IUHIITEH NPOTUB XUITCA: NJIH UTO TAaKOe
mMmacca?

Annoranusa. [lokazaHo, YTO pOXKJIEHUE MacChl y 3JIeMeHTapHOU
YaCTUIBI IPOUCXOAUT B  pesyybTare cdepuueckor aedopmanuu
KBAHTOBAaHHOTO IIPOCTPAHCTBAa-BpEMEHM HA OCHOBAHUM KOHIENIUU
IPaBUTAIUN UCKPHUBJIEHHOTO YETHIPEXMEPHOTO IIPOCTPAHCTBA-BPEMEHU
OuiHmTeliHa. OMMO0YHO MOJIATAIOT, UTO TEOPHUs TPABUTANUUN JUHIITENHA
He BiucbiBaeTcs: B Cranaaptayio mozesb (CM). ITokazaHo, 4To Ha00OPOT,
CM He BIOHCHIBaeTCs B TEOPUIO FpaBUTAlMU DUHINTENHA, a 0030H XHUITCa
MIPOTUBOPEYUT KOHIIENIINU HCKPUBJIEHHOTO IPOCTPAHCTBAa-BPEMEHM KakK
OCHOBBI TpaBuTauu. lloaTomy 6030H Xurrca He MOXKeT OBITH HOCUTEJIEM
Macchl  3JIeMEHTapHOW  4YacTUIlbl. MexXaHu3M  PpOXJAEHUs  Macchl
3JIeMEHTAapHOW  YaCcTUIIBI  pacCMOTPeH  IOAPOOHO B TeOpUU
Cynepobbenunenus [1, 2].

IIpeauciaoBue aBropa. fl mocrapajicsi H3JIOKUTh MPOOIEMY
dopMupoBaHUs Macchl y 3J1eMeHTapHBIX YaCTUI] B pe3yJIbTaTe cpepruueckon
nedbopmaui KBAaHTOBAHHOTO IIPOCTPAHCTBA-BpEMEHU B TOIMYJISAPHOU
dopme 06e3 wmaremaruueckux ¢opmysa. Te, KTo UHTepecyercs
MaTeMaTUYeCKUM almapaToM W NOAPOOHOCTAMHU OIUCAHUA HOBBIX
KBAHTOBBIX ITPOI[ECCOB, MOTYT TO3HAKOMUTHCS C COTHSIMU HOBBIX (DOPMYJI B
teopun CyrnepobobenmHeHus [1, 2]. OQHOBpeMEHHO TOTOBUTCS BTOPOU
BapUAHT CTaThbHW, HAIOJIHEHHBI MaTeMaTuueckumMu GopmyiaMu,
ONKCBIBAIOIINMU IIpoliecchl GOPMUPOBAHUA MACCHI 3JIeMEeHTAaPHBIX YaCTHII,
TI0 CYyTH JieJia, IOBTOPS PACU€EThI, IPUBE/IEHHBIE paHee [1, 2].

Teopusa CynepobbequHeHUs
(theory of Superunification), koTopyro
elll€ Ha3bIBAIOT KaK Teopus Beero (theory
of everything), Gasupyercsi Ha HOBBIX
dyHAaMEHTaIbHBIX OTKPBITUAX KBaHTA
IIPOCTPaHCTBa-BpeMeHN (KBaHTOHA) W
CBEPXCUJILHOTO 3JIEKTPOMAarHUTHOTO
B3aumMmojelicteuss  (C9B), caesaHHBIX
MHOIO B 1996 rozay [3, 4]. Heobxogumo o6paTuTh BHUMaHUE, UTO TEOPUSI
CynepoObeauHeHUs  SIBJISIETCA  CaMbIM  MOIIHBIM  QHAJIUTHYECKUM
afnrapaToM  HCCIeI0BaHUs MaTepuu. BmepBble cocrosiicss  dakT
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ob6bemHeHUsT (QyHIaMEeHTaIbHBIX B3aUMOIEUCTBUM: 3JIEKTPOMAarHeTU3Ma,
rpaBUTAIUH, SJEPHBIX U BJIEKTPOCIA0BIX CHJL.

XoTtesoch ObI 00paTUTh BHUMAHUSA HAa HOBBIE BKCIIEPUMEHTATIbLHBIE
dyHnaMeHTaIbHBIE (DAKTBHI, IIOJyUYeHHbIE MHOI II0 HCKYCCTBEHHOMY
yIIpaBJIeHUIO TATOTEHUEM [5, 6], a Takke Ha 5PdeKT YIIEpeHKO I10
ocBoOOxkIeHMI0 sHepruu CIB B pe3ysibTaTe X0J0AHOTO CUHTE3a [7, 8, 9].

Kpurnka 6o3oHa Xurrca u CtaHaapTHOM MO/ I

A HeoAHOKpaAaTHO IHicasJ, YTO 0Oo030HaA XWuITca He CYIIEeCTBYET B
IIpUPOZie, IIOCKOJIBKY OH IPOTHBOPEYUT KOHIIENIIUK TPaBUTAIUU
OUHIIITENHA WCKPUBJIEHHOTO NIPOCTPAHCTBa-BpeMeHU B O0OIell Teopuu
otHocurenbHOcTH (OTO) (Leonov. Higgs boson does not exist in
nature) [10]. OTO npoBepeHa JIOBOJIBHO OOCTOATEILHO, & BOT IOUCKHU
6030Ha XUrrca Mpo0IKAIOTCA. 4 UIOJIS 2012 rofa mpecc-cay:xk6oii [IEPHa
OBLIIO OOBSABIIEHO 00 OTKPBITUH YACTUIIBI IKOOBI ITOX0Kel Ha 6030H Xurrca
[11]. CyTtb ILeJIa B TOM, 4YTO 6030H Xurrca J0JKeH OTBedaTh 3a
B ¢dopmupoBaHue MacCChl y
aJIEMEHTApPHBIX YacTuIl [12...17].
OnHako ybequTeTbHBIX
JIOKa3aTeJIbCTB 3TOMY HE JAal0T HU
TEOpUs Xwurrecea, HU
JIOPOTOCTOSIINE HKCIEPHUMEHTHI
Ha bossiom aJIpOHHOM
kosutaviiepe (bAKe) B IIEPHe 1o
noucky 6030Ha Xurrea.

Mue, kak aBtopy Teopuu CyrnepoObenuHeHUs, OOBACHAIOIIEN
npuposy GOpMUPOBAHUA MACCHI Y 3JIEMEHTAPHBIX YACTHII, OMUPASACH MIPU
3TOM Ha KOHIIENIMI0O TpaBUTAIUU IUHINTENHA, abCOJIIOTHO abCyp/IHOM
BBITVISAUT aJIbTEpHATUBHAS DUHIITEUHY Teopus mpodeccopa XUrrea ¢ ero
6030H0M. Teopus Xurrca IpoOTUBOPEUUT TEOPUU TPABUTAIIUN DUHIITENHA.
[TosTomy Teopussi Xurrca He HMeeT HUKAKOTO OTHOIIEHUS K IPUpoe
dopMupoBaHus Macchl y UacTHUIl, KAK OCHOBBI rpaBuTanuu. ['paBuramus
HauynHaeTcsA ¢ popMUpPOBaHUSA MACChl. ITO yOeIUTETHbHO T0KA3aHO B TEOPUU
CynepobbeuHeHUs, KOTOpas OIyOJIMKOBaHA Y»Ke B JIBYX U3JAaHUAX U
JIOCTYITHA CIIEIUAINCTaM JJis u3ydeHus [1, 2].

JlanHasg cTtaThsg MHOIO IOJATOTOBJIEHA CIIEUaJIbHO I Poccuiickoro
aTOMHOTO COOOIIECTBA, IIOCKOJIbKY s — OJAUH N3 HEMHOTHX (U3UKOB-

2



TEOPETUKOB, KOTOPBI UMeeT MHKeHepHOoe o0pa30oBaHUeE U OIBIT pabOThI
IJIABHOTO KOHCTPYKTOPA B 00JIaCTH BBICOKUX TeXHOJIOTUM. Kak KOHCTPYKTOP
s TIPUBBIK paboTaTh, ONMUpasCh Ha KJIACCUUYECKHEe HAyKU, TaKHhe Kak
TeopeTuYecKas MeXaHUKa, 3JIEKTPOTEXHUKA, TEIVIOTEXHUKA, a9POJINHAMUKA
u apyrue. B sToM ciyuyae s moHuMmar (GU3UKY ABJIEHUNM U MOTY CTaBUTH
MHOKECTBO  MBICJIEHHBIX 3KCIEPUMEHTOB, BBIOHMpas ONTUMAILHYIO
KOHCTPYKIIUIO WJIU TEXHOJIOTUIO, IMOJATBEpP:KJas 3TO MaTeMaTUUYeCKUMU
pacuéraMu. ATO HUCKIIOYAET NPOBeJileHHe MHOKECTBEHHBIX U, 3a4acTylo,
Oecriosie3HbIX SKCHEPUMEHTOB TIPU OIBITHO-KOHCTYKTOPCKUX paboTrax
(OKP), mno3BoJisisi COCPEIOTOYUTh BHUMAHHE HAa HWCHBITAHUAX HOBOU
TEXHUKHU.

Ho B HacToAIUN MOMEHT CJIOKHJIACH ITapajioKcajibHas CUTYyaIlus,
KOT/Ia YpOBeHb (pyH/IaMEHTAJIbHBIX 3HAHUW 3aCTPsiI Ha IO3UIUAX
I10JIyBeKOBOU AaBHOCTH. O61as Teopus orHocuteapHocTH (OTO) [18...22]
1 KBAaHTOBAs TeOpus [22...27], KaK U MOJIBEKA HA3aJl, IIPEACTABIIAIOT COO0OU
HecBA3aHHble BMecTe Teopur. OTO — 3TO KOHIENIMA TpaBUTALIUM U
dopmupoBaHusa Macchl HE TOJBKO Y KOCMOJIOTHUECKUX OOBEKTOB, HO U Y
aJIEMEHTApHBIX yacTull. KBaHTOBasA TeOpUs — 3TO TEOPHUA BJIEMEHTAPHBIX
yactull. OpHako, CrangaptHas wMozaenb (CM) [28...31], kak ocHOBa
KBAaHTOBOUW (DUBUKU 3JI€MEHTAPHBIX YaCTHUI], TPOTUBUTCS OOBETUHEHUIO C
OTO, nockoabky CM omuboYyHa U MPOTUBOPEUUBA 110 MHOTHUM ITYHKTAM.
ITO TOPMO3UT Pa3BUTHE HOBBIX TEXHOJIOTUHA B 00J1aCTH DHEPTETUKH,
Ha3eMHOT'0 U KOCMHY€ECKOT0 TPAHCIIOPTA, CBA3U U APYTUX HAIIpaBJI€HUM.

Hanpumep, ynpasisgeMblii TepMosiziepHblil cuHTe3 (YTC) HUKAaK He
3amycKaeTcs, fA/iepHas SHEpPreTHMKa 3aIlUMKJINIach Ha YPaHOBOM TOILIMBE,
XOJIOMHBIN sfepHbIN cuHTe3 (XAC) HUKaK He BBINJIET Ha MpPaKTUYECKOe
npuMeHeHue. Ha TpaHcmopTe 70 cuX IIOp IIOJIb3yeEMCS JBUTATEISIMH,
KOHCTPYKIIUH KOTOPBIX ObLTa 3a10KEHBI 00JIee COTHU JIeT Ha3a . JlBurareiib
BHyTpeHHero cropanus ([IBC) ycrapes 1 He9KOHOMUYEH, 3JIEKTPOMOOMIIHL
ocraérca wMeutod. Tak, 3a
II0JIBEKAa PAKETHBIU JIBUTATENb
YBEJIUYUJI CBOU UMIIYJIBC BCETO B
JIBa pasa, ¢ 220 cekyHj (PAY-2)
10 450 cekyHZ (coBpeMeHHbIE
PAKETOHOCUTEN). PakerHnas
TEeXHUKA JIOCTHUTJIA CBOETO
TEXHUYECKOTO IIOTOJIKA u
3actpasia Ha Mecre. HyXHBI
IIPUHIIMIINAJILHO HOBBIE HJIEE, a




ux HeT. 1 ecsiu KTO-TO, HAIIpUMeD, 3alyMaJl CO3/aTh JICTAIOIIYIO TAPEJIKY C
JIBI>KUTEIEM Oe3 BhIOpOca PeaKTUBHOU TATHU U UCTOYHUKOM dHepruu XAC,
TO pelleHue 5TOM 3a/laud HEBBIIIOJHUMO, IIOCKOJIBKY OTCYTCTBYET
TeopeTudeckasa O0aza A moaroroBku T3 wa HUMOKP. Kak 510 HE
[MapaJloKCaJIbHO, HO Pa3BUTHE MPUHIUINAJILHO HOBBIX TEXHOJOTUU
ynupaetcs B 00beauHeHnsa OTO u KBaHTOBOW TEOPUH.

[TosToMy, Kak PUBUK-TEOPETUK,
s COCPeZloOTOYUJI CBOU YCHIMA Ha
ooveauaernun OTO u KBaHTOBOU
TEOpUU B TEOpUU
Cynepob6benunenus.  Heobxoaumo
OBLIIO IIPUBECTH KBAHTOBYIO TEOPUIO U
uaeu obmrei TEOpUH
OTHOCHUTEJIbHOCTH (OTO) hife}
KJIACCUYEeCKOU (pOpMBbl NOHHMAaHUA,
JIOCTYITHOU crienuaarucTam
nH>KeHepHOTO npoduida. He cekpet 4To, IO/IaBJIAIOIIEE YHUCI0 UHKEHEPOB,
Jla’ke BBICOUAUINled KBAIU(PUKALIMM, HE TO, YTO He >KeJIalT H3ydaThb
kBaHTOBYI0O Teoputo U OTO, oHH cKOpee 00ATCSA MPUCTYIUTH K 3TOMY.
[IpyynHa 5TOTO B HEOIPEJIEJIEHHOCTH KBAaHTOBOU TEOPHUU U CJIOKHOCTU
Mmartematudeckoro anmapara OTO.

KBanToBas ¢pusuka, Kak pu3NKa djieMeHTapHbBIX YaCTHI, I10 CYyTH Jiejia
3acTpsja Ha IMyTU Pa3BUTHUA. Y:Ke HUKOTO He YCTPAUBAET CTATUCTUYECKUU
BEPOATHOCTHBIN XapakTep KBAaHTOBOU (PU3UKH, KOTZla OCHOBHBIM
[IapaMeTPOM YAacCTUIbl BBICTYIIAeT aMIUIUTY/Ia BEPOATHOCTHU, KBaZpaT
KOTOPBIN IIO03BOJISAET OIIEHUTH BEPOATHOCTD COCTOSTHUSA
KBAaHTOMeXaHNUYeCcKou cucreMsbl. I1o 3asaBienuto [IpuroxruHa, B KBAHTOBOU
(pusuKe 371eMEeHTAPHBIX YACTHUI] HACTYIIHJ «KOHEI] OIIPEAEJIEHHOCTU» [32].
Ho Ha camoMm 11 fiesie 5TO Tak? DUHILTEWH /10 KOHIIA KU3HU He MPUHUMAaJI
BEPOATHOCTHBIN XapaKTep KBAaHTOBOU (PU3UKHU, yTBEp:KJasd, 4To «bor He
UTPAaeT B KOCTU» [22].

MHe HeTpyZHO [0OKa3aThb, 4YTO HOBasg KBaHTOBad (PUBHUKA,
OIyOJIMKOBAHHASA B TEOPUU Cynepob6benuHeH s, ABJIAETCA
JIETEPMUHUCTUYECKOUN (IIpejicKa3aTeJIbHOM), OTHPABJIASA BEPOSTHOCTHBIE
METO/Ibl aHaJIu3a HA BTOPOM ILJIaH, KAaK BTOPOCTENEHHbIE. ITO CTaJO
BO3MOKHBIM TOJIBKO IIOCJI€ OTKPBITHUSI KBAaHTA NPOCTPAHCTBA-BpEMEHU
(kBaHTOHA) M KBAHTOBAHHOU CTPYKTYPHI Y UETBIPEXMEPHOT'O ITPOCTPAHCTBA-
BpeMeHHU. PaccMoTpuM 3Tanbl pa3BuUTHs 000U Hayku. Ha mepBom srtame
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UJIET cTaTUCTUYecKull cbop nHpopManuu B BU/ie TeX WIN UHBIX pakToB. Ha
BTOPOM 3Talle HOBbIe (PAKTHI CHUCTEMATU3UPYIOTCA, U JleJIaeTCAd IMONIbITKA
NIpUJIaHUA HOBBIM (paKTaM TeopeTudeckoe 0O0CHOBAHUS, OMUCHIBASL BCETO
JIMIIb CJIE[ICTBHE, a He NPUYMHY fABJIEHUA. 1 TOJIBKO HAa TpPEThbeM 3Tare
HauMHaeTcsA paboTa 0 PacCKPHITHIO IPUYNHA ABJIeHUA. Tak BOT, KBAHTOBAsA
(usuka mpomnwia JBa Tana pa3BUTHUA, 3aCTPSAB HA ONMCAHUU CJIEJICTBUA
ABJIEHUA U TO BEPOATHOCTHBIMU CPEACTBAMU. A BOT IPUUYNHBI KBAHTOBBIX
SIBJIEHUU BIIEPBbIE PACKPBIBAIOTCA TOJIBKO B Teopuu CynepoObe/lMHEHUS,
KOTOpas MpesiCTaBJIsAeT cOO0M JleTepMUHUCTUYECKYIO, IIPE/CKA3bIBAIOIIYIO
KBAHTOBBIE COOBITHUS TEOPUIO, YCTPAHSAWIIYID HEOIPEJEIEHHOCTH B
KBAHTOBOU (PU3MKE U NMPUBOJAIILYI0O KBAHTOBYIO TEOPUIO K KJIACCUUYECKOMY

BU]LY.

B Tteopum CynepobbenuHeHus obsactb (U3UKH 3JIEMEHTAPHBIX
YaCTHUIl U aTOMHOTO si/[pa MpejicTaBjieHa cCMMON030M KBAaHTOBOW TEOPUU U
obmieit Teopum oTHocuTesabHOocTH (OTO). M 6e3 wux oO0beAUHEHU
HEBO3MOKHO HMHTEHCHUBHOE pPa3BUTHE AaTOMHOU OTPaCiId, KaK OCHOBBI
sHeprooOecrieueHus. ECTeCTBEHHO, UTO ONUpPAsACh HA KOHIENIUIO
rpaBUTAIlUM HMCKPUBJIEHHOTO IIPOCTPAHCTBA-BpEMEHU OUHIITENWHA, KakK
OCHOBBI TpaBUTAINU, B Teopuu CynepobbeuHeHUs TPUIILJIOCh TPUBOJIUTD
CIOXKHeUImuu MarteMmaruueckud anmapatr OTO k  KjIaccu4eckoMmy
BEKTOPDHOMY aHaJIN3y, 3aMeHAd reoMeTpuio (Gusukou ApjeHuul. C 3Tou
I[eJIbI0 M ObLI BBEAEH UYETHIPEXMEPHBIN KBAHT IIPOCTPAHCTBA-BPeMEHU
(kBaHTOH), KaK yacTUIla, 00beAUHAIOIAsA KBAaHTOBYIO Teoputo 1 OTO.

B reomerpuyeckOou TeOpHUU TIpaBUTALUHN IJUHIITENHA POJIb
I'PaBUTAIIMOHHOTO OTEHI[NAJIa BBITIOJIHSET IICEB0-PUMAHOB METPUYECKUH
TEH30p B TeH30pHOM YypaBHeHuu Ilyaccona [20]. DTo oueHb CyI03KHOE
TeH30PHOE YypaBHEHHWE, HEAOCTYIIHOe JJIsI NIMPOKOro NIpuMeHeHU:sa. B
teopun CyrnepoObequHEHUs POJb TPABUTAIMOHHOTO  IOTEHIHAsA
BBINIOJIHAIET KBAHTOBAs IJIOTHOCTH (KOHIIEHTPAlMsi KBAHTOHOB B €WHUIIE
00bEMa) KBAHTOBAaHHOTO IIPOCTPAHCTBA-BPEMEHU B  KJIACCUYECKOM
ypaBHeHuu Ilyaccona. Bmecro Ttenzopa kpuBusHbl OTO, B Teopuu
CynepobbequHeHust  BbICTymaeT BekTop Jedopmaruu D [33]
KBAHTOBAaHHOTO  MPOCTPAaHCTBA-BPEMEHW,  3HAUUTEJBHO  YyHOpOIas
MaTeMaTU4YeCKUH anmapar TeOpUU rpaBUTAINU, KAK KBAHTOBOW TEOPUM.

IToCKOJIBKY CTaThs IIPeJHA3HAUYEHA IS CIIEIUAIUCTOB SI/IEPIITUKOB, TO
HeoOXOIUMO KOHCTAaTUPOBaTh, UTO COBpeMeHHAsA (PU3HKA BJIEMEHTaPHbBIX
YACTHUI] U aTOMHOTO f/Ipa B TEOPETHUECKOM IJIAaHE BBITVISAUT MJIAJeHIIEM B
IeJIEHKAX, MMOCKOJIbKY TEOPUU B €€ KJIACCUYECKOM ITOHUMAaHUWH, sjepHas
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FpasuTauma. YpaBHEeHUA DUHLUTEMNHA

I'paamaumoHHb»ﬁ noTeHdywnan noss THroTeHns onUchiBaeTcs ypasHEHNEM

[MyaccoHa Ag = 4zCp

CoOTBETCTBEHHO, NOTEHUMAN ONPELENSET NOTEHUMANLHYK SHEPIUto Tena B

none TAFOTEHWs, @ U3 Hee BLIBOAAT CUAY TArOTEHWUs
o= G—5
=

MpaBuTaumMoHHoe nomne 8 OTO OTOXAECTBASTCA ¢ TEH3OPHbLIM METPUHECKUM
nonemM Unu MeTPUKON YeTbIPEXMEPHOrO NPOCTPAHCTEA-BPEMEHHN.

CraHaapTHoii 3agadeil OTO ABNSETCS ONpeAeneHne KOMIOHEHT METPULECKOrO
TEH30pa, B COBOKYMHOCTY 3aAaloLLNX METPUKY MPOCTpaHCTBa-BpeMeHu, no
W3BECTHOMY pacnpeaeneHuto UCTOHHUKOB aHeprun-uMnynsca B paccMaTpueaemoit
CcUcTemMe HYeTblipexmMepHbiX KOOPAUHET.

3HaHWe MEeTPUKU NO3BOMAET PacCUUTHIBAT JBWKEHUE NPOBHLIX YacTULL, YTo
3KBUBANEHTHO 3HAHUIO CBOWCTB NOMS TAFOTEHWUA B AaHHO! cUcTeMe

YpaBHeHus SWHIWTEeNHa CBA3LIBAKT Mexay coboit cBoicTBa Marepum,
NPUCYTCTBYHOLLEH B UCKDUBNEHHOM NPOCTPaHCTBE-BPEMEHHU, C €ro KPUBU3HOW

rae R, - TeH3op Puuyn, onpeaenset KpUBU3HY pUMaHosa
NPOCTPAHCTBA, €r0 OTAUYME OT EBKNMAOBA, g,, - METPUYECKHH TEH30p, I - TeH )
3HEpruu-uMnynbea, R - ckansapHas KpMBU3Ha (BTOpasn Npov3BoaHas TeHaopa Puddi).
AndypaBHeHus SAHWTeAHa CBA3bIBaIOT 10 rpasUTauMOoHHBIX NoTeHUnanos ¢ 10
BEAMYMHAMM, ONUCHIBAIOLMMMU pacnpefencHUe SHEPTUM-MMNYAbCA.

(l)I/I3I/IKa TaAKXKE€ HE€ HNMEECT, a KBAaHTOBAaA TEOpUA 3axKaTa B pPaMKH
BEPOATHOCTHOI'O OITMCAHHA. B HaCTOHHII/Iﬁ MOMEHT (l)I/ISI/IKa JJIEMEHTAapPHbIX
HaCTUl 1 aTOMHOI'O A/pa — 93TO B OCHOBHOM JOKCIIEDHMMEHTA/IbHAA HAYKaQ,
KOTOpad OIIEPpUPYET OKCIIEPUMEHTAJIbHBIMU JAHHBIMHA 1 MAaTEMATHYE€CKUMU
AIllIpOKCUMaluAMU OKCIIEpPHNMEHTAJIbHBIX 3aBHCUMOCTEH. Nmeerca
0oJIBIIIOE KO/IN4Y€eCTBO OIIBITHBIX JaHHBIX, KOTOpPbIE IIOMOrarnT
COBEPIIEHCTBOBATb H3BECTHBIC AACPHBIC NUKJIBI KW  KOHCTPYKIIHIO
P€AKTOPOB, B OCHOBHOM B IIJIaHE€ NX 0€e30IT1aCHOCTH.

OcBoeHMEe HOBBIX AJEPHBIX HHEPreTHUECKUX IIUKJIOB, IO KOTOPBIM
eCTh KaKue-TO WU/IeU, COIMPSKEHO C OOJIBIITUMU TPYIHOCTSAMHU, MOCKOJIbKY
OTCYTCTBYET TeopeTuueckass 0a3a. HoBble 3HaHUSA NMPUXOAUTCA JOOBIBATH
TOJIBKO 9KCIIEPUMEHTAJIbHBIM MYyTEM. A 5TO — OY€Hb JI0pOTras U AJIUTeJIbHAs
110 BpEMEHU SKCIlepuMeHTaJIbHasA paboTa. MHOIO y:Ke IPUBOAWIICSA IIPUMEP
ynpasiisiemoro tepmosiiepHoro cunresa (YTC), KoTopblil BOT y:Ke MOJIBEKa
He yAA€TCs 3aIlyCTUTDh, XOTA €CTh U/iesd B BUJIe TEMIIePATYPHON KOHIENIIUH.
i1 3TOrO mpexasiaraeTcsi O4YEHb CUJIBHO HarpeTh IJIa3My, U peaknusd
CUHTe3a JIOJKHA cama 3allyCTUTheA. Eciu mouuTaTh CTaTbU TeX JIET, TO
ynpasiisieMblil TepMmosiiepHbiil cuaTe3 (YTC) moskeH ObUI CTaTh K HAYALY
21 BeKa OCHOBHBIM HCTOYHUKOM 3Heproobecrnedyenus. Ho »storo He
npousonwio. HoBaa mexayHaposHada nporpamma HMTOP paccuurana Ha
3aBepIlIeHNe CTPOUTENIbCTBA ONBITHOTO peakTopa YTC TOJBKO K 2020 roay.
[IpuuuHbl 3TOT0 OBLIM B OTCYTCTBUU HEOOXOIUMBIX (PyHIaMeHTATbHBIX
3HAaHUM. AHa/IU3 IIOKA3bIBAeT, UYTO TeMIepaTypHas KoHiennus YTC He
“MeeT TeopeTuuYecKoro oOOCHOBaHUA, U /A 3amycka YTC, BO3MOKHO,
BAKHBI He BBICOYAMINIaA TeMIepaTrypa, a BbIcOYailllline JaBJIeHUs,
criocoOHbIEe B/IaBJIMBATh IMPOTOHHBIE si/ipa JIPYT B JpyTa, MpeoaoJjeBas UX



3JIEKTPOCTATUYECKOE OTTAJIKMBaHUE (Kak B TepMoOsiJiepHON OoMOe).
HecobutoieH1Ee 3TOTO yCI0BUs CTaBUT NpoeKT M TIAP Ha rpaHb cpbiBa [34].

MHe MOTYT BO3pPa3UTh, UTO TEOPETUUECKOTO 0OOCHOBAHUS B S/IEPHOU
¢usuke nocraTouHo B pamkax CraggaptHoi mojenu (CM), BKIIOUaloIen B
ce6s1 KkBaHTOBYIO XxpoMoyimHaMuky (KX/1) [35...40], OTBEUAIOIIyIO 32 TEOPHIO
CHJIBHBIX (A7epHBbIX) B3aumMojeucTBuil. [loBTOpsio, uro B CTaHIapTHYIO
MOJIENIb, KaK (U3UKY UYACTUIl, HE BIIMCHIBAETCS TEOPUs TpPaBUTALIUH
JuHIITeNHA. A 3TO 03Ha4aeT, yTo CM HecoBepIlleHHa U omnbOo4YHa. U, kak
aJIbTepHATUBY OJUHINTeNHY, npodeccop XUITC IOYTH 50 JIEeT HazaJl
npeajiaraeT Apyryl0 TEeOpHi0, B KOTOpOU 3a (opMHUpPOBaHUE MACCHI Y
JIETITOHOB ¥ KBAapKOB OTBedyaeT 0030H Xurrca. [IockobKy KBapKU BXOJIAT B
COCTaB HYKJIOHOB, TO 0030H XUTITCA OTBeUaeT U 3a GOPMUPOBAHMNE UX MACCHI.
Macca 3TO rpaBUTAIlMOHHBIM MapaMmeTp, W, Kasajoch ObI, uepe3 0030H
Xurrca MOKHO BITHCATh rpaBUTaIivio B CTaHZaPTHYIO MOJIEJh B KBAHTOBYIO
¢duzuky. Ho mnpum 53TOM HaAJI0 HUTHOPUPOBATh TEOPHUIO TpPABUTAIUU
IUHINITEeNHA, TOCKOJIbKY 0030H XHUITCa He UMeeT HUKAKOTO OTHOIIEHHS K
YEeTBIPDEXMEPHOMY MPOCTPAHCTBY-BpeMeHU. Bo3HHUKIa JBOHCTBEHHAas
cuTyanus, Koropasg B Teopuu CynepoObefuHeHUs paspellieHa B IOJIb3y
duHmreliHa. [lomyuaeres, uTo 6030H Xurrca H1 K GOpMUPOBAaHUIO MACCHI,
HH K CaMOU rpaBUTAIMU HE UMEET HUKAKOTO OTHOIIIEHUS.

A BHUMAaTeJIPHO U3YYWJ NHUOHEPCKYI0 cTaThio Xurrca (Peter W.
Higgs (1964). «Broken Symmetries and the Masses of Gauge
Bosons». Physical Revlew Letters 13 (16): 508—509) [40] u Hu
CJIOBA He HAIIIEJT O TPaBUTAIIUH
U TEOpHUU rpaBUTAINU
duHmTeliHa. CTaThs 00BHEMOM
B 2  CTpaHHIBI  MeHA
pazodapoBajia, ITOCKOJIbKY
YBUAETT TOJIBKO
COMHUTEJIbHYIO THUIIOTE3y O
BO3HHMKHOBEHMU MacChl B
pesybTaTe HapYIIEHUS
CUMMETPUU UM  HECKOJIbKO
abCTPAKTHBIX dopmy,
KOTOPHIMH HEBO3MOXKHO BBIPA3UTh MAacCy YacTUIbl. [IOCKOJBKY ApYyrou
THUIIOTE3bI, KPOME XHITCOBCKOTO MexaHu3Ma (GOPMUPOBAHUSA MacChl He
ObL10, TO OHA U cTasia ocHoBou CranzaptHoit mofenu (CM). Ho s10 cux mop
B CM HeT 4€TKOTO OIpeie/IeHUs MexaHu3Ma (OPMUPOBAHUSA MAaCChI CITyCTS
IIOYTH IOJIBEKA ITOCIIE IyOJIUKAINU cTaThu Xurrca. [IpuBey coBpeMeHHYI0
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IIUTATy 110 ITOBOAY MexaHu3Ma Xwurrca: «Ilepes HapylieHHeM CUMMETPUHU
Bce yacTtullpl (KpoMme camoro 0Oo3o0Ha Xurrca) He HMEIT Macchl, U
CHUMMETPHUS He HapylIllaeTcs, KaK BpallaTeJbHas CHMMETPHUSA KapaH/ala,
CTOAIIEr0 Ha KOHYMKe. Ho MpoCKasb3bIBAET CKAJISPHOE II0JIE OT TOYKHU
MaKCUMaJIbHON SHEPrMHd B CJIy4aliHO BHIODAHHOM HamIpaBJIEHUH K
MHUHHMYMY — KaK KapaHJalll, KOTOPBIA CJIy4aliHO majaeT. BaskHO, UTO
CHMMETPHUSA He UCUe3aeT — OHA IIPOCTO CTAHOBUTCA CKPBHITOH. B pesysbraTe
W3HAYaJIbHAsA CUMMETDHUs HapyllleHa, W 3JIEMEeHTapHble YacTUI[bl —
JIENTOHBI, KBapku, W u Z 6030HbI — TprobpeTaroT Maccy. IlosgBaeHmne macchol
MOKET OBITh WHTEPIPETHPOBAHO KaK Pe3yJIbTaT B3aMMOJIEHCTBUU JIPYTHX
YJaCTHI] ¢ «XHUTTCOBCKHUM OKEaHOM».
http://dic.academic.ru/dic.nsf/ruwiki/1034973. ITO Ha3bIBAETCS
HAayKOOOpa3ueM U JIyUIllell KPUTHKU MeXaHU3My XHITCca, YeM IIpUBEeIEHHAS
IUTaTa, MPUAyMaTh TPyAHO. Emmé Oosiee TIynbIM BBIVISAUT IIPUMEP C
aktépom KiyHH, dYepe3 KOTOPOTO IPOBOAAT aHAJIOTUIO IIOSIBJIEHUS
WHEPIIMOHHOU Macchl http://ru.euronews.com/2012/07/04/higgs- boson-
particle-a-key-drop-in-the-universal-bucket/.

Teopuss Ao/KHA IIpeJiCKa3bIBaTh SHEPTHUI0 dYacTuibl. [lo Teopum
Xurrca HeBO3MOXKHO paccydTaTh SHEpPruio 6030oHa Xwurrca. Ero sHepruio
HMCKAJIM YHUCTO SKCIEPUMEHTAIILHO, HMCKJIIOYUAs ITOOYEPENHO AUAIla30HBI
SHEpPruil, ¥ OCTAaHOBWJIMCHh Ha JuamnazoHe 125...126 ['3B. 4 wutoaa 2012
OoOBABWIN, YTO B yKA3aHHOM JIMAlla30HE 3aperuCTPUPOBAIM YaCTHILY,
ITOXO’KYI0 Ha 0030H XHUTTCA C TOUHOCTBHIO PE3yIbTaTOB U3MEPEHUS B 5 CUTMA,
XOTSI TeOpHs He /JaéT TOYHOTO B3HaYeHUs BSHeprum 0030Ha Xwurrca.
CpaBHHBAaTh-TO HE C Ye€M TOYHOCTb B 5 CHI'Ma, IIOCKOJIbKY OTCYTCTBYET
6a3oBast BeJIMUMHA 3HEPruM 0030HA Xwurrca. /lake ykazaHHBIU JUANla30H
125...126 I'’B mmeer oTkJIOHeHHe B 1 I'9B, u3HauaJabHO 3aKJjaJbIBas
MIOTPEeNIHOCTh Tops/ika 1%. CTpaHHO BCE 3TO, TeM 0Oosiee, UTO GO30HOB
Xurrca J0JIKHO OBITh OUeHb MHOTO (Xueecosckuil oxeaHn), a €ero JIOBAT IO
oaHOMY 0030HY B rof [11].

Mo:kHO ObLIO OBI COTJIaCUTBhCS, UTO 0030H XWTITCAa — 3TO peajibHas
YacTHUIla, KOTOPYI0 HAIJIM U KOTOpPAas HAKOHEI-TO IO3BOJISIET BIIUCATH
rpaBuTtanuio B Cranzaptayo mozeib. Ho u sToro Her. KoHeuHOU 11€J1bI0
norvcka 6030Ha Xwurrca fBjsfeTcA CO3/laHUe B OyAyllleM TEOpUU HOBOU
¢dusuku B Bujie Teopuu CynepobbequHenus. Ho moucku 6030Ha Xurrca u
Teopusa Xurrca He HpUOIU3WIN co3faHue Teopuu CynepoObelMHEHU.
bo3on Xwurrca He cmor crarb 0asucom Teopuu CyrnepobbeavHeHu ],
IIOCKOJIbKY, KaK IIOKa3bIBaeT aHAJIN3, €T0 JIENCTBUTEIBHO HET B IPUPOJIE, A
4 UIONS 3aperucTPUPOBAIM OUYEpPEeNTHYI0 KOPOTKOXKUBYIIYIO dYacTuily. B
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skcriepuMenTax Ha bAKe He 6bL10 JJ0Ka3aHO, UTO 3TA YACTUIIA UMEET KaKoe-
Jin60 OTHOIIEHUS K (OPMUPOBAHUIO MACChI, THEPIIUU U TPABUTAIIUH.

ITo MHEHUS SKCIIEPTOB, ecjii 0030H XUrrca oOHapy:KeH He Oy/IeT, a OH
He OyzeT oOHapy:KeH, MOCKOJIbKY HE CYIIECTBYET B IMPHUPOJIE, TO PYXHET
CranpapTHas MOJiesib, U B IIEPBYIO OuYepeab, KBAHTOBAas XPOMOIMTHAMHKA
(KX1), oTBeuaromasi 3a CUJIbHBIE (sA/epHBIE) B3aumojielicTBusA. VI Hamo
OyZeT MPUCTYIaTh K IIOCTPOEHUI0 HOBOH ¢usuku. Ho HOBasa dusmka yxe
co3faHa B Bujie Teopumn CynepoObequHeHUs, 1 B HeH HET MecTa 0030HY
Xwurrea [1, 2].

NentoHb! Keapku MooicHo KoHCmamuposams,
‘f: ff T‘ f; SC é umo Cmandapmnas modeas (CM)

He cocmosaach, umest 0O0JblIOe
KOJINYECTBO IIPOTUBOPEYNH,
IIOCKOJIBKYy HE B  COCTOSIHUU

OIINCATh CTPYKTYPY HU OJTHOU U3

®oToH
TJIaBHBIX CTaOMJIbHBIX
JJIEMEHTAapPHbIX qacCTuil:
QJIEKTPOHA, IIO3UTPOHA, ITPOTOH
BozoH Xurrca . P ’ p » 1P 4,
HEUTPOHaA, 9JIEKTPOHHOT'O

HeUTpUHO W (OTOHA, HE TOBOPS O MHOMKECTBE KOPOTKOMKHUBYIIIUX
HecTaOWIbHBIX YacTull. CTaHJapTHAs MOJeJIb He PACKPbhIBaeT ITPUPOJIbI
SIIEPHBIX CHJI, TPUPOALI (POPMHUPOBAHHUSI MacChl 3JI€MEHTAPHBIX YACTUI] U
aTOMHOTO f/Ipa U IIPUPO bl DHEPTOBBIJIEJIEHUS B pe3ysbTaTe JieheKTa Macchl
B sflepHBbIX peaknusx. Ho rimaBHoe, CTaHmapTHasE MOJIeJIb HE B COCTOSHHUU
BBIIIOJTHUTHh 3aBelllaHhe OJUHINTEHHAa ¢ OOBEJUHUTh TPaBUTALUIO C
AJIEKTPOMArHeTu3MoM U 00IIylo Teopuio oTHocuteabHocTH (OTO) ¢
KBaHTOBOU TEOPUIA.

A He Oyamy B3aocTpsATh BHUMAaHHE Ha AajbHeuInedl kputuke CM,
IIOCKOJIBPKY BCE IepPEeYHCIIEHHbBIE BBINIE MPOOJIEMbI TEOPETHYECKON (DUBUKH
pemedbl B Teopuu CymepoObeauHeHus. [lo3ToMy s OCTaHOBJIIOCH Ha
npobsieMe (OpPMUPOBAaHUS MACChl, KAK OHA IOSABJISIETCS B MPUPOZE HA
caMOM Jiejie, ONHPAsACh HA KOHIIENIIHIO TPABUTAIMU WCKPUBJIEHHOTO
IIpOoCTpaHCTBa-BpeMeHu JuiHmITeHA. IIlpobiiema maccesl — 3TO mpobiema
obbemHeHusT 061er Teopuu oTHocuTeabHOCcTH (OTO) M KBaHTOBOU
teopuu. OTO — 3TO reomeTpruyeckas TeOpusd, a KBAHTOBAsA TEOPUA — ITO
Teopus yactull. Kak u B ciryuae ¢ 6030H0M Xwurrea, i oobeaunenus OTO
¥ KBAaHTOBOU TEOpUM HYKHA HOBas YACTHUIA, ABJISIOMIAACA HOCHUTEIIEM
YeTHIPEXMEPHOTO IPOCTPAHCTBa-BpeMeHU JUWHINTEeNHA. bo3oH Xwurrca mo
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CBOMM CBOMCTBaM Ha POJIb 3TOU YACTUIBI HE MOAXOJIUT, MIOCKOJIbKY OH HE
SIBJISIETCS UETBIPEXMEPHOU YaCTUIIEM.

Ho ceituac cmasumwcsi gonpoc 6oaee ocmpo. Omo He meopus
epasumayuu DUHIITellHA He BOuchiBaeTcsi B CTaHAAPTHYIO MOJEJb, a
Ha000poT, 3T0 CTaHAApTHAS MOJEJIh HE BIUCHIBAETCS B TEOPHIO TPABUTAIIUHN
duHiTeliHa. U 510 IoKa3aHo B Teopuu CynepobbeuHeHUs.

YeThIpéXxMepHasa YaCTUIA: KBAHT IMIPOCTPAHCTBAa-BpeMeHU
(kBaHTOH)

UroObl  TpPUAATh  KBAHTOBBIM  XapakTep  oOmeld  Teopuu
otHocuTesbHOCTU (OTO) DUHIITENHA, KaK OCHOBHI T'PDABUTAIIMU B BUJIE
HMCKPHUBJIEHHOTO YETHIPEXMEPHOTO ITPOCTPAHCTBA-BPEMEHM, HY>KHA UMEHHO
YeTbIpEXMEpHAsA YacTUIla, He HMeWIas Macchl, KOTOpas sBJseTCs
HOCHUTEJIEM UETBIDEXMEPHOr0 IPOCTpaHCTBAa-BpeMeHU. BrepBbie B
TeOpETUYECKON (UBUKE 3TOT BOMpoc OBLI IOCTaBjaeH MHOW. M Takas
YeThbIpEXMEpPHAsA YacTUIla, KOTOpas OJHOBPEMEHHO SIBJISIETCA HOCUTEJIEM
BpeEMEHU U IIPOCTPAHCTBA, ObLJIa OTKPBITA MHOIO B 1996 T'OJTy B BH/IE KBaHTa
IIPOCTPaHCTBa-BpeMeHU (KBaHTOHA) [3, 4, 41, 42].

/MarsuTHas ochk 1

OnexTpudeckas och JekTpudeckas ock E

Puc. 1. DnekTpoMarHuUTHEIH Puc. 2. KBaHTOH B npoeKiyu
KBapyIOJb (BHI CBEPXY). (TOBEPHYT B IIPOCTPAHCTBE).

Jloruka MoOUX pacCyKJeHUU CBOAWIACh K cieayiomemMy. YUToObl
npumath KBaHTOBbIM xapakrep OTO HeoOXoaWMO BBIJEUTH KBAaHT
IIPOCTPAHCTBA, UCXO/ S U3 TeOMETPUUECKON MUHUMU3AIUY €70 IOCTPOEHUS.
OpHa TOuKa — 3TO KOOP/INHATA, Yepe3 JIBE TOUKU MOKHO POBECTH JINHUIO,
TPU TOYKHU CO3/IAIOT IOBEPXHOCTh M TOJIBKO UYEThIPE TOUKHU IO3BOJISIOT
BBIJIEJIUTH 00bEM B BUJIe TeTpasapa. Ho TeTpas/ip — 3T0 reoMeTpus, 1 YTOObI
IIepeNTH OT TeOMETPUH K KBAHTOBOU (pU3HKe He0OX0IMMO reoMeTpUUecKue
mapaMeTphl 3aMEHUTh YacTUIlAaMH, TO €CTh B BEpINMHAX TeTpas/ipa
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HeoOXOIUMO Pa3MECTUTh YeThIPe 3JeMeHTApHble YaCTHIIbI, KOTOPbIE
BBI/IEJINJIN OBbI 3JIEMEHTAPHBIN 00BEM.

W npupozna cama 3ariaHupoBasa
3TU  UeThbIpe YacTUIBI B  BUJE
HeBeCOMBIX (He HMEIIUX MAacChl)
YeThIPEX IeJIbIX KBapPKOB-3aPsA/IOB:
JIBYX DJIEKTPUUECKUX (-1€ U +1e) U JIBYX
MarHuTHbIX (—1g w +1g). B wurore
MIOJIyYUJIA BJIEKTPOMATHUTHBIN
KBa/IpyNlOJib, HEU3BECTHBI  paHee
HayKe, 00beINHAIONINHT
3JIEKTPUUYECTBO U MAarHeTU3M B €JJUHYIO0
cyOCTaHIUI0O — 3JaeKTpoMarHetusMm (puc. 1). Ilpu 3JIeKTpOMarHUTHOM
CKaTUU KBaJPyHoOJb NEpeXOAUT B IIAPOBYID YaCTUIy — KBaHT
IpocTpaHcTBa-BpeMeHu (kBaHTOH) (puc. 2). [TIocKOJIbKY yIIpyruil KBAaHTOH
obJiaziaeT cBolicTBaMU OOBEMHOTO 5JIEKTPOMAarHUTHOTO Pe30HATOPA, TO OH
3aJIa€T TeMIH XO0/ia IPOCTPAHCTBEHHBIM YacaM, SBJAACh OJITHOBPEMEHHO
KBAHTOM BpeMeHM W MpocTpaHcTBa. [losyyaercs, 4To BpeMs MMeeT CBOIO
YaCcTHUIy — HOCUTEJIb BpEMEHH, U TaKXKe BpeMs KBAHTOBAHO (JIMCKPETHO),
KaK ¥ mpocTpaHcTBo. OKa3bIBaeTCA BpeMs MaTePUAIbHO, U B KAXK/IOU TOUKeE
YeThIPEXMEPHOTO MPOCTPAHCTBA-BPEMEHU HUJIyT CBOM 3JIEKTPOHHBIE YACHI.
IIpu cxxaTuM KBAaHTOHA OH YCKOPsIET TEMI XO/la MPOCTPAHCTBEHHbBIX YACOB,
IIPU PaCTSKEHUU — 3aMeJIJIsAEeT.

-1e

KBaHTOH — 3TO eqJUHCTBEHHAs B MPUPOJIEe YEeThIPEXMEPHASA YACTUIIA,
OTBeyalolasi yCJIOBUSAM KBAHTOBAHHsS OOINENd TEOPUU OTHOCUTEIHHOCTH
(OTO). UYerBépras KoOOpAWHATAa BpPEMEHH KBAaHTOHA — 3TO YHUCTO
MaTeMaTUdecKas KOOpJAuHAaTa, KOTopas B TPEXMEPHOM H300pa*keHUH He
IIPEe/ICTABJIACTCA.

JJieKTpUYecKas U MarHUTHAsA OCH 3JIEKTPOMAarHUTHOTO KBAJIPYIIOJIA U
KBAHTOHA fABJIAIOTCSI OPTOTOHAJIBHBIMHU. JTO IPOABJISAETCA BO BCeX
3JIEKTPOMATHUTHBIX Ipolleccax, obecrieunBasi OPTOTOHAIbHOCTbh BEKTOPOB
HaTIpsKEHHOCTU 3JekTpuuyeckoro E u marnutHoro H moseit [43]. dtor
BKCIIEPUMEHTAJIbHBIN (PAaKT UMeeT Telepb TeOpeTUUecKoe OOOCHOBAaHUE.
Pacu€THbIll AUaAMETpP KBAaHTOHA — 0,74:10 %M [44]. DTo Ha AecATh TOPAIKOB
MEHbIIle  JAuaMeTpa HyKJIOHAa. Pasmep  KBaHTOHa  ompejessaer
(pyHIAMEHTAJIPHYIO JJIUHY U JUCKPETHOCTb CTPYKTYPhl KBAaHTOBAHHOTO
IIPOCTPAaHCTBa-BpEMEHH.
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CrpykTypa KBAHTOBAHHOI'O IIPOCTPAaHCTBA-BpEMEHU

IIpu 3anosiHeHUHU OoJaBIIOTO O0O0BEMA KBAaHTOHAMH IOJIy4aeM
CTPYKTYPY JIMCKPETHOTO YETHIPEXMEPHOTO KBAaHTOBAHHOT'O MPOCTPAHCTBA-
BpeMeHU (puc. 3) [42, 43]. A KBaHTOHaMHU 3alloJTHEHA Bes Hala BeeseHHas.
Hapsimy ¢ KBapkamMu, KBaHTOH camas pacIpoCTpaHEHHAs 4YacTUIla B

Puc. 3. CTpyKTypa KBaHTOBAHHOTO Puc. 4. Dnexrpuyeckas aCUMMETPUS B CTPYKType
YETHIPEXMEPHOI0 IIPOCTPAHCTBA-BPEMEHH. KBAHTOBAHHOI'O IIPOCTPAHCTBA-BPEMEHH.

npupoyie. [Ipu pazmepe KBaHTOHA 0,74-10”>°M KBAHTOBaHHOE IIPOCTPAHCTBO
BpeMs IIpeJicTaBysieT coboil OUYeHb TOHKYIO IOJIEBYI0O (POPMY HEBECOMOU
MaTeEpPUH, TJie TPABUTAIUA €EIEé OTCYTCTBYET, a IPUCYTCTBYET OJUH
AJIEKTPOMATHETU3M, KOTODBIA fABJISIETCS IEPBUYHBIM MaTePUATHLHBIM
obpazoBanueM B Hamed BcenenHoui. B Teopun CynepobbequHeHUs
JI0Ka3aHO, UYTO TpaBUTAIsl BO3HUKAET B pe3ysbTaTe aedopManuu
(MckpuBJieHUsA TO JUHINTENHY) KBAaHTOBAHHOTO IPOCTPAHCTBAa-BpeMEHH,
KaK BTOPUYHOE sIBJIEHHE [45].

Tak /JOBOJIBHO IIPOCTO 4Yepe3 OOBEAUHSIONYI0 YEeThIPEXMEPHYIO
YaCTUIy KBAHTOH IPOUCXOAUT OOBeAUHEHUE 3JIEKTPOMArHeTU3Ma U
rpaBUTAIlUM, a TaKXKe OOIlEeNd TeOpUU OTHOCHUTEJIbHOCTU U KBAHTOBOU
TeOpUH  dYacTtul. VIMEHHO  KBAaHTOBAHHOE  ITPOCTPAHCTBO-BPEMS
npescraBsAeT coooit ExnHoe moJsie QUHIIITEeHHA, Ha ITOUCKU KOTOPOTO OH
IOTPaTHJI 30 JIeT KU3HU. IJUHINTEHH IoJiaraj, 4To CYIIECTBYeT HEKOe
EnuHoe 10oJIe B BHle YETBIPEXMEPHOTO ITPOCTPAHCTBA-BPEMEHH, KOTOPOE
OTHOBPEMEHHO SIBJIAETCS HOCUTEJIEM I'PaBUTAIINU U BJIEKTPOMAarHeTu3mMma. B
obmerr Teopun otHocutesbHOCTU (OTO) DUHIITENH pacKpbLI MPUPOIY
IPaBUTAIlNN KaK HUCKPUBJIEHHE UETHIPEXMEPHOIO IIPOCTPAHCTBA-BPEMEHHU,
HO OOB€JUHUTH TPABUTAIUIO C 3JIEKTPOMArHETU3MOM He ycresl. TO ObLIO
caenaHo B Teopuu CynepobbeuHeHus [1].

bnarogapsi TeTpasApUYECKON CTPYKTYpe KBAaHTOHA, KOTJa KBapKU
BHYTPU KaHTOHA pAcCCTaBJIeHBbl IO BEpPIIMHAM TETPA’3Apa, BHYTPU CAMOTO
KBAHTOBAaHHOTO IIPOCTPAHCTBAa-BpEMEHN HEBO3MOXKHO BBIJIEJIUTh SBHO
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BBIPDQKEHHYI0 3JIEKTPUYECKYI0 WJIM MArHUTHYIO OCh. B HeBO3OY:XIEHHOM
COCTOSIHMM KBAaHTOBAaHHOE IIPOCTPAHCTBO-BpeMsS pacCMaTpUBAaeTCA Kak
OJIHOpOAHAs U HW30TPOIIHAsA O4YeHb ympyras KBaHToBaHHasA cpeza (YKC),
KOTOpasg B IIeJIOM fABJISETCSA 3JEKTPUYECKH- U MArHUTHO-HEUTpaJIbHOU
IIOJIEBOM CTPYKTYpOH. EcCTecTBEHHO, UTO IpPHU HAJIOKEHUHU BHEIIHETrO
BJIEKTPUYECKOTO U MATHUTHOTO I0JIeN, KBAHTOBAaHHOE IIPOCTPAHCTBO-BpeM
HOJIAPUBYETCS, MPOABJAET CBOU DJIEKTPUUECKHE U MAarHUTHBIE CBOUCTBA,
KOTOPBIE XapPaKTEPU3YIOTCA DJIEKTPUUYECKOM € U MArHUTHOU o
KOHCTaHTaMH. JTO MHOTOKPAaTHO IIPOBEPEHHBIH HKCIIEPUMEHTATbHBIN
daxr.

Mexy KBaHTOHAMU JIEHMCTBYIOT CWJIBI KaK IPUTSKEHUSA, TaK U
OTTJIKUBAHUA. Pa3HOMMEHHBIE  3apAAbI-KBApKU  NPUTATHUBAIOTCH,
OJHOWMEHHbIE — OTTAJIKUBAIOTCA. PaBHOBeCHOE COCTOAHHNE TOJIYyYUTH
TpyAiHO. KBaHTOHBI Kak OBl «KUOAT», BbHI3bIBAsA COOCTBEHHBIE
MHUKpOCKOTIMYecKre KojiebaHus ¢ BpallleHueM, IIpu peobsialaHum 0011ero
CIeIUIEHUS MeXKJy KBAaHTOHAMH, KOTOpOe B IeJIOM U OIpefesseT
KOJIOCCAJIbHOE HATS)KeHHWe U YIPYroCTh KBAHTOBAHHOTO HPOCTPAHCTBA-
BpeMeHU. BO3MOKHO, MUKPOCKOIIUeCKHe KOojiebaHus KBAHTOHOB CO3/IAI0T
TOT €CTeCTBEHHBIU MUKPOBOJHOBBIM (DOH, KOTOPBIM MPUHUMAKT 3a
PEJIMKTOBOE U3JIydyeHue?

AJIEKTPOMArHUTHAA CUMMETPUSA U dJIEeKTPUUIeCKas
acMMeTpUsA

WTak, OCHOBOU CTPYKTYpbl KBAaHTOBAaHHOI'O IIPOCTPAHCTBA-BpeMEHU
SABJIAETCA 3JeKTpOMarHeTusm (puc. 3). Mbl KUBEM B 3JIEKTPOMATHUTHOU
BcenenHnoii. IIpuyém 37€KTpUYECTBO U MATrHETU3M SKBUBAJIEHTHBI JPYT
IpyTy BHYTPM KBaHTOHA U KBAaHTOBAHHOTO HPOCTPAHCTBA-BpEMEHU,
IIpe/ICTaBJsAsA COOOM CHUCTEMY C 3JIEKTPOMATHUTHOU cUMMeTpuen [46]. Ito
MIPOSIBJISIETCS B TOM, UTO CUJIa MPUTSKEHUS MeXK/y MarHUTHBIMY 3apsA/iaMU-
KBapKaMU BHYTPU KBaHTOHA ITOJIHOCTHIO SKBUBAJIEHTHA CUJI€ IPUTAKEHUSA
MEX/y 3JIeKTPUUYEeCKUMHU 3apsa/laMU-KBapKaMH, a djieKTpudecKas SHeprus
BHYTPM KBAaHTOHA SKBUBAJIEHTHA €ro MAarHUTHOU 3Hepruu. Ilostomy
OCHOBHBIM 3aKOHOM, JIEUCTBYIOII[UM B Hallleill BcesieHHOMN, sIBJIsIeTCS 3aKOH
Kynona [1].

3HadA JuaMeTp KBaHTOHA M PACCTOSTHUE MeXIy KBapKaMU-3apsAaMu,
HETPY/IHO OBLJIO BHIYUCIUTH TOJHYI 3JEKTPOMArHUTHYI0 3SHEPTHUIO,
AKKyMYJIMPOBAaHHYIO BHYyTPU KBAaHTOHA, KOTOpPasd cOCTaBUJa 1,2:10 % Ik wiun
1075B nnm 10°T3B. B 11e710M, 5HEPrO€EMKOCTh KBAHTOBAHHOTO IIPOCTPAHCTBA

13



cocrapisieT mopsaaka 1073/Ixk/m®. KBaHTOBaHHOE IIPOCTPAHCTBO-BpeEMsI
IIPEJICTABIsAET COOOUM caMyl0 BHEPrOEMKYIO cyOCTaHIUIO B mpupoje. Tak
OBLIIO OTKPBITO CBEPXCUIbHOE 3JIEKTPOMAarHuTHOE B3aumoyeiicteue (CIB) —
nsartasg  QyHJAaMeHTaJIbHasA CUJa, HOCHTEJEM KOTOPOTO  SBJISETCSA
KBAaHTOBAaHHOE IIPOCTPAHCTBO-BpeMs [1, 47, 48]. Yem riy0ke MbI
IIOTpYy’KaeMcsi BHYTPb MaTepHH, yMEHbIIasg pa3Mepbl, TEM C OOJIbIIEN
KOHIIeHTpaIluell 2HepruM crajkuBaercs. Ha ypoBHe aTOMHBIX sjep (10~
'5...107*M) JIEeUCTBYIOT CUJIbHBIE (s/epHbIe) B3aumojielicTBus. Ha ypoBHe
KBAHTOHOB U (PyHJaMeHTaJIbHOU JUIMHBI (107°°M) [JeUCTByeT yxKe
CBEPXCHJIbHOE 3JIeKTpOMarHuTHoe B3auMmojenicTBue (C3IB). Kak yxke
YIOMHUHAJIOCh /IJIs CPaBHEHUs, SHEPruio 0030Ha XUITca U ero pa3Mepsl
paccyuTaTh HE Y/IA€TCs, B OTJMYHE OT KBAHTOHA, JHEPTUsS KOTOPOTO
ompejiesieHa.

Eciu cpaBHUBaTh 5HEPTHI0 OJHOrO KBaHTOHA 10°T3B ¢ sHepruu
npotoHa 14T5B Ha BCTpEYHBIX MydKax, TO Y9HEPrusa KBAaHTOHA IOYTU B 10*
pa3 Gosibiiie. Ho B 00BEME OFHOTO IMPOTOHA HAXOAUTCS IOpsjaka 10%°
KBAHTOHOB ¢ 00111eil sHepruei 10°°T5B. Ty sHEpPruio u HaZ0 CPAaBHUBATH C
BOo3MOkHOcTAMU bAKa. 9Hepruum 10*T3B u 14T3B HecomocraBuMmble
BEJIMUMHBI. ITO MEHBbIIIe, YeM IIbIJINHKA Ha IToBepXHOCTH 3emMiu. BAK He B
COCTOSSHUHU Pa3pyLINTh KBAHTOH U KBAHTOBAHHOE MMPOCTPAHCTBO-BpPEM Ha
OT/ieJIbHbIe KBapKu. JTO OYeHb CJa0bId MHCTPYMEHT /JJis TaKuX
KOJIOCCAJIbHBIX 5Hepruil. Kak oTMeuasnoch, 3HEPrOEMKOCTh KBAHTOBAHHOTO
IIPOCTPAHCTBA KOJIOCCAJIbHA M cocTaBiseT mopsaaka 1073k /m3. Ecam
aKTUBUPOBATh BCEro OJUH KyOOMeTp KBAaHTOBAaHHOI'O IIPOCTPAaHCTBA-
BpeMeH! (KOCMHUECKOTO BaKyyMa), TO OCBOOOKJEHHasi 2HePrus OyaeT
SDKBUBAJICHTHA SHEPTUU BellecTBa Bcel Hameu Bcenennoiul. K cuacthio,
TAKOU CliIeHapUI HEBBITIOJIHUM, B TOM UHcJIe, ¢ ucmnoab3oBaHueM bAKa. BAK
— BTO COBepIIEHHO 0e300uHAasA UTPYIIKA B pyKax SKCIIEPUMEHTAaTOPOB,
HecrlocoOHasl 3arjyisiHyTh B HA4yayJlo poxkAeHus BceseHHOU, BO30YyIUTH
YEpHYI0 MUKPOJIBIPY, OCBOOOJINTh MAarHUTHBIE MOHOIIOJIU, BBI3BATh
ANOKAJIMIICUC U JpyTrue KaTakjIu3Mbl. KBaHTOBaHHOE MPOCTPAHCTBO-BpPeMs
SIBJISIETCA O4YeHb CTAaOWMJIBbHOU cyOcTaHIUENW, KOTOPYI0 HEBO3MOKHO
paspymuth. I[lo 3TOM NHpuYWHE B TMPUPOJIE OTCYTCTBYIOT CBOOOJHBIE
MarHUTHbIE 3apAAbl, KOTOPble HAXOJATCA B CBA3AHHOM JIUMNOJBHOM
COCTOSIHUM BHYTPHU KBAaHTOHA, U IIpU BO30OYXK/EHUM KBAHTOBAHHOTO
IIPOCTPAHCTBA-BpEMEHN MArHeTU3M IIPOABJIAETCA TOJIBKO B JIMIIOJBHOM
COCTOAHUU. ITO  HEONPOBEPKUMBIM  JKCIIEPUMEHTAJIbHBIA  (DAKT,
TeopeTuueckoe 000CHOBaHNE KOTOpOoMY AaeT Teopust CynepoObe/IMHEHU.
MaznHemu3sm  npuHadaexdcum  MOAbLKO  KEAHMOBAHHOMY
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npocmMpaHcmaey-epemMeHl U NPoseAemcsi 6 pe3yabvmame
HaApyuwieHUst €20 MAZHUNMHO20 PABHOBEeCU IAeKMPUUECKUM
moxom [1].

A BOT Hasinume CBOOOJHBIX BJIEKTPUUECKUX 3aPSJ0B OIpeesisaeTcs
HAJIUYMEM BJJIEKTPUUECKOU AaCUMMETPUU B CTPYKType KBAaHTOBAHHOTO
IIpocTpaHcTBa-BpeMeHu [49]. Ilpu co3ganuu Haiielr BecesieHHON mOMHMO
KBAHTOHOB ObLI BOPOIIIEH HEKOTOPHIN M30BITOK 3JI€KTPUUYECKUX 3aPA0B-
kBapkoB. IlosTomy omnucaHue CTPYKTypbl (puUc. 3) KBAaHTOBAHHOTO
IIPOCTPAHCTBAa-BpEMEHU OBLJIO OBl HEMOJHBIM 0e3 HaIuyusg B HEM
3JIEKTPUUECKOU acuMMeTpun. Ha puc. 4 cxeMaTUYHO pejicTaBIeH KBAaHTOH
(—1e, +1e, —1g, +1g) ¥ BHe KBaHTOHA BbIJIEJIEH AJIEKTPUIECKUU TUTIOND (—1e,
+1e) B CTPYKType KBAaHTOBAaHHOTO IPOCTPAHCTBA-BpEMEHU, KOTOPBIU
OompejiesiseT €ero 3JeKTPUYEeCKyI acuMMeTpuio. Paszmepsl Aunoss 1o
JUIMHHOW OCH TOpsAKa 10'°M, TOYHYI0 KOHIIEHTPAIIUIO [JUIIOJIEH B
KBAHTOBAaHHOM NPOCTPAHCTBE-BPEMEHU MOKAa YCTAHOBUTH HE YAAJIOCh, HO
OPUEHTHUPOBOUYHAA oOleHka — 10*°mT/M%. Ecam pacienuTtb JaHHBIN
BJIEKTPUUECKUU AUNOJIb Ha /IBA KBapKa-3apsA/ia, TO BHYTPU KBAHTOBAHHOTO
IIPOCTPAHCTBA-BpEMEHU POJUTCA 3JIEKTPOH U TMO3UTPOH, HOCUTETU
BJIEKTPUUECKUX 3aPAA0B-KBAPKOB U MACCHI.

B cepequHe MpONLIOTO BeKa KOHIEMIUIO 3JIEKTPOH-TIO3UTPOHHOTO
Bakyyma paszBuBas mpodeccop MI'Y A.A. CokosnoB (KBaHTOoBass Teopus
1oJis1) [50]. HelHe 3Ty KOHIIENIUIO MIbITAETCS peaHunMUpPoBaTh A.B. PhIKOB
(Bakyym u BemectBO Bceenennoit) [52]. OgHako, Kak JIOKa3aHO B TEOPHUU
CynepobbeuHeHUs, BAKYYM HMeeT 3JIEKTPOMAarHUTHYIO CTPYKTYypy [1]. A
dJIEKTPUYECKass AaCHMMETPHs KBAHTOBAaHHOTO IIPOCTPAHCTBa-BpeEMEHU
obycsioBJIeHAa ~ HEKOTOPHIM  M30BITKOM  BJIEKTPHUUYECKUX  KBApKOB
OTPUIIATEJILHOU U MOJIOKUTEJTbHOU TTOJIAPHOCTH, CBA3aHHBIX B AUIioaud. Ho
dJIEKTPUYECKass AaCHMMETPHs KBAHTOBAaHHOTO IIPOCTPAHCTBA-BpEMEHU
CJIY?KUT OCHOBOU M3BJIEUEHUA 3JIEKTPOH-IO3UTPOHHBIX Map U3 BaKyyMa, HO
9TO He eCThb DJIEKTPOH-TIO3UTPOHHBIA BAKYyM.

KBapku

Bcero ueThIpe 1eJIbIX HEBECOMBIX (He UMEIOIUX Macchl) KBapka (-1e,
+1e, -1g, +1g) moHazobuinoch Teopun CyrnepoObennHeHUsa [1], UTOOBI
OIHcaTh BCE MHOTOOOpa3We MaTeEPUAJILHOTO MHpPA B KBAHTOBAHHOM
IIPOCTPAHCTBE-BPEMEHHU IIPU YCIIOBUH €T0 3JIEKTPUUYECKOU aCUMMETPHHU, TO
eCcTh HaJnuusl N30bITKA HECBSA3AaHHBIX BHYTPU KBAHTOHA 3JIEKTPUUYECKUX
KBapKoB (-1e, +1e). Ilpuposa ycTpoeHa o4eHb PAI[UOHAIBLHO U 00XOAUTCS
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MHUHUMAJIBHBIM KOJIMYECTBOM KHUPIUYUKOB IIepBOPOAHOU MaTepuu. Ilo
OIIpe/ieJIEHNI0, KBAPDKU HE MOTYT UMETh MacChl, IOCKOJIbKY BXOJSAT B COCTaB
HEBECOMOT'0 KBAaHTOHA, I/I€ €€ HET TPABUTAIIMU. A U3 KBAHTOHOB COCTOUT
KBAaHTOBAHHOE MPOCTPAHCTBO-BpPEMs, IMpPeJICTaBs0Iee coOOUM IOJIEBYIO
(opMy 1EpBOpPOSHON MaTepuu Ha YpPOBHe (QYHAAMEHTAIBbHO JIJIUHBI
IopsAAKa 107*°M, I7ie B OTCYyTCTBUH €TI0 UCKPUBJIEHUS €Il€ HET TPaBUTAIIUU U
Macchl, a €CTh TOJIbKO 3JIEKTPOMAarHUTHas SHeprus. ['paBuTanus HaUUHAET
IIPOAABJIATh ce0s Ha paccTOsAHUAX Oosiee 107°M, Korja (QOPMUPYIOTCS
aJIEMEHTapHbIE YaCTUIIbI U UX Macca [1].

[lenpli1  5J€KTPUYECKUN  3apsAJl e  KBapKa  COOTBETCTBYET
3JIEMEHTApPHOMY 3JIEKTPUUYECKOMY 3apsjly e »sJieKTpoHa. Heobxomumo
OTMETUTh, YTO BeJWYMHA 3apsAfa BJJIEKTPOHA €  YCTaHOBJIEHA
BKCIIEPUMEHTAIIBHO C BeJIMYAUIIIEW TOYHOCTBIO 10 *'e. 3apAz e — 3TO caMas
cTabuibHasi KOHCTaHTa B MPUPOJle, HA BEJUUYNHY KOTOPOW HEe BIIUSIOT
npyrue ¢daktopsl. [loaToMy BBIOOp caMoll CTAaOM/JIBHOM KOHCTAHTBHI B
KauecTBe OCHOBbI Teopuu CyriepoOberHeHU ObLI IpeAoIipeesiéH. B aTtom
IUIaHEe BBI3bIBAeT HejjoyMeHue, korja B KX BBozuau JipoOHBIE KBAapKH,
BEJIMUMHY 3apsla KOTOPhIX HEBO3MOXKHO MPOBEPUTH DKCIIEPUMEHTAIHHO,
He TOBOPS O TOUHOCTU u3MepeHHU. Tem Oosiee BBITTIAAUT abCypAHBIM
HaJU4YMe Yy KBAapKOB MAacCChl, IOCKOJIbKY KBApKH CJIy:KaT MCXOJIHBIMU
KUPIUYUKAMHU  T[EPBOPOJIHOM  MaTepud B  BHUJE KBAHTOBAHHOTO
IIPOCTPAHCTBa-BpEeMEHU, KOT/IA elllé HeT FPaBUTAIlMU U Macchl [1].

Uro kacaeTcs IeJOro MAarHUTHOTO 3apsfa g, TO 3Ty mpobsemy
MPUIIJIOCH PellaTh 3aHOBO, MOCKOJIbKY B pacdérax Jlupaka (MOHOMOJIb
Hupaka) wu IllBuHTepa B COOTHOIIIEHHE MEXKJYy BJIeMEeHTapHbIMU
BJIEKTPUUECKUMU M MAarHUTHBIMU 3apsflaMu ObLJIM HEBEPHO 3aJI0KEHBI
VCXO/IHbIE IaHHbIE. B MTOre OHU MO/IONLIN K OlleHKE BEJTUUNHBI IOCTOSTHHOU
TOHKOU CTPYKTYpHI (1/137), KOTOpas XapaKTepusyeT 3JeKTPOMArHUTHOE
B3aUMOJIeNICTBHUE 3apsI0B C KBAHTOBAHHBIM IIPOCTPAHCTBOM-BpPEMEHEM, a
He BeJUYUHY 3apsjla MarHUTHOTO MOHOIOJiA. TouHOe COOTHOIIeHUe
3apsJ/IoB BIIEpBble MoyiydeHO B Teopuu CynepoObeIWHEHUS HUCXOJs U3
3JIEKTPOMATHUTHOM CUMMETPUY KBAHTOBAHHOT'O IIPOCTPAHCTBa-BpeMeHu. B
cucremMe CHU mosydeHo cooTHouieHue g=Ce B AM, i1 BHECUCTEMHOU
eJINHUIIbI U3MepeHnU g=e B KJ1, TO ecTb, 571eMeHTapHbIA MAaTrHUTHBIN 3aPA/I
paBeH 10 BeJUUYMHE DJJIEMEHTADHOMY 3JIEKTPUUYECKOMY  3apsjay,
obecrieunBasi CAMMETPHUIO MEK/Y 3JIEKTPUUECTBOM U MarHETU3MOM [1].

Heob6xoauMoO OTMETHTh, YTO B CBOOOJITHOM COCTOSSHHUHM KBapKU
HAXOJAUTbCA HE MOTYT, OHU MOTYT HAXOJUTBHCS TOJIBKO B COCTaBe YacCTHII.
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KBapk B CBfI3aHHOM COCTOSIHUM BHYTPHU YACTHUI[BI MOKHO Ha3BaTh Kak
KBapKOH. Hanpumep, cBsI3aHHbBIE B JIUIIOJIb 3JIEKTPUUYECKHE KBapKU (puc.
4) IpH MOTaIaHU M B HEr0 raMMa-KBaHTa, 0CBOOOK/IaeTCs U3 JIUTIOJIS U, CTaB
CBOOOHBIMU Ha MTHOBEHUE B BHJIE JIByX KBAPKOHOB, MTHOBEHHO BHYTPHU
KBAaHTOBAaHHOTO IIPOCTPAaHCTBa-BpEMEHU IIPUOOPETAIOT Maccy,
IIEPEPOK/IAACh B DBJIEKTPOH U TMO3UTpoH. Ilo amoit npuuuHe
HEBO03MOMCHO IKCNEPUMEHMAABHO OOHAPYICUMb Keapku 6
C80000HOM cocmosHuu (aB1eHUe KoH(palTHMeHTa
https://ru.wikipedia.org/wiki/Kondariamenr) [52, 53].

I cpaBHEHUsI PaccMOTPUM, KakK Ipo0JjieMy KBapKOB IIBITAJIUCh
pemiath B KBaHTOBOU XxpomoanHaMmuke (KX/1): kBapk (macca | 3apsana) — u (4
|+2/3e); d (10 |-1/3e); c (2544 |+2/3€); s (196 |-1/3e); 1 (338561 |+2/3€); b
(8219 |—-1/3e). Macca KBapKOB IIpejicTaBjJieHa B €JIMHUIIAX MacChl
anexktpoHa. Kak BujaHO, Bce 3apszpl kBapkoB B KXJI apobGnble.
IKCIIEDUMEHTAJIbHO BeJUYMHA JPOOHOTO 3JIEKTPUYECKOTO 3apsaa He
no/iTBep:k/ieHa. CChUIKM Ha Hayimume JIpoOoHOro ssByieHus B addekre Xosia
HEKOPPEKTHBI, He BeJINYUHA IPOOHOTO 3aps/ia He U3MepeHa, a caM JIpOOHBIN
ekt MoKeT OBITh 00BSICHEH ¢ TO3UIUl Teopuu CynepobbeJUHEeHUS TEM,
YTO MAaTHUTHOE II0JI€ TaKKe JHCKPETHO, BBUJAY HaJIUYUA MarHUTHBIX
KBApPKOB, OTBEUAIOIIMX 32 MAarHETU3M, KOTOPBIU MO/iBep:KeH QIIyKTyaIusaM,
noposxzaas apobHbii apdext. B KX]I Bce KBapku UMEIOT Maccy, IIPUIEM
pPa3Hy10, YTO SIBJISIETCSI HOHCEHCOM, ITOCKOJIbKY KBapKU, KaK MEPBOPOJIHbIE
KUPIUYUKU MUPO3/IaHUSA, He JIOJKHBI UMEeTh MACChI 110 OIpe/ieJIeHUI0, TaK
KaK B I10JIe KBAPKOB U KBAHTOHOB I'PABUTAIMS €Ill€ He CO3/IaHA.

[TapameTpsl kBapkoB B KX/I onpeiensiyinch AeCATUIETUAMEI METO0M
1po6 u OIMHuOOK, ITOJITOHOM MapaMeTPoB JIPOOHBIX KBAPKOB (UX 3apsabl U
Macchbl) IIOJT CBOMCTBA  HYKJOHOB. MeTO0M  alIpOKCUMAaIUH
SKCIIEPUMEHTAIILHBIX JIAHHBIX TEOpHUs He co3faércsa. BHauasie ObLIO 3
KBapKa, MOTOM uX cTaysio 6. OfHaKO MPUHATO CUUTATh, UTO KaXKJbIH KBapK
CYILIECTBYET B TPEX «JIMIIAX», TOT/A ITOJTHOE YK CJIO KBAPKOB PaBHO 18, ¥ 3TUM
He pemratoTcsa Bee npobsembr KX/ [35...39, 52, 53]. Hanuune MarHUTHBIX
kBapkoB B KX]/[ make He paccMaTpuBaJioch. BriepBble MarHUTHbBIE KBAPKU
npuMeHeHbl B Teopuu CynepoObeuHEHNs, U HAPSAAY C SJIEKTPUUECKUMHU
KBapKaMH OHH BXOJSIT B COCTaB KBAHTOHA U KBAHTOBAHHOTO ITPOCTPAHCTBA-
BpeMeHU. Jl0 3TOTO CTPYKTYpPY KOMHYECKOTO BaKyymMa HHKOI/Ja He
CBSI3BIBAJIN C KBAPKOBOU MaTepHUeEN.

Utak, Teopusi CymnepoObeIMHEHUs ONEPUPYET BCETO YeThHIPbMSA
IeJIBIMU  KBapKaMH, pellas npobseMy Macchl YacTUI[ W CHUJIbHBIX
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B3auMoiericTBuil. KX]I onepupyeT BoceMHaIIaThi0 APOOHBIMY KBapKaMH 1
He pelaeT mpobjeMy Macchl YaCTUIL U CUJIBHBIX B3aUMOIEUCTBUM [1].

I'paBUTAINA U POKAECHUE MACCHI

I'paBuTanys HAUMHAETCA C POKJIEHUA Macchl. HaKOHEI MbI OIOIILIH
K PacCMOTPEHHUIO IJIaBHOU TeMbl: «Kak pokmaercsi Macca y 4YacTHI[?».
Pemaercs sTa mpo6sieMa TOJIBKO OJITHO3HAYHO, OMHPASACh HA KOHIIEHIIHIO
TPaBUTAIlM HCKPHUBJIEHHOTO IIPOCTPAHCTBAa-BpeMeHU OUWHINTEeHHa. B
ob1meit Teopun oTHocuteabHOocTH (OTO) mokaszaHo, YTO HAJIMUHE MACCHI
VMICKPUBJISET YETHIPEXMEPHOE IIPOCTpaHCTBO-BpeMsi. To ecTh, UTOOBI Macca
YAaCTUIBI MPOSBHUJIA ce0sA, HaA0 HCKPUBHUTH IPOCTPAHCTBO-BPEMSA. ITO
O3HAYaeT, YTO Macca POXKJAETCA TOJIBKO B pe3yJIbTaTe WCKPHUBJIEHUS
YeThIPEXMEPHOT0 IPOCTPAHCTBA-BpeEMeEHH [1].

AJIEKTPOH, NO3UTPOH. PaccMoTpuM, Kak POXKJAeTcsd Macca,
HAaIlpUMep, BJIEKTpOoHA (pHC. 5), BHYTPU KBAaHTOBAHHOTO IPOCTPAHCTBA-
BpeMeHU (puc. 3). IDJIEKTPOH fABJISIETCA HOCUTEJIEM BJIEMEHTapHOIO
BJIEKTPUUECKOTO 3aps/ia OTPUIlATEJIbHOU IOJIAPHOCTU. B mpupoze sTOT
3apsJi WMeeT ILeJbId 5JIEKTPUYECKUN KBapk (—Ie) oOTpuUIlATEIbHOMN
MOJIIDHOCTU He UMeWIuil Macchl. BOpocuM Temeph B KBAHTOBAaHHOE
IIPOCTPAHCTBO-BpeMs (pHUC. 3) JIEeKTPUUECKUN KBapK (—1e) OTpUIaTETbHOU
MIOJIIPHOCTU, KOTOPBIN HA30BEM IEHTPAJILHBIM 3apsJ/IOM C PaJiuaibHbIM
3JIEKTPUYECKHUM I10JieM (pHUc. 5). BOKPYT LIEHTpPaJIbHOTO 3apsijia CO37aETCs

(@

Puc. 5. PoxxaeHue Macchl y 2JIEKTpOHA B Puc. 6. K Bompocy o hopMupoBaHuu

pesynbTare chepudecKoi qedopmanum MarHMTHOTO CIIHHA JIEKTPOHA
KBaHTOBAaHHOTO IPOCTPAHCTBa-BPEMEHH

LEHTPAJILHBIM 3apsiI0M-KBapKOM.
paguasbHOE 3JIEKTPUYECKOEe II0JIe, KOTOPO€ BBI3bIBAET 3JIEKTPUUYECKYIO
IIOJIAPU3alI0 KBAHTOBAHHOI'0O IIPOCTPAHCTBAa-BPEMEHU B pPaJUuaTIbHOM
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HalpaBjieHUU. TO ecThb dJIEKTPUYECKUEe [IUIIOJIM, BXOJAIIME B COCTaB
KBAHTOHA  CTApalOTCd  OpUEHTHUpPOBaTh  (MOBEpPHYTh)  KBAHTOHBI
BJIEKTPUUECKOU OChI0 B HAIIPaBJIEHUU PAAUATIBHOTO 3JIEKTPUUYECKOTO T0JIsA
¥ OZTHOBPEMEHHO PACTSIHYTb UX B paJlMaJIbHOM HatpaBiieHun. Habiogaercs
a¢ddeKT OpreHTAIIMOHHON U JIePOpMaIMOHHON MMoJIApu3anuu [54...58].

V3 371eKTpOCTaTUKN U3BECTHO, UTO PAAVATIBHOE JJICKTPUUYECKOe I10J1e
IIEHTPAJIBHOTO 3apA/a 5TO HEOJHOPOJHOE 3JIEKTPUUYECKOe I10JIe, KOTOPBIM
Ha 3JIEKTPUYECKUU JUIIOJIb JEUCTBYIOT TPAUEHTHBIE CUJIbI, HAIIPABJIEHHbIE
B CTOPOHY IIeHTPAaJIbHOrO 3apsna. Iloj genicTBreM IpalUEHTHBIX CUJI BCE
KBAHTOHBI BOKDYT I[€HTPAJIbHOTO 3apf/fa [ABUHYTbCA B €ro CTOPOHY,
chepuuecku naedpopmupysa (MCKpUBJIAA MO DUHIITEHHY) KBAHTOBAaHHOE
IIPOCTPAHCTBO-BpeMsA. B  pesysbraTe HCKPUBJIEHUA KBAHTOBAHHOIO
IIPOCTPAHCTBA-BPEMEHN BOKPYI' ILEHTPAJIBHOTO 3apAfa BO3HHUKAET
chepuueckoe TpaBUTAIUOHHOE IOJIE, a caM 3apA/]-KBapK IpuoOpeTaeT
Maccy, M IIepepoXKJaeTcs B  JJICKTPOH, YacCTUIly, ABJAIOIIYIOCA
OJTHOBDEMEHHO HOCHUTEJIEeM 3JIEKTPUYEeCKOro 3apfAja W Maccbl. Tak
pOXKJaeTcs Macca y 3JIEKTPOHA M CaM 3JIEKTPOH BHYTPHU KBAHTOBAaHHOIO
IpocTpaHcTBa-BpeMeHU. [103UTPOH poKaeTcsi aHAJIOTUYHBIM CIIOCOOOM
npu BOpachlBAaHUM B KBAHTOBAHHOE MPOCTPAHCTBO-BpEMs  IIEJIOTO
3JIEKTPUYECKOT0 KBapKA MOJIOKUTEIHBHOU MOJIAPHOCTH.

Kcratu, Bce 1ipesicTaByieHHble (DU3WUECKHE MOJEJIU POKIAECHUA
BJIEKTPOHA M TMO3UTPOHA TOUYHO U 0e3 3aTpy/IHEHUU OIUCHIBAIOTCSA
MaTeMaTU4eCKH ypaBHeHUeM IlyaccoHa kak auBepreHIUsA TpajveHTa
KBAHTOBOU IIJIOTHOCTA KBAHTOHOB BHYTPU KBAaHTOBAaHHOT'O MPOCTPAHCTBA-
BpeMeHU. A TpaJiIueHT KBAHTOBOU ILJIOTHOCTU XapaKTEpU3yeT BEKTOP
nebopmanuu D KBaHTOBAaHHOTO IMPOCTPAHCTBAa-BpeMeHU. Bwmecrto
SUHIITENHOBCKOM KpUBU3HBI B Teopum CynepobbequHEeHUs IMOSBUJICSA
BekTop aAedopmanuu D [33]. Eciiu Her pedopmanum (MCKpPUBJIEHUA)
KBAaHTOBAHHOTI'O IIPOCTPAHCTBA-BpEMEHH, B HEM OTCYTCTBYyeT TpDaBUTAIMA,
KOTOpas MPOABJIAETCA KAK BTOPUYHOE SIBJICHUE.

Ha puc. 5 npexacraBieHo rpaduyeckoe MOJIeJTUPOBAHUE CTPYKTYPbI
3JIEKTPOHA B KBAHTOBAHHOM IIPOCTPAHCTBE-BPEMEHU B pe3yJIbTaTe €ro
chepuueckorn JnedopManuyd  pajiMAJIbHBIM  BJIEKTPUYECKUM  MOJIEM
IeHTPAJIbHOTO 3apsja-kBapka [58]. B 1eHTpe sjieKTpoHA pacmoJiOKeH
TOUEYHBIN 3apsA/I-KBapK, BOKPYT KOTOPOro popMupyercs 06acTb CKaTHs
KBAaHTOBAHHOTO IIPOCTPAHCTBAa-BPEMEHH 3a CUET €ro pas3psKeHUU P
MlaTbHENIIIEM yIaJleHUH OT IIEHTPAJILHOTO 3apsja-KBapka. I'paHuriei
paszesna Mexxy 00JIaCThIO CXKATHA U pa3PAKEHUS BbICTYIIAET KJIACCUUECKUU
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paauyc 3JeKTpoHa (IITPUXOBasi JUHUS OKPY:KHOCTH) [57]. ObacTh cxkaTus
XapaKkTepu3yeT 30Hy aHTUTPABUTAIIMOHHOTO OTTAJIKUBAaHUA [59], a 061acTh
paCTsKEHHUsI — 30HY I'DaBUTAIMOHHOTO MPUTsKEHHUs [60]. YcTaHOBIIEHO,
YTO BHEprus ympyroul chepuueckoil aedopmanuu 00JIACTU PACTIKEHU
(BoHa TpUTAKEHUS) SKBUBAJIEHTHA Macce 3JIEKTPOHA U OIpefesisercs
gopmynon diHmTeitHa mC2. Macca — 3T0 sHeprus ynpyrou gedopManum.

CouH 3sjgexrpoHa. OpHako onucaHue QOPMUPOBAHUA MaCCHI
3JIEKTPOHA TOJT IeUCTBUEM I'PAIUEHTHBIX CUJI Oy/IET HETIOJIHBIM, TOCKOJIBKY
He YYUTBIBAETCA B 3TOM MPOIlecce poJib MAarHUTHOTO CIIMHA 3JIEKTPOHA. B
HACTOSIIIIUN MOMEHT HET YETKOTO OIpe/ieJIeHUs MOHATUIO CIIMHA. DJIEKTPOH
npejicTaBiasieT  coboil  chepuuecku  gedOpPMUPOBAHHYI0  006J1aCTh
KBAHTOBAaHHOTO IIPOCTPAHCTBA-BPEMEHU, He UMes YETKUX IpaHull (puc. 5).
C Takol «pa3Ma3aHHOW» CTPYKTYPOH 3JIEKTPOH B MPUHIIUIIE HEe cliocoOHee
K BpallleHUI0 BOKPYr coOcTBeHHOU ocu. Tem He MeHee, cOXpaHAsA
yCTapeBIINN U HEKOPPEKTHBIM TEPMUH CIIMHA BJIEKTPOHA, Oy/iIeM MIOHUMATh
1o/ 5TUM chepudeckoe MarHUTHOE T0JIe 5JIEKTPOHA, KOTOPOE BO3HUKAET B
pe3yabTaTe 3JeKTPUYeCKON MOJSApU3allii KBAHTOBAHHOTO MPOCTPAHCTBA-
BpEMEHU IeHTPAJIbHBIM 3aPA/I0M-KBapPKOM 5JIEKTPOHA.

B syiekTpocTaTHUKe /i1 aHAIN3a II0JIEW MHUPOKO IPUMEHAETCHA METO/
npobHoro 3apsna. Ilo anasoruu, B Teopum CynepobbequHeHUS Jisd
aHaJIM3a U3MEHEeHUs TOIOJIOTMH KBAHTOBAHHOTO IIPOCTPAaHCTBA-BPeMEHU
BIEpPBble B  HAyYHOU MPAKTUKE MNPUMEHEH MeTOJI IMPOOHOTO
3JIEKTPOMAarHUTHOTO KBAJAPYHOJIsl WJIW KBAaHTOHA IIPU YCJIOBUHU, YTO
dJIeKTpUYeCKass U MAarHUTHAsA OCHM KBAHTOHA BCerJla OPTOTOHAJIbHBI. Jlyid
MaTeMATU4YEeCKOTO OINMCAHUA TAKUX MOJIed B IUIOCKOCTH IPUMEHSETCA
anmapaT  KOHQOPMHBIX  oToOpakeHUN  (YHKIUN  KOMILJIEKCHOTO
nepeMeHHoro. OpHako i1 OOBEMHOU HEIJIOCKOM KapTUHBI IMOJIeN
TpebyeTcs cepbe3Hasd JopaboTka Maramnnapara. Ho aToT Bolpoc 0THOCUTCA
K MaTeMaTHKaM, IIOCKOJIBKY MHOK  HCHOJIb3yeTCA  HU3BECTHBIU
MaTeMaTU4YeCKUU anmapar.

Ha puc. 6 cxeMaTUUHO MOKA3aHO KaK B pe3yJbTaTe 3JeKTPUUYeCKON
MOJIApU3alui  KBAHTOHA, KOTJla €ero BJJIeKTpUYecKas OChb cTapaercs
Pa3BepHYTHCA B/OJIb PAJUAJIBHOTO BJIEKTPUUECKOTO MOJIS IEHTPAJIBHOTO
3apsjia 3JeKTPOHA, MArHUTHAsA OCh KBAHTOHA CTapaeTcs Pa3BepPHYTHCS
MIONEPEK  PaJUAJIBHOTO BJIEKTPUUECKOTO IEeHTPaJbHOrO 3apsAaa. B
pe3ybTaTe MarHUTHbBIE 3aPsA/Ibl KBAHTOHA IPOTUBOIIOJIOKHOM MTOJIAPHOCTH
TSAHYTCSA HaBCTpeUy JIPYT IPYTy, TeHEPUPYs MarHUTHOE I10Jie, 3aMKHYTOE 10
chepe BOKpYT IleHTpaJIbHOTO 3apsza. Ha puc. 6 i HarIsAsgHOCTU
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IIpeZICTaBJIEH BCETO O/INH CJION c(pepruecKOro MarHUTHOTO I10JIs 3JIEKTPOHA.
Takou cioi pezcTaBiseT coO0M 3HAKOIIEPEMEHHYI0 000JI0YKY MAaTrHUTHBIX
KBAPKOB PA3JIMYHON MOJIAPHOCTU. MHOKeCTBO Takux cJIOEB (000JI0UeK)
HAHU3aHHBIX JIPYT Ha JIpyTa ¥ GOPMUPYIOT MAarHUTHBIN CIIUH 3JIEKTPOHA 0€e3
€ro BpallleHWs, TOJbKO B pe3yJbTaTe MU3MEHEHUS  TOIOJIOTUHN
KBAaHTOBAHHOTO ITPOCTPAHCTBa-BpEMEHM.

Heo0x0/IMMO OTMETUTh, UTO Takue cepuyueckrue MarHUTHBIE IOJIA
JJIEKTPOHA paHee HUKOIJIAa He HCCAeJOBAINCh B (U3UKE YACTHUIIL.
XapakTepHO TO, YTO B 3TOM CJIyuyae, MarHUTHOE II0JIE€ 3JIEKTPOHA MOKHO
ONHCAaTh MHHUMBIM MATHUTHBIM 3apfA/I0M, IIOMEIIEHHBIM B II€HTpE
JJIEKTPOHA, KAaK M JJIeKTPUYECKUU IeHTpajbHbI 3apan. Ho eciam
IIEHTPAJIbHBINA 3JIEKTPUUECKUH 3P/l CO3/IAET PaiiajibHOE 3JIEKTPUUECKOE
I10JIE 3JIEKTPOHA, TO IIEeHTPAJIbHBIM MHUMBIN MarHUTHBIU 3apA/1 GOPMUPYET
3aMKHYTOe 10 cepe MarHuUTHOe IoJsie. Bce pacyéTsl mOKa3bpIBaIOT, YTO
OCHOBHYI0O poJib B cdepuueckod AedopManud KBAHTOBAHHOTO
IIPOCTPAHCTBA-BpEMEHH, 4, COOTBETCTBEHHO, U B (DOPMHPOBAHUU MACCHI
JJIEKTPOHA, WIpPaeT €ro 3aMKHyTOoe 0o cdepe MarHuTHoOe IIOJIe,
Ipe/CTaBjAollee CHOUH 3JieKTpoHa. Taxkum o6pa3om, macca
anexkmpoHa hopmupyemest €20 CRUHOM. ITO KacaeTcs U MO3UTPOHA

[54].

AcuMnrorTnueckas cBoooaa. OTKphITHE BHYTPU 3JIEKTPOHA 30HBI
CKaTUsA KBAHTOBAHHOTO MPOCTPAHCTBA-BPEMEHU XapaKTePU3YeT 3Ty 30HY
KaK 30Hy aHTUTPABUTAIIMOHHOTO OTTAJIKUBasi, KOTOpas IMPOsBJseT ceds Ha
PACCTOSTHUAX MEHEE KJIAaCCUUYECKOT0 Pajinyca 3J1eKTpoHa (IIITPUX0Basi IMHUS
OKpy>kKHOCTH) (pHc. 5). OueHb MOAPOOHO aHAJIN3 30H AHTUTPABUTAITIOHHOTO
OTTAJIKUBAHUS 2JIEKTPOHA JlaH B paboTax [1, 2, 58. 59, 60]. Hasiuuue 30HBI
QHTUTPABUTAITMOHHOTO OTTAJIKUBAHUSA y 3JIEKTPOHA OOBSACHSET IMPUUYHHBI,
II0 KOTOPHIM 3JJIEKTPUYECKUU JIUIIOJb HE KOJUIAlICUPyeT B TOUYKY, a
coXpaHseT CBOU KOHeuHble pas3Mmepbl (puc. 4). YtobObl HaIJIAIHO
IIpe/CTaBUTh 3TOT 3PEdEKT, pacCMOTPUM AHHUTWIANMUIO 3JIEKTPOHA U
IIO3UTPOHA, KOTOPbIE BHYTPU KBAHTOBAHHOTO IIPOCTPAaHCTBa-BpeEMEHU
nMeloT chepuyecKre 3JJEeKTPUYECKWe U TPaBUTAIUOHHBIE mossd. I[lpu
CONMMIKEHNU 5JIEKTPOHA Y TMO3UTPOHA HA PaACCTOSHUE KJIACCUYECKOTO
paauyca 3JIEKTpOHA UX cepuuecKre MoJsl pa3pylIaloTcs U MEPEXoasAT B
rioJie aunos (puc.4) [61].

OcBob6oxkI€éHHAsA SHEPTUs ynpyrou chepudeckoil edhopmaruu napbl
yactul, TmnopAaka 1 M»sB, a 3TO 3JIeKTpOMarHUTHasA 9HepPrud
e(POPMUPOBAHHOIO KBAaHTOBAHHOTO IIPOCTPAHCTBA-BPEMEHHU, TO €CTh
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DHEPrusi MacChl YaCTHIl, OCBOOOXKJaeTcs U IEePEeXO/IUT B 3JHEPTUIO
W3JIy4YeHUs B IByX FaMMa-KBAaHTOB (B IIpocreiiliieM ciay4dae). Tak BoepBble B
teopun CynepoObe/IMHEHUs PacKpbIBaeTCsl MeXaHU3M IIpeoOpa30BaHUA
MaccChl B SHEPTUIO U3JIyYeHUs. ITO UMeeT (PyHJaMeHTAIbHOe 3HaUeHUE BO
BCeX IIpolleccax OCBOOOXKEeHUs SHEPrum B pe3ysabraTe AedeKTa Macchl.
Cnenyer oOpaTUTh BHUMAaHUE, YTO TaMMa-KBAaHThI He BbI3BIBAIOT Harpena.
UToOBl MOJMYYUTHh TEIJIOBYIDO SHEPrui0 HeoOXOJIMMO IPOU3BOAUTH
HU3KOBHEpreTuueckue UH@pakpacHble TemsioBble GOTOHB. Teopus
CynepoObeguHEeHUs pacCMaTPUBAET METOAbI CTYIIEHYATONW aHHUTUJISIINH,
KOT/la He TraMMa-KBaHTHl, a TeIUIOBble (OTOHBI OCBOOOXKIAIOTCA U3
3JIEKTPOH-TIO3UTPOHHOU IJIa3Mbl, HaIpuMep, B apdexTe Yuiepenko [8].

Jlajiee TIOTepsBIIIME MAacCy IleJible KBAapKU IIOJIOKUTETbHOU W
OTPUIIATEJIbHON TMOJIAPDHOCTU HE HCYe3a0T, a 00pa3ylT HeBeCOMbBIN
BJIEKTPUUECKUU JUTIOJNb (puc. 4), HeKull OUT uHGPOpPMAIUU O TOM, UTO
KOT/]a-TO CYII[eCTBOBAJIa Mapa YaCTHIl: AJIEKTPOH U MO3UTPOH. JlasibHelIIee
cOImKeHre KBaPKOB B JIUTIOJIE OTPAHNYEHO 30HAMHU aHTUTPAaBUTAI[IOHHOTO
OTTaNKWBaHUsA (KpacHbIE 30HBI CXKATHUSA BOKDPYT KBApKOB) KOTZA CHJIBI
AHTUTPABUTAIIIOHHOTO  OTTAJIKUBAHUS OYE€Hb OBICTPO  pacTyT ¢
YMEHBIIIEHUEM PACCTOSHHUSA MeHee KJIACCUYECKOTO Pajinyca 3JEeKTPOHA
opsAAKa 1075M, U Ha PACCTOSHUM IOPAAKA 1070M CHJIBI JIEKTPUYECKOTO
IPUTSKEHUSA KBapKOB YPaBHOBEIIINBAIOTCSA CHUJIaMU 170:¢
AHTUTPABUTAIIOHHOTO OTTAJIKUBaHUsA. IJTO sBjeHWMe B CraHzapTHOUN
Mozenu 1 KX/ Ha3bIBaeTCsA ACUMNMOMu4eckoil c60000011, Korja cuia
B3aMMO/IENCTBUA MEXK/IYy KBapKaMHU IIPU COTMKEHUH CTPEMUTCS K HYJTIO [ 62,
63]. Ho 3T0 He o3HauaeT, YTO KBapKU CTaju cBOOOMHBIMHU. CBs3aHHBIE
BHYTPHU JUIIOJIA SJIEKTPUUECKHE KBAapKU MEPENIA B COCTOSTHE KBapPKOHA,
Korja KBapkoH (quarkon) xapakrepusyercsi MuHyc-Maccou [64] B 30He
AHTUTPABUTAIIMOHHOTO OTTAJKUBaHUA [59]. Packpeitne Qusmyeckoit
IPUPOJIBI ACHMIITOTHYECKON CBOOOABI BIIEPBBIE JAHO B TEOPUH
Cynepobbenunenus [1].

AJIEeKTPOHHOE HEUTPUHO. Teopus CyniepobbeTuHEHU S
paccMaTpuBaeT CTPYKTYPY SJIEKTPOHHOTO HEAUTPUHO B BUJIE HEBECOMOTO
3JIEKTPUUECKOTO JTUTIOJA U3 JIBYX IEJIBIX 3JIEKTPUUECKUX KBAPKOB Pa3sHOU
nosiipHOCTH (puc. 4) [61]. B maparpade 6.8 7aHHON cTaThbU PACCMOTPEHDI
MIOHATHUS IUIIOC-MAacChl U MHUHYC-MacChl, OTBEUAIOIe 3a TPAaBUTAIIUIO U
aHTUTPABUTAIIUIO, COOTBETCTBEHHO [59, 60, 64]. B pesynbrare
AHHUTWIAIUY 3JIEKTPOHA U IMO3UTPOHA KBAaPKU IOTEPSIJIN ILTIOC-MaCChl, HO
B COCTaBe 3JIEKTPOHHOTO HEUTPHHO Yy HUX OCTaJIOCh II0 JIBE MUHYC MacCChlI,
IIpe/icCTaBJIEHHbIE 30HAMH CKaTusA (puc. 4, KpacHass o006Jjactb). ITO
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CBSI3aHHOE COCTOSIHHE KBAPKOB JJIsl KaXK/I0TO OT/IEJbHOTO KBapKa Ha3BaHO
KBapKOHOM. OTJIMYUTETBHON 0COOEHHOCTh KBADKOHOB KAaK MHUHYC-MAacCChI y
HEUTPUHO SABJAETCH, TO, UTO C YBEJIMUYEHUWEM CKOPOCTU OTpHUIATeIbHas
Macca Yy KBApKOHOB U HEUTPUHO B 11eJ10M, He pacTéT. Ho B yito6oM ciyuae
HaJIM4Y¥e MUHYC-Macchl Y HEUTPUHO HE MO3BOJIUT €l MPEBBICUTH CKOPOCTh
cBera. OTCyTCTBUE PEJATUBUCTCKOTO YBEJIUYEHUS MHUHYC-MacChl Y
HEUTPHUHO MMO3BOJISAET €l JOCTUTATh CKOPOCTH cBeTa [65], mo106H0 (GOTOHY.
OpHako B oTiimume OT POTOHA, KOTOPBIN CYyIIECTBYET TOJIBKO Ha CKOPOCTHU
cBeTa, HEUTPUHO HMeeT JUAMa30H CKOPOCTEM OT CKOPOCTH MOKOS JI0
ckopoctu cBeTta. OAHAKO, KaK BOJIHOBASA 4YAaCTUIlA, HEUTPUHO HE MOXKET
IIPEBBICUTH CKOPOCTH CBETA.

IJIEKTPUUYECKOe II0JIe JUIIOJNA — 3TO KOPOTKOJZeHuCTBymolee nose. B
JIOTIOJIHEHME K 3TOMY HaJIMUHe 30H aHTUTPABUTAIMOHHOTO OTTAJIKUBAHUA y
KBAPDKOB Ha pacCCTOAHUAX MeHee 107°M XapakTepusyeT 3SJIeKTPOHHOE
HEUTPHHO KakK cj1ab0B3aMMOJeUCTBYIONIYIO YacTUIly. B aTOM 3akiovaercs
TPYAHOCTb J€TEKTUPOBAaHUA HeUTpuHO. Temepb, 3HAsA AUNOJBHYIO
CTPYKTYPY HEUTPUHO MOKHO pa3zpaboTaTh NIPUHIIUIIHNAIBHO HOBBIE U O0Jjiee
IIPOCThIE METO/IBI ero JeTeKTupoBaHus. Heo6XoaqumMo OTMEeTUTh, UTO BOJIU3U
aTOMHOTO #A7[pa 3JIEKTPOHHOE€ HEUTPUHO PACTATUBAETCA, YMEHbIIasd
DHEPruI0 CBA3UM KBApKOB B jaunoJie. llpuw nomazanuu ramma-KBaHTa
JIOCTAaTOYHOM BJHEPrUM B TaKoe BO30OYKJIEHHOE HEUTPUHO, JUIIOJIb
paspylaeTcs Ha JBa CBOOOAHBIX KBapKa, KOTOPbIE pa3JjieTasiCh, MTHOBEHHO
BHYTPU KBAHTOBAHHOTO IIPOCTPAHCTBa-BpeMeHU NPUOOpETAIOT Maccy,
pOXK/lasd U3 BaKyyMa dJIEKTPOH U MO3UTPOH [1].

BostHOBO¥ mepeHoc Macchl. Paccka3z o mMexaHW3Me POKIEHUSA
Macchl y B2JIEKTPOHA U MO3UTPOHA ObLT ObI HEMOJIHBIM 6e3 0ObsCHEHUS
AUHAMUWKU UX ABUKEHUSA BHYTPHU KBAHTOBAHHOTO MPOCTPAHCTBA-BpPEMEHU.
OHo mpencraBiseT cOOOM CBEPXyHpYyTyl0 KBAaHTOBaHHYIO cpeny, OoJiblie
IIOXOKYI0 Ha YIPYTMU KBa3WUKPUCTA/I CO CBOMCTBAMH TBEPZOTO TeJia.
HamnpamuBaercsa Bompoc: «Kak BHYTpUM OJHOTO TBEPAOTO Tejia MOKET
JIBUTAThCA CBOOOJHO Zpyroe TBEpoe Teno?». C MO3UIUM KJIaCCUUYeCKOU
(pusuku 370 HEBO3MOKHO. HO MBI MMeeM jies1 ¢ KBAaHTOBOU (DUBUKOU B BUJIE
KBAHTOBAaHHOTO MPOCTPAHCTBA-BPEMEHU, KOTOpPOe fABJISIETCA YHUKAJIbHOU
cpefioll He MOXOXKeW Ha BCe M3BECTHBIE CpPe/bl: ra3000pa3Hble, KUIKUE,
TBEpJble W IUIa3My. KBaHTOBasg (pu3mkKa MOCTpOeHA U3 MapaZOKCOB IIPU
COTIOCTaBJIEHUM C KJIACCUYECKUMHU TMpejcTaBieHusmMu. A He Oyay
IIepevYrcyasATh BCe TMApPaJOKChl KBAHTOBOM (U3UKHU, a IMPOJIOJIKY
KOHIIEHTPAIINI0 BHUMaHUS Ha mpobyieMe MaccChl.
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C wlaccnyecKkux MO3UIUN Macca XapaKTepu3yeT CBOMCTBA YaCTHUIIBI
(Te1a) Kak U30JUPOBAHHOTO OT OKpYXKawIehd cpezibl 00bBEKTA.
JleliCTBUTEIbHO, HATPUMED, Mbl BUJUM KaMeHb U IPEJCTABJISEM €r0 Kak
CaMOCTOATEJAbHBIM 00BbeKkT (Bemnb B cebe). Ho kKaMeHb COCTOUT U3
dJIEMEHTAPHBIX YACTHUI[. A dJIeMeHTapHas YacTHIla, KaK 9TO IOKa3aHO Ha
npuMmepe (GOPMHUPOBAHUSA Macchl y 5JieKTpoHa (puc. 5), He ABJSAETCA
W30JIMPOBAHHBIM OOBEKTOM, a IPEACTaBsAeT coO0W HEpPA3PHIBHYIO U
COCTaBHYIO 4YacTh cdepudeckun AeOpPpMHPOBAHHOTO KBAaHTOBAaHHOTO
IIpOCTpPaHCTBa-BpeMeHu. [lojrydaeTrcs, 9YTO W30JIMPOBAHHBIX OOBEKTOB B
KBAHTOBOU (DUBUKE U MPUPOJIE HE CyIecTBYeT. [Ipu ABMKEHUH 3JIEKTPOHA
B KBaHTOBAaHHOM IIPOCTPAHCTBE-BPEMEHH HAOJIIOAeTCs TOJTBKO BOJTHOBOU
repeHoc ero chepuueckou edpopmarnuu [66].

VTak, IBU)KEHUE YaCTUIbl B KBAHTOBAHHOM ITPOCTPaHCTBE-BpEeMEHU
eCcTh BOJIHOBOM IIEPEHOC €€ Macchl, KOIrJ|a 4YacTulla OJHOBPEMEHHO
IIPEJICTaB/IsAET COO0ON KOPIIYCKYJIy M BOJIHY. [103TOMY JABUIKEHHE YaCTUIIbI
JTOBOJILHO ITPOCTO OITMCHIBAETCSI BOJTHOBBIMH YpaBHEHUSIMU. Tak BIepBbIE B
teopuu CyrnepoObeTUHEHUS OOBsCHSETCA JelcTBHEe (DYHAaMeHTaJIbHOTO
MIPUHITUIIA KOPILYCKYJIAPHO-BOJIHOBOTO AyanuszMma [67, 68]. Ho momumo
BOJIHOBOTO IIEPEHOCA MAacChl, HEOOXOJIMMO OOBSICHUTH JBHKEHHUE CAMOTO
KBapKa, KaK IIeHTpajJibHOTO 3apsjga (puc. 5), pa3mepbl KOTOPOTO
OIeHUBAIOTCA IIAHKOBCKOU JJIMHHOU (10-35M) [68, 69]. Ha puc. 3
ITIOKa3aHO, YTO MeK/Iy KBAHTOHAMU €CTh 3a30PbI HAI0100e YePBOTOUYNH
acrpopusuxka CruBena XokuHra [70], u KkBapk cB0OOJIHO
IIlepeMeIaeTcss BHYTPU KBAaHTOBAHHOTO ITPOCTPAHCTBA-BPEMEHH 4Yepes
3a30pbI MEXK/Ty KBAHTOHAMH.

Tenepps MbI IIOZIONLIN K TJIABHOMY BOIIPOCY OTHOCUTEJIBHO MPUPOJBI
Macchl. Kak mokasaHo ¢ HO3UIuid KBAaHTOBOU (PU3UKM, MACChHI B IPUBBIYHOM
KJIACCUYECKOM OHMMAHUU IIPOCTO HE CYIIECTBYeT B Ipupoae. Macca — 3To
SHEPreTUYECKUU CryCcTOK chepudecku Ae(OpMHUPOBAHHOTO KBAHTOBAHHOTO
IIPOCTPAHCTBa-BpeMeHHU. VICTOpHUYEeCKH CJIOKUJIOCh TaK, YTO Maccy
OTOKJECTBJIAJIK C BECOM, TO €CTb C CHJIOU TATOTEHU:, OLlEHHBas €€ B
BECOBBIX euHUINAX. Ho Ha camMoMm pesie Macca — 3TO 3JIEKTPOMAarHUTHAas
sHeprua  ymnpyroud  cdepuyeckonl — gedopManyu  KBAaHTOBAHHOTO
IIPOCTPAHCTBA-BpEMEHN, U II03TOMYy B KBaHTOBOM (U3HKe Macca
n3MepsAeTCsA B eJUHUIAX SJHEPTUU.

[Ipodeccop Xurrc, pasdpabarbiBas CBOIO TUIIOTe3Y (HOPMHPOBAHUSA
MacChbl, U3HAYAJIBHO 3aJI0:KUJI HEBEPHBIE YCJIOBUA, pacCMaTpuUBasA Maccy B
KJIaCCUYeCKOM MOHUMAHUU CO CBOMCTBAMM HU30JIMPOBAHHOrO oObekTa. Ho
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Macchl ¢ TAKUMY CBOMCTBAMH B IIPUPOJIE HE CyIIEeCTBYET, IO3TOMY IIOUCKHA
6030Ha Xurrca HU K UeMy He NPHUBEJIH, MOCKOJbKY 6030Ha Xurrca, Kak
HOCHUTeJIA MacChl, TAK:Ke He CyIeCTBYeT B Ipupoje. Toabko onupasch Ha
KOHIENIINI0  TPAaBUTALIMU  HCKPUBJIEHHOTO  IIPOCTPAHCTBA-BpeMEHU
JUHINTEeNHA, yJaJl0Ch peNuTh MMpobseMy GOPMHUPOBAHUSA  MACCHI.
'paBuTanys HauMHAETCS C POXKJEHUS MAacChl, KAK BTOPUYHOTO SIBJIEHUS
BHYTPU KBAQHTOBAHHOI'O IIPOCTPAHCTBAa-BpEMEHH B pe3yJbTaTe €ro
chepuueckoit fedpopmanum (MCKpUBJIEHUS 10 DUHIITENHY).

B obmiem ciiydyae BOJTHOBOM IEPEHOC Macchl CBSI3aH ¢ OOMEHHBIMU
MIPOIlecCaMM MeK/IYy YIIPYTUM KBAaHTOBAHHBIM IIPOCTPAHCTBOM-BPEMEHEM U
JIBUKYIIIAMCS SHEPTreTUUYECKUM CTYCTKOM cepudecKu 1e(pOpMHUPOBAHHOTO
KBAaHTOBAHHOTO IIPOCTPAHCTBa-BpeMEHU, TO e€CTh Maccou. B Teopuu
CynepoObeauHeHUsI TPUBEAEHBI PACYETHI COMPOTUBJIEHUS JBUIKEHUS
Macchl IPU BOJIHOBOM e€ mepeHoce. Cujia CONPOTUBJIEHUA ONpeNeasaeTcs
sHepruend cdepuueckon paedopManuyd KBAHTOBAHHOTO ITPOCTPAHCTBA-
BpeMEeHH Ha eJUHUILY JJINHBI IIyTU IlepeJlHero PPOHTA ABUKYIIENCs MaceChl.
Opnako 3amHuil (GpoHT AedopManuiu JBUKYIENcs Macchl cOpachIBaeT
paHee 3aTpayeHHYI0 Ha JIBUKEHHE DHEPTUIO, Ompeiessis O6alaHc SHEPTUn
Kak HyJsieBoH. I[103TOMy Ipu ABMKEHUU 10 MHEPIIUM CUJIA COIIPOTUBJIEHUS,
JIEMCTBYIOIIasd HA Maccy, OTCyTCTByIOT. IIpu yckopeHHMU Macchl,
SHepreTuueckuil 0OajlaHC HapyIlaeTcs, W BO3HUKAET CHJIAa WHEPIUH,
COIIPOTUBJIAKOIAACA YCKOPEHUIO0 Macchl. 110 cruyie nHEpIUM MOKHO CYAUTh
0 BEJIMYMHE MaCChl B HEBECOMOCTH. boJjiee moApOOHO 0 IMHAMUKE JIBUKEHUS
Macchl U YBEJTUYEHUH PEIATUBUCTKOU MacCChl MOKHO ITOYUTATh B [1, 2].

HeiiTpoH u mpoTtoH. PopmMupoBaHme Macchl y HEUTpoHA (IIPOTOHA)
Takke o0ecrneunBaeTca cdepuueckon gedopmarveli KBAHTOBAHHOTO
IIPOCTPAHCTBa-BPEMEHHU, KaK U y 3JIEKTPOHA, HO TOJBKO HE IEeHTPATIHbHBIM
3apsA/A0M, a 3HaKoIepeMeHHOU 000710UKOU HelTpoHa (rmpoToHa). ITosipobHo
CTPYKTYypa HyKJIOHOB usJjioxkeHa B Teopuu Cyrnepoobenmaenus [71]. To, 9yTo
B CTPYKTYpy HEHTpPOHA U MPOTOHA BXOAAT KBAPKU ITOJIOKUTEJTBHOU H
OTPUIIATEJIbHON  TMOJIAPHOCTH,  OKCIIEPUMEHTAJIbHO  JIOKa3aHO  Ha
YCKOPHUTEJIAX 10 PACCENBAHUIO BJIEMEHTAPHBIX YACTHUIl HA ATOMHBIX Spax U
HYKJIOHAX, BXOJISIIHAX B COCTAB AaTOMHBIX SIZIEP.

OgHaKO BO3MOXKHOCTU YCKOPHUTEJIBbHOW TEXHUKU OTPAaHUYEHBI, a
METO/Ibl JeTEeKTUPOBAHUSA YACTHUI[ J[JAOBOJIBHO TpyObl, HECMOTpsl He
KOJIOCCAJIBHYI0 CTOMMOCTh 3KCIIepUMeHTOB. IlapasokcasbHO, HO HU OJIMH
JKCIIEDUMEHT Ha YCKOPUTEJe He IMO03BOJUJ YCTAHOBUTH KOJUYECTBO
KBAapKOB, BXOJAIINX B COCTaB HEUTPOHA M IPOTOHA, HE IOKa3aJjl
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pacnpeiesieHre KBapKOB M0 00bEéMY oTux uvactull. [losyuaercs, uTo maxe
BAK He B COCTOAHUU BBIABUTDH CTPYKTYPY IIPOTOHA U HEUTPOHA.

[Toka IIPUOPUTET B 3TOM ILJIAHE OCTAETCSA 3a TEOPETHKAMH, KOTOPHIE
MOTYT IIPEJVIOKUTh, 3a4acTyl0 OIIUOOYHO, Ty, HWJIH HHYIO CTPYKTYpPY
ajieMeHTapHOU 4YacTuipl. Tak, B KBaHTOBOM xpomoauHamuke (KX]I) 6e3
BCSIKOT'O HA TO 000CHOBaHU S, U3HAYAIbHO IPUHSJIN, YTO HEUTPOH U IPOTOH
JIOJKHBI UMETh B CBOEHM CTPYKType II0 TpU JIPOOHBIX KBapKa C 3apsaaMu
+2/3e, 1mb0 — 1/3e. A mouemy He UeTbIpe KBapka +3/4e, 1ubo —1/4e?
KoMmOuHanuu 4YeThIPpEX KBApKOB TaKKe JAlOT 3apsj IIPOTOHA +1e U
HEUTpPOHAa Oe. MOKHO COCTaBUTb IEJIbIN PsJT U3 APOOHBIX KBAPKOB, KOTOPbBIE
B KOMOWHAIIUM JIAIOT 3apsj, MPOTOHA M OTCYTCTBHE 3apsAja y HEUTPOHA.
JKCIIEpUMEHTAJIBHO  HaJIuduhe  JPOOHBIX  3apsA[0B  IIOJATBEPIAUTH
HEBO3MOKHO, IIOCKOJIbKY OHU OTCYyTCTBYIOT B IIPHPO/IE. DKCIIEPUMEHTATbHO
IIPOBEPEH TOJIBKO 3apsj] 3JIEKTPOHA —1e KOJIOCCAJIbHOU TOUHOCTHIO 1072'e
[72]. IToaTOMY BCe KBAapKOBBIE MOJIEJU AJIPOHOB HYKHO CTPOUTH U3 IEJIBIX
KBapKOB (+1e u —1e), KOMOUHAIUS KOTOPBIX TAKKE JAET JJIA IIPOTOHA 3apsi/]
+1e (Ipu oAHOM U30BITOYHOM 3aps/ie 1e) U HeUTpoHa Oe (IIpu 0IMHAKOBOM
KOJIMYECTBE KBApPKOB IIOJIOKUTEJILHOW U OTPHUIATEHBHOU IOJIIPHOCTH),
BXOJIAIIIMX B 3HAKONEpEeMEHHYI0 000J04Ky HykJIoHA. Takas o0os0uka
criocobHa cdepuuecku aedOpMHUPOBATh KBAHTOBAHHOE IIPOCTPAHCTBO-
BpeMs U TeHEPUPOBATh, TEM CaMbIM, MacCy HyKJIOHOB. Tpu IpoOHBIX KBapKa
B KJ/IX He B COCTOSSHUU OpOU3BECTH chepUUecKyro AedopMaIiuio
KBAaHTOBAHHOTO IIPOCTPAHCTBA-BpEMEHM ¥ TEM CaMbIM HE MOTYT
copmupoBaTh Maccy y HeutpoHa u nporoHa. Ilostromy KX]I, a
COOTBETCTBEHHO, U CraHmaptHas Mozesb (CM) He BIUCHIBAIOTCS B TEOPHUIO
rpaBUTaUU DUHIITENHA.

B nmpupoze nmeercs Bcero /iBa cnoco0ba jieopMaiiii KBAHTOBAaHHOTO
IpocTpaHcTBa-BpeMeHHu. IlepBoiii crmoco® OBLT  y:Ke ONHCaH TP
(OopMUPOBAaHUH MACCHI Y 3JIEKTPOHA U MO3UTPOHA JJIEKTPUUYECKUM I10JIEM
IleHTPaJIbHOTO 3apsza (puc. 5) u cnuHOM dYacTtur (puc. 6), KOTOPBIH
npescTaByseT co60i 3aMKHYyTOe 10 chepe MarHUTHOE T0JIe, IOJIyUeHHOE B
pe3yjbTaTe W3MEHEHHUs TOIOJIOTUM KBAaHTOBAHHOTO IPOCTPAHCTBA-
BpeMeHu. CHOuH mpejcTaBisier €060 MHOKECTBO 3HAKOIlepEMEHHBIX
000JI0U€eK U3 MAarHUTHBIX KBapKOB. O0O0JIOUKM HAHU3AHBI PYT HA ApyTa KaK
MaTpemKU. 110CKOJIbKY HANIPAXKEHHOCTh C(PepUUIECKOTO MAarHUTHOTO II0JIA
3a/1a€TCA OJHUM LEHTPAJIBHBIM SJIEKTPUUECKUM 3aps/IOM 3JEeKTPOHA, TO
coKUMarollee JIeCTBUEe MAarHUTHOTO TI0JI He CTOJIb CUJIbHOE, 00ecrieuBaeT
Maccy 2JIEKTPOHA KaK JIETKOW YaCTUIIBI [54].
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Bropoii cmoco6 cdepuueckoil sedopmManui  KBAaHTOBAaHHOTO
IIPOCTPAHCTBA-BpEMEHU MAaCCBI HYKJIOHOB obecrieunBaeTcs
3HAKOIlEpEMEHHON O000JI0YKOM, COCTOAIEN U3 LEJIbIX 3JIEKTPUUECKUX
KBapKOB (+1e U —le) U JIEKUT B 00JIaCTU CHJIbHBIX B3aMMOJEHCTBUI.
3HakonepeMeHHas o000JI0OUKAa, Kak OOpy4YH, CKUMaeT KBAaHTOBAHHOE
IIPOCTPAHCTBO-BpeMs, peasinu3dys IO CyTHU Jlejla KJIACCUUEeCKUU crocob
npsAMou fepopManiv, B OTJINYHE OT 3JIeKTPOHA, KOT/Ia B [1€JI0 BMEIINBAETCS
MAarHUTHOE T10JIE CITUHA.

Ha puc. 7 mpejicraBjieH nIpsAMou criocob chepudeckou aedpopmaluu
KBaHTOBAHHOTO IIPOCTPAaHCTBAa-BpeMEHU 3HaKOIlepeMEeHHOUN
BJIEKTPUYECKOUN 000I09KOM, TeHEPUPYIOITUN POKAeHUE MACcChl y HYKJIOHOB
[73, 74]. YTOOBI MOHATH, KaK paboTaeT MexaHU3M (POPMHUPOBAHUS MACCHI y
TaKOM YaCTUIIbI, BBIZIEJINM B KBAHTOBAHHOM IIPOCTPaHCTBe-BpeMeHH chepy
paauycom R, (mTpuxoBas KojblleBasg JIMHUA Ha puc. 7). OCHOBHBIM
ImapaMeTpoM, KOTOPBIM XapaKTepU3yeTcs KBAHTOBAHHOE IIPOCTPAHCTBO-
BpeMs B Teopuu CyrnepoObeInHEHUs, sIBJISETCA KBAHTOBas IJIOTHOCTH P,
XapaKTepus3ylolas KOHIEHTPAIMI0 KBAHTOHOB efWHHUIE OO0beéMa. [l
HEBO3MYIIEHHOTO TpaBUTaned, HeaedOPMUPOBAHHOTO IIPOCTPAHCTBA-
BpeMEHU KBAaHTOBas IJIOTHOCTh 0OO3HAYAETCA KaK po. Jlajiee HauMHAeM
cxuMarsb chepy paauycoM R, 10 chepsl paguycom RsBMmecTe ¢ KBAaHTOHAMY,
PACIIOJIOKEHHBIMU BHYTPU 3TOU cdepbl. OueBUAHO, UTO BHYTpU cdephl
KBAaHTOHBI COXKMYTCSI, YBEJIUYUB KOHIIEHTPAIUIO, TO €CTh, YBEJINUUB
KBAaHTOBYIO IVIOTHOCTH /10 pP-. C BHEIIIHEN CTOPOHBI YIIPYroe KBAaHTOBAHHOE
IIPOCTPAHCTBO-BPEMs PACTSAHETCSA, XapaKTEPU3YsCh KBAHTOBOU IJIOTHOCTBIO
ps, ABJAIOMIENcA pyHKIIHeN paccTossHUA. C MaTeMaTUUYeCKOU TOYKU 3PEHU
JITAaHHBIU TIpollecc aedopManuu onuchiBaeTcss ypaBHeHueM IlyaccoHa kak
JINBEPTEHIINS TPaINeHTa KBAHTOBOU IUIOTHOCTU cpeAbl divgrad p [76], Trie
rpaJueHT KBAHTOBOU IJIOTHOCTH XapaKTepU3yeT BeKTop jaedopmanuu D =

grad p [33].

BrniepBble B TeOpUU IpaBUTALNU JAHO JBYXKOMIIOHEHTHOE pellleHue
ypaBHeHus Ilyaccona [76], ana obsactu cxkatus (BHYTpeHHAA 00JIacTh
YaCTUIBl P.) U 00JIaCTU pacTsKeHus (BHeNIHssT 006JiacTh YaCTHUIIBI p;).
Pe3ynbraT  JBYXKOMIIOHEHTHOTO  pellleHuss ypaBHeHuss Ilyaccona
npejacTaBjieH rpaduuecku B BHJIE TPABUTAIMOHHOU /IMarpaMMBbl,
XapakTepusymwllel 1mepepaciipe/iejieHie KBAaHTOBOM  IUIOTHOCTA B
pesysabraTte cdepuueckon aedopMarid KBAHTOBAHHOTO ITPOCTPaHCTBA-
BpeMeHu (puc. 8). Kak BuUJHO, pOXKJeHUE MacChl COIPOBOXKAAETCs
MOSIBJIEHNEM IPAaBUTAIIMOHHOU MBI C BHEIITHENW CTOPOHBI YaCTHUI[bI, KOTOPast
HUKOT/Ia B TEOPHUU TPABUTAIIUU HE YYUTHIBAJIACD.
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Puc.7. Poxaenue Maccsl y HyKJIOHA B Puc. 8. I'paBuTanMOHHAs IUarpaMMa HYKJIOHA B

pesynsTate chepudeckon aedhopmanuu KBaHTOBAHHOM IIPOCTPAaHCTBE-BPEMEHH.
KBaHTOBAaHHOI'O ITPOCTPAHCTBA-BPEMEHH Rs — rpaBUTAIMOHHAs IPAHUIIA Pa3/iea;
3HAKOIIEPEMEHHON 000JI0UKON HYKIIOHA. P1 — 001aCTb PACTSOKEHMS (CHHSS)

p» — 0bmacTp cxxatus (KpacHas).

HeobOxoiMo 06patuTh BHUMAaHHUE, YTO IIapaMeTp KBAaHTOBOU
IUIOTHOCTU, XapAaKTEPUBYIOUIUN KOHIIEHTPAIlMI0 KBAHTOHOB, OY€Hb
HaIVIA/ZIeH NOpU COCTaBJIEHUM TPABUTALIMOHHBIX MoOjesield JiedbopManuu
KBAHTOBAaHHOTO IMPOCTPaHCTBa-BpeMeHU. C APYroil CTOPOHBI, IapameTp
KBAHTOBOU IUIOTHOCTU SIBJISIETCSI SKBUBAJIEHTOM T'PAaBUTAIIMOHHOTO
noteHnuana: C§ pi—>C2; p2>@2; (Po-p1)>@n (1€ @n — HBIOTOHOBCKUU
norteHnuan). Teopus  CynepobbequHeHUsT ~ ONEpPUpPYET  HOMHMO
HIOTOHOBCKOTO MOTeHIHaIa ele Tpems JIOTIOJTHUTEJIbHBIMU
IrPaBUTAIIMOHHBIMU TOTeHIMasamMu: C§; p,~>C2; p2—>@2, 3HAYUTEIHHO
MOBBIIIAS YHUBEPCAJIBHOCTh M TOYHOCTh pacuétoB. f He Oyny
KOMMEHTHPOBATh 3HAUEHUS HOBBIX IIOTEHIIMAJIOB, C HUMHU MOXKHO
O3HAaKOMUTBCA B [1, 77], OTMeUy, YTO TMOTeHIHaJ C§ XapaKTepu3yeT
KBAHTOBAaHHOE IIPOCTPAHCTBO-BPEMS KaK BhICOKOIOTEHIINATBbHYIO CPE/LY.

A crapancsa He ucHoIb30BaTh (MOPMYJ U BCE Ke IIPUBENY OJIHY
(gopmyily, XapakTepuU3YWOIIYIO0 PpOXKJAeHWEe MacChl M WHTErpajoM II0
moBepxHOCTH S  BOkpyr wactunbl (rme ko —  xoadduruent
IIPOTIOPIIUOHAIBHOCTH) [56]:

m =k, {DdS(1)
S

BripaxkeHue (1) ocHOBaHO Ha TeopeMe ['aycca, KOTOpasi BIiEpBBIE JJIs
IrPaBUTAIMOHHOTO IIOJIA IIOKA3bIBAET, UTO IIOTOK BeKTopa AedopMaliuu
IrPaBUTAIMOHHOTO ITOJISI IPOHU3BIBAIOIINY 3aMKHYTYIO IIOBEPXHOCTH BOKPYT
cepuuecku epopMUpPOBaHHON 00J1aCTH KBAHTOBAaHHOTO MPOCTPAHCTBA-
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BpEMEHHU, OIpeJlesigseT BeIUYMHY camMou Maccel. Ilo aHanmoruu c
BJIEKTPOCTAaTUKOU, TIOJI0OHBINM wuHTerpas (1) omnpejeaseT BeIUIUHY
BJIEKTPUUECKOTO 3aps/a, Mo3ToMy U3 GOopMyJibl (1) caeyeT, YTO Macca ecTh
rpaBuTariuoHHbIN 3apsaa. B CraggaptHoit mopaenun (CM) nmomoOHOM
dopmyibl HeT. BepBhle B TeopeTuueckou pusuke mnpescrapiaeHa Gopmyaa
(1), xapakTepusylolias pOKJeHUe Macchl 3JIEMEHTAPHOU 4YacTHUIbl B
pesyinbTate chepuueckor aedopmanuyu KBaHTOBAaHHOTO ITPOCTPaHCTBA-
BpeMeHu. Het nedpopmaniiu, HET ¥ Maccehl. ATy AedopManinio obecrednBaeT
3HaKoIepeMeHHass 000JIOUKA HYKJIOHOB, BKJIIOUAIONIAs 4Yepeayrolrecs
IleJible  BJIEKTPUYECKUE KBAapKU IIOJIOKUTEJIbHOW U OTPHUIATEIbHOMU
MOJIIPHOCTU BHYTpU cdepbl. Y IPOTOHA 3HAKoIepeMeHHas 000J0YKa
BKJIIOUAET OJWH UBOBITOYHBIA KBapK IOJOKUTEJILHOU IOJIIPHOCTH,
XapakTepusys oOIIUU 3aps/i MPOTOHA KAaK +1e. Y HEWTPOHA KOJIMYECTBO
KBAPKOB B TOJIOKUTEJIBHOU U OTPHUIATEJIbHON MOJIIPHOCTU 000JI0UKe
paBHOe U o0ecleyuBaeT B IEJIOM 3JEeKTPUYECKYI0 HeUTPaJbHOCTh
HeUTpOHA.

3HakonmepeMeHHasa O00JI0UKa HYKJIOHOB. Macca IpoTOHa B
1836 pas 6osbliie Macchl 371eKTpoHa. COOTBETCTBEHHO, BEKTOP AedopManuu
D B dopmyse (1) moykeH ObITH JiJisi IPOTOHA B 1836 pa3 0osibllie yeM y
anekTpoHa. Takylo pgedopmanuio obecneuynBaeT 3HaKoIepeMeHHas
000JI0UKa U3 IeJIBIX 3JIEKTPUUECKUX KBAPKOB € Yepe/IOBaHUEM IOJIIPHOCTHU
o cdepe obosiouku (puc. 10) [74].

Ha pwumc. 9 mpeacraBieHO [UIsi HAVIAAHOCTH (POTO MOAe u
3HAKOIlepeMEeHHON 0007104k, HAOpaHHONW W3 MarHUTHBIX IIIAPUKOB
AUIose. OTO  HEKWM  MarHUTHBIM  aHaJOr  3HAKOIlepeMeHHOU
3JIEKTPUYECKOU 000JI0UKH HYKJIOHA (puc. 10). Ha MarHuTHOU MOIe/T! JIETKO
yOeIuThCs, UTO TOJIE TUTIOJIEH IO CHUJIe IPUTSKEHUS] MarHUTHBIX IAPUKOB

Puc. 9. PoTO 3HAKONEPEMEHHOM Puc. 10. 3nakonepemMerHast 000104Ka HYKIOHOB,
00051049KH, HAOPAHHOI U3 MATHATHBIX HaOpaHHAs U3 LENbIX SIEKTPUIECKUX KBAPKOB C
LIAPUKOB JTUIIONEH. YE€pEIOBAHUEM IIOTIAPHOCTH.
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B 3HAKOIEpeMEeHHOU 000JI0UKe, 3TO MoJie KOPOTKOAEUCTBYIOIee, 110 CyTU
Jlesa, 3TO KOHTakTHOoe T1osie. I[IpomopenmpoBarh 3HAKOIEPEMEHHYIO
000/104Ky HyKJIOHa (puc. 10) B €€ peayJibHbIX pasMmepax (~1075M) He
IIpe/icTaBasgeTcsd BO3MOXKHBIM. OJHAKO BJIEKTPOCTATUYECKHUE PaCUEThI
MIOKa3bIBAIOT, YTO JJIEKTPUYECKOE II0Jie 3HAKONepeMeHHOU 000J09KU
HYKJIOHA — 3TO IIOJIE KOPOTKOAEUCTBYIOIIUX CHJI, COOTBETCTBYIOIIUX
anepHbIM cuwiiaM. Ha puc. 10 mokasaHO, YTO TOUEYHBIN KBAapK B COCTaBe
3HAKOIlEpEMEHHON O000JI0YKU OKPYKEH 30HONW AaHTUTPABUTAIIMOHHOTO
OTTAJIKUBAHUS, Peaiu3ysd MNPUHIUN aCUMITOTUUYECKOU CBOOOJBI, KOT/a
CWJIbl TPUTSKEHUSI KBAPKOB BHYTPU O0OJIOUKU ypaBHOBEIIEHBI CUJIAMU
QHTUTPABUTAIMOHHOTO OTTAJIKUBAHMS, UCKJIIOUAIOIIMMU KOJIJIATIC KBAPKOB

[78].

Ha puc. 10 mokazaHo, YTO KBAaHTOBAaHHOE IPOCTPAHCTBO-BpeEMsI
cepuuecku c:kato BHYTPpH 00010UKH (KpacHas o6Js1acTh) U PacTSIHYTO C
BHEITHEN CTOPOHBI (CUHsS 00J1acTh) B COOTBETCTBUU C TPABUTAIIMOHHOU
nuarpammoit (puc. 8). Cienyer OTMETUTh, UTO HOMHMO CTaTHYECKOU
nebopmarnuu, B Teopuu CynepoObeauHEHUSA U3YUYEHBI MPOOIEMBI
AUHAMUYeCKOU AedopManiu, KOrja ¢ yBeJIUUeHUEM CKOPOCTU JABUKEHUS
YacTUIIbI B KBAHTOBAHHOM IIPOCTPAHCTBE-BPEMEHU YBEJINUUBAETCA
KOHIIEHTPAllsl KBAHTOHOB BO BHYTPeHHeN obsiacTu 0OOJIOUKM 3a CUET eé
YMEHBIIIEHUS C BHEIITHEN CTOPOHBI. ATO BEJET K YBEIUUYEHNI0 chepHUUeCcKOil
nebopmanuu U yBeJIUYEHHI0O BekTopa Jedopmanumu D (1), a
COOTBETCTBEHHO, BEJIET K POCTY MacCChl YACTUIIbI U €€ sHepruu. [1ocKoabKy
KBAHTOBAaHHOE IIPOCTPAHCTBO-BpeMs  XapaKTepu3yeTcsi KOHEUHBIMU
rapaMeTpaMu KBAaHTOBOU IJIOTHOCTHU Po, TO B PEJIATUBUCTCKOU 06J1aCTH TIPU
JIOCTUKEHUH CKOPOCTH CBETA YACTHUIIA TaKKe MMeeT KOHEUHbIE ITapaMeTpPhl
Macchl U dSHepruu. B Teopuu CynepobbequHeHUs BIepBble pellleHa
npobjieMa OorpaHUuYeHUss OECKOHEUHBIX MMapaMeTPOB YaCTHUI] C MOMOIIBIO
HOPMAaJIN30BaHHOTO PeJIATUBUCTCKOTO haKTopa yx»[1, 79, 80].

[IpenBaputrenbHo B Teopun CynepoObeIUHEHHS JlaHA OIleHKA
KOJIMYECTBY KBAPKOB B 3BHAKOIIEPEMEHHBIX 000JI0YKaX IMPOTOHA M HEUTPOHA.
IIpOTOH COMEPIKUT BJIEKTPUUECKUX 6O KBAPDKOB B CBOEH 000JIOUKE, U3 HUX
34 KBapKa OTPHIIATEJIPHOU IOJIAPHOCTA U 35 KBAPKOB IOJIOKUTEIbHOMN
MOJIAPHOCTH, obecrieynBas B OajlaHce 3apsA0B U30BITOK 3JIEKTPUYECKOTO
3apszia MOJI0KUTETLHOU TOJIIPHOCTU. [103TOMY ITPOTOH /IOJKEH 00J1a/1aTh
HECUMMETPUYHBIM 3JIEKTPUYECKUM MOMEHTOM, OOECIIEUHBAIOIIUM €ro
IIOBOPOT B 3JIEKTPUUECKOM IIOJIE.
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Bera-pacmias HeUTpOHA MO3BOJISIET OLIEHUTh KOJIUYECTBAa KBAPKOB B
ero COCTaBe, YYUTHIBAsA, YTO HEUTPOH pacmajiaeTcs Ha OJJIEKTPOH U
3JIEKTPOHHOE HeUTpuHO. Kak mokazaHo Ha pUC. 4, 3JIEKTPOHHOE HEUTPUHO
COJIEP’KUT JBa KBapKa pa3HoOU mosisspHOcTH. [losyuaercs, 4To HEUTPOH
JIOJIKEH COZIEPKAaTh Ha 3 KBapkKa 0oJblile, UeM MIPOTOH, UTO COCTABJISAET 72
KBapKa 1Mo 36 KBAapKOB IIOJIOKUTEJIbHOU U OTPUIIATEIHLHOU MOJISIPHOCTH,
3JIEKTPUYECKH YPABHOBEIIIEHHBIX.

CtabuIbHOCTDH HYKJIOHOB (a/IpOHOB) OIIpE/EIsiETCS CTAOMIBHOCTHIO UX
3HAKOIEpeMEeHHON 0000uku. M3 HHUX caMbIM CTAOWMJIBHBIM SBJISETCS
IIPOTOH, €r0 BpeMs JKU3HH — 2,9¢1029 JIeT. ITO 03HAYAET, YTO ITPOTOH UMeEET
IIOJTHOCTHIO 3aIIOJTHEHHYIO KBapKaMu 000JI0UKy 6e3 1edeKTOB, BO3MOMKHO
1o TuIry o6os10uku dysrepera Ceo. CienuaybHbIX UCCIIEAOBAHUU IO STOMY
BOIIPOCY MHOIO He TpOBOAMIOCh. Ho yke ceffuac MOKHO CKa3aTh, UTO BECH
CIIEKTDP KOPOTKOKHUBYIIHX aJ[POHOB HWMeeT HeCTaOWJIbHBIE O0O0J0YKU C
nedeKTamMu, KOTOPbIE JIETKO PACIalafoTCA.

MHOI0 He aHAJIM3UPOBAJIMCH MAaTHUTHBIE T10JI 000JI0UEK HYKJIOHOB, a
Tak)Ke 000JI0YKU aHTUITPOTOHA M aHTUHEUTPOHA, U PEIlIEHHE 3TOT0 BOIIpPoca
OCTa€TCsA OTKPBITBIM. MArHUTHBIE IIOJII MOKHO IIPOSIBUTH METOOM

Puc.11. Poxxaenue MuHyc-Macchl B Puc. 12. T'paruTanyoHHas AuarpaMMa MUHYC-
pesynsTaTe chepudeckoii aeopmanm Macchl B KBAHTOBAHHOM [IPOCTPAHCTBE-BDEMEHHU.
KBAHTOBAHHOTO TMPOCTPAaHCTBA-BPEMCHH. Rs — rpaBUTaLIMOHHAS IpaHHALA pasfela;

p2 — 00MIACTH PACTSHKEHHS (CHHAN)
p; — obnacTs cxkaTrs (KpacHas).

Puc. 13. ®opmupoBaHUs MUHYC-MACCEI TOYEYHEIM Puc. 14. ['paBuTanHOHHAS JUArpaAMMa MUHYC-
3apsAA0M-KBapKOM B COCTaBe 3JIEKTPOHHOTO HEUTPHHO. Macchl TOYEYHOIO 3apAaa-KBapKa.
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HpO6HOI‘O KBAaHTOHA, KaK Ha PpHC. 6, IIpd HKW3MEHEHHHN TOIIOJIOTHUH
KBAHTOBAHHOI'O IIPOCTPAHCTBA-BPEMECHH.

IL1roc- u MuHyc-Mmacca. Mol pacckas O IMPUPOJE MacChl ObLT ObI
HEIIOJIHBIM 0e3 pa3bsICHEHHs, YTO B IIPUPOJIE MAcCCa MOKET HAXOUTHCS B
JIBYX COCTOSIHUSIX: B COCTOSIHUHY ILTIOC-MacChl 1 MUHYc-Macchl. [Lroc-macca
OTBeuaeT 3a TPaBUTAIlMOHHOE MPUTSKeHue. MuHyc-Macca OTBedaeT 3a
aHTUTPABUTAIMOHHOE OTTAJIKUBaHUE [64, 81].

Ha puc. 7 610 TIpeICTaBJIE€HO POXKEeHUE ILUTI0C-MAaCChl B pe3yJibTaTe
chepuueckorn gedopManud KBAHTOBAaHHOTO IIPOCTPAHCTBa-BpeEMEHU
3HAKOIlepeMeHHOU 000JIOUKOU HyKJIOHA. Ha rpaBUTAallMOHHOU JinarpaMmme
puc. 8 moka3aHo HaJIMUKe TPABUTAIMOHHOU SIMBbI BOKPYT YacTUIlbl. IMEHHO
rpaBUTAIlMOHHAs fIMa OTBEYaeT 3a TATOTeHHe, 00pa3ys IpaBUTAIMOHHOE
I0JIe YacTullbl. Bece Apyrue 4yacTUIlhI ¢ ILUTIOC-MAcCOM, HAaIpUMep HEUTPOH,
OyZmeT NOpUTATHUBATBCA K IPOTOHY, Kak OBl CKaThIBasCh Ha JHO
IPAaBUTAIIMOHHON sfIMBI. JTO KacaeTcsi U KPYIHBIX TI'PAaBUTAIMOHHBIX
00'bEKTOB B COOTBETCTBUU C MIPUHIIUIIOM CYIIEPIIO3UIIUU TTOJIEH.

Ha pwuc. 11 mnOpeJicTaBjieHO POXKJEHUE MUHYC-MacChl TaKXKe B
pesyabraTte cdepuueckon aedopMarid KBAHTOBAHHOTO ITPOCTPaHCTBA-
BpEMEHHU, HO C OTJIMYHEM B TOM, UTO cepa ¢ paauycoMm R, He cxkumaercs, a
pacTsAruBaeTcs, C:KUMasi KBAHTOBAHHOE ITPOCTPAHCTBO-BPEMS C BHEITHEHN OT
cheppl cTOpPOHBI, 00pa3yss TIPaBUTAIMOHHYIO TOPKY. I'paBUTaniMOHHAs
AuarpaMMa MUHYC-MacChl IpeJICTaBiisieT coO00M 00JIaCTh OTTAJIKUBAHUSA, U
BCe YaCTUIIbl, KaK C IUIFOC-MAacCOM, TaK U C MHUHYC Maccou, OyayT
OTTAJIKUBAThCSI OT BO3MYIIAIOIIE MUHYC-MAacChl, KaK Obl CKaThIBASICh C
I'PaBUTAIIMOHHOMN TOPKU B 06J1aCTh ¢ MEHbIIIEN SHEPTUEN.

MexaHu3M POXKJEHUS MHHYC-MAaCChl MOKHO HOPOUJUIIOCTPHUPOBATH
puc. 11, IpeJiCTaBUB, uTo chepa pacTsakeHUs HaOpaHa B BUJIe 000JIOUKU U3
JJIEKTPUYECKUX  KBAapPKOB  OJWHAKOBOU  MOJAPHOCTH,  KOTOPBIE,
OTTAJIKUBASCH IPYT OT APYTa, PACTATUBAI0 BHYTPEHHIO 00J1aCTh P2 (CUHSAM)
U CKUMasgd KBAaHTOBAHHOE IIPOCTPAHCTBO-BPEMs C BHEIIHEH CTOPOHBI
(obmactp pi1, KpacHas). VIMeHHO 3Ta 0067acTh cxkaTUA 00pasyeT 30HY
QHTUTPABUTAIUOHHOTO OTTAJIKMBaHUA. IIOCKOJIBKY TakOW MeXaHU3M
POXJEHUsA MUHyC-MacChl KpaliHe HEYCTOMYWB W TUNOTEeTUYEeH, TO B
CBOOO/THOM COCTOSIHUM YaCTUIBl C MUHYC-MacCOM 5KCIEPUMEHTAJIbHO He
obHapyxeHbl. Ho ecTb Bce OCHOBaHUSA MoJarath, 4To Halla BceneHHas
HAXOJIUTCSI B COCTOAHUU MUHYC-MAacChl U XapaKTepU3yeTcs HAJIUYUEM
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IPaBUTAIIMOHHON TOPKHU, OOBACHAIOIIEN U pas3beraHue TraJlaKTUK C
YCKOpPEHHEM OT LIEHTpa K Iepudepuu.

A BOT B CBI3aHHOM COCTOSTHUY MHUHYC-Macca W aHTUTPaBUTAIs, KaK
3TO yKe OBUIO TIOKa3aHO, IITUPOKO TPEACTAaBJIEHBI B MHKDPOMHUPE
aJIeMeHTAapHBIX JyacTul. Ha puc. 13 mpeacraBieHo GopMUPOBaHNE MUHYC
MacChl TOUEUHBIM KBAPKOM B COCTaBe 3JIEKTPOHHOTO HEUTPUHO (pHC. 4) MIIH
3HAKOIlepeMeHHON 000JIOUKM HYKJIOHOB (puc. 10), B OTCYTCTBUU IJIIOC-
Macchl. MexaHu3M CKaThs KBAHTOBAHHOTO IIPOCTPAHCTBA-BPEMEHH BOKPYT
IEHTPAJIPHOTO SJIEKTPUYECKOTO KBapKa OIpenenseTcs cdepudecKuM
MarHUTHBIM 110J1eM (y 3JIEKTPOHA 3TO €T0 CINH, puc. 6). [lapaiokcanpbHO, HO
dJIeMEHTApPHbIE YaCTUIIbI SIBJISAIOTCA HOCUTEJEM KaK IUTIOC-MAacChl, TaK M
MHHYC MacChI. Y 3JIeKTPOHA IUTF0C-MAacca B BUJIE €T0 TPABUTAIIOHHOTO IT0JIs
COCpEJIOTOYEHA C BHEIITHEN CTOPOHBI €T0 KJIACCHYECKOTO Painyca, a MUHYC-
Macca — HaXOUTCSA BHYTPHU ChEPHI € eT0 KJIACCHYECKUM pajimycoM. [Iprduém,
IUTIOC-MAacca W MHUHYC-Macca 3JIEKTPOHA YPaBHOBEIIUBAIOT JIPYT ApPYTa,
obecrieynBasi ero crabwibHOe cocrosiHue (puc. 5). Hammuwme 30H
AHTUTPABUTAIIIOHHOTO OTTJIKWBAaHUsA B BHJE MHHYC-MacChl BHYTPH
3HaKOIlepeMeHHOU 000JI0uku HykJoHAa (puc. 10), XapaKTepusyeTcs
JeACTBUEM MPUHIINIIA ACUMITOTUUYECKON CBOOOIBI, YPABHOBEIIUBAS CHJIBI
3JIEKTPOCTATUYECKOTO PUTSKEHUSA KBapKOM CHJIAMHU
QHTUTPABUTAITMOHHOTO OTTAJIKUBAHUA [1].

6.8. dyHaaMEeHTAJIBHOCTh IIPUHIHUIIA OTHOCHUTEJIBbHOCTH.
HecmoTpss Ha TO, 4YTO NOPUHOUN OTHOCUTEJIBHOCTH IOATBEPKIEH
BKCIIEPUMEHTAJIbHO, TeM He MeHee, aHTUPEJIITUBUCTKHE HACTPOEHUS eIlé
MPOSBJAIOTCA. AHTUPEJIATUBUCTBI TMOJIAraloT, YTO CO37[aHUE TeOopUuu
Cyniepoobpequnenust (theory of Superunification), nu Kak e€ elne Ha3bIBAIOT
— teopu Bcero (theory of everything), memnraer Teopus OTHOCUTETBHOCTH
OuHIITeNHA. JTO NOJIHEeWIllee HeNOHUMaHue (QU3UKU ABJIeHUU. Benp
teopusi CyniepoObeIUHEHUA YKe CO3/IaHa, ONMUPAsACh Ha UJled DUHIIITEHHA.
Teopusi CynepobbeuHEHUsI — 3TO PEIATUBUCTCKAs KBAHTOBAsA TeOPUS
HOBOT'O IJIaHA, 3TO HOBad (PU3HKA, KOTOPAs HE TOJBKO NPHU/IEPKUBAETCA
IIPUHITUIIA OTHOCUTEJIBHOCTH, HO W BIIEpBble OOBSCHSAET MEXAaHU3M €ro
JefiCTBYSA, OMMPAasACh HA MPUHIUI chpepruuecKOr THBAPUAHTHOCTH [1, 2].

B Tteopun CymnepobbenvHeHUs, IOMUMO 3JIEKTPOMAarHUTHOMU
CUMMETPHUM, YCTAaHOBJEHA cdepruyeckasd CHUMMETPUA SJIEMEHTAapPHbBIX
YaCTUI], KOTZla He3aBUCUMO OT CKOPOCTH JBHKEHUS, B TOM YHUCJe, U IIPU
JIOCTUKEHUU PEISTUBUCTCKUX CKOpPOCTEW OJIM3KHUX K CKOPOCTH CBeETA,
3JIeMeHTapHble YaCTHUIIbI, 00JIaIal0Ie MacCOU, COXPAHAIOT chepUUECKYIO

33



CTPYKTYPY CBOero moJjis (IpaBUTAIlMOHHOTO U JIPYTUX). ITO 00YCJIOBIEHO
KOJIOCCAJIbHBIM HaTsI)KEHNEeM KBAHTOBAaHHOIO IIPOCTPAHCTBA-BpEMEHHU, KaK
KBaHTOBaHHOU yripyroi cpeanl (YKC), kotopoe cocraBiser 4,65:1073 H/m2
[82]. DTo KoJioccanmpHasA yIpyras cujia, KOTopas o0ecleuyruBaeT camylo
OOJIBIIIYI0 CKOPOCTh BOJIHOBBIX IIPOIIECCOB B IMPHUPOJIE B KBAHTOBAHHOM
IIPOCTPAHCTBE-BPEMEHN CO CKOPOCTBIO cBeTa. EcTecTBEHHO, UYTO TMIpU
dopMupoBaHUU Macchl 3JeMEHTApHOW YacTHUIlbl, HAalpUMep, MPOTOHA C
IUIOTHOCTBIO BeIlecTBa 0,73-10'8kr/m3, uToOBI chepuuecku iehopMUPOBATH
KBAHTOBAaHHOE IIPOCTPAHCTBO-BPEMs T€H30P MOBEPXHOCTHOTO HATAKEHUS
3HAKOIEpeMEHHON 000/JI0YKU ITPOTOHA JIOJIKEH COCTaBJIATh 6,56:1034H /M2,
ITpu TakuxX KOJIOCCAIIbHBIX HATSKEHUAX (OpMa YacCTUIBI OCTAETCS BCeraa
chepuueckoit. Taxk ObT  OTKPHIT (GYHIAMEHTAJIBHBIM  MPUHIUI
chepryeckoil ”HBADUAHTHOCTHU, KOTOPBIU OOBSACHSAET MIPUPOJIy IPUHITUIIA
OTHOCUTEJIBHOCTH KaK (QYyHJAaMEHTaJIbHOTO CBOMCTBA KBAaHTOBAHHOTO
IIpoCTpaHCTBa-BpeMeHU [83].

[Ipr 3TOM HaAO0 pas3jnyaTh TEOPUID OTHOCUTEJIBHOCTH U TEOPHIO
OTHOCHUTEJbHBIX U3MEPEHNH, U HE HEJIB3S IyTaTh UX MEXYy co00i. Teopuio
OTHOCHUTEJIbHOCTU HAJ0 IPUMEHATh, KOrja HaOJII0[aTelb HAXOAUTCS Ha
caMOM OOBEKTe WHCCIeOBaHUS U JBUXKETCSI BMecTe ¢ HHUM. Teopus
OTHOCHUTETbHBIX U3MepeHuun OIIHCHIBAET IIOBEJIEHHE obbeKTa
HCCJIEIOBAHUM, KOrJla HaOJIIoJaTea b HaXOAUTCA BHe OOBEeKTa, SIBJIASCH
CTOpOHHUM HabstomaTtesieM. Tak B COOTBETCTBUM C IIPUHITAIIOM
chepryeckoll ”HBAPUAHTHOCTH C(peprUI€eCKOe MOJIe IBUTAIOIIENCS YaCTUIIbI
JUISI CTOPOHHETO HalOJozaTesiss Oy/IeT Ka3aThCs CKAThIM (CITFOCHYTHIM) B
HallpaBJIeHUU JABMKeHUs. Ha camMoMm jiejle 1oJjie 4YacTHUIbl BHYTPHU
KBAaHTOBAHHOTO IPOCTPaHCTBa-BpeMEHU Oy/IeT OcTaBaThCA CHEPUUECKUM U
He U3MEHUT CBOI0 KOH(UTYpAIHI0 HE3aBUCUMO OT CKOPOCTHU JIBUKEHUS.

[MpuHnun chepuuecKoli HWHBAPHUAHTHOCTH KacaeTcs M KPYITHBIX
I'PaBUTAIIHOHHBIX 0OBEKTOB, IIOCKOJIPKY B KOHEUHOM UTOTe OHH COCTOAT U3
BJIEMEHTAPHBIX YACTHUI], IOJII KOTOPHIX CYMMUPYIOTCA B COOTBETCTBHUU C
IPUHITUIIOM CYIEPIO3UIuU. IATO ObUIO 3apUKCUPOBAHO B OIBITAX
MaiikesibcoHa W MoOpJu, KOTOpble He OOHAPYXKWJIM CXKaTUS 3€MHOT0
IPaBUTAI[MOHHOTO TIOJISI B HAINpPaBJIEHWU JIBUKEHUs JJIA HaOozaTers,
HaXoZsAIerocss Ha caMoM o0ObekTe. Ioayuaemces, umo Kadx@cowlil
00vexm 60 BceaenHoil, o6aadarowuil maccoii, ebicmynaem Kak
HeKUil He3asucumblil yeHmp, onpeodeasnst pyHoamMeHMarbHOCMb
npuHyuna omHocumeabHocmu [1, 2].
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ITpuposa agepHbIX CIUII

OTKpbITHE 3HAKOIIEPEMEHHON 000JI0YKU Y HYKJIOHOB, OOBSICHSIET HE
TOJIBKO POXKJIEHHE Y HUX Macchl B pe3ysbraTe cpepuueckoit redopmanuu
KBAHTOBAaHHOT'O ITPOCTPAHCTBA-BpEMEHU, HO U PaCKpbIBaeT IPUPOIY
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Puc. 15. [IputshkeHune HyKJIOHOB B sIpe
3HAKOINIEPEMEHHBIMH 000I0YKaMH.

Puc.16. Vi3meHeHue Uil OTTAIKUBAHUS U
TPUTSDKEHUS [IPU B3aUMOIEHCTBUM 000104€eK
HYKJIOHOB OT pacctosiaus kak ¢ynkuuu fi(k,) [1].

SI/IEPHBIX CHJI, KOTOpasi CBOAUTCA K BJIEKTPOCTATUKE U aHTUTPABUTAIUU.
Takoil rIyOMHBI TOHWUMAHUSA IMIPUPOABI SJIEPHBIX CHJI, (POPMUPOBAHU
Macchl HYKJIOHOB U Jle(heKTa aTOMHBIX sI7Iep B AAEPHBIX PEAKITUAX, KOTOPbIE
naeér Teopusa Cymepobbenumnenusi, B KJX orTcyrcTByeT, Kak B
HecocTosIBIIIeNcsA Teopuu. Bmecte ¢ Tem, Teopus CynepoObequHeEHUs
ucnosbp3yeT u3 KJ/IX KOHIIENIUI0 KBapKOB, BXOJAIIUX B CTPYKTYPY
HYKJIOHOB.

Ha puc. 15 mokasaH MexaHU3M I[PUTAXKEHUA 3HAKOIEepPeMEeHHBIX
000JI0UeK HYKJIOHOB 3JIEKTPUUECKUMU 3aps/laMU I1eJIbIX KBapDKOB Pa3HOU
MOJIAPHOCTU. /[Be 3HaKoIlepeMeHHble 00O0JIOUKU MPUTATUBAIOTCA APYT K
ZIPyTy HE3aBUCUMO OT HAJIMUUA y HUX U30bITOUHOTO 3apsaaa. OcoOeHHOCTHIO
3HaKOIIepeMEeHHBbIX roJie ABJIACTCA TO, 4To 3TO 10JIA
KOpPOTKOJIelicTBytomye. Ha puc. 16 npejicrasieH rpaduk yObIBAaHUA CHUJIBI
IIPUTSKEHUA OT pACCTOAHUA MKy HUMU C YKa3aHUEM 30H NPUTAKEHUA U
oTTasiIkuBaHusA (>kéntas 06acth). 'paduk puc. 16 He coBceM KOPPEKTHBIN,
IIOCKOJIBKY  YY€T  CHJIBI QHTUTPABUTAIIMOHHOTO OTTAJIKUBAHUA
MIPOMO/IEJIUPOBAH 3JIEKTPUUECKUM OTTAJIKUBAOIUM 3apsjioM [1, 75].
HecMmoTps Ha Takue AomylieHus rpaduK PUC. 16 MOJTHOCTBIO COOTBETCTBYET
XapakTepy /IeUCTBUSA SAJIEPHBIX CUJ KAaK CHWJI KOPOTKOJIENCTBYIOIIUX.
PaBHOBecue cuil IPUTAXKEHUA U OTTAJIKUBAHUA IIPOUCXOAUT HA PACCTOAHUU
3,5:1071%M (k;=1). DKCTpeMasIbHOE 3HAUEHUE CUJIBI IPUTSKEHUSA TOCTUTAET
0,63 xH mpu k.= 1,5. [Tosyuaercsa, 4To MeX/y MaJeHbKUMU HYKJIOHAMU
BHYTPHU sJipa JIEHUCTBYIOT KOJIOCCAJIbHBIE CHWJIbI, XapaKTepU3ys sjepHble
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CIJIBI KaK CHJIbHOE B3amMojieficTBHE. ITOT rpaduk OBLI IIOCTPOEH, KOT/Aa
elll€ He ObLJIN OTKPHITHI 30HbI AHTUTPABUTAIIMOHHOTO OTTAJIKUBAHUSA BOKPYT
kBapkoB [78]. Temepb, Korjgja wuMeeTcss TeOpuUs pacyé€Tta CuUJil
aHTUTpABUTAIIUM, TpadUK puc. 16 MoxkKeT OBITh OTKOPPEKTUPOBAH C
BBICOKOUN TOUHOCTBIO.

Cnenyer oOpaTuTh BHUMaHUE, UTO B TOUKe KOHTaKTa cdepuueckas
3HaKoIlepeMeHHass 000JIOUKA HYKJIOHA CIUIIOCHYyTa U JedOpMHUPOBaHA,
oOpa3ysi KOHTAaKTHYIO MNOBEPXHOCTh M3 HECKOJbKUX IPUTATUBAIOIINXCSA
KBApPKOB PAa3HOU MOJAPHOCTU. [lononHuTtesnpHad AedopManus HYKJIOHOB
BHYTPM AaTOMHOIO spa obeclieyuBaeT pas3jinuue MexXAy MaccaMu
CBOOOJHBIX HYKJIOHOB BHE f7[pa U CBA3AHHBIMU HYKJIOHAMH BHYTPHU
aTOMHOTO spa. ITO SIBJIsIETCA HEOOXOJMMBIM YCJIOBUEM OCBOOOK/IEHUS
SDHEPTrUu B ANEPHBIX peaKlUAX pacllelVIEHUs W CHHTe3a B pe3yJIbTaTe
nedexkTta Macchl, KOIrJa CyMMapHas Macca CBA3aHHBIX BHYTPU sJipa
HYKJIOHOB M CyMMapHasi Macc CBOOOJHBIX HYKJIOHOB WJIM B cOCTaBe OoJiee
JIETKUX SIJIEP, OTJIMYAIOTCA 10 BesImuuHe. ITOT 3 HEKT MOKHO OObSCHUTD,
3Had MexaHu3M (OPMHUPOBAHUA Macchl HykJoHaMu. IIpu nedekre maccer
HapyIIaeTCcs 3J1eKTPOMAarHUTHOE paBHOBeCHEe KAHTOBAHHOT'O TPOCTPAHCTBA-
BpEMEH!U B BHJE CKauKa YIOPYrOM 3JEeKTPOMArHUTHOU JAedopMalnuu
KBAHTOBAHHOT'O ITPOCTPAHCTBA-BPEMEHU, KOTOPHIU HOPOXKJAET BOJHOBOU
npoiiecc GOTOHHOTO U3JTyYEeHUS.

HeobxoiuMO  IIOMHHTb, YTO Macca 4YacTUI[BI 3TO  €CTh
KOHIIEHTPUPOBAaHHAS OHEPTUs  CBEPXCHJIBHOTO  3JIEKTPOMArHUTHOTO
B3aumozerictBusa (CIB), HocHTesleM KOTOPOTO SBJISIETCSI KBAaHTOBAaHHOE
IIPOCTPAHCTBO-BpeMs. B KOHEYHOM HTOre, BCe HHEPreTUYECKHE ITHUKJIIbI
CBsI3aHBI ¢ 0CBOOOKIeHUEM U IIpeoOpazoBaHueM riiobanbHou sHepruu CIB.
ITO OTHOCUTCS U K sA/lepHOU sHeprum [1, 84, 85].

Yépuble 1 6eJible AbIPbI

Teopus yeépHbIX U 6ebIX ABIP [86, 87, 88] cyIiecTBeHHO /I0MIOJIHEHA B
teopuu CynepobbesinHenus [1]. B npenenbHOM ciiyyae mitoc-maccea (puc. 7
1 8) mepexo/IuT B COCTOsIHME YEPHOU ZIBIPHI [89], a MuHyC Macca (puc. 11 u
12) — B cOCTOsTHUE OeJtol AbIpHI [81].

Ha puc. 17 npe/icTaBieHa rpaBUTAIMOHHAA JUarpaMMa YEPHOU JbIPbI
B KBAaHTOBAaHHOM IIPOCTPAHCTBE-BPEMEHH, NPEJICTaBJIASA €000 ciyuai
npejziesibHON cdepudeckoun JiepopManuyd KBAaHTOBAHHOI'O ITPOCTPAHCTBA-
BpeMeHU i mioc-maccebl. O6sacTh CKaTUs CHENUATBHO 3auepHeHa,
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yTOOBl ~ COOTBETCTBOBATh  HAa3BaHUIO  oOObekTra. UYépHas  jJbIpa
XapakTepusyeTcss TpPaBUTAIMOHHBIM  paauycoM Ry ©  pa3pbiBOM
KBAHTOBAHHOTO IIPOCTPAHCTBA BpEMEHU Ha MOBEPXHOCTU IPABUTAIIMIOHHOTO
pasuyca, KOr/la KBaHTOBasg IUJIOTHOCTh pP:=0, IIOJIyYUBIIINE HAa3BAHUA
ropu3oHTta coObITUH. YépHas AbIpa OKpYKeHa OueHb IIyOOKOM!
IPaBUTAIIMOHHON sIMOM, KOTOpas onpeziesisieT KojoccaabHoe (IIpejieibHOe)
TATOTEHWEe, BO3MOXKHOE B IPHPOJie. BHyTpu 4€pHON JbIpbl BO3MOKEH
CKAQYOK KBAHTOBOU IIOTHOCTU P2=2pPo, KOTOPBHIA IIOJIyYeH PACUETHBIM
nyTéM. KBaHTOBaHHOE WPOCTPAHCTBO-BpeMs SBJISIETCSI CBETOHOCHOU
cpenoii. Hanmume paspbiBa KBAaHTOBAaHHOT'O ITPOCTPAHCTBA-BPEMEHU Ha
IIOBEPXHOCTHU YEPHOU ABIPHI He TT03BOJIAET CBETY KaK IPOHUKHYTh BOBHYTPb
YEPHOMU JIBIPHI, TAK U BBIUTHU U3 HeE. VjeanbHas Y€pHAsA AbIpa HE U3JIydaeT
B npuHnune. Eciu ecth Hab0/aeMble MEXAaHU3MBbl U3JIyUYeHUS YEPHBIX
ZIbIP, TO IPUPO/IA Y HUX U3JIYyUeHUs He CBA3aHAa C U3JIyYeHUeM CaMOU UEPHOU
TIBIPHL.

MO3KHO TIPEAIIOI0KUTH, YTO UMEIOTCS HEUeaIbHbIE YEPHBIE TBIPHI
6e3 pas3pbiBa KBAHTOBAHHOT'O IIPOCTPAHCTBAa-BpEMEHM HA ITIOBEPXHOCTHU
(p1#0), KaK O/THO M3 IIPOMEKYTOUHBIX COCTOSTHUH ITIOC-MAacchl. Torga Takas
yEépHasa AbIpa MOXKET U3JydaThb, B TOM 4YHCJIe, IPU paclajie BellecTBa B
CHJIPHOM TPaBUTAIIIOHHOM I10JIe. BO3MOXKHO, UTO U€pHAs AbIpa Ha TPAHUIIE
paszesia MoKeT OTpa)kaTh (POTOHBI OT CBOEN TOBEPXHOCTH, €CIU (POTOHBI HE
pacnajiaroTes Ha eé moBepxHocTu. Ho 3apeructpupoBath c1aboe usiyyeHue
OTpPa’KEHHBIX (HOTOHOB COBPEMEHHOW ammaparypod, I0-BUIUMOMY,

Puc. 17. Fpasmaunoaﬂax JuarpamMma qepHoﬁ Puc. 18. rpaBPITaIIPIOHHaﬂ adarpaMma oenoit
JBIPEI B KBAHTOBAHHOM IIPOCTPAaHCTBE-BPEMEHHU. ABIPBL B KBAHTOBAHHOM IIPOCTPAaHCTBE-BPEMCHH.

HEeBO3MO3KHO. [Ioka uepHbIe BIPHI, KaK HaOJII0aeMble aCTPOHOMUUYECKHE
00BEKTHI, 33/1AI0T OOJIBIIIE BOIIPOCOB, YeM HMMeeTCs1 OTBETOB. Ho B yrro6oM
cydae, T€ TeOpeTHYeCKHe Pe3yJIbTaThl MO PACUETy UEPHBIX JbIp U HX
CTPYKTYPE, IIpe/icTaBIeHHbIe B Teopuu CynepoObeTuHEHMs, OY/IyT IT0JIE3HbI
acTpodu3UKaM, ITOCKOJIbKY ITOJTyYeHbl HOBbIE 3HAHUSA O CTPYKTYPE YE€PHBIX

ZIBIP.
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Ha puc. 17 npejcraBjieHa rpaBUTAIlMOHHAsA AuarpaMma O6eJiou JbIpbl
B KBAaHTOBAaHHOM IIPOCTPAHCTBE-BPEMEHH, NPEJICTABJIASA €000 ciryuai
npefeabHOu chepudyeckou AedopMalni KBAHTOBAHHOTO HIPOCTPAHCTBA-
BpeEMEHU I MHUHYC-Macchl. BHYTpeHHsAA 00JacTh pacTdHyTa [0
abCOJIIOTHOTO HYJIsI, KOT/Jla KBAaHTOBAsA IJIOTHOCTH P.=0. CIlenuaabHO 3Ta
o6s1acTh a0COTIOTHOM MYCTOTHI OCTaBJjieHa 0esl0i, YTOObI COOTBETCTBOBATH
Ha3BaHUIO 00bekTa — Oesnas Apipa. BHelHAA o0sacTh cxkatus (KpacHBIN
I[BET) IIpeAcTaBjsgeT coO0U TpPaBUTAIMOHHYIO TOPKY, XapaKTepusys
JleficTBUE aHTUTPABUTAIIUU B IPEJIeIbHOM ciaydae. MHOIO yKe OTMeYayiocCh,
yTo Oesiasl IbIpa 3TO TUIOTETUYECKUIN O0BEKT, KpOME OJJHOTO BO3MOKHOTO
BapUaHTa, KOTrJla Hama BcesieHHas mojiBepraeTcs JIEMCTBUIO TVI00ATbHOM
QHTUTPABUTAIIUM, 3aCTaBJiss TAJAKTUKU pa3beratbci € YCKOPEHUEM.
JlelicTBUTEJIBHO, €CIU Hallla BcesleHHass HaXOAUTCA B COCTOSAHUU Oesion
IbIpbl B BUJE IIyCTOTEJIOTO Illapa W3 KBAaHTOBAHHOTO HPOCTPAaHCTBA-
BpEMEHU, TO 5TO OOBSACHAET JleHCTBUE T1006aIbHOM aHTUTPABUTAIIUM HA
raJlakTUKYU, BO3AEUCTBYSI HAa HUX CWIOU OTTAJIKUBAaHUA OT I[eHTpa
Bcenennoit k mnepudepun. lamakTuku Kak Obl CKaThIBAIOTCS C
I'PaBUTAIIMOHHOUN TOPKH C YCKOPEHUEM.

BriostHe BO3MOXKHO, UYTO Hamia BcesleHHas HaxXOAWUTCA HE B
IIpe/IeJIPHOM aHTUTPAaBUTAIIMOHHOM COCTOSTHUM O€JIOW JBIPHI, 2 KAKOM-TO
IIPOMEXKYTOYHOM COCTOSIHUM MUHYyC-Macchl (puUc. 12), KOTOpPOe TaKxkKe
CO3/IAa€T aHTUTpAaBUTAIMIO. MHOI He IPOBOJHUJIOCH CIEIUATHHBIX
HCCJIeIOBAHUN 1O 3TOMY Bompocy, HO Teopus CymnepoObelMHEHUs JAET
METOJIMKY TaKUX WCCIeJOBaHUM U pacueTHblM amnmapar. /leao 3a
actpodusukamu. f cam He acTPoPU3UK, HO T€ HOBbIE 3HAHUS O CTPYKTYpe
YEépHBIX U  0eJyIbIX JABIP, TMO3BOJAT OOBSACHUTH  HAOJIIOZaeMble
acTpoHOMMYecKue siBeHus. [Ipu aToM acTpousmkam HaZI0 TOHUMATh, UTO
KOCMUYEeCKOoe IIPOCTPAHCTBO — OTO He TIYCTOTa, a KBAaHTOBAaHHOE
IIPOCTPAHCTBO-BPEMs, SIBJIAIOINIEECS UCTOUHUKOM YEPHBIX U OEJIBIX IBIP.
Benp as Toro, yroObl oOpaszoBajiach Y€pHas JibIpa, HEOOXOJMMO CXKaTh
KBAaHTOBAHHOE IIPOCTPAHCTBO-BPEMSA B 2 pas3a, YMEHBIIUB JHAMETP
KBAHTOHA B 2 Pa3a M yBEJININB KBAHTOBYIO IIJIOTHOCTb BHYTPH YEPHOU BIPEI
B 2 pasza (p.=2po). B Teopuu CynepoObeauHeHUs PACCMOTPEHBI
PEJISTUBUCTCKAE YepPHBbIE MUKPOZIBIPHI, KOTOPhIE MOTYT BO3HUKHYTH IPHU
JIOCTUKEHUU 3JIeMEeHTAapHON YacTHIlel CKOPOCTH cBeTa. B 3TOM ciyuae B
OTO sHeprus 4acTUIIbI CTPEMUTHCA K OecKoHEYHOCTU. [I0CKOJIBKY B TEOPUH
CynepoObequHEHNsI JHEPrOEMKOCTh KBAaHTOBAHHOTO ITPOCTPAHCTBA-
BpEMEHU MMeEET KOHEUHYIO BEJIMYUHY, TO y/IaJI0CTh BBIBECTU (DOPMYJITY JJIs
HOPMAaJIM30BAaHHOTO  PEJIATUBUCTCKOTO  (PakTopa, OTPAHUYMBAIOIIETO
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SDHEPTrUI0 YacTUIbl OPU JOCTHKEHUHU €K CKOpOCTH cBeTa. Tak, mpu
JIOCTA>KEHUH IIPOTOHOM CKOPOCTH CBeTa, €ro Macca OrpaHMYeHa Maccou
’KeJIe3HOT'0 acTepou/ia IMaMeTpoM B 1 KM. DTo Oosiblilasd BeJIMUUHA, HO He
b6eckoHeuHas. B 5TOM ciiyyae TpaBUTAIlMOHHAs AuarpaMMma IIPOTOHA
IIPE/ICTABJIAET €r0 COCTOAHME, KaK COCTOSSHHE YEPHOU PeIATHUBUCTCKOU

MUKPOABIPHI (puc. 17) [1, 90].

TémHast sJHepPIrUa U TEMHAaA MaTepusn

[Ipuposna enuHa, U Bce sABJEHUS B HEU OOBSICHAIOTCA pealusiMu
KBAaHTOBAHHOTO  IIPOCTPAHCTBA-BPEMEHUW U  €ro  3JIEKTPUUECKOU
acuMmMeTpuein B Teopuu CynepoobeauHenus. HeaHaHre 0CHOB MUPO3aHUsI
BEJIET K MOSBJIEHUIO JIOXKHBIX OOBsICHEHUN HaOJI0/1aeMbIX (haKTOB, TAKUX
KaK YCKOpPeHHOe pasz0eraHve TaJaKTUK M HCKPUBJIEHHE Jiyda CBeTa B
OTCYTCTBHHM BO3MYIIAIOIIUX I'PAaBUTAIIMOHHBIX Macc. Bce sTtu apredakTsl
JIOBOJIBHO TPOCTO 00BsAcHAIOTCS B Teopuu CynepoObenuHeHus. Tem He
MeHee, I OOBsACHEHHS JIaHHBIX SBJIEHHH BBOAAT 0€e3 BCIKOTO
000CHOBaHUSI HOBBIE IOHSTHS, TaKHMe KaK TEMHas SHEPTus U TEMHas
MaTepus, W HAYMHAETCA IIOMCK HEMOHSATHBIX HOBBIX THUIIOTETUUYECKUX
YaCTUILl, HOCUTEJIEU TEMHOU SHEPTUU, U OTAEJbHO, YAaCTHUIl — HOCUTEeJIen
TEMHOU Marepuu. [losaramT, UTO TEMHAsA SHEPTUA U €€ YACTUIIBI OTBEUAIOT
3a yCKOpPeHHOe pa3beraHus rajakTHUK, a TEMHas MaTepPUsA U €€ YaCTHUIIbI
OTBEUAIOT 3a UCKPUBJIEHHE JIyua CBETA B OTCYTCTBUU I'PABUTAIIMOHHBIX MACC
[01...97]. Ha camom jene, uUCXOAs U3 €AWHCTBA MaTepUH, B TEOPUU
CynepoObeauHeHUsT YCKOPeHHOe pa30eraHme TaJakKTUK OOBACHAETCS
HCKpUBJIEHHMEM  Hamielr  BcesleHHOM © = JieficTBUEM  TIJI006aJIbHOM
a"HTurpasutanuu  [98]. VckpussieHne Jiydya cBeTa OOBsACHSETCS
HEOJ/IHOPOHOCThIO KBAHTOBAHHOT'O IIPOCTPAHCTBA- BpeMeHH [1].

AHTUTpaBUTaANUA. YCKOPEHHOE pasberaHue rajJakTuk [98].
Emeé B 1996 roay MHOIO ObLIa pacCMOTpeHa MOjejib TapMOHUYECKOU
(kosiebaTesnbHOM) BeesleHHON B BUe yOpyroro IoJioro mapa (ToacToun
chepryeckoir 060JI0YKM), 3alI0JTHEHHOTO KBAHTOBAHHBIM MIPOCTPAHCTBOM-
BpeMeHeM [3]. HaszBaHme «rapmoHuueckas BcesneHHasg» wuAET oT eé
HECTAaI[MOHAPHOTO COCTOSAHMSA, PACCMAaTpUBas MOJIbIM KBAHTOBAHHBIN IIIAD,
KaK OOBEMHBIN YIPYTHU I'PAaBUTAIMOHHBIA TapMOHUYECKUUN OCHULIATOP
I'PaBUTAIIMOHHBIX BOJIH. B OTJIMYME OT 3JIEKTPOMAarHUTHON IONEPEeUHOMN
BOJIHBI, TPABUTAI[MOHHAsA BOJIHA UMEET MPOJOJIbHBIN XapaKTep KoJiebaHUU
[09, 100]. Tako¥l TpaBUTAIUOHHBIM OCHUISTOP XapaKTepU3yeTcs
HEeNPEPBIBHBIM BOJIHOBBIM IIPOIIECCOM Iepepacipe/ie/leHnus] KBaAaHTOBOU
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IUIOTHOCTH T10 PA/INyCy OT LieHTpa K nepudepuu, 1 Ha060poT, obecrieunBas
MUKJINYECKU XapakTep BceseHHOU, Korja aHTUTPABUTAIASA CMEHSIETCS
TATroTeHueM. [lojx AelicTBMEeM TJ100aJTbHOM AHTUTPABUTAIIMU TaJIAKTHKU
pasberamTcsi OT IEHTPAa C YCKOPEHWEeM, a IOJi JAeHUCTBUEM TJI00aIbHOTO
TATOTEHUs, HAYMHAIOT JBHUTAThCA K IIEHTPY BceleHHOW TakXke ¢
yckopeHmeM. IIpomecc mOBTOpseTCA NUKIWYECKH. IlosToMy Hara
BceslenHass He mlockas, a uckpubsieHa (chepudecku aedhopMHPOBaAHA),
IIPUYEM €€ HCKPUBJIEHHME He CTaTU4YecKoe, a [JUHAMHUYECKOE,
U3MEHSONIECS KaK 10 BEJINYUHE, TaK U 110 HAIIPABJIEHUIO C TIEPUOJIOM BO
MHOTHE MUJLJTAAPABI JIET.

B pabote [97] Takke ykaspIBaeTCsl Ha JeHCTBUE TJI00AJTbHOU
AHTUTPABUTAIIUM, OOBSICHAIONIEH NPUPOAY YCKOPEHHOTO pasberaHus
rajlakTHUK, HO He 6oJsiee aToro. [Ipu 5ToM He paccMaTpuBaeTcs cama IIpupo/ia
TpaBUTAIlMA W aHTUTpaBUTAIMU. K TOMy 2Ke, aBTOpaM HeEOOXOHMO
CCBhLIAThCA HA MOU IPUOPUTETHBIE pAOOTHI B 3TOU 00JIaCTH.

Mopgenp rapMOHU4YECKOW BcesleHHOUM eCTh pas3BUTHE MOJENHN
nyjabcupytomenn Bcenennou ®pupmana. OTjddude COCTOUT B TOM, UTO,
Bcenennas B Teopum CynepoObelMHEHUs He pacIIUpPSETCA, TO ecCTh
pa3Mepbl KBAaHTOBAaHHOW BcesleHHOUW OCTAlOTCA HEW3MEHHBIMHU, a HJIET
BOJIHOBOE IlepepaclipefieJleHue KBAHTOBOU IJIOTHOCTH KBAaHTOBAHHOTO
IIPOCTPAaHCTBa-BpeMeHU. KBaHTOBaHHOE  IIPOCTPAHCTBO-BpPEMA  3TO
cBepxynpyras cyOCTaHIUsA, paclIupeHrue WU CKaThue KOTOPOU COMPSIKEHO
C IpUMeHeHHEeM KOJIOCCAJIbHBIX cuil. Kak y:ke 0TMeuasoch, Ia’ke B pexKuMe
YEPHOU JbIpbl KBAHTOBAHHOE NMIPOCTPAHCTBO-BPEMS MOKHO C:KaTh TOJIBKO B
IBa pa3a. U mo cBoell CTPyKType HAllla KBAaHTOBAaHHAsA BcesneHHas
HAIlOMUHAeT OOJIbllle TBEPAOE TEJIO0 — CBEPXYNPYTHMUA KBa3UKPHUCTAILI,
KOTOPBIM CaMOIIPOM3BOJILHO He MOXKeT pacmupsarbesa. Habirogaemoe
paciivpeHue — 3T0 He paciinpenue BeesieHHOU, a 5To pa3beranue rajlakTHUK.

Mopenp BceseHHOU B BHJe MOJIOTO IIapa €CThb HE YTO MHOE, KaK
BcenenHnas B cocrosiHUM Oenoll aAbipbl (puc. 18), TreHepupylollen
m100a7bHYI0 aHTUTPaBUTAUMIO [98], HampaBJeHHYI0 OT IEeHTpa K
nepudepun. IlosTomy ransakTuku pasberaroTca ¢ yckopeHueM. Takasa
MO/IEJIb MOKET Y/IOBJIETBOPATDH YCJAOBUAM TAapPMOHHYECKOTO OCIUJIIATOPA,
KaK 5TO ObLJIO MOKa3aHo Bhllle. JIy1a BeesleHHOU cocTossHUE 0eJlol JBIPEI
OTJIMYAETCSI OT COCTOSIHUS OeJiof JBIPhl B KBAHTOBAHHOM IIPOCTPAHCTBE-
BpEMEHH, TTIOCKOJIbKY Y BcesleHHON KaK BHYTPH, TaK U C BHEIIIHEN CTOPOHBI
OTCYTCTBYeT KBAHTOBAaHHOe IIpocTpaHcTBO-BpeMdA. Ilo ¢opme — 3TO
M30JIMPOBAHHBIN IIOJIBIM LIAP C BHEIIHeU chepour U BHYTpeHHeu cdepou
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nmojioctTd. Mesk/ly BHYTpeHHENW W BHeNIHeW cdepaMu HaXOJUTCA
KBAHTOBAaHHOE IPOCTPAHCTBO-BpeMs, IPEJCTaBJIA0Iee COO0N YIPYTYIO
kBaHTOBaHHYyI0 cpexy (YKC), cmocoOHy0 K BOJTHOBOMY PE30HAHCY OT
BHYTpeHHel cdepbl K BHellHed, u Haobopor. Torma B pexume
rapMOHUYECKOTO OCITUISTOPA Ilepepacipe/ieieHre KBAHTOBOM IJIOTHOCTHU
OoJibllle HANIOMUHAET TUTAHTCKYI0 TPaBUTAIMOHHYIO BOJIHY, KOTOpas
IepuoAUYecKrd COBEpPIIAEeT KoJsiebaHuss Mexjay cdepamu, U3MeHss
HalpaBJieHue BekTopa Aedopmaruu D mpu kaxk/IoM 1uKIIe KojgebaHUN Ha
npoTuBonoyiokHoe. Cellyac rajlakTUKM pas0eraioTcsd OT IeHTpa K
nepudepuu, 06pa3Ho TOBOPsA, HA TpebHe rPaBUTAIIMOHHON BOJIHBL, A 3aTEM,
IIOBEPHYB HAa3aJl, COBEPIIAIOT HOBBIM I[UKJ PA3BUTUA, U TaK /[0
0eCKOHEeUYHOCTH [3, 98].

A ecsim map Oyzier He mOJbIH, a citoniHoM? To u npu Takout hopme
BceseHHOU yIpyrasd KBaHTOBaHHAasA cpe/la BHYTPU IIapa MOKeT
IIPEe/ICTABJIATD coboi rapMOHUYECKUU OCLIUJLIIATOP, Korza
repepacnpezieJieHus KBAHTOBOM IIJIOTHOCTHA OIIMCHIBAETCA ypPaBHEHUAMU
KosiebaHui ynpyroi memOpanbl. Hanpumep, kosnebaHusi memMOpaHBbI Ha
IIEPBOM TapMOHMKE JAI0T IMepepaclipe/iejieHne KBaHTOBOU IIJIOTHOCTH OT
IeHTpa K rnepudepuu, U HA0OOPOT, peanusys MOJeb FapMOHUYECKOU
BcesleHHOM, KOrjla TaJaKTUKU IEpUOAUYEecKU pasberarwTcs, a 3aTeM
cberatores.

Ecnu konebanus meMOpaHbl OyAyT HA TPEThel TapMOHUKE, TO TaKas
MoOJieJ1b KoJle0aHuU peasn3yeT MOsABJIEHUE B LIEHTpe 1IapoBoil BceseHHOMN
MHUHYC-MAaCChl, KOTOpPasi CMEHUTCA Ha IUIIOC-MACCy, IePUOINYECKU CMEeHA
JleiCTBUE AHTUTPABUTALIMU Ha TrpaBuTanup. l3oimpoBaHHAss MOeb
Haled BcesleHHOW HanoOMHHAeT COCTOSIHHE YEPHOM KBa3WAbIPDbl B
HeoObATHOM KocMmoce, U peub MOKeT HJITU O MHOXKecTBe BcesieHHBIX
[{10JIKOBCKOT'O, KOTOPbIE MBI, K COKaJIEHNIO0, HE B COCTOSHUU HabGJII0/IaTh
W3HYTPU YEPHOU ABIPHI, IOCKOJBKY CBET HE MOKET IPeO/I0JIeTh TOPU30HT
coObITuii. Te uepHbIe IBIPBI, KOTOPHIE eCTh BHYTPU Halllell BecesieHHOM — 5TO
yKe JIpyrue mno CcBOUM (PU3HUUYECKMM IIapaMeTpaM, 4YeM BHEIIHUE
KBa3U/IbIPBI, Hano00ue Hatel BeceseHHOM.

MeMmOpaHHble MOJENN He AAT TOYHOTO OIMCAHUS IIPOIIECCOB
Kosie0aHUil BHYTpU OOBEMa cdepbl U3 KBAHTOBAHHOTO IPOCTPAHCTBA-
BpPEMEHU, CBA3aHHbIE C BOJIHOBBIM IlepepaclipefieJieHneM KBaHTOBOU
IUIOTHOCTU cpeAbl. Hazeooch, 4YTO MaTreMaTUKH 3STOT IIpobesn B
TeOpeTU4YeCKOU (PU3UKe CMOTYT YCTPAHUTb.
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MHOI0 NpUBEJIEHO TPU POACTBEHHBIX MOJIEIU BcesieHHOM, KOTOphIe
OOBACHAIOT pa30eraHuM TaJIAKTHK C YCKOPEHHEM IIPU HAJUYUU BOJTHOBOU
nedopmanuu (MCKPUBJIEHHs) KBAaHTOBAHHOTO ITPOCTPAHCTBA-BPEMEHU U
CO3/IaHUs, TeM CaMbIM, TPAJUEHTHBIX CHJI, TOJIKAIOIINX TaJIaKTUKU, B TOM
yucie. Mo o3Hauaenm, Hmo Kaxkoit-1udoo ocoooit hopmovl mémHol
9Hep2uu 6 npupode He cyuwecmeyem. Ectb ckpbiTas (J1aTeHTHAs)
dopma BSHeprum B  BHJIE  CBEPXCHJIBHOTO  3JIEKTPOMArHUTHOTO
B3aumozerictBus (CIB), HocHTesleM KOTOPOTO SBJISIETCSI KBAaHTOBAaHHOE
IIPOCTPAHCTBO-BpeMs. Kak yke oTmeuasioch, 5HEPrOEMKOCTh  OJIHOTO
KyOoMeTpa KBAaHTOBAHHOTO ITPOCTPAHCTBA COCTABJISIET MOPAAKA 1073/[3k /M3,
U 5TO SKBUBAJIEHTHO SHEPTHUHM Bcero BemecTBa BceneHHo#W. OcHOBHas
MaTepusi BO BcesieHHOI mpejicTaBjieHa KBAaHTOBAaHHBIM IIPOCTPAHCTBOM-
BpeMeHeM. BemecrBeHHast (Habsrozjaemasi) yacTb BcesleHHONW HUUYTOKHO
MaJia [0 CPaBHEHUIO C JIATEHTHOU SHEPryell KBAHTOBAaHHOTO IIPOCTPAHCTBA-
BpeMeHHU. [ToaTomy Harel BecesleHHOM He TPO3UT TEIIOBAS WJIM XOJIOIHAS
CMEPTb.

C y4éToM HaMU4YUA CUJ AHTUTPABUTAIMOHHOTO OTTAJIKUBAHUS B
MHUKDPOMUPE 3JIEMEHTAPHBIX YACTHUIl, KOI/Ia BJJIEKTPUUECKHe KBapKU
HAXOJATCA B COCTOSSHUU KBApPKOHOB (9JIEKTPOHHOE HEUTPUHO pUC. 4,
3HaKoIlepeMeHHasA 000JI0UYKa HYKJIOHA PHUC. 10), MOKHO KOHCTaTHPOBAaTh,
YTO aHTUTPABUTAIMA IMIUPOKO pacIpoCTpaHeHa JI0 pa3mMepoB BcesneHHOU
(aHTUTpAaBUTAIIMOHHOE pa3beraHue raJlakTUK).

Ho Heob6xomuMo 06paTHUTh BHUMaHUE Ha elle€ OAuH (PakT JelCcTBUA
QHTUTPABUTAIIUM, CBA3AHHBIM € HEOJHOPOAHBIM pacHpefiejieHueM
IUIOTHOCTH BeIeCTBA B TeJjle, KOTOPO€e BEJET K CO3JAHUI0 HEOJHOPOJHOU
IUIOTHOCTH KBAHTOBAHHOT'O IIPOCTPAHCTBA-BPEMEHU BHYTPH TeJjla, BbI3bIBAA
rpaJineHTHhIEe CUJIbI TATOTEHUA WJIN OTTAJIKUBAHUA. Y MEHS HE BBI3bIBAET
COMHEHHE, YTO IUIOTHOCTH BelecTBa JIyHBI pacmpezesieHa HEOJHOPOJHO,
YBEJIMYUBASACh B HANPABJIEHUU 10 pasuycy K 3emsie. B utore BO3HUKaeT
Cija aHTUTPABUTAIUOHHOTO OTTAJIKUBAaHUA Ha JIyHy B IIOJie TATOTEHUA
3eMid, IPUYEM IeHTP NPWIOKEHUA 3TOU CHJIbl OTTAJIKUBAHUA He
COBIA/IaeT C EHTPOM INPUJIOKEHUSA CUJI 36 MHOT0 TATOTeHU:A. B aTOM 1L1aHE
JIyHy Hajo paccMaTpuBaTh Kak TI'PAaBUTAIMOHHBIN JUNOJb, KOTOPBIA B
paaruaJibHOM TPAaBUTALIMOHHOM IHOJIe 3eMJId OPUEHTHUPOBAH OCBIO JUMOJIA
110 paauycy Kk 3emsie. ATuM oObsicHAETCA TO, UYTO JIyHa OBEPHYTa K 3eMme
OJTHOU CTOPOHOU. A MpUHATOE O0bsICHEHNE 3TOMY (DAKTy Te€M, UTO MEPHUO/T
BpaleHus JIyHbl BOKpPYr COOCTBEHHOM OCHU COBIIQJIaeT C IEPUOAOM eé
obpallieHus BOKPYT 3eMJIU, SABJISETCA BCETO JIUIIb CIIeJICTBUEM JeHCTBUSA HA
JIyHy rpaBUTAIlMOHHOI'O AUMNOJBHOTO MOMEHTAa. 3HAasA MOMEHT WHepIHuU
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JIyHbI 1 e€ Tubpanuio, HeTPYAHO BBIUUCIUTD TPABUTAIIMOHHBIN JJUTIOJIBbHBIN
MOMEHT JIyHBbl ¥ BeJIMUMHY CHUJIbl AHTUTPABUTAIIMOHHOTO OTTAJIKHWBAHMUA,
IelnicTByolled Ha JIyHy, W YTOUHUTh TeM CaMbIM JIeICTBUE 3€MHOTO
TATOTEHUS.

HecMmoTpsi Ha TO, YTO QHTHUTPaBUTAIWs IIHUPOKO IMpEJCTaBJeHA B
IIPUPO/IE, EIIIE COBCEM HEABHO TJIaBa KOMUCCUH 110 JKeHayke Poccuiickoit
akazemuu Hayk (PAH) akagemuk 3. KpyriisskoB TpoOMuUII UCCIENOBAHUSA T10
anturpasuranun: «Hackoavko s 3Haio, koe-20e 00 cux nop
3aHumarwomea ammuzpasumayueit. Tak eom, ecau 06ydem
NPOoBooUMBCA 0eUCMBUMEAbHO CePbEIHAA IKCNepmu3d, Mo 6cé
3Mo JNHCYAvbHUUECMB0 Npekpamumscst» [101]. Hazerocs, 9To ¢ yxoaom
KpyriisikoBa 5TOT no30pHelmni pakT HAydYHONU HEKOMIIETEHIIUU OOJIbIIIE He
nosropurcs B ucropuu PAH.

HNckpuBJjieHHe Jiyda cBeTa B HEOJHOPOJHOM KBAaHTOBAaHHOM
npocrpaHncrBe-BpeMmenu. Teopus CynepoObeuHEHUs MOApPa3yMeBAET
HE TOJIbKO OO0beIVHEHUE YETHIPEX U3BECTHBIX (YHAaMEHTATbHbBIX
B3aMMOJIEHICTBUH C €JUHBIX IIO3UIIHUH, HO U JAET OOBbSICHEHHE C €IUHBIX
MO3UIIUN HOBBIX SKCIEPUMEHTAJIbHBIX (DAKTOB M aCTPOHOMHUYECKUX
HaOJIIO/IeHUH ¢ MO3UIUN KBAaHTOBAHHOTO ITPOCTpaHCTBa-BpeMeHU. [leper
3TUM ObLJIO TOKA3aHO, KaK 00bACHAETCSI YyCKOPEHHOe pa3beraHue rajakTUk
HEe TOJIbKO B CTaTUKe, W JIMHAMUKE, ONUpasich Ha TIJiobaJbHbIE
rpaBUTAI[MOHHBIE BOJIHOBBIE IIPOIlECCHI C MacIITabaMU BCEJEHCKUX
PACCTOSTHUU U MEPUOJOM Kosie0aHWU BO MHOTHE MUJIJIUAPABI JIET. DTUM
IIOKa3aHo, qTO nedopmanus (MCcKpuBJIEHUE) KBAaHTOBAaHHOTO
IIPOCTPAaHCTBa-BpEMEHU MOKET IIPOU3BOUTHCS He TOJIBKO
IPaBUTUPYIOIIMMHA MaccaMd, HO W BOJHOBBIMH T'PAaBHUTAIMOHHBIMH
mporeccamu. I'paBuTtanusi u  aHTUTpaBuTanus (BCE 3aBUCUT  OT
HarpaByieHus BekTopa Aedopmaruu D) [33] MoxkeT poxaaTbcsi U B
OTCYTCTBUHU I'PABUTHPYIOIIUX MaccC.

B Hamein BcesleHHOU 3a €€ ITUKJIMYECKYI0 HCTOPHUIO ITPOUCXOIUIIO
MHOKECTBO I'PABUTAIIMOHHBIX ITPOIIECCOB, CBA3AHHBIX C B3PhIBAMU 3BE3/T, UX
poxkJieHrneM, oOpa30oBaHUEM YepHBIX AbIPp U APYyrux. ATO Kak B OacceliH
KUJIaTh IIOCJIE/I0BAaTEeJIbHO KaMHH, OOpa30BbIBasi Ha IIOBEPXHOCTU BOJIbI
MHOKECTBO BOJIH U UX UHTepPepeHnuo0. Eciu HabI10/1aTh 32 COTHEYHBIM
JIydoM B Takom OacceliHe, TO BHUJHO KaK JIy4d CBeTAa I0O-Pa3HOMY
MIPEJIOMJISIIOTCS, TPEJICTABJIAS UCKPUBJIEHHYIO OOIYI0 KapTUHY U3 Jydeu
cBeTa. ITO — HAIJIAHAA AHAJIOTHUA BOJIHOBOTO UCKPUBJIEHUSA JIyded CBETa B
HEOJHOPOJHOM  KBAaHTOBAaHHOM  HPOCTPAHCTBE-BPEMEHU,  KOTOPOE
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copMupoBasioch B pe3ysibTaTe HAJTOKEHUSA CIIOHTAHHBIX I'PABUTAIIMOHHBIX
BOJIH 3a MWUINAPJAbl JieT. YUYUThbIBasg TUTAaHTCKUE PACCTOSAHUA U
OTPAaHUYEHHOCTh CKOPOCTH BOJIHOBBIX IIPOLIECCOB CKOPOCTBIO CBETA,
obJyiacTh, TaK Ha3bIBa€eMOW TEMHON MaTepUH, BBITJIAJIAT CTAaTUUYECKUMU,
Ipe/CTaBiasAA CcOOOM CryCTKM U pa3pskeHUs KBAHTOBOM IIOTHOCTHU
KBAHTOBAHHOTO NPOCTPAHCTBA-BPEMEHU. ITO HCKYCCTBEHHBIE 00JIaCTU
rPaBUTAIUN U aHTUTPABUTAIIUM, KOTOPble chopMupoBaiuch 6e3 ydacTus
I'PaBUTAIMOHHBIX U aHTUTPABUTAIIMOHHBIX Macc. [loaToMy, mipoxoisa yepes
HEOJHOPOJHOEe  KBAaHTOBAaHHOE  IIPOCTPAHCTBO-BpeMsdA, JIyd  CBeTa
OTKJIOHSIETCSI OT TMPSAMOU JIMHUU B Ty WU HUHYIO CTOPOHY, B CTOPOHY
yMeHbIIIEHUS] KBAHTOBOU IIJIOTHOCTH CPEJIbI.

EcrecTBeHHO, UTO KOrJla acTPOHOMBI OOHAPYKUJIU HCKPHUBJIEHUE
CBETOBBIX JIydel B OTCYTCTBHU I'PAaBUTAIIMOHHBIX Macc, OMIMO0YHO moJiaras,
YTO KOCMUYECKOE MPOCTPAHCTBO — BTO OJHOPOAHBIM BaKyyM, TO
MMEIOIIUICA YPOBEHb 3HAHUU ObLI HENOCTATOYEH JIA OOBICHEHUU
Habso/1aemoro sddekra. Bor u npuaymanu ouepeHoil Mud o0 TEMHOU
MaTePHUU U JIAKe CTAJIN UCKATh €€ YaCTUIIbI.

A Hamén B UHTEepHETe XapaKTePHBIU pHUC. 19, WLIIOCTPUPYIONUN
y4acTOK, SKOObl MOAEJUPYIUNA TEMHYI0 wMaTeputo. C mo3uiuu
KBAHTOBAaHHOT'O IPOCTPAHCTBA-BPEMEHU — 5TO YYACTOK HEOJHOPOJIHOTO
IIPOCTPAHCTBAa-BPEMEHH, XapaKTEePU3YIOMIUICs H3MeHEeHHEM KBAaHTOBOU
wiotHOCcTH +Ap(f(r)) kak GyHKIUM paccTossHUA. Ha prc. 20 mpeicTaBieHHA
rpaBUTaIllMOHHAsA JUarpaMMma H3MeHEHUs KBAaHTOBOM IJIOTHOCTH P B
paspe3e pucC. 19, OTHOCUTEIBHO o, Kak (YHKIUSA PACCTOSIHUA p =

PotAp(f(r)).

Puc. 19. MozemipoBasue y4acTka TeMHOM Puc. 20. ['pasuTaunoHHas JuarpaMma HEOTHOPOAHOTO
MaTepHH (M3 HHTEPHETa). KBaHTOBAHHOT'O IIPOCTPAHCTBA-BPEMEHH.
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B Tteopum CynepoObeauHeHHUsI IOKa3aHO, UYTO CKOPOCTh CBeTa
sBseTcs QyHKIuend kBaHToBOMU IioTHOcTu C=f(p) [1]. K ToMy ke BekTOp
CKOPOCTU CBe€Ta B OJHOPOJHOM KBAaHTOBAaHHOM IIPOCTPaHCTBE-BPEMEHU
HallpaBJIeH M0 MPsAMOU JUHUU. EC/IM KBAaHTOBAHHOE IPOCTPAHCTBO-BPEMsI
HCKPHUBJIEHO, HPUYEM MHOTOKPATHO, BBIZIeJIsAs U3MEHEHHE KBaHTOBOU
IUIOTHOCTH, TO B TAKOM HEOJHOPOJHOM IIPOCTPAaHCTBE-BPEMEHH JIyd CBETa
OyZleT HUCKPUBJIATHCSA, KOMUPYsS HEOJHOPOJAHOCTH KBAHTOBOW IIJIOTHOCTH
cpenbl. B Teopuu Cynepobbe/iiHEHS BIIEPBBIE TIPUBEJIEHA ABYXPOTOPHAs
CTpyKTypa ¢OTOHa, KOTOpas IIO3BOJIIET paccMaTpuBaTh IIPOIECCHI
OTKJIOHEHUs (OTOHA B CHJIOBBIX MOJISAX [102].

Takum  obpa3oMm, HWCKpPUBJIEHHME JIyda CBeTa OOBsSCHAETCS
HEOJHOPOJIHOU CTPYKTYPOM KBAHTOBAHHOTO IIPOCTPAHCTBa-BpEMEHU, U
BBeJIEHUE TOHATHUSA TEMHOU MaTepUU Ui OObsICHEHUS JAHHOTO SIBJIEHUS
OBLIIO BBI3BAHO OTCYTCTBHEM HEOOXOMMBIX DYHAaMeHTATbHbIX 3HAHUM.

ToT dakT, YTO KBAHTOBAaHHOE MPOCTPAHCTBO-BPEMs HEOJHOPOJIHO B
Macirabax Bcenennoi, TIOJITBEPIK/IAeTCsA aCTPOHOMUYECKUMU
HaOmoAeHuAMHu. Ho 53To ruranTckue Mo wMacirtabaM ¥ BpeMeHU
HEOTHOPOIHOCTU. He BBI3bIBAET COMHEHUs, UYTO €CTh HEOJHOPOJIHOCTU
KBAaHTOBOM TIIJIOTHOCTU KBAHTOBAaHHOTO IIPOCTPAHCTBa-BpeMeHU 0oJiee
MEJIKOTO MaciiTaba, KOTOpble MNPOSBJSIOTCA IPU JIBXKEHUU 3eMJIM U
COJITHEYHOM CHUCTeMbI B IleJIOM. Kak caMoOJIET JIeTUT, MPOBAJIHBAsACH B
BO3/IYIIIHbIE SIMBI WJIM B3MbIBasi BBEPX KaK Ha FOPKY, TaK U 3eMJIA JIETUT B
KOCMOCe, To/Beprasch (QJIyKTyallusiM KBAHTOBOU IIJIOTHOCTHA CPEJIbI
KBAaHTOBAHHOTO MPOCTPAHCTBA-BpEMEHU, a BO3MOKHO, U €€ KaKHM-TO
IEPUONUYECKUM  [UKJIaM.  AmmapaTtypa, KoTopas  Morjia  Obl
KOHTPOJIUPOBAaTh M3MEHEHUS KBAHTOBOW IJIOTHOCTU CPEAbI, MOKET OBbITh
co3/jiaHa ToJibKo Ha 6aze Teopun CynepoOobennHeHus [103].

KOHTpOJIb COCTOAHUSA KOCMHYECKOTO IPOCTPAHCTBA CO CTOPOHBI
M3MeHEeHUs KBAHTOBOU IJIOTHOCTH CPebl KBAHTOBAHHOI'O MPOCTPAHCTBA-
BpEMEHU SBJISIeTCS OUEHb BAXKHBIM IMapamMeTpoOM, KOTOPbBIM OTBeuaeT 3a
COCTOSIHUE BCEX MAacC YacCTHUIl U Tes B JIOKAJIbHOU 06J1aCTH KOCMHYECKOTO
npocTtpaHcTBa-BpeMeHu. CorsacHo Teopuu CynepoObeluHEHU BCe Tela U
YACTUIIBI IIPEJCTABIISAIOT COO0N OTKPBIThIE KBAHTOMEXAaHUUYECKHUE CUCTEMBI,
SIBJIASACH COCTABHOU U HEPA3PBhIBHOM YaCThI0 KBAHTOBAHHOTO IIPOCTPAHCTBA-
BpeMeHHU, ABaAsACh dacTblo Kocmoca. IlosTomy Jso6ble U3MeHeHU:
KBAHTOBOU IJIOTHOCTH CpeAbl HEOOXOAUMO KOHTPOJIUPOBATH, BILIOTH 10
TOTO, YTO 3TO MOKEeT BJIMATH HA CAMOUYBCTBUE JIIOZleH, AHAJIOTUYHO
MarHUTHBIM OYypsIM.
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Ho pe3kue nu3dMeHeHUs KBAHTOBOU MJIOTHOCTU CPeAbl MOTYT BBI3BATh
U CEpbE3HBbIE IUIAHETAPHbIE KATAKJIMU3MBbI, TaKHe KaK 3eMJIETPSACEHUS U
nyHamu. K cosxaseHnio, HEKUl KOHTPOJIb BEIETCA MTOKA TOJIBKO HA YPOBHE
rpaBUMETPUU, PETUCTPUPYS M3MEHEHUEe 3€MHOr0 TATOTeHUS BO BPEMEHH,
KOTOpO€e He fBJIsIeTCSI MOCTOSSHHBIM U TOABEP:KEeHO (uryKTyarmusam [104],
BKJIIOUAKOIIUM  TakXke (akTop HEOJHOPOAHOCTH  KBAHTOBAHHOIO
IIPOCTPAaHCTBa-BpeMeHU. B 5TOM Iy1aHe He0OXO0AMMO c/ies1aTh 3aMedaHue o
IIOBOZYy HEM3MEHHOCTH TPAaBUTAIMOHHOM TMOCTOSAHHOW. B Teopun
CynepobbeuHeHUs TPaBUTAIIMOHHAS IOCTOSIHHASA SABJIAETCA KOHCTAHTOM, a
Jit00ble M3MeHeHus U QIIYKTyalluu TATOTEHUs B TPABUMETPUM — 3TO BCETO
JINIIb W3MEHeHUs TAroTeHUus (a He TPaBUTAIIMOHHON KOHCTAHTHI),
oOyc/i0BJIEHHbIEe B TOM uucie, (GIIyKTyallUAMH KBAaHTOBOU IIOTHOCTHU
KBAaHTOBAHHOT'O IPOCTPAHCTBA-BPEMEHHU.

Hemnstoxo ObLIO OBl 3KCIIEPUMEHTAIILHO CBA3AaTh IUKJIBI COJTHEUHOM
aKTUBHOCTH C HU3MEHEHHUSMU KBAHTOBOU IJIOTHOCTU CpeJibl. A TakXke
HeoOXOIUMO IPOBEPUTH CHUHXPOHU3M Pa3JIUYHBIX 110 IEPUOTUUHOCTH
IUKJIUYHOCTA TIPOIeccOB B 3eMHBIX yciaoBusax u Ha CosHne c
IUKJINYHOCTHIO U3MEHEHHsI KBAHTOBOU IJIOTHOCTU CpeJibl. B aTOM I1aHe
0COOBIN UHTEPEC MIPEICTABIIAIOT Uccae/loBaHus mpodeccopa A. UnKeBCKOTO
(Kocmuuecknii nyJibe sk13HU) [105]. Bosiee ToHKHE N3MeHEeHUsI KBAHTOBOU
IUIOTHOCTU CpeAbl, IO-BUAUMOMY, YYacTBYIOT B co3ZjaHue 0esioro u
baukkep IIyMOB B Pa3JIUYHBIX (PU3UUYECKHX, XHUMUYECKUX U
6uosiornueckux mpoiieccax. Heobxoaumo oOpaTUTh BHUMAHUA Ha
ucciaenopanusa npodeccopa C. IIHOJA, 0ocoOeHHO B obJsiacTH OHOJIOTHH,
KOTJIa pe3yJbTaT MCCJIE/IOBAHUN He HMeeT OJHO3HAYHOIO 3HAUEeHUs U
IIOZIBEP>KEH HEIMOHATHBIM (QJIyKTyarusaM, KoTopble IIIHOJIb CBSA3BIBAeT C
daykTyanusaMu npocTpaHCTBa-BpeMeHU: «M3 COBOKYITHOCTH Pe3yJIbTaTOB
clieJIaH BBIBOJI, B COOTBETCTBUHU C KOTOPBIM MPEJICTABJISIETCS BEPOSTHHIM,
YTO JIUCKpPeTHble QJIYKTyallud U3MeEPSIEeMbIX  BEJIMYUH  SBJISIOTCSA
ciencTBueM (QIIyKTyal[Ud OPOCTPAHCTBA-BPEMEHHU, ABJIAIONIUXCS, B CBOIO
o4depe/lb, CJIEICTBUEM JIBUXKEHUSI U3Yy4aeMbIX 0OBEKTOB B HEOJHOPOHOM
IPaBUTAIIMOHHOM ToJie. dTa  HEOJIHOPOJHOCTb,  IO-BUAUMOMY,
oOycioBJIeHa Haau4ueM «HeOeCHbIX Tea» — CryHIeHusMHd MacCc B
OKPY>KarollleM IIPOCTPAHCTBE; MPHU ABMKEHUN 00BhEKTA OTHOCUTEIHHO ITUX
TeJ, B  HEOJHOPOJHOM  TPaBUTAI[MOHHOM  II0Jie,  BO3HUKAIOT
rpaBUTAIlMOHHBIE BOJIHBI. B  KaXXJ0l TOYKe IIPOCTPaHCTBa-BpeEMEHU
IIPOUCXOJIUT nHTepQepeH U 9TUX BOJIH. CooTtBeTcTByIOIIaA
nHTep(pEepeHITMOHHAA KapTUHA IMPOSABJISAETCSS B TOHKOU CTPYKType
M3y4aeMbIX HAMU TUCTOTpamMM» [106].
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HoBblIe skcrieprMeHTAIbHbIE (DAKTHI

BrnepBrie Teopus CynepoObeUHEHUA MAET HaydyHOe OOOCHOBaHUE
TaKOMY YHUKAJIbHOMY S$IBJIEHUIO Kak mpoliecc (POpMHUPOBAHUS MaccChl y
dJIeMEHTAapHBIX 4YacTul B pes3yibrare cdepuyueckon gedopManuu
KBAHTOBAaHHOT'O IIPOCTPAHCTBa-BpeMeHu (puc. 5 u puc. 7). Macca — 310
DHEPreTUYEeCKUH  CTyCTOK  KBAaHTOBAHHOTO  IIPOCTPAHCTBA-BpeMEHU
3JIEKTPOMATHUTHOT'O MPOUCXOXKJIEHUSA, 5TO UCTOYHUK aKKYMYJIMPOBAHHOM!
paHee sHepruu. OcBOOOXKJeHUE 3TON SHEPTrUM UAET UYepe3 MeXaHU3M
npeobpa3oBaHusA Macchl B Buie Jedexkrta Maccel B (POTOHHOE
BJIEKTPOMArHUTHOE  W3JIydeHUe, MPeJICTaBJIsAs  OCHOBY  TEIUIOBOM
SHEPreTUKMU.

OnHOBpEMEHHO Teopusl CynepobbeuHeHUs oObsICHAET
HabJII0/laeMble SKciepuMeHTaIbHble 3ddeKThl B KOcMoJioTUM (TEMHAas
DHEPrusi W TEMHas MaTepus) C €IUHBIX MO3UIUN UCKPUBJIEHUS
(mepopmaniiv) KBAHTOBAHHOTO IIPOCTpaHCTBa-BpemeHu. IIpuuém 51O
nedopmanusa KBAHTOBAHHOT'O IPOCTPAHCTBA-BPEMEHU HE BCEr/a CBA3aHA C
IPaBUTUPYIOIUMHU MaccaMH, KaK B cjydyae TEMHONW MaTepuu U TEMHOU
sHepruu. To, UTO KBAaHTOBAHHOE IMPOCTPAHCTBO-BPEMS MOXKET OBITh
VMCKpUBJIEHO O6€3 yJacTus TPaBUTHUPYIOIEN Macchl, cO3/1aBasi TpaJJueHTHBIE
CHWJIbI, MOKeT OBITh WCIOJIB30BAHO B ammaparax II0 CO3/I[aHUIO0
HMCKYCCTBEHHOTO TATOTEHUS (CUJIBI TATH).

OCcHOBHOE Ha3HAYeHUWE HOBBIX 3HAHUM, KOTOpBIE [Ia€T TeOopusd
CynepobbeuHeHUs1 — 3TO  pa3BUTHE NPUHIUMIUAIBHO  HOBBIX
DHEPreTUYECKUX UM KOCMUYECKHUX TEeXHOJOTUU. YCTaHOBJIEHO, UTO
e/IMHCTBEHHBIM UCTOYHUKOM I7106a7IbHOM SHEPTUU BO BeesleHHOM ABJsieTCA
KBAHTOBaHHOE MIPOCTPAHCTBO-BpEMSI B BUJIE CBEPXCUJIBHOTO
3JIEKTPOMATrHUTHOTO B3aumoiericteus (CIB). Ato naToe pyHAaMeHTaIbHOE
B3aUMOJIeNICTBUEe, paHee HEU3BECTHOE HayKe, OObeAUHSAET C €IUHBIX
MO3UIUN TPABUTAIIUIO, BJIEKTPOMArHEeTU3M, fi/iepHble U 3JIeKTpocyiabble
CWJIbI ¥ OTKPHIBAET HOBOE HAIlpaBjieHUWe B HHepreTuke — KBaHTOBYyIO
SHEPreTuKy [48, 107].

B CranpapTHOl MoOAeIN HEBO3MOXKHO ONHUCATh TPaBUTALUIO C
MIO3UIUH BJIEKTPOMArHeTU3Ma, HEBO3MOKHO BCE U3BECTHBIE BU/Ibl SHEPTUH
CBECTM BOEJIMHO K OJHOMY WCTOYHHUKY TIJI00QJIbHOU JHEPIUU —
CBEPXCWJIBHOMY B3JIEKTPOMAarHUTHOMY B3aumojeictBuio (COB), kak 31O
caenano B Teopumn CymnepoobenuHenus. Hukorpaa emé ¢usnka He mMesia
TaKOTO MOII[HOTO aHAJIUTUYECKOTO alllapaTa, OTKPBIBAIOIIET0 JOCTYII
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IIPAKTUYECKH K HEOTpAaHMYEHHOMY HWCTOUHUKY sHepruun COB B Buje
KBaHTOBOII 3HeEpreTUku. JTO OoJiee 0OIee MOHATHE B SHEPrEeTUKE, YeM
IIPUHATO IOHUMATh 1107 TEPMHHOM SHepreTrka. KBaHTOBas DHepreTHKa
BKJIIOUAeT B ce0Osl BCe M3BECTHBIE U €Il€é HEH3BECTHbIE DHEPTETUUECKHUE
IINKJIbI, B TOM YHCJIE, U SI/IEPHYIO0 SHepreTuKy. B reopuu CynepobbequHeHN
II0Ka3aHO, YTO BCEe BUAbI BSHEPruM (rpaBUTAIlMOHHASs, MeXaHHYecKasd,
AJIEKTPOMATHUTHAS, XUMUUeCKasl, f/iepHas U JAPYyryue), B KOHEYHOM UTOTE,
CBOJIAATCA K OCBOOOXKIEHUIO U ITPeo0pa3oBaHUI0 efuHOUN sHepruu CIB.

O ToM, 4YTO KOCMUYECKOE MMPOCTPAHCTBO-BPEMSI AABJISIETCSA UCTOUYHUKOM
100a7IbHOM 5HEPTUU, UHTYUTHUBHO JOTAAbIBAJINCh MHOTHE YYEHBbIE IO
BCeMy MWDy, nOpejyiaras ¢aHTaCTUUECKUE WPOEKThl MO, JIO3yHTaMU
«0e3TOTJINBHON SHEPTEeTUKU », «9HEPTUU HUOTKYAA» ,«3(PUPHOU SHEPTUN »,
«3HEpPTUU U3 BaKyymMa» U MoA0OHBIe U3MBIILJIEHUSAM, HEe UMEIOIUM MO/
co00li HaydHOTO 000CHOBaHUA. 3aMeuy, YTO KBAHTOBAHHOE IIPOCTPAHCTBO-
BpeMs He UMeeT HHUKAKOTO OTHOIIEHUS K MEeXaHUCTUUECKOMY
ra3ornozio6HoMy 3(pupy u npezacTapisgeT cob0i moaeBy0 HeBecoMyto hopmy
MaTepuu (3TO eCTh 3JIeKTPOMAarHUTHOE CTAaTUYECKOE MOoJie B UMCTOM BUJIE)
II0 CBOUM YHHUKAJIBHBIM CBONCTBAM, He TOXO0XKYH0 HU Ha OJHY U3
BEIIECTBEHHBIX Cp€Jl: Ta30Mo/I0O0HYI0, KUAKYI0 WU TBEPAYID. OTU
YHUKaJIbHbIE CBOMCTBA MAaTEpPUU IIUPOKO IPEACTaBJI€HbI U U3y4YeHbI B
teopun CynepoObelUHEHUS HapsAAYy C TMPUPOJION CKPBITOH BHYTPHU
KBAHTOBAaHHOT'O IIPOCTPAHCTBA-BpEMEHU IJI00aIbHOU 5HeprUei [1].

[To sTOMy TIOBOZy 3ameuy, YTO 3aKOHBI COXPAaHEHUs JSHEPTHUU
JMEeACTBYIOT BEYHO, U HHUKTO WX He OTMeHsI. M Korzma peub HAET 00
OCBOOOKJIEHUHN TIJ100aJIbHOW JHEPrUU KBAHTOBAHHOTO IPOCTPAHCTBA-
BpEMEHHM, TO HeOOXO[MMO O0€eCIeunTh DHHEPreTHYECKHe IUKIIBI €€
OCBODOOK/IEHUsI, KaK 3TO JIeJIAETCA Yepe3 TPAUIMOHHbIE XUMIYECKUe VTN
sZIEpPHBbIE PEAKIIUH WU NMPUHIUIIHAIHHO HOBbIE YHEPTreTHYECKUE ITUKJIBI,
O6asupyromuecss Ha Teopuu CynepoobeauHeHus. B obom ciyudae,
0CBODOOK/IeHVEe DHEPTUU UJIET Yepe3 AedeKT Macchl 3JIeMeHTapPHBIX YaCTUI]
¥ aTOMHOTO fA/pa, a KOHEYHBIM pEe3yJIbTAaTOM J3THUX PEAKIUH SBJISETCS
IIPOU3BO/ICTBO TETJIOBBIX (POTOHOB, CIIEKTPATHbHAS KOHIIEHTPAIUSA KOTOPHIX
ompejiesiseT TeMIlepaTypy Tejla. OTHU MPOIeCChl IOJIOKEHBI B OCHOBY
IIPOU3BO/ICTBA TEIJIOBOU SHEPTUHU Ha 6a3e KBAHTOBBIX PEAKTOPOB [1].

[ToMuMO IPOU3BO/ACTBA TEIVIOBOM SHEPTIUH, B KBAaHTOBOU SHEPreTUKE
paccMaTpPUBAIOTCS BOIIPOCHI CO3/JaHUSI CUJT UCKYCCTBEHHOTO TATOTEHUS (MJTH
AHTUTATOTEHU), KOTOPbBIE elll€é HUKOT/[a He UCII0JIb30BaIMCh B ammapaTrax
(KkBaHTOBBIX JIBUTATE/AX) KakK ABWIKUTENHW. B JaHHOU cTaThe MPUYUHBI
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TATOTEHUS U AHTUTATOTEHUs PAcCMOTPEHBbI B IOMYyJIAPHOU dopMe Kak
rpajiueHTHbIe CHJIbI, OOycoBJeHHbIe Aedopmaruerl (MCKPUBJIEHUEM)
KBAaHTOBAHHOT'O IIPOCTPaHCTBa-BpeMeHHU. bosiee 1moapoOHO ¢ Teopuen
TATOTeHUsA (rpaBUTAIlUM) W AHTUTATOTEHHs (QHTUTPABUTAIIMU) U €€
PACUETHBIM anIiapaToM MOKHO O3HAKOMUTHCA B [1].

Takum obpazom, KBaHTOBas SHeEpreTHKa BBIJEJISET JABA KPYIMHBIX
HAIlpaBJIEHUsI, CBSI3aHHBIX C IIPOW3BOJICTBOM TEIUIOBOH DHEPTHUU U
CO3/JaHMEM CHJI HCKYCCTBEHHOTO TSTOTEHHUs, OIpeJiesiAsd Ha3BaHUE
ammapaToB /I peayiM3alii 3THX JIBYX HapaBJIeHUH KaK KBAaHTOBHIE
peakToOphl W KBAHTOBBIE ABHUTATeNM. IIOCKOJIBKY BOT y:Ke IIOUTH JIBa
JIECSITUJIETHS 51 IMIHO COCPEOTOUMII CBOE BHUMAaHME He TOJIPKO Ha TEOPUH,
HO U Ha SKCIIEPUMEHTAJIbHBIX pab0oTaxX IO CO3JaHUI0 CHUJI UCKYCCTBEHHOTO
TATOTEHHUs, TO IIPeJIJIaral0 YUTATEIIM O3HAKOMUTHCS, B IIEPBYIO OYEPETD, C
pesyJibTaTaMu 3TUX paborT.

10.1. KBaHTOBBIE ABUTraTeJ M H acrepoujgHas 3aluTa.
CoBpemeHHass HayKa He 3HaeT WHBIX CHOCOOOB CO3/IaHUA TATU B
KOCMUYECKOM IIPOCTPAHCTBE KpOME PEeaKTUBHOIO 3a CUET BbIOpoOca
peakTUBHOU Macchl. Masio TOro, JI00ble MOMBITKY pa3paboTKU JBUTATes el
Uil co3faHus TAru 0Oe3 BbIOpOcAa peaKTUBHOM MaccChl IIOJ[BEPTAIOTCA
JKECTKOU KPUTHKE C MOTUBUPOBKOU, YTO B 0E3BO3YIITHOM IIPOCTPAHCTBE
HEBO3MOKHO CO3/aTh CUJIy TATU 0e3 PeakTUBHOU CTPYH, MOCKOJBKY 3TO,
SIKOOBI, IPOTUBOPEYUT TPETheMy 3aKOHY HbioToOHA. Takoe oTpullaHue UHBIX
criocoO0B KpOME PEaKTUBHOTO HUJIET OT HE3HAHWUs MPUPOJbI TATOTEHU
(aHTUTATOTEHUS), KOTOpas Telepb NOAPOOHO pacKpbiTa B TEOpUU
CynepoObeauHeHNsI, OMUPasCh Ha KOHIEMIUIO T'PaBUTAIIUN IDUHINITEHHA
HMCKPUBJIEHHOTO (e OpMUPOBAHHOTO) IIPOCTPAHCTBA-BpeMeHHU [1].

Wtak, B Teopuu CynepoObeArHEHUs I0KA3aHO, UTO KOCMHYECKOe
6e3BO3/IyIITHOE  IPOCTPAHCTBO  IIpe/CTaBjsfAeT coOOM  cTaTuueckoe
3JIEKTPOMATrHUTHOE MOJie B BUJIe KBAHTOBAHHOTO MPOCTPAHCTBA-BPEMEHHU,
KOTOpO€ fABJIAETCA HOCUTEJEM CBEPXCUJIBHOTO 3JIEKTPOMATHUTHOIO
B3aumoziericteusa (COB) (puc. 3). Tenmepb, 3HasA 3JAEKTPOMATrHUTHYIO
CTPYKTYPY KOCMHUECKOTO BaKyymMa, MOKHO MOpejJjlaraTh pa3InuHble
criocobbl  B3aUMOJEUCTBUA € OTOU  CTPYKTypOM 1O  CO3/IaHUIO
HMCKYCCTBEHHOTO TATOTEHUs (CUJIBI TATH 03 BhIOpOCA PEAKTUBHOM MACCHI).
Y UHXeHepPOB MOSABWJICA MOIIHBIN CTUMYJ I pa3pabOTKU KBAHTOBBIX
nsuraresneil. IlepByio ycremHyoo pa3pabOTKy W HUCHBITAHUS KBAHTOBOTO
JIBUTATEJIS C CUJIOHN TATHU B UMITyJIbce B 500 H (50 Kr) npu Macce anmnapara ¢
IITACCH B 50 KT y/1aJIOCh IPOBECTU MHE elll€ B 2009 roxay [5].
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ITosToMy korma d pe3ko KpuTukylo CraHJapTHYIO MOJiedb U
uccienoBanus B IIEPHe mo nmoucky 6030Ha Xurrca, AK06bI 0OTBEUAIOIIET0 32
dopMupoBaHue Macchl 3JIEMEHTApPHBIX YACTHIl, a C MaccOd Hepa3pbIBHO
CBsI3aHA T'paBUTAlUsA, TO OTMeualo, uTo bBAK He sBjsercs npubopom Jis
MPsAMOTO U3YYeHUs TPaBUTALNMU. ITO HAMHOTO XY?Ke, UeM IbITAThCSA UCKATh
WUTOJIKy B CTOTE CeHa, MOXKHO HUKOT/ZIa He HailTu. BmecTo 6030Ha Xurrca B
teopun CynepoObe/IMHEHUA OTKpPbITA Jpyrasg dYacTUIla — KBaHT
IIPOCTPAHCTBa-BpeMeHU (KBAaHTOH), KOTOpas OJHOBPEMEHHO SBJISETCS
IIEDEHOCYMKOM TIpaBuTanum u osjekrtpomarsetudma. Ho BAK He B
COCTOSIHUM JlaKe pAaCIIelUTh KBAaHTOH Ha OT/eJbHblE KBapKH, €ro
BO3MOYKHOCTH OTPAaHUYEHbl U B 3TOM HaMpaBJeHUU. DJIEKTPOMATHUTHASA
CTPYKTypa KBAaHTOHA BBITEKAeT U3 YPaBHEHUU 5JIEKTPOJUHAMUKU
MakcBesuia. A ydyacThe KBaHTOHA B Mpolleccax TPABUTAIIUN PACKPBITO B
KBAHTOBOU Teopuu rpaBuTaiuu B reopuu Cynepoobenunenus [1]. B IEPHe
CJIUIIIKOM JIOJITO MCKAJIU YaCTHUILy, OTBEYAOIIYIO 3a IIPHUPOJIY MACCHI, UTOOBI
BOHCATh TEOPHUIO rpaBuTanuu B CTaHJAPTHYIO MOJejib. 3a 3TO BpeMs B
Teopun Cynepo0bequHeHNs ObLIa CO3/[JaHa TEOPUSA KBAHTOBOU I'PaBUTAI[UHN
Ha 6a3e KBaHTOHA U JieopMaIld KBAHTOBAHHOTO MIPOCTPAHCTBA-BPEMEHU.
N 53T0 OBUIO NOATBEPIKJEHO OKCIEPUMEHTAJIBHO MO CO3/IaHUI0 CHUJI
HCKYCCTBEHHOT'O TSTOTEHUS C IIOMOIIbI0 KBAHTOBOTO JIBUTATEJA [5, 6].

KoHeuHO, 1 70 MeHs HEOJHOKPATHO IPEAINPUHUMAIINCH IOIMBITKU
co3/laHUs JBUTaTesedl c TArou 6e3 BbhIOpoca pPeaKTUBHOUW MaccChl, HO
6e3pe3yIbTaTHO, TOCKOJIbKY OTCYTCTBOBAJIa KBAHTOBAs TEOPUS I'PaBUTAIUU
(Tarorenus). B cBo€ BpeMms s1 06paTuil BHUMaHUe HAa pabOThl aHTJIMUaHUHA
H:xona Cepsa ¢ ero MAarHUTHBIMU JHUCKaMU, SKOOBI CO3/IAI0IIUMU
HCKyCCTBEHHOe TAToTeHue. OJTHAaKO KpoMe peKjiaMbl ero paboT B UHTEpHETe
s He HAIlEJ TeOpeTHYeCcKoro OOOCHOBAHUSA €ro armapaTra, HO s BCE Ke
MIOBTOPWJI €r0 KOHCTPYKIIUIO, TIbITAsACh BBIUTH Ha pexkuMbl paborsl. K
COKaJIEHUIO, y MEHSI HUUETO He MOJIyUYnIoCh, annapat CepJiia He 3apaboTa,
a Ha TMpeje/IbHBIX PEeXUMax MarHUTHBblE POJIMKU Pa3pbIBAIUCH II0]]
ZleficTBUEM 1IeHTPoOeKHBIX cuil. K ToMy Ke, 3HasA IPUPOY TATOTEHUs, 5 TaK
¥ HE CMOT I10JIBeCTU Teopuio noj aucku Cepaa.

[To-BuguMOMy, 3TO TOT CJy4dad, KOTI/Ia ’KejlaeMOe BBIJIAI0T 3a
JIENCTBUTEILHOCTD B PEKJIAMHBIX IEJIAX.

B rTeopuum CynepoObelUHEHUS YCTAaHOBJIEHO, YTO CO3JaHUE
VCKYCCTBEHHOU CUJIBI TATOTEHUS CBOJIUTCA K JledbopMaIii KBAHTOBAHHOTO
IIPOCTPAHCTBA-BpEMEHU B JIOKAJIBHOU 00JIaCTH TMPOCTPAHCTBA BHYTPU
pabouero Tesia KBAaHTOBOTO JBUTaTeJisA. B TOM ke peaKTUBHOM JIBUTATeJIE
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CO3/laHHE TATU [JOCTUTAeTCs TakXKe JiepopManierd KBaHTOBAHHOTO
IIPOCTPaHCTBa-BpEMEHU B/I0JIb pabouero Tejia JBUTATEJISA, KOUM BBICTyIIAET
peakTuBHAsA CTPysA, co37aBasg TpaJueHT IUIOTHOCTH BelllecTBa, a
COOTBETCTBEHHO M T'PAJIUEHT KBAHTOBOMN IUIOTHOCTH CPEbl KAHTOBAHHOTO
IIPOCTPAHCTBAa-BPEMEHU B HAIIPaBJIE€HUU TATHU PEAKTUBHOTO JIBUTATEJIS.
PeakTHUBHBIN JABUTATENIb KaK OBl OTTAJIKUBAETCSI OT KBAaHTOBAHHOTO
IIPOCTPAaHCTBAa-BpeEMEHU. BHe KBaHTOBAaHHOTO IIPOCTPaHCTBa-BpeEMEHU
pPEeaKTUBHBIN BUTATeNIb paboraTh He OyzeT. AHAJIOTUYHBIM CHOCOOOM
MOKHO OBICTPO HArpeTh KOHEI] JUTMHHOTO MEeTaJTUYeCKOT0 CTEPIKHSA, TaK,
YTOOBI IIPOTHUBOIIOJIOKHBIN €r0 KOHEI[ OCTaBaJICS XOJIOJIHBIM, U CTEPKEHD
CTaHeT HEMHOTO JIerye B HAIIPaBJIEHUU ITPOJOJIBHON OCH BBU/LY TpaJUEHTA
IUIOTHOCTU M3-32 HEOJJHOPOJHOTO TEILJIOBOTO PACIIUPEHUS CTEPIKHA.

MeHs ’Ke UWHTepecoBaJl CIIOCOO CO3/aHUA TATH C TMOMOIIBIO
3JIEKTPOMArHUTHOTO BUHTA, KaK 3TO C/AeJIaHO B maTeHTe [6], Korma Ha
KBAaHTOBAHHOE IIPOCTPAHCTBO-BPEMs HAKJIAJIBIBAIOTCSA CKPEITUBAIOITUECS
HEOJTHOPO/IHBIE JJIEKTPUYECKHME ¢ MarHUTHBIE BpaIIaIHecs IOJIs.
OpHako B Mpoliecce UCIBITAHUU BhISCHUIIOCH, UYTO CO3/IaHHE CBEPXCUIbHBIX
MarHUTHBIX TOJIE B YCJIOBUAX MOeH 4YacTHOU Jiabopartopum ObLIO
HeOoCTHKUMO. [I03TOMY MHE IPHUIILIOCH IEPENUTH HA UMITYIbCHBIE PEKUMBI
paboTHI KBAHTOBOTO IBUTATEJISI CBSI3aHHBIE C €T0 SHEPTETUUECKON HaKauKOH
U TIOCJEAYIOIIMM BBHIODOCOM WUMIIyJibca TATHU (II0 TUIy KBAaHTOBOTO
reHepatopa). B gurarese [5] ¢ Taroi B 500 H (50 Kr) B uMIyJsibce BpeMs
HAKauYK{d COCTABJISJIO OKOJIO 4,5 CEeKyHAbl. [loaTOMy Ha MPOTSIKEHUU
YETBIPEX TOCEAYIONUX JIeT MOHW YCUJIWs ObLIM HaIpaBJIEHbl KaK Ha
COBEPIIIEHCTBOBaHHE PabOUYMX OPraHOB KBAaHTOBOTO JIBUTATessl, TaK M Ha
CHIKEHHE BpeMEHH HAaKauKM 70 3HAUEeHUs MeHee 1 CEKYH/bl. Y2Ke ceruac
Hallla KoMIaHusA « KBaHTOH» MOJKET IOCTaBUTh pabOTAIOIINN KBAHTOBBIU
JIBUTATeJIb ¢ HenpepblBHOU TATOU B 500 H Ha MKC 171 yep:kaHus e€ Ha
opOuTe JJIMTENbHOE BpPEMS IIPU MUTAaHUM OT COJTHEYHOUW OaTapeu. ITO
CYIIIECTBEHHBIN IIPOPHIB B KOCMOHABTUKE, ITOCKOJIBKY JJIsl IIHUTAHUA
KBAaHTOBOTO JIBUTATeJIs TPeOyeTcs 3JIEKTPUUECKasl SHEPTHs, U KBAHTOBBIU
JIBUTaTeIb HAMHOTO 3KOHOMHYHEE PEAKTHUBHOTO.

Ho 1ysaBHBIM TIIPOPHIBOM B KOCMOHaBTUKe OyJeT CO3/IaHUe
KOCMHUYECKOTO KOpabJisi HOBOTO IMMOKOJIEHHUS ¢ KBAHTOBBIM JIBUTaTeieM. Mou
PaCYETHI IIOKA3BIBAIOT, UTO IIPU INaMeTpe KopabJis 10...15 MeTPOB ¢ GopMOU
TUIIA «TapeJKU», Macca KBAHTOBOTO JIBUTATeJIs COCTABUT MOPAAKA 10 TOHH
[P MaKCUMaJIbHOH TATE B 100 TOHH. JIJIs1 MUTAaHUA KBAHTOBOTO JIBUTATEJIS
noTpedyeTcss UCTOYHUK SHEPTUU B BHUJIE PEAKTOPA XOJIOAHOTO SIE€PHOTO
cunTe3a (XAC) wau TOpUEBBIN PeakTOpP MOIIHOCTBHIO Mopsaka 2...3 MBT.
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Torpa Bpemsa mosieta k Mapcy B pekuMe yCKOPEHHUA g Ha IOJIIYTH C
IIOCJIEAYIOIIUM TOPMOKE€HHEM COCTaBUT BCEro 42 4yaca C IIOJIHOU
KOMIIEHCaI[el HEBECOMOCTH. ECTECTBEHHO, UTO 1 M3HAYAJIBHO BBICTYNAI)
IIPOTUB NPUMEHEHUs KOCMHUUYECKUX Kopabsedl HOBOTO TOKOJIEHUS B
BOEHHBIX I[eJIAX I10 IPOTrpaMMe 3BE3JHBIX BOUH, IOCKOJIbKY YE€JIOBEUECTBY
I'PO3UT OMNACHOCTh U3 KOCMOcCAa OBITh YHUYTOKEHHBIMU KPYIHBIMU
acTepouziaMu.

AcrepounagHan 3amura 3eMJun. fl yBepeH, YTO Halla [UBUIA3AIUA
He eJUHCTBeHHas, ObUIM Ha 3emuie U Jipyrue. YTo mMpou3oUAET, ecjii Ha
3eMJII0 yHaieT KPYIHBIM acTepOU/l U YHUUTOXKUT HAIly ITUBUIN3AIUIO?
BrokuBiime B IyI006ajIbHOM KaTacTpode J0Ad HE B COCTOSHHU OYIyT
TI0/IJIEP>KaTh UMEIOIIUICS YPOBEHh HAYKU M TEXHOJIOTUH U O4eHb OBICTPO
onuyamT. IIpupércsa NpPOXOAUTh 3aHOBO KaMeEHHbINM, OpPOH30BBIM U
JKeJIe3HbI BeKa, IpeXKJe 4YeM 4YeJOBEeUEeCTBO JOCTUTHET COBPEMEHHOTO
YPOBHA pas3BuTuA. VI Ha 9TO, B JIy4yllleM CIy4dae, YUAET 5...10 ThICAY JIeT.
Celfuac HUKTO He 3HAET, CKOJIbKO TaKUX ITUKJIOB ObLJIO B McTopuu 3emiu. Ho
y HaC MOSBUJICA UCKIIOUNTEIbHBIN ITAaHC N30aBUTH HAIILY [TUBUIU3AIUIO OT
OIIACHOCTH OBITh YHUYTOXKEHHBIMH B Pe3yJIbTaTe aCTEPOUIHOM aTakKu U3
KOoCcMoca.

[IpepyiararoTess pasyiduyHble Cnocobbl OOpPHOBI €  acTepPOUITHOU
onacHocTeio. Ho sddekTuBHOCTh UX BBI3bIBAET coMHeHue. Haumbosee
3 PeKTUBHBIM SABJAETCA CIOCO0, KOTJIa T'pyIIia KOCMUYeCKUX KopabJsiei
HOBOT'O TTOKOJIEHUSI IIPUJIETAET HA acTePOU/T 1 3a MecsAIl (1iu 6osiee) paboThl
JIBUTATesIel OTBOJUT acTepous] ¢ OpoOUTHI lepeceyenus ¢ 3emueit. Tak, ad
OTKJIOHEHHUS OPOUTHI acTepouia AOUC JOCTATOUYHO OJHOTO KOCMHYECKOTO
KopabJisi ¢ TATOU ABUTATENEd B 100 TOHH B TeUueHHE 1 Mecsma paboThl
aBuraresen [108].

Kaxk yu€Hblii, 1 MOTYy 00ecledyuTh HayYHOe COMPOBOXK/EHUE JITAHHOTO
IIPOEKTAa, HO PENIUTh OPTraHU3allMOHHO BCe IMPOOJIeMBI IO 3aMyCKy IPOEKTa
He B MOUX cmjax. He cMokeM pemuTh 3Ty IpobJieMy, Hac KJIET cyabba
JINHO3aBPOB, KOTOPbIE BEIMEPJIH, KaK YTBEPK/IAIOT SKCIEPTHI, B pe3yJIbTaTe
CTOJIKHOBeHU ¢ 3eMJIEN KpymHoro acrepouzia. [locmorpure Ha JlyHy, oHa
BCS U3PBITA KpaTepaMu OT yZjapa acTepOUIoB.

10. 2. XosoaHbifi cuHTEe3 U 3PPeKkT YmepeHKo. MOKHO
IIPOTHO3UPOBAaTh PE3KUU PHIBOK B Pa3BUTHUU SJIEPHBIX TEXHOJOTUU
(peakTopbl Ha OBICTPBIX HEWUTPOHAX, TOPHUEBBIE PEAKTOPHI), MOCKOJBKY
BIEPBble CTajla U3BeCTHA MNpPUPOJAa SJAEPHBIX CWJI U MeXaHU3M
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¢dopMupoBaHus Macchl y HYKJOHOB. IIpy 3TOM MOKHO OKHIATh Kak
MOJIEPHU3AIUIO0 HM3BECTHBIX SIJIEPHBIX ITMKJIOB (peakTophl Ha OBICTPHIX
HEUTPOHAX, TOPHUEBbIE PEAKTOPHI), TAK U PA3BUTHE IPUHITUITNATIHPHO HOBBIX
SDHEPreTUUECKUX TEXHOJOTHU Ha 0a3e XOJIOIHOTO CcHHTe3a. MHOI0
CIIEIMAIbHO HE aKIeHTUPYETCS BHUMaHUeE Ha XOJIOTHOM SIJIEPHOM CUHTE3E
(XAC) (peaktop Poccu, xaBuTanus), MockobKy Hapsaay ¢ XAC MOKHO
O’KHJIaTh MPOpbhIBA B 0OOJIaCTH CUHTe3a 4YacTHIl U aHTU4acTul] (3ddekT
YiepeHKo) ¢ IMOCJIEAYIONINM X UCII0JIb30BAaHHNEM B KaueCcTBe TOILIHBA. f He
OyZly aHaJIM3UPOBATh PAB3JIMYHBIE CIOCOOBI XOJIOJHOTO CUHTE3a, OTMEUy
TOJIBKO 3P DEKT YIIEPEHKO, TOCKOJIbKY PEIIeHUI0 3TOU ITPOOIEMBbI 5 yIETIIT
JIOCTATOYHO BpPEMEHM KaK B TeopeTHYecKoM IuiaHe [7, 8], Tak u B
AKCIIEpUMEHTATIBHOM [9].

B sddexTe YiiepeHKO peasin3yercs CHHTE3 YACTHUIL 1 AHTUYACTHUIL
C TMOCJIEAYIOINEeN WX aHHUTWIANUENH. DTO TPUHIUIIHNAIHPHO HOBBIE
SHEepreTUYecKre IUKIIbI, TI03BOJIAIONINE UCII0Ib30BATh TPAKTUYECKU JTt000e
BEIECTBO B KauecTBe ToIiuiuBa. Eie B 1974 rogy Ceprent YiiepeHKO, KCTaTU
MOU TOBapuill, OyAyud acmupaHTOM, OTKPbUI 3P eKT aHoOMaJIbHOTO
BblJIEJICHUsI  DHeprum npu  OoMOap/IMpOBKE  TBEPJIOU  MUIIEHU
MEJIKOVCIIEPCHBIMH YaCTUIAMU-YJAaPHUKAMU MHUKPOHHBIX Pa3MepoOB Ha
cKopocTsx nopsaaka 1 km/c. Ilpu aTom, BeliesieHHas SHEPTHUA B 100...10000
pa3 MPEeBOCXOJIUT KWHETHUYECKYI0 SHEPTrUui0 YaCTUIl-yIapHUKOB. f ju4HO
y4acTBOBaJI B 2000 rojy B ombiTax ¢ Cepreem YimiepeHko, HaOswoaas
3¢ deKTH aHOMAIBHOTO SHEPTOBBIZIEJIEHU, U B JaJbHEUIIIeEM pa3paboTal
stabopaTopHBIN 00paszel peakTopa Ha ero addekre, rae 3adUKCHPOBAJ Ha
nummdax HarpeBaeMbIX MHUIIEHeUd CJeAbl KJIAaCTEPOB  3JIEKTPOH-
MO3UTPOHHOM  IUIa3Mbl, KaK 3TO ObUIO TMpeACcKa3aHO Teopueu
CynepobbenuHenusi [1]. B kauecTBe TOILUIMBA B peakTope YIIepeHKO MHOIO
OBLT UCIIOJIB30BAH KBAPIEBBIN MECOK, 3aMachl KOTOPOT'O OTPOMHBI, U OH He
paAroaKTUBEH. fl mojiararw, 4To 3a OTKPBITBIA (PyHAAMEHTaIbHBIA 3 PEKT
QaHOMAJILHOTO 3SHeproBbiiesieHus Ceprerd YIIepeHKO  3aCJIy>KHUBAET
MIPUCYK/IeHNS eMy HOOesIeBCKOU mpeMuu 1o pusmke.

YiKke ceiiyac MOKHO IIPOTHO3UPOBATh Pa3BUTHE COOBITHH B 00J1acTU
A7IePHOM HEPreTUKU Ha 10...50 U Jake 100 JIET BIEPEN. YUUTHIBAA, UTO B
MUpe paboTaeT 0KOJIO 440 si/IepHBIX PEaKTOPOB HA ypaHe-235, TO IepPeBO/L
A9C nHa pexktopbsl XAC 3animétr Hemano BpemeHU. AnbrepHatuBy XAC He
CMOTYT COCTaBUThb PEAKTOPHI Ha OBICTPBIX HEUTPOHAX, MOCKOJIbKY 3amachl
ypaHa orpaHuueHbl. OJHUM U3 HanboJiee pacCIpOCTPAHEHHBIX 3JIEMEHTOB B
3eMHOU Kope sIBJIsIETCA KPEMHUM B COCTaBe KpeMHe3€EMa (I1ecka), YaCTHIII
KOTOPOTO IOCJIE OBOJIBHO IIPOCTOU IMO/ITOTOBKYU MOTYT OBITh CII0JIb30BAHbI
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B peakTopax YmepeHko. Ilo cyTm jesna, 4ejiOBEUECTBO paCIOJIaraer
IMPAKTHYECK! HEOTPAHWYEHHBIM 3allacOM TOPIOYero, M, OMHUpasch Ha
teoputo CynepobbequHenus u 3ddekT YiepeHko, co3aHa HayuHas 6a3a
JJ1sl U3BJI€UEHUSA STON KOJIOCCATbHON SHEPTHUH.

[Toy10’KUTETPHON O0COOEHHOCTHIO peakTopa YIIIEPEHKO SBJISETCA TO,
YTO OH HMeeT YCKOPHUTEJb JJis pa3roHa 4YacTUIl-yJapHUKOB [8, 9].
Yckoputenb 1O3BOJIAET PETryJIMPOBAaTh CKOPOCTh pAa3rOHA YacCTHUII-
VAAPHUKOB U WX KOHIIEHTPALMI0 B IOTOKE, IUIABHO PETryJUpPys Harpes
MUIIIEHU U MOIIIHOCTh pekTopa. Hasmnuue yckopuTesis 4acTUIl-yAapHUKOB B
peakTope VYIIEpEeHKO MO03BOJIAET WCIO0Jb30BaTh €ro B JOKUTAHUU
oTpaboTaHHOTrO paJinoakTUBHOTO TOoILTHBA Ha AJC. /lesio B TOM, 4TO 3a 50
jieT skciuryatTanuu A9C CKONUI0Ch 0OJIBIIIOE KOJIMYECTBO PATMOAKTUBHBIX
otxon0B. Tak, Hanpumep, AnepHbIN peakTop PEMK-1000 YepHOOBLIBLCKOM
ADC npu MoJTHOU 3arpy3Ke sIJIEPHOTO TOIIMBA 180 TOHH ITOCJIE OTPAOOTKU
TOIUINBHOTO IIWMKJIA CXKUraeT BCero 5 KI TOIUIUBA, OCTaJbHOE
PaArOaKTUBHBIE OTXO/bl. DPPEKTUBHOCTh CKUTAHUA AJEPHOT0 TOIJINBA
KpailHe HU3KA, U OT TaKUX PEAKTOPOB HYKHO IOCTEIIEHHO M30aBJIATHCHA,
BBIBO/IS X U3 DKCIUTyaTalluu U 3aMeHss1 Ha O6oJsiee 3¢ deKTUBHbIE allliapaThl.
YBenmnuuth 5Q@EKTUBHOCTh CXKUTAHUA AAEPHOTO TOIUIUBA MOKHO,
HCIOJIb3YS PEAKTOP YIIEPEHKO II0 CXeMe C YCKOPUTEJIEM.

[Ipy WUCHOJB30BAaHUU peakTopa YIIEPEHKO Ha JOXXKUTAHUU
0TpaboTaHHOTO S/IEPHOTO TOILTUBA UX 0TX0/10B TBAJI0B fetaloTes MUIIEHN
C TEIUIOOTBO/IOM, a yacTh TBAJIoB nmepepabarbiBaeTcs B MEJTKOAVCIIEPCHBIN
MIOPOIIIOK JIIA YaCTUIl-yAapHUKOB. [Ipu 60MOapAMpOBKe TaKUX MUIIIEHEN
YyacTUIlAMU-yIapHUKaMU OyieT HabJII0/aThCsA He TOJIbKO SHEPTOBbI/IEJIEHTE
B pesysibTaTte 3(dekra YIIepeHKO, HO U BBbIJieJIEHNE TeIlyla B Pe3yJIbTaTe
CKUTAaHUA SAJIEPHOTO TOIUINBA MPU JIeJIEHUU TAXKEIIBIX A7ep OT BO3/IEUCTBUSA
IIOTOKA HEUTPOHOB HA PaJIMOAKTUBHYK MuIleHb. KaraimsaTopom
HEUTPOHOB CJIYKUT caM 5(Q@eKT YIiepeHKO B MOMEHT yjAapa 4YacTHIl-
YAApHUKOB B MuUllleHb. lIpuuéM mporecc 5HEPTOBBIZIEIEHUA MOKHO
OCTAaHOBUTHh IIPAKTUYECKHM MTHOBEHHO, BBIKJIIOUHUB YCKOPHUTEJb YaCTHII-
yAapHUKOB. Hasuuue yckopuTtess JejiaeT HPAKTUUECKH Oe30MacHbIMU
peakTopbl Takoro Tuma. IIpu OTCyTcTBUM PpaZiInOaKTUBHOTO TOIJINBA
peakTop YIIEpeHKO JIETKO IepeBecTd Ha paboTy ¢ HepaguOaKTUBHBIM
TOILTUBOM (C TBEPJION CTAJIbHOU MUIIIEHBIO U YaCTUIAMU-YAAPHUKAMU U3
KpeMHe3€éMa). B aToMm ciiydae 5TO OyAeT camMblil DKOJIOTUYECKH YHCTHIN
PEAKTOP TEIJIOBOU SHEPTHUH.
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Takum ob6pazom, Ha 6aze dyHAamMeHTANIbHOrO 3P deKrTa YIIepeHKo

MOKHO CO3/1aBaTh PEAKTOPHI Pa3JINYHOTO TUIIA:
1. PeaxTOpsl ¢ yCKOpUTEJIEM JId JOKUTAHUA PAJIMOAKTUBHBIX OTXO OB

ASC.
2. PeakToppl ¢ yCKOpUTEJeM, TBEDPJAOU CTAJIbHOU MHUIIEHBIO U
YacTUIIAMU-yIapHUKAMU U3 KpeMHe3€éMa (MJIu APYroro KOMIIOHEHTA).

OTpaslHO, UYTO PEaKTOPbl C YCKOPHUTEJEM, TBEPAOU CTAJIbHOU
MUIIIEHBI0 W 4YacTUIlAMU-YJAapPHUKAMH U3 KpeMHe3éMa (WId Jpyroro
KOMIIOHEHTA) B KaUeCTBe TOIINBA, MOTYT OBITh aJJalITUPOBaHbI Kak Ha AJC,
TaK W JJIA 3aMEHbl CTapbIX MAPOBBIX KOTJIOB C TOIMKAMHU Ha TEIJIOBBIX
BJIEKTPOCTAHIUAX. YUUTHIBAsA, UTO TYypOUHBI U 3JIEKTPOTEHEPATOPHI
paccuuTaHbl HA JIIUTEJbHBIN CPOK SKCILTyaTalldH, IIEPeXo/l Ha peaKTOPhI ¢
YCKOPHUTEJIEM ITO3BOJIUT UCIIOJIB30BaTh JIOPOTOCTOSIIEE 000PY/TIOBAHUE EIIE
JIECATKA JIET, He BKJIQJBIBASCh B KANUTAJIIbHOE CTPOUTEJILCTBO HOBBIX
3JIEKTPOCTAHIIUN, U TEM CaMbIM, CYIIECTBEHHO CHUBUTH CEOECTOUMOCTH
BJIEKTPOYHEPTUM, OTKA3aBIIMCH OT YIJIEBOJIOPOJIHOTO TOIUIMBA HA BCEX
TEIJIOBBIX 3JIEKTPOCTAHIUAX.

MoOXHO TpPOTHO3UPOBATh, UTO HapsALy C MOJepHU3anuen
IIEHTPAJIN30BAaHHOTO JHEProcHabkeHUs Ha 0asze MOIIHBIX 710 1000 MBT
peakTopoB XAC ¢ yckOpUTeIsMHU, OU€Hb AKTYaJbHBIM CTaHET Pa3BUTHE
aBTOHOMHOTO 3Heproobecneyenus arperatamu XAC MOITHOCTHIO 10...1000
kBT. ABTOHOMHOe »dHeproobecneueHue uMeeT NOpeuMylecTBa JJisd
OT/IEJIbHOTO JloMa (KOTTe/Ka), TPYIIIbI JIOMOB U HEOOIBIINX TPEAIPUATUHN.
JToT 6usHec MOKET COCTaBUTb CEPHE3HYIO KOHKYPEHIIUIO
I[eHTPAJIN30BAHHOMY SHEProcHabKeHUI0 10 Mepe CBOEro pa3BUTHUS,
IIOCKOJIbKY He TpeOyeT pa3BeTBJIEHHbBIX 3JIEKTPUYECKUX CeTel U TeIIoTpace.
J1711 aBTOHOMHOTO 3HeproobeciieueHus UAeaJlbHO MOAXOAAT KOMIIAKTHbIE
peakTopbl Poccu HEOOIBIIION MOIITHOCTH, HO MOKHO MCIIOJIb30BaTh U OoJiee
CJI0’KHBIe HeOOJIbIIINE PEAaKTOPHhI ¢ ycKopuTesieM Ha 3dderte YiiepeHKo.
Cioma ke MOXHO [J00aBUTH PpeEakTOpbl TeIUla, HCHOJIb3YIOIINe
KaBUTAIIMOHHBIN 3¢ddEKT, HO 3TOT TUI PEaKTOPOB TpedyeT IpPOBeJeHUs
CEPbE3HBIX HCCJIEOBAHUN MO MOWCKY M crabunusdanuu camoro sddexra
M30BITOUHOTO HHEPIOBBIJIEJIEHUs, B OTJIUYME OT peakTopoB Poccuu u
YuiepeHko, rje Takou 3Q@eKT uMeeT MeCcTo. YKa3aHHbIe TPU TUIIA HOBBIX
PEaKTOPOB 110 TPOU3BOCTBY TeIlIa SABJIAIOTCA He €/INHCTBEHHBIMU B CBOEM
poie, 1 MOKHO IIPOTHO3UPOBATH MOSIBJIEHUE APYTUX TUIIOB peakTopoB XAC.
BaxxHo, uto Teopus Cynepobbe[uHeHUs JIAET TEOPETUIECKOEe 000CHOBaHME
HOBBIM SHEPreTUYeCKUM [IMKJIaM IIPOU3BO/ICTBA TEIJIOBOU SHEPTHU.
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HeobxoauMo oOpaTuTh BHHUMAaHHE, YTO CaMO IIOHATHE TEIJIOBOU
SDHEPTUHU TaKKe TPeOyeT CEPhE3HOTO yTOUHEHUs. M IHTEHCUBHOCTh HarpeBa
OIIpe/IEJIIETCS BEJIMUYMHON TeMIlepaTypbl. MOJIEKYJIAPHO-KMHETUYECKAS
TEOpHUsl OIpeJleInaa, YTO HWHTEHCUBHOCTh HArpeBa OIpeesseTcs
MHTEHCUBHOCTBIO KOJIeOAaHMM aTOMOB U MOJIEKYJI BellleCTBa, HO He 0oJiee
TOT0. A YTO ABJIAETCA MPUYUHOUN 3TUX KojeOaHWU, HayKe Heu3BecTHO. U
TOJIBKO B Teopuu CyliepoObeInHEHUA ITOKa3aHO, YTO MPUIUHOU KoJieOaHUH
aTOMOB U MOJIEKYJI BEIECTBA IIPU UX HATPEBE CIIYKUT sIBJIEHUE U3JIyUEeHUs
U IIepen3JIyuyeHUs TEeIIOBbIX (POTOHOB. M3Iyuass u mepenusydasi TEIJIOBOU
¢oToH, aToM (MOJIeKys1a) UCIIBITHIBAET UMITYJIBC CUJIBI OTJAa4H (Kak ITyIIKa
IIPU BBICTpEsE), KOTOPHIM U SBJSETCA NPUYUHOM HUX XAOTUUECKUX
KosiebaHUU TMpu HarpeBe. BIiepBble YCTAHOBJIEHO, YTO CIIEKTpaJIbHAS
KOHIIEHTpAIlUs TEIJIOBBIX HHU3KOYHEPIeTUYECKHUX (HOTOHOB B €AUHUIIE
00bEMA oIpeiesisieT TeMIepaTypy TeJia.

[Tapagokc KBaHTOBOU TEOPHUM 3aKJIIOUAETCS B TOM, UTO YeM BBIIIE
sHeprus (GOTOHA, TEM MEHbIIE CUJIbI OTJAAauu aToMa (MOJIEKYJbl), U 3TOT
[MapaJioKC BIEPBble TakKe O0OBbsicHAeT Teopusa CynepoObeauHEHUS.
BricokosHepretuueckue ¢GOTOHBI (raMMa-KBaHThI) HarpeBa He MPOU3BOJIAT.
Takum 00pa3oM, KBAaHTOBAsA TEOPHUs IJIACUT, YTO IIPOU3BOCTBO TEIJIOBOM
SHEPTrUU CBSI3aHO TOJBKO C IIPOU3BOJACTBOM HUBKOIHEPTETUUECKUX
TeIJIOBbIX (OTOHOB [34]. [ToaTOMYy, KOT/1a peub HUJIET O TEILJIOBOM PEAKTOPE,
Ha/I0 UMEeTh B BU/Y, YTO PEYb UJET O PEAKTOPE, ITPOU3BOJIAIIEM TEILJIOBBIE
doroHbl B pesyinbraTe JgedexkTa Macchl. KBAaHTOBBIM MeXaHU3M
npeoOpazoBanusa Jedekra maccbl B (DOTOHHOE U3JIydyeHUE BIEpBbIE
paccmotpeH B Teopuu CyriepoobeinHenus [1]. IloaTomy siiepHbIe peakTOPhI
II0 MTPOU3BOJICTBY TEIJIOBOM SHEPTHMU — 3TO KBAHTOBBIE PEAKTOPHI IO
IIPOM3BOJICTBY TEMJIOBBIX (OTOHOB M3 KBAHTOBAHHOI'O MPOCTPAHCTBA-
BpPEMEHU B pe3yJibTaTe JiepeKTa Macchl aTOMHBIX sA/1ep. Y, Kak OTAeJTbHBIN
cIydyal, paccMaTrpuBaeTcsi MPOU3BOJICTBO TeIIa B pe3yJsbTaTe jedekra
Macchl YaCTHUI[ M AHTUYACTUIL IIPU UX aHHUTWIAINU B 3P dekTe YilepeHko,
KOT/Ia YaCTUIbI W aHTHYACTUIIBl HAXOJSATCS HE B BaKyyMe, a B rase B
COCTOSTHUU KOPOTKOKHUBYIIUX KJIACTEPOB 3JIEKTPOH-TIO3UTPOHHOU MJIa3MBlI.
B sTOM cilydyae aHHUTWIALMS HIET CTyIEeHYATO ¢ JPobJeHUEM SHEPTUU
H3JIy4eHUs, KOT/la BMECTO raMMa-KBaHTOB UMeeT MecTO 3 PEKT U3TYUEHU
TeTIOBbIX (POTOHOB. ECTh Bce OCHOBaHHUSA MoJaraTh, UTO B €CTECTBEHHOM
COCTOSTHUU THUTAHTCKHU KJIAacTep 3JIeKTPOH-MO3UTPOHHOU IIa3Mbl B rase
IIpeJICTaBIIAET cOOOU IIapOBYI0 MOJHUIO [3].



BuiBOABI:

1. B Hacrosmee BpeMa B (PU3UKE CJIOKHUIOCh CONEPHUYECTBO [ABYX
IMPUHOUNNAJIPHO Pa3HBIX HAYYHBIX HAIPABJIEHUM, HE CBA3AHHBIX MEXK/Y
coboii. Peun uzieT 006 061111 Teopuu oTHOCcuTeAbHOCTU (OTO) DiiHIITeiHA 1
CrangmaptHou Mozenu. IIprudyéMm Ha ciio:KHUBIIeecs HAy4yHOE JIBOEBJIACTUE
HUKTO He obpaiiaeT BHUMaHUsA, nockoybKy 1 OTO, u CtanaapTHas Mo/iesb
JIAI0T paboTy OOJIBIIIOMY KOJUYECTBY YUEHBIX, CKOHIIEHTPHPOBAHHBIX IO
Pa3JINYHBIM HAay4YHBIM KJaHam. [lo-BuauMoMy, 3Ta CUTyauus yCTPAWBAET
BCceX, KpoMe caMoui Hayku. Ho B Hayke He MOXKeT OBITh JBOEBJIACTUS,
IIOCKOJIbKY HayKa eJIUHA, U €CJIN ObITh 00 beKTUBHBIMU, TO OJHO U3 HAYUYHBIX
HAIlpaBJIEHUU HAJI0 MPU3HATh OIMIMOOUYHBIM U OTBEPrHYTH ero. Ho kakoe
HarpaByieHne HeoOxoaumo oTBepruyTh: OTO unu CTtaHgapTHYI0 MOJENb?
EcrectBeHHO, 4TO HaZ|0 OTBeprHYTh CTaHAAPTHYIO MO/IEJIb, IOCKOJIBKY OHA
He BITHChIBAaeTCs B 0011yt0 Teopuio oTHocuTeabHOCTU (OTO) duiHinTelina. K
TOMy ke B3ameH CraHZapTHOM  MOJEJIM  CO3/JaHa  Teopus#d
CynepobbeauHenus, oObeIUHSAIOINIAsA C €IUHBIX MO3UIMU TPaBUTAIUIO,
BJIEKTPOMATrHETU3M, si/lepHble U 3JIeKTpocjabble CUIbl, 00beAUHSAIONIYIO
OTO u KBaHTOBYIO TEOPHIO.

2. A orpmaio cebe oTué€tr B TOM, uTO OTBeprasg CTaH/IAPTHYIO MOJIENb, S
HaKUBalo cebe Kak YUE€HbIU O0JIbIIIOe KOJIMUECTBO BparoB B HAYUHOH cpejie,
IIOCKOJIbKY MHOTHMM TPYZHO IPU3HATh, YTO uX pabora 1uia He B TOM
HAIlpaBJIEHUU, 5TO KacaeTcs U paboT, YZIOCTOEHHBIX HOOEJIeBCKOU TpeMUuu
no ¢usuke. Ho HayuHasa uncTuHa BakHee. fl ¢ yBakKeHHMeM OTHOIILYCh K
pabore npodeccopa Xurrca, IOCKOJIbKY OH IIEPBBIM MOIHSJI BOIIPOC O TOM,
YTO Macca YacTUIBl JOJ/DKHA WMETh OIPEAeJIEHHBI MEXaHU3M
(popmupoBaHus. Xwurre MIpeACTAaBUII OIIMOOYHBIN MEXaHU3M
(gopMupoBaHUA MacChl, HO 3TO He YMaJAET €ro 3acjayT mepes HAYKOW,
IIOCKOJIbKY OH HHUYero He dajibcu@UIMPOBAJ, a UCKPEeHHe OBl YBEPEH B
IpaBoTe cBOell Teopuu. Boobie padbora pusnka-TeopeTruka He 4acTo UMeeT
3aCay:KeHHOe IIpu3HaHue mnpu ero xku3Hu. Jlaxe Maxkcsei,
OCHOBOIIOJIOKHUK 3JIEKTPOJINHAMUKY, ObLI He TMOHAT COBPEMEHHUKAaMU.
Criopsl BOKPYT T€OPUU OTHOCUTEJIBHOCTH DUHIITEWMHA HPOAOJKAITCA 10
cux nop. U g nonarato, uro ¢ cozganuem teopuu CyrepoObeuHEHUs, 3TU
CIIOPBI JIOJI’KHBI IIPEKPATUTHCA, MOCKOJIbKY HPUHIIUII OTHOCUTEJIBHOCTHU
ABJAeTcA (PyHIAMEHTAJIBHBIM CBOKMCTBOM KBAaHTOBAHHOTO IIPOCTPAHCTBA-
BpPEMEHU.

3. OtBeprasa CraHapTHYIO MOJiejib, 1 OT/AI0 JIOJKHOE €€ KBapKOBOU
OCHOBeE JIJ11 3JIeMeHTAaPHBIX YaCTUIl, KOTOPAas HallljIa JaJbHeulllee pa3BUTHE
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B Teopuu CynepobbeuHenus. B aTtom niane CraniapTHas MOJIENb ChIrpasia
CBOIO 3BOJIDIIMOHHYIO POJIb B Pa3BUTHU TEOPUM YaCTHUIl, HO He OoJee.
JlenCcTBUTENIPHO, KBApKU SABJIAIOTCA 3JIEMEHTAPHBIMU KUPIUYUKAMU
nepBopogHONl Marepuu. [yiaBHOUM omubkor CraHAapTHOW MOJIeTU
sABJIAETCA HeOOOCHOBAHHOE BBe/IeHNE JIPOOHBIX SJIEKTPUYECKUX KBapKOB. K
TOMY K€ aKIIeHT IIpUMeHeHUA KBapKOB B CTaHZaPTHOU MOJeJIN OTPAaHUYEH
HYKJIOHaMH, U TO oiin60ouHo. B Teopuu CynepobbeiuHeHUs OCHOBHOM YIIOP
KBAPKOBBIX MOJIeJIEU C/leJIaH B HAIIPABJIE€HUU CTPYKTYPBI YETHIPEXMEPHOTO
KBAaHTOBAHHOT'O IPOCTPAHCTBA-BPEMEHU IIYTEM BBEJEHUA YETHIPEXMEPHOU
YaCTHUIIbI — KBAHTA IIPOCTPAHCTBA-BpeMeHU (KBAaHTOHA), B COCTaB KOTOPOTO
BXOJIUT UEThIPe IIeJIbIX, a He JIPOOHBIX KBapKa, JBa BJIEKTPUUECKUX U JIBA
MAarHUTHBIX.

4. Bcero uerhipe 1eJIBIX KBapkKa MOHAA0OWIOCH B  TeOpUHU
CynepobbeuHeHUsI, YTOObI COCTaBUTh peajibHOe IIPeJCTaBJIEHUE O
MaTepUAJILHOM MHUpe. DTO /ABa BJIEKTPUUECKUX KBapka (—1e, +1e) U JiBa
MarHUTHBIX KBapka (—1g, +1g), BXOJAMIUX B COCTaB KBAHTOHA,
00beIUHAIONINX SJIEKTPUYECTBO U MarHeTU3M B BUJZle €IUHOUN CyOCTaHIIUU
3JIEKTPOMAarHeTu3Ma, HOCHUTEJIEM KOTOPOU HABJAETCA YeTbIPEXMEPHOE
KBAHTOBAHHOI'O IIPOCTPAHCTBO-BpeMsA. Hwukorza emje MarHeTu3sMm He
CBA3BIBAJIM C peaJMsMU MAarHUTHBIX KBapKOB. OIHOBPEMEHHO KBAaHTOH
SABJIAETCA HOCHUTEJIEM BpPEMEHU U IPOCTPAHCTBA, IIpe/CTaBasAA CcOOOU
€IUHCTBEHHYI0 UYeTBIPEXMEPHYI0 4YacTully. KBaHTOBaHHOe IIPOCTPaHCTBO-
BpeMsA B PAaBHOBECHOM COCTOSHHWU €CThb 3JIEKTPOMArHUTHOE CTaTUUYECKOe
IoJjie, ABJIAKOIIEECS HOCUTEJIEM CBEPXCHUJIBHOTO 3JIEKTPOMArHUTHOTO
B3aumoyieicteusa (COB) — maroit dynmamentanpHou cuibl. CAB — 31O TO
Enunoe mnosie, 00beIUHAIOIEE TPABUTAIMI0O U 3JEKTPOMArHeTU3M, Ha
KOTOpPO€e yKa3bIBaJI DUHIITENH B 0011el Teopuu oTHocuteabHOocTU (OTO).
OTKpbITHE KBAaHTOHA B BHJIE UYeTBIPEXMEPHOW YACTUIBI KBAaHTa
IIPOCTPaHCTBa-BpeMeHH M03BomI0 npuzaTth OTO KBaHTOBBIN XapakTep, U
BIEPBbIE€ MPE/ICTABUTh KBAHTOBYI0 TEOPHUI0 T'PABUTAIMU, ONUPAACh Ha
KOHIIEIUI0 DUHINITENHA UCKPUBJIEHHOTO YETHIPEXMEPHOTO IMTPOCTPAHCTBA-
BpPEMEHU, KaK OCHOBY IpaBUTanuu. bo3on Xurrca 1o CcBOMM CBOMCTBAM He
IIOJIXOAUT HA 3TY POJIb, IOCKOJIbKY HE ABJIAETCA YeThIPEXMEPHOU YaCTULIEH.

5. KBaHTOBaHHOe MPOCTPAHCTBO-BpeMs  3TO  moJieBad  ¢dopMma
IIEPBOPOTHOU  MaTepuH, TJie el€é HeT TIpaBUTaUUd, a €CTb
aJieKTpoMarHetudm B Bujae nAarou cuabl CIB. Ilostomy, korma B
CranzmapTHOM MOJENN KBAapKaM IIPUZIAIOT Maccy, IIPUYEM Pa3Hyl0, 3TO
BBIIVIAAUT HOHCeHcOM. Ilo omnpeneneHnio, KBapKH, KakK YaCTUIBI
IIEPBOPOJTHOU MaTepUH, T/le €ll€ HeT IPAaBUTAIUU, A COOTBETCTBEHHO U

58



Macchl, He MOTYT UMeTh Maccy B IpuHIiuiie. [Ipuganve kBapkaM Macchl
ObUTO0 TUIyOouammier omubOkou CraHAapTHOU MOJENHN, TaKkKe Kak
pas/esleHuN KBapKOB HAa KBAapKu W aHTUKBapku. I[losromy CranpaprHas
MO/IeJIb CTOJIKHYJIACh C HEMTPEOI0JIMMBIMHU MpobJjieMaMU IIPU OIIpejieJIEHUU
MexaHu3Ma (POPMUPOBAHUS MACCHI y BJIEMEHTAPHbBIX YACTHUII.

6. Wrak, B Teopuu CyrnepoObeArHEeHUs BIEPBble MPUBEIEH MEXaHU3M
dopMupoBaHus Macchl y B3JIEMEHTApHOW YacTUIBl B pe3yJbTaTe
chepuueckorn gedopmalniiu KBAaHTOBAaHHOTO MNpOCTPaHCTBA. I'paBuTanus
HauuHaeTcsA ¢ (POpMHUPOBAHUSA MacChl. IDTO IOJHOCTHIO COTIJIACYeTCS C
KOHIeNIINeN TpaBUTALUM OUHIITEMHA WCKPUBJIEHHOTO HIPOCTPAHCTBA-
BpeMeHU. [10CKOJIbKY KBAaHTOBAaHHOE IPOCTPAHCTBO-BpPEMs IIPeCTaBIIsET
coboi snekTpomaruuTHoe nosie COB, To sHeprus ynpyroil chepudeckoun
nedopmanuu nosig CIB npezicraBiageT Maccy Kak 9HepreTU4eCKUU CTyCTOK.
[IpaBusIbHO OBLJIO OBI OIIEHUBATH MacCy B eIUHUIIAX 9HepPruu (B 5B, /I3k), Kak
3TO Jenaerci B (GU3UKe 3JIeMeHTapHbIX uYactul. Ho wucropudecku
CJIOKUJIOCH TaK, YTO M3HAYAJIbHASA Macca OIleHMBaJIach BEJIUYMHON Beca B
1I0JIe 3eMHOTO TATOTEHU:, a MOTOM KaK Mepa WHEPTHOCTH Macca ObLia
npezcrasieHa B cucteme CU B kr. Koadpdumnuent C? B popmysie mC? umeer
pasmepHocTh J>k/Kr = M2/c2, omnpefiesifii 3KBUBAJIEHTHOCTh U3MeEpPEHUS
Macchl B Pa3JIUYHbBIX equHUIAX. OmubKou 66110 paccMaTPUBATh Maccy Kak
W30JIMPOBAaHHBIN O0OBEKT, KOTJla Ha CcaMOM JieJla Macca oKas3ajiach
HEPA3pbhIBHOM 4YacThio cdhepuueckd 1e(pOpMHUPOBAHHOTO KBAHTOBAHHOTO
IpocTpaHcTBa-BpeMeHu. [losToMy [IBU:KE€HHWE MacChl €CTh BOJIHOBOU
nepeHoc e€ cdepudeckou aedopManuyd B KBAHTOBAHHOM HPOCTPAHCTBe-
BpeMeHU. ITO BIEPBbIe O0bSCHAET NPUPOAY DYHIaMEHTAIBHOTO IPUHITUATIA
KOPIIyCKYJIAPHO-BOJIHOBOTO  Jlyaqiu3dMa, Korja  uvacruna  (macca)
Ipe/cTaBiasgeT Cco0OM OJHOBPEMEHHO KOPIYCKYJly U BOJIHY. BHe
KBAHTOBAaHHOTO IIPOCTPAHCTBa-BpeMeHU Macca He uMeeT (U3UYECKOTO
cMbIciia. MOXKHO KOHCTaTUPOBATh, UTO B MPUBHIYHOM ITOHMMAaHUU MacChl
KaK CaMOCTOATEJIbHOTO W30JIMPOBAaHHOTO OObEeKTa, B IPUPOJe He
CYII[ECTBYET.

7. Teopusi CynepoObeiVHEHUs HU3MeEHsET CJIOXKUBIINECA B (PUBUKE
CTEPEOTHUIIBI, IIPeCTaBIAs cOO0U HOBYIO GUBUKY KaK (PUBUKY «HA0O0POT».
Jlo atoro, oOpa3HO roBOpsi, ¢U3HUKA CTOsJA HA TOJIOBE HOTAMU BBEpPX.
Tonpko B Teopun CynepobbequHEeHUs BIIEPBblE IOKA3aHO, YTO
KBAHTOBAaHHOE IIPOCTPAHCTBO-BPEMs SABJIIETCA BBICOKOIOTEHIIUATIBHOU
cpefior, XapaKTepusylollelcss rpaBUTAIMOHHBIM IoTeHIMasiom C2, a He
HyJeBbIM (P=0. [loaTOMy NIpu pOXKAEHUU Macchl BeJIUYHWHA €€ DHEpPTruu
omnpenessieTcs popmysorr mCz, mpesicTaBsis cOO0M HHTErpaJ 1Mo IepPeHOCY
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Macchl U3 6€CKOHEUHOCTHU € (p=0 B 06J1aCTh KBAHTOBAHHOTO IIPOCTPAHCTBA-
BpeMeHH ¢ mnoreHrmuasioMm (C2.  DHEProéMKOCTh KBAHTOBAaHHOTO
IIPOCTPAHCTBA-BpEeMEHU KOJIOCCATbHAS U COCTaBJseT nmopsAaka 1073 Ix/m3.
Ecnu akTuBUpOBaTh BCero OuH KyOOMETP KBAHTOBAHHOTO IPOCTPAHCTBA-
BpEMEHU, TO BblJleJleHHAsA SHeprus OyZeT SKBUBAJIEHTHA BeIeCTBEHHOU
yacTtu BcenenHoO.

8. PoskzieHue BeleCcTBEHHOW MaTepuu, TO €CTh MaTepuH, UMeIen
Maccy, CBA3aHO C 3JIEKTPUYECKOM acuMMeTpuen Hailed BceneHHOHU, Koza
IIOMUMO KBAHTOHOB, MPEJ/ICTaBJIEHHBIX KBAHTOBAHHBIM IIPOCTPAHCTBOM-
BpeEMeHEeM, UMeeTcs HEKOTOPhIM HU30BITOK 3JIeKTPUYEeCKUX KBapKOB (—1e,
+1e), He BXOJIAIIUX B CTPYKTYPY KBAHTOHA. Y 3JIEKTPOHA POKJEHHE MaCChI
OCYILIECTBJIAETCS B pe3ysbTare cheprudeckou gedopManuil KAaHTOBAHHOTO
IIPOCTPAHCTBA-BPEMEHU IEHTPAJIbHBIM I[€JIBIM 5JIEKTPUYECKUM KBapKOM-
3apsAZIOM OTPUIATEJIBHOU MOJIAPHOCTHU, Y IMO3UTPOHA — IOJIOKUTETbHOU
MIOJIAPHOCTH. Y HYKJIOHOB (D)OPMHPOBAHUE MACCHI IIPOUCXO/IUT B Pe3yJIbTaTe
chepuueckorn nedopManuyd KBAHTOBAaHHOTO IIPOCTPAHCTBa-BpeEMEHU
3HAKOIEpEMEHHON 000JI0YKOM HYKJIOHA, BKJIIOUAIOIIEN 3JIeKTPUYECKUE
KBapku (—1e, +1e). Y IIpOTOHA HUMEETCS OJUH HEypaBHOBEIIEHHBIN
AJIEKTPUUECKUU KBAapK B COCTaBe ero 3HAKOIlepeMeHHOU 000JI0YKH,
KOTOPBIM  ompejesisieT  3apsJi NPOTOHA B ejaoM. Hanuuwue
3HAKOIIEPEMEHHONM O0O0JIOUKM y HYKJOHA II03BOJIsIeT 000JIOuKaMm
IPUTATUBATBCA JPYr K JIPYTy, HE3aBUCUMO OT HaJWU4YUs B HUX
HeypPaBHOBEIIIEHHOTO 3aps/ia. 3HaKOoIepeMeHHOe I10Jie 000JI0UKU HYKJIOHA
— 9TO MOJIe KOPOTKOIENCTBYIOIINE, COOTBETCTBYIOIIEE TIOJII0 ANEPHBIX CHUJL.

9. B KOHeYyHOM HUTOTe, KaK Moka3aHo B Teopuu CynepoObeiNHEHNS, BCE
U3BECTHBIE BUbl DHEPTrUU (XUMHUUecKas, s/epHas, 3JIEKTPOMarHuUTHas,
rpaBUTAIlMOHHAsA, MeXaHUJecKass U JIPyrue) CBOAATCA K WU3BJIEYEHUIO U
npeoOpa3oBaHUI0 eAUHON TIyiobanbHON 3Hepruu CIOB, OTKphIBas HOBOe
HallpaBjieHWe B 5HepreTuke — KBaHTOByI0 »sHepreTuky. KBaHTOBas
DHEpreTUKa JeJINTCA Ha JBa KPYNHBIX HAIpaBJeHUs, CBA3aHHBIX C
IIPOM3BOJCTBOM TEIJIOBOM 3JHEPrUM B pe3yjbTaTe jedeKTa MacChl U
CO3JJaHUEM CHJI UCKYCCTBEHHOT'O TATOTEHUS B pe3yJbTaTe UCKYCCTBEHHOU
nebopmaruu (MCKpUBJIEHUsS) KBAHTOBAHHOTO NPOCTPAHCTBA-BpPEMEHHU,
oIpeziesisi HA3BaHMeE AllNapaToB /IJId PeaJIn3alUU 9TUX ABYX HaIPABJIEHUU
KaK KBAHTOBbIE PEAaKTOPhI U KBAHTOBbIE JIBUTATeJU. VICIIBITAHUSA IIEPBOTO
KBAHTOBOTO JiBUTATeJIsA ¢ TATOM B 500 H (50 kr) 6e3 BhIOpOCa peaKTUBHOMU
Macchbl ObLIU TIPOBEIEHBI MHOIO B 2009 TO/1y.

10. Cosmanue Teopun CynepoObeTUHEHUS U HOBBIE SKCIIEpUMEHTaIbHbIE
(axTel, mpe/icka3aHHbIE TeOpHUeU, BBIBOAAT POCCUUCKYIO HAYKy B MUPOBbBIE
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JIUJiepbl B 00s1acTé PyHJAaMEHTAJTbHBIX HCCIEIOBAHUU. 14 AeKabpsa 2012
MUHHUCTP oOpasoBaHus u Hayku Poccum JImutpuii JIMBaHOB COOOIIMI O
IoJlaue 3asBKU Ha BCTyluleHWe Poccum B EBpolelickuil LEHTP AepHbBIX
uccaenopanuii (IIEPH) B kauecTBe accOIMUPOBAHHOIO uieHa. MHe
IIPE/CTABJIAETCHA, YTO MUHUCTP HECKOJIBKO IPUHU3UJI YPOBEHDb POCCUNCKOU
(dyHIamMeHTaJIbLHOU  HAyKM B CBA3W C  CO3/IaHUEM  TEOpUU
Cynepobbenunenus. [1o cytu nena IIEPH u nporpamma BAKa no moucky
6030Ha Xurrca ctasm HaydHbIM O6aHkpoTtoM. UtoObl criactu IIEPH u BAK
TpeOyeTcs Iepe3arpy3ka IporpaMMbl HccjieIoOBaHUM, U 6e3 yuactus Poccuu
Kak noJiHonpaBHoro wieHa, IIEPHYy c 5Toil mpo61eMoii He CIIpaBUTHCA.

JIureparypa:

1. Leonov V. S. Quantum Energetics. Volume 1. Theory of
Superunification. Cambridge International Science Publishing, 2010,
745 pages. (KBanToBas SHEpreTukKa. Tom 1. Teopus
Cynepobobenunenus. — CISP, 2010, 745 cTp.).

2. V.S. Leonov. Quantum Energetics: Theory of Superunification. Viva
Books, India, 2011, 732 pages.

3. Jleonos B.C. Teopus ynpyroii KBAHTOBAaHHOU cpeAbl. MH.: bucnpuHT,
1996, - 156 c.

4. JleonoB B.C. Teopus ynpyrou KBaHTOBaHHOU cpefibl. HacTh 2 . HoBble
HCTOYHUKHU dHepruu. - Mu.: ITonmbur, 1997, - 122 c.

5. Leonov V. S. Results of the tests of a quantum engine for generating
thrust without the ejection of reactive mass. From the book Leonov V.
S. [1], pp. 694-689, 2010.

6. JleonoB B.C. ITatenT P® N° 2185526 «Cmocob co3maHHsS TATH B
BaKyyMe€ ¥ IIOJIEBOM JBUTATENb JJId KOCMHYECKOTO KOopaobJis
(BapuanThl)». Bioj. N2 20, 2002.

7. Leonov V. S. Priority of Usherenko (1974) in the region of cold
synthesis (fusion). From the book Leonov V. S. [1], pp. 701-705, 2010.

8. JleonoB B.C. Xosozabiii cuHTe3 B 35ddekTe YIIEpEeHKO U €ero
IpUMeHeHHUe B 9HEpPreTHuKe. — M.: ATpPOKOHCAJIT, 2001.

9. Jleonos B.C. Ilarent P® N2 2201625 «Croco0 moJiyuyeHus: SHepTruu u
peakTop 14 ero peanusanum». bros. N2 9, 2003.

10. Leonov V. S What will the launching of the Large Hadron Collider at
CERN yield? From the book Leonov V. S. [1], pp. 694-701, 2010.

11. CERN press office. CERN experiments observe particle consistent with
long-sought Higgs boson, 04 Jul 2012.

61



http://press.web.cern.ch/press-releases/2012/07/cern-experiments-
observe-particle- consistent-long-sought-higgs-boson

12.0kyHb JI.B. «IlocecioBue K OTKPBITUIO YaCTHUIbI, ‘TIOX0KeW Ha 6030H
Xwurrea’: aBrycT 2012», YOH 182 1031-1032 (2012).

13.Pyb6akoB B.A. «K orkpwiTiO Ha Bosbliom agpoHHOM KoJUIaljiepe
HOBOM YaCTHIIBI CO cBOMicTBaMu 0030Ha Xurrca», YOH 182 1017-1025
(2012).

14.Peskin M.E. " "Theoretical summary lecture for Higgs Hunting 2012",
arXiv:1208.5152; SLAC-PUB- 15224 (2012).

15.Baggott J. Higgs: The invention and discovery of the 'God Particle'.
Oxford University Press, 2012, 277 p.

16.Schiller C. Motion Mountain - vol. 6 - The Strand Model - A
Speculation on Unification. Motion Mountain on Paper, 2012, 417 p.

17.Schiller J. Higgs Boson Particle and Impact on Cosmology.
CreateSpace, 2012, 204 p.

18. Einstein A. Relativity: The Special and the General Theory.
Mahaveer Publishers, 2011.

19.Anadijiban Das A and DeBenedictis A. The General Theory of
Relativity: A Mathematical Exposition. Springer, 2012, 710 p.

20. Gravitation (Physics Series), by Charles W. Misner, Kip S. Thorne
and John Archibald Wheeler. San Francisco, W. H. Freeman, (1973).

21.MarBeeB A.H. MexaHuka U TeOpUs OTHOCUTEJIBLHOCTU. M., Bricmiasn
1I1K0JIa, 1976.

22, Manjit Kumar. Quantum: Einstein, Bohr and the great debate
about the nature of reality. - New York: W.W. Norton & Co., 2010, 448
p.

23. Davies, P. C. W, Betts D.S. Quantum mechanics. 2nd ed. -
London; New York: Chapman & Hall, 1994, 178 p.

24. Sakurai. Modern Quantum Mechanics. Pearson Education,
2006, 508 p.

25. Ballentine L.E. Quantum Mechanics: A Modern Development.

World Scientific, 1998, 658 p.
26. Ryder L.H. Quantum Field Theory. Cambridge University Press,
1985, 2003.

27. Eisberg R. and Resnick R. Quantum Physics of Atoms, Molecules,
Solids, Nuclei, and Particles. John Wiley & Sons, 1985, 864 p.
28. Cottingham W. N., Greenwood D. A. An Introduction to the

Standard Model of Particle Physics. Cambridge University Press, 2007,
50 p.

62



29. Mann R. An Introduction to Particle Physics and the Standard
Model. Taylor & Francis US, 2010, 592 p.

30. Robinson M. Symmetry and the Standard Model: Mathematics
and Particle Physics. Springer, 2011, 327 p.

31.Langacker P. The Standard Model and Beyond. CRC Press, 2010, 426
p.

32. Prigogine I. The End of Certainty. The Free Press, 1997.

33. Leonov V. S. Deformation vector D. From the book Leonov V. S.
[1], pp. 202-203, 2010.

34. Leonov V. S. Leonov’s task. From the book Leonov V. S. [1], pp.
596-602, 2010.

35. Greiner W., Schramm S., Stein E. Quantum Chromodynamics.
Springer, 2007, 553 p.

36. Smilga A. V. Lectures on Quantum Chromodynamics. World
Scientific Publishing, 2001.

37. Dissertori G., Knowles I.G., Schmelling M. Quantum
Chromodynamics: High Energy Experiments and Theory. OUP
Oxford, 2009, 558 p.

38. Ellis R. K., Stirling W. J., Webber B. R. QCD and Collider Physics.
Cambridge University Press.

30. ApemuH I M MHOXeCTBEHHOE POXKAEHUE YACTUIl U KBAHTOBAsA
xpomoauHamuka. YOH (172) 551— 571 (2002).
40. Higgs P.W. Broken Symmetries and the Masses of Gauge Bosons.

Physical Review Letters 13 (16): 508—509 (1964).

41.JIeonoB B.C. OTKpbITHE 3JI€KTPOMAarHUTHOI'O KBaHTA IIPOCTPAHCTBA U
MIpUPO/ia TPaBUTAIIMOHHBIX B3auMoaeucTBull. B c6. «UeTbipe fok1aia
o Teopuu YKC». — CII0, 2000, c. 52-53.

42. Leonov V. S. Fundamental discoveries of the quantum of space-
time (quanton) and superstrong electromagnetic interaction. From the
book Leonov V. S. [1], pp. 1-67, 2010.

43. Leonov V. S. Electromagnetic nature and structure of cosmic
vacuum. From the book Leonov V. S. [1], pp. 68-166, 2010.

44. Leonov V. S. Dimensions of the space-time quantum (quanton).
From the book Leonov V. S. [1], pp. 252-268, 2010.

45. Leonov V. S. Unification of electromagnetism and gravitation.
Antigravitation. From the book Leonov V. S. [1], pp. 167-261, 2010.
46. Leonov V. S. Symmetry of electricity and magnetism inside a

quanton. From the book Leonov V. S. [1], pp. 82-84, 2010.
47. JleonoB B.C. IIATBIA TUIl CBEPXCHJIBHOTO OOBEIUHSIOIIETO

63



B3aUMO/IEUCTBUA. B cbopHUKe: “TeopeTuyeckue u
BKCIIEpUMEHTAIbHbIE TIPO0IeMbI 00IIEell TEOPUH OTHOCUTEIBHOCTUA U
rpaButanuu’ . X Poccuiickas rpaBuTaninonHas KoH@epeHnus. Te3ucsl
JOKJIamoB. - M.: 1999, - c. 219.

48. JleoHoB B.C., Kupusios 10.1. CBepxcuibHOE
aJIeKTpoMarHuTHoe B3auMmojelictBue (COB) w  mepcneKTHBBI
pPa3BUTHsA KBAaHTOBOM SHEPreTHKU B 21 Beke. — TOIUIUBHO-
DHEPTreTUYEeCKUN KOMILJIEKC, 2005, N2 4 1 DHepreTUukK, 2006, N2 7.

49. Leonov V. S. Electrical asymmetry of space. From the book
Leonov V. S. [1], pp. 88-89, 2010.

50. CoxkosnoB A.A., Banenko /I./1. KBanTtoBas teopus nouasa. M-JI:,
1952.

51.PrikoB A.A. Bakyym u BemjectBo Beestennou. M.: 2007.

52. Narison S. QCD as a Theory of Hadrons: From Partons to
Confinement. Cambridge University Press, 2004, 779 p.

53. Brambilla N, D'Alesio U, Devoto A, Maung K, Prosperi G.M.,
Serci S. Quark Confinement and the Hadron Spectrum VI: 6th
Conference on Quark Confinement and the Hadron Spectrum.
American Inst. of Physics, 2005, 510 p.

54. Leonov V. S. Effect of the spherical magnetic field of the quanton.
Electron spin. From the book Leonov V. S. [1], pp. 16-25, 2010.

55. Leonov V. S. How to weld elementary particles? From the book
Leonov V. S. [1], pp. 322-333, 2010.

56. Leonov V. S. Formation of mass. From the book Leonov V. S. [1],
pp. 88-89, 2010.

57. Leonov V. S. Gravitational boundary of the electron. From the
book Leonov V. S. [1], pp. 269-274, 2010.

58. Leonov V. S. Gravitational diagram and electron zones. From the
book Leonov V. S. [1], pp. 282- 287, 2010.

59. Leonov V. S. The zone of antigravitational repulsion. From the
book Leonov V. S. [1], pp. 302-306, 2010.

60. Leonov V. S. The gravitational attraction zone. From the book
Leonov V. S. [1], pp. 287-289, 2010.

61.Leonov V. S. Annihilation of the electron and the positron. From the
book Leonov V. S. [1], pp. 308- 313, 2010.

62. Politzer H.D. Asymptotic Freedom: an Approach to String
Interactions. North-Holland Publishing Company, 1974, 52 p.

63. Miller F.P., Vandome A.F., J. McBrewster. Asymptotic Freedom.
PediaPress, 2010, 404 p.

64



64. Leonov V. S. The zone of the minus mass of the electron. From
the book Leonov V. S. [1], pp. 306- 308, 2010.

65. CERN press office. Neutrinos sent from CERN to Gran Sasso
respect the cosmic speed limit, 8 June  2012.
http://press.web.cern.ch/press-releases/2011/09/opera-experiment-
reports-anomaly-flight-time- neutrinos-cern-gran-sasso

66. Leonov V. S. Wave mass transfer. Gravitational waves. From the
book Leonov V. S. [1], pp. 241-245, 2010.
67. Niaz M., Marcano C. Reconstruction of Wave-Particle Duality

and Its Implications for General Chemistry Textbooks. Springer, 2012,
46 p.

68. Naik P.V. Principles of Physics. PHI, 2010, p.293.

69. Rosen J. Encyclopedia of Physics. Infobase Publishing, 2009, p.
254.

70. Hawking S.W. Hawking on the Big Bang and Black Holes. World
Scientific, 1993, p. 287.

71.Leonov V. S. Quantised structure of nucleons. The nature of nuclear
forces. From the book Leonov V. S. [1], pp. 352-420, 2010.

72. Schrieffer J.R., Bonesteel N.E., Gor’kov L.P. Selected Papers of J.
Robert Schrieffer: In Celebration of His 7oth Birthday. World
Scientific, p. 143.

73. Leonov V. S. Problem of the nucleon mass. From the book
Leonov V. S. [1], pp. 361-362, 2010.

74. Leonov V. S. Structure of nucleon shells. From the book Leonov
V. S. [1], pp. 377-386, 2010.

75. Leonov V. S. Analytical calculation of nuclear forces. From the
book Leonov V. S. [1], pp. 390-398, 2010.

76. Leonov V. S. Two-component solution of Poisson equation. From

the book Leonov V. S. [1], pp. 193-201, 2010.
77.Leonov V. S. Additional gravitational potentials. From the book
Leonov V. S. [1], pp. 210, 2010.

78. Leonov V. S. The zones of antigravitational repulsion in the
nucleon shells. From the book Leonov V. S. [1], pp. 408-417, 2010.

79. Leonov V. S. Dynamic Poisson equations. From the book Leonov
V. S. [1], pp. 214-215, 2010.

80. Leonov V. S. The normalised relativistic factor. From the book
Leonov V. S. [1], pp. 211-212, 2010.

81. Leonov V. S. Antigravitation. Minus mass. White holes. From the

book Leonov V. S. [1], pp. 36-39, 2010.

65



82. Leonov V. S. Tensioning of the electromagnetic superstring.
From the book Leonov V. S. [1], pp. 152-156, 2010.

83. Leonov V. S. Reasons for relativism. Principle of spherical
invariance. From the book Leonov V. S. [1], pp. 211-218, 2010.

84. JleonoB B.C. JnexkTtpuueckass Npupoja AAepHbIX CWiI. — M.:
ArpokoHcaiT, 2001.

85. Jleonos B.C. IIpupopa AnepHbIX U MeKbAJEPHBIX CUJI B TEOPUU
CynepobbequHeHUsT Kak OCHOBAa (U3UKU HAHOTEXHOJIOTUH. —
Poccuiickuii HayuHbIll 11eHTp «KypuaToBckuil mHCTUTYT». COOPHUK
QHHOTAIIMM JOKJIQZ0B KOH(EPEHIMU TMOCBAIEHHON 50-JIETUI0
HCCJIEZIOBATENbCKOTO sA/iepHOTO peakTtopa MUTP, 26-30 HOs0pss 2007
roga, Mocksa, c. 173.

86. Gribbin J. Unveiling the edge of time: black holes, white holes,
wormholes. Crown Publishing Group, 1994, 256 p.

87. Shapiro S. L, Teukolsky S.A. Black Holes, White Dwarfs and
Neutron Stars. John Wiley & Sons, 2008, 663 p.

88. [Tanupo C. JI., Terokosicku C. A. UepHble ABIPHI, OeJible KApJIUKU
1 HeUTpoHHbIE 3Be3/bl / [lep. ¢ anri. mox pez. A. A. CMOPOAUHCKOTO.
— M.: Mup, 1985. — T.1—2. — 656 c.

89. Leonov V. S. Black hole. From the book Leonov V. S. [1], pp. 208-
210, 2010.

90. Leonov V. S. Limiting parameters of relativistic particles. From
the book Leonov V. S. [1], pp. 212- 213, 2010.

91.Matarrese S., and others. Dark Matter and Dark Energy. Springer,
2011, 404 .

92. Perrenod S. Dark Matter, Dark Energy, Dark Gravity.
BookBrewer, 2011.

93. Nicolson I. Dark side of the universe: dark matter, dark energy,
and the fate of the cosmos. John Hopkins University Press, 2007, 184
p.

94. Bahcall J.N., Piran T., Weinberg S. Dark Matter In The Universe.
World Scientific, 2004, 233 p.

95. Kleingrothaus H.V.R., Krivosheina 1.V. Dark Matter in
Astrophysics and Particle Physics: Proceedings of the 7th International
Heidelberg Conference. World Scientific, 2010, 576 p.

96. Jlykamr B. H., Pyb6akoB B. A. Temnaa sHeprus: mMudsl u
peasibHOCTB, YPH, 178:3 (2008), 301—-308.

97. Yepuun A /I. TemHada sHeprusa M BCEMHPHOE aHTUTATOTEHUE.
Y®H 178 267-300 (2008).

66



98. Leonov V. S. Antigravitation. Accelerated recession of galaxies.
From the book Leonov V. S. [1], pp. 248-252, 2010.

99. JleonoB B.C. OTkpbITHE TPaBUTAIUOHHBIX BOJH OPOdeccopoM
Beitaukom. — M.: ArpokoHcasTt, 2001. 100.Leonov V. S. Gravitational
waves. Wave equations. From the book Leonov V. S. [1], pp. 603-650,

100.  2010.

101. 101.Kpyrisakos 9. Hayka u :ku3Hb, 2001, N 12, c1p. 13.

102. Leonov V. S. Two-rotor structure of the photon. Photon
gyroscopic effect. From the book Leonov V. S. [1], pp. 421-511.

103. Leonov V. S. Simple instrument for studying the elastic

properties of quantised space-time. From the book Leonov V. S. [1], pp.
689-694, Fig. 10.22.

104. Torge W. Gravimetry. Walter de Gruyter, Berlin, 1989, 465 p.
(Topre B. TI'paBumerpusi. Mup, 1999). 105.UmxkeBckuii A.JI.
Kocmuueckui myJsibe ku3Hu. M,: Mbicib, 1995, 767 C.

105. 106.ITuonp C.9. Kocmuueckme (HaKTOpbl B CIy4alHBIX
nponeccax. Svenska fysikarkived, 2009, 388 c. 107.Leonov V. S.
Superstrong electromagnetic interaction and prospects for the
development of quantum

106. energetics in the 21st century. From the book Leonov V. S. [1],
pp. 651-706.

107. 108.Leonov V. S. Cosmic safety of the Earth. From the book
Leonov V. S. [1], pp. 676-677.



