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AHHOTALIUA

JlaHHas CTaThs SABISIETCS YETHIPHAAIIATON YaCThIO HAYYHOTO TIPOEKTA 10T 0OITiM Ha3BaHHEeM «I eoMeTpu3upoBaHHas Qru3nka
BakyyMa Ha ocHoBe Anreopsl curHatyp» (I'®@B&AC) [1,2,3,4,5,6,7,8,9,10,11,12,13]. B naHHO# cTaThe pacCMOTpEHa CTOXA-
CTHYECKask METPHUKO-AnHamMmdeckas moaens (CMIM) «aToMa BOIopo1ay, MOCTPOCHHAS Ha OCHOBAHWH MIPHHITUIIOB U MaTe-
Marudeckoro anmnapara [ @B&AC. AHamorndHas MeTOIMKa MOYKET OBITh MPUMEHEHA JJT U3YYCHUS BHYTPEHHEH CTPYKTYPBI
BCEX H3BECTHBIX «aTOMOB» M «MOJIEKYJD» KaK MMKOCKOMMYECKOTO YPOBHS opranmsanuu semectsa ( ~1071' — 1074 cm), Tak n
JIPYTUX YPOBHEH: MHKPOCKOINYIECKOTO, TIAHETAPHOTO, TAIAaKTHIECKOTO U T.N. [IpemoKeHO CTOXacTHYECKOe YpaBHEHHE
[lpemunrepa ast «aroMa Boaopoaa» ¢ 3G HekTHBHON MOTCHIMAILHOCTHIO, KOTOPOE BO3MOXKHO MO3BOJIHUT YTOYHHUTH TOHKYHO
CTPYKTYPY CIIEKTPa U3IYUYCHHUS TAaHHOTO CTAOMIILHOTO BAKYYMHOI'O 00pa30BaHus 0€3 UCIOJIb30BaHMs PaIHallMOHHBIX MOIMPa-
BOK. OTiinunTeNbHOM 0c00eHHOCThI0 CM/IM 0T KBaHTOBOMEXaHHYECKOTO MMOIX0/1a (B KOTICHIareHCKON HHTEPIPETAIINN) 3a-
KIItoYaeTcsi B ToM, 4yTo mMarematuka ' DB&AC no3BossieT co3aTh BU3YAIbHYI0 CUMYJISIIMIO0 BHYTPUATOMHBIX MIPOIECCOB B
yI00HOU (hopMe UIs HAIIETO BOCIPHUSTHS, T.C., YIACTCs KaK Obl 3aMJISHYTh BHYTPh «aToMa» U YMO3PHUTEIBHO HaOJIIOIaTh
KOCMHYECKYIO TPaHIHO3HOCTD MPOUCXOSAIINX TaM MPOIECCOB.

ABSTRACT

This article is the fourteenth part of the scientific project under the general title "Geometrized Vacuum Physics Based on the
Algebra of Signature" (GVPh&AS) [1,2,3,4,5,6,7,8,9,10,11,12,13]. In this article, the stochastic metric-dynamic model
(SMDM) of the "hydrogen atom" is considered, constructed on the basis of the principles and mathematical apparatus of
GVPh&AS. A similar methodology can be applied to study the internal structure of all known "atoms" and "molecules" of
both the picoscopic level of matter organization (~10'' — 10-'# cm), and other levels: microscopic, planetary, galactic, etc.
A stochastic Schrodinger equation for the "hydrogen atom" with effective potentiality is proposed, which may allow for a
refinement of the fine structure of the emission spectrum of this stable vacuum formation without the use of radiative correc-
tions. A distinctive feature of the SMDM from the quantum mechanical approach (in the Copenhagen interpretation) is that
the mathematics of the GVPh&AS allows for the creation of a visual simulation of intra-atomic processes in a form conven-
ient for our perception, i.e., as if peering inside the "atom" and mentally observing the cosmic grandeur of the processes
occurring there.

KuaroueBble ciioBa: Gpusuka Bakyyma, aTOM BOJOPOJa, CTOXaCTHYECKash KBAHTOBAsi MEXaHUKa, CTaOMIbHBIC BAKYyMHBIE 00-
pasoBaHus, aredpa CUTHATYD.
Keywords: vacuum physics, hydrogen atom, stochastic quantum mechanics, stable vacuum formations, Algebra of signature.

HNPEABICTOPUSA U BBEJJEHUE

DT0 YeThIpHA/INATAS YacTh U3 IMKJIA CTaTel moj oOmuM HazBaHueM «[ eomeTpusupoBanHas ¢usuka Bakyyma (I'®@B) Ha oc-
HoBe Anreopsl curHatyp (AC)» (FBO&AC). [penpiaymue TprHaaIaTh cTaTell IPUBEAEHBI B CIIUCKE JUTeparypsl [1,2,3,4,
5,6,7,8,9,10,11,12,13] u pa3menicHsl Ha caiite https://metraphysics.ru/.

B »toii wactu JAHHOT'O IMPOCKTAa MOCTaBJICHA 3a/1a4a Ooiee JACTAJIBHOTO paCCMOTPETh CTOXACTUICCKYHO METPUKO-IUHAMUYC-
CKYI0 MOJICJIb «aToMa Bouopozxa»* Ha OCHOBC MATEMATHUYCCKOT'O allliapara FB(D&AC, Pa3BUTOrO B MPEALIAYIIUX CTATbAX.

C 0JHOI CTOPOHBI, AaTOM BOJIOPO/IA SBIISIETCSI CAMBIM MPOCTHIM aTOMOM U MO3TOMY JIeT4e MOJaeTCI MAaTEMaTHIECKOMY OTIH-
canuto. C Ipyroii CTOPOHBI, U3yYEHNE aTOMA BOJIOPO/Ia OCTABHUIIO HEM3TIAANMBIH Clie]l B ICTOPUHU HaykHu. KBaHTOBast Mexa-
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HUKA MOJy4riIa OCHOBHOM MMITYJIEC K pa3BUTHIO IMEHHO TOT[Ia, Koraa B meprox 1925 — 1926 rr. Beprep ['etizendepr (yueHHK
n nocnenosarens Hunmbeca bopa) 00bsCHIII CHEKTp ero U3IIy4eH st C HOMOIIBI0 MAaTPHYHON MEXaHUKH, ¥ HE3aBUCUMO OT HETO
OpsuH lllpenunrep paccuuTan aToM BOJOPOAA C TOMOLIBIO BOJIHOBOH MEXaHUKH.

B 370l cTaThe HA MPUMEPE CTOXACTHUCCKON METPUKO-TUHAMUICCKOIN MOJICITH «aTOMa BOJOPOa» MOKa3aHO, KAaK MOKET OBITh
MOCTPOCHA (TOYHEE, BU3yaTM3UPOBAaHA) MOJICITH JIFOOOT0 «aToMay U3 MePUOIMYCCKON TaOIUIIBI XUMUICCKHX 1eMeHToB JI. 1.
Menpaeneena.

*Busyanusuposantvle MOOenU NUKOCKONUYECKUX CINAOUTbHBIX 8 CPEOHeM ChepuyecKux 8aKyyMHbIX 00pa3oeanuil («<KOpnyckya»* wiu mo-
noA0UYECKUX Y31108) ¢ paduycamu sdep nopaoka re ~ 10711 — 1071 cm omaunaromes om moodeneii snemenmapHulx Yacmuy 6 Co6PemMenHol
keaumogou guzuxe. [100 «xopnyckynamuy ¢ [ BO&AC nodpazymesaromesi cmabuivhbie chepuyeckue 6aKyyMHuble 00pa308aHus, 6 KOMo-
PYIX GbLOCNSAIOMCSL Uemblpe OCHOGHble yacmu (cmompume puc. 1 u 2): enewnsiss 060104Ka, 20po, pakus (cpepuyeckas 6e30HA-MpeujuH,
omoenawas 0po om enewHell 000104Ky) u Hympennee aopviuiko. [llosmomy 6 pamxax [ BO&KAC nazeéanus cmabuibHblx 6aKyYMHbIX
006pazoeanuil («KOPRYCcKyi») 3aKI0OUEHbl 8 KAGLIYKU, HANPUMED, (INEKMPOHY, (NPOMOHY», KHEUMPOHY, «AMOM» U M.O.

Jns ymo6cTBa M310KeHHUS MIPHUBEEM OCHOBHBIC CBEIICHNUS U3 Ipenpinynnx dacreit [ BO&AC [1,2,3,4,5,6,7,8,9,10,11,12,13],
KOTOPBIE IOHAZO0ATCS AT IpeIMeTa UCCIICIOBaHUS B JaHHOU CTaThe.

1. Mempuxo-ounamuueckue Mooenu «K8apKo8» U « AHMUKBAPKOSE»
[Ipexne Bcero HanoMHuM, uTo coriacHo [ BO&AC (cmoTpute §4.2 B [6]) Bce MUKOCKONUYECKUE TOTIOJIOTHUECKHE Y3IIbI, T.€.
3JIEMEHTAPHBIE «YaCTHUIBI», «aTOMBD» U «MOJIEKYJbD» COCTOAT M3 IBETHBIX «KBAPKOBY» M «aHTUKBAPKOB)» C CUTHATYPAMH,

MPECTAaBJICHHBIMHU B Ta0I. 1.

Tabmuna 1 — CHTHATYpHI IIBETHBIX «KBAPKOBY» M «aHTUKBAPKOBY» (TMOBTOpeHHUE Tabm. 1 B [6])

Tun «KBapkup» «AHTHKBapKH» et
CHIHATYPBI, «KBapKap»
T.€. KoJu'e- 10 meTpuk 0O06o03HaucHNE 10 meTpuk 0O603HaueHNE HJIH

CTBO + M — suga (1) Xi -«KBapKa suga (1) X/ -«aHTUKBapKap» «aHTHKBapKap»
C CUTHATypoil: C CUTHaTypoii:

1-3
+++-) di" -«kBapK» -—--%) d-«AHTMKBaPK» KPacHbIH

1-3
++-4) d;* -«<kBapK» --+-) d; -«aHTHKBapK» 3eJICHBIH
+-+4 di* -«xBapK» -+--) d"-«aHTUKBapK» roJtyooii
+--1 i —«RBAPID -++-) Ux -<AHTHKBAPKK» KPaCHbIH

2-2

+-+-) us" -«kBapK» -+-+1) Us -«AHTUKBaPKi» 3eJIeHbIi
++--) Ur -«KBAPK» (-=—++1) Ur -«AHTUKBaPK» rosyooi
4 ++++) is -«KBaAPK» -—---) i "-«AHTUKBapKm» OeJIblii




20e unoekc k 6 Hazsanuu «K6ApKar» UIU «AHMUKEAPKAR» 3A6UCUM OM MO20 CKOJbKO «KOPHYCKYIL) UMEEMCs 6 Uepapxuieckoll yenu, 6
KOmMopyio 6xo0um 0anHoe eaxyymmoe oopazoeanue (cmompume [6,10,12]). B pamxax pazsusaemoti 30eco 10-yposregoti uepapxuyeckoti
KOCMONIOSUYECKOU MOONU OAHHbIL UHOEKC MOJNCEM RPUHUMAmb 3uavenus k = 4,5,6,7,8,9,10. Oounako, ons ynpoujenust 3anuceii 8 2mot
cmamove uHoexc k bydem onyckamo, m.K. MeCMO HAXONCOCHUS NUKOCKONUYECKUX «KOPHYCKYI» 8 UEpaApXUHecKOU yenu He
umeem OWymumo2o 3HaUeHusi @ OMHOUEHUY BONPOCOB, PACCMAMPUBAEMBLX 8 IMOU CIambe.

MeTpuko-auHaMUUecKue MOJeN! 16-TU MUKOCKOIMUYECKUX «KBapKOBY» U «aHTUKBAPKOBY» ONPEAEISAIOTCS COBOKYNHOCTSAMU
10 metpux tuna (50) nnm (60) B [6], HO ¢ cooTBEeTCTBYIOLIEH CUrHATYpoH u3 Tabm. 1. [{ns mpumMepa npuBeaeM MeETPUKO-
JUHAMUYECKYIO MOJETb Uy -«aHTHKBApKay C CUTHATYypoH (WIu ¢ Tomojoruen) (—+ + —) B pa3BepHyTOM BHUJE:

Uy -« AHTUKBAPK» (1
HecTaOMITbHOE "BBINMYKIO-BOTHYTOE" COCTOSIHHE BaKyyMma
¢ curHatypoi (— + + —), cocTosIiee us3:

Buemnss 000/109Ka 1k -«AHTHKBAPKap
B MHTEpBANE [71, 7'6], cnrHaTypa (—++-)

I ds{ % = — (1= 4 L) cZar? +m+r 2do? —r2sin’ 0 d¢?, @

H R +r7_:_z) c2dt? +(1T“:)+r d6? — r?sin® 6 d¢?, ©)

\ ds{H = - (1 —rii‘:—;)czdtz +(1T“g)+r d6? — r?sin® 6 d¢?, Q)

H’ dsy = - (1 +r7+:—z) c2dt? +W+r do? — r2sin? 0 dp?; 5)
P

Snpo ux -«aHTUKBapKa»
B MHTEpBAJE [76, Tg], CI/IFHaTypa (-++-)

2
I ds{ "% = _(1 +$_:T) c?dt? + ( +72d6? —r2sin? 6 d¢p?, ©)
61 148 )
2
H dsy % = _(1 %Jr:T) c2dt? + o +r?d6? —risin® 0 d¢?, o
6,2 1-Is _)
2
\Y ds§_++_)2 = —<1 +§+:T) c?dt? +d;z+r20192 —1r2sin® 6 d¢?, ®)
6,3 I's_r
(rz-2)
H' dsg % = _<1_§_:T) c2dt? — —— + r2d0% — r?sin? 0 d?; ®
6,4 _Is_ T
(1 r 72 )
MeasbT
B unrepsaine [0, o], cuTHaTYypa (— + + —)
i dsé_++_)2 = —c?dt? + dr? + r2d0? — r? sin® 0 d¢p?. (10)

IJIe COTJIIacCHO uepapxuu paauycos (44a) B [6]:
Teq ™ Tep = Tes = Toq =107 cM — pammyc sipa «3IEMEHTAPHOI YaCTHIIBI» (B YaCTHOCTH, AIPA «IIEKTPOHAY);

15 & r7~ 10724 cM* — paguyc, COM3MEPHMBIIA C PaIyCOM SAPBIIIKA IIPOTO-KBAPKA»;
7L~ s~ 107 cM — paguyc, COM3MEPUMBII C PaJTyCOM OHOJNIOTHYECKOMN KIIETKI.

* Paduyc adpvuiuxa «npomo-keapkay r7~ 10-2% cyu axcnepumenmansto ne nodmeepacoen. Imo wucio noayueHo u3 36pUchiudecKkoil peKyp-
penmnoii popmynvt (44) 6 [6]. Dxcnepumenmol no paccesaHuio INEKMpPOHO8 HA AMOMAX NO360AAI0M OOCAMOYHO YBEPEHHO NPEeONOI0ICUNb,
umo 17« 1077 cm. Odnako na oannom smane uccied08anUs MOUHbIL pasmep AOPbIUKA «NPOMO-KEAPKA» He uMeen DOIbUWO20 SHAYEHUSL.
Ecnu co epemenem sma senuuyuna 6yoem ymounena, mo 0aHHoOe 00CMOoamenbCmeo He NOGIUsen Had OCHOBHbLE ACREKNbl MeOPUU, PA36Usa-

eMoltl 8 5motl cmamoe.

MeTprKo-AMHAMHUYECKHE MOJIENN BCEX OCTAIBHBIX 15-M «KBapKOB» M «QaHTUKBApKOB)» aHAJOTUYHBI COBOKYIHOCTH 10-1 MeT-
puk (2) — (10), HO ¢ curHaTypamu, NPEACTaBICHHBIMY B Ta0JI. 1.



2. Mempuko-Ounamuueckas Mooenb «NeKMpoHay (Ul ey -«K8apKay)

B pamkax pasBuBaemoii 31ech [ BO&AC MeTpUKO-AMHAMUYECKAsE MOJIENb MOKOSIIETOC «3JIEKTPOHAY (MU ey -~«KBapKay,
corylacHO Kiaccudukamu, npuBeieHHOH B Tabu. 1) onpenenena 10-10 METpUKaMU-peIIEHHSIMH BTOPOTO BaKyyMHOT'O YpaB-
HeHusa DWHmTeiHA Ry + gimAe = 0 ¢ curHaTypoii (+ — —-) (cmotpure §4.1 B [6]):

«JEKTPOH»
(MM e -«KBapK») (11)
B cpefHeM chepHuecKoe CTabuIbHOE BBITYKIOE MHOTOCIIOHHOE
WCKPUBIIEHUE BAKyyMa C CUTHATYPOii (+ — — —), COCTOSIEE U3:

BHemHssa 000,10UKAa <«QJEKTPOHA»

B uHTepBaie [r1, r¢] (puc. 1a), c curnarypoit (+———)
(+——-)2 _ Teq | T2\ 2 4.2 dr? 2 2 2 2
I ds! = (1 -2+ 5] c?dt?* — ———— — r?(d6? + sin® 6 d¢?), (12)
rorf <1_T6_,1+r_2>
T rL
2 2
H s = (14752 = ) R =~ (A0  sin 0.4, (13)
r T <1+T6_,27r_>
T r%
(+—=-)2 _ Te3 T2 dr? .
v ds; = (1 ‘673‘¥) chdet _j_ r2(d6? + sin? 6 dp?), (14)
T r%
2 2
w A2 = (1 _ﬁiﬂ.%) c2dt? — —— —r2(d6? + sin? 6 d§?); (15)
T "L (1 +r6—'4+r—2>
T ‘rL
SAnpo «3j1eKTpoHa»
B HHTEpBAE [76, 19| (puc. la), ¢ curHatypoit (+———)
2
| s 2 = (1 + 55 ) c2de? — —E _—+2(d6? + sin? 0 d¢p?), (16)
r 6,1 <1 +T—5—r—>
Torgq
2 2
. dstt? = (1 s +%) c2dt? — —4 __12(d6? + sin? 6 d¢?), (17)
r 762 (1_’"_S+7’_>
T ré,
2
v ds(t2 (1 44 )Czdtz — A r2(d6? + sin? 0 d§?), (18)
r Té3 <1 +Is_T >
T,
2
H as{ 7 = (1= B - ) ctde? - —E - r2(d0? + sin® 0 dgP); (19)
r Téa (1 ’"_S_T_>
Torés
eanT
B unTepsae [0, «0], ¢ curuatypoi (+——-)
i ds$F7% = c2dt? — dr? — r?(d6? + sin? 6 dp?), (20)

Ha ocHoBanum ananmsa coBokynHocTH MeTpHK Buaa (12) — (20) meromamu 'BO&AC B [7] momyueHa BU3yanu3upoOBaHHAs
MOJIEIIb «3JIEKTPOHa» (T.€., JKEJITOTO ex -«KBapKa»), Mmoka3aHHas Ha puc. | (moBropenue puc. 1 B [7]). Takum obpasoM, B
pamkax [BO&AC nokosImuiics «3JeKTPOH» — 3TO B CPEIHEM BBIMYKIIOE ceprueckoe BaKyyMHOE 00pa3oBaHUE, KOTOPOE
3aHMMAET BeCh 00BEM MPEAIIECTBYIONMIETO CPEePHUIECKOT0 BAKYyMHOTO 00pa30BaHMs, B KOTOPOM OH HAaXOAWUTCS (Hampumep,
BCIO BHYTPEHHOCTb «OHMOJIOTHYECKOH KIIETKI», WIIHA BCETO Spa «IIAaHETHD), WM BCIO 3aMKHYTYI0 «Bcenennyo», cMoTpuTe
§2.1 B [7]). BHYTpHU «DJIEKTPOHA» UMEETCS SIBHO BBHIPAKEHHOE YCPEMHEHHOE SIPO C PamMyCcoM mopsaka rg ~107'3 cM, mpn
9TOM BHYTPH JAHHOTO SIpa HAXOIUTCS MU3EPHOE SAPHINIKO (OJOOHO KOCTOYKH BHYTPH S0JI0KA) — 3TO yCPEIHEHHOE S1-
PBIIIKO €5 -«IPOTO-KBAPKa» C XapaKTEPHBIM PaMyCoOM Mopsaka r,~ 10724 cum.

B oanvhetiuiem, 00HAKO, 8ISAACHUMCA, YO HYMPU A0PA «INEKMPOHA MONHCEM HAXOOUMBCA He 00OHO, A MHO20 YCPEOHEHHbIX BUPIMYATbHBIX
A0pwluex «npomo-keapkoey. To ecmb, npu bonee 0emanbHOM PACCMOMPeEHUU BHYMPU A0PA «INEKMPOHAY MONHCEM HAXOOUMbCA OOUH UTU
HECKOIbKO BANEHIMHBIX MUSEPHBIX AOPLIULEK U MHONCECHBO 6UPMYATbHBIX MUSEPHBIX AOPbIULEK.



a) 0)

Puc. 1: (mostop puc. 1 B [7]) MimmrocTpamnust CTOXacTHYECKOH METPHKO-INHAMUYECKON MOJIEIH CTAOMIBHOTO CPEepHUECKOTO BAKyYMHOTO
00pazoBaHus («KOPITyCKYJIBD B YACTHOCTH, «3JIEKTPOHAY» ), B OKPECTHOCTH €r0 SJIpa C YETHIPhMS SBHO BHIPAKEHHBIMU 00JIACTAMH:
A0po «KOPIYCKYJB» (B YACTHOCTH, «3JIEKTPOHA») — 3TO LICHTPaIbHAs 3aMKHYTas B CpeliHeM cepuueckas 0071acTh BaKyyMa ¢ XapaKkTep-

HBIM pagrycoM u3 uepapxuu (44a) B [8] 6~ 10713 oM, cloxkHOI BHYTpEHHEN CTPYKTYpOH;

Buympennee aopviuiko «KOpIycKyJIsD (B YaCTHOCTH, «3JIEKTPOHA») — MU3epHasl 3aMKHyTas cepriecKkas 001acTh BaKyyMa BHYTpPH siapa
— 3TO SAPBILIKO KIIPOTO-KBAPKA» € XapaKTEPHBLIM pamuycom 77~ 10724 cu;

Buewnsn 06010uxka «KOpmycKysbs (B YaCTHOCTH, «QJIEKTPOHA») — 3TO 00JIaCTh BaKyyMa, OKpYy’Karolias ero siipo. BHemHss oGonouka
«KOPITYCKYJIBD) PacIpOCTPaHsIETCs OT €€ sApa O BHYTPEHHUX I'PaHHIl 3HAYUTEIBHO OOJIBILIETO sApa CIeIYIOIIEH Mo pa3MepaM «KOpITyc-
KyJIbD» (HalIpEMep, OT SApa «3JIEKTPOHa» 710 BHYTPEHHEH IPAHMIIBI SApa «OHOIOTHYECKO# KIETKNY ), BHYTPU KOTOPOTO 3TO SAAPO HAXOIUTCS
(puc. 1 u 10 B [6]);

Paxusa «KOPIyCKyJbl» (B 4aCTHOCTH, «3JIEKTPOHA») — 3TO MHOTOCIOMHas chepuueckas Oe3Ha-TPEIMHa, OTACISIOmAs AP0 «KOPITyC-
KYJIbD» OT e BHeIIHel o0onoukn (cMotpure §4.11 B [6]);

Hlenvm «KOPIMyCKyIIBD — 3TO CBOSOOpa3Hast MaMsTh 00 HCXOAHOM HelleopMHPOBAHHOM COCTOSIHMU 00J1acTH BaKyyMa, B KOTOPOil Haxo-
TIUTCSI «KOpITycKyna». To ecTh, 3TO HCXOIHAst 00J1aCTh BaKyyMa, 10 TOT0, Kak OHa Jie)opMUpOBasIach M MPHUHSIIA CTAOMIBHYIO GOpMY BbI-
MYKJIOH «KOPITyCKYJIbD» MIIM BOTHYTOH «@HTHKOPIYCKYJIBD), B YACTHOCTH, «AJIEKTPOHA» (MU «IIO3UTPOHAY).

3. Mempuxo-ounamuuecxas Mooeib «NO3UMPOHAY (UNU HCEMO20 €xc -« AHIMUKBAPKAY)

B pamkax 'BO&AC meTpuko-IuHAMHYECKass MOJIENb MMOKOSIIIETOCS «MO3UTPOHAY (MM e, -«aHTUKBapka» B Tab.1) ompe-
neneHa 10-10 MeTpUKaMHU-peIIeHUsIME BTOPOT0 BaKyyMHOTO yYpaBHeHUsI DWHIITeHHa Ry, — gimy A = 0 Buma (12) — (20), Ho ©
MIPOTHBOMOJIOXKHOM curHaTypou (— + + +) (cmotpure §4.11 B [6):

«[IO3UTPOH» 21)
(WM ex -«AHTHUKBAPK»)
B Cpe/HEM c(epryuecKoe cTabMIbHOE BOTHYTOE MHOTOCIOHHOE
HCKpHUBIICHHE BaKyyMa C CUHTHATypoii (— + + +), cocTosiiee u3:
BHemHsisi 000,109Ka «IO3UTPOHAY
B UHTEpBaie [r1,76] (Heratus puc. la), ¢ curatypoi (—+++)

2 2
I ds{H? = —(1 — T +:7> 2dt? + — 1+ r2(d6? + sin? 0 dp?), (22)
L

T r 2
(-22+3)
L



_ . 2 2
H ds; +++)Z=—(1+T6—'2—T—z>c2alt2+7dr 7
L Tez 12
(1+525)

— 7 2
\% ds +++)Z:—(1—r6—'3—r—>c2dt2+4dr 2
| _Tes 12
(-3

dr?
<1+r67'4+%>
TL

SAnpo «no3uTpoHa»
B MHTEpBae [r6,T9] (Heratus puc. la), ¢ curHaTypou (— + + +)

+12(d6? + sin? 6 dp?), (23)
+1r2(d0? + sin? 6 d¢p?), (24)

2 .
H' dsiTH0? = _<1 +T67'4+—z) c2dt? + +7%(d6? + sin® 6 d¢?); (25)

I de””z=—(1+?—i%%¢wz+gj§izj+ﬂawz+w#0d¢%, (26)
, Rk
, R
Y dsg " = _<1 +r75+%> cdet +<1rd%+rz(d92 +sin® 6 dg®), (28)
' +77T%,3>
i ds{ = - (15 72)ﬂda+-@7fzﬂ)+”2w92+sm?9d¢%; 29)
, -
HleabT
B unTepBaie [0,00], ¢ curHaTypoii (— + + +)
i dsSH% = _c2dt? + dr? 4+ r2(d6? + sin? 6 dp?). 30)

B pamkax pa3BUBaeMBIX 374€Ch MPEACTABICHUH «ITO3UTPOH» — 3TO CTA0MIbHAS B CPEJTHEM BOTHYTOE CEepHIECKOE BAKYYMHOE
o6pasoBanue ¢ mukockonaeckuM (~ 10713 ¢cM) sapom, BHyTpH KOTOPOTO MMEETCS MOKTOCKOIMIECKOE (~ 1024 cM) SAPBIIIKO
«IIPOTO-aHTHKBapKay (Heratus puc. 1). JJpyrumMu cioBamMu, «IO3UTPOH» — 3TO B CPEIHEM IIOTHAS HETaTHBHAS KOTHS «3JICK-
TpoHa». Eciu cnoxxuts metpuku (12) — (20) ¢ coorBeTcTByIomuMU MeTpukamu (22) — (30), TO MOIXy4YnM UCXOIHBIH HOJb
(T.e., UICXOIHOE HE UCKPUBJICHHOE COCTOSIHUE ABYXCTOPOHHEI0 BaKyyMa C Y4eTOM YCJIOBHsS BaKyyMHOTO OajaHca, CMOTPHUTE
Beenenue B [1]).

4. Mempuxo-ounamuieckue Mooenu «NPOMOHA» U «AHMUNPOTOHAY

B §4.3 B [6] nokazaHo, 9TO CTaOMIEHBIMHU B CpeTHEM CHEPUICCKAMHU BaKYyMHBIMH 00pa30BaHUAMHU MOTYT OBITH MHOXKECTBO
TOIOJIOTUYECKHUX Y3JI0B (KKOPIYCKYJI») C CyMMapHBIMH CUTHaTypamu (+ ———) wim (— + + +). B yacTHOCTH, Takue «kopIiryc-
KyJIBD) («IPOTOHB M «@HTHIPOTOHBDY) MOTYT OBITh COCTAaBJICHBI M3 TPEX Pa3HOIBETHBIX «KBAPKOB» M «AHTHKBAPKOB» M3
Tabm. 1:

dt(+ + + o) '+ + -1 dt(+ - + )

u (- + -4 (€29 uwE--++4 (32) w(-+ +-) (33)
uris— - + +l u.{j— + + _! uji!— + — +!

pr(=++ )+ pr(=++ P+ pi(=++ )+

TZie pi — TPU BO3MOXHBIX COCTOSIHUSA p; -«HpoToHay (i = 1, 2, 3) ¢ curHatypoii (— + + +).

(- - -1 d (- -+ -) (- +--)
wrH+ -+ -) wh(++--) wt(+--4
Sy G T N MR SR EE) R G €
PN C— P+~ — e P

7€ pi” — TPU BO3MOMKHBIX COCTOSIHUS p; -«aHTUIPOTOHA» C CUTHATYPOH (+ — — —).

Kaoicoou cuenamype 6 panscupax (31) — (36) coomeememayem mononozus 4-meprozo noonpocmparcmea (cmompume §4 6
[2]), nosmomy dannvle KOMOUHAYUU CUSHAMYP MAKIHCE MO2YI ObIMb HA36AHBL MONOJI0SUYECKUMU Y3TAMU.
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HanomuamnM, uto B pamkax [ BO&AC kaxmoit curaatype B pamxupax (31) — (33) cooTBETCTBYET «KBapK» I «aHTHKBAPK»
n3 Tabi. 1, METpUKO-IMHAMUYECKast MOJIeIb KoToporo onpexnensercs 10-ro merpukamu Buja (2) — (10) wmu (12) — (20) wnum
(22) — (30), HO ¢ COOTBETCTBYIOIICH CUTHATYPOH.

B 6ostee KOMIIaKTHOM BUIC COCTOSHUA p; -«OPOTOHA» Hpﬁ-«aHTHHpOTOHa)) MOTyT OBITH 3aIIUCAHEI TaK, KaK IMPUHATO B KBaH-
TOBOM XpOMOAUHAMUKE

pr=usucdd, pr=ucucds, py=usuddt, (37
pl+ = ufur*d,{, p2 t= HKJr MrJr dsi, p3+ = u3+ MKJr dr7 . (3 8)

B oTnmuume oT KBaHTOBOW XPOMOAMHAMUKH, TZI€ TPOTOHEI COCTOAT m3 d W u kBapkoB, B [ BO&AC «mmpoTOH» COCTOHUT W3
di'-«KkBapKa» U JBYX Uj -«aHTHKBapKOB». HamoMHUM, YTO «KBapK» WITH «aHTHKBApK» OMPEAENACTCS MO MEPBOMY 3HAKY B
curHarype: (+) — COOTBETCTBYET «KBapKy», (—) — COOTBETCTBYET «aHTUKBApKy». JlaHHbIIA NepBBIil 3HAK B CUTHATYPE OMpe/ie-
JIieT HaIlpaBJieHHE TE€YEHUS BAaKyyMHOTO CJIOS, U B KOHEUHOM MTOTe COOTBETCTBYET «3apAay» BaKyyMHOIro oOpa30BaHHS
(cmotpute [4] u §2.2 B [7]). Hanomuum, uro B TBO&AC oTcyTcTByeT npodiema 6apHoOHHOM aCUMMETPUU MaTepHu (CMOT-
pute [6]), Tak KaKk B paMKax JaHHON TEOPUHU «MaTepUsh» U «aHTUMaTepus» MepeMemansl Apyr ¢ ApyroM. OHM He aHHUTHIIH-
PYIOT U3-3a MOCTOSTHHOTO TEIMJIOBOTO ABMXKEHHUs (mepemennBanus). [loatomy B pamkax 'BO&AC mMup B 4aCTHOCTSX €CTh,
HO B 0011IeM (T.€., B CpETHEM) STOTO MHpa HET.

s mpumepa, pencTaBuM Torosormdeckuii y3en (31) (T.e., pi -«IpoTOH»)

dd(+ + + ) 319
u; (- + - +)
Ur (= —++)

P+ 4

B pa3BepHyTOM BHje (cMoTpuTe (92) B [6]):

P -«dIPOTOH» (39)

CTaOMJIBHOE B CPEJJHEM BOTHYTOE chepuueckoe BakyyMHoe o0pa3oBaHue ¢ 001iell curHarypoii (— + + +),
COCTOSIIIEE U3 OTHOTO IBETHOTO d; -«KBapKa» U JABYX [BETHBIX U/ -«AHTUKBAPKOBY:

dF-«kBapK»
BBIITYKJIO-BOTHYTOE BaKyyMHOE 00pa3oBaHue
C CHTHATypoii: (+ + + —), cocTosIiee u3:
Bremnsist 000109Ka di-«KBapKa» (40)
B HHTEpBae [75, 7'6] (puc. 2), curHatypa (++ + —)

— 2 2
dsH? = (1 _:_6+:_2) c2dt? +Lﬂ+r2d62 —1r2sin? 6 d¢?,
L

=57
T TL

ds (+++ )2 _ ( __L) c2dt? + %+r do? —r?sin® 0 d¢?,
ey
7
(+++ )2 _ 2 4 dar? 2902 2 oin2 2
ds _(1 ——r—z)c dt® + ———5 +7°d6" —r°sin® 0 d¢=,
L (1—7‘72)
L
2
ds{tt I = (1424 )c dt? + —— 4+ 12d62 — % sin® 6 dp?;
(1+76+¥)

sinpo di*-«xBapka» (41)
B HHTEpBaJe [I”(),}"g] (puc. 2), curnarypa (+ + +—)

_ 2
ds;" % = (1 -4l ) c2dt? + —— 4+ r2d62 — 2 sin? 0 d¢p?,

roT 1_r75+r2_2)
T6,1
dsy " = (1 +——T_) c?dt? + d—+r2d92 —1r?sin® 0 d¢?,
i)
6,2



dsgtt? ( _é_:_) C2dt? + <+ 7207 — 1 sin? 6 dg?,
& (1-75‘%)
2
ds (+++ )2 (1+ r )czdtz di +712d6% —r?sin? 0 d¢?;
L <1+—+—)
76,5
IenbT dit-«kBapKa» (42)

B unTepsaie [0,00], curnarypa (++ + -)
ds$T % = ¢2dt? + dr? + r2d62 — r2 sin? 6 dg>.

U; -<KAaHTUKBapK»»
BOTHYTO-BBINYKJIOC BAKYyMHOE 00pa3oBaHue
C cUrHaTtypoi (— + — +), cocrosiiee us3:

Bueunsisi 060/104Ka U5 -<AHTHKBaPKa (43)
B HHTEpBate [7s5,76| (puc. 2), curatypa (—+—+)
—t— 2 dr? .
dSl( =z (1 — % + :_LZ) ctdt? + m —7r2d0% + r?sin? 0 d(l)z,
r T%

dr?

+ =
(1+L'2—r—2)
T

r

o 2
ds$H 02 = 1+r6—2—r—)c dt? +

—12d6% +r?sin? 0 d¢p?,

~(
ds3(—+—+)2 (1
~(

2
Te3 _ ) c2dt? + (ro‘+r2)—r2d92+‘r sin gdd)z
1_Tes
T rL
L 2
ds{Y? = 1+r64 )C dt* + —i: — —12d0? + r?5in% 0 dp?;
(1+_+E)
SIAPO u; -«AHTHKBAPKa» (44)

B MHTepBale [r,79] (puc. 2), curnatypa (—+—+)

—_—— 2 2
dsTH 2 = —<1—5+% c2dt? + —— — 12462 + 2 sin? 0 d¢p?,
r 61 (1_T_5+r_>
T T%’1
dsz(—+—+)2 (1 +__L) c2dt? + ar —12d6? + r?sin? 6 d¢?,
L <1+r_5 T;)
T 762
o 2
dsSH? =_( _ﬁ—%)czdtu U 12d6? + 12 sin? 0 d¢p?,
T T3 (1_r_5 i)
T 1gs
2
dsSH 02 = <1+T5+ )c dt? + d;z—rzdez +12sin? 0 dg?;
(1+Tr5 +—)
44
lenbT u;, -<aHTUKBaPK» (45)

B uHTepnane [0,00], curnarypa (—+—+)
ds$TH 0% = —c2dt? + dr? — r2d6? + 12 sin? 6 d¢p.

urf-«aHTI/IKBapK»
BOTHYTO-BBIITYKJIOE BAKYYMHOE 00pa3oBaHue
C CUTHATypoi: (—— + +), cocTosiiee u3:

Bueunsisi 000/104Ka 1 -«AHTHKBaPKa) (46)
B MHTEpBalie [7s5,76] (pucC. 2), curHarypa (—— + +)
(——++)2 _ T, r? dr
ds; ——(1—%+ )czdtz—ﬁ+r do? + r?sin? 0 d¢?,
T TL
(—=++H)2 _ _ Tez _ T2 2__ dr 2 2
ds, = (1+ . rf)c dt (1+T6_2_é)+r do? + r?sin? 0 d¢?,
T TL
(—=+42 _ _ (1 _Tes 1%\ 2.2 ar 2 2
dsg = (1 - rf)c dt (1_%_3 r_2)+r do? + r?sin? 0 d¢?,
T TL
(==++H2 _ _ Tea , T2\ 2 7.2 _ dr? 24602 2.
ds, = (1 +- +TL2)C dt (1+T67,4+%) do? + r?sin? 0 d¢?;



SIApo u; -«aHTHKBapKa (47)
B I/IHTepBaJIe [V6, r9] (puc. 2), curnatypa (— —+ +)

2
dsl("++)2 (1 sy )Czdtz . ar —~ +72d6% +1?sin® 6 d¢?,
r 61 (1 rs +T>
T 7’61
ds (——++)2 ( Tz ) c2dt? — 7+r2d02 +12s5in?0dg?,
22 (1)
76,2
ds (__++)z (1 )czdtz _ diz +7r2d0?% + r?sin? 0 d¢p?,
r63 (1_"_5_ Tz )
T Te3
ds (— —+9)2 _ (1 478 )czdtz _d—+r2d02 + sin? 0 d¢?;
T64 <1+—+ )
T r64
HleabT u, -«<aHTUKBapPKa) (48)

B untepnae [0,0]), curnatypa (— —+ +)
ds$T% = —c2dt? — dr? + 12d6? + 12 sin? 6 d¢p>.

Ha puc. 2 npencraBiena BU3yaiu3alus CTOXaCTUYECKOW METPUKO-IUHAMUYECKONH MOJIETHU «IIPOTOHA», COCTOSALIAs U3: Aapa
TIOKOSIIETOCS KIIPOTOHAY, €r0 OJIMKHEH BHEITHEH 000I0YKH, W BHYTPEHHHX 1/3-SIpBIIKn* d; -«IIpOTO-KBapKa» U JBYX U -
«IIPOTO-aHTHKBAPKOBY, Xa0TUUECKH OJTy’KIAI0IINEe OTHOCUTENIBHO JAPYT U MOCTOSHHO MEHSIONIME OOIIYI0 TOMOJOTHYECKYFO
(curHatypHylo) KoHUrypauuro. JlaHHas BU3yalnn3upOBaHHAs METPUKO-JAWHAMHUYECKAs MOJENb MOKOSIIETOCs «IIPOTOHA
MOJIy4Y€Ha Ha OCHOBAaHUHU aHaJIM3a COBOKYITHOCTH METPUK (40) — (48), MPOBEACHHOIO C UCIOJIb30BaHUEM METOA0B I 'eomeTpu-
3MpoBaHHOH (pu3nKM Bakyyma Ha ocHOBe AsreOpsl curHaryp (TPB&AC) [2,3,4,6,7].

Bremmnsg obonouka Z
«IIPOTOHA»

Snpeikn
«KBapKa» I ABYX
«aHTHKaBPKOB»
«TIPOTOHAY

Puc. 2: Buzyanmm3upoBaHHas CTOXaCTHYECKasi METPHUKO-ANHAMHIECKast MOJIENb B CPETHEM BOTHYTOTO chepH-
YEeCKOT0 CTa0MIFHOTO BaKyyMHOTO 00pa30BaHMs (B YaCTHOCTH, pi -«IIPOTOHAY ), COCTOSIIETO U3 2-X I[BETHBIX
«aHTHKBApKOBY» M OJHOTO «kBapka» (40) — (48). BHyTpennue supsiuku (T.€., IBETHBIE (IIPOTO-KBApKH» U
«IIPOTO-aHTHKBApPKN) ITUX BAKyYMHBIX 00pa30BaHUI HAXOAATCS B IOCTOSIHHOM Xa0THYECKOM ITePEeMEICHIH
OTHOCHTEJIBHO JAPYT JIPYTa ¥ OTHOCUTENHHO OOIIETo IEHTPa Spa pi -«IPOTOHA)

*[osicuum umo 3nauum 1/3-0pvluiku «npomo-Keapkay u «npomo-anmuxeapray. Kaswcowii ux smux 1/3-10puliukos — 3mo CUuibHO UCKPUG-
NIeHHAA 6LINYKI0-602HYMOE UNU B02HYMO-ELINYKI0E COCMOSHUE TOKANLHOL 001ACHIU 6AKYYMA C XAPAKMEPHLIM pasmepom nopsoxa ~ 10724
em. Tlo omoenvhocmu onu 007120 Cyuecmeo8ams He MO2Ym, Mm.K. He NOOYUHSIIOMCSL 3aKOHAM COXPAHEHUsl, M.e. 6aKYYMHbIM VPAGHEHUSM
Duinwmeiina. Ho u 00un 06vem npocmpancmea oHu maxaice 3aHsmo He MO2Ym, M.K. KasicOblil U3 HUX CIPeMUmMbCsl 3aHsMb YeHmp 00ue2o
6AKYYMHO20 00PA308AHUS, U MOJICEM 3AHUMAMb €20 6 cpedneM 1/3 uacmb epemenu, HO 3amem 8bImMaIKueaemcs u3z yewmpa opyeumu 1/3-
saopviuuramu. B mecme onu obpasyrom 1/3+1/3+1/3 = 00no noanoyennoe saopwiwiko. Ho smo s0puiuiko umeem pacuiupeHnyro Kiokouyuyo
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opmy, Komopyio MONBKO 6 CPeOHEeM MOAUCHO CUUMAMb ChepuuecKoll ¢ XapaxmepHvim pazmepom nopsoxa ~ 10714 cm. Kpome mozo npu-
MepHo uepes kadcoyio 1/3 epemenu obujee AO0pbIUIKO MeHsAem C80I0 MONOIOSUNECKYIO (CUSHAMYPHYIO U Y3108YI0) KOHGUIYpayuio, m.x.
mobas uz konghueypayuii (31) — (33) umeem npaso na cywecmsoganue ¢ eeposmuocmoio 1/3. B pesynomame yenmpaivhas obnacme s0pa
«MPOMOHA» Npedcmasiaem coOoll Ype38bIYALIHO CIONHCHO UCKPUBIEHHBI U KIIOKOUYIWUL Y4ACTOK 8aKyyMa (puc. 2).

[Ipu crnoxeHNHM OTHOPOAHBIX claraeMbIX B MeTpukax (40) — (42), (43) — (45) u (46) — (48) mo anroputMy, YKa3aHHOMY B
pamxkupe (31), B pe3yabpTaTe MorydaeTcs COBOKYIHOCTh MeTpHK (22) — (30), onmchIBaromas MeTpUKO-IHHAMHYIECKOE COCTO-
SIHUE «M03UTpOHa». OIHAKO BHYTPH spa IPOTOHA» HEOOXOJUMO YUHUTHIBATH IMOCTOSHHOE XAO0THYECKOE CMEIECHNUE BHYT-
PEHHETO SAPBINIKA dy -«KBapKa» W BHYTPEHHUX SAPBINICK U, -«aHTHKBAPKa» U Uy -«AHTUKBAPKa» OTHOCHTEIBHO JPYT Ipyra
M OTHOCHTEINIbHO 0011ero 1entpa » = 0 (puc. 2), a Tak)ke NOCTOSIHHBIE TOMOJIOTHYSCKUE TIEPECTPONKU MEXK/Y y3JIOBBIMHU CO-
crostausimu (31) — (33) (cmotpuTe puc. 6).

To ecTb, «IIPOTOH» U3 COCTOSTHUS C OJHUM COCTABOM LIBETHBIX «KBapKOB» U «aHTUKBAPKOB) MOCTOSHHO MEPEXOIUT B COCTO-
SIHUE C IPYTMM HX COCTaBOM IOCpeACTBOM oOMeHa «rimooHamm» (136) — (138) B [6]. Apyrumu cioBamu, nedopmanuu Baky-
yMa BHYTPH $/Ipa «IPOTOHA» MOCTOSIHHO CJIOKHO IepecTpauBarorcs. [loaTomy B MaciuTabe peajbHOrO BpeMeHH HalJro1a-
€TCsl YCPEAHCHHOE COCTOSIHUE «IIPOTOHA»*

p = 1/3 (p] tpo +p73) (49)
i ¢ yaeroM (37):
p7 =1/3 (llx_uz_dx+ + u. ux_m; + us uK dz+). (50)

*2mo 00Ho uz omauuuil I'eomempusuposanHoii uzuxu sakyyma Ha ochoge Aneebpwi cuenamyp (I @B&AC), npedrazaemoii 30eco, om OTO
A. Dunwmetina. B 'OB&AC yuumvigaromes 6ce 803MOHCHbIE MEMPUKU-DEULEHUS 8AKYYMHBIX YPaBHeHUl DUHWmMelHa uny KOMOUHayuil
Mmempuk-Hepewenuli muna (31) — (36), 6 cpeonem npusodawue k mempuxam-pewenuam. Ilpu smom cuumaemes, 4mo 6ce SmMu MemMpuKU-
Ppeulenuss Omyacmu ORUCLIBAOM UCCIe0yeMOe 8AKYYMHOE 06pA308AHUY, HO 8 NPONOPYUL BEPOAMHOCIU NPOSGIeHUs 3mo2o peuwenus. Ta-
Kum obpasom meopus eeposmuocmu eniemena ¢ I PB&AC ne monvko nomomy, 4mo 6aKyym no8CEMeCHHO QryKmyupyem u no3momy
Mamemamuyeckuii annapam moouduyuposannozo OTO sviasniem monbKo ycpeoHeHHble COCMOAHUA CIMAOUNbHBIX U HECIADUNbHBIX 8aKY-
YMHBIX 00pa306aHUll, HO ewye U NOMOMY, YMO YYUMbIEAEMCs 6ePOSAMHOCHIb Y4ACMUA MO20 UU UHO20 peuleHus YD agHeHull Moouduyupo-
sannoti OTO 6 onucanuu MempuKo-OUHAMUYECKOU MOOEIU UCCIEYEMO20 8AKYYMHO20 00PA306aAHUSL.

AHaJ’IOFI/I‘IHO, YCPEAHEHHOEC COCTOSIHUC KAHTUIIPOTOHA» OIMPEACIACTCA BBIPAKCHUEM

p =13 +phatph), (D
uiu ¢ yaetom (38)

}7Jr =1/3 (u;Jr uz+ di + uz+ M}\'+ d; + llxJr u)\'jL dz_). (52)

CoBOKYITHOCTh MeTpUK-penienunii (40) — (48) nmpu ncnonp3oBanun MaTeMatudeckoro anmapara [ BO&AC [2,3,4,5,6,7], mo3-
BOJIIIOT U3BJICYh WH(POPMAIIUIO O MHOKECTBE MPOIIECCOB, MPOUCXOIAIINX BHYTPH SAEP «IIPOTOHA» U «aHTUIPOTOHAY», B UX
PAaKusix ¥ BO 6HEUWHUX 00010YKAX.

5. Mempuxo-ounamuueckue Mooenb «HeUMpoHa»

B pamkax pazBuBaemoii 31ecb TOB&AC 37eKTPUYECKH HEHTpaibHas* «KOPITYCKya» (KHEHTPOH») UMETh CIIAYIOIIHE TOO-
norndeckue (y3inoBble) KoHpuUrypaun (cmotpute §4.4 B [6]):

(53)
s (-~ ) i (-~ ) s (- =~ )
di" (+ —+ 1) (a) di" (+ + = 1) (6) di" (+ — + 1) (8)
uc (= + + - dd(+ + + ) us (= +—+)
dt(++ - 1) u (= —+ +) dd (+ + + )
n°(0 0 0 0)+ n2°(0 0 0 0)+ n3’(0 0 0 0)+
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it (+ + + +) is"(+ + + +) it (+ + + +)

&=+ - )@ d (= -+ -) (n) d (= +--)(e)
ue (r = = ) di (- - = %) w (= + )
dy (= —+ ) u(+ + — -) di (= = — +)
70 0 0 0), ns"(0 0 0 0), n (0 0 0 0),

Kaxmoit curaatype B pamxupax (53) COOTBETCTBYET «KBapK» WM «aHTUKBapK» U3 TaOd. 1, MPU 3TOM Kbl U3 HUX OIH-
CBIBaeTCs COBOKYIHOCTHIO 10-11 MeTpuk Buza (2) — (10) ¢ cooTBeTCTBYIOMIIECH CUTHATYPOIA.

*[100 an1ekmpuueckoli HeumpaIbHOCMbI0 CMAOUTLHO20 8aKYyMHO20 0bpaszosanus 8 I DB&AC nodpasymesaemcs, umo oHO 8
cpeOHem NIOCKoe (m.e., He 8bleHYymoe U He 802Hymoe). B s0pe makozo éaxyymHoeo obpazosanus npoucxooum OypieHue
«NMPOMO-KBAPKOB» U «NPOMO-AHMUKEAPKOG», HO 80 GHeulHel 000104Ke 6Ce MOKU U aHMU-MOKU, dehopmayuu u anmu-oe-
Gopmayuu npakmuuecKu nOIHOCMbIO KOMIEHCUPYIOm nposeienus opye opyea. [losmomy neimpanvhvie 6aKyymuvie 00pazo-
BAHUSL C OPYUMU «KOPHYCKYIAAMUY B3AUMOOCICBYION 8 OCHOBHOM NOCPEOCMBOM CIMOIKHOBEHUs UX sioep. JIpyeumu crosamu,
INEKMPUYECKO20 NOJISL BOKPY2 S0P HEUMpPAIbHbIX CIMAOUTILHBIX 8AKYYMHbIX 00pA308aAHULl (KKOPNYCKYL») OMCYMCmEyem.
O ceomempuszayuu s1ekmpureckoeo nois 8 pamxax I OB&AC cmompume 6 §4 u 5 6 [4], a maxoce §2.2.2 ¢ [7]).

i5-«KBapK» U ig-«aHTUKBApK» Ha3BaHbI OCJIBIMU MOTOMY, YTO OHU NPAKTHUYECKH HEBUIHBI BHYTPH siipa «HEHTPOHa», T.K. C
TOYKH 3pCHUS TOMOJOTHH, OHH MPEICTABIIOT co00if "Touky" u "aHTHTOUKY" (cMOTpHTE §4 B [2]).

Cocrosinust «<HEHTpoHa» (T.€., TOMoNorHYecKue y3ibl (53)) MOryT OBITh IPECTABIICHBI B OOJIee TPAAUIIHOHHOM BUJIE:
[ g - I T

nm’=isd’td; uc, m= isdddsu, n=isdddtus, (54)

nd=istd d, Uy, ns’=is" dod, u, ne’ =is"dd:us.

Taxoe 0003HaYeHUE TOMOJIOTMYECKUX Y3IIOB (T.€., COCTOSIHUI «HEUTPOHAY), OTIMYAETCS OT 3alMCH COCTaBa HEHTPOHA B KBaH-
TOBOW XPOMOJWHAMHUKE MPUCYTCTBUEM HEBHIUMBIX 5 -«KBAPKa» U i -«AHTHKBAPKA».

W3-3a CIIOXKHBIX BHYTPHUSZAECPHBIX TOIOJIOTHYECKUX MeTaMop(o3 Jrobast aJInTHBHAs 4-«KBapK»-«aTHUKBAPKOBAsH» PaHKUP-
Hast KoMOMHanusa (53) MOXET IepecTpOUThCS TaK, YTO BHYTPH sJpa JAaHHOTO BAKyyMHOTO OOpa30BaHUS ITOIYUIHTCS
Pi -«IPOTOH» U «3JEKTPOH» (T.€. «aTOM» BOJOPOJA):

(55)
C--9 S -«upoto» (33)
«HehTpon» (53a) -+ =++-) prp
(- ++ ) -+ =)
G+ -+ (+ - - )¢—| «onexrpon» (11)
000 0)- 000 0)-

Taxoe nepectpoeHue (T.e., IepPeBsI3bIBAHIE TOMOJOTHYECKOTO y3/1a) BHYTPH Apa «HEHTPOHA)» B HEKOTOPBIX CIydasX MOXKET
MIPUBOJINTH K pacTajy Ha «IIPOTOH», «3JIEKTPOH» U «HEHTPUHO»:

n—>p te'+ vy,
TI€ Ve+— JJIEKTPOHHOE KHEUTPUHO».

OTMeTnM, 9TO B CHTHATYpPHBIX MeTaMopdo3ax (T.e., B porieccax MepeBs3bIBaHNUS TOMOJOTHUECKUX y3JIOB) ACHCTBYET 3aKOH
COXpaHEHMs 3HAKOB «+» U «—». Hanpumep, B paHyKUpHOM BBIpakeHHH (55) 10 TpaHchopMarmu 0bu10 8 «+» 1 8 «—» 1 nocie
TpaHc(hOpPMAIHH OCTAIOCh 8 «+» U 8 «—».

BHyTpusinepHbie cUTHaTypHBIE (T.€., TOIOJIOTHYECKHE) TpaHC(HOPMAIUK MOTYT IIPUBOIUTH TaK e K KOH(PHUTypanusaMm «KBap-
KOB» M «aHTUKBapKOB» B BHJIE p| -«@HTHIPOTOHA)» U IO3UTPOHA» (T.€., KaHTH-aTOMa» BOJOPO/IA)
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(56)

E; B -_i- :_)) g ; t :;% p1F-«arTunporom» (36)
«HeHTpon» (53a) C++ 0 - — )

(++ -+ (= + + +ye— «mo3utpon» (21)

000 0)- 000 0)+

DT0 MOKET TIPUBECTH K TPOIIECCY paclaia «HeUTPOHay Ha i -«aHTUIIPOTOH» M IIO3UTPOH

+ _
n—>p te +v., (57)
TJIC Ve+— MO3UTPOHHOE KHEHTPUHOY.

Takue pacmanbl TOJDKHBI PETHCTPUPOBATHCS Ha mpakTuke. Ecin nanHoe mpenckazanne [ ®B&AC He mOATBEpAUTHCS, TO
HY>KHO UCKaTh IPUYHMHY OTCYTCTBUS pacnaaoB tuma (57).

OmHO U3 TaKUX MPUYUH MOXKET OBITh CIIEAYIOIIee: B ciiydae TpaHc(hopMaIin «HeHTpoHa» Tiuna (55) mmMenstotcs 10 3HaKoB,
a B ciydae TpaHchopMmanuu tuna (56) usmensrores 12 3HakoB. M3MeHeHHe 3HaKa O3HAYaeT MepPecTPONKy BHYTPHUAICPHON
TOIIOJIOTHH (T.€., I3MEHEHNE BBIYKIO-BOTHYTOT'O COCTOSIHUS JIOKaJbHOW 00JIacTH BaKyyMa BHYTPH H, BO3MOXKHO CHApYXH,
sapa «HEUTPOHA»), Ha 3TO TPeOyIOTCS dHepreTudeckue 3aTparsl. [103TOMy BEpOATHOCTH TpaHC(HOPMAIMN C U3MEHECHHEM
10-u 3HaK0B THHA (55) MEHee 3Hepro3arparHas M MOToMy OoJiee BEpOsiTHA, YeM TpaHchopMarys Tuna (56) ¢ U3MEHECHHEM
12-1 3HaKOB.

Takasi siBHast aCHMMETpPHSI MOKET ObITH CKOMIIEHCUPOBaHA IPH PACCMOTPEHHH TPaHC(HOPMALIUH BCeX 6-H BO3MOMKHBIX COCTO-
STHUH «HelTpoHa» (53). KpoMe Toro, MeHbI1asi BEPOSTHOCTH HE HCKITIOYaeT BO3MOXKHOCTD pacmaja tumna (56). Ilostomy npen-
CKa3aHHe 0 BOBMOXKHOCTH PacIaia «<HeUTPOHa» HE TOJBKO HA «IIPOTOH» U «3JIEKTPOH», HO U HA «AHTUIPOTOH» U KIIO3UTPOH»
JIOJDKHO OBITH AETalbHO M3yUeHA M HKCIIEPUMEHTAILHO TPOBEPEHA.

[TMKOCKOMMYECKUE TOMOJIOrMYecKHUe (Y310BbIe) MeTaMOp(O3bl, IPH MEPEX0Jie «HEHTPOHA» U3 OHOTO coCTOsHMS (53) B Y-
roe, MPOUCXOMAT HACTOIBKO GBICTPO, UTO JUIS MAKPOCKOMHYECKOTO HAGIIOIATENsl «HEHTPOH» — 3TO Pe3ysIbTaT yCpeaHeH s
BCEX 6-TH €r0 BO3MOYXKHbIX COCTOSHHIA

(58)
n® =1/6 (m+ n2®+ n3™+ ny®+ ns™ ne®) = 1/6 (is d:"dy"u + is dids"ur + i didi us+ is'dv dsu + is"dy dcu” + isTdodicus”).

HpeunonceHHaﬂ 3/1€Ch METPUKO-TUHAMHUYECKAsA MOJICITb ((HGﬁTpOH&)) MMpeaOCTABJIACT BO3MOXKHOCTE AJIsI MHOTOCTOPOHHETO
HU3Yy4YCHU JAaHHOI'O BaKyYMHOTO o6pa303aH1/1;1, KOTOPOMY CJIEAYET MOCBATUTL OTJACIIBHOC O6IHI/IpHOe HCCJIICJOBAHUC.

6. [BO&AC — moodepnusuposanuas oowas meopus OmHOCUMeIbHOCHU

Iepen Ha9aIOM CTaThH, HOCBSMIEHHONH METPUKO-ANHAMUYECKON MOJIENIH «aToMa BOAOPO/ia» HAIIOMHUM OCHOBHBIE aCHEKTHI
u onoxenus «I'eomerpusupoBanHON Ppr3nkn Bakyyma Ha ocHOBe AnreOpsl curaatyp» (IBO&AC) [1,2,3,4,5,6,7,8,9,10,11,
12,13], xoTopas Mo CyTH SABJISIETCS MOICPHU3UPOBAHHON 001Iel Teopueii oTHocuTensHOCTH (MOTO) DitHiTeliHa.

I'BO&AC OTHOCHTCS K BaKyyMY CIEAYIONTUM 00pa3oM.

a) B pamkax ' BO&AC BakyyM (ImycroTta) — 370 3-MepHas GIyKTyHpYONas TpaHuIa MeXIY IByMs O€3IOHHBIMU OKEaHAMM:
0ECKOHEYHBIM OKEaHOM IOJI0KHUTEIbHON SHEPTHH 1 OECKOHEYHBIM OKEaHOM OTPHLATENIHFHOMN SHEpTUH. B Kax10M JIOKaTbHOM
o0BeMe Takoil 3-MepHOH rpaHUIEI (T.€., BAKYyMa) OTPHIATENIbHAS 1 TOJI0KUTEIbHAS YHEPTUH HE TIOITHOCTHI0 KOMIIEHCHPYIOT
MIPOSIBICHUS IPYT APYTa, HIOATOMY BaKyyM IIOBCEMECTHO XaOTHUECKH HUCKPHUBIIAETCS (QIyKTYyHpyeT), HO TIPH YCPEAHEHUH 1O
JIOCTaTOYHO OOJBIION 00JaCTH W/MIIM B TEYEHHE JIOCTATOYHO OOJIBIIOrO NPOMEXYTKA BPEMEHH BCE €ro0 XapaKTEPHUCTHKU
PaBHBI HYJIIO.

Toscrum 5mo na npumepe, 8 Kaxicoyio TOKAIbHYI0 001aCmb 6aKyyma o0vemom, nanpumep, 1 mm? (ycnosno mouxy npocmparncmea) npuxo-
oum OecKoHeuHoe KOAUeCmeo dNeKmpomasHumuuix 60an (OMB) (om 36e30, eanaxmux, menavix mei, paouoCmanyuil, TUHULL 1eKmpone-
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peoay, perukmooeo uziyuenus u m.o.). Ipu smom mul snaem, umo ecau ucmounuxu IMB ne kozepenmmsl, mo ux unmerHcusHocmu (dHep-
euu) cknaovisaiomes. Taxum obpazom, 8 Kaxicooll mouxe aKyyma O0JHCHO ObiMb OECKOHEUHOe KOIUYEeCME0 dNIeKMPOMASHUMHOU IHEPUU.
Ho mwv1 a3moeo ne yyecmayem no 08ym npuuunam. Bo-nepswvix, kasxcooii eonne, npuxooaujell 8 OAHHYI0 MOUKY, HANOemcs NPaKmuiecKu
AHANOUYHAS AHMU-80HA NPAKMUYECKU € MO Hee YaACMOmOul U AMAAUNY OO, HO NPUXOOAWAS C NPOMUBONONONHCHO20 HANPASIEHUS U/Unu
¢ npomugononodicHou gasoi. Ilosmomy IMB npaxmuyuecku nOIHOCMbIO KOMAEHCUPYIOM nposisiierus opye opyea. Bo-emopuix, mul cno-
COOHBL PA3IUYAND U UCTOAB30BAMb MOIBKO 2PAOUEHMbL (NEPenaobl) IHePSUU, HANPUMep, PA3HOCMU MEMNEPAMypbl, OA6IEHUsl, UHMEHCUG-
HOCMU, NIOMHOCMU, nomenyuanog u m.0.). To ecmv, eciu 6 0OHOU MOUKe 8aKYYMaA 6ECKOHEUHOE KOAUYECME0 IHEP2UL U 80 8MOPOT O1U3-
Jevlcanyeli e2o mouke nPUMepHoO CIMOIbKO dice SHePULL, MO Mbl JMO20 He YYECMBYeM U He yMeeM UChonb306amy. 11osmomy 6 cpeOHem He
UCKPUBIEHHBITL YYACTOK 8AKYYMA PACCMAMPUBAETCA KAK HUSKONOMEHYUATbHAS NYCHOMA, XOMs HA CAMOM 0ejle OH 4Pe38blualiHo IHepee-
muyecku HacviujeH. Mol paccmompenu monbKo 2NeKmMpOMASHUMHYIO COCIMABIAIOUYIO IHEPSUU 6AKYYMA, euje 8 KAXHCOOU MoUKe 8aKyymMa
ecmb 6 cpeoHem Hylesble K8apK-20OHHbIE U 2010CMOYHOSCKUE QIYKMYayull, d MaxKice 2pasumayOHHble NOJis 0N MPULIUOHOS Mell, 36€30
u naanem u m.0. Takum obpazom, 6aKyym — Mo Ype3sbidatiHo IHEPLEMUYECKU HACLIUWEHHAS U CLONCHAA 3-MePHAA NPOMANCEHHOCMY C 8
CcpeoHeM HYNeBbIMU XAPAKMEPUCUKAMU.

0) BTBO&AC BakyyM (T.€. B CpeJIHEM HyJieBask 3-MepHasi TPaHHIIA MEXKTy JBYMs B3aUMHO-TIPOTHUBOIIOJIOKHBIMU OKCaHAMU
MIOJIOKUTETHHON M OTPHUIIATEIHFHON YHEPTHI) paccMaTPUBACTCS KaK CIUIONIHAS YIPYTOIDIACTHYeCKas cpeia, KoTopas B Io-
TEHIMH OTHOBPEMEHHO 00JIajaeT CBOWCTBAMH: KHIIKOCTH, Ta3a, TBEPAOTO TeNa U IUIa3MBbI.

B) BMecTe ¢ TeM BakyyM HILTIO30PEH 110 HECKOIBKIM IIPHYNHAM. BO-TIepBBIX, BaKyyM OTCYTCTBYET IPHU MOITHOM yCPETHCHIH.
B §4 B [3] OBUTO MOKa3aHO, UTO Y BaKyyMa KaKk MUHIMYM JBE CTOPOHBI, KOTOPBIE IMOJHOCTHIO B3aUMHO IIPOTHBOIIOJIOKHEI.
Ha cremytomem yposae paccmorperus (cmotpure §5.3 B [3]) y Bakyyma 16 CTOpOH, HO M B 3TOM CIIydae OHHU ITOBCIOTY
HCKITIOYAIOT MPOSIBIIEHUS IpYT apyra. Ha emie 6onee yrirybaeHHOM YpOBHE Y BakyyMa 256 CTOpOH (TIePECEKAIONINXCS CIIOEB),
HO ¥ OHH cBOJATCS K Hymo (cMmotpute [1,2,3]). Takoe momepevyHoe pacciocHue BaKyyMa MOXKET MPOJI0JIKATHCSA 10 OecKo-
HEYHOCTH, HO BCET/la IIOJTHOE HA0XKEHHUE CII0eB APYT Ha Apyra NPUBOAMT K HyI0. BO-BTOPHIX, Kak OBl IPOTSKEHHOCTD JIIO-
Ooro ciost BakyyMa HH OblJla MICKPHBIIIA, UCIIOJIb3yeMas HaMU reoMeTpust PrMaHa Bcerza JOmycKaeT BBEJCHUE TaKOU JIo-
KaJbHOM CUCTEMBI OTCUETa, B KOTOPOH KOMIIOHEHTHI METPHYECKOT0 TEH30pa COOTBETCTBYIOT HE UCKPUBIEHHOMY NPOCTpPaH-
cTBY MHHKOBCKOTO0. JTO 03HAaYaeT, 9TO B ITOM MECTE HUYETO HET.

Koeda mvl cnum unu epe3um npoyumanHvim uiy CMOMPUM KUHOPDUAbM, Haule COZHAHUE ouyuiaem cebs 8 HeKOMOPOM ULTIO30PHOM NpPO-
cmpancmee, 3an0aHeHHOM eewjamu u cobvimuamu. Quauyeckull 6aKyym HU4YeM NPUHYUNUATLHO He OMIUYACC OM MAKUX UINI030PHbIX
npoCMpancmes, pazee mMoabko mem, Ymo OKPYICAIOUAs. HAC PealbHOCHb — MO 0OUH U MOM Jice COH, NPOOOIICAIOWULCS NPU KAACOOM
Hawem npobysxcoenuu. Koeoa mvl nadensiem 8axyym @Qusudeckumu c8oNUCmMEAMU, MO Mbl CO30aeM 8 COZHAHUU OPY2YIO YMO3DUMETbHYIO
UTLIIO3UI0, KOMOPYIO MOJACHO HA36AMb CHOM 8Hympu cha. Koneuno, makoe omuouienue Kk 6aKyymy Kax K uilio3uu He KOHCMPYKMusHo (m.e.,
He nPUu2oOHO 0151 Y8eNUYEHUS. HAWUX MEXHUYECKUX U MEXHOI02UYECKUX 803MOACHOCTEl, moyHee, ROOCMPOKU ULTI03UL OO Hauu nompeo-
HOCMU), HO 6e3 MaKo20 OMHOWEHUS K PeATbHOCIU Mbl HUK020a He npubnusumcs Kk McmuHe, u He noumem, Kak Moicem Oblmb max ymo
MUp ecmv, a Ha CAMOM Oelle e20 Hem.

r) [Ipo10mKHUM OTHOCHTBCS K BaKyyMy Kak K TIOBCEMECTHOM pealbHOH yIpyroriacTuieckoi cpene. B aTom ciryuae B pamkax
IF'®B&AC mpennoxeno Beectu B OTO DifHIIITEHHA YeThIpe OCHOBHBIC MOTU(HUKAIINN:

1] CraGenpHble HCKPHUBICHHUS BaKyyMa paccMaTpUBaTh KaK PEIICHHS BTOPOTO M TPETHETO BaKyyMHOI'O YpaBHEHHs OifH-
mrTeifHa ¢ 0eCKOHEYHBIM KOJIMYECTBOM tA;-4IeHOB

Rye + Y29 Bim=1 A + X1 — Ay) = 0, (59)

KOTOpPOE BEIONHACT poutb 10-TH 3aKOHOB cCOXpaHeHHs (Bcero nMeeTcs 16 KOMIIOHeHTOB TeH30pa Pruyun R;;,, HO B reoMeTpuH
Pumana umeer mecto cummerpus R, = Ry;, mo3ToMy Beero octaercs 10 ypaBHeHHH, H, clieoBaTenbHO, 10 3aKOHOB coxpa-
HEHUs).

2] Bo Bcex TeopHsax M y4eOHBIX MOCOOMX, B ocHOBaHHBIX Ha OTO DiHImITEelHA, NCTIONB3YIOTCS 4-MEpHBIE METPHUYECKHE
HPOCTPAHCTBA C OHON W/WitH ¢ ByMs curHarypamu (+ — — —) w/win (— + + +). Torga kak B TOB&AC yuursiBaercs me-
pecedeHne BceX 16-TH BO3MOKHBIX BHOB 4-MEPHBIX METPUYECKUX IMPOCTPAHCTB CO CIEAYIOIINMHI CUTHATypamH (T.€., C TO-
MOJIOTHSIMH, cMoTpuTe §4 B [2])
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++++) 44+ (—++-) (++-4

i (@2 — ==+ (+++) —++H) (—+-+)
g™ ) = (o) (hhmm) (e o) (F— 4 ) (e0)
(c=+-) =+ (=+--) (----)
3] Tak xe kak B OTO pemerneM BaKkyyMHBIX ypaBHEHUH DWHIITEHHA SIBISIOTCS METPUKA BHAIA
s¢ = gooc?dtdt — giodxcdt — gyodycdt — gsodzedt — 61)

—goi1cdtdx — g,dxdx + g,,dydx + gz dzdx —

—Jozcdtdy + gipdxdy — g,odydy + gspdzdy —
—gO3CdtdZ +gl3dde + g23dde - g33dZdZ,

HO KOMIOHEHTBl METPUYECKOTO TEH30pa g;; MMEIOT NPUHIMIHAILHO HMHyIo MHTeprperanuio. B pamkxax I'OB&AC

cdt, dx, dy, dz — 310 GECKOHEYHO MaJlble OTPE3KH Ha YETHIPEX BBIMBIIUICHHBIX OCSX Ct, X, Y, Z (T1e  — HBIOTOHOBCKOE BpeMs,

KOTOpOE IMOBCEMECTHO TE€YET OJMHAKOBO, MPSMOJIHHEHHO W PaBHOMEPHO; X, Y, Z — KOOPJIMHATHI TOYKH B TPEXMEPHOM IIPO-

CTPaHCTBE, BCIIOMOTATEIbHOM JUIsl HAIIIETO BOCIPUSATHS OKPYIKAIOIIET0 MPOTSHIKCHHOTO OBITHS );

Joo (t,X,y,2z) — HyJIeBass KOMIOHEHTa METPUYECKOTO TEH30pa, KOTOpas OMpeAeisIeT JaMUHAPHYIO (IIPSIMOJIMHEHHYIO) CO-

CTaBJIAIONIYIO TEUCHHS CII0SI BAKyyMa B TOUKE ¢ KOOpAUHAaTaMi &, X, Y, z (cMotpure §6.2 B [3] u §4 B [4]);

Joa &%, V,2) = guo (t,x,y,2) (tne a = 1,2,3) — onpeaensior BpallaTelIbHbIE COCTABIISAIOIINE IBIKEHHS CII0S BaKyyMa B
TOYKE C KoopAuHaTaMu t, X, y, Z (cmoTpute §6.2 B [3] u §4 B [4]);

Jap &%, ¥,2) = gpa (t,x,y,2) (rAe @, f = 1,2,3) — onpezensior aehopMaIuy JOKAILHOTO y4acTKa ClI0s BaKyyMa B

TOYKE C KOOpAWHATAaMU t, X, y, Z (cmoTpute §6.1 B [3]).

CKOPOCTB JIOKAJIFHOTO Y9acTKa OJHOTO U3 CIIOEB BaKyyMa ONpEAETSeTCs P CPAaBHEHUU oo U Joo C AHATIOTHIHBIMH KOM-
MMOHEHTaMU METPUYECKOTO TEH30pa U3 COOTBETCTBYIOIEH KHHEMATHIeCKO MeTpukH (cMoTpute §6.2 B [3] 1 §2.2 B [7]).

B cranmonapnom ciydae, koraa g;;(x, y,z) = const (T.e., He 3aBUCAT OT BPEMEHH /) YCKOPEHHUE JIOKAIbHOTO yJacTKa Of-
HOTO M3 CJIOEB BaKyyMa ONPEJIENAETCS PU MOJCTaHOBKe g;; B ypasHenus (108) B [4] (cMoTpute §§4 1 5 B [4]).

O nedopmanusx JIOKaJIBHOIO yyacTKa OAHOTO U3 ciioeB Bakyyma B [ ®@B&AC cynuM 1o KOMIIOHEHTaM METPUYECKOTrO TEH-
30pa gqp, P MX MOJCTAHOBKE B yPaBHEHHMS JUIS OTIPEIETIEHHS BEKTOPa OTHOCHTEILHOTO yTMHERHS, cMoTpHTe §5.1 B [3].

Yuer ckopocTeii, yckopeHHi U aedopmaliuii 0THOBpEeMEHHO BceX 2-X (mnu 16-Tu, i 256-TH | T.J1.) CJIOEB BaKyyma pac-
CMOTpeH B [4].

4] Eme onHo cymectBerHoe otianune [ PB&AC ot OTO JitHmTeiHa, 3aKII09aeTCs B TOM, YTO B IpeIaraéMoi TEOpHH HET
HUKaKHX MacCHBHBIX TeJl, CO3/IAI0IIX UCKPHBIICHUE ITPOCTPAHCTBA-BPEMEHHU BOKPYT ce0si, 1 BOOOIIE OTCYTCTBYET (puznye-
CKasl BeIMYMHA Macca ¢ pa3MepHocThio KujiorpaMMm. B TOB&AC ecTbh TONBKO pa3ivyHble UCKAXKEHMSI, ICKPUBIIEHUS U I1€-
peMeleHH s TIeperuIeTeHHBIX CII0eB BakyyMa (puc. 3a). [Ipu 3ToM cpean MHOXECTBa Pa3IMUYHbI IEPEIIETEHHBIX HCKKEHUH
BaKyyMHOW TMPOTSIKEHHOCTH HMEIOTCSI CTaOWIIbHBIE
BBIITYKJIbIC WJIM BOTHYTBIE COCTOSIHHMS BakyyMma (pHC.
30), cocrosimue U3 «KBapKOB» M «aHTUKBApKOB» pa3-
JIMYHBIX L[BETOB U pa3MepoB (cMoTrpuTe Tabi. 1 B [6],
tabn. 1 B [10], Tabm. 1 B [12]), KOTOpBIE TIO OTAETBHO-
CTH WJIN B COBOKYITHOCTH yIOBJIETBOPSIFOT 3aKOHAM CO-
XpaHeHHs (T.e. BTOPOMY BaKyyMHOMY YpPaBHEHHIO
Ounmreitna, cmoTtpuTte §3 B [5]). B pamxax [®B&AC
Takye CTaOMIbHBIC BBITYKIIBIE MIIM BOTHYTHIE BaKyyM-
HBIE 00pa30BaHUS COOTBETCTBEHHO HA3BIBAIOTCS «KOP-
IIyCKyJIaMu» WIN «AHTHKOPIYCKYJIaMM) MHUKOCKOIH-
YECKOIr0, MUKPOCKONINYECKOT0, INIAHETAPHOTO, TalaK-
THUYECKOT'0 U JIp. MacTaboB.
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6)
Puc. 3: a) OpaxranpHas WLTIOCTpaL¥s NEPEIUICTEHHBIX CIIOEB BaKyyMa B paMmkax npescrasieHnid [ @PB&AC;
6) ®paxranbHas WIDTIOCTPALHS SAPa KKOPITYCKYJIbD» (B CPEIHEM BBITYKIOTO BAaKyYMHOTO 00pa30BaHHs)

Ha ocHoBanuu Bbimeyka3anubsix Monudukanuii OTO B cepun cra-
Teit mox obmum Hazpanuem [ ®B&AC [5,6,7,8,10,11,12] npemio-
xeHa 10-ypoBHeBas Mepapxuyeckass KOCMOJIOTHUECKask MOJIETb, B
paMKax KOTOpOH 3aMKHyTass Mera-BceneHHnas HamonHeHa Oecko-
HEYHBIM KOJIMYECTBOM «KOPITyCKy» (T.€., «qacTuIp) 10-Tn ocHOB-
HBIX COPTOB (pHC. 4a) C TUCKPETHHIM HAOOPOM XapaKTepHBIX (OpH-
SHTHPOBOYHBIX ) PAINyCOB UX snep (44a) B [6]:

rim~ 103 cM — pagnyc 3aMKHyTOl Mera-BeeneHHoi; (62)
Fam~ 10%° cMm — panuyc Habmomaemoit BeenenHoii;

r3m~ 10'7 cM — pagmyc spa ralakTHKy;

7am~ 107 cM — pagmyc A1pa IIaHETHI UK 3BE3bI;

Fsm~ 1073 cM — pasiyc GHOIOrMYECKON KIETKH;

Tem~ 10713 cM — pasmyc meMeHTapHOM YacTHIIEL;

r7m~ 1072 cM — paguyc gapa IpOTO-KBAPKa;

rsm~ 107% cM — paguyc saapa IIaHKTOHA;

Fom ~ 107 cM — pamuyc sapa IpOTO-IIAHKTOHA;

Fim ~ 107 cM — pamnyc spa MECTaHTOHA.

JlaHHBIC «KOPIYCKYJIBD BIOXKEHBI APYT B APyra Mog06HO
MaTpemkaM (CMOTpHUTe puc. 40).

Hepapxust panuycos r,, (62) nosydeHa ¢ IpMMEHEHHUEM 3BPUCTUUECKOIT (OLIEHOUHOIT) peKkyppeHTHOH (opmysl (43) B [6]:

R} R}
Ty~ = ————— CM 63
mopn o (3-1010)m K (63)

rae R, = 10% ¢cM — mapameTpuuecKkuii paauyc Beenennoi. (64)

5] Iaroe 3rauntensroe otanane [ ®B&AC ot OTO 3akrouaercs B ToM, uTo B OTO HebecHbIe Tena IIaBHO IBUTAIOTCS 110
JIETEpPMUHUPOBAHHBIM I'€0Ie3UYECKUM JTUHUSIM UCKPUBIIEHHOTO MIPOCTpaHCTBa, Toraa kak B ' ®B&AC 31y neTepMUHUPOBaH-
HbIe (TUIABHBIC) TPACKTOPHH — 3TO TOJBKO CpPEIHNE IUHUH JBIKECHUS s/Iep BaKyyMHBIX oOpa3oBanuii. [Ipu 3ToMm sipa Bcex
MUKOCKOITUYECKHX, MUKPOCKOITMUECKH, IJIAHETAPHBIX, TATAKTHYECKUX U IPYTUX «KOPIYCKYJD» C OPUEHTUPOBOYHBIMU Pajiu-
ycamu (62) moo0HBI CTyCTKaM W3 TPEHENIyIIero XKelie, KOTOPhIe MOCTOSHHO MPUYYUIHBO HCKaKaroTcs (puc. 30 u 40) u
MTOCTOSIHHO Xa0THYECKH OTKJIAHSIOTCS OT CPEJHEH JTMHUM UX ABM)KCHUS M3-3a TOTO, YTO BaKyyM IOBCEMECTHO XaOTHYECKU
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¢ykryupyer (uckaxaercs). Jpyrumu crnoBamu, B [@B&AC BakyyMHBIE ypaBHEHHUS DHHIITEHHA OMPEHEISIOT TOJBKO
yCpeIHEHHbIE 1apooOpa3Hble POPMBI sIep «KOPIYCKYID» U YCPEIHEHHBIE TPACKTOPUH UX JABUIKCHHUSI.

Puc. 4: a) Cxematnynoe m3obpaxenue lepapxuue-
CKOM KOCMOJIOTHYECKOH MOJIEIIH, COCTOSIIEeH N3 GecKo-
HEYHOT'O KOJIMYECTBa UePapXUIECKHX LIeMeil «KopITyc-
KyJD» U «aHTHKOPITYCKYJD» Pa3IM4HBIX pa3MepoB (62),
BIOJKCHHBIX Jpyr B Jpyra MHOJOOHO MaTpelkam;
0) OnHa n3 6ECKOHEYHOT'O MHOYKECTBA HEPAPXIMUECKAX
IeTIeH, COCTOAIIAs U3 BIOXKEHHBIX IPYT B PYyra «KOp-
mycKyI; B) VnmrocTpanuss MHOTOYpPOBHEBOM OpraHH-
3aIUu CTAOWJIBHBIX BAaKyyMHBIX 0Opa3oBaHM, BJIO-
JKEHHBIX JIPYT B JIpyTa HOJ00HO MaTpenKam

Jna omucaHMA XaOTHYECKOTO IOBEACHUS SAEp
BCEX BHJIOB «KOPITyCKYJD», OHU PAaCCMaTPUBAIOTCS
KaK CTOXaCTHYECKHE CUCTEMBbI, YCPEJHEHHOE I10-
BEJICHHE KOTOPBIX IPEIONPENeNICeHO ABYMs OC-
HOBHBIMM HEYKJIOHHO YBJICKAIOIIMMHU TCHICHLIMSAMH: NPHHLIUIIOM «MUHHUMYyMa JEHCTBUS» W MPUHIUIIOM «MaKCHUMyMa 3H-
Tporum»y. OTHOBPEMEHHOE CTPEMIICHHUE JTF000H CTOXaCTHUECKON CUCTeMBI K [lopsaky (T.e., K SKOHOMHH 3HEPTruu U HHDOp-
Manuu) 1 K Xaocy (T.e., K IPeAeTbHOMY IIepepacpeielieHHI0 BO3SMOXKHBIX COCTOSIHHI), 00ycioBieHo GopM-pakropamMu u
SHEPreTUYECKUMH pecypcaMu 3TUX cucteM. B cratesax [13,14] nuxoTomus (T.e., pa3gBOCHHOCTh €AUHOTO0) Ha [lopsaok u
Xaoc BBIpaXKEHO B BHJIE MPUHIMIIA «IKCTpeMyMa 3()(PEKTUBHOCTHY. Y paBHEHHAMH JUIs IIOMCKA SKCTpeMaliell yHKIMoHaa
«(PEKTUBHOCTH CTOXaCTHYECKOW CUCTEMBI» OKa3auch quddepeHnnanbHple ypaBHeHUS Teopun Tu(dy3un, OpoyHOBCKOTO
JIBIDKEHUS M, B TOM umcie, ypaBHeHus Llpeaunrepa (cmotpute [13,14]).

Takum obpaszom, B pamkax [ ®B&AC HeT HMKaKHX NMPOTHUBOPEUNiI MEXIy MOJCPHU3NPOBAHHOHN 00mIel Teopreil OTHOCH-
tenpHOCTRI0 (MOTO) DifnmTeitHa U cToxacTuueckoi kBaHToBoK MexaHukoi (CKM) DnBapaa Henbcona. Otu Teopuu 1o-
mosHsIOT pyT Apyra: MOTO ommceIBaeT «KOPIYCKYJIBI» KaK yCPEOHEHHBIE CTa0MIbHBIE AehopMaIii BakKyyMa U HX Cpea-
Hue Tpaektopuu amwkeHHd, a CKM ommcpiBaeT XaOTHYECKOE MOBENEHHE HX sep, CBA3aHHOE C TE€M, YTO BAKyyM ITOBCE-
MECTHO XaOTHYECKU (QIYKTYUPYET U TPETICIIET.
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6]. OTO DifHmTeHA JIEKUT B OCHOBE COBPEMEHHBIX KOCMOJIOTHIeCKHX Mozenei. [locne Toro, Kak KOCMHYeCKUH TeJIECKOI
Jxetimc Y200 oOHapyxui copMUpOBABIIKECS TATAKTUKU HAa PACCTOSHUM MPUOIM3UTEIBHO 13,5 MUIITHAPIOB CBETOBBIX
JICT, UCTUHHOCTH TEOPHH OOJIBIIOrO B3pBIBA M BMECTE ¢ Hell nmpaBmiibHOCTE ACDM-cTaHAapTHOH KOCMOJIOTHYSCKON MOJICITH
OKA3aJIUCh MOJT OONBIIIMM COMHEHUEM. [103TOMY CTaJIN MOSBIIATHCS Pa3IMIHBIC BAPUAHTHI H3MCHCHUS HAYYHBIX TPEICTaBIe-
HUi 0 Pa3zButun Mupo3nanus, 4To He MHHYEMO BiieueT 3a coboii Mmoaepuuszanuto OTO.

Ipemnaraemas 31ech GU3NKa BaKyyMa W3HA4aJIbHO HE COINIACyeTcs ¢ TeOopuel OOIbLIOro B3pblBa U OCHOBAaHA HA MOAEPHH-
sammsax OTO, m3noxxeHusix Beimie. Bmecte ¢ Tem TO@B&AC n Hepapxudeckass KOCMOJIOTHYECKast MOJIENb 0a3upyIOTCs Ha
330TepuuecKoil KocMIuIeckoi Mudooruu. B cooTBeTCTBIY C APEeBHUMH BO33peHUAMH Hallra Beenernas — 3to MarepuHckas
Y1poba, B koTopoii pazsuBaincs Kocmudeckuit OmOprnon (Uenosek IlpenBeunsrit) (cMoTpuTe puc. 5a). DTarbl yBeIHYeHHAS
Marepurckoit YTpoOs! 1 Bo3pactanus B Heit OMOproHa BO MHOTOM COBIIAIAIOT C 3TAllaMH Pa3BUTHA BceleHHOM B paMKax
Teopun OoxpIIoro B3peBa. Ha onpenenenHom panaeM atame Beenenckuit Yenmosek nprodpen cBoOOLy BEIOOpa U BITYCTHII B
ceOst BHELIHIO ThbMY (CheJ 3alpeTHBIN III0J), B Pe3yIbTaTe MPOM30IILIa KOJIOCCaIbHas TpareIus 1o/ Ha3BaHHeM «pa3oue-
nue CocynoB». Mupo3anue OKphIIIOCh CETSIMHU 3-MEPHBIX TPELMH pa3IuyHOro Macmrada (puc. 50), MHOTHE U3 KOTOPBIX
3aMKHYJIUCh B TBEPJIbIE CKOPIIYIKH (SIpa «KOPITyCKYJD) pa3in4Horo maciraba (puc. 4 u 5g).

Puc. 5: Drams! 330TeprUUeCcKOi recTallMOHHBIA KOCMOJIOTHIECKONH MOIEITH

IMocne «pazouenus CocynoB» BeeneHnas morpysuiach B Xaoc, B KOTOPOM KHIIEN BaKyyM W OypIIMIIH spa «KOPITYyCKYID
cpa3y BCEX Pa3MEepOB 1 THUIIOB, HO B IPOLICHTHOM OTHOIICHHUH, 3aBUCAIIEM OT IIPOCTOTHI «KOPITYCKYIIbD». YeM «KOPITyCKYJIbD»
npoie TeM ux oombiie. Takum 00pa3oM Ipu rpaHIHO03HOM «pa3duenne Cocy10B» cpa3zy BO3HHUKIIA CKOPIIYTIa BCEX pa3MepoB
(T.e., Apa «aTOMOB» U GOJBIIMHCTBA «MOJIEKYI» BCEX MaclITaboB): MOKTOCKomuueckux (~ 10724 cm), NHKOCKONMYECKHMX
(~ 107" cm), mukpockonndeckux (~ 103cm), 3Be3HO-MIaHeTapHbIX (~ 107 cMm), ranakTuyeckux (~ 1077 cM) u T.11., B1OXKeH-
HBIX YT B Apyra momoOHo matpemkam (puc. 4). Ilocie mepnona ropsdero xaoca, o Mepe pacmupeHus MaTepuHCKOH
YTpoOBI MPON30IIIO0 OXTAXKACHUE «OyIBOHAY, U SIpa KPYIMHBIX «KOPIYCKYID» (HallpuMep, Sapa «TaJaKTHK», a TakxKe sapa
«IJIAHET» U «3BE3/») CTAld COOHUpaTh BOKPYT cels sapa (CKOPIYIKH) MENKHX «KOPITYCKYJD», 9TO TPUBEIO K OYHIICHHIO
KOCMOCa OT «OCKOJIKOBY», U K anbHemei Domonuu Co3Hanus. Takoi recTalinoHHBIA KocMostormuecknii CrieHapuit MOKeT
00BSCHHUTH NTOYEMY T'aJIAKTUKH 00pa3oBaIMCh 3HAYNTEIHHO paHblle, 4eM 310 npejckasbiBaeT ACDM-kocMosornaeckast Mo-
JIeNb.

MATEPHUAJIBI U METO/

B atoii cratee (14-it wactu I BO&AC) paccmaTpuBaeTcsi TOIBKO CTOXaCTHYECKas METPUKO-TuHaMudIeckas Mmoaens (MM/])
«aToMa BOJOpPO/a», OHAKO MaTEMAaTHYECKHH anmnapar 1 METOIbI UCCIIEJOBaHMs JAHHOTO CTa0MIIBHOTO BaKyyMHOT'0 00pas3o-
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BaHUS (TOMNOJOTHYECKOTO y371a) IPUTOTHBI I HOCTPOCHUS aHATIOTUIHBIX MOJETICH 1 N3yUeHHsSI BCEX «aTOMOBY M3 IEPHOIH-
YEeCKOM TabIuIbl XuMuueckux sneMmentos J[.1. Menzeneesa.

1 MeTpl/IKO-lII/IHaMH‘IeCKaSI MOA€Jb «aTOMa BOA0OPOaa>»

B Hawasne paccMOTpHUM «aToM BOJOPO/a» Kak B CPEIHEM CTaOMIbHOE Cheprieckoe BaKyyMHOE 00pa30BaHUe B HOKOSIIEMCS
cocTosTHAU. HemoBMKHBIX «aTOMOBY» B PEILHOCTH HE OBIBAET, BCE OHHU IOCTOSIHHO MPEOBIBAI0 B XA0TUUECKOM (TETIIIOBOM)
JIBIDKCHUH, TIPH 3TOM METPUKO-IUHAMHUIecKast Moaens (MIM) noaBHKHOTO BaKyyMHOTO 00pa30BaHMUs 3HAUUTENBHO yCII0XK-

usetcs (cmotpure [8]). IloaToMy 11 BEISIBIICHHS OCHOBHOTO KapKaca (CBOETO pojia CKeJleTa) «aToMa BOAOPOJIay yCIOBHO
CUUTAEM, YTO OH HETIOJBHKCH.

ATOM BOZIOpO/Ia KaK U3BECTHO U3 AACPHON (PU3UKH COCTOUT M3 OJHOTO IMPOTOHA U OHOTO AIekTpoHa. B pamkax [BO&AC
HEWTpPaNBHBIN «aTOM BOJOPO/a» COCTOUT M3 «KBAPKOBY» M «aHTHUKBapKoB» U3 Tabim. 1. IIpu 3TOM «aTtoM BOIOPOIa» MOXKET
MMETh LIECTh CIICAYIONMX BO3MOXHBIX Y3JIOBBIX (CUTHATYPHBIX, WIIM TOTIOJIOTMYECKUX ) KOH(UTypanuii:

e;|;+(+ - - —) €;1<+(+ - - —) E;K+(+ - - —)

dl(+ + + -) X+ + -1 d(+ -+ +) (67)
us (— + - 4 (65) w(--++ (66) (- + + -)
w(=—++ (= + + o) (= + — +4)

H*(0 0 0 0)+ Hy*(0 0 0 0)+ H:'(0 0 0 0)+

ex (—+ + +) C',l\'i(— + + +) 8',1\‘7(— + + +)

de( - - +) d (- -+ -) d (- + - )

u"(+ - + o) (68) u'(++ - o) (69) u'(+ - - +) (70)
wh+ + - ) w(+ - —+4) ws'(+ -+ )

Hi (000 0): Hs(0 00 0)- Hs (0 0 00).

[TepBbie TpH y3110BbIE (TOMOJIOTHYECKHE) KOH(PUTYPALIUH «aToMa BOJ0poay (65) —(67) COCTOSAT U3 OJJHOTO «3IIEKTPOHa» (T.e.
KEJITOTO ey -«KBapka» u3 Tabi. 1) (11) u u3 Tpex UBETHBIX KOHGUTypaiuii p; -«mmpotona» (31) — (33), rae Kakmaoii curuatype
B YHCJIHTEJNE 3TUX PAHKIPOB COOTBETCTBYIOT COBOKymHOCTH 10 MeTpuk Buza (40) — (48).

Bropeie Tpu y310BBEIE (TOMONOTHYECKHE) KOHPUTYpau «atoMma Bogopoaa» (68) — (70) cocTosT U3 OHOTO «IIO3UTPOHAY
(T.€. OITHOTO JKEJITOTO ey -«aHTHKBapka» u3 Ta0i. 1) (21) u U3 Tpex IBETHBIX KOH(HUTYpaIHii p; -«anTumporona» (34) — (36).

Hecmotps Ha To, uTO y310BbIe KOHbUrypauuu (65) — (67) u (69) — (70) MOJTHOCTHIO IPOTHBOIOJIOXKHBI IPYT IPYTY, B paMKax
I'BO&AC Bce oHU B cpetHEM HEHTpasbHBI (T.€. UMEIOT HyJeByto curHatypy (0 0 0 0)), mpakTu4ecku He pa3IMdnuMBl, U HE
AHHUTWINPYIOT (110 IPUYUHE TOTO, YTO JJIsl aHHUTHIISILIMK OHU JIOJDKHBI OBITh A0COJIFOTHO TOYHBIMU aHTUKOIUSIMH IPYT JpyTa,
a 9TO MPAKTUYECKH HE BO3MOXKHO M3-3a UX IOCTOSIHHBIX BHYTPEHHUX MeTaMOp(03 U BHEIIHETO TEIUIOBOTO JABHKEHUS).

ITo Bceit BUIUMOCTH MBI UMEEM, HE «aTOM» U «aHTHATOM», a JIBa COPTa «aToMa BOAOPOAA»:

- IOJIOXKUTENBHBIN (KEHCKHI) «aToM BOJOpO1ay, ¢ yueroM (50),

H =1/3 (H\'"+ Hy'+ H3") = 1/3(ex"us u-d + ex"we u.ds™ + e’ us ue d2) (71)

- OTpHLATENBHBII (MYKCKOW) «aToM BOJOPOIa», ¢ yueToM (52);

H =1/3 (Hi+ Hy+ Hy) = 1/3(es us" w." die + e u u" di + e us” w d).

JlarHOE yTBepKAeHNE TPeOYyeT SKCIEPUMEHTAIBHON IIPOBEPKH, HO PAa3IMIUTh X OyJIeT He MPOCTO, T.K., Kak OyIeT moKa3aHo
HIDKE, «atoMbl» H "1 H ~ MIMEIOT OJJMHAKOBBIE CIIEKTPhI MOTIIOMICHHS W U3y ICHHUS.

I[J'IH npuMepa, npeacTaBuUM METPUKO-AUHAMHWYICCKYIO MOACIb MMOKOAIETOCA «aTOMa BOAOpOAa» B KOH(l)I/IpraIII/II/I (67)
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en'(+ = - )
dr(+ — + 1)
U (— + + -
us (= + — +)
H;*(0 0 0 0)+
B pa3sBCpHYTOM BUIEC

Hi"-«<ATOM BOJOPO/IA»
nokosimeecs: crabMIIbHOE B CpeTHEM HEHTpallbHOE ChepriecKoe BaKyyMHOE 00pa3oBaHKe
¢ o6meit curaarypoii (0 0 0 0), cocTosiiee U3 OMHOTO «IICKTPOHA» (HITH ey -«KBapKay),
diF-«kBapKay, Ui -«aHTHKBAPKA» U Us -«AHTHKBAPKa»:

€x -«KBapK»
(nim «QJEKTPOH»)
B Cpe€AHEM Cq)epI/I‘ICCKOC cTabmIbHOE BBIIIYKJIOC MHOTOCJIOMHOE
HCKpPUBIIEHHUE BaKyyMa C CUTHATypoi (+— ——), cocTosiiee u3:
BHewiHss 000/10UKa «3JIEKTPOHA»
B I/IHTepBane [71,76] (puc. 1a), c curnarypoii (+ ———)
(+———)2 _ Tor1 o c? dr? 2
I ds =1- dt? — ——— —1r2(d6? + sin® 6 d¢?),
7”6 11, 72 r2
7
N 2
. o< ﬂ=<1+ %)ﬁﬂ —__Q¥—;—ﬂ0w2+gﬁgdwx
Ty, (1 + 76,1,2 _r_)
r r%
R 2 2
\% ds$h 7% = <1 T—z) c2dt? — —2— —r2(d6? + sin? 6 dp?),
i (1 _T613 T_)
r rlz,
o 2 2
H dsh % = (1 + +’—2)c2dt2 —— Y _2(d6? + sin? 0 dp?);
i 14614 T2
(1+2245)
Snpo «3j1eKTpoHay
B MHTEpBAaIE [76, 19| (puc. 1a), ¢ curHatypoit (+———)
R 2 2
I dst™ 7% = (1+r—5 ) e?dt? — ————+2(d6? + sin? 0 d¢p?),
’ 821 148 __r
P 1>
R 2 2
H dsi3 ™ 7% = (1 —T—S+§—) c2dt? — — __r2(d6? + sin? 0 dp?),
’ T Té22 (1 _Is, T )
T 122
—— 2
v ass % = (14 24 ) cde? — I~ (07 + sin? 0.dg?),
(-2-13)
R 2 2
H' ds{h™7% = (1 —T—S—Z—) c2dt? — — —r2(d6? + sin? 0 dp?);
’ T Té24 (1_7_5_ r )
T 1824
HeabT
B unTepBaie [0, «], ¢ curHatypoit (+——-)
i dss(j_")2 = c2dt? — dr? —r?(d6? + sin? 0 d¢p?).

d " -«<kBapK»
BBIITYKJIO-BOTHYTOE BaKyyMHOE 00pa30BaHie
¢ cUTHaTypoit: (+— =+ +), cocrosiiee u3:
Buemnss 000/109Ka dri-«kBapka»
B MHTEpBale [75, 7] (puc. 2), curHatypa (+—+ +)
I ds(Er % = (1 LEL ) c2dt? — —2 412492 + 12 sin? 0 d¢?,

(677

(72)

(73)

(74)

(75)

(76)

(77)

(78)

(79)

(80)

(81)

(82)

(83)

(84)

(85)

(86)

(87)
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H!

Hl

2,3

B 2 d 2 .
ds(+++ )2 _ 1=Te33 T \e2ge2 4T 4 2902 4 42 Slnzgdd)z,
3,3 r rf 3,3

— 2 2
dsi;++ )2 _ (1 4 Te3s +T_2) c2dt? _L.F r2d0?% + r?sin® 6 d¢?;
» T T

T
(1+ 634+ z)
L

Snpo dr*-«kBapka»
B UHTEpBae [76,79] (puc. 2), curuarypa (+ —+ +)

— N 2
d51(1 +4)2 _ (1 S . )CZdtZ _"l%2+r2da2 +7r?sin?0de?,
, T sy (1_T75+r2r—)
6,4,1
ds(z +H)2 _ ( ;_) c2dt? — TLT +712d6? + r?sin? 6 dop?,
(3-7)
— 2 2
dséz +4H2 _ (1 T; )czdtz —rd;r2+r2d92 +7r?sin?0d¢?,
o (1_75_7%43)
— 2 2
dsFHz (1 +34+2 )Czdtz — T +72d6? + 12 5in? 0 d¢?;
6,4,5

2
(1+ Sy )
T T8a4
IleasT dri-«kBapka»
B uHTepBase [0,o0], curnatypa (+—++)

s§;_++)2 = c2dt? + dr? — r?d6? + r? sin® 0 dp2.
Ux ~-KAHTHUKBAPK»
BOTHYTO-BEIITYKJIOE BAaKyyMHOE 00pa3oBaHUe
¢ curHatypoi (— + + —), cocTosiee us:
BHueurHsist 000J104Ka #; -<AHTHKBapKay»
B UHTEPBAJIE [r5, r6] (puc. 2), CHrHaTypa -++-)
dgl(_5++_)2 = - (1 Tﬁr“ + ) c2de? + ( )+r2d92 —7r2sin? 6 d¢?,
! 1-

dsz(__s++_)2=_(1+r6}ﬂ r) c2dt? + (1+ )+r2d92—r sin? @ de?,
ds§;++—)2 I (1 _ rsf,s _ T_Z) Zdtz (1 Foin rz) + .ergZ _ T SlTl 0 d¢2
(=++-)2 _ _ Tesa | T c2dt? + dr? 2102 _ 2.
dsi T = (147 +n) dt G:;;T:jj+7*d9 r2 sin? 0 dg?;
T rL

Snpo u -«aHTUKBapKa»
B I/IHTepBaJ'Ie [76,79] (puc. 2), curHatypa (—+ + —)

dsCr O = (1___ )c%n2+ a1 r2d0% —r?sin? 0 dg?,
r 6,6,1 1_r_5+r_)
T 72,6,1
dsys %= (1 +:_S_r: )czdt2 +— 4 r2d0% —r2sin? 6 d¢?,
’ 6,6,2

1+E+ r ) 2dt2 + d—+r2d92 —1r2sin?0d¢?;
(1 +E )
T664
leabT u -«<AHTUKBAPK»
B uHTepsaie [0,00], curnarypa (—+ + —)
s 7% = —c2de? + dr? + r?d0% — r? sin? 0 d¢p?.

2 2
d%;++ﬂ2=__(1_1§_ r )CZdﬂ.p———Q;———+42d92—rzﬂn29d¢a

r Tssa,

B 2
dsCHo2 (1 yTe3z T )czdtz _ + +12d6? + r?sin? 0 d¢?,

(83)

(89)

(90)

C2))

(92)

93)

94)

(95)

(96)

97

(98)

99)

(100)
(101)
(102)

(103)

(104)
(105)
(106)
(107)

(108)
(109)

(110)
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U; ~-<KAaHTUKBAapPK» (111)
BOTHYTO-BHIITYKJIOE BaKyyMHOE 00pa3oBaHne
C cUrHaTypou: (— + —+), cocrosiiee us3:

Bremnss 000/104Ka 1, -«AHTHKBAPKA) (112)
B UHTEpBaJe [75,76] (puc. 2), curHatypa (—+—+)
(—+=+)2 _ Tez1 |, T2 dr? )
1 (IISL7 = —(1—%+T—5)62dt2+m—7‘2(192 +T25H’l29d¢2, (113)
T ?”L
2 2
H ds{;H 2 = _(1 +@_:_L2) c2dt? +(1+£+ﬁ)—r2d92 +72sin? 0 d¢?, (114)
r ?”i
2 2
\% ds(;F T2 = —(1—“}&—:—5) c2de? +—(1_T‘;_ﬁ)—r2d92 +r2sin? 0 d¢?, (115)
T 7’%
2 2
H’ dsi—;_”z = —(1 +%+:—L2) c?de? +@—rzd92 +12sin? 0 d¢?; (116)
T L
SAnpo u, -«aHTHKBapKa» (117)
uHTepBate [r6,9] (puc. 2), curHarypa (—+ —+)
2 2
I s = - (1 I )Czdtz + 2 72d02 + r2sin? 0 d2, (118)
’ T Teéga 1,r_5+r_>
r ré,&l
2 2
H dsgy "% = —(1 +5- )czdt2 I - — — r2d6? + r?sin® 0 d¢?, (119)
’ T Teg2 145817
( r ré,s,z)
(—=++)2 s T2\ 2.2 dr? 2,492 2 o2 2
\Y dssg =- 1_7_T5233 cedt T d6° +resin“ 6 de*, (120)
2 2
H' ds$y % = —<1+§+T§ )czdtz +— —7r2d02? + sin?  dp?; (121)
’ 6,8,4

(1+r75 +zr—2)
76,84
LlenbT 0, -«<aHTUKBapPKa»
B uHTepBate [0,]), curaarypa (— +—+)
i dsS(;Jr_Jr)2 = —c2dt? 4+ dr? — r2d0? + r? sin? 0 d¢p*. (122)

2 BHemHsisi 000/109Ka «aTOMAa BOA0POIa»

MeTpHKO-AMHAMHUYECKYFO MOJICIb BHEIIHEH 000JI0UKH «aToMa BOJOPO/Ia» PACCMOTPHUM HA IPUMEPE COBOKYITHOCTH METPHUK
(t.e., kBagpaTuuHbX Gopm) (73) — (119) ans y3710B0i (TOnogornyeckoii) konpupmarmu (67). B ciaydae y3moBbix KOHGHUTY-
panuii (65), 66), (68), (69), (70) mosy4nM aHATOTHYHBIEC PE3yIbTATHI.

Brenrnsist 0001109Kka «atoMa BOIOPOIay B KOH(GUTYparun (67) — 3TO CyInepo3unus (WITH pe3yIbTaT YCpeTHEHNs) BHEITHUX
000II0YEK «KBAapKOBY» M «aHTHKBApKOB» (75) — (78) + (87)—(91) + (101) —(104) + (113) — (116). [Ipeanmonoxum, 4To
paanycH siIep BCeX «KBAPKOB» M «AHTHKBAPKOBY, BXOJAIINX B COCTAB «aToMa BOJIOPOJAY, MPAKTUIESCKHA OJHHAKOBHI, T.C.,
PalMyCHI 76 ; B MeTpuKax (75) — (78), (87) —(91), (101) — (104), (113) — (116) npuOIN3UTENLHO PABHBI

6,11 ® Te1,2 1613 1614 ¥ 1631 T 71632 T 1633 7634 T 1651 FT652 T 1653 FT654 1671 %7672 %1673 % T6,7,4-

Torna cnoxkenue (WM ycpemaHeHue) Bcex MeTpuk (75) — (78), (87) — (91), (101) — (104), (113) — (116) mo mpasuiy (67)
IPUOIKEHHO paBHO HYJIO. J[eCTBUTENILHO

dsl(j_")2 + dsf;++_)2 + ds§’—5++—)2 + ds§;+7+)2 =~ 0, (123)
dsSi TP ds{ETTTP 4 asS T v asl T &, (124)
ds$ 77 dsTTT P 4 as T v asl T R, (125)
dsi 77 dsTT P asT T ast T ~ 0, (126)
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[omaas cymma metpuk (123) — (126) takxe nmpudmmkenHo paHa Hyimo 0 + 0+ 0+ 0 = 0.

B pamkax 'BO&AC 310 03Ha4aeT, 4TO BO BHEIIHEH 00OJIOUKE MOKOSMIETOCsS «aTOMa BOJOPOJa» BCE BaKYyMHBIC CIIOH B
CpeIHEM KOMIICHCHPYIOT IPOSIBICHUSI APYT Ipyra: aeGopMaIi KOMIICHCUPYIOTCS aHTU-Ae()opMaIisiMu, TeICHUs (BHYTPH-
BaKyyMHBIC TOKH) KOMIICHCUPYIOTCS aHTU-TCYCHUAMU (MIPOTHUBOIIOJIOKHBIMU BHYTPH-BaKYyMHBIMU TOKaMu). OTHAKO H3-3a
HE TIOJIHOW KOMITEHCAIINN 3TUX MHOTOCIIOMHBIX TPOSIBIICHUH B OKPECTHOCTH SIZIPa «aToMa BOJOpPOoa» (C pa3MepaMHu MopsiaKa
paanyca sapa «IIpOTOHa», CMOTPHUTE PHC. 2) OCTAIOTCS XaOTHYECKHE BaKyyMHBIE (DIYKTyallld, HO M OHH B CPEIHEM PaBHBI
HyJ0. J[pyruMu ciioBamMH, B KaXKIO# TOUKE B OKPECTHOCTH S/Ipa «aTOMa BOIOPOay NaHHBIC (QIYKTyallnd MOXKHO paccMaT-
pHUBATh KaK CIIyYaiHBIH MPOIeCcC ¢ HyJIeBBIM MaTeMaTHUECKUM OKAIAHUEM:

Dpaxmanvhas uiniocmpayus 0eopmayuti 6aKyyma u nepeniemenuil
6HYMPU-6AKYYMHBIX MOKOE 8 OKPECIHOCHU 0PA HEUMPATbHO0 «AMOMAY, BbIAENIAEMbIX MAMEMAMUYECKUM annapamom
«eomempusuposannoii puzuxu eaxyyma na ocnose Anzebpe cuenamypy» (I ®B&AC),
KOmopble 8 cpeOHeM PaHbl Yo

Nmeetcs Bonpoc: — Eciu B cpeiHeM BO BHEITHEH 000JI0UKE «aToMa BOIOPOJa» He HAOMIOMAr0TCs NeopMalri U TCUCHHS,
TO OHH B IPUHIIUIIEC CYIIECTBYIOT WK HeT? OTBET Ha 3TOT BOIIPOC B TOW HITM MHOM CTEIICHH COOTBETCTBYET OTBETY Ha BOIPOC:
— CyIIecTBYIOT I CHHYCOUABI U KOCHHYCOU/IBI B CIIEKTPE aHAIOTOBBIX CHTHAJIIOB? BMmecTe ¢ TeM BakyyMHBIE (DIyKTyamun
HECMOTPS Ha TO, YTO B CPEIHEM PABHBI HYJIIO, IPOSIBIAIOTCS B IPOLIECCAX, KOTOPHIE OyIyT paCCMOTPEHBI HIXKE.

3 sinpo «aToma BoIOpoOaa»

Snpo «aroma Bo1oposiay B KoHpurypaumu (67) siBisieTcst pe3yIbTaToM CyMMHUPOBaHHs (MM YCPEIHEHUS) ITeP: «IJIEKTPOHA»
(unn ex-«xBapka») (79), di -«xkBapka» (92), u, -«anrukBapkay (105) u u, -«anruksapka» (117). IIpu ycrIoBum, 9TO pagnycsl
9TUX sJep NPUOIU3UTEIBHO PABHBI T,

127)

T6,63 = Te,64 ~ 1681 ~ 1682 ~ 16,73 = 16,7,4-

MOJYYUM CJICAYIOYI0 METPHUKO-AMHAMUYCCKYIO MOJICJIb Aipa «aTOMa BOAOpOda» B KOH(bI/Il"ypaI_lI/II/I (67)
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Hr

H!

SIIPO
«aToMa BO/JI0pPOaa»

Cdeprueckoe BakyyMHOE 00pa30BaHUE, COCTOSIIEE U3 AACP 2-X «KBAPKOBY» U 2-X «AHTHKBAPKOBY:

[lpO «QJIEKTPOHA»

curnarypa (+—-—-)
2 - b - -
dSl(;___)Z = ( :6) Zdtz <r{:+rz> - T'Z(dgz + Sl'nZ 0 d(pz),
14222
T 76
- 2N 2 . . . .
dSZ(',;___)Z - (1 B 75;'2’2 * :?) c*de® — T[;Zz 2\ rz(d@z + sin* 6 dqbZ)’
L _Ts22
< ’-2 +’6>
dséz___)z = ( :—2) c?dt? — % —1r2(d0? + sin? 8 d¢?),
6 (o222 )
—— )7 2
dsifz 2 (1 — TS'T“ - %) c?dt? — # —1r2(d6? + sin® 0 d¢?);
Ty
Te
Sinpo dr*-«kBapka»
curHarypa (+ —++)
_ 2 2
ds{H? = (1 414 D) c2dt? — <+ 72d0% + 17 sin? 0 dg?,
: (-55205)
— 2 2
ds{i 7% = (1 + 742 ) c2di? — ::2 —y +72d6% + 1% sin* 6 dp?,
) e
_ 2 2
ds$ % = (1 :—62 cidt? — % +712d60% + r?sin 0 d¢?,
g
_ 2
dsh % = (1 + czdt2 - r::4 — +712d0% +r?sin® 6 dg?;
)
SInpo u-«aHTHKBAapPKa»
curHarypa (—++-)
_ _ 2
d51(,6++ 2 _ (1 rs:1 +5 ) c2dt? + ﬁ_}_ r2d6? — 12 sin? 0 d¢p?,
T
T6
_ _ 2 2
ds{ % = - (1 + rg,:,z - :—2) c2dt* + r:f +7r2d6* —r?sin® 6 d¢?,
N
— — 2 2
dss(,6++ 2 _ _ (1 _ rg,rs,s _ :?) c2dt? + r;i; -+ r2d02% — r2 sin? 0 d¢?,
oD g
ds‘E_G"L"L_)2 =— (1 4 186 4 ) c?dt? + —rd +12d6% —r?sin? 0 do?;
: r rZ (1+ IS6d 2)
T6
Sapo u; -«aHTHKBapKa»
cursarypa (—+—+)
o 2
dsG % = = (1= 180 4 DY 2de? 4 < —12d0% + 2 sin? 0 dp?,
e Ty
2 2 e
dsy 0% = - (145802 E) c2dt? + 7( = 72d0% + 17 sin? 0 d¢p?,
1+ ——2>
6
— 2
dsig " = —(1 —r&%—:—z c2dt? +< r:; v —r2do? +r?sin? 6 d¢?,
, 2 s _2>
Te
A 2 2
dsi,8+ )2 _ _(1 +r5,re,4 +:_2 c2dt? + rsd; - — 12d0? + sin? 6 d?;
6 <1+-—¢L—+;7>
6

(128)

(129)

(130)

(131)

(132)

(133)
(134)

(135)

(136)

(137)

(138)

(139)

(140)

(141)

(142)

(143)
(144)
(145)
(146)
(147)

(148)
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CxknanpiBas Metpuku (130) — (133) + (135) — (138) + (140) — (143) + (145) — (148), oOHapy>KUBaeM, 4YTO BHEUIHSS B
cpemHeM ceprdeckas TpaHHIA Aapa «aTroMa BOJOPOIa» CO CPEeIHNUM panuycoM Ty (127) cokpamaercs (TouHee, pacTBOpS-
eTcsl BO (MIIYKTyHPYIOIIEM BaKyyMe).

B pesynbrare npu ycpenHeHUN U3 COBOKYITHOCTH MeTpuK (128) (T.e., U3 XaoTH4ecKH (QIIyKTyHPYIOIIETO BaKyyMa) BBISBIIS-
ercsa BHemHss obonouka (BO) BHyTpeHHEro (MOKTOCKOMHYECKOro, ~1072* ¢Mm) sapblmka «djeKTpoHa» (T.€., SAPHIIIKO
€x' -«IPOTO-KBAPKa» ) M BHEIIHHE 000JI0YKNA HOKTOCKOINYECKUUX SAPBIIIEK dr ' -«IIPOTO-KBAPKay, Uy ~«IPOTO-aHTUKBAPKa»
U5 -«IPOTO-aHTUKBAPKA»:

H/

HV

Buemnssi 060;109ka (BO) BHyTpeHnero (MOKToCKonmu4Ieckoro, ~10724 ¢m) simpoimka

«JIEKTPOHA»
(1 BO sfpbIlIKa ey -«IpoTo-KBapka» U3 uepapXum (62)),
C CUTHATypoi (+———)
(+ rsza\ 2 4,2 dr? 2 2 .2 2
ds; (1+ ) dt (1+r5'%) r=(d0* + sin* 0 d¢*),
2
dsyy; 2= (1- rm) c?de? — —( d:szz) —1?(d6? + sin®  d¢?),
L _Tsz2
ds (+_")2 = (1 + )Czdt2 TSZS)—rZ(dHZ + sin? 8 d¢?),
dssh ) (1 )czdt2 rS“)—rz(dQZ + sin® 6 d¢p?);

Buemnss 060104ka (BO) BHyTpennero (HOKToCKonu4eckoro, ~1072* ¢cm) sapbimka

«ITPOTOHA»

cocrosias u3 BO BHYTpeHHUX SAPBINIEK: dr' -«KBapKa» U IBYX Ui -«AHTHKBAPKOBY,

¢ o0mieit curHarypoi (— + + +):
BO siapbimka di -«npoTo-KBapka»
C CI/IFHaTypOi/'I +-++)

(+=++)2 _ T
ds{h = (1- S“) c2dt? — = 7541)+r2d92+r sin? 0 dg?,

1+

S42)+r2(192 + r?sin® 6 d¢?,

2
TS)+r2d92+r sin® 6 d¢?,

-
(1
K

1+r544) + r2d0?% + r*sin® 6 dp?;

BO siapbimka uy -«npoTo-aHTUKBAPKay
C cUrHaTypoif (— ++-)

(=++-)2 _ ss,
dsy e = —(1—7“) czdt2+m+r2d92 —r?sin®*0d¢?,
(—++-)2 _ rS62\ .2 942 dr? 2102 _ 2
ds; ¢ = (1+ . )c dt +(1+TS62)+7” do* —r?sin® 0 d¢?,
(=++-)2 _ _ _TS63) 2,942
ds; ¢ = (1 . )c dt +(1_TS,6,3)
(=++-)2 _ TS64Y .2 942 ar? 2902 _ 22 i 2.
ds, e = (1 + = )c des + (1 559) +7r°df° —r*sin® 0 do*;
BO sapbimka u; -«11poTo-aHTHKBAPKa»
C CUTHATypoil (—+—+)
2
dsl(;r_ﬂ2 = - (1 - —Ts'rs'l) c?dt? + 7( drrsgl —12d0? + r?sin? 6 d¢?,
1--=22)
d52(;3+—+)2 =— (1 + _rs,rg,z) c?dt? + _ar r?2d0? + r?sin® 6 d¢?,

(1 Tssz)

+12d6? —r?sin? 0 do?,

(149)

(150)
(151)
(152)

(153)

(154)

(155)
(156)
(157)
(158)

(159)
(160)

(161)
(162)
(163)

(164)
(165)

(166)

(167)
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(——+4)2 _ rssg, dr? .
\ dsy "% = - (1-102) 2qe? +W—r2d92 + 72 sin? 0 d¢p?, (168)
, (-+-4)2 _ s, dr? , .
H dsy D% = = (145204 2ar? + [Ty ~ T d0° o+ sin’ 0 g (169)
r
rae paauycChol SIAPBINICK «IIOTO-KBAPKOB» U «IIPOTO-aHTUKBAPKOB)» 3HAYUTCIIbHO MCHBILIEC 10_17CM
(170)

~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ -17
Ts21 = Vs2,2 ® V523 1524 F V541 F Vsa2 ®Vsa3 ®Vs4a B Ts61 % Ve ® V563 T Vsea ©sg1 X Tsgr ®Tsgs = Tegyg K107 cM

Eme pa3 ormeTnM, 9TO B HepapXu4IecKoil OCIeJ0BaTEIFHOCTH PaaycoB (62) mpuBeeHa OI[eHKa Paiyca IPHIIIKa «IPOTO-
kBapka» 77~ 1072* ¢cM, HO DKCIEPUMEHTANIBHO 3TO HE TOATBEPHAEHO. [109TOMY 3/16Ch MCIIONB30BaHA GOJNEE OCTOPOIKHAL
OLIEHKA 1y = Tg;; <« 10717 cm. JIna faHHOI cTaThu TaKasl OLEHKA ABMIAETCS JOCTATOYHOM, T.K. Ha JajbHElIIee H3I0KEHUE Pas-

MEPHI SAACP KIPOTO-KBAPKOB» MPAKTUYCCKU HE BJIMAIOT, BaX)KHO TOJILKO, YTO OHU Ha HECKOJILKO MNOPAAKOB MCHBIIIC 10_13CM.

4 anomelmaﬂ METPUKO-AUHAMHUYECKAA MOJAE/Ib «aTOMa BOJA0POaa»

BrinonHuM eniie 0IMH 3Tal MOMapHOTO YCPEIHEHHS M0 OTJAENBHOCTH COBOKYIHOCTEH MeTpuK (150) — (153), (156) — (159),
(161) — (164), (166) — (169). B pesynpTaTe IpH yCIOBMHM NPUOMIKEHHOTO PAaBEHCTBA BCEX Ts;; ~ 17 < 107 7cm (170) n B
CpeIHEeM HYJIEBOTO COCTOSIHHS BHEITHEHW 00O0JOYKH «aToMa BOJOPOIa», MPUBEACHHOTO B §2, MOIYYNM CICAYIOMIYIO YIPO-
HICHHYI0 METPUKO-TUHAMUYECKYIO MOJETh «aToMa BOJOPOIa

BoisiBi1eHHBbIE U3 Xa0THYECKH (PIIYKTYHPYIOIEro BaKyyma
ycpelHeHHbIe KOHTYPbI METPUKO-TUHAMUYECKOH MO/1e/IM MOKOSAIIerocsi

Hi"-«<ATOM BOJIOPOJIA» (171)
¢ obmeit curnatypoit (0 0 0 0), cocrosimeit u3:
BHewiHss 000/104Ka BHYTPEHHEr0 iAPbILIKA
«JIEKTPOHA» (172)
(t.e. BO sipbimika e-,,f—«11p0'1‘0—|<3api<a»),
¢ curHarypou (+ ——-)

(+===)2 _ 7\ p2gp2 — 92 20402 in? 2
I ds(y 7% = (1+2) c2dt ()~ 70" + sin 0 dg?), (73)
2
H dsgs” " = (1-3) a6 — (g~ (@0 4 sin 0.dg), (174)

HleabT «3JIeKTPOHA»

B unTepBaie [0, «], ¢ curHatypoit (+——-)
i ds777% = c2dt? — dr? — r2(d6? + sin? 0 d¢?),
Buemnss 060104ka (BO) BHyTpeHHero sigpbIika (175)
«[MTPOTOHA»

cocrosias u3 BO BHYTpeHHUX SAPBIIEK (T.€., APBIIIEK): dr " -«KBapKa» U IBYX Ui -«aHTHKBapKOBY,
¢ o0mieit curHarypou (— + + +):

BO sinpbimka d;*-«nporo-kBapka» (176)
C CHrHATypo# (+—+ +)
2
I ds(h 2 = (1 _ %7) c2de? — (fg) +72d0% +rsin? 0 d¢?, (77)
i ds$ % = (142) c2de? - s+ r2d6? + 12 sin? 0 dp? (178)
r (o) /
BO siApbIIIKA iy -«IPOTO-AHTHKBAPKA» (179)
C CHTHATYpO# (— + + —)
2
I dsi" = - (1 - rrl) c2dt® + (fﬂ) +72d6% —r?sin? 6 d¢?, (180)
H ds{ P2 = (1 + T—’) ?dt? + 2+ 12d6? — 12 sin? 6 dp?; (181)
r (+2) |
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BO saapsbinika u; -«1poTo-aHTHKBapKa» (182)
C curHatypoit (- +—+)

2
I sy % = - (1 - 77) c2dt? + (fz) —r2d0% + 12 sin?  d¢p?, (183)
(—+-+)2 _ _ 7\ 2 342 ar? 292 2 ciny2 2.
H ds{y = (1+r)c dt M makl d0? + 12 sin? 0 dp?; (184)

eabT «IPOTOHA»
B uHTepBaie [0, ], c curHarypoi (—+ + +)

i ds{ PP = — c2dt? + dr? + r2(d6? + sin? 0 d¢p?). (185)

B pesynbpraTe MBI IPUXOANM K CIEAYIOMIEH YIPOIIECHHON MOJENN «aToMa BoAopona». M3 xaoTudecku (UIyKTyHpPYIOIIETo
BaKyyMa IpU yCPEIHEHHH COBOKYIMHOCTH METPHUK (72) BBIABISIETCS SAPO «aToMa BOIOPOAa» C YCIOBHBIM 3(P(PEKTHBHBIM
pamuycoM T,rr ~10~3cm (puc. 6 u 7), KoTOpoe (pOPMUPYETCs B Pe3y/IbTaTe CIOKHEIX (XaOTHYECKHX) TIepeMEIeHUH 1 repe-
TUICTEHU T B3aMMOCBS3aHHBIX SIIPBIIICK d; ' -«IIPOTO-KBAPKay U IBYX Uj -«IIPOTO-aHTHKBAPKOB» (pHc. 6). [0 OTAETBHOCTH 3TH
SIAPBILIKH «IIPOTO-KBApKa» M 2-X «MPOTO-aHTUKBAPKOB)» CYIIECTBOBATH HE MOTYT, T.K. SIBJISTIOTCS BBIITYKJIO-BOTHYTBIMH (He-
CTaOMJIBHBIMHU) COCTOSIHUSIMH BaKyyMa C CUTHATypamH (T.€., TOTIOJIOTUSIMH), YKa3aHHBIMH B YUCIHUTENSAX paHxupos (31) —
(33). Tosbko BMecTe OHHM 00Pa3YIOT B CPEeIHEM BOTHYTOE cheprieckoe BaKyyMHOE 00pa3oBaHue ¢ 001eit (cpenHeii) curta-
Typolt (— + + +) u ¢ 2pdeKTHBHEIM pamguycoM T,rr ~10~3cm. TIpu 3TOM 3TH AAPBINIKK «IIPOTO-KBAPKA» M JBYX «IPOTO-
AaHTUKBapKOB» ITOCTOSIHHO XaOTHYECKH MEPEMEIIAI0TCSI OTHOCHTENIFHO IEHTPA 3TOr0 00pa3oBaHus (T.€., TOIOJIOTHYECKOTO
y3/1a) ¥ OTHOCHUTENBHO ApYT ApyTa (puc. 7) M HENPEPHIBHO MEHSIOT TOOJIOTHYECKYIO (CHTHATYPHY0) KOH(UTypanuio, T.€.,
MTOCTOSTHHO TIPETEPIIeBAIOT MeTaMOp(o3kl, Hanpumep, oT (31) — (32) — (31) — (33) — (32) —... u t.4. (cMoTpuTe pHuc. 6).

Puc. 6: Mmmoctpanus MOCTOSHHOTO H3MEHEHHUSI TOIOJIOTHIECKOTO (CUTHATYPHOTO0) y371a
13 3-X CBSI3aHHBIX SJPBIIIEK «IIPOTO-KBapKOB)

Kpowme BbIsIBICHHOI M3 Xaoca BHEIIHEH 000109KH siipa «aToma Bogopona» (175) (puc. 7), Takke U3 XaOTHIECKH (DIYKTyH-
PYIOIIETO BaKyyMa MPH YCPETHEHUH COBOKYITHOCTH METPHUK (72) BBISBISETCS €Ille OJHO CTaOMITbHOE CPePUIECKOE BaKyyM-
HOe 00pa30BaHue — 3TO BHYTPEHHE SLIPHIIIKO «IJIEKTPOHAY (T.€., SAPBIIIKO €y -«IIPOTO-KBAPKay»), ¢ 3)PEKTUBHBIM PNy COM
nopsanka 1, < 10717 cm ¢ Bremneii o6onouxoii (173) — (174) (cmotpuTe puc. 7 u puc. 14 B [7]).

26



SUIPBIIIKO €x -«NPOTO-KBapKa»

(BHYTpeHHEe . SPLIMKO «3JIeKTPOHa» )

'ﬁnpd

r; <107 7cM

«aToMa BOAOpOAA»

/ CBsisanHbIe SUIPBIIKH:

di ~4npoTo-KBapKa» - NS
4 o IS i SSoarenest { 0“\\‘§::§§:
U =CIIPOTO-AHTHKBAPKA» s 335535:‘:3.’.«: PROSNSIES
e, =
U -«IpPOTO-aHTHKBAPKA» l SN

SIS
SIS

e
meet
SIS
232332
33

Puc. 7: a) YupouieHHas cxeMaTudecKast MOJeIb «aToMa BOAOPOIa», COCTO-
siast U3 BHYTPEHHETO SIAPBIIIKA «3JIEKTPOHA» ¢ paguyCcoM 1; K 107Ycm u
A7pa TAHHOTO «aTOMay ¢ 3CKTHBHBIM PaguycoM Tprr ~ 10713 cm, 0bpaso-
BaHHOTO CJIOXHBIM MEPEIVICTCHUEM BHYTPEHHHUX SIAPBIIEK 3-X BAJICHTHBIX
«KBapKOB» M «AaHTUKBAapKOB» B KOHQUrypauuu (33) U 6-TH BUPTYaIbHBIX
«KBapKOB» M «aHTUKBAapKoB» B KoHurypauusx (31) u (32). JlanHble BHYT-
PEHHHE SAPBIIKY (T.€., SIpa «IIPOTO-KBapKa» U 2-X «IPOTO-aHTHKBAPKOBY)
MIOCTOSIHHO XaOTHYECKH IIePEMEIIAI0TCsl OTHOCUTENNBHO APYT Ipyra U Herpe-
PBIBHO TpaHC(HOPMHPYIOTCS B JpyrHe TPOMKH BHYTPEHHUX SAPBIIIEK
«TIPOTO-KBApKOB» U «IpOoTo-aHTUKBapkoB» (31) u (32). [Ipu sToM BOKpyT
JIAHHOTO SIJpa «aTOMay HEMpPEepPbIBHO XaOTHYECKH IEPEeMEIIaeTCs BHYTPEH-
Hee SIIPBIIIKO «IJIEKTPOHa» (T.C. SAPBILIKO ex -«IPOTO-KBapKa») C paany-
COM Tyepp < 10717 cM; 6) XaoTHueckas TPACKTOPHs JBHKCHHS sADBIIIKA
ex-«IPOTO-KBapKa» B OKPECTHOCTH SAPA «aTOMa BOJOPOa» U €€ IPOSKLIHS
Ha och X; 6) JIByXMepHasi WILUTFOCTPALHS ABHKCHHS SIPBIIIKA €x -«IIPOTO-
KBapkay (T.e., cheprdecKoil 3-MepHOil BBIIYKIOCTH BaKyyMa C CHTHATypoOit
(+ ——-)) BOKpyT s/pa «aTtomay (T.e. CTaOMIBHON B cpefiHeM cdepuueckoit
3-MepHO# BOTHYTOCTH BaKyyMa co cpeHel CHrHaTypol (—+ ++)); r) ®pak-
TanbHas WITIOCTpalus 5(GQEeKTHBHOrO pa3Mmepa SAPBIILIKA ex -«IPOTO-
KBapKa», KOTOpOEe BMECTE CO CBOM OJvpKaiIneil BHEIIHEW 000JIOUKOH JBU-
KETCS KaK eIMHOE IIENI0e B OKPECTHOCTH 3 (HEKTHBHOTO sIApa «aToMa BOJ0-
POZa» N0 Xa0THUECKOH TPAeKTOPHH

5 «21eKTPOH — MIPOTOHHOE» B3aUMO/eliCTBHE BHYTPH «aTOMAa BOAOPOAa»

B npenpinymem naparpade 0bu10 TOKa3aHo, YTO B MECTE PACIIOI0KEHHS «aTOMa BOIOPOAAY, IPH YIPOIIEHUH U YCPETHEHUN
COBOKYIHOCTH METPHK (72), N3 Xa0THUECKH (DIyKTYHPYIOIIEro BaKyyMa BBISBIISIIOTCS 1Ba CTAOMIIBHBIX C(DEPUIECKHX BaKy-

YMHBIX 00pa3oBaHus:

1) BBIIYKJIOE SAPBIIIKO €5 -«IIPOTO-KBapKa» (PHC. 7) C METPUKO-AMHAMUYECKON MOJIENBIO €r0 BHEIIHEH 000I0UKH

dsttTT% = (1 +:—) c?dt? —

“1,2
[ s - - -2
dsz(';r )2 — (1 — 777) c2de? — -4

BHemHss 000/104Ka BHITYKJIOr0 SIAPBIIIKA €x -«IPOTO-KBAPKa» (186)
C curHarypou (+ ——-)
7‘2
ﬁfﬂ(dez + sin? 0 d?), (187)
5
(1_—2)—7"2((1924‘5{7129(1(1)2), (188)
ds 7777 = c2dt? — dr? — r?(d6? + sin® 6 dg?). (189)
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2) BOTHYTOE SIAPO «aToMa BOIopoaay (T.e. KIIOKOUyIIee 1 Oypiriiiee BHYTPEHHE SIAPBIIIKO «IIPOTOHA», pUC. 6 U 7) ¢ ycpen-
HEHHOU METPUKO-JINHAMUYECKON MOJIEINIbIO €ro BHeIIHel o6osouky (175), KoTopast Ha 10OCTaTOYHO OOJBIIOM PACCTOSIHUM
OT LIeHTpa 3Toro sapa (T.e. mpu r > 10713 cm) aBnsercs pesynbraToM ycpeanenus metpuk (177) — (184).

BHeunsisi 060/104Ka BOTHYTOI0 S/IPa «aTOMa BOJ0OPO1a» (190)
pu 1 >> 10713 ¢m, ¢ curnarypoit (— + + +):
2
I ds{ 0% = - (1-TE) c2ae? + — < + 120 + 17 sin? 0 dg?, (191)
' (--=H)
2
H ds{H2 = —(1 +T) 2dt? + S+ 12d6? — 2 sin® 6 d?, (192)
r (1+4)
i dsi; 2 = — c2dt? + dr? + r2(d6? + sin? 0 d¢?), (193)

rJie Topp ~107 3 cM — 3 dexTHBHBII paaryc s1pa «aToMa BOA0Poaay» (CMOTpHUTE pHC. 6a).

BzanmoneiicTBre AByX (BBITYKIIOTO U BOTHYTOTO) CTAaOMIBHBIX BaKyyMHBIX 00pa30BaHMiA ¢ BHEITHUMH 000109KaMu (186) 1
(190) mompo6rO paccmotpero B §§2 u 10 B [7].

Ecnu moBTOpUTE Te K€ PacCyXIEHHS U BBIYMCIICHUS, KOTOpPBIE OBLIM BBINOJHEHB! B CTaThe [7], TO HA OCHOBAaHUU METPHUK
(187) — (189) mosy4mm, 4TO SAPBIIIKO €5 -«IIPOTO-KBAPKay MPHUTATHUBALT SIIPO «aTOMa BOIOPOIa» C YCKOPEHHEM

2
a*P ~ —<I7__ | rpe cornacko nepapxum pamycos (62) v, ~ 10~2*cm « 107V cm. (194)

2
2 ((1_T7
2r <1 rz)

AHanorn4ao, Ha ocHOBaHHUU MeTpHK (191) — (193) momydrm, 4To SIIPO «aToMa BOJOPOa» IPUTITHBACT SAPHIIIKO KEITOTO
€ -«IPOTO-KBApKay C YCKOPCHHEM

2
(P+e) _ VeTeff
o)~ L (195)
- (1_ L)
)
/i€ U, — CKOPOCTb YCPEIHEHHOTO BAKYYMHOI'O T€UEHHs, KOTOpas OyIEeT OIpeIe/icHa HUXE.

O6uiee paguanbHas KOMIIOHEHTa BEKTOPA YCKOPEHHS, C KOTOPBIM SIIPHIIIKO €5 -«IIPOTO-KBAPKa» H AP0 «aToMa BOAOPOIa»
(T.€., IO CYTH, AP0 «IPOTOHA») B CPETHEM IPUTITUBAIOTCS JPYT K APYTY, pABHO

2 2
aEAe,P) _ a£e+P) + a£P+e) ~ cry + ”ereffz , (196)
212 (1—@) 22 <1—re#)
T T

TJIE T — PACCTOSTHUE MEXKY LIEHTPAMHU SIJIEP «aTOMa» U SAPBIIIKA €5 -«IPOTO-KBAPKaY.

B cwmity TOro, 4To0 7, Ha HECKONBKO TIOPSAIKOB GONbINE 17 (T.€., Topf > T'7 ) TIEPBBIM CJIATAEMBIM B BBIpaXeHHH (196) MOXKHO
npenebpeus. Toraa yckopernune commxernns (196) paccmaTpuBaeMbIX BaKyyMHBIX 00pa30BaHUM MPUHUMAET MPHOIMKSHHBIA
BUJI

2
a£€.P) () ~ vereffz ) (197)
2r2 (1— Tegf )

I'paduk pynkuuu (197) npeacrasnen Ha puc. 8. JlanHast QyHKIHS OnpenessieT yCKOpeHHe COMMKEHHS SAPBIIIKA €y -«IIPOTO-
KBapKa» C sIPOM «aToMa BOJIopoaa» (110 CYTH, C SAPOM «IPOTOHA») B 3aBUCHUMOCTH OT PACCTOSHUS 7" MEX/Ly UX LIEHTPaMHU.
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U3 rpaduka Ha puc. 7 BUIHO, YTO SAPBIIIKO €y -«IIPOTO-KBAPKa» MOMKET
NPUOIM3NUTBCSA K SIIPY «aToMa BOIOPOa» He Ooee, 4eM Ha pacCcTOsSTHUE

T~ T p~10"Bem. (198) |

To ecTb, B OOBIYHBIX YCIOBHUSX SAPBIIIKO € -«IPOTO-KBAPKa» MPAKTHUCCKU
HE IIPOHMKAET BHYTPh AJpa «aToMa BOZOPOIA». a ‘

Ho pakusa (1.e., 6e3gHa-Tpemunna, cMorpute puc. 1 B [7]) Ha paccTossHUH ot .
T ~T,rp~10""cM B naHHOM ciydae oTcyTcTByeT. Bosmmkaer Bompoc: - ‘
YT0 MEMIAET SAPBIIIKY €y -«IIPOTO-KBApKa» OKa3aThCsl B [IEHTPE «aToMa BO- y
Jopojan? e S

DTOMy MeIaeT BHENIHssE 000JI0YKa SAPBINIKA dr -«IpoTo-KBapkay (176),
KOTOpasi UIMEEeT OJAMHAKOBBIN 10 3HAKY DIIEKTPHUUYECKUH 3aps] (T.e., TOT ke
NEpPBBIN MMOJIOKUTEIbHBIA 3HAK B CUTHATYPE) KaK M y BHEIIHEH 00O0JIOYKH
SUIPBIILKA € -«IPOTO-KBapkay (186). Jpyrimu crioBamu, Ha Majibix paccro-  OTMPEACIACT - YCKOpEHHE cOmmkerns  Aapa
SHHUAX MEXIY SAPBIIKAMH 3THX BaKyyMHBIX OOpasoBaHuii (T.e., mpu  ©x ~«IPOTO-KBApKa» CiANPOM «aToMa BOIO-

T < T,rp) BHEIIHAS 000J109Ka d; ' -«IIPOTO-KBApKa» ONIyTHMO OTTankupaer  POAd» (T.€., C S/IPOM IPOTOHA») B 3aBHCH-
MOCTHU OT paCCTOAHUA MEXKAY UX HEHTpaMU

Puc. 8: I'padux pynxumn ycxopenus (197) npu
YCIOBHO HPHMHSATBIX ¢ = Tprp=1. D12 QyHKUMSA

oT cels SAAPBIIIKO e{-«npOTo—KBapKa», TEM CaMbIM BBITAJIKUBACT €ro M3
LCHTpa gApa «aToMa BOAOpOAa».

Ilpu r > 1,7 BeIpaxkenue (197) ynpomaercs

2
(e,P) . Yelefr
a" () =5 (199)
M COOTBETCTBYET YCPEIHEHHOMN CHIIC MCEBI0-KYJIOHOBCKOTO B3aUMOICHCTBHUSI MEK/LY SIPBIIIKOM €y -«IPOTO-KBApKa» H Si/I-
pPOM «aTromMa Bogopoaar.

6 TpaHCMyTaHl/Iﬂ «aTomMa Boaopoaa» B «HeﬁTpO]—[»

ITockonbKy OTCYTCTBYET pakus (T.€., HENPEOJoIuMas O€3JHA-TPENINHA) HA PACCTOSHUA T' & Tor f~10_13CM BOKPYT YCJIOB-
HOTO sIJJpa «aroMa BOJIOPO/Ia», TO MOKET OBITH TIOCTaBJIEH BOMPOC O BO3MOKHOCTH BIABUTD SAPBIIIKO €y -«IPOTO-KBAPKa»
BHYTpPb 3TOT0 siapa. To ecTh, CO3/1aTh TaKOe JaBJeHHE Ha SAPBIIIKO ey -«IIPOTO-KBapKay, PH KOTOPOM TIPEOIOICBAETCS OT-
TAIKMBAHKUE CO CTOPOHBI BHEITHEN 000JI0UKH d; -«IIPOTO-KBApKay.

ITo Bceli BUAMMOCTH, 3TO BO3MOXKHO. Hanbosee BepOsSTHO, UTO IPU STOM MIPOUCXOIUT TPAaHCMYTALUs (T.€., TOMOJIOru4ecKast
MEePeCTPoiiKa) «aToMa BOIOPOIa» B KHEHTPOH», HATIPHMED:

(200)
---9) (+ =+ - "
«Hertpon» (53a) -+ ++9) pr-«npotor> (33)
(— + + —) (— + — +)
(++ - +) [C—— «nektpon» (11)
(000 0)- (000 0)-

Taxast BOSMOKHOCTb COOTBETCTBYET TEOPETHUECKOMY OOOCHOBAHHIO CYIIECTBOBAHHS HEMTPOHHBIX 3Be3]l. CuuTaeTcs, 4To B
KOHIIE KM3HH JOCTATOYHO MACCUBHOM 3BE€3/Ibl, €€ SIAEPHOE TOILIUBO BBITOPAET U MOJ ACHCTBHEM CHUIIBHOM rpaBUTALIUU IPO-
TOHBI U 3JIEKTPOHBI "BJABIUBAIOTCS" JIpYyTr B JIpyra, NPeBpaIasch B HEUTPOHBI, C UCITyCKaHUEeM HeWTpuHo. OOOCHOBaHHO
IpeAroaraercs, YTo oOHapy>XKeHHbIE B OOJIBIIOM KOJIMYECTBE PaJlOIyJIbCaphl, MArHETAPbl 1 PEHTIEHOBCKHE ITyJIbCAphl —
9TO Pa3HOBHIHOCTH PEATHHO CYIIECTBYIOUINX HEUTPOHHBIX 3BE3.

29



7 YpaBHeHHe 1151 ONMCAHUS Xa0THYECKOI0 MOBEAEHUS SAPHILIKA €x -<IMPOTO-KBAPKa
B OKPECTHOCTH f/Ipa «aTOMa BOJAOPOIa»

Kak 65110 TOKa3aHo B [13, 14], HEeM3MEHHOE CO BPEMEHEM YCPEIHEHHOE TIOBEACHUE (COCTOSIHUE) Xa0THUYCSCKH Oy KIaroIeit
vactuibl (XBY) (B 4acTHOCTH, SAPBIIIKA DIEKTPOHHOTO ex -«poTo-kBapkay (a9I1K) xaoTuuecku mepeMeniaroierocs B
OKPECTHOCTH $JIpa «aToMa BOJOPOJa», pHC. 7) ONUCHIBAETCS CTOXAaCTUYECKHM 0E3MacCOBBIM CTallMOHAPHBIM ypaBHEHHEM
peaunrepa (132) B [13]

~Eg2(r) +u)p(r) = ep(r), (201)

rie ¢(r) — aMmMTya BeposaTHOCTH, Takas 4to |p(r)|> = p(r) — 5To MIOTHOCTH pacrpeseeHHs BEPOSTHOCTH MecTa

HaXO0XJICHNSI Xa0THYECKH Omyskaatomeii yactuisl (B wactHocty, sI3I1K);
E .
& = — — MOJTHAast MEXaHUYCCKasl FHEPreTHIHOCTh XaoTruecku Orysxaaromieit sOIIK (puc. 76) (202)
Mme
(toe E — nomHas mexaandeckas aeprus 011K, m, — Macca gacturml);
U

u(r) = e~ YCPEAHEHHA: NOTEHIHAbHAS SHEPTETHIHOCTb XA0THIECKH omyxnaromieit sOI1K, 3aBucsmas (203)
OT €To yJaJeHus T OT LIEHTpa sAapa «aroMa Bopopona» (rae U(r) — ycpenHeHHas IOTEHIMANbHAas
sHeprus 1011K);

o, = %(ax + 0, +0,) = 0, (205)

— CTaHJIapPTHOE OTKIIOHEHUE 3-MepHOM XxaoTuuecko Tpaekropun asuxenus sOI1K (puc. 76);

TTG.COT = %(Txacor + Tyacor + TZG.COT) ~ TXG.COT (206)

— UHTEpBaJ aBTOKOPPEJSIIINK 3-MEPHOHN XaoTHueckoil Tpaektopuu aprwkenus 121IK (puc. 76).

Kak usBecTHO craionapHoe ypasuenue llIpequnrepa umeer Buj

hZ
- EVZ‘L/)(T‘)Jr Umy(r) = Ep(r), (207)
rae Y (r) — BoiHOBast pyHKITHSL.

PaSI[C.]'II/IM 00€e 4acTH 3TOro YpaBHCHHUA Ha MacCy 4aCTULI M., B PE3YJIbTATE IMOJYYUM

_ %Vzlp(r) +uM(r) = ep(r). o0

Oueunano, uro ipu ¢ (r) = PY(r) n

h 3 3 of
E - \Enr N \/;Trcor (209)

croxactuaeckoe ypaBHeHue (201) u kBaHTOBO-MeXxaHUdeckoe ypaBHeHue (208) coBmamaror.

8 XaoTuueckoe moBeeHNe AAPHINIKA €x -«IPOTO-KBAPKA» B OKPECTHOCTH SIIPA «aTOMAa BOIOPOIA»

B §7 6buI0 1OKA3aHO, YTO SAPBIIIKO €y ~«IPOTO-KBapka» (AOI1K), MOCTOSHHO Xa0THYeCKH OJIy>KIaollee B OKPECTHOCTH
sIpa «aToMa BOJOPOJa», B CPEJHEM MIPUTATUBAETCS K ITOMY Py C YCKOPEHUEM

2
alP () ~ L, (210)

2r2

B sTtom Cllydac yCpeAHCHHAs MMOTCHIHNAJIbHAA SHEPIETUIHOCTh Xa0THUCCKHU 6ny>1<z:a}0mei/i a0I1K
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U vaT, vére
u(r) = # ~ [afP(rydr = [ dr = — 2L (211)

[oncraBum Beipaskenue (211) B ypaBuernne (201), B pe3ynbraTe MOIYIHM CTOXaCTHIECKOE YpaBHEHHE
30F o2 _ VéTefs
= V== e() = ep(n), (212)

KOTOPOE€ C TOYHOCTBHIO 10 KOS(l)(bI/IHI/IeHTOB COBIAZACT CO CTAHMOHAPHBIM YPABHCHUEM L[Ipe,m/IHrepa JJIA NIBUXKCHU S
3JICKTPOHA B aTOME BOAOpOAA:

h2

[~ vz - Jy@) = ep(). (213)

2
2mg 4TTMeEQT

CpasuuBas ypasaenus (212) u (213), oOHapykuBaem, uto nipu ¢ () = Y (r), monydaeM npUOIKEHHBIE paBEHCTBA

2 2 2
VETe e h 3 o7
—ffz— u — = —nr=\/6 r

2 4mmegg me 2 Trcor

OTKY/Z1a MOKHO OLIEHUTh I1apaMETPblL U, U 1),

e? 2,5610738 2,56:10738
Ve & ~ — ——— ~ — ~+/51,2-10* =7,2-10" m/c, (214)
2mmeggrepr N 2:314:9,110731:8,8510712 10 0,510

2 . —34
n, =22 = \Ei ~ 0,58 2% ~94-1075 M2/c. 15)

Trcor me 9,1-10731

BopoBckuii paaiyc opOUTHI 2JIEKTPOHA B aTOME BOJIOPOA TAKXKE MOXKET OBITh BBIPAXKEH YePe3 CTOXACTHYECKUE XapaKTepH-
CTHKH MCCIICIyeMOro CIy4allHOro MPOIIecca, CBSI3AHHOTO C XAOTHYECKH ONY)KAAIOMINM SIIPBIINIKOM €y -«IIPOTO-KBAPKa»
(s19I1IK) B oxpecTHOCTH siipa «aToma Bogopoaay (puc. 7)

amegh?  4mmeegh? 1207
ag = = =

~5,29-107° cm. (216)

2 = 2,2 ~ V2 2
Mmee mee VeTef fTrcor

Pemenus ypaBHeHus Buzaa (212) B chepuueckux KOOpMHATAX XOPOIIO U3BECTHO B KBAHTOBOM MeXaHHKE U UMEET BUJL

S (Mnim (1,6, ) = Ry (1) Vi (6, ), (217)
rae

Ry, () = (niao)3 % (nz_aro)l L2+ (nz_‘;) e~7/("4) _ gopmupoBaHHas paauaTbHas GyHKIHS; (218)
L2H | (x) — 0606méHHbIe IomuHOMSI Jlareppa;

n =0,1,2, ... — T1aBHOE KBAHTOBOE YHUCJIO;

1 =0,1,2, ... — opOuTanpHOE KBAHTOBOE YHCIIO;

M — MarHuTHOC KBAHTOBOC YHCJIO,

’ZZIL—;PIO(COSG) npu m = 0,

-D)™V2 2l—+1(l_m)!le(cosQ) cos(mgp) mpu m >0,

41 (I+m)!

Yim(6, ¢) = — chepHuecKre TAPMOHUKH, (219)

rne P"(cos@) — acconmaruBuas Gpynxuus Jlexanapa ¢ dasoit Kongona — Mlopmiwy.
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Ha puc. 9a mpencraBieHsl pe3yabTaThl MOJCTAHOBOK PAa3JIMYHBIX HAOOPOB KBAHTOBEIX WHCElN 7, [, m B BeIpakeHue (217).
I'paduku HEKOTOPBIX BOTHOBBIX GYHKIUH ¢ (1) pim = W(r)num, TOKa3aHbI Ha puUC. 90.

1 _ o
¢(T')100 = e 7/ao (220) Wioog Is—cocmosnntie | Ls—cocmoanue
I’l=1, l=0, m=0 raj n=1,0=0,m=0 n=L1=0,m=0
1 T
r =— (2 —— e—r/Zao N

n=2,1-0, m=0 | P20 3( ao> . ‘
4 |magy »

r A 25— cocmosnue A 25 - cocmonHue

n=2 1=1. m=0 O(1)210 = —eT/2%¢0s6 W 200 n=21=0.m =0 i n=2.0-0.m -0
2 2

0
4 |mag

v

r r
—e /2% gingpcosh \/_

n=2, 1=1, m=+1 | $(M211 =

Q
S w
Q Q

4 |ma3°
W00 h 35— cocmontiie ) N 35— cocmonnue
n=3,1=0,m=0 407 | | n=31=0m=0
1 r
)p1-1 = ———=—-e "/2%singpsing ST~
n=21=1, m=-1 $(r)ai-1 % @ \/ >
4 |mad »
a) 6) B)

Puc. 9: a) Bonrossie ¢yuxunu sOIIK B «atome Boxopoaa» ¢ (1), i m MPH MOACTAHOBKE Pa3IMYHBIX 3HAYCHHH KBAHTOBBIX YHCEIT
n, I, m B BeIpaxkenne(217); 6) I'paduku Tpex BonHOBBIX GyHKIHH ¢ (1) n 1 m = YT )pm (217); B) Il0THOCTH pacHpencicHus

2
BEPOATHOCTH 4172 |¢>(r)n','m| Toro, uto AIIK Haxoaurcs B cdepuaeckoM croe 4mwr2dr

U3 rpaduxoB GyHKui ¢ (1), m = Y nim (217) Ha puc. 96 BUIHO, YTO B 3THX COCTOSHUSX SAPBILIKO €5 -«IIPOTO-KBapKa»
(sDI1K) 6ostee BEpOATHO OOHAPYKHUTH B IIEHTPE «aTOMa BOAOPOa». DTO MPOTHBOPEUHUT, YTBEPKICHHUIO, UTO BHEITHSA 060-
JIOYUKa SAPHIIIKA dr ' -«IIPOTO-KBApPKay» Ha MAJbIX PACCTOSHUAX B cpeaHeM BhITamkuBaeT AOIIK u3 1eHTpa spa «aroma BoIo-
poma» (cMoTpute §5). JIpyrMHE CIIOBAaMH, B paMKax pa3BHBAEMOM 3/1€Ch CTOXaCTHYECKOM METPHKO-INHAMHIECKON MOIeTn
BEPOATHOCTD TostBIeHus SIIIK B eHTpe sapa «aToMa BOJI0OPO/Ia» JOIKHA ObITE MUHUMAJBHOM.

Ilo sceu eudwuocmu, coz0amenu K8aAHmMoBO-MeXAHUYECKOU MOOenu amomda 80()0])0()(1, mak Jice noHumaiu, 4¥mo 6 yenmpe smoco amoma
JJIEKMPOH MOdHCem nosaeumscs ¢ Haumenbulel BEPOANHOCMbIO. Tounee, us pa60m Hunvca Eopa OHU 3HAIU, 4mMo 21eKmMpPOH 6 OCHOBHOM

amegh? - -
m Uez ~ 5,29 -107° cm. [Tosmomy 6 KeaHmosoii mexa-
e

cocmoanuu Haubonee 8epoAMHO 0bHAPYIHCUMb 8 palioHe 6OPOBCKO20 paouyca a, =

Huke (KM) nabnrodaemotl eenuyunoll cuumaemces nIOMHOCMb pAcnpeoeneHus 8eposmHoCmu 4'7T7”2|¢(7”)n,l,m|2 0OHAPYAHCUD DNEKMPOH 8
chepuueckom cnoe meancoy cghepoii ¢ paduycom r u cgepoii ¢ paouycom r+dr. I paguku smux niomnocmel 6epoOSMHOCMU NOKA3AHbI HA
puc. 96. O0naxo maxou PopManbHbIll MAMEMAMUYECKULl NPUeM 6bl2A0UM HeOOCMAmouHO yoeoumenbHsiM. B smom ciyuae seposmuocms
0BHAPYICUMb IIEKMPOH 6 YeHmpe A0PA YMEHbUWAEMCs He U3-3a CYWHOCMHOTL 6011H060U Qynkyuu G (T )y m, @ U3-3a ymenbuenus obvema
Maxou QopManbHbill MamemMamuyecKuii npuem onpasoan mem, Ymo y S1eKmpora 6 UX npeoCcmasnenuu Hem Hu mpaeKmopul O8UNCEHUs,
Hu pasmepa. OHu npeOCcmasiaom 1eKmpon He KaK 4acmuyy, a KaK Hekoe s1ekmponnoe oonaxo. [loomomy neeko npedcmagums, 4mo 6
NPOYEHMHOM OMHOWLEHUY 8 YEeHMpPe A0PA IMO20 001aKa MeHbule, YeM Ha BOPOBCKoll opbume.

B paMkax cTaTHCTHYECKON METPHUKO-AMHAMHUYECKONW MOJIENIN «aToMa BOJIOPO/Iay, pa3BUBAaEeMOH 371eCh, XaOTUYECKH OITyKaa-
1o11[ee APHIIIKO €5 -«IpoTo-kBapka» (19I1K) umeeT BronHe oury TUMbIi 5Q)EKTUBHBIN pasMep T7qrf ~ 10717 cm (puc. 7r u
11) u cnoxHy*0 TpaeKTopuro ABMKeHHS (puc. 70). [Ipu 3TOM ciexyeT yauThIBaTh peaabHoe, a He popMaabHOE, BRITAIKHBAHHE
a0I1K u3 neHTpa siapa «aroMay BHENIHEN 000J0UKOM AaApsIIKa dr F-«IpoTo-KBapKay.

Jliist periieHust JaHHOM MPOOJIEMBI YCPETHEHHYIO MOTEHIIMAIBHYIO0 SHEPTETHYHOCTE U (1) XaoTHyecku Oiyxaaromiero sOIK
BHYTPH «aToOMa BOJOPOJa» TPEIaraeTcsi ONpe/ieNInTh He Ha OCHOBE YIIpoleHHoro yckopenus (210), a Ha ocHoBe Oosee
TOYHOTO BhIpaxeHus (197) mpw | 7erf I<I 7 |

2 2
Uer(T) = %:) ~ [P (r)dr = fLefozdr = —v?earcsin (rerl) (221)
2r2 <1— e§f>

I'paduk rannok GyHKIMH IPH YCIOBHO IPHHATBIX V, = T,5¢= 1 NpuBeieH Ha puc. 100.
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B sToM ciyyae ctoxactudeckoe ypasHenue [Ipeaunrepa (201) mis sia- 9 . ;

phIIKa ey -«mpoTto-kBapkay (sOI1K), xaoTudyecku OIykIaroIiero B T
OKPECTHOCTH sIJpa «aToMa BOJOPO/Ia», MPUHUMACT BH/ Ve
snf oo _ VR o (Tess _ 1
— =LV —Z2arcsin (= )| p(r) = epp(r), (222)
4 2 r
u(m | |
V T
2 eff o u(r) = —— eﬁ :
wm V2 (r) +o5l¢ +—arcsm( ) o) =0, (223)
|
a TaKKe B BAPUAHTE KBAHTOBOI MEXaHHKU ok » L L L 1
a) r
2 T T T T
2 m _ AR A —
\ hze (s + —arcsm ( )) Y(r) =0. (224) /_//-r—/
)/’ '
Pemenuto ypaBHenus (223) (unm (224)) HeoOXOAUMO HOCBATHTH OT- -oor 1
JeTbHOE HcclieoBanne. BO3MOKHO, 3TO MO3BOJUT Y4eCTh Takue 3¢- ’
(eKThI KaK, HalpuMep, ISMOOBCKUI CABUT U JPYTHE PaJHallOHHBIE [10- u() Uegs(F) = — v—ezarcsin (reff)
MPaBKK K TOHKOM CTPYKType aToMa BOopoia 6e3 MpUMEHEeHHUs MeTO/Ia s eff 2 ]
TEOPUH BO3MYILCHHUIA. |‘
\
Ho ysxe ceifyac MOKHO OTMETHTB, YTO TIPH T >> Terr \'

% m éc w 100
vir "
-= arcsm ( eff) — = eff (225) 0)
2r Puc. 10: a) I'paduk pyuxuun u(r) (211) npu
YCIIOBHO HPHHATBIX Vg = Tepp=1;

9TO BUIHO U3 TpadukoB 3TuX QyHKIM (cMoTpuTe puc. 10), a Takxke U3 6) Mpadux bysxmn w(r) (221) npu yCI0BHO
TOrO, uTo ycKopenwue (197) mpu r >> 1, sy IPHONMKEHHO PaBHO yCKOpE- NIPHHSATBIX Vp = T =1

Huto (198).

IMostomy mmst 911K, Haxonsmuxcs Ha OOJNBIINX PACCTOSHUAX OT Spa «aToMa BOAOpPOJa» (HampHMep, Ha PacCTOSHUAX
Gonbure GOPOBCKOTO pamuyca r > ap = 5,29 <107 ¢cM) MOXKHO NMPUONMIKEHHO CUMTATh, YTO ypaBHeHue (223) mepexomuT B
ypaBHeHue (212)

V2p(r) + 3% (e + "Zz—rff) () =0, (226)

HO 3((heKThI, CBA3aHHBIE C TOHKON CTPYKTYypOH aroMa BOIOPOJa, JaHHOE CTOXaCTHUECKOE YpaBHEHHE HE YUUTHIBACT.

3AKIIOYEHHE

B nanHO¥W uyeThIpHAAUATON YacTH MPOEKTa 1o oOmuM Ha3BaHueM «['eomerpusupoBanHas ¢usuka Bakyyma (I'®B), ocHo-
BanHas Ha AnrebOpe curHaryp (AC)» (cokpamenHo [®B&AC) [1,2,3,4,5,6,7,8,9,10,11,12,13 umm https://metraphysics.ru/]
paccMoTpeHa cToXacThiecKkass MeTpUKo-auHaMudeckast mojens (CM/IM) «aToMa Bogopoa» Kak CTabHUILHOTO BaKYyMHOTO
obpaszoBanue. Ha mprmMepe 3T0ro caMmoro mpocToro «aToMay Imoka3zaHa METOIMKa HCCIIEJOBAHMUS €ro BHYTPEHHEH CTPYKTYHI,
KOTOpast MOXKeT OBITh MpuMeHeHa 11 nocTpoeHnss CMJIM Bcex M3BECTHBIX «aTOMOBY» M «MOJICKYID).

B pamkax T®B&AC «aTtom BoJ0po1a» — 3TO CTa0MILHOE HEHTpambHOE (T.€., B CPEIHEM TUIOCKOE) BaKyyMHOE 00pa3oBaHUe,
COCTOSIIIAS M3 «3JIEKTPOHAY (MK JKENITOTO e -«kBapka») (11) 1 «poTOHa», KOTOPBIN ¢ PABHOM BEPOATHOCTHIO MOXKET HMETH
TPH BO3MOXHBIC CUTHATYPHBIE (T.€., Tononornyeckue) konpuryparmu (31) — (33), 1 HenpepbIBHO XaOTUYECKU TpaHC(HOpMU-
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pyroumecs npyr B apyra. OnuH U3 BapHaHTOB METPUKO-IHHAMUYECKON KOHOUTYPAIIU «aToMa BOIOPOAa» MPEICTABICH B
passepHyTOM Buze (72).

B otinune ot coBpeMeHHbIX mpeacrapieHuil, [ @B&AC npeackasbiBaeT, 4TO BO3MOXHO CyIIECTBOBAaHHE TaKKe BTOPOI MO-
JudUKaMy «aToMa BOJIOPOAAy, CTOSLIEH M3 IIO3UTPOHA» (WIIH ex -«KBapka») (21) M «aHTUIPOTOHA», KOTOPBIH C paHOMN
BEPOSATHOCTHIO MOKET UMETh TPU BO3MOXKHBIC CHTHATYpHBIC (T.€., Tonmojorudeckue) koupurypamnuu (34) — (36), u Henpe-
PBIBHO XaOTHYECKH TPaHC(HOPMUPYIOLIKECS APYT B IpYyTa.

Bropoii BapuaHT MOKHO Ha3BaTh «aHTH-aTOMOM BOZOPOJIa», HO 00€ 3TN MOAU(UKAIINN «aTOMa) COBMECTHO COCYIIECTBYIOT
(T.€., OHM HE aHHUTHIMPYIOT N3-32 HENPEPBIBHBIX TOMOJIOTHYECKHX METaMOP(}03 X TIOCTOSIHHOTO TETIIOBOTO IBMXKEHHMS), TI0-
3TOMY HX 0oJyiee KOPPEKTHO Ha3BaTh MY’KCKOH M JKEHCKOH 0COOSMH OIHOTO M TOTO €& XMMHYECKOro sneMeHTa. C TOukKH
3pEeHMUsI CIIEKTPOCKOMHHU 3TH ocobn («M-artom Bomopoma» u «XK-atom Bomoposa») HEOTIMIMMEI, TaK KaK YCTPOCHBI COBEp-
IIEHHO OJMHAKOBO, ABJISSICH HETATUBHBIMU KOIMSIMU JIpYyT Ipyra. B aToii ctaTbe paccMOTpeH TOJbKO «M-aToM BOAOPOAa»,
T.K. «JXX-atoMm Boiopo1a» yCTPOCH TOUHO TaKKe, TOJbKO BEIBEPHYT HAU3HAHKY.

ITpu ycpenHeHUM COBOKYMTHOCTH METPHK (72) W3 XaOTHYECKH (IYKTYHPYIOLIETO BaKyyMa B OKPECTHOCTH LIEHTpa «aroMa
BOJIOPO/a» BBIACISIFOTCS SIAPO TOTO «aroMay ¢ 3()(GEKTUBHBIM palnycoM reff~10'13 CM (cMOTpHTE pUC. 7a) U MU3EPHOE
BHYTPEHHE S/PHIIIKO «3JIEKTPOHA» (T.€., A/PBIIIKO ex -«IIPOTO-KBapKa») ¢ paguycoM 15, ~10724cM (cmoTpute nepapxuio pa-
nuycoB (62) u puc. 11)

T7eff~10_17CM

<
<

»
>

Puc. 11: dpakranbHas WLTIOCTPALHS TOTO, KAK BHEIIHsISI 000JI0YKa ex -«IPOTO-KBAPKa» OKPYKAeT ero Mu3epHoe sapbimko (s911K)
C Mpe/inoNaraeMbIM pagnycoM 7,~1072%cM, 1 kak IIMKJIOH YBJIEKAETCs 3a €r0 XaOTHYECKUM MepeMeleHreM. BmecTe ¢ TeM GIMKHSS K
SIIPBIIIKY 9acTh BHEITHEH 000IOYKH OTIACTH BXOIUT B 3 dexTHBHbIH pasmep camoro sOITK T7eff~10_17CM (cMoTpuTe pHC. 7) U BIH-

SeT Ha BEJIMYMHY OCHOBHBIX XapaKTEPUCTUK UCCIEMYEMOTO CilyqaiftHoro Tporecca 20,2 /Trcor
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Ewe paz ommemum, umo mol ne umeem IKCREPUMEHMATLHO NOOMBEPIHCOCHHO20 PASMEPA AOPLIUKA Cye' -« NPOMO-KEAPKAY,
0OHAKO DOCMAMOUHO YBEPEHHO MOICHO Ymeepacoamp, ymo 1, << 10717 cu.

B AApe «aToMa BoAOpOoJa» IMpU YCPEAHCHUU MPOABIAIOTCA B3aMMOCBA3aHHBIC AAPBIIIKH OJHOTO d[+-<(HpOTO-KBapKa)) " ABYX
Uj -«IpOTO-aHTUKBAPKOBY (pPIC. 6u 7), KOTOPBIC MMOCTOAHHO Xa0TUYCCKH NEPEMEIIAIOTCA OTHOCUTCIILHO LCHTPA sJpa U OT-
HOCHUTECJIBHO APYT ApYyra, a TaKKE MOCTOAHHO TOMMOJIOTUYCCKU NEPECTPAUBAIOTCA B Pa3JIMYHBIC Y3JI0BbBIC KOM6I/IH&HI/II/I (31) —

(33) (puc. 6).

B cpennem BHemHne 060109KH d;'-«IPOTO-KBapKa» M OBYX Uj -IPOTO-aHTHKBAPKOB» COBMECTHO (HJOPMHPYIOT BHEIIHIOKO
060J104Ky 5pa «aTOMa BOZOPOAa» ¢ dPHEKTHBHBIM PajnycoM T,r~10713cM, KOTOpas B CpeHEM NPUTSATHBACT SIPHIIIKO
ex'-«npoto-kBapka» (19I1K), ecliu 0HO HAXOAUTCA Ha JAOCTATOUHO OOJIBIIOM PACCTOSHUM OT AaHHOTO sapa (r >> 1073cm).
JlarnHOE ycpemHeHHOe B3amMoneicTBHe simpa «aTtoMa Bomopona» ¢ AOIIK HOCHT KyTOHOBCKHHA XapaKTep W OIPENeNsIeTCs
MMOTeHIMAIBHOCTHIO BHa (211)

2
Ve Teff
U\r) =——"—".
( ) 2r
Onnaxo no Mepe npubmmkenns aIIK k sapy «aTtoma Bogopoaa» (T.€., IPH I = T,ff), HA HETO HAYMHAET BIMATH OTTAIIKH-

BaHHE CO CTOPOHBI BHEIIHEH 000JI0YKH OJHOUMEHHO 3apsDKEHHOTO d; -«IIpoTo-KBapKay. JlaHHOe 0OCTOSATENBCTBO IIpEIara-
eTcsl Y4ecTh 3a cyeT BBeJeHus 3 (PeKTUBHON MoTeHIHabHOCTH (221)

2
v, . T
Uege(T) = — farcsm (%)
YcpenHeHHOe NOBe/IeHHE XaOTHYECKH Oy aaromield yacTuisl (B yactHoctH, si0I1K) B obnmacti npocTpaHcTBa, r/ie Ha Hee
OKa3bIBaeTCA IIOCTOSHHOE YCPEAHEHHOE CHIOBOE BO3JEHCTBHE (B UaCTHOCTH, B pPalioHe g1pa «aToMay) ObLIO pacCMOTPEHO B
[13,14]. B aTux crarbsix ObUIO IOKAa3aHO, YTO YCPEIHEHHBIE COCTOSIHHMS TAaKUX YaCTHUI[ OIHMCHIBAETCSI CTOXAaCTHYECKHM ypaB-
nerneM lpeauarepa (201).

C ydgetoMm noTeHnuansHoCTH (211) cToxactiaeckoe ypaBHeHue llpennarepa it paccMaTpUBaeMOTO CIydast XaOTHIECKOTO
noseneHus 11K B okpecTHOCTH siipa «aToMa BOAOpoaay nMmeet Buz (212)

—¥v2 - ”—ggjff b(r) = ep(r). (2127

JlaHHOE ypaBHEHHE C TOYHOCTBIO JI0 TIOCTOSIHHBIX KO3((QUIIEHTOB COBIaiaeT ¢ KBAHTOBOMEXaHH4YeCKUM ypaBHeHueM Lllpe-
JIMHTEpa JJIsl DJIEKTPOHA B aToMe BojiopoJia (213).

Pemenus ypasuenuit (212) u (213) onunaxoBsie (217) — (218) ¢ TOYHOCTBIO A0 MOCTOSHHBIX K03()(PUITHEHTOB, M UCKOMBIE
byukiyn ¢(r) u PY(r) UMEOT OJHO U TOXKE 3HAYEHUE — AMILIUTY (Bl BEPOSITHOCTH OOHAPYKUTh Xa0THYECKHU OJIy K IAFOIILYFO
yactuy (XBY) B Toif MM MHOHM Touke mpocTpaHcTBa. Ho mHTEpIpeTanusi cTOXacTHIECKOro M KBaHTOBO-MEXaHHYECKOTO
TIOJIXOJIOB M TIOJYYEHHBIX PE3YJIbTaTOB COBEPIICHHO paziauyHas. Mbl He OyneM 371ech MOBTOPATH KONIEHTareHCKYI0 MHTEp-
npeTanuio KBaHToBoi Mexanuku (KM), T.k. oHa mMpoKko u3BecTHA. B pamkax croxactnueckoro noaxona k KM, nmomyuns-
ero passutre B padorax Dusapaa Henbcona, XBY (B 4aCTHOCTH, SUIPBILIKO €5 -«IIPOTO-KBAPKa») UMEET OUEHb MaJCHbKHIE
PasMepsbl 110 CPABHEHHIO C MCCIIEMYEMOI 00J1aCThIO MPOCTPAHCTBA (B YaCTHOCTH, PaNyC sApbIIKa 75 ~1072*cM) u peanbHyro
TPAEKTOPHUIO JIBHKEHHUS, HO OYCHb CIIOXKHYI0. [ToaToMy m3ywaercst He camo aBmxeHne XbU, a ee ycpegHEHHOE COCTOSTHHE
[13,14].

Hanpwwep, eCcliu CHUmMams Ha KUHokamepy noseoenue NMu4KU 8 Kiemke Ha nponAdNCeHUU HeCKOJIbKUX Cymok, a samem 60cC-
npouseecmu 6Cro 3my 3adnucob 6 medyeHue 15 MUHyni, mo Ml He ye‘uOuM nmu4Ky, a mojlbKo pasmsvlmoe niammo, cCoomeenicmey-
oujee niomHocmu pacnpeaeﬂeywi seposimHocmu mecma ee 603MOHCHO20 Haxoodicoenust. Bonee mozo ecau nomensimo yciaoeus
Cyuecmeo8aHusl NMU4YKU 6 Kiemke, Hanpumep, 3Ha4umeslbHo USMeRUms memnepanmypy uiu 6KJI04ums ceem 6 nomeuleHuu ¢
memkoﬁ, u npobeﬂamb me oice Oeticmeusi ¢ KUHO3anucwvro, mo 8blACHUMCA, 4mo KOH¢u2ypal4uﬂ pasmvlmoeco niamud CKa4ko-
06pa3H0 UBMEHUMDBbCAL.
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B croxacTuueckoif KBaHTOBOW MEXaHUKE HET Pa3HULBI MEXAYy aHaJIOTHY-
HBIMH TIPOIIECCAMU B MUKPO- U Makpomupax. Bce Tena B 3aMKHyTOM 001a-
CTH C HCM3MCHHOM MOJIHOW MEXaHUIECKOM dHEPTucii B cpeTHEM BeayT ceOs
OJIMHAKOBO, OYJIb TO: SIIPBIIIKO €y -«IPOTO-KBAPKa» B OKPECTHOCTH SIIpa
«aTroma BOJOPO/ay», PhIOKa B KPYIJIOM aKBaAPHUyME, XaOTHUCCKHU OJIYkKIar0-
IM{A [IEHTP MAaCC IUIAHETHI WM JPOXKaIIee SAPO KUBOW OHMOIOTHYCCKOU
KJIETKHU U T.J.

Bce nomoOHble cityyaiHble MPOLECChl MOAYHHSIIOTCS OJWHAKOBBIM 3aKO-
HaM, KOTOpbIE 00YCIIOBICHBI OJIHOBPEMEHHBIM BIHSHHEM ABYX UCXOHBIX
MPUHIIUTIOB: «IIPUHIIUITA HAWMEHBIIETO JEUCTBU (BEIylIEMy K yCTAaHOB-
JICHHIO TOPSJKA B JIFO0OM CTOXACTUYECKOM CHCTEME, YTOOBI MHHUMU3UPO-
BaTh PHEPTETHUYCCKUE U MH(DOPMAIMOHHBIC 3aTPAThl) U IIPUHIIUIIOM MaK-
CUMYMa 3HTPOIHMN (YBICKAIOIIEMY CTOXaCTUYECKYIO CHCTEMY K 3aIloJIHe-
HUIO BCEX BO3MOXKHBIX €€ COCTOSIHUI ¢ Hanboee 3pPEKTHUBHBIM mepepac-
MpeeICHUEeM YHEPTHH, YTO YaCTO COMPOBOXKAACTCS YBEIMUCHUEM Xa0THY-
HOCTH).

B cratesx [13, 14] o6a »Ta npuHIHIIA OObEANHEHBI B OJWH IIPHHITAI «3KC-
TpemyMa 3H(HEKTUBHOCTI» IS IFOO0H CTOXaCTUIECKOH CHCTEMHI (T.€., TI0
CYTH, JUIA JII000H CYIIHOCTH B OKpY’KarolleM HAC MHUpPE, TaK KaK y BCETO,
YTO HAC OKPY’KaeT €cTh KaK JeTePMUHUPOBaHHAA (T.€., yCpEIHEHHAs), TaK
U ClTy4aiiHasi COCTaBIIAIOIIAs CyIIeCTBOBaHMS). [I[puMeHeHe TaHHOTO 00h-
€MHSIFOLIETO MPHUHIIMIIA K UCCIICTOBAHUIO PA3IMYHBIX CTOXACTUYECKHUX CH-
CTeM, C UCIOJIb30BaHHUEM BapHAIMOHHOTO MCUYUCICHUS, TI03BONMIA MOTY-
YHUTh CTOXAaCTUYECKUE YPABHEHHUS JUIsl OIIMCAHMUS YCPETHEHHOTO COCTOSHUS
MHOTHUX CIy4aiHBIX IIPOLIECCOB, B TOM YHUCIIE, CTOXAaCTUUECKHE YPaBHEHHMS
IIpeaunrepa.

OCHOBHBIM OTJINYMEM KBaHTOBO-MEXaHWYECKUX YPABHEHHI OT CTOXaCTH-
yeckux ypaBHeHui lllpennnrepa 3akiodaercs B TOM, YTO BMECTO CHIIBHO
OTpaHWYMBAIOIIETO IPUMEHEHNE OTHOLIEH!sI TocTostHHOM [TmaHka k Macce
yacTuisl (/m,), B CTOXaCTUUECKUX YPABHEHHUSX MCIIOJIB3YETCS OTHOIIIE-
HHE yJIBOGHHOM HUCIIEPCHH CIIy4alHOTO mporecca K ero KodQQUIHeHTy
ABTOKOPPENAIHHU (202 /Treor ), KOTOPOE MOXKET OBITH OLEHEHO MTPAKTHYECKH
JUIst JII0OOTO CITy4aifHOTO Ipoliecca.

Heobxonnmo, 0JJHaKO, OTMETHUTH, YTO B paCCMATPUBAEMOM 3a/1a4e 10 U3y-
YeHHIO ycpeaHeHHoro noeaeHus 101K B okpecTHOCTH siapa «aToma BO-
JIopoJia» MO0aBIIETCS eIle TeOMETPHUYCSCKIIA aclieKT. B paMkax pa3BuBae-
MOW 3lIeCh TEOMETPH3MPOBAaHHOW (M3WKH BaKyyMa BOKpPYT SApBIIIKA
ex -«mpoTo-kBapkay (1JI1K) umeercs BHEIHssI 060I04Ka, KOTOpAst SIBIIS-
€TCsl UCKPUBJICHHEM BaKyyMHOH NpPOTSHKEHHOCTH, OKpY’Kalolled NaHHOE
sapsiko (cmotpure §2 B [7]). B croxacTHueckoM 1moxo/ie Mbl IpaKkTHYe-
CKH{ HE YYHUTHIBaeM MoBeAeHue BHenHer obomouku 211K (puc. 1, 7r, 11).
TouHee, MBI CUMTAaE€M, YTO MCKAXKEHHS M HAIPSKEHUS JIAHHOW BHEIIHEH
000JIOYKH OKa3bIBAIOT BIMSHIE HA OTHOMIEHHUE 207 /Ty cor JUI XAOTHUECKH
omyxnatoriero sOIIK. Oxnako npu 6osee AeTaTbHOM PAacCMOTPEHUU 00-
Hapy>XUBaeM, 4TO BHEUTHsI o0osouka crexyet 3a 211K (puc. 12) u mpu-
HUMAaeT HEKOTOPYIO YCPEAHEHHYIO TOIIOJIOTHIECKYI0 KOH(PHUTYpaIHIo, B 3a-
BHCHUMOCTH OT IIJIOTHOCTH paclpeieieH!s] BEPOSITHOCTH MECTa HaXOXze-
Hus a0I1IK B okpecTHOCTH s1ipa «aToMa BOAOPOAa». DTy YCPETHEHHYIO TO-

Puc. 12: ®dpakranpHble WILTIOCTpanud Oypis-
IEro sjapa «aToMa BOIOpPOJa» M Ppa3MbITON
BHEIIHAS 000JI0YKA XaOTHYECKU OITy’KIaroIIero
SPBILIKA ex -«IPOTO-KBAPKa»
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MOJIOTUUECKYI0 KOH(pUTypanuio BHeMmHeH obomouku sOIIK Takke MOXKHO, OTIaCTH, HHTEPIPETHPOBATh KaK yCPEIHEHHYIO
(hopMy 3IIeKTpOHHOTO 00aKa.

KBaHTOBas MeXaHMKa B KOIIEHrareHCKOM MHTEPIIpeTal[iy IPAKTUYECKHU 3alpeIlacT 3ariaabiBaTh B T€OMETPUIECKYIO U TUHA-
MUYECKYI0 CTPYKTYpY BHYTPHATOMHBIX nporueccoB. Torna kak @B&AC [3,4,5,6,7,9,10] B COBOKYNHOCTH CO CTOXaCTHYE-
CKOW KBaHTOBOHM MexaHuko# [13, 14] no3Bosnsier (opMHPOBATH METPUKO-AMHAMUYECKHE CTOXaCTHYECKUE MOJIENN CTaOWIIb-
HBIX BaKyyMHBIX 00pa30oBaHUil, TaKUX KaK «aTOM BOJOPOJa», U MHOTUX JIPYTHX MOJOOHBIX T€OMETPO-CTOXAaCTUUECKHX CH-
CTeMax C yJacTHEM XaoTHYECKH OJIy>KIaloIUX LIEHTPOB, HAIPUMED, IPYTUX «aTOMOBY, saep OHOIIOTHYECKUX KIETOK, IIEHTP
Macc IIaHeT, 3Be3/l, TaNaKTUK U T.1.

Croxactrdeckoe ypaBHeHue (212) n kBaHTOBOMexaHndeckoe ypasaeHue llpennarepa (213) mMeeT OqHA U T€ XKe peIIeHIs
(217) ¢ TOYHOCTBIO 10 TIOCTOSHHBIX KOA((HUIMEHTOB. B ITOre OHM ONMMCHIBAIOT OJMH U TOT )K€ CIEKTPHI H3IyUCHHS aTOMa
BoJopoaa. OfHAKO B JAHHOW CTaThe NPEANIoKeHO MoauduIrpoBaTh ypaBHeHue Llpenunrepa Ui «aToMa BOIOpOIa» ¢ yde-
ToM 3¢ deKTHBHOI moTeHImansHoCTH (221). B aToM ciryuae croxactudeckoe ypasHeHue Llpenuarepa mmeet Bup (223)

2 4 [e 4+ % aresin (TeLL _ g
Vip(r) + o £+ arcsm( - )] ¢(r) =0. (2239
[orennuansroctH (211) 1 (221) oyeHb MOX0XK OCOOCHHO Ha OOJIBLION yIAIICHHOCTH OT SIIpa «aToMay» (CMOTpHTE rpauKu

Ha puc. 10), omHaKO Manble OTKIIOHEHUS ypaBHEHUS (223) ot ypaBHeHHA (212) BO3MOXKHO IIOMOTYT YTOUYHHUTB CIIEKTp H3ITY-
YEHHSI «aTOMa BOJIOPOAA» U COTJIACOBATh €TO C HKCIIEPUMEHTAIBHBIMHU JJaHHBIMHU 0€3 PaJHaIlliOHHBIX MTOIIPABOK.

[IpencraBneHHas B JaHHOH CTaThe METOJMKA BBISIBICHHUS CTOXACTHUECKOW METPUKO-IMHAMHIECKOH MOJIEIH «aToMa BOJO-
poZa», OCHOBaHHAsI HA YCPEAHCHNH COBOKYITHOCTH METPHK-PELICHIH BAKYYMHOTO ypaBHEHHS DiHIITeHHA (72) MOXET OBITh
MMPUMEHCHA JJIsA TOCTPOCHUA aHAJIOT'MYHBIX Moz[eneﬁ JIFOOBIX «aTOMOBY U3 HepnozmquKoﬁ CUCTCMBI XUMHYCCKHX DJICMCHTOB
J.1. Menneneea. Hanpumep, HibKe peACTaBieHa O/IHA U3 MHOXKECTBA BO3MOXKHBIX TOMOJIOTHUECKHX (Y3JIOBBIX) KOH(HTY-
panuii *He-«atoma reaus»

+ + -+
(- — + +) P2-«IpOTOH» (227)

o+ )

(- +-9)
(+ - — 1) ps'-«aHTHOPOTOHY
(+ —+-)

(= + + +) «no3uTpon»

- -9

(t+ -, O_«HeitTpon»
+ ++ ) 7

C -+

+ + +4

(+ — + ) ne’-«HEHTPOHY
C+ )

-

(+ — — —) «OICKTPOH»

‘He(0 0 0 0) «aToM remus»

I'JIe KaX/I0i CHTHAType B YHCIUTENE paHkupa (227) COOTBETCTBYET «KBapK» MIIN «aHTUKBApK» U3 Ta0II. |, KOTOpHIE 3a7aroTcs
coBokynHocTaMHU 10-tu metpuk Buaa (2) — (10).
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Bepoamnocmuulii n00xX00 K MempuKam-peuteHUAM 6aKyyMHbIX YPAGHeHUll IUHumelna

B a10ii cTathe, kak u Bo BceM mpoekte [ BO&AC [1,2,3,4,5,6,7,8,9,10,11,12,13 wmu https://metraphysics.ru/] MbI HCXOHITH
U3 TOTO, YTO BCE METPUKHU-PEIIEHHs BAKYYMHOTO YpaBHEHUs DUHIITEIIHa OTHOCATCS K OIMUCHIBAEMOI MU METPHKO-IAUHAMHU-
YEeCKOW CHCTEME C paBHOI BeposiTHOCThI0. Hanpumep, B pamkax [ BO&AC, MeTpuko-TiHaAMIYecKast MOJIENIb BHEIIHEH 000-
JIOYKH «IIPOTOHA» OIUCHIBAIOTCSI COBOKYMHOCTHIO 12-n MeTpuk-pemenuii (40), (43) u (46) BToporo BaKyyMHOTO YpaBHEHUS
OliHmreiina. [Ipu 3TOM MBI IpU yCpeAHEHNH MOJaraiu, 4To Kaxaast U3 ’TUK METPUK=pELICHUH MOXKET MPOBSUIATCS B o0Iei
CHCTEME C PaBHOI BepOATHOCTHIO 1/4.

OpnHako, €CIIM MPEATIOI0KHTH, YTO BCE 3TH METPUKH-PEIICHHS MOTYT MPOSIBIATHCS B CHCTEME (T.€. B KKOPITyCKYJIE») C pa3HOH
BEPOSATHOCTHIO, TO MaTeMatudeckuii anmapatr [ BO&AC cranet He com3mMepuMo OoJiee 60TaThIM U BO3MOYKHO MTO3BOJIHT OIH-
caTh 3HAYUTENBHO 00JIee MIMPOKUIN KITacC SIBICHHUM.

Mecmo T'BO&AC ¢ psady cospemenHblX HAYUHBIX NAPAOUZM
B coBpeMeHHOI Hayke UMEET MECTO HECKOJIBKO CIICAYIOIIMX TIaBEHCTBYIOIIMX HAMIPABICHHUH.

1) KeanroBas teopus noist (KTII) — 3to GpyHmameHTanbHbIi paszaen GU3UKH, KOTOPBIH 00beANHIET IPUHIUITBI KBAHTOBOM

MEXaHUKHU U CIIENUAIBHON TEOPHH OTHOCHTENBHOCTH. OHA OMMCBHIBAET NOBEJECHUE DIEMEHTAPHBIX YACTUL] U UX B3aUMOJEH-

CTBHS HE KaK ABIKEHHE TOUCUHBIX OOBEKTOB, a KaK BO30YyXIeHMs (KBAHTHI) (DyHIAMEHTAIBHBIX ITOJICH, TPOHU3BIBAIOIINX

IIPOCTPAHCTBO-BpeMs. B pamkax 3Toi Teopun:

- KJIACCHYECKHUE OIS (3JIEKTPOMAarHuTHOE, Mot Jlupaka) CTaHOBSITCS OIlepaTopaMu, IEHCTBYIOIMMHI HA COCTOSTHHUS;

- IPOLIECCHI BRITTISLANT OJJMHAKOBO JUISl BCEX MHEPIUAIbHBIX HaOIronaTenei (T.e., iMeeT MecTo JIopeHn-MHBapHaHTHOCTb);

- cornacHo Teopeme OMMu Hétep, kaxkaas HepepbpIBHAS CHMMETPUS JIarpaHKMaHa MOoJIs TOPOKIAET COXPAHIOMUICA TOK U
3apsj (3HEPruro, UMIYJbC, YIEKTPUIECKUN 3aps1, IBETOBOII 3apsaa U T.11.);

- B3aMOJICHCTBHS ITOJIEH M MX KBAHTOB IIPOUCXO/ISIT B OJHOH TOYKE POCTPAHCTBA-BPEMEHH. DTO MO3BOJISIET U30eXKaTh «IeH-
CTBUS HA PACCTOSTHUM» (JIOKAIBHOCTD).

B ominune oT 00BIYHOIT KBAHTOBOW MEXaHUKH, I'JIe YACTUIIA — 3TO BOJHOBOM MaKeT, ¥ KOTOPasi OMKCHIBAET CUCTEMBI C (DUK-

cupoBaHHbIM unciioM yactui, KTII nmocrynupyer, uTo GpyHIaMeHTaIbHOW CYIIHOCTBIO SIBJISIETCS IOJIE, 3aIlOJHsIoIee BCE

npoctpancTBo-BpeMst. B KTII a5ekTpoH — 3T0 HE TOYEUHBIH MApHK, a KBAHT BO30YXKACHUS AIIEKTPOH-TIO3UTPOHHOTO TIOJIA,

@®0TOH — KBaHT BO30Y>KAEHUS 3JIEKTPOMArHUTHOTO TOJIs. TO €CTh YacTHIIBI — 3TO PsiOb MIIM KBaHTHI (HAMMEHBIINE TIOPLUH

SHEpruM) cBOMX moJiei. Yueno yactuil He mocTostHHO. OHM MOTYT POXKIAThCS U McUYe3aTh (AaHHUTHIMPOBATh), PEBPAIasich

B Apyrue noist. Hanmpumep, 37eKTpoH + Ho3uTpoH — /1Ba GoToHA.

OcHoBHbIe ipobemsr KTII:

- 8 KTII nipum BeIYHCIEHHUSAX 9aCTO BO3HUKAIOT OECKOHEUHBIE 3HAUCHNUS AJIsl PU3UIECKNX BENUYMH (HAaIpHMep, Macchl U 3apsja

4acTHIl). DTO CBA3aHO C TE€M, YTO IIPOCTPAHCTBO-BPEMS B TEOPUU CIUTACTCS HEIPEPHIBHBIM U OECKOHEYHO JETUMBIM, a KBaH-

TOBbIE (PIIYKTYyal[M1 Ha CKOJIb YTOJIHO MAJIBIX MaciiTabax MpUBOJAT K MATEMAaTHYECKUM yIIbTPa(UOIETOBBIM PACXOAUMOCTSIM;

- KTII ne ymaércs coryacoBath ¢ 0o0miel Teopuei oTHocuTeabHOCTH. [Ipy mombiTkax mpuMeHuTs MeToasl KTII k rpaBura-

LIUOHHOMY I10JI0 BO3HMKAIOT HEYCTPAHUMBbIE MATEMATUYECKUE IPOTUBOPEUHNS U PACXOJUMOCTH;

- B KTII BakyyMm — He IyCTOTa, a COCTOSHHUE MOJIeH ¢ MUHUMAILHON HEPTUeH, 3aII0THEHHOE KBAHTOBBIMH (IIyKTYaIHsIMH.

OTO MPUBOIUT K TPYIHOCTSIM B MHTEPIIPETAINM (PU3UUIECKUX MPOIECCOB M K TMOSABICHUIO TaK Ha3BIBAEMBIX «BHPTYaJIbHBIX

YaCTHID, KOTOPbIE HAMPSMYIO HE HaOJIF01aeMbl, HO BIMSIOT HAa Pacu&Thl;

- B akcnomatudyeckoi KTII, HecMOTpst Ha CTPOTyI0 MaTeMaTHYECKyIO (POPMYJIMPOBKY, HE yIaéTCsl TOCTPOUTH HETTPOTHBOPE-

YHBYIO TEOPUIO B3aMMOAEHCTBYIOLIMX MOJIEH, a TaK)Ke MOJIyUYUTh HOBBIE IPOBEPSEMBIE HA OMBITE CIIEACTBUS, KPOME TEOPEMBI

0 cBA3M cnuHa co cratuctukoi u CPT-Teopemsr;

- B HEKOTOPBIX CIIy4asX SKCIEPHUMEHTAIbHbIE JaHHbIE (HalpuMep, aHOMAJIbHBII MarHUTHBI MOMEHT MIOOHA) ITOKa3bIBAIOT

oTkJIoHeHus oT npeackaszanuil KTII, uTo MoxeT cBUIETeNbCTBOBATH O HEMOIHOTE TEOPHH;

- metoabl KTII (Hampumep, Teopusi BOSMYIICHH, TrarpaMMbl DeifHMaHa) OueHb CIIOKHBI U HE BCET/1a TIO3BOJISIOT TOMYYUTh

TOYHBIE PEIICHUS [T B3aNMO/ICHCTBYIOMNX MOJIEH. BOMBIIMHCTBO pe3yIbTaTOB MOIyYaeTCs TOIBKO B BUAE IPUOIIKEHUI.

2) Obmras Teopust otHocuTensHOCTH (OTO) — 3TO TEeOpHs, B KOTOPOH MacCHUBHBIE TEJa M YHEPT U NCKPUBIIAIOT €IUHBIN IPO-
CTPaHCTBEHHO-BPEMEHHOH KOHTHHYYM. [Ipn 3TOM mpocTpaHCcTBO-BpeMs mepecTaeT ObITh GOpMaIbHOM CLieHOH, Ha (hOHE KO-
TOPOM pa3bIrPHIBAIOTCS CUIOBBIE B3aUMOAEHCTBHS MEKAY MaTepualbHbIMU TenaMu. OHO caMO CTAHOBUTCS yYaCTHUKOM IPO-
neccoB. Tena He TOIbKO UCKPUBIISIIOT IPOCTPAHCTBO-BPEMS], HO JBHIKYTCS 110 €0 F€0A€3UIECKUM JINHUSAM, T.€., 110 KpaTdai-
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[OIMM IIyTSAM B 3TOM 4-MEpHOM HCKpPUBIEHHOM KOHTHHYyMe. OcHOBHBIM MHCTpyMeHTOM OTO sBisieTcs ypaBHEHUE ODifH-
mreiHa - [unp0epra 11 HaX0KAEHHST METPUKHU B KaXKJ0H JIOKILHON 001aCTH IPOCTPAHCTBAa-BPEMEHH

1 8nG
Ruv - Engv " Tuvs
1 ypaBHEHHE DWHIITEHHA ¢ JIIMO/1a WICHOM

1 8nG
Ruv - ERguv + Aguv = C_4T;,¢va

rae Ry, — %R 9uv = Gy, (Ten3op DiHIITENHHA) — OHMCHIBAET KPUBU3HY MPOCTPAHCTBA-BPEMEHH;

T, (TEH30p SHEPIUH-NMITYIIECA) — OTIUCHIBAET MATEPUIO W SHEPTHIO;

A — xocMoornveckas mocTossHHas (JIAMOIa-4iICH).

JI>xoH Yuiep IpOKOMMEHTHPOBAT 3TO YpaBHEHHE CICIYIOMIMM 00pa3oM: «Matepus TOBOPUT IMPOCTPAHCTBY -BPEMEHH, KaK

HCKPUBIIATHCS, @ TIPOCTPAHCTBO-BPEMSI TOBOPUT MaTE€PHH, KaK JIBUTATHCS.

OTO nexuT B OCHOBE COBPEMEHHBIX KOCMOJIOTHUECKUX TEOpHH (OMUCHIBAET pacuiupeHre BeeneHHol) 1 ucnons3yercs 1is

MocTpoeHMs HaBuranuoHHeIXx cucteM tuna GPS. OTO npenckasana: cylecTBOBaHUE YEPHBIX ABIP, TPABUTALMOHHBIX BOJH,

IPaBUTALIMOHHOTO JIMH3UPOBAHUS; U 00BsICHIIA Pl YPPEKTOB TAKMX KaK: JOMOJHHUTEILHOE CMELICHUE TIepUresis opouT

maHeT CoJIHEUHOM CHCTEMBI; OTKJIOHEHHE CBETa B IPaBUTAIIIOHHOM I10JI€ 3BE3/1bl; KpaCHOE CMEILIEHHE CBETa IPH BBIXOJIE U3

CHJIBHOTO I'PaBUTALIMOHHOTO MOJISI KOCMHUYECKUX Tell.

OcHoBHbIe HegocTaTk OTO:

- B 3TOH TEOPHHU OCTAIOTCA MACCHBHBIE T€JIA — KOTOPBIE HE MOJIAI0TCS TEOMETPU3ALINY;

- HE ICHO KaK TeJla HCKPUBJISAIOT IIPOCTPAHCTBO-BPEMS;

- He (PU3UYHOCTH MCKPHUBIICHHOTO MPOCTPAHCTBA M BPEMEHH, T.K. 3TH a0CTPaKTHbIC HOHITHS HE MOJAAI0TCS HETIOCPEICTBCH-
HOMY H3MEPEHHUIO;

- BHYTpH 4epHOI1 AbIpHI (B IIEHTpe) U B MOMEHT bonbimoro B3peiBa OTO npenckaspiBaeT O6CKOHEUHbIE BEITMYMHBI (CHHTY-
JSIPHOCTH). DTO 3HAYUT, YTO TEOPHS HETIOIHA;

- OTO He paboTaeT B MUKpOMHUpE. DIIeMEHTapHbIE YACTHIIBI, aTOMBI K MOJIEKYJIBI HE MMOAYUHSIOTCS €if;

- OTO He 0O0benuHsETCS C KBAHTOBOM TEOpHEHl M0JIsL U ¢ KBAaHTOBOM Teopuei nosisi. KBaHTOBYIO TEOPHIO IpaBUTALIMH MTOKa
HE yAaJOCh 3aBEpIIUTh.

3) Teopus ctpyn (mwnu cyneperpyH) (TCC) — ato paszaen TeopeTndeckoil GU3MKH, KOTOPBIA MBITATCSI OOBETUHUTE OOIIYIO
TEOPHIO0 OTHOCUTEIBHOCTH (TPABUTAINIO, OTIMCHIBAIONLYI0 MAKPOMHP) U KBAHTOBYIO TEOPHIO OIS (OMMCaHNE MUKPOMHpA),
T.€., IBITaeTCs co31aTh « Teopuro Bceroy». B nanHoi Teoprn 6a30BEIMU 00BbEKTaMU SBJISIOTCS] OJTHOMEPHBIE «CTPYHBD (TIETIIN
win BUTH) B 10 (mmm 11)-MepHOM DpOCTPaHCTBE ¢ MAHKOBCKOM MInHOM ~ 1073 cM. Pa3HbIe 9acTOTHI (KOJIe6aTeNbHBIE MOIE,
HOTBI) KOJIEOAHHH CYNepCTpyH MOPOXKIAIOT Pa3HbIE YACTUIIBI. OIHA HOTA = ()OTOH, Apyras HOTa = 3JIEKTPOH, TPEThSI HOTA =
TJIIOOH U T.J., BKJIIOYas HOTY = rpaBUTOH. KosiebaTeabHbIE MOl CTPYH ONPENEIISIOT MAcCChl, 3apsi/ibl U JPYTHe XapaKTepH-
CTHKH 3JIEMEHTapHBIX yacTul. CTpyHHbBIE TEOPETHKH PA3IHYAIOT 3aMKHYmble cmpyHbl (TIETIIH), TIOPOXKIAIONINE TPaBUTOHBI,
U omKpvimole cmpyHbl (HUTH), KOHIBI KOTOPBIX IPUKPEIUIEHBI K MHOTOMEpHBIM D-OpaHam (0T aHri. membrane, MeMOpaHa).
Teopus 6a3upyeTcs Ha MIPUHIUIIE CYTIEPCUMMETPHH, KOTOPHI MpeInojaraeT CyluecTBOBaHHE CHMMETPHH MEX Ty 6030HaMHU
u (GpepMHOHAMH. DTO MO3BOJISET YCTPAHUTH PsiJi MAaTEMAaTHYE€CKUX MPOTHBOPEYMI M BKJIIOYUTH I'PABUTALIMIO B KBAHTOBYIO
teoputo. OcHoBubie HegocTaTku TCC: 1) 9T06BI HAGMIONATE CYIIEPCTPYHBI, HyXHa dHeprus nopsaka ~ 10 I'sB, uro B 10
KBaJpWIJIMOHOB pa3 BhIIIE BO3MOXHOCTeH Bombmoro agpornoro komnaiiaepa (BAK); 2) B TCC umeer mecto ~ 10°% po3-
MOJKHBIX BapHaHTOB BaKyyMa, U He ICHO, KaK M3 HUX BBIIBUTH HCTUHHBIN BaKyyM. 3) aOCTPaKTHOCTb YPE3BBIYAHO CIIOXKHOTO
MaremaTuueckoro annapara TCC.

4) Ilernesas xBauroas rpasutauust (IIKI) (Loop Quantum Gravity, LOG) — 3T0 BTOpOif U3 OCHOBHBIX KaH/ANAATOB Ha POJIb
TEOPHUHU KBAaHTOBOW IPaBUTAINH, OOBEIMHSAIONIEH 0OIIYI0 TEOPHIO OTHOCUTEIBHOCTH (DHHIITEHA) M KBAHTOBYIO MEXaHUKY.
B ornmuue ot teopun cyneperpyH, [IKI' He BBOIUT ONMOIHNUTEIbHBIE N3MEPEHUS M TUIIOTETHYECKNE OOBEKTHI (CTPYHBI), a
MBITAETCA HANPSMYIO NPOKBAHTOBATh caMO MpocTpaHcTBO-BpeMs. B pamkax IIKI' mpenmonaraercs, 4To IpOCTPaHCTBO HE
JENTMMO 10 GECKOHEYHOCTH, 4 10 MUHUMAIBHEIX 00heMOoB nopsaka ~ 107° em®. Ha 3Tux MacmTa6ax mpoCTpaHCTBO BBITJISINT
KaK IIeHa, WIN KaK TKaHb (3-MepHast CIMHOBAs CeTh), COTKaHHas u3 nerenb. CruHoBas ceth B [IKI— 3T0 Tpad (c y3enkamu u
COCTUHSIONMMHY UX JTMHUAMH). Y3€JIKA 03HAYal0T KBAaHTHI 00BbeMa, a IMHAX — KBAHTHI IUIomaan. Ecim 1o6aBuTh K 3T0M cetn
BpeMsI (3BOITIOLINIO), TO IMHUN CETH pa3Ma3bIBaloTCs B 4D moBepXHOCTH, HATOMUHAIOIIYIO MeHy. [1o CnMHOBOM ceTn pactpo-
CTpPaHSIOTCS KBAHTOBBIE BO30YKICHHS IpaBUTAlHOHHOTO 0. B xitaccrueckoit OTO B Hayane Bonpmioro B3peIBa, U B IIEH-
Tpe YEePHOM JBIPBI INIOTHOCTH MaTepuu cTaHoBUTCs OeckoHeuHoi. Oxnako [IKI nmpeanonaraer, 4To ckaTre OCTaHABIUBAETCS
Ha MHUHUMaJIEHOM 00beMe, u npoucxoant «bombmoit orckok» (Big Bounce). B atoMm ciryuae uepHas 1pIpa MOXKeT IpeBpa-
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TUThCA B HOBYIO Beenennyto. To ects IIKI™ no3BomsieT paccmarpuBaTh CLieHapUH IyJibcupyromel Beenennoil, rae bosnpoit
B3pBIB MOT OBITH «BOJIBIINM OTCKOKOM) — IEPEXO0IOM OT CKAaTHsl K paclIMpeHuro BeeneHHO#. DTO OTKphIBaeT HOBBIE TOPU-
30HTHI [yl KOCMOJIOTHU W NMOHMMaHMs paHHe# Beenennoii. [lockonsky B ITKI" mpocTpaHcTBO IHCKPETHO, HET OECKOHEYHO
MaJIbIX PAaCCTOSHHI, TOATOMY HEeT OECKOHEYHOCTEH B KBAaHTOBBIX pacuerax. YpaBHeHus [IKI" MoryT ObITh 3anucansl 6e3 Bpe-
MeHH (T.e., BpeMs He yHJaMEeHTaIbHO — 3TO Ha3bIBACTCS «IPOOJIEMOI BpeMEH!» B KBAHTOBOM IpaBuTaniu). Bmecto Toro
4TOOBI YTBEP)KAATh, YTO IPaBUTAIMS — 3TO OOMEH YacTUIaMu (IpaBUTOHaMH, Kak B Teopun cTpyH), [IKI" ncnons3yer npus-
1y rojorpaduy ¥ KaTuOPOBOYHOM MHBapUaHTHOCTH. KiltoueBas mepeMeHHasi — oneparop IUIOIIaaAn, KOTOPBIH UMeeT JHc-
KPETHBIH CIIEKTp COOCTBEHHBIX 3HAUCHHWI. B oTimdame or MHOTHX Ipyrux KBaHTOBBEIX Teopmid moss, [IKT' He mpeamomaraer
CYIIECTBOBaHUS (PMKCHPOBAHHOTO IIPOCTPAHCTBA-BPEMEHH KaK apeHbl Uil Gu3mdeckux mpoueccos. IIpocTtpancTBo-Bpems
€aMO CTAaHOBHTCS] TUHAMHYECKON IIEPEMEHHOMN, BOSHUKAIONIEH N3 KBAHTOBBIX COCTOSTHUNA. KITFOUEBBIM IIaroM CTalio HCIOIb-
30BaHUE EPEMEHHBIX AMITEKapa, KOTOPBIE MO3BOJIMIN MPUMEHUTH METO I KBAHTOBOH TEOPHH K T€OMETPUH MPOCTPAHCTBA-
BpemeHH. B otmmiaune ot Teopuu cTpyH, [IKT memaet KoHKpeTHBIE (OJHAKO 0 CHX ITOp HE MIPOBEPEHHEIE) PEACKA3aHUs:

- JlopeHII-MHBapHaHTHOCTH BO3MOYKHO HapylIaeTcs Ha Maibix Macmradax: CKkopocTh pOTOHOB B BaKyyMe MOXKET HE3HAUYH-
TEJILHO 3aBUCETh OT UX 3HepTuH (3P deKT «apoxkaiiero ceeray). CytHuku (Hanpumep, GLAST/Fermi) uinyT Takue 3¢ GexTsr;
- IIKT" mpencka3biBaeT, UTO YepHBIC ABIPHI MOTYT HUCTIAPSTHCS U3-3a U3TyUYeHHUS XOKHHIa, OCTABIIAS «OCTATOK IIAHKOBCKOTO
pa3mepay, a He CHHTYJISIpDHOCTB;

- IIKT mpezncka3piBaeT HEOOJIBIINE OTKIOHEHHS OT TEIUIOBOIO CIEKTpa N3Ty4eHUs XOKHUHIa, KOTOPBIC TEOPETUIECKH MOXKHO
00HAPYKUTh, HO OYCHB CII0XKHO.

OcHosHBbIe ipobembr [TIKT

- HESICHO, KaK MOJyYHUTb TIaJKOE IIPOCTPAHCTBO-BpeMs DHHINTEHHA (KITaCCHIECKUH Mpeen) U3 KBAHTOBOH «IICHBI»;

- B 9TOH TE€OPHH JIETKO KBAaHTOBATh YHCTYIO IPaBUTAINIO, HO JOOABJICHHUE YacTHUIl MaTEepUH (3JIEKTPOHOB, KBAPKOB) B TEOPHIO
MIOKa BBITJIIUT HE €CTECTBEHHO;

- MCIOJIB3YETCs UCKIIIOUNTEIBHO CII0KHas MaTeMaTrka (Tpynmna SU(2), cBsi3u AmTekapa), HO3TOMY CTPOTO€ JI0Ka3aTeIbCTBO
HenportuBopeunsocty [1IKI" He 3aBepiueHo;

- He 710 KoHIa sicHO, Kak B [TIKI" BO3HHMKAIOT BCe M3BECTHBIE (PU3HMYECKUE TTOTIS;

- SKCIIepUMEHTANIbHbIE TToATBep K AeHUs npeacka3anuil [IKI" conpspkeHbl ¢ 0OJIBIIMMYU SHEPreTHYECKUMHE 3aTpaTaMy U TeX-
HHUYCCKUMHU CJIOKHOCTAMH.

5) Dduponunamuka — 3T0 MapruHajJbHOE HalpaBlIeHHE B COBPEMEHHON (pM3HMKE, OCHOBAHHOE Ha MPEICTAaBICHUH O CyIIle-
CTBOBAaHUH UCXOTHOH, BCE 3aMOJIHAIONIEH MaTepHUanbHOM cpesibl — 3rpa (COCTOSIIETo U3 Ype3BEIYaiHO MaJICHBKHUX YaCTHUEK
— amepoB). CTOPOHHHKH 3TOTO HAIPABICHHS MPEATIOaraoT, YT0 MEXaHHUECKHI 3(pup 00s1aiaeT He HyJIeBOH IIOTHOCTHIO
Macchl, CBOMCTBAMH UACAIBLHOTO I'a3a W/WIN KUAKOCTH. OHH 3asBIISIOT, 4TO 3()UPOIMHAMUKA, OIIMPAIOIIASCS HA YPaBHEHUS
ra3o- ¥ THAPOAMHAMUKH, ITO3BOJISIET OTKA3aThCsl OT aOCTPAKTHBIX M HEOUEBHMIHBIX (HEOIIO3UTHBHUCTCKUX ) OHITHH U TIOCTY-
JIaTOB TEOPUH OTHOCHTEILHOCTH M KBAHTOBBIX TEOPHH, 1 BEPHYTh (PU3NKY K «HATIISIAHBIM 00pa3aM» 1 «37JpaBOMY CMBICITY».
B pamkax spuponnHaMHUKH 3JIeMEHTapHbIE YaCTHUIIBI (JIEKTPOHBI, IPOTOHBI, HEUTPOHBI U T.J.) — 3TO YCTOWYHBBIE BUXPEBHIE
CTPYKTYpHI 3¢Hpa (TOpOoHIaIbHbIE BUXPH). DISKTPUIECKUHN 3apsi1 — 3TO pe3yIbTaT BpallleHHsI BUXper 3(upa; 3IeKTPHIECcKoe
noJie — JBIKeHUe dpupa B BUEe KOHYCHBIX TPyOOK; MarHMTHOE T0JIe — 3TO OPraHM30BaHHOE JBIDKEHUE d(upa BIOJIb OCH
BUXpel, (hopMHpYIOlllee MarHUTHBIE JOMEHBI; TPABUTALIUS — CJIEJCTBUE JIOKAILHOTO MMOHWKEHHUS JaBieHus d(upa Mexiy
MaCCHUBHBIMHU TeJIaMH, YTO IPUBOJAUT K MX MPHUTSHKEHHIO; CBET M DJIEKTPOMArHUTHBIE BOJIHBI — 3TO BOJIHBI B A(Hpe, pacmpo-
CTPAHSIOIINECS ¢ KOHEYHOH CKOPOCTHIO, OTIpeAeiieMOi cBOMCTBaMU d¢upa (ero MIOTHOCTHIO, BI3KOCTHIO, U T.1.). CTOpPOH-
HUKH DOUPOJUHAMHUKY CYMTAIOT, YTO €€ PA3BUTHE MOXKET IIPUBECTH K HOBHIM HCTOUYHMKAM SHEPTHU U TEXHOJIOTHSM.
OCHOBHBIE HEZIOCTATKH 3(PUPOIMHAMUKY:
- amepsl (dacTuibl 3¢upa) HKCIEPUMEHTAIBHO HE OOHapyskKeHbl; KpUTHKM yKa3bIBalOT, 4TO 3(HPOAMHAMUKA B II€JIOM HE
IpeiocTaBuiIa BOCIPONU3BOIMMBIX 3KCIIEPHMEHTAIBHBIX J1I0Ka3aTeNIbCTB CYIIECTBOBAHUS 3(hHpa;
- MaTeMaTH4YECKHUil anmapar ra3o- U THAPOANHAMUKY OTPaHUYEH, T.€., HEPUroAeH (TouHee, OeleH) A ONHCaHHusl MHOXKe-
CTBa HAOJIIO1aEMBbIX SIBICHUH.
B akanemuueckoi cpejie K 3TOi TEOPUHM OTHOCSTCS KPUTHYECKH. B HaydHOM COOOIIECTBE CYIIECTBYET «HETJIACHBIN 3aIpeTy
Ha MOI00HBIE MCCTIeIOBaHMA. BMmecTe ¢ TeM, psii KOHBEHIIMOHAIBHBIX YYEHBIX OTMEUAIOT, YTO, HECMOTPS Ha OTCYTCTBHE HE-
OCTIOPUMBIX IKCTIIEPHIMEHTAIBHBIX HOATBEP)KICHUH CYIIECTBOBAHUS A(Hpa, caM HMOUCK aJbTePHATUBHBIX TEOPUH (BKIOUaAs
3¢upHBIE) ABIAETCSA NOJIE3HBIM B IEPHOIBI KPU3UCA B (yHIAMEHTAILHON (U3HKE.

PazBuBaemas 3aech «l'eomerpusnpoBaHHas (U3KMKa Bakyyma Ha ocHoBe AnreOpwl curHaryp» (IBO&AC) [1,2,3,4,5,6,7,
8,9,10,11,12,13] B HekoTOpo#i crerneHn 00beAMHsET (TOUHEe, BKJIIOYAET B ce0s) Bce BBIINICYKA3aHHBIC TNIABEHCTBYIOIINE
HarpasJeHUs B (HHU3HKeE.
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1] B TBO&AC nosy4eHsl «KOPIYCKYJISIPHBIC)* METPHUKO-IUMHAMHYCCKIE MOJICNN MPAKTHYCCKH BCEX «3JEMCHTAPHBIX Ya-
CTHUI TPAKTUYECKU B MOJHOM COOTBETCTBHUH C dyieMeHTaMu CTaHIapTHON MOJENH 3JIEMEHTApHBIX YacTull (cMOTpuTe §4 B
[7]). Crnenyer, oanako, oTMeTuTh, uT0 B I BO&AC Ha 01MH is -«KBapKp U OJUH I -«AaHTUKBApKp» Ooibiie, ueM B CTaH-
naptHoit Moaenu. Kpome Toro, B mepeMelieHusx Jo0bIX sIep «KOPIMYCKYD» UMeeTcs CilydaiiHas cOCTaBIsIoIas, KOTopas
OTHCBIBACTCS CTOXACTUYCCKUMU MU PEepeHINATbHEIMA YPAaBHCHUSAMH |, B YaCTHOCTH, ypaBHeHusmu [Ipeaunrepa [6,13].

Bakyym kBaHTyeTCst Ha OECKOHEYHOE KOJTMYECTBO BJIOKEHHBIX JIPYT B ApyTa Ay, ,-BakyymoB (cMotpute [1]) (3T0 mpomosibHOE
KBaHTOBAaHUE BaKyyMa) U B CBOIO OU€PEab KaXIbIH A, ,-BaKyyM paccianBaeTcsi (KBaHTYeTCs1) Ha OECKOHEYHOE KOJIMYECTBO
METPUYECKUX MPOTKEHHOCTEH ¢ 16-10 BO3MOXKHBIMU CUTHATYpaMu (cMoTpuTe [2]) (3T0 nonepeuHoe KBAHTOBAHUE BaKyyMa).
Taxum o6pazom, [ BO&AC nmeer MHOro ob1iero ¢ kBautoBoit Teopueid oist (KTII) u ¢ kBanTOBOW Mexanukon (KM).

2] TBO®&AC — 310 omna u3 moaepHmanuit OTO, B KOTOpoi BaKyyMHBIE YpaBHEHHS DWHINTEHHA pacCMaTPUBAIOTCS Kak
3aKOHBI COXPaHEHH ISl B CPETHEM CTAOMIIBHBIX BaKyyMHBIX 00pa3oBaHuil. B 3Tn ypaBHeHHs 100aBIeHO OECKOHEYHOE KO-
JN4ecTBO +A;-4JIeHOB, a TAaKXKe BaKyyM paccMaTpUBaeTCs Kak IepeceueHue 16-Tu MeTpuuecKux 4-MepHBIX HOAIPOCTPAHCTB
¢ 16-10 Trmamu curHatyp (60). Ot ocHOBHBIE HonorHeHUs K OTO mo3BONAIOT MOCTPOUTh MepapXudecKyto KOCMOJIOTHYe-
ckyto Mmozenb [6]. Takum obpazom [BO&AC — ato npsamoe nponomkerne OTO DiHImTEiHA.

3] B ocnoe ' BO&AC 3anoxkeHa cynepro3uliys (aATUTUBHOE W/ MYyJIbTUILIMKATUBHOE HAIOXKEHUE) 4-MEPHBIX MEeTpHUye-
CKHX MPOCTPAHCTB C 16-10 BO3MOXKHBIMU CUTHATYpaMu (T.¢., Toronorusimu) (60). B coBoKymHOCTH 3TH mpocTpaHcTBa (Hop-
MHUPYIOT HyJIeBOe Pruun miockoe mpocTpaHCTBO, UMEOIee MHOTO 0011ero ¢ MHorooopasuem Kanadu - Sy (cmotpute [15]).
Kaxxmoe merpudeckoe MpocTpaHCTBO MMeET 4 u3MepeHHs, MOATOMY €CIH pacCMaTpUBAETCs CyNepro3uius 16-Tu mpo-
CTpaHCTB ¢ curHarypamiu (60), To o0Iee KOIUIecTBO u3MEepeHuid paBHO 16 X 4 = 64, HO OHM TAPMOHUYHO CBOPAYMBAIOTCS
o 2 x 4 = 8 m3mepenuid. Takum o6pazom [BO&AC M0oxKHO pa3MaThIBaTh Kak MHOTOMEPHYIO TEOPHUIO, HMEIOITYI0 MHOTO
00IIIeTo ¢ TEOpHUEH CYIIepCTPYH.

Bmecme ¢ mem, cnedyem ommemums, 4mo HuKaxux oonoanumenvHvix usmeperuii 6 I BO&AC nem. [Jeno 6 mom, umo 'BO&KAC — smo
npoCmo pacuiupernas eepcus meopuu ynpyeocmu (bosiee mounas), 20e 6Mecmo 00HO20 UCKPUBLEHHO20 MPU-0a3uca cpazy paccmampuea-
jomest 8 BHymMpeHHUX U 8 6HEUHUX UCKANCEHHBIX 3-2PAHHBIX Y206 00H020 UCKPUBTIEHHO20 KYOUKA CIIIOWHOU CPedbl (8 YACMHOCMU) 8aKYYMa
(cmompume [1,2]). To ecmb, 6mecmo menzopa depopmayuii ¢ 9-10 komnonenmamu 8 meopuu ynpyeocmu, ¢ I BO&AC uckpusnenue no-
KAbHO20 YYACMKA CHIOWHOU CPeobl (8 YaCMHOCMU, 8AKYYMa) onucvléaemcst 256-10 KOMIOHEHMAMU MEMPUYECKO20 MEH30Pd, U3 KOMOPbIX
NOLYUAIOMCSL €20 PA3IUYHbLE XAPAKMEPUCUKU. 0ehopMayuu, CKpy4U8anuUsl, KPUGU3HA, CKOPOCMU U YCKOPEHUSL NepeMewyenust U 6PAueHusl,
u m.o. (cmompume g6 [1,2,3,4]).

4] B Ietneroii kBanTOBOM rpaButanuu ([1KI') mMeeTcss MUHUMAaTBHBIN HEASTUMBIH 00BeM 3-MEpHOTO IPOCTPAHCTBA (BaKy-
yMma (mopsaka ~ 107 cm?), Tak xke B [BO&AC mMeeTcst «KOPIyCKyJIa» («HMHCTaHTOH») C HAMMEHBIIHM SIPOM C PaIHyCoOM
nopsanka i, ~ 103 cm (T.e., ¢ 06seM ~ 10719 cm®). Kak He pas oTmedanocs, B pamkax I BO&AC MBI He 3HaEM KaKOE AIPO
B Mepapxuieckoi 1enu (62) sBIseTcsl caMbIM MaJEHbKHM (CMOTpHTE [6]), Tak KaK OHO HaXOJHUTCS JTAJICKO 3a IMPEAEIoM
HabOmoneHuit. Ho takoe muHnMansHoe s1po B [ BO&AC momkHO OBITH, B IPOTHBHOM CIIyYae 3Ta TEOPHS TEPSAET OMopy U
3aMKHYTOCTh. He HCKITIO4eHO, YTO MUHUMAIBHBIM SBIISIETCS SIAPO IUIAHKTOHA U3 HepapxuH (62) ¢ OpHEeHTHPOBOYHBIM paiu-
yCOM mopszka 7s, ~ 1074 em (T.e., ¢ 06bem ~ 107'% cm?). B stom cyuae TBO&AC u TIKI GynyT uMers eme Gonbliee
cxoacTBo. Ho mMeeTcst v 3HaYNTEIhHOE PACX0XKICHHE: TPH TOCTIKEHUE IPABUTAI[IOHHOTO CKATHSI 10 TIIAHKOBCKOTO 00beMa
~ 107 cm? B TTIKT mpecKasbIBaeTCst OTCKOK, TIPUBOIAIIMH K MOPOKIEHUIO HOBOM Beenennoit, a B TBO&AC cambiii Gonbias
3aMKHYTas Mera-BceneHnas HaXoAUTCsl BHYTPHU CaMOTO MaJIeHBKOTO siipa B MepapXuieckoi menu (62) (3To aapo «MHCTaH-
TOHa», cMoTpute §3 B [6]).

5] Ilpu OTHOIIEHHH K OKpPY’KaloIeMy HAC MUPY Kak K OObEeKTHBHON (U3NYECKON peabHOCTH (T.€., P PELICHUHN TPHUKIIaI-
HbIX 3a71a4) B [ BO&AC nomyckaercst paccMaTpUBaTh HILTIO30PHBIN IPOCTPAHCTBEHHO-BPEMEHHON KOHTHHYYM (T.€., BAKYYM
DOHHIITEHHA) KaK YIPYToIUIaCTHYECKYIO Cpelly, B KOTOPOH 1to0ble geopMaliiii HENpEeMEHHO COTIPOBOX/IAeTCsI BOSHUKHOBE-
HHEM TepeIUIeTEeHHBIX BHYTPH-BAKyyMHBIX Te4eHHH (cMoTpuTe puc. 3a). [Ipu 3TOM pacciioeHHbIH BaKyyM Kak T'MIIOTETHYe-
CKasl CIUIONIHAsI CPe/ia YCIOBHO B MOTEHIIUH 00JIalacT CBOIICTBaMH rasa, >KUAKOCTH U TBepJoro Tena. Takoi BakyyM BO MHO-
T'OM TI0 CBOIICTBaM COBIANAECT C MEXaHWIECKHM MHPOBBIM 3(HPOM, HO C HYJICBBIMHU yCPETHEHHBIMH XapaKTepUCTHKaMu. Ba-
KyyMHBIEC YpaBHEHHS DWHIITEHHA P OMPEICICHHBIX YCIOBHAX M YIPOIIECHHUSIX CBOAATCS K YPAaBHEHUSAM THAPO- M Ta30.1H-
Hamuku. Hanpumep, mpu ManbIX BO3MYIIEHHSAX BaKyyMHOH HPOTSXKEHHOCTU NEPBOE BakyyMHoe ypaBHeHue R;, = 0 cBo-
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IUTCA K BoTHOBOMY ypaBHeHHIO [16]. Bomee Toro, TBO&AC, Tak ke kKak 3QUpoANHAMIKA, ITBITACTCS UCTIONB30BaTh CTOXA-
CTHYECKYIO TeOMETPU3NPOBAHHYIO MAaTEMaTUKY HE TOJIBKO JUIs IPEACKa3aHMsI PE3YJIbTaTOB SKCIIEPUMEHTOB (HEOIIO3UTHBHUCT-
CKHi T0/1X0/1), HO U JUISl TOCTPOEHHSI 00pa30B CTA0MIBHBIX BAKYyMHBIX 00pa3oBaHHi («KBapKOBY, «3J€MEHTapHBIX YaCTHID),
«aTOMOBY, «MOJIEKYJD» pa3IMuHbIX MaciiTaboB), a Takxke  BO&AC nbITaeTcs pa3nnyaTh KOHTYPBI BHY TPHUSIEPHBIX IIPOLiec-
coB. Jlpyrumu cioBamu, [ BO&AC, Tax e kak 3pupoAnHaMuUKa, MBITAETCS BEICTPAUBATh HATJLIHYIO (00pa3HyI0) (GHU3HKY,
a He a0CTpaKTHbIe KOHCTPYKIIMU OIIEpaToOpOB HaJl arperaraMu B IMJILOEPTOBOM MPOCTPAHCTBE Ha OCHOBE Jarpanxesa (op-
Mmanusma. [laxke 00pa3ssl, KOTOpbIe MOpoXkaar0T MaTeMaTnieckue annaparsl [ BO&AC u aduposnHamuka BO MHOIOM COBIIa-
narot. Hampumep, B 3¢upoguHaMuKe OBIDKYIIHECS 3JIEMEHTapHBIC YaCTHIIBI IPEACTABISIFOTCS B BHE TOPOUAATIBHBIX BUXPEH
a¢upa, anamorndHo B [ BO&AC moaBmKHbIE «KOPITYCKYIIBD) — 3TO TOPOUAATHHO-BHHTOBBIC BUXPHY, HABEACHHBIN B BAKYyME
BOKpYT ux siaep (cmorpure [8]).

Takum o6pazom «I'eomerpusnpoBanHas (Hpu3nKa Bakyyma Ha ocHOBe AnreOpsl curHatyp» (I'BO&AC) B Toit uin MHO cTe-
MIEHU BKJIIOYaeT B ce0st 6a30BbIe MOCTYJIAaThl M MEH BCEX OCHOBHBIX TEOPETHYECKUX IIPECTaBICHUN 00 OKpYXKaroliel Hac
¢du3nyeckoil peanbHOCTH: KBaHTOBOM MexaHuku (KM), kBanToBoii Teopun momst (KTII), obuield Teopun OTHOCUTENBHOCTH
(OTO), [etnesoii kBantoroii rpaputaunu (I1IKI") u dpuponunamuxu (D1).

OtmeTuM Taxoke, yTo [ BO&AC — 310 NONBITKA COSAMHEHHMS IPEACTABICHUI IPEBHUX UYACHCKHUX, apaOCKHUX, XPUCTHAHCKUX,
KUTaUCKHUX, UHIUHUCKUX, TPEUECKUX, ETUIETCKUX U 30p0acTpUCKUX (MEPCUACKUX) BO33PEHUN HA CTPYKTYpy MuposaaHusl.
B dgactHOCTH, B OCHOBY AJIreOpBl CHUTHAaTyp M CBETO-T€OMETPHH BaKyyMa 3aJlo)kKeHbl AnropuTMbl Packpeitis Bemukoro u

I'possoro Mmenn BC-BBIIIHEIO 11-1-77-> (H'VHI, Hion-Keii-Bap-Keit) (TETPATPAMMATOH) u yuenue o Mupe u3 ITy-
CTOTHI. Benukue Myapensl NpeablIyIuX MOKOJEHUN TPy IMINCH [T HAC M OCTABUIM HaMm Bemwuaiimee Hacnemue. Hyxuo
TOJIEKO OCO3HATh, YTO JIPEBHUE MyApelbl Obitn Onmke k Victokam Muposnanus, oun Bujenu Jlanbime u [iy6oke Hac.
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  d   s  2 , 3  ( + + + − ) 2 =  ( 1 +     r  6 , 3 , 2  r −     r 2    r  L 2 )   c 2 d   t 2 −   d   r 2   ( 1 +       r  6 , 3 , 2  r   −       r 2    r  L 2 ) +   r 2 d   𝜃 2 +   r 2     s i n 2 ⁡  𝜃 d   𝜙 2


  d   s  3 , 3  ( + + + − ) 2 =  ( 1 −     r  6 , 3 , 3  r −     r 2    r  L 2 )   c 2 d   t 2 −   d   r 2   ( 1 −       r  6 , 3 , 3  r   −       r 2    r  L 2 ) +   r 2 d   𝜃 2 +   r 2     s i n 2 ⁡  𝜃 d   𝜙 2


  d   s  4 , 3  ( + + + − ) 2 =  ( 1 +     r  6 , 3 , 4  r +     r 2    r  L 2 )   c 2 d   t 2 −   d   r 2   ( 1 +       r  6 , 3 , 4  r   +       r 2    r  L 2 ) +   r 2 d   𝜃 2 +   r 2     s i n 2 ⁡  𝜃 d   𝜙 2


  d   s  1 , 4  ( + − + + ) 2 =  ( 1 −     r  S  r +     r 2    r  6 , 4 , 1 2 )   c 2 d   t 2 −   d   r 2   ( 1 −       r  S  r   +       r 2    r  6 , 4 , 1 2 ) +   r 2 d   𝜃 2 +   r 2     s i n 2 ⁡  𝜃 d   𝜙 2


  d   s  2 , 4  ( + − + + ) 2 =  ( 1 +     r  S  r −     r 2    r  6 , 4 , 2 2 )   c 2 d   t 2 −   d   r 2   ( 1 +       r  S  r   −         r 2    r  6 , 4 , 2 2 ) +   r 2 d   𝜃 2 +   r 2     s i n 2 ⁡  𝜃 d   𝜙 2


  d   s  3 , 4  ( + − + + ) 2 =  ( 1 −     r  S  r −     r 2    r  6 , 4 , 4 2 )   c 2 d   t 2 −   d   r 2   ( 1 −       r  S  r   −       r 2    r  6 , 4 , 3 2 ) +   r 2 d   𝜃 2 +   r 2     s i n 2 ⁡  𝜃 d   𝜙 2


  d   s  4 , 4  ( + − + + ) 2 =  ( 1 +     r  S  r +     r 2    r  6 , 4 , 5 2 )   c 2 d   t 2 −   d   r 2   ( 1 +       r  S  r   +       r 2    r  6 , 4 , 4 2 )   +   r 2 d   𝜃 2 +   r 2     s i n 2 ⁡  𝜃 d   𝜙 2


    s  5 , 2                           ( + − + + ) 2 =   c 2 d   t 2 + d   r 2 −   r 2 d   𝜃 2 +   r 2     s i n 2 ⁡  𝜃 d   𝜙 2


  d   s  1 , 5  ( − + + − ) 2 = −  ( 1 −     r  6 , 5 , 1  r +     r 2    r  L 2 )   c 2 d   t 2 +   d   r 2   ( 1 −       r  6 , 5 , 1  r   +       r 2    r  L 2 ) +   r 2 d   𝜃 2 −   r 2     s i n 2 ⁡  𝜃 d   𝜙 2


  d   s  2 , 5  ( − + + − ) 2 = −  ( 1 +     r  6 , 5 , 2  r −     r 2    r  L 2 )   c 2 d   t 2 +   d   r 2   ( 1   +       r  6 , 5 , 2  r   −       r 2    r  L 2 ) +   r 2 d   𝜃 2 −   r 2     s i n 2 ⁡  𝜃 d   𝜙 2


  d   s  3 , 5  ( − + + − ) 2 = −  ( 1 −     r  6 , 5 , 3  r −     r 2    r  L 2 )   c 2 d   t 2 +   d   r 2   ( 1 −       r  6 , 5 , 3  r   −       r 2    r  L 2 ) +   r 2 d   𝜃 2 −   r 2     s i n 2 ⁡  𝜃 d   𝜙 2


  d   s  4 , 5  ( − + + − ) 2 = −  ( 1 +     r  6 , 5 , 4  r +     r 2    r  L 2 )   c 2 d   t 2 +   d   r 2   ( 1 +       r  6 , 5 , 4  r   +       r 2    r  L 2 ) +   r 2 d   𝜃 2 −   r 2     s i n 2 ⁡  𝜃 d   𝜙 2


  d   s  1 , 6  ( − + + − ) 2 = −  ( 1 −     r  S  r +     r 2    r  6 , 6 , 1 2 )   c 2 d   t 2 +   d   r 2   ( 1 −       r  S  r   +       r 2    r  6 , 6 , 1 2 ) +   r 2 d   𝜃 2 −   r 2     s i n 2 ⁡  𝜃 d   𝜙 2


  d   s  2 , 6  ( − + + − ) 2 = −  ( 1 +     r  S  r −     r 2    r  6 , 6 , 2 2 )   c 2 d   t 2 +   d   r 2   ( 1   +       r  S  r   −       r 2    r  6 , 6 , 2 2 ) +   r 2 d   𝜃 2 −   r 2     s i n 2 ⁡  𝜃 d   𝜙 2


  d   s  3 , 6  ( − + + − ) 2 = −  ( 1 −     r  S  r −     r 2    r  6 , 6 , 3 2 )   c 2 d   t 2 +   d   r 2   ( 1   −       r  S  r   −       r 2    r  6 , 6 , 3 2 ) +   r 2 d   𝜃 2 −   r 2     s i n 2 ⁡  𝜃 d   𝜙 2


  d   s  4 , 6  ( − + + − ) 2 = −  ( 1 +     r  S  r +     r 2    r  6 , 6 , 4 2 )   c 2 d   t 2 +   d   r 2   ( 1   +       r  S    r   +       r 2    r  6 , 6 , 4 2 ) +   r 2 d   𝜃 2 −   r 2     s i n 2 ⁡  𝜃 d   𝜙 2


  d   s  5 , 3  ( − + + − ) 2 = −   c 2 d   t 2 + d   r 2 +   r 2 d   𝜃 2 −   r 2     s i n 2 ⁡  𝜃 d   𝜙 2


  d   s  1 , 7  ( − + − + ) 2 = −  ( 1 −     r  6 , 7 , 1  r +     r 2    r  L 2 )   c 2 d   t 2 +   d   r 2   ( 1 −       r  6 , 7 , 1  r   +       r 2    r  L 2 ) −   r 2 d   𝜃 2 +   r 2     s i n 2 ⁡  𝜃 d   𝜙 2


  d   s  2 , 7  ( − + − + ) 2 = −  ( 1 +     r  6 , 7 , 2  r −     r 2    r  L 2 )   c 2 d   t 2 +   d   r 2   ( 1 +       r  6 , 7 , 2  r   −       r 2    r  L 2 ) −   r 2 d   𝜃 2 +   r 2     s i n 2 ⁡  𝜃 d   𝜙 2


  d   s  3 , 7  ( − + − + ) 2 = −  ( 1 −     r  6 , 7 , 3  r −     r 2    r  L 2 )   c 2 d   t 2 +   d   r 2   ( 1   −       r  6 , 7 , 3  r   −       r 2    r  L 2 ) −   r 2 d   𝜃 2 +   r 2     s i n 2 ⁡  𝜃 d   𝜙 2


  d   s  4 , 7  ( − + − + ) 2 = −  ( 1 +     r  6 , 7 , 4  r +     r 2    r  L 2 )   c 2 d   t 2 +   d   r 2   ( 1 +       r  6 , 7 , 4  r   +       r 2  L ) −   r 2 d   𝜃 2 +   r 2     s i n 2 ⁡  𝜃 d   𝜙 2


  d   s  1 , 8  ( − + − + ) 2 = −  ( 1 −     r  S  r +     r 2    r  6 , 8 , 1 2 )   c 2 d   t 2 +   d   r 2   ( 1 −       r  S  r   +     r 2      r  6 , 8 , 1 2 ) −   r 2 d   𝜃 2 +   r 2     s i n 2 ⁡  𝜃 d   𝜙 2


  d   s  2 , 8  ( − + − + ) 2 = −  ( 1 +     r  S  r −     r 2    r  6 , 8 , 2 2 )   c 2 d   t 2 +   d   r 2   ( 1 +     r  S  r −     r 2    r  6 , 8 , 2 2 ) −   r 2 d   𝜃 2 +   r 2     s i n 2 ⁡  𝜃 d   𝜙 2


  d   s  3 , 8  ( − − + + ) 2 = −  ( 1 −     r  S  r −     r 2    r  6 , 8 , 3 2 )   c 2 d   t 2 +   d   r 2   ( 1 −       r  S  r   −       r 2    r  6 , 8 , 3 2 ) −   r 2 d   𝜃 2 +   r 2     s i n 2 ⁡  𝜃 d   𝜙 2


  d   s  4 , 8  ( −   + − + ) 2 = −  ( 1 +     r  S  r +     r 2    r  6 , 8 , 4 2 )   c 2 d   t 2 +   d   r 2   ( 1 +       r  S  r   +       r 2    r  6 , 8 , 4 2 ) −   r 2 d   𝜃 2 +     s i n 2 ⁡  𝜃 d   𝜙 2


    d   s  5 , 4  ( − + − + ) 2 = −   c 2 d   t 2 + d   r 2 −   r 2 d   𝜃 2 +   r 2     s i n 2 ⁡  𝜃 d   𝜙 2


    r  6 , i , j


    r  6 , 1 , 1 ≈   r  6 , 1 , 2 ≈   r  6 , 1 , 3 ≈   r  6 , 1 , 4 ≈   r  6 , 3 , 1 ≈   r  6 , 3 , 2 ≈   r  6 , 3 , 3 ≈   r  6 , 3 , 4 ≈   r  6 , 5 , 1 ≈   r  6 , 5 , 2 ≈   r  6 , 5 , 3 ≈   r  6 , 5 , 4 ≈   r  6 , 7 , 1 ≈   r  6 , 7 , 2 ≈   r  6 , 7 , 3 ≈   r  6 , 7 , 4


  d   s  1 , 1  ( + − − − ) 2 +     d   s  1 , 3  ( + + + − ) 2 +   d   s  1 , 5  ( − + + − ) 2 + d   s  1 , 7  ( − + − + ) 2 ≈ 0 ,


  d   s  2 , 1  ( + − − − ) 2 +     d   s  2 , 3  ( + + + − ) 2 +   d   s  2 , 5  ( − + + − ) 2 + d   s  2 , 7  ( − + − + ) 2 ≈ 0 ,


  d   s  3 , 1  ( + − − − ) 2 +     d   s  3 , 3  ( + + + − ) 2 +   d   s  3 , 5  ( − + + − ) 2 + d   s  3 , 7  ( − + − + ) 2 ≈ 0 ,


  d   s  4 , 1  ( + − − − ) 2 +     d   s  3 , 3  ( + + + − ) 2 +   d   s  4 , 5  ( − + + − ) 2 + d   s  4 , 7  ( − + − + ) 2 ≈ 0 .


  ≈


    r  6 ,


    r 6 ≈     r  6 , 2 , 1 ≈   r  6 , 2 , 2 ≈   r  6 , 2 , 3 ≈   r  6 , 2 , 4 ≈   r  6 , 4 , 1 ≈   r  6 , 4 , 2 ≈   r  6 , 4 , 3 ≈   r  6 , 4 , 4 ≈   r  6 , 6 , 1 ≈   r  6 , 6 , 2 ≈   r  6 , 6 , 3 ≈   r  6 , 6 , 4 ≈   r  6 , 8 , 1 ≈   r  6 , 8 , 2 ≈   r  6 , 7 , 3 ≈   r  6 , 7 , 4


  d   s  1 , 2  ( + − − − ) 2 =  ( 1 +     r  S , 2 , 1  r −     r 2    r 6 2 )   c 2 d   t 2 −   d   r 2   ( 1   +       r  S , 2 , 1  r   −       r 2    r 6 2 ) −   r 2  ( d   𝜃 2 +     s i n 2 ⁡  𝜃 d   𝜙 2 )


  d   s  2 , 2  ( , + − − − ) 2 =  ( 1 −     r  S , 2 , 2  r +     r 2    r 6 2 )   c 2 d   t 2 −   d   r 2     ( 1   −       r  S , 2 , 2  r   +       r 2    r 6 2 ) −   r 2  ( d   𝜃 2 +     s i n 2 ⁡  𝜃 d   𝜙 2 )


  d   s  3 , 2  ( + − − − ) 2 =  ( 1 +     r  S , 2 , 3  r +     r 2    r 6 2 )   c 2 d   t 2 −   d   r 2   ( 1   +       r  S , 2 , 3  r   −     r 2      r 6 2 ) −   r 2  ( d   𝜃 2 +     s i n 2 ⁡  𝜃 d   𝜙 2 )


  d   s  4 , 2  ( + − − − ) 2 =  ( 1 −     r  S , 2 , 4  r −     r 2    r 6 2 )   c 2 d   t 2 −   d   r 2     ( 1 −       r  S , 2 , 4  r   −       r 2    r 6 2 ) −   r 2  ( d   𝜃 2 +     s i n 2 ⁡  𝜃 d   𝜙 2 )


  d   s  1 , 4  ( + − + + ) 2 =  ( 1 −     r  S , 4 , 1  r +     r 2    r 6 2 )   c 2 d   t 2 −   d   r 2   ( 1 −       r  S , 4 , 1  r   +       r 2    r 6 2 ) +   r 2 d   𝜃 2 +   r 2     s i n 2 ⁡  𝜃 d   𝜙 2


  d   s  2 , 4  ( + − + + ) 2 =  ( 1 +     r  S , 4 , 2  r −     r 2    r 6 2 )   c 2 d   t 2 −   d   r 2   ( 1 +       r  S , 4 , 2  r   −         r 2    r 6 2 ) +   r 2 d   𝜃 2 +   r 2     s i n 2 ⁡  𝜃 d   𝜙 2


  d   s  3 , 4  ( + − + + ) 2 =  ( 1 −     r  S , 4 , 3  r −     r 2    r 6 2 )   c 2 d   t 2 −   d   r 2   ( 1 −       r  S , 4 , 3  r   −       r 2    r 6 2 ) +   r 2 d   𝜃 2 +   r 2     s i n 2 ⁡  𝜃 d   𝜙 2


  d   s  4 , 4  ( + − + + ) 2 =  ( 1 +     r  S , 4 , 4  r +     r 2    r 6 2 )   c 2 d   t 2 −   d   r 2   ( 1 +       r  S , 4 , 4  r   +       r 2    r 6 2 )   +   r 2 d   𝜃 2 +   r 2     s i n 2 ⁡  𝜃 d   𝜙 2


  d   s  1 , 6  ( − + + − ) 2 = −  ( 1 −     r  S , 6 , 1  r +     r 2    r 6 2 )   c 2 d   t 2 +   d   r 2   ( 1 −       r  S , 6 , 1  r   +       r 2    r 6 2 ) +   r 2 d   𝜃 2 −   r 2     s i n 2 ⁡  𝜃 d   𝜙 2


  d   s  2 , 6  ( − + + − ) 2 = −  ( 1 +     r  S , 6 , 2  r −     r 2    r 6 2 )   c 2 d   t 2 +   d   r 2   ( 1   +       r  S , 6 , 2  r   −       r 2    r 6 2 ) +   r 2 d   𝜃 2 −   r 2     s i n 2 ⁡  𝜃 d   𝜙 2


  d   s  3 , 6  ( − + + − ) 2 = −  ( 1 −     r  S , 6 , 3  r −     r 2    r 6 2 )   c 2 d   t 2 +   d   r 2   ( 1   −       r  S , 6 , 3  r   −       r 2    r 6 2 ) +   r 2 d   𝜃 2 −   r 2     s i n 2 ⁡  𝜃 d   𝜙 2


  d   s  4 , 6  ( − + + − ) 2 = −  ( 1 +     r  S , 6 , 4  r +     r 2    r 6 2 )   c 2 d   t 2 +   d   r 2   ( 1   +       r  S , 6 , 4  r   +       r 2    r 6 2 ) +   r 2 d   𝜃 2 −   r 2     s i n 2 ⁡  𝜃 d   𝜙 2


  d   s  1 , 8  ( − + − + ) 2 = −  ( 1 −     r  S , 8 , 1  r +     r 2    r 6 2 )   c 2 d   t 2 +   d   r 2   ( 1 −       r  S , 8 , 1  r   +       r 2      r 6 2 ) −   r 2 d   𝜃 2 +   r 2     s i n 2 ⁡  𝜃 d   𝜙 2


  d   s  2 , 8  ( − + − + ) 2 = −  ( 1 +     r  S , 8 , 2  r −     r 2    r 6 2 )   c 2 d   t 2 +   d   r 2   ( 1 +     r  S , 8 , 2  r   −       r 2    r 6 2 ) −   r 2 d   𝜃 2 +   r 2     s i n 2 ⁡  𝜃 d   𝜙 2


  d   s  3 , 8  ( − − + + ) 2 = −  ( 1 −     r  S , 8 , 3  r −     r 2    r 6 2 )   c 2 d   t 2 +   d   r 2   ( 1 −       r  S , 8 , 3  r   −       r 2    r 6 2 ) −   r 2 d   𝜃 2 +   r 2     s i n 2 ⁡  𝜃 d   𝜙 2


  d   s  4 , 8  ( −   + − + ) 2 = −  ( 1 +     r  S , 8 , 4  r +     r 2    r 6 2 )   c 2 d   t 2 +   d   r 2   ( 1 +       r  S , 8 , 4  r   +       r 2    r 6 2 ) −   r 2 d   𝜃 2 +     s i n 2 ⁡  𝜃 d   𝜙 2


    r 6


  d   s  1 , 2  ( + − − − ) 2 =  ( 1 +     r  S , 2 , 1  r )   c 2 d   t 2 −   d   r 2   ( 1   +       r  S , 2 , 1  r   ) −   r 2  ( d   𝜃 2 +     s i n 2 ⁡  𝜃 d   𝜙 2 )


  d   s  2 , 2  ( , + − − − ) 2 =  ( 1 −     r  S , 2 , 2  r )   c 2 d   t 2 −   d   r 2     ( 1   −       r  S , 2 , 2  r   ) −   r 2  ( d   𝜃 2 +     s i n 2 ⁡  𝜃 d   𝜙 2 )


  d   s  3 , 2  ( + − − − ) 2 =  ( 1 +     r  S , 2 , 3  r )   c 2 d   t 2 −   d   r 2   ( 1   +       r  S , 2 , 3  r   ) −   r 2  ( d   𝜃 2 +     s i n 2 ⁡  𝜃 d   𝜙 2 )


  d   s  4 , 2  ( + − − − ) 2 =  ( 1 −     r  S , 2 , 4  r )   c 2 d   t 2 −   d   r 2     ( 1 −       r  S , 2 , 4  r   ) −   r 2  ( d   𝜃 2 +     s i n 2 ⁡  𝜃 d   𝜙 2 )


  d   s  1 , 4  ( + − + + ) 2 =  ( 1 −     r  S , 4 , 1  r )   c 2 d   t 2 −   d   r 2   ( 1 −       r  S , 4 , 1  r   ) +   r 2 d   𝜃 2 +   r 2     s i n 2 ⁡  𝜃 d   𝜙 2


  d   s  2 , 4  ( + − + + ) 2 =  ( 1 +     r  S , 4 , 2  r )   c 2 d   t 2 −   d   r 2   ( 1 +       r  S , 4 , 2  r   ) +   r 2 d   𝜃 2 +   r 2     s i n 2 ⁡  𝜃 d   𝜙 2


  d   s  3 , 4  ( + − + + ) 2 =  ( 1 −     r  S , 4 , 3  r )   c 2 d   t 2 −   d   r 2   ( 1 −       r  S , 4 , 3  r   ) +   r 2 d   𝜃 2 +   r 2     s i n 2 ⁡  𝜃 d   𝜙 2


  d   s  4 , 4  ( + − + + ) 2 =  ( 1 +     r  S , 4 , 4  r )   c 2 d   t 2 −   d   r 2   ( 1 +       r  S , 4 , 4  r   )   +   r 2 d   𝜃 2 +   r 2     s i n 2 ⁡  𝜃 d   𝜙 2


  d   s  1 , 6  ( − + + − ) 2 = −  ( 1 −     r  S , 6 , 1  r )   c 2 d   t 2 +   d   r 2   ( 1 −       r  S , 6 , 1  r   ) +   r 2 d   𝜃 2 −   r 2     s i n 2 ⁡  𝜃 d   𝜙 2


  d   s  2 , 6  ( − + + − ) 2 = −  ( 1 +     r  S , 6 , 2  r )   c 2 d   t 2 +   d   r 2   ( 1   +       r  S , 6 , 2  r   ) +   r 2 d   𝜃 2 −   r 2     s i n 2 ⁡  𝜃 d   𝜙 2


  d   s  3 , 6  ( − + + − ) 2 = −  ( 1 −     r  S , 6 , 3  r )   c 2 d   t 2 +   d   r 2   ( 1   −       r  S , 6 , 3  r   ) +   r 2 d   𝜃 2 −   r 2     s i n 2 ⁡  𝜃 d   𝜙 2


  d   s  4 , 6  ( − + + − ) 2 = −  ( 1 +     r  S , 6 , 4  r )   c 2 d   t 2 +   d   r 2   ( 1   +       r  S , 6 , 4  r ) +   r 2 d   𝜃 2 −   r 2     s i n 2 ⁡  𝜃 d   𝜙 2


  d   s  1 , 8  ( − + − + ) 2 = −  ( 1 −     r  S , 8 , 1  r )   c 2 d   t 2 +   d   r 2   ( 1 −       r  S , 8 , 1  r   ) −   r 2 d   𝜃 2 +   r 2     s i n 2 ⁡  𝜃 d   𝜙 2


  d   s  2 , 8  ( − + − + ) 2 = −  ( 1 +     r  S , 8 , 2  r )   c 2 d   t 2 +   d   r 2   ( 1 +     r  S , 8 , 2  r   ) −   r 2 d   𝜃 2 +   r 2     s i n 2 ⁡  𝜃 d   𝜙 2


  d   s  3 , 8  ( − − + + ) 2 = −  ( 1 −     r  S , 8 , 3  r )   c 2 d   t 2 +   d   r 2   ( 1 −       r  S , 8 , 3  r   ) −   r 2 d   𝜃 2 +   r 2     s i n 2 ⁡  𝜃 d   𝜙 2


  d   s  4 , 8  ( −   + − + ) 2 = −  ( 1 +     r  S , 8 , 4  r )   c 2 d   t 2 +   d   r 2   ( 1 +       r  S , 8 , 4  r   ) −   r 2 d   𝜃 2 +     s i n 2 ⁡  𝜃 d   𝜙 2


   10  − 17 с м


    r  S , 2 , 1 ≈   r  S , 2 , 2 ≈   r  S , 2 , 3 ≈   r  S , 2 , 4 ≈   r  S , 4 , 1 ≈   r  S , 4 , 2 ≈   r  S , 4 , 3 ≈   r  S , 4 , 4   ≈ r  S , 6 , 1 ≈   r  S , 6 , 2 ≈   r  S , 6 , 3 ≈   r  S , 6 , 4 ≈   r  S , 8 , 1 ≈   r  S , 8 , 2 ≈   r  S , 8 , 3 ≈   r  S , 8 , 4 ≪   𝟏 𝟎  − 𝟏 𝟕 с м


    r 7 ≈   r  S , i j ≪  10  − 17 с м


   10  − 13 с м


    r  S , i , j ≈   r 7


  ≪  10  − 17 с м


  d   s  1 , 2  ( + − − − ) 2 =  ( 1 +     r 7  r )   c 2 d   t 2 −   d   r 2   ( 1   +       r 7  r   ) −   r 2  ( d   𝜃 2 +     s i n 2 ⁡  𝜃 d   𝜙 2 )


  d   s  2 , 2  ( , + − − − ) 2 =  ( 1 −     r 7  r )   c 2 d   t 2 −   d   r 2     ( 1   −       r 7  r   ) −   r 2  ( d   𝜃 2 +     s i n 2 ⁡  𝜃 d   𝜙 2 )


  d   s  5 . 1  ( + − − − ) 2 =   c 2 d   t 2 − d   r 2 −   r 2  ( d   𝜃 2 +     s i n 2 ⁡  𝜃 d   𝜙 2 )


  d   s  1 , 4  ( + − + + ) 2 =  ( 1 −     r 7  r )   c 2 d   t 2 −   d   r 2   ( 1 −       r 7  r   ) +   r 2 d   𝜃 2 +   r 2     s i n 2 ⁡  𝜃 d   𝜙 2


  d   s  2 , 4  ( + − + + ) 2 =  ( 1 +     r 7  r )   c 2 d   t 2 −   d   r 2   ( 1 +       r 7  r   ) +   r 2 d   𝜃 2 +   r 2     s i n 2 ⁡  𝜃 d   𝜙 2


  d   s  1 , 6  ( − + + − ) 2 = −  ( 1 −     r 7  r )   c 2 d   t 2 +   d   r 2   ( 1 −       r 7  r   ) +   r 2 d   𝜃 2 −   r 2     s i n 2 ⁡  𝜃 d   𝜙 2


  d   s  2 , 6  ( − + + − ) 2 = −  ( 1 +     r 7  r )   c 2 d   t 2 +   d   r 2   ( 1   +       r 7  r   ) +   r 2 d   𝜃 2 −   r 2     s i n 2 ⁡  𝜃 d   𝜙 2


  d   s  1 , 8  ( − + − + ) 2 = −  ( 1 −     r 7  r )   c 2 d   t 2 +   d   r 2   ( 1 −       r 7  r   ) −   r 2 d   𝜃 2 +   r 2     s i n 2 ⁡  𝜃 d   𝜙 2


  d   s  2 , 8  ( − + − + ) 2 = −  ( 1 +     r 7  r )   c 2 d   t 2 +   d   r 2   ( 1 +     r 7  r   ) −   r 2 d   𝜃 2 +   r 2     s i n 2 ⁡  𝜃 d   𝜙 2


  d   s  5 . 1  ( −   + + + ) 2 =   −   c 2 d   t 2 + d   r 2 +   r 2  ( d   𝜃 2 +     s i n 2 ⁡  𝜃 d   𝜙 2 )


    r  e f f  


   10  − 13 с м


    r  e f f  


   10  − 13 с м


    r 7


  ≪  10  − 17 с м


    r 7


  ≪  10  − 17 с м


    r  e f f  


    r  7 e f f ≪  10  − 17 с м ;


    𝒓  𝟕 𝒆 𝒇 𝒇  


  d   s  1 , 2  ( + − − − ) 2 =  ( 1 +     r 7  r )   c 2 d   t 2 −   d   r 2   ( 1   +       r 7  r   ) −   r 2  ( d   𝜃 2 +     s i n 2 ⁡  𝜃 d   𝜙 2 )


  d   s  2 , 2  ( , + − − − ) 2 =  ( 1 −     r 7  r )   c 2 d   t 2 −   d   r 2     ( 1   −       r 7  r   ) −   r 2  ( d   𝜃 2 +     s i n 2 ⁡  𝜃 d   𝜙 2 )


  d   s  5 . 1  ( + − − − ) 2 =   c 2 d   t 2 − d   r 2 −   r 2  ( d   𝜃 2 +     s i n 2 ⁡  𝜃 d   𝜙 2 )


    r


  ≫  10  − 13   с м )


  r


  ≫  10  − 13   с м ,


  d   s 1  ( − + + + ) 2 = −  ( 1 −     r  e f f  r )   c 2 d   t 2 +   d   r 2   ( 1 −       r  e f f  r   ) +   r 2 d   𝜃 2 +   r 2     s i n 2 ⁡  𝜃 d   𝜙 2


  d   s 2  ( − + + + ) 2 = −  ( 1 +     r  e f f  r )   c 2 d   t 2 +   d   r 2   ( 1 +       r  e f f  r   ) +   r 2 d   𝜃 2 −   r 2     s i n 2 ⁡  𝜃 d   𝜙 2


  d   s  5 . 1  ( −   + + + ) 2 =   −   c 2 d   t 2 + d   r 2 +   r 2  ( d   𝜃 2 +     s i n 2 ⁡  𝜃 d   𝜙 2 )


    r  e f f  


   10  − 13 с м


    a  r  ( e + P ) ≈     c 2   r 7  2   r 2   ( 1 −       r 7 2    r 2 )  


    r 7


      10  − 24 с м ≪  10  − 17 с м .


    a  r  ( P + e ) ≈     v  e 2   r  e f f  2   r 2   ( 1 −       r  e f f 2    r 2 )  


    v  e


    a  r  ( e , P ) =   a  r  ( e + P ) +   a  r  ( P + e ) ≈     c 2   r 7  2   r 2   ( 1 −       r 7 2    r 2 ) +       v  e 2   r  e f f  2   r 2   ( 1 −       r  e f f 2    r 2 )   ,


  r


    r  e f f


    r 7


    r  e f f ≫   r 7


    a  r   ( e , P )  ( r ) ≈     v  e 2   r  e f f  2   r 2   ( 1 −       r  e f f 2    r 2 )   .


  r


    r  e f f


    r   ≈ r  e f f ~  10  − 13 с м .


    r   ≈ r  e f f ~  10  − 13 с м


    r ≤ r  e f f


    r ≫ r  e f f


    a  r   ( e , P ) ( r ) ≈     v  e 2   r  e f f  2   r 2 ,


    r   ≈ r  e f f ~  10  − 13 с м


  −     3 𝜂  r 2 4  ∇ 2 𝜙  ( r ) + u  ( r ) 𝜙  ( r ) = 𝜀 𝜙  ( r ) ,


  𝜙  ( r )


     | 𝜙  ( r ) | 2 =   𝜌  ( r )


  𝜀 =   E    m  e


    m  e


  u ( r ) =   U ( r )    m  e


  r


  U ( r )


    𝜎  r =  1 3  (   𝜎  x +   𝜎  x +   𝜎  x ) ≈   𝜎  x


    𝜏  r a c o r =  1 3  (   𝜏  x a c o r +   𝜏  y a c o r +   𝜏  z a c o r ) ≈   𝜏  x a c o r


  −      ℏ 2  2   m  e  ∇ 2 𝜓  ( r ) +  U  ( r ) 𝜓  ( r ) = E 𝜓  ( r ) ,


  𝜓  ( r )


    m  e


  −      ℏ 2  2   m  e 2  ∇ 2 𝜓  ( r ) + u  ( r ) 𝜓  ( r ) = 𝜀 𝜓  ( r ) .


  𝜙  ( r ) = 𝜓  ( r )


   ℏ    m  e   =   3 2   𝜂  r =   3 2       𝜎  r 2    𝜏  r c o r


    a  r   ( e , P ) ( r ) ≈     v  e 2   r  e f f  2   r 2 ,


  u  ( r ) =   U ( r )    m  e ≈  ∫    a  r   ( e , P )  ( r ) d r =  ∫      v  e 2   r  e f f    r 2 d r =     −       v  e 2   r  e f f  2 r .


   [ −     3 𝜂  r 2 4  ∇ 2 −     v  e 2   r  e f f  2 r ] 𝜙  ( r ) = 𝜀 𝜙  ( r ) ,


   [ −    ℏ 2  2   m  e 2  ∇ 2 −     e 2  4 𝜋     m  e 𝜀 0 r ] 𝜓  ( r ) = 𝜀 𝜓  ( r ) .    


  𝜙  ( r ) = 𝜓  ( r )


      v  e 2   r  e f f 2 ≈     e 2  4 𝜋     m  e 𝜀 0


   ℏ    m  e   ≈   3 2   𝜂  r =  6       𝜎  r 2    𝜏  r c o r


    v  e


    𝜂  r


    v  e ≈      e 2  2 𝜋     m  e 𝜀 0   r  e f f ≈    2 , 56   ∙ 10  − 38  2 ∙ 3 , 14 ∙ 9 , 1 ∙  10  − 31 ∙ 8 , 85 ∙  10  − 12     ∙  10  − 13 ≈    2 , 56 ∙  10  − 38    0 , 5 ∙ 10  − 53   ≈  51 , 2 ∙  10 14     = 7 , 2 ∙ 10 7   м / с ,


    𝜂  r =     2   𝜎  r 2    𝜏  r c o r =   2 3  ℏ    m  e   ≈ 0 , 58     1 , 05 ∙  10  − 34  9 , 1 ∙  10  − 31   ≈ 9 , 4   ∙ 10  − 5    м 2 / с .  


    a 0 =   4 𝜋   𝜀 0  ℏ 2    m  e   e 2 =   4 𝜋     m  e 𝜀 0  ℏ 2    m  e 2   e 2   ≈   12   𝜎  r 4    v  e 2   r  e f f   𝜏  r c o r 2 ≈ 5 , 29 ∙  10  − 9  см


    𝜙  ( r )  n l m ( r , 𝜃 , 𝜑 ) =   R  n l ( r )     Y  l m ( 𝜃 , 𝜑 )


    R  n l ( r ) =     (  2  n   a 0 ) 3   ( n − l − 1 ) !  2 n [ ( n + l ) !  ] 3    (   2 r  n   a 0 )  l   L  n − l − 1  2 l + 1    (   2 r  n   a 0 )   e  − r / ( n   a 0 )


    L  n − l − 1  2 l + 1 ( x )


  n


  = 0 , 1 , 2 , …


  l = 0 , 1 , 2 , …


  m


    Y  l m  ( 𝜃 , 𝜑 ) =  {       2 l + 1  4 𝜋   P  l 0  ( c o s 𝜃 )               п р и     m = 0 ,      ( − 1 )  m  2    2 l + 1  4 𝜋    ( l − m ) !   ( l + m ) !   P  l  m  ( c o s 𝜃 )  cos ⁡   ( m 𝜑 )       п р и   m > 0 ,


    P  l  m  ( c o s 𝜃 )


    𝜙  ( r )  n l m = 𝜓    ( r )  n l m


    𝜙  ( r ) 100 =  1   𝜋   a 0 3   e  − r /   a 0


    𝜙  ( r ) 200 =  1  4  𝜋   a 0 3    ( 2 −   r    a 0 ) e  − r /   2 a 0


    𝜙  ( r ) 210 =  1  4  𝜋   a 0 3   r    a 0   e  − r / 2   a 0 c o s 𝜃


    𝜙  ( r ) 211 =  1  4  𝜋   a 0 3   r    a 0   e  − r / 2   a 0 s i n 𝜑 c o s 𝜃


    𝜙  ( r )  21 − 1 =  1  4  𝜋   a 0 3   r    a 0   e  − r / 2   a 0 s i n 𝜑 s i n 𝜃


    𝜙  ( r )  n , l , m


    𝜙  ( r )  n , l , m = 𝜓    ( r )  n l m


    4 𝜋   r 2  |   𝜙  ( r )  n , l , m | 2  


  4 𝜋   r 2 d r


    𝜙  ( r )  n , l , m = 𝜓    ( r )  n l m


    a 0 =   4 𝜋   𝜀 0  ℏ 2    m  e   e 2   ≈ 5 , 29 ∙  10  − 9  см. 


      4 𝜋   r 2  |   𝜙  ( r )  n , l , m | 2


    𝜙  ( r )  n , l , m


    r  7 e f f  


   10  − 17  см


  u  ( r )  


  ∣   r  e f f ∣ < ∣ r ∣


    u  eff ( r ) =   U ( r )    m  e ≈  ∫    a  r   ( e , P )  ( r ) d r =  ∫      v  e 2   r  e f f  2   r 2   ( 1 −       r  e f f 2    r 2 ) d r = −     v  e 2 2 arcsin ⁡  (     r  e f f  r ) .


    v  e


    r  e f f


  u  ( r )


    v  e


    r  e f f


  u  ( r )


    v  e


    r  e f f


   [ −     3 𝜂  r 2 4  ∇ 2 −     v  e 2 2 arcsin ⁡  (     r  e f f  r ) ] 𝜙  ( r ) = 𝜀 𝜙  ( r ) ,


   ∇ 2 𝜙  ( r ) +  4  3   𝜂  r 2  (  𝜀   +      v  e 2 2 arcsin ⁡  (     r  e f f  r ) ) 𝜙  ( r ) = 0 ,


   ∇ 2 𝜓  ( r ) +     2 m  e 2   ℏ 2  (  𝜀   +      v  e 2 2 arcsin ⁡  (     r  e f f  r ) ) 𝜓  ( r ) = 0 .


  r ≫   r  e f f


  −     v  e 2 2  arcsin ⁡   (     r  e f f  r ) ≈ −       v  e 2 r  e f f  2 r .


  r ≫   r  e f f  


  r >


    ∙


   ∇ 2 𝜙  ( r ) +  4  3   𝜂  r 2  (  𝜀   +      v  e 2   r  e f f  2 r ) 𝜙  ( r ) = 0 ,


    r  e f f ~  10  − 13 с м


    r 7 ~  10  − 24 с м


      r  7 e f f ~ 𝟏 𝟎  − 𝟏 𝟕 с м


    r 7 ~  10  − 24 с м


    r  7 e f f ~  10  − 17 с м


    2 𝜎  r 2 /   𝜏  r c o r


    r 7 ≪  10  − 17


    r  e f f ~  10  − 13 с м


  r   ≫  10  − 13 с м ) .  


  u  ( r ) = −     v  e 2   r  e f f  2 r .


    r   ≈ r  e f f )


    u  eff ( r ) = −     v  e 2 2 arcsin ⁡  (     r  e f f  r ) .


   [ −     3 𝜂  r 2 4  ∇ 2 −     v  e 2   r  e f f  2 r ] 𝜙  ( r ) = 𝜀 𝜙  ( r ) .


  𝜙  ( r )


  𝜓  ( r )


    r 7 ~  10  − 24 с м


  ℏ /   m  e )


  (   2 𝜎  r 2 /   𝜏  r c o r )


    2 𝜎  r 2 /   𝜏  r c o r


   ∇ 2 𝜙  ( r ) +  4  3   𝜂  r 2  [ 𝜀 +     v  e 2 2 arcsin ⁡  (     r  e f f  r ) ] 𝜙  ( r ) = 0 .


    R  𝜇 𝜈 −  1 2 R   g  𝜇 𝜈 =   8 𝜋 G    c 4   T  𝜇 𝜈


    R  𝜇 𝜈 −  1 2 R   g  𝜇 𝜈 + Λ   g  𝜇 𝜈 =   8 𝜋 G    c 4   T  𝜇 𝜈


    R  𝜇 𝜈 −  1 2 R   g  𝜇 𝜈 =   G  𝜇 𝜈


    T  𝜇 𝜈


  Λ


    ± Λ  i


    R  i k = 0  

