIECICHUE COAEPKUT KOOPAUHATHI. B najb-
HeMHIIIeM, OJHAKO, IPUCTABKY «KBa3W» [JIs AHAJOIUYIHBIX BEJUIHH OyJIeM OIIyCKAaTh.
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S,H,GCI: BB€JIEHO 0003HaYEHe JJIsd KOOPpAWHAT 9HEPIreTUuIeCKOro meHTpa I11o0Jid B 00 bEME

, 1 .

scﬁ/#—/mlgd‘/. (14)
Ey

1%

O‘IGBI/I,J],HO, 49TO B O6HI€M CJlIyda€e HHTEI'PaJIbHbIC BEJINYUHDBI P MV , &y MOI'yT B-
JIATBCA (byHKHI/IHMI/I BpeMEeHU.

TpI/I HE3aBUCUMbIE KOMIIOHEHTBI T€H30pa MOMEHTa HMIIYJIbCa, HE COAepKalliue HYy-
JIEBOI'O MH/AEKCa, MOXKHO IIPpEJACTaBUTh KOMIIOHEHTaMMN TpéXMepHOI‘O BEKTOpaAa. Ucnomns-
3yeM JId 9TOr'O BEKTOPpa Ty 2Ke 6YKBy, 9TO 1 JJId aHTUCUMMETPHUYIHOI'O TEH30pa, HO
KOMIIOHEHTBI 6y,ZLyT HYyMEpOBaTbCA OJHUM MHIEKCOM:

1 .
My; = 5 e My, My = My, MV:/TXPdV’ (15)
|4

TJIE €5) — KOMIIOHEHTBI IIOJTHOCTBIO aHTUCUMMETPUYHOTO €JMHIYHOIO TEH30pa TPeThe-
TO paHra.

Warerpanbubie 3aKOHBI COXPAHEHUs NI TOJI B 00béMe V' mosmydarorcs m3 mud-
depeHIATbHBIX OOBITHBIM 00Pa30M U UMEIOT BHJL

dEy 0% dpl{/ ij
S s
dMEY ,
—dx‘o/ = —/M“ Pds, . (17)

3. Macca u cuuH

CuwnraeM, ITO JACTUIE COOTBETCTBYET HEKOTOPOE ITPOCTPAHCTBEHHO JIOKAJIM30BaH-
HOe pellleHre HeJIMHEHHON 3JIEKTPOIMHAMUYECKO MO/, KOTOPOe HAa30BEM KOPILYC-
KyJsgpHBIM. Bymem oboznauaTs KOPITyCKYJISIDHOE DEIIeHIe KPY>KKOM CBEPXY. Tax, mome

KOPILYCKYJ/ISIPHOIO pelieHns 0603HaIaeM (D B)

IIpocTpaHcTBeHHAST JIOKATU3AIUS TTOJIsT (D B) peJIoaaraeT To, 9TO €ro IJIoT-
HOCTBH SHepI‘I/II/I—I/IMHy.HBC& nmMeeT CpaBHUTEJIBHO 6OJII>I_HI/Ie 3HAYCHUd B HeKOTOpOH orpa-
HUYEHHON 006JIacTH TPEXMEPHOTO MPOCTPAHCTBA, B TO BPEMsl KaK B OCTAJBHOM IPO-
CTPAHCTBE IJIOTHOCTH SHEPIUH-UMITYJIBCA JTOCTATOYHO MAJIA.

ECTeCTBeHHO OIIPpeae/INTh SHCPTUIO-UMITYJIBC SHeKTpOI\larHI/ITHOﬁ JaCTHUIBI KaK II0JI-
HBIE SHEPTUIO U UMITYJIBC COOTBETCTBYIONIETO KOPIYCKYJISpHOTO pernennsi. OIHAKO 11t
TOro, 9TOOBI TAKOE OIpeeeHre ObLIO BO3MOXKHO, HEOOXOIMMO BBECTH 0ojiee y3Koe
MOHSITHE OOJACTH JIOKAJIU3AINN KOPIIYCKYJISIPHOTO DPEIIEHUsT: OOJACTD JIOKATM3AIINN

O
(moJTHOIT) SHEpruM KOpIycKy/aspHoro pernenns. O603Ha4UnM 5Ty 00/1acTh V', a orpaHu-
Q
YUBAIONLYIO IOBEPXHOCTD S.

Iomoxxum .

[0} o
PF =P ~ lim P . 18
o~ Jim Py (18)
IIpeamonaraercs, uro st a060it 3amamHO0i TOUHOCTH € > () CyImecTByeTr Takas 00-
O
Jactb V', 910
Su
\]P"c} — hm B v <e. (19)

B s10M cMbIcsie noHnMaeTcst npubinzkénHoe paeHcTBo B (18). [Tockonbky 06bEM nHTE-

IPUPOBAHUSA 3/I€Ch CIUTAECTCS TOCTOSHHBIM, OIPEJIe/IeHe 00JIaCTH JIOKAJTA3AIUN SHEP-

ruu B OOIIEM CIydae OTHOCUTCS K ONPEIETEHHOMY MAJIOMy WHTEPBAJIY BPEMEHMN.
PakTUIECKH, CYIIECTBOBaHNE OOJIACTH JIOKAJTU3AINKA SHEPTHU PABHOCUJIBHO CYIIEe-

o
CTBOBAHHUIO KOHEYHOI'O IIpesesia ]th Py | < oo.
— 00
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B,ILGCB 6y,.7],eM pacCMaTpuBaThb KOPIIYCKYJISIDHBIC DEIIeHNd, 1JjIdd KOTOPBIX BBIIIOJIHA-
€TCd COOTHOIIICHHUEC

‘mij Bi I@J" < B2, (20)

LUt TaKUX peIeHnil CymecTByeT WHEPIHAIbHAs CUCTEMa KOODPJIMHAT, B KOTOPOU Bce

KOMIIOHEHTBI MMITYJIbCA OOPAIAoTCd B HOJIb B = 0. Ilepexon K Hell ocymiecTBISET-
cs1 OOBIYHBIM TIPOCTPAHCTBEHHO-BPEMEHHBIM TTOBOPOTOM. KOpITyCKYJISIpDHBIE DeIleHus,
JIUIS KOTOPBIX BBIMOJIHsIETCsE cooTHOIeHne (20), COOTBETCTBYIOT MACCHBHBIM YaCTHIAM,
CKOPOCTH KOTOPBIX MEHBIIE CKOPOCTH CBETA.

Ornpeiesi€HHOE KOPIYCKYJISIPHOE DEIIeHNe COOTBETCTBYET OIIPE/IEJIEHHON YaCTHUIIE.
MHOroyacTuIHbIM KOH(MDUTYPAIUSIM C B3aUMOJEHCTBHEM (DU3NIECKUX UACTHUI] COOT-
BETCTBYIOT MHOT'OYaCTUYIHBIC PEIICHU A IOJIEBOIL MOIEJIN: PEIEHNA, B KOTOPBIX MOXKHO
BBIJIEJINTH HECKOJBKO IMPOCTPAHCTBEHHBIX 00J/IaCTEdl CO CPABHUTEIHLHO OOJIBINON ILIOT-
HOCTBIO dHeprun. Takue perreHust 9acTo0 MOTYT UCCJIEIOBATHCHA MPHU MOMOIIU METOJIa
BOSMyIlIeHI/Iﬁ C HaYaJIbHBIM HpI/I6JII/I}KeHI/IeM B BH/I€ CYMMBbI COOTBETCTBYIOIIINX KOPIIyC-
KyJISIpHBIX pernenuii [6]. BaaumopeiicTBue Gyier nposiBIsiTbCs, B YACTHOCTH, KaK 3aBU-
CAMOCTH SHEPTUU-UMITYIbCA JACTHUIL OT BpeMeHu. J[JIg KOPIYCKyJISIpHOTO YKe peleHns
SHEPrusi ¥ UMIYJIbC OT BPEMEHU He 3aBUCST.

EcrecTBenHO onpeniesinTh COGCTBEHHYIO CHCTEMY KOODJMHAT YACTHUIBI KAK TAKYIO,

O .
B KOTOPO#l paBHBI HY/IIO0 KOMIIOHEHTHI €€ uMIyiabca P = (0 U SHEPreTUIecKOro IeH-
O. 0.
tpa (14) &' = &’ = 0. OgHAKO B cilyuae B3auMOJECHCTBUS U, CJIEIOBATEIBHO, N3MEHEe-
14

HUA TPaCKTOPUU YaCTUILBI €€ cobcTBeHHAasI CUCTEMa He 6y,JleT HHepHHaﬂbHOﬁ. HOSTOMy
y,]],O6HO TaK2Ke OIIpeIeJINTh TaKyIo NHEPIUaJIbHYIO CUCTEMY KOOpJAMWHAT, JJId KOTOpOfI B
o [¢)

33/JaHHBII MOMEHT BPEMEHU BBIIOJHAIOTCA COOTHOIIECHU A P = 0, a' = 0. Bynem nazb-
BaTh TAKyIO CUCTEMY COOCTBEHHOM MHEPIINAIBLHON CHCTeMON JacTurpl. st oquHOTHOM
JaCTUIB! (KOPITYCKYJISIPHOTO peHleHI/IH) CcOOCTBEHHASI CUCTEMA, SIBJISIETCSI U MHEPIIAJIb-
HoOit. ByzmeM ob6o3HAYATH BEJIMYIUHBI, OTHOCSIINECS K COOCTBEHHONW WHEPINAJIBHON CH-
cTeMe KOOPAWHAT YaCTUIbl TOYKON CHU3Y:

P=0, ¢=0. (21)

U3 roxectsa (13) u onpenesenust (21) ciaeyer, 9T0 B COOCTBEHHON MHEPIUAIBHOM

O .
cucreme Koopmunar MY = 0. IIpoussenéM BpeMeHHOGH C/IBUT 1 BpeMeHHGIH TI0BOPOT 13
COOCTBEHHOW MHEPIHUAIBLHON CHUCTEMbI KOOPIHHAT

o v (e%—a% , (®—d% o oK B i) (22)
‘r©5 = — 5 e e _— .
V1—w0? V1—w0? V1—wv? V1—wv?
IMoncrasisas (22) B (13), moydaeM TOXKIECTBO
M% =0, (23)

CIIpaBEeIJINBOC B MHEPIHNAJIBHBIX CUCTEeMaX KOOPpAWHAT, ITOJIyIeHHBIX BpeMeHHI;IM COBU-

I'OM " BpeMeHHI;IM IIOBOPOTOM H3 coOCTBEHHOII Oe3 IIPOCTPAaHCTBEHHOI'O C/ABUI'a B Heil.

KOpHyCKy.TIE{pHOG penieHue B COOCTBEHHOII cHuCTeMe KOOpJAHHaT B O6HI€M CJlIy4dae

MO2KET Co/ZiepzKaThb 9aCTb, 3aBHUCANLYIO OT BPpEMEHH. 3anuieM Pa3JI02KEeHuEe 110J1d KOP-
o

MyCKYJIAPHOTO perieHnst Y B Bujie BpeMeHHOTO psiia Oyphe

&: Z ine—znwwo, (24)

n=-—oo

O O .
rae Y}, = Y},(z). 3meck moapasymeBaeTca TepHOIMIECKas 3aBUCHMOCTH OT BpeMe-

HU C TIEPHOJIOM 27 /w, KOTOpasi MOYKEeT ObITh IepeBejieHa B HENEPUOAUIECKYIO Iy TEM
ycrpeMmyieHus w — 0 ¥ 3aMEHBI CyMMBI HHTETDAJIOM.
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Tak>ke MOXKHO Pa3JIO2KUTH U ITIJIOTHOCTHL SHEPIun
Q > Q 0
ey G (29
n=—oo

Ecmm MBI roBOpUM 0 Macce Kak O HEKOTOPOU MOCTOSHHOM XapaKTEPUCTUKE YaCTHU-
IIBI, TO, OYEBU/IHO, JIJIf €€ OIIPE/IeJIEHNS MOXKHO UCIIOJIBb30BATh TOJIBKO YaCTh IIJIOTHOCTU

Q
SHEPI'uH, He3aBUCAILYI0 OT BpeMeHu &|o. OJiHaKO 3Ta YacTh IJIOTHOCTH SHEPIHHU OIIpe-
JIEJISIETCST TAKZKe U [IEPEMEHHOMN 9acThIo 1oJIst (24), HOCKOJIBbKY COIEPKUT Bee (DyHKIUHI

O .
Y, (2"). s caboro moiist, KOTOpoe JOKHO TAaKUM CTaTh TIPH YIAJEHHH OT BO3MOK-
HOIT obsracTH JIoKaIm3aImn, corinacto (9) nveem

Q 1 > o o
n=-—o0o

Mo2KHO IOKa3aTh, UCIIOIb3Ys, HAPUMED, MATEMaTUICCKUH alapaT, N3/JI0>KEeHHbII
B crarbe [5], aro juist woTHOCTH SHepruu (26), comepxKareii ciaraemsle ¢ n # 0, coor-
BeTCTByIOH_U/If/‘I UHTErpaJji SdQHEPIrunu pPacxOoauTCdA Ha 6eC',I{OHeLIHOCTI/I7 T. €. IIpU yJaJICHUN
OT BO3MOXKHOH 00nactn jokajmzannn. CreroBaTeabHo, IS MOJA ¢ HEenCcYe3aroneil
HepeMeHHOﬁ II0 BpeMeHUt COCTaBJIHIOHIefI (TOHBKO B IIpeJCTaBJIECHUMU DpEHICHUA Ha Oec-
KOHG‘IHOCTI/I) HeJIb3sl BBECTU 00JIacTb JIOKAJIM3allu1 HEPIruu, OHpeJ],eJ'IéHHyIO B COOT-
gercTBun ¢ dhopmysamu (18), (19). 3uauunT, jyist TOro, YT006bI MOKHO GBLIO TOBOPHUTD O
TAKO obsacTu JIOKAJIM3allu1 SHEPIur, HaJ0 pacCMaTpUBaTb pemieHud, AJjid KOTOPBIX
IIepeMeHHasd COCTaBJIAIONIasA HE COACPXKUTCA B IIPEACTABJICHUN DEIICHNA Ha OecKoHed-

O O
nocru: Y = Y|o. IIpu sToM, KOHEUHO, BOIM3H MEHTPA YACTUIBI MOXKET UMETh MECTO

obmuii cirydaii: ? =+ &"0.

Taxzke MOKeT pacCMaTPUBATHCS CJIydail, KOTIa ¢ KOPIIYCKYJ/ISPHLIM PEIIEHNEM CBsI-
3aHa [IEPUOJINYIECKas 110 BPEMEHU YacTh, HE MCUE3AIONIAs U3 IIPEICTABICHUS PElleHus
Ha 6eckoneunoctu. ITosHas sHeprust Takoil KoHdUrypanun moJis 6eCKOHeUHA.

Yacrb, nmepuoauieckast 0 BPeMEeHH B COOCTBEHHON cHCTeMe KOODIMHAT, JACT Oe-
IYIIYIO BOJIHY B CACTEME KOOPJIMHAT, OTHOCUTEIHHO KOTOPOH YacTUIA JIBUKETCH. DTa
BOJIHA MOXKET OBITh OTBETCTBEHHA 38 BOJIHOBOE ITOBEJEHHE YaCTHUIbI. 3JIeCh YKe, OHa-
KO, PACCMATPUBAECTCA CJIydaii, KOrIa BIUSHUEM BOJIHLI HA JBUKEHNE TACTHUIIBI MOXKHO

npeHedpeds W JACTHUIA, IIPOSIBIISET TOJBKO KOPIIYCKYJISPHBIE CBONCTBA.
O

Taxum o6pazom, paccMaTpuBaeM KOPITYCKYJISIDHOE PeIleHue, [Jisi KOTOporo Y =
O
Yo ma Geckoneunoctu. Kpome Toro, cauraem, 9TO MOJIHbIEC SHEPIUS U MOMEHT HM-

IyJIbCca He 3aBUCAT OT BPEMEHU: Iﬁl = IE“), M = MIO' IIpu sTUX TPEaTONOKEHUSIX
OIpEIE/IUM MAaCCy M BEKTOP CIHWHA JIEKTPOMArHUTHON YaCTHUIILI KaK IOJIHbIE JHEP-
TUI0 U BEKTOP MOMEHTA UMITYJIbCa COOTBETCTBYIOIIErO KOPIIYCKYJISPHOIO PEIIeHUs B
CcOOCTBEHHOM MHEPIUAJIBHON crcTeMe KOOPIUHAT:

Q O

mn=E, s=M. (27)

C y‘{éTOM JAaHHOT'O OIIpeJe/IEeHnd MaCChbl UMeeM CJIeAYIoIee N3BECTHOE BhIPpazKeHHe
JJId QHEPIUN-UMITYJIbCa YaCTUIIbI B JII0001 HHepLLI/IaJIbHOfI cucremMe KOOpAWHAT:

A
B=——2_ Pi=_——"_| (28)
Vv1—9v? Vv1—v?
rae v* — KOMIIOHEHTBI CKOPOCTHU YACTHUIILI.

Kak m3BecTHO, MHTErpa SHEPTUH TOJIST TOUETHOTO SJIEKTPOHA, JUHEHHON 3JIeKTPO-
JINHAMUKH PACXOJUTCS BOJIM3M CHHTYJISIPHOCTH, YTO, CONVIACHO Onpeienenuto (27), naér
OGeckoneuHyo Maccy. B anekTposuHamuke ke Bopra-Nubenbaa Macca cooTBETCTBY-
FOITEr0 KOPITYCKYJISIPHOTO PeIeHusI ¢ TOUYeIHONH CHHTYJISIPHOCTHIO KOHETHA.

Cy1ecTByOT cTarndeckue KOH(PUTYPaAIUd JEKTPOMAIHUTHOIO IOJIS CO CITHHOM.
Dro, Hanpumep, KoHbuUryparws ¢ JyMst rodednbivu quonamu [6]. Takske ¢ 91oit Tou-
KU 3PEHNUs] 3aC/IyKUBAeT BHUMAHUS KOH(MUTYpAIHst ¢ KOJIBIEBOH CUHIYIISIPHOCTBIO [7].
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4. 3apga 1 JUIOJbHBIII MOMEHT

Ha kpato obsacTu JIOKaJIW3aIun MoJie JOJKHO ObITh JOCTATOYHO MAJIO TaK, ITO
C HEKOTOPOI TOYHOCTHIO MOYKHO CUUTATH CIPABEJJIUBBIMU MATEPHUAJbLHBIE COOTHOIIIE-
HUsl, XapaKTepHble JJTs1 JuHeiiHoi Mojesn (4). CooTBeTcTByIOIIee PEelleHe U3BECTHO 1
MOZKET OBITH IIPEJICTABJIEHO B BUJIE MYJIBTHIIOIBLHOTO PAa3/IoyKeHus (CM., Hanpumep, [5]).
Tak, Jyts cTaTU9IecKoil YacTu uMeeM

r r 1
T3+3(D-r)r—5—DT—3+..., (29)

Yo=¢

rne = € + ¢+ @ — MOHOIIOJIBHBIT ~ MOMEHT WU  SJEKTPOMATHUTHBIN  3apsi,
D =B + B —BeKTOp JUIOJIHHOIO 3JEKTPOMATHUTHOIO MOMEHTa, COOTBETCTBEHHO
€, @, B, B —sjeKTpuuecKre U MarHUTHBIE 3aPsJIbl U BEKTOPBI TUOJBHBIX MOMEHTOB.

31ech HAJIO MOJUYEPKHYTh, UTO BUJ pa3oxkeHus (29) He 3aBUCHT OT KOHQUIYDa-
MU ¥ XapaKTepa CHUHTYJISPHOCTEN IoJisi BOIM3U IeHTpa dHepruu dacturpl. CuHTy-
JISSPHOCTU MOTYT OBITH TOYEUYHBIE, ¢ MATHUTHBIMU 3aPsJIaMU WIN 6e3, KOJIbIEBbIE WJIN
MTOBEPXHOCTHBIE. B TI000M ciiydae BAaan OT 00JIaCTH JOKAJIU3AINN ToJIe OYIeT UMEeTh
Byt (29). Pasimuarbest MOIYT TOJIBKO MyJIBTHIONBHBIE KOHCTAHTHI €, D, ...

. LIEJLCTI/II_[.EL BO BHeEIIIHEM IIOoJIe

Paccmorpum curyaruio B3anMOIeCTBASA YaCTHIIBI C IPYTAME YaCTUTIAMUA, yIaJIEH-
HBIMI OT Heé Ha, JIOCTATOTHO OOJIBIIOE PACCTOSHME TaK, ITO OOIACTH JIOKAJU3AIAN Ta-
CTUIL He ITePEKPHIBAIOTCs. MO02KHO HCKATh COOTBETCTBYIOIEE MHOTOYACTUIHOE PEIeHHe
METOJOM BO3MYIIEHNUH, B3dB B KAUECTBE HAYAIHHOIO MPUOJIMAKEHUST CYMMY KOPITYCKY-
JISIPHBIX perrienuii [6]. B obsacTu lokaim3anmm paccMaTpuBaeMoil YaCTHIbl HAYaIbHOE
IpUOJIIKeHNe 3aIUIleM B BUIE

D=D+D, B=B+B, (30)

rme D, B — maJsbre mosist yaasiéHHBIX YACTHI] B 0OJIACTH JIOKAJTU3AIINN PACCMATPUBae-
MOW.

st yporenust 6y1eM pentaTh 3a/1a9y B COOCTBEHHOM MHEPIMAJIBHON CuCTeMe KO-
OPIMHAT YaCTUIBI. JacThIly 2Ke OyIeM CUYUTATh CTATUYIeCKOH, T.e. He comepIKarrieit
BPEMEHHOH 9acTh. ITO COOTBETCTBYET OOCYKIABIIEMYCsl BBIIIE CJIyYIAl0 BO3MOXKHO-
CTH TIpeHEOPEKEHUST TIEPUOIMIECKO TI0 BpeMeHHn JacThio. JlobaBienne 3a1aHHOTO T0-

JId y,ILaJIéHHbIX JaCTHUIL Y JOJIZKHO U3MEHATDH CBO60,]],HBI€ ITapaMeTpPbl KOPIIYCKYJISIDHO-

IO peleHusI 30(' CBoOO/IHBIE TIAPAMETPBI 37€Ch — 3TO ITapaMeTPhl ITPOCTPAHCTBEHHO-
BPEMEHHOI'O IIOBOPOTA U IIapaMeTPhl IIPOCTPAHCTBEHHOTO C/IBUTA.

[Tapamerp macmTabHOro IpeoOpa3oBaHUsi, KOTOPBIM 00JIa/1aeT KOPIYCKYJISIPHOE
pelienue B CUJLy COOTBETCTBYIOIIEH NHBAPUAHTHOCTH UCXOAHOMI IIOJIEBOM MOEJIN, IIPEI-
rosraraeTcst puKcpoBaHHBIM. Ero dhukcarmsi CoOOTBETCTBYEeT COXPAHEHUIO 3apsiia. 3a-
DsLIT 7Ke B MOJIEST PACCMATPUBAEMOI'0 TUIIA CBSI3aH ¢ CHHTYJISIPHOCTBIO 110J1s1. CUHTYJIsIp-
HOCTH MOTYT ObITh TOU€YHBIE, JINHEHbIEe (CTPYHHBIE) U IIOBEPXHOCTHBIE. [IjIst TouedHOit
JIEKTPUYIECKH 3aPS2KEHHON CUHTYJISPHOCTUA B MOJIEJIN HEJIMHEHHOMN 3JIeKTPOIUHAMUKH
JIOKA3aTeJIbCTBO COXPaHEHUsI 3apsijia uMeercs B crarbe [8]. IlpuruMmasi Bo BHUMaHME
9JIEKTPOMAIHUTHYIO J[yaJIbHOCTDb 3JIEKTPOJMHAMUKE [6], AaHAJIOMMIHO MOXKeT OBbITh JI0-
Ka3aHO W COXPAHEHNE MATHUTHOIO TOYeTHOro 3apsia. [lomobubiM ke 06pa3soM MOKeT
OBITH JOKA3aHO COXPAHEHUE IIOJIHOTO 3apsi/ia CTPYHLI UJIM ITOBEPXHOCTU. B 3T0i1 cBaA3M
HAJI0 TaKzXKe YIOMSHYTb 00 00Cy K IaBIelicsi mpobjemMe yCTOHIuBOCTH COMUTOHOB [9] 1
criocobe eé obecrievueHns IyTEM (DUKCAIUN 3aPsIa.

IIpencraBuM Masioe moJie YAAJEHHBIX YACTHIL JBYMs UJIEHAMHU CTEIIEHHOTO Dsilia
BOJIN3H IIEHTPa PACCMATPUBAEMOIN YaCTHUIIHI:

D= .Dz'\ + Dz’\j Zj, B = Bﬂ + Bi\j Zj, (31)
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rae Dy, B;) — 3Havenus i-ii KOMIIOHEHTBI MOJIst B IIEHTPE PACCMAaTPUBAEMOli JaCTHIIbI,

Dj|;, Bj|; — 3Hauenus IPOU3BOIHBIX OT i-i KOMIIOHEHTEI IIOJIA TI0 j-i KOODIMHATE TaM
xKe.

Paccmorpum unTErpanbable 3akoHbl coxpanenust (16) u (17) ays mosst (30) B 06-
JIACTH JIOKAJIU3AIA PACCMATPUBaeMoil Jactunpl. [Ipm 3TOM cumTaem, 9ro 00/1aCTH
BBIOpaHa JIOCTATOYHO OOJIBINON TaK, UTO Ha €€ TPaHHIle MOJIe MAJO U MOJETb MOK-
HO CYUTATH JIMHEHHON. DTO 3HAYUT, YTO HA TPAHUIIE BBIIOJHSIIOTCS COOTHOMIEHMsT (4)
U 10Jie [OJUUHSETCS JIMHeHHbIM ypaBHeHusM Maxkcsesta. Kpome toro, ciaboe 1mo-
ae (D, B) noguunsiercst TMHEHHBIM ypaBHEHHsIM Be3jie B 00JIACTH JIOKAJIU3AIUA PaC-

CMaTPUBAEMOI0 KOPIyCKyJ/IsspHOro pernenusi. Ilogcrasum cymmy (30) B mHTErpasibHbIE
3aKkoHbI coxpanenus (16) u (17). Ilpun mogcranoBke B mpaBble dacTH GepéM BUJ KOD-
IyCKYJISIPHOTO pelieHust Ha beckonednoctn (29) n pasioxkeHue 3aganHoro moust (31).
Ilocite BuITIO/THEHNS TTOBEPXHOCTHOTO MHTETPUPOBAHUSA W yUI€Ta JTUHEHHBIX ypPaBHEHUN
Maxkcgesuia jyist mons (D, B) nosygaem cieytonye ypaBHeHUsT

o

dP N - - ~
0 =€¢D+@B+(B-V)D+(B-V)B, (32)

OTH ypaBHEHUsI COBIAIAIOT C KJIACCUYECKUME YPABHEHUSIMU JIBUXKEHUS 3aPs?KEHHOM
YaCTHUIBL CO CIIMHOM U JUITOJbHBIM MOMEHTOM BO BHEIIHEM II0JI€, 3AllUCAHHBIMU B COD-
CTBEHHOW MHEPIMAJIbHOI CHCTEeMe KOODJIMHAT YaCTUIIHI.

SaKJ/IroueHue

Taxum 06pa30M, BbIBE/ICHBI KJIACCUYIECKUE YPDaBHEHUA JIBUKEHUA MAaCCHUBHOM 3apsd-
JKEHHOU’ YaCTUIbI CO CIIMHOM M JUIIOJILHBIM (B YaCTHOCTH, M&I‘HI/ITHBIM) MOMEHTOM BO
BHEIITHEM II0JIe. DTHU YpaBHEHUA IIOJTYHIUJIUCh €CTECTBEHHO KaK CJICJACTBUE HNHTEI'DaJIb-
HBIX 3aKOHOB COXPaHCHUA JIJIA TIOJIA. Ho nmenno JANHaMIYIEeCKHNEe 3aKOHBI ABU2KCHUA da-
CTHUIBI B 9JIEKTPOMAIrHUTHOM IIOJI€, ITOABUBIINECA CHaYdaJla (beHOMeHOJ'IOFI/I‘IeCKI/I, Tpe-
6yIOT 3alaHnAg eé MacCChI, CIIMHa, 3apsdda 1 JUIIOJIBHOI'O MOMEHTA. SHaHI/IT, 3€Chb MO2KHO
TOBOPHUTDH 06 obocHOBaHUU BBEJICHNA 9TUX XapPaKTEPUCTHUK. B YaCTHOCTH, CTaHOBHUTCA
000CHOBAHHBLIM M3BECTHOE DUHINTEHHOBCKOE COOTHOIIEHNE 3KBUBAJIEHTHOCTH MACCHI U
QHEpIruun.
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St.-Petersburg University of Engineering and Economics,
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Nonlinear electrodynamics model of Born-Infeld type is considered. Definitions of mass,
spin, charge, and dipole moment for electromagnetic particle are introduced. The classical
equations of motion for massive charged electromagnetic particles with spin and dipole mo-
ment in external electromagnetic field are obtained from integral conservation laws for the
field model. The obtaining of these equations demonstrates the validity of introduced def-
initions for mass, spin, charge, and dipole moment for electromagnetic particle. Also, in
particular, the known Einstein’s relation for equivalence of mass and energy becomes valid.
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YIK 536.7

JnaaMmudecKoe gaBJjieHne n ero QIyKTyalum s
KJIACCUYECKOI'0 MAeaJIbHOTO ra3a peIaTUBUCTCKUX
4aCTUI]

I0.T. Pynoit *, !. Keiita'

* Ilenmp ecmecmeenno-nayunozo obpazosarus PYIIH

" Kagpedpa meopemumneckoti dusuru
Poccutickuti yrusepcumem OpyotcbHvr Hapodos
Poccus, 117198, Mocksa, ya. Muxasyxo-Maxaasn, 6

,ZL&H AaHaJIN3 JUHAMUIYICCKUX BCJINYNH — JAaBJICHUA U C2KUMAaEMOCTHU HUACAJIbHOI'O r'a3a KJlac-
CUYEeCKHUX YaCTUIll C PEeJATUBUCTKHUM 3aKOHOM AUCIIEPCUH. Amnanus ocHoBaH Ha O606IH€HHOI71
Teopeme Boron}o6OBa—3y6apeBa IJId KBa3UINHaAMWYIECKUX BEJIMNYINH. HOKaBaHO, 9TO y4eT pe-
JIATUBUCTKUX IIOIIPAaBOK KaK B obiacTu MaJIbIX, TaK U OOJIBIIINX UMITYJIbCOB MOZKET OBITD
peam30BaH ITOCPEACTBOM S(b(beKTI/IBHOFO IIoOKa3aTeJd OJHOPOAHOCTH.

BBenenne

BazkHoil pobiemoii paBHOBeCHO!T craTncTiaecKoil Mexanuku ['ub6ca [1] sisisiercs
BBIMHCJICHNE PABHOBECHBIX TEPMOJMHAMUYIECKAX (DIIyKTyalmii OMHON 13 0600IEeHHBIX
CIJT — IWHAMIYECKOTO! nmaBienusa P MakpocKommdecKoi cucTembl. COrmacHo m3BecT-
Hoii siemme ['m66ca [1] (cm. rakxke, Hanpumep, [2,3], s 9TOro MOMUMO 3HAHHS JU-
HAMUYIECKOTO JaBaeHus P HeoOXOMMMO TaKKe SHAHWE JTUHAMHYECKON CxKuMaeMocTn W
(cooTBETCTBYIOIIME OIPEIEIICHNs] JJAHBI HUKE).

Bripakenue i JABJIEHUSA W €r0 TEPMOAMHAMUIECKHX (DIIyKTyanuii Tpedyer Ha-
XOXK/JIEHUsI THOOCOBCKUX CTATHCTHYIeCKUX cpeaaux (P) u (¥) or quHAMUYIeCKUX BeJIH-
gy P n ¥. Ilpu sToM 3a1a4a ycpeaHeHus i P CBOAUTCA K BBIYHACICHUIO CTATUCTH-
YEeCKON CyMMBI U €€ IIPOM3BOJIHBIX, TakK YTO (P) OTHOCUTCS K KJIACCY TaK HA3BIBAEMBIX
«TePMOIUHAMUYECKUIX» CPEIHHUX, TOLJa Kak Jjid ¥ OHA MOXKeT HMHOLJa IOoTpeboBaTh
HE3aBUCUMBIX JOIOJHUTEIbHBIX BBIYUCJICHHN TaK HA3bIBAEMBIX <«HET€PMOIMHAMUIE-
CKHX» CPEIHUX.

JlanrensHoe BpeMs MpobJsieMa, BeIYucaeHnst (hJIyKTyaluil JaBJIeHus — IIPEYK/Ie Bee-
ro Haxoxjienne ¥ u (¥) — He MMeJIa IIOCJIeIOBATE/ILHOTO PEIIeHUs] B PaAMKaX MOJIX0Ja
T'ub6ca mm HyKJaJach B MPUBJIEYEHNN KAKUX-JIAOO JOTIOJHUTEIBHBIX MPEIIOI0MKE-
Huil (cM., HapuMep, obcyKaenue B [2,4,5], a Takxke B [6,7]). JIumb HegaBHO B pabore
Pynoro u Cyxanosa [3] Ha ocHOBe meii Merosa KBasucpenuux Borosrobosa [8] 66110
IIOJIyYEeHO IIOJIHOE U II0CJIeJoBaTe/IbHOE pelIeHre Mpob/aeMbl (JIyKTyalyii JaBJIeHns
B MaKPOCKOITMYIECKOH CHCTEME, HAXOAAIEHCA B KJIACCHIECKOM U CJIA0OBBIPOKIEHHOM
KBAHTOBOM DerKHMe.

B kauecTBe KOHKpeTHOro mpuMepa B [3| ObUI pACCMOTPEH HJIeadbHbIH f-MepHbIi
ras 4acTull ¢ [ TPaHC/ASIUOHHBIMU CTEIeHSIMH CBOOOIBI B HEPEISTUBUCTCKOM U YJlb-
TPapeIATUBACTCKOM IpPEIEJbHBIX CIydasX. B 3Tux ciaydasx (pyHKIUA |'aMHIBTOHA,
wim KuHeTudeckast sHeprusi H (p) cBoGOIHOM YacTUIbI ¢ MMILYJIBCOM D, SIBJISIETCS OJI-
HOPOJIHOI B cMbIciie Ditmepa. Ilpencrapisier, omHako, nHTEpeC U Oosiee OOIUI CITyIai
PEJISTUBUCTCKON YaCTHIBI, KOTJIA II0JHAsi SHeprust H (p) dacTuipl CKIIAIBIBACTCS U3

Asropsl 6arogapusl ipod. FO. I1. PribakoBy 3a BHUMaHMe K paboTe U MoJe3HbIe 00Cy K ICHMSI.

! IuHaMU9eCKUME 3/1€Ch U HUKE HA3BIBAIOTCA BEJIMYUHDI, 33/ JaHHBIC Ha (DA30BOM MPOCTPAHCTBE MaK-
POCKOIIMYECKOil cucreMbl. Ecyin Ta cucreMa HaXOAUTCA B TEIJIOBOM KOHTAKTE C TEpMOCTATOM (T.e.
SIBJISIETCS] TEPMOAMHAMUYECKOH ), TO BCEe JUHAMUYIECKUE BEJUIUHBI CTAHOBATCS CTOXACTUIECKUMU, UITU
CIIyYafHBIMU, U JIJIsl HUX UMEIOT CMBICJI IIOHATHS CpeJiHero 3HadeHus u dirykryanuil (mogpobuee cm.
HUXKeE).
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sueprun nokost Ey = H(0) u ee kunernueckoit suepruun Hy(p) (m71st KoTOpoit, 110 onpe-
nenenuto, Hy(0) = 0), rak aro H(p) 3aBeJOMO He ABJIAETCH OAHOPOLHON (DyHKIHEL.

COracHo peJIITUBHCTCKOl MeXaHUKe, JIsl cBoOoaHoi wactuusl sueprust H(p) (u,
crenosarenbio, Hy(p)) n30TponHA B MMITyJILCHOM IIPOCTPAHCTEE, T. €. 3ABUCAT TOJIBKO
OT BEJINYUHBI P = |p| BEKTOpa P:

H(p) = Eo + Hi(p) = [E3 + (ep)?]M/?,

(1)
H(p) = Eoh(p), h(p) =1+ h(p),
rjie ¢ — CKOPOCThb CBeTa B BakyyMme, h(p) u hi(p) — 6e3pasmepHble SHEPIUH.
Kaxk mokazano B (3|, qunamudeckue Benmunabl P u ¥ B ciiydae HI€aJIbHOTO rasa
OIIPEJIEJISTIOTCST TOJIBKO KUHETUIeCKoil sHeprueit Hy(p), mist KOTOPOii OGBIYHO UCIIOJb-
3YIOTCS CJIEIYIONINe TPUOINKEHHbIE BBIPAKEeHNUSI:

wp, o  (cp)? p § ,
HY(p)~ —=— mpu — <1, HepeIaTHBUCTCKUII («Hp») IIpee ; (2)
2Ey Ey
c
H*(p) ~cp upm E—p > 1, yabTpaperaTuBucTckuit («yp») mpegen?.  (3)
0

OueBniHO, B 060MX IPEIEIbHBIX ciaydasx (2) u (3) KuHeTudeckas: SHEprust

062
Hk(p) = akpk (kyp =1, a1 =ay,=c¢; ka =2, =y = ﬁ) (4)

SIBJISIETCsI CTEIIEHHO} U TI0TOMY OJHOPOHOI (B cMblcie Diinepa) dyHKIMe MMITyIbca
P ¢ HOKazaTeaeM OTHOPOAHOCTH k, PaBHBIM 2 U 1 COOTBETCTBEHHO® .

Hacrosimasi pabora HOCBsiIIeHa IPUMEHEHUIO TI0/X0/a, Pa3BUTOro B [3], K obIe-
My pessgtuBucTckoMy ciaydaio (1), xorga Hy(p) He siBiasiercss omHOPOAHON dyHKIHU-
eii umiysbca p. MOXKHO 110Ka3aTh, OJHAKO, UYTO M B 9TOM CJIydae IOJydYeHHble B [3]
COOTHOIIIEHUsT Jisi JiaBjenus: P u cxxumaemoctu W ¢ mpesie/IbHbIMA  (OJHOPO/THBIMI )
BbIpazkeHusimu Jyist byHkiyn Hy (p) Buga (4) coxpaHsioT cBoii BuI, ecin (hOPMATHHO
BBECTH B 9THX BBIPAYKEHHUIX BMECTO OJIHOTO TIOCTOSTHHOTO MOKa3aTesist k JIBa IepeMeH-
HBIX (3aBHCANIUX OT MMITYJIbCA P) «IIOKA3aTes OJHOPOTHOCTH>

A< k(p),m(p) < 2). (5)

kp) =1+ [h(p)] ", m(p) =1+ [h(p)]
OueBnzHO, UTO IpU BCeX p HoKasarean (5H) CTPOro OrpaHUYEHBI — KaK CBEPXY
«HEPEJIATUBUCTCKUM» 3HaUeHUEM kyp = 2 1pu cp/Ey — 0, xkorna hi(p) — 0, h(p) — 1,
TaK M CHHU3Y — «y/JIbTPAPEIATUBACTCKAM» 3HadeHneM ky, = 1 npu c¢p/Ey — 00, Ko-
riaa hi(p) u h(p) — oo, mpudem k = m = 1 B ciaygae Ey = 0 (6ostee mogpobHO cM.
paszen 2).

1. ®yukiuga 'amMuiibToHA U ee CBSI3b C
KBa3UINHAMUYIECKNMN JIABJIE€HUEM N C2KNMaeMOCTbhIO

Pa.CCMOTpI/IM MaKPpPOCKOIIM9E€CKYIO0 CUCTEMY C CI)I/IKCI/I];)OB&HHBIM qucjiom N OJIMHAKO-
BbIX f—MeprIX JaCTHIL, HAXOIAILYIOCA B KJIACCUICCKOM PEKUMe (T. €. IIpu JO0CTaTOIHO

2B wacTHOM (HO BasKHOM) CJydae 6e3MacCOBLIX wacTull (Hampumep, dboronos) ¢ Eg = 0 Bbipae-
mue (3) gns HyP(p) cranosmTcs TOUHBIM.

33ameTHM, YTO PAa3BUBAEMDIH HAMHU TIOJXOJ COXPAHSIET MPUMEHMMOCTh M st Gojiee OBIMX CiTyda-
€B, Korja nokasaresb k B (4) IpHHUMAET He TOJIBKO <«IIpeJeJbHbIe» 3HadeHHs 1 u 2, HO U Ja106vie
HaTypaJbHbIE, & TAKXKe JPOGHBIE U J1a’Ke OTPHUIATE/IbHBIE 3HAUEHU.
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BBICOKUX TeMIIepaTypax M/Wji HU3KUX IUIOTHOCTSIX, CM. HUZKE CHOCKY 23) ¥ OIIUCHI-
Baemyto dyukrumeit lavunsrona Hy (g, p;a) = Hy(I;a). 3gecs I' =T, + T, —2fN-
MepHOe (a30BOe IIPOCTPAHCTBO KOOPJIUHAT ¢ ¥ UMITYJILCOB P BCEX YACTHI] CUCTEMbI; 4 —
HabOp MEXaHUYECKMX BHEIIHUX [1apaMeTpOB, U3 KOTOPBIX MbI O6yJIeM paccMaTpUBaTh
TOJILKO 00beM V.

DT0 O3HAYAET, YTO KOOpJAMHATHAs 4acTb I', mpocrpancrsa I’ (Jyist oxHON wacTu-
Ibl) OrpaHnYeHa (PUKCUPOBAHHBIM 0OBEMOM V| T.e. cucTeMa HAXOJIUTCS BHYTPH COCY-
JIa TIPOM3BOJIbHOf (hOPMBI (17151 IPOCTOTHI — f-MEPHOTo Ky6a) ¢ HEIPOHUIAEMBIMHU JIJIst
YACTUIL MVIAIKUMU CTeHKaMu. IIpeanooXKuM, 9To CucTeMa HAXOIUTCSI B TEIJIOBOM PaB-
HOBECHH C TEPMOCTATOM TIpU (DUKCUPOBAHHON abcostoTHON Temmeparype T = 1/kp/3
(kp — mocrosinnast Boabnmana).

ITocnennee yciaoBuwe meaeT JAMHAMUYECKYIO CHCTEMY TEPMOJIMHAMUYECKON, T.e.
CIOCOOHOM K CJIy4YaiiHOMYy OOMEHY 3HEpPrueil ¢ TepMOCTaTOM B BUJE TEILJIOTHI; IIPU STOM
V u T(um () gBASA0OTCS JUIs CHCTEMbl BHEIIHUME IlapaMerpaMu (MeXaHUIeCKUM U
TEPMUIECKIM COOTBETCTBEHHO).

B crarucruueckoit mexannke I'ub0ca momobHas cucTeMa OIMUCHIBAETCS CTAIOHAP-
HO# (PyHKIMENH IJIOTHOCTH PACIIPEIEIEHHS 1I0 COCTOSAHUAM B pa30BOM IpocTpancTse I
DTa QYHKIMS IPEIIO0JIaraeTcsi HOPMUPYEMO U UMEET SKCIOHEHIIUAJBHBIN, M1 KaHO-

HUYECKHU BU]I,
pn (L5 8,V) = Z' (B, V)exp[-BHN (T; V)] (6)

31ech
Hy(T;V) = Hy (D) + Hy +eU(T3 V), (7)

rpe U(T; V) — BHEIIHMIA 110 OTHOIIEHHWIO K CHCTEME CHHIYJISIPHBINA MMOTEHIINAJ CTEHOK
coCcysa, paBHBII HY/IIO BCIOJY BHYTpH oO0bema V cocylia, HO NPUHUMAIOIIMI CKOJIb
YTOIHO OOJIBbIINE 3HAUEHUS BHE COCYJla U HA IIOBEPXHOCTH €0 CTEHOK.

DopmasbHbLl napamMeTp € > 0 MOXKeT ObITh IPOU3BOJIBHBIM, U JIUIIb Ipenet € — 0
COOTBETCTBYET mpesesy V — 00, T.e. Iepexo/ly K HeOrpaHUIeHHOl («CBOGOIHOM» ) cu-
creme, onmcbiBaeMoii dyuknueit lavunsrona Hy (T).

HopMupoBo4HbIi MHOXKUTENH 7151 pacupesesenus (6)

Zn(I3V) = / dTexp|—GHy (T; V) (8)

SABJISIETCS CTATUCTUYIECKON CYMMOI JIJIsI TEPMOTUHAMUIECKON CHCTEMBI, IIPUIEM WHTE-
rpuposanue 1o dI' = dI',dI', npeamnonaraerca no Bcemy dazosomy npocrpancTBy dI’
cucreMbl N 9acTHIl ¢ f U3MEPEHUAMH 0 ¢ U P y Kask1oii?

Orpanmuenne koopgmnaTHO# wactu I'y odobemom V' masa xaxkmoit m3 N wacTwmig
B (8) mpoucxoauT aBTOMATHYECKH 33 CUeT Hajuu4dus B (7) CHHIYJISIDHOTO CJIaraeMoro
U(T'y; V): upu srom Bxozsimmii B (8) «pexxymuit» Muoxkuresns exp[—GU (I'y; V)] urpaer
POJTb TPOEKIMOHHOTO OllepaTopa Ha yKasaHHyIo JacTh I'y. YTo KacaeTcs MMITyIbCHOM
gactu '), 1o, Kak npaswio, dyukuus H (g, p) sBisercs pacrymeit’ dyHKIHei nM-
mysibca p (BO BCSIKOM ciiydae, npu 6osbimx p). [Tosromy mHTErprpoBaHue mo p MOXK-
HO (C TOYHOCTBIO JIO SKCHOHEHIMAIBHO MAJIbIX MOIPABOK) PACIPOCTPAHUTDH JIO0 CKOJIb
YTOIHO OOJIBINIX 3HAYUEHUIA.

Jrobast dbyukmust X (I'; 5,V), 3anannas Ha Ha30oBOM IIPOCTPAHCTBE CHCTEMBI I,
SIBJISETCS CJIyUIAHON mpu TermoBoM KoHTakTe. CpesHee 3HaUeHME TaKOM (PyHKIUN
37IeCh U BCIOJY HUXKE OIPEJNIEISIeTCs KaK TmOOCOBCKOe, MJIM KAHOHUYIECKOE CpejHee C
dbyuxIwmeii pacupeenenus (8)

X(B8,V)=(X([T;8,V)) /dFX(F;B, V)pn(T;6,V). 9)

4B nanbreiinem Mbl 6ymeM omyckaTh uHIeke N y BeamanH Hy, PN U ZpN, CUATAsI UX aJJUTUBHBIMU;
B CHUIy OJMHAKOBOCTH dYacTul, Zn = ZN s uIeajbHO# CHCTEMBI, a BCE CPEIHME JIHHAMUYECKHE
BEJINYUHBI (SHEPIHs, JaBJICHUE, CKUMAEMOCTh U T.II.) IPOIOPHUOHAIBHBL NN .

5MBI OTBIIEKAEMCS 3/1ECH OT CJIyYaeB OrPAHHYEHHBIX CBEPXy DyHKImi H (¢, p) — HanpuMep, s epu-
ommdeckoii B I'y AMHAMUYECKOIl CHCTEMBI Ha, peIeTKe, KOTJa UMILYIbC P CTAHOBUTCSA KBAa3UUMITYJILCOM
¥ €ro U3MEHEHHE OIPAHUYEHO Ipe/ejlaMy 30Hbl BpusuiosHa.
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Cormacro I'u66ey [1] (cm. Taxxke [2]), ob6obmennas cuna A(I';a), conpsixennast
BHEIITHEMY MEXaHUYeCKOMY I1apaMeTpy @ (B YaCTHOCTU, 0ObeMYy), OIPEIessercs Kak
npoussognas [—0H (I'; a)/0a]. O6prano mapamerp a BXoAuT B GyHKIMO ['aMmibTona
muueitno, T.e. H(I';a) = H(I') — A(T;a), npudem A(I';a) daxkTudeckn He 3aBHCHT
ot BemmauE®  a, Tak uto OA(T')/0a = —0*H (T;a)/0%a = 0. D10 o3HauaeT, 9T0 0606-
menHast cusna A(I') MoxkeT GBITH OIpe/ieieHa HE3aBUCUMO OT HAJIMYHsI HJIM OTCYTCTBUSI
COIIPSI?KEHHOT'O OIS’ @.

OsHAKO B MHTEPECYIOIIEM HAC CJIydae 9TO He Tak: Kak BuiHO u3 (7), BHEIIHW
napamerp a = V sxomur B H(I'; V) mocpencrsom norennmana U(T'; V) cymecrsenno
HeJMHeRHbIM (1, Gosiee TOrO, JlaXKe CHHIYJISIPHBIM) obpasoM. ITosromy compsizkeHHast
o6bemy 0600meHHast cuita — jguHamudeckoe gasienne P(I; V) —6ymer 3aBucers or
3HavYeHns napamerpa V', mpudem ouenuaHo, uro P(I; V) — 0 mpu V. — oo («Her
CTEHOK — HET JIABJICHUS» ).

M3 ob1ux TpUHIIATIOB CTATUCTUYIECKON MexXaHuKu ['ub0ca ciemayer, 9T0 BUI (DyHK-
i P(T'; V') He nosKeH 3aBHCETh OT KOHKPETHOro Bua norenimasa creaku U (T V),
HO TOJIBKO OT Bujia «cBoGozHoM» dynkunu lavunsrona H(I') uz (7) upu € = 0 (1o ke
crupaseyeo u s W(; V). C yuerom atux coobpazkeHnii KOpPEKTHBIME OIpe/iesie-
HUSIMU JIABJICHUS] U CKUMAEMOCTH CJIeJlyeT CUUTATh IIPeJJIOYKeHHbIe B 3] onpeesennst
9TUX BEJIMYUH KaK K6G3UOUHAMUNECKUT B CMbICIe Boromobosa

= i | OHN(TV)
P(F,V)—(CLO)[ —a ] ; (10)
o1 O?Hn(T;V) ' OP(I; V)
vy V) = (ili%) [_T} ) w5 V) # v (11)

DTu onpesiesieHnst CIeAyI0T OCHOBHOM mjee Meroja KBasucpeauux Borosobosa [3],
COIJIACHO KOTODOIi JIJIsI CHSITUSI MMEIONIEroCsi BBIPOXKJIEHNsT «CBODOJHOf» cHCTEMBI (B
JIAHHOM CJIy4ae — IPOCTPAHCTBEHHOIO) HEOOXOMMO «BUPTYATbHO» BBECTU B (DYHKIIUIO
laMHJIBTOHA COOTBETCTBYIONHIT (PUNUECKU «HCTOIHUK> (B JJAHHOM CJIydae — IIOTeH-
mast creHok U (T V))7 CHUMAIOTIHNIT 3TO BeIpOK Aenue. [locite mposegenns Tpedbyemoro
BBIUNC/IeHUs (B IAHHOM CJIydae — IPOU3BOJHBIX 1O V') 9TOT MCTOYHUK CJIeJyeT aHHY-
JINPOBATH; OTJNYHBIN OT HyJIsd Pe3y/IbTaT MOMOOHOTO BBIMUCICHUS O3HAYTAECT HEaHAJIU-
TUYHOCTb 9TOIO Pe3yJibraTa 0 napamerpy € (WM, 9To TO Ke, HellepeCTAaHOBOYHOCTH
olepalyii yKa3aHHOTO BBIYUCJEHUS U MPEJETHLHOTO epexoia 1o €).

Omupenenennst (10) u (11) npeacraBisiroTcs 11eJ1eCOOOPA3HBIMU B CBSI3U C TEM, YTO
BBIYKCJIEHUE [TPOM3BOIHBIX 110 V HEIOCPEJICTBEHHO OT MOJHOM (byHKImn [amMuibToHa
Buyia (7) u3-3a Hasm4ust cuHryssipaoro caaraemoro U (T'; V') He siBiistercst MaremMaTude-
CKHU KOPPEKTHO ortepanueil u J0KHO OBITh KAKIM-JT00 06pa30M «PEry/Isipu30BaHO>.
MaremMaTr4ecKu 9TO COOTBETCTBYET TOMY, YTO BBIYHCJIEHHE MMPOU3BOJIHBIX OT CHHIY-
JISIPHBIX, UM OO0OIIEHHBIX, (DYHKII CBOJAUTCS K BBHIYUCIEHUIO TIPOM3BOJIHBIX OT PEry-
JISIPHBIX <«HOCHTeJel» (cM., HampuMmep, [9]), i 4ero HeoOXOAUMO TepeiiTi 0T camMux
dbyukuumit kK GyHKIOHATAM JJIs HUX (B JIAHHOM CJIydae — K CTATUCTUIECKON CyMMe).

ITo-BuuMOMy, MMEHHO HEJIOOIEHKON YKa3aHHBIX OOCTOSITEbCTB OBLIM 00YCJIOB-
JeHBl TpyznHOCTH B paborax [5-7| (cm. takke [4,5]). ABTOpBI 9THX pabOT HBITAINCH
IPOBECTU HEOOXOIMMYIO PEry/ISIPU3AIUIO, CIIEPBA MOIEINUPYS «PEATbHBINY TOTEHIINAI
CTEHKU, 8 3aTEM II€PEX0Jid K CHHIYJIAPHOMY IIpejesly «OeCKOHETHO BBICOKON» CTEHKM;
B pesyJbrare, ogHako, st ¥ (I'; V) pacxoagiuecs: BbIpasKeHsl.

Kak nokasano suepsbie B pabore Pymoro n Cyxanosa [3], u3bexarb 1o106HBIX
TPYIHOCTE TTO3BOJISIET MCIIOJIH30BAHNE B 9TOI mpobsemMe uieil MeTo1a KBA3UCPEITHIX
Borouto6osa [8]. MImenHo sroT MeTos npejcTasisier coboii husnveckn eCTecTBeHHYIO,

6Cpenmee snauenue A(B3,V,a) = (A(I")) npuobperaer 3asucumoctsb oT 3, V u a 61aroqapst HATUHHIO
3TUX TIEPEMEeHHBIX B (byHKIUH pachpe/esenus (5) (3aBUCMMOCTb OT BHEITHEro TIOJIs @ MOSIBJISIeTCS 3a
cyer ponosiHUTENBbHOTrO ciaaraemoro [—BA(T')a] B nokasaresie SKCIIOHEHTHI).

"Hanpumep, 9T0 IMeET MEeCTO ik TAKUX T1ap a U A Kak BHEIIHEe SJIEKTPHIECKOE [OJIe U TTOIAPH3AIIMS,
BHEIIHee MarHUTHOE T0JIe U HAMArHUYEHHOCTDb B JIMHEHHBIX cpefiax (T.e. UCKJII0Yasl CerHeTO3/IeKTPH-
yeckue u (beppPOMATHUTHBIE CPEJIBI).
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MaTeMaTHIeCKN KOPPEKTHYIO (M IIPH TOM YHHUBEDPCAJLHYIO) MIPOLELYDY HOJ0OHOMN pe-
TYJISPU3ANNAN TSI IIIPOKOTO KJacca (PU3MIECKUX 3389 C Pa3InIHBIM XapaKTepoM
«BBIPOXKJICHUST».

2. /lnnaMuydeckue ypaBHEHUs COCTOSTHUS

2.1. O61Me COOTHOLIEHUS

Jerann BbIYuCIIeHNH, TAIOIMUX KOHCTPYKTUBHYIO peaju3anuio onpesesennii (10)
u (11), moxkuo HaiiTu B pabore [3|; X OCHOBHOI DPE3yJbTAT COCTOUT B CJIEIYIOIIEM.
Ilycts Makpockonmieckasi TUHAMIYECKAs CUCTEMa OTPAHUYEHa KOHEUHBIM OOBEMOM
V' u omuceiBaercs dynkimeii Iamuibrona Buga (7). Torma siBHbIE BbIpaXKeHUs! st
P(q,p; V) u¥(q,p; V) onpeensirorcst TOJBKO «CBOOOIHOI» YacTbio byHKIHIO [amuiib-
Tona H(q,p) n He 3aBUCIT OT KOHKPETHOIO BHJa «HOoTeHImana creHok» U (V)

1 0Hx(\g,p/)\
Pn(q,p;V) = Y —N(aj P/ N (12)
1
Un(q,p; V) = VPN(Q7P§ V)+
(13)

() [Pt

A=1

Breipazkenus (12) u (13) onpe/eneHsl IpakKTHIECKN s JTOOBIX dyHKImil ['aMiib-
rona H(q,p) —>1u dyHKIMN JO0KHBI ObITh JIUIIH JTOCTATOYHO «IVIATKUMUI», & HUMEHHO
ABaXKIBI TudHEPeHIIpyeMbl IO CBOMM apryMEHTaM P U .

Besimunna A siBisieTcsi mapaMeTpoM KaHOHHYECKOrO (T.e. COXPAHSIOIIEr0 3JIEMEeHT
daszosoro obbema dI') macirrabHOro npeobpazoBanus. ITO MPeOOPAZOBAHUE YCTAHAB-
JINBAET CBA3b MEXK/Iy M3MEeHeHneM 00beMa C SKBUBAJIEHTHBIM €My U3MEHEHUEM KOOP/IH-
HaT (YCJIOBUE KAHOHUIHOCTH TPeOyeT TaK:Ke COOTBETCTBYIOINIErO M3MEHEHUST UMILYJIb-
COB); MOCJIE BBIYUCJIEHUST TPOM3BOJIHBIX CJIEyeT BCIOJY TOJIOKHUTh A = 1.

Bamerum, uro Bbipazkenue (12) uzsecTHo Kak meopema bBozoaobosa—3ybapesa [10],
a BbIipaxkenne (13) 6bLI0 BriepBble TiosrydeHo B pabore Pynoro u Cyxanosa [3]. Beipa-
skenust (12) u (13) ecrecTBeHHO HA3BIBATH QUHAMUNECKUMU YPASHEHUAMU COCTNOAHUA,
[IOCKOJIBKY OHH CBSI3BIBAIOT MEXK/Iy cO0Oil (KBa3M)IMHAMUYECKIE BEJIUIHHBI — JaBJie-
Hue P u ckumaemMocTh W ¢ OCHOBHOI XapaKTEPUCTUKON JIMHAMUYECKON CHCTEeMbI —
dyukumeit l'amunbrona H.

CyIecTBeHHO, 9TO B JUHAMHUYECKHe ypaBHeHus cocrosiuus (12) u (13) me Bxomut
BHEITHUY TENJIOBOI mapamerp — Temmeparypa 1, OJHAKO ST YPABHEHUS COIEPXKAT
SIBHYIO 3aBHCUMOCTH OT BHEIIHEIO0 MEXaHUYIeCKOI'o Iapamerpa — obbema V' momgdepk-
HeM, UTO Bce auHamudeckne dyuknuu H, P u ¥ 3amanbl Ha (HGA30BOM IIPOCTPAHCTBE
I' cucremsr.

Bee dyukunm, Bxopsimume B (12) u (13), sSBIAIOTCS a/IUTUBHBIMIA OTHOCHTEJILHO
COCTABJISIONINX CUCTEMY YacTHI[ (¥, CJIeJIOBATEIHHO, WX CPEJIHUE 3HAYEHUs IIPOIOpP-
oHAJBHBL Yrcsty dactui; N ). C apyroit cropoHsl, 3Tu (DYHKIUMHE UMEIOT PA3JIMIHbII
XapaKTep IOBEJIEeHUs] OTHOCUTEILHO obbeMa V'

H(q,p)=0(V°), Plg,p;V)=0(\V""), W¥(qpV)=0(V"?).

JeiicrBuresbHo, BHentHU napamerp V' Bxoaut B npasbie gactu (12) u (13) Tosbko
B Buze MHOXKUTEsT V1 1 V’Q7 nosroMy B mpejiesie Vo — 0o (T.e. st «CBOOOIHOI»
cucTeMbl) BemauHbl P 1 ¥ 1eficTBUTE/ILHO CTPEMSTCS K HYJII0, TOrIa Kak H ocraercs
B 3TOM TIpejieie Hem3MeHHOI® .

B ycnoBuax TensmoBoro KOHTaKTa JAMHAMUYECKONH CHUCTEMBI C TEPMOCTATOM BCE
dbyuxmun H, P u ¥ CTaHOBATCHA CAYHATIHMU, U TTPU HAJUINN TEILIOBOTO PABHOBECHS

8¢cro, uro muddepennupoBanue 0 ¢ U/UIH P HE MOYKET U3MEHHTH XapakTep TOoBejeHus 1o V
npasbIx dacrell ypauenuit (12) u (13).
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B COOTBETCTBHU C OOIIMM ompeseeHneM (9) MOXKHO yCPeAHUTH 00e YacTH JANHAMUIE-
CKHUX ypasHeHuii cocrosinust (12) u (13).

DTa npoueypa IPUBOAUT K MEePMOOUHAMULECKUM YPASHEHUAM COCTNOAHUA, TTPU-
geM cpejHee 3Hadenne ysxkumn P us (12) Bcerga siBIISIETCS TEPMOANHAMUIECKUM
cpeZHUM (OIpeJie/IeHne CM. HUzKe pas3ziesibl 3 U 4), Torja KakK JJIsl CPeIHero 3HaMeHns
dbyukuun ¥ u3 (13) 910 He Beerga Tak. 3aMeTHM, UTO yCpeJHeHue ypasHenus (12) npu-
BOJIUT K TaK HA3bIBAEMOIl meopeme 6Uupua.nd, WIN TePMOJUHAMIYECKOMY yDaBHEHUIO
cocrostHust, cBsi3biBaronieMy tepmudeckoe P(T, V) u kamopuueckoe H (T, V') ypasHe-
HUSI COCTOSTHUSI.

Jljist HemieaTbHOM MakpocKommHeckol cucrembl dbynkmusa Lavmmsrona’ H (g, p)
MOKeT OBITH IPEJCTaB/ICHA B BHJE CyMMbI TPEX CJIAraeMbIX: SHEPIUH HOKos Fj, Ku-
Herudeckoit Hy(p) m norennmansroii Hy(q) sHepruii. B cBoro ouepesib, 3mu sHEpruu
OOBIMHO TAaK’Ke SIBJISIOTCS aJUTHBHBIME 110 BeeM dactunaMm (Eog u Hy(p)) u ux ma-
pam (Hy(q)). Bamernm, 4T0 mocTosiuHast SHeprus Ey He maeT BKIaJa B JUHAMHUYICCKUE
ypaBHeHHst cocrosinns cucremsl (12) u (13) Jyist JaBjieHust U CKUMAEMOCTH, ITO (hu-
3UYECKU BIOTHE 0OOCHOBAHO.

2.2. OgHOpOAHBI ciay4ail

B [3] B kauecTBe npumepa npummenenus popmyit (10) u (11) 61T paccMOTPEH YacT-
HBIT coryuail, korga obe sHeprun Hy(p) u Hy(q) sBasitorcs odnopodrvimu (B cMbIcie
Ditepa) OYHKIMIMI CBOMX apIyMEHTOB C IOKa3aTesssMi k 1 | COOTBETCTBEHHO. DTO
O3HAYAET, ITO

Hy(Mq) = N Hyu(q),  Hip(A7'p) = A" "Hi(p), (14)

TaK, 9To BbIpakeHns (12) n (13) mpuHEMAIOT B COOTBETCTBEHHO

Plap;V) = fiv[mk(m UH.(q)]. (15)
]‘ 2 2 2
AW (q,p; V) = (f—v) K2 Hy(p) + PHa(q)] .

1
AV(q,p; V) =V¥(q,p; V) — VP(q,p; V).

«OnHOpozHbIe» Bhipaxkenus (15) u (16) 0b1aaI0T CIIeyIOMUME TTOJIE3HBIMU CBOI-
CTBaMU:

1) ITpu mobeix k u | 06e sneprun Hy(p) n Hy(q) Bxomgar B npasbie wactu (15) u (16)
AUHETHO, TIPHYeM Kaxkioe nuddepeHIupoBanie Mo \ yBeJUdnBaeT Ha €JMHUILY
crereHb nokasareseii k u [, Bxogsmux B Buje MuoxKuTeseil nepen Hy(p) u Hy(q).

2) ®usnueckast pa3MepHOCTD BbIpakeHus (15) ist JaBjIeHns COOTBETCTBYET 00'beM-
HOIi [IJIOTHOCTU SHEPIHN, a BhipaxkeHusi (16) it IMHAMIYECKON CKIMAeMOCTH —
00'bEMHOIT TIJIOTHOCTH JIaBJieHus (Kazkioe quddepeHnnpoBasue Mo A IPUBOIUT K
YBEJINYICHUIO Ha eINHUILY CTeleHn MHoxKuTens 1/V).

3) CymiecTByIOT yCI0BHSI, IIPH KOTOPBIX JaBienne P(q, p; V'), a Takxke C2KUMaeMOCTb
¥ (q,p; V) uponoprmonaibabl nosHoii sueprun H(q,p) = Hi(p) + Hy(q). Hpu
91uX ycsoBusx corsacHo (15) u (16) cpexnee 3nauenue (¥) HPOHOPIMOHATIBHO
(P) u/umm (H), 7. e. siBJIsieTCsl TEDMOJMHAMUIECKIM, 1 €10 BbIUUCIIEHHE HE IPeJl-
CTaBJIsieT HUKAKOI JIONOJTHUTEIbHOI 1pobJieMbl. OUeBHIHO, YKa3aHHbBIE YCJIOBUS
BBINOJIHSIOTCS TOJIBKO B JIBYX CIydasx: npu k = —[ wym nipu | = 0 (camo 3HaveHne
k MOxKeT ObITh [IPH TOM TIPOU3BOJIbHBIM ).

B manHOit paboTe MbI OrpAaHUYUBAEMCS CJIYyYaeM UJeaAbHOU JTIMHAMIIECKON CrcTe-

MbI ¢ [ = 0, KOT/Ia OTCYTCTBYeT 3aBUCSINAA OT KOODJAWHAT MOTEHITUAIbHAS SHEPTUsT
H,(q) B3ammopeiicTBust Mex 1y dactuiiamu. [losnHast sneprusi H(q, p) Takoil cucrembl

9B ,ZIaJIbHeﬁHIeM MBbI, KaK IIpaBHJIO, 6y11eM OIIyCKaTbhb fABHOC yKa3aHUE HHJIEKCa N Yy AUHaAMHUYICCKUX
B€JIMYUH, TOr'Ja KaK 3aBUCUMOCTBb OT N TEePMOJIUHAMUNYICCKUX BEJINYINH 6y,aeT YKa3bIBATbCA ABHO.
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[OMKUMO TOCTOSIHHOTO CJIaraeMoro Fg COIEP:KUT 3aBUCSIILYI0 TOJBKO OT UMILY/IHCOB
YaCTUI, KHHETUIECKYIO sHepruto Hy (p)

Hy(q) =0,  H(T')=H(q,p) = Eo+ Hi(p). (17)

B ciyuae, eciin dbynkius Hy(p) omHoponsa (B cMbicie Diiepa) ¢ mokasaresiem k,
Beipazkenns (16) u (17) mpuHIMAIOT CIeAyIOmuil IPOCTOl BH/T

PV =stapiV),  n= v =2y
AV (q,p;V) = %Hp(p; V)= %ﬁsz(p; V). (19)

Ormernm, uro B Boipazkenust (18) u (19) Bxoaur nocrosiunast £ = k/ f, paBHasi oTHOIIIe-
HUIO TIOKA3aTeIst OAHOPOIHOCTH K K YHC/Iy creneHeil cBobos! f. Benmuumna k xapakre-
pH3yeT JAHHYIO IMHAMUYECKYIO CHCTeMY [IPU OIUCAHUY €e JUHAMUYECKUX U TePMO/IH-
HAMIYECKIX CBONCTB KaK B KJIACCHYIECKOM, TaK U B KBAHTOBOM DEXKHUMAX; K SIBJISIETCSI
CBOETrO PoJia «IIoKa3aTeseM 1o100usi» cucreMbl. [Ipu 3ajaHHOM 3HAUeHUN f BeIMYIHHA
K MOKET U3MEHSITbCs B HPEIeIax OT Kup = kup/f = 2/f 10 kyp = kyp/f = 1/f (cm.
coorHorenus (2)—(4)); Takum o6pa3oM, 1yt 00bIMHbIX ciaydaeB 1 < k<2, 1< f<3
JUIst K BMeIoT Mecro orpanmdenust 1/3 < k < 2. OsHAKO B HEKOTOPBIX CIIEIHAIBHBIX
MOJIEJISIX «HJIeAJIbHOTO Ta3ay MHTEPBAJIbl H3MeHeHus napaMerpos k, f u k = k/f wmo-
ryT OBITH WHBIME KaK IO BEJHYHHe, TaK U MO 3HAKy (CM. B CBA3H C 3THM CHOCKY®);
soipakerns (18) u (19) cOXpaHAIOT TPUMEHEMOCTD W JTst 9THX cirydaes® .

2.3. HeomHopoaHbIii ciry4aii

B namnoii pabore paccmarpuBaercs nieasabHblil ras (17) ¢ neodnopodnots dbyskIm-
eit lammbrona Buza (1), onucsBaomeit 00Nl PeJIITUBUCTCKIN 3aKOH CBSI3U KHHETH-
4ecKoll SHeprum u mMIyiabca. B aroM ciyuae Bbipakenus (14)—(16) (u, coorsercrsen-
1O, (18) m (19)) y2Ke HeNPUMEHUMBI, U JYIsi [OJIyI€HHs] SIBHOTO BHAA JUHAMIIECKHX
yDABHEHHIT COCTOSIHUS CJIe/LyeT BEPHYThCSI K MCXOAHBIM BbIpakenusiM (12) u (13).

Brejiem Ge3pazMepHyIo TepeMennyto &, /it KoTopoit B coorsercTsun ¢ (1) mveem!!

(&) = 1+ hy(€) = (14 €)/2, g:;—ﬂ (Eo#0), H(&) =Eh().  (20)

Torga Bmecto (18) u (19) mosyuaeM AuHAMEYECKHE YyPABHEHHsT COCTOSHUST CJIE/LYIOIIe-
ro BUJ

P(&V) = f—{}% = H(& VI (), (21)
M) = B (75) e = PE VN = ”

= CHE VIO ©pD(E).

3eck ¢ yaerom onpesesenns (18) mus Hy(p; V') BBeiena o6beMHast TIOTHOCTD TTOJTHOT
sueprun H(&; V) = (Eo/V) + Hy(p; V). Unorga ynobuee Bmecro (21) u (22) ucromns-
30BaTh IpejcTaBienus, obobmaromue (18) u (19)

P&V) =Hi(EVIRD(E),  HiE V) =HEV) (), (23)

103amerum, uro eciu Bxomsimas B (18) u (19) MIOTHOCTH SHEPIUM MOJIOXKHUTEIbHA, TO (BIIYKTyaIu
JIaBJICHUs] TAKKe [OJIOKUTEJIbHBI (HE3aBUCUMO OT 3HAKa K); TAKUM OOpPa3oM, CHCTEMa MEXaHHYECKH
yCTORYMBA, J1axKe ecJId JaBJeHHe OTpunareabho (B ciaydae k < 0).

HCnyyait Fg = 0 TOYHO COOTBETCTBYET YIBTPAPETATUBUCTCKOMY TIPEIEIY U, CIIEIOBATEIbHO, SBJIs-
eTCsl OHOPOIHBIM C k = 1.
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M(EV) = SPEVINDE) = THEVISD©uOE . (@0

Bxonsmyue B (21)-(24) 6espazmepubie muoxkuresn ) (€) u k) (&) umeror cmbicit
0GOBIIEHHBIX «IIOKa3aTe/Ieil OJJHOPOAHOCTIY ¥ 3aBHCAT (XOTsI U BeCbMa CJ1abo) OT Iie-
pemenHoit ¢ nocpeacrsom yskimn h(§)

FEEO =12 RO, P (E =1x[R©]2, HE =1

FEOR(E) = p (), D ©Ou(E) = ),
hi(€) = h(€) frT(€).

OueBHIHO, UTO OCHOBHYIO POJIb B JIMHAMUYECKOM OLMCAHUI CHCTEMBI UIPAET (PYHK-
st hy(§) = 1 — h(€), koropast obsaaer ciaeayomumu coiicrBamu: hy(§) u ee mpo-
uzsomuble h), (&) = E[h(€)]7 u h[(€) = [h(£)] ™3 npu Beex 0 < € < 0O 3HAKONOCTOSTHHBI
(Bce Tpu — HEOTPHIATENILHBI) U MOHOTOHHBL: Ny (&) 1 b (£) Bo3pacraior or HyJs JI0 00
u 10 1 coorBercrBenno, a hj(§) yobiBaer or 1 10 Hyis.

Dynxrms h)’(§) Takke 3HAKONOCTOSIHHA (HEHOJIOXKHUTENIBHA), HO y’Ke He MOHOTOH-
Ha: OHA MMeeT MHHHMyM upu & = 1/2 u JocTHraer MakCHMyMa, DaBHOIO HYJIO, B
obomx mpenenax: npu £ = 0 u £ — oo. Haxonern, dynxrmua h)”(§) me aBnsercs yxe
HU 3HAKOIOCTOSIHHOf, HM MOHOTOHHOIl: OHa BO3pacraeT OT MUHUMAJIBLHOTO 3HAYECHHUS,
pasroro (-3) npu £ = 0, Mensier 3HaK 1pu & = 1/2 u, npoiias Yepe3 HOIOKUTEIHHbIIH
MAaKCHUMyM, YOBbIBAET JI0 HyJlsl IIPH & — 00.

[Tpexcrasistior nHTEpec pasioxenus st yuknuii hy (§) u 1/h(€) B upenesbHbIx
ciaydasix: B HepessituBucTckoM ("P) mpenese (§ = 0) u B ynbrpapesstusucrckom (YP)
upeziene (§ — 00). Husmme monpaBku K «oHOPOAHBIMY (opmyiam (2) u (3) umeror
BHL

(25)

me(€) ~ BPE[1 - 1€ = mP© L - 5h©)]

WP =58 (€ 0), o)

/() = (€] {1 - 567} = e {1 - S}
[BPE)] =€ (- o00).

Bamernm: hyP(0) = 1/h}P(c0) = 0. D10 1 1HO3BOJSIET PACCMATPHBATL ITH BEJNIHHBL
KaK MaJibleé B COOTBETCTBYIONUX O0JIACTAX M3MEHEHUs IIePeMeHHOi &.

Coorsercraenno, noseenne dyuxmumit £ (€) i () (€) Taxoso: Bee wernipe bynK-
i npu & — oo, h(§) — 0 crpeMsTcss K OJHOMY M TOMY K€ IIPEJIeJIbHOMY 3Ha-
YeHnIO0 Ky, = 1/f, omHaxko mpum £ = 0, h(§) = 1 mpemensl [ys HHEX COBIAJA-
0T yKe TOJBKO i Kaxksoi w3 map: £(H)(0) = p(H)(0) = kyp + (1/f), Tak, [ro
K()(0) = p(0) = kyp = 2/f, Torma kak £(7)(0) = u(=) = 0.

Kpowme Toro, maper bynkmmit £ (€), uF) (&) u (k7€) = pH)(€)) obnanator
exozxmMu obmmmu cBoiicTsami: o6e dyukimm £ (€) u p(H)(€) momokuTenpHB I MO-
HOTOHHO yObIBAIOT ¢ poctoM & (0T Kyp nipu € = 0 710 Kyp 1pn € — 00)'2 | Torga xak
o6e dbymxmmn £(7) (&) u (7 (€) HEOTPUIATEILHBI I MOHOTOHHO BO3PACTAIOT (OT HYJIsI
upu § =0 10 Kyp 1pu § — 00).

B psge dbusmueckux 3ajad MOXKET IPEJICTABATh UHTEPEC IOJIyIeHne MOIPABOK K
[PEIETbHBIM «OJHOPOIHBIMy> ypasHeHusiM (18) u (19), 00yCcIOBICHHBIX HePEMEHHBIM
xapakrepom byt £(F) (&) u p(F)(€), BxogsmuX B AMHAMEUECKIE yPABHEHHS CO-
crostanst (23) u (24) g P(§;V) n (& V).

Jlyist ipoBesieHusi MOJAOGHON TIPOIEYPhl B JyX€ TEOPUU BO3MYINEHUN MPU MAJIBIX
sHaveHnsx £ < 1 B HepensituBucTckoM ("P) mpesesie n Gosbliux 3HadeHusx € > 1 B

120ueBuHO, B yKa3aHHDBIX TPEIGTbHBIX CTydasx ypasuenns (23) u (24) mepexosT B CBOM «OJIHO-
pouubie» anasoru (18) u (19).
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YJIBTpapeIsaTuBICTCKOM (YP) mpesierie y1o06HO UCIOIB30BaTh B ypaBHeHusX (23)—(25) B
KavyecTBe MaJioro napamverpa He £ u 1/&, a esmaunst hy(€) u 1/h(§) coorBercrBeHHO.

OueBnHo, nake mpocTefiimuii yueT HOIpaBoK Ha HEOJHOPOJHOCTD (B CMbIC/Ie Dii-
nepa) dyukiwm 'aMubTona /17151 001Eero PeIATHBACTCKOTO CIIydast IPUBOIUT K OTKJIO-
HEHUIO OT PUCYIIEil OHOPOJHOMY CJIYyUal0 JMHEHHOH 3asucumoctn mexay P(€; V) u
Hi(&;V), a rakke mexxay A¥(E; V) u P(&;V).

Cornocrasiisisi popmyiist (23)—(24) co CXOKUMHU IO CTPYKTYPE «OTHOPOTHBIMI» aHA-
noramu (18)—(19), jierko BUAETH, 9TO 9TH OTKJIOHEHUS YJOOHO OIMCHIBATH C OMOIIBIO
napbl 0000IIEHHBIX IIOKa3aTesel «OHOPOJIHOCTH» (n(+)(£), p (e )). Ucnone3yst pas-
noxkernst (26), HETPYAHO MOTYYNTH B HU3MIEM IPUOINKEHUN JJIsT HEPEJISTUBICTCKOTO
("P) npenena

K = {1+ L4 (O]} = 1= 50(6)].

1 (27)
B = {1+ 1+ he(O ) ~ w1 = HP(E)] (€= 0);
u Jyist ynbrpapesstusuctckoro (YP) mpesena
K (€) = %{1 F RO + A €)Y ~ {1+ (€)1
(28)

(€)= %{1 R+ hA(O)] 2 ~ myp {1+ (€))%} (€= 0).

C yuerom (27) u (28) coornomenust (23) u (24) npuHEMAIOT IPUOJIMZKEHHBIH BI

P& V) = Kupkir [1 - %hk(f)] ) (29)

AV(EV) % R HE V) L= Sh(©)] (€ 0);

P(&V) = kypMi (& V{1 + [he(9)] 71,

9 (30)
AU V) =k  Hi(§ V) (€ —0).

Beipazkennsi (26)—(30) obHapyKuBaroT OOIILYI0 TEHJIEHIUIO K <«BBIIOJIAZKHBA-
Hmio» 3aBucHMocTeil oT ¢ kak kmHemarmiecknx (k) u(Y)), rax n mmEaMmIeckmx
(hi, P, A¥) BesmuuH: Tpu MaJbiXx (HO KOHEYHBIX) £ BCE ITU BEJUYUHBI CTAHOBSITCS
MEHDULE CBOMX <«OJHOPOTHBIX» mpenesioB mpu £ = 0, Torja Kak npu 6oabmux (HO
KOHEUHbIX) & — Haobopot, boavwe, aem 1pu 1/§ = 0.

Junamuueckue ypasaeHust cocrostuust (21) u (22) npeacTaBisiioT HHTEPEC ¢ TOUYKH
3peHUsl [OJIyIeHUsI TePMUIECKOr0 YPaBHEeHUsI COCTOsiHUs Jyist gasyenuss P = P(V,T),

a taxxe Jyist ero duaykryarumii (AP)? = (V). g 97010 HEOOXOAUMO BBIYHCIICHIE
TEPMOJMHAMHUYIECKHIX CPEJIHUX 3HaUeHHil cortacHo dhopmyiie (9), a TakKe CTaTHIecKoi
cymmsl (8) ¢ dyuxunumeit Navuibrona (17). CoorBercrByloniue paciéTbl B HACTOSIIIEE
BpeMs IIPOBOAATCA U Oy/LyT HAMH OILyOJHKOBAHBI.
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Dynamic Pressure and its Fluctuations for the Ideal Gas of
Relativistic Particles

Yu. G. Rudoy *, I. Keitaf

* Center of Scientific Education of PFUR

¥ Department of Theoretical Physics
Peoples’ Friendship University of Russia
6, Miklukho-Maklaya str., Moscow, 117198, Russia

The analysis of the dynamical quantities, i.e. the pressure and compressibillity for the ideal
gas of classical particles with the relativistic dispersion law is given. The analysis is based on
the generalized Bogoliubov—Zubarev theorem for the quasi-dynamical quantities. It is shown
that the account of the relativistic corrections in the both regions of small and large moments
may be realized by means of the effective uniformity index
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Dwarf stars of the main sequence generate charged particles in stellar flares. In our Galaxy
the total number of such flash stars is about 10'*. The power and frequency of stellar flares are
enough to populate all cosmic ray spectrum up to particle energy 10'° eV. Electrogasodynamic
model of charged particle acceleration in flares of dwarf stars is considered. The physical
mechanism includes the acceleration of particles by electric field behind plasma shock wave
originating by stellar flare.

Introduction

Supernova explosions are considered as the main sources of galactic cosmic rays
(GCR) [1]. However, our Sun and the stars in the low part of the Main Sequence also
accelerate particles in flare processes. The bulk of star population in our Galaxy makes
up dwarf stars. The most of them with a later spectral class than the Sun (spectral
class G2) belongs to flare-stars. These stars with frequent and powerful flares are much
more active in comparison with the Sun [2]. Below it is shown that these flare-stars
can provide the necessary energy of GCRs. Maximum energy of particles, which can
be obtained in explosion processes, is defined by acceleration mechanism of charged
particles. Mechanism of particle acceleration up to ~ 10'®eV in the coronal electric
fields of flare-stars is considered.

1. Dwarf Stars as GCR Sources

The stellar population of our Galaxy contains ~ 2 x 10! stars. More than 90% of
them belong to dwarf stars. These stars are in the low part of the Main Sequence. The
most part of them is much more active than our Sun. In other spiral galaxies many
dwarf stars are observed too. For example, the galaxy NGC4565 has halo of numerous
red dwarf stars (it was observed in the infrared radiation) [3]. It is probable that our
Galaxy has such halo too. The number of dwarf stars in Galactic disc is more than
10", As these stars have low luminosity, they can be observed at the distances less
than (20-30)pc. The red dwarfs have spots like sunspots. The ratio of total area of
spots on red dwarf to star surface can get tens of percents (sometimes till 90%). For
comparison, this ratio for the Sun is < 0.05%. Weak global magnetic fields and strong
fields of active regions define the solar and dwarf star activity. The strength of the
solar global magnetic field is < 1G and in active regions it is ~ 3 kG. These values for
red dwarfs are (10-20) G and several tens kG, respectively. Numerous starspots, strong
magnetic fields and their complex structure create favorable situations for frequent and
powerful stellar flares. Hydrogen emission (e.g., H, line) observed during flares is the
direct proof of the existence of flare activity on these objects [2].

This work was supported in part by the Neutrino Physics Program of the Russian Academy of
Sciences (RAS).
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2. Flares on Red Dwarfs and Energy of Cosmic Rays
in Galaxy

Our Galaxy has the following characteristics: radius rga =~ 10 kpc, thickness of
optical disc d =~ 0.3 kpc. The Galactic disc volume Vgjse & 2.8 x 1096 cm3. The GCR
energy in Galactic disc plus halo is Wegs ~ 0.6 x 10%% eV (the density of GCR energy

was taken wor & 0.5 (eV/cm)?). If GCR contain in Galactic disc only, their energy

is WacRdise = 1.4 x 105 eV. Let us consider stellar flares. We take that the number
of active red dwarfs in our Galaxy as Ngwarf = 5 x 101, The energy of one powerful
stellar flare is Wawart = 3 x 1036 erg = 1.9 x 10*® eV [2]. Let the energy of each stellar
flare is Wawart = 2 x 1047 eV (in 10 times less than maximum value) and such flares
occur each (3-4) days. About 10% of flare energy is transferred to cosmic rays [2].
During one year the energy released to GCRs from all active red dwarfs is about
10%°eV. In our Galaxy cosmic rays spend ~ (107-10%) years. Taking into account
the values given above the total energy released to GCRs from stellar flares equals to
Wacrs ~ (1057-108) eV. As the values discussed are the evaluations, we think that
active dwarf stars can provide the total energy of cosmic rays in our Galaxy and halo,
Wacrs ~ 109 eV. If GCRs are in Galactic disc only, the energy released to GCRs
from dwarf stellar flares is all the more enough to provide its total energy in Galaxy.

3. Electric Fields in Solar and Dwarf Star Coronas

As it is known from observations, our Sun accelerates particles up to energies
E < 10" eV. The solar magnetic fields of active regions could keep and accelerate
particles up to E < 10 eV [4]. One of the possible ways of particle acceleration is
Syrovatsky’s mechanism in which the reconnection of magnetic field lines in the flare
regions takes place and neutral current sheet is formed [5]. Below we present another
mechanism, in which the process of stellar heat energy transformation into electric
energy plays the main role. Experiments with laser beams are known. When powerful
laser beam strikes crystal, the hot electrons are evaporated from crystal and dense
electron cloud is formed. These clouds produce strong electric fields, which, in turn,
accelerate protons and nuclei up to energies of several tens of MeV and more [6-8].
In this mechanism up to 50% of laser beam energy can be transformed into electric
field accelerating particles [8]. One can expect that such kind of mechanisms can
work in solar and stellar flares where the electron temperature is much higher than
the temperature of environmental medium. Such electric fields can arise in a quiet
stellar atmosphere when electrons have got energy, for example, from acoustic waves
or ascending magnetic fields.

Let us start the investigation of solar atmospheric electricity from the simple events
when electric charges have spherically symmetric distribution. In this case the Pois-
son’s equation has the form

1d (rz@

r2dr dr

= —dmq(r), (1)
)

where ¢(r) = e Zang(r) is the charge volume density, n,(r) is the concentration of
particles with electric charge Z in the units of electron charge (Z, = 1). We will look
for the solution of the equation (1) as

¢o =const at 7 <1, (2)

o(r)=eZ[Uy(r)/r]; Ui(r)=Csinlk(r —ro) +0] at ro<r<ry, (3)
o(r) =eZ[Ua(r)/r]; Us(r) = Dexp[—x(r—r1)] at rmn <r<oo, (4)
ez Uy eZ kXU (r) at ro<r<r, 5
qm_‘ﬁﬁ_ﬁ_ —x2Us(r) at ri <r<oo, (5)
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where Z is positive electric charge of the solar sphere concentrated at the photosphere
level with radius rg &~ Ry (Rop — radius of the Sun), 1 =~ 2.3Ry is the radius of
spherical surface at the boundary between K- and F-corona. Let us take the boundary
conditions as

1) Condition of logarithm derivatives Uy and Uy equality (at r = rq)

idUl(T) - LdUQ(T)
Uy dr |,—,, Us dr

T="1

It gives the following condition of interfacing two solutions
k

kctglk(ri —ro) +9] = —x, 0 =nm—k(ri —ro) — arctg <—> , n=0,£1,+£2,...
X

2) Continuity condition for potential ¢ at r = ry
Ui(r1) = Us(rs) .
It gives the relation between constants C' and D
D = +Ck(k* + x*)/2.
3) Homogeneity condition for electric field at r > rg

d?¢(r)

dr? =0

T=To

This additional condition gives the relation between k& and x

2krg k—l—xtg[k(rl —7’0)]
2— k23 x — ktg[k(r —ro)]

~0. (6)

From these equations we can get the discrete values of k,,, taking the scale of
height in the external F-corona with the use of the parameter chi. These discrete
values of k,, correspond to different configurations of electric charge distribution in
the inner part of the solar atmosphere. In this case the energy field decrease with the
increase of k,,, at the same values of x and Z and the conservation of electro-neutrality
condition of the Sun as a star.

4) Electro-neutrality condition.

The density of volume charge ¢ defined by formulas (4) depends on the constant C,
which can be found from the electro-neutrality condition. Let us write this condition
as

oo
eZ + /dr 4qr® = 0. (7)
To

After integration one can find
C = (sind — krgcosd) ™' .

The solutions do not depend on the value of Z and can be used to describe the electric
fields of solar and red dwarf coronas, and of the Earth’s atmosphere too. As an
example we calculated electric field configuration similar to that of electric field of the
Earth. The important parameter of this configuration is the decrement of the field x at
r — o0 because x can be used to define main sizes of the field configuration: (r; —rg)
and k,,. For rg = Ry and r; = 2.3Ry we took y = 0.3543. Then the first 3 values of
k., equal to kg = 0.8276, k1 = 2.1301, ko = 4.0823. The state with m = 0 corresponds
to monotonic decrease of the field with the distance increase. At m = 1 the electric
field strength has minimum at r ~ 2Ry and also decreases with the distance increase.
At this point the maximum values of potential barrier and electron volume density
take place.
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4. Solar Atmosphere as Thermoemission Converter
of Heat Energy into Electric One and into Energy
of Accelerated Particles

In the chromosphere at the altitude h =~ 2000 km above the photosphere the sharp
increase of temperature takes place and in the corona at h =~ 10* km the temperature
reaches 106 K. The heating is made by the dissipation of energy of mechanical and
magnetic fluxes arising from the photosphere and by the scattering light quanta on
free electrons. Electrons are heated and the high-energy electrons cannot be kept by
gravitation field. So, one can expect the flow of such electrons as it takes place in the
laboratory conditions. The low energy electrons are kept by gravitational field and
produce large-scale electric fields.

Let us write the system of equations for electron gas flow. The continuity equation
of “hot” electron flow has the form

47Ter2nehueh = Ieh s (8)

where nep, uen and I, denote volume concentration, velocity and current of “hot”
electrons, respectively. Equation of momentum has the form

MehMNehUeh—7T—— = — —nhZe
arreRTeR qr dr ¢ dr

duen dpen do GMom Neh
e e elte Z Peh . (9)
where pep, is the pressure of electron gas flow, My — mass of the Sun, G — gravita-
tional constant, ¢ — electric potential (see formulae (2)), 3 Ponx — total momentum
transferring to ions and “cold” electrons in the unit volume. KEquation of energy
conservation is written as

3 dTeh kTeh dneh> 1 d ( 2 dTeh> 3
ehUe k = 5 5 /\e — FVTe k Te - Tec )
Hehtieh ( dr Nep  dr rZdr \\ " ar g !/Tteh (Ten )

where Tep, and Te. are the temperatures of “hot” and “cold” electrons, Ao, — coefficient
of thermal conductivity of fast electrons, ¥ — constant characterizing the velocity of
heat transfer from “hot” electrons to “cold” ones. There are two types of Parker’s
solutions corresponding to electron wind and electron breeze. The large-scale electric
fields considered arise from the interaction of several Maxwell’s groups of electrons —
running electrons of electron wind and returning electrons of electron breeze. Besides
these flows, the fluxes of electrons and ions accelerated by electric field are produced.
These fluxes compensate negative electric charge which solar wind carries away. Thus,
the current circuit of coronal thermoemission converter is closed and such converter is
working at the background of neutral solar wind. The source of energy is the thermal
energy of “hot” electrons. The existence of be-Maxwell’s electron spectrum in the
solar wind at r = la.u. (Ten = 6.9x 10° K and T, = 1.25 x 10° K) is the confirmation
of this model [9]. One can consider two stages of the acceleration process. At the
first stage the hot electrons’ cloud leads positive ions (process is like the ambipolar
diffusion) and electric field is produced between clouds of the hot electrons and ions.
Maximum energy which can get a positive ion is E,, < Mc?~y, where Mc? is the rest
energy of ion and +y is the Lorentz-factor of electron cloud. If flare temperature can get
~ 108 K then the value of E,, will be several tens of MeV. Second stage of the positive
ions acceleration is due to the large-scale electric field arising between two clouds. This
field will accelerate ions up to energies E ~ e¢L, where € is the electric field strength
and L is the linear scale of electric field. If we take ¢ ~ 100 V/cm and L ~ 10'3 cm

then one has got E,, ~ 10'°eV. We suppose that the overturning shockwave front
and/or ion-sound turbulence could be responsible for ion injection.

5. Red Dwarfs and Problem of Cold Dark Matter

Hypothesis on red dwarfs as CGR sources involves the problem of cold dark matter
(CDM) in Galaxy. The signature of CDM can be high-energy v-quanta. Neutralino,
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as weakly interacting particle, is the widely discussed candidate on the role of CDM
particle. The annihilation of neutralino pairs produces high-energy y-quanta and an-
tiprotons as by-product of this reaction. The new results were obtained by processing
data of the detector EGRET [10]. The excess of galactic high-energy y-quanta (0.1—
10 GeV) over background expected in y-ray spectrum from GCR was found. The
authors of the paper consider this result as the indicator of CDM presence in Galaxy
(neutralino annihilation, if the neutralino mass is (50-100) GeV). In this case one can
expect the excess flux of antiprotons in the energy range of (10-30) GeV. If this excess
of antiprotons exists, it will be soon detected by experiment PAMELA [11]. In the
case of negative result of PAMELA experiment, the excess of high-energy y-quanta
will testify that flare red dwarfs can be sources of these y-quanta, and that averaged
~v-spectrum has an universal form as it was observed by EGRET ~-telescope.

Conclusion

— The energy released into cosmic rays during the flares on dwarf stars is enough to
explain the density of cosmic ray energy observed in our Galaxy, both in Galactic
disc and in halo.

— When upper chromosphere and low corona are heated the detachment of electrons
from ions takes place and the large-scale electric fields are produced. These fields
accelerate charged particles up to high energies. The strongest electric fields arise

from solar flares when temperature reaches 107108 K.
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The nature of the valence bond is traditionally attributed to the displacement of electronic
orbitals in space between interacting atoms. At the same time, a number of experimental
facts, in particular, the existence of four-dimensional structural symmetry between the filling
of electron shells and periodical properties of elements require a change in the standard
valence concept. A model in which valence bonds are caused by the resonant interaction
between the shell electrons of one atom and the protons of another atom seems to be more
adequate.

Introduction

In 1939, Linus Pauling in his classical book The Nature of the Chemical Bond
and the Structure of Molecules and Crystals: An Introduction to Modern Structural
Chemistry [1] proposed valence theory according to which (disregarding details) the
valence bond is formed due either to the collectivization of the wave function by
atoms (covalence bond) or to the transition of the electronic cloud from one atom
to another. If such transition is complete, the bond is called ionic; otherwise, it is
called polar. In this case, a number of additional effects and phenomena such as
the hybridization of orbitals, the electronegativity scale of elements, resonant valence
bonds (as, for instance, in the benzene molecule) may appear. However, according to
Pauling, the nature of the chemical bond causing these and many other processes is
in the aforementioned displacement of the functions. Pauling’s valence model is now
standard in spite of some obvious difficulties. One of them is presented by coordination
numbers [2]. It was found that one electron in some compounds can interact with
several atoms (e.g. magnesium and iron atoms interact with four nitrogen atoms
in chlorophyll and hemoglobin molecules, respectively), and the number of atoms
with which one electron in so-called coordination compounds interacts can reach 12.
The explanation that the wave function of an electron localized in one of the atoms
is redistributed between a large number of nearby atoms is an obviously strained
interpretation and directly contradicts the third of six Pauling’s valence rules [1, 3]:
“An electron involved in the formation of a bond cannot be involved in other bonds.”
(which actually was later revised). The explanation of the hydrogen bond in the
Pauling model also seems artificial. It is found that the single electron of a hydrogen
atom in many molecules (e.g. in protein molecules) can form not only the basic
bond, but also the second weaker bond in the direction opposite to the former bond.
The location of the stationary wave function of the electron on “crest” between two
atoms, which is of key importance, in particular for the structure of proteins, seems
to require a more natural explanation. Thus, although the Pauling model (which
constitutes the core of the modern valence concept) well explains the structure of many
molecules and provides evident representation of the corresponding processes, the
further development of valence theory by analyzing data collected for more than half-
century since its appearance seems to be natural and necessary, particularly because
the nature of the valence bond is of fundamental importance not only in chemistry,

I am grateful to Profs. F. Bogomolov, I. Vodyanoi, L. Gribov and D. Chernavskii for stimulating
discussions.
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but also in molecular biology, solid state physics, and many other fields of natural
sciences.

Another difficulty follows from the analysis of the periodic properties of chemical
elements and the structural symmetry of the electronic configurations of atoms. In
1869, Mendeleev [4,5] showed that the properties of elements periodically repeat. He
managed to place elements in a rectangular table consisting of eight groups (in the
current interpretation, with valences increasing from +1 in the first group to +7 (or
—1) in the seventh group; these groups end with noble gases, which have zero valence
in most cases and are not involved in compounds). In addition, Mendeleev predicted
the properties of several elements opened later. The main features of the Periodic
Table remain unchanged to date. However, some questions remain unanswered. Let
us mention two of them. First, why the number of elements on the k-th shell is
equal to 2k?, i.e. increases parabolically, while the basic part of the Periodic Table
(where elements are divided into periods and groups) is rectangular? Second, why the
Periodic Table is two-dimensional, while the number of quantum numbers is known to
be equal to four? Maybe the structure of the periodicity of the properties of elements
simply is flat, because Mendeleev searched it in such form from the very beginning in
order to ensure optimal visualization? Whether substantial elements of the structure
of periodically repeating properties are lost in such visually clear form? Answers to
these questions were given in [6,7]. The key to the answer is the presence of two
coexisting reference systems in the plane of the principal n and orbital 1 quantum
numbers in the set of atoms and elements (as chemists conventionally call atoms
involved in valence interaction with each other) [7]. To visualize these structures, it
is necessary to specially order the electronic configurations of all known elements at
four hierarchical levels (see Fig. 1):

Supercycle = Cycle = Subshell = Chemical element (1)

in contrast to the traditional ordering at three hierarchical levels (see Fig. 2):

Shell = Subshell = Chemical element (2)
Shells JI || mm v v VI
I§"“Jljgsizy 3d |4 4 £ sssp s & 5 is 6\1
3

Atomic Numbers

Dok, )2 5101112 2130 3136 EL I B £1-86
Fabmrondd 1318 1020 3048 054 2002 ... 103104

Electronic Configurations
of elements from 1 to 104

Figure 1. Electron configurations of the first 104 elements of the Periodic Table that are ordered in
the following sequence: Supercycle = Cycle = Subshell = Chemical element. For the definition of
the cycle, supercycle, and the detailed discussion of the structures associated with them, see [1].
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Figure 2. Electron configurations of the first 104 elements of the Periodic Table that are ordered in
the following sequence: Shell = Subshell = Chemical element forming a subshell.

No structure is observed in Fig. 2, but it is obviously seen in Fig. 1. It is worth
noting that shells are absent among levels forming the structure in Fig. 1 and in rela-
tions (1). For this reason, the term subshell (i.e. a part of the shell) traditionally used
in physics (and almost not used in chemistry) seems to be inappropriate. According to
Fig. 1, the subshell is the structure element of the classification of the electronic states
of the set of atoms and is the basis for the classification of chemical elements. In [7],
subshells were called cells in order to emphasize that, first, they are independent of
shells and, second, they are structural “blocks” of the “building” of the Periodic Table
of chemical elements so as atoms are the structural elements of molecules. Dividing
the structure in the upper part of Fig. 1 into several rows and appropriately displacing
these rows, one can represent the arrangement of subshells in Fig. 1 in the form [7]

5f — 6d — Tp — 8s
4f — bd — 6p — Ts —
4d — bp — 65 —
3d — 4p — bs —
3p — 4s —
2p — 3s —
25 —

1s —

In this representation, vertical, horizontal, and diagonal structures of indices are
clearly seen. It is also seen that every odd row and following even row (from bottom
to top) contain the same number of chemical elements and are identically structured
in subshells (but the orbital quantum number 1 in even rows is one unit larger than
that in odd rows). The elements entering into a pair of rows with the numbers 2k — 1
and 2k, where k = 1, 2, 3, and 4 are called supercycles [7]. The first (lowest) and
second rows of a supercycle are referred to as M and F cycles, respectively. The rows
of relations (1) are called levels. Thus, all currently known 118 elements form eight
levels dividing into four supercycles (rather than seven periods as in the traditional
classification of elements by according to Mendeleev), consisting of four M cycles and
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four F' cycles. Thus, a pyramid of atomic electron configurations appears with four
hierarchically ordered structural levels:

Supercycle = Cycle = Subshell = Chemical element.

In order to pass to the standard quantum-mechanical representation in the (n, [)
coordinates, it is necessary “to rotate” relations (1) by an angle of 7w/4: where boldface

4  Sf

‘\‘\

5d

\\\\ @
\\\\\\

ls--»Zs

indicates the subshells of F' cycles (ending supercycles), solid arrows specify the order
of transitions between subshells (cells) in a cycle (also called a level), and dashed
arrows indicate the order of transitions between cycles as a function of the charge of a
nucleus. According to relations (1) and (2), the set of atomic electron configurations
can be structured in two coordinate systems (n, 1) and (n+1, n —1).

Let us now analyze the connection between the electronic configurations of atoms
and the chemical properties of elements (as traditionally called atoms involved in the
valence interaction with each other). Imposing the Mendeleev’s Periodic Table of
elements on relations (4) for the electronic configurations of atoms, one obtains [8]

4  Sf

3d 4d 5d o6d
(%)

2p| [3p| [4p| |Sp| |6p| | TP

1s 2s 3s 4s 5s 6s 7s 8s

The elements of the Periodic-Table groups from the first to eight that form valence
bonds are given in frames. The filling of subshells (cells) inside a cycle occurs in
parallel to the main diagonal from top to bottom and from left to right. Cycles are
filled along the secondary diagonal of the pyramid from bottom to top and from left
to right, beginning with the 1s subshell consisting of hydrogen and helium. Thus,
in addition to the four structural levels including supercycles, cycles, subshells, and
chemical elements in the (n + [, n —[) coordinates, the set of atoms and chemical
elements also has the structure of the valence properties of chemical elements in the
(n, 1) coordinates. These structures, which can be represented both in the (n, I)
coordinates [relations (5)] and in the (n 41, n — 1) coordinates [relations (3)], coexist
and supplement each other. If chemical elements forming subshells are represented in
relations (5) by introducing an additional dimension, a pyramidal structure appears.
Then, separating M cycles from F cycles by displacing the latter, for example, deeper
into the figure by half the edge of cubes symbolizing chemical elements, we arrive at the
four-dimensional pyramid of atoms and elements (Figs. 3, 4, and 5). However, not all
elements are on the surface of the pyramid in these figures. If, for better visualization,
the chemical elements belonging to one subshell are represented vertically rather than
perpendicularly to the figure, the pyramid of atoms and elements that is similar to
skyscraper is obtained (see Fig. 6) [7]. The groups of the Periodic Table are located
vertically on the first eight “floors” of the pyramid of atoms and elements. In this
“3.5-dimensional” representation, alkali metals and noble gases are located on the first
and eighth floors of the step pyramid, respectively.
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The pyramid of elements (in which a structure appears both in the (n, [) coordi-
nates and in the (n + [, n —[) coordinates) differs from the Periodic Law not only
in the dimension of the structure (four rather than two hierarchical levels), but also
in the way of dividing elements into structural blocks. In particular, the second pe-
riod according to Mendeleev consists of eight elements, whereas the second level of
relations (3) (the F' cycle of the first supercycle) contains two elements (lithium and
beryllium) and the first supercycle includes four elements H, He, Li, and Be [7]. Which
of the pyramid-forming coordinate systems, (n, [) or (n+1, n—1), is dominant in chem-
istry? By the tradition going back to Mendeleev, the periods begin with s terms and
end with p terms, whereas the last elements in division into levels are s terms ending a
cycle. The division of elements into the periods in the (n, 1) coordinates is represented
as

(6)

Is 2s 3s 4s 5s 6s s

The group subshells entering into a period (according to Mendeleev’s classification)
are connected by thick line segments. They specify the subshells that begin and end
periods, whereas the order of the filling of the subshells in the periods is specified by
a sequence of arrows that begin on the first floor and end on the second floor. The
comparison of the composition of solid arrows in relations (4) (the levels, which are also
called cycles, which are disposed parallel to the main diagonal) with the disposition
of arrows in the relations (6), shows that Mendeleev’s choice of the beginning and end
of the cyclically repeating process seems to be geometrically and logically artificial.
It seems more natural to begin the periods with the subshell from which the filling of
the cycle starts. However, when quantum mechanics and, later, quantum chemistry
appeared, the hybridization of orbitals was found to occur in the (n, [) coordinates
on the first two floors of relations (5) in vertical and from bottom to top [see frames
in relations (5)] [8]. In particular, this is the way of the hybridization of two s and
two p orbitals in the carbon atom. Owing to this hybridization, organic molecules are
formed and life becomes possible [9]. Thus, we have to value Mendeleev’s intuition who
had constructed the Periodic Table in the (n, I) coordinates half-century before the
development of quantum mechanics. However, the chemical properties of elements
and electron shells can be structured in both coordinate systems, which are called
fundamental. To date, it is not clear whether the monotonic increase in valences in
the Periodic Table from 1 to 7 and the end of the periods with noble gases having
eight electrons on the outer shell are due to any physical mechanism or this is simply
one of the possible choices of the beginning and end of the cyclically repeating process
at which the filling of subshells from the first floor (alkali and alkali earth metals,
[ = 0) in the periods can pass to the fourth floor (lanthanides and actinides, [ = 3),
then/or to the third floor (transition metals [ = 2), and only then comes back to the
second floor (I =1), in groups of which valence begins with 3. In the latter case, the
monotonic increase in valence with the ordinal number of the groups of
the Periodic Table is nothing else than an artifact of this choice.

1. Pyramids of Elements and the Nature of the
Valence Bond
In the light of the analysis performed in the preceding section, an additional disad-

vantage of standard valence theory is obvious. None of relations (3)—(6) follows from
Pauling’s theory. Moreover, the presence of the rotation by /4, the existence of two
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Figure 3. Four-dimensional pyramid of atoms and elements in the level (cycle) representa-
tion (cubes representing the elements of the F' levels are displaced deeper into the figure
by half the cube edge).

Figure 4. Four-dimensional pyramid of atoms and elements in the cluster representation.

Figure 5. Four-dimensional pyramid of atoms and elements in the supercyclic representa-
tion.
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Figure 6. Pyramid of elements in the “3.5-dimensional representation”, in which (in contrast to
four-dimensional representation on Figs. 3-5) all elements of the Periodic Table are shown. Colors
designate the division of the elements into the periods (according to the tradition going back to
Mendeleev). Steps correspond to the division of the elements into levels (cycles) and supersteps
(pairs of odd and next even steps) correspond to the division in supercycles. The elements of the M
cluster in the 3.5-dimensional representation, as well as in the four-dimensional pyramid, are displaced
forward (perpendicularly to the figure plane) by half the cube edge with respect to the corresponding
elements of F' clusters.

reference systems (n, [) and (n + [, n — 1), the presence of the triangular structure in
the arrangement at the four hierarchical levels shown in Fig. 1, and the existence of
four-dimensional pyramids of elements (Figs 3-5 and Fig. 6) also do not follow from
this theory. From the nature of chemical bonds as it is understood now, it is funda-
mentally unclear why the filling of electron shells occurs in one system of quantum
numbers, whereas the valence properties of elements, as well as atomic spectra, are
determined in the other system of quantum numbers that is related to the former
system by rotation (by the angle 7/4). The model of the valence bond that is due
to the hybridization of orbitals and to the displacement of wave functions does not
answer the question: “Why does the set of elements in Figs. 1 and 3-5, as well as in
relations (3), (5), and (6) (multielectron problems), behave similarly to one electron
in the formation of atomic spectra, i.e. so as if all elements are the states of a
certain hyperparticle?” To explain all listed phenomena and femtochemical exper-
iments, which will be briefly reviewed below, a physicochemical valence model that
differs from the standard model is proposed in this work.
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2. Presence of Several Coexisting Symmetries and
the Commutation of Operators

As follows from the preceding sections, the set of atomic electron configurations can
be structured in two systems of coordinates (n, [) and (n+1, n —1), which are rotated
by an angle of /4 in the plane of the principal and orbital quantum numbers. This
property of the system is not trivial. A question of under which conditions a physical
system (and the corresponding differential equations and Hamiltonians describing it)
has two coexisting symmetries that do not asymptotically displace one another in
the ¢t — oo limit seems to be very important. When searching for an answer to
this question, it was proved that, for two symmetries to coexist in the system
described by differential equations (and/or by Hamiltonians), operators
generating these symmetries must commute with one another [8].

A more precise formulation of this theorem is as follows. Let the structures and
symmetries that are described above and shown in Figs. 1, 3-5 and 6 be generated
by a pair of Hamiltonian-type operators, which naturally appear in the presence of
two commutative Lie symmetry algebras in the quantum system. From the existence
of simple commutative Lie symmetry algebras in a physical problem, it follows the
existence of a single commuting pair of energy-type operators for localized quantum
states.

Let us consider a finite-dimensional complex representation of the product of
semisimple Lie algebras. Any such representation V of g; X go decomposes into a
direct sum of tensor products V3, x W;, where V}, are irreducible representations of g;
and W; are representations of gs.

Theorem 1. Assume that g1, g2 are simple Lie algebras. Then there is a canoni-
cally defined pair of commuting operators A1, Ao such that both A;, i = 1, 2 commute
also with the action of g1, g2 and have integer nonnegative eigenvalues on V.

This theorem was proved in [8]. Thus, to explain symmetry between the properties
of elements and filling of electron shells within the rotation on the plane of the principal
and orbital quantum numbers, two commuting operators are required. One of
these operators is specified by the Schrodinger equation. Since an atom consists of a
shell and a nucleus, which contains protons and neutrons, the only possible generator
of the second operator can be the interaction of the electrons of the shell with the
protons of the nucleus. Owing to the negligible smallness of the probability of the
random appearance of structures (1), (3), (4) and (6), as well as of their appearance
due to any “empirical rule” (the term used, in particular, for Hund’s “rule”) rather
than a process fundamental for the atomic structure, the hypothesis of the existence
of physical mechanisms that generate the second operator and ensure the appearance
of these structures seems to have no alternative to explain the above phenomena.

3. Resonant Atom Model

Postulate 1. In atoms there are no stationary electronic states.
Postulate 2. All electrons, which constitute the shell of the atom, are involved in
the process with the following basic steps (collectively called resonant path):

(i) The v (-capture of a shell electron by atom nuclei.
(ii) Proton—Electron — Neutron resonance interaction (pen-resonance) of the shell
electron with the proton of the nucleus: e +p — n
(iii) Be)-release of the electron from the nuclei and its return to nonlocalized -state
in the shell.

Postulate 3. The physical nature of 1 3-shell electron capture by nuclei, and G-
electron release from nuclei, is not the same. 1 3-capture takes place due to the overlap
of the electronic y-function with the volume occupied by atom nuclei. Fi-release of the
electron from nuclei is possible only at energies determined by Schrédinger equation
for the space around the nuclei, in which electronic shell is disposed.
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)

2)

Comments.

According to the resonance atom model, the stationary Schrodinger equation is
valid only because electron-nuclei cyclic processes is very quick, much quicker
than the measurement time.

At present, unidirectional processes of the field interaction between electrons,
protons, and neutrons are well known. These processes are, first, K-capture at
which an electron from the shell nearest to the nucleus interacts with a proton
of the nucleus and, as a result, a neutron appears and the atomic number of the
element decreases by one, and, second, (-decay at which the nucleus emits an
electron and the atomic number of the element increases by one [2]. According
to the resonance atom hypothesis, K-capture and (-decay are comparatively
rare irreversible processes that are easily detectable and constitute the “top of
the iceberg” of frequent reversible interactions between the proton, neutron, and
electron.

A consequence of quantum mechanics is wave-particle dualism due to which the
electron at the time of measurement exhibits corpuscular properties and is located
in a volume that is approximately 10'® times smaller than the volume occupied
by its orbital. On the other hand, the overlap of the electronic i-state with the
volume occupied by the nuclei can provide the localization of the electron inside
the nuclei. Such localization is a necessary condition for the beginning of the
pen-resonance process. For these reasons, localization of a shell electron in the
nucleus, necessary for the (presumably resonant) interaction between proton in
the nuclei with shell electron, is undoubtedly possible.

Other particles (in particular, neutrinos) can be involved in the pen-resonance
process.

4. Superresonant Nature of the Valence Bond

Postulate 1. In the valence interaction between the atoms in a molecule, an

electron on the shell of one of the atoms is involved in the pen-resonant interaction
with a proton in the nucleus of another atom.

Postulate 2. A valence bond is formed due to jumps of the electron of the shell

between the nuclei connected by the valence bond, and each of jumps to a certain

nuc

leus is of pen-resonance nature.
Postulate 3. In molecules consisting of more than two atoms, resonances between

resonances can occur. The number of the hierarchical levels of resonances in nature is
unlimited.

)

2)

Comments.

According to the superresonant valence model, the physical nature of the valence
bond is the same as the nature of the atom: it is superresonance that is resonance
between pen-resonances with nuclei participating in the bond formation.
According to the postulates of the (super)resonant nature of valence, covalent,
ionic, and polar bonds, as well as the presence of hybrid orbitals and resonances
in molecules, are explained not as in the traditional model. These explanations
are as follows.

— Covalence bonds, in which a common electron pair is formed between
atoms, arise when the electron of the outer shell of each of two atoms reso-
nantly interacts with the nucleus of the atom with which the valence bond
is formed with the same, or approximately the same, energy and frequency
as those of the interaction with the nucleus of the “parent atom”.

— The ionic bond between two atoms in a molecule is formed when the outer
electron of one atom resonantly interacts with the nucleus of another atom
and completely leaves resonance with the nucleus of the parent atom.

— The polar bond appears when the ratio of the probabilities of the resonance
localization of the electron in the nucleus of the “parent” atom and in the
nucleus of the atom with which the valence bond is formed is between zero
and one and differs from 1/2.
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3)

— The hybridization of orbitals is determined by correlation in superresonant
jumps of several electrons between the nuclei of the atoms connected by
the valence bond.

— Resonant valence bonds (e.g. in the benzene molecule in which resonance
occurs between the single and double bonds) are attributed to the resonance
of superresonant jumps of electrons between the nuclei of the atoms which
take part in the multi-atomic resonance (for example, between the atoms
of the six-membered benzene ring in the case of the benzene molecule).

Time in which atoms diverge at a distance where the formation of the valence
bond is impossible is of the same order of magnitude as the period of atomic
vibrations in molecules (107*°-107!2 s). If the superresonant cycle (which
includes at least two pen-resonances with nuclei which form the bond) is several
orders of magnitude faster than the upper limit of this range, the electron has
more than enough time to form the valence bond that holds the atoms connected
by this bond. In a similar way, i.e. by means of the superresonant interactions
between the shell electrons of all atoms of a molecule with the nuclei of the atoms
connected by valence bonds, the formation of molecules of any size occurs.
According to the superresonance model, an electron may not only vibrate between
the nuclei of two atoms, but also “travel” between the nuclei of the atoms along a
certain trajectory. In particular, the existence of chemical compounds with coor-
dination numbers in which an electron of one atom is connected by valence bonds
with several neighboring atoms is explained by the fact that the valence bonding
is a fast nonstationary process. If the time of the superresonant bonding of an
electron on an atomic shell with each of the atoms coordinationally connected
with this coordinating atom is several orders of magnitude shorter than the pe-
riod of the oscillations of the atoms, the electron coordinating the configuration
of the molecule has more than enough time to sequentially couple with all atoms
with nuclei of which it superresonantly interacts.

The resonance model of the atom suggests the possibility of the existence of the
hierarchy of resonances. The first-level pen-resonance provides the existence of
atoms. The second-level resonance ensure the formation of valence bonds between
atoms. The third-level resonances provide the synchronization of the formation
of bonds between atomic nuclei (forming, e.g. a ring as in benzene). This process
can be continued. There is likely no restriction imposed by nature on the number
of hierarchical levels of resonances. For this reason, the application of resonance
atom concept, which generate higher levels resonances, to explain the functioning
of biological systems, in particular, electronic transport in macromolecules and
enzymatic activity, as well as the levels of the organization of matter in living
organisms that are higher than biological macromolecules seems to deserve a
detailed investigation.

According to the atomic resonance concept, resonances underlie not only the
structures of atoms and valence bond, but also the general structure of matter at
all levels beginning with the atomic structure.

The resonance atom model and superresonant bond model provide an explanation
of structural symmetries in relations (4) and (6) between (i) the valence prop-
erties of chemical elements, (ii) the properties of electron shells of atoms, and
(iii) atomic spectra. This explanation is that the existence of two fundamen-
tal processes different in nature that underlie the structure of atoms and valence
bonds gives rise to the existence two operators (Hamiltonian) that can have prop-
erties required for the satisfaction of relations (3), (4) and (6), in particular, can
commutate with one another [9].

Superresonant bonds can provide the basis for the formation of not only molecules,
but also solids. However, the discussion of this problem is beyond the scope of
this paper.
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5. Estimation of the Parameters of the
Superresonance Valence Model

A small difference between the rest masses of the neutron and proton, which is less
than 1/700 of the mass of these particles, is explained in the framework of the resonance
atom model of the structure of matter. Such ratio of the masses is a necessary condition
for the possibility of the occurrence of the pen-resonance and is determined by the
time—energy uncertainty relation [10, 11]

AEAt =~ h, (4)

where At is interval between the beginning and the end of the process and AF is
related to the rest masses of the electron, neutron, and proton as AE = ¢ (m,, —
my, — me). The substitution of the neutron mass value m,, = 939.5731 MeV, proton
mass value m, = 938.2796 MeV, and electron mass value m. = 0.5110034 MeV, the

Planck’s constant, and electron charge yields the value At = 8- 10722 s, which is
close to the frequency range in which resonances between elementary particles occur
(1022-10%* s71)! . Thus, the closeness of the masses of the neutron and proton
(the cause of which remains mysterious in many respects) is a necessary
condition for the existence of atoms according to the resonance atom model.
Moreover, according to the hypothesis of the superresonance nature of the
valence bond, this closeness is a necessary condition for the existence of
not only atoms, but also molecules and solids.

What is the frequency of the occurrence of the pen-resonance? Light covers the dis-
tance from the nucleus to the outer electron orbit in time 7 = 5.3-1071* m/(3-10% m/s)
= 1.8-107' s. It is natural to assume that the frequency with which resonance occurs
between the electron localized in the nucleus and the electron delocalized on the shell
is lower than this value. Thus, the electron is in the state described by the Schrodinger
equation for a time that are several orders of magnitude longer than the time for which
the electron is in the state localized in the nucleus. This relation completely corre-
sponds to the fact that, in experiments where measurement is performed for a time
that are several orders of magnitude longer than the time of fundamental resonances,
the electron states are described by the time-independent Schrodinger equation and
the number of protons in the nucleus is equal to the number of electrons on the shell.
At the same time, for valence bonds to be formed due to superresonances, the superres-
onance cycle frequency must be larger than the maximum atomic vibration frequency,
i.e. in the range 101°-10'® s~1,

6. History of the Development of Representations of
the Nature of the Valence Bond

Walter Heitler and Fritz London [12] were the first physicists who applied the
principles of quantum mechanics to determine the nature of the chemical bond in the
hydrogen molecule. According to their model, when atoms approach each other, a
negatively charged electron of one atom is attracted to the positive nucleus of another
atom due to the Heisenberg exchange energy. As a result, beginning with a certain
distance between the atoms, electrons oscillate between the nuclei of the atoms. Thus,
according to the model, electrons in the hydrogen molecule belong to both atoms,
forming the valence bond, whose length and energy are calculated from the Schrodinger
equation.

In 1928, London [13] applied an approach based on the Heisenberg exchange energy
to Hj triatomic molecule. He showed that electrons in this case also oscillate between
the nuclei. In the next several years, Polanyi and Wigner [14] and Henry Eyring and
Michael Polanyi [15] formulated transition-state theory. In addition, using the London

I More accurate estimations, in particular, with the inclusion of other particles (e.g. neutrinos), which
involvement in the superresonance process might be discovered experimentally in the future, can only
refine this estimate, but cannot change it by several orders of magnitude.
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equation, Eyring and Polanyi [15] for the first time introduced the concepts of reaction
dynamics and potential energy surface. The Arrhenius-like equations, which take into
consideration both statistical mechanics and quantum theory, have been derived. The
chemical reaction rate k in the van’t Hoff equation [16] was expressed in terms of the
Boltzmann constant kp, Planck’s constant h, absolute temperature 7" and Gibbs free
energy of activation AG**. Tt was shown that the maximum rate kpax of a chemical
reaction (which was defined in transition-state theory as the frequency of penetration
through the potential barrier)

k= Emax - 67AG**/RT — k‘BT/h . 67AG**/RT (5)

limited by the pre-exponential factor in Eq. (5), is equal to about kpT/h [17]. Its
value 6 x 10'? s~ at room temperature is in the range of atomic vibration frequencies
in molecules (from 0.01 ps to 0.1 ps). The hopping frequency of the electron forming
the valence bond between the nuclei was estimated in these works as > 102 s—1.

In 1929, Pauling published a work in which the concept of the hybridization of
orbitals was introduced for the first time in application to the carbon atom. In 1931,
He formulated six rules valid for valence bonds [1]:

(i) A valence bond is formed as a result of the interaction of uncoupled electrons,

one of each atom.

(ii) The spins of the electrons forming the valence bond should be oppositely directed.

(iii) The electron that forms a bond cannot be involved in other bonds.

(iv) One and only one wave function from each atom is involved in the formation of

a bond.

v) The electron having the minimum energy forms the strongest valence bond.

(vi) Among two orbitals of an atom, an orbital that has the largest overlapping with
the atomic orbital of another atom forms the stronger bond, which is directed
toward the overlapping of the orbitals.

The comparison of rules (i)—(iii) (based on works by Heitler and London) with rules
(iv)—(vi) (which opened by Pauling) obviously shows that Pauling oriented to the needs
of practical chemistry, where it was difficult to apply the conceptual results obtained
by Heitler and London. Simultaneously with the work published by Pauling in 1931,
Slater published paper [18] in which he tried to justify a model of the valence bond that
was based on the fundamental physical principles and was similar to Pauling’s model.
In the 1930s, Pauling published seven papers under the general title The Nature of
the Chemical Bond, which have become classical and, considered together, created the
basis of the present canonical chemical bond model. Those papers are as follows.

— The Nature of the Chemical Bond. Application of Results Obtained from the
Quantum Mechanics and from a Theory of Paramagnetic Susceptibility to the
Structure of Molecules. April 1931.

— The Nature of the Chemical Bond. II. The One-FElectron Bond and the Three-
Electron Bond. September 1931.

— The Nature of the Chemical Bond. III. The transition from One Extreme Bond
Type to Another. March 1932.

— The Nature of the Chemical Bond. IV. The energy of Single Bonds and the
Relative Electronegativity of Atoms. September 1932.

— The Nature of the Chemical Bond. V. The Quantum-Mechanical Calculation of
the Resonance Energy of Benzene and Naphthalene and the Hydrocarbon Free
Radicals. June 1933.

— The Nature of the Chemical Bond. VI. The Calculation from Thermochemical
Data of the Energy of Resonance of Molecules Among Several Electronic Struc-
tures. August 1933.

— The Nature of the Chemical Bond. VII. The Calculation of Resonance Energy in
Conjugated Systems. October 1933.

In each of these works, practically useful rules were proposed and they were not
all be derived from the fundamental principles of quantum mechanics or from the
Schrédinger equation. The most important of them are as follows.

a) The introduction of the concept of hybrid bond.
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b) The introduction of the concept of electronegativity, which for the first time allowed
chemists to predict the energy of a chemical bond arising between elements by using
the tables composed by Pauling instead of using the Schrodinger equation and wave
functions.

c¢) The introduction of the concept of resonant structures in which the resonance
occurs between single and double valence bonds. By the example of the benzene
molecule, it has been shown how resonance occurs between five canonical conforma-
tions. According to Pauling, the properties of a resonant structure are the average
properties of states between which resonance occurs. (The Nature of the Chem-
ical Bond. V. The Quantum-Mechanical Calculation of the Resonance Energy of
Benzene and Naphthalene and the Hydrocarbon Free Radicals).

d) The introduction of the concept of resonance between the ionic and covalence
bonds. Owing to this resonance, valence bonds can cease to be integer (single,
double, or triple) and can have intermediate values (The Nature of the Chemical
Bond. VI. The Calculation from Thermochemical Data of the Energy of Resonance
of Molecules Among Several Electronic Structures.)

e) The concept of stabilizing resonance in the conjugate systems, in which single and
double bonds alternate (The Nature of the Chemical Bond. VII. The Calculation
of Resonance Energy in Conjugated Systems) and a number of practical rules for
calculating the parameters of such systems have been proposed.

These results were summarized in classical book [1] published in 1939. Many of
rules proposed by Pauling, which appeared to be highly efficient in applied chemistry,
were based on semiempirical reasons and their justification continues to be criticized.
Nevertheless, Pauling’s theory of chemical bonding is considered now as standard to
a much greater degree than Pauling might think, developing it step by step.

An alternative approach to the nature of the chemical bond was developed by
Friedrich Hund, Born’s pupil, who studied atomic spectra in 1926 and opened the
order of the filling of electron shells with changing in the charge of a nucleus (Hund’s
rule [19]). Studying molecular spectra, Hund found that molecular emission and ab-
sorption spectra are in many respects similar to the spectra of free atoms. As a result,
Hund and Mulliken [20-26] proposed a model of molecular orbitals according to which
electrons are located on the surface of a molecule. Hund and Mulliken represented a
molecule as an atom with several nuclei that are separated in space and surrounded by
an electron shell common for all nuclei. Thus, in the Hund & Mulliken model of the
molecular structure, the difference between atoms and molecules is not radical. This
concept was significantly different from the Heitler-London—Pauling model; however,
it was confirmed in molecular spectroscopy experiments.

Despite significant differences between the Heitler-London—Pauling valence bond
model and the Hund-Mulliken representation of molecules as atoms with the sepa-
rated nuclei surrounded by molecular orbitals, both results can be derived from the
Schrédinger equation as it was shown in the next decade. At present, the concepts of
molecular orbitals (proposed by Hund and Mulliken) and valence based on works by
Pauling, coexist.

Experimental data collected in the last decade due to the creation of femtosecond
lasers and to the development of femtosecond transition-state spectroscopy force us
to return to the problem of the nature of bonding between atoms in molecules. In
particular, the presence of resonance transitions between covalent and ionic configura-
tions in the atoms of the Nal and NaBr molecules was shown in the real-time exper-
iment [27,28]. Thus, the concept that the chemical bond is stationary, follows from
the time-independent Schrodinger equation, and is caused by the stationary states
obtained by solving this equation appears to be in doubt, although it is presented as
standard in all school and high school textbooks and most monographs. Investiga-
tion of the rupture of the valence bond in real time is another area of fundamental
interest. Using femtosecond spectroscopy, A. Zewail [28] analyzed the rupture of the
I-CN bond in the ICN molecule. This analysis made it possible to experimentally
follow the trajectory of the reaction, including the dynamics of the transition through
a potential barrier. The irradiation of molecules by femtosecond pulses with a length

of about 0.05 A (the characteristic sizes of analyzed molecules are Angstroms) in order
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to generate and analyzes Single-Molecule-Type Dynamics is the third research area
that seems to be most promising for the analysis of the nature of the chemical bond.
The action of such short pulses whose length is less than one hundredth of the atomic
size almost does not perturb the ground state except for a small part of a molecule.
This circumstance allows the real-time analysis of the propagation of perturbations in
the molecule [28,29]. Zewail and his coworkers believe that the creation of attosecond
(10718 5) lasers will make it possible to follow the trajectory of the electron during
chemical reactions in real time [28]. Thus, direct experimental proofs of the validity or
invalidity of the valence-bond models both reviewed above and proposed in this work
can be obtained in the next decade.

7. Comparison of the Superresonance Valence Model
with the Heitler—-London, Hund—Mulliken, and
Pauling Models

In the first decade after the development of quantum mechanics, Heitler, Lon-
don, Polanyi, Hund, Mulliken, Slater, Wigner, and others seriously tried to explain
chemistry using the fundamental physical principles. Nevertheless, the conceptual gap
between physics and chemistry exists to date. The superresonance model includes a
number of elements of the previous models.

1) As well as in the Heitler-London model, the valence bond is based on the mo-
tion of an electron between nuclei with very high frequency. However, in con-
trast to the Heitler—-London model, the superresonance model of the formation of
molecules attributes this motion not to the Heisenberg exchange energy, but to
the pen-resonance between elementary particles, with a frequency characteristic
of resonances between particles (1022-10%* s~!) which is a number of orders of
magnitude higher than Heitler-London evaluation.

2) As well as in the work by Hund and Mulliken, the structure of molecules in the
superresonant model is determined by nuclei. Therefore, the consideration of
molecules “as atoms with more than one nucleus” in both models has both phys-
ical and chemical senses. However, the physics of the formation of the electron
shell in the superresonant valence model —- the resonant interaction of electrons
with protons in a nucleus — differs from the physical representations underlying
the Hund—Mulliken model.

3) The superresonant bond model, as well as Pauling’s rules, provides the possibility
of the occurrence of resonance structures. However, in contrast to the standard
model, the superresonant valence model considers resonances not only as the
cause of the formation of resonant bonds in some molecules (such as the benzene
molecule), but also as the physical basis of the chemical bond itself. Moreover,
according to the model proposed in this work, resonances constitute the physi-
cal mechanism that is responsible for the appearance and existence of not only
molecules, but also atoms.

Discussion

1) The efficiency of the Occam’s razor principle (according to which new concepts
should be introduced only if they are absolutely necessary) has been manifested
during centuries in various sciences. The introduction of new models and concepts
is not required if the existing representations successfully explain the basic exper-
iments. However, too many questions concerning mechanisms of the formation of
chemical compounds are collected. The consideration of alternative models be-
comes necessary. The superresonance hypothesis of the nature of valence seems
to be most adequate and “soft” among all mechanisms listed in the review. On
the one hand, it can hold the quantum-mechanical results, which are described
by the Schrédinger equation whenever one is applicable (in particular, in the adi-
abatic approximation). On the other hand, the efficiency of the application of
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Butlerov’s “hyphens” becomes understandable, because electrons (according to
the superresonant valence model) are involved one by one in pen-resonance with
the nucleus, forming an inter-nucleic “bridge”. Thus, the efficiency of the wide-
spread chemical representation of atoms as spheres and points, which proved to
be highly effective in numerous applications, is directly explained in the physics of
resonant processes underlying (according to the superresonance hypothesis) the
formations of molecules. The superresonant model most naturally explains the
hybridization of orbitals, the hydrogen bond, and coordination numbers. Femto-
chemical results, which directly demonstrate the inadequacy of the representation
of the chemical bond as a stationary process, are completely consistent with the
existence of the fundamental resonances underlying the nature of the valence
bond. Moreover, the existence of structural symmetries in relations (3)—(6), as
well as the representation of the set of electronic configurations and the periodical
properties of chemical elements in the form of four-dimensional pyramids, can be
strictly explained in the framework of the superresonance model.

According to the superresonant valence model, the interaction between atoms in
molecules is caused either by the resonant interaction of valence electrons with
the nuclei of both valently connected atoms (covalent and polar bonds) or by the
complete transition of an electron of one atom to interaction with the nucleus
of the other atom (ionic bond). In the latter case, the atoms become oppo-
sitely charged, which is equivalent to the appearance of the Coulomb interaction
between the centers of these atoms in the classical approach. This fully corre-
sponds to the empirical representation of the atomic structure that is accepted by
chemists whose practical experience forces them skeptically estimate the utility of
the use of quantum-mechanical calculations in chemistry. However, in the light of
the proposed superresonant valence model, the skepticism by practical chemists
concerning the adequacy of the current way of the application of atomic theory
in their science seems to be completely justified.

According to the resonance hypothesis, the structure of matter is based on reso-
nances, resonances between resonances, interaction between resonances, and the
hierarchy of resonances. At the most general understanding level, such repre-
sentation is similar, on the one hand, to the ideas underlying string theory and,
on the other hand, to philosophical representations of the harmonic structure of
the universe beginning with Plato and Pyphagoras. However, string theory is
applied to a scale of about 1073% m, whereas the characteristic sizes of atoms and
molecules are 1025-10%7 times larger.

Resonance model of the structure of atoms and molecules establishes a straight
connection between chemistry and the theory of elementary particles, molecu-
lar biology, and nuclear resonance states. The role of relativistic effects in the
superresonant process may also be essential [9].

The increase in entropy is now explained by the fact that nearby trajectories at
multiple atomic collisions diverge exponentially such as it is shown both ana-
lytically and in computer simulation for the Sinai billiard [30] and Bunimovich
stadium [31]. However, the problem of the consistency between the time re-
versibility of the Newtonian equations of motion and the irreversibility of the
entropy increase, strictly speaking, remains. If at least some colliding atoms
interact not only as elastic spheres (traditional model in the kinetic theory of
gases), but also pen-resonantly, these collisions cease to be reversible under time
reversal in the Newtonian equations of motion, already because the duration of
the pen-resonance is a random variable with dispersion. Moreover, since time of
the pen-resonance is small but nonzero, this duration is enough for the interact-
ing nuclei to move in space. Therefore, the model of collisions between atoms
as elastic spheres is inapplicable at least for collisions at which pen-resonance
occurs (whose energy, in contrast to valence bonds in molecules, is insufficient to
hold atoms). Thus, if pen-resonances occur at least in some atomic collisions, the
entropy of the system increases.

The superresonance model of valence bonds forces us to revise both understanding
and modeling of the enzymatic activity and functioning of biological molecules in
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vivo. The traditional bond model compels specialists in molecular-biology sim-
ulations to reduce molecular dynamics, including the enzymatic activity, to the
Coulomb law and Newton’s law of gravity with the selection of the corresponding
coefficients. This approach, although numerically effective, seems to be inade-
quate and too simplified. Representation that bonds between atoms are caused
by resonances, as well as the possibility of the existence of hierarchical resonances
in molecules, provides a new sight and new opportunities both for explaining ex-
isting processes and for designing molecules with given properties. Possible con-
nection of enzymatic activity with the theory of elementary particles (on which
proton-electron-neutron-resonances are based according to the proposed model)
is equally intriguing and stimulating.
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Pesonancuasa mojenb aroma u (popMUpoOBaHUE BaJ€HTHBIX
cBa3en

FO. B. Marapmak

MamTex Hwx., Hoio-Hopx, CIIIA

IIpupony BaJIeHTHBIX CBsI3€# TPAIUIIMOHHO OODBSICHSIOT CMEIEHUEM SJIEKTPOHHBIX OpOUTa-
Jieif B IIPOCTPAHCTBE MEKJIy B3aUMOJEHCTBYIOIIUMHU aToMaMu. B To »Ke BpeMsl psall dKcIe-
PUMEHTAIBHBIX (DAKTOB, HAIPUMED, CYIIIECTBOBAHNE YETHIPEXMEPHON CHMMETPUN MEXKIy 3a-
TIOJIHEHNEM JIEKTPOHHBIX 000JIOYUEK U TEPUOTUTECKIME CBOMCTBAMY XUMHUIECKUX SJIEMEHTOB,
TpebyeT ImepecMoTpa CTaHJAPTHOM KOHIIENIINN BaJeHTHOCTH. Mo/iesib, B KOTOPOi BaJIeHTHBIE
CBSI3M BBI3BIBAIOTCSI PE30OHAHCHBIM B3aUMOEHCTBUEM MEXKTY JIEKTPOHHON 000TOIKON OTHOTO
aToOMa M IIPOTOHAMU JPYIOro aTOMa, IIPeJICTaBIsgeTcs bojee aJeKBaTHOI.
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In this article we discuss new symmetry in the atomic structure which was discovered
by the second author. We also consider mathematical and physical arguments, which can
potentially explain these symmetries.

Introduction

Let us first remind the description of the symmetry. As it was shown in [1], there
is a symmetry between the order of completion of the electronic levels of different
atoms [2] and the spectra of the hydrogen atom [3-7]. Let us consider the multielec-
tron problem of the electronic shells and subshells structure as a function of atomic
number. If one orders the electronic configuration in the coordinates (n, 1), e.g. in the
same coordinates in which were ordered the energy levels of the hydrogen atom (rela-
tions (1)), the picture obtained does not reveal any structure or regularity. However,
if the subshells are ordered differently, one gets clear-cut triangular structure. This or-
dering as a function of principal and orbital quantum numbers, might be restructured
in the form [1].

5f — 6d — Tp — 8s
4f — bd — 6p — 7s —
4d — 5p — 6s —
3d — 4p — bs —
3p — 4s —
2p — 35 —
25 —

1s —

The shell and subshell structure in the relations (1) possesses a clear cut symmetry
along both main and secondary diagonals, as well as along the horizontal line and the
vertical one. This means that relations (1) are structured both in the coordinates
(n, 1) and in the coordinates (n+1, n—1). Note that odd line number 2k — 1 and even
line 2k, k =1, 2, 3, 4 in (1) (counting bottom-up) have the same structure. The atoms
(chemical elements), which constitute the pair of lines 2k — 1 and 2k in relations (1)
have been called supercycle [1]. Hence there are four supercycles, consisting of 4,
16, 36 and 64 elements of the periodic table [8]. One should notice also the formal
tie between relations (1) (which appear from the Schrédinger equation solution for
the hydrogen atom [3-7]) and relations (1), which do represent the ordering of the
electronic configuration of all atoms [9,10]. In other words, one electron problem is
structured in the coordinates (n, [), while the multi electron problem (the electronic
configurations of all atoms) becomes structured in the coordinates (n+1, n—1). Two
pairs of axes (n, ) and (n + [, n — ) are turned on the plane of the orbital and
the principal quantum numbers by 7/4 relative to each other [1]. Let’s now compare
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the properties of the set of the electronic configurations of all atoms [9] with the
periodically repeating properties of chemical elements [8] (how chemists call atoms,
which are united with valence bonds [11,12]). In order to do it, one must return
from the coordinates (n + I, n —[) to the coordinates (n, [) in the relations (1), e.g.
perform rotation by /4 on the plane (n, [). In the coordinates (n, [) the superposition
of the electronic configurations set with the periodic table, which describes chemical
properties of atoms, gives the following subshell structure:

5 4f

6d 5d 4d 3d
2

Tp| |6p| | Sp| | 4P| |3p| | 2P

8s 7s 6s 5s 4s 3s 2s 1s

As has been demonstrated in [1], relations (2) also have a 4-dimensional symmetry
related to the eigenvalues, which appear in the problem of the spectra of the hydrogen
atom [13], by the rotation on the angle of 7/4 [1]. Thus the structural symmetry
between one-electron problem and multi-electron problem has been revealed. The
symmetries, presented in relations (1) and (2), in particular, generate 4-dimensional
pyramid of electronic configurations of atoms and periodically repeating properties of
chemical elements (instead of 2-dimensional periodic tables [2]). The four-dimensional
pyramid of atoms and elements of Magarshak is presented in [1].

1. Coexistence of the Symmetries and the
Commutation

As has been shown in [3-5] the symmetries (1) and (2) are generated as symmetries
of a pair of energy type operators, which naturally appear in the presence of two
commuting Lie algebras of symmetries in the quantum system. Below we provide
a mathematical observation, which supports this point of view.We show that the
existence of commuting simple Lie algebras of symmetries in physical problem force
the existence of unique commuting pair of energy type operators for the localized
quantum states.

The finite-dimensional complex representations of products of semisimple Lie al-
gebras has been considered [3-5]. Any such representation V' of g; x g2 decomposes
into a sum of tensor products Vi, x W; where V}, are irreducible representations of g;

and W; are representations of go. The following theorem has been proved [3-5]:

Theorem 1. Assume that g1, go are simple Lie algebras. Then there is a canoni-
cally defined pair of commuting operators Ay, Ao such that both A;, i = 1, 2 commute
also with the action of g1, g2 and have integer nonnegative eigenvalues on V.

Proof. It is a classical result. Consider A; as the Casimir operator
in2
A; = Zad(xj) , (2)

where m; is an orthonormal basis of g; with respect to the naturally defined Killing form
By [14]. It is well known that the operator A; does not depend on the orthonormal
basis in g; and A; is contained in the center of the enveloping algebra U(g;). Hence
both operators commute with any element in both g1, go. It is also a positive integer
multiple of identity on any nontrivial irreducible representation V' of g;. Thus the
representation of g1 X go is provided with a pair of canonically defined commuting
operators with integer nonnegative eigenvalues on V. O
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2. Coexistence of Symmetries and Lorentz Group

Note that any element of the center of U(g;) has similar properties. If the algebra
g; has rank r (dimension of the Cartan subalgebra) then the central subalgebra is
a polynomial algebra with r generators. If the rank of g; is > 1 then we have other
similarly defined canonical operators coming from g;. However Casimir operator is the
only operator in the center of U(g;), g; — simple Lie algebra, which is equivalent to
second order differential operator (Laplace operator) in natural representations of g;.
These representations appear on the spaces of special functions (or sections of vector
bundles) over smooth manifolds with geometric action of the algebra g;.

The above decomposition may exist in the compexification of the symmetry alge-
bra and not in the algebra itself. Since complex finite-dimensional representations of
the complexified Lie algebra are the same as of it’s real form, the above decomposition
holds anyway. In our application the complexification of both real algebras are iso-
morphic to so(3,C) = sl(2,C) after a complexification and hence have rank 1. Thus
there are two natural options:

1) both algebras are coming from the independent rotation invariance f both the
nucleus and the electron envelope;

2) the local symmetry group is the Lorentz group SO(3,1) and though it’s
Lie algebra so(3,1) has no such a decomposition but the complexification
so0(3,1) x C = sl(2,C) + sl(2,C). The actual Hamiltonian operator of the prob-
lem splits into a sum of two commuting energy time operators. In our opinion
second case is physically more plausible since it opens a possibility to connect the
problem with a Lorentz group and its nonramified double cover Spin(3,1) which
are natural infinitesimal symmetry groups of general relativity.

It is a well established fact that one-electron problem is governed by the representa-
tions of the natural rotation group Spin (2) and the corresponding level structure can
be completely deduced from the representations theory of this group. In the multielec-
tron problem we can see the presence of a similar but more complex structure. One
of it’s demonstrations is the natural decomposition of all possible types of atoms into
groups which are naturally organized into supercycles [1]. The numerical structure
of the latter reveals a connection with representation theory of the product of groups
Spin(3) x Spin(3)/Zy = SO(4) with an additional symmetry between both Spin(3)-
components and nontrivial representation on the center Zy C Spin(3). Indeed, any
supercycle has length (2n)2 for n =1, 2, 3, 4 and complex irreducible representation
of Spin(3), which are nontrivial on the center have even dimensions 2n.

Thus the size of the supercycles corresponds to dimensions of first irreducible
representations of Spin(3) x Spin(3)/Z2, which are symmetric with respect to both
Spin(3) components of the above group. This is hardly a simple coincidence and we
would like to discuss possible physical and mathematical reasons for such a structure.

Note that symmetries (1) and (2) are observed within the set of atomic structures
which are quantum objects. The appearance of complex valued W-functions and com-
plex representations of the symmetry groups identifies the spaces of complex (though
not unitary!) representations of the groups SO(4) and SO(3,1) where the latter is
the Lorentz group of the relativity theory.

The structure of irreducible finite-dimensional representations of the group of
real matrices Spin(3,1) and it’s Lie algebra is the same as for the Lie algebras
sl(2,C) + sl(2,C) (or so(3) + so(3)) only if we consider finite-dimensional represen-
tations. Physically this is the case of the interactions for ensembles localized within
small spatial domains like atom. However the class of infinite-dimensional irreducible
unitary representations of the group Spin(3,1) is substantially bigger then the class of
representations of so(3)+so(3). Thus the additional symmetry appears only in the de-
scription of a priori localized systems of particles where the whole interaction process
is restricted to such a domain and space were quantum effects are dominating. The
representations of Spin(3,1) which appear on the corresponding system are of finite
dimension. However this effect does not appear when we consider nonlocal interaction
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problem. Corresponding irreducible representations of Spin(3,1) are infinite dimen-
sional. In particular, this symmetry would not show up on the quasi-classical level.
The important detail is that the action of the Lorentz group is mixing the electric
and magnetic components. Namely both components constitute a tensor represented
by skewsymmetric form on four-dimensional space with a standard representation of
SO(3,1). The action of both commuting Lie algebras so(3, R) of pseudosymmetry on
the complexification of the above representations does the same. It exactly corresponds
to the coordinate change (n, I) to (n+ 1, n — 1) on the set of quantum states so that
electric n and magnetic [ components are mixing via the symmetry transform. The
group so(3) acts on the space of the tensors of the electromagnetic field: in A2R* and
s0(3)a acts splits A2R* = A2R3 ( magnetic) +R3 electric charge. The group so(3),
acts on complexified space A2C* = A2ST x S~. The algebra so(3);, acts as su(2) on
S} and identically on S1=}. Thus so(3)r, acts as ST+ x Si++ 4 €% = €% + C3.
The representation S x ST = C2 + C of so(3), coincides with C*-complexification of
the space-time R* and rotates “complexified” tensors of magnetic and electric fields.
Thus the group Spin(3) x Spin(3)Z; = SO(4) is not the real symmetry group of the
problem but a shadow of Lorentz group SO(3, 1) with a given spatial subgroup SO(3).

3. I-Particle

How could such a symmetry appear in reality? Currently the standard answer
to such question is symmetry break. Namely the existence of symmetry [15] within
an ensemble of different particles is usually explained by considering them as different
states of an “ideal object” with the above symmetry so that the particles are degenerate
states of the above object where the symmetry is broken due to some process of natural
degeneration.

If we try to apply similar explanation we are brought to the idea to view the
atom as one of the possible states of an ideal particle which we will be denoting as
I-particle. This particle has Lorentz symmetry algebra within a bigger algebra of
local symmetries and supersymmetries corresponding to other potential fields. The
I-particle exists in this ideal state only 0-time which in practice means a very short
time depending on the total energy of the [-particle according to the “uncertainty
principle”. While degenerating the [-particle creates an avalanche of intermediate
particles which retain only pieces of the initial symmetry but previous symmetry is
manifested in the set of possible degenerate states.

Note that due to the short time existence of I-particle it is more relevant to speak
about the Lie algebra of symmetry and not of the group in this case. The process of the
symmetry breaking can be put into phases. Namely one of the first symmetries to be
broken is the symmetry between all possible space-type three-dimensional subspaces.

Thus the first break occurs on the level of space definition. It corresponds to the
appearance of the selected space subgroup — subalgebra so(3)a C sl(2,C) which is
contained within a product of two commuting algebras: so(3) x so(3) in the complex-
ification si(2,C) x sl(2,C) of the Lorentz algebra so(3,1).

Indeed so(3)a C sl(2,C) is contained in the unique product so(3)r x so(3)r C
sl(2,C) x sl(2,C). Note that so(3)r, x so(3)r appear symmetrically which explains
why the atomic structures are distributed via representations belonging to the tensor
product of equivalent representations of so(3)r, and so(3)r.

However this process proceeds with a different speed in different regions and atomic
nuclei [16] can be considered as a domain where this process stalls at some moment.
To visualize the picture we can view the [-particle as a cluster of vortices (or oscilla-
tors) rotating with different speeds comparable with the speed of light which makes
impossible to fix a spatial direction. Thus it opens up the possibility for the existence
of the Lorentz symmetry if we assume an equisitrubition of the angles of the rotating
vortices. The absence of a preferred space and time directions within the I-particle
brings naturally Lorentz group in the picture. It is certainly a very simple model
which only hints the possibility of such an effect.
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The process of degeneration of an [-particle is inhomogeneous and involves the
creation of radiation and some elementary particles. At the same time it goes much
slower in some domains and stalls in the intermediate state in some minuscule domains
insulated by surrounding clouds of electrons. This is the process which leads to the
creation of big atoms.

Thus the nuclei (at least sufficiently big ones) can be considered as cooled down
states of the [-particle and the electronic envelope consists of the cloud of emanated
electrons which compensate the electric charge of the nuclei. There is a supporting
evidence for this picture in recent experimental data which shows the existence of
sublight velocities in some processes within the nuclei [16].

This general picture provides with a potential explanation of the structure and
symmetries within the set of existing atoms. It also indicates the role of the electronic
envelope of the atom. Being a relatively stable degenerate state of an I-particle the
atom is electrically neutral and it’s stability is sustained by the interaction between
the nucleus and the electronic cloud. Some recent experimental data which show that
sublight velocities of processes within the nucleus points in this direction [16].

This general picture provides with a potential explanation of the structure and
symmetries within the set of existing atoms. It also indicates the role of the electronic
cloud in the atom.

Being a relatively stable degenerate state of an I-particle the atom is electrically
neutral and it’s stability is sustained by the interaction between the nucleus and the
electronic cloud.
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YIK 531

I'pymmia JIopenna u ee pojib B HEPEJSITUBUCTCKOM MO
aToma

®. Boromoaos *, FO. B. Marapmaxk |

* Unemumym Kypanma
¥ MamTex Hwx., Howo-Hopx, CIIA

B pabore MBI 06CyKa€M HOBbIE CHMMETPUM ATOMHBIX CTPYKTYP, HEJABHO OTKPBITBIX BTO-
pbIM coaBTOpoM. MbI TakxKke 00Cy»KJaeM MaTeMaTHIeCKne U (pU3UIECKUE aCIeKThl BO3MOXK-
HOT'O OO'bSICHEHHSI 9TUX CUMMETPUI.
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YIK 519.633.2, 517.958: 530.145.6

Hproronosckmii nmorennmaj B O01ieit Teopun
OTHOCUTEJbHOCTU B KOHEYHOM HPOCTPAHCTBE

. B. AmupxanoB, b. M. Bapb6amos, A. A. I'yces,
B. H. IlepBymusn, C. A. IIlyBanos, C. 1. Buaunkmii,
A.®P. 3axapos, B. A. 3uHuyK

Obzedurenmnviil uHCmumym AdeproT Uccaedo8aHUL
Poccus, 141980, /[yoma, Mockosckot oba., ya. 2Koauo-Kropu, 6

Hb0TOHOBCKMIA TOTEHIINAI BBIYUCISIETCST B TaMUJILTOHOBOM Togxoje K Obieit Teopuu oT-
nocuresabHocTH (OTO) B KOHEYHOM POCTPAHCTBE, TJe KOOPAUHATHOE BPEMS KATUOPOBOYHO-
WHBApPUAHTHO U HE MOXKET PAcCMaTPHUBATHCS KaK U3MepsieMasi BeJndnHa Teopun. Haburronae-
Mblii (KaTMOPOBOYHO-MHBAPUAHTHBIN ) TAPAMETD SBOJIIOIAU OTOXKIECTBIISIETCST ¢ OJTHOPOTHBIM
KOCMOJIOTHTYECKUM MACIITaOHBIM (HaKTOPOM a(wo)7 OIIpEJIeJIEHHBIM C IIOMOIIBIO YCPEeTHEHUST
JiorapudmMa JeTepMUHAHTA ITPOCTPAHCTBEHHON METPUKH 110 MACIITAOHO HHBAPUAHTHOMY ITPO-
crpaHcTBy JIuxHEpOBUYA, & COOTBETCTBYIOINIAA KAIUOPOBOUHO-UHBapuanTHas sHeprus B OTO
OIIpeJIesIsieTCsT KaK pellleHne yPaBHEHUsT SHEPTeTUIEeCKON CBA3U OTHOCUTEHHO KAHOHUYIECKO-
ro UMILyJibca Maciirabuoro gakropa. B aToM ciydae gaeTcs KOCMOJIOrHYecKoe 0000IeHne
HBIOTOHOBCKOI'O TTOTEHIMAJIa, 3a/TaHHOI0 B HEOTHOPOIHOM KJtacce (pyHKITHA.

BBenenue

IlorenrmajsamMu B pesIITUBUCTCKON TEOPUM TOJISI HA3BIBAIOT IIOJIEBBIE TI€PEMEHHBIE,
KOTOpPBIE YJIOBJIETBOPSIOT ypaBHeHusM Tuia Jlamraca AAg = Jy. B ormune or nu-
HaMUYECKUX IIePEMEHHBIX, KOTOPbIE YIOBJIETBOPSIOT ypaBHeHHsIM Tura Jlasmambepa
OAg = Jo u KoTopble OyIeM Jajiee Ha3bIBaTh CTEIEHAME CBOOObI, TAK KaK OHU UMEIOT
CcBOOOIHbIE HaYAJIbHEIE JTaHHbIE.

Omnpenenenne TOTEHINAA B PEISITUBUCTCKON TEOPUH TIOJIST CBSI3HO C TaK HA3bIBae-
MOM COITYTCTBYIOIIEH crCTEMOI OTCUeTa, BBIAEISIEMON eIMHIIHBIM BPEMEHEITOTO00HBIM
BEKTOPOM lg = (1,0,0,0). DTOT BEKTOP IOMOIaeT Pa3JIeJUTh BCE KOODAMHATHI 1 KOM-

[TOHEHTHI TI0JIell Ha MPOCTPAHCTBEHHBIE U BPEMEHEIOI00HbIE YaCTH, B COOTBETCTBUU C
Teopreil HEIIPUBOIUMBIX YHUTAPHBIX IIpejcTaBiennit rpymnms [lyankape.

HavaspHble JaHHBIE B TEOPUH KAJMOPOBOUYHBIX IOJIEH, BKJIIOYAs OOIILYI0 TEOPUIO
ornocuresibioct (OTO) [1, 2], m0o/KHBI ObITH ONpeE/IE/IeHbl KAK WHBAPUAHTHI OTHO-
CUTEJIBHO T'PYIIIbI KAJTHOPOBOYHBIX U ODIEKOBAPUAHTHBIX TPEOOpPa30BaHmii, KOTOPHIE
PAMKAJIBHO OTJIMYAIOTCS OT MPeoOpPa30BaHUil CHCTEM OTCYETa. DTO pasjmdne ObLIO
nokazano JByMsi reopemamu Herep [3]. [Tapamerpsr ipeoGpasoBanuii cucteM oTcueTa
HETIOCPE/ICTBEHHO M3MepsieMbl KaK HadajbHbIE JAHHBIE, B TO BPEMs KaK IapaMeTpbI
KaJUOPOBOYHBIX IPeoOpasoBaHUil He HAOIIOMAEMBI; KAaInOpOBOTHAST MHBAPUAHTHOCTH
BEJIET JIUIIb K CBSI3sIM HAYAJIBHBIX JIAHHBIX, BBISIBJIEHHBIX CHMMETPHUSIMY TEOPUU OTHO-
CUTEJIbHO PeoOPA30BAHUN CHCTEM OTCUETA.

st TOTO, ITOOBI OTAEIUTD TPYIIY KAJTHOPOBOYHBIX MPeoOPa30BAHUI OT TTpeobpa-
30BaHmii cucreM orcuera B obmieit Teopun orHocurenbrocTn (OTO), Pok BBes onuca-
e OTO B TepMuHax JIOPEHII-KOBAPUAHTHOTO W KAJIUOPOBOTHO—MHBAPUAHTHOTO Op-
TOTOHATILHOTO periepa [4].

I'naBroit TpyaaocTbio B OTO mpu BBIYHCIIEHUN [TOTEHIINAJIA SIBJISIETCS] HHBAPUAHT-
HOCTL 3TOH TEOPHH OTHOCHTEIBbHO MapaMeTPU3aIldl KOOPJMHATHOrO BpeMennm ¥ —

70 = 39(20).

Pa6oTa 4acTHYIHO BBINIOJHEHA NIpH Hoanep:kke Poccuiickoro donna dbyHIaMEHTAIbHBIX UCCIIEA0BA~
uuit (PO®U rpant Ne03-02-16263).



124 Amupzrarnos HU. B. u dp. Heroronosckuit norennman B Ob1eit Teopun . . .

B cayuae, Korma Mbl IMeeM JeJI0 ¢ KOHEUHBIM IIPOCTPAHCTBOM-BPEMEHEM, KOTOPOE
AKTHBHO PACCMATPUBACTCS B COBPEMEHHOH KOCMOJIOIHH, POJIb PellapaMeTPU3aIOHHO—
MHBAPUAHTHOTO TIAPAMETPa SBOJIOIUN UTPAET KOCMOJOTHYIECKUN MACIITAOHBIN (hak-
Top [5-8]. Dror darTop OTmENsIeTCsT MACIITAGHBIM IIPEOOPA30BAHIEM OT METDHKH.
OTenenne KOCMOJIOTHYIECKOTO MaciTabHoro ¢axtopa or merpuku B OTO mzsect-
HO KaK KOCMOJIOIMYeCcKasl TeOpHsi BO3MYIIEHU, peyioxKentas Jlusmunem (9] u npu-
MeHsieMasd JIJI aHAJIN3a COBPEMEHHBIX HaOJII0JATe/IbHBIX JAHHBIX B acTpO(U3UKe U
kocmostoruu [10]. O6bIMHO TpeAnoaaraT, 9To 3T0T (HhaKTOP SBJSIETCS JIOTOJTHUTE b
HOI IIepEMEHHOM, 3aJaHHOH B KJIAcCe OTHOPOMHBIX (DYHKIWMA. DTO MPEIAIOIOKEHUE
BeeT K YABOCHUIO YHCJIa OJHOPOAHBIX IIEPEMEHHbIX, YTO HE ITO3BOJILAEeT HUCIIO/IB30BaTh
ramuibToHOB nogxox k OTO [11,12].

B ,Z[aHHOfI cTaTbe MBI BBIYHUCJIIEM HBIOTOHOBCKUIA IIOTEHIaJI B IIOC/IEJOBATECIBHOM
ramusibroHOBOM Toxoe K OTO [11,12], e sToT MOTEHIMA 3a/aH B KJacce HEeOJl-
HOPOIHBIX JIOKAJbHBIX (PYHKIIAA.

1. MaBapuanTHbIii mapamMertp 3BoJoiuun B OTO

1.1. HeiictBue, maTepBas u cummerpun OTO

OTO |[1,2] naercss aBymsi (DyHIAMEHTAJBHBIMU BEJIMIHMHAME: <« QUHAMUYECKUM >
IelficTBIEM

S = /d%@[—%gl%(g) + £<M>], (1)

e pf = %Mﬁlanck — nocrosinnast Hpiorona, a L) — JIarpaHKuaH MO/ MaTepuH, 1
«2E0MEMPUMECKUM UHMEPEANOM>

Guvdahdz” = w(a)wia) = WO)W(0) — W1)W(1) — WERW(E2) ~ WE)WE); (2)

TJIe W(o) — JuHeiinbIe Tud depennuabl, onpeje/iseMble KaK KOMIOHEHTbI OPTOTOHAb-

Horo pemepa [4]. OTO B TepMuHAX KOMIOHEHT (DOKOBCKOI'O perepa COJEPXKUT JiBa
MIPUHITAIA OTHOCUTEBHOCTH: <« 2e0MEMPUMeckuily — obiee mpeobpaszoBaHue KOOP/IU-
HaT

La? 27, W) (@) = W) () = wiay (@) (3)
7 «JuHaMuveckully TIPUHITAI, chOPMYJIMPOBAHHBIN KakK mpeobpasoBanust Jlopenra cu-
CTeM OTCYeTa 33aJaHHbIX OPTOI'OHAJIbBHBIM DPEIIepoM

ot — g =it (20

Wa) = W(a) = Liay(pywis)- (4)

1.2. Cucrema orcuera rammjiabToHOBa noxoga k OTO

TFamusbronos noaxox k OTO cdopmynuposan B pabore [5,6] B oupeesenHoii cu-
cTeMe KOOPJMHAT B TEPMHUHAX IePEeMeHHBIX

L ; ; L
wioy = ¥ONadz® = Y2wly),  wiy = Plew(da’ + Nida®) = 2wl (5)
(L) o - ~
e Wi, [13] — npeobpazosanue JInxHEpOBHYA K CKAJSPHO-MHBAPUAHTHBIM BEJIHYIN
HAM, & TPHAIB! €(a); GOPMUPYIOT HPOCTPAHCTBEHHYIO MeTpuky ¢ det|e| = 1, Nq —

dbyukius cmemtenns Jlupaka, N* — BekTOpa cIBUTa HaYaJa KOOPJAUHAT, a 1) — JeTep-
MUHAHT IIPOCTPAHCTBEHHOW METPUKHU.

BesbMaHOB ycTaHOBUII |7, 8], 4To crmcremMa KOOpIMHAT, onpejesieHHas B Buje (5),
SIBJISIETCSI MHBAPUAHTHON OTHOCUTEILHO IIpeobpa3oBaHmil

10— 3 =3%"), 2 — 7 = 32", 31, 20, 73), (6)

daz?

~ 07k da® 97k oxt
k i
dz0’ N

Na=Na =N 00, 4 Dw; 070 @
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I'pymma mpeobpazoBanmii coxpaHseT cemeiicTBo rumeprosepxnocreii #° = const, ko-

TOPOE HA3BIBAIOT <«KUHEMEMPUUECKOU» MOATPYINON TPYIIBI O0IUX ITPeodpa30BaHMIA
KOOpJIMHAT. « Kunemempuueckas» TOATPYIIIA COIEPKUT permapaMeTpU3aIiuio KOOPIH-
HaTHOTO MapameTpa 3posorun (V). To o3HAUAET, YTO KOOPJAUHATHBII apaMeTp BO-

mormun (%) He m3MepsieM, PO HAGITIOIAEMOTO TIapaMeTpa SBOTIONIN B 3TOM CIIydae
WTpaeT OfHA W3 MepeMeHHBIX Teopun. B Kocmomorndecknx mpmiokerusx OTO B ka-
YecTBe TaKoii perapaMerpu3alliOHHO-NHBAPUAHTHON BpeMEHU—TIOJ0OHOM IepeMeHHOil
BBIOUPAIOT OJTHOPO/HBII MaciiTabHbli dakrop [14, 15].

1.3. OgHopoaHbIit MacITabHBII (baKTOp, KaK HyJIeBas
®Dypbe-rapMOHUKA

Kocmosorust @pupmana u KocMoJiorndeckasi reopust Boamyinenus [9, 10], npumve-
HsIeMble JIJIsS aHAJIM3a COBPEMEHHBIX HaOJFOMATETbHBIX JTaHHBIX B aCTPOMU3NKE U KOC-
MOJIOTHM, OTOXKIECTBJISIOT WHBAPUAHTHBIA <«NAPAMEMP I80A0UUU> C KOCMOJIOTUIE-
ckuil MacmTabHbIM (bakTopoM a(xg). Ilocieanuii BBeuTCss MacmTabHbIM IPeodpa3o-

BaHmeM MeTpuku g, = a?(z°)g,, u moboro moms F(™ ¢ kondopmubM Becom (n):
F( = q"(20)F™). B wacraoctn KpuBu3Ha

V=9R(g) = a*V/=GR(§) — 6ad [Dpav/=F 5] (8)

MOZKeT ObITh BbIPakKeHa B TEPMHUHAX HOBOW (DYHKIUHU CMelieHns [Nq U IPOCTPAHCTBEH-
HOTO JleTepMUHaHTa 1) B ypaBHeHuu (5)

Na=[V-3 3" ' =a’Na, ¥ =(Va) "¢ (9)

YTo6bI COXPAHNTH YHC/IO IEPEeMEHHbIX, MBI OIpesesseM log \/a clemayiomum o6pasom
1

log va = (log ) = V/d:)’xlogw, (10)
0

rie Vo = [ d3z < 0o — koHeuHBI 06BeM. B 3TOM ciIydae HOBBIH JETEPMUHAHT IHepe-
MEHHO 1) YIOBIETBOPSIET TOXKIECTBY

/d%logi = /dgm[log¢ — (logy)] = 0. (11)

MozkHO Ha3BaTh 9TH (DYHKINK «OTKJIOHEHUSIMIA» OT CPeJIHero 3HadeHust. MoxkHO 3ame-
THUTb, 4TO onepanun «ycpeauenusi» [, - = (u) n «oriaonenns» Hge-p = = p— ()
AMEIOT CBOMCTBa orepaTopoB npoeKTupoBaHusd: [lge - pt 4+ ge - 0 = I, H?je = Ilge m
2, =1L,

"Tocre macmrabuoro npeobpasosanust (8), (9) meiicrue (1) mpuHIMaer By

d3
Sleol = Sl - [ da® (o)’ (12

snech  S|g] — mefictBue (1) B TEPMHHAX METPUKH §. DHEPreTHUYECKAs CBSI3b
3S[po]/0Ngq = 0 npurnmaer Buz [14]

_% _ 70 _ (Dop)?

Pl =70 = 0 13
=T (13)

rae T(g) — JIOKaJIbHAad TIJIOTHOCTH 9HEPI'HH. 9o YpaBHEeHUE MMEeT TOTHOE pelnIeHue

2 2 Ty
[i_?] = 2 :< T8> 7 <(Nd>—1>ﬁd: w, (14)
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rie

o) = [adi(Fay )t =2 [ S (19

— nuBapuantaoe Bpems. [lamnas sposonusa B8 OTO aBisierca anasorneii 3akoHa Xab-

6712 B KOCMOJIOTHH. DTH ypaBHeHUs MOsIBJIAIOTCH, eciin 1¢) He 3aBUCUT OT OJITHOPOJHOf
ckopocTH '

2. Moaesb MacCUBHOI 3JIEKTPOJINHAMMUKN

2.1. eiicTBue

B kauecTse MOIeJIn MaTepuu pacCMOTPUM MaCCUBHYIO JIEKTPOANHAMUKY B OTO

S = Sar + S = / d*av/"g[Lan + Lun], (16)

rme Lgr — narparxunan OTO

Ler = ——R( ) (17)

n Lm — JJarpaH>KnaH MaCCHUBHBIX BEKTOPHBIX U CIIMHOPHBIX TIoJIeit

Loy = —iFWF 59" g"% — MZA,A,g"" — Win® (Dy —ieAy) ¥ —moWW.  (18)
31ech

F,, =0,A, — 0,A, — TeH30D HAIIPAKEHHOCTH,

Ds = 05 — i%[’y(a)’y(ﬂ)]a(g(a)(ﬁ) — KoBapuaHTHast npon3BojHas Poka [4],

Y(3) = V"e(s)u — Y-Marpuup! [upaxa, CBepHYTbHIE C TETPAIAMH €(g),, 1

To(a)(B) = e’(’ﬁ)(Vue(a)y) — K03 DUIMEHTHI CIITHOBOI CBsI3HOCTH [4].

2.2. Jlarpanxkuan OTO

st BRIYMCIEHNsT KAHOHUIECKUX WMITYJIBCOB MOXKHO 3allicaTh THIBOEPTOBO JIeii-
creue (1) B repMuHax HOBBIX mepemeHHbIX Jlupaka (9)

(O
Scrlg = a*g) = /d4 K[plg] — Ple|g]) /dx O(p /deLGR, (19)

rae
Klple] = Nap? { 472 + (gb)] (20)
Nd%’%z? (3) e i
Plple] = =[P R(e)d + 847 (21)
ABJIAIOTCA COOTBETCTBEHHO KMHETHUYIECCKUMHN U IMOTEHIINAJJIbHBIMU YCJIOBUAMU
v = L [(80 — N'9)) log 1) — lale} (22)
Ny 6 ’

1 % %
V(ab) = 5 (€(a)i¥) + €0)iva)): (23)
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1 1
V(a)i = N [(30 — N'9))ey + §e(a)ialNl - e(a)laiNl] (24)

o —9: (el e 9.1)) — i -
CKOPOCTH METPUIECKUX KOMITOHEHT, Ath) = 0; (e( a)e(a)ajw) KOBAPUAHTHBIN Omepa;

Top Jlammaca, (3)R(e) — TpexMepHas KPUBU3HA, B TEPMUHAX TPUAJL €(q);

3 7
BIR(e) = =20 [ely)0(e)15)(0)) — T@IBOT@I®)@) + Ty @ HT Pl (25)
31ech
, 1 ‘ ,
k
T@|®)(e) = e ViClake(n) = 58w [0m)€l) ~ I (26)

— K03 PUITUEHTHI CITMHOBON-CBAZHOCTH, Vi€ (q); = 0;€(4)j — Ffje(a) , — KOBapUaHTHBIE
E _ 1.k
npoussoausie, a I'; = jef (Die(); + Oj€vyi)-

2.3. Jlarpan>kmaH MacCUBHBIX MOJIE

Jlarpam:kuan MacCUBHBIX mosteii (18) MOXKHO mepemnucaTs B TEPMHUHAX [IEPEMEHHBIX
Jluxueposnya [13]

AL, =4, V=323, (27)
9TO IMPUBOAUT K IIOJIAM C MaCCaMHM, 3aBUCAIIUMU OT MAacCIITaOHOTO (baKTOpa a¢2
my = moay® = my?, My = Moap? = My?, (28)
HAXOJISIIUMCsL B [IPOCTPAHCTBE, 3a/IaHHOM KOMIIOHeHTaMu perepa (5)
wiy) =" Nada®, (29)
wé{;)) = e(q)i(dz’ + N'dz?) (30)

C €JUHIYIHBIM JEeTEPMUHAHTOM MeTpuKu |e| = 1.
B pesysibrare jarpamkuaH MacCUBHbIX Tosieii (18) mpuauMaer Bujy

_ 1- 1
VEILn (A0, 0) =~ B (ao — N*0, + o' ier)qu -

— NqHy + Nq {—Js)(c)v[ab]é(c)(a)(b) +

(U i 1 ij T8 12 42 W%
+ 5 (vaela) = gFF) = 900248 = 75 |

— Nd @ZGTI’L{I}L\I}L — 70 [NlAZ — Ao], (31)

rJie Jis JIMHeapU3aIliy MacCOBOTO HieHa HCHOIb30BaHO IpeobOpasoBanue Jlexkammpa
A%/(2Nq) = moAg — Nam3/2 ¢ BeromoraTebHBIM TIOJIEM To;

Hy = —@Z4 [i\IIL’y(b)D(b)\I/L + JgO' — 8kJ’“] (32)
— I'aMMJIBTOHOBa IIJIOTHOCTb d)epMI/IOHOB,
1 2 7
Vo) = 5 (€(2)i0() — €®)it(a)): (33)

1 .
D(b)\I’L = [a(b) — 58]46]&) — ZCA(b)} \I’L, (34)
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1 )
= ¢4ﬁd [80Ai — &-Ao + FijNJ] (35)

Vi(A)
— CKOPOCTH IIOJIEBBIX IIEPEMEHHBIX, a BEJIUINHDBI
1, = 1, = 1=
JI5(c) = 5(‘I’L75’Y(c)‘PL)a Jé) = 5(‘I’L’Y5’YO‘I’L)7 Jp = §‘I’L’Yk:‘1’L (36)

SIBJISTIOTCSI TIOTOKAMU, 0 = 0(q)(b)|(c)€(a)(b)(c)> TAE €(a)(b)(c) obozHavaer TeH30p JleBu—
Yusura.

2.4. 'aMUJIBTOHOB IIOJIXOT

Ilepeiinem oT ckopocTell K KAHOHHYECKH COIPSI?KEHHBIM UMITYTbCAM:

d

Pgo = _2VO?$—ZO = —2VO£ = —QVOQQI, (37)

_ 0KJple ~
Py = oA _ gy, (38)

9(0o Iny)
i OKlple] +v=gLw]  [¢?

O T = €(a) | 37Ut ~ S5(0f @) | (39)

i OV=9Lwm] _ - ,
Piyy = CYN Y (A, (40)

_ 0[v=gLmn] _ler o

P(\I,) = 8(80\I/L> = ;\If v (41)

Torma neiicreue (16) MOXKHO 3amucaTh B raMIJIBTOHOBOI (bopme
_ _ _¥ _
S = /dx [ Podop + Nojp5 +/d x(EF PrdoF +C NdTOtﬂ, (42)

rjie Pp —wabop nosieBbix umiysibeos (38)—(41), a

o ="M+ Y 9 (43)

1=0,4,6,8

— CyMMa I'aMHJIBTOHOBBIX HHOTHOCTeﬁ, BKJIIO49as IIJIOTHOCTb I'PaBUTAITUN

e~ e 402 ~
ILNTES ¢7%6(b)8(b)w7 (44)
6p(at)D(ab) 16 Ul
_g = @)ted) 2 — 4
TI=0 @2 QDQ pd) 20,2M2 ) ( 5)
PyaPiy, + FyFii
Tr—¢ = m\IIL\IIL (47)
2 M2 A2

TI€ D(ab) = %(eéa)ﬁ(b)i + eé{;)ﬁ(a)i)? Dby = P(v)i + efa)€(c)(a)(b)J(c)7

C=A4 [@-P{A) +edy — 7T0] + N(b)T(Ob)t + Xopy + )\(a)é)ke’(“a) (49)
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(Jo = Ulyg Ul — nynesas xommonenta ToKa; Ag, Ng, N?, Ao, A(a) ABJIAIOTCS MHO-
xurensivu Jlarpanxa) ofo3HAYAET CyMMy CBsi3eil, BKJIIOWAIONLyIo yciopue lupakxa
MUHUMAJIBHON TPEXMEPHOI rumeproBepxuocTu |5, 6]

_ -1
pJZUZOH(ao—Nlal)log@D: EalNl, (50)
O3HAYAIOIIEH TOJIOYKUTEILHYIO ONPEEICHHOCTD IIJIOTHOCTH TaMubTornana (45). Ecan
0003HAYNTH KOMIIOHEHTHI TIOJTHOTO TEH30Pa SHEPIUHU-UMITYIHCA T(Oa) = Tioeé ayr TO
0 ) Ly )
Tty = =PuO@)¥ + 50 (Pu¥) + 20@) VW)l (@) () ~ IB)P1)() ~

J 1 =
- 2\11170(9((1)\111 - Za(a) (\I/IWO\I/ ) (A) ke(a ﬂ'oA(a). (51)

2.5. N'aMmmbTOHOBA peayKITUA

Sueprermaeckas cssisp 0S[p|F]/0Ng = 0 B Buge ypaBHeHms N02P£/ (Nq)? =
TO(p|F) mmeer Tounoe pemrenue

p2op2, No_ ¥ Ty (52)
%2 @ N7 — ’
Na o (V1)

E, = 2Vo(y/T9), (53)

U TI0JICTAHOBKa 3TOro pemenus Py = +F, B neficteue

rae

S = /dx P80g0+N0 +/d3 ZPF80F+C NJT9)], (50)

JaeT peIyIupOoBaHHOE JIeHCTBIE
o
S:l: [¢I|¢O]|energy constraint — /d90{ |:/ dSm(Z PFagoF + é) + Eg0:| } (55)
e1 F

B mosieBoM mpocrparctse coberruii [¢|F). Baecs C = C/0yp, @1 ecTb HaYaIbHBIE JaH-
Hble POXKJIeHUs! (MM yHUYTOXKeHHsI) BeesieHHOi.

OKOHYATEJIBHO JIsl JeCSTH KOMIIOHEHT JMPAKOBCKOI TeTpaJibl [4] mmeeM ciemyio-
Iye ypaBHEHMs

i(T) _

=7 =9

(T) ®) )
66(!))1’

0.5 §(T)
svom = T =0
T
ajegb)) =0,
;N = 0.

Hast Nijp n 0;N° uMeeM COOTBETCTBEHHO

o= (= I [9]"< r  fy”
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_ ~ 1
py=0=0— (9 - N'9y)logtp = 6alNl,

a JIsi 9) — ypaBHeHHe

55 _ 8598y
5111772_5111170 Slny/ 7

KOTOpoOe 6y,ILeT PaCcCMOTPEHO B CJICAYIOIIEM pa3/aeJsie.

3. HpToHOBCKMIIT mOTEeHIINAJI B KOHEYHOM
IPOCTPAHCTBE

3.1. 9dbdekTuBHOE JeiicTBUE A5 CKAJSIPHBIX NOTEHIINAJIOB B
KOHEYHOM IIPOCTPAHCTBE

B muddeonnBapuanraoit popmysmposke B OTO ckajisipHble OTEHIIUAIBHBIE BO3-
MYIIEHUSI B OIIPEJIEJIEHHON CHCTEME OTCYEeTa MOI'YT OLITh OIpeieIeHbl KaK Ni;tl =1+v
u i) = e, e i, ¥ qalorcs B Kiacce (yHKIMIA, OIpeIeIeHHbIX OePaTOPOM IPOEKTH-
posanus (11) F = F — (F), upuuem (F) = 0.

fBHYIO 3aBHCHMOCTbH METPUKH M TE€H30pa SHEPTUH T(g) OT 1) MOXKHO TOJIyYHUTDH B
TEPMUHAX MAaCIITAOHO-MHBAPHAHTHBIX TepeMeHHbIX JInxuneposnya [13]

L 7 L
wéo)) = ,(/)4Nintdc, CUEb)) =€)k [dxk —}—deC], (56)
T =T A+ 30 a2, 1 = () + 7, (57)
I
rae Aip = ?a(b)a(b)lb — omeparop Jlamiaca, a 77 — INIOTHOCTH 9HEPIUH, OIPeIesIeH-

nple ypapaenusmu  (44)—(48). Orpunarensubiii sraag —(16/¢%)py,? npocrpancrsen-
HOTO JIeTEPMUHAHTA UMITYJIbCa Ty—( YOUPAETCs M3 HYJIEBOIl CKOPOCTH IIPOCTPAHCTBEH-
HOTO 3JIeMEHTa 0ObeMa yCJIOBHEM IOJIOXKHUTEJILHOCTH JIOKAJIBHO [JIOTHOCTU SHEPIHH,
BeesienHOM Jlupakom B |5, 6]

= 8 i’ — A [°N']
77D(S]\fint

=0. (58)

st yupolennst ypaBHEHUH CKAJISAPHBIX MOTEHIUAJIOB Ning, 1), MOXKHO BBECTU HOBBIE
0003HaYCHUA

~ ~ I_ — .\ 2
N = ¢ N, T@) =Y U Nad 27, poy = (VI§) =¢2  (59)
I

B repmunax srux obosHavenuii geiicreue (55) MOYXKHO IIPE/ICTABUTD, UCIOJIb3Ysl HHBA~
puaHTHOE BpeMsi (, B BUJIE

- - 57
Steol = [ d¢ [ @[S Prock + - NBF+T(D) - O], (60)

e Cc = C(dz?/d¢).
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3.2. IlorennmanpHble ypaBHEHUS

BapI/IaH,I/IE{ 9TOTI'O ,HeﬁCTBHH OTHOCHUTEJILHO NS, ’(/) BeIeT K ypaBHEHUAM

Rj+T— %0)’ (61)
AN, + Ngd-~ T+7¢]\p[ 9 — pwy, (62)
COOTBETCTBEHHO, IJIe
po) = (N:[A + 1), (63)
Py = ($AN, + NGO T + e A’;S(O’ ). (64)
B 1pejiesie 6ECKOHETHOro obbema p(,) = (77) = 0 ypasuenus (61) u (62) comarcs

YPaBHEHUSIM A@Z =0, ANS = 0 ¢ pemennsivu HIBapmmuabia ¢ = 1+ Z—i; Ny =1-— Z—i

3.3. KocmoJsiornyeckmue BO3MYIIEHUS

Tt Ny =1—1y, 9 =1+ {1 U MAJIBIX OTKJIOHEHW fi1,v1 < 1 ypaBHenus (61) u
(62) npuHEMAIOT BHI

(=2 + Lp(o) — py] i + 2001 = 7o) (65)
[7-14po)—14pa) +p) ] + [+ 1pe)—py]v1 = T70) — 71y, (66)

e P(n) = (T)) = 2211 ”a%_2<7'[>. OTOT BBIOOP IEPEMEHHBIX IIO3BOJISET OIPEIEINTh

=14 pu; u Ny =1— v B BUIEe CyMMBI

- 1 - r
v=1+3 / d3y[D<+>(w,y)T<(3 (y) + Dy (z, y)T((fg(y)}’ (67)
1[5 F(v) "
No=1-3 /d y[D(+>(:v,y)T(+)(y) + D(—J(fU?y)T(—)(y)}’ (68)
rie (3 mMeer BUT
B= 1+ [(r2)) — 14(r1))]/ (98¢7(0))) (69)
T = 70) F 16[170) — 7], (1) = [TH0) = 7] & (146) 70y (70)

— noKaypHble TOKH, D4y(x,y) — byskuun I'puma, yaIoBIeTBOPSIONIE yPABHEHHSIM
[j:m%i) — AlD(yy(z,y) = Bz —v). (71)
31ech ’ffl%i) = 14(8 £ 1){7(0)) F (T(1))-
B caygae pacupejiesieHusi Macchl B KOHEYHOM obbeMe V ¢ HYJIEBBIMH JIaBJICHU-

eM n mIoTHOCTBIO T(g)(z) = T(1)(x)/6 = M[63(z — y) — 1/Vp], pemenus (67), (68)
[IPUHUMAIOT BUJL

=14 =1+ Z—g {vle_m(ﬂ(z)T + (1 — 1) cos m(_)(z)r}, (72)

Ny=1—-1v1=1- 4— {(1 —2)e” ™ T Lo cos m(,)(z)r}, (73)
r
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~2
148-1 3M 2 _ 3mi
rae 71 = v V2= 985 0 T9 T pp2r T | _y|7 My = —2)

5 dmp (+) )

Mumnvassaas mosepxuocTs (55) 0; [N — (%) = 0 maer BexTOp c/BUTA HauaTa
KOOD/IMHAT B HPOIECCE IBOJIOIUH

N = (”C—) (gﬁ) / &F 7235(C, ) (74)

Pertenust (72), (73) uMeroT npoCcTpaHCTBEHHBIE OCIUJIISIIIAN 1 HEHYJIEBOIT BEKTOD CJIBU-
ra Hagasa KoopuHat (74). B Geckonednom obbeme (T(,)) = 0, a = 1 pemenus (72) u

1478
2

(73) coBnaaror ¢ usorponnsMu pemenusvi IBapmmmisga ¢ = 1+ 52, Ny =1—
NF=0.

47"

3.4. IIpumep

PaccMoTpuM ciTydail pacipe/ieleHist MacChl B KOHeWHOM obbeme Vo = 4mRJ/3 ¢
IJIOTHOCTBIO dHepruu (57), comepzKalieil TOJIbKO BKJIaJl YaCTUIE-TIOJOOHBIX CUHTYJISP-
HoCTell u MaccuBHOM b I = 6, Tak 9T0 Tr—¢ = QMpPer + M63(:v), rie per = P2 H?.
B sTom ciryuae mwioTHOCTH SHEprun (59) MOKeT ObITh 3allMCaHa B BUJIE

_4802 A TR s g 3
T = le T, T = ZH QM"’?T’I“g(S (.’E) 5 (75)

saecs H — mapamerp Xa66ua, u ry = M3/ (4mp?) — pajmyc rpaBuTAIAH.

Vpasuenus (61) u (62) cBegem K 1ByM uHTErpo-audQepeHnnaabHbIM yPABHEHUSIM
COOTBETCTBEHHO

~ o~ L~ 7
S
; S i
YANs — Nop™ T = p(yy — 7{ﬁ - 1} (0 (77)
S
d? 2d
rne Af = —f + —d—f B mHTepBaJie 1, < r < Ro, a 1, —ecrecTBeHHasl Pa3HUIA
T

«9aCTHUIIE- HO,ILO6HBIX>> 00BbEKTOB (IIpemIoaraeM uTo 1, ~ 7y K Ry ~ H _1) u

o) = R%L—rg 7Odrr2Ns (20 + 9717, (78)
Py = / drr wAN N~ 1T] (79)
C HODMHUPOBKOII B MHTepBaje 1, < 1 = /23 + 23 + 22 < Ry
RS’L—@’ 71&#%: =1, (80)
/drr logd) =0, (81)
Rj — Tb
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u rpannanble yeaobust Ny(r = Ry) = 1, J(r = Rp) =1. Jna Ny =1— vy, v=1+ 141
U MaJIbIX OTKJIOHEHUH L1, < 1 pernenue stux ypasaenuit umeer suj (72) u (73),

v=1+p =1+ Z_i {fhe*mw)(dr + (1 — 1) cos m(,)(z)r}, (82)
Ne=1—-11=1- Z—g |:(1 - 72)6_m(+)(z)r + ¥2 COS’I’R(_)(Z)’I“:|, (83)

r
rae 3= /1436 —14-6]/(98) = /1 —48/98 ~ 1/1.4, m(_y = H\/3Qm, m(y) =

Sm(_), Y1 = 3, Y2 = 9/20. N
Mo2KHO BHJIETH, 9TO 9TO M3MEHEHHe KoOpAuHATHl 1 — = = TH\/(3/4Q\), a T B

ypasuennn (75) conepxur T — 1.
Vpasuenus (61) u (62) cBoauM K ByM uHTErpo-1uddepeHnnaabHbIM yPABHEHUSIM

COOTBETCTBEHHO B MHTepBase T < & < 1, pm K xp ~ g K 1, Ry ~ H+\/(3/40m) =1

~ o~ P’
A+t = 2P (84)
S
o 7
YANs — Ngtp™" = p(1y — 7[F - 1] P(0)5 (85)
S
*f | 24df
rjae Af +—-——1u nHTerpaJibHble TEpPMHUHBI UMEIOT BU/I
de? " zdax
m@zg/hmﬁNJAJ+J*} 5 < 1, (86)
Tp
by =3 @ [FaN - NG, m<t, (87)
Ty
C IIpejaejJiaMi UTHTEI'PUPOBaHUA
"
3 / dmx2¢ =1, (88)
3/dxx2 log ¢ = 0. (89)

B npenesnsnom cirydae x — 1> x, umeem

Yo(z) =1—¢e1+ = iz 210 [11673‘/_1 + 9 cos \/_x} (90)

Nos(z) =1+6e5 — iz [36_3\/_“’ 2 cos \/_$} (91)

CJTGILOB&TG.HBHO, B 9TOM CJIy4d9a€ Mbl MOKEM HaJIOZKUTH I'PAHUIHBIE YCJIOBUA
Ny(x=1)~1, (92)
Pz=1)~1 (93)

IIpoGiema cocTONT B HAXOXKeHnn 3uadennii dymuxmuii (z), Ny(z) B obmactu
x ~ x4 u cpaBHennn stux dynkumit ¢ (90) u (91).
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[Tpexxie BCero MOXKHO BUJIETH, UTO ypaBHeHHe (76) — anrebpanieckoe OTHOCUTEb-
HO Ny 1 UMeeT pereHne

o~ q1)2
I R
NS :¢ 1/2
P(0)

> 1, (94)

13 KOTOpPOro BUAHO, 9TO Ns HHUKOI'JJTa B HOJIb HE 06pamaeTc5{. CJ'IG,ILOBaTeIIbHO JYepHad
AbIpa B KOCMOJIOTUX HE CyIIeCTBYET.

SakJ/IroueHue

Mar Beraucsimin norennuaa Heorona B8 OTO B KoHETHOM TPOCTPAHCTBE-BPEMEHT,
OT/IeJisist IPe0OPA30BAHUS CHCTEM OTCYUETa OT ODOIIUX ITPeobpa30oBaHUil KOODIMHAT U
pasimyas KoopunaTHoe Bpemst 20 (kak ofbekT permapamerpusamun 1 — 70 =
7°(2°)) u pemapamerpuzanUMOHHO HHBAPUAHTHOE KOH(OPMHOE BpeMsi 1) (KaK pesyJib-
TAT pelIeHUs] YPABHEHUIl JBUKEHUsI ¥ SHEPreTHYecKoil cBsA3m). B KoCMOIOrmIeckoii
reopun Bo3myIenust |9, 10] B KauecTBe MHBAPUAHTHOTO IAPAMETPA IBOJIIOIUU BHIOU-
paroT KocMoJorndeckuii macmrabubiii daxrop. 'amuiabronos nomxon [11,12] obuapy-
JKIJT JIBOMHOM y9eT KOCMOJIOTMYECKOTr0 MaCIITabHOTO (haKTOpa B CTAHIAPTHON TEOPUN
Boamytierust Jlupmuna [9]. D1o o3Hadaer, UTO CTaHIAPTHAS TEOPHsl BOZMYIIEHUS HE
coBrajiaeT ¢ reopueii Ditnmreitna [1,2]. YTobbl n3bekaTh JBORHOIO yueTa U BEPHYTh-
ca k OTO, mbr ortaemman MacmrTabHbIN (HAKTOP C MOMOIIBIO YCPEIHEHUS TeTePMU-
HAHTa [IPOCTPAHCTBEHHON MeTPUKHU. B 3TOM ciIydae moka3aHO, YTO COXPAHEHHUE TUCIIA
nepemeHHbIX B OTO mo3BosisieT UCKIII0UNTh KHHETUIECKUE BO3MYIIEHUS U TOJYIUTh
HOBBI THII IOTEHINAIBHBIX BO3MYIIEHN, KAK KOCMOJIOTHIECKOe 0O00ITEeHNEe PeITeHust
[IBapmmunbia u norernuaita HeooToHa.
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UDC 519.633.2, 517.958: 530.145.6
Newton Potential in General Relativity in a Finite Volume

I. V. Amirkhanov, B. M. Barbashov, A. A. Gusev, V.N. Pervushin,
S. A. Shuvalov, S.I. Vinitsky, A.F. Zakharov, V. A. Zinchuk

Joint Institute for Nuclear Research
6, Joliot-Curie str., Dubna, Moscow Region, 141980, Russia

The Newton potential is calculated in the Hamiltonian approach to general relativity (GR)
in finite volume, where coordinate “time” is gauge-invariant and therefore can’t be considered
as a measurable variable of the theory. The evolution (gauge-invariant) parameter under
study is identified with a homogenous cosmological scale factor a(z"), determined by means
of averaging logarithm of spatial metric determinant over the scale-invariant Licnerowicz
space, whereas respective gauge-invariant energy in GR is determined as a solution of the
energy constraint equation in relation to the canonical momentum of the scale factor. In this
case, cosmological generalization of the Newton potential, given in a non-homogenous class
of functions, is specified.
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YIK 539.12

O BO3MO>XHOM reoOMeTPUYECKOM HPOUCXO>KIACHUN
cumMerpuii FO. Marapniaka

10.1l1. PuibakoB

Kagedpa meopemuneckoti usuru
Poccutickuti ynusepcumem dpyotcovl Hapodos
Poccun, 117198, Mocxksa, ya. Muxasyxo-Maxaas, 6

[Ipennaraercs BO3MOYXKHAS HHTEPIPETAINS CHMMETPHIT MHOTOMEPHOM TaOIUIIBI SJIEMEHTOB
IO. Maraprmaka.

B ouenp mHTepecHbIX paborax [1,2]| GbUIM NPEYIOKEHBI MPUHIUIIBI TOCTPOEHSI
MHOTOMEPHBIX aHAJIOTOB MIEPUOTUIECKOI Tab U XuMIdecKux daeMenToB /1. . Men-
nesieeBa. B nasbHeiineM ObLIO BBISCHEHO (3], 94TO B IIPEJJIOXKEHHOI CXeMe JIOJIZKHA Cy-
IIECTBOBATH ACUMIITOTUYECKAasi CUMMETPUsI, TTOPOXKIIEHHA JIBYMs KOMMYTUPYIOIIIMU
reHepaTopaMu. B jaHHO# 3aMeTKe TpeJiaraeTcsi HarJIsHAs TeOMeTpUIecKas WHTEP-
peTanusi OTMEYEHHON CUMMETPUH.

Paccmorpum cHauana 6eCKOHEUHYIO (OTKPBITYIO) CTPYHY, WM BUXPb, ODHEHTUPO-
BaHHYIO BJIOJIb ocu /. Tora oHa U3 CHMMETPUi MOYXKET TOPOXKIATHCS CIBUTAMU BJIOJIb
CTPYHBI, & JIpyrasi — BpallleHusaMu BOKPYT Heé. CoOTBETCTBYIONINE BEKTOPbI KujiuHra

OyayT MMETH BUJ;:
az ) ago )

rJie  — a3UMyTaJbHBII yTrOJI.

Ecnn B3sTh OTpe30K Takoil CTPyHbI KOHEYHOH JJIMHBI, TO €ro MOXKHO 3aMKHYTH
B Top. IlosiydeHHnast 3aMKHyTasi TOPOHJAIbHAS CTPYKTYpa IO-TIPeXKHEMY OyIeT co-
XpaHATH yKa3aHHBbIE BBINIE CHMMETPHUU, MOPOXKJIEHHBIE COOTBETCTBEHHO ITOBOPOTAMU
BJIOJIb U TIONIEPEK TOpa. B MoAXoasIux TOPOUIaIbHBIX KOOPIMHATAX ITO JOJZKHO OT-
BeYaTh pasjiesieHnio nepeMeHHbIX B ypaBHenun IIIpénunurepa. Ilociienee BO3MOXKHO,
ecyi 3(pHEKTUBHBIN CaMOCOIVIACOBAHHBIN MOTEHIINAJ aTOMa OKA3BIBAETCHA aCHMIITOTH-
YeCKW 3aBUCAIIAM TOJBKO OT PaalaIbHON TOPOUIAIHFHON KOOPIAWHATHI.
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UDC 539.12
On Possible Geometric Origin of Symmetries by Y. Magarshak

Yu. P. Rybakov

Department of Theoretical Physics
Peoples’ Friendship University of Russia
6, Miklukho-Maklaya str., Moscow, 117198, Russia

A possible interpretation of symmetries in the many—dimensional table of elements by
Y. Magarshak is suggested.
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YIK 681.7

OnTo3JIeKTPOHHBII N3MEPUTEJb YIJIOBBIX KOJIeOaHMIA
KOHCTPYKIIUI

B. A. Komonkwnmii, FO. M. CokoJsioB

Kagedpa paduogpusuru
Poccutickuti ynusepcumem dpyotcovl Hapodos
Poccun, 117198, Mocxksa, ya. Muxasyxo-Maxaas, 6

WccnmemoBaHo yeTpORCTBO /1 M3MEPEHUsT YIJIOBBIX KOJIEOAHUN KOHCTPYKIUI Ha OCHOBE da-
30BOM JM(PPAKIMOHHON peIleTKu ¢ NpoduIeM B BUJE MeaHIpa. BBITOJHEH TEOPETHYECKU
aHaAJNU3 ANMapaTHBIX XapaKTEPUCTUK U PacdeT ONTUMAaJbHBIX MapaMeTpoB JaTduka. M3ro-
TOBJIEHO HECKOJIBKO 0OPA3II0B JATYUKOB C PA3JIUTHBIMYA TaPAMETPAMHU U TPOBEIEHO SKCIEPH-
MEHTAJILHOE UCCJIEIOBAHIE YTJIOBBIX KOJeOaHmit TPOOHON KOHCTPYKITHAH.

BBenenne

Wsmepenne MaabIx yIIOBBIX KOJEOAHUI PA3IUTIHBIX JAeTajieil 1 KOHCTPYKIII TpeI-
CTaBJIsIeT IIPAKTUYIECKUil MHTEPEC BO MHOIUX OOJIACTAX HAYKHM U TeXHUKH. 71 3Toi
IIEJIN MOTYT MCIOJIb30BATHCS PA3IUTIHBIE BADUAHTHI JATINKOB, HAIIPUMED, ITHE303JIeK-
TPUIECKHE, BOJIOKOHHO-ONITHIECKHE, TATINKYU C 3ePKAJbLHBIMUA OTpaykKaTeIdaMu. B Ha-
crosmeil paboTe Mbl PACCMOTPHUM OPHUTMHAJIBHOE YCTPOHCTBO M3MEPUTESIsI MAJIbIX yI-
JIOBBIX KoJiebaHuil [1], KoTopoe jaer BO3MOXKHOCTB HCCJIEI0BATH MX (DOPMY, IIPOBO-
JUTH U3MEPEHNe 3aBUCUMOCTH aMILIATYIbI KOJEOAHII OT KOOPIUHATHI PACIIOIOXKEHUST
0JI0Ka-CeHCcopa HA KOHCTPYKIIUU U OT YaCTOTHI, BBISBJATH PE3OHAHCHBIE YACTOTHI.

JlaTuuky Jyis M3MepeHus YIJIOBBIX KojieOaHuit Ha ocHOBe (Hha30BoOil JudpaKIMoH-
HOIl peIeTK pacCMaTpUBAJIUCh paHee B |2, rye Obuia ucciie1oBaHa cxemMa U3MepeHust
VIVIOBBIX KOJIeOaHWil ¢ IpUMeHeHHeM JIu@PaKIMOHHON DPeIleTKH, OTIEeJEHHON OT HC-
caemyeMoii moBepxuoctu. K HemocTaTrkaM 3TO# CXeMBI CJIeIyeT OTHECTH BO3MOXKHOCTD
VMCKayKEHUIl Pe3y/IbTaTOB M3MEPEHMil 3a CUeT HEYUTEHHBIX BHOpAIuil JeprKaTesis pe-
merku. HoBwIfl maTauk siBiisiercst 6ojiee yIOOHBIM B paboTe W He TpeOyeT CJIOXKHOM
nacrpoiiku. Ilo cpaBHeHMIO ¢ IPENBIIYIINM BapUAHTOM JATUYMKA B HEM YMEHBIIIEHO
KOJIMIECTBO OTPAYKAIONINX TTOBEPXHOCTEN, TOITOMY CHUYKAETCS YPOBEHDb IIOMEX M3-3a
[IEPEOTPaYKEHU ONTHIeCKOTO Iydka. CyIecTBeHHO, 9TO JaHHBINA JATUYUK TyBCTBUTE-
JIEH TOJILKO K YIVIOBBIM KOJIEDAHHSIM IIOBEPXHOCTU U HE Pearupyer Ha ee MOCTYIIaTesIb-
HOE JIBIKEHUE.

1. YcrpoiictBo n (pu3myecKmii IPUHIAII PabOThHI
n3MepuTesis

OCHOBHBIM 3JIEMEHTOM U3MEPUTEJIsl, CXeMa KOTOPOTO IPUBEIEHA Ha PHUC. 1, sSBJIs-
ercst BJIOK-CEHCOP, TPEICTABIISIONINI OO0t MPO3pATHYIO IMIACTHHY, Ha OTHON CTOPOHE
KOTOPO# HaxoauTcs (a3oBas AuPaKIMOHHAS PEIIeTKa, ¢ TPOMUIEM B BAIE MEAHIPA,
a Ha JIPYToil CTOPOHE — 3epKaJIbHAs OTPAXKAMOIIAas IIJIeHKA. BJIOK-CEHCOP 3aKPeIlIseM
Ha WCCJIEIyeMOil KOHCTPYKIIMKA W IIPOCBEYUNBAEM JIa3epHBIM MyYKOM. JIyd srazepa, Ha-
IpaBJIEHHBIN Ha OJI0K, qudparupyer Ha Ha3oBoil AU PaKINOHHON peIeTKe, PacIpo-
CTPaHSIETCsI B TPO3PAYHOM MaTepuaJie IIACTHHBI, OTPAXKAETCS OT 3€PKAJIHHON ILIEHKH
7 TOBTOpHO mudparupyer Ha (a30Boit pererke. Takum 0b6pa3oM, B 0OCHOBE pabOTHI
YCTPOUCTBA JIEXKUT ABOMHAS MUMDPAKINS ONTHIECKOrO IMydka Ha (a30Boil nudpakiim-
OHHOI1 pelreTKe, UMeIIell TPodUIb B BUJIE MEAH/IPA.
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Wcecnepyembin
®asosas obwekt
andpakumoHHas
NA3EP peweTka

DoToneTeKTOp
-1

i

PeaucTtop
Harpysku

OTtpamxarwuwas
nnexka

Puc. 1. Cxema onTo3/71€KTPOHHOI'O YCTPOMCTBA JJIs U3MEPEHUS YIVIOBBIX KOJIEOAHUN KOHCTPYKIUM.

IIpu mHaksoHe O6JIOKa-ceHCOpa, 3aKPEIJIEHHOTO Ha KOHCTPYKITMH, Ha HEOOJIBIIOM
yroJl dv MPOMCXOIUT CMEIEHNE CJIEJIOB IaJIAI0IEero U OTPaXKEHHOI'o ITyYKOB II0 II0-
BEPXHOCTH pemeTku. Ecjin 3aMeHUTh OTPAXKEHHBIN JIyd 3€PKaJIbHO CHMMETPUIHBIM,
TO aHAJIN3 B3AUMOIEHCTBUST ONTUIECKOTO IMYyYKa ¢ HIIOKOM-CEHCOPOM MOYKHO 3aMEHUTH
aHAJM30M SKBUBAJIEHTHOU CXE€MbI M3 JIBYX PEIIeTOK, HAXOJAIINXCS Ha PACCTOSHHM,
pPaBHOM YJIBOEHHO# ToJuHe GJioKa-cencopa 2d. Panee B pabore [3] 6bl1 nposesen
TEOPEeTUIECKUIT aHAIN3 CUCTEMBI M3 JBYX (PA30BBIX PEINETOK IPU MPOCBEUNBAHUE €€
JIA3EPHBIM IIyIKOM, [IOITOMY BCE TEOPETHYECKUE PEe3YJIbTAaThl, OJIyYeHHbIe B [3], MOryT
OBITH MCIOJIB30BAHBI TAKXKe TIPY aHAIN3e JAHHOTO JTATIHKA.

IIpu mpoxoXKaeHnn I0CKOTO BOJHOBOTO (PPOHTA C JJIUHON BOJIHBI A depes3 dazo-
BYIO JUDPaAKIIMOHHYIO PEIIETKY 00pasyeTcsl MPOCTPAHCTBEHHAST (ha30Bast MOIYJISTIHS
(IIOM) ¢ ammmryznoit ®ps, KoTOpasi paBHa [OJIOBUHE PA3HOCTH (ha3 MKy JIydaMu,
[POXOJSAIIUMUI Yepe3 BBICTYI W BlajauHy pemterku (puc. 2). Ilpu majgenun csetoBoro

MyYKa 110 HOPMAaJId K TIOBEPXHOCTU PEIIETKN BbIpaKeHUe JJisi aMILIATy a6l Py mmeer
BU/J

Ap 127

A h

Puc. 2. IIpoxoxkaeHne onTUYIECKOro U3JIyYeHUsl Yepe3 BhICTYII ¥ BHAJUHY IUMPAKIIMOHHON PEIIeTKH.
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B [3] 6bw10 OKa3aHO, YTO JIst PEIIETOK ¢ HPOdIIEM B BHJIE HIEATBHOIO MEaHIpa
3aBUCAMOCTH WHTEHCUBHOCTEN MEPBBIX MU(MPAKIIMOHHBIX MOPSIKOB OT CMEIEHNsT CIIe-
I8 OIITHYIECKOTO MYyYKa BIOJBb PENIETKU OMUCHIBAIOTCS TAPMOHMIECKUMU (DYHKITASIMI
BUJIA,
2T

A

Beiparkenue (2) 3anmcano jijisi HOpMaJIBHOIO NajieHust Jtyda. B Hem ag = cos (Pyy)
ua; = %COS (Ppr) — koabdurmenTrl pasioxenus B psig Pypbe QyHKIMU IPOITyCKa-
., . _ A "

Hus azopoii pemerku ¢ (opmoit Meanpa, BemuuuHa L = 2dm 55 — 6e3pasmMepHbiii
rmapaMerp PacCTOsIHUs, COOTBETCTBYIONINN HaTdnKy Ha puc. 1. Jljas ynpornenns aHa-

m3a B (2) koadduimenT orpazKaroneii ieHKn R 1 MHTeHCUBHOCTD MAJIAIONIEl BOJTHBI
Iay IPUHATH PABHBIMA €IHUATIAM.

Bropoe ciaraemoe Bbipakenusi (2) mpejcraBiisier CO0OH IIEPEMEHHYIO COCTABIISIO-
uyio 3apucumoctu 141 (Az), ammumatya koropoit pasna 15 = 2a%a? = % sin? (2P ).
MaxcumaiibHOe 3HaUeHHe aMILTATY/IbI STOTO cIaraeMoro jocruraercda npu @y = 7.
to 3uauenHne Py; ¥ COOTBETCTBYIONIEE €My 3HAUYEHNE (DU3NTIECKONH TIIyOMHBI peabeda
h ABJIAIOTCA OINTHUMAJIbHBIMH, TaK KaK IIPWU 3TOM JOCTUTaETCA MaKCHMaJIbHOE 3Ha1e-

. . t
HUe KPYTU3HBI JIMHEHOro yuacTKa 9Tl 3apucumocty. Beipaxenue (2) npu O = T
MIPUHUMAET BUJT

I (Az) = 24202 + 2a2a? COS( Ax F L) . (2)

2 2 2m
Iiq1(Az) = = + PCOS(KA:U ¥ L) . (3)

[IpuBenem 4mCIEHHYIO OIEHKY ONTUMAJIBHON TyiyOmHbl pesbeda. [Ipn 3nadennsax

t
o = T A=0,65mKMm, n =1,51 (cTeksi0) onTuMmasibHas ruyOuHa peibeda paBHA

h = 0,319 MKrM.

B dopmyre (3) cmemenne Az ciaeza ONTHYECKOrO IMydKa BIOJb PEIIETKH IIPO-
MTOPITUOHAJIBHO YIJIy HAKJIOHA 0, IO9TOMY 3aBUCAMOCTU WHTEHCUBHOCTEH TIEPBBIX I0-
PSIIKOB OT YTJIa HaKJIOHA OJIOKa-CEHCOpa TAKXKe OYLyT OIMMCHIBATHCSH TaPMOHUIECKIME
dyukusvu. Cesi3b Mex ity Ax u do HaliIeM ¢ TOMOIIBIO PUC. 3, HA KOTOPOM TIOKa3aH
BUJI GJIOKa-CEHCOPa TIPU HAKJIOHE Ha HeGOJIBINON yroJl (a) M SKBUBAJEHTHAS CXeMa, JIJIst
axaamsa (6).

a)

6) 24 Téa N
nagexue {oTpamennel  J2w (n+1)dx ]
i | k]
i ' -
i 0
1 T
OTKNOHEHHBLIA

nyv

Puc. 3. Cxema 6Jsi0Ka-CeHCOpa IIPU HAKJIOHHOM IaJEHUM IIydKa (a). DKBUBAJIEHTHAs CXEMa U3 JBYX
PEIIETOK B CpeJlie ¢ MoKa3aTeseM mpesomierus n (6).
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Jluneitnoe cMmemntenne Ax ONPENEUTCS KaK PA3HUIA PACCTOAHUNA MEXKJTY CJIeIaMU
A AIOIIEr0 U OTPAYKEHHOTO Iy IKOB 10 U MIOC/I€ HAKJIOHA JATINKA HA YTOJI O C YIETOM
MIPeJIOMJIEHHST Ha TPAHUIAX Pa3esioB JIBYX CpeJI:

oo

Az = AB - AB' = Qd{tan(%) — tan(@)} ~ Qd; (4)

n

CoorHorrenre (4) crnpaBeIMBO IS MaJIbIX yIyioB ©; u da.

Ucnonb3yst nocneauaee BhIpakenue (4), CBA3BIBAIOIIEE CMEIEHNE CJIEIA OIITHIECKO-
ro my4ka Az ¢ HaKJIOHOM 6JIOKa-CeHCopa Ha MaJIblil yTroJI ¢, HOJIyYUM BbIpasKeHUs JJIs
3aBUCHUMOCTEN MHTEHCUBHOCTEN HepBBIX ‘ZLI/I(bpaKHI/IOHHbIX HOpH,ILKOB oT yI‘JIa HaKJ/JIOHQ
0JIOKa,

2 2 4drd
I+1(0a) = —+ —cos| ——AxzF L) . 5
(0a) =+ — ¥y (5)

Huddepennupysi Boipazkenue (5), onpeesnM MaKCUMAJIbHOE 3HAYEHUE KDPYyTH3-
HBbI HpeO6paSOBaHHH N3MEHEHUNUA MHTEHCUBHOCTU upn N3MEHEHUN yfﬂa HaKJIOHQ 6.HOKa—
CeHcopa

dl1

8d
Slamax - ’d(éa)

- (6)

max 7T7’ZA

Jlj1s1 perucTpalyi U U3MepeHns MaJbIX yTJIOBBIX KOJIeOaHil HCIOIb3yeTCsa OIUH U3
MHO2KECTBa JIMHENHbBIX YIaCTKOB rapMOHNYIECKOU 3aBUCUMOCTHU MHTEHCUBHOCTHU OJHOI'O
U3 TEPBBIX JUMPAKIMOHHBIX MTOPSIKOB OT yIJa HaK/IOHa Osioka-cencopa I11(da) mim
B JIDYTHX TE€PMHHAX OT SKBHBAJEHTHOIO CMelleHus ciena myuka [yq(Ax)). 3asucu-
MOCTb OT 9KBHMBAJIEHTHOI'O CMeINeHusl cjlefia IIydKa IoKazaHa Ha puc. 4. [Iasa paboTs
yCTpoiicTBa TpebyeTcs 06ecednTh PaclosiozKeHne pabodeil TOUKU Ha cepeuHe JIuHeii-
HOTO y49aCTKa. DTO JTOCTUTAETCS BHIOOPOM HAYAJIBLHOTO YIJIa MAEHUS.
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Puc. 4. 3aBucumMocTb UHTEHCUBHOCTH mepBoro ,ZII/I(bpaKH\I/IOHHOI‘O IIopdaaKa OT OTHOCUTEJ/IBHOI'O CMeIle-
HU PElIeTOK. Pabouas Touka HaXOJUTCA Ha CepeIuHe JIMHEHHOT'O y4dacTKa.

Pacuem nauaavhoir yeaos nadenus onmuveckozo nywka. O6o3HaunM depes Oy
yTJIbI HaJIeHUsI, COOTBETCTBYIOIINE IIOJIOXKEHNI0 pabodell TOYKU Ha CepeJuHe JIUHEil-
HOro ydactka 3asucumoctu [11(Ax). Pacyer 0,5 MOXKHO 1ipoBecTH ¢ HOMOIIBIO hHOp-
Mmysbl (5), 3aMeHHB yros da yriaom O, U IpUPaBHIB apryMeHT KOCHHYCA BeJIMIMHE
5 + mk. B pesymbrare momyanM BeIpaxkeHue JIs pacdera O

nA

O = o5

1+42k), k=0,1,2.... (7)
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Ha IIpaKTUKe yroJl naJeHud OIIPpenesisdjICd B XOIe KaJH/I6pOBKI/I, METOJUKa KOTOpOfI
OIIMCaHa HHZKeE.

2. PGBYHLTaTLI IKCIIEPUMEHTAJIbHBIX I/ICC.TIe,Z[OBaHI/Iﬁ

Jlist IpoBeJieHNsT SKCIIEPUMEHTOB OBLIM M3TOTOBJIEHBI 00PA3Ibl OJIOKOB-CEHCOPOB C
Pa3IUYIHBIME TTApaMeTpPaMu, KOTOPbIe TTPUBEICHBI B Tab 1. 1.

Tabymna 1
ITapamMeTpbl UCIIOJB3yEMbIX B 9KCOEPUMEHTaX OJIOKOB-CEHCOPOB

JaTgauk 1 JaTYIuK 2 JaTIuK 3 JaTduK 4
A=100mrm | A =200MmM | A =100MmrMm | A = 200 MKM
d="17,5Mm d=11,2vmm | d=1,5mm d=17,2Mm
Dy = 22° ®pr = 40° Py = 38° ®pr =40°

Hsmeperue cmamuueckux rapaxmepucmux u xaasudposka damuukos. Ilocse nzro-
TOBJIEHUsT OJIOKOB-CEHCOPOB IIPOBOMIOCH M3MEPEHUE CTATUIECKUX XAPAKTEPUCTUK U
KaJmOpoBKa HaTankoB. CxeMa m3MepeHuil mpuBeieHa Ha PUC. 5.

doTogeTekTop
&0-24K

s

0

T /-1

MOBOPOTHBIN CTONWK
roHuomMeTpa

Bnok-ceHcop

Puc. 5. Cxema U3MepeHud CTaTUICCKUX XapaKTEePUCTUK U KaJII/I6pOBKI/I JdaTInuKa.

IIpu usMepeHny CTATUIECKAX XaPAKTEPUCTUK OJIOK-CEHCOP TOMEIAJIN Ha TIOBOPOT-
HBIIl CTOJINK TOHHOMETPA TaK, YTOOBI IMMITPUXU PEITeTKH OBbLIN MapaJLIieIbHbl OCH Bpa-
meHnst croauka. llocste 9TOro BBICTABIISIIN HEKOTOPDIN HEOOJIBIION HAYAIBLHBIN YOI
MaJeHns My4YKa W, MOBOpAYMBasi CTOJIUK Ha yroJl ¢, MPOBOIUIN U3MEPEHHE BEJININH
BBIXOJHBIX HAIPSIPKEHNN Ha HArPy3KaX (POTOJETEKTOPOB MEPBBIX MOPSIKAX JU(MpaK-
nuu. Pe3ynbrarhl uaMepenuii st JaTanka 1 mpuBejieHbl Ha puc. 6a. 3amepenus mpo-
BOJIIJICH C maroM da = 1’, HavasbHLIH yrou naaenns 6611 pasen ©; = 4°. Ha puc. 66
IMOKa3aHbl PACUETHBIE 3aBUCUMOCTU MHTEHCUBHOCTEH TMEePBbIX JAUMPAKIINOHHBIX TTOPSII-
KOB OT yIjia IoBOpoTa s jgarauka 1 (tosmuua d = 7.5MMm). I3 cpaBHenus: puc. 6a
u 66 BUJIHO, YTO SKCIEPUMEHTAJbHBIE U TEOPETHUYECKUE 3aBUCHUMOCTHU JATINKa 1 XO-
POIIIO COTJIACYIOTCST MEXKITY CODOIi.

OHOBpEMEHHO € M3MEPEHUEM CTATUIEeCKUX XAaPAKTEPUCTUK MTPOBOIUIACH KAJNO-
poBKa fartuynkoB. KanmubpoBka maTduka BKJIOYAJIA CJIELYIONINE OMEPAIUN:

a) ompeJie/ieHne yriia najenusi ©;, COOTBETCTBYIOINIErO MOJIOKEHUIO paboUeil TOYKN
Ha cepeJHe OJHOTO M3 MHOXKECTBA JINHEITHBIX yYIaCTKOB FapMOHNYIECKON 3aBUCHMOCTH
MOIITHOCTHU TI€PBOTO TUMPPAKIIMOHHOTO TOPSIKA OT yIJIa IMTOBOPOTA JaTdnKa,
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Puc. 6. QxcniepumenTtanbublie (a) u pacyerHble (6) craTuyeckue XapaKTEPUCTUKY MIEPBbIX TudpaKiu-
OHHBIX TOPAJKOB I JaTYnKa 1.

6) ompejiesieHne KPYTU3HbI IIPpeoOpa3oBanus Sy, W3MEHEHHsI BBIXOJHOIO CUTHAJA
AU 1pu u3MeHEeHUH yrJia [MOBOPOTa JATYIUKA.

Haganbubiit yron magenns mydka O, BBIOMpPAJICA TAKWM, 9TOOBI MOIIHOCTDH JH-
dparupoBaHHOrO IIyvKa MEPBOTO MOP:AIKA ObLIa paBHA CPeIHell BeJIUYINHE MEXKIy ee
MaKCAMAJbHBIM U MUHUMAJIbHBIM 3HAUYeHUsIMU. [[0CKOIBKY TOK U HAIIpsizKEHHe Ha Ha-
rpy3ke (HOTOMETEKTOPa MPONOPIINOHAIBHBI MOIITHOCTU MAJIAIONIET0 U3JIyYeHrs, TO Ha
IIpaKTUKe YCTAHOBKA pabodeil TOUKM OCYNIECTBJISJIACH 10 YPOBHIO IIOCTOSIHHOTO Ha-
IIPsIPKEHHUsT HA BBIXOJIE CXEMbI, KOTOPOE JIOJI2KHO OBITH PABHO

Umax + Umin
P Doin, (5)

rie Upax 1 Upin — MakCHMaJIbHOE U MUHMMAJIbHOE 3HAYEHNE HAIPSIXKEHUsI BHIXOJHOI'O
CUT'HaJIA.

ITocste ycranoBku pabodeil TOUKHM HA CEPEIUHY JIMHEHHOIO y9acTKa MPOU3BOIUIIM
KaJUOPOBKY KPYTU3HBI IIpeoOpa3oBanust. Jjis 3Toro, mapas MaJjble IPUPAINEHns IIo-
BopoTa 0OJI0Ka-ceHcopa +da, maMmepsin npupaimnenns AU, a 3areM pacCUUTHLIBAJIN

KpYTHU3HY Ipeobpa3oBaHus Jjis JAHHOTO OJIOKa-ceHcopa Sy, = %. s marauka 1

U3MEpPeHHOe 3HaUeHne KPYTU3HbI cocTaBmio Sy, = 0,675 B/Mpa,.

Pesyavmamor uameperuti xorebaruti kxoHcmpykyuy. B KadecTBe HATISIIHOTO TIPHU-
Mepa, UCIIOJIb30BaHUsl JATINKA Ha MPAKTUKE ObLIM U3MEPEHBI YTJIOBbIE KOJIEOAHUS T~
JIOHHO# KOHCTPYKITUN, KOTOPast MPEICTABJISIIA CODO METAJLIMIECKYTO TJIAHKY, 3aKPell-
JICHHYIO Ha JIByX BEPTUKAJILHBIX cTOiKax. Ha oHO# 13 cTOEK yCcTaHABIUBAJIN JJIEKTPO-
MAarHUTHBIT BO30YIUTE b, KOTOPBIH BO30Y:K/Ia/1 B IJIACTAHE KOJIEOAHUS C IACTOTON OT
F =20T'y no F' = 1kI'n. B kadecTBe BHEIIHErO MCTOYHMKA KOJEOAHUI MCIIOIH30BAJIN
reHepaTop HU3KHX dJacToT I'3-2. Cxema 3KCIEpUMEHTAJIBHON YCTAHOBKU MOKA3aHA HA
puc. 7.

Up =
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doTogeTekTop
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Puc. 7. Cxema sKcriepuMeHTaJIbHON YCTAHOBKHY JIJIsl U3MEPEHUs YIJIOBBIX KOJIEOAHUN STAJIOHHON KOH-
CTPYKIIAU.

IIpn mpoBeneHuM 3KCIEpUMEHTa OJOK-CEHCOP TPUKIEUBAIN K METAJTHYECKON
IJITaHKE B PA3JIMIHBIX TOYKaX. yFO.H ITaJICHUAd, COOTBeTCTByIOHII/IfI cepeaune JIMHEITHOTO
y9acTKa, ONpeessiin B Ipolecce KaaubpoBKu. 11o 9TuM yrjioM Ha JaTIuK Hapas-
JISLIA JIa3epHbIi mydoK. B obpas3oBanHo# nudpakIMOHHON KApTUHE BBIJEJSIIA OJUH
13 MEPBBIX TOPSIIKOB M HAIPABJISLIN ero Ha ¢orogerekTop. locse ycuenus curaa ¢
BBIX0/1a (POTOIETEKTOPA MOCTYIA Ha OCILIOrpad. 3Has KPYTH3HY TPeoOpPa30BaHIS
SUa, OTIPEJICIIEHHYIO TIPU KAJINOPOBKE JTATINKA U M3MEPUB AMILIATY/LY BBIXOIHOTO CHT-
HaJla, paCCYATBIBAJIN BECJIMINHY aMILJIUTYJIbl YTIJIOBBIX KOJIe6aHI/IfI METaJIJIMYECKON KOH-

CTPYKIIUA Aa = ?TU Nszmensisa qJacToTy B036y}KILeHI/IH 1 ITIOJIO2KEHHE 6HOKa—CeHCOpa
«@

Ha, KOHCTPYKITNU, U3MEPSIJIA YaCTOTHBIE 3aBUCUMOCTH AMILTUTY/IbI YTJIOBBIX KOJIEOaHMH
IUTAHKYW B PA3JIMYHBIX €€ TOYKaX. Pe3ysbTarhl 9KCIEPUMEHTOB, MMPOBEIEHHBIX C IIPU-
MEHEHHMEM JIaTduKa 1, TmoKa3aHbl Ha puc. 8a, 86, 8. I3 rpacdukoB Ha puc. 8§ MOKHO
JIETKO OIIPEJIE/INTh PE30HAHCHBIE YAaCTOThI Kosiebanuil. Tak, Ha Bcex rpaduKax XOPOIIo
[IPOSIBJISIETCST PE30OHAHCHASA 00JIaCTh Kosiebanuii B paiione F' = 95-120 ',
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Puc. 8. BaBucumocTu aMIuTy 1 yriaoBbIX KOJIEOAHUN OT 9aCTOTHI BHEIIHETO BO30Y K IEHUS IIPU PA3HBIX
[IOJIOXKEHUAX JaTUnKa Ha KOHCTPYKuuu: (a, 6, 6). CxeMa paclosIOXKeHNsI JaTINKA B PA3JINIHBIX TOUKAX
Ha MeTaJIJIMYECKOI IIaHKe IIOKa3aHa Ha PUCYHKE (2).
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Tax Kak J1aT9uK uMeeT HeOOJIbIINE Pa3MepPhl, TO €ro JIEFKO IepeMeliaTh BI0Jb KOH-
crpykimn. Takum oOpa3oM OBLIO M3MEPEHO pacipeesieHne KomeOaHnii B pa3TnIHbIX
TOYKaX KOHCTPYKIMH Ha (PUKCHPOBAHHBIX YacTOTaX. Pe3ynbTarhl m3MepeHnii mokas3ar-
HBI Ha, puc. 9 jyis derhbipex 3nadenuit vactor: F = 1051, F' = 125Tn, F = 1601'n n
F =300T"m.

a) 6)

an
o o
o Ry
-~ @
\

t

006 +
ops 17
op4 ;
003 A
0p2 4
oot +
0,000 t t t t t opo t t t t

001 019 035 053 085 082 097 oor 019 035 053 0B 022

paccToAHHEe L, oTH.ea,. pPaccToAHWEe L, oTH.en,

F=3000y

YIMOBOEe CHEWEHWE, M
YMOBOE CHEW EHWE, Mp

Puc. 9. BaBucuMocTn aMIIUTy 1, yTJIOBBIX KOJEOAHUH TP PA3HBIX MTOJIOYKEHHAX NATINKA HA KOHCTPYK-
nuu Ha PUKCUPOBAHHBIX YacToTax (a, 6).

B nmonosmenne K IpoBeIeHHBIM UCC/IEIOBAHUAM OBL BBIIOJHEH CIIEIUAJIBHBIN JKC-
IIEPUMEHT [0 U3MEPEHUIO KOIe0aHnii KOHCTPYKITUHU C yBEIUIEHHON Maccoil. B aTom skc-
IIepuMeHTe Ha KOHCTPYKIIUIO IPUKPEIIAIN JOIOJHUTEIbHBINA I'PY3, KaK 3TO IIOKa3aHO
Ha puc. 106, u TPOBOAUIN M3MEPEHUs] YaCTOTHBIX 3aBUCHUMOCTENl aMIIUTYAbI Kojeba-
HUI KOHCTPYKIIU C TPpy30M. Pe3ysibTaTshl 9TUX m3MepeHuil nokasaHnsl Ha puc. 10a. 13
CpaBHEHUd JIBYX 3KCIEPUMEHTAJIbHBIX KPHUBBIX, COOTBETCTBYIONINX Pa3JINYHBIM Mac-
caM KOJIEOJIIOINXCS KOHCTPYKIIHI, BUJIHO, YTO IIPU YBEJMIEHUU MACChl KOHCTPYKIIUH
[IPOMCXOJIUT YMEHbBIIEHNE PE30HAHCHBIX FaCTOT. IJTOT (PAKT XOPOIIO COIVIACYETCS C
Teopueil.
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Puc. 10. BaBucuMocTr aMILIUTY YIJIOBBIX KOJIEOAHU OT 4aCTOTHI BHEIIHETO BO30YKIEHUS IPU Pa3-
HBIX MaccaX KOHCTPYKIIUH.

SaKJ/IroueHue

[Ipemyoxkenuniit B HacTosIeil paboTe MATINK JA€T BO3MOYKHOCTH ITPOBOIUTDH W3-
MEePEHHSI 3aBUCUMOCTEHl aMIITUTYIbI KOJIEOAHUN OT YAaCTOTHI, BBISBJISATL PE30OHAHCHBIE
9aCTOThI, UCCJIEIOBATEH 3aBUCUMOCTD AMILIATYILI KOJEOAHII OT KOOPAMHATHI PACIIOJIO-
JKeHUsl JATINKA Ha KOHCTPYKIINU, 8 TaKXKe HCCIeI0BaTh (opmy Kosaebanmit. OH Mo-
2KeT OBITh HUCIIOJIB30BaH HA IIPAKTUKE I UCCJIEIOBAHNS HU3KOYACTOTHBIX KOJIeOAHMUIT
KPYIHOTabapPUTHBIX KOHCTPYKIWil. OTInInTeIbHON 9epTOit M3MEepUTeIst IBJISIeTCS TO,
9TO OH CIIOCOOEH PErnCcTpUpOBaTh KOJIEOAHUS C OUeHb HU3KUMU IaCTOTAMU, BILIOTDH 10
HYyJIEBBIX YaCTOT.
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TexHoJI0rUsT U3rOTOBJIEHUS JATIYNKA U METOJIUKA [TPOBEIEHNS IKCIIEPUMEHTA, JI0CTa-
TOYHO TPOCTHI. DKCIEPUMEHTAIBHO H3MEPEHHAsI MMOPOroBasi IyBCTBUTEIBHOCTH TAT-
9UKa COCTABUJIA BEJIMUWHY MOPSIKA COTHIX J0JE€Hl MIJIINPAANaHa [IPU MOJIOCE KAaHAIA
peructparnuu ot 0 't 70 1000 I'm.

HaTank HeTyBCTBUTEIEH K TTOCTYATEIbHBIM KOJEOAHUSIM KOHCTPYKITHN U CITyJaii-
HBIM BHOpaInusM (pOTOMETEKTOPA W MO3BOJISIET MOJYYIaTh Pe3yIbTAThHI, BIPaskKeHHbBIE B
abCOJIIOTHBIX €JUHUIAX YTJIOB, 8 HE B OTHOCUTEJIbHBIX €JIMHUIIAX.
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New optoelectronic device for measurements angular displacements of constructions based
on phase diffraction grating with square waveform is investigated. Theoretical calculation and
optimization of characteristics are executed. Some samples of transducers are manufactured,
and experimental investigation of angular oscillations of standard construction is executed.
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The direct current (dc) conductivity of several natural Syrian and Armenian zeolitic sam-
ples is measured in order to understand the mechanism of electrical conductivity in these
materials. The influence of the sample’s water content on its electrical conductivity is stud-
ied in details. We find that with the increase of hydration time or, equivalently, the increase
of water content in the sample, the electrical conductivity of the samples increases up to a
definite moment at which the increase stops. This moment is characteristic of each sample
and it corresponds to the saturation state which means the state where the hydration pro-
cess is finished and that the sample has reached its equilibrium state corresponding to an
air-dried sample. We compare our results with available experimental data of relatively other
materials and find that they agree in general.

Introduction

The measurement of the specific electrical conductivity o of zeolites is one of the
most attractive procedures to determine their properties [1-10]. Usually, the mea-
surement of o of zeolitic samples takes place at the alternative current (ac) condition
(variable electrical field) in order to avoid various effects such as polarization, relax-
ation processes, electrolyze, etc [1-8]. In this case, however, ogs highly dependent on
the applied frequency of the electrical field. Therefore, it is recommended that one
measures ¢ within a wide range of frequencies in order to have an idea, sufficiently
correct, about the mechanism of electrical conductivity in the zeolites [2]. Moreover,
the measurement of o at constant electrical field conditions (direct current (dc) con-
ditions) somehow gives an overestimate. The results of the measurements, obtained
using these two methods, could be integrated in order to give a real picture of the
electrical conductivity [3-7].

In addition to the above mentioned properties, it is well known that zeolites have a
large forbidden energy gap (~ 7eV) [8], and that their electrical conductivity, in value,
is near to that of bad dielectrics. On the other hand, the characteristic behavior of the
electrical conductivity of dielectrics is such that when applying a constant electrical
field on a dielectric sample, the intensity of the current, passed through the sample,
decreases with time [11-13]. In fact, at the start, bias current with quickly decreasing
intensity passes through the circuit, then, this current disappears at a time equal to
the order of the RC system (generator-sample) constant time, which is very small
(less than 1 s). However, the current can continue its decrease for some minutes, voire
some hours in cases of samples with big dimensions. The time required for current
stabilization could be decreased by adjusting the dimensions of the sample.

The component of slow changing current is due to the redistribution of free charges
in the volume of the dielectric. This component is known as the absorption current,
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and it is caused by the absorption of free current carriers in the volume of the dielectric.
Part of these carriers, during their movement, will meet defects-traps of crystalline
lattice causing them to be trapped and stopped. With time, the traps could be filled
by current carriers, then, the absorption current disappears. The rest of the current
does not depend on time and it is due to the charge carriers which pass from one side
of the sample to the other (i.e. from one electrode to another). Thus, the absorption
current leads to the accumulation of current carriers in separate parts of the dielectric,
for example in the destroyed parts of the crystalline lattice, or at the grain boundaries,
or/and in other types of inhomogeneities. As a result of the space charge appearance,
the distribution of the electrical field becomes inhomogeneous. The accumulation of
space charge in the dielectric leads to an undesired phenomenon in that the charged
capacitor does not discharge totally after wiring its plates (short circuit). This effect
is characterized by the coefficient of absorption which is determined as the ratio of the
residual to the initial voltage.

When measuring the specific electrical conductivity, the absorption current could
be eliminated by applying temporarily a constant voltage on the sample electrodes. All
what we mentioned of phenomena do happen in the zeolitic samples and the arguments
above do apply. Thus, the measurement of the specific electrical conductivity of
zeolites is completed, in fact, by measuring the current which passes through the
samples, i.e. the steady leakage current [11].

Our work deals with the measurement of the specific electrical conductivity of
natural Syrian and Armenian zeolites.

1. Experimental Set-Up

In order to measure the dc conductivity o, a universal voltmeter V 7-16 is used with
an input resistance equal to 10 M (for dc), in addition to a nano-voltmeter P-341
having an input resistance of 100 2 approximately and minimal scaling of 0.005 nA
(for dc). Since the input resistance of the voltmeter is less than the resistance of the
sample itself (or near to it), the voltmeter is not connected to the sample directly.
As usually done, in the case of samples with low resistance, the voltmeter should be
connected in parallel to the sample and to the Amber meter simultaneously in order
to avoid current pass through the voltmeter. The mentioned scheme is well described
in the literature. In fact, the voltmeter is connected to one side of the sample while
the other side is connected to the Amber meter.

2. Sample Preparation

In this work, the investigated samples have been prepared from grounded Syrian
(S and M) and Armenian (A) natural zeolites. The Armenian zeolite, denoted by
A11, contains up to 85% of clinoptilolite with a ratio of Si/Al equal to 9.8 [14] and
amorphous SiOy less than 3%. Around 50% of the Syrian zeolitic substance contains,
mainly, the three types of zeolite (analcime, phillipsite and chabazite). Other contam-
inations in raw materials for Armenian natural zeolite are: feldspar — 5%, quartz —
5%, mica — 2%, clays — 3%, whereas these values are quite different in the natural
Syrian zeolite where the availability of calcite, quartz, clays and amorphous phase is
proven in most of the samples. The quantity of each of the mentioned minerals de-
pends on the location of the site from which the sample was taken along the borehole.
These results were obtained by chemical and thermo-gravimetric analysis. According
to this analysis and measurements, the endothermic effect of dehydration is observed
at the temperatures between 70° and 300°C with simultaneous mass loss of up to
8.2% [14].

The chemical composition of the studied samples is given in Table 1. Zeolite powder
was pressed into pellets at pressure of 200 kg/cm?. The pellet was mechanically cut out
into rectangular samples with area of approximately 30 mm? and thickness of 2-3 mm.
On both sides of the sample surfaces, silver contacts were made. Then, the samples
were annealed at temperature 120°C for two hours, followed by thermal treatment at
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220°C for two extra hours in the surrounding environment. This processing makes
it possible to obtain reliable silver contacts. Measurement was carried out in the air
and at temperature 24°C at relative humidity of 50-55%. The sample was stored at
normal atmospheric pressure and it contained, of its weight, about 11.2% water. The
sample temperature was measured by germanium diode with accuracy of +0.2 K.

Table 1
The chemical composition of the studied samples

L.I. P205 CI‘203 Ml’l203 T102 MgO F8203 CaO KQO NaQO A1203 SIOQ Sample

14.19 — — — 0.20 1.28 2.23 4.9 2.22 | 0.79 11.69 | 67.11 All

12.3 0.44 0.03 0.2 1.60 | 12.21 | 11.68 | 8.77 | 1.01 1.22 10.48 | 39.51 2514
14.10 | 0.46 0.03 0.17 1.48 | 11.09 | 10.41 | 11.01 | 0.89 | 0.93 9.98 | 38.69 4514
15.16 | 0.52 0.03 0.17 1.60 | 9.74 | 10.65 | 11.92 | 1.08 | 0.99 10.15 | 37.64 6514
16.52 | 0.52 0.03 0.15 1.37 | 8.55 8.97 | 14.95 | 0.84 | 0.75 9.80 | 37.14 8514
10.98 | 0.41 0.04 0.22 1.64 | 14.17 | 13.20 | 6.73 | 1.02 | 1.13 10.42 | 39.95 | 10S14
10.46 | 0.49 0.03 0.20 1.84 | 9.99 | 12.02 | 8.24 | 1.13 1.50 11.65 | 40.76 | 12514
10.71 | 0.47 0.03 0.18 1.75 | 10.65 | 11.75 | 8.95 | 1.13 1.66 10.97 | 40.17 M5

9.28 0.52 0.03 0.20 2.10 | 9.01 12.60 | 8.26 | 1.24 | 1.45 13.04 | 41.36 | 16S14
9.31 0.49 0.03 0.19 1.92 | 10.45| 11.99 | 8.18 | 1.19 | 1.43 12.00 | 41.08 | 18S14
9.24 0.47 0.03 0.19 1.87 | 10.62 | 12.30 | 7.96 | 1.18 | 1.65 11.63 | 41.23 | 20s14

Measurements of electro physical parameters were carried out on pressed samples.
The samples are made of Syrian and Armenian natural zeolite powder (with grain
size of 50 Micron). It should be noted that, after switching the constant electric field,
the current passing through the sample is established at a time interval which gets
beyond several hours sometimes (especially for large samples). This means that, in
these cases, relaxation processes are taking place. The main reason for such relaxations
is the polarization of the sample which can be taken into account by a well known
method [11-13].

We should mention here that during the period of storage, relative changes in the
weight of the samples due to weather changes did not surpass 0.5 [. The absolute
accuracy in the weight measurement was 0.05 mg; hence the accuracy of measurement
for o is about 5%.

3. Results and Discussion

After having carried out the thermal treatment according to the above mentioned
methodology, the dc conductivity of dried air samples was measured at a temperature
equal to 24°C using a constant electrical field of 1+3V /cm. The weight of the sample
was measured also with an absolute accuracy of £0.05 mg.

In order to study the influence of the sample’s water content on its electrical
conductivity, all the studied samples were put in a closed container for 4-5 days
at a saturated vapor pressure corresponding to a temperature equal to 24°C. This
procedure allows the samples to reach their state of total saturation. After that, each
one of the studied samples was put in a special cell and its dc electrical conductivity
was measured dynamically as a function of time at open air conditions. Thus, we
could acquire the dependence of the dc conductivity on the dehydration degree. The
dehydration degree is determined as dj, = (mg — m) - 100%/mg, where mq is the
mass of the sample with maximal water content and m is the current mass of the
same sample. Some of the obtained results are given in Table 2. In addition, we
present in Figure 1 the dependence of dc conductivity of Armenian sample (A1) on
the dehydration period length. After dehydration, Syrian samples became unsuitable
for measuring the dc conductivity since they conserved weakly their shape after the
pressing. This is due, perhaps, to the inclusion of different phases in these samples
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(especially quartz and different zeolitic types). These samples could be destroyed
when they reached total saturation. Therefore, the electrical conductivity of the Syrian
samples was measured at the hydration mode, starting from partially dehydrated state
up to totally dehydrated one. Therefore, the results corresponding to the state of total
saturation are not given in Table 2 (see 2"d column). We think that these data can
be completec schnology.
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Figure 1. The hydration time variation of the specific conductivity of natural Armenian zeolite
(clinoptilolite) at temperature 24C
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Figure 2. The hydration time variation of the specific conductivity of natural zeolitic samples at
temperature 24°C. 1-A11; 2-M5; 3-2S14; 4-4514; 5-6S14; 6-8S14; 7-10S14; 8-12S14; 9-16S14; 10-
20514

It should be noted also that the dehydration degree (c.f. the 1°* row in Table 2)
is evaluated using for mg the value of the mass when the sample was at the state
of total saturation. In contrast, the evaluation, in the other rows, was made using
for mg the value at the partial dehydration state which corresponded to when the
sample was thermally treated for two hours in open air conditions at temperature
220°C. It is seen from Figure 1 that the sample A;; reaches its equilibrium state
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Table 2
Specific electrical conductivity at T=24°C for natural Armenian (A;;) and Syr-
ian (M and S) zeolites corresponding to different degrees of dehydration d;

Samples o(in107* Q7 'em™!) for corresponding degree of dehydration (in %)
A 1200000 for dp, =0 | 677 for dn = 9.22 1.5 for dp = 14.8
A1 — 1220 at ambient air 6.58 for dp = 5.73
M5 — 618 at ambient air 3.52 for dj, = 6.65
2514 — 1190 at ambient air 2.07 for dj =5.32
4514 — 1930 at ambient air 4.25 for dp, = 4.8
6514 — 2210 at ambient air 1.31 for dp, =6.4
8514 — 4030 at ambient air 4.04 for dp, =4.3
10514 — 4290 at ambient air 2.68 for dj, =6.16
12514 — 2860 at ambient air 3.14 ford, =74
16514 — 1480 at ambient air 2.84 for dp = 5.52
20514 — 1730 at ambient air 11.9 for dp, = 5.3

within three hours, and here the dc conductivity becomes independent of time. In
this case, the sample passes from total saturation state to dried-air state as a result
of water emigration from the sample to the surrounding air. In other words, we have
a dehydration sample at that time. This situation is accompanied by o, decrease
from 1.2 - 107°Q " tem ™! to 6.77 - 1079Q " 'em~! in the case of Armenian samples.
The measured values of dc electrical conductivity for all samples at some values of
dehydration degree are presented in Table 2. It is characteristic of sample Ay, that
the dependence of its conductivity on the water content in the mode of hydration
differs from that of the hydration mode. This can be seen clearly by dividing the
values of the dc conductivity, given in the 3" column of Table 2, by the corresponding
values in the last (4*®) column in the same table to give the dc value of o, the partially
dehydrated state. In such a way, for Armenian samples, we find (677/1.5 = 451) and
(1220/6.58 = 185) respectively. This behavior of conductivity at the mentioned two
modes agrees well with the isothermal curves of sorption and desorption. For the
Syrian samples, the following values were obtained (see Table 2, from top to bottom)
175; 575; 454; 1687; 998; 1600; 911; 521 and 145 respectively. The dependence of o (t)
on the hydration time is illustrated in Figures 2-5. Figure 2 contains the data for all
samples, whereas, for clarity and to make the comparison easier, the samples’ data
have been divided into groups and are presented in Figures 3-5.

It is seen from Figures 2-5 that with the increase of hydration time (i.e. with
the increase of water content in the sample) the electrical conductivity of the samples
increases until a definite moment when the increase stops. This moment is charac-
teristic of each sample and it corresponds to the saturation state indicating that the
hydration process has been finished and that the sample has reached its equilibrium
state (air-dried sample). For some samples, this process goes relatively quickly (from
0.5 hour to 1 hour) while for others it goes more slowly. One can also notice additional
stages on the curve of time dependence of electrical conductivity o(t). This is due,
probably, to the inhomogeneous phase content of the corresponding samples.

Moreover, when comparing o for natural Armenian and Syrian zeolitic samples one
finds that during the process of establishing total hydration, the value of ¢ increases
2.5 times in magnitude for the Armenian samples, while for the Syrian samples, the
same value triples its magnitude, and sometimes increases even more.

On the other hand, one can compute from Table 1, where the oxide contents of
Armenian and Syrian samples is given, the molar ratio SiO3/AlyO3 for these samples.
When doing this, we find that this ratio is in the range (3.17 <+ 3.88) for the Syrian
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Figure 3. The hydration time variation of the Specific conductivity of natural zeolitic samples (1-A11;
2-M5; 3-2514) at temperature 24°C.
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Figure 4. The hydration time variation of the Specific conductivity of natural Syrian zeolitic samples
(4-4S14; 5-6S14; 6-8S14; 7-10S14) at temperature 24°C

samples, while its value, for Armenian zeolite, could change in the range (5.74 +
5.91) [14]. It is known [2,9,10] that samples with smaller values of this ratio are more
conductive and less stable. Whence, the higher values of electrical conductivity of
Syrian samples could be explained. However, it should be mentioned that, at relatively
low temperatures, the measured values of o and the stability of zeolitic samples are
determined by their cation contents [1,9].

The mechanism of conductivity in zeolitic samples has a jumpy character and the
ions or protons play, in general, the role of current carriers [1,2,5-7]. The content and
the structure of the zeolitic sample determine its sorbitizing properties, in relation to
water vapors [2,9,10]. In this case, with the increase of water content, o increases
while the tilt of the curve of lgo dependence on water concentration decreases. This



BectHuk PY/IH, CEpus Mamemamuxa. Ungopmamura. Pusura. Ne 1-2.2007. c. 147-154 153

10°®

A
S
G
<
g &g —+— Series8
Q 100 —— Series9
© ! —— Series10
-10 i
05 fig5
Y
-11 A
10 0 50 100 150 200 250 300
t, minutes

Figure 5. The hydration time variation of the specific conductivity of natural Syrian zeolitic samples
(8-12S14; 9-16S14; 10-20S14) at temperature 24°C

means that the activation energy of conduction decreases also [2,9,10]. In our case,
the availability of different tilts on the curve lgo — ¢ confirms this result.

Conclusions

One can conclude that the complete explanation of the observed phenomena re-
quires measuring ¢ in wider ranges of temperature, hydration and studied samples.
This can be achieved using different chemical and radiation methods [5-7, 14, 15].
These results should be accompanied as well by the results of other related physical
measurements. We have to mention also that the measurement of surface conductivity
in addition to the volume conductivity could help in understanding many phenomena
especially the process of sorption which passes through the surface. At present, we
are doing this kind of measurement and the preliminary results show that it is highly
sensitive to the humidity and temperature in comparison with the volume conductiv-

ity.
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B sT0it paGoTe MBI IPOBOAMIN U3MEPEHUs] JIEKTPUIECKON TIPOBOJUMOCTH (0) HATYPAJIb-
HbIX meosuTa Cupuu u APpMEHMH B MOCTOSTHHOM 3JIEKTPUYECKOM ToJjie. V3ydeHbl BIUSHUS
BJIAXKHOCTH HA TIPOBOIMMOCTE 06pa3IoB. J1a Bcex 06pa3iioB MpOBOIUINCH BPEMEHHBIE 3aBH-
CHUMOCTH TIPOBOAMMOCTH (B PEKUME THIPATAIAN) OT YACTUIHO O0E3BOKEHHOT'O COCTOSTHUSL 10
BO3JIYIITHO-CYXOT'O COCTOsTHUS. MOXKHO OTMETHUTH CJIe/IYIOIIe OCHOBHBIE PE3YJIBTATHI: C POCTOM
BpEMEHU ruzpaTanuu (T. €. ¢ POCTOM COJIEPXKAHMST BOJIBI) HAGIIOAETCS yBeTnIeHre TPOBOIT-
MOCTHU 00OPA3I0B, U Yepe3 HEKOTOPOE BpeMsi OHA JOCTUTAET HACBIIIEHUS, YTO O3HAYAET KOHEIT
mporiecca ruapaTanu, o6paser MePeXoUT B PABHOBECHOE COCTOsIHUE (BO3/YIITHO-CYXOi 06-

paser).
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