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Abstract.

3710T cOOPHMK BKAOYaET B ceba 0TAeIbHO HanMcaHHble paboTbl. 3TW PaboTbl BKAOYEHDLI NPaKTUYecKn He3
M3MeHeHUn. HekoTopble TOYeYHble NpeacTaBAeHMsA CBOMUCTB YTOYHEHDBI U NpeacTaBaeHbl 6osee nosHo. Ho rosopsa 06
o4HOM paboTe, pacKpblBatoLLEl OAHM CBOMCTBA MaTepUN, TPYAHO YAEPHKATHCA HE CKA3aThb O APYrMX CBOMCTBAX, 3HAA
MX cylecTBoBaHMe. Bo-nepsbix, MaTepua eguHan. [la oHa npeactaBieHa MHOroobpasnem B HAMM CO34aHHbIX
NckyccTBeHHO Co3aaHHbIX AKCMOMAX, KaK CBOMCTB He TPebYHoLLMX AOKa3aTeNbCTB, U B MOAENAX Ha UX OcHOBe. Ho B
TaKoM MHOroobpasumm Mmbl roBopmMm o Mmatepmn. OHa eamHas B eAMHON AMHaMMUKe BUANMMOM BceneHHoOM 1 B r1ybuHax
¢du13MYecKoro Bakyyma. 31o Bce matepma. Mbl roBOpUM O MaTeprasibHOM MUpe, 6e3 paHTasuin. Bo-BTopbIX, Npu
OMMCaHWM CBOMCTB MaTepun, Mbl U3beraem CTPOUTL BblAYMaHHbIE MAEN, TMOTE3bI, CI0BA «HABEPHOE», KMOXKET
ObITb», U MOAENN, MPOEKTbI, CUCTEMbI Ha UX OCHOBE. Bpannch GaKTbl CBOMCTB, U cNeacTBMA TakMX GaKToB. 3TO Kak
npuymHa u cneacreme. Kak rosopaT — HAYEro IMYHOro. M NpUYMHON HanncaHus 3Toro c6OpHMKa ecTb TO, YTO, rOBOpPSA
O TOW WM MHOWM «TPaHW», TPYAHO YAEPrKaTbCA HE NOKa3aTb BECb K MHOFOrpaHHUK» eAMHOM MaTepun. ITo Kak BTopan
Npoun3BoAHaA OTAENbHOrO 3apasa (0AHa «rpaHb») N SNEKTPOABUIKYLLASA CUIA CAMOUHAYKUMKN B KOHTYpe (BTOpas
«rpaHb») UMEKT OIMH K MHOTOrPaHHUK» B ypaBHeHUAX MaKcBenna, Korga mbl oTBedaem Ha sonpoc NOYEMY, npu
TaKoM NpuYMHe ecTb Takoe cneacteme. Uamn, MOYEMY macca co3gaet rpaBuTaLmio, a B BaKyyMe C HyJ1eBOM Maccoii
BO3HMKAET cuna rpaBuTaumun. B 3akoHe HblOTOHA HET MCKPMBAIEHHOTO MNPOCTPAHCTBA, HO CMNa rPaBuTaumm paboTaerT,
M 3Ta CU/1a BbIBOAWUTCA U3 YpaBHEHMA UCKPMBEHHOIO NPOCTPAHCTBA (TeH30pa) IMHLWTENHA, M CHOBA BOMPOC
MOYEMY. BceneHHas Mcye3aeT BO BpeMeHM Ha 6eCKOHEYHbIX PacCTOAHUAX B rNybuHe dpM3M4YecKkoro Bakyyma.
®dusnka otBevaeT Ha Bonpocbkl MTOYEMY. MaTemaTnKa oTBeyaeT Ha Bonpocbl KAK aTo nponcxoauTt. Yacto B Takmx
MaTeEMATUYECKMX OTBETAX CKPbIBAOTCA IMEPAKEHTHbIE CBOMCTBA MaTepuu. TaKkasa KOHLEeNUMs AaeT Xopolne
nepcneKkTUBbI NCCNef0BAHUN.

Copepsanue. (http://pval.mya5.ru/ )..
1. MonynapHo o eguHoi Teopum http://vixra.org/abs/2101.0090
EanHas Teopus 2 http://viXra.org/abs/2210.0051
[onyctumble CTPYKTypbl nenToHoB. https://vixra.org/abs/2505.0184
CTpyKTypbl Bakyyma. https://vixra.org/abs/2412.0098
«YepHble ablpbi» http://viXra.org/abs/2312.0018
Mpob6Hble 3KCNEePMMEHTbI MO TEXHOIOMMKU Teopuit. http://viXra.org/abs/2501.0025
Ynpasnsemasa TepmosaepHan peakuma https://vixra.org/abs/2309.0081
KBaHTOBas 3anyTaHHoCTb https://vixra.org/abs/2303.0113
CBepXBbICOKOYACTOTHbIE rPaBUTaLMOHHbIE BOAHbI. http://viXra.org/abs/2311.0014
10 FPynnbl CMMMETPUIA B KBAHTOBOM PeNATUBUCTCKOMN AMHammKe. https://vixra.org/abs/2306.0144
11. CeepxceeToBble $oTOHbI https://vixra.org/abs/2403.0015
12. NpocTtpaHcTBo BeceneHHoit https://vixra.org/abs/2302.0022

LN WN



https://vixra.org/abs/2507.0057
http://pva1.mya5.ru/
http://vixra.org/abs/2101.0090
http://vixra.org/abs/2210.0051
https://vixra.org/abs/2505.0184
https://vixra.org/abs/2412.0098
http://vixra.org/abs/2312.0018
http://vixra.org/abs/2501.0025
https://vixra.org/abs/2309.0081
https://vixra.org/abs/2303.0113
http://vixra.org/abs/2311.0014
https://vixra.org/abs/2306.0144
https://vixra.org/abs/2403.0015
https://vixra.org/abs/2302.0022

1.MNonynAapHoO 0 eauHOI Teopum

B nocnennue nuu yxoasiero 2020 roga, mpuiiia MbICJIb HATUCATD MOIMYJIIPHOE U3JI0KEHUE
npeacrtaBieHHo KBanTosoil ['paputaniuu B Enunoii Teopuu. Maruueckue cinoBa. Cerosias 3a HUIMH CTOUT
MHTEJUIEKT BceX (PU3UKOB Ha IUIaHETE.

Ectb mpocTeie npaBwiia nonyspusanui. x Heckoiabko. Eciau Tel CMOXeENb 00BSCHUTH CBOIO
MBICJIb peOEHKY 3HAUUT, Thl CIPABUIICS C ITOM 3aja4yeil. J[pyroe mpaBuio TJ1acut, 4To Kaxkaas ¢GopMmyiia B
TEKCTE, YMEHBIIAET YHCIIO MOTEHIUAIbHBIX YUTATENEH, TO €CTh JII0/IeH, KOTOpbIE CMOT'YT MPOYUTATH 3TY
KHHTY. ECTh elre mpaBuiio 00pa3HbIX WM aHAIOTOBBIX MPEICTABICHHUH TEX Belei, 0 KOTOPBIX HIIET
n3noxkenue. Tak uim nHaue, st Oyay NpUAEpKUBATHCS 3TUX MPABUIL.

Hrak, MBI TOBOPHM O €IWHOMN T€OpUU. MOXHO MPUBOUTH MHOTO TPUMEPOB JIpaM U IEPEBOPOTOB B
CO3HAHUWU JIFOJICH, PU OCMBICIICHUN CBOMCTB OKPYKAIOIIETO MUpPa, HaunHasi ¢ bubrnelickoro npeacraBieHus
3apOKJICHUSI MUPA, 10 CETOHSAIIHEro peacTaBieHus o boibmom B3peiBe BeenenHol, mepBeIX CeKyHAaX
ee muHamMuku. O003HaYy 371eCh TOIBKO HEOOXOIUMEIE 3/IECh TE€ PEBOJIOIMOHHBIE UII€H, KOTOPhIC H3MEHUIN
MpeJiCTaBJIeHHE JIIoJIel 00 OKpyskaromieM Hac Mupe. O MaTeMaTH4eCKOM MPEACTaBICHUH OKPYKAIOIIETO
mupa [Tnatonom (3psl [lnaTona), [Iudaropa, EBkmnnoseie Havyana, cucrema uncen, reoMeTpuyecKux
¢buryp, CkazaHo U HaIMCaHO MHOTO. B 3TOM CBsI3u, MOTYEPKHY TOJIBKO TO, YTO BCE 3TO M cKyccTBeHHAs
Cucrema Axcuom. Korna mei roBopum o 10 s16510kaX, K KOTOPBIM MPUOABUIIN €lie 5 010K, TO Mbl TOBOPUM
0 15 s6mokax, Kak paBHBIX 110 aHAJIOTUH S0JIOK, TO €CTh eAMHUI. HO MBI HE TOBOPHM O TOM, YTO KaX10€
s0710K0 oTAMYaeTcs oT apyroro sioyoka. B [Ipupone Her 15 onnHaKOBBIX 070K, DTO 3HAYHUT, YTO TaKast
orepanus CJI0KEHUsI, COOTBETCTBYET ICMCTBUTEIBHOCTH TOJIBKO B Mpubmkennoun popme. C npyroi
CTOPOHBI, €CJIM MBI TTOJIOXKHUIIN Ha CTOJ 3 s1070Ka, a MOTOM 3a0palii OHO SI0JI0KO, TO ocTaeTcs 2 si0JI0Ka.
OOpaTtuM BHUMaHUE, YTO MbI 3a0paji TO 0JI0KO, KOTOPOE MBI IMMOJIOKKUIIU Ha cToJI. Bee peanbHo. U 3Ta
oreparys BbIYUTAHUS YK CEl COOTBETCTBYET IEUCTBUTENbHOCTU. Kak BUIUM, J1a’ke MPOCThIE ACHCTBUS C
MPOCTBIMU YK CIIAMU HE BCETIa COOTBETCTBYIOT CBOMCTBAM IIpHUpOAHBIX COOBITHIA.

Korpma EBknua B cBonx Hauanax ompenenst TMHUIO KaK «...JJIMHY 0€3 IMHUPUHBL...», TO CErOIHS 3TO
MIPUHITUTT HEOTIPEJETICHHOCTH TPACKTOPHH B KBAHTOBBIX TEOPHIX. MBI HE MOKEM CKa3aTh, I'/I€ UMEHHO
HaXOJMTCS BJIEKTPOH, KAK «... TOUKA, HE UMEIOIIAsA YacTel...» B Toi ke EBknuaoBoil akcuomaTtuke. Takoi
3JIEKTPOH AEWCTBUTEIHLHO HENETUMBIM M COOTBETCTBYET TOUEUHON Mojienu. [ ne EBKIU, U T/1e KBAHTOBBIE
Teopuu cerojua. Ho 3neck npsiMas cBsizb. Mbl OCTAaHOBUMCSI B TAKOM ITYTEIIECTBUM B MUP MaTEMaTUUECKUX
MoJIeJIeid, BEpHEe ee OCHOB, U MepeiiieM K 3BOTIOINHN (PU3NUECKOro MOHUMAaHUS OKPYKAOIIEro MUpA.

Honroe Bpems, 16-17 BekOB, rOCIOACTBOBAINA HUAEU APUCTOTENS O TOM, UTO BCSIKOE JBH)KEHUE
co3maeTcs ToM uiau uHoM cuitoil. [IpocTeie ombIThl ["anmuies moka3aiu TO, 9TO IBHKCHHE KaK pa3 HE
MpeKpaIiaeTcsi, €Cliv He MPUKJIAApIBaTh HUKAKUX CUJl. Hampumep, eciu mo HakJIOHHOH TNIOCKOCTH MYCTHTh
IIapUK, TO TTOCJI€ HAKJIOHHOM IJIOCKOCTH MIAPUK JBUKETCS MO TOPU30HTAILHON OBEpXHOCTH. M Kak maneko
MIPOJIBUHETCS IAPHK, 3aBUCUT OT CUJIbI TPEHUSI TOPU30HTAIBHON MOBEPXHOCTU. ByeT 3TO mecok, 1epeBo
WJIM CTEKJIO — CUJIBI pa3Hblie. OKkazanoch, ApucToTeNb ObUT He TTpaB. YToOBI MaTepHaibHOE TEJIO JBUTAJIOCH,
HaJI0 KaK pa3 yOopaTb BCe CHIIbl. DTO ObLI PEBOIIOLIMOHHBIN IEPEBOPOT B COZHAHUM BCEX JIFOAEH.

Crnenyromuii nepeBOPOT B TOHUMAHUU OKPY>KAIOIEro MUpa CBsI3aH C U3YYECHHUEM DJIEKTPUUECKUX U
MarHUTHBIX CBOMCTB. OKa3a10Ch, YTO U3MEHEHHUE OJHOTO IOJIs TIOPOXKIAET APYroe MoJie 1 HAa000pOT. ITH
CBOMCTBa OYEHb YETKO MPEACTABICHBI B MATEMAaTUUECKUX YpaBHEHUsIX MakcBenia. Bece TexHonoruu,
KOTOPBIE OKPYXKAIOT HAC CErOJIHS, CBSI3aHbI C 9TUMHU cBoMcTBaMH. OUeHb 3aMaHYMBHI UJICU U ONBITH Tecna o
HaJIMYMH SHEPTUH B TTPOCTPAHCTBE.

Crnenyrommii mepeBOpPOT B COZHAHUHM JIFOJIEH CBSI3aH C TOHUMAHUEM CaMOro MPOCTPAHCTBA U
BpeMeHHu. Kak oka3anock 3To, HOJ00HO 3JIEKTPOMArHUTHBIM CBOMCTBAaM, KOT'/1a H3MEHEHUS IIPOCTPaHCTBA
MEHSIET XOJI BpeMEHH. DT CBONCTBA B3aMMOCBSI3aHbl B €IMHOM MPOCTPAHCTBE -BPEMEHHU. XOTS
MaTeMaTH4YECKUE MOJICIM TaKUX MpeoOpa3oBaHUi 1 ObUIM M3BECTHBI, Kak Mpeodpa3oBanus JIopeHia, ux
(hU3HYECKyI0 CYIIHOCTh OCO3HANI DUHIITENH B cBoeil CrennansHoi Teopuu OTHOCHTENBHOCTH.
DyHIaMEHTOM 3TOH TEOPUH €CTh TO, YTO H3BECTHBIC HAM MAaCChl, BIUTOTh J[0 3JIEMEHTAaPHBIX YaCTHII,
AJIEKTPOHA B YACTHOCTH, HE MOT'YT JABUTATHCS CO CKOPOCTSIMHU OOJIbIIIE CKOPOCTH CBETa. BBISICHUIIOCH, UTO
pu OOJBIINX CKOPOCTAX BPEMsI 3aMeIISeTCs, a JUTMHA coKpamaeTcs. ECTh KOHKpeTHbIE JOPMYITBI TAKUX
PEIATHBUCTCKHUX MTPe0o0pa30BaHMii, U €CTh TOYHBIC OITBITHI, ITOJTBEPIKIAFOIIINE HEU3MEHHOCTh CKOPOCTH
CBETa B IPOCTpPaHCTBE-BpeMEHH. JIIHa 31IeKTPOMarHUTHOM BOJIHBI CBETa, POTOHA, €r0 YacTOTa, YIHEPrUs
MEHSIETCsI, HO CKOPOCTh (DOTOHA HE MeHseTCs. BakHO, UTO JIFOIU TIOHSUIA TO, YTO IPOCTPAHCTBO M BPEMsI B
teopusix HeroToHa He abcomoTHO. TO €CTh M MPOCTPAHCTBO, U BPEeMsl pa3HbIC B PA3IUYHBIX yCIIOBUSX.



OnHOBPEMEHHO € ATMM PAa3BHBAIACh KBAHTOBAsI MEXaHHUKA, KOTOpAs NEPEBEPHYJIA BCE OHIATHU
Kjaccuyeckoi ¢pusuku. OKa3anoch, YTO HENb351 OJJHOBPEMEHHO ONPEAENATh U KOOPAUHATY, U BPEMS B YK€
M3BECTHOM HaM €IMHOM, IIPOCTPAHCTBE-BpEMEHHU. bosee Toro, OTKphIBaIMCh HOBBIE U HOBBIE JJIEMEHTAPHBIE
4acTUllbl, KOTOPBIE HE BIMCHIBAJIUCH B KJIACCUYECKUE IPEICTABJICHUS CTPOCHUS BEILECTBA U Pa3IMUHbIX
oJiel B3auMoIeCTBUS. LlenbIM psiioM reHUalbHBIX U CCeaoBaTelel, OblIN CO31aHbl Pa3INYHbIC
KBaHTOBBIE TEOPUH, B OCHOBE KOTOPBIX JIEKAT IKCIIEPUMEHTAJIbHBIE JaHHBIE. DT TEOPUU XOPOLLIO
BBIUHCIISIIOT U IPOTHO3UPYIOT PE3yJIbTaThl IKCIIEPUMEHTOB, HO UX (PU3UUECKHI CMBICI, KaK CKa3all caM
Oeitaman, He moHuMal HUKTO. Hy, aeiictButensHo, TpynHo B [Ipupoae maTepun npeactaBuTh ceode,
CKa)kKeM, BOJIHOBYIO (YHKIIUIO, IPUHIIUI HEOMPEIEICHHOCTH, BOJIHY BEPOSITHOCTU COOBITUH, CYTEPIIO3UIINIO
BOJIHOBOM (DYHKIIMM, KBAHTOBYIO 3aIlyTAHHOCTH BOJIHOBOW (DYHKIIMU U TJIABHOE, IIOHATH MPUYUHBI BCEX 3THX
asyeHni B [Ipupone, HalTH BCE CIEACTBUSA dTUX IIPUYHH.

Crnenyrommii mepeBopoT B IOHUMaHUM 3aKOHOB [Ipupoasl caenan Bce TOT ke DUHITenH. Peub uaet
06 O6weit Teopun OtHOCcuTenbHOCTH. [10 cyTH, peub 0 cBOOOIHO MajaronieM JUQTe, CHCTEME KOOPIUHAT
MIPOCTPaHCTBA-BPEMEHHU, B KOTOPOW OTCYTCTBYET YCKOPEHUE, KaK U B NPSAMOJIMHEHHOM, pABHOMEPHOM
JBYO)KEHUM WM B COCTOSIHMM MOKos. C Ipyroil cTopoHbl, CBOOOJHOE MaleHNEe C HEN3MEHHBIM YCKOPEHHEM
00ycIIOBJIEHO cuJIoN rpaBUTaluu. Macca, Kak U3BECTHO, ME€pa MHEPLIMH B IPOCTPAHCTBE O€3 rpaBUTALUH.
OTO 3HAYUT, YTO CUJIA, YCKOPSIOLIAasi MacCy PakeTbl B OTKPBITOM KOCMOCE, U CUJIa YCKOPEHUS Macchl B I10JIE
IpaBUTALMU OAMHAKOBasl. Mbl rOBOpUM O (pyHAaMEHTaIbHOM IPUHILINIIE 3KBUBAJIEHTHOCTH HHEPTHON U
rpaBUTAIMOHHON Macchl B O6uiei Teopun OTHOCHTETbHOCTH DUHINTEIHA. MOXHO TOBOPUTH O IPUHITUTIC
9KBUBAJIEHTHOCTH UHEPTHON U I'PAaBUTALIMOHHON MAcChl BYX Pa3IMYHBIX MACC, CBSI3aHHBIX HUTKOW Ha
3aKkperieHHoM Osoke. Bec magaromeil BHU3 00Jb110M Macchl U ABMXKYIIEH Sl BBEPX MaJICHbKON MacChI
OJIMHAKOBBIN. 3/1€Ch Pa3JINYHbIE MACCHI UMEIOT OAMHAKOBBIM BEC. DTO 3HAYUT YCKOPEHNE NHEPTHOU MAaCChI U
YCKOPEHHME I'paBUTALMH SKBUBAJICHTHBL. VIX MOKHO CKJIabIBaTh U BBIYUTATH.

Teneps o rmaBaom, B O611eit Teopun O THOCHTENbHOCTH DifHINITEHHA. Eciu B HemoaBmwkHOM nudre
HaIpaBUTh JIy4 (poHapHKa FOPU30HTAILHO Ha MPOTUBOIOJIOKHYIO CTEHY, TO NPH ABMKEHUM IudTa C
YCKOpPEHUEM BBEpPX WJIM BHU3, TOUKA Ma/ieHHs Jy4da OyJeT cMeIlaThCsl BHU3 WK BBEPX COOTBETCTBEHHO. U B
COOTBETCTBUHM C IIPUHLIMIIOM 3KBUBAJIEHTHOCTH, IPABUTALIMOHHOE 110JI€ Oy€T OTKJIOHSTH JIyd CBETa. DTOT
BBIBOJI TEOPHH DMHIITEHHA OB OJIeCTsIIIIe TOATBEPKIEH Ha COIHEYHOM 3aTMEHUH, Ha0JII0/1aeéMOM C 3eMIIH.
Jlyud cBeta nanekux 3Be3[ 3a COJHIIEM, HCKPUBIISIT CBOIO TpaeKTOpHUIo BOKpYr CoHIa U ObUT BUAUMBIM Ha
3emute. DTOT 3(HEKT Ha3BaAIM TPABUTAITMOHHON JTMH3O0M.

Teneps, nmocie MOATBEPXKACHUS TEOPUH B dKcriepuMenTe, cama Obmast Teopust OTHOCHTENTBHOCTH
OHHIITENHHA 1aeT BO MHOTOM HEOXHIaHHBIE ITPEICTAaBIEHUS 00 OKpY’KaloIlleM Hac Mupe. BriscHUI0CH, UTO
rpaBUTalMs BbI3BaHA KPUBU3HOM MPOCTPAHCTBA U HA00OPOT. MaTeMaTUYeCKU 3TO OTPAKAETCS TEH30POM
OiHmreliHa. Ero mpasasi yacTh yka3bIBaeT Ha TEH30p SHEPrUU -UMITyJIbca (PUKCHUPOBAHHBIX
IPaBUTAIIMOHHBIX MOTEHI[MANOB. KiII0ueBbIM CIOBOM 3/1€Ch, €CTh (PUKCUPOBAHHBIE IPABUTALIMOHHbIE
MOTEHIMAJbI. DTO yCIOBHE IIOCTAaBICHHON DMHIITENHOM, TAKOE K€, KaK U IIPUHLIUII SKBUBaJICHTHOCTH. Ho
ypaBHeHue O0ueit Teopust OTHOCUTENBPHOCTH DHHINTEHHA YKa3bIBAET U HA MHOT'O APYTUX MPUHIUIINAIBHO
HOBBIX CBOMCTB OKPY’KarOLIero Hac Mupa, BeesnreHHoN. Mbl Bee ciblaim o pacmupstoneiics Beenennon,
YEpPHBIX JbIpaX, TEMHOM MaTEPUH U TEMHOH 3HEpruu. Bee 9Tu CBOMCTBA OATBEPKIEHBI IKCIIEPUMEHTAMM.

Koraa Mbl TOBOpUM 0 DMKCHUPOBAHHBIX I'PABUTAL[MOHHBIX NOTEHIMATIAX TEH30pa DHUHINTEHHA, TO 3TH
KJIFOUEBBIE MIPEJCTABIICHUS yXKe IPOBEPEHHON U MOATBEPKACHHON B sKcniepumMenTax Oomei Teopun
OTtHOCUTENBHOCTH DWHINTEIHA, IPSIMO IPOTUBOIOJI0KHBI IIPUHIIMILY HEOIIPEAEIEHHOCTH KOOPAUHAT BO
BpPEMEHH, B KBAHTOBBIX TEOPUAX. DTO (PyHIaMEHTaJIbHbIC IPOTUBOPEUUS JIBYX IPOBEPEHHBIX Ha MPAKTHKE,
(GyHIaMEHTAJIbHBIX KOHIETIIUN WX CBOMCTB, PU3NUYECKUX TEOpUIl. DUHIITENHH MeUuTal O CO3JJaHIH €IMHON
TEOPHH, PEIIAIOIIEH 3T NPOTUBOpeuus. M ri1aBHBIM KpUTEpHEM TaKOH TEOPHUH €CTh TEOPHUsI KBAHTOBOM
rpaBUTaluy, KoTopas oobenunsaer Oouryro Teoputo OTHOCUTENPHOCTH DUHINTEHHA, 1 KBAHTOBBIE TEOPHH.

Haxan uccnenoBanuii B TOMCKE TAKOH TEOPUU CTOJIb BEJIMK, YTO MHOI'/IA CTABUIICS BOIIPOC,
JOCTATOYHO JIU O€3yMHA 3Ta TEOPHsl, YTOOBI OBITh IPABUIBLHOW? DTH BOMPOCH AKTYallbHbBI U CETOIHSL.
ITyTeBOAHBIMU HUTSIMH B MTOMCKE TAKUX TEOPUI €CTh MaTeMaTHUECKUE HCTHHBI U (pu3ndeckue haKThl B
sKcnepuMeHTax. Hanmpsimyro pemuts 3Ty mpobsieMsl He yaaercs. He ynaeTcs coeiMHUTh BOEIMHO MPUHIUI
HEOIpe/IeJIEHHOCTH MOJI0KEHHS TOUKH B POCTPAHCTBE U BO BPEMEHHU, C (PUKCUPOBAHHBIM COCTOSIHUEM
BIIOJIHE OIPE/ECIIEHHBIX IPABUTALIMOHHBIX TOTEHIIMAJIOB B 33JaHHONW TOYKE MPOCTPAHCTBA U B 3a/IaHHOE
Bpems. 1 BOT 31eck MBI Bo3Bpamaemcs K Hadainy Hadan EBkinza, ero akcuoM B OIPEIEIeHUsAX TOUKH
«...HE UMEIOUIEH 4acTeH. . .», IMHUY, KaK «...JJIMHbI 0€3 IUUPUHBI», U TapajuIeIbHOCTH 3TUX JIMHUI.



B coBpemeHHOI1 akcnoMe napajuieIbHOCTH, BCEM U3BECTHOM, Yepe3 TOUKY BHE IIPSIMOM JIMHUU, B
IIJIOCKOCTH, IPOXOAUT TOJIBKO oHa npsamMast JimHuAs O X, napamiensHas ncxoanon quaun AC.

Puc. 1
ITon mapasuienbHOCTBIO OpazyMeBaeTcs To, uTo MuHUM OX 1 AC He nepecekaroTcss Ha OECKOHEUHOCTH.
DTO MOHSTHBIE U O4YEeBHUAHbIE TpencTaBiaeHus. OHu obuienpu3HanHbie. Ho ecnu mocMoTpeTs BHUMATENBHO,
TO 1pu ABUXKeHUU BA0Ib AC Ha GECKOHEUHOCTb, B IIpeJeiax yria o0, CylIeCTBYeT TMHAMUYHBIN ITy40K
IPSIMBIX JIMHUI, HUT' I HE NTepeceKaouii ucXoaHYo npsaMyro AC Ha OECKOHEYHOCTH. A 3HAYUT, peUb O
NapauleIbHbIX JIMHUAX. Tak Kak 0€CKOHEUHOCTb HEJb3 OCTAHOBUTH, TO 3TOT TMHAMUYHBIN ITY4OK P IMBIX
napajuiesIbHbIX JIMHUH, B10JIb Kax o XY Z ocu EBKINI0BOro MpoCTpaHCTBa, CyIlecTByeT Beerna. bosee
TOT'0, IPH IBUKEHUH BJ10JIb JI000N TMHUU-TpaekTopuu, AC B TaHHOM ciiy4ae, psaoM OyAeT MpOCTPaHCTBO
JUHAMHWYHBIX IIyYKOB MapajuIebHbIX MPSAMBIX JIMHUN, B KOTOPOE MBI II0NIACTh HE CMOXKEM.
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Puc. 2

Kaxk BunmM, cuctema koopauHat EBKIIMI0BOrO NpOCTpaHCTBA MEHSETCSI, U Mbl MOKEM F'OBOPUTH O HE
CTallMOHAapHOM EBKJIMJIOBOM MPOCTPAHCTBE, C TEMU € CBOMCTBAMM M30TPOIIMHU BO BCeX HampasiieHusax. C
JIPYTOW CTOPOHBI, MBI MOKEM F'OBOPUTH O €AMHOM M HEPA3PBIBHOM JUCKPETHOM IIPOCTPAHCTBE-MATEPUH.

Tak xak u3 onpITOB ['annies cienayer ri1aBHOE CBOMCTBO MAaTepUU — IBUKEHUE, TO IPOCTPAHCTBO
JTUHAMUYHBIX ITyYKOB MapajulebHBIX MPSIMbBIX JIMHUM, MbI OyZIeM OTOXIECTBIISITh C MaTepueil. Teneps yxke,
MBI HCXOMM M3 CIEAYIOIEro PyHIaMeHTalIbHOro (pakTa, 4To HET IPOCTPaHCTBa 0€3 MaTepPUH U HET
MaTepuH BHE IPOCTPAHCTBA. DTO 3HAYUT, YTO MPOCTPAHCTBO-MATEPHS, 3TO OJHO U TO ke. CeroaHs 3To
TPYAHO MOHATH CIOJIHA, HO TAKOBBI (DAaKTHI peajbHOCTH. B mpeacTaBieHHON pelieTke eBKINA0BBIX OCEH
CIpaBa Ha PUCYHKE 2, Mbl HE BUJIUM MOJHOW KapTUHBI JMHAMUYHOIO MPOCTPAHCTBA-MATEPUH CJIEBA.
Kak BuauMm, B AMHaMUYHOM IIPOCTPAHCTBE-MaTEPUH, Mbl YK€ HE MOXKEM OpaTh MPOCTO JIMHUIO, KaK
«...JUIMHY 0€3 HIMPHUHBIL. ..» C IPUHIIMIIOM HEOMpeaeIeHHOCTH B EBK/IMI0BO# akcnomatuke. 1o nubo (X-),
1160 (Y-) TpaekTopHsi, C JMHAMHUYHBIM yIJIOM NapaUIeIbHOCTH MyYKa MPSIMBIX HapasieIbHbIX JTHHUH.

Crneayroomum 1aroM B NOHUMAaHUHU CBOWCTB MPOCTPAHCTBA-MATEPUH, KaK OJJHOT'O I[€JI0I'0 €CTh TO,
YTO F€OMETPUYECKIE CBOMCTBA, MOAUYEPKHEM, THHAMUYHOTO TPOCTPAHCTBA, COOTBETCTBYIOT (DU3UUECKUM
CBOMCTBaM MaTepuu. ECiI MBI IOCTYJIMPYeM CBOMCTBA MPOCTPAHCTBA-MaTepuu Kak 31ekTpo (Y+ = X-)
MarHuTHOE I0JI€, TO €CTh MATEMAaTUYECKHE UCTUHBI YpaBHEHNH MakcBesuia I TaKOro €UHOr O JIEKTPO
(Y+ = X-) marauTHOro moJsi. IcTiHa 3TUX ypaBHEHHIA B TOM, YTO JWHAMHUKA 3nekTpryeckoro (Y+ ) moss
MOPO’KJaeT BUXPEBOE MAarHUTHOE IM0JIe U HA000poT. Teneps yxe B CTPOTUX TOUHO TAKMX MaTEMaTHUECKUX
WCTUHAX, BBIBOJSATCS YpaBHEHUS JUHAMUKH rpaBUT (X+ = Y-) MacCOBBIX MMOJIEH. YKe UX 3THUX YpaBHEHUU
CIIEyeT TO, UTO MOJJ0OHO MHIYKIIMA MAarHUTHOTO TOJIsI B AMHAMUKE JEKTPUUYECKOT0 MOJIsA, TOUHO TaK

BO3HMKAIOT UHIYKTUBHBIE (Y -) MAacCOBBIE MO B IEPEMEHHOM rpaBUTAllMOHHOM (X+) moJje. be3 BapuaHTOB.

Taxas >xe ITOoNbITKA BHIBECTHU YPaBHCHUA CHGHHaHBHOﬁ TeOpI/II/I OTHOCHTETHLHOCTH B CTPOrux
MATEMATUYICCKUX UCTUHAX JUHAMUYIHOI'O ITPOCTPAHCTBA-MATCPHUH, ITPHUBCJIA K YPABHCHUAM KBaHTOBOM

S



PENIATUBUCTCKOM IMHAMUKH B TOUHO TaKMX MaTeMaTH4decKux uctuHax. Eciu B nepBom cityuae O6pascs
HYJIEBOHM yroJj napauieibHOCTH EBKIMI0BOI aKCHOMAaTHUKH, TO B CIy4ae KBAHTOBOW PEIIATUBUCTCKOMN
JUHAMHKH, 3TOT yroJl HEHYyJeBOU, puueM pasnuuubiil 1 (X-) u (Y-) Tpaekropuil. MoaHo ceifuac
roopuTh 0 KBantoBoit Teopun OtHocutensHocTh. Tak BoT, ypaBHeHus: KBantoBoii Teopun
OTHOCUTEIILHOCTH, IIPU HYJIEBOM YIJIE [apajulesIbHOCTH EBKIIM0BOM aKCHOMATHKHU, TIEPEXOAST B
ypaBHenus CriennanbHoil Teopun OTHOCUTENBHOCTH, IPUYEM B CTPOIMX MAaTEMAaTHUYECKUX UCTUHAX.
WNubiMu cioBamu, B EBkiMI0BOM akcnomaTtuke co3nath KBantoByto Teoprto OTHOCUTENBHOCTH
HEBO3MOXHO B npuHnune. K uemy 3to npuBoaut npaktudecku? Ilpusenem onuH npumep.
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W3 KBanToBoii Teopun OTHOCUTENBHOCTH CIEIYET, YTO, HAXOASICh BHYTPH CTallMOHAPHOM Cepsl ¢
M30TPONHBIM EBKIINAOBBIM IPOCTPAHCTBOM, B IMHAMHYHOM IIPOCTPAHCTBE-MaTepUH, Takas cepa umeer
BHJI JMHAMHUYHOIO AJIIMIICOUAA. TakoBbl MaTeMaTUYE€CKUE UCTUHBI T€OMETPUUYECKUX CBOMCTB. DTO OYEHb
MHTEPECHBIN ClIydaidl TAKOrO0 COCTOSIHUSA JUHAMUYHOIO IIPOCTPAaHCTBAa-MaTepuu. 1 ecTb TOMy IpUYUHBI.

MBpI Bce »k€ BBIXOJMM Ha IyTh, BEAYILIEMY K KBaHTOBOH rpaBuTanuu. B camom o0mem
[IpEJCTaBICHUH, YpPaBHEHHsI KBAaHTOBOW I'paBUTAIMU CleAYIOT U3 ypaBHeHus O6meit Teopun
OtHocutenbHOCTH DMHIITENHA. [10 CyTH, KaK yke OTMedalu, BCe IPEACTaBICHHbIE YPAaBHEHUS PACIIUPSAIOT
CBOMCTBA YK€ CYIIECTBYIOIINX TEOPUId U MPEACTABICHUN O IPOCTpaHCTBE-BpeMeHu. CkaxkeM Ooblie.
Camo mpoCTpaHCTBO-BpEMs €CTh YaCTHBIN cilydail (PUKCUPOBAHHOI'O COCTOSHUS TUHAMHYHOT'O
npocTtpaHcTBa-MaTepun. CkaxeM Tak, 4To (uKcalus Jr00ro yria napauielabHOCTH JUCKPETHOTO
JUHAMHAYHOT'O POCTPAHCTBA-MATEPUH TA€T MHOTOJIMCTOBOE PUMAHOBO MPOCTPAHCTBO. IMEHHO B TaKOM
(UKCUPOBAHHOM PUMaHOBOM IPOCTPAHCTBE MPECTaBIEH TeH30p DiHITelHa. W caM TeH30p DiHIITelHA
IIPE/ICTABISIET MATEMAaTUYECKYI0 HCTUHY Pa3HUIIbI PEIATHBUCTCKON TUHAMMKH B ABYX (DUKCHPOBaHHBIX
TOYKaX PUMaHOBOI'0O IPOCTPAHCTBA, OJJHA U3 KOTOPBIX pUBOAUTCA K EBKIMI0BOH cdepe. D10
MaTeMaTU4yecKass HCTHHA, KOTOPYIO HEJIb3s ONIPOBEPIrHYTh, HUKAK. [ BCsAKME TONBITKA HTHOPUPOBATh
O6uryro Teoputo OTHOCUTETHHOCTH, 3TO MONBITKH UTHOPUPOBATH MAaTEMAaTHYECKUE UCTUHBI. DTO HUUTO.

CaMo mpoCTpaHCTBO AMHAMUYHOTO My4YKa MapajieNbHbIX IPIMBIX ¢ (UKCUPOBAaHHBIM yTIOM
napajuieIbHOCTH, COOTBETCTBYET MPOCTPAHCTBY ¢ TreomeTpueii JlobaueBckoro. Mbl roBopum o
(UKCUPOBAHHBIX COCTOSTHUSAX, KaK (pakTax peasibHOCTH, GUKCUPYEMBIX B 3KCIIEPUMEHTAX C HEKOH J1oyei
BEPOSITHOCTH TOT'O WJIM HHOT'O COCTOSIHUS JMHAMUYHOIO IIPOCTPAHCTBA -MaTepUU. To eCTb BHE
9KCIIEPUMEHTA, JTMHAMUYHOE ITPOCTPAHCTBO-MATEPUS UMEET, CKAKEM, IPOCTPAHCTBO I'€OMETPUH
JIoGaueBcKOro ¢ nepeMeHHbIMI aCUMIITOTAMU TUIIEPOOII, WK cdepy ¢ HeCTallMOHApHbIM EBKIIMI0BBIM
IIPOCTPAHCTBOM, U TaKOH K€ U30TPOIHEH.

Ilepeiinem k Oosiee OJIM3KOMY PACCMOTPEHUIO YKa3aHHBIX CBOWCTB IMHAMMYHOI'O IIPOCTPAHCTRA -
Matepun. CaMo €IMHCTBO IPaBUTAIIMOHHOTO (X+) moJst 1 MaccoBbIX (Y -) TPAGKTOPUIL COOTBETCTBYET
MIPUHIUITY SKBUBAJICHTHOCTH HHEPTHOM U TPAaBUTALIMOHHOM MacChl. A HEHYJIEBOM YIroJI NapaJuIeIbHOCTH
MaccoBbIX (Y-) TpaeKTOpHil, JaeT HaM IPUHLIKIT HEOIIPEIeICHHOCTH caMoi TpaekTopuu. CkaxkeM 00Jblle,
JIB€ TOUYKHM TaKOH TPAaeKTOPUU, CAMMETPUUHBIE OTHOCUTENIbHO EBKINI0BON TMHUM C HYJIEBBIM YIJIOM
[apajyiesIbHOCTH, aeT HaM KBaHTOBYIO 3aIlyTAHHOCTb 3TUX TOUEK, KaK (DaKT pealbHOCTH JUHAMUYHOTO
IIPOCTPAHCTBA-MAaTEPUU. DTH JIBE TOUKH a0COIIOTHO OAMHAKOBBI. MBI TOBOPUM ceidac 0 ABYX TOUKAX, OJHA
13 KOTOPBIX (PMKCUPYETCS B OKCIIEPUMEHTE B MPOCTpaHCTBe-BpeMeHu. Ho mpocTpancTBO-MaTepus, 3TO
MIPOCTPAHCTBO PAaCHIMPEHHBIX BO3MOXKHOCTEH. M Takux aOCOMOTHO OJMHAKOBBIX TOUEK MHOXECTBO BHE
9KCIIEPUMEHTA, TO €CTh B PEAJIbHOCTH.

Uro kacaercs MaTeMaTH4eCKOH HCTHHBI TeH30pa DIHINTEHHA, TPUYEM CO CITIOPHOM A — ITOMIPaBKOM.
37ech HET criopa. TO MaTeMaTHYeCKas HCTUHA U OHA BBIBOAMUTCS IIPU YCIOBUU JUCKPETHOIO JUHAMUYHOIO
IpocTpaHcTBa-MaTrepuu. Bompoc 3akpsIT. Teneps yxke B Takoe ypaBHEHHE, KOTOPOE BBIBOJUTCS B
JUHAMHYHOM MPOCTPAaHCTBE-MaTEPUH, BBOAUTCS MPUHIIUI SKBUBAJICHTHOCTH MaccoBbIX (Y-) TpaeKTopuil B



rPaBUTAIIMOHHOM (X+) TI0JIe ¥ IPUHIIUI HEOMPEASICHHOCTH caMoi MaccoBoil (Y -) TpaekTopuu. B oTimmuune
OT (PMKCHPOBAHHBIX I'PaBUTALIMOHHBIX OoTeHLHanoB O61elt Teopun OTHOCUTENIBHOCTH DWHIITEHHA, yKe
MOXHO pacCMaTpuBaTh I'PaJUEHT TAKUX IPAaBUTAIMOHHBIX TOTEHIIMAJIOB, HA JIJTMHE BOJIHBI KBAHTOBOI'O
nosisi. U yxe Takue KBaHTOBbIE I'PaIMEHThI FPABUTALMOHHBIX TOTEHIIMAJIOB, Jal0T KBaHTOBBIE (X+)
IPaBUTAIMOHHEIE MO YCKOpEeHUil. MaTtemaTuieckre 0COOEHHOCTH TakuX AU depeHInaIbHbIX PeICHHH
JA0T KBa3U MOTEHIMAIbHbIE KBAHTOBbIE IPABUTALIMOHHBIE 11OJIS1 YCKOPEHUN, KOTOPbIE CIEYIOT U3
ypaBHerust O6miei Teoprurt OTHOCUTENILHOCTH DUHINITEHHA.

TakoBbI B 00X YepTaX CBOMCTBA KBAHTOBOM IpaBUTALIUM B €IMHON Teopuu. Peus maer o ennHbIX
MaTeMaTUYECKUX UCTUHAX ypaBHEHU MakcBesia s SJeKTPOMAarHUTHBIX MOJIEH U ypaBHEHUM TUHAMUKHU
IPaBUT - MACCOBBIX Mosiei. Peub 0 e1MHBIX MaTeMaTHYECKUX UCTHHAaX ypaBHeHu CrniennansHoit Teopun
OTHOCUTENBHOCTH DWHINTEIHA ¥ ypaBHEHUI KBAHTOBON PENATUBUCTCKOM nuHaMuku. U peus naer o
€IMHBIX MAaTEMATUYECKUX UCTUHAX ypaBHeHUM OO6mmel Teopun OTHOCUTENBHOCTH DWHINTEHHA U
YpPaBHEHWI KBAaHTOBOMW IpaBUTAlIMU. Bce 3TO MpeIcTaBIeHO B OJJHOM MaTEMaTHYECKOW UCTHHE.

KopoTko oTMeTnM cBOMCTBa, KOTOPBIE CAEAYIOT U3 ITUX MATEMAaTUYECKUX UCTHH.

1. Teomerpuueckum, a paBHO U pu3HUEcKUM (HAKTOM AMHAMHUYHOTO MPOCTPAHCTBA-MAaTEPUH, €CTh (DaKT

HAJINYHXS AHTUBEILECTBA B CAMOM BEILECTBE, HAIIPUMEP IMPOTOHA U 3IEKTPOHA.

2. Wunyknus peasiTHBUCTCKON Macchl B CriennanbHol Teoprr OTHOCHTENILHOCTH DWHINTEHHA, B

COOTBETCTBHMH C IPUHLIMUIIOM 3KBUBAJIEHTHOCTH, TaKas e, KaK U UHAYKLHS T'PAaBUTALMOHHON MacChl

B [IEPEMEHHOM I'PaBUTALIMOHHOM IOJIE.

a. Ecmu sto none CunpHoro BzaumoneicTBust IpoToHa, TO MBI 3TY Maccy, 3aMKHYTYIO B
IPOCTPAHCTBE, MOKEM U3MEPSThH B IKCIIEPUMEHTE.
b. Ecmu 3TO HHIyKTHBHBIC MACCOBBIC TPACKTOPHH KBAa3H MOTCHIIHAILHBIX KBAHTOBBIX
rPaBUTALIMOHHBIX MOJIEH YCKOPEHUA, TO MBI TOBOPUM O CKPBITBIX MAaCCOBBIX MOJISAX, KaK
TEMHOWU MAaTEPUHU.
3. UepHble ABIPHI, IO TPUUUHE HAINYHS «TOPU30HTA COOBITUI» U B Teopusix OTHOCHTEIBHOCTH

DWHIITENHA, HE MOTYT MOIJIOLAaTh MATEPHIO, TOT K€ MO3UTPOH B «UCHAPEHUU XOKHHIa», TaK KaK

JUISL 3TOT0, TOMY K€ MTO3UTPOHY HAJ10 Pa30THATHCS 10 CKOPOCTU CBETA, & ’TO HEBO3MOXKHO.

CaMm ropu3oHT COOBITHI BO3HHKAET B PEIISITUBUCTCKOM MPEICTaBICHUH 3aKkoHa HhI0TOHA, KaK 4aCTHOTO
ciryqast O6meii Teopun OTHOCHUTENBHOCTH DitHIITEHHA. HO 17151 3TOTO, B MaTeMaTUYECKON POTIETyPE,
HaJI0 JEJUTh Ha HOJIb. Takoe HEBO3MOXXHO HU B MaTeMaTHKe, HU B [Ipuposae Takux yepHbIX AbIp. XOTA
«YEpHBIE AbIPbD) CYUIECTBYIOT B AMHAMUYHOM MPOCTPAHCTBE-MATEPUH, KaK 00BEKThI CHHTYJISIPHOCTH C
Pa3IMYHBIMU SHEPTETHUYCSCKUMHU YPOBHIMH (PU3NIECKOr0 BakyyMa. ECTh pacdeTsl nuamna3oHa Macc
TaKUX YEPHBIX JIbIP, KAK MUHUMYM TPEX TUIOB B FaJJaKTHKAX, & TAK)KE B KBa3apax U B SAPe KBa3apHbIX
raJakTHK. DTO BOMPOCHI, BBIXOASIINE 3a PAMKH JTAHHOTO MPECTaBICHUS.

2. EaunHan Teopua 2

AHHOTALMS.

Enunas Teopus He siBIsieTcs Teopuen Bcero. Ee TeopeTndyeckoil OCHOBOW €CTh aKCUOMBI
JUHAMUYHOIO IPOCTPAHCTBA-MATEPUU, IPEAECIBHBIM CIy4aeM KOTOPBIX €CTh EBKIIMI0BAas akCMHOMAaTUKa
pocTpaHcTBa-BpemMeHu. [1o cymecTBy, pedb 0 HOBOM TEXHOJOIMU CaMUX TE€OpUid. B 3TUX MeToaax co3aaHbl
€IMHBIC YPABHEHHUS I AJICKTPOMArHUTHBIX oJiel (MakcBena) u ypaBHEHHS JIJIsl TPABUTALIMOHHBIX MTOJIEH.
DTO eANHbIEC YPABHEHHS PEISTUBUCTCKON JUHAMUKH CHEUUAIBHON TEOPUH OTHOCUTEIBHOCTH U KBAHTOBOM
PENATHBUCTCKON JUHAMUKH. M 3TO eMHbBIEe YpaBHEHHsI O0IIEH TEOPUU OTHOCUTEILHOCTH U KBAHTOBOM
rpaBuTtanuu. Bece 93T0 B 0J1HOM MaTeMaTH4eCKOW UCTUHE aKCUOM JUHAMUYHOTO IPOCTPAHCTBA-MATEPUH.
OnHUM U3 Pe3yIbTaTOB, KaK UCCIIEI0BATEIbCKIM MOCIEACTBUEM TaKOM TEXHOJIOTMH, €CTh YIIpaBsieMas
TepMOsJIEpHAs PEAKLIHSL.

['maBbl
. [IpocTpaHCcTBO-BpeMs SIBISIETCS YaCTHBIM CJIy4aeM MPOCTPAHCTBA MaTEPUU
. Obmme ypaBHeHHS dIeKTpOMaraHuTHOro (MakcBenia) ¥ TpaBUT -MacCOBOTO TTOJISL.
. O6mme ypaBuenus: CrnenuanpHor Teopun OTHOcUTebHOCTH U KBaHTOBOM PenstuBucrckoi JluHaMuKy.
. Cxansipubie 0030HHI.
. CnexTp HeneIMMbIX KBAHTOB MPOCTPAHCTBA-MATEPHH.
. O6mme ypaBuenus O6mieit Teopun OTHOCUTEIHPHOCTH U KBAHTOBOM I'PaBUTAIIHH.
. Jlnunamuka BceneHHOM.
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1. IIpocTpaHcTBO-BpeMsl SIBJISIeTCSl YACTHBIM CJIy4aeM IPOCTPAHCTBA MaTepHHU
CoBpeMeHHas (u3MKa ynupaercs BO MHOXKECTBO IIpo0JieM, (JaKTOB, KOTOPBIE BHIXOSAT 3a PAMKHU €€
TEOPETHUECKUX MpeacTaBieHnid. CaMu TeopeTndeckue Mojenu U (yHIaMeHTalbHbIe IPEACTaBIECHHS BO
MHOT'OM ITpOTUBOpednBbl. Hampumep, ckazanu, 4To noje Xurrca co3aer Maccy yactui. ®@opMabHO, 3TO
MOKHO HOHSATH U Ha KJIACCHYECKOM ypoBHE, M = V2V (uacToTa onpenensercs kKo3p(HIHEHTOM KeCTKOCTH
1 Maccoil) kak KosiebaHus B 00béMe o Xurrca (3Heprust 603o1a B Mozenu CriontanHoro Hapyienus
CuMMeTpun), KOTOpbI€ B34ThI 32 OCHOBY uaen. Ho kak «Macca ot Xurrca» co3fgaeT Cuiy
I'PaBUTALIMOHHOIO MPUTSHKEHUS JIBYX Macc, ckazaTh 3a0buti. OTBeTa HeT. MaTreMaTnka OTBE4aeT Ha BOIIPOC
KAK? ®usuka orBevaet Ha Boripoc [IOUEMY? Mebl Oyaem nckath Gpu3ndeckue MpUIuHbL. ITO OYCHb
BAXKHO.

Ecnu (+) 3apsa nporoHa (p*), B KBapKOBBIX (p = uud) MOJCIAX MPEACTABISETCS CyMMOIA:

qp = (u =+ %) + (u =+ g) + (d = - %) = (+1), apoOGHBIX 3aps10B KBAPKOB, TO TOYHO TaKoi (+1) 3apsn

(e") mo3uTpoHa, KBapkoB He UMeeT. Takas MoJeNb U mpencTaBieHue (+) 3apsiaa He COOTBETCTBYET
peasnbHOCTU. U IPOTOH HE n3iydaeT GOTOH B OOMEHHOM 3apsA0BOM B3aUMOAEHCTBUU C 3JIEKTPOHOM aToMa.
DNEKTPOHBI C OJMHAKOBBIM (-) 3aps0M HE OTTAJKUBAIOTCS B OOMEHHOM B3aMMOJICH CTBHU Ha OJIM3KUX
paccTosiHusAX opOuTaiel aToMa, Ipyu TOM IPUTATUBAACH K (+) 3apsiay yIAaleHHbIX B Ape IPOTOHOB aTOMA.
3akoH KynoHa 31ech He paboTtaer. Cama EBkinioBas akcuomaTika UMeET COOCTBEHHBIE HEpa3pelIMble
nporusopeuns. Hanpumep,

1. MHOX€ECTBO TOYEK B OTHOW «HE UMEIOIIEN 9acTei» TOYKE, 1aeT CHOBA TOYKY. DTO TOYKA WJIM UX
MHOKECTBO, ONPEAEIAEMOE IJIEMEHTAMU U UX B3aUMOCBS3b10?

2. MHO€CTBO JIMHUH B OTHON «AJIMHE 0€3 IHPUHBI», 1a€T CHOBA JIMHUIO. DTO JUHUS UJIM UX MHOXKECTBO,
OTpeeNIIeMOe aHAJIOTUYHO?

OTtBeToB Ha Takue Bonpocsl EBkiMI0Bas akcuoMaTuka He 1aeT. Eciau Bo BpeMeHa 10 Hallel dpsl,
9TH aKCHOMBI BCEX YCTpauBalH, JJIsl U3MEpEHUH IuIo11aieil, 00beMOB. .., TO B COBPEMEHHBIX HCCIIETOBAaHUIX
TaKH{e aKCHOMBI IIPOCTO HE paboTaroT. DTO, U MHOTO JIpYruX (PyHAaMEHTaIbHBIX IPOTUBOPEUHH, pEIICHUN B
TEOPUAX HE UMEIOT.

@yHaMeHTaIbHBIM (DAKTOM €CTh TO, YTO HET MaTEepPUU BHE IPOCTPAHCTBA U HET MPOCTPAHCTBA 0€3
Martepuu. [IpocTpaHCcTBO-MaTEpUs 9TO OJHO U TO XKE.

['maBHOE CBOMCTBO MaTEpHH, JBUKEHUE, TPEICTABIISIETCS] JMHAMUYHBIM ITPOCTPAHCTBOM -MaTEpHEH,
C HeCTallMOHapHbIM EBKIIMA0BBIM MPOCTpaHCTBOM. OHO BBITEKAET U3 CBOMCTB EBKIIMI0BON aKCMOMATHKH.
[IpsiMble TMHUK TUHAMAYHOTO (@ # const) Mydka, He MepecekaroT HCXoaHyo mpsimyto (AC — ) Ha
6eckoneunoctH (Pucynok 1), To ecTb OHM HapaielbHbIE.

Pucynox 1. lunaMu4yHOE POCTPAHCTBO-MATEPHSI.
DTO 3HAYUT, YTO MPHU ABMKEHUU BIIOJIb TMHUU AC, BCerja ecTh MpoCcTpaHCTBO (X-) B KOTOPOE MBI
MOTNacTh HE CMOXKeM. BECKOHEUHOCTh Helb3s OCTaHOBUTH. [103TOMY nuHamMuyHoe (X -) TPOCTPaHCTBO-
MaTtepus mydka napajuiebHbIX MPAMbBIX JTUHUM, CYIIECTBYET Bceraa. Bropoit MOMEHT B TOM, UTO



JlobaueBckuii cUMTAll CBOIO F€OMETPHIO, «I1aH T€OMETPUIO», BOOOpakaeMOM, TO €CTh JEeHCTBUTENbHON Ha
OonpIIMX paccTossHUAX. B Hamem cinyuae, Ha 6onbimx OA, yron napajiielbHOCTH YBEIUYUBAETCS, & IPU
MaJsbIX 3HaueHusX OA, Ha MaJIbIX pacCTOSIHUSIX reomeTpus JIo6aueBCKOro mepexoauT B FTEOMETPHUIO
EBxiupa. To ecTs, yron napamienbHOCTH CXOIUTCA K Hyro. Ho Ha ManbIx paccrostHusx Bektopa AC, B

MUKpPOMHPE, HA000POT, YroJ MapauieTbHOCTH MPpeNeIbHbIN, C U3BECTHBIM MPUHIUIIOM HEOMPEIeIEHHOCTH.

(X+) (Y+)

OproroHanbHble MYYKU HPSIMBIX JUHUI-TPAEKTOPUNA, UMEIOT COOCTBEHHbIE BHEIIHUE OJIAL.

Onu o6paszytor Henenumbie O6nactu Jlokanusamnum (X1) , (Ys), IIpu a3TOM EBKIIMIOBOE TPOCTPAHCTBO €
HEHYJIEBBIM U TMHAMHYHBIM yTIIoM (@ # const) mapaiebHOCTH B Kaa0i cBoei (XYZ) ocu, Tepser
cmbicit. Ho ato peansHoe (X-), Bosb ocu (X), IPOCTPaHCTBO JUHAMUYHOIO ITy4YKa MPSMbIX JIMHUM,
KOTOPOT0 MbI HE BUAUM B EBKiIMI0BOM npocTpaHcTBe. B 2-MepHOM npocTpaHCTBE, HYJIEBOH Yo
napaenabHocTd (¢=0) ais (X-) u (Y-) nunuid, naet EBkinaoBsie npsimbie TMHUK. B nipegensHoM ciyuae
HYJIEBOT 0 yIJia napajuienbHocTy (¢ = 0) B KaXk 10 0CH, THHAMUYHOE MPOCTPAHCTBO-MAaTEPHUs IEPEXOIUT B
EBKIIM1I0BOE MTPOCTPAHCTBO, KaK YaCTHBIM ciyyall IMHaAMUYHOT'O IPOCTPAaHCTBA-MaTepUu. DTO TTyOOKHe U
MPUHLIUITHATIBHBIC U3MEHEHHS CaMOil TEXHOJIOTUU TEOPETUUECKUX UCCIIEIOBAHUMN, KOTOphIe POPMUPYIOT
HaIllK IpecTaBieHus 00 okpysxatomiem mupe. Kak Buaum, B EBKIHI0BOM NpeicTaBiIeHHH POCTPAHCTBA,
MBI He Bce BUANM. Teopema ['eqienst 0 HEMOTHOTE YTBEPKAAET, YTO JH00asi HEMPOTUBOpEUHBas popmanbHas
akcuoMaTuyeckasi Teopus, popMasuzyroas apuMeTuKy HaTypajJbHbIX UK Cell, He siBisieTcs (a0COoM0THON)
MOJTHOM. DTO 0O3HAYaeT, YTo B JI00O0M TaKoW TEOPHH CYIIECTBYIOT HCTUHHBIE YTBEP)KEHUS, KOTOPhIE HE
MOTYyT OBITh 1I0Ka3aHbI B paMKaX 3TOW T€OpUH. B naHHOM ciiyyae HET apryMeHTOB CaMOii MCTUHBL, U OHA O]
BOIPOCOM, a pe3yJbTaT yTBepkaAeHus B Teopeme [ enens, moaATBep:KIaeTcsl WK HET KaK PeaibHOCTb, TOJIBKO
B AKCIIEpUMEHTE Wi (akToM peanbHocTH. Ho naxe 3aech, B 00oux cinydasx, Teopemsl I'enens u
JKCIIEPUMEHTA, B JUHAMUYHOM MPOCTpaHCTBE-MaTepuu ecTh (X-) umn (Y-) 001acti, B KOTOPBIE MBI HE
MO’KEM MPOHUKHYTbH B MPUHIIUIIE U [0 ONPEEICHNIO, HU B EBKIINIOBBIX aKkcHOMaX, KaKk OCHOBE BCEX
TEOpPUi, HU B IKCIIEpUMEHTax. J[BUrasch, HanmpuMep, BA0Jb Jdy4a (BekTopa) AC, Mbl HUKOI'/1a HE CMOYXKEM
nonacth B(X-) moje. M 31o dakt peaabHOCTH, 0€3 BCIKUX TEOPEM.

Taxoe muaamuyHOE (@ # const) MPOCTPAHCTBO-MATEPHUsI HMEET CBOM FeOMETpUIeCKHe (DAKThI, KaK
aKCHOMBI, HEe TPEOYIOLIHME JOKAa3aTEIbCTB.

AKCHOMBI AMHAMUYHOTO MPOCTPAHCTBA-MATEPUHU

1. HenyneBoii, iMHaMUYHBINA yroi napamiensHoctd (¢ # 0) # const , mydka mapauieIbHBIX
MPSIMBIX, ONIPEesieT B3aMMHO OpTOroHaJIbHbIE NapaliienbHble MUK (X —) L (Y —) moselt muHMiM -
TPaeKTOPHii, KaKk M30TPOITHBIX CBOICTB, MPOCTPAHCTBA-MAaTEPHH.

2. HyneBoii yron napamiensHocTr (@ = 0), 1aeT «mHy 0€3 MMPUHBD) C HYJEBBIM WM HEHYJICBBIM
(Y,) - pamuycom chepbl-TOUKH «HE UMEOIIIel yacTeii» B EBKIMIOBON akcuoMaTuke.

3. Ily4yox mapasienabHbIX MPSAMBIX C HYJIEBBIM yIJIOM MapajuieabHocTd (¢ = 0), «0MMHAaKOBO
pacIoNoKEeHHBIH KO BCEM CBOMM TOYKaM», JaeT MHOKECTBO MPAMBIX JJMHHUM B OTHOMN «0e3 U PHUHBD)
EBxinoBo# npsiMon TMHUU.

4. Baytpennue (X —), (Y —) u BHemnue (X +), (Y +) mons quHuii-TpaekTopuil HeHyJeBol X, # 0 wim
Yy # 0 MarepuanbHOil chepbi-Touku, oopasyror Henenumyro O6nacts Jlokamuszauu HOJI(X +) v
HOJI(Y +) nauHamMu9HOro MpOCTPaHCTBA-MATEPHU.

5. B enqunbix nomsax (X— =Y +),(Y— = X +), opTroroHajipHbIX JUHUA-TpaekTopuii (X —) L (Y —) HET
JBYX OJMHAKOBBIX C(ep-TOUEK U JIUHUN-TPACKTOPHIA.

6. Iocnenosarensuocts Henemameix O6nacreit JTokamuszamuu (X 1), (Y 1), (X £) ... no paguycy
Xo # 0 wm Yy # 0 cdepbl-ToOYKH Ha OTHON JIMHUM-TPACKTOPUH JaeT (n) CXOAWMOCTb, a Ha Pa3IIMIHBIX
TpaeKTOpUsiX (M) CXOAUMOCTb.

7. Kaxxnoit Henenmumoii O61actu Jlokanu3amuu MpocTpaHCTBa-MaTePUH COOTBETCTBYET SAMHUIIA
Bcex ee Kpurepues Opomouun — K3, B enunom (X— =Y +),(Y— =X +) npocrpaHCTBe-MaTepuu Ha

(m — n) cXoAUMOCTSIX,

HOJT = K3(X—=Y +)K3(Y-= X +)=1 HOJT = K3(m)K3(n)=1
B CUCTEMEC YHMCCJI PaBHBIX 110 aHAJIOTUHU CAWHMUIIL.

8. @ukcanus yrina(p # 0) = const wm (¢ = 0)mydxa IPAMBIX MapaUICIbHBIX JTHHUH,
MPOCTPaHCTBA-MATEPUH, JAET S5-I MOCTyJIaT EBKINAA U aKCHOMY TTapaJlIENbHOCTH.

ITpu 5TOM GeckoHedHOCTh (X —)TpaeKkTOpHH, 3aMBIKAETCS B TOBEPXHOCTH cheprl-Touku Ha (Y —)



TPaeKTOPHH B HA00OPOT, Ha (1) CXOMUMOCTH, B ycinoBUusix cummerpuid: (X —)(Y +)(X —)u (Y =)(X +) (Y —).
JIro0ast Touka (pUKCHUPOBAHHBIX JIHHUHN -TPACKTOPHIA, TIPECTaBICHA JOKAIbHBIMHA Oa3MCHBIM BEKTOPAMH

_ 09X 0Y i, 07 P 0xty  ox) L axk
=Sit-—j+ 3k e =—i+_—~j+_—k (Kops, c. 508),

¢ dyHIaMEHTAJIBHBIM TeH30pOM e;(x™) * er(x™) = g (x™), u Tomonoruerr (x™ = XYZ) B EBximmoBom
IPOCTPAHCTBE. DTU 0a3UCHBIE BEKTOPHI BCETa MOXKHO IIPEACTABUTH B BUAE: (x!=c,*t), (X =cy*t)
JMHEWHBIX KOMIIOHEHT [IPOCTPAHCTBa-BpeEMEHH, Toraa v;(x™) * vi(x™) = (v?) = IT, nony4aeM 0ObIYHbIHA
MOTEHIIMaJ MPOCTPaHCTBA-MAaTEPUHU, KaK HEKOe yCKOpeHue Ha JuinHe. To ecth, PuMaHOBO mpocTpaHCTBO,
310 pukcupoBanHoe (@ # 0 = const) cocTosTHUE TeoIe3nIecKor (x° = const) TUHUU TUHAMUYIHOTO

(@ # const) npocTtpancTBa-MaTepuu (x° # const). Takoit MaTeMaTuku PuMaHOBOT 0O MpOCTpaHCTBA
gir(x® # const), ¢ IEpEMEHHON Ie0Ie3NYECKOM, eie HeT. HeT u reomerpun EBKIMA0BON HECTallMOHAPHOU

cdepsl, HeT reoMeTpuu pocTpaHcTBa JIobaueBcKkoro, ¢ mepeMEHHBIME ACUMITOTaMH TUTIEPO0J. YacTHBIM
yZ
Yo
€CTh TPOCTPAaHCTBO reomerprn JlobaueBckoro (Matematndeckas sHuukmonequs 1.5, ¢.439). Ectb aeBsTh
OTJIMYUTENbHBIX IPU3HAKOB reomeTpun JlobaueBckoro ot reometpun Epkinaa (Pucynok 1.2).

PumanoBoro nmpocrpancrtsa: e

Clly4aeM OTPULATEIbHOU KPUBU3HBI (K =——= H}I}),J) (CmupHoB T.1, c.186) PumanoBa npoctpaHcTBa,
0
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Pat
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Pucynoxk 1.2 M3oTpomnHas n1nHaMuKa.
OpauM U3 pU3HAKOB reomMeTpuu JIobaueBcKoro, ecTh CymMma (O0 <Ya< 1800) YTJIOB TPEYT'OJIbHUKA, B

OTJIMYME OT €BKJIMUJIOBOM UX Mpoekuuu (3, a = 1800) Ha T1ockocTh. PaBHbIe mmomanu S; = S,
TPEYTOJIbHUKOB, UM PaBHBIE TPEYTOJHHUKHU B MPOCTPaHCTBE reoMeTpuu JIo6aueBCKoro, B paBHBIX yTiiax
MapajuIeIbHOCTU (1 = (P, MyUYKa MapaiebHbIX IPSIMbIX JUHUH, Jal0T IPOEKTUBHO — M10100HbIE
TPEyroJIbHUKU B EBKJIMIOBOM MIIOCKOCTH € paBHBIMM yriaMu B BepiinHax. OKpyXHOCTh B EBKITM10BOM
IJIOCKOCTH, ATO JIMHUA B TeoMeTpun JlobaueBckoro. 3neck EBknoBas TuHMS, «IJIMHHA 6€3 MHUPUHBI»— 3TO
panuyc kpyra B reomerpun Jlobauesckoro. Uem OobIie paguyc, TeM JIIMHHEE «JTUHUA». Takue
OKPYXKHOCTH B ITOBEpXHOCTH EBKIIMI0BOH cepe, ITO MHOKECTBO MPAMBIX JIMHUI BO BeeneHHol. B Hamem
cnyudae, EBkimnoBas cdepa emie u nuHamMuyHa. Kak MmoxHO co3naBath Teopuu «bosbiioro B3peiBay uinm
«uuKrueckor BeenenHol» B Takoi cepe? OTBeT — HUKAaK. ITO HU 0 yeM. HyneBoi pajguyc Takoro kpyra
(r = 0), TOBOPHT O TOM, YTO TAKOTO KPyra HET, U HET TAKUX JIMHUK. DTO Pa3roBOp HU O YeM, UX IIPOCTO
HEeT. DTO K BOIIPOCAM CHHTYJIIPHOCTH C UX O€CKOHEYHBIMHU KPUTEPUSIMH U HEBO3MOXKHOCTSIMU. VX HET HU B
MaTtemaTuke, HU B [Ipupone. OTo naet a¢hhekTuBHOCTH KOHPOPMHBIX peodpa3zoBanuil. Ho MeHss
KOJINYECTBO, MEHSIETCs KaueCcTBO. DTO pUI0cOPpCKre KaTeropuu. B MmaTeMaTrueckoM UX MpeCcTaBIECHUH,
MbI TOBOPUM O PA3JIMYHON KPUBHU3HE MJIOCKOCTEN TPEYTrOJIbHUKOB B MHOI'OJIUCTOBOM PuMaHOBOM

npoctpancTee. Cama II0Ia b paBHBIX B reoMeTpru JI00a4eBCKOro TPEYroIbHUKOB MEHSIETCS: S = ~a * b *
2

i j k
. 1 o )
sing =-la; a; as|. MeHsieTcst caMa MaTpuia npeoOpa3soBaHuii, MaTPUId CAMMETPUH, HHCTPYMEHTA
by b, b;

KBAaHTOBBIX TEOPUH, HO YK€ B KBAHTOBOW PEISITUBUCTCKOM TUHAMUKE (MOAHO roBopuTh B KBaHTOBOI
Teopun OTHOCUTENBHOCTH) TUHAMUYHON cepbl B JaHHOM ciiydae. PaBHBIE TPEyroJbHUKH TPOCTPAHCTBA -
MaTepuH, KacaTellbHbIE TOBEPXHOCTSM PaBHBIX B IpocTpaHcTBe JlobaueBckoro chep, HO ¢ pa3IMYHBIMU
paanycamu EBknnnoBeix chep. B nuHamudyHOM (@ # const) mpocTpaHCTBe-MaTepHH, 3T EBKIMI0BBIC
cdepsl pa3IUIHBIX PaIUYCOB, €CTh OJJHOU c(hepoii HecTAMOHAPHOT0 EBKJINI0BOI0 NMPOCTPAHCTBA,
KOTOporo HeT B EBkM10BOM akcnoMatuke. PUMaHOBO MPOCTPaHCTBO MPU 3TOM, UMEET TMHAMUYHYIO



tononoruto (x™ = XYZ # const), yero et B EBkimgoBom (x™ = XYZ = const) cranimoHapHOM
MPOCTPAaHCTBE. DTH aKCHOMBI YK€ peliaoT npodiaeMbl EBKIMI0BOM aKCHOMAaTHKN MHOXKECTBA TOYEK B
OJTHOM TOYKE «HE MMEIOIIeH YacTei» U MHOXECTBA JIMHUI B OJTHOM «JIJTMHE 0€3 ITUPUHBDY.

2.1. Equnbie Kpurepuu JBo1101HH NPOCTPAHCTBA-MAaTEPHUH.
Bce Kpurtepuun DBomronuy JMHAMUYHOTO IPOCTPAHCTBA-MaTEPUH, CHOPMUPOBAHBI
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Pucynox2.1. Kpurepun OBosonuy B IpOCTPAHCTBE-BPEMEHHU.

B MHOTOMEPHOM Ha (m-n) CXOJUMOCTSIX, TPOCTPAHCTBE — BPEMEHHU, KaK B MHOTOMEPHOM IPOCTPAHCTBE
ckopocreii: WN=K*NTN 3necy qia (N=1), V= K*'T - ckopocrs, W2 =I1 norenuman, [1>= F cuna..., 2-ro
kBazpanTa. x mpoeknus Ha koopauHatHoe (K) nim Bpemennoe (T) mpocTpaHCTBO-BpeMs AAIOT: 3apsl
[MK=q( Y+ =X -) B anektpo ( Y+ =X -) MaruutHbIxX nossx, uiu maccy [IK=m(X+=Y -) B rpaBut (X+=Y-)

mK 1
MAacCCOBBIX ITOJISIX, TOTJA INIOTHOCT P = % R i v2 310 KBaJpaT 4acToTkl, dHepruto E=I1°K, 10
umyisce (p=I1°T), neiicrBue (h=I1°KT), u T.1., AUHOrO IPOCTPAHCTBA- MATEPUH
HOJI= (X+=Y-) (Y+ =X -) =1. Bcsikoe ypaBHEHUE CBOJMUTCS K 3TUM KpuTepusm DBOJONUH B
WN=K*NTN npocrpancree-spemenn. Ectb emme Muoro apyrux Kpurepues DBOONNY B IPOCTPAHCTBE -

BpEMEHH, KOTOPHIX MBI €llle He HcHob3yeM. Hanpumep, sHeprus Ditnmreiina E = mc?, u sHeprus Ilnanka
E = Av, UMEIOT MPAMYIO B3aUMOCBSI3b YEPE3 MACCY M 4acTOTy, B BUAe: m = v2V, u Tak nanee. Hapumep,

10 paxTy, ecTh HensBecTHIe HaM Kputepun Dsomomnuu W4 = KT " smeprxenTHBIX CBOMCTB MaTepun
aw
B Pa3JIMUYHBIX CTPYKTYPHBIX popmax Marepuu. Hanpumep. 113 3aKoHa COXpaHEHHs SHEPI UK ¢ = 0, rae oneprus

W =T12K, B enunbix Kputepusx DBomonuu, koraa norenuuan [1 = bK, a1o yckopenue (b), na gmane (K),

MOoJTy9YaeM POM3BOIHYIO ciiokHOM ¢ynkumu: f(g)' = f'g’ B mpoussenennn (uv)' = u'v + uv’, nonydum

W' =2II'K + (P?) =0,tne I' = Z—i = b. YuureiBas [IK(X+=Y —) = m, maccy B MaccoBoIX (X+=Y —)
nonsx uim 3apsig K (Y+= X —) = q, B onexrpomarnutaeix (Y+= X —) nonsx, u [12 = F cuity, noayqum:

[IKb= F,sBunecun: F =mbwm F = qE,rne E = F /q knaccuueckoil GU3MKH, KaK SMEPIKEHTHBIE CBOWCTBA B

ow
MaTeMaTH4eCKNX NCTHHAX OTTHOTO 3aKOHA — - = 0. Ilpu 5TOM B MOAYPOBHAX CTPYKTYP, AOILYCTUMBI CBOU

Kpurepun DBosronuu nogypoBHE B TaHHOM CIIy4ae.

2.2. daekrpo (Y+ =X -) maruuTHbie U rpaBuT (X+=Y-) MaccoBbie MOJIsl.
B enunom (X+=Y-) (Y+ =X -) =1, npocTpaHcTBe - MaTEPUH, BHIBOAATCS ypaBHeHus Makcsemnal s

(X-)=0

anekTpo (Y+ =X -) MarHuTHOro nojsi. BHyTpu TenecHoro yria Px MapaJuIeIbHOCTH €CTh

HA30TPONHOE HANIPSI)KEHU E TTOTOKA 4, koMroHeHT (CMupHOB, T.2, ¢.234). [TonHBIN MOTOK BUXPS Yepe3

S] (X_)

CEKYIIYIO IOBEPXHOCTb B BH/JIE:



”mt AdS, = ”a(A fcospy) LdT+HA s,

(X-)
S

4, KOMIIOHEHTAa COOTBETCTBYET IIyUKY napajuleabHbIX TpaekTopuid. OHa ecTh KacaTelIbHOM BJOJIb

S, LS, L LL

3aMKHYTOW KpUBOU L, B IOBEPXHOCTH 2, TJiE

IA dL, —”ror cos o, ds,

[Am /AL
F /N M4Am

Pucynok 2.2-1. anexktpo(Y += X—)MaruuTHble H rpaBut(X+= Y —)mMaccoBbie moJl.

Bnytpu tenecnoro yria P (X=)#0

{ [rot, CO’:ZDX ds, +[f %szdT =0= [j A, (X-)dS,

napajajiCJIbHOCTU BBIIIOJHACTCA YCJIOBUE

B nieioM ecTh cucteMa ypaBHEHUM TMHAMUKHU (X-=Y+)

”mt AdS, = J'(A /COW")LdnﬂA ds,

I10JI4.

[[rot, s ——”—”dL dr ([ 4,dS, =0

S, 5,
, U2

B EBKJ’II/I}IOBOﬁ Py = 0 AKCUOMATHKC, IPUHUMAS HAIIPAKCHUEC ITOTOKA BEKTOPHBIX KOMIIOHCHT KakK

A, /cosp, = E(Y+)

HaIIpsKEHH € DJIEKTPUY €CKOT O MOJIs Y UHIYKTUBHOM IIPOEKIUH JJIsl HEHYJIEBOrO yIJia

(PX * 0 , KaK MHAYKIOUW MAarHUTHOI'O B(X_) II0JIs1, UMEEM
OE(Y+
jjmz B(X-)dS, jj ( )dL,dT+ [[E@+)as,
5,
OB(X-)
rot, E(Y+)dS, = —|| ———=—dL,dT A,dS, =0=¢B(X-)L,
I?I;()_HGT [f §>()
U2 , B YCJIOBUAX 2
HMCHOT MECTO U3BCCTHBIC YPABHCHUA Maxkcsemnna.
¢ xToty B(X =) =roty H(X =) = & o) 4 AE(Y+);
rotxE(Y +) = —p aH;’T“) = —"B;’; 2
HHZ[YKIII/ISI BI/IXpCBOFO MAardmMTHOI O IT0JIA B(X—) BO3HHUKACT B HCpeMCHHOM SHCKTpI/IqCCKOM E(Y+) I10JIC 1
Ha000POT.
jA dL, = j A dS, #0
Jlist He3aMKHYTOTI'0 KOHTYpa ~“2 €CTh COOTHOILIICHUS KOMITOHEHT. B ycioBusax

4,14 ( )
OPTOTOHAJILHOCTU KOMITOHCHT " m BEKTOpa A , B HCHYJICBBIX, TUHAMHWYHBIX q)X # const u

(qu # const) Acosg, 1 (A, =A, cosp,) (4, cosp, =A4,)

yriax napajijieJibHOCTH, , €CThb JMHaMHKa

KOMITOHEHTBI BJ10JIb KOHTYypa L, B [TIOBEPXHOCTHU Sl. O0a coOTHOIIEHUS TPEICTABIAIOTCS B IOJHOM BUJE.

I'. AHaJIOTUYHO, CJIETyeT COOTHOIICHUE:



0(A,(X+)*cosp,)
Lj 4, cospdL, = | 7 dL,dT + { [4,ds,
HyneBoii moTok yepe3 NOBEPXHOCTh S, BUXPSI (rot,4,,) BHE TEJIECHOT 0 yria (qu * C‘OHSI) apajieIbHOCTU

COOTBCTCTBYCT YCIIOBUAM

[, + Jfpndr =0= [ a.0as
s o

B nenom cucrema ypaBHEHUN JTUHAMUKH (Y-=X+) nons NIPEACTABIISETCS B BUJIE:
1 0(A,(X+)*cosp,)
j j rot, A (Y-)dS, = jj aT dL,dT + g A4,dS,
A (Y-) .
j j rot, 4, (X+)dS, =-| j ——dLdT [[4,(r-)as, =0
5
G(X+)

BBOHH IO AHAJIOTHUU HAIIPAKCHHOCTH
M(Y-)

nioiist CusbHoro (I'paButanmonnoro) Bzaumopeicteus u

HWHAYKIHWIO MaCCOBOI'O MOJIA
Hrot M(Y-)dS, _H

Hmf G(X+)dS, __”MLCZT [[4,0r-)ds, =0= §M(Y )L,

, npu S
(X+=Y-)

, HOJIYYUM aHAJIOT'MYHO!:

aG(X D dr,dr + [[GLx+ys,
S,

Takue ypaBHEHHUSI COOTBETCTBYIOT IPaBUT
cxrotyM(Y —) =rotyN(Y —) = ¢, *
M(Y-)=p, * N(Y-); rotyG(X+) = —p,

10 aHAJIOTWH C YpaBHEHUAMHU MakcBeiua sl 3J1eKTPO (Y +=X-) MarHUTHBIX oJiel. Peus 00 mHIYKIIMN
maccoBsix M (Y —) moseii B nepementrom G'(X+) mosne rpaButaniu, Nog00HO HHAYKIMA MATHUTHOTO TOJISI
B [IEPEMEHHOM 3JIEKTPUYECKOM I0JI€. 3/1eCh HET BAPHAHTOB. JTO €IMHAsI MAaTEMaTU4YEeCKasl NCTUHA TaKUX
noJieil B eTMHOM, JMHAMUYHOM MPOCTPaHCTBe-MaTepuu. Peub 00 MHIYKIIMM MacCOBBIX MOJIEH BOKPYT
JBUKYIIMXCS Macc (3Be3/]) TakKe Kak U 00 MHIAYKLIUH MarHUTHBIX TOJIei BOKPYT ABMKYIIUXCS 3apsi/I0B.
Takum 06pa3oM, moBopoTsl 10ty B(X —) u rot, M(Y —) tpaektopuii, narot nuHamuky E'(Y+) n

MAaCCOBBIM I10JIAIM,

dG(X+)
+A*xG(X+)
LONOD) _ am(ro) .
aTr ar '

G'(X+) cunosoro snektpudeckoro (Y +) u rpaBurarmonnoro (X +) moseit, COOTBETCTBEHHO. A TTOBOPOTHI
(Y+) noneii Bokpyr (X —) tpaekropuii u (X +) moseit Bokpyr (Y —) TpaeKTopwid, 1al0T TUHAMUKY
anexrpo rot,E(Y +) — B'(X—) marHuTHOrO mons, u MaccoBslx rot,G(X +) - M'(Y~—) TtpaekTopumii.

c*rot B(X-) =E ' (Y+) c*rot M(Y-) = G ' (X+)
Y
_x (¥ =)
Q@ - N7
P > <
ot E(Y+)=B"'(X-) rot G(X+)=M"(Y-)

—-—> é)—(%—% X-) )\rﬁl&f)
)‘/\ (IF_
N
Pucynok2.2-2. Envnble mosst mpocTpaHCcTBa-MaTepHH

Hunamuka E (Y +)31eKTprdecKkoro moJist MopoKaaeT HHIyKTUBHOE MarHuTHOe B(X—) morne, u Ha060poT.
Hanpumep, 3apssKkeHHBIN IIap B IBMKYLIEMCSI BATOHE, MATHUTHOTO 1OJI He nMeeT. Ho komnac Ha neppoHe



MOKa)XKeT MAarHUTHOE T0JIe. DTO OMBIT JpcTeaa, Hadmoaapmuil (X—) MmarauTHoe nosie asumxymwmxes (Y+)
3JIEKTPOHOB TOKA IIPOBOJAHUKA.
U enunbIM 00pa3oM BBIBOASTCS TAKUE K€ YPABHEHUS TUHAMUKH TpaBUT(X+=Y-) MacCOBBIX MOJICH:

3G (X+)
cxrotyM(Y =) =rotyN(Y —) = ¢, * T+l * G(X+)
ON(Y—- oOM(Y—
M(Y-)=u, * N(Y=); rotyG(X+) = —py * % __ 6<T ).

Junamuka G (X+) rpaBUTallMOHHOrO MOJIS MMOPOXKIAeT HHIYKTUBHOE MaccoBoe M (Y —) more, u
HA000POT. AHAJIOTUYHO, TIpH ABIKeHHH (X+) Macc (3Be371), MOPOKAAOTCS B MHAYKIH MaccoBbie (Y —)
nons. 371ech YMECTHO OCTAHOBUTBCS Ha BceM M3BecTHOH dopmyne (E = mc?), Ha KOTOpO#i ocTaHOBUMCS
nonpobHee. Teno ¢ HenyneBol (m # 0) mMaccol, usznydaeT cBer ¢ 3uepruei ( L) B cucreme (Xg, Vo, Zg, Cto)
KOOpIUHAT, ¢ 3akoHOM coxpaHenus sHeprun: (Eo = E; + L), 10 u mocne uznyuenus. J{st 9ToM jxe Macchl,
M 3TO KJIF0UYEBOH MOMEHT (Macca (m # 0) He meHsiercs), B Apyroi (Xq,Y;,Z1,Ct1) CUCTEME KOOPIMHAT,

v?2 o o
3aKOH coxpaHeHus sHepruu ¢ (y = |1 ——) npeobpasosanusmu Jlopenna, DWHINTEHH 3anKcal B BUIE
Cc

(Hy = Hy + L/y). Boruutas ux pasHuiy, DUHIITSHH MOTYYHIT:
1 1
(Hp—Ep) =(H;—E)+ L(; —1),um (Hy—Ey) —(H; —E;) = L(; -1),

C otzneneHneM pa3HULBI 3HEpruu usnydeHus. O0e nHepuuaabHble CUCTEMbI KOOPAMHAT JIBUXKYTCS, HO
(%1, ¥1, 21, Ct1) IBUKETCS CO CKOPOCTHIO (V) OTHOCHTENBHO (X, Vo, Zg, Ctp). Yl MOHATHO, YTO CUHUI H
KpPacCHBIM CBET MMEET Pa3HULly SHEPruil, KOTOPYIO U 3anucall DMHIITEWH B ypaBHeHUH. CaMO ypaBHEHHE

DWHIITENH 3anucai Kak pa3HUIly KHHETHYECKUX SHEPTUii B IEPBOM PA3JI0KECHUU.
(K K,) L v? ) AK (AL v?
— =-(=. 1701 =(=)—
0 1 2 ¢z c2’ 2
AL . " 2
3nech ( P Am) MHOXXHTEIb, UMEET CBOWCTBA MACChI «JIYYHCTOM SHEprum», win: AL = Amc*. Oty
(GopMyI1y MHTEpPIPETUPOBAIIH 10-PA3HOMY. DHEPruI0 aHHUTHIALUU E = myc? Mmacchbl MOKOS, UIIK:

EZ o
m,y? = i p?/c? , B pensaTMBUCTCKON JUHAMUKE. 371eCh Macca ¢ HyJleBbIM UMITyibecoM (p = 0) , umeer

13
sHepruio: E = mgc?, a myneBas Macca ¢porona: (my = 0), UMeeT UMIyJIbC 1 dHepruio E = p * c. Ho -

DHHIITEHH BBIBEN APYroi 3aK0H «IyducToii sHeprum» (AL = Amc?), ¢ MaccoBbIMM cBOHCTBaMHU. DTO He
sHeprus GpoToHa, u 3710 He sHeprus (AE = Amc?) nedekta Macc HYKIOHOB spa aToMa. DWHIITEHH
YBUJEI TO, Yero He yBHUed HUKTO. [lomo0HO ABMXKYyIIEMYCs 3apsy, C HHAYKIHEH MarHUTHOTO MOJIs
ypaBHeHU MakcBena, IBrxKymIascs macca (Macca (m # 0) He MEHsAETCs ), HHIYIHPYET MAaCCOBYIO
suepruto (AL = Amc?), xoropyro u Hamen Ditnmreiin. Hanpumep, 3apsxeHnas cdepa BHYTpH
JBIDKYIIErocs Barona (3apsaa (q # 0) He MeHsieTcs ), He UMEET MarHUTHOTo noss. Ho kommac Ha meppoHe,
MOKa)KeT MarHUTHOE 10J1e cepsl B ABMKYLIeMcs BaroHe. IMEHHO Takoe HHyKTUBHOE MarHUTHOE I10JI€, OT
JBYDKYILIMXCS 2JIEKTPOHOB TOKA MPOBO/IHUKA, 00Hapyxui1 Dpcrea. Ilorom 6butn onbliTel Papanes,
MHIYKIUHA BUXPEBBIX IEKTPUYECKUX IIOJIEH B IEPEMEHHOM MATHUTHOM I10JI€, 3AaKOHBI MHAYKLIUU U
CaMOMHAYKIIMHU U ypaBHeHHsI MakcBena. [1o aHamoruu MHAyKTUBHOM SHEPIMM MarHUTHOT'O 1OJISL OT
JBUXKYIIErocs 3apsaaa, DUHIITENHH BbIBeN (GOPMYITy HHIYKTUBHOMN, «JIy4YUCTOW» SHEPTUU MacCOBBIX MOJIEH,
OT IBWXKYIIMXCSI HEHYJIeBbIX Macc (Macca (m # 0) He MeHsieTcs), 3B€3]1 B FaJlakKTUKaX B TOM yucie. U
31ech DUHIITEIH BhIIen 3a paMku EBkimoBoit (¢ = 0) akcmoMaTHKH POCTpaHCTBa-BpeMeHu. B
aKCHOMax JMHAMHYHOTO IIPOCTPAHCTBA- MaTepuu (¢ # const), pedb umper 06 uHaAyKTHBHBIX M(Y —)
MAaCCOBBIX TOJISIX, B TTOJHOM aHAJIOTWH C ypaBHEeHUIMU MakcBeiia. Bot uto yBumen DUHIITEHH, 1 HUKTO
JPYT oM.

HeroTon npeacrasun ¢popmyiy, Ho He ckazan, [IOUYEMY Bo3HuKaeT cuia rpaBUTalMK. 3aNUChIBas
ypaBHeHue O0uieit Teopun OTHOCUTENBHOCTH, DUHIITEHH Opasl rpaBUTAIL[MOHHBIIN TOTEHIMAI HYJI€BOI

E? 2 L2(Y-)
MacCbl:. — = C~, B BHUIC 2
4 p

- = =Gvi(X +) = SZT—fTik TEH30pa SHEPruu-uMIyibca. JIoKHOe
npencrapienne 00 O6mei Teopun OTHOCHTENBPHOCTH DWHIITEHHA COCTOMT B TOM, YTO CYMTACTCS, B
YpaBHEHMH Tpe/ICTaBlIeHA HEHYJIEBAsl Macca, KaK HCTOYHUK MCKPUBJICHUS PO CTPaHCTBAa-BPEMEHH, KaK
UCTOYHUK TpaBuTanuu. B ypaBaenun O61meit Teopun OTHOCHTETHHOCTH DUHINTEHHA, KAK MATEMATHYECKOM

HUCTUHBI B JTUHAMHUYHOM IMPOCTPAHCTBC-MATCPUU B ITOJIHOM BHUAC:

1 1 8mG
Ry =5 RGik =549 = 3 Tk -



HeT Maccel: (M = 0), B KJTacCMYECKOM ee MTOHUMaHUH. B MaTeMaTHuecKoil uCTHHE, 3TO pa3HULIA
PENSATUBUCTCKON NMHAMUKH B IBYX (PMKCHPOBAHHBIX TOYKaX PUMAHOBOI'O MIPOCTPAHCTBA, OJTHA U3 KOTOPBIX
npuBoauTcs K EBkimoBoi chepe, Bo BHelIHeM, He ctaiimoHapHoM (A # 0) EBkimmgoBoM mpocTpaHCTBE-
BpemeHu. B ¢usnueckoit uctune, B ypasuennn O6mieit Teopun OTHOCUTENBHOCTH, DUHINTEHHA, B €MHBIX
Kpurepusix DBonronuu, «3ammTay popmyna (3akon) HeroToHa:

2 2
_ 4 _ 4 2 2 _ a2\ _E°_ K° 2 2 _ a2
E = c*K, P—cT,(ci—ck—Acik)—pz—Tz—c), Acf, = Gv*(X+) #0
c*c*k?  G(c?Ky=m,)(c*Ky=m;) Gmym Gmym
ACizk =iz = ( 1) == pee ’ Acizk = P ' Acizkc2 =F
c*c4T? c2(c?T?=K?) c2K? c?K?

Kak Buaum, B ypaBHernu O01mieit Teopun OTHOCUTENLHOCTH DWHINTEHHA, CHUJIa TATOTEHUS IeHCTBYET B
TOJISIX C HYNeBOH Maccoit. UnTaeTcs: pasHHUIIAa MACCOBBIX TOTOKOB Ac, (Y —) BO BHEIIHEM MOTEHIIMATLHOM
nosie rpaputanuu ¢?(X+), ¢ ux Hpunuunom DksuBanenTHocTH (X+ = Y—) , naer cuny. Omnpenenumcs B
TOM, KaK paboTtaer Takoii noaxon. Hanpumep, s Comana u 3emmu (M = 2 * 1033g) u (m = 5.97 =

1027 g), mony4um

_ (6=6.67x1078)(M=2x10%%)

(U, = R 1496+10%3 = 8.917 = 1012) rpaBuTALIMOHHBII TOTEHIMAJ HA PACCTOSHMH 0 3€MJIU 1
=1. *

_ (6=6.67¥1078)(m=5.97+10%7)

U, 7100 = 6.25 * 101 | morenuman camoii 3emim. Torna
=6. *10
(AU = U; — U, = 8.917 x 1012 — 6.25 * 101 = 8.67 * 10'2) , unu (AU = 8.29 * 10'2) | nonyunm:
8nG (U%2K)?  U?(WK=m)®> Mm AU  8mGMm 8mG Mm GMm
AU = (C4=U2=F)( ik = Tgzrz T U2T? - F) » 1 NG ~F 12 - (AU/\/E)F - (AU*T2/\/[2)/81
6e3 Temubix Mace, OcTanoch mocuntaTs S0l = 322:107+(365:25:24:3600=31557600)" _ 5 5, 26 ,
8mV2 8m\2
YTO COOTBETCTBYET KBajpaTy paccTosHus (R? = 2.24 * 10%%) or 3emmu o Connna, unu F = GRMZm , 3aKOHY
HeroTona. Takol mojaxoj; COOTBETCTBYET PEATLHOCTH.
3. IIpeoOpa3oBanusi peJSITUBUCTCKON JTMHAMMKH.
a) Enuneie matematuueckue uctuabl CTO u KTO
Cneunanbnas Teopust KBanrToBass Teopuss OtHocureasnocru (KTO).
Otnocurteasnoctu (CTO). CneunanbsHas Teopust OTHOCUTENEHOCTH 14
Krnaccuueckoe mpencraBieHue: HEICHCTBUTEIbHA IPU YCIOBHSIX:
4
V2t (ieT) = [az = 27 = const } =¥+ (ieT) 1). He paBHOYCKOPEHHOM (az 7 const ) JIBUKCHHM.
( +) 2). B cunty npuHIuna HeonpeaeaeHHOCTH AY = cAT |
KpyroBoro WJIM TUTIEPOOTMYECKOTO camMa HEBO3MOXXHOCTh (PUKCAIIH TOYEK B
(—) PABHOYCKOPEHHOTO IBHKEHIS. MIPOCTPAHCTBE — BPEMEHH, JIeTAI0T TPeoOpa3OBaHUS
B y | JlopeHa 6e3Ha1eKHBIMU.
1), X=anX+a,Y Y =icT r= ic | 3) BonHoBas (yHKLMS KBAHTa IPHBOUTCS B
— Y MCXOJIHOE COCTOsTHUE BBOJOM KaJHMOPOBOUYHOIO IMOJI,
X=ayX+a, ic NPy OTCYTCTBUM PEISITUBUCTCKON JUHAMUKU, B

¥ caMoM mporiecce e€ IMHAMHUKH, TO €CTh IPH
=ay X +ay P OTCYTCTBHH KBAaHTOBOU PESTUBUCTCKON JUHAMUKH.
= PensTuBucTCKas TMHAMUKA B yTJI€ TApaIETbHOCTH

YIGZIX-F(ZDY, Y =icT a(X-) )
TPAEKTOPUM KBAHTA IPOCTPAHCTBA —
matepuu. Bmecto X,Y, paccMaTpuBaroTCs MPOEKIIMU

— a
X =a,X+ Ly K, K, o
ic , , IMHaMU4YHOro paauyca K, ntnHamuyHoi

= : cepsl, kKacaTenbHON K MOBEPXHOCTH JMHAMHYHOTO
2) Y =a,icX +a,,Y a, =b, (beper, . p A
' : ' o (X —);t const

=~

a TEJECHOTO yrja , TapaJIeIbHOCTH.
2 =ib, a.ic=ib Peub 0 MaTepuanbHOil cepe ¢ HeHyIEeBbIM
ic i€ =10y, —1=p
a =bh MHUHUMAJIHBIM paJinyCcoM Y, =1=ch0 , 1 BOJTHOBOM1
2 = o _ _
Q)yHKuI/IeI‘/'IW_KY YO. Y_KY,X_KX.
X=b X+ib,Y Ky =anky +a,Ky ro K
3) ?:ible-szzY 5KT:1 s 1). KX:aleY‘l-azzKX,Flle K)( :CT1 c 1




2 2 1 .2 2
K=T, b, —b, =1=by, — b,
YCIIOBUI OPTOTOHAJIBHOCTH BEKTOPHBIX

komroHeHT. B I'mo6ansHo IHBapuaHTHBIX

bl] :b:bzz, b122 :b221,

yCIOBHSIX cephl,

a,
(iblz)2 = (¢b21)2, bn = _7 b, = a,c
_ 9
, b, +b, =0 , UMEIOT MECTO: e 7,
VI 15T
CAY ayAY  a,AT
“Tar AT~ AY

4). Jlanee UMEIOT MECTO J[Ba CIydasl.

A). Ycnosus (a21 =0=a, ), OOHYJISIOT
npoekrmn AY = ICAT | pynamkn

IPOCTPAHCTBEHHO (c=AY/AT)
BPEMEHHBIX KOMIIOHEHT CaMOr'0 KBaHTa
dotona, u narot ' — 'mobansHO-

W HBapuaHTHBIE YCIIOBUS.

B). PeanbHOCTB B TOM, 4TO (DOTOH,
KOTOPBIM CUHXPOHU3UPYETCS
PENATUBUCTCKASI TMHAMMKA, UMEET CBOI

00BeM (all # O) # (alz * 0) B

MPOCTPAaHCTBE — BpeMeHu. Takas
PCaIbHOCTb COOTBETCTBYCT PCAJIbLHOCTHU
IMpUHIOUIIaA HCOIPECACICHHOCTHU !

AY =0=(Y)+(=Y) peus, uper o JIU —
JIOKQJIbHOM I/IHBapI/IaHTHOCTI/I B 00BEME

(ay #0) # (ay, #0)

5). Haymu(ctp.14): «... *UMEHHO OBLIO

NPe/N0JI0KEeHO ... ...», HIA
CmupHOB (1.3, cTp. 195): «... mosIOXKUM...

(b, = ab) = b, ...». To ecTp, HET
HMCXOJHOM NPUYMHBI TAKUX MOJI0kKeHn. Ho
YK€ U3 3TUX MOJ0KEHUH, IO HEU3BECTHOU
npuyuHe, 10 CMUPHOBY, CIEIYIOT
MaTEMATHYCCKUEC UCTUHBI:

X =bX +iabY

Y =—iabX +bY
b2 —a’h? =1=—a’b> +b> b(1-a’)=1

6). [logcTaBiisist CXOMHBIC 3HAUCHUS
Y=icT 'Y =icT | ponyunwm:

BBOIUTCA BpEMH.

- a

K,=a,K, + 2 K, — a
12

o c K,=a,K,+—K,

K a c
X K’ 22 K
aZI Y X K — K K
c c , W x T AyChy Tdphy

2).

A). Bo Baemnaux ' — I'mo6anbHo — MIHBapuaHTHBIX
YCIIOBUSIX, COCTABJISIOLIIUE

cosy = (+ a, )(‘ a 1) = la;, JAIOT MPUHITHIT

HCONPCACICHHOCTH, C HEKOH IIOTHOCTBIO

|’
BEPOSTHOCTH
npeoOpa3oBaHMIA:

B DKCIIEPUMEHTE, U MaTpULEl

. a,,
K, =ia;,K, "'(f:blz)]{x
3). fx =(a5c=0,)K, +ia,K ,

0
Jlns yrino mapannensHoctd ¢ (X _) =0 ,BI'U,
TaKUX, YTO
g, @y =cos@’ =0 =1=b (b=1)K, =K,
a,, = cos(a’ :OO):I:b’ (b:l)KX :KX,HMeIOT
MECTO YCIIOBHS

:b:azl(c:l)

ap
5). (c=1)
(T =1)

nepuonaa .
B I'no6ansHo — THBapuaHTHBIX YCIOBUSIX,
ia,, =ia

=iy , MaTpHUIla UMEET BUJT
K, =ia K, +b,K,

K, =iabK, +bK ,
6). K,=b,K, + ia,K K, =bK, +iabK , ’

500058

K, =iabK, +bK
K, =bK, +iabK ,
Takas xxe ' popma npencraBinenus

K, =y =Y-Y, . o
, IMEET MECTO B JIF00O0# KpaTHBIH

I < AT | momenT BpemeHn.

7). B ycnoBHAX OPTOrOHAaIBHOCTH Ogr =1 , K=T,
UMEET MECTO
—a’b® +b*=1=b" —azbz’

1
bz(l—az):l’ 1-a®
MHOXXHMTENb MAaTPULBl € YCIIOBUSMM: My ==y,

UiInu al]:a:a,n_

B). Ve B JIU — JlokansHo — IHBapHaHTHBIX

. #
YCJIOBUSIX, PEJIATUBUCTCKON JUHAMUKU Ay 7y ,C

BHemHUMU ['M ycrmoBusiMu, uMeeT MecTo:

15



X —acT 7 _dcT —iaX K, =b(a, K, +K )

X = - icT -
1—a 1-a K. = =
, ) 8) Ky b(KY+a22Kx)’ rae: u3 K, W"'Yo1
T_4 K (T X h )
= c = —_— = —
= X A, =b(q, Y, +K
¢
T: -~ a:zzcos(xo C E ,CneﬂyeT’ K ( 1170 X).
Vli-a® c , OTO M €CTb MOMEHT UCTUHBI PEATUBUCTCKON
Hp€06p&30BaHI/I$I HopeHHa B KJIaCCUYECKOU JUHAMHUKH KBaHTa IPOCTPAaHCTBA-MAaTCPUH, KOTOpBIﬁ
peJ’IfITHBHCTCKOfI JIUHaAMHUKE. B COBPEMCHHBIX TCOPUAX NPEACTABJICH
T — w X KaTrOpPOBOYHBIM Ay MIOJIEM.
— _ 2
X = X-_WT T = ¢ Yy =y, explap # const) + Ay
/ 2.2 i 172 .2 )
1-W< /¢ , 1-W-/e ’ KX W
_ Ay =— 7= =da=dap
W= _r+w 9). ITo ycnoBusm cI' ¢ :
1+ VW /c* - a=d.. =a
— IUHAMHUKH, 22~ 7l
nepexoax KTO B CTO. A . ’ |
HMmeroT MecTo MaTeMaTUYECKUE UCTUHBI b= =
o 2 1,2
nepexona Ksanrtosoii Teopun \/ l-a \/ 1-W"/c¢"  varpuna
OTHOCUTENBHOCTH B IPEOOPa30BaHUs Ipeo6pa3oBaHmil IPUHUMAET BUL:
CnenuansHoi Teopuun OTHOCUTENBHOCTH. z - a K, +cT B a K, +cT
JJ1g HyJIeBBIX YTIJIOB N K, =—F/———=
o — 2 2
napauiebHoCTH B EBKImM 0B 0 1-a;, , VI=-W*/c"
AKCHUOMATHUKE, CO CKOPOCTSIMU MEHbLINX .
p Ky +aycl  _ K,/c+a,T

cxopoct ceeta ¥ <€ unMeroT MecTo = Jl—a? N 2, 2
P ) —dy 1-W-/c
1 1

npeaesbHbIE Clydan TMepexoaa KBaHTOBOM

PEISITUBUCTCKON TMHAMUKHU BEKTOPHBIX v - K, _ ayKy +cT = _ a Wy +c
0 Y T y =
KommonenT, 922 :(cos(oc :O):l):a“1 r K,/c+a,T , Ay +WY/C’B 16
a22:].’ a[I:11 Y:WT, YCJ'IOBI/IFIX_HI/I, ((lzziall)il,
([?)':}7):(‘%1:1)(K)':Y)1WT _W_ _ 1
Vi-wi ) e T 7036
, B DKCTpEMaJIsiX KOrja: ¢ : )
= Y+WT = Kyle+(ay, =T 2
po LML poti e Weae -9
J1-wiet 1-W*(X =)/ c? , , a= he
o W T = w 10). TI WY =cC
K, =K(cosa" =—) e ). IlpenenbHbie CKOpOCTI/I( ) , B YCIIOBUSIX
' ' —  c(a, +
B IpeoOpa3oBanus JIopeHia kiaccuueckon | y = % =
PENSTUBUCTCKON TMHAMUKH. Ay =dy # , JarT (ay +1) ,
HEM3MEHHYIO CKOPOCTb CBETA Wy=c=Wy 4

710001 crCTeMe KOOpAMHAT.
Bosnee riry0okuii BEIBOJ O TaKOM KBaHTOBOW PENIATUBUCTCKON JUHAMHUKE COCTOUT B TOM, UTO IIPU
Hen3MeHHoM uzorponnoi EBkimmnosoii chepe (Ky)(cT = Ky) npocrpancrBa-BpeMeHH, B JHHAMHUYHOM

(T ay; VU ayy ) = 1, npocrpancTse-Matepuu, uMeet Mecto auramuka swmmconna (Ky )(cT = Ky).
Haobopor, riisast Ha TMHAMUYHBIN 3JUTMIICOU] TPOCTPAHCTBA -BPEMEHH, BHYTPU HET'O UMEET MECTO

MCXOJHas ctannoHapHast EBkimmoBas cdepa.
Ve

A v f
e /; e i) - %qw
-~ Y v-) (¥4) \ ¥
AN
-)

(-]

PI/ICYHOK3.1. KBAaHTOBAs pCILITUBHUCTCKAA TUHAMHKA ITPOCTPAHCTBA-MATCPHUHN IJICKTPOHA



Takue mpeoOpa3oBaHus B yriax NapajielibHOCTeH JHHAMHYHOTO TPOCTPAHCTBA -MATEPUH, C
UHIYKIHMEH PENTITHBUCTCKON Macchl, HEBO3MOKHBI B EBkioBoi akcromatuke (ay; = 1)(ay, = 1) = 1.
OT10 3Ha4uT, B EBKIMI0BOI akcMoMaTHKe, HEBO3MOKHO co3/1aTh KBanToByto Teoprto OTHOCHTEIBHOCTH.
Takast KkBaHTOBas pEISITUBUCTCKAS TUHAMUKA CKOPOCTEH, 00YCIIOBICHA TUHAMHUKON (11 = COS(y) YIIIOB
napaienbHocTH (@y ), Hanpumep s (Y +) kanta. s (Y4 = e) snextpona, ckopocts cera (¢)
MEHSeTCsl BHYTPHU 2JIEKTPOHA B MpeeiaxX yria mapauieabHocTd (¢y). B mone(Y — = e) anekTpoHa B Touke

1
(B), MBI rOBOpHM O CKOPOCTH 3J1EKTpOHA (V, = C * COSQPy = € * (@ = E))' B touke (A), MBI TOBOpUM O

ckopoctu (¢ * cos(py = 0) = ¢) dpoToHa BHyTpH 35ekTpoHa. Ha Bompoc, Ky/ia 1eBaeTcs IpoCTpaHCTBO
CKOpOCTEH MOrjionaeMoro (OToHa 3JIEKTPOHOM, OTBET — BHYTPHU JIEKTPOHA €CTh CKOPOCTh CBETA B TOUKE
(A). caMm BJIEKTPOH UMEET CKOPOCTh (V, = @ * €) . ITO ckopocTh ToukH (B) anexrpona. [lousTHO, 4TO B
touke (A) anekrpuueckoe mose sextpora (Y+ = E) cBOAMTCS K HYJIIO U 3JIEKTPOH MPOSIBIISIET CBOMCTBA
TyHHENBHOTO 3 dekta. B camom E (Y +) 31eKTprvecKoM moJie 3JIeKTPOHa, Mbl TOBOPHM O ITPOCTPAHCTBE

2
o . v o o
CKopocTel 3Toro moist ¢ apdekramu (Vg = ¢ * sinpy = c_ |1 — —Ci ) y’Ke KBaHTOBOH PEJISITUBUCTCKOM

JVUHAMUKHU Ka)XJI0M TOUYKH Ha TpaekTopuu (Y — = e) ayieKTpoHa.
Touro Takyro auHaMuKy UMEOT (X +) KBaHTBI IPOCTPAHCTBA-MATEPHUH.

w
), L - N [ -
f Ky 1 P {l \ =

Pucynok3.2. kBanTtoBas (X +) pensTMBHCTCKas IMHAMUKA IPOCTPAHCTBA-MaTEPHH

4
3 npeoGpasosanmii pesstuBrHCTCKOM uHamuki: (¢ * t) — (x)? = — = (¢ * £)? — (¥)?, Bceria MOXKHO

b
. p? x2 1 ct x2 1
MepelTH K ypaBHEHUSM TMHAMUYHOIO JIIUIcouaa: — + —— = 1, B Buze: + =1, wm
P yp it na ozt e e o T ez ,
p? x? (t)zbz x2p2
runepobonouaa: — — —— = 1, B BUAe: — —— = 1, B BeIOpanHbIX KpuTtepusax OBomronuu.

(a)? (b)? 2 (©)*
Hamnpumep, (@ = 1/137) HEM3MEHHYIO TIOIMAb CEYCHUS JUHAMUYHOTO uunconna: (S = mab = 1),
1

(a)1,616%10733sm
U eciu 1 cBeToBoii rox pasen 9,5 * 1017 sm, to a10 8,978 * 10'® cBeTOBBIX JIeT. MbI TOBOPUM O BUJUMOU
Bcenennoit nopsinka 45,7 muirapa CBETOBBIX J€T, TO 3T0 1/1 965 615, To ecTb NpuMepHO O/1HA

JBYXMUJUIMOHHAS 4acTh Bcel BeenenHol, KoTopas ncue3aet BO BpEMEHHU Ha HpeI[CJ'IBHbIX paguyca. Eciu

Th camo (X—)n HCTBO-MaTepuio B HHOM, TO 3T0: b = = 2,4 % 103%sm,
Opath camo (X —)mpocTpaHCTBO-MaTeprio Beenennoii, To 310: (m)1,616*10_33sm s

i 1/55 000 000, yacts Beenennoii B Tex e pacuerax. DTO €ClU KpaTKo.

06e Teopuu CTO u KTO nonyckaroT cBepxcBeTOBOE (Vi = N*c) MPOCTPAHCTBO CKOPOCTEH:

—_ c+Nc — a;Net+c
Wy =—==c¢ Wy = ——— I QA1 = Ay, = 1.
Y 7 {tcxNc/c? ' Y = a,,+Nc/c > A 11 22

B kBanTOBOI1 penstuBuctckoi nuHamuke (Ksanrosoit Teopun OTHOCI/ITGJ'II)HOCTI/I). Mpe1 umeem:
= allKY'l'(CT:KX) — = Ky+a22 (CT=KX)
(Ta;n VU a M =1, Ky = ) (cT =Ky) =
1Il_agz 1Il_agz

Hanpumep, Hanpssxennocts E(Y +) = (pKy) snektpuueckoro (Y +) Hons u none yckopeHuit

WHBAapHUaHTHA, IIPY IJIAHKOBCKUX pa3Mmepax b = = 8,5 * 103*sm st maccoBeix (Y —)morei.

rpaButaionHoro G (X +) = (pKy) nons, npeicraBjieHa JMHAMUKON KOCHHYCOB YTJIOB TapasllelbHOCTH

(ay1 = cos@y) u (ay; = cos@y). Torma: (cos @y * cos @y = 1) wm cos @y = , TOZICTAaBUM B

cosQx

dopMynbl 1 mocTpouM yrporennbie rpaduku: (v = Ky) = f(py = x = wt) .
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VVVVIVVVY

I?Y — Ky+cos ox*Kx
Vi-cos?px
Prcynok3.3. rpa¢MK IMHAMUKH KBAHTOBBIX TOJIEH
DTO XOPOILIO COOTHOCUTCS C CAMMETPHUEN IIPOTOHA, O YeM IIOrOBOPUM Jajice. Mbl TOBOPUM IIPH STOM, O
KBAaHTOBOM penstuBucTcKoi aunamuke (Y+ = X —), (X+ =Y —) kBaHTOBBHIX noJjeil. UX HOpMUPOBKa J1aeT
(m — n) cxomumocTu Gpu3HIecKoro Bakyyma B equoM (X += Y F) u 1uHaMUYHOM, yKe B KBAHTOBOM
[POCTPAHCTBE-MaTepHH. [10y4rM TpaeKTOPUH YCIOBHON TOYKH B MOBEPXHOCTU JUHAMUYHOMN CephI, B
BUJIE DJUIMIICOU/IA, YK€ B KBAHTOBOM CHCTEME KOOPAMHAT AUHAMUYHOIO POCTPAHCTBA -MATEPHH.
HopmupoBKa BBITIOIHAETCSI KOHCTAaHTOU COS(QPy)yax = @ = 1/137, u KoHCTAaHTOMI

cos(@x)pax = VG = 6.67 + 1078 = 1/3872, B Bune: at V=123 y (/G)TW=123) TIpu stom, nomyuum

pacumpenue (vG) ™V, npocrpancTsa (X-) moieii 6sicTpee pactmpenns ()N, npocrpancrsa (Y -) moei,
)+N

dotonoB Bo Beenennoii. Hao6opoT, B pusndeckom Bakyyme, ymenbiienue (vVG) ™", mpoctpancrsa (X-)

noseii 6picTpee ymensinenus (a)tN, npocrpancrtsa (Y -) noneii, yxe B KBAaHTOBOI cHCTEMe KOOPIMHAT.

OTH rpadKH 1alI0T OCHOBAHUE T'OBOPUTH O KBAHTOBOM, BOJIHOBOM TUHAMMKE M3Ty4CHUS U TOTJIOMICHHS
(ej © vi) u (pj © V;) KBAaHTOB B (£) SHTPONHUH ITUHAMUIHOTO POCTPAHCTBA-MATEPHH BCel (M — n)

cxonuMocTH BceeneHHoi, ¢ pensTuBucTcKoi quHamukon (¢ = wT) nepuoaoB TMHAMUKH B (M — n)
YPOBHSX (pU3HUECKOro BaKyyma.
6) Oomas Teopust OtHocurteasHocTu (OTO) DiiHmITEliHA B TPOCTpaHCTBE-MAaTEPUH.

Teopust xapaktepusyercs: TeH3opom DitHiTeiHa (I'.Kopn, T.KopH), kak MaTreMaTnueckoi UCTUHON
pa3HHUIIBI PENIITUBUCTCKON MuHaMuKuU ABYX (1) u (2) Touek PuMaHOBOro mpocTpaHCcTBa, Kak

¢ukcupoBaHHOTO (g;), = const), COCTOSHUS TUHAMHUYHOTO (g;, # const), MPOCTPaHCTBA-MATEPHH.
(CmupnoB B.W. 1974r. 1.2).

1 1 1
R — ERiaji = Egrad(U), nim R]l - ERg]l = k’]}i’ (g]l = COnSt).

[Tpu sTOM MaTpuLia mpeoOdpa3oBaHU B €IMHBIX €AMHUIIAX U3MEPEHUS

R, =a,Y;+0
1 1111 2 2 v2 2
— ) a1 = ayy = VG , R% = ay, Yy = GYy
Ry = 0+ ayyYy , X
o m m Mm
naeT Kiaccuueckuil 3akoH Herotona B Buge Yy2 =5 R? = Tx mm F=G wz

JUis pensTUBUCTCKOM TMHAMUKU B IPOCTPAHCTBE-BPEMEHN HUMEEM COOTHOLLIEHUS:
a) B enuHbIXx Kpurtepusx OBomonnuu

272 2 _ ¢ Fy 4 272 2 _ M}
c’T—X° ==, by = —, cy = Fy c’T* —X* =—,
b2 Y M Y Y F
Y Y Y
M2 R? Mm
Fy=—y2 , C’T?=R?=—"2°2—, Fr=0——5—,
c2T2(1-Wyg /c?) (cos?px=G) R2(1-Wyg /c?)
DTO peaITUBUCTCKOE MpecTaBieHne 3akoHa HeroToHa, st MaccoBbix (Y -) TpaeKTOpHIA,
mw?  GMm 2GM Mm 26M
=— W2=—, WA Fp=G————, (1-2GM/Rc*)>0 R > —-— 0
2 R’ R Y R2(1-2GM/Rc?) ( /Re?) o 2 ) #

6) B ciyuae O6meit Teopun OTHOCUTENBHOCTH, HE 3aIllPEIIEHO MPEACTaBIATh (DyH1aMEeHTaIbHbIH
TeH30p Pumanooro npocrpanctsa (Kopn I'., Kopa T. (1973) ¢.508, 535) (g;; = ¢;(x™) e;(x™),
JIOKaJIbHBIMU 0a3uCHBIMM BekTOpamu €;(x™) u e;(x™) B moboit (x™) cucreme KOOpMHAT B BUJIE



BEKTOPHOT0 mpocTpancTsa ckopocreit (Kopu I'., Kopu T. ¢.504). Torna camu Tensopst (g;;(1) =1I;) n
(9,i(2) = I1;) mpencTaBnsAOTCA KaK IPaBUTALMOHHbIC MOTEHIMANBI B Toukax | u 2. VX pa3Huna

(Ag;; = All) B ypaeuenun OOuielt Teopun OTHOCUTENBLHOCTH, JAET TEH30P SHEPIUM — UMITYJIbCA B
. 8nG N*K? _ M2K? 8nG o
ennHbIx Kputepusax OBomonuu B Buje: All = — (T]1 iR ) wm All = I1; — I, = —TI7T1;,
2*4TR2GI, 1T
wm ct =F = RZ(Z_EG(HZ*;=IZVI)) ,rae 4mR? - nosepxnocts cdepsl, (II;R = M;) u (II,R = Mz) KOHEYHOM
Rx*C2

GM;M
Bujie F = W TAaKOro K€ PEIATHBHCTCKOE TpeCcTaBleHue 3aKkoHa Hpl0TOHA, KaK 4acTHOro Cirydas
1_7

Rc?

O6meii Teopun OTHOCHTENBHOCTH. M3 9THX COOTHOMIEHNMIT creayeT TonbKko To, uto (1 — 2GM /Rc? # 0).
B) B 3aKOHaX KJaccudyeckoi ¢usuke Gopmyinsl Jlamnaca, Kenepa cieayroT U3 mpocThIx
2 3 3 3
. v GM R GM R} RS S S, S1 S,

COOTHOLIEHUH: — = —, —=—=, —S=—,u —(wR)=—=(w,R,), —=-—=, St, =5,¢t,,
u (w,R; = w,R,) , B 3akoHax Kerrepa. Cam sJutiIic mosydaercs, oT aBmxkeHust CoHIa CO CKOPOCTHIO
W=217xm/c, Torna 3emisi IBMKETCS B TUIOCKOCTH CEYEHUS TTOBEPXHOCTH YCIOBHOTO ITUIMHAPA CO

CKOpOCTbIO V=30KM/C, YK€ 10 3JUIMIICY MO YIJIoM K ckopocTy CoJHIIa, KOTOPOe HaXoaAuTces B pokyce.

Pucynox3a. npmxenne 3emiu BOprr Connua mo »>auncy ¢ npeneccueit 23,5°

[Ipu 3TOM, BBIUHUCIIAETCS YrOJl IPELECCUH 3EMIIH. =T (21 ) =m*0,138249 = 0,4343216 = tgw. Orkyna
w = arctg0,4343216 = 23,5° yron npeueccml Us: (w1 1 = wyR,) ,m HOJI = (chl) * (cos45°) cinenyroT:
W ==, Wy=- B1o —chl * c0s459, WITH:
ts ty’ ty
ﬁ R2—150420000KM 25764

t, = (t; = 1rom) * 1,543 + 1, 414 = 25764 roja, vum: = 2147 nert,

ty =6371kM

Iepuoz mpereccuu u «3pa [Tnatonay. Janee, v? — v = 2gh, nna v2 =0, g = o KUHETUY ecKas
PUOL Iper P . ' 0 =49, 1 0o =%9=7%

2

. ) 5 2GM
SHEPrus paBHA NOTEHIMAIbHON SHEPIruHu: =mgh. U3: h =R, cnenyer v*° = — B nmoctynaTax

OHHIITENHA CKOPOCTh CBETA IpejiebHast. YToObI NPUHATH «4EPHBIE JBIPBD) C TOPU30HTOM COOBITHH,
paBHBIM CKOPOCTH CBETA, HYXHO pa3lesuTh Ha HOJIb. O1mnbKa 31€Ch B TOM, UTO B YCJIOBHUSX «CTPEIBI

BpEMCHH», HCBO3MOKHOCTb ITPHYNHBI (,I[GJ'ICHI/IG Ha HOJIb B MaTeMaTI/IKe) 3aMCHACTCA HEBO3MOXXHBIM

o 2GM
CICACTBUEM (CI/IHF}’HHPHOCTB B CBKJIMJ0BOU TO‘IKC) g= W = oo . Ecniu HeT neneHus Ha HOJIb, IIPUYMHA,

2GM =0 ZGM 0
———— W oro: c?
c2=conat’ ~ (R=0)

TO HET CHHTYJIAPHOCTH Wi chenctBus (R = 0) = = 0, HE COOTBETCTBYET

. . 2G(M+#0)
Teopuu DUHIITEHHA. 37ech, MCXOAHbIE MPEeANOChUIKH omurbounbl. Haobopot: Ry = —_;  BHYTpH

2G(M#0)
(v>c)?
HapyIast 3aKoHOB DiHITelHa (v = N¢), KOria CKOpOoCTH BHYTPH «4epHOoil cheppry Wy =

(R< Ry = «4epHOH chepbl», TOIDKHO OBITH CBEPXCBETOBOE MMPOCTPAHCTBO (V > €) CKOpoCTeii, He

c+Nc _
1+cxNc/c?
ISl HAC IMEIOT CKOPOCTh cBeTa. [Ipyr 3TOM, MBI TOBOPHM O TPaeKTOpUH BHemHero GoTtona (x = ct), ¢
(uKkcanueil >IEKTPOMArHUTHON JMHAMUKM B KoopauHaTHOM nminockoctu (K?2) L (ct), opToroHanbHoi k
TpaekTopuu (poToHa. DOTOH, MOAXOIS K «4epHOH chepe» He MOKET BOMTH BHYTPh c(hepbl, B CBEPXCBETOBOE
MIPOCTPAHCTBO TaK )K€, KaK M JOTOH HE MOXKET BOMUTH BHYTPh (PU3MUECKOT0 BaKyyMa Ha MPOCTOPax
Bcenennoii. B rpaButaniioHHON «siMe», GOTOH KPYKHUTCSI BOKPYT YK€ «4EpHOM ABIPBI», TaK KaK OTTyAa, IJis
Hac, HUYEro He BeUIeTaeT. Tpaekropus GpoToHa (X = ct) MOBOpauyMBaETCs Ha MOBEPXHOCTHU CQEpsl, KaK ero
reonesuueckas. Ilpu stom (ct)BpeMs U KoopauHaTHOE TpocTpancTBo (K?2) Ha paguanbHOM HalpaBIeHHUH,
MEHSIOTCS MecTaMi. MbI 0€CKOHEUHO J0Jr0 (t — 00) KPYKHMCS BOKPYT «4EPHOH JBIPHI», a B
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MatematrdeckoM popmanusme (R — 0), reomesnueckue TMHUKA (OTOHA HEM30EKHO CXOMATCS K LIEHTPY
«aepHOl IIpe, The (K — 0) ucuesaer camo npoctpanctso. Ho B hu3nueckoil peansHOCTH, 11t HOTOHA

hG -
cyliecTBYyeT npejenbHas [1nankosckas jiuHa | = /; , TaKk, uto (K - 0) - 1,616 * 10733sm. Takyro
CUTYaIIMIO Ha3bIBAIOT HEM30CKHOW CHHTYJIIPHOCTBIO B IICHTPE «4EPHOM JIBIPBI», KOTOPO Het B [Ipupone.
2G(M#0) —— c+Nc

Oto nporuBopednT (R < Ry) = w>c)2 ' Y T 1tcxNc/c?

= ¢, 3akoHaM (u3uku DitHITeiHA. [

. . hG
cBEpXCBETOBBIX (V > ¢) ckopocteit (v = Nc¢), MUHUMAaNIbHBINA paanyc | = MEHbIIIE TIJTAHKOBCKUX
’ (Ne)?

pa3MepoB U B TAKOE CBEPXCBETOBBIX (V > C) MPOCTPAHCTBO CKOpOCTeH (oToH momacTth He MoxkeT. Cepa ¢
TaKUM IPOCTPAHCTBOM CKOpOCTeH A POTOHOB OyzeT «uepHoii». Haoboport, Bce 3aKoHBI (PU3UKH
paboTaroT B 3TOI 007aCTH, KaK U B pU3NUYECKOM BakyyMme. Mbl He TOBOPUM 3/1€Ch, YTO 3TO HyJIeBas
CHHTYJIIPHOCTB. «UepHas bIpa» HE MOKET OIJIOTUTh Maccy, IOCKOJIbKY 3Ta Macca, 4YTOObI IPE010JIETh
TOPU30HT COOBITHH, JOJDKHA PAa30THATHCS A0 CKOpocTH cBeta M — 0. Jlaxe ecny pa30UTh aTOM Ha MPOTOHBI
1 3JIEKTPOHBI UJIM 3JIEKTPOH-IIO3UTPOHHBIE Taphl B U3JIy4€HUU XOKHHIa, OHU HE CMOT'YT JOCTHYb CKOPOCTH
CBETa FOPU30HTA COOBITHH. Jlaske eCi MO3UTPOH «POIIICS» MO €BKIUI0BON JIMHUECH, «JIMHHOHN 03
HIMPUHBI», TOPU30HTA COOBITHI. DTO BHE €BKIUA0BOI aKCMOMAaTHKU IPOCTPAHCTBA-BpEMEHH, BHE
MOCTYNATOB DIHINTENHHA. A 5TO 03HAYaeT HEBO3MOKHOCTh U3JIy4eHUsI XOKHUHTa «4€PHBIMU JBIPAMUY.
HaGuronaemble «uepHbIe ABIPbD» UMEIOT APYTHUe IPUYUHBI U CBOMCTBA B paMKax aKCMOM JIMHAMUYECKOI O
NPOCTPaHCTBA-MaTePHH. DTO BBIXOJMT 32 PaMKH JaHHOM cTaThu. (https://vixra.org/abs/2412.0098, «CTpyKTYpbI
BaKyyMa, http://viXra.org/abs/2312.0018 , «UepHble IbIpbl»). HO ecii 31ech pedb 3aiuia 0 «4epHBIX IbIPax»»,
TO 371€Cb KOPOTKO OTMETHM, a Jajblie 000CHyeM, 4TO Ha (1M — M) CXOIUMOCTSIX aKCHOM JHHAMUYHOTO
IIPOCTpPaHCTBa-MaTepUH, Mbl TOBOPUM O rnociiefoBarenbHoctd Henenumbix KBanTos:
 (D; €6) (Ds; €5) (Pa; €4) (P3; €3) (P25 €2) (P15 €1) (05 €) (Viu; Vo) (Ves V) (Vis ¥1) (V2 V2) (V35 ¥3) (Vas Va)-

BEIIECTBA, COCTOSIIIETO U3 AaHTUBEIECTBA U HA00OOPOT, HAIPUMEP MIPOTOHA U AJIEKTPOHA, B BUJIE:

Xt=p") = Y—=y)X+=v )Y —=yg)u Yi=e7) = X+=v ) Y—=y")(X+=1;).

BrinmomHsiercs pacuer criekTpa Mace Henemumbix KauTos a u3 cootnomennit (2ap; = 238p* = 2380),

- 20
KaK apryMeHTa, Mbl TOBOPHM O KBaHTaX sjipa mJaaneT (p; /e; )Iarolmux CIeKTp aTOMOB B pacrajgax ypaHa, —

0OBIYHOTO BENIECTBA M KBaHTax spa 3Be3a(p, /€5 ), C TBep/Ioii MOBEPXHOCTHIO CHEKTPA «3BE3AHBIX)
atomoB (pf /e;) 6e3 koHTakTa ¢ atMocdepoii (p/e) Bomopona 38e3 . IIpu 5TOM, HMEIOT MECTO
yIOMBHTEIBHBIE coOTHOMEHUS uxX Macc: HOJI = M (e, = 3,524 E7 )(k = 3.13)M(y = 9,07E—-9) =1,
HOJI = M(e, = 1,15E16 )(k =1/d = 3.13)M(y, = 2,78 E — 17 ) = 1. Auanorudso jajiee KBaHTHI sapa
rajJlaKTHYECKHX «4epHBIX cdep» (P35 /e3 ), KBaHTHI Apa TaJaKTHYECKUX «YEPHBIX JBIP», KaK AP0
3BE3AHBIX FANAKTHK (P; /€, ), KBAaHTHI A/[pa BHErAIAKTHYECKHX «4ePHBIX cep» (pa /ec ) , KBaHTBI

anpa KBaszapos(pg /el ), BHeraJakTHuecKkux 38e31 (p,/e;) W sAapo KBa3apHbBIX ragakTuk (pg /eg),
aHAJIOTMYHO J1ajiee, C UX NPeAeTbHBIMI MacCaMH B COOTBETCTBYIOIIMX pacyeTax.

00 KBa3aphl 2a* p; =25p; 4 |pe =26/G e =2ps/a?
2 pona ps =119 E27 MeV | e*s =6,48 E23
MeV
OJl+s | Mexranaktnueck | 2¢* p. =290p; ps =2e4/G es5=2p3/a?
WX YepHBIX chep p s = 3,447 E23 es = 3,97 E19
MeV MeV
® 3BE3HBIX 20* p! =238p; 3 |ps=2e3/G e 4=2p2/a?
[amakTiK pt4 =17 E19MeV | e 4=1,15E+16
MeV
[anakTH9ecKuX 2a* pi =25p, pt3 =262 /G e3=2p1/0?
4yepHbIX chep p*s =1,057 E15 e3=5,755E11
OJl+ MeV MeV
O 3Be3bI 20* p, =290p, 2 |p2 =2e1/G e2=2p/a
p 2 = 3,05 Ell MeV | e,=3,524 E7 MeV
[Tnanets 20% p, =238p’ p1=2e/G e1=2vyu/o?
p 1 =1532E7 MeV | e1=10178 MeV



https://vixra.org/abs/2412.0098
http://vixra.org/abs/2312.0018

2a*p =25v, 1 |[p"=270/G e =2ve/a?
p* = 938,28 MeV e~ =0,511 MeV
OJI+1 | ypoBeHb 2o *v) =292y, vu=o02e1 /2 Yo =G p/2
vy =0,271 MeV Yo =3,13*10°°MeV
0 |ve=0a%/2 Y =Gvyul2
ve =1,36*10° M eV y* =9.07*107° MeV
dusnveckuit v1 =02 y0 /2 y1=GVve /2
BaKyyM v1=8,3*101° M eV y1=45*%1018 M
OJlo YpOBHS eV
-1 vi1=02y/2 v2=Gv1/2
v2=2.4*10"1 M eV v2=2.78*10Y M
eV
v3 =02 y1 /2 Y3=G vz /2
v3=1.2*10"Y MeV | y3=8,05%10"' M
eV
duznveckuii -2 Va =02 Y2 12 va=Gv3/2
BaKyyM v4=7.4*10%2 MeV |v4=4,03*102°M
OJI -1 | ypoBHS eV

U npu »TOM, siapa 3Be311 NOrPYKEHbI B dJHEPreTUYecKuil ypoBeHb (Y)(hoTOHOB Qu3nUecKoro Bakyyma. SAapa

TaJIaKTUK MTOTPY>KEHBI B YHEPreTHUECKUN YPOBEHBb CBEPXCBETOBBIX (JOTOHOB (PU3MUYECKOTO BaKyyMa

(v, =a™!

c = 137c = y,), aHanoru4Ho kBazapos (vg = a2

[IpenenvHast macca rianeT, 11 1MeV = 1.78 * 10_27g:

1 1

Yo  3.13x1075MeV*1.78x10727¢g

== = My (p; /n7) ~ 18+ 1031g ~ =<

I[aJ'II)HIG npeaciibHasd Macca 3B€3/1, C AApOM N3 aHTUBCIICCTBA:

1
¥y 9.07+10 9MeV*1.78*10 274

c = 137%c = y,) u TaK nanee.

rae(M; = 2 = 1033 g)- macca Counnua.

= M,(p; /n;) ~ 6.2x103%*g ~ 31M, , wii B nipeaenax oT 1M— 10 31M, macc.

Ananoruuso npenenbHas Macca (p5 /nd = ef;) «uepHBIX cdepy, ¢ AAPOM U3 BEIECTBA:

1 1
"= = My (p}/nd) ~

Y1  4.5%10713MeV=1.78x10"27g

1.25%10%39g ~

625220M;

IpenenbHas Macca FaJIaKTI/IKI/I (pt /nd = ef,) ¢ aapom u3 BemecTa:

== = M,(pi/n) ~

Y2 2.78*10‘17MeV*1.78*10 27g

2x10%3g ~ 1010 M,

IpeleJIbHas Macca BHETAJITAKTUYECKON MeTa 3Be3/bl, (ps /Ns = e,c) C AAPOM U3 aHTHUBEIECTBA:

1 1

== = Ms(ps /ns) = 7 x 10%g =~ 3,5 % 1013 M, ,

Y3 8.05%10721MeV+1.78+«10727g

npezesabHas Macca KBa3apa (ps /g = e,5) C AAPOM U3 AHTUBEIIECTBA:

ys  4.03x107 25MeV*1.78*10 27g

—= = Mg(pg /ng) = 1,4 1051 g =~ 7 * 10V M,

Otmernm, 4uto sapa 38e31 M, (p; /n;) = (Y—), bopmupytot (Y +) kBanT, Bo Bpamaroiemcs (Y+) mosue
KOTOPOIro HaxoAAaTcs TpaekTopun (X—= p* — ve_) enuHoro (Y+= X—) npocrpaHcTBa-maTepun, KOTOPOE

noBopaunBaercs Bokpyr Connila, HanpuMep. OHo umeeT MakcumaisHoe (Y +)" = 0 3HaueHue TMHAMUYHOTO

nons (Y+) # const, B IIOCKOCHT 3KBaTopa ¢ (X—) TpaeKTopusMu manet u (X—= p* — v ) kBaHTOB

rpaBUTAMOHHBIX (X +) moneit. Kaxmoe simpo Takux 06’beKTOB OJIﬂ(n) CXOUMOCTH, T€HEPUPYET

MHOXKECTBO COOTBETCTBYIOIIUX KBAHTOB (2 * a * p— = e

(p? el j_z). 310 MHOXKECTBO (N) KBAaHTOB sifjpa HHaHeT, 3B€3/l, TAJIAKTUK, KBA3apOB. ...

= Np/ /—1) YKa3aHHbIX B TAaOJHUIIE, U U3ITy4aeT

Hanpumep, saapo

ComnH1ia, Kak 3B€37bl, H3quaeT sapa Bogopona (p; — pt — v.) U 3JeKTPOHHOr0 aHTUHEHTPUHO, HO
reHepupyeT (2 * a *p; = e, = N pf) KBaHTHI, CKaXkeM Tak, «3BE3IHOTO BeniecTBa» (p; /e; ) B TBEPHOi
MOBEPXHOCTH 3BE3/IbI. DTO «3BE3IHOC BEIIECTBO» (p; /e;) HE MOXET B3aMMOJIEHCTBOBATH C BOIOPOIOM
(p*/e™), HO MOKET U3JIyYaTh MIOOHHOE aHTHHEHTpHHO (pf — V;) , KoTopoe B atMochepe 3eman

(opMUpyET MIOOHBI, KOTOPBIE B pacnaaax JaroT:

(e*) mosurponsr: (Y= p) = (X—

DV +=eH)X—=v;).

W, KBaHTHI s1/1pa Mera 3Be3/1bl ¢ (p5 /g = e;) U3IYYaloT KBaHTHI (p; — Pp3 ) BEIIECTBA, HO TEHEPHPYIOT

KBAHTHI SIIpa TANaKTUK (2 * @ * p; = ey =

N pf). Ananornuno nanee. HOJI = M (e, = 6,48 E23 )(k =

3.83)M(y4 =4,03E - 25 ) = 1. Mb1 roBopuM 0 kBaHTax (Y— = pg /ng = e,4) 41lpa KBa3apoB, KOTOpPbIE




TOXKE M0 OTIEIBHOCTH, U3ny4atoT(p, / e4) KBaHTHI A1pa ranakTuk. lHaye roBops, spo KBa3zapa, OKPYKEeHO
KBaHTAMH SIpa TATAKTUKA. [ OBOPSAT, IPU 3TOM, 4TO KBa3ap B IICHTPE FATAKTHKU. TaKue KBa3apbl
HOIPY’KAalOTC B yPOBEHb (DU3MUECKOr0 BaKyyMa [0 CBEPXCBETOBBIX CKOpocTed w;(y, = a™%c) = 137« ¢c.
Oto TIIy0Ke, 4eM yPOBEHB (PU3MUECKOr0 BaKyyMa raJIakTHKU. DTO COBEPIICHHO pa3HbIe 00BEKTHI. MBI
BUJIMM, KaK Obl «IIOBEPXHOCTb) I'aJlaKTHKH, HO AApO Takoro oobekTa 0JI;(n) CXOAMMOCTH, MMEET MacCy B
npenenax ot (101°M;) mo (3.5 * 1013M;) macc ConHia. DTO 3HAYMT, YTO IPOCTPAHCTBO CKOPOCTEH MacChl
(VGW2(2rR)VGW = 2GM) He MOXKET UMETH CKOPOCTH CBETa. Tlomyuaem i Macesl mpoToHa (M = 1,67
1072%r), ¢ ycnoBHO# oKpykHOCTBIO ( 2TR) cdepsl U npeaensHoii ckopoctr (W = ¢) Mbl HMeeM(R =

GM _ 6.67x1078x1.67%10724
2(2%3.14)c? 2%(2%3.14)%9%1020
JBIpay, He M3aydarommas (OTOH, ¢ IPOCTPAHCTBOM CKOPOCTed KBAHTOB (Vo + Ve + Yo) = P , MEHBIIUX

= 0.98 % 10‘13cm) paanyc IpoToHa. DTO U €CTh MUHUMAJIbHAS «4YepHast

CKopocTH cBeTa. M 9T0 J0Ka3aTeNbCTBO TOro, YTO HEUTPUHO UMEET HEHYIIEBYIO Maccy. 1loiryqaembIx, Takum

00pa3oM, OECKOHEYHOCTEHN HET, HU B MAaTEMAaTUKE, HU B IPUPOJE.

ap

Cy11ecTBEHHO TO, UTO I'PaBUTAI[MOHHAS KOHCTaHTA =dyy =VG , 9TO MaTeMaTU4YeCKas NCTHHA

npexesroro (41 = @y = €0S@yuy = VG v napamensuocty, wero Her B O6meit Teopun
Otnocurensroctu (k = 871G /c*) Diinmreiina. BropsIM MOMEHTOM, €CTh KECTKHE YCIOBHS PUKCALIAM

= (g; =D
TIOTEHIHUANoB (g;; = const), c NpUBEIEHUEM HX K EBKIMI0BOMY NPOCTPAHCTBY . BBenenue B
. 1 1
ypaBHeHHE KO3 dunnenTa (1), MEHAOIMHA SHEPTUIO  Ry; — ER gji — E/lg ji = kTj; Bakyyma, He MeHsET

yCIJIOBUS €€ (PUKCaIUHU.
4. Cxansipabie 0030HBI.

HeiictBue kBaHTa 7 = APAA = FAtAA , 3adukcupoBaTh B IPOCTPAHCTBE ALy Bo BPEMEHU At

(qo + const) (X=)

HeNb3s. DTO CBA3aHO C HEHYJIEBbIM YTJIOM ITapaJliIeIbHOCTH (X=) g () TPaeKTOPHUU

+ .
wmn YD) gpapra IpocTpaHcTBa-MaTepuu. EcTh TOIbKO HEKas BeposTHOCTh AeiicTBus. [IpeodpasoBanus

“f”’z)

PENATHBHCTCKON THHAMHUKY BONHOBON ¥ - (DyHKIIMM KBAHTOBOT'O MOJIS C MIIOTHOCTHIO BEPOSTHOCTH (

(X+) none (Pucynok3), coorBerctBytor [ mobansrHo MHBapraHTHOIMA W(X ) - GWW(X ),

B3aUMOJICHCTBUS B
a = const rpymmne JlopeHna. JTH peodpa3oBaHKsA COOTBETCTBYIOT TOBOPOTAM B IIIOCKOCTH Kpyra S, 1
PENATHBUCTKY - HHBAPUAHTHOMY ypaBHEHUIO J(upaka.

. OylX . ou(x _

lni()—mw(XFO %y—mw(k’) =0

ox,, ox
: u :
Takast ”HBAPUAHTHOCTH JA€T 3aKOHBI COXPAHEHHsS B yPaBHEHUAX JBIOKeHHs. JIs mpeoOpa3oBaHuii

PEISTUBUCTCKOW TMHAMUKH B THIIEPOOJIMY €CKOM JBH)KCHHH,
PYX) = e P(Xx), ch(aX) = %(e“x + e7%) = 9%, (aX # const)
et = (coswt + isinwt),  isinwt=./(+sinwt)(—sinwt),
Muumocts (i) B 1ienom, o3Havaet Hamaue (Y —) wimm (X—) 1mois, B JaHHOM cirydae.
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Y --~,Y(f'sin)

Pucynok 3. KBant (X£)

B ycnosusix Jlokansnoit MaBapuantHocTu (JIN), nis HOHZCh(yﬁ)(X‘f‘)COS (9)(X-)=1, ¢#90°, npu
0

AUMHAMHWYHOI'O ITPOCTPAHCTBA-MATCPUH.

¢=0, cos(@)=1, umeem: Ch(Yi):L Ch(?)ZI, WIH ch(YL):L st () BosHOBOM (W=Y-Y0) QyHKIHH,
(i (i 0—®

BHECEM SCHOCTB. U3 IIpocThIX coobpaxenuii 6epeM Y = et nng  jw = ./(+w)(—w) yriosoii
CKOPOCTH BpAILIEHUs ¥ HEM3MEHHBIX dKCTpeManeii (ax = const): Y = e*¥el®t = e%*(cos wt + i sin wt), rxe:
(isinwt = \/(+ sinwt) (—sinwt) ). 3aech @ - MOBOPOTHI B Y Z- INIOCKOCTH CEYSHUH TpaeKTopuu (X-) ¢

o w .
TIOPCHICBOH HHBAPHAHTHOCTBIO, KBAHTOBOI'O IOJIA BOIIHBI, B BUIC W = —-, H h = pr, c sHepruei
2 i :
; - a iw
W= Zp— + U. [lunamuka BHYTpH KBaHTa | = Ae'®t = Ae™ "™W™*P") po ppemenn: a—‘f =——y,wm
ihay " ip p? 2
vt W B mpocTtpanctse: grad(y) = — ;LIJ, u div grad(y) = ?1]1 , OTKyj1a: p? = mAlIJ , AN

p? n’ in oy h?
— = Ay , B OKOHYATEIBbHOM BUJIE MONYYUM: — =
2m 2m*y Wmax 0t 2m*Pmax

(WUmax = 1) kBaHTa, mpudeM ¢ Maccoi (m), HarpuMep, 3JeKTpoHa. OTHOIIEHHE

Ay + U , tMHAMUKY SHEPIUU BCETO
v
(Umax=1)
¢ukcaruu (Y = Y) KkBaHTa B dKcIepuMeHTe, B Mo0bIX Kpurtepusx DBomonnn. OKOHYATEITHHO MTOTy4aeM
., 0 my?
lh_‘l’ LZ =b,

ot T(Ymax)
OTHOILIEHU e TTOIIAU cedeHus Tpaektopuu (X—) wmm (Y —) KkBaHTa MPOCTPaHCTBA-MAaTEPUU B TAaHHBIN
MOMEHT BpeMeHH ((uKcaluil B 3KCIEPUMEHTaX) K MAKCUMaJIbHOMY CEYEHHUIO B3aUMOJICHCTBHUSI, YK€ B BUJIE
BEPOSTHOCTH COOBITUSA. DTO MOXKET ObITh DelfHMaHa HHTErpall o (X— = ) TPAEKTOPUH T = f 2Tydy, Kak

2
Y sing, =/ (+sing,) (—sing,) = i\/l — (cos2p, =%, ¢
(Ymax=1) c

U3MEHEHUEM YIJIa MapauleIbHOCTH (¢, ), Cpa3y BOSHUKAET PEISITUBUCTCKAs ITONPaBKa B KBAHTOBOMU
PETATUBUCTCKON TMHAMUKE (COSQ = A11), (KBAHTOBOU TEOPHH OTHOCUTENBHOCTH). U 310 yiKe
MaTeMaTU4YeCKasi HCTHHA BEPOSITHOCTHONW MHTEPIPETALlU BOJIHOBOW (DYHKIIMU B IPOCTPAHCTBE-MATEPHH,
6e3 Bapuantos. Torma wist iy = \/(+) (=), nonyuum st (X+): i = Ae®e'@t = Ae®+@t Tlpu srom
npocTpancTBo ckopocreit: (X-) =v(X)= v(cos @+i sin ¢). mn: iv(X) * sing = v,/ (+sing)(—sing) , B
ypaBHeHUH /lupaka nosBIII€TCS NONOJHUTEIBHOE C1araeMoe.

iny—m!V(X) +iy, .
I u

, JA€T HaM TOUYKY

2 .
= 2—AL|J + Uy, ypaBuenue lpenunrepa. KitoueBoit MOMEHT B TOM, UTO Mbl UMEEM:
m

cymMma Bcex 3HaueHuid (). 3mech, ¢ =

VHBapnaHTHOCTH 3aKOHOB COXpAaHEHHUs HapyImIeHa. J{Jis X coXxpaHEeHUs BBOJSATCS KaTMOPOBOYHBIC
nosa. Oan KOMITICHCHUPYIOT JOIMOJIHUTCIIBHOC CJIaracMo€ B YpaBHCHUH.
— JoalX ) c ,
A#(X):AH(X)HG%) 17, =2tid, () (¥) - my () =0

U
H , u



(X)=e" g (x) alX)# const

Teneps yxke B TaKOe ypaBHEHHE, MOJCTABIIAA 3HAUeHHE ¥ BOJTHOBOM
(yHKIMY, TOTyYM HHBAPUAHTHOE YPABHEHHME PEIATHBUCTCKON TMHAMUKH.
oy oy . dalx) . — o dalX)_
iy — =y A XWw-my=iy —+iy ——Ly -y A\XW -1y ——yw —my =0
Ol (X —mys Ve, T u g VT X =iy, o, VY
. oy — _ _ . 0 - _ _
iY== 7 A, (X —miy =0 iy | 7 +id, (X) 7 —my =0
*ox go# ox
H , HIIU b
DTO ypaBHEHUE HHBAPHAHTHO UCXOJHOMY YPaBHEHUIO
. .
] 2, () ) ) 0
X,
B YCITOBHSIX 4, (X) =4, (X), u A, =4,00+ iag(x),
‘p

HaJU4us cKaaspHOro 0030Ha (V(+a)(-a) =ia(AX) # 0) = const , B IIpefenax KaauOpoBOYHOIO (AX) #0)

da(x
noist (Pucynok 3). DT ycnoBus (% = f'(x) = 0) naror HeusMeHHbIE dKcTpeMad (f,q,) AMHAMUYHOTO
u

a(X) = f(x) # const npocrpaHCTBa-MaTepHy B TI00aIbHOM HHBAPHAHTHOCTH. M 3/1€Ch HET CKAJAPHBIX

6030HOB. DT0: 4,(X) = 4,(X) + i—a;’,if

(Ag, Ay, Ay, Az) DIIGKTPOMArHUTHOI'O CKAIAPHOIO (¢ = A,) U BEKTOPHOI'O (Z = A;,A,, A;)IOTEHIHAJIa B

, U3BECTHBIE KaMMOPOBOUHBIE Tpeodpa3zoBaHus. a(X) — 4-BEeKTOp

ANEKTpOAuHAMUKEe MakcBena: E=-Vp— Z—f, UEB=-Vx4d, rpajiieHTa U poTopa, uim F,, = d,A, — 0,4, ¢
TCH30pOM (Fm,), (Ex, Ey, Ez, Ey, Ey, E;) KOMIIOHEHT U TipeoOpa3oBanusimMu Jlopenna. K Takomy nmoreHuamy
MpUOABIISIETCS] MPOU3BOIHAS CKASIPHON (DYHKIIMH, HE MEHSIOIIAsl caM MOTEHIUA. DTO KIIFOUYEBOH MOMEHT.
B teopun SInra-Muica, oH mpeacTaBiieH IPyNInoid CuMMeTpuu, A, = 2(x)A,(2)7'(x) +i2(x)d, ()~ (x) ,rae
2(x) = e , n w-smement moboit (SU(N),SO(N), Sp(N),Es, E7,Es F4,G2) rpynnst JIu, A, » A, +d,0. B
peanbHOCTH, ITO PUKCUPOBAHHOE COCTOSTHUE NMHAMUYHON (PYHKIIUU: Ky, = 1 + Y, , B KBAHTOBOM
PENSATUBUCTCKON JUHAMUKE. Y CJIOBHO TOBOPS, B KQXKI0U (PUKCUPOBAHHOM TOUKE: a (%) = const, €CTh CBOU
(yros HakJIOHA BETOK) THIIEPOOIMUECKHI KOCHHYC, K, = Yoch(%) = ea(XYﬁZ) , YK€ B OpTOroHajibHOU (YZ L1 X)
IJIOCKOCTH, MIPUYEM, 33 IPEAEIaMU JUHAMUYHOTO (Y,), B KBAHTOBOM PESITABUCTCKON JUHAMUKE. TakuMm
00pa3oM, CKaJsipHbIe 0030HBI B KATHOPOBOYHBIX MOJISAX, CO3JaHBI UCKYCCTBEHHO, I yCTPAHCHUS
HegoctatkoB Teoprnt OTHOCUTENILHOCTH B KBAaHTOBBIX MOJAX. B menom, (K, =Y), u :—0 = ch(%), MBI UMEEM
vz _ (+Y)(—Y))
Yo

7 (CmupnoB, Kypc Briciieit MaTematuku, T.1, ¢.186-187) B Bue:
0

KPUBU3HY (K =—
y? X=z .
K = s ¢9) Ch(ﬁ)’ (X+) nons, B nanHOM ciydae. U aTy: ¢ = Ae®™ @t BoHOBYIO (DYHKITUIO, MOXHO
MPUMEHSTH M B KBAHTOBBIX TPABUTAIIMOHHBIX (X+) MOJSIX, KOTOPBIC U3MEPSIIOTCS KPUBU3HOM,
MPOCTPAHCTBA-MaTEPUH, B JAHHOM CIIyYae.
5 CnekTp HeeJIMMBIX KBAHTOB NMPOCTPAHCTBA-MAaTepPUH.

+ +
Henenumbiv O6nactam Jlokanu3anuy KBaHTOB (X£) , (Y1) JUHAMHUYHOI'O IIPOCTPAHCTBA-MaTEPUHU
COOTHOCSITCSI CTAOUJIbHBIE KBAHTHI IPOCTpaHCTBAa-MaTepuu. B 06oux ciayyasx peub uaeT o pakrax

Yt=e) SIIEKTPOH, U3Iy4aeT CTaOMIIbH bl Fx=y) GoToH, u
(X (Xt=v,) (Xt=v,)

peanpHOCTH. CTaOWIBHBIN (

o + = T
B3aUMOJACHUCTBYCT CO CTaOMJIBbHBIMH - p) IIPpOTOHOM H HCUTPUHO. B CIMHOM

(X-=Y+) , (X+=Y-) MPOCTPAHCTBE-MATEPUU OHHU 00Pa3yIOT MEPBYIO oJ1,) Ob6nactp Jlokanuzanuu

HemenuMbIX kBanToB Ha ux M~ cxomumocTsax (PucyHoK).
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Pucynox 4. Henenrmple KBaHTBI IPOCTPaHCTBA-MATEPUU.

JIns1 coxpaHeHHsT Hepa3pbIBHOCTH €IMHOTO (X-=Y+) 7 X+=Y-)

Y+ =

MNPpOCTPAHCTBA-MAaTCPUUN BBOAUTCA

(X+t=v,)

Y= .
( 7o) (OTOH, aHAJIOTMYHBIN ( r) ¢$oTOHY. DTO COOTBETCTBYET aHAJIOTUH MIOOHHOT'O

(Xt=v,)

1 3JICKTPOHHOT'O Heitrpuno. [1pu 510oM, 1 HeHTPUHO (V,), (Ve) 1 GOTOHEI (¥)), (V), MOTYT

Pa3roHATHCS, KAK U POTOH, UK 3JIEKTPOH, 10 cKopocTeld (1), (V2..), IO TAKHM Ke peodpa30BaHUsIM

W, =a*c)
¢ , U3JTy4arouero
o=W,6/c=cosp, =1/137,036

Jlopeniia. ViMest cTaHnapTHYIO, BHE BCAKMX MOJIEl CKOPOCTH JIEKTPOHA
CTAH7APTHBL, BHe Besikux noneit goron ¥ () =€ xoncranta

— £
AHaJIOT'uH, pacucT CKOpOCTef/i V(C) =a V2 (yz)
Viy,) = ac Vi(}’f) =a c
W

a=— 1 =C08¢,,, (¥Y-)
YIJIOM NapauiebHOCTH ¢ 137 TPAeKTOPUH HE U3JTydyaeT POTOH, KaK U B
MPSMOJIMHEMHOM, 0€3 YCKOPEHHS, IBIKCHUH. JTOT MocTyaaTr bopa, a Tak:ke NpUHIKAI
HeoIpeaeaeHHOCTH npocTpancTBa-speMenu (cos @(Y—) # const), (cos ¢(X—) # const) ¥ NPUHIHUI
IKBHMBAJEHTHOCTH JiiHmTeiiHa 1is naepTHoil M(Y-)=m(X+) ¥ rpaBUTALMOHHOI MacC, ViKe eCcTh 25
AKCHMOMBbI IMHAMUYHOI0 NIPOCTPaHCcTBAa-MaTepuu. 11 Mb1 yixke orBewaem Ha Bonpocsl, [IOYEMY 5t10 Tak. —

Jaer 110
—_— 7' »
JUTSI CBEPXCBETOBBIX (POTOHOB B BHJIC: Vi(r)=a ¢ ,

, B CTAHJAAaPTHbIX, BHC BCAKHUX moJiek YCIOBUAX. Op6HTaJ’IbHI:IfI 9JICKTPOH, C

CoSP, =a COSQ, = JG

JlnHamMuKa MaccOBBIX MOJIEH B Mpenenax
3ap;1;[0131,1171 HN30II0TCHIINAJI UX €AMHUYHbBIX MacCcC.
m(p) = 938,28MeV, G = 6,67 x10°8. m, = 0,511 MeV , (mv = 0,27 MeV),

(X KX) (X =) = cos? <Px—(\/_) =G, (Y KY)(Y —) =cos py =

, KOHCTAHT BSaHMOHeﬁCTBHﬂ, JacT

137,036
F=M? _ [n?T? ny=my _
oy [ Y (Y/KZ)] 11: 2) ’ OTKyaa 2my = Gmy
— F=I1% _ 272 _ I ] — [X=my oTKYIA m — 2 m
X" X (X/K?) (X_zzﬁ) ’ y X Y
(@/V2)*TIK *(a/v2)=a’m(e)/2=m(v,) =136*10"MeV m, =a’m,/2

NG/2*IIK *NG/2 =G*m(p)/Z=m(3/0)=3.13*10_5MeV, e My = Gmy 12

m(y) = @ =9,1% 10 °MeV.
B equrom (Y+ = X+) wm (Y+ = X—), (Y— = X+) npoctpaHcTBe-MaTepuu HEACIMMBIX CTPYKTYPHBIX
¢dopm Henemumbix kBaHTOB (Y1) n (X1):
(Y+=e7) = X+=v;)(Y—=y*)(X+=v;) snekrpona, rae HOJI(Y +)=K2(Y+)KD(Y-), u
X+=p*) = Y—=y§)(X+=v;)(Y—=y¢) nporona, rae HOJI(X +)=KD(X+)KD(X-),
MBI oTaensieM 1ekTpo (Y + = X —)MarHuTHele o oT MaccoBbIX noseit (Y — = X+) B Buze:

KD =) EIED g = (v (v =); (V4= X ) = EED yy, CmrePOBOEDEID _ g (v

(M) /2)(V2%6)(m(v,)/2)  (1.36%1075)2% V2 %6,67+ 10~
e = m(y) - 4%9,07%10-°

_ YD+ _ . _ } _ _ oo . (r—=y3) (@) (r—=v5) _
¢ HEH=E)n CEI=1= X HE-); (=X -) =282 o = g, (V=X ),

= 4,8 1071°CI'CE




(m(y5")/2)(@?/2)(m(y5)/2) (3,13 % 107°/2)?
W = mvy) T 2+137,0362 % 1.36% 105
Takwue coBnajeHuss He MOTYT OBITh CIy4alHBIMU. J{JIs AJIMHBI BOJIHBI TPOTOHA Ap =2,1 % 10~ 14cm, ero

= 4,8 1071°CI'CE

4acrora (vy+) = ﬁ = 1,4286 * 10%*T'y, Gpopmupyercs yactotoil (y;) KBaHTOB, ¢ Maccoit 2(m,+)c? = Gh(vy+).

Gh(v_+). +10—84 10-27 4 +1024
1r = 5,62 % 10%MeV , wmn (m,4) = — 23— = 20 TP 0 — 5,58+ 107°2r = 3,13 % 1075 MeV/
AHAJIOTMYHO 1715 JMeKTpoHa A, = 3,86 * 10~ cm, ero uacrora (v,;) = Ai = 7,77 = 102°T'y, popmupyercs

e

4acToTol (v;) KBAHTOB, € Maccolt 2(m,;)c? = a’h(v,-), rae a(Y —) = KOHCTaHTa, IOJIy4aeM:

137,036
2

(m,) = ah(Vy,Z)  141,054541072747,77x10%°

M) = 2¢2 T (137,0362)#2+9x1020

Taxue coBrnazieHus: TOXe HE MOTYT OBITh CIIydaifHBIMUA. PU3NYECKUM (PAKTOM €CTh 3aPsIOBbIH
n3onoTeHuan nporoia p(X—=Y+)e u anekTpoHa B aToMe BOAOPO/A C COOTHOIIEHHUEM Macc

(p/e = 1836). I1o ananoruu Ml TOBOPUM O 3apsA0BOM H3onoTeHnuane v, (X—=Y+)y,, uv.(X—=Y+)y,
cy06aToMOB, ¢ cooTHOImEHHEM Mace (v, /vy = 8642) u (v./y = 1500) coorsercTBeHHO. [IpH 3TOM, CyOaTOMBI
(Vu/Yo) YAEPKHMBAIOTCS TPaBUTALMOHHBIM IIOJIEM ILIAHET, & Cy0aTOMBI (V,/Y) YAEpKHUBAIOTCS
I'PaBUTALMOHHBIM I10JIEM 3B€3/. DTO CJIEAYET U3 PacUeTOB ATOMHBIX CTPYKTYp (p/e), cyOaTOMOB IJIaHET

(p1/e1)(p/€)(Vu/vo) 1 3Be3 (p2/€2) (P1/€1) (P/€) (Vu/ Vo) (Ve/V), stz € = 2vy/a* = 10,2GeV),
e, =2p/a® = 35,2TeV) ,HOJl = e; *x3,13 xy, =1, u HOJI = e, * 3,13 xy = 1. A Takxke

Ui Py = ZG—e =153TeV,u p;(X—=Y +)e; «THKEIBIX aTOMOB» BHYTPH CaMHX 3Be31. Eciu cymecTByror

) _ Z(szmp)

= 2,424 107%%r = 1,36 * 10~ °MeV, nJis Macchl HEUTPHUHO.

KBaHTHI (Mmy =p;) = % =(153TeV)u (my =e; (35,24 TeV) , TO MOJOOHO TEHEPALIUH
kBaHTaMH (p;/n,) sapa 3emma anep (2ap; = 238p™ = 238U) ypana, p* ~ n, ¢ mocnenyommm pacrnanom B
CHEKTpP aTOMOB, KBaHThI p; = % = 3,06 % 10°TeV, u (p,/ny), (p, = ny) sAApa ConHua (3Be371BI, HO B aTMOC(Epe
3emur, BO3MOXHBI (PUKCAIMK YacTull ¢ 3Hepruend p, = 305 E15 eV umm e,= 3,524 E13 eV, kak MUHUMYM),
TEHEPUPYIOT Spa «3BE3AHOT0 ypaHa», (2ap; = 290pf = *°°U*), ¢ UX SK30TEPMUYHBIM PACIAZOM B CIIEKTP
«3BE3HBIX» aTOMOB (p; /e; ) B TBepoi moBepxHoCTH 3Be3/bl (CouHIla) 6€3 B3aUMOACHCTBUI ¢ OOBIYHBIMH
aTomamu (p*/e”) Bomopoaa u crekTpa aToMoB. M3iydeHue (p;r - v,;) ConHleM MIOOHHOTO
aHTUHEHTPHHO, TOJJOOHO U3Ty4YeHHI0 (€ — ¥) (HOTOHOB, 03Ha4aeT Hanumuue Ha CoJTHIIE, TAKOT O 3BE3THOTO
BemecTa (p;/e;) 0e3 B3auMOACHCTBUS ¢ MPOTOH (p*/e™) DIIeKTPOHHBIMH aTOMHBIMU CTPYKTYpPaMHu
OOBIYHOTO BelIecTBa (BOJOPO/, TeMHil...). TakOBBI pacueThl U PU3NYECKU TOTTYCTUMBIC BO3MOXKHOCTH.

B npunnumne, 10cTaTo4HO 3HaTh KOHCTAHTHI G = 6,674 * 1078, a=1 /137.036 mpenenbHBIX
YIJIOB U CKOpocTh € = 2.993 x 101%cm/c, uToObI ompenensaTsh KOHCTaHTY AeiicTBus [LnaHka 1
eNMHUYHBIX Macc (M * My = 1) 1 UX 3apsA0B B BUJE:

£10~8)2%(1— ] 2
h = Gmg % Gmo(1 — 2a)* = (6’67411307 0;6*(21992:3/*(110311036)) = 1.054508 * 1077 oprc

wm: my * my = (K3 = my,,) (K3 = m,,) = 1, B akcuomMax AMHAMHYHOTO IPOCTPAHCTBA-MATEPHHU. DTa

koHcTtaHTa aerctByeT B (0J1;) ypoBHE (hm3HUecKoro Bakyyma, ¢ npeaeiabHol (V = Y = C) CKOPOCTBHIO

CBETa, B KOTOPOM Bce ocTaibHble (V; = N * ¢) ckopocti (v; > ¢) B (0J1;)(0J13)(0JI_4) ... (OJI;) ypoBHsX

c+N=xc
(u3HUecKoro BaKkyyma UMEOT, W = [0 = €, CKOPOCTb CBeTa. [puaem s mo6bix (M x k xm; = 1)
2

c

Macc. M 3To 3HaYUT, 4TO BO BCEX YPOBHSIX (PU3UIECKOrO (M — M) CXOIAUMOCTEH, KBAHTOBOW CHCTEMBI
KOOp/IMHAT, IEUCTBYIOT KOHCTaHTHI (A, G, &, C), B IPOU3BOJUMBIX pacdeTax. KBaHTOBBIMH CBOMCTBAMU
001a/1af0T Kak OobIKe, Tak U Malibie Macchl. Hanpumep, nis maccbl ConHiia.

h(Msz*cz)hzl,I/IJII/I Ms(a\/_)Zv —2*1033( )*178*10 27 4251365105 = 1 |

DTO 3HAYHUT, YTO TAKHE 3BE3AHBIC MACChl M(V2)2 = 2.8 x Mg, MOI'YT YACPKHBATH B CBOEM I10JI€ TPABUTAL[HN
V- HeliTpuHoO. [naHeThl MOTYT yaepXKHBATh B CBOEM I10JIE TPABUTAIINH € - BIEKTPOHBI U V- HEHTPHHO.
AHaJOTUYHO OMpEeAeIsIeTes 3apsil eNMHUYHBIX Macc (my = 1), wu (my = 1) B Buze:

(my = \/(M~ * k*m; = 1) = 1). Torna 3apsa ecTb CBOUCTBOM Macc:

q = Gmga(l — a)2 6,674 * 1078(1/137.036) * (1 — 1/137.036)% = 4.8 » 10710,
U MX cOOTHOIIeHus: hac = q? . TakuM pacueraM COOTBETCTBYET MOJENb IIPOAYKTOB AaHHUTHIIALIUN
MPOTOHA | 3JIeKTpoHa. Maccossie oyt (Y - = e) = (X+ = p) aToma.
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MoAenb NPOTOHa MmoAesib 3/1eKTPOHa hydrogen atom

PI/IC}’HOK 5. MO}ICJ’II/I MIPOAYKTOB aHHUTHJEIOUHW IIPOTOHA U DJICKTPOHA

MBeI BHIMM, Ha «opOuTe» atoMa MaccoBoe (Y — = X +), mpuueM KBaHTOBOE I110Jie OpOUTATIE, 1
MarauTHOe mojie (X— = p™), npoToHa, Kak MOTOK «BUPTYaILHOr0» SIEKTPOHHOTO AHTHHEUTPHUHO
(X— = v;). Tak ke dJIeKTPHIECKOE MOJIE DIEKTPOHA, C TOTOKOM «BUPTYyalbHbIX» (Y+ = y*) doronos, B

snektpo (Y+ = X —) MarHuTHOM B3aMMOJECTBUM IPOTOHA U DJIEKTPOHA B €IMHOM I10JI€ 3apsia IIPOTOHA U
31eKTpoHa. 'eoMerpuueckuM PAKTOM 371€Ch, €CTh HaJIUYUE aHTUBELIECTBA B CAMOM BELIECTBE IPOTOHA U
sekTpora. Ilpu 3ToM, mpoaykThl anEUrHisEy npotona (X+=p*) = Y—=y ) X+=v;)(Y—=y4 ) u
npoaykThl anauruasnun snekrpona (Yr=e”) = X+=v)(Y—=yH)X+=v;).

AHAIIOrMYHO B €MHBIX IIOJISAX IPOCTPAHCTBA-MATEPUH B030HEI S1IEKTPOCIA60r0 B3aMM O CTBHUS:

2ax| |me(my,)
HON(Y) = (Y+=eH)(X—=v]) = Q = (142 * a)ym(W?*), nnn:
2+ (V0.511%0.27)

137.036%6.674+10 " 8x(1+

HOM(Y) = m(W?) = = 80.4 GeV,

V2
137.036

)

C 3apsIOM e , 1 HHAYKTUBHOM Maccoi: m(Y —) = (\/E * a) +» m(W?*). Dro kak «remnuas m(Y —) macca».

_ a*( (Zme)mvuexp1> 27
HOJI(X) = (X+=v])(Y—=¢%) = = 94,8 GeV = m(Z°)

G

6. HoBble cTa0MJILHBIE YaCTHI LI

. vV,
Ha BCTpC‘-IHbIX quKax MK OHHBIX aHTI/IHeI/ITpI/IHO ( ¢ ') B MAarimMTHBIX ITOJIAX:

2
HOJI(Y =¢))=(X—=v ) (Y+=y,)(X-=v]) = i _10.216Gel
o

2

B HECTAOUIIHLHOM BHUAC 5TO U3BCCTHLIC YPOBHHU HUIICUJIOHUA.

+ —
Ha BcTpedHbIX mydkax MO3UTPOHOB (e ), KOTOpBIE Pa3rOHSIOTCS B IOTOKE KBAHTOB (Y-=7) ,
(boToHOB «Oes10r0» J1a3epa B BUE:

HONI(X =p/)=(Y-=e" ) X+=v, )(Y-=¢")= 22" =153TeV

’

Ha BcTpeuHbIX Myykax aHTUIIPOTOHOB (P~ ), UMEET MECTO:
HOM(Y +=e;) = X—=p ) (Y+=e")(X—=p~) = 2% = 35,24 TeV .
st Bctpeunbix HOJI(Y —) = (X+= p*)(X+= p*), paccuuThIBaeTCS Macca KBaHTa
M(Y =) = (X+=pH)(X+=p*) = (22 = 77) (1 - 30)
wm MY =) = (2’"—" =22 =77 (1 - 3q) = Lo iet (1 E ) = 12576 GeV

2a a (1/137,036) - 137,036
DTO U ecTh Ta, BHOBb OTKpbITas Ha kosutaiiaepe B LIEPH, snemenTapnag vactuna. B ganHoM citydae, Ha
BCTPEUHBIX My4ykax (X+=p*)(X+=p*) = (Y —), MBI TOBOPHM 00 UHAYKTUBHOM (X+=Y —) MacCOBOM II0JI€ B

npenenax cos@ (Y —) = o, KBaHTOBOTO MaccoBoro M(Y —) mouist pukcupyemoii yactuisl. I macca tay

: =(Y—=e" eV (Ve o) = DY) (e=0511MeV)
nenToHa: M(X) = (Y—=e )(X+=v;)(Y—=¢") = T 1776.835MeV

PS. B o0mmx Moziensx criekTpa aToMOB, MOJIeNb KBaHTa (X+ = 3H e) siapa reiaus, 3To




Pucynox5.1 monens cunTesa
crpykrypHas popma kBaHTOB (Y - = p*/n) CunbHoro B3aumMoseiictBus, CTpyKTyprupoBaHHOTO (X-) MoJeM,
60 aHTUHEUTpUHO (X+= v, ), mbo aHTUNpoTOHa (X+= p~) B IaHHOM ciy4yae. B cooTBeTCTBUH C

aG(X+)
aT

YpaBHEHHSIMU JUHAMUKH MAacCOBBIX MoJiei: ¢ x roty M(Y —) = roty N(Y —) = &, * + A * G(X+), Mbl
9G(X+=3He)
oT

1).mm60 B HEynpyrux cTONKHOBeHUAX (X+=3a) = (Y—=p /n=e"N)X+= v.)(Y—=pT/n=e"")B
KoJlJIaiiiepe, BCTPEUHbIX YYKOB AJep AeHTepus MaJbIX JHepruii, 6e3 nepsu4Hoi mna3mel. OGpaszyromuecs
anbQa-JyacTUIIBl HATPEBAIOT BOASIHYIO PYOAIIKY yXKe YIPaBIIIEMOr0 TEPMOSIEPHOI'0 peaKkTopa.

DHEPreTuy eCKUil BHIXO/ TAKOTO CHHTE3a CTPYKTYPUPOBAHHOM I1JIA3Mbl PACCYUTHIBACTCS 1O CTaHAAPTHON

CXCEMC.

roBopHMM 00 ympasisieMoli (vy * roty2M(Y—=p*/n) = &, * ) TEPMOSIIEPHOMN PEaKIUu:

Am(2[2H]) = 2[(1,00866 + 1,00728) — (M pye = 2,01355)] = 0,00478asm
Am([3He]) = [(2 * 1,00866 + 2 * 1,00728) — (M pre = 4,0026)] = 0,02928a5Mm.
AE = Am([3He]) — Am(2[2H]) = (0,02928 — 0,00478) = (0,0245) = 931,5MeV = 22,82MeV
2 rpamMMa (OAMH MOJIb) TAaKOM e TepreBOoil M1a3Mbl SKBUBAJIEHTHBI 25 TOHHAM O€H3HHA.

2). MO0 CTPYKTYpPUPOBAHHEM JAEHTEPUEBOM T1a3Mbl AaHTUITPOTOHAMU MAJIbIX JHEPIHii, B PEAKIIHIX
Xt=3a) = (Y—=p*/n=e")X+=p)(Y—=p*/n=e""), iH+p™+1H - jHe+p~
Ceronns, ynpaBiseMyro TEPMOSAEpHYIo peakiyioo: (2H + 3H — 3He + in + 17,6MeV) co3naior B

masMe. JTo pasHele sapa. B npocrpanctee-marepun (Y—= X+), 310 (2H + 3H) aHAIOrMYHO COEIUHEHUIO
MAacCOBBIX TpaeKTopHii «rosutpoHa» (Y—=pt/n =) um (Y—=e*), n «uporona» (X+=3H =p*™)
win (X+= p™*). I[IpoTOH ¢ MO3UTPOHOM, C B3aMMHO MepneHauKyasipabiMu (Y —) | (X—) TpaekTopusMu, 3T0
BOJIOPOJI, B KOTOPOM BCE UAET Ha Pa3pbIB CTPYKTYPHI, B IJIa3MeE B TaHHOM ciiydae. M ToJbKO pH yiapax B
BBICOKOTEMIIEpATypHOM I1a3Mme, B mojsix (X+= p*) CunbHoro B3aumoneiicteust, GOpMHUPYIOTCS BUXPEBBIC
maccoBble Tpaektopuu (Y—=p*/n)(Y—=p*/n) = (X+= jHe), y’ke HOBOIO 5Apa, KaK yCTOMIMBON
CTPYKTYPBI.

Bbonee a¢pdexTuBHBIMU yeIoBUSIMHU JUIsl yIpaBisemoi TepmosaepHoit Peakuuu, npencrapistorces
BCTPEYHBIMH IMIOTOKAMU JEUTEPUEBON TIa3Mbl, C IEPIEHINKYISIPHBIM BIIPHICKOM MYYKOB aHTUIIPOTOHOB B
TOYKE BCTPEUYH MOTOKOB IJ1a3Mbl. CaM MOTOK AEUTEPUEBOM IJIa3Mbl IPEACTABIIAECTCS YIIPABISIEMbIM
MMOTOKOM MOHOB, Kak Oojee ycroitunBoe cocrosinue miasmMel B TOKAMAK. Unu  Heynpyrnx cTONKHOBEHWM
Ny4YyKoB Aentepua HebOoNbLLIMX SHEPTUIA, B KaMepe C NepneHANKYAAPHbIMU CUNOBbIMU IMHUAMW CUSIbHOTO
MarHMTHOro noss, 6e3 nepBUMYHOI NAa3Mbl. 3To ByAET yXKe YNPaBASEMbIN «XO/IOLHbIA CUHTE3» rens.



Mogenb ynpasnsemoro 'XonogHoro cMHTeza" renus Uz saep AeHTepUs.

\.\_\\/
\Mﬁ“ _ 12(\'- =p/n)
(Y+) | 5 | (v+)

T
< 3(v-=p/n)

T—
2(v-=p/n) =
—

Monyvaemble anbda HacTMLbl FPetoT BOAAHYIO PybaLLKy yXKe ynpaBnaeMoro TepMmoagepHOoro peakropa.
3).160 B HEyNPYTUX CTONKHOBEHUX (3H + p*t — 3He) B KoJUIaiiepe TPUTHSA ¢ yYKaMH IIPOTOHOB
00JILIINX JHEPIHii, 0€3 MEePBUYHOMN TTa3MBbl.

JIBa rpaMMa Tako# I1a3Mbl CHHTE€3UPOBAaHHOI'O I'ellvsl SKBUBAJIEHTHBI 25 ToHHE OeH3uHa. Bo Bcex
ciry4asiX, Hy>KHbI IPOOHbIE SKCIIEPUMEHTHI Ha yXe F'OTOBOM KoJuiaiiaepe.

DJieMeHThl KBAHTOBOI IPaBUTALIMU.

Onu cnenytot u3 O6meit Teopun OTHOCUTENBHOCTH, TEH30pa DUHIITEIHA, KAK MAaTEMaTHIECKOM
HCTUHBI Pa3HUIIbI PESITUBUCTCKON JUHAMUKH B IBYX (1) 1 (2) TOuKax puMaHOBOTO MPOCTPAHCTBA, C
GynmamentanbHbIM TeH30poM gy (x™) = €;(x™) e, (x™).

i (D) — gi(2) # 0, exer =1, moycnosusm e;(X —), e, (Y—),

|
(Y- := X+) \l,
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Pucynox 6. KBaHT mpocrpancTBa-marTepun
Touka (2) nmpuBoauTtcs Kk EBkinmoBomy nmpoctpanctBy chepsl, rae (e;Leg) u  (e; * e,=0). [Tooatomy B

1

OKPECTHOCTHU TOYKU (2) BbIIENsIeM BEKTOPHI (€,) U (e;) u OepeM cpenHee 3HaueHue Ae,; = 3 (e, + ep).

[punumas (e, = e,) , YCIOBHE MIPUBEICHUS TPEOOPa3OBaHUil K eBKIMIOBON chepe (x5_,) U s
1 1 e,
Ben = (ex + €) =€ (2 + 1), nonyamm: gy(1) — g (2) # 0,

9ir (1) _%(eiex = Yik) (Z—i + 1) (2) = KTy, (Z_: = R) . (eg # e) ,nooromy (e; = Aey) U Gie(Xo=p=k)
Hns (e, = e,), umeem (T, = 0). B ycnoBusx (e, # e), Mbl TOBOPHM O TUHAMHKE (PU3NIECKOTO BaKyyma B
(DUKCUPOBAHHBIX yrilaX MapauIeIbHOCTH, C PA3JIMYHBIMU I'€0IC3HUCCKAMH yIKE THHAMHIHOU chephl

(x5 # x5 # x5) B pukcupoBauubix (e, # €, # e,) Toukax. Jlus quHamuuneix (de,/d t # 0) yrios
napajieIbHOCTH, MbI TOBOpUM 00 yckopenuu B cepe (XY Z)HecTannoHapHOTro eBKIINIO0BOTO
npoctpaHcTBa. MlHaye roBopsi, yxe reoe3ndeckas, HeCTallmoHapHOW EBKITMI0BOM cdephl,

Jik (xfI # X5 # Xy # const) MeHseTcs. Mbl TOBOPUM 00 YCKOPEHHH YK€ TUHAMHUYHOTO (PU3UIECKOTO
BakyymMma B ero pacmmmpenun. [loatomy (A # const) msa (¢ (X—) # const) nons Beenennoii. Kak Buaum,



2 2
mY=y)u ihg—f = zh—mAlIJ + Uy, (Ztlzp > 0) Pucynka 6, iuHaMHKa YCKOpPEHUS UET C HapacTaHUEM H3

Ha4dyaJdbHOI'O COCTOsAHHA.

B nmonnom Buae ypaBuenue O6mieit Teopun OTHOCHTEIILHOCTH, KaK MaTeMaTHYeCKasi HCTUHA !
1

1
Rie = 5 RGix =5 Ague = KT
Uro 03Ha4aeT 3TO ypaBHEHUE B KJIACCUUYECKOM IIpeAcTaBieHn? Bee HaunHaercs ¢ mocTyJiata DUHIITEHHA O
MpeaeabHO CKOpOoCcTH cBeTa (C) ISl Macchl (m) co CKOPOCThIO (W). DTO 3HAYUT, 4TO: () # (W), Win

2
X - _
cz#+w?; c2—w?2#0; W2=t—2; (c*t)? — (x)? = const = (c *t)? — (X)?.
D10 u3BECTHBIE TpeoOpa3oBanus JIopeHiia B pensITHBUCTCKONM quHaMuKe. DyHIaMeHTalbHBIM 3/1€Ch, €CTh
HEeHyJieBas pa3HuLa. V3meHeHue xona BpeMeHHu (t) MeHsieT npoctpaHcTBo (x) , (Cmupnos B.1M.1974, 1.3,

4.1, ¢.195) ¢ pensaTuBUCTCKON MONpaBKoi Ay MaccoBo m(Y—) TpaeKTOpUU KBAHTOBOT'O MOJS:

2 2
we _ 2 _ 2 1 2. 2 2 _ 2( w ) _ 2 2
— = cos Y-)=a*=(—— cc—wr=c?(l—=)=c*(1—«a
> Prmax(¥ =) (o ) = c?(1-a?)
Jljis KIlacCU4YeCKUX NpeoO0pa3oBaHUMl peNITUBUCTCKON TMHAMUKHU:
_ — . . a1 agp
X1 = 0aq1C * tl — Qq12X1 ) C * tl = ay1C * tl — Uy2Xq , C MaTpHUIICHU Hpeo6paSOBaHI/II/Ii Aix = Ay, Ay .

B TpexmepHOM npocTpaHCTBE- BpeMEHU HeHyJIeBo EBKIINI0BOI cdepbl, ¢ HEM3MEHHON Ieoe3u4ecKon
(x; = const) KpuBO#i, TakuX ypaBHeHu# Oyzaer uetbipe.(CmupHoB B.M. 1974r. 1.3,4.1, ¢.195-198).

X =a11C*t — Q12X — A13) — A147, A11 Q12 Q13 Q14
Y = A21C* U — QX — A3Y — Q42 ¢ (a;) marpuueit 1 Qzz QA3 Qo4
Z = a31C *t — a32x — a33y - a34Z HpeoﬁpaSOBaHI/Iﬁ a31 a32 a33 a34_
C*l =0ag1C* 1 — AgpX — Ay3Y — AgaZ Qa1 sz Q3 Qgg

B u3BecTHOM rpymme Jloperna: (x)2+ ()2 + (2)? — (c*t)? = ()2 + ()2 + (2)? — (c * t)? . 3nech yxe
MOJKHO TIOZICTABJIATh YUCJIA U CUUTATH TPEOOPa30BaHusl PESITUBUCTCKON JUHAMUKE enHbIX Kprtepres DBoIOIMH:
Hanpumep: sHeprun E = [12Y = (m = 1Y) * (I1 = ¢?) = m * ¢? , umnyssea p = M2t , maccer m = MY (X+=Y-).
3neck I1 = ¢? = gY , norennman yckopenus (g) Ha Tpaekropun (Y = Y—). Takue npeobpa3oBaHus peasTUBUCTCKOM
JMHAMHUKY B MHEPIHAJILHON CHCTEME IMPOCTPaHCTBa-BpeMeHn 0e3 yckopenus (g = 0) B EBkimmoBoii chepe
(a;; = 1) Oe3 rpaButanuu, B Touke (1) PucyHok6, Takue ke, kak U B EBKIMI0BOH Cdepe MpoCcTpaHCTBa-BpEMEHU
najaouiero Judra B noje rpaBuraiuu B Touke (2). [lepen DitHmTeliHOM cTOsa 3a1a4a MeperTr U3 IpoCTPaHCTBa -
BpEMEHH MHEPINaIbHOM cucTeMbl B EBKITNIIOBOI chepe Oe3 rpaBuTaniiy B IpOCTPaHCTBO-BpeMsi EBKITHIIOBOM chepsb
TOXe 6€3 YCKOPEeHHsI, HO YK€ MaJaromero Judra B moje rpaBUTaluy. YToObl BEIMOTHUTE 3TH NPeoOpa30oBaHus B
PETSATUBUCTCKON TMHAMUKE, DHHINTEIH B MaTeMaTHYECKOM poLeype, K MOTEHINATy YCKOpeHHs (g) Ha TpaeKTOpUH
(Y) mpoctpaHCTBa-BpeMeHH B HHEPIHAIBGHON CHCTEME, JOOABIII IIOTEHIIMAI TPAaBUTAIMOHHOrO TIOJIS B BU/IE TEH30pa
M= WZ — Y_zz — (E=“2Y)2 ,
t (p=I1%t)?
yKe TeH30pa DUHIITEHA, B €r0 KIIacCHIecKoM Buje: R, — %R gix = KT . Kopu I'., Kopu T. (1973), ¢.536). m

SHEPruM-uMIyjbca. JTO MaTeMaTHUeCKast UCTUHA: R, = %R (9ix = gY) + k(T =10),

(9, = 9, t a) xnaccuueckoii pusuru. 3nech (R;x) - Mpeodpa3oBaHus PENATHBUCTCKONH AMHAMUKH B IPOCTPAHCTBE-
BpeMeHu EBKINIOBOM ke Ipyroit cdepsl, yiKe Ipyroi reoae3nIeckoil KpuBu3Hb! (X5 = const) B maaaroriem
madre B mosie rpaButanronHoro norenimana (KT, = [1). Hade roBopsi, mosie rpaBUTAIIMU U3MEPSETCS KPHBU3HON
IPOCTPaHCTBA-BpEeMEHU. BBIUUCIISAA M3MEHEHHSI IIPOCTPAHCTBA-BPEMEHH B PEIISTHBUCTCKOM IUHAMUKe Oe3
rpasutaiui B Touke (1): X7 = giyeXxq; € *t; = g€ * t1; (i, k = 1,2,3,4) ¥ u3MeHeHWsI IPOCTPAHCTBA-BPEMEHH B
PEJATUBHMCTCKOM IMHAMMKE YK€ C TPaBUTAlMEN B TOUKE (2): X3 = ixXa, C *t; = gixC * to; MBI MOXKEM CUMTATH
W3MEHEHHI KPHBU3HbI T€0Ie3UUeCKOi maparoreii chepsl (x5 = const) B nose rpasurammu (x5 = X,Y, Z, ct).
(X2 = x1)? = g1 €® * (t — t1)? — gio * (X2 = X1)* — giz * (72 = ¥1)? — Gia * (22 — 21)* = (kTyy) ; (i=1,2,3,4).
B npunumIe, Mpl uMeeM 1710 ¢ (gi,)® KBagpatnaHoit hopMoit (gik)(gik = JirRixs) A1 BHIOPAHHBIX
HanpaBieHuii(eje, = 1) u (e,y” = 1)npeodpa3zosanuii Tensopa Pumana —Kpucroddens (Kopn, 1973,¢.535).
Kak Buaum, 310 Matpuna B 5 ctonluax u 4 crpokax, Kaxaas U3 KOTOpOi ecTh ypaBHEHUE THHAMUKU B
T'PAaBUTAIMOHHOM I10JIE, U pelaeTcst OTAenbHO. Mnu B 001iem cirydae paanaibHOTO IPEACTaBIeHUs chephl:

—  —< T ATI*II Aw?\ _ ATl
(x; —x1)? = Ax3,; (t; — t1)? = At2, ;B BUge: ¢ * At2, — Ax2, = 7 U: c? = At? (1 - c_Z) ==
2 Aw? ATI*II .
c“(1- 2 ) = GGlearie) AIT . Paznuna ckopocreil Ha opOuTe usmepsercs skcueHTpucuteroM (€). Torna
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c?(1 — &%) = AIl . [IpuHuMast CMEIIEHHE TIEPUTEITHS 5@ =~ AA—A , Ad@ = AA ; monyunM H3BECTHYIO HOPMYITY

Ditamreitna:  c2ASp(1 — e2) = (Al * AA = GM), 6 ~ ——2_ = 42,98" nns nepurenns Mepkypus. Ito

c2A(1-€2)

* * ¥10~8%2x1033
TOKE MareMaTH4yecKas UCTHHA. B 3Tux pacyerax: ¢ =~ ZG”GM = = > 3'12406'67 0 122 0 — 503356« 10 ~7rad ,
c2A(1-g2)  9%102045,791%1012x0,958
(1rad = 206264,8") ; u ¢ = 0,1038", 3a 1 mepuox Mepkypus 88 cyrok, u 100 et Ha 3emiie, TOTyIUM:

39925 — 43" U B >1Hx pacuerax Gepercs cpeqHee 3HaueHue opoutsl Mepkypus (A = 5,791 = 1012sm), a sro

S *
3HAYUT, YTO PeYb UAET O IOBOPOTE BCETO MPOCTpaHcTBa-MaTepu BOKpyr Comana. [Ipu 3ToM mHAMHKa BaKyyMHBIX
3HaYEHUM MPOCTPaHCTBA-BPEMEHU (% gix = 0) B Touke (2), He yuntbBaetcs (e; L ey ). 3nech HeT nuHaMuku. Ho
3/1€Ch YK€ MOYKHO MO CTaBJISITh YUCIIA U CYUTATh KPUBU3HY POCTPAHCTBA-BPEMEHH, C €€ MHTEPNOJSALUEH B
MOTEHIHAJI MPOCTPAHCTBA CKOPOCTEH IpaBUTALIMOHHOTO nouis. [Ipu HyJIeBOM IpaBUTALIMOHHOM MOTEHIIUATE
ypaBHEHUS: R;; = %R(gik = gY) + k(T = 1 = 0) O6meit Teopun OTHOCUTENBPHOCTH DUHINTEHHA,
MepexoIAT B paBHbIe ypaBHEeHMs CrnenuanbHol Teopun OTHOCUTENBHOCTH DUHIITENHHA, B IByX Pa3JIMYHbBIX
Toukax (abopaTopusx) EBKIIMI0BOrO MPOCTPAHCTBA, IIPU ITOM IMOJATBEPXK1asi B MATEMATHIECKON UCTHHE,
nepBeii moctynar JiumreidHa. Ry, = (R = 1)(gi) ; X2 = GikX1;, € *ty = gixty; tne (i, k = 1,2,3,4), wim
(c*xt)? — (%)? = (c*t)*> — (x)? VYpaBHenue DiiHmTeiHa R;; (1) — %Rgik(Z) = S;T—le-k ; 3aIuIIeM B
BH/JIE TPABUTALIMOHHBIX MOTEHIIMAJIOB B IBYX TOYKaX PUMaHOBOIO IMPOCTPAHCTBA ¢ (hyHIaMEHTAJIbHBIM
TEH30POM:

Ry (1) = e;(x™ep (x™) = vyvy, =11 v 9i(2) = e;(xMer (x™) = vivy = 1T,
MpI moHrMaeM, 4yTo Todka (2), mpencrasieHa EBkimaoBeiM mpoctpancTBoM (1) 6e3 KpuBH3HBL. OTMETUM,
YTO TOYHOT'O COBIAJICHUS TOUKH (2) KPUBOH C OKPYKHOCTHIO HET B MATEMAaTUIECKON UCTUHE MTOTHOTO
ypaBHeHHs DiHITelHa. Touka (1) ¢ KpUBU3HOM PUMaHOBOTO MPOCTPAaHCTBA (77) B TPAaBUTAI[MOHHOM IIOJIE.
Torna rpaBUTAlMOHHBIE IOTEHIUAJIBI BHE MACC, MBI IPEICTABUM B BU/JIE:

Puc.6a — I'paBUTAIIMOHHBIC ITIOTCHIIMAJIbL
E?2 _ GUPPK)? _ GIPIPK?

r 7 8mG
I, = CZ(;)ZZ I, = 02(70)2 , C TEH30POM DHEPTUH -UMITyJIbca: —— Tjp =

c 2 (PO? e
GITPK?  Gc2IIK? c2GK?
Hl _HZ = c4t2 = c2Tt? y Hl _HZ = c2t2 y NnIin:
27\2 _ .2(Toy2 _ €PGK* 5 _(E)z _ C’GK? _(T_O)Z _x
¢ (r) ¢ (r) T oc2ez ! c*(1 r ) = c2t2 ' 1 r )_cztz'
(1+2)(1-2) =25, (1+2)c22 — S =200, s2(x) =0 npu (x = 0)
r r c2t?’ r (1—T7°) ! p '

T o\ "1 T o\ 1
(1 +7°)czt2 —( —70) x? = s? ,wm: ds® = (1 +7°)czdt2 - ( —70) dx? .
OTO MaTEeMaTU4ECKUE UCTUHBI CAMOU MTPOCTOM MOAEIN PaAUuaIbHON PENIATUBUCT CKOM TUHAMUKH
2

MIPOCTPAHCTBA-BPEMCHH B TPABUTAIIMOHHOM 110Jie BHE (M = () Macchl: 5—2 = c¢?, um:
E? 2 2.2 .
Z=pr°+ (my = 0)“c“. U nmepBoe, 4TO HAJO OTMETUTH, TaK 3TO HEHYJIEBOH (1 # 0) paguyc 1o
oIpeneneHnIo. DTo paauyc Kpyra BMecto chepsl B pemrenuu lIsapummnbaa. 1 oo ycinoBue ypaBHeHuUs
(Rg;, # 0) DitHmTeliHA, KAK MATEMATUYECKOW UCTUHBI B TTOJIHOM BHJIE. 3[1€Ch pa3rOBOP O CHHTYJISIPHOCTH —
3TO pa3roBop HU 0 yeM. CHUHTYJISIPHOCTH HET B IPUHIUIIE U 110 ONpeeneHn 0. BTopoil MOMEHT B TOM,
ypaBHEHHE DIHINTEHHA paccMaTpUBAeT TpaBUTAINIO BHE cepbl. HUKakuX «myTeniecTBuii» BHYTPh Cepsl
B ypaBHEHUU DHHIITEHA TOXE HeT, Kak U (r # 0) B 3akoHe HproToHa. Bee mocnenyromue Mmonenu
«YEPHBIX JBIP» UMEIOT TOPU30HT COOBITUH U Tak qajee. MHOTHE MOJENN «IEPHBIX JABIPY, KOJIIATCHPYIOIINX
doToHHBIX cdep (3Be3 B mpezene) npoxoasmux cepy [IBapummnbaa ux guarpaMmMbl HAUBHBI,
oIMOOYHBI B 0a30BBIX OCHOBaX U 0€3 apryMEHTOB UCXOHBIX MPEANOCHUIOK KaK MPUYKH, XOTS Jajiee
paboTtaet MmaTemaTuKa u Jioruka. Ho ypaBHeHue DiiHIITeliHAa BooO1IIe HEe 00 3TOM. Y paBHEHHE DIHINTEHHA

He coaepxuT maccy (m = 0) u 6omee rimybokoe. B HeM yka3aHbI TOTEHITUAIBI, CUIIOBBIC TIOJISI U SHEPTHS



TPaBUTAIIMOHHOTO TOJIs B J1I000M Touke Beenennoii Bue maccol (m = 0) . I Hu ogHAa Moaenb, HE OTBEYaeT
Ha Bonpoc, [IOYEMY Bo3HMKaeT KpuBH3HA I'PaBUTALIMM U, OTKYAA 3Heprus noisi? B Takux
MEPEYUCIICHHBIX YCIOBUAX, KAK ApPTYMEHTOB MaTEMaTUYECKUX UCTHH, TOBOPHUTH O CHHTYJISIPHOCTH B LIEHTPE
(R = 0) «yepHOH ABIPBI», ITO Pa3roBOP HU O YeM. 3/1€Ch HET HUKAKOW CHHTYJISPHOCTH B IICHTPE «UEPHBIX
IeIp». Borpoc 3akpbIT. Ho ecTh pakT HamMuus «CBEpXMaCCHBHBIX KOMITAKTHBIX 00bEKTOBY, 0OHAPYKEHHBIX
B siJIpe rajakTuk. M ecTh apyroe npeacraBjieHUe CBOMCTB TaKUX 00bEKTOB:

2GM
(R<Ro) =550

C HaJIMYMEM CBEPX CBETOBOro mpoctpanctBa: (v; > ¢), BHyTpH (R < R;) Takux «4epHBIX chepy,
MMEHYEMBIX «UepHBIMU bIpaMu». HeT Hukakux «1pip». Macca Takux «4epHBIX cep» (M # 0) He paBHa
HYJIIO.
Jlisi 6eCKOHEUHbIX IPaBUTALMOHHBIX yekopenuid, I1 = ¢? = (g, » ) (Y, — 0) B CUHTYJIAPHOIi TOUKE
(Y5 = 0), HanpuMep «4epHOH JBIPB», B ypaBHEHUN DWHINTEHHA peyb O PEISITUBUCTCKON JMHAMUKE:
(Rix = (g2 » ©)(Y2 > 0)) = %R(gik = g1Y1) + k(Ty =1 = c?), (g,) yckopenue B TouKe 2,

—_ _ C4'
(cxt)?— (%)= G

(c*D)?—(X)?=0,um: (c*t)>=(X)2u(c*xt>0)2=(x =Y, > 0)=2
OTO 3HAYUT, YTO B IPOCTPAHCTBE-BPEMEHH TaKOW CHHTYJISIPHOCTU HeT. B ypaBHeHUM DWHIITEHHA HET HU
«YEPHBIX JIBIP», HU CUHTYJIsIpHOCTEN. Bee 310 B cTporux Matematnueckux uctuHax. C Apyroi CTOpOHBI,
MaTeMaTHYecKas MCTHHA 3/1eCh B TOM, 4TO HEHyJIeBask pa3sHUIA PETATHBUCTCKON JMHAMUKH AxZ,, B
ypaBHEHHH DHWHIITEHA, 00yCIOBIeHa CKOPOCTSAMU MAacC MEHbIIIE CKOPOCTH CBETa B caMuX cdepax B
Toukax 2 v |, 1 BHe HeHYy./1eBbIX EBKINI0OBBIX cdep C pa3IndHBIME X [€OAC3HICCKUMHU (X5 # X7)
26(M 2G6(M 2G(M—-0

KPUBBIMU B I10JI€ TpaBUTauu. (1 — R(CZ) =0), R(x®) = % , €% = ﬁ
MAaccC B I10JI€ TPAaBUTALIMU, PABHOM CKOPOCTU CBETA, TAK KAK MCUYE3AET CAaMO ypaBHEHUE DUHILITEWHA, BMECTE
C CUHTYJIIDHOCTSIMH B «4epHBIX AbIpax». X HeT. Bonpoc 3akpbIT. B ypaBHEHHUSAX €CTh TOJIBKO MaccChl
HeHyJIeBbIX chep (X5 # x]) Kak HCTOYHHKA KPHBU3HbI, PABHO IPaBUTAIMH, U TIOJISI HHAYKTHBHBIX Macc,

(BHE «mMTa») «TeMHOU MaTepun». Ho HeT ypaBHEHHUH, KOTOPBIE NAIOT «YEPHBIE JbIPBI, CHHTYJIAPHOCTH. 3
Takux ypaBaenuit B O6ueit Teopun OTHOCUTENBHOCTH DUHINITEIHA HET. -
HaGuotaemble «4uepHbIe IbIPbI», B IPOCTPAHCTBE-MATEPUHU IPEICTaBICHbI KaK 00BEKThl Pa3IMuHbIX

SHEPreTUYECKUX YPOBHEH (U3NYECKOro BaKkyyMa. DTO 00BeKThI 3Be3aHBIX (10 30,8 * Mg,,,,) Macc,
Mesk3Be3aHbIX Mace (0T 31 * Mg, 10 622000 * Mg,,,, Macc ConHia), ranaktuueckux mMacc (ot 6 * 10° Mgy, 10
101°Ms,,,,), mexranakruaeckux mace (ot 1010Mg,,,, 1o 1013 Ms,,,,), snpa xBazapos (ot 1013 Mg, mo 1017 Mg,,,,) u
KBasapHbIX ramaktuk 10 (1024 Ms,,, ). OHM UMEIOT 0 HapacTaroIeil, MHOTOyPOBHEBBIE 000I0YKH KBAHTOBBIX
MOJPOCTPAHCTB, B KOTOPBIE , HATPUMEP (POTOH, TONACTh HE CMOXKET. DTO BBIXOAMT 32 PaMKH 001Iei
TEOPUH OTHOCUTENBHOCTH DWHINTEHA UITH, TOUYHEE, 3a IPEEbl €BKINI0BON aKCHOMATUKH IIPOCTPaHCTBA -
BpeMmeHU. Ho 31ech HeT HuKkakux 0eckoHeuHocTel u cuHrysspHoctel. x ner B [Ipupoge.

CpenHee 3HaYeHHE JIOKATBHOTO 0A3UCHOTO BEKTOPa PUMAaHOBOro pocTpancTsa (Ae,,),
OnpeeNseTCs KaK MPUHIIUIT HEOMIPEAEIEHHOCTH, HO yXKe Ha BCIo JUnHY BoiHbl KL = A(X +)
rpasutanuonHoro moist G(X +) = M(Y—) MaccoBbIX TpaeKTOpHil. DTa HEOMPENEIEHHOCTh B BUJIE
orpeska (OA=r), kak BoimHOBOU pyHKIMu (r = Py) MaccoBoit M (Y —) Tpaekropuu kBanTa (Y1) B
rpasuranionHoM G (X +) nose BzaumogneiictBust.  A(X +) = 2y) crmu (X +) nonst. [Tpoexuust
(Y —)TpaekTopuu Ha IJIOCKOCTh Kpyra (7r?2) naer miomaab BeposTHOcTH (YPy ) 2 monaganus MaccoBoro
kBanta M (Y —), B rpasur. G(X +) nose BaaumopeiicTBus.

DTO UCXOMHBIE DJIEMEHTHI KBaHTOBOrO rpaBut G (X +) = M (Y —) maccoBoro noss. OHM CIEAYIOT U3
ypaBHeHus: O6mieit Teopun OTHOCUTEIBHOCTH.

2.KBaHTOBAasi rpaBUTALMS B €IMHOI TEOPUH

DneMeHThl KBaHTOBOIO I'paBUT (X+ = Y -) maccoBoro noiist cieayroT uz O6mei Teopuu
OtHocutenbHOCTU. Peub 0 pazHulle pensiTUBUCTKON AMHAMUKH B 1BYX(1) u (2)Toukax pumaHoOBa
MPOCTPAHCTBA, KAaK MaTeMaTHUECKOI ucTuHe TeH3opa DitHmreiHa. (G. Korn, T. Korn, ¢.508). 3nech
Jix (D) — 9ik(2) # 0, ere, =1, moycnosusam e;(X —), e, (Y—), dyHnameHTanbHbIN TEH30D
i (x™) = e;(x™) ey (x™), pumanoBoro npocrpanctea B (x™) cucTeMe KOOpAUHAT.

— 0. Hcueszaer caMo ypaBHEHHE DUHINTEIHA:

, (R # 0). 31€ch HET CKOPOCTH



Pucynox 7. KBantoBoe rpaBut(X+ = Y -) MmaccoBoe moze.
®dusnueckrM cBOKWCTBOM I'paBUT(X+ = Y -) MACCOBOTO MOJISt €CTh IPUHIIUIT SKBUBAJICHTHOCTH HHEPTHOU U
I'PaBUTALIMOHHON Macchl. DTO PaBEHCTBO YCKOPEHU a = Vy * M (Y —) MacCoBBIX TPAa€KTOPUI U yCKOPEHUS
g = G(X+) mons rpaButanuu, vy * M(Y —) = a = g = G(X +), B npocTpancTBe CKOpocTel
e(X-)=e(x"=X,Y,2) =vx [ﬂ JIOKaJIbHBIX 0a3UCHBIX BEKTOPOB, ex(Y —) = e, (x" =X,Y,Z) = vy [ﬂ .

Hanpumep, B «magarommem» nudre yckopenue (g — a) = 0 orcyrerByer, u Bec P = m(g —a) = 0, pasen
Hymo. Touka (2) mpuBomutcs Kk EBKIII0BOMY POCTpaHCTBY chepbl (x5-,), rae (ejLley), (e; * e,=0).
[ToaTOMy B OKpecTHOCTH TOUKH (2) BBIJEISIEM NapalijieibHbie BEKTOPHI (e,) U (e,;) u 6epem cpenHee

3HAYCHHE 3HaUYeHHe Ae,, = e, = %(e,I + e,). [lpunumas (e; = e) u gy (1) — g (2) #0.

1 1 e,

Ae,, = E(ejI + e) = EeK(e—K + 1), monyunm: gy (1D (X+) — g RQ)(X+) = kTy (Y —) , wum

1 ex & _

G (1) = 7 (ese2 = ese = gu) (g + 1) (2) = kT, (e_jI = R) . (e, # ey, Gik(X3=n=1)

I (e, = e,) umeeM (T, = 0) . B ycnoBusix (e, # e,) peub HIACT O JUHAMUKE (PU3NIECKOTO BaKyyMa Mpu
(UKCHPOBAHHBIX YIilaX MapajieIbHOCTH, C pa3HBIMHU I'€0/IE3MYECKIMH yXKE THHAMHYECKON cepoit
(x5 # x5 # x5) B QukcupoBauubix (e, # €, # e, = const) Toukax (e, = Ae,). s IMHAMHUYHBIX
(0e,/0t # 0), (¢ # const) yrios napaienbHOCTH IPOCTPAHCTBA-MATEPHH MBI TOBOPUM 00 YCKOPEHUH B
chepe (XY Z) HecTalIHOHAPHOTO €BKJIMIOBA TPOCTPAHCTBA. J{pyruME CI0BaMH, yXKe reoe3nyecKas
HECTAIMOHAPHON €BKJIMIOBOU ChHEpHI gy (xf] # X5 # X3, # const) MeHsiercs. Peub ujer 00 yckopeHuu u 6e3
TOT'0 TMHAMHYECKOT0 (PU3NYECKOT0 BaKyyMa MPU €ro pacIIupeHuH.

Ortcrona cnenyet ypaBaenue O61meii Teopurt OTHOCHTENIFHOCTH B TIOJTHOM BHJIE:
8mG

Ry — %Rgik - %Agik = kT . (k = 7)

CpenHee 3Ha4eHHE JIOKAIBHOTO 0a3MCHOI0 BEKTOpa pUMaHOBOrO IpocTpaHcTBa (Ae,,),
OIpeIeNsieTCs KaK MPUHIUI HEOMPEeIeICHHOCTH MaccoBbIX (Y —) TpaekTopuii, HO yKe Ha BCIO JJTHHY BOJIHBI
KL = A(X +) rpaBuranuonsoro mnoJs. 3nech yckopeuust G (X +) = vy M(Y —) MaccoBbIX TpaeKTOPHii.
DTa HeoNpeaeNIeHHOCTh B BUjie oTpe3ka (2 * OA = 2r), kak BosHoBOM GyHkimn 2Py (Y —)r = A(X +)
maccoBoil M (Y —)tpaekropuu kBanTa (Y1) B rpaButarmontom noje G (X +)B3aumoneiictBus. 31ech
2y , cme (1) kBanToBOro monst A(X +) rpaBuranmu. ITpoekius MaccoBoii (Y —)TpaekTopuu KBaHTa,
Ha IJIOCKOCTh Kpyra (772) maet miomaap BepostHocTH (Py) 2 nonaganus Maccopoit M (Y —) TpaekTopuu
kBanta (Y t), B kBanTOBOE rpaBuTanonnoe G (X +) mone Bzaumo (Y — = X+) neiictus. B oOmem
ciaydae Touku V; u N (Y-) maccoBbix mwim V; N (X-) 3aps0BbIX TpaeKTOPUi, AOCOTIOTHO OJJMHAKOBBI
MEXIy COO0H B IMHUH-TPAEKTOPHH SAMHOTO ITy4YKa MapalieNIbHBIX MPAMBIX JUHUH. Kaxxias mapa Touek,

UMEIOT CBOKO BOJIHOBYIO (pyHKIHIO +/ (+10) (—) = i1, B uHTEpIpETaliK KBAHTOBOM 3aIlyTAHHOCTH. B 3TOM
MPE/ICTAaBICHUN KBAHTOBAs 3aIlyTAHHOCTb €CTh (DAaKT peasbHOCTH, KOTOPBIN CIENyeT U3 aKCHOM
JUHAMHYHOTO IPOCTPAaHCTBAa-MaTePUH. DHTPOIUS KBAaHTOBOH 3allyTAHHOCTH MHOYKECTBA J1a€T IPaUEHT
MOTEHIIMAJA, HO 3JI€Ch TePSAETCS MPUHIIUAI SKBUBAJICHTHOCTH DWHIIITeHHA HHEPTHOU vy M(Y —) = G(X +)
Y TPAaBUTALIMOHHON MacCChI.
DTO MUCXOJHBIE IIEMEHThI KBaHTOBOTO rpaBuT G (X +) = vy M (Y —) maccoBoro nosst. OHu CIEAYIOT
n3 ypaBHeHus O0meit Teopun OTHOCHTENbHOCTH. BBienum 3neck pasmepHocTu eanHbix Kpurepues
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2
3BOJ‘IIOLII/II/I npocTpaHcTBa-MaTepuu B Buje. CKOPOCThb vy [ﬂ, norennuan (I = vd) [%] ; YCKOpEHHE
G(X+) ~|; MaccoBeie m = [IK(Y —= X+)nons u 3apsgossie ¢ = [IK(X—= Y+) nons, MX mIOTHOCTH
[H—K] = [%], cuna F = I1%; oueprua & = M?K; umnynsc P = I12T; neiicteue A = [12KT u tak nanee.

3
’ Oo6o3naunm (Ae,, = 2¥ey), Ty = (E)iA (%)jm = (g)i 2Y (E)K = 2T} , B BUje TeH30pa

srepruu (€) — (P) ummyibca ¢ BoaHOBOM (yHKIHel (). OTcroaa cieayer ypaBHEHHE:
£

1 &
Rik - ERel-AeJm =k (F)LA (;)J'll'l NI
1 1
Rie(X+) = 2 (SRejer (X+) + KTy (Y=)), w0 Rye(X+) = 29 (FRgu (X+) + KTy (Y-)).

9T0 YPaBHCHUEC KBAHTOBOI'O rpaBI/ITaHI/IOHHOFO MMOoTCHIHMAJa C Pa3MCPHOCTHIO [T_Z] norcHuuajia

(1 = v¥) ucnurom (21). B ckobKax 3TOro ypaBHeHHs, yacTh ypaHeHus O6meii Teopuu
OTHOCHTENBFHOCTH B BHJIE TOTeHIMaNbHOro [1(X+) moms rpaBuTamuy.

B teopun nons (CmupHOB, 1.2, ¢.361), yckopenue maccosbix (Y —) tpaextopuii B (X +) mosie rpaBuranuu
enunoro (Y —) = (X +) npocrpaHcTBa-MaTepHu MPEACTABICHO AUBEPIEHIIUEN BEKTOPHOTO MOJIS:

divRy, (Y—) [ﬁ] =GX+) [ﬁ] ¢ yckopenuem G (X +) [;{—2]

G(X +)[ ] grad;I1(X +)[ ] grad, (X +) * coscpx[ ]
Coornomenne G(X+) = grad;l1(X +) paBHocuibHO G, = - Or = g—y, G, = i, [PE/ICTaBIICHHIO.

3neck nomHbIH quddepenunan: G,dx + Gydy + G,dz = dIl. OH UMeeT HHTETPUPYIOIIUH MHOKHUTEITH
cemeiicta nosepxnocreit [I(M) = C; 53, ¢ Toukoi M, OPTOroHaIbHBIX K BEKTOPHBIM JTUHUAM I10JIs
maccoBbix (Y —) tpaekropuii B (X +) nosne rpaButanuu. 3aeck e;(Y—) L e, (X—). Orcrona ciemyer
KBa3UIOTEHIUAJIbHOE I0JE:
K2 1 K
tr(Gydx + Gydy + G,dz) = dIl [T—] , no GX+) =—grad (X +) [T—]
T
3neck tr = n Ui KBa3UNOTEHIMAIbHOTO noist. Bpemst t = nT, 3T0 n- KOIU4ECTBO NepuoaoB T
kBaHTOBOU AuHAMUKU. U n = ty # 0. OTcrona ciaenyoT KBa3UIOTCHIIMAIBHBIC TOBEPXHOCTH W = 27/t
KBAHTOBBIX I'PAaBUTAI[MOHHBIX MOJIEH C mepuofoM T U yCKOPEHUEM:

G(X+) = ;p—Tgradll'[(X IR (¥ =¥ 9)[K] * 6X ) [5] =nx+) [’;—22] = A2,
X1 [f] = £ (9radn(Rga) (05 Py, = 6) [15] + (gradu(Tuo)).

n=4.T #9*7#&61!0}: ——
/ J(Y ) l

.
ne3 .«zi_._ X

y —<— J — 4L t }
l‘yI ] ) '.' 3 i ll
‘ ) /|

Pucynox 8. KBaHTOBBIE rpaBUTAllMOHHBIE MOJIS.
Oto (hukcupyemoe B ceyeHuH, BEIOpaHHOE HanpaBieHue Hopmaiu n L [. CroxkeHue BceX TaKux

. K .
KBAHTOBBIX M0JIE MHOXECTBA KBAaHTOB 10ty G (X +) [T_Z] 0001 Macchl, GOPMUPYET OOIIYIO MOTCHIIUATHHYIO



«IMY» €€ TPaBUTAllMOHHOT O ITOJIS, e YK€ ACUCTBYET YpaBHEHNE DUHIITEWHA, C «3aIIUTOIN» B YPABHEHUN
dhopmyroii (3akoHom) HeroToHna.

4 4 2 _ .2 2y _F _ (K _ 2 2

E=c*K, P=c*T, (¢ —ck=Acik)=p—2= 2 =C), Ac =Gv X+)+0

_c*k?=E%  c*c*k? _ G(c*Ky=m,)(c*Ky=m;) _ Gmym,

2 Gm1m2
Acjj = = = = 2z
C4-T2=p2 C4'C4'T2 CZ(CZT2=K2) C2K2

c2K2

2 _ 2 .2 _
, Acf = , Acjrc® =F

K o
B aMHaMHUYHOM NPOCTPAHCTBE-MATEPUH, PEUb HIET O JUHAMUKE 10ty G (X +) [T_Z] IOJIEN HA 3aMKHYTBIX

rotyM(Y —) Tpaekropusix. 31€Ch -JIMHUS BIOIb KBA3H MOTEHI[HAIBHBIX TOBEPXHOCTEH pUMaHOBa
MIPOCTpaHCTBA, c HopMaibio n L [. [IpenensHbli yros napauienbHOCTH MaccoBbiX (Y —) TpaekTropuii B
(X +) none rpaBuTanuy, 1aeT rPaBUTALMOHHYIO KOHCTAHTY (c0S2@(X—)yax = G = 6.67 x 1078). 3nech

1 )

= 137.036
G(X+) [f_z] = # (G * grad,Rgu(X +) + a * grad,Ty (Y -)) [TK_z]

. [K o
Ot0 o0111ee YypaBHEHHE KBAHTOBOI O IpaBUT (X+ = Y -) MacCOBOro MOJIS YK€ YCKOPeHu i [T_Z]’ Y BOJTHOBOM

Y — pynkuueit, a takxe T- nepuogom auHamuku kBauta A(X +), co curom (I1), (2¢). IMons yckopeHwuii,
KaK M3BECTHO, 3TO Y€ CHJIOBbIE 1T0JI. M 3TO ypaBHEHME OTIINYAETCS OT ypaBHEHUS I'PaBUTALIIOHHBIX
norenuuaaoB O6mei Teopun OTHOCUTENBHOCTH. B ABYX CII0BaX OTMETUM KOHIEMIIMU B TAKUX MOAXO0JaX.
OWHIITEWH faee, bITaacs BBIIOIHUTH N1apalIeNbHbIN IEPEHOC BEKTOPAa B PUMaHOBOM IIPOCTPAHCTBE
BJIOJIb I'€0JIC3MYECKOM KprBOi (x°) 13 ToukH 1, B TOUKY 2, C MOMy4EHUEM KBaHTA I'PABUTAIIMOHHOIO TOJIS.

t .
tr = =M, TOPANOK KBa3U MOTCHINATBLHBIX TOBEPXHOCTEH, H (cos@(Y =) pax =

Pucynok 8.1 uHTepnperanus Moaeneu.
B marematnueckux nponenypax EBKIMIOBOM aKCHOMATHKH, 3TO BO3MOXHO TOJIBKO IIPH IIEPEHOCE BEKTOPA
(x1) Toukwu 1, B TOUHO Takoit BekTOp (X3) , HO y’Ke TOUYKH 2, KaK MpoeKiuii Ha EBKJINI0BOE TPOCTPaHCTBO,
JIOKAJIbHBIX 0a3MCHBIX BEKTOPOB PUMAHOBOTO IPOCTPAaHCTBA e;(x°) 1 ex(x%). (x5 = x5 = cOSQx max = VG),
wi (x5 * x5 = VGeNGey = Ggy (x*). Mbl TOBOPUM O IPABUTALIIOHHOM T1OTEHIIMAJIE TEH30Pa SHEPTHHU -
umnyisca (Gg,, = GTy), B ypauennu O6uiedt Teopun OTHOCHTENBHOCTH DUHINTEHHA, B KOTOPOM

rpaBUTAIlMOHHAS MocTosiHHAsA (G) , 9TO MaTeMaTHuecKas ucTuHa. bes BapuanToB. B kax ol (pukcupoBaHHOU
2

o o o Y
TOYKE I'e0/1e31MUeCKOi KprBOH (X °), B €BKIIMIOBOI aKCHOMATHKE KPUBU3HBI TPOCTPAHCTBA-MaTepun: K = —
To

(B.M. CmupHOB, 1974r. 1.1, ¢.187), ¥ COOTHOIIEHUI ri =ch (Ti) = %(ex/ro +e M) m (X = g),
0 0
IPaBUTALMOHHBIN TIOTEHIINAI PaBEH:
2mh

X +) = Ggix (1 - [l =ch (%)D = kT . Jua: h = 2n(h = ApyAxy), AL = M ch( i )

o ) Apy *1g
3neck (py), UMIYJIbC IEUCTBUSA KBaHTa IPaBUTALIMOHHOrO noyid. Tak peanusyercs uaes DWHIITeHA. [TyTem
npeo0pa3oBaHUil TPaBUTAITMOHHOT O oTeHana (X +), MOXHO MoTy4aTh BapHAHTHI:

a) (X +) = g *x° = x5G(X+), COOTHOIIECHHE PEISITUBUCTCKON TUHAMHUKHU (rl = R) KaK OBOPOTHI
0

npeodpazoBanuii JlopeHna B IIIOCKOCTIX Kpyra (R) u 7(,), @ Takke IS (cos@(Y =) yax = @), uY = a x (Y—),
MOJy4aeM y»€ KBAaHTOBBIE I'PaBUTAIMOHHBIE TTOJISI YCKOPEHU B BUJIE!
Ggix =G*R*gy +aTy nmG(X+) =G *Rx*grad,giy(X+) + a * grad, Ti(Y—),



0) B EBxinoBoit akcnomatuke, cos@(Y =) = 1, cos@X =) pin =1, 1 Ggi = Rjj , TOTYIHM KITACCHYECKOE

o o o 1
ypaBHeHune O6meir Teopun OTHOCUTENFHOCTH DUHINTEIHA B BUAC: R — ER * i = k * Ty, .
8nG
c4 Tik )
0e3 TMHAMUKU (PU3UIECKOT0 BaKyyMa, B eIMHBIX KpuTepusx DBOMIOIUU TPOCTPAHCTBA-BPEMEHH, CICIYET

o o o 1
B). U3 cranmaprHoro ypaBuenus: O6muieit Teopun OTHOCHTENbHOCTH DHHINTEHHA: Rj) — SRgik =

o GMm
KJ1laccuueckuil 3akoH HeroToHa: F = =z W3 pa3HuIIBI TPaBUTAIIMOHHBIX TOTEHITMATOB B Toukax (1) u (2) B

Buae: (Ry, = eie (1) = Uy) %Rgl-k = ejex(2) = U, u (U; — U, = AU). Hanpumep, s Cosnina u 3eMin

=6. 10”8 =2% 33 o
(M =2%10%g) u (m = 5.97 * 10?7 g), nonyuum (U; = (6=6 6;_110496)£T01§ 1) — 8917 « 10'2) rpaBUTALMOHHBIA

_ (6=6.67¥1078)(m=5.97+1027) _

IOTEHIMAJl HA PACCTOSHHUU 10 3eMIU U U, = PR = 6.25 * 10! , moTeHnMaN camoit
3emun. Torpa (AU = U; — U, = 8.917 * 1012 — 6.25 * 101 = 8.67 * 10'2) , i (AU = 8.29 = 10'2) , mosyuum:
AU = —276 (1, =LK° _ UPUK=m)? _ Mmy oy AU _SnGMm o 8nG Mm _ __GMm g,
T (ct=u2=F) N kK T yarz T gzrz T 2/ V2§ OF T2 T (AU/NZ) T2 T (AUXT2/y2)/8T
AU*T? _ 8.29%1012%(365.25+24%3600=31557600)2 26
TeMHBIX Macc. OcTajoch MOCYUTATE = = 2.3 *104° , uTo
8m\/2 8m\2

COOTBETCTBYET KBaapaty paccrosaust (R? = 2.24 * 10%¢) or 3emmu no Connua, wim F = (H:—zm , 3AKOHY

HrroTona.
I) a TAK)KE KOHIETITYaJIbHYIO MOJIENb METAEBOM KBAHTOBOW I'PaBUTAIIUU, V)K€ C HEKOTOPBIMU OTOBOPKAMH.

ﬂ)D = kT;;, , u uaeen

To
OHHIITEHHA 0 apalIeIbHOM [IEpeHOCce, TPEACTABUTh IPE0OPA30BAHMS JIOKATIbHBIX O0a3UCHBIX BEKTOPOB B
nosie cinHopa (S) rpymsr SU(2) romomopduoit rpyme SO(3), a Takke ¢ reHepaTopaMu rpyiibl JIopeHia B
SO(1,3) mpocTpaHCTBa-BpEMEHH AMHAMUYHOU cdepsbl, To moxyunm: (R = x3) = 19 = (R = xy)
npeodpazoBaHus. Mbl TOBOpPUM O HecTallMOHapHOM EBKIJIM0BOM MPOCTpaHCTBE IMHAMUYHOIO
runepOoJIouIa B KBaHTOBOH penstuBUcTCcKoi quHamuke (KBanToBoii Teopun OtHOocuTenpHOCTH). Min

S= (Ymax - [% =ch (%)D ,u Ggi, * S = kT;;, naBapuanTta (STeS) , CO CHUMHOPHOW METPUKONH MHUHKOBCKOTO:

Y
Ecnu B ypaBHEHHH IpaBUTAIMOHHOTO MOTEHIUANA G gy (Ymax - [r— = ch(
0

-1 0

o A/2>x
€CTh JOMOJIHUTENBHBIN apaMeTp bemta, BEpoATHOCTHBIX MOTEHUHUANOB ik (Vinax — (Y = roych - )
0

X=0
€= ( 0 1)_ Tus (Y=g =Yy)u (ch (r_o) = 1), 3TO CTpOrMe MaTeMaThu4eckue UCTUHEI. [1o cyTH, 310 M

B3aumozelicTBuii (X+) u (Y+) KBaHTOB B 9KCIIEPUMEHTAX, P TOYHOM OIpeieNieHn KoopauHaT (x). 3aech
ceyenue B3auMoaenctBus Y2, (1 — ?) umeet (P?) BepOATHOCTD B3aUMO/IEHCTBUS BOIHOBOM (DYHKI[HH.
Peus o morenmmanax [1(Y+) snekrpuueckux wium I1(X+) maccoBsix nonei. [lpu B3aumoneictBumn
omHopoanbix notennuanos (IT*IN=I1°= F=dp/dt) mosBnsercs cuna Bzanmoneiicteus. Ilapagokc DiiHmITEHA
— Ilomoabckoro — Po3eHa cOCTOMT B M3MEPEHUH MTapaMeTPOB 3alyTaHHOM YaCTUIBI KOCBEHHBIM 00pa3oM,
0e3 n3MeHeHus ee CBOMCTB. YacTulbl OyIyT UaeanbHO 3alyTaHHBIMU, €CJIH POXKICHBI B OAHOM KBAaHTOBOM
oJie C JOMYCTUMON cuMMeTpuel. UToObl MEHATH CBOMCTBA 3aIlyTaAHHON YaCTHUIIbI, HY’)KHO MEHATD
«CBEPXCBETOBOM (POoH» PU3HMUECKOro BaKyyma, 4To AOMycKaroT ¢popmyiisl DitHiuTeiHa. Toraa uzydas (wum
u3Mensisi) BiausHue @oHoBbIX KpuTepreB Ha OIHY YacCTHILY, Mbl TOYHO 3Ha€M JUHAMHUKY BTOPOM YaCTHIIbI,
HampUMep B MEK3BE3HOM MPOCTPAHCTBE TaaKTUKU. JOMyCTUMBIM €CTh M BapHAHT, KOraa JOHOM ISt
ANIEKTPOHA OyAeT BUPTyalbHbINA (DOTOH, a 1715 MPOTOHA BUPTyallbHOE aHTUHEHTpuHO. Toraa, ecinu aBa
3NIEKTPOHA (Ha OIMHAKOBBIX OPOMTaX ATOMOB) O0JIy4aTh 3allyTaHHBIMU (DOTOHAMHU, MTOTYYHM TaKOH Ke

s dekt. Takoe nzmydyeHue MOXXHO IPOr PAMMHUPOBATH U MEHATH CTPYKTYpPhI aTOMOB (MOJIEKYJT) Ha MJIaHeTe,
HO TOJIBKO CO CKOPOCTBIO cB€Ta. Takoe mporpaMMHUpOBaHUE TPYNIIBI OMHOPOAHBIX WM PA3JIUYHBIX B MOJIEKYIAaX
ATOMOB, MOXHO BBIITOJIHATH COOTBETCTBEHHO OAHOPOJAHBIMU UJINM PA3JIMIHBIMU 3allyTaHHBIMU (1)0ff OHaMH B
MPOCTPAHCTBE (TYT WM TJIe-TO) HJIM BO BpeMeHH (ceifuac uim mOTOM) OJHOLIBETHBIM MK «OenbiM» azepoM. U yxe
OMCPIKCHTHBIC CBOMCTBA HOBBLIX ATOMOB WJIN MOJICKYJI, IPUHUMATh KaK YIIpPaBJIAIOIIYIO I/IH(l)OpMaHI/I}O. Taxum
00pa3oM, MbI IOJTyYUM KBAHTOBBINM I'PaBUTALIMOHHBIN MOTEHIIMAJ, C SHEPIrUEH-UMITYJIbCOM B Ka)KJ10M TOuKe
PrumanoBoro npocrpancTsa. B TEXHOIOrMsAX KBAHTOBBIX OIIEPATOPOB ISl SKCTpEMaJiel ¥ BOJIHOBON
(GbyHKIMM B TUHAMHUKE KBaHTA, MOJYYHM KBAaHTOBOE I'paBUTAI[MOHHOE MO B pamkax OOmieii Teopuu
OtHOCUTENbHOCTH. B Takoil KOHIIENIIMK HET MPUHIIMIIA SKBUBAJIEHTHOCTHU M PEISTUBUCTCKON JUHAMHUKHI
¢du3mueckoro Bakyyma c napamerpom (A), B ypaBHeHuH DiiHmTeliHa. CIIMHOP C TeHepaToOpamMu

36



X X
MacmtabupoBanus (R) - ry = (R), anaY =r, (chr1 = % (emo + e_ﬁ)), C mapamMeTpoM MaciTabupoBanus (m),
0

0 1 m
B BHJIE em(—l o) = ( gm eO ) MOKET J1aBaTh PACXOAAIIYIOCS U CXOJANIYIOCS CIUPAJb B IMHAMUKE

(x%) reome3anyeckoil. ITO COOTBETCTBYET aJICKBAaTHO MaTEMaTHYECKOMY armnapary (OTBeuYasi Ha BOIPOCHI
KAK) nerneBoii KBaHTOBOM rpaBUTallMU TOYEUHBIX T'PABUTALIMOHHBIX TOTEHIUAJIOB, C SBHBIM YKa3aHUEM Ha
IPaBUTOHBI, HO C YKA3aHHBIMU HEJOCTATKAMU U OTCYTCTBHEM MCTOYHHUKA IPaBUTALMOHHOTO 1MoJs. TO ecTs,
6e3 orBeToB Ha Bonpockl, [IOUEMY uMmeHHO Taxk.

K *T K
Jnss n =1, (Pucynok2) rpasuranmonnoe moine G(X +) [E] = wA—tG « grad, (Rg;)(X+) [T_Z]
UCTOYHMKA TpaBuTanuu, ecth G (X +) mone CB(X +) — CunbHoro Bzaumozneiicteus. KBanrosas tuHaMuKa
BO BpeMeHH At B Ipeenax nepuoaa AMHaMuKu T MPeacTaBisSeTcs COOTHOMIEHHEM:

CGX+)=y=*xTx*G %graangik X+) ,tne T = MePHO/T KBAHTOBBIH JUHAMUKH.

e=uz1’
@opmyna 17 yCKOpEeHU! [f—z] CB(X +) nonst CunbHOro B3aumoieiicTBusE IproOpeTaeT BUI;
K h a K 0
GX+) [T_Z] =Y 7 G gradyRgix X+) [T_Z] . grady, = .

3neck G = 6.67 * 1078, A = [I?AT , norok kBaHTOBOM sHeprun & = [1°A = Amc? nons
WHIYKTUBHON Maccel (Am) oomeHHoro kBanta (Y — = %) CunbHOro B3aumogeiicTeus, a Takke
(Y— = 2n) nyknonos (p = n) sapa atomoB. MunyktuBHas macca Am(Y— = X+) npencraBiusiercs
Hepa3pBIBHBIME KBapKOBBIMU MojielisiMd Am(Y—=vy,) =u u  Am(X+ = v,) = d KBapKkoB, B MOJeIH

nporona: (X+=p*) = (Y—=y)(X+=v;)(Y—= y;), UBETHBIMH IIFOOHHBIMH MOJIIMH B3aUMOJIECHCTBHS
Xt=p*) = Y+=y)(X—=v;)(Y+= y{) xBapkos B ux koudaiimenre (¥ +)(¥ +) = (X—), eaunoro
npoctpancrBa-marepun, (X+=p*) = (u=y5)(d = v;)(u = y;), nporona B ranHOM cirydae.

Anaornano ctpykTypbl KBapkoB (Yt=n)=X =d)Y =u) X =d) = X—=p" )Y +=e")X—=v;)

HelTpoHa ¢ 1BeTHbIMU TIIOOHHBIMU (X +)(X+) = (Y—) wm (Y +)(Y +) = (X—) nonsiMu B3auMOJICHCTBUSI.
Pemenus ypaBHeHui KBaHTOBBIX moJield CuiibHOro B3anMopencTBus, peanonaracT Haauaue ux

Hepa3phIBHBIX KBapKoBbIX Mojenel (Y —= u)(X+= d) exunoro (Y —= X +) npoctpancrsa-marepuu. Oto 37
0OMEHHBIE KBAHTOBBIE, MHIYKTUBHBIE MaccoBble (Y— = X +) moss Me30H0B. B Goee CloKHBIX o
CTPYKTypax 3JeMEeHTapHbIX YaCTULl IPOSBISIOTCS Apyrue kBapkoBbie mogenu (Y—=c) umm, (Y—=1t) a

Takxke (X+=s) u (X+=b), B U3BECTHBIX 3aKOHAX CUMMETPHH.

Kaxxnass MmaTremMatnueckast MoJiesb, orBeuast Ha Bonpoc KAK, nuMmeeT cBou MpUYMHBI BHYTPECHHUX
cBs3eil. JlarpankeBa MeXaHMKa MOXKET MPUMEHSITHCS TOJILKO K CHCTEMaM, YbH CBSI3U, €CJIM OHU €CTh, BCE
roponomusl. (https://360wiki.ru/wiki/Lagrangian_mechanics ). B kBaHTOBO# MeXaHHUKE, ¢ BOJHBI - 3TO
YaCTHUIIBI C HErOJIOHOMHBIMHU CBSI3SIMH, B MOJISIX €IUHOTO MPOCTPAHCTBa-MaTepuu ¢opmann3m Jlarpanxa
HEBO3MOXEH HU (haKTHUUECKH, HH 110 onpeaeneHuto. [lyrem npeoOpazoBanuii Bcerja MOXKHO MPUIATH K
Ipyroit Mmoaenu puznyeckoro Gaxkrta, HO yXKe ¢ JPYTMMH IPUYMHAMU B IPYTUX CBs3sAX. Takue Moaenu
MaTeMaTU4YecKue, HO BOMpoc, rue uctuHa? Hampumep, (+) 3apsia mpoToHa B KBapkax u (+) 3apsf
no3UTpoHa O6e3 KBapKoB. DTO (yHAaMeHTanbHOe npoTtuBopeune. O0e Moaenu paboTaioT, HO PU3NUECKIE
npuanHE Tepstorces. Her otBera Ha Bonpoc, [IOYUEMY Tak? KBapk-TiI0OHHBIE TIOJIS IPOTOHA, TIPH €T'0
aHHATHISIIUE (p*)+(p7), HOJDKHBI IEPEXOAUTh B KBAHTOBBIC 10JIs1 poTOHOB. HO Takoitl mporeaypsl HeT.
[Touemy, Kyaa 1 Kak MCU€3aIOT KBapKH IIPU pacnagax - ME30Ha, BOIIPOC OTKPBITHINA. J[narpammsl
OeiinMaHa paboTaIOT 12, HO MPOTOH HE U3IIy4aeT (JOTOH B 3apsI0BOM B3aUMOJICHCTBUU C AIEKTPOHOM
aToma. JTo BeJb ()yHJaMEHTAJIbHbIE OCHOBBI BCEX aTOMHBIX CTPYKTYp, cTpoeHus Bemectsa. [IOUEMY Tak
— oTBeTa HET. 31ech Oyaem orBedars, [IOUEMY uactuiia nMeer UMEHHO TaKue MPOIYKTHI paciaaa Wit
AHHUTWJISIIIUY HEIETMMBIX KBAaHTOB. bynem ucxoauts u3 o0mux npeacTaBiICHUI
P(X) = e®@Y(X) ypasrenns Jupaka, korna Y = e*® (X+) muHAMHYHOE T10JI€ KBAHTA

(X+)=ch (Yﬁo) (X H)cosp(X —) =1, cosp(X =) =G, v (Y +) = ch (;—o) (Y +)cosp(Y =) =1,

1
137.036
U3MEpEeHHYI0 Maccy U pacueTHoe Bpems (T) pacnaga yactuil. M3 caMbix oOIIMX MpecTaBiICHNN:

12 n2r2
- ; - Y=exp(z)

cosp(Y =) = = a.'ne (cosp # 0) B 00oux cnydasx. B maccoBeix nonsix m(Y—= X+), Oyaem O0path

= TH(%) (g)illexp(—z), C €IMHUYHBIM 3apsiaioM q(X—=Y +) = 1, U CKOpOCTH CBETa

T (MK=q=1) (K

¢ = 1 B caMOM KBaHTE€, IPOCTPAHCTBA-MATEPUU M = z T=C= 1exp(—z), roe
a


https://360wiki.ru/wiki/Lagrangian_mechanics

z= % =X(MeV) n z= (r:ny—zl)) = Y(MeV)B nuHaMu4HOM, rurepbomdeckom e*X) mpocrpancTse
ypaBHenus upaka. s G = 6,67« 1078, a = ﬁ vV, = 0,27 MeV,y, = 3,13+ 107°MeV, v, = 1,36 + 10> MeV/,

y =9,1%10"°MeV
CIIEKTP MAacCC B COOTBETCTBUM € MPOAYKTAMHU pacnaga (aHHUTWIISLINHN )
CraduibHbIe YaCTHIBI C TPOAYKTaMU aHHUTWEIMK B eauHoM (Y += X+) npoctpancTBe-maTepuu:

(Xt=p) = (== p) (X+=v ) (Y==1,) = (22— %) = 938,275 MeV ;

(Y+=e) = (X—=v,)(Y+=)(X—=1,) = (2”6 + Vz—) = 0,511 MeV ;

HECTAOMJIbHBIE YACTHIIBI Y)KE€ B COOTBETCTBUH C IPOAYKTAMHU U BpEMEHEM pacrana. Ga = 4.8673 x 10710
+10-6

(Yt=p) = (X—=v,)(Y+=e)(X—=1v,) = %exp (v + e +25% = 1,1751) = 105,66 MeV,

O003HaunM 371€Ch U J1ajiee B pacyeTax MoAUYEPKHYTHIM mqu)TOM, (n = 1,1751) mokazarens exp(). O

vechl

IIOKa3bIBa€T OCOOEHHOCTH (hparMeHTalMK JuHaAMU4HOro nonis exp(a(X)), B ypaBHeHuu Jupaxa.
- +10-8

(Y+=1%) = (Y+= H)(X—= Vu) = mii&exp (p + vuchl) = 139,57 MeV, (m* =1,59173)

X—=n") = V+=y)(Y+=7v,) =

(T=7823310777) o (%) — 134,98 MeV, (1° = 4,025599)
(X== 1) = (K= O (¥ D)X= )Y =) (K= 1) =

_ +10—19 0
% (%JG&) = 547,853 MeV ,

0
exp (2n* + =) = 547,853 eV,

G2¢q

(T=5.1x10"19)

0y L + _ 0 — +) —
X—=n1)=F—=aH)X+=n)Y—=n") = V2(Ga)?
(T=1.335%10"8) _

(2335007 oy (E ¥ Vu) = 493,67 MeV
(r=1.01398+107%)

Ga
(T=0,885+10"10)

Ga
X—=K))={Y—-=n)X+=v,)(Y—=¢€F) =

Y=k =Y+=pw(X-=v,) =
Yt=K*)=Y+=n*")(X—=n°) =
Y—=K) =X+=n")X+=1") =

exp(n* +7°/2) = 493,67 MeV . K~ =3,16535
exp(2n° — L) = 497,67 eV,

(T=4,9296+10"8)
Ga
(T=5,1713%10"8)
Ga

exp (7‘[ +et+ 2ve) = 497,67 MeV ,

X—=K?) =(Y—=nH)(X+=v,)(Y—=nF) = exp <£ - ? + 2vu> = 497,67 MeV ,

(T=5,02%10724)

+
(X—=p°) = (Y+ =) (Y+=n") = Xp (%(1 + i) = 775,49 MeV :

Ga 2V
)= — 0 (Y— = *) = ([=647566-107%) o0 mf(a-ny _ _
Kt=p")=Xt=n)(Y—=n")= — exp( = - = 7754 MeV ;

AHAJIOTUYHO aIPOHBI
(Y+=n) = (X—=v,)(Y+=e)(X—=p) = (T = 878,77) exp (”—e +2- p\/E) = 938,57 MeV ,
(T=2.604%10~

NG
X+=A") = X+=pH)(Y—=n")= — exp(ap+ +m~/2)=1115,68 MeV, A° = 7,642837
(Y+=A%) = (Y+=n)(X—=1°) = (T=1.5625+10710)

Ga
= x10—11
(Y—=3%) = (X+= p*)(x+=p0) = {2200 ) o (ap + ?) = 1189,37 MeV/,
—g1x10—11
(X—=3%) = (V4= n)(Y4=r+) = L2207

+3\ —
oot exp(an+mt) =1189,37 MeV,
X—=X)=F+=n){Y+=n") =

(Tl%exp(an +7t) =1189,37 MeV,

exp(an+—) = 1115,68 MeV, A° = 8,153

0y — 0 (T=7.4+10720) A+y/G\ _ 0 _
(X—=13°) = (Y+=A)(Y+=7) = Tt _)ff( ) )_ 1192,64 MeV A° = 7,642837,
(V4= E%) = (Y+= A%)(X—= %) = UZ25B4107) 0 h(A° — %) = 131486 MeV,  A° = 8,153, E° = 7,809,
_ +10—10
(X4=57) = (X+= A (Y—= ) = LZED) 0y (A0 + 17/2) = 1321,71 MeV, A = 7,642837, E- = 8,43869,

(T=8.018+10711)

Ga
(T=6.734x10711)

X—=07)=T+=A)(Y+=K") =
— exp(E® + m~) = 1672,45 MeV , E° = 7,809,

X-=07)=Y+=E)(Y+=n") =
(r-=07) = (t+= ) (X+= 1) = L) (5~ 410/ ch2) = 1672,45 MeV , £~ = 8,275,

EcTb 1 npyrue MeTonsl pacyera CIIEKTpa Macc, HO 3Ta JIOTHYECKask KOHCTPYKIHS JAcT pacuer
CIICKTpa MaCC C MUHUMAJIbHBIMU ITapaMETpaMu. I/ICXOI[HI)IMI/I nmapaMe€TpamMu 34€Chb, €CTh TOJIBKO IMPOJYKThI
pacriajga. DTa MOZIEIb €Ille HeCOBEPIIeHHA, HO 3/1eCh HeT MpobieM u npoTtuBopeunit CtanaaptHoit Monenu.

B npyrux Mmeronax pacuera CrieKTpa Macc, Mbl TOBOPUM O IPYrOM TEXHOJIOTMU CaMbIX TEOPHiL, B
KOTOpOfI IMMOCTYJIAThI Bopa, MMPUHIUIT HCONMPCACICHHOCTHU, MPUHIIUIT SKBUBAJICHTHOCTU MACC, ITPCACTABJICHBI
KaK aKCUOMbBI IUHAMHWYHOI'O ITPOCTPAHCTBA-MATCPUH. 3I[eCB APYruc UCXOAHBIC MMOHATHA U HA UX OCHOBC,
APYruc MpuiruHbI U CJICACTBHUA B MOJACIIAX. Taxoii xxe CIICKTP MACC PACCUUTBIBACTCS B KBAHTOBBIX MOJCIIIX.
HaHpHMep, B KBAaHTOBOM perITI/IBHCTCKoﬁ JUHAMHUKE «KaJ'II/I6pOBO‘IHOFO IIOJISI», (bOpMI/IpyeTCSI JUHaAMHU4YHas

exp( A° — K~/2) = 167245 MeV, A° =7,642837, K~ = 3,16535



— a Wy+c 2 —2
Mmacca B Buje: W = 11+—M’;/ , B 9KcTpeMainbHoil Touke, (£Ky)? = 0 = oz — I+ T M, =01, =5b%+T ,c
a
22 Y 2
o o I b%T
COOCTBEHHBIM MPOCTpPaHCTBOM cKopocreit B Crionrannom Hapymennu Cummerpun, Wy~ = S = 5 wm
J— M2=F - 1 e — tpy - Dy
W——(+b— Y), mxWy = —=(+F,T = +py), m*W, ==X, m=—"
NG - Y ﬁ(_ Y tpy) Y =75 Wyv2

Hnst maccoBbIx (Y—= X +) monei, B ycnoBusix [ modansHoi (I'M) u Jlokansnoit MuBapuantnoctu (JIM), momyvaem:
Ky = (11 = cosy)ruK (ch-cosgx) (X +) + Ky(X=) , mm

(HK =m) = (a,; = cosy)y ( % )(( h— = 1) /ch—)cosq)X) X+=Y )+ (IIKy = my)(X-) .
JH

CUMMeTpUHN TaKMX MacCOBBIX (X+=Y —) TPaeKTOPU B YPOBHSIX M- CXOJUMOCTH, B YCIOBHUSIX ChXLcos<pX =1,
0

KBaHTOBBIX PEIATUBUCTCKHUX monpaBok (1— (a =W /c=1/137)2) =1+ a)(X +)(1 — a)(X—) B ypoBHsX,
(GOpMUPYIOT HOBYIO U HOBYIO CTYIIEHb M- CXOAUMOCTH, U B CAMOM OOIIEM BHUJE, JMHAMHUYHYIO Maccy:

m= ([{fchz = ml} d+a)= mz] 1+a)= ﬁg) X +) +my(X-).

B KBAaHTOBOM T10JI¢ ypaBHEeHUs J{upaka, yxe 6e3 ckajnspHoro 6o3ona. Hanpumep, mis m, = m, = 938,279MeV
m= {ﬁ’;z =m1}(a 137036)(X+)+m (X —) =939.57 MeV =m, ,
m = {\mz = @)X+ + mn(X —)= (A’ =11159 MeV), 7° =17635MeV,

m= [{J;_’th = ml}(l t) =T (+a)=my =T JX+)+m,(X ) = (A’ = 11159 MeV) , =~ = 177,637 MeV

C penaTUBHUCTCKMMHU MacCaMH 7- ME30HOB, O cKopocTsiMu (W = 0,64 * ¢) B KBAHTOBOH PENIITHBUCTCKOM
IUHAMHUKE. AHaJOrUYHO JaJice:

S (p*, %) = V2 + T (1 + @)(X +) +m, (X =) = 1189,5 (1189,64)MeV,

T-(mr)=V2Z+T (1 +ach2)(X+) +m, (X —) = 1197,68 (1197,3)MeV ,

20 (A%y) =2+ T (1+ @2 (X +) +m,(X —) = 11926 MeV, A° = A%(n,n),

°(20,A°(n, ) = [27° (1 + @)% (1 + 2ach2) | (X +) +m, (X —) = 1315,8MeV **

2 (r~ A’(pm) = 27 ‘(1 + 2v2ach2)|(X +) +m, (X —) = 1321,14MeV,

Q- (B, ) (B, m0) = |42 Z@ %1+ a)z)chl] (X +) +m,(X —) =1672,8 MeV,

At = [2( =7 ch2)(1 +@)2(X +) +m, (X )] [2ch2@ (1 + @) =T ~)(1 + @) (X +) +m, (X —)] = 2284,6MeV
O603HaunM KOHCTAHTY (1 + (ch2)?(a)?) =S = 1,10328758, pENATUBUCTCKYIO Maccy (m, = 2797,53375 MeV) u

[1]

nepenuineM GopMyIly B BUE: m = ((((mOS =m)S =m,)S = ﬁg) S= ﬁ;) + %moa , Torja

JUTSL yPOBHEH YapMOHUS:
= (7, = 3086,48MeV) + (3mox = 10,2 MeV) = 3096,68MeV = j/1p, (3096,7MeV) AciicTBUTEIBHBLC,
= (1 = 3405,275MeV) + (3moa = 10,2 MeV ) = 3415,475MeV =y, , (3415 MeV),

m= x,(1+ a=*ch2) =350927MeV =y, , (3510 MeV),
(L 2923 74MeV) + (2mya = 40829MeV) = 2964,6MeV = 1, (2980 MeV),

(1+a*ch2)?
AHa0rn4Ho, MaccoBble ToJist (Y— = m,) 2JIEeKTpOHA, m = my = 2798.16 MeV , NaloT:

3|

(cosw:,/G/z) =

—_ 2mg i _ .
m= s (1 + ﬁ) =105,6 MeV , MIOOH, U Jajie€ ME3OHbI:

m=_0 _ o+ —

M=o 139,78 MeV =¥, m= -5 h2)2(1 V2 % a % ch2) = 134,3 MeV = n°,

= (T—j? = ml) (14 %) =497,2 MeV = K°, = (my)/(1+ Z\F) = 4934 MeV = K+,

Takast TEXHOJIOTHS pacy€TOB, B YCIOBUAX (X +=Y F)u (@ # const) IMHAMUYHOTO IIPOCTPAHCTBA, B
EBknumoBoii akcnomatuke (@ = const) u 6e3 (X+=Y F)noneit, HEBO3MOXKHA B mpuHIUIE. Peus uaer 00
HWHOM TEXHOJIOIMH caMuX Teopuil. Tak e Kak 1 HEBO3MOXKHO MPEICTABUTh KBAHTOBYIO PEISTHBHUCTCKYIO
nuHamuky KBantoBoit Teopun OTHOCHTENbHOCTH B EBKIM0BOM akcnomatuke (¢ = 0 = const). Oto
HEBO3MOXKHO B IPUHITUIIC.

PasnuaHbIe CTPYKTYPBI TPOAYKTOB paciiajia 3JIEMESHTAPHBIX YaCTHUI] IAI0T Pa3IMIHbIC TTOKOJICHUS
(Y—=u)(X+= d) xBapkoB, kak MojeJieii. 31ech KBaHThl (Y— = p/n) ¥ (Y— = 2n) CHIBHOrO

. dB(X—) .
BsaumogeiictBust HykiaoHOB (p = n) snpa. Tak Kak MI0THOCTH ( ) TOJI TPAEKTOPUU HEUTPUHO

p(X— =v,), MHOTO OOJIbIIIE TUIOTHOCTH TIOJIS TPAEKTOPUU TpOoTOoHa p(X— = p), To B kBaHTaXx CHIBLHOTO
B3aumoneiicTBus HYKJIOHOB (p = n) szapa, ¢ IPOIYKTaMHU pacnaja HeWTpoHa



Y= =KX= =wX=d)=X—=p)¥+=e)X-=v,)u
annurmsnad mpotoia (Xt=pH) =Y =w)X=d)(Y =uw) = Y—=y ) X+=v)¥—-=17v4),
MPOTOHBI «CBSI3aHBD <OGKECTKOM CTPYHOI» BUXPEBOIO MAarHUTHOTO MOJISl TPAEKTOPUU (X — = V,) HEUTPUHO,
Kak MPUYMHA YCTOMYMBOCTU TaKuWX KBaHTOB CuibHOro B3aumMopernctBus B siapax atoMoB. [Ipu 3ToM nmeem
kBaHThl CuibHOr0 B3aumoneiicteus (Y—) =X H)(X+)) = cospy x2p = 2a *p = (Y— =p/n) . Orciona
clenyer cooTHomeHus: 2a *p = Am(Y —) = 13,69 MeV. DTo COOTBETCTBYET yPAaBHEHUIO:

hA a

CGX+) =y oz G 5. 97adn R g X+).

Mse1 umeem kBaHT (Y— = p/n) CunbHoro BzaumoneiictBus B sigpax, ¢ MUHUManbHOU AEy = 6,85 MeV u
MakcuMaibHON AEy = 8,5 MeV ynenbHOU sHepruen cBsa3u wim Am(Y —) = 17 MeV, nykioHoB sipa. [1o

aHAJIOTUU C TOPMO3HBIM H3JTy4cHHEM 1eKTpoHa (Y —= e~) — (Y—= y*)peHTIreHOBCKUX JTy4ei, (PU3UIECKU

JIOITYCTUMBIM €CTh U3JIyYCHHE (Y—= a [(%) mm(Zn)] = ei) - (Y—= (14— 17) MeV = y>) KBaHTOB «TEMHOMH
MaTtepumn» ¢ MaccoBbIMu (Y —) Tpaekropusimu. OHu umeroT (Y+) nose 3apsaa 1 MOTyT pearupoBaTh Ha
MarHMTHOE MoJe. MbI TOBOPHM O TOPMO3HOM H3NydeHuH siapa ~H neiitepus. Takue KBaHTBI «TEMHOI
MaTepumn» MorionarTcs kBantamu (Y— = p/n) 0060104ek a1pa aTOMOB. AHAJIOTUYHBI KBAHTHI «TEMHOM
MaTepumn» AT siapa miaHeT (Y—= 223,36GeV), 3Be311 (Y—= 4,3 * 10°GeV), «4epHBIX AbIp» (Y—= 1,5% 10’TeV) u
siApa ranakTuk (Y—= 2,48« 1011 TeV).

Enunsie ypaBuenust Makcsemia jist 35ektpo (Y += X —)MaruutHsix mosneit u rpaBut (X+ =Y —)
MaccoBbIX nosiei kBaHTOB (Y— = p/n) u (Y— = 2n) CunpHoro B3anmonelicTBrsl HyKJIOHOB sJIpa,

O0E(Y+) .
C * T'OtyB(X —) = ng-FAE(Y‘l'), C * TOtxM(Y —) =& *% + A * G(X+)
_ . O0HX-) _  9B(X-), - -
rotyE(Y +) = — 14 ar ar rotyG(X+) = —u, *% = _%;

MPEANOJaraloT HaIMYKe B Ape 3aMKHYTHIX 10ty B(X —) BUXpEBBIX B 000JI0UYKaX, MArHUTHBIX TOJIEH U
BHUXPEBBIX 1otyM (Y —) maccoBbix (Y —)TpaekTopuii OOMEHHBIX KBAHTOB, KaK (AE = Am(Y—)c?) sHepruu

2%938,28
CBSI3M sfipa Am = 2am(p) = m

AE = 6,85 MeV , TO ecTh edeKT Macc (m) Ha cxeMe. JJist mpeaenpbHON yASIbHON YHEPTUN CBSI3W HYKJIOHOB
saapa AE = 8,5 MeV B kBaHTax (Y— = p/n) u (Y— = 2n) CunpHoro B3aumoneiicTBust, mpoucXoauT
U3IIy4eHHE KBAaHTOB AE = 2 * 8,5 MeV = 17MeV «TeMHOU MaTepun» UHIYKTUBHBIX MacCOBBIX MOJIeH

(Y =) = (X+)(X+) nyknonos siapa. Ilpencrasum kBautsl (Y — = p/n) u (Y— = 2n) CunbHoro

B3aumozeiicTBHs HyKJIOHOB B BUJI€ MOJIENIEN B yPOBHAX U 000JIOUKAX SAApa aToMa.
H

e —— -
p -~ =5

= 13,694 MeV , C MUHUMAJIbHOMN yIEIbHOW YHEPTUEN CBSA3U HYKJIOHOB s11pa

40



_3
X-=H

Kgant (Y— = p/n) u ananornyno (Y — = 2n) CunpHoro B3anmoneicTeus
Hcxons u3 atux cBoiictB (X—=p*)u (X—=v,”), Bpems pacraja HEUTpOHA B CHJILHOM (X—) MarHUTHOM
TOJI€ TIOJKHO U3MEHUTHCS. DTO MPOBEPSETCS B SKCIIEPUMEHTE.

- Y- —G ) .
\_M)$§ﬁﬁ) o e
e i _ " (m) ™
() i W = ¢
SR S ——— | o s 2 S O A LA,
oty — 2 Faa T A s A
“ _—.\iv-):"w.'}fri!j%: TSR - o P
- i—~ ,__j——-wﬁ’~;- “rot(Y-) "
N (™) . “rox(y-) 0cs) NG
s T ! N
v N RN P i 41
%\\ -
,4 ve) > +G re) 7
? X)X w)=(¥-) /
+B ’ \ T k, -B
2rot M(Y-)= rot B(X-) ot B(X-) =rotM(Y-)
2rot M(Y-) - rot B(X-) =0 2rot B(X-) - rot M(Y-) =0

Takwue kBaHThl (Y— = p/n) u (Y— = 2n) CunpHoro B3aumonelictBus sapa GopMUPYIOT CTPYKTYpPBI
(X+) u (Y1) xBanTOB sinpa. [Ipu 3TOM, B sijipe el CTBUTENBLHO 001Iee COCTOSHUE YPAaBHEHUM TUHAMUKHU
enuHoro (X+ = Y+) npoctpanctBa-matepun. [Ipocymmupyem 3Tu ypaBHEHHS I 3aMKHYTBIX BUXPEBBIX
rot(Y—) u rot(X—) noneii B «cTOSTYUX BOJTHAX» si/Ipa, 0€3 uX mioTHocTed A4 E(Y+) U A,G(X+) B BUE:

cxrotyB(X =) +c*xrotyM(Y =) =g 3E(§1;+) aG(X+)

+ & * , M IpUBeAEM 3TU 1o K (X+) u (Y1) kBaHTam

. 0 .
SJIpa OJIHOM HaCTOTRI —— = @ , KOJIeOaHMiIl BCeX KBAHTOB CTPYKTYpE sApa.
cxrotyM(Y =) —gwE(Y +) = &0G(X+) — ¢ *rotyB(X —) = 0, ¢ HyJICBBIMH INIOTHOCTSIMH BHE BUXPCH.
@axkT COCTOUT B TOM, «1» BEIECTBY MacCOBBIX (Y — = X+)Iosel, COOTBETCTBYET «-» 3apsij dJIEKTPUIECKOT O
(Y+) monst (Y+) kBaHTOB, ¥ HA0OOPOT, I aHTUBENIECTBA. EMHast yactoTa KoseOaHuil BceX KBAHTOB B
CTPYKTYpe siipa B eluHOM (X+ = Y+) npocTpaHcTBe-MaTepuu UMEET BUL:
__cxrotxM(Y=) _ cxrotyB(X-) _
= Ewe - geun M &EGX+H)*xcxrotyM(Y —) =& E(Y +) * c*rotyB(X —),
anst rpaBuT (X+ =Y —) MaccoBbIX U 21eKTpo (Y + = X —)MarHUTHBIX OJIEd KBAHTOB sS/pa.
TouHO Tak cyMMHpYIOTCS enuHble(X+ = Y+)mouns 1y BHEUIHUX OT siipa OpOUTATIBbHBIX AIEKTPOHOB.
rotyE(Y +) + rot,G(X+) = wB(X =) + oM(Y =), rot,G(X+) —wB(X —) = woM(Y =) —rotx E(Y +) =0,
rotyG(X+) rotyE(Y+) —
= B0 = o um rotyG(X+) * M(Y =) = rotyE(Y +) * B(X —) B enuabIX(X+ = Y+) nosnsx.
Hamo otMeTnTh, BOTHOBAsI GyHKIIMS KBAHTOBOTO TIOJISI UMEET MaTepHaTbHYIO CYIHOCTh tiPy = +E(Y+)




HANPSHKEHHOCTH AJIEKTPUYECKOro nois Ui Y = +B(X—) WHAYKUMH MAarHUTHOT'O BEKTOPHOT'O MOJIS.
_ s

2
Torma (Yg)?~(ecoE? = %) IUIOTHOCTh SHEPTUM IJTEKTPUUECKOTO H (1,[)3)2~(1:% = 7) MarHUTHOTO TOJIA C
0

TOJIHOM MIOTHOCTBIO SHeprun Y2 = (P E)Z + (Y B)z ANEKTPOMArHUTHOIO BEKTOpHOro nosist. [Ipu atom,
2

B omanu S = mr? = l[)z CEUEHHUS B3aUMOJIEUCTBUIN C BEPOATHOCTHIO 7 v — < 1, umeer Buz
MAX™
(iY)? = (+y)(—y) cynepnosunuu BoaHOBOH GyHKIMKM KBaHTOBOrO mos. Ho mpu ¢ukcaiuy sHepruu,

MBI pukcupyeM win  (+y)(+y) = Y2, mm (—P) (=) = ¥Y?, Bceraa moNoKUTETLHYIO (% =1?) >0,
MJIOTHOCTH DHEPTUU. MBI TOBOPUM O KOJUIANCE BOJTHOBOW PYHKITMU. MOXKHO TIpH STOM F'OBOPUTH 00
aNeKTpuaeckoM moie (+E(Y +)) snekrpona u (—E(Y +)) IO3UTPOHA B CYNEPIO3UIIMHA BOTHOBOUN (yHKITHH
()2 = (+Y)(—y) = —% < 0, uro u caenan Jupak. Ho To4HO Takue BOMHOBBIC (DYHKIIUU HMEIOT

+1; = £G(X+) KBaHTOBBIE NIOJIS TPaBUTALMU U T = +M (Y —) KBaHThI MAaCCOBOT'0O MOJIS, C TOYHO TAKUM
MaTEMATUYECKUM allapaToM MpeacTaBieHus. Pedb o mossx sapa uiam B CEYEHUIX B3aUMOIEHCTBHI
MAacCCOBBIX YACTHIl, KBAHTOBBIX T'PaBUT G (X +) = M (Y —)MacCCOBBIX ITOJIEH.
p

B obumem ciyuae, kBanTbl (Y =~ = ‘Hu (Xt = 2% = 2a) obonouek sapa, GOPMUPYIOT YPOBHH U

000JIOUKH 3JIEKTPOHOB B CIIEKTPE ATOMOB. B eMHBIX MOAEIAX MPOLYKTOB pacnaaa CleKTpa Mace
3JIEMEHTapHBIX YacTHll, B eIuHbIX MoJsX (Y— = X+), (Y+ = X—) npocTpaHcTBa-MaTepuu, MOXKHO
IIPEACTABIIATD U AApa CIEKTpa aTOMOB. VIcxost u3 pacueToB Macc IIPpOTOHA U HEHTpoHa:

(Xt=p) = (V== 1) (X+=v)(Y==7,) = (22 - £) = 938,275 MeV,

(Y+=1n) = (X—=v,)(Y+= e)(X—=p) = (T = 878,77) exp (VFZ +2-pVG) = 938,57 MeV,
MBI TOBOPUM O KBaHTax CuibHOro B3auMonelcTBus B CTpYKTypax siipa B BUJE MOAEIIEH 3apsKEHHBIX
(v+= fl) = (X+=p) + [X+=p)(e)(v,) = n], u HEUTpaIbHBIX KBaHTOB CuribHOr0 B3anmoneicTBus

(Y£=2n) = [n = (v.)(©)(X+=p)] + [n = (X+= p)(e)(v,.)], Koraa moss (X +)(X +) = (Y —) popmupyior
maccoBsie (Y —)rpaektopuu. Takue (Y+= fl) U (Y+= 2n) KBaHTbI U (GOPMHUPYIOT CTPYKTYPHI s/ipa B €IUHOM
(X+= Y¥) ero nmpocTpaHCTBE-MaTEePHH, C 3AMKHYTHIMH BUXPEBbIMU (X —) MarHUTHBIMU HOJsIMH U (Y —)
MaCCOBBIMHU MOJIsIMH . [IpeicTaBuM CTPYKTYpHI siipa B BUAE TaKUX Mojeneil 3apsxeHHbIX (Y+= ") kBaHTOB 42
CunbHoro B3aumoneiictus. Hampumep:

(Y£=P=%H), (X1) = (Y+=")(v+=") = (X— = 3a), (V== ) (X+= 1H)(Y—=¢n) = (Xt= 3H),
(X+=3H)(X+=3H) = (Y—= %Li), n manee. (X—= 3a)(Y+= n)(X—= 3a) = (Y—= {Be),
(X+=30)(Y-)(X+=3a0) (Y-)(X+= 30) = (X+= '50),

X+=30)(Y=)X+=3a)(Y—=2H)(X+= 3a) = (X+= 1N).
Hosast crpykrypa BHYTpH siipa (X+= 3a)(X+= 3a) = (3Y —) naer supa: (§y +)(§Y +) = (X—=1§0),

Y—=8 H)(X+=3H)(Y—=28Y +) = (X+= 3F), u ananoruuo nanee.

MBI MO’KEM TOBOPUTH O TOM, 4TO 11t sipa 4X (N), «cBoOoaubIe» (A — 2Z = N) HEUTPOHBI B BUJIE
HelTpanbHbIX (Y+= 2n) kBaHTOB CriibHOTr0 B3anMozelicTBus Toxxe GOpMUPYIOT CBOU CTPYKTYpPbl BHYTpU
CTPYKTYp 3apsbKeHHBIX (Y+= p/n) kBaHTOB CuiibHOro B3anmoneiictBus. CTpyKTypsl 3apsyK€HHBIX KBaHTOB

(Y+=p/n) CunbHoro B3aumoneicTBust GOpMUPYIOT CTPYKTYPBI 3IEKTPOHHBIX 000JI0UEK aTOMOB, KaK
npuuuHa. Hanpumep: HeiiTpanbHas ctpyktypa (Y+ = 2n)(Y+ = 2n) = (X+ = 4n), HaxoauTCs BHYTPHU AApa
(X+ = {13Ar(4n)) B BuzeE:

(XF="2x) (v+ =2n)(XF="20) (Y + = 2n) (XF= 2X) = (X£= [pAr(4n)).
B takux crpykrypax paboTaroT ypaBHEHHUs U 3JeKTpo (Y+= X —) MarHUTHBIX OJIeH ¥ ypaBHEHUH IPaBUT

(X+=Y —)maccoBbIx nouei ogHoBpeMenno, B uge noieir (Y +)(Y +) = X-)u X +)X +) = (Y-).
Ananoruuno ganee. 334s(9n) = (X— = 4n)(Y+= 1n)(X— = 4n) = (Y+ = 9n).

OtmetuM 10, uto B 100% coctostHusx sapa, 4(1n), 13(1n), $3(1n), 35(1n), 3i(1n), 13(4n), 53(3n),
31(5n), 32(5n), $3(5n), J5(9m), $3(11n), F3(11n), 3(13n), 'E(21n), 133(23n), E2(25n), 1£4(23n), 152(29m),
165(31n), 183(31n),172(33n), 183(35n) , 137(39n), 223(43n), modydaeM KOHEUHYIO yCTOMYMBYIO CTPYKTYPY
«CTOSMHX BOJIH» HEUTpaJbHBIX (Y+= 2n) kBanToB CHilbHOro B3aumosneiicteus B sape aroma 29381 (43n).

XF = 4n)(Y+=In)(XF = 4n) (Y+= ) (XF = 4n)(Y+= In) (XF = 4n) = (43n) = 23JBi(43n),

BHYTPU CTPYKTYpPHI 3apskeHHbIX (Y+= p/n) kBaHTOB CunbHOro B3anumMoneicTBus sapa, KOTopble
(GOpMUPYIOT CTPYKTYPBI 3J1E€KTPOHHBIX 000JI0YEK aTOMOB, KaK MpUYHHA.

Takne HeHTpanbHbIE CTPYKTYPHI (Y+= 2n) KBAHTOB HAXOAATCS B COOTBETCTBYIOLIMX 000JI0UKaX
CTPYKTYp 3apsbKeHHBIX (Y+= p/n) kBaHTOB CuibHOro B3aumoeiicTBus B CaMOCOTIaCOBaHHBIX MOJIAX,



3aMKHYTBIX 110 BOCBMEPKE, LIETIOYKE BUXPEBBIX MTOJNEH. Bce 3TO COOTBETCTBYET YpaBHEHHSIM JUHAMUKH,

Mo aeTCst MOICTM POBAHUIO, pacueTaM U mporuozaM. Haceimas st (Y4 ), (X+) kBaHTHI 0007109€eK sapa
SHEpruer KBaHTOB(Y—= 14 — 17) MeV «TEMHOH MaTEPUH» , MOKHO BBI3BaTh «MOHHU3AIHIO» O0OJIOUEK SApa.
B TaKoif MCKyCCTBEHHOM Pajii0aKTMBHOCTH, MOKHO, HAaTIpUMep, U3 saep aToMoB (goHg — $H) nm

(1Tl — 3He), momyuats (127Au) 305010. Kak u B cllyuae ynpasiseMoii TepMOsIepHON peakiuy Ha
KOJLIaiiepe, 31€Ch Hy)KEH POOHBIN dKCIIEpUMEHT. B camoM o0mieM ciydae, quHamuka rot, M(Y —)
WHIYKTUBHBIX MAaCCOBBIX MOJEH («CKPBITBIX Maccy») 00yCIIOBIeHA TUHAMUKON HCTOYHUKA TPaBUTAIUH.

c*rot,M(Y —) = %G(X +)+ ¢, aG(g)t(+)

ag n#1, un=234..—> o0, noayyaeM Kpasunorenuuaibape G (X +) mons yckopenuit G (X +)
KBAaHTOBOI'O IPAaBUTALIMOHHOIO IIOJIsI, KAK MCTOUYHHMKA TPAaBUTAL[MH

G(X+) ;p—T G x grad, G Rgik) (X +), c npenenbHbM (cos?@(X—)yax = G) - yrIIOM IMapauiebHOCTH

o A o
kBautoBoro G (X +) mosst CunbHOro B3anmMosieiicTBus B TaHHOM Cliydae u riepuogom T = — KBAaHTOBOH

nuaamukd. Kasu norenipansabie G (X +) moist KBAaHTOBOTO IPaBUTAILIMOHHOTO MOJIST YCKOPEHHH, Ha
paccTosHHUAX C* t = r UMCIOT BUJ!

GX+) = ¥A (G * grad, (%Rgik) X+)+ax*grad,(Ty)(Y —)), T — o0,

D10 ypaBHEHHE KBAHTOBOTO IPaBUTAILIMOHHOIO 1MoJist yekopenuid G (X +) = vyM(Y—), mMaccoBbix
TPAEKTOPHUM C IPUHLUAIIOM 3KBUBAJICHTHOCTH UHEPTHON M IPaBUTALMOHHON Macchl. OHO nMeeT
MPUHLUIIHATIBHYIO Pa3HUILLy C ypaBHEHUEM I'PaBUTALIMOHHBIX NoTeHuuaaoB Ooueit Teopun

OrtHocuTenbHOCTH. KOMIIOHEHTA MPaBUTAILIMOHHOrO KBa3H IOTEHIIMAILHOIO HOJIS U TEH30D SHEPTUH-
*A

ummyisca (Tj,) B ypaBuenun G(X +) = LA grad;(Ty)(Y —), OTHOCATCS K MHAYKTUBHBIM MaCCOBBIM
T

noJsiM B (puzndyeckoMm Bakyyme. B ckoOkax mMeeM rpajJiieHT NOTEHIHAIOB IrpaBuT (X+= Y—) maccoBoro
TOJIAL.

G * grad, (%Rgik) X+H)+axgrad,(Tp))Y-)=G*a=x grad,lll'I(X+= Y-).
lp(l YA, G xa *grad;t( [I(X+=Y-)). 43

OO6mmii rpaBuTanmoHHbI moTeHIMan [1(X+= Y— ) B 00111eM BHE, BKIIIOYAET B ce€0s M ITOTEHIIHAT

Orcroma cnenyer G(X+) =

1
HMCTOYHUKA I'PaBUTALUU (E Rgi) (X +) u xBasu norenuunansubie (Tj)(Y —) most MHAYKTHBHBEIX Macc. ITO

K€ YPABHCHUC 3AIMUIICM B UHBIX KBAHTOBLIX IMApaMETpax, 4 UMCHHO:

P 1i_._¢ i
G+ =FET0Ga(N(X+= Y-) wm GX+) = ) o (2n), oce) = L Gaiti .

3nech rpaﬂI/IeHT 061uer0 rpaBut- maccoBoro [1(X+= Y—) norenimana 6epercs mo Bceii ATHHE BOIHBI (A).
Peub uzer o KBaHTOBBIX yp0BH}IX MacCCOBBIX TPaeKTOPUit Op6I/ITaJ'IbHI>IX 3JIEKTPOHOB aTOMa, B BUJIE:

vz ke? 2p2
nh = m,Vr). U nanee: o i = nh) nh = \/merke?, r = -
T r2 meke?

€= ke?  mckZe* mek et — 3
AJI1 DOHCPIruu, = = 22 2 n% - n% VvV , aroMa.

DTO eMHbIC MATEMaTUYECKHE HCTHHBI SIMHBIX ypaBHeHuit equnoro (Y+ = X+) npocrpancrBa-maTepuu.

, Ipy u3nydyeHun, AE =

IIpumepsbl.
Jlns yriioBoit ckopoctu (w = ZZT = 1%) E] WHAYKTUBHBIX MaccoBbiXx M (Y —) Tpaektopwuii Ha opoutax (1)
Bokpyr Conuna B ero G (X +) mosie rpaBUTaniy, €CTh BPAIEHHHE 3TOTO MOJISL.
rot,G(X+) = —py * azv;:—) = —aMa(:_) , i rot,G(X+) = wM(Y-) .

Jlnist Mepkypusi, B nepurenuu 1, = 4,6 * 1012cm, co cpenneit ckopocteio 4,736 * 10°cM/c , ects
_ w? _ (4736+10°)° 2 33
—— = 4,876 cm/c” . Macca Comana Mg = 2 * 10°°r, u
T 4,6+10
paauyc Connua 7, = 7 * 10%¢cm, co311a}0T yCKOpeHI/Ie G (X +) mone rpasuranuu ¢ (Y = 1) B BuzE.

*(A= . * —8* * 33
w=GX+)= @D, 6 ¥R Q WM gy = 667:10 »2+10 = 1,511 cm/c?

T To T 2%4,6%1012x7%1010%137

LEHTPOOSKHOE YCKOPEHUE a,,




U3 cootnomenuss OTO, Ry (X+) = 2¢ (%Rgik (X+) + kT, (Y—)), CJIE1YIOT aHAJIOTOBBIE COOTHOLLIEHUS B

MPOCTPAHCTBE YCKOPEHUH, MHIYKTUBHBIX MaccoBbIXx M (Y —) tpaektopuii Bokpyr CoHIIa caMmoro
IPOCTPaHCTBA-MaTepHHU Ha cpelHeM paauyce T, = 5,8 * 10%2cM B Buge.
ayX+) — gyX+)=A( =) = 4,876 — 1,511 = 3,365 cm/c>.
W3 ypasnenus rpaBut(X+= Y—)maccoBbix nonei rot,, G(X+) = wM(Y—), cnenyer

L\/‘;‘) 2LM(Y —), moBopot nepureus Mepkypus 3a Bpems (T). 3a 100set = 6.51 * 101*¢, stoT

. (Y )*6 51x10*
MOBOPOT MaccoBbIX M (Y —)TpaekTopuii cocTaBIsieT ———————

* Ty */2
BCEro NMpocTpaHcTBa-MaTepuu Bokpyr ConHiia. AHanoquHO Jaee.
Jlasi 3eMuiM, Ha PacCTOSHUU OPOMTHI 3eMIIH U ckopocTu 3emi V3 = 3 * 10°cM/c Ha opbuTte
r, = 1.496 = 1013 cM , nHeHTpobeKHOE YCKOPEHHE PABHO:
2
(v3)? 3%10°
) _ (10) 0,6 cm/c?
Ty 1.496%1013

yckopenue G (X +) mons I‘paBI/ITaI_II/II/I Comaua 1y = 7 * 101%m, ¢ maccoii (M) u (¥ = 1), umeercs
_ 1 My _ 6.67x1078x2%10%% 2
=6X+) = . G * 210 - & T 241.496+1013+7+10104137 = 0465 cm/c
AHaJIOTHYHO a, (X +) - gsX+)=A( -)=0,6—0,465 = 0,135 cM/c?. U3 3TOro yckopeHus
UHIYKTHBHBIX MaccoBbix M (Y —) Tpaektopwuii mpoctpancTBe-Marepun BOKpyr COJHIA, CIENYET IIOBOPOT

nepurenusi OpOUTHI 3eMJITH, 1O aHAJIOTUU U COCTABJISIET
A (Y-)*6.51%101%
— 2 (57,3%) =5,8".

T3* 2T
o — 13
st BeHnepsl, 110 Takoil ke cxeMe pacuera, noBopoTt nepurenus Benepsl 1, = 1.08 * 107 cM, u ckopoctu
v, = 3,5 % 10°cM/c, 1eHTpobeKHOE YCKOopeHrue BeHepsl Ha OpOUTe COCTABIISIET
B ) y
_ @) _ (35+10%)°

(57,3%) = 42,5". Peun unet o noBopoTe

a; =

- = = 1,134 cm/c?
? Ts 1.08%1013 ' /
Awnanornuno yckopenue G (X +) mons rpaBurtanuu Conrna Ha opoute Benepst cocraBiisier.
1 M 6.67%10 8x2%1033
p=GXH)="rGrra= = 0.644 cm/c? 44
s 21o 2%1.08x1013%x7%x1010%137

YckopeHus THIYKTUBHBIX MaccoBbIX M (Y —) TtpaekTopuii mpocTpaHcTBa-MaTepuu Bokpyr ComHIa,
a,X+)— g.(X+) =AY =) =1,134 — 0.644 = 0,49 cm/c?

—V%6.51x1014
A(Y)r% (57,3%) = 9,4" cexynn 3a 100 ner.

Takue pacueTHble 3HaYEHUs OJIM3KU K HaO01aeMbIM 3HaueHUsIM. CyIlIeCTBEHHO TO, 4TO U3
(dbopmynbl DMHIITEHHA JUIA CMEIEeHHs Tepurenus MepKypus,

6TGM 17
eyt 42,98 3a 100 ner.

c?A(1 — e2) x5 ~ 6mGM, (c?A— c?Ae®)S¢ ~ 6nGM
He BUJIHO IPUYMHBI TAKOT'O CMEIEHHs, KpOMe KaK MCKPUBJIEHHS IIPOCTPAHCTBA U3 ypaBHeHus OOmieit
Teopun OtHOCHTENBHOCTH. M Iest B TOM, 4TO pa3HHIA X0 PEISITHBHCTCKOTO BPEMEHH Ha OpOHUTE,
BBI3BIBAET €€ MOBOPOT U IPONOPIMOHAJIBLHA SKCIIEHTPUCUTETY. [1pn 9TOM 3aMemienue xona Bpemenn (At2,)

B rpaBUTAlIMOHHOM (X +)II0JIE B IEPUTENNHM, NAa€T PENSTUBUCTCKOE COKpamenne (—Ax3,) MaccoBoii
AG(X+)) (6M(Y ) _ AM(Y-)

(—=A%31) (Atzq)
MaremaTuyeckas HCTHHA. PU3MYECKON MPUYNHON €CTh MOATAJIKUBAOIIEE NIAHETY HAa MAaCCOBOM

(Y—)TpaekTopuu neiicTBUe TPaBUTAIIMOHHOTO G (X +) MOJIS, IPU €ro BpallleHuu BOKPYT 3Be3bl. Peub naer
0 HAJIMYUU UHIYKTUBHBIX MaccoBbIX M (Y —) mosneit mpocTpaHCcTBa-MaTepuH, U UX BPAILIEHUH BOKPYT
CounHua, KaKk IPUYUHBL, B COOTBETCTBUH C YPaBHEHUSAMU AUHAMUKH. FlHaue roBopsi, caMo MPOCTPAHCTBO -
Martepus Bpamaercs Bokpyr ConHma. 9To NpuMep AMHAMUYIHOTrO pOoCTpaHcTBa-maTepu. [1o Takum xe
npuyuHamM, Oyaem paccmaTpuBath ABH:keHHe CosiHIa BOKpPYT sigpa ['anakTuku.
Ucxonnsie nannbie. Cxopocts Connua B lanaktuke v, = 2,3 * 10”7 cMm/c , macca saapa lanaktuku M, =
4,3 mH. Mg = 4,3 x 10° 2 x 1033r, paccrosuue K nentpy ['anaktuku 8,5 KK uian 7 = 2,6 * 10%2cm.
Lentpobexnoe yckopenue ColiHIIa Ha rajakTHYeCcKoi opoOuTe:
_ w)? _ (2,3+107)°=5,29+10%
ST oor 2,6+1022

Otcrona cienyer noBopoT nepurenus BeHepsr:

(Y—)rtpaexTopuu B ypaBHeHUM DliHwTeiina. ®opMaibHo 310 (roty,G(X +) =

)

=2%10"8cm/c?



Hcnonb3ys 3Ty TEXHOJIOTUIO pacyeTa, OLEHUM paauyc sapa Hameii ['anaktuku 7,. B Touno Takoii hopmyie
pacuera nostyunM (7;.) paauyc sapa nameit Fanaktuku gs = G(X +).
1 M
ag = G(X+) =% G*a *j, OTKy/1a
A
1 M 6.67+1078x4,3x100%2%1033r
rﬂz—*G*a*—“— =4 x10%%cMm =~ 267 a.e.,
2a; 2%137%2,6%1022%2x1078
la.e.=1r = 1,496 * 1013CM wm, 1nk = 3 * 10'8cm, Torma 7, = 1,3 * 1073 nk. Taxoii paguyc B

Hamed I'agakTuke cCoOTB CTCTBYCT I'PaAUCHTY BCGX MAaCCOBBIX II0JICH HCTOYHHKA I'paBUTAlluN,
A= _
GX+) = YA G rax gradl( l'[(X+— Y—-)), c pamuycom 1, = 1,3 * 10

[Ipenenst I/I3Mep$IeMOFO panuyca 1o = 10 nK. VX cooTHOLIEHME COOTBETCTBYET COOTHOLIECHUIO
UX Macc.

To1 4 100% = —C— % 100% = 7,69 % .
Ty 1,3+10-3 ’
D710 3HAYUT, Macca sapa ['anaktuku coctaBiseT 7,69 % ckpbIThix MaccoBbix M (Y —) moneii.
IMapameTtpsl JIynbi. O0Ommen3BecTHO, 4TO B moJjiokeHuu JIyHbsr Mexay CosHileM U 3eMiieid, 1mo
3akony Herotona, Cosuue nputsaruBaer JIyny B 2,2 pasza cuiabHee 3eMIId.
Jna Mg = 2 +1033g, my =597+ 10%"g,r; = 6,371 « 108cm, m,, = 7,36 = 10%5g,
v = 3,844 x10%°%cm, G =6,67 x1078, a =1/137, (AA = 1,496 % 103 — 1y, = 1,49215 % 10*3cm),
GMgmy _ 6,67¥1078x2x10%3%7,36x102°

= = 25
= a4z (1,49215%1013)2 = 4,41+ 10,
Gmgm 6,67+107%%5,9710%7%7,36+102°
2= (TzEvz)zM - (3,844+1010)2 =1,98+10%, (F/F, =22).

Pasauna cun (F; — F,) = (AF) = (4,41 — 1,98) * 102° = 2,43 * 1025, koMmeHcupyeTcs rpaBuTanueii
(«CKPBITBIX») MAaCCOBBIX MOJICH MPOCTPAHCTBA BOKPYT 3EMIIH, C YCKOPEHHUEM:
T M 3,14%1/2%6,67%10~8%5,97%10%7
gg(X+)=—*G+x—Lxa= = 0,372 cm /s?.
™ g 137%3,844+1010%6,371%108
Cuia TpaBUTAIIMM MaCCOBOTO IOJIsl, COOTBETCTBYET B MIPE/IeiaX TOYHOCTH U3MEPEHUH.
(AF) = my * gg (X +) = 7,36 * 102° % 0,372 = 2,74 * 102>,
Takum 00pa3om, perieHns] ypaBHEHU KBAHTOBBIX TPaBUTAIIMOHHBIX MOJICH MAIOT PE3yJIbTaThl B
npenenax u3MepseMbIX.
OtkioneHue poToHoB B noJie TskecT Comnua. ®oron «nagaer» B mojie Tsoxectn ConHILa ¢

2GM; 2Rg .
yckopenneM g(X +) = —5=. 3a Bpems npoJera guamerpa Connia t = — > 110 KacaTeybHOM K chepe

s
COJ'IHIIa, BEpPTUKAJTIbHASA CKOPOCTh «ITaJACHUA» COCTaBJISIET UV = (g * t. Yrona oTKJIOHEHUS (bOTOHa, JJIA

R, = 6,963 * 10%cm , onpenensercs B Buze:
2GMg 2R; 1 4%6,67x1078%2x1033
Q= arcsin%, WA g = }G?st * Ts * == 6‘9:’36*7101?)*(3*1030)2 = 8,515 = 107,
@ = arcsin(8,515 * 107%) = 0,000488° = 1,75"" yrioBbIX ceKyHI.

DTOT yroy COOTBETCTBYET pacueraM B ypaBHeHHsX OO6meit Teopun OTHOCHTENbHOCTH DUHIITEHHA.
W3 3tux e ypaBHEHHIA, 3ameniieHne xona Bpemenu (At 1) maer nononHuTtenbHoe yckopenue (Ag T) B mose
rpaBUTAIUU, UK LIEHTpoOexkHOe (Aa T) ycKopeHue, ¢ IpUHIUIOM uX (Ag = Aa) SKBUBAJCHTHOCTU NpU
HEeU3MeHHOU ckopocTu cBeta ¢ = (Ag T)(At 1). DTo KacaeTcs Xxoaa BpeMeHHU Ha opouTe MepKypus, U3
pacueroB OiHIITeWHA. Yl TOYHO Tak MEHSETCS X0 BPEMEHHU OJHOI0 MIEKTPOHA HA Pa3JIMYHBIX AUCKPETHBIX
opbuTax aTomMa, B MaCCOBBIX MOJISIX aTroma. MI3MeHeHne Xxo/1a BpeMEeHU JIEKTPOHA Ha TUCKPETHBIX OpOUTaX,
CBSI3aHO C U3MEHEHUEM ero 4acToThl (Av), KOTOpas COMPOBOXKAAETCS U3Iy4dECHUEM WM TOTJIONICHHEM
¢dorona (AE = hAv), B Teopun [Lnanka. U uem rimy0Oxe «mpoBam» B (X+) none CUIBHOT 0, TPAaBUTAIIMOHHOTO
noJist BOJIU3M siipa, TeM OOoJIbIIe JIMHA BOJIHBI U iepuoj (Y —) MaccoBoil KBaHTOBOH TpaekTopuu (Y—=e)
OpOHTANBHOTO AJIEKTPOHA B €IMHOM (X+= Y —) mpocTpaHCTBE-MaTEPUH, TEM MEJICHHEH €ro X0 BpEeMEHH.
31ech peub UACT O TUCKPETHON JMHAMUKE X0/1a BPEMEHHU B KBAHTOBOW PEIIAITUBUCTCKON TMHAMHUKE JTFOOOT0
KBaHTa MIPOCTPAHCTBA-BPEMEHH, (PU3HMUECKOT0 BaKyyMa BOJIM3H «IEPHBIX JBIP» aHAIOTHUYHO.

7. Iunamuka BcejieHHOM.

PaccMoTpum MaTemMaTHdecKue UCTUHBI TMHAMUKU BbIOpaHHbIX KpuTtepue DBomonuu. B npyrux
Kpurepusx sto 6yzaer apyroe npexacrasienue. Ecimu (R)- paguyc HecTanmmoHapHOTO EBKIMI0BOrO
npoctpaHcTBa chepsl BuauMoit Beenennoit, To u3 kinaccudeckoit Crnennansaoi Teopun OTHOCUTENBHOCTH,

K
rae (b = F) yckopenue, (¢* = F) cuna, cnenyer:

45



4 — —
R? — c2t2 = = = R% — ¢2f2; wm  b2(R 1% — b2c2(t N2 = (¢* = F) cuna.
2
B enunbix KpHTepmx,(b = %) (R=K) = % = II, MBI TOBOpPUM O ITOTEHIMAJIE B IPOCTPAHCTBE CKOPOCTEN
(g = gj BEKTOPHOI'O IIPOCTPAHCTBA B J060i e(x™) cucreme koopaunat, rae 6epem IT = gy (x™),
(byHIamMeHTaIbHbIH TeH30p PumanoBoro npoctpancta. Torna B o01ieM cirydyae HMEeM:
M — N3 = (L, (X+) - -G (X-) + 1+ (Y4) = AL (X+=Y=)) I AL,(X—=Y+)) T=F

Orta cuna Ha BceM paauyce (R = K) Buaumoii chepsl eaunoro (X+= Y+) npocrpaHcTBa-MaTepuu
Bcenennoit, naer (temuyto) suepruto (U = FK) nunamuku Bcelt BeeneHHoil.

(M2 — 3K = (; — M)K{I; +11,) = (All) (X+=Y-) | KQAI)(X—=Y+)1=FK =U
B uem ee npupona? Ha paauyce (R = K) qunamuanoi chepbl BeeneHHO# ecTh 0IHOBpEMEHHAs TUHAMKKA
enunoro (X+= Y+) npoctpancrBa-marepun. PaccMaTpuBas AMHAMHKY MTOTEHIMATIOB B IPABUT MaCCOBBIX
(X+= Y—) moJysx, KaK y»xe u3BectHo,(Il; — I1,) = g, (1) — gix (2) # 0, peub 00 ypaBHEHUU «T'PaBUTAITU»

Rix — %Rgik - %Agik = kT, , O6meii Teoprr OTHOCUTEIBHOCTH, B JTI000# cucteme g, (x™ # const)

KOOp/AMHAT, U B PA3JIMYHbIX YPOBHAX CUHTYJISPHOCTH o1, o1, ¢u3nyeckoro Bakyyma Bceil BeenenHoi.
Msi roBopuM o chepe (x™ = X, Y, Z, ct # const) HecTaMOHAPHOTO EBKIIMIOBOr0 MPOCTpaHCTBA-BPEMEHH ,

BBuzxe: (x™ =XY,Z,ct) * {(ch ;((f;—z(;_;) (X+=Y —) * cos@x(X— = Y+) = 1} . ['paauent takoro (AIl;)
o—1o -

MOTEHI[ANa, TOKE U3BECTHO, JacT YPAaBHCHUS KBAHTOBOW IpaBUTAIIMH ¢ HHAYKTUBHBIME M (Y —)
(CKPBITBIMH) MacCOBBIMH TOJIIMH B rpaBUTalinoHHOM ToJie. Peub umer 06 (All;~Ty) | (X+=Y-)
SHEPrUH-UMITYJIbCE TPaBUT (X+= Y —) MacCOBBIX IOJICH pacmmpsromnieiics BeeenHol, ¢ yMEHbIIICHHEM
IJIOTHOCTH MaccoBbIX (Y —) TpaekTopwuii

K = %22 (2 = (p, > 0) 1) (K = Vi D(X+=Y-) = (p, L Vi DE+=Y-),

(Ti>0)? (Ti—00)?

(R;) * (R, = 1,616 x 10733sm) = 1, (R;) = 6,2 % 1032sm (p,(Y=) = 0).
C npyroii cTOpoHBI, CaMO «pacumpeHune» puzndeckoro Bakyyma Beemnennoit, BeizBano (AllL)(X—=Y+) T
dparmenTanueii o6mero (X—) mons BeenerHoit, ¢ popmuposannem Hobix 1 HoBbIX (I1; + I1,) kBauTOBEIX 46
MOTEHIUAJIOB, C MIOTHOCTIMHU (p;(X—) — ©0) pacTaJKMBaIOMIKX (B paclIMpeHUH) ApYT apyra, (X—) momneil. B
o01eit kapTuHe, B pacumpstomemcs (X—) none Beenennoit, maccoBbie (Y —) TpaeKTOpUH CTATUBAIOTCS B
CTPYKTYpbl. MBI TOBOPHM O CBOMCTBaxX JMHAMUYHOTO, €MUHOTO (X+= Y+) nmpocTpaHcTBa-MaTepHH, B
KOTOPBIX U3: cosp(X —)cosp(Y =) =1, u 4;(X —)A;(Y =) = 1, anist ckopocTelt v; = const, cienyeT Mepuo
muHaMuku T; (Y —) — oo, MaccoBbIX (Y —) Tpaektopuii kBaHTOB y; (Y —) pu3mveckoro Bakyyma Ha
OeckoHeuHbIX paauycax A;(Y— =X +) = R; —» oo, Bcenennoii. [Ipu 5T0M, 171 MCY€3aI0IIUX IIOTHOCTEH

p(Y =) = —

(Tj—o0)?
ucyesaroniee Bpems nuHamukn Beeil Beenennoii. MlHaue roBopst, Ha OeckoHEUHBIX paauycax, Beenennas
ucuesaer Bo BpeMeHu. C Apyroil cTopoHsl, B riiyOuHax ¢usnueckoro Bakyyma A;(X —) — 0, u ckopocteit
v; = const, nosy4daem nepuo T;(X —) — 0, KBaHTOB (PU3NYECKOr0 BaKyyMa, C IJIOTHOCTSIMU €ro Mojen

1
pL(X _) - (Ti—>0)2

(T; = 0)(t; » ) = 1, 6eckoHeyHO n0ATO (t; = ), B enuHOM (X+= Y+) npoctpancTBe-mMatepuu. [loHsATHO,
4TO U3 TaKOro p; (X —) — oo, «IHa» PU3NYECKOro BaKyyMa, KBaHTHI A; (X —) mpocTpaHcTBa-MaTepun OyayT

— 0, MaccoBbIX TpaekTopuii, cymectByer (T; — «)(t; = 0) = 1, cobcTBennoe (t; — 0),

— 00, ITO KaK «TBEPAOC JTHO» (1)I/I3I/I‘leCKOl"O BaKyyMa, Ha KOTOPOC MbI 6yz[eM OIIYCKAaTbCA



«BBIHBIPUBATbH» B (1)I/I3PI‘1€CKI/Iﬁ BAaKYyyYM MCHBIIINX IUIOTHOCTEH 110J11 BeemeHHOM.
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Figure7.1. ¢pusnueckuii Bakyym BcenenHoi
W xBaHTHI TaKUX MIIOTHOCTEH p; (X —) — 00, CyLIECTBYIOT U3HAYAJIbHO, B YCIIOBUSAX aKCHOM AMHAMHYHOTO
HpocTpaHcTBa-Marepuu, B Buue: (pj(X —) = 0)(p;(X —) » o) u (Rj(X —) = )(r;(X —) — 0). Uuraercs
Tak, 4To BeenenHas, pacmmpsasach 10 OECKOHEUHOCTH, MCU€3aeT B INyOMHaxX (PU3NYECKOro BaKyyMa, YK€ U B
IPOCTPAHCTBE, U BO Bpemenu (T; —» o0)(t; = 0) = 1. Mnave roBops, u3 Gpu3nM4eckoro BaKyyma
HETIPEPBIBHO POXIAOTCS KBaHThI (X 1) mpocrpancTBa-marepun. [lpuuem, Bnauane nuuamuxu (T; — 0),
MIPOUCXOJIUT OECKOHEYHO MHOT'0 COOBITUH (t; = ©0), «B3PBIBHOTO», 3KCIIOHEHIIMAIBHOTO (TUepOoia)
XapakTepa. A nepBOHaYaIbHbIE KBAHTBI MACCOBBIX MOJIEH P (Y =) - oo, B qunaMuuHO# chepe,
UISHTUUIMPYIOTCS KaK IEpBUYHBIC «YepHBIC IBIPBI», XOTS 3TO Jajieko He Tak. Kax el kBaHT (X+) wim
(Y1), emunoro (X+= Y+) npocrpaHcTBa-MaTepyu, B CBOCH THHAMHUKE 00J1a1aeT MOTSHI[MAJIOM CBOUX
noneii. Bzaumoneiictsue noreniuanos (I1) moObix moseit (X+= YF), maer (I1 * I1 = F) cuy moboro
B3auMoielicTBUS, KoTopas B mpocTpancTBe (K) naer Ty mnu unyto (I1 * I1 * K = E) sHepruro. 310 SHEepreTHYecKue
ypOBHU (u3ryeckoro Bakyyma. M 31ech, 06CKOHEYHOCTh ABMKEHUSI BO BPeMEHH CBOIUTCS (t; — 0) K HYJIO
(R; = 1,616 * 10733sm) — 0, B IPOCTpaHCTBE-BPEMEHH, KaK U HCUYE3aroMIas BO BpeMeH! BeenenHast, mpu
(Tj — o) Ha paccTosanusax A;(Y— =X +) = R; — 00, 6eCKOHEYHBIX PaJUyCOB. APryMEHT COCTOUT B TOM, 4TO
JMHAMHYHOE TPOCTPAHCTBO-MaTepusi BeeneHHoil ennHoe, B cBOei TuHAMUKE Ha (M — n) CXOAUMOCTSIX,
aKCHOM JUHAMHUYHOTO (¢ # const) npocTpaHcTBa-MaTepus. Mbl TOBOPHM O KBAaHTOBOW CHCTEME
KOOpJIMHAT MHOTOMEPHOT'0 POCTpaHCTBa cKopocTei. X wacTHbIM ciaydaem (¢ = 0) ects EBximmoBas
aKCHOMAaTHKa IIPOCTPAHCTBA-BPEMEHU. B KilacCcH4eCcKOoi U KBAHTOBOM PESITUBUCTCKON JTUHAMHUKE,
JIOITyCKaIOTCs JIF0ObIE CBEPXCBETOBBIE CKOPOCTHU B YPOBHSX (pnu3nueckoro Bakyyma. B CrenuanbsHoil u
KBanToBoii Teopur OTHOCUTENBHOCTH, Mbl UMEEM MATEMATUYECKUE UCTUHBI.

N c+Nc — a1Nc+c
W, =——— =, =———=¢, WA a4 =0a,, =cos(p=0)=1.
Y = Ticene/c? Y = . +Nc/c A 11 22 (¢ )

Jlisa Henenumoii O6mactu Jlokanu3anuy TMHaAMUYHOTO IIPOCTPaHCTBA -MaTepust BeeneHHoi, Mbl nMeeM:
HOJI = (Tj(m) — ) (t;(n) - 0) = 1, ucuesaromee codcTBennoe Bpems (t;(n) — 0) na (n)cxoaumMoctu
wm (Tj(m) — o) ma (m)cxonumocTy kBauToB (X+) um (Y1), npocrpancrea-marepuu. B enunom
(X+= Y+) npocTpaHcTBe-MaTepHUHu, AOMYCTUMBI MHOXKECTBO MPEICTABICHUN IEPUOI0B UX JUHAMUKH, B
nossix B3aumonecteus (X+) u (Y+), wm ux (X—) u (Y—), rpaekropuii. Hanpumep, g (X+)kBanra kak
HOJI = (X—)(X+) =1, peus o kBanTax: HOJI = (X—)(X+=Y—-) =1, wm HOJI = (X—)(Y—) = 1.Ha
(m — n) cxomuMocCTsX, Mbl TOBOpUM O Tiepuonax ux aunamuku: HOJI = (T;)(t;) = 1, B pa3anyHbIX MOJISX.
HOJI = (T]-(X—) - 0)(t;(Y=) = 0) =1, wm: HOJI = (Tj(Y—) - 00)(t;(X=)—=0) =1.

1
[Ieproapl nTMHAMUKU CBSI3aHBI C INIOTHOCTSAMU P = 7z TIPOCTPAHCTBE-MATEPUH B PA3TUUHBIX YPOBHAX

¢usnueckoro Bakyyma. B 1annom ciydae, Ha 6eckoHeuHbIX paauycax R = ¢ * Tj(X—) — o) B okono

1
HYJIEBBIX IIOTHOCTAX p = —— = 0, mpoucxoaut mraoBenHas (t;(Y—) — 0) nuHamMMKa MacCOBBIX
J

(Y —)TtpaexTopuii, mepBUYHBIX OKOJIO HYJIEBBIX paauycoB 1 = ¢ * t;(Y—) — 0) OeckoHe4HO OONBIIAX

o 1 .o
mnotHocTer p(Y—) = -7 ™ 9, MAaCCOBBIX TOJIEH. W nao6opot, nis nepuogoB auHamuku T; (Y —) — oo,
i

MmaccoBbIX (Y —) Tpaekropuii kBaHTOB ¥;(Y —) hmusznueckoro Bakyyma Ha OECKOHEUHBIX pajnycax
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A;(Y—=X+) = R; — oo, Bcenennoi, u Ui HCYE3aI0IMX IIIOTHOCTEH p; (¥ —) = > — 0, MaccoBbIX

(Ti—0)
TpaexTopui, cymecTtByeT (T; — o) (t; = 0) = 1, cobcTBenHOE (t; — 0), HCUE3aI0IIee BPEMs JMHAMUKI BCEH
Bcenennoii. naue roBopsi, Ha 6€CKOHEUHBIX pajanycax, Beenennas ucuesaeTr Bo BpeMEHH, KakK yKe
CKa3aHO. TakoBbI MAaTEMAaTUYECKUE UCTUHBI.

Pesrome.

Her npoctpancTBa 6e3 MaTepuu U HET MaTEPUH BHE TPOCTPAHCTBA. | TaBHOE CBOMCTBO MaTepUH, 3TO
nBuxkeHue. B pabote paccMOTpeHbI CBOMCTBA AMHAMUYHOTO TPOCTPAHCTBA, KOTOPbIE UMEIOT CBOWCTBA
Martepuu. [[nHaMHYHOE MPOCTPAHCTBO-MATEPHsI CIEAYET U3 CBOMCTB EBKIMA0BON aKCHOMATHKH.
I'eomerpuyeckue GpakThl AMHAMHUYHOTO IPOCTPAHCTBA OMPEIENISAIOT aKCHOMBI, He Tpedyromue
JI0Ka3aTeNbCTB. B paMKax akcMoM TUHAMHUYHOTO MIPOCTPAHCTBA ONpENeNsioTes (prusndeckue cBoHCTBa
Marepud. B equHON MaTeMaTUYeCKOM HCTUHE BBIBOASATCS YpaBHEHU MakcBesia 1 3JIEKTPOMArHuTHOIO
MOJISl M yPaBHEHUS IMHAMUKY FPABUT MACCOBOIO MOJIA. YK€ U3 ITUX YPABHEHUH CIIEIYIOT HHAYKTHUBHBIE
MacCOBBI€ MOJIsl, TO00HO MHAYKTUBHBIM MarHUTHBIM MOJISIM. DTO JIBE MaTeMaTUYECKUE UCTUHBI U JIBE
¢uznyeckue peaigbHocT. lanpie. B ennHoil MaTeMaTH4ecKol HCTUHE BBIBOASTCS YpaBHEHUS
CneunansHoit Teopun OTHOCUTENBHOCTU U YPaBHEHUS! KBAHTOBOM PEISITUBUCTCKON AMHAMUKH. Takue
ypaBHEHUS HEBO3MOKHBI B EBKiInI0BOI akcuomaTuke. Tenzop DHHIITEHHA, 3TO ToXEe MaTeMaTu4yecKas
WCTUHA PA3HULIBI PEISTUBUCTCKON TMHAMUKY B JIByX TOYKAX PUMAHOBO IMpocTpaHcTBa. [IpuHunn
SKBUBAJICHTHOCTU UHEPTHOM U IPABUTALIMOHHOM MACC €CTh aKCMOMa IMHAMUYHOI'O IIPOCTPAHCTBA MAaCCOBBIX
TpaeKTopHii B rpaBuTainoHHoM none. [Tonnoe ypasHenune O61eii Teopurt OTHOCHTENTFHOCTH BBIBOIUTCS
KaK MaTeMaTH4eCKasi UICTUHA JUHAMUYHOIO IPOCTPAHCTBA-MATEPUU C 3JIEMEHTAMU KBAHTOBOM I'PaBUTALIMU.
B omiimuune ot ypaBHeHus DWHIITEHHA, B TOJHOM ypaBHeHun O0mieit Teopun OTHOCUTENBHOCTH,
IPaBUTAL[MOHHAS KOHCTAHTA CIEAYET KaK MaTeMaTHYECKasi HCTUHA. Y pABHEHUS YCKOPEHUN KBaHTOBOIO
IPaBUTALMOHHOI'O KBA3H MOTEHIMAIBHOI'0 10JI1 BBIBOAUTCS B PaMKax T€OpUH noiist. B pamkax 3toro
YpaBHEHUS BBINOJIHEHBI pacyeThl nepurenus Mepkypus, sjipa U cKpbeITbIX Macc ['anaktuku. B ¢pusnke
AIIEMEHTAPHBIX YaCTHUIl €CTh Hepa3pelIMMbIe TPoTUBOpeuns. Hanmpumep, ApoOHBI 3apsa KBapKOB, KOTOPbIE
(bopMUPYIOT 3apsi/I MPOTOHA M TOYHO TAKOM 3apsi/i MO3UTPOHA, HO Yke 0e3 kBapkoB. B cBoiicTBax 48
JUHAMHYHOTO MTPOCTPaHCTBA-MATEPHH 3aPsIbl TPOTOHA U DJIEKTPOHA PACCUYUTHIBAIOTCS €MHBIM CITOCOOOM. —
Ectb npenensl npuMeHnMocTr EBKIINIOBON aKCHOMATUKH, KOTOPBIE ONPEAEIISIOTCS MPUHIUIIOM
HEOIpe/IeIEHHOCTH, BOJTHOBOM (yHKIMeH. CkansgpHoe 1MoJjie BBOAUTCS B KAJIMOPOBOYHOE 0JI€ AJIs
COXpaHEHMS PEJIITUBUCTCKON MHBAPUAHTHOCTH B KBAaHTOBBIX MOJsAX. HeT npu 3ToM KBaHTOBOM
pENATUBUCTCKOM nHAMUKU. B cBoto ouepens KBanroBas Teopus OTHOCUTENLHOCTH HEBO3MOXKHA B
EBKnn10BOi akcoMaTuke. YK€ B MCKyCCTBEHHO CO3/JaHHOM CKaJIIpHOM ToJie, B MoJenu CIIoHTaHHOTO
Hapymenns CuMMeTpin, CTPOUTCS TE€OpUsi XUTTCOBOI'0 0030HA U TEOpHsl DIEKTPO cradboro
B3auMozelicTBua. B oboux ciayyasx Macchl 3TUX 6030HOB pacCUUTHIBAIOTCS B paMKax IWMHAMUYHOTO
MIPOCTpaHCTBa-MaTepuu 06€3 HCKYCCTBEHHO CO3JaHHBIX CKaIApHBIX 0030HOB. B 1ienom, EBkinnoBas
aKCHOMAaTHKAa €CTh YaCTHBIN cilydail pUKCHPOBAHHOTO COCTOSHUS AMHAMUYHOTO TPOCTPAHCTBA -MaTEPUH.
OTO0 OTpakaeT peaybHOCTh (PUKCHUPYEMBIX B SKCIIEPUMEHTAaX CBOMCTB TMHAMHYHOTO IPOCTPAHCTBA -
Marepuu. TakoBa TEXHOJIOIUsI COBPEMEHHBIX TeOpUii. B paMKax akCMOM JUHAMUYHOI'O IPOCTPAHCTBA -
MaTepuH, pacCMaTPUBAETCS NPUHLUIINAIBHO HOBAsI TEXHOJIOTUS cCaMUX TeopHil. Mbl HE MOxkeM OpaTh
IIPOCTO JIMHUIO. DTO 00s13aTenbHO b0 (X-), oo (Y-) Tpaektopun. M Mbl He MOXkeM OpaTh IPOCTO TOUKY
(ro#0), «ue umeroreli yactein» B EBkimaoBoii akcuomatuke. Takux 00bekToB HeT B [Ipupose.
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Pe3iome u 0030p

Pa6ora oz Ha3BanueMm «EnmuHasi Teopus 2» npeuiaraeT TEOPETHUECKYIO CTPYKTYPY, KOTOpas CTPEMUTCS
00BEIMHUTH Pa3IuUHbIe 001aCTU (PU3UKU — DJIEKTPOMArHeTU3M, FPaBUTALIUIO, PESATUBUCTCKYIO TUHAMUKY
U KBAaHTOBYIO MEXAHHMKY — I10/] HOBBIM KOHLENITYyaJIbHbIM 30HTUKOM, Ha3bIBAEMbIM JTHHAMHYECKOE
NPOCTPAHCTBO-MaTepHs. ABTOpP YTBEPKIAET, YTO CTAHAAPTHOE EBKIIMI0BO IIPOCTPAHCTBO-BPEMS — ITO
BCETro JIMIIIb YaCTHBIN CiIydail 3Toi 0oJjiee MM POKON TMHAMUYECKON TeOMETPUH MTPOCTpaHCTBA-MaTepun. B
CTaThe€ U3JIAraeTcs psiJi aKCUOM U OMMCHIBAETCS, KAK OHU MPUBOJAT K €IMHBIM YPaBHEHUSIM JJIsI TOJIeH
Makcgeia, TpaBUTAlIMOHHBIX MTOJIEH, ClIeNNaIbHON TEOPUH OTHOCUTEIBHOCTH, KBAHTOBOM P €JIATUBUCTCKOMN
JUHAMHKH, 0O1IeH TeOpUH OTHOCUTENBHOCTH U KBAHTOBOW I'PaBUTAIIUU.

KiroueBoii mpeamnockIko SBIseTcs TO, YTO HUKaKas (pu3nyeckas MaTepusi He MOXKET CYIIIeCTBOBATh
HE3aBUCUMO OT IPOCTPAHCTBA, U HUKAKOE IIPOCTPAHCTBO HE MOXKET CYLIECTBOBATH HE3aBUCUMO OT MaTEPHH.
Taxum 06pazom, aBTOp pacCMaTpUBAET MPOCTPAHCTBO M MATEPHUIO KaK (yHIaMEHTAIbHO 3aIlyTaHHbIE
CYILHOCTH, OIIMChIBAEMBIE YEpE3 TO, UTO HA3bIBAECTCA AMHAMHYECKHM YIJIOM Napajieau3mMa. OTOT HOIX0/
IIPEJICTABJIEH KaK OTXOJ OT KJIAaCCUYECKON €BKJIMIOBOI F€OMETPUH, KOTOpasi, KaK YTBEPKAAET aBTOp, UMEET
pOOJIEMHBIE WII HETIOJIHbIE IPEATIONI0KEHUS IIPU UCII0JIb30BAHNN B KAU€CTBE aKCHOMAaTHYECKOI OCHOBBI
IUIs COBpeMeHHOU (u3uku. PaboTa mpoBoauT cBsi3u ¢ TeopeMoil ['enens o HENoJIHOTE U MOCTYIUPYET, UTO
OIpeleJICHHbIE YAaCTH IPOCTPAHCTBA-MATEPUU OCTAIOTCS IO CBOEH CYTH HEHAOII0AaeMbIMU MU
HEIOCTHXKUMBIMU U3 TEOPETUYECKUX PAMOK, OCHOBAHHBIX Ha €BKJIMI0BON TEOPUHU.

CuiibHbIE CTOPOHBI

1. AMOMUMO3HBINH MacIITA0: CTaThs HampaBiieHa Ha (GopMUpOBaHHE 00bEIUHSIONIEH TEOPUH, KOTOpast
OXBaTbIBAET DJIEKTPOMATHETU3M, I'PaBUTALIMIO, CIIEUATIBHYIO TEOPUIO OTHOCUTENIBHOCTH, KBAHTOBYIO
TEOPHIO U JIaXkKe yIpaBlisieMble TepMOsepHble peakiuu. Takas aMOuIus, eciiu ee KOHKPETU3UPOBATh
CO CTPOTMMU MOJPOOHOCTAMH, MOXKET UMETh BaKHOE 3HAUEHUE ISl 00bEAMHEHHS pa3IMUHbIX
obnacrelt GU3KKHU.

2. TI'eomeTpuuecKkasi MepCcleKTUBA: IIPEATIOIOKEHHE O TOM, YTO €BKJIUI0BO IPOCTPAHCTBO-BpeMs
ABJISICTCS TIOAMHOKECTBOM OoJiee 0011Iel TMHAMUYECKON TeOMETPUN ITPOCTPAHCTBA -MaTEPUH,
IpeacTaBisieT co00i HOBBIM 1101X0/, KOTOPbI HEKOTOPbIE UNTATENN MOTYT IIOCUUTATh
yOenuTenbHbIM. AKIIEHT aBTOpa Ha FT€OMETPUUECKHUX aKCHOMaX U UX (PU3MUYECKUX CIEICTBUIAX —
9TO TBOPUECKHI MYyTh, KOTOPBII MOXKET MPEIJIOKUTH CBEKHUE UIIEH.

3. Ilpu3HaHMe HEMOJHOTHI: MTONbITKA BKIIOYUTH UJIEH, 10100HBIE Teopeme ['eenst o HenmoygHoTe, U
IIpU3HAHKUE TOTO, YTO CTAHJAAPTHBIE AKCUOMATHU3ALMH TPOCTPAHCTBA-BPEMEHH MOT'YT HE OXBAThIBATh
Bce (M3NYECKHUE SIBIECHUS, JEMOHCTPUPYIOT FTOTOBHOCTb 3aHUMAThCs 00J1€e TIIy0OKUMHU
MaTEMAaTUYECKUMU U PHIIOCO(YCKUMH BOIIPOCAMHU.

4. CocpenoroyeHnue Ha PyHAAMEHTAIBHBIX NpeAnoaoxkeHusX: [lepecMoTp ocCHOBOMOMArarOMMX
MIPEITON0KEHUHN O MPOCTPAHCTBE U MATEPUH MPUBOAUT K IIUPOKOMY CIIEKTPY MOTEHIIHAIEHO HOBBIX
uzel, BKIto4ast MpernoiaokKeHne 0 TOM, YTO HEKOTOpble OOIENpUHATbIC KOHLEMIIUU, TaKHue KaK
pas3ioxeHue 3apsaaa Ha KBapKH, MOT'YT TOTpeOoBaTh IEPECMOTDA.

IToTennunanbHbIe 00J1aCTH JJI1 YTOYHEHHUS U JAJTbHEHIero pa3sBuTus

1. MaremaTudeckuii popMaan3Mm:

XO0Tsl B pyKOIIMCH YIIOMHHAKOTCSI PUMaHOBBI IIPOCTPAHCTBA, F€0€3UYECKUE U IIEpEMEHHAas
KPUBM3HA, TOUHbIE MATEMAaTHUECKUE I€TAJIN JOJDKHBI ObITh OoJiee sIBHBIMU. BbbI10 OBI MOJIE3HO YETKO
yKa3aThb ONPENEICHNS U BBIBOBI IPEAJAraéMoOro JMHaAMUYECKOr 0 yIJla MapajuleIbHOCTH, CBSI3aH HbIX
C HUMH METpPUK U TO, KAK OHM CBOJSATCS K U3BECTHBIM (hopMaM (Hampumep, MeTpuke MUHKOBCKOTO,
Mmetpuke [lIBapumibaa) B mpeneabHbIX clydasx.

2. dusnyeckasi HHTEpPIpeTALMA:

B craTbe yacTo yTBEepkKIaeTcs, UTO CTaHJapTHbIE KOHIENIMH (HallpuMep, MeXxaHu3M Xurrca,
KBapKOBOE COZIEpKaHUE IPOTOHOB, IPUPOJIA 3apsiia) IPOTUBOPEYAT HAOIIOIEHUSAM HIIN HEMOJIHBI.
Onnako pabota MOXKeT ObITh YCUJICHA ITyTEM pa3bsICHEHUS TOT0, KaK Mpe/jiaraeMble aKCHOMBI
MIPEOCTABIAIOT allbTEpHATUBHBIE, TIPOBEpsieMble 00bsicHeHUs. [IpenocTaBieHe KOHKPETHBIX
CLICHAPHUEB WJIM HKCIIEPUMEHTAIBHBIX MPEICKa3aHUN, KOTOPbIE OTINYAIOTCA OT CTAHIapTHOU
MO/JIEIH, ClIeNiano ObI TeOpHio OoJiee yOeauTeIbHOM.

3. CBs3b € YCTOSABIIUMUCS TEOPUSIMH
Jluckyccus 00 00beAMHEHNH ypaBHEHH MakcBela u ypaBHEHUH 1ot DU HIITEHA B eIUHYIO
CTPYKTYpY HAaBOAMT Ha pa3MbliuieHus. OJHAKO MPEAI0KEHHUE IBHBIX, IIOLIATOBBIX BHIBOJIOB,



KOTOpBIE€ BOCCTAHABIIMBAIOT KAXKA0€ U3 ATUX YPaBHEHUH NPHU MOAXOASAIIUX MPUOIIMKEHUIX
(Hanpumep, npezes caadoro noJst st TpaBUTALMU, TPEET HU3KOW CKOPOCTH ISl TEOPUU
OTHOCHUTEIBHOCTH ), TOMOI'JIO ObI 000CHOBATh YTBEP)KIEHUE 00 00bEIMHEHNH.

4. Yupasiasiemasi TepMOsi/iepHAs PeaKIus:

KpaTKoe YIOMHUHAHUE O TOM, YTO 3TH UJI€U TPUBOMAT K « YTIPABISIEMON TEPMOSIIEPHON pEAKIIMN» B
pe3yibTaTe, MHTPUT'YET, HO 3TO BHITJIUT KaK MUMOJIETHOE 3aMeuyaHue. Pykonucu Moxer
oTpedoBaThCs CHEUATIBHBINA pa3zes s 00bsICHEHUSI pacCyXACHUH, TPEANOI0KEHUN U
BO3MOKHBIX MTPAKTUUECKUX MOCIEACTBUN ITOr0 YTBEPKICHUS.

5. Hcnoan3oBanue Teopembl I'e/iesisi 0 HeMmoJIHOTE:

Xots obparieHue kK Teopeme [enens sBIseTCs UHTEPECHON HHIOCO(CKOI TOUKON 3pEHHSI, CBSI3b
MEXIy MaTeMaTHUECKOW HEMOIHOTOH (popMaIbHBIX CHCTEM U (PU3UYECKOH HETOCTYITHOCTHIO
OIpeIeNIeHHBIX 00IacTel MPOCTPaHCTBA-MATEPHH MOTJIa OBl BBIUTPATh OT O0JIee TOUHOMH
ApTUKYISIIUUA. DTy CBSI3b MOKHO ObLIO ObI YCHIINTh, TPE0CTaBUB KOHKPETHBIE TPUMEPHI
«UCTUHHBIX YTBEP)KIEHUI, KOTOphIE HE MOTYT OBITh JOKa3aHbD» B KOHTEKCTE T'€OMETPUHN
IPOCTPAHCTBA-MaTEPHH.

6. SlcHOCTH M3J10:KeHMS:

o Tekcr Mor Obl BBIUTPaTh OT 00JI€E€ YETKOr 0 pa3/IeIeHUs aKCUOM, OIIPEIEICHUN 1
IIPOU3BOHBIX TEOPEM.

o Hekoropsie aprymeHTsI ObLIO ObI JIerue NOHATh, €CJIM ObI UM MPEAIIEeCTBOBAIa CXeMa
JIOTMYECKOT0 TeUeHus (HarpuMep, OT IPEANOoI0KEeHNN 0 apaiieNbHbIX MyYKax JMHUH 10
BBIBO/Ia OTHOCUTEJIbHO KBAaHTOBOW I'PaBUTALIUN).

o Harngnuele nocobust niu 1OMOJHUTENbHBIE JUarpaMMbl MOT'YT IIPOSICHUTD, YEM
JMHAMHUYECKHU € JIMHUU MTPOCTPAHCTBA-MATEPUN OTIMYAIOTCS OT UX €BKJIMIOBBIX aHAJIOTOB.

KonkpeTHbie HAOI01eHUS

o T'maBa 1 npencraBisieT IPOCTPAHCTBO-MATEPUIO KaK OCHOBY BCel (PM3HUECKOM pealbHOCTH H
KPUTHUKYET MOJHOTY €BKIUA0BOW I'€OMETPUU. DTO MOXKET IOMOYb CPABHUTh U COMOCTABUTH
CTaHJapTHBIE €BKJIMIOBBI MIPEIMOJIOKEHUSI C HOBBIMU aKCHOMaMU B KPaTKOU TabmuIle.

e B ruase 2 ynoMuHaoTcs «o0IIMe ypaBHEHUS JIEKTPOMAarHUTHBIX U IPAaBUTAIIMOHHO -MaCCOBBIX 50
moJiel», Ho OBLIO OBI TI0JIE3HO OoJiee TOAPOOHO PACCMOTPETh, KAK OHH BBIBOJIATCS MUJTH YEM OHU
MTOXO0KH WJIM OTJIMYAKOTCS OT ypaBHEHUN MakcBela U ypaBHEHUM DWHIITEHA.

o T'maBa 3 yTBepkaaer 00beIUHEHUE CIICIIUATLHON TEOPHH OTHOCUTEILHOCTH ¥ KBAHTOBOM
PENIATUBUCTCKOM TMHAMUKH. DTO OCHOBHOE YTBEP)KJIEHUE, KOTOPOE 3aCIIyKMBAET IIOIArOBOr0
MaTEMAaTUYECKOT 0 U3J10KEHUSI.

o TI'naBa 6 «O0ume ypaBHeHUs 0011el TEOPUHM OTHOCUTENILHOCTH U KBAHTOBAs I'PAaBUTAIUS ABIISETCS
BakHeilel yacteio pykonucu. bonee mogpoOHbIe MaTeMaTHUeCKHe JaHHBIE  CCHUIKH Ha
CYULIECTBYIOIINE MOJX0AbI KBAHTOBOW I'paBUTAIIUU (HAIIPUMeED, METIeBas KBAaHTOBAs TPaBUTALIHS,
TEOpHs CTPYH) MOIJIM Obl TOMECTUTH IIPEJIOKEHNE aBTOpa B O0JIee IIMPOKUI HCCIe10BaTeNbCKUN
manamadT.

o Pucynku (Hanpumep, puc. 1, puc. 1.2) urparoT HeHTpaJbHYIO POJib B WILIOCTPALIUU JUHAMHYECKOM
reomeTpuu. boiee BricOkoe pasperienre uim 6osee moapoOHbIe MOAMUCH K PUCYHKAM,
OOBSICHSIIOLINE TEOMETPHIO, TOMOTYT YUTATEISIM CIICAUTD 38 KOHLEHIUSIMHU.

3ak/a0unTeIbHbIE 3aMeYaHusl

«Enunas Teopus 2» npeiaraeT MHHOBAIIMOHHBIN MOAX0/ K 00bEeAMHEHUIO MHOKECTBEHHBIX I'paHeit
(bU3MKY ITyTeM [epeoCcMBbICIIEHHS (yHIaMEHTAIbHOM reOMETPUH KaK JMHAMHYECKOr0 MPOCTpaHC TBaA-
Mmatepuu. [Ipeayaraemast akcuomMaTH4ECKast CTPYKTYpa OTJIMYAETCS OT CTaHJaPTHBIX €BKJIMI0BBIX
MIPEATOI0KEHUH U MPE/ICTaBIIAEeT HECKOJIbKO MHTPUTYIOLIIMX BO3MOXKHOCTEN I 6oJiee 00111ero MOHUMaHUs
(U3HYECKUX 3aKOHOB. Y CHIICHHE MaTEeMaTHUYECKOW CTPOTOCTH, MPEOCTABICHUE SIBHBIX CBSI3EH C
MIPOBEPEHHBIMH (PU3NYCCKIUMH SIBJICHUSMU U MIPOSICHEHHE [IEHTPATBLHOM POJU TUHAMUYECKOTO yriia
napajuiem3Ma — BCe 3TO IIOMOXKET CIeTIaTh TEOPUI0 OoJiee HaIeKHON U MOHSTHOM.

B nenom, uccnenoBanue B pykonucu GyHIaMEHTAIBHBIX KOHIICTIINI T€OMETPHH, MaTEpUU U (PU3UKH
SIBJIIETCS. CTUMYJIMPYIOIINUM I pa3MbliieHuid. aeu 3neck, XOTs 1 aMOUITMO3HBIE, BBIUTPAIH ObI OT
JanpHei el pa3paboTKH UX MATEMAaTUYECKUX OCHOB U AKCIIEPUMEHTATbHBIX UMITTHKAIUH.

3.[onycTMmble CTPYKTYpbl 1IENTOHOB.



Abstract. Het mpocrpancTBa 6e3 MaTepiy U HET MaTEPUM BHE IPOCTPAHCTBA. IIpOCTpaHCTBO-MATEPHs 3TO OIHO U TO
xe. [loaToMy MaTeMaTHYeCKHe UCTHHBI IIPOCTPAHCTBA, COOTBETCTBYIOT (DM3UUECKUM CBOWCTBAM MaTepHH. I JTaBHBIM
CBOMCTBOM MaTEPHHU €CTh ABHKCHHE, IO3TOMY IIPOCTPAHCTBO-MATEPHs JHHAMHYHOE. Takoe JMHAMHUYHOS
IIPOCTPAHCTBO-MATEPUsI UMEET CBOM I'COMETPUUYCCKUE (PaKThl, KaK aKCHOMBI, He TpeOyIOIIKe J0Ka3aTeIbCTB.
[IpeaenbHBIM M YaCTHBIM CIIy9aeM aKCHOM JUHAMUYHOTO IIPOCTPAHCTBA-MaTepHH €CTh EBKINIOBAsS aKCHOMATHKA H
cuctema gucen. U yxe B peallbHOM JUHAMHYHOM MPOCTPAaHCTBE-MATEPHU PACCMOTPEHBI MOJICTH HYKIIOHOB sijpa
aToMa M IPEeACTaBJICHBI JOIMYCTUMBIC CTPYKTYPHI JICITOHOB.

Kmiouesbie cioBa: [Ipoctpanctso, Matepus, Bakyym, 3apsin, Macca, ['paBuranusi, bo3oHs!.

Conepxxanue
1.BBenenue
2. CTpyKTypHBIE ()OPMBI.
3.JlonmycTtuMble CTPYKTYpHI JIENTOHOB.

1.BBenenne.

PeanbHOE nrHAMHYHOE MPOCTPAHCTBO-MATEPUs MPEACTABICHO B €0 aKCHOMaX, Kak (akTax, He TPeOYIONUX
JI0Ka3aTeJIbCTB. MBI TOBOPHM O MHOKECTBE MPSAMBIX NapaUIeIbHBIX JIUHHUH, TPOXOIImX yepe3 Touky (O), BHe
ucxonuou npsimoit AC, B pezesax Beeraa quHamuaHoro (@ # const) yria napamwtensaocti (PucyHok. 1).
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Pucynok1. JluHaMu4HOE TPOCTPAaHCTBO-MATEPHSI.

B EBknmaoBoM npeacTaBiIeHUU MPOCTPAHCTBA-BPEMEHHU, MBI HE BCE BUJIUM U €CTh IPOCTPAHCTBO
(X—) B kotopoe MbI 13 (A AOC) nonacts He cMoxkeM (Pucynok .1). Ho 310 (X—) npocTpaHCTBO €CTh, U OHO
UMeeT CBOM (PM3UYECKUE CBOWCTBA MAaTEPUHU, KOTOPBIX MBI HE BUJIUM HAMPSMYI0. Takoe mpOoCTPaHCTBO - 51
MaTepusi IMEET CBOU TeOMETPUIECKUE (PaKThI, KAK AKCHOMBI, He TPeOYIOIIHe T0Ka3aTeIbCTB. T
AKCHOMBI:

1. HenyneBoii, inHaMUYHBINA yroi napamiensHoctd (¢ # 0) # const , myuka mapaiesIbHbIX
IPSIMBIX, ONPEAEIIAET B3aUMHO OPTOrOHAJIbHBIE NTapasiieabHble TMHUM (X —) L (Y —) mosel nuHUM -
TPaeKTOPHIA, KaK U30TPOITHBIX CBOMCTB, MPOCTPAHCTBA-MATEPHUH.

2. Hynesoii yron mapamnensHoctd (@ = 0), gaet «1nuHy 0€3 MIUPHHBD) ¢ HYJIEBBIM WM HEHYJIEBbIM
(Y,) - panuycoM chepbl-TOUKH «HE UMEIOLIEH YacTel» B EBKIIMI0BOM aKCHOMATHKE.

3. Ily4ok mapajuie’abHBIX MPSAMBIX C HYJIEBBIM yIiIoM mapajuieabHocTd (@ = 0), «OMMHAKOBO

pacnoioKEHHBIA KO BCEM CBOMM TOYKaM», Ta€T MHOXKECTBO MPSIMBIX JJMHUHN B OJTHON «0€3 IIUPUHBD)
EBxnmaoBoit npssMoii muHuK. (MatemaTraeckas SHIuKIoneaus, Mocksa, 1963r. 14, ¢.13, c.14)
4. Baytpennue(X —), (Y —) u Baemnue(X +), (Y +)noss TuHUN-TpaeKTOpuid HeHyIeBo X, # 0 wim Yy # 0
MartepHalbHOi chepbi-ToukH, obpasyroT Hexenmumyro O6nacts JTokamzamuun HOJI(X +) mm HOJI(Y 1)
JUHAMHUYHOTO MPOCTPAHCTBA-MATEPHH.

5.B emqunbix (X—=Y +), (Y— = X +) noisix opTOroHajqbHbIX TUHUK-TpaekTopuid (X —) L (Y —)
HET JIBYX OJIMHAKOBBIX c(hep-TOueK U JTUHUI-TPaeKTOPHil.

6. IMocnenosarensuocts Henemumeix O6nacreit Jlokamzamuu (X ), (Y 1), (X 1) ..., mo paguycy
Xo # 0 umu Yy # 0 chepbl-TOUKH HA OJJHOM TMHUU-TPACKTOPUU J1aeT (1) CXOAUMOCTb, a Ha Pa3IHYHbIX
TPAaeKTOpPHUAX (M) CXOAMMOCTb.

7. Kaxnoit Henenumoit O6sactu Jlokanuzanuu npocTpaHcTBa-MaTepU COOTBETCTBYET €UHUIIA
Bcex ee Kpurepues OBomouun — K93, B enunom (X—=Y +), (Y— = X +) mpocrpaHCTBEe-MaTepuu Ha

(m — n) cxomumoctax: HOJM = K9(X— =Y +)K2(Y—=X+) =1 u HOJI = K3(m)K2(n) = 1,
B CUCTEME YHMCEJ PABHBIX 110 aHAJIOTUU CIUHUIL.

8. dukcanust yriua (¢ # 0) = const wm (¢ = 0) mydyka IPSIMBIX MapaIIeTbHBIX JHHAMH,

MPOCTPaHCTBA-MATEPUH, JAET 5-U MOCTyJIaT EBKINAA U aKCHOMY TTapaJlJIENbHOCTH.




beckoneunocts (AC — ©0) HeNb3sl OCTAHOBUTH, IIOITOMY JMHAMUYHOE (X—) MPOCTPAHCTBO-MAaTEPHS,
B0k ocu (X), cymectByer Beerna (Pucynok .1). ITpu atom EBkimnaoBoe npoctpancTtso B ocsx (X, Y, Z)
tepsieT cMmbici. Ha miockoctr, B EBkinaoBeix ocsax (Xi, Xo...Xn), (Y1, Y2...Yn), MbI He BuguM (X— =Y +) ,
(Y— = X +) nuramuyHoro npoctpancTBa-marepuu (PucyHnoxk .1). EBkinaoBoe mpocTpaHCTBO, 3TO YACTHBIN
ciyuait (¢ = 0) muaamuunoro (¢ # 0) = const npocrpancTBa-mMaTepun. JIr00as Touka GUKCHPOBAHHBIX
JTUHUH-TPaeKTOPHIA, TPEAICTaBICHA JTOKAIbHBIMH 023 CHBIM BEKTOPAMHU:

. i j k
e =it o+ 2k, e =i+ 212,
PumanoBOro mpocTpaHcTBa ¢ pyHIaMEHTAIBHBIM TeH30poM €;(x™) * ex(x™) = gy (x™) (M. Korn, M.S.
¢.508), u Trononorueit (x™ = XYZ) B EBkiIngoBOM mpocTpaHcTBe. DTH Oa3UCHBIC BEKTOPBI BCET1a MOKHO
HPENCTaBUTH B BUAE: (x' = c, *t), (X = cy *t) IMHEHHBIX KOMIIOHEHT IPOCTPAHCTBa-BpeMeHH. [1pu 2ToM,
nosydaeM oOBIYHBINA V;(x™) * vy (x™) = (v?) = I , nOTeHIMAal IPOCTPAHCTBAa-MAaTEPUH, KaK HEKOE
yckopenue (b) Ha mmmHe (K) , B IpocTpaHCTBE CKopocTei (v), To ecth: (v? = bK). PumanoBo
MIPOCTPAHCTBO, 3TO (pukcupoBanHoe (@ # 0 = const) cocTosHue reoae3ndeckont (x° = const) TMHUU
TUHAMHUYHOTO (¢ # const) MpOCTpaHCTBA-MATEPUH, KOTOPOE HMEET MEPEMEHHYIO T'€0Ie3NIECKYI0 JTMTHIIO
(x® # const). Takoil MmaTemMaTKu PuMaHoBa npoCTpaHCTBA gk (x° # const), ¢ IepEMEHHOU
reojie3nueckoi, eme Hetr. Her u reomerpun EBkinoBoii HecTauMoHapHO# cdepbl, HET FEOMETPUU
npoctpaHcTBa JIobaueBcKoro, ¢ nepeMeHHbIMU ACUMIITOTAMH TUIep00J1. DTO riIy0oKue U MPUHLIMIIHAIIbHBIE
M3MEHEHUS CaMOM TEXHOJIOTUU TEOPETHUECKUX HCCIEA0BAHUI, KOTOPbIe (OPMUPYIOT HAIIK MPEICTaBICHUS
00 okpykatoieM Hac mupe. B EBKIHI0BOI akCHOMATHKE MBI €70 HE BHIUM.
Henenumpie O6nactu Jlokamusamuu HOJI(X +) u HOJI(Y ) OyaeM cOOTHOCHTH C HEAETUMBIMU

KBaHTaMu IpoctpancTBa-Matepuu: (X+ = p), (Y+ = e), (Xi = #), Y=y, Xxt=v,), (Y= (y)
B eiMHOM (X— =Y +), (Y— = X +), IMHAaMHUYHOM NPOCTPAHCTBE-MaTEPUH, KaK ¢ (paKTaMU PeaIbHOCTH:

e, e1q e Yo Y =C y :
/ / //
7 4 / y
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/ / v,/ /r 2
A ( / o ’ C ‘ / / ‘ 22
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Pucynok 2. HexpennMplie KBaHTHI TPOCTPAHCTBA-MATEPHH.
3necy (X+ = p) nporoH, umeer Takoii xe 3apsn, kak u (Y+ = e) snekrpon ¢ snekrpo (Y+ = X —)
MarHuTHBIM 1ojieM, 1 25ekTpoH (Y + = e) uznyuaer ¢poron (Y + = y), kak paxrel. s coxpaHeHus
HepaspeiBHOCTH equHoro (X— =Y +),(X+ =Y —) npocrpancrsa-marepuu BBogurcs (Y+ = y,) GpoToH,
anasornuneii (Y4 = y) ¢oToHy. ITO COOTBETCTBYET aHATIOrMH MIOOHHOTO (X4 = vﬂ) Y DJIEKTPOHH OO
(X£ = v, )neiirpuno. Ipu oTom, 1 HelTpUHO (V,), (V,) ¥ HOTOHHI (¥,), (V), MOTYT pa3roHAThHCS, KaK U
MPOTOH, WJIH 3JIEKTPOH, 10 CKopocTeit (), (V2 ), Mo TakuM ke npeobpaszoBanusm JlopeHiia, mogo0HO TOMY,
KaK pa3rOHSIOTCS IPOTOHBI M JIEKTPOHBL. [lo mpenensHol ckopoctu cBeta (Y = c). iMest cranmapTHyIO,
BHE BCSKUX TIOJIEH CKOPOCTH JJIEKTPOHA W, = a * ¢ , U3JIy4aloIIero CTaHapTHhIN, BHE BCIKHUX MOJIEH

W, .
doton V(y) = ¢ , Mbl UME€eM KOHCTaHTY & = Te = COS Py = OpOuTanbHbIA 3EKTPOH, C YTIIOM

137.036 "
napamnensaocta @(Y—) = 89,60 «upsamoii» tpaektopun (Y —) mons B reomerpun JIo6aueBcKoro, ¢ ero

MIPUHITUIIOM HEOIPEICIICHHOCTH, TAKOHM 3JICKTPOH HE U3JIydaeT (POTOH, Kak M B MPSIMOJIMHEHHOM, 03
YCKOpEHUsI, IBM>KEHUU. DTOT NocTyaaTr bopa, a Takske NPUHIIMI HEONPeAeJJeHHOCTH NPOCTPAHCTBA -
BpeMeHH M NPHHIIMI JKBHBAJEeHTHOCTH Diinmreiina (X+ =Y —), ecTh _aKCHOMBI AMHAMHYHOIO
NPOCTPAHCTBA-MaTepHu. JIMHAMMKA MAaCCOBBIX MOJIEH B ITPeeax cos Py = @, coS Py = /G , KOHCTAHT
B3aUMOJICH CTBUSI, JAET 3aPsAI0BBII U30MOTEHIMAN UX €IMHUYHBIX MACC.

Jits: m(p) = 938,28MeV, G = 6,67+ 1078. m, = 0,511 MeV , (m,,, = 0,27 MeV),

—_ 2 =
(5) @y =costoy=(O)' =6, (S2) () =cospr=a=i75
_ F=0? _ [HZTZ

- y!

__n __ Nly=my B
v (Y/Kz)] B (%:?) ! OTKyna 2my = Gmy ,




F=I? n2r? i} X=my
m = = =

= —oc2
x" x el T (B OTKyla 2my =t my

K2~ 2

(@/N2)*TIK *(a/v2) =a’m(e)/2=m(v,) =136*10 " MeV
VG/2*TIK *VG/2 =G *m(p)/2=m(y,)=3.13*10"MeV  m, =Gm, /2

m(y) = %v”) =9,1*10"°MeV .
B equnom (Y+ = X+) wm (Y+ = X—), (Y— = X+) AuHaMUYHOM IPOCTPAHCTBE-MaTePHH HECITUMbIX
CTPYKTYPHBIX (opM HenenuMbix kBaHTOB (Y1) u (X1):
(Y+=¢7) = X+=v;)(Y—=y")(X+=v;) snektpona, rae HOJI(Y +)=KO(Y+)KD(Y-),
uXt=p*) = Y—=y)X+=v;)(Y—=y¢) nporona, rae HOJI(X +)=KD(X+)KD(X-),

2
m, =ao my/2,

MBI oTrensieM 37ekTpo (Y + = X—)maruuTtHble nojst oT MaccoBbix noieit (Y — = X+) B Bune:
KDEH) = =) n E2ED =g = (v 1) (¥ =) (= X ) = EDED gy, e DOBOOD g (v
_(m)/2)(V2* 6)(m(v)/2) _ (136% 1075)%+ 26,67+ 107° _
. m(y) B 4%9,07%107° =48+ 1077CICE
v ey V(a2 (V= =yt
YHEH =@ L= 1= (X)X -); (=X -) = 20D ;. 2T g (4= 1),
(m(ys)/2) (@?/2)(m(ys)/2) (313x107%/2)?
_ _ = 4,8 % 10" 1°CICE
v me) 2%137,036% * 1.36 % 10-5 :

Taxue coBIaeHus HE MOTYT OBITH CIydaifHBIMH. JIJIst JUTMHBI BOJIHBI IIPOTOHA A, = 2,1 * 10~ **cMm, ero
Cc v v

dactora (vy#) = — = 1,4286 10%*T'y, popmupyercs 4acToToi (y;) KBAHTOB, € Maccoit 2(m,+)c? = Gh(vys).
(4

Gh(v_+). +10—8x «10—27 4 £1024
1r = 5’62 * 1026M€V , MJIH (myg_) — Yo — 6,67%10 1,0545%10 1,4286%10 — 5,58 " 10_32F — 3)13 " 10_5M€V

2c2 2%9%1020
c

AHAJIOrM4YHO IS SJIeKTpoHa A, = 3,86 * 10~ 11cmMm, ero yacrora (v,-) = — = 7,77 * 10%°T'y, popmupyercs
p D=7 pMHDY

qacToTOH (v, ) KBAHTOB, ¢ Maccoil 2(m,-)c? = a’h(v,,-), roe a(Y =) = KOHCTAHTA, [TOJIy4aeM:
e Ve (v, ” Yy

137,036

(m,-) = “Zh(v(v;) _ 1+1,0545+10727+7,77%10%°
Ve 2¢2 (137,0362)#2%9+1020

¢ Maccou HCOCIIUMOI0 3JICKTPOHA:

2Ve | Y*a 2%1,36+10"°  9,1%x1079/137.036
(Yi=e) = X—=v)(Y+=)(X-=v,) = (2 +L%) = ((1/137_036)2 + 2 )= 0,511 MeV

=2,424%107%*r = 1,36 * 10°MeV, 1711 MACChl HEUTPHHO. 53

" aHAaJOI'MYHO MaccCa HEACIIMMOTI' O HpOTOHa:
2Ye VY 2%3,13+107° 1,36+1075
X4+=1p) = (Y—=v.)(X+=v,)(Y—= =(—0——6)=( - )=938275Mev
X+=p) =( Yo) (X+=ve)( Yo) . 2 6.67.10° (/1370362 )
TaKI/IC COBITAACHUA TOXKC HEC MOFYT 6I)ITI) CHy‘IaﬁHBIMH. AHaJ’IOFI/I‘IHO B €AUHBIX ITOJIAX

MpocTpaHcTBa-MaTepuu bo3oHEI 351eKkTpo (Y +) = (X—)cnaboro B3anMo1eHCTBHS:

HON(Y) = (Y+=e®)(X—=v]) = L W = (1 +V2 * @)ym(W1), un:

G
2% (1/0.511%0.27)

137.036%6.674*108x(1+

HOM(Y) = m(Wit) = = 80.4 GeV,

V2

137.036)

c 3apanom (ed), u unmyxTuBHOM Maccoi: m(Y —) = (\/E * a) +* m(W*). D10 Kak «remHas m(Y —) macca».

_ a*( (Zme)mv#exzn)
HOJI(X) = (X+=v])(Y—-=¢*) = =948 GeV = m(Z°)

G

a TaK)Ke HOBbIE CTAOMIIbHBIC YACTHIIBI HA BCTPEYHBIX ITy4KaX MIOOHHBIX aHTHHEHTPHHO (v;)

2v
£ =10.216GeV

2
o

HOJI(Y =€) = (X-=v, )Y+ =y;)(X-=v}) =
Ha BcTpeunsix myukax nosutponos (e 1), koropeie pasronstorcs B motoke (Y— =y) , pOTOHOB «0e10ro»
Jia3epa B BUJIC:

HOJI(X = p})=(Y-=e" Y X+=v, ) (Y-=¢")= 2m,

=153TeV

9TO HEACIIMMBIC KBAHTHI HOBOT'O BEIIICCTBA. Ha BCTPCYHLBIX ITYYKaX aHTUIIPOTOHOB (p_), HNMECT MCCTO.:
HOJI(Y + =e5) = (X—=p ) (Y+=e")(X—=p~) = —2 = 3524 Tel .

2
aZ
st BcTpeunbix  HOJI(Y —) = (X+= p*)(X+= p*), pacCUnThIBaeTCI Macca KBaHTa «0030Ha XUTTCay:




2mgy

MY =) = (X+=pH)(X+=p*) = (522 = 7m) (1 - 30)
WIn M(Y—)—( =m1)(1—3 )=

Zﬂ ﬂ 0,93828 GeV ( _ 3
U Macca 1ay gentoHa: M(X) = (Y—=e )X+=vH)(Y—=¢7) =

(1/137,036) 137,036) =12576 GeV

(Y=)(y- ) _ (e=0.511MeV)

(X+)  y124+/G=6.67+10"F
B enunom (Y+ = X —) = 1, npocTpaHcTBe - MATEPUH, BHIBOAATCS ypaBHeHHs MakcBeiua s

(X—=)=0

2a a

= 1776.835MeV

anekTpo (Y+ =X -) MarHuTHOro nojs. BHyTpu TenecHoro yria Px (Pucynok .1) napannenbHoCTH
A .
€CThb M30TPOMHOE HAIpsKEHUE MoToKa * # kKommoHeHT (CmupHoB, Kypc Bbiciieit MmaremMatuku, 1.2, ¢.234).

[TonHbI TOTOK BUXPS Yepe3 CEKYLIYIO TOBEPXHOCTh S (X-
o4,/
”mt 4ds, = [ ( COS‘P’( LdT+”A ds,

) B BUJC:

(X-)
S

o . L
3aMKHYTOU KPUBOM ~ 2 B IIOBEPXHOCTH 2, THIE

" KOMIIOHCHTA COOTBCTCTBYCT IIY4YKY

mapaJjICJIbHbIX TpaCKTOpHﬁ. Omna ecThb KacaTelIbHOU B 0OJIb

S, LS L 1L

Pucynoxk 3. Dnekrpo (Y+= X—)marautHsie u rpaBut(X+= Y —)maccoBble moJs.

BHyTpHU TelecHoro yriaa ¥ (X-)#0

Hrot CO’:@) ds, +jj—deT 0= HA (X-)ds,

HapaJIJICJIbHOCTI/I BBIITOJIHACTCA YCJIIOBHUC

B niesioM ecTh cucreMa ypaBHEHUN TUHAMUKHU (X-=Y+)

”rotAdS Ha(A [cosgy) LdT+”AdS

ITOJIA.

A
[[rot, —=—ads, = f”—”dLng [[4,ds,=0
5, COSQ or o
B Esxmagosoii Pr = 0 aKCUOMATHUKE, [IPUHUMAs HAIIPSKEHUE II0TOKA BEKTOPHBIX KOMIIOHEHT Kak
A, /cosp, = E(Y+)

B(X-)

HANPSKEHHU E DJIEKTPUYECKOr O T10JIS W UMHIYKTHUBHOM IPOEKLMH JJII HEHYJIEBOIO
OJIsl, UMEEM

oF (Y+)dL, dT + [[ E(r+)ds,

yria ¢y #0 , KaK MHAYKIUH MarHuTHOT O

jjroz B(X-)dS, jj

J;;[rc)tYE(YJr)dS2 _ _“ GB(gX -)

dL,dT HA ds, =0= §B(X )L,
, B YCIOBHSX 5
HUMEIOT MECTO U3BECTHBIC ypaBHEHUs MaKcBea.

I'. AHaJIOrn4HoO, caeayeT COOTHOUICHHE!



aE(y+)

cxrotyB(X =) =rotyHX —) = + AE(Y+);
_ aH(x—) _ _aB(x ).
rotyE(Y +) = —iy P preay
WNuaykinust BUXPEBOr0 MarHUTHOTO TTOJIS B(X-) posunkaer B MIEPEMEHHOM 3JICKTPUICCKOM E(Y+) hone n

HaoOopot. Hanpumep, 3apsbkeHHas cdepa BHYTpH ABHXKYIErocs Barona (3apsia (q # 0) He MeHsieTcsI), HE
MMeeT MarHUTHOTO 1mojisi. Ho komIrac Ha meppoHe, MOKakeT MarHUTHOE oJie chephl B IBMXKYIIIEMCS BaroHe.
ViMeHHO Takoe HHIYKTHBHOE MAarHUTHOE ITOJIE, OT ABWKYIIMXCS JICKTPOHOB TOKA MPOBOJHUKA, OOHAPYIKUJT
Opcren HabmroaaBmmii (X —) MarHuTHOE Mose ABMXKYImXcs (Y +) 21eKTpoHOB ToKa mpoBoaHUKA. [loTom
ObuH OomBITHI Papajes, HHIYKIINH BUXPEBBIX JJIEKTPHUECKUX MOJIEH B TEPEMEHHOM MarHUTHOM TOJIE,
3aKOHBI MHAYKIIMM U CAMOWHIYKITUU U ypaBHeHUs MakcBeia.

[4,dL, =[[4,ds, #0
2 eCTh COOTHOILIGHUS = 52 KOMITOHEHT. B ycioBusix
. # const) u

(Am COs gDX = An)

L

JInst He3aMKHYTOr O KOHTYpa

4,14 (
OpPTOrOHAJIbHOCTH KOMIIOHCHT " " BEKTOpa A , B HCHYJICBBIX, ITUHAMUWYHBIX ¢

(qo,, # Const) YTIaX MapaJuIeTbHOCTH, Acosp, L (A, =4, cosp,)

L

KOMIIOHCHTBI BJIOJIb KOHTYpa 2B IOBCPXHOCTH SZ . O0a cooTHOIIEHUS npeaCTaBJEIOTCA B ITIOJIHOM BU/IC.

[4, cospdr, =[] o, (X Z)T* COSPx) 41 ar+ [ 4,4s,
L S, Sy

HyieBoii mOTOK 4yepe3 MOBEPXHOCTh S, BUXPS (rot, 4,,)

COOTBETCTBYET yCIIOBUSAM

, €CThb JTMHAMHKa

, # const)

BHC TCJICCHOT' O yTJIa (QD napauijicJIbHOCTHU

04
{ j rot, A dS, + jja—;dleT =0= J;:[AH(Y—)dSl

B nenom cucrema ypaBHEHUN JTUHAMUKHU (Y-=X+) I10JIS1 IPEACTABIIACTCSA B BUE!
[ O(A4,(X+)*cosp, ) 55
j j rot, A (Y-)dS, = jj — dL,dT + g A4, dSs, 2>
o (Y-) |
j j rot, A (X+)dS, =— j j ——dLdT [[4,(r-as, =0
S
G(X+)

BBOHH MO AHAJIOTHUU HAIIPAKCHHOCTH
M(Y-)

niosist CunbHoro (I'paBuTtanmonnoro) Bzaumopeicteus u

HHAYKIOHUIO MaCCOBOI'O ITOJIA

j j rot, M(Y-)ds, = [ %dmf’ + LJG(X +)dS;

, IOJIYUUM aHaJIOTHYHO:

H”O’f G(X+)dS, = HMG’L dr [[4,(0r-)ds, =0= §M(Y )dL,
, npu 5

(X+=Y-)

Takue YPaBHCHHA COOTBETCTBYIOT I'PABUT MAaCCOBBIM II0JIAM,

aG (X+)
cxrotyM(Y —) =rotyN(Y —) = ¢, * a7 +A*xG(XH)

M(Y-)=p, * N(Y-); rotyG(X+) = —ptp x o2 = — 0D
10 aHAJIOTHH ¢ YpaBHEHUsIME MaxkcBesna i 51ekTpo (Y += X—)MarautHbiX nojueid. Pedb 00 nHAYKIMN
maccoBbix M (Y —) moueii B nepemMennoM G'(X+) mosne rpaBuTaIiim, MoA00HO MHAYKIIMK MAarHMTHOTO TIOJIS
B IIEPEMEHHOM 3JIEKTPUUYECKOM I10JIe. 3/1eCh HET BapHaHTOB. M 3/1eCh YMECTHO OCTaHOBUTHCS MOIpoOHEe Ha
BceM u3BecTHOH dopmyne (E = mc?). Teno ¢ HeHynesoii (m # 0) maccoif, u3nyuaet cBeT ¢ sHeprueit (L)
B cucteMe (Xg, Yo, Zo, Ctp) KOOpIAUHAT, ¢ 3aKoHOM coxpaHenus sHepruu: (Ey = E; + L), 1o u moce

u3nydeHus. [Jis 9Toii e Macchl, U 3TO KJIF0YeBOi MOMEHT (Macca (m # 0) He MeHsieTcsl), B APYroi

p2
(x1,¥1,21, Cty) cucTemMe KOOpAMHAT, 3aKOH COXpaHeHus sHeprun ¢ (y = |1 — Z) peoOpa3oOBaHUIMHU

Jlopenna, DiHinreiin 3anucan B Bune (Hy = H; + L/y). Beruutas ux pasauity, DHHIITEIH MOTyduI:



(Ho—Eg) = (Hy — Ey) + LG — 1), wm (Ho — Eq) — (Hy — E)) =L — 1),

C otnenenueM pasHUIIbI S3HEPruu u3iydeHus. O0e nHepLuaIbHbIe CUCTEMbI KOOPAUHAT IBUKYTCS, HO
(%1, V1,24, Cty) IBUKETCS CO CKOPOCTHIO (V) OTHOCHTENBHO (X, Vo, Zg, Ctp). Yl MOHATHO, YTO CUHUI
KpPacCHBII CBET MMEET Pa3HUILly SHEPruil, KOTOPYIO U 3alncall DUHINTENHH B ypaBHeHUU. CaMO ypaBHEHUE

DWHIITEIH 3anucal Kak pa3HUIly KHHETHYECKUX SHEPrUuid B IEPBOM PA3JI0KECHUU.

L 2 AL 2
(Ko — K1) =7 = ), WJTH: AK = (C_z ”7

2 ~c?

AL . .
3nech ( == Am) MHOXMHTEIb, UIMEET CBOMCTBA MACChl «ITy4UCTOMN sHeprum», uimu: AL = Amc?. D1y
(GOpMyITy HHTEpPIPETUPOBAJIH MTO-PA3HOMY. DHEPrUI0 aHHUTMIAIMK E = mgc? Macchl mokost, Mim:

E2 .
my? = o p?/c? , B penaTMBHCTCKOM IMHAMHUKE. 3/1eCh Macca ¢ HyJIeBbIM uMIynabcoM (p = 0) , umeer

sHepruio: E = mgc?, a HyneBas macca ¢orona: (my = 0), uMeeT UMIyJIbC 1 9Hepruio E = p * ¢. Ho
DHHIITEH BBIBEN APYTroi 3aK0H «Iy4ucToii sHeprum» (AL = Amc?), ¢ MaccoBbIMM CBOWCTBAMHU. DTO HE
sHeprus GpOTOHA, 3TO HE SHEPIHs AHHUTUJIALMY, U 9T He sHeprusd (AE = Amc?) nedexra Macc HYKIOHOB
sqipa aToMa. DUHIITEHH YBUEI TO, Uero He yBuUied HUKTO. [[og100HO ABMKYyIIEMYCs 3apsy, C HHAYKIHEH
MarHuTHOIO 110JIs1 ypaBHeHUI MakcBeiuia, [BrxKyIascs Macca (Macca (m # 0) He MeHsieTCs), MHIYLUPYeT
MaccoByio sHepruio (AL = Amc?), koropyro u Hamen DiHiuTeiiH. [0 aHAIOrMK MHIYKTHBHOM SHEPrUH
MarHuTHOTIO MOJIS OT JIBUXKYLIErocs 3apsijia, DUHIITENHH BbIBEN (JOPMYJTy UHIYKTUBHOM, «JTy4HCTOM»
SHEPTrUU MAaCCOBBIX MOJIEH, OT ABIKYIIMXCS HEHYJIEBBIX Macc (Macca (m # 0) He MeHsieTcs), 3B€311 B
rajakTMKax B TOM 4yHcie. 31ech DHHIITENHH BhIIeln 3a paMki EBkinnoBoii (¢ = 0) akcHoMaTHKH
MPOCTPAaHCTBA-BpEMEHH. B akcnmoMax JMHAMUYHOTO IPOCTPAHCTBA- MaTepuu (¢ # const), pedb uaet oo
uHAYKTUBHBEIX M(Y —) MaccoBBIX MOJIAX, B [OJHOM aHAJIOTUWK ¢ ypaBHEHUsAMH MakcBesia. Bor uro yeuzgen
DWHIITENH, 1 HUKTO IPYT oM.

Takue ypaBHeHUs JUHAMHUKY MPEACTABIIAIOTCS KaK €IMHasi MaTeMaTH4ecKasi HICTUHA TaKUX MOJIEH B
€IMHOM, TUHAMUYHOM NIPOCTpaHCTBE-MaTepuu. Peub 00 MHIYKIIMU MACCOBBIX MOJIEH BOKPYT JBHKYILUXCS
Macc (3Be3/]) TaKKe Kak U 00 HHAYKIUU MarHUTHBIX MOJIEH BOKPYT IBHXKYIIUXCS 3apsI0B.

Taxum 06pa3oM, moBopoTel 10ty B(X —) n rot, M(Y —) Tpaexropuii, nator quaamuxy E'(Y+) n
G'(X+) cunosoro snextpuyeckoro (Y +) u rpasuranuonsoro (X +) mosei, COOTBETCTBEHHO. A TTOBOPOTHI
(Y+) noneii Bokpyr (X —) tpaekropuii u (X +) noneit Bokpyr (Y —) TpaekTopuii, 1al0T AUHAMUKY
anextpo rot,E(Y +) —» B'(X—) MmarHMTHOrO mons, u MaccoBblXx rot,G(X +) - M'(Y—) TpaekTopmii.

c*rot B(X-)=E'(Y+) c*rot M(Y-) =G ' (X+)
(Y-)
=(X- (Y-)=(XH)
e RO
<~
ot E(Y+H) =B ' (X-) rot G(X+) =M (Y-)

\( | ‘
P 2

Z 8

\%

Pucynox 4. Enunble nosist npocTpaHCTBa-MaTEpUU.
Takum pacueTam COOTBETCTBYET MOJIEJIb TPOJYKTOB aHHUTUJISILIMK MPOTOHA U 3JIEKTPOHA. MBI
nMeeM MaccoBblie monis (Y- = e) = (X+ = p) aroma.



MoAeNb NPOTOHa MOAEe/Nb INEKTPOHA aTomM BoAoOpoOAA

Pucynok 5. Monenu npolyKTOB aHHUTHJIALIMY TIPOTOHA U DJIEKTPOHA
I'eomerpuyecknM HaKTOM 371€Ch, €CTh HAJIMYHE aHTUBELIECTBA B CAMOM BEIIECTBE MPOTOHA U AJIEKTPOHA.
ITpu 3TOM, UMeroT MecTo 311eKTpo (Y += X—)MarautHoe B3auMoeiicTBHE OPOUTAIBHOTO SJIEKTPOHA U
IIPOTOHA Spa, HAIIPUMEpP aTOMa BOAOPOJa, a TAKKE CUMMETPHH IPOAYKTOB aHHUTWIIALIUU IIPOTOHA
(Xt=p*) = V—=y)X+=v5)(Y—=7¢) u onextpona (Y+ =e-) = X—=v;) + (V£ =y*) + X—=7;).
31eck HeT 0OMEHHOro ()OTOHA B 3aPAJ0OBOM MPUTSHKEHUHM OPOUTAIBHOIO JIEKTPOHA C (-) 3apsAaoM U
IPOTOHA sAfpa ¢ (+) 3apsaoM. Eciu 351ekTpoH u u3inydaer GOToH, TO HPOTOHBI Apa HE U3I1y4atoT (OTOHBI B
3aps10BOM B3aUMOJIECTBUHU C OPOUTAIbHBIMU 3JIeKTpoHaMU. Kak 1 MHOXKECTBO OpOMTANIBHBIX 3JIEKTPOHOB
¢ (-) 3apsAI0M He OTTAJKUBAIOTCSA HAa OpOUTAX, XOTS IO UJEE, OHU JOJDKHBI IPUTATUBATHCS K (1) 3apsaam
MIPOTOHOB s/Ipa. ITO MpoTHBOpeune Takon moaenu. Kak uzBectHo (+) 3apsa mpoToHa GopMUpYETCst
KBapKaMH, HO TaKoH ke (1) 3aps1 MO3UTPOHA KBApKOB He umeeT. Takas Moaens (+) 3apsiia IpoTUBOPEUMBA.

2.CTpykrypHbI€ GOPMBI.

PaccMoTpuM CTpYKTYpBI HEIETUMBIX KBAaHTOB TuHAMU4HOrO (@ # 0) # const mpocTpaHCTBa-
MaTepHuH, KOTOpbIE€ HEJb3s CO3/1aTh B EBKINA0BON aKCMOMAaTHKE IPOCTPAHCTBA-BPEMEHH, KaK YaCTHOI'O
(¢ = 0) ciryuasi. B ykazaHHBIX MOJIEIISIX, ATOM «ITOKPBIT» Maccoil (Y— = e—) «OpOUTAICH» IJICKTPOHOB B
nosie CunbHOTO B3aumopeiictBust (X+ = p*) npoToHa. DT0O KBAaHTOBBIE MMOJIsI, KOTOPBIC MTEPEXO/IST B
KsanToBsie [ paButanimonsslie [Tomns. YpaBuenus KpanTtoBbix I'paButannonssix I1onel BeiBogsATCA U3 57
ypaBHeHus O6meit Teopun OTHOCHTENpHOCTH DifHIITEHHA. Camo ypaBHeHUe DiHIITelHA. B moiaHoM Bu/eE,
BBIBOJIUTCS] KAK MaTEMAaTUYECKasi MCTUHA B JUHAMUYHOM IP OCTPaHCTBE-MATEPHUU.
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Pucynok 6. CunsHoe u ['paButarimonHoe B3aumosericteue
Pucynox 6 A. DnemeHThI KBaHTOBOTO TpaBUT (X+ = Y -) MaccoBoro noJs cienyroT uz Oouieit Teopun
OTtHOocuTenbHOCTU. Peub 0 pasHuIle peNaTUBUCTKON 1MHAMUKH B ABYX(1) 1 (2)TOoukax puMaHoBa
MIPOCTPaHCTBA, KaKk MaTeMaTHUeCKOI ucTuHe TeH3opa DiHmreiHa. (G. Korn, T. Korn, ¢.508). 3nech
Jix (D) — ik (2) # 0, ere, =1, moycnosusam e;(X —), e, (Y—), dyHnameHTanbHbIN TEH30D
G (x™) = e;(x™ ey (x™), pumanoBoro npocrpanctea B (x™) cucreme KoopauHat. OU3HYECKUM
cBoMcTBOM rpaBUT(X+ = Y -) MaccoBOI'0 MOJIsI €CTh MPUHIIMI SKBUBAJIEHTHOCTH MHEPTHON U
IPaBUTAIMOHHOM Macchl. DTO PaBEHCTBO YCKOPEHUsI a = Vy * M (Y —) MacCoBBIX TPAa€KTOPUM U YCKOPEHUS
g = G(X+) mons rpaButanuu, vy * M(Y —) = a = g = G(X +), B npocTpancTBe CKOpocTei
e(X-)=e(x"=X,Y,2) =vx [ﬂ JIOKaJIbHBIX 0a3UCHBIX BEKTOPOB, ex(Y —) = e, (x" =X,Y,Z) = vy [ﬂ .



Hanpumep, B «magatomem» nudre yckopenue (g — a) = 0 orcyrerByert, u Bec P = m(g —a) = 0, pasen
Hymo. Touka (2) mpuBomurcs k EBkiinmoBoMy mpoctpanctBy chepsl (x5-.), tae  (e;Ley), (e; * e,=0).

[ToaTomMy B OKpecTHOCTH TOYKH (2) BbIAETsIEM MapalielnbHble BEKTOPHI (€,) U (e;) u OepeM cpenHee
1 K2
3HAUCHUE 3HAUCHUE Ae,,; = €; = ~ (e, + ey). Ipunumas (e = e ) u (G (D) — g (2) #0) ==

T2 '
Ae)m = %(en + e}c) = %e}c(i_z + 1)7 HOJTy4HM: gik(l) (X+) — Jik (2)(X+) = kTik (Y _) , AJIN
gD -te=ee =g (2+1)@=kTu,  (P=R).  (#ed  gwlrop)
I (e, = e,) umeeM (T, = 0) . B ycnoBusx (e, # e) peub HIET O TUHAMUKE (PU3HMUECKOTO BaKyyMa IpH
(UKCHPOBAHHBIX YIilaX MapajlieIbHOCTH, C pa3HBIMHU I'€0/IE3MYECKIMH yXKE THHAMHYECKON cepoit
(x5 # x5 # x5) B pukcupoBanubx (e, # €, # e, = const) Toukax (e, = Ae,). s TMHAMUYIHBIX
(0ey/dt # 0), (¢ # const) yrioB napaJuIebHOCTH IPOCTPAHCTBA-MATEPUH MBI TOBOPHM 00 YCKOPEHHH B
cepe (XY Z) HecTalIMOHAPHOTO €BKJIMJI0BA TPOCTPAHCTBA. J{pyrUMH CIOBaMH, yXKe reoe3nyecKas
HECTAallMOHAPHOM €BKINI0BON ceprl gy (xfI # X5 # x§ # const) mensiercs. Peus uger 06 yckopeHuu u 0e3
TOr'0 AMHAMHUYECKOr 0 (PU3MYECKOro BaKyyMa IIpU €ro pacIiipeHuu.
Ortcrona cnenyet ypasHenue O61ueit Teopun OTHOCHTENIbHOCTH DHHIITEIIHA B TOJTHOM BHJIE:

1 1 871G
Ry =S RGik = 5AGic = kT, (k = 7)
Jloxuoe npeacraienne O61eit Teopun OTHOCHTENBHOCTH DUHINTEHHA COCTOUT B TOM, YTO B ypaBHEHHU
EZ p2
TEH30p YHEPruU UMITYIIbca He COAEPKUT Maccy. Macca pasHa nymo (M = 0), (my? = b 0),B

KJIACCUYECKOM ee MOHMMaHUH. B MaTeMaTHuecKoil UCTHHE, 3TO pa3HULIA PN TUBUCTCKON JTUHAMUKY B IBYX
(DUKCUPOBAHHBIX TOYKAX PUMAHOBOTO IIPOCTPAHCTBA, OJIHA U3 KOTOPBIX MPUBOAUTCS K EBKiMI0BOM cdepe,
BO BHeIlIHEM, He ctanoHapHoM (A # 0) EBkimmoBoM mpocTpaHCcTBe-BpeMeHH. B ¢u3nueckoii uctune, B
ypaBHeHun O0mieit Teopuun OTHOCUTENBHOCTH, DWHINTENHA, B eIUHBIX KpuTeprsax DBOMIONNH, «3aITHTa
dbopmyia (3akoH) HeroToHa:

2 2
— 4 — 4 2 2 _Aq2) BT _ KT _ 2 2 _ (1,2
E=c*K, P=c*T, (¢ —ck—Acik)—p—z— =), Ach =Gy X+)+0
c*c*k?  G(c?Ky=m,)(c?*Ky=m Gmim Gm;m
Acizk — — ( Y 1)( y =m3) — 1M 1 Acizk — #’ ACiZkCZ =F
c*c4T? c2(c?T?=K?) c2K? c?K?

Kak Buaum, B ypaBHenun O61uieit Teopun OTHOCUTENbHOCTH DHWHINTEHHA, CHJla TATOTEHUS AEHCTBYET B
TOJISIX ¢ HyJIeBOH Maccoil. UnTaeTcs: pa3HHIla MACCOBBIX TOTOKOB Acj, (Y —) BO BHEIIHEM MOTEHIIMATEHOM
nosnie rpasuranuu ¢2(X+), ¢ ux [IpuHIMIOM DKBUBAJIEHTHOCTH, 1A€ET CUIY.

Hano cka3ats, uto Bce Kputepuu OBoonuy AMHAMUYHOTO IPOCTPAHCTBA-MaTepUH (POPMUPYIOTCS
B IIPOCTPAHCTBE CKOPOCTEW MHOTOMEPHOI' O IIPOCTPAHCTBA -BPEMEHH.
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Pucynox 7. Kpurepuu DBomo1nuu B IpoCTpaHCTBE-BPEMEHH.
B MHOTOMEPHOM Ha (m-n) CXOJUMOCTSIX, IPOCTPAHCTBE — BPEMEHHU, KaKk B MHOTOMEPHOM IPOCTPAHCTBE
ckopocreit: WN=KNTN 3necy nna (N=1), V= K*'T- ckopocts, W2 =I1 norenuuan, [1>= F cuna..., 2-ro
kBajapaHTa. X mpoekuus Ha koopauHatHoe (K) niam Bpemennoe (T) mpocTpaHcTBO-BpeMsi JAIOT: 3apsij
[MK=q( Y+ =X -) B astektpo ( Y+ =X -) MarauTHeIxX nojsix, uiu Mmaccy [IK=m(X+=Y -) B rpaBur (X+=Y-)
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MAacCCOBBIX ITOJISIX, TOTJA INIOTHOCTb P = — = — = V“, 3TO KBaJpat 4acToThbl, 3Hepruro E=I1°K,

Vo K3 T2
umnyinsc (p=I1°T), neiictBue (h=I12KT), u 1.1., equnoro. HOJI= (X+=Y-) (Y+ =X -) =1 npocrpancrsa-
MaTepuu. Beskoe ypaBHenue cBoauTes K 3tuM Kpurepusm Dpomonun B WN=KNTN npocrpancrse-
BpeMenu. Ectb eme mHOrO npyrux Kputepruer DBOMOIUN B TPOCTPAaHCTBE -BPEMEHHU, KOTOPHIX MBI €I He
ucnonb3yeM. Hanpumep, sneprus Ditnmreitna E = mc?, u sueprus [lnanka E = Av, UMeIOT npsAMyIo
B3aMMOCBS3b Yepe3 MacCy M 4acToTy, B Buje: m = v2V, u tak nanee. OnpeseaumMcs B TOM, Kak paboTaer
TaKOH ITOAXO.

YpaBHeHHUs1 KBaHTOBOIi rpaBuTanuu. CpeaHee 3HaUeHUE JIOKATLHOTO 0A3MCHOTO BEKTOPa PUMaHOBOI'O
npoctpancTBa (Ae,;), onpeaensieTcs Kak MPUHIUI HEeONpeeIeHHOCTH MacCcoBbIX (Y —) TpaeKkTopwHii, HO
yxe Ha BClo jumHy Boibel KL = A(X +) rpaButanmonnoro moss (Pucyrok 6A). 31ech ecTb yCKOpeHHst
G(X +) = vyM (Y —) MaccoBBIX TPACKTOPHii. DTa HEONPEIEIEHHOCTh B BHE OTpe3ka (2 * OA = 2r), kak
BosHOBOU QpyHKIMK 2Py (Y —)r = A(X +) maccoBoit M (Y —)Tpaekropun kBanrta (Y1) B rpaBUTAIIMOHHOM
none G (X +) Bzaumoneiictus. 3uecy 2y , cnun (1) kBanToBoro mois A(X +) rpaBuranuu.
ITpoekuus MaccoBoii (Y —)TpaeKTOpHy KBaHTa, Ha IMIIOCKOCTh Kpyra (7112) 1aeT miomaib BEPOSTHOCTH
(¥y) 2 nonananus maccoboit M (Y —) Tpaekropuu kBanta (Y 1), B kBaHTOBOE IpaBuTanuonHoe G (X +)
nojie B3auMo (Y — = X+) neiictBus. B obmem cinygae touku V; u N (Y-) maccoBsix uiu V; N (X-)
3apsIOBBIX TPAEKTOPHil, aOCOIIOTHO OMHAKOBEI MEXAY COOOH B IMHUH-TPAEKTOPUH €IHHOTO ITyJKa

HapauIelIbHBIX MPIMBIX JHHEUN. Kaxaas napa Touek, MMEIOT CBOK BOJHOBYIO GyHKImI0 / (+)(—) = i,
B MHTEpIpEeTali KBAHTOBOW 3aIlyTaHHOCTH. B 9TOM mpencTaBiieHnu KBaHTOBAs 3aIIyTAHHOCTh €CTh (haKT
pearbHOCTH, KOTOPBIN CIEeAyeT U3 aKCUOM JUHAMUYHOTO IIPOCTPAHCTBA-MAaTEPUH. DHTPONHUS KBAHTOBOM
3alyTaHHOCTH MHOXKECTBA JaeT IPaJUeHT MOTEHIINANA, HO 3/1€Ch TePSAETCS MPUHIUI SKBUBAJICHTHOCTU
DWHIITEITHA HHEPTHOHN Vy [ﬂ MY —-) [%] =GX+) [Tﬁz] Y IPaBUTALIMOHHON MAacCCHI.

DTO UCXOMIHBIE DJIEMEHTHI KBaHTOBOrO rpaBut G (X +) = vy M(Y —) maccoBoro mosst. OHU CIIEAYIOT

u3 ypaBHenust O6meit Teopun OTHOCHUTENBHOCTH. BBigenum 3aeck pasmepHocTr enHbIX Kputepues
K K2
DBOJIIOIMHU NTPOCTpaHCTBa-MaTepuu B Bujie. CKOpOCThb Vy [F]; norennuan (I = vd) [—] ; YCKOpEHHe

T2
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G(X+) [%], maccoBbie m = [IK(Y —= X+)nons u 3apsinossie ¢ = [IK(X—= Y+) nons, uX mIoTHOCTH —

p [T(—I;] = [%], cuna F = I1%; sueprus & = M12K; umnynsc P = I12T; neiicteue h = [12KT u Tak nanee.
£ £ £ £
Ob6o3naunm (Ae,, = 2er), Ty = (E)- A (E)Jm = (E)i 2y (E)K = 2¢y'T;, , B BUIe TeH30pa

l
sneprud (€) — (P) ummynbca ¢ BomHoBoW GyHKImel (YP). OTcrona cienyer ypaBHEHHE:

Rix — 5 Re; e, = K(g)iﬂ (g)m o

Rie(X+) = 2 (SRejer (X+) + KTy (Y=)), w0 Rye(X+) = 29 (FRgu (X+) + KTy (Y-)).

KZ
3TO ypaBHeHI/I€ KBAaHTOBOI'O FpaBI/ITaI_[I/IOHHOFO IIoTeHOHuajJa C pa3MepHOCTLIO [T_Z] IIOoTCHIIajia (H = UYZ') u

ciiuHoM (21). B ckoOkax 3Toro ypaBHeHus, 4acth ypaBHeHust O0uiei Teopun OTHOCHTETBHOCTH B BUJIE
noreHnuaigbHoro I[1(X+) mons rpaBuTanum.

Pucynox ynok 6b. B Teopuu nonst (CmupHOB, T.2, ¢.361), yckopeHue maccoBbix (Y —) TpaekTopuii B
(X +) none rpaButanuu eaunoro (Y —) = (X +) npocrpancTBa-MaTepyu MPeACTaBIEHO TUBEPT CHIHEH
BEKTOPHOT'O TOJIS:

divR;, (Y—) [:—2] =G(X+) [;(—2], ¢ yckopenuem G (X +) [:—Z] u
G(X+) [%] = grad;T1(X +) [f—z] = grad, II(X +) * cos@y [f—z]

G, G
% G, = 3, TIPE/ICTABIICHHIO.
3neck nonubi guddepennnan: Gy,dx + Gydy + G,dz = dIl. OH uMeeT HHTETPUPYIOTIMIA MHOKHU TN
cemelicta nosepxnocreit [I(M) = C; 53, ¢ Toukoi M, OpPTOroHaNbHBIX K BEKTOPHBIM JTUHHAM IIOJIS
maccoBbix (Y —) tpaekropuii B (X +) mose rpautanun. 3aeck e;(Y—) L e, (X—). Orcrona cienyer
KBa3UIMOTEHIIMATbHOE T0JIE:

K? 1 K
tr(Gedx + Gydy + Gdz) = dl ||, n 6X+) == grad X +) ||
T

Coornomenune G(X+) = grad;l1(X +) paBHocuibHO Gy = g—z; Gy =



3nech tr = n U KBa3UNOTEHIMAIbHOro nons. Bpemst t = nT, 310 n- Konn4ecTBO nepuoaos T
kBaHTOBOM quHaMuku. 1 (n = tr # 0) . Orciona cieayroT KBa3uIOTEHIINAIbHBIC TIOBEPXHOCTH W = 27/t
KBAaHTOBBIX T'PaBUTAIIMOHHBIX MOJIEH C HeproaoM T U YCKOPEHUEM:

GX+)= igradll'[(X +) [;{—2]

G(X+) [TZ] (grad (Rgix)(cos? Pxprax = &) [ ] + (grad, (le))
Ot0 (hukcupyemoe B ceueHuUH, Br,16paHHoe HanpasyieHue Hopmaiu n L [, CrnoxxeHue Bcex Takux
KBAaHTOBBIX T0JIE MHOXECTBA KBAaHTOB 10ty G (X +) [:—2] mo00it Maccel, GopMupyeT 00IIy 0 MOTEHITUATBHYIO

«IMY» €€ TpPaBUTAL[MOHHOT O I10JIs, T/I€ YK€ ACHCTBYET ypaBHEHHE DUHINTEIHA, C «3allUTOI» B ypaBHEHUHU
¢dopmynoii (3akoHoM) HeloToHa. B inHaMUYHOM IPOCTpaHCTBE-MATEPHH, PEUb UET O TUHAMHUKE

K o
rotyG(X +) [T_Z] nosieii Ha 3aMKHYTBIX TotyM (Y —) TpaekTopusx. 31ech -IMHUSA BIOJb
KBa3HUIOTCHIIHAILHBIX TOBEPXHOCTEH pUMAHOBOTI'0 IPOCTPAHCTBA, ¢ HOpManblo N L . TlpexenbHblil yron
napauiesibHoCTH MaccoBbix (Y —) Tpaekropuii B (X +) mose rpaBuTaiuu, €T rpaBUTAIHOHHYIO
- t
KOHCTaHTY (OS2 @(X—)pyax = G = 6.67 * 1078). 3necp tp = 7 = T, TOPSJIOK KBa3W MOTEHIMATbHBIX

1).

137.036
GX+) [%] = M (G * grad,Rgi (X +) + a * grad, Ty, (Y —)) [£2

noBepxHocren, U (cos@(Y—)yax = @ =

K
OT10 001Iee ypaBHEHHE KBAHTOBOTO TpaBUT (X+ = Y -) MacCOBOTO MOJISl YK€ YCKOPeHUit [T ] Y BOJIHOBOM

Y — Qpyukumeit, a Takke T- nepuogoM auHamuku kBanta (X +), co curom (1), (2¢). Ilons yckopenwuii,
KaK M3BECTHO, 3TO Y€ CUJIOBbIE TOJIs. M 3TO ypaBHEHHE OTIMYAETCs OT YpaBHEHHS IPaBUTALIMOHHBIX
noreHuuanaoB O6mei Teopun OTHOCUTEIBHOCTH.

Kak 310 padoraer. U3 crannaptHoro ypasHenus O6uieit Teopun OTHOCUTENRHOCTH DWHILITEHHA:

87TG
R R gixk = zk ) oe3 JUHAMUKHU (1)I/I3I/I‘IGCKOFO BaKyyMma, B eI[I/IHLIX KpI/ITepI/ISIX SBOJ'IIOIII/II/I

HpOCTpaHCTBa-BpeMeHI/I, ClIeyeT Kiaccuueckuit 3akoH HetotoHa: F =
norenianoB B Toukax (1) u (2) B Buze: (Ry, = eje (1) = Uy) %Rgik = e;ex(2) = U, u (U; — U, = AU).
Hanpumep, nns Connia u 3emiu:

_ (6=6.67+10"8)(M=2+103%)

33 27
(M =2%10%g) u (m = 5.97 « 10*’g), nonyuum (U; = R=1.496+1013
(G 6.67+1078)(m=5.97x1027)

= 8.917 * 10'?) rpaBUTAIINOHHBII

= 6.25 % 1011 | moTennman camoit

IMOTCHIMAJI HA PaCCTOSAHUHA 10 3eMuH 1 U

R=6.374x108
3emumn. Torpa (AU = U, — U, = 8.917 1012 — 6 25+ 10"t =8.67 * 10'%) , mim (AU = 8.29 = 1012) , moyuum:
_ 8mG _(U?K)? _ U*(UKk=m)? _ AU _ 8mG Mm _ _8mG Mm _ GMm
AU = (ct=U2= F)( e = yzrz T ypzrz T ) WM 5 = 712 F= (AU/VZ) T2~ (AU*T2/y2)/8m Ges
TeMHbIX Mace. OCTANOCh MOCYHTATD S = 8'29*1012*(365'25*24*3600:31557600)2 = 2.3 %10%% , gr0
! 8m\/2 812 ’ !

COOTBETCTBYET KBaapaty paccrosaust (R? = 2.24 * 10%¢) or 3emmu no Connua, wim F = (H:—zm , 3AKOHY

HrroTona.

Jas n =1, (Pucynok yHok 6b) rpasuranmonnoe mone G(X +) [f—z] = % G+ grad,(Rgy;) (X +) [f—z]

UCTOYHMKA TpaBuTaluu, ecth G(X +) nmone CB(X +) — Cunbnoro BzaumonelictBus. KBantoBas quHaMuka
BO BpeMeHU At B mpenernax nepuoja IuHaMuKu T TIPeICTaBIsIeTCS COOTHOLICHU EM:

GX+) =y *T= G%graangik(X +) ,tae T =

h o
=yl ’ Iepuoa KBaHTOBbIM JMHAMUKHU.

dopmyJia 1Js yCKOPEHUM [ﬁ] CB(X +) moast CuitbHOro B3anMoselcTBust npuodperaer BUL:

G(X+) [TZ] 1,ZJHZ/1 atgrad Rglk(X+)[ ] grad, =—.

3neck G = 6.67 * 1078, A = [12AT , notok kBaHTOBO sHeprun & = [121 = Amc? nons UHIYKTUBHOMN
Macchl (Am) oobmenHoro kBanta (Y— = %) CunpHoro B3aumoneiictus, a tTakke (Y— = 2n) HyKJIOHOB
(p = n) aapa aTOMOB.

Jnsn n # 1, (Pucynok ynok 66) u n = 2,3,4... > oo, nonydyaem KBasunoreHuuansusie G(X +)
nons yckopenuii G (X 4+) KBaHTOBOro rpaBUTAILIMOHHOIO IIOJIS, KAK HCTOUYHMKA IPABUTALIMU
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G(X+) ;p—T G * grad, G R gik) (X +), c npenenbHbM (cos?@(X—)yax = G) - YIIIOM IapauiebHOCTH

o A .
kBaHTOBOro G (X +) monst CunsHoro B3aumoneiicTBrs B JAHHOM clly4ae U nepuogom T = ~ KBAaHTOBOH

nuHaMuku. KBasu norenumansubie G (X +) moss KBaHTOBOrO rPaBUTAIMOHHOTO TOJIsI YCKOPEHU I, Ha
paccToaHugX C*t = 1 UMEIOT BUJ!

GX+) = 1’UTM<G * grad, (%Rgik) X+H)+axgrad,(Ty)(Y —)), T — 00,
DT0 ypaBHEHHE KBAHTOBOT'O TPABUTAIIMOHHOTO TOJIst yekopenuit G(X +) = vyM(Y—), maccoBbix
TPAEKTOPHUM C MPUHLUIIOM SKBUBAJIEHTHOCTH MHEPTHON U TPaBUTALIMOHHOM Macchel. Hanpumep:

Jlast Mepkypusi, B IIepUrenuu 1, = 4,6 * 1012CM; co cpemHeit ckopocTthio 4,736 * 10°cM/c, ecTh
HEHTPOOEKHOE YCKOPEHHUE Ay, = (vr”)z = (4'Z3:ki;f:) = 4,876 cM/c? . Macca Conana Mg = 2 * 10331, u
panuyc Connua 15 = 7 * 101%¢m, go:;nalor 'yCKopeHI/Ie G (X +) none rpasutanuu ¢ (Y = 1) B BuE.

1x(1=1) Mg 6.67x1078%2%1033 5
=GX+)=——*G*x—xqa um = = 1,511 cm/c”.
Gu ( ) Ty 27, G 2%4,6%1012%x7%1010%137 ’ /

U3 cootnomenust OTO, Ry (X+) = 2y (%Rgik (X+) + kT, (Y—)), CJIEIYIOT aHAJIOTOBBIE COOTHOILIEHUS B

MPOCTPAHCTBE YCKOPEHHH, MHIYKTUBHBIX MaccoBbiXx M (Y —) tpaektopuii Bokpyr CosHIIa caMmoro
IPOCTPaHCTBa-MaTeEpPUH Ha CpelHeM paauyce T, = 5,8 x 101%2cM B Buze.
ay(X+) — g,X+)=A( —-) = 4,876 — 1,511 = 3,365 cm/c?.
v U3 ypasuenus rpaut(X+= Y—)maccoBbix nonei rot, G(X+) = wM(Y—), cnenyer
A(y-
V2

oBopoT MaccoBbix M (Y —)Tpaexropuii cocraBiser

= 2%M(Y—), noBopoT nepurenus Mepkypus 3a Bpems (T). 3a 100set = 6.51 * 101%¢, ator
A(Y-)*6.51+10%

Ty * 212
BCET0 IIpOCTpaHCcTBa-MaTepuu BOKpyr ConHia. Takue pacueTsl COOTBETCTBYIOT (haKTaM.

Taxum o6pazom, monst CunbHoro B3anmoneticteust (X+ = p™) nporona B eauaoM (X+=Y—) u
nuaamuaaoM (@ # 0) # const nmpocTpancTBa-MaTepuu, MoryT popmupoBath (X+)(X+) = (Y—) maccoBbie
noinst crpykryp. Ho aa mporona (X+ = p™)(X+ =p*) = (Y—=2p™) He Moryr ¢popMupoBars sapo mo
MPUYMHE OTTAJIKUBAHUS OJMHAKOBBIX «3apsoBy». U 371ech KIOYEBYIO POJIb UTpAaeT HEUTPOH. B Momensax
MIPOAYKTOB pacrajia HEUTPOHa, y’Ke IOMYCTUMBI CTPYKTYphl KBaHTOB (Y+=p/n) u (Y+= 2n) CunpHoro
B3aumoaeicTBusI HyKJIOHOB siApa aToMa.

(57,3%) = 42,5". Peun uet o moBopoTe

_
_—_

—_

(X+=Y-)
(\”; (ce) ¥
‘-'g__
pt
(cB)

Pucynoxk 8. Keautet (Y — = p/n) u (Y— = 2n) CunsHoro B3anmopeiicteus
Otu 3apspkennbie (Y — = p/n) u "elitpanbhbie (Y — = 2n) kBauThl CunpHOro B3aumoneiictaus
HYKJIOHOB si7Ipa, (JOPMHUPYIOT 3apsDKEHHBIE U HEHTpalbHbIe CTPYKTYPHI pa aToMOB. B obmiem ciyuae,
KBaHTHI (Y = % =2H)u (Xt = 2% = Ja) obosouex sapa, GOPMUPYIOT YPOBHH M OOOJIOUKH DJIEKTPOHOB B

CIICKTpPEC aTOMOB. B CAUHBIX MOJCJIAX IIPOAYKTOB paciiaga CIICKTpa MaCC 3JICMCHTAPHBIX YaCTUIL, B CIMHbIX



nonsx (Y— = X+), (Y+ = X—) mpocTpancTBa-MaTepun, MOKHO MPEACTABIATh U pa CIIEKTPa aTOMOB.
Hcxonst U3 pacueToB Macc MpOTOHa U HEHTPOHA!

(Xt=p) = (V== 1) (X+=v,)(Y==7,) = (22— ) = 938,275 MeV,

(Y+=n) = X—=v,)(Y+= e)(X—= p) = (T = 878,77) exp (”ﬁ +2- p\/_) = 938,57 MeV ,

MBI TOBOpPUM O KBaHTax CuibHOro B3aumonelcTBus B CTpYKTypax sJipa B BUAE MOAEIIEH 3aPsyKEHHBIX
(Y£="P) = (X+=p) + [(X+=p)(e)(v,) = n], 1 HeliTpanbHbIX KBaHTOB CHiIbHOrO B3anMonelicTeus
(Y+=2n) = [n = (ve)(e)(X+=p)] + [n = (X+= p)(e)(V,)], korna mons (X +)(X +) = (Y —) popmupyroT
MaccoBsie (Y —)rpaekTopun. Takue (Y+= fl) U (Y+= 2n) KBaHTHI U (GOPMHUPYIOT CTPYKTYPHI siipa B €IUHOM

(X+= Y¥) ero mpocTpaHCTBE-MaTEepPHH, C 3aMKHYTHIMU BUXPEBBIMH (X —) MarHUTHBIMHU TTOJIsiMH U (Y —)

o - o 938,28
MacCOBBIMH TOJISIMH, C MUHUMAJIBHOH YAENbHOM 3Heprueil cBsizu (a * p = ., = 6:8 MeV). Takue KkBauTeI

6030H0B (Y—=2*a*p = (14— 17) MeV) , MoryT uaiy4ars u norsiomats (Y — = p/n) u (Y— = 2n)
kBaHThI CHiIbHOTO B3anMoielicTBHS HyKJIOHOB BO30YXKACHHBIX A€p ¢ IPEIeNbHOI YIelbHOM SHepruei
CBsI3U (8,5 MeV)HYKJIOHOB BO30YKJIEHHBIX SiIep TPAaHC YPaHOBBIX 3JieMeHTOB. Hampumep:
(Y+="=1H), (X$) = (Y+=1)(v+=1) = (X— =3a), (Y—= ) (X+= 1H)(Y—=gn) = (X£= IH),
X+=3H)(X+=3H) = (Y—=1Li), n manee. (X—=3a)(Y+= n)(X—=3a) = (Y—= ?Be),

X+=20) (Y -)(X+=z0)(Y-)(X+= 30) = (X+= C),

X+=30)(Y=)(X+=3a)(Y—=2H)(X+= 3a) = (X+=1IN).

HoBas cTpykrypa BHYTpH sapa (X+= 3a)(X+= 3a) = (3Y —) maer agpa: Gy +) @y +) = (Xx—=150),
Y—=8 H)(X+=3H)(Y—=28Y +) = (X+= 3F), u ananoruuno nanee.

MBI MO’KEM TOBOPUTH O TOM, 4TO 11 siapa 4X (N), «cBoOoaubIe» (A — 2Z = N) HEUTPOHBI B BUJIE
HelTpanbHbIX (Y+= 2n) kBaHTOB CuiibHOro B3auMozelicTBus Toxxe GOpMUPYIOT CBOU CTPYKTYpPbl BHYTPU
CTPYKTYp 3apsbKeHHBIX (Y+= p/n) kBaHnToB CuiibHOro B3anmopelictBus. CTpyKTYpBI 3apsiKEHHBIX KBAHTOB

(Y+= p/n) CunbHoro B3aumozaeicTBust pOpMHPYIOT CTPYKTYPBI IJIEKTPOHHBIX 000JI0UYEK aTOMOB, KaK
npuunHa. Hanpumep: Heiitpanbhas ctpyktypa (Y+ = 2n)(Y+ = 2n) = (X+ = 4n), HaXoauTCA BHYTPH siapa
(X+ = 194r(4n)) B BuzeE:

(XF="2X) (Y+ = 2n) (XF= 2X)(Y+ = 2n) (XF="2X) = (X£= JpAr(4n)).

B takux cTpykrypax paboTaroT ypaBHEHHS U 3J1eKTpO (Y+= X —) MarHUTHBIX MOJIEH U YpaBHEHUM IPaBUT

(X+=Y —)maccoBbIx monei ogHoBpeMenHo, B Buge noieid (Y +)(Y +) = X-)u X +)(X +) = (Y-).
Awnanornuno ganee. 334s(9n) = (X— = 4n)(Y+= 1n)(X— = 4n) = (Y+ 9n).

OTMeTHM TO, ‘ITO B 100% cocTostHUAX sipa, 4(1n), 13(1n), 33(1n), 22(1n), 31(1n), 13(4n), 33(3n),

33(5m), 32(5n), 55(5n), 33(9n), 83(11n), 33(11n), *32(13n), *Zi(21n), 133(23n , 132(25n), 141(23n , 159(2971)

165(3111), 123(31n) 175(3371), 181(3571) , 197(39n), 223(43n), oMy4aeM KOHEUHYIO yCTOMYHMBYIO CTPYKTYPY

«CTOSUMX BOJIH» HEMTpasbHbIX (Y+= 2n) kBauToB CriibHOro B3auMmoeiicTBus B sape aroma “33Bi(43n).
XF =4n)(Y+=9n)(XF = 4n)(Y+= 9n)(XF = 4n)(Y+= 9n)(XF = 4n) = (43n) = 293Bi(43n),

BHYTPU CTPYKTYPHI 3apsKeHHBIX (Y+= p/n) kBaHTOB CunbHOro B3anuMoneicTBus sapa, KOTopble
(bOpMUPYIOT CTPYKTYPBI 3J1E€KTPOHHBIX 000JI0YEK aTOMOB, Kak Mpu4rHa. M 31ech MBI OTBEYaeM Ha BOIPOCHI
«IIOYEMY TaK?».

3. lonycTuMBIe CTPYKTYPHI J1€NTOHOB.

Mpei roBopuii 0 moreHnuanax (¢(X+) = v?) moms (X+ = p) CuisHoro BzanmomeiicTBust, Kak
yckopenue Ha JuinHe (K) BOJHBI, B KOTOPBIX popmupyercst Macca (m(X+ =Y —) = v2K). To ectb, 910 moje
YCKOpEHHi1, KOTOpoe Kak Macca, (popMUpyeT KBa3u MOTEHIMAIbHbIE I'PABUTALIMOHHBIE MO, U TOXKE
yckopenuid. TouHo Tak anektpuueckoe nose (Y+ = e) anexrpona umeer norennuan (¢(Y+) = v?), B
xoropom Ha jumHe (K) ero Bommbl, popmupyercs 3apsn (q(Y+ = X —) = v2K) snexrpo(Y+ = X —) MarHuTHOrO

nossi. Ml roBopuM 00 snekTpone: (Yr=¢e) = (X—=v, ) Y+=y)X—=v,) = (ZV"’ +?) = 0,511 MeV, kak

CTPYKTYp€ JIEITOHOB, B BUJ€ MPOAYKTOB AHHUTWIIALIUM 3JIeKTpoHa. YpaBHeHus MakcBemna (Y+ =X —)
AJNIEKTPOMArHUTHOM TMHAMHMKHU U YPaBHEHHS TUHAMUKHU I'paBUT (X+ =Y —)MacCOBBIX IOJIEH, BHIBOASTCS B
JUHAMHAYHOM IPOCTPAaHCTBE-MATEPUH B OJHOM MaTEMATHYECKOW UCTHUHE.

6E(Y+) X-
cxrotyB(X =) =¢g +AE(Y +); cxrotyM(Y =) = &, *%4_1* G(X+)
_ . 0HX-) _ 8B(X-). ~ ~
rotyE(Y +) = —y P Py rotyG(X+) = — * ON(Y-) _ _ aM(-)

aT oT



[Tosromy, nBa snekrpona (Y+ = e~ )(Y+ = e~ )—= (X— = 2e”) To4HO TaK HE MOT'YT (hOPMUPOBATH
CTPYKTYpY, 11O IPHUMHE OTTAJIKUBAHUS OJIMHAKOBBIX «3apsaa0B». U 31ech Hy)KHA CTPYKTypa, MOA0OHAs
HEHTPOHY, KOTOpast CHUMasa Obl 3apsi 3JEKTpoHA. MBI HMeeM CIIEKTP MacC SIEMEHTaPHBIX YaCTHII.
CIIEKTP MACC B COOTBETCTBUM € MPOAYKTAMHU pacnaga (aHHUTWIISLINH )
CtaduibHbIe YaCTHIBI C TPOAYKTaMHU aHHUTWBIMK B eauHoM (Y += X+) npoctpaHcTBe-MaTepuu:

(Xt=p) = (V== 1) (X+=v) (Y*—=7,) = (22 %) = 938,275 MeV

(Y+=e) = (X—=v)(Y+=y)(X—=v,) = (2 + L) = 0,511 MeV ;

HeCTA0MJIbHbBIE YACTHIIBI Y)KE B COOTBETCTBUH C MMPOAYKTAMH U BpeMeHeM pacriana. Ga = 4.8673 x 1071,

(r=p) = (X—=v,) (¥+= e)(X—=v,) = {20107 = 1,1751) = 105,66 MeV,

O0603Ha4MM 371€Ch U J1ajiee B pacuyeTax MmoT4epKHYThIM IHpI/I(l)TOM, (n = 1,1751) mokazatens exp(). OH

vgchl

exp(v +e+

MOKa3bIBaeT 0COOCHHOCTH (pparmMeHTaIuu JuHaAMUIHOTrO 1otst exp(a(X)), B ypaBHenuu Jlupaka.

T=2.76586+10"8
(r+=rnt) = (V4= w(X-=v,) = T2 Do (y + vchl) = 139,57 MeV, (n* = 1,59173)
+10-17 2
(X—=1%) = (Y+=7,)(Y+=17,) = % exp (ZGL;) = 134,98 MeV, (r° = 4,025599)
- «10-19 0
(X—=1%) = (X+= 1) (Y =) (X+= 1) (¥ =) (X+= 70) = T=31721077) oy (32 ¥eh2) _ 547 853 Mev
(Ga)? 2 G

(T=5.1x10"19)

V2(Ga)?
(T=1.335+10"8) _
20 Jexp2 (u+ v, ) = 493,67 MeV
(T7=1.01398+10~8)

Ga

- +10—10
(¥—=K9) = (X+=n0)(X+= n°) = L0810 )

X—=K) =(Y—=nH)X+=v)(Y-=¢F) =

(X==1%) = (V== 1")(X+= 1) (V== 7+) = exp (22 + "?0) = 547,853 MeV

Y=k =Y+=pw(X-=v,) =

(Y+=K*) = (Y+= 1) (X—=1°) = exp (n+ + 7T°/2) = 493,67 MeV. K~ =3,16535

exp (Zn - —) 497,67 MeV ,
(T=4,9296+1078)
Ga
(T=5,1713%10"8)

Ga

exp (n +eF+ 2”8) = 497,67 MeV

X—=KQ) =(Y—=nH)(X+=v,)(Y—=nF) = exp <£ - ? + 2vu> = 497,67 MeV ,

=5 0210~ 24 +
K—=p") = (+ =) (r+=n*) = E220 D ey (Ea+2)=77549 Mev ;
+10—24 0 +a-
Xt=p*) =X+ =n)(Y—=n")= %ex ("_\—5_—%> = 7754 MeV :

AHaJIOTUYHO aIPOHBI

exp(apt +m~/2) = 1115,68 MeV, A° = 7,642837
0
exp(an + =) = 111568 MeV, A°=8,153

(Y+=1n) = (X—=v,)(Y+= e)(X—=p) = (T = 878,77) exp (”ﬁ +2-pVG) = 938,57 MeV,
(Xt= A%) = (X4= p*) (V== ) = ([=2604:10710)
Ga
+10—10
(Yi: AO) = (Y+= n)(X—: T[O) = —(T_1'56zi 1071%)
(r—=12%) = (X+= p*)(A+= %) = T2 oy (ap* +Z) = 1189,37 Mev
K-=5*) = (4= ) (Y+=n*) = 2 oxp(an + n*) = 118937 MeV,
X—=37)=Y+=n)Y+=1") = wexp@m +7m+) =1189,37 MeV ,
_ 0 0 (T=7.4%10720) A+y /G _ 0 _
(X—=13°) = (Y+= A)(Y+=7) = T (Z?( ) ) = 1192,64 MeV , A° = 7,642837,
(Y= = (Y+= A (X—=n°) = T2 D oyp(p0 — n°Va) = 1314,86 MeV,  A° = 8,153, E° = 7,809,

(T=1.3917+10710)

(Xk=E7) = (X4= A)(Y—=n") = L0 o040 4 w=/2) = 1321,71 MeV, A° = 7,642837, E- = 8,43869,
- +10-11

(X—=07) = (V4= A)(r+= k) = T2 op( A0 — K=/2) = 167245 MeV, A° = 7,642837, K~ = 3,16535
- +10-11

(X—=07) = (Y+=E)(Y+=r~) = LZ0T 070 oy h(20 + 1) = 167245 MeV , E° = 7,809,

Ga
(r—=07) = (t+=E)(K+= 1) = LTI o (5= 4 10/ ch2) = 1672,45 MeV , £ = 8,275,  TaK Jaee.
Msi roBopuM o cTpykrype npotona (X+=p) = (Y—=y,)(X+=v,)(Y—=1y,) u anekTpoHa

(Y+=¢e) = X—=v,)(Y+=y)(X—=v,), C TOUYHBIMHU pacCUETHBIMHU XapaKkTepucTukamu. [[10THOCTH MaTEpHU
= T1_2 = v? | BIIEKTPOHHOr0 HEUTPUHO V, (X—) B p(X—) HOJIE MPOTOHA, @ PABHO ¥ MX MATHUTHBIE M10JIs
oJIMHAKOBBI. IHa4e roBopsi, AJIEKTPOH UMEET MPOTUBOIOJIOKHO HAINPABICHHBIC, TUCKPETHBIE (KBAHTOBBIC)
JUTST KaXKJTOT0 HEM TPUHO, CHJIOBBIC JINHUU MAarHUTHOT'O TOJISA, «BBEPX» U «BHU3», JJI1 TOPU3OHTAIBLHO
JIETSIIETO AJIEKTPOHA. MBI TOBOPUM, CYIEPIIO3UIIHS, TO €CTh PEATBHO CYIIECTBYIOIINE OJHOBPEMEHHO CITUH
«BBEPX» M «BHH3» B KaXJIbIi MOMEHT BPEMEHH, KaK KBAHTOBBIE COCTOSTHUS. Jlanbiiie KOJarnc BOJTHOBOM

¢byskuu U Bece 6e3 n3menenuid. [logo6Ho HelTpoHY: (Y+=1n") = X—=pH)(Y+=e )X—=v;) = (T =



878,77) exp (VTZ‘ +-— p\/E) = 938,57 MeV, TOYHO TakK, GPU3NYECKHU JOITYCTUMOIO €CTh CTPYKTYpa JISHITOHOB B
BHUJE TAKOH K€ CUMMETPHHU:

Xt=e%)=(Y—=e)X+=v)(Y—=vy") . U dpusnuecku 100yCTUMON €CTh CTPYKTYypa JEHTOHOB, ITO00HAs
kBaHTaM KBaHTOB (Y+ = p/n) u (Y+= 2n) CunpHoro B3aumoseiicTBis HyKJIIOHOB si7Ipa B BUJIE:
«3apspkeHHoro» (X+ = e/e) u «uelitpansaoro» (X+ = 2e¢°) kBanros. VM eine Her HasBanus. Ho oHu ecTh:

(+)
(x-)

> Ry

..".I" - ) _:.' o —_ ‘:‘- . —_— TY"‘J
'S ¥ - g{f vy

[Y+=X-)

(¥=)(¥+)={x)
(Y-=€)

MOOeNs ANEKTPOHA

Pucynox 9. JlonycTuMsie CTpYKTYpBI JIEITOHOB.
Oco0eHHOCTh TaKUX CTPYKTYP B TOM, UTO Ha UX «opOuTax» HaxoxsaTcs GpotoHsl (Y— = y*). Herpynno

MMOCUUTATDh UX AJIMHY BOJIHBI U CPABHHUTL C JITMHOM BOJIHBI OIITHYECKUX (1)OTOHOB3

«10-17
axe) = 2511 _ 3730 eV, leV = 1.6 * 10~ ?3pr, 1 = e _ 31647410 — = 5.3% 1072 cM. i 530HM.
p 12
137 E ~ 3730%1.6x10

OnTuueckue GOTOHBI, KaK U3BECTHO, UMEIOT: A = 400 — 700 HM. MIHave roBops, Takue (OTOHBHI B
JIETITOHHBIX CTPYKTYpaX HaXOASATCS B ONTHYECKOM auana3oHe. Kak BUIuM, Takue CTPYKTYpHI JISHTOHOB
(U3NYECKH TIOMYCTUMBI BO BCEX MATEMAaTHUYECKUX HCTUHAX i COOTBETCTBYIOT X PaCYETHBIM
xapaktepuctukam. 1 mo daxty, Takue (POTOHBI ONTHYECKOI'0 TUaIra3oHa, HaXoIsATCs Ha OpOUTax
JIENTOHHBIX CTPYKTYp. Takue «3apsukenusie» (X+ = e/e®) u «ueiitpansupie» (X+ = 2e°) kBanTh MOTYyT
(dbopmupoBaThes Ipu 00JTy4eHHH aTOMOB, HanpuMep J1azepoM. 1 mogo0HO0 CTpyKTyp 3apsyKEeHHBIX U
HeUTpaIbHBIX KBAaHTOB (Y+= p/n) u (Y+= 2n) CunbHoro BzanMoaeiicTBUs HYKJIOHOB si/[pa aTOMa, TaKue
CTPYKTYPBI «3apsDKEHHBIX» (X+ = e/e®) n «Heiitpanbubix» (X+ = 2e°) nentoHoB, MOryT (GOpMHPOBATH
«JICTITOHHBIE SPa» B BUJIE CBETIIBIX MMATEH MEXKIY aTOMaMH. DTO (GU3NIECKHU IOy CTUMBIE BOZMOKHOCTH.

0030p U "lomycTHMBIE CTPYKTYPBI JIENTOHOB'
https://www.academia.edu/ai review?attachment id=123010779

Pesrome

B sroli pykonucu npensiaraeTcs KOHLENTyalbHask CTPYKTypa, KOTOpask pacCMaTpUBAET MIPOCTPAHCTBO U
MaTepHIO KaK Hepas3euMble (TaK Ha3bIBAEMOE «IMHAMHUUYECKOEe ITPOCTPAHCTBO-MATEPHS»), BBOIsI HA0OD
aKCHOM JUIsl TUHAMHYECKON TeoMeTpuu. ABTOP CTPEMHTCS MTOKa3aTh, 4TO OOIIME MaTeMaTUYeCKue
OIMCaHUs — €BKJIMIOBbI, PUMAHOBBI U JTI00a4E€BCKHE — SIBJISIFOTCS YaCTHBIMU WJIM MIPEeIbHBIMU CITydasiMU
Oonee o01Iero TMHAMUYECKOT 0 (pOopMain3Ma MPOCTpaHCTBa-MaTepun. B gomonnenue k aToi
AKCHOMATHYECKON KOHCTPYKIIUU B CTaThe 00CYKAaeTCsi 00pa3oBaHNE HYKJIOHOB B aTOMHBIX SI/Ipax U
Pa3MBILUISIOTCA O BO3MOXKHBIX CTPYKTYpax JENTOHOB B paMKax TOTO € AUHAMUYECKOTO MOIX01a
MIPOCTPAHCTBA-MATEPHUHU.

CraTbst aMOUIIMO3HO CTPEMUTCSI OO BEAUHUTD AJIEKTPOMATHUTHBIE, TPAaBUTAIIIOHHBIC U CHIIbHBIE TTOJIS
B3aMMOJICHCTBHS B €IMHYIO aKCHOMATUYECKYIO cucTteMy. [IpecraBiienbl pa3iinuyuHble BHIBEACHHbBIE
(bopMyIbI U AMATPAMMBI JIJIs1 MCCIICOBAHMS KBAHTOBBIX I'DABUTALIMOHHBIX MOJIEH, 2JIEKTPOMArHUTHBIX
MOJIEH U THIOTETUYECKUX «MHIYKTUBHBIX MAaCCOBBIX MOJIEH». PyKkonuch 3aBepiiaercs NpeaaoKeHueM
«JIONYCTUMBIX CTPYKTYP JIENTOHOBY, PACIIUPAIOLIUM aHAJIOTHIO TOT0, KAK HEUTPOHBI, KBAPKU U KBAHTHI
CHJIBHOT'O B3aUMOJICHCTBHUS B3aUMOJICHCTBYIOT B SIICPHON (PU3HKE.

OcCHOBHBIE HAOJIIOIEHUS
1. EauHbIi akcHOMATHYEeCKHIl MOAX0X
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o

[Tonxon aBTOpa oTMyaercst 0co0oi MUPOTON U 00BENNHSAET T€OMETPUYECKUE COO0pakeHUs
(HammpuMep, napaiiieiy, yribl NapajuleIbHOCTH, T€0Je3U4eCKue) ¢ (PU3NIECKUMU
KOHIIETIIUSMHU, TAKUMHU KaK Macca, 3apsiJi, 0030Hbl 1 KBAHTOBOE IIOBE/ICHUE.

OCHOBHOE YTBEPXK/ICHUE 3aKJII0YAETCs B TOM, YTO IIPOCTPAHCTBO U MaTepus 00pa3yroT
CAHUHOC LCJII0C, TEM CaMbIM U3MCHA HpHBLI‘lHBIfI CMBICII KJ1aCCUYECKOM (I)I/ISI/IKI/I, OCHOBAHHOM
Ha €BKJIMJIOBOM 3aKOHE.

2. AHajoruv MHAYKIHUH MOJIs

o

B cratre MMPOBOJUTCSA aHAJIOTUAd MEXY 3aKOHAMUW MHAYKITUN Maxkcsemra (I[J'ISI ABVIXKXYIIETOCS
3aps/ia, CO3/1al0IIero MarHUTHOE I10JI€) U COOTHOLIEHHEM MacChl M SHEpruu DiHIITeHA (115
JBUKYIIEHCS MacChl, CO3/1al0ILEN «MHIYKTUBHOE MacCOBOE TOJIEY).

OTO0T noaxoa MpeaACTaBJsACTCA HCHTPAJIbHBIM B TE3UCC aBTOPA O TOM, YTO 'PABUTALITMOHHBIC
IOJIA MOKHO UHTCPIPECTUPOBATL B CTpOFOfI aHaJIOrnuu C DJICKTPOMAarHuTHBIMU I1OJISIMU.

3. KsanrtoBble rpaBUTaAllHOHHbBIC cooﬁpamemm

o

ABTOp TIBITAETCS CBSI3aTh ypaBHEHUS 00IIel TEOPUU OTHOCUTEIBHOCTH DHHIITEHHA C
KBAHTOBOW TOYKOH 3pEHHUs, IIPeJJIaras BOJIHOBBIE I'PABUTALIMOHHBIE IOTEHINAIIBI U TIOHATHS,
CBSI3aHHBIE CO CIIMHOM.

B Tekcre npennonaraercs, 4To THINYHbIE YPAaBHEHUsI TEH30pa DHHINTEIHA OITyCKaloT
MaccOBBbI€ YJIEHBI TaryOHbIM 00Pa30M, MOJYEPKUBas, YTO 3PPEKThl «MHAYKTUBHOIO
MacCOBOTI'0 MOJIsH» MOTYT ObITh HEJOOLICHEHBI B TPaJAULIMOHHON TEOPUU OTHOCUTEIILHOCTH.

4. JlenToHHBIE CTPYKTYPBI

o

B pabote narorcs XxapaKTepUCTUKHA HOBBIX THIIOB «3apsDKEHHBIX)» U «HEUTPaTbHBIX»
KBAHTOBBIX 00BEKTOB.

OO0cykIeHN e «ICTITOHHBIX SJIeP» U KOHIICTIIUN CBA3aHHBIX ()OTOHOB Ha ONTHYCCKUAX
opOuTaxX MPEACTaBICHO KaK TEOPETUYECKHE BO3MOKHOCTH 0€3 00IMPHOTO
9KCHEPUMEHTAJIBHOTO0 000CHOBAHUS.

5. HcnoJgb3oBaHue CCHLIIOK U YPaBHEHU

o

VYpaBHEHHUs cofepKaT MHOT'OYHMCIICHHBIE CCBIJIKH, HO MHOT'/Ia OMUPAIOTCs Ha Oonee cTapbie
1M o01e UCTOYHUKH (HanmpuMep, CMUpPHOB, MaTtemaTHueckasi SHIUKIION 1N, CChUIKU Ha
CTaHJapTHbIC YUeOHUKU (PUBUKH).

B Tekcre ucnonb3yeTcst JOBOJIBHO MPOJABUHYTAs MaTeMaTHKa (TEH30PHOE UCUHCIICHUE,
MHTErpaJibl TEOPUH 10151, IOTEHIIMAIbHBIE PA3JI0KEHNUS ), XOTSI MHOT' 1A OHA CMEIINBAETCS C
HECTaHJaPTHBIM (hopMaTn3MOM.

[TonpoGHBIE KOMMEHTApUU
1. ScHocTh MaTeMAaTH4YeCKHX OCHOB

o

AKCUOMBI, BBEJIEHHBIE IJIS1 «IMHAMUYECKOT'0 TPOCTPAHCTBA-MAaTEPHI», MOT'YT OBITH OoJee
MOHSATHBIMH, €CITH UX Mepe(opMyIUpoBaTh B CKATOM CITHCKE, OTEICHHOM OT
HMCTOPUYECKOT0 MIIM KOHIENTYyaIbHOI'0 KOMMEHTAapHsl. DTO MO3BOJIUT YUTATENAM HAMPAMYIO
OLICHUTH COTJIACOBAHHOCTD KaXKJI0OM aKCHOMBI.

Hexotopsie maru, 00beqUHSIONNE TeOMEeTpHUUecKrie U (pu3ndecKkre KOHIIEIUH (HalpuMep,
«yTOoJ MapayaenbHOCTH KaK (hu3nyeckas MpHUUHA U30TPOIHH UM YTBEPXKICHHUS THUIIA
«HenyneBoil TnHaMUYEeCKHIl YroJl MapaieTbHOCTH ONPEENsieT OPTOrOHAIBHBIC OIS ),
MOT'YT BBIUTPATh OT SIBHOW JIEMOHCTpPALlUK Ha O0Jiee MPOCThIX IPUMEpaxX UM OT CCHUIOK Ha
CYIIECTBYIOIIME HECBKJIMI0BBI T€OMETPUUECKUE CTPYKTYPHI (HarpuMmep, MpOeKTUBHAS
T€OMETpHsl, CCBUIKH Ha MU} PepeHIHAIBHYIO0 T€OMETPHUIO).

2. Jloruveckasi mocJieIoBaTeJIbHOCTDh H CBSI3b CO CTAHAAPTHOH (Ppu3NK0ii

o

XoTs pyKOIIMCh HAIIpaBJi€HA Ha TTEPEOCMBICIIEHUE CYIIECTBYIOIMX U3BECTHBIX YPABHEHUH,
HEKOTOpBIE Pa3/ielibl OBICTPO MEPECKAKMBAIOT MEXKY KJIACCHUECKUMHU U KBAHTOBBIMU
aprymMeHTamu (Hampumep, MHAYKIMOHHbIE aHAJIOTUH, Macca HEUTPUHO, KBAHTOBAs
3amyTaHHOCTh). Co3nanue 0osee METOJUYHOT O Mepexo/ia OT ypaBHEHH MakcBesia K
TpaBUTAIlMOHHBIM aHaJI0raM ITOBBICUJIO OBl YN TAEMOCTD.

Takue TCPMUHBI, KaK «MaccCa (I)OTOHa», CMHAYKTHUBHAA MacCa» U «BOJIHOBAs (bYHKHI/ISI
KBAaHTOBOI'O I'PaBUTAIUOHHOI'O ITOJISD», MOXKXHO paCIIUPUTh C MOMOIIBIO onpe)leneHm‘/’I NN
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IOCICA0BAaTCIBbHOIO NCITOJIb30BAHN S, YTOOBI MNPOACHUTDH OTJIMYUA OT CTAHAAPTHOI'O
UCIIOJIB30BaHUs B 06H[€HpHH$ITOI>i TCOpHUHU IT10JIA.

3. DKcnepmMeHTAIbHOE HJIH HADJII0AaTe/IbHOE 3aKpenjieHne

o MHorue u3 HeJJaBHO MPEIIOKCHHBIX QU3UUECKUX CYIHOCTEH, B YaCTHOCTH «HOBBIC
JICTITOHHBIE CTPYKTYPBI» C ONTHYECKUMH ()OTOHHBIMU OPOMTAMHU, HHTPUTYIOT, HO OBLIO OBbI
HIOJIE3HO 00CYIUTh HAOIOATEIbHBIC UITH SKCIIEPUMEHTAIbHBIC OrPaHHYCHHSI.

o JlomoNHUTENBbHBIE CCHUTKU HA SKCIIEPUMEHTAILHBIC JJAHHBIC HJIM OTPAHWYCHUS CTAHIaPTHOM
MojeH (KoJuTaiephl YaCTHII, UCCIICAOBAHMS HEH TPHHO, OT'PAHUYUBAIOIINE SKCITCPUMCHTHI
JUTSL 9K30THYECKUX COCTOSTHUI ) MOTYT ITOMOYb YHTATEIISIM OI[EHUTH MTPOBEPIEMOCTh ITUX
ujei.

4, CpaBHe}me C YCTOABIHIMMHUCH MOJCJIAMU

@) ,ZIJ'IH Ka>1<)10171 MNPpUHOUITXAIIBHO HOBOM KOHIICIIHNH, TaKOM KaK «JICIITOHHBIE s Apa» U HOBasd
MHTEpIIpEeTaLUs BAKYyMa B «IMHAMUYECKOM IPOCTPAHCTBE-MATEPUN», KPATKOE CPaBHEHUE C
O6H.[CHpI/IH$ITBIMI/I rmoaxogamMu (KBaHTOBaH TCOpUs MMOJid, 06]1_[3.9[ TCOpUA OTHOCUTCIIbHOCTH,
CTaHAapTHAasA MO,IICJ'IB) ITOMOTJIO OBI IMMpOACHUTH, B UEM UMCHHO PAa3JIn4arOTCAa UJIN
IIEPECEKAIOTCS PE3YIbTATHL

o IloguepkuBasi, Kakue NpeACKa3aHUs YTOH TEOPUH MOTYT COBIAJATh C XOPOILIO U3MEPEHH bIMU
SIBJICHUSIMU (HAaIIpUMep, IOCTOsSIHHAsI TOHKOM CTPYKTYpbl, cABUT JI3MOa, rpaBUTAIIMIOHHOE
KpPacHOE CMEIEHUE WIN CTaHIapTHbIE IKCIEPUMEHTHI [10 PACCESHUIO), MOXKHO YCUIIUTh
apryMeHT O TOM, YTO 3TOT IOJXO/ COTJIaCyeTcsl C U3BECTHOW (PU3HUKOM.

5. MareMaTu4eckasi CTPOrocTb

o ®opMmyIibl, CBSI3BIBAIOIINE KPYITHOMACIITAOHbIE T'PaBUTALIMOHHBIE ITOJIA (001as Teopust
OTHOCUTEIBHOCTH) C TEM, UTO, IO-BUJAUMOMY, SIBJISI€TCS KBAHTOBBIMU I'PaHUYHBIMU
YCIOBUSMH (HAIIPUMeEp, ONMUCAHHS BOJTHOBBIX (DYHKIUH B TPAaBUTAIIMOHHON 00JIACTH, CIIUH -¥2
WIN CIHH-1), TpeOYIOT MOMIaroBOro BEIBO/IA, YTOOBI YUTATEIH MOTIIU UX BOCTIPOU3BECTH UIIU
MIPOBEPUTB.

o Ponb cniuHa ¥ BOJHOBBIX (QYHKIUN B KBAHTOBO-TPABUTALIMOHHONW MOJIEIIH 3aTparuBaercs
KOHIIETITYaJIbHO, HO TpeOyeT OoJiee CTPOroro U3JI0KEHUS! TOro, KaK BOJTHOBAsI MEXaHHUKA U
reoMeTpust OO BETUHSIIOTCS B 9TOM MOAXO/IE.

[ToTeHnManbHbIE Ty TH YIIy4IICHUS

CTpykTypHpOBaHuEe PYKONMCH :

paccMOTpUTE BO3MOXKHOCTh pa3/eleHus TeKcTa Ha OoJiee CTaHIapTU3UPOBAaHHBIE Pa3/iebl —
«Metoap», «Pe3ynabTaTth», «O0cyx)aeHne» u «BbIBOAbI», — 4TOOBI YUTATENIN MOTJIH OoJiee
CHUCTEMAaTHU4ECKH MPOCIEAUTh HUTh PA3BUTHS OT aKCHOM J10 (PU3NYECKUX CIIEICTBUH.

YTouHeHHe 0003HAYECHMUIA !

Tekymiast HoTanus cMeIUBaeT UHAEKCH (X+, Y=), (hu3ndeckue KOHCTAaHThI, FEOMETPUUECKUE METKU
u MHOroe nipyroe. [locnenoBarenpHas Tab1ila CAMBOJIOB B HaUajIe MOXKET MOMOYb.

OobpamieHue K SMOMPUIECKUM 10KA3ATEJIbCTBAM !

no0aBieHHe Opa3ielia, B KOTOPOM SIBHO MEPEUH CICHBI MOTUBAIIMOHHBIE KCIIEPUM EHTAIbHbIE
pe3yNbTaThl (€CIU TAKOBBIE UMEIOTCS ), MOITBEPKIAOIIIE UJIM HAMEKAIOIHE Ha CYIIECTBOBAaHUE
9TUX NPEIJI0KEHHBIX JIENTOHHBIX CTPYKTYp, 0OecreduT 0oJiee cuiibHOe rnoBecTBoBaHue. To xe
caMo€ OTHOCHUTCSI K TOTEHIIUAJIbHBIM METO/IaM O0HAPYKEHUSI 3TUX IK30TUUECKUX CTPYKTYD.
OobsacTh IPpUMEHEHHUsI IPUMEPOB !

NmmrocTpanus TMHAMHYECKOM KOHIICTIIIMK ITPOCTPAHCTBA-MAaTePUU Ha IpuMepe 0oJiee MpoCTOr
(bu3MUECcKoi cUuCTeMBbl (HarpuMep, OTHOTO IEKTPOHA B OCHOBHOM COCTOSIHUM BOAOPOJIA MJIU OJHOM
KJIACCHY €CKOM I'PaBUTAIIMOHHON CHCTEMBI) TIEpe MePEeX0a0M K OOIINUM YTBEPKICHUSIM MOKET
MIOMOYb YUTATENSAM YBHJIETh, KAK aKCHOMBI TPUMEHSIFOTCSI Ha 3HAKOMBIX OCHOBAHUSX.

CBs13b ¢ COBpPEMEHHOI JTUTEepPaTypoii :

CcplKM B OCHOBHOM KJaccudeckue. BkiroueHne 6oiee mo3HUX HCCIIEA0BaHUM, 0COOEHHO B
00JIacT! KBaHTOBOW I'PABUTAIINH WM MCCIICIOBAHIN SAMHON TEOPHH, MOKET TIOMOYb OMPEIEIHTh,
rzie 9Ta paboTa BIIUCHIBAETCA B 00JIee IMUPOKUI KOHTEKCT COBPEMEHHOH TeOPEeTUYECKON (U3UKH.
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3aKkII0YHTeIbHbIE 3aMeYaAHHS

Pyxonuch npencrapisieT co60i NIMPOKYIO U BHYIIUTEIbHYIO MOMBITKY 00bEAMHUTH HECKOIBKO
(yHIaMEHTAIBHBIX CHJI U TEOMETPUUYCCKUX KOHICTIIUH IO/ STUA0N «IMHAMHUYECKOT0 IPOCTPAHCTBA -
matepun». Ee TBOpuecKkuii moXo/] CTPEMHUTCS IT0Ka3aTh, KAK IPAaBUTAIIMOHHBIE, SJIEKTPOMAarHUTHbBIC U
CHUJIBHBIC I10JIA BSaHMOHCﬁCTBHH MOIr'yT OBITE IMPOABJICHHUAMU CIUHOI'O 6a3oBoro Ha60pa AKCHMOMAaTHU4YCCKUX
IIPUHIIUIIOB. BBeHeHI/Ie HOBBIX TCOPETUUCCKUX KOHCTPYKHHﬁ, TaKUX KaK «K<MHAYKTUBHBIC MaCCOBBIC ITOJIA» U
«HOBBIC JICTITOHHBIC CTPYKTYPBD», YKAa3bIBACT MOTCHIUAIBHBIC ITYTU JJIs1 HOBBIX TUIIOTEC3. bosnee ueTkas
APTUKYJIAONUA MAaTEMATUUCCKU X BBIBOAOB, aHAJIN3 3KCHepHMeHTaHLHOI>'I SKU3HECITOCOOHOCTH U SIBHBIE
CPaBHEHHUS C YCTOSIBIIMMUCSL TEOPHSIMHU YKPEIIST SICHOCTh PYKOIIUCH U €€ BIUSHHUE Ha YuTaTesneld B o0macTu
TEOPETHUUECKON (PU3HKH.

4.CTpyKTYypbl BaKyyma.
Abstract.

W3 gero cocrour 3apsaa, Macca, ImoueMy 3apdad NpoTOHA C KBapKaMU TaKOH K€, KaK U 3apsia MO3UTpPOHA 663
KBapKOB? B uem ux CAUHCTBO U paSJ'II/I‘lI/IG? W3 gero cocrour QJICKTPUYICCKOC ITOJIC, U3 UCT0 COCTOUT MArHUTHOC 110JIC,
M II0YEMY JUHAMHKA OJHOIO IOJII HHAYLUPYET APYroe noie? Yro Takoe IpaBUTALIMOHHOE MOJIE ¥ KaK Macca CO37acT
rpaButanuio? Yto Takoe TeMHast Macca U, UTO Takoe TeMHas sHeprua? [louemMy u Kak U3 3HEpruu MosBIsieTca Macca?
Kak Bce 310 hopmupyer efuHbIi GU3MUECKU BaKyyM MaTepralibHOro Mupa? 37ech cliesiaHa MomnbITKa OTBETHTh Ha
3TU U HOI[O6HI>I€ BOITPOCHI.

1. Bcrynnenue.

Hcxonupie monoXeHus.

3. U306panHbIe CcBOICTBA.
4. B rayOuHax gu3nUecKoro Bakyyma
5. MexranakTuueckuii annapat 6€3 TOIJIMBHBIX JIBUTaTENIEH.

1.Bctynnenue
67

EcTh ynuBUTENbHBIE CBOMCTBA MATEMATHKU MOJICTIMPOBATh M PACCUMTHIBATH (pu3nvecKkue CBOHCTBA
MmaTepuu. I'oBopsT, uto a3bIK [Ipupoasl — 310 MaTeMaTHka. MaTeMaTHKa OMUCHIBACT (PU3NUYECKHE OTIBITHI,
000011aeT 1 pecKaspBaeT pu3ndeckre cBoiicTBa. Ho ecTh BOpockl PU3NKH, HA KOTOPHIE Y MATEMAaTHKH
Her oTBeTOB. CoBpeMeHHast (pr3nKa ynmupaercss BO MHOXKECTBO MPo0OIIeM, (PaKTOB, KOTOPHIE BEIXOAT 3a
paMKu ee TeOpeTU4eCcKuX npeacraBiaeHuid. CaMu TeopeTuueckue MoJenu U (pyH1aMeHTaIbHbIE
IIpeJCTaBJIEHNs BO MHOI'OM IIPOTUBOpeurBbl. Hanpumep, ckazanu, 4To mosie Xurrca co3gaeT Maccy 4YacTHII.
DopMajIbHO, 3TO MOYKHO MOHATH U Ha KJIACCUYECKOM ypoBHE, m = V2V (4acToTa ompenensercs
KO3 (PHUIIMEHTOM >KECTKOCTH M MacCoil), Kak Kosie0aHusi B 00béMe nosist Xurrca (3Heprust 0030Ha B MOJIEIH
Cnonrannoro Hapymenus Cummerpun), KOTopble B3sIThl 32 OCHOBY uaen. Ho kak «Macca nosst Xurrca»
CO3J1a€T CUJTy I'PaBUTALIMOHHOIO IPUTSKEHUS IBYX Macc, CKazaTh 3a0buti. OTBeTa HEeT. MaTemaTuka
orBeyaeT Ha Bonpoc KAK? ®usuka orseuaer Ha Bonpoc [IOYEMY? Me1 6ynem uckath pusnueckue
IIPUYUHBL. DTO O4YeHb BaxkHO. Hampumep, yTo Takoe 3HEeprusi, 4To TaKOe Macca U IMepAKeHTHbIe CBOMCTBA
MacCCbl, YTO TaKOE 3apsi, KaK Macca co34aeT IPaBUTALMIO, YTO TAKOE CHJIa IPaBUTALIMM U TaK Jajee

31ech Mbl 0OpaTUM BHUMAHUE, YTO MAaTEMAaTHUECKUE MOJIEH CO3Jat0TCsl B EBKIIMIOB O
AKCHOMATHKE TOYEK («...He UMCIOIIUX YaCTCH»), IUHHUH («...JIHHBI 0€3 MIUPUHBD» ), CHCTEMbl YHCEJI PAaBHBIX
o aHajoruu eauauI. CkaxxeM, Mbl TOBOpUM 0 10 s16110KaX, K KOTOPBIM MPHOABUIIH €11ie 5 100K, U Mbl
rOBOpUM O 15 s0110Kax, KaKk PaBHBIX 10 AHAJIOTUH SI0JIOK, TO €CTh eANHHIL. HO MBI HE TOBOPHM O TOM, YTO
KaXxkJ10€ si0JIOKO OTar4aeTcsi ot Apyroro sionoka. B [Ipupone Her 15 onnHaKOBBIX 00K (€IUHHUIT). ITO
3HAYUT, YTO TaKas OMepallis CI0KEHUs, COOTBETCTBYET JICHCTBUTEIBHOCTH TOJIBKO B TTPHOJIMKCHHOM
¢dopme. C npyroit CTOPOHBI, €CITH MBI TTOJIOKHUIIM HAa CTON 3 510JI0Ka, a TOTOM 3a0paii OJTHO SI0JI0KO, TO
ocrtaercs 2 s6;10ka. OOpaTUM BHUMaHUE, YTO MbI 3a0pajy TO sI0J10K0, KOTOPOE MBI MOJIOKUIIN Ha cToJl. Bee
peansHO. U 3Ta omepanys BEIUMTAHUS YMCEl COOTBETCTBYET (PU3MUECKOM TeHCTBUTEIBPHOCTH. Kak BHIUM,
Ja)ke TPOCTHIC JICUCTBHUS C ITPOCTHIMU YK CIAMH HE BCET/1a COOTBETCTBYIOT CBOMCTBaM [TpupoIHbIX



coOnITHIi. MHOXECTBO EBKIIMIOBBLIX TOUCK B OMHOM TOYKE, ’TO TOYKA UIH HX MHOXKECTBO? MHOXECTBO
EBKiMIOBBIX TMHUHM B OHOM «IJIMHE 0€3 MM PUHBD», 3TO JIUHUS WM UX MHOKEeCTBO? OTBETHI HA TaKHE
BOIIpOCH! EBKIIM0Bas akcnoMatuka He fjaet. Ho nMeHHO 3Ta akchoMaTtuKa, €CTh Hallled TEXHOJIOTHEN
TEOPHUH B IPOCTPAHCTBE-BpEMEHU. PaHee MBI pacCMaTpUBAJIA HHYIO TEXHOJIOTMIO TEOPUN JUHAMUYHOIO
IIPOCTPaHCTBAa-MaTEepUH, B KOTOPOH TEXHOJIOrUs TeOpuii B EBKINIOBOM aKCMOMATHKE, €CTh IPEEIbHBINI,
qyacTHBIN ciydail. [Ipy 3ToM TuHAMUYHOE BO BpeMEHH NMPOCTPAHCTBO (B 11000 crucTeMe KOOpIHHAT), 3TO
¢dbopma MaTepuu, rI1aBHBIM CBOMCTBOM KOTOPOW €CTh JBMKEeHUE. VIHBIMU ClIOBaMU, THHAMUYHOE
IIPOCTPaHCTBO-MATEPHs — ITO OJHO U TO k€. ¥l UMEHHO MO3TOMY MaTeMaTH4YECKHUE CBOMCTBA IPOCTPAHCTBA -
BPEMEHU COOTBETCTBYIOT (PU3NUYECKUM CBOWCTBAM MaTepuu. BoT mouemy cBoiicTBa MaTepruy HAIMCAHbI
3aKOHAMHU MaTE€MaTHKU.
2.VcxonHbIe MOJ0KEHHUSL.
YToOBI HE UCKATh B Pa3IMYHBIX HCTOUHUKAX, HATIOMHHUM 371€Ch OCHOBHBIE TTOJIOKEHUS, HE0OX0IUMBbIE

JUIS JAJIbHEMIIEro MPEACTaBIICHHUS.

UYem TexHONOrMs TEOpUid B EBKIIMIOBON aKCHMOMATHKE OTIMYAETCA OT TEXHOJOTUH TEOPUM €IUHOTO
U IMHaMUYHOT0 IpocTpaHcTBa-mMaTepun? OTBET B caMuX EBKINMIOBBIX aKkCHOMaX CUCTEMBI UM CEJ PaBHBIX
10 aHAJIOTHH €IUHULI, TOYKH («...HE UMEIOIINX YacTel») U TUHUU («...]JIMHBI 0e3 mupuHbl»). Cpaszy Bompoc,
CKOJIBKO MPSAMBIX JIMHUI IPOXOAUT Yepe3 TOUKY BHE IPYrol NPsIMOU U MapaJulesIbHbI €ii. ['0BOpAT, 4TO 0/1HA
IpsiMast IMHUS, HO 3TO «...JUIMHA 0€3 MIUPUHBI», B KOTOPOI UX MHOXECTBO. AKcuoMbl He paboratot. Torna
BBOJIST IIPUHIIUI HEONPEAESIEHHOCTH JIMHUN - TpaeKTopuu kBaHTa. [1o paxTy, 1 mo EBKIMI0BbIM akcroMaM,
yepe3 TOYKY BHE IPSIMOM MPOXOIUT MHOKECTBO NPSAMBIX JINHAW MTapAJIEIbHBIX HCXOAHOU NPSAMOH JTMHUH.
IIpu 5TOM CBOMCTBA apasuIeIbHOCTH, 3TO CBOMCTBA U30TPOIINH TPOCTPAHCTBA, EBKINIOBOrO B JAHHOM
ciyyae, Korja B JIl0OOM HalpaBJIEHUU MOYKHO ITPOBECTHU NapasuleibHble JIMHUU. Takas TeXHOJOTus
EBKIM10BOI aKCMOMATUKY B TEOPUAX JACT OTIIMYHBIE PE3yNbTaThl Kiaccuueckol (puzuku. Ho B KBaHTOBBIX
TEOPUSIX C IPUHIIMIIOM HEOIPEIEIEHHOCTH, Mbl HMEEM TOJIBKO IKCTPEMAJIbHBIE WIIM BEPOSITHOCTHBIE 68
¢buKcupyemble CBOHCTBA MAaTEPUH.

MBI paccMaTpUBaIH CBOMCTBA TUHAMUYHOTO IIPOCTPAHCTBA-MATEPUU C COOCTBEHHON aKCHOMAaTHKON
(xax (axkTaMu, He TPEOYIOIUX JJOKAa3aTeIbCTB) B KOTOpOi EBKIMI0Bas akcCMOMaTHKa, a paBHO U €
TEXHOJIOTUsl, €CTh YaCTHBIN cirydai. HarmomHuM.

W3oTtponHbie cBoicTBa MPAMBIX MapauienbHbIX (||) MMHUN-TpaekTopuid, naloT EBKinaoBoe
MPOCTPAHCTBO ¢ HYJEBBIM (@ = 0) yrioM mapaiensHOCTH.
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Pucynok 1. /lunaMU4YHOE IPOCTPAHCTBO-MATEPUS.
ITpu 3TOM, uepe3 Touky O, BHe siyya (AC — ©0), mpoXoauT ToIbKO oxHa npsamas auHus (0X), He

nepeceKaromas KXo gHbIi npsimoi 1yd (AC — o). @akT pealbHOCTH B TOM, YTO IIPU ABMKEHUH BJOJIb

(AC — o) Ha OECKOHEYHOCTh, B Mpeenax TMHAMUYHOTO (@ # const) yria napajuielibHOCTH, BCEria €CTh
JMHAMUYHBIA Ty4OK IPSMBIX JIMHUH B (X—) AMHAMUYHOM T0JI€, C HeHYlIeBBIM (¢ # 0) yriom
napajuienbHOCTH, U He epecekaromux 1yd (AC — o0) Ha 6eCKOHEYHOCTH. Pedb 0 MHOKECTBE MPSMBIX
JMHUH, poxoasnmx yepe3 Touky O, BHe npsimoit (AC — ©0) u napanienbHbIX ucxomqHomy ydy (AC — o0).
310 «anmHa 0e3 MUpHUHBD B EBKIINI0BON aKkCHOMAaTHKE, C IPUHIIMIIOM HEOINPeAeIeHHOCTH (X—) JIMHUN-
Tpaektopuu. B ocsax (XY Z), kak Bunum, EBKiM10Boe mpocTpaHCTBO TepsieT cMbIci. Ero mpocro Her.

Takoe nunamuuHoe (@ # const) NpOCTPaHCTBO-MaTEPHs UMEET CBOM FreoMeTprueckue (PaKThl, Kak
aKCHOMBI, He TPeOYIOLIHE JOKA3aTEIbCTB.
AKCHOMBI IMHAMUYHOTO MTPOCTPAHCTBA-MATEPUH

1. HenyneBoii, iMHaMUYHBINA yroi napamiensHoctd (¢ # 0) # const , myuka mapaieIbHbIX
IPSIMBIX, ONPEEIIieT B3aUMHO OPTOrOHaJIbHbIE NIapasiiesabHble TMHUM (X —) L (Y —) mosel nuHUiM -
TPAaEKTOPHil, KaK H30TPOIHBIX CBOMCTB, IPOCTPAHCTBA-MATEPUHL.

2. Hynesoit yron napamnensHoctd (¢ = 0), naet «umHy 0€3 IUPUHBD ¢ HyJIEBBIM HIIM HEHYJIEBBIM
(Y,) - panrycom chepbl-TOUKH «He UMeEolIIel yacTei» B EBKINI0BON akcnoMaTHKe.

3. Ily4ok mapaienbHbIX IPSIMBIX C HYJIEBBIM yIJIOM napajuiedbHocTd (¢ = 0), «OIMHAKOBO
pacIonoKeHHbIH KO BCEM CBOMM TOYKaM», Ja€T MHOXKECTBO MPSAMBIX JUHUM B OTHOHN «0€3 U pPUHBD)
EBKxinioBo# npsiMoi TMHUU.
4. Baytpennue (X —), (Y —) u Buemnue (X +), (Y +) nons nuauit-tpaektopuiit HeHyleBol X, # 0 wim
Yy # 0 MaTepuaibHOl cepbi-Touku, oopasyroT Henenmumyro O6nacts Jlokammsanuu HOJ(X +) wiu
HOJI(Y +) auHaMu4HOro poCTpaHCTBA-MaTEPUH.

5. B enqunbix nomsax (X— =Y +),(Y— = X +), oproroHanpHbIX TUHUI-TpaekTopuii (X —) L (Y —) HET
JIBYX OJIMHAKOBBIX C(PEp-TOUCK U JIMHUK-TPACKTOPHH.

6. IMocnenosarensuocts Henemameix O6nacreit Jokamuszamuu (X 1), (Y 1), (X +) ... no paguycy 69
Xo# 0 umn Y, # 0 cdepbl-TOUYKN HA OJHOM JIMHUU-TPAEKTOPUH JaeT (n) CXOAUMOCTb, @ Ha Pa3IUIHBIX —
TpPaeKTOpHUsX (M) CXOAMMOCTb.

7. Kaxnoit Henenumoit O6nactu Jlokanuzanuu npocTpaHCcTBa-MaTepUH COOTBETCTBYET €UHHIIA
Bcex ee Kpurtepues Opomonuu — K93, B enunom (X— =Y +),(Y— =X +) mnpocTpaHcTBe-MaTepHH Ha
(m — n) cxoaUMOCTSX,

HOJT = K3(X-=Y +)K3(Y-= X +)=1 HOJT = K3(m)K3(n)=1

,

B CHCTEME YHCEeJ PaBHBIX 110 AaHAJIOTUHU €IUHUIL.

8. dukcanus yrna(@ # 0) = const wim (¢ = 0)mydka IPsIMbIX MapaIeIbHbIX JTHHHH,
IIPOCTpPaHCTBa-MaTepUH, faeT S-i mocryaat EBkianga 1 akcuoMy napajuienbHOCTH.

)

JIro6ast Touka (PUKCUPOBAHHBIX JIMHUI-TPAEKTOPUI, IPECTABIIEHA JIOKAJbHBIMU Oa3UCHBIM BEKTOPAMHU

. i J k
itk e="i+2j+ 2k, (Ko, c. 508),
¢ hynmamenTanbHeiM Tea3opoM e;(x™) x e (x™) = g (x™), u Tononorueir (x™ = XYZ) B EBkingoBoM
POCTPaHCTBE. DTH 0a3MCHBIE BEKTOPHI BCET/1a MOYKHO MPEICTABUTH B BUJIE IIPOCTPAHCTBA CKOPOCTEH B
BekTOpHOM BHujC: €; = v;(x™), e! = v (x™), ¢ nuHelHbIMU KOMIIOHeHTaMH (x! = ¢, % t), (X = c, * t)
npocTpaHcTBa-BpeMeny, Toraa umeeM: v;(x™) * v (x™) = (v?) = I, 06bIYHBII HOTEHI[MAT HIPOCTPAHCTBA-
MaTepuH, Kak HeKoe ycKopeHue Ha aiauHe. To ecTh, PUMaHOBO MPOCTPAHCTBO, 3TO PUKCHPOBAHHOE
(¢ # 0 = const) cocrosuue reoge3nueckoii (x° = const) muHuu aAuHamMuaHoro (¢ # const)
npoctpaHcTBa-mMaTepun (x° # const). To ecTh, PUMaHOBO MPOCTPaHCTBO, 3TO (PUKCUPOBAHHOE
(¢ # 0 = const) cocTosiHUE reoJe3NIECKOi (x° = const) MMHUK AUHAMHYHOTO (@ # const)
npocTpaHcTBa-matepun (x° # const). Takoil MaTeMaTHKU PUMaHOBOro mpoCTpaHCcTBa g (x° # const), ¢
MepeMEeHHON T'e0Ie3nYeCKO, emte HeT. HeT u reomeTpuun EBKIIMI0BOM HecTallMOHApHOM cepbl, HET

reoMeTpuu mpoctpaHcTBa JIobaueBcKoro, ¢ mepeMEHHBIMU aCUMIITOTaMU TUIep6o0J. YacTHBIM citydaem
Y2 _ (V)
Yo Yo

X .
PumanoBoro mpocrpaHncTBa: e; = bt

OTPULIATENBHON KPUBU3HBI (K =— ) (CmupHOB T.1, ¢.186) PumanoBa nmpocTpaHCTBa, €CTh



npoctpancTBo reomerpun Jlobauesckoro (Marematuyeckas sHimkmoneaus 1.5, ¢.439). Ectb aeBsTh
OTJMYUTENbHBIX IPU3HAKOB reomerpun JlobaueBckoro ot reometpun Epkinnnaa (Pucynox 1.2).

LS 3TO MHMA

Pucynok 1.2 M30TponHas 1uHaMuka.

OZHWUM U3 IpU3HAKOB reoMerpun JloGauesckoro, ecth cymma (0° < ¥ a < 180%) yrios tpeyronbhuka, B
OTJIMYHME OT €BKJIMJIOBOM MX MpoeKuu (Y, @ = 1800) Ha IJIOCKOCTh. PaBHbBIC muiomanu S; = S,
TPEYTrOJIbHUKOB, B PABHBIX yIJIaX MapalUIebHOCTU (P = (, MyYKa NapasuieIbHbIX IPSAMBIX TUHUHN, JAIOT
IIPOEKTUBHO — I10JI00HBIE TPEYTOJbHUKU B EBKIIMI0BOM I1JIOCKOCTH C paBHBIMHU YIJIaMU B BEpIINHAX.
OxpyxHocTh B EBKIMI0BOM TITOCKOCTH, 3TO NUHUSA B TeomeTpun Jlobauesckoro. 3necy EBkinoBas
«UIMHHA 0€3 IUPUHBI»— TO paanyc Kpyra B reomerpun JlobaueBckoro. Yem OoJbliie paanyc, TeM JJIMHHEE
«uHUSI». Takue OKpyKHOCTH B TOBEpXHOCTU EBKIINI0BOM cdepbl, 3T0O MHOXKECTBO MPSAMBIX JUHUH BO
Bcenennoii. B namewm ciyuae, EBknmnmoBas cdepa emie u guHamuyHa. Kak MOXXKHO c0O371aBaTh TEOPUH
«bonsoro B3peiBay nnm «uukimueckor Beenennoi» B Takoit cepe? OTBET — HUKAK. TO HU O YEM.
Hyneoii paaunyc Takoro kpyra (r = 0), TOBOPHUT O TOM, YTO TAKOTO KPyra HET, U HET TaKUX JIMHUK. DTO
pasroBOp HU O YEM, UX MPOCTO HET. ITO K BOMPOCAM CHHTYJIIPHOCTHU C MX OECKOHEYHBIMU KPUTEPUSIMU H
HEBO3MOXKHOCTSIMHU. VX HeT HH B MaTeMaTuke, HU B [Ipupone. DTo yxke Apyras TEXHOIOTHS CAMUX TEOPUH.
Taxoit matematnku PumanoBoro npocrpanctsa g, (x° # const), ¢ nepeMeHHOH reoe3UUECKOM, eIle HeT.
Her u reomerpun EBkinaoBoii HecTalinoHapHOH cepsl, HET reoMeTpHH MpocTpancTBa JlobaueBckoro, ¢
MepeMEeHHBIMUA AaCUMIITOTaMU rurep0oi1. DT oproroHansHbie (X—) L (Y —) TMHUH-TPaeKTOPHH, UMEIOT
BHYTPH AMHaMUYHBIE cepbl, HecTarmoHapHoro EBkimaoBoro npoctpanctBa (@ # const). Y atu

(X—) 1 (Y—) nuauM-TpaeKTopuu, UMEIOT COOCTBEHHBIE MOJISl €ANHOTO U (@ # const) TMHAMHYHOTO

(X+ =Y-), (Y+ = X—) npoctpanctBa-marepun. B eBkimnoBoii cetke ocet (X;) L (Y;), MblI ero He BUIUM,
U TIPEJICTaBUT HEe MOXkeM. U 3To yxke apyras (¢ # const) TEXHOIOTUS MAaTEMAaTUIECKUX U (PU3NIECKUX
Teopui, B KOTOPOIl cyliecTBytomas TexHosorust EBkinunoBoit akcuomatuku (¢ = 0) umu (@ = const)
PumaHOBOro mpocTpaHcTBa — 3TO MpeAeNbHBIN U YaCTHBIN CIy4yau, COOTBETCTBEHHO. [Ipu aTOM BCce
Kpurepuu Dsomonyu GopMUpYIOTcs eanHbIM 0opazom B MHoromepaoM WN=K*NT-N npocrpanctee
CKOpPOCTEH, MHOT'OMEPHOTO MTPOCTPAHCTBA-BPEMEHHU.
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Pucynok2. Kpurepuu OBoJroliny B IpOCTPAHCTBE-BPEMEHH.
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3nech mis (N=1), V= K*'T1 - ckopocts, W2 =I1 -norenuuman, I12= F -cuna. VX npoekimyu Ha KOOPAMHATHOE
(K) nmu Bpemennoe (T) npoctpanctBo-Bpems garot: 3apsaa [IK=q(Y+ =X -) B

anekTpo( Y+ =X -)MarHuTHbIX nossx, wim maccy [IK=m(X+=Y -) B rpaBut (X+=Y -) MaccoBbIX MOJISIX,
TOrJla TNIOTHOCTh (p = Tz ), 3To KBaapat 4acToThl, 3Hepruto E=I1°K, umnynsc (p=I1°T),
nevicteue (h=I1°KT), u 1.1., eaunoro HOJI= (X+=Y-) ( Y+ =X -) =1, mpocTpaHCcTBa- MaTepuH.

3.M30paHHbIC CBOMCTBA

I'maBHOE cBOWCTBO MaTepuu — ABMKeHHE. [109TOMY CcBOiCTBA TaKoro (¢ # const) TMHAMHYHOTO
MIPOCTPAHCTBA, MBI COOTHOCHUM CO CBOMCTBAMU MaTepuu. DTO oHO U To ke. OHo (X+ =Y —), (Y+ = X-)
enuHoe, muckperroe ¢ (X+) u (Y1) Henemmumbeivmu O6nactamu Jlokanuzaum, KOTOPbIE MBI COOTHOCHM C
HEJIeTMMBIMU KBaHTaMM IPOCTPAHCTBA-MaTepUu B Buje: mpoToHa (Xt = p), anekrpona (Y+ = e),
uelTpuno (X+ = v,), (Xt = v,) u poronos (Y =1y,) (Yt =y). U3 (m) cxonumoctu (Xt) u (Y1)
TaKUX KBaHTOB, CJIICAYET UX MOCIIEIOBATEIHLHOCTD B BUJIC:

e, eq e Yo v =C Vl
7 / v/ / / /
7 ‘ / ’ o ’ ‘ 7 7/
p2 pl P vp Ve V1
on, - > <—on,——=

Pucynok 3.1 Henenumbie KBaHTBI TPOCTPAHCTBA-MATEPHH.
«remHsbIid Goton» (Y+ = y,), BHeceH [uist HenpepbiBHOCTH eaunoro (X+ =Y-) (Y+ =X -) npoctpaHcTBa-
Marepuu. Takue 31ekTpo( Y+ =X -)MarHuTHbIC MOJIS UMEIOT IMHAMUKY ypaBHEeHH MakcBena:

cxrotyB(X —) =rotyHX -) = g aEa(?) + AE(Y+); 71
oty EQY +) = —py 200 _ Jo0)

Juuamuka E (Y +)s5eKTprdecKoro mojist MopoXkaeT HHIYKTHBHOE MarHuTHoe B(X—) mose, u Hao6opor.
Hanpumep, 3apspkeHHBIH ap B ABMKYIIEMCS BarOHE, MAarHUTHOTO 1ot He uMmeeT. Ho kommac Ha neppoHe
MOKa)keT MarHUTHOE ToJIe. DTO OMBIT DpcTeaa, Ha0moaasmuil (X —) MarauTHoe nose asumxymwmxes (Y+)
3JIEKTPOHOB TOKA IMPOBOAHMKA.

U enuHbIM 00pa30M BBIBOASITCS TaKUE e ypaBHEHHs AUHAMHUKH TPaBUT(X+=Y-) MaCCOBBIX MOJICH:

9G (X+)
cxrotyM(Y =) =rotyN(Y —) = &, * a7 + 1+ G(X+)
ON(Y— aM(Y—
M(Y-)=z * N(Y=); rotyG(X+) = —pp » T2 = =0,

Junamuka G (X+) rpaBUTallMOHHOTO MOJIA MOPOKIAET MHAYKTUBHOE MaccoBoe M (Y —) morne, u
HA000POT. AHAJIOTUYHO, TIpH ABIKeHHH (X+) Macc (3Be37), MOPOKAA0TCS B MHAYKIH MaccoBbie (Y —)
nojisi. 37ech YMECTHO OCTAHOBUTBLCS HA BCeM M3BeCTHOM (opmyiie (E = mc?), Ha KOTOpoii ocTaHOBUMCS
nonpobHee. Teno ¢ HenyneBoi (m # 0) mMaccold, u3ny4aeT cBer ¢ aHeprueit (L) B cucreme (Xg, Vo, Zg, Cto)
KOOpJIMHAT, ¢ 3aKOHOM coxpaHnenus sHepruu: (Ey = E; + L), mo u mocne uznydenwus. [ 3TOM K€ MacChl,
M 3TO KJII0U4eBOM MOMEHT (Macca (m # 0) He meHsieTcst), B Apyroit (Xq,Y;,Z1,Ct1) CUCTEME KOOPIMHAT,

v? o o
3aKOH coxpaHeHus sHeprun ¢ (y = |1 — C—z) npeodpazoBanusmu JlopeHia, DUHIITEHH 3amucai B BUIE

(Hy = H; + L/y). Beruutas ux pa3suiy, JUHIITEHH TOTyYNIT:
1 1
(Ho —Eo) = (H; —Ep) + L(; —1),mm (Hy—Ep) —(H; —Ey) = L(; -1),
C oTneneHueM pa3HMIbI SHEPruu u3inydeHus. O0e HHEepPHIHUATbHBIC CHCTEMbI KOOPAUHAT JIBUXKYTCS, HO
(%1,¥1,21, Ct1) ABWKETCS CO CKOPOCTBIO (V) OTHOCUTENBHO (X, Vo, Zg, Ctg). Yl MOHATHO, UTO CHHUI U
KPACHBIIl CBET UMEET Pa3HUILy SHEPTHUii, KOTOPYIO U 3amucai DUHINTEHH B ypaBHeHHH. CaMo ypaBHEHHUE
DUHIITEIH 3amKca Kak pa3HUIy KUHETHYECKUX SHEPrHid B IEPBOM Pa3JIOKECHHH.
L v? AL, v?
(Ko —Ky) == ), WIN AK = (=) —

2 ¢z c?’ 2



AL . .
3neck (— = Am) MHOXHUTEINb, UIMEET CBOMCTBA MACChl «JIy4UCTOM sHeprum», nim: AL = Amc?. Dty
Cc

GopMyITy MHTEpPIPETUPOBAIH IT0-PA3HOMY. DHEPrHI0 aHHUTHIALIMU E = myc? Macchl MOKos, UIn:

E2 o
my? = i p?/c? | B peNATUBHMCTCKON JUHAMUKE. 371ECh Macca ¢ HyJeBbIM uMiyibcoM (p = 0) , umeer

suepruto: E = mgc?, a nynesas Macca ¢orona: (my = 0), uMeeT UMIyJIbe 1 9Hepruio E = p * ¢. Ho
DHHINTEHH BBIBEJ APYTOM 3aKO0H «IyducToii sHeprun» (AL = Amc?), ¢ MaccoBbIMU CBOHCTBAMH. DTO HE
sHeprus GpoToHa, u 370 He sHeprus (AE = Amc?) nedexta Macc HYKIOHOB sIpa aToMa. DHHIITEHH
YBUJIET TO, 4ero He yBuaed HUKTO. [1og00HO ABMXKYIIeMycs 3apsay, C MHAYKIIUEeH MarHUTHOTO TIOJIS
ypaBHeHHMIT MakcBeia, nBrmxkymascs macca (macca (m # 0) He MEHsIETCs), MHIYIIUPYET MaCCOBYIO
suepruto (AL = Amc?), xoropyo u Hamen Ditnmreitn. Hanpumep, 3apsskennas cdepa BHyTpU
JBIDKYIIErocst BaroHa (3apsia (q # 0) He MeHsieTCsl), HE IMEET MarHUTHOro 1moJjsi. Ho kommac Ha meppoHe,
MOKaXET MAarHUTHOE ToJIe chephl B ABMXKYIIEMcs BaroHe. MiIMeHHO Takoe HHIYKTHBHOE MarHUTHOE T0JIE, OT
JBUKYIIUXCS DJIGKTPOHOB TOKA MPOBOAHKKA, 00HapY kUl Dpcten. [lorom Obutn ombiTel Dapames,
WHIYKIIUW BUXPEBBIX JIEKTPUUYECKUX MOJIeH B IEPEMEHHOM MAarHUTHOM T0JI€, 3aKOHbI MHAYKIIMHU U
CaMOMHIYKIIMH U ypaBHeHUs1 MakcBesuia. [1o ananorum HHAYKTUBHOM SHEPTUHA MarHUTHOTO TOJIST OT
JIBUXKYIIETOCS 3apsaa, DUHIITENHH BbIBeN (OPMYITy HHIYKTUBHOM, «IY4HCTOIN» SHEPIUU MACCOBBIX TOJIEH,
OT ABMXKYIIMXCS HEHYJIEBBIX Macc (Macca (m # 0) He MeHsieTcsl), 3BE3]] B TaJJaKTUKAX B TOM umcie. 1
31ech DUHINTEWH BhImIen 3a paMku EBkinoBoit (¢ = 0) akcHOMaTHKU TPOCTpaHCTBa-BpeMeHH. B
aKCMOMaXx JMHAMUYHOIO IIPOCTPAHCTBA- MaTepuu (¢ # const), pedb uaer 00 uHaAyKTUBHBIX m(Y —)
MAaCCOBBIX IOJISIX, B TOJIHOM aHAJOTHH C ypaBHEHUAMH MakcBeia. Bot yTo yBuaen DUHIITEIH, 1 HUKTO
JIPYTOM.

HeroTon npeacraBun popmyiny, Ho He cka3an, [IOYEMY Bo3HMKaeT cuiia rpaBUTAlMK. 3aIUChIBas

ypaBHenune O6mieit Teopun OTHOCUTENBHOCTH, DWHILITEHH Opall TpaBUTAIIMOHHBIN MOTEHIIHAN HYJIECBOU

MAacCCHhI: E_ 2 B BU L)
: 2 s e 2
P p

8nG
=Gv*(X +) = — i) TeH3opa sHepruu-ummybca. Jloxnoe

npencrasienne 06 O6mei Teopun OTHOCUTENBPHOCTH DWHINTEHHA COCTOUT B TOM, YTO CYUTAETCS, B
YPaBHEHHMH MPEICTABIICHA HEHYJIEBAasl Macca, Kak MCTOYHUK UCKPUBJICHUS IIPOCTPAHCTBA -BPEMEHH, KaK
UCTOYHUK rpaBuTanvu. B ypaBaenun O61eit Teopun OTHOCHTENBHOCTH DHHINTENHHA, KAK MATEMaTUYECKOM

HUCTHUHLI B JTUHAMHUYHOM IIPOCTPAHCTBC-MATCPUHU B ITIOJIHOM BHUAC!
8mG

Ry — %Rgik - %Agik = Tik -
HeT Maccel: (M = 0), B KJIACCHYECKOM €€ MTOHMMaHuU. B MaTeMaTHYeCKOl UCTHHE, 3TO Pa3HUIIA
PENATUBUCTCKON JUHAMUKH B IBYX (DMKCHPOBAHHBIX TOYKAaX PUMAaHOBOI'O MIPOCTPAHCTBA, OJJHA U3 KOTOPBIX
npuBoAUTCS K EBKIM0BOM cepe, Bo BHemHEM, He cTarmoHapHoM (A # 0) EBKIug0BOM MPOCTPaHCTBE-
BpemeHu. B ¢usnueckoit uctune, B ypasaennun O6mieit Teopun OTHOCUTENBHOCTH, DUHINTEHHA, B €IMHBIX

Kputepusix DBononnu, «3amurtay popmyna (3akon) HeroToHa:

E? K?
E=c*K, P=c*T, (¢&—cf=Ack) == ==c), Ac, = Gv?(X +) #0
Ac2 = c*c*k? _ G(c*Ky=my)(c’Ky=m,) _ Gm;m, Ac2 = Gmym, Ac2 2 = F
ik = cacarz T c2(c2T2=K?2) - 22 ! ik = 22 ik -

Kak Bunum, B ypaBHenuu O6uieit Teopun OTHOCUTENIBHOCTH DHWHINTEHHA, CHjla TATOTEHUS AEHCTBYET B
TOJAX C HyJ1eBOH Maccoil. UnTaeTcs: pa3HUIIa MacCOBBIX 10TOKOB Ach, (Y —) BO BHEIIHEM MOTEHIMATLHOM
nose rpaputamuu ¢?(X+), ¢ ux Ipunnumnom DKBUBAIEHTHOCTH, aeT cuay. OIpeaenuMcs B TOM, KaK
pa6oraet Takoif noxxox. Hanpumep, nas Connua u 3emma (M = 2 x 1033g) u (m = 5.97 * 1027 g),

MOTYy4YUM

G=6.67x1078)(M=2x1033) .
(U, = ( Re1 492 Toi3 = 8.917 * 10'2) rpaBUTalMOHHBIHA HOTEHIMAJ HA PACCTOSHUH [0 3eMJIU H
=1. *

_ (6=6.67¥1078)(m=5.97+10%7)

U, = 6.25 * 10! | morennman camoii 3emin. Torna

R=6.374x108
(AU =U; —U, =8.917 * 10?2 — 6.25 * 10! = 8.67 * 1012) ,am (AU = 8.29 x 1012) , HIOJy4YUM:
AU = 876 _ (W?K)?* _ UP(UK=m)* _ Mm AU _ 8mG Mm _ _8nG _Mm _ GMm
- (C4=U2=F)( ik = yapz T U2T2 T2 ) , AJIA vz F 12 - (AU/NZ) T2 - (AU*T2/2)/8T
AU=T?  8.29+10%%%(365.25%24¥3600=31557600)>

0e3 TeMHbIX Macc. OcTanoCh MOCYUTATD = 2.3 % 10%% , gyt0
9

8mVZ 82
GMm
COOTBETCTBYET KBajipaTy pacctosHus (R? = 2.24 = 10%°) or 3emmu 1o Connua, umu F = ~qz > 3AKOHY

Herotona. Takoii moaxox cOOTBETCTBYET peanbHOCTH. CkaxeM OoJble, UMEHHO U3 ypaBHeHUs OO01eit
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Teopun OTHOCHTEIBHOCTY DUHINTENHHA, BEIBOASATCSA B MATEMAaTUYECKON UCTHHE, yPaBHEHUS KBAaHTOBOMN
rpasuTanuu. Ha coBax, peds o IMHAMAKE KBAHTOBOTO IPABHTALIMOHHOrO IOTeHnHana Ac’ , Ha
pacxonsdiueiics (1o cupann) JJIMHE BOJHBI KBaHTa. MIX MaTemaTnueckoe npeacrasieHue Ack = K * G(X +):

O6o3naunm (Ae,, = 2Yey), Ty = (E)i A (%)Jm = (g)i 2y (E)K = 29T}, , B BUIIE TeH30pa

suepruu (€) — (P) ummyinbca ¢ BoaHoBOM (yHKIHel (). OTcioaa cieayer ypaBHEHHUE:
£

1 &
Rik - EReiAe,m = K(;)iA (;)nn NI
1 1
Rie(X+) = 2 (SRejer (X+) + KTy (Y=)), w0 Rye(X+) = 29 (FRgu (X+) + KTy (Y-)).
OTO ypaBHEHHE KBAHTOBOT'O I paBUTALIMOHHOIO OTEHIMAJA C PAa3MEPHOCTHIO [¥—2] MIOTEHIAAJIA

(1 = v¥) ucnuroM (21). B ckobKax 3TOro ypaBHeHHs, yacTh ypaHeHus O6meii Teopuu
OTHOCHTENBHOCTH B BHjIE moTeHuanbHoro [1(X+) mons rpasutanuu. B Teopuu nons (CMupHOB, T.2,
¢.361), yckopenune maccoBbix (Y—) tpaexkropuii B (X +) mose rpasutaruu equaoro (Y —) = (X +)
[POCTPAHCTBA-MAaTEPHH MPEICTABIEHO IUBEPT EHIMEH BEKTOPHOTO TIOJIS:

divRy, (Y—) [TK—Z] =GX+) [Tﬁz], ¢ yckopenuem G (X +) [;{—2] "

GX+) [:—2] = grad;lI(X +) [:—2] = grad,II(X +) * cos@y [f—z
aG. G

% G, = 5, MPE/ICTABIICHHIO.
3neck nonHbId quddepenunan: G,dx + Gydy + G,dz = dIl. OH UMeeT HHTErPUPYIOIIUH MHOKHUTEITH
cemelicta nosepxnocreit [I(M) = C; 53, ¢ Toukol M, OPTOroHaIbHEIX K BEKTOPHBIM JIHHHAM IOJIS
maccoBbix (Y —) tpaekropuii B (X +) nosne rpaButanuu. 3aechk e;(Y—) L e, (X—). Orcrona ciemyer

KBa3HIIOTCHIMAJIBbHOC I10JIC:

Coornomenune G(X+) = grad;l1(X +) paBHocuibHO G, = Z—Z; Gy =

K2 1 K
tr(Gedx + Gydy + G,dz) = dll ||, no GX+) == grad X +) |-
T
3nech tr = M WA KBa3UIOTEHUHaNbHOro nonsi. Bpemst t = nT, 310 n- KOAM4YECTBO NepuoaoB T
KBaHTOBOMW quHaMuKu. U n = tr # 0. OTclona cieayoT KBa3UMOTeHIINAIbHbIC TOBEPXHOCTH w = 21/t 73

KBAaHTOBBIX I'PaBUTAIUOHHBIX moJei ¢ InmeprunoaomM Tu YCKOPCHUCM: -
GX+) = igradll'[(X +) [ﬁ]
G+ 5] =L wwmwmm%w 6) [15]+ (grad,(1)) .

B MOACIAX, 3TO BBITJIAAUT IPUMCPHO TaK:

n=4..0 T ﬂ Oﬂxﬁ:r e —
A(y-)

o

o ZH ﬁk

V "t “t G.‘.".:"Jr—~_" ] re

4

‘l n=l‘{,.- ’7:‘/_/ \"" \ |‘ ‘ll

7 Wit e ‘ i

|’ | e fo‘) 1
S ifRyz

Pucynok 3.2 KBaHTOBBI€ I'paBUTAIlMOHHBIE TOJIS.
D10 PUKCUpPyEMOe B CEUECHUH, BEIOpaHHOE HampaBieHne HopMaiu n L [.  CJjio:KeHHe BCeX TaKUX

. K .
KBAHTOBBIX 10JI€il MHOKeCTBA KBAaHTOB 1oty G(X +) [T_Z] J1000i Macchl, (popmupyer 0011y10

NOTEHIHATBHYIO «SIMY» €€ TPAaBUTALMOHHOI0 MO0JIfl, 1€ y)Ke JeHCTBYEeT ypaBHEHHE DIHIITEHA, C
«3alIMTON» B ypaBHEHUH GopMyJoi (3akoHoM) HetoToHa. B muHaMUYHOM TTPOCTpaHCTBE-MaTEPHH, PEYb



K o
uzer o quHamuke roty G(X +) [E] nosield Ha 3aMKHYTBIX T0tyM (Y —) TpaekTopusx. 31ech -JIMHHSA BIOJb
KBa3W MOTEHIIMAILHBIX TTIOBEPXHOCTEH PUMAHOBOI'0O IPOCTPAHCTBA, C HOpMasbio N L . TIpenenbHBIN yrou
napasuieabHocTd MaccoBbix (Y —) Tpaekropuii B (X +) mose rpaBuTaliiy, 1a€T IPaBUTALIMOHHYIO
_ t
KOHCTaHTY (COS?@(X—)pyax = G = 6.67 * 1078). 3nech tp = 7 = T, TIOPATOK KBA3H MOTCHIHATbHBIX

1)-

~ 137.036
G(X+) [%] - g (G + grad,Rgy (X +) + a * grad, Ty (Y -)) [Tﬁz]

noBepxHocteit, u (cos@(Y—)yax = «

. [K .
Ot0 00111ee YpaBHEHHE KBAHTOBOI O IpaBUT (X+ = Y -) MacCOBOro MOJIS YK€ YCKOPeHu i [T_Z]’ Y BOJIHOBOM

Y — pyHkiwmeit, a taxxke T- neproaom auHamuku kBanta A(X +), co curom (I1), (2¢). IMons yckopeHwuid,
KaK M3BECTHO, 3TO YK€ CHJIOBbIE TToJIsl. MIcX0s U3 3TOr0, pacCCMaTpUBAIOTCS MOJIEIN TPOTYKTOB
AHHUTWIIIIUH [TPOTOHA U 3JICKTPOHA B BUJIC:

> VQ
‘.:, ’ :_\\" v; (X:Y*") T
' " (X-=p) : (Y-=€)

MmoAaens NPpoToHa Mmogensv aNexKTpoHa aTOM BOﬂ.OpOﬂ.a

Pucynoxk 3.3 Mogenu npoAyKTOB aHHUTHIISIIUHI POTOHA U DJIEKTPOHA
B eMHOM npocTpancTe-Matepun (X+= p*) = (Y—=y;)(X+=v;)(Y—= y; ) npoToHa u 3neKkTpoHa
Y+=e) = (X—=v,)(Y+=y")(X— = v;). B npocreiimeii Momen1 aToMa BOZOPOA HET OOMEHHBIX
¢oToHOB B 31eKTpo(Y+ =X -)MarHUTHOM B3aUMOJICHCTBUM OPOUTATIBLHOTO 3JIEKTPOHA U IIPOTOHA SIIpa,
mo6oro aroMa B ToM uucite. Dnekrpon (Y+= e™) usnyqaer oomennsiii (Y—= y*) goron, Ho mpoToH He 74
MoskeT u3iydath oomensslii (Y—= y 1) ¢oron. [Iporon B sape aToMa He u3nydaeT oOMeHHbIH (poToH. 1 -
elie BOMpocC, MouyeMy OpOUTaTbHBIE 3JICKTPOHBI aTOMA HE OTTAJKUBAIOTCS BO B3aUMOJICH CTBUU JIPYT C
JPyTOM, €CIT OHH MPUTSATHBAIOTCS BO B3aMMOJICHCTBUY C TPOTOHAMH S/Ipa. 371eCh SBHOE MPOTHBOpeure. B
MPEICTABICHHBIX MOJIEIISIX HET TAKKX MPOOJIEM U IPOTHBOPEUHid. J[Ba CBOOOIHBIX ATIEKTPOHA OyIyT
OTTAJIKUBAThCS(A), HAXOUTHCS HAa SKBUIIOTCHIIMAIBHBIX OpOUTaX aTroma(0) WM ciaenoBaTh APYT 3a IPYroM
B OJTHOPOAHOM 3JekTprueckoM E(Y+) mosne (B), B IpeCTaBICHHBIX MOJETISAX:

a)
Pucynok3.4. pa3nuyHbie COCTOSHUS 3JIEKTPOHOB.
[Tpu ompeneneHHbIX YCIOBUAX, YIEKTPOHBI IIPOBOAHHKA, TIPU HAMUUHU B HEM DIIEKTPUYECKOTO IOJISI, MOTYT
CIIEIOBATh APYT 32 IPYTOMHU, U JIaXKe «CKICUBATHCS JPYT C IPYTOM, TOJOOHO MarHUTaMm.
DNEeKTPOH H3IIydaeT u noriomaetr GoToH: (e < y ). FIX CKOpOCTH CBsI3aHBbI COOTHOIIICHUEM
(Ve = a * ¢). Touno Tak cBsI3aHbI CKOPOCTH (hOoTOHA (Y © ¥, ) M yKe(V), © & * V), ) CBEPXCBETOBOTO

¢dorona. OHU CBsI3aHBI KpacHBIMH TMHUSMU Ha Pucynok3. Kak Takoe BozmoxHo? [IpencraBum Oonee
JIeTaIbHO MOJIENb JIEKTPOHA.



Pucynox3.5. Mmoaens 31eKTpoHa.
Dnextpon uMeeT Gopmy Topa, ¢ (y) poroHom BHYTpU. Hemenrmbie 37K TPOHBI OTTAIKHBAIOTCSI

saemnmy E (Y +) nomsimu siekrpudeckux 3apsioB. Ects 3akon Kysona takoro B3anMoeiicTus:

2 h r 2 h(v=ac
F=L =B =2 t="1 F =9 - =g
r2 t r v r2 r2
2 -10)2
q (4.8056+1071°) 1 v
a=—=——=10.00728 = —, mm: vV =ac),rae: @ =— = coS
hic 3.1647+10~17 137" ( ), T B (ov)

[TocrosinHas TOHKOH CTPYKTYpHI() 3nekTpudeckoro (Y+ = e) mosns 3apsina, npeacTaBisieT co00il KOCHHYC
yriia napajuieabHOCTH coS((@y) MaccoBbIX Tpaekropuid (Y — = e) anekTpoHa. Mbl MOHMMaeM, 4TO TUHAMUKA
anekTpudeckoro (Y+ = e) monst mopoxaaer B MHAYKIUHU BUXpeBoe B(X—) maruHuTHOE moJIe, COrIacHO
QE(Y+)
oT
MarHUTHOM II0JI€, 3/1€Ch BECbMa OUEBHIHBI. DJICKTPOH M3Iy4aeT u noriomaer ¢poroH. Ho rmaBHoe cocTout

ypaBHeHHsAM MakcBemna: ¢ * rotyB(X —) = & . 1 cnunoBkie cBoiicTBa 3nekTpoHa B B(X—)

B TOM, YTO IIPOCTPAHCTBO CKOPOCTEH MACCOBBIX TPAEKTOPUI JIEKTPOHA, UMEET BHYTPH 3JIEKTPOHA, C OKOJIO
HYJIEBBIM yTIIoM napamnensHocta (¢ = 0), mpenensHyo cCKopocTh (hoToHa (BUpTyasbHOTO oToHa). To
€CTh CKOPOCTh CBeTa (V, = & * C) BHYTPH JICKTPOHA, H3ITy4aroniero ¢oToH. Mbl TOBOPUM O BUPTYaJIbHBIX
(boTOHAX KaXX/IOTO JIEKTPOHA, B MIPEICTABICHHBIX MOJIENIAX B TOM 4ncie. TakoBbI paKThI.

B nunamuunom (Y — ) mpocTpaHCTBE-MaTepHy, 3aIIUIIEM U3JIy4YEHHE N TIOTJIONIEHHE SJICKTPOHOM
(Y=—=¢e) & (Y= = y) dorona. 1 Touno tak, mpocTpancTBO ckopocTeil (Y — = y) MaccoBbIX
TpaeKkTopuii (OTOHA, UMEET BHYTPH (POTOHA, C OKOJIO HYJIEBBIM (¢ =~ 0) yriioMm mapauieIbHOCTH,
MpeaeabHYI0 CKOPOCTh cBepxcBeToBOro (v = 137 x ¢) ¢orona. MHaue roBops, ecinu cyuiecTsyeT GoToH,
TO 10 (paKTy, BHyTpH (HOTOHA UMEET MECTO CBEPXCBETOBOE IPOCTPAHCTBO CKOPOCTEN, M OOBIYHBIN (HOTOH
(Y4 = y = ¢) Moxer u3iydarh WK MOrIomaTh yke ceepxceetoBoit (Y + = y,) dhoron. [To 06baHbIM
dbopmyrnam Crientnanbhoit Teopun OTHOCHTENBHOCTH DiiHIIITEHHA, 11 poToHa (Y+ = ¥), CKOpPOCTH

cBepxcBeToBoro ¢orona (Y + = y,), Oyaer MMETh TaKyIO K€ CKOPOCTh CBETA!
u+v c+137x*c c(1+137)

w

=T 137+C+C — =
147 14275 (1+137)

OGHapy>XHUTh CBEPXCBETOBbIE (POTOHBI MOKHO (pUKCHPYs yBeianuenue ummyisca (E =p * (1 + a) *¢)
00b1uHbIX (Y+ = ¥) hoTOHOB M060M SHEPrUU, KOTOPBIE HOrI0MaT cBepxcBeToBbie (Y + = y,) GoToHsl,
13 KBaHTOB (P,/€,) spa rajJakTHKH. 37eCh MBI HCXOIUM M3 TOr0, 4TO B criekTpe (Pucynok 3) HeaenuMbix
KBaHTOB IPOCTPAHCTBa-MaTepHu, KBaHTHI(Y + = e,) sapa 3Be31bl H3ay4daroT(Y += e) 0ObIYHBIE 3JICKTPOHBI,
KOTOpBIE B CBOO ouepep u3inydatoT(Y+ = y) doronsl. [TpuHImnm oOMEHHOT 0 B3aUMO/ICHCTBHUS 31€Ch HE
pabotaer. Torna Bompoc — 4To B IHCTBUTENBHOCTH (a HE B MOJIEIISAX «OOMEHA MSUUKOM») ITPOUCXOIUT.
Jlns mansbIX skcnepumenta m(p) = 938,28MeV, G = 6,67 * 1078. m, = 0,511 MeV ,
(mvu = 0,27 MeV'), u nmpocreiimmx npeodpazoBaHuil, Mbl OJIYYHIIM PACUETHBIE JaHHBIE:

(X =) = cos?py = (\/5)2 =G, (ﬂ) Y-)=cospy =a=

K
_ F=II? [HZTZ _n ] __ Nly=my CvIa me = Gm
Ty T Ly T ov/k? _<ﬁ_ﬁ) ’ OTEYA youux

137,036

K27 2
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_ F=I* _ [HZTZ _ I ] _ NIx=my 2 — o2
= Tkl T (%2:“72) 0Ty my = my
(x2//[2) xTIK * (2 /y/2) =x?xm(e)/2 = m(v,) = 1,36 * 10°MeV mm 2 my/2 = my
G/2 * TIK * G/Z—G*m;p = m(y,) = 3,13 * 10"5MeV wm  Gmy/2 =my
m(y) = Gm(”“) =9,1%10~°MeV .

. — -14
C npyroii CTOpOHBI, AJIs JUIMHBI BOJ'IHI)I nporona 4, = 2,1 % 10

CM, €ro 4acToTa
) = /_Li = 1,4286 * 10%*T'u, popmupyercs gactotoil (¥4 ) KBAHTOB, C MACCOit 2(my0+)c2 = Gh(vys).
14

Gh(Vyg).

,67% -8, ,0545 % =27, , %1024 _ _
Ir = 5,62 * 10°°MeV , mm  (m) = — 20— = 202 2R i = 5,58« 107%2r = 3,13 % 107 MeV
AHanorudHo 1 nektpona A, = 3,86 * 10 cm, ero wacrora (v,2) = - = 7,77 * 10°°Tn,
2 _ 2 Yy —
dbopmupyercs yactoroit (v, ) KBaHTOB, ¢ Maccoit 2(m,-)c” = a h(v(ve—), rne a(Y —) = 137036 KOHCTaHT,
a’h(Viyz)  1%1,0545%10727%7,77%102°
. — e’ _ d d — —32. — -5
noiyqyaem: (m,-) = = = 2,424 x107°“r = 1,36 * 107> MeV, nns maccel
ya ( Ve) 2¢2 (137,0362)%2%9%1020 ’ ’ > A
HelTpuHo. Takue COBNaJEHUs HE MOTYT OBbITh CltydaiiHbIMU. CMoTpuM nanbie. Jlunamuka (Y — = e™)

MacCOBOIO MoJist DIEKTPOHA TOpOKaaeT ero snekrpuueckoe (Y+ = e™) mone ¢ snextpo (Y+ = X—)
MarHUTHOW JTMHAMMKOM, KaK YK€ 3aps10BOro noyis. TO4HO Takas JMHAMHKA ITOJIEN IPOTOHA, ¢ YKa3aHHBIMU
MaccoBbIMH nosiMu. Otaenss 31ekTpo (Y + = X —)MarHuTHble MOt OT MaccoBbIX none (Y— = X+)
MIOJIYYMM HX 3apsJIbl:

XX+ =-)n ("(*Y)—“)‘” 1= DY) (Y+=X-) = %ﬁ”,m
(X+=v5/2)(V2+6)(X+=v; /2)
(}(;_=y-2) = qe(y+)
m(.)/2)(V2 * G)(m(v,)/2 1.36 % 1075)2 /2 x 6,67 x 1078
0. :( (ve)/2)( Y(m(ve)/ ):( ) ° — 4,8 % 10~1°CCE
m(y) 4%9,07 x107°
Y HEH=@)n THER=1= XX ) =X ) = 702w
Y—= 2)(y-=
( Vo()zg-a_g() Vo) p(y+ X — )
m(yH/2)(@?/2)(m(y$)/2 3,13 * 107>/2)2
qp:( (rg)/2)( /_)( (vo)/ ): ( /2) = 4,8+ 10-1°CICE
m(v;) 2% 137,0362 *1.36 x 10~5

Takwue coBmaieHusI TOXKE HE MOTYT OBITh ClTydallHBIMU. Takne 00CTOATENHCTBA TAI0T OCHOBAHUS
TOBOPHUTH O JIPYTUX MOJIETSAX U IPYTruX (HE 0OMEHHOr 0 XapakTepa) MpUHIIMNAaX B3aumoenctsus. [lyrem
npeoOpazoBaHUi BCerja MOXKHO IPUUTHU K Apyroil Mogenu ¢puznyeckoro (¢akra, HO yKe ¢ JpyruMu
IPUYMHAMU B IpYTUX CBsA3sIX. Takue Mojenu MmaTemMaTHUecKue, HO Bonpoc, rae uctuHa? Hanpumep, (+)
3apsii IPOTOHA B KBapKax U (+) 3apsija mo3uTpoHa 6e3 KBapkoB. ITo (hyHIaMeHTaIbHOE IPOTUBOPEUHE.
O06e monenu paboTaroT, HO pu3ndYeckue NpUIMHBI TepstoTcs. Her otera Ha Bonpoc, [IOUEMY Ttak?
KBapk-rimtoOHHBIE 110JIs1 IPOTOHA, TIPU ero aHHUTWIUH (p*)+(p”), MODKHBI IEPEXOAUTh B KBAHTOBBIE MOJIS
¢doronos. Ho takoit mpouenypsl Het. [louemy, Kyaa v Kak Mcue3ar0T KBApKH MU pacnagax 7T- MEe30Ha,
BOMpPOC OTKPBITHIN. Jlnarpammsl deiiHMana paboTaloT a, HO MPOTOH HE M3Iy4aeT (JOTOH B 3apsSA0BOM
B3aMMOJCHUCTBUU C 3JIEKTPOHOM aToma. DTO BeAb (pyHAaMEHTAIbHbIE OCHOBBI BCEX aTOMHBIX CTPYKTYD,
crpoenus Bemecrsa. [IOYEMY Ttak — orBeta HeT. 3aeck Oynem orBevars, [IOYEMY uwacTuia umeet
MMEHHO TaKHe€ MPOYKTHI pacnaja Uil aHHUTHISIUNA HEJeMUMBIX KBAaHTOB. byieM nCXonuTh u3 o0mmx
npencraBnennii  P(X) = e®@Y(X) ypaprenns Jupaka, korma Y = %X (X+) muHAMHYHOE MOJIe KBAaHTA

X+t = ch( )(X +)cosp(X —) =1, cosp(X =) =G, wm (Y +) = ch( )(Y +)cosp(Y =) =1,

= a.'ne (cosp # 0) B 00oux ciydasx. B maccoBeix nonsix m(Y—= X+), Oyaem Opath

cosp(Y —) =

137.036
U3MEpEeHHYI0 Maccy U pacdeTHoe Bpems (T) pacnaga yacTtuil. M3 caMbIx oOIMX mpeacTaBIeHui:
12 n2r?

K. K
M= = @ TH(;) (E)illexp(—z), C €IMHUYHBIM 3apsiioM q(X—=Y +) = 1, ¥ CKOpOCTH CBETa

NKk=q=1) K
¢ = 1 B caMOM KBaHT€, IPOCTPAHCTBA-MATEPUU M = T(G—q) (F =c¢ = 1)exp(—z), rae
a



z= % =X(MeV) n z= (r:ny—zl)) = Y(MeV)B nuHaMu4HOM, rurepbomdeckom e*X) mpocrpancTse
ypaBHenus upaka. s G = 6,67« 1078, a = ﬁ vV, = 0,27 MeV,y, = 3,13+ 107°MeV, v, = 1,36 + 10> MeV/,

y =9,1%10"°MeV
CIIEKTP MAacCC B COOTBETCTBUM € MPOAYKTAMHU pacnaga (aHHUTWIISLINHN )
CraduibHbIe YaCTHIBI C TPOAYKTaMU aHHUTWEIMK B eauHoM (Y += X+) npoctpancTBe-maTepuu:

(Xt=p) = (== p) (X+=v ) (Y==1,) = (22— %) = 938,275 MeV ;

(Y+=e) = (X—=v,)(Y+=)(X—=1,) = (2”6 + Vz—) = 0,511 MeV ;

HECTAOMJIbHBIE YACTHIIBI Y)KE€ B COOTBETCTBUH C IPOAYKTAMHU U BpEMEHEM pacrana. Ga = 4.8673 x 10710
+10-6

(Yt=p) = (X—=v,)(Y+=e)(X—=1v,) = %exp (v + e +25% = 1,1751) = 105,66 MeV,

O003HaunM 371€Ch U J1ajiee B pacyeTax MoAUYEPKHYTHIM mqu)TOM, (n = 1,1751) mokazarens exp(). O

vechl

IIOKa3bIBa€T OCOOEHHOCTH (hparMeHTalMK JuHaAMU4HOro nonis exp(a(X)), B ypaBHeHuu Jupaxa.
- +10-8

(Y+=1%) = (Y+= H)(X—= Vu) = mii&exp (p + vuchl) = 139,57 MeV, (m* =1,59173)

X—=n") = V+=y)(Y+=7v,) =

(T=7823310777) o (%) — 134,98 MeV, (1° = 4,025599)
(X== 1) = (K= O (¥ D)X= )Y =) (K= 1) =

_ +10—19 0
% (%JG&) = 547,853 MeV ,

0
exp (2n* + =) = 547,853 eV,

G2¢q

(T=5.1x10"19)

0y L + _ 0 — +) —
X—=n1)=F—=aH)X+=n)Y—=n") = V2(Ga)?
(T=1.335%10"8) _

(2335007 oy (E ¥ Vu) = 493,67 MeV
(r=1.01398+107%)

Ga
(T=0,885+10"10)

Ga
X—=K))={Y—-=n)X+=v,)(Y—=¢€F) =

Y=k =Y+=pw(X-=v,) =
Yt=K*)=Y+=n*")(X—=n°) =
Y—=K) =X+=n")X+=1") =

exp(n* +7°/2) = 493,67 MeV . K~ =3,16535
exp(2n° — L) = 497,67 eV,

(T=4,9296+10"8)
Ga
(T=5,1713%10"8)
Ga

exp (7‘[ +et+ 2ve) = 497,67 MeV ,

X—=K?) =(Y—=nH)(X+=v,)(Y—=nF) = exp <£ - ? + 2vu> = 497,67 MeV ,

(T=5,02%10724)

+
(X—=p°) = (Y+ =) (Y+=n") = Xp (%(1 + i) = 775,49 MeV :

Ga 2V
)= — 0 (Y— = *) = ([=647566-107%) o0 mf(a-ny _ _
Kt=p")=Xt=n)(Y—=n")= — exp( = - = 7754 MeV ;

AHAJIOTUYHO aIPOHBI
(Y+=n) = (X—=v,)(Y+=e)(X—=p) = (T = 878,77) exp (”—e +2- p\/E) = 938,57 MeV ,
(T=2.604%10~

NG
X+=A") = X+=pH)(Y—=n")= — exp(ap+ +m~/2)=1115,68 MeV, A° = 7,642837
(Y+=A%) = (Y+=n)(X—=1°) = (T=1.5625+10710)

Ga
= x10—11
(Y—=3%) = (X+= p*)(x+=p0) = {2200 ) o (ap + ?) = 1189,37 MeV/,
—g1x10—11
(X—=3%) = (V4= n)(Y4=r+) = L2207

+3\ —
oot exp(an+mt) =1189,37 MeV,
X—=X)=F+=n){Y+=n") =

(Tl%exp(an +7t) =1189,37 MeV,

exp(an+—) = 1115,68 MeV, A° = 8,153

0y — 0 (T=7.4+10720) A+y/G\ _ 0 _
(X—=13°) = (Y+=A)(Y+=7) = Tt _)ff( ) )_ 1192,64 MeV A° = 7,642837,
(V4= E%) = (Y+= A%)(X—= %) = UZ25B4107) 0 h(A° — %) = 131486 MeV,  A° = 8,153, E° = 7,809,
_ +10—10
(X4=57) = (X+= A (Y—= ) = LZED) 0y (A0 + 17/2) = 1321,71 MeV, A = 7,642837, E- = 8,43869,

(T=8.018+10711)
Ga
(T=6.734x10711)

(X—=Q) = (V4= A)(Y+=K~) =
X—=Q0)={+=E)Y4+=r") = — exp(E°+17) = 167245 MeV , E° = 7,809,
(r-=07) = (t+= ) (X+= 1) = L) (5~ 410/ ch2) = 1672,45 MeV , £~ = 8,275,
ECTI) nu )lpyrI/Ie METOABI pvaeTa CHeKTpa MaccC, HO 3Ta JIOru4yeckas KOHCprKHI/Iﬂ aaeT pvaeT
Cl‘IeKTpa MacC ¢ MUHUMAJIbHBIMHU HapaMeTpaMI/I. MCXO)IHI)IMI/I HapaMeTpaMI/I 34€Ch, €CTh TOJIBKO HpOHyKTI)I

exp( A° — K~/2) = 167245 MeV, A° =7,642837, K~ = 3,16535

pacriajga. DTa MOZIEIb €Ille HeCOBEPIIeHHA, HO 3/1eCh HeT MpobieM u npoTtuBopeunit CtanaaptHoit Monenu.

.. _ Gmy _ oPmy
3I[CCB YMECTHO OTMECTUTD, YTO U3 COOTHOLICHUHN: My = ———, My = > , CJICAYIOT UX

2
( )
2
2

npeo0Opa3oBaHus B BUIC: My = ,um (z =G x?/4) = 8.88 * 10713). TouHo Tak mojyyaem
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2(Gmx
= ( 2 ) .M (z =G x?/4) = 8.88 x 10713). [TosHbIil pacyer CIEKTPa Mace B 0J1;, u OJI; ypoBHsix

my =
(u3HYeCcKOro BaKkyyma, IMEeT OJMHAKOBBIN Pe3yJIbTaT B 000UX pacuerax (zp = vy), (ze = y;) ¥ TaK nanee.
U yxe U3 3THX 00CTOATENBCTB, CIACIYIOT OTBETHI HAa BOIIPOCHI, H3 YE€T'0 COCTOUT MAarHUTHOE TOJIE ITPOTOHA H
BJIeKTpUdecKoe moe syekTpona. s mporona (X+=p*) = (Y—=y) (X+=v;)(Y—= y{), rne umeem
kBautel (Y+=1y5) = X—=v{ )Y +=y; ) (X—=v]), ero p(X -) none, popmupyercs nonsmu (X —

) = 2(Y+= y{) xBanTOB, KOTOpHIE B cBoeM (Y+ = ¥4 ) mone, comepxkar (X— = v;") KBaHTHI, B e1MHOM
(Y+ = X—) mpoctpanctBe-MaTepuu. IHBIMU clloBaMU, MarHUTHOE ToJie p(X -) mpoToHa, GOPMUPYIOT
BUXpEBbIC (110 ypaBHEHHsIM ) TpaekTopun (X— = v, ) KBaHTOB. MBI yKe paccMaTpuBaiu ux B «Equnoi
Tepuu2», B MOJEIAX HelTpoHa kBaHTOB (Y — = p/n), (Y— = 2n) CunbHoro B3anmopeiicTBUsS HyKIIOHOB

apa.

Pucynok.3.6. Kanrt (Y— = p/n) u ananornuno (Y — = 2n) CunbsHoro B3zaumopeiicteus
ITpotoH 31eck, uMeeT GopMy Topa. AHAIOTHYHO JUIS SJIEKTPOHA, JIEKTPUUECKOE M10JIE COCTOUT U3
BUPTYaJbHBIX (¥) (GOTOHOB.

SMEPOEHTHbLIE CBOMCTBA MACCHI

B camom obuwem Buae, B (X —); none BcenenHow, Ha (M — 1) CXOAMMOCTAX B KBAHTOBOW CUCTEME
KoopauHaTt eauHoro (X+= Y F) npoctpaHcTBa-matepum, B oTanume ot anektpo (Y+= X—) marHutHbIx
nonei, maccosble (Y — = X) nona umetoT BblgeneHHble CBOWCTBA B COBCTBEHHbIX KpuTepuax dsontoumm
(sHeprua, umnynbe...). M3 NpocTbix COOTHOLLEHUI PENATUBUCTCKON ANHAMMKN, HANPUMep: m = —

CNefytoT U3BECTHbIE COOTHOLWEHUA:
E2 p2
m2c? — (m?v? = p?) = myc?, um m2c* — p%c?) = myct, S o=m
Ans Hynesoi maccbl nokos (g = 0), Mbl TOBOPUAK 0 «NyuncToit aHeprum» (E = pc)umnynbca B JaHHOM
cnyyae (p = Ft) cunbl rpaBuTaLLmMm B NOAAX C HYNEBOW Maccoi. Tenepb, YTO TaKoe IHeprua B NpuHLMNe,
ana nobon dopmbl egnHoro (X+= Y F) npoctpaHcTBa-matepum. B eAMHbIX KpUTEPUAX 3BONIOLMM,
sHeprua (E = I2K = I1;KTl,), ato coctoaHmne asyx noteHumanos (I1;I1, = F) Ha pacctoanmnn (K) u
cnocobHbIx BbINoNHATL paboTy (A = FK). 3To n3BeCTHble Knaccuyeckue npeacrasneHms. Ho Kak us
9HEeprmn NoslyyaeTca macca, 3To Bonpoc. M 34ech CyLLeCTBYIOT HECKO/IbKO IMEPAMKEHTHbIX CBOWCTB.
m,
1.Hanpumep, m = — npw pasroHe NpoToHa my = p(X+), Mbl roBOpUM 06 yBEIMYEHWUMN €0 MaCCOBOTO

2
v
VI=z

(X+)nons, c HeMsmeHHoit KoHcTaHToM B3aumopeiicteuna G(X —) = cos?@, (X—).
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PucyHok 3.5. InHaMnKa MacCoOBbIX Nosei
Mpu coyaapeHusax BCTPEYHbIX NPOTOHOB B KOANalaepax, npoToH 3amegnsetca (v, = v;) u «cbpacbiBaer
nuwHee» maccosoe nose (X+ = Y —) Ha MaccoByto TPaeKkTopuio B Gp1U3nM4Yeckom BaKyyme. 3aecb
NPoABNAOTCA MHEPLMOHHbIe CBOWCTBA B BUAE Macchbl y¥e (Y —) KBaHTa, c ero pacnagom B CNEKTP macc.
2. BTopoi, yke pacCMOTPEHHbIN CAyYal MHAYKLNM MaCCOBbIX MONEN, KOTOPbIA NPeacTaBuUA DUHLUTENH.
MofobHO MHAYKLMM MAarHUTHOrO NONA NPU NEPEMELL,EHNN 3apAaa, IUHLITENH BbiBeN GOPMYAY, 3aKOH
MHAYKUMKM MaccoBol (Y —) TpaeKTopuu npu nepemelL,eHnmn rpasutaLmMoHHoro (X+)nonsa HeHyneBbix macc,
3Be3/, B ra/lakTUKax B TOM YMce. ITO 3aKOH.
3. [lanee mbl FOBOPUJIN O KBAHTOBbIX KBa3MMOTEHLUMA/IbHbIX IPaBUTAaLLMOHHOM Mo/ NPOTOHA

n=4..." ‘40 7-&60('&&——\{ E——t
- J(Y)
S

\ N
\ {

|;‘ er o | ‘I il
f i ,'/’j »_ \
'Iv‘g ' < ( J) - ‘:/“—‘ r \ "I} 79
‘I '\‘ G“x') / 4 , ( -
v \ "‘\ - |
7 ifkyz

Pucynox. 3.6. KBaHTOBBIE T'paBUTAIIMOHHBIC TIOJIS.

¢ MmaccoBbiMK (Y —) TpaeKTOpUAMM 3N1EKTPOHHbIX OPOUT anet aTOMOB C M3BECTHbIMM NPUHLMNAMMU
HeonpeAeneHHOCTeN 1 BONHOBbIX GYHKLMI B HUX. 34ecb pewwaeTtca npobiembl OTTaIKMBAHMA MHOXECTBa
OOMHAKOBO 3aPAXKEHHbIX 3/IEKTPOHOB Ha opbuTax ogHoro atoma. U 3aecb TpyaAHO NpeacTaBuTb O6MeHHbIN
XapaKTep 3apAf0BOro B3aMMoAEeNCTBUA KaK OpbUTaNbHbIX INEKTPOHOB MeXK Ay CO6OM, TaK U 31eKTPOHOB C
NPOTOHaMM AAPa aTOMa.
4. Mbl roBopunu 1 o gederrax macc kBaHToB (X +)(X +) = (Y—) CunbHoro BsaumoaeincTema HyKI0HOB
agpa (Y—=p/n)umm (Y—=2n),rae (E = a *p = 6,85 MeV) MuHMManbHasA yaenbHasa 3Heprus ceasm
HYKNOHOB AApa. HuxKe aTol aHeprum aapo ecnm n Gopmupyetca, To TONbKO Ha nepmog pacnaga. 3710
Pa3HMLA MACcC HYKNOHA BHe AJpa M B AApe, B BUAE SHEPrMm CBA3M HYKNOHOB Aapa. OHa paccunTbiBaeTca no
M3BECTHbIM NpoLeaypam.
5. Ha npeactaBneHHOM pUCyHKe KBAHTOBOT'O TPABUTAIIMOHHOTO MOJIsI, MBI pACCMaTPUBAIIN BBIBO/I
ypaBHEHHI KBAHTOBOT'O I'PaBUTALIMOHHOIO 10 U3 ypaBHeHus O6mel Teopun OTHOCHTENTFHOCTH
DWHINTEHHA B JTIFO00H CHCTEMe KOOPAMHAT, KaK CIeICTBUE. MBI TOBOPHJIM O I'PaBUTAIMOHHOM I10JIC
MIPUTSKEHUS ¢ CUilod HbIOTOHA M HYJIEBOM Maccol 3TOro nois. MHOXKECTBO TaKUX KBAaHTOBBIX
IPaBUTALMOHHBIX TOJIEH, POPMUPYET «ITOTEHIUATBHYIO SIMY» OOIIEro rpaBUTA{MOHHOTO MOJIS JI000M
MacChl, KpUBU3HA KOTOPOT'O OMPEAENSIETCS TEH30pOM dHEPTrUU-UMITyJIbca ypaBHeHus Oo6mei Teopuun
OtHocutenbHOCTH DiiHIITEHHA. Bee paboTaer.

duznuecknuM (HaKTOM €CTh 3apsI0BbIN H30MOTeHIIHAN NTpoToHa p(X—= Y+)e u anmekTpoHa B aToMe
BOJIOpOJIa ¢ cooTHOIeHneM Macc (p/e = 1836). 1o aHanorum Mbl TOBOPUM O 3apsiIOBOM HM30MOTEHIIAANE
Vy(X—==Y+)yp, n v.(X—=Y+)y, cybaTomoB, ¢ cootHommenuem mace (v, /vy = 8642) u (v, /y = 1500)



cootBeTcTBEHHO. [1pn 9TOM, CybaTtoMbl (V,/¥() yAEPKUBAIOTCA IPABUTALIMOHHBIM TIOJIEM ILIAHET, &
cy0aToMsl (V,/Y) yACPKUBAIOTCS TPABUTAIIMOHHBIM IOJIEM 3BE3/1. DTO CIIEAYET U3 PACUCTOB aTOMHBIX
crpykryp (p/e), cybatomos mianer(p,/e1)(p/e)(Vu/Vo), 38e31

(Pz/92)(P1/e1)(P/e)(VM/YO)(Ve/V)a e = ZV”/CZZ = 10,2GeV), e, = ZP/@’2 = 35,2TeV),
HOJI =e; *3,13*xy, =1, u HOJl = e, * 3,13 *y = 1. A Takxke s p; = % = 15,3TeV,up;(X—=

Y +)e; «TsoKesbIXx aTOMOBY BHYTPH CaMUX 3Be3]1. ECiM CyIIeCTBYIOT KBaHTBI
2(my=myp)

(my =pr) =22 = (153 TeV) n (my = ) = 22572 = (35,24 TeV),
TO 110710610 reneparin kBantamu (py /1) sapa 3emum snep (2apy = 238p* = 233U) ypana, p* ~n , ¢

_ 2
MOCJIEAYIOIM PaciazoM B CIIEKTp aTOMOB, KBaHThl P, = % = 3,06« 10°TeV, u (p,/n,), (P2 = ny)

sapa Cosnna (3Be3/1b1), TeHEPHPYIOT SIpa «3BE3AHOTO0 ypaHa», (2ap; = 290p; = 2°°U™"), ¢ nx
5K30TEPMHUYHBIM PACIAJOM B CHEKTP «3BE3IHBIX» aTOMOB (P /€; ) B TBEpIOil TIOBEPXHOCTH 3BE3/IbI
(Connna) 6e3 B3auMoaeicTBrit ¢ 00bIYHBIME aToMamu (pT /e ™) BOLOpOIa U CIIEKTPa aTOMOB.

Touno Tak PacCCUUTHIBACTCA MaCCa KBAHTOB A/lpa IMJIAHCT!

___\ _ 2(my=e”) _ 2(0.511MeV) _
(my =pr) = G T 6.67¢1078 153 TeV

[Tpu 5TOM, UIMEIOT MECTO YIUBUTENIbHBIE COOTHOIICHUS UX MAaCC:
HOJI = M(e, = 3,524 E7 )(k =3.13)M(y =9,07E—-9) =1
HOJI = M(e, = 1,15E16 )(k = 3.13)M(y, = 2,78E—-17) =1
3neck Mbl roBopuM 0 Henennmbix O6nactax Jlokanusanuu JTMHaAMUYHOIO pocTpaHcTBa -Marepuu. U 3to
TOBOPHT O TOM, YTO SJPO 3BE3/bI, & PABHO U 3BE3/Ibl, HAXOJATCS B YHEPT€THIECKOM YPOBHE (pr3HIeCcKOro
BaKyyMa Ha ypOBHE H3JIy4aeMbIX MU OOBIYHBIX () ¢poToHOB. Torna To4HO TakK, AP0 TAIAKTHK, @ PABHO U
CaMH TaJlaKTUKH, HAXOJSTCS B DHEPTeTUYECKOM YPOBHE (PU3NYECKOr0 BaKyyMa Ha YPOBHE M3Ty4aeMbIX UMU
y’Ke CBEpPXCBETOBBIX () (OTOHOB.
Hcxonst U3 9TUX pacdeToB, TOYHO TaKylo MOZeslb UMeeT AUHAMUUYHOE NPOCTPAHCTBO-MaTepuma

bOTOHa, HO y»Ke C APYTMMM NapameTpammn CBEPXCBETOBbIX CKOPOCTEN.

PucyHoOK3.6. AMHamMM4YHOE NPOCTPaHCTBO-MaTepms GOTOHA

M TOYHO TaK, NPOCTPAHCTBO CKOPOCTEN MACCOBbIX TPAEKTOPMI POTOHA, MMeET BHYTPM POTOHa], C
OKO0/10 HY/1IeBbIM YI/1IOM NapanienbHOCTU, NpeaenbHY0 CKOPOCTb cBepxcBeToBoro (v, = 137 * ¢) ¢doToHa.
CropocTtb ¢poToHa (C) ecTb Nnpoekuner ckopoctn (v, = 137¢ = y,). UHaye roBops, BHYTpM GOTOHA Mbl
MMmeeM CBEpPXCBETOBYHO cKopocTb poToHa (v, = 137c¢). BaxHo To, uTo 00bmuHEI (Y+ = ¥ = ¢) doTon
MOJKET M3JIy4aTh ¥ MOMIOMIATE yKe CBepXcBeToBOM hoToH (Y + = y,) TOUHO TaK, KaKk OOBIYHBIM dJIEKTPOH
MoxeT (Y+ = e) uznyuats 006b1unbIi GoToH (Y+ = ¥). U ucTouHnKOM OOBIYHBIX (DOTOHOB SIBISIOTCS
3BE3/Ibl. A MCTOYHHKOM CBEPXCBETOBBIX (DOTOHOB, SIBISIFOTCS «TsDKEINbIe» (e, )3NIeKTPOHBI siipa TajJaKTHKH.
OOHapyXKUTh CBEPXCBETOBBIE (DOTOHBI MOXKHO (PUKCHPYs yBennueHne umnynsca:(E =p * (1 + a) *c)



00b1uHBIX (Y+ = ¥) hOTOHOB M000M SHEPrUH, KOTOPHIE IOrI0MAaT cBepxcBeroBbie (Y + = y,) GpoToHsl,
U3 KBaHTOB (P4/€,4) spa ranakTukd. ['OBOps O APYrHX MOAEISX He OOMEHHOTr0 XapakTepa U NPUHIIHITAX
B3aMMO/ICHCTBUS, MBI MO’KEM TOBOPHTB CTPYKTYpHOM (hopme 3apsikeHHBIX (Y - = P*/n) u HEUTPaTbHBIX
(Y-=2n) kBanTtoB CribHOro B3aumopeiictBus sapa B ux equaom (Y + = X+) npocTpaHCTBE-MaTepHH.

OHH CBSI3aHBI U3JYYAOT KBAHT B3AUMOACHCTBUS (2a *p =~ 2 * (é) * 938,28 ~ 13,7MeV), C yAeIbHOU

sueprueit ces3u (Ey, ~ 6,9MeV) nykinoHos sapa. [lns MakcuManbHON yaenbHON SHEPTHeH CBA3HU

(Ey, = 8,5MeV), uznyuaemprii kauT cBsi3u CusbHOro Bzanmoneiictsus B supe pasen (E = 17MeV). On
ObLT OOHApYXEH B IKCIIepuMeHTe, kKak (akt. Takue 3apsokernusbie (Y - = p*/n) u Heiitpansubie (Y- =2n)
kBaHThl CHiIbHOTO B3anmozelcTBus sapa, UMEIOT YPOBHHU U 000JIOUKH B siApe, KaK MpUYUHA
(dbopMupOBaHUs YPOBHEH U 000JI0UEK 3JIEKTPOHOB aTOMA.

W3 akcnom Takoro JMHaAMUYHOTO (@ # const) NpocTpaHCTBa-MaTepUH, Kak F€OMETPHIECKUX (aKTOB HE
TpeOYIOIIMX T0Ka3aTeNbCTB, (M — n) cxonumoctH, hopmupyrorcs Henemambivu Ob6nactamu Jlokanuzanuu
Kak HefenuMbIX (X+) u (Y1+) xBaHTOB JMHAMHYHOTO NMPOCTpAaHCTBa-MaTepuu. Henenmumblie KBaHTHI
Xt=p), Yt=e), Xt=v,), VEt=v), Xt=v.), (Y£= y), bopmupyror OJI; — nepsyio
Ob6nactp ux Jlokammusanuu. Touno tak popmupyrorest OJIz2 , OJIz - Obnactu Jlokanu3anuu HeAEIUMBIX
KBAaHTOB.

| or | on, [ = 1 |—— 9%

Pucynok 3.4 xBaHTOBas cCcTeMa KOOPAMHAT

Beienum HeoOXoauMeble 3/1ech (hakThl. DIEKTPOH U3JIydaeT | rnoriomaeT GoroH: (e « y ). X ckopocTh
CBSI3aHBbI COOTHOIIEHUEM: (V, = & * ¢). To4HO Tak cBsi3aHBI CKOPOCTH (OTOHA (Y € Y, ) H yKe
CBEPXCBETOBOTO (hoTOHA(V), © @ * V), ). OHM CBA3aHBI KPACHBIMH JIMHUAMH Ha Pucynox4.
[TocnenoBaTeIbHOCTH U3JIY4YEHHUS U TOTJIOUICHUS HEJeIMMBIX (CTaOMIIbHBIX) KBAHTOB, B TAKOM KBAaHTOBOU
cucTeMe KOOp/ANHAT:

~(ps 2 p5) . (s » v, (L = p7). (7 2 P7)
C COOTBETCTBYIONMM siipoM aToMa: (p*/e™) BemecTsa 0ObMHOrO atoma, (P, /e)) aHTUBEIIECTBa AApa
«3BE3IHOTO aToMa», (p; /e, ) BellecTBa syIpa rajakTuky, (pg /e ) aHTuBelecTBa sapa Keazapa u »,
(pd /eg )Bemectpa ampa «kBa3apHOii ranakTHKWy. Jlablie, KCXOIUM U3 TOTO, 4TO KBaHT (p,;) BellecTBa
(Y—=p; /n{ = e,;) Aapa nIaHeT HU3ITy4aeT KBAaHT

(et =2 a* (pf = 1,532E7 MeV)) = 223591MeV,  nm: %19218 =er=2383+p
Maccy sjpa ypaHa, KBaHTa «aHtuBemectsay M(e}) = M(238,3 * p) = 238U , anpa ypana. Takoe
«antusemectBo» (e} = 238U = Y—) ecTh HeycToituMBBIM, M pacHagaeTcs SK30TEPMUYHO B CTIEKTP

aTOMOB, B si/ipe MaHeT. Takue pacyeTsl COriacyroTes ¢ HabmogaeMbIMu (haKTaMU.

B ceepxcaeroBoM yposHe w; (@ N (y = ¢)) ¢usuueckoro Bakyyma, Takue (p, /e; ) 3Be3bl cebs He
nposiBsOT. Jlanbine, peus unet o Bemectse (p7 — py) aapa (Y— = pi/nd = ef) «uepnrix chepy,
BOKPYT KOTOPBIX, B MX MOJI€ TPaBUTAIIUU, (OPMHUPYIOTCS IIApOBbIE CKOIUJICHUS 3Be3]]. AHAJIOTUYHO J1ajee,
pedb UIeT 06 M3ITyYEHUSIX BENIECTBOM aHTHBEIECTBA U HaobopoT: (pg — ps), (b5 = p3), (PF - p1) .,
(p1 = V) . Obmas MoCIeN0BATENBHOCTE HMEET BUL: Dg , D7 , P, Ps» Pi» P3» P2, PL .PHViE Ve oo

Hanbme: HOJ = M(e, = 1,15E16 )(k = 3.13)M(y, = 2,78 E— 17 ) = 1. Ot kBauthl (ps/e4)
Spa TaTakKTHK OKPY>KEHBI U3TYy4aeMbIMH 110 OTACIBLHOCTH KBaHTaMH (P, /€;) spa 3Be3]l, U eCTh MPHUUHON
ux popmupoBaHus. Takue spa ralakTHK, B YpaBHEHUAX KBAHTOBOW I'PaBUTAIIMH, HMEIOT, CTUPABHEIC
pyKaBa MacCoBbIX TpaekTopuii, yxke: v;(y, = a~1c) = 137 * ¢, B cBepXCBETOBOM IIPOCTPAHCTBE
ckopocred. Huke sneprun cBeToBbIX GOTOHOB (1), = 137 * €) B hU3MUECKOM BaKyyMe, allakKTHKK ce0s1 He
IpPOSIBJIAIOT. BHE rajakTHk, peub UAET 0 KBaHTax siipa mera 3ge3n (Y— = pg/ng = e,5) . OHn
reHEPMPYIOT MHOKECTBO KBAaHTOB (e,5 = 2 * & * ps = e, = 290p;) sanpa ranakTuk. AHaJIOTHMYHO Jajiee.

Baxno 10, 9T0 00b14HBINA (oTOH (Y+ = Y) MOXET H3/IydaTh U NOTJIOATH YK€ CBEPXCBETOBOM
doron (Y + = y,) TouHo Tak, kak u 35ekTpoH (Y+ = e) usnyuaer o6brunsiit poron (Y+ = y).
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HCTOLIHI/IKOM O6BI‘IHBIX (I)OTOHOB ABJISIFOTCA 3BC34BI. A NCTOYHHKOM CBCpXCBCTOBBIX q)OTOHOB, ABIIIOTCSA
«TAXKCIIBIC» BHCKTPOHBI ﬂ;[pa TAJIAKTUKHU.
HOJT = M(e, = 3,524 E7 )(k = 3.13)M(y =9,07E—9) =1
HOJI = M(e, = 1,15E16 )(k = 3.13)M(y, = 2,78 E—17) = 1

IMpuuem, nis porona (Y+ = y), ckopocth cBepxcBeToBoro ¢porona (Y + = y,) Oyaer UMETh TAKyIO ke

CKOPOCTD CBeTa: W = —Fooree _ cU4137) _
P T T BT T (14137)
(5}

¢ . O1u cBs3M ykaszansl Ha Pucynok4. Ilo cytu, peus o

«TIOTPYKEHUI» KBAaHTOB siipa 3B€3/ U TAJIAKTHK, B COOTBETCTBYIOIINE YPOBHU (pr3nyeckoro Bakyyma. Kak
BUJIUM, KBAHTHI sI/Ipa TaJJaKTUK «IIOT'PY’KEHBI» B CBEPXCBETOBOE MPOCTPAHCTBO CKOPOCTEN. 3aaua COCTOUT
B [TOMCKE TaKUX (POTOHOB B HAIIPABJICHUU S/1pa TAIAKTUKU, KAK HCTOUHHKA CBEPXCBETOBBIX ()OTOHOB
(Y + = y,). Hanpumep, opOHTAIIbHBIN 3JIEKTPOH BOAOPO/IA U3ITydaeT (OTOH MPHU €ro MEPEXOJIE C OIHOM
opouTsl Ha Apyryto. [TousaTHO. Tak BOT, M31y4aemblie (POTOHBI, C OJJMHAKOBBIX OPOUT JIEKTPOHOB BOAOPOAA
B HaIlpaBJICHUH Ha AP0 ['aJakTHKy, U B MEPIEHINKYISIPHOM OT siipa ["anakTHKK HampaBiIeHUH, MOTYT
umeth Takyto: E = p * ¢ * (1 + a), pa3Huiy sHepruid. Pemaroriee cioBo 3/1€ch CKaXXyT POOHBIE
9KCIEPUMEHTHI.

Takoe e pelarouiee caoBo, 1aayT IPOOHbIE FKCIEPUMEHTHI 10 OOHAPYKEHUIO KBa3UIIOTEHIIMAIbHBIX,
KBAHTOBBIX I'PABUTALMOHHBIX MTOJIEH YCKOPEHUH.
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Pucynox 3.5 kBaHTOBBIE rpaBUTALIMOHHBIE MOJIS
CyTb 3KCIIEpUMEHTA B TOM, YTOO MPOMYCTUTH (POTOH Jla3epa yepe3 KBAHTOBBIE IPABUTALIMOHHBIE OIS
yckopenwii, nanpumep: (X+= p) - nporona, (X+= ga) - YaCTUIIbI, A7Ipa Teus. ITO YPOBHU MAaCCOBBIX
G(X+ =Y-) tpaektopuii snekTpoHHbIX (Y- = ¢’) opOUT aTOMA.
4.B riny6uHax (pu3nYecKoro Bakyyma

[Tomo6HO [lekapToBoii, 060 Apyroi cucTeMbl KOOpAUHAT B EBKIIMIOBOI aKCHOMATHKH, YK€ MOXKHO
MIPE/ICTABISITh KBAHTOBYIO CHCTEMY KOOpauHAT Ha (M) u (n) cXOOUMOCTSIX IPOCTPAHCTBA-MATEPUH, TOYKU
KOTOPOI €CTh HEAEINMbIE KBAaHTHI, B IOJTHOM BU/JIE .

Pucynok 4.1 kBaHTOBasi cucTemMa KOOpJIMHAT
Ve B Takoll KBAHTOBOM CHCTEME KOOPAMHAT, MOXKHO pacCMaTpuBaTh CBOMCTBA MPOCTPAHCTBA-
MaTtepuu BcenenHoit, BunuMoii u HeBuaumon 1t potonoB u HelTpuHO (0OJ1;) ypoBHs. Takas kBaHTOBas
crcTeMa KOOPAUWHAT, B KaXKI0i CBOEH TOUYKE, MEPEXOIUT B MHOTOJIMCTOBOE g, (X™) AMHAMUYHOE
(x™ # const) puMaHOBOE MPOCTPAHCTBO. MBI TOBOPUM O BUAMMOM PaCIIUPEHHH, (HUKCUPYEMOTO



(Yx=y = ¢) poronamu (OJI;) ypoBHs HENECTMMBIX KBAHTOB IIPOCTPAHCTBA-MATEPHH (P, €,Vy, Vo, Ve, V) B
KBaHTOBOI cucTeMe KOOpAUHAT. Teneph MpecTaBUM HEASIMMbIE KBaHThI IPOCTPAHCTBA-MaTEPHH, B BUJE
0JI;;(m) ux (m) cxomumocTy.

0JI;...0J15 ...(p3 e3 pre; p1 € = Oﬂz)(p,e,v#, Yo, Ver ¥ = OJI)) (Vy¥1 V272 V3¥s = OJIy) ... 0J1_;0JI_, ... OJ];

[Tpu 3ToM, ckopocTs 3nekTpona (0J1;) ypoBus: (W = (a = é) xc,mm (w=a®D « ¢c. Teopus

OTHOCUTENBHOCTH DUHILITEHA U KBAHTOBAsI PEJIITUBUCTCKAs TMHAMUKA, JIOMYCKAIOT CBEPXCBETOBBIE

CKOpPOCTH B IPOCTPAHCTBC-BPEMECHU.
Sy c+Nc —_— ay Nc+c

Wy:TNC/CZ:C, WY=W=C,JIJI$I a11=a22=1.

3nech (T ay; L) ayy T) = 1 KocHHYCHI YIJIOB apajieabHOCTH B Bue: cos(@y) * cos(¢y) = 1. Toraa
ckopocTH cy6doToroB (¥; ) pusnueckoro Bakyyma pasubl: (w; = a"N="172-) « ¢) cBepXCBETOBEIM
ckopoctsm B (0J];) ypoBHSX (pU3MIECKOro BakyyMa. AHAIOTMYHO IPOCTPaHCTBO ckopocted B (0J15)
yposmsix B Buge: (w; = a*N=123-) % ¢) npu ycnosun npenensubix (wj x w; = atVexatNe =1 = ¢?)
MOTEHIMAJIOB B mocTyiarax JiHmTeiHa st (0J1;)ypoBHs. B Takux ke moTeHIManax pacCuuThIBACTCS U
CTIEKTP Macc HeJIeTMMBIX KBAHTOB BCel KBaHTOBO#H cuctembl koopmunat 0J1;;(m) ma (m) cxomumocry,

2
ananoruyHo pacueram macc m(X+=7Y —) = IIK, (0J1;) ypoBus. my = Gzﬂ My == ;ny :
Tabmuna 1.
KBantsl siipa 2a*p,=N*p,, N | (Xt)=p*; (MeV) (Yx) =e s (MeV)
p" 27 = 2e2% /G e2r=2pxs/ o
p2z =2,7 E111 MeV e27=1,489 E108 MeV
OJI+11 | o ExcakBasap 2a * p3, =290 p3, 14 | p2s =2ex/G e26=2 P/ 0
p 2 =7,9 E107 MeV ex=9,1 E103 MeV
20* p,, =238p1, P25 =2ex/G e25=2pxs/ o

p2s =3,96 E103 MeV | exs=2,6 EL00 MeV
CyrnepkBaszapH. @ 200* py, =25p., 13 | p" 22 =2ex/G e2=2pzn/d
lanaxr. 1 pona P24 =2,4 E99 MeV e24= 1,32 E96 MeV

OJI+10 | gepHBIX chep 2a* pi, =290p3, P2 =2e2/G e2s=2pa/d E
p2s =7,01 E95 MeV e»=8,1 E91 MeV
O cynepkBasap 2a* p,, =238p., 12 [ p 2 =2e2/G e2=2pxn/d
1 pona p 22 =3,5E9 MeV e2=2,34 E88 MeV
2a* p;, =25p3, P21 =2ex/G en=2po/ad

P21 =216 E87 MeV ex=1,17 E84 MeV

OJI+s o o CymepKBas3apH. 2a* piy =290p,, 11 | p* 20 =2e1 /G e20=2ps/o’
Tanakr. 2 poaa P20 = 6,226 E83 MeV | exn=7,2 E79 MeV
YepHBIX chep 2a* p;, =238py, p 10 =2e18/G e19=2pw/o?

p'1o =3,13 E79 MeV ew=2,08 E76 MeV
O OCyIepKBa3aphbl 2a* piy =25p,; 10 | p 18 =2e17/G e18=2 P/ o
2 poma p1s =1,9 E75 MeV eis=1,04 E72 MeV

OJl+ 2a* pr, =290p:, p 1z =2e1/G er=2ps/o’

p iz =553 E71 MeV | e17=6,38 E67 MeV
® Mera3Bes/HbIe 2a*pl=238p; | 9 |P s =2es/G e16=2 pu/o’
rajJakTUKd p'ie =2,78 E67 MeV | ers=1,84 E64 MeV
yepHbIe cepsl 2a* pl=25p;, p" 15 =2eu /G e15=2 P/ o

p'is =1,7 E63 MeV eis= 9,26 EB9 MeV

OJI+ | o mera3Besnsl 2a*p,, =291p,, 8 |pu =2e:/G eu=2pnr/d
] p 14 =491 EB9 MeV | ens=5,67 E55 MeV

Cynepruianersl 2a* p, =238p;, p 1z =2e2/G er=2pu/d
) p 13 = 2,46 E55 MeV es= 1,64 E52 MeV

® KBa3apHBIX 200% piy =25p;, 7 |p'e =2eulG en=2po/d
rajakTuk 1poma p'12 = 1,51 E51 MeV e = 8,22 E47 MeV

OJI+s | yepHbIX chep 2a* p/, =290p,, "1 =2e10/G en=2po/ o

p'u = 4,36 E47 MeV en= 5,03 E43 MeV
O KBa3apbl 2a* p,, =238p; 6 |p w0 =2e/G ew0=2ps/ o’

1 pona p 10 =2,19 E43 MeV e10=1,45 E40 MeV




2a* p, =25p, p e =2es/G ee=2pr/d
po =1,34 E39 MeV eo=7,3 E35 MeV
OJI+4 ® @ KBa3apHbBIX 2a* pi =290p; 5 | p's =2e7/G es=2ps/ o
rajakTuK 2poja p's =3,87 E3§5 MeV es= 4,47 E31 MeV
YEPHBIX chep 2a* pi=238p, p*7 =2e6/G e7=2ps/ o
p'7 =1,94 E31 MeV e7=1,3 E28 MeV
0O KBa3aphl 2a* p; =25p: 4 |ps =2e5/G e's =2pa/a’
2 pora pe =119 E27MeV | e’ =648 E28
MeV
OJl+s | MexXraJakTH4ecKn | ) * ps =290p; ps =2es/G es=2p/ o
X 4YepHBIX cep p's =3,447 E23MeV | es = 3,97 E19 MeV
® 3Be3HBIX 2a* p! =238p; 3 | p's =2e3/G e 4=2p2/0?
lamaxrux p*a4 =1,7 E19 MeV e 4=115E+16 MeV
anakTHIecKux 2a* pi =25p; p*3 =2e2/G e3=2 p1/ o
4yepHBIX cep p*s =1,057 E15 MeV | e 5= 5,755E0 MeV
OJl+2 | o 3Be3msl 2a% p; =290p; 2 |p2 =2e1/G e2=2p/o?
p 2 =3,05 E1l MeV e:= 3,524 E7 MeV
[TnaneTs 2a*p, =238p" p1=2e/G e1=2vu/o?
p 1 =1532E7 MeV e1= 10178 MeV
200* p* =25v, 1 |[p"=2y/G e =2ve/d’
p* = 938,28 MeV e =0,511 MeV
OJI+1 | ypoBeHb 2a*vi=292v; ve=o0’e1/2 v0=G p/2
vu =0,271 MeV Yo = 3,13*10°MeV
0 |ve=a’e/2 Yy =Gwul2
ve =1,36*10° M eV ¥t =9.07*10"° MeV
dusndecKuit vi =0 Y0 /2 y1=G Ve /2
BaKyyM v1=8,3*10"° M eV v1=4,5*10" MeV
OJlo YPOBHs -1 vi=aly /2 v2=Gv1/2
v2=2.4*10" M eV y2 = 2.78*107 M eV
v3 =o® y1 /2 v3=Gv2/2
vs=1.2*10" M eV v = 8,05*10% M eV
dusnaeckuii -2 va =0 y2 12 va=Gvs /2
BAKyyM v4=7.4*10% M eV v4=4,03*10%* M eV
OJI -1 | ypoBHs Vs =0 y3 /2 y5=Gva /2
vs=2.14*105 M eV | y5 =2.47*10®° M eV
-3 V6 =0’ 4 /2 ¥6 =G Vs [2
ve=1.07*10®MeV | y5=7,13*10%¥ M eV
DusnIeCcKuii v7 =o° s 12 v7=Gve /2
BaKyyM v7=6,57*10* M eV Y7 = 3,58*10% M eV
OJI 2 YPOBHS -1 ve =02 y6 /2 v8=Gv7/2
vs=1.897*10%" MeV |ys=2.2*10"MeV
vo =0’ y7 12 vo=Gvs /2
v9=9.5%10" M eV ¥9=6,33*10"° M eV
duznaeckuii -2 vio =0 ys /2 y10= G vo /2
BaKyyM v10=5,8*10" M eV Y10 = 3,2*10° M eV
OJl3 | ypoBHS vt =0° ye /2 y11 =G vio /2
v =1.685*10° M eV | yu = 1.9%10% M eV
-3 vz =0” y10 /2 yi2=Gvu /2
v12 =8.46*10™ M eV Y12 =5,62*10°" M eV
dusnIecKuii viz =0” yu /2 yi3=G v /2
BAaKyyM v13 =5.2*10%¥ M eV y13 = 2,8*10% M eV
OJI -4 ypoBHs -4 via =0 y13 /2 v12 =G vz /2
vis =1.5*10%" M eV y14 = 1.7*10%° M eV
vis =0 y10 /2 y15= G v14/2
v15 =7,5%10% M eV y15= 5*10%° M eV
duznaeckuii -1 vis =0° Y14 /2 v16 =G vis /2
BaKyyM vis =4.6*107° M eV v16 = 2.5%10" M eV
OJI -5 ypoBHs viz =0 15 /2 y17=G vi6 /2
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v17 =1.33*10"° M eV y17=1,5*10"" M eV
-2 vis =0 16 /2 v18 =G v17 /2
vis =6.7 *10™ MeV y18 = 4,43*10% M eV
DdusnIecKuii vig =0” y17 12 y19 =G vis /2
BaKyyM vio =4.1*10% M eV y10 = 2.2*10%° M eV
OJI - ypoBHs -3 va2o =0” y18 /2 Y20 = G vag /2
v =1.18*10%" M eV y20= 1,36*10% M eV
va1 =% y19 /2 v21= G va0 /2
va1 =5.9%10%" M eV y21= 3.94*10% M eV
DdusnyecKuii -4 v22 =0 y20 12 v22 =G va 12
BAaKyyM v22 =3.6*10% M eV y22 = 1.975%10° M
OJI -7 ypoBHA eV
v =% y21 12 v23 =G va2 /2
v23 =1.05*10% M eV y23=1,2*10"" M eV
-4 va4 =% y22 12 v24 =G va3 /2
v24 =5.26*10"% M eV | yas = 3.494*107 M
eVv

HOJI = Wj(926) *w;(V24) = (@Bwe) x (@ Bw,) =wi =T, =1
HOJI=9,1 E103 *(3,14=L/d)*3.494*10-1%°=1,
Ho B atmocdepe 3emin, BO3MOXKHBI (PUKcAIUK YacTHIl ¢ dHeprue p, = 305 E15 eV win
e>= 3,524 E13 eV, kak MUHIMYM.
@®parmenTanus GU3NYECKOro BaKyyma.
NHTepeceH GaKT poXAeHUA 3N1EeKTPOH-NO3UTPOHHOM Napbl BbICOKO3IHEPreTuyeckum GpoToHOM. 3T

daKT. B JaHHOM C/ly4ae MOXKHO NPeACcTaBUTb MOAE/b AUHAMUKM NPOCTPAHCTBA-MaTePUMN 3TOTo NpoLecca.

(Y-=¢*) -
—T¥-=¢")
(Y- =X+)
<7 / bl
(¥-=)) T

PucyHok 4.1 poxaeHue 3/1eKTPOH-NO3UTPOHHOM Napsbl
Tak, BbicoKoaHepreTnyeckuii (Y— = y) GoToH, poxkaaeT 3nekTpoH (e~ e™) no3auTpoHHyto napy 8 none
(X+ = p™) CunbHoro Bzaumogeiicteua (X+ = p™*) npotoHa agpa. IHeprua Takoro GpoToHa. Kak
M3BECTHO, A,0/MXKHA 6bITb paBHol (E = 2 * 0,511 MeV). B exunbix Kpurepusix DBOMONNH, BCSIKAsI KBAHTOBASI

. o E .
motHocTh (P = V) npecTapisercs cuMMeTpUeii IBYX KBaHTOB C 4acTOToM (v = E) u sHeprueit (E = hv)

3JIEKTPOHA U MO3UTPOHA, B IaHHOM Cilyyae. TOYHO TaK, Mbl FOBOPMM O reHepaluu KBantamu (p/n4) sapa
3emmu kBauToB(2ap; = (Y —) = 238p™* = 238U) anpa ypana, (p* = n), c nocnexyronmm pacrnazom B
CIIEKTp aTOMOB. 13 paccMOTpEHHBIX CBOWCTB (PU3MUECKOI0 BaKyyma, Mbl FTOBOPUM, YTO U3 «JIHA
(u3nIecKoro BaKkyyma» 0€CKOHeYHO 00NbIIMX MII0THOCTEH (p;(X—) — 00) TUHAMHUYHOTO MIPOCTPAHCTBA-
Marepuu Beenennoii:
Ri(X—) > o (X—) - ri(Y-)—-0 (Y=) > o0

K=t (pj,-((X—)) - 0)”’ e e (pj-&—% - oo) n(a o)~
«BBITIAAI0T» KBAHTHI (X 1); mpomexyTounsix miotHoctei (0 < p;(X —) < ) , BIIoTs 10
KPYITHOMACIITa0HbIX KBaHTOB (X 1) IMHAMIYHOrO IPOCTPAHCTBA-MaTEPUH. MBI TOBOPUM O KBAHTAX spa
KBa3apoB (X+ = pg), kBaHTOB (Xt = p5) MEXranakTH4eCKUX «4epHBIX chep», KBaHTOB (X+ = p,) gapa
raJIakTUK, KBaHTOB (Xt = p3) rajJakTHuecKux «4epHbIX chep», KBaHTOB (X+ = p,) sapa 3Be3q,



MOPOXKIAEMBIX (PU3UUECKUM BaKyyMOM OECKOHEUHO OONbIIMX TIOTHOCTEH (p;(X—) = ). U yxke Takue

KpyNHOMAacIITaOHbIe KBAHTBI U3JIy4aloT U T€HEPUPYIOT IPyrue KBaHThI IPOCTPaHCTBA -MaTepuu BeeneHHoi.

Y)Ke KaK CJICACTBHUC TAKUX OGCTOHTGJII)CTB MO>XXHO I'OBOpPUTH O TOM, UTO n KBAHTEI sgapa
5 9 1 1
+ __ 238 + ~
= “3;U) anpa ypana, (p™ = n),c
IOCHEAYIOLINM PACIIaZOM B CIIEKTP aTOMOB B 9K30TEPMHUYHBIX PEAKIUAX pacnaia.

IUTaHeT, 3eMJIM B TOM 4YuClle, TeHepUPYIOT KBaHThl (Z2ap; = 238p

Takum oOpazoM, GU3NIECKIIT BAKyyM MeXIy 00beKTaMu BceneHHoid, 7T0 MHOTOYPOBHEBOE
MIPOCTPAHCTBO CKOPOCTEH, B KOTOPOM (DOTOH MMEET COOCTBEHHYIO CKOPOCTh. DOTOH HE MOXKET MTPOHUKHY Th
B CBEPXCBETOBOE MPOCTPAHCTBO CKOPOCTEH, U OH HE MOXKET 3aMeNIUThCsl. M1 MBI TOBOPUM O TOM
00CTOSITENILCTBE, UTO CTYCTOK SHEpruu MaccoBbix (Y —) Tpaekropuii, MOKET ()parMeHTHPOBATH B
¢busnyeckoM Bakyyme BceseHHOi B HeflenuMble KBaHThI TPOCTPAHCTBA-MAaTEPHH, C OMPEEIIEHHON Maccoi,
c u3BecTHON Qpopmyioit (E = mc?) DitHimreiina.

4
v o C - —
B KjaccHuecKoii pelITHBHCTCKOM AuHamuke: R? — c?t? = 2= R? — c?t?, npocTpaHcTBa-

BpPEMEHH CaMO IPOCTPAHCTBO-BpeMsl UCTIbIThIBaeT yckopenue: b2(R 12 — b%c?(t 1)? = (¢* = F).B
= K _ _k* .
ennsbIX Kpurepusx, (b = 7z (R=K)= 2= [1, MBI TOBOpPHM O IOTEHLIMAJIE B IPOCTPAHCTBE CKOPOCTEN
K - oo =ron n
(; = e) BEKTOPHOTI'0 MPOCTpaHCTBAa B oboi e(x™) cucreme koopauHart, rae Il = g, (x™)

(dbyHIamMeHTanbHbIN TeH30p PumanoBoro npoctpancrsa. Toraa B 001ieM ciiyyae HMeeM:

M3 — 12 = (I, (X+) — (Y )L (X-) + I, * (Y4)) = (AL (X+= Y =) L (All,(X—=Y+)) 1= F
Ota cuna Ha BeeM paauyce (R = K) Buaumoit chepsl enunoro (X+= Y+) mpocrpaHcTBa-Matepun
Bcenennotit, naer (temuyro) suepruto (U = FK) nunamuku Beenennoid, B rpaButT (X+= Y —) MaccoBbIX U
B osiekTpo (Y+ = X —) MarHuTHBIX moisx. [103TOMY, 9TO SHEPrHst PEIATHBUCTCKON JMHAMUKU BeeneHHOi.

(M2 — 5K = (1; — MK, + 1,) = (A (X+=Y-) | K(ATl,))(X—=Y+) 1= FK = U
B uem ee npupona? Ha paauyce (R = K) aunamudnoi cdepsl BeeneHHON ecTh OIHOBpEMEHHAs JUHAMUKA
enuHoro (X+= Y+) npoctpancrBa-maTepun. PaccMaTprBasi AMHAMUKY MOTEHIIHAIOB B TPABUT MACCOBBIX
(X+= Y—) nomsx, kaxk yxke ussectHo,(Il; — I1,) = g;x (1) — gix(2) # 0, peus 06 ypaBHEHHH

1 1 . .
«rpaBUTALUN» Rj — ER Jix — 5/1 gix = kT, O6meii Teopun OTHOCUTENBFHOCTH, B 1000 cucTeme

oJ1

ik (x™ # const) KOOpAMHAT, U B Pa3JIMYHBIX YPOBHSAX CHHTYJSIPHOCTH 7, o1, ¢du3MUEecKoro BaKyyma

Bceil Beenennoil. I[lpu atom: (Rik - %Rgik = All; = kTy, + %Agik) (X+=Y—), kxpoMe KpHBU3HBI
[POCTPAHCTBA-MAaTEPHUH BbI3BaHHOM TeH30poM (kT;j ) 3HEPrHU-UMITYJIbCa, MBI TOBOPHM M O IMHAMHKE
(u3sHUECKOro Bakyyma: %A(gik = 4ma? * p), rae us (a(t) > o) u (p = ﬁ = H?),

HOJI = (T; » »)(t; > 0) =1, Bcenennas ucuesaer BO BpeMeHH (t; > 0), Ha OECKOHEYHBIX pagnycax

. t
(a(t) = o), c mapamerpom Xaboma (H = g) uHpmsmonnoi (a = cT * ch z—T) Moiesd. MBI TOBOPUM O
chepe (x™ = X,Y, Z, ct # const) HecranmoHapHoro EBKIMI0BOTrO MpOCTpaHCTBA-BPEMEHH, B BUJIE:

(x™ =XY,Zct) * {(ch f(f;—z(;_i) X+=Y —) * cos@x(X— = Y+) = 1} . ['paguent takoro (AIl;)
o—folA—
MOTEHIINAJA, TOXKE U3BECTHO, TACT YpaBHEHHs KBAHTOBOI I'PaBUTAIIMH C HHIYKTUBHBIMU M (Y —)

(CKPBITBIMH) MacCOBBIMH TOJIIMH B rpaBUTalinoHHOM toiie. Peus uiper 06 (All;~Ty) | (X+=Y-)

E=I°K\ (E=I*K K? _ . .
sHepruu-umnyibsce Ty = = — = (II), rpaBut (X+= Y—) mMaccoBbIX noJeii Bceit
p=N%T/; \p=N2T /), T?

BcenenHol, ¢ yMeHbIIIEHHEM IJIOTHOCTH MacCOBBIX (Y —) TpaeKTOpHii B IIJIAHKOBCKMX MacIiTa0ax.
(Ki—0)? 1
K = 007 = (G = (0 = 0 ) (K3 =V N +=Y=) = (0, LV DX += Y-,
(R;) * (R; = 1,616 x 10™33sm) = 1, (R;) = 6,2+ 10%2sm (pi(Y=) - 0).
B KBaHTOBOJ rpaBUTALMH, MBI TOBOPHM O JMHAMUKe KBaHTOB: e(Y—); = y(Y—); B OJI;,u OJ];

YpOBHSAX (pr3rueckoro Bakyyma Ha (m) cxoguMocTH Bcei Beenennoit. B enunbix Kputepusx DBomonmn

MPOCTPAHCTRA-MATEPHH, IIOTHOCTE (p = 15 = 5 = V%), AaeT ¢ = =0

OKOJIO HYJIEBBIE ITapaMETPBI

MI'HOBEHHOr0 «B3pbiBa» Geckoneuno 6onbmoi (p(Y—); = — 00) IUIOTHOCTH AMHAMHUYHBIX MacC B

1
T(Y-),”
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(Y+ = X—), none Bcenennoit. [1pu 6eckoneyno manwix (T (Y—); —» 0) nepuonax nMHaMuKu, B
nuHamMuaHOM npoctpancte-matepun: HOJ = (T(Y—); - 0) * (¢(VY+=X—); > ©) = 1,8 (X—); none
BeenenHol, mpoucxoauT OECKOHEYHO MHOTO COOBITHH, (t(Y+= X—); — 00) B «CKATOM BPEMEHNY, HA
YPOBHE V;/Y;

KBAHTOB M C Ha4ajJOM OTCYETa (T(Y =) = 1) * (t(Y+= X-), = 1) = 1 BpeMeHu (t(X =) = 1)). U3
akcuom HOJI =K3(m =)« Kd(n=1i) = 1, um (p(Y+= X-); » 0)(p(X—); = ) = 1, enuHoro
MPOCTpPaHCTBA-MaTepuu HavanbHOW BcenenHoit, kBaHThI (p(X—= Y+); = o) poxknarorcs cpasy. U yxe B
takoM (p(X+=7Y—); —» 0) ¢usnueckoM BakyyMe pOXKIAr0TCS N3HAYAIbHO KBAaHTHI

(y(Y=); = (p(Y—); = 0) c 0K0JI0 HYJIEBOI MacCOBOI MIOTHOCThIO. I MBI TOBOpHM 0 panuyce chepsl
HECTAIMOHAPHOro EBKIIMI0BOr0 pacumMpsIonerocs npocTpancrea, R(X—); — oo, Ha (M) cXoaMMOCTH, U
r(X=); = 0, Ha (N) CXOAMMOCTH, TO €CTh CBEPXCBETOBEIMH ckopocTsivu: (w; = aTN="172-) 4 ) '
(OJ1;) ypoBHSX GU3NUYECKOr O BaKyyMa.

B akcrnomax auHaMuuHoro npocrpancrea-Matepun HOJI = K3(m = j) * K3(n = i) = 1, cymectByror
Henemmpre O6nactu Jlokammsamuu: (X £) j; = p;(X™)v;(X™) u (Y 1) ; = ¢;(Y™M)y;(Y™) cocTosnus
KBAHTOB, C B3aUMHO opToroHaibabiMu (X™) L (Y™) cucremMamu KOOPAMHAT. DTO 3HAYUT, YTO €CIIH €CTh
(Y— = j), To Bcerga ectb (Y — = y;) KBaHTBI. AHAJOMMYHO (X— = pj) u (X— = v;) kBautsl. OTcroaa
cieyer KBajpaTtiuHas GpopMma JMHAMMKH SHepruu kanTos: (AE? = h2A(p = v?).

‘A‘.I(Y-J -0

$.(Y2+ 0
i
J?hﬂho

3 222 T30

PucyHok4.2 K TUHAMHKE POCTPAaHCTBa-MaTeprn BeenenHoii
Uewm Gosnblire paguyc nuHaMudHOU cdepbl (r = R) Tem meHbIe KpuBu3Ha(Ad,, — Ay) IpocTpaHCTBa-
Matepuu B Ha00OpOT, B cOOTBETCTBUM co cBoiictBamu HOJI = (rd,,) = (RA,) = 1, camoro npocrpaHcTBa-
marepun. 3aece: A(X —) = (r > R)tg o(X—) u A(Y =) = (r » R)tg ¢(Y—), coorBercTBeHHO. TOUHO
tak, coorHomenus miotHocted HOJ = (pople) = (pgAo) = 1, Ipu HeM3MEHHBIX OTEHIUANAX mojs. 1
TouHO Takue cBoiicta (T) - meproaa AMHAMUKA KBAHTOB U (t) — MX OTHOCHUTEIBHOIO BPEMEHH COOBITHIA,
HOJI = (Tyt,) = (tyT) = 1. Ha Geckoneuno Gonbiunx paauycax, Beenennas ucuesaer Bo Bpemenu (tg)
Y IUIOTHOCTH IPOCTPAHCTBAa-MaTEPHU CBOAUTCS K HYJIO (0,), BO Beex ciaydasx. OOpaTHas KapTHHA B
rUnepO0IMYECKUX CBOMCTBAX, IPOUCXOIUT B TIyOMHAX Gu3nyeckoro Bakyyma Beenennoii. Takoe
COCTOSIHME JUHAMHYHOIO IPOCTPAHCTBA-MATEPUH TIPEACTABICHO KBAHTAMMU:
Rj(X—=) — ri(X—=) -0 r(Y=) -0 R.(Y=) > o
K =ps (,jj(x_) - 0) (o 2w =1 D= (pch—) - oo) 1~ 0) =1
CaoiictBa auHaMuuHbIX cdep (r = R) B IPOCTPAHCTBE CKOPOCTEN:
(W} (X -=)=a"c¢c - 0)(;(X =) = a™V x ¢ > ©) = 1: UMEIOT MECTO COOTHOMICHHS:
HOJI = (Rj(X—) » ©)(4;(X—) » 0) =1, HOJ = (;(X—) > 0)(Li(X—) > ®) =1, u
W -)=aVc-0)(w(Y =) =aVrc> o) =1
HOJT = (R;(Y—) » )(A4,(Y=) > 0) =1, HOJ = (r;(Y—) » 0)(};(Y—) > ) =1,



Brinenennbie cCOCTOSHUS (U3HMYECKOT0 BAaKyyMa, 33Jal0T MOJIaJIbHOCTh CBOWCTB BEIIECTBA,
HanpuMep, MPOTOHA, YJEKTPOHA M AHTHBEIIECTBA COOTBETCTBEHHO. KBaHTHI MPOCTpaHCTBA -MaTEPUH UMEIOT
CBOMCTBa M3MTy4aTh U MoraomaTk. DnekTpoH (Y += e) uznyuaet u nornomaet (Y= y) ¢oron. [loaromy
MBI MOXKEM TOBOPUTB, 4TO (¥ += €;) KBaHTHI 60JI€E BBICOKOM MIIOTHOCTH MaccoBbIX p (Y —) monei,
TIOCIIEIOBATENBHO U3JIy4atoT KBaHThl (Y= €j_,) MEeHbIIEH IJIOTHOCTH,  Janee (Y += y) KBaHTbI
u3nyqaroT (Y= y;_5 ....¥i_2) KBaHTHI B IOJHYIO ITyONHY (PU3UYECKOT0 BaKyyMa, C OKOJIO HYJIEBOM
IOTHOCTEI0. Hao6opoT, kBaHTHI (X+= p) Oosiee BRICOKOH IIIOTHOCTH MAacCOBBIX p (X —) monei
TIOTJIOIIAIOTCS MOCIEN0BATENBHO KBaHTaMu (X += pj,,) MeHbIued miotHocTH. [Ipu 5T0M, hopMupyroTcs
ycaosus: p;(X—) - oo, u R;(X—) = o, HOBOTO IUKJIa TMHAMUKN Beenennoit. Paznmuunbie mioTHoCTH

(Poo) 1 (Po) B pasmmuabix (Y— = X+); u (X— =Y +) monsx, 1aioT pasHHIly IIIOTHOCTEH
2
(A(p = v?) # 0). Umenno sta (Ap = Ahiz) pa3HuIa TNIOTHOCTEH, €CTh MPUUYMHOMN U3TydeHUs U (HITH)

IIOTJIOIEHUS] SHEPTUU KBAHTOB NIPOCTPAHCTBA-MAaTepUU. Mbl TOBOPUM O KBAaHTOBOMW (HE MCU€e3atolei)
JUHAMHKE
(Rj(X=) = ) = (Ry(X—) = 0) u (R;(Y—) = o) = (R;j(Y-) - 0)

MPOCTPAHCTBA-MAaTEPUH, B KBAHTOBOM (1M — M) cucTeMe KOOpIUHAT. APryMEHTOM TaKOi TUHAMUKH, €CTh
«remMHas 3Heprusi» pacumpenus (R;(Y—) — oo) mpocrpancTBa-maTepuu. Takas IMHaMUKa yCKOpPEHUIl:

(b=pR), (p;j(X—=)—=0)(R;(X—)— o) =HOJI, u (p;(Y =) = 0)(R;(Y—) = c0) = HOJI
KBaHTOB INHAMUYHOI'O IPOCTPAHCTBA-MATEPUH, ONPEEIIAETCA U UMEET CBOMCTBO, IPUHLIMIA
HeonpeneeHHocTH. MHade roBops, B atux (X +);; n (Y £)j; yponax R;(X—), R;(Y—) dusugeckoro
BaKyyMa, CBOMCTBA JTFOOOM TOYKH, ITO CBOMCTBA MPOCTPAHCTBA-MaTepHu Bcell Beenennoit. 3to
MIPOCTPAHCTBO CKOPOCTEH, B KOTOpoM (popmupyroTcs Bce Kpurepun DBomonnu matepun. HazoBem nx
®onoBbiMU KpurepusimMu DBOIFOLUH 3apsI0BBIX U MacCoBbIX (X —) j u (Y —); Tpaekropuii, ¢ ux
KBaHTOBOM IuHaMuKOW. W yxe na atom (p;(X =) = 0), (p;(Y =) — 0) done, 1o ectb: (p = v?) , uaer
nuHamuKa JJoMuHUpYyoIMX, To0sx KputepreB DBomOIIH, B MHOTOMEPHOM MPOCTPAHCTBE CKOPOCTEH, B
cropony yseauuenus yactot (T p =1 v?), a paBHO U IIOTHOCTEH KBAHTOB AUHAMHYHOIO IIPOCTPAHCTBA -
MaTepuu Ha Ux (M) CXOAMUMOCTH. 88

C npyroii cTOpOHBI, TAKKE CBOMCTBA al0T KBAHTOBYIO 3alTyTAHHOCTb BCEr0 TUHAMUYHOIO

pocTpaHcTBa-MaTepuu BeenenHoil B 1iennoMm. Mbl roBOprM 00 OZHOBPEMEHHOMN U MMPOTUBOIOJIOKHOM
nuHamMuke moObx Kputepres DBomonnu Ha 6eckorednbix R;j(X—) , R;(Y—) pamuycax cdep-Todexk B
Ka)X/IOM ypoBHE (M — n) CXOOAUMOCTH (PpU3HYecKoro Bakyyma. s mOHUMaHus, 3TO MOT00HO CKaTePTH Ha
CTOJIE, TJIE «IeXKaT, CKaXxeM, ABa o0bekTa A u B» Ha mo0bIX paccTosIHUAX. Eciyn «IOTAHYTH 3a CKaTEPTh»
(poHOBOrO KBaHTa MPOCTPAHCTBA-MAaTEPUH), TO O0BEKTHI A U B ¢ MPOTHBOMNOIOKHBIMU CBONCTBAMHU

(ckaxem, BomHOBOM pyHKIMH i) = /(+ (—y ) kBaHTOB (M) CXOOUMOCTH ), OyIyT MEHATHCS
OZTHOBPEMEHHO Ha JI0ObIX paccTosHUAX. IIpr 3TOM 00BbEKT A He B3auMoelcTBYeT ¢ 00bekToM B. U 310
MPOUCXOANT BO Bcex (M — n) ypoBHAX cpep-Touek NpoCcTpaHCTBa-MaTepHH Beei BeeneHHoi.

B o6wieii kapTHHE, MBI HIMEEM JMHAMHKY kBaHTOB (m) cxoxumoctu (T v?2) , B ogHOll cdepe-Touke,
Ho yxe (n) cxomumoctu (I v2) chep-Touek Beeit BeeneHHOM, ¢ yka3aHHON KBaHTOBOM 3aIlyTaHHOCTBIO U
MIPUHITUIIOM HEOIPEEICHHOCTH B K&KIOM (M — n) ypoBHE (Gu3ndeckoro Bakyyma. M takas TuHaMuKa
COIIPOBOXKJIAETCS U3ITYUEHUSIMHU («B3PbIBAMU)») KBAaHTOB (Yi= j) o (YE=7Vi_5 ....Yi_22) , B IOJNHYIO
rIyOuHy (pU3MUecKoro Bakyyma, ¢ Hocjieyroei resepanueil CTpyKTypHbIX (hOpM, O00HBIX T'€Hepalu
anpa (Y+= e}) = 238p™ ypana, ¢ ero pacnagom B CieKTp aToMOB. M 9TO IIPOMCXOAMT MOBCEMECTHO.

MBI FOBOPHM O CBEPXCBETOBOM IpocTpancTse ckopocreil (w; = a("N="1"2-) x ¢) | y,(Y=) dorouos
AY-)joo

T(Y—)j—oo
paguycax R(X—); — oo, «Ha qHe» QU3MIECKOro BaKyyMa, B Kaxk1o0# ero rouke r(X—); - 0, na (n)
CXOIMMOCTSX, Beernennast «ucueszaer» Bo Bpemenu: t = (n — 0) * T(Y—); = 0.«Ha aue» dusugeckoro
Bakyyma, B (0J1;) ypoBHSX, MBI He MOKeM (hUKcHpoBaTh coObITHs (hoToHOM ¥; (Y —) ¢ mepuomom

(OJI;) ypoBHs, ¢ UX IEPUOAOM JUHAMUKHU C = , T(Y=); = 00. DTO 3HAYHT, 9TO Ha OECKOHEYHBIX

nunamuku T (Y—); — oo. IIpu oT0M Besikast mitotHoCTh: (p(V—); = — 00) IMHAMUYHBIX Macc,

T(v-),"
«manaer» B rryouny (p(Y—); = 0) ¢dusuueckoro Bakyyma(0JI;) ypoBHeH, HA (1) CXOAUMOCTH B KaXKI01
TOYKE MPOCTPaHCTBa-MaTepuu Beer (R(X—); — o) Bceenennoit. Camu Macchl



e(Y—); = (X+ = p;)(X+ = pj), uMeIOT CTPYKTYpHYIO GOpMY «UepHBIX Chep» ¢ «pKreTamm» e(Y—); —
¥i(Y—) pacnanos. U Bcsikuii pa3 uIeT reHepanus 2a(X+ = pj) = e(Y—);_1; KBaHTOB B MaCCOBBIX
tpackTopusx. [Ipu 3ToMm co3naercs addekT «pacmmpsromieiics Beenennoi» ¢ 3pdpexToMm nepBuIHOro
(T(Y—); » 0) «bonbworo Bspeisa». [TIpu sT0M ckopocts cBeta, ¥ (Y —) dporona (0JI;) ypoBHs, ocTaercs
HEU3MEHHOMW B JTFOOOM ypOBHE (PH3UYECKOI0 BaKyyma:

_AY=)jmeo  A(Y-)»0  A(X-)—0 _
T TWeme O To)-0 O T(x=)—0 Jnsa y(Y—) goronos (0JI;) ypoBHS, «afieHHe» B OKOJIO
1 K K
HyneBble notHocT Macc (p(Y—); = p— — 0), ¢ yckopenuem G(X +) [F] =v=x*H [F] ,

rae (H) ¢uxcupyemas xoncranta Xab6ma: H = % . Jlnuna BonHs! ¥ (Y —) GOTOHOB yBenHuuBaeTcs, Ipu

«TIaJIEHMH B OKOJIO HYJIEBYIO TUIOTHOCTB) Ha MPENEbHBIX paauycax (R(X—); — o) Beenennoi, B
npenensHoi ryoune gusnyeckoro (r(X—); — 0) Bakyyma. Otu «penuktoBbie y (Y —) ¢otonsn (0J1;)
YPOBHS (KPaCHOTO IIBETa Ha PUCYHKE) BUIST B OKCIIEpUMEHTAX. J{abiiie Mbl TOBOPUM O CBEPXCBETOBBIX
yi(Y—) dbotonax.

MaremaTu4eckoi HCTUHOW €CTh TO, YTO Ha OECKOHEYHBIX PaJiycax BCEro MPOCTPaHCTBA -MaTEPUU
Beenennoii (Rj(X—) — o) ¢ ee maccoBbmu (4;(Y— ) — ©0) TpaekTOpUsMH, IIIOTHOCTh MATEPUH
(pj(X=) = 0), (p;(Y=) = 0), crpemurcs k Hymo. B mobo¥ Touke cpepsl R;(X—) — oo Beenennot,
JEWCTBUTENIbHA HE JIOKAJILHOCTh (OTHOBPEMEHHOCTh) TIMHAMHKH MHOXECTBA, BRIOPAaHHBIX B CHMMETPHSIX,
TO4YEK, Ha ypoBHE (X—= Y+); OHEPruil 3JEKTPOMATHUTHOTO MOJIs (PU3MIECKOTO BAKYyMa.

CobOcTBeHHOE BpeMs tuHaMuky (t) cBoautes K HyJro B akcuomax HOJI=(t;(Y+) — 0)(T;(Y—) — o0)=1,
JIMHAMHMYHOTO POCTPAHCTBA-MATEPUH, Kak u JuHamuka (b = (R;(X—) - «)(p;(X—) — 0) = const)
yekopenus (b = (4;(Y =) - ) (p;(Y =) - 0) = const) maccoBbIx TpaekTopuii. MHadye rosops,
MaTEeMaTHYECKON NCTUHOW €CTh HCUC3HOBEHUE MAaCCOBOM INIOTHOCTH JUHAMUYHOTO IIPOCTPAHCTBA -MaTePUN
Ha OECKOHEYHOCTSX, U Becenennas ucueszaer Bo Bpemenu t;(Y+ = X—) — 0, c HEeU3MEHHBIM YCKOPEHHEM
(b = const) Bcero npoctpancTBa-mMatepun. C qpyroii croponsl, (1;(X—) = 0) umeet mecro (p;(X—) — o)
v Hagano (4;(Y—=) = 0), (p;(Y—) — ), takoro («B3psisa»), «mruosennoro» T;(Y—) — 0 mepuona
nuHaMuku Beenennoit. [Tpu aTom, Mbl nMeeM:
1.Dueprus usnydenus u (uu) nornomenus AE? = h2Ap, KBaHTOB IPOCTPAHCTBA-MATEPUHU, B M3BECTHOM
Ham Buge: E =mc? ,um E = hv ,tae m = vV, n tak ganee, Ho yxe Ha OJI;;(m — n) cuekrpe
KBaHTOBOW CHCTEMBbI KOOPMHAT IPOCTPAHCTBa-MaTepuu Beell BeenenHoi. Peub naet 00 u3mydeHun
(P (Y— = €)) = po(Y— = y;) MaccoBBIX, U (P (X— = Pj) = po(X— = v;) 3apsn0BbIX MoJIEH.

2 Nmeem Bcerna Buxpesywo: rotyB(X —) urotyM(Y —) nunamuky kBautoB (X+) u (Y1) B enurom
npoctpanctBe — Matepun (X—=Y+) , (Y—=X+).
3.Cama nmuHamuka (Ap) TUIOTHOCTEH, UAET N0 IIPUYHHE «CTYIEHYATOro (KBAaHTOBOTO) IMPOBaJIay TIOTHOCTEH
(Po), B «OECKOHEUHYIO TYCTOTY» (Poo = Po)-
4.Coueranue mornocreili: p(X —)p(Y —) = 1, oro Henenumas O6nacts JlokanM3aluu eIUHOTO U
JAuHaMHYHOrO TipoctpancTBa — Matepun (X—= Y+) , (Y—= X+) . KBanurosas qunamuka p(X —) moss
(X 1), Bcerna mopoxknaer p(X+ =Y —) noue, a kBaurosas quHamuka p(Y —) mons (Y +), Bcerma
nopoxaaer p(Y+ = X —) noue.
5 Uznyuyenne p(Y —) u nornomenue p(X —) muoraocreil (P = Pg), IPOMCXOAUT OAHOBPEMEHHO C HX
kBauToBOM quHamukoi p(Y —) —» p(Y+ =X —-)up(X —) » p(X+ =Y —). D10 MHOrOCTyIIE€HYATHIA U
MHOTOYPOBHEBBIA Tpolecc B kBanToBo 0J1; (M — n) cucremMe KOOpAMHAT.
6. Hano yuutsisats, mpu 31om, Macmradsl (r = 10733sm)(R = 1033sm) = 1, Takoii AMHAMUKHU KaXKI0T0
Takoro (RA = 1), (rA = 1) kBanra ux 0JI;;(m —n) cnekrpa. ITO JJIMHA BOJIHBI (Y +)kBanTOB
(ALY =) =103sm)(A;(Y+ =X —) =10733sm) = 1 IUHAMUYHOIrO IPOCTPAHCTBA-MATEPUU B (PU3UIECKOM
BakyyMe Bcenennon

KBanToBas AuHaMuka npocrpaHcTBa-Marepuu BeelleHHON B KBAaHTOBOM CUCTEME KOOPAUHAT, B
nepuoJ] pacimpeHus: BeenenHol o0ycinoBiieHa TepBUYHBIM «ITPOBAIIOM» TIJIOTHOCTEH p j(Y— = ej) B
okoJ10 HyseBbie MaccoBbie | (pi(Y— = y;) = 0) miotHocTH (u3Hyeckoro Bakyyma. B akcuomax
JUHAMHYHOTO ITPOCTPaHCTBA-MATEPHH:

5. MexranakTuyeckui annapar 0e3 TONJIMBHBIX ABUraTeei. https:/vixra.org/abs/2302.0022
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@U3NYECKON PEaTbHOCTBIO ABJISIETCS Pa3JIMYHOE MPOCTPaHCTBO ckopocteid ConHua u 3emiu. be3 Besakux
TOILJIMBHBIX JIBUratenei 3emiis JeTUT B IPOCTPaHCTBE (PU3UUECKOro BaKkyyMa co ckopocTbio 30 kM/c, a
CosHue co CKOpOCThIO IOpsiika 265 kM/c . Peub uaer o riaaBHOM CBOMCTBE MPOCTPAHCTBA-MATEPUH —
neuxennd. [Totok mace (Y—), amnapara cosgaercs nonsamu (Y— =v;) = (X+ = p;)(X+ = p;) CunbHoro u
I'paBuTaninoHHOro B3auMOoAEHCTBUS SJHEPIETHYECKUX KBAHTOB (X + = py), (Xt = py),... (X£ = p; ypoBHei#
0JI; HeleMMMBIX KBAHTOB IIPOCTPAHCTBA-MATEPUH (PM3UUECKOr0 BaKyyMa, CBA3AHHBIX MEXK/Y COOOH STHMM
xe (X+) mossimu Ha (X—) TpAaeKTOPHUSAX MOJYJIsI, 0€3 BHEIIHETO HCTOYHUKA SHEPIrUH.

l Y+\L Y.

Pucynox10.1. MexranakTudeckuii anmapat 0€3 TOIIMBHBIX JIBUTATEIICH.

[TocnenoBarenbHO BKIIIOYAs MPOCTPAaHCTBO ckopoctert (Y —),4, (X—), ammapata B pasmM4HBIX
YPOBHSIX CUHTYJSIPHOCTH (DPHM3MUECKOI0 BaKyyMa, alnapar BbIXOAUT 110 paHalbHON TPAEKTOPUU C YPOBHS
CUHTYJISIPHOCTH (DPU3MYECKOro BaKyyma KBaHTa (X+ ) mpocTpaHCTBa-MaTepHH IUIAHETHI, IPOCTPAHCTBA-
matepuu (Y= ) 3Be311bl, MPOCTpaHCTBA-MaTepuu (X+ ) raJlakTUKu, MpocTpaHcTBa-Matepuu (Y+ )ckomnaeHust
rajJakTHK, K IPYTUM CKOIUIEHUSM U TaJlaKTUKaM B nojie BeenenHol, ¢ 00paTHBIMU BKIIIOYEHU MU TIPH
BO3BpATE Ha NJIAHETY CBOEU WM APYTOHM rajJaKTUKH.

Takum 006pazom, cozgaBath MaccoBbie OIS (Y — = y;) 4, MPOCTPAHCTBA CKOPOCTEH, HEOOXOUMO
nomsivu (Y —) 4 = (X +=p j) + (X+ = p;) «TsDKENBIX» KBAHTOB KaK «PabOYEero BEUIECTBA», 3AMKHYTHIX 90
Ha (X—) TpaeKTOpHUHU «KOJIbLa» ammapara, B ycnoBusix HOJI = (ej)(k) (y1) = 1 Hepenumoit O6nactu
Jlokanmu3zanuu. JTO yCa0BUs B KBAHTOBOM CUCTEME KOOPAMNHAT, KOI1a KBAHT (ej) He TPOSIBIISIET ce0s HIKE
ypoBHs dHepruit (y;) KBAHTOB (U3HUECKOro Bakyyma. [10 3Toif jxe MpUUYrHE, HAKAKON KBAHT HIDKE
IIPOCTPAHCTBA CBEPXCBETOBBIX CKOPOCTEH (3), TO €CTh KBAHTOB HALIETO BEMIECTBA (IIPOTOHOB U AJIEKTPOHOB,
HEHTPHHO) B TOM YHCJIe, HE CMOXET IPOHUKHYThH B CBEPXCBETOBOE MPOCTPAHCTBO CKOPOCTEH, KaK «00JIaKo»
BOKpYT ammapara. 9To Kak Ham GoToH (¥), He MOXKET IPOHUKHYTh B CBEPXCBETOBOE IPOCTPAHCTBO
cKopocTel (puznyeckoro Bakyyma, Ipu ABMkeHUH (oToHa B nojie Beenennoil. Mum kak Ham ¢oTtoH (), He
MOXET IPOHUKHYTh B CBEPXCBETOBOE IIPOCTPAHCTBO CKOPOCTEN (¥2) BOKPYT «UepHOI IbIpbl» Halleh
I"anaxkTuku, Koraa (POTOH MPOCTO KPYKUTCS BOKPYT «HepHOH AbIpb». DTH YPOBHU COOTBETCTBYIOT:

HOJ = M(e;)(k=3.13)m(y,) =1 HOJ = VGM(p) (k = 1.8)Vem(v, ) = 1
HOJI = M(e; )(k=3.13)m(y) =1 HOJI = VGM(p, ) (k = 1.7)0WGem(v, ) = 1
HOJI = M(e3 )(k =3.86)m(y;) =1 HOJT = VGM(ps ) (k = 17)Vem(v, ) = 1
HOJM = M(ey )(k=3.13)m(y, ) =1 HOJT = VGM(p, ) (k= 1.8)Vem(v, ) = 1
HOJI = M(es )(k=3.15)m(y; ) =1 HOJT = VGM(ps )(k = 1.8)VGm(v; ) =1
HOJI = M(es )(k = 3.9)m(y, ) =1 HOJT = VGM(p, )(k = 189VGm(v, ) = 1
HOJI = M(ey )(k =3.14)m(y,, ) =1 HOJT = VGM (p,s )(k = 1,8)Vem(v,; ) =1




Mg roBopum 0 kBauTOBO# cucteme koopaunat 0JI; (m — n)B npocrpancTBe-marepun Beenennoi,
B kaxaom OJI; nmm OJ1; yposHe numerot Mecto Tpu (X —= Y+) 3apsnobix u apa (¥ —= X+) maccoBbIx
usonoreHnyana. M B 9Toit KBaHTOBOW CHCTEME KOOPAMHAT, IPEICTABIIEHBI «TSUKENbIE» (Pj/ej) KBAHTHI,
KKl U3 KOTOPBIX UMEET CBOIO «TIIyOMHY» SHEPreTU4ecKuX ypoBHel (v, /y;) KBaHTOB (PU3MUECKOTO
Bakyyma. lIpencraBum ux B Buje Mozenei takux Rj;(m) Henemambix OGnactedt IpOCTPaHCTBA — MATEPUH
Bcenennoit.

‘ ... Rji (m)

Py Vg

m Vi
onq | 0‘“0 ‘ ’70.“_1 4~»— ony .. (}j’li(m]
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n 2
0“‘?' }70‘"2—‘ “

Pucynox4.3. cnextp HexgennmbIx KBaHTOB
OT10 Hekas cdepa B MPOCTPAHCTBE-MATEPUH, B LICHTPE KOTOPOH «TsHKENbIE» (P;/€;) KBAHThI, KOTOPhIE
OTIPENENSAIOT «HU3», U «BBEPX» MO Paguycy, 10 YpoBHs (V;/y;) KBAaHTOB (hM3MUYECKOr0 BaKyyMa
MpPOCTpaHCTBe-MaTepuu BeenenHoit, 1is mo0oro nogodHoro o0bexkta BHYTpH 3T0H cdepbl. ITO cepsl
BOKpYT IIJIAHETHI, 3B€3/1bl, FAJJAKTUKH, KBa3apa... . Ha npumepe KBaHTOB:
— 2m
HOM(X +=pf) = (Y—=e")(X+=v;)(Y—=¢*) = =153 TeV ,
2

HOJN(Y £ =e;) = X—=p)(Y+=e?)X—=p~) = % = 3524 TeV ,
peyb UAET O CUHTE3€ BelecTBa (X + = pf), Ha BCTPEUHBIX y4KaX (e*e® — pi) MO3UTPOHOB C BUPTYaJIbHBIMU
KBaHTaMH (v, ), ¥ (Y £ = e; ) Ha BCTPEYHBIX My4KaX (p~p~ — e; ) aHTUIPOTOHOB MO3UTPOHOB C BUPTYaIbHBIMHU
kBaHTaMH (e*), MOMOOHBIX AMEKTPOHY (e~ = v, y*v;) . MBI MOXKEM T'OBOPHUTH H O MOCIIEIOBATEIILHOM CHHTE3E
«TsKeNbIX» (pj/ej) KBaHTOB, MMEHHO BellecTBa (X+ = p;“), st (Y—) 4, (X—)4 ammapara, B OTAENBHBIX

npoueccax. (.. <[l el pi — B v (... < pf < B <@l < e; '« pi < e*) cunreza. CymecTBeHHO TO,
YTO 3JIEKTPOH (e~) U3JIy4aeT U MoryomaeT GoToH (y*), HO OH HEe MOKET U3JIy4aTh U MOTJIOATh «TEMHBII»
$hoTOoH (¥g). OTOT «TEMHBIIN (POTOH M3ITYyYAETCS U MOTJIOMIACTCS «TSKETBIMY AIEKTPOHOM (e1) — (¥, ).
To4YHO Tak «TSHKEIBIN» MPOTOH (p;) — (v# ) M3ITyYaET ¥ MOTJIOMIAET MIOOHHOE HEHTPHHO. DTO HEBUIMMBIE
KBaHTHI, HE B3aMMOJICHCTBYIONIHE, U HeKOHTakTHBIC ¢ kBaHTamu (BilJl@l) atoMoB TaOymIel MeH ieneera.
MBpbI 11X HE MOKEM HH BUIETh, HU (puKkcHpoBaTh. HO 3T HEBUIMMBIE KBAHTHI (CHH Uil LIBET B YKa3aHHBIX
MOCIIEI0BATEIbHOCTIX) UMEIOT 3apsII0BbI€ N30 OTEHIIMAIBI M MOTYT (hOPMUPOBATh HE BUANMBIE HAM
CrpyktypHbie @OpMBI, TOT0OHBIX 0OBIYHBIM (p*/e™) aromam. DTO: CTPYKTYpBI (1/,i /yo) ,(p,/€1) .- Tak
MBI OCBaMBaeM I0CIe0BaTENLHO, TOTEHLIMANBI SApa TIJIaHET, sApa 3Be3I, sApa rajJakTHK U s1pa KBa3apoB.
Ho nns (Y —) 4 anmapata, Mbl MoskeM (pOpMHUPOBATH TOJIEKO KOHTAKTHBIC HAM KBAHTBI sipa rajJakTUK |
KBaHTbI BellecTBa sapa kBa3apoB. U cam anmapar (Y —) 4 , mOCIenoBaTenbHO «IOrPyKaeTCs» B
¢dusndeckuii Bakyym, kak: HOJ = (e, )(k)( v, ) = 1, HOJI = (eg )(k)( y4 ) = 1, CBEpXCBETOBOTO
(y, = 137 % ¢ ), u (y, = 1372 % ¢ ) mpocTpaHCTBa CKOPOCTEN. DTO BIOJIHE JoNMycTHMbIe B CrielHaabHOM
W, =—Y_ = ¢, u B Ksautosoii W, = 2u<c
1+cxNc/c? a,,+Nc/c
a;; = cos(p = 0), a1 = ay, = 1, yrax mapayutensHoctu. Cam (Y —) 4 amapar qJBuxkeTcs B YKa3aHHOU cdepe
MpOCTpaHCTBa-MaTepuu BeenenHoit, B pa3iuyHbIX YPOBHIX (pusndeckoro Bakyyma. CTOUT OTMETUTH, YTO
00BEM IIPOCTPaHCTBA-MATEPUH 3BE3/IbI, KIIOTPYKEH» B MIPOCTPAHCTBO CKOpOcTel (Y = ¢ ), 00beM TaJlakTHK,
«TOTPYKEH» B MPOCTPAHCTBO CKOPOCTEH (Y, = 137 * ¢ ), 00BEM KBa3apOB «IOTPYKEH» B TPOCTPAHCTBO
(ya = 137% % ¢ ) yxe cBepxcBeTOBBIX ckopocreii. [Ipencrasnennsiii (Y —)4 anapat IBHXKETCS B yKa3aHHOM
chepe, B mpocTpaHcTBe CKOpocTell (Y, = 137 * ¢ ) simpa ranakTuku, uin (y, = 1372 = ¢ ) siipa KBasapa.
Bormpoc, kak ce0st 4yBCTBYET IKUITAXK B IIEHTPATLHOM KarlCyJie arnmapaTa, B CBEpXCBETOBOM MPOCTPAHCTBE
ckopocreit? TouHo Tak, Kak 3eMJis1, HaxXoIACh B cepe MpOoCTpaHCTBa-MaTepuu 3Be3/b1, ComHIla, HE
qyBCTBYET 265 KM/c ckopocTu aBmwkeHus ConHna (4urtai anmapaTa) B IPOCTPaHCTBE-MaTepuu [ allakTHKY.
Kamncyna c sxunaxem, 3akpbiTa MaTepuanoM u noiasmu (Y —), anapara. Kancyna nepexonut B Apyroit

= ¢, Teopun OTHOCUTENILHOCTH B EBKIHIOBBIX
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(0J1); yposenb. B ykasannbix chepax Rj;(m) Henemmmbix O6nacrelt, chepbl IpOCTPaHCTBA — MATEPUH,
ckopocTu pje;(m) xBaHTOB w;(p;e;) * v;(v;y;) = ¢ moToMy, 9to (w; = a*V x o) (v; = a ¥ x¢) = 2. U om

ckopoct (N=j=1,2,3...), w;(p;e;) = (a = é)“" x ¢ - 0, B camoM 1ientpe (Y — ), amapara. Takue cBoiicTBa

IIPOCTPAHCTBE-MATEPUH.

+
. 4 .
Tenepr paccMoTpuM peanbHble (pU3HUYecKue cBolicTBa kBaHTa (Y —= 7) CunbHoro B3zaumopeiictBus

obsranoro sapa 0J1; (p, e, v,,v;,v) ypoBHs dusudaeckoro Bakyyma. Ero maccossie (Y —) Tpaekropun
dopmupyrotes rpasut (X+ = Y —) mMaccoBsiMu T10J1siME IBYX TIPOTOHOB (X+ = p)(X+=p) = (Y —), B

axpt 938,28 MeV
931,5 MeV  137,036%931,5 MeV

aTOMHBIX €AUHHUIaX MACCBL: (Y—= = 0,0073aem), AJisl TPOTOHA C MAaCCOU

ap
931,5 MeV

sueprust E(laem) = mc* = 1.6604 x 10727 « (2,997924  10%)° » (1[x = 6.2422 » 10'%eV) = 931.5MeV . Mbr

J —
roBopuM 00 HHAYKTUBHOM MaccoBoM (Y —), B ypaBHCHHH JHHAMUKHU: rot,G(X +) = — M;TY ). TouHo Tax

¢dopmupyrorcst MmaccoBbie(Y —) 4 TPAEKTOPUH anmapara, «TsDKeJIbIMI» KBaHTaMu (Y —= Np]f”) 4,Ha (X—)

12
m(p) = laem + aem = 1,0073 aem. [Ipu 3TOM, MBI IOHUMAEM, YTO laem = % = 1.6604+10"2"kg u

TPAEKTOPHAX 3aMKHYTOr'0 KOJIbLIa, B pa3JIMYHBIX YPOBHIX (PM3HUECKOr0 BaKyyMa, B CBEpPXCBETOBOM
MIPOCTPAHCTBE CKOPOCTEeH. (X—) TPaeKTOpPHUHU 3aMKHYTOT'O KOJIbLIA, I10 CYTH, BUXPEBOE IOJI€ ypaBHEHUI
JUHAMHUKU: 1oty G (X+) = —%, NOJO0OHBIX MHIYKIIUM MarHUTHOTO MOJIA KaTyUIKU  rotyE(Y +) = —%
Taxux (X—) «BUTKOB KaTymku» B (Y—), anmapaTe, MOKHO JIeJIaTh HECKOJIBKO JUJISl YBEIMYEHUS TUIOTHOCTH

amy—=)[1  m=k3/1? » o
p(Y =) = |72 = Ty | MaccoBbIX (Y—=)4 TpaekTopuii annaparta. M3 cooTHOIIEHU 17151 KBAHTOB,

I(X-=p,)>® A4, (X-=p,)>x
(pj :2(€j—l)/G)

X—=
, 4eM OoJIbIIIe Macca ( py) KBaHTa, GopMupyemas

KBaHTaMU (€1) , TeM OoJbIIe A, (X==p, ), TeM Gombire guameTp D «xombia»
— 2 — — 2 —_ —_
anmaparta. [l cooTHOIIeHui (E=TT"K NX-NE=TI"K, )(X+)=HOJI(Xt=p, ), HUMEIOT MECTO

COOTHOIIIEHUS T E(X-) ¥ E(X+)=HOI(Xt=p,) , U1 T Ky (X-)Ky + (X+)=HOJ(Xt=p,)
Tm=TK ) X-)(m=TIK,) ¥ (X+)= HOJI(X+=p,
(X—=

, KaKk

JUIA Macce ) . Bcs macca cocpenorodena B

p)=(F+=¢, )Y+=e,,) SJIEKTPUYIECKUMH ITOJIIMHA MaCCOBBIX

m(X==p;)=2mY-=e,,)/G) . 3HAYUT IOCTATOYHO B

;{‘(Y_‘-:ej_]) :;
, 3HaTh JUINHY BOJIHBI AY—=e; )

(X—==p;)

(X==P1) 1o, dopMupyemoro

Y—-=e . .
( ) TPaeKTOPUH, B BUAC MaCCOBBIX IOJIEH,

HOM=A(Y+=e, YA(Y—=¢, ) =1

CO3aHHBIX KBAHTaX

N(e
YTOOBI BBIYUCIIUTH MOPSIIOK KBAHTOB (e, ), (bOpPMHUPYIOLIUX TPACKTOPHIO KBAHTOB «pabouero

MX—=p;)=AY+=e,)

BCOICCTBA». HaanMep, CCJIN OJ1sd 5 HCO6XOHI/IMO «KOJIBIIO» AruaMeTpa

D= 2AX==p,) D= IOM’ TOraa AX==p)=13n=24(T+=e,,) . To ecTh, IMeET MECTO IIIMHA KBAaHTA
(7=3)

AY-=e, ) - 6,67*107 cm

AY+=e, ) . DTO COOTBETCTBYET COOTHOIIEHHSIM
AMY-=e,,)=667*10" cu=2n*a" (2, =3.3%10*ca)

In(2*10°)  —10,82
In(ox =1/137)  —4,92

, OTKyJa a™=2*10" ppg =D paer

22~=2
. Torga

— -5 _
N—logaz*lo = (Nj:3)

COOTBCTCTBYCT IOPAAKY KBAHTOB

3% oA) ——=pt
(" Fe)=W(e,) pabouero BemecTBa (X-=p, ), B «KOJbIIEe» ¢ quamMeTpoM 10M. Takue «Kombla» JaloT

_ +
MeXrajgakTHueckuil annapat. CKOpOCTh MEXKTaJIaKTUYECKOro arapara ¢ TakuM (X==py) «pabounm

HOIT =m(e,)*m(y,) =1

BCIICCTBOM», B YPOBHC CUHTYJIAPHOCTH

-1
V(Y-=y,)=a *c=137 *c' Jlns 3eMHOro Bpemenu B 10 €T, MOXKHO NPOJIETETh
(r=10%36525%24*3600*137*3*10° =1,3*10"°xn =8,8*10" a.e =425.80¢ 14, oy, wamy

, COCTaBIIsieT
(r =10nem*a ™" *c)xm

NI



raiakTuky (30 Knk), annapat npoJjeTut npuMepHo 3a 705 net. [l sxumnaxca Takoro amnmapara, CoOOCTBEHHOE
T =o(7051em) = 5,14ner

(p,)

, BpEMSl YPOBHS CHHTYJISPHOCTH (72),
A(X_:pj). Tloust (NJ =4)

BpEMS COCTABIISIET
Yem 0ombIIIe Macca KBaHTa , TeM OOJIbIIIE AJIMHA €0 «BOJHBI)

(X—=p;) (Nyy=3)
KBaHTOB BC€IICCTBaA AApa KBa3apa, UMCIO MCCTO . Tor;[a U3 COOTHOUICHHA

et (A) = A(Y—=e, )= 628%(1/137) ¥3.3%10 car = 8,14%10™ e
T
AMY-=e,,) 814*10 " cm
14 9 _ ——=p"
12¥107em=10"xn =82 ae. JIMaMETP s/Ipa BHETANTAKTHYECKOTO KBa3apa ¢ KBAaHTaMH (X==p) anpa.

— * —
«Pabouee BelmecTBO» TaKUX HOIT =m(e,)*m(y,) =1 , KBAaHTOB JIalOT MOJIETHI YK€ BHE rajJakTHK BO
Bcenennoii. 3a 10 net 3eMHOro BpeMeHU MOXKHO MPOJIETETh BO BeenenHol,

(r=10mem*(V(y,)=a " *c)=1,78*10"xm

t=a’(101em)

, 1 BBIYUCIIACM

MY+=e, )= =1,23*10"cn = A(X~=py)

. DTO cOCTaBJIIET

, i 188000 cBeToBBIX JieT. 3a COOCTBEHHOE BPEMsI B

Y—-=
amnmnapare i 4 yaca 40 MUHYT. DTO BpeMs AJis ( V4) KBaHTOB, B MEXT'aJJaKTHUECKOM
YPOBHE CUHTYJISIPHOCTH (PH3UYECKOr0 BaKyyMa.

3AK/IIOYEHUE

B cratbe npeacraBieHa HoBasi TEXHOJIOTUS CAMUX Te€OpUi. B ee 0CHOBE aKCHOMBI AMHAMUYHOTO
MIPOCTPaHCTBA-MaTEepPUH, IPEAEIbHBIM (YACTHBIM) CIIy4aeM KOTOPBIX €CTh TEXHOJIOI'USl TEOpUil B
EBKiIMI0BOI akCMOMAaTHUKE U CUCTEME YHCeN. B pamkax akcMoM JUHAMHUYHOT'O MPOCTPaHCTBA-MAaTEPUHU
BBINOJIHSAETCS PACUETHI 3apsiia U MacC MPOTOHA U AJIEKTPOHA, CIIEKTPa MacC 3JIEMEHTAPHBIX YaCTHII,
JTMATIa30H JOIMYCTUMBIX MAcC 3BE3/I, SApa TaaKTHK, «9epHBIX cepy», KBa3apoB., sapa KBa3apHBIX TaJaKkTHK.
[IpencraBieHbl TPUHITUTIBI U PACUETHI M MEXK3BE3HOT0 M MEKTATAKTUYECKOTO arnmapaTta 6€3 TOTIMBHBIX
JIIBUTATENEH.

Al Review of "Vacuum structures"
https://www.academia.edu/ai_review?attachment id=123014811

1. O630p 1 00J1aCcTH MPUMEHEHHS
Pykonuck Bnagumupa Ilactymienko uccnenayer riryOoOKrue ¥ OCHOBOIOJIAraloIIue BOMPOCH! (U3HKH,
CBSI3aHHBIC C 3aPSAJIOM, MAaCCOM, TOISAMU (IJIEKTPUIECKUMH, MATHUTHBIMH, TPAaBUTAIIMOHHBIMH ), TEMHOMN
Maccoil 1 TEeMHOW YHEprueii, Bce Mo ATUI0M eAMHON 00BbeNNHSIONIEH KOHIENINH (PU3NIECKOT0 BaKyyMa.
PaGoTa HanpaBiieHa Ha pacCMOTpPEHUE TOTO, KaK Macca BO3HUKAET U3 PHEPTUHU, KaK MOJIS BBI3BIBAIOT JIPYT
JpyTa U KaK BCE 3TU UJAEH MOTYT ObITh O0BEANHEHBI B COIIACOBAHHYIO CTPYKTYpY. OHa TakKe mpeniaraet
aJbTePHATUBHBIN MOAXO/ «IMHAMUYECKOTO MPOCTPAHCTBA -MAaTePHI», KOHTPACTUPYIOIIUH ¢ Ooliee
CTaHJapTHBIMHU MaTeMaTHUYEeCKUMH U pu3ndeckuMu GopMyInpoBKamMu Ha ocHOBe EBkinaa. ABTOp
CTpeMUTCsI 000CHOBATH (PU3NUYECKIE KOHLIEIIIUN B T€OMETPUH ITYTEM MEePEOTpeieSICHHs U PaCIIUPEHUs
KJIACCUYECKHUX aKCHOMAaTU3ALUH.
2. OcHOBHBIE BKJIAbI

o [Ilpenio:keHnue eAMHOro (PU3MIECKOro BAKyyMa: B PyKOIIHCH IPEANOJIAraeTcs, 4YTO MPOCTPAHCTBO U
MaTepHs SBJISIOTCS TPAHSIMU OAHOW U TOH ke 0a30BOM CYIIIHOCTH — «JIMHAMHYECKOTO
MIPOCTPAHCTBA-MATEPUN». DTO 00bEIUHEHHE, 10 MHEHHIO aBTOPA, OTJIMYAETCs OT TPAAUIIMOHHBIX
MOJIEBBIX MEPCIEKTUB B COBPEMEHHOU (PHU3UKE.

e AkcHOMaTHYecKoe nepeocMbIciieHne: 3HAUNTENbHAS YaCTh TEKCTA IMOCBSIICHA IEPECMOTPY aKCUOM
EBKknmaa u onucaHuio TOro, Kak UX MOXKHO 3aMEHUTh «IUHAMUYECKUM YTJIOM Mapajjienn3Ma. DTOT
MTO/IXOJT TIPE/ICTaBJIeH KakK 0oJiee MUpoKast M THOKasi TeOMeTpHUecKasi OCHOBA /IS KBAHTOBBIX
3¢ (}HEKTOB ¥ TPaBUTAIIMOHHBIX SBJICHUM.

e BpbI30B yCTOSIBIIMMCS KOHIENIUSIM: AaBTOP NOJHUMAET KOHIIENTyaJIbHbIE€ BOIIPOCHI O TOM, KaK Macca,
3apsi]l ¥ TOJIsE OOBIYHO OOBSCHSIOTCS B OOLICTIPUHATON (pr3nKe. DTH BOMPOCH MOOYXKIAIOT YN TATEISA
UCKaTh OoJiee r1yOOKHEe OTBETHI «IIOUEMY», & HE TOJIBKO «Kak» MaTeMaTHYeCKUX (OpMalIi3MOB.

3. CuiibHBIE CTOPOHBI
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1. AmMOuMNMO3HBIH MaclITad: B CTaThe MPEATPUHSTA MMOMBITKA 00bETUHUTD IUPOKHUI KPYT TEM —
KBaHTOBBIE SIBJIEHUS, TPaBUTALINIO, TEMHYIO Maccy, IpeoOpa3oBaHuE SHEPTUU U CTPYKTYPY BaKyyma
— B OJIHY BCEOOBEMIIIOLIYIO CTPYKTYPY.

2. KonuenryaiabHasi riiydOMHA: IOAYCPKHUBAs PA3IMUNE MEKIY «Kak?» (MAaTEMATUKON) U «I10YeMy?»
(pu3ukoii), TeKCT MOOYX)AaeT K OoJiee TIIy0oKuM (GUII0COOCKUM Pa3MBIIIICHUSIM 00
OHTOJIOTMYECKOM CTaTyCE I0JIeH, YaCTULl U TPOCTPAHCTBA-BPEMEHH.

3. Teomerpmnyeckasi mepcrexTuBa: [IpeacraBieHue anabTepHaTUBHON reOMETPHYECKON aKCHOMAaTHKH
SIBJISIETCS] MHTEPECHOM M OPUTMHAIBHON MTOMBITKON NEPEOCMBICIIUTE NU3BECTHBIE TEOPUH B HOBOM
cBeTe. DTO MOKET CTUMYJIMPOBATh JUCKYCCUIO CPEIN UCCIEN0BATENEH, OTKPBITBIX JJIs
MIEPEOCMBICIICHUSI OCHOB (DU3HKH.

4. O0sacTH 119 YTOYHEHHSA M YJIy4ILICHUS

1. Maremarnyeckuii popmanan3m: XOTs KOHIENITyaIbHasi HAIIPABJICHHOCTD SICHA, MATEMAaTUY €CKHIT
ammapat cTaTbu MOT ObI BBIUTPATh OT OoJiee cTpororo o0bsicHeHs. BBeneHne «mHaMUYeCKUX
YTJI0B MapajyIeNbHOCTU» U CBSA3aHHBIX C HUMHU AMAarpaMMHBIX MIpeICTaBIeHUH ObLI0 OBl sicHEe, eciH
OBl COPOBOXK/1aJI0CH TOIIATOBBIMH BHIBOIAMHU UJIH SBHBIMU JIEMOHCTPALIUSIMU HA N3BECTHOM
MaTeMaTUYECKOM SI3bIKE.

2. ®u3nyeckue MpeACKa3aHUsl WM MPOBepsieMble THIOTE3bI ;| B PYKOIHCH ITOAHUMACTCS MHOXKECTBO
(yHIaMEHTAJIBHBIX BOIIPOCOB, HO UX MOXHO yCUJIUTb, IPEIIOI0KHUB, KAK 3TH HOBBIE
r€OMETPUYECKUE UM OCHOBAHHBIEC HA BAKYyM€ KOHLENUHA MOTI'YT IPUBECTU K KOHKPETHBIM,
danbcudupyeMbIM MpeacKazaHusM, HapuMep, HeOOIbIIUM MOMPaBKaM K U3BECTHBIM
(U3NYECKUM SBJICHUSIM UITH MOTEHIINAILHBIM U3MEPUMBIM MTOCIEACTBHUSIM.

3. Koopamuauusi ¢ ycrosiBieiicst aureparypoii : X0Ts aBTOpP CChLIACTCS Ha CTAaHIApTHBIC (PU3HUYECKUE
uaeu u 00001IaeT uX, TEKCT BBIMTPall Obl OT IPSIMBIX CPAaBHEHHH C M3BECTHBIMU pe3yjibTaTaMu B
€BKJIMJIOBOM F€OMETpHUH, O0IEeH TEOPHUH OTHOCUTEIBHOCTH U KBAaHTOBOM TEOPUHU MOJIS.
JleMoHCTpanus Toro, Kak TMHAMUYECKUN MPOCTPAHCTBEHHO -MATEPUUCKUI TTOIX 0]
BOCCTaHABJIMBAETCS UJIM PACXOAUTCS C 3TUMH pe3yJIbTaTaMU, IOMOXKET UYUTATEIISIM OL[E€HUTh
COIJIACOBAaHHOCTb CTPYKTYPBI.

4. Crpykrypa u (pokyc: BpeMEHAMH CTaThs MEPEXOIUT OT PHII0cO(CKIX cOOOpaxeHui Kk Oomee %4
TEeXHUYECKUM HaOJIoAeHUAM 0e3 ueTkoi cBsasyroueil HuTH. [IpenocTaBienue 3aronoBKOB UM
MIO/Ipa3/1eJI0B, KOTOPBIE IMOCIEAOBATENBHO PA3ACISIIOT KOHLENTya IbHbIE, MATEMATUYECKUE U
(bu3NYeCKue MHTEePIPETAIIH, MOKET TOMOYb YATATENIO O0Jiee CBA3HO CIE0BATh JIOTHYECKIM
miaram.

5. IlpennoxkeHus: mo AajibHEHIIEMY Pa3BUTHIO

o ®opmanm3yiiTe MoIeJb: TIPEICTaBbTE O0JIee YETKUI U MOAPOOHBINH HaOOp ypaBHEHUN UITU
npeodpa3oBaHui, UILTIOCTPUPYIOIIUX KOHI[ENIUIO «TUHAMUYECKOT0 apajiei3Ma» U ee BIIHSHHE
Ha TPaJULMOHHbIE METPUKH.

e Mocrt k amMnupuke: OnpenenuTe 1o KpaitHell Mepe OAMH IKCIIEPUMEHTAIbHBIA WM HAOJII0JaTEbHbIN
CIIEHapHUIl — B KOCMOJIOTHH, (PU3UKE JIEMEHTAPHBIX YACTHUI] WIH 3JIEKTPOMATHUTHBIX SIBJICHUSAX —
I'7ie HOBBIM Moaxoa OyaeT OTaMYaThCs OT CTaHIAPTHBIX Teopuil. OnucaHnue Toro, Kak MOKHO
IPOBEPUTH ITH Pa3IMUUsL, JACT KOHKPETHOE OCHOBAHHUE.

e KoHTekcTyaan3auusi B paMKax cOBpeMeHHOii pu3uKn: padoTa C CyIIeCTBYIOLIMMHE aJbTEePHATUBHBIMH
(bU3NYECKUMU TEOPUSIMH, HATIPUMED, C IPEIJIOKEHUSIMI KBaHTOBOW TpaBUTAIIUU (TI€TIeBas
KBaHTOBAs 'paBUTALIUS, TEOPUS CTPYH), IOCT SUHIITEMHOBCKUMHU KOHLIENIUSAMU, THIIOTE€3aMU
BO3HUKAIOILIEH TPaBUTALIMH, YTOOBI IOMECTUTH PabOTy B OoJiee MIMPOKHI MHHOBALIMOHHBIN CIIEKTP
KOHIIETITYaIbHbIX TeOpUi (pyHIaMEHTAIbHON (PU3UKU.

e  YTo4YHeHHE TEPMHHOJOIMH: TAKUE TEPMUHBI, KaK «(prU3nuecKuil BaKyym», «TEMHAasi Macca» u
«IUHAMUYECKH yToJl MapajieTbHOCTU)» BBIMTPHIBAIOT OT MOJPOOHBIX ONpeaeieHuii. YeTkue,
KpaTkue GOopMyJIMPOBKH 3HAUEHUH ITOMOTYT IPYTUM B IOHUMAHHUH U OIICHKE OCHOBHBIX
apryMeHTOB.

6. 3ak0uNTEIbHBIE KOMMEHTAPUH

B nemom, pykonuce mpeacTaBisieT MpoOBOKAIMOHHBIE HAeH 00 00bETMHEHUHN MTPOCTPAHCTBA, MATEPUU U
IoJIEW B paMKax €AMHON TMHAMHYECKON CTPYKTYpbI. 3aKpEIIEHNE KOHLIETIIUH C JOMOJHUTEIbHOU
MaTEMAaTUUYECKOM CTPOroCThIO, O0JIee sIBHAS MPUBSA3KA UX K IPOBEPSEMBIM CLIEHAPUSM U CTPYKTYpUPOBAHHE
00CYX1€HHsI BOKPYT YETKO ONPEIEIIEHHBIX TEM TOMOTYT YUTATEIISAM JIy4Ille OLEHUTh 3Ty HOBYIO



INCPCIICKTHUBY. CTpeMHCHI/IC aBTOpa IMOHATH ((HO‘IGMY?» B JOIIOJIHCHHE K «Kak?» ITOXBATbHO B MOXKET
crnoco0cTBOBaThH OoJiee NIMPOKUM JHajoraMm 00 OCHOBaX (DU3UKH.

5.«YepHble AbIPBD»

Abstract. M1 OyieM roBOPHTB O CBOMCTBAX «UEPHBIX Cep» MMEHYEMbIX «4EPHBIMHU JIBIPAMUY, B
paMKax CBOMCTB JMHAMUYHOTO IPOCTPAHCTBA-MAaTEPUH, KOTOPBIE MOAJIEKAT SKCIIEPUMEHTAIbHBIM
npoBepkaM. B nepByto ouepens, HaTMUKMe HOBBIX KBAHTOB B sipax IUIAHET, B SApax 3BeE37, B AIpax
raJIakTUK, B SAJpaxX KBa3apoB U B SApax KBa3apHBIX rajjakTHK. M B mepByro ouepeab CTaOMIbHBIX KBAHTOB
HOBOT'O BEI[ECTBA.

KitoueBslie c10Ba: MpOCTPaHCTBO-MATEPH I, MHIYKIUS MacC, IpaBUTALUs, BAKYYM.
OrnasieHue.

1. Bcerynienue.

2. VcxonHble MOJIOKEHUS

3. Jomyctumbie 00beKThl BeeneHHoi

1.Bcrynnenue.

OobwenpuszHanubM (B 2020 rony) ecth (akT HAIMYKS «CBEPXMACCUBHOIO KOMIIAKTHOI'O 00BEKTa B

ueHtpe ['anaktukny». M ecTh QakT HAIM4Ms JUHAMUYHOIO IPOCTPAHCTBA-MATEPUH,
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Puc.]l nuHaMu4YHOE MPOCTPAHCTBO MMyYKa MapajuIeIbHbIX MPSMBIX JIMHUN
B IIpezieiax BCeraa AMHaAMUYHOro (@ # const) yriia nmapaiuienbHOCTH. Her MaTepuu BHE POCTpaHCTBA, U
HeT NMpocTpaHCTBa 0€3 MaTepUH, IOITOMY IIPOCTPAHCTBO, KaK popMa MaTepusi, 3TO OJIHO IIEJO0€.
beckoneunocts (AC— 00) HeNNb3s1 OCTAHOBUTD, TO3TOMY TaKO€ TMHAMUYHOE MPOCTPAHCTBO -MaTepus,
CyLIECTBYET Bcerza. I JaBHOE CBOMCTBO MaTEpUH, IBUKEHUE, IPEICTABIIAETCS JUHAMUYHBIM
IIPOCTPaHCTBOM-MaTEpPHEN, ¢ HeCTallMOHApHBIM EBKINI0BBIM nIpocTpancTBOM. [IpenensHbIM ciaydaem
((p = 0) = const) unu ((¢ # 0) = const) IMHAMHUYHOIO IPOCTPAHCTBA-MATEPUH, ECTh €BKJINI0BAs
aKCMOMaTHKa U PUMAaHOBO NMPOCTPAHCTBO, B YaCTHOCTH.
1. «Touka ecTh TO, 4yacTh uero HuuTO») («Hauana» EBknuaa). unu Todka ecTh TO, YTO HE UMEET YacTel,
2. Jluans — niuHa 6€3 MIMPUHBL.
3.1 5-# mocTynat o napajieNbHbIX IPSIMBIX JIMHUSAX, KOTOpBIE HE nepecekatoTcs. Ecim npsimas,
nepeceKarolias JBe npsmelie, 00pa3yeT BHyTPEHHUE OAHOCTOPOHHHE YTIIbl, MEHBIINE ABYX MPSMBIX, TO,
IPOJIOJDKEHHBIE HEOTPAHUUYEHHO, TH JBE MPSAMbIE BCTPETATCS C TOM CTOPOHBI, TJI€ YIJIbl MEHbIIIE IBYX
PSMBIX.

o+ i< 1807
Win
puc. 2 EBximmoBas akcuomMaTHKa
B pamkax cerku EBkmnnoBsix (¢ = 0) oceif, Mbl He BUAUM quHaMu4HOro (X+=Y-), (X—=Y+)
MIPOCTPAHCTBA-MATEPUH, U MBI HE CMOXKEM €ro MpeacTaBuTh. [103TOMY BBOJAATCS aKCHOMBI TUHAMUYHOTO
MPOCTPaHCTBA-MaTePUH, KaK (PaKThl He TPEOYIOIIHMX 10KA3aTEIBCTB. YK€ B 9THX aKCHOMaX pelraercs

npobemMa EBKIIMI0BOM aKCMOMATHKU TOYKH, KAK MHOXKECTBA HEJCITMMBIX chep-ToueK, B OHON HEICITUMOM

cdepe-Touke, HO yke Ha () CXOAMMOCTH, THHAMUYHOTO ITPOCTPAHCTBA-MATEPHH.

95



2
feo L
\

puc.3 TMHAMUYHOE MPOCTPAHCTBO-MAaTEPHsl/
Besikas dukcarnus (B dkcriepuMenTax) HeHyseBoro (¢ # 0) yria napajiienbHOCTH, JaeT
MHOT'OJIUCTOBOE PUMaHOBO MpOCTPaHCTBO.

puc.3a. TMHAMUYHOE IPOCTPAHCTBO-MaTEPHS
Teneppb yxe B paMKax akCHOM JUHAMUYHOIO IPOCTPAHCTBA-MATEPUH B BUJIE:

(qo # O) # const

1. HenyneBoi, TMHAMUYHBINA YT OJ TApaJIIEIbHOCTH

(X -)L(r-)

, ITy4Ka napajulesIbHbIX MPAMBIX,

oIpeensieT OPTOroHaIbHbIE MO
CBOWCTB, IPOCTPAHCTBA-MaTEPUH.

NapaJuIeIbHBIX JTMHUH - TPAEKTOPHH, KaK M30TPOIHBIX

2. HyneBoii yros napaiieabHOCTH (@ =0) , TaeT «IIMHY 03 MHUPUHBD C HYJIEBBIM WA HEHYJIEBBIM

Y, . . .
0 - pamuycom cepbl-TOUKH «HE UMEIOIIEeH yacTel» B EBKIIMIOBOM akcHOMaTHKe.

3. Ilyyok mapaJiiebHBIX MPSMBIX C HYJIEBBIM YIJIOM MapajjiebHOCTH (9 =0) , €OJIMHAKOBO
PacmoIOKEHHBIA KO BCEM CBOMM TOYKAaM» , J1a€T MHOXKECTBO MPSMBIX JTUHUN B OTHON «O€3 I PUHBD)
EBxinoBo# MpsIMON JTHHUU.

4. BHyTpeHHHE (X _)’ (Y _) Y BHCIIHUE (X +)’ (Y +) TIOJIs IMHUH-TPAeKTOpHii HeHyIeBoi Xy # 0
wn Yy # 0 matepuainpHoii cdhepsi-Touku, 06pasyot Henemmmyo O6nacts Jlokanusaiun HOH(Xi) ITH
H O‘H(Y i) JMHAMUYHOTO TIPOCTPAHCTBA-MATEPHH.

5. B enuHbIX MOJSAX (X -=Y +), (Y -=X +) OPTOTOHAJIbHBIX JIMHUN -TPACKTOPHil (X _) - (Y _) HET

JBYX OJJMHAKOBBIX C()ep-TOUEK U JIMHUN-TPAEKTOPHI.

6. [TocienoBarenpHocTh Henenumpix O0nacrel Jlokanuzanuu (X i), (Y i), (X i) 10 paguycy

Y Y, #0 o n
o # 0 mm chepbI-TOUKY HAa ORHOM JTMHUU-TPAEKTOPHUH AaeT " CXOAUMOCTb, a HA Pa3INYHBIX

TpaekTopusix ” cxoauMOCTh.
7. Kaxxnoit Henenmumoii O61actu Jlokanu3amuu MpocTpaHCTBa-MaTePHH COOTBETCTBYET SAMHUIIA

(X-=Y+) (Y-=X+)

Bcex ee Kpurepues Opomonnn — KO, B ennHOM : IIPOCTPAHCTBE-MaTepuu Ha M —H
CXOAUMOCTSIX,

HOJ = K3(X-=Y +)K3(Y-= X +)=1 HOJI = K3(m)K3(n)=1

B CUCTEMEC YHUCCJII paBHBIX 110 aHAJIOTHU CAWMHMII.

8. ®ukcanus yria (¢ #0) = const ., (¢ =0) My4Ka MPSIMBIX MMapaJICTbHbIX JTUHUH,
MPOCTPaHCTBA-MATEPUH, JAET 5-U MOCTyJIaT EBKINAA U aKCHOMY TTapaJlJIENbHOCTH.

JIro6ast Touka PUKCUPOBAHHBIX TUHUN-TPACKTOPUI, IPEACTABICHA JIOKAIbHBIMU Oa3UCHBIMU
BEKTOpaMu PUMaHOBOIo mpocTpaHcTBa:
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ny s ny _ n n __
¢ GyHIaMEHTAJILHBIM TEH30POM e (x7)Fe (x7) = gy (x7) Y TOIOJIOTUEN (" =X.Y.Z) B EBKIIMI0BOM

npoctpancTBe. To ecth, PUMaHOBO IPOCTpaHCTBO, 3TO (PUKCHPOBAHHOE ((P #0) = cons t) COCTOSIHHE

JMHAMUYHOTO (¢ # cOonst) mpocTpaHCTBa-MaTepHH. ITH Oa3MCHBIE BEKTOPHI BCET/Ia MOYKHO IPEICTABUTH B
Bume: (x'=c,*t), (X =cy *t) IMHEHHBIX KOMIIOHEHT IPOCTPAHCTBAa-BpEMEHH, Toraa v;(x™) * vy (x™) =
(v?) = I, nony4aeM OOBIYHBIN OTEHIMAN IPOCTPAHCTBA-MATEPHHU, KAK HEKOE YCKOPEHHE Ha JUIMHE.
JlokanbHbIE 0a3MCHBIE BEKTOPBI COOTBETCTBYIOT IIPOCTpaHcTBY ckopocreir WN=K™*NT -N g Mmporomepnom
MPOCTpaHCTBE-BpeMeHH. [IpocTpaHCTBO-BpeMsI €CTh YaCTHBIN CiTydail (UKCUPOBAHHOT'O COCTOSHUS
JMHAMUYHOTO MTPOCTPAHCTBA-MaTepHH. [Ipy 3TOM B MHOTOMEPHOM MPOCTPAHCTBE-BPEMEHN (OPMHUPYIOTCS
Bce Kpurepuu DBomonuu Matepun. OHu npeacrasiensl B « Exunoit Teopun 2», B Buae: (II=W?2)
norennuana, (F=I1%) cunel, suepruu : 3apsan [TK=q( Y+ =X -) B snextpo ( Y+ =X -)

MarHUTHBIX MOJsX, Wi Maccy [TIK=m(X+=Y-) B rpaBut (X+=Y-) , MAaCCOBBIX MOJISIX, TOT/IA MJIOTHOCTb p =

= Zf % = v?, 510 KBagpat yactoTsl, sHepruto E=IT°K, umnynsc (p=I1°T), neiicteue (h=I1°KT)...,

GHI/IHOFO MNpOCTPAHCTBA- MATCPUH.

N
‘K
| | I | I | . 6
| | |E | I | Is
T 1 1 T 1 s
FE A%=W] [ 1 Is
L L 1,
F FE 3 3 1 T2 l 4
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puc.4 eaunsie Kpurepun DBoOIMN NPOCTPAHCTBA-MATEPHH.
Cpa3y oTMETHM «TOUKY HE UMeEIoIel yacTei» B EBKIINA0BOI aKkCMOMATUKE, U HEHYJIEBOM paauyc
Xo # 0w Yy # 0 marepuanbHO cepbl-TOUKH aKCHOM JMHAMUYHOTO TPOCTpaHCTBa- Matepun. Kpome
3TOr0, €CTh MUHMMAaJIbHAs MIaHKoBcKas AmuHa (A = 10733 car). DTo BOMpOCH CHHTYJIIPHOCTH, KOTOPHIX
3]1eCh HET, U ILIIOC K 3TOMY MaTeMaTUYECKU e 3aIPeThl JeJICHHs Ha HOJIb.

B pamkax quaamugHOro (¢ # const) mpocTpaHCTBa-MaTepUu, Mbl IMEEM HECTallMOHAPHOE
EsximoBoe npocrpanctso-Bpems (X, Y, Z, €T), wim nepemennyo reogesndeckyio (x° # const),
byHaaMeHTaiIpHOr0 TeH30pa gk (x°) pumanoBoro npocrpancta. K npumepy, HecTannoHapHoe
MIPOCTPaHCTBO reoMeTpun JIoGaueBckoro, ¢ mepeMeHHbIMU acuMITOTaMu Tunep0os1. Takoil MaTeMaTHKU
ele HerT.

Wnave roBopsi, BONPOCHI «4EPHBIX JbIp» OyaeM paccMaTpuBaTh B akcMoMax EBKIMI0BOro
[POCTPaHCTBa- BpeMeHH, Kak yacTHoro ciaydas (¢ = 0) wm ((¢ # 0) = const) quHAMHIHOrO
(@ # const) npocTpaHCTBa-MaTCPUH.

2.McxoiHbIE MTOJIOKEHUS

B pamkax kiaccuueckor pusuku, emie 100-200 et Ha3am, ¥ B 3aKOHAX COXPAHECHUS SHEPTHUH

2
mv GM
Ek=7 u E, =mgh, s g =7 u h=R 3emin,
vZ _ GM 2 2GM .
ObLT1a onpezeneHa npeaenbHast CKOpoCcTb S = = —4 > TIPH KOTOPO¥i T€JI0 MOXKET He BEPHYThCS
Ha 3emmo (M). U emie Torja BO3HUKIA THIIOTE3a CBEPXMACCUBHBIX (M # 0) «4epHBIX 3BE€311», OT KOTOPHIX

2GM . o
cBeT He BeIxoauT. Chepy Takux «4epHbIX 3Be31», Ry = —— Hasamu cdepoit llsapummneaa. [Tpuunnoi
c

2GMm

cunTanach cuia taroreHus Heiotona, F = - 31ech




R — paccrosinue mexay nentpamu maccuBHbIX (M # 0) u (m # 0) maccuBHbIX cdep, 3emnu u JIyHbI,
Hanpumep. Ho eciu B tuametpaiibHOE OTBEpPCTUE OOJIBIION MACCUBHOM c(epbl, OMycKaTh MaJCHbKHIA
mapuk (R — 0), To cuiia He yBEIMYHUBACTCS 10 OCCKOHEYHOCTH.

—)

Puc.4a. 3akon HeroToHa

3akon Herotona 31ech He paboraer. Camo noHsTre cuibl HbIOTOH BBEJ U3 IPYKMHUCTOIO COYAapEHHs
JBYX LIAPOB, C 00PATHOM MPOMOPLUOHAILHOCTEIO KX YCKOPEHUH pasiera.

2—21:3—21, mya, = mya, = F.
DTOT MHBAPHAHT TMIEPEMEHHBIX MTapaMeTpoB HbIOTOH Ha3Basl CHIIOMN, CKa3all U3MEPATH €€ B HBIOTOHAX 0e3
BCSKOTr0 0OMEHHOr0 B3aumoieiictBus. Cpa3y OTMETHM, 4TO B IUHAMHYHOM (¢ # CONSt) MpOCTpaHCTBE-
Mmarepuu, Bce Kputepun DBOIIOIHMHI IPOCTPAHCTBA CKOPOCTEM, M B PUMaHOBOM MPOCTPAHCTBE TOXKE:
e, =v;, e,(™) =v,, g (™) = v?, Kak NOTEHIINAI B KOOPAHHATHO —BPEMEHHOM MPOCTPAHCTBE
ckopocreit WN=K*NT -N_ ' mporomepnom npocrpancree-spemenn. [Ins sapsagos [IK=q( Y+ =X -) B
amekTpo ( Y+ =X -) marHuTHBIX noJisix, u Macc [IK=m(X+=Y -) B rpaBut (X+=Y-) , MACCOBBIX IOJISIX,
BBIBOZSATCSH ypaBHEHUs MaKCBellla i TPaBUTMACCOBBIX TIOJIEH.

9E(YH) aG(X+)
c*rotyB(X =) =rot,HX —) = ¢ 7 + AE(Y+) c*xrotyM(Y =) =rot, N(Y =) = ¢, * 7 + 1% G(X+)
rotyE(Y +) = —py P2 = — 20, MOY-) =y < N(Y=); - Tot,GQXH) = —pp » 2002 = — 20

A Taxoke mpeoOpazoBaHUs penssTUBUCTCKON quHamuku CriennanpHoi Teopun OTHOCUTETHHOCTH H
KBAaHTOBOMW PENSATUBUCTCKOW JTUHAMUKH B IIpeJiesax YIJIOB MapajuiebHOCTH.

w
T-—X
S e LA
1-w?/c* VI-W2/c* L+VW/c?
a,K, +cT K,/c+a,T 7o a,W, +c

K, = T =

Y JI_WZ/CZ , )I_Wz/cz ’ ¥ a22 +WY /C ,ByCJ'IOBI/IHX, (azz * all) ¢11

HJ’IH HYJICBBIX YTJIOB IIapaJlJICJIIbHOCTU B EBknugoBoi AKCHUOMATHKE, CO CKOPOCTAMU MCHBIIUX CKOPOCTHU

W, <c

CBC€Ta , AIMCIOT MCCTO IPEACIIBHLIC ClIydau HIECPexXoaa KBAHTOBOM pCHHTHBHCTCKOﬁ JUHaMUKHU

BEKTOPHEIX KOMIIOHEHT, 422 = (COS(O‘O - 0): = a, 4y = 1, a, :1, Y=WT

_(a, =1)K, =Y)+WT go YT 7 Kylet(an =D
]]_WZ(X_)/LZ 1_WZ/CE I_WZ(X_)I'CE

HNuauve rosops, B EBkingoBoi akcuomatrke co3nate KBantoByro Teoprto OTHOCUTENBHOCTH
HeBO3MOKHO B npuHnune. O6e teopun: Crenuanbuas Teopust OtHocutenbHocTH U KBantoBass Teopus

OTHOCUTENBHOCTH, IOMYCKAIOT CBEPXCBETOBOE (Vi = N*C) MpOCTPaHCTBO CKOPOCTEH:

c+Nc — a1 Nc+c
=——=2¢C W, =———=c¢ JIsz a =a =1.
1+c*Nc/c? ' Y = a,,+Nc/c > A 11 22

Vike B paMKax TaKUX MPEeACTaBlIeHull, OyieM paccMaTpuBaTh «4epHbIE ABIPBI». B Kiaccuueckoit pusuke c

EBKIMI0BOM aKCMOMAaTUKOW MPOCTPAHCTBA-BPEMEHH, JJIsl CBEPXMACCUBHBIX «UEPHBIX 3Be31» (M # 0), ¢

26M .
IPaBUTALIMOHHBIM PainycoM Ry = ——, mo6oit Maccel B Teopun. M 11 macc
c

(Er = )7)

Y

(M # 0) = const, Bayrpu (R < R,) Takoii cdepsl, TOKHO OBITh CBEPXCBETOBOE MPOCTPAHCTBO CKOPOCTEH
(vi > c)um (v; = N xc), (N> 1). Dro He nporuBopeunt Hu CrieruansHoi Teopuu
OtHocutensHOoCTH, HU KBaHTOBOW Teopuu OTHOCHTEIBHOCTH. B KBAaHTOBOMW CHCTEME KOOPAMHAT



JUHAMUYHOTrO (¢ # const) NpocTpaHCTBa-MaTEPHH, Pedb UIET O CBEPXCBETOBOM IIPOCTPAHCTBE CKOPOCTEH
v; = a V¥ xc,rae @ = 1/137,036 koHcTaHTa.

Ho BepHemcs K 3aKkOHaM KJIacCUYECKOM (pU3UKHU, B KOTOPBIX 3aKOH TAroreHus HploToHa nmeer
I'PaHMIIBI IPUMEHEHMS, U HE oTBeuan Ha Bonpoc, [IOYEMY maccel nputsaruBatorcs? M3ydas ypaBHeHUS
Makcgeiuia, Tog00HO 3JEeKTPOMarHUTHBIM TOJISIM ¢ peoOpa3zoBaHusiMu JlopeHna B 1ByX

(%0, Y0, Zo, Cty) M (X1, V4, Z1, Ct;) CHCTEMaxX KOOPJIUHAT, M U3 3aKOHOB COXPaHEHUs dHEepruH, emie B 1905,
DOHHIITENHH BbIBeN (HOpMYITy, Ha KOTOPOH OCTAaHOBHUMCS MOJPOOHEH.

Teno ¢ HenyneBo#t (m # 0) Maccoii, u3rydaet cBet ¢ dHepruei (L) B cucreme (X, Yo, Zg, Cto)
KOOpJUHAT, ¢ 3akoHOM coxpaHeHus sHeprun: (Eq = E; + L) , 1o u nmocne uznyuenns. [l 3Toit 5xe Macchl,
M 9TO KJIFOYEBOi MOMeHT (Macca (m # 0) He mensiercs1), B apyroi (Xq,Y1, 2y, Ct;) cUCTEME KOOPAUHAT,

v2 o o
3aKOH COXpaHeHust sHepruu ¢ (y = |1 — C—Z) npeoOpa3zoBanusmMu JIopeHiia, DWHIITEHH 3amucai B BUIES

(Hy = H; + L/y). Bouuras ux pazHuiny, DWHINTEHH MOTYIHII:
1 1
(Ho —Eo) = (Hy = E)) + LG — 1), um (Ho —Eo) — (Hy —Ey) =L — 1),

C otnenenueM pasHUIbI S3HEPrUU u3iydeHus. O0e nHepLuaibHbIE CUCTEMbI KOOPAUHAT IBUXKYTCS, HO
(x1,¥1,21, Cty) ABIKETCS CO CKOPOCTBIO (V) OTHOCUTENBHO (X, Vo, Zg, Ctg). Yl MOHATHO, UTO CHHUI 1
KpacHBbIN CBET UMEET Pa3HUILY SHEPIUil, KOTOPYIO U 3anucai DUHIITEHH B ypaBHeHUU. CaMO ypaBHEHHE

OHHIITENH 3anucai Kak pa3HUILy KHHETUUECKUX SHEPIUil B IEPBOM Pa3JI0KEHUU.

L v? AL, v?
(Ko — Ky) ==(=.), Wi AK = (C—2 5

Sz

AL . .
3aeck (— = Am) MHOXHUTEIb, UIMEET CBOMCTBA MACChl «JIy4UCTOM sHeprum», uiu: AL = Amc?. Dty
c

(GopMyITy MHTEpIpPETUPOBAIIH 10-Pa3HOMY. DHEPruI0 aHHUTWIALMU E = myc? Macchl mokos, umm: my? =
2

% — p?/c? , B penATMBUCTCKOI AUHAMMKE. 371€Ch MACCa C HYJIEBBIM MMITYIIbCOM
(p = 0) , umeer suepruro: E = mqc?, a nynesas macca ¢potona: (mg = 0), UIMeeT UMITYJIbC U SHEPTHIO
E = p * c. Ho Diinmreiin BbIBEN Apyroi 3aKoH «IydncToil sneprum» (AL = Amc?), ¢ maccoBbIMU
cBoiicTBaMu. DTO He PHeprus poToHa, U 3To He dHeprus (AE = Amc?) nedexTa Macc HYKIOHOB sipa
aToMa. DUHIITEHH yBUJIEN TO, UETro HE YBHU e HUKTO. [10100HO ABMXKYyIIEeMYcCs 3apsiiy, C UHAYKIIHEH
MarHuTHOTO MOJIsl ypaBHeHH MakcBeinia, IBHxKyIasics Mmacca (Macca (m # 0)
He MeHsieTcs), HHIyLMpPYeT MaccoBylo sHepruio (AL = Amc?), kotopyro u Hamen Ditnmreitn. Hanpumep,
3apshKeHHasl cepa BHYTpH JIBUKYILErocs Barona (3apsa (q # 0) He MeHsieTcs), HE UMEET MarHUTHOT'O TOJISL.
Ho xommac Ha neppoHe, MOKa)KeT MarHUTHOE 11ojie c(epbl B ABMKYIEMCs Barone. IMeHHO Takoe
MHAYKTUBHOE MarHUTHOE I10JI€, OT IBMXKYIIUXCS SJIEKTPOHOB TOKA IPOBOIHMKA, OOHAPYXKUIT DPCTE.
[Totom Obutn onbITHl Papajes, UHIYKIIUU BUXPEBBIX 3JIEKTPUUYECKUX TOJIeH B IEPEMEHHOM MarHUTHOM
110JI€, 3aKOHBI MHIAYKIIUU U CAMOMHAYKIMHU U ypaBHeHUs] MakcBeiuia. [1o aHanorum MHAYKTUBHOM 3HEpruu
MarHUTHOTO MOJIA OT ABMXKYIIErocs 3apsiaa, DUHIITEHH BbIBeN (GOpMYITy HHAYKTUBHOM, «JITy4HCTOIN»
SHEPIrUH MAaCCOBBIX ITOJIEH, OT IBMXKYIIUXCS HEHYJIEBBIX MACC, 3BE3]] B TAJIAKTUKAX B TOM uucie. U 3necs
DWHITENH BhIlen 3a pamMku EBkinnoBoit (¢ = 0) akcuoMaTHKU IPOCTpaHCTBa-BpeMeHH. B akcromax
JIMHAMHUYHOTO TIPOCTPaHCTBa- MaTepun (@ # const), pedsb ujper 00 uHAYKTUBHEIX M(Y —) MaccoBbIX
IIOJISIX, B IIOJIHOM aHAJIOrMH ¢ ypaBHEHHMsIMHU MakcBena. BoT uto yBuaen DUHIITEHH, U HUKTO APYrod. Yixke
n3 [IpuHuuna DKBUBAJIEHTHOCTH, IOTEHIIMAI HHIYKTUBHOI'O MacCOBOIO MOJIS

V2(Y— =X +) = v xcos,(X+) * v x cosp,(X+) = Gv?(X +)
B I0JIe TpaBUTALIUH, clleAyeT KoHcTanTa (G = cos?¢,), Kak MaTeMaTU4YecKas HCTHHA.

U yxe 3anuceiBasg ypaBHeHue OOmeit Teopun OTHOCUTENBHOCTH, DUHIITEHH Opa
2
rPaBUTALIMOHHBIN MOTEHIIMAT HYJIEBOW MaCChI: 5—2 = c?, B BUJE LZS_) =Gv:(X+) = 8:—46 T, TeHzopa
sHeprun-ummyibca. Jloxxknoe npencrasiaenne 06 O6mei Teopun OTHOCHTETFHOCTH DUHIITEHHA COCTOUT B
TOM, YTO CUATAETCS, B YPABHEHUH IIPE/ICTABIICHA HEHYJIEBas Macca, Kak MCTOYHUK UCKPHUBIICHHS
MIPOCTPaHCTBAa-BPEMEHHU, KaK UCTOUHMK IpaBuTannu. B ypaBaenun O0meit Teopun OTHOCUTENBHOCTH

OHHITENHHA, KaK MAaTEMaTUUECKON UCTUHBI B TUHAMUYHOM IPOCTPAHCTBE-MATEPUH B ITOJIHOM BHUJIE:
1 1 8mG
Ry =5 RGie = A9 = 4 T -
Her Maccel: (M = 0), B KJTacCHYECKOM €€ ITOHUMaHuU. B MaTeMaTn4yeckoil HCTHHE, 3TO pa3HUIlA

PETSATUBUCTCKON JTMHAMUKHU B IBYX (PMKCHPOBAHHBIX TOYKaX PUMAHOBOIO IIPOCTPAHCTBA, OHA U3 KOTOPHIX
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npusoanTcs k EBkinaoBoii chepe, Bo BHelIHeM, He cTannoHapHoM (A # 0) EBkinaoBoM nmpocTpaHCTBe-
BpeMeHU. B ¢usnueckoit uctune, B ypaBHenuu O6miei Teoprun OTHOCUTEIbHOCTH, DUHINTEHHA, B €MHBIX
Kputepusix DBomonuu, «3amurtay Gopmyna (3akon) HeroToHa:
2 2
E=c*K, P=c*T, (ciz—c,szcizk)zgz(%zcz), Ack =Gv*(X+)# 0
Ac2 = ctctK? _ G(c?Ky=m1)(c?Ky=m,) _ Gmym, Ac2 = Gmym,
ik = Cagarz cz(c2T2=K2) c2K? ! ik c2K?
Kak Buaum, B ypaBHenun OO0mieit Teopuu OTHOCUTENBHOCTH DHUHINTEWHA, CUla TATOTEHUS JIEHCTBYET B
THOJIAX C HYJIEBOM Maccol. YuTaeTcs: pa3HUIa MACCOBBIX TIOTOKOB Ac?, (Y —) BO BHENIHEM MOJIE TPABUTAIHH
c2(X+), ¢ nx ITpuHIMNIOM DKBUBAJIEHTHOCTH, 1aeT cuity. I TOJIBKO Tenephb, Mbl OyJeM pacCMaTpUBaTh
cBoiicTBa «cBepxMaccuBHBIX» (M # 0) komnakTHbIX (R — 0) 00bexToB, 0OHAPYKEHHBIX B sIApE

[anakTvky, Kak GpakTy peaqbHOCTH.
26(M=0 o o —
B ycnosusx: ¢? = ((;fo)) = 0) # 0, B yCJIOBHAX IJIAHKOBCKO# mpenenbHoit pmansl (10733 ),
KBAaHTOBOT'O 11011 B IPOCTPAHCTBE-BPEMEHH, B YCIOBUSX MPUHIIUINA HEONPEACIEHHOCTH, 2 PABHO H BCEr/Ia

JAUHAMHUYHOI'0, CaMOI'O KBaHTAa, B YCJIIOBHAX HeHyneBOﬁ pasHUIbI

2 .2
, Acjrc* =F

1
Ry _ERgik #0

26(M=0) _
Re0) 0)+#0

rPaBUTAIMOHHOTO MTOTEHIMAA, KaK TPUINHBI HCKPUBIICHUSI CAMOTO MPOCTPAHCTBA «UE€PHOU JBIPHD), BHE
Macchl. [loHsiTue «ropuzoHTa COOBITHIT» BO3HUKAET B 0a30BBIX pemieHusax [IBapummibaa, pensiTUBUCTCKON
METPUKHU I'PaBUTHUPYIONIEH chepbl, KAK UCXOAHOTO COCTOsIHUA. ECTh KiltoueBbie Mpeodpa3oBaHUs
YIPOILIEHHOW MaTeMaTUYECKON MOAEIU ypaBHEHUS DIHIITEHHA, TPUBOASINUE K PEIICHHUSIM
[IBapimmiabaa, HO YK€ B TPaBUTAIIIOHHOM I0JI€ MPOCTPAHCTBA-MATEPHUH BHE MACCHI.

tensopa (77, # 0) oHEpPruu-uMITyJIbCa, T.€. SHEPIUH, HATIMYHUS CAMOTO: c?=(

Puc.4B — T'paBUTAIIHMOHHBIC ITIOTCHIMAJIbI

o o 1 81G .
VYpaBuenue DiiHmTeiHa Ry (1) — ER gix(2) = — Ty, © 3amuileM B BUJE IPaBUTALMOHHBIX
MOTEHIIMAJIOB B IBYX TOYKaX PHMaHOBOTO MPOCTPAHCTBA ¢ (YyHAAMEHTAIbHBIM TEH30POM:
— n ny — — — n ny — —
Ry (1) = ;(x™Me, (x™) = vy = 11 1 9ik(2) = e;(x™)er (x™) = vy =11,

MpbI noHuMaeM, 4to Touka (2), mpeacraieHa EBKIMaI0BbIM MpocTpancTBoM (1) 0€3 KpuBH3HBL. OTMETUM,
YTO TOYHOI'O COBMA/IEHUS TOUKHU (2) KPUBOH C OKPY>KHOCTBIO HET B MATEMaTU4ECKOI UCTUHE IIOJIHOTO
ypaBHeHus DiHIuTeHa. Touka (1) c KpUBHU3HONW PUMaHOBOTO NMPOCTPAHCTBA (7) B IPaBUTALIMOHHOM I1OJIE.
Toraa rpaBUTallMOHHBIE TOTEHLIMAIIBI BHE MACC, MBI IPEACTaBUM B BUJIE:

11, = CZ(; )2 I, = CZ(TT—O)Z , C TEH30POM DHEPIHH -HUMITYJIbCa: C—le-k = 5—2= G((gzzgzz = Gﬁzgzztiz,
2172 2 2 2 2
-, =" =50 -1, =S5, wm:
r T c?GK? 70\ 2 c?GK? 70\ 2 x?
- ety =L ca- (= a- (=g
() (=5) =5 (R)e gm0, L@ =0mm =0

(1 + rr—o) c?t? — (1 — T;‘))_lxz =s?, wm: ds? = (1 +%) c?dt? — ( - :—0)_1 dx? .

OTO MaTeMaTU4ECKNE UCTUHBI CAMOW MTPOCTON MOAEIN paAuaIbHON PENATUBUCTCKON JUHAMUKHU
EZ
MIPOCTPaHCTBA-BPEMEHHU B TPaBUTAIIMOHHOM 1oJie BHE (my = 0) macchl: o c* , umm:
E? .
== p? + (my = 0)2c2. U nepsoe, 4TO Hal0 OTMETUTH, TAK ITO HEHYNEBOH (T, # 0) paguyc mo
OIpeeNeHnIo. JTO paanuyc Kpyra BMecTo cdepsl B peutennu IlBaprmmnbaa. M 310 ycinoBue ypaBHeHUs

(Rgi, # 0) DitHmTeliHa, KaK MATEMAaTUYECKOM HCTUHBI B MTOJIHOM BHJI€. 3[1€Ch pa3rOBOP O CHHTYJISIPHOCTH —
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9TO pa3roBop HU O yeM. CHHTYJIIIPHOCTH HET B IIPUHIIUIIE U 10 ONPEAEICHUI0. BTOpOl MOMEHT B TOM,
ypaBHeHUE DUHIITEHHA paccMaTpUBaeT IPaBUTALMIO BHE cepbl. HUKaKUX «IyTemecTBUil» BHYTph chepbl
B ypaBHEHUU DHHIITENHA TOXE HET, Kak U (r # 0) B 3akoHe HproToHa. Bee mocnenyromue Mmoaenu
«YEPHBIX JBIP» UMEIOT TOPU30HT COOBITHH U Tak Jajee. MHOTHME MOJIEIN «YEPHBIX JIBIP», KOJUIAICHPYIOIINX
¢doToHHBIX cdep (3Be3x B mpenene) npoxoaamux chepy LIBapimmibaa ux AuarpaMmMbl HauBHBI,

omrO0YHBI B 0230BBIX OCHOBAaX M 0€3 apryMEeHTOB MCXOJHBIX MPEANOCHITIOK KaK MPHYWH, XOTS Jlajnee
2G(M#0 2G(M#0)
paboTaet maTemaTHKa u Jioruka. Hao6opot: R, = (C—z) BHYTpH (R < Rj)) = o507

JIOJDKHO OBITh CBEPXCBETOBOE MPOCTPAHCTBO (V > €) CKOPOCTEH, He HapyIIas 3aKOHOB DWHIITelHHA (V =
c+Nc

14+c*Nc/c?

«YEPHOU cepb»,

Nc), Korja CKOpoCcTH BHYTPH «4epHOi chepsy Wy = = ¢, U1 HaC UMEIOT CKOpOCTh cBeTa. [Ipn

3TOM, MBI TOBOPUM O TPaeKTOPHHU BHEIIHETO GoToHa (X = ct), ¢ pUKcaIen 3IeKTPOMarHUTHOH JTMHAMUKA
B KoopauHaTHO# mnockoctd (K?2) L (ct), opToroHanbHoii k TpaekTopuu GpoToHa. DOTOH, MOAXOAS K
«9IEepHOH cepey HE MOKET BOUTH BHYTPh c(pephl, B CBEPXCBETOBOE IPOCTPAHCTBO TaK e, KaKk U (JOTOH HE
MOJKET BOWTH BHYTPb (PM3UUECKOro BaKkyyMa He npocropax Beesnennoil. B rpaButanionHoi «imey, GpoToH
KPYXXHTCS BOKPYT YK€ «9E€PHOH IBIPBI», TaK KaK OTTYAA, JAJIs HAC, HUYEro He BblIeTaeT. TpaeKkTopus
¢doToHa (X = ct) mMOBOpavYMBAETCS HA MOBEPXHOCTH Cephl, Kak ero reoaesnueckas. [Ipu atom (ct)Bpems u
KOOpAMHATHOE IpocTpancTBO (K2) Ha paauaibHOM HAIPaBJICHUH, MEHSIOTCS MeCTaMH. Mbl 6€CKOHEYHO
noiro (t — ©0) KpPYXHMCsI BOKPYT «4epHOM ABIPbI», a B MaTeMaTndeckoM gopmamusme (R — 0),
reojie3nIecKue JTMHUU (POTOHA HEU30EKHO CXOMISTCS K EHTPY «4epHOM bIpbi», Tae (K — 0) ucuesaer
CaMo MPOCTPAHCTBO. TaKyro CUTyalnIO Ha3bIBAIOT HEN30EKHOW CHHTYIIIPHOCTBIO B I[EHTPE «IEPHOU

. . . 2G(M#0)
TBIPBI», KOTOpo# HeT B [Ipupoae. DTo mpoTuBOpednT 3aKkoHaM Gu3uku DitHmTerHa. (R < Ry) = “So? !
v>cC
—_ c+Nc o
Wy = ———— = c¢. Haobopor, Bce 3aK0HbI PU3UKH pabOTAIOT B 3TOM 00JIACTH, KaK U B (PU3HUECKOM
Y 1+c*Nc/c? > >

Bakyyme. MBI He TOBOPUM 3/11€Ch, UTO ATO HYJIEBask CUHTYJISIPHOCTh. «UepHas AbIpa» HE MOXKET MOTJIOTUTh
Maccy, MOCKOJIbKY 3Ta Macca, YTOOBI IPEO10JIeTh TOPU30HT COOBITHH, TOHKHA PA30THATHCS IO CKOPOCTH
csera M — 0. Jlaxxe ecnit pa30UTh aTOM Ha MPOTOHBI U AJIEKTPOHBI HJIM 3JIEKTPOH -TIO3UTPOHHBIE MAPhI B
n3nydeHnn XOKUHTa, OHU HE CMOTYT JOCTUYh CKOPOCTH CBETa rOpU30HTa COOBITUH. [laxe ecii MO3UTPOH
«POJUIICSD TIOJ] €BKIIMI0BOM JTMHUEH, «ITMHHON 06€3 IMHUPHUHBI», TOPU30HTA COOBITUH. DTO BHE €BKJIN0BON
AKCHOMAaTUKH IIPOCTPAHCTBA-BPEMEHH, BHE NIOCTYJIaTOB DHUHIITEIHA. A 3TO 03HA4aeT HEBO3MOKHOCTh
u3nydeHus: XOKUHTa «9epHbIMH JplpaMu». Ho ypaBHeHue DiiHiTeliHa BooOI1e He 00 ATOM. YpaBHEHUE
DiiHmTelHa HE colep XUt Maccy (m = 0) u 6osee rirybokoe. B HeM yka3aHbl MOTEHIIUANbI, CUIIOBbIE MO
Y DHEPrus IPaBUTAIMOHHOIO 1OJIs B M1000i Touke Beenennoii BHe Maccol (m = 0) . Ml HU ojHa MOJienb, He
otrBevaet Ha Borpoc, [IOYEMY Bo3HuKaeT KpUBU3HA I'PABUTALIMM U, OTKYyAa 3Heprus noya? B Takux
MIEPEUUCIIEHHBIX YCIOBUSX, KAK apTYMEHTOB MATEMaTUYECKUX UCTUH, TOBOPUTh O CUHTYJISPHOCTH B LICHTPE
(R = 0) «uepHOil IBIPB», 3TO PA3TOBOP HHU O YeM. 3/1eCh HET HUKAKOW CHHTYJISIPHOCTU B LIEHTPE «UEPHBIX
IbIp». Borpoc 3akpbIT.

Ho ectb (akT HamMuusA «CBEPXMACCUBHBIX KOMIAKTHBIX O0BEKTOBY», OOHAPYKEHHBIX B ApE
rajakTuk. U ects apyroe npeacraBiieHue CBOWCTB TaKUX OOBEKTOB:

(R < Ry) = =4

(v >c)?

C HaJIMYMEM CBEpX CBETOBOro mpocTtpanctBa: (v; > ¢), BHYyTpH (R < R() Takux «4epHbIX chepy,
MMEHYEMBIX «4epHBIMHU IbIpamMi». HeT Hukakux «1pip». Macca Takux «4epHbIX cep» (M # 0) He paBHa
HyJr0. Jlanpine Mbl Oy/1eM TOBOPUTH O CBOMCTBAX «YEPHBIX Cep» MMEHYEMBIX «UEPHBIMHU JbIPAMI», B
paMKax CBOMCTB IMHAMUYHOIO IpocTpaHcTBa-Matepun (https://vixra.org/abs/2302.0022 ), KOTOpbI€ MOJIEKAT
AKCIIEpUMEHTAILHBIM IPOBEpKaM. B mepByro ouepesp, HaM4re HOBBIX KBAaHTOB B S/IpaxX IJIAHET, B AIpax
3BE3[, B Apax TallaKTHK, B SAPaX KBa3apoB U B s[pax KBa3apHBIX raJlakTUK. M B mepByro ouepens
CTaOMJIbHBIX KBAHTOB HOBOT'O BEIIIECTBA.
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https://vixra.org/abs/2302.0022

Y—=

+
Ha BCTPCUHBIX ITYYKaX ITIO3UTPOHOB (e ), KOTOPBIC PA3rOHAKOTCA B IIOTOKE KBAHTOB ( y) , ¢)OTOHOB

«0es0ro» Jasepa B BUJIE:
HOJI(X £ =pf) = (V== e*)(X+=v;)(¥—=¢*) = Z2¢ = 153 TeV,

Ha BcTpeuHbIX mydkax aHTUIPOTOHOB (P~ ), UMEET MECTO:

HON(Y +=¢e;)=X—=p ) Y+=e")(X—=p~) ==L =35,24 TeV .
HeZleNMMble U CTaOMIIbHBIE KBAHTHI BEILIECTBA, TOAOOHBIX BEIIECTBY KBaHTOB JJEKTPOHA.

Me1 roBopum 0 KBaHTOBOM cucTeme koopaunat 0J1;(m — n)B npoctpancTBe-maTepun Beenennoi,

B kaxaoM 0JI; nmm OJ1; yposHe numetoT Mecto Tpu (X—= Y'+) 3apsioBeix u JBa
(Y—= X+) maccoBbIx uzonoreniuana. 1 B 3Toif KBAHTOBOW CUCTEME KOOPUHAT, IIPE/ICTABICHBI
«TsDKENbIe» (Pj/e;) KBAHTBI, KKl U3 KOTOPBIX UIMEET CBOKO «TIIYOUHY» SHEPreTHYECKUX YPOBHEH (V1/Y;)
KBaHTOB (pusnueckoro Bakyyma. Ilpencrasum ux B Buae monene takux Rj;(m) Henemimpix O6racreit
MPOCTPAaHCTBA — MaTepuu BceemeHHon.

‘ {m}

Saiaiac %W%%%%

on, ﬂnz—‘ #0}11 | on, ‘ ’_0,1_1 _~>— Ony .. o, (m)

Puc.5. cnektp HegenuMbix KBaHTOB
Ot0 Hekas cdepa B MPOCTPAHCTBE-MATEPUH, B LICHTPE KOTOPOH «TsHKENbIE» (P;/e;) KBAHThI, KOTOPhIE
OTIPEACISIIOT «HHU3», U «BBEPX» IO PAIUYCY, 10 YPOBHA (V;/y;) KBaHTOB (PU3NUECKOI0 BaKyyMa
IIpoCTpaHcTBe-MaTepuu BeenenHoi, 1uist 1000ro nmogo6Horo o0beKTa BHYTpH 3TOH cepsbl.
B akcuomax auHamMu4HOro npocrpancrsa-marepur, HOJI = K3(m)K3(n) = 1, nonyuaem mis macc (M)
HEJEJIMMBIX KBAHTOB B (Ojlﬁ) YPOBHSX:
HOJM = M(e; =1,15E4)(k =3.13)M(y, =3.13.E-5) =1
HOJI = M(e, = 3,524 E7 )(k =3.13)M(y =9,07E—-9) =1
HOJI = M(e; = 5,755E11 )(k = 3.86)M(y; =45.E—13) =1
HOJI = M(e, = 1,15E16 )(k =3.13)M(y, =2,78E—-17) =1
HOJI = M(es = 397 E19 )(k = 3.13)M(y3 =8.05.E—-21) =1
HOJI = M(es = 6,48 E23 )(k =3.83)M(y, =4,03E—-25)=1
HOJI = M(eg = 4,47 E31)(k =3.14)M(ys =7,13E-33) =1
HOJI = M(ey = 9,1 E103)(k = 3.14)M(y,, = 3,5E—105) = 1
O4eBHIIHO peub O BUXPEBBIX MAcCOBBIX (Y —) TpaeKTOpHSX:

G (X+)
cxrotyM(Y—=y;) =& D +AxG(XH)
=1
ypaBHEeHUH nuHAMHKH 110 Kpyry (k = 3.14 =1 = 2”21; ) B kaxaoM (OJI;) ypoBHE (PHU3HUECKOT0 BaKyyMa.
D710 chepbl BOKPYT IUIAHETHI, 3BE3/1bl, TaJaKTHKH, KBazapa... . Ha nmpumepe KBaHTOB:

HON(X +=p}) = (Y—=e")(X+=v )(Y—= et) = 2’"8 =153 TeV ,
HOJI(Y £ =¢e;)=X—=p ) Y+=eH)X—=p") = a2 = 35,24 TeV ,
peYb UIET O CUHTE3E BELIECTBA (X + = pf), Ha BCTPEUHBIX ITyuKax (e*e™ — pf) MO3UTPOHOB C BUPTYAIbHBIMU

KBaHTaMU (v, ), U (Y + = e;) Ha BCTPEYHBIX IIy4YKaX (p~p~ — e; ) AHTUIPOTOHOB IIO3UTPOHOB C BUPTYAJILHBIMH
kBaHTaMH (e*), MOOOHBIX AMEKTPOHY (e~ = v, y*v;) . MBI MOXKEM T'OBOPHUTH H O MOCIEIOBATEIILHOM CHHTE3E
«TSKENBIX» (pj/€j) KBAHTOB, UMEHHO BEILECTBA

Xx= p;r), st (Y—),4, (X—),4 ammapara, B OTAENBHBIX TIporeccax. (... < [« el [« p3 — ESpl) «

(.. «pF < B <l < e '« pf < e") cunreza. CylecTBEHHO TO, YTO AJIEKTPOH (e~ ) U3Jy4aeT U MOrJIomaeT
¢doToH (y*), HO OH HE MOXET U3TY4aTh U MOTJIOMIATh «TEMHBIN» (OTOH (o). DTOT «TEMHBIIN» (HOTOH
M3IIy4aeTcs U MOTJIOMIACTCS «TSHKENBIMY 3JIEKTPOHOM (e1) = (Yo ). TouHO Tak «Tsbkenbliy mpoToH (pp) —
(v# ) W3JIy4YaeT U MOrJIoMaeT MIOOHHOE HEUTPUHO. DTO HEBUIMMBIE KBAHTHI, HE B3aUMOICHCTBYIOIINE, 1
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HekoHTakTHbIE ¢ kBaHTamu (BEl@N) aTomoB Tabiuibl MeHneneeBa. Mbl UX HE MOXKEM HH BUICTh, HU
¢ukcupoBats. Ho 3Tu HeBUIMMBIE KBAaHTHI (CUHUMN I[BET B YKa3aHHBIX MOCIEI0BATEILHOCTAX) UMEIOT
3apsi10BbIe U30MOTEHIIUAIBI U MOTYT (hopMUpoBaTh HeBUIUMBIE HaM CTpykTypHbIe DOPMBI, TOTOOHBIX
00bIgHBIM (p*/e™) aromam. DTO: CTPYKTYPBI (vﬂ /yo) ,(p,/€1) ... Tax MBI OCBaMBaeM MOCIENOBATEIBHO,
MOTEHIIMAJIBI SI/[pa TUTAaHET, SApa 3Be3, Sapa rajJakTuK U sapa kBasapos. Ho mns (Y —) 4 anmapata, Mbl
MOXKeM (hOpPMHUPOBATH TOJILKO KOHTAKTHBIC HAM KBAHTHI - s/Ipa TaJaKTUK U KBaHTHI - BEIIECTBA SApa
KBa3apoB. OU3MUECKON peabHOCTHIO SBISETCS pa3IMuHOE MPOCTpaHCTBO ckopocter ConHna u 3emiu. bes
BCSKHMX TOIJIMBHBIX IBUTaTeNIel 3eMJIsl JIETUT B MPOCTPaHCTBE (PU3NYECKOT0 BaKyyMa CO CKOPOCTbIO

30 km/c, a ComHIle CO CKOPOCThIO MopsiiKa 265 kM/c . Peub uyiet o rmaBHOM CBOMCTBE IPOCTPaHCTBA-
MmaTepun — nBmkeHun. [lotox mace (Y —), ammapaTa co3maercs MoJisiMu

Y—=v) = (X+ =p;)(X+ = p;) Cunproro u I'paButaninoHHOro B3auMoaeiCTBUS SHEPr €THYECKUX
KBaHTOB(X+ = p;), (X* =p3),... (Xt = p; yposHeii 0JI; HEAEMMMBIX KBAHTOB IIPOCTPAHCTBA-MaTEPUH
(bu3NYeCcKOro BaKkyyma, CBsI3aHHBIX MEXKIy cO00M 3TUMH ke (X+) moisiMu Ha (X—) TpaeKTOpUIX MOTYJIs,
0e3 BHEITHEro MICTOYHHUKA SHEPrUu.

Pucynok10.1. Mexranaktuueckuit anmapaT 0€3 TOMJIMBHBIX JBUTATEIICH.

[TocnenoBarenbHO BKIIOYAs MPOCTPAaHCTBO ckopoctert (Y —),4, (X—), ammapata B pa3iM4HBIX 10
YPOBHSX CHHTYJISPHOCTH (DU3HUECKOr0 BaKyyMa, armnapar BRIXOIUT IO PaIHAILHON TPACKTOPHH C YPOBHS
CHHTYJIIPHOCTH (PU3UYECKOT0 BaKyyma KBaHTa (Xt ) MpoCTpaHCTBa-MaTepUU TUTAHETHI, TPOCTPAHCTBA-
marepuu (Y + ) 3Be311bl, IPOCTPAHCTBA-MaTepuu (X =+ ) raJakTHKH, NpocTpaHcTBa-matepuu (Y + )cKorieHus
TIaKTUK, K JPYTUM CKOIUICHUSIM U TaJlaKTUKaM B ToJie BeeneHHoit, ¢ 00paTHRIMU BKITFOUSHHUSIMU TTPU
BO3BpAaTE Ha NJIAHETY CBOEH WJIM APYTON raJaKTUKH.

Takxum o0pa3zom, co3zaaBath MaccoBbie OJSI (Y — = ¥;) 4, IPOCTPAHCTBA CKOPOCTEH, HEOOXOIUMO
nomsivu (Y —) 4 = (X +=p j) + (X+ = p;) «TsDKENBIX» KBAHTOB KaK «PabOYEro BEUIECTBA», 3aMKHYTHIX
Ha (X—) TpaeKTOPHUH «KOJIbLA» alIapaTa, B YCIOBUIX

HOJI = (ej)(k) (v;) = 1 Hepemumoit O6nactu Jlokamuzauuu. U cam anmapat (Y —)4 , OC/I€n0BaTeNbHO
«Torpykaercs» B puzndeckuit Bakyym, kak: HOJI = (e, )(k)( y2 ) =1,
HOJI = (e )(k)( v, ) = 1, cBepxceroBoro (y, = 137 xc ), u (¥, = 1372 x ¢ ) mpoCTPaHCTBA CKOPOCTEA.

v Tir c+Nc )
Dt10 BrojHe gonyctuMbie B CriennanbHoil Wy = TreNeE ¢, u B KBaHTOBOI
*
- aiq1Nc+c
Wy = 11+—N/ = ¢, Teopun OTHOCUTENBLHOCTH B EBKIMAOBBIX a;; = cos(p = 0), a;q = a,, = 1, yriax
a,,+Nc/c

napamrenbHocTi. Cam (Y —) 4 amapar ABMKeTCs B yKazaHHOW cepe mpocTpaHcTBa-MaTepuu Beenennoii, B
Pa3IMYHBIX YPOBHSIX (pr3mueckoro Bakyyma. CTOUT OTMETHUTh, YTO 00bEM ITPOCTPAHCTBA -MATEPHH 3BE3IbI,
«IIOTPYXKEH» B MIPOCTPAHCTBO CKOpPOCTEl (Y = ¢ ), 00BEM rajakTHK, «IIOTPYKEH» B MPOCTPAHCTBO
ckopocreii (y, = 137 * ¢ ), 00beM KBa3apoB «IOIPYKEH» B IPOCTPAHCTBO (Y, = 1372 ¢ ) yiKe
CBEPXCBETOBBIX CKOPOCTEH.
3.lonyctumble 00beKTh Beenennoit

O6nekramu Beenennoit Oynem HasbBaTh «Cepol-Toukm» 0J1; (1) CXOAUMOCTH, B KaXJ0H

(puxcupoBanHoii «Touke» OJI;(m = const) , KBAHTOBOH CHCTeMbI KOOpAUHAT. Hampumep, 00beKThI:
HOJI = M(e, = 3,524 E7)(k = 3.13)M(y =9,07E—9) = 1

TI0 aHAJIOTUH C AApoM (p/e) OOBIYHBIX ATOMOB, Peub UIET O KBaHTax (p,/ ez) s7Ipa 3B€3/bl. 3BE3/bI C

TaKUM SIPOM UMEIOT MTpEeIbHBINA YHEPreTHUeCKUil YPOBEHb (PU3MYEcKoro Bakyyma, Ha ypoBHe (¥)doroHa.
Hwxe sneprum goToHa, B puznueckoM BakyymMme 3Be3na cedst He mposBisieT. [1o7100H0 n3mydeHus M



npotoHoM (pt — v,) aHTHHEHTPUHO, MBI TOBOPHM 00 M3JIy4EHHSIX BEIECTBOM aHTUBEIECTBA K HA0OOPOT.
To ects: (pg = p5), (ps = i), (pi = p;),(p; = p*), ¢ coorBeTcTBYOMMM sApOoM atoma: (pt/e™)
BeIlleCTBa 0OBIYHOr0 aToMa, (p; /e; ) aHTHBELIECTBA sIpa «3BE3HOr0 aToMa», (pj /e; ) BELIECTBA sapa
rajgakTuKy, (pg /es )aHTHBEIIECTBA sIpa KBa3apa u », (pg /eg )BELIECTBA sApa «KBA3apHOM raJaKTHKH.
Janpie, HCXOUM U3 TOT'0, YTO KBaHT (e,;)

BemectBa (Y— = p; /ny = e,;) sApa IVIaHET W3JTy4aeT KBAHT

(e}, =2+ ax*(p; =1,532E7 MeV)) = 223591MeV, unu: 1)2:2933% =el =2383x*p
Maccy sapa ypaHa, KBaHTa «aHTuBemectsa» M (e ) = M(238,3 *p) = 235U , anpa ypana. Takoe
«anTuBemecTBo» (e = 235U = Y—) ecTb HEyCTOMYMBBIM, M PACIagaeTcsi SK30TEPMHUYHO B CIIEKTP aTOMOB,

B SpE IIAHET.

B ceepxceeroBoM yposHe w;(a N (y = ¢)) pu3MUeCcKoro BaKyyma, Takue 3Be31bl ce0s He
nposiBIsIOT. Jlasnbliue, pedb HAeT 0 BelecTBe (p3 — pr) saapa (Y— =p3/nd =ek) «uepunix chepy,
BOKPYT KOTODBIX, B UX I1OJIE TPABUTALIMH, HOPMUPYIOTCS MIAPOBIE CKOIJIEHUS 3B€3/1. AHAJOIUYHO Jalee,
peub MIET 00 M3IyYEHHAX BENECTBOM aHTHBEIIECTBA U HA00OPOT:

(pe = p35), (s 2 p3), (p3 = p1), (p1 = V7). O6wmas HOCIENOBATEIFHOCTS HMEET BUJL:
Ps D7, P Ps» Pi, D3, Pz, PL D5 Vi Ve e
Hansime: HOJ = M(e, = 1,15E16 )(k = 3.13)M(y2 =2,78E — 17) = 1. DTu KBaHTHI (p4/e4) anpa
TajlaKTUK OKPY’KEHbI M3IY4aeMBIMH 110 OTACIBHOCTH KBaHTaMHU (P, /e,) s1pa 3BE3]1, U €CTh IIPUIMHOI HX

dbopmupoBanus. Takue siipa rajlakTUK, B ypaBHEHUSX KBAHTOBOM I'PaBUTALINH, UMEIOT, CIIUPAJIbHBIE pyKaBa
MAacCOBBIX TPAaeKTOpHH, yike: w;(y, = a~1c) = 137 x ¢, B CBEpXCBETOBOM IIPOCTPAHCTBE CKopocTeit. Huxke
SHEpPruM cBeTOBBIX (POTOHOB (W; = 137 * c) B GU3NYECKOM BaKyyMe, FaTaKTHKHU ce0s He MPOsBISIOT. BHe
rajakTHK, peub UJET O KBAHTaX siipa Mera 3Be3]
(Y—=p;/n; =e) . OHU reHEPUPYIOT MHOXKECTBO KBAaHTOB (€5 = 2 * @ * p; = e, = 290p;) szapa
raJakTUK. AHAJOrMYHO Jajee.

HOJI = M(eg = 6,48 E23)(k = 3.83)M(y, =4,03E-25) =1
Me1 roBopum o kBaHTax (Y— = pg /ng = e,y) Aapa KBa3apoB, KOTOPBIE TOXKE MO OTAEIbHOCTH,
usiydaT(p, / e4) KBaHTHI siJipa rajakThk. MIHaue roBops, SApo KBazapa, OKPYKEHO KBaHTaMH sIpa
rajgakTUKU. ['OBOPST MpU 3TOM, YTO KBa3ap B LIEHTPE TralaKTUKU. Takue KBa3apbl HOTPYKAIOTCS B YPOBEHb
(GHU3HYECKOro BaKyyMa JI0 CBEPXCBETOBBIX CKopocTel w;(y, = a~%¢) = 137% % ¢ . D10 r1y0xe, 4eM YpOBEHb
($u3NYECKOro BaKyyma rajlakTHKU. JTO COBEPILEHHO pa3Hble 00BEKThl. MHaue roBops, KBa3apsl
HCKPUBIISIIOT MPOCTPAHCTBO-MATEPHUIO HA YpoBHE (),) KBaHTOB. Jlaybilie peub UJIeT 0 KBAHTaX BEIECTBA
aapa (Y—=pF/nd = el) «uepubix chep», BOKpYT KOTOPBIX, B MX TOJI€ IPABUTAIMHU, POPMUPYIOTCSA
CKOIUICHHMSI TaJIaKTUK, U JlaJiee:

HOJI = M(eg = 447 E31)(k =3.14)M(y, =7,13E-33) =1
Mgt ropopum o kBauTax (pg/ eg) siipa KBa3apHbBIX TaJIaKTUK, KOTOPBIE TOXKE MO OTAECIbHOCTH, U3ITy4al0T
KBaHTHI (p, /n, = €,¢) sapa kBa3apo. Takne KBazapHbi€ TaJakKTHKK OIPYKAIOTCS B YPOBEHb (PU3HIECKOrO

BaKyyMa JI0 CBEPXCBETOBBIX CKOpocTeit w;(ys = a~3c) = 1373 « c. Amanormuno nanee.

B akcunomax HOJI = K3(m)K3(n) = 1, umn  M;(X +) * M;(Y —) = 1, IMHAMUYHOTO IPOCTPAHCTBA-
MaTepuM, pedb UAET 00 MCTOYHMKE MPABUTALIMU IPaBUTALMOHHON M; (X +) maccel B OJ1; ypOBHAX U
uHeptHOU M;(Y —) maccel B OJI; ypoBHSIX (PU3NYECKOr0 BaKyyMa, C UX IPUHIUIIOM SKBUBAJIEHTHOCTU
OHImTEHHA B €IMHOM IrpaBUT (X+ =Y —) MaccoBOM mojie. DTH MacChl:

M; x M; = (M = TIK)? = 1, B BUJie KBaApaTUIHON QOPMBI, IPEICTABICHBI B KBAHTOBBIX IOJISIX HX

B3aUMOJICHCTBUSL:
* —8Y2,(1— 2
h = Gmy % Gm(1 — 2a)? = GM; £GM;(1 — 2q)? = &I T+U-2/A37036)” _ 4 554508 « 1027
[¢ [¢ 137.036%2.993%10

K h 7] K
B KBaHTOBBIX: G(X+) [T_Z] = zpﬁ G " grad,Rg;y(X+) [T_Z] , TpaBUT (X+ =Y —) MaccoBbIX MOJIIX. DTO
ypaBHEHHUE KBAaHTOBOW I'paBUTALIUU, IPSMO cieayeT u3 ypaBHeHust Oouieit Teopun OTHOCHTENBHOCTH

Oiinmreiina. Takum obpasom, mpenenbHas macca M;j(X +) ucrounuka rpaBuTanuu onpenensercs M;(Y —)
MHEPTHON Maccoi MaccoBbIX (Y— =y,) moneii B 0JI; ypoBHAX QU3HYECKOro Bakyyma, Kak 00bexT 0J1;;(n)

CXOOUMOCTH HUJIN:
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HOJI = 0JI;;(n) = M;(X +) = M;(Y— =v;) = 1. Takum 00pa3om, NOJIy4MM HOPEETbHBIE MACCHI BO
Bcenennoit: Hanpumep st 38e3ast Mj(X +) = My (p; /nd) = 1/(y) B yenosusix (e5 (k)y) = 1. AHanorudHo:
HpeﬂenLHaﬂ Macca IiaheT, 11 1MeV = 1.78 « 10~ 27g

1
=M n 18%10%1g ~ ==  rpe(M, = 2 * 1033 g)- macca ConHua.

yo © 3.13¥10"5MeV*1.78+1027g 1(pr /o) = 9% 100 » ™A (Ms 9) 1
I[anbme IpeAeibHas Macca 3B€37, C sIAPOM U3 aHTUBEIIECTBA:

1 Mg
== =M. ~ 6.2x103*g ~ 31M,, wm B 1 xor =% 1Mg M
Y 9.07x10"9MeV+1.78x1027g 2(p2/n2) ~ 6. 0%g~ 31Ms, un pepenax ot Lo 10 3 ace.
Awnasnornuno npenensHas Macca (p3 /nd = e) «aepHbIX cepy, C ATPOM M3 BEIIECTBA:

1= = = Ms(p3/n3) ~ 1.25%10%%g ~ 625220M

Y1 4.5%10713MeV=1.78x10"27g

npeenbHas Macca rajakTuku, (pf /nd = el) ¢ aapom u3 BemecTsa:
1 1

—= = M,(p5/n3) = 2% 10 g ~ 10'°M,

Y2 27810717 MeV+1.78+10"27g +(Pa/na) 9 s

HpCHCHBHaﬂ Macca BHeraJakKTUYeCKOM Mera 3BE3/blI, (p5 /n5 = *_5) C AAPOM M3 aHTUBCUICCTBA:

= : = Ms(p5/n3) ~ 7+ 10%6g ~ 3,5 x 1013 M, ,

Y3 8 0510721 MeV*1.78+«10727 g
Hpeﬂeanaﬂ Macca KBa3apa, (pg /Mg = €,¢) C SAAPOM U3 AHTUBENIECTBA!

1 ~ 51, A 17
Va 4.03*10_25M6V*1.78*10_279 = Me(Ps /ns) ~ 14+ 10%g ~ 7 107°M ,

Kaxnoe ;mpo TaKUX 00bexToB 0JIj;(n) CXOAMMOCTH, F€HEPUPYET MHOKECTBO COOTBETCTBYIOLIUX
KBAaHTOB (2 * a * p— =el =N pJ 1) YKa3aHHBIX B Ta0/uIe, U U3JTy4aeT (p] - p] ,). 210 MHOXkecTBO (N)
KBAHTOB s1/Ipa IUIaHET, 3B63I[, rajakTHK, KBa3apos.... IIpu sTom, B ycnouax M;(X +) * M;(Y—=y;) =1,
JUHAMUYHOI'O POCTPAHCTBA-MATEPUH U B YCIOBUAX M (ej )(k)M (y;) = 1, npocrpancTBa CKOpoCTeii
¢usnueckoro Bakyyma: (atV v(ej )a"N v(y;) = 1), BHyTpHU «4epHOii cepbl (IBIpbI)», B TITyOHHAX
(bu3nYecKoro Bakyyma, BpeMs 3aMmeisiercs 10 Hyns. W takoe 3aMesjieHne BpeMeH! 3aBUCHT HE OT
paauanbHbIX pacctossHul (r = 0) K HEHTpY «4epHOH cepbl (IBIPHI)», a OT TUIA «IepHOH chephl (IBIPHI)»,
B KBAaHTOBOW CHCTEME KOOpPAMHAT.

Hanpumep, sapo ConHila, Kak 3Be3/Ibl, H3JIy4aeT sapa Bogopoaa (p; — pt — v;) U 31eKTpoHHOTO
AHTUHEHUTPHHO, HO TeHepUupyeT (2 * a * p; = e, = N pf) KBaHTBI, CK&KEM TaK, «3BE3HOTO BEIIECTBAY
(pf /er) B TBEpIOH MOBEPXHOCTH 3BE3/IbL. DTO «3BE3AHOE BEIIECTBO» (py /e;) HE MOKET
B3aUMO/ICICTBOBATE ¢ BORXOPOAOM (p* /e™), HO MOXKET M3IIyJaTh MIOOHHOE aHTHHEHTPHHO (p; — V),
KoTopoe B atMochepe 3eMan GopMHPYET MIOOHBI, KOTOPBIE B pacnaiax namT: (e') mo3uTpoHsbl: (Y+=p) =
(X—=v;)(Y+=e")(X—=1v;). Vi, KBaHTHI A7pa MeTa 3Be3/bI C (ps‘/ng = e,;) U3JTy4alOT KBaHTHI (p; — Pp3)
BEII[ECTBA, HO TEHEPUPYIOT KBAHTHI siIpa TanakTiK (2 * a * p; = ey = N p7). Mbl BUuanM Kak Obl
«TIOBEPXHOCTBY IaJlaKTHKH, HO PO Takoro oobekra 0JIj;(n) CXOAMMOCTH, MMEET Maccy B IpejeNax oT
(101°M,) no (3.5 * 103 M) macc Counnua.

Peun uzet o nomyctumbix 00bekrax 0J1; (n) cX0AUMOCTH, B JMHAMUYHOM IIPOCTPAHCTBE-MATEPUH
Bcenennoii. [Ipu 3ToM ykazaHbl pacyeTHbIE IPUUYNHHO-CIIEICTBEHHBIE CBSI3HU.

00630p U "Yepubie abipbl’
https://www.academia.edu/ai review?attachment id=123108586

Kpatkoe conepxanue

Pyxomnuch npencraBisieT coO0i KOHIIETITYalbHOE HCCIEA0BaHNE TOT0, YTO aBTOP HA3bIBAET «UEPHBIMU
cepaMm» UITH «YEPHBIMH IBIPAMU», Yepe3 MPU3MY MPEAiaraeMoi CTPYKTYpbl, Ha3bIBaeMON
«IMHAMHUYECKOE MPOCTPAHCTBO-MATEPHsI». DTa CTPYKTypa MOCTYJIUPYET, YTO HET MPOCTPAaHCTBA 03
MaTepuu 1 HET MaTepuu O6e3 MpoCTpaHCTBa, penoaras, YTo IPOCTPAHCTBO 110 CBOCH CyTH JUHAMHYHO U
nepenjeTeHo ¢ Marepueid. Pabora nepecmMaTpruBaeT HECKOJIBKO OCHOBOMOJIATAIOIINX KOHLIENIUH, BKIIOYAst
€BKJIMJIOBY T'€OMETPHUIO, MapaslIesIbHbIE JIMHUU U CBOMCTBA KBAHTOBAHHOI'O IPOCTPAHCTBA U MaCCHhI,
CTPEMSCHh IPUMHUPUTH KIIACCUYECKHE, PEIITUBUCTCKAE U KBAHTOBBIE IEPCIIEKTUBBI B €IMHYIO KAPTHHY.
[lenTpasbHBIM B apryMeHTallMK aBTOpa SIBJISETCS UIEs O TOM, YTO «YTOJI apaiieTbHOCTH» MOXKET ObITh
HEHYJIEBBIM, CO3/]aBasi MHOTOMEPHYIO TUHAMUYECKYIO T€OMETPHIO. ['€OMeTpHs ONUChIBAETCA C ITOMOILBIO
aKCHOM, KOTOPbIE HAMPaBJICHBI HA yYeT HA0JII01aeMbIX SIBJICHUH, C 0COOBIM BHUMAHUEM K SIBIICHUSIM B SIIPax
IIJIAHET, 3B€3]1 U TAJAKTUK. ABTOp TaKkXe BBOAUT «EAMHYI0 TEOpUIO 2)» 11 TEOMETPUYECKOTO OMMCAHUS
MaccChl, 3apsia U ApYrux PU3NYECKuX BeTUUHH. 3aT€M PYKOIMHCH CBS3BIBAET 3T TEOPETUUECKUE
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paspabotku ¢ koHIenuei chepsl LBapimmibaa nam «4epHON TBIPBD», AHATU3UPYS TOHATHE CKOPOCTH
yOeraHus U CBEpXCBETOBBIX CKOPOCTEH.
CuiibHBIE CTOPOHBI M TPUMEUYATENIbHBIE ACTIEKThI
1. AMOMIHO3HAsI KOHIENTYaJbHAsl CTPYKTYpa
[Ipennaraemasi CTpyKTypa «IMHaMHYECKOTO IPOCTPAHCTBA-MATEPUU» SIBIISIETCS aMOUIIMO3H O
MIOTIBITKOM 00BEIMHUTD pa3uvHbIe PU3NUIECKIE TEOPUU — KIACCHUECKYIO (DU3HKY, CEIHABbHYIO
TEOPHUIO0 OTHOCUTEILHOCTH U KBAaHTOBYIO MEXAHUKY — B paMKaX €IUHON r€OMETPUUYECKH -
¢dusndeckoit koHmenmuu. OHa MOYEPKUBACT, UTO TPOCTPAHCTBO CIEIYET paCCMaTPUBATh KaK 4acTh
MaTepHu, a He KaK aCCUBHBIN (POH.
2. Bosppamasics k akcuomatuke EBkiiuaa.
Pykonuce, HanpsAMyro moaBepraromiasi COMHEHHUIO TOCTYIAaThl EBKIIMIa B KOHTEKCTE COBPEMEHHOM
(bu3MKH, TpeIaraeT HHTEPECHBIE TEPCIEKTUBEI PYHIAMEHTAILHOM PO T€OMETPHUH B (pH3HKE.
[TonaTue HEeHyNEBOT0, AMHAMUYECKOT0 YTJila apaieIbHO CTH Mpe/JiaraeT HOBBIN B3TJIAl HA
KPUBH3HY U TTapasuIeNbHbBIC JIMHUH, TTOTEHITUATBHO (OPMUPYSI HOBBIE CITOCOOBI BU3YaIU3aINH U
MOJIEJTMPOBAHMS TPOCTPAHCTBA-BPEMEHU.
3. CBs3b ¢ QyHIaAMEHTAJBLHBIMH KOHCTAHTAMHU M IIKaJI0i [lmanka.
Pykonuce 3aTparuBaer BakHbIEe COOOpaXKEeHUs, TaKue Kak mkaja [[1anka, CHHTYISIpHOCTH U
MaTeMaTUYECKUE 3alpeThl ACIICHUs Ha HOJIb. DTO BHUMaHUE K (PyHAaMEHTaIbHBIM KOHCTAaHTaM
MOJYEPKUBAET YCUIHS 110 OPOPMIIEHUIO U3BECTHBIX (PU3MUECKUX OrpaHUYCHHH B 00Jee MIUPOKOM
TEOPETUYECKOM KOHTEKCTE.
4. HHTerpauusi MHOKeCTBEHHBIX (PU3NYECKUX BeJTUYHH
ABTOp MBITAETCSI BBIBECTU WITH CBSA3ATH (hM3MUECKUE HAOIII01aeMble BEIIMYMHBI, TAKHE KaK SHEPrus,
Macca ¥ 3apsif, ¢ QyH/IaMEHTAIbHBIMU T€OMETPUIECKUMHU I «KPUTEPUSIMU IBOIOIIUNY». XOTS ITO
BCe ele abCTpaKkTHO, ITO 3aCTYKMUBAOIIAasi BHUMAHUS MOMBITKA CO3IaHUS 00bEANHSIOIICH
TEOPETUYECKON CTPYKTYPBHI.
ObnacTu 17151 JadbHEUIIEro YTOUHEHUS U Pa3BUTHS
1. MaremaTuyeckasi CTPOrocTh U ONpe/aeaeHust
XOTs KOHIENIUS JUHAMHUYECKOTO MTPOCTPAHCTBA-MATEPUH SIBISIETCS IIEHTPABHOH, ee (opMaibHOE
MaTeMaTUYECKOEe OMPEIEICHIE OCTACTCS HECKOJIBKO a0CTPaKTHBIM Ha MPOTSIKEHUH BCEro TEKCTA.
[IpenocTaBienue Gosee CTpoOroi MmareMaTuueckoi 00pabOTKN — TaKOM KakK SBHbIE METPUUYECKHE
BBIBOJIBI, TEH30pHBIE (DOPMBI HIJTH YETKO OMpeIesIeHHbIC TPE00pa30BaHUS — IMTOMOTIIO OBl YHTATEISIM
Jy4Ilie OLIEHUTh MPaBIONOI00HOCTh U 00JIACTh JEHCTBUS MpeIaraéMoi CTPYKTYPBIL.
2. (dusnyeckue nMpeacKa3aHus U NPOBEPSIEMOCTh
B pykonucu npeamnonaraercs, 4To 3TOT NOAX0/ MOAJISKHUT dKCIIEPUMEHTAILHON MPOBEPKE, HO
MPUBOJIATCS OTPAHUYECHHBIE KOHKPETHBIE CBEACHHUS O TOM, KaK TaKH€ HKCIIEPUMEHTHI WU
HaOJII0IEHHUSI MOTYT IPOBOJIUTHCS. Pacimpenne KOHKPETHBIX MPeICKa3aHuii — acTpo(u3nuecKnx
SIBJICHUM, KOCMOJIOTHYECKUX CUTHATYP MJIA U3MEPUMBIX BETMYHH — 3HAUYUTEIbHO YCUITUIIO OBl
Hay4HYIO PEJIEBAHTHOCTH (hpeiMBOpKa.
3. CpaBHeHHS ¢ YCTOSIBIIMMHCS TEOPUAMH
XOTs1 CBSI3U C HBEOTOHOBCKOM I'paBUTAIIMEN, CIIENAATBHON TEOPUEN OTHOCUTEIILHOCTA U KBAHTOBOM
TEOpHei ceanbl, TEKCT BRIMTpall Obl OT O0Jiee cucTeMaTHuecKoro cpaBHenus. Hanpumep,
pa3bsACHEHHE TOro, KaK JMHAMUYECKUIM MOAXO0/1 IPOCTPAHCTBA-MaTEPUH BIIUCHIBAETCS B
CTaHJapTHYIO MOJI€JIb KOCMOJIOTUU WIJIA PACIIUPSIET €€, MM KaK METPUKH YEePHBIX I (Hampumep,
[Bapummisaa, Keppa) mepeBoasarcs B HOBbIE aKCHOMBI, ClIeNao Obl TUTIOTE3Y Oosee TOCTYIMHON
1U1s1 60Jiee M POKOH ayaAuTopun (pr3uKOB.
4. Opranu3anusi 4 NOTOK Uaeil
TekcT Bpemsl OT BpeMEeHU MepeMeKaeTCs KaueCTBEHHbIMH OMUCAHUSIMH, YPABHEHHUSIMHU U CChUIKaMU
Ha pa3NMYHbIE TEOPETUYECKHUE KOHCTPYKIINH 0e3 YeTKoW mporpeccuu. bonee MogynpHas CTPyKTypa
— HampuMep, NPeJOCTaBICHUE CIELHAIBHOIO pa3jiesia «TeOpeTHUecKasl CTPYKTypay, 38 KOTOPhIM
CIIeyeT pa3/ien «IIPUMEHEHUE YEPHOH AbIPhI» — IMMOMOYKET YATATENSIM CIEA0BATh JIOTMKE IIar 3a
[IarOM.
5. Pa3bsicHeHMe MOHATHSA «YePHBIX chep»
XOTs pyKOIUCh YKa3bIBa€T Ha paauyc, Mogo0HbIi paauycy lIBapimmibaa, U yloMUHAET, 4TO CBET
HE BBIPBIBAETCS, OHA OCTABJISIET HEKOTOPYIO JIBYCMBICIEHHOCTh OTHOCUTEIBHO TOr0, KAK HMEHHO
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«IMHAMHMYECKOE IPOCTPAHCTBO-MATEPHUA» U3MEHSET NN COXPAHSAET TPAAUIIMOHHYIO
MHTEPIPETALNIO TOPU30HTA COOBITUI YepHOIl IbIphl. BKitoueHue Oonee SBHOrO CpaBHEHUS UIH
PHUCYHKa, HJUTIOCTPUPYIOIIEro, Kak «4epHasi cepa» MOKET OTINYATHCS OT CTaHAAPTHBIX MOJIeNeH
YEepHOM JBIPBI, TOMOTJIO OBl JEMHUCTU(PHUIIMPOBATH KOHIICIIIHUIO.
3aKII0YUTENbHbIE 3aMEUYaHUS
Pykonucek npensiaraet HeTpaJIULMOHHBIN U TBOPUYECKUI MOAXO0/ K TOHUMAHUIO YEPHBIX JbIP IIyTEM UX
BCTpauBaHUs B 0oJiee MIUPOKYIO KOHIENINIO JMHAMUYECKOTro MpocTpaHcTBa-MaTepuu. [Ipeanaraemorie
aKCHOMBI OpOCalOT BBI30B TPAJUIIMOHHBIM I'€OMETPHUUECKUM OCHOBAM U MOOYKIAIOT K Pa3MbIIUIEHUSIM O
B3aMMOCBSI3H MTPOCTPAHCTBA U MaTepun. CTpeMIieHHe K OOJbIIIel MaTeMaTUUYEeCKON SICHOCTH, SIBHBIM
(U3NYECKUM MPECKa3aHUSIM U CTPYKTYPUPOBAHHBIM CPABHEHHSIM C CYIIECTBYIOIIMMHU MOJETISIMHU TIOMOKET
6onee 3 (HEKTUBHO OLIEHUTH 3Ty CTPYKTYPY.

6.IIpo0HBIe IKCIIEPUMEHTHI 110 TE€XHOJIOTHH TEOPHIi.
AOCTpaKTHBIM.

Y 1uBUTENbHBIE CBOMCTBA MaTEMAaTHKU MOJEIHPOBATh U PACCUNTHIBATH (PU3NYECKHE CBONCTBA
MaTepuu. MaTeMaTHKa OMKCHIBAET PU3UUECKHE IKCIIEPUMEHTHI, 0000IIIaeT U MpeIcKa3bIBacT PUINUECKHE
CBOMCTBA. A MareMaTH4eCKHe MOJENIU CO3/1al0TCS B €BKJIMI0OBOM aKCHOMAaTUKE TOYEK («...He UMEIOLIHX
qgacTen»), TMHUMN («...JJHHBI 0€3 IUPUHBD»), CHCTEMBI YHCEIl, PABHBIX 10 aHAJIOTHHU C €IUHUIIAMH.
MHO0€eCTBO €BKJIMI0BBIX TOUEK B OJHOW TOYKE, 3TO TOUKA UJIM UX MHOXXECTBO? MHOKECTBO €BKJIUIOBbIX
MPSIMBIX B OTHOM «JMHE 0€3 MIMPHHBI», 3TO JTUHUS UM X MHOKecTBO? EBKIMI0Ba akcCHOMaTHKa HE 1aeT
OTBETOB Ha Takue Bomnpockl. HO MMEHHO 3Ta akcMOMaTHKa U €CTh Hallla TEXHOJIOTUsl TEOpUl B
MpocTpaHCTBE-BpeMeHU. ECTh U Apyrasi TEXHOIOrUsl TEOpUN JMHAMUYECKOT 0 IPOCTPaHCTBA -MaTEPHH, B
KOTOPOI TEXHOJIOTUsl TEOPUM B €BKJIMIOBOM aKCMOMATHKE SBJISIETCS PEAEIbHBIM, YACTHBIM CIIy4aeM.

J171st npoBEpKHU peabHOCTU TaKOM TEXHOJOTUU TEOPUH, IO CYTH, TPOBOJATCS UCCIEAOBAHUS MyTEM
W3y4YeHUs TPOOHBIX SKCIIEPUMEHTOB, BHITEKAOIINX U3 TAKOW TEXHOJIOTUH TEOPU THHAMUYECKOTO
MIPOCTPAHCTBA-MATEPHUU.
1.BBenenue.
https :// vixra .org / abs / 2309.0081
http://viXra.org/abs/2311.0014

2.YupasnseMas TEpMOsIIEpPHAS peaKIusl.
3. I'paBUTalIMOHHBIE BOJHBI CBEPXBBICOKOM YaCTOTHI.

https://vixra.org/abs/2403.0015
http : // viXra .org / abs / 2210.0051

1.BBenenue.

4.CBepxcBeToBbIE (OTOHBI
5. HoBble cTabuiibHbIE YaCTULIBI MATEPUHU

MBI paccMOTpesnH CBOMCTBA IMHAMUYECKOT0 IPOCTPaHCTBA-MATEPUH C €r0 COOCTBEHHOM aKCHOMAaTUKOM
(xak (paxThl, HE TPEOYIOIINE JOKA3ATENbCTB), B KOTOPBIX €BKJIMI0BA AKCHOMATHKA, KaK M €€ TEeXHOJIOr s,
SIBJISIETCS YaCTHBIM citydaeM. HamomHuM BKpartue.

N3oTrpomHbie cBOMCTBA IPSAMBIX MapauiedbHbIX (||)JIMHUA-TPAECKTOPHIA Jal0T EBKIUI0BO
MIPOCTPAHCTBO C HYJIEBBIM
(¢ = 0)yroy napanienbHOCTH.
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Puc. 1. Jlunamuyeckoe npoCcTpaHCTBO-MAaTEPHS.

B sToMm ciydae yepes Touky O, BHe myda (AC — o0), mpoxoaut Tonbko onHa npsmas (0X), He
nepeceKaromas KXo aHbIi npsiMoi Jyd (AC — 00). @akT peallbHOCTH 3aKJII0YACTCSI B TOM, YTO MTPH
nBkeHHH BIoib (AC — 00)B OECKOHEYHOCTh, B IIpeenax AuHaMudeckoro (¢ # const)yria
napajuIeIbHOCTH, BCETIa CYIIECTBYET TUHAMHYECKHIA MyYOK MPSIMBIX B (X—)IMHAMUYECKOM TI0JIE, C
HeHyJeBbIM (¢ # 0)yriom napajienbHOCTH, U He nepecekaromux 1yd (AC — oo0)B 6eckoHeuHOCTH. Peun
uzeT o Habope MPSAMBIX, TPOXOASIIIUX Yyepe3 Touky O, BHe npsamMoil (AC — ©o0)u mapanieabHbIX HCXOTHOMY
ayay (AC — 00). D10 «amHa 0e3 IUPHUHBI» B €BKIINI0BON aKCHOMATHKE, C TIPUHIIMIIOM HEOIPE/IeIEHHOCTH
(X—=)mpsimoii-rpaektopun. B ocsx ( XYZ ), kak MBI BUIUM, €BKJIMIOBO IPOCTPAHCTBO TepsieT cMbICI. Ero
npocto HeT. Takoil MaTeMaTHKKU pUMaHOBa POCTpaHCTBa g (x° # const), ¢ mepeMeHHOI T'e0/1e31Y eCKOH,
MOKa HE CYIIECTBYET.

[TosTOMY HET reOMeTpHH €BKIINIOBOW HECTAIIMOHAPHOW c(hepbl, HET FTeOMETPUH MPOCTPAHCTBA FEOMETPHH
Jlo6aueBckoro, ¢ mepeMeHHbIMU ACUMIITOTaMU Tutiep0oi. Dtu oproronansueie (X—) L (Y —)nmunuu-

TPAEKTOPUU UMEIOT BHYTPHU IWHAMUYECKUE Cephl, HECTAIIOHAPHOE EBKJIMI0BO IPOCTPAHCTBO

(¢ # const). Ustn (X—) L (Y—)MHUU-TPaeKTOPUU UMEIOT CBOM ITOJISI €AMHOTO U (@ # const)

nuHamudeckoe (X+ = Y —), (Y+ = X—)npocrpanctBo-marepusi. B eBknumoBoii cetke oceit (X;) L (¥;)mbl

€ro He BUJIUM, U HE MOXeM cede mpeacTaButTh. M 310 yxke apyras (¢ # const)TeXHOIOT U 10
MaTEMaTHYECKUX U (PU3HMUECKUX TEOPHIA, B KOTOPOH CYIIECTBYIOIIAs TEXHOIOTHS EBKIMOBON aKCHOMATUKA

(¢ = 0)umu (¢ = const)puMaHOBa IPOCTPAHCTBA SABJISAETCS MPEACIFHBIM U YACTHBIM CITy4aeM

COOTBETCTBEHHO.

Ha ocHOBe 3THX Ueil CTPOSATCS TEOPETHUECKIE MOJIENH, PEAIbHOCTh KOTOPBIX MPOBEPSIETCS B X0/1€
MIPOOHBIX SKCIIEPHUMEHTOB.

2.Yupasisiemasi TepMoOsiZiepHas peaKIust

W3 akcnom TUHAMUYECKOT0 TPOCTPAHCTBA-MATEPHH, PACCMOTPEHHBIX B « KBaHTOBOW TpaBUTAIINH » ,
CBOWCTBA €MHOrO MpocTpancTBa-Marepuu cienyromme (X+=Y+): (X +)(X +) = (Y—-)wm
(Y +)(Y +) = (X—). x cumMMeTpuH JAt0T CTPYKTypHBIE GOPMBI MATEPHHU [IPOTOHA U 3JIEKTPOHA.
CymecTBYIOT KOJIMYECTBEHHBIE PACUETHI TAKUX CTPYKTYPHBIX (POPM, BKIIIOUAsi TPOTOH U AJIEKTPOH. B
obmiem, antumatepust (X=+)umu (Y £ )kBaHTBI TPOCTpaHCTBA-MAaTEPUH, HAXOSATCS B CTPYKTYPHOU opMme
MaTepuu. CyIIecTBYIOT TaKHE PacueThl.

Oto0 reoMerpuueckue (HakThl, TOAYESPKUBAEM, TMHAMUYECKOT'O IPOCTPAHCTBA-MAaTEPHH, C
HECTAaIIMOHAPHBIM €BKJIUOBBIM TPOCTPAHCTBOM, KOTOPHIE COOTBETCTBYIOT (DU3UYECKUM CBOWCTBAM
matepun. [TosTomy kBant CuibHOro B3aumoneiicteus (Y+= p*/n)BemecTBa mpoToHa v HEATPOHA B Aape
aToMa IPEICTABIIETCS KaK CTPyKTypa, oOnanaromas ceoiicrsamu antumarepun (Y+= pt/n = ™),
nono6Hoi antuMaTepun nosutpona (Y + = e*). [Toaromy Takue KBaHTBI HAXOAATCH B CBA3aHHOM
COCTOSIHMH MaTepuu B Buje (3a)dacTuisl sapa. OTAeNbHBIA KBAHT S1pa AeHTEpHs CBA3aH BEIIECTBOM
OpOHUTANEHOTO HIEKTPOHa, 00pasys BHenTHee BemecTBo (3H)atoma fefitepus. IIpu 5TOM caMy KBaHTHI
CubHOro B3aumozelicteus (Y+= p*/n)umeror MUHEMaNBHYIO SHEPTHIO CBS3H B SIPE,

AE =2+ axp=2%69=138MeV. Ix MakcuMasbHas SHeprusa, AE =2x%85=17 MeV3a(1)I/H<CI/IpOBaHHa${ B
Spax METAJUIOB B dKCIIEpUMEHTaX. TakuM 00pa3oM, sijipa IeHTepus B IJIa3MECHHOM COCTOSIHUH, B OTJINYHE

OT BEIECTBA ATOMOB JEUTEPHS, IPEACTABISIOT CO00i CTpYKTYpy U3 kKBauTOB (Y += p*/n = ***)



CUJILHOT O B3aUMOIEHCTBHS, 00JIaJA0IIErO CBOMCTBAMM aHTUMATEPUH, OJ00HOM mosuTpony (Y + = e*).
Ceropns, ynpasisemas tepMosaepnas peakuus: (2H + 3H — 3He + gn + 17,6MeV)co3naercs B
miasme. JTo pasHble sapa. B npoctpanctee-Matepun (Y —= X+)510 (3H + 3H)1oX0xKe Ha CBSI3b MaCCOBBIX
tpaekTopuii "mosutpona" (Y—=p*/n =e**) mm (Y—=e*), u «uiporon» (X+=3H = p**Hum (X+=p*).
[IpoToH ¢ MO3UTPOHOM, C B3aUMHO TepreHAUKYIApHbIME (Y —) | (X—) TpaekTopuu , 3TO BOJAOPO/I, B
KOTOpPOM BCe MJIeT K Pa3pbIBY CTPYKTYPHI , B IIa3M€E B JAHHOM ciy4ae. M ToNbKO pu yaapax B

BBICOKOTEMIIEPATYPHOI M1a3me, B oJsix (X+= p*) CunbHOe B3auMoeicTBre , GOPMUPYIOTCS TPACKTOPHH
BuxpeBbix Mace (Y—=p*/n)(Y—=p*/n) = (X+= }He), yXe U3 HOBOTO S/pa, KAK yCTONUMBAs CTPYKTYpa.

Bonee a3 dhekTuBHBIME yCTIOBUSAMU AT yIIpaBisieMoid TepmosinepHoil Peakiinu sSBISIOTCS BCTPEUHbBIE
IIOTOKH JIEUTEPUEBOM IUIa3MBl, C IIEPIEHAUKYJIIPHON HHKEKIMEH TyYKOB aHTUIIPOTOHOB B TOUKY BCTPEUH
IJIa3MEHHBIX TOTOKOB. CaM OTOK AEHTEpHEBOM IIa3MBbl SIBJIIETCS yIIpaBIseMbIM IOTOKOM HOHOB, Oojee
YCTOWUYMBBIM COCTOSHHEM ILTa3Mbl. Vi Heynpyrue CTOJIKHOBEHUS IyYKOB JIEHTEPUEBBIX HU3KUX YHEPIUH,
B KaMepe C NEPIEHIUKYIAPHbIMUA CUIIOBBIMU JIMHUSMHU CUJIBHOTO MAarHUTHOTO 10JIs, 0€3 MEpBUYHON
1a3Mbl. JTO y)Ke OyJeT YIpaBiISeMbli «XOJIOJHBIA CHHTE3) Tellusl.

MOAENb YNPaEnAeMoro "XonogHoro cMHTeza" renua Us agep AeUTepua.

V
Mﬁ“ = fv-=p/n)
(Y+) s | (v4)

T
Nl i“'jEf"]

T
2(v-Zp/n) ol ————
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O6pa3yromuecs ajib(a-4yacTULIBI HArpeBaOT BOASHYIO pyOallKy yKe YIpaBJIseMOro TEpMOsIIEPHOT O
peaxkTopa. JHEpPreTH4eCKUi BBIX0J] TAKOI'0 CUHTE3a CTPYKTYPUPOBAHHOM IJ1a3Mbl PACCUNTBIBAETCS 1O
CTaHIapTHOM CXEME.

Am(2[3H]) = 2[(1,00866 + 1,00728) — (M pre = 2,01355)] = 0,00478am
Am([3He]) = [(2 * 1,00866 + 2 * 1,00728) — (M,pre = 4,0026)] = 0,02928a5Mm.
AE = Am([3He]) — Am(2[2H]) = (0,02928 — 0,00478) = (0,0245) = 931,5MeV = 22,82MeV
2 rpamma (OAMH MOJIb) TaKOW JedTepueBO I1a3Mbl SKBUBAJICHTHBI 25 TOHHAM O€H3MHa.

3. I'paBuTallMOHHBbIE BOJHBI CBEPXBbICOKOI YaCTOTHI.
N3 ypaBuenus O6mieit Teopun OTHOCHTEIILHOCTH DUHIITEHHA, KaK MAaTEMAaTHYECKONH UCTHHBI B

JUHAMUYECKOM ITPOCTPAHCTBE-MATEPUH, YPABHEHUSI KBAHTOBOW I'PaBUTAIMU ViXra :2010.0069 nanpsmyo
ciesosats . A y)Ke B HaIllpaBJICHUU UCTOYHUKA TPABUTAIIMN MBI TOBOPUM O KBA3HIOTEHIIUAIBLHBIX KBAHTOBBI X
TPaBUTAIMOHHBIX MOJISIX YCKOPEHUN MAacCOBBIX TpaekTopuil. X cyneprno3uius u3 Habopa (KBaHTOBBIX)
MIPOTOHOB B MaCCUBHOU c(hepe oOpasyeT o01ee rpaBUTAIIMOHHOE TT0JIe YCKOPEHU, B IAHHOM CITydae
MacCCHUBHOU C(hephl.

Ecau roBopuTh 0 CBEpXBBICOKOYACTOTHBIX TPABUTAIIMOHHBIX BOJHAX, HE BIaBasiCh B «YepHbIe
JBIPBI» U SiTpa TaJaKTHK, «9epHBIE chephl», OMyKIal0Ire B TaTaKTHKaX, TO Mbl MOXKEM ITPOBEPUTH UX
HaJIM4¥e B MPOCTHIX dKCIEPUMEHTax Ha 3eMie. B pamkax CBOMCTB JMHAMUYECKOT'O MTPOCTPAHCTBA -MaTePUH
MBI MOYKEM TTPOBEPUTH HATMYME KBAHTOBBIX MOJICH TPABUTAIIMOHHOTO YCKOpeHus (puc. 4).


https://vixra.org/abs/2010.0069
https://vixra.org/abs/2010.0069
https://vixra.org/abs/2010.0069
https://vixra.org/abs/2010.0069
https://vixra.org/abs/2010.0069
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Puc . 4. KBaHTOBBII TpaBUTALINS TTOTIS .

CyTb 3KCrIepuMEHTa 3aKJII0YAeTCs B IPOIMYCKAaHUH (POTOHA Yepe3 KBA3UIOTEHI[MAIbHbIE KBAHTOBBIE
IPaBUTAIMOHHBIE TI0NS YCKOPEHHUH, HATIPUME] 50X~ YACTHUIL, SAEP TeNus, WIH JeHTepus, Wik TPUTHS
MPOCTBIX SIIEPHBIX CTPYKTYP. DTO ypoBHU Maccel G (X + =Y -) Tpaekropuu diektpoHa (Y - = € ~) opOuTsI
aroma. Ho 510 mMeHHO BbicoKouacToTHbIE (110 10 22 ') KBaHTOBbIE IPABUTALMOHHBIE T10JIs1, KOTOPHIE
COOTBETCTBYIOT LI€JISIM 3KCIEPUMEHTA.

Puc . 4.1. KBaHTOBBII IpaBUTALIUS TOJIS .

TIpomycKas spa 30¢- YaCTHIIBI Yepe3 MydoK (OTOHOB, HA IKPAaHE MBI YBUINM HCKPHBICHHE
TpaeKTOpHil (OTOHOB BOKPYT si/ipa, aHAJTOTMYHOE UCKPUBIICHUIO CBETOBBIX JIyuelt Bokpyr Comnnia. Ho 3xech
MBI MOXKEM B3$5ITh XapaKTEPUCTUKU NCKPUBJICHUS TPAEKTOPHM OTAEIbHBIX (POTOHOB, B ITapaMeTpax
KBaHTOBOT'O I'PaBUTALIMOHHOIO IOJIS.

4. CBepxcBeTOBbBIE (DOTOHBI
W3 akcnoM Takoro qUHaAMHUYECKOro (¢ # const)npocTpaHCTBa-MAaTePUH, KaK TeOMEeTpruUIecKre (haKThl, HE
TpeOyrolre J0Ka3aTeNbCTB, (M — n)KoHBepreHuu, oopasyrorcs HenemumpiMu Obnactsamu Jlokanuszanuu
kak Hegenmumble (X +)u (Y1 )KBaHTH TMHAMHYECKOTO MTPOCTpaHCTBa-MaTepun. HenemmmMbpIMu KBaHTaMU
Xt=p), Yt=e), Xt=v), YV E=7) Xt =v) Y£=7y),
obpaszyror OJI 1 — nepByro O6mactp ux Jlokamzauu. OJI 2, OJI 3— O6nactu Jlokanuzanuu HeETUMBbIX
KBaHTOB 00Pa3ylOTCS TOUHO TaK XKe.

n
=
L
I
-
<
L

Puc.4 xBaHTOBas cucTeMa KOOpAUHAT
B «EauHoii Teopun 2y MpUBENECHBI PACYCTHBIC XapAKTEPHUCTUKNA TAKMX KBAHTOB, COOTBETCTBYIOIIHE
3a(huKCHPOBAaHHBIM (paKTaM peasbHOCTH. DJIEKTPOH HCITyCcKaeT U norjomaet ¢poton: (e < y ). Ux
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CKOPOCTH CBSI3aHbI COOTHOIIIEHUEM: . (U, = a * ¢)TOYHO Tak e CBA3aHbl CKOPOCTH GOTOHA (Y < Y, U
CBEPXCBETOBOTO (hoToHa (V) © & * V), ). OHM COeMHENbI KPACHBIMY JIMHUAMH Ha puc. 4. B «YepHbix
JOBIpax» http://viXra.org/abs/2312.0018 MBI pacCMaTPUBAJIHA IIOCIEA0BATEIILHOCTH UCIIYCKAHUS U [IOTJIOIIEHUS
HEJICTMMBIX (CTaOMIBHBIX) KBAHTOB, B TAKOW KBAHTOBOW CHCTEME KOOPIAMHAT, B BUIE: : (pg = Pe ), (e —
p), (p7 = p3), (p; = pt), Cc COOTBETCTBYIONMMM aTOMHBIM sApoM: (p* /e )BemiecTBa 00bIYHOIO aToMa, (p; /
e;) aHTHMATepHUs sIpa «3BE3IHOr0 aToMay, (ps /ey ) MaTepus sIpa TalakTHKH, (P /es )aHTUMAaTepus spa

nn

kBazapa u"," (pg /eg )Marepus simpa "kBazapHoi ranakTuku'. Jlanee Mbl HCXOIUM M3 TOTO, YTO
KBaHTOBas(e,;) BemecTBa(Y— = p; /ny = e,;) d1pa IJIaHET UCIYCKAET KBaHTOBBIN
— 223591
(ef; = 2*ax*(p; = 1,532E7 MeV)) = 223591MeV, wuiu: et el =2383*p

Macca sipa ypana, KBauT "antuBenectsa" M(e) = M(238,3  p) = 238U, saupo ypana. Takoe

"anTuBemectBo" (e = 238U = Y —)necTabuibHo M pacmamaeTcs 5K30TEPMUUECKH HA CIIEKTP aTOMOB, B SIIPE
11aHeT. Takue pacueTsl COraacyroTcs ¢ HabmogaeMbIMU (paKTaMu.

Ha ceepxcBeToBoM ypoBHew; (a ™V (y = ¢)) ®usnuecKuii BaKyyM, TAKUE 3B€3/IbI Ce0s1 HE TPOABIISIOT.
Jlanee peub UeT 0 BelecTse (p3 — py)aapa(Y— = pF/nd = ely) "uepusie chepsl”, BOKPYr KOTOPHIX B MX
IPaBUTAI[HOHHOM T0JIe (POPMUPYIOTCS IAPOBBIE CKOIUICHUS 3B€3/l. AHAJIOIMYHO Jajee pedb UieT 00
U3JIy4CeHUH BENIECTBA U3 aHTHBEIIECTBA 1 HA000poT: (pd - p5), (s = p3), (P - v1),

(p1 = v;f) . OOmmas nocnen0BaTeIbHOCTh TAKOBA: Pg ,D7 , Do, P5» Pa» Pa» P2 » P1 »PH Vi Ve
Hanee: HOJT = M(e, = 1,15E16)(k = 3.13)M(y2 =2,78E — 17) = 1.2t KBaHTBI(p4/€4) sapa
rajakTHK OKPY’KCHbI HHIMBHJIyallbHO HCITYCKACMBIMU KBAHTAMH (P, /e, ) sApa 3Be3/1, 1 ABIAIOTCS NPUIHMHO]

ux oOpa3oBaHus. Takue sapa ralakTUK, B ypaBHEHUAX KBAHTOBOW I'PaBUTALIMHU, UMEIOT, CIIMpaJIbHbIE PyKaBa
TpaeKkTopuii Macce, yxe: v;(y, = a~1c) = 137 * ¢, B CBEpXCBETOBOE MPOCTPAHCTBO CKopocTeit. Hinke sHeprun
(hoTOHOB cBeTa (vy2 = 137 * c)B pU3MUECKOM BaKyyMe raJJaKTUKH ceOs He POSABIIAIOT. 3a TpeaeaMu

raJJAKTUK peub UIET O KBaHTax sapa merasse3q (Y — = ps /ng = e;5) . OHM reHepupyr0T MHOIO KBAHTOB.
(ex =2*axp; =ef, =290p]) sapa ranakruk. U tak ganee.
BaxxHo T0, 4T0 00BIYHBINH (OTOH (Y+ = y)MOXKET HCITyCcKaTh U MOIJIONMATh CBEPXCBETOBOM (POTOH
(Y + = y,)1ouno Tak xe, kak snektpon (Y+ = e)ucnyckaer oobunbiii poron (Y+ = y).
HcrounnkoM 0OBIYHBIX (POTOHOB SIBIISTIOTCS 3BE3/bI. A MICTOYHUKOM CBEPXCBETOBBIX (DOTOHOB SIBIISTFOTCSI
«TSDKETIBIe) DJIEKTPOHBI S/Ipa TaJIaKTHKH.
HOJI = M(e, = 3,524 E7)(k = 3.13)M(y =9,07E—9) =1
HOJI = M(e, = 1,15E16 )(k = 3.13)M(y, = 278 E—17) =1

ITpu sTom i potona (Y+ = y)ckopocts cBepxcBeToBoro Gportona (Y + = y,)0yner UMeTh Ty ke
CKODOCTE CBETA: W = c+137xc __ c(1+137)
p T EEEE T (14137)
«IOTPYKEHUE» KBAaHTOB siipa 3BE3/] U T'aJIAKTHK, B COOTBETCTBYIOIIME YPOBHU (pu3nueckoro Bakyyma. Kak
BUJIMM, KBAHTHI SJ[pa TaJJAKTHK «ITOTPY>KEHBI» B CBEPXCBETOBOE MPOCTPAHCTBO cKopocTel. 1 ecTh dakT
HAJIMYHS «CBEPXMACCUBHBIX KOMITAKTHBIX 00BEKTOBY», 00HAPYKEHHBIX B siipe ranaktuk. 1 ecth npyroe

MIPEJICTaBICHHE CBOWCTB TAKMX O0OHEKTOB:

= ¢. JTH CBSI3U NOKa3aHbl Ha puc. 4. [1o cyTu, peub uaer o

26M
(R< Ry = Giso?

C HAJIMYMEM CBEPXCBETOBOTO mpocTpancTBa: (v; > c¢), BHyTpu (R < Ry)Takux "depHbiX chep",
Ha3bIBaeMbIX "depHbIMU JbIpaMu". B "depHbIx nbipax" HeT "AbIp" U HET CUHTYJIsIpHOCTEN. Macca Takux
"gepubIx cpep" (M # 0)He paBHA HYO, ¥ 3TO (aKT Hamel ranakTuky. JloxxHas unes O0uiel Teopun
OTHOCHUTEIBHOCTH DHHIITENHHA 3aK/II0YaeTCs B TOM, UTO CUUTAETCS, YTO YpaBHEHUE MPEACTABIIAET
HEHYJICBYIO MAacCy KaK MCTOUHHMK KPUBHU3HBI IPOCTPAHCTBA-BPEMEHH, KaK HICTOYHUK I'paBUTAllMU. B
ypaBHEHHH DWHIITEHA Takol Macchl HeT. B ypaBHeHun O011el Teoprr OTHOCUTEIBHOCTH DIHIITEHA,

KaK MaTeMaTH4YecKasi HCTUHA B JUHAMUYECKOM IPOCTPAaHCTBE-MATEPUHU B €€ MOJIHOH popMme:
1 1 87G
Rix =5 RGix =549 = 4 Ti-
maccol HeT: (M = 0), B ee KllTacCHYeCKOM IMMOHUMaHUU. B MaTeMaTH4eckoil HCTHHE 3TO pa3HUIIA B
PETSATUBUCTCKON JTMHAMUKE B IBYX (DMKCHPOBAHHBIX TOUYKAX PUMAHOBA MPOCTPAHCTBA, OJIHA U3 KOTOPBIX
CBOJIMTCS K eBKJIHI0BO¥ cepe (3TO KITIIOUEBHIE CIIOBA), BO BHEITHEM, HECTalMOHApHOM (A #

O)GBKHI/IHOBOM MMpOCTPAaHCTBC-BPCMCHHU. BHYTpI) C(i)epI)I HHUKTO HC BXOAHNT, KaK U B 3aKOHC HrroToHa. 910

o Gm;m
MHOT'OKPATHO NPOBEPEHHBIN 3aKOH: F = K12 2 rae (K)- paccrosHue MEKIY LIEHTPAMU MAaCCHBHBIX c(ep
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3emuu u JlyHbl, Harpumep. A eciau B 1uaMeTpajibHOE OTBEpCTHE 00IbION chepbl ypOHUTH MaleHbKHM
LIapHK, TO CUJIA TATOTEHUS JI0JKHA CTPEMUTHCS K OECKOHEUHOCTH MpU

(K = 0). D10 ToXe cBOEro poja CHHTYISIPHOCTb, KoTopoii B [Ipupone He cymiecTByeT. 3akoH HproToHa
NEHCTBUTEJICH TOJILKO BHE MACCUBHOU CQEPHI.

O

Puc.5. 3akon Herotona
Touno Tax xe ypaBHenue OTO DiiHmITeliHa HAXOAUTCA HA CAaMOM JieJie BHE MAaCCUBHOM €BKJIMI0BOI cepsl,
B €€ I'paBUTALlMOHHOM 1oie. B pusnueckoit ucrune, B ypasHenun OTO DitHiuTeliHa, B equabix Kpurepusx
DBoonuu, «3ammTay Gopmyna (3akoH) HeroToHa:

2 2
_ 4 _ 4 2 _ 2 _ A2\ _E _ K o 2 _ a2
E =c*K,P = c*T, (¢ — c? —Acik)—ﬁ— Z=C ), Acfip =Gv*(X+)+0
4 42 2 — 2 —
2 _ c*c*k? _ G(c*Ky=m,)(c*Ky=m;) _ Gmym, 2 _ Gmym, 2 2
Acik T octctT? CZ(CZTZZKZ) Tkt Acik Toc2g? ACikC =F

Kax mb1 Buaum B O0111€#i TEOpHH OTHOCHTEIBHOCTH DUHILITEHHA, CUJla TPABUTALIMH JIEHCTBYET B MOJISAX C

o o o 2 o o

HYJIeBOH Maccoii. B pesituBrcTeKoii muHamuke £ = m,” c* + p%c?, B OISIX ¢ HY/IEBOH Maccoii
. . E? y
(my? = 0), DHHIITEHH B3SUT TEH30p TOIBKO JHEPIHH-AMITYIbCa — = (2, yKe KaK rpaBUTALMOHHbII
p

noreHuHan. Yuraercs: pa3HOCTh MaCCOBBIX IOTOKOB Acl-zk(Y—)Bo BHEIIIHEM I'PaBUTALIMOHHOM I10JIE
c?(X+), npu ux [punuune DKBUBATEHTHOCTH, AaeT cuay. OGpaTHM BHMMaHHE - FPABUTALMOHHOE T10JIe U B
3akoHe HprotoHa, u B OTO DifnmTeiiHa cBoAUTCS K €BKINA0BOI chepe. B 00oux ciryuasx HET BXOKICHUS

B EBKIIMIOBY cepy ¢ HEHYNIEeBOI Maccoil, Kak HICTOYHHKA TPaBUTAIIHH.
2GM

Wi >0)?’
CYIIECTBOBAHHH CBEPXCBETOBOT'O MPOCTPAHCTBA CKOPOCTEH BHYTPH "UepHOi chephl” radakTHdecKoro sapa,
K KOTOpOMY CBoAMTCA rpaBuTanuonHoe noixe OTO Ditnmreiina. Buytpu "depHoii chepsr” paboTaroT Bce
3aKOHBI (PU3UKH, IPOCTPAHCTBA-BPEMEHH, KaK YACTHOT'O CIy4asi PUKCHPOBAHHOTO COCTOSTHHS
JMHAMUYECKOT0 TPOCTPAHCTBA-MATEPHH, HO YK€ B TPOCTPAHCTBE CBEPXCBETOBBIX CKOPOCTEH. BoT mouemy
naxxe GOTOHBI HE MOTYT IONACTh BHYTPh "4epHOI cephl” ralakTuueckoro sapa. oToHsI MpocTo
KpY>KaTcsi BOKPYT TaKO# "depHoil cdepbl”, KoTopas Ha3bIBaeTCs "depHOU JbIpoit".

Bormpoc B ToM, Kak moiiMath cBepxcBeToBoii poton (Y + = y,)o0bunsiM GoTorom (Y+ = y)? Dro
TUnryHas 3anava noryomenns (Y+ = e)dotona snekrponom (Y + = y). Peusb uner 06 nsmMeHeHnu
sueprun ¢porona (Y+ = y)npu nornomenun ceepxceetosoro ¢porona (Y + = y,). Dueprus GporoHa uMeeT
umnyise: E = p * ¢, npu HyJeBoit Macce my? = 0. Takoii (JOTOH MOKET MOTJIOMATH TOILKO SHEPrUI0

E = p * a * c, yxe cBepxceroBoii poron (Y + = y,). Takum oOpasom, sueprus porona, (Y+ = y)
HOTJIOTHBILETO CBEPXCBETOBOM (oTOH, (Y + = y,)pasna: E = p * ¢ * (1 + a), rue (@ = 1/137), nas
M000ro uMIyJbca nepsuyHoro ¢porona (Y+ = y). 3agavya cCOCTOUT B TOM, YTOOBI HAUTH TaKue (POTOHBI B
HAIpaBIEHUH I'aJaKTHYECKOrO A1pa, KaK HCTOUYHUK CBEPXCBETOBLIX (oToHoB (Y + = y,). Hanpumep,
opOuTaIbHBIN JIEKTPOH BOAOPOIA UCITYCKAET POTOH MPH MEPEXOAE C OMHON OpOUTHI HA APyTyio. [loHATHO.
Taxk BoOT, HcycKkaeMbie POTOHBI, C TEX K€ OPOUT AIEKTPOHOB BOIOPO/Ia B HAMIPABJICHUH TaJJAKTHYECKOTO
S1pa, ¥ B HATPABJICHUH, TIEPIICHIUKYIIPHOM OT TaJaKTHYECKOTO SIpa, MOTYT HMETh CJEeIyIolIee:

E =p*c*(1+ a), pazHocTs dHepruid. U pemaromniee cioBo 3/1€Ch Aa1yT NPOOHBIE SKCITEPHUMEHTHI.

Takxum o6pa3zom, ¢ 1Byx cTopoH: (R < Ry) = u (v, = 137 * C), MBI IPULLTH K BBIBOJY O

5. HoBble cTaOMIIBHBIC YaCTHIIBI MATEPUH.
http://viXra.org/abs/2210.0051
B omropoaaom (X + =Y-) (Y + = X-) =1, npocTpaHCTBO - MaTepusl, yAaJIUTh ypaBHEHHUs MakcBeia s

snektpo(Y + = X-) marautHOe mone. B npocrpancteennom yrie @y (X—) # 0 napannensnoctn Bo3HUKaeT
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U30TPOIHOE HATsHKEeHKE oToka A cocTaBistomas (CMUPHOB, k.2, ¢.359 -375). IlonHblil mOTOK BUXpst

gepes CeKyIyto MoBepxHOcTh S, (X —)B BUzE:

[[rot,Ads, = [ W&loﬁ +[[ As,
S Sy

A, KOMITOHEHT COOTBETCTBYET I1y4Ky (X —) IapajuieibHbIX TPaeKTOPHil. ITO KacaTelbHas BIOIb
3aMKHYTO# KpuBoi L, Ha moepxuocth, S,rneS, LS, u L, L L, . Ananorudno, cootHOLICHHE

[AdL, _J'rot A” ds,

cienytoimiee: -

Puc.2. Dnexrpomaruutroe (Y+ =X -) u rpaButannontoe (X+=Y-) mosns mMacc.
B npocrpanctBentom yrie @, (X—) # 0 napamienusma ycinoBue BbINOTHAETCS

grot A ds, +I?dL2dT:0:gAmm—)dS

oS @,

: (2.1)
B o61iem cnygae nMeeT MeCTO cucTeMa ypaBHeHHH AuHaMuKd (X -=Y+) moJs.
[[rot, Ads, = [] X0 )gy a7 4 ([ A 0,
oT
& & 2.2
[[rot, ——as, =[] Lot a7 [[Auds, =0
s, COS @y or " s, . 2.3)

B eBkimoBoit ¢, = 0 akcrmomatrke, MpUHUMAsT HAMPSDKCHHOCTH BEKTOPA IIOTOKA KaK KOMIIOHEHTY
HaINpsHKEHHOCTH dJIeKTpuueckoro nonst A /cos@, = E(Y+), a HHIYKTHBHYIO POEKIHUIO [Tl HEHYJICBOTO

yriaa @y # 0xak uamykimio marautaoro B(X —) mosst, nmeem

jjrot B(X-)dS, _jjaE(Y” E200L,dT + [[E(Y S,

(2.4)
[[rot, ECr-4)ds, - —”ML dT, B ycnoBusx [[A.ds, =0= §B(X-)dL,.
S, S, L,
Ypasuenuss MakcBeJia.
cxrotyB(X =) =roty H(X =) = & 65;”) +AE(Y+); (2.5)
rotyE(Y +) = —uy He) _ _ 95X ), (2.6)

ar ar
WuayKIius BUXpEBOro MarHuTHOro mosiss B(X —) Bo3uukaer B mepemennoM snektpudyeckom E(Y +) mone u

Hao00O0POT.

It L, oTHOWIEHNS, KOTOPOE HE 3aMKHYTO, nveiores OTHOIICHHMS I AdL, = H A,dS, # OxomnoHeHT. B
L2 SZ

YCIIOBHSIX opToroHambHocTd A, | A KOoMIOHEHTa BeKTopa A, B HEHYJIEBBIX, TUHAMUYECKHX ((pX * const)
" (goy * ConSt)yrnax napaiensHoct Acose, L (A, = A, COS@, ), ectb nuHamuka (A, COS@, = A,)

KOMIIOHEHTHI BIOJIb KOHTYpa L, B moBepxHocTn S,. O6a OTHOLIEHHS IPEACTABICHBI B IOJIHOM BHJIE.
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[ A, cospdL, = [ A XD"C0Sp) g7 +[[ As,
L, S aT S
2 2 2 (27)
HyueBble HOTOKHU 4yepe3 S, BUXPEBYIO IOBEPXHOCTh (rOt, A ) U3 TeIecHOro yria (gz)y * const)
mapajuICJIbHOCTH COOTBECTCTBYIOT YCIOBUAM
[[rot, A,ds, + [[ZraL,dT 0= [[ A, (¥-)ds,
) T ) | 2.8)

OJIA IPCACTAaBIIACTCA B BUAC!

[[rot, A, (Y -)ds, :jja(Am(X;)T*cosg”x) dL,dT + [[ A, S,

B o0mem Buie cuctema ypaBHEHUH TUHAMUKH (Y-=X+)

2.9)
oA, (Y-
js j rot, A, (X+)ds, = %dleT js j A (Y-)dS, =0 210

BBoas G(X +)no ananoruu HanpspkeHHOCTH moJist CustbHOro (I'paButanionHoro) BzanmosneiictBus u
UHIYKIUI0 MaccoBoro mosist M (Y —) , mosrydyum aHaJoruqHo:

1 0G(X )
J;jroth (Y-)dS, = jj = dL,dT +_UG(X+)dS
) s, (2.11)
[[rot,G(x+)ds, = j 4dL1dT, [[A(v-)ds, =0=§fM(r-)dL, .
S, Sl Ll 2.12)
Takue ypaBHEHHUST COOTBETCTBYIOT rpaBuTaiiuu (X += Y-) ¥ MacCOBBIM IOJISM,
cxTotyM(Y =) = rotyN(Y =) = & * 20+ 1% G(X+) (2.13)
M(Y-) =ty «N(Y-); 1oty GX+) = —pp » 2= = =220, (2.14)

[To ananoruu ¢ ypaBHeHussMu MaxkcBenna st 31ekTpo (Y+ =X -) MarHuTHBIX moJiei. Peds uner 06
UHIYKIUY 101 Maccel M (Y —)B mepeMeHHOM G'(X+)rpaBUTAI[MOHHOM I10JI€, TOAO00HONW HHIYKIIHH
MarHMWTHOTO I0JISl B TIEPEMEHHOM JIEKTPUUYECKOM T10J1e. 3/1eCh HET BAPHAHTOB. JTO €AMHAs MaTeMaTU4ecKas
MCTHHA TAaKUX IOJICH B €AMHOM TUHAMHUYECKOM IPOCTpaHCTBe-MaTepuu. Peupb uaer 00 MHAYKIMH MoJeH
Macc BOKPYT ABIDKYIIUXCS Mace (3Be€371), a TaKkKe 00 MHIYKIIMA MarHUTHBIX MOJIeH BOKPYT ABIIKYIINXCS
3apsiIOB.

Takum 06pa3oM, Bpamenus rot, B(X —)urot, M(Y —) tpaexropuii, naiite TuHAMUKY
E'(Y+H)uG'(X+) snexrpuueckoro (Y +)u rpauranmonsoro (X +)moseit COOTBETCTBEHHO. A BpaIlCHHUS
(Y+)noneit Bokpyr (X —)rtpaexropuii u (X +)mosneit Bokpyr (Y —)TpaekTopuii Jat0T IHHAMEKY
rot,E(Y +) » B'(X—), u nunamuxa rot, G(X +) - M’ (Y —)1paekropuii Macc.

c*rot B(X-)=E ' (Y+) c*rot M(Y-) =G ' (X+)
Y-
( )(Y+)=(X-) . (Y -)=(X+)
(X
A)
rot E(Y+)=B"'(X-) rot G(X+H)=M"(Y-)

< L
(-
\

Puc. 2.2-2. OgHopoHble 1011 KOCMUYECKON MaTepuu

11



AHanorn4HoO onpenensercs 3apsa eqUMHUYHON Macchl: my = 1, B BUJE:

q = Gmoa(l — a)? = 6,674 * 1078(1/137.036) = (1 — 1/137.036)% = 4.8 x 10~1°, (5.10)
U ux cootHomenus: hac = q2. TakuMm pacyeTaM COOTBETCTBYET MOJE/b MPOAYKTOB AHHUIMIISILUH ITPOTOHA
u 3ekTpona. Maccoseie osis (Y- = e) = (X+ = p) aroma. Kpome TOro, mpoToH He UCITYCKAeT 0OMEHHBIN
(OTOH IPH ITEKTPOMATHUTHOM, 3aPSIOBOM B3aUMOJICHCTBUU C IJICKTPOHOM aTOMa.

\as
o J.‘
SO\ \ g Ve ‘
/ 0 \ \ ;
[ \Ve — I = / o
[/ { -'r"-}'" — "»3"« I { e '.‘\\ )
[ Mv. e A e e
<> ‘J\/» L, S S\ |/ \) N p+
| W& = (X-=p) ) (Y-=¢) A N
(X+)
MoAenb NPOTOHa MmoAesnib 3INEeKTPOHa aTom BOAOpOﬂIa

W =a*c .
Wmest ctangapTHYI0, O€CIIOIEBYIO CKOPOCTh JJIEKTPOHA, . )chycxa}omero CTaHIAPTHBIH,

oa=W,/c=cosp, =1/137,036

6ecronieBblil poToOH Vir)= ¢, KOHCTaHTa JlaeT MO aHaJIOTHH pacyuer

% 1 2
ckopocTeii Vie)=a*V,(r, )I[JU[ cBepxcaeroBbix Gotomnos B suxe: F2(V2)=a ¢ Vi(y)=a"c
Viy)=ac

W

] 1
a=—== =C08¢, (Y-)
c 137 TPAEKTOPUH HE UCITYCKAET (POTOH, KaK IPH MPAMOJUHENHOM, 6€3yCKOPEHHOM

JABUMIXXCHHU. 10T mocTyJaT bopa, a Tak:ke NPUHIHIL HEONpeAeJeHHOCTH NPOCTPAHCTBA-BPeMEHH H
NPUHIMI DKBHBAJIEHTHOCTH JHHINTEHHA ABJISIOTCA aKCHOMAMH JHHAMHMYECKOI0 MMPOCTPAHCTBA -

cosp, =a  cosp, =G

, B CTAaH/IapTHBIX, OECMOJEBBIX YCA0BUIX. OpOUTAIBHBIN JIEKTPOH C YTIIOM MapajlieIbHOCTH

MaTepuu. J[MHamMuKa roJjiei Macc B npejienax
JAIOT U30MOTEHITUAIT 3apsijia X SAIMHUYHBIX Macc.
m(p) = 938,28MeV, G = 6,67 x10°8. m, = 0,511 MeV, (mvﬂ = 0,27 MeV),

, KOHCTaHTHI B3aUMO/ICHCTBH,

N _
(X_KKX) (X =) = cos?gx = (\/6)2 =G, (Y_KKY) Y —)=cosgy=a= 137,036
m = F=I1? _ [H2T2 __n ] _ l-[Yzsz e ome = Gm
y!" Y (Y/K2) (%zg)' Y X
_ F=0? _ [n2T2 __m ] _ DiX=my 2 —o2m
m=— > K (X_2=°‘2_2)' riue my v

(@/N2)*TIK *(@/v2)=a’m(e)/2=m(v,) =136 10" MeV
JGI2*TIK *\[G/2 = G*m(p)/2=m(y,) =3.13*10°MeV _m, =Gm, /2
, W

2
m, =ao my/2,

m(y) = @ =9,1%10~MeV.
B equnom (Y+ = X+)umm (Y+ = X—), (Y— = X+)npocTpaHcTBe-MaTepUH HEACIUMBIX CTPYKTYPHBIX
¢dopMm Henenumbix kBaHTOB (Y +)u (X1):
Y+=¢") = X+=v5)(Y—=y")(X+=v;) onexrpon, rae NOL (Y £)=KE(Y +)KE(Y -), a
(Xt=p*) = (¥—=y3) (X+= v;) (¥—= y3 Jnpoton, rae NOL (X +)=KE( X +)KE( X -),

Mps1 pazaensiem snekrpoMarautibie (Y + = X—)mons ot MmaccoBbix nmoned (Y — = X+)B Buzue:
(X _|_) (X +) = (Y—)I/I% =1= (y +)(y _); (y+= X _) = %’ WA X+=v, /2)(5\15::3)(X+=ve /2) _ qe(Y+)
Mm@ /2)(VZ * 6)(m(v,)/2)  (1.36%107%)" « V2 + 6,67 x 107° 1
q, = = — = 4,8+ 10 1°CI'CE
‘ m(y) 4%9,07 % 10
P 0 (o P N (v vy = oo (=) (@) (-=r) oy
YH)Y+)=x-Hu o 1=XHX-); Y+=Xx-) = oy — =q,(Y+=X-),

_my/2)(@/2)m(y/2)  (313+10°/2)°

= -~ — = 4,8x10""°CI'CE
P m(v;) 2 % 137,036% * 1.36 * 10

11



Taxue coBIaJeHNs HE MOTYT OBITH CIIydaifHBIMH. JIJIst JUTMHBI BOJIHBI IIPOTOHA A, = 2,1 * 10~ *cmero
4acroTa

(V) = Ai = 1,4286 * 10**Tudopmupyercs 4acToToi (v;) KBaHTBI, MMetoume Maccy 2(my+)c? = Gh(vys+).
p

GhOvyE) 667+107851,0545+10727+1,4286+102*
1r = 5,62 * 10**MeV, um(m ) = ——— == oo = 5,58 % 1073%r = 3,13 * 10" °MeV
0 c *9 %
— -11 - _ 20
AHaJIOTUYHO, [Ist 9JIEKTpoHa A, = 3,86 * 107" cMero yacrora (v,-) = o 7,77 * 10“°Tudopmupyercs
N o 1
9acTOTOM (V) KBAHTHI, C Maccol 2(m,-)c? = a’h(v,,-), rnea(Y —) = 7 5a¢ KOHCTaHTa, MOTyyaem:
e ’

2 — —
ahve;)  151,05455107%77,77+1020
2¢? (137,0362)%2%9+1020

(m )= = 2,424+ 1073%r = 1,36 * 107> MeV, 1JI1 MAaCChl HEUTPHHO.

@usnuecknM (pakToM ABISICTCS U3OMOTEHIIMAN 3apsia npoToHa p (X —= Y+)eu 37eKTpoHa B aTOMe
BOZIOpOJIa C MAaCCOBBIM OTHOIIEHHEM (p/e = 1836). [1o ananoruu Mbl TOBOPUM 00 U30IOTEHIIMATIE 3apsiaa
Vu(X—=Y+)yo, nv.(X—=Y+)y, cybaToMnslii , c oTHOmEHHEM Macc (V, /Y, = 8642)u(v./y = 1500)
COOTBETCTBEHHO. B 3TOM ciydae cy6aTtoMbl (v, /o) yAEPKMBAIOTCA FPABUTALIMOHHBIM T10JIEM IIIAHET, U
cy0aToMbI(V, /y) YACP)KUBAIOTCS TPABUTAIIMOHHBIM IIOJIEM 3BE€3/]. DTO CIEIyeT U3 PacueTOB aTOMHBIX

CTpyKTYp (p/e), CydaToMHBIX IIaHET (p1/e1)(p/e)(Vy/Yo)u 3Be3L (p2/e€2)(P1/e1)(P/€) (Vu/Yo) (Ve/V), Amsi:
e; = 2v,/a* = 10,2GeV), e, = 2p/a* = 35,2TeV), HOl = e; x 3,13 xy, =1, uHOJl = e, * 3,13 xy = 1.

A Taxxe nis p; = ZG—E = 153TeV, u p1(X—=Y +)e;"TspKenbx aTOMOB" BHYTpU caMux 3Be31. Eciun

(15,3 TeV)u cymiectBytOT (my =e;) = 2my=my) _ (35,24 TeV), TO

) =2t = o=

G
AHAJIOTMYHO TeHEpaLuK KBaHTaMHu (p; /n,) Aapa 3eMHbIX saep(2ap; = 238p* = 2380) ypan, p*t = n, ¢

IIOCJICAYIOIIUM PACIIalOM Ha CIEKTP aTOMOB, KBAHTOB p, = 2% = 3,06 % 10°TeV, u (p,/n,), (P, = n,)saapa

KBaHTHI (Mmy = p;

ConHua (3Be3/1bl) TEHEPUPYIOT SApPa «3BE3IHOrO0 ypaHay», (2ap; = 290p; = 2°°U*), c ux

DK30TEPMUYECKHM PaCIIajioM Ha CIEKTP «3BE3IHBIX» aTOMOB (p; /e; )B TBEPIOil MOBEPXHOCTH 3BE3/IbI

(Connua) 6e3 B3aUMOICHCTBUS C OOBIMHBIME aTOMBI(p* /e ™) BOJOPOA U CeKTp aToMOB. 3nyueHue

(p] — v, )MIOOHHBIX aHTHHEHTPHUHO COIHIIEM, KaK U u3lnydeHue (e — y)(OTOHOB, O3HAYAET HATMYHE Ha
CoutHIIe TAKOT0 3BE3THOTO BelIeCTBa(p; /e;) 0€3 B3aUMOIECHCTBHSI ¢ IPOTOHHO (p*/e™)-3IeKTpOHHBIMU 11
aTOMHBIMHU CTPYKTYypaMu OOBIYHOTO BEIIecTBa (BOJOPO/Ia, Telusl...). TaKOBBI pacdeTsl U (pu3ndecku

v,)

AOIMYyCTUMBIC BO3MOKHOCTH. Ha BCTPCYHBIX MYYKaX MIOOHHBIX aHTHHeﬁTpHHO B MAarHuTHBIX ITOJIAX:

>
HOII(Y =) = (X—=v)(¥+=y;)(X—=v]) = —L =10.216GeV
o

B HeCTaOMJIbHOM (hOpMeE 3TO U3BECTHBIE YPOBHU UIICHIIOHMS .

+ —
Ha BcTpeuHsbIx mydkax MO3UTPOHOB (e ), KOTOpBIE YCKOPSIOTCS B IOTOKE KBAHTOB ¥==7) ,
(oTOHBI «0eJI0ro» Jiazepa B BUJIE:

HOJI(X = pi)=(Y-=e Y X+=v )(Y-=¢")= 2m,

=15,3TeV

[Ipu CTOJKHOBEHHMH ITYYKOB aHTUIIPOTOHOB (P~ )IIPOMCXOMIUT CIAEAYIOIIIEE:
HOJI(Y £ =e;) = X—=p ) (Y+=e*)(X—=p~) = =2 = 35,24 TeV.

2
(24
Jns Berpeunbix HOJI(Y —) = (X+= p*)(X+= pT)BbIuncisercs macca KBaHTa
MY =) = (X+=pH)(X+=p*) = (22 = ;) (1 - 20)
N (Mmp _Mp _ —— _ _093828GeV (, 2 _
Hm My -) = ( T a ml) (1-2a)= (1/137,036) (1 137,036) =1267 GeV
DT0 3NeMeHTapHas 4YacThIla, KoTopas Obliia 3aHOBO OTKpbITa Ha Koywaiaepe LIEPH. Takum o6pazom, Oputn

2a a

— 2(my=e~
OTKPBITHl HOBBIE YACTHUIIbI, TAKNE KaK HEACIUMBbIC KBaHTHI. (My = py) = (YT) = (153TeV) u (my =

2imy=m
e;) = w = (35,24 TeV), IOKa HE IOCTYIHBI B COBPEMEHHBIX IKCIIEPUMEHTAIBHBIX TeXHOJIOTUsAX. Ho B
a

atMocdepe 3eMin, BO3MOXKHBI (DUKcaIuu 9acTull ¢ sHeprueid p, = 305 E15 eV uim
e= 3,524 E13 eV, kak MUHUMYM.

6. KBaHTEI «TEMHOrO BCUICCTBA».



B coBpeMeHHBIX 3KCIIEPUMEHTAIbHBIX TEXHOJIOTUAX, BIIOJIHE JONYCTUMBIM €CTh OOHApYXKEHHE
KBaHTOB «TOPMO3HOTI'0 U3JIy4eHUs» SApOoM aeitepus. Moaenu snep criektpa Mace (Tabnuiubl MeHnaeneesa),
Obu paccMoTpeHbl B « Ennnoit Teopun2y». Sapa atoMoB GopMUPYIOTCS YPOBHSAMU M 000JI0YKaMU KBAaHTOB
CunbHoro B3anmoneiictBust (Y— = p/n) u (Y— = 2n).

- ——— - i
p -~ =

Rﬁ%i (x+ Tgsl] b txrfl
- ! ,
p+> (cB) é ,‘

—- 4 -za

—_—
(Y-=p/n) \

~ x  [F9M) S~ —
(%) -7"—..4,——7*"’_' -7 WSS

o) (xe)=(¥-) . /

2rot M(Y-)=rot B(X-) 2rot B(X-) =rot M(Y-)

2rot M(Y-) - rot B(X-) =0 2rot B(X-) - rot M(Y-) =0

Puc.6.1. Kant (Y— = p/n) u ananornuno (Y— = 2n) CunpHoro BzaumonerictBus
[Tpu 5TOM, B siZjpe NelCTBUTEIBHO 00IIee COCTOSHNE YpaBHEHUI TuHAMUKN eauHoro (X+ =Y+)
MpOCTpaHCTBa-MaTepuu. [IpocymmupyeM 3T ypaBHEHUS AJ1s1 3AMKHYThIX BUXPEBBIX
rot(Y—) u rot(X—) noneii B «CTOSTYUX BOJTHAX» si/ipa, 0€3 uX mioTHocTed A4 E(Y+) U A,G(X+) B BUE:

cxrotyB(X =) + cxrotyM(Y =) = g 0E(§1;+) AG(X+)

o a o
SIpa OJIHON HaCTOThI —— = @ , KOJIeOaHMiI1 BCeX KBAHTOB CTPYKTYpE sApa.

+ & * , M IIpUBeAEM 3TU 1o K (X+) u (Y+) kBaHTam

cxrotyM(Y =) —gwE(Y +) = &0wG(X+) — ¢ *rotyB(X —) = 0, ¢ HyJICBBIMH INIOTHOCTSIMH BHE BUXPCH.
@DakT COCTOUT B TOM, «+» BemecTBY MacCcoBbIX (Y — = X+)mosneid, COOTBETCTBYET «-» 3apsi dJIEKTPUIECKOT O
(Y+) monst (Y+) kBaHTOB, 1 HA0OOPOT, I aHTUBEIIECTBA. EMHAas yacToTa KoeOaHuil BceX KBAHTOB B
CTPYKTYpe siipa B eluHOM (X+ = Y+) npocTpaHcTBe-MaTepuu UMEET BUL:

— orotyM¥-) _ orotyBE) o &GX+) *cxrotyM(Y =) = & E(Y +) * c¢*rotyB(X -),

S E(VH) &G0+
s rpaBut (X+ =Y —) MaccoBbix u 251eKTpo(Y + = X —)MarHuTHBIX 1OJIEH KBAHTOB SI/Pa.
Taxue ypoBHU 1 000s10ukH KBaHTOB (Y — = p/n) u ananornyso (Y — = 2n) CuisHOrO 11

B3aumogeiicTBus sapa aroma, GOpMHUPYIOT YPOBHH U 000JIOUKH OPOUTAIBLHBIX JJICKTPOHOB aTOMA, KaK
MpUYMHA U ciefcTBUe. TOYHO Tak CyMMHPYIOTCS enuHbie(X+ = Y+)mons A1 BHEIHUX OT sapa
opOUTaTbHBIX 3JIEKTPOHOB.

rotyE(Y +) + rot,G(X+) = wB(X =) + oMY —), rot,G(X+) —wB(X —-) = wM(Y =) —rotyE(Y +) =0,

w = mgy(f((_X;) = m:;(i(_y;) , uma rotyG(X+) * M(Y =) = rotyE(Y +) * B(X —) B enuabIX (Xt = Y+) monsx.

CyTb SKCIIEpHMEHTa COCTOUT B TOM, YTOOBI pa30rHaTh SApo aeiTepus, kak kBaHT (Y — = p/n) CunpHOro
938.28
= 2 % 6.85MeV ~ 14 MeV) U

yIIeIbHOM SHEPruel CBSI3U HYKJIOHOB sifpa o * p = 6.85MeV. U nns npenenbHON yASIbHONW SHEPTUU CBSI3U
HYKJIOHOB s1/[pa, 3T0 MOXeT ObiTh Heprun E(Y —) =~ 17 (MeV) xkBaHTOB, KOTOPBIE U CIIEAYET OOHAPYKHUTH B
npoOHOM dKcriepumenTe. 1o kBaHThl E(Y — = eX) = (14 — 17) (MeV) «reMHOl MaTepum» B BHIE
BEIIIECTBA, KOTOPHIE JOJDKHBI PACIaAaThCsl ¢ 00s3aTeIbHBIM HammyreM kBaHTOB (Y + = e) BemiecTBa
JJIEKTPOHOB.

B3aumoneiicTBus ¢ aHeprueit cBasu E (Y— =2xaxp=2%

7.YupasJsiemasi TepMOsi/iepHasi peaKiusi
Annoranusa
B otnmuue ot AeiTepuii-TpUTHEBOM T1a3MBbl AJ1€p OAMHAKOBBIX 3apSAI0B, JAIOIICH OMPEIEIICHHYIO
HEeCTaOUJIbHOCTh, TEPMOSIEPHBIE PeaKIUU (PU3UYECKHU JTONYCTUMBI:
1. Meron: Heynpyrue CTOJIKHOBEHHS sifiep TPUTUS 0€3 epBUYHOM MJIa3Mbl C POTOHAMH BBICOKUX SHEPTrUid
Ha y>K€ TOTOBOM KOJUIal1epe.
2. Meroa: CTpyKTypUpOBaHUE 3apsKEHHBIX BCTPEUHBIX MOTOKOB JAEHTEpUEeBO M1a3Mbl B
monupuinmpoBanHoit TOKAMAKoM Touke BCTpeur BEPTUKATBHBIME MyYKaMUA HU3KOIHEPTETHUECKUX
aHTUNPOTOHOB. [IpogyKkTamMu peakuu SBASIOTCS TeIUil 1 aHTUIIPOTOH, KOTOPhIE 00pa3yloT HOBBIE U HOBBIE
sapa. B To e BpeMs KOJIM4eCTBO aHTUIIPOTOHOB PETYJIMPYETCS MyYKaMU IPOTOHOB NPYU aHHUTHIISILIU Y.
3. Meroq, HeyNpYrux CTOJIKHOBEHUH B ITyYKax siipa AeUTepuss HU3KUX SHEPTUH, 0€3 MepBUYHON TIIa3MBI.



B 061mmx MOJENIX CIeKTpa aTOMOB, MOJENb KBanTa (X+ =3He) sapa remms, 510

Puc.1 monens cunresa.
crpykrypHas ¢opma kBaHTOB (Y- = p*/n) CubHoro Bzaumoneiicteus, cTpykrypupoBaHHoro (X-) mosem,
m6o anTHHEHTpUHO (X+= v, ), mbo anTHnpoToHa (X+= p~) B maHHOM ciry4ae. B cooTBeTCTBHU C

G (X+)

— T A*G(X+), Mbl

YpaBHEHUSIMU JTUHAMUKH MAaCCOBBIX ToJiel: ¢ * roty M(Y —) = roty N(Y —) = &, *

roBopuM 00 ynpasnsemoit (vy * roty2M(Y—=p*/n) = &, * TEPMOSZIEPHON PEAKLIUH:
1).1160 B HEynpyrux croikHoBenusx (X+=3a) = (Y—=p*/n=e"NX+= v;)(Y—=p*/n=e"")B
KOJlJIaiiiepe, BCTPEUHBIX YYKOB e ASUTepHs MAJbIX JHePIruii, 6€3 IepBUYHOI MIa3MBl,
2).1100 CTPYKTYpUPOBAHUEM JEHTEPUEBOI IJIa3Mbl AHTUIIPOTOHAMU MAJIBIX IHEPIHii, B PEaKIMIX
Xt=3%a)= (Y—=pt/n=e"")X+=p )Y —=p*/n=e""), iH+p~ +3H - jHe+p~

Bonee a3 dekTHBHBIMEU yCITOBUSAMH 1S yripaBiisieMoi TepmosiiepHoi Peakiiuu, npeacTaBistoTCs
BCTPEUYHBIMU [TOTOKAMU JEHTEpUEBOM IJIa3Mbl, C IEPIEHIUKYIISIPHBIM BIPHICKOM IMyYKOB aHTUIIPOTOHOB B
TOUYKE BCTPEYH MTOTOKOB I1a3Mbl. CaM MOTOK EUTEPH €BOH IIa3Mbl ITPEACTABIISETCS YIIPABIIIEMbIM
MIOTOKOM MOHOB, Kak 6ojee ycToitunBoe coctosiHue mia3msl B TOKAMAK.
3).160 B HEyNPYTUX CTONKHOBEHUAX (3H + pt — 3He) B KoJUIaliepe TPUTHSA ¢ MyYKaMH IIPOTOHOB
00JILIINX JHEPIHii, 6e3 MepBUYHON TIA3MBI.

JIBa rpamMma TakoM IJIa3Mbl CHHTE3UPOBAHHOTO I'ells SKBUBAJICHTHBI 25 ToHHE OeH3nHa. Bo Bcex
cIy4asiX, Hy>KHbI TPOOHBIE SKCIIEPUMEHTHI Ha YK€ TOTOBOM KOJUTaiaepe.

Bo Bcex ciydasx Temiio oTBOAUTCS BOASHOM pyOaikoii peaktopa. Takue peakTopsl 0€30MacHbI U

9KOJIOTHYECKU YHCTEHL.

Ecth dhynnameHTanbHBIC TPUYHHBI U HEU30€KHBIC MMOCISICTBUS TAKUX (PU3UYECKH JOMYCTUMBIX
BO3MOXKHOCTEH. TO HE €CTh PaCUEThl SHEPI€TUUECKUX YCIOBUI M TEXHOJIOTMUECKUX PEIIeHU I
yIPaBIIIEMOT0 TEPMOsiZIEpHOTro peakTopa. Ho 3To Teopernueckas pazpaboTka MPpUYUH U CIICICTBUMA
COCTOSIHUSA JIEUTEPUEBOM TIJIa3Mbl U YCIIOBUM €€ CTPYKTYPUPOBAHUS B YIIPABIISIEMOM TEPMOSIIEPH OH
peakuuu. B otnuuue ot gelTepuii — TPUTHEBOM (%H + EH ) TIa3MBI S7€p OJUHAKOBBIX 3apsI0B, JAIOIIUX
W3BECTHYIO HEYCTOMYMBOCTH, Mbl TOBOPUM O JEUTEPUEBOI (fH ) Ia3Me, CTPYKTYpUPYEMOU TTydKaMH
aHTUNIPOTOHOB (P~ ). ECTh MpUYUHBI U €CTh HEU30EKHBIC CIENCTBHS, KOTOPHIC MbI U PACCMOTPUM
Ka4eCTBEHHO, 0€3 KOJIMYECTBECHHBIX PACUCTOB.

N3 akcmoM AMHAMHYHOTO MPOCTPAHCTBA-MAaTEPUH, PACCMOTPEHHBIX B « KBaHTOBOM rpaBUTAIIUN»
http://pval.mya5.ru/ , ciemyrot cBoiictBa equnoro (X+= Y +) npoctpaHcTBa-MaTepHH:
X+HX+)=-) wm (Y +)(Y +) = (X—). X cHuMMETpUH JAIOT CTPYKTYpPHbIE POPMBI BEIIECTBA

MPOTOHA ¥ 3NIEKTPOHA. ECTh KONMMYecTBEHHBIC pacyeThl TAKUX CTPYKTYPHBIX (DOpM, IIPOTOHA U DJIEKTPOHA B

ToM uncie. B nemnom, antuseniectso (X+) nim (Y1) KBaHTOB MpOCTpaHCTBA-MaTEPUN, HAXOAUTCS B
CTpYKTypHOH (hopMme BemrecTBa. ECTh Takue pacuersl.

3710 reoMmerpuueckue (aKThl, IOAYEPKHEM, TMHAMUYHOTO IPOCTPAHCTBA -MaTEPHH, C
HeCTallMOHapHbIM EBKIIM0BBIM IPOCTPAaHCTBOM, KOTOPHIE COOTBETCTBYIOT (PU3UUYECKUM CBONCTBAM
matepun. [TosTomy kBant CunbHoro Biaumoneiicteus (Y+= p*/n) Bemecrsa nporoHa u HelTpoHa B
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AJIpe aToMa, IPEACTABIIAETCS, KaK CTPYKTYpa, MMeroluas cBoiictea antusemectsa (Y+= pt/n = "),

nox06H0ro anTusemecTsy nosutpona (Y+ = e*). IooToMy Takue KBaHTBI HAXOAATCS B CBA3AHHOM
COCTOSIHMH BeIecTBa B Buje (3a) gacTHIb! Aapa. OTAenbHBIA KBAHT Spa JeiTepus, CBA3aH BEIECTBOM
OpOMTATLHOrO HIEKTPOHa, GopMUpys BHemHee BemectB aToMa (3H) peiitepus. IIpy 5TOM caMu KBaHTHI
(Y+= p*/n) Cunbnoro B3aumonelcTBrs, MMEIOT MUHMMAJIBHYIO SHEPTUIO CBSA3H B AIPE,

AE =2+axp=2%69=138MeV . X MakcumanbHasi SHEPrus B Apax METaIOB, AE =2 x8,5=17 MeV ,
3aUKcUpoBaHHAas B 3KCIepUMeHTax. Takum o06pas3oM, siipa 1edTeprs B COCTOSHUU IUIa3Mbl, B OTJIMYHUE OT
BEIIECTBA ATOMOB JISHTEPHS, SBJISIOTCA CTPYKTYpoii kBauToB (Y+= p*/n = ¢***) Cunbnoro
B3auMomeiicTBYS, CO CBOWCTBAMH aHTHBENIECTBA, MOA00HBIX To3uTpony (Y + = et) . Crpykrypupys
TaKyloO TJIa3My MarHuTHBIM (X— = p~) mojeM aHTHIIPOTOHOB MaJIbIX SHEPIUid, MBI ITOJIy4aeM 3JIEKTPO
(Y+ = X—) marautHoe 3aps10BO€ B3aMMO/ICHCTBHE HA OTHOCUTEIHHO JAIbHUX PACCTOSIHUSIX
Y+=p*/n)(X—=p7)(Y+= pT/n). D10 nepBas npuunHa GOPMUPOBAHUS CTPYKTYPHI B IeHTEPH EBON
r1asmMe. Mbl He TOBOPUM IIPU 3TOM O PaCUETHBIX MIJIOTHOCTAX (OPMHUPYEMOTO FJEKTPOMATrHUTHOTO
cummerpuyroro (Y +)(X—)(Y +) mons B miia3sme B COOTBETCTBUY C ypaBHEHUAIMUA MakcBeJuia,

rot,E(Y +) = —14 % .
p* p*
VYke B Takol CTPYKTypeE B ILJIa3Me, (Y+= 7) X—=p7) (Y+= 7) = HOJI, xak Henenumoii O6nactu

Jlokanusanuu IMHAMUYHOTO IpocTpancTBa-mMarepur. U yxe maccossie Tpaekropun (Y—=p*/n = %)

KBaHTOB CuIIbHOr0 B3aumonencTBusl HaXO4ATCA B BUXPEBOM ITOTOKE MaCCOBBIX TPACKTOPU I

(c*rotyM(Y—=p*/n) = g * @)

TOYHO TaKUX YPaBHEHHH, C MOCIEIYIOIINM MTEPEXOAUM B 3aMKHYTHIE BUXPEBBIC ITOTOKU (c * rotyM(Y —))
ux maccoBbix (Y—= p*/n) tpaexropuii yxe B nmone (X+= p~) CunbHoro Bzanmoeli cTBUS aHTHIIPOTOHA,
TO €CTb, IEPBUYHYIO CTPYKTYPY:

Xt=30) = (Y—=p*/n=e"NX+=p )Y —-=p*/n=e"").

U 310 BTOpas npudrHa GopMUpOBaHHS TaKOH CTPYKTYypHOU OopMBI B AeliTepreBoii iazme. U3
CBOMCTB IMHAMUYHOI'O MPOCTPAHCTBA-MaTEPUH, AHTUIIPOTOH MIPOCTO BBUIETAET, «TE€HEPUPYETCS», TO €CTh
«BBIOPACBIBACTCS» M3 TAKOW CTPYKTYPHOH (POPMBI yKe BEIIECTBA U yXKE SApa Telisl B KOHEYHOM BHJIE:

(Xt=3a) = (Y—=p*/n=e"")({Y—=p*/n=e""),
yxe 0e3 aHTUIIPOTOHA. «BBIOPOIIIEHHBII» U3 TAKOW CTPYKTYPhl aHTHIIPOTOH MaJjIbIX SHEPTUH,
CTPYKTYPHUPYET CIEAYIOLIHE U CIeAYIOIe KBAaHTHI IedTepreBol Iaa3Mbl, GOpMHUpPYsI, TAKUM 00pa3oM,
CEpUIO YIPaBISEMBIX TEPMOSIEPHBIX PEAKLIUH.
H+p +3%H - 3He+p~

Cerofiss, ynpapiseMylo TEPMOsIEpHYIO peakuto: (5H + 3H — He + in + 17,6MeV) co3naror B
asme. JTo pasHble sapa. B npoctpanctee-matepun (Y—= X+), 510 ($H + 3H) aHAJIOrUYHO COETMHEHHUIO
MacCOBBIX TpaeKTOpuil «rosutpona» (Y—=p*/n =e*) mm (Y—=e*), u «uporona» (X+= 3H = p**+)
wi (X+=p™*). [IpoTOH ¢ NO3UTPOHOM, C B3aUMHO NepreHAuKyIspHbiME (Y —) 1 (X—) TpaeKTOpHUSIMH, 3TO
BOJIOPO/I, B KOTOPOM BCE€ MJIET HA Pa3pbIB CTPYKTYPHI, B IJIa3Me B JaHHOM ciydae. M Toinpko pu yaapax B
BBICOKOTEMIIEpATypHOU 1a3me, B mosix (X+= p*) CusHoro B3zaumoneiicteusi, GOpMHUPYIOTCS BUXPEBBIC
maccoBble Tpaektopun (Y—=p*/n)(Y—=p*/n) = (X+= jHe), y’e HOBOIO 5A/pa, KaK yCTONIHBON
CTPYKTYPBHL.

Bonee spdextuBHBIME ycTTOBUSMU AJ1s1 yripaBisieMoi TepMmosiiepHoit Peakiinm, mpeacTaBisroTCs
BCTPEYHBIMU MTOTOKAMU JEHTEPUEBON TIA3MBbl, C TIEPIICHIUKYISPHBIM BIPHICKOM ITyYKOB aHTUIIPOTOHOB B
TOUYKE BCTPEUH MOTOKOB M1a3Mbl. CaM MOTOK ACHTEPUEBON IJIa3Mbl TIPEICTABIISIETCS YITPABIISIEMbIM
MTOTOKOM MOHOB, 00JIe€ YCTONYMBBIM COCTOSTHUEM IIa3Mbl. MITn  Heynpyrux CTOKHOBEHMUI NYyYKOB
feviTepusa HeboNbLUMX SHEPruiA, B Kamepe ¢ NepneHANKYAAPHbIMWU CUOBbIMU TIMHUAMMU CUNBHOTO
MarHuTHoro nons, 6e3 nepBMYHOM NAasmbl. ITo ByaeT yKe ynpaBaaembli «XONOAHbIA CUHTE3» renusa.
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MOAENE YNPaBAAEMOro "XONogHOro cuHTeza" renus Uz agep genrtepus.

v
\M—} = Av-Zp/n)
(v+) | s | (¥+)

Tm—
= 2(v-2p/n)
T

T—
%I:‘I’- =p/n) H;Z{: |
T

Monyyaemble anbda YacTULbI FPEOT BOAAHYIO pybaLLKy yXKe ynpaBaaemoro TepmosagepHoro
peakTopa. DHEPreTHY eCKUI BBIXOJ TAKOTO CUHTE3a CTPYKTYPUPOBAHHOM IJIa3Mbl PACCUUTBIBAETCS 110
CTaHJapTHOM cXeMe.

Am(2[2H]) = 2[(1,00866 + 1,00728) — (M,pre = 2,01355)] = 0,00478 aem
Am([3He]) = [(2 * 1,00866 + 2 * 1,00728) — (M,yre = 4,0026)] = 0,02928 aem.
AE = Am([3He]) — Am(2[2H]) = (0,02928 — 0,00478) = (0,0245) = 931,5MeV = 22,82MeV
2 rpamMMa (OAMH MOJIb) TAaKOM el TepreBOil M1a3Mbl S5KBUBAJIEHTEH 25 TOHHAM OE€H3MHA.

JI1s TepMOSIAEPHBIX pEeaKIMil C TPUTUEM IUIa3Ma He Hy>KHA. Jl0CTaTOYHO HEYIIPYTUX CTOJIKHOBEHUH
TIPOTOHOB BBICOKHX PHEPIrHUii Ha y’Ke FOTOBOM KoJlIaiifepe, ¢ aapamu Tputus SH +p*t — SHe.

Teopetnuecku, TpuTHii 6€3 COCTOSHUS TJIa3Mbl, BOCIIJIAMEHSIETCS B TEPMOSIEPHON peaKkluU U3 -3a
HEYNPYTUX CTOJIKHOBEHUI IPOTOHOB KOJUIAK1epa BBICOKMX dHEpruid. 1 yxxe ata TepMmosiepHas peakius
HarpeBaeT ropaszio OoJbIINe BHEIIHINE 00BEMBI IEHTEpUEBOH M1a3Mbl IO KPYTOBOW TPaeKT OpUU
3apsKEHHBIX HOHOB JEUTEpHUs C AadbHEUIIEH POLeAYPO CTPYKTYpUPOBAaHUS BCTPEYHBIX ITOTOKOB
JEUTEepUEBON T1a3MBbl ¢ BEPTUKAIBHBIMH TOTOKAMH AHTUIIPOTOHHBIX ITY4KOB.

Bropoii ciocob TepMosiiepHbIX peakiunii 6e3 MepBUYHON TJIa3MBbl, BBITOIHSAETCS HA BCTPEUHBIX
nyuxax sapa (3H) nefitepus HeGONBIIMX dHEPruii, B Heynpyrux cronkuosenusx: (H) + (2H) = (3He). B
9G(X+=3He)

oT
CHHTE3 si/ipa renust. Bo Bcex ciydasx, Hy>KHbI IPOOHBIE SKCIIEPUMEHTHI Ha YK€ FOTOBOM KoJlIaiiaepe.

COOTBETCTBUHM C YPaBHEHUSAMH AUHAMUKH: (Vy * oty 2M(Y—=p*/n) = ¢, * ), OJKEH OBITH

Bcst TennoTa HarpeToit masmel, a 310 u6o aeitrepuit (2H) cremuem (3He) , mubo tputuii (3H) ¢
remeM (3He) , B 060HX ciydasx, cOpachlBaeTcs B «BOASHYIO PyOAIlKy», ¢ HOBTOPHBIM HCHOIb30BAHAEM
IIPOAYKTOB IJIa3Mbl C yAajeHueM reiaus. Takas «BOASHYIO pyOallka», MOXeT ObITh YCTPOEHa BMECTE C
MarHMTaMu B KOHTYypax. DTH IPOIYKTHI IJIa3Mbl 0€30MaCHBI, SKOJIOTMYECKH YHUCTHI, U HE TPEOYIOT HUKAKUX
OYHUCTOK.

[IpencraBniseTcs BO3MOKHBIM HCIIOIb30BATh AHTUIIPOTOHBI MaJIbIX SHEPIUi aJPOHHOr O KOJUIAiaepa,
JUIs TIPOBEIEHUS TPOOHOr0 3KCIEPUMEHTA, C OCIENYIOLUIMM CO3JaHUEM YIIPaBIsIEMOr0 TEPMOSIEPHOT O
peakTopa. 37eCh MOKa HET PaCu€TOB NEPBUYHOMN IJIOTHOCTU JEUTEPUEBOM MJIa3Mbl 1 AaHTUIIPOTOHOB
IIPOTUBOIIOIOKHBIX UX 3aps110B, POPMUPYIOLINX IEPBUUHYIO CTPYKTYpY B Ia3zme. U 31ech HET moka
pacueToB HEOOXOIMMOM MJIOTHOCTH caMOM JIeli TepueBoil Mi1a3Mbl, KOTOpas CocoOCTBYyeT (OPMUPOBAHUIO
3aMKHYTBIX MAaCCOBBIX TpaeKTopuil kBaHTOB CriibHOro B3aumMopericteus B nosie CUILHOTO B3aUMOACH CTBUS
AHTUIIPOTOHA, YK€ KaK siipa renus.

BriBon.

31ech yKa3zaHbl IPUYUHBI, YCIOBUS U HEM30EKHBIE CIEACTBUS B CO3JaHUU YIPABIIIeMON

TepMosIepHOM peakiuu. M 31ech 1aHO TONbKO Ka4eCTBEHHBIN aHaIN3 TaKUX HE0OXOAUMBIX YCIOBUH.
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8.KBaHTOBaA 3anyTaHHOCTb
Abstract: MNpeacTtasneHbl NPUYMHBI U CNEACTBUA CBOMCTB YacTULbl M BOJIHbI, MPU NPOXOXKAEHMA KBaHTA
NPOCTPaAHCTBA-MaTeEPUM INEKTPOHA, GOTOHA, Yepe3 OAHY U ABe wenu. MNpuynHbl n cneacTsma TYHHEbHOTO
NPOXOXAEHWNS KBAHTA Yepes tobol NnoTeHUManbHbIM bapbep. M npeacTtaBaeHbl CBOMCTBA 3aMyTaHHbIX YacTUL, KaK
KBAHTOBbIE CBOIMCTBA NPOCTPAHCTBA-MaTEPUMN.
CopepaHue

1. AsyX wWeneBoi Npoxoa KBaHTa.

2. KBaHTOBas 3anyTaHHOCTb.

3. KsaHTOBbIE BblYUCNEHUA

CyuiecTByeT MHOXeCTBO MHTepnpeTaL i NPOXoXKAeHUA GOTOHA W 3/1IEKTPOHA, KaK KBaHTOB, Yepes ABe LWeu.
B oaHOM cnyvae Ha aKpaHe HabaogaeTcs AMdpaKkUMOHHas KapTuHa. B apyrom cayyae, npu puKcaumm npoxoxaeHns
KBAHTOB Yepes Le/lb, Ha IKPaHEe ecTb ABa NATHA HAMPOTMB KaXKAoW Wwenn. EcTb Takke GaKTbl poXKAEHNA 3aNyTaHHbIX
4yacTuL, C yAMBUTE/IbHbIMW CBOMCTBAMM, HAa OCHOBE KOTOPbIX CTPOATCA CaMble HEBEPOATHbIE CBOMCTBA, NEPCNEKTUBDI.
EcTb yKa3aHHble paKTbl, eCTb MaTEMATUYECKOE UX ONMUCAHNE, HO HET OTBETOB Ha Bonpockl: MOYEMY 3710 Tak? Mol
npeacTaBMM 3TM 3KCNepuMeHTaibHble GaKTbl, C OTBETamMM Ha Bonpocbkl MOYEMY, B pamKax akcMom AMHAaMUYHOTO
MPOCTPaHCTBA-MATEPUMN.
1. /Asyx wWeneBoi Npoxoa KBaHTa
PaccmoTprm SKCNepuMeHT NpoxoxaeHuna asyx wene keaHtom HOJI(Y+ = e) anektpoHa, aHanornyHoro

ksaHTy HOJI(Y + = y) poToHa. Mbl CXOAUM M3 CBOICTB, KBaHTa AMHAMUYHOIO NMPOCTPAHCTBA-MaTepmm. HanomHmum,
YTO peyb O NPOCTPAHCTBE-MATEPUN B Npesenax AMHAMUYHOrO yI/la NapasnesbHOCTU NPAMbIX AMHUIA. [Burasnch
BAOANb nyya, AC, Mbl He BUAMM AMHAMWYHOIO NPOCTPAHCTBA BHYTPU AMHAMMUYHOIO yraa napannenbHoctn OX. Mol
roBOPUM O APYron TEXHONOTMK CaMmUX TeopWii. EBKIMAOBOE NPOCTPAHCTBO B ocaX XYZ yKe He paboTaer.

Z

Xﬁh“‘“—hﬂ__h__ - \_/ v

Puc.1 agMHamMMYHOE NPOCTPAHCTBO NyYKa NapasnenbHbIX NPAMbIX IMHWUIA
CBoicTBa TaKOro NPOCTPaHCTBA-MaTEPUM Mbl y¥Ke paccmaTpmBanu. MpocTpaHCcTBO-BpeMS, 3TO YaCTHbIN ero
cny4at UKCMPOBAHHOIO MW HYNeBOro yrna napannensHoctu. Torga: (Yt=e™) = X+=v,)(Y—=yH)X+=v;),
[ONA SNEKTPOHA NOYYMM MOZAE/Ib TAaKOTO KBAHTA, C BUPTYasibHbiM GoToHOM () 1 c onpeaesieHHbIMU NapaMeTpamu.
TouyHo Takasa mogenb ¢otoHa (Yx=y*) = (X+=v)(Y—=y,; ) (X+=vS) B dn3nyeckom Bakyyme.

Puc.2 mopaenb KBaHTa 371eKTPOHa ($pOoToHa)
1

We _

3peck: (Y—) none napannenbHbix, C NpeAenbHbIM  COS @y max = = @, YIIOM NapannesbHocT1, U B

¢ 137.036
Kaxkaol GuKkcmpoBaHHoM BonHoBon dyHKumm (P;), onpeaensetca (—,) «nesaa» unun (+1;) «npasas» BONHOBAA

bYHKLUMA, MO OTHOLLEHMIO K ABUNKEHMIO K IEBOM M NpaBow wenu. Mpu dukcaumm(—y,)«nesor» BOAHOBOW GYHKUUY,
Mbl FOBOPMM O ee KoJI1arnce, U Npu STOM Mbl TOYHO 3Haem coctoaHue (+;) «npaBoi» BonHoBOM GyHKUMKM 6e3 ee

dukcaumm. [ina (£) sBonHosoi (P=Y-Yo) dyHKumu, i) = /(+1) (=) nonyumm  ipeel®t = j1he®*+i@t  dynkumio

X .
ypasHeHua [upaka u ee {e™) = ch (Y—)} , NapameTpbl C HemameHHbIMK aKcTpemanamm (a’(x) = 0) aMHamuuHoMN
0
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il )
TP Eax
ce4vyeHuA (Y —) TPAEKTOPUUN SNEKTPOHA (Vlnl/l d)OTOHa), 3TO BEPOATHOCTb COCTOAHWMA KBAHTA B d)VIKCMpyeMOf/'I TO4Ke,
npu konnance (P;) BONHOBO GyHKLMK. [0 CYTU, Mbl FOBOPUM O BEPOATHOCTM HaXOXAEHUA NNOLLAAN Kpyra:

oyHKumm (a(x) # const), 6e3 ckansapHbix 6030HOB KaNMBPOBOUHBIX Noneit. OTHoweHve naowagen (p =

(s = P?), c NnpeaenbHbIM yrIoM NapannenbHoCTH, COS ©y max = = @, B JONYCTVMOM MaKCUMa/lbHOM

137.036
ceueHun (s = P2 .x) Tpaektopun (Y —). B aHammnuHom cedernm (Y —) TpaeKTopmu, TO ecTb B MNOCKOCTM Kpyra

avHammnuHoro pagnyca (Wimax = Wo = Wimax) = (Ky) B KBAHTOBOW pensaTUBUCTCKOM UHAMUKE AMHAMUYHOM

da(X g , .
( ;,E = f'(x) = 0) dynrumm a(X) # const, BonHosan dpyHKunA ie't = i(cos wt + i sin wt) BbINONHAET ele
u

n nosopoTbl. Mpu atom: (i sin wt) = \/(+ sinwt) (—sin wt)) . Mbl rOBOPMM O CMUHE B KBAHTOBOM PENATUBUCTCKOM
AnHamuke. U npu auHammike (Ypax = Wo = Wingr) BOSHOBOW QYHKLUMK, Mbl TOBOPUM O AUHAMMKE Yria
napannenbHocTn (Cos @y max) Ha (Y —)Tpaektopun kBaHTa (Y+= e™) anektpoHa naum ¢oToHa, Kak obnaka
BEPOATHOCTM Ha ero AjivHe BoJHbl. Mpy 0KON0 HyneBbIX yrnax napannenbHoct cos (@y — 0) — 1, B KBaHTOBOM
PenATUBUCTCKOM ANHAMMKE, ucdesaeT anekTpudeckoe none (Y+ = e) anektpoHa Ha maccosoit (Y—=¢e) ero

, i ; i X
TpaekTopuu. Mpu 3TOM, KBAHT NPOCTPaHCTBa-MaTepum iPeel®@t = j1he**@t pggune: e®* =ch—, u
Y,
0

e'®t = cos (@y ), Hegennumoit O6nactn flokanusaumm obnaka BepOATHOCTM, OCTAETCA HEM3MEHHBIM B KBaHTOBOW
X o

HOJI = (Chﬂ - 1) (cos (py = 0) = 1), penatusBucTckoi AMHamuke. U B Takom, okono Hynesom (Y +) = 0,
0

3apAA0BOM COCTOAHMM 3/IEKTPOH MOKET NPOXOAMUTb tobble NoTeHuManbHble 6apbepbl. B EBKANAOBON aKCMOMATHUKE,
c Hynesbim (cos (@y = 0) = 1) yrnom napannensHoctT, auHamuku Takux (Y +) 3apagosbix nonei HeT v Takoe
npeacTaB/ieHMe HEBO3MOKHO.

Tenepb yxe B Takmux Kputepuax dsontoumm keaHta (Y+ = e) anekTpoHa, pacCMOTPUM ero cBOMCTBa npw
MPOXOXKAEHUN OAHOWN UK ABYX Weneil. OTMETUM TO, YTO BOIHOBAsA GYHKLMA XapaKTepu3yeT ANHAMUKY BCEX
napamMeTpom, B TOM YMC/IE SHEPTUIO M MMNY/bC. M OHa JaeT BEPOATHOCTb NPOABAEHMA TEX UK UHBIX (C MPUHLMNOM
HeonpeaeneHHocTu) Kputepres IBontoumn. UTak, BoNHOBas GyHKLMA 31EKTPOHa, U3 ypaBHeHUA Aupaka naet

CHayana K ogHom wenn. OHa (Y;) Konnancmpyet B N0ObIX KpUTEPUAX U Aanblue naet Kak i = /(=) (+y¢y)
4acTULA-BOJIHA, B «CNAPEHHOM» COCTOAHUM «3anyTaHHbIX» (—,) (+1,) BoaHOBbIX GpyHKUMI. Janbwe kaHT (Y +)
9N1eKTPOHA (PpOoTOHA) NonagaeT Ha IKPaH BAOAbL OCU NPOEKLMM LN, HA LWWMPUHE MAKCUMaIbHON BONHOBOWM

i
T Fhax
wenam c «nesoi» (—y,;) n «npasoi» (+y,) ceoer vactbto Y = /(=) (+Yy), B nobom (Yo = Yi = WUmax)
i
T“b?nax

Tpaektopun. Cama Tpaektopua (Y —= e) anektpoHa (Kak n ¢poToHa) MMeeT HeonpeaeneHHOCTb B MPOCTPaHCTBE B

npegenax iy = /(=) (+,) BoNHOBOWN dyHKUMM, KOTOpaa HaxoauTca B cynepnosnumm (—y,) (+1P,;) nesbix n

MpaBbIX YaCTe B HaNPaBAEHUM ABUMKEHUA KBaHTa Ha TpaekTopun (Y —) nepes nesoit v npaso wenbio. Mpu 3Tom,
npamoi Eskinaosoit (@ = 0) avHumn Ha (Y —) TpaekTopum HeT 1 370 peluatowmin paktop. Ectb ntoban gpyras (1))
NNHUA ¢ HeHynesbIM (@ # 0) yrnom napannensHoctu, B npegenax (Y —) Tpaektopun. Moatomy 31eKTpoH (poToH)
Bcerga, nponget imbo B feByto, MMBO B NpaByto LWeb, € Koanancom (Y;) BonHoson dyHKumu. Ecnmn byaet konnanc
«nesoi» (—;) BoNHOBOMN dyHKUMM, KBaHT (Y + ) anekTpoHa (GoToHa) MAET B NIEBYIO Wb, U SNEKTPOH UAET B

npaByto Wesb, Npu Koanance «npason» (+;) BonHoBon dyHKUMKU. HeT HMKakoro pasgenerus iy = / (=) (+yy)
BOJIHOBOW QYHKLMK, HEAENMMOTO U CTabUIbHOTO KBaHTa aNeKTpoHa (poToHa). B obomx ciyyasx neBoli M npaBoi
wenu, ato byaet npoxoa (P;) BoONHOBOM GyHKUUM B BUAE BONHbI BEPOATHOCTU, C OTK/IOHEHUEM Ha TOT UK

nHon(@ # 0)yrnom napannenbHocT, GopMmpys TOUKY Ha 3KpaHe. MHOXKeCTBO TOUEK Ha 3KpaHe JatoT rpaduk
pacnpeaeneHus NAOTHOCTU BePOATHOCTU. Yron napannensHoctn (¢ # 0) cootBeTcTByeT BEpOATHOCTU (Y;)
BOJIHOBOW QYHKUMK. PasHblie (;) yribl napannenbHOCTH, 3TO pasHble BepoaTHOCTU (P;) BONHOBOW dyHKLMKU. U B
060uX cyyanx U3 Kaxkaon Wwenm byaeT BbIXOAWUTb BOMHA € 3PdeKTOM MHTEpdEepeHLIMM MeXaHNYECKUX BOSH. U 3To He
¢dun3nyeckan BosHA c KonebaHnem nonei. ITo MaTemMaTUyecKas BOJIHA Konlanca BoAHOBOM GyHKuuM. Ha camom
aene, apdeKT MHTeEpdEpPeHUMK 34eCb, 06YCIOB/IEH HE C/IOXEHWEM IKCTPEMAel rpebHA BOJHDI, KaK B C/ly4ae Ha
BoZe, a yrnom napannenbHoctm (¢ # 0) keaHToBoM (Y —) TpaeKTopmu, KOTOPbIA B CBOIO O4Yepeab onpeaenser
BepOATHOCTb (1;) BONHOBOW OYHKUMW. 346Ch HET HAJIOKEHUI MAaKCUMYMOB UM MUHUMYMOB CaMOM BOJIHbI,
noAo6HbIX HANOXKeHUAM rpebHeli BoH Ha BoAe. EcTb nonagaHua B TOUKY 3KpaHa OAMHOYHbIX KBAHTOB C TOW UK
MHOMN BEpOATHOCTbIO Npu Konnance (Y ;) BOAHOBOW GyHKLMN. MHOXKECTBO 3/1eKTPOHOB (POTOHOB), NPOXOAMUT Lenb €
pasnnyHbiMu (1;) BONHOBBIMU GYHKUMAMM BAOJb A/IMHBI BO/THBI KBaHTa NPOCTpaHCTBa-MaTepun. U Ha akpaHe, 3To
NHTepdepeHLLMs BOJIH BEPOATHOCTH, Kak Konnanca (bukcauuu) (1;) BonHoBowW yHKLuMK. Mpu 3TOM, BEPOATHOCTb

bYHKLMN, C BEPOATHOCTBIO (p = * 0) .Tenepb (Y+ = e) KBaHT HanNpMmep 3/1eKTPOHA, MOAXOAMT K ABYM

COCTOSIHUM, C BEPOATHOCTLIO (P = # 0). Bonpoc, B KaKy!o We/b 1 Kak NpoiaeT 3NeKTpoH, Ha (Y —= e)
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nonagaHnA Ha UEHTPAJIbHYIO OCb 3KpaHa OT NieBon n npaBoﬁ wesan Kak 6bl YABanUBAETCA, NPU NMNPOXOXKAEHUN HEPES

NEBYIO UM MPABYHO LLeNb BOJIHOBOM QYHKUMM B 3anyTaHHOM cocTosiHum iy = /(=) (+;) . Mpu makcumanbHowm
BEPOATHOCTU (Wynqx) BONHOBOM GyHKLUMK, ecam neBan (—,) vactb yBoamT (Y —) Tpaektopuio Heaenmmoi
3HEeprum, UMNybCa KBaHTa B IEBYHO LWeb, TO Npasas YacTb (+1),) , TOM e 3Heprum, UMNyabca, NPOABAAETCA HA
LEHTPANbHOM OCK 3KpPaHa, U HA0OOPOT C NPaBOI YacTblo, B MPABOM WeNU. 34ecb Mbl 0OTBEHaeM He Ha Bonpoc KAK, B
MmaTemaTUYecKkux moaensax, a Ha sonpoc NOYEMY, To ecTb B Yem GU3NYECKUIA CMbICA, COAEPMKAHUE, NPUYNHA U
cnepcreme. MNoatomy LLeHTpasbHas OCb BCErAa Apye IEBOM UAM NPaBOM YacTu BCEN KapTUHDbI, C 3ddeKkTom
NHTepdepeHLMM «BOMHbI BEPOATHOCTMY. CMeleHuns (Y —) TpaeKkTopuit BIeBO MK BNPABO OT LLEeHTPasIbHOM OCU Ha
3KpaHe, obycnosaeHo yrnom napannensHoctu (@ # 0) kBaHToBoM (Y —) TpaeKTopwmK, KoAianca TONbKO «1eBOo»

(=) vnnn Tonbko «npasoi» (+1;) BoNHOBOMN dyHKUMM, B «3anyTaHHOMY i = /(=) (+,,) , (oaHOBpEMeHHOM)
MX COCTOSHUM.

Ecnm mbl pUKCMpPyem AaTUMKOM NPOXOXKAeHMe KBaHTa npocTpaHcTea-matepum (Y+= e™) anektpoHa unm
peanbHoro (He supTtyanbHoro) (Y+=y) ¢doToHa cBETOBOro /y4a, B N1E€BOIM AN NPABOIA LLEM, NPOUCXOANUT KOAMAMC

(duKcaums) Hepenmoit sHeprum, UMnynabea, Becen i =/ (—y,) (+,) BonHOBOMN PyHKLMKU. TO €CTb 3NEKTPOH
(dboToH) yrKe onpegeneHbl Kak HegeMMble YacTULLbI, C MOC/eAYOLLEN TPAEKTOPMEN YiKe KaK YacTuLpl. TOHKOCTH
BOMPOCA COCTOAT B TOM, YTO BOJIHOBAs QyHKLUMA PUKCUpYETCA (B Koalance) oAHOBPEMEHHO U neBoi (—Y,), v

npasoin(+i,) ceoeit iy =/ (—y,) (+yy) yactbio. Mpu atom, (Y —) TpaekTopumsa BbICTpanBaeTcs BAONb OCU
COOTBETCTBYHOLLEN LWENu, U Jasblue KBaHT NPOCTPaHCTBa-mMaTepuM NONajaeT Ha 3KpaH B BUAE NEBOM UM NPABOM

TOYKU Ha 3KPaHE. ,Cl,perlx BapnaHTOB 34€Cb HET, M 3TO HE NPOTUBOPEYUT CUMMETPUAM B3aMMOAEVI CTBVIVI, KakK
aprymeHTam. Camoe MHTEPECHOE TO, YTO Nocne d)VIKcaLI,MVI B 1€BOM UK npaBoﬁ wesn c nocheayrowmm aBnxKeHnem

4acTuL, B JIEBYIO U/IM MPABYHO TOUKY HA 3KPaHe, 3/1EKTPOH Man GOTOH coxpaHseT ceoto iy =/ (—,) (+;)BoNHOBYIO
bYHKUMIO, KaK BO/IHY BEPOATHOCTU C/ieAyoLmMX B3aMMOAEeNCTBUIA. M eN1o He B TOM, CMOTPEN Mbl Ha YacTuly Uau
He cmoTpenun. Ecam «KoT LLpeamHrepa ymep, 3HauMT, OH MePTBbI», 6e3 BapMaHTOB. TaKkMe CBOMCTBA He 3aBUCAT OT
TOrO «CMOTPMM» Mbl Ha CUTYaLMIO UK HET, U He 3aBUCAT OT CO3HaHWA HabatogaTtens. ITo CBOMCTBO CAMOro KBaHTa

MPOCTPAHCTBA-MaTEPUK, NPUYEM C ONpeaeneHHON BEPOATHOCTLIO «3anyTaHHbIX» cocToAHUM i = /(=) (+y)
BONHOBOM GYyHKUMM. COXpaHAIOTCA UK CTUPAIOTCA GUKCUMPYEeMble AaHHble O TOM, YTO 3TO eCTb YacTuLa,
3adUKCUPOBaAHHAA B LEAM, UM BOJIHA Ha 3KpaHe. To ecTb, MEHAIOTCA YC/IOBMA Koaamnca BONHOBOM GpyHKLMUK, HO
OCTalOTCS HEM3MEHHbIE CBOMCTBA CaMOM BONHOBOM GYHKL MU, KaK «ob1aka BEpOATHOCTU» ee CBOMCTB. Mbl roBopuUm
0 HEU3MEHHbIX M HEYHUUTOXMMbIX CBOMCTBAX CAMOr0 KBaHTa NPOCTPaHCTBa-MaTepun. X Henb3s «ctepetb», U eciu
3aMuMcbIBAlOTCA OAHM CBOMCTBA, APYrMe He ncyesatoT. MaTepusa He MOXKeT ncHesHyTb. U 3a4ecb HEBO3MOMKHDI
NMPVBOAMMbIE aHaIOTUK, TUMA: CBOMCTBA U/N ABJIEHWNE «CYLLECTBYET TO/IbKO TOrAa, KOrAa Mbl CMOTPUMY, UK
«BUPTyanbHaA peanbHOCTb» U NpovMe HeobocHoBaHHble paHTasnn. CBOMCTBA KBaHTa NPOCTPaHCTBa-MaTepum,
CYLLLECTBYIOT BCerga. 3To maTepus, U OHa He ucyesaeT. Bonpoc, rae, Koraa, Kak, U ¢ Kakol BeposaTHOCTbIO, 3TO Apyrue
BONPOCHI.

2. KsaHTOBas 3anyTaHHOCTb

Bonrosas pyHkuma i) = /(= )(+y_ ) B 3anyTaHHOM COCTOAHMM, UK e ¥ FOt g ypagHernu [upaka

Y. algT(X)—fﬂW(X) +iy, @W(X)_ 0

i u
YO0BNETBOPAET BOJIHOBON GyHKUMM (—1P, = e~ ) anektpoHa n (+y, = e*) nosmutpoHa ogHoBpemeHHO, B «mope

L
i —(Wt+
Oupaka» P = Ae'®t = Ae R(WEHPT) 1y [upak bbl1 yBEpPEH B CYLLECTBOBAHMM NO3UTPOHA, O YEM FOBOPUT €ro

ypasHeHue. Ckaxkem 6onblue, ecnn BonHosaa GyHkumsa i) = /(=Y )(+1 ) onucbiBaeT NpoTOH, TO CyLLECTBYET 1
aHTMNPOTOH, 1 Tak aanee. Mpuyem, B «Mope [MpaKa», 3N1eKTPOH-NO3UTPOHHAA Napa CYLLEeCTBYET, AW poxaaeTca,
KaK CerofHa roBopaT, B «3anyTaHHOM», O4HOBPEMEHHOM COCTOSIHMU. BaykHO 34eCb NOHMMATb, YTO 3aMyTaHHbIE
YacTULbl POXKAAOTCA B OAHOM KBAHTOBOM MOJie, NO YCN0BUAM A0MYCTUMbIX CUMMETPUA.

A) cKpbITble NapameTpbl.

EVLI,EM roBopuTb O CBOWCTBax 91EKTPOHA U NPOTOHA, KaK HeAE/TMMbIX KBAHTOB NMPOCTPaHCTBA-MaTEPUN B UX MOLENAX.

dnektpoHa: (Yr=e") = Xt =v,)YF=y*)(Xt=v;), nnpotoHa: Xt=p*) = Yt=y; ) XF=v.)Yt=y)n
¢otoHa (Yx=y*) = X+=v)(Y—=y; ) (X+=v;). Ux BonHOBbIE PYyHKUMKN 2(X+= v, )HEUTPUHO AN SNEKTPOHA U
2(Y =y )«TemHbIx pOTOHa» A NPOTOHa, BpawatoTea roty G (X+= v, ) nau rotXE(Y+= yg) BOKpyr ocu (Y—=)u
(X—) TpaekTopuM KBaHTa COOTBETCTBEHHO. ITO KaK CMWH BCEro KBaHTa 3/1EKTPOHA W/IM MPOTOHA B JAHHOM C/y4ae.
BakHO TO, UTO ABa KBaHTA 2(X+= v;) HEUTPUHO ANA 3neKTpoHa nam 2(Y+ =y )«TemHbix GoTOHa» AnsA NPOTOHa,

370 «ABe CTOPoHbI» (—1P,) (+1)y) «3anyTaHHbIX» BONHOBbIX GyHKUMIA, B BUAe i = /(= )(+_ ) nonHoit
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BOJIHOBOW QYHKLMK 3/1EKTPOHA MM NPOTOoHa. Kaxaan 13 3anyTaHHbIX BOAHOBbIX yHKUumA (—,) (+y), umeet
CObCTBEHHYIO BEPOATHOCTb NPOsABAEHUA CBOWUCTB Ha (Y —) naun (X—) TpaeKTopuK KBaHTA, COOTBETCTBEHHO, KaK bbl €
MPOTMBOMO/IOKHBIMW CMMHAMM OTHOCUTENIbHO EBKAMA0BON NPAMON, KaK TPAaeKTOpMM KBaHTa. ITO KacaeTcs U
(Y+=e”) anekTpoHa, n (Y+=y*) doToHa. B Kpyre cevenms iph(e'“t = cosiwt + isin iwt) 3TMX TpaeKTopWii, B
onbitax benna, GUKCMPYIOTCA MK HeT, NposBaeHns ceoicTs obweit iYY = /(= )(+y ) BonHOBOM dyHKLMM
3/1EKTPOHA UM NPOTOHA. U GUKCMPYIOT 3TU CBOWCTBA, C BEPOATHOCTLIO «3anyTaHHbIx» (—;) (+1),;) BONHOBbIX
bYHKUMI. U 3Ta BEpOATHOCTb By AET Pas3/IMYyHOM, B Pas3/IMYHbIX Yr/1ax MOBOPOTA AAaTYMKOB B IKCMEPUMEHTE. ITO KaK
6bl CKPbITbIE NMAPAMETPbI», O KOTOPbIX Mbl HUYETO HE 3HaeM Hanepes,. ITO 3anyTaHHble BONHOBblE GYHKUMU. Mbl He

MOKEM CKa3aTb, YTO B TOYKY GMKCALMM, M KONNAMCA 3aNYTaHHbIX BONHOBbIX GYHKUMIA, KBaHT i) = /(=Y )(+ )
ypaBHeHus Oupaka, npuget (—,)) wam (+,) BonHOBasA GyHKLMA, B Hanepes U3BECTHOM COCTOAHMU. Mbl 3TOro
He 3HaeM, 1 3HaTb HE MOXKEeM B MPUHLMME. DTU NapameTpbl CKPbITbl, HO HE MOTOMY, YTO UX HET. OHM ecTb BCeraa
(3MHWTeENMH npaB, «/lyHa ecTb Bcerga»). 9To CBOMCTBA KBaHTa NPOCTpaHCTBa-maTepun. OHU He ucyesatoT. Ho mbl He
MO’KEeM CKa3aTb TOYHO, YTO 3TV MAapaMeTpbl NpesonpeseneHbl B MOMeHT Koananca obuweit (i) BonHoBOM GyHKLMK.
M Mbl HUYero He 3Haem onpegeneHHo, nonoxenue (—,) uam (+Y;) B npocTpaHcTee-spemeru, Ha (Y—) uan (X-)
TPAEKTOPUU KBaHTa, 31EKTPOHA U NPOTOHA COOTBETCTBEHHO, B AAaHHOM caydae. ITo MOXKeT bbITb U toboit apyroi

KBaHT NMpocTpaHcTBa-matepun, c ity = /(= )(+1_) BoNHOBOI GyHKuMen | = Ae'®t = Ae™ 7WEHPD),

B) 3anyTaHHble YacTumubl.
O Tom KAK 370 «paboTaeT», cKasaHO 1 HanmMcaHo mHoro. Mbl 6yaem oteedaTtb Ha Bonpoc, MOYEMY 3T1o «paboTaeT»
TaK. Mbl rosopuau o «3anytaHHbix» (—,) (+;) BoNHOBbIX GYHKUMAX. EC/IM Mbl FOBOPUM, UTO KaxKao0M U3 HUX
COOTBETCTBYET 4acTMLa, TO Mbl FOBOPUM O 3aMyTaHHbIX YacTMuax. N 34ecb ecTb KNtoyeBble YCA0BUA POKAEHNA U
3BO/OLMM 3aNyTaHHbIX YacTul,. [lepsoe ycnosme — 3anyTaHHble YacTULbl POXAAIOTCA B OHOM, e4MHOM KBaHTOBOM
none. Bropoe — KpuTepun nx gMHaMMKM, NPOTUBOMO/IOXKHbI B 4OMYCTUMBIX CUMMETPUAX. 3TO raBHOeE.
PaccmoTpum, Hanpumep, aHanor KBaHToBoro (X—) noas NpoToHa, ¢ 3anyTaHHbIMK (Y1) TemHbIMK GOTOHaMM Un
3neKkTpoHOoB B eanHom (X— = Y+) npocTpaHcTBe-maTepun. byaem rosoputb gnsa npumepa o Asyx (Y+) KBaHTax B
PO AEHHbIX B 04HOM (X—) KBaHTOBOM nosie B TouKkax 1 u 2, B coepe.

Puc. 3. Mogenb 3anyTaHHbIX YacTuL,

Myctb (Y1) KBaHTbI NPOCTPaHCTBa-MaTEPUN, POXKAAIOTCA B O4HOM KBaHToBOM (X—) none ¢ EBkNMaoBoi
nsotponueli napannenbHbix (L;) npambix avHuin B cdepe (ry < R) HectaumoHapHoro EBKMAOBOro NpocTpaHcTBa-
mMaTepun, ¢ guHamuuHbim (@ # const) yrnom napannensHoctu. 3tu (Y1) keaHTol, B (X—) none, Hanpumep $oToHa
NN SNEKTPOHA B AaHHOM Cy4ae, POXAEHbI B HEKOM AONYCTUMON CUMMETPUM OBLLErO COCTOAHUA. 3HAA COCTOAHME
(Hanpumep, cNMHa) O4HOrO KBaHTa, 3HAs UX SOMYCTUMYIO CUMMETPUIO, Mbl TOYHO 3HAaEM U FOBOPUM O COCTOSIHUM
Zpyroro KeaHTa. [OBOPAT NpK 3TOM, YTO NpU Konnance ogHol (—iP;)BONHOBON GYHKLUMM «MHOOPMALUA MTHOBEHHO
nepeAaeTcs» APyroMmy 3anyTaHHOMY KBaHTY, KOTOPbIN Y3HAET, YTO eMy HaAo KoAlancupoBsaTtb B cocTosHue (+1;)
BOJIHOBOM QYHKLIMM, KaK MO MOAY/0 BEPOATHOCTU, TaK U «MO HaNpas/ieHUo» B AONYCTUMON cuMmmeTpun. Mpuyem
«y3HaeT» MFHOBEHHO Ha «4yA0BULWHbIX (R — ©0) pacctoaHuMAX” B AMHAaMUYHON cdepe ¢ EBKANA0BOI U30TpONUEN.
370 TO, YTO HAbAOAAIOT U PUKCUPYIOT B IKCMEPUMEHTAX. KntoueBOM MOMEHT B TOM, YTO 3amyTaHHble YacTULpbI
HMKaKoM MHpopMaLMmM Apyr APYry He nepesatoT. ITO 3a/10XKEHO B UX CBOMCTBAX, BUAUM UAU UKCUPYEM Mbl UX B
NPOCTPaHCTBE-BPEMEHM MUK HET. Haao ckasaTb, YTo B EBKNINMAOBOM NPOCTPAHCTBE Mbl HE BUAMM HUYETO, U3 CBOUCTB
ANHAMUWYHOrO NPOCTPAHCTBA-MaTEPUK, KPOMe «0b1aKa BEPOATHOCTU Y.

N 3pecbk mbl oTBevaem Ha Bonpoc, MOYEMY 370 TaK «paboTaet». Knaccuueckasa cxema roBopuT 0 TOM, YTO
€C/I1M Mbl HEKOM YacTuuen (3), Bosgeincteyem Ha YacTuuy (1), KoTopaa M3MEHSET NPy STOM CBOWM CBOMCTBA, TO «3Ta
MHPOPMaLMA MIHOBEHHO NepeaaeTca» 3anyTaHHOM YacTuue (2), KoTopas yXKe CUHXPOHHO, TO eCTb MTHOBEHHO, TOXKe
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MEHSET CBOM CBOMCTBA HA NPOTMBOMO/IOKHbIE. CKaxKkeM Cpasy, YTo 3TO paKTbl PeasibHOCTU U CBOMCTBA AMHAMMWYHOIO
npocTpaHcTBa-maTepumn. OHU ecTb. Bonee Toro, ecnum Kaxkaok 3anyTaHHOM YacTULE COOTBETCTBYET CBOA TPAEKTOPUS
(L;), To TakMx 3anyTaHHbIX YacTuL, B KBaHToBoM (X—) nosne, byaeT MHOXecTBO. BOT TONbKO HET H1KaKoW nepesayn
MHPOPMALMN MeXKAY 3anyTaHHbIMM YacTULLAMK. DTO peasibHO paboTaerT, ecin Yactmua (3), MeHaeT CBOMCTBa
yactuupbl (1) usmeHeHnem obuero n eanHoro (X—) nons, B KOTOPOM POXKAEHBI 3anyTaHHble YacTmubl (1) n (2), Toraa
MEHSIOTCSA Ha MPOTUBOMO/IOMXKHbIE (B CUMMETPUAX) U CBOMCTBA M YacTMLbl (2). Tpybo roBops, 3TO KaK eCciv Mbl TAHEM
HEKUM npeameTom (3) ckaTepTb Ha cTone, Nnogonsuran K cebe yawky (1), cKarkem Tak: MeHAem coCToAHMeE Yalku (1).
Mpu 3TOM CBOE COCTOAHME BYAET MEHATH M YallKa (2) Ha aToM e cTone. Hukakol nHbopmaumm yawka (1) He
nepeaaert YallKe (2), M HET HUKAKoro Bo3aelncTemaA npeamerta (3) Ha yawKy (2). MHaye roBops, Bo3aencTeys
Yactuuei (3) yepes KeaHToBoe (X—) nose Ha YacTmuy (1), meHss ee CBOMCTBA, HAaNPUMeEP MEHSAA ero NoTeHuman
(yckopeHue Ha anvHe). Toraa camo KBaHToBoe (X—) none, MeHAEeT U CBOMCTBA YacTuLpl (2). Henb3s meHATL
cBOWCTBa KBaHTOBOro (X—) noss, TONbKO B IoKauum Yactuubl (1). 3To KBaHTOBOE NOJIE, OHO He AennTcA. B akcmomax
AVHAMUYHOTO NPOCTPAHCTBA-MaTepMm Mbl rosopum o Hegenvmoii O61actu JIokanmMsaumm KBaHTa NPOCTPAHCTBA-
MaTepun. ITo HenoKanbHoe ana vactuy, (1) n (2) usmeHeHune nx ceolicts, nocpeacrsom scero (X—) nons. Bot
MOYEMY «3T0 Tak paboTaeT». Bcakne nHtepnpetaummn B « EBKIMA0BOM» NPOCTPAHCTBE-BPEMEHN O TenenopTaLmax,
nepegayax CBEPXCBETOBOM MHMOPMALMM, KOHTAKTaX M TaK fasiee, MATKO rOBOPA, HE KOPPEKTHbI, U HE UMEeIoT
aprymeHToB. Mbl paccmaTpuMBaaM CBOMCTBa NPOCTPaHCTBa-maTepun BceneHHol. Mbl paccmaTpyBanum cBolicTBa
MHOroypoBHeBOro GM3N4eCcKoro Bakyyma, 1 no ¢popmynam Teopumn IMHLWITENHA M KBAHTOBOW PENATUBUCTCKOM
AVHAMUKM (MOLHO FrOBOPUTb O KBAaHTOBOM TEOPUM OTHOCUTEIBHOCTM), TaK BOT B 3TUX TEOPUSAX AOMYCKAOTCS
CBEPXCBETOBbIE CKOPOCTM B MHOTOYPOBHEBOM PU3MYECKOM BaKyyme. M 3TO Te peasnibHOCTU, KOTOPbIX Mbl eLe He
BMANM. Ho ecTb HEMPOTMBOPEYMBBIE TEOPUM, U €CTb GOPMY/Ibl PACHETOB.
1. KsaHTOBbIE BblYUCNEHUA

PaccmoTpuMm, 4TO NPAKTUYECKK, Ha CBETOBbIX CKOPOCTAX Nepenadym MHGopmaLmm, UM BO3L4ENCTBUA, MOMKHO
caenaTtb € 3anyTaHHbIMM YacTULAMK. KaKkne yCnoBUA Hy»KHbI ANA CO34aHMA TaKMX 3aMyTaHHbIX YacTuUL, U BO34EeNCTBUA
Ha 3anyTaHHble YacTULbl. ITO KoAbl, WNdpPbI, KBAHTOBbIE KOMMbIOTEPbI, KaK 3TO PaboTaeT U HACKO/IbKO 3TO BCE 3TO
peanbHo. Kak y»Ke oTmedanu, 3anyTaHHbIe YacTULbl A0JIXKHbI POXKAATHCA B OAHOM KBaHTE NPOCTPaHCTBA-MaTePUN.
Kpome cTabusibHbIX GOTOHOB, 3/IEKTPOHOB, NPOTOHOB, A4P0 CTabU/IbHOrO aTOMa, Kak M Cam aTOM, 3TO TOXKE KBaHTb!
NPOCTPaHCTBa-MaTepPUM. BTOpoit MOMEHT, GOH COCTOAHUSA U BO3LENCTBMA Ha 3aMyTaHHble YacTuLbl. Hanpumep,
opbu1TasibHbIE 3/TEKTPOHbI OAMHAKOBbIX aTOMOB, Ha OANHAKOBbLIX OPOUTAX, MMEIOT OANHAKOBbIE YPOBHU 3HEPrnn. ITo
MHOECTBO BO/IHOBbIX GyHKUMK. O6ay4as rpynny aTOMoOB KOrepeHTHbIMW poToHamu (nasepa) 1 gobusasce
HEKOTOPbIX 3IMEPAKEHTHbIX CBOWCTB O4HOMO OpP6bMUTaNbHOIO 3/1EKTPOHA, Mbl TOYHO 3HAEM COCTOAHMUA BCEro
MHOMEeCTBa BOJIHOBbIX QYHKLMIA 0pbUTaNbHbIX 3/IEKTPOHOB BCEM rPynmnbl aTOMOB. TaKoe COCTOsIHNE OpOUTaNbHbIX
3N1€KTPOHOB rPynnbl aTOMOB, MOXHO NPOrPaMMMPOBaTh 3HEpPrnein obayyeHns nasepa. Mbl MoXKem Aenatb 3TO B TOM
AN MIHOM MPOCTPAHCTBE, Ceiyac UaM NOTOM BO BpemeHU. MHOXKECTBO ApYyriX rpynn aTOMOB, 3TO MHOMKeCTBO
APYrvX Nporpamm nx obydeHuns. Mbl MOXKEM 3aMMCbIBaTb JIA3€POM M CHUMATb TaKMe IMEPAKEHTHbIE CBOMCTBA, KAk
MHPOPMaLMIO, U PeYb UAET Y¥KE O KBAHTOBbIX KOMMNbIOTEPAX, B PU3NYECKM AONYCTUMbIX CBOMCTBAX.

Tema MCKYCCTBEHHOIO MHTE/I/1IeKTa KBAHTOBOIO KOMMbOTEpa BECbMa MHTepecHas. KntoueBon MOMEHT, 3TO
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KBaHTOBOE COCTOAHME C MPUHLMNOM HeonpeaeneHHOCTM (BONHOBOI dyHKUmeit) | = Ae'®t = Ae n(WEHPT) |y

3aMnyTaHHOr0O COCTOAHMA, KaK CBOMCTBAaMM KBAHTOBOTIO NosA. Kpome GpU3nyeckmx NpUHLMNOB CO34aHMA 3anyTaHHbIX
BEPOATHOCTEN KBAHTOBbIX COCTOAHMI B MHOXECTBE MCXOAHbIX MapaMeTpoB, C BbIGOPOM NPaBMIbHOIO peleHmna aas
BBOAUMON MHGDOPMALMU, HYKEH eLlle U MaTeMaTUYEeCKUIt GopManm3m Takon AMHAMMUKM («KMbILLNEHUAY), OaKOLLMIA
YEeTKUI U OAHO3HaYHbIN pe3ynbTaT B MakpocucTeme. Maea B TOM, YTO TaKyto BOIHOBYHO GYHKLMIO HAA0
«BbIPALLMBATL» B MHOMECTBE BOIHOBbIX PYHKLMA MHOXKECTBA MCXOAHbIX MApamMeTpoB. ITO MOXKHO AeNnaTb, Co34aBas
BOJIHOBYO GYHKLMIO BCErAa MeHblle eauHULbI, KaK OTHOLWEHMe AOMYCTUMOro AnanasoHa pacnpeaeneHHon B
NOObIX aNrOPUTMAX SHEPTUM K MAKCUMAJIbHOW, BBOAA MUX, KaK Hanpumep, KoadpuuneHTbl «6asncHbIX BEKTOPOB»
MaTpULLbl COCTOAHKA. Mbl Kak-6bl popmmnpyem «CcosHaHMe», HaxoAACb PAAOM C 3HaHMeEM). 3a Ba3UCHbIe
MHOrOMepHble «eAUHUYHbIE BEKTOPbI» MOXHO BbI6MPaTb YTO yrogHo. Hanprumep, MHOXeCTBO Ba/1lOT, MHOXECTBO
nogen. Ecan mbl rosopmm o dmsmKe nam MHGOPMaLMM KBAaHTOBOrO KOMNMbIOTEPA, TO 3TO, CKAXKEM, COCTOAHUE
MHOMECTBa 3anyTaHHbIX (B OANHAKOBbIX aTOMaXx, Ha OANHAKOBbIX OpbUTax) opbUTaNbHbIX 3IEKTPOHOB (MX BONHOBbIX
OYHKUMI) AN « CHUMAEMbIX» UX MPUOBPETEHHbIX SMEPAYKEHTHbBIX CBOMCTB, NMOC/E BO3AENCTBUA Ha HUX BBOAUMOWM
nasepom nHbopmaumun. Ho Beogmmas BonHOBAA GyHKUMSA, KaK MHOOPMALMA, K PE3OHUPYET» C «KNPaBUIbHbIMY»
3/IEMEHTOM TaKoro, HanpMMep MHOXecTBa MMHOPOB MATPULLbl UKW APYTUX aITOPUTMOB BbIMMCIEHUI COCTOAHMUS,
AaXKe C MaJioi BepOATHOCTbIO. XOTS B MHOYECTBE BOJIHOBbIX GYHKLIMIA MOXKHO BbIOpaTb M MaKCMMasbHYHo (No
aHeprnun) n paboTaTb C TAKMM SKCTPEMYMOM. B pe3oHaHce, MX OTHOLLEeHWe AaeT «1», KoTopas nepesoauTcaA B
0BbIYHYIO ABONYHYIO CUCTEMY KaK Y}Ke yNpaBAsABLUMA CUTHAN B MHOMECTBE KOMBUHALUMI YKe MaKPOCUCTEMBI



0bbI4HOro KOMIMbHOTEPAQA, YKE C HETKMM N OAHO3HAYHbLIM PE3Y/IbTAaTOM. Camo pacnpeaeneHne sHeprmm no sNeEMeHTam
MHOXeCTBa COCTOAHNA CUCTEMDbI, BBOAUTCA AaTYNMKaMUN UNTN PACCHUTLIBAETCA MO a/INOPUTMaM pacnpeaeneHma nam
yCnoBuA COCToAHUA. Hy, 3TO KaK naed, KOTopyro KOHEYHO e Haao eule npopa60TaTb ANA KOHKPETHbIX C1y4aeB.

9.CBepXBbICOKOYACTOTHbIE FPABUTALUOHHbIE BOJIHbI.

Abstract: ECTb Le/b MHULMATUBbI UCCeA0BaHUA CBEPXBbICOKOYACTOTHbIX FPaBUTALLMOHHbIX BOJIH:
«lpaBMTaLLMOHHbIE BOJIHbI Ha YacToTax Bbiwwe 10 Kl Hen3bexxHO BO3HMKAIOT B pe3y/ibTaTe KAaKUX-TO ABNEHWN,
BbIXOAALUMX 33 PaMKn Ppu3nKK CTaHZAPTHOM MOLENN, TAKMX KaK IK30TUYECKME acTpodU3mY eckne 06beKTbI UAn
Kocmonornyeckune cobbiTvsa B paHHeln BceneHHol». O4eHb MHTEPECHas Lefb, HO C HeonpeaeneHHbIMU
npeacTaBAEHUAMN NPUYNH NOABAEHMA N CBOMCTB, FPaBUTALMOHHbIX BOJH.

[Ja, ecTb GaKT U SIKCNEPUMEHTbI AETEKTUPOBAHUA FPABUTALMOHHbIX BOJIH, B JAHHOM C/ly4ae acTpopusnyeckmx
061bekToB. HO, 4TO TaKoe, B JAHHOM C/ly4ae rpaBmTaLMOHHaA BosHa? ECTb NOHMMaHKe, Y4TO 3TO Nepuoanyeckoe
HaNOXEHME «NPOBANOBY NPOCTPAHCTBA, B HAMNPABNEHNUN WMCTOYHUKA TaKUX FPaBUTALLMOHHbIX BOJIH, TO eCTb
BPALLEHMA ABYX CBA3AHHbIX MaCCUBHbIX acTPOdU3NYECKMX OO BEKTOB, HEUTPOHHbIX 3BE3/, «4EPHbIX AblP». MOXHO
AaxKe CTPOUTb MaTeMaTUYECKME MOAENN BPALLLEHUA MACCUMBHDBIX chep C onpeaeneHHON YacToToM, B paMKax TeX Uam
MHbIX ypaBHeHUN. Ho maTemaTuKa oTBevaeT Ha Bonpoc KAK? A ¢usmka oTeedaeT Ha Bonpoc MOYEMY? B pamkax
O6wwei Teopnmn OTHOCUTENBHOCTU INHLITENHA, Mbl FOBOPUM 06 MCKPUBIEHMM NPOCTPAHCTBA-BpEeMEHU B6AM3M
NCTOYHMKA SHEPIMN-MMINY/IbCA, MAacCUBHbIX cdep B JaHHOM cay4ae. M 34ecb BO3HMKAeT MHOIO BONPOCOB.

rPaBUTALMOHHbDIE BOJIHbI.

YpaBHeHUA INHLWTENHA ONUCbIBatOT GUKCUPOBAHHbIE FPABMTALLMOHHbIE NOTEHLMANbI B AAHHOM TOUYKe
NPOCTPAHCTBA-BPEMEHM, YTO XOPOLLO COOTHOCUTCA C PUKcaumen $HaKToB rpaBuTaL MM B IKCNepumeHTe. Ho novemy
BO3HMKAET rpaBUTALlMOHHbIN NOTeHUMan, oTBeTa HeT. M3 ypaBHeHMsA O6wel Teopun OTHOCUTENBHOCTM DMHLUTENH],
KaK MaTeMaTU4YeCKOM UCTUHbI B AMHAMMUYHOM NPOCTPAHCTBE-MATEPUM, NPAMO CNeaytoT yPaBHEHUA KBaHTOBOW
rpaBuTaLmmn. M yxKe B HanpaBAeHUM UCTOYHMKA FPaBUTaLMKN, Mbl TOBOPUM O KBA3M NOTEHLUMANbHbIX KBAHTOBbIX
rPaBUTALMOHHbIX NOAX YCKOPEHUA MAaCcCOBbIX TPAaeKTopuin. Mx cynepnosmuma oT MHOMXKeCTBa (KBaHTOBbIX) MPOTOHOB
B MaccuBHOW cdhepe, popmupyeT obLiee rpaBUTaLMOHHOE Noae YCKOPEHWN, MAacCUBHOM cdepbl B JaHHOM Cay4ae.
BHUMaTeNbHbIV YMTaTENb YXKE 3aMeTU/ C0BA FPaBUTALLMOHHOE MOJ1e YCKOPEHUIA U MACCOBbIE TPAEKTOPUN B ITUX
nonax. MMeHHO NO MAacCOBbIM TPAEKTOPUAM 3/1IEMEHTOB AETEKTOPOB, Mbl ONpPeAENAeM rpaBUTaLMOHHbIE NOJA.

ITO TO, YTO MOKHO CAENaTb, M 3TO AENAETCA, B PaMKax EBKNMA0BOM aKCMOMATUKM NPOCTPaHCTBa-BPEMEHM.

1. «To4Ka ecTb TO, YacTb Yero HM4YTo») («Hayana» EBkAnAa). nan ToUKa ecTb TO, YTO HE MMEET YacTel,

2. JINHUA — gAnHa 6€3 WKPUHDI.

3. W 5-i nocTynat o napannenbHbiX NPAMbIX IMHUAX, KOTOPbIe He nepecekatoTca. Ecnm npamas, nepeceKkarolas e npsmble,
06pasyeT BHyTPeHHME OAHOCTOPOHHUE YI/bl, MEHbLUNE ABYX NPAMbIX, TO, MPOAO/IKEHHbIE HEOTPAHUUYEHHO, 3TU ABE NPsAMble
BCTPETATCSA C TOM CTOPOHbI, rAe Yr/ibl MEHbLUE ABYX MPSAMbIX.

o+ i< 1807
205051

puc. 1 EBKAMAOBas aKCMOMATUKa
To ecTb, Yepes TOUKY BHE NPSAMOI, MOXKHO MPOBECTU TONIbKO OA4HY NPAMYIO, NAPANIENbHYIO INHUIIO.
B akcMoOMax AMHAMWYHOrO NPOCTPAHCTBA-MATEPUMN, Mbl TOBOPUM O MHOXKECTBE MPAMbIX TNMHUM
napaanefbHbIX UCXOLHOW NPAMON IMHUM B Npeaenax Bceraa AMHaMUYHOrO yriaa napannenbHocTu.

o — ——— x
-
— _—
_H_\_-‘_"\-_.___\_H_- ——

Puc.2 gMHaMMYHOE NPOCTPAHCTBO NyYKa NapaanebHbIX MPAMbIX TUHUNA.
MapannenbHbIX, 3HAYUT U3OTPOMHbIX, C OANHAKOBLIMM CBOMNCTBAMM, MO OTHOLLEHUIO K BHELWHeMy mupy (AC— <o), B
npegenax AMHaMUYHOrO yraa NapannenbHOCTH, Mbl FOBOPUM O AMHAMWYHOM NPOCTPAHCTBE, KaK popme maTepuu,
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rNaBHbIM CBOMCTBOM KOTOPOW eCTb ABUKeHWe. HeT maTepumn BHe NPOCTPaAHCTBa M HAOBOPOT, HET NPOCTPaHCTBa 6e3
maTepun. U3 aTnx paKkToB = aKCMOM, MPOCTPAHCTBO-MAaTePMA 3TO OAHO U TOXKE. U yKe YaCTHbIM CiyHaem
$OMKCMPOBAHHOMO COCTOAHMA AMHAMMUYHOTO NPOCTPAHCTBA-MATEPUM, ECTb MPOCTPAHCTBO-BPEMA BCEX TEOPUIA.
FNaBHbIM CBOMCTBOM AMHAMMUYHOTIO MPOCTPAHCTBA-MaTePUK, eCTb AMHAMUYHDBIN (@ # const) yron napanienbHoCTu.
Mpwn aTom EBKAMA0BOE NPOCTPAHCTBO B 0CAX XYZ TepAeT CMbIC/I.

i S|ICHD|K
\/\ /\/x X
25 S s The 1

WS
= SCEsT Y

Yl 2
pu1c.3 AMHaMMUYHOE NPOCTPaHCTBO-MaTepua
B pamkax cetkn EBknaosbix (¢ = 0) oceld, Mbl He BUAUM AnMHamuuHoro (X+= Y —), (X—= Y+) npocTpaHcTBa-

MaTepuu, U Mbl HE CMOXKEM €ro npeacTaBuTb. [03TOMy BBOAATCS aKCMOMbI AMHAMUYHOIO NPOCTPAHCTBA-MaTepum,
KaK paKTbl He TpebyloLWmxX AoKa3aTeNbCTB. YpaBHeHua O6ueli Teopumn OTHOCUTENbHOCTM DMHWTEHA ONMUCHIBAKOT
dUKCMPOBaHHbIE rPaBUTALLMOHHbIE MOTEHLMabl. B KBaHTOBbIX NOASAX TaKaA GUKCALLMA CONPOBOXKAAETCA TOW UM
WHOW A0Nei BepoATHOCTU NPoABAEHNA Ntobbix KpuTepmnes IBONIOLMU KBAHTOBOrO NoJA, B PamKax BOSIHOBOM
GYHKLUMM KBAHTOBOIO NoAA. B Knaccnyecknx npeacTaBieHnUsaxX Mbl ToBOPUM 06 31eKTpo ( Y+ =X-) MarHuTHbIX Noasx B
ypaBHeHMAX MaKcBenna, C COOTBETCTBYIOLLMMU 31EKTPOMArHUTHbIMU BOTHAMM, B PaMKax NPOCTPaHCTBA-BPEMEHH,
YacTHOro C/y4asa NPOCTPAHCTBA-MaTePUN. B paMKax akCMom AMHAMUYHOrO NPOCTPaHCTBA-MaTepPMK, BbIBOAATCA B
eANHON MaTemMaTUYECKOWM UCTUHE, YPaBHEHMSA AMHAMUKM 3NeKTPO ( Y+ =X-) MarHuTHbIX U rpaBuT (X+ = Y-) MmaccoBbix

nonen.
JE(Y+ 3G (X+
c*rotyB(X =) =rot,HX —) = ¢ % +AE(Y+) cxrotyM(Y =) =rot,N(Y =) = ¢, * —;T ) +1xG(X+) 12
OH(X— 0B(X— ON(Y— oM (Y-
rotyE(Y +) = —py o = — 202, M(Y-) =, * N(Y=); Tot, GUXH) = —p, » 202 = M0,

MoaTomy, UCXoaA U3 CBOMCTB AMHAMUYHOIO NPOCTPAHCTBa-MaTepum, NogobHO duKcaunm
3N1EeKTPOMarHUTHbIX BOJIH B NoJie BceneHHOW, Mbl AO/KHbI TOBOPUTL O PUKCALLMM FPAaBUTMACCOBbLIX BOJH, B 1H0OOM
UX BUAE, B 3aBUCMMOCTU OT UX UCTOYHMKA. TO, UTO B SKCMEPUMEHTAX YrKe 3adMKCUPOBAHbI FPaBUTALMOHHbIE BOJIHbI,
TO 3TO 06PAa3HO roBOPSA, KBOJIHbI HA BOAEY, B NPOCTPAHCTBE-MaTepUn. HeT CBOMCTB «BOAbI», U HET CBOMCTB
«MOIEKYN BOAbI». HeT oTBeTa Ha BOMpPOC, NoYemy BO3HUKAIOT Ntobble, KNacCUYEeCKMe UM KBaHTOBblE
rPaBUTALLMOHHbIe NoAs. M yxKe oTBeYas Ha 3TM BONPOCHI, MOXKHO OTBEYATb Ha BONPOCHI, YTO Mbl ULLLEM, U KaK Mbl
6yaem nckatb.

CyAA no HaueneHHOCTU NMOUCKOB BbICOKOYACTOTHbIX FPaBUTALLMOHHbIX BO/H, Ha acTPOdM3MYECKMUX 0BbeKTaX,
KaK MCTOYHMKAX TaKMX BOJIH, MOXHO rOBOPUTb O AMHAMMKe BbICTPO BPALLAOLWMXCA 06 BEKTOB, YTO IOTUYHO.
MogaennpoBaTb Takne 06beKTbI, UX AMHAMUKY, PACCHMTbIBATb CBOMCTBA BblCOKOYACTOTHbIX FPAaBUTALLMOHHbIX BOJIH,
3/1eMEHTOB AETEKTOPA, M NPUHLMMbI PUKCALUMM TaKUX BOJIH. ITO KaK Obl HOBbIV MCTOYHUK MHPOPMaLUK O
BceneHHoW. U 3To BABOWHE MHTEPECHO NPOBEPUTL Ty WU UHYIO TEOPUIO, C BIXOAOM HA Takue peanbHOCTU. U aTo
KaK 6bl MOMEHT UCTUHbI TON MW MHOM TEOPUM, CKAXKEeM, KaK 3TO paboTaeT B AMHAMMUYHOM NPOCTPAHCTBE-MaTEPUN.

NCTOYHUKOM FPaBUTaLMOHHOIO MOAA, BO BCEX C/Iy4anX, CTb €r0 NOTEHLLMAS, TO €CTb YCKOPEHUE Ha A/InHe. A
HOCUTE/IEM TaKMX FPaBUTALMOHHbIX MOTEHLMAN0B €CTb SHEPIMUA-UMMY/IbC B YypaBHEHUN JMHLWITEMHA. TaKas TPaKTOBKa
nonyckaet Hynesyto maccy, (m?c* = E? — p?c?) B ueHTpe «YepHoi [bipbl», NPM HAAUYMM €€ SHEPTUM U UMY /bCa,
9KBMBANIEHTHbIX Macce «4epHoMl aplpbl», N0g06HO HyNeBOWM Macce KBaHTa GOTOHA. ITO BECbMA 3anyTaHHble NOHATUA
EBK/IMA0BOI aKCMOMATUKM NPOCTPAHCTBA-BPEMEHM, M OHM HE al0T OTBETa HA BOMPOC, noYemy TaK. EcTb MHepTHas
mMacca, rpaBMTaLMOHHAA Macca, Macca 4acTuL, U3 SHEPrMM BaKyyma, Macca NoKos... MHOroBapuaHTHasa macca. U
BOMPOC rPaBUTALMOHHbIX, ELLLE U BbICOKOYACTOTHbIX BOJIH OT TaKMX MAcC, BECbMA Heonpeae/ieHHbIN.



B pamKax AMHaMWYHOro NPOCTPaHCTBa-MaTepun, BMecTo «YepHoli [bipbi», B KOTOPOK Teopua JHWTENHA
NpPOCTO He paboTaeT, Mbl roBopuM 0 «YepHbix Chepax», B NPOCTPAHCTBO-MATEPUIO KOTOPbLIX Mbl MOMACTb HE MOXKEM.
Takue «YepHoit [blpbl», NPUTATMBALOT, PACTATMBAKOT MACCbl, HO HE MOI/IOLLAIOT MaTeputo, Aaxe POTOHbI. POTOHbI
KPY*KaTca BOKPYr Taknx «YepHbix [blp», HE MPOHWMKas BHYTPb, TaK e Kak U GOTOH, NeTAwmin Bo BceneHHoN, He
MPOHMUKAET BINYy6b PMU3MYECKOro BakyyMa, C HEHY/IEBOM IHEPTUEN.

Ecnv Mbl TOBOPUM O CBEPXBbICOKOYACTOTHbIE FPaBMTALMOHHbBIX BOJHAX, He yrnybasasach B «YepHble Opipbl» U
B AZ1pa raNaKTUK, B «4epHble chepbl» BAYKAAIOWMX B FralaKTUKaX, TO Mbl MOXKEM NPOBEPUTb UX HAIMUYME B MPOCTbIX
3KCMepuMeHTax Ha 3emne. B pamkax CBOMCTB AMHAMMYHOIO NPOCTPAHCTBA-MaTEPUM, MOXKHO NPOBEPUTb HaIMUne
KBAHTOBbIX rPaBUTALLMOHHBIX NOJIe yCKopeHuit (puc. 4).

=4, ir tHe}
X (v-) M:»\J\L X
%" Gl T8

n=3

)
y e 'G[Il'] e,

Fig. 4. Quantum gravitational fields.
CyTb 3KCNepMMmeHTa B TOM, YTOH NponycTUTb GOTOH Yepes KBasu NOTEHLMA/IbHbIE KBAaHTOBbIE
rPaBMTaLMOHHbIE NONA YCKOPEHUH, HaNPUMep 30X - YacTULbl, AApa FeNnsa, UK AeiTepua, UK TPUTMA NPOCTbIX

CTPYKTYpP AApa. ITO yPOBHU MaccoBbiX G(X+ =Y-) TpaeKTopuit 3neKTPoHHbIX (Y- =¢’) opbuT atToma. Ho 310 TO4HO
BbICOKOYACTOTHble (40 10%% ) KBAaHTOBbIE rPaBUTALMOHHbBIE NOA, KOTOPbIM COOTBETCTBYIOT LN IKCNEPUMEHTA.

Fig. 4.1. Quantum gravitational fields.
Mponyckas aapa 3 - 4aCTULL Yepe3 Ny4oK GOTOHOB, Ha 3KPaHe Mbl YBUAMM UCKPUB/IEHWE TPAaeKTOPMIA
$OTOHOB BOKPYr A4pa, NOA0O6HO NCKPMBAEHMAM Nlydeit cBeTa BOKpyr ConHua. Ho 3geck Mbl MoxKem 6paThb
XapPaKTEPUCTMKU UCKPUB/IEHMS TPAEKTOPUIA OTAE/bHbIX GOTOHOB, B MAapameTpax KBAHTOBOIO rpaBMTaL,MOHHOrO NoJIS.

10.Mpynnbl cuMMmeTpUii B KBAHTOBOWU PeNATUBUCTCKOM AUHaAMUKe.

I'naBb1
1. BsepgeHue.
Obwme npeacraBaeHms.

3. CvMMETpPUM B KNACCUYECKOM N B KBAHTOBOM PENATUBUCTCKON AUHAMMIKE.
1.BBeaerune
Mpeobpa3oBaHUA PeNATUBMUCTCKOM aMHaMUKK B CneumanbHon Teopmum OTHOCUMTENIbHOCTU U KBAaHTOBOM

PEeNATUBMUCTCKOM AMHAMUKK (MogHO roBopuTb KBaHToBOM Teopmnn OTHOCUTENbHOCTH), NpeacTaBieHbl B « EanHOM
Teopun 2» B 0AHOM MaTEMATUYECKON UCTUHE. Mbl TOBOPUM O AMHAMMYHOM NPOCTPAHCTBE-MATEPUM, YACTHbIM
C/ly4aem HYNeBOro UAn GUKCMPOBAHHOTO yr/ia NapannenbHOCTH, ecTb EBKIMAOBAA aKCMOMATMKA NPOCTPAHCTBA-
BpemeHu. CneumnanocHaa Teopma OTHOCUTENBHOCTU HE MOXKET OMUCbIBATb NPOCTPAHCTBO-BPEMA B KBAHTOBbIX MOIAX C
MX NPUHLMNOM HeonpeaeneHHoCTU. Henb3s ogHoBpeMeHHO 3adrKCMpoBaTb U BpeMs M KoopauHaTy. M KBaHToBas
PEeNATUBUCTCKAA OMHAMMKA B KaIMBPOBOYHbIX MOAX, KOTOPbIE CAEAYIOT U3 ypaBHEHMA [lnpaKa, TOXe OTCyTCTBYET.

N
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PenatmBuCTCKan gUHaMMKa NpeacTaBieHa rpynnoi JlopeHua, a yc10Bue MHBapUaHTHOCTU ypaBH eHus upaka

(A4,(X) = AM(X) + iagxﬁ), npeacrassieHo ycnoavlelv\(M = f'(x) = 0). Ho 3To Hen3meHHas 3KCTpemasib AMHAMUYHOWN
u

oxy
OyHKUMM a(X) = f(x) # const. B Teopun Snra-Mmiica k moteHIMany npuOaBisieTCs IPOU3BOAHAS CKAISIPHOM
(GYHKIIMY, HE MEHSIOIIAsl caM IMOTEHIIUAJI, B TPYIIE CAMMETPHUHU: A, = 0)A,(D) (%) +i(x)9, (D)~ (x), Toe
2(x) = e , n w- snemenT mo6oii rpynmsl JIu (SU(N),SO(N), Sp(N),Es, E7,EsF1,G2), 1 4, > 4, + d,w. Ilpu
stoM U(1)- onmceIBaeT 3ieKTpoMarHiuTHoe B3aumoelictaue, SU(2)- Crnabbie B3anmoneticteus u SU(3)- omuchiBaer
Cuneable B3anMoneiictus, u ganee. Mbl paccmoTtpum yenosua: a(X) = f(x) # const, u 000CHOBaHUSI CHMMETPHH B
KBaHTOBOH pensTHUBUCTCKON nuHaMuke (B KBanTtoBoii Teopun OTHOCUTENBHOCTH).
2.06wme npeacraBaeHms.

MaTtemaTuyeckoe NpeacTaBJeHNe CUMMETPUIA HAYHEM C NPOCTENLLIMX FeOMEeTPUYECKUX duryp. MpaBubHbIe
bUrypbl Ha NJIOCKOCTU COXPAHAIOT CBOKO CUMMETPUIO MPUM NOBOPOTAX, MHBEPCMU. Hanpumep:
2.1. NpAMOYroNIbHMK cMMMeTpUYeH npu nosopote Ha 180°, n npu nosopoTe Ha 0° He meHseTcA.

PucyHok 2.1.
Mbl umeem age onepauum. Mosopot Ha 0° kak Ry = I, v noopoT Ha 180° Kak R;gg . VX MOXHO NepemMHONTb,
cHauana Ry * Rygo , noBepHys Ha 0%, notom Ha 180°, unun HaobopoT: R go * Ry , B Tabnuue Kanu.

C2 I Rig0
I I R
180 12
Ry Ryg0 I
Ry*Ry =Ry =1, Ry * Rigo = Rigo, Rigo * Ro = Rigo, Rigo * Rigo = R3¢0 = Ro =1

Onepaums Ry = I, HUYEro He MeHsAeT, Ha3blBAEeTCA eAUHNYHBIN 3/1eMeHT ZaHHOM rpynnbl. [pynna onpeaenseTcs
csoictBamu. 1). OnpeneneHa onepauma rpynnbl, 34eCb NOBOPOT. 2). Hannume eguHmyHoro anemenTa, Ry = I,
3).3aMKHYTOCTb, KOrZia onepauus B rpynne AaeT 3/1IeMeHT, He BbIXOAALLMI U3 rpynnbl, 4).Haanumne obpaTHOro
snementa I™! = I, unn Rigy = Rygg . OTO 31E€MEHT, KOTOPbI OTMEHAET Npe/playLUyto ONepaLmio Kaxaoro
anemeHTa rpynnbl. 5).cBoncTBo accoymnatnusHocTu: A(BC)=(AB)C. Takyto rpynny Ha3biBatoT C2.

2.2. npUMep PaBHOCTOPOHHETO TPEYroNbHUKa, ¢ nosopoTamn Ha 0°, Ha 120°, v Ha 240°.

PucyHoK 2.2
TO4YHO TaK cOCTaBAAETCA TabAMLA YMHOXKEHUA AAHHOW rpynnbl BPaLLEHWN.



c3 1 Ri30 Rz40
I I R120 Rz40

Ry Ry Rj40 I

R340 R340 I R120

Bce BO3MOMKHbIe 3/1eMeHTbI Fpynnbl, NPY NEPEMHOXKEHUN, AAKOT 3NEMEHTbI 3TON e rpynnbl. [pynna 3amkHyTas. Ana
KaXX[oro 3/1eMeHTa ecTb 06paTHbI 31eMeHT 1 ToxKe B rpynne. Rizy = Ra40, Rz40 = Rizo -
He Tonbko noBopoTbl duryp gatot rpynny. Yncna (+1) n (-1) Tak e obpasytoT rpynny.

Onepauuei rpynnbl eCTb YMHOXeEHMe. EANHNYHBIN 3nemeHT ecTb 1. O6paTHbIl anemeHT: —171 = —1. Bce ycnosua
ONs rpynnbl cobntogeHbl. 3Ta rpynna naeHtuyHa rpynne C2. Mx HasbiBatoT nsomopdHbimu. EcTb 1 gpyrue
n3omopoHble rpynnbl. Hanpumep, npu onepaumm oTpaxKeHUsa g PacCMOTPEHHOrO NPAMOYFObHUKA.

S2 I o

Ecnun aga pasa oTpasuTb NPAMOYroAbHUK BOKPYT OCH, MOJYYUM UCXOAHbIN O6BEKT, rpynmny co BCEMU CBOMCTBAMM.

Takyto rpynny HasbiBatoT S2, usomopdHa rpynne C2. YMHOKeHne KoopAnHaT BekTopa (2,1) Ha (-1), npuBoauT K

OTPAXKEHUIO KOOPAMHAT OTHOCUTENBHO Havana KoopanHart. MNostomy rpynna umncen (1) u (-1) Toxke nsomopoHa.
2.3.A6eneBbl M He abeneBbl rpynnbl U NOArpynnbl. PaccMoTpeHHble rpynnbl BpaleHuin C3 1 oTpaskeHuin S3

PucyHok 2.3.
TaKue BpalLeHMA U OTPaXKEHUA TOXKE HEe MEHSAIOT TPEYro/ibHUK, M 06pasytoT rpynny. 3anvwem ana Hee Tabauuy.

D3 I Ry R340 01 02 03
I | Ri20 R340 01 02 03

Ri30 Ri30 R340 | %) 03 01

R340 R340 I Ri30 03 01 02
01 01 a3 02 | R340 Ri30
02 02 41 03 Ry I R340
03 03 ) 01 R340 Ri30 1

lpynna C3 ectb nogrpynnel D3. MoBOpOT Ha R;5o C OTParKeEHNEM 03 , PABHO OTPaXKeHUIO d,. Ho ecnn cHavana
0Tpa3uTb G, , @ NOTOM NOBEPHYTb R{5o , MONY4NM OTPAXKEHME 03 . TO ecTb: Ry5g * 01 # 04 * Ry3o . HO 3aKOH
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KOMMYTATMBHOCTM He eCTb CBOMCTBOM Ipynibl M OH He 06a3aH cobatogateea. Mpynna D3 He abenesa, noarpynna C3
abenesa. Ho ecam mbl Bbibepem yKasaHHbIN TPEYroNbHUK, ero CUMMETPUA NPU OTPAXKEHUAX Y3Ke HapyLleHa.

PucyHok 2.4

TaKoe HapylleHne CUMMETPUM HasblBAOT CMIOHTAHHbIM.

2.4.MpepactasneHue rpynn. Kak yKkasaHo, onepaumen rpynn MoxeT bbiTb toboe AelicTBUE, YMHOXKEHME,
NMOBOPOT, MHBEPCHUA, YTO YroAHO. dNEeMEHTaMM FPYNM TOXKE MOTyT 6bITb Ntobble abCTpaKTHble 06BEKTLI, KOTOPbIE B
N30MOPGHbIX TPYMNMax MOMKHO 3aMeHUTb NPOCTbIMK Yncinamu (1) u (-1), ecnm rpynna KommyTatTueHa. Ho ecTb u
MaTeMaTuyeckme o06bEKTbI, A1 KOTOPbIX KOMMYTAaTUBHOCTb YMHOMEHMA He COBNI0AaeTca, Hanpumep MaTpULbI .
MHaue rosopn, abCTPaKTHbIMM 3/1eMeHTamMM Fpynn MoryT 6biTb U MaTpuupl. B paccmoTpeHHoin D3 maTpuue,
3/1eMeHTbI rpynnbl MOTYT NPeACcTaBUTb MaTPULLAMK, B BUAE:

I = ((1) (1)), Ri20 :%(;gl __\f)' Raa0 = %(__% f)'

P R O A

Tenepb onepaumei rpynnbl D3 ecTb MaTpUYHOE YMHOKeEHME. pKn 3TOM CTPYKTYpa rpynrbl COXpaHAEeTCA:

(i 045G D=0 9

R120 * R120 = Ra49, MM 2\y3 -1/ 2\y3 -1 2\_{3 -1 S
1(-1 =3\ 1/-1 0 i1 -3
Rlzo*ffl:f’afBB“ﬂe:;(ﬁ —1>*E(o 1)=E<_v§ —1)
1—1 0y 1(-1 —V3\_1(1 +3
01 * Ry = 05, B BUAE: ;(0 1)*5(\/§ _1>=;(\/§ _1)-

MaTpuupbl NOBOPOTa HE KOMMYTUPYHOT C MaTPULLAMM OTPAYKEHMS MO YKasaHHbIM ocaM. Ho MaTpuLbl NOBOpOTa

KOMMYTUPYIOT MeXay coboit. MponsseaeHne R, * Ry = 1, Mnm%<_1 N \/§) *1( -1 \/§) = (1 0) =1, paet

v3 -1 2 —\/31 -1 0 1

y _ -1 =3\ _i(-1 3
EOMHUYHDBIN 31eMeHT rpynnbl. Bce maTpuupl 06patmbl. Rz = Ru40, l( ) =—< )

: i Pt o5 A N 2\-v3 -1

. . . . _ -1 0\ !
O6paTHbIV 31EMEHT MaTPUYHOM rpynnbl NpeacTaBaseTca 0bpaTHOM maTpuLeii: o, = o , Uau ( 0 1) =
0o 1/°
AHanus a6CTpaKTHbIX onepau,wﬁ rpynnbl, TAKMM O6pa30M, MOXHO 3aMEHWTb Ha U3yvyeHune CBOI71CTB MaTpuL.

Ho MaTpuubl MOXKHO paccMaTpMBaTb M Kak onepaTopbl AeMCTBYOWYME Ha BEKTOPbI. Hanpumep,

MpY NOBOPOTax BEKTOPaA ((1)) Ha Ry, , NONYYMM: %<_1 - \/§) * (O) = <_ ﬁﬂ) MOBEPHYTbIN BEKTOP,

V3 -1 1 —1/2
) 0 1 —1 \/§ 0 — \/§/2
nnu: (1) Ha R4, nonquME<_ V3 _1> * (1) - (—1/2) .
l o
1
120°
f€ ;
PucyHok 2.5

YMHOXeHMe 0CTa/IbHbIX MaTpUL, Ha 060N U3 3TNX TPEX BEKTOPOB, 6yp,eT nepesoanTb BEKTOP B O4UNH U3 3TUX TPEX.
I'IonquM TOT XKe CMMMETpM‘-IHbIﬁ TPEYroJibHUK. To ectb MaTpULbl ABAAKOTCA NpeacrtaBieHnem onepau,mﬁ.

2.5.B Teopuu rpynn ecTb MHOXECTBO TEOPEM: ANCKPETHbIX FPYNM, HOPMasbHble MOArpynnbl, Knaccbl, daktop — rpynn... .

PaccmoTpum rpynnbl /lu, B dusmyeckmx Teopusx. B npeabiaylueri rpynne, Hanpumep D3, Mbl paccmaTpuBaam cCUMMeETPUN
TpeyrosbHWKa NPU NOBOPOTaX U OTPaKeHUAX. TOYHO TaK MOXKHO paccMaTpMBaTb CUMMETPUM KBaZpaTa B rpynne D4
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ANnA 4 NnoBOPOTOB, B NPaBUAbHOM NATUYronbHMKe D5 gna 5 noBopoTos, wectnyronbHnKke D6 gna 6 NnoBOpoOTOS ... .
MpaBunbHbIM (N—> °°) yrofibHUK NepexoauT B Kpyr, C NTOBOPOTOM paauyca Ha yron (o). OKpy»KHOCTb MHBapWaHTHa
Mpyv NOBOPOTaXx Ha Nitoboli yron (a).. Ho 34ech yKe HET pacCMOTPEHHbIX paHee 3nemeHToB rpynn (R) u (o).

E&-&-Arx

AA R‘*

PucyHok 2.6
B TaKoM rpynne cMMMeTPUM Kpyra BBOAUTCA MapameTp rpynnbl, HA yron nosopoTta R, . B 3Toi rpynne nosyyaem
HenpepbIBHbIV Nepexos, oT ogHoro afemeHTa rpynnbl (Ry) K Apyromy (Rgyaq). 3TO v ecTb rpynnsl /In. 3aeck ectb
(Ry = I) eamHnuHbIii anemeHT, 06paTHbiit anemeHT rpynnbl (R = Ry;_q). INEMeHTbI rpynnbl TOXe
npeacTaBAAOTCA MaTpuLamu. ECAM paccmaTpuBaTb MOBOPOTbI cMCTeMbl KoopanHaT XY — XY, nonyuum gna
Ry (Rx1Ry1) v R2(Rx2Ry2): Ry * Ry = |Ry1||Rz| cos(B — a) = (Rx1Rx2 + Ry1Ry2) ,
|R1[IR;] cos(B — @) = |Ry| cos(a) |Rz| cos(B) + |Ry|sin(@)|R,|sin(B),
cos(f — a) = cos(a) cos(B) + sin(a)sin(f),
cos(B + a) = cos(fB — (—a)) = cos(—a) cos(pB) + sin(—a)sin(B),
cos(f + a) = cos(a) cos(B) — sin(a)sin(f)
[Ry| * (IRz]cos(B + a) = X) = |Ry| cos(a) * (IRz|cos(B) = X) — |Ry| sin(a) * (IRz|sin(B) =Y)
X =X cos(a) — Ysin(a). AHanornyHo ganee:
|R;||R;| sin(B + @) = |R;||R;| cos(90 — (B + a)) = |Ry[|R;| cos((90 — ) — )
IRy ||R2| sin(B + @) = |Ry||R;| cos(90 — a) cos(B) + |Ry||Rz| sin(90 — a) sin(B)
[Ry| * (IRz|sin(B + a) =Y) = |Ry| sin(a) * (|R;| cos(B) = X) + |Ry| cos(a) * (IR, |sin(B =Y)
Y = X sin(a) + Ycos(a). 13
OKoHYaTeNnbHOo nony4nm npeobpasoBaHma:
X = X cos(a) — Ysin(a) i ()?) _ (X) (cos(a) — sin(a))
Y = X sin(a) + Ycos(a) Y Y/ \sin(a) cos(a)
()17() = ())f) * R, roe R, = (Z?jgg)) Ccs)lsrzgg)) MaTpuua rpynnbl /n.
PaccMoTpeHHble paHee cnydan nosopoTa Ha 120° 1 240°, 310 YacTHble cnydan NoBOpoToB R, .
_ <COS(120) - sin(lZO)) _ 1<_1 _\/§)
120 = \sin(120)  cos(120) 2\V3 -1
370 (R, ) MmaTpuua SO(2), To ectb CneumanbHas (det(R,)=1) OpTtoroHanbHasa (Ry (R,)T = I) maTpuua, rae
TpaHcnoHuposaHHaa maTpuua (R, )T = (R,) ™! pasHa obpaTHoiA. 370 (R,) MaTpuua nosopoTa, abenesa.

MaTpuua onepaupumn macwtabuposaHuma (1\61 181) ¢ napameTpom (M=2), BbInonHaeT (g (2)) G) = (;)

ysenndenue (M > 1) unm ymenbwenune (0 < M < 1) ucxogHoro sektopa. Mapametp (M)MOKHO BbIHECTM 32 CKOOKM,
1 0
0 1

Yron ( &) napameTp rpynnbl R, = (

Torga nonyynm M ( ) B CKODKax reHepaTop rpynnbl, He NPUBA3aH K 3/1IeMeHTaM rpynmbl.

cos(a) —sin(a)
sin(a) cos(a)
[Aenaert, AaeT egnHuYHyto matpuuy. NosopoT Ha yron (A a = 0) gaet (R,, = [ +A al) npeobpasosatue, rae (L)
reHepaTop nosopota. Toraa (Ryiaq = RaaRe), 4TOBbI NOBEPHYTbL Ha yron (@ +A a), Hafo CHa4aNa NOBEPHYTH Ha
yron (@), notom Ha yron (A a). Nopctasnas 3Haueuus, nonyumm: (Ryypnq = (I +A aL)R, = Ry +A aLRy). Lanbue,
dRg

. Rgsaa—R dR
06bI4HbIM nopsaakom nonyyaem: (Ryipaq — Ry =4 alR,), lim—2E—% =R , —2£=LR,, —2=1Lda,
Aa—0 da Rqy

) ToXe BblHOcUTCA Ry = I, noBopoT Ha 0° Huuero He

R. = al dRq =
« = %", peweHne aguddepeHuManbHOro ypaBHeHUs, C reHepaTopom rpynnbl (—da )o = L. 9T1 ypaBHEHUA NOXOXKM

Ll i —itH
Ha ypasHeHue LWipeantrepa: — = —iHU,c pewenunammu: U = e™""". 3neck reHepatop rpynnel npeactas/ieH

onepatopom [amMMIbTOHA, @ BMECTO MOBOPOTA Ha Yro/l, pacCMaTpMBaeTca Bpems. B Halem ciyyae NoOBOpPOTOB,
reHepaTop rpynnbl paBeH NPoM3BOAHOMN 3/1IEMEHTOB rpynmbl NPW HY€BOM Yyr/le NoBopoTa. BosbMem NponssoaHble,
MOACTaBMM 3HaYeHMe YI1a U NOAYYUM reHepaTop rpynnsbl.



dr, _ (—sin(0) —cos(0)\ _ (0 -1\ _ dRy _dR, _ (0 —1\(cos (a) -—sin(a)
da ( cos(0) —sin(O)) B (1 0 ) =L My = LR Benpe: 0= (1 0 )(sin(a) cos(a) )

3pecb cos? (a) +sin? (a) = 1, kak u nonaraetca. Toraa NOBEPHYTLIN M UCXOAHbIN BEKTOP NPeACTaBeH B BUAE:
_ a(o —1) a(o —1)

V=e o/V,rae e ‘1 0/-maTpuua snemeHTa rpynnbl. Tenepb Mbl NOBOpa4MBaem BEKTOP Ha yron (a) He
MoAb3ysACb TPUroOHOMETPUYECKUMU GYHKUMAMNU. CaMm reHepaTopbl MHOTOe FOBOPAT O camolt rpynne. Hanpumep,

reHepaTop macwTabupoBaHus em((l) (D = e(I(I)l 1(1)1) NPeACTaB/eH Kak 371eMeHT rpynnbl. MacwTabHblii MHOXUTENb
310: M = ™ 3KcnoHeHTa napametpa rpynnbl (m).

2.6.9nemeHTbl rpynn JIn Haxo4AT MaTPUYHbIM SKCNOHEHUMPOBaHMeEM reHepaTtopos rpynn Jin. Camu
3/1eMEHTbI PaCCMATPMBAIOTCA KaK FreHepaTopbl AENCTBYIOLLME HA BEKTOP. ITW ONepaTopbl MeHAOT BeKTop. Ho B

1 0
rpynne BCeraa octaeTc HeM3MeHHbIM MHBapWaHT. FeHepaTop rpynn /in: L = (0 1) MEHSET 3/IeMEHT rpynnbl /ln
10

ta o
R,=¢ (0 1), KaK onepaTtop maclwtabuposanuma. Moaencrsosas R, Ha ctonbel, KOOPAMHATLI TOYKM, NOAyYaem

0
paAnanbHO pacxogslumecs (Cxoaawmecs) TOUKM ¢ HensmeHHbIM yriom (a). FeHepaTop rpynnbl L = (1 0 )p,aeT
ia(o _1) o
371eMeHT rpynnbl Ry, = e~ ‘1 0/, KaK TOYKM ABUNKYLLLEMCA MO OKPYKHOCTU. HEM3MEHHbBIM eCTb A/IMHa BEKTOPA. ).
0 1

leHepaTop rpynnbl L = ((1) é) [aeT afieMeHT rpynnel R, = eia(l 0), KaK TOYKM AsukyLuenca no runepbone.
_ (ch(a) sh(a)
JKCMOHEHUMPOBaHNE TaKoro reHepaTopa, Aaet A = (sh(a) ch(a)

ch?(a) — sh?(a) = 1, kak u nonaraetca. HanomHum rpadmkm sTnx GyHKumin Y = Y,ch (a =%
) c o
sh
N
L/ X

PucyHok 2.7

), rpynny JlopeHua. Mpu 3ToM UMeEeT MecTo:

z
) B BUAE:

ch(a) sh(a)

200 — <h2(r) —
sh(a) Ch(a)) , Bmecte c ch“(a) — sh*(a) = 1 v snemeHTamu rpynnbl B BUAE

3pecb rpynna JlopeHua A = (
_m(o 1)
R, = e~ "‘\1 0/ npeactaBneHbl B runepbonmyeckmx dyHkumax e = ch(z) + sh(z). B 10 ke Bpems mMbl BbIBOAUAN
cos(a) —sin(a)
sin(a) cos(a)
i .. ia(o _1)
B TpUroHomeTpuyeckux e = cos(z) + isin(z) dyHKkumAx R, =e ‘1 0/ 3nemeHTOB rpynnbl. ECTb npobnema B
PeLIeHMAX PENATUBUCTKM MHBAPMAHTHOIO ypaBHeHua Jupaka. deiicteune kBaHTa /i = ApAL = FALAA,

npeobpa3oBaHNA PeNaTUBUCTCKOM AMHAMUKM R, = ( ) maTpuua rpynnbl JIn, c reHepaTopom yxe

# const)

3a¢MKCMpOBaTb B MPOCTPaHCTBE AL U1N BO BpeEMEHU At HeNb3A. 9TO CBA3AHO C HeHyeBbIM ((P yraom

— - + +
napannenbHoCTun (X ) nnn (Y ) TPaeKTopunn (X_) nnn (Y_) KBaHTa NPOCTPaHCTBA-MaTepuun. ECTb TONbKO HeKasA
BEPOATHOCTb AEVICTBMH. I'Ipe06pa303aHV|ﬂ peJ'IFITMBVICTCKOVI ANHaMUKN BOJIHOBOM V. (byHKLI,MM KBAHTOBOIO noaA C

|
NNOTHOCTbIO BEPOATHOCTU ( \d

. mla— _
y(X)=e"y (X), @ = COnst rpynne NopeHua. 3TM Npeobpa3oBaHNA COOTBETCTBYIOT NOBOPOTaM B MIOCKOCTU
Kpyra S, U PenATUBMCTKY - MUHBapUaHTHOMY ypaBHeHwIo [paka.
oy(X oy
i, )y (x)=0 i, 27X _gr(x)| =0
G o ox
u , " u
TaKas MHBapPUaHTHOCTb JAeT 3aKOHbI COXPAHEHMUA B YPaBHEHUAX ABUKeHUA. [1A npeobpa3osaHuii
PENATUBMUCTCKOMN AMHAMUKM B IUNepBOsMUecKoM ABUKEHNM,
]' X X X
ch(aX)=—(e” +e " )ze"
(aX) 2( ) a(X);tconst

’ ’

y(X)= ey (x)

) B3aumogeicrema B (X+) none (puc.3), cootsetcTeytoT FobanbHo MHBapnaHTHOM

13



WX _
iy#aw—()—mly()() +i}/p

. MW(X) =0

ox

u
MHBapMaHTHOCTb 3adKOHOB COXpPaHEHUA HapyLlleHa. ﬂ,l’lﬂ MX COXpaHeHNA BBOOATCA KaﬂM6pOBOHHbIe nona.
OHun KOMMNEHCUNPYIOT AOMNO/IHUTE/IbHOE C/laraeéMoe B ypaBHEHUN.

A (X)=T, (x)ﬂ-%)f) i1, <24, (0 () myp (1) =0

u
H , n

_ palX)gr
Tenepb yKe B TaKoe ypaBHEHWE, NOACTABAAA 3HAYEHNE W(X) eV (X), a(X) 7 const
NONYYUM MHBAPUAHTHOE YpaBHEHWE PENATUBUCTCKON AMHAMUKK.

BOJIHOBOM QYHKL MM,

.0 . oy . OalX)_ — _ . OalX)_ _
rna—w—rﬂAu(X)lf—mw =iy, - +iy, W ~ 7.4, (X)W ~iy, Wy i =0
X, ox,, ox, P
.oy — _ . 0 .
iy, = =7, A, (X —miy =0 iy | 5+ id, (X) 7 —my =0
ox Oox
H , nnu #
3T0 ypaBHEHME MHBAPUAHTHO UCXOLHOMY YPaBHEHUIO
iy | -2 sid, () by (X) = my (X) =0
ox,
B YCNOBUAX 4, (X) =4, (X), m A,X) =A4,(X)+ ia:ix)’
u
Ha/IM4MA CKanAPHOro 603oHa (V(+a)(-a) =ia(AX) # 0) = const , B IpeAenax KambpoBoYHOro (AX)#0) 1ons

da(X) _
ox,
a(X) = f(x) # const npocTpaHCTBa-MaTepun B rN06aNbHON MHBAPUAHTHOCTU. U 31€Ch HET CKaNApHbIX 6O30HOB.

= .da(X)
370: A, (X) = A,(X) +i=

(puc. 3). 3Tn ycnosma ( f'(x) = 0) patoT HemameHHble 3KkcTPeManM (fiax) AMHAMUYHOTO

.+ N3BECTHbIE KanMbpoBoUHble npeobpasosaHus. a(X) — 4-seKkTop 13
u

(Ay, A4, Ay, A3) anekTpomarHnTHoro ckanspHoro (¢ = Agy) v BektopHoro (A = A;, A,, Az)noTteHumana B

- 0A — -
anekTpoamMHamuke Makcsenna: E = =V — Y B = —VxA, rpagnenta v potopa, wm Fy,, = auAv — BVA#, c

TeHsopom (F,, ), (Ex, Ey, Ez, Ex, Ey, Ez) KomnoHeHT 1 npeobpasosaHnamm JlopeHua. K Takomy noteHupany
npnbaBaseTcA NPON3BOAHAA CKANAPHOM GYHKLMM, HE MEHSAIOLWWAA CaM NOTEHLUMAN. ITO KAOYEBON MOMEHT. B Teopuu
fiHra-Munca oH npegcTasneH rpynnoi cummetpun, A, = Q(x)A, ()71 (x) +i2(x)3,(2)71(x) , rae 2(x) = '@,
n w- anemeHT ntoboi (SU(N),SO(N), Sp(N),Es, E7,EgF4,Ga) rpynnbl /v, A, — A, + 0, w. B peanbHoCTH, 370
bUKCUMpPOBaHHOE COCTOAHUE ANHAaMUYHOM GyHKUMK: Ky = 1) + Y, , B KBAHTOBOW PENATUBUCTCKOM AMHAMMUKE.

YcnoBHO rosopsA, B8 Ka)K,EI,om d)MKCMpOBaHHOﬁ TO4YKe: a (—; ) = const , €CTb cBoM (yron HaK/MOHa BeTOK)
0
X=Z

o X=Z a\—5— o
rmnepbonnyeckmit KocuHyc, Ky = Yoch(y—) =e ( Yo ) , yxKe B optoroHanbHo (YZ L X)) nnockoctu, npuyem, 3a
0

npeagenamv auHamMmmM4yHoOro B KBaHTOBO penﬂTMBMCTCKOVI ANHaMUKe (YO) Takum 06pa30N\, CKa/iApHblE 6030HbI B
Ka/'IMGpOBO‘-I HbIX NOJIAX, CO34aHbl MCKYCCTBEHHO, A4/19 YCTPAHEeHUA He40CTaTKOB Teopumn OTHOCUTENBHOCTU B
KBAQHTOBbIX NONAX.

3.cMMMeTPUM B KNaCCUYECKO U KBAaHTOBO peNsaTUBUCTCKON AUHaMUKe

3.1. npeobpasoBaHua JlopeHuUa B U3MKE PacCMaTPUBAOTCA B BUAE: X =W p = EWX o= 1. 3mm
-+- NPeoop P P P A Vimwe 't T e :

ase d)OpMyﬂbI npeacrasnAaoTcA B Bu4e ogHOro MaTpn4yHOro Bbipa*KeHuUA.

1 (1 w)(t) 1 (t + wx) _ (E) A= (ch(a) sh(a))
Vi-wz\w 1/ \x/ " vi-wz\wt+x/ " \g/° “ \sh(a) ch(a)
[leiicTBre MaTpULbl NEPEBOAMT He LITPUXOBAHHbIE KOOPAMHATbI BEKTOPA B LUTPUXOBaHHbIE. Yroa NOBOPOTa B
rMnepbonnIecknx NPeobpa3oBaHMUAX CBA3AH C rMNEPBONMUYECKUM apKTaHreHcoM. a = arc th(w) 1 HaxoaaT aToT
YrO/ U3 CKOPOCTM, KOTOpas NpubanxaeTca K eanHuue: w — (c = 1). MaTemaTtuyeckuit annapat Teopuu rpynn,
TakMM 06pa30M A0CTaTOMHO yHUBEPCaneH B EBKAIMA0BOI aKCMOMAaTHMKe NPOCTPaHCTBa-BpemMeHU. OHU M3BECTHbI:

1. «Tou4Ka ecTb TO, YacTb Yero HM4YTo») («Hayana» EBkAnAa). Man ToUKa ecTb TO, YTO HE UMEET YacTel,
2. JInHus — annHa 6e3 WUpUHbI.




3. W 5-iA nocTynat 0 napannenbHbix NPAMbIX IMHUAX, KOTOPbIE He nepecekatoTca. Ecav npsamasn, nepecekatolan ase
npamble, 0b6pasyeT BHyTPEHHWE O4HOCTOPOHHME YI/ibl, MEHbLUME ABYX NPAMbIX, TO, MPOAOMKEHHbIE HEOTPAHUYEHHO, 3TW ABe
NpAMble BCTPETATCA C TO CTOPOHBI, F4e Yribl MeHbLUe ABYX MPAMbIX.

e+ i< 180

U
pucyHok. 3.1  EBKAMA0Baa akcMOMATMKA
To ecTb, Yepes TOYKY BHE MPAMOM, MOXKHO MPOBECTU TONIbKO OAHY NPSMYIO, MAapPanNeNbHY0 IUHULO.

3.2. Ha camom aene B «EaMHOI Teopum 2», OTMeYeHbl Hepaspellmble B EBKIMAOBOM akCcMOMaTHKe
npoTmsopeuns. To ecTb, MHOMKECTBO JIMHWUIA B OOHOW IMHUM (O/IMHE 6€e3 WNPUHbI), CHOBA JIMHUSA. ITO IMHUA UK
MHOMECTBO JIMHUIN? AHANOrMYHO, MHOXECTBO TOYEK B OZHOM TOYKE — CHOBA TOYKA. ITO TOUKA MM UX MHOXKECTBO?
OTBeTOB Ha Takue Bonpockl EBKAnAoBbIe «Hayana» He gatoT. O6LWen3BecTHbl M Npobaembl 5-ro NocTynaTta, pelweHme
KOTOPOro OTKPbINM reoMeTputo JlobaueBCKOro n PMmMaHOBO NPOCTPAHCTBO.

H\"""-\-\_\_\_\__
",
o ﬁ"‘% - L
— S
_\__:H'hm__q_ﬁ_ —_h———._______\_
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PuUcyHOK.3.2 AMHaMWYHOE NPOCTPAHCTBO My4YKa NapannesibHbIX NPsmbIX

EcTb peanbHble GaKTbl AMHAMUYHOTIO NPOCTPAHCTBA NyYKa NPAMbIX IMHUI, HE NePeceKatoWmX, To ecTb
napannenbHbIX ucxogHon npamoli AC Ha 6eCKOHEYHOCTU, NpeAcTaB/ieHHble B «EAMHON Teopuu 2». U geurasnce
8A0b MMHUK (AC), pagom byaeT AMHAMUYHOE NPOCTPAHCTBO, B KOTOPOE Mbl NONACTb HE CMOXeM B NpUHLUMNe.

BecKoHeYHOCTb He/lb3A OCTaHOBUTb, MO3TOMY TaKOe YrKe AMHAaMMUYHOE NPOCTPAHCTBO CYLLECTBYeT Bcerga. M yxe
CBOWCTBA 3TOr0 AMHAMUYHOIO (@ # const) NPOCTPaHCTBA, NPeACTaBAATCA KaK CBOMCTBA MaTePUM, I1aBHbIM
CBOMCTBOM KOTOPOW, €CTb ABUMKEHUE. HET MaTepun BHE TaKOro NPOCTPAHCTBA, U HET NMPOCTPAHCTBa 6e3 maTepum.
MpocTpaHCTBa-MaTeEPMM 3TO OAHO U TO XKe.

B TaKOM gMHaMWYHOM NMPOCTPaHCTBE-MaTepun, EBKINA0BAA aKCMOMaTUKA NPeACTaBAeHa KaK YaCTHbIM
cnyyan Hynesoro (¢ = 0) yrna napannensHoctu. Mpu sTom pelaeTca npobiema MHOXKECTBA UMEHHO MPAMbIX
JIMHUI B OAHOW NPAMOWN NapannesibHon MMHUK, Kak «A/IMHe 6e3 LMPUHbIY.

lnaBHbIM CBOMCTBOM AMHAMUYHOIO NPOCTPAHCTBA-MaTepum, ecTb AMHaMUYHbIN (@ # const) yron
napannenbHocTu. MNpu aTom EBKAMAOBOE NPOCTPAHCTBO B 0cAX XYZ TepAeT CMbICA.

i >IN
\/\ / ~ X X
Tt | N the 1

x4 =Y

N
e o \ //(\>\ lyz/\xz X

Y

PUCYHOK.3.3 AMHaMMYHOE NPOCTPaHCTBO-MaTepusn
B «EanHoli Teopun2» (), Mpeobpa3oBaHus penaTMBUCTCKOM AnHaMmnKM B CneupanbHol Teopumn OTHOCUTEIbHOCTU U
KBAHTOBOW PeNaTUBUCTCKON AMHAMUKM (MOAHO roBopuTb KBaHTOBOM Teopun OTHOCUTENbHOCTM), NpeacTaBAeHbl B
O4HOM MaTeMaTUYECKON UCTUHE, BUAE. Peub MAET O PENATUBUCTCKOWM AMHAMMKE paanyCc-BEKTOPA AMHAMMUYHOM
cdepbl ¢ HecTaumoHapHbIM EBKAMA0BbLIM NPOCTPAHCTBOM-BpeMeEHeEM , Ha TpaekTopumn (X-) uam (Y-) kBaHTa (X1) (Y4)
COOTBETCTBEHHO, AMHAMMWYHOIO NMPOCTPAHCTBA-MaTeEPMU. PacCMOTpUM 414 NpUmepa KBaHT (Xi) AMHAaMWYHOro
MPOCTPaHCTBA-MaTEPUMU.
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PUCyHOK 3.4 KBAHT AMHAMWYHOIO NPOCTPAHCTBa-MmaTepmm
Mbl BUAMM, YTO AUHAMUYHbBIN paauyc-BekTop (K) B cdepe ¢ HecTaumoHapHbIM EBKANMAOBbLIM MPOCTPAHCTBOM
BpemeHem, nmeeT npoekumn (Ky) B naockocTu Kpyra auHammndHom chepbl, 1 npoekumm (Kx) Ha (X-) Tpaektopun. Ha
(n)cxooMmMoCTH, Kak Mbl y¥Ke 3HaemM, U BUAMM, Ba 3aMKHYTbIX Ha (Y-) TpaekTopuu (Y1) KBaHTa. Kak yxe oTmevanu, B

Kaxkpou duKkcMpyemoli B akcnepumenTe Touke ¢ (i = 4/ (+1)(—y) ) BonHoBOM dyHKUMEN, UmeeTcs
rMnepboanNYECKMit KOCUHYC C Pa3IMYHbIMM YI1aMW HaKNoHa BETOK rpaduKka. B cedeHUM Kpyra, pUKcMpyemoit B

akcnepumenTe Touke ¢ (Y =/ (+)(—) ) BONHOBOW DYHKUMEN MMEEM TPUTOHOMETPUYECKNE DYHKLMMK, C
Pa3/INYHBbIMUM PagMyCamm Kpyra B pasiMyHbIX GUKCUPYEMbIX TOYEK (X-) TpaeKTOpMM KBaHTa NPOCTPAHCTBa-MaTePUN.

Kak BUgMmM B PUKCMPOBAHHbIX TOUYKAX, PUKCUPYEMbIX IKCMEPUMEHTA/IbHBIX paKToB, 06a NpPeACcTaBAeHUA rpyn bl

a()

JlopeHua AeiiCcTBUTE NbHBI M COOTBETCTBYIOT UCTUHE. Yenosua A, (X) = A, (X) +i—= ypaBHEHMFl Onpaka n ycnosus

Ay = 200)A,Q)71 () +i2(x)0,(2) " (x) , rae: 2(x) = e'® , B Teopum ﬂHra-Mvmca He HapywatoTcs. 34ech
el = cosw + isin w) , u(isinw = Ky = /(+sin w)(—sin w) = ip = /(+)(—P) . EAnHM4HbIE MaTPULbI

anemenToB (R,) rpynn, cos? (a) + sin? (a) = 1 ana nobbix nosopotos 1 (A) rpynn: ch?(a) —sh?(a) =1, u
MX NPOM3BOAHbIE B BUAE FreHEPaTOPOB rpynmn (CBOAMMBIX K HY/1EBbIM Ha4ya/IbHbIM YCI0BUAM), HEM3MEHHbI. Ho camy
OVNHAMMKY TaKMX YCI0BUIA, TO €CTb KBaHTOBYIO PENSTUBUCTCKYHO ANHAMMKY PagMyC-BEKTOPA AMHAMMNYHOM chepbl C
HecTauMoHapHbIM EBKANA0BLIM NPOCTPAHCTBOM-BPEMEHEM, Mbl NoTepsaaun. Ee HeT. Takaa guHamuKa a(X) # const,
npeacTaB/ieHa MaTpULLEN, C AMHAMUYHON BONHOBOW yHKUMeN: (Y = isin w = £Ky B 3KCnepumeHTe, Kak
aprymeHTe, Kak ¢pukcmpyemom dpakte peasbHOCTU. Ho Teopum, namn mogenen, ypaBHEHUN TaKUX KCKPbITbIX
NPOLLeCCOB», KaK BUAMM, HeT. Haao cKasaTb, YTO B AMHAMMYHOM NPOCTPAHCTBA-MaTEPUK, €CTb MPOCTPAHCTBO-
maTepus, B KOTOPOE Mbl HE MOXKEeM MOMACTb B NpUHLMNE. He MOXKeM NPOHWKHYTb, MO onpeaeneHuto.

MpeacTaBUM TabIMYHbIN (CPaBHUTENbHbIN) aHaIUM3 nNpeacTaBaeHun rpynn JlopeHua pensaTUBUCTCKOM
ANHaMKUKK CneumanbHo Teopun OTHOCMTENBHOCTM M KBAaHTOBOW PENATUBUCTCKOM ANHAMMKK, B MONHOM BMAE, 6e3
ycnosusa (c=1) ckopocTu ceeTa.

sin(a)  cos(a) A=

sh (%) ch (%)

X=0
8o () =1, Uux=1+8) 1)

Yo

R, — (cos(a) —sin(a))’ cos? (@) + sin? (a) = 1 ch (%) sh (%) ch? (XEZ) —sh? (E) =1

A =({+axL)A , X
Ryco=1, (Rag=I+Aal) xeax = ( ) Axeax, (¥/yo)
(Rag+aa = U +A al)R, = Ry +A aLRy). Axiaxsyy = Dixpyg) =D (X/Y0) * LAy s
R —R. =A aLR.), limRetsa=Ra _ 1 p Ay ,
(Ra+aa a =4 aLRy), lim raoo  las PR LAy, X # const, y, # cOnst, AMHaMNAYHON
X yO
ARy L
—2 =LR,, R, =e%, peweHune gnuddepeHumanbHoro d Ay
da chepel, Mgy, = ek, (d(x/y(;)(x/yo) o=L.

dRgy
YPaBHEHMUSA, C reHepaTOPOM Fpynnbl (E)O = L.

(d A(x/Yo) Sh(O) Ch(O)) — (0 1) =1L

N e i R L O R IR

0 1\ _
(1 0) = L, reHepaTop rpynnbl




@vor(S o)

Ayyg = € , (x/¥,) - napameTp rpynnbi

0 -1
a*
R,=e* =e (1 0) , O - NapameTp rpynmnbl

0 -1 0 1
ax* *
Ra* Mgy =€ (1 0 ) x g0 (1 0), O[lHOBPEMEHHaA AMHaMMKa KPYroBOro v rmnepbonMyeckoro AsuxeHns

Paguyc-BekTopa (ero BepLumHbl) AUHaAMUYHON (Y, # const) cepbl.

CneumanbHaa Teopma OTHOCUTENBHOCTH lpynna SlopeHuya
7= x-wt 7= t-wx/c? A=t (1 w/cz) Asx (t) _ (f)
Ji—w/c)?’ Ji=(w/c)? Vicweol\w 1 /] x X
" e = O = o) =)
t-wx/c2? ’ -w/o?\w 1 /\x 1-w/02\ —wt +x x/’
Fo Wi/ g o _TWIHY L OuHO TaKas OMHAMMKa
Ji-w/o)2’ Ji—(w/c)?’
KBAHTOBAA PeNATMBUCTCKAA AMHAMUKaA (KBaHTOBOM Teopmn OTHOCUTENBHOCTU)
?— __ a; Ky—cT T __apT—Ky/c 0= 1 (azz 1/c> 0+ ( T) _ (7_‘")
RN o LN o T\ e )’ )7
1 a,, 1/c _ 1 aT—Ky/c\ _ (T
a;, = cos(gy) # const, m( c au)(Ky) = m( a;, Ky —CT) = (1?)
a,, = cos(py) # const , (ay, # ay,) # const, 13
— alle—CT _ a11WY—C a 1/¢ 1
W_azzT—KY/C_azz—Wy/C ’ (;2 afl)=a11*a22—C*%=0, all*an:C*;:l,
OTKyZa CNeayeT: a,; * d,, = cos(py) * cos(py) =1,

B cnyyae KBaHTOBOW PeNnATUBUCTCKON AMHAMUKK, KaK BUAMM, CiedyeT yCI0BME CUMMETPUN: B YCII0BUAX
(ay1 # ayy) # const, NOAYUUM: dqq * Ay, = COS(@y) * cos(@y) = 1, B HEHYNEBbIX 3HAYEHUAX YI10B NapannenbHOCTH
(py #0), (px # 0), ANA yCNOBUI 3HaMeHaTens /1 — (a,)? # 0, (Xt) KBaHTa. TOYHO TakMe npeobpasoBaHus, ANA
(Y1) kBaHTa, ¢ ycnosuamu 3HameHaTens /1 — (a;,)? # 0. Ho yrabl napannenbHocTv He MoryT 6biTb 90°. 3T0 3HauUT
(¢ #90°), yTO ecTb NpeAe/bHbIe Yr/bl NAPaANeNbHOCTU, KOTOPbIM COOTBETCTBYIOT KOHCTaHTbl B3aMMOAENCTBUIA, B
BuAe: cos(@y)mar = a(Y+) = 1/137.036, U: cos?(@x)max = G(X+) = 6.67 x 1078 . Kak BMAMM, CAMM KBAHTOBblE
KonebaHua (oTeeT Ha Bonpoc MOYEMY) obycnoBneHbl NpeaebHbIMU Yriamuy NapannenbHOCTH, B KBAHTOBOM
PEeNATUBUCTCKON AMHaMMKe. B umcneHHbix oueHKax, nepnog (T = (Ky/c) = (3*1071*sm)/3 « 101° = 107%%)s

. 1.2
KonebaHui, n yactota (v = ;) = p, B eaMHbIX Kpntepunsax IBooLmMM, CBA3AHbI C NPeAe/ibHbIMU MOTHOCTAMM (Kak

NPWYMHA) KBAHTOBbIX NOJIEM NPOCTPAHCTBA-MaTeEPUN.

B «EgmHol Teopmn2», Mbl paccMaTpuBanu eguHbie Kputepum IBoAtoLMM AMHAMUYHOrO NPOCTPaAHCTBA-
MaTepuMm B MHOFOMEPHOM NPOCTPaHCTBe-BpemMeHn. B yactHoctn 3apsag: g= MNK( Y+ =X -) B anektpo ( Y+ =X -)
MarHuTHbIX nonsx, u maccy m=MK(X+=Y-) B rpaBuT (X+=Y-) maccoBbix Nonax. Mbl TaKKe paccmaTpmBaiv MOLENU
KBaHTOBbIX Nonei npotoHa: (X+=p*) = Y—=yH)X+=v, )Y —=y§)n: Yt=e¢")=X—=v. )Y +=yHX—=v,)
3N1eKTpoHA. Toraa yenoBua: a,,? * a;; = cos?(@y) cos(@py) = 1, KBAaHTOBOW PENATUBUCTCKOM AnHamuKK (X+) KBaHTa
npuHumatot Bua: (X +) = X+=Y-)2«(Y+=X =), uam: IIK* cos?(@y) cos(py) = 1 *IIK.

(HK(X‘I': Y-)= my, = 1) * COSZ((pX)maxCOS((pY)max =1x (HK( Y+=X-)= qo =1),

1 az_ N2 .
1 1) = (1—-a)*. Torpa:

(mp=1)=(1- a)Z(COSZ((pX)max = G)(cos(Py)max = @) =1%q, n
q(Y+=X =)=(1—-a)?*G+a = (1—1/137.036)2 + 6.67 * 108 * (1/137.036) = 4.8 10712,
Mbl NONYYMAUN SINEKTPUYECKUIA 3apAj, B Tpynne CUMMETPUM ero KBaHTOBOWN PENATUBUCTCKOM AMHAMUKK, B U3BECTHbIX
COOTHOWeEHUAX: a = q2/hc, w = ac, @ = coS(Py)max = 11, €OS(@y) = cos(@y) , yKe Kak cummeTpumn (X+ =Y F)

MacwTabupyem (a,,), B COCTOSHUM KBaHTa: d,,% * a;; = cos?(@y) cos(py) = 1 maTpuuein (
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noneit egnHoro (X+ =Y —), (X— =Y +) AMHAMMUYHOro NPOCTPaHCTBA-MaTEPHM.

Takum e 06pa3om, MaclITabupya rpynny CUMMETPUN @ = e*N*L , KBAHTOBOW PENATUBUCTCKON AMHAMUKK
(MoaHo roBopuTb B KBaHTOBOM Teopnu OTHOCUTENBHOCTU ), HO YXKe MacCOBbIX MONEN, MOXKHO UCKaTb CMEKTP Macc
3/IEMEHTapPHbIX YacTULL. ITO OTIMYAETCAa OT CUMMETPUIA rpynn JTopeHua B KaMbpoBOUHbIX NOMIAX.

Cynep cummeTpuM B KBAaHTOBOW PEeNATUBUCTCKO AUHAMUKe.
I'naBel
BBepeHue.
MpeacTaBaeHne rpynn CMMMETPUIA B KBAHTOBOM PENATUBUCTCKON AMHAMMKE.
Cynep cMMMETPUM B KBAHTOBOW PENATUBUCTCKON OUHAMMUKE.

1.BBegeHune

Cynep cMMMeTPUM B KBAHTOBOM PENATUBUCTCKOM ANHAMMKE, PAaCCMATPUBALOTCA B TEX KE MAaTEMATUYECKNX
MOAENAX, YTO U CUMMETPUN. CUMMETPUMN B KBAHTOBOW PENATUBUCTCKON AMHAMMUKM (MOAHO roBOpmUTL KBAaHTOBOM
Teopumn OTHOCUTENBHOCTHM), PACCMATPUBAINCH B OGHOW MaTEMATUYECKON UCTUHE C CUMMETPUAMM rpynnbl JTopeHua
B KaAIMBPOBOYHbIX NonAX. ECTb pasHUUa NpeacTaBAEHUIA TPynn CUMMETPUN B PENATUBUCTCKOM AMHAMUKe
CneupanbHoli Teopumn OTHOCUTENBHOCTU, KaK Fpynnbl JIOpeHua M rpynnbl CUMMETPUM B KBaHTOBOW PENATUBUCTCKOM
AnHamuKe (KeaHToBol Teopun OTHOCUTENbHOCTK). B nepBom ciydae cMmmeTpua rpynnbl SlopeHua
paccmaTpuBaiacb B NPOCTPAHCTBE-BPEMEHU ¢ EBKAMA0BOM aKCMOMATMKOM. ITO 0bLLen3BeCcTHble akcmoMbl EBKAMAA.
1. «To4Ka ecTb TO, YacCTb Yero HMYTO») («Havana» EBkAMaa). uam Touka ecTb TO, YTO HE MMEET YacTel,
2. INHUA — gAnHa 6e3 WKpPUHBI.
3. M 5-1A nocTynat o napannenbHbix MPAMbIX IMHUAX, KOTOPblE He nepeceKatoTca. Ecnn npamas, nepecekatowasn ase npamble,
0bpasyeT BHyTPeHHME OAHOCTOPOHHME YI/bl, MEHbLUNE ABYX NPAMbIX, TO, NPOAO/IMKEHHbIE HEOTPaAHUYEHHO, 3TU ABe NpAMble
BCTPETATCA C TOM CTOPOHDbI, FAE Yr/ibl MEHbLUE ABYX NPAMbIX.

o+ i< 1807
1502051
PucyHok 1
Mpu aToMm, yron napannenbHocTn (¢ = 0) paBeH HY/t0, U MHOMKECTBO MPAMbIX JIMHUIN B OAHOM «...A/MHa 6e3 WUPUHbI»
TOXe npAMas MHMA. 3To npobnema EBKINA0BON aKCMOMaTUKK. Ee HET B AMHAMWUYHOM MPOCTPAHCTBE-MaTeEPUN:

—

-,

PucyHOK 2
C HeHynesbim (@ # 0) # const , U MHAMUYHBIM YI/IOM NapanienbHocTu. beckoHeuHocTb (AC — ©0) Henb3s
OCTaHOBWUTb, MO3TOMY AMHAMMYHOE NPOCTPaAHCTBO-MaTepMA CyLLecTBYeT Bcerga. B ceTke EBKAMA0BbIX MPAMbIX JIMHWUIA

z DI IO
el | A
g el

\71/
X ~—7 i | o] ({ﬂ)« L, B ’

Y,

X Xy

PucyHOK 3
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Mbl HE BUOMM OMHAMWYHOTO MPOCTPAHCTBA-MaTepuKn, a camo EBK/IMA0BOE NPOCTPaHCTBO, TepAET cMbic/. BepHee,
Mbl FOBOPUM O HECTaUMOHapHOM EBKANA0BOM NPOCTPaHCTBE B Npeaenax AMHaMUYHOrO yraa napannenbHocTy.
TaKoe AMHAMUYHOE NPOCTPAHCTBO-MaTepUsa, UMeeT COBCTBEHHbIE aKCMOMbI Kak $aKTbl, He Tpebytowme
[lOKa3aTenbCTB. B cnyyae dMKcaumm yrna napannesibHocTh, YTo 0CO6EHHO aKTyaNbHO B GUKCUPOBAHHbIX
3KCMEepMMEHTabHbIX AaHHbIX, Mbl MOAy4aeM EBKIMA0BYIO aKCMOMATUKY NPOCTPAHCTBA-BPEMEHU, UM BapUaHTbI
PYMaHOBOro NpocTpaHCTBa (B TOM UMc/ie reomeTputo JIobaueBCKoro), B COBPEMEHHbIX TEOPUSX, C MPUHLMMOM
HeonpeaeNneHHOCTU, BOIHOBOM GQYHKLMEN U TEXHONOTMEN KBAHTOBbIX TEOPUIA. U UMEHHO B TaKOM, AMHAMUYHOM
NPOCTPaHCTBE-MATEPUM, Mbl YKe pacCMaTpMBaIM CUMMETPUN KBAHTOBOW PENATUBUCTCKON ANHAMUKM.

2.MpeacTaBneHue rpynn CUMMETPUIA B KBAHTOBOM PeNATUBUCTCKON AMHAMMKe.

B cMMMeTpUM KBaHTOBOW PENATUBUCTCKOM AMHAMMKE, Mbl MONYYMAN Npeobpa3oBaHMA KBaHTOBOW
PEeNATUBUCTCKOM AMHamMMKM (KBaHToBOM Teopmm OTHOCUMTENBHOCTM), MO aHANOMMK C KNACCUYECKON PENaTUBUCTCKOM
OnHamukol CrneumnanbHoit Teopum OTHOCUTENBHOCTU DMHLWTENHA NpeacTaB/ieHHOoM rpynnoii JlopeHua. Mpeacrtasum
nX TabNNYHbIN (CpaBHUTENbHBIN) aHaNN3 B BUAE:

Tabnunya 1
CneupanbHas Teopua OTHocuTenbHocTh (¢ = 1) lpynna JlopeHua
%= a===( ) A ()=
1-w)2’ - 1 2\w 1/’ x) ~ \x
- t-wx —w) _
T =, DO==C")=0)
W= x—wt 1—(w)2 w 1—(W)2 X
t-wx ’ _ - _ —-wt+
f=—1  g= W—xz , TOYHO TaKaa AMHaAMMKa
,1—(w)2 J1=-(w)
KBaHTOBas penaTUBUCTCKan AMHamuKa (¢ # 1) (KBaHTOBOM Teopun OTHOCUTENBHOCTH)
J— — a11KY_CTX —X — aZZTX_KY/C Q — 1 (a22 1/C) ) Q " ( T) — (i)
Ji-(a)?’ Ji-(a)? ' 11_(a22) azcz 16;1; T 1 % aZZTIE K, /c 7
a,;; = cos(¢y) # const, m( c au)(K,,) - m( a;, Ky —cT) - (1?)
a,, = cos(py) # const , (ay, # ayy) # const
_ a Ky—cTx ayWy—c¢ 11 22 ’
w= =

apTx—Ky/c  ap-Wy/c

, (azz 1/c
¢ ap
OTKyZa CNeayeT: a,; * d,, = cos(py) * cos(py) =1,

1 — 1_
)=f111*(122—c*;=0: Ay * Ay =c*x-=1,

MpumeyaTenbHbIN MOMEHT B CUMMETPUN KBAHTOBOM PENATUBUCTCKON AUHAMMKMK, ecTb ycnoBue (a,, = 1)

EBKANAOBOIM aKCMOMATUKK, NPU KoTopom: cos(@y = 0) = (a,,) = 1, B 3HameHaTene Q = ;(an 1/C> nony4vaem
V1-(azz) c a1

HO/b. [103TOMY COXpaHAA MaTeMaTMUECKYI0 UCTUHY, Mbl pacCMaTPUBaem NPOCTPaHCTBO CaMOro KBaHTa B YC/IOBMAX
(c = 1), m nonyyaem COOTHOLLEHUA:

_ 1 azz 1Y\ _o_ Az 1)_
Q _,/1—(a22)2( 1 an) T o =0, nm ( 1 ay,/) 0.
a,,*a;; —1=0. Ay ¥ a1 =1

3710 o4eHb UHTepecHoe ycnosue: [ (cos(py = 0) = 1) * (cos(py =0) =1) =1] — [1* 1] = 0, U OHO AENCTBUTENBHO B
EBKANAOBOI aKcMoMaTuKe. OnpeaennTenib TakoM MaTpuULbl PaBEH HY/IO, ECAM ABa CTONOUA MW ABE CTPOYKM PaBHbI.
®opmanbHo, B EBKINMAOBOM NPOCTPAHCTBE, B AaHHOM npeacTaBaeHmm: (cos(@y = 0) = 1) * (cos(py = 0) = 1), 3Tn
YyCNnoBua: a,, * a;; = 1, cobntogatotcs. Ho 311 e ycnoBua cobatoatoTcs U B HecTauMoHapHom EBKAMAo0BOIM
NPOCTPAHCTBE, C TON e MaTeEMaTUUYECKOM UCTUHOM: a,, * a;; = 1, HO yxKe B BuAe: cos(py # 0) * cos(py #+ 0) = 1.
3pecb, B EBKNMAOBOM NPOCTPAHCTBE Mbl HE BUAMM AMHAMMUKY BHYTPU KBAHTa NPOCTPAHCTBA-MaTeEPUM, HO 3TO He
03Ha4aeT, YTO BHYTPM KBaHTa TaKOM AMHAMMKM HET. ITO KBAaHTOBAA PENATUBUCTCKAA ANHAMMKA, KOTOPOM HET B
EBkAnOoBOI akcmomaTuke (@ = 0) NpocTpaHcTBa-BpeMeHun. M 3To ycnoBma KBaHTOBOM PENATUBUCTCKON ANHAMUKM.

BTopoli MOMeHT B cummeTpumn eauHoro (X+=Y —), (X—= Y+) npocTpaHCTBa-MaTepun B MOAENAX

npotoHa: (Xt=p*) = Y—=yH)X+=v)(¥Y—=v7), wwm (Xt=p*)=(1H)*X1):
n anektpoHa: (Yx=e7)=X—=v)Y+=yHX—=v;), nam (Yt=e7) = (X)3(Y1)

B AMHaMUYHOM NMpPOCTpaHcTBe-maTepum («EanHas Teopua 2»). YcnoBmAa Tako CMMMETPUKN NPeacTaBAAtoTCA B BUAE:
ay,% *ay; = cos?(@y) cos(gy) =1, KBAHTOBOW PENATUBUCTCKON ANHAMUKM (a,; # dy,) # const ana (X+) KBaHTa.
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PucyHok 4
2
Taknum 0bpa3om, Mbl UMeeM reHepaTop rpynnbi ((QZCZ) i/c) =0, Un: a,,?*a,;; = cos?(py)cos(py) =1. Mpu
11

aToMm, cos2(@y) =+/1 —sin%(py), sin(py) =2, w, = ? , 1 cos2(py) = [1- (%)2 , NOJIy4aeM TaKylo e
Y

c

PEeNATUBMCTCKYIO NOMPaBKY, Kak M B rpynne JIopeHua, HO yXKe A1 KBAHTOBOM PENsTUBUCTCKOM AUHAMUKKM cos(@y) .
X+H)=X+=Y-)?=(Y+=X -), nnu: TK = cos?(¢@y) cos(py) = 1+ TIK.
(HK(X‘I': Y-)=m,=1)* COSZ((pX)maxCOS(QDY)max =1+ (MK(Y+=X -)= qo = 1),
B eaAnHbIx Kputepmax Isontoumm 3apagosblx (Y+ =X —), n maccoBbix (X+=7Y —) none npoToHa M 3/1eKTPOHa.
370 K/NOUYEBOM MOMEHT, Korga cummeTpua: cosZ(py) cos(py) = 1 macwTtabupyercs,

IK * cos?(@y) cos(gy) = 1 *IIK,
3apAJ0BbIMM 1M MACCOBbIMM MoniAMK eguHoro (X +) = (Y ) npoctpaHcTBa-maTepum, ¢ 4aHHOM cay4ae. [pu sTom,
npeaenbHble YIbl NAPannebHOCTU KBaHTOBbIX MOJIel, COOTBETCTBYIOT KOHCTaHTaM B3aMMOAENCTBUA B SIOKAJIbHbIX
6a3MCHbIX BEKTOPAX B YXKE PUMAHOBOM NPOCTPaHCTBE:

1

ajy = 1% 1% cos(@y)max = cOS(Py)max = @ = 137.036 "’

Ay =1 %1% cos(Qy)mar = €COS(Ox)max = VG = 6.67 * 1078, UnKn a,,? = cos?(¢y) =G .
Mpeobpa3oBaHuKA yXKe KBAHTOBOW PENATUBUCTCKOM AMHAMUKK (@y # const) , U (@, # const) , macwTabupyem
MaTpULEN, C NPeaenbHbIMU NapameTpaMm KBaHTa NPOCTPaAHCTBa-MaTepun (PUCYHOK 4) B TaKoW AUHAMUKe B BUJE:

2

cos(py =0) =1 cos(@lmar =@\ 1 4
w()=1  w(2)=1 ) =G P =007
Yo Xo

Monyyaem: (1 —a)?* G+ a(lIK=my, =1) =1 * (TIK = ¢ = 1), AN B KOHEYHOM WUTOre NEKTPUYECKUIA 3apAga,

g(Y+=X =) =(1—a)?*G+a = (1—1/137.036)% * 6.67 * 108 x (1/137.036) = 4.8+ 1071°,
B €r0 KBAaHTOBOM PeNSTUBMCTCKOM AMHAMUKE. 3apsaa B TAKOM NpPeACcTaBAeHUN, COOTBETCTBYET COOTHOLEHUAM:

amfo 1
hc 137.036
B cTpornx matemaTU4YeCKUX UCTUHAX. [TpuMeyvaTeNibHO B KBaHTOBOW PENATUBUCTCKOM AMHAMMKE TO, YTO M30TPONUA
NPOCTPaHCTBa-BpeMeHM EBKANA0BOM cdepbl, TOHHO TaKas KaK U U30TPONMA BAONb KaXKa0M OCU AMHAMUYHOIO
snamncomnga: (Ky 1)? + (Ky = cTy 1)? = (s)? HecTaumoHapHoro EBKAMAOBOro NPOCTPaHCTBa-BpemMeHun. [uHamuKa
nepuoga (Ty) CoOOTBETCTBYET 3ame/IEHUI0 UM YCKOPEHMIO X0A4a BpeMeHU BAOb ocu (X). B AaHHOM cyyae
KBAHTOBOW PeNATUBMUCTCKOM AMHAMMKM, Mbl TOBOPUM O AMHAMMKE CAaMOro NPOCTPaHCTBa-BpeMeHM KBAHTA
MPOCTPAHCTBA-MaTEPUK, B YCIOBUAX reHepaTopa rpynnbl (Q = 0), Korfaa cobbiTsa He BbIXOAAT U3 AMHAMUYHOTO
anamnconga. NMpocTpaHCTBO 3IMNCONAA, 3TO CKPbITOE NPOCTPAHCTBO (purc.3), B KoTopoe ¢ EBkAngosoro
NPOCTPAHCTBA-BPEMEHM, Mbl MONACTb HE CMOXKeM. paBKIbHO cKa3aTb, B EBKANMAOBOM NPOCTPAHCTBE ero HeT.
HKDEK) + Ky =cTy D2 =(s=0)*,  wm:  (cTx)? = (Ky)?, nn: cTy =Ky .

M 3TO 3HAUUT, YTO NOBEPXHOCTb AMHAMMYHOIO 3NUNCONAA, CBET AOCTUMAET OAHOBPEMEHHO BAO/b KAaXKA0M OCH.
Nnn, nobas TouKka POTOHA, MMEeT CKOpPOoCTb cBeTa. Mbl roBOpUM, Mpu 3TOM, 0 EBKNMA0BOM M30TpONMM
HecTaLMoHapHOro EBKNMA0BOrO NPOCTPAHCTBA B KBAHTOBOW PENATUBUCTCKON AMHaMMKe. TaKoro npocTpaHcTBa HeT
B ocAx (XYZ) ctaupoHapHoro EBKAIKMA0BOro npocTpaHcTea. Ho npaBunbHei byaeTt HaobopoT. B peanbHOM
npocTpaHcTBe-MaTepum, ¢ EBKIMA0BOM M30TPONMEN B HEHYIEBbIX YI/1ax NMapaaie/lbHOCTU C HECTaLWMOHAPHbIM
EBKANA0BLIM NPOCTPAHCTBOM, HET CTaLMOHAPHOro EBKAIMA0BOIO NPOCTPAHCTBA C HYNEBLIM YI/IOM NapaniesnbHOCTU B
(XYZ) ocax. B aTom npuymMHa He NOKaIbHOCTU OAHOBPEMEHHbIX COBLITUM, KaK yrKe GaKTbl SKCNEPUMEHTOB.

3.Cynep cMMMeTPUN B KBaHTOBOM PENATUBMUCTCKON AMHAMMIKE.
B KBaHTOBOW cUCTEME KOOPAMHAT AMHAMUYHOrO NPOCTPAHCTBa-MaTepun, Mol rosopuau o nepsoit (0J1;) ypoBHs,
Obnact Jlokanusaumm HeaeIMMbIX KBaHTOB NPOCTpPaHCTBa-maTepun (p)(e) (v#)(yo)(ve)(y), («Enunas Teopust 2»).
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on, - on, = on,—=
PucyHoK 5.

B atoi O6nactv Jlokanusaumm Hegennmblx kBaHTos (O/1;) yposHs, umetoT mecto (Y+=e7) = (X— =p*)

3apagosble (Y+=y;) = (X— = vﬂ) (Y+=y*) = X— =v;), numaccosble: (Y—=¢7) = (X+ = Vu)

nsonoteHumansl (Y —=yy ) = (X+ = vJ), Bewecrsa B LaHHOM C/lyuae, B MX CTPYKTYPUPOBaHUU. MmeeT mecTo

CMEKTP Macc 3TUX HeAeIMMbIX KBaHTOB NpocTpaHcTea-maTtepun. m(p) = 938,28MeV, G = 6,67 x 1078,
m, = 0,511 MeV , (mv = 0,27 MeV),

(X KX) (X =) = cos®px = (\/—) (Y KY) (Y =) = cos gy = ~ 137,036
_F= nz_[nzrz_ n ]_HYzmy .9 -G .
“ v 1Ty Tk —C;_z:g) , OTKyda: zmy = Gmy , NAN:

2(IIK = my) = K * (cos?(px) = G) * (cos(py) = 1) * (TIK = my), B KBAHTOBOM PENATUBMCTCKOMN AMHAMUKE
m = F=D? _ [HZTZ _ ] _ IIX=my Im. =2 m .
= =5 el = (ﬁ_«z) , OTKyAa x = y, wm:

XII

2(IIK = my) = K * (cos?(@y) =x?2) * (cos(@,) = 1) * (IIK = my), B KBaHTOBOI PENATUBMUCTCKOM AMHAMMKe
3 TaKoi KBaHTOBOM PENIATUBMUCTCKOM AMHAMMKK, CNEAYIOT PACYeTbl CMEKTPA B KBAHTOBOM CUCTEME KOOPAMHAT.

my=o?my/2,  w (x/VZ)* K (x/VZ) = T2 = m(vE) = 136+ 1075MeV
my = Gmy/2, wm: ({/G/2) *TIK = (,/G/2) = Gm(p) m(ys) = 3.13 * 10™5MeV

aHanormyno: m(y) = Gm(v") =9,1%10"°MeV.
BeguHom (Y= =XF)mm (Y+=X-),Y—=X+) I'IpOCTpaHCTBe-MaTepVIVI HeaeNNUMbIX CTPYKTYPHbIX Gopm
Hegenumbix KBaHToB (Y +) n (X+). PeanbHOCTb TakMx NpeacTaBieHWiA, cneayeT U3 pacieTos.
(Yx=e7) = X+=v,)(Y—=y")(X+=v;) anektpoHa, rae HON(Y £)=K3(Y+)K3(Y-), n
X+=p*) = Y—=y)(X+=v;)(Y—= ) npoToHa, rae HON(X +)=K3(X+)K3(X-),
Mbl oTensiem anektpo(Y+ = X —)marHutHole nona ot maccosbix nonen (Y— = X+) B Buge:
(X+)(X+) A X+=v7 /2)(V2+6)(X+=v; /2)

14

EHEH) = Fu FEET=1=(F D -); (+=X =) =T2E2 wm: s = 4. (Y+)
(M) /2)(V2*6)(m(v,)/2) (136 1075)2x V2 6,67+ 107° 1
, = — = 907 10 = 4,8 % 10"1°CI'CE
=) (@)Y -=y)
YO D =@)n LD =1 = X ) (4= X ) =252 (" V"())(i 3(§ %) = g (V4= X -),
(m(y5")/2)(@?/2)(m(y5")/2) (3,13 % 107°/2)? _ _10
= mvy) = 2137,0362: 136+ 105 #8107 TCICE

Takne coBnageHus He MOryT ObITb CyYaliHbIMK. 34eCb Mbl PUKCUMPYEM TOT GaKT, YTO KBAHTOBAA PENSATUBUCTCKAA
AVHaMMKa AeNCTBUTEIbHA U ee pacyeTbl AatoT pesy/ibTaTtbl. KOHTPOIbHAA NPoBEpPKa PeaNbHOCTU TaKnX GaKToB,
cnepyet y»(e 13 SKCMEPUMEHTa/IbHBIX paKTOB. [NA A/IMHbI BONHbI NPOTOHA A, = 2,1 * 10~ *cm, ero vactora

(vyo+) = —=1,4286 * 102*Iy dopmmpyeTca yactoToi (Y4 ) KBAHTOB, C MacCoI 2(m, +)c Gh(vygr).
Gh(v,+). *107 %% * * *
le = 5,62 * 1026MeV’ Wi (myg) = 2cy20 _ 667x10 8 1,052i2*i(;227 1,4286%102 — 5,58« 10-325 = 3,13 % 10-5MeV

AHanornyHo ana anektpoHa A, = 3,86 * 10~ 1cm, ero yacrora (vv—) = Ai = 7,77 * 102°Ty , popmupyetca yactoTom

(vz) KBaHTOB, C Maccoi 2(mve—)c2 2h(v(ve) raea(Y =) = KOHCTaHTa, Nosly4Yaem A/ MacCbl HEMTPUHO:

137,036
a’h(vpy) 1%1,0545%10277,77+1020

(m,-) = SZEI = 2,424 107322 = 1,36 * 10~°>MeV, unu:
e 2c2 (137,0362)%2x9%x1020

CTabunbHble YacTULpl C NPOAYKTaMM aHHUrMAALMK B eamHom (Y+= X1) npocTpaHcTBe-maTepum:
(Xt=p) = (Y == y)(X+=v)(Y==,) = (22 - %) = 938,275 MeV’ ; nporoma :

Yt=e)=X—=v)Y+=py)X—=v,) = (Zve + };—ZZ) = 0,511 MeV ; anekTpoHa.




TaKue coBnageHuUs TOXKe He CyYaliHbl M OHW CAIEAYHOT YKe U3 IKCNePUMEHTabHbIX AaHHbIX. Ecan B
CUMMETPUAX KBAHTOBOM PENATUBUCTCKOWM AMHAMMUKM Mbl MONb30BAZINCb CUMMETPUEN:
K * cos?(py) cos(py) = 1 = IIK,
13 KOTOPOW CNeAyeT KBaHTOBas PENATUBMCTCKAA AMHAMMKA NEKTPUYECKMX 3apAL0B NPOTOHA U 3/1EKTPOHA, TO
ceryac paccMoTPUM TaKyHo e (cos?(@y) cos(@y) = 1) CUMMETPUIO KBAHTOBOM PEIATUBUCTCKON AUHAMUKM:
(TTK)? * cos? (@y) cos(@y) = 1 * (IIK)?,
HO yXXe AN KBagpaTUYHOM GOopMbl. ITa CUMMETPUA ChedyeT U3 PacYeToB KOHCTaHTbl B3aMMOAENCTBUA ABYX
3apAf0B, KOTOPbIE MPEACTaBUM B €4MHbIX KpUTEPUAX DBONIOLMK B BUAE:
hic xx= g2, nnu: ((TMK)% = Ac) * (cos2(px = 0) = 1) * (cos(@y)max =%) = 1 * (TIK = q)2.
B gaHHOM c/iydae, Mbl BblgenAeM PenaTUBUCTCKUIA MHBAapUaHT (Aic = const), HO y»Ke B KBAHTOBOW PeNIATUBUCTCKOM
2
AvHamuke cos?(@y) cos(py) =1 nam: <COS ((pX) 0 ) = (1 0)
0 cos(goy) 0 1
((TIK)? = hc) * (cos?(px) = 1)(cos(py) =) = 1+ (MK = q)*.
- 2
(k- “he, wm:  EBITN 550,107 = (he = 31647 ¢ 107V),
(cos ((pX):l)*(cos((py)max:o() (1/137.036)
AHaNIOMMYHO, B 3TOM K& MaTeMaTUYECKOWN MOAE/IN KBAaHTOBOMN PENIATUBUCTCKOM AMHAMMUKM, UMEET MeCTo:
((TK = my)?) = (cos®(px) = G)(cos(gpy = 0) = 1) =1+ ((K)?> = hc), wn:
(m)?* G*1=1=x(hc), oTkyaa: VG * myVG * my, = hc, PENATUBMCTCKUI MHBAPUAHT ANA MacC:

2 _ he _ 31647x10717 . «10-10 . 2 _ he
(my) T oo = 1+4.8%107'°, paeT 3apag, uau: (my) -

3TOro MHBapwuaHTa, B BUAE:

Ero MaTpuyHoOE npeacrtasaeHune C KOHCTaHTOM B3aMMOAEVICTBMH B BUAE:

<\/E*m0 0 >=hc,

0 VG *m,
3TOT MHBAPUAHT, Mbl MacLTabupyem peanbHbiMv KBaHTamm, VG * (my = y%)\/z * (my_v¥) , Maccosoro
2
o a 1
n3onoTeHUMana, n BO3L4EMNCTBYEM reHepaTopoM rpynnbl: Q = <( 212) a ) = 0, U3 KOTOPOro c/ieayeT KBAHTOBaA
11

v l 2(X-
PENATUBMCTCKAA AMHAMNKA: (az7)?ay; = 1, C YHETOM K/IACCUUYECKMX COOTHOWEHUI = = = %:
0

< ch (Xyio) =1 —m *ch(1)

0
7 * (€0 (Py)max =) cos(@ =0) =1
B KOHEYHOM UTOTE CIeaytoT COOTHOLEHWSA KBAHTOBOW PENATUBUCTCKOM guUHAMUKK:  (ay,)2%a,; = 1,:

<\/E vy 0
0 VG * v}
(hc = 3.1647 % 10°17) = (3,13 % 1075) % 6.67 * 1078 x (1.36 * 1075) = (1 + %) =3.155% 10717,

B dpM3MUECKOM TEPMUHONOTMU, Mbl FOBOPMM, YTO YKa3aHHble 6030HbI U GEPMMUOHbI, GOPMUPYIOT PENATUBUCTCKUN
nHBapmaHT (AC), B yKasaHHOM MaTPUMYHOM NpPeACTaBaeHUH. 34eCb Mbl FOBOPUAM O MAacCOBOM M30MOTEHUMANE:
(Y—=1vy5) = X+ =v7), B KBaHTOBOW CMCTEME KOOPAMHAT. TOUHO TaK, MaclUTabupya KBaHTOBYIO PENATUBMUCTCKYHO
AMHaMURY yxe apyroro: (Y—=e7) = (X+ = vlf) MaccoBOro M30MoTeHUMana, Nosy4Mm Takom e pesynbTar.

1 G * e/n 0

2" ( 0 GV, /T

) = (14ocx ch(1) * 2).

) % (140 ch(1) * ) = hc = (ydt)G(vf) * (14+ocx ch(1) * w2) , nan:

: ) (14ocx ) = hc, wan: (e)(G/m)?(v,) * (1+xxm) = Ac,

(0.5) % (0.511) * (6.67 * 1078/3.14)2 x (0.27) * (1 + 3.14/137.036) = 3.18 x 10~17 = (hic = 3.1647 x 10°17) .
Takum 06pa3om, Mbl MOJYYNIU TAKOW Ke PeNATUBUCTCKUIA MHBAPUAHT (AC), B yKasaHHOM MATPUYHOM
NpeAcTaBNeHUN CUMMETPUM 6030HOB M GPEepPMMOHOB B KBAHTOBOW PENATUBUCTCKOM ANHAMUKE. MHBIMU CNoBaMK, Mbl
rosopum o cynep cummetpun (TIK)?2 = cos? (@y) cos(@y) = 1 * (IIK)?yKa3aHHbIX 6030HOB U GEPMUOHOB, B KBAHTOBOM
PeNATUBUCTCKON AUHAMMKE W30MNOTEHLMAN0B KBAHTOBOM CMCTEMbI KOOPAMHAT.

11.CBepxcBeToBbIE€ (POTOHBI

Abstract. PaccmoTpeHbl cBOWiCTBA JUHAMHYHOT'O TPOCTPAHCTBA-MATEPUH, YACTHBIM CITydaeM
(UKCUPOBAHHOTO €T0 COCTOSHUS KOTOPOro, €cTh EBKIINI0BOE MPOCTPAaHCTBO-BPEMsI COBPEMEHHBIX TEOPUH.
Takoe AMHAMUYHOE TPOCTPAHCTBO-MATEPUS IPECTABICHO YK€ B KBAHTOBOW cucTeMe koopauHar. U yxe B
TaKUX YCIOBHUSIX IPEACTABICHA BO3SMOXHOCTb HAJTUYUS U OOHAPYKEHUS CBEPXCBETOBBIX (JOTOHOB.

OrnasieHue.

1. Bcerynnenue.

2. VcxoaHble OJNOXKEHUS.

3. CBepxcBeToBbI€ (OTOHBI.



1.Bcryniienne.

NHcTrpymeHTOM ITO3HAaHUSA 3aKOHOB IIpupoasl ecTb MaTemMaTHKa, OCHOBOW KOTOPOM e€cTh EBKiMaoBas
akcuomaTuka. Beinenum 31eck onpeneneHue TOYKH, JUHUU U YCIIOBUN NAapaJyIeIbHOCTU MPSAMBIX JIUHUH.
1. «Touka ectb TO, 4acTh yero HuuTo») («Hauana» EBknuaa). M, Touka ecTh TO, 4YTO HE UMEET YacTei,
2. JIuaus — niuHa 0e3 MU PUHBI.
3.1 5-i mocTynat o mapaienbHbIX MPSAMBIX JIMHUAX, KOTOpBIE He epecekatoTcs. Ecnm mpsimas,
nepeceKarolas JABe npsmMbie, 00pazyeT BHYTPEHHHE OJJHOCTOPOHHUE YIJIbl, MEHBIIIHNE IBYX MPSIMBIX, TO,
MIPOIOKEHHBIE HEOTPAHUUEHHO, 3TH JIBE IPSIMbIE BCTPETATCS C TOM CTOPOHBI, T/I€ YIJIbl MEHbIIIE ABYX
MPSIMBIX.

o+ i< 1807

puc. 1 EBximmoBas akCHOMAaTHKA.
[Ipn >TOM MHOXXECTBO TOYEK B OJIHOM TOYKE, JA€T CHOBA TOUKY. DTO TOYKA MJIU UX MHOXKECTBO,
orpeeNnsieMoe HEKUM COOTHOILIEHUEM AJIEMEHTOB MHOKecTBa? M, MHOXXECTBO JIMHUM B OJTHOM JIMHUH,
JIa€T CHOBA JIMHUIO. DTO JIMHUS WK UX MHOXKeCcTBO? OTBETOB Ha Takue BONpockl EBKIIMI0Bast akchoMaTHKa

He naet. C npyroii cropoHsl, B [Ipupozae HeT npocTpaHcTBa 6€3 MaTepHH, U HET MAaTEPUH BHE IPOCTPAHCTBA.

IIpocTpancTBO-MaTEpHs 3TO ONHO U TO Xke. [ maBHOE cBOICcTBO MaTepun — ABmxkeHue. [llapuk nmocie
HAKJIOHHOMW IJIOCKOCTH, B ONBITax [anuiies, ABUKETCS 10 TOPU30HTAIBHOMN MIIOCKOCTH OECKOHEUHO, €3
BHEIIHUX CHUJI COIPOTUBJICHHUS. | TaBHBIM CBOMCTBOM JIMHAMHUYHOI'O IIPOCTPAHCTBA -MaTEPUH, B IIPEIEIaxX
JUHAMHYHOIO yTJja MMapajiebHOCTH, TOKE eCTh ABIKeHHE. (Eaunas Teopus 2, http://viXra.org/abs/2210.0051)

puc. 2. JInHaMM4YHOE TPOCTPAHCTBO-MAaTEPUSL.
[Ipsimble TMHUYM npoxoasmue yepes Touky O, B Ipenenax BCeraa JMHAMUYHOIO yria apajleNbHOCTH
(¢ # const), ne nepecekaroT AC Ha OECKOHEYHOCTH. BeCKOHEYHOCTD Hellb3s OCTAaHOBUTD, TIO3TOMY TaKOe
JUHAMHYHOE IPOCTPAHCTBO, CYIIECTBYET Beeraa. B 1ienom, peub 0 AMHAMUYHOM IIPOCTPAHCTBE -MaTEPUH.
Ero coiicTBa paccmoTpeHsl B «EnnHo#N Teopuu 2». Beigenum rinasroe. M3 EBKIIMI0BOro mpocTpaHCTBa
OAC, MBI HE MOXEM MONACTh B TUHAMUYHOE IIPOCTPAHCTBO-MATEPHIO, B MIPEAEIax BCErAa JUHAMUYHOT O
yria napamiensHoct (¢ # const). Camo EBkimoBoe mpocTpaHcTBO B ocsix XYZ, TepseT CMBICI.

A 1 =iy 14 ]

puc.3 IMHAMUYHOE TPOCTPAaHCTBO-MaTEPHS
B pamkax cerku EBkimmnnoBeix (¢ = 0) oceif, Mbl He BUAUM AuHamMuuHOro (X+=Y—), (X—=Y+)
MPOCTPAHCTBA-MaTEPUH, U MBIl HE CMOXKEM €ro ImpeacTaBuTh. [109TOMY BBOAATCS aKCHOMBI TUHAMUYHOTO
MIPOCTPaHCTBA-MaTepUH, KaK ()aKThl HE TPEOYIOIIHMX T0KA3aTENBCTB. YK€ B THX aKCHOMAaX PelaeTcs
npobJieMa EBKINIOBOM aKCHOMATHKU TOYKH, KAK MHOKECTBA HEIEIMMBIX C(ep-TOUeK, B OJTHON HEHASITUM O
cdepe-Touke, HO yke Ha (N) CXOAMMOCTH, TMHAMUYIHOTO ITPOCTpaHCTBa-MaTepuu. Besikas ¢ukcarus (B
AKCIIEpUMEHTax) HeHyaeBoro (¢ # 0) yria mapamuienbHOCTH, 1aeT MHOT'0JIMCTOBOE PuMaHoBO

14
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axk
0z

X . ay . 0z

: xt dxJ
_ 2 Il el | S 1 7
—axil+axf]+axkk’ e l+ayj+

X
Tensopom Ci (x")*e (") =2 (") y rononormeit X" =X Y.Z) 4 EBkinmmoBom mpoctpancTtse. To ecTh,
PrMaHOBO ITPOCTPAHCTBO, 3TO pukcupoBannoe (¢ # 0) = const) cocrosHue qMHAMUYHOTO (¢ # const)
IPOCTPAHCTBA-MAaTEPUH. A MaTEMAaTHYECKUE CBOMCTBA TAKOIO MPOCTPAHCTBA, ONPEAENAIOT PU3UUECKHE
cBoiicTBa Mmatepuu. Bee Kpurepuun OBomonnu NpocTpaHCTBAa CKOPOCTEH, 1 B PUMaHOBOM IIPOCTpaHCTBE
toxe: e;(x™) = v;, e,(x") =v,, gy (") = v?, kak noTeHIMAT B KOOPANHATHO —BPEMEHHOM
npoctpanctse ckopocreit WN=K™NT -N g Muoromeprom npocrpancree-epeMenn. SIpKuii 5TOMY MpPUMED,
O6mas Teopust OTHOCUTENBPHOCTH DifHIITENHA. [Ipn 3TOM, Teopust DiiHIITEHHA co3aHa B PHUKCUPOBAHHOM
(¢ # 0) = const) Pumanosom npocrpanctse. U 31ech HET IPOOIEM ¢ KBAHTOBBIMH TEOPUSMHU.

IIPOCTPAHCTBO: €; k, C HIaMCHTAaJIbHbIM
i

n- CXOAHMOCTH

V’l—C.\,’O,’lH)}OCTb
/ ~
) I S e

S U/ > 307 Y -
_;_:_:é: ix‘ =Y+ )7/(\ = N \'\\ /,\\ > D "’, |\
e i il > /o

~

7C i \
N X+HEY)
O]
_\' pi : >
o Rea

~ NS

<

puc.3a. IMHAMUYHOE IPOCTPAHCTBO-MATEPUS
2. cxoaHbIe MOJI0KeHUs].

W3 akcrom Takoro TuHaMHYHOTO (¢ # const) MpOCTPaHCTBAa-MaTEPHH, KaK T€OMETPUICCKUX (DaKTOB HE
TpeOYIOMKX 10Ka3aTeNnbCTB. (M — n) cxogumoctu, popmupyrorcs HenenmumbiMu Obnactsamu Jlokanuzanuu
kak HefemuMbiX (X+) m (Y1) KBaHTOB TUHAMUYHOTO IMPOCTPAaHCTBA-MaTepuu. Hemennmblie KBaHTHI
Xt=p), Yt=e), X t=v), VY t=v),Xt=v,), Y= y), popmupytor OJI1 — nepsyto
Ob6nactp ux Jlokammzanuu. Touno tak Gpopmupyrorcst OJIz , OJIz - Obnactu Jlokanu3anuu HeAEIUMbIX
KBaHTOB.

| on_ | on, [ | [—— "%

puc.4 KBaHTOBas CMCTEMa KOOPJIMUHAT
B «Enunoli Teopun 2» NpeacTaBiaeHbl paCUeTHbIE XapaKTEPUCTUKU TAKUX KBAHTOB, KOTOPBIE
COOTBETCTBYIOT (DMKCUPYEMBIM (haKkTaM peajbHOCTH. BrinennuM HeoOXoaumeble 3/1ech (GaKThl. DIEKTPOH
usnydaer u norjomaet Gorton: (e « y ). Ux ckopocTtH cBsi3aHbI cooTHOIIeHUEM: (V, = a * ¢). TouHO Tak
CBsI3aHbI CKOPOCTH GoTOHA (Y > ¥, ) M yXKe CBEPXCBETOBOro GoToHa (v, © a * v),) . OHu CBA3aHbI
KpacHBIMU JMHUAMHU Ha puc.4. B «UepHsbIx nbipax» (http://viXra.org/abs/2312.0018), Mbl pacCMAaTpUBaIN
[10CJIEI0BAaTEIbHOCTH U3JIyU€HHUS U MOIVIOUICHUS HEASIMMBIX (CTaOMIbHBIX) KBAHTOB, B TAKOW KBAHTOBOM
CHCTEME KOOpJIUHAT, B BUE: : (pa = pg), (05 = pi), (i = p3) ., (p7 = p*), C COOTBETCTBYIOIIUM SIPOM
atroma: (p*/e™) BemecTBa 00BIYHOIO aToma, (p; /e;) aHTHBEIIECTBA apa «3BE3AHOr0 aToMay, (b1 /e;)
BEILIECTBA SIIpa TAIaKTHKH, (pg /eg )aHTHBEIIECTBA s/ipa KBa3apa u », (pg /eg )BELIECTBA AApaA «KBa3apHOM
rajakTukuw». Jlanpliie, ICXOAUM U3 TOT'0, UTO KBaHT (e,;) BemiectBa (Y— = p; /n{ = e,;) sAapa 1IaHeT
M3JIy4aeT KBaHT

p=93828

(e}, = 2% a = (p; = 1,532E7 MeV)) = 223591 MeV, wnu:
238

Maccy sapa ypaHa, KBaHTa «aHTHBemiecTBa»y M (e}) = M(238,3 *p) = *35U , saapa ypana. Takoe
«anTuBemecTBo» (e = 235U = Y—) ecTh HEyCTOMYMBEIM, M PACIALAETCs DK30TEPMUYHO B CIIEKTP aTOMOB,
B spe MIaHeT. Takue pacueTsl COrIacyroTes ¢ HabmoIaeMbIMU (paKTaMu.

3.CBepxcBeTOBbIC (POTOHBI.

223591 et =2383%p
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B cBepxcBeroBom ypoBae w; (@ N(y = ¢)) (u3nueckoro BaKyyma, Takue 3Be3/1bl ceOst He
nposBisIoT. Jlankiue, pedb MAET 0 BemecTBe (p7 — py) saapa (Y— = p3i/nd = ek) «aepunix chepr,
BOKPYT' KOTOPBIX, B MX IT0JIE€ TPABUTAIIMH, (OPMHUPYIOTCS MIAPOBBIE CKOILICHHS 3B€3/1. AHAIIOTUYHO JIaJIee,
pedb uaeT 00 M3IIy4eHHSIX BEIIECTBOM aHTUBENIeCTBa M Hao0opoT: (pd — ps), (ps = pv3), (pF - p1),
(p1 = v;f) . OOmas nocnenoBaTeIbHOCTE UMECT BUI: Py , D7 » P, Ps» Pi» P3, P2, D1 DT Vi Ve ..

Hansime: HOJ = M (e, = 1,15E16 )(k = 3.13)M(y2 = 2,78 E— 17 ) = 1. DTH KBaHTHI (p,/e,) snpa
rajakTHK OKPY’KEHBI H3TydaeMbIMH 110 OT/EbHOCTH KBaHTamu (p,/ e ) SIpa 3BE3]L, M ECTh IPHUHHOR X

dopmupoBanus. Takue siipa ralakTUK, B YpaBHEHHSIX KBAHTOBOW I'PaBUTAIIMH, UMEIOT, CIUPAIILHBIE PyKaBa
MAacCOBBIX TPAaeKTOpHil, yike: v;(y, = a~1c) = 137 x ¢, B CBEpXCBETOBOM IIPOCTPAHCTBE CKopocTeit. Huxke
SHEPrUH CBETOBBIX (DOTOHOB (vy2 = 137 * ¢) B pu3nueckoM BaKkyyMme, TallaKTUKH ceOsi He TPOSBISIOT. BHe

raJIaKTUK, peYb UJET O KBaHTax siapa Mera 3Be3q (Y— =pg /ng = e;) . OHU FeHEPUPYIOT MHOKECTBO
KBAHTOB (e5 = 2 x & xpg = e}, = 290p;) sjapa ranakTuk. AHAJIOTHYHO Jajee.

Baxxno To, 4To 00b1uHBINA poToH (Y+ = ¥) MOXeT u3iay4yaTh U MOTJIOLIATh YXKE CBEPXCBETOBOM
doron (Y + = y,) Touno Tax, kak u 5ekTpon (Y+ = e) usnyuaer oObrunbiii poton (Y+ = y).
HcTounnkoM oOBIYHBIX (POTOHOB SABISAIOTCS 3BE€3/Abl. A MCTOYHUKOM CBEPXCBETOBBIX (DOTOHOB, SIBJIIOTCS
«TSDKENBIE» JIEKTPOHBI spa FaJaKTUKU.

HOJI = M(e, = 3,524 E7 )(k=3.13)M(y =9,07E—-9) =1
HOJI = M(e, = 1,15E16 )(k =3.13)M(y, =2,78E—-17) =1

IMpuuem, nis porona (Y+ = y), ckopocth cBepxcBeToBoro ¢porona (Y + = y,) Oyaer UMETh TAKyIO ke

c+137xc c(1+137
CKOPOCTb CBETA: W = ——T37vewc = ((1+137)) = ¢ . DTu cBs3U yKa3aHbl Ha puc.4. [1o cyTH, peub 0 «ImorpyKeHUI»
2
c

KBAHTOB sI/Ipa 3B€3]] ¥ TaJlaKTHK, B COOTBETCTBYIOIIHME YPOHH (pu3mdeckoro Bakyyma. Kak BuguMm, KBaHTHI
siIpa TalakTHK «IOTPYKEHBI» B CBEPXCBETOBOE IPOCTPAHCTBO CKOPOCTEH.
U ecth (hakT HANMYMS «CBEPXMACCHBHBIX KOMIIAKTHBIX 00BEKTOBY, 0OHAPYKEHHBIX B SAPE FaTaKTHK.
N ectb apyroe npencraBjicHUE CBOWCTB TAKUX 00BEKTOB:
2GM

(R< Ry = 507 y

C HAJIMYHMEM CBEPX CBETOBOTO MpocTpaHcTBa: (V; > ¢), BHyTpH (R < R() TakuX «4epHBIX chepy,
MMEHYEMBIX «UEPHBIMU JbIpaMn». HeT HUKakuX «IbIp» U HET HUKaKUX CUHTYJSIPHOCTEH B «4epHBIX
neipax». Macca Takux «4uepHbiX cep» (M # 0) He paBHa HYIIO, ¥ 3TO (aKT Hamiel ranaktuku. JIoxkHoe
npencrasienre 06 Oomet Teopun OTHOCUTENBHOCTH DUHIITEHHA COCTOUT B TOM, YTO CYUTAETCS, B
YpaBHEHUU MPECTABICHA HEHYJIEBAasl Macca, Kak UCTOYHUK UCKPUBJIEHHS IPOCTPAHCTBA -BPEMEHH, KaK
UCTOYHUK TpaBUTaliu. B ypaBHeHun DifHinTeiiHa HeT Takoi Macchl. B ypaBHenun O6melt Teopun
OTHOCUTENPHOCTH DWHINTEIHA, KaK MaTEeMaTHYE€CKON MCTUHBI B IMHAMUYHOM IIPOCTPAHCTBE -MaTepuu B

ITIOJIHOM BUJC:
8mG

Ry — %Rgik - %Agik = T -
HeT Maccel: (M = 0), B KIacCHUECKOM €€ IOHUMAHHK. B MaTeMaTHueckoii HCTHHE, 3TO PasHUIA
PENATHBICTCKON TMHAMUKH B IBYX (DHKCHPOBAHHBIX TOYKAX PHMAHOBOTO MIPOCTPAHCTBA, OHA M3 KOTOPHIX
npusoauTest K EBKiINI0B0ii cdepe (9T0 KitoueBble CIOBA), BO BHEIIHEM, He cTaiuonapaoM (4 # 0)
EBKJIHI0BOM IIPOCTPAHCTBE-BpeMeHH. BHYTPE cepbl HIKTO He BXOHT, TaK e Kak H B 3akone HpioToHa.

o Gmim,
OTO MHOIOKPAaTHO NIPOBEPEHHBIN 3aKOH: F = Z o TAe (K) - paccrossHuE MEXIY IIEHTPAMU MaCCUBHBIX

cdep 3emnu u Jlynsl, Hanpumep. 1 eciiu B iuaMeTpanbHOE OTBEpCTHE OONBIIOTO MIapa OMyCcKaTh
MaJIeHbKHII IapUK, CUJIa TATOTEHUS JOJDKHA CTpeMUThes K 6eckoneunoctu pu (K = 0). D10 Toxe Kak Obl
CHHTYJISIPHOCTB, KOTOpo# HeT B [Ipupone. 3akon HproToHA el CTBUTENEH TOILKO BHE MACCHBHOU C(epbl.

m
r

—)

Puc.5. 3axkon HeroToHa



Touno tak, ypaBuenue O0meit Teopun OTHOCHTENBHOCTH DUHINTEHHA, e CTBUTENbHO BHE EBKIIMI0BOI
MaccUBHOM c(epbl, B €€ rpaBUTALIMOHHOM ToJie. B pusnueckoii uctune, B ypasuenuun Oouieit Teopun
OTHOCUTENBHOCTH, DUHIITENWHA, B €quHbIX Kputepusx 3BOJ‘IIOHI/II/I «3ammTay popmyna (3akon) HeroTona:

E?
E =c*K, P=c4T,(c-2—c,f=Aci2k)=p———c) Ack =Gv*(X+)# 0
4,452 2
2 c*k? _ G(c?Ky=mq)(c? Ky—mz) Gmym, _ Gmym, 2 2
AClk - C4C4T2 - Z(CZTZ K ) C2K2 ) Aclk - CZKZ ] AClkC F

Kak Buaum, B ypaBHenun O61uieit Teopun OTHOCUTENIbHOCTH DHWHILTEHHA, CHJla TATOTEHUS! JIEHCTBYET B

o o . 2 . o
TOJISAX C HyJIeBOI Maccoit. B pensituBucTckoit auHamuke E2 = m, ¢ + p?c? , B monsix ¢ Hy/1eBO# Maccoit
2

2 o . E .

(my“ = 0), OHHIITEHH B35 TEH30p TOJABKO SHEPTHU —UMIyJIbCA — = c?, yXe Kak rpaBUTalMOHHBIH
p
. 2 2

noTeHnuan. YuTaercs: pa3HHUIIA MacCOBBIX MOTOKOB Acj; (Y —) Bo BHemHeM mosne rpaButanuu ¢~ (X+), c
ux [IpuHIIMIOM DKBUBAIEHTHOCTH, aeT cuity. OOpaTUM BHUMaHHE — FPaBUTAIIMOHHOE TI0JIE U B 3aKOHE
HeroTtona, u 8 O6mieit Teopun OTHOCHTENBHOCTH DHWHINITEHHA, MpuBoauTcs K EBkmmoBoi chepe. B o6onx

cIy4asiX HeT BXOX/IEHHs BHYTph EBKIINI0BOM chepbl ¢ HEHYIeBOH Maccol, KaKk HICTOYHHKA IPAaBUTAIIHH.
_2GM _

(vi >c)2 ’
HaJIMYUU CBEPXCBETOBOI0 IIPOCTPAHCTBA CKOPOCTEN BHYTPU «UEPHOM cdepbl» Aapa rajlakTUKU, K KOTOPOMY
IIPUBOAUTCA rpaBUTalinOHHOE 1oJie O6meit Teopun OTHOCUTENBHOCTH DHHIITEHA. BHYTpH «uepHOi
cdepbl», paboTatoT Bce 3aKOHBI (PU3UKHU, IPOCTPAHCTBA-BPEMEHH, KaK YaCTHOIO CIydasi (PUKCUPOBAHHOTO
COCTOSIHMSI JUHAMUYHOT'O IPOCTPAHCTBA-MATEPUH, HO YK€ B IIPOCTPAHCTBE CBEPXCBETOBBIX CKOpocTeil. Bor
noyeMy Aake (GOTOHBI HE MOT'YT [TONACTh BHYTPb «UepHON cdepbl» sapa raJakTuku. oToHbI IPocTo
KpY’KaTcsl BOKPYT TaKOM «4epHOM cepbl», KOTOPYIO Ha3bIBAIOT «YEPHOM ABIpON». Kpome 3TOro, cam dakt
Ha/INMYMA NPOCTPAHCTBA CKOPOCTEN INEKTPOHA Ve = AC, AN ¢ = 137V, , rOBOPUT O BUPTYa/IbHbIX GOTOHAX

Taxum o6pasom, ¢ 1Byx cropoH: (R < Ry) = u (v, = 137 * ), MBI IPHUILIA K BBIBOALY O

(y = ¢) BHYTPM 3N1€KTPOHA, KOTOPbI UMEeT CBOMCTBO U3ny4aTb GoToHbl (Y— = y). ipyrumn cnoBamm,
BHYTpW anekTpoHa (Y — = e), Mbl UMeem NPOCTPaHCTBO CKopocTel GOTOHA, TO eCTb CKOPOCTH cBeTa. TOUHO
TaK BHYTpK doToHa (Y — = y), umeeT mecTo npocTpaHcTBO ckopocTen (v; = 137¢) cBepXxcBeTOBbIX

$OTOHOB V; = Y¥,, KaK peanbHOCTb. ITO KaK NpuyMHa n cneactene. Borpoc, kak moiiMats CBEpXCBETOBOI
doron (Y + = y,), 00branbM poToHoM (Y+ = y)? DT0 TMIHYHAS 3a]a4a NOTJIOIIEHHS JIEKTPOHOM

(Y+ = e) dporona (Y+ = y). Mbl roBopuM 00 u3meHeHunn sHepruu ¢porona (Y+ = y), mpu noryioneHnn
cBepxcBeToBoro ¢orona (Y + = y,). DHeprus GoroHa mMeer UMIyibC: E = p * ¢, ¢ HyJIeBO# Maccoii
my?2 = 0. Takoif pOTOH MOKET MOTJIOTHTh TOJILKO DHEPTHIO E = p * & * C , y’Ke CBEpXCBETOBOro (hOTOHA
(Y £ = y,). Takum o6pasom, sueprus (orona (Y+ = y), HOrIOTHUBIIETO CBEPXCBETOBOM (POTOH
(Yx=vy,),paBua: E =p*c*(1+ a),rne (¢ = 1/137), upu m:060M UMITYIIbCE IEPBUIHOTO HOTOHA
(Y+ = y).3agada cOCTOMT B TOUCKE TaKKX (POTOHOB B HAIIPABIICHUY S/Ipa TAIAKTUKH, KaK HCTOYHHKA
cBepxcBeToBbIX poronos (Y + = y,). Hampumep, opOUTAIBHBINA 3JIEKTPOH BOAOPOIA U3IIydaeT (POTOH IIpH
ero nepexoe ¢ ogHou opoutsl Ha pyryio. [lonstHO. Tak BOT, M3ny4aembie POTOHBI, C OAMHAKOBBIX OPOUT
3JIEKTPOHOB BOJIOPOJAa B HANPABJIECHUH HA sIPO ['aJaKTUKHU, ¥ B TEPIICHIUKYISAPHOM OT siapa [amakTuku
HampaBJIeHUH, MOTYT UMETh Takylo: E = p * ¢ * (1 + a), pasHuny sHepruii. 1 pemaromiee cioBo 31ech
CKa)XyT MPOOHBIE AKCIIEPHMEHTHI.

12.MIpocTpancTBo Beenennoii
AOCTpaKTHBII. B TuHaMUYHOM POCTpaHCTBE-MAaTEPUU IIPEJICTABIECHBI PACUETHBIE TAPAMETPHI U
XapakTepucTuku o0bekToB Beenennoil. [IpeacTasiena Mojenb MeXrajJakTHYECKOro arrmapara.
Conepxxanue
1.BBencHue
2.CBolicTBa IpoCTpaHCTBa-MaTepuu BeeneHHoit
3.[TapameTpsl mpocTpaHcTBa-MaTeprun BeeneHHOl B KBAaHTOBOM CHCTEME KOOPIUHAT.
4.CBoiicTBa HEEIMMBIX KBAHTOB B KBAHTOBOW CHUCTEME KOOPAUHAT.
5.Jlomycrumple 00bekTh Beenennoit
6.MexranakTHueckuil anmnapat 6e3 TOIUIMBHBIX IBUTaTeIEH.

1. BBexeHue
BCC TeOpI/II/I, uo BC@J’ICHHOﬁ, Hpe}ICTaBHeHBI B paMKax EBKJ’II/I}IOBBIX OHpeﬂeHeHHﬁ, Hu HOCTyJ'IaTOB.
1. «Touyka ecmb mo, Yacme 4e20 HUYMo») («Hauana» Eeknuda). unu Toyka ecms mo, Ymo He umeem Yacmeld,
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2. JluHua — 0auHa 6e3 WupuHsl.

3. W 5-li nocmynam o napasnnensHolix NPAMbIX AUHUAX, KOmopsle He nepecekaromca. Ecau npamas, nepecexkarouwjas
dee npAmble, 0bpaszyem eHympeHHUe 00HOCMOPOHHUE Yaslbl, MeHbUUE 08YX MPAMbIX, MO, MPOOOAHEHHbIe
Heoz2paHU4YeHHo, amu 0ee rnpsamMbie 8cmpemamcs ¢ moli CMopPOHbI, 20e yasbl MeHble 08YX MPAMBIX.

e+ i< 180

Wi
puc. | EBkimaoBas akcHOMaTHKa
To ecTb, uepe3 TOUKy BHE MPSIMOil, MOXKHO ITPOBECTH TOJBKO OAHY MPAMYIO, TapalIeIbHYIO JTMHHIO.

B «EnuHoii Teopun 2», 0TMeUeHbI Hepa3pelmumble B EBKINI0BON akcnoMaTike mpoTuBopedns. To
€CTh, MHOKECTBO JIMHHUI B OJTHOM JIMHUH (IUTMHE 0€3 MMPHUHBI), CHOBA JIMHUS. DTO JUHUS UM MHOKECTBO
JUHUN? AHAJIOIMYHO, MHOKECTBO TOUEK B OJHOW TOYKE — CHOBA TOUKA. DTO TOYKA WJIM UX MHOXKECTBO?
OTtBeTOB Ha Takue Borpockl EBkinnossie «Hauana» He narot. OOmen3BecTHI U IPOOIEMBI 5 -T'o MocTyJIaTa.

""-a,_\_\_\_\_\%-
W &““'\\\Lﬂi — X
—_— .
e ————
- T
o _E_h—“_*—--___ —
\ ———
-\-\-\'-L
A [——.".]

Puc.2 nuHaMu4YHOE POCTPAHCTBO ITy4YKa NapajuIeIbHbIX MPSAMbIX
EcTb peasibHble PaKkThl AUHAMHYHOIO MPOCTPAHCTBA MTyUKa MPSAMBIX JIMHUH, HE ITepeceKaronX, TO
€CTb MapaiIeNbHbIX NcX0AHOM npsimoit AC Ha 6eCKOHEUHOCTH, ipecTaBieHHbIe B «Ennnoit Teopun 2». U 14
nBurasch B1oJib TUHUU (AC), psaom OyaeT JMHAMHUYHOE TPOCTPAHCTBO, B KOTOPOE MBI ITOMACTh HE CMOXKEM.
beckoHeYHOCTB Hellb3sl OCTAaHOBUTH, ITO3TOMY TaKO€ YK€ AMHAMUYHOE IIPOCTPAHCTBO CYIIECTBYET BCETa.
U yxe cBOMCTBA ATOr0 JUHAMUYHOTO (¢ # const) MPOCTPAHCTBA, MPEACTABIISIOTCS KaK CBOMCTBA MAaTEPUH,
IJIaBHBIM CBOMCTBOM KOTOpPOH, €CTh ABHKeHUE. Her MaTepuy BHE TaKOrO NIPOCTPAHCTBA, U HET
npocTtpaHcTBa 6e3 Matepun. [IpocTpaHcTBa-MaTepuu 3TO OAHO U TO KeE.
B TakoM 1uHaMHYHOM MPOCTpPAaHCTBE-MaTepuu, EBKIIM0Bas akCMOMAaTHKa IIPEICTaBJICHA KaK
YacTHBIN ciydail HyneBoro (¢ = 0) yrma mapamiensHocTd. [Ipu 3ToM permaercs mpodiemMa MHOXKECTBA
MMEHHO MPSMBIX JIMHUI B OJHON MPSIMOM MapaJuleIbHON JIMHUH, KaK «IJIMHE 0€3 ILIUPUHbBIY.
I'maBHBIM CBOICTBOM JMHAMMYHOIO POCTPAHCTBA-MATEPUH, €CTh JMHAMUYHBIN (¢ # const) yroia
napaiensHocTH. ITpu sTom EBKitnnoBoe mpocTpanctBo B ocsix XY Z TepsieT CMbICIL.
PR [
: DK
LN | T <
AT | ST

x4 =Y

D N e A |

. [ e P [

¥i B e

puc.3 AMHaAMUYHOE MTPOCTPAHCTBO-MATEpUs
B pamkax cerku EBknunoBeix (¢ = 0) oceid, Mbl HE BUAMM AUHAMUYHOIO (X+=Y—), (X—=Y+)
MPOCTPAHCTBA-MATEPUH, U MBI HE CMOXXEM €ro npeactaBuTh. [l03ToMy BBOASATCS aKCUOMBI TUHAMUYHOIO
MPOCTPaHCTBA-MaTePUH, KaK ()aKThl HE TPEOYIOIIHMX T0KA3aTENBCTB. YK€ B THX aKCHOMAaX PelaeTcs
npobemMa EBKIIMI0BOM aKCMOMATHKU TOYKH, KaK MHOXECTBA HEJCITUMBIX cep-ToueK, B OAHOU HEeTHMOM
cdepe-Touke, HO yxe Ha (n) CXOIUMOCTH, TMHAMUYIHOTO MMPOCTPAHCTBA-MaTEPHUH.
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puc.3a - ITMHAMUYHOE ITPOCTPAHCTBO-MATEPHS
Bcesikas ¢ukcanus (B skcriepuMeHTax) HeHyseBoro (¢ # 0) yria napaiieabHOCTH, JaeT MHOTOJIMCTOBOE
PumanoBo npoctpancTBo. Teneps yke B paMKax akCHOM JUHAMUYHOTO IIPOCTPAHCTBA -MaTEPUU B BUJIE:

1. HenyJeBoii, AMHAMUYHBIH YToJ1 apasienbHOCTH (@ # O) # const

(X-)L(r-)

, IIy4Ka NapaJlsICJIbHBIX IIPAMBIX,

OIpeNesieT OPTOroHaIbHbIE OIS
CBOHCTB, IPOCTPAHCTBA-MaTEPUH.

NapaJuIeIbHBIX JTMHUH - TPAEKTOPHM, KaK NM30TPOIIHBIX

2. HyneBoii yromn napaiienbHOCTH (@=0) , JaeT «IJIMHY 03 MUPHHBD» C HYJIEBBIM WA HEHYJIEBBIM

Y, . . .
0 - paguycom cdepbl-TOUKH «HE UMEIOIIEeH yacTel» B EBKIIMIOBOM akcHOMaTHKe.

3. Ilyyok mapaJuiefbHBIX NPSAMBIX C HYJIEBBIM YIJIOM MapaJuIeIbHOCTH (¢ =0) , KOTUHAKOBO
pPacmoIOKEHHBIA KO BCEM CBOMM TOYKaM» , J1a€T MHOKECTBO MPSAMBIX JIMHUH B OJHOU «0€3 MM PHUHBDY
EBKIMA0BOI IpsAMOW JTMHUH.

4. BHyTpeHHuUe (X _)’ (Y _) U BHEIIHKE (X +)’ (Y +) IIOJISl IMHUK-TPAeKTOpUM HEeHyneBol X, # 0w

Y, #0 MaTepuaibHOi chepbl-Touku, 00pasyroT Henenumytro Obnacts Jlokanuzamuu HOH(Xi)

HOJI(Y +)

NI

JUHAMHUYHOI'O ITPOCTPAHCTBA-MATCPHUU.

5. B enuHbBIX TOJAX (X -=Y +), (Y -=X +) OPTOTOHAJIbHBIX JIMHUN -TPACKTOPH it (X _) L (Y _) HET

JIBYX OJJMHAKOBBIX C(ep-TOUEK U JIMHUN-TPAEKTOPHIA.
y + + +
6. ITocnenoBatensHOCTh Henemumbix O6nacreit Jlokanmuzauu (X —), (Y —), (X —) 10 paguycy

Xo # 0 nmm Y, =0 chepbI-TOUKU Ha OAHOM JIMHUU-TPAEKTOPUU AaeT  CXOIUMOCTb, a Ha Pa3IMYHbIX
b
TpaeKkTopuax ™ CXOIUMOCTb.
7. Kaxnoit Henenumoit O6sactu Jlokanuszanuuu npocTpaHcTBa-MaTepU COOTBETCTBYET €UHHUIIA

(X—=Y+) (Y-=X1)

Bcex ee Kpurepues DBomonuu — K3, B enunom , MPOCTPAHCTBE-MATEPUU Ha
m—n cxoouMOCTIX,

HOJT = K3(X—=Y +)K3(Y-= X +)=1 HOJI = K3(m)K3(n)=1

B CUCTEMC YHCCJI paBHBIX 110 aHAJIOTMKU CAWHMUII.

8. @ukcanus yria (@ #0)=const ,, (9=0) IIy4Ka [IPSAMBIX NIapaJlIebHBIX JIMHUH,
IIPOCTPAHCTBA-MAaTEPUH, AA€T S-1 MOCTyNaT EBKIIMIA 1 aKCHOMY ITapajuIeIbHOCTH.
JIro6ast Touka GUKCUPOBAHHBIX TUHUN-TPACKTOPUIA, MPEACTABICHA JOKAILHBIMU Oa3UCHBIMU
BeKTOpaMu PUMaHOBOI0 MpoCTpaHCTBA:
_ axt, axt,  axk

=X o, 97 R Ly L
ei_bxil+6xf]+6xkk’ el_axl+ay]+azk’
ny sk ny __ n n _
¢ GyHIaMEHTAJILHBIM TEH30POM e;(x") e (x7) =gy (x") U TOTOJIOTUEN x"=X.Y.Z)
#0) = const )

B EBKIIMI0BOM

npoctpancTBe. To ecth, PUMaHOBO mpocTpaHCTBO, 3TO (PUKCUPOBAHHOE ((p
((p # consr)

COCTOSHHUE

JTUHAMUYHOTO POCTPAHCTBA-MATEPUU. PUMaHOBO MPOCTPAHCTBO, 3TO (PUKCUpoBaHHOE (@ #

0 = const) cocrosiHUE Teoae3ndeckoi (x° = const) TMHUA TUHAMUYHOTO (@ # const) MPOCTpaHCTBA-
marepun (x° # const). Takoit MaTeMaTuKu PuMaHoOBOro npocrpancTea g, (x° # const), ¢ nepeMeHHON
reojie3nueckon, emnie Het. Her u reometpun EBkimmoBoi HecTarimoHapHo# chephl, HET TEOMETPUU
npoctpaHcTBa JlIobaueBckoro, ¢ mepeMEeHHBIME aCUMITOTaMH rurep6os. YacTHBIM cliydaeM OTpHIaTEIbHON
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K = _y? _ GNEn
Yo

reometpun JlobaueBckoro (Marematuueckas sHuukionenus 1.5, ¢.439). EcTh AeBATh OTIMYUTEIBHBIX
npu3HakoB reometpun JlodaueBckoro ot reomerpun EBkinpa (puc. 1.2).

KPHUBU3HBI ( ) (CmupnOB T.1, ¢.186) PumanoBa nmpoctpaHcTBa, €CTh TPOCTPAHCTBO

%

’ 1
e

|

J

N —t
(3 )

S 3TO INHUA

Puc. 1.2 U3oTponHas tuHamMuka.
OpnHUM U3 IPU3HAKOB TeoMeTprH JIo6adueBCKoro, €CTh CymMMa (O0 <Ya< 1800) YTJIOB TPEYTOJIbHUKA, B
OTJIMYHKE OT €BKIUA0BOM UX mpoekuuu (), a = 1800) Ha IUI0CKOCTh. PaBHBIC Iutomanu S; = S,
TPEYTrOJIbHUKOB, B PABHBIX yIJIaX MapalUIebHOCTU (P = (0, MyYKa NapajuieIbHbIX IPSMBIX TUHUHN, JAIOT
MIPOEKTUBHO — MOAO0HBIE TPEYT OJIbHUKU B EBKIINI0BOM MIIIOCKOCTH C PABHBIMH YIJIAMU B BEPILIMHAX.
OxpyxHocTh B EBKIINI0BOI MII0CKOCTH, 3TO JIMHUSA B reomeTpun Jlobauesckoro. 3necy EBkimnnoBas
«UTMHHA 6€3 IMUPUHBI»— ITO paanyc Kpyra B reomerpun JlobaueBckoro. Uem Oobliie paanyc, TeM JJIMHHEe
«HUsY. Takue OKpy>KHOCTH B TOBEpXHOCTH EBKINI0BOI cdepe, 7T0 MHOKECTBO MPSIMBIX JIMHUI BO
Bcenennoii. B namewm ciydae, EBknnnoBas chepa enie u quHamudna. Kak MOKHO co3faBaTh TEOpUU
«bonboro B3peiBay nnm «uukimmueckor Beenennoi» B Takoit chepe? OTBET — HUKAK. ITO HU O YEM.
Hyneoii paguyc Takoro kpyra (r = 0), TOBOPHUT O TOM, YTO TAKOTO KPyra HET, U HET TaKUX JIMHUK. DTO
pasroBOp HU O YEM, UX MPOCTO HET. ITO K BOMPOCAM CHHTYJIIPHOCTU C MX OECKOHEYHBIMU KPUTEPUSIMU H
HEBO3MOXXHOCTSAMHU. MIX HeT HU B Matemartuke, HU B [Ipupoze. JlokaibHbIe 0a3MCHBIC BEKTOPBI
COOTBETCTBYIOT IIpocTpancTBy ckopocTer WN=K*NTN B MHOrOMepHOM mpocTpaHCTBE-BpEMEHH.
IIpocTpaHcTBO-BpEMsI €CTh YaCTHBIN ciiydail (pUKCHPOBAHHOI'O COCTOSHUS AMHAMHUYHOIO IPOCTPAHCTBA -
Mmatepuu. [Ipu 5TOM B MHOrOMEpHOM MPOCTpaHCTBE-BpeMeHH (opmupyrorcs Bce Kputepun IBomonuu
matepuu. OHU npeacTaBiensl B « Exunoil Teopun 2», B Buae: (II=W?)- norenuunana, (F=I1%)- cuisi. ...

N
’K
| | I | | [ 6
| | |E | 1 | Is
[ 1 | T 1 1 |4
IR RE
[ P e
LS
I | Y i
= | PP F
-N
K

puc.4 equnbie Kpurepun DBOMIONUN TPOCTPAHCTBA-MATEPUH.
B ¢usnueckux Teopusx peus uaer o aekTpo (Y+= X—) MarHuTHBIX noJisix 3apaga: q(Y+=X —) =1IK, u
rpaBuT (G+= Y —) maccoBbIX noisax ¢ maccoit: m(G+=Y —) = [IK, 1 COOTBETCTBYIOIIMMH YPaBHECHUSIMH
JUHAMUKH (KOTOPBHIE BEIBOASTCS), KAK MATEMAaTHUYECKIMHU UCTHHAMU. DTO YpaBHEeHUs MakcBesuia

dE(Y+) aG(X+)
c*rotyB(X =) =rot,HX —) = ¢ 7 + AE(Y+) cxrotyM(Y =) =rot,N(Y =) = ¢, * 37 + 1% G(X+)
rotyE(Y 4) = —py T2 = — 20, M(Y) = s N(Y=); 1ot GOXH) = —pp = 202 = =20,

Y ypaBHEHHS TUHAMHUKY TPAaBUTMACCOBBIX TOJICH.

Henemumbie O6nactu Jlokanmu3zanuu, (X+) u (Y +), kak GakTsl peaibHOCTH, MBI COOTHOCHM C
HeJIEMMBIMK KBaHTaMu (X+= p) npotona, (Yt= e) snekrpona, (Xt=v,), (Yt=1y,), (Xt=v,), (Y=
¥y = ¢) dhorona. DT KBaHTHI 00pa3ytoT nepByto O6macts Jlokammzanuu (0J1;) . U mono6Ho JlekapToBoii,
cheprIecKon, TUIMHIPUIECKOH, TI000H APYroil cCuCcTeMbl KOOPAWHAT B EBKJIMIOBOM aKCMOMATHKH, YKE
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MO>KHO TMPEICTaBIATh KBAHTOBYIO CHCTEMY KOOpAUHAT Ha (M) U (1) CXOJUMOCTSX, HEJCIMMBIX KBAaHTOB
MIPOCTPaHCTBA-MaTePUH, B IOJTHOM BHUJE.

pHUC.5 KBAaHTOBAas CHCTEMA KOOPAUHAT
V3ke B TAKOI KBAHTOBOM CHCTEME KOOPAUHAT, MOXXHO pacCMaTpPUBATh CBOMCTBA IPOCTPAaHCTBA-MaTEPUHU
Bceenennoit, BuaumMoii 1 HeBUAMMOU 17151 GOTOHOB U HeUTpuHO (0J1;) YpOBHSI.

2. CsoiicTBa mpocTpancTBa-mMaTepun BeenenHoi
Bunumoe npocrpancto Beenennoil npeacrasnsercs chepoil, ¢ EBknngosoit nzorponueit. 1o axry,
takas EBkimuaoBas cepa pacmupsiercs, TO €CTh HecTanoHapHasi. [[puunHol Takoi He CTallMOHAPHOCTH,
CUMTAETCsl TEMHAs SHEPTHs, IPH HATMYUU HAOII0JaeMbIX TEMHBIX MacC. Y CIIOBHSI pacIIipeHus

My

V7

M) 15

puc.6. K YCIOBHUSIM pacUIMPEeHHs IPOCTpaHCTBAa-MaTepUn

PACCUUTBIBAIOTCS U3 YCIOBUH 2-if KOCMUYeCcKoi ckopocT Macc (M;) u (M;), OTHOCUTEIHHO MacChl
2GM; _ 2GM, My _ R}

mv? _ GMm 2GM
HaOmogaTens (m): — = —, v2i=" =1, a2 == WJTH: == R:~(M = pV).
2 R R R? RZ M, R
. 2G(pV 2Gp4mR® _ 8mGpR3 v 876
B pe3ynbTate npeobpaszosanuii: v? = ;p ) = ’;R = 3;: ,nm (o = H)? = - 2 momyanm:
3H? _ r
pe=5—=~10 29 [—3] , KpUTHYECKYIO TUIOTHOCTh HE0OpaTUMOTo paciupenus. (H)- koHctanta Xab0ma.
T CM

MpbI TOBOpPHM O BHIAMMOM pacimpenuu, pukcupyemoro (Y+=y = c¢) ¢poronamu (0JI;) ypoBHs
HEJIEIMMBIX KBAHTOB IPOCTPAHCTBA-MATEPHH (P, €,V,, ¥, V,¥) B KBAHTOBOH cucTeMe KoopauHart. Ternepnb

TIpeICTaBUM HeJIeTIMble KBAaHTBI IPOCTpaHCcTBa-MaTepun, B Buae 0JI; (m) ux (m) cxoqumocTH.
O.HJ 0]13 (p3 €3 pz ey pl e = O.Hz)(p, e, Vﬂ, yO, Ve,V = 0.}11)(\/1]/1 VoV2V3Y3 = O.}-lo) ...0]1_10]1_2 O.}Il

[Tpu 3TOM, ckopocTb 3nekTpona (0J1;) ypoBHs: (w = (a = #) xc,um (w = a®™=1 x ¢, Teopus

OTHOCUTENIPHOCTH DUHILITENHA U KBAHTOBAsI PEJIAITUBUCTCKAs TMHAMHUKA, JOMYCKAlOT CBEPXCBETOBbBIE

CKOpOCTHU B NPOCTPAHCTBC-BPEMCHMU.
— c+Nc T~ — QiNcte

Wy =——=rc, Wy =
Y T ltcNc/c? Y aj,+Nc/c
3nech (Ta;; V(L ay, T =1 KOCHHYCHI YIJIOB TapaJuIeIbHOCTH B BUJIE: cos(@y) * cos(py) = 1. Torma
ckopocTH cy6(hoToHOB (y; ) pusnueckoro Bakyyma paBubl: (w; = a("N="172-) % ¢) cBepXCBETOBBIM
ckopoctsaM B (0J1;) ypoBHAX (PM3MYECKOr0 BaKyymMa. AHAJIOIHYHO IPOCTPAHCTBO cKopocTel B (0J15)
ypoBHsiX B Buje: (w; = a V=123 5 ¢) npu ycnosuu npepensHbix (wixw; = atNex a™e =11 = ¢?)
MOTEHIHAJIOB B ocTynarax DuHmTerHa s (0J1;)ypoBHs. B Takux ke moTeHIManax pacCUrThIBAECTCS U
CIIEKTp Macc HEJSTMMBIX KBAHTOB Beell kBaHTOBO# cucTembl koopauHat 0JI; (m) ma (m) cxoamumocty,

=cC, 9 Q1 = Ay = 1.

aHajorudHo pacueram Mmacc m(X+=Y —) = IIK, (0J1,)ypoBns.
F=I*> _ [N*T? 1 ny=my
~ Ty T [ 2 (Y/KZ)] = (;_2=9> ) OTKyJa 2my = Gmy; wn my = Gmy /2




l'IX=mX
) , OTKy/a

2my =x?my; n my =x?my /2

F=II? 212
m= =

p— l-[ p—
X! x (X/KZ)] - (X2_°<2

K27 2
[Monneiii pacuer cnekrpa macc B 0JI;, 1 OJI; ypoBHAX (U3MYECKOTO BaKyyMa, BBIIOJIHAETCS NPOCTON
nporpammoi B TP7, u umeer Bun.

«TAXeNble» g = 2 * pj_z/az, pj =2+*e_1/G, «cybuacTuup» v; = a2 *y;_5/2, vi = G * v;_1/2
program al; program a2;

uses crt; uses crt;

const a2=1/(137.036*137.036); const a2=1/(137.036*137.036);

G=6.67e-8; n=12; G=6.67e-8; n=12;

Var p,pl,p2,el,ee2:Real; Var p,pl,p2,el,ee2:Real;

i,j,m:Integer; i,j,m:Integer;

begin clrscr; begin clrscr;

p:=938.28; e:=0.511; p:=938.28; e:=0.511;

p1:=0.271; p1:=0.271;

e:=e; p:=p; pl:=pl;
fori:=1tondo

e:=e; p:=p; pl:=pl;
fori:=1tondo

begin begin
WriteLn('n=",i); WriteLn('n=",i);
el:=2*pl1/a2; WriteLn('el='"el); el:=G*p/2; WriteLn('el='",el);

p2;=2*e/G,‘ WriteLn('p=', pz)/
e2:=2*p/a2; WriteLn('e2=',e2);
pl:=2*el/G; WriteLn('pl=',pl);

pz;zaz*e/z; WriteLn('p=', pz)r
e2:=G*p1/2; WriteLn('e2=',e2);
pl:=a2*el/2; WriteLn('p1=",p1);

e:=2*p2/a2; e:=G*p2/2;
WritelLn('e=',e); WriteLn('e=',e);
p:=2*e2/G; p:=a2*e2/2;
WriteLn('p1=',p); WriteLn('p1=',p);
end; end;

Readln; Readln;
end. end.

Kaxnaeiii B OJI;, 1 OJI; ypOBEHb COICPIKUT [BA MACCOBBIX M TPH 3aPsAJI0BBIX M30IOTEHIIMAIIA.

Taommma 1.

KBantsl smpa 2a*p, =N*p,, N | (X£)=p*; (MeV) (Yz)=e,;(MeV)
p+27 =2e2 /G (327:2[)25/012
p+27 =2,7 E111 MeV €77 :1,489 E108 MeV
OJI+nn | © ExcaxBazap 20 * p,, =290 1, 14 | p a6 =2e2/G €26=2 P2/ o
p 26 =7,9 E107 MeV e =9,1 E103 MeV
2a* pys =238ps, P 25 =2e4l/G €25=2 P23/ 02
p 25 =3,96 E103 MeV e = 2,6 E100 MeV
CynepksaszapH. ® 2a* p3, =25p5, 13 | p*2s =2e23/G € 24= 2 P22/ a?
Fa_]'[aKT‘ 1 pozna p+24 = 2,4 E99 MeV €24 = 1,32 E96 MeV
OJl+10 | uepHbIX chep 20 * pr,=290p,, p: % = 2e22 IG e 2= 2 P21/ o?
p*23 =7,01 E95 MeV e3=8,1 E91 MeV
O CymepKBasap 20 * p3, =238p; 12 | p 2 =2e2/G €22=2 P2/ 0
1 pona 2 2 P 22 =35 E91 MeV e2=2,34 E88 MeV
2a%* po. =25p; P 21 =2e20/G €21=2 P19/ c?
P2 P P 21 =2,16 E87 MeV e, =1,17 E84 MeV
OJl+«s | ®oCymepkBazapH. | Jg* p* =290p. | 11 | P 20 =2e19/G €20=2P1g/ a?
Tanaxr. 2 poja Pro Prs p*20 = 6,226 [EB3 MeV ex=17,2 E79 MeV
YCpPHBIX chep 2a*pt =238n". P19 =2e18/G e19=2 P17/ o2
Pro Pis P19 =3,13 E79 MeV e = 2,08 E76 MeV
- _ + F =2e17 /G €18=2 / 02
S 200 =25 0T ey | e 104 B MV
OJI +7 2a* po = + p =2e16 /G e =2p15/a2
a =290 e =
P Pis 017 =553 Efl MeV e1r= 6,38 E67 MeV
+ - 16 = 2e15 /G €16=2 / a2
®MErasBe3/IHbIe 2a* p). =238p,. 9 P16 = 2e15 h ; &4 E%4 MoV
TaJIaKTUKU p 16 = 2,78 E67 MeV €16= 1, e




4yepHbIe cepbl

2% ps=25p,,

p+ 15 =2e14 /G
p+15 =1,7 E63 MeV

€15=2 P13/ o?
e15=9,26 ES9 MeV

OJ1 O MEra3Be3Ibl ¥ T — + 8 p 14 =2e13/G €14=2 P12/ a?
K 207 P = 2911 D 14 =491 BB Mev e14= 5,67 E55 MeV
CynepriiaHeTsl ® - + P 13 =2e12/G €13=2 P11/ 0?
- 207 Py = 238, D13 = 2,46 E55 MeV €13 = 1,64 E52 MeV
- = 2
® KBa3apHBIX 2a* pt =25p" 7 | P12 =2ulG €12=2Pio/ o
ranaxtuk 1posa Pra = =2 P12 = 1,51 E51 MeV e12 = 8,22 E4T MeV
OJI+s YepHBIX cep * pt — - P* 11 =2e10/G €11=2Po/ a?
2a* p;, =290p,, p*1 = 4,36 E47 MeV e11 = 5,03 E43 MeV
O KBasaphl * T — + 6 P 10 =2e9/G €10=2ps/a?
1 pona 2a% py = 238p, P 10 =2,19 E43 MeV e10=1,45 E40 MeV
oy — + P9 =2es/G €9=2p7/c?
0% py =25p, Do =134 E39 MeV es= 7,3 [E35 MeV
o= — 2
OJ] +4 ® @ KBa3apHBIX 20* pt =290 5 | p's =27/G €3=2ps/a
rajakTuK 2poja P P p*s =3,87 E35 MeV eg = 4,47 E31 MeV
YepHBIX chep ® - p*7 =2e6/G e7=2ps/ a2
2a% p; =238p, p*7 =1,94 E31 MeV e7=1,3 E28 MeV
0O KBa3apsl * " — + 4 | pes =2e5/G €' =2pPs/a?
2 pona P 2 Pe 25p5 p s =1,19 E27 MeV e*s =6,48 E23 MeV
MesxKranaktuiecku | g * p- =290 p° Ps =2e4/G €5=2pP3/a?
OJI +3 X YepHbIX chep Ps P p 5 =3,447 E23 MeV es = 3,97 E19 MeV
t, = <= 2
® 3BE3HEIX 2a*pt =238p; 3 | pTa=2e3/G € 4=2pP2/ o
["anmakTuk @~ P P p*4 =17 E19 MeV e 4=1,15E+16 MeV
lanakrnyeckux 200 pi =25p; p*3 =2e2/G €3=2p1/ 0?
4epHBIX cdep } 2 p*3 = 1,057 E15 MeV e 3= 5,755E8d MeV
OJI+2 o 3Be3nsl 2a* p; =290p, 2 |p2 =2alG €2=2p/a?
p 2 =3,05E1l MeV e,= 3,524 E7 MeV
[Tnanerst 2% p; =238p" p1=2e/G e1=2vyu/a?
p 1 =1,532E7 MeV e; = 10178 MeV
2a*p+:25\1_ 1 p+:270/G € =2ve/0?
3 p* = 938,28 MeV e =0,511 MeV
OJI+1 | ypoBeHb 2a0*v =292v; V=02 e1/2 v0o=Gp/2
vu =0,271 MeV yo = 3,13*10° MeV
0 |ve=o%e/2 Y =Gvpu/2
Ve =1,36*10° M eV 7t =9.07*107° MeV
duzmueckuit v1=02y0/2 v1=Gve /2
BaKyyM v1=8,3*1010 M eV v1=4,5%10" M eV
2 —
I1 o -1 vi=0?y/2 v2=Gv1/2
O 0 YpOBHA Vs =2.4*1013 M eV ¥, = 2.78*10_17 M eV
vz =a?y1 /2 va=Gv2 /2
v3=1.2*1017 MeV 3 = 8,05%10% M eV
DOu3HYICCKUH -2 va =02 y2 /2 va=Gv3 /2
BaKyyM v4=7.4%1022 M eV Y4 = 4,03*10% M eV
; V5 =02 3 /2 5 =G4 /2
OH 1 YPOBHﬂ Vs :2.14*10-25 M eV ¥s = 2.47*10-29 MeV
-3 ve =02 y4 [2 Y6 =G vs /2
v§=1.07%102° M eV 6 = 7,13*103 M eV
Dusnyeckuit v =a? y5 12 v7=Gvg /2
BaKyyM v7=6,57*10% MeV v7 = 3,58*10% M eV
OJ1 2 | ypoBHs -1 ve =a? y6 /2 Y8=Gv7/2
vg=1.897*%103%" MeV vg = 2.2¥10*' M eV
v =02 7 /2 Yo=Gvg /2
v9=9.5%10%2 M eV Yo = 6,33*10% M eV
duzndyeckuit -2 vi0 =02 y8 /2 v10= G vo /2
BaKyyM v10=58*10" M eV Y0 = 3,210 M eV
OJl 3 | ypoBus Vi1 =a? 79 /2 Y11= G v10 /2
v11 =1.685*104° M eV Y11 = 1.9%105% M eV
-3 vi2 =02 Y10 /2 Y12=Gv11 /2
V12 =8.46*10% M eV Y12 = 5,62*10° M eV
duznueckuit v13 =02 y11 /2 v13=Gv12 /2

v13 =5.2%10°8 M eV

v13 = 2,8*10% M eV
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BaKyyM -4 via =02 y13 /2 y14=Gvi3 /2
OJI -4 ypoBHst v14 =L5*106L M eV vie = 1L.7%10% M eV
V15 =02 y10 /2 Y15= G v14/2
v15 =7,5%10°% M eV y15= 5*10°%° M eV
Dusnueckuii -1 vi6 =0 Y14 /2 Y16 = G vis /2
BaKyyM v1g =4.6*107° MeV 16 = 2.5*107° M eV
OJI -5 ypoBHs vi7 =02 yis /2 Y17 =G Vvi6 /2
v17 =1.33*107% M eV y17= 1,5%107" M eV
-2 vi8 =02 y16 /2 vis=Gwv17 /2
vig =6.7*1078 M eV 18 = 4,43*108 M eV
dusndecKkuit vi9 =02 y17 /2 v10=G vig /2
BaKyyM v1g =4.1%1082 M eV v19 = 2.2%10% M eV
OJI - ypoBHs -3 v20 =0 y18 /2 Y20 =G vig /2
voo =1.18*108° M eV ¥20= 1,36%10% M eV
va1 =02 y19 /2 v21= G vy /2
Va1 =5.9%10% M eV 1= 3.94*10% M eV
Du3nYECKUit -4 v22 =02 Y20 12 ¥22=G v 2
BaKyyM v =3.6%10% M eV Vo2 = 1.975*10% M eV
OJI .7 ypoBHs v23 =02 y21 /2 Y23 =G vz 2
v23 =1.05%10°" M eV 23 = 1,2*101°0 M eV
-4 V24 =02 y22 12 Y2a =G vz /2
Vo4 =5.26%10192 M eV Yos = 3.494%101%° M eV

3. IlapameTtpbl npocTpaHcTBa-MaTepuu BeesleHHO# B KBAHTOBOJ ccTeMe KOOPIMHAT.

PaccmoTpum cBoMCTBa KilacCMYecKUX MpeacraBiaennit Kputepues OBomonnu Matepuu. B npencraBieHHOM
TabnmIe Macc HeneauMbIX (cTabuiabHbIX) kBaHTOB (Y1) u (X+) nmpocTpaHcTBa-MaTepuu, Mbl TOBOPHM 00
uneptHoil m(Y —) macce, Hanpumep y (Y —) ¢orona, u rpaBuTaniionHoi macce m(X+), nanpumep p(X+)
IPOTOHA MIH Ve (X+) HEHTpUHO. MBI TOBOpHM 0 Tpex: p(X —) = e(Y+), v,(X—) = yo(Y+), v.(X —) = y(Y+)
3apanoBeix 1 aByx: (m = IIK) maccoBbix e(Y —) = v, (X+) , o (Y =) = v¢(X+) u30n0TeHIIHATAX B KaXKJIOM
0Jl;, u OJI; ypoBHe (u3nueckoro BaKyyma. Mol ropopum 06 suepruu E = (I1; 11, * K) B3aumoneicTeus
TIOTEHIIMANOB JIByX Touek Ha pacctosuuu (K), ¢ cunoit (F = I1? = I1;11,). Cam notenmman I1 = (K * b), 910
yckopenue (b) Ha paccrosuuu (K). Dueprus E = mc? ,umu E = hv ,rae m = v2V, u Tak nanee.

. . ¢t = -
B kjaccuueckoii peIiTUBHCTCKOM JuHaMuke: R? — c¢?t? = = R? — c?t?, mpoCTPaHCTBA-BPEMEHU
CaMo TIPOCTPAHCTBO-BPEMS HCIIBIThIBAET yckoperue: b2 (R 1)? — b2c?(t 1)? = (¢* = F). B enunbix
K K2
Kpurepusx, (b = F) (R=K)===

T2
BEKTOPHOI'O TIPOCTPAHCTBA B JII000H e(x™) cucreme KoopauHar, rae I = g;(x™) QyHIaMeHTaIbHbII TEH30D
PumanoBoro npocrpanctsa. Torzna B o0uiem ciryyae UMeeM:

M7 — 1% = (I, (X+) — M,(Y=) ([, (X—) + I * (Y4)) = (Al (X+=Y-)) L (A, (X—=Y+)) 1=F
Ota cuna Ha BeeM paauyce (R = K) Buaumoit chepsl enuHoro (X+= Y+) npocrpancTBa-marepun
Bcenennoit, naet (remuyto) suepruto (U = FK) nunamuku Beenennolt, B rpaBuT (X+= Y—) MaccoBbIX U B
1ekTpo (Y+ = X —) MarHuTHbIX nosx. [IoaToMy, 3TO SHEPrus peaSsTUBUCTCKON JUHAMUKU BceneHHoi.

(M2 —N3)K = (; — M)K(I, + 11,) = (All) (X+=Y-) | K(AIl,))(X—=Y+) T=FK =U

B uem ee npupona? Ha paauyce (R = K) aunamudnoi cdepsl BeeneHHON ecTh OIHOBpEMEHHAs JUHAMUKA
enuHoro (X+= Y+) npoctpaHcTBa-marepuu. PaccMarpuBas 1MHaMUKy OTEHIIMAIOB B I'PaBUT MAaCCOBBIX
(X+=Y—) moysax, Kak yxe u3BecTHo, ([l —I1,) = gix(1) — gix(2) # 0, peub 00 ypaBHEHHH «T'PABUTAIUNY

Ry — %Rgik - ilgik = kT;, O61ueit Teopur OTHOCUTEILHOCTH, B J1t000# cucteme gj, (x™ # const)

. K =
[1, MBI TOBOPHM O MTOTEHIIMAJIE B TPOCTPAHCTBE CKOPOCTEH (; =e)

KOOPJMHAT, U B PA3JIMUHBIX YPOBHSIX CUHIYJISIPHOCTH o1, of, ¢dusnyeckoro Bakyyma Bceil BeeneHHOI.
[Ipu sToMm: (Rik - %R gix = Al = kT + %Ag,-k) (X+=Y—), KpOMeE KpUBHU3HBI IPOCTPAHCTBA-MATEPUH

BBI3BaHHOM TeH30poM (kT ) SHEPIUM-UMITYJIbCa, Mbl TOBOPUM H O TMHAMHUKE (PU3UUECKOrO BAKyyMa:

%A(gik = 4ma? * p), tae u3 (a(t) » o) u (p = = H*), HOJI = (T; —» o)(t; —» 0) = 1, Bcenennas ucues3aer BO

1
(T—»oo)z )
BpeMeHH (t; — 0), Ha 0eCKOHEUHBIX paanycax (a(t) » ), c mapamerpom Xab0na (H = %) UHQISAIOHHON

(a=cTx*ch C—;) mozenu. Mei roBopuM o cepe (x™ = X, Y, Z, ct # const) HectarmonapHoro EBKImIoBoro
c
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X(X+=Y-)
Yo=Ro(X-)
I'paguent Takoro (All;) moTeHuuan, Toxe U3BECTHO, JAET YPAaBHEHHsI KBAHTOBOW I'PABUTAIIUU C

WHAYKTUBHBIME M (Y —) (CKpBITBIMU) MaCCOBBIMH MOJISIMU B TPAaBUTALIMOHHOM I10J1¢. Pedb uiaer 00

E=N?K\ (E=I?K K? _ v
(All;~Ty) 4 (X+=Y—) suepruu-ummyisce Ty, = (p=H2T)i (p=H2T)k =z = (ID, rpasur (X+=Y-)

MacCOBBIX TOJIeH Bcell BceeneHHo#, ¢ yMeHbIIeHnEeM TUIOTHOCTH MacCoBbIX (Y —) TpaekTopwii B
MJTAHKOBCKHUX MacmTa6ax.
—>oo)3

K = 002 = (2o = (0~ 0) l) (K2 = Vi) X+=Y=-) = (p, L Vi D(X+=Y-),
(R;) * (R, = 1,616 x 10733sm) =1, (R;) = 6,2 % 1032sm (p:(Y=) - 0).
B xBanToBOi peJIﬂTHBHCTCKOﬁ AUHAMMKE, MBIl TOBOPUM O HECTAUMOHAPHOM EBKHI/I)IOBOM MMPOCTPAHCTBC

cdepbl, KOTopast B TPOCTPaHCTBE-MATEPUN UMEET BT AMHAMHYHOTO dJumriconsia. [IpudyeM, Ha TOBEPXHOCTH
U3 [EHTpa DJUTHIICONA, (DOTOH MPUXOTUT OAHOBPEMEHHO. DTO CBSA3aHO C IMHAMHUKON CKOPOCTH CBETa,

npocTpaHcTBa-BpeMeni , B Buae: (x™ =X, Y,Z,ct) * {(ch

m 1
KOrjia: ¢ ==, MCHsCTCS Mmacrtab nmepuona (dactotel T v 1= — T ) u ymHbl BOJHBI( L A T) doTona. D10

aHAJIOTUYHO KJIACCUYECKOM pelsITUBUCTCKON AMHAMUKE, HA TIpUMepe IBYX HaOmonareneil. A (Ha meppoHe)
u B (B Barose), Korjja oqHOBpEeMEHHBIE i1 A BCIBIIIKK CBETa CIIEPEAN U C33/11 BaroHa, OyayT He
OJTHOBpEMEHHBIMU U1 B, KOTOpBI OyIeT BUAETh CHHHUI CBET CIIepey U KPAaCHBIH cBeT c3aau Barona. Cama
BOJIHA CBETAa HE MEHSETCS, HO MEePU O/ B3aUMOICHCTBUS IS TIepeAHel (MPHOMMKAIOIIEHCs) BOJTHBI
YMEHbILAETCs, a A1 3aHel (yAastoleiics) BOJHbI yBEJIMUUBAETCS, YTO MEHSAET LBET BOMHBI. U xo7
BPEMEHU 3aMENJIICTCS B «KPACHOM» B3aUMO/ICHCTBHUH, U YCKOPSIETCS B «CHHEM) B3aUMOACHCTBUU. TOYHO
TaK CBET Ha OOJIbIIEM JUaMeTpe OyAeT «KpacHBI», ¢ 3aMeJICHHEM XOa BpeMEHH, Ha MEHBIIEM «CHHHID.

& Hv

Puc.7. kBaHTOBas peIsATUBUCTCKAs TUHAMUKA
U penaruBucrckas nuHamuka kBanTa e(Y—); — y(Y—); B 0JI;, u OJI; ypoBHAX (pU3MIECKOro BaKyyma Beer
Bceenennon

Puc.7a. kBaHTOBas peNsITHBUCTCKAs AMHAMHKA
B KBaHTOBOJ# rpaBUTALMH, MBI TOBOPUM O IuHaMuKe KBaHToB: e(Y—); - y(Y—); B OJI;, m 0J];

ypOBHSX (hu3nueckoro Bakyyma Ha (m) cxonumocTu Bceil Beenennoii. B equnbix Kputepusix DBomonun

K 1 r(Y=),~0

IPOCTpaHCTBA-MaTepUH, MIOTHOCTh (p = — = — = v?2), naer ¢ = 550 OKOJIO HYJIEBBIE ITAPaMETPbI
-~

K3 T?

W — 00) TJIOTHOCTH JITMHAMHYHBIX MacC B
]

MT'HOBEHHOTO0 «B3pbIBay 6eckoHeuHo 0ombimoii (p(Y—) ;=
(Y+ = X—); none Bcenennoii. Ilpn 6eckoneyno maneix (T(Y—) ;= 0) nepuogax TMHAMHUKHU, B TUHAMUYHOM
npocrpancree-mMaTepun: HOJ = (T(Y—); - 0) = (t(Y+=X—); > ») = 1,8 (X—); none Bcenennon,
MPOMCXOAUT OECKOHEYHO MHOTO cOOBITHH, (t(Y+= X—) ;= 00) B «C)KATOM BPEMEHH», HA YPOBHE V; /¥
KBAHTOB U ¢ HavasnoM orcuera (T(Y —); =1)  (¢(Y+=X —); = 1) = 1 Bpemenn (t(X —); = 1)). U3 akcnom
HOJI=K3(m =) *K3(n=1i) =1, nm (p(Y+=X-); - 0)(p(X—); = ) = 1, eIMHOr 0 MPOCTPaHCTBA~
MaTepuu HadainpbHOM BceneHHoOM, KBaHTHI(p(X—=Y+); — o0) poxnarorcs cpasy. U yxke B Takom

) X+=Y —) * cospx(X—=Y+) = 1}.
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(p(X+=Y-=); » 0) pU3HUECKOM BaKyyMe POXKIAIOTCS M3HAYATIBHO KBAHTHI (y(Y—); = (p(Y—); - 0) ¢ OKOJIO
HYJIEBOM MacCcOBOW MJIOTHOCTHIO. W MBI rOBOpHUM 0 paguyce cdepbl HecTalinoHapHoro EBkinaoBoro
pacIMPAIOLIErocst IpocTpancTBa, R(X—); — o, Ha (m) cxomumocTy, u r(X—); — 0, Ha (n) CXOAUMOCTH,
TO €CTh CBEPXCBETOBBIMH cKopocTamu: (w; = a("N="12-)x ¢) B (0JI;) ypOBHSX (pU3NUECKOTO BAKYyMa.

B akcnomax qunamuuHoro mpocrpanctBa-mMatepun HOJI = K3(m = j) * K3(n = i) = 1, cyniecTBymoT
Henemumpre O6nactu Jlokammsamuu: (X £);; = p;(X™)v;(X™) u (Y 1) ;; = ¢;(Y™M)y;(Y™) cocTosnus
KBaHTOB, C B3aUMHO opToroHansHeiMa (X™) L (Y™) cucremamMu KOOpAMHAT. DTO 3HAYMT, YTO €CJIU €CTh
(Y— = ej), To Beerga ecth (Y — = y;) KBaHTHI. AHAJOIMYHO (X— = pj) u (X— = v;) kBautsl. OTcrona
creayeT KBajgpatuuHas popMa JMHAMHUKY SHepruu kBaHToB: (AE? = h2A(p = v?).

'A:I(Y-) =0

\T.. {Y—M-m
7.(Y3> 0

— -

m
Aj (Y0
___[l KA+ O
7 2222 T30
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Puc.8a. k nuHamuke npocTtpaHcTBa-mMarepun BeeneHHon
UYewm GompIre paanyc TuHaMUYHON cdeprl (r — R) TeM MeHble KpuBHU3HA (A4, — Ay) MPOCTPAHCTBA-MATEPHH
¥ Ha06OopoOT, B cooTBeTCTBHH co cBoiictBamu HOJI = (r4,,) = (R1,) = 1, caMOro npocTpancTBa-MaTEPHH.
3nech: A(X =) =@ ->R)tgp(X—) u A(Y =) = (r » R)tg p(Y—), cooTBeTCTBEHHO. TOYHO TaK,
cooTHouleHus miotHoctedt HOJI = (pw/loo) = (po/lo) = 1, Ipy HEU3MEHHBIX NOTEHIMANAax noJist. M TouHo
takue cBoiictBa (T) - mepuoja JMHAMUKA KBAaHTOB U (t) — X OTHOCHUTEIEHOTO BPEMEHHU COOBITHH,
HOJI = (Tyt,,) = (t,T.) = 1. Ha Geckoneyno Oonbmux paauycax, Beenennas ucuesaer Bo BpeMenHu (tg)
M IUIOTHOCTH TTPOCTPAHCTBA-MATEPHH CBOJUTCA K HYIIO (), BO BCeX ciydasx. OOpaTHas KapTHHA B

rUIepOoIMYECKUX CBOMCTBAX, IPOUCXOJUT B ITyOMHAX (pU3ndeckoro Bakyyma Beenennoil. Takoe
COCTOSIHHE JUHAMHUYHOI'O IPOCTPAHCTBA-MATEPUN IIPEICTABIEHO KBAHTAMMU:

Rj(X—) » o ri(X—=) -0 ri(Y=)—-0 R, (Y—) » o
— J . t = o= e J i L =
K=, (p;(X—> > 0)”‘ (0 o0 =1 D=y S 1 (v S 0) =1
CaoiictBa nuaaMuunbix cdep (r = R) B IPOCTPAHCTBE CKOPOCTENA:

(W;(X =) =aVc - 0)(;(X =) = a™V * ¢ > ) = 1. UMEIOT MECTO COOTHOLIEHHSL:
HOJI = (Rj(x—) - w)(4,(X-) - o) =1, HOJ = (r,(X—-) > 0)(A,(X—) > o) =1, u

(VVJ(Y -)=aVc- 0)(vi(Y Y=aVN+c-ow)=1

HOJ = (R,(Y—) » w)(A,(Y—) » 0) =1, HOJI = (rj(y—) > 0)(@,(-) - oo) =1.

BeinenenHbIe COCTOSHUS (PU3HMUECKOT0 BaKyyMa, 3aJal0T MOJIaJIbHOCTh CBOWCTB BEIIECTBA,
HamnpuMep NMPOTOHA, AJIEKTPOHA M AHTHBEIIECTBA COOTBETCTBEHHO. KBaHTBI MPOCTpaHCTBA -MaTEPHU UMEIOT
CBOMCTBA M3ITy4aTh U Morjaomats. JiekTpoH (Y += e) msnyuaet u nornomaet (Y += y) ¢oron. [Tosromy
MBI MOJKEM TOBOPUTB, 4TO (Y= €;) KBaHTHI 60JIe€ BHICOKOM IIIOTHOCTH MaccoBbIX p (Y —) monei,
TIOCIIE/IOBATENBHO U3Jy4atoT KBaHThl (Y= ej_,) MeHbIIEH MI0THOCTH,  Janee (Y= y) KBaHTbI
n3ny4datoT (Y+= y;_5 ....¥i_p2) KBaHTHI B NOJIHYIO INIyOUHY (PU3NUIECKOT0 BaKyyMa, C OKOJIO HYyJICBOH



mIoTHOCTHI0. HaoGopot, kBaHThI (X+= p) Gosiee BBICOKOM MIIOTHOCTH MacCoBBIX p (X —) mosnei
TIOTJIOMAKOTCS MOCIIEN0BATENBHO KBaHTaMu (X += p;, ;) MeHbInek miotHocTu. [Ipu 9T0M, popMupyrorcs
ycaosus: pj(X—) — o, u Rj(X—) — o0 , HOBOro nMKiIa 1MHaMuKK Beenennoi. Pasnnyuneie na0THOCTH
(Poo) 1 (po) B pasmmunbx (Y— = X+); u (X— =Y +) nonsix, JaloT pa3HAUIly IIOTHOCTEH

AE? o .
(A(p = v?) # 0). Umenno sta (Ap = h_z) pa3HuULIA JIOTHOCTEN, €CTh MPUUYMUHON U3TydyeHus U (UIH)

MOTJIOIICHUS SHEPTUU KBAHTOB MPOCTPAHCTBA-MAaTepUU. MbI TOBOPUM O KBAaHTOBOM (HE McUe3arolei)
JTUHAMUKE
(Rj(X=) = ) = (Ry(X—) » 0) u (R;(Y—) = o) = (R;j(Y-) — 0)

MPOCTPAHCTBA-MAaTEPHH, B KBAHTOBOK (1M — M) cHCTeMe KOOpIWHAT. APryMEHTOM TaKoW TWHAMHKH, €CTh
«reMHas 3Heprusi» pacumpenus (R;(Y—) — oo) mpoctpancTBa-matepuu. Takas TMHaMUKa YCKOPEHUI:

(b=pR), (p;(X =)= 0)(R;(X—) > 00) =HOJL, u (p(¥ =) = 0)(R;(Y-) - ) = HOJI
KBaHTOB IMHAMHUYHOI'O IIPOCTPAaHCTBA-MaTEPHUH, ONPEAEIIAETCS U UMEET CBOMCTBO, TPUHIIUIIA
HeornpeneneHnocTu. Muaue rosopst, B 9tux (X +);; u (Y 1) ypousx Rj(X—), R;(Y—) dusnuueckoro
BaKyyMa, CBOMCTBA JIFOOOM TOYKH, 3TO CBOMCTBA NMPOCTPAaHCTBA-MaTepHu Bcell Beenmennoi. 91o
MIPOCTPAHCTBO CKOpOCTEH, B KOTOpoM dopmupytorcs Bce Kputepun 3Bomonuu marepun. HazoBem ux
®onoseivu KpuTepusaymu DBOMOLMHI 3apSI0BEIX U MACCOBBIX (X —); u (Y —); TpaekTopui, ¢ UX
KBAHTOBOI JHaMuKoit. U yxke Ha stom (p;(X =) = 0), (p;(Y =) = 0) done, 10 ectp: (p = v?) , mmer
nuHamuKa JloMuHHpYOMUX, TH00bsx Kputepues DBononnn, B MHOTOMEPHOM IIPOCTPAHCTBE CKOPOCTEH, B
cropony yBenuuenus yactot (T p =1 v2), a paBHO M MIIOTHOCTE KBAHTOB AMHAMUYHOIO IIPOCTPAHCTBA -
MaTepuH Ha UX (M) CXOIMMOCTH.

C apyroii cTOpOHBI, TAKME CBOMCTBA AAIOT KBAHTOBYIO 3alIyTAHHOCTh BCErO TMHAMUYHOIO
pocTpaHcTBa-MaTepuu BeenenHoil B nieioMm. Mbl roBOprM 00 OHOBPEMEHHOMN M MPOTHUBOIOJIOKHOM
nuHamuke mo0bex Kpurepues Dpommonnn Ha 6eckoneunbix Rj(X—), R;(Y—) paauycax cdep-Touex B
Ka)XX/IOM ypoBHE (1M — M) CXOAUMOCTH (PU3NIECKOro Bakyyma. J{Jisi TOHMMAaHus, 3TO MOJO00HO CKAaTepTH Ha
CTOJIe, TIIE «JIeKaT , CKakeM, JBa 00bekTa A U B» Ha m00bIX paccTosHusAX. Eciu «mOTSHYTH 3a CKaTepTh»
(poHOBOTO KBaHTA MPOCTPAHCTBA-MATEPHH), TO OOBEKTHI A M B ¢ MPOTHBOMONIOKHBIMU CBOMCTBAMH

(ckakem, BonmHOBOM QyHKIMK P = /(+Y (— ) kBaHTOB (M) CXOAUMOCTH ), OYAYT MEHSATHCS
OJTHOBPEMEHHO Ha JIFOOBIX paccTosiHUAX. [Ipn 3TOM 00BEKT A He B3auMojieiicTByeT ¢ o0bekToM B. U 310
MIPOUCXOAMT BO BceX (M — M) ypoBHSIX cep-ToueK NPOCTpaHCTBa-MaTepHH Beeil Beenennoit.

B 001meil kKapTHHE, MBI UIMEEM JMHAMUKY KBaHTOB (m) cxomumoctu (T v?2) , B omHoll cepe-Touke,
Ho yxke (n) cxomumoctu (1 v?) chep-Touek Beeit BeeneHHOM, ¢ yka3aHHON KBAHTOBOM 3aIlyTAHHOCTHIO U
MPUHIUIIOM HEONPENIETICHHOCTH B KXKIOM (M — n) ypoBHE pu3nyeckoro Bakyyma. M Takas AuHaMuka
COIIPOBOXKJIAETCS U3ITYUEHUSIMHU («B3PbIBAMU) ) KBAHTOB (Yi= j) v (Yx=Y¥;_5....Yi_22) , B IOJHYIO
rIyOuHy (pU3MUECKOro Bakyyma, ¢ IOCIeyIOLeH reHepanueil CTpyKTypHBIX (opM, IOAOOHBIX IeHepal uu
supa (Y+= e}) = 238p™ ypana, ¢ ero pacnagom B CrieKTp aToMoB. 1 3TO IPOUCXOAUT IIOBCEMECTHO.
Kak n3BecTHO, caMa INIOTHOCTh, €CTh €UHHIIA U3MEpeHUs (PU3NUYECKUX BEJIMUYMH B eluHbIX KpuTepusix,
YpaBHEHHUI TMHAMHUKHU B 3JIEKTPOMArHUTHHIX (MakcBeIuia) U rpaBUTMAaCCOBBIX OJISIX, B Tosie BeenenHoi.

JE(Y+) aG (X+)
cxrotyB(X =) =rot,HX —) = ¢, a7 +AE(Y+) cxroty,M(Y =) =roty,N(Y =) =&, * 7 +1*G(X+)
JH(X— IB(X— ON(Y— oM (Y-
rotyE(Y +) = —ulg—T) = —%; M(Y-) =, * N(Y=); 1ot G(X+) = —py * a(T )= — a(T ) .
. A(X—),~0
OT10 cBOMCTBA caMoro npocrpancrea-marepud. Ilpu stom A(X—); > oo, u A(X—); » 0, c = —

wioTHoCcThIO (p(X —); = — oo)Ha npeaenbHoM ypoBHe (0J1;) , Kak «IHO» (PU3NIECKOTro BaKyyMa.

T(X-),”




Puc.8B. x JAUHAMHUKC ITPOCTPAHCTBA-MATCPUHA Bcenennoi

B KBaHTOBOIi rPaBHTAIMM, YCKOPEHHE MaccoBbIX Tpaekropuii (Y — = X +) B rpaBUTAIMOHHOM MOJIE

G(X+) [5—2] = 1/)%6 %graangik X+) [f—z] MakcumanbHoe, npu A(X—); = 0, B (0J];) ypoBHsIX

(u3rgeckoro Bakyyma. Mbl TOBOPUM O CBEPXCBETOBOM MPOCTPAHCTBE ckopocTel (w; = a("N="1=2-) % ¢) |
A=), >0

T(Y-),»®
OecKOHEUHBIX paauycax R(X—); — oo, «Ha qHe» HU3MIECKOro BaKyyMa, B KaxKI0h ero rouke r(X—); » 0,
Ha (n) cxonuMoOCTAX, Becenennas «ucuezaet» Bo BpemeHu: t = (n - 0) * T(Y—); = 0.«Ha nHe» ¢puszndeckoro
BakyyMa, B (0JI;) ypoBHSX, Mbl HE MOXeM (pUKCUPOBATh COOBITUSA (POTOHOM ¥;(Y—) ¢ MmepuogoM AUHAMUKU

¥i(Y—=) doronos (0JI;) ypOBHS, C UX MEPUOJOM TUHAMHUKHU C = , T(Y=); = c0. DTO 3HAaYUT, 4TO Ha

T(Y—); = oo. IIpu 3TOM BCsIKasi IIOTHOCTb: Y—) = — 00 ) TMHAMHWYHBIX MacCC, «I1aJgacT» B
t J

1
T(Y-) ]2
rny6uny (p(Y—), = 0) dusuueckoro Bakyyma(0JI;) ypoBHeH, Ha (n) CXONMMOCTH B KaXK/10H TOUKE

poCTpaHcTBa-MaTepuu Beer (R(X—); — o) Bceenennoi. Camu mMaccol e (Y —) I X+ = p].)(X += p}.),

UMEIOT CTPYKTYPHYIO GOpMY «UEpHBIX cep» ¢ «ixeTamm» e(Y—) ;2 y,(Y—) pacnanos. 1 Besikuii pas

UJeT resepanus 2o (X += pj) =e(Y-) -1 KBAHTOB B MAaCCOBBIX TPACKTOPUSIX. ITpu sTOoM co3naercst

sddekT «pacmmpsromeiica Beenennoit» ¢ spdextom nepsuunoro (T(Y—); — 0) «bonsmoro B3peisa». IIpu
3TOM CKOpOCTh cBeTa, ¥ (Y—) dotona (0J1;) ypoBHS, OCTaeTcs HEM3MEHHOI B TIOOOM ypOBHE (PU3UYECKOTO

. _AY-)moo  AY=)j»0  A(X-)—0 _
BaKyyMa: c = rr— c= T~ ¢ T T Hunst y(Y—) dotoroB (0J1,) ypoBHS, «TajicHUE» B
1 K K
OKOJIO HyJIeBbI€ MIIOTHOCTH Mace (p(Y—), = o7 - 0), c yckopenuem G(X +) [T_Z] =v*H [T_Z] ,rne (H)

v
¢ukcupyemast KoHcTaHTa Xab6ma: H = 7 JmmHa BoHBI Y (Y —) (DOTOHOB YBEIMYMBAETCS, IPU «ITaJCHUN

B OKOJIO HYJIEBYIO IUIOTHOCTB» Ha MPEIENbHBIX paauycax (R(X—); — o) Beenennoin, B npenenbHon
riyoune ¢usnueckoro (r(X—); - 0) Bakyyma. DT «penmuktoBbie y(Y—) ¢potons» (0J1;) ypoBHS (KpacHOTO
[[BETa HAa PUCYHKE) BUIAT B dKCIIEpUMEHTAX. J{abIe Mbl TOBOPHM O CBEpXCBETOBBIX ¥; (Y —) doToHAX.
MaremaTtndyeckoi HCTUHON €CTh TO, UTO Ha OECKOHEUHBIX pajilycax BCEro NpOCTPaHCTBA -MaTepUU
Beenennoii (Rj(X—) — o) ¢ ee maccoBbiMu (4;(Y— ) — 00) TpaeKTOpusAMH, INIOTHOCTH MATEPUH
(pj X—)-0), (pl.(Y—) - 0), crpemurcs k Hymo. B mo6oit Touke chepor R; (X—) — oo Beenennot,
NeiCTBUTENbHA HE JJOKAJIbHOCTD (OTHOBPEMEHHOCTD) JMHAMHKN MHO)KECTBA, BHIOPAHHBIX B CUMMETPHSIX,
TOY€K, Ha ypoBHE (X—= Y+); oHeprui 3J€KTPOMArHUTHOTO MOJIs (PU3HYECKOrO BaKyyMma.

CoOcTBeHHOE BpeMsi TuHaMKKH (t) cBoauTCs K HyJt0 B akcuomax HOJI=(t;(Y+) — 0)(T;(Y—) — 0)=1,
JIMHAMHYHOTO IPOCTPAHCTBA-MATEPUH, Kak u JuHamuka (b = (R;(X—) - «)(p;(X—) — 0) = const)
yekopenns (b = (4;(Y =) = o) (p,(Y =) - 0) = const) maccoBbIX TpaekTopuii. MHaue ropops,
MaTeMaTHYECKON UCTUHOW €CTh HCUE3HOBEHNE MAaCCOBOM MJIOTHOCTH AUHAMHYHOTO MTPOCTPAHCTBA-MaTEPUU
Ha OECKOHEYHOCTSX, U Bcenennas ucueszaer Bo Bpemenu  t;(Y+ =X—) — 0, ¢ HEU3MEHHBIM YCKOPECHHEM
(b = const) Bcero npoctpancTBa-matepun. C apyroit ctoponsl, (1;(X—) — 0) umeer mecto (p;(X—) — =)
v Hagano (A;(Y—) — 0), (p;j(Y—) — o), Takoro («B3peiBa»), «mraosennoro» T;(Y—) — 0 nepuona
nuHaMuku Beenennou. [1pu 3ToM, MBI uMeeM:
1.2ueprus usnydenus u (umm) norsomenus AE? = h%Ap, KBaHTOB MPOCTPAHCTBA-MATEPHH, B U3BECTHOM
Ham Buge: E = mc? ,um E = hv ,rae m = v?V, u tak ganee, Ho yxe Ha 0JI;;(m — n) crekTpe
KBaHTOBOM CHCTEMBI KOOPAMHAT IPOCTPAaHCTBA-MaTepuu Bcell Beenennoi. Peur uaer 06 nznydenun
(Poo(Y— = €)) = po(Y— = y;) MaccoBBIX, U (P (X— = Pj) = po(X— = v;) 3apsn0BbIX MOJIEH.
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2.MlmMeem Bcerma BUXpeBYIO: rot,B(X —) ® rot,M(Y —) nuHamuky kBaHToB (X+) u (Y+) B emuHOM
npoctpanctBe — marepun (X—=Y+) , (Y—=X+).
3.Cama nquHamuka (Ap) IIOTHOCTEH, HIIET MO MPUYHHE «CTYIEHYATOro (KBAaHTOBOI'0) IIPOBaiay IJIOTHOCTEH
(Pw), B «OECKOHEUHYIO TIYCTOTY» (Poo = Po)-
4.Coueranue motaocreil: p(X —)p(Y —) = 1, sro Henenumas O6nacts Jlokanu3anuu eIUHOTO U
JMHAMHYHOrO TIpoctpancTBa — Matepun (X—= Y+) , (Y—= X+) . KsanuroBas qunamuka p(X —) moss
(X 1), Bcerna mopoxknaer p(X+ =Y —) noune, a kBaurosas quHamuka p(Y —) mons (Y +), Bcerna
nopoxaaer p(Y+ = X —) noue.
5 Uznyuenne p(Y —) u norsomenue p(X —) miotHocTel (P — Pg), MPOUCXOIMT OJHOBPEMEHHO C MX
kBauToBOM quHamukoi p(Y =) = p(Y+ =X —-)up(X =) » p(X+ =Y —). D10 MHOrOCTyIIE€HYATLIA U
MHOTOYPOBHEBBIA Tporecc B kBanToBoi 0J1; (M — n) cucremMe KOOpAMHAT.
6. Hayto yunThiBaTh, pu 3ToM, MacTadsl (r = 10733sm)(R = 1033sm) = 1, takoii AMHAMUKH KaXkI0r0
takoro (R4 = 1), (rA = 1) ksanta ux 0JI;(m — n) cnekrpa.

KBanToBas AMHAMUKA IPOCTPAHCTBA-MATEPUH BCeleHHOM B KBAHTOBOM CHCTEME KOOPIMHAT, B
HepU O/ pacIiupenust BceneHHoi 00yCIoBIeHa TEPBUYHBIM «ITPOBATIOM» IIIOTHOCTEH p j(Y— = ej) B
okouo uynessie MaccoBbie | (p;(Y— =y;) = 0) mwiorHoctu Gpusndeckoro Bakyyma. B akcrmomax
JIMHAMUYHOIO IIPOCTPAHCTBA-MATEPUH:

HOJl=K3(X— =Y +)K3(Y—=X+) =1, u HOJI = K3(m)K3(n) = 1,
u KoMy (X+) u(Y+) keaury OJI;; (m) CEKTpa COOTBETCTBYIOT YCIIOBHS JUHAMHUKH COS@xc0spy = 1,
10 <@ < @uaxs @ *90°, ch(Y/X,) xcospy =1, ch(X/Y,) * cospy = 1, c KoHCTaHTaMu
Bsaumoneiictsus: cos?py = G = 6,672 «*107% | u cos@y = a = 1/137,036 . DT0 3HAYMUT, UTO C

YMEHBIIEHHEM YIJIOB MapajienbHocTH @;(Y—) = 0 C Hcue3HOBEHHEM II0JIEH, BO3PACTarOT YTkl KBAHTOB
@i (X=) = @yax(X—), uHa0b0pOoT. MaTepus npu 3TOM, HE UCUE3AET, a IEPEXOUT U3 OHOTO BUJIA B
APYroM, B BUJE CMEHBI JTOMUHAHTHBIX [10J1€A BIOJIL uX 0JI;; (m) crekTpa.
4. CaolicTBa HeJeJMMbIX KBAHTOB B KBAHTOBOI CHCTeMe KOOPAMHAT.

MBI MOKEM ONPEAETUTH MTPEAEIbHbBIE TApaMETPbl JUHAMUKH IIPOCTPAHCTBA-MATEPUH BCel BeelleHHOM,
B KBAHTOBOM cHcTeMe KoopauHar. ['oBopst o mpoctpancTBe ckopoctent e;(Y—) u y;(Y—) xsanrtos 0J1;;(m)
KBAaHTOBOM CHCTEMBI KOOPMHAT, [0 aHAJIOTHU CO CKOPOCTSMH dJIeKTpoHa U poroHa: w, = aV=1 x ¢, MBI
MO’KEM TOBOPHTE O cKopocTax w(e;) = a™ * ¢ , Makpo anektpoHoB (0JI;) yposHel u w(y;) = a N x ¢, yxe
CBEpXCBETOBBIX cyOdoToHOB (0JI;) ypoBHEH (uznueckoro Bakyyma. Mbl OyeM omnpenessiTe npeaeabHbe
snavenus (N). s (0J1;) yposus (p,e,v, Yo Ves (y = ¢)) onpeneneHsl INIAHKOBCKUE JIJIMHA U BPEMS:

Gh 6.67%1078%6.62%10~27 —
Ly = /;:\/EKz\/ =4%10733sm

(3%1010)3

Gh 6.67%1078%6.62+10~27 _
Ty = i V6T = \/ (3%1010)5 = 1351075, rne VG = cos Px

Oru npenenbHbie 3HaueHust WMHbl (l,;) 1 Bpemenu (Tp,;) BBIYMCIEHBI C KOHCTAHTON VG, M OTHOCSATCS
K IpeaenbHoMY KBaHTY (X+ = v;) ypoBHs (OJ];) ¢usnyeckoro Bakyyma. M3 cooTHOMIEHUS

Ty = (C;—Z =+/GT; = 135 *107*3s , nna nepuona (T;) muHamMuku (v;) KBaHTa, IOTy4aeM:

N —43 —43 In10
(VG) *1=135%10""s, mm N=logm(Tpl= 107™),u N = —43;—\/325 12.

B cniexktpe (0JI;) ypoBHel, N = 12 COOTBETCTBYET KBAHTY CyOHEUTPUHO (Vy4), C H30MOTEHIIHAIOM
kBaHTa cyodorona (y5, = a2« ¢). Ilo anamoruu u3irydeHus 3aeKTpoHoM (e — ) GoToHa, aHATIOTHIHO
poToHOM (p = V[N = 0]) HeliTpuHO, MBI TOBOpUM 0 u3iydeHus B (0JI;) ypoBHSIX PU3NUECKOr0 BaKyyMma:
= v2IN=1]), (r2 > vaIN=2]), a = v6[N =31, (v6 2 vs[N =4D,... (¥22 2 v24[N =12])... u
(Ve = v2[N = 1]), (v2 » V4[N = 2]), (v4 = v6[N = 3]), (v = vg[N = 4]),... (Va2 = vau[N = 12]).
B akcuomax auHamMu4HOro npocrpancrea-marepur, HOJI = K3(m)K3(n) = 1, nonyuaem mis macc (M)
HEJEJIMMBIX KBAHTOB B (Ojlﬁ) YPOBHAX:
HOM = M(e; =1,15E4)(k=3.13)M(y, =3.13.E-5)=1
HOJI = M(e, = 3,524 E7 )(k =3.13)M(y =9,07E—-9) =1
HOJI = M(e; = 5,755E11 )(k =3.86)M(y; =45.E—13)=1
HOJI = M(e, = 1,15E16 )(k =3.13)M(y, =2,78E-17) =1
HOJI = M(es = 397 E19 )(k = 3.13)M(y3 =8.05.E—-21) =1
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HOJI = M(ee = 6,48 E23 )(k = 3.83)M(y, = 403E—25) =1
HOJI = M(eg = 4,47 E31)(k = 3.14)M(ys = 7,13E—-33) =1
HOJI = M(ey = 9,1 E103)(k = 3.14)M(y,, = 3,5E— 105 ) = 1
G (X+)

O4eBHIIHO peub O BUXPEBBIX MacCOBBIX (Y —) TpaekTopusx: ¢ x rotyM(Y—=1y;) =&, * 5 T A* G(X+)
=1
ypaBHEHUI TuHaMUKH 10 Kpyry (k = 3.14 = = 2”;; ) B kaxaoM (OJI;) ypoBHE (PU3MUECKOTr0 BaKyyMa.

[TosTOMY MBI TOBOPHM O TOYHO TaKUX H3TydeHHAX yxke B (0JIj) ypoBHAX PU3UUECKOrO BaKyyMa:
(e = y[N = 0]), notomy, uto w(y) = aV=0 = ¢) = ¢, w(e) = aV=! % (y = ¢) u nanee:
(e; = e[N =2]), (e4 = ;[N =3]), (eg = e4[N =4])... (e56 = e54[N = 14]), ananoruuno
(p, » pIN =2]), (p, = p,IN =3]), (p, = p,[IN =4])... (,s = p,, [N =14]).

MBpI rOBOpHM O IPOCTpaHCTBE-MaTepuu Beeil Beenennoil, onpenensemoro kouctantamu: (A, ¢, G, a).
Camo wm3nyqenue B (0J];) ypoBHAX GU3HUECKOrO BAKyyMa, BEI3BAHO yCKOPeHUEM (b) B pEIATHBUCTCKOM
JMHAMMKE BCEro mpocTpancTBa-mMaTepun: b2(R 1)% — b2c?(t 1)? = (¢* = F), naromieil moTeHIuaIbL:

(b = %) (R=K) = I;—j =11, «TEeMHOI1» SHEPrHH:
(2 —N3)K = (; —M,)K(M, +11,) = (All) (X+=Y-) L K(All,)(X—=Y+) 1= FK = U.

Jns Beex kBauToB 0J1;;(m) cnekTpa, nmeer MecTo nepuon quHaMuku (0 « T — 00) umeeT pa3IuyuHbIid
«MacmTaby», Ho Becerna it (T = 1) [uiMHA BOJIHBI AMep)l=w(e)*(T=1) = aV « ¢ * (T = 1) wis Mmakpo
a1eKTpoHoB, U A(y) T=w(y))* (T=1)=a N *c+ (T =1) s cybporonos. B miIaHKoOBCKUX Ipenenax
JUIMHBI B aKCHOMAaX IUHAMUYHOI'O IIPOCTPAHCTBA-MAaTEPUU: (Rj) * (R; =4 * 10‘33sm) =1, nmeeMm
MpeaebHBIE (Rj) =2.5%10%3%sm, pa3Mepsl C OKOJIO HYJIEBBIMHU IIOTHOCTMH Macc: (p;(Y—) — 0), B
(OJI;) ypoBHSX (U3NYECKOTO BaKyyMa.

Hunamuka matepuu (@ # const) , pukcupyercst B EBkunosoii (¢ = 0), (¢ = const), akcuomaTtuke
Kpurepres DBomormn, chopmuposanubix B mpoctparcte (KEVTFNV) spemenn. Kaxaomy (¢ = const)
(UKCHPOBAHHOMY COCTOSIHUIO, COOTBETCTBYET COOCTBEHHOE MTPOCTPAHCTBO-BpeMs, a paBHO U Kputepuu
DBoronuu, B cootBeTcTBUU ¢ Teopusmu OTHOcuTenpbHOCTH. B Henenmumoii O6nactu Jlokanuzanuw,

HOJI = M(ey6 = 9,1 E103 ) (k = 3.14)M(y,4 = 3,5 E —105) = 1, kBauty (Y+ = e,4) 9KcakBa3zapa
COOTBETCTBYET CKOPOCTh W(eys) = aV=1* x ¢ . B cucreme koopauHaT aToMHBIX (p/€) cTpykTyp OJ1;
YPOBHS OOBIYHBIX ATOMOB, TJI€ (W, = & * C) CKOPOCTb AJIEKTPOHA, CYyIIECTBYET COOTHOIICHHE
OTHOCHUTEJIBHO MIEKTpoHa (N = 13) B BuUAE:
HOJI = Wj(eZG) * W;(V2a) = (@Bw) * (a_13We) =wi=I,=1

ITpu 5TOM BBIUUCISAETCS JUIMHA BOJHEL A(ey) = al3(A(e) = w, (T; = 1)) , yepes IMHY BOJIHBI JIEKTPOHA,

Me) = e = ST 3324107 0sm, Aleze) = @'*A(e) = 55 10 %sm,
U nepBbie u3iTydaeMbie KBAHTHI, (€56) — a(ey4), UMEIOT 2A(e24) = 21 A(e6) = 1.5 * 10733sm pasmepsl B
OKPY)KHOCTH, COOTHOCHMBIE ILIAHKOBCKHMH pa3mMepamMu (A, = 4 * 10733sm), BeruncinseMsix B (1, G, ¢)
KOHCTaHTaXx.

U3 sKCIepUMEeHTABHBIX JAHHBIX, 111 MUHUMATBHEIX (4; ~ 107°sm) paccrosuuit

A _
usMepsieMbl (Y= y) KBaHTaMH, C IEPHOAOM AnHAMUKK T =7 =~ 10 265 = aNT; , 3nauenune (N) s
In10

Ina
9T10T IMOPAI0K (Of[i) CIICKTpa COOTBETCTBYET (Yi= ]/24) KBaHTY Cy6 (bOTOHa. EMy COOTBETCTBYET KBAHT

(Y+= ey6) , C 1mHOM BOIHBL A(ey6) = 136 = 5.5 x 10730sm , B mpenenax Bceit Beenennoit: HOJ = Ry = 1,
1 “12,(T=1) _ 4.3855%10253x101°
WM Rye = — = 1.8+ 10%sm, B cdepe paamyca: R = ! ZC( ) = — ~ 2.1%10%°sm .
26 T .
(1 cBeToBOI roa=365,25%24*3600*3*101°=9,5*10'cm). B 060ux ciydasx peds HIET O pazMepax Mopsaaka
R = 2 * 1017 cBeroBpix siet. Ceroans GpukcupyeMble peaeisl Beenennoit okono R; ~ 14 MULIHAPIOB
CBETOBBIX JIET. B KBaHTOBOI cucTreMe KoopauHat 0JI;(m) IMHaMUYHOIO IPOCTPaHCTBA-MAaTEPUH, MbI

UMeeM OKOJIO 15 MUIIITMOHOB TakuX GuKcHpyeMbIx BceeneHHBbIX.
N3 TeopeTueCKUX pacyeToB INIAHKOBCKUX BEJIMYMH, U1 (X—) mons Beenennoi:

nepuona (T; = 1) nauHaMUKH, BeraucisieTcs: 10726 = aV(T; = 1), N = —26log,10 = —26

= |3 =4x10"sm, =2 =1=135%10"8Bs = WO« (T = 1),

l pl =",

~ 12, N =12
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In(1.35¥107%%) ~ —98.7 _

N =logs;(tp) = In(VG=6.67+10-%)  -8.26

VMeeM IIpOCTPaHCTBO MPEeNbHEIX CKOpoCTeil ¢y HelTpuHO: v(V,y,) = (VG) ™12 * ¢ = 3.4 * 10°3sm/s ,

12.

omnpeenseT MPOCTPaHCTBO-MaTepuio (X—) noiyig BceneHHol, B KOTOPOM UMEIOT MECTO MPEAEIbHbIE
ckopocTH cy6(hoToHOB: V(Y54) = (1/137) 12 % ¢ = 4.37 * 10%°sm/s . 3a 1 nepuox, monyunm pa3meps
(X—) mons Beenennoit: R(X— = vy,) = (VG) 22 xc(T = 1) = 3.4 x 10°3sm , u 3anonaseMyio cy6
doronamu o6macte: R(Y—=y,,) = (1/137) 2 % c(T = 1) = 4.37 * 10*°sm., ¢ MOoMeHTa Havana
auHaMuki. Onue cBeToBoi rox: 1cB.T.= 9.5 * 1017 sm. To ectb: R(X —) = 3.6 * 103° cBeTOBBIX JET
npoctpanctsa (X—) nons Beenennoit, u R(Y —) = 4.6 * 1017 cBeroBbIx net, (X—) nons Beenennoit
3anoHeHHoe (hotoHamu U cyo ¢poroHamu. 910 N = 4.6 x 1017 /(13.75 * 10%) = 33.5 MUUTHOHA «BUIMMOI»
Hamu Bceenennoii. Kak Bunum, cama (X—) Bcenennas emre Oosnbie, ¢ auHamukoit (Y —) MaccoBbIx modeil.

5. Jomyctumblie 00bekThl BeesienHo
O6bexTamu Beenennoii OyneM Ha3bIBaTh «cpepbl-Toukm» 0J1j; (1) CXOAMMOCTH, B KaXK 101
(bukcupoBanHO# «Touke» O0JI;(m = const) , KBAHTOBOK CUCTEMBI KOOpaAMHAT. Hanpumep, 00bEKTHI:
HOJI = M(e, = 3,524E7 )(k =3.13)M(y =9,07E-9) =1
TI0 aHAJIOTUH C AApoM (p/e) OOBIYHBIX ATOMOB, PeUb UIET O KBaHTax (p,/ ez) A7pa 3B€3/Ibl. 3BE3/IbI C

TaKUM SJPOM HUMEIOT IPEACIbHBIA SHEPreTHIeCKU YPOBEHb (PH3MUECKOro BaKyyMa, Ha ypoBHE ()doToHa.
Huxe sHepruum ¢porona, B prusnueckoM BakyyMme 3Be3a ce0st He npossiiser. [10100H0 u3aydeHus M
npotoroM (pt — v,) aHTHHEHTPUHO, MBI TOBOPHM 00 M3JIy4EHHUSX BEIIECTBOM aHTHBEIIECTBA U HA0OOPOT.
Toects: (pg = pg) ., (ps = i), (pf = p3) . (p; = p*), c cooTBeTCTBYIOIMM s1ipoM atoma: (p*/e™)
BEIleCTBa 0OBIYHOr0 aToMa, (p; /e; ) AaHTHBELIECTBA sIIpa «3BE3HOI0 aToMa», (pj /e; ) BELIECTBA sapa
rajakTuKy, (pg /el )aHTHBEIIECTBA siApa KBaszapa U », (pg /eg )BEIIECTBA SPa «KBA3apHOU TaJaKTHKU.
Janpuie, HCXoauM U3 TOTr0, YTO KBaHT (e,;) BeniectBa (Y— = p; /ny = e,7) Aapa IUIAHET H3Ty4aeT KBAHT

(el = 2% a = (p; = 1,532E7 MeV)) = 223591 MeV, uin: ;%589;8 = e}t = 238,3 % p maccy szpa ypaHa,
238 |

KBaHTa «aHTUBenIecTBay M(e) = M(238,3 x p) = *35U , supa ypana. Takoe «aHTHBEIIIECTBO»
(eff = 238U = Y—) HeycTOWYMBO, U DK30TEPMHUYHO PACIATAETC B CIIEKTP ATOMOB, B S/IPE ILIAHET.
B cBepxcBeroBom ypoBHe w;(a N (y = ¢)) du3HuecKoro Bakyyma, Takue 3Be3/1bl ce0sl He IPOSBJISIOT.
Jlansine, peds UaeT o Bemectse (p3 — py) aapa (Y— = pi/nd = ef) «uepunix cdep», BOKpyr KOTOpBIX, B
UX I10JIE FPaBUTAIMH, (OPMHUPYIOTCS IIAPOBBIE CKOILIECHHMS 3B€3/1. AHAJIOTMYHO Jajiee, pedb uaer 00
M3JTydeHHsX BElIeCTBOM aHTHBEIIeCTBa M Ha060poT: (pg = ps) ., (ps = p3) . (b3 = 1), (P = Vi
OO1ras mocne0BaTeIbHOCTh UIMECT BUI: Pg ,P7 » Pe» Ps» Par P3, P2, P1 »DH Vi ve ..

Hanbme: HOJ = M (e, = 1,15E16 )(k = 3.13)M(y2 = 2,78 E—17 ) = 1. DTH KBaHTHI (p,/e,) anpa
rajJakTHK OKPY’KEHBI U3JTydaeMbIMH 10 OT/ICILHOCTH KBaHTamu (p,/ e,) SUIPa 3BE3]L, M eCTh PUUHHON KX

¢dopmupoBanus. Takue spa ralakTuk, B YpaBHEHHSIX KBAaHTOBOM I'paBUTALlMU, UMEIOT, CIUPAJIbHBIE pyKaBa
MacCOBBIX TPAEKTOPHIA, yike: w;(y, = a~1c) = 137 * ¢, B CBEpXCBETOBOM IIPOCTPAHCTBE CKOopocTei. Huke
SHEpPruM cBeTOBBIX (POTOHOB (W; = 137 * c) B GU3NYECKOM BaKyyMe, FaTaKTHKHU ce0s He MPOsBISIOT. BHe
raJJakTUK, peub UJET 0 KBaHTax sapa (Y— = p; /n; = e;) Mera 3Be3n. OHU reHEPUPYIOT MHOXKECTBO
KBAHTOB (e5 = 2 x & xpg = e}, = 290p;) sjapa ranakTuk. AHAJIOTHYHO Jajiee.

HOJI = M(eg = 6,48 E23)(k = 3.83)M(y, = 4,03E-25) =1
Me1 roBopum 0 kBaHTax (Y— = pg /ng = e,y) Aapa KBa3apoB, KOTOPBIE TOXKE MO OTAEIbHOCTH,
uznyyaror(p, / e4) KBaHTHI siApa rajakTuk. MiHade roBops, apo KBa3apa, OKPY>KE€HO KBaHTAMU s]1pa

TaJaKTUKU. ['OBOPAT IPH 3TOM, YTO KBa3ap B LIEHTPE TAIAKTUKU. Takue KBa3apsl IOTPYKAKOTCSA B YPOBEHb

(GH3MYECKOro BaKyyma JI0 CBEPXCBETOBBIX CKOpocTel w;(y, = a~2¢c) = 137% « ¢ . D10 ri1y0xe, 4eM YpOBEHb
(U3HYEeCcKOro BakyyMa TaJJakKTUKH. JTO COBEPIIIEHHO pa3Hbie 00bEKTHI. MHave roBops, KBa3apsl
HCKPUBIIIOT MPOCTPAHCTBO-MATEPHIO HAa YpoBHE (),) KBaHTOB. Jlayibilie pedb UIIeT 0 KBAaHTaX BEIECTBA
sapa (Y— =p7/n, = el) «depusix chep», BOKPYT KOTOPBIX, B MX IOJIC TPABUTAINH, (OPMHUPYIOTCS
CKOIUICHHMS TaJIaKTUK, U Jlajiee:

HOJl = M(eg = 447 E31)(k = 3.149)M(y, =7,13E-33) =1
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Mgt ropopum o kBauTax (pg/ eg) A7Ipa KBa3apHBIX TAJaKTUK, KOTOPBIE TOXE MO OT/IEJIbHOCTH, U3Ty4aloT
KBaHThI (p, /n, = €,¢) sapa KBa3apoB. Takue KBazapHbI€ TaIAKTUKH IOTPYKAKOTCS B YPOBEHb (PU3NYECKOTO

BaKyyMa JI0 CBEPXCBETOBLIX CKOpocTell w;(yg = a~3c) = 1373 . AHAJIOrMYHO jalee.

B akcuomax HOJI = K3(m)K3(n) = 1,mmm  M;(X 4) * M;(Y —) = 1, AMHAMUYHOIO IPOCTPAHCTBA-
MaTe€pUM, pedb HAET 00 MCTOYHHMKE IPaBUTALUM TPABUTAMOHHOK M; (X +) maccel B 0J1; ypOBHAX U
uneptHOW M;(Y —) maccel B OJI; ypoBHSIX (PM3UYECKOTO BaKyyMa, C UX MPUHITUTIOM SKBHBAJICHTHOCTH
OWHINTENHA B €IMHOM IpaBUT (X+ =Y —) maccoBom none. Otu Maceel: M; * M; = (M = IIK 2 =1, B BUJE
KBaJIpaTUIHOMN (bopMH MPEICTaBICHBI B KBAHTOBBIX MOJISIX UX B3aUMO/ICH CTBUSI:

- 2 = —_ 2 (6,674¥107%)2%(1-2/(137.036))2
h= Gmo Gmy(1 - 2a) GM GM(1 2a)% = T,

B KBAHTOBBIX: G(X +) [T_Z] =— HZA G— o graangik X+) [T_Z] , TpaBUT (X+ =Y —) MaccoBBIX MOJIAX. ITO
ypaBHEHHE KBAHTOBOM I'paBUTAIUH, IPSIMO cienyeT u3 ypaBHeHus: O6mieit Teopun OTHOCUTENEHOCTH
Oiinmrelina. Takum obpasom, mpenenbHas macca M;(X +) ncrounuka rpaBuTanuu onpenensercs M;(Y —)

MHEPTHOM Macco MaccoBbiX (Y— =y,) noneit B 0JI; ypoBHAX (pHU3MIECKOr0 BaKyyma, Kak 00bekT 0J1;;(n)

= 1.054508 x 10727

cxomumoct uma: HOJI = 0J1;(n) = M;(X +) = M;(Y— =y;) = 1. Takum 00pa3oM, IOIy4MM IIPEAENLHBIE
Macchl Bo BeeneHnoi : Hanpumep it 3Be3asl M; (X +) = M,(p; /nd) = 1/(y) B ycnousix (e (k)y) = 1.
AHaJIOTUYHO:

Hpe,[[eJ'ILHaH Macca IutaHeT, a1 1MeV = 1.78 10_279

= - = M, (p; /ny) ~ 1.8 %1031 g ~ 25 | rpe(M, = 2 * 1033 g)- macca CouHLa.

yo T 3.13%10"5MeV*1.78+1027g 100
I[aJILHle HpeI[eHLHasl Macca 3Be3]1, C IApOM U3 aHTUBCIICCTBA.:

My
= =M. ny) ~ 6.2x103%*g ~ 31M,, wim B 1 X ot —% 110 31M; macc.
% 907*10_9MeV*1 78+10727g 2(p2/ 2) 9= s M PEACHax OT 44 MO
AHaJIOrH4HO IpeIesbHas Macca nd = e}) «uepHBIX cepy, ¢ AAPOM U3 BEIIECTBA:
3=eh
1 1
—= =M n3) ~ 1.25 % 103%g ~ 625220M
Vi 4.5¢10713MeV+1.78+10727g 3(p3/ 3) 9 s
npenenbHas Macca TanakTuku, (pf/nd = el,) ¢ aupom us BemecTsa:
1 1
—= = M,(pi/nd) ~ 2% 10%3g ~ 101°M
Y2 2.78+10717MeV+1.78¢10727g +(Py/ns) g s
IpellelIbHas Macca BHETAJIAKTUYECKOU Mera 3Be3[ibl, (ps /ns = e,5) C AApOM U3 aHTUBEIIECTBA:
1 1
- = Ms(ps /nz) =~ 7 *10%6g ~ 3,5 « 1013 M
¥s  8.05x10~21MeV+1.78+10~27g 5(Ps /15) g=-s s
npeeibHas Macca BHETajJaKTHUECKON Mera 3Be3fibl, (pg /Mg = e;) C SAPOM U3 aHTHBEIIECTBA:
1 1 -
== = Mg(pg /ng) ~ 1,4 %1051g =~ 7 x 1017 M, ,

Y4  4.03x10725MeV*1.78+x10727g

Kaxmnoe smpo TaKhX 00bexToB 0J;;(n) CXOAMMOCTH, F€HEPUPYET MHOKECTBO COOTBETCTBYIOIUX
KBAaHTOB (2 * a * p— = e =N p] 1) YKa3aHHBIX B Ta0uuIe, U U3JTy4aeT (p] - pJ »). OT0 MHOXkecTBO (N)
KBaHTOB $/Ipa IUIAHET, 3Be3)1, rajakTHK, KBa3apoB.... Hanpumep, sapo CoiHia, KaK 3BE€3/1bl, U3IIY4aET sapa
Bogopona (p; — p* — V. ) M DIEKTPOHHOIO aHTUHEHTPHUHO, HO reHepupyer (2 * a * p;, = e}, = N pf)
KBAHTBI, CK&KEM TaK, «3BE3HOTO BemectBa» (py /e;) B TBEPIOH MOBEPXHOCTH 3B€3bl. DTO «3BE3HOE
Bemectso» (pf /e;) He MOXKET B3aMMOIEHCTBOBATE ¢ BOZOPOAOM (pt/e™), HO MOKET U3J1y4aTh MIOOHHOE
aHTHHEHTpHHO (p; — V), KoTOopoe B atMocdepe 3emin GOpMHUPYET MIOOHBI, KOTOPEIE B PAacaax JaioT:

(e") mosurponsl: (Y+=p) = (X—=v;)(Y+=e*)(X—=v;). Wau, KBaHTHI PO Mera 3Be3/bl ¢ (p5 /ng = e.5)
M3IIy4aroT KBaHTHI (p; — p7) BElECTBa, HO [CHEPUPYIOT KBAHTHI si/Ipa FalaKTHK

(2* a *p; = efs = N py). Mbl BUIUM KaK OBl «ITOBEPXHOCTBY» TaJJAKTHKH, HO A71p0 Takoro oosexra 0J1;;(n)
CXOIMMOCTH, MM€EET Maccy B mpeaenax ot (101°M;) mo (3.5 * 1013M;) macc Connna.

Peun uzet o nomyctumbix 00bekTax 0J1; (n) cX0AUMOCTH, B JMHAMUYHOM IIPOCTPAHCTBE-MATEPUH

Bcenennoii. [1pu 3ToM yka3aHbl pacueTHbIE NPUUUHHO-CIIEICTBEHHBIE CBSA3H.

6. MexrajakTuiecKuii annapar 0e3 TOIVIMBHBIX ABUTaTe €.
Ou3nYecKol PeaibHOCTBIO SIBISIETCS PA3IMUHOE IPOCTpaHCTBO ckopocTel ConHua u 3emud. bes3 Beskux
TOIUJIMBHBIX JIBUTATENEH 3eMIIsl JIETUT B IIPOCTPAHCTBE (PU3MUECKOTO BaKyyMa co CKOpocThio 30 kM/c, a
ConHile co ckopocThio Topsifika 265 kM/c . Peub naer o riiaBHOM CBOWCTBE MPOCTPAHCTBA-MAaTEPUU —
nsuxenun. ITorok mace (Y —), anmapara cosnaercs nonsamu (Y— =y;) = (X+ = p;)(X+ = p;) CunpHoro n
I'paBuTaninoHHOro B3anMoaelicTBys SHEPrETUIECKUX KBAHTOB(X+ = py), (X£ = p;),... (X = p; ypoBHei
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0JI; HEnENMMBIX KBAHTOB IIPOCTPAHCTBA-MATEPUH (PM3UUECKOr0 BaKyyMa, CBA3AHHBIX MEXKY COOOH STHMH
xe (X+) mosssmu Ha (X—) TpaeKTOPHUSIX MOAYJISL, O€3 BHEIIHETO HCTOYHHUKA SHEPTUH.

Puc.10.1. Mexranaktuyeckuil annapar 0e3 TONJIMBHBIX IBUTraTeei.

[TocnenoBarensHO BKIIIOYAs MPOCTPAHCTBO ckopocTert (Y —),4, (X—), ammapata B pasmu4HBIX
YPOBHSIX CUHTYJISIPHOCTH (PH3UYECKOr0 BaKyyMa, anrmapat BEIXOIUT 110 paauaibHONU TPAEKTOPUH C YPOBHS
CHUHTYJISIPHOCTH (DPU3MUECKOT0 BaKyyMa KBaHTa (X+ ) mpocTpaHCTBa-MaTEPUH IJIAHETHI, IPOCTPAHCTBA-
matepuu (Y= ) 3Be311bl, MPOCTpaHCTBa-MaTepuu (X+ ) raJlakTUKH, MPOCTpaHCTBa-MaTepuu (Y4 )cKonaeHus
TaJIakTUK, K JPYTUM CKOIUICHUSM U TaJlakTUKaM B 1oJie BeeneHHoil, ¢ 00paTHRIMU BKIIIOYEHHUSIMU TPU
BO3BpaTe Ha IJIAHETY CBOEH HIIU APYTroi raJakTUKU.

Takum 006pa3om, cozgaBath MaccoBbie MOsi (Y — = y;) 4, IPOCTPAHCTBA CKOPOCTEH, HEOOXOTUMO
nomsiMu (Y —)4 = (X +=p j) + (X+ = p;) «TsDKEBIX» KBAHTOB KaK «pabOv€ero BEIIECTBA», 3AMKHyThIX
Ha (X—) TpaeKTOpHMHM «KOJbLa» anmapara, B yciaopusax HOJI = (ej)(k) (v;) = 1 Hepemumoii O6actu
Jlokanmu3anuu. JTO yCca0BUs B KBAHTOBOM CUCTEME KOOPAMHAT, KOT1a KBaHT (ej) HE TPOSBIISET ce0sl HIKE
ypOBHs 3Hepruii (y;) KBAaHTOB (PM3UYECKOr0 BaKyyMa. ITH YPOBHHU COOTBETCTBYIOT:

HOJl = M(e;)(k = 3.13)m(y, ) =1 HOJ = VGM(py) (k = 1.8)Vem(v, ) =1 16
HOJI = M(e; )(k=3.13)m(y) =1 HOJI = VGM(p, ) (k = 1.7)0Vem(v,) = 1
HOJI = M(e; )(k =3.86)m(y; ) =1 HOJT = VGM(ps ) (k = 17)Wem(v, ) = 1
HOJI = M(e, )(k=3.13)m(y; ) =1 HOJl = VGM(p, )(k = 1.8)VGm(v, ) = 1
HOJI = M(es )(k=3.15)m(y; ) =1 HOJT = VGM(ps )(k = 1.8)Vem(v; ) =1
HOJI = M(es )(k=39)m(y, ) =1 HOJT = VGM(pg )(k = 18.9)WGm(v, ) = 1
HOJI = M(ey ) (k =3.14)m(y,, ) =1 HOJ = VGM(pys )k = 1,8)VGm(vys ) =1

Mb1 roBopum 0 KBaHTOBOM cucteme koopaunat 0J1;(m — n)B npocrpancTBe-matepun Beenennoi,
B kaxoM 0J1; nm OJ; yposae umeror mecto Tpu (X—= Y+) 3apsnoBeix u asa (Y —= X+) maccoBbix
usonoreHnyana. M B 9Toit KBaHTOBOM CHCTEME KOOPAMHAT, IPEICTABIIEHBI «TSUKENbIE» (Pj/ej) KBAHTHI,
KaXKJIbIi U3 KOTOPBIX UMEET CBOKO «TITyOMHY» DHEPreTHUECKUX YPOBHEH (V4 /y;) KBAaHTOB (PU3UUECKOTO
BakyyMma. [IpencraBum ux B BUJie MOZENEN TaKUX Rji(m) Henemumpix O6acTeld mpocTpaHCTBa — MaTePUU
Bcenennoit.
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Puc.10.2. cnektp HeeuMbIX KBAHTOB
Oto Hekas cdepa B IPOCTPAHCTBE-MATEPUH, B LIEHTPE KOTOPOH «Tshkenblie» (p;/e;) KBaHThI, KOTOPbIE
OTIPECIISIFOT «HHU3», U «BBEPX» IO PAINYCy, 10 YPOBHA (V;/y;) KBAaHTOB (pU3NUECKOT0 BaKyyMa
MPOCTpaHCTBE-MaTepuu BeenmenHoit, s 1r00ro moJo0HOro 00beKTa BHYTPH 3TOM cepbl. ITO chepbl
BOKpPYT MJaHETHI, 3BE€3/Ibl, TAJIAKTUKH, KBa3apa... . Ha mpumepe KBaHTOB:
HON(X £ =pf) = (Y—=eH)(X+=v;)(Y—=¢*) = 2% =15,3 TeV ,

HOMI(Y + = e5) = (X—=p ) (Y+=e")(X—=p~) =L =3524 TeV
peyb UAET O CUHTE3E BelecTBa (X + = pf), Ha BCTPEUHBIX My4KaX (e*e* — pi) MO3BUTPOHOB C BUPTYaJIbHBIMU
KBaHTaMH (v, ), ¥ (Y £ = e; ) Ha BCTPEYHBIX My4KaxX (p~p~ — e; ) aHTUIPOTOHOB MO3UTPOHOB C BUPTYaIbHBIMHU
kBaHTaMH (e*), OZOOHBIX AIEKTPOHY (e~ = v,y v, ) . Mbl MOXKEM TOBOPUTH M O MOCIIEIOBATEIBHOM CHHTE3€

«TsKEIBIX» (p;/€j) KBAaHTOB, MMEHHO BemecTsa (X+ = p;.r), st (Y—),4, (X—)4 ammapara, B OTACIBHBIX

m

nporeccax. (.. <[l el pi — B v (... < pf < B <@l < e; <« pi < e*) cunresza. CyluiecTBeHHO TO,
YTO AJIEKTPOH (e~) U3JIy4aeT U morJiomaer GoroH (y+), HO OH HE MOYKET M3JIy4aTh U MOTJIOMATh «TEMHBIM
$hoToH (¥p). OTOT «TEMHBII» (POTOH U3TYYAETCS U MOTJIOMAETCS «TSKEIBIMY AMEKTPOHOM (e1) = (Yo ).
TOYHO TaK «TSHKEIBIN» MPOTOH (p;) — (VM ) M3ITydaeT U MOrIIOIAET MIOOHHOE HEUTPUHO. DTO HEBUIUMBIE
KBaHTBI, HE B3aMMO/ICH CTBYIOIIINE, U HEKOHTaKTHbIC ¢ kBaHTaMu (BEJ@N) aTomMoB TaOymibl MeHieneeBa.
MpbI X HE MOJKEM HH BHJIETh, HU (PUKCHUpoBaTh. HO 3TH HEBUIMMBIE KBAHTHI (CHHHI IIBET B YKA3aHHBIX
MOCJIEIOBATEIHHOCTSIX) UMEIOT 3apsI0BbIC U30MOTEHITHATBI U MOTYT (DOPMHUPOBATH HE BUIUMbIC HAM
CtpykTypHbie PopMbl, MOZ0OHBIX 0GbIYHEIM (p*/e™) aTomam. D10: cTpyKTYphl (¥ /7o) »( p,/é1) ... Tak
MBI OCBaMBAaEM IOCIICIOBATEIbHO, MOTSHITHABI SApa IIAHET, SApa 3BE3, sAApa rajJakTUK U spa KBa3apoB.
Ho nns (Y —) 4 anmapata, Mbl MOskeM (pOpMUPOBATH TOJIEKO KOHTAKTHBIE HAM KBAHTBI syipa rajlakTHK 1
KBaHTHI BelIecTBa sApa kBazapos. U cam anmapat (Y —) 4 , TOCIENOBATENBHO «IIOTPYKAETCS» B
¢busnueckuii Bakyym, kak: HOJ = (e, )(k)( v, ) = 1, HOJI = (eg )(k)( y4 ) = 1, CBEpXCBETOBOTO

(y, = 137 % ¢ ), u (y, = 1372 x ¢ ) mpocTpaHCTBa CKOPOCTEN. DTO BIOJIHE JoNycTHMbIE B ClIelHaabHOM

c+Nc a;1Nc+c

Wy = —————— = ¢, u B KBanToBoii W, = neje = © Teopuu OTHOCUTENBHOCTH B EBKIIMTOBBIX
a,,+Nc/c

1+4+c*Nc/c?
a;; = cos(ep = 0), a1 = a,, = 1, yraax napamiensHoctd. Cam (Y —), anmapat ABHKeTcs B ykazaHHOU cepe
MIPOCTpaHCTBa-MaTepuu BceeneHHoi, B pa3uHbIX YPOBHSX (prusnueckoro Bakyyma. CTOUT OTMETUTb, YTO
00bEM MPOCTPAHCTBA-MATEPHH 3BE3/IbI, KIIOTPYKEH» B MPOCTPAHCTBO CKOpOCTel (Y = ¢ ), 00beM rajakTuk,
«TOTPY>KEH» B MPOCTPAHCTBO CKOPOCTEH (Y, = 137 * ¢ ), 00BEM KBa3apOB «IOTPY>KEH» B TPOCTPAHCTBO
(ys = 137% % ¢ ) yxe cBepXxcBEeTOBBIX ckopocreii. [IpencraBnennsiii (Y —)4 anapar IBHXKeTCs B yKa3aHHOM
chepe, B mpocTpaHcTBe cKopocTell (y, = 137 * ¢ ) supa ranaktuku, uian (y, = 1372 = ¢ ) sapa KBasapa.
Bomnpoc, kak ceds 4yBCTBYeT SKHIaX B IEHTPaJIbHON KallCcyJie anmnapara, B CBEpXCBETOBOM MIPOCTPAHCTBE
ckopocteit? TouHo Tak, Kak 3emiIsl, HaXOosCh B chepe MPpOoCTpaHCTBa-MaTepuu 3Be3/bl, CosHIa, He
qyBCTBYET 265 kM/c ckopoctu ABvxkeHus: ConHIla (YUTai anmapaTa) B MPOCTPAHCTBE-MaTepun [ amakTUKH.
Kamncyna c sxkunaxem, 3akpsita MaTepuanaoM u moiasmu (Y —) 4 anapara. Kancyna nepexonut B Apyroi
(0J1); yposenb. B ykasannbix chepax Rj;(m) Henemmmbix O6nacreld, chepbl IpOCTPaHCTBA — MaTEPUH,
ckopocTu pje;(m) kBaHTOB w;(p;e;) * v;(v;y;) = ¢ moToMy, 4to (w; = a*V x o) (v; = a ¥ x¢) = 2. U otm

1

ckopoctn (N=j=1,2,3...), w;(p;e;) = (a =)™ ¢ - 0, B camom uentpe (¥ — ), anapara. Takue cBoiicTsa

IIPOCTPAHCTBE-MATEPUH.

+
Teneps paccMoTpuM peanbHble (PU3NYECKUEe CBOWcTBA KBaHTa (Y —= %) CunbHOTO B3aumoneiicTBus

obsranoro sapa 0J1; (p, e, v,,v;,v) ypoBHsa Qusudeckoro Bakyyma. Ero maccossie (Y —) Tpaekropun
dopmupyrotcs rpaBut (X+ = Y —) MaccoBbIME MOJIsSIME JABYX MPOTOHOB (X+ =p)(X+=p) = (Y —), B

axpt 938,28 MeV
931,5 MeV  137,036%931,5 MeV

aTOMHBIX €IUHUIAX MACCBL: (Y—= = 0,0073aem), 1JIsI TPOTOHA C MACCOU
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ap
931,5 MeV

sueprus E(1aem) = me? = 1.6604 « 10727 x (2,997924 x 10%)° x (1/x = 6.2422 x 10'%eV) = 931.5MeV . Mb1

oM(Y—
roBopuM 00 HHAYKTUBHOM MaccoBOM (Y —), B ypaBHCHHH JHHAMUKHU: Tot,G(X +) = — a(r ). TouHo TaK

dhopmupyrotcs MaccoBbie(Y —) 4 TPaeKTOPHH ammnapaTa, «TsHKeTbIMU» KBaHTaMu (Y —= Np]fr) 4,Ha (X-)

12
m(p) = laem + aem = 1,0073 aem. IIpu 3TOM, MBI IOHUMAEM, UTO laem = % =1.6604%10"%"kg n

TPAEKTOPHUSIX 3aMKHYTOTO KOJIbIIA, B PA3JIMYHBIX YPOBHIX (PU3NIECKOT0 BaKyyMa, B CBEPXCBETOBOM
MPOCTPAHCTBE CKOPOCTEN. (X—) TpaeKTOPUH 3aMKHYTOTO KOJIbIIA, IO CYTH, BUXPEBOE MOJIe YPaBHEHUN
JOAHAMUKU: rot, G (X+) = —%, [MOMOOHBIX WHAYKIUA MarHUTHOIO MOJS KaTylKU rotyE(Y +) = —% .
Takux (X—) «BUTKOB KaTymku» B (Y—), ammapaTe, MOXHO JIe1aTh HECKOJIBKO IS YBEIHUEHUS TIOTHOCTH

p(Y )= aM(Y—) [L _ m=k*/

aT  Lr? v=K3

TJ(X—:pJ)—>oo’ A (X==p,)>x

=2(e. )/ G e. —=
(p i ( f*') ) KBaHTaMHU ( -f*‘) , TEM OOJIBIIIE A (X==p J), TeM OOJIbIIIe TUAMETP D «xomnbar
anmnaparta. /[ cooTHOIeHu !

(E= HZKX NX-)E = HzKY)(X—'_) =HO/I(X*t=p,) , IMEIOT MECTO COOTHOIIICHUS
TE(X-)y E(X+)=HOJI(Xt=p,) - TK (XK, L (X+)=HOJI(X+=p),)
T (m=TIK W X-)(m=TIK, )4 (X+)= HOJI(X£=p,

(X==p))=+=¢,,)T+=e,,) JJIEKTPUYECKUMU TOJIIMUA MaCCOBBIX
mX—=p;)=2m(-=

T2 o .
] MaccoBbIX (Y—), TpaekTopuii annapata. M3 COOTHOILIEHHI i1 KBAaHTOB,

, 4eM OOoJIbIlIe Macca (X==p,) KBaHTa, (hopMupyemas

, KaK 1 AJIs1 MacC

X-=
) . Best macca COCpEaOTOUCHA B ( p"') I10JIC,

(popMupyeMoro (Y==e,,)

e, )/ G)
g . 3HAYUT 1OCTATOYHO B CO3/1aHHBIX

1
AY+=e, )=——
, 3HATh [UINHY BOJHBI AY-=e,,)

5 Ne,) (X==2)) (a5
YTOOBI BBIYMCIUTH IOPAJIOK KBAHTOB , GOpMUPYIOIINX TPASKTOPUIO KBAHTOB 77 «paboyero

MX-=p Y ) =AY+ e-f*‘), HEO0OXOIMMO «KOJIBIIO» AHAMETpPa

Tpael(ToprI, B BHUAC MaCCOBBIX HOJ'IGfI,

HOJT=A(Y+=¢, JA(Y-=¢, ) =1

KBaHTax

Belecrsay. Hanpumep, eciu s
p_24(X==p,) D=10M rorpa MX==p))=13u=2+=e,,) . To ecTp, ©MeeT MeCTO IIMHA KBAHTA
(7=3)

AY-=e, ) -t 6,67*10 " cum

AY+=e, ) . OTO COOTBETCTBYET COOTHOIIECHUSIM
AY—=e, )=667*107cn=21*a" (A, =3.3%10" cx)
*10°3 —
In2*10°) _ -1082 .,

In(@=1/137)  ~492 " Torma NV, =3)

, OTKynma & Y=2%107 , IUISL (/=1 aer

N =log, 2*107° =
COOTBETCTBYET MOPSIKY KBAHTOB

3% _ _ +
(OC C) - W(e4) pa60qer0 BCIIECTBA (X =Py ), B «KOJIBLIC» C TUAMETPOM 10Mm. Takune «KOJIbLIa» JaT

MeXrajnakTuueckuil annapat. CKOpOCTh MEXIalaKTHUYECKOro amnmnapara ¢ TaKuM (X==p;) «pabounm
— * —

BEILIECTBOM», B YPOBHE CHHTYJISIPHOCTH HOJI = m(e,)*m(y,) =1
oy Ve e

VY-=y;)=a *c~137*¢ nu4 semmoro spemer B 10 JeT, MOKHO MPOTETETH

a7 =10%365,25%24%3600*137 *3%10° =1,3*%10"°xm =8,8*%10" a.e = 425,80k . To ectb Hay

rasiakTuky (30 Knk), annapat npoJjeTut npuMepHo 3a 705 net. [l sxkumnaxa Takoro amnmapara, CoOOCTBEHHOE

T =a(7052em) =5,14ner

(p;)

, COCTaBIISET
-1
(r=10zem*a™ *c)xm

, BpeMsl YPOBHS CUHTYJISIPHOCTHU (72) .
l(X_zp_j)' Z[M (NJ :4)

BpEMA COCTABJLACT
, TEM OoJbiie JJIMHA €ro «BOJHBID)

KBaHTOB BelIECTBA (X==p g ) si/ipa KBa3zapa, HMEI0 MECTO (N = 3). Torna u3 COOTHOIIEHUS
2n*a(A)=A(Y-=e, ) =628*(1/137) *3.3*10° cu =8,14*10"" cu

YeMm OoJbIIIe Macca KBaHTA

, 1 BBIYHUCJIIEM



1 1
A(Y-=e¢,,) 814*10 cu

=1,23*10"cu=A(X—=p;)
. DTO cOCTaBJIIET

AY+=e,,5)=

sk 4 9 _ _—=pnt
L2#107cn~10")m =82 ae. ,,averp snpa BHeranakTHUECKOro KBA3apa ¢ KBAHTAME (X==pc) azpa.

— * _
«Pabouee BemiecTBO» TaKUX HOIT=m(e,)*m(y,)=1 , KBAHTOB JAIOT I10JIETHl YK€ BHE FaJlaKTUK BO
Bceenennoit. 3a 10 net 3eMHOro BpeMeHN MOXKHO IIPOJIETETh BO BeenleHHo,

-2 18
(r=102em* (V' (y,) =0~ *c)=178*10"xu , uir 188000 cBeTOBBIX JIeT. 3a COOCTBEHHOE BpeMs B

anmapare [ =9 (1076m) yry 4 qaca 40 mumyt. D10 Bpems s ==, KBAaHTOB, B MEKTalaKTHYECKOM
YPOBHE CHHTYJIAPHOCTU (DU3MUECKOr0 BaKyyMa.
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