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Abstract.

3TOT cOOPHUK BKAtOYAET B ceBA OTAENbHO HAaNMCaHHble PaboTbl. TN PaboTbl BKAKOYEHDI MPAKTMYeCcKK bes
N3MeHeHWUN. HekoTopble ToYeYHble NPeacTaBAEHMA CBOMCTB YTOMHEHbI U NpeacTaBieHbl 6o1ee nosHo. Ho rosopsa 06
oA HOM paboTe, pacKkpbliBatoLen OAHN CBOMCTBA MaTEPUU, TPYAHO YAEPMKATbCA HE CKA3aTb O APYrMX CBOMCTBAX, 3Has
WX cylLecTsoBaHue. Bo-nepsbix, matepusa egnHan. [la oHa npeacTaB/ieHa MHOroobpasmem B HaMM CO34aHHbIX
NckycctBeHHO Co3aaHHbIX AKCMOMaX, KaK CBOMCTB He TPebytowmx A0Ka3aTeNb T, U B MOAENAX HA UX OcHOBe. Ho B
TAaKOM MHOroo6pasuun mbl roBopum o Matepun. OHa egMHan B eANHOW AMHAMKKe BUANMOM BceneHHOM 1 B rybuHax
dusmnyeckoro Bakyyma. 3t1o Bce matepua. Mbl roBopmMm 0 MmaTepuasbHOM Mupe, 6e3 ¢paHTasuii. Bo-BTopbIxX, Npu
OMMUCaHUM CBOMCTB MaTepMM, Mbl U3beraem CTPOUTb BblAYMaHHbIE MAEN, TMNOTESbI, CIOBA «HABEPHOEY, KMOXKET
ObITb», U MOZENN, MPOEKTbI, CUCTEMbI HA UX OCHOBE. Bpanncb GaKTbl CBOMCTB, U CNeAcTBUA TakuxX GaKToB. ITO KaK
npuYmnHa u cnegcreme. Kak roBopaT — HUYEro IMYHOro. M NpUUYMHOIM HaNMCaHUA 3TOro c6OpPHMKA ecTb TO, YTO, FOBOPA
O TOW WM UHOM «TPaHWY», TPYAHO YAEPKATbCA He NMOKa3aTb BECb «KMHOTOrPaHHUK» eAMHOM MaTepun. ITo Kak BTopas
npousBogHan oTAeNbHOro 3apaaa (o4Ha «rpaHb») M 3NEKTPOABMKYLLASA CU1a CAMOUHAYKUMKN B KOHTYpE (BTOpas
«rPaHb») UMEIOT OAMH K MHOTOTPaHHUK» B ypaBHeHMAX MaKcBeina, Koraa Mol oTBedaem Ha sonpoc NOYEMY, npu
TaKoW NpuymHe ectb Takoe cneactene. Man, MOYEMY macca co3gaeT rpaButaLmio, a B BaKyyMe C Hy/J1eBOM Maccom
BO3HMKAET cuia rpasuTaumn. B 3akoHe Hbt0TOHA HET UCKPMBIEHHOIO NPOCTPAHCTBA, HO CWUJIa rpaBuTaumm paboTaer,
W 3Ta CU/1a BbIBOAMUTCA U3 YPAaBHEHMUSA UCKPUBIEHHOTO NPOCTPAHCTBa (TeH30pa) DMHLWTENHA, U CHOBa BOMPOC
MOYEMY. BceneHHas ucyesaeT BO BpeMEHU Ha 6eCKOHEYHbIX PacCTOAHUAX B rNybuHe p1U3MYEeCcKoro Bakyyma.
®dusnka oteevaeT Ha Bonpockl MOYEMY. MatemaTtrKa oTBevaeT Ha Bonpockl KAK 3To nponcxoamT. HYacTo B TaKMx
MaTEMATMYECKUX OTBETAX CKPbIBAOTCA IMEPAKEHTHbIE CBOMCTBA MaTepuM. TaKasa KOHLENUMA AaeT xopoLine
nepcrnekTUBbl UCCNeSO0BaHNM.
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B nocneanune nuu yxoasero 2020 roaa, npuiuia MbICIb HATUCATh TOMYJISIPHOE U3JI0KEHUE
npencraieHHol KBantooii ['pasuranuu B Ennnoit Teopun. Marudeckue ciioa. CeroiHs 3a HAIMUA CTOUT
MHTEJUIEKT BCeX (PU3UKOB HA TUIAHETE.

Ectb npoctelie npaBuia nonyispuszanuu. Ux Heckoiabko. Ecnu Tbl CMOXelb 00bSICHUTH CBOIO
MBICJIb PeOCHKY 3HAYHT, Thl CIIPABHIICS C 3TOH 3aaa4eil. J[pyroe mpaBuiio riacuT, 4To Kaxaas Gpopmyna B
TEKCTE, YMEHBILIAET YUCIIO TOTEHIUAIbHBIX YUTATENIEH, TO €CTh JIFOJIEH, KOTOPbIE CMOT'YT IPOYUTATh ITY
kHUry. ECTh erie mpaBuio oOpa3HbIX WM aHAJIOTOBBIX MPEJCTABICHUN TEX BEIIEH, O KOTOPBIX UIET
uznoxkenue. Tak unu uHave, 1 Oyay NPUAECPKUBATHCS ITUX MPABUIL.

Hrax, MbI TOBOpHUM O €IMHOUN TEOpHHU. MOKHO MPUBOJAUTH MHOT'O IPUMEPOB Jpam U IEPEBOPOTOB B
CO3HAHHH JIFOJICH, TPU OCMBICICHUH CBOMCTB OKPY>KaIOILlero MUpa, HaunHas ¢ bubielickoro nmpeacTaBieHus
3apOXKACHUS MUPA, 10 CETOAHAIIHETO IIpeacTaBieHus 0 bonbioM B3peiBe BeeneHHoM, TEpBBIX CEKYHIAaxX
ee nuHamuku. O603Hauy 3/1€Ch TOJIBKO HEOOXOAUMBIE 37I€Ch T€ PEBOJIIOLUOHHBIE UIEH, KOTOPbIE H3MEHUIH
IpeCcTaBIeHHE JTIojIeit 00 oKpyxatomieM Hac Mupe. O MaTeMaTU4eCKOM MPEACTABICHUN OKPYKAIOIIEro
mupa I[Tnatonom (3pel [1narona), [udaropa, EBkimnoseie Havana, cuctema drces, TeOMETPUIECKUX
¢buryp, ckazaHo ¥ HaIMCaHO MHOTO. B 3T0ii CBSA3H, TOJYEPKHY TOIBKO TO, UTO BCe 3TO MIcKyccTBEHHAast
Cucrema Axcuom. Korna mei roBopum o 10 si610kax, K KOTOPHIM MPUOABHIIH e1lie 5 100K, TO Mbl TOBOPUM
o 15 s6n0Kax, Kak paBHBIX [0 aHAIOTUH SIOJIOK, TO €CTh eAUHUI]. HO MBI HE TOBOPHM O TOM, YTO Ka)KI0€
s10J10K0 OTIMYaeTcs ot apyroro sio6moka. B [lpupose Het 15 oanHAaKOBBIX A0JI0K. DTO 3HAUUT, UTO TaKas
oreparys CJI0KE€HHUs, COOTBETCTBYET JI€UCTBUTEIBLHOCTHU TOJIBKO B IpubmmkeHHon popme. C npyroi
CTOPOHBI, €CJIM MBI MOJIOKUIJIM Ha CTOJ 3 510JI0Ka, a MOTOM 3a0paiii OJTHO SI0JI0KO, TO ocTaeTcs 2 s0y0Ka.
OOpaTtuM BHUMaHUE, YTO MBI 3a0paiiu TO sI0JI0K0, KOTOPOE MBI TIOJIOKUIIN Ha cToll. Bee peansHo. U aTa
onepalys BBIYUTAHUS YUCEN COOTBETCTBYET ACHCTBUTENBHOCTH. Kak BUIMM, Aake MPOCThIE AEHCTBUSA C
IIPOCTBIMU YHMCJIAaMU HE BCETJ]a COOTBETCTBYIOT CBOIcTBaM [IpupoaHbIX COOBITHI.

Korna EBknup B cBoux Hauanax onpenensT TMHUIO KaK «...JJIMHY 0€3 IIUPUHBI. ..», TO CETOJHS 3TO
MIPUHLIMIT HEONPEEIEHHOCTH TPAEKTOPUH B KBAHTOBBIX TEOPUAX. MBI HE MOXKEM CKa3aTh, I'71€ UMEHHO
HaxOJIUTCS JIEKTPOH, KakK «... TOUKa, HE UMEIoIas 4yacTei...» B ToU xe EBKINI0BOI akcnomaTtuke. Takoi
3JIEKTPOH JIEUCTBUTEIBHO HEIEIUMBIN U COOTBETCTBYET TOUEYHOM MoAenu. | e EBKiu, u rie KBaHTOBbIE
teopuu ceroans. Ho 3aech npsimast cBsi3b. Mbl OCTAHOBUMCS B TAKOM ITYTE€UIECTBUU B MUP MAaTEMaTUYECKHUX
MOJIeJIeH, BEpHEE €€ OCHOB, U MEpeiIeM K 3BOJIIOLUN (PU3NYECKOTO TOHUMAaHUS OKPY>KAIOILIEro MUpPA.

Jonroe Bpems, 16-17 BekoB, rocIoACTBOBANIN UAEH APUCTOTEINS O TOM, UTO BCSKOE JBUKCHHE
co3gaeTcs Tol uim nHou crito. [IpocTeie onbiTel ['anmies mokasanu To, 4TO ABMKEHUE KAK pa3 HE
IIPEKPALLAETCS, €CIIM HE MIPUKJIAaAbIBaTh HUKaKUX cuil. Harmpumep, eciin 1o HakJIOHHOM TUIOCKOCTH ITyCTUTh
HIapHK, TO MOCJIE HAKJIOHHOM INIOCKOCTH IAPUK JBUKETCS IO TOPU3OHTAIBHON MTOBEpXHOCTU. M Kak maneko
IIPOJBUHETCS IIAPHK, 3aBUCUT OT CHJIBI TPEHHS TOPU30HTAIILHON MIOBEPXHOCTH. By et aTo necok, nepeso
WM CTEKJIO — CHIIbI pa3Hble. Oka3anoch, ApUCTOTENb ObLI He npaB. YToObl MaTepraibHOE TEJIO IBUTaioCh,
Ha/10 KakK pa3 yoparh Bce CUIIbL. DTO OB PEBOJIOIMOHHBIN MEPEBOPOT B CO3HAHUM BCEX JIHO/IEH.

Crnenyrouiuii nepeBopoT B IOHUMAHUK OKPYXKAIOLIETO MUPa CBA3aH C U3YUEHHUEM AIEKTPUUYECKUX U
MarHuTHBIX CBOMCTB. OKa3anoch, 4YTO H3MEHEHHE OJTHOTO MOJIS MOPOKIAET APYroe Mojie U Ha000poT. ITH
CBOMCTBA OYEHb YETKO MPEACTABICHBI B MATEMAaTUYECKUX YpaBHEHUAX MakcBemia. Bee TexHonoruy,
KOTOpBIE OKPYXKaIOT HAC CErOJHs, CBSA3aHbI C 9TUMH cBoKicTBaMU. OUeHb 3aMaH4YMBBI UJEU U ONBITH Tecna o
HaJM4YUH SHEPTUU B IPOCTPAHCTBE.

Crenyromuii nepeBOpOT B COZHAHUU JIIOJIEN CBA3aH C MOHUMAaHUEM CaMOTr0 MPOCTPAHCTBA U
BpeMeHu. Kak okazanock 370, o/100HO 3JIeKTPOMarHUTHBIM CBOMCTBaM, KOT/1a U3MEHEHUS TPOCTPAHCTBA
MEHSIET X0/ BpeMeHU. DTH CBOMCTBA B3aMUMOCBSI3aHbI B €IMHOM IIPOCTPAHCTBE-BpeMEHU. XOTs
MaTeMaTHYeCKUe MOJEH TaKuX NMpeoOpa3oBaHUi M ObLIIM U3BECTHBI, Kak IpeodpazoBanus JlopeHua, ux
(bM3UYECKYIO CYIIHOCTh OCO3HAT DUHINTEHH B cBoei CrienmanbHoi Teopun OTHOCUTETEHOCTH.
DyHIaMEHTOM 3TOM TEOPUH €CTh TO, YTO U3BECTHBIE HAM MAcChl, BIUIOTH 10 3JIEMEHTAPHBIX YaCTHLI,
AJIEKTPOHA B YACTHOCTH, HE MOTYT JIBUTaThCsl CO CKOPOCTSIMH OOJIbIIIE CKOPOCTHU CBeTa. BhIssicHMIOCH, UTO
pU OOJBIINX CKOPOCTSX BpeMs 3aMeIIseTcs, a JUIMHA coKpalnaeTcsa. EcTb KOHKpeTHbIe (OPMYIIbI TAKUX
PENATUBUCTCKUX IPe0Opa30BaHui, U €CTh TOYHBIE OIBITHI, TOTBEPKIAIOIINE HEN3MEHHOCTh CKOPOCTH
CBeTa B MPOCTPAHCTBE-BpeMeHHU. J[JIMHA 3JIeKTpOMarHUTHOM BOJIHBI cBeTa, (POTOHA, €ro YacToTa, SHEPrus
MEHSETCsl, HO CKOPOCTh (POTOHA HE MeHsieTcs. BajkHO, 4TO O MOHSUIM TO, YTO IPOCTPAHCTBO U BpeMs B
teopusix HeroToHa He abcomoTHO. To ecTh M MPOCTPaHCTBO, U BPEMs Pa3HbIE B PA3JIMUHBIX YCIOBUSX.



OAHOBpPEMEHHO C 3TUM pa3BHUBAJIACh KBAHTOBAsl MEXaHUKA, KOTOpasi IEPEBEPHYJIA BCE MOHATHS
Kjaccuueckoi ¢pu3uku. OKa3anock, 4TO HEb3sl OTHOBPEMEHHO OINPEAEISATh U KOOPAUHATY, U BpeMsI B yKe
M3BECTHOM HaM €IMHOM, IIPOCTPAHCTBE-BPEMEHU. boiiee TOro, OTKphIBAIMCh HOBBIE U HOBBIE JIIEMEHTapHbIE
YaCTHUIbl, KOTOPbIE HE BIIMCHIBAJIMCH B KIIACCUUECKHUE MPEJICTABIICHUS CTPOCHUS BELIECTBA U PA3JIUYHBIX
noJiel B3auMoAecTBys. L[enbIiM psioM reHuaIbHBIX UCCiIeIoBaTeNel, OB CO3/IaHbI Pa3INIHbBIC
KBaHTOBBIE TEOPUH, B OCHOBE KOTOPBIX JIEKAT IKCIIEPUMEHTAIIbHBIE JAHHBIE. DTU TEOPUH XOPOLIO
BBIUUCIISIOT ¥ IPOTHOZUPYIOT PE3yJIbTaThl SKCIIEPUMEHTOB, HO UX (PU3NYECKUN CMBICII, KaK CKa3all caM
®deitnman, He noHUMaN HUKTO. Hy, nelictButenbHo, TpyaHO B [Ipupoae matepun npeactaBuTh ceoe,
CKa)keM, BOJTHOBYIO (DYHKITHIO, TPUHIIUI HEOTIPEIEIIEHHOCTH, BOJIHY BEPOSTHOCTH COOBITHI, CYNIEPIIO3HUIINIO
BOJIHOBOI (DYHKIIMH, KBAHTOBYIO 3aIIyTaHHOCTH BOJHOBOM (D)YHKIIMH U TJIABHOE, TOHATH IPUYUHBI BCEX ITUX
aBieHui B IIpupose, HaliTh BCe CIIEACTBUS 3TUX IIPUYHH.

Crenyronui nepeBopoT B MOHUMaHUU 3aKOHOB [Ipupoibl caenan Bce TOT ke DWHmTelH. Peub uaer
00 O6me#t Teopun OtHOCHTENBHOCTHU. [0 CyTH, peub 0 CBOOOIHO MaAArOIIEM JTH(PTE, CUCTEME KOOPIUHAT
IIPOCTPAHCTBA-BPEMEHH, B KOTOPOI OTCYTCTBYET YCKOPEHHUE, KaK U B IPSIMOJIMHEWHOM, pABHOMEPHOM
JBYKEHUH WIHM B COCTOSHUY MOKOsI. C Apyrol CTOpOHBI, CBOOOAHOE MafieHHE C HEM3MEHHBIM YCKOpEHHEM
00yCIIOBJIEHO CUJION rpaBUTalUU. Macca, Kak U3BECTHO, Mepa MHEPLIUU B IPOCTPAHCTBE O€3 rpaBUTALIMH.
DTO0 3HAUMUT, YTO CHUJIA, YCKOPAIOILAs MAaCCy PaKEeThl B OTKPHITOM KOCMOCE, U CHJIa YCKOPEHMSI MAaCcChl B 110JI€
rpaBUTAllMU OJUHAKOBasi. MbI roBopuM 0 (pyHAaMEHTaILHOM MPHUHIIUIIE YKBUBAJICHTHOCTU MHEPTHOW U
rpaBuTalinoHHON Maccsl B O0ueit Teopun OTHOCUTENBPHOCTH DHHIITEHHA. MOYXHO FrOBOPUTH O PUHIUIIE
SKBUBAJICHTHOCTH UHEPTHOM M I'PaBUTALIMOHHOM MAcCChl JIBYX Pa3JIMYHbIX MACC, CBSI3aHHBIX HUTKON Ha
3aKperieHHoM OJioke. Bec manaromeil BHU3 001611101 Macchl U JBUKYLICICS BBEPX MaJIEHbKOW MacChl
OJIMHAKOBBIN. 371€Ch Pa3IMYHbIE MACChl UMEIOT OJIMHAKOBBIN BEC. DTO 3HAYUT YCKOPEHUE NHEPTHOW MacChl U
YCKOpPEHHUE TpaBUTAIIMH SKBUBAJIECHTHBI. FIX MOXHO CKJIaJbIBaTh U BBIYUTATD.

Teneps o rmaBaoM, B O0meit Teopun OTHOCHTEN HOCTH DHHIITEWHA. Ecan B HEMOABMXHOM TH(TE
HaNpaBUTh Ty4 (poHApUKa TOPU3OHTAIHLHO HAa MIPOTHBOIIOIOKHYIO CTEHY, TO IIPH ABMKEHUH JH(Ta C
YCKOpPEHUEM BBEPX WJIM BHU3, TOUKA MAJCHUS Jiyua OyJeT CMeaThCsl BHU3 HIIM BBEPX COOTBETCTBEHHO. U B
COOTBETCTBHUH C PUHIUIIOM SKBHBAJICHTHOCTH, TPABUTAI[IOHHOE TI0JI€ OYAET OTKIOHATH JIy4d CBETa. DTOT
BBIBOJI TEOPUU DHHINITEHHA ObUT OyiecTsIIe MOATBEPKACH HAa COTHEUHOM 3aTMEHHUH, HA0JII01aeMOM ¢ 3eMJIH.
Jlyu cBeta nanexux 3Be3[ 3a CoylHIIEM, HCKPUBIISI CBOIO TpaeKTopuio BOKpyr CoiHIa ¥ OblUT BUJUMBIM Ha
3emiie. 10T 3¢ (heKT Ha3Balu TPABUTAIMOHHOMN JIMH30M.

Teneps, mocne MOATBEPKIACHUSI TEOpUH B dKcniepuMenTe, cama Oomas Teopust OTHOCUTENIBHOCTH
OiHIITEeiHA JaeT BO MHOI'OM HEO)KHMJaHHbIE MTPEICTaBICHHs 00 OKpYy’KarolleM Hac Mupe. BrisscHMIIOCH, UTO
rpaBUTalMs BbI3BaHA KPUBU3HOM MPOCTPAHCTBA M HA00OPOT. MaTreMaTH4eCKH 3TO OTPAXKAETCSI TEH30POM
OuHmTeiHa. Ero mpaBas 4acTh yKa3bIBaeT Ha TEH30p PHEPTHUH-UMITYJIbca (PUKCHPOBAHHBIX
IpaBUTALMOHHBIX MOTEHIINATIOB. KiltoueBbIM CII0BOM 3]1€Ch, €CTh (DUKCHPOBAaHHBIE TPABUTAIL[IOHHBIE
MIOTEHLIAAJIBI. JTO YCIOBUE MIOCTABIEHHONW DWHINITEHHOM, TaKOE XK€, KaK M IPUHIIUI dKBUBaJIEHTHOCTH. Ho
ypaBHeHue O61elt Teopust OTHOCUTENBHOCTH DUHINTEIIHA YKa3bIBa€T U HA MHOTO JIPYTHX MPUHIMITHAIBHO
HOBBIX CBOMCTB OKpY>Karollero Hac Mupa, Beenennoi. Mbl Bee ciblany o pacimupstonercs Beenennoi,
YEPHBIX JIbIpaxX, TEMHOM MaTEpPUM U TEMHOW SHEPTUH. Bce 3TH cBOMCTBA MOATBEPKICHBI DKCIIEPUMEHTAMH.

Korna Mb1 roBOpHM 0 (PMKCHPOBAHHBIX IPaBUTAIMOHHBIX MMOTEHIIMATAX TEH30pa DWHIITEHA, TO ITH
KIIIOYEBbIE MTPEJICTABICHUS YK€ IIPOBEPEHHOM M MOATBEP kK IeHHOH B 3kcriepuMenTax OOmei Teopun
OTHOCUTENBHOCTH DUHIITEWHA, TPSMO IPOTUBOIIOJIOKHBI IPUHIIAITY HEONIPEAEIEHHOCTH KOOPAUHAT BO
BpPEMEHH, B KBAHTOBBIX TEOPHUAX. DTO (yHIaMEHTAIIbHbBIE POTUBOPEUHs ABYX MPOBEPEHHBIX HA MPAKTUKE,
(GbyHIaMeHTaJIbHBIX KOHUENIUI UM CBOMCTB, (PM3MUECKUX TEOPUA. DUHIITEHH MEUTall O CO3JJaHUU €TUHOM
TEOpHUH, peUIaroIlel 3TH NpoTUBOpeuns. 1 rmaBHbIM KpUTEPHUEM TaKOM TEOPUHU ECTh TEOPHsI KBAHTOBOM
rpaBUTaIUH, KoTopas oobenuusetr Oomryro Teoputo OTHOCUTETFHOCTH DUHINITEIHA, 1 KBAHTOBBIE TEOPHH.

Hakan uccinenoBanuii B MOMCKE TAKOW TEOPUU CTOJIb BEJUK, YTO MHOTAA CTABUJICS BOIIPOC,
JI0OCTaTOYHO JI O€3yMHa 3Ta Teopusi, YTOObI ObITh MPaBUIHLHON? DTH BOMPOCHI aKTYyaJIbHbI U CETOIHS.
[TyTeBOHBIMU HUTSMU B TIOUCKE TAKUX TEOPHH €CTh MaTeMAaTUYECKHUE UCTHHBI U PU3NYecKue (PaKThl B
sKcriepuMenTax. Hanpsimyro pemmts 3Tu npobaemsl He yaaetcs. He ynaercs coeTuHUTh BOEIUHO MPUHIIMIT
HEOIPEICIEHHOCTH TMOJIOKEHHSI TOUYKU B IIPOCTPAHCTBE U BO BPEMEHH, C (PUKCHPOBAHHBIM COCTOSTHUEM
BIIOJIHE OTIPEJEICHHBIX TPABUTAIIMOHHBIX IOTEHIIMAJIOB B 33JaHHOM TOYKE IPOCTPAHCTBA U B 3aJaHHOE
Bpems. 1 BOT 31ech MbI Bo3BpalaeMcs K Hadany Hauan EBkiinja, ero akcuoMm B ONpeeeHUsIX TOUKH
«...HE UMEIOLIEH yacTeil. ..», IMHUHU, KaK «...JJIMHbI 0€3 IIUPUHBI», U MapaJlIeIbHOCTH 3TUX JTUHHH.



B coBpeMeHHOl akCMOME NapajuIeIbBHOCTH, BCEM U3BECTHOM, Yepe3 TOUKY BHE IPSIMOU JIMHUU, B
IJIOCKOCTH, MPOXOAUT TOJBKO OJIHA npsiMas JuHus OX, mapanienabHas ucxoanou quauu AC.

Puc. 1
[Tox mapamnenbHOCTBIO TIOIpazymMeBaeTcs To, uto JJHHUH OX u AC He nepecekaroTcsi Ha 0ECKOHEYHOCTH.
OTO NOHATHBIE M OYEBUAHbIE MTpeacTaBneHus. OHu obuienpusHanubie. Ho eciu mocMoTpeTs BHUMATENBHO,
TO npu ABMKEeHUU BI0Ib AC Ha 0ECKOHEYHOCTb, B Mpeeax yria o, CyneCTByeT JUHAMHYHBIN My40K
NPSIMBIX JINHUHM, HUT/IE HE TIepeceKaronii UCXOAHYI0 IpsiMyto AC Ha OECKOHEUHOCTU. A 3HAYUT, PeUYb O
napajuleNbHbIX JTUHUAX. Tak Kak 0€CKOHEYHOCTh Helb3s1 OCTAHOBUTD, TO ATOT AMHAMUYHBINA MyYOK MPSIMBIX
napajuieIbHbIX JTUHUHN, BIOJb Kaxaoi XY Z ocu EBKIUI0BOro mpocTpaHCTBa, CyecTByeT Beeraa. bosee
TOTO, NIPH JABM>KEHUU BAOJb 10001 TuHUU-TpackTopun, AC B JaHHOM cilydae, psaaoM OyIeT IPOCTPaHCTBO
JUHAMHYHBIX TyYKOB NapajuleIbHbIX NPSMbIX JUHHUM, B KOTOPOE MBI [10IIACTh HE CMOYKEM.
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Puc. 2

Kak Bugnm, cucrema KOOpJHAT EBKIIMI0OBOTO MPOCTPAHCTBA MEHSETCS, M MBI MOKEM TOBOPHTB O HE
CTallMOHAPHOM EBKIIMI0BOM IPOCTPAHCTBE, C TEMH YKE CBOMCTBAMHU M30TPOIUH BO BCeX HarpaBieHusx. C
JPYroi CTOPOHBI, MBI MOKEM TOBOPHUTH O €TMHOM M HEPa3phIBHOM JHUCKPETHOM IMPOCTPAHCTBE-MATEPHH.

Tak kak u3 onbITOB ["ayuiies cieyer riiaBHOe CBOWCTBO MaTePHH — JIBUXKCHHE, TO MPOCTPAHCTBO
JMHAMUYHBIX TTYYKOB MapajlIeIbHBIX MPSMBIX JIMHUN, MBI OyJIEM OTOXIIECTBIIATH C MaTepueil. Temneps yxe,
MBI UCXOJIUM H3 CIEAYIOIEro pyHaaMeHTalIbHOro (akTa, YTO HET MPOCTPAHCTBA O€3 MaTepHH U HET
MaTEepHH BHE MIPOCTPAHCTBA. DTO 3HAYUT, YTO MPOCTPAHCTBO-MATEPHSI, ITO OJHO U TO xke. CeroHs 3To
TPY/HO MOHSTH CIOJHA, HO TAKOBBI (DAKTHI peaibHOCTH. B MpecTaBIeHHON peleTKe eBKINI0BBIX 0Ceit
ClpaBa Ha PUCYHKE 2, MbI HE BHJIUM ITOJIHOW KAPTHHBI JUHAMUYHOTO IMPOCTPAHCTBA-MaTEPUU CIICBA.
Kak BuauM, B IMHAMHYHOM IIPOCTPAHCTBE-MATEPHH, MBI yXKe HE MOKEM OpaTh MPOCTO JIMHUIO, KaK
«...JUIMHY 0€3 MIUPUHBL. ..» C PUHIIMIIOM HEolpeiesieHHOCTH B EBKITIoBOM akcuoMaTuke. 1o aubo (X-),
1160 (Y-) TpaeKTOpwHs, C TMHAMHYHBIM YIJIOM MapajIeIbHOCTH ITyYKa MPSIMBIX MTapauIeIbHbBIX JIMHHUIA.

Crenyronmm maroM B HIOHUMaHUK CBOMCTB TIPOCTPAHCTBA-MATEPUH, KaK OJTHOTO IIEJIOT0 €CTh TO,
YTO F€OMETPUYECKHE CBOWCTBA, MOTYEPKHEM, TUHAMUYHOTO MIPOCTPAHCTBA, COOTBETCTBYIOT (DU3HUYCCKIM
cBolicTBaM Matepuu. Eciii MBI IOCTY/IHpyeM CBOMCTBA MPOCTPAHCTBA-MaTepuu Kak 31ekTpo (Y+ = X-)
MarHUTHOE TI0JIe, TO €CTh MaTEMaTHYCCKUE NCTHHBI ypaBHEHUH MakcBeIIa Uit TakOro €MHOTO 3JIEKTPO
(Y+ = X-) marautHOTO 1oJisi. MicTHHA 3TUX ypaBHEHUH B TOM, YTO TUHAMHUKA diekTprueckoro (Y+ ) moms
MOPOYKIAET BUXPEBOE MArHUTHOE T0JIe ¥ HA000POT. Temeps yke B CTPOTUX TOYHO TAKMX MaTeMaTHYECKUX
HCTHHAX, BEIBOASATCS YPaBHEHUS TUHAMHKH IpaBuT (X+ = Y-) MaCCOBBIX MOJIEH. YIKe MX 3THX YpaBHEHUI
CIIEYET TO, YTO IMOJ00HO WHAYKIIMH MArHUTHOTO TOJIS B TUHAMUKE DJIEKTPHUYCCKOTO TIOJISI, TOYHO TaK

BO3HHUKAIOT UHAYKTUBHBIC (Y-) MacCCOBBIC ITOJIA B ICPEMCHHOM I'PABUTALITUOHHOM (X+) noiue. be3 BAapHUaHTOB.

Taxas >xe monbITKa BbIBECTH yYpaBHeHUs CrienianbHoM Teopun OTHOCUTENBHOCTH B CTPOTUX
MaTE€MaTUYECKUX UCTUHAX JUHAMUYHOIO IIPOCTPAHCTBA-MATEPUH, IIPUBEIIA K YPABHEHUSIM KBAaHTOBOMN

N



PENATUBUCTCKON JMHAMHUKY B TOYHO TAKUX MaTeMaTHYECKUX UCTHHAX. Eciu B mepBoM ciaydae Opascs
HYJIEBOM yroJI NapajuieabHOCTH EBKIIMIOBOM aKCHOMATHKHU, TO B CITy4ae KBAHTOBOW PEISTUBUCTCKOMN
JUHAMUKH, 3TOT yroJl HEHYJIEBOU, pudem paznuunbiil 1 (X-) u (Y-) Tpaekropuil. MoaHo celiuac
roBoputh 0 KBantoBoi Teopun OtHOCcHTENbHOCTH. Tak BOT, ypaBHeHUs KBanToBO# Teopuun
OTHOCUTENBHOCTHU, TIPU HYJIEBOM yTJI€ MapajuieibHOCTU EBKINIOBON aKCMOMATHKH, MIEPEXOIST B
ypaBHeHus CnenuanbHoil Teopun OTHOCUTENBHOCTH, IPUYEM B CTPOTUX MAaTEMaTUYECKUX UCTUHAX.
WNubiMu cnoBamu, B EBkIn0BOM akcnomaTtuke co3nath KBantoByto Teoputo OTHOCUTENBHOCTH
HEBO3MOKHO B IipuHuuIe. K yemy 3to npuBoaut npakruuecku? [IpuBenem oqus npumep.
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N3 KBanToBoii Teopur OTHOCHTENIHLHOCTH CIIEIYET, YTO, HAXOISCh BHYTPH CTAIIMOHAPHOHN CQEephI C
M30TPONHBIM EBKIIMIOBBIM MPOCTPAHCTBOM, B JUHAMHYHOM IPOCTPAHCTBE-MAaTEePHH, Takas chepa uMeeT
BHJI TUHAMUYHOTO IIIUTICONIA. TaKOBbl MAaTEMAaTUUECKHE HCTHHBI TEOMETPUUYECKUX CBOMCTB. DTO OUEHb
MHTEPECHBIN Cllydail TAKOTO COCTOSIHUSA JUHAMUYHOTO IPOCTpaHCTBa-Marepuu. M ecTh TOMy IPUYHHBI.

MBI Bee e BBIXOJUM Ha IyTbh, BEAYILIEMY K KBaHTOBOW rpaBuTanuu. B camom o0miem
MIPE/ICTAaBICHUH, YPAaBHEHHUSI KBAHTOBOW IpaBUTALIUU CIEAYIOT U3 ypaBHeHus OOuieit Teopun
OtnocutenbHOCTH DitHIITEHHA. [10 CyTH, KaK y)ke OTMedalld, BCE MPEACTaBICHHBIC YPABHEHHUS PACIIUPSIOT
CBOIMCTBA YK€ CYILIECTBYIOIIMX TEOPHI U MPEICTaBICHUI O MPOCTpaHCTBEe-BpeMeHu. CkaxkeM Ooblie.
Camo mpoCTpaHCTBO-BpEMs €CTh YAaCTHBIN Cclydail PUKCUPOBAHHOTO COCTOSIHUS TMHAMUYHOTO
npocTpancTBa-mMaTepun. CKaxkeM Tak, 4yTo (pukcaius J00ro yria napauielbHOCTH AUCKPETHOTO
JUHAMUYHOTO MPOCTPAHCTBAa-MaTEPUHU Ja€T MHOTOJIMCTOBOE PUMAHOBO MPOCTPAHCTBO. IMEHHO B TaKOM
(bUKCUPOBAaHHOM PUMaHOBOM MPOCTPAHCTBE MPEACTaBIEH TeH30p DiHIITelHa. M caM TeH30p DiiHIITeiiHa
MPEACTABIISIET MATEMATHYECKYIO UCTUHY Pa3HUIIBI PETISITUBUCTCKON TMHAMUKHU B IBYX (PMKCUPOBAHHBIX
TOYKaX PUMAHOBOTO MPOCTPAHCTBA, OJHA U3 KOTOPHIX MpHUBOIUTCS K EBKIMI0BOII chepe. D10
MaTremMaTU4yecKas UCTHHA, KOTOPYIO HEJb351 ONPOBEPIHYTh, HUKAK. M BCAKME MOMBITKH UTHOPUPOBATH
O6mryto Teopuro OTHOCUTENEHOCTH, ATO TOMBITKUA UTHOPUPOBATH MaTEMAaTHYECKHE UCTUHBL. DTO HUYTO.

Camo mpoCTpaHCTBO JUHAMUYHOTO MTyUYKa MapauIeNIbHBIX MPSIMBIX ¢ (PUKCHPOBAHHBIM yTIIOM
MapajuieNbHOCTH, COOTBETCTBYET MPOCTPAHCTBY ¢ reoMeTpueii JlobaueBckoro. Mbl TOBOPHM O
(hUKCUPOBAHHBIX COCTOSIHUSX, KaK (paKTax peaibHOCTH, (PUKCUPYEMBIX B SKCIIEPUMEHTAX C HEKOM J0ei
BEPOATHOCTH TOT'O MJIM MHOT'O COCTOSHUSL JUHAMUYHOTO ITPOCTPaHCTBa-MaTepuu. TO eCTh BHE
AKCIEPUMEHTA, TMHAMUYHOE TPOCTPAHCTBO-MATEPUS UMEET, CKAKEM, IIPOCTPAHCTBO T€OMETPUU
JloGaueBckOro ¢ mepeMeHHbBIMU aCUMIITOTaMH TUIIEpOO, Uiu cepy ¢ HecTallmoHapHbIM EBKIINI0BBIM
MPOCTPAHCTBOM, M TAKOW K€ U30TPOIHEH.

[epeiinem k 6osee OIM3KOMY PACCMOTPEHUIO YKa3aHHBIX CBOMCTB JMHAMUYHOTO MPOCTPAHCTBA-
Marepuu. CaMo €IMHCTBO TPABUTAIMOHHOTO (X+) moJist 1 MaccoBbIX (Y-) TPACKTOPHI COOTBETCTBYET
MIPUHIUITY SKBUBAJICHTHOCTU MHEPTHOM U IPaBUTAIMOHHON MacChl. A HEHYJIEBOM yroJ MapauiedbHOCTH
MaccoBbIX (Y-) TpaeKTOpHUH, 1aeT HaM MPUHIUI HEONPEAeIEHHOCTH caMoil TpaekTopuu. Ckaxem Ooiblie,
JIB€ TOYKH TaKOW TPAEKTOPUHU, CHMMETPUYHBIE OTHOCUTENIBHO EBKIIMI0OBOM JIMHUU C HYJIEBBIM YIIIOM
MapajuieIbHOCTH, J1aeT HaM KBAaHTOBYIO 3aITyTaHHOCTh 3THX TOYEK, KaK (JaKT pealbHOCTH TUHAMUYHOTO
MPOCTPAHCTBAa-MaTepUU. DTH JIBE TOUKH a0COTIOTHO OJMHAKOBBI. MBI TOBOPUM ceifuac o ABYX TOUYKaX, OAHA
13 KOTOPBIX (PUKCUPYETCS B SKCIIEPUMEHTE B TPOCTpaHCTBe-BpeMenn. Ho mpocTtpancTBo-MaTepusi, 3T0
MIPOCTPAHCTBO PACHIMPEHHBIX BO3MOKHOCTEH. M TakmxX aOCOIIOTHO OJIMHAKOBBIX TOUEK MHOYKECTBO BHE
JKCIIEPUMEHTA, TO €CTh B PEAIBHOCTH.

UYto kacaeTcst MaTeMaTHYeCKOW UCTUHBI TeH30pa DUHINTEHHA, IPUYEM CO CIIOPHOU A — TIOMIPABKOA.
371ech HEeT cropa. ITo MaTeMaTHYeCKasi ICTUHA U OHA BBIBOJIUTCS IPU YCIIOBUH TUCKPETHOTO TUHAMUYHOTO
IpocTpaHcTBa-MaTepun. Bonpoc 3akphIT. Ternepp yKe B TaKO€ ypaBHEHHUE, KOTOPOE BBIBOJUTCS B
JTUHAMAYHOM TIPOCTPAHCTBE-MATEPHUH, BBOJUTCS MPUHIIMIT SKBUBAJIGHTHOCTH MAacCOBBIX (Y-) TpaeKTOpuil B



rpaBUTAlIMOHHOM (X+) MOJIe ¥ MPUHLIKI HEOMPEAEIEHHOCTH camoil MaccoBoi (Y-) TpaekTopuu. B oTinnune
0T (UKCUPOBAHHBIX TPABUTAIIMOHHBIX TOTeHIMAIOB O01Ieit Teopuun OTHOCUTEIBPHOCTH DWHINITEHHA, yKe
MO>KHO pacCMaTpUBaTh IPAJUEHT TAKUX I'PAaBUTAL[MOHHBIX IOTEHLUAJIOB, Ha JYIMHE BOJIHBI KBAHTOBOI'O
nosnia. U yxe Takue KBaHTOBbIE IPaIUEHTHI TPAaBUTAIIMOHHBIX [TOTEHIIUAJIOB, JAI0T KBAaHTOBBIE (X+)
rpaBUTALIMOHHBIC MOJIST YCKOpeHHd. MaremaTnyeckie 0COOEHHOCTH TakuX TU(GepeHIMaTbHBIX PeIICHUN
JA0T KBa3H IMOTEHUMAJIbHbIE KBAHTOBBIE TPABUTALIMOHHBIE NIOJII YCKOPEHUH, KOTOPbIE CIEYIOT U3
ypaBuenust O6meit Teopun OTHOCHTENFHOCTH DHHINTEWHA.

TakoBbl B 00LIMX YepTax CBONCTBA KBAHTOBOI IPaBUTALIMU B €AMHOM Teopuu. Peub uier o eaAuHbIX
MaTeMaTUYECKUX UCTUHAX YpaBHEHUN MakcBeIuia sl SJEKTPOMArHUTHBIX MTOJIEN U YPABHEHHUN JUHAMUKHU
IPABUT - MACCOBBIX MOJIEH. Peub 0 €IMHBIX MAaTEMATUYECKUX UCTUHAX ypaBHeHUI CriennansHoi Teopun
OTHOCHTENBHOCTH DUHIITENHA U YPaBHEHUI KBAaHTOBOM PEISTUBUCTCKON qUHAMUKU. M peub uaer o
€IMHBIX MaTeMaTUYECKUX UCTHHAX ypaBHeHH OOmiel Teopun OTHOCUTENBPHOCTH DUHINTEIHA 1
YPaBHEHU KBaHTOBOU rpaBUTalMU. Bece 3TO MpencTaBiIeHo B OJTHOM MaTEMaTUYECKON UCTUHE.

KopoTko orMeTnM cBOMCTBa, KOTOPBIE CAEAYIOT U3 TUX MAaTEMAaTHYECKUX UCTHH.

1. T'eomerpuyeckuMm, a paBHO U GU3UIECKUM (PaKTOM TUHAMHYHOTO IPOCTPAHCTBA-MATEPUH, €CTh (HaKT

HaJM4Ms aHTUBELIECTBA B CAMOM BEILECTBE, HAIIPUMEP MPOTOHA U 3JIEKTPOHA.

2. Wnpyxuus penstuBuctckoit Maccsl B CrienmansHoi Teopun OTHOCHTENBHOCTH DHHIITEHA, B

COOTBETCTBUU C MPUHIIMIIOM SKBUBAJIEHTHOCTH, TaKas e, KaK U UHJYKLHs IPaBUTALMOHHON MacChl

B [IEPEMEHHOM T'PaBUTAIIIOHHOM I10JI€.

a. Ecmu sto none CunbHoro BzauMoaeiicTBus npoToHa, TO Mbl 3Ty Maccy, 3aMKHYTYIO B
IIPOCTPAHCTBE, MOKEM U3MEPSThH B SKCIIEPUMEHTE.
b. Ecnu 370 HHIYKTHBHBIC MACCOBBIC TPACKTOPHH KBA3W MOTECHIIMATBHBIX KBAHTOBBIX
IPaBUTAIMOHHBIX TOJIEH YCKOPEHU, TO MBI TOBOPUM O CKPBITHIX MACCOBBIX IMOJISIX, KaK
TEMHOUN MaTepuu.
3. UepHBbIe OBIPBI, IO MPUIHHE HATHYHUS «TOPU30HTA COOBITHI U B Teopusix OTHOCHTEITFHOCTH

DOWHIITENHHA, HE MOTYT MOIJIOLATh MAaTEPUIO, TOT K€ MMO3UTPOH B «UCIAPEHUN XOKHUHIa», TaK KaKk

U1 TOTO, TOMY K€ MO3UTPOHY HaJ0 Pa30THATHCS 10 CKOPOCTH CBETA, @ 3TO HEBO3MOXKHO.

CaM ropu30HT COOBITHII BOSHHKAET B PEIATUBUCTCKOM MPEICTaBICHNUU 3akoHa HpI0TOHA, KaK 4acTHOTO
ciyqast O6mieit Teopun OTHOCHTENBHOCTH DifHIIITeHA. HO 17151 3TOTO, B MaTEMaTHYECKOM TIpoLieype,
HaJI0 JIETTUTh Ha HOJIb. Takoe HEBO3MOXKHO HU B MaTeMaTuKe, HU B [Ipupose Takux yepHbIX AbIp. XOTA
«YEPHBIE IBIPBI» CYIIECTBYIOT B TUHAMUYHOM IPOCTPAHCTBE-MATePUH, KaK 0ObEKThI CUHTYJISIPHOCTH C
Pa3IMYHBIMH SHEPTeTUYECKHUMH YPOBHAMHU (PU3HUECKOTo BakyyMma. EcTh pacdeTsl quama3zoHa mMacc
TaKUX YEPHBIX JBIP, KAK MUHUMYM TPEX THIOB B TAJIAKTHKAX, a TAKXKE B KBa3apax U B sJIpe KBa3apHBIX
TaJIAKTUK. DTO BOIPOCHI, BBIXOSAIINE 32 PAMKU JJAHHOTO MPEICTABICHHUS.

2. EpuHan Teopua 2

AHHOTaALUA.

Enunas Teopus He sBisieTcs Teopuen Bcero. Ee TeopeTnueckoil 0OCHOBOM €CTh aKCHOMBI
JTUHAMUYHOTO MPOCTPAHCTBA-MATEPUH, TPEAETBHBIM CIY4aeM KOTOPBIX €CTh EBKIM0BasA aKCHOMATHKA
MpocTpaHcTBa-BpeMeHH. [1o cyiiecTBy, pedb 0 HOBOW TEXHOJOTHHM CaMUX T€OPUH. B 3THX MeTo1ax cO3/1aHbI
€IMHbIE YPaBHEHHUs JIJIs JIEKTPOMArHUTHBIX Toieit (MakcBenia) U ypaBHEHHUS JUIsl TPAaBUTALIMOHHBIX MOJIEH.
DTO €IMHbIE YPAaBHEHUS PENSATUBUCTCKON JMHAMUKH CIIEIIMATIBHON TEOPUU OTHOCUTEILHOCTH U KBAHTOBOM
PENATUBUCTCKON AMHAMUKH. U 3TO eArHbIe YpaBHEHHs 00IIel TEOPUH OTHOCUTEIHHOCTH M KBAHTOBOM
rpaBuTamuu. Bce 3To B 0JIHONM MaTEMAaTHYECKON UCTUHE aKCMOM JTMHAMHYHOTO MPOCTPAHCTBA-MATEPHH.
OnHuM U3 pe3ynbTaToB, KaK UCCIEI0BATEIbCKUM MOCIEICTBUEM TaKOM TEXHOJOTUHU, €CTh Y IIpaBisieMas
TepMOsIIEpHAs peaKIusl.

I'maBe1
. [IpocTpaHCcTBO-BpEMS SIBJSETCS YACTHBIM CIIy4aeM MPOCTPAHCTBA MATEPUU
. O6mue ypaBHeHUs dNeKTpoMarHuTHOrO (MakcBeia) ¥ TpaBUT -MacCOBOTO TOJIS.
. O6mue ypaBuenns CriennansHolt Teopun OtHocuTenbHOCTH U KBanTOBO#M PensituBrcTckoii lnnamMuku.
. CkanspHbie 6030HBI.
. CiexTp HeIeMMMBIX KBAHTOB MTPOCTPAHCTBA-MATEPUH.
. O6mue ypaBuenus: O6meit Teopur OTHOCUTENFHOCTH U KBAHTOBOW I'PaBUTAIUH.
. JAnnamuka BceneHHoM.
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1. ITpocTpaHCcTBO-BpeMs AIBJISIETCS YACTHBIM CJIy4aeM MPOCTPAHCTBA MATEPUH
CoBpemeHHas (pu3MKa yrupaercs BO MHOXKECTBO Mpo0ieM, (PakTOB, KOTOPbIE BBIXOAST 3a paMKU €€
TEOPETUYECKHX MpeacTaBieHnii. CaMu TeopeTHyecKrue MOAETH U (yHJaMEeHTAIbHbIC IPECTABICHUS BO
MHOTOM NMPOTUBOpeUrBbl. Hanpumep, ckaszanu, 4to nosie Xurrca co3aaer Maccy yactuil. @opmaibHo, 3TO
MOYHO TOHSTh M Ha KJIACCUIECKOM ypoBHE, m = V2V (dactoTa onpeznensgercs ko3(GpHUIHEHTOM KECTKOCTH
U Maccoii) Kak Kosiebanusi B 00béMe mosss Xurrca (3ueprust 603ona B mozgenu Crnontannoro Hapymenus
CumMMeTpun), KOTOpBIE B3SITHI 32 OCHOBY uer. Ho kak «macca mosist Xurrcay co3faer CUiLy
IPaBUTALIMOHHOTO MPHUTHKEHUS ABYX Macc, cka3arh 3a0buti. OTBeTa HeT. MaTemMaTnka 0OTBE4aeT Ha BOIPOC
KAK? ®usuka orevaet Ha Bonipoc [IOUEMY? Mb1 OynemM uckatrh Gu3HuecKre MPUIUHBL. ITO OYCHb
BaXKHO.

Ecnu (+) 3apsa nporona (p*), B KBapKOBEIX (p = uud) MOJENSX MIPEACTABISIETCA CyMMOI:

dp = (u =+ %) + (u =+ %) + (d = - g) = (+1), npoOHBIX 3aps10B KBApKOB, TO TOUHO Takoi (+1) 3apsn

(e*) mo3utpoHa, KBapKoB He uMeeT. Takast MoJelb U mpeacTaBieHue (+) 3apsia He COOTBETCTBYET
peanbHOCTH. U MpOTOH He M3ityyaeT (POTOH B 0OOMEHHOM 3apsiIOBOM B3aUMOJICHICTBUH C 3JIEKTPOHOM aTOMa.
DJEKTPOHBI C OJIMHAKOBBIM (-) 3aps/IOM HE OTTAJIKUBAIOTCS B OOMEHHOM B3aMMOJICHCTBUY Ha OJIM3KHX
paccTosHUAX OpOUTAJIeH aTOMa, IPH STOM IPUTATUBAACH K (+) 3apsily YIAJICHHBIX B siIpe MPOTOHOB aTOMA.
3axoH KynoHa 31ech He padoTtaer. Cama EBKinioBast akciOMaTHKa UMEET COOCTBEHHbIE HEPa3pEIINMbIE
npotuBopeuns. Hanpuwmep,

1. MHO€eCTBO TOUYEK B OJHOH «HE MUMEIOIIEH YacTei» TOuKe, 1aeT CHOBA TOUKY. DTO TOUKA WIIM UX
MHO>KECTBO, OIIPEJENISIEMOE 3JIEMEHTAMH U UX B3aUMOCBSI3bI0?

2. MHOX€eCTBO JTMHUN B OJHOH «IJIMHE O€3 IUPUHBD», JaeT CHOBA JIMHUIO. DTO JIMHUS UM UX MHOXECTBO,
OIpe/IeIiEMO€E aHAJIOTMYHO?

OTBeToB Ha Takue Bonpockl EBKiInoBas akcuomaTHka He 1aeT. Eciiu Bo BpeMeHa J10 Hallel 3pbl,
9TH aKCMOMBI BCEX yCTpauBaJIU, AJI U3MEPEHUHM IJI011a1el, 00BEMOB. .., TO B COBPEMEHHBIX HCCIIEI0BAaHUAX
TaKue aKCHOMBI IIPOCTO HE paboTaroT. DTO, U MHOTO JIPYTUX (yHIaMEHTAIbHBIX IPOTUBOPEUH, PELICHUH B
TEOpUSAX HE UMEIOT.

OyH1aMEeHTaIbHBIM (aKTOM €CTh TO, YTO HET MaTepUH BHE IPOCTPAHCTBA M HET MPOCTPAHCTBa 0e3
Matepuu. [IpocTpaHcTBO-MaTepHst 3TO OJHO U TO XKeE.

I'maBHOE CBOMCTBO MaTepHH, JBUKEHHE, IPEICTABISIETCS JUHAMUYHBIM IIPOCTPAaHCTBOM-MaTEPUEH,
¢ HecTarmoHapHbIM EBKIIMIOBEIM TIpocTpaHcTBOM. OHO BBITEKAET U3 CBOMCTB EBKIINIOBOI akCMOMATHKH.
[TpsiMble TUHUU JUHAMUYHOTO (@ # const) myd4ka, He MepeceKarT UCXOAHYIO0 npsiMyto (AC — o) Ha
6eckoneuHoctu (Pucynox 1), To ecTb OHU napanienbHbIE.

Pucynok 1. JluHaMu4HO€ TPOCTPAHCTBO-MATEPHUSL.
DTO 3HAYUT, YTO IIPH ABMKEHUH BAOIL TMHUN AC, BCceraa ecTh MpOCTPAHCTBO (X-) B KOTOPOE MBI
MONacTh HE CMOKeM. beCKkOHEUHOCTh Hellb3s1 OCTaHOBUTH. [lo3TOMYy quHaMuyHOE (X-) MPOCTPAHCTBO-
MaTepusl Iydka mapajuIeIbHBIX TPSIMBIX JTUHUH, CYIIECTBYET Bceraa. BTopoit MOMEHT B TOM, 4TO



JloGaveBckuil cunTan CBOIO TEOMETPHIO, «TIaH T€OMETPHUIO», BOOOpakaeMoi, TO eCTh NEHCTBUTEILHON Ha
OonpIUX paccTosHUAX. B Hamewm cirydae, Ha Gonbmux OA, yroi nmapauieTbHOCTH YBEIIMUUBACTCSA, a TIPU
ManbiX 3HaYeHUAX OA, Ha MaJIbIX PacCTOSHUSX reoMeTprsi JI00a4eBCKOT0O MEPEXOIUT B TEOMETPHUIO
EBknupna. To ecTh, yroa napamuielibHOCTH cXoauTcs K Hy1t0. Ho Ha manbix paccrosuusix Bektopa AC, B

MHUKPOMHUpE, HA000pOT, Yroj NapajuieIbHOCTH NPEACTbHBIN, C U3BECTHBIM IIPHUHIUIIOM HEONPEICTICHHOCTH.

(X+) (Y+)

OpTOFOHaHBHHe IIY4YKH IIPAMBIX HHHHﬁ'TpaeKTOpHﬁ, HMEIOT COOCTBEHHBIE BHEIITHHE I10JIA.

Onu o6pasytor Henennmeie O6nactu Jlokanuzanuu (X1) , (Y1), IIpu 3Tom EBKINMI0BOE TPOCTPAHCTBO C
HEHYJICBBIM U JIMHAMUYHBIM yriIoM (@ # const) nmapajuielIbHOCTH B Kaxou cBoelt (XYZ) ocu, Tepsier
cmbicia. Ho ato peanbroe (X-), B1osb ocH (X), MPOCTPAHCTBO JUHAMHYHOTO IMyYKa MPSAMbIX JTHHHM,
KOTOpPOTr0 Mbl HE BUIUM B EBKIIM0BOM NpocTpaHCcTBE. B 2-MEpHOM NpOCTpaHCTBE, HYJIEBOW yro
napauteabHocTH (9=0) mis (X-) u (Y-) nuHuid, naetT EBKIIMI0BBIC IpsSMBIE TMHUHU. B ipenensHOM cirydae
HYJIEBOTO YIJIa MapauieabHOCTH (¢ = 0) B KaXK0¥ OCH, AMHAMUYHOE IMPOCTPAHCTBO-MATEPHsI IEPEXOIUT B
EBKkini0BOE MPOCTPAHCTBO, KAK YACTHBIN CIIy4ail TUHAMHYHOTO MPOCTPAHCTBA-MAaTepUH. DTO TIIyOOKHEe U
NPUHIUIHATIBHBIE U3MEHEHHS CaMOW TEXHOJIOTHH TEOPETUYECKUX MCCIIEJOBAHUHN, KOTOPBIE (POPMHUPYIOT
HAaIIM MpeAcTaBIeHus 00 okpyskatoieM mupe. Kak BunuM, B EBKINI0BOM MpeACcTaBIeHUH MPOCTPAHCTBA,
MBI HE Bce BUANM. Teopema ['eniens o0 HEenoJHOTe YTBEPIKIAET, UTO JH00ast HENpOTHBOpeUrBast (hopManbHas
aKcuoMatuueckas Teopus, popmanusyromas apuMeTuKy HaTypalbHBIX YHCell, He ABIsAeTCs (a0COIIOTHOM)
IIOJIHOM. DTO O3HAYAET, YTO B JIHOOON TaKOM TEOpUHU CYLIECTBYIOT HCTUHHBIE YTBEPKICHUS, KOTOPBIE HE
MOTYT OBITh JOKa3aHbI B paMKax 3TOi Teopuu. B JaHHOM cilydae HEeT apryMeHTOB CaMOil HICTUHBI, U OHA MOJ
BOIIPOCOM, a pe3yJbTaT YTBEPKACHUS B TeopeMe ['esiens, oATBEp K1aeTCsl WIIK HET KaK PeallbHOCTb, TOJIBKO
B DKCIIepUMeHTe win (pakToM peanbHocTU. Ho make 31meck, B 000ux ciiyuasx, TeopeMsl ['egens u
HKCIEPUMEHTA, B TMHAMUYHOM MPOCTPaHCTBe-MaTepuu ecTh (X-) mi (Y-) 0051acTu, B KOTOPHIE MBI HE
MO’KEM MPOHUKHYTH B MPUHIIUIIE U 110 ONPEAeTIeHHI0, HU B EBKIIMOBBIX akCHOMaX, KaKk OCHOBE BCEX
TEOpUi, HU B dKCIIEpUMEHTaX. J[BUrasce, Hanpumep, BA0Jb Jiyda (Bekropa) AC, Mbl HUKOT/Ia HE CMOXKEM
nonacth B(X-) moje. M 310 dakT peaabHOCTH, 0€3 BCAKHX TEOPEM.

Taxoe nuHamuuaHoe (¢ # const) NPOCTPAHCTBO-MATEPUS UMEET CBOU T'€OMETpHUECKUE (PAKTHI, KaK
aKCHOMBI, He TpeOyIOIINe TOKa3aTeIbCTB.

AKCHOMBI TUHAMUYHOTO IPOCTPAHCTBA-MaTEPUHI

1. HenyneBoii, TuHaMU4YHBIN yron napamienbHocT (@ # 0) # const , mydka mapaiienbHbIX
MPSIMBIX, OIIPEIENSIET B3aUMHO OpPTOTOHAJIbHBIE MapalijiesibHble JTuHUM (X —) L (Y —) monel TuHui -
TPaeKTOPUH, KaK U30TPOIMHBIX CBOWCTB, MPOCTPAHCTBA-MATEPUH.

2. HyneBoii yron mapamrensHoctd (@ = 0), naet «1muHy 0e3 IUPUHBD ¢ HYJICBBIM WA HEHYJICBBIM
(Y,) - pagrycom chepbl-TOUKH «HE UMEOIICH YacTei» B EBKIINIOBOIM akCcHOMATHKE.

3. Ily4ok mapajuieNbHBIX MPSMBIX ¢ HYJIEBBIM YTIoM napamiensHocTd (¢ = 0), «oAMHaKOBO
PacrojI0KEeHHBIH KO BCEM CBOUM TOUYKAM», 1a€T MHOXKECTBO MPSIMBIX JINHUN B OJTHOM «0€3 IIUPHUHBI»
EBKnu0BOM NPSAMOM JIMHUMU.

4. Buyrpennue (X —), (Y —) u Baemrnue (X +), (Y +) noms nuauii-tpaektropuit HeHyneBon X, # 0 wium
Yy # 0 MatepuanbHO# chepbl-Touku, 00paszytot Henenumyro Obnacts Jlokanuzaunun HOJI(X +) nnn
HOJI(Y +) auHaMuUYHOTO MpOCTPaHCTBA-MATEPUH.

5. B enunbix nonsix (X— =Y +),(Y— = X +), opTOroHajbHbIX JIUHUKU-TpaekTopuil (X —) L (Y —) HeT
JBYX OJJMHAKOBBIX Cep-TOUEK U JIMHUU-TPACKTOPHIL.

6. ITocnemoBarensHOCTh Henenmumbix O6macreit Jlokammszamuu(X 1), (Y 1), (X 1) ... mo paguycy
Xo # 0 wmu Yy # 0 cdepbl-TOUKU HA OHON JIMHUU-TPACKTOPHH JaeT (N) CXOAMMOCTbH, a HA Pa3IMIHBIX
TpaeKTopusxX (M) CXOJUMOCTb.

7. Kaxnot Hegenumoit O6mactu Jlokanuzanuu npocTpaHCTBA-MaTepUH COOTBETCTBYET €AMHUIIA
Bcex ee Kpurepues Oomonuu — KO, B equnom (X— =Y +),(Y— = X +) mpocTpaHCTBEe-MaTepun Ha

(m — n) cxoaUMOCTSIX,

HOJT = K3(X—=Y +)K3(Y-= X +)=1 HOJT = K3(m)K3(n)=1

B CUCTEME YHCEJI PaBHBIX 110 aHAJIOTUU EIUHHII.
8. Gukcanus yrna(p # 0) = const win (¢ = 0)mydka OpsAMbIX MapaJUIeIbHBIX JTHHUH,
MIPOCTpaHCTBAa-MaTepuH, AaeT S5-I moctynat EBkinaa u akcuomy napamuieabHOCTH.

Ipu 5ToM OeckoHeuHOCTh (X —)TpaeKTOpPHH, 3aMBIKAETCS B TOBEPXHOCTH cepbl-Touku Ha (Y —)

0o



TPACKTOPUU M HA0OOPOT, HA (1) CXOAUMOCTH, B YCIOBUAX cuMmmeTpuit:(X —)(Y +)(X —)u (Y —)(X +)(Y -).
JIro6ast Touka GUKCHPOBAHHBIX JTHHHU-TPACKTOPHH, IIPEICTABICHA JIOKAIBHBIMU 0a3MCHBIM BEKTOPAMHU

. _9x ., oy . oz i _oxt.  ox) . axF
PumanoBoro npoctpancTa: e; = il T o) T ok k, et =——i+——j+— k, (Kops, c. 508),
¢ hyHIaMEHTAIBHBIM TeH30pOM €;(x™) * ex(x™) = gy (x™), u Tononorueir (x™ = XYZ) B EBximmoBom

npocTpancTBe. JIMHAMUYHOE TPOCTPAHCTBO-MATEPHsI, ITO MHOTOMEPHOE Ha (MM — n) CXOJUMOCTSIX,
. K
MPOCTPAHCTBO CKOpOCTel. Ero mpoekiuu Ha BeIOpaHHbIe HanpaBienus K = vt , cpazy naet K = (v = F)t’

t 1
BpeMs (=), KaKk KOJIM4ecTBO neprnooB nuHaMuku (1) BEIOpaHHOTO KBaHTa W = = . Takum oOpa3zom, Mbl
T T

t .
cpasy nosryuaem (K = K ;) MIPOCTPAHCTBO-BPEMSI TUHAMUYHOTO IIPOCTPAHCTBA-MATEPUH, KAK €r0 YaCTHBIH

ciaydail. DTu 6a3ucHBIE BEKTOPBI BCEr]a MOKHO MPEJCTABUTh B BUIE: (x! =c,*t), (X =cy *t)
JIMHEWHBIX KOMIIOHEHT IIPOCTPAaHCTBA-BPEMEHH, Toraa v;(x™) * vy (x™) = (v?) = IT, nony4aeM 0OBIYHBIH
MOTEHIMaJ IPOCTPAHCTBA-MATEPUH, KaK HEKOE YCKOpEeHHE Ha JyinHe. To ecTh, PUMaHOBO MPOCTpaHCTBO,
aT0 (hukcupoBaHHoe (¢ # 0 = const) cocTosHUE Te0Ie3NUECKOH (x° = const) TMHUHM TUHAMHUYHOTO

(¢ # const) npocrpancTBa-matepuu (x° # const). Takoi MaremaTnky PUMaHOBOTO MPOCTpaHCTBA

gix(x® # const), c mepeMeHHOM reoIe3ndeckoi, emie HeT. HeT u reometpun EBKINI0BOI HecTallMOHAPHOM

cdepsbl, HET reoMeTpuun mpocTpancTsa JlIobaueBckoro, ¢ mepeMEeHHBIMU ACUMIITOTaMU TUep6o1. YacTHbIM

. Y2  (+Y)(-Y)

CIy4aeM OTPULATEIbHON KPUBU3HBL (K = — - = ——
0 0

€CTh IPOCTpaHcTBO reoMeTpun JlobaueBckoro (MaremaTrueckas sHiukiaoneaus 1.5, ¢.439). Ectb aeBsTh

OTJIMYUTENBHBIX TPU3HAKOB reomeTpun JIobaueBckoro ot reomerpun EBkiuaa (Pucynok 1.2).

) (CmupHnoB 1.1, c.186) PumanoBa npoctpaHcTBa,

3TO NIMHUA

Pucynok 1.2 M30TponHas 1uHaMuKa.
OnHuM U3 npu3HakoB reomeTpun JlobaueBckoro, ecTb cymma (O0 <ya< 1800) YIII0B TPEYTOJIbHUKA, B
OTJIMYME OT €BKJIMIOBOM UX MPOEKIUU (D, a = 1800) Ha TIJI0CKOCTh. PaBHBIC TII0mamu S; = S,
TPEYTroJIbHUKOB, UM PaBHbIE TPEYTOJBbHUKHU B POCTPAHCTBE reoMeTpuu JIo0aueBCKOro, B paBHbIX yriiax
NapajyIeNIbHOCTH (1 = (P, MyUYKa NapaJlIedbHbIX MPSIMbIX JIUHUH, TAI0T MIPOEKTUBHO — MOI00HBIE
TpPEeYroJbHUKN B EBKIINI0BOI MIIOCKOCTH € paBHBIMH YyIilaMu B BepiinHax. OKpyKHOCTb B EBKkin10BOM
IUIOCKOCTH, 3TO JIMHUS B reoMeTpuu JIoGaueBckoro. 3necs EBkinaoBas IMHUSA, «IIMHHA 0€3 IHUPUHBI»— 3TO
panuyc kpyra B reomerpun Jlobauesckoro. Yem Ooibliie paguyc, TeM JUIMHHEE «IMHUA». Takue
OKPY>KHOCTH B NMOBEpXHOCTH EBKIMI0BOH cepe, 7TO MHOKECTBO MPSIMBIX JIMHUH Bo BeenenHoit. B Hamem
ciyuyae, EBkimnoBas chepa eme u tuHamuyHa. Kak MoxkHO co3aBath Teopuu «bomnbinoro B3psisay wnm
«uukiInueckoi Beenennoii» B Takoii cepe? OTBeT — HUKaK. IT0 HU 0 yeM. HyseBol paguyc Takoro kpyra
(r = 0), roBOpHT O TOM, YTO TAKOTO KPyra HET, M HET TAKUX JIMHUI. DTO Pa3roBOp HU O YeM, HX IPOCTO
HET. JTO K BOIPOCAM CHHTYJISIPHOCTH C UX O€CKOHEUHBIMU KPUTEPHSIMU U HEBO3MOKHOCTSAIMU. VX HET HU B
maTtemaTHke, Hu B [Ipuposae. D10 naet 3¢ dekTHBHOCTH KOH(DOPMHBIX ITpeodpazoBanuii. Ho Mensis
KOJINYECTBO, MEHSETCsl KauecTBO. ITO (uinocockue KaTeropur. B MaTeMaTHuecKoM UX MpeCTaBICHHUH,
MBI TOBOPHUM O Pa3iIMYHOU KPUBU3HE IUIOCKOCTEN TPEYTOJIBbHUKOB B MHOTOIMCTOBOM PruManoBOM
npoctpaHcTBe. Cama IIomaab paBHbIX B reoMeTpun JIo6aueBCKOro TpeyroJbHUKOB MEHSETCs: S = %a * b *

i j ok
. 1 v} o
sina ==|a; a, as|. MeHsierca cama Matpula npeoOpa3zoBaHuil, MaTpHIlla CHMMETPH, HHCTpYMEHTa
by b, bs

KBAaHTOBBIX TCOprI, HO YKC B KBaHTOBOM peHHTHBHCTCKOﬁ JUHaAMHKE (MOIIHO TOBOPUTH B KsanToBoit

[Yo)



Teopun OTHOCUTENHLHOCTH) AMHAMUYHON CEephl B JAHHOM cllydae. PaBHBIC TPEYroIbHUKH MPOCTPAHCTBA-
MaTepuH, KacaTelIbHbBIE ITOBEPXHOCTSIM PaBHBIX B IpocTpancTBe JlobadueBckoro cdep, HO C pa3TUIHBIMU
paauycamu EBkinioBeix cep. B quramuaHoM (¢ # const) mpoCTpaHCTBE-MAaTEepPUH, STH EBKIMIOBbIC
chepsl pa3IMYHBIX PAJANYCOB, €CTh OJHOHM cepoii HecTannoHapHOTro EBKJINI0BOr0 NpocTpaHcTBa,
KoToporo HeT B EBkinoBoil akcuomaruke. PUMaHOBO MpOCTPaHCTBO MPHU 3TOM, UMEET JUHAMUYHYIO
tononoruto (x" = XYZ # const), yero Hetr B EBxinnoBom (x" = XYZ = const) craunonapHoM
MPOCTPAHCTBE. DTH aKCHOMBI yXKe perIaroT mpoodiaemMbl EBKITMI0BON aKCHOMATUKN MHOXKECTBA TOUYEK B
OJIHOM TOYKE «HE UMEIOIICH JyacTel» ¥ MHOXKECTBA JIMHUMA B OJTHOM «JIMHE 0€3 IHUPUHBD.

2.1. Ennnble Kputepuu JBoJIIOLNH POCTPAHCTBA-MATEPHH.
Bce Kputepuun DBoironuu IHHaMUYHOTO TPOCTPAHCTBA-MaTepUH, CPOPMUPOBAHBI

N
K
I B R T IR
| | |E | | | |5
T | V11 s
L =
I
RN 4
N A
-N
K

Pucynoxk2.1. Kpurepruu OBoJOIIUN B TPOCTPAHCTBE-BPEMEHH. 2

B MHOTOMEPHOM Ha (IM-n) CXOJIUMOCTSIX, TIPOCTPAHCTBE — BPEMEHH, KAk B MHOTOMEPHOM ITPOCTPAHCTBE
ckopocteit: WN=K*NTN 3necr mna (N=1), V= K*'Tckopocts, W2 =II norenrman, [1>=F cuna..., 2-ro
kBazpaHTa. Ux npoexius Ha koopauHaTHoe (K) unu Bpemennoe (T) mpocTpaHCTBO-BpeMsI 1at0T: 3aps

IMTK=q( Y+ =X -) B anekTpo ( Y+ =X -) MaruutHeix nojsx, wim maccy [IK=m(X+=Y-) B rpaBut (X+=Y-)
MAacCCOBBIX MOJISIX, TOTAA IIOTHOCTh P = % = % = Tiz =v? 310 KBaApaT 4YaCTOTbI, SHEPTHUIO E=IT°K,
ummyise (p=I1°T), neiicreue (h=I1°KT), u T.11., €AMHOTO IPOCTPAHCTBA- MATEPUN

HOJI= (X+=Y-) (Y+ =X -) =1. Bcskoe ypaBHeHHE CBOIUTCS K 3THM Kputepusim DBOIIOIMH B

WN=K*NTN npocrpanctre-Bpemenu. EcTs erme MEOTO Apyrux Kpurepues DBONIONNN B IPOCTPAHCTBE-
BpEMEHHM, KOTOPBIX MBI €1l He ucnonb3yem. Hanpumep, sHeprus Diinmreitna E = mc?, u sneprus [lnanka
E = hv, UMeIOT IpAMYIO B3aUMOCBS3b Y€EPE3 MACCy M 4acToTy, B Buae: m = v2V, u Tak nanee. Harmpumep,
10 (aKTy, ecTh Henm3BecTHbIC HaM Kpurepun domomuu W4 = K¥MT " yMepikeHTHBIX CBOHCTB MaTepuy

ow
B Pa3IMYHBIX CTPYKTYPHBIX (popmax matepun. Hanpumep. 13 3akoHa coXpaHeHHs SHEPTHU e 0, roe sHeprust

W = %K, B equnbix Kputepusax DBomonuy, koraa notenuuan I1 = bK, ato yckopenue (b), na aune (K),

HoJTy9aeM IPOM3BOIHY0 ClokHOM Qyukiun: f(g) = f'g’ B npoussenennn (uv)' = u'v + uv’, nonyunm

W' =2II'K + (P?) =0, tne 1" = Z—Ii = b. YuuteBas [1K(X+=Y —) = m, maccy B maccoBeix (X+=Y —)

nonsax unm 3apsaa K (Y+= X —) = q, B anekrpomarautabix (Y+= X —) nonsx, u [1> = F cuiy, nonydum:

[IKb = F,BBune cun: F = mbwm F = qE,rne E = F/q xnaccuyeckoil pu3nKH, Kak SMEpAKEHTHBIE CBOMCTBA B
ow
MaTeMaTHIECKUX HCTHHAX OJTHOTO 3aKOHA —- - = 0. ITpu 3TOM B OAYPOBHAX CTPYKTY]P, HOIYCTUMBI CBOU

Kpurepun DBosronyin noypoBHEN B JAaHHOM CIIyYae.

2.2. dnextpo (Y+ =X -) marHuTHble U rpaBuT (X+=Y-) MaccoBbIe MOJIsl.



B exunom (X+=Y-) (Y+ =X -) =1, mpocTpaHCTBe - MaTepuH, BLIBOAATCS ypaBHeHUs Makcenna® ms

(X-)=0

anekTpo (Y+ =X -) MarHuTHOro nosis. BHyTpu TenecHoro yria Px [apajIeabHOCTH €CTh

A .
M30TPOIHOE HAIPsDKEHUE TTOTOKa ~# KOMMNOHEHT (CMHPHOB, T.2, ¢.234). [ToaHbIi MOTOK BUXPS Yepe3

S, (X-)

CCKYIIYIO ITOBECPXHOCTDH B BUJC:

”mtAdS HB(A [cospy) LdT+HAdS

(X-)
S

 KOMIIOHEHTA COOTBETCTBYET IIYUKY napajulesbHbIX TpaekTopuil. OHa ecTh KacaTelbHON BIOJIb

S, LS8 L LL

3aMKHYTOU KPUBOHI L, B IIOBEPXHOCTH 2, T€

IA dL, —Hror s

|1 /z’

¥)

Pucynok 2.2-1. snexkrpo(Y+= X—)MarautHble u rpaBuT(X += Y —)maccoBble moJs.

BuyTtpu Tenecnoro yria Py (X-)#0

{ [rot, coj;X ds, +[f %szdT =0= {j A, (X-)dS,

mapaljICJIbHOCTH BBIIIOJIHACTCA YCIIOBUC

B nenom ecth cucreMa ypaBHEHUN AUHAMUKH (X-=Y+) pong.

”mtAdS j(A [c0spy) LdT+”AdS

A
ijm COS”@X ds, = —J'J'a—;szdT [[4,ds, = o.

S
, A2

0

B Esximnooit v =V akcromarnke, nprHiMas HarpspkeHHE TOTOKA BEKTOPHBIX KOMIIOHEHT Kak
A, /cosgp, = E(Y+)

B(X-)

HAIPSIPKCHUEC 3JICKTPUYCCKOTO ITOJIA

0, #0

u HHHYKTHBHOﬁ IMPOCKIUHU JIST HCHYJICBOT'O yIJjla

, KaK MTHAYKIIUU MAriHuTHOT'O

jjmz B(X-)dS, H
[

I10JI, UMEEM
8E(Y+)

dL,dT + [ E(Y+)dS,

[[rot, E(r)ds, = ~[[== =dL,ar [[4,ds, =0= §B(X )L,
s, , B YCIOBHAX %2

HMCIOT MECTO U3BCCTHLIC YPABHCHUA Makcgenna.

c*rotyB(X —) =rotyHX —) = + AE(Y+);

rotyE(Y 4) = —pi; aH(X—) _ aB(X ).

ar ar
B(X-)

6E(Y+)

I/IH,Z[yKI_[I/I}I BUXPCEBOT'O MAriuTHOT'O ITOJIAA E(Y+)

Ha000pOT.

BO3HHUKACT B ICPCMCHHOM JJICKTPUICCKOM IIOJIC U

I'. AHaJIOTUYHO, CIEAYeT COOTHOLICHUE:



jAdL _jAdS £0

L
J1711 He3aMKHYTOTO KOHTYpa 2 €CTh COOTHOIICHUST KOMITOHEHT. B ycnoBusix

4, 1
OPTOrOHAJIbHOCTH KOMIIOHCHT = " Am BCKTOpa A , B HCHYJICBBIX, TUHAMHWYHBIX ( X a COnSl‘) n

(qu * const) Acosp, L (A, =4, cosp,) (A4, cosp, =4,)

yrjax napajijiCJibHOCTH, , €CCTh JMHaAMHKa

KOMIIOHEHTBHI B/10JIb KOHTYypa Ly g IIOBEPXHOCTH Sl. O06a coOoTHOIIEHHS MTPEJICTABISAIOTCS B IOJTHOM BUJIE.

[4,cosp,dr, =] oA, XD *COSP) 4y a4 [ 4,4s,
L S, S,

oT

HyneBoit noTok yepe3 moBepXHOCTh 5, BUXPS (rot, 4,,) BHE TEJIECHOTO yTIiia (q)Y 7 cons t)

COOTBCTCTBYCT YCJIIOBUAM

napaajiCJIbHOCTH

HrotnAmdSl + Ij%dleT =0= ,”.Aﬁ (¥=)ds,
5, o '

(Y-=X+)

B nenom cucrema ypaBHeHI/Ifl JNHaAMHNKHU ITOJIA IMPCACTABIIACTCA B BUJIC:

j j rot, A_(Y-)dS, = jja(Am(X;)T* COS‘pX)szdﬁjSzj A,dS,
[[rot, 4, (x+)ds, =-|] GAL(HJ dT [[4,(r-)ds, =0
| G(X+) ’ |

BBojs 1o aHanoruu HampsKEHHOCTh nonist CunpHoro (I'paBuTtanmonnoro) BzaumoneictBus u

HHAYKIUIO MaCcCOBOTO ITOJIsA M(Y_)

[[rot, M (¥-)as, =[] aG(g_;( Y ar,ar + ij(X+)dS

S, 12
[[ror,Glx+)as, =~ %L dT [[4,(r-)ds, =0= §M(Y )L, -

s,

, [IOJIYYHMM aHaJIOTUYHO:

, npu S

(X+=Y-) MAaCCOBBIM IIOJISIM,

3G (X+)
+ A% G(X+)
M(Y-)=pz + N(Y-); roty GX+) = —ptp » T = 20

0 aHAJIOTUH C YpaBHEHUsAMH MakcBesa sl JJIEKTPO (Y +=X-) \arsurabix moneit. Peus 06 WHIYKIIA
maccoBeix M (Y —) mosneit B mepemenrom G'(X+) mose rpaBuTaIiiy, moJOOHO HHAYKIIMH MArHUTHOTO TIOJIS
B IIEPEMEHHOM DJICKTPUIECKOM IT0JI€. 3/1€Ch HET BAPUAHTOB. DTO CIUHAS MATEMATHUYECKAsi HCTHHA TAKUX
noJieil B eIMHOM, TMHAMHUYHOM ITPOCTPAHCTBE-MaTepru. Peub 00 HHIYKIIUH MacCOBBIX TOJICH BOKPYT
JABIKYIIUXCST Mace (3BE3/1) TAKXKe KaK W 00 MHIYKIIMU MATHUTHBIX MTOJIEH BOKPYT JIBHXKYIHXCS 3aPS/IOB.

Takxum oOpa3zom, TOBOpoTh! 10ty B(X —) urot,M(Y —) Tpaexropuii, narot quaamuky E'(Y+) n
G'(X+) cunosoro snektpudeckoro (Y+) u rpasuraimonsoro (X +) moieif, COOTBETCTBEHHO. A MTOBOPOTHI
(Y+) noneit Bokpyr (X —) tpaekropuit u (X +) moneit Bokpyr (Y —) Tpaekropuii, 1a10T AUHAMHKY
an1ekTpo 1ot E(Y +) — B'(X—) MarautHOro noins, ¥ MaccoBbix 10t,G(X +) - M'(Y—) Tpaextopuii.

Takue YpaBHCHHA COOTBECTCTBYIOT I'PABUT

cxrotyM(Y =) =rotyN(Y —) = ¢, *




c*rot B(X-) =E ' (Y+) ctrot M(Y-) =G ' (X+)

(¥-)
=(X- Yo =&+
(Y+)=(x) (YA (;H(‘( )
rot B(Y+) =B "' (X-) rot G(X+)=M" (Y-)

l
(-
V%

Pucynox?2.2-2. Enunble moJis MpoCTpaHCTBa-MaTepUH
JHMuuamuka E (Y +)30eKTpHUECKOro MoJist MOPOKIaeT HHIYKTUBHOE MaruuTHoe B(X —) moJe, 1 Hao00poT.
Hanpumep, 3apspkeHHBIH 11ap B ABMXKYIIEMCS BaroHe, MAarHUTHOTO MoJIs He nMeeT. Ho komnac Ha neppoHe
MOKa)KET MarHUTHOE T0JIe. DTO OMBIT Dpcrea, HabmroaaBmmii (X —) MarHuTHOE noJie ABMKymuxcs (Y +)
AJIEKTPOHOB TOKA MPOBOJIHUKA.
U eauHbIM 00pa30M BBIBOJSTCS TAKHE )K€ YPABHCHUS TUHAMUKY rpaBUT(X+=Y-) MaCCOBBIX MOJICH:

9G(X+)
C*TOtXM(Y—) = T'Oth(Y—) = 82 *a—T_i_A* G(X+)
IN(Y— oM(Y—
M(Y-)=p, * N(Y-); rotyG(X+) = —p, * # __ a(T ).

Junamuka G (X+) rpaBUTallMOHHOTO TI0JIS IOPOYKAAeT HHIYKTUBHOE MaccoBoe M (Y —) moe, u
HA000POT. AHAIOTUYHO, NPH ABMKEeHUH (X+) Macc (3Be31), MOPOKIAIOTCS B MHAYKIIUH MaccoBbie (Y —)
nosst.  371eCh yMECTHO OCTAHOBHTBCS HAa BCEM M3BecTHOM popmyiie (E = mc?), Ha KoTOpoil 0CTaHOBUMCS
nonpobnee. Teno ¢ HeHyneBoit (m # 0) maccoii, u3aydaer cet ¢ sHeprueid ( L) B cucreme (X, Yo, Zo, Cto)
KOOPJMHAT, ¢ 3aKoHOM coxpanenus sueprun: (Eg = E; + L) , 1o u mocne nznydenus. J{ns 3Toii xe Macchl,
M 9TO KIIFOYEBOM MOMEHT (Macca (m # 0) He MeHsieTcs), B Apyroii (Xxq, i, Z1, Ct;) cUCTEME KOOpPAMHAT,

v2 . .
3aKOH CoxpaHenus sHepruu ¢ (y = |1 — =) npeobpasoannusivu Jloperua, DiiHiTeiin sanucan B Buje

(Hy = Hy + L/y). Beruuras ux pazHuity, DUHIITEHH MTOTYIHIT:
1 1
(Hy —Ey) = (H; —E) + L(; —1),wm (Hy—Ey) —(H;—E) = L(; -1),

C oTzeneHneM pa3HUIBI YHEPruH U3nydeHus. O0e HHepIHaIbHbIE CHCTEMBI KOOPAMHAT JBHKYTCS, HO
(%1, Y1, Z1, Ct;) ABMKETCS CO CKOPOCTBIO (V) OTHOCUTENBHO (X, Vo, Zg, Cto). VI MOHATHO, YTO CHHUH H
KpacHBIN CBET UMEET pa3HHILY SHEPTUii, KOTOPYIO M 3amucain DUHIITEHH B ypaBHeHUH. CaMO ypaBHEHHE

DWHINTEWH 3amucal Kak pa3HUIly KHHETUUECKUX SHEPTHUM B TIEPBOM Pa3JIOKECHHH.

L 2 AL 2
(Ko —Ky) = (’C’—z..), VITH AK = () —

AL . . 2
3nech ( == Am) MHOXUTEJb, UMEET CBOMCTBA MACCHI «JTyYUCTOH sHeprum», win: AL = Amc*. Oty

(GopMyITy HHTEpIIPETHPOBAIH TTO-PA3HOMY. DHEPrHIo aHHUTHIALMU E = myc? Macchl MOKOS, UIK:

EZ o
my? = i p?/c? , B pensaTMBUCTCKOM IMHAMUKE. 3/1eCh Macca ¢ HyJleBbIM uMIysibcoM (p = 0) , umeer

sHepruto: E = myc?, a nynesas Macca gortona: (m, = 0), uMeeT umiynsc 1 sHepruto E = p* ¢. Ho
DHHIITEH BBIBEN JPYroi 3aK0H «TyducToil sHeprum» (AL = Amc?), ¢ MaccoBbIMH cBOMCTBaMH. DTO He
sHeprus poToHa, u 310 He sHeprus (AE = Amc?) nedekta Macc HyKIIOHOB spa aToMa. DiHIITeHH
YBHJIEJI TO, Yero He yBHJeNl HUKTO. [10100HO ABMXKYyIIeMycs 3apsay, ¢ MHAYKIMEeH MarHUTHOTO OIS
ypaBHeHHI MakcBeia, ABIKymmasics Macca (Macca (m # 0) He MeHseTCs), HHIYIUPYET MacCOBYIO
suepruto (AL = Amc?), kotopyro u Hamen DitHireiin. Hanpumep, 3apskenHas cdepa BHyTpH
JBIDKYIIETOCS BaroHa (3apsia (q # 0) He MeHsieTces ), HE MMeeT MarHUTHOTO ToJisi. Ho kommac Ha meppoHe,
MOKa)KeT MarHUTHOE ToJie cepbl B ABIKYILEMCS BaroHe. IMEHHO Takoe MHIYKTUBHOE MarHUTHOE MOJIE, OT
JIBUKYIIUXCS JIEKTPOHOB TOKA MPOBOJIHKKA, 0OHapyxui1 Dpcten. [lorom Obutn onbiTel Dapajes,
MHJYKIUNA BUXPEBBIX DJIEKTPUYECKUX ITOJIEH B IEPEMEHHOM MarHUTHOM I10JI€, 3aKOHbI UHAYKIIUU U
CaMOMHAYKIMYU U ypaBHeHHs MakcBeiia. [1o aHanornu HHIyKTUBHOW SHEPTMM MATHUTHOTO TOJISI OT
JBIDKYILETOCS 3apsia, DUHINTEHH BbIBeN (OPMYITy MHAYKTUBHOM, «JTy4HCTO» SHEPTHH MAaCCOBBIX TOJIEH,
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OT JIBIKYIIMXCS] HEHYJIEBBIX Macc (Macca (m # 0) He MeHsieTcsl), 3Be3/1 B TaJlakKTHKax B TOM uucie. U
3/1ech DUHINTEHH BhIIIeN 3a paMku EBkinoBoii (¢ = 0) akCHOMaTHKH ITPOCTPAHCTBAa-BpeMeHH. B
aKCHOMAax JTHHAMUYHOTO MPOCTPAHCTBA- MaTepuu (¢ # const), pedb uaet o6 uHaykTuBHBIX M(Y —)
MacCOBBIX MOJISIX, B IOJHOW aHAJIIOTMU ¢ ypaBHEHUsAMU MakcBeiia. Bot uto yBuzaen DUHIITENHH, U HUKTO
JPYrOi.

Heroron npeacrasuin popmyny, Ho He ckazan, [IOYEMY Bo3HHKaeT cuiia rpaBUTAIH. 3aMUChIBas

ypaBHenue O6mieit Teopun OTHOCUTENBHOCTH, DUHINTEHH Opall TpaBUTAIIMOHHBINA MTOTEHITM AT HYJIEBOH

EZ 2 LZ (Y—) 2 8TG
Maccel: -3 = (%, BBHAC — 5~ = Gv(X+) = C_4Tik TEH30pa YHeprun-uMitynbca. Jloxnoe
npencrasicane 006 O6mieit Teopun OTHOCUTENBHOCTH DUHINTEHHA COCTOUT B TOM, YTO CUHUTACTCSI, B
YPaBHEHUH IPEACTABICHA HEHYJIEBas Macca, KAK MCTOYHUK UCKPUBIICHHUSI IPOCTPAHCTBA-BPEMEHH, KAaK
UCTOYHUK rpaButanuu. B ypasaenun O0mmeit Teopun OTHOCUTENBHOCTH DUHILITEIIHA, KAK MATEMAaTHYECKOM

HUCTHUHBI B JTMHAMHWYHOM IIPOCTPAHCTBC-MAaTCPHH B IIOJTHOM BUJIE!
1 1 8TG
Rix =5 RGik — ;A9 = —z Tire -

c4

HeT Maccel: (M = 0), B KJJacCHYECKOM €€ IOHMMaHuH. B MaremaTnyeckoll UCTHHE, ATO Pa3HUIIA
PEISATUBUCTCKOM TMHAMUKH B JBYX (DMKCHPOBAaHHBIX TOUYKAX PUMAHOBOIO IIPOCTPAHCTBA, OJIHA M3 KOTOPBIX
npuBoIUTCS K EBKIINIOBO# cepe, Bo BHenTHeM, He cTanmoHapHoM (A # 0) EBKimIoBOM IpocTpaHCTBE-
BpemeHH. B pusuueckoii uctune, B ypapuenuu O6meit Teopun OTHOCUTENEHOCTH, DUHIITEHHA, B €IUHBIX
Kpurepusx DBomronum, «3ammura» Gopmyna (3akoH) HeroroHa:

E? K?
E=c*K, P=c'T, (ciz—c,%:Acizk):p—Z: ==02), A =Gr*(X+)#0
4,452 2p,— 2p =
2 _ c*c*k?  G(c?Ky=mq)(c®’Ky=mp) _ Gmim, 2 _ Gmimy 2 2
ACik T oc4ctT2 T c2(c2T2=K?2) T 22 ! ACik T c2g2 ! Acikc =F

Kak Buaum, B ypaBaenuu Oo6ueit Teopun OTHOCUTEILHOCTH DUHINTEHHA, CUIIA TATOTEHHS IEHCTBYET B
TOJIAX ¢ HyJIEBOH Maccoil. UuTaeTcs: pasHUIa MAcCOBBIX TOTOKOB Acf, (Y —) BO BHEIIHEM MOTEHIMATEHOM
nosie rpaBuTanuu ¢ (X+), ¢ ux Ipunmunom DxeuBanentHoct (X+ = Y—) , naet cuny. Onpenenumcs B
TOM, KaK paboTaeT Takoii moaxoa. Hanpumep, ans Conaua u 3emmn (M = 2+ 1033g) u
(m = 5.97 x 10?7 g), nonyunm
_ (6=6.67x1078)(M=2%10%%)

(U, = Re1496:1013 = 8.917 = 1012) TPaBUTAIMOHHBIN MOTEHIIMA HA PACCTOSTHUU 10 3EMIIH U
=1. *

_ (6=6.67x1078)(mn=5.97%10%7)

U, = = 6.25 * 10! , morenmman camoit 3emun. Torna
R=6.374%108
(AU = Uy — U, = 8917 * 1012 — 6.25 x 10! = 8.67 * 10'2) , wm (AU = 8.29 * 10'?) , momyumm:
8nG (U%K)? U?(WUK=m)®> Mm AU  8mG Mm 8mG Mm GMm
AU:—( ik = = :—),I/IJ'II/I—:——, e
(c*=U2=F) U2T? u2T? T2 V2 F T2 (AU/VZ) T2 (AU*T2/\/2) /8T
AU+T?  8.29%10%2%(365.25%24%3600=31557600)>
0e3 TeMHBIX Macc. OcTaIoCch MOCUUTATD = ( ) _ 2.3 % 102%°,
8m\/2 812
GMm
YTO COOTBETCTBYET KBaapaTy paccrosuus (R? = 2.24 x 10%°) or 3emmu g0 Connua, nm F = =z » JAKOHY
Herorona. Takoi noaxox COOTBETCTBYET pEAIbHOCTH.
3. IlpeoOpa3oBaHus PeJITHBUCTCKOM TUHAMHKH.
a) Enunbpie matematnyeckue uctuabl CTO u KTO
CnennanbHas Teopus KBantoBas Teopus Ortnocureabsnoctu (KTO).
OtHocureasnoctu (CTO). CnenunanbHas Teopust OTHOCUTENBHOCTH
Kinaccuueckoe npeacrasieHue: HEJICHCTBUTEIbHA MIPU YCIOBUSX:
4 2
2 . C T2 - ?
Y2+ (ieT) = [az == wm‘t} =7 = (ieT) 1). He paBHOYCKOpeHHOM ¢ 7 CONSL ) JIBHYKEHHH.
( +) 2). B cuity npuHLUIIa HEONIPEIEIeHHOCTH AY = cAT |
KpYroBoro WJIH TUTIEPOOIIMYECKOTO cama HeBO3MOXHOCTh (DUKCAIUH TOUEK B
(—) PABHOYCKOPEHHOTO JIBHKEHHUS. MPOCTPAHCTBE — BPEMEHHU, JCNIAI0T MPeoOpa3oBaHUs

y | JlopeHma 6e3Ha1eKHBIMH.
1c

1). X=a,X+a,Y . Y=icT r=; , | 3) BonHoBas (QyHKIMS KBaHTa IPUBOANUTCS B

= Y HCXOJ/IHOE COCTOSIHHE BBOJIOM KaJHOPOBOYHOTO MOJI,
X=anX+a, ic IIPH OTCYTCTBUU PEJIITUBUCTCKON TUHAMUKH, B

Va caMOM IIpolecce €€ JUHaMHUKHU, TO €CTh IIPU
—=ayX ta,— OTCYTCTBMM KBAHTOBOM PENIAITUBUCTCKON JUHAMUKH.

~

C ic
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Y=a21X+a22Y' ?:icf,

X=a,X+32y
ic

2). Y =a,icX +a,,Y a, =b,

2 _jp

. - 12 i =7

ic , ayic = ib,, ,
ay = by, )

X =b, X +ib,Y

3), Y =ib21X+b22Y1 Opr =1 s
2 2 2 2

K=T, b, —b, =1=by, - b,

YCJIOBUM OPTOTOHAIIBHOCTH BEKTOPHBIX

komroHeHT. B I'no6ansHo MHBapraHTHBIX

_ 2 _ g2
yCIOBUSIX Cepbl, b, =b=by, , by, = bZI’

a,
(iblz)z = ($b21)2, b = e , b, = ayc
_ 9
by +b, =0 , UMEIOT MECTO: e c :
WM JUISL:
_AY a,AY  a,AT
“Tar AT~ AY

4). Jlanee UMEIOT MECTO JIBa CIIy4Yasl.

A). Ycnopus (ay =0=a, ), OOHYIAIOT
MPOEKITUU AY =icAT , THHAMKH

MPOCTPAHCTBEHHO (c=AY/AT)
BPEMEHHBIX KOMITIOHEHT CaMOT'0 KBaHTa
¢dorona, u nator ' — I'nobanbHO-
HNHBapuaHTHBIE yCIIOBHS.

B). PeanbHOCTH B TOM, uTO (POTOH,
KOTOPBIM CHHXPOHU3HUPYETCS
PENATUBUCTCKAS JMHAMUKA, UIMEET CBOM

00BeM (QZI # O) # ((1]2 # 0) B

IIPOCTPAHCTBE — BpeMeHu. Takas
peanbHOCTb COOTBETCTBYET PEAIIBHOCTHU
MIPUHIUIIA HEOIPEIETIEHHOCTH :

AY =0=EY)+(Y) peyp, pper o JIN —
nokanbHON MHBapuaHTHOCTH B 00BEME

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

5). Maynu(ctp.14): «... IMEHHO OBLIO

W2
1=
NPEII0JI0KEHO ... C  ..», um

CmupHOB (T.3, cTp. 195): «... MONOXUM. ..

(b, = ab) = —b,, ... ». To ecTb, HET
HMCXOJHOW MPUYUHBI TAaKUX MoJioxkeHuil. Ho

PenstuBucrckas AWHAMHKA B YIJIC MapaJUICIIbHOCTU

a(X—) TPAEKTOPHUI KBaHTa POCTPAHCTBA —
Marepuu. Bmecro X,Y, paccMarpuBaroTCs IIPOECKLIUU

K, K

, %, iMHaMH4YHOro paauyca K, nuHaMudHoi

cdepsl, KacaTeJIbHON K TOBEPXHOCTH TUHAMUYHOIO

O »
TenecHoro yrma & (X )¢ const , IApajlIEIbHOCTH.
Peub 0 MaTepuasibHOM cepe ¢ HEHYIEBBIM

Y, =1=ch0 .
MHUHHMAJIbHBIM PaJdyCcoOM , 1 BOJIHOBOM
v=K,-Y, Y=K, X=K,

byHKIHEH
liy=a11KY+alzKX T:&
1)_ Ky =a,K, +a22KX’ rie K)( :CT’ ¢,

BBOJUTCA BpCMHI.

= a2

K,=a,K, +—2K, _ a,
c K,=a,K,+—K,
C

E,v =a,cK, +a,K,

K a
—_X a, K, +£KX
c c

2).

, UIIN

A). Bo Baemnux ['M — I'no6anbHo — IHBapuaHTHBIX
YCIIOBHSIX, COCTABJISIOIINE

cosy = (+ a, )(‘ a 1) = la;, J@0T TIPHHIIATT

HCOIIPCACICHHOCTH, C HEKOM IIOTHOCTBIO

|’
BEPOSITHOCTH
npeoOpa3oBaHuii:

B DKCIIEPUMEHTE, U MaTpuLen

. d,
K, =ia,K, —0—(?:1512)[(){
3). f/\’ =(ayc=b,)K, +ia,,K, .

0 —
Jlns yrios napamiensHoctn & (X )_ 0 ,BI'H,
TaKHUX, 4YTO

g, @y =cos@’ =0 =1=b (h=1)K, =K,
a, =cos(@’ =0")=1=b (h=1)K, =K

, X, UMEIOT
MECTO YCJIOBHUS

T2 _po ay(c=1)
5). (c=1)
neproa (=0,
B I'mo6anbHO — VIHBapruaHTHBIX YCIOBHUSX,
ia,, =ia

bIQ :b:bZI

=iy , MaTpuIia UMEET BU/T

K, =ia, K, +b,K, K, =iabK, +bK ,

6). K,=b,K, + 0Ky K, =bK, +iabK , |

K, =iabK, +bK ,

K, =bK, +iabK ,

Taxast e I'U popma npeacraBieHus
Ky=y=Y-¥ , IMEET MECTO B JIF000i1 KpaTHBIIt
I < AT | momeHT BpemeHH.
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YK€ U3 3TUX MOJIOKEHHUI, 10 HEU3BECTHOM
npu4nHe, 1o CMUPHOBY, CIEIYIOT
MAaTeMaTUYECKUE UCTUHBI:

X = bX +iabY
Y =—iabX +bY
b —a’h? =1=—a’b> +b*> b*(1-a’)=1

6). [ToacTaBisis UICXOHBIC 3HAYCHUS

Y=icT, Y :iCT, MOJTYYUM:

— X -—-acT — icT —iaX
]_az 1 m ,

- r-%x

T =

__c w .
[ 2 a=—=C0Sx
l-a C

npeoOpaszoBanus JlopeHiia B KilacCH4eCKOn
PENSATUBUCTCKON TUHAMHUKE.

4
g X-wT 7 I-a*
hwie  Diwie
T
L+ VW /e

nepexox KTO B CTO.

NmeroT MmecTo MareMaTu4ecKue UCTUHBI
nepexona Ksanrosoii Teopun
OTHOCHTENBHOCTH B peoOpa3zoBaHUs
Crnennansaoi Teopur OTHOCUTENBHOCTH.

Jl1sl HyJIEBBIX YIJIOB
MapauiebHOCTU B EBKIIMIOBOM
AKCHMOMATHKE, CO CKOPOCTSAMHU MEHBIIUX

W, <c

CKOpOCTH cBeTa ' ¥ , IMEIOT MECTO
MpeeNibHBIe CIIydau IMepexo/1a KBAaHTOBOM
PENATUBUCTCKON JMHAMUKH BEKTOPHBIX

, = (cos(()t0 = O): )= a

KOMIIOHCHT, a4

(a, =K, =Y)+WT
VI-W2(X —)/e?
Y+WT ;!T_:KY/C+(Q!22 =T
=t 1-w*(X-)/c? ’

K, = K(cosa’ =K) T:—TiKHf/c:
! c NI-W* /¢ ,

B ipeoOpa3oBanus JlopeHna kiaccuyeckoi
PENATUBUCTCKON JUHAMUKH.

7). B ycioBHsX OpTOrOHaIbHOCTH Okr :1, K=T,
HUMEET MECTO

—a’b’ +b’ =1=b"-a’b’
|
b21 2N b: 2
(I-a*)=1 1—a®

MHOKHTEJIb MAaTPUIbl C YCIIOBHSAMH: tay =14 =1dy )

bZ0)041 al] :a:aﬂ_

B). Yxe B JIU — JlokanbHO — MITHBapruaHTHBIX

YCIOBUSX, PEISITUBUCTCKON TMHAMUKHU dy # Ay ,C

BHemHUMHU ['M yciioBUsAMH, UMEET MECTO:
Ky =b(a, K, +K)
8) Ky =b(Ky +ayK,)

X h
K = T:—:—
x =¢( c E)

K, =y +Y,
, roe:u3 Y v 0
A, =b(a, ¥, + K
. Cneﬂye’r’ K ( 1170 X) .
9TO ¥ €CTh MOMEHT UCTHHBI peHﬂTHBHCTCKOﬁ

JUHAMHWKH KBaHTA IIPOCTPpAaHCTBA-MATCPUHU, KOTOpLIﬁ
B COBPEMCHHBIX TCOPUAX MPEACTABIICH

KaJTHOpPOBOYHBIM Ay IOJIEM.
Yy =y, exp(ap # const) + Ay .
K, W
Ay =— = =4a=4q,
9). ITo ycnoBusam cl' ¢ :
I' — nunamMukw, a=dy =a, ,

1 1

\/1 - az '\/l - JJ/2 /Cz , ManHHa
npeoOpa3oBaHuil IPUHUMAET BU/I:

b:

g},:M 7 - kel
l—az, " Viowye
(7=t o K lctapl
Viman 0 Ni-w?e
K _auK, +cT 7 a, W, +c

=
ayn +Wyle 4
9

ycnoBusx JIU, (@, #a,) #1 ,

74 1
a” =— =00 =—
B DKCTPEMAJIAX KOT/a: c 137.036 |
2
W = cC , o= q_
hc
W, =c
10). IIpenenbHble ckopocTh ' ¥ , B YCIIOBUSX
—  c(a, +1)
y = =
a22 = a]l #1 , JarT (a22 + 1) ,
HEU3MEHHYIO CKOPOCTh CBETa Wy=c=Wy g

1100011 cucTemMe KOOpAMHaT.
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Bonee riy6okuii BEIBOA O TaKOi KBAHTOBOW PEISTUBUCTCKON AMHAMHUKE COCTOUT B TOM, UTO MIPH
Hen3MeHHo# nzorponnoit Eskimnosoii cdhepe (Ky)(cT = Ky) npocrpaHcTBa-BpeMEHH, B AMHAMHYHOM
(T a;; VU ay, T) = 1, npocrpancTBe-MaTepun, UMEET MECTO JUHAMHKA DIIMIICOUIA (Ky)(CT = Ky).
Hao06opoT, risas Ha AMHAMUYHBINA SJUTHIICOH]] TIPOCTPAHCTBA-BPEMEHH, BHYTPU HETO UMEET MECTO
ucxoHas crauroHapHas EBkinunoBas chepa.

= : ST SR
\ _.’/ c i@v ° (¥-) \ kpy [¥-)

Pucynok3.1. kBaHTOBasI PEISTUBUCTCKAS TUHAMUKA [TPOCTPAHCTBA-MATEPUU JICKTPOHA
Takue npeoOpazoBaHus B yriiax HapauieIbHOCTEH THHAMUYHOTO IPOCTPAHCTBA-MATEPHH, C
UHIYKIHEH PEISTHBUCTCKOM MacChl, HEBO3MOKHBI B EBKiIMI0BO# akcromaruke (ay; = 1)(a,, = 1) = 1.
710 3HaunT, B EBKIMI0BOM akcMOMaTHKe, HEBO3MOXHO co3/1aTh KBanToByt0 Teoputo OTHOCHTENBEHOCTH.
Takast KBaHTOBasI PENATUBUCTCKAS JMHAMHKA CKOPOCTEH, 00yCIIOBIICHA IMHAMHUKOH (@1 = COSQy) YIIIOB
napasensHocte (Qy ), Hanpumep st (Y +) kBanTa. s (Y+ = e) anekrpona, ckopocts cBeta (¢)
MEHSIETCSl BHYTPH AJIEKTPOHA B MpeJiesiax yriia napamienbHoctu (@y). B mone(Y— = e) snektpoHa B TOUKe

1
(B), MBI TOBOPUM O CKOPOCTH 3JIEKTpOHA (V, = C * cOSQPy = C * (@ = E))' B touxke (A), MBI TOBOPUM O

ckopoctu (¢ * cos(@y = 0) = ¢) poroHa BHYTpH 371eKTpoHa. Ha Bompoc, Ky/a aeBaeTcs IpOCTPAHCTBO
CKOpOCTEH MmoriomnaeMoro (hOTOHa IEKTPOHOM, OTBET — BHYTPH AJIEKTPOHA €CTh CKOPOCTh CBETa B TOUKE
(A). cam 3J€KTPOH UMEET CKOPOCTh (V, = & * ¢) . DT0 ckopocTh ToukH (B) anekrpona. [lonstHo, uTo B
touke (A) anekrprueckoe moiie nekTpora (Y+ = E) CBOAMUTCS K HYJIIO U 3JIEKTPOH MIPOSIBIIIET CBONWCTBA
TyHHEIbHOTO 3¢ dekta. B camom E (Y +) siekTpudeckoM mosie 3JeKTpOHa, Mbl TOBOPUM O MTPOCTPAHCTBE

2
o . 1% o o
CKOpOCTE# 3TOro mostst ¢ dpdekramu (Vg = ¢ * Sinpy =c_|1 — C—;’) y’K€ KBAaHTOBOU PEIISITHBHCTCKON

JTMHAMUKU KaXKI0W TOYKH Ha TpaekTopuu (Y — = e) anekTpoHa.
TouHo Takyro quHAMHKY UMEIOT (X 1) KBaHTBI POCTPAHCTBA-MATEPHH.

—
J % - N [ -
' Ky~ - / ! -
N M ==

Pucynok3.2. kBantoBast (X +) pensTHBHCTCKAs IMHAMHKA TIPOCTPAHCTBA-MATEPUH

4
U3 nipeo6pa3zoBaHmii pelSaTHBUCTCKON IMHAMUKH: (C * t)2 -(x)?= ;—2 = (c *t)? — (¥)?, Bcerjga MOXHO
2 4 xZ

C

HepeI/ITI/I K ypaBHCHI/I}IM JUHAMHWYHOTO JJIJIUIICONIA. W + @ 1, B BUJIC: (Ct)2b2 + (ct)z
S S <>2b2 _ x*p?

runepooIona; BE ) 1, B BUJE: o

Hanpumep, (a = 1/137) HEU3MEHHYIO IJIOMIAAb CEYSHHS TMHAMUYHOTO Amunconna: (S = mab = 1),

1
HHBAapHuaHTHaA, IIPU IIJIaHKOBCKHUX M X =
apuaHTHA, TIPH IJIAHKOBCKHUX pa3Mepax b @ iele o Tem

U eciu 1 cBeToBo#t Toz1 paBeH 9,5 * 1017 sm, To 310 8,978 * 101 cBeTOBBIX JIET. MBI TOBOPHM O BHIHMOIT
Bcenennoii nopsiaka 45,7 Muinapaa CBETOBBIX JIET, TO 3TO 1/1 965 615, To ecTb npuMepHO OJHA
JIBYXMUJUJIMOHHAS YacTh Bceil BeceneHnHoii, koTopas ucue3aeT BO BpEMEHHU Ha HpeI[eJ'II)HI)IX paauyca. Ecnu

=1, uan

= 1, B BeIOpaHHbIX Kpurepusx DBOIIOIHH.

= 8,5 * 103*sm 1 MaccoBbIx (Y —)moneii.

Opatb camo (X —)mnpocTpaHcTBo-Marepuio BeeneHHoit, To 310: b = = 2,4 1036sm,
(V6=6.67+10"8 )1,616*10—335m
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i 1/55 000 000, gacts BeenenHoit B Tex ke pacuerax. ITO €Cliu KPaTKo.
06e Teopun CTO u KTO nomyckaroT cBepxcBeToBoe (Vi = N*C) mpocTpaHCTBO CKOPOCTEi:

— c+Nc —_ a;1Nc+c
Wy =——=c¢ =————=cC, I8 Q41 = ayy = 1.
Y ™ 1+cxNc/c? ! Y = a,,+Nc/c » A 11 22
B kBanTOBO# pensaruBuctckoi quHamuke (KBantooit Teopun OTHOCUTENBHOCTH). MBI HMEEM:
o alle+(CT=KX) T 17 _ KY+G.22(CT=KX)
(Ta;n Nl az 1) =1, Ky = (cT =Ky) =

H
,1—a%2 ,1—a§2
Hanpumep, nanpsxennocts E(Y +) = (pKy) snexrpudeckoro (Y +) moins u none yckopeHuii
rpasutanuonnoro G (X +) = (pKy) nons, npeacrasieHa JMHAMUKON KOCHHYCOB YIJIOB TapaIebHOCTH

(ay1 = cos py) u (a, = cos @y). Torna: (cos @y * cos @y = 1) umm cos @y = , IOJICTaBUM B

cosQpy
dopMynbl 1 moctpouM ynpormennsie rpaduxu: (v = Ky) = f(px = x = wt) .

O T
AT ATA TR

A

1
_ —cos<pXKY+KX /\
Ky =
J1-cosZ oy

VVVYIVVVY

EY — Ky+cos px*Kx
Vi-cos? px

Pucynok3.3. rpadyik TMHAMHUKHN KBAaHTOBBIX MTOJICH

DTO XOPOIIO COOTHOCUTCSI C CHMMETpUEN TPOTOHA, O YEM ITOTOBOPUM Jasiee. Mbl TOBOPUM IIPHU STOM, O 18

KBaHTOBOU pensaTuBUCTCKON quHamuke (Y+ = X —), (X+ =Y —) kBaHTOBBIX moJjeii. IX HOpMHUPOBKa JaeT

(m — n) cxogumocTH (HU3NUECKOTO Bakyyma B enHoM (X += Y F) u quHaMHYHOM, yXKe B KBAHTOBOM

npocTpaHcTBe-MaTrepud. [1oaydnM TpaeKTOPHH YCIOBHOM TOUKM B TIOBEPXHOCTH TUHAMUYHON cepsl, B

BU/IE DJUTHIICOUA, YK€ B KBAHTOBOM cHCTEME KOOPAUHAT JMHAMUYHOTO MTPOCTPAHCTBA-MaTEPHH.

HopMmupoBka BeINoONHSIETCS KOHCTAHTON COS(Qy)yax = @ = 1/137, u KOHCTaHTOMH

cos(@x)max = VG = 6.67 x 1078 = 1/3872, B Bune: a* =123y (V/G)*W=123-) TIpu stom, momyunm

pacimpenne (vVG) ™V, mpocrpancrsa (X-) moneii 6bictpee pactupenus ()", mpoctparcrsa (Y-) moseii,
)+N

doToHoB Bo Beenennoit. Hao6opor, B ¢pusnyeckom Bakyyme, ymenblieHue (VG )™, npoctpanctsa (X-)
noseit 6uicTpee ymensmenus (a) ™V, npoctpanctsa (Y-) noseld, yke B KBAHTOBOH CHCTEME KOOPMHAT.
OTH rpadKu Jal0T OCHOBaHWE TOBOPHUTH O KBAHTOBOM, BOJTHOBOW JMHAMUKE M3JIYUEHHS U TIOTJIOICHHS
(ej © vi) u (pj © V;) KBAaHTOB B (&) SHTPONUHU JMHAMUYIHOTO MPOCTPAHCTBA-MATEPHH Beel (M — 1)

cxoauMocTu BeeneHHoH, ¢ pensITUBUCTCKON AMHAMUKON (¢ = wT) neproaoB AMHAMUKY B (M — n)
YPOBHSX (PU3NYECKOTO BaKyyma.

6) Oomas Teopusi OTHocuteabHocTH (OTO) DitHIITElHA B IPOCTPaHCTBE-MaTEpUH.

Teopus xapakrepuzyercs TeHzopom DiHmTeiHa (I'.KopH, T.KopH), kak MmaTeMaTH4eCcKOil ICTUHOM
pa3HUIBI PEIATUBUCTCKON AUHaMUKH JIBYX (1) u (2) Touek PumaHoBoro npoctpaHcTBa, Kak
¢buKcupoBaHHOTO (g = const), COCTOAHUS AUHAMHUYHOTO (g # CONst), MPOCTPAHCTBA-MaTEPUH.
(Cmupnos B.U. 1974r. 1.2).

R—%Riaji =%grad(U), niIn R]l_%Rg]l = kT;;

i (gji = const).

ITpu sTOM MaTpuLa IpeoOpa3oBaHUM B €AMHBIX €IUHHUIIAX U3MEPEHUS

Ry =a;,Y1+0 _ _ 2 _ 2 v2 _ fu2
R, = 0 + ayyY,’ a;; = ayy =G, R* = ayyYy = GYy

2 2
« m m Mm
JTaeT KiIaccuueckui 3akoH HroTOHA B B YYZ =Tz R?>=G s nmm F=G "



JI1st pensATUBUCTCKOM IMHAMUKU B IIPOCTPAHCTBE-BPEMEHU UMEEM COOTHOILICHMUS:
a) B enuHBIX Kputepusx DBoronun

2m2 2 _ Fy 4 272 2 _ M}

c‘T* =X ==, by = —, cy = Fy, c°T* — X =—=,

by My Fy

M3 R2 Mm

Fp=—FX — c?’T? =R?> = ———2> FF=G(————
Y c2T2(1-Wi/c?)’ (cos2px=G)’ Y RZ(1-WE/c?)’

DTO PEAATHBUCTCKOE MpeACcTaBacHNe 3aKkoHa HeroToHa, st MaccoBbix (Y-) TpaeKkTopHii,

mw?2 _ GMm 2 _ 2GM _ Mm 2 2GM
R we = —— FY_GRZ(l—ZGM/Rcz)’ (1-2G6M/Rc*)>0, (R> C2)¢0

0) B ciydae O6mieit Teopun OTHOCUTENBHOCTH, HE 3aMPEIICHO MPEACTABIATh yHIaMEHTATbHBIN
Ten3op Pumanosoro npocrpanctsa (Kopu I'., Kopu T. (1973) ¢.508, 535) (g;; = e;(x™) e;(x™),
JIOKaJIbHBIMM 0a3MCHBIMU BekTOpamu €;(x™) u e;(x™) B moboii (x™) cucreme KOOpAMHAT B BUJIE
BekTOpHOTO MpoctpancTBa ckopocteit (Koph I'., Kophu T. ¢.504). B O6meit Teopun OTHOCHTEIBLHOCTH,
TEH30p DHHILITENHA, KAaK MaTEMAaTUYeCKasi MCTUHA Pa3HULIbl PENATUBUCTCKOM IMHAMUKHU B 1BYX (1) u (2)
TOYKaX (PMKCHUPOBAHHOTO PUMAHOBOIO MPOCTPAHCTBA, ¢ GyHAaMEHTAILHBIM TEH30pOM gi (X™) =
e;(x™)e, (x™), xak norennuanom (g = v?) B IPOCTPAHCTBE CKOPOCTEH ¢; = Uy, e, = V,. CaM moTeHuuan
(g=vi=(a= %) X K), ato yckopenue (a) Ha niune (K), rae yckopenue (a = %), KaK JMHAMUKa
CKOpOCTH B npocTpaHcTBe- BpemeHH (K, T), onpenensercs Kak KBaapar airedpanyeckoi CyMMbl CKOPOCTEi
(v, + v, = V)2, no npocToii TeOopeMe KOCUHYCOB. MBI TOBOPMM O PENSTHBUCTCKON TMHAMUKE
POCTPaHCTBa-BpeMeHH, B Touke (1) 1 B Touke (2), ¢ MX HEHYJIEBOM Pa3HUIICH PEIATHBHCTCKON
JTMHAMHKH.

gir(D) — g (2) # 0, exer =1, 1o ycmoBusm e;(X —),er(Y-),

|
(Y- := X+) \l,

Figure 6a. KBant npoctpaHcTBa-MaTepuu
Touka (2) npuBonutcs k EBknnoBoMy nmpoctpancTBy cdepsl, rae (e;Leg) u  (e; * e,=0). [TosTomy B

1
OKpPECTHOCTH TOUKH (2) BbIIETsIEM BEKTOPHI (€,,) U (e,) U OepeM cpeaHee 3HaueHue Ae,; = > (e; + eq).
[Mpunumas (e, = e,) , yCIOBHE MPHUBEACHUs NMPeoOpa30BaHUil K eBKINI0BOM chepe (x5-,) U 1

1 1 e
Aenn = E(en + eK) = Eex(e_n + 1)9 HMOJTyqIUM: gik(l) - gik(z) * 0,

9 (1) — % (eiex = Gik) (Z—Z + 1) (2) = KTy, (Z—: = R) . (62 # ey) ,mooromy (e, = Aey) U Gix (G=p=p)-
s (e, = e,), umeeM (T;, = 0). B ycnoBusix (e, # e), Mbl TOBOPUM O AUHAMHUKE (HPH3HUIESCKOTO BaKyyma
B (PMKCHPOBAHHBIX YIJIaX MapaJuIeIbHOCTH, C Pa3IMYHBIMU I€0AC3MYECKUMHE YKE THHAMHUYHOHN cheph

(x5 #+ x5 # x7) B pukcupoBanusiX (e, # €, # €,) Toukax. B mosHoM Bujie ypaBuenue O6mieii Teopuu
OTHOCUTENBHOCTH DWHIITEHA, KAK MaTeMaTU4YeCKasi HCTHHA, UMEET BUI

1 1 871G E?  G(I?K)?  GN?n2k?
Rik =5 RGix — 5 AGux = kT o Lk = 2T Tz T o
3nech, B ypaBHEHUH DHHINTENHA, B elHbIX KpuTtepusax DBomonny, «3amuTta» Gopmyna (3akon) Herorona
_ 4 _ 4 2_ 2 _ a2\ _81Gn _EX_ K2 _ . 5 2 _ a2
E =c*K, P—cT,(ci—ck—Acik)—cTTik—p—z— = =06v7), A =Gvi(X+)#0

c*k?=E? _ c*c*k? _ G(c®’Ky=mq)(c’Ky=m;) _ Gmym,
c4T2=p2 ~ (c4cAT2 c2(c2T2=K?2) T c2k2

Aciy = L Ach ="mar =5 AR X )Y -) =F
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Yuraercs: pasHuna notenuanos (Ac?,), Kak yckopeHHil Ha JUIMHE , B IPOCTPaHCTBE cKopocTeii (c?), maet
CHITy TPaBUTAIIMOHHOTO B3aUMOJICHCTBUS MTOTCHIIMATIOB B JAHHOM City4ae. B mpocTpaHcTBe 6€3 Macchl,
B3aMMO/ICHCTBHE MOTEHINAIIOB, MIOPOXKAACT CHITY. DTO MATEMATUYECKUE TPAaHU (PU3NICCKUX CBOHCTB.
UTo 03HayYaeT 3TO ypaBHEHUE B KJIACCUYECKOM IpeACTaBlIeHUU? Bece HaumHaeTcs ¢ nocrysiaTta JUHINTEHHA
0 TIpeIeTIbHOM CKOPOCTH cBeTa () ams Macchl (M) co ckopocThio (W). DTo 3HauuT, uto: (¢) # (W), win
2
X —
c?+=w?; c?—-w?=0; W2=t—2; (c *t)? = (x)? = const = (c *x)? — (X)?.
OT0 u3BecTHbIE IpeodpazoBanus JIopeHiia B pesaTUBUCTCKOM nuHaMuke. OyHIaMEeHTaIbHBIM 3/1€Ch, €CTh
HEeHyneBas pasHuna. V3meHenue xoxa Bpemenu (t) mensier npocrpanctso (x) , (Cmupnos B.1.1974, 1.3,
4.1, ¢.195) ¢ penaTHBUCTCKOM MONpaBKo# i1 MaccoBoit m(Y —) TpaeKTOPUHU KBAHTOBOTO ITOJIS:
2 2

wo_ 2 — 2 — 1 \2. 2 2 _ 2( w ) — 2 2

— = coS Y-)=a=(———= cc—wr=c‘{l—-=)=c*(1—-«a

- Prmax (¥ =) —Ly2; ) =1 - a?)
J1jig KIlacCM4ecKuX mpeodpa3oBaHuil peISTUBUCTCKON TUHAMUKU:
— — . . a1 Ar2
X1 = Aq1C * tl — Aq2X1 , C * tl = Qp1C * tl — QX1 5, C MaTpUICHU HpeOGpa30BaHI/II/I: Aikx =

B 4-MepHOM mpocTpaHCTBE- BPEMEHH HEHYIeBO# EBKITHIOBOM cephl, ¢ HEU3MEHHOM reoIe3ndeckoit (X7 =
const) KpUBOW, Takux ypaBHeHHi Oyner yetbipe. (CmupHoB B.M. 1974r. 1.3, u.1, ¢.195-198).

X =091C*t — Q12X — Qq13Y — A14Z; a1 Q12 Q13 Qqq
Y = Qp1C * U — AppX — Ap3Y — Ap4Z ¢ (a;) marpunei az1 Az QAz3 A4
Z = a31C * t — a32x - a33y - a34Z HpeO6p330BaHHﬁ a31 a32 a33 a34
Cxl=0ay1C*1 — AypX — Ay3Y — AysZ A1 Qap Q43 Qg

B u3BecTHOI rpymme Jlopernna: (x)% + ()2 + (2)2 — (c*t)? = (X)? + ()? + (2)? — (c * £)? . 3nech
y)KE€ MOXKHO TTOJICTABJIATh YHCJIA U CYUTATh IPe0Opa30BaHUs PEIIATUBUCTCKON TMHAMHKE STUHBIX
Kputepues Dpommonuu: Harpumep: sHeprun E = [12Y = (m = 1Y) = (Il = ¢?) = m * ¢? , ummynsca

p = %t , maccei m = MY (X+= Y—). 3necs [ = ¢? = gY , noTenuuan yckopenus (g) Ha TPAeKTOPUU

(Y = Y—). Takue npeoOpa3oBaHus pEISITUBUCTCKON JMHAMUKU B MHEPLIUAIBHOM CUCTEME MPOCTPAHCTBA-
Bpemenu 0e3 yckopenus (g = 0) B EBkimmnoBoii chepe (a;; = 1) 6e3 rpaBurarum, B Touke (1) Pucynok 6,
TaKue e, Kak ¥ B EBKIMI0BOM cdepe mpocTpaHCTBa-BpEMEHH NaIaloniero iudra B 1ojie TpaBUTAIUU B
touke (2). [lepen DitHmTeitHOM cTOsIIa 331244, IEPEHTH U3 MPOCTPAHCTBA-BPEMEHU UHEPITUATBHOM
cuctembl B EBKH10BO# cepe Oe3 rpaBuTaniuy B MpoCTpaHCTBO-BpeMs EBkinoBoii chepsl Toxke 63
YCKOpEHHUSI, HO YK€ Maaroniero JudTa B moJie rpaBuTanui. YToOb! BBITIOJHUTH 3T TPE0Opa3OBaHUs B
PENATUBUCTCKON AMHAMUKE, DWHIITEHH B MaTeMaTHYECKO MpoLeAype, K MOTEHIHay yCcKopeHus (g) Ha
TpaekTopuu (Y) mpocTpaHCTBa-BpeMEHU B HHEPIUAIBHON cucTeMe, 100aBHII TOTEHIIUAT

Y2  (E=M?Y)?
7 g
MaTemMaThyeckas UCTUHA: Rj, = %R(gik = gY) + (xTj, = I1), 1 5T0 KIIFOYEBOH MOMEHT, yXKe TeH30pa

I'paBUTAalUOHHOTO I1OJISI B BUC TCH30pa I1= W2 = OHEPIrUU-UMITyJIbCa. 9T0

DMHIITelHa, B €ro KJIaCCHUeCKoM BUae: R, — %Rgik = KT, . (Kopua IT'., Kopu T. (1973), ¢.536). Unu

(g2 = g1 * a) xnaccuueckoit pusuku. 3neck (R;y) - mpeodpazoBaHus PEISTHBUCTCKOW JHHAMUKH,
npeicTaBiIeHHoro rpynmnoi JlopeHua, B mpocTpaHcTBe-BpeMeHU EBKINI0BOM yxke Opyroi cdepsl, yxe
APYToii TeoIe3nUecKoil KpUBU3HbI (X5 = const) B najgarouieM JuTe B M0Je TPABUTAIIMOHHOTO
norennmana (KT, = I1). MHaue roBopsi, mojie rpaBUTAIlMHA U3MEPSETCS] KPUBU3HOM MTPOCTPAHCTBA-BPEMEHHU.
Beruucrisis n3MeHeHus NpoCTPaHCTBA-BPEMEHH B PENSTUBUCTCKOM TUHaMuKe 6e3 rpaBuTaiuu B Touke (1):
X1 = GixX1, Cxty = gic*ty; (i,k =1,2,3,4) u U3MEHEHUs IPOCTPAHCTBA-BPEMEHHU B PEJISITHBUCTCKON
JAMHAMUKE yXKe C TpaBUTAIlMel B TOUKe (2): X, = gixXa; C *ty, = g C * t,; MbI MOXKEM CUHTATh
W3MCHCHUI KPUBU3HBI [€0Ie3MIECKOi najaronieii chepsl (x5 = const) B 1moje rpaBUTAIMN
(x*=X,Y,Z,ct).

(x_z - x_1)2 = gilcz * (ty — t1)2 — iz * (x5 — x1)2 — giz * (V2 — J/1)2 — gia * (2 — 21)2 = (kT;y); (i=1,2,3, 4).

B npunnune, Mel umeeM z1ei1o ¢ (g, )% kBaaparuanoi popmoii (gix) (gix = JirRjn) 118 BHIOpaHHBIX
Hanpasnenuii(eje, = 1) u (e,y" = 1)npeobpasopanuii Ten3zopa Pumana —Kpucropdens (Kop,
1973,¢.535). Kak BuaumM, 310 MaTpuia B 5 cronduax u 4 cTpokax, Kax/Jas U3 KOTOPOH ecTh ypaBHEHUE
JTMHAMHKH B TPAaBHTALMOHHOM TIOJIE, U pemaeTcs otaensHo. Torma camu temsopel (g;;(1) =11;) u
(9,i(2) = I1;) mpezcTaBIAIOTCA KaK rPaBUTAIMOHHBIE OTEHIMAEI B Toukax 1 1 2. Mx pa3nuna

az1 Qzp°
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(Ag;; = AIl) B ypaBuenuu O6meit Teopun OTHOCUTENEHOCTH, NAET TEH30P SHEPTUH — UMITYJIbCA B
*K2 _ M2K2 8nG

8ntG 2
equnbix Kpurepusix DBomonuu B Bue: All = (T]1 == ) wm All = II; — 11, = —/II7II,.
4 _ _ 2*41TR2GH1H2 2 _ _
N c* =F = R2(1_2G(“2*R=M)) , e 4mR“ - moBepxuHoctb chepbl, ([ILR = M) u (II,R = Mz) KOHCYHOM
c Rxc2
MM
Buae F = W TaKOTO YK€ PEIIITUBUCTCKOE MPE/ICTaBICHUE 3aKoHa HhIOTOHA, KaK 4acTHOTO CIrydast
R
Rc?

O6mieii Teopun OTHOCHTENEHOCTH. M3 5THX COOTHOIIEHMI clleayeT ToabKo To, uto (1 — 2GM /Rc? # 0).

B) B 3aKOHAaX Kiaccuueckoi ¢usuke Gopmynsl Jlamnaca, Kemnepa ciaenyoT u3 mpoCThIX COOTHOIICHHIA:
v2  GM R® _ GM R} R S1 S, S1 S

—=— —==,u —(wR;) =—=(wyR ===, 5:t;, =5t;,u

R R2 ' TZ (21_[)21 le T22> tl( 1 1) tz( 2 2)! t, ty ! 142 281>

(w1Ry = wyR,) , B 3akonax Kemnepa. Cam siuimIic moaydaercs, ot arkeHust COTHIIa CO CKOPOCTBIO
W=217xm™m/c, Toraa 3emiist IBHXKETCS B TNIOCKOCTH CEYCHHS TTOBEPXHOCTH YCIOBHOTO ITUJIUHIPA CO

CKOpOCTBhI0 V=30KM/C, yKe IO AIUIUIICY MO yriioM K ckopoctu ColHIla, KOTOpoe HaxouTcs B (hoKyce.

Pucynok3a. nBmxenue 3emiu BOprr CoJHIA 1o HIUTUIICY ¢ mperneccueii 23,5°

[Ipu 3TOM, BBIYUCIISIETCS YTOJI IPELECCUU 3EMIIU. TT W =7 (23107) =m*0,138249 = 0,4343216 = tgw. OTkyna
w = arc tg0,4343216 = 23,5° yron Hpeueccm/l Us: (w1R1 = wyR,) , u HOJI = (chl) = (cos45°) cnenyror:
wy = t— , Wy = B chl * 05459, VITHL:

t2 ty

(t; = 1rog) = 1,543 + 1, 414 = 25764 ropa, wir: 2%

Ry _ Rp=150420000kM
t1  Ry=6371kM

t, = = 2147 net,

2 2 2 GM
nepuoy npeneccun u «opa [lnatona». anee, v° — vy = 2gh, nns vy =0, g = Sz KHHETHYECKas

. Comv? . _ 2 _ 2GM
SHEPTrHs PaBHA OTCHIMANBHOI SHeprun: —— = mgh. Us: h = R, crenyer v* = ——. B nocrynarax

OHHIITEiHA CKOPOCTh CBETa NpezienbHas. YToObI NPUHATH «YEpHBIE ABIPHD C TOPU30HTOM COOBITHH,
PaBHBIM CKOPOCTH CBETa, HY>KHO Pa3/eNUTh Ha HOJb. OmunOKa 37€Ch B TOM, YTO B YCIOBHUSX «CTPEIbI

BPEMEHM», HEBO3MOXKHOCTb ITPUUMHBI (JIeJIEHNE Ha HOJIb B MaTEMATHKE) 3aMEHSIETCSI HEBO3MOKHBIM
26M
(R=0))?
2GM=0 _ 2GM=0

TO HET CHHTYIIAPHOCTH W CleACTBHsA (R = 0) = ————. M 510! %= R=0)

CICACTBUEM (CI/IHFy.]'IHpHOCTB B €BKJIMJOBOM TOLIKe) g = = oo ., Eciu HeT AeaeHus Ha HOJIb, [TPUYHHA,

=0, He COOTBCTCTBYCT

. . 2G(M#0)
Teopun DUHIITENHA. 31eCch, UCXOIHbIE MPEANOCHUIKY omnbouHbl. Haobopot: Ry = —_z  BHYTpH

2G(M#0)
(v>c)?
Hapymas 3aKkoHOB DifHmTeHa (v = Nc¢), Korjia CKOpOCTH BHYTPH «4epHO# cheps» Wy =

(R< Ry = «4epHOH cepr», JOHKHO OBITH CBEPXCBETOBOE MPOCTPAHCTBO (V > €) CKOPOCTEH, HE

c+Nc _
1+c*Nc/c2
T HAC UMEFOT CKOPOCTh cBeTa. [Ipu 3TOM, MBI TOBOPUM O TPaeKTOPHH BHEIIHETro GoToHa (X = ct), ¢
(uKcanueii S1eKTPOMarHUTHON IMHAMUKY B KoopauHaTHOH mockoctu (K?2) L (ct), opToroHansHoi k
TpaekTopuu ¢potoHa. POTOH, MOAXOAS K «4epHO chepe» He MOKET BOUTU BHYTPh CPEPHI, B CBEPXCBETOBOE
MIPOCTPAHCTBO TaK Xke, Kak U (POTOH HE MOXKET BOWTH BHYTPh (PM3NUYECKOTO BaKyyMa Ha IMPOCTOpax
Bcenennoii. B rpaBuTaninoHHo «siMe», (DOTOH KPY>KUTCS BOKPYT YXKe «4€pHOU IBIPBI», TaK KaK OTTynAa, JJs
Hac, HUYero He BbuieTaeT. Tpaekropus ¢poToHa (X = Ct) MOBOpAuMBACTCS HA MOBEPXHOCTH c(hepbl, KaK ero
reose3uueckas. IIpu 3Tom (ct)BpeMs u KoopauHaTHOE npocTpancTBo (K?2) Ha paguanbHOM HaIlpaBICHUH,
MEHSFOTCSI MeCTaMU. MbI OECKOHEYHO JToNTo (t — ©0) KPYKUMCS BOKPYT «UEPHOU TBIPB», a B
MmaremaTudeckoMm popmanuzme (R — 0), reonesnueckue THHUU (OTOHA HEM30EIKHO CXOIATCS K HCHTPY
«4epHO# IbIpbi», Tae (K — 0) ucuesaer camo mpoctpancTBo. Ho B (usmueckoii peaabHOCTH, i POTOHA



,hG _
cywiecTsyeT npenenbhas [inankosekas amna | = =, Tak, uro (K - 0) - 1,616 = 10 33sm. Taxyio

CUTYAIUIO HA3BIBAIOT HEM30CIKHON CHHTYISIPHOCTBIO B IIEHTPE «UEPHOU JBIPBI», KOTOpoii HeT B [Ipupose.
26(M#0) w—— c+Nc

w>c)2 ' Y T 14cxNe/c?

3to npotuBopeunut (R < Ry) = = ¢, 3akoHaM U3k DiHIITeHHA. J{1s1

. . G
CBEpXCBETOBBIX (V > ¢) ckopocteit (v = Nc¢), MUHUMAaIIbHBIN paanyc | = |——— MEHBIIIE IJIAHKOBCKUX
’ (Ney?

pa3MepoB U B TAKOE CBEPXCBETOBBIX (V > ) MPOCTPAHCTBO cKopocTeil hoToH monacts He MoxkeT. Cdepa ¢
TaKUM IPOCTPAHCTBOM CKOpocTel 1t poToHOB OyzaeT «uepHoit». HaoGopor, Bce 3akoHbI HU3NKU
paboTaroT B 3TOI 007acTH, KaK U B (PU3NYECKOM BakyyMme. Mbl HE TOBOPUM 37€Ch, UTO 3TO HYJIEBas
CUHTYJISIPHOCTB. «YepHas AbIpa» He MOXKET MOIJIOTUTh MACCY, IIOCKOJIBKY 3Ta Macca, YTOObI IPE00IETh
TOPU30HT COOBITH, JOJDKHA Pa30rHaThCs 10 CKOpocTH cBeTa M — 0. Jlaske eciiv pa3OUTh aTOM Ha IPOTOHBI
Y DJIEKTPOHBI WJIN DJIEKTPOH-IIO3UTPOHHBIC NIAphl B U31y4CHUH XOKHUHIAa, OHU HE CMOTYT JOCTUYb CKOPOCTHU
CBeTa Topu30HTa coObITHi. Jlaxke eciy MO3UTPOH «POIMIICS 10| €BKJIM0BOM TMHHUEH, «IJTHHHOMN 6e3
LIMPHUHBD», TOPU30HTA COOBITHI. ITO BHE €BKJIMI0BOI aKCHOMATUKH IIPOCTPAHCTBA-BPEMEHH, BHE
[IOCTYJIATOB DHUHIITEHHA. A 3TO 03HAYaeT HEBO3MOXKHOCTh U3IyYeHHs] XOKUHIa «4EPHBIMU JbIpAMI.
Habnronaemble «uepHbIe ABIPBI» UMEIOT APYrHe MPUUMHBI U CBOMCTBA B paMKaX akKCHOM JMHAMUYECKOTO
MPOCTPAHCTBAa-MaTePHH. DTO BBIXOJIUT 33 PAMKH JaHHOU cTaTh. (https://vixra.org/abs/2412.0098, «CTPYKTYpbI
BaKyyMa, http://viXra.org/abs/2312.0018 , «HepHblie AbIpbI»). Ho ecitu 31ech peub 3alia 0 «4epHbBIX JbIPax»,
TO 3/1€Ch KOPOTKO OTMETHUM, a Jajblle 000CHYeM, 4TO Ha (1M — M) CXOAUMOCTSIX aKCHOM JUHAMUYHOTO
IIPOCTPAHCTBA-MaTEPUHU, Mbl TOBOPUM O nocienoBaTesibHOCTH Henenumbix KBaHTOB:
- (D6 €6)(Ps; €5) (Pa; €4) (P3; €3) (D2; €2) (P1; 1) (P e)(vu; Y0) (Ve; ¥) (V1 Y1) (V25 V2) (V35 ¥3) (V4 Va)-

BEIIECTBA, COCTOSIIIEr0 U3 aHTUBEIIECTBA U HA00OPOT, HAIIPUMEP MIPOTOHA U AIIEKTPOHA, B BUJIE:

Xt=p") = V—=y)X+=v)¥—=y)u(Yt=e") = X+=v )Y —=yHX+=;) .
Brmonnsercs pacueT crektpa Mace Henmenmnmeix KsauTtoB a n3 cootnomenuii (2ap; = 238pt = 2381),

KaK apryMeHTa, Mbl TOBOPUM O KBAaHTAX sapa mianer (py /ef )naroimux criekTp aToMOB B pacrajiax ypasa,
OOBIYHOTO BENIECTBA U KBaHTaX spa 3Be3a(p; /es), ¢ TBepaoil MOBEPXHOCTBIO CIIEKTPA «3BE3IHBIX) 22
atomoB (py /er) 6e3 konTakTa ¢ arMmochepoit (p/e) Bogopona 3Be3.1. IIpr 3TOM, UMEIOT MECTO -
yIUBHUTENbHBIE COOTHOIEHHs ux Macc: HOJI = M (e, = 3,524 E7 )(k = 3.13)M(y =9,07E—-9) =1,
HOJl = M(e, = 1,15E16 )(k =1/d = 3.13)M(y, = 2,78 E — 17 ) = 1. AHaJOrH4HO Jajee KBAHTHI sSpa
raJakTHYECKHX «4epHbIX cep» (P37 /e3), KBaHTHI S1pa TaJaKTHIECKUX «UEPHBIX JBIP», KaK sAPO
3Be3IHBIX FANAKTHK (p7 /e; ), KBaHTHI ipa BHEraJAKTHYECKHX «4epHbIX cdep» (P2 /es ) , KBaHTBI

aapa KBazapoB(pg /el), BHeraaakTu4yecKux 3Be31 (p; /ed) | sSapo KBazapHBIX TanakTuk (pg /eg),
AHAJIOTUYHO Jajiee, C UX MPeAeTbHBIMA MacCaMU B COOTBETCTBYIOIIUX PacueTax.

00 KBa3apbl 2a*p, =25p; 4 |pe =2es5/G e's =2pa/a?
2 poaa p s =1,19 E27 MeV e's =6,48 E23 MeV
MexranakTmieckn | g *p; _ 290},: ps =2e4/G es=2ps/a?
O3 X YepHbIx chep p s =3,447 E23 MeV es = 3,97 E19 MeV
® 3Be3/HbIX Za*pj :238}); 3 | p's=2e5/G e 4=2p2/
FanakTuk p*4 =1,7 E19 MeV e 4=1,15E+16 MeV
[anaKkTUyecKmx 2a % p; — 25]3; p*3 =2e,/G e3=2pi/a?
YyepHbIx chep p*3 =1,057 E15 MeV e 3=5,755E11 MeV
0N 0 3Be3apl 2a* p;, =290p, 2 |p2 =2e1/G er=2p/a?
p 2 =3,05EL1l MeV e= 3,524 E7 MeV
MnaHeTbl 2a*p; =238p’ p1=2e/G e1=2v,/a?
p 1 =1,532 E7 MeV e;=10178 MeV
2a*p* =25v, 1 [p'=2v0/G e =2ve/?
p* = 938,28 MeV e =0,511 MeV
Ol YpoBeHb 200%v; =292v; vp=a’e; /2 Yo=G p/2
vy =0,271 MeV Yo =3,13*10°MeV
0 |ve=a%/2 Yy=Gv,/2
Ve =1,36*10° M eV ¥ =9.07*10° MeV



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

dusnyecknin vi =0 Vo /2 Vi=Gve/2
BaKyym v1=8,3*101° M eV v1=4,5%101 M eV

ONo YPOBHSA -1 vi-a’y/2 v2=Gvy /2
v2=2.4*%101 MeV v2=2.78*10Y M eV

vs -a?yy /2 vs=G vy /2
v3=1.2*10" MeV vs = 8,05¥102t M eV

dusnuecknin -2 Va-02 V2 /2 Va=G vz /2
BaKyym v4=7.4*10%* MeV Va=4,03*10% M eV

O/l -4 YPOBHA

U nipy 5TOM, S7pa 3BE31 OTPYKEHBI B SHEPTeTUUECKUA ypoBeHb (y)(OTOHOB (u3MuecKoro Bakyyma. Sapa
raJaKTHK HOTPYKEHbI B YHEPIeTHUECKHil yPOBEHb CBEPXCBETOBBIX (DOTOHOB (PU3MUECKOTO BAKyyMa
(v, = a”lc = 137c = y,), ananoruyno kBazapos (vg = a~2c = 137%c = y,) u TaK janee.

[IpenenvHas macca miaHeT, uiga 1MeV = 1.78 * 10_27g:
1 1 _, Mg
= TN LT T M, (p1/n7) ~ 1.8%10% g ~ =, rne(Ms = 2 * 10°°g)- macca Connua.

I[a.nbme npeacibHas Macca 3BE€3/1, C AAPOM U3 aHTUBCHICCTBA:

1
Yy 9.07+10- 9MeV*1 78+10-27g

AHanoquHo npeznenbHas Macca (p3/nd = el) «uepHbIX chepy, ¢ AAPOM U3 BEIIECTBA:
1

— = = Ms(p3 1.25%10%%g ~ 625220M;
Y1 4510~ 13MeV*1 78+10-27¢ 3(p3/n3) ~ 1.25+10%g ~ 625220
npeenbHas Macca FaJ'IaKTI/IKI/I (ps /ng = ely) ¢ sapom u3 BewecTsa:
1
= = M,(pf 2x10%g ~ 101°M
Y2 2.78+10- 17MeV*1.78*10 27g 4(pi/m3) = 0™g 0" M,
npeJienbHas Macca BHETAJIaKTUUECKOil Mera 3Be31ibl, (p5 /N5 = e,5) C SAPOM U3 aHTUBEIIECTBA!
1 1 -
== =M ng) =~ 7x10%*g ~ 3,5 % 103M
Ys  8.05x10-21MeV+1.78+10-27g 5(Ps /ns) 9= s

HpeneﬂLHaﬂ macca KBa3apa (ps /ng = e.g) C AAPOM W3 AHTUBEIIECTBA!
= Ms(ps /ng) = 1,4 %101 g =~ 7x 10V M, ,

= M,(p; /n;) = 6.2x103%*g ~ 31M, , uiu B npeaenax or 1£ 10 31M, macc.

Z 4.03*10‘25MeV*1.78*10 —27g
OtmetumM, uTO sazpa 38e31 M, (p; /n;) = (Y—), bopmupytot (Y1) kBaHT, BO Bpamiatomemcs (Y+) mose
KOTOPOTO HaXoAaTcs TpaekTopuu (X—= p* — v ) exunoro (Y+= X—) npocTpaHcTBa-MaTepHH, KOTOPOE
noBopaunBaercs BOkpyr Comrna, Hanpumep. Yeaosusa(f'(x) = 0) marot Hensmenusie dkcTpeMatd (fiqx)
AUHAMUYHOTO f (X) # const TPOCTpaHCTBA-MAaTEPUH B rII00ATHHON HHBAPHAHTHOCTH.

Ono umeer makcumanbHoe(Y +)' = 0 3HaueHne quHAMUYHOrO 1mojst (Y+) # const, B INIOCKOCTH 3KBaTOpa €
(X—) Tpaexropusmu muaHet u (X—= p* — v, ) KBaHTOB TPaBUTAIMOHHBIX (X+) momnei. IIpocTpancTBO 3TO
dopma matepun. Kaxmoe sapo Takux 06T)€KTOB OJIﬁ (n) cXOAMMOCTH, TEHEPUPYET MHOKECTBO
COOTBETCTBYIOIUX KBAHTOB (2 * & * pi = e)i = N pj_;) yKkaszauHbIX B Tab/IuIe, U H3TydaeT (pi Fil p] 2)-
Otcrona cnenyer, HaIpuMep, YTO Kamnaﬂ napa KBAHTOB sIJ[pa TaJIAKTHKU TEHEPUPYeET

(2 * a xpf/nd = 238p3) ,uusnyuaer (pf — p;) KBaHTHI Aapa 3Be3/b1. M 3TO He 3HAUMT, YTO
M3JIydaemasi Macca KBaHTOB si/Ipa TaJIaKTUKH, paBHA Macce 200 MUIUIMAapI0B 3BE3]] 3TOU TaylakTUKUA. KBaHTHI
A7Ipa 3B€3/Ibl U3IYYal0T U TEHEPUPYIOT COOTBETCTBYIOIINE (B TaOJIHMIIE) KBAaHTHI, HAOHPAas MOJHYIO MacCy
3Be3/1. [Ipudem, pasiudHble CTPYKTYpPBI U s/pa ranaktuk (pf /nd) u sapassesn (p; /n3) , HabuparoT
MOJTHYIO MacCy pa3jIMYHBIX TAIAKTUK U 3B€3]] COOTBETCTBEHHO. DTO MHOXeCTBO (N) KBaHTOB sipa TUIaHET,
3Be3]1, TAIAKTHK, KBa3aposB.... Hampumep, sapo ConHula, Kak 3B€3/bl, U3IIy4YaeT sapa BOJOpoa

(p; = p* = v;) U 2JIEKTPOHHOTO AHTHHEUTPUHO, HO TeHepUpYeT (2 * a * p; = e}, = N pf) kBauTHI,
CKa)XeM TaK, «3BE3[JHOTO BELIECTBa» (p; /er ) B TBEP/Oi MOBEPXHOCTH 3BE3/Ibl. DTO «3BE3IHOE BEIIECTBOY»
(pf/er) He MOXKET B3aMMOJEUCTBOBATH C BOAOPOIOM (p*/e™), HO MOXKET M3JIydaTh MIOOHHOE
aHTHHEHTpHUHO (p; — V) , KOTOpoe B arMocdepe 3eminu pOopMUPYET MIOOHBI, KOTOPHIE B pacmagax JaloT:
(e™) mosuTpoHsL: (Y+=p) = (X—=v;)(Y+= e")(X—=v;). Wnu, kBaHTHI sapa Mera 3Be31bl ¢ (p5 /N5 = e.3)
U3JTy4aioT KBaHTHI (p; — p3 ) BENIECTBA, HO TEHEPUPYIOT KBAHTHI sAIpa TANakTHK (2 * @ * p; = ee = N p}).
AHaJOrM4HO J1ajee.

HOJI = M (e, = 6,48 E23 ) (k = 3.83)M(y4 = 4,03E — 25 ) = 1. MBI rOBOpHM O KBaHTax
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(Y—=ps /ng = ess) ANpa KBa3apoB, KOTOPHIE TOXKE 110 OTACIBHOCTH, H3Ty4aroT(p, / e4) KBaHTHI SIIpa

rajakTuk. MlHaue roBops, SApo KBa3apa, OKPYKEHO KBAaHTaMH sipa FaTakTHKH. [ OBOPST, IPH 3TOM, YTO
KBa3ap B ICHTPE TATAKTUKH. Takue KBa3aphl MIOTPYKAIOTCS B YPOBEHBb (DU3MIECKOTO BAKyyMa JI0
CBEPXCBETOBBIX CKOpocTed w;(y, = a™2¢c) = 1372 % ¢. 310 riry0xe, 4eM ypoBeHb PU3NIECKOTO BaKyyma
rajJlakTHKH. DTO COBEPIIEHHO pa3Hble 00BEKTHI. MBI BUIUM, KaK Obl «[TIOBEPXHOCTH)» TAIAKTHKH, HO SIPO
TaKoro oobexTa 0JI;;(n) CXOAMMOCTH, MMEeT Maccy B mpezenax ot (101°My) o (3.5 * 1013 M) macc
CounHia. DTO 3HAYMT, YTO POCTPAHCTBO cKopocteil Macesl (VGW2(2nR)VGW = 2GM) He MOXeET UMeTh
CKOpOCTh cBeta. [loyuaem st Macchl ipotona (M = 1,67 x 1072%r) , ¢ ycinoBHO#M OKpykHOCTBIO ( 27TR)

GM _ 6.67x1078%1.67x107 24 — 098 * 10'13cm)
2(2%3.14)c? 2%(2%3.14)%9%1020 '

paanyc MpoToHa. DTO U €CThb MUHUMAaJbHAs «4epHas AbIpay», He u3iydaroas (OTOH, C MPOCTPAHCTBOM
ckopocteit KBaHTOB (Y + Ve + ¥o) = P , MCHBIIMX CKOPOCTH CBeTa. M 3TO J0Ka3aTEIBCTBO TOTO, YTO
HEHUTPUHO UMEET HEeHYJeBY0 Maccy. [loaydaembix, TaKUM 00pa3oM, OECKOHEYHOCTEH HEeT, HU B
MaTeMaTHKe, HA B TIPUPO/JIC.

cdepsl u npeaenbHOi ckopocT (W = ¢) MBI HIMeeM (R =

CYH_ICCTBGHHO TO, UTO I'paBUTAlMOHHAA KOHCTAaHTa = Ay =V G , 9TO MaTEMAaTHYCCKas1 UCTHUHA

npenensaoro (4 = 4y = 08¢, = VG yrpa mapannenshocty, vero Het B O6weit Teopunu
OtnocutensHoctu (k = 871G /c*) DitnmTeiina. BTopsIM MOMEHTOM, €CTh KECTKUE yCI0BHS (BUKCALMH

IOTEHIHANOoB (g;; = const), ¢ IpHBE E (g:=D p
Ji , C IpUBEJIeHNEM MX K EBKIIMI0BOMY MTPOCTPAHCTBY . Beenenue B
. 1 1
ypaBHeHHe Kodpduumenta (A), MEHIOMMI SHepruo Ry — 5 Rg; — EA 9ji = kT;; Bakyyma, HE MEHSAET

ycnoBHs ee (puKcanuu.
4. Ckansipabie 0030HBI.

JleiicTBue kBaHTa 7 = ApAA = FAtAA , 3apukcupoBaTh B IPOCTPAHCTBE A%y Bo BpEMEHU At

((p # const) (X+)

Heab3s. DTO CBA3aHO C HCHYJICBBIM YIJIOM IMapalICIIbHOCTH (X_) nin (Y_) TPaCKTOpUHU

+ o
w Y1) kpanra IPOCTpaHCTBa-MaTepuu. ECTh TOJIBKO HEKasi BEpOATHOCTH JeicTBuUs. [IpeoOpa3zoBanus 24

2
peHHTHBHCTCKOﬁ JUHAMHUKH BOJIHOBO v (bYHKI_II/II/I KBAHTOBOT'O ITIOJIA € ITNIOTHOCTBKO BCPOATHOCTU (‘W’ )

B3alMOJICICTBUS B (X rome (Pucynox3), coorBercTByIOT I 106ansHO MIHBapuaHTHOM W(X ) - eﬂa‘F(X ),

a = const rpymme Jloperna. DT npeoGpa3oBaHUs COOTBETCTBYIOT OBOPOTAM B IIIOCKOCTH KpyTa S, U
PENATUBUCTKY - HHBAPUAHTHOMY ypaBHEeHUIO J{paka. B yCIOBHSIX MPUHIMIIA HEONPEICTEHHOCTH

. l
BPEMEHHOT'O MPOCTPAHCTBA W = —, HA (X—) Ttpaexropun kBanTa (X1) nmpocTtpaHcTBa-MaTepuu KBaHTa,

HMCIOT MECTO UX COOTHOMICHUA KaK MAaTEMATUUCCKNUEC NCTUHBI IMHAMHWYHBIX dKCHUOM, B HACTHOM CJIy4ac

EBKIM10BO aKCMOMAaTUKH HYJEBOTO yIJla MapajjienbHOCTH (Qx) B BUJE:

—=2, —=2 inZ=Hy, 2 =2 (nH — Hn)
MaTeMaTHueckux uctuH ypasHeHuil penunrepa u ['eiizendepra (I1.Jupax, ctp. 83-88). 3nech He
o0CyKIaeTcst TOCTaTOYHO IITyOOKUI (PM3NYECKUil CMBbICIT JIMHAMUKH BOJHOBOM QyHKIH. [lepexonanoe
coctosinue Kpurepues OBomtorun kBaHToB (X+) win (Y1) tuHaMMYHOTO MPOCTPAaHCTBA-MaTEPUH, B
npesenax uxX COOCTBEHHBIX JUHAMHYHBIX YTIIOB MApaLIENIbHOCTH Py (X —) nimn @y (Y —) TpaekTopwii,
COOTBETCTBYET MaTpUllaM Ha4aJbHOTO0 U KOHEYHOI'O COCTOSIHUS, OIIEpPaTOpaM POXKACHUS U YHUUTOKEHHUS X
Kpurepues DBoironuu, ¢ UX HEU3MEHHBIMH SKcTpeMasisiMu B I 1o6ansHoi MHBapuantHoctu. [Ipu sTom
MIEPEXO/IHOE COCTOSIHUE B OllepaTopax KOOPAMHATHOIO M BPEMEHHOTO MPOCTPAHCTBA B 3aKPBITOM cucTeMe
HYJIEBBIX YIJIOB apaljIeIbHOCTH Py (X —) nnn @y (Y —) TpaekTopuii, B EBKIINI0BOI akcnmoMaTHKe,
COOTBETCTBYET ONEPATOPHOMY MPECTABICHUIO YPaBHEHUN JMHAMUKH BOJTHOBOM (YHKITUH:

n\ 92

Hz(%)m, E=ih—, (E—H) =0

3n1ech raMUIbTOHMAH H COOTBETCTBYET ypaBHEHUIO DWHINTEHA B UMITYJIbCHOM NPEACTaBIEHUU
E H
-=w, - = VD +m2c?, ypasnenus (E — H)Y = 0.

o H
KBanpaTHblil KOpEHb FaMUJIBTOHHAHA (;) , bepeTcs B anrebpe KBaTepHUOHOB B MATEMaTHUECKUX UCTHHAX
(Kopw, ctp. 449): bi_1,3=1, bZ=1, byby+bb =0,



H
- = JpE + m2c? = [ (bipy + bymc) (bkpy + bymc) = bpy + byme,

Teneps ypaBHEHHE PEISATUBUCTCKON TMHAMHUKN BOJTHOBOW (DYHKITMM MMeEET BU, ypaBHeHuUs [[upaka:
(E—H)yp =0, W=29=0, W= (bp— bsmc)p =0, umn:

(ih(% —by, 66_1() —bymc)y =0, e b, , u b, marpunel dupaka (I1. Jupak, ctp. 77).
Cam Jlupak npuImet K 3TOMYy YPaBHEHHIO CBOMM ITyTEM, U3BJIEKast KOPEHb HAMPSIMYO:
. 2
E? =pi+m?c*, E*= inr 2 p= +ypE + m2c* = £ (bypyc + bypyc + b,p,c + bymc?) .

o2’

VKe 0TCroJ1a BUIHO, YTO JJIsk MAaCChl MOKOSI, Pyy, = 0, €CTh mosoxurenbHas sueprus: E = +mc?, u ecTh
oTpHIaTenbHas sHeprus, E = —mc?, B Matpunax Jlupaka:

KaK MaTeMaTU4YeCKOW CTUHBI alre0pbl KBAaTEPHUOHOB (PMKCUPOBAHHOM c(pephl, B TEIECHBIX yIiIax
napajuiebHOCTH @ x (X —) nmn @y (Y —) TpaekTopwii, ¢ MPUHITUIIOM HEOTIPEACICHHOCTH B KXKION
EBknunoBoii ocu chepsl Ha 3TUX TpaekTopusax. CHOBAa-TaKU peub O MaTEMaTHYECKUX UCTHHAX TEXHOJIOTUU
JTUHAMHYHBIX akcuoM, kBaHTOB Henenmumbix Oo6nacreit Jlokanm3anuu (X+) wim (Y +) nuHaMuaHOTO
MIPOCTPAHCTBA-MATePUH, KOTOPbIE COOTBETCTBYIOT MaTEMaTHUYECKUM HCTUHAM TEXHOJIOTUU KBAHTOBBIX
Teopuid B EBKIMA0BON aKCHOMAaTUKE IIPOCTPAHCTBA-BPEMEHH.

. oyl X . owllX _

lnai()—mw(XFO [%%—mw(z\’)}O
X, ’ - X,

Takast ”HHBAPUAHTHOCTH JTAET 3aKOHBI COXPAHCHUSI B YPABHEHHSX JBHKEHHS. {1t peoOpa3oBaHuii

peHHTHBHCTCKOﬁ JWHAaMHUKH B FI/IHep6OJII/I‘ICCKOM JABUXXCHUH,

PYX) = e PX), ch(aX) = %(e‘” +e7Y) = %X, (aX +# const)
et = (coswt + isinwt),  isinwt=./(+sinwt)(-sinwt),
MuumocTs (i) B 11e510M, o3HadaeT Hanmuue (Y—) win (X—) 1oJsi, B JaHHOM clTydae.
e h((x=2)/Yo )
y ch((x=z
| - A e 0

3

| . N

1 g (£
{

!K I." ‘;'-:;t—;'.'_ ‘.7, V./ . “ax (cos’ . p ‘t

+Y " Ysin)

A, ¥ "-i‘:u : -.l ///Z e
Kx / _:"} o Py A*(X') : l' X=1KT
2 : / (X+) -Y v(‘Sln)

Pucynok 3. KBanr (A1)

B ycnoBusix Jlokansnoit MuBapuantaoctu (JIN), most HOJIzch(Yi)(XJr)cos (@)(X-)=1, ¢#90°, mpn
0

JUHAMHWYHOT'O IMTPOCTPAHCTBA-MAaTCPHU.

¢=0, cos(p)=1, nmeem: Ch(Yi):L ch(?)zl, WIH ch(YL)=1. st (£y) BoaHOBOM (W=Y-Y0) QyHKIHH,
0 0 0—>®
BHECEM SICHOCTB. I3 IpoCTBIX coobpaxenuii Gepem Y = e @t g jw = \[(+w)(—w) yriaoBoii

CKOPOCTH BpAIlleHHs] U HEU3MEHHBIX dKcTpeManeii(ax = const): Y = e%e'®t = %% (cos wt + i sin wt), Te:

(isinwt = \/ (+sinwt) (— sinwt) ). 31ech W - MOBOPOTHI B Y Z- MIIOCKOCTH CEYCHUU TpaeKkTopuu (X-) ¢

. w .
JIOPCHIICBOM MHBAPUAHTHOCTHIO, KBAaHTOBOT'O ITIOJIsI BOJIHBI, B BUIC W = ; , h = pr, C DHCPrucu
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9 iw
WEPT) 5o ppemenn: 2L = — — U, mm

2 3 _i
W = zp_m + U. Jlunamuka BHYTpH KBaHTa | = Ae'®t = Ae™ & Py

%Z—T = W B mopoctpaHcTBe: grad(P) = — %pllj, u div grad(y) = :L—ij , OTKyJa: p? = %ZALLI , AN
r = i Ay, B OKOHYATEJILHOM BU/JIE ITOJIYYHUM: h o _ M Ay + U, iTMHaMUKY D)HEPrUU BCETO
2m  2mxy ! " UYmax 0t 2mMsPpax ’
(Wmax = 1) KBaHTa, mpuyeM ¢ Maccoi (m), Harpumep, MeKTpoHa. OTHOIICHUE Kq;:n , JaeT HaM TOYKY
¢dukcaryu (P = Y) KBaHTa B 9KCIIEpPUMEHTE, B MH0ObIX Kputepusx DBomonun. OKOHYATEIHHO MOTydaeM
ihZ—q: = %ALP + Uy, ypaBHenue penunrepa. KiroueBoii MOMEHT B TOM, YTO Mbl HMEEM: % = b,
max

OTHOIIICHHE TUIOIAAN ceueHus Tpaekropun (X—) mnu (Y —) KBaHTa MpOCTpaHCTBAa-MAaTEPHH B JAHHBIN
MOMEHT BpeMeHH ((pHUKcalUii B SIKCIIEPUMEHTAaX ) K MAKCUMAJIbHOMY CEYEHHIO B3aUMOJEHCTBHS, YK€ B BUJIE
BEPOSTHOCTH COOBITHS. ITO MOKeT ObITh DeliHMaHa HHTETpall o (X— = ) TPACKTOPUHU my? = f 2mydy, KakK

o 2
cymMma Bcex 3HaueHudt (V). 3aech, ¢ = ﬁ =i * sing, = /(+sing,)(—sing,) = iJl — (cos?p, = VCLZ) , C

U3MEHEHUEM YIJIa apajljIeIbHOCTH (¢, ), Cpa3y BO3HMKAET PEIATHBUCTCKAs MOIPABKa B KBAHTOBOM
PENATHBUCTCKOM MHamMuke (cosg, = dy1), (KBaHTOBOH TEOPUM OTHOCHTENbHOCTH). M 9T0 yKe
MareMaTH4ecKas HCTUHA BEPOATHOCTHON MHTEPIPETALMH BOJIHOBON (YHKIUH B IIPOCTPAHCTBE-MATEPUH,
6e3 BapuantoB. Torma s iy = \/(+¥) (=), momyunm 1is (X+): il = Ae®el®t = Ae%+i@t Tlpyu sTOM
npocTpancTBo ckopocteit: (X-) =v(X)= v(cos ¢+i sin ¢). Wm: iv(X) = sing = v,/ (+sin@)(—sing) , B
ypaBHeHUH J[Mpaka MOSABIACTCS JOMOJHUTEIBHOE ClIaraeMoe.

iy, T_MW(X) +iy, o
i u

I/IHBapI/IaHTHOCTB 3daKOHOB COXpPaHCHHA HAPYIICHA. I[J'ISI HUX COXpAaHCHHA BBOIAATCS KaJ'II/I6pOBOLIHbIe
mojisg. OHu KOMIICHCHUPYIOT JOIOJIHUTCIIbHOC CJIara€MoC B YpaBHCHUH.

i OalX : o .
4,(0)= 7, (x)+:240) i7,] =2tid, () (¥) -my (x) =0 N
u , " u . _

Teneppb yxe B TakO€ ypaBHEHUE, TOACTABIISAS 3HAUCHHUE W(X ) - ea(X)IF(X ), a(X) 7 CONSL 5o nroBoii
(bYHKIMH, TTIOJTyYMM HHBAPHAHTHOE YPaBHEHHE PEISATUBUCTCKON TUHAMUKH.
_ dy oy oedx)_  — . dalx)_  _
Y, a—yﬂAu(X)lf —my =iy, a"'l}’u WUJ —YuA,J(X)»‘/ Wy ) Y —my =0

. oy — _ . o  — o

ly‘u——}/“A‘u(X —my =0 l}/‘u —+1A#(X)l[/—ml[1 =0

ox ox
H , U #

DTO ypaBHEHHE MHBAPUAHTHO UCXOHOMY YPABHEHUIO
: o .
Wl 5 T (X) jyr (X )= my(x) =0
u

,da(X)
L )
oxy

HaJU4us CKaJIsipHOTO 0030HA (U(+a)(—a) =ia(AX) # 0) = const , B TIpeiesiax KaruOpoBOYHOTO (AX) = 0)

a
noist (Pucynok 3). Otr ycnoBus (% = f'(x) = 0) naroT HeusMeHHbIe IKCTpeMad (fiqy) TUHAMHIHOTO
u

4,(X)=4,(x)

B YCIOBUAX “

, 1 AX) = AH(X) +

a(X) = f(x) # const npocTpaHCTBa-MaTEPHH B TII00aIbHOM HHBAPHAHTHOCTH. U 3/1€Ch HET CKAJSIPHBIX

0030HO0B. J10: 4,(X) = A,(X) + iagix) , I3BECTHBIE KAIMOPOBOUHBIE MpeoOpa3oBaHus. a(X) — 4-BEKTOp
I

(4o, A1, A,, A3) DIIEKTPOMATHUTHOTO CKAJISIPHOTO (¢ = Ag) Y BEKTOPHOI'O (Z = A,, 4,, A;)IOTEHIIAJIA B

>IeKTpoanHamMuKe Makcpemna: E = —Vo — 'Z—f, v B = —VxA , rpajiieHTa u potopa, ui £, = 0,4, — 0,4, ¢
TeH30pOM (F,,), (Ex, Ey, Ez, Ex, Ey, E;) KOMIIOHEHT 1 nipeobpa3oBannsmu Jlopenna. K takomy notenmmany
MpUOaBIISAETCS TPOU3BOAHAS CKATSIPHOW (PYHKITMH, HE MEHSIOIIAs CaM MOTEHIIUA. JTO KIFOYEBONH MOMEHT.
B Teopun fHra-Muiica, OH IPEACTaBIIEH IPYNIIOW CHMMETPHH, 4, = 2(x)A, ()7 (x) +i2(x)3,(2)~'(x) , TOe



02(x) = e , n w-snement moooit (SU(N),SO(N), Sp(N),Es, E7,Es F4,G2) rpynmst JIu, A, - A, +d,0. B
PeaTbHOCTH, 3TO (PUKCHPOBAHHOE COCTOSIHUE IMHAMUYHON (YHKIUU: Ky =1 + Y, , B KBAHTOBOU
X=Z

PENATUBUCTCKON TMHAMUKE. Y CIIOBHO TOBOPSI, B KaXk10M (PUKCHPOBAHHOMN TOUYKE: a( YE ) = const , €CTb CBOU
0

X=Z
o X=Z -~ o
(yron HaxkIOHa BETOK) rUnepOOIMIECKHi KOCHHYC, Ky = Yoch(=>) = e5%) , YK€ B OPTOrOHAIIBHOM (YZ L X)
0
IUIOCKOCTH, TIPUYEM, 32 MIPEIEIaMK JMHAMUIHOTO (Y,), B KBAHTOBOW PEIATHBUCTCKOM JuHaMUKe. Takum
00pa3om, cKaJsipHbIe 0030HBI B KATMOPOBOYHBIX MOJISIX, CO3JaHbl HCKYCCTBEHHO, JIJIsl YCTPaHEHUS
Y X=Z
Hez0cTaTKoB Teoprn OTHOCHTENBHOCTH B KBAHTOBBIX NOJIAX. B nenom, (Ky = Y), M- = ch(= ), Mbl uMeeM
0 0

2 —
KPUBU3HY (K =— 1;— = (H?/—(Y)) (CmupnoB, Kypc Beicuieit matematuku, T.1, ¢.186-187) B Buje:
0 0
2 _ .
K = —};— = (Y) ch(Xy;Z), (X+) mons, B manHOM citydae. U aty: ¢ = Ae™ '@t BonHOBYIO (DyHKIHIO, MOYKHO
0 0

MPUMEHSTH U B KBAHTOBBIX TPABUTALMOHHBIX (X +) MOJISAX, KOTOPBIE U3MEPSIOTCSI KPUBU3HOM,
IIPOCTPAaHCTBA-MAaTEPUH, B JAHHOM CIIydae.
5 CniekTp HeeJIMMBbIX KBAHTOB IIPOCTPAHCTBA-MATEePHH.

+ +
Henenumbiv O6nactsiM Jlokanu3anuy KBaHTOB (X£) : (Y1) JUHAMHUYHOI'O IIPOCTPAHCTBA-MaTEPUU
COOTHOCSITCSI CTAOMIIbHBIE KBAaHTHI IIPOCTPAHCTBA-MaTepuu. B 060ux cirydasx peus uuet o pakrax

(Yt=e) AIIEKTPOH, M3JTy4aeT CTaOUIIbHBIN (Y£=7) doron, u
(X (Xi:v“) (Xt=v,)

peanibHOCTH. CTaOMIIBHBIHI

o + =
B3aUMOJCUCTBYCT CO CTaOMIBHBIMU - p) IIPOTOHOM U

(X-=Y+) ' X+=Y-)

HelTpuHO. B enuHOM

MIPOCTPAHCTBE-MATepUU OHU 00Pa3yIOT MEPBYIO o1, Ob6nacts Jlokanuzanuu
HenenuMbIX KBanToB Ha ux M~ cxonumoctax (PHCYHOK).

e, eq e Yo v =C Y "
/ / / 7 / 7
// 4 A ' 27
Nl NL Nl TS —
Py Pq Vi Ve vy
on, i ony — > <—on,—>

Pucynok 4. Henenrmble KBaHTBI POCTPAHCTBA-MaTEPHH.

Tl COXpaHenHs HepasphIBHOCTH exmHoro (v~ = Y1) (X +=Y-)

Y

MMPpOCTPAHCTBA-MATCPHUU BBOAUTCA

(X+t=v,)

+ = o + =
(Yt=7,) (OTOH, aHATIOTUYHBIN \* — v) (hOoTOHY. DTO COOTBETCTBYET AHAJIOTUU MIOOHHOT'O

1 3JICKTPOHHOTO (Xt=v,) Heiitpuno. Ilpu stom, u Hettpuro (v,), (v,) 1 dhoTonsl (yo), (v), Moryt

Pa3rOHATHCS, KaK M MPOTOH, WJIH 3JICKTPOH, 10 cKopocteit (V1), (V2..), MO TaKKM ke peoOpa3oBaHUsIM

o W =a*c
Jlopenna. mes ctaHmaapTHYIO, BHE BCAKHX MOJIEH CKOPOCTh AJIEKTPOHA w, ), U3ITyYaroIero

o=W,6/c=cosp, =1/137,036

CTaHHapTHBIﬁ, BHE BCSKHUX MOJIEH (bOTOH V('}’) =c¢ , KOHCTaHTa JacT 110

— oy ¥ — A
aHaJIOTUH, PacYeT CKOPOCTEN Vie)=a*Vy (1) g CBepXCBETOBHIX hoToHoB B Be: /2 (V2) =0 ¢
Vilyy) = ae Vi(}’f) =a ¢

w

€

, B CTaHJApTHBIX, BHE BCSIKUX MOJIeH ycrnoBusx. OpOUTaIbHBIN JIEKTPOH, C

= = L =C08¢,,, (¥Y-)

YIJIOM MapauIeIbHOCTH ¢ 137 TPAEKTOPUH HE U3JTy4aeT POTOH, KaK U B
NPSIMOJIMHEHHOM, 0€3 YCKOPEHUS, IBM)KCHUH. DTOT MocTyaaT bopa, a Tak:ke NPpUHIAI
HEoINpeaeJeHHOCTH HIPOoCTPaHCcTBa-BpeMeHu (cos (Y =) # const), (cos @(X=) # const) ¥ NPUHIHUI
IKBHBAJEHTHOCTH JDiHIITeliHA s mHepTHOoH M(Y-)=m(X+) ¥ rpaBHTAIIMOHHOM MACC, ViKe €CTh

AKCHOMBbI IMHAMUYHOI0 NPOCTPaHCcTBa-MaTepuu. M Mbl yxe otBedaem Ha Bompockl, [IOYEMY »sto Tak.

CoSP, =a COSQ, = JG

I[I/IHaMI/IKa MAacCCOBBIX HOJICH B npeaciax
3ap51110351171 HU30IOoTCHI A UX €AUHHUYHBIX MacCcC.

, KOHCTaHT B3aI/IMOIleI‘/’ICTBI/I$I, HacT



m(p) = 938,28MeV, G = 6,67 * 1078. m, = 0,511 MeV m,, = 0,27 MeV),
(x Kx) (X =) =cos (pX—(\/ ) =G, (Y KY)(Y —) =cos @y =

~ 137,036
F=I1? n2r2 ny=my
R :[ Y (Y/KZ)] (YZ_G) ’ OTKyZa 2my = Gmy
K2 2
F=I? _ [n%12 _ ] NX=myx 2 2
—ox7 T L x T (/) xi 0(2) »  OTKyla My == My
K 2

(a/V2)*TIK *(a/v2)=a’m(e)/2=m(v,) =136 *10° MeV
NG/2*¥TIK*NG/2 = G*m(p)/2 =m(y,) = 3.13%¥107° MeV . My = Gmy /2

m@y) = w — 9,1+ 10~°MeV.
B equnom (Y+ = X+) wu (Y+ = X—), (Y— = X+) npocTpaHCTBe-MaTepUH HEICITUMBIX CTPYKTYPHBIX
dopm Henenumbix kBaHTOB (Y1) n (X+1):
(Yt=e7) = X+=v;)(Y—=y*)(X+=v; ) snekrpona, rae HOJI(Y +)=KD(Y+)KD(Y-), u
Xt=p*) = Y—=y5)(X+=v;)(Y—= y¢) npotona, rae HOJI(X +)=KI(X+)KI(X-),

2
Mmy = mY/Z,

MBI oTaeisseM 31eKTpo (Y + = X —)marHutHele nojs OT MaccoBbIX nojeit (Y — = X+) B Buze:
K DA D) =) n EED =g = (7)1 -); (=X ) = EOED g, L DOBGIDD) _ g (74
m(v,)/2)(V2 * 6)(m(v,)/2) (1.36 % 107°)2 2% 6,67 x 1078

. _ (m@ve)/ )(VZ * 6)(m(v,)/ ) _( ) ° * — 4.8+ 10~1CTCE

m(y) 4%9,07 * 10-°
oy DEH r=)(r-) . =) (@) (¥-=rs) _
Y HEH)=E-)n TLEP=1=F DK ) (V=X -) =52, wm o = (V=X ),
m 2)(a?/2)(m(y$)/2 3,13 % 107°/2)2
qp=( (r9)/2)( /_)( 00)/2) _ ( /2) = 4.8+ 10-1°CICE
m(v;) 2% 137,0362 % 1.36 x 10~5

Takue COBMaACHHs HE MOTYT OBITh CIy4aiiHbIMU. JIIst JUTHHBI BOJHBI IPOTOHA A, = 2,1 * 10~ *cMm, ero
C o o

4acToTa (vy+) = o~ = 1,4286 * 10%*T'y opmupyercst 4acToToi (¥,) KBAHTOB, ¢ Maccoii 2(my4)c? = Gh(vy4).
14

Gh("yg)- _ 6,67x1078+1,0545%10727+1,4286x10%*

1r = 5,62 * 10%°MeV , unu (M) =—5—= or1070 =5,58 % 1073%2r = 3,13 x 10~°>MeV —

AHAJIOTHYHO JUIsi 2NEKTPoHa A, = 3,86 * 10~ cm, ero uactora (v,;) = Ai = 7,77 * 10?°T'y, popmupyerest

e

4acToTOH (v, ) KBAaHTOB, C Maccon 2(m,-)c? = a?h(v,,-), rae a(Y =) = KOHCTAHTA, IIOJTy4aeM:
e Ve (Ve yq

1
137,036
(m,) = @h(Vag) _ 141054501072747,77510%°

Ve 2¢2 (137,0362)%2%9%1020

Takue coBmaieHus: TOXKE HE MOTYT OBbITh ciTydyallHbIMU. PU3nYecKuM (HaKTOM €CTh 3apsA0BbII
u3omnoTeHnuan nporoHa p(X—=Y+)e u siexTpoHa B aTOMe BOJIOPO/a C COOTHOIICHHEM Macc

(p/e ~ 1836). Ilo aHanoOrMy MBI FOBOPUM O 3apsA0BOM H3onmoTeHIuane v, (X—=Y+)yy, u v, (X—=Y+)y,
Cy0aToMOB, C COOTHOMEHHEM Macc (V, /Yo ~ 8642) u (v./y = 1500) coorsercTBeHHO. [IpH 3TOM, CybaTOMBI
(Vi/Y0) YAEPKMBAIOTCS TPABUTALIMOHHBIM IIOJIEM IIAHET, @ CyOaTOMBI (Ve /Y) YAEPKHBAKOTCS
IPaBUTAIMOHHBIM TOJIEM 3B€3]l. JTO CIENYeT U3 pAcueTOB aTOMHBIX CTPYKTYp (p/e), CyOaTOMOB TUIaHET
(p1/e1)(P/€)(Vu/vo) 1 3Be31 (p2/€2)(P1/€1) (0/€) (Vu/Y0) (Ve V), Ansi: €y = 2V, /a* = 10,2GeV),

e, = 2p/a® = 35,2TeV) ,HOJl = e; x 3,13 xy, = 1, u HOJI = e, = 3,13 xy = 1. A TaKkxke
JUISL pp = 26—3 = 15,3TeV, u p;(X—=7Y +)e; «TsHKeNbIX aTOMOB» BHYTPU camMuXx 3Be3]1. Ecnu cymiecTByroT

= 2,424« 1073%r = 1,36 * 10~°MeV, nJisi MacChl HEUTPUHO.

) = % (153TeV)u (my =e;) = M = (35,24 TeV) , TO MOJJOOHO I'eHEPAIMH

kBaHTaMu (p;/n,) aapa 3emiu saep (2ap; = 238p™ = 2380) ypaHa pt = n, ¢ mocaeayIONIMM pacragaoM B
- 2eq 5
CIICKTp aTOMOB, KBAaHTBI p; = —_- = 3,06 x 10°TeV, u (pz/n2), (b, ~ nz) A7Apa Comnna (3Be3761, HO B aTMocdepe

KBaHTBI (My = py

3emui, BO3MOKHBI (pHKcariu 4acTHIl ¢ dHeprued p, = 305 E15 eV wm e;= 3,524 E13 eV, kak MUHUMYM),
TeHEepUPYIOT SIpa «3BE3HOTO ypaHay, (2ap; = 290p; = *°°U*), ¢ UX PK30TepPMHUYHBIM PACHAZOM B CIIEKTP
«3BE3HBIX» aTOMOB (p; /e ) B TBepoii mMoBepXHOCTH 3Be3/bI (CosHIa) 6€3 B3aUMOIECHCTBUI ¢ OOBIYHBIMHU
aTomamu (p*/e”) Bomopoza u criektpa aroMoB. Manmyuenne (p; — v, ) ColHIIEM MIOOHHOTO
AHTUHEHTPHUHO, MMOT00HO M3NydeHnto (e — y) GHOTOHOB, 03HavaeT Hajmmuue Ha COIHIIE, TAKOTO 3BE3THOTO
BeIecTBa (pf /e;) 6€3 B3aUMOAEUCTBHS C TPOTOH (pt /e ™) 2/IeKTPOHHBIMU ATOMHBIMH CTPYKTYpPaMu
0OBIYHOTO BEIIeCTBa (BOIOPOJI, TEIHH...). TaKOBBI pacdeThl  (PU3NICCKH JTOTTYCTUMBIC BO3MOKHOCTH.



B npunnune, 1ocTatoyHO 3HATh KOHCTAHTHL G = 6,674 * 1078, a=1 /137.036 mnpenenbHBIX
YIJI0B ¥ cKopocTh ¢ = 2.993 x 101%cM/c, uTo6bI onpenensats koHcTaHTy AeiicTus Ilnanka s
eIMHUYHBIX Macc (Mg * my = 1) U ux 3apsA0B B BUJIC:

10812 (1 — ) 2
h = Gmo%Gmo(l —2a)? = (6,67411307 0;6*(21991(110311036)) = 1.054508 * 10727 spr*c

wm: my *my = (K3 = m,,)(K3 = m,,) = 1, B akcuomMax JUHAMHYHOI'O [IPOCTPAHCTBA-MaTEPUH. ITa

koHcTaHTa feicTByeT B (0J1;) ypoBHE PU3NIECKOro Bakyyma, ¢ peeiabHol (V =y = C) CKOPOCTHIO

CBeTa, B KOTOpoM Bce ocTanbHbie (V; = N * ¢) ckopoctH (v; > ¢) B (0J11)(0J15)(0J1_;) ... (OJI;) ypoBHsx

c+Nxc
(bI/ISI/I‘IeCKOFO BaKyymMa UMCIOT, W = W = ¢, CKOpOCTb CB€Ta. HpI/I‘ICM IS JIFOOBIX (M] * J * m; = 1)

2

C

macc. M 310 3Ha4MT, 9TO BO BCEX YPOBHAX (hr3nyeckoro (m — n) cXoJUMOCTEH, KBaHTOBOM CUCTEMBI
KOOPJMHAT, IeHCTBYIOT KOHCTaHTHI (7, G, &, €), B IPOU3BOIMMBIX pacyeTax. KBaHTOBBIMU CBOHCTBaMH

o0afaroT Kak 0oJbIIMe, Tak U Majble Maccel. Hanpumep, 1t macesl ComHIIa.

h (Msz*cz) h=1,un1u Ms(a\/f)zve =2 %1033 (ﬁ) %1,78%10°27 21,36 %1075 =1 .

137
DTO0 3HAUMUT, UTO TAaKHE 3BE3HBIE MACChl Mg (\/Z)Z = 2.8 * Mg, MOT'YT yJACp:KMBaTh B CBOCM I10JIC IpaBUTALIUH
Ve~ HEUTPHHO. [11aHETHI MOTYT yIEPKUBATE B CBOEM I10JIE TPABUTALIMH € - JJIEKTPOHBI UV, - HEUTPUHO.

AHaJIOrHYHO OmpeeseTcs 3apsal eAMHUYHBIX Mace (my = 1), wiu (my = 1) B BuzeE:

(mg = /(M * k *m; = 1) = 1). Toraa 3apsj ecTb CBOACTBOM Macc:

q =Gmya(l —a)? = 6,674+ 1078(1/137.036) = (1 — 1/137.036)% = 4.8 * 10710,
M MX COOTHOINEHUs: hac = q2 . TakuM pacueTaM COOTBETCTBYET MOJIE/Ib IPOAYKTOB AHHUTUIISILIUK
MPOTOHA U AeKTpoHa. Maccossie mons (Y- = e) = (X+ =p) aroma.

29

f
T
|

(x+)

MoZenb NPoToHa MOAENb INEKTPOHA

hydrogen atom

Pucynoxk 5. Monenu npoyKTOB aHHUTHIISILIMY [IPOTOHA U 2JIEKTPOHA
MB&1 BuuM, Ha «opbute» atoma maccoBoe (Y— = X +), mpuuem KBaHTOBOE T0Jie OpOuTaeii, u

MarauTHOE nosie (X— = p*), npoToHa, Kak MOTOK «BUPTYAILHOT0» DIEKTPOHHOTO aHTHHEUTPUHO
(X— = v;). Tax ke 2JIeKTPHYECKOE TOJIE DIEKTPOHA, C TIOTOKOM «BUPTYaIbHbIX» (Y+ = y*) doroHoB, B
amektpo (Y+ = X —) MarHuTHOM B3aUMO/ICHCTBHUHU MMPOTOHA M 3JIEKTPOHA B €IMHOM TIOJIE 3apsi/ia MPOTOHA
anekTpoHa. ['eomerprueckum GakTOM 37€Ch, €CTh HATMYNE AHTUBEIIECTBA B CAMOM BEIIECTBE MPOTOHA U
>aexTpoHa. Ilpu 5ToM, IpoayKThl aHHUrHIsIuK potoHa (X+=p*) = Y—=y{)X+=v;)(Y—=y ) u
npoayKThl aHEUrKIsIuy onektpona (Y+=e7) = (X+=v,)(Y—=yHX+=v;).

AHaNOTMYHO B €IMHBIX MOJISIX MPOCTPAHCTBA-MaTepuu BO30HBI 21eKTpOoCcIadoro B3anMo1eHCTBUS:

HON(Y) = (Y+=eD)(X—=v]) = L W = (1 +V2* @) m(W?), uiu:

G
2+ (1/0.511%0.27)

HOM(Y) = m(W2) =
13 7.036*6.674*10_8*(1+

= 80.4 GeV,

137.036)

C 3apsAa0M e’ , 1 MHAYKTHBHOM Maccoi: m(Y —) = (\/E * a) +m(W?*). D10 Kak «remuas m(Y —) macca».

_ a*( (Zme)mvuexpl)
HOJI(X) = (X+=v])(Y—=e®) = = 94,8 GeV = m(Z°)

G




6. HoBrbI€e cTa0OMILHBIC YaCTHIIBI

N vV,
Ha BCTpe‘IHHX IMy4Kax MIOOHHBIX aHTUHCUTPHUHO ( '“) B MAaroHuTHBIX ITIOJIAX:

2

2
HOJI(Y =€) = (X—=v ) (Y+=7,)(X-=v]) = i _10.216Gel
o

B HECTAOMILHOM BUJIC OTO U3BECTHLIC YPOBHU UIICUIIOHUS.

+ —
Ha BCTPECYHBIX ITY4YKaX IIO3UTPOHOB (e ), KOTOPBIC pa3rOHAKOTCA B IIOTOKE KBAHTOB (Y - }’) )
(I)OTOHOB «0eJIoroy Jladepa B BUAC!

2
HOJI(X = p{)=(Y—=e" )(X+=v,)(Y—=¢") = 2 —153TeV

Ha BcTpeuHBIX My4Kax aHTUIIPOTOHOB (P~ ), HIMEET MECTO:
HONI(Y + = e5) = (X—=p ) (Y+= e*)(X—=p~) = L = 35,24 TeV .
Jiis Betpeunbix  HOJI(Y —) = (X+= pT)(X+= p*), paccuuThIBaeTCS Macca KBaHTa
MY =) = (X+=pH)(X+=p*) = (22 =) (1 - 3)

) — Zﬂ_@__) _ =0,938286ev( 3
wim My )_(Za T T A= 3a) (1/137,036) 137,036

DTO U eCcTh Ta, BHOBb OTKpbITas Ha kosutaiinepe B LIEPH, snemenTapnas yactuua. B nanHom ciyuae, Ha
BCTPEUHBIX Mydkax (X+= p*)(X+=p*) = (Y —), MBI TOBOpHUM 00 WHIYKTHUBHOM (X+= Y —) MacCOBOM II0JIC B
npezenax cos@(Y —) = o, KBaHTOBOTr0 MaccoBoro M(Y —) moist pukcupyemoit yactuipl. I mMacca tay

: =(Y—-=¢" (Ve o) = YD) (e=0511MeVv)
aentoHa: M(X) = (Y—=e ) X+=v})(¥Y—=¢") o0 = 1776.835MeV

PS. B 00miux Mojensix creKTpa aToMoB, MOZCIb KBaHTa (X+ = ;H e) siapa reius, 3To

) = 125,76 GeV

Pucynox5.1 Mmozaens cunresa
crpykrypHas popma kBautoB (Y- = p*/n) CunbHoro B3aumopeicTBus, CTpyKTypupoBanHoro (X-) mosem,
100 aHTHHEUTpUHO (X+= v, ) , 6o anTHNpoToHa (X+= p~) B maHHOM cirydae. B cooTBeTcTBHU C

3G (X+)
aT

YPaBHEHUSIMU TUHAMUKHU MACCOBBIX MOJIEH: ¢ * rotyM(Y =) = rotyN(Y =) = ¢, * + A% G(X+), MBI

9G(X+=3He) .
T) TEPMOSIEPHON pEaKIUU:

1).1100 B HEYIIPYIHX CTOJKHOBEHUAX (X+= %a) = Y—=pT/n=e"")(X+= v;)(Y—=pT/n=e"")B
KOJUTaiiepe, BCTPEUHBIX MMyYKOB SJIEp JACUTeprs MaJbIX JHEPIruid, 6e3 nepBuyHOi ma3mel. OOpasyromuecs
anb(ha-yacTUIIbl HAarPEBaIOT BOASHYIO pyOalllKy y»Ke yIpaBiIsieMOro TEpMOSIEPHOTO peakTopa.
OHepreTU4eCcKui BBIXOJ TAKOTO CHHTE3a CTPYKTYPHUPOBAHHOM IIa3Mbl PACCUYUTHIBAETCS IO CTaHAAPTHOU
CXeMe.

roBopuM 00 yrmpasisieMoii (Vy * rotx2M(Y—=p*/n) = &, *

Am(2[3H]) = 2[(1,00866 + 1,00728) — (Mpre = 2,01355)] = 0,00478asm
Am([3He]) = [(2 x 1,00866 + 2 x 1,00728) — (Mpre = 4,0026)] = 0,02928asm.
AE = Am([3He]) — Am(2[3H]) = (0,02928 — 0,00478) = (0,0245) = 931,5MeV = 22,82MeV
2 rpamma (OJIMH MOJIb) TaKO# JieiiTepreBo Ma3mMbl SKBUBAIEHTHBI 25 TOHHAM OeH31Ha.

2) J'II/I6O CprKTypHpOBaHI/ICM HeﬁTepHeBOﬁ T1J1a3MBbI aHTHHpOTOHaMI/I MAaAJBbIX 3He[)l"Hﬁ, B peaKI_II/IHX
Xt=3a)= Y—=pt/n=e"NX+=p )Y—=p*/n=¢""), iH+p~ +1H - 3He+p~




Ceropns, ylpasisieMyro TepMOsaAepHyIo peakuuto: (2H + 3H - jHe + In + 17,6MeV) co3naior B
wiasme. 1o pasHele sapa. B mpocrpancree-matepun (Y —= X+), 310 ($H + 3H) aHAIOIUYHO COEAUHEHHIO
MacCOBBIX TPAEKTOPUit «1103uTpona» (Y—=p*/n =" ") uwm (Y—=e*), u «aiporonay (X+= 3H = p***)
win (X+= p™). [IpoTOH C MO3UTPOHOM, C B3aUMHO TepIeHAUKYIApHbIME (Y —) 1 (X—) TpaeKTOpHUsIMH, 3TO
BOJIOPOJ, B KOTOPOM BCE UJAET HA pa3pbIB CTPYKTYPHL, B IIJIa3M€E B IAHHOM ciydae. M ToJbKo npu yapax B
BBICOKOTEMITIEpATypHOU 11a3me, B moisix (X+= p*) CuibHoro B3aumoneiicTust, GOpMUPYIOTCS BUXPEBbIC
maccoBble Tpaekropun (Y—=p*/n)(Y—=p*/n) = (X+= 3He), y’e HOBOIO A1pa, KK yCTONUUBOM
CTPYKTYPBHI.

Bornee a¢ppexTrBHBIMU ycToBUAME 171 yripaBisieMoil TepmosinepHoit Peakunu, npencTaBistoTcs
BCTPEUYHBIMH MMOTOKAMHM JIEUTEPUEBOM TIJIa3Mbl, C MIEPIICHIUKYIISIPHBIM BIPHICKOM ITYyYKOB aHTUIIPOTOHOB B
TOYKE BCTPEYH MOTOKOB IJ1a3Mbl. CaM MOTOK JEHTEPHUEBOM MJIa3Mbl MPEACTABISETCS YIIPABIIEMbIM
IMOTOKOM MOHOB, Kak OoJiee ycroiunBoe coctosiaue mia3mbel B TOKAMAK. Unu  Heynpyrx CTONKHOBEHWUI
My4YKoB AenTepusa HeboNbLINX SHEPTUIA, B Kamepe C NepneHaANKYNAAPHbIMU CUNOBbIMU TIMHUAMMU CUNBHOTO
MarHUTHoro nosns, 6e3 nepBuYHOM NNasmbl. 310 HyaeT yKe yNpaBAAEMbIN «XONOAHbIA CUHTE3» FeNnA.

Mogens ynpaensemoro 'XonogHoro cMHTeza" renus Uz aaep AeHTepUs.

\\_\/
in.r_ =an] ey ‘% 12(\(_ =PP("]
(v+) [ s | (¥+)

t s S

20 T
= < {(¥-=p/n)

e |

Monyyaemblie anbda YacTuLbl TPetoT BOAAHYIO pybaLLKy yKe ynpaBnAemMoro TepMosaaepHOro peaktopa.
3).1160 B HEyNpYyrux crojkHoBeHusx (3H +p* — %He) B KoJuIaiiepe TPUTHS C MyYKaMH IIPOTOHOB
00J1bIIMX JHEPIruii, 63 IePBUYHON MIa3MBl.

JlBa rpaMMa Takoi miaa3mMbl CAHT€3UPOBAHHOTO TeIMsl SKBUBAJICHTHBI 25 ToHHe OeH3uHa. Bo Beex
Cllydasx, Hy’KHbI IPOOHBIE SKCIIEPUMEHTHI Ha YK€ TOTOBOM KoJIaiepe.

DJieMeHThl KBAHTOBOM I'PaBUTAIUM.

Onu cnenyrot uz O6mei Teopun OTHOCUTENEHOCTH, TEH30pa DUHINTEHHA, KAK MaTEMaTHYECKON
VCTUHBI Pa3HUIIbl PEISATUBUCTCKON TMHAMUKHU B ABYX (1) 1 (2) TOuKax puMaHOBOrO IMPOCTPAHCTBA, C
byHIaMeHTaTBHBIM TEH30pOM i (Xx™) = e;(x™) e, (x™).

i) — g (2) # 0, exer =1, 1o ycrnosusam e;(X —), e (Y—),



Pucynok 6. KBaHT npocTpaHcTBa-MaTepuun
Touxka (2) mpuBoautcs k EBkinaoBoMy npoctpancTBy chepsl, rae (e;Leg) u  (e; * e,=0). [loaTomy B

1

OKPECTHOCTH TOYKH (2) BBIIEISIEM BEKTOPHI (€,,) U (e,) U OepeM cpeaHee 3HaueHue Ae,; = > (e, + ep).

[Mpuaumas (e, = e,) , yCIOBUE MPUBEACHUS IPe0oOpa30BaHUl K eBKIMI0BOU cepe (X5_,) U s

1 1 .
Aenn = E(en + e}() = Ee}c Z_K-l' 1): OJy4IrM: gik(l) - gik(z) * 01

ik (1) =5 (ese = gue) (Z—z + 1) (2) = KTy, (Z_: = R) - (e # ey) ,modtomy (e = Aex) . G (Xp=p=t)
s (e, = e,), umeem (T;, = 0). B ycnoBusix (e, # e,), Mbl TOBOPUM O IWHAMUKE (PU3MUECKOrO BaKyyma B
(MKCHPOBAHHBIX YIIIaX NMapajyIeIbHOCTH, C PA3IMYHBIMU T'€0JIC3HYCCKUMU Y)KE TUHAMUYHOMN cepbl

(x5 #+ x5 # x;) B pukcupoBaHubiX (e, # €, # €,) Toukax. Jlusa quHamuunbiX (de,/d t # 0) yrios
napauIeIbHOCTH, Mbl TOBOPUM 00 yckopeHuH B cdepe (XY Z)HecTallmoHapHOTO €BKIIHI0BOTO
npoctpancTBa. MlHade ToBopsi, yKe reoe3ndeckas, HecTallmoHapHoi EBKITMI0BOM cdephl,

Jik (xf] # X35 # Xy # const) MeHseTcs. Mbl TOBOPUM 00 YCKOPEHHH YK€ JUHAMUYHOTO (PU3UUECKOTO
Bakyyma B ero pacmmperun. [loatomy (A # const) mus (@ (X—) # const) nonst Becenennoii. Kak Buaum,

., 0 h? 02
w3 (Y =) n it = AP+ Uy, (5

at2
HaA4YaJIbHOI'O0 COCTOSHU.
B motHoM Buze YpaBHCHUE OO01ei TeopHH OTHOCHUTEILHOCTH, KaK MaTeEMaTHYeCKasi ICTUHA.

> 0) Pucynka 6, tuHamMuKa yCKOpEHHsI UJIET C HapacTaHUEM U3

Ry — %Rgik - %Agik = kTy
UTto 03HauYaeT 3TO ypaBHEHUE B KJIACCUYECKOM IpeACTaBlIeHU? Bece HaumHaeTcs ¢ mocrynara JUHIITEHHA O
MpeIeIbHON CKOPOCTH cBeTa (C) I Macchl (M) co CKOPOCThIO (w). DTO 3HAUUT, uTo: (¢) # (W), WiIH
(c*t)? — (x)? = const = (c x )2 — (%)% .
D10 uU3BECTHBIE MpeoOpazoBanus JIopeHIa B peNsITUBUCTCKON fuHaMuKe. DyHIaMEHTAIbHBIM 3]1€Ch, €CTh

HEHyJIeBas pa3HMIa. M3MeHeHue Xo1a BpeMeHu (t) MeHseT mpocTpancTBo (x) , (Cmupros B.M.1974, 1.3,
4.1, ¢.195) ¢ pensITUBUCTCKOM mornpaBkoi Jyist MaccoBoil m(Y —) TpaeKTOpUU KBAHTOBOTO TIOJIS:

- . x-
c?#w?; c2—w?=#0; wzzt—z,

W—2=cosztp (Y =) =a? = (——)2%; cz—w2=cz(1—w—2)=c2(1—a2)
c? max 137,036 '’ c?
JI71st KIIacCUYeCcKuX MpeoOpa3oBaHU PEIITUBUCTCKON JUHAMUKH:
— — . o a1 Q12
X1 = Aq1C * tl — Aq3X1 X C * tl = ay1C * tl — dyyXq , C ManI/IHeI/I HpeO6pa3OBaHHH' Aix = a a .
21 Q22

B TpexMepHOM mpoCcTpaHCTBe- BpeMEeHU HeHy eBoil EBKiIMI0BOM cdepbl, ¢ HEM3MEHHOI reo1e3uuecKoit
(x{ = const) KpuBOH, Takux ypaBHeHHH Oyner dyersipe.(Cmupros B.U. 1974r. 1.3,4.1, ¢.195-198).

X =0a11C*t — Q12X — A13Y — A147, a11 Q12 Q13 Qq4
Y =01C*t — ApX — A3y — Ap4Z ¢ (ay) marpuuen Q1 QA2 Q23 Qg
Z = a31C *t — a32x - a33y - a34Z Hpeo6pa30BaHI/Iﬁ a31 a32 a33 a34_
C*xT =Q4C*1— QyoX — Ag3Y — AyqeZ g1 Q4 Q43 Qgq

B u3BecTHOU rpymme Jlopenna: (x)2 + ()% + (2)? — (c x£)? = ()% + (5)? + (2)? — (c * £)? . 3nech yxe
MOXKHO ITIOACTABJIATH YHUCJIA U CUUTATh Hpeo6pa30BaHI/I$I peHﬂTI/IBI/ICTCKOﬁ JTUHAMHUKE CAUHBIX KpI/ITepI/IeB 3BOH}0HI/II/I:
Hanpumep: sHeprun E = [12Y = (m = Y) = (I1 = ¢?) = m = ¢? , ummynbca p = 12t , maccer m = Y (X+= Y-).



3neck I1 = ¢? = gY , norennman yckopenus (g) Ha Tpaekropuu (Y = Y —). Takue npeo6pa3zoBaHus peasTUBUCTCKOM
JTMHAMUKYU B HHEPIHMAIBHON CUCTEME MPOCTpaHCcTBa-BpeMeHu 6e3 yckopernus (g = 0) B EBkimioBoii cdhepe

(a;; = 1) 6e3 rpaBuTanuy, B Touke (1) PucyHok6, Takue xe, kak U B EBKIoBoit chepe npoctpaHcTBa-BpeMeHH
najaroniero JudTa B mosie rpaButanyu B Touke (2). [lepen DitHImTEliHOM CTOSIIA 3a/1a4a TIEPEHTH U3 IPOCTPAHCTBA-
BpEMEHH HHEpIHalbHOI cucteMbl B EBKInoBo# cdepe 6e3 rpaBuTaliny B IpOCTPaHCTBO-BpeMs EBKIHI0BO# chepbl
TOXKe 0e3 YCKOPEHHs, HO yXKe MMagaromniero jJudra B moje rpaBuTanui. UToObI BRIIOIHUTH 3TH MPEOOPa30BaHUs B
PENATUBHCTCKOW TWHAMHUKE, DWHIITEHH B MaTeMaTHYECKOI Mporieype, K IOTCHIUAY YCKOpeHHs (g) Ha TpaeKTOpUU
(Y) mpoctpancTBa-BpeMeHH B WHEPLHMAILHOHN cucTeMe, 100aBriI MOTEHIMAI TPABUTALIIOHHOTO MOJISl B BUJE TEH30pa
M= WZ — Y_j — (E=H2Y)2 ,
t (p=I12t)?
yKe TeH30pa DUHINTEIHA, B €r0 KIIacCUYecKoM Buae: R;, — %R gix = KT . (Kopu I'., Kopu T. (1973), ¢.536). nun

SHEPTUH-UMITyJIbca. DTO MaTeMaTHIecKas UCTHHA: Rj, = %R(gik = gY) + k(T = 1),

(9, = 9, t ) xnaccuyeckoit pusuku. 3neck (R;;) - NpeoOpa3oBaHus PENATHBUCTCKOH TMHAMHUKH B IPOCTPAHCTBE-
BpeMeHH EBKIINIOBOM yike Ipyroit cdepsl, yiKe Apyroi reoe3ndeckKoil KpUBU3HbL (X5 = CONSt) B MaaaromeM
mudre B nosie rpaButanmonHoro noreniuana (KT, = I1). Hade roBopsi, moJie rpaBUTAIIMU U3MEPSIETCS] KPUBU3HON
MPOCTPAHCTBA-BPEMEHH. BBIYHCIISS N3MEHEHHS TIPOCTPAHCTBA-BPEMEHH B PEISITUBHCTCKON THHAMUKE Oe3
rpaButanmu B Touke (1): X7 = gixXxq; € *t; = gi€ * t1; (i, k = 1,2,3,4) 1 u3MeHeHus: IPOCTPAHCTBA-BPEMEHH B
PENSATUBUCTCKON TMHAMHUKE YKE C TPaBUTALMEH B TOUKe (2): X, = g Xz, C * ty = gy C * t5; MBI MOXKEM CUUTATH
W3MEHEHHI KPUBU3HBI T€0IE3MUECKON Manarommei chepsl (x5 = const) B mone rpasuranuu (x° = X,Y, Z, ct).
(2 —x1)% = g€ * (tp = t1)* — gio * (2 — %)% = Giz * (V2 = ¥1)* — Gia * (22 — 2)* = (kTyy) ; (i=1,2, 3, 4).
B npunuummne, Mbl uMeeM €0 ¢ (gix)? kBagpatuunoi Gopmoii (gix) (gix = 9irRjkn) 17151 BHIOPAHHBIX
HanpasiieHuii(e;e, = 1) u (e,y” = 1)npeobpaszosanuii Tenszopa Pumana —Kpucroddens (Kopn, 1973,¢.535).
Kak Buanm, 310 MaTpuiia B 5 ctonbiax u 4 cTpokax, Kax/jaas u3 KOTOpOi eCTh ypaBHEHUE TUHAMUKU B
IPaBUTAIMOHHOM I10JI€, U peraeTcs oTaenpHo. Vnu B 0011eM ciiyyae paauaibHOTO MPEACTaBICHUS ChEphI:

— — — — ATI+I Aw?\ _ ATl+II
(x, —x1)% = Ax2, ; (t, — t1)? = At3, ; B BUge: C? * AtZ, — Ax3, = Rk H: ¢? = At? (1 - C—z) =7
2 Aw? ATI*IT o
¢*(1-"5) = Gae=m = AIl . Pa3nuiia CKOpoCTeil Ha opOuTe M3MepseTcs SKCcIenTprcuTeToM (g). Torma

c?(1 — &2) = All . [IpunKMast CMEIEHUE IEPUTenns 5 ~ AA—A , AS@ = AA ; monyunuM H3BECTHYIO HOPMYITy

Ditnmreiina: c?Adp(1 — €2) = (Al x AA = GM), Sp ~ % =42,98" s nepurends Mepkypust. D10 33

6mGM  __ 6%3,14%6.67+10 %x2x1033
c2A(1-£2)  9%1020%5,791x1012+0,958

(1rad = 206264,8") ; u ¢ = 0,1038", 3a 1 nepuox Mepkypus 88 cyrok, u 100 et Ha 3emie, HOTYIUM:

36525
S *
4 88

3HAYUT, YTO pedb UJET O IIOBOPOTE BCETO MpocTpaHcTBa-MaTepuu Bokpyr Connna. [lpu 3ToM anHaMuka BakyyMHBIX

TOXE MaTeMaTHUyecKas UCTHHA. B 3Tux pacuerax: d¢ = =5,03356 * 10~ "rad ,

= 43". U B 7TuX pacueTax Gepercs cpepHee 3HaueHne opoutsl Mepkypus (A = 5,791 * 1012sm), a ato

. 1
3HAYEHHH MTPOCTPAHCTBA-BPEMEHHU (E gix = 0) B Touke (2), He yuursiBaercs (e; L ey). 3aecy HeT AuHamMuku. Ho
3/1€Ch YK€ MOYKHO MOJICTABIIATh YHCIIA U CUYUTATh KPUBU3HY IPOCTPAHCTBA-BPEMEHH, C €€ MHTEPIOJIALMEN B
MOTEHIMA MPOCTPAHCTBA CKOPOCTEN IPAaBUTALIMOHHOTO 1oJs. [Ipy Hy€BOM rpaBUTAIlMOHHOM MTOTEHIIAIE
ypaBHEHUS: Rj, = %R(gik = gY) + k(T = 1 = 0) O6meit Teopun OTHOCUTETHLHOCTH DUHIIITEITHA,
MepexosT B paBHble ypaBHeHUs CriennanbHoi Teopun OTHOCUTENBHOCTH DUHIITEHHA, B IBYX Pa3IMYHbBIX

Toukax (1abopaTopusix) EBKINI0BOTO MpOCTPAHCTBA, IPU 3TOM MOATBEPIKAasi B MATEMaTUYECKOW UCTHHE,
MepBbIi moctynar DuHmTelHa. Ry, = (R = 1)(gix) 1 X3 = GixX1: € *ty = gty te (i, k = 1,2,3,4), wiu

(c xD)? — (%)? = (c *xt)? — (x)?. YpaBuenue Diinmreiina Ry, (1) — %Rgik (2) = S;T—f Tix : 3aIUIIeM B
BHJIE TPABUTALMOHHBIX MOTEHIIMANIOB B IBYX TOYKAX PHMAaHOBOTO IIPOCTPAHCTBA C (PyHIaMEHTAIbHBIM
TEH30POM:

Rix (1) = e;(x")ep (x™) = vivp = 11 " 9i(2) = e;(xM)er (x™) = vivy, =11,

MeI moHrMaeM, 9To Touka (2), npeacrasieHa EBKIMI0BBIM POCTpaHCTBOM (1) 63 KpuBU3HBI. OTMETHM,
YTO TOYHOT'O COBIAJCHHS TOUYKH (2) KPUBOW C OKPYKHOCTHIO HET B MaTEMAaTUYECKON UCTHHE MOJIHOTO
ypaBHeHus DifHmrTeliHa. Touka (1) ¢ KpUBU3HOM pIMaHOBOTO MPOCTPAaHCTBA (7) B TPABUTAIMOHHOM TIOJIE.
Torna rpaBUTalIMOHHBIE TOTEHIMAIBI BHE MACC, MBI IIPEJCTaBUM B BUJIC:



Puc.6a — rpaBUTalluOHHBIE IOTCHIIMANIBI
E? _ GUI’K)? _ GIF’IPK?

r 'y 8mG
I1; = c? (;)2: I, = c2(7°)2 , © TEH30POM DHEprUM-uMITyIbea: — Ty =

* p2 (P02 e’
GIF’K?  Gc2IIK? c2GK?
Hl _HZ = Ttz 2z ! , Hl _HZ = W’ I/IJ'I;/I.
252 212 2
2,72 2 ,Ton2 _ C°GK 2 (ro) __ Cc“GK (ro) X
)=t ==, Q- =) ) =75 1-(=2))=="3
(r) (r) c2tz ' ( r ) c2tz ! ( r ) c2t2’

(222 (eR)ee =, £ =0 =0

T 10\ 1 T 1o\ L
(1 +7°) c?t? — (1 —7") x? = 5%, wm: ds? = (1 +7°) c?dt? — (1 —70) dx? .
DTO MaTeMaTUYECKUE UCTHUHBI CAMOM IIPOCTON MOJIENU PAIUATIbHON PENATUBUCTCKON JUHAMUKA
2
MIPOCTPAHCTBA-BPEMEHH B IPaBUTAIIMOHHOM 1oie BHE (my = 0) mMacchl: % = c? | um:
E? 2 2.2 .
Z=p°+ (my = 0)“c”. U nepBoe, 4TO HaJO OTMETHUTD, TaK ITO HEHYIeBoM (1 # 0) paxuyc 1Mo
oTpeiesIeHuI0. DTO paanyc Kpyra BMecTo cdepbl B pemennn LIBapummisaa. 1 9o ycnoBue ypaBHEHUs
(Rg;x # 0) DitHmiTeiina, Kak MaTeMaTHYE€CKONH UCTHUHBI B IOTHOM BH/IE. 371€Ch PAa3rOBOP O CHHTYJISPHOCTH —
3TO pa3roBop HU 0 yeM. CHUHTYJISIPHOCTU HET B MPUHIIUIIE U IO ONpPEesIeHNI0. BTOpoil MOMEHT B TOM,
ypaBHeHHEe DUHIITEHA pacCMaTpUBAaET rpaBUTALIMIO BHE cpeprl. HUKakux «mmyTemecTBuit» BHYTPb cepsl
B ypaBHEHHUHU DHHINTEIHA TOXKe HEeT, Kak u (r # 0) B 3akone Hprotona. Bee mocnenyronmie moaenu
«YEPHBIX JIBIP» UMEIOT TOPU3OHT COOBITHIA U Tak Aaniee. MHOTHE MOJIENH «YEPHBIX JBIPY, KOJIANCUPYIOIINUX
¢doToHHBIX cdep (3Be31 B mpezene) npoxoasmux chepy LIBapummibaa ux ruarpaMMbel HauBHEI, 34
omnO0YHBI B 0a30BBIX OCHOBaX M 0€3 apryMEeHTOB MCXOTHBIX MPEANOCHUIOK KaK MPUYKH, XOTS J1ajee —
paboTtaet MaremaTuka u Jioruka. Ho ypaBHenue DitHiTeitHa BooOIe He 00 ATOM. YpaBHEHHE DUHINTEITHA
HE co/iepKuT Maccy (m = 0) u 6onee riayookoe. B HeM yka3aHbl TOTEHIMAIbI, CUJIOBBIE MOJISL M SHEPTHS
TPaBUTAIMOHHOTO TOJIs B 1H000# Touke Beenennoit BHe maccol (m = 0) . 1 Hu oytHa Mojielb, HE OTBEYAET
Ha Bomnpoc, [IOYEMY Bo3HuKaeT KpMBU3HA I'paBUTALMU U, OTKyJa dHeprud nosa? B Takux
MIEPEYUCIIEHHBIX YCIOBUIX, KAK apI'yMEHTOB MaTeMaTH4YE€CKUX UCTHH, TOBOPUTH O CUHTYJISIPHOCTH B IIEHTpE
(R = 0) «4epHOH ABIPBI», ITO PA3rOBOP HU O YEM. 3/1€Ch HET HUKAKOM CUHTYJISIPHOCTH B LICHTPE «YEPHBIX
nbipy». Bonpoc 3akpeiT. Ho ecTh GakT Hau4yus «CBEPXMACCUBHBIX KOMITAKTHBIX O0BEKTOBY, OOHAPYKEHHBIX
B sifipe raJlakTuK. I ecTb qpyroe mpeicTaBieHue CBOWCTB TAKMX OOBEKTOB:

(R < Ry) = =M

(vj >¢)?

C HaJIMYMeM CBEPX CBETOBOIO IMpocTpaHcTBa: (V; > ¢), BHYTpH (R < Ry) Takux «4epHBIX chepy,
MMEHYEMBIX «4epHBbIMU AblpamMu». HeT Hukakux «apip». Macca Takux «4epHbIX chep»(M # 0) He paBHa
HYIIIO.

JI;ist GeCKOHEYHBIX TPaBUTAIMOHHBIX yckoperui, I1 = ¢? = (g, —» ©) (Y, — 0) B CHHIYJISpHOI TOUKe
(Y, = 0), Hanpumep «9IEepHOH IBIPBI», B ypaBHEHUN DUHIITEHHA PEdb O PEIATUBUCTCKON THHAMHKE:

(R = (g2 » ©)(Y, » 0)) = %R(gik = g111) + k(Ty =11 = c?), (g,) yckopeHue B TOUKe 2,
(C*ﬂz—(f)2=(

4

C v (9

Ty 0 . HMcuesaer camo ypaBHeHHE DMHILITEHA:
2

(c*xt)?2— ()2 =0,um:(c*xt)?>=(X)’u(cxt—>0)>=(x =Y, > 0)%
OTO 3HAYUT, 4TO B IPOCTPAHCTBE-BPEMEHM TAKON CUHTYJSIPHOCTH HET. B ypaBHEeHUM DWHINTEHHA HET HU
«YEPHBIX JbIp», HU CUHTYJIsIpHOCTEN. Bee 3T0 B cTpornx MaremMaTieckux UCTHHAX. C Ipyroi CTOPOHBI,
MaTeMaTH4ecKasi HCTHHA 3[1eCh B TOM, YTO HEHYIeBask Pa3HMIIA PEIATUBUCTCKON JUHAMUKU AX3,, B
ypaBHEHMH DHHINITEIHA, 00YCIIOBIEHA CKOPOCTSIMH Macc MEHbIIIE CKOPOCTH CBETa B caMHX cdepax B

TouKax 2 ¥ 1, ¥ BHEe HeHYJeBbIX EBKJIMIOBBIX chep ¢ pa3InuHBIMU HX Te0Ie3udecKuMu (X5 # X3 )
26(M) _ sy _ 2G(M) 2 _ 2G(M—-0)
Rcz 0), R(x*) = cz ! T (R-0)
Macc B I0JI€ TpaBUTALIUM, PABHOM CKOPOCTH CBETA, TaK KaK MCUYE3aeT CaMO ypaBHEHHE DUHIITEHHA, BMECTE

KpPUBBIMU B I10JI€ TpaBUTalUu. (1 — , (R # 0). 31ech HET CKOPOCTH



C CUHTYJISIPHOCTSIMH B «4€pHBIX Jblpax». Ux HeT. Bonpoc 3akpeIT. B ypaBHEHHSIX €CThb TOJIBKO MacChl
HeHYJIeBbIX chep (x5 # x]) Kak HCTOYHHKA KPHBU3HBI, PABHO TPABUTAIINH, M TIOJIST MHIYKTHBHBIX Macc,
(BHE wmdTay) «TeMHON MaTepun». Ho HeT ypaBHEHUH, KOTOPHIE Al0T «YEPHBIE ABIPHI, CHHTYJISPHOCTH.
Takux ypaBaenuit B O6meit Teopun OTHOCHTEIIBHOCTH DWHINITEHHA HET.

Habmotaembie «depHbIe ABIPBI», B IPOCTPAHCTBE-MATEPHH MPEACTABICHBI KAK 00BEKTHI PA3TMYHBIX
SHEPTEeTUYECKUX YPOBHEH (PU3MUECKOr0 BaKyyMma. ITO 0OBEKTHI 3Be3AHBIX (10 30,8 * Mg,,,,) Macc,
Mex3Be3IHBIX Mace (0T 31 * Mgy, 10 622000 * Mg,,,, Macc CosHna), ranakTuaeckux Macc (0T 6 * 10° M, 10
101%Msg,,,), mexranaktuueckux mace (ot 101°Mg,,, no 1013 Mg,,,,), snpa ksasapos (ot 103 Mg,,,, no 1017 Mg,,,,) u
KBa3apHbIX ranakTuk 10 (1024 Mg,,,). OHM MMEIOT [0 HApACTAIONIEN, MHOTOYPOBHEBBIE 000JIOUYKH KBAHTOBBIX
MOANIPOCTPAHCTB, B KOTOPKIC , HarlpuMep POTOH, MOMACTh HE CMOXKET. ITO BBIXOAMT 32 PAMKHU OOIICH
TEOPUHU OTHOCUTEIBHOCTH DUHIITEIHA I, TOYHEE, 3a MPEEIbl EBKJINI0BOM aKCUOMATHKU TPOCTPAHCTBA-
Bpemenu. Ho 31ech HeT HUKakux OeCKOHEYHOCTEH u cuHryisipHocTei. Ux met B [Ipupose.

CpenHee 3HaYCHHUE JIOKATBHOTO 0a3UCHOT0 BEKTOPA PUMAHOBOIO MpocTpaHcTBa (Ae,,),
OIpeAessieTCs] KaK MIPUHIMIT HEOMIPEACICHHOCTH, HO YK€ Ha BCIO [uIiHy BoJHbBI KL = A(X +)
rpaBuTaliioHHOro mojst G (X +) = M (Y —) MaccoBBbIX TPAacKTOPHiA. ITa HEONPEAEICHHOCTh B BH/IE
orpeska (OA=r), kak BoaHOBOM pyHKIMH (r = Yy ) MaccoBoit M (Y —) TpaekTopun kBanTa (Y +) B
rpasutarioHHoM G (X +) mone BzaumopetictBuss.  A(X +) = 2yy) cimu(X +) nosst. TIpoexigust
(Y —)TpaexTopuu Ha IIOCKOCTh Kpyra (112) maer niuomans BepostHocTH(1y ) 2 monagaHus MaccoBOro
kBanta M (Y —), B rpaBut. G(X +) none B3aumoneiicTBusi.

DTO UCXOHBIE 3JIeMEHTHI KBaHTOBOrO TpaBuT G (X +) = M (Y —) maccoBoro mojst. OHH CIIEAYIOT U3
ypaBHeHus O6mielt Teopuu OTHOCUTENBHOCTH.

2.KBaHTOBasi rpaBUTALMS B €IMHOI TEOPUU

DeMeHThl KBaHTOBOTO rpaBuT (X+ = Y-) MmaccoBoro mnoss cieaytor u3 Oomiei Teopun
OTtHocuTenbHOCTH. Peub 0 pa3Hule peiasITUBUCTKON qTuHAMUKHU B ABYX(1) u (2)Toukax puMaHoBa
MIPOCTPAHCTBA, KaK MaTeMaTU4YeCKol NCTHHE TeH3opa DitamTeiHa. (G. Korn, T. Korn, ¢.508). 3xech
gixr(1) — g (2) # 0, ere, =1, no ycnoBusam e;(X —), ex(Y—), dyHmaMeHTaIbHBII TCH30D
Jir(x™) = e;(x™)ey(x™), pumanoBoro mpocrpancTsa B (x™) cucreMe KOOPIMHAT.

Pucynok 7. KBantoBoe rpaBut(X+ = Y -) MmaccoBoe moie.
®dusnueckuM cBoiicTBOM rpaBUT(X+ = Y-) MaccoBOT0 MoJisi €CTh MPUHIUN SKBUBAJIEHTHOCTH HHEPTHOU U
IPaBUTAIIMOHHON Macchl. DTO paBEHCTBO YCKOpeHHsI a = Vy * M (Y —) MacCOBBIX TPaeKTOPHIl H YCKOPEHUS
g = G(X+) mons rpaBurtanuu, vy * M(Y —) = a =g = G(X +), B mpocTpaHCTBE CKOPOCTEH
e(X-)=e(x"=XY,2) =vy [g] JIOKaJIBHBIX 0a3UCHBIX BEKTOPOB, ex(Y —) = e, (x" = X,Y,Z) = vy [ﬂ .
Hampumep, B «nanaromem» tudre yckopenue (g — a) = 0 otcyrcrByet, u Bec P = m(g —a) = 0, paBeH
Hymo. Touka (2) npuBoauTcs K EBKimmoBoMy npocTpancTBy cdepsl (x5_,), rae (e;Lley), (e; * ex=0).
[TosTOMy B OKpeCTHOCTH TOUKH (2) BBIJIEIsIEM TTapaJieIbHbIE BEKTOPHI (€,;) U (e,) u OepeM cpenHee

1

3HaYCHHE 3HaUCHHe Ae,, = €, =~ (e, + ey). [lpunumas (e; = e,) u Jix(1) — g (2) #0.

1 1 .
Aenn = E(en + eK) = EeK(Z_K + 1)5 OJTYy4IHM: gik(l)(x'l') - gik(z)(x'l') = kTik(Y _) , MM

€n

gix (1) —%(eiez = ejex = Jik) (Z—Z + 1) (2) = kTy, (e— = R) . (en # €0, Gin(X3=n=p)

K
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Hus (e, = e) umeeM (T = 0) . B ycnoBusx (e, # e;) peub UAET O AUHAMHUKE (PU3HMUECKOTO BaKyyMa IpH
(MKCHPOBAHHBIX YIJIaX MApaJIeIbHOCTH, C PA3HBIMH I'€0IC3NIECKUMH yXKe TMHAMHUYECKOi chepoit

(x5 # x5 # x;) B pukcupoBanubix (e, # €, # e; = const) Toukax (e, = Ae,). st AMHAMHUYHBIX
(0e,/dt # 0), (¢ # const) yrios napawienbHOCTH POCTPAHCTBA-MATEPHU MBI TOBOPUM 00 YCKOPCHUH B
cdepe (XYZ) HecTanmOHAPHOTO €BKJIMA0BA IPOCTPAHCTBA. J[pyrumu ciioBaMu, yKe reojie3ndeckast
HECTAIIMOHAPHON EBKIUA0BOM cPephl gy (xfI # X35 # Xy # const) Mensiercs. Peub uger 00 yckopenuu u 6e3
TOr'0 IMHAMUYECKOT0 (PM3MYECKOTO BaKyyMa MPHU €ro paclIMpeHHH.

Orcrona cinenyer ypaHeHue O6mieit Teopun OTHOCUTEIBHOCTH B TIOJIHOM BHJIC:
8nG

Rix — %Rgik - i/lgik = kTy . (k = c_4)’

CpenHee 3HaYCHHUE JTOKATBHOTO 0a3UCHOT0 BEKTOPA PUMAHOBOIO TpocTpaHcTBa (Ae,,),
OTIpeICIISETCS KaK MPUHIIMIT HEOPEIeIEHHOCTH MacCoBbIX (Y —) TpaekTopuii, HO y)Ke Ha BCIO IJTUHY BOJIHBI
KL = A(X +) rpaButanuoHHoro moJjs. 3aecs yckopenust G (X +) = vy M (Y —) MaccoBbIX TPaeKTOPHIA.
DTa HeOoNpeIeIEHHOCTh B BUE oTpe3ka (2 * OA = 2r), kak BosiHOBO# QyHkiuu 2Yy (Y—)r = A(X +)
maccoBoit M (Y —)rpaekropun kBanra (Y +) B rpaButanimonsom moie G (X +)BzaumoneiictBus. 3mech
2y , coun (1) kBanToBoro mojst A(X +) rpaButanuu. IIpoekiwst maccoBoit (Y —)TpaekTopuu KBaHTa,
Ha IJI0CKOCTh Kpyra (1r2) naer miuomaas BeposTHOCTH (Py) 2 nonamanus Maccosoii M (Y —) TpaekTopuu
kBanTa (Y +), B kBaHTOBOE rpaBuTaninonHoe G (X +) moine B3aumo (Y — = X+) geiictBus. B oGriem
ciyqae Touku V; u N (Y-) maccoBbix mwin V; N (X-) 3apsiioBbIX TpaeKTOpHiA, a0COIIOTHO OJJMHAKOBI
MeXy cO00M B TMHUH-TPACKTOPUH €IMHOTO IMy4Ka MapajliebHbIX NMPSAMBIX JUHUN. Kaxaas mapa Touek,

UMEIOT CBOIO BOJHOBYIO pyHKLUIO +/ (+10) (=) = i), B uHTepnpeTanny KBaHTOBOM 3allyTaHHOCTH. B aTOM
IPEJCTaBICHUN KBAaHTOBAs 3allyTaHHOCTh €CTh (PaKT peabHOCTH, KOTOPBIH CIeyeT U3 aKCHOM
JUHAMHYHOTO MPOCTPAHCTBa-MAaTEPUH. DHTPOIHS KBAHTOBOM 3allyTaHHOCTH MHOXKECTBA JAa€T IPAJUCHT
MOTEHIIMAaNa, HO 3/IeCh TePSAETCS MPUHLIUIM SKBUBAJIEHTHOCTH DUHINITeHA MHEPTHOU vyM(Y —) = G(X +)
Y I'PaBUTALlUOHHON MaCCHhI.
DTO UCXOHBIE IEMEHTHI KBaHTOBOTO IpaBuT G (X +) = vy M (Y —) maccoBoro noss. OHH CIeTyI0T

u3 ypaBHenus O61eit Teopun OTHOCHTENEHOCTU. Bhienum 31ech pa3MepHOCTH enuHbiXx Kputepues 36

2
DBOJIOIUH MMPOCTPAaHCTBa-MaTepru B Bujie. CKOPOCTH Vy [ﬂ, norennuan (I = v2) [%] ; YCKOpEeHHue
G(X+) [%], maccoBble m = [IK(Y —= X+)noxns u 3apsnossie ¢ = [IK(X—= Y+) nons, uX miIoTHOCTH
p [?(—I:] = [% ; cuna F =T12; sueprus &€ = [12K; umnynsc P = I12T; neiicteue h = [12KT u Tak nanee.
£ £ £ £
O6o3naunMm (Ae,, = 2¥er), Ty = (E)i A (E);m = (E)i 2y (E)K = 29T}, , B BUz€E TeH30pa
suepruu (€) — (P) ummynsca ¢ BonHOBO# (yHKInei (). OTcioaa cienyer ypaBHEHHE:

Rix — 3 Reylle, = k (2) 4 (%)H HTH

L

Ri(X+) = 29 (Rejer(X+) + KTy (Y-)). 1 Rye(X+) = 29 (Ru(X+) + KTy (Y-)).

KZ
D70 ypaBHEHHE KBAHTOBOTO [ paBUTAIIMOHHOTO MTOTCHIHAIA C PA3MEPHOCTHIO [T_Z] MOTEHI[Haa

(I = v) ucnunom (21). B ckobKax 3TOro ypaBHeHHUs, 4acTh ypapHenus O6meit Teopun
OTHOCHUTENBHOCTH B BUje noTeHIMaabHoro [1(X+) mosns rpaButanum.

B teopuu mosst (CmupHOB, T.2, ¢.361), yckoperue maccoBbix (Y —) tpaekropwmii B (X +) 1ose rpaBuTanum
equaoro (Y —) = (X +) npocTpaHCTBa-MaTepUH MPEACTABICHO TUBEPIeHIMEH BEKTOPHOT'O MOJIS:

divR;, (Y—) [:—2] =G(X+) [:—2], ¢ yckopenueMm G (X +) [Tﬁz nu

GX+) [TK—Z] = grad;I1(X +) [TK—Z] = grad,I1(X +) * cos@y [%]

G _ 06,

Cootnomenne G(X +) = grad,;l1(X +) paBHocuinbHO Gy, = —; Gy = 7y G, = g—i; MIPEICTABIICHHIO.

dx
3neck monublid quddepernman: G,dx + Gydy + G,dz = dIl. OH uMeeT UHTETPUPYIOIIHIA MHOKHTEITh
cemelicTa nosepxHocrel [I(M) = C; 5 3., ¢ TOUKOi M, OPTOroHaJILHBIX K BEKTOPHBIM JIMHHAM OIS
maccoBsix (Y —) tpaexrtopuii B (X +) mose rpaBurarmu. 3necs e;(Y—) L e, (X—). Orcrona cnenyer
KBa3UIIOTEHLUAIBHOE TOJIE:

tr(Gedx + Gydy + Godz) = dll[S] . w GX+) = 2 gradn(x ) [£]



3neck tr = n AJA KBa3UIOTEHUMANbHOIO noJisl. Bpemst ¢ = nT, 310 n- KOIMYECTBO NEpUO0B T
KBaHTOBOM nuHaMuku. U n = t; # 0. OTcrona caeayroT KBa3uMOTCHIIMAIBHBIC TOBEPXHOCTH w = 21/t
KBaHTOBBIX I'PABUTAIIMOHHBIX MOJIEH ¢ IEpro0M T ¥ YCKOPEHUEM:

Gx+) =L gradnx ) 5] . (v =¥ IK] = 6X ) [5] =+ [5] =ac

60X +) ] = £ (grady(Rgu) €052 @y 0y = 6) [15] + (grad,(Tuo)).

Pucynok 8. KBaHTOBBIE TpaBUTAI[MOHHBIE TTOJISL.
OT0 (puKCcUpyemoe B ce4eHnH, BbIOpaHHOe HarpasieHre Hopmanu n L . CioxkeHue BceX Takux
. K .
KBaHTOBBIX I10JIEl MHOYKECTBA KBAaHTOB 1oty G (X +) [F] 0601 Maccsl, opMUPYET OOLIYI0 TOTEHIUATBHYIO
«IMY» €€ T'PaBUTALlMOHHOTI'0 T0JIs, TJI€ YK€ JeHCTBYET ypaBHEHUE DUHIITENHA, C «3aIIUTON» B ypaBHEHUN 37

dbopmynoii (3axonom) HproToHa. —

2 2
— 4 — 4 2 2 _ A2y ET_ KT _ 2 2 _ (a2
E=c*K, P=c*T, (¢ —ck—Acik)—p—z— =0, A =G6vi(X+)#0
Ac2 = c*k?=E? _ c*c*k? _ G(c?’Ky=mq)(c’Ky=mp) _ Gmym, Ap2 = Gmams A2 o2 = F
Cik = c4T2=p2 ~ c4c4T2 c2(c2T2=K?2) T c2g2 ! Cik = c2g2 ' CikC™ =

K .
B nuHaMHYHOM MPOCTPAHCTBE-MATEPUH, peub UACT O AUMHAMUKe roty G (X +) [T_Z] noJei Ha 3aMKHYTBIX

rotyM (Y —) tpaextopusx. 3/1ech ~JIMHUS BIOJIb KBA3H MOTCHIIMAIBHBIX TIOBEPXHOCTEH pUMaHOBA
IPOCTPAHCTBA, ¢ HopManbio n L [. IIpenensHbIi yroi napanieabHOCTH MacCoBBIX (Y —) TpaeKkTopHii B

(X +) mone rpaBUTAIMH, JAET MPABUTALMOHHYIO KOHCTAHTY (OS2 (X —)yax = G = 6.67 * 1078). 3necn
1

K T X 137.036)'
GXH) [E] - wT (G * gradyRgy (X +) + a * grad, Ty (Y -)) [ﬁ]

t .
tr = =M, TOPANOK KBA3H NOTEHIMATLHBIX OBEPXHOCTEH, 1 (coso(Y—)pmax = a =

. [K o
OT0 0011Iee ypaBHEHUE KBAaHTOBOIO I'paBUT (X+ = Y-) MaccoBOro MoJis y:ke€ yCKOpeHuil [T_Z]’ Y BOJTHOBOM

Y — dynkuweit, a Takxke T- nepuogom quHamuku kBanta A(X +), co cunom (171), (2). Tlons yckopenuid,
KaK M3BECTHO, 3TO YK€ CHIIOBBIE MOJIsL. 1 9TO ypaBHEHHE OTIIMYAETCsl OT YPaBHEHHUS TPABUTAIMOHHBIX
norenuunasoB O61meit Teopun OTHOCUTENFHOCTH. B IBYX c0Bax OTMETUM KOHLENIIMU B TAKMX MOAX0JIaX.
OWHIITENH J1ajiee, MbITAJCSA BBIMOJHUTH NapaJuIebHbI EPEHOC BEKTOPA B pPUMAHOBOM MPOCTPAHCTBE
BJIOJIb T€0/Ie3MUECKOI KpUBOH (x°) M3 TOUKH 1, B TOUKY 2, C TIOJIyYSHHEM KBaHTa IPAaBUTAI[HOHHOTO MOJISL.



Pucynok 8.1 uHTepmnperanus Monaenei.
B marematnueckux npouenypax EBKIMI0BON akCHOMAaTHKH, 3TO BO3MOXKHO TOJIBKO IIPH MIEPEHOCE BEKTOpa
(x1) Touku 1, B TOUHO Takoii BeKTOp (X5) , HO yXKe TOUKH 2, KaK MPOeKIuii Ha EBKIMI0BOE TPOCTPAHCTBO,
JIOKAJIbHBIX 6a3UCHBIX BEKTOPOB PUMAHOBOIO IPOCTPaHCTBA e;(x%) U e, (x°). (x5 = x5 = coSQx max = VG),
unn (x5 * x5 = VGe/Ge, = Ggy (x%). MBI TOBOPUM O IPaBUTALHOHHOM HOTEHIMAJIE TEH30Pa SHEPTHHU-
umnyikca (Gg,, = GTy,), B ypaBuennu O6meit Teopun OTHOCUTENBHOCTH DUHINTENHA, B KOTOPOM

IpaBUTAIMOHHAS MMOCTOsTHHAS (G) , 3TO MaTteMaruyeckas ucTuHa. bes Bapuantos. B kaxmoi pukcHpoBaHHOM
2

. . . Y
TOYKE I'e0/Ie3nIecKoil KpuBoii (x°), B €BKJINI0BON aKCHOMATHKE KPUBU3HBI IPOCTPAHCTBA-MaTepUH: K = —

To
X\ _1 - 2
—) = E(ex/ro +e M) u (X = 2

(B.H. CmupHOB, 1974r. 1.1, ¢.187), 1 cOOTHOIIECHUI TK =ch (r
0 0
rpaBUTAILIMOHHBIN TOTEHIIUAJI PABEH:
= . —_ i = Aﬁ = . N = = S = Z—TIh meh
(X +) = Ggy (1 [ro ch . )]) = kT . Lns: h = 2m(h = ApyAxf), AL 2w ch (Apy*ro).
3necy (py), UMITYJIbC ACUCTBUSA KBAHTA IPABUTAIMOHHOIO 1MOJs. Tak peanusyercs unes DitHmreiHa. [Tytem

npeoOpa3oBaHuil TPaBUTAIMOHHOTO ToTeHuana I1(X +), MOXXHO NoJy4yaTh BApUAHTHI:
o Y
a) (X +) = g * x5 = x°G(X+), COOTHOILICHNE PEIATUBUCTCKON TMHAMHUKH (- = R) KaK IOBOPOTHI
0

npeoOpa3zoBanuii JIopeHIa B IIIOCKOCTIX Kpyra (R) u (), a Takke I (cos@(Y —)yux = @), uY = a * (Y-),
MOJy4aeM YK€ KBAHTOBBIE TPABUTALIMOHHBIE MOJISI YCKOPEHHUI B BUE!

Ggix =G*R*gy +aTy wm G(X+) =G *R x grad,gix(X+) + a x grad, Ty, (Y—),
0) B EBkitn0BOM akcuomaTuke, cos@(Y —)mm = 1, cos@X —)pin =1, U Ggix = Rjx , OIYIUM KIACCUYECKOE

o o o 1
ypaBHenue O6mieit Teopun OTHOCUTETFHOCTH DHHINTENHA B BUJIE: Ry, — SR * gie = ke * Ty .

. . . 1 816
B). 13 crangaptaoro ypaBuenus Oomieit Teopun OTHOCHTEIBHOCTH DHHINITEHHA: R, — SR = — Tk

0e3 TMHaMUKH (U3NYECKOro BakyyMa, B eIMHbIX KpuTepusax DBosOIMH POCTPAHCTBA-BPEMEHH, CIEAYET

“ GMm
KJIaccuueckuii 3akoH HrloToHA: F = 72

. VI3 pa3HUIIBI TPaBUTAIIMOHHBIX TOTEHIIMANOB B Toukax (1) u (2) B

Buze: (Ry, = ejex (1) = Uy) %Rgik = e;ex(2) = U, u (U; — U, = AU). Hanpumep, st ConHia u 3eMiu

G=6.67x10"8)(M=2x1033 o
(M =2%10%g) u (m = 5.97  10? g), nonyunum (U; = ( R—1492»E1013 ) = 8917 « 1012) rpaBUTaNMOHHEIH
(6=6.67¥10"8)(m=5.97+1027)
MOTEHIMAI Ha PACCTOSTHUM 10 3eMiu U U, =
R=6.374%108

3emmn. Torma (AU = U; — U, = 8.917 * 10" — 6.25 * 10'* = 8.67 * 10'?) , mum (AU = 8.29 * 1012) , monmyuum:

= 6.25 * 101! , moTeHnman€ camoi

871G U%K)? _ U%(UK=m)?2 _ Mm AU _ 8mG Mm 8nG Mm GMm
AU =———"7—(Ti, = = =—), Wl == ——- = — = oe3
(ct=U2=F) \ ! U2T? U2T? T27° V2 F 12’ (AU/N2) T2 (AU=T2/2) /8T
AUxT? _ 8.29%10%%%(365.25%24%3600=31557600)2 26
TeMHBIX Macc. OCTaloCh NOCUYHTATh oy " = 2.3*104°, 4t0

COOTBETCTBYET KBAJpary paccTosiuust (R? = 2.24 x 102°) or 3emuu g0 Conniia, wiu F = GI:—Zm , 3aKOHY

HrroTona.

F) a TaKKC KOHLCIITYaJIbHYHO MOACIIb TETIIEBOM KBAaHTOBOM TpaBUTallH, YK€ C HCKOTOPBIMU OIr'OBOPKaMH.
/2 .
— ) = kTj, , v uneen
0
DUHIITEHA 0 MapallIeIbHOM TepeHOoce, TPEICTaBUTh MpeoOpa3oBaHus JIOKATbHBIX 0a3MCHBIX BEKTOPOB B

Y
Ecnu B ypaBHEeHUHU TPaBUTAIIMOHHOTO MOTEHIMANa G g;y (Ymax - [T— = ch(
0
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nosie ciuHopa (S) rpymmsr SU(2) romomopdroii rpyme SO(3), a Takke ¢ TeHeparopamu rpynmsl JIopeHiia B
SO(1,3) mpocTpaHCTBa-BpeMeHH IUHAMUYHOM cepbl, To momyunm: (R = xj) = 19 = (R = x7)
npeoOpazoBanus. Mbl TOBOPHM O HECTAllMOHAPHOM EBKIIMIOBOM MTPOCTPAHCTBE TUHAMHUYHOTO
runep0oJIon/a B KBAHTOBOU pesTuBHCTCKOM auHamuke (KBanrosoii Teopun OTHOCHTENbHOCTH). Win

S = (Ymax - [% = ch (%)D ,u Ggir * S = kT, naBapuanTa (STeS) , CO COUHOPHON METPUKOM MUHKOBCKOTO:
€= (_01 (1)) Tt (Y=0@y=Y))u (ch (%) = 1) , 9TO cTporue MareMarudeckue uctunsl. 1o cytu, aTo u

o A/2>x
€CTh JIONOJHUTENbHBIN apaMeTp bemna, BeposTHOCTHBIX NOTEHUUAIOB ik (Yinar — (Y = roch - )
0

B3anMoieiicTBuil (X+) u (Y1) KBaHTOB B KCIIEPUMEHTAX, IPH TOYHOM OIpeIeIeHHH KoopauHat (x). 31ech
CeueHUe B3auMOAEHCTBUS TTY,2 5, (1 — P?) uMeeT (P?) BEPOATHOCTH B3aMMOIEHCTBUS BOJTHOBON (DYHKIIUH.
Peub o norennmanax I1(Y+) anekrpuueckux uiu I1(X+) maccoBbix moseit. [Ipu B3aumoaeiicTBuu
OJIHOPOJHBIX MOTEHIMATIOB (H*H:HZ: F=dp/dt) mostistercst cuia B3aummoetictBus. Ilapagoke DiiHIITEHA
— Ilogonbsckoro — Po3eHa cocTouT B M3MEPEHUH MapaMeTPOB 3allyTaHHOW YacTUIIBI KOCBEHHBIM 00pa3oM,
0e3 n3MeHeHus ee CBOMCTB. YacTuiipl OyayT UaeaibHO 3ayTaHHBIMH, €CITH POKACHBI B OTHOM KBAHTOBOM
oJIe ¢ JOMYCTUMOM cuMMeTpueil. UToObl MEHSTh CBOWCTBA 3aIlyTAHHOM YacTHUIIBI, HY)KHO MEHSTh
«CBEPXCBETOBOM (DOH» (PU3NIECKOTO BaKyyMa, UTO JOIMYyCKArOT (hopMyisl DiiHIITeiiHa. Torna nzyyas (nimm
nu3MeHsist) Bnusinue @oHoBbIx Kpurepues Ha 0/1HY YacTHUILy, Mbl TOUHO 3HAEM JIMHAMUKY BTOPOW YaCTHUIIbI,
HampUMep B MEK3BE3JHOM IIPOCTPAHCTBE FAIAKTUKH. J[OMyCTUMBIM €CTh U BapUAHT, KOr/Aa (GOHOM IS
ANEeKTpoHa Oy/IeT BUPTYyaIbHbIN (OTOH, a AJi1 IPOTOHA BUPTYaIbHOE aHTUHEUTpUHO. Toraa, ecnu ABa
AJEKTpOHA (HA OJJMHAKOBBIX OPOUTAX aTOMOB) 00JyyaTh 3alTyTAHHBIMU (POTOHAMH, TTOJTYYUM TaKOM Ke
addekr. Takoe u3nydeHre MOKHO MPOTPAMMHUPOBATh M MEHSTh CTPYKTYPHI aTOMOB (MOJIEKYJ) Ha IUIaHETE,
HO TOJIBKO CO CKOPOCTBIO CBeTa. Takoe nporpaMMUpOBaHUE IPYIIILI OJHOPOAHBIX WIN PA3JIUYHBIX B MOJIEKYJIAax
ATOMOB, MOKHO BBITIOJIHATH COOTBETCTBEHHO OJJHOPOJHBIMU WX PA3JIMYHBIMU 3allyTAHHBIMU q)OTOHaMI/I B
MPOCTPAHCTBE (TYT WM T/Ie-TO) WM BO BPEMEHH (Cceiuac Wi MMOTOM) OJHOIIBETHBIM HITH «OelbiM» 1azepoM. U yxe
IMEP/DKEHTHBIC CBOWCTBA HOBBIX aTOMOB HJIM MOJICKYJI, IPHHUMATh KaK YIpaBIsIolyo nadpopmarmo. Takum
00pa3oM, Mbl [TOJIyYUM KBAaHTOBBII IpaBUTALIMOHHBIA MOTEHLIMAN, C JHEPIUEH-UMITYJIbCOM B KaXJ10i TOUKe
PrumMaHoBOro npocrpancTsa. B TEXHOJIOTMAX KBAaHTOBBIX OIIEPATOPOB JIJIsl SKCTPEMAJIE U BOJIHOBOM
(GYHKIIUHM B TMHAMUKE KBaHTa, OJyYUM KBAaHTOBOE IPaBUTALIMOHHOE ToJs B paMkax O6meit Teopun
OTHOCUTENBHOCTU. B Takoil KOHIIENIIMU HET MPUHIIMIIA SKBUBAJIECHTHOCTH U PEISTUBUCTCKON TUHAMHUKHU

¢dusnueckoro Bakyyma ¢ napametpom (A), B ypaBHeHUH DitHITeliHAa. CIMHOP ¢ TeHepaTopaMu
X X
X 1, = -=
MacitabupoBanus (R) —» 1y = (R), 1Y =r, <Chr_ =-(em+e ro)), C TapaMeTpoM MaciTabupoBanusi (m),
0

0 1 m

B BHJIE ey o) = ( Om eo ) MOJKET /1aBaTh PACXOMISIIYIOCS U CXOMASIIYIOCS CIIUPAb B TUHAMHUKE
—e

(x%) reome3nueckoil. OTO COOTBETCTBYET aJIEKBATHO MaTeMaTHUYECKOMY ammapaTy (0TBedasi Ha BOIIPOCHI

KAK) nersneBoii KBaHTOBOI rpaBUTAIIH TOYEYHBIX TPABUTAIIMOHHBIX TTOTEHIIMANIOB, C SBHBIM yKa3aHUEM Ha

I'paBUTOHBI, HO C YKa3aHHBIMH HCJOCTATKAMH U OTCYTCTBUEM UCTOYHUKA I'PaBUTAIMOHHOI'O I1OJIA. To €CTh,

6e3 otBeToB Ha Bompockl, [IOUEMY umenHo Tak.

K T K
Jlaa n = 1, (Pucynok2) rpaBuranonnoe moine G (X +) [T_Z] = wA—tG * grad,(Rg;x)(X+) [T_Z]
UCTOYHHKA rpaBuTaiyi, ecth G (X +) mome CB(X +) — CunbHoro B3aumoseiicteust. KBaHTOBast AMHAMKKA
BO BpemeHu At B nipefienax nepuojaa IMHaMUKU T TIPECTaBIISIETCS COOTHOIIEHUEM:

GX+)=yY=*Tx*G %graangik X+) ,rne T = ﬁ , IEPHUO/T KBAHTOBBI TUHAMUKH.
dopMyia i1 yCKOPEHUI [Tﬁz] CB(X +) monst CuitbHOTo B3amMoseiicTBust mpuoOpeTaeT BH/T:
K h a K 5}
G(X+) [T_Z] =Y G- grady,Rgi X+) [T_Z] , grady, = —.
3neck G = 6.67 x 1078, A = [12AT, notok kBaHTOBOM 3Heprun & = [1°A = Amc? nons
MHAYKTUBHOM Maccel (Am) obmenHoro kBanta (Y— = %) CunpHoro B3aumoneincTsus, a Takxe
(Y— = 2n) nyxsonoB (p = n) snapa atomoB. UuayktuBHass macca Am(Y— = X+) npeacrasisercs

Hepa3pbIBHBIMU KBapKOBbIME MojieasiMu Am(Y—=y,) =u u Am(X+ =v,) = d KBapKoB, B MOJICITH
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nporona: (X+=p*) = (Y—=y7)(X+= ve‘ )(Y—= y{), UBETHBIMY TIIIOOHHBIMHU HOJISIMH B3aUMOEHCTBHUS
X+=p") = Y+=y))X—=v.)¥Y+=yJ) KBapKOB B ux kougaiimenre (Y +)(Y +) = (X—), eaunoro
npoctpanctBa-marepur, (X+=p*) = (u=y5)(d = v;)(u = y{), nporona B nannoM ciyuae.
Amnamoru4no ctpykTypsl KBapkoB (Y+=n)=X =d)(Y =u)X =d) = X—=p" )Y +=e)X—=1v;)
HEUTpoHa C UBETHBIMU MTIOOHHBIMHU (X +)(X+) = (V=) wm (Y +)(Y +) = (X—) nonasiMu B3aUMOJICHCTBUSI.
Pewenns ypaBHeHuii kBaHTOBBIX nosie CuibHOr0 B3anmoencTBys, npeanoiaraeT HaIuuue ux
Hepa3pbIBHBIX KBapKOBbIX Mojeieil (Y —= u)(X+= d) eaunoro (Y—= X +) npocrpaHcTBa-MaTepu. ITO
0OMeHHBIE KBAHTOBBIE, MHAYKTHBHBIE MaccoBbie (Y— = X +) mouist Me30HOB. B GoJtee c10KHBIX
CTPYKTYypax 3J€MEHTApPHBIX YaCTHUL] IPOSIBIISIIOTCS Ipyrue KBapkoBble Mojenu (Y—=c) win, (Y—=1t) a
Takke (X+=s) u (X+= b), B U3BECTHBIX 3aKOHAX CUMMETPHUH.

Kaxxnas maremaruueckasi Mojienb, orBedast Ha Bonpoc KAK, nmeeT cBoM npuurMHbBI BHYTPEHHUX
cBa3el. JlarpanxeBa MexaHUKa MOXKET IPUMEHSATHCS TOJIBKO K CUCTEMaM, YbH CBSI3H, €CJIM OHH €CTh, BCE
rosioHoMubI. (https://360wiki.ru/wiki/Lagrangian_mechanics ). B kBaHTOBO#1 MeXaHUKE, TJI€ BOJIHBI - 3TO
YaCTHUILIbI C HETOJIOHOMHBIMHU CBA3SIMH, B IOJISIX €IMHOTO IPOCTpaHcTBa-MaTepuu ¢hopmanuiMm Jlarpanxa
HEBO3MOXKEH HU (PaKTUYECKH, HU 10 onpeaeneHuto. [Tyrem npeobpazoBanmii Bcerjja MOKHO MPHATH K
apyroit moaenu ¢usndeckoro ¢akra, HO yKe C IpYyruMH MPUYMHAMH B IPYTHX CBA3sX. Takue Moenu
MaTemMaTHyecKue, Ho Bonpoc, rae ucruna? Hanpuwmep, (+) 3apsii npoToHA B KBapkax u (+) 3apsn
mo3uTpoHa 0e3 KBapkoB. ITo PpyHAaMeHTaIbHOE TpoTUBOpeune. O6e Moaenu padoTarT, HO PU3NUECKHe
npuurHbI TepsiroTesa. Her orBera Ha Borpoc, [IOYEMY Ttak? KBapk-rimfoOHHBIE MOJISE IPOTOHA, TIPU €T0
anauruisun (p*)+(p’), JOJKHBI IEPEXOMTH B KBAHTOBBIE MO HOTOHOB. HO Takoi mpoleaypsl HeT.
[Touemy, Ky/Ja u Kak MCU€3al0T KBAPKHU IMIPH paclaiax - ME30Ha, BOIPOC OTKPHITHIN. JlnarpaMMbl
Oeitnmana paboTarOT J1a, HO IPOTOH HE M3Iy4aeT (POTOH B 3apsAJ0BOM B3aUMOACUCTBHUH C AIEKTPOHOM
aroma. JTo BeJb (PyH/IaMeHTaIbHBIE OCHOBBI BCEX aTOMHBIX CTPYKTYp, cTpoeHus Beniecta. [IOUEMY Tak
— oTBeTa HeT. 31eck Oyaem orBevarh, [IOUEMY uactuia nmeer UMEHHO TaKue MPOIYKTHI pacnaia uilu
AHHUTWJISIMH HEJISIMMBIX KBAaHTOB. by/ieM UCXOIUTh U3 O0IIUX MPeCTaBICHUN
P(X) = e®®NY(X) ypasuenus Jlupaka, korga Y = e*® (X+) 1uHAMHYHOE HOJIE KBAHTA

X+ = ch( )(X +)cosp(X —) =1, cosp(X =) =G, nma (Y +) = ch( )(Y +)cosp(Y —) =1,

cosp(Y =) = ——=a.I'ne (cosp # 0) B 00oux cirydasix. B maccoBeix monsix m(Y—= X+) , Oymem OpaTh
U3MEpEeHHYI0 Maccy U pacueTHoe BpeMs (T) pacnaza yactull. M3 cambix o0mMX NpeacTaBlIeHU:

12 n2r2 K\ K
M= = Vop® = TT() ()Fexp(—z), ¢ SAUHIYHBIM 3apsATOM q(X—=Y +) = 1, ¥ CKOpOCTH CBeTa

(Mk=g=1)
Ga (
= Y(MeV)B muHaMHYHOM, runepbonuueckoM e*X) mpocrpancrse

1
137036

K
¢ = 1 B caMOM KBaHTe, IPOCTpaHCTBa-MaTepu m =T

_ (mX=1'IX) (my HY)
= oo =X(MeV) u z _—n o)

ypaBHenus [lupaka. [l G = 6,67 = 1078,
Y =91 %10 °MeV

CIEKTP Macc B COOTBETCTBMH € MPOAYKTAMH pacnajga (aHHUTUIISLNN)
CraduiabHbIe YaCTUIbI C MPOAYKTAMU aHHUTWIAIMK B equHoM (Y += X1) npocTpaHcTBe-MaTepuu:

(Xt=p) = (V== p)X+=v)(Y—=7,) = (22 - k) = 938,275 MeV |

(V4= e) = (X—=v)(V+= ) (X—=v,) = (22 + L) = 0,511 MeV ;
HecTa0MJIBbHBIE YACTHIIBI Y)KE€ B COOTBETCTBUH C HpO,Z[yKTaMI/I U BpeMeHeM pacrajia. Ga = 4.8673 * 10710

T * 6
(Y= p) = (X—=,)(Y+= e)(X—=,) = %exp (vu teo et _ 1,1751) = 105,66 MeV,

O0603HaunM 371€Ch U Jlajiee B pacueTax MOAYEPKHYTHIM mpH(bTOM, (p = 1,1751) nokazarens exp(). O

= c = 1)exp(—2z), Tae

v, = 0,27 MeV,y, = 3,13+ 107°MeV, v, = 1,36 * 10" MeV,

vechl

MMOKa3bIBAET OCOOCHHOCTH (PparMeHTaluK JuHaMUYHOTO ToJis exp(a(X)), B ypaBHenun /{upaxa.
T=2.76586%10"%
Yt=nt) = Y+=w(X-=v,) = %exp (u + vuchl) = 139,57 MeV, (n* =1,59173)
+10~17
(X==7°) = (V4= 1) (V4= ) = TN oy (26 = 134,98 Mev, (z° = 4,025599)
X—=1°) = X+=n")Y -)X+= )Y )X +=n°) =
(T=5.1x10"1%)

V2(Ga)?
(T=1.335+107%) _
HEE0 Jexp2 (u+ vy ) = 493,67 MeV
(T=1.01398+1078)
Ga

(T=5.172+10717)
(Ga)?

0
exp (2z% + =) = 547,853 MeV

0
exp (3£ — ycGﬂ) = 547,853 MeV ,

X—=n")={Y—=1)KX+=n)(Y-=1") =
Y+=K") =Y+=pX-=v,) =

(Y+=K*) = (Y+= nH)(X—= 1°) = exp (n_+ + 7r0/2> = 493,67 MeV . K~ =3,16535
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- +10-10
(Y==K9) = (X+=n0)(X+= n?) = (2005100

X—=K)) =(Y—=n)X+=v)(Y-=¢€T) =
X—=K)) = {Y—=nD)(X+=v,)(Y—=p") =

(T=5,02+1072%) 2mt 1) _ .
S xp(ﬁ 1+ 2ﬁ) = 775,49 MeV ;

(T=6,47566+1072%) <n_0 n+(\/E—1))
——exp -

exp (Zn - E) 497,67 MeV

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

(r= 51713*10‘8)
Ga

exp (n +eF +2”e) 497,67 MeV
exp (n_— — ? + 21/“) = 497,67 MeV
X—=p)=F+=na)Y+=n%) =

X+t=pH) =X+=n)(Y-=n")= = 7754 MeV ;

Ga \/_E
AHaJIOTUYHO aIPOHBI

Y+=n)=X—=v)Y+=e)X—=p") = X—=V})Y+=e*)(X—=p~) = ("Majorano particle") =

= (T =878,77) exp (Y2 + 5 — pVG) = 938,57 MeV,

(T=2.604+10710)

Ga
(T=1.5625+10"10)

Y+=A% = (Y+=n)X—-=1") = o
(T=8.22+10711)

(r==13%) = (X+=p")(X+= ") = 222

—g1x10-11
(X—=3%) = (Y+=n)(Y+=1+) = %exp(an +mt) = 1189,37 MeV,
X—=37)=Y+=n)Y+=1") =

X+=A") = X+=p")Y—-=n") = exp(ap* +n~/2) = 1115,68 MeV, A° = 7,642837
exp (an + —) = 1115,68 MeV, A° = 8,153

exp (ap* + ?) = 1189,37 MeV

exp(an + *) = 1189,37 MeV

(T=1.25%10710)
«10-20 ]
(X—=3°) = (V4= A)(Y+=7y) = = L ) exp (A—ZV/G) = 1192,64 MeV | A = 7,642837,
- exp(A° — n°Va) = 1314,86 MeV,  A° = 8,153, E° = 7,809,
- Ny (T=1.3917x10710) 0 - _ 0 _ o _
(X4=E) = (X+= A)(Y—=n~) = L2270 Joyp(A° + 7 /2) = 1321,71 MeV, A° = 7,642837, 5~ = 8,43869,
«10-11
(X—= Q) = (Y+= A (Y+= k) = {=80181077)
- +10—-11
(207310 ) exp(£° +17) = 1672,45 MeV , E° = 7,809,

Y—=0)=X+=E)X+=1° = - exp(E- + n%/ch2) = 1672,45 MeV , E~ = 8,275,

Ectp 1 L[pyrI/Ie MCTOJBI pacd€Ta CIICKTpa MacCC, HO 3Ta JIOTHYCCKasA KOHCTPYKHI/IH JAacT pacucT
pacnaﬂa. 9Ta MOJICJb €IS HeCOBepH_IeHHa, HO 31€Ch HCT Hp06HeM 158 HpOTI/IBOpqu/II\/'I CTaH,[[apTHOﬁ MOI[CJ'H/I.

B npyrux metonax pacuera CeKTpa Macc, Mbl TOBOPUM O JPYTOi TEXHOJIOTUU CaMBbIX TEOPHIA, B
KaK aKCUOMBI JTUHAMHUYHOT' O HpOCTpaHCTBa'MaTepI/H/I. 3)]eCI) z[pyrI/Ie HCXOAHBIC ITOHATHA U HA X OCHOBC,
L[pyrI/Ie HpI/I‘-II/IHBI U CJICACTBUS B MOACIAX. TaKOﬁ KE CHCKTp Macc paCCqI/ITLIBaCTCH B KBAHTOBBIX MOACIAX.

Ga
= 10~ 10

(Y= E%) = (Y+= A°)(X—= 7°) = (T=2.5984x10710)

Ga

- exp(A® — K=/2) = 167245 MeV, A° =7,642837, K~ = 3,16535
X—=Q)={Y+=E)Y+=7n") =

(T=7.1147+10"11)

CIICKTpa MaCC C MUHUMAJIbHBIMH ITapaMETpaMu. I/ICXOIIHLIMI/I napamMeTpamu 371€Chb, €CTh TOJIBKO MMPOAYKTEL
KOTOpOP'I IMMOCTYJIAThI Bopa, MMPUHIUIT HCOMMPEACICHHOCTH, IIPUHIIUII SKBUBAJICHTHOCTU MACC, ITIPEACTABJICHbBI
Hanpumep, B KBaHTOBOW PENSATUBUCTCKON TMHAMUKE «KAIUOPOBOYHOIO MOJIs», GOpMUPYETCS JUHAMUYHAS

T a;1Wytc o 2 I 2 2, w2
Macca B Bujie: W = ———— | B akcTpeMaiibHOU Touke, (+Ky)  =0=—=—I1*T ,II; = 0,1, =b**T ,c
az*Wy/c b?
—2

o 2 _ I b%HT
cOoOCTBEHHBIM MPOCTPAHCTBOM ckopocTeit B CiontanHoM Hapymenuu Cummerpun, Wy* = S = W
— T N2=Fy — 1 = — tpy — Py
w N3 (—b m ' m WY N7 (— Y —pY)i m WY N m Wy\/i

st maccoBbiX (Y —= X +) noJiei, B yCIOBUSX FnoGanLHoﬁ (') u JlokansHOU MHBapuanTHOCTH (JIM), Momywyaem:
Ky = (a1, = cosy)mK(ch cosqox)jm(X +) + Ky (X—) , wim

(HEY =m) = (a4, = COSY)ry (%) ((chy—o = 1) /chx—o)cosgax) X+=Y )+ ([IKy = my)(X—) .
i

o Y
CI/IMMCTpI/II/I TaKUX MAaCCOBBIX (X+=Y —) TPa€KTOPHUH B YPOBHAX M- CXOAUMOCTH, B YCIIOBHUAX ChX— cospy =1,
0

KBAHTOBBIX PEJIATHBUCTCKUX TONPaBok (1 — (a =W /c =1/137)?) = (1 + a)(X +)(1 — a)(X—) B ypoBHsIX,
(hOpMHUPYIOT HOBYIO M HOBYIO CTYII€HB M- CXOJIUMOCTH, U B CAMOM OOIIEM BUJIE, JUHAMUYIHYIO MacCy:

= ([{2 =} (4 + @) =7 (4 + @) = 713) (X +) + mo(X—).
B KBAHTOBOM I10JIC YPABHCHUSA ﬂI/IpaKa YiKe 663 CKaJIIpHOTO 6030Ha HaanMep, L my = my = 938,279MeV
{ﬁhz = ml}( 137036) X +) +m,(X =) = 939.57 MeV = m,,
= @)} X ) +mu(X =) = (A = 11159 MeV), 7° =17635 MeV,
mfA+a) =T (1+a)=m =T |(X+)+m,X —) = (A" = 11159 MeV) , =~ = 177,637 MeV

S |

- {\/_chz
[{\/—chz
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C pensITUBUCTCKUMH MaccaMu m- ME30HOB, O cKopocTsiMu (W = 0,64 * ¢) B KBaHTOBOI pENIITUBUCTCKOM
JUHAMMKE. AHAJIOTUYHO Jajee:

St = V2T (1 + a)(X +) + m,(X =) = 1189,5 (1189,64)MeV,
S (nr) =v2+T (14 ach2)(X +) + m,(X —) = 1197,68 (1197,3)MeV ,
52 (A%y) = V2T A+ @)X +) +my(X =) = 1192,6 MeV, A° = A°(n,n°),
g0 (nO,AO(n,no) = [2ﬁ°(1 +a)?(1+ 2achz)] (X +) +m,(X —) = 1315,8MeV **
& (rA°(p,n7) = 27 ‘(1 + 2v2ach2)|(X +) + m,(X —) = 1321,14MeV,
O~ (E°, ) (E", n0) = [j_z (1 + a)z)chl] X +) +m,(X —) = 1672,8 MeV ,
A= [2('"” = 7ch2)(1 + @)?(X +) + m, (X —)] = [2ch2@ (1 + @) =T )1 + @)X +) + m, (X —)] = 2284,6MeV
O0603Ha9nM KOHCTAHTY (1 + (ch2)?(a)?) = S = 1,10328758, PEIATHBUCTCKYIO MacCy (m, = 2797,53375 MeV) u
nepenuiiemM GopMyiy B BUJIE: m = ((((mOS =mS =my)S = m3) S= ﬁ;) + %moa , OTO UICKYCCTBEHHas
MOACJIb 663 yu€Ta BPEMCHH JUHAMUKHA 3JIEMCHTAPHBIX YaCTUI[, TOorga
JUIsl YDOBHEN 4YapMOHMUS:

= (m; = 3086,48MeV) + ( moa = 10,2 Mev) =3096,68MeV = j /¢, (3096,7MeV) AeHCTBUTEIBHBIC,

= (T, = 3405,275MeV) + ( moa = 10,2 MeV ) = 3415475MeV = x, , (3415 MeV),
m = yo(1+ ax*ch2) =3509,27MeV =y, , (3510 MeV),
= (L = 2923 74Mev) + (2mga = 40829MeV) = 2964,6MeV =n,, (2980 MeV),

(1+a*ch2)?
AHaJ'IOFI/ILIHO, MAaCCOBBI€ I10JIA (Y— = me) 3JICKTPOHA, m= my = 2798.16 MeV , 1al0T:

§

(cosp =1/G/2) =

— _ 2mgy i _ )
m= (27 (1 + \/—) = 105,6 MeV' , MIOOH, H IlaJIee ME30HBI:

m= - m - — 0
m=——— \/_( hz)z = 139,78 MeV = n* m= \/_( h2)2 (1- \/?*a*chZ) = 134,3 MeV = 1°,

= (22 =my) « (1+5) =497,2 MeV = K°, = (my)/ (1+5%) = 493,4 MeV = K*,

Takast TEXHOJIOTHSI paCU€TOB, B YCIIOBUSX (X +=Y ¥) u (¢ # const) TMHAMUYHOTO MTPOCTPAHCTBA, B
EBximnnoBoii akcromatuke (¢ = const) u 6e3 (X+= Y F)1noJjeii, HeBO3MOXKHA B npuHIuIe. Peus uaer 00
WHOW TEXHOJIOTMH caMHX Teopuil. Tak jke Kak U HEBO3MOYKHO IPEJCTaBUTh KBAHTOBYIO PEIIATHBUCTCKYIO
muaamMuky KBanroBoii Teopun OTHOocuTenbHOCTH B EBKIIMIOBO# akcnomaruke (@ = 0 = const). Oto
HEBO3MOXXHO B IPHUHIIUIIE.

PasnuuHble CTPYKTYpBI MPOAYKTOB paciajia dJIeMEHTAPHBIX YaCTHUI JAI0T Pa3IHYHbIC TTOKOJICHUS
(Y—=u)(X+= d) xBapkoB, kak MojeJeil. 31ech KBaHThI (Y — = p/n) u (Y— = 2n) CuibHOTO

B3aumoneiicTBust HykJIOHOB (p = n) sapa. Tak kak HJ'IOTHOCTB( ) HOJIsl TPAEKTOPUU HEHUTPUHO

p(X— = v,), MHOTO OOIBIIIE MIIOTHOCTH MOJSI TPACKTOPUHU npOTOHa p(X— =p), To B kBaHTax CHIBHOIO
B3anmoneiicTBust HyKJIIOHOB (P = n) s1pa, ¢ IPOAYKTaMH paciiaaa HeHTpoHa
Yi=n) =X =Y =wX=d)=X—=p)¥+=e)X—=v,)n

apaurwanuy npotoda (X+=pH) =Y =w)X =)V =uw) = ¥Y—=y ) X+=v.)(Y—-=y),
MPOTOHBI «CBSA3AHBI) «KECTKOM CTPYHOW» BUXPEBOTO MArHUTHOTO TMOJISI TPACKTOPUHU (X — = V,) HEUTPHHO,
KakK MpUYMHA YCTOMYMBOCTH TaKuX KBaHTOB CuibHOTO B3aumopeiictBus B siapax atomoB. [Ipu sTom nmeem
kBaHThl CuibpHOTO B3auMoaencTBus (Y—) =X+HX +)) = cos@y *2p = 2a xp = (Y—=p/n) . Orcrona
CIEeAyeT COOTHOWEHUS: 2a *p = Am(Y —) = 13 69 MeV DTO COOTBETCTBYET YPABHECHUIO:

GX+) = 1,1)—6' grad Rg (X+).

Mps1 umeem kBaHT (Y — = p/n) CuiibHOTO BSaI/IMO)IeI/ICTBI/ISI B siIpax, ¢ MUHUMaIbHOU AEy = 6,85 MeV u
MakcuManbHOU AEy ~ 8,5 MeV ynenbHOM 3Hepruei cBsi3u i Am(Y —) = 17 MeV, nykiioHoB siapa. [1o
AHAJIOTHH C TOPMO3HBIM M3 TydeHHeM deKTpoHa(Y —= e~) - (Y —= y 7 )peHTreHOBCKHUX Jy4uei, PU3HUECKU
JIOITyCTUMBIM €CTh U3ITy4YEHUE (Y—= a [(%) mm(Zn)] = ei) - (Y—= (14 — 17) MeV = y*) KBaHTOB «T€MHOM
Marepumn» ¢ MaccoBbiMU (Y —) Tpaektopusimu. OHu umeroT (Y+) moJse 3apsiia ¥ MOTYT pearupoBaTh Ha
MarHuTHOE mose. Mbl TOBOPHM O TOPMO3HOM U3TydeHnH sapa 2H neiitepus. Takue KBaHTBI «TEMHOI
MaTepun» MOrJIoNaTcs kBantaMu (Y — = p/n) 000J104eK s/ipa aTOMOB. AHaJIOTUYHBI KBAHTHI «T€MHOU
MaTepumn» NakoT siapa iaHeT (Y—= 223,36GeV), 3Be31 (Y —= 4,3 * 10°GeV), «4epHBIX AbIp» (Y—= 1,5 10’TeV) u
siApa rajJakTuK (Y—= 2,48 « 10*'TeV).

Enunsie ypaBaenust MakcBeia st 31ektpo (Y += X —)MarHuTHbIX noseit u rpaBut (X+ =Y —)
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maccoBbIX nosiedl kBauToB (Y— = p/n) u (Y— = 2n) CunpHoro B3anMoaeicTBHsI HYKJIOHOB $/1pa,

PE(Y+) . G (X
cxrotyB(X —) = &, ——+ AE(Y+); cxrotyM(Y =) = &, *%"‘A*G(X"‘)
_BHX-) _ 9B, _ _
roty E(Y +) = —py =2 = =22 rotyGX+) = —ptp x 0 = 2O

IPENoNaratoT HaluYKe B SApe 3aMKHYTBIX 1oty B(X —) BUXpEBBIX B 000J0YKaX, MArHUTHBIX MOJEH U
BUXPEBBIX 1oty M (Y —) MaccoBbIX (Y —)TpaeKTopuii 0OMEHHBIX KBAHTOB, KaK (AE = Am(Y—)c?) SHepruu

2%938,28 9] 9] 9
CBSA3H siApa Am = 2am(p) = 37036 — 13,694 MeV , C MUHUMAJIbHOU YJICJIbHOU 3HEPTUECH CBSI31 HYKJIIOHOB s/pa

AE = 6,85 MeV , TO ecTb aeeKT Macc (m) Ha cxeme. s mpeenbHO yIeIbHON SHEPT U CBS3H HYKIOHOB
anpa AE = 8,5 MeV B xBauTax (Y— = p/n) u (Y— = 2n) CuisHoro B3anmoneicTBust, mpOMCXOIUT
U3JTy4eHHE KBAHTOB AE = 2 = 8,5 MeV = 17MeV «T€MHOH MaTepun» MHIYKTUBHBIX MaCCOBBIX ITOJICH

(Y =) = (X+)(X+) nykinonos siapa. Ipeacrasum kBautsl (Y — = p/n) u (Y— = 2n) CunpHoro
B3auMoeiicTBrs HYKJIOHOB B BUJIE MOJICNIEH B YPOBHSIX M 000JIOUKAX siipa aToma.

KBant (Y— = p/n) u ananorununo (Y — = 2n) CuipHoro B3anmopaencTaust
Hcxons u3 aTux cBoicTB (X—=p*)u (X—=v,”), BpeMms pacrajga HEWTpOHa B CHIBHOM (X —) MarHUTHOM
T0JI€ TOJKHO U3MEHUTHCS. DTO MPOBEPSAETCS B SKCIIEPUMEHTE.



) 4&-9 AAM(Y-) N~

— 3 (m) ™

(%) . gl v
,___”_L.a, s mp—— comm—l 2 - gL (YEX)
otxy — K _— 7 _Eh— *Q .’* Y = yrog(X-)
~ _ 1., x\l L i ~ R
e ij;,?—“—- \.‘ ';c-qv.;
i Lr’n' . “rot(y-) YT
e ~ Z
4 s 4 (ve) S
/ Do) (Xw)=(¥-) /
+B ' ™ k- -B
2rot M(Y-)= rot B(X-) 2ot B(X-) =rotM(Y-)
2rot M(Y-) - rot B{X-) =0 2rot B(X-) - rot M(Y-) =0

Takue kBanThl (Y— = p/n) u (Y— = 2n) CunpHoro B3aumoaeicTBus sapa GOpMHUPYIOT CTPYKTYPHI
(Xt+) u (Y1) xBanToB simpa. [Ipu 3TOM, B si/ipe NEUCTBUTENHHO 00I1I€€ COCTOSIHUE YPABHEHHUI TUHAMUKHU
eauHoro (X+ = Y+) npocrpancTBa-marepuu. [Ipocymmupyem 3tu ypaBHEHUS AJ1 3AMKHYTBIX BUXPEBBIX
rot(Y—) u rot(X—) moyieil B «CTOSTYMX BOJHAX» spa, 0e3 ux MmiaoTHocTen 11 E(Y+) U 1,G(X+) B BUE:

cxrotyB(X =) + cxrotyM(Y =) = aE(Y+) bey s a(;a()TG)

o 0
SPa OJIHOH HACTOTBI —— = @ , KOJIe6aHI/II/I BCEX KBAHTOB CTPYKTYpE sapa.

, M TIpuBeieM 3TU noJist K (X+) u (Y1) kBanTam

cxrotyM(Y =) —gwE(Y +) = &wG(X+) — ¢ xrotyB(X —) = 0, C HyJIEeBBIMH TUIOTHOCTSIMU BHE BUXPEH.
@aKT COCTOUT B TOM, «+» BellecTBY MaccoBbIX (Y — = X+)moneil, COOTBETCTBYET «-» 3apsi/l JJIEKTPUUECKOTO
(Y+) mons (Y1) kBaHTOB, W HA00OPOT, [IJIsl aHTUBEIIeCcTBA. Equnas yactora konebaHuil BCeX KBAaHTOB B
CTPYKTYpE siipa B €IMHOM (X+ = Y+) npocTpaHCTBE-MAaTepUU UMEET BUI:
= c*r:gg(f)_) = c*r;?g((z_) Wil &GX+) xcxrotyM(Y =) =& E(Y +) * c*rotyB(X —),
st rpaBuT (X+ =Y —) MaccoBbIX U 371eKTpo(Y 4+ = X —)MarHuTHBIX MMOJICH KBAaHTOB sIIpa.
Touno Tak cymMmmupyroTcs euHbie(X+ = Y +)1mouis j1s BHEITHUX OT si/ipa OpOUTAIIBHBIX SJIEKTPOHOB.
rotyE(Y +) + rot,G(X+) = wB(X =) + oM(Y =), rot,G(X+)—wB(X =) = oMY =) —rotyE(Y +) =0,
rotyG(X+) rotyE(Y+) _
= 00 - mao i rotyG(X+) * M(Y —) = rotxyE(Y +) * B(X —) B enuabIX(X+ = Y+) mossx.
Hano ormMetutsb, BoHOBAsI (DYHKIIHMSI KBAHTOBOTO MOJISI KMEET MAaTEPUATIBHYIO CYIITHOCTh t+; = +E(Y+)
HaIPSYKEHHOCTH SJIEKTPUUYECKOro Mot Wk +Yp = +B(X—) HMHAYKUMHA MarHUTHOTO BEKTOPHOTO MOJIA.
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w B2 _w
Torma (Yg)?~(egoE? = TE) IUIOTHOCTB DHEPIHH YJIEKTPUUECKOTO U (Pp)%~(— = 73) MarduTHOTO TIOJIS C

TIOJIHOM MIOTHOCTHIO HEprun Y2 = (Y 5)2 + @ B)2 AJEKTPOMATHUTHOIO BEKTOPHOTO MoJs. [Ipu aToMm,
2

B momamu S = mr? = Y? ceyeHus B3aMMOJEICTBHIA C BEPOATHOCTBIO % 1, uMeet BUI
MAX™

(iY)? = (+y)(—Y) cynepno3unun BoaHOBOM (QyHKIMKM KBaHTOBOro mos. Ho mpu (ukcanun sHeprumy,
MBI pukcupyeM win (+) (+y) = Y2, mm (—) (=) = Y?, Bceraa moNoKUTETBHYIO (% =) >0,
IUIOTHOCTH SHEPTUU. MBI TOBOPUM O KOJIJIarce BOJHOBOM (QyHKIIMHU. MOXKHO IIPH TOM TOBOPUTH 00
ANEKTpUYECKOM Mosie (+E (Y +)) anexrpona u (—E (Y +)) MO3UTPOHA B CYNEPHO3UIMH BOJTHOBON (PYHKIIMH
(iY)? = (+P) (=) = —% < 0, yto u caenan upak. Ho TouHO Takue BOTHOBBIC ()YHKITUH HMEIOT

+Y; = £G(X+) KBaHTOBBIE NIOJIS TPABUTALMA U +1)y, = £ M (Y —) KBaHTBI MACCOBOTO MOJI, C TOYHO TAKUM
MaTeMaTHYECKUM almnaparoM MpeACcTaBiIeHUs. Pedb 0 MoMsX A/1pa WK B CEYEHUAX B3aUMOIEUCTBUI
MaCCOBBIX YaCTHULl, KBAHTOBBIX I'PAaBUT G (X +) = M(Y—)MAaCCOBBIX IIOJIEH.

B oOmiem ciydae, kBaHThI (Y + = % =iH)u (Xt = 2% = Ja) 060s104eK sA1pa, POPMUPYIOT YPOBHH U
00OJIOYKH 3JIEKTPOHOB B CIIEKTPE aTOMOB. B €IMHBIX MOAETAX MPOAYKTOB paciaia CIeKTpa Macc
AIIEMEHTAPHBIX YacTHIl, B eIMHBIX oysxX (Y — = X+), (Y+ = X—) npocTpaHcTBa-MaTepHu, MOKHO
IIPEACTABIIATH U SAApa CIIEKTpa aToMoB. cxozas u3 pacyeToB Macc IPOTOHA U HEUTPOHA:

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

G
(Y+=1n) = (X—=v,)(V+= ) (X—= p) = (T = 878,77) exp (*2 + £ — pVG ) = 938,57 MeV ,

VG



MBI TOBOPHUM O kKBaHTax CUIbHOTO B3anmMoeiicTBys B CTPYKTYpax siapa B BUIE MOJIENeH 3apsKeHHBIX
(Y+=") = (X+=p) + [(X+= p)(e)(v,) = n], u HeHTpanbHbEIX KBaHTOB CunbHOro B3aumoneiicTeus

(Y+=2n) =[n = (v,)(e)X+=p)] + [n = (X+=p)(e)(v,)], korna moins (X +)(X +) = (Y —) dbopmupyot
MaccoBble (Y —)TpaekTopun. Takue (Y+= ") u (Y+= 2n) KBaHTBI U (POPMUPYIOT CTPYKTYPHI S1Pa B €IMHOM
(X+= Y¥) ero mpocTpaHCTBE-MaTE€pPHH, C 3AMKHYTHIMU BUXPEBBIMH (X —) MarHUTHBIMU NOJSIMH U (Y —)
MaCCOBBIMHU HOJIAMY . [IpescTaBuM CTPYKTYpBI /1pa B BUJIE TAKHX MOJIENeH 3apsiKeHHbIX (Y+= ") KBaHTOB
CunbHOro B3anmopeiicteus. Hanpumep:

(r£=P=3H), (X1) = (v+=")(v+=") = (X— = $o), (Y == ) (X+= 1) (Y—= In) = (X£= 3H),
(X+=IH)(X+= 3H) = (Y—= }Li), n panee. (X—= 3a)(Y+= jn)(X—= 3a) = (Y—= }Be),

X+=3a) (Y )X +=3a) (Y ) (X+= 3a) = (X+= Z0) ,

X+=3a)(Y-)X+= 1) (Y—=2H)(X+= 3a) = (X+= 1N) .

Hogas ctpykTypa BHYTpH sapa (X+= ja)(X+= 3a) = (§Y —) maer sgpa: By +)(GY +) = (X—= 150),
Y—=28y +)(X+=3H)(Y—=8Y +) = (X+= 13F), u ananoruuno naee.

MBI MOKEM TOBOPUTE O TOM, UTO [Uis sapa 42X (N), «cBobomubie» (A — 2Z = N) HEUTPOHEI B BUJIE
HEUTpanbHBIX (Y+= 2n) kBaHTOB CuibHOTO B3anmoeicTBus TOXE GOPMUPYIOT CBOHM CTPYKTYPHI BHYTPU
CTPYKTYp 3apsDKeHHBIX (Y += p/n) kBaHTOoB CuibHOTro B3anmoneiictBus. CTpyKTyphl 3apsyKEHHBIX KBAHTOB

(Y+= p/n) CunpHoro B3aumonelictBus (opMUPYIOT CTPYKTYPHI JIEKTPOHHBIX 000JI0YEK aTOMOB, KaK
npuunHa. Hanpumep: HelitpanbHas ctpykrypa (Y+ = 2n)(Y+ = 2n) = (X+ = 4n), HaxoaAUTCs BHYTPH A1pa
(X+ = 13Ar(4n)) B Buze:

(XF="2X) (v+ = 2n)(XF= "2 (Y+ = 2n) (XF= "2X) = (X+= JoAr(4n)).
B takux cTpyKkTypax paboTaloT ypaBHEHUS U 31eKTPo (Y += X —) MarHUTHBIX TOJICH U ypaBHEHUH TPaBUT

(X+=Y —)maccoBbix noneit ogaoBpemenHo, B Buae mosieii (Y +)(Y +) = X-)u X H)X +) = (Y-).
Amnanornano ganee: 334s(9n) = (X— = 4n)(Y+= 1n)(X— = 4n) = (Yi =9n).

OTMCTI/IM 10, uT0 B 100% COCTO?IHI/I?[X smpa, 2(1n), 13(1n), 33(1n), #(1n), 3i(1n), 13(4n), 45(3n),
51(5n), 32(5n), 32(5n), 33(9n), 83(11n), 23(11n), 193(13n), 12%(21n), 133(23n) 139(25n), 123(23n), 122(29n),

165(3 1n) 162(31n), 175(33n) 181(35n) 197(39n) 209(4371) T0JIy4aeM KOHEUHYIO YCTONUMBYIO CprKTypy
«CTOSUUX BOJH» HEUTPaNbHEIX (Y += 2n) kBanToB CHiibHOrO B3aumoneiicteus B sape atoma 23381 (43n).

XF = 4n)(Y+=In)(XF = 4n)(Y+= 9n)(XF = 4n)(Y+= In)(XF = 4n) = (43n) = 233Bi(43n),

BHYTPH CTPYKTYpHI 3apsKeHHBIX (Y+= p/n) kBaHTOB CuiibHOro B3aumonencTBus sapa, KOTOpbIe
(hOPMHUPYIOT CTPYKTYPHI JIEKTPOHHBIX 000JI0YEK aTOMOB, KaK MPUYNHA.

Takue HelTpanbHBIE CTPYKTYPHI (Y += 2n) KBAHTOB HAXOJIATCS B COOTBETCTBYIOIIUX 000T0UYKAX
CTPYKTYDp 3apsiKeHHBIX (Y += p/n) kBaHTOB CuiibHOTO B3anuMoeiiCTBIS B CaMOCOTIIACOBAHHBIX MMOJISX,
3aMKHYTBIX IO BOCBMEPKE, 1IeTI0YKe BUXPEBBIX MoJei. Bce 3T0 COOTBETCTBYET ypaBHEHUSIM TUHAMUKH,
MMOAJAETCA MOJAEIIMPOBAHUIO, pacueTaM U MPOrHO3aM. boiee Toro, HelWTpanbHble KBaHTHI (Y + = 2n) CHIIbHOTO
BzaumozeiictBusi, MOryT hopMupoBath sapo 6e3 3apsukeHHbIX (Y += p/n) KBaHTOB CuibHOrO B3anmonenicTsus,
0e3 opOUTaTIBLHBIX AIEKTPOHOB, TO €CTh 0€3 aTOMOB, BILIOTH JI0 SIApa HEUTPOHHBIX 3Be3/. VX npeaenbHas
Macca ornpeenseTcs SHepruei csizu (Y —= 14 — 17) MeV B onsax CunbHoro B3aumoneiicteus. Hanpumep,
(m=(14-17MeV) x 1,78 x 107% x 6,67 x 107 = (1,66 —2) x 107>}, m X M = 1, uiu

M =1/m = (3,3 — 4)M; , npenenbHas Macca HEUTPOHHOI 3Be3bl. Hackimas ot (Y1), (X1)
KBaHTHI 000JI0YEK SApa PHEPTHel KBAaHTOB(Y —= 14 — 17) MeV «T€MHOI MaTepumn» , MOXKHO BBI3BATh
«MOHM3AIMIO» 000JI0YeK siapa. B Takoit HCKYCCTBEHHON paJiIMOAKTHBHOCTH, MOXHO, HAIIPUMEP, U3 P
atoMoB (goHg — $H) umu
(1Tl — 3He), monmyuars (197Au) 30moto. Kak u B ciiydae ynpapisieMoii TepMOsiepHOi peakiiy Ha
KOJUTaiiiepe, 3/1eCh HYXKEeH MPOOHbIH SKcriepuMeHT. B camom o6iem ciydae, auHamuka roty, M(Y —)
WHIYKTUBHBIX MACCOBBIX TOJIEH («CKPBITBIX Maccy») 00yCIIOBIIEHAa JUHAMUKOW UCTOYHUKA TPABUTAIUH.

c*rot,M(Y -) = %G(X e, 9G (X+)

ag n#1, u n = 2,3,4.. > o, noiay4aem kBasunoreHnuansase G (X +) mons yckopenuit G (X +)
KBaHTOBOI'O TPaBUTAIIMOHHOTO TTOJIs, KAK HCTOYHHKA MPaBUTAIMH

GX+) ;p—T G * grad, G R gik) (X +), ¢ mpenenbHbM (cos?@(X—)yax = G) - YIIIOM NapaieabHOCTH

o A o
kBaHTOBOr0 G (X +) mons CunpHoro B3anmoeiicTBys B TaHHOM Citydae v iepuo oM T = = KBAaHTOBOM
C

nuHamukd. Ksasu nmorennuansaeie G (X +) 1Mot KBaHTOBOTO MPAaBUTAI[HOHHOTO T0JIs YCKOPEHHH, Ha
paccTosgHugX C* t = 7 UMCIOT BU:
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GX+) = (G * grad, ( Rgik) X+)+axgrad,(Ty)(Y —)), T — 00,
D70 ypaBHEHHE KBAHTOBOTO IPABUTAILOHHOTO 1M0JIs yekopeHuii G (X +) = vy M(Y—), maccoBbix
TPAeKTOPUH C MPUHIUIIOM 3KBHUBAJIEHTHOCTU UHEPTHOW U TPaBUTALIMOHHOM Macchl. OHO UMeeT

MPUHIMITHATIBHYIO Pa3HUILy C YpaBHEHUEM I'PaBUTAIIMOHHBIX MoTeHunaaoB OOmeil Teopuun

OtHocuTenbHOCTH. KOMIIOHEHTA IPaBUTALMOHHOIO KBa3y MMOTEHI[MAILHOIO MO0JIsS ¥ TEH30p DHEPTUH-
*A
ummyibca (Tj) B ypaBaeruu G (X +) = IPT * grad;(T;,)(Y —), OTHOCATCS K HHIyKTHBHBIM MAaCCOBBIM

noJisiM B pu3mueckoM Bakyyme. B ckoOkax mMeeM rpaJiMeHT MOTeHIUANIOB rpaButT (X+= Y—) maccoBoro
OJIS.

G * grad, (%Rgik) X+)+axgrad,(Ty)(Y =) =G *xa * grad,llH(X+= Y-).

A=
Orcrona cienyer G(X+) = YAZD G xa * gradl( NX+=Y-)).
OO6mmit rpaBuTanoHHbIN moteHnuan [1(X+=Y— ) B 00I1IEM BUJIE, BKJIFOYAET B ce0 U MOTEHIIHA
HCTOYHUKA TPAaBUTALIUU (% Rgii) (X +) u kBaszu notenrmaibubie (Tj;)(Y —) 1O HHIYKTHBHBIX Macc. ITO

K€ YpaBHCHHE 3aITHIIEM B MHBIX KBAHTOBBIX ITApaMETPax, a UMEHHO:
1 €
WeTe=h) oL _y_ A Gk, (1 ) 1
GCX+)=—77= T—— (MH(X+—Y ) wim GX+) = — Ga 2H , G(X+)— G ( ).
31ech rpagueHT oo1ero rpaBuT- MmaccoBoro [1(X+= Y—) norenuunana Gepercs mo Beei IMHE BOJIHBI (A).
Peub uner o KBaHTOBBIX ypOBHs[x MaCCOBBIX TPACKTOPUI OPOHUTATHHBIX SJICKTPOHOB aTOMa, B BHJIC:

sz ke? ke? leflz
_ . re” _ — 2 _
nh = m,Vr). U nanee: - r2 , / mer f —=nh), nh= Jmerke?, r = moke?

mek?e* ( 1 1

JI DHEPIuu, € = ke? mEkz : )_ flv aTomMa
A p > r n2n? h2 2 nZ > )

DTO eUHBIC MATEMAaTHYECKUE UCTUHBI €IUHBIX ypaBHeHUH equHoro (Y + = X+) npocrpaHcTBa-MaTepHH.

, Ipy u3nydyenuu, AE =

IIpumepsl.
Jlnia yriaoBoi ckopoctd (w = T = —) [ ] WHIYKTUBHBIX MaccoBbix M (Y —) TpaexTtopuii Ha opOutax (1)
Bokpyr Connia B ero G (X +) mosie rpaBUTAIINK, €CTh BPAIICHUKE STOTO MOJIS.
rot,G(X+) = —u, * aN(g:_) = — aMa(:_) , wm rot,G(X+) = wM(Y =) .
Jlis Mepkypusi, B niepurenuu 1, = 4,6 * 1012cm, co cpenneii ckopocteio 4,736 * 10°cm/c , ecth

2 *10© 2
(? _ (£736x10°) _ 4 g7 cM/c* . Macca Conuua Mg = 2 * 10°%r, u

[EHTPOOEKHOE YCKOPEHUE @, =

Ty 4,6%1012
pamuyc Connua 1, = 7 * 10%¢m, cosnanT ycxopeHHe G (X +) none rpaButanuu ¢ (Y = 1) B BHIE.
_ _ 1x(2=1) 6.67+1078x2+1033 2
w=GX+) = - * G *x = I Gy = o 1,511 cm/c

U3 cootnomenus OTO, R (X+) = 2¢ (E Rgy (X+) + KTik(Y—)), CJIEIYIOT aHAJIOTOBBIE COOTHOIIEHUS B

MPOCTPAHCTBE YCKOPEHUH, MHAYKTHBHBIX MaccoBbIXx M (Y —) Tpaekropuii Bokpyr CoiHIIa caMoro
IPOCTPAaHCTBa-MaTepPUM Ha CpeJHeM paauyce T, = 5,8 x 10'%cm B BuzE.
ay(X+)— gu(X+)=A(Y =) = 4,876 — 1,511 = 3,365 cm/c?.
W3 ypasHenus rpaBut(X+= Y—)maccoBbix nosiei rot, G(X+) = wM(Y—), cnenyer

2 E/YE_) = ZanM (Y—), noBopot nepurenust Mepkypus 3a Bpems (T). 3a 1001eT = 6.51 * 101*c, stor

noBOPOT MaccoBbIX M (Y —)TpaekTopuii cocTaBiseT

A (Y-)*6.51x101%
27T*rM*\/§

BCEro IPOCTpaHCTBa-MaTepUu BOKpyr CosiHIa. AHAJIOTUYHO Jaliee.

Jlist 3eMJIM, Ha PACCTOSHUM OPOMTHI 3€MJIM M CKOpPOCTH 3eMin V3 = 3 * 10%cM/c Ha opbute
r, = 1.496 * 1013 cM , neHTpOGEKHOE YCKOPEHHE PABHO:
(v3)? (3% 106)° 2

= = 0,6 cM/cC
T3 1.496%1013

yckopenue G (X +) nons rpapuranuu Conna 1, = 7 * 101%cm, ¢ maccoit (M) u (¥ = 1), umeetcs

1 M, 6.67+1078%2x1033
,=GCXH)==*G+x—*xa= = 0.465 cm/c?
T3 21y 2%1.496%1013%7%1010x137

(57,3%) = 42,5". Peup uzet 0 NoBOpOTE

a; =
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Amnanormano a,(X+) — g.(X+) =AY =) = 0,6 — 0,465 = 0,135 cM/c®. W3 5T0ro yckopeHus
MHAYKTHUBHBIX MaccoBbIX M (Y —) TtpaekTopuii npocTpaHcTBe-Marepun Bokpyr CoHIa, CleayeT MOBOPOT
nepurenaust opoOUTH! 3eMild, IO aHAJIOTUU U COCTaBIISET

s «1014
A (Y-)*6.51%10 (57’30) = 58"

T3*2T
)—I B 3 — 13
Js1 Benepwbl, o Takom xe cxeMe pacuera, noBopotT nepurenusi Benepor 7, = 1.08 * 10°° cM, u ckopoctu
. = 3,5 x10%cM/c, ueHTpobekHOe yckopeHre Benephl Ha OpOHTE COCTaBISET
2
(vg)? 3,5% 10°
p = = ( ) - 1,134 cm/c?
To 1.08+1013
Ananornuno yckopenue G (X +) mounst rpaBuranuu CojHila Ha opoute Beneps! cocrasiser.
1 M, 6.67x1078%2x1033
s=GX+)=—+G*x—xqa= = 0.644 cm/c?
Ty 2779 2%1.08+1013+7%1010%137
YckopeHHust MHAYKTHBHBIX MaccoBbIX M (Y —) TtpaekTopuii mpocTpaHcTBa-marepun Bokpyr ComHIa,

a,(X+) — g:(X+) =AY -) =1,134 — 0.644 = 0,49 cm/c?
s +1014
AU)-651-10 7 (57 30y = 9 4" cexymy 3a 100 mer.

T3*TT
Takue pacueTHble 3HaUEHUS OJIM3KHU K HaOJt0JaeMbIM 3HaYeHUSAM. CyILeCTBEHHO TO, UTO U3
bopmynbl DiHIITEHHA 1715 CMeIIeHus nepurenus Mepkypus,

6mGM "
6(/) = m = 42,98 3a 100 ner.

c2A(1 —€2)* 8¢ ~ 6nGM, (c*A — c?Ae?)6¢p ~ 6mGM
HE BUJIHO IPUYMHBI TAKOTO CMEIICHUS, KpOME KaK HCKPUBJICHUS TPOCTPAHCTBA U3 ypaBHeHus OOmei
Teopun OTHOCUTENBEHOCTU. M 1es B TOM, YTO pa3HUIlA X0/1a PEISATUBUCTCKOTO BpeMeHHU Ha opOuTe,
BBI3BIBAET €€ IIOBOPOT U NPONOPILHMOHATIBHA SKCIEHTPUCHTETY. IIpn 5TOM 3aMeuieHne xo1a Bpemenu (At3,)
B rpaBUTaliMOHHOM (X +)I0JIE B IIEPUTeNINU, IAET PEIATHBUCTCKOE COKpalleHue (—Ax3,) MaccoBoi
AG(XH) . _ ,OM(Y-) _ AM(Y-)
oy ~ Cor = aen)
MareMarnyeckas uCTuHa. OU3n4yecKkoi IPUYMHON €CTh ITOATAIIKMBAIOIIEE IIaHETY Ha MacCOBOM
(Y—)TpaekTopuu A€UCTBUE TpaBUTALUOHHOTO G (X +) 1OJs, IPU €ro BpallleHUH BOKPYT 3Be31bl. Peub nuer
0 HaJIMYMW MHAYKTUBHBIX MaccoBbIX M (Y —) mosei mpoCcTpaHCcTBa-MaTepUH, U UX BPAIICHUU BOKPYT
ConHua, Kak NpUYUHBL, B COOTBETCTBUHU C YPAaBHEHUSIMU TUHAMUKH. MHaue roBops, caMo IpOCTPaHCTBO-
Matepus Bpaiaercs Bokpyr ConHia. 9To npuMep AMHAMUYHOTO MpocTpaHcTBa-MaTepuu. [1o Takum xe
npuurHaMm, OyzeM paccMaTpuBaTh ABuakeHue CosHla BOKpYT sapa [anakTuku.
Ucxonnsle gannsie. Cxopocts Connua B ['anaktuke vy = 2,3 * 107 cm /c, macca siapa ['anaktukun M, =
4,3 MiH. Mg = 4,3 * 10° % 2 x 10331, paccrosiuue K nentpy ['anaktuku 8,5 KK win r = 2,6 * 10%2cm.
IlentpobexxHoe yckopenne CoiHIla Ha raJlakTHYecKoil opouTe:
7\ 14
a, = (u;)2 _ (2,3*102 2*;?;29*10 = 25107% c/c?
Hcnonb3ys 3Ty TEXHOJIOTHUIO pacueTa, OLEHUM paauyc sapa Hamel ["anaktuku r,. B TouHo Takoi hopmyre

pacuera nony4nM (7;.) paauyc sipa Haieit [anaktuku gg = G(X +).

Ortcrona cnenyer noBOpoT nepurenust BeHepsr:

(Y—)rpaekropuu B ypaBHeHMu JiHmTelHa. PopManbHo 310 (rot, G(X +) =

GX+) =%*G*a*2£r’;, OTKy/1a

1 M, 6.67¥1078%4,3x10%+2%1033r
y=—xGrax—2= — =4 x10%cM ~ 267 a.e,
r 2ag 2%137%2,6%1022x2x1078
la.e.=7 = 1,496 * 10*3cM, wm, 1nk = 3 = 10'8cm, Torma 7, ~ 1,3 * 1073 nk. Takoii paguyc B
Hameii ['anakTke cCOOTBETCTBYET IPaUEHTy BCEX MACCOBBIX MOJIEi NCTOUHUKA FPaBUTALIUH,

GX+) = 1/)(/1 YAV 4 6 % a * grad,l(—l'l(X+ Y-)), c panuycom 7, ~ 1,3 %1073

HpCI[CJ'ILI I/I3MCpHCMOFO paaunyca rp,; = 10 K. 1IX cooTHollIeHHe COOTBCTCTBYCT COOTHOIICHHIO

WX Macc.
—4
4 100% = oo * 100% = 7,69 % .
Jto0 3HaUMT, Macca sapa [amakTuku coctaBiser 7,69 % CkpbITBIX MaccoBbIXx M (Y —) moeit.
IMapameTtpsi Jlynbl. O01mmen3BecTHO, uTo B onoxxkenuu JIynsr Mexay ConHiieM u 3eMeii, mo
3akony Herorona, Conniie nputsruBaet JIyny B 2,2 pa3a cuibHee 3eMITH.
Tna Mg = 2% 1033g, mp =597 %10%g, 1z = 6,371« 108cm, my = 7,36 * 10%°g,
Ty = 3,844 x10%m, G =6,67+1078, a =1/137, (AA = 1,496 * 10" — 1, = 1,49215 * 10%3cm),
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_ GMgmpy __ 6,67%1078%25103347,36x102°

— 25
= (b4a? (1,49215+1013)2 = 44110,
Gmgm 6,67+1078%5,97+1027+7,36%1025
FZ - (rle)ZM - (3,844%1010)2 = 1'98 * 1025 ’ (Fl/Fz = 2,2)-

Pasuuma cun (F; — F,) = (AF) = (4,41 — 1,98) * 1025 = 2,43 * 1025, komMnencupyeTcs rpaBuTanueit
(«CKPBITBIX») MACCOBBIX MOJIEH MPOCTPAHCTBA BOKPYT 3€MIIH, C YCKOPEHHEM:

m Mg 3,14%/2%6,67%108%5,97x1027
giX+)=—*G+x—xa= = 0,372 cm /s?.
™ TE 137%3,844+1010x6,371x108

CPIJIa T'paBUTalU MAaCCOBOI'0 ITOJIA, COOTBETCTBYCT B IIPCACTIaX TOYHOCTHU I/I3MepeHI/II7L
(AF) = my * gg(X+) = 7,36 x 1025 x 0,372 = 2,74 * 102>,
Takum 00pa3om, pelieHns ypaBHEHUH KBAHTOBBIX T'PABUTAIIMOHHBIX TOJIEH JAOT PEe3yJbTaThl B
npeaciiax u3MCpsCMbIX.

OTtkiioHenue GpoToHOB B noJe TskecT CosHuma. ®otoH «nagaer» B nose Tsixectu ConHia ¢
2GM;

RS
ConHna, BepTUKaIbHAs CKOPOCTh «IIaJICHUS COCTABIACT V = g * t. YT0J OTKIOHEHHsS (OTOHA, IS
R, = 6,963 * 10°cm , onpenensiercs B BuE:
* *1078%2%1033
@ = arcsin(8,515 x 107°) = 0,000488° = 1,75" yraoBbIX ceKyH/I.

DTOT yroyi COOTBETCTBYET pacueTaM B ypaBHeHUsAx Oo6mieit Teopun OTHOCUTENEHOCTH DUHILITEHHA.
W3 3Tux e ypaBHEHUH, 3ameieHue xoa Bpemenu (At 1) maer gononuuteabHoe yckopenue (Ag 1) B mose
rpaBUTAIUH, WK LEHTpoOexkHOe (Aa T) yCKOpeHHE, C MPUHLIUIIOM UX (Ag = Aa) SKBUBAJICEHTHOCTH MpPU
HEU3MEHHOI ckopocTu cBeTa ¢ = (Ag T)(At ). DTo KacaeTcs Xxoaa BpeMeHH Ha opOuTe Mepkypus, u3
pacdetoB DiHIITeHA. M TOUHO Tak MeHseTCS X0/ BPEMEHH OJHOTO JIEKTPOHA Ha PA3JIMYHBIX TUCKPETHBIX
opbuTax aToMa, B MacCOBBIX MOJISAX aTroma. MI3MeHeHHe X0/1a BpeMEHH AJIEKTPOHA Ha AUCKPETHBIX OpOUTax,
CBSI3aHO C M3MEHEHHUEM €r0 YacTOThI (Av), KOTOpasi COMPOBOXKIACTCA U3TYICHUEM HITH TTOTIIONICHUEM
dotona (AE = hAv), B Teopuu [Tnanka. 1 yem riy6ixe «mpoBam» B (X+) nosie CUIBHOTO, TPaBUTALIMOHHOTO
1oJist BOJIM3M sizipa, TeM OOJIbIe JUTMHA BOJHBI U niepuo (Y —) MaccoBOi KBaHTOBO# Tpaekropuu (Y —= e)

OpOUTAILHOTO JIEKTPOHA B €IMHOM (X+= Y —) MpOoCTpaHCTBE-MaTepUH, TEM MEJICHHEH ero X0/1 BpEMEHH.
371ech peub UAET O JUCKPETHOM JMHAMHUKE X0/1a BPEMEHU B KBAHTOBOM PENIATUBUCTCKON JUHAMUKE JTF000TO
KBaHTa MIPOCTPAHCTBA-BpEMEHH, (PHU3NIECKOT0 BaKyyMa BOTU3U «UEPHBIX JIBIP» aHAJTOTHYHO.

7. Iunamuka BcejieHHOM.

HcxoaHoe coctosiHuEe HEBUIUMOM 95% matepun BeeneHnHoi, ocTaeTcs o1 BOMPOCOM B JTH000M
teopun. Ho ecth ucxomnoe cocrosiaue equnoro (X+= Y+) nunamuunoro (¢ # const) nmpocTpaHCTBa-
MaTepHH Ha ero (1M — n) CXOIUMOCTSIX, 0€3 BOIPOCOB M 0€3 BApHAHTOB B €70 MATEMAaTHIECKAX UCTHHAX.

PaccmoTpum MatemMaTnyeckue UCTUHBI TMHAMUKH BHIOpaHHBIX eanHbIX Kputepues DBomtonuu. B
npyrux Kpurepusix ato Oyner 1pyroe npeicTaBieHHe TaKoW ke TUHAMUKH, B TOM )K€ MaTeMaTH4eCKON
uctune. Ecnu (R)- pannyc HectanmonapHoro EBkinaoBoro mpoctpancTsa chepsl BuauMoii BeeneHHoi, To

2R .
yckopennem g(X +) = . 3a Bpems nposnera auamerpa ConHua t = Ts , IO KacaTelbHOM K cepe

. . K

u3 kinaccndeckoit CrienmanbHoi Teoprn OTHOCUTEIHHOCTH TSI MAKPOCUCTEMBL, T1e (b = ;) YCKOpEHHE,
4
c — —.
(c* = F) cuna, cnenyer: R? — c?t? = = R? —c%t?; wm (B2(RM?2 =12) — (b2c2(t N2 =M35) =(c*=F)
o = K K?
cuia B JII000H cucteMe koopauHat R wiu R. B enuHbIX Kpmepm{x,(b = ﬁ) (R=K)= = =11,
noTeHIma, 310 yckopenue (b) Ha mune (K) mon neiicTBUEM TO# e CUIIbI, MbI TOBOPUM O Pa3HHIIE
. K== Y

MOTEHIMAJIOB B MPOCTPAHCTBE CKOPOCTEH (; = e) BEeKTOpHOro PumMaHoOBOTO NMpocTpaHcTBa B 0001 e(x™)

cucreme koopauHar (x™), rue morenmman I1 = g, (x™), kak pyHnamMeHTaNBHBII TeH30p PUuManoBoro
npoctpancTBa. Torna B o0iiem ciyyae:

M3 — 13 = (I, (X+) — M, (Y=)) * (I, (X=) + [, (Y+)) = (Al (X+= Y=)) Lx (AT, (X—= Y+)) 1= F
Cua Ha BceM paguyce (R = K) Buaumoii chepsl equnoro (X+= Y+) npocrpancrsa-marepun BeenenHoid,
naet («reMuyto») sHepruto (U = FK) nuaamMuky Bced BeelleHHOH B pa3IMIHBIX €€ TOJISAX.

(M2 —M3K = (I, — D,)K{I; + I,) = (Al (X+=Y—-) | K(AIl,))(X—=Y+) T=FK =U
B uem ee mpupona? Ha paguyce (R = K) nunamudso# chepbl BeeneHHOM eCTh OTHOBPEMEHHAsT THHAMHKA
B(X+=Y—-)lus (X—=Y+) T nonsax equnoro (X+= Y+) npocrpancTBa-marepum.
PaccmarpuBas JMHaMUKY ITOTEHIIMAJIOB B IPAaBUT MAacCOBBIX (X+= Y —) mossx, KaK y»ke U3BECTHO,
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1 1
(Iy = y) = gix (1) — g (2) # 0, peub 06 ypaBHEHUH «rpaBUTAUAK» R;, — >R — E/lgik = kT, ,
O6mieit Teopun OTHOCUTENBHOCTH, B JIF000i1 cucteme g (x™ # const) KOOpAMHAT HECTAIHOHAPHOTO
(x™ = XY, Z, ct # const) EBKIMI0BOro MpoCTpaHCTBa-BPEMEHHU B TOM YHUCIIE, B BU/C:

(x™ =X,Y,Z,ct) * {(ch w) (X+=Y —) * cos@x(X— = Y+) = 1} . I'paguenr takoro (All,)
Yo=Ro(X—)

MOTEHI[MAaJIa, TOXKE U3BECTHO, JAET YPaBHEHUS KBAaHTOBOW I'paBUTALMU C MHAYKTHBHBIME M (Y —)
(CKpBITBIMH) MAaCCOBBIMHM IOJIIMU B IPaBUTALIMOHHOM 1osie. [pu sTom:

iy
p o=

- =
P P T L2
M A
Ix 4 = o= - . 4 v . 1% ."l
Mx f'?‘lx
]
;

= * N =20

Figure7.1. pusuueckuii Bakyym Bceenennoit

TIepBUYHBIN KBaHT MaccoBoro noins p; (Y —) = % — 00, pacniaaercst MruoBeHHbId nepuon (T; — 0)

1
nuHaMukH («Bosbiroro B3peiBay). DTOT KBaHT pacnagaeTcs B U3IYYCHUSIX B KBAHTOBOM CHCTEME
KOOpAMHAT (rjy - Ty) B (+) suTpomHH, Ha MHOKecTBO Y;(Y —) KBAHTOB, KOTOPBIE MbI BUIUM KaK
PENUKTOBOE U3JTyueHue B paciuupsionieiics (1 — o) Esknnnopoii chepe. [louemy Bee 00bexThl p; (Y —)
IUIOTHOCTEH «pacnanarorcsi» B uanydenusx (Y —) kantos? [lotomy, 4T0 MX IJIOTHOCTH OOJIbIIE
p;(Y =) > p;(Y =) nnorrocTeit pusmdeckoro Bakyyma. [Touemy npocrpanctso (X —); Beenennoi
«pacumpsiercsi»? [IoToMy, 4TO KBaHTBI «Ha THE» HHU3MYECKOr0 BaKyyMa HMEIOT OOJIbIINE MIIOTHOCTH
pi(X =) > p;j(X —), no3TOMy OHH Kak Obl «BBIHBIPHBAIOT» B MPOCTPaHCTBO (X —);Bcenennoii.
Tlpu 5ToM, B MrHoBenHbIi nepron (T; — 0) aunamuku, npoucxoaut: (Tj = 0)(Y =) (¢ > o) (Y+=
X —) = 1, 6eCKOHEYHO MHOTO (tj - 00) coOwITHii B (X —) moJie camoii Beenennoii. Tereps Bompoc, Kyna
BCE MJIET B TAKUX CBOHCTBAX AMHAMMYHOTO U €MHOTO MpocTpaHcTBa-Matepun. Ha Geckoneunsbix (ryy =
Tix = 0) paccTosiHuAX B eHoM (X+= YF) npocTpaHCcTBe-MaTepHu, MacCOBbIE IIIOTHOCTH CBOIATCS K
HYITIO

1
pi(Y ) = Tyoo)?

O6mnacts Jlokamusanuu, (T;(Y—) — ) (t;(Y—) - 0) = 1, ucuesaer Bo Bpemenu (t;(Y—) — 0). Mnaue

— 0, u B 6eckoneunom nepuone nuuamuku (T; — o), Beenennas, kak Henenumas

roBOpsi, Ha OECKOHEUHBIX (Tiy =Tjx — 00) panuycax, Bcenennas ncuesaet Bo BpemeHu. C npyroi
. Ai
CTOPOHBI, B rTyOnHax ¢usndeckoro Bakyyma A;(X —) — 0, u ckopocteit v; = . = COnst, rie mepuo
i
T;(X =) = 0, xBaHTOB (pU3NYECKOTO BaKyyMma, B KBAHTOBOI CHCTEME KOOPIHHAT (Tix)» (rjX), MBIl UIMEEM

IUTOTHOCTH €ro mojiei p; (X —) = — 00, DTO KaK «TBEpJ0€ JHO» (PU3NIECKOTO BaKyyMa, Ha KOTOPOE

1
(T;—0)?
mbl Oyaem omyckatesest (T;(X —) = 0)(t;(X —) = o) = 1, 6eckoneuno goiro (t;(X —) = ), B equHOM
(X+= Y+) npocrpancrBe-marepun. [IoHIATHO, 9TO U3 Takoro p;(X —) — oo, «1Ha» OOJBIIKX IIOTHOCTEH
¢busudeckoro Bakyyma, kBaHThl 4; (X —) mpoctpaHcTBa-mMaTepuu 00JbInX mioTHocTel (X —), OyayT
HepeXOAUTh (BBIHBIPUBATHY) B (hu3uueckuii Bakyym (X —) moJst BeeraeHHO# MEHBIINX IOTHOCTEH, B

obpatHOM (Tjx) < (7;x) HOpsAJKE KBAHTOBOI cHCTeMbI KoopAuHAT. [Ipu 5ToM camo pOCTpaHCTBO-MaTepust
(X —) noneit BecenenHoit OyneT yBelInunBaThCs (7‘]- (X —) > o) B pasmepax. Ha (m — n) cxomumocTsx,
MBI roBOpUM 0 niepronax ux aunamuku: HOJI = (T;)(t;) = 1, B pasiIu4HBIX HOJIAX:
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HOJI = (T;(X—) — o0)(t;(Y—) = 0) = 1, wm: HOJI = (T;(Y—) - ) (t;(X—) — 0) = 1. [leproapl THHAMHUKH

1
CBA3HBI C IIIOTHOCTAMH P = — B POCTPAHCTBE-MATCPHH, B PA3THYHBIX YPOBHAX ¢uznyeckoro BaKkyyma.
B nenom, Takue cBoiicTBa KpUTEPUEB TUHAMUKHU IPOCTPAHCTBA-MATepUH, COOTBETCTBYIOT HAOII0/Ia€MbIM

¢bakram.

Pesrome.
Her npoctpancTBa 6e3 Matepuu U HET MaTepuu BHE MPOCTpaHCTBA. [ 1aBHOE CBOWCTBO MaTepuu, 3TO
nBukeHne. B paboTe paccMOTpEHBI CBOWCTBA JMHAMHYHOTO IMPOCTPAHCTBA, KOTOPHIE HMEIOT CBOMCTBA
Marepuu. J[MHaAMU4YHOE TPOCTPAHCTBO-MATEPUS CIIENYET U3 CBOMCTB EBKINI0BON aKCHOMATHUKHU.
I'eomeTpuyeckue GakThl TMHAMUYHOTO TIPOCTPAHCTBA OMPEACTSIOT aKCHOMBI, HE TPEOYyIOIIHe
JI0Ka3aTeNbCTB. B paMkax akcMoM IMHaMUYHOTO IPOCTPAHCTBA OMPEEIIAIOTCs (PU3NUEeCKe CBONCTBA
Marepuu. B eqMHOM MaTEMaTUYECKON UCTUHE BBIBOJATCS YpaBHEHU MakcBesuia i 3JIEKTPOMarHuTHOIO
IIOJISI U YPaBHEHUS TUHAMUKHU TPABUT MACCOBOIO MOJIS. YK€ U3 3TUX YPABHEHUM CIEAYIOT UHIYKTUBHBIE
MacCOBBIE TOJIs1, TOJA00HO MHAYKTUBHBIM MAarHUTHBIM TOJISIM. JTO JIBE€ MATEMAaTHYECKUE UCTUHBI U JIBE
¢busnueckue peaabHocTu. Jlanbiie. B eanHol MaTeMaTH4eckoi HCTUHE BBIBOJSTCS YpaBHEHHS
Crneunansaoit Teopur OTHOCUTENBPHOCTU U YPAaBHEHHSI KBAHTOBOW PENIATUBUCTCKON TuHamMuKu. Takue
ypaBHEHUs1 HEBO3MOKHbI B EBKIINI0BOI akcuoMatuke. TeH3op DUHIITEHHA, 3TO TOXKE MaTEMaTUYECKas
WCTHHA Pa3HUIIbI PEIATUBUCTCKON JUHAMHUKH B ABYX TOYKAX PUMAaHOBO IPOCTPAHCTBA, OJIHA U3 KOTOPBIX
npuBoauTcs K EBknaoBoil cdepe. [IpuHuun 3kBUBaJICHTHOCTH MHEPTHOW U TPaBUTAIIMOHHOM Macc €CTh
AKCMOMa JUHAMUYHOI'O ITPOCTPAHCTBA MAaCCOBBIX TPACKTOPUI B IPaBUTAlMOHHOM MoJie. [lonHoe ypaBHEHUE
O6meit Teopun OTHOCUTETHLHOCTH BBIBOJIUTCS KaK MaTeMaTHUECKas HCTUHA IMHAMUYHOTO IPOCTPAHCTBA-
MATEpHH C JIIEMEHTAMH KBAaHTOBOW IPaBUTALIMU. Y PAaBHEHUSI YCKOPEHHUI KBAHTOBOI'O TPABUTAIMOHHOIO
KBa3u MOTEHIIUAIBHOTO TOJIS BRIBOAUTCS U3 ypaBHeHUs OOmeit Teopun OTHOCUTENBHOCTH DHHINTEHHA, B
paMKax Teopuu noJisi. B paMKax 3TOro ypaBHEHHsI BBIIIOJIHEHBI pacyeThl iepurenvst Mepkypus, sapa u
CKpBITBIX Macc ['anakTuku. B cBOMCTBaX JMHAMUYHOIO NPOCTPAHCTBA-MATEPUU 3aps/Ibl IPOTOHA U 50
AJIEKTPOHA PACCUUTHIBAIOTCA €IMHBIM criocoooM. B 1ienom, EBkinioBas akcuomaTika €CTh YaCTHBIM cliydaid  —
(UKCUPOBAHHOTO COCTOSTHUS IMHAMUYHOTO MTPOCTPAHCTBA-MAaTEPUU. ITO OTPAKAET PEATbHOCTh
(bUKCUPYEMBIX B SKCIIEPUMEHTAX CBOMCTB JMHAMUYHOTO MPOCTPAHCTBA-MATEPHH. TakoBa TEXHOIOTHUS
COBPEMEHHBIX TeOpUi. B pamkax akCMoM IMHAMUYHOTO MPOCTPAHCTBA-MaTEPUH, PACCMATPUBAETCS
MIPUHITAIIAATIEHO HOBAsl TEXHOJIOTHS CaMUX T€Opuid. MBI HE MOXeM OpaTh MPOCTO JUHUIO. DTO 00s13aTEIHHO
60 (X-), mu6o (Y-) Tpaekropun. U MbI HEe MOxkeM OpaTh mpocTo Touky (I0#0), «He UMErOIIel YacTei» B
EBximmnoBoit akcuomartuke. Takux o0bexToB HeT B [Ipupose.
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0030p UckyccrBennoro Unrtemniekra «Equnoii Teopuu 2»
https://www.academia.edu/ai_review?attachment id=123398431

Pe3rome u 0030p

Pabora nox Ha3zBanueM «EnmHasi Teopus 2» rpejyiaraetT TEOPETHUECKYIO CTPYKTYPY, KOTOpasi CTPEMHUTCS
00BEIMHUTD pa3IMyHbIe 007acTU (PU3UKU — HIIEKTPOMATHETH3M, TPaBUTALIMIO, PEISITUBUCTCKYIO JUHAMUKY
1 KBaHTOBYIO MEXAHUKY — I10J] HOBBIM KOHLIENITYaJIbHBIM 30HTUKOM, Ha3bIBAEMbIM JHHAMHYECKOE
NPOCTPAHCTBO-MATEePHUsi. ABTOP YTBEPKIAET, UTO CTAHAAPTHOE €BKIIMIOBO MPOCTPAHCTBO-BPEMSI — 3TO
BCETO JIUIIIb YaCTHBIN cydaid 3Toi OoJiee MMPOKON AMHAMHUECKOW FeOMEeTPHH MTPOCTpaHCTBa-MaTepuu. B
CTaThe U3JIAraeTCs PsiJi AKCUOM M OIMCHIBAETCS, KAK OHU MPUBOJAT K €IMHBIM YPABHEHUAM IS MTOJIEN
Makcseria, rpaBUTalMOHHBIX I10JIEH, CIIELIUATIbHOW TEOPUU OTHOCUTEIbHOCTH, KBAHTOBOM PEIIITUBUCTCKOM
JVMHAMUKH, 001Eei TeOPUH OTHOCUTEIBHOCTH U KBAHTOBOW I'PaBUTALIMH.


https://www.academia.edu/ai_review?attachment_id=123398431

KiroueBoii npennocbuikoil SBiasieTcs TO, 4YTO HUKaKask (U3ndecKas MaTepysi He MOXET CyIIeCTBOBATh
HE3aBUCHMO OT IPOCTPAHCTBA, U HUKAKOE MPOCTPAHCTBO HE MOXKET CYIIECTBOBATH HE3aBUCHMO OT MaTEpUHU.
Taxum 00pa3oM, aBTOp paccMaTpUBaeT MPOCTPAHCTBO U MATEPHIO KaK (PyHAaMEHTAILHO 3aIlyTaHHbIC
CYIIIHOCTH, OITUCBIBAEMbIE UEPE3 TO, YTO HA3BIBACTCS AMHAMUYECKHM YIJIOM NapauieJu3Ma. DTOT MOAX0/]
IIPEJICTaBJIEH KaK OTXOJl OT KJIACCUUECKOM €BKJIUA0BOI N'€OMETPUH, KOTOPasl, KaK YTBEPKIAET aBTOP, UMEET
IPOOJIEMHBIE NI HEMOJIHbIE IPEANOI0KEHNS IIPU UCII0JIb30BaHUH B KAU€CTBE aKCHOMAaTUYECKONH OCHOBBI
111 COBpeMeHHo (u3nku. PaboTa mpoBOauUT CBSA3M € TeopeMoii ['eenst 0 HeMmoIHOTE U MOCTYIUPYET, YTO
OIpeJIeJIEHHbIE YAaCTH IIPOCTPAHCTBA-MAaTEPUH OCTAIOTCS 110 CBOEH CyTH HEHAOIII01aeMbIMH UIIH
HEJOCTHKUMBIMU U3 TEOPETUUECKUX PaMOK, OCHOBAaHHBIX Ha €BKJIMJIOBOW TEOPUHU.

CujibHBbIE CTOPOHBI

1. AmMOMuMo3HBIi MacITad: cTaThs HaNpaBjeHa Ha (popMupoBaHUe 00BENNHSIONIEH TEOPUH, KOTOpast
OXBaTbIBAET IEKTPOMArHeTH3M, IPABUTALIMIO, CIIELUAIBHYIO TEOPHIO OTHOCUTEIBLHOCTH, KBAHTOBYIO
TEOPHIO U JAaXKe YIpaBIIeMbIe TEPMOsIIEpHbIE peakiuu. Takas aMOuIus, eciy ee KOHKPETU3UPOBATh
CO CTPOTMMH IOJIPOOHOCTSMHU, MOXKET UMETh Ba)KHOE 3HAYEHUE JIs1 OObEMHEHUS pa3IMUHbIX
obnacTeil (pU3HKH.

2. TI'eomeTpuyeckasi mepcneKTHBA: IPENOI0KEHUE O TOM, YTO €BKJIMIOBO POCTPAHCTBO-BPEMs
SBJIETCS IOJIMHOKECTBOM OoJiee o01Iell TMHaMUYeCKOW FeOMETPUHU ITPOCTPAHCTBA-MaTEPUH,
IpeJCTaBIsAeT cOOOM HOBBIM MMOXO0/, KOTOPbIl HEKOTOPbHIE YUTATEIN MOT'YT IIOCUUTATh
yOeauTenbHBIM. AKIIEHT aBTOpa Ha TEOMETPUUYECKUX aKCHOMaX U MX (PU3UUECKUX CIECICTBHIX —
9TO TBOPUYECKHUH MyTh, KOTOPBIH MOKET MPEITI0KHUTh CBEKUE UJIEH.

3. Ilpu3dHaHMe HEMOJHOTHI: TIOMBITKA BKIIOYNTH HJIEH, IT0100HBIE TeopeMe ['enenst o HenmoaHoTe, U
IIPU3HAHUE TOTO, YTO CTAHAAPTHbIE AKCHOMATH3AL[MM IPOCTPAHCTBA-BPEMEHHU MOT'YT HE OXBAThIBATh
Bce (pM3UYECKHUE SIBIICHUS, JEMOHCTPUPYIOT TOTOBHOCTD 3aHUMAThCs 00JIee TITyOOKMMHU
MaTeMaTUYeCKUMU U (PUI0cOHCKUMU BOIIPOCAMH.

4. CocpenorovyeHue Ha (pyHIAMEHTAIbHBIX NPeAN0JI0KeHUAX: [lepecMOTp OCHOBOMOIAraroIMX
MPENOI0KEHUH O IPOCTPAHCTBE U MAaTEPUH MPUBOAUT K HIMPOKOMY CIEKTPY NOTEHIMAIbHO HOBBIX
UeH, BKITIOYas TPEATOIOKEHHE O TOM, YTO HEKOTOPBIE OOIIETPUHATHIE KOHIETIINU, TAKHE KaK
pasyiokeHue 3apsa Ha KBapKU, MOT'YT IOTpeOoBaTh IepecMoTpa.

IHoTeHnmnanbHble 06J1aCTH VI YTOUYHEHHUS M JAJIbHeH11Iero pa3BuTHSA

1. MaremaTudeckuii popmaausm:

XOTsl B pyKOIIHUCH YIIOMUHAIOTCSI PUMAaHOBBI IPOCTPAHCTBA, T€0€3NYECKUE U TIepeEMEHHAast
KpUBHU3HA, TOUHbIE MaTEMaTUYECKHE AETAIN JOJKHBI ObITh O0Jiee SBHBIMU. BbII0 ObI 10JIE3HO YETKO
yKa3aTh ONPE/ENIEHUs U BBIBOJbI IIPEIJIaraéMoro TMHaMHUYEeCKOro yria MnapaielbHOCTH, CBSI3aHHBIX
C HUMH METPHK U TO, KaK OHU CBOJSTCS K U3BECTHBIM (popMaM (Harpumep, MeTpuke MHUHKOBCKOTO,
Metpuke [1IBapummnbaa) B mpeaenbHbIX CIydasx.

2. ®usuyeckasi HHTepPHpeTALNS:

B craTtbe yacTo yrBepKaaeTcs, 4YTo CTaHJapTHHIE KOHILIETILNHU (HapuMep, MEXaHU3M XUITca,
KBapKOBOE COZIEp)KaHUE MPOTOHOB, MPUPOJIA 3apsa) NPOTUBOpeYaT HAOII0AEHUSM UITH HEMOJIHBI.
Onnako paboTa MOXKET OBITh YCHJIEHA TTYTEM Pa3bsICHEHUS TOTO, KaK MpeJIaraeMbIe aKCHOMBI
MIPEOCTABIISAIOT AIbTEPHATUBHBIE, TPOBEpseMble 00bsicHeHUs. [IpetocTaBieHne KOHKPETHBIX
CLICHAPUEB WJIM SKCIIEPUMEHTAIBHBIX NIPEACKAa3aHUN, KOTOPBIE OTINYAIOTCS OT CTaHJAPTHOMN
MOJIEIH, CAeNao Obl TeopuIo Oosee yOeTuTeTbHOM.

3. CBf3b € YCTOSIBIIMMHUCS TEOPUSIMM:

Juckyccus 00 o0beAMHEHUH ypaBHEHUH MakcBesia U ypaBHeHHH 1osist DUHIITEHA B €TUHYIO
CTPYKTYpY HaBOJUT Ha pa3MblluIeHUs. OHAKO MPEIIOKEHUE SIBHBIX, IIOLIArOBBIX BBIBOJIOB,
KOTOpbI€ BOCCTAHABIIMBAIOT KaXKJI0€ U3 3TUX YPaBHEHUH MPH MOAXOASIIUX NPUOIMKEHUIX
(HammpuMep, pezen caadoro mois A TpaBUTALUH, TIPEJieNl HU3KOW CKOPOCTH JUIsl TEOPHH
OTHOCHUTENIbHOCTH ), TOMOTJI0 ObI 000CHOBAThH yTBEPXkAeHNUE 00 00BEAMHEHUH.

4. YnpasJsieMasi TepMOsiIePHasi peaKkus:

KpaTKoe YIOMHUHAHUE O TOM, YTO 3TH MJIeU MPUBOIAT K «YTIPaBIsieMOi TepMOsIEPHON peakluu» B
pe3yJsibTaTe, UHTPUTYET, HO 3TO BBIMVIAIUT KaK MUMOJIETHOE 3aMeuaHue. Pykonucu MoxeT
oTpebOBaThCS CHEUABHBIN pa3/ien uist 0O0bSICHEHUS PACCYKIECHUHN, IPEANONO0KEHUN 1
BO3MO>KHBIX ITPAKTUYECKUX MOCIEACTBUM 3TOTO YTBEPKICHHUS.



5. Hcnoan3oBanue Teopemsbl I'eenst 0 HenmoJsHOTE:!

Xots obpareHue k Teopeme ['eaens siisieTcss UHTEpecHOM PrtocodCKoi TOUKOM 3peHUs, CBS3h
MEXy MaTEeMaTHYECKOW HEMOJHOTON (POPMATBHBIX CUCTEM U (PH3UYECKON HETOCTYITHOCTHIO
oTpesieNIeHHBIX 00acTel MPOCTPaHCTBA-MaTEPUH MOTJIa Obl BRIUTPATh OT 00Jiee TOYHOU
APTUKYJSAUH. DTy CBA3b MOYKHO OBUIO OBl yCHIIMTB, TPEIOCTABUB KOHKPETHBIEC TIPUMEPHI
«UCTUHHBIX YTBEP)KJIEHUH, KOTOPbIE HE MOTYT OBbITh JIOKAa3aHbD» B KOHTEKCTE T€OMETPUU
IIPOCTPAHCTBA-MaTEPUH.

6. SlcHOCTH M3JI0KEHMS:

o Texkct Mor ObI BEIUTPATh OT O0JIee YETKOTO Pa3/IeICHUs aKCHOM, ONPEACTICHUN U
MIPOU3BOJHBIX TEOPEM.

o Hexortopsie apryMeHTHsI ObLITO OBI JIerye MOHSATh, €CIIU ObI UM MPEANIeCTBOBANIA CXEMa
JIOTUYECKOr0 TeYeHUsI (HampuMep, OT MPEANOI0KEHUH O apauieIbHbIX My4KaxX JUHHUH 10
BbIBOJIa OTHOCUTEJILHO KBAHTOBOM I'PAaBUTALUN).

o Harnsnueie mocoOus WM AOMOJHUTENbHBIE THArPaMMBbl MOTYT MPOSICHUTD, YEM
JMHAMHYECKHUE JTMHUM ITPOCTPAHCTBA-MAaTEPUN OTIMYAIOTCS OT UX EBKJIMOBBIX aHAJIOIOB.

KonkperHbie Ha01101eHMSI

o T'naBa 1 npencrasisier MpOCTPAHCTBO-MATEPUIO KaK OCHOBY BCeil (PH3MUECKOM PeaTbHOCTH U
KPUTUKYET MOJHOTY €BKJIUJIOBOM T€OMETPUU. ITO MOKET IOMOUYb CPABHUTH U CONIOCTABUTH
CTaHJIapTHbBIE €BKJIMI0BbI PEANOI0KEHHUS C HOBBIMU aKCHOMaMH B KPaTKOW TabuIe.

e B ruase 2 ynoMuHaTCs «00IIMEe YpaBHEHUS SJIEKTPOMArHUTHBIX U TPABUTAIIMOHHO-MAaCCOBBIX
oJIeH», HO OBIIO OBI MOJIe3HO OoJiee MOAPOOHO PACCMOTPETh, KAK OHH BBIBOJSTCS WM YEM OHH
MOXOKU WM OTIMYAOTCS OT ypaBHEHU MakcBesuia U ypaBHEHUN DWHIITEWHA.

o TI'naBa 3 yrBepxnaer o0beAMHEHNE CIEIMATIBHON TEOPUN OTHOCUTEIBHOCTH U KBAHTOBOM
PENSATUBUCTCKON TMHAMHUKHU. DTO OCHOBHOE YTBEPKJICHUE, KOTOPOE 3aCIyKMBAET MOIIArOBOT0
MaTEMaTHUYECKOT0 U3JI0KEHHUSI.

o T'naBa 6 «OOume ypaBHeHHs 00IIel TEOPUN OTHOCUTEIHLHOCTH M KBAHTOBASI TPABUTALIUS SIBIISICTCS
BaXKHEHIIel yacThio pykonucu. bosee nopoOHble MaTeMaTUUECKNE JAHHbBIE U CCBUIKH Ha
CYUIECTBYIOIIME TIOIX0/bl KBAHTOBOM I'paBUTAINH (HAIIPUMED, METIeBasi KBAHTOBAs TpaBUTALIHS,
TEOPHS CTPYH) MOTJIM OB TOMECTUTH MIPEITIOKEHNE aBTOpa B O0JIee MMPOKUI HUCCIIeI0OBATEIHCKUM
naHamagT.

e Pucynku (Hanpumep, puc. 1, puc. 1.2) urparoT eHTpaibHYIO POJb B MIUTFOCTPALIUU IUHAMUYECKOM
reomeTpuu. bonee Bricokoe paspenieHne win 6osee noApoOHbIe MOAMNUCH K PUCYHKaM,
OOBSACHSIOLINE T€OMETPHIO, IOMOTYT YUTATEISAM CIEIUTh 32 KOHIETIUSIMH.

3ak/04uTeIbHbIC 3AMeYAHHSA

«Enunas teopus 2» npeniaraeT MHHOBAIIMOHHBIN MOJIX0/] K 00BbEIMHEHNIO MHOKECTBEHHBIX I'paHeil
¢bu3uKN MyTeM nepeocMbICiIeH s (pyHIaMeHTaIbHON reOMeTPUH KaK JMHAMHUYECKOTo MPOCTPAaHCTBA-
Matepuu. [Ipeqnaraemas akcuomatuyeckasi CTpyKTypa OTIMYAETCS OT CTAaHAAPTHBIX €BKJIMI0BBIX
MPENOI0KEHNH U IPECTABISAET HECKOJIBKO HHTPUTYIOIIHUX BO3MOXKHOCTEH /1715 OoJiee 00IIero MOHUMaHMs
(bu3NYECKUX 3aKOHOB. Y CHIIEHHE MaTEMAaTUYECKOI CTPOroCTH, IPEIOCTABICHHUE SIBHBIX CBSI3EH C
MIPOBEPEHHBIMU (PU3UUECKUMHU SIBICHUSIMU U NPOSICHEHHUE LIEHTPAILHON POJIM IMHAMHYECKOTO yIila
napaiesin3Ma — BCE 3TO IIOMOJXKET CeNaTh TEOPHI0 0oJiee HaAeKHON U MOHSATHOM.

B nenom, uccienoBanue B pykonucu GyHIaMEHTATBHBIX KOHIICTIIIUNA TE€OMETPUH, MaTePUU U GUBHKU
SBIISICTCSA CTUMYJIMPYIOLINM JUIsl pa3MbIIIeHni. Men 351ech, XOTs 1 aMOULIMO3HbIE, BEIMTPATIH ObI OT
nanpHene pa3paboTKu UX MaTeMaTHUYECKUX OCHOB M OKCIIEPUMEHTAIbHBIX UMIUTUKAIIHH.

3.[onycTumble CTPYKTYpbl IENTOHOB.
Abstract. Het npoctpancTBa 06€3 MaTepHu U HET MAaTEPHH BHE IIPOCTpaHCTBa. [IpocTpaHCTBO-MATEpHs 3TO OJHO U TO
Xe. HOBTOMy MAaTE€MAaTUYCCKHUE UCTUHBI IPOCTPAHCTBA, COOTBETCTBYIOT (1)I/I3I/I‘ICCKI/IM CBOMCTBaM MaTcpuu. I'maBHBIM
CBOMCTBOM MaTe€pUU €CTh ABMKEHHUE, IOATOMY IPOCTPAHCTBO-MATEPUsl TMHaMUYHOE. Takoe JMHAMUYHOE
MIPOCTPAHCTBO-MATEPHUS UMEET CBOM T'eOMETpHUSCKHE (DAKThI, KaKk aKCHOMBI, He TPEOYIOIINE I0KA3aTeIbCTB.
HpelleJIBHbIM 1 YaCTHBIM CJIy4a€eM aKCHMOM IMHAMUYHOI'O IIPOCTPaHCTBa-MaTEpPHUU €CTh EBKJII/IIIOBaSI AKCUOMATHUKaA U
cucreMa yucei. U YK€ B p€aJIbHOM JTUHAMUYHOM IIPOCTPAHCTBEC-MATEPHUU PACCMOTPEHBI MOJICIIM HYKJIOHOB sAApa
aToMa W MpeJCTaBIICHbI JOMYCTUMbIE CTPYKTYPHhI JICITOHOB.
KuaroueBsle cioBa: [Ipoctpanctso, Matepus, Bakyym, 3apsia, Macca, ['paBuranms, bo3oHEL.
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Conepxxanue
1.BBenenue
2. CtpyKTypHBIE (OPMBI.
3.JlomycTUMBIe CTPYKTYPHI JIESHTOHOB.

1.BBenenmue.
PeanbHOE nuHAMUYHOE MPOCTPAHCTBO-MATEPHs MPEACTABICHO B €r0 aKCHOMaX, Kak (hakTax, He TPEOYIOIIHX
JI0Ka3aTeNbCTB. MBI TOBOPUM O MHOKECTBE TPSAMBIX MapajiebHBIX JIMHUH, Tpoxosamux yepe3 Touky (O), BHe
ucxoauo# npsimoit AC, B pefenax Beerna quHamudHoro (@ # const) yria napamwiensHoctu (Pucysok. 1).

z | D Sl | |

— Y Z :Y'j\\
Y, 2 e
Pucynox1. JlunHamMmu4aHOoe mpoCcTpaHCTBO-MATEPHSL.

B EBkiin10BOM IIpeCTaBICHUH TPOCTPAHCTBA-BPEMEHH, MBI HE BCE BUJTUM M €CTh IPOCTPAHCTBO
(X—) B koTtopoe MbI 13 (A AOC) nonacts He cMokeM (Prucynok .1). Ho 1o (X—) mpocTpaHCTBO €CTh, K OHO
UMeeT cBOU (hM3HUECKHEe CBOMCTBA MaTepPHH, KOTOPBIX Mbl HE BUAMM HaIpsMyro. Takoe mpocTpaHCcTBO-

MaTepI/Iﬂ HMCCT CBOU I'COMCTPUYCCKHC (l)aKTI)I, KaK aKCHUOMBI, HE Tp€6YIOHlI/Ie JOKa3aTCJIbCTB.
AKCUOMBI:

1. HenyneBoii, AMHaMUYHBINA yroi napauieabHocTH (¢ # 0) # const , mydka napamiebHbIX
MPSAMBIX, OIIPEAEISAET B3aMMHO OPTOTOHAJIbHBIEC MapauieNibHble JTUHUM (X —) L (Y —) mnosnei JuHui -
TPAeKTOPHUH, KaK H30TPOIHBIX CBOMCTB, IPOCTPAHCTBA-MATEPHUU.

2. HyneBoii yron napamnensHoctu (@ = 0), naet «aauHy 6e3 MHUPUHBD C HYJIEBBIM WA HEHYJIEBBIM
(Y,) - pagrycom chepbl-TOUKH «HE UMEIOIICH YacTel» B EBKIINIOBON akCHOMATHKE.

3. [Ty4ok mapauieIbHBIX MPSMBIX ¢ HYJICBBIM yrioM napamwieabHocTi(@ = 0), «oAMHAKOBO 53
PacmoJIOKEHHBIA KO BCEM CBOUM TOYKAM», 1A€T MHOXKECTBO MPSIMBIX JIMHUN B OJTHOM «0€3 IIUPUHBI» —
EBknunoBol npsiMoit JinHuM. (MatemaTtudeckast sHIuKIIoneaus, Mocksa, 1963r. 14, ¢.13, c.14)

4. Buyrpennue(X —), (Y —) u BHemHue(X +), (Y +)noss nuHui-TpaeKkTopuii HeHyneBoil X, # 0 umm Yy # 0
MarepuanbHoi cdepbl-ToukH, oopasyror Henemumyro O6macts Jlokamusarmun HOJI(X +) wim HOJI(Y 1)
JUHAMHUYHOTO IPOCTPAaHCTBA-MaTEPHUH.

5.Benunpix (X— =Y +), (Y— = X +) noasx OpTOrOHAIBHBIX JIUHUI-TpaekTopuit (X —) L (Y —)
HET JIBYX OJIMHAKOBBIX c(pep-TOUYeK U TNHUN-TPACKTOPHIA.

6. ITocnemoBarensHoCTh Henenmumbix O6macreit Jlokammsamuu (X +), (Y 1), (X 1) ..., mo paauycy
Xo # 0 mmu Yy # 0 cdepbl-TOUKH HA OTHOM TMHUU-TPAEKTOPUHU AaeT (1) CXOAUMOCTbD, a Ha Pa3UIHBIX
TpaeKkTopusx (M) CXOJUMOCTb.

7. Kaxnoit Hegenumoit O6nactu Jlokanuzanunu NpocTpaHCTBAa-MaTeEpUN COOTBETCTBYET €AMHUIIA
Bcex ee Kpurepues OBomonnn — K3, B ennHom (X— =Y +), (Y— = X +) mpocTpaHCcTBe-MaTEpUU Ha

(m — n) cxomumoctsax: HOJI = K9(X— =Y +)K2(Y—-=X+) =1 u HOJI = K3(m)KD(n) = 1,
B CUCTEME YMCEJ PaBHBIX MO AHAJIOTUH €/IUHUII.

8. ®ukcanus yria (¢ # 0) = const i (¢ = 0) myuka IpsAMBIX MapaUIeTbHBIX JIHHUH,

MPOCTPAaHCTBA-MATEPHUH, AaeT S5-I moctynar EBkiauaa u akcuomMy napamiebHOCTH.

Beckoneunoctsh (AC — ©0) HeNb3st OCTAaHOBHUTD, IO3TOMY AWHAMUYIHOE (X—) MPOCTPaHCTBO-MaTepHs,
B10JIb ocH (X), cymiectByeT Beeraa (Pucynok .1). Ilpu atom EBkitnoBoe npoctpanctso B ocsx (X, Y, Z)
Tepsiet cMbici. Ha mtockoctu, B EBkanmoBsix ocsx (X1, X2...Xn), (Y1, Y2...Yn), Mbl HE BHIuM (X— =Y +),
(Y— = X +) nuramMuyHOTO TIpocTpaHcTBa-matepuu (Pucynok .1). EBkinmoBoe mpocTpaHCTBO, 3TO YaCTHBIN
cnyvaii (¢ = 0) nuaamuanoro (¢ # 0) = const npocrpancTBa-marepun. JIro6ast TOUKa (GUKCHPOBAHHBIX
TUHUI-TPaeKTOPUH, MpeACTaBlIeHa IOKATHHBIMU Oa3UCHBIM BEKTOPAMH:

_9xX ., , 9y ., 0z i _oxt. ax).  oaxF
€ = oal ol + ok e =oxlitoitork
PumaHOBOTO MpoCTpaHCTBa ¢ GyHIAMEHTAIBHBIM TeH30pOM e;(x™) * er(x™) = g (x™) (M. Korn, M.S.

¢.508), u Tononorueii (x™ = XYZ) B EBKINIOBOM MPOCTPAHCTBE. DTH OA3MCHBIC BEKTOPHI BCET1a MOYKHO



IpENCTaBUTE B BUAE: (X' =c, *t), (X = ¢y *t) TMHEHHBIX KOMIIOHEHT IIPOCTPAHCTBA-BpeMeHH. [Ipu 3ToM,
nosydaeM oObIHBIN v;(x™) * v (x™) = (v?) = II , NOTeHIMAaJ IPOCTPAHCTBA-MATEPUH, KaK HEKOE
yckopenue (b) na aiuune (K) , B IpOCTpaHCTBe CKopocTel (v), To ecth: (v2 = bK). PumaHoBO
MIPOCTPAHCTBO, 3TO puKcupoBaHHoe (¢ # 0 = const) cocTosiHUE T€0Ie3NIECKOH (x° = const) TMHUU
TUHAMHYHOTO (@ # const) MpOCTpaHCTBA-MATePUH, KOTOPOE UMEET MEPEMEHHYIO T'€0Ie3UICCKYI0 TNHUIO
(x® # const). Takoi maTeMaTuku PumMaHoBa mpoctpaHcTBa g (x° # const), ¢ nepeMeHHOU
reo/Ie3MYecKon, eme HeT. Het u reomerpun EBKIMIOBON HecTalMOHAPHOM CEphl, HET TEOMETPHH
npoctpanctBa JIobaueBcKoro, ¢ NepeMEeHHbIMH aCUMIITOTAMU THIIEPO0. ITO TITyOOKHEe U MPUHIUITHAIbHBIE
W3MEHEHHUS CaMOU TEXHOJIOTHH TEOPETUICCKUX UCCIICIOBAHM, KOTOPbIe (POPMHUPYIOT HAIITK MPECTABICHUS
00 okpy:xaroiieM Hac mupe. B EBKInI0Boi akcHOMaTHKe MBI €70 HE BUIUM.
Henemumeie O6mactu Jlokanuzamuu HOJI(X +) u HOJI(Y 1) GymeM COOTHOCHTD C HEIETUMBIMH

KBaHTaMU mpocTpancTBa-marepun: (X+ =p), (Y+ =e), (Xi = VM), Y+=vyy), Xxt=v,),Y+t= (y)
B eauHOM (X— =Y +), (Y— = X +), IMHaMUYHOM NPOCTPAHCTBE-MATEPHH, KaK C (paKTaMH peabHOCTH:

e, eq e Yo v =cC y :
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Pucynok 2. Henenumbie KBaHTBI IPOCTPAHCTBA-MATEPUH.
3neck (X+ = p) nporoH, UMeeT Takoi ke 3apsa, kak u (Y+ = e) snekrpon ¢ snekrpo (Y+ =X —)
MarHUTHBIM 110JieM, U 351eKTpoH (Y+ = e) usnydaer ¢poron (Y+ = y), kak daxtsl. 111 coXpaHSHUS
HepaspeiBHOCTH eauHoro (X— =Y +),(X+ =Y —) npocrpancrsa-marepuu Beogurcs (Y+ = y,) dorom,
ananoruunei (Y4 =y) ¢oToHy. DTo COOTBETCTBYET aHANOTHH MiooHHOTO (X+ = vﬂ) Y 3JIEKTPOHHOTO
(Xt = v, )ueiitpuno. IIpu 5Tom, u HelTpuHO (V,,), (Ve) 1 GOTOHBI (V(), (V), MOTYT PasrOHATHCA, KaK U
MIPOTOH, WJIH 3JIEKTPOH, 10 CKopocTel (Y1), (V2.), MO TakuM e mpeodpa3oBanusam JlopeHiia, mog00HO ToMy,
KaK pasrOHSIOTCS MIPOTOHBI M DIEKTPOHBL. JIo mpesenbHoi ckopocTu cBeta (Y = c). ViMes cranaapTHYIo,
BHE BCSIKHX MOJICH CKOPOCTH MEKTpoHa W, = a * ¢ , U3JIy4aroUlero CTaHAapTHBIH, BHE BCIKHX MOJCH

W, .
dotou V(y) = ¢ , MBI HMeeM KOHCTaHTY « = Te = COS Py = OpOuTaNBHBII JIEKTPOH, C YIIIOM

137.036 -
napamnensHoctu @ (Y —) = 89,6° «upsamoii» tpaektopun (Y —) nons B reomerpun JJo6aueBCKoro, ¢ ero

MIPUHIIMIIOM HEOIPeIeIeHHOCTH, TAKOH AJIEKTPOH He U3Ty4yaeT (POTOH, KaK U B MPAMOIUHEIHOM, O6€3
YCKOPEHUS, IBFDKCHUU. JTOT NOCTYJIaT bopa, a Tak:ke NPUHIIUN HeonpeaeJeHHOCTH MPOCTPAHCTBA-
BpPEeMeHH M NPUHIUIN YDKBUBAJeHTHOCTH DifHTeina (X+ =Y —), ecTb _aKCHOMBbI JINHAMHUYHOIO
IPOCTPAHCTBA-MATePUH. J[MHAMUKA MACCOBBIX MOJEl B Ipeienax cos @y = a, cos @y = V/G , KOHCTaHT
B3aMMOJICHCTBUS, JTAeT 3apsIOBBIA U30MOTEHIINAT UX CIMHUIHBIX MaCC.

Jns: m(p) = 938,28MeV, G = 6,67 * 1078, m, = 0,511 MeV , (mvu = 0,27 MeV),

(X KX) (X =) = cos*px = (\/_) =G, (Y KY) (Y =) = cos gy = 137?036
= F;,r,lz _ [H2YT2 (Y/Kz)] E:z ";; , OTKyZa 2my = Gmy
K2 2
m= F;I}Z = [HZTZ (X/KZ)] H;% sz) ,  OTKyna 2my =oc* my
(a/N2)*TIK *(a/2) = o’ m(e) /2 = m(v.) =136*10°MeV oy =o’m, /2
W*HK*\/@:G*m(p)/Z=m(yﬂ)=3.13*10'5MeV, L =Gm, /2

m@y) = @ —9,1%10"MeV .
B equnom (Y+ = X+) wu (Y+ = X—), (Y— = X+) AuHAMUYHOM [POCTPAHCTBE-MATEPUU HEICTUMBIX

CTPYKTYpPHBIX opM Heaenumbix kBanToB (Y1) u (X1):
(Yt=e¢7) = X+=v;)(Y—=y ) (X+=v;) snektpona, rae HOJI(Y +)=KD(Y-+)KD(Y-),
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u(Xt=p*) = Y—=yi)X+=v;)(Y—=y{) nporona, rne HOJI(X +)=KD(X+)KD(X-),

MBI oTaelsieM 31eKTpo (Y + = X —)MarHuTHbIC OIS OT MaccoBbIX nonier (Y — = X+) B Buze:
K DA D) =) n EED =1 = (7 ) -); (=X ) = EOED g, L DOBGIDED) _ g (14
m,)/2)(V2 * 6)(m(v,)/2 1.36 + 107°)2 /2 % 6,67 * 1078
0 _ (m@.)/ )( Ym(ve)/ ) _( ) 6 — 4.8+ 10-19CICE
m(y) 4%9,07 %107°
v DI r-)(r-) . r—=r) (@) (¥-=v3) _
¢ HEH=E)n T =1= X HE ) (4= x-) = 2w o = gy (Y =X ),
(m(yg)/2)(a?/2)(m(y3)/2) _ (313 %1075/2)°
= 4,8+ 1071°CI'CE
= ms) T 2%137,036%  1.36 * 10-5 *

Takue coBnageHuss He MOTYT OBITh CTy4aldHBIMU. JIIsl JIMHBI BOJIHBI IPOTOHA A, = 2,1 * 10~ 1*cm, ero
=< _ 24 S > 2 _
4acToTa (Vy+) = P 1,4286 * 10°*I'y popmupyercst 4acToTol () KBaHTOB, € Maccoit 2(m,¢)c* = Gh(vy+).

Gh(vyg)- __ 6,67x1078%1,0545%x10727+1,4286%10%*

2 = — = 5,58 % 1073%r = 3,13 x 10" MeV
2¢ 2x9x10
AHANOTHYHO JUIA 3JIEKTPOHA A, = 3,86 * 10~ cm, ero wacrora (v,-) = — = 7,77 * 10*°T'y, hopmupyercs

Ir = 5,62« 10*°MeV ,nmm  (m,+) =

4acToTOll (v; ) KBAHTOB, C Maccoii 2(m,-)c* = azh(v(ve—), rie a(Y —) = KOHCTAHTA, MOJIy4aeM:

137,036

(m,-) = a’h(vi,=) _ 1+1,0545510727+7,77%10%°
Ve 2c2 (137,0362)%2+9%1020

¢ Maccou HCACIIUMOI'O DJICKTPOHA:

= 2,424 + 1073%r = 1,36 * 10" °MeV, JUIS. MacChl HEUTPHUHO.
2v
(Yi=e) = (X—=v)(Y+= P(X—=v,) = (2 +
¥ aHAJIOTMYHO MAacca HEeJIeIMMOro IIPOTOHA!
N (v _ L _ (2Yo _ Ve _ (2%313+107°  1,36+107° ) _
(Xt=p) = (F== p) A= vo) (== 1,) = (Z - %e) = (E220s — w0 ) = 938,275 Mev

Takue coBmaieHust TOXKE HE MOTYT OBITh CIIy4allHBIMU. AHAJIOTUYHO B €TUHBIX MOJISIX
MpocTpaHcTBa-MaTepun bo3oHsbI anekTpo (Y +) = (X —)c1aboro B3auMOICHCTBUS:

y*a) _ (2*1,36*10*5 9,1¥1072/137.036

26 (1/137.036)2 246,67x10 8 ) = 0,511 MeV

< me(mvﬂ)>
HON(Y) = (Y+=eD)(X—=v]) =——~ = 1 + V2 x a)m(W?), unu:
2% (\/0 511%0.27)
137.036%6.674x1078x(1+

HON(Y) = m(Wt) = 55

= 80.4 GeV,

137.036)

¢ 3apsaom (ed), m maaykTHBHOM Maccoit: m(Y —) = (\/5 * a) +* m(W?*). D10 xak «remnaas m(Y —) macca».

_ a*( (2me)mvuexp1)
HOJI(X) = (X+=v; )(Y—=¢*) = = 94,8 GeV = m(Z°)

G

a TaK)Ke HOBBIC CTAOUJIbLHBIC YaCTUILIbI Ha BCTPCUYHBIX ITYYKaX MIOOHHBIX aHTHHeﬁTpHHO (V;)

=10.216GelV

_ _ B o 2v
HOJI(Y=¢ )=(X—=v )Y+=y ) (X-=v,)= a;
Ha BcTpeunsix mydkax nmo3utponos (et), koropeie pasronsirores B motoke (Y— = y) , OTOHOB «Ges10ro»
Jiazepa B BUJIE:

2
HOJI(X = p})=(Y—=e")(X+=v,)(Y-=¢")= 2’; =153TeV

910 HeJeInMbIe KBaHTHI HOBOIO BellecTa. Ha BCTPCUYHLIX ITYy4YKaX aHTUIIPOTOHOB (p_) HUMECT MECTO:

HON(Y +=e5) = X—=p ) (Y+=eN)(X—=p") = 2’"7” = 35,24 TeV .
s Betpeunbix  HOJI(Y —) = (X+= p*)(X+= p*), paccuuThiBaeTCs Macca KBaHTa «0bo30Ha Xurrcay:
M(Y =) = (X+=pE)(X+=p*) = (52 =77) (1 - 30)
Yo (2 _mp _ _093828GeV (, 3 _
v MY -) = ( 2a a ml) (1 -3a) = (1/137, 036)( 137,036) = 125,76 Gev
U Macca Tay JenToHa: M(X) = (Y—=e ) (X+=v})(Y—=e") = U0D) _ (e=051MeV)  _ 4776 835MeV

(X+)  124+/6G=6.67+10"8
B equnom (Y+ = X —) = 1, npocTpaHCTBe - MaTepUH, BBIBOJSATCS ypaBHeHUsT MakcBeIia Juist

(X-)=0

anekTpo (Y+ =X -) MarHuTHOro nosis. BHyTpu TenecHoro yria Px (Pucynok .1) mapamienbHOCTH

A .
€CTh U30TPOITHOE HANpsDKEHUE MoToka ~ # komnoHeHT (CmupHOB, Kypc Bbiciieit Mmarematuky, T.2, ¢.234).

S, (X-

[TonHbIN MOTOK BUXPSI YE€PE3 CEKYIIYI0 IOBEPXHOCTh ) B BUJIE:



”mt AdS, = ”a(A fcospy) LdT+HA s,

(X-)
S

 KOMIIOHEHTA COOTBETCTBYET IIYUKY napajulesbHbIX TpaekTopuil. OHa ecTh KacaTelbHON BIOJIb

S, 15§,

L 1L . AHAQJIOTMYHO, CJIETyeT COOTHOILICHUE:

IA dL, ”ror cos o, ds,

3aMKHYTOU KPUBOHI L, B [IOBEPXHOCTH 2, I€

Pucynoxk 3. Dnekrpo (Y+= X—)marautnsie u rpaBut(X += Y —)maccoBbie MOJS.

BuyTtpu Tenecnoro yria Py (X-)#0

Hrot cojgo ds, +jj—deT 0= HA (X-)dS,

HapaJIJIeJII)HOCTI/I BBITIOJIHACTCA YCIIOBUC

(X-=Y+)

B nenom ecth cuctema ypaBHEHUN TUHAMUKA IOJIAL.

”mt AdS, = “'a(A [cosgy) LdT+”A ds,

[[rot, ——”—”dL dr ([ 4,ds, =0
Cos
s 0 s
B EBKJ’II/IHOBOI\/JI q)y = 0 AKCHUOMATHUKEC, IIPpUHUMAA HAIIPSIDKCHUEC ITIOTOKA BEKTOPHBIX KOMIIOHCHT KakK
b

A /cosp, = E(Y+)

HAIPsPKCHUEC SJICKTPUYICCKOTO IIOJIA )51 I/IHIIYKTHBHOﬁ IMPpOCKIUHU JJIs1 HCHYJIICBOT'O

yria qDX > O, KaK HHAYKIIUU MaroHuTHOIO B(X_) I10JI, UMEEM
jjmz B(X-)dS, = IIaE(Y+)dL dT + _UE(Y+)dS
[[rot,E(ryds, =~|| aBé); )dL dT [[4,ds,=0= §SB(X YL,

5 , B YCTIOBHSAX %2

MMEIOT MECTO U3BECTHbIE ypaBHEHHsI MakcBea.

c*rotyB(X =) =rotyHX —) = + AE(Y+);

oY ) = -y 200 B

WHayKiust BUXpEBOTO MarHUTHOTO TOJIS B(X) posnmxaer MEPEMEHHOM 3JIEKTPUYECKOM E(Y ) none n
HaoOopoT. Hanmpumep, 3apsbkeHHas chepa BHYTpH JBIDKYILErocs Baroxa (3apsia (¢ # 0) He MeHsieTcsl), He
MMeeT MarHuTHOTo 1ostst. Ho komrac Ha eppoHe, MOKakeT MarHUTHOE TToJie c(hephl B IBMKYIIEMCS BaroHe.
VIMeHHO Takoe MHYKTUBHOE MarHUTHOE T10JI€, OT JIBUIKYIIHUXCS SJIEKTPOHOB TOKA MPOBOJAHUKA, OOHAPYKUIT
Opcren HabmogaBmuii (X —) MarHuTHOE ToJie MBMXKYIHXCs (Y +) 2IIeKTpoHOB TOoKa MpoBoaHUKA. [ToTom
Obutn onbIThl Papajes, MHIYKIIMA BUXPEBBIX 2JIEKTPUUECKUX IMOJIEH B IEPEMEHHOM MAarHUTHOM IIOJIE,
3aKOHBI MHIYKIIMHA U CAMOMH/YKIINY ¥ ypaBHeHHsI MaKkcBea.

6E(Y+)




[4,dL, =[[4,ds, #0
JInst He3aMKHYTOrO KOHTYpa L, €CTh COOTHOIICHHUS 52 KOMIOHEHT. B ycrnoBusix
(o, # const) "

(4, cosp, =A4,)

4,1 4
OPTOTOHAJILHOCTH KOMIIOHEHT m pekTopa 4, B HeHyJI€BbIX, JMHAMHYHbIX

(qu # const) Acosg, 1 (A, =A4,cosep,)

yrjax napajijiCJibHOCTH, , €CCTh JMHaAMHKa

KOMITOHEHTHI BJIOJIb KOHTYpa Ly g MOBEPXHOCTU 51, 06a coorHomenmus NPE/ICTABIISIOTCS B IIOJIHOM BHJIE.
O(A (X+)*cos
[4, cosp,dL, =] (4, (X (PX)dLZdT+ﬂAmdS2
L, 8, 8y

oT

HyneBoit noTok uepe3 moBepxXHOCTh 5, BUXPS (rot, 4,,) BHE TEJIECHOTO yTIiia (q)" 7 cons t)

COOTBCTCTBYCT YCJIIOBUAM

napaajiCJIbHOCTH

HrotnAmdSl + Ij%dleT =0= ,”.Aﬁ (¥-)ds,
5 i

B oeJIoM CUCTeMa ypaBHCHI/Iﬁ JUHAMUKHN (Y- =X+ ) ITOJIA IMPCACTABIIACTCA B BUJIC:
0(A,(X+)*cosp,)
j j rot, A (Y-)dS, jj T dL,dT + ij 4 ds,
o4 (Y-)
j j rot, 4, (X+)dS, =~|| L dT [[4,(r-)ds, =0
Si
G(X+)

BBoxs 10 aHanoruu HarpsHKEHHOCTb
M(Y-)

nonist CunpHoro (I'paBuTtanmonnoro) BzaumoneictBus u

HHAYKIHUIO MaCCOBOT'O ITOJIA , [IOJIYYHMM aHaJIOTUYHO:

(1 0G(X+)
J;Iroth(Y—)dSz =[[=== o dLdT + ij(X+)dS
2 57
M (Y-) —
[[ror,Glx+)ds, =~ j — —dLdT [[4,(r-)ds, =0= §M(Y )L,
s, , pu 5,
Takue YpaBHCHHA COOTBECTCTBYIOT I'PABUT (X += Y-) MAaCCOBBIM IIOJISAM,
JG (X-
cxrotyM(Y =) =rotyN(Y =) = &, * % + 1+ G(X4+)
M(Y-)=p, * N(Y=); rotyG(X+) = —p, » 20D = _ MO .

aT oT
10 QHAJIOTUH C ypaBHEHUsAMU MakcBesuia 11st 31ekTpo (Y += X—)MarHuTHbIX nojei. Peub 00 nHIyKIMK

maccoBeix M (Y —) mosneit B mepemenaom G'(X+) mose rpaBuTaIiiy, moJOOHO HHAYKIIMH MAarHUTHOTO TIOJIS
B IEPEMEHHOM 3JIEKTPUUECKOM I10JIe. 31eCh HeT BapuaHToB. U 371ech yMECTHO OCTaHOBUTHCA MOJIpOOHEE Ha
BeceM u3BecTHOI Gopmyne (E = mc?). Teno ¢ Henynesoii (m # 0) Maccoit, nsmydaer ceT ¢ sHeprueit (L)
B cucteMe (Xg, Yo, Zg, Cty) KOOPAMHAT, ¢ 3aKOHOM coxpaHeHus sueprun: (Eo = E; + L), 1o u nocne
n3mydeHus. J{s 3Toit ke Macchl, ¥ 3TO KIIFOYeBOH MOMEHT (Macca (m # Q) He MeHsieTCHl), B IPYrou

(%1, Y1, 71, cty) cucTeMe KOOpUHAT, 3aKOH COXPaHEHHsI SHepTrHu ¢ (Y = ’1 — Z—z) npeoOpa3oBaHUSAMU

Jlopenua, Ditnmreiin 3anucan B Bugae (Hy = H; + L/y). BeruuTas ux paszuuity, DWHIITENHH MOTYy4nI:
(Ho — Eo) = (Hy — E1) + L(; = 1),wmn (Ho — Eo) = (Hy —Ep) = LG — 1),

C otaeneHreM pa3HUILBI PHEPTUHN H3IydeHUs. O0e nHepIUalbHbIe CHCTEMbl KOOPIMHAT JBHKYTCS, HO

(%1, V1,21, Ct1) IBIKETCS CO CKOPOCTHIO (V) OTHOCUTEIBHO (X, Yo, Zg, Ctp). VI TOHATHO, 9TO CHHUN U

KpacHBIM CBET MMEET Pa3HUIly SHEPTUH, KOTOPYIO U 3anucall DWHINTENH B ypaBHEeHUH. CaMO ypaBHEHHE
OWHIITENH 3anucall Kak pa3HUILy KHHETHYECKUX SHEPTHU B IEPBOM Pa3JIOKECHHH.

( _K1)_ AL, v?

2
> (& ) 1701178 AK = (—)—

AL " 2
3nech (C—2 = Am) MHOXXHTEJb, IMEET CBOMCTBA MACChI «JIYYHCTON sHeprum», unu: AL = Amc*. Oty

GopMyITy HHTEpPIIPETHPOBAIH TTO-PA3HOMY. DHEPrHI0 aHHUTHIALNK E = myc? Macchl MOKOS, UIHN:



E2 o
my? = i p?/c? , B peNATUBUCTCKOMN JMHAMUKE. 371eCh Macca ¢ HyJeBbIM uMmnyiascoM (p = 0) , uMeeT

suepruto: E = myc?, a Hynepas Macca gortona: (m, = 0), uMeeT umiynsc 1 sHepruto E = p* c¢. Ho
DHHIITENHH BBIBEN APYroii 3aKOH «IydncTtoif sneprun» (AL = Amc?), ¢ MaccoBBIMHU CBOMCTBaMH. JTO He
sHeprus (pOTOHA, HTO He SHEPTHsl AHHUTWIALIUHM, U 3T0 He sHeprus (AE = Amc?) nedekra Macc HYKJIOHOB
s/ipa aToMa. DUHIITEHH yBUJIET TO, Yero He yBHUAeN HUKTO. [1og00HO0 ABMXKYyIIEMYCs 3apsiay, ¢ HHIYKIUEH
MarHUTHOTO TIOJISI ypaBHeHHI MakcBelnta, BmkKymiascs macca (Macca (m # 0) He MeHseTCs ), UHIYIUPYeT
MaccoByto sHepruio (AL = Amc?), kotopyto u Hawesn DitHmreiin. [To aHaTOrMK MHAYKTHBHOM SHEPrUK
MarHMTHOT'O TOJISl OT ABMXKYIIETOCS 3apsaa, DMUHIITENHH BbIBeN (POPMYITy HHIYKTUBHOM, «JTy4UCTOM»
SHEPIUU MACCOBBIX IOJICH, OT JBIXKYIIUXCS HEHYJEBBIX Macc (Macca (m # 0) He MeHsieTcs1), 3B€3/] B
rajJJakTHKax B TOM YMCIIe. 3/1ech DUHINTEHH BhImel 3a pamMku EBkimnoBoit (¢ = 0) akcnomatuku
MIPOCTPAHCTBA-BpEMEHH. B akcrmoMax TWHAMUYHOTO IPOCTpaHCTBA- Matepuu (¢ # const), pedb uuIeT 0o
UHIYKTHBHBIX M(Y —) MacCOBBIX IMOJISIX, B TIOJHOM aHAJIOTHH ¢ ypaBHeHHssMU MakcBeiuia. Bot uto yBumen
DWHIITENH, U HUKTO APYTOM.

Takue ypaBHEHUS TUHAMUKH MIPEJICTABIISAIOTCS KaK €IMHas MaTeMaTUYeCKas UCTHHA TaKUX ToJieH B
€IMHOM, TMHAMUYHOM TIPOCTPAHCTBE-MaTepuu. Peub 00 MHAYKIIMHA MACCOBBIX ITOJICH BOKPYT JIBFIKYIIUXCS
Macc (3Be3/1) TakKe KaK U 00 MHIYKIIMM MarHUTHBIX MOJIEH BOKPYT JBHKYIIUXCS 3aps/I0B.

Takum 0Opa3oMm, T0BOpoThl 10ty B(X —) urot,M(Y —) Tpaekropuii, nator qunamuky E'(Y+) u
G'(X+) cunosoro snekTpudeckoro (Y +) u rpauranuonsoro (X +) mojeif, COOTBETCTBEHHO. A TOBOPOTHI
(Y+) nmosneit Bokpyr (X —) tpaekropuii u (X +) mosneit Bokpyr (Y —) TpaekTopuii, 1al0T AHHAMUKY
a51ekTpo 170t E(Y +) — B'(X—) MarHuTHOro noins, u MaccoBbix 10t,G(X +) - M'(Y—) TpaexTopuii.

c*1ot B(X-) =E ' (Y+) cHrot M(Y-) =G ' (X+)
(Y-)
—(X- (Y-)=(X+)
(-0 O
X-)
/\ 58
rot E(Y+) =B (X-) rot G(X+) =M (Y-)

; o

|
(-
%

Pucynok 4. Equnbie nosist mpocTpaHCcTBa-MaTepUU.
TakuM pacueTam COOTBETCTBYET MOAEIb IPOAYKTOB aHHUTWIISALIMY IIPOTOHA U 2JIEKTPOHA. MBI
nMeeM mMaccoBbie Touist (Y- = e) = (X+ = p) atoma.

f / 4‘{ =N \'}E\( . )
";", 3 i,\/ g e 'f‘, ] 6 I\:‘ — p+
J \ e : / i )
| ‘v6 ) , 2 N
(X+) /
MmoAenb NPOTOHa MoAe/ib 3N1eKTPOHa aTOM BO‘D'Opo.u.a

Pucynok 5. Moaenu npoayKTOB aHHUTWIALIMY IIPOTOHA U JIEKTPOHA



['eomerpuueckum haKTOM 371€Ch, €CTh HAIMYUE AHTUBEIECTBA B CAMOM BEILIECTBE MPOTOHA U 3JIEKTPOHA.
[Tpu aTOM, nMeroT MecTo A1eKTpo (Y += X —)MarHuTHOE B3aUMOICHCTBHE OPOUTAIBHOTO JIEKTPOHA H
MPOTOHA sA]Ipa, HAPUMEP aTOMa BOJIOPO/IA, @ TAKKE CUMMETPHUU IPOYKTOB aHHUTHIISIIIUU TTPOTOHA
(Xt=p*) = (V—=y)X+=vz)(Y—=y) n oNeKTpoHa (Y+ =e—) = (X—=v;) + (Y2 =y") + (X—=7v;).
3n1ech HET OOMEHHOTO (DOTOHA B 3apsI0BOM MPUTSHKCHHH OPOUTAIBHOTO JIEKTPOHA C (-) 3apsiIoM |
npoToHa ajpa ¢ (+) 3apanom. Ecnu anekTpoH u uznydaeT GOTOH, TO MPOTOHBI Apa HE U3ITy4atoT (POTOHBI B
3apsiJ0BOM B3aMMOJCHCTBHH C OPOUTAILHBIMHE 3JIEKTpoHaMH. Kak 1 MHOKECTBO OpOUTANILHBIX JJIEKTPOHOB
¢ (-) 3apA0M He OTTAJIKUBAIOTCS HAa OpOUTAX, XOTS 1O Uee, OHU JOJHKHBI MPUTATUBATHCS K (1) 3apsaam
MIPOTOHOB sA7Ipa. ITO MPOTUBOPEUre Takoi Mmoaenu. Kak u3BectHo (+) 3apsa nmpoToHa GopMUPYETCS
KBapKaMH, HO TaKoH e (+) 3apsii MO3UTPOHA KBApKOB He nMeeT. Takast Mozenb (+) 3apsaa NpOTUBOPEUHBA.

2.CTpykrypHbie popMBblI.

PaccMoTpuM CTPYKTYpBI HEAETUMBIX KBAHTOB TUHAMUYHOTO (¢ # 0) # const nmpocTpaHCTBa-
MaTepuu, KOTOpPbIE HENlb3s cO31aTh B EBKIINIOBON aKCMOMAaTHKE POCTPAaHCTBA-BPEMEHHU, KaK YaCTHOTO
(¢ = 0) cnydas. B yka3aHHBIX MOJIETISIX, ATOM «IIOKPBIT» Maccoi (Y— = e—) «opOuUTaIeii» 3EKTPOHOB B
nosie CuibHoro B3aumoneiicteus (X+ = p™) nporoHa. D10 KBaHTOBBIE MOJIs, KOTOPBIE TIEPEXOIST B
KBanToseie ['paButanmonnsie [lons. YpaBaenus KBantossix ['paBuranonssix [lonei BeIBOASTCS U3
ypaBHenus O6mei Teopun OtHOocuTensHOCTH DifHINTeHA. Camo ypaBHeHHe DifHinTeliHa. B monHoMm Buze,
BBIBOJUTCS KAK MAaTEMaTUYECKasi HICTUHA B TMHAMUYHOM IIPOCTPAHCTBE-MATEPUH.

n=4,..0" ﬂ ov‘:ﬂtx'}—
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Pucynok 6. CunbHoe u I'paBuraninonsoe B3anmopeiicrsue

Pucynok 6A. DneMeHThl KBaHTOBOTO IpaBUT (X+ = Y-) MaccoBoro nosis ciaeayrot u3z O6mei Teopuun
OTtHocuTenbHOCTU. Peub 0 pa3HHUIle penaTUBUCTKON AUHAMUKH B 1BYX(1) 1 (2)Toukax pumaHoBa
MPOCTPAHCTBA, KaK MaTeMaTH4IeCKOW NCTHUHE TeH3opa DitamTeiHa. (G. Korn, T. Korn, ¢.508). 3xech
gix(1) — gi(2) # 0, erer =1, no ycnosusim e;(X —), er(Y—), dynaamenTanbHbIil TeH30p
Jir(x™) = e;(x™)ey(x™), pumanoBoro npocrpancTsa B (x™) cucreme koopauHat. OU3HIECKUM
CBOMCTBOM IpaBUT(X+ = Y-) MaccoBOIo MoJIst €CTh MPUHLUI 3KBUBAJICHTHOCTH UHEPTHOH U
IPaBUTAIIMOHHON Macchl. DTO paBEHCTBO YCKOpeHHsI a = Vy * M (Y —) MacCOBBIX TPaeKTOPHIl U YyCKOPEHUS
g = G(X+) nons rpaBurtanun, vy * M(Y —) = a = g = G(X +), B mpocTpaHCTBE CKOPOCTEH

e X -)=e("=XY,Z) =vy [ﬂ JIOKAJIBbHBIX 0a3UCHBIX BEKTOPOB, ex(Y —) = e, (x" = X,Y,Z) = vy [ﬂ .

Hamnpumep, B «mamaromiem» iudre yckopenue (g — a) = 0 orcyrcryer, u Bec P = m(g —a) = 0, pasen
Hymo. Touka (2) npuBoauTcs kK EBKingoBoMy pocTpancTBy cdepsl (x5_,), rae (e;Lley), (e; * ex=0).
[TosrTOMy B OKpeCTHOCTH TOUKH (2) BBIJIEIsIEM TTapaJieIbHbIE BEKTOPHI (€,;) U (e,) u OepeM cpenHee

2
3HaYeHHe 3HaueHue Ae,; = e, = %(ejI + e,). llpunumas (e; = e) u (gix(1) — gik(2) #0) = %
1 1 .
Aef[l'[ = E(en + eK) = _ex(e_ + 1), OJTyIUM: gik(l)(x-l') - gik(z)(x+) = kTik(Y _) » AIA
90 (D) ~ 2 (eiez —eek—glk)( )@=k, (2=R). (*ed  gulKioa

Hus (e, = e,) umeeM (T = 0) . B ycnoBusx (e, # e;) peub UAET O AUHAMHUKE (PU3MUECKOTO BaKyyMa IMpU
(UKCUPOBAHHBIX yIIIaX MapauieIbHOCTH, C Pa3HBIMH I'e0Ie3NUECKUMH YK€ JTHHAMUIECKOH chepoit



(x5 # x5 # x;) B pukcupoBaHHbiX (e, # €, # e, = const) Toukax (e, = Ae,). st AMHAMHUYHBIX
(0e,/0t # 0), (¢ # const) yrioB mapaIeIbHOCTH IPOCTPAHCTBA-MATEPUH MBI TOBOPUM 00 YCKOPEHHH B
chepe (XYZ) HecTalMOHAPHOTO €BKIIM0BA TPOCTPAHCTBA. [IpyrUMu ClI0BaMH, yXKe reo/Ie3ndecKast
HECTaIlMOHAPHON €BKIUA0BOI cephl giy (xfI #* X, # Xy # const) Mensercs. Peus uner 06 yckopenuu u 6e3
TOTO IMHAMUYECKOTO (PU3NYECKOr0 BaKyyma IpHU €ro paclIupeHuu.
Orcrona cnenyet ypaBHeHue OO0mieit Teopun OTHOCUTENEHOCTH DIHINTEHHA B TIOJTHOM BUJIE:

Rix — %Rgik - %Agik = kTy (k = 8:—46)

Jloxxnoe nipeacrapnenne Oomei Teopun OTHOCUTETLHOCTH DHUHINTEHHA COCTOUT B TOM, YTO B YPaBHCHUH

EZ p2
TEH30p PHEPTUH UMITYJIbCca HE COIEPXKUT Maccy. Macca pasna Hymo (M = 0), (my? = i 0),B
KJIACCUYECKOM €€ TIOHMMaHuU. B MaremaTnieckoil HICTUHE, 3TO pa3HULA PEIATUBUCTCKON JUHAMUKHU B IBYX
(DUKCHPOBAHHBIX TOYKAX PHMAHOBOTO MPOCTPAHCTBA, OJJHA U3 KOTOPHIX MPUBOIUTCS K EBKITMIOBOI cdepe,
BO BHENIHEM, He cTannoHapHoM (A # 0) EBkinoBoM mpocTpaHcTBe-BpeMeHH. B dhu3uueckoli uctuue, B
ypaBaenun O61miert Teopun OTHOCUTENLHOCTH, DUHINTEHHA, B €IMHBIX KpUTeprsx DBONIOIHH, «3aIIUTa»

dbopmyna (3akoH) HeroToHa:

2 2
_ 4 _ 4 2 2 _ 2y _E*_ K° 2 2 _ 2
E =c"K, P—cT,(ci—ck—Acl-k)—p—z— Z=C, Acj, = Gve(X+) #0
c*c*k?  G(c2Ky=mq)(c%Ky=m Gmim Gmim
ACi2k= 442=( Yz )y ) 5 o Aci2k=—1 -, ACiZkCZ=F
ctctT c2(c?T2=K?) c2K? c2K?

Kak Buaum, B ypaBHenuu Oo6ueit Teopun OTHOCUTETLHOCTH DUHINTEHHA, CUIIA TATOTEHHS IEHCTBYET B
TOJIAX ¢ HYJIEBOH Maccoil. UuTaeTcs: pasHUIa MacCOBBIX IOTOKOB Acf, (Y —) BO BHEIIHEM MOTEHIMATEHOM
nose rpaputanuu ¢?(X+), ¢ ux [IpuHIMIIOM DKBUBAIEHTHOCTH, €T CHITY.

Hano ckasars, yto Bce Kputeprn OBoiOIUY TMHAMUYHOTO IPOCTPAHCTBA-MaTepuu (GOPMUPYIOTCS
B IPOCTPAHCTBE CKOPOCTEH MHOTOMEPHOTO IIPOCTPaHCTBA-BPEMEHH.
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Pucynok 7. Kpurepuu OBostoliy B IPOCTPAHCTBE-BPEMEHH.
B MHOT'OMEPHOM Ha (m-n) CXOAUMOCTSX, IPOCTPAHCTBE — BPEMEHHU, KaK B MHOTOMEPHOM IMPOCTPAHCTBE
ckopocteit: WN=K™NTN 3nece mna (N=1), V= K*'T-*ckopocts, W2 =IT norennuan, 1= F cuna. .., 2-To
kBagpanTa. Mx mpoekius Ha koopauHatHoe (K) uinu Bpemennoe (T) mpocTpaHcTBO-BpeMst JAtOT: 3apsi
[MK=q( Y+ =X -) B anekTpo ( Y+ =X -) Marautusix nosisx, wim maccy [IK=m(X+=Y-) B rpaBut (X+=Y-)
MacCOBBIX MOJISIX, TOTAA JIOTHOCTb P = % = r}i—}; = Tiz = v2 , 310 KBajpar yacToThl, SHepruro E=TI°K,
ummynse (p=I1°T), neiicteue (h=T1°KT), n T.1., emunoro: HOJI= (X+=Y-) (Y+ =X -) =1 npocTpaHcTBa-
Matepun. Beskoe ypaBaenne cBoautes k 3TuM Kpurepusm Dsomonun B WN=K™NTN npocrpancrse-
BpemeHu. EcTb emte MHOro apyrux Kputepnes OBoroIuy B IPOCTPAHCTBE-BPEMEHH, KOTOPBIX MBI €I1I€ HE
ucnonb3yem. Harpumep, sueprus Ditnmreiina E = mc?, wu sneprus [lnanka E = Av, HMeroT npamyro
B3aMMOCBSA3b Yepe3 MacCy U YacToTy, B Buje: m = v2V, u Tak ganee. Onpeaenumcs B TOM, Kak paboTaer
TaKOW IMOJXOI.
YpaBHeHusi kBaHToBO# rpaButannu. CpegHee 3HaUE€HUE JIOKATHHOTO Oa3UCHOTO BEKTOPA pUMaHOBOIO
npoctpaHcTBa (Ae,,;), onpeaenseTcs Kak NPUHIKI HEONpPeAeIeHHOCTH MaccoBbIX (Y —) TpaeKTopHii, HO
yxe Ha BCro aiuHy BoHel KL = A(X +) rpaButanmonsoro mosst (Pucyrnok 6A). 31ech eCTh YCKOPEHHUs
G(X +) = vyM (Y —) MaccoBBIX TPACKTOPHIA. DTa HEOIMPEACICHHOCTh B BHE OoTpe3ka (2 * OA = 2r), kak



BOJTHOBO# QyHKmu 2Yy(Y—)r = A(X +) maccoBoit M (Y —)tpaexropuu kBanra (Y1) B rpaBUTAIIHOHHOM
nosie G (X +) BzaumoneiictBust. 3aech 2y , cnma (IT) kBanToBoro mons A(X +) rpaBuramnuu.
I[Tpoekuus MaccoBoii (Y —)TpaeKTopuM KBaHTa, Ha INIOCKOCTh Kpyra (772) aaeT miomais BEPOSTHOCTH
(¥y) 2 nonananus maccosoit M (Y —) Tpaexropuu kanTa (Y 1), B kBaHTOBOE rpaButanuontoe G (X +)
nosie B3aumo (Y — = X+) neiicrBus. B obmiem ciryuae Touku V; u N (Y-) maccoBbix win V; N (X-)
3apsIOBBIX TPAEKTOPUH, aOCOIIOTHO OAMHAKOBBI MEKIY COOOH B IMHUU-TPAEKTOPUH €IUHOTO ITydKa

napaJuIeIbHBIX OPSAMBIX THHUMA. Kaxmas napa Touek, UMEIOT CBOIO BOMHOBYIO GyHKIHIO +/ (+1) (=) = i),
B MHTEPIpPETAMU KBAHTOBOM 3aIlyTaHHOCTH. B 3TOM mpeacTaBieHnn KBaHTOBAs 3aIlyTaHHOCTh €CTh (PaKT
peanbHOCTH, KOTOPBIN CIEAYET U3 AKCUOM JUHAMUYHOTO MPOCTPAHCTBA-MATEPUH. DHTPOIUS KBAHTOBOM
3aIlyTaHHOCTH MHOYKECTBA JIa€T IPaJIuEHT MOTEHIMAIa, HO 3/1€Ch TEPSAETCS IPUHLIUII SIKBUBAJIEHTHOCTH

. . . [K 1 K .
DOWHIITEeHA UHEPTHOH vy [?] M(Y —-) H =GX+) [F] Y TPaBUTALMOHHON MaCCBhI.

DTO HCXOHBIE 3IEMEHTHI KBaHTOBOTO TpaBuT G (X +) = vy M (Y —) maccoBoro moss. OHu CIIeTyIOT

u3 ypaBHeHus: O6mieit Teopun OTHOCHTENBHOCTH. BBiienum 3/1ech pazMepHOCTH eiuHBIX Kputepuen

2
DBOJIIOLUY HPOCTPAHCTBA-MaTepuu B Buje. CKOPOCTh Uy [g], norenuuan (I = v) [?—2] ; YCKOpeHHe
G(X+) [%], maccoBbie m = [IK(Y —= X+)noxns u 3apsinossie ¢ = [IK(X—= Y+) nons, ux mioTHOCTH
p [?{—I;] = [T—lz], cuna F = I1%; sueprus € = I1°K; umnynsc P = I1°T; neiicteue i = KT u Tak nanee.

O6o3naunm (Ae,, = 2We;), Ty = (%)l A (%)H = (g)l 24 (%)K = 2y/T;, , B BHJIE TEH30PA

srepruu (€) — (P) ummyinbca ¢ BomHOBOM yHKIMei (Y). Otciona cieayer ypaBHEHHUE:

Rik — > Reyde,, =k (g)l A (%)Jm YTH

Ry (X+) = 2¢ (%Reiek(X+) + KTik(Y_))o u o Ry (X+) =29 (%Rgik(x‘l') + KTik(Y—))-

KZ
D10 ypaBHEHHE KBAHTOBOTO | paBUTAIIMOHHOTO MOTEHI[HANA C PA3MEPHOCTHIO [T_Z] noteruuana (I1 = vg) u

cnuHoM (21). B ckoOkax 3Toro ypaBHeHUs, 4yacTh ypaBHeHus OOuieit Teopun OTHOCHUTEIBHOCTH B BHJIE
noreHuansHoro [1(X+) mosnst rpaBuTamum. —

Pucynok yHok 6b. B treopun nons (CmupHoB, T.2, ¢.361), yckopenue maccoBbiX (Y —) TpaekTopuii B
(X +) nosne rpaBuranuu enuroro (Y —) = (X +) mpoctpaHcTBa-MaTepiu MPEICTABICHO AUBEPTECHIINCH
BEKTOPHOI'O OJISL:

divR;, (Y—) [TK—Z] =G6G(X+4) [TK—Z], ¢ yckopenueMm G (X +) [Tﬁz u

GX+) [TK—Z] = grad;I1(X +) [TK—Z] = grad,I1(X +) * cos@y [Tﬁz]
aG G,

a
Cootnomenne G(X +) = grad,;I1(X +) paBHOCHIBHO Gy = o Gy = 3 G, = a—z; MPEICTABICHHIO.

3neck nonublid quddepernuan: G,dx + Gydy + G,dz = dIl. OH uMeeT UHTETPUPYIOIIHIA MHOKHTEITh
cemeiicta nosepxnocreit [I((M) = C; 5 3., ¢ Toukoil M, OpTOrOHaIBHBIX K BEKTOPHBIM JIMHHUSAM HOJIS
maccoBsix (Y —) tpaekropuii B (X +) mose rpasurarmu. 3neck e;(Y—) L e, (X—). Orcrona cneayer
KBa3UIOTCHIMAIBHOE TTOJIE:

tr(Gedx + Gydy + Godz) = dnl[S] . w GX+) = 2 gradn(x ) [£]

3nech ty = n Ui KBa3UMOTEHIMANBHOTO noJisi. Bpemss t = nT, 3T0 n- KOJIW4YecTBO NepuoaoB T
kBaHTOBOM nuHamuku. U (n = t; # 0) . OTcroga cneayroT KBa3UIMOTeHIINAIbHbIe TOBEPXHOCTH W = 27/t
KBAaHTOBBIX I'PABUTAITMOHHBIX TOJIEH ¢ IEpHO0M T M YCKOPEHUEM:

G(X+) = % grad,TI(X +) [Tﬁ]

K P K
60X +) [£] = L (gradn(Rgs) (05 Py = 6) [ 1] + (gradi(Tiy)).
910 (I)I/IKCI/IpyCMOG B C€UCHUU, BBI6paHHOC HaIlpaBJICHUE HOpMAJIN N 1 l. CroxeHne Bcex TaKUX
KBaHTOBBIX I0OJIEN MHOKECTBA KBAHTOB 10ty G (X +) [%] 110001 Macchl, POPMUPYET OOIIYIO MTOTEHIIUATBHYIO

«IMY» €€ TPaBUTALMOHHOTO TIOJIs, TJe YK€ JeHCTBYeT ypaBHEHUE DUHIITENHA, C «3alIMTON» B ypaBHEHUN
¢dopmyoit (3akoHoM) HptoToHa. B TMHAMUYHOM NPOCTpaHCTBE-MaTepUH, PeUb UJIET O TUHAMUKE

K .
rotyG(X +) [T_Z] nosieit Ha 3aMKHYTBIX 1TotyM (Y —) TpaekTopusix. 31ech -IMHUS B0



KBa3UIOTEHLIMAIBHBIX TIOBEPXHOCTEH PUMaHOBOTO MPOCTPAHCTBA, ¢ HOpMaibio N L [. [IpenenbHblii yroa
napasuieabHocTH MaccoBbiX (Y —) Tpaektopuii B (X +) mojie rpaBUTAIMH, TaeT TPaBUTAIHOHHYIO

_ t
KOHCTaHTY (COS?@(X—)pax = G = 6.67 * 1078). 3necy ty = 7 = M, TOPAIOK KBa3H MOTCHIHATbHBIX

1
137.036)'

G(X+) |55 = B2 (6 * gradnRgu (X +) + a  grad, Ty (Y =) |-

noBepxHocTel, U (cosQ(Y—)pyax = @ =

K
OT0 0ob11Iee ypaBHEHUE KBAHTOBOIO I'paBUT (X+ = Y-) MaccoBOro MoJis YK€ yCKOpeHHuii [T ] Y BOJIHOBO

Y — bynkuwmeii, a Takxe T- nepuogom quHamuku kBanta A(X +), co ciurom (1), (2¢). Tlons yckopenutid,
KaK M3BECTHO, 9TO YK€ CHJIOBBIC 0JIs. M 3TO ypaBHEHHE OTIIMYACTCS OT YPAaBHEHHS IPABUTAI[MOHHBIX
norenuuagoB Oomeit Teopun OTHOCUTENHHOCTH.

Kak 310 padoraer. U3 crannaptHoro ypaBHenus O6mieit Teoprurn OTHOCHTENLHOCTH DWHINITCHHA:

871:G
R R Jixk = zk , oe3 AUHAMHUKHU (I)I/ISI/I‘ICCKOFO BaKyyMa, B €IMHBIX KpI/ITepI/IHX 3BOJ‘II-OLII/II/I

M

HpOCTpaHCTBa BpCMeHI/I CIEayeT KJaccudeckuii 3akoH Herotona: F = . U3 PasHHULbI I'PaBUTAIITMOHHBIX

noteHiuanoB B Toukax (1) u (2) B Bume: (R, = ejer (1) = U;) ERgik = e;er(2) = U, u (U, — U, = AU).

Hanpumep, s Connua u 3emiu:
_ (6=6.67x1078)(M=2x1033)

R=1.496%1013

(6=6.67x10"8)(m=5.97+10%7)
IIOTEHIIAAJ Ha PAacCTOSIHUU 10 3eMiu U U, =

(M =2%10%3g) u (m = 5.97 * 10¥” g), nonyuum (U; = = 8.917 * 10'2) rpaBUTAIIMOHHBIN

= 6.25 * 10! , norenuman camoit

R=6.374%108
SeMiIn. Torz[a (AU = U; — U, =8.917 = 1012 — 6 25+ 10! = 8.67 * 10'?) , mum (AU = 8.29 = 1012) , momyuum:
. (U2K)? _ U?(UK=m)? _ A_U 8mG Mm _ _8mG_ Mm _ GMm
AU = (ct= U2 F) (T = vtz Uu2T® ) W 75 =772 F= (AU/NZ) T2~ (AUxT2/\2)/8T Ges
AU=T? 8.29*1012*(365.25*24-*3600 31557600)2 26
TeMHBIX Macc. OCTaloCh MOCUYUTATE = = 2.3*104° , 4t0
8m\/2 8m\/2

GM
COOTBETCTBYET KBAJpary paccTostuus (R? = 2.24 = 102°) or 3emuu 1o Connia, wiu F = R—Zm , 3aKOHY

HrroTona.

Jna n = 1, (Pucynok yHok 6b) rpaBuranmonnoe moine G(X +) [TK—Z] = % G * grad,(Rgy )X +) [TK—Z]

UCTOYHMKA rpaBurtaimi, ecth G (X +) mome CB(X +) — CunbHoro B3aumoseiicteust. KBaHToBast AuHaAMHKA
BO BpeMeHH At B Ipejieiax Mmeproia TMHAaMUKU T MPeCTaBiIsieTCss COOTHOLIEHUEM:

CGX+H)=yY=*Tx*G % grad,Rgy;(X+) ,tne T = MIepPHO.T KBAHTOBBIH JHHAMUKH.

_h_
€=U21 "’
. [K .
®opmyina 11 yCKOpEHHid [—] CB(X +) nons CunbHOro B3anmozeicTBus NpruoOpeTaeT BUL:

G(X+) [ ] Y— 112,1 tgraangik X+) [;{—2] , grad, = aa—y :
3peck G = 6.67 x 1078, A = [12AT , noTok KBaHTOBOM dHeprun & = [1°1 = Amc? noas MHIYKTUBHOM
Maccel (Am) oomenHoro kBanta (Y— = E) CunpHoro B3aumoneiicTus, a Takke (Y — = 2n) HyKIIOHOB
(p = n) aapa aToMOB.
Jass n # 1, (Pucysok yHok 66) u n = 2,3,4 ... - o, moiy4aem kBasunoreHnuansase G (X +)
noJist yckoperuii G (X 4+) KBaHTOBOTO I'PaBUTAI[MOHHOTO TOJIS, KaK KCTOYHHUKA TPABUTAILIUH
GX+) ;p_T G * grad, G R gik) (X +), ¢c mpenenbHbM (cos?@(X—)yax = G) - YIIIOM NapaieabHOCTH

o A o
kBanToBOro G (X +) moss CuitbHOro B3arMoIeiiCTBYSI B JaHHOM CIIydae U IeproaoM T = = KBaHTOBOM
C

nuHamukd. KBasu nmorennuansabie G (X +) 1Mo KBaHTOBOTO MPAaBUTAIHOHHOTO TOJIS YCKOPEHHMIA, Ha
pacCToOAHUSAX C * ¢ = T UMEIOT BU!

GX+) = (G * grad, (1 Rgik) X+)+axgrad,(Ty)(Y —)), T — 00,

OTO0 ypaBHEHHE KBaHTOBOT'O FpaBI/ITaLII/IOHHOFO nosist yekopenmii G(X +) = vy M(Y—), maccoBbix
TPAEKTOPHUI C MPHUHIIMIIOM SKBUBAJIEHTHOCTH MHEPTHOM U I'PaBUTALMOHHON Macchl. Hanpumep:

Jlis Mepkypusi, B niepurenuu 1, = 4,6 * 1012cm, co cpenneii ckopocthio 4,736 * 10°cm/c , ectsb
_ w)? (4,736* 106)?
Tu 4,6%1012
paquyc Conmnna 1y = 7 * 1019w, co3;[a10T yckopenue G (X +) mose rpasurtarmu ¢ (3 = 1) B Bue.

*(A= .67%1078x2%1033
L= G(X+) =240, G* *a wm g, = — 0 20 _ 1511 em/c?

T T 244,6%1012%7%1010%137

LIEHTPOOEKHOE YCKOPEHHUE = 4,876 cM/c? . Macca Conana Mg = 2 * 1033r, u

62



U3 cootnomenus OTO, R (X+) = 2¢ G Rg (X+) + KTy, (Y—)), CJIEIYIOT aHAJIOTOBBIE COOTHOIICHUS B

MPOCTPAHCTBE YCKOPEHUH, HHIYKTHBHBIX MaccoBbiXx M (Y—) tpaexropuii Bokpyr CoJiHIIa caMmoro
IPOCTPaHCTBAa-MaTepHU Ha CpeHEM paauyce T, = 5,8 x 1012cm B Buge.
ay(X+) — guX+) =AY =) = 4876 — 1,511 = 3,365 cm/c?.
U3 ypaerenus rpaBut(X+= Y—)maccoBbIx nojsei rot, G(X+) = wM(Y—), cnenyer
A(Y-) 014
V2

mOBOPOT MaccoBbIX M (Y —)TpaekTopuii coCcTaBIseT

= ZTNTM (Y—), moBoport nepurenust Mepkypus 3a Bpems (T). 3a 100seT = 6.51 * 10**c, srot

A (Y-)*6.51%101*
Ty *2V2
BCEro mpocTpancTBa-mMaTepun BOKpyr Comuia. Takue pacdeTsl COOTBETCTBYIOT (haKTaM.

Takum o6pazom, mosst CusibHoro B3aumogpeiictus (X+ = p*) nporona B equaoM (X+=Y—) u
nunamuutoM (@ # 0) # const npocTpancTBa-Marepun, MOryT popmupoBath (X+)(X+) = (Y—) MaccoBbie
nouist ctpykryp. Ho nBa nporona (X+ = pH)(X+ = p*) = (Y— = 2p*) He MoryT popmMupoBaTh S1pO0 110
MPUYMHE OTTAJIKUBAHUS OJIMHAKOBBIX «3apsiioB». U 3/1ech KIIIOUEBYIO pOJib UTpaeT HEUTpoH. B Moernsix
MPOAYKTOB pacliajia HEMTpOHa, y’Ke JOMYCTUMBI CTPYKTYphI KBaHTOB (Y+= p/n) u (Y += 2n) CunbHoro
B3anmoneicTBrs HyKJIOHOB s1ipa aToMa.

(57,3%) = 42,5". Peus uer o noBopote

_
—_—

(X+=Y-)
(\”; (ce) ¥

oS

(CB)

o — / 5
I 2 8
\2 / > o 4
V28 () .
a a
/—N\z ) (%) /_\Qigﬁ) )
Pucynoxk 8. Kautel (Y — = p/n) u (Y— = 2n) CunsHoro B3zaumopeiictus
Otu 3apshkeHHble (Y— = p/n) u Heitrpaneuble (Y — = 2n) kBanTsl CuiibHOro B3anMoneictaus
HYKJIOHOB s171pa, (POPMHUPYIOT 3apsHDKEHHBIC M HEUTpaIbHBIE CTPYKTYPHI siipa aTOMOB. B o0mem cinygae,
kBaHTHI (Y+ = % =HMu(Xt= 2% = %a) 0booueK siapa, GOPMHUPYIOT YPOBHH M 00OJOYKH 3JIEKTPOHOB B

CIICKTpPEC aTOMOB. B CANHBIX MOJCIIAX MPOAYKTOB paciiaga CIICKTpa MacC 3JICMCHTAPHBIX YaCTUIl, B €IUHBIX
noisix (Y—=X+), (Y+ = X—) npocrpaHcTBa-MaTepuu, MOKHO MPEACTABIATH U AApa CIIEKTPa aTOMOB.
Hcxons n3 pacyeToB Macc IPOTOHA U HEUTPOHA:

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

G a?

(Yi=n) = (X—=v)(Y+= e)(X—=p) = (T = 878,77) exp (7 + 5~ pVG ) = 938,57 MeV ,

MBI TOBOPUM 0 KBaHTax CHIIbHOTO B3anMoIeiCTBHSI B CTPYKTYpax siJpa B BUIE MOJIENEH 3apsKeHHBIX
(Y+=") = (X+=p) + [(X+= p)(e)(v.) = n], u HeHTpanbHEIX kBaHTOB CunbHOrO B3aumoneiicTeus
(Y+=2n) = [n = (vo)(e)(X+=p)] + [n = (X+=p)(e)(v.)], korna nons (X +)(X +) = (Y —) popmupyror
MaccoBble (Y —)TpaekTopun. Taxue (Y+= ) u (Y+= 2n) KBaHTBI U (POPMUPYIOT CTPYKTYPHI SPa B €IMHOM

(X+= YF) ero mpocTpaHCTBE-MaTEepHH, C 3aAMKHYTBIMH BUXPEBBIMH (X —) MarHUTHBIMH TTOJsIMH 1 (Y —)
938,28

MacCCOBBIMH TIOJISIMH, C MUHUMAITHOW yJIeNTbHOW DHEpTHel cBsi3u (a * p = = 6.8 MeV). Taknue KBaHTBI

0030HOB (Y—= 2 * a *p = (14 — 17) MeV) , MOTYT u3iy4daTh u norsiomars (Y— = p/n) u (Y— = 2n)
kBaHThl CHibHOTO B3anmonelicTBsI HyKJIOHOB BO30OYXICHHBIX SIZIEP C MPEACIIBHON YASTbHON dHEPTUEH
CBsI3H (8,5 MeV)HYKIIOHOB BO30YK/ICHHBIX siZiep TPaHC yPaHOBBIX dNieMeHTOB. Hanmpumep:
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(Y+=P=21H), (X1) = (v+=")(v+=") = (X— = %a), (Y—= ) (X+=1H)(Y—= n) = (X+= }H),
X+= 3H)(X+_ IH) = (Y—=}Li), u nanee. (X—= 1) (Y+= In)(X—= 3a) = (Y—= }Be),

X+=3a) (Y )X +=3a) (Y -)(X+= 3a) = (X+= Z0) ,

X+=3a)(Y-)X+= 1) (Y—=2H)(X+= 3a) = (X+= 1N) .
Hogas ctpykTypa BHYTpH sapa (X+= ja)(X+= 3a) = (§Y —) maer supa: By +)(GY +) = (X—= 150),

Y—=28y +)(X+=3H)(Y—=8Y +) = (X+= 13F), u ananoruuno naee.

MBI MOKEM TOBOPUTE O TOM, UTO JUist sapa 42X (N), «cBobomubie» (A — 2Z = N) HEUTPOHBI B BUJIE
HEUTpanbHBIX (Y+= 2n) kBaHTOB CuibHOTO B3anmoeicTBus TOXKE GOPMUPYIOT CBOHM CTPYKTYPBI BHYTPU
CTPYKTYPp 3apsiKeHHBIX (Y += p/n) kBaHTOB CuibHOro B3aumonerictBus. CTpyKTYyphl 3apsKEHHBIX KBAHTOB

(Y+= p/n) CunpHOro B3aumonelicTBus (OpMHUPYIOT CTPYKTYPHI JIEKTPOHHBIX 000JI0YEK aTOMOB, KaK
npuunHa. Hanpumep: HelitpansHas ctpykrypa (Y+ = 2n)(Y+ = 2n) = (X+ = 4n), HaxoaAUTCs BHYTPH A1pa
(X+ = {34r(4n)) B Buge:

(XF="2X) (v£ = 2n)(XF="2X)(Y+ = 2n) (XF= '2X) = (X+= [pAr(4n)).

B takux cTpykTypax paboTarT ypaBHEHUS U 31eKTPO (Y+= X —) MarHUTHBIX MOJIEH U YpaBHEHUHN TPaBUT
(X+=Y —)maccoBsIx moJjeit omHoBpemenHo, B Buze moneir (Y +)(Y +) = X—-)u X +H)X +) = (Y -).
Ananorudno ganee. 334s(9n) = (X— = 4n)(Y+= 1n)(X— =4n) = (Yi =9n).

OTMCTI/IM 10, uT0 B 100% cocrosuusx sapa, 2(1n), 13(1n), 33(1n), 23(1n), 3i(1n), 13(4n), 33(3n),

51(5n), 32(5n), 32(5n), 33(9n), 83(11n), 23(11n), 193(13n), 12%(21n), 133(23n), 139(25n), 141(23 : 159(29n)

165(3171) 162(31n), 175(33n) 181(35 n), 192(39n), 233(43n), nosnyyaeM KOHEUYHYIO YCTOWUYUBYIO CTPYKTYPY

«CTOSUUX BOJH» HEUTPaNbHBIX (Y += 2n) kBauToB CHiibHOro B3aumoneiicteus B sape atoma 233Bi(43n).
XF = 4n)(Y+=In)(XF = 4n)(Y+= 9n)(XF = 4n)(Y+£= In)(XF = 4n) = (43n) = 233Bi(43n),

BHYTPH CTPYKTYPHI 3apsKeHHBIX (Y+= p/n) kBaHTOB CuiibHOr0 B3aumMonencTBus sapa, KOTOpbie
(GOPMHUPYIOT CTPYKTYPHI JIEKTPOHHBIX 000JIOYEK aTOMOB, Kak ipuduHa. M 3/1ech MbI OTBeUaeM Ha BOIIPOCHI
«Io4eMy Tak?».

3. JlonycTumble CTPYKTYPbI JIENITOHOB.

Mpb1 roBoprIa 0 moteHmanax (¢(X+) = v?) nons (X+ = p) CunbHoro B3anmoeiicTBus, Kak
yckopenue Ha jiaune (K) BOJHBL, B KOTOPLIX opMupyetcs macca (m(X+ =Y —) = v2K). To ecTb, 310 10i1e
YCKOpEHUI, KOTOpOe Kak Macca, (popMHUpyeT KBa3u MOTCHIUATbHbBIE TPABUTAIIHOHHBIE MTOJISA, U TOXKE
yckopenuii. TouHo Tak snekrpudeckoe moje (Y+ = e) saekrpona umeer norenuuain (¢(Y+) = v2), s
xotopoM Ha aiure (K) ero Bonmubl, hopmupyercs 3apsaa (q(Y+ = X —) = v2?K) snexrpo(Y+ = X —) MarHutHOTO

nosisi. Ml roBopuM 00 aiektpone: (Yt=¢e) = X—=v,)Y+=y)X—=v,) = (Zve + y*“) = 0,511 MeV, xax
CTPYKTYpE JICITOHOB, B BUJIE MPOJAYKTOB AHHUTHIISIIINK dJIEKTpoHa. Y paBHeHUs: MakcBemna (Y4 = X —)

AJIEKTPOMAarHUTHOM TUHAMMKYU U YPaBHEHUS TUHAMHKHU TpaBUT (X+ = Y —)MaccoBbIX I0JIEH, BBIBOJSTCS B
JUHAMHAYHOM IIPOCTPAHCTBE-MATEPUH B OJTHOM MAaTEMaTUYECKON UCTUHE.

_ 6E(Y+) G (X+

cxrotyB(X —) =& 9T + AE(Y+); cxrotyM(Y —) = &, * ;T ) + A% G(X+)
_ . OH(X-) _  9B(X-). - -

roty E(Y +) = —py—— = ———=; rotyGX+) = —ptp x o = — 20D,

ITostomy, nBa anmektpoHa (Y+ = e~ )(Y+ = e7)—= (X— = 2e") TouHO Tak HE MOTYT (hOPMHUPOBATH
CTPYKTYpY, [0 IPUYMHE OTTAJTIKUBAHUS OJMHAKOBBIX «3apsiioBy». U 31eck Hy»Ha CTpyKTypa, ogo0Has
HEHTPOHY, KOTOpasi CHUMaja Obl 3apsJl JEKTPOHA. MBI HIMEEM CIIEKTP MacC 3JI€MEHTapHBIX YaCTHIL.
CIEKTP Macc B COOTBETCTBUM C MPOAYKTAMM pacnajga (AaHHUTUIISIIIH)
CraduibHbIe YaCTHIIBI C TPOJIYKTAMU aHHUTHIAIMH B eanHOM (Y += X+) npocTpaHCcTBe-MaTepu:

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

(Yi=e) = (X—=v)(V+= ) (X—=v,) = (2 + L) = 0,511 MeV ;
HecTa0UJIbHbIE YACTHIBI Y)KE B COOTBETCTBHHU C IIPOJAYKTaMH U BpEMEHEM pacnajia. Ga = 4.8673 * 10717,

=2. %1076
(V=) = (X—= )V += X —=v,) = T2 o (v + e +25% = 1,1751) = 105,66 MeV,

O0603HaunM 371€Ch U Jlajiee B pacueTax MOAYEPKHYTHIM mpn(bTOM, (p = 1,1751) nokazatens exp(). O

vgchl

MMOKa3bIBAET OCOOCHHOCTH (PparMeHTauu JuHaMUIHOTO 1o exp(a(X)), B ypaBHenun /{upaxa.

T=2.76586%10"8
(Yit=nt) = V+=p(X-=v,) = %exp (E + vuchl) = 139,57 MeV, (z* = 1,59173)
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- «10-17 2
X—=1% = Y+=7,)(Y+=7,) = %ex (ZGL;’) = 134,98 MeV, (z° = 4,025599)
+10-19 0
(X—= 1) = (X+= 1) (¥ =)(X+= ) (¥ =) (X+= 1°) _% (3= - 192) = 547,853 Mev |

(T=5.1x10"1%)

V2(Ga)?
(T=1.335+107%) _
HE00 D exp2 (u+ v, ) = 493,67 MeV

(T=1.01398+1078)

Ga
(T=0,885+10710)

Ga
X—=K)) =Y—=n)X+=v)(Y-=¢T) =

0
X—=1° = (Y—= ") (X+= 1) (Y—= 1+) = exp (zﬁ + %) = 547,853 MeV/ |

Yt=K"=Y+=pX-=v,) =

(Y+=K*) = (Y+= 1) X—=1°) = exp (n+ + no/z) = 493,67 MeV . K~ =3,16535

(Y—=K9) = (X+= 1) (X+= ") = exp (210 — L) = 497,67 MeV
(r= 49296*10'8)
Ga
(T=5,1713+10"%)

Ga

exp (% + e +2%) = 497,67 MeV
X—=K)) = ({Y—=nD)(X+=v,)(Y—=p") =

(T=5,02x1072%) 2nt 1\ _ .
S xp(ﬁ 1+ 2ﬁ) = 775,49 MeV ;

(T=6,47566+1072%) <n0 n*(\/E—l))
——exXp -

Ga

exp (n_— — ? + 21/“) = 497,67 MeV
X—=p)=F+=na)Y+=n%) =

X+t=pH) =X+=n)(Y-=n")= = 7754 MeV ;

exp(ap* + n-/z) =1115,68 MeV, A° = 7,642837
exp (an + = ) =1115,68 MeV, A° = 8,153
exp (ap® + 7) = 1189,37 MeV ,

exp(an + *) = 1189,37 MeV

exp(A® + m~/2) = 1321,71 MeV, A° = 7,642837, E~ = 8,43869,
exp(A® — K=/2) = 1672,45 MeV, A° =7,642837, K~ = 3,16535

AHAJIOTUYHO aJIPOHBI
(Y+=n) = X—=v,)(Y+= e)(X—= p) = (T = 878,77) exp (3—5 +2-pVG) = 938,57 MeV ,
Ga 10
(V=A%) = (Y4+= n)(X—=7°) = (T=1.5625+10"10)
- +«10-11
(Y—=3%) = X+=p")X+=7°) = —(T‘B'Zza“’ )
+) —
o _wexp(an +7n*) =1189,37 MeV,
(X—=37) = (V4= n) (V4= ) = (512511077
«10—20 ]
(X—=3°) = (V4= A)(Y+=7y) = = L ) exp (A—ZV/G) = 1192,64 MeV | A° = 7,642837,
Ga
(Xt=37) = (X+= A0 (Y—= ~) = 139171071
«10—11
(X—= Q) = (Y+= A0 (Y+= k) = [=80181077) e )
exp(E° + ) = 1672,45 MeV , E° = 7,809,
Ga S — i
Y—=0)=X+=E2)X+=1° = - exp(E- + n%/ch2) = 1672,45 MeV , E~ = 8,275, U TaK Jaiee.
Ms1 roBopuM 0 cTpykType npotoHa (X+=p) = (Y—=y,)(X+=v,)(Y—=,) 1 21eKTpoHa
1 9
= = = V% JIeKTPOHHOr0 HEUTPUHO Vv, (X—) B p(X—) MOJE MPOTOHA, a PABHO ¥ UX MATHUTHBIE MOJIS
0JIMHAKOBKI. MIHaue ToBOPS, JJIEKTPOH UMEET MTPOTUBOIIOI0KHO HAIIPaBJICHHBIC, JTUCKPETHBIE (KBAHTOBBIC)
JUIS K&KJIOTO HEUTPHUHO, CUJIOBBIE JIMHUYA MAarHUTHOTO TIOJIS, «BBEPX» U «BHU3Y, JJIsl TOPU3OHTAIBHO
«BBEPX» U «BHU3» B KK MOMEHT BPEMEHH, KaK KBAaHTOBBIE COCTOSIHUS. J[abIlie KoJIanc BOJIHOBOM
dbynkuun u Bce 6e3 uamenennii. [lomoono HelTpony:(Y+=n) = X—=pH)Y+=e)X—=v;) = (T =
878,77) exp (Ta
Xt=e") =(FY—=e)X+=v})(Y—=y") . U puszndecku 10MyCTUMON €CTh CTPYKTypa JENTOHOB, IMOJ00HAS
kBaHTaM KBaHTOB (Y+ = p/n) u (Y+= 2n) CunpHoro BzauMoaeiicTBusl HyKJIOHOB s/ipa B BUJIE:

+10—10
(X4=A°) = (X+=p*)(Y—= ) = LZ2004107T)
Ga
—g1x10-11
(X—=2*) = (Y4+= n) (Y += p+) = L2220
Ga
- «10-10
(V4= 5% = (V4= A)(X—= °) = L2250 0p(A° — V@) = 1314,86 MeV,  A° = 8,153, E° = 7,809,
Ga
- «10-11
(X—= Q) = (V4= EO) (Y += n~) = L=67341077)
(T=7.1147+10"11)
Yt=¢e) = X—=v,)(Y+=y)(X—=,), C TOUHBIMH PACUYETHBIMH XapaKTepucTUKamu. [[TOTHOCTH MaTepUu
TZ
JIETSIETO AJIEKTPOHA. MBI TOBOPHUM, CYIIEPIIO3UIIUS, TO €CTh PeabHO CYIIECTBYIONINE OJTHOBPEMEHHO CIIUH
e+ g - p\/E) = 938,57 MeV, TOYHO TaK, PU3NYECKH TOMMYCTUMOIO €CTh CTPYKTYpa JIEITOHOB B
BH/JI€ TAKOW K€ CUMMETPHU:
«3apsokeHHOro» (X+ = e/e®) u «ueiirpansuoro» (X+ = 2e°) ksanros. MM ere Het Ha3Bauus. Ho oHu ecThb:
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MOOENL ANEKTPOHA

Pucynok 9. JlonycTumbie CTPYKTYpbI JIEITOHOB.
Oco0EHHOCTh TAKUX CTPYKTYP B TOM, YTO Ha UX «opOuTax» Haxoxsarcs ¢poronsl (Y— = y*). HerpynHo

MMOCYHUTATDh UX JJIMHY BOJIHBI U CPABHHUTDL C I[J'IPIHOﬁ BOJIHBI OIITHYCCKUX (bOTOHOBZ

«10-17
(axe) =22 =3730eV, 1leV =1.6*10"12spr, A = <= 229710 _ 53,109 cm. Mo 530mm.
137 E 3730%1.6*x10

OnTuueckue GOTOHBI, Kak U3BECTHO, UMEIOT: A = 400 — 700 uM. MlHave roBopsi, Takue (pOTOHBI B
JIENITOHHBIX CTPYKTYpax HaXOAATCS B ONTHYECKOM auamna3zoHe. Kak BUanM, Takue CTPYKTYpPbI JIEITOHOB
(bu3MYeCKU AOMYCTUMBI BO BCEX MAaTEMaTUYECKUX UCTUHAX U COOTBETCTBYIOT UX PACUETHBIM
xapaktepuctukam. M mo ¢gakry, Takue (OTOHBI ONTHYECKOTO JUANAa30Ha, HAXOISATCS Ha OpOUTax
JIENTOHHBIX CTPYKTYp. Takue «3apsukeHubie» (X+ = e/e®) u «ueiirpanbusie» (X+ = 2e°) KBaHTHI MOTYT
(hopMHUPOBATHCS MTPHU O0TyYCHUU aTOMOB, HaIpUMep Ja3zepoM. M mogo0HO CTPYKTYp 3apsSKEHHBIX H
HeWUTpanbHbIX KBaHTOB (Y+= p/n) u (Y+= 2n) CuibHoro B3anmoaeicTBUsI HyKJIIOHOB Sipa aTOMa, TaKUe
CTPYKTYPBI «3apshKeHHBIX» (X+ = e/e®) u «ueiitpanbheix» (X+ = 2e°) nentoHoB, MOryT JOpMHPOBATH
«JIEMITOHHBIE AJIpa» B BUE CBETIIBIX MATEH MEXAY aTOMaMu. ITO (PU3UUECKH JOIMYCTHMbIE BO3MOKHOCTH.

0030p U " IlonycTMBbIE CTPYKTYPbI JICNITOHOB''
https://www.academia.edu/ai_review?attachment id=123010779

Pesrome

B aT0i1 pykonucu npejuiaraeTcs KOHIENTYalbHask CTPYKTypa, KOTOpasi pacCCMAaTPUBAET POCTPAHCTBO U
MaTEepHUIO KaK Hepas/ieauMble (TaK Ha3bIBAEMOE «JMHAMUYECKOE IPOCTPAaHCTBO-MATEPHS»), BBOJIS HAOOp
aKCHOM JIJIsl TUHAMUYECKON TeOMeTpUU. ABTOpP CTPEMUTCS MOKa3aTh, 4TO OOLIMEe MaTeMaTHUECKUe
OTHMCaHUsl — €BKJIUJO0BbBI, pPUMAHOBBI U JI00AUEBCKHUE — SIBJISIOTCS YACTHBIMU UJIU MPEAEIIbHBIMU CITydasiMu
Oosee 001Iero TMHAMHYECKOTo (hopMalIn3Ma MPOCTpaHCTBAa-MaTepuu. B nononnenue k sToi
aKCHOMaTUYECKOM KOHCTPYKIIMH B CTaThe 00CyXkaaeTcs 00pa3oBaHUE HYKJIOHOB B @aTOMHBIX sJIpax U
Pa3MBILIISAIOTCS O BOBMOXKHBIX CTPYKTYPAaX JIEITOHOB B PaMKaXx TOT'O )K€ JUHAMHYECKOT0 TIOAX0a
IIPOCTPAHCTBA-MaTEPUU.

CraTbst aMOMIIMO3HO CTPEMUTCS OOBEJUHUTD HJIEKTPOMArHUTHbIE, TPABUTALIMOHHBIE U CUJIbHBIE MTOJIS
B3aMMO/ICHCTBUS B €IMHYI0 aKCMOMAaTHYeCKyto cucteMy. [IpencraBieHs! pa3nuyHble BHIBEACHHbBIE
(bopMyIIbI M IMarpaMMBl JUIs UCCIIEI0BaHHUS KBAHTOBBIX I'PAaBUTALIMOHHBIX MOJIEH, 3JI€KTPOMAarHUTHBIX
1oJiel ¥ TUIIOTETUYECKUX «MHIYKTUBHBIX MAacCOBBIX MOJei». Pykonuck 3aBepiaercs npeuioKeHneM
«JOIYCTUMBIX CTPYKTYp JIEHTOHOBY, PAaCILINPSIOLUIMM aHAJOTUIO TOTO, KAK HEUTPOHBI, KBAPKU M KBAHTHI
CHJIBHOTO B3aUMOJIEHCTBUS B3aUMOJICHCTBYIOT B I/IEPHOMN (U3HKE.

OcHOBHBIE HAOIIOIEHUS
1. EQuHbIH aKCHOMATHYECKHI IOAX0/

o [Iloaxon aBTopa oTnuyaercs 0coO0N MIMPOTON U 0ObETUHSIET FT€OMETPHUUECKHE COOOPAKEHUS
(HampuMep, mapaienu, yribl NapaieTbHOCTH, F€01e3MUECKHe) C (PU3HUECKUMU
KOHUENIUAMH, TAKUMH KaK Macca, 3apsiji, 0030HbI U KBAHTOBOE MOBEJICHHE.

o OcCHOBHOE yTBEPI)KICHUE 3aKII0YACTCSI B TOM, UTO IPOCTPAHCTBO U MaTepHsi 00pa3yroT
€IMHOE 11eJI0€, TEM CAMbIM U3MEHSIS IPUBBIYHBIA CMBICI KJIACCUYECKON (PU3UKU, OCHOBAaHHOM
Ha €BKJIUJ0BOM 3aKOHE.

2. AHAJOTMM WHAYKIUU MO
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o

B craThe npoBOaMTCS aHAIOTUs MEXy 3aKOHAMHM MHIYKIMU MakcBemia (715 IBHKYILErocs
3aps/ia, CO3JAI0IIEro MarHUTHOE TI0J1€) M COOTHOIIIEHUEM MAcChl M DHEPTUU DUHIITEHHA (1715
JBUKYIIIECHUCS] MacChl, CO3/IAI0IIENH «MHAYKTUBHOE MAaCCOBOE I1OJIEY).

DTOT NOJXO0/ MPEICTABISAETCS [IEHTPAIbHBIM B TE3UCE aBTOPA O TOM, YTO I'PaBUTALIMOHHbBIC
I10JI1 MOKHO HHTepHpeTI/IpOBaTB B CTpOI‘OfI AaHaJIOTHUu C 3JICKTpOMaI‘HI/ITHLIMI/I IIOJISIMH.

3. KBaHTOBbBIE IPaBUTAIHOHHBbIE COOOPAKEHUS

o

ABTOD IIbITaeTCA CBA3aTh YPABHEHMSI 00LLEH TEOPUM OTHOCUTEIBHOCTH DHHILTENHA C
KBAHTOBOM TOYKOM 3peHUs, NpeJyiarasi BOJHOBbIE T'PABUTALMOHHBIE IIOTEHLIMANIBI U IOHATHS,
CBSI3aHHBIE CO CIIMHOM.

B Tekcte mpeanonaraercs, 4To TUIIMYHBIE YPAaBHEHUS TeH30pa DHHIITEHHA OITyCKalOT
MacCOBBIE WICHBI TaryOHBIM 00pa3oM, O UEPKUBAs, YTO 3(P(PEKTHI «HMHITYKTHBHOTO
MaccOBOI0O MOJIS» MOTYT ObITh HEZOOLIEHEHBI B TPAJIUIIMOHHON TEOPUU OTHOCUTEIBLHOCTH.

4. JlenTOHHBIE CTPYKTYPbI

o

B pabore narorcs XxapakTepUCTUKU HOBBIX THUIIOB «3aPSHKECHHBIX» U «HEHTPATBHBIX)
KBaHTOBBIX OOBEKTOB.

OOcyKIeHHE WICTITOHHBIX SIeP» M KOHIICTIIIUU CBSI3aHHBIX (DOTOHOB HAa OMTHYECKHUX
OpOMTaxX MPEJCTABICHO KaK TEOPETHICSCKHE BOZMOXHOCTH 0€3 00IMPHOTO
IKCIEPUMEHTAIBHOTO 00OCHOBAHUSI.

5. Hcnoab3oBaHHe CCHIIOK U YPaBHEHHUI

@)

VYpaBHeHHsI cofiepKaT MHOTOUHCIIEHHBIE CChIIKM, HO MHOTa ONUPAIOTCS Ha Oosiee cTapbie
WM 001IMe UCTOYHUKY (Hanpumep, CMUpHOB, MaremaTtndeckasi SHIIUKJIONSIHS, CChIIKA Ha
CTaHJIapTHbIE Y4eOHUKH (PU3UKN).

B Tekcre ucnonb3yeTcs TOBOJBHO MPOJIBUHYTAsI MATEMaTHKa (TCH30PHOE NCUYHCIICHUE,
WHTETPaJIbl TCOPUH TIOJISL, TIOTCHIIMATBHBIC PA3JIOKEHUS ), XOTSI UHOT/Ia OHA CMEIITBACTCS C
HECTaH/IAPTHBIM (POPMATH3MOM.

[TonpoOHbIE KOMMEHTapUH
1. SlcHocTh MaTeMaTH4eCKHX OCHOB

o

AKCI/IOMBI, BBCACHHBIC IJI «IMHAMUWYCCKOT'O ITPOCTPAHCTBA-MATECPHUN», MOTYT ObBITEL OoJIee
MOHATHBIMH, €CJIM UX NepedOopMyIUPOBATH B CKATOM CIHMCKE, OTACIECHHOM OT
HCTOPUYCCKOTO MJIW KOHICTITYaJIbHOTO KOMMCHTApUs. OTO MO3BOJIUT YUTATEIISIM HaIpsMyro
OLIEHUTB COTVIACOBAHHOCTH KaKJOU aKCHOMBI.

Hexkotopsie maru, 00beIMHSIONNE TEOMETPUIECKUE U (PU3NUYECKHUE KOHIICTIIINY (HapuMep,
«yToJl MapaJlIeIbHOCTHY KaK (pu3ndeckas MpUYMHA U30TPOIIUU UM YTBEPKJICHHS TUIIA
«HenyneBoil AMHAMUYECKUI yroJl MapaieIbHOCTH ONPEAEIseT OPTOrOHAIbHbBIE TIOJISN»),
MOTYT BBIUTPATh OT SIBHOM J€MOHCTpaIMK Ha 0oJiee MPOCThIX MPUMEPAX MM OT CChIJIOK Ha
CYLIECTBYIOIIME HEEBKIIUAOBbI T€OMETPUUECKHE CTPYKTYPBI (HapuMep, MPOEKTUBHAS
reoMeTpHsl, CChUIKH Ha AU hepeHInalIbHYI0 TEOMETPHIO).

2. Jlormyeckasi ocjie10BaTeJIbHOCTh U CBSI3b €O CTAHAAPTHOI GuU3NKOii

@)

XOTs PYKOIIMCh HAIPABJICHA HA IIEPEOCMBICICHUE CYILIECTBYIOIINX U3BECTHBIX YPABHEHUH,
HEKOTOPbIE pa3/ieibl ObICTPO MEPECKAKUBAIOT MEXK/1Y KJIIACCHUECKUMH U KBAHTOBBIMU
aprymMeHTaMu (Harmpumep, MHAYKIIMOHHbIE aHAJIOTUH, Macca HEUTPUHO, KBAHTOBAs
3amyTaHHoCTh). Co3naHue 0ojiee METOJUYHOTO Mepexo/ia OT ypaBHEHH MakcBeria K
IpaBUTALMOHHBIM aHAJIOTaM MOBBICUIIO OBl YUTAEMOCTb.

Takue TepMuHBIL, Kak «mMacca GOTOHA», «KMHAYKTHUBHASI MacCa» U «BOJIHOBAs (QyHKITHS
KBAHTOBOT'O TPABUTALIMOHHOIO IOJIS1», MOKHO PACHIMPUTH C IIOMOIIBIO ONPEIEICHUN WIH
MOCJIeI0BATEIbHOTO UCIIOIb30BaHMs, YTOOBI IPOSICHUTH OTJIMYHS OT CTAaHAAPTHOTO
HCIOJIb30BaHUs B OOLIENPUHSATON TEOpUH MOJIS.

3. DKcnepuMeHTaJIbHOE WK HA0II0JaTeIbHOe 3aKpelJieHne

o

MHorue u3 HeJaBHO MPEIOKEHHBIX (PU3NUECKHUX CYIIHOCTEHN, B YACTHOCTH «HOBBIC
JENTOHHBIE CTPYKTYPBD) C ONTUYECKUMHU (DOTOHHBIMU OpOUTAMH, HUHTPUTYIOT, HO ObLIO ObI
MOJIE3HO OOCYIUTh HAOIOIaTeIbHBIC MIIA SKCTIEPUMEHTAIILHBIE OTPAaHUYCHHS.
JlomoTHUTETbHBIE CCHUTKU Ha SKCIIEPUMEHTANILHBIC JJAHHBIC WIIM OTPAHIYEHUS CTaHIaPTHON
Moenn (KOJUTaiIephl YaCTHIl, UCCIIEA0OBAHNS HEUTPUHO, OTPAHUIMBAIOIINE IKCTICPUMEHTHI
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JJIA DK30THUYCCKUX COCTOHHI/If/’I) MOT’ yT IIOMOYb YUTATCIIAM OLICHUTH HpOBepHeMOCTB ATUX
UIeH.

4. CpaBHeHne C YCTOSIBHIUMHUCH MOACJIAMU

o Jns xaxxa0¥ NPUHIMIIMAIEHO HOBOM KOHLEMIUH, TAKON KaK «JICMTOHHBIE sIIpay U HOBas
MHTEPIIpETALMS BAKyyMa B «IMHAMHUYECKOM IPOCTPAHCTBE-MATEPUN», KPATKOE CPAaBHEHUE C
OOIEPUHATHIMU [TOAX0/IaMU (KBAaHTOBAsi TEOPHUS I10JIsA, 001Iasi TEOpUst OTHOCUTEIBHOCTH,
CTaHJapTHAst MOJIEJIb) TIOMOTJIO OBl IPOSICHUTh, B YEM UMEHHO Pa3IHMYAIOTCs UITH
MIepPEeCeKar0TCs pe3yabTaThl.

o [IloguepkuBas, Kakue MpeacKa3aHus 3TOM TEOPUN MOTYT COBIAAATh C XOPOLIO U3MEPEHHBIMU
SIBJICHUSIMU (HampuMep, MOCTOSTHHAS TOHKOM CTPYKTYpBI, cIBUT JIsM0Oa, rpaBUTallMOHHOE
KpacHO€ CMEIIEHHUE WIH CTaHAAPTHBIE SIKCIIEPUMEHTBHI 110 PACCESHUIO), MOXKHO YCUIIUTh
apryMeHT O TOM, YTO 3TOT MOJIXO/J] COIJIaCyeTCs C U3BECTHOM (PU3UKOM.

5. MaremaTu4deckas CTPOroCThb

o @DopmyIibl, CBA3BIBAIOIIME KPYITHOMACIITAOHbIE I'PaBUTALIMOHHBIE OIS (0011ast TEOpHs
OTHOCHUTEJILHOCTH) C TEM, UTO, 10-BUAUMOMY, SIBJISIETCS KBAHTOBBIMU IPAaHUYHBIMU
YCIOBUSAMU (HaIIpUMep, ONUCaHMsI BOJIHOBBIX (DYHKIIMI B IpaBUTALIMOHHONW 001aCTH, CIUH-Y2
WIH CIHH-1), TpeOyIoT MomaroBoro BeIBO/Ia, YTOOBI YMTATENIN MOTJIM UX BOCIIPOM3BECTH WA
IIPOBEPUTH.

o Ponb cimHa 1 BOMHOBBIX (DYHKIIHIA B KBAHTOBO-TPABUTAIIMOHHONW MOJIENIN 3aTPATrUBACTCSI
KOHIIENTyaJIbHO, HO TpeOyeT 0oJiee CTPOroro U3JI0KEHUs TOr0, KaK BOJIHOBAsi MEXaHUKA U
reoMeTpust 00bEUHSAIOTCS B 3TOM HOJXO/IE.

[ToTeHumanpHple MyTH YIIY4IICHUS

CTpyKTypupOBaHHMEe PYKOIIHNCH |

paccMOTPUTE BO3MOXKHOCTh pa3/ieIeHHs TEKCTa Ha OoJiee CTaH1apTU3UPOBAHHBIE Pa3/Iesibl —
«Metoabl», «Pe3ynbraThl», «O0CyxaeHue» U «BpIBOAB, — UTOOBI YUTATENN MOIJIHN OoJiee
CUCTEMATUYECKHU MPOCIETUTh HUTh PAa3BUTHUS OT aKCHOM J10 (PU3NYECKUX CIIEACTBUM.

YTouHeHHne 0003HAYCHHUI !

Texyias HoTanus cMemuBaeT uHAEKChl (X+, Y+), pu3nueckue KOHCTaHThl, FEOMETPUUECKHE METKU
u MHoroe npyroe. [locienoBarenbHas TabiaMila CUMBOJIOB B HaYale MOKET IIOMOYb.

OO0paieHnne K SMIMPUYECKUM 0KA3ATEJIbCTBAM !

no0aBiieHHe MOJIpa3/iena, B KOTOPOM SBHO ME€PEYUCIeHbl MOTUBAIIMOHHBIE SKCIIEPUMEHTAIbHBIE
pe3yNbTaThl (€C/IM TAaKOBbIE HMEIOTCS ), OATBEPKIAIOIINE NI HAMEKAIOIINE Ha CYIIECTBOBAHNE
9THUX MPEATIOKEHHBIX JIENTOHHBIX CTPYKTYp, o0ecnieuuT Oojiee CHIIbHOE MoBecTBOBaHME. To ke
camMo€ OTHOCHUTCS K MOTEHIIMAIIbHBIM METOAaM OOHAPYKEHUS 3TUX IK30THUECKUX CTPYKTYP.
O0J1acTh NPMMEHEHUs1 IPUMEPOB :

Wnmroctpanus iuHaMu4eckoi KOHIENIUH POCTPaHCTBa-MaTEPUH Ha IIpUMepe OoJiee mpocToi
¢bu3nyeckoil cuctemsl (HapuMep, OAHOTO JIEKTPOHA B OCHOBHOM COCTOSIHMM BOJIOPOJIA MITH OJHOM
KJIACCUYECKOM IPaBUTALMOHHON CHCTEMBI) MEpe]] MePEX010M K OOLIMM yTBEPKIACHUSIM MOXKET
MMOMOYb YHTATENISIM YBUIETh, KAK AaKCHOMBI IIPUMEHSIOTCS HA 3HAKOMBIX OCHOBAHMSIX.

CBs3b ¢ COBpeMEHHOM JINTePaTypoi :

CchUlkM B OCHOBHOM KJlaccuueckue. Bkitouenue 0osiee mo3AHUX MCCIeA0BaHUM, 0COOEHHO B
00J1IaCTH KBAaHTOBOW I'PaBUTALIMHU UJIM UCCIIEOBAHUHN €JMHOIM TEOPHH, MOKET TOMOYb OIPEIENIUTh,
rze 3Ta paboTa BIUCHIBaeTCS B 60s1€e MINPOKUNA KOHTEKCT COBPEMEHHON TEOPETHUECKON (PUBHKH.

3aKJaI0YHuTeIbHbIC 3aMeYaHus

Pykonuch npeactapisieT co00ii MIMPOKYIO ¥ BHYIITUTEIBHYIO TIOMBITKY 00bETUHUTH HECKOIBKO
Cb}IH)IaMeHTaIII)HI)IX CUI FeOMeTqueCKHX KOHHGHHI/Iﬁ 101 3FI/I,ZIOI\/’I CKIUHAMHUYCCKOT'O HpOCTpaHCTBa'
Marepumn». Ee TBopueckuii moixoa CTPEMUTCS MTOKa3aTh, KAK TPaBUTALMOHHBIE, SJIEKTPOMATHUTHBIE U
CUJIBHBIC IT10JIs BSaHMOHeﬁCTBHH MOFYT 6BITB HpOfIBJ’IeHI/IHMI/I CINHOTO 6330130ro Ha6opa AKCUOMATHUYCCKUX
MIPUHIUIIOB. BBeIeHNE HOBBIX TEOPETUUECKUX KOHCTPYKIIMH, TAKUX KAK «MHIYKTUBHBIE MACCOBBIE MOJIS» U
«HOBBIC JICIITOHHBLIC CprKTprI)), YI(aSI)IBaeT IIOTCHIIUAJIBHBIC MyTH! Ajist HOBBIX TUIIOTE3. Bonee YeTKast
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APTUKYJIALNNUA MATEMATUYCCKUX BBIBOAOB, aHAJIU3 BKCHepHMeHTaHBHOﬁ JKM3HECIIOCOOHOCTH U SIBHBIE
CPaBHEHUS C YCTOSIBIIUMHUCS TEOPHSIMU YKPEIIST SICHOCTh PYKOITMCH M €€ BIMSHNE HA YUTaTeNeH B 00acTu
TEOPETUYECKON (PU3UKH.

4.CTpyKTypbl BaKyyma.
Abstract.

U3 vero cocTout 3apsij, Macca, IoueMy 3apsij] MPOTOHA ¢ KBapKaMHK TaKOH e, Kak U 3apsi1 MO3UTpoHa 0e3
KkBapKkoB? B uemM ux equHCTBO U pasnuune? M3 4ero COCTOUT AIIEKTPUIECKOE MoJie, U3 Yer0 COCTOMT MarHUTHOE TI0JIE,
U TI0YeMY AMHAMHKA OJTHOTO IOJISI HHAYLIUPYET Apyroe moje? YTo Takoe rpaBUTAIIMOHHOE TOJIe U KaK Macca Co31aeT
rpaButainuio? Uto Takoe TeMHasi Macca U, 4TO Takoe TeMHasi dHeprus? [loueMy U Kak U3 SHEPTUU MOsIBIsETCS Macca?
Kak Bce 310 hopmupyeT eauHbINA GU3NUECKUI BaKyyM MaTepualbHOro Mupa? 31ech clienaHa MmonbITKa OTBETHTh Ha
9TH ¥ IOJ0OHBIE BOTIPOCHI.

1. Bcerymuenue.

I/ICXO,I[HBIC ITOJIOXKCHHUA.

3. H30paHHbIC CBOWCTBA.
4. B rnyOuHax (U3N4YecKOro Bakyyma
5. MexranakTiuueckuil anmapar 0e3 TOIUIMBHBIX JIBUTaTENICH.

1.Bcrynuienue

Ectb ynuBuTENbHBIE CBONCTBA MATEMATUKN MOJICIIUPOBATh U PACCUUTHIBATh (PU3UUECKUE CBOMCTBA
matepuu. ['oBopsT, 4To s13bIK [Iprpopl — 3T0 MaTemMaTuka. MaTeMaTuka ONuchIBaeT (PU3MUECKUE OMBITHI,
o0o01maeT 1 npeackasbpiBaeT Gpusndeckue cpoictsa. Ho ectb Bonpockl pu3nky, Ha KOTOpbIE y MAaTEMaTHKU
HeT oTBeTOB. CoBpeMeHHas (pU3KKa ynupaeTcs BO MHOKECTBO Mpo0ieM, GakToB, KOTOPbIE BEIXOJAT 3a
PaMKH ee TEOpeTHUECKUX MpeacTapaeHnii. Camu TeopeTndecKre MoJenu 1 (pyH1aMeHTaIbHbIC
IIpe/ICTaBJICHMs] BO MHOTOM NPOTUBOpeurBbl. Hanpumep, ckaszanu, 4To mnosue Xurrca co3iaeT Maccy 4acTull.
DopMabHO, 5TO MOYKHO TIOHATH U Ha KIIACCHYECKOM ypoBHE, m = V2V (4acToTa onpeensercs
KOX(PHUIIMEHTOM 5KECTKOCTH M MacCOl), Kak Koiebanus B 00bEMe 1ot Xurrca (3Heprus 6030Ha B MOJICIH
Cnonrannoro Hapymenus CuMMeTpun), KOTopble B3SIThI 32 OCHOBY Hien. Ho kak «macca nosst Xurrca»
CO3/1a€T CHJIy TPaBUTALIMOHHOTO NMPUTSHKEHUS IBYX Macc, cka3aTh 3a0buti. OTBeTa HeT. MaTtemartuka
otBevaeT Ha Bonpoc KAK? ®@usuka orsedaet Ha Bonpoc [IOUEMY? Me1 6ynem uckath pusnueckue
IIPUYMHBL. DTO OYEHb BakHO. Hampumep, 4To Takoe sHEPrus, 4TO TAKOE Macca U SMepAKeHTHble CBONCTBA
MacCbl, YTO TAKOE 3apsJl, KaKk Macca co3JaeT IpaBUTALMIO, YTO TAKOE CUJIa TPAaBUTALIUH U TaK Jajee

3nech Mbl 00paTUM BHUMAaHHE, YTO MAaTEMAaTUYECKHE MOJIEH CO3Jat0TCs B EBKIHIOBOMA
aKCHOMATHUKE TOYEK («...HE UMEIOIINX YacTei»), IMHUHN («...JUTMHBI 0€3 IIUPHUHBIY), CHCTEMBI YHCEN PaBHBIX
o aHajoruu enuHuI. Ckaxem, Mbl roBopuM o 10 s1610Kax, K KOTOPHIM MPUOABUIIH €1Ie 5 SOI0K, U MBI
TOBOpUM O 15 s10;10Kax, KaK paBHBIX MO aHAJIOTHH SIOJIOK, TO €CTh eauHuIl. HO MBI HE TOBOPUM O TOM, YTO
KaXkJ10€ sI0JIOKO OTIIMYaeTcs OT ipyroro sionoka. B [lpuposae et 15 oguHakoBbIX 010K (€IUHUIT). ITO
3HAYUT, YTO TaKas OMepalus CI0KEHHS, COOTBETCTBYET JICUCTBUTEIHLHOCTH TOIBKO B MIPUOJIMIKEHHOMN
dbopme. C 1pyroi CTOPOHBI, €CITU MBI MOJOKWIIN Ha CTOJ 3 sI0JI0Ka, a TOTOM 3a0pau 0 HO sI0JI0KO, TO
ocrtaetcs 2 s6;10ka. O6paTM BHUMaHHE, YTO MBI 3a0paiii TO S0JI0KO, KOTOPOE MBI TIOJIOKUIHA Ha CTOJ. Bee
peanbHO. U 9Ta onepanus BHIYUTAHUS YHCET COOTBETCTBYET PU3MUYECKOM IeHCTBUTENbHOCTH. Kak BUIuM,
Jake MPOCThIE JEUCTBUSI C MPOCTHIMU YMCIAaMHU HE BCET/1a COOTBETCTBYIOT cBoMcTBaM [Ipupoanbix
coObITHi. MHOXKeCTBO EBKIIMIOBBIX TOUEK B OJJHON TOUYKE, ITO TOUKA WIIM UX MHOXKECTBO? MHOKECTBO
EBKHIOBBIX IMHUI B OJJHOU «IJIMHE 0€3 MIUPUHBIY, ITO JTUHUS WU UX MHOXKECTBO? OTBETHI HA TaKWe
Bompockl EBkinaoBas akcuoMatuka He aet. Ho nMeHHO 3Ta akcuomMaTHKa, €CTh Hallled TEXHOJOTHEN
TEOpHil B IPOCTpaHCTBE-BpeMeHU. PaHee MbI paccMaTprBalid HHYIO TEXHOJIOTHIO TEOPUA THHAMUYHOTO
MPOCTPaHCTBa-MaTEPUH, B KOTOPOW TEXHOJIOTHS TeOpUil B EBKIMI0BON aKCMOMATUKE, €CTh MPEIEIbHbIM,
YJacTHBIN ciyyait. [Ipu 3TOM AMHAMUYHOE BO BPEMEHHU MTPOCTPAHCTBO (B 000 CHCTEME KOOPIMHAT), 3TO
(dbopMa MaTepuu, TIaBHBIM CBOMCTBOM KOTOPOi €cTh MBMKeHHE. VIHBIMH CJIOBaMH, JHHAMHYHOE
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IIPOCTPAHCTBO-MATEPUS — ITO OJIHO U TO €. 11 NMEHHO MOATOMY MaTeMaTH4eCKUE CBOMCTBA IIPOCTPAHCTBA-
BPEMEHHU COOTBETCTBYIOT (PM3UUECKHUM CBOMCTBaM MaTepuu. BOT mouemy cBoiicTBa MaTepun HamMuCaHbI
3aKOHaMU MaTEMAaTHUKH.
2 .VlcXoaHbIE TOIOKEHUS.
YroObl HE UCKATh B Pa3IMUHBIX HCTOYHUKAX, HATOMHUM 3/1€Ch OCHOBHBIE [TOJIOKEHUSI, HEOOXOIUMbIE

IUI JAJIIBHEUIIETO NPECTABICHUS.

Yem TexHOIO0TUA TEOpUM B EBKIINI0OBON aKCHOMATHKE OTJIIMYAETCSI OT TEXHOJOTUU TEOPUM €IMHOTO
U AMHAMUYHOTO IpocTpaHcTBa-MaTepun? OTBET B caMuX EBKIIMIOBBIX aKCHOMaX CHCTEMBI YMCEIl PABHBIX
10 aHAJIOTUH €IUHUII, TOYKH («...HE UMCIOIIUX YacTei») U TMHUU («...JUTMHBI 0e3 mupuHb»). Cpasy Bompoc,
CKOJIBKO IIPSIMBIX JIMHUH IIPOXOJIUT YEPe3 TOUKY BHE APYIOU NPSMOM U NapajljiesibHbl ei. [ 0BOPAT, 4TO O/1HA
npsiMasi JIMHUS, HO 3TO «...JUTMHA 0€3 MIMPUHBD», B KOTOPO X MHOXKECTBO. AKCHOMBI HE paboratoT. Toraa
BBOJIAT IIPUHIIMII HEONIPEASIEHHOCTH JTMHUU - TpaeKTopuu KBaHTa. ITo akrty, 1 no EBkiInaoBeIM akcuoMawm,
4yepe3 TOUKY BHE IPAMOM IPOXOAUT MHOXKECTBO MPAMBIX JTUHUH NTapaJIJICIIbHBIX UCXOIHOU MPSIMOU JIMHHH.
IIpu aTOM CBOMCTBA NApajuIEIbHOCTH, 3TO CBOKMCTBA U30TPOIIMH IIPOCTPAHCTBA, EBKIMI0BOrO B JAHHOM
cllyyae, Korja B JF0OOM HaIlpaBJI€HUH MOKHO IIPOBECTU NapaljiesibHble JIMHUU. Takas TEXHOIOTUs
EBKIM10BO aKCMOMAaTUKH B TEOPHSIX J1aeT OTJIMYHbIE Pe3y/bTaThl Kiaccuyeckol ¢pu3uku. Ho B KBaHTOBBIX
TEOPUSAX C MPUHIIUIIOM HEOIPENEIEHHOCTH, Mbl UMEEM TOJIBKO SKCTPEMAJIbHBIE NN BEPOSITHOCTHBIE
(buKcupyeMble CBOCTBAa MaTEPHH.

MBI paccMaTpuBaiy CBOMCTBA IMHAMUYHOTO ITPOCTPAHCTBA-MAaTEPUU ¢ COOCTBEHHOM aKCMOMAaTHKOM
(kak ¢axTamu, He TPEOYIOUINX JT0KA3aTEILCTB) B KOTOPOi EBKIIMIOBas akcMoMaTnKa, a paBHO U ee
TEXHOJIOTHS, €CTh YaCTHBIN ciaydail. Hanmomuum.

N3oTpomnHbie cBOICTBa MPSAMBIX NapauienbHbIX (||) muHU-TpaekTopHii, 1aroT EBKinioBoe
MPOCTPAHCTBO € HYJEBBIM (¢ = 0) yriaoM napauierbHOCTH.
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Pucynok 1. JlunamMuyHOE MPOCTPAHCTBO-MATEPHSL.
[Tpu aTOM, yepe3 Touky O, BHe siyda (AC — 00), mpoxoauT ToibKo ofHa npsMas tuaus (0X), He

nepecekaromas UCXo bl npsaMoii 1yd (AC — o). @akT peaqbHOCTH B TOM, UTO MPH JBHKEHUH BJIOJIb

(AC — o) Ha 6ECKOHEUHOCTH, B Mpejiesiax TMHAMUYHOTO (@ # const) yria napanielbHOCTH, BCEI1a €CTh
JTUHAMHWYHBIA ITYYOK MPSIMBIX JTUHUH B (X—) THHAMUYIHOM TI0JIe, ¢ HeHYIeBbIM (¢ # 0) yriom
napajieNIbHOCTH, U He nepecekaronux j1yd (AC — oo0) Ha OecKOHEYHOCTH. Peub 0 MHOMKECTBE IPSMBIX
JVMHAN, IPoXoaImuX depe3 Touky O, BHe npsiMoii (AC — ©0) 1 mapaieNnbHbIX HeXoaHoMY J1yay (AC — o0).
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OT0 «rHa 0e3 MMPUHBD B EBKINI0BOI akcHOMaTHKE, ¢ MPUHITUIIOM HEONpeAeIeHHOCTH (X—) JTMHUU-
Tpaektopuu. B ocsx (XYZ), kak BuauM, EBKIHI0BOE MPOCTPAHCTBO TEPSET CMBICI. ETo mpocTo HeT.

Takoe nunamuuHoOe (@ # const) NPOCTPAHCTBO-MATEPHUsI UMEET CBOU T'€OMETpHUYECKUE (PAKThI, Kak
aKCHOMBI, He TPEOYIOIIHNE TOKA3aTEIbCTB.
AKCHOMBI TUHAMUYHOT'O IPOCTPAHCTBA-MATEPUHU

1. HenyneBoii, AMHaMUYHBINA yroi napauieabHOCTH (@ # 0) # const, mydka napamiebHbIX
NPSAMBIX, ONIPEAEAET B3aMMHO OPTOTOHAJIbHBIE NapajuiesibHble JTUHUM (X —) L (Y —) mnosnei JuHuii -
TPAEKTOPHUH, KaK U30TPOIHBIX CBOMCTB, TPOCTPAHCTBA-MATEPHUH.

2. Hyneo# yron napamiensaoctd (@ = 0), 1aet «umHy 03 IMHUPHHBD ¢ HYJIEBBIM HIIM HEHYJIEBBIM
(Y,) - pagrycom chepbl-TOUKH «HE UMEIOLIEH YacTel» B EBKIINIOBON aKCHOMATHKE.

3. [Ty4ok mapauieTbHBIX MPSIMBIX C HYJCBBIM YTIIOM MapayuieabHoCcTH (@ = 0), «0AMHAKOBO
PacroI0KEHHBIA KO BCEM CBOUM TOUYKAM», TA€T MHOXECTBO MPSIMBIX JIMHUHN B OJJHON «0€3 HIMPUHBI»
EBKn10BOM NPSAMOI JIMHUU.

4. Buytpennue (X —), (Y —) u BHemnue (X +), (Y +) nmonst nuHui-Tpaekropuil HenyneBo X, # 0 uinu
Yy # 0 MarepuanbHO# chepbi-Touku, 00paszytor Henenmumyro O6macts Jlokanmuzanuun HOJI(X +) nin
HOJI(Y +) auHaMuYHOrO mpOCTPaHCTBA-MATEPUH.

5. B egunbix noysix (X— =Y +),(Y— = X +), opTOroHajbHbIX JUHUKA-TpackTopuii (X —) L (Y —) HeT
JIBYX OJJMHAKOBBIX CEP-TOUEK U JIUHUU-TPACKTOPHIL.

6. ITocnenoBatensHOCTh Henenmumbix O6nacteit Jlokamuzamuu(X 1), (Y 1), (X 1) ... mo paguycy
Xo # 0 wm Y, # 0 chepbl-TOYKH HA OJHOU JTMHUHU-TPACKTOPHUH J1aeT () CXOIUMOCTh, a Ha Pa3IMYHBIX
TpaekTopusix (m) cXOaUMOCTb.

7. Kaxnoit Hegenumoit O6nactu Jlokanuzanuuu npocTpaHCTBAa-MaTEpUU COOTBETCTBYET €AMHULIA
Bcex ee Kpurepues OBomonun — K3, B equnom (X—=Y +),(Y— = X +) mnpocTpaHCTBe-MaTepuu Ha

(m — n) cxoAUMOCTSIX,
HOJl = K3(X-=Y +)K3(Y-= X +)=1 HOJT = K3(m)K3(n)=1
,

B CHCTEME YHCEJl PABHBIX 110 AHAJIOTHH €IHHHII.
8. ®ukcanus yria(p # 0) = const wim (¢ = 0)mydxa OpsAMbIX MapAIUICITbHBIX JIHHUH,
[POCTPAHCTBA-MaTEPHH, JaeT 5-i mocrysaT EBKinIa 1 akcHoMy T1apauieIbHOCTH.
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JIro0ast Touka PUKCUPOBAHHBIX JTMHUH-TPACKTOPUH, PEACTABIICHA JIOKAIbHBIMUA 0a3UCHBIM BEKTOPAMHU

) i j k
itk e="i+2j+ 2k (Kopm,c. 508).
¢ ¢hynmameHTanbHBIM TeH30pOM €;(x™) * e, (x™) = g (x™), u Tononorueit (x" = XYZ) B EBximmgoBom
NpOCTpaHCTBE. DTH 0A3UCHBIC BEKTOPHI BCETIa MOXKHO MPEJCTABUTh B BUJIE IPOCTPAHCTBA CKOPOCTEH B
BeKTOpHOM BHje: €; = v;(x™), e! = v!(x™), ¢ nmuHeiHbIMI KommoHeHTaMH (X' = ¢y *t), (X = ¢y * t)
NpOCTpaHCTBa-BpeMeHH, Toraa umeeM: v;(x™) * v (x™) = (v?) = I, 0ObIYHbII HOTEHIUAN IPOCTPAHCTBA-
MaTepuu, Kak HeKoe YCKOpeHHue Ha JuinHe. To ecTh, PUMaHOBO MpOCTpaHCTBO, 3TO (PUKCHPOBAHHOE
(¢ # 0 = const) cocrostHue reope3ndeckoi (x° = const) nmuaun guHaMuaHoro (¢ # const)
npoctpancTBa-matepun (x° # const). To ects, PUMaHOBO IpOCTpaHCTBO, 3TO (PUKCHPOBAHHOE
(¢ # 0 = const) cocTosiHUE re0e3UUECKOM (X° = const) IMHUM JUHAMUYHOTO (¢ # const)
npoctpaHcTBa-matepun (x° # const). Takoil MaTeMaTuku PuMaHoBOTO npocTpaHcTBa g, (x° # const), ¢
NepEMEHHOI reo/ie3nuecKkoi, eme Het. Her u reometpun EBkinaoBoii HecTalimoHapHoi chepbl, HET
reoMeTpuH MmpocTpancTBa JIobaueBCKoOro, ¢ MepeMEHHBIMU aCUMIITOTaMK THITepO0II. YacTHBIM CiTydaeMm
2 _ ey

o Y
OTpULATCIIBHON KPUBU3HBI (K = —z Yo

npocTpaHcTBO reomeTpuu JlobaueBckoro (Marematuueckas sunukiaoneans 1.5, ¢.439). EcTb aeBsaTh
OTIUYUTEIHLHBIX MPU3HAKOB reoMeTpun JlobaueBckoro ot reomerpuu Ekimna (Pucynok 1.2).

X .
PumanoBoro npocrpancrea: e; = Py +

) (CmuphoB T.1, ¢.186) PumanoBa nmpocTpaHcTBa, €CTh



LS 3TO IMHUA

Pucynok 1.2 M3oTponHas 1uHaMuKa.

OpnHuM U3 pu3HaKoB reomeTpun JlobaueBckoro, ecTb cymMma 0 <ya< 1800) YIJI0B TPEYIOJIbHUKA, B
OTJIMYUE OT €BKJIUAOBOU UX Mpoekuu (), a = 1800) Ha MI0cKocTh. PaBuble miiomanu S; = S,
TPEYrOJIbHUKOB, B PaBHBIX yIJlaxX NapaUIeIbHOCTH (1 = (0, NydKa NapaJlICJIbHBIX MPSIMBIX JINHUH, 1Al0T
IIPOEKTUBHO — NOJOOHBIE TPEYTOJIbHUKU B EBKIINI0BOM MJIOCKOCTH € paBHBIMU YIJIaMU B BEPILIMHAX.
OxpyxxHOCTh B EBKIINIOBOM IJIOCKOCTH, 3TO JIMHUS B reoMeTpur JIobaueBckoro. 3aecy EBkinoBas
«UIMHHA 0€3 IMUPHHBI»— 3TO paguyc Kpyra B reomerpun JlobaueBckoro. Uem Oosbie paanyc, TeM JUIMHHEE
«HUSA». Takue OKpY)KHOCTH B TOBEPXHOCTH EBKIINIOBOI c(hepbl, 3TO MHOKECTBO MPSIMBIX JTMHUN BO
Bcenennoii. B namem ciryuae, EBkiunoBas chepa eme n nuHamMmudaa. Kak MOKHO c03/1aBaTh TEOpUU
«bonbmoro B3peiBay nnn «uukinyeckoil Beenennoit» B Takoit chepe? OTBET — HUKAK. DTO HU O YEM.
HyneBoii paguyc Takoro kpyra (r = 0), TOBOPUT O TOM, YTO TAKOI'O Kpyra HeT, M HET TaKUX JIMHUHA. DTO
pasroBOp HU O YEM, UX IPOCTO HET. DTO K BOIPOCAM CUHTYJISIPHOCTH C UX OECKOHEUYHBIMH KPUTEPUSIMU U
HEBO3MOXKHOCTSIMH. VX HEeT HU B MaTemartuke, HU B [Ipupone. 3To yxe Apyrast TEXHOJIOTUSI CAMHUX TEOPHIl.
Takoii Mmarematuku PuMaHoBoro npoctpancTBa g, (x° # const), ¢ nepeMeHHOU re01e3uIeCKOM, eIe HeT.
Het n reomerpun EBKin0BO# HecTalimoHapHO# cepsbl, HET TeOMETpUU pocTpaHcTBa JlobaueBckoro, ¢
NEePEMEHHBIMH aCUMIITOTaMU Tunep6oi. Otu oproroHansHsle (X—) L (Y —) IMHUU-TPaeKTOPUHU, UMEIOT 72
BHYTPH JUHAMUYHBIE c()epbl, HeCTalMOHapHOTO EBKiMI0BOTO NpocTpancTBa (¢ # const). U atn

(X—) 1 (Y—) nuHUM-TpaeKTOpUH, UMEIOT COOCTBEHHBIE MOJIS €AUHOTO U (¢ # const) TUHAMUYHOTO

(X+ =Y-), (Y+ = X—) npocrpancTBa-matepuu. B eBkimnoBoii cetke oceit (X;) L (Y;), MBI ero He BUIHM,
U TIpe/ICTAaBUT He MoxeM. M 310 yxe npyras (¢ # const) TEXHOJIOTHSI MATEMaTHYECKUX M (PU3HUECKUX
TEOpHii, B KOTOPOIi cymiecTBytomas TexHonorus EBknunosoii akcuomatku (¢ = 0) nimm (¢ = const)
PumanOBOro nmpocTpancTBa — 3TO NMPEAEIbHBIN M YaCTHBIN CIIy4au, COOTBETCTBEHHO. IIpu aTOM Bee
Kpurepuu DBomonuu GopMUpYIOTCs eXuHEIM 06pa3oM B MHoromeproM WN=K*NTN mpocrpancrse
CKOPOCTEW, MHOTOMEPHOT'O MPOCTPAaHCTBA-BPEMEHHU.

N
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Pucynok2. Kputepun DBosonuy B IpOCTPaHCTBE-BPEMEHH.
3nech s (N=1), V= KT - CKOPOCTb, W?2=I1 -norenuuan, I1°= F -cuna. Vx MPOEKITNY Ha KOOPJIMHATHOE
(K) nnu Bpemennoe (T) npoctpanctBo-Bpems aawot: 3apsaa [IK=q(Y+=X -) B



anekTpo( Y+ =X -)MarHuTHbIX nojisx, uiau maccy [IK=m(X+=Y-) B rpaBut (X+=Y-) MaccoBbIX MOJIAIX,
m K 1 2 2 12
TOTJIa TUIOTHOCTH (p = TV ) , 3TO KBajpat 4acToThl, s3Hepruto E=I1°K, umnynsc (p=I1-T),
neiicteue (h=I1?KT), u T.1., emuroro HOJI= (X+=Y-) ( Y+ =X -) =1, npocTpaHCTBa- MaTepUH.

3.1306panHbBIC CBOMCTBA

['maBHOE cBOMCTBO MaTepun — nBrxeHue. [loaToMy cBoiicTBa Takoro (¢ # const) TMHAMUYHOTO
MPOCTPAHCTBA, MBI COOTHOCHUM CO CBOMCTBaMM MaTepHH. IT0 01HO U TO k€. Ono (X+ =Y-), (Y+ = X-)
enunoe, nuckpetHoe ¢ (X+) u (Y1) Henenmumbimu O6nactsamu Jlokanu3anuu, KOTOPbIE MbI COOTHOCHM C
HEJICJTMMBIMHA KBaHTAMH ITPOCTPAHCTBAa-MaTepHuu B Buje: mpoToHa (X+ = p), anekrpona (Y+ = e),
nelTpuno (Xt =v,), (Xt = v,) u poronos (Y+ =1y,) (Yt =y). U3 (m) cxonumoctn (X+) u (Y1)
TaKUX KBAaHTOB, CIIEyET MX MOCJICA0BATEIILHOCTh B BHJIE:

e, eq e Yo v =C Vl
7 / v/ / / /
7 ‘ / ’ o ’ ‘ 7 7/
P2 Pq % Y Ve Yx
on, - > <—on,——=

Pucynok 3.1 Hengenumblie KBaHTBI IPOCTPAaHCTBAa-MaTEPUU.
«remubiii poton» (Y+ = y,), BHeceH st HenpepbiBHOCTH eauHoro (X+ =Y-) (Y+ =X -) mpocTpaHcTBa-

matepuu. Taxue 3nextpo(Y+ =X -)MarHuTHbIE NOJIS UMEIOT IMHAMUKY ypaBHEHUN Makcsera:
AE(Y+)

cxrotyB(X —) =rotyHX —-) = & o T AE(Y+);
_oH(&x-) _ | 9B(XO),
rotyE(Y +) = — iy T = T o

7
Juuamuika E (Y +)amexkTprueckoro mois mopoxaaeT HHAYKTUBHOE MarHuTHoe B(X—) mone, u Hao000poT. 3

Hamnpumep, 3apskeHHBIN ap B IBMKYLIEMCS BATOHE, MAarHUTHOTO 1TOJIs HE umeeT. Ho koMiiac Ha neppoHe
MOKa)KeT MarHUTHOE ToJjie. DTO ONbIT Dpcrea, HabmoaaBmMi (X —) MarHuTHOE noje aBmxymuxcs (Y +)
9JIEKTPOHOB TOKA IMPOBOJIHHKA.

U enuHbIM 00pa30M BBIBOJSITCS TAKHE K€ YPaBHEHUS TUHAMUKHU rpaBuT(X+=Y-) MacCOBBIX MOJICH:

9G (X+)
cxrotyM(Y =) =rotyN(Y =) = &, *T+/1 * G (X+)
ON(Y—- oM(Y—
M(Y-)=p * N(Y-); rotyG(X+) = —pp » 22 = =20,

Junamuka G (X+) rpaBUTAIIMOHHOTO TIOJISI TOPOXKAAaeT HHAYKTUBHOE MaccoBoe M (Y —) mone,
HA000pOT. AHAIIOTUYHO, NPH JBMXKeHUH (X+) Macc (3Be311), MOPOXKIAIOTCS B MHAYKIIMK MaccoBble (Y —)
noys. 37ech yMECTHO OCTAHOBHTBLCS Ha BCeM M3BeCTHOM Gopmyie (E = mc?), Ha KOTOpoi 0cTaHOBHMCS
noapoOuee. Teno ¢ HenyneBoii (m # 0) maccoii, uzmyuaet cBeT ¢ sHeprueit ( L) B cucteme (X, Yo, Zo, Cto)
KOOpJWHAT, ¢ 3akoHOM coxpaHeHwus sueprun: (Ey = E; + L), 1o u mocie uzmyuenus. J{is 3Toit sxe Macchl,
U 3TO KJIIOYeBOM MOMEHT (Macca (m # 0) He MeHsieTcs1), B Apyroil (xq,yi, Z1, Ct;) cucTeMe KOOpAMHAT,

v2 . .
3aKOH coxpaHeHwust dHepruu ¢ (y = |1 — C—z) npeoOpazoBanusmu JlopeHiia, DUHINTEHH 3aMucall B BUJIE

(Ho = Hy + L/y). Boruuras ux pazHuiyy, DUHIITEHH NOTyIHII:
1 1
(Ho —Eo) = (H; —Ep) + L(; —1),mm (Hy—Eop) —(H; —Ey) = L(; -1,
C otaeneHreM pa3HHIBI YHEPTUN H3MydeHUs. O0e HHEpIHATbHBIC CHCTEMBI KOOPIMHAT JBIKYTCS, HO
(%1, 1,21, Cty) IBUKETCS CO CKOPOCTHIO (V) OTHOCUTENBHO (X, Yo, Zg, Ctp). VI MOHITHO, YTO CUHUN U

KpPaCHBIN CBET UMEET Pa3HHUILY SIHEPTUH, KOTOPYIO U 3amucall DMHIITENH B ypaBHeHHH. CaMO ypaBHEHHE
OWHIITEWH 3anucai Kak pasHULy KHUHETUYECKUX PHEPIHil B IEPBOM Pa3IOKEHUH.
L v? AL, v?
Ko — Ky ==-(- W AK = (=5)—
A ( 0 1) 2 CZ )’ (C2 2
L . .
3nech ( == Am) MHOXHTENb, UMEET CBOICTBA MACChl «ITYUHCTOH 2Heprum», uiu: AL = Amc?. Dty

(GopMyIly HHTEpPIIPETHPOBAIH IIO-PA3HOMY. DHEPrHI0 aHHUTHIALUU E = myc? Macchl MOKOS, UIIK:



my? = f—j — p?/c? , B peNATUBHUCTCKON TMHAMUKE. 3/1eCh Macca ¢ HyJeBbIM UMIyinbcoM (p = 0) , umeer
suepruto: E = myc?, a Hynepas Macca gortona: (m, = 0), uMeeT umiynsc 1 sHepruto E = p* c¢. Ho
DHHIITENHH BBIBEN APYroii 3aKOH «IydncTtoif sneprun» (AL = Amc?), ¢ MaccoBBIMHU CBOMCTBaMH. JTO He
sHeprus GoToHa, U 9T0 He dHeprus (AE = Amc?) nedexra Macc HYKJIOHOB Apa aToMa. DHHIITEHH
YBHJIEN TO, YeTO He yBHAeT HUKTO. [To00HO ABIKYIIEMYyCs 3apsay, ¢ MHAYKIMEH MarHUTHOTO OIS
ypaBHeHHT MakcBelnia, ABmKymiascs Macca (Macca (m # 0) He MEHseTCs ), UHIYIIUPYET MacCOBYIO
suepruto (AL = Amc?), kotopyio u Hamen DiiHmTelin. Hanpumep, 3apsokenHas cdepa BHyTpH
ABWKYIIErocs Barona (3apsja (g # 0) He MeHsieTces), HE IMEET MarHUTHOro nons. Ho kommac Ha meppowe,
MOKa)KeT MarHUTHOE T0JIe Cephl B ABIKYILEMCS Barone. IMEHHO Takoe MHIYKTUBHOE MarHUTHOE TOJIE, OT
JIBUKYIINXCS JIEKTPOHOB TOKA MPOBOAHKKA, 00Hapyxui Dpcrea. [lotom O6butu onbiTel Dapanes,
MHIYKIMHA BUXPEBBIX 3JIEKTPUUECKUX MOJIEH B IEPEMEHHOM MarHUTHOM I10JI€, 3aKOHbI UHIYKIUU U
CaMOMHAYKIMYU U ypaBHeHHs MakcBeiia. [1o aHanoruu nHIyKTUBHOW SHEPTMH MArHUTHOTO OJISI OT
JBIDKYILETOCS 3apsiaa, DWHINTEHH BbIBeN (POPMYITY HHIYKTUBHOM, «JTy4HCTOM» SHEPTUM MAaCCOBBIX MOJIEH,
OT JIBIDKYIIMXCSI HEHYJIEBBIX Macc (Macca (m # 0) He MeHsieTcs), 3BE3/1 B TaJJaKTHKaxX B TOM uucie. U
3/1eCh DWHINTEHH BBIIEN 32 paMKi EBkinmoBoii (¢ = 0) akcCHOMaTHKH MPOCTPaHCTBAa-BpeMeHHU. B
aKCHOMax JTHHAMHYHOTO MPOCTPAHCTBA- MaTepun (¢ # const), pedb uaeT 00 MHAYKTHBHBIX Mm(Y —)
MacCOBBIX MOJISIX, B IOJHOW aHAJIOTMU ¢ ypaBHEHUsIMU MakcBemia. Bot uto yBuien DUHIITENH, U HUKTO
JIPYTOM.

Heroron npencrasun popmyny, Ho He ckazan, [IOUYEMY Bo3HHKaeT cuiia rpaBUTAIH. 3aMUChIBas

ypaBHenue Oo6uieit Teopun OTHOCUTETBHOCTH, DIHIITEHH Opas rpaBUTAllMOHHBIN MOTEHIHAN HYJIEBOM
E2 L2 (Y- 8mG

Macchl: — = C2, B BHJE L ¢ v2(X 4+) = —=T}) TeH30pa SHEPruM-UMIyJbca. JIoxkKHOE
P P

2 2 c4
npenacrasienue 06 O6mei Teopun OTHOCUTENBHOCTH DUHILITEIIHA COCTOUT B TOM, UTO CUUTAETCS, B
ypaBHEHUH TPEACTABICHA HEHYJIEBas Macca, KaKk MCTOYHUK UCKPUBIICHUS MTPOCTPAHCTBA-BPEMEHH, KaK
UCTOYHUK IpaButanuu. B ypasaenun OOreii Teopuun OTHOCUTENBHOCTH DUHILITEIHA, KAK MATEMAaTUYECKOM

HUCTHUHBI B JMHAMHWYHOM IMPOCTPAHCTBC-MATCPHH B ITIOJIHOM BUJEC!
8TmG

R — %Rgik - %/Lgik =7 Tik - 74
HeT Maccel: (M = 0), B KJITacCHYECKOM €€ IOHMMaHuH. B MaremaTnyeckoil UCTHHE, 3TO Pa3HHIIA
PENATUBUCTCKOIN TMHAMUKU B ABYX (DMKCHPOBAHHBIX TOUKAX PUMAaHOBOI'O MPOCTPAHCTBA, OJIHA U3 KOTOPBIX
npuBoIUTCS K EBKIINIOBO# cepe, Bo BHenTHeM, He cTarroHapHoM (A # 0) EBkimIoBOM ITpoCTpaHCTBE-
BpeMeHu. B pusnueckoii uctune, B ypapHeHuu O6mieit Teopuun OTHOCUTENBHOCTH, DUHINITEHHA, B €MHBIX
Kpurepusix OBomtonun, «3amuTa» Gopmyna (3akoH) HeroToHa:

2 2
_ 4 _ 4 2 2 _ A2y _E_ K 2 _ 2
E=c*K, P=c"T, (c —ck—Acik)—p—z— Z=C), Acj =Gy X+)#0
c*c*k?  G(c?Ky=m4)(c?*Ky=m Gmim Gmym
Ac?, = = o 1) 2) o Gmamy - pp2 = Suma Actc?=F
c4c4T?2 CZ(CZT2=K2) c2K?2 c2K?2

Kak Buaum, B ypaBHenuu O0ueit Teopun OTHOCHTENBHOCTH DHHIITENWHA, CUJIA TSTOTEHUSI IEHCTBYET B
TIONSAX C HYJIEBOM Maccoi. UnTaeTcs: pasHHUIAa MACCOBBIX MOTOKOB Ac?, (Y —) BO BHEIIHEM MOTEHIHATLHOM
nosie rpaBuTanuyu ¢ (X+), ¢ ux [IpuHIMIOM DKBHBAJIEHTHOCTH, JaeT cuily. OIpeaenumcs B TOM, KaK
pa6oraer Takoii noaxon. Harmpumep, ains Comana u 3emmn (M = 2 x 1033g) u (m = 5.97 * 10?7 g),

MOJIYyYUM
G=6.67+10"8)(M=2x1033 .
(U, = ( Ro1 492( To13 ) = 8.917 1012) TPaBUTAIMOHHBIN MOTEHIIMAT HA PACCTOSTHUU J10 3€MIIH U
=1. *
G=6.67+10"8)(m=5.97x10%7 o
U, = ( R=6 3)7(4*108 ) — 6.25 % 1011 , ToTeHIman camoii 3emin. Torga
(AU = U, — U, = 8917 * 1012 — 6.25 = 10! = 8.67 * 10'2) , wm (AU = 8.29 * 10'?) , momyumm:
AU = 876 ( _ (U K)? _ U2(UK=m)? _ Mm) — AU _ 87G Mm _ 8nG Mm _ GMm
T (ct=yuz=F) kT yarz T yzrz T 12/ V2 F T2 T (AUNZ) T2 T (AU<T?/V2)/8m
AU+T?  8.29%1012%(365.25%24%x3600=31557600)
0e3 TeMHbIX Macc. OCTaaoCh MOCYUTATH = ( ) — 2.3 % 1026 | uT0
812 8m\V2
GM
COOTBETCTBYET KBajpaTy pacctosuus (R? = 2.24 x 10%6) or 3emmu no Connua, nin F = =z » JAKOHY

Herotona. Takoil moxxos cooTBETCTBYET peaibHOCTH. CkaxkeM 0oJibllle, MIMEHHO U3 ypaBHeHus: OOriei
Teopuu OTHOCUTENBHOCTH DWHILITEIHA, BHIBOAATCA B MaTEMaTHUYECKON UCTUHE, ypaBHEHUS! KBAHTOBOM



rpaButanuu. Ha cioBax, peub 0 TMHAMUKE KBAHTOBOI'O I'PaBUTALlMOHHOIO MOTEHIMAJIA Acl-zk, Ha
pacxopsieics (o Criupaiy) JJIMHE BOJHBI KBaHTa. X MareMaTudeckoe MmpecTaBiIeHue Acj = K * G(X +):

£ £ £ £
O6o3naunm (Ae,, = 2¥ey), Ty = (E)i A (E)M = (;)i 2y (E)K = 2yT;; , B BUE TeH30pa
snepruu (€) — (P) ummyinbca ¢ BomHOBOM yHKIue (YP). Otcioaa cieayer ypaBHEHHUE:

Rik — > Reyde,, =k (g)l A (;)Jm woTH

Ri(X+) = 29 (Rejer(X+) + KTy (Y-)), 1 Ry (X+) = 29 (R (X+) + KTy (Y-)).

K
OTO0 ypaBHEHHME KBAaHTOBOT'O |'paBUTAIIMOHHOIO MOTEHIMAIA C PA3MEPHOCTHIO [F] noTeHuana

(Il = vZ) ucnunom (21). B ckobkax 3TOro ypaBHeHus, 4acTh ypaBHeHus O6meit Teopun
OTHOCUTENBHOCTH B BUje NoTeHmanbHoro [1(X+) nois rpaBurtanmu. B Teopun nosnst (CMUpHOB, T.2,
c.361), yckopenue maccoBbix (Y —) tpaekropuii B (X +) moine rpaButanuu equnoro (Y —) = (X +)
MPOCTPAHCTBAa-MAaTEPHH MPECTABICHO TUBEPTeHIIMEH BEKTOPHOTO TIOJIS:

divR;, (Y—) [TK—Z] =6G(X+) [TK—Z], ¢ yckopenueMm G (X +) [TEZ] u
GX+) [;{—2] = grad;II(X +) [;{—2] = grad,I1(X +) * cos@y [%]

Coornomenne G(X +) = grad;I1(X +) paBHOCHIBHO Gy = g—z; Gy = 3_361

3neck nonuelid muddepenunan: Gydx + Gydy + G,dz = dIl. OH uMeeT UHTETPUPYIOIINI MHOKUTEITh
cemeiicta nosepxnocreit [I(M) = C; 5 3., ¢ Toukoi M, OpTOroHaIbHEIX K BEKTOPHBIM JIMHHUAM OJIS

maccoBbix (Y —) Tpaekropuii B (X +) mose rpaButanuu. 3nece e;(Y—) L e, (X—). Orcrona cnenyer
KBa3UIIOTCHIMAILHOE TOJIE:

2
tr(Gedx + Gydy + G,dz) = dl ||, no G = Egradnx H)[X].
T tr T
3nech tr = N AJIA KBa3UIOTCHIMAIBHOIO 10Jis. Bpemst t = nT, 3T0 n- KOJIMYECTBO Mepruo0B T

KBaHTOBOU quHamMuku. I n = t; # 0 . OTcroaa ciaenyoT KBa3UIOTEHITHAIBHBIE IIOBEPXHOCTH W = 27/t
KBAHTOBBIX I'PAaBUTAIMOHHBIX TOJIeH ¢ epuo oM T U yCKOpEeHUEM:

G(X+) = tigradln(x +) [Tﬁz]

60X +) [£] = £ (grad(Rgs) (05 Py = 6 [ 1] + (gradi(Tiv)).

B MOZCIIAX, 3TO BBITJIAAUT HPUMEPHO TaK:

n=4..." —#0 7“:6{!03&—&
A(Y-)

G = 0G
y Gy = 5, MNpeaACTaBJICHUIO.

n=3 /“:,:f-ﬁ— -—_—S. ’

V n=2 >| _WP ] f?

i\, n=1/ '7' \ | ‘i

|, ' [ ; P ‘ l';

“H \ "

| \' T /|
v ! ."'\_\ e o3 1

=1 fxy7)

Pucynok 3.2 KBaHTOBbIE IpaBUTAIIMOHHBIE TTOJIS.
3OT0 (hUKCHpyeMoe B CEYCHNH, BRIOpaHHOE HampaBieHne HopMainu n L [, Cio:keHHe BceX TAaKHX

KBaHTOBBIX MOJIeii MHOKeCTBA KBAHTOB 10ty G (X +) [ ] J1000i1 Macchbl, (popMuUpPyeT 001y IO

NOTEHIHAJIBHYIO «SIMY» ee TPABUTALIMOHHOIO T0JIsl, T/Ie YK€ AeHCTBYEeT ypaBHEHHE DiHINITEHA, C
«3alIMToi» B ypaBHEHUH QopmMyIioif (3akoHoM) HploToHa. B inHaMUYHOM IpOCTpaHCTBE-MaTepHUH, Pedb

UEeT 0 AMHaAMUKe 1oty G (X +) [ ] noJjiel Ha 3aMKHYTBIX 1otyM (Y —) TpaekTopusx. 31ech -JTHMHUS BIOJIb

75



KBa3M MMOTEHIIMAIBHBIX MOBEPXHOCTEH PUMAaHOBOTO MPOCTPAHCTBA, ¢ HOpManbio n L [. [IpenensHbiit yromn

napasuieabHocTH MaccoBbiX (Y —) Tpaektopuii B (X +) mojie rpaBUTAIMH, TaeT TPaBUTAIHOHHYIO
_ t
KOHCTaHTY (COS?@(X—)pax = G = 6.67 * 1078). 3necy ty = 7 = M, TOPAIOK KBa3H MOTCHIHATbHBIX

1
a= 137.036)'

G(X+) |55 = E2(6 * grad,Rgu (X +) + a * grad, Ty (Y =) |55].

noBepxHoctedd, U (cos@(Y =) yax =

. [k .
OT0 0ob11Iee ypaBHEHUE KBAHTOBOIO I'paBUT (X+ = Y-) MaccoBOro MoJis YK€ yCKOpeHuii [T_Z]’ Y BOJIHOBO

Y — bynkuumeii, a Takxe T- nepuogom quHamuku kBanta A(X +), co curom (1), (2¢). Tlons yckopenui,
KaK U3BECTHO, 3TO yXK€ CHUIIOBBIC OIS, VICXO/IsI U3 3TOr0, PACCMATPHBAKOTCS MOJICIIH TIPOILYKTOB
AHHUTHJSIIAK TIPOTOHA U DJICKTPOHA B BUJIC:

X v0
VA Vo (X-=Y4) >
Q) :: e v
| S(x=p) (Y=€)

MOAENb NPOTOHa MOAENb INEKTPOHa aTOM BOJ0pPOAA

Pucynok 3.3 Mojenu npoyKTOB aHHUTWISIIAK IPOTOHA M JIEKTPOHA
B eqMHOM npocTpancTtee-Matepun (X+= p*) = (Y—=y{)(X+=v;)(Y—= y{) nporona u s1eKTpoHa
(Y+=e")=X—=v,)(Y+=y*)(X— = v;). B mpocreiimieii Moaenu aroma BOJOPOIa HET OOMEHHBIX
¢boronoB B 31ekTpo(Y+ =X -)MarHUTHOM B3aUMOZEHCTBUU OPOUTAILHOIO 3JCKTPOHA U IPOTOHA spa,
M000ro aroma B ToM 4ucie. dnekrpon (Y+= e™) usnyuaer oomennsiii (Y —= y ™) poron, HoO npoToH He
MOKeT u31yyath ooMeHubli (Y—= y*) ¢oron. I[IpoToH B sape aToMa He U3ydaeT oOMeHHbIN GoTon. 1
elre BOIPOC, MOYEMY OpOHTAITLHBIE SJIEKTPOHBI ATOMA HE OTTAIKUBAIOTCS BO B3aUMOJIEHCTBUH JIPYT C -
JAPYTOM, €CITH OHH TPUTATHBAIOTCS BO B3aUMOJICHCTBUM C MPOTOHAMH S/Ipa. 371eCh SBHOE MPOTHBOpeure. B
NPEJICTABICHHBIX MOJIENIAX HET TAKKUX MPOOJIEM M IPOTHBOPEUHiA. J[Ba CBOOOIHBIX 3JIEKTPOHA OYIyT
OTTAJIKUBATHCS(A), HAXOAUTHCS HAa SKBUITOTEHIMATIBHBIX OpOUTaxX aroMa(0) UK CIIeTIOBATh APYT 3a APYroM
B oHOpOAHOM djekTpudeckom E(Y+) nose (B), B MpeCcTaBIEHHBIX MOJEIISIX:

Pucynok3.4. pa3znuuHble COCTOSHUS 3JIEKTPOHOB.
ITpu onpeneneHHbIX YCIOBHX, 3JIEKTPOHBI IPOBOIHUKA, IPH HATUYHH B HEM AJIEKTPHUUECKOTO MOJIS, MOTYT
CIIEZIOBATh JIPYT 3a APYTOMH, H JJAKE «CKIEUBATHCS IPYT C APYTOM, TIOAOOHO MarHUTaM.
DJEeKTPOH U3Iy4aeT u noriomaeT GotoH: (e <> ¥ ). FIX CKOPOCTH CBA3aHbI COOTHOIIEHUEM:
(ve = a * ¢). TouHo Tak cBA3aHBI CKOPOCTH QoTOHA (Y © Y, ) M yxke(1), © & * 1) CBEPXCBETOBOTO
¢dotona. OHHM cBsI3aHbI KpacHBIMU JIMHUAMHU Ha Pucynok3. Kak Takoe Bo3moxHo? [IpencraBum 6osee
JeTalbHO MOJIENb JIEKTPOHA.
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Pucynok3.5. Mozenb 3eKTpoHa.
DnexTpon umeet popmy Topa, ¢ (¥) portoHom BHyTpu. Hepenumplie 371€KTPOHBI OTTATKUBAIOTCS

BHCIIITHUMHA E(Y +) IMOJIAMU SJICKTPHUYCCKUX 3apA10B. EcTp 3akon Ky.]'IOHa TaKoro BBaHMOHCﬁCTBI/IH:
2
q 14 q h(v=ac)
F:—:—’ p:—, t:_, F:_: !
T2 t r v T2 r2

2 -10)2
q (4.8056x10710) 1 v
—_——= (). 72 ~ — Uiu: — T . e
hc 3.1647%1017 0.00728 137 M (v = ac), rae: a p cos(¢y)

ITocTostHHas TOHKOM CcTPYKTYpbI (@) 3nekTpudeckoro (Y+ = e) nons 3apsjaa, npeacraBiseT cOO0H KOCUHYC

yTiia mapauieIbHOCTH COS((Qy) MacCOBBIX TpaekTtopwii (Y — = e) anekTpoHa. MBI MIOHUMAaeM, 9TO JUHAMHKA

antekTpuueckoro (Y+ = e) nmoius nopoxxaaer B MHIYyKIMU BuxpeBoe B(X—) mMaruuTHOE 1osie, coriacHo

QE(Y+)
aT

MarHMTHOM II0JI€, 3/1Ch BECbMa OYEBUIHBI. DJIEKTPOH U3iIy4aeT u nornomaer ¢potoH. Ho riaBHoe coctout

ypaBHeHusIM MakcBemna: ¢ * rotyB(X —) = & . U cniuHOBBIE CBOMCTBA AJIeKTpoHa B B (X—)

B TOM, YTO IIPOCTPAHCTBO CKOPOCTEH MacCOBBIX TPACKTOPUI 3JIEKTPOHA, UMEET BHYTPHU AJIEKTPOHA, C OKOJIO
HYJIEBBIM YTIIOM mapamienbHocTi (¢ = 0), mpeaenbHyro CKOpocTh PoToHa (BUPTYyanbHOTo (GoToHa). To
€CThb CKOPOCTh CBeTa (U, = & * C) BHYTPH DJIEKTPOHA, U3TyJaromero GoToH. Mbel TOBOPUM O BUPTYaJIbHBIX
(oTOHAX Ka)KJI0T0 3JEKTPOHA, B MPEACTABIEHHBIX MOJEINIAX B TOM 4Kciie. TakoBbI (paKThI.

B nqunamuunom (Y — ) nmpocTpaHCTBe-MaTepHH, 3aMUIIEM HU3Ty4€HUE UM MOTJIOIIEHUE 3IEKTPOHOM
(Y=—=¢e) & (Y= = y) dorona. 1 Touno Tak, mpocTpaHCcTBO ckopocteit (Y— = y) MaccoBbIX
TpaeKTopuii GOTOHA, UMEET BHYTPH (OTOHA, C OKOJIO HYJIEeBbIM (¢ =~ () yriom mapauienbHOCTH,
IpeJeNbHY0 CKOpOCTh cBepxcBeToBoro (v = 137 * ¢) dotona. Haue roBopsi, eciiu cymecTByeT (GOTOH,
TO 10 (aKTy, BHYTpU (JOTOHA UMEET MECTO CBEPXCBETOBOE MPOCTPAHCTBO CKOPOCTEH, M OOBIYHBIN (POTOH
(Y+ = y = ¢) MoxeT u3JIy4aTh WIK TOTJI0MATh yKe cBepxcBeToBoit (Y + = y,) doron. ITo 0ObYHBIM
¢dopmynam CrermansHot Teopun OTHOCHTENbHOCTH DHHINTEHHA, A1 poToHa (Y+ = ), cKOpoCTh

cBepxcreroBoro gorona (Y + = y,), OyeT HMeTh TaKyro e CKOPOCTh CBETA:
__utv __ c+137xc __ c(1+137)

- uv - 137*xCxC -
1+c_2 1+c—2 (1+137)

OGHapYKHUTh CBEPXCBETOBBIE (POTOHBI MOXKHO (HKCUPYs yBenmuenue ummynbca (E =p * (1 + a) *¢)

00b1unbIX (Y+ = ¥) (hoToHOB MH000# SHEPrHH, KOTOPHIE MOrIomarT ceepxceeroBbie (Y + = y,) GoToHsHI,

13 KBaHTOB (P, /€,4) AApa raakTUKh. 3eCh MbI HCXOIUM M3 TOTO, 4TO B criekTpe (PucyHok 3) HemenmMbIx

KBAaHTOB IIPOCTPAHCTBAa-MaTepuH, KBaHTHI(Y + = e,) siapa 3Be3/bl U3IydatoT(Y += e) 0ObIUHBIE JIEKTPOHBHI,

KOTOpBIE B CBOIO o4epenp u3inydatoT(Y+ = y) doronsl. [IpuHIMNT 0OMEHHOTO B3aUMOICHCTBUS 371eCh HE

pabotaet. Torna Bompoc — 4to B JeMCTBUTENLHOCTH (2 HE B MOJIENISAX «OOMEHA MSIYUKOMY) POUCXO/NT.
Jlns manubIx oxcnepumenta m(p) = 938,28MeV, G = 6,67 x 10°8. m, = 0,511 MeV ,

(mvu = 0,27 MeV), u npocteiux npeodpazoBaHU, MbI IIOJIYUHJIN PACUETHBIE JaHHBIE:

(X =) = cos?py = (\/E)Z =G , (YzKKY) Y-)=cosqpy =«a
_ F=m? _ [HZTZ ny=my

J— I J—
g v (Y/KZ)] eI,

" 137,036

OTKYyZa 2my = Gmy
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__ F=I? _ [n?r? IX=my 2
m=—7=|= (X/KZ)] "i Mz) , OTKyza 2my =X“ my
K 2
(o< /N2) * TIK * (2 /N2) =2 m(e)/2 = m(v,) = 1,36 * 107 MeV umn  «? my/2 = my
G/2+TIK*JG/2 = G x ™2 = m(y,) = 3,13 10"°MeV wm Gmy/2 =my

m(y) = Gm(”“) =9,1+10"9MeV .
C npyroi CTOpOHBI, JJIsl IJIMHBI BOJIHBI TPOTOHA Ap = 2,1 * 10~ '*cMm, ero uacrora
(vy8) = i = 1,4286 * 10**Tn, popmupyercst yactoroii (yo ) KBaHTOB, ¢ Maccoit 2(m,+)c? = Gh(v,+).

Gh(v_ +). +10—8x £10-27x 1024

Ir = 5,62 % 10°°MeV , wm (m,;) = — 20— = 270 e 00 — 5,58 % 10732r = 3,13 % 1075 MeV
AHAJIOrH4HO 1yist 21eKTpoHa A, = 3,86 * 1071 cm, ero wacrora (v,z) = — = 7,77 * 10*°T'ny,
dopmupyercs yactoToit (v, ) KBaHTOB, ¢ Maccoii 2(m,,;)c? = azh(v(ve—), riea(Y =) = 137 03¢ KOHCTaHTa,

a?h(viyz)  1%1,0545%10727%7,77%1020 ’

noiydaeMm: (m,-) = e = = ’ = 2,424 x10732r = 1,36 * 10™>MeV, nns macchl

ya (mz) 2¢2 (137,0362)%2%9%1020 ’ ’ 1
HelTpuHO. Takue COBMaACHHS He MOTYT ObITh ciydaitubiMu. CMoTpuM naibine. Junamuka (Y— = e7)

MacCOBOT0 OJIs DJIEKTPOHA NOpOoKAaeT ero anekrpuueckoe (Y+ = e™) moune ¢ anekrpo (Y+ = X—)
MAarHuTHOM TMHAMMKOM, KaK YK€ 3apsAJ0BOro nojsd. TO4HO Takas JMHAMHKA I10JIEH IIPOTOHA, C YKa3aHHBIMU
MaccoBbIMU NOJIsIMU. Otrenss anektpo(Y + = X —)MarauTHsle o oT MaccoBbIX nouieit (Y — = X+)
IIOJIyYUM UX 3apsbl:

XHEX+)==)u % 1= D -): (Y+=X—) = ("3%
X+=v7 /2)(V2+6) (X+=v7 /2)
- (1(/—=y2) == 41 )
m®,)/2)(V2 * G)(m(v.)/2 1.36 % 1075)2 x /2 % 6,67 x 1078
0 _ (m@e)/ )( )(m(ve)/ ) _( ) 6 _ 4.8 x 10-19CTCE
m(y) 4%9,07 +107°
Y +)(Y +) = X—) u % 1=(X )X =) (Y+=X-) = (Y(‘;(f)‘) , W 78
. 2 =
. y&tzg o ap(Y+= X -),
my)/2)(a?/2)(m(yT)/2 3,13 % 1075/2)2
q,,=( (r0)/2)( /_)( ¥9)/2) _ ( /2) 48+ 10-19CTCE
m(vy) 2% 137,0362 x1.36 x 10~5

Takue coBmageHUs TOXKE HE MOTYT OBITh ClIy4ailHBIMU. Takue 00CTOATENbCTBA JAIOT OCHOBAHUS
TOBOPUTH O IPYTUX MOJIEISAX U APYTruX (HEe OOMEHHOTO XapakTepa) NPUHIMIAX B3auMoaecTus. [lyrem
npeoOpa3oBaHUil BCer/ia MOKHO MPUNTH K APYroi Mojenu pundeckoro (paxkra, HO yxke ¢ APYTUMU
MPUYMHAME B JIPYTHX CB34X. Takue MO MaTeMaTH4ecKue, Ho BOIpoc, rae uctuHa? Hampumep, (+)
3apsi MPOTOHA B KBapKax u (+) 3apsii MO3UTpoHa 0e3 KBapKoOB. IT0 (PyHAaAMEHTaIbHOE TPOTUBOPEUHE.
O06e Moienn paboTaroT, HO (pr3uYecKre MpUIUHBI TepsitoTcs. Her orBera Ha Bompoc, [IOUEMY Tak?
KBapK-TJII0OHHKIE 101 IIPOTOHA, TIPU €r0 aHHUTHIAIKH (p*)+(p7), LOIDKHBI IEPEXOIUTH B KBAHTOBbIE MOJIS
¢otonoB. Ho Taxoii mpouenyps! HeT. [louemy, Ky/a U Kak Hc4ye3ar0T KBapKy MIPH pacnaiax 7T- ME30Ha,
BONPOC OTKPHITHIN. [[nuarpammel @eitHmana paboTaloT A3, HO MPOTOH HE U3Ty4YaeT (POTOH B 3apsI0BOM
B3aUMOJICHICTBUH C DJIEKTPOHOM aToMa. DTO Bellb (PyHIaMEHTaIbHbIE OCHOBBI BCEX aTOMHBIX CTPYKTYP,
ctpoenus BemectBa. [IOYEMY tak — orBera HeT. 3neck Oyaem otBedarh, [IOUEMY uactuna nmeer
MMEHHO TaKHe MPOAYKTHI pactajaa Wi aHHUTHIISIITUN HEJCIUMBIX KBAaHTOB. byieM ucxomuTh U3 o0mmx
npeactaBieHuit P (X) = e @ (X) ypaBHenus Jlupaka, korma Y = e*®(X+) TMHAMHUYHOE TIOJIe KBAHTa

X+H= ch( )(X +)cosp(X —) =1, cosp(X =) =G, numu (Y +) = ch( )(Y +)cosp(Y —) =1,

cosp(Y =) = ———=a.I'ne (cosp # 0) B 00oux ciydasx. B maccoBbix monsix m(Y—= X+), Oynem O6path
HU3MEpEeHHYI0 Maccy U pacueTHoe Bpems (T) pacnana yactuil. M3 cambix 00mUX MpeCTaBICHUN:
n? n2r?

K. K
i ———— TH(;) (E)Jlexp(—z), C €AMHUYHBIM 3apsiioM q(X—=Y +) = 1, u CKOPOCTHU CBETA
=q=1) (

(K K
¢ = 1 B caMOM KBaHTe, IIpOoCTpaHCTBa-Marepun m =T z T=C= Dexp(—z), roe
a



= (IT—)ZT:—HT)) =X(MeV) u z= (én_i%g = Y(MeV)B nunamuuHOM, runepbomueckoM e*X) npoctpancrse
— 1 — —
ypaBHeHus dupaxa. g G = 6,67 » 1078, a = —rosc Vu = 0,27 MeV,y, = 3,13 10 SMeV,v, = 1,36 * 10~ >MeV,

Y = 9,1+ 10 MeV

CIEKTP Macc B COOTBETCTBUM C MPOAYKTAMM pacnajga (AaHHUTUIISIIUH)
CraéuibHbIe YaCTHIIBI C TPOIYKTAMU aHHUTHISAIHH B eauHOM (Y += X +) npocTpaHcTBe-MaTepu:
(Xt=p) = (V== ) X+=v) (== 1,) = (22 - %) = 938,275 MeV ;
(Yt+=e) = X—=v,)(Y+=Y)X—=1,) = (2”8 + V*“) = 0,511 MeV ;
HeCTA0OMJIbHbIE YACTHIIBI YK€ B COOTBETCTBHH C MPOJIYKTaAMU M BpEMEHEM pacnana. Ga = 4.8673 x 10710

_ _ _ (T=2.176%107°) _
(=) = (X—= v )V+= )(X—=v,) = T exp (vu te+ = 1,1751) = 105,66 MeV,

O0603HaYMM 371€Ch U Jajiee B pacyeTax MoA4ePKHYTHIM H_IpI/I(bTOM, (n = 1,1751) mokazarens exp(). OH

vechl

ITIOKA3bIBACT 0CO6CHHOCTI/I q)parMeHTaHI/H/I JAUHAMUYHOTI'O ITOJIA exp(a(X)), B ypaBHeHI/II/I I[I/IpaKa.
% -8

(Vi=7n%) = (V4= W(X—=v,) = m%;;&exp (E + vuchl) = 139,57 MeV, (r* = 1,59173)

X—=1)=V+=y,)V+=7v,) =

* 2
M exp (ZGL;) = 134,98 MeV, (n° = 4,025599)
X—=1% = X+=n1) -)X+=n)Y -)X+=n°) =

(T=5.172%10719) 3z0  ych2) _
e exp (2= - 22) = 547,853 MeV |

0
exp (2z% + =) = 547,853 MeV

G2a

(X—=1%) = (V== r) (X += n0) (Y == r*) = L2110

V2(Ga)?
(T=1.335+1078) _
0 Jexp2 (u+ vy ) = 493,67 MeV
(T=1.01398+1078)

Ga
(T=0,885+10710)

Ga
X—=K) =Y —=n)X+=v,)(Y—=¢T) =

Y+=K") =Y+=pX-=v,) =
(Y+=K*) = Y+=n1")X-=n") =
Y—=K) = X+=n)X+=1n° =

exp (7‘[+ + n°/2) = 493,67 MeV . K~ = 3,16535
exp (210 — L) = 497,67 MeV

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

exp (% + ¥ +2VE) 497,67 MeV |

X—=K)) =(Y—=n)(X+=v,)(Y—=pT) = exp (n_— - ? + 2vu> = 497,67 MeV ,

«10-24 +
X—=p%) = (Y+ = 1*) (Y4 = n*) = T=502207) o (Ea+2)=77549 Mev ;

Ga 2Va
(T=6,47566+10724) <n’0 n*(ﬁ—n)
———exXp e

Ga

X+t=p)=X+=1¥-=n") = = 775,4 MeV ;

Va
AHaJ'IOl" NYHO aI[pOHLI
(Y+=n) = X—=v,)(Y+= e)(X—= p) = (T = 878,77) exp( +2- p\/—) = 938,57 MeV ,

(T=2.604+10710)

Ga
(T=1.5625+10"10)

Ga

(Y=—=12%) = (X+= p*)(X+= ) = 202100

(X—=3%) = (Y+=n)(Y+=7n*) = %exp(an +7+) = 1189,37 MeV,
(X—=37) = (V4= n)(V 4= ) = (212511077
X—=2)=F+=A)Y+=y) =

(V4= = (Y+= A)(X—=1°) =
(X£=E57) = (K= A)(Y—=77) =
X—=Q7) = ¥+=A)(Y+=K") =
X—=Q)={Y+=E)T+=n") =

(¥—=07) = (X+= E) (= n?) = L7 o (- 4 10/ch2) = 167245 MeV , E- = 8,275,

Ecte n Apyrue METOJbI pacdyeTa CIICKTpa MacC, HO 3Ta JIOTHUYCCKAasA KOHCTPYKIHUA 1a€T pacucT
CIICKTpa MaCC C MUHUMAJIbHBIMH ITapaMETpaMHu. HcxonapiMu napamMeTpamMu 3J1€Ch, €CTh TOJIBKO MPOAYKTEI

X+=A%) =X+=pH)(Y—-=7n") =
Y+=A% = (Y+=n)X—-=1") =

exp(ap* +7r_/2) =1115,68 MeV, A° = 7,642837

=\ _ 0_
exp (an +2=) = 1115,68 MeV, A° = 8,153

0
exp (ap* +Z) = 1189,37 MeV

exp(an + ) = 1189,37 MeV
(T=7.4+10"20)

0
GZarcns SXP (A_J;WG) = 1192,64 MeV A° = 7,642837,
W

Ga
(T=1.3917+10"

Ga
(T=8.018+10711

- )exp(A_O— K=/2) = 167245 MeV, A° =7,642837, K~ = 3,16535
(T=6.734x10"11)
Ga

exp(A® — n%Va) = 1314,86 MeV,  A° = 8,153, E° = 7,809,
exp(/Lo +1m~/2) =1321,71 MeV, A° =7,642837, E~ = 8,43869,

exp(E° +n~) = 1672,45 MeV , E° = 7,809,

pacnazia. 3ta MOJIEJb ellle HECOBEPILIEHHA, HO 37IeCh HET pobiieM u npoTtuBopeunit Ctangaptaoit Moaenu.

.. _ Gmy _ oZmy
3HCCB YMECTHO OTMETUTD, YTO U3 COOTHOLIICHUU: My =——, My = > , CJICAYIOT UX

2
2
2

npeoOpa3oBaHus B BUE: My = , i (z =G x?/4) = 8.88 * 10713). TouHo Tak moay4aem
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2(Gmy
_ <5y
2
(bHU3MIeCKOro Bakyyma, HIMeeT OJMHAKOBBINM Pe3ysIbTaT B 000MX pacuerax (zp = v,), (ze = y;) U Tak jaiee.

U yxe U3 3THX 00CTOATEIBCTB, CIEAYIOT OTBETHI Ha BOMIPOCHI, U3 YEr0 COCTOUT MArHUTHOE I10JI€ TIPOTOHA K
>JIEKTPUYECKOE 101 d1eKTpoHa. [l mpotona (X+=pt) = (Y—=y$)X+=v;)(Y—= y{), rae umeem
kBauthl (Y+=y7) = X—=v{)Y+=y;")(X— =v{), ero p(X -) none, popmupyercs nonsimu (X —

) = 2(Y+= y{) xBanuros, kotopsie B cBoeM (Y+ = y7) mone, comepxar (X— = v;") kBautsl, B enqunoM
(Y+ = X—) mpoctpanctBe-marepun. HbIME c10BaMu, MarHuTHOE 10j1e p(X -) IpoToHa, (GOPMHUPYIOT
BUXpeBbIe (110 ypaBHeHUsM) Tpaekropun (X— = v, ) KBaHTOB. MBI yKe paccMaTpuBaiu ux B «ExuHoi
Tepuny», B MoJIeNIxX HeWTpoHa kBaHTOB (Y — = p/n), (Y— = 2n) CunpHoro B3anmoneicTBrst HyKJIIOHOB
sapa.

my WM (z = G «*/4) = 8.88 x 107'3). [TonnsIif pacuer cnexrpa Macce B 0J1;, n 0JI; ypoBHsxX

Pucynok.3.6. KBant (Y — = p/n) u ananornuso (Y — = 2n) CunpHoro B3aumoneiictaus
[IpoTon 31ech, nMeeT GopMmy Topa. AHATIOTHYHO IS DJIEKTPOHA, DIIEKTPUUYECKOE TT0JIe COCTOUT 3
BUPTYaJbHBIX (¥) (DOTOHOB.

SMEPAXEHTHbIE CBOMCTBA MACCHI

B camom obuwem suae, 8 (X—); none BceseHHOR, Ha (N — 1) CXOAMMOCTAX B KBAaHTOBOW cucTeme
KoopauHaTt eguHoro (X+=Y +) npoctpaHcTBa-maTtepuu, B otanume ot anekTpo (Y += X—) MarHutHbIx
nonei, maccosble (Y— = X) nona umetoT BblaeNEHHbIe CBONCTBA B COBCTBEHHbIX KpuTepuax Isontoumm
(sHeprua, umnynbc...). U3 NPOCTbIX COOTHOLWWEHWUI PENATUBUCTCKOM AUHAMUKK, HaNpUMep: m = ——

CNefytoT U3BECTHbIE COOTHOLLEHMUSA:
m2c? — (m?v? = p?) = myc?, nam m?c* — p?c?) = myc?, f—j — i—z =m,
[nsa HyneBol maccbl nokoa (m, = 0), Mbl FOBOPUAKN O «Ny4ucTol sHeprumn» (E = pc)umnynbca B LaHHOM
cnyyae (p = Ft) cunbl rpaBUTaLLMM B NMONSX C HY/IeBOM MAccoi. Tenepb, YTO TaKoe SHePrua B NpuHLMne,
ana noboi popmbl eauHoro (X+= Y F) npoctpaHcTBa-maTepun. B eANHbIX KPUTEPUAX IBONOLMUN,
sHeprua (E = II?°K = I1,KTI,), ato coctoanue agyx noteHumanos (II;I1, = F) Ha pacctoanumn (K) un
CNocobHbIX BbINONHATL paboTy (A = FK). 3To n3BecTHble Knaccuyeckme npeacraBneHma. Ho Kak m3
SHEpPrnmn NoNy4YaeTca Macca, 3To Bonpoc. M 34ech CyLwecTBYOT HECKO/IbKO SMEPAMKEHTHbIX CBOMCTB.

m
1.Hanpumep, m = g = MNPW PasroHe NpoToHa My = p(X+), Mbl FOBOPUM 06 yBE/IMYEHUN ero MaccoBOro
1-=

2
C

(X+)nons, c HeM3MeHHOM KOHCTaHTOM B3aumogeiictena G(X —) = cos?@,(X—) .
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PucyHok 3.5. IMHamMKa MaccoBbIX NOAen
Mpu coyaapeHunsx BCTPEUYHbIX MPOTOHOB B KoAlaaepax, NpoToH 3amegnsnertca (v, — v,) u «cbpacbiBaeT
nmwHee» maccosoe none (X+ = Y—) Ha maccoByto TpaeKTopuio B pU3nYecKom Bakyyme. 34ecb
NPOABNAOTCA MHEPLIMOHHbIE CBOMCTBA B BUAE Macchl yxe (Y —) KBaHTa, € ero pacnaZom B CNeKTp macc.
2. BTopol#t, y»Ke pacCMOTPEHHDbIN cay4yalt MHAYKLUM MACCOBbIX NOJIEN, KOTOPbIN NpeacTaBua DNHLITENH.
Moao06HO MHAYKLMM MArHUTHOTO NOAA NPWU NepemMeLLeHNM 3apasa, DNHLWTENH BbiBen GOpMyy, 3aKOH
MHAYKUMK maccoBoi (Y —) TpaeKTopuu npu nepemelteHuUm rpaBuTalMoHHoro (X+)nonsa HeHyneBbix Macc,
3B€3/, B raslakTMKax B TOM Ymcne. 37O 3aKOH.
3. lanee mbl rOBOPU/IM O KBAHTOBbIX KBAa3MMOTEHLMANbHbIX FPAaBUTALMOHHOM NOMe NPOTOHA
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Pucynok. 3.6. KBaHTOBBIE TpaBUTAIIMOHHBIE TTOJIS.

¢ maccoBbiMn (Y —) TpaeKTopUAMM 3NEKTPOHHbIX OPOUT aneit aTOMOB C U3BECTHbIMMU MPUHLMNAMMU
HeonpeaeneHHOCTeN U BONHOBbIX GYHKUMI B HUX. 34eChb pellaeTca Nnpobaembl OTTaNIKMBaHUA MHOXECTBa
O4MHAKOBO 3apsXKeHHbIX 3/IeKTPOHOB Ha opbuTax ogHOro atoma. U 3aecb TpyAHO NpeAcTaBUTb 0OMEHHbI N
XapaKTep 3apAaA0BOro B3aMMOLENCTBMA Kak OpOUTANbHbIX 31IEKTPOHOB MeXAy COHOW, TaK U 3/IeKTPOHOB C
NPOTOHaMM AApa aToMa.
4. Mbi roBopunu n o gedektax macc keaHtoB (X +)(X +) = (Y—) CunbHOro BsaumoaencTams HyKI0HOB
appa (Y—=p/n)vwam (Y—=2n),rae (E = a *p = 6,85 Mel') MUHMUManbHas yaeNbHasn SHePrusa cBaA3m
HYKNOHOB A pa. Hue 3Tol aHeprum agpo eciv u GopmmnpyeTcs, To TONbKO Ha Nepuos pacnaga. 3T1o
Pa3HULA Macc HYK/NOHa BHe AApa U B AAPE, B BUAE SHEPTUM CBA3U HYKIOHOB Aapa. OHA paccumTbiBaeTcs No
M3BECTHbIM MpoLeaypam.
5. Ha npeacTaBneHHOM PUCYHKE KBAaHTOBOTO IPAaBUTAIIMOHHOTO TOJISI, Mbl PACCMATPHBAIIU BHIBOJT
ypaBHEHU KBAaHTOBOTO TPaBUTAIIMOHHOTO MOJIst U3 ypaBHeHus O6miei Teopuun OTHOCUTENBHOCTH
DiiHIITelHA B 000 CUCTEME KOOPIMHAT, KaK CJIe/ICTBUE. MBI TOBOPIIIA O TPABUTAIIMOHHOM IT10JIE
MPUTSDKEHUS ¢ criiol HpIoTOHA M HyJIeBOM Maccoi ATOro moJis. MHOXKECTBO TAaKUX KBAaHTOBBIX
IPaBUTALMOHHBIX MOJIEH, GOPMUPYET «ITOTEHIUATIBHYIO SIMY» 00IIEro IpaBUTALIMOHHOIO TOJIS JIF000H
MAacChl, KpUBHU3HA KOTOPOTO OMPEENSIeTCS TEH30pOM dHEPTHHU-UMITyIIbca ypaBHeHus: O6meit Teopun
OtHocuTenpHOCTH DitHIITEHA. Bee padoTaer.

®uznyeckuM (HaKTOM €CTh 3apsAI0BBIH U30MOTEHINAN TPoToHa p(X—= Y+)e u alekTpoHa B aTOMe
BOJIOpOJIa ¢ cooTHomeHneM Mace (p/e = 1836). 1o aHaioruu Mbl TOBOPUM O 3apsI0BOM H30TIOTEHITHAITS
V,(X—=Y+)yo, n v.(X—=Y+)y, cybaromos, ¢ cooTHomenueM macc (v, /vy = 8642) n (v./y ~ 1500)



cooTBeTcTBEHHO. [Ipn 5TOM, cybatomsl (V, /o) yAEPKUBAIOTCSA FPABUTALIMOHHBIM MOJIEM ILIAHET, a
cyoaromsl (V,/Y) yACpKUBAIOTCS TPAaBUTAIIMOHHBIM ITOJIEM 3BE3. JTO CIIEAYET M3 PACUCTOB aTOMHBIX
cTpykTyp (p/e), cybaromos nnaner(p,/e;)(p/e)(Vy/Yo), 38€31

(p2/€2)(P1/e1) /€)Wy /Vo) (Ve /V), musiie; = 2v, /a? = 10,2GeV), e, = 2p/a? = 35,2TeV) ,
HOJ = e, 3,13 %y, = 1, u HOJl = e, * 3,13 *y = 1. A Tawke 1 p; = %e = 15,3TeV, u p,(X—=

Y +)e; «TshKensIX aTOMOBY» BHYTPH CaMuX 3Be31. EciM CylnecTByroT KBaHThI
_ oy _ 2(my=e?) _ =y _ 2mx=mp)
(my =p1) = — = (153TeV)u (my =e;) = — (35,24 TeV),

> =

TO MO106HO TeHepaluy kBauTaMu (p;/n,) aapa 3emmn saep (2ap; = 238p™ = 238U) ypana, pt ~n , ¢
— 261_ 5
TMOCIE/yIONIMM PACTaZioM B CIICKTp aTOMOB, KBaHThI P, = —— = 3,06 * 10°TeV, u (p,/nz), (p2 = n2)

aapa Connua (3B€3/b1), TEHEPUPYIOT Spa «3BE3AHOIO ypaHa», (2ap; = 290p) = 290y ), c ux
5K30TEPMUYHBIM PACIIaZIOM B CIIEKTP «3BE3HBIX» aTOMOB (P /€1 ) B TBEpIOH MOBEPXHOCTH 3BE3IbI
(Connua) 6e3 B3auMOIeHCTBHI ¢ 00bIYHBIMU aToMaMu (pT /e ™) Bomopoaa u CIIeKTpa aTOMOB.

TouHO Tak pacCYMTHIBAETCS Macca KBAaHTOB S1/Ipa ILIAHET:
_ 2(my=e™) 2(0.511 MeV)
m = = = =
(mx =p1) G 6.67+10~8

[Tpu 3TOM, UMEIOT MECTO yIUBHUTEIHHBIC COOTHOMICHHUS X MacC:
HOM = M(e, = 3,524 E7)(k =3.13)M(y =9,07E—-9) =1
HOJ = M(e, = 1,15E16 )(k = 3.13)M(y, =2,78E—-17) =1
3neck Mbl roBopuM 0 Hepenumpix Ob6nactsx Jlokanuzanuyu AMHAMUYHOTO MPOCTpaHcTBa-Marepun. U 3To
TOBOPHT O TOM, YTO SIJIPO 3BE3/IbI, & PABHO U 3BE3/Ibl, HAXOIATCS B YHEPIETHYECKOM YPOBHE (DU3HUUECKOTO
BaKyyMa Ha ypOBHE U3JIy4aeMbIX UMH 0ObIYHBIX (¥) (hoTOHOB. Torma TouHO Tak, sIpO TATAKTUK, & PABHO U
CaM¥ TATAKTHKH, HAXOJIATCS B YHEPTETHUECKOM YPOBHE (DH3MYECKOTr0 BaKyyMa Ha yPOBHE M3JIy9aeMbIX UMU
y’Ke CBEpXCBETOBBIX () (POTOHOB.
Hcxons n3 3THX pacyeToB, TOYHO TaKyl0 MOAENb UMEET AMHAMUYHOE NPOCTPAHCTBO-MaTepus

15,3 TeV

$OTOHa, HO YKe C APpYrMMM NapaMeTpamm CBEPXCBETOBbIX CKOPOCTEMN.

PUCYHOK3.6. AMHAMUYHOE NPOCTPAHCTBO-MaTepma GOTOHa

M TO4HO TaK, NPOCTPAHCTBO CKOPOCTEN MACCOBbIX TPAEKTOPUN GOTOHA, MMeeT BHYTPM POTOHA, C
OKOJ10 HYNeBbIM YI/IOM NapannenbHOCTH, NpeaenbHyo CKOpoCTb cBepxcBeToBoro (v, = 137 x ¢) ¢oToHa.
CkopocTb poToHa (€) ecTb npoeKumen ckopoct (v, = 137¢ = y,). UHaue rosops, BHyTPU GOTOHA Mbl
MMeeM CBEPXCBETOBYIO CKOpocTb poToHa (v, = 137c¢). BaxkHo To, uTo 00b1unblil (Y+ = ¥y = ¢) poTon
MOJKET U3JIy4aTh U MOTJIOLIATH yXkKe CBepxcBeToBO# (potoH (Y + = y,) TOUHO Tak, Kak OOBIYHBII 3JIEKTPOH
moxeT (Y+ = e) uznydats 00b14HbIH (oTOH (Y + = ¥). U ncTouHMKOM OOBIYHBIX (DOTOHOB SIBIISIFOTCS
3Be3/1bl. A HCTOYHHKOM CBEPXCBETOBBIX (DOTOHOB, SIBISIOTCS TSKEIbIe» (€, )3TIeKTPOHBI s/Ipa FaJaKTHKH.
OO6HapyXUTh CBEPXCBETOBBIE (POTOHBI MOXKHO (PUKCHUPYsI yBenrueHue ummynbca:(E =p * (1 + a) *c)



o0b1unbIX (Y+ = ¥) hoToHOB M1000# SHEPTUH, KOTOPBIE MOTIOMAT cBepxcBeToBbie (Y + = y,) GoTOHbI,
U3 KBaHTOB (P4/€4) fApa raakTuku. ['0BOps 0 JPYruX MOJENSIX He OOMEHHOTO XapaKTepa ¥ MPHHIIAIAX
B3aMMO/ICHCTBUSI, MbI MOYKEM FOBOPHTH CTPYKTYpHOU (hopme 3apsikeHHbIX (Y- = p*/n) 1 HEHTpaIbHBIX

(Y- =2n) kBanToB CuibHoro B3aumoseiicteus siapa B ux eaudom (Y+ = X+) npoctpaHcTBe-MaTepuu.

OHU CcBsI3aHBI U3TY4YaIOT KBAaHT B3aUMOJICUCTBUSL (2a xp =~ 2 * (é) * 938,28 ~ 13,7MeV), C yAEIbHOU

suepruei cessu (Ey, ~ 6,9MeV) nyknonos sapa. [l MakcuManbHOW yIenbHON SHEPTHEN CBA3H

(Ey, = 8,5MeV), nsnyuaempiii kant cesizu CuinbHoro Bsaumoneiictsus B sape pasen (E ~ 17MeV). On
ObL1 OOHAPYXKEH B DKCIIEPUMEHTE, Kak (pakT. Takue 3apsoxennsie (Y- = p*/n) u eiirpansusie (Y- =2n)
kBaHThl CuibHOTO B3aumoaeiicTBus siipa, UMEIOT YPOBHU M O0OJIOUKH B pe, KaK MPUIHHA
(dbopMupoBaHUs YPOBHEH 1 000J0YEK JIEKTPOHOB aTOMA.

W3 akcuoM Takoro AMHaAMUYHOTO (¢ # const) MpoCTpaHCTBA-MaTePUH, KAK TE€OMETPUIECKUX (PAKTOB HE
TpeOyIONIMX JOKa3aTeNbCTB, (M — n) cxogumoctu, popmupyrorcs Hexenmumbivu O6mactsmu Jlokanuzanuu
kak HepenuMbIX (X+) u (Y1) KBaHTOB TMHAMHUYHOTO MPOCTPAaHCTBa-MaTepuu. Hememmmpie KBaHTHI
Xt=p), Yt=e) Xt=v), VE=v), Xt=v.), (Y= ¥), popmupyior OJl1 - nepsyo
O6nacts ux Jlokanuzanuu. Touno Tak popmupytorcs OJIz , OJIz - O6mnactu Jlokanuzanuu HeIeTMMBIX
KBaHTOB.

| or |~ on , [ = L Y

Pucynok 3.4 xBaHTOBasi CUCTEMa KOOPIUHAT

Breigenum HeoOXoauMBbIe 371eCh (PaKThl. DIEKTPOH U3MydaeT u norjiomiaet Goton: (e < y ). x ckopoctn
CBSI3aHBI COOTHONICHHEM: (V, = « * ¢). TOUHO Tak CBs3aHBI CKOpOCTH (POTOHA (Y < Y, ) U YKE
CBEPXCBETOBOTO (hoTOHA(V), < & * 1), ). OHM CBA3aHbI KPACHBIMH JIMHUAMHU Ha Pucynok4.
[TocenoBaTenbHOCTH U3TYYEHHS U TTOTIIOIICHNS HEJCTMMBIX (CTa0MIBHBIX) KBAHTOB, B TAKOH KBaHTOBOM
CHCTEME KOOP/INHAT:

..(ps 2 ps), (b5 2> Pi), (i > pz), (P2 > P7) .
C COOTBETCTBYIOIIMM sipoM aToMa: (p*/e™) Bemectsa oObuHOrO aToMa, (P, /e;) aHTUBemEecTBa Aapa
«3Be€3IHOTO atoMay, (ps /e; ) BelecTBa spa rajakTuky, (Pg /e )aHTHBEIeCTBa pa KBazapa u »,
(pa /eg )BemmecTBa Sapa «KBa3apHOM TaaKTUKK». Jlajblle, HCXOAUM U3 TOTO, 4TO KBAaHT (p;;) BENIECTBA
(Y—=p;/ni = e,;) aapa mnaHeT H3ITy4yaeT KBaHT

(e}, = 2 % a = (py = 1,532E7 MeV)) = 223591MeV,  wumu: ﬁ% =ef =2383+%p
Maccy siapa ypaHa, KBaHTa «aHTuBemectsay M (ef) = M(238,3 * p) = 235U , anpa ypana. Takoe
«anTUBemecTBO» (e} = 235U = Y—) ecTb HeycTOWUMBBHIM, M pacragaeTcs SK30TEPMUYHO B CIIEKTP

aTOMOB, B si/ipe IUTaHeT. Takne pacueTsl COrNIaCyloTCs C Hab0JaeMbIMH (hakTaMu.

B cBepxceeroBoM yposHe w;(a N (y = ¢)) ¢usuueckoro Bakyyma, Takue (p, /e5) 3Be3nbl cebs He
nposBisoT. Jlansire, pedsb uaeT o Bemectse (pi — py) aapa (Y— = pi/nd = ek) «uepunix chepy,
BOKPYT KOTOPBIX, B HIX TI0JI€ TPaBUTALNH, (OPMUPYIOTCSI MIAPOBHIE CKOTUICHUS 3BE€3]]. AHAIOTUYHO Jaliee,
pedb ueT 06 U3TydeHUIX BENECTBOM aHTUBENIECTBA U HaobopoT: (pg = ps), (ps = 7)., (7 = p1),
(p1 = v;}) . OGmas moce0BaTeLHOCTE HMEET BUIL: Py , D7 , Po» P5» Pa» P3 ., Pz, P1 P Vi, ve .

Haneme: HOJM = M(e, = 1,15E16 )(k = 3.13)M(y, = 2,78 E— 17 ) = 1. Ot kBauThl (ps/e€4)
A7pa TaJaKTHK OKPYKEHbI U3JTy4aeMbIMH IO OTJIEIbHOCTU KBaHTaMu (P, /e;) Aapa 3Be3[, U €CTh IPUUHHOM
ux hopmupoBanus. Takue sapa raJlakTuK, B YpaBHEHUSAX KBAHTOBOM T'PaBUTALIUH, UMEIOT, CIMpAJIbHBIE
pyKaBa MaccoBBIX TpaekTopuii, yxke: v;(y, = a~1c) = 137 * ¢, B CBEpXCBETOBOM IPOCTPAHCTBE
ckopocteil. Hike sneprum cBeToBbIX (OTOHOB (1, = 137 * C) B HU3MIECKOM BaKyyMe, FalaKTHKH CE0s HE
NpOSBIISIIOT. BHE ranakTuk, pedb UeT o KBaHTax siapa mera 3Be3n (Y— = ps /ng = e,5) . OHn
TEHEPUPYIOT MHOKECTBO KBAaHTOB (ex = 2 * & * p5 = e}, = 290p;) sapa ragakTuk. AHAJOTHYHO Jajiee.

Baxno 10, 9T0 00BI49HEIH poTOH (Y1 = ¥) MOXKET H31IydaTh U TOTJIONIATH YK€ CBEPXCBETOBOM
doton (Y + = y,) TouHO Tak, Kak u 35iekTpoH (Y+ = e) usnydaer oObrunbiii poron (Y+ = y).
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HCTO‘IHI/IKOM O6BI‘-IHI>IX (bOTOHOB SABJIAKOTCA 3BC3bI. A NCTOYHHUKOM CBerCBeTOBLIX (I)OTOHOB, SABJIAKOTCA
KTSKCIIBIE» DJICKTPOHBI AApa raJIaKTUKH.
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, = 2,78 E—17) =1

IMpuuem, aust portona (Y+ = y), ckopocth cBepxcBeToBoro ¢porona (Y + = y,) Oyaer UMeTh TaKyro ke

. __ Cc+137xc __ c(1+137) _ 4
CKOpPOCTB CBETA: W = PP = ¢ . OTH cBs3u ykazanbl Ha Pucynok4. [1o cytu, peds o
CZ

(1+137)

«MIOTPYKEHUN» KBAHTOB fAJIpa 3BE3/] U FAIAKTHK, B COOTBETCTBYIOIINE YPOBHHU (hr3rueckoro Bakyyma. Kax
BHUJIUM, KBAHTHI s1/Ipa TAIAKTUK «IOTPY>KEHBI» B CBEPXCBETOBOE MTPOCTPAHCTBO CKOPOCTEM. 3aa4a COCTOUT
B [TOMCKE TaKUX (DOTOHOB B HAMPABICHUH sIJIpa TAIaKTHKHU, KAK UCTOYHUKA CBEPXCBETOBBIX (JOTOHOB
(Y £ = y,). Hanpumep, opOuTaIbHBIM JICKTPOH BOAOPO/Ia H3Iy4aeT (POTOH MPH €ro IePEeXoie C OIHOM
op6utsl Ha npyryto. [ToustHo. Tak BoT, u3nydaembie GOTOHBI, C OJUHAKOBBIX OPOUT AJIEKTPOHOB BOAOPOIA
B HaIpaBJIEHUU Ha A7po ["alakTUKH, U B IEPIEHAUKYIISIPHOM OT sijipa ["alakTUKK HallpaBIe€HUU, MOTYT
uMmeTh Takyw: E = p * ¢ * (1 + a), pa3Huiy sHepruid. Pemaroiiee coBo 31ech CKaXyT IPOOHBIE
AKCIIEPUMEHTHI.

Taxkoe e periaroriee ciI0BO, 1aayT TPOOHBIE IKCIIEPUMEHTHI 110 OOHAPYKEHUIO KBA3UIIOTEHIIMATbHBIX,
KBAHTOBBIX IPABUTAIMOHHBIX TOJIEH YCKOPEHUM.
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Pucynok 3.5 kBaHTOBbIE IpaBUTAIIIOHHBIE MTOJIS
CyTb 3KCHIEpUMEHTa B TOM, YTOO MPONYCTUTH (DOTOH Jla3epa yepe3 KBAHTOBBIE IPABUTAIL[MOHHBIE OIS
yckopenui, Hanpumep: (X+= p) - npotona, (X+= 3a) - yacTHIB], 471pa reaus. ITO yPOBHH MACCOBBIX
G(X+ =Y-) tpaekropuii 31ekTpoHHbIX (Y- =¢’) OpOUT aTOMA.
4.B rnyOuHax puU3M4eCcKOro Bakyyma

[TogoGHo JlexapToBOH, TF000M IPYyroi CUCTEMBbI KOOPAUHAT B EBKIIMIOBOM aKCHOMATHKHU, YK€ MOKHO
MPEJCTaBIATh KBAHTOBYIO CUCTEMY KOOpAMHAT Ha (M) U (n) CXOAUMOCTAX MPOCTPAHCTBA-MATEPHH, TOUKH
KOTOpOM €CTh HEETUMBIE KBAHTHI, B IIOJIHOM BUJE .

Pucynok 4.1 kBaHTOBas cuctemMa KOOpANHAT
V3ke B Tako KBAaHTOBOM CUCTEME KOOPIMHAT, MOKHO pacCMaTpPUBATh CBOKMCTBA MPOCTPAHCTBA-
Mmatepuu Beenennoit, Buaumoit u Heuumon ais potonos u Heitpuno (OJ1;) ypoBHs. Takas kBaHTOBas
CHCTeMa KOOPJMHAT, B K&KIOH CBOSH TOUKE, EPEXOTUT B MHOTOIHCTOBOE i (X™) MMHAMHYHOE
(x™ # const) pumMaHOBOE MPOCTPAHCTBO. MBI TOBOPUM O BHIMMOM PACIINPEHUH, (PUKCUPYEMOTO



(Yx=y = ¢) poronamu (0JI;) ypoBHs HENETUMBIX KBAHTOB IPOCTPAHCTBA-MaTePUH (P, €,V,, Vo, Ve, V) B
KBaHTOBOU cHCTeMe KoopauHat. Ternepb mpecTaBuM HeJeTUMbIe KBaHThI TPOCTPAHCTBA-MATEPUH, B BUJIE

0JIj;(m) ux (m) cxomaumMocTH.

O.]I} ...OJI3 ™ (p3 e3 pz 62 pl 81 = O.}Iz)(p, e,vﬂ, )/0‘ Ve,y = Of[l)(vl]/l szz V3]/3 = OJIO) ™ O.}]_lo.}]_z ™ O'}]l

[Tpu 3ToM, ckopocTs aektpona (0J1;) ypoBHs: (W = (a = L) xc,um (w = a®=D x c. Teopus

137

OTHOCHTENBHOCTH DUHIITENHHA U KBAHTOBAsI PEJIATUBUCTCKAs IMHAMUKA, JI0IIyCKalOT CBEPXCBETOBbIE

CKOpPOCTH B IPOCTPAHCTBE-BPEMEHHU.

Yy c+Nc _ Sy

a;1Nc+c
Wy =——==c¢ Wy =
Y ™ 1+cxNc/c? ' Y

az,+Nc/c

3nech (T a;; ) azy T) =1 xocuHYCH YIJIOB MapauiebHOCTH B Buje: cos(@y) * cos(py) = 1. Torma

=cC, IuIa

aiq1 = Ay = 1.

ckopoctH cy6dotoHoB (¥; ) dusudeckoro Bakyyma pasusr: (w; = a("N="172-) x ¢) cBepXCBETOBBIM
ckopoctam B (OJ];) ypoBHsAX (GU3MYECKOro BaKyyMa. AHAJIOTHYHO MPOCTPaHCTBO cKopoctei B (0J15)

yposrsax B Bune: (w; = a*N=123-) x ¢) npu yenosnu npenensusix (w; xw; = atNexatNe =11 = ¢?)
MOTEHIMAJIOB B ocTyinarax Dinmreiina aist (0J1;)ypoBHs. B Takux ke moTeHIMaNIaX pacCYUTHIBACTCS U

CIIEKTP MacC HeJIeNMMbIX KBAHTOB BCEl KBaHTOBOU cucTeMbl koopaunat 0J1;(m) na (m) cxomumocty,

2
aHajiornuHo pacueram macc m(X+=Y —) = IIK, (0J1,) ypoBus. my = G% My == Zmy
tabuuna 1.
KBauts! siapa 2a*p, =N*p,, N | (Xx) =p*; (MeV) (Yx) =e; (MeV)
p* 27 = 2e2 /G e27=2pas/ o
Ptz =2,7 E111 MeV e,7=1,489 E108 MeV
OJI 411 o EkcakBazap 2% pi. =290 p5; 14 | p 2 =2ex /G €26=2 P2/ a?
p 2 =7,9 E107 MeV e»=9,1 E103 MeV
20 * p,. = 238p1, P 25 =2€xu/G €25=2pa/d
P2 = 3,96 E103 MeV €25 = 2,6 E100 MeV
CymnepkBasapH. e 2a* p;, =25p5, 13 | p* 24 =2e23/G e 24=2pa/d
I'anmakr. 1 pona Pt = 2,4 E9Q9 MeV ex= 1,32 E96 MeV
OJI+10 | uepHbIX chep 2a* pl, =290p3, p* 23 = 2e2 /G e23=2pa/o?
p*2s = 7,01 E95 MeV e23=8,1 E91 MeV
O cymepkBasap 2a*p,=238p. | 12 | P2 =2a/G €2=2 P2/ 0
1 pona p 22 =3,5E9 MeV e22=2,34 E88 MeV
Za*p;l 225P2+0 P 21 = 2ex /G 921=2p19/(12
p 2 =2,16 E87 MeV ex=1,17 E84 MeV
OJl«g | eeCymepkBasapH. | 2 * pl =290p;, 11 | p*20 =261 /G e20=2ps/ o’
I'anmakr. 2 pona p*20 =6,226 [E83 MeV | ex=7,2 E79 MeV
4epHbIX chep 2a% ply =238 pr, P10 = 2e18/G e19=2pwr/ o?
pf1e =3,13 E79 MeV e19=2,08 E76 MeV
0 OCyIEpPKBa3aphl 2a* pr, = 25p, 10 | p s =2e17/G e18= 2 Pis/ o
2 pona p s =19 E75 MeV eis= 1,04 E72 MeV
OJl+7 2a* pr, =290p p 17 =2e1/G e17=2pis/ o?
p17 =553 E71 MeV | e17=6,38 E67 MeV
® METra3Be3 IHbIE 2a* p/l, = 238py, 9 |p's =2e5/G e16=2 P/ o’
TAIaKTAKA P =2,78 E67 MeV e1s= 1,84 E64 MeV
gepHbIe cPephl 20% pi, =25p., P15 = 2614 /G e15=2pi3/ o?
p*is =1,7 E63 MeV e1s= 9,26 E59 MeV
OJl+s O Mera3Be3/ibl 2a* p,, =291p;, 8 |p w1 =2e1i/G e u=2pn/o?
i p s =491 ES9 MeV e1s=5,67 E55 MeV
CynepruianeTsl 2a* pr, =238p;, P13 =2e12/G e1=2pu/ad
) p 1z = 2,46 E55 MeV e13=1,64 E52 MeV
® KBa3apHBIX 2% piy =25p;, 7 |pT12 =2eu /G e 12=2 P/ o?
rajakTuk 1poga p'12 =1,51 E51 MeV e = 8,22 E47 MeV
OJl+s | uepHBIX cep 20 * pi, =290p;, Pt 11 =2e10/G e11=2pg/ 0?
p+11 = 4,36 E47 MeV €11 = 5,03 E43 MeV
O KBazaphbl 2a*p,, =238p; 6 |p 10 =26/G e10=2ps/ 0’
1 pona p 10 =2,19 E43 MeV e10=1,45 E40 MeV




20£*p;=25p§ p o =2es/G 69=2p7/0(2
p o =1,34 E39 MeV ey=7,3 E35 MeV
OJl+s | ee KkBa3apHBIX 2a* p! =290p; 5 | p*s =2e7/G es=2ps/ 0
rajakTUK 2poja p's =3,87 E35 MeV eg= 4,47 E31 MeV
YepHBIX cep 2a* pt =238p, p*7 =266 /G e7=2ps/ 02
p*7 =1,94 E31 MeV e7=1,3 E28 MeV
00 KBa3aphl 2a* p; =25p; 4 |ps =26/G e*s =2pa/a?
2 pona ps =1,19 E27 MeV e’s =6,48 E23
MeV
OJl+3 MexXranakTHIeCKH | D * ps =290p; ps =2e4/G es=2ps/a?
X YEPHBIX chep ps =3,447 E23MeV | es = 3,97 E19 MeV
® 3BE3/HBIX 2a* pi =238p; 3 | pa=2e3/G e 4=2p2/ a?
["anmakTuk p" s =17 E19 MeV e 4=1,15E+16 MeV
lanakTHIeCKHuX 2a% p; =25p; p*s =2, /G e3=2p1/ o?
YepHBIX cdep ’ p*s =1,057 E15 MeV | e 3=5,755E11 MeV
OJl+ O 3Be3abl 2a* p; =290p, 2 |p2 =2e1/G e:=2p/a?
p . =3,05 E1l MeV &= 3,524 E7 MeV
[LnaneTs! 2% p; =238p° p1=2e/G e1=2v/o?
p 1 =1,532 E7 MeV e;1=10178 MeV
2a*p+:25v; 1 p+=2’Y0/G e_:2Ve/U,2
p" = 938,28 MeV e =0,511 MeV
OJl .+ YPOBEHb 2a*vi =292v; vu=o02e/2 Yo=G p/l2
v, =0,271 MeV Yo = 3,13*10°MeV
0 |ve=o02%/2 Yy=Gw/2
Ve =1,36%10° M eV ¥ =9.07*10"° MeV
dusnyeckuii vi=027y0/2 ¥1=G Ve I2
BaKyyM v1=8,3*10"° M eV v1=4,5*10"8 MeV
OJlo YPOBHSI -1 vi=02y/2 Y2=G w1 /2
v2=2.4*10"° M eV v2=2.78*10 M eV
V3 :(Xz’yl /2 YsZGV2/2
v3=1.2*10" M eV vs = 8,05*10% M eV
DuznuecKuii 2 v =02 y2 12 ya=G vz /2
BAKyyM vi=T.4*10%2 MeV | y4=4,03*10% M eV
OJI -1 | ypoBHs vs =02 y3 /2 ¥s =G v4 /2
v5=2.14*10 M eV vs = 2.47*10%° M eV
-3 Ve =02 4 [2 ¥6 =G vs 2
ve=1.07*10®MeV |y =7,13*10% M eV
DU3HIECKUi v7 =02 5 /2 y7=Gve /2
BAaKyyM v7=6,57*103 M eV y7 = 3,58*10°% M eV
OJl> | ypoBHs -1 vg =0 V6 /2 e =G v7 /2
v5=1.897*10%" M eV vs = 2.2*10* M eV
Vo =02 7 /2 Ye=G vg /2
v9=9.5*10% M eV vo =6,33*10% M eV
duznueckuit -2 vig =02 Vs 12 v10= G vg /2
BaKyyM v10=5,8*10* M eV Y10 = 3,2*10%° M eV
OJl 3 | ypoBHs vi1 =02 yg /2 Y11= G v10 /2
v11 =1.685*10*° M eV Y11 = 1.9%10% M eV
-3 V12 =02 Y10 2 vi2=Gviy 12
v12 =8.46*10% M eV v12 = 5,62*10° M eV
dusnyeckuit vz =02 Y11 /2 y13=Gv12/2
BaKyyM V13 =5.2*10°8 M eV Y13 = 2,8*10'61 MeV
OJI .4 ypoBHSI -4 via =02 Y13 12 Y12 =G vi3 /2
Vi4 :1.5*10'61 MeV Y14 = 1.7*10'65 MeV
V15 =02 10 /2 v15= G v14/2
v1s =7,5%10% M eV y15= 5*10%° M eV
duznueckuit -1 Vig =02 Y14 /2 vie =G Vvis /2
BaKyyM vie =4.6*107° M eV y16 = 2.5*107 M eV
OJI -5 ypoBHs vi7 =0% y15 /2 Y17 =G Vi /2




v17 =1.33*107 MeV y17=1,5*107" M eV
-2 Vis :0.2 Y16 /2 Y18 = G V17 /2
vig =6.7 *107® M eV v1s = 4,43*108 M eV
dusnyeckuit Vig =02 Y17 /2 vi9=Gvig /2
BaKyyM vi1g =4.1*10% M eV Y10 = 2.2*10%5 M eV
OJI -6 YPOBHA —3 V20 :0.2 Y18 /2 Y20 = G V19 /2
V20 =1.18*10% M eV Y20= 1,36*10'89 MeV
Va1 =02 y19 /2 v21= G vz /2
Vo1 =5.9*10°° M eV v21= 3.94*10°% M eV
dusnueckuit -4 V22 :0.2 Y20 /2 Y22 = G V21 /2
BAaKyyM v =3.6¥10% M eV v22 = 1.975%10% M
OJI 7 ypoBHs eV
Va3 =02 y21 /2 v23=G V2 /2
V23 =1.05*10% M eV Y23 = 1,2*10'101 MeV
-4 V24 :0.2 Y22 /2 Y24 = G V23 /2
Va4 =5.26*1012 M eV Y2a = 3.494*%101% M
eV

HOJT = wj(ez6) * Wi(Y24) = (@Pw,) * (@™ Pwe) =wg =TI, = 1
HOJI=9,1 E103 *(3,14=L/d)*3.494*101%=1,
Ho B atmocdepe 3emin, BO3MOXKHBI (PUKCALIMU YacTHIl ¢ dHepruei p, = 305 E15 eV wm
e,= 3,524 E13 eV, kak MUHUMYM.
®parmedTanus GU3HYECKOro BaKyyma.
UHTepeceH GaKT poXKAEHUA SNEKTPOH-NO3UTPOHHON Napbl BbICOKOIHEPreTUYeckMm poToHOM. 3T

d)aKT. B faHHOM CQiydae MOXXHO npeacrtaBntb mogenb AMHAMUKU NPOCTPAHCTBA-MAaTEPUK 3TOIO NpoLecca.

¥-=eh -
—T¥-=¢")
(Y- =x+)
7 / &7
(¥-=)) T

PucyHok 4.1 poxaeHue 3neKTPOH-NO3UTPOHHOM Napbl
TaK, BbicokoaHepreTuieckunit (Y — = y) GpoToH, poxaaeT anektpoH (e~ e*) nosnTpoHHyto napy B none
(X+ = p™) CunbHoro Bsaumogeiictena (X+ = p*) npotoHa sagpa. IHeprusa Takoro poToHa. Kak
M3BECTHO, A0/1KHa bbITb pasHoM (E = 2 * 0,511 MeV). B enunbix Kpurepusx DBOONNH, BCIKas KBAHTOBAsI

. . E .
nnotHoCTh (P = V2) NpeCTaBISeTCs CHMMETPHEN JIBYX KBaHTOB € 9acTOTOH (V = E) u sHeprueit (E = hv)

3NIEKTPOHA U MO3UTPOHA, B JAHHOM ClTydae. TOYHO TaK, Mbl FOBOPUM O TeHepaly KanTamu (p; /1) a1pa
3emmu kanToB(2ap; = (Y —) = 238p* = 238U) anpa ypana, (p* =~ n), ¢ mocnexyronmm pacmazom B
creKTp aToMoB. M3 pacCMOTPEHHBIX CBOIMCTB (DPM3NIECKOTO BAKyyMa, MBI TOBOPUM, UTO U3 «IHA
(usmueckoro BaKyymMa» 6eCKOHEUHO GOJIBIINX MIOTHOCTEH (p;(X—) — ©0) AMHAMHYHOTO MPOCTPAHCTBA-

Marepuu Beenennoit:
Ri(X—) - o r(X-) -0 ri(Y=)—-0 R(Y—) > o
K2 "’f(p,-(X—> - 0)”1 e e e A e G B R L
«BBINAAIOT» KBaHTHI (X +); IpoMexyTouHbIX miotHocTel (0 < p; (X —) < 00) , BILIOTH 10
KPYHMHOMACINTaOHbIX KBaHTOB (X 1) ; AMHAMMYHOTO NPOCTPaHCTBAa-MaTepUu. MBI TOBOPHM O KBAaHTaX sjpa

KBa3apoB (X+ = pg), KBaHTOB (Xt = p5) MeKranakTHYeCKUX «4epHbIX chepy», KBaHTOB (X+ = p,) sAapa
rajlakTHK, KBaHTOB (Xt = p3) rajakTHUECKuX «4epHBIX cep», KBaHTOB (Xt = p,) szpa 3Be3n,



MOPOXKIAEMBIX (PU3MUYECKUM BaKyyMOM OECKOHEYHO OOJNBIIHX TUIOTHOCTEH (p;(X—) — ). U yxe Takue

KpYITHOMACIITaOHbIE KBAHTHI M3YYalOT U TEHEPUPYIOT IpyTrue KBaHTHI MPOCTPAHCTBa-MaTepun BeeneHHOH.

S’ JKE€ KaK CJICACTBUEC TaKUX O6CTO$ITCJIBCTB, MOXHO I'OBOPHUTH O TOM, YTO n KBAHTHI A1pa
1 1
+ _ 238 + ~
= “53U) sinpa ypana, (p™ = n) , ¢
MMOCJICAYIOIIUM pacIiagoM B CIICKTP aTOMOB B 9K30TCPMHUYHBIX pCaKIUAX paciiajia.

TUTaHET, 3eMJIM B TOM YHCIIe, TeHepUPYIOT KBaHThl (2ap; = 238p

Takum 06pa3oM, pU3NUIECKHii BaKyyM Mexkly 00bekTaMu BeesleHHOI, 3T0 MHOTOYyPOBHEBOE
IIPOCTPAHCTBO CKOPOCTEii, B KOTOPOM (POTOH UMEET COOCTBEHHYIO CKOPOCTh. DOTOH He MOKET IIPOHUKHYThH
B CBEPXCBETOBOE MPOCTPAHCTBO CKOPOCTE, U OH HE MOKET 3aMeINThes. I MBI TOBOPHM O TOM
00CTOATENLCTBE, YTO CIYCTOK SHEPrUu MaccoBbix (Y —) TpaeKTOpHii, MOKeT (pparMeHTHPOBATH B
(usnueckom Bakyyme BeeneHHOI B HesleMMble KBAaHTHI IPOCTPAHCTBA-MATEPHH, C ONPEIeIEHHON Maccoi,
¢ usBecTHOM opmynoit (E = mc?) DitHiureiina.

4
w o c 5 =
B KkiaccH4ecKoii peJISTHUBHCTCKOM Aunamuke: R? — c?t? = == R? — ¢?t?, npocrpaHcTBa-

BpEMEHM CaMO IPOCTPAHCTBO-BpEMs UCTILIThIBAET yekopenue: b2(R 1)2 — b2c?(t 1)? = (¢c* = F). B
K b=XYr=K) =K =n i
exuHbIX Kpurepusix, (b = = K) = - = II, MbI rOBOpHM 0 MOTEHIHMATIC B POCTPAHCTBE CKOPOCTEH
K_ N Lo=eon n
(F = e) BEKTOPHOI'0 MPOCTpaHCcTBa B 060 e(x™) cucreme koopaunar, rae Il = g (x™)

¢byHaamMeHTalbHbINA TeH30p PuMaHoBOro npocrpancTsa. Torzia B 001eM ciiyyae HUMEeM:

N7 — 15 = (My(X+) — M (Y-) [ (X-) + Iy * (Y+)) = AN, (X+=Y=)) | (Al,(X—=Y+)) 1=F
Orta cuia Ha BceM pamuyce (R = K) Buaumoit chepsl eaunoro (X+= Y +) npocrpancTBa-MaTepuu
Bcenennoii, maer (temuyio) suepruto (U = FK) nuaamuku Beenennoii, B TpaBuT (X+= Y —) MaccoBbIX u
B 351ekTpo (Y+ = X —) MarHuTHBIX nosix. [109TOMYy, 3TO 3HEprus pesITHBUCTCKOM AMHAMHUKH BceneHHOi.

(M2 —M3K = (I, — MK, + ;) = (Al (X+=Y—=) | K(AIl,))(X—=Y+) T=FK =U
B uem ee mpupona? Ha paguyce (R = K) nunamudHo# chepbl BeeneHHON eCTh OTHOBPEMEHHAS THHAMHKA
enuHoro (X+= Y+) npocrpancra-matepuu. PaccmatpuBasi AMHAMUKY [TOTSHIHATIOB B TPABUT MAaCCOBBIX
(X+=Y-) nonsx, kak yxe uzBectHo,(Il; — I1,) = g, (1) — gix(2) # 0, peub 00 ypaBHEHUU
«rpaBUTAIUM» R — %R Jik — %/1 gir = kTj, O6meit Teopun OTHOCUTETHHOCTH, B JIFOOOH CHCTEME

gir (x™ # const) koopauHaT, 1 B pasamunbix yposrsx currymsproctd 7 I pusnueckoro Bakyyma
N . 1 1
Bcell Beenennoit. [1pu aToMm: (Rik — ERgl-k = All; = kT, + E}{gik) (X+=Y—), kpoMe KpUBU3HBI
POCTPaHCTBa-MaTePHH BbI3BaHHOU TeH30poM (kTj; ) SHEPTHH-UMITYJIbCa, MBI TOBOPHM U O THHAMHKE
1 _ 2
(T—)oo)z =H )’
HOJI = (T; - )(t; = 0) = 1, Bcenennas ucueszaer Bo Bpemenu (t; — 0), Ha GECKOHEUHBIX paguycax

(bU3NIEeCKOTO BaKyyma: %A(gik = 4ma? * p), rae us (a(t) > o) u (p =

i . t
(a(t) = ), c napamerpom Xabb6na (H = %) uHusanuonHoi (a = ¢T * ch Z—T) MoJienu. Mbl TOBOPUM O
chepe (x™ =X, Y, Z, ct # const) HecTanimOHapHOTO EBKIINIOBOTO MPOCTPaHCTBA-BPEMEHH, B BUJIE:

(x™ =XY,Z,ct) * {(Ch i((f;—z(i_;) (X+=Y —) * cos@x(X— = Y+) = 1} . I'paguent taxoro (All,)
o—fRola™—™

MOTEHI[MAaJIa, TOXKE U3BECTHO, AA€T YPaBHEHUS KBAaHTOBOW I'paBUTALUMU C MUHAYKTUBHBIMU M (Y —)
(CKPBITBIME) MACCOBBIMH IMOJISIMU B TPaBUTAIIMOHHOM MoJie. Peus uaer 00 (All;~T;) | (X+=Y-)

E=N?K\ (E=I°K K? _ N N
sHepruu-umnynsce T, = = — = (II), rpaBut (X+= Y—) MaccoBbIX nosieit Bcen
i

p=I2T p=02T/, Tor2
BcenenHoii, ¢ yMEHBIIIEHHEM TIOTHOCTH MacCOBBIX (Y —) TpaeKTOpHii B IUTAHKOBCKUX MacIiuTadax.
(Ki~)3 1
K = (T;~>0)2 - ((Ti—>oo)2 = (pi = 0) l) (Ki3 =Vi T)(X-l_: Y=) =(p L Vi DX+=Y-),
(Rj) * (R; = 1,616 x 10733sm) = 1, (R)) = 6,2%10%2sm (p;(Y=) = 0).

B KBaHTOBO¥ rpaBMTALMHU, MBI TOBOPUM O JIMHaMuKe KBaHToB: e(Y—); - y(Y—); B 0JI;, u OJI;

YPOBHAX (PM3UUECKOro BakyyMa Ha (m) cxoaumocTH Bceil Beenennoii. B enunbix Kpurtepusix OBomonnn

MK 1 r(Y-);—0
MIPOCTPaHCTBAa-MaTepPHUH, IJIOTHOCTH (p = Tos v?), naer ¢ = T(Y—)]—>0 OKOJIO HYJIEBBIE ITApaMETPhI
-]

MIHOBEHHOTO «B3pbiBa» Oeckoneuno 6ompmoin (p(Y—); = — 00) MJIOTHOCTH TUHAMUYHBIX Macc B

1
T(Y-),”

88



(Y+ = X—), none Beenennoii. IIpu 6eckoneuno maneix (T'(Y—); — 0) nepuonax IMHaAMHKH, B
AuHAMUYHOM npoctpanctee-marepun: HOJ = (T(Y—); —» 0) * (t(Y+= X—); > 0) =1,B (X—), moxne
Bcenennoi, IpoucxXoauT 6ECKOHEYHO MHOTO COOBITHH, (t(Y+= X—); — ) B «CKaTOM BpPEMEHN», HA
YPOBHE V;/;

KBAHTOB U C HAYaJIOM OTCYETa (T(Y =), = 1) * (t(Y+= X-); = 1) = 1 BpeMeHHU (t(X =), = 1)). us
akcuom HOJ = K3(m =) *K3(n = i) = 1, mmu (p(Y+= X—); = 0)(p(X—); —» o) = 1, exuHOrO
MPOCTpaHCTBa-MaTepuu HavyaibHOW BcenenHo, kBanThI(p(X—= Y+); — o) poxnatorcs cpa3y. U yxe B
takoM (p(X+=Y—-); —» 0) ¢usnveckom BakyyMe pOKIAIOTCS U3HAYATLHO KBAHTHI

(y(Y=); = (p(Y=); = 0) c oko10 HYIEBOIl MaCCOBOH IIIOTHOCTHIO. VI MBI TOBOpPHM O panuyce cepsl
HECTalMOHAPHOT0 EBKIIMI0BOro paciMpsIomerocs npocrtpancTea, R(X—); — o, Ha (M) cX0aMMOCTH, U
r(X=); = 0, Ha () CXOAMMOCTH, TO €CTh CBEPXCBETOBBIMH cKopocTsimm: (w; = a("N="1"2-) % ¢) B
(0JI;) ypoBHSX (pU3HUECKOTO BaKyyMma.

B akcromax auHamMuygHOro npoctpancrsa-matepud HOJI = K3(m = j) * K3(n = i) = 1, cymectByioT
Henenumpie O6nactu Jlokammsamuu: (X +);; = p; X™M)vi(X™) u (Y £); = ¢;(Y™)y;(Y™) cocrostaus
KBAHTOB, ¢ B3aMMHO opToroHansHbiMu (X™) L (Y™) cucremamu KOOpAMHAT. ITO 3HAYUT, YTO €CIIU €CTh
(Y— = ej), To0 Beeraa ecth (Y — = y;) KBaHTBI. AHAJIOTUYIHO (X —-=p j) u (X— =v;) xBantel. O1crona
cieayeT KBajpatuuHas GopMa JMHAMHUKH 3Hepruu kantos: (AE? = h?A(p = v?).

‘A‘.I(Y-J -0

$.(Y2+ 0
i
J?hﬂho

3 222 T30

Pucynok4.2 k qMHAMHKE TPOCTpaHCTBA-MaTepuu BeeneHHo
Yewm Ooubiie panuyc AuHaMUIHON chepbl(r — R) Tem MeHblie kpuBu3Ha(A,, — A) mpocTpaHcTBa-
MaTepuu u Hao0opoT, B COOTBETCTBUH co cBoiictBamu HOJI = (rd,) = (RAy) = 1, camoro mpocTpaHcTBa-
marepuu. 3nech: A(X —) = (r > R)tg o(X—) u A(Y —) = (r = R)tg ¢(Y—), coorBercTBeHHO. TOUHO
tak, cootHomenust rwiotHocteit HOJ = (polde) = (0gdg) = 1, Ipu HEM3MEHHBIX MOTEHIHATAX moJst. U
To4yHO Takue cBoiicTa (T) - meproa TMHAMHUKA KBAHTOB | (t) — HX OTHOCHTEIBHOTO BPEMEHHU COOBITHA,
HOJI = (Tyto) = (tyTw) = 1. Ha Geckoneuno Gonpiimx pamuycax, BeeneHnas ucuesaet Bo BpeMeHu (t)
U IJIOTHOCTB TIPOCTPAHCTBA-MATEPHU CBOAUTCS K HYIO (pg), BO Bcex ciyuasx. OOpaTHas KapTHHA B
THIIEPOOINIECKUX CBOMCTBAX, MPOUCXOINUT B IITyOHHAX (hrusnueckoro Bakyyma Bceenennoii. Takoe
COCTOSIHHME TUHAMUYHOTO IPOCTPAHCTBA-MATEPHH TIPEICTABIEHO KBAHTAMHU:
Rj(X—) » o0 1 (X=) -0 r(Y=) -0 R.(Y=) > o
K2ji=ps <p]j(X—) - o)”f (x> Sw) =10 D= <p§(¥—) - oo) (o) =1
CaoiicTBa quHAMHYHEIX cdep (r = R) B IPOCTPAaHCTBE CKOPOCTEIH:
(W;(X =) =ac - 0)(v;(X =) = a™ * ¢ > o) = 1: UMEIOT MECTO COOTHOIIEHHS:
HOJ = (Rj(X—) » ®)(4;(X—) > 0) =1, HOJ = (r;(X—) » O)(Li(X—) > ®) =1, u
Wiy -)=aVc-»0)(n(Y =) =aVxc—> o) =1
HOJ = (R;(Y—) » o)(4;(Y—) » 0) =1, HOJ = (r;(Y-) » 0)(4;(Y-) > o) =1.



Briienennbie cocTosHUS (PU3NYECKOTO BaKyyMa, 337al0T MOJIAIbHOCTh CBOWCTB BEILIECTBA,
HampuMep, MPOTOHA, SJIEKTPOHA M AHTUBELIECTBA COOTBETCTBEHHO. KBaHTHI MpOCTpaHCTBa-MaTEPUH UMEIOT
CBOMCTBA M3ITy4yaTh U Horiomars. J1ekTpoH (Y += e) uznyuaet u nornomaer (Y+=y) doron. [loaromy
MBI MOJKEM TOBOPHTE, 4T0 (Y 1= €;) KBaHThI 60JIc€ BHICOKOH IIOTHOCTH MaccoBbIX p (Y —) monei,
TIOCJIEI0BATENBHO W3Iy4atoT KBaHThl (Y= e;_,) MeHbLIel MIOTHOCTH, 1 fanee (Y= y) KBaHThbI
u3ny4aroT (Y+= y;_5 ....Yi_22) KBaHTHI B MIOJIHYIO TTTyOMHY (PU3UUECKOT0 BaKyyma, C OKOJIO HYJIEBOH
WIOTHOCTBIO. Hao00opoT, kBaHTHI (X+= p) OoJiee BBICOKOW TIOTHOCTH MaccoBbIX p (X —) mosei
TIOTJIOIIAKOTCS TIOCIIEI0BATENBHO KBaHTaMu (X += p;,,) Menbiel miotHocty. [Ipu sTom, hopmupyroTes
ycnoBust: pj(X—) = o, u R;(X—) — o, HOBOro 1uKIa MHaMUKU Beenennoid. Paziuanble mioTHocTyn
(Poo) 1 (Po) B pazmuunbx (Y — = X+); u (X— =Y +) monsx, nai0T pa3HUIly IIOTHOCTEH

AE? . .
(A(p = v?) # 0). Umenno sta (Ap = ?) pa3HuIa TUIOTHOCTEH, €CTh IPUYUHON U3ITydeHUS U (WJIIH)

HIOTJIOIEHUS SHEPIHH KBAHTOB IIPOCTPAaHCTBa-MaTepu. Mbl TOBOPUM O KBaHTOBOM (HE MCUe3aroLIei)
JTMHAMUKE
(Rj(X=) = ) = (Ri(X—) = 0) u (R(Y—) —» ) = (R;(Y—) = 0)

MIPOCTPAHCTBA-MAaTEPHUHU, B KBAHTOBOM (1M — M) CUCTEME KOOpPAWHAT. APTyMEHTOM TaKOi TWHAMUKH, €CTh
«TeMHas sHeprus» pacuupenus (R;(Y—) — oo0) npocrpancTBa-marepuu. Takas JUHaAMUKa YCKOPEHHIA:

(b=pR), (P;jX—-)->0)(Rj(X—)—> o) =HOJN, u (p;(Y —) - 0)(R;(Y—) = ) = HOJI
KBaHTOB TUHAMUYHOTO MIPOCTPAHCTBA-MaTEPUH, ONPEACIISETCS U MIMEET CBOMCTBO, MPUHIINTIA
HeonpenenenHoctu. Muaue rosops, B atux (X +); u (Y £);; ypouax R;(X—) , R;(Y—) ¢usuueckoro
BaKyyMa, CBOMCTBA JI000H TOUKH, 3TO CBOMCTBA MIPOCTpaHCTBAa-MaTepuu Beel Beenennoii. 1o
IIPOCTPAHCTBO CKOPOCTEH, B KOTOpoM hopmupyrotcst Bce Kpurepun DBosnonnu marepun. HazoBem nx
®onosbiMu Kputepusamu DBOMIONUH 3apsAI0BbIX U MaccoBbIX (X —); u (Y —); TpaekTopuii, ¢ ux
KBaHTOBO# jHamuKoil. U yxe Ha atoM (pj(X =) = 0), (p;(Y =) = 0) downe, 10 ects: (p = v?) , uaer
nuHamuka JloMmuHUpyromuXx, J1to0bix Kputeprues OBotoniuu, B MHOTOMEPHOM IIPOCTPAHCTBE CKOPOCTEM, B
cropony ysenuuenus yactot (T p =1 v?), a paBHO U IIOTHOCTE!H KBAHTOB JMHAMMYHOTO IIPOCTPAHCTBA-
MaTepuu Ha uX (M) CXOAUMOCTH. 20

C npyroii CTOpOHBI, TaKHE CBOMCTBA JAIOT KBAHTOBYIO 3aITyTAHHOCTh BCETO TUHAMUYHOTO

npocTpaHcTBa-Marepuu BeenenHoil B 1ieoM. Mbl roBopUM 00 OZJHOBPEMEHHON M MTPOTUBOIIOI0KHON
nuHamuke Jro0bIx Kpurepuers DBommonnu Ha 6eckoneunbix Rj(X—) , R;(Y—) paanycax cdep-Touek B
KaX/10M YpOBHE (M — n) cXOAUMOCTH (pHU3HUECcKOro Bakyyma. /s moHuMaHusl, 3TO MOJA0OHO cKaTepTy Ha
CTOJIE, TJe «IeXaT, CKakeM, /1Ba 00bekTa A u B» Ha mo0bIX paccTOsIHUAX. Eciau «OTsSHYTh 3a CKaTepTh»
(oHOBOTO KBAaHTA MPOCTPAHCTBA-MATEPHUN), TO OOBEKTH A U B ¢ MPOTHBOIOIOKHBIMU CBOHCTBAMU

(ckaxkem, BosIHOBOM GyHKLUH iYY = /(+y (—Y ) KkBaHTOB (M) CXOAUMOCTH ), OyyT MEHATHCSA
OJIHOBPEMEHHO Ha JIF0OBIX paccTosiHusX. [Ipu 3ToM 00beKT A He B3aumojieicTByeT ¢ 00bekToM B. U 310

IIPOUCXOJUT BO BCeX (M — M) ypoBHsX cep-TOUeK MPOCTpaHCTBa-MaTepuu Beel BeeneHHOM.

B o0meii kKapTHHE, MBI UIMeEM JTMHAaMHUKy KBaHToB (M) cxoaumoctu (T v2) , B omHOI chepe-Touke,
Ho yxke (n) cxomumoctu (1 v2) cdep-Touek Beeii BeeneHHOI, ¢ yka3aHHOM KBaHTOBOI 3aIyTaHHOCTBIO U
MPUHIUIIOM HEONPEAETICHHOCTH B KQXXI0M (1M — M) ypoBHE (pU3UUECKOro Bakyyma. M takas 1uHamuka
COIPOBOXAAETCS U3TYUYEHUSIMU («B3phIBAaMI») KBAHTOB (Yiz ej) w.(YX=YVi_5 ....Yi_22) , B TIOJNHYIO
TITyOUuHY (PU3NYECKOTO BaKyyMa, C IOCIIeNYIOIIeH TeHepaIieid CTPYKTYPHBIX (hOpM, TOTOOHBIX TeHEepaIuu
sapa (Y+= e}) = 238p™ ypana, ¢ ero pacnagom B CIieKTp aroMOB. M 3TO MPOUCXOAUT MIOBCEMECTHO.

MbI FOBOPHM O CBEPXCBETOBOM TpocTparcTse ckopocteil (w; = a("N="1"2-) x ¢) | y;(Y=) doroHOB
A(Y =)=
T(Y—-)j—>©
pamuycax R(X—); — o, «Ha 1He» (U3HUECKOro BaKyyma, B Kax1oi ero touke 7(X—); —» 0, Ha (n)
CXOIUMOCTsIX, Beenennas «ucuezaer» Bo Bpemenu: t = (n — 0) * T(Y—); = 0.«Ha aue» pusuueckoro
Bakyyma, B (0J1;) ypoBHSX, MBI HE MOXeM (UKCHPOBATH cOOBITHsS (hoTOHOM Y; (Y —) ¢ mepuomom

(OJ1;) ypoBHSI, ¢ UX MTEPUOJIOM JUHAMHKH C = , T(Y=); = 0. D10 3HAYHT, 4TO HA OECKOHEUHBIX

nunamuku T (Y—); — oo. IIpu 5ToM Beskasg minotHocTs: (p(Y—); = — 00) JTMHAMHUYHBIX Macc,

1
T(vr-),*
«magaer» B rnyouny (p(Y—); = 0) ¢usuueckoro Bakyyma(0Jl;) ypoBHel, Ha () CXOAUMOCTHU B KaXI0U
TOYKE MPOCTpaHcTBa-MaTepur Beel (R(X—); — o) Bceenennoii. Camu Macchl



e(Y=); = (X+ =p;)(X+ = p;), umeI0T CTpyKTypHYIO0 QOopMy «UepHBIX chep» ¢ «uKeTamu» e(Y—); —
vi(Y—) pacmanos. 1 Bcskwii pa3 uaeT reHepanus Za(X +=p j) = e(Y—),_1 KBAaHTOB B MacCOBBIX
TpaekTopusx. [Ipu 3Tom cozmaercs adhdext «pacuupsrorieiics Beenennoit» ¢ ahdhextoM nmepBUYHOTO
(T(Y=); — 0) «bomsmoro B3peisax. [Ipu s3ToM ckopocTs cera, ¥ (Y —) dporona (0J1;) ypoBHs, ocTaeTcs
HEM3MEHHOI! B JIFOOOM YpOBHE (PM3MUECKOTO BaKyyMa:

_AY=)moeo  AY-);20 A(X-)—0 _
T T —)ow c= Tr—);=0 c= TEo)0 " Hus y(Y—) doronos (0JI,) ypoBHs, «I1aJicHHE» B OKOJIO
1 K K
HyJeBble IoTHOCTU Mace (p(Y—); = T2 - 0), ¢ yckoperuem G(X +) [F] =v=xH [E] ,

rae (H) ¢ukcupyemas xoncranra Xa66na: H = % . Ayuna BosHb! ¥ (Y —) GOTOHOB yBeTUUHUBACTCS, TIPH

«IIaJICHUH B OKOJIO HYJIEBYIO INIOTHOCThY Ha IPEAEIbHbIX paguycax (R(X—); — o) Bcenennoii, B
npenensHoi rmyoune ¢pusndeckoro (r(X—); — 0) Bakyyma. Otu «penukrossie y(Y—) dorons» (0J1;)
YpOBHSI (KPacHOTO LIBETa HAa PUCYHKE) BUAAT B OKCIIEPUMEHTaX. Jlaibiie Mbl TOBOPUM O CBEPXCBETOBBIX
yi(Y—=) doronax.

MareMaTHueCKOW UCTUHOM €CTh TO, YTO Ha OECKOHEUHBIX Painycax BCEro MPOCTPAHCTBA-MATEPUU
Beenennoii (Rj(X—) — ) ¢ ee maccoBbiMu (4;(Y— ) — ©0) TpaeKTOpUAMH, INIOTHOCTh MaTEPUH
(pj(X—) = 0), (p;(Y—) — 0), crpemuTcs k Hymo. B mo6oit Touxe chepsl R;(X—) — o Beenennoi,
JEWCTBUTENIFHA HE JIOKATBHOCTH (OJJHOBPEMEHHOCTb) INHAMUKN MHOKECTBA, BRIOPAHHBIX B CHMMETPUSIX,
TO4€K, Ha ypoBHE (X—= Y+); SHEpruii SJEKTPOMArHUTHOTO 101 PU3MYECKOTO BaKyyMa.

CoOcTBeHHOE BpeMs AMHAMHUKH (t) cBoauTes K Hy to B akcuomax HOJI=(t;(Y+) — 0)(T;(Y—) — o0)=1,
JMHAMMYHOTO IIPOCTPAHCTBa-MaTepuu, Kak u auHamuka (b = (R;(X—) — o) (p;(X—) - 0) = const)
yekoperus (b = (4;(Y —) = ©)(p;(Y —) = 0) = const) maccoBbIxX TpaekTopHii. IHaue roBops,
MaTeMaTU4eCcKOW NCTUHOM eCTh MCUE3HOBEHHE MAaCCOBOW TNIOTHOCTH AMHAMUYHOTO POCTPAaHCTBA-MATEPUH
Ha OECKOHEYHOCTSIX, 1 Beenennas ucyesaer Bo Bpemenu t;(Y+ = X—) — 0, ¢ HEeMU3MEHHBIM YCKOPEHHUEM
(b = const) Bcero npoctpancTBa-marepun. C apyroii croponsl, (1;(X—) — 0) umeet mecto (p;(X—) — )
1 Havano (A;(Y—) = 0), (p;j(Y—) — o), takoro («B3psiBa»), «mruosennoro» T;(Y—) — 0 mepuona
nuHamuku Beenennoit. [Ipu 3Tom, Mbl nMeeM:
1.2ueprus usnydenus u (unm) nornomenus AE? = h2Ap, KBAHTOB IIPOCTPAHCTBA-MATEPUH, B H3BECTHOM
nam Bune: E = mc? ,wm E = hv , rae m = v2V, u Tak nasee, HO yXke Ha 0J1;;(m — n) cnektpe
KBaHTOBOM CHCTEMbI KOOpIUHAT IPOCTpaHCTBa-MaTepuu Beeil Beenennoil. Peus uaer 06 uznyuennn
(P (Y= = €j) = po(Y— = y;) MaccoBrIX, U (peo (X— = Pj) = po(X— = v;) 3apsan0BbIX HONEHi.

2 Nmeem Bcerna BuxpeByto: rotyB(X —) urotyM(Y —) nunamuky kBantoB (X+) u (Y1) B enunom
npoctpadcTBe — MaTepun (X—=Y+) , (Y—=X+).
3.Cama nmuHamuka (Ap) TUIOTHOCTEH, HIIET MO MPHYMHE «CTYIMEHYAaTOro (KBaHTOBOTO) MPOBAJIay IIIOTHOCTEH
(P ), B «0ECKOHEUHYIO TYCTOTY» (Poo = Po)-
4.Coueranue wiotnocreii: p(X —)p(Y —) = 1, ato Henenumas OGacts JIOKaIU3ayMy €IMHOTO U
AMHAMUYHOTO npocTpancTBa — Matepun (X—= Y+), (Y—= X+) . KBanroBas qunamuka p(X —) nons
(X 1), Bcerna nopoxknaer p(X+ =Y —) nosne, a kBanroBas aunamuka p(Y —) mons (Y +), Bcerna
nopoxxaaer p(Y+ = X —) moue.
5.Mznyuenne p(Y —) u nornomienue p(X —) mioTHOCTEH (Do = Pg), MPOUCXOTUT OHOBPEMEHHO C MX
kBanToBOMU auHaMukoir p(Y —) -» p(Y+ =X —)up(X —) - p(X+ =Y —). D10 MHOTOCTYIIEHYATHIH U
MHOTOYPOBHEBBIH TIponecc B kBaHToBOK OJI; (M — n) cucremMe KOOpaAMHAT.
6. Hafo yuutsIBaTh, mpu 3ToM, Macmtadsl (r = 10733sm)(R = 1033sm) = 1, Takoii TMHAMUKH Ka’J0TO
Takoro (RA = 1), (rA = 1) xBanTa ux 0JI;;(m — n) cnekrpa. OTO JAJIKMHA BOJIHEI (Y +)kBanTOB
(4,Y =) =103sm)(;(Y+ =X =) = 10733sm) = 1 QuHAMHYHOIO IIPOCTPAHCTBA-MATEPHHU B (PU3HUECKOM
BakyyMe Bcenennon

KBaHTOBas tuHaMuKa NpocTpaHCTBa-MaTepun BeeleHHOM B KBAaHTOBOM CUCTEME KOOPIUHAT, B
NepHoJ pacupenns BeenenHol 00ycIoBIeHa NEpBUYHBIM «IIPOBANIOM» INIOTHOCTER p; (Y— = e]-) B
okouto Hysesbie MaccoBbie | (p;(Y— =y;) = 0) miorHoct Hhu3n4ecKkoro Bakyyma. B akcrmomax
TMHAMUYHOTO MTPOCTPAHCTBA-MATEePHH:

5.MexrajakTuueckui annapar 0e3 TOIUVIMBHBIX ABUIaTeJei. hitps://vixra.org/abs/2302.0022
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OU3nYECKON PEATTBHOCTHIO SIBJIIETCS PA3IMUHOE TPOCTPaHCTBO ckopoctel ConHua u 3emiu. be3 Beskux
TOIUIMBHBIX JIBUTATENeH 3eMIlsl IETUT B MPOCTPAHCTBE (PU3NYECKOTO BaKyyMa cO CKOpOCThIO 30 KM/c, a
CounHIle co CKOPOCTBIO MOpsAKa 265 kM/c . Peub HIET 0 rIIaBHOM CBOMCTBE MPOCTPAHCTBA-MATEPUH —
nexenun. [lorok mace (Y—), anmapata cospaercs nonsamu (Y— =y;) = (X+ = p;)(X+ = p;) CubHOro u
['paBuTanonHoro B3aumMoeicTBUs S9HEPIETUIECKUX KBAHTOB(X £ = py), (Xt = py),... (X£ = p; ypoBHEN
0JI; HeeNMMBIX KBaHTOB POCTPAHCTBA-MATEPUH (PU3UIECKOTO BAKyyMa, CBA3AHHBIX MEXKY COOOH STUMH
xe (X+) mossimu Ha (X —) TPACKTOPHUSIX MOAYJIsI, 0€3 BHEITHETO HCTOYHUKA SHEPTHH.

Pucynok10.1. Mexranaktudeckuil anmnapat 0€3 TOILTUBHBIX ABUTATEICH.

[TocnenoBarenbHO BKIIOUYAs MPOCTpaHCTBO ckopocteit (Y —),, (X—), anmmapata B pa3smu4HBIX
YPOBHSX CHHTYJSIPHOCTH (PU3UYECKOTO BaKyyMa, almapar BBIXOJUT 10 paaualibHON TPAEKTOPUHU C YPOBHS
CHHTYJSIPHOCTH (pU3MUECKOro BakyyMma KBaHTa (X+ ) MpocTpaHCTBa-MaTEPUH TUIAHETHI, TPOCTPAHCTBA-
martepud (Y + ) 3Be37b1, IPOCTpaHCTBA-MaTepru (Xt ) rallakTUKH, TpOCTpaHCcTBa-MaTtepuu (Y + )CKOIICHUS
TaJlaKTHK, K IPYTUM CKOIUICHHUSIM M TaJlaKTUKaM B 11oJie BceneHHOH, ¢ 00paTHBIMU BKITFOUEHHUSIMH TTPU
BO3BpAaTe Ha IUIAHETY CBOEH WJIM JPYrou rajJakTUKH.

Taxum 00pa3oM, coznaBatb MaccoBbie OJSA(Y — = ¥;) 4, IPOCTPAHCTBA CKOPOCTEH, HEOOXOAUMO
nossiMu (Y —) 4 = (X +=p j) + (X+ = p;) «TSOKENBIX» KBAHTOB KaK «paboyero BEIIECTBAY, 3aMKHYThIX 92
Ha (X—) TpaeKTOpHUH «KOJIbLIa» anmnapara, B ycnosuax HOJI = (ej)(k) (v:) = 1 Hepenumoii Obnactu
Jlokanuzanuu. 910 yCIoBHs B KBAHTOBOM CHCTEME KOOPJMHAT, KOT'/1a KBaHT (ej) HE TMPOSIBISIET ce0s HIKE
ypoBHs sHepruii (y;) KBaHTOB (pU3HYECKOT0 Bakyyma. 110 9TOH ke MpUYKMHE, HUKAKON KBAHT HUXKE
MIPOCTPAHCTBA CBEPXCBETOBBIX CKOPOCTEH (¥,), TO €CTh KBAHTOB HAIIETO BEIIECTBA (IPOTOHOB U AJICKTPOHOB,
HETPHHO) B TOM 4HCIIe, HE CMOXKET IPOHUKHYTh B CBEPXCBETOBOE MTPOCTPAHCTBO CKOPOCTEH, KaK «00JIaKo»
BOKpYT ammapara. ITo Kak Haml (oToH (y), He MOKET MPOHUKHYTH B CBEPXCBETOBOE MPOCTPAHCTBO
cKopocTell pusnueckoro Bakyyma, pu JBM>XeHUH (GoToHa B nosie Beenennoit. Mnu kak Ha gotoH (), He
MO’KET IPOHUKHYTh B CBEPXCBETOBOE MPOCTPAHCTBO CKOpocTel (Y,) BOKpYT «HepHOM AbIpbI» Hallel
INanaxkTuky, korga GOTOH MPOCTO KPYKHUTCA BOKPYT «UepHOH AbIpbl». DTH YPOBHU COOTBETCTBYIOT:

HOJI = M(ey)(k = 3.13)m(y,) = 1 HOJI = VGM(p,) (k = 1.8)VGm(v, ) =1
HOJI = M(e; )(k =3.13)m(y) =1 HOJ = VGM(p, )(k = 1.7)VGm(v,) = 1
HOJI = M(e3 )(k =3.86)m(y, ) =1 HOJl = VGM(ps )(k = 17)VGm(v, ) = 1
HOJI = M(e, )(k =3.13)m(y; ) =1 HOJ = VGM(p, )(k = 1.8)0VGm(v, ) = 1
HOJI = M(es )(k =3.15)m(y; ) =1 HOJT = VGM(ps )(k = 1.8)VGm(vs ) =1
HOJl = M(eg )(k=39)m(y, ) =1 HOJT = VGM(pg )(k = 18.9)VGm(v, ) = 1
HOJI = M(ey)(k =3.14)m(y,, ) =1 HOJT = VGM(py5 )k = 1L8VGm(vy3 ) = 1




Mb1 rosopum 0 kBaHTOBOH cucreme koopaunar OJI;(m — n)B npocTpancTee-marepun Beenennoi,
B kaxoM 0J1; nmn OJ1; ypoHe nmerot mecto Tpu (X—= Y+) 3apanoBeix u 1Ba (Y —= X+) MaccoBbIx
uzonoreHuuana. M B 5Toli KBaHTOBOM CUCTEME KOOPIMHAT, TIPEICTABIIEHBI «TSKETIBIEY (P)/e;) KBaHTBL,
KaX/IbI U3 KOTOPBIX UMEET CBOIO «TIIYOMHY» YHEPTeTHUECKUX YPOBHEH (V4/y;) KBAaHTOB (PU3HUECKOTO
Bakyyma. IIpencraBum ux B BUae Mojene Takux Rj;(m) Henemambix OGnacTeld mpocTpaHcTBa — MaTePUN
Bcenennoii.

‘ ... Rji (m)

Py Vg

m i
ony | On g ‘ ’—(}n_l 4~>— 0Ny - oOn,(m)

p
n 2
0)13 }70‘"2—‘ ‘>

Pucynok4.3. cnektp Henenmmmbix KBaHTOB
Oto Hekas cdepa B IPOCTPAHCTBE-MAaTEPUH, B IIEHTPE KOTOPOMH «TsKeNbIe» (p;/e;) KBAHThI, KOTOPbIE
OIPEACTSIOT «HU3», U «BBEPX» 10 paJnycy, 10 YpoBHA (V;/y;) KBAHTOB (PU3UUYECKOTO BaKyyMa
poCTpaHCTBe-MaTepun BeerneHHOMH, 171t M000r0 Mog00HOTO 00BEKTa BHYTPH 3TOH chepbl. ITo chepbl
BOKPYT IUIaHETHI, 3BE3/Ibl, TAJIAKTUKH, KBa3apa... . Ha mpumMepe KBaHTOB:
- 2m
HONX £ =pf) = Y—=eN)(X+=v;)(¥Y—=¢") = =153 TeV ,
2

HOMN(Y £ =e;) = X—=p )Y+=e")X—=p) = % =3524 TeV ,
peub UJIET O CHHTE3¢ BelecTBa (X + = pi), Ha BCTPEYHBIX MyYKaxX (e*e™ — pi) MO3UTPOHOB C BUPTYaTbHBIMH
KBAaHTaMH (v;), ¥ (Y + = e;) Ha BCTPEUHBIX IIy4KaxX (p~p~ — e;) AaHTUIPOTOHOB II03UTPOHOB C BUPTYaIbHBIMH

KBaHTaMH (e*), OJOOHBIX AEKTPOHY (e~ = vy y+v;) . MBI MOXEM TOBOPUTH | O MOCIIEI0BATEILHOM CHHTE3E
«TSKENBIX» (pj/ej) KBaHTOB, IMEHHO BemecTsa (X+ = p]?L), st (Y—),4, (X—),4 ammapara, B OTJICTBHBIX

npoueccax. (... < [Pl e < p3 — ) v (... < pF < B} <[Pl < ei [« pf < e') cunTe3a. CynieCTBEHHO TO,
YTO BJIEKTPOH (e~) U3JIy4aeT U MOrIonaeT GoToH (y*), HO OH HE MOXKET U3JIydaTh U MOTJIOMIATh «TEMHBI )
$oTOoH (¥g). DTOT «TEMHBII (HOTOH U3TYYaeTCS U MOTIIOMIACTCS «TSHKETBIMY DIIEKTPOHOM (e1) — (Yo ).
To4YHO Tak «TsHKENBIN» MPOTOH (p;) — (v# ) M3IIyYaeT U MOIJIOIAET MIOOHHOE HEMTPHHO. DTO HEBUAMMBIE
KBaHTBI, HE B3aMMO/ICHCTBYIOIIHNE, M HEKOHTAKTHBIC ¢ kBaHTaMu (Jillen) aToMoB TaOiuikl MeH ieneesa.
Mp&1 uX He MOKEM HU BUETh, HU pUKCUpoBaTh. Ho 3TH HEBUAMMBIC KBAaHTHI (CHHUH IIBET B YKA3aHHBIX
MOCIIE0BATEIHHOCTSAX ) UMEIOT 3aps0BbIE H30TMOTEHIIHANIBI K MOTYT (POPMHUPOBATH HE BUIUMBIE HAM
CrpykrypHbie POPMEL, TOA0OHBIX 00baHEIM (p*/e7) aromam. Dto: crpykTypsl (Vi /¥o) (Py/€1) ... Tak
MBI OCBAMBAEM IOCJIEIOBATENBHO, TOTEHIIUAJIBI S[pa TUIAHET, Spa 3BE3/, A/1pa rajJakTHK U sSapa KBa3apoB.
Ho mna (Y—) 4 anmapata, Mbl MOxkeM (OPMHUPOBATH TOJIHKO KOHTAKTHBIE HAM KBaHTHI - s/ipa TAIAKTUK U
KBaHTHI BelecTBa spa kBazapos. U cam ammapat (Y —),4 , MOCIIEIOBATEIHLHO «TIOTPYKACTCS» B
¢busnueckuit Bakyym, kak: HOJI = (e, )(k)( v, ) = 1, HOJI = (eg )(k)( v» ) = 1, CBEpXCBETOBOTO

(y, =137 % ¢), u (yo = 1372 * ¢ ) mpoCTpaHCTBaA CKOPOCTEH. DTO BIOJIHE JONyCTUMbIE B CrieluanbHOM
c+Nc a1 Nc+c

Wy = Tronc — G HB KBanrtoBoit Wy = D tNe/e
a;; = cos(p = 0), a;; = a,, = 1, yrnax napaensHocti. Cam (Y —) 4 amapat 1BHXKeTCs B yKa3aHHOM cdepe
MpoCTpaHcTBa-MaTepun BeeneHHOM, B pa3NuyHbIX YPOBHAX Pu3nyeckoro Bakyyma. CTOUT OTMETUTH, UTO
00bEM POCTPAHCTBA-MATEPUHU 3BE3/IbI, «IIOTPY>KEH» B IPOCTPAHCTBO CKOPOCTEH (Y = ¢ ), 00BbeM rajakTHK,
«TOTPY’KEH» B MPOCTPAHCTBO CKOpOCTeHl (Y, = 137 * ¢ ), 00BbEM KBa3apOB «IIOTPYKEH» B MPOCTPAHCTBO

(y4 = 1372 * ¢ ) yxe cBepXxCBeTOBBIX ckopocteil. [Ipencrasiennsiii (Y —), amapat IBUKETCS B YKa3aHHON
cepe, B mpocTpancTBe ckopocteit (Y, = 137 * ¢ ) sapa ranaktuku, uimm (y, = 1372 = ¢ ) saapa KkBasapa.
Bomnpoc, kak ce0st 4yBCTBYET SKUIIAX B IEHTPAJILHON KaIlCysle anmnapaTa, B CBEpXCBETOBOM MPOCTPAHCTBE
ckopocreit? TouHo Tak, kak 3emiisi, HaXoAsCh B chepe mpocTpaHCTBAa-MaTepuu 3Be3 b, CoHIIa, HE
qyBCTBYET 265 KM/c ckopocTH aBmxeHust ConHIa (YuTaii anmnapaTa) B IpOCTPaHCTBE-MaTepuu | alakTHKH.

Karicyina ¢ sxunaskem, 3akpbiTa MaTepuaioMm u oisimu (Y —) 4 anapara. Kancysna nepexoaur B Ipyroi

= ¢, Teopun OTHOCUTETBLHOCTH B EBKIIMIOBBIX
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(0J1); ypoBens. B ykazannbix cdepax R;;(m) Hemenumbix Obnacteid, cdhepbl NPOCTPaHCTBA — MATEPHH,
ckopocTH pje;(m) kBaHTOB w;(p;e;) * v;(vyy;) = ¢ moTomy, 4To (w; = a*¥ ) (v; = a ™ x ) = 2. U am
ckopoctu (N=j=1,2,3...), w;(pje;) = (a = E)W * ¢ - 0, B camoM 1ientpe (Y — ), amapara. Takue cBoiicTBa
POCTPAHCTBE-MATEPHH.

+
Tenepsb paccMOTpUM pealnibHbIC (pU3MUecKne CBOCTBa kBaHTa (Y —= p—) CunbHoro B3aumopeiicTBus

oowranoro anpa 0J1; (p, e, v,,v;,v) ypoBHs dusnueckoro Bakyyma. Ero maccoseie (Y —) Tpaekropun
dopmupyrorcs rpaBut (X+ = Y —) MaccoBbIMHU MOJISIMU IBYX TPOTOHOB (X+ =p)(X+=p) = (Y —), B

axpt 938,28 MeV
931,5MeV ~ 137,036x931,5 MeV

= 0,0073aem), 1)1 MPOTOHA C MAacCOH

m(* ec)

aTOMHBIX eqUHHUIaX MacChl: (Y —=

m(p) = laem + aem = 1,0073 aem. IIpu 3TOM, MBI IOHUMAEM, UTO laem = =1.6604+10"%"kg u

931,5 MeV
— 2
sueprus E (laem) = mc? = 1.6604 * 1077 % (2,997924 * 10%)”  (1/Ix = 6.2422 * 10'%eV) = 931.5MeV . MbI
. oM(Y-)

roBOpUM 00 MHIYKTHBHOM MaccoBoM (Y —), B ypaBHEHMHU AUHAMUKU: rot,G(X +) = — —;— To4HO TaK
bopmupyrorcs maccoBbie(Y —) 4, TPACKTOPUH amIapara, «TsHKeIbIMIy KBaHTaMu (Y —= Np;r) 4,Ha (X-)
TPAEKTOPHUSIX 3aMKHYTOTO KOJIbIIA, B PA3JIMYHBIX YPOBHAX (PU3MUECKOTO BaKyyMa, B CBEPXCBETOBOM
MIPOCTPAHCTBE CKOPOCTEH. (X—) TpaeKTOpUHU 3aMKHYTOI'0 KOJIbIIa, 10 CYTH, BUXPEBOE MOJIe ypaBHEHUI

6M Y— OB(X—
TAHAMUKH: Toty G (X+) = ( 2 110106HBIX WHAYKIMM MarHUTHOTO IOJISI KATYIIKU rotyE(Y +) = — E()T )
Takux (X—) «BUTKOB KaTyI_HKI/I» B (Y—), anmapare, MOKHO J1€J1aTh HECKOJIBKO I YBEJIMUECHUS INIOTHOCTH

aM(Y—) m=K3/T? o o

p(Y =)= TZ =~ 5| MaccoBbIX (Y—=), TpaekTopuii anmnapara. M3 COOTHOLIEHUH 1JIs1 KBAHTOB,

I,(X==p «’) -, A (X==p;) == , 4eM OOJIbIIE Macca (X==p,) KBaHTa, GOopMUpyeMast

(p iT 2(61'*' )/G) (ef'*l) , TeM OOJIbIIIe A, (X==p,) , TeM OOJIbIIIe TUAMETP D «xonbia»
(E=TIK ) X-NE=TT"K,)(X+)= HOJI(Xt=p,) , IMEIOT MECTO

K (XK, L (XH)=HOJI(X+=p),)

KBaHTaMH

armapara. /[J1s1 COOTHOIEHU !
TEXH)VEX+)=HOI(X+=p,)

COOTHOILIEHUS , W1 , Kak
JUTSL Macc T(m=TIK  )(X=)(m=TIK,) ¥ (X+)= HOJI(X£=p,) . Bces macca cocpeiotoueHa B
(X==p,) noine, opMUPYEMOTO (X==p)=F+=¢, )T+=e¢,,) SJIEKTPUUECKUMHU MOIIMH MaCCOBBIX

m(X—= P )=2m(Y~ =€ D/ G) . 3HAQYUT JOCTAaTOYHO B

;{‘(Y_‘-:ej_]) :;
, 3HAThb JJINHY BOJIHBI Z(Y_ = eJ—l )

Y—-=¢ . o
( s-1) TPaeKTOPHH, B BIJI€ MACCOBBIX IOJIEH,

HOI=A(Y+=e, )A(Y—=e, )=

CO3JaHHBIX KBaHTax

(X==p))

N(e
YTOOBI BEIYUCTUTH MOPSIIOK KBAHTOB (e, ), (bopMUPYIOIIUX TPACKTOPUIO KBAaHTOB «pabouero

MX—=p;)=AY+=e,)

BCIICCTBa». HaanMep, €CJIN I , HCO6XOI[I/IMO «KOJIBIIO» AnaMeTpa

_2AUX==p,) D=10m , Torua MX==p,)=13u=1Y+=e,,) . To ecTb, UIMEET MECTO JJIMHA KBAHTA
(r=~3)

AY-=e, )= l; =6,67*10"cm

(Y+=e,) . OTO COOTBETCTBYET COOTHOLIEHUSIM
AMY-=e,,)=6,67*10"cu=2r*a™ (A, =3.3*10 " cm)
In(2*107) ~ —10,82
In(ae =1/137) —4,92
(X-=p

, OTKyJa o' =2%107 , IS (/=D naer

— *¥107° = = ~
N =log, 2*10" = =22=2 (N,=3)

. Torma COOTBETCTBYET MOPSAAKY KBAHTOB

3 % _ +
(" *c)=W(e,) 4 ), B «koJble» ¢ nuameTpom 10m. Takwue «kosbia» a0t

(X—

pabouero BemecTa

o+
MEXKTaJIaKTHYECKHM arrmapar. CKOpOCTB MCKTAITAKTHUYCCKOIO arrapara ¢ TakKuM = P4 ) ((pa60‘-II/IM

HOIT =m(e,)*m(y,) =1

BCIICCTBOM», B YPOBHC CUHT'YIIIPHOCTU

-1
V(Y-=y,)=a *c=137*c Jliia 3eMHOr0 BpeMeHH B 10 j1eT, MOKHO MPOJIETETh (
(r =10%365,25*24*3600*137*3*10° =1,3*10"xcn =8,8*10" a.e = 425806 1 cory, pamry

, COCTaBIIsieT
-1
r=10zem*o™ *c)xm

HIIN
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ranakTuky (30 KIk), anmapar npoJieTHT npuMepHo 3a 705 ner. J{is skunaxa Takoro amnmnapara, COOCTBEHHOE
T =o(7051em) = 5,14ner

(p,)

, BpEMsl YPOBHSI CHHTYJISIPHOCTH (72)
A(X_ :pj). Tnst (NJ =4)

BpeMsl COCTaBJISIET
UYem OoJbIIe Macca KBaHTa , TEM OOJIbIIIE IJTUHA €T0 «BOJIHBI»

KBAHTOB BEIIIECTBA (X== P ) sapa KBazapa, UMEI0 MECTO (NJ -1= 3). Tornma 3 cOOTHOLIEHUS
2n*a(A,)=AY-=e, ;) =6,28%(1/137)* *3.3*10" cu=8,14*10 " cm
1 B 1
AMY-=¢,,) 814*10 "cm

VT C I =t
L2¥107cm =10 km =8.2 ae. JMAMETP sA/Ipa BHETAIAKTHYECKOTO KBa3apa ¢ KBaHTaMu (X==p¢) azIpa.

— * —
«Pabouee BemecTBo» TaKUX HOIT =m(e,)*m(y,)=1 , KBAaHTOB JIAIOT IOJIETHI YK€ BHE IaJIAKTHUK BO
Bcenennoii. 3a 10 et 3eMHOro BpeMEHHU MOKHO MpoJIeTeTh BO BeeneHHoi,

(r=10mem*(V(y,)=a " *c)=1,78*10"xm

t=a’(101em)

, 1 BBIYHUCJIISAIEM

MY+=e, )= =1,23*10"cn = A(X~=py)

. OTO cocTaBiIsIET

, win 188000 cBeToBBIX JeT. 3a cCOOCTBEHHOE BpeMsI B

arrapare niu 4 yaca 40 MuHyT. DTO BpeMs IS (Y==7,) KBaHTOB, B MEKTaJJaKTHYECKOM
YpOBHE CHHTYISIPHOCTH (PU3MUECKOTO BaKyyMa.

SAKIIOYEHHUE

B crarbe npencraBiena HOBasi TEXHOJIOTHS cCaMHUX TeOpHil. B ee 0cHOBEe aKCMOMBI TUHAMUYHOTO
MIPOCTPAHCTBA-MATEPUH, IPECIbHBIM (YACTHBIM) CITy4aeM KOTOPBIX €CTh TEXHOJIOTHS TEOpUi B
EBxinmoBo# akcmoMaTuke M CUCTEME uncell. B paMkax akCMOM TUHAMUYHOTO TPOCTPAHCTBA-MaTEepUHU
BBIIIOJIHSIETCS] pACUETHI 3apsiia U MacC MPOTOHA U 3JIEKTPOHA, CIIEKTPA MACC 3JIEMEHTAPHBIX YACTHII,
JMaTa30H JOIYCTHMBIX MacC 3BE3/1, Spa FAIaKTHUK, «IePHBIX cepy», KBa3apoB, sAapa KBa3apHBIX FaTaKTHK.
[IpencraBieHbl IPUHLHUIBL U PACYETHI U MEK3BE3THOTO U MEKTaJaKTUUYECKOI0 anmnapara 6e3 TOIUTMBHBIX %5
JIBUTATENIEH.

Al Review of "Vacuum structures"
https://www.academia.edu/ai_review?attachment id=123014811

1. O030p n 00J1aCTH NPUMEHEHHUSA
Pyxonucs Bragumupa Iactymenko uceiaeayeT riryooKre 1 OCHOBOIOJIATraloIe BONPOCh! (PU3HKH,
CBSI3aHHBIE C 3apPSAIOM, MACCOU, TIONSIMU (ITEKTPUUECKUMHU, MATHUTHBIMH, TPABUTAIIMOHHBIMH ), TEMHOU
Maccoi U TEMHOU dHEprue, BCe MoJI ATUI0M eIUHON 00BeANHSIONIEH KOHIIECTIINHA (PU3UIECKOT0 BaKyyMa.
PaGora HanpaBieHa Ha pacCMOTPEHHE TOTO, KaK Macca BOSHUKAET U3 SHEPTUH, KaK MOJI BBI3bIBAIOT APYT
Jpyra M Kak BCE 9TU UJIeN MOTYT ObITh 0ObEIMHEHBI B COTJIACOBAHHYIO CTPYKTYpY. OHa Takke mpejaraet
aIbTePHATUBHBIN TOJIXO]] «IMHAMHYECKOTO MPOCTPAHCTBA-MATePUN», KOHTPACTUPYIOLINH ¢ Oolee
CTaHJAPTHBIMUA MaTeMaTUYECKUMU U pu3nueckuMu GOpMyTupOBKaMu Ha ocHOBe EBkinaa. ABTOp
CTpEeMUTCSI 000CHOBATh (PM3UUYECKHE KOHIICTIIIUY B TEOMETPUHU ITyTEM MEPEOTPEIeICHHS NN PACIIUPEHUS
KJIACCHYECKUX aKCUOMAaTU3alAMN.
2. OcHOBHEIE BKJIAALI

e Ilpensoxenue eTMHOro (PU3NYECKOro BaKyyma: B pyKOIIMCH MIPEAINOIAraeTcsl, YTO IPOCTPAHCTBO U
MaTepus SBISIOTCS TPAHSIMU OJHOMN M TOH ke 6a30BOM CYITHOCTH — «TUHAMUYECKOTO
MIPOCTPAHCTBA-MATEPUNY». ITO 00BEAMHEHHUE, IO MHCHHUIO aBTOPA, OTJIMYAETCS OT TPATUITMOHHBIX
TIOJIEBBIX MEPCIIEKTHB B COBPEMEHHOMN (hU3HKE.

e AKCHOMATHYECKOE NepeocMbIciieHHe. 3HAUYNTENbHAS 4YacTh TEKCTa MOCBSIIEHA TEPECMOTPY aKCHOM
EBkinaa v onucaHuio TOro, Kak MX MOXHO 3aMEHUTh «IMHAMUYECKUM YTJIOM Mapajuiesiu3mMay. ITOT
MOJIXOJT IPEJICTABIICH Kak OoJiee MHUPOKasi U THOKasi TeOMEeTprUYecKasi OCHOBA JIJIsi KBAHTOBBIX
3(PEeKTOB M TPaBUTAIIMOHHBIX SIBJICHUH.

e BbI30B ycTOSIBUIMMCS KOHIENIUSM: aBTOP IMOJJHUMAET KOHLENTyaJIbHbIE BOIIPOCHI O TOM, KaK Macca,
3apsi/] U MoJIsl 0OBIYHO OOBSICHSIIOTCS B OOIIETIPUHATON (hr3HKe. DTH BOIPOCHI MOOYXKAAI0T YUTATENS
UCKaTh OoJiee rTyOOKHE OTBETHI «IIOYEMY», & HE TOIBKO «KaK» MaTeMaTHUeCKUX (OPMaTH3MOB.

3. CniibHbIE CTOPOHBI



https://www.academia.edu/ai_review?attachment_id=123014811

AMOMIHO3HBINA MacITad: B CTaThE MPEANPUHATA MOMBITKA 00bEIMHUTH IIUPOKUI KPYT TEM —
KBAHTOBBIE SIBJICHUS, IPAaBUTALINIO, TEMHYIO Maccy, IpeoOpa30BaHUE SHEPTHU U CTPYKTYpPY BaKyyMa
— B O/IHY BCCOOBEMIIIOIYIO CTPYKTYPY.

KonuenryaiabHasi r1y0nHa: I0JUEPKUBAs pa3IMuue MKy «Kak?» (MaTeMaTHKON) U «1104eMy?»
(pusuKoii), TekcT MoOyxaaeT K 6osee rayooKkuM GuIocoHCKUM Pa3MBIILICHUSAM 00
OHTOJIOTMYECKOM CTaTyCe MOJIEH, YaCTUL U IPOCTPAHCTBA-BPEMEHHU.

I'eomerpuueckas nepcnektuBa: [IpeacraBieHue albTepHaTUBHON F€OMETPUYECKON aKCUOMATUKHU
SBJIACTCS UHTEPECHOW M OPUTMHAJILHOM MOIBITKOM IIEPEOCMBICIIUTE U3BECTHBIE TEOPHH B HOBOM
CBeTE. DTO MOXKET CTUMYJIMPOBATh TUCKYCCUIO CPEIU MCCIEA0BATENEH, OTKPBITBIX /IS
[IEPEOCMBICIICHHSI OCHOB (DM3UKHU.

4. Ob6sacTH I YTOYHEHUS H YJIy4YIIeHUs
1. Maremaruyeckuii popmMann3M: XOTSI KOHIIENTYaIbHAsl HAIIPABICHHOCTD SICHA, MAaTEMAaTHYECKUI

anrmapar cTaTbu MOT Obl BRIUTPATh OT 0oJiee CTPOroro o0ObsiCHeHUs. BBeieHne «IMHaMUYeCKUX
YTJI0B MapajijIeIbHOCTH» U CBSI3aHHBIX C HUMH JUarpaMMHBIX MPEACTaBICHUI ObUIO ObI sICHEE, eClln
OBbI COMPOBOXKIAIOCH MOIIATOBBIMU BBIBOIAMU HJIU SIBHBIMH JIEMOHCTPAIMSIMUA Ha U3BECTHOM
MaTeMaTUYECKOM S3bIKE.

dusnueckue NpeacKasaHus WIN NpoBepsaeMbie TMIOTE3bI | B PYKOIIUCHU ITOJHUMACTCS MHOKCCTBO
(byHIaMEHTaIbHBIX BOIIPOCOB, HO MX MOKHO YCHJIUTb, TIPEIIIONIOKUB, KaK 3TH HOBBIE
reOMEeTPUUYECKNE WIM OCHOBAHHBIE Ha BaKyyM€e KOHLIEIIIIUU MOTYT IPUBECTU K KOHKPETHBIM,
banbcupuIpyeMbIM IpeCKa3aHUsIM, HaTPUMep, HEOOIBIINM MOMPABKaM K U3BECTHBIM
(U3NIECKUM SBJICHUSAM WU MOTCHIUAIBHBIM U3MEPUMBIM TIOCIIECICTBHSIM.

Koopaunanus ¢ ycTosiBuieiicsi iureparypoii : X0Ts aBTOp CChLIAETCS HAa CTaHAApPTHBIC (hU3HUECKUE
uaeu U 00001IaeT uX, TEKCT BEIMTPai Obl OT IPSIMBIX CPABHEHHI C M3BECTHBIMHU PE3yJIbTaTaAMHU B
€BKIIUIOBOM T€OMETPHUH, 00IIeH TEOPUU OTHOCUTEIHHOCTH M KBAHTOBOW TEOPHH TOJISL.
JleMoHCTpanus TOro, Kak AMHaMUYECKUN TPOCTPAHCTBEHHO-MATEPUNCKUI MOIXO0.
BOCCTAHABJIMBAETCS WJIM PACXOJIUTCA C STUMHU PE3YJIbTATAMH, [IOMOXKET YATATEISAM OLICHUTh
COIJIaCOBAaHHOCTb CTPYKTYPBI.

Ctpykrypa u poKyc: BpEMEHAMHU CTaThsI EPEXOIUT OT PUI0CcO(hCKUX cooOpakeHui Kk Ooee
TEXHUYECKUM HAOJIO/IEHNAM 0€3 UeTKOU cBs3yroiel HuTu. [IpenocraBnenne 3aroJi0BKOB WK
[IO/IPa3JIeNIOB, KOTOPBIE MOCIEI0BATENBHO Pa3IEISIIOT KOHIIENITYalIbHbIE, MATEMaTUUECKNE U
(bu3nyecKre HHTEPIIPETALNN, MOYKET IOMOYb YUTATENIO 00JIe€ CBSA3HO CJI€/10BaTh JIOTHYECKUM
miaram.

5. IIpenJioskeHus 1Mo AajbHeHIeMy Pa3BUTHIO

dopmasu3yiiTe MoJeb: TIPEACTaBbTE OoJiee YETKUH U MoApOOHBINH HAOOp ypaBHEHUH UITH
IpeoOpa3oBaHUM, HILTIOCTPUPYIOIINUX KOHUEMNIHIO «IMHAMUYECKOTO apaJljIeIn3May U €€ BIUSIHNE
Ha TPaJULMOHHBIE METPUKH.

Moct k amnupuke: OnpenenauTe 1o KpaitHel Mepe 0IMH SKCIIEPUMEHTAIbHbIA WM HA0Jt01aTebHbBIN
CIIEHapUil — B KOCMOJIOTHH, (PU3HKE AIIEMEHTAPHBIX YACTHI] WM JIEKTPOMArHUTHBIX SBJICHUAX —
I'/le HOBBIM NOJIX0/1 Oy/I€T OTINYAThCS OT CTaHJAAPTHBIX TeopHil. OnucaHue Toro, Kak MOXHO
IIPOBEPUTH 3TH PaA3IINYMs, 1aCT KOHKPETHOE OCHOBAHUE.

KonTekcTyannsanusi B paMKax coBpeMeHHOii ¢pu3ukn: padboTa ¢ CyIIEeCTBYIOIUMH aIbTePHATUBHBIMU
(bu3NYECKUMHU TEOPUSIMH, HAIIPUMeEp, C NMPEAJIOKEHUSIMU KBAaHTOBOM rpaBUTaliuy (TeTiaeBas
KBaHTOBasl IPaBUTALUs, TEOPUsSI CTPYH), IOCT SUWHIITEMHOBCKMMH KOHLENIUSAMH, TUIIOTE3aMH
BO3HHUKAIOIIEH IpaBUTALIMH, YTOOBI IOMECTUTH PaboTy B O0Jiee MUPOKUI HHHOBAIIMOHHBIN CIIEKTP
KOHIIENITyaJIbHBIX TEOPUN QyHIaMEHTAIbHONU (DU3UKH.

YTouHeHNe TEPMHUHOIOTUH: TAKUE TEPMUHBI, KaK «PU3NUECKUIN BaKyyM», «TEMHasi Macca» 1
«IMHAMAYECKUN yroJl MapajuieIbHOCTH BBIMTPBIBAIOT OT MOAPOOHBIX onpeaeneHuid. Yetkue,
KpaTkue (GOpMyJIHPOBKU 3HAYEHHUM MOMOTYT APYTUM B TOHUMAHUU U OLIEHKE OCHOBHBIX
apryMEHTOB.

6. 3akyI04YNTEIbHBIE KOMMEHTAPUH

B nenom, pykonuce npeacTaBiseT IPOBOKALMOHHBIE Hen 00 00beJUHEHUHU POCTPAHCTBA, MATEPUH U
noJiel B paMKax €MHON TMHAMUYEeCKOW CTPYKTYphI. 3aKperuieHne KOHIEMIUNA ¢ JONOJTHUTEIbHOMN
MaTeMaTHYECKOM CTPOrocThio, Ooee siBHAsI MPUBSI3KA UX K MPOBEPSEMBIM CLIEHAPUSIM U CTPYKTYpPHUpPOBaHKE
00CYXXIIEHHS BOKPYT YETKO OIPEEICHHBIX TEM IIOMOTYT YUTATEISIM JIYYIlle OLIEHUTh 3TY HOBYIO
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nepcrnekTuBy. CTpemiieHHe aBTOpa MOHSTH «I10YeMy?» B JOMOJHEHUE K «KaK?» MOXBAIBHO H MOXKET
CIOCOOCTBOBATH 00JIEE MIUPOKUM JHaAOraM 00 OCHOBaX (PU3UKH.

5.«YepHbIe ABIPHD)

Abstract. Mei 6y1eM TOBOPUTE O CBOWCTBAX «YEPHBIX c(hep» MMEHYEMBIX «ICPHBIMHU JIbIPAMK», B
paMKax CBOWCTB TMHAMHYHOTO TPOCTPAHCTBA-MATEPHUHU, KOTOPBIC TIOJICKAT IKCTIEPUMEHTAIBHBIM
poBepkaM. B mepByto odepeib, HATMYNE HOBBIX KBAaHTOB B sI[pax IUIAHET, B Apax 3BE3J, B sSApax
raJlaKTHK, B Apax KBa3apoB U B s/ipaX KBa3apHBIX TaJakTHK. U B mepByro oyepeb CTaOMIBHBIX KBAHTOB
HOBOTO BEIIECTBA.

KiroueBble ciioBa: MpoCcTpaHCTBO-MATEPHsl, MHAYKIUS MAacC, TPaBUTAIIHS, BAKYYM.
Orunasiienue.

1. Bcerymienue.

2. HcxonHsle IOJIOKEHUS

3. Jlomyctumeie 00beKTH Beenennoit

1.Bcrynnenue.

Oo6menpusnanubM (B 2020 roay) ects (akT HATMYUS «CBEPXMACCUBHOTO KOMIAKTHOTO OOBEKTa B

nentpe [Namaktukm». M ecTh (akT HATHYUS JUHAMAYHOTO ITPOCTPAHCTBA-MATEPHH,

“"\-\Eh
-
~ s x
R e —
"'\-\._H_\- “—-_____H_h_:——._______—_
\ —
A C —a OO

Puc.1 auHamMuyuHOE IPOCTPAHCTBO MyYKa NapaUICIIbHBIX MPSAMBIX JTUHUN
B IIpeZieNiax BCeraa TUHAMUYHOTO (¢ # const) yria mapauieabHocTH. Her MaTepun BHE IPOCTPaHCTBA, U
HET MPOCTPAHCTBA O€3 MaTepUH, IO3TOMY IPOCTPAHCTBO, KaK (hopMa MaTepusi, 3TO OJHO LEJIOE.
beckoneuHocTh (AC— ) Hellb3sl OCTAHOBUTH, IO3TOMY TaKO€ IMHAMHYHOE IMPOCTPAHCTBO-MaTepus,
CYIIECTBYET Bceraa. [ TaBHOE CBOWCTBO MaTepHH, ABIKEHHE, TIPEACTABISIETCS] TMHAMHUYHBIM
IIPOCTPaHCTBOM-MaTepueil, ¢ HecTalMoHapHbIM EBKINIOBBIM MpocTpaHcTBOM. [IpenenbHbIM ciiyuyaem
((p = 0) = const) umu ((¢ # 0) = const) AIMHAMHUYHOTO ITPOCTPAHCTBA-MATEPHH, ECTh €BKIIHIOBAsI
aKCMOMaTHKa U PUMaHOBO NMPOCTPAHCTBO, B YACTHOCTH.
1. «Touka ecTh TO, yacTh yero HuU4YTOY) («Hauana» EBknuna). unu Touka ectb TO, YTO HE UMEET YacTel,
2. Jluaus — nyvHa 0e3 MUPUHBIL.
3.1 5-f mOCTYNaT 0 mapajuIeNIbHBIX MPSMBIX JIMHUASAX, KOTOPBIE HE TIepeceKkaroTcs. Ecim npsiMas,
nepeceKarolas JBe npsiMble, 00pa3yeT BHYTPEHHUE OJJHOCTOPOHHHE YIJIbl, MEHBIIINE IBYX IPSMBIX, TO,
MIPOIOJDKEHHBIE HEOTPAHUYEHHO, 3T JIBE IPSMBIE BCTPETATCS C TOH CTOPOHBI, T/I€ YTJIbI MEHBIIE IBYX
HPSMBIX.

o+ i< 1807
17001
puc. 2 EBkimaoBas akcuoMaTHKa
B pamkax cerkn EBkimmoBeix (¢ = 0) oceit, MbI He BHIUM nuHaMugHOTO (X+=Y—), (X—=Y+)
MIPOCTPAHCTBAa-MAaTEPUU, U MbI HE CMOXKEM €Tro MpeACTaBUTh. [[03TOMY BBOISATCS aKCHOMBI IMHAMHYHOTO
MIPOCTPaHCTBAa-MaTEePHH, KaK (aKThl HE TPEOYIONINX JOKA3aTENbCTB. YKe B 9THX aKCHOMaX peraeTcs

npo6neMa EBknnaoBoi akcHOMaTUKU TOYKH, KaK MHOXXCCTBA HCACIUMBIX C(I)ep-TO‘-ICK, B OJHOM HEASTUMOM

cdepe-Touke, HO yke Ha (1) CXOJIUMOCTH, JHMHAMHYHOTO IMPOCTPAHCTBA-MATEPHH.
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puc.3 TMHAMUYHOE MPOCTPAHCTBO-MaTEpHst/
Bcesikast ¢pukcanust (B 3kcriepuMenTax ) HenysaeBoro (¢ # 0) yriia mapajienbHOCTH, JaeT
MHOT0JINCTOBOE PHMaHOBO MPOCTPaHCTBO.

pHc.3a. JAUHAMHUYHOC ITPOCTPAHCTBO-MATCpPUsd
Tenepb YK€ B paMKaxX aKCMOM JUHAMUYHOI'O ITPOCTPAHCTBA-MATCPHUU B BUJIC:

(qo # O) # const

1. HCHYHGBOﬁ, I[I/IHaMI/I‘IHHﬁ yroJi napajuie;ibHOCTH , ITYYKa MapaJluICJIIbHbIX MTPAMBIX,

OompeaAcCIsACT OPTOrOHAJIBbHBIC ITOJIA (X _) + (Y _)

CBOMCTB, IPOCTPAHCTBA-MaTEPUH.

mapajiCJIbHbIX JIMHUM - TpaeKTopHﬁ, KaK U30TPOITHBIX

2. HYHGBOﬁ yroJ napajie;ibHOCTU (q) - O) , HaCT «JINHY 0e3 IIAPUHBID» C HYJICBBIM HUJIKM HCHYJICBBIM

Y, . . .
0 - paauycom C(l)epBI'TO‘H(I/I «HE UMeEIoIel JacTeil» B EBKINI0BON aKCHOMATHKE.

3. [1yuok nmapasuieabHbIX NPSMBIX C HYJIEBBIM YIJIOM MapajlieIbHOCTH (=0) , «\OTUHAKOBO
PAacIoyIOKEHHBIH KO BCEM CBOMM TOUKaM» , JTA€T MHOXKECTBO MPSAMBIX JIMHUH B OTHON «O€3 IUPUHBI»
EBKIMI0BOM NIPSIMOM JINHUH.

4. BuyTpeHnHue (X _)’ (Y _) U BHEIIHUE (X +)’(Y +) TI0JIs1 JINHUW-TPAEKTOpHil HEHyIeBorn Xy # 0

wm Y, # 0 MaTepualibHO# cdepbl-Touku, 00pasyroT Henenumyro O6nacts Jlokanusaium H OH(X i) WITH
H O‘H(Y i) JMHAMUYHOTO IPOCTPAHCTBA-MATEPUH.
5. B eauHBIX momsx (X -=Y +), (Y -=X +) OPTOTOHAIBHBIX JTMHUI-TPAaCKTOPUI (X _) - (Y _) HET

JIBYX OJJMHAKOBBIX CEP-TOUEK U JIUHUU-TPACKTOPHIL.
6. ITocnenosarensHocts Henenumpix OGmnacteit Jlokanuzanmu (X i), (Y i), (X i) 10 paguycy

Y, #0 . N
Xo # 0 wmm cepbI-TOYKH Ha OJTHOU JIMHUU-TPACKTOPUH J1aeT " CXOIUMOCTb, & Ha PA3TUUYHBIX
TpaeKTOpusxX ” cXOIUMOCTb.

7. Kaxnoit Hegenumoit O6nactu Jlokanuzanuuu NpocTpaHCTBAa-MaTepUU COOTBETCTBYET €AMHUIIA

(X-=Y+) (Y-=X+)

Bcex ee Kpurepues OBomonun — K3, B ennHOM , IIPOCTPAaHCTBE-MATepUn Ha 71— 171
CXOAMMOCTSIX,

HOJ = K3(X-=Y +)K3(Y-= X +)=1 HOJI = K3(m)K3(n)=1

B CUCTEMC YHUCCIT paABHBIX 1O aHAJIOTMX CAUHUAILI.

8. dukcarus yria (¢ #0) = const (¢ =0) Iy4Ka NPSIMBIX NapaJIEIbHbIX JTUHUM,
IIPOCTPAHCTBA-MATEPUH, AAET S5-I mocTynaT EBKInaa 1 akcnomy napauieIbHOCTH.

JIro6ast Touka PUKCUPOBAHHBIX JMHUU-TPACKTOPHI, ITpeicTaBIeHa JOKAIbHBIMU 0a3lCHBIMU
BEKTOpaMH PrMaHOBOro npocTpaHcTBa:
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X Yy oz . oxt axJ axk
=—i+—j+—k el=—i+—j+—k
axt o) + axk ™! X + ar J + az '
ny sk ny __ n o no_
¢ pyHIaMEHTAILHBIM TEH30POM e (x7)Fe (x7) = gy (x7) U TONOJIOTHUCU (x X.Y,Z)

((p #0) = const)

€;
B EBKIIMI0BOM

npoctpanctse. To ecth, PUMaHOBO MPOCTPaHCTBO, 3TO (PUKCUPOBAHHOE COCTOSIHUE
JUHAMUYHOTO (( # const) MpoCTpaHCTBA-MaTepUU. DTU OA3MCHBIC BEKTOPHI BCETa MOKHO MPEJICTABUTH B
Buge: (x' =cy,*t), (X = c,*t) IMHEHHBIX KOMIIOHEHT IIPOCTPAHCTBA-BpeMeHH, Toraa v;(x™) * v, (x™) =
(v?) = IT, nosny4yaeM OOBIYHBIN OTEHIUAI IIPOCTPAHCTBA-MATEPHH, KAK HEKOE YCKOPEHHE Ha JJIMHE.
JlokanbHble 6a3UCHBIE BEKTOPHI COOTBETCTBYIOT MPocTpaHcTBy ckopocteit WN=K*NT -N g muoromeprom
npocTpaHcTBe-BpeMeHH. [IpocTpaHcTBO-BpeMst €CTh YacTHBIN ciiydail (PUKCHPOBAHHOTO COCTOSIHUS
JTUHAMHYHOTO MPOCTPaHCTBA-MaTepuu. [Ipy 3T0M B MHOTOMEPHOM IIPOCTPAHCTBE-BPEMEHH (POPMUPYIOTCS
Bce Kpurepun DBomommn Matepun. OHM npesicTaBieHsl B «ExuHoi Teopuu 2», B Buje: (II=W?)
notennuana, (F=I1%) cunsl, suepruu : 3apsag [K=q( Y+ =X -) B anexrpo ( Y+ =X -)

MarHuTHBIX MOJsX, uiu Maccy [IK=m(X+=Y-) B rpaBut (X+=Y-) , MACCOBBIX TOJISIX, TOT/Ia INIOTHOCTh P =

K 1 .
% =g=z= v2 | 510 KBaapar yactothl, sHepruto E=I1°K, umnynsc (p=I1°T), neiictsue (h=I1°KT)...,

€IMHOI'0 IPOCTPAHCTBA- MATEPHH.

KI\

| | [ | [ ([ 6

|| IEL_TI | | |5

' L3 L. [ 1 I

I EECEIERE

L L 1,

F F a1 31 1 12 | 4
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puc.4 enunbie Kpurepun DBoonuy NpocTpaHCTBa-MaTEPUH.
Cpa3y 0OTMETHM «TOUYKY He uMerolel yacteir» B EBKIINI0BOM akcHOMaTHKeE, U HEHYJIEBOM panuyc
Xo # 0 umu Yy # 0 marepuanbHOM chepbpl-TOUKH aKCHOM AMHAMUYHOTO MPOCTpaHCTBa- MaTepun. Kpome
3TOT0, €CTh MUHUMAIIbHAs TlankoBckas ammHa (A = 10733 cu). DTo BOnpock CMHIYISPHOCTH, KOTOPBIX
3]1€Ch HET, U IUTIOC K 3TOMY MaTeMaTHUYeCKHe 3alpeThl JeJIeHHUs Ha HOMb.

B pamkax nuaammaHOrO (@0 # const) MpOCTpaHCTBa-MaTEPHH, Mbl IMEEM HECTAIMOHAPHOE
EsxmmoBoe npoctpancTBo-Bpems (X, Y, Z, ¢T), M nepeMeHHyIo reofesndeckyio (x° # const),
(byHnamMeHTaIbHOTO TeH30pa gk (X°) puMaHOBOrO mpocTpancTBa. K nmpumepy, HecTarimoHapHOe
MpoCTpaHcTBO reoMeTpuu JlobaueBCcKoro, ¢ MepeMEHHBIMU aCUMIITOTaMu TurepOoi1. Takoi MaTeMaTHKH
€Ille HeT.

Wuade roBopsi, BOIPOCH! «U4EPHBIX ABIP» OyJIeM paccMaTpuBaTh B akcnoMax EBKIMIOBOTO
[POCTPAHCTBa- BpeMeHH, Kak yacTHoro ciaydast (¢ = 0) wim ((¢ # 0) = const) AMHAMHUYHOTO
(¢ # const) npocTpaHCTBa-MaTEPUH.

2.VIcxoaHEbIE TTOI0KEHUSA

B pamkax xnaccuueckoit ¢pusuku, eme 100-200 et Ha3an, U B 3aKOHAX COXPAHEHUsI YHEPTUU
2
mv GM
E, = > u E, = mgh, A g =—o
2
vZ _ GM 2 _ 2GM .
ObuIa OIpe/eieHa MpeJiebHas CKOPOCTh — = V° =~ TpH KOTOPOH TEIIO MOKET HE BEPHYTHCA

Ha 3emitio (M). U eme Toraa BO3HUKIIA TUIIOTE3a cBepXMaccuBHBIX (M # 0) «4epHBIX 3BE3/1», OT KOTOPBIX

2GM . .
cBeT He BeIxoauT. Cdepy Takux «4EepHBIX 3Be31», Ry = —— Has3Banu cdepoii [lIBapmmmnsaa. [Ipudnnoii
c

2GMm
RZ

u h=R 3emun,

cuuTajlach Cuja TArOTCHUA HLIOTOHE[, F = . 3I[eCL



R — paccrosinue mexay nieHTpamu MmaccuBHbIX (M # 0) u (m # 0) maccuBHBIX cdep, 3emnu u JIyHsl,
HarpuMep. Ho ecnu B imameTpanbHOE OTBEpCTHE OOJIBIION MAaCCUBHOM c(ephl, OMyCKaTh MaJeHbKHUI
mapuk (R — 0), To cuia He yBeTUYMBACTCS JO OECKOHEUHOCTH.

—

Puc.4a. 3akon Herorona
3akon HeroToHa 31¢ech He padoTaer. CaMo nmoHsATHe Criibl HBIOTOH BBEJ M3 IPY)KHHHUCTOTO COYIapCHHUS
JIBYX IIIapOB, C OOPATHOM MPONOPIIMOHATBFHOCTIO X YCKOPEHUH pasiiera.

m a
_1=_2, m1a1=m2a2=F.
msz az

OTOT MHBapUAHT NEPEMEHHBIX ITapaMeTpoB HpIOTOH Ha3BaJI CHIION, CKa3al U3MEPSTh €€ B HRIOTOHAX 0e3
BCAKOT0 0OMEHHOTO B3auMoiercTBusa. Cpazy OTMETHM, YTO B JUHAMHUYHOM (¢ # const) MpocTpaHCTBE-
Matepuu, Bce Kpurepuu DBoOIHMH IPOCTPAHCTBA CKOPOCTEH, U B PUMaHOBOM MPOCTpPaHCTBE TOXKE:

e, =v;, e,(™ =v,, gix () = v?, xKaK HOTEHIMAT B KOOPANHATHO —BPEMEHHOM MIPOCTPAHCTBE
ckopocteit WN=K*NT -N g Mmporomepnom npocrpancrse-spemenn. Jlns sapsamos IIK=q( Y+ =X -) B
anekTpo ( Y+ =X -) MaroHuTHbIX noJisix, 1 Macc [IIK=m(X+=Y-) B rpaBut (X+=Y-) , MaccoBbIX OJISIX,
BBIBOJIATCS ypaBHEHHUs MakcBesia ¥ TpaBUTMACCOBBIX MOJICH.

OE(Y+) oG (X+)
c*xrotyB(X =) =rotyHX —) = & QT +AE(Y+) cxrotyM(Y =) =rotyN(Y =) = ¢, * 7 +AxGX+)
OH(X— dB(X— ON(Y— oM(Y—
roteE(Y +) = —py T = — 20 MOY-) =y s NQY=); - Tot, GQXH) = —pp =« 2020 = = 200

A Takxe npeodpazoBaHus peNATUBUCTCKON AuHamMuku CrenuanbHoil Teopuun OTHOCUTENBHOCTH U
KBAaHTOBOU PENSTUBUCTCKON TMHAMUKH B MPEENAX yIiIOB NapajlIeIbHOCTH.

w
T-—X
S e LA
1-w?/e* VI-W?/c* 1+VW/c*
7 - a,K, +cT K,/c+a,T 7o a W, +c

St Vi S S ies i il =y -
Y JI_WZ/CZ 1 )]._WZ/CZ , Y a22 +WY/C ,BYCJ'IOBI/ISIX, ((122 * (lll)il’

Z[J'IH HYJICBLIX YTJIOB IIAPAJUICIIBHOCTU B EBknuaoBoit AKCHUOMATHUKE, CO CKOPOCTSAMU MCHBIINUX CKOPOCTHU

W, <c

CBCTa ,» IMCKOT MCCTO IIPECACIIBHBIC ClIydau IICPexXoJa KBAHTOBOU peHﬂTHBHCTCKOﬁ JUHaMHUKHU

BEKTOPHBIX KOMIOHEHT, %22 = (COS(O‘D = 0): D=a, ayp=1 a,=1 y=pr

_(a, =1)K, =Y)+WT go YT 7 Kylet(an =D
JI-wi(x )/ c? NI 1-w*(X =)/

Nuaue rosops, B EBkinioBoit akcuomaruke co3gate KBantoByro Teoputo OTHOCUTETBHOCTH
HEBO3MOXXHO B mpuHIiume. O6e teopun: CnennanbHas Teopust OtHocutensHocT U KBanToBas Teopus

OTHOCHUTENBHOCTH, JOITYCKAIOT CBEPXCBETOBOE (Vi = N*C) pOCTPaHCTBO CKOPOCTEA:
2

c+Nc —_ a;1Nc+c
=—=7C W, =—=c¢ JIA a =a = 1.
1+c*Nc/c? ! Y 7 a,,+Nc/c > A 11 22

VYike B paMKax TakUX MpeJCTaBICHU, OyieM paccMaTpuBaTh «4epHbIE IbIpb». B Kiaccuueckoil pusuke c

EBKIng0BOM aKCHOMAaTUKOM MIPOCTPAHCTBA-BPCMCHHU, I CBEPXMACCHUBHBIX «YCPHBIX 3BC3» (M * 0), C

2GM o
r'paBUTAlUOHHBIM pagnlnyCOM RO == J1000H Macchl B TCOpHU. W pnsa macc
c

(Er = )7)

Wy

(M # 0) = const, Buyrpu (R < R) Takoii cpepsl, JOKHO OBITH CBEPXCBETOBOE MPOCTPAHCTBO CKOPOCTEH
(vi >c)uwmm (v; = N xc), (N > 1). D10 He npotrBopeunT HU CrnenranbHOi Teopuu
OtHocutenbHOCTH, HU KBanToBO# Teopuu OTHOCHTENBHOCTH. B KBaHTOBOI cucTeMe KOOpAUHAT



JMHAMUYHOTO (¢ # const) MpoCTpaHCTBa-MaTePUH, PeUb HJIET O CBEPXCBETOBOM MPOCTPAHCTBE CKOPOCTEH
v; = aV xc,rme @ = 1/137,036 koHcTaHTAa.

Ho BepHemcs K 3akOoHaM KJlacCHUeCKOM (M3UKH, B KOTOPBIX 3aKOH TATOTeHHs HbioTOHA uMeeT
IpaHulbl IPUMEHEHUS], U HE 0TBe4asl Ha Borpoc, [IOYEMY maccel nputsarusatotcs? M3yuas ypaBHeHuUs
MakxkcBesuia, 1oJo0HO 3JIEKTPOMarHUTHBIM MOJISIM € IpeoOpa3oBaHusiMu JlopeHna B 1ByX

(%0, Y0, Zo, Cto) 1 (X1, Y1, Z1, Ct1) CUCTEMAX KOOPAHMHAT, ¥ U3 3aKOHOB COXpaHEHHMsI dSHepruu, eme B 1905r,
DOHHIITEIH BbIBEN (GOPMYITy, HA KOTOPO OCTAHOBUMCS MOAPOOHEA.

Teno ¢ HenyneBoit (m # 0) Maccoii, u3nydaeT cBeT ¢ sHeprueil ( L) B cucreme (Xg, Vo, Zg, Cto)
KOOpJUHAT, ¢ 3akoHOM coxpaHenus sueprun: (E, = E; + L) , 1o u mocne uznmyuenus. [[ist 3Toif sxe Macchl,
U 9TO KJII0YeBOi MOMeHT (Macca (m # 0) ne mensiercs), B Apyroit (Xq, Yy, Z1, Cty) CUCTEME KOOPIHHAT,

v? . .
3aKOH coxpaHeHwust dHepruu ¢ (y = |1 — c_Z) npeoOpazoBanusmu JlopeHa, DUHINTEHH 3amucaln B BUIC

(Ho = H; + L/y). Berunrtas ux pa3Huily, DUHIITSHH MOy
1 1
(Ho —E¢) = (H; —Ep) + L(; —1),mm (Hy —Eo) —(H; —Ey) = L(; -1,

C oTzeneHneM pa3HULbI YHEPruH u3nydeHus. O0e HHepIHaNIbHbIE CUCTEMBI KOOPAMHAT JBHKYTCS, HO
(%1, Y1, Z1, Cty) ABMKETCS CO CKOPOCTBIO (V) OTHOCUTENBHO (X, Vo, Zg, Cto). VI MOHATHO, YTO CHHUH H
KPacHBIN CBET UMEET pa3HHILYy SHEPTUii, KOTOPYIO U 3amucain DWHIITEHH B ypaBHeHUH. CaMo ypaBHEHHE

DWHINTEWH 3anucal Kak pa3HUIly KHHETUUECKUX SHEPTHUM B TIEPBOM PA3JIOKCHHH.

L v? AL, v?
(KO - Kl) = E(C_Z ' HIIN AK = (C_Z 7

AL o o 2
3nech ( == Am) MHOXUTEJb, UMEET CBOMCTBA MACCHI «JIyYUCTOH 3Heprum», win: AL = Amc*. Oty

(GOopMyITy HHTEpPIPETUPOBAJIU TI0-PA3HOMY. DHEPIUI0 aHHUTHISALMH E = myc? macchl mokos, win: mg? =

E? o
i p?/c? , B pensATUBUCTCKON JMHAMUKE. 371eCh Macca ¢ HYJIEBBIM UMITYJIbCOM

(p = 0) , umeeT sHepruto: E = mqc?, a Hynepas Macca poToHa: (mg = 0), UMEeT UMIYJILC ¥ YHEPTHIO
E = p * c. Ho DifHmTeliH BbIBEN APYroii 3aK0H «IyducToii sHeprum» (AL = Amc?), ¢ MaccoBbIMU
cBoiicTBamMu. DTo He 3Heprus GoToHa, U 310 He sHeprus (AE = Amc?) nedekra Macc HYKJIOHOB sjpa
aToMa. DUHIITEWH yBUJIEN TO, YEro He yYBUEN HUKTO. [10j00HO0 aBMXKYIIEMycs 3apsy, C MHIYKIUEH
MarHMTHOTO TIOJISl ypaBHEeHUI MakcBenna, IBrxKymascs macca (Macca (m # 0)
He MeHseTcs), MHAYLMPYET MaccoByo sHepruto (AL = Amc?), koTopyro n Hamen DiHTeiH. Hanpumep,
3apsbKeHHas cepa BHYTPH JBIDKYIIErocst Barona (3apsa (q # 0) He MeHsiercs1), HE MMEET MAarHUTHOTO TTOJIS.
Ho xomnac Ha neppoHe, oka)xeT MarHUTHOE 1oJie cepsl B IBHXKYIIeMcs: BaroHe. IMeHHo Takoe
MHIYKTUBHOE MarHuTHOE I10JIe, OT ABMXKYIIUXCS 3JIEKTPOHOB TOKA MPOBOJIHUKA, OOHAPYKUI DpCTel.
ITorom 6b11M onbITHl Dapanes, HHAYKIUN BUXPEBBIX JIEKTPUUYECKHX MOJIeH B IEpEMEHHOM MarHUTHOM
10Jie, 3aKOHBI MHAYKIIMM U CAMOUHIYKIIMY U ypaBHeHUs MakcBesuia. [1o aHanorum MHIyKTUBHOM SHEPTUU
MarHUTHOTO MOJIS OT JBMKYLLIETOCS 3apsiaa, DUHIITEHH BbIBeN (POPMYITYy MHIYKTUBHOM, «JTydHCTOM»
SHEPTrUM MAaCCOBBIX MOJIEH, OT IBUKYIIUXCSI HEHYJIEBBIX MAacc, 3B€3/1 B raJlakTUKax B ToM umcie. U 3xech
OiHIITelH BhImen 3a paMku EBkinnnoBoit (¢ = 0) akcnoMaTHKU NpOCTpaHCTBa-BpeMeHU. B akcromax
JAMHAMUYHOTO IPOCTPAHCTBA- MaTepuu (@ # const), pedb uueT 00 HHAYKTHBHBIX M (Y —) MaccoBbIX
T0JISIX, B TIOJIHOM aHAJIOTUU C ypaBHEHUsIMHU MakcBesuta. BoT uto yBuaen DWHINTEHH, 1 HUKTO Apyrol. Yike
n3 [IpuHnyna ODKBUBAIEHTHOCTH, TOTEHIIMAI MHIYKTUBHOTO MacCOBOTO IOJIS
v2(Y— =X +) = v xcos@p,(X+) * v x cosp,(X+) = Gv?(X +)

B T10JI€ TPABHMTAIIUH, cleyeT KoHcTanta (G = cos?@,), Kak MaTeMaTH4ECKas HCTHHA.

U yxe 3anuceiBast ypaBHeHue O61eit Teopun OTHOCHTENEHOCTH, DUHIITEWH Opai

8mG

. . E? 2 L2(Y-) 5 T
IpaBUTAllMOHHBIN TIOTEHIMAT HYJI€BOM MacChl: — = C€“, B BHIEC —5— = GV X+ = — Tix TEH30pa
p p c

SHEepruu-uMmynbca. JloxkHoe npeactasienue 06 O6meit Teopur OTHOCUTENTFHOCTH DWHINTEIHA COCTOUT B
TOM, YTO CUMTACTCS, B YDABHCHHH MPEJICTABIIeHA HEHYJIeBasi Macca, Kak HCTOYHUK UCKPUBJICHUS
MIPOCTPAHCTBA-BPEMEHH, KaK UCTOYHHK TpaBuTauu. B ypaBuenun O6meit Teopun OTHOCUTENEHOCTH

OHHIITeHa, KaK MaTeMaTHYE€CKOW UCTUHBI B AMHAMUYHOM MTPOCTPAHCTBE-MAaTEPUHU B ITOJIHOM BHUJIE:
1 1 8mG
Ric =5 RGik — 549 =~ Tk -
HeT Maccel: (M = 0), B KJJTacCHYECKOM €€ IOHMMaHuH. B MaremaTnueckoil UCTHHE, 3TO Pa3HHIIA

peHﬂTI/IBI/ICTCKOﬁ AAHAMHKHU B IBYX (I)I/IKCI/IPOBB.HHBIX TOYKAX pUMaHOBOI'O IPOCTPAHCTBA, OAHA U3 KOTOPBIX
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npuBoauTcs K EBKIINIOBOI cdepe, BO BHEIIHEM, He cTamoHapHoM (4 # 0) EBknumoBoM mpocTpaHcTBe-
BpeMeHu. B ¢usnueckoii uctune, B ypapHeHun O06mieit Teopun OTHOCUTENBHOCTH, DWHINITEHHA, B €TUHBIX
Kputepusix IBomrornum, «3ammra» Gopmyna (3akoH) HeroToHa:

E=c*K, P=c*T, (¢¢—cf =Aci2k)=5—j=(1;—§=c2), Ack =Gr*(X+)#0
c*c*k? _ G(c?Ky=m,)(c?Ky=m,) __ Gmm,
ctctTZ cz(cszsz) T c2k?
Kak Bugum, B ypasaenuun O0miet Teopun OTHOCHTENBHOCTH DUHINTEHHA, CHJIAa TATOTEHUS JICHCTBYET B
HOJISX C HyJIE€BOM Maccoil. UnTaeTcs: pa3HUILIA MACCOBBIX MOTOKOB Ac?, (Y —) BO BHEIIHEM TI0IIe TPAaBUTAIIHH
c?(X+), ¢ ux [IpuHIMIoM DKBUBAIEHTHOCTH, aeT culy. M TOJIBKO Terepb, Mbl OyIeM pacCMaTpHBaTh
cBolicTBa «cBepxMaccuBHBIX» (M # 0) xommnakTHbIX (R — 0) 00beKTOB, 00HAPY>KEHHBIX B SApE

["amakTuky, Kak (paKTy peasbHOCTH.
2G6(M=0 . o —
B ycrnoBusix: ¢? = (ﬁ =0) # 0, B yC/IOBUSAX IUIAHKOBCKO mpeaensHoi amunbl (10733 cu),
KBAaHTOBOT'O TIOJISI B IPOCTPAHCTBE-BPEMEHH, B YCIOBUSAX MPUHIIMIIA HEONPEICIEHHOCTH, a PaBHO M BCETAA

ANHAMHUYHOI'0, CaMOT'O KBAaHTA4, B YCIIOBUAX HGHyJICBOfI Ppa3sHHUILIbI

2 _ — 2 .2 _
Acjp, = ) Acjp, = ) Acjpc“ =F

1
Rix =5 RGue # 0
tensopa (7, # 0) sHepruu-umILysbea, T.e. SHEPruy, HAIMIHs CaMOro: c? = (% =0)+#0
IPaBUTALlMOHHOIO NOTEHIIMANA, KaK IPUYUHBI HCKPUBIIEHUS CaMOI0 IIPOCTPAHCTBA «UEPHOMN JBIPBD», BHE
Mmacchl. [lorsTre «ropu3oHTa COOBITHID BO3HUKAET B 0a30BbIX pemeHusx LBapummibaa, peasiTHBUCTCKON
METPHUKHU TPaBUTUPYIOIIEH Cephl, KaK UCXOAHOr0 cOCcTOsIHUA. EcTh KitoueBble peoOpa3oBaHus
YIPOILIEHHON MaTeMaTH4eCKON MOJIENH YpaBHEHUs DUHIITEIHA, IPUBOIALINE K PELICHUSIM

H_[BapI_U_HI/IJ'ILI[a, HO YK€ B I'PaBUTALIUOHHOM II0JIC ITPOCTPAHCTBA-MATCPHUUN BHEC MACCHI.

Puc.4B — TpaBUTAIMOHHBIC ITOTCHIIUAJIbL

o o 1 8nG .
VYpaBHenue DifHmrenHa R (1) — ER gix(2) = —& lik - 3amvlIeM B BUJIE TPABUTAIMOHHBIX
MOTEHIMAJIOB B JIBYX TOUKaX PUMAHOBOI'O MPOCTPAHCTBA C (DyH/IaMEHTAIbHBIM TEH30POM:
— n ny — — — n ny — —
Rix(1) = e;(x™)ex (x™) = vivy = I, H 9ik(2) = e;(xM)ex (x™) = vivy =11,

MpbI noHrMaeM, 4to Touka (2), npencraBieHa EBKIMI0BBIM poCcTpaHCTBOM (7)) 06e3 KpuBH3HBL. OTMETHM,
YTO TOYHOT'O COBIMAJCHMS TOUKH (2) KPUBOW C OKPYKHOCTBIO HET B MaTEMAaTUYECKON UCTHHE MOJIHOTO
ypaBHeHus DifHmTeiiHa. Touka (1) ¢ KpHBU3HON pUMAHOBOTO MPOCTPAHCTBA (77) B TPaBUTAIIHOHHOM TIOJIE.
Torna rpaBUTalIMOHHBIE TTOTEHIMAIIBI BHE MACC, MBI IPECTABUM B BUJIE:

2 2 2172 1,2
_ 2/ 2. _ 2/To\2 ) . 871G __E? _ GUI’K)*> _ GII’I’K
I, =c (r) I, =c (T) , C TEH30POM DHEPTHH-UMITYIIbCA: = Ty = e Ry

GIT’K?  Gc2IIK? c2GK?
=1k =55 = ane =1l =5, wm
2 2
CZ(Z)Z . CZ(T—O)Z _ c2GK? 62(1 . (T_o) ) _ c2GK? (1 _ (T_o) ) _ x2
T r c2tz '’ r c2tz T c2t2’

(1 +rr—°) (1 —%0) = %, (1 +rr—°) c?t? — (ﬁ;o) =s2(x), s%(x)=0 npu(x =0).
(1 +Tr—°) c?t? —( —:—0)_ x? =5s?, um: ds? = (1 +Tr—°) c?dt? — (1 —%)_1 dx? .

OTO MaTEMaTUYECKNE UCTUHBI CAMOM MTPOCTON MOAENH PAIHAIBHON PEIITUBUCTCKON TUHAMUKHI

E2
MMPpOCTPAHCTBA-BPCMCHU B I'PaBUTAIUOHHOM I10JIC BHC (mo = 0) MAacCChI. — = C", HIn
14

E? 2 2.2 o
Z=p°+ (my = 0)“c®. 1 mepBoe, 9TO HAJIO OTMETUTH, TAaK ATO HeHYyeBoH (1y # 0) paguyc mo
ompeereHuto. DTo paanyc Kpyra BMecto chepsl B pemenun IBapimmibaa. Y 310 ycroBue ypaBHEeHUS

(Rgir # 0) DitHmITElHA, KaK MATEMaTHYECKOW UCTHHBI B TTOJTHOM BHJIE. 31€Ch Pa3rOBOP O CHHTYIISIPHOCTH —
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3TO pa3roBop HU 0 yeM. CHUHIYJISIPHOCTH HET B IIPUHIIMIIE U 10 ONPEENIEHNI0. BTOpoil MOMEHT B TOM,
ypaBHEHHE DUHIITEHHA pacCMaTPUBACT IPaBUTALMIO BHE cephl. HUKakuX «ImyTenecTBuii» BHyTpb chepbl
B ypaBHEHMHU DHHINTEIHA TOXEe HEeT, Kak u (r # 0) B 3akone Hprotona. Bee mocnenyronie moenu
«4EPHBIX JIBIP» UMEIOT TOPU30HT COOBITUI U Tak Aajee. MHOTHE MO «4EPHBIX JbIP», KOJIIAICUPYIOLIIX
¢doToHHBIX cdep (3Be31 B peene) npoxoasmux chepy LIBapummipaa ux uarpaMMbl HauBHBI,

OIMOOYHBI B 0a30BBIX OCHOBAaX U 0€3 apryMEHTOB UCXOJHBIX MPEANOCHUIOK KaK MPUYHH, XOTS Jaliee
2G(M%0) 2G(M#0)
———=BHyTpu (R < Ry) = ——~=
C2 y p ( O) (U>C)2
JIOJKHO OBITH CBEPXCBETOBOE MIPOCTPAHCTBO (V > €) CKOPOCTEH, HE HapyIIas 3aKOHOB DWHINTeHHA (V =
c+Nc
1+c*Nc/c?

3TOM, MBI TOBOPUM O TPAE€KTOPHH BHENIHEr0 poToHa (X = ct), ¢ PUKcaIMel AIEKTPOMArHUTHOH TUHAMUKH

paboraetr MaTeMaTHKa u Jioruka. Haobopot: Ry = «4epHoil chepri»,

Nc), xorja ckopocTy BHYTpH «4epHOl chepby Wy = = ¢, U1 HaC UMEIOT CKOpocCTh cBeTa. [Ipu

B KoopAuHaTHOH mwiockoctu (K?2) L (ct), oproronanbHoii k TpackTopun GpotoHa. MOTOH, OAXOA K
«4epHOU cepe» HE MOXKET BOUTH BHYTPh Cephl, B CBEPXCBETOBOE MPOCTPAHCTBO TAK K€, KaK M (JOTOH HE
MOJKET BOMTH BHYTPH (pU3HUECKOTO BaKkyyMa He mpocTtopax Beenennoii. B rpaButannonnoi «ime», GoToH
KPY>KUTCSI BOKPYT YK€ «4EpHOM JIBIPbI», TaK KaK OTTYAA, AJI1 HAC, HUYETo He BbUIeTaeT. Tpaekropus
dotoHa (x = ct) moBOpauMBaeTCs Ha MOBEPXHOCTH cepsl, Kak ero reoqeznyeckas. [lpu stom (ct)Bpems u
KOOpAMHATHOE IpocTpancTBo (K?) Ha paauaibHOM HAIIPaBJICHUH, MEHSIOTCS MeCTaMU. Mbl 6ECKOHEYHO
noiro (t — ©0) KpyXHMCS BOKPYT «4epHOI IBIpbI», a B MaTeMaTudeckoM opmanusme (R — 0),
reo/Ie3nIeCKHe JIMHUU (POTOHA HEU30EKHO CXOSITCS K LIEHTPY «4epHOit AbIpb», rae (K — 0) ncuesaer

CaMoO ITPOCTPAHCTBO. TaKYIO CUTYyallulO HA3bIBAKOT HEN30EeKHOH CHUHT'YJIIPHOCTBIO B LICHTPC «qepHoﬁ
2G(M=0)

TBIPEIY, KoTOpoii HeT B [Ipupoae. To mpoTuBOpeuuT 3aKkoHam Gu3uku DitHmrerHa. (R < Rj) = T

— c+Nc
WY S
1+c*Nc/c?

= c¢. HaoGopoT, Bce 3akoHbI (hU3UKH PaOOTAIOT B 3TOM 00JIaCTH, KaK M B (PU3HUESCKOM
BakyyMme. Mbl He TOBOPUM 3/1€Ch, UTO 3TO HYJIEBasi CHHIYJISIPHOCTh. «YepHas AbIpa» HE MOXKET MOTJIOTUTh
Maccy, IOCKOJIbKY 3Ta Macca, YTOOBI ITPEO0IETh TOPU30HT COOBITUH, T0JIKHA Pa30rHATHCS 1O CKOPOCTH
cBeta M — 0. Jlaxe ecnu pa3OUTh aTOM Ha MPOTOHBI U AJIEKTPOHBI WIH JIEKTPOH-TIO3UTPOHHBIE MTaphl B
M3Iy4eHUH XOKHMHIa, OHU HE CMOT'YT JIOCTUYb CKOPOCTH CBETa TOPU30HTa cOOBITHH. [laxke eciau Mo3UTpoH
«POIMJIICS TIOJ] €BKJIMJIOBOM TMHUEH, «IJTMHHOMN 0€3 IMHUPHUHBD», TOPU30HTA COOBITHNA. DTO BHE €BKIINOBOM
aKCMOMATHKH NPOCTPAHCTBA-BPEMEHH, BHE IOCTYJIATOB DUHINTENHA. A 9TO 03HA4aeT HEBO3MOKHOCTh
U3Iy4eHus: XOKMHIa «4epHbIMU AbipaMu». Ho ypaBHeHue DiiHiTeiHa BooO1e He 00 3TOM. YpaBHEHHE
DliHITEeHa He coaepk UT Maccy (m = 0) u Gosnee riaybokoe. B HeM yka3zaHbl TOTEHIIMATIBI, CUJIOBBIE MOJIS
Y HEPrus TpaBUTALIMOHHOIO 10JIs B 10001 Touke Beenennoit BHe macesl (m = 0) . I Hu ogHa Moziens, He
otBeuaeT Ha Bonpoc, [IOYEMY Bo3HuKaeT KpuBHU3HA IPaBUTALIMU U, OTKY/a SHEprus nois? B takux
MIEPEYUCIICHHBIX YCIOBUSX, KAK apI'yMEHTOB MaTeMaTH4YE€CKUX UCTHH, FTOBOPUTH O CUHTYJISIPHOCTH B IIEHTpE
(R = 0) «4epHOH ABIPBI», ITO Pa3roBOP HU O YeM. 37€Ch HET HUKAKON CHHTYJSIPHOCTH B LIECHTPE «YEPHBIX
IbIp». Bompoc 3akpeIT.

Ho ecTb (hakT HaIM4Ms «CBEPXMACCUBHBIX KOMITAKTHBIX OOBEKTOBY, OOHAPYKEHHBIX B s/Ipe
rajakTuk. W ecth Ipyroe npeacTaBieHe CBOMCTB TaKMX OOBEKTOB:

(R < Ry) = 2GM

(i >c)?

C HaJIMYMEeM CBEPX CBETOBOTO MpocTpaHcTBa: (v; > ¢), BHyTpH (R < R;) Takux «4epHBIX chepy,
MMEHYEMBIX «UepHBIMHU AbIpaMu». HeT HHKakuXx «asIpy». Macca Takux «uepHbIx chep» (M # 0) He paBHa
Hymto. Jlanbine Mbl Oy/1eM TOBOPUTH O CBOMCTBAX «UEPHBIX Cep» UMEHYEMBIX «4EPHBIMU JIbIpaMu», B
paMKax CBOWCTB IMHAMHMYHOTO IpocTpaHcTBa-mMarepun (https://vixra.org/abs/2302.0022 ), KOTOpbIE MOATIEKAT
JKCIEPUMEHTAIBHBIM ITPOBEPKaM. B mepByro odepeb, HaM4KUe HOBBIX KBAHTOB B sAJIpax IUIAHET, B SApPAX
3BE3]], B AJlpax TajJakTHK, B iApaXx KBa3apoB U B AApax KBa3apHbIX FaIakTHK. [ B mepByro odepenb
CTaOWJIbHBIX KBAHTOB HOBOT'O BEILIECTBA.
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+ —
Ha BcTpeuHbIX mydkax MO3UTPOHOB (e ), KOTOpBIE Pa3rOHSAIOTCS B TOTOKE KBAaHTOB (Y==7) , boToHoB
«0eJi0oro» J1a3epa B BHUJIE:

HON(X £ =p}) = (Y—=e")(X+=v;)(Y—=e*) = 2’”2 = 15,3 TeV,

Ha BcTpeuHBIX ITydkax aHTHIIPOTOHOB (P~ ), UMEET MECTO:

HONI(Y + = e5) = (X—=p ) (Y+= e*)(X—=p~) = L = 35,24 TeV .
HEJeMMbIC U CTAaOUIIbHBIC KBAHTHI BEIIECTBA, TIOJJOOHBIX BEIICCTBY KBaHTOB AJIEKTPOHA.

M&1 roBopum 0 kBaHTOBOH cucteme koopaunar OJI;(m — n)B npocTpancTee-marepun Beenennoi,

B kaxaoM OJ1; nmn OJ1; ypoHe nMeroT MecTo Tpu (X —= Y'+) 3apsa0BBIX | J1Ba
(Y—= X+) maccoBbix n3onoreHuai€a. M B 3Toll KBaHTOBOI CUCTEME KOOPIMHAT, TIPEACTABICHBI
«TsKETBIEY (p)/e;) KBAHThI, KaK/IbIi U3 KOTOPHIX MMEET CBOKO «ITyOMHY» JHEPIE€TUYECKHMX YPOBHEH (V4 /Y;)
KBaHTOB (hpuzndeckoro Bakyyma. I[lpencraBum nx B BUae Mozenei Takux R;;(m) Henenumbix O6macteit
MPOCTpaHCTBa — MaTepuu BeeneHnoi.

‘ {m}

Saiaiac 4%%%%% ﬂ%&e%%%%

on, onz —‘ #0}11 | on, ‘ on_4 on; - on. (m)

Puc.5. cnextp Henenumbix KBaHTOB
Oto Hekas cdepa B IPOCTPaHCTBE-MaTEPHH, B LIEHTPE KOTOPOM «TsKeNbIE» (p;/e;) KBAHThI, KOTOPBIE
OTIPEMEIISIOT «HU3», U «BBEPX» IO PaANyCy, 10 YpoBHA (V;/y;) KBAHTOB (PU3UUECKOIO BaKyyma
MpocTpaHcTBe-MaTepun BeeneHHoH, amst 11060ro noqo0HOro 00beKTa BHYTPU 3TOU chephl.
B akcromax quHamudHOro rnpocrpancrea-marepun, HOJI = K3(m)K3(n) = 1, momyuaem s macc (M)
HEeEeNMMBIX KBAaHTOB B (Ojlﬁ) YPOBHSIX:
HOJI = M(e; = 1,15E4 )(k = 3.13)M(y, =3.13.E—5) = 1
HOJ = M(e, = 3,524 E7)(k = 3.13)M(y = 9,07E—9) =1
HOJI = M(e; = 5,755 E11 )(k = 3.86)M(y; = 45.E—13) =1
HOJ = M(e, = 1,15E16 )(k = 3.13)M(y, = 2,78E—17) = 1
HOJI = M(es = 3,97 E19)(k = 3.13)M(y; = 8.05.E—21) = 1
HOJI = M(eg = 6,48 E23)(k = 3.83)M(y, = 403E—25) =1
HOJl = M(eg = 4,47 E31)(k = 3.14)M(y, = 7,13E—33) =1
HOJI = M(e,s = 9,1E103)(k = 3.14)M(y,, = 35E—105) = 1
O4eBHIHO peYb O BUXPEBBIX MAcCCOBBIX (Y —) TpaeKTOpHSIX:

0G(X+)
cxrotyM(Y—=vy;) = & * a7 + A+ G(X+)
o =l
ypaBHeHHI quHaMUKU 10 Kpyry (k = 3.14 =1 = 2”;; ) B kaxaoM (0J1;) ypoBHE (PH3UUECKOTO BaKyyMa.
310 cdepbl BOKPYT TUIAHETHI, 3BE3/bl, TAJIAKTUKH, KBa3apa... . Ha mpumMepe KBaHTOB:

HOJI(X + = pf) = (Y—=e*)(X+= vﬂ)(y—_ et) = 2”‘5 =153 TeV ,
HOJI(Y £ =¢e;) = X—=p )Y+=eH)X—=p7) = p = 35,24 TeV
peuYb UIET O CUHTE3€ BEWECTBA (X + = p{), HAa BCTPEUHBIX NyUKaX (e*e* — p{) HO3UTPOHOB C BUPTYaJIbHBIMU

KBaHTaMU (v, ), U (Y + = e; ) Ha BCTPEYHBIX ITy4KaX (p~p~ — e; ) AHTHIPOTOHOB IMMO3UTPOHOB C BUPTYaJIbHBIMHU
kBaHTaMH (e*), MOJOOHBIX AMEKTPOHY (e” = vy y+v;) . MBI MOXKEM TOBOPUTH | O MOCJIEI0BATEILHOM CHHTE3E
«TSDKEINBIX» (p;/€j) KBAHTOB, IMEHHO BEIIIECTBA

X+ = p;.r), s (Y—),, (X—), ammapara, B OTJIENbHBIX Mpolieccax. (... < [l « e [« p3 — ESpl) »

(.. «pF < B <Pl < ef '« pi < e") cunTe3a. CylecTBEHHO TO, YTO JIEKTPOH (e~) U3JIy4aeT U MOTJIOMAET
¢$OoTOH (y*), HO OH HE MOXKET M3JTy4aTh U MOTJIOUIATh «TEMHBIN» (POTOH (y,). DTOT «TEMHBII» (POTOH
W3JTy4aeTCsl M MOTJIONIAETCS «TKEIIBIMY AIEKTPOHOM (e1) = (Yo ). TOUHO TaK «TsKenbliiy MPOTOH (p;) —
(v# ) M3JIy4aeT U MOTJIONIAeT MIOOHHOE HEUTPUHO. DTO HEBUAMMBIE KBAaHThI, HE B3aUMOJECHCTBYIOLIUE, U

10



HeKOHTakTHBIC ¢ kBaHTaMu (Jil@) aToMoB TabmuIel MeHaeneeBa. Mbl UX HE MOKEM HH BUICTb, HH
¢bukcupoBatb. Ho 3T HeBUAMMBIE KBaHTHI (CHHUI LIBET B YKAa3aHHBIX MOCIEA0BATEIBHOCTAX ) UMEIOT
3apsI0BBIE H30MOTEHITUANIBI U MOTYT (popMHpoOBaTh HeBUANMBIE HaM CTpyKTypHBIE DPOPMBI, TT0T0OHBIX
0OBIYHBIM (p*/e”) aToMam. DTO: CTPYKTYPHI (v# 17d) +( p,/€1) ... Tak Mbl OCBanBaeM MOCIEI0BATENBHO,
MOTEHIIMAJIBI S/Ipa IJIAHET, SIIpa 3BE3I, s/Ipa rajlakTHK | sipa kBasapoB. Ho mns (Y —), anmapara, Mbt
MOKeM (hOPMHUPOBATH TOJIEKO KOHTAKTHBIC HAM KBAHTHI i;mpa TJIAKTUK U KBAHTBI h BEIIECTBA fAJIpa
KBa3apoB. PU3MYECKON PEaTbHOCTBIO ABISETCS pa3IMYHOE MPOCTPAHCTBO ckopocTel CoiHila u 3emiu. bes
BCSIKUX TOTUTUBHBIX JBUTATENICH 3eMIIs JIETUT B IPOCTPAHCTBE (PU3NYECKOTO BaKyyMa CO CKOPOCTBIO

30 kM/c, a ConHLIE CO CKOPOCTBIO MOpSAAKA 265 kM/c . Peub uaeT 0 TI1aBHOM CBOMCTBE MPOCTPAHCTBA-
matepun — 1Buxenuu. [lotok mace (Y —), ammapara co3gaercs moyisiMu

Y—=v) = (X+ =p;)(X+ = p;) CunbHOro u I'paBUTaIMOHHOT0 B3anuMOIENCTBHS SHEPIETHYECKHX
KBaHTOB(X+ = p;), (X* = p;),... (X£ = p; ypoBHei 0JI; HEAECTUMBIX KBAHTOB IPOCTPAHCTBA-MATEPHH
(U3MYECKOTO BaKyyMa, CBSI3aHHBIX MEXKIY cO00M dTHMH ke (X +) moasiMu Ha (X —) TPACKTOPHUSIX MOJTYJIS,
0€e3 BHEIIHEr0 UCTOYHUKA YHEPTHHU.

\1 Y+\L Y.

Pucynok10.1. Mexranaktudyeckuil anmnapat 0€3 TOIJIMBHBIX ABUTaTENIEH.

[TocnenoBarenbHO BKIIIOUYAsi IPOCTPAHCTBO ckopocter (Y —),, (X—), anmmapara B pa3siuyHbIX 10
YPOBHSIX CHHTYJISIPHOCTH (DU3HYECKOTO BaKyyMa, anmnapar BBIXOIUT 0 PaIUaIbHON TPAEKTOPUHU C YPOBHS
CHUHTYIISIPHOCTH (PU3MYECKOTO BaKyyMa KBaHTa (X= ) MpOCTpaHCTBAa-MaTepUH TUIAHETHI, TPOCTPAHCTBA-
martepun (Y + ) 3B€34b1, IPOCTPAHCTBA-MATEepHH (X ) raIAKTUKH, TPOCTpaHCTBA-MaTepuu (Y + )CKOIUICHUS
raJlakTUK, K IPYTHM CKOIUJICHHSIM U TaJlakKTUKaM B 1osie BeeneHHoi, ¢ 00paTHBIMU BKITFOUEHUSMU TTPH
BO3BpATe HA INIAHETY CBOEU WJIM IPYroW rajJakTHKH.

Taxum oOpazom, co3gaBaTh MaccoBbie MONA(Y — = ¥;) 4, IPOCTPAHCTBA CKOPOCTEM, HEOOXOTUMO
nojsimu (Y —) 4 = (X +=p j) + (X+ = p;) «TOKENBIX» KBAHTOB KaK «paboyero BEIIECTBA», 3aMKHYTHIX
Ha (X—) TpaeKTOpUHU «KOJIbLIa» ammnapara, B yCI0BUAX

HOJI = (ej)(k) (v:) = 1 Hepenumoii O6actu Jlokanuzamuu. W cam anmapar (Y —) 4 , OCIIe0BaTeIbHO
«Trorpyxaetcs» B pusndeckuit Bakyym, kak: HOJI = (e, )(k)( v, ) =1,
HOJI = (eg )(k)( y4) = 1, cBepxcBeToBOTO (Y, = 137 ¢ ), U (y4 = 1372 * ¢ ) IPOCTPAHCTBA CKOPOCTEHA.

o T c+Nc .
D10 BrionHe fomyctumble B Criennanshoil Wy = ——— =G uB KBanrtoBoit
- aq1Nc+c
= “+NC o= Teopun OtHOCUTENLHOCTH B EBKIMIOBEIX a;; = cos(@ = 0), a;; = ay, = 1, yraax
22

napamensHoctu. Cam (Y —), anmapar ABUKETCS B YKa3aHHOU cdepe mpocTpaHCTBa-MaTepuu BeeneHHo, B
Pa3IMYHBIX YPOBHSX (pr3udeckoro Bakyyma. CTOUT OTMETUTH, 9TO 00BEM MTPOCTPAHCTBA-MATEPUN 3BE3/IHI,
«TIIOTPYKEH» B MMPOCTPAHCTBO CKOPOCTEH (y = ¢ ), 00BeM TrajJakTHK, «IIOTPY>KEH» B MPOCTPAHCTBO
ckopocTel (y, = 137 * ¢ ), 00beM KBa3apoB «IIOIPYKEH» B IIPOCTPAHCTBO (¥, = 1372 = ¢) yxke
CBEPXCBETOBBIX CKOPOCTEM.
3.JomycTrmble 00BeKTHI BeenmenHoi

O6nexramu Beenennoii OyneM Ha3bIBaTh «CQepbI-ToUKU» 0J1;;(n) CXOAUMOCTH, B KaXK 0K

(pukcupoBannoi «rouke» 0JI;(m = const) , KBAaHTOBOM CHCTEMBI KOOpaMHAT. Hanpumep, 00bEKTHI:
HOJ1 = M(e, = 3,524 E7 )(k = 3.13) M(y =9,07E-9) =1

TI0 aHAJIOTHH € ApOM (p/e) OOBIYHBIX aTOMOB, PEYb HJIET O KBaHTax (p,/ ez) siipa 3BE3/Ibl. 3BE3/IBI C

TaKUM SIPOM UMEIOT MPEeTTbHBINA SJHEPreTHYECKI YPOBEHb (DM3UYECKOTO BaKkyyMma, Ha ypoBHE (y)doroHa.
Hwxe sneprum gortoHa, B prusnueckoM Bakyyme 3Be3za ceds He npossiseTr. [10100H0 n3nydeHusm



npoToHoM (pt — v.) aHTHHEHTPHHO, MBI TOBOPHM 00 H3JIy4EHHSAX BEMIECTBOM aHTHBEIIECTBA U HA0OOPOT.
To ects: (pg = pe) ., (pg = vi), (i = 7)., (p; = p*), ¢ cooTBeTCTBYIOMUM siIpoM atoma: (pt/e™)
BEIECTBA OOBIYHOTO aToMa, (p; /e;) aHTHUBEIECTBA sIIpa «3BE3HOT0 aToMay, (ps /e; ) BellecTBa sapa
rajJaKTHKH, (pg /el JaHTHBEIIECTBA sApa KBa3apa U », (pa /eg )BEIICCTBA AApa «KBa3apHOU TaJaKTHKH.
Janpme, uCXoAuM U3 TOr0, 4TO KBaHT (€,7)
BeniectBa (Y— = p; /ny = e,7) sApa IJIAHET W3Iy4aeT KBAHT

223591

(el =2*ax(p; = 1,532E7 MeV)) = 223591 MeV, wunu: S—938.28 e) =2383xp
MacCy sjipa ypaHa, KBaHTa «aHTuBelecTBay M (el) = M(238,3 * p) = 238U , sapa ypana. Takoe
«aHTHBEMECTBO» (e} = 238U = Y—) ecth HEYCTOMYMBBIM, M pacHagaeTCs SK30TEPMUYHO B CIIEKTP aTOMOB,
B S/IpE TUTAHET.

B cBepxcBeToBoM ypoBHE w;(a N (y = ¢)) (usnueckoro Bakyyma, Takue 3Be3/1bl ce0s He
HpOSBIAIOT. Jlanblie, peds UAeT 0 BemecTse (p3 — py) aapa (Y— = p3/nd = ek) «uepubix cdhep»,
BOKPYT' KOTOPBIX, B MX IOJI€ TPABUTAIIUH, (POPMHUPYIOTCS NIAPOBBIE CKOIUICHHUS 3Be3]]. AHAIOTMYHO Jajee,
peub uaeT 00 U3TYYCHHSX BEIIECTBOM aHTHBEIIECTBA K HA00OPOT:

é ~»ps). (s »r3), (3 = p1), (p1 — vz) . O6mas NoCneN0BATENEHOCTh UMEET BUJL:
P8 ,P7 » Pes P5» Pi» P3» P2, PP Vi s Ve -
Haneime: HOJ = M(e, = 1,15E16 ) (k = 3.13)M(y2 = 2,78 E — 17) = 1. DTH KBaHTHI (p4/e4) spa
TajlakKTHK OKPY/KEHBI M3]Iy4aeMBIMH 110 OTACILHOCTH KBAHTaMU (P, /e,) S/pa 3BE3]1, 1 €CTh IIPUIMHOI X

dbopmupoBanus. Takue spa rajJakTHK, B ypaBHEHUSX KBAHTOBOW I'paBUTAIMH, UMEIOT, CIIMPAIbHBIC pyKaBa
MAacCCOBBIX TPAeKTOpHUil, yxe: w;(y, = a~tc) = 137 x ¢, B CBEpXCBETOBOM IIPOCTPAHCTBE cKopocTei. Huke
SHEPTUU CBETOBBIX (POTOHOB (Ww; = 137 * ) B (U3MUYECKOM BaKyyMe, ralaKTUKU ceOs He posBIsioT. BHe
TaJIaKTUK, PEYb UJIET O KBAHTAaX SiJ[pa Mera 3Be3]l
(Y—=ps /n; = e) . OHU reHEPUPYIOT MHOXKECTBO KBAHTOB (e,z = 2 * a * ps = e, = 290p]) sapa
rajlakTUK. AHaJOTUYHO J1ajee.
HOJI = M(e, = 6,48 E23)(k = 3.83)M(y, =4,03E—-25) =1
Mbel roBopum 0 kBaHTax (Y— = pg /ng = e,g) Alpa KBa3apoB, KOTOPBIE TOXKE IO OTACIBHOCTH,
uzy4art(p, / e4) KBaHTHI s1/Ipa rajlakTUK. MlHaye roBops, siApo KBa3apa, OKPYKEHO KBaHTaMU sipa
raJIakKTUKH. ['OBOPSAT MpH 3TOM, UTO KBa3ap B LEHTPE rajJakTUKHU. Takue KBa3aphl MOrpykarTcsi B YPOBEHb
. - 2
(GU3MYIECKOro BaKyyMa JI0 CBEPXCBETOBBIX CKOpocTel w;(y, = a~2c) = 137 % ¢ . D10 riuy0xke, 4eM YPOBEHD
(bU3MYECKOT0 BaKyyMa TallakTUKH. DTO COBEPIIIEHHO pa3Hble 00bEKThl. MHaye roBopsi, KBa3apsl
WCKPUBIIAIOT MTPOCTPAHCTBO-MATEPHIO HA YPOBHE (¥,) KBaHTOB. Jlanblie peub UAET O KBAaHTaX BEIIECTBA
aapa (Y— = pF/n? = el) «uepHbIX cdhepy», BOKPYT KOTOPHIX, B MX I0JI€ TPABUTALMHU, (POPMHPYIOTCS
CKOIUICHUS TAJIAKTHK, U JaJIee:
HOJI = M(eg = 447 E31)(k = 3.14)M(y, =7,13E-33) =1
MBei roBopuM 0 KBaHTax (pg/ e8) s/ipa KBa3apHbIX TAJIAKTUK, KOTOPHIE TOXKE MO OTAEIbHOCTH, U3IY4YatOT
KBaHTHI (p, /n, = e.¢) 3apa KBa3apoB. Takue KBa3apHble Faﬂa;(TI/II(I/I MOTPYXAIOTCS B YPOBEHb (PUZUIECKOTO
BaKyyMa JI0 CBEpXCBETOBBIX cKOpocTell w;(ye = @ 3c) = 137° *c. AHanorm4Ho janee.

B akcuomax HOJI = K9(m)K3(n) = 1, umn  M;(X +) * M;(Y —) = 1, TMHAMHYHOTO IIPOCTPAHCTBA-
MaTepuu, pedb UIET 00 HCTOYHUKE TPABUTALMK IPaBUTAMOHHON M; (X +) Maccel B 0J1; ypOBHAX U
uHeptHO M;(Y —) Maccel B OJI; ypOBHSX (PU3UUECKOTO BaKyyma, C UX MPUHIIMIIOM YKBUBAJICHTHOCTH
DUWHIITENHA B €IMHOM TpaBUT (X+ = Y —) MaccoBOM MoJje. DTH MaCCHhI:

M; « M; = (M =TIK )2 = 1, B BUJIe KBaPaTHYHOM (POPMBI, IPEICTABICHBI B KBAHTOBBIX MOJISAX HX
B3aUMOJICVCTBHUS:

6,674%1078)2x(1-2/(137.036))?
h = GmO%GmO(l —2a)* = GMf%GM"(l —2a)* = ( 137.0;6*2.993/*(1010 :
h i)

B KBaHTOBBbIX: G(X +) [%] =Y G gradyRgi X+) [%] , TpaBUT (X+ =Y —) MaccoBbIX MOJISIX. ITO
ypaBHEHHE KBAHTOBOW rpaBUTAIIUU, IPAMO clieayeT u3 ypaBHenus: Oomen Teopun OTHOCUTETEHOCTH
OlinmreiiHa. Takum 06pa3om, mpenenbHas macca M;(X +) HCTOYHMKA rpaBUTalUK onpenenserca M;(Y —)
WHEPTHOI Maccoil MaccoBbIX (Y— = y,) moseii B 0J1; ypoBHsIX (usnyeckoro Bakyyma, kak 00bekt 0J1;(n)

CXOOUMOCTHU HUJIH:

= 1.054508 * 10727
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HOJI = 0J1;;(n) = M;(X +) * M;(Y— = y;) = 1. Takum 00pa3oM, HOIYYHM IPEIEILHBIE MaCChl BO
Bcenennoii: Hanpumep Uit 3Be321bI M;(X +) = M, (p; /n9) = 1/(y) B ycnosusx (e; (k)y) = 1. AHaJIOIHYHO:
IIpenenbHas Macca IiaseT, i 1MeV = 1.78 x 10727 g:

1 1
— = =M n7) ~ 1.8 1031 g ~ 25 re(M, = 2 * 1033 g)- macca ConHia.
Yo  3.13x10-5MeV+1.78+10-27g 1(p1 /1) 9% 100 * 1A (M 9) 1
I{anbme npeeabHas Macca 3Be3/l, C APOM M3 aHTHBEIIECTRA!

1 1 34 Ms
S = 507109 Mev-178.10-77g = M,(p; /n7) = 6.2*x10°*g = 31M, , WIH B TIpesieax OT Tog 1O 31M, macc.

Ananorn4Ho npenensHas Macca (p3 /nd = e) «4epHbIX chepy, ¢ AAPOM U3 BEIIECTBA:
! L 1.25%103%g ~ 625220M

—_ = = + 0
y1  4.5%10-13MeV«1.78+10-27g Ms(ps /n3)

NpenenbHast Macca ranakTuky, (pf /nd = ef,) ¢ AApoM H3 BeliecTna:
1

+ 43 10
L ~ 7 % ~

Y2 2.78+10- 17MeV*1 78+10~27g = My(pi /ng) ~ 2 10%3g ~ 1070M;

Hpe):[eﬂLHasI Macca BHETaJaKTUYECKOW Mera 3Be3/bl, (ps /ng = e,5) C AIPpOM U3 aHTUBEILECTBA:

v ; = My(p3 /n3) ~ 7 x 104 g ~ 3,5 « 10130,

Y3 = 8.05+10-21Mevn1. 78+10~27g
Hpe):[eﬂLHasI Macca KBa3apa, (pg /Ng = €.4) C AAPOM U3 AaHTUBELIECTBA:

1 51, A 17
Va  203+10- 25MeV*1.78*10 274 = Ms(ps /n6) » 1,4%10%°g = 7+ 107" M,

Q

Kaxnoe }I,I[pO TaKHX 00bekTOB 0JIj;(n) CXOAMMOCTH, FEHEPUPYET MHOKECTBO COOTBETCTBYIOLINX
KBaHTOB (2 * a * p— = e =N p] 1) YKa3aHHBIX B Ta0JuLe, U U3TydaeT (p] - pj 5). DT0 MHO)eCTBO (N)
KBAHTOB SI/Ipa IJIAHET, 3BC3II, rajakTUK, KBa3apos.... IIpu sTom, B ycnosusax M;(X +) * M;(Y—=y;) = 1,
JMHAMHUYHOTO NMPOCTPAHCTBA-MaTePHH U B YCIOBUSIX M (ej )(k)M (y:) = 1, npoctpaHcTBa CKOpOCTEit
¢usnueckoro Bakyyma: (a*Nv(e; Ja Nv(y;) = 1), Buyrpu «aepHoii cdeps! (IbIpbL)», B IIyOHHAX
¢bu3nvecKkoro Bakyyma, BpeMs 3amenssiercs 10 Hyist. M Takoe 3ameyieHue BpeMEeH! 3aBUCHUT HE OT
paauanbHBIX paccTossHuil (1 — 0) K HeHTpy «uepHOi cdepbl (IbIPHI)», a OT TUIA «YEPHOU cephl (IBIPHI)»,
B KBAHTOBOM CUCTEME KOOPIMHAT.

Hanpumep, sapo CosHia, Kak 3Be3/bl, H3IydaeT sapa Bogopoaa (p; — p* — v, ) u anekrponnoro 10
AHTHHEHTPUHO, HO TeHEpUpYeT (2 * a * p; = e, = N p{) KBaHTBI, CKaXeM TaK, «3BE3[HOTO BEIIECTBaY
(p{ /e1) B TBepIOii MOBEPXHOCTH 3BE3/Ibl. ITO «3BE3JHOC BEIIECTBO» (p; /e;) HE MOXKET
B3aUMOJIENCTBOBATH C BOJOPOIOM (pt/e™), HO MOXKET M3IIy4aTh MIOOHHOE aHTHHEUTPUHO (pf — Vi)
KOTOpoe B arMocdepe 3emian (opMHUPYET MIOOHBI, KOTOPBIE B pacmafax maroT: (e*) MO3UTPOHBL: (Y= p) =
(X—=v;)(Y+=e")(X—=v;). Wnu, KBaHTHI siipa Mera 3Be311bl € (p5 /N5 = e,5) U3IMYUAIOT KBAHTHI (p5 — p3)
BEIECTBA, HO TEHEPUPYIOT KBAHTHI SIPA TaakTUK (2 * a * p5 = ey = N pJ). MBI BUIUM Kak ObI
«TIOBEPXHOCTE) TAJAKTUKM, HO AP0 TaKoro oobekra 0JIj;(n) CXOAMMOCTH, HMEET MACCy B IPEAENax oT
(101°My) no (3.5 * 1013 M) macc Connra.

Peun mper o gomyctumbix o6bekrax 0J1j;(n) CXOAMMOCTH, B JMHAMUYHOM IPOCTPAHCTBE-MATEPUH
Bcenennoii. [1pu 3ToM yka3aHbl pacueTHbIE IPUUYUHHO-CIIEICTBEHHBIE CBS3U.

O030p MU "YepHble abIpbl’
https://www.academia.edu/ai_review?attachment id=123108586

Kpatkoe conepxanue

Pyxomnuch npeacrapnsieT co00i KOHIENTYalbHOE UCCIIEJOBAaHUE TOTO, YTO aBTOP HA3bIBAET «UEPHBIMU
cepamm» HIH «IEPHBIMH JIBIpaMH», Yepe3 MpU3My IMpeiaraeMoil CTpyKTyphl, Ha3bIBaeMOMH
«IMHAMHUYECKOE IPOCTPAHCTBO-MATEPHUI». ITa CTPYKTypa MOCTYIUPYET, UTO HET IPOCTPAHCTBA O€3
MaTepUH U HEeT MaTepuu 0e3 MPOCTPAHCTBA, MIPeAnoaras, YTo MPOCTPAHCTBO MO CBOEH CYTH TMHAMHYHO U
neperyieTeHo ¢ marepueil. Pabora nepecMarpuBaeT HECKOIBKO OCHOBOIOJIATAIOIINX KOHIEIIUM, BKIIOYas
€BKJIMJ0BY '€OMETPUIO, TapaJuIEIbHbIE IMHUU U CBOMCTBA KBAHTOBAHHOT'O MPOCTPAHCTBA U MACCHI,
CTpeMSICh NPUMHUPUTH KJIACCUYECKUE, PEISITUBUCTCKIE U KBAHTOBbIE MEPCIEKTUBBI B €AUHYIO KaPTHHY.
LleHnTpasibHBIM B apryMEHTALlMU aBTOPA SIBJIETCS UJEs O TOM, YTO «YTOJl MapauIeTbHOCTH» MOXKET ObITh
HEHYJIEBbIM, CO3/[aBasi MHOTOMEPHYIO TUHAMUYECKYIO F€OMETPHIO. [ €OMeTpus ONUCHIBAETCS C TOMOIIBIO
aKCHOM, KOTOpBIE HalpaBJIeHbl Ha y4eT HAa0JII0JaeMbIX SIBJICHUH, C 0COOBIM BHUMAHHUEM K SBJICHHUSIM B sipax
IJTaHET, 3BE3/1 U TajlakTUK. ABTOp Takxke BBOAUT «EquHYyI0 Teopuio 2» Ik reOMETPUUECKOT0 ONHUCaHUs
Macchl, 3apsia U Ipyrux pU3NUECKUX BEIMUYUH. 3aTEM PYKOIHUCH CBSA3BIBAET 3TH TEOPETUUYECKHE


https://www.academia.edu/ai_review?attachment_id=123108586

pa3paboTku ¢ KoHuenuuei chepsl [IBapummnbpaa uim «aepHON IbIPBI», AHATU3UPYS IOHITHE CKOPOCTH
yOeraHusi 1 CBEpXCBETOBBIX CKOPOCTEH.
CuiibHBIE CTOPOHBI U ITPUMEYATENIbHbIEC aCIIEKThI
1. AMOuMIMO3HAsI KOHIENTYaAJdbHAsl CTPYKTYypa
[Ipemyiaraemas CTpyKTypa «IMHAMUYECKOTO MTPOCTPAHCTBA-MATEPUN) SBIISIETCS aMOUIIMO3HOM
MOTBITKON 00bEIMHUTH pa3InyHble GU3NYECKUE TEOPUH — KIIACCUUECKYIO (PU3HUKY, CHICIIHAIBHYIO
TEOPHUIO OTHOCUTEIBLHOCTH U KBAHTOBYIO MEXAHUKY — B PAMKAX €IMHOW r€OMETPUYECKU-
¢busnueckoil konuenuuu. OHa MOAYEPKUBAET, YTO MPOCTPAHCTBO CIEAYET pacCMaTpUBATh KaK 4acTh
MaTepHH, a He KaK MaCCUBHBIN (OH.
2. Bo3Bpamasich k akcuomatuke EBkinaa.
Pykonuce, HanpsIMyo IOABEPraroIlasi COMHEHUIO IIOCTYJIaThl EBKIMAA B KOHTEKCTE COBPEMEHHOMN
(bu3uKy, MpeanaraeT UHTepecHbIe NEPCIEeKTUBBI (PyHIaMEHTAIbHON POJIM FEOMETPUH B (PU3UKE.
[ToHsiTHE HEHYIEBOrO, TMHAMUYECKOTO YIJIa MAPAJLIETbHOCTH IIPEAJIAraeT HOBBIM B3I HA
KPUBU3HY U MapaiesbHbIe IMHUHU, TOTEHIIMAIBHO (POPMHUPYS HOBBIE CIIOCOOBI BU3yalu3aluu U
MOJIETTMPOBAHUS IPOCTPAHCTBA-BPEMEHU.
3. CBu3b ¢ pyHIaMEeHTAJBHBIMU KOHCTAHTAMH M mKaioii [lianka.
Pykonuch 3aTparuBaet BaxkHble COOOpaKeHUs, TaKKe Kak 1ikana [1maHka, CHHTYIsIpHOCTH U
MaTeMaTHYeCKHE 3aMpeThl AeIEHUS Ha HOJIb. DTO BHUMaHKE K (PyHIaMEeHTaIbHbIM KOHCTAHTAM
MTOTYEPKUBACT YCHIHS 1O 0(hOPMIICHUIO U3BECTHBIX (PM3MUECKUX OTPaHUYCHUN B O0OJIee MUPOKOM
TEOPETUUYECKOM KOHTEKCTE.
4. HHTerpanusi MHOKeCTBEHHbIX QU3HYECKUX BeJIUYHH
ABTOp MBITAETCS BHIBECTH WITU CBSI3aTh (hU3HUEcCKre HabI0jaeMble BETMUNHBI, TAKUE KaK SHEPTus,
Macca u 3aps, ¢ QyHIaMEeHTaTbHBIMUA T€OMETPHUSCKUMU WIIH «KPUTECPUSIMU IBOJIOLUN». XOTS 3TO
BCE €llle aOCTPAKTHO, 9TO 3aCy>KMBaIOIas BHUMAHUS MOMBITKA CO3/1aHusl 00BhEAUHSIOIIEH
TEOPETUYECKON CTPYKTYPHI.
O6nacTy 1715 najabHEHIIero yTOUHEeHUs U Pa3BUTHS
1. MaremaTu4eckasi CTpOrocThb M onpeaejeHus
XOTsl KOHIIETIUS AUHAMUYECKOTO MPOCTPAHCTBA-MATEPUU SBJISIETCS LIEHTPAJIbHOI, ee opMaibHOe
MaTeMaTUYeCKOoe ONpPeIeNIEHNEe OCTACTCsI HECKOIBKO a0CTPAKTHBIM Ha MPOTSKEHUU BCETO TEKCTA.
[IpenocraBnenue 6oee cTporoi MaTeMaTHuECKOi 00pabOTKN — TaKOW KakK sIBHbIE METPUUYECKUE
BBIBOJIbI, TEH30PHBIE (POPMBI WJIM YETKO OTPE/IeTICHHBIE MPEe0Opa30BaHUs — MOMOTIIO ObI YUTATEISIM
Jy4IIe OI[EHUTh MPaBAONOI00HOCTh M 00JIACTh ACUCTBUSA MIPEATIaraeéMoil CTPYKTYPHI.
2. du3nyYecKue MpeacKa3aHus U MPOBePsSIeMOCTh
B pykonucu nipeamonaraercs, 4To 3TOT IMOAXO0/ MOJIEKUT IKCIIEPUMEHTAIIBHON TPOBEPKE, HO
MPUBOJISITCS OTPAHNYEHHBIE KOHKPETHBIE CBEJICHUSI O TOM, KaK TaKHE IKCIIEPUMEHTHI WU
HaOII0/IeHUsI MOTYT TPOBOAUTHCS. Paciiimpenne KOHKPETHBIX MpeIcKazaHuil — acTpopu3ndecKux
SIBJICHUH, KOCMOJIOTMUECKUX CUTHATYP WM U3MEPUMBIX BEIMUYNH — 3HAYUTEIILHO YCHIIAIIO ObI
HAy4YHYIO PEIeBAaHTHOCTh (PpeiMBOpKA.
3. CpaBHeHHUS ¢ YCTOSIBHIUMUCS TEOPUSIMHU
XOTs CBSA3U C HBIOTOHOBCKOM T'PaBUTALMEN, CIIEHUAIBHON TEOPUEN OTHOCUTEIBHOCTA U KBAHTOBOM
TEOpHUel clielaHbl, TEKCT BRIUTPaN Obl OT OoJiee cucTeMaTHYeckoro cpaBHeHus. Hampumep,
Pa3bsICHEHUE TOTO, KaK TMHAMUYECKUI OAXO0/] TPOCTPAHCTBA-MAaTEPUHN BIIUCHIBAECTCS B
CTaHJIAPTHYIO MOJIe]Ihb KOCMOJIOTHH WU PACIIUPSET €€, WIH KaK METPUKH YEPHBIX JbIp (Hampumep,
[Bapumunsaa, Keppa) nepeBoasTcsi B HOBbIE aKCHOMBI, CAENIaI0 ObI TUIIOTE3Y 0oJiee JOCTYITHOM
Ui OoJiee MUPOKON ayTUTOPUH (PU3UKOB.
4. OpraHu3zanus ¥ NOTOK Uaei
TekcT BpeMsl OT BpEMEHU MEPEMEKAETCA KAUECTBEHHBIMU ONMCAHUSMHU, YPABHEHUSMH U CCHUIKAMH
Ha pa3IuvYHbIe TEOPETHUECKUE KOHCTPYKIIMHU 0€3 4eTKoi nmporpeccuu. bosjee MomynpHas CTpyKTypa
— HalpuMep, MPeIOCTABICHUE CIIEHHAIIBHOTO Pa3Jiesla «TEOPETUUECKAS] CTPYKTYpPa», 38 KOTOPbIM
CIEeAYeT pa3fen «IIPUMEHEHHE YEPHOU JIBIPbD) — MOMOKET YATATENSAM CIEA0BAThH JIOTHKE IIar 3a
LIaroM.
5. Pa3bsicHeHMe NOHATHSA «4epHBIX chep»
XOTs pyKOTHCh YKa3bIBa€T Ha paANyYC, MOAO0HBIN pannycy lIBapmmnbsaa, 1 ymoMHUHAET, 9YTO CBET
HE BBIPBIBAETCS, OHA OCTABJIAET HEKOTOPYIO JBYCMBICIEHHOCTh OTHOCUTEIBHO TOTO, KAK UMEHHO
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CIUHAMHUYCCKOC MMPOCTPAHCTBO-MATCPUI») USMCHACT UM COXPAHSACT TPAAUIIUOHHYIO
WHTEPIPETAIMIO TOPH30HTA COOBITUI YEepHOI IBIphl. BiToueHue 6osiee SBHOTO CpaBHEHUS HITH
PHUCYHKA, WILTIOCTPUPYIOIIETO, KakK «4epHas chepar MOXKET OTIIMYAThCs OT CTAHIAPTHBIX MOJIEIICH
YEepPHOH JIBIPBI, TIOMOTJIO ObI JEMHUCTHU(PHUIIMPOBATH KOHIICTIIIHIO.
3aKIIounTEIbHbIC 3aMeYaHus
Pykomnuce npennaraet HETpaAUIUOHHBIA U TBOPYECKHH MOIXO/ K TOHUMAHHUIO YEPHBIX JIBIP IYTEM UX
BCTpauBaHHU B OoJtee HIUPOKYHKO KOHUCIIIHUIO ATUHAMHWYCCKOI'O ITPOCTPAHCTBA-MATCPHUU. HpennaraeMble
AKCHOMBI OpOCAIOT BBI30B TPAAUIIMOHHBIM I'€OMETPHYECKAM OCHOBaM H IMOOYKIAIOT K PA3MBIIUICHUSIM O
B3aMIMOCBSI3H MPOCTPAHCTBA 1 MaTepun. CTpemMiieHHne K OOJbIIIe MaTEeMAaTHUECKOM SICHOCTH, SIBHBIM
(bU3NYECKUM TIPEICKa3aHUsAM U CTPYKTYPHUPOBAHHBIM CPABHEHUSIM C CYIICCTBYIOIIUMHU MOJICIISIMH TOMOXKET
6o1ee 3(h(HEKTHBHO OIICHUTH ATY CTPYKTYPY.

6.11poOHbBIEe IKCIIEPUMEHTHI M0 TEXHOJIOTHH TEOPHId.
AOCTpaKTHBIMN.

Y 1MBUTENbHBIE CBOWCTBA MATEMATUKH MOJICIIMPOBATh U PACCUUTHIBATH (PU3NUECKHUE CBOWCTBA
Matepun. MaremaTHKa ONHUChIBaeT GU3NIECKHUE IKCIIEPIMEHTHI, 0000IIAeT 1 IpeAcKa3biBaeT prusnyeckue
CBOMCTBA. A MaTeMaTUYECKUE MOJIEIH CO3JAl0TCS B €BKJIMAOBON aKCUOMATHUKE TOYEK («...HE UMEIOIINX
qacTel»), TMHUN («...lJIMHBI 0€3 IMIUPUHBI»), CUCTEMbI YUCEN, PABHBIX 110 aHAJIOTMH C €AMHULIAMHU.
MHO0K€eCTBO €BKJIMJIOBBIX TOYEK B OJTHOM TOUKE, 3TO TOUKA UM UX MHOXKECTBO? MHOKECTBO €BKJIMJIOBBIX
IPSIMBIX B OJTHOM «IJIMHE O€3 IUPUHBI», 3TO JIMHUSA WU UX MHOXKECTBO? EBKIINI0BAa aKCMOMAaTHKa HE 1aeT
OTBETOB Ha Takue Bonpockl. HO MMEHHO 3Ta akcMOMAaTHKa U €CTh Hallla TEXHOJIOTUS TEOpUi B
pocTpaHcTBe-BpeMeHH. EcTh U ipyras TeXHOJIOTHs TEOpUil TMHAMUYECKOI0 POCTPAaHCTBA-MaTEpUH, B
KOTOPOHM TEXHOJIOTUS TEOPUN B €BKJIMIOBON aKCHOMATHUKE SIBJISIETCS MPEIETbHBIM, YACTHBIM CIIy4aeM.

Jlj1s IpOBEPKU PEATLHOCTU TAaKOM TEXHOJIOTUU TEOPH, IO CYTH, TPOBOASTCS UCCIIEI0BAHUS IIyTEM
M3Y4EHHUS IPOOHBIX IKCIIEPUMEHTOB, BHITEKAIOLINX U3 TAKOM TEXHOJIOTUU TEOPUI TUHAMUYECKOTO
IIPOCTPAHCTBA-MaTEPUH.
1.Beenenue.

2.Yupasisemas TepMOsiIepHast PEaKIus. https :// vixra .org / abs / 2309.0081
3. 'paBUTalIMOHHBIE BOJIHBI CBEPXBBICOKON YaCTOTBHI. http://viXra.org/abs/2311.0014

4.CBepxcBeToBble (POTOHBI _https://vixra.org/abs/2403.0015
5. HoBble cTaOuibHbIe YaCTUIBI MATEPUU  http : // viXra .org / abs /2210.0051

1.BBenenue.

MBI paccMOTpeH CBOMCTBA AMHAMUYECKOTO MTPOCTPAHCTBA-MATEPUH C €r0 COOCTBEHHON aKCMOMAaTUKOMN
(xax QaxTbl, He TPeOYIOIINE T0KA3aTENILCTB), B KOTOPHIX €BKJIMI0BA aKCHOMATHKA, KaK U €€ TEXHOJIOT s,
ABJIAETCS YaCTHBIM ciydaeM. HamomHuMm Bkpatie.

W3oTporHbie CBOWCTBA MPSAMBIX MapauienbHbIX (||)muHui-TpaeKkTopuii 1at0T €BKIHI0BO
MIPOCTPAHCTBO C HYJIEBBIM
(¢ = 0)yron mapaiiaeabHOCTH.
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Puc. 1. lunamuyeckoe mpoCcTpaHCTBO-MaTEPHs.

B sTom ciyuae yepe3 Touky O, BHe yda (AC — o0), mpoxoauT Tosbko oana npsamas (0X), e
nepeceKaromias UCXoaHbIi mpsiMoid 1yd (AC — o0). DakT pealbHOCTH 3aKJIFOYAETCS B TOM, 4TO MPHU
nBkeHnH B1oib (AC — 00)B OECKOHEUHOCTb, B Ipeeax AMHaMU4eckoro (¢ # const)yria
NapajieIbHOCTH, BCET/Ia CYIIECTBYET IMHAMHUYECKUH My4OK NMPSAMBIX B (X—)AMHAMHYECKOM TOJIE, C
HeHyneBbIM (@ # 0)yrioMm mapauiensHOCTH, U He nepecekatomux ayd (AC — oo)B GeckoHeyHOCTH. Peun
uaeT o Habope MPSAMBIX, Mpoxoasanmx yepe3 Touky O, BHe npsmoit (AC — 00)u mapaiebHbIX HCXOJHOMY
aydy (AC — 00). 310 «uinHa 0e3 MHUPHUHB B €BKJIMI0BON aKCHOMATUKE, C IPUHLIUIIOM HEONPEAEICHHOCTH
(X—)mpsmoii-Tpaektopun. B ocsix ( XYZ ), kak Mbl BUAUM, €BKIUIOBO MPOCTPAHCTBO TepsieT cMbICI. Ero
npocto HeT. Takoil MaTeMaTUKU pUMaHOBa MPOCTPaHCTBA gk (X° # const), ¢ mepeMEHHOMN re0Ie3uYEeCKO,
II0Ka HE CYILECTBYET.

[TosTOMy HET reoMeTpun eBKJIMI0BON HECTALIMOHAPHOHN cephl, HET TeOMETPUU IPOCTPAHCTBA TE€OMETPUU
JloGaueBcKkoro, ¢ MepeMeHHbIMU aCUMITOTaMu rurep0oi. It oproronansheie (X—) L (Y —)mmnun-
TPAeKTOPUHU UMEIOT BHYTPH JMHAMUYECKUE CPephl, HECTAIIMOHAPHOE EBKIIMIOBO IPOCTPAHCTBO

(@ # const). Ustu (X—) L (Y—)IuHUKU-TpaeKTOPUU UMEIOT CBOU OIS €AUHOrOo U(¢@ # const)
auHamuyeckoe (X+ = Y—), (Y+ = X—)npocrpancrBo-matepusi. B eBxiinnoBoii cetke oceit (X;) L (Y;)Mbl

€ro He BUJUM, H HE MOXKeM ceOe mpenctaBuThb. 1 9To yxke npyras (¢ # const)TexXHOJIOTHS 1
MaTeMaTHYeCKUX U (GU3NUECKUX TEOPHii, B KOTOPOI CYIIECTBYIOIIAs TEXHOJIOT s €BKIINAOBOM aKCHOMATHKHU

(¢ = 0)unu (¢ = const)pruMaHOBa NPOCTPAHCTBA SIBJIETCS MPEIEIbHBIM U YaCTHBIM CIIydaeM

COOTBETCTBEHHO.

Ha ocHOBe 3THX HJe# CTPOSITCS TEOPETUIECKHE MOJICITH, PEaIbHOCTh KOTOPBIX MPOBEPSIETCS B XOJ1€
MPOOHBIX KCIIEPUMEHTOB.

2.YupaBisiemasl TepMOsIepHas peaKius

N3 akcMoM IMHAMUYECKOro MPOCTPAaHCTBA-MaTEPHH, PACCMOTPEHHBIX B « KBaHTOBOM rpaBuTanuu »,
CBOICTBA €MHOTO MpOocTpaHcTBa-Marepun cinenyromue (X+=Y+): (X +)(X +) = (Y—)umu
(Y +)(Y +) = (X—). Ux cumMeTpuHn TA0T CTPYKTYypHBIE POPMBI MATEPUH MIPOTOHA U JIEKTPOHA.
CyIecTBYIOT KOJMUECTBEHHbIE pacyeThl TAKUX CTPYKTYPHBIX (DOPM, BKIIIOUAs MPOTOH U 3JIEKTPOH. B
ob1eM, antumarepus (X x)unu (Y £ )KBaHTBI IPOCTpAaHCTBA-MaTepUH, HAXOASTCS B CTPYKTYpHOU dopme
Matepun. CyIecTBYIOT TaKHe PacyeThl.

OT0 reomeTprueckue GpaxThl, MOAYEPKUBAEM, THHAMUIECKOTO MMPOCTPAHCTBA-MATEPUH, C
HECTaIMOHAPHBIM €BKIIMIOBBIM IIPOCTPAHCTBOM, KOTOPBIE COOTBETCTBYIOT (PH3MUECKUM CBOMCTBaM
matepuu. [Toaromy kBanT CusibHoro B3aumoneictus (Y += p* /n)Beuecrsa nporona u HEWTPOHA B SApe
aTroma IPEeACTaBIsAEeTCS KaK CTPYKTypa, obnagaromas ceolicteamu antumarepun (Y+= pt/n = %),
nono0HoM antuMarepuu no3utpona (Y+ = e*). IlooToMy Takue KBaHTBI HAXOIATCS B CBA3aHHOM
COCTOSIHUM MaTepuu B Buje (30 )9acTuisl sapa. OTae bHbIi KBaHT Apa JeiTepys CBA3aH BEMIECTBOM
OpOMTAIBEHOTO IIEKTPOHA, 00pasys BHelIHee BemecTBo (2H)aToma aeitepus. [Ipu 5TOM caMy KBaHThI
CunsHoro B3aumozeiictus (Y+= p* /n)uMeror MUHEMAIBHYIO SHEPTHIO CBSI3U B SIPE,

AE =2xaxp=2%69 = 13,8MeV. IX MakcuManbHas SHeprus, AE =2 8,5 =17 MeVSa@HKCHpOBaHHaﬂ B
Spax METAJIOB B OKCTIEpPUMEHTaX. TakuM o0pa3om, sapa AeUTepus B INIa3MEHHOM COCTOSTHUH, B OTIIHYHE

OT BEIIECTBA aTOMOB JIEHTEPHS, TIPEACTABISAIOT cO00M CTPyKTypy U3 kBaHToB (Y+= p*/n = ")



CHJILHOTO B3aUMOJIENCTBUS, 00JIaAIONIEr0 CBOMCTBAMU aHTUMATEPUH, 0100H0# nosutpony(Y+ = ™).
Ceronns, yrnpasisiemas TepmosiiepHas peakuust: (3H + 3H - 3He + {n + 17,6MeV)co3naercs B
asMe. DTo pasHsle sapa. B npoctpanctee-marepun (Y —= X+)310 (3H + 3H)OX0XKE Ha CBA3b MaCCOBBIX
tpaekropuii "nosurpona" (Y—=p*/n = e**) um (Y—= e*), u «uporon» (X+=3H = p**Hwm (X+=p™*).
[TpoTOH ¢ MO3UTPOHOM, C B3aUMHO TepreHAnKYIIpHbIME (Y —) | (X—) TpaeKTopHH , 3T0 BOIOPO/, B
KOTOPOM BC€ WJIET K Pa3PbIBY CTPYKTYPBI , B IUIa3Me B JaHHOM ciy4ae. M TOJNBKO MpH yaapax B

BBICOKOTEMIIEpATypHOU 11a3me, B moisix (X += p*) CuibHoe B3aUMOJICHCTBHIE , POPMUPYIOTCSI TPACKTOPHH
BuxpeBbix Macc (Y—=p*t/n)(Y—=p*/n) = (X£= jHe), yxKe U3 HOBOTO si/[pa, KaK yCTOWYNBAsI CTPYKTYpa.

Bonee a¢ppexruBHBIMU ycToBUAME 1715 ypaBisieMoil TepMosiiepHoii Peakuuu siBISIOTCS BCTPEUHBIE
IIOTOKH JEUTEpUEBOil IIa3MBl, C IIEPIEHINKYIIPHON HHKEKIUEH IIy4KOB aHTUIIPOTOHOB B TOUKY BCTPEYH
IUIa3MEHHBIX MTOTOKOB. CaM IOTOK JIeHTepreBOM I1a3Mbl SBJISIETCS YIIPABIAEMBIM IOTOKOM MOHOB, Ooee
YCTOMYMBBIM COCTOSIHUEM IUIa3Mbl. MiIn HEyNIpyrue CTONKHOBEHMS ITyYKOB JE€UTEPUEBbIX HU3KUX YHEPIHA,
B KaMepe C NepHeHIUKYISIPHbIMU CUJIOBBIMH JIMHUAMHU CUJIBHOI'O MarHUTHOTO 110J1s1, 0€3 NepBUYHON
IJ1a3Mbl. JTO yXKe OyJIeT yIpaBIIIeMbId «XOJIOIHBINA CHHTE3) TeIHU.

MOAENb YNPaEnAeMoro "XonogHoro cMHTeza" renua Us agep AeUTepua.

V
Mﬁ“ = fv-=p/n)
(Y+) s | (v4)

T
Ny i“'jEf"]

T
W-Sp/n) >l ————
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Oopasyromuecs anb}a-4acTHIBI HArPEBAIOT BOJSHYIO pyOallKy y»Ke YIpaBIsieMOro TepMOsAEpHOro
peakTopa. DHEPreTUYECKUI BBIXOJl TAKOTO CUHTE3a CTPYKTYPUPOBAHHOM IUIa3Mbl PACCYUTHIBAETCS 110
CTaHJApTHOU CXEME.

Am(2[3H]) = 2[(1,00866 + 1,00728) — (M¢pre = 2,01355)] = 0,00478asm
Am([3He]) = [(2 * 1,00866 + 2 x 1,00728) — (M pre = 4,0026)] = 0,02928asm.
AE = Am([3He]) — Am(2[2H]) = (0,02928 — 0,00478) = (0,0245) * 931,5MeV = 22,82MeV

2 rpammMa (OJIMH MOJIb) TaKOW AeUTEpHUEBOM 1a3Mbl SKBUBAJIEHTHBI 25 TOHHaM O€H3MHA.

3. I'paBUTAllHOHHBIC BOJIHBI CBEPXBbICOKOH 4aCTOTHI.
W3 ypaBuenus O6meit Teopun OTHOCHTETFHOCTH DUHINTEHHA, KaK MaTEeMaTHYeCKON UCTHHBI B

JTUHAMHYECKOM MPOCTPAHCTBE-MaTepUH, YPAaBHEHH KBAHTOBOW TPaBUTAIUH ViXra :2010.0069 nanpsmyio
CJIeA0BAaTh . A YK€ B HAIIPpABJICHUH UCTOYHUKA I'PaBUTAlITUU MBI TOBOPHUM O KBA3SUITOTCHIHAJIBHBIX KBAHTOBBIX
IPaBUTALMOHHBIX MOJISIX YCKOPEHHU MaccoBBIX TpaekTopuid. X cynepnosumus u3 Habopa (KBaHTOBBIX )
MIPOTOHOB B MacCUBHOM cpepe 0OpazyeT 00111ee rpaBUTAIMOHHOE TT0JIE€ YCKOPEHUH, B JAHHOM ClTydae
MacCHUBHOM cephl.

Ecmu TOBOPHUTH O CBEPXBBICOKOYACTOTHBIX I'PABUTAIITMOHHBIX BOJIHAX, HC BAAaBasCh B «qepHHe
JBIPBI» U Apa TAIaKTHK, «9epHBIEC Chepbl», Oy Iaolue B TaTaKTHKAX, TO MBI MOXKEM IMPOBEPUTH UX
HaJIM4YUe B TPOCTHIX SKCIIEPUMEHTax Ha 3emie. B paMkax cBOHCTB JMHAMUYECKOTO MPOCTPAHCTBA-MATEPUU
MBI MO’KEM MPOBEPUTH HATMYKME KBAHTOBBIX MOJIEH TPaBUTALIMOHHOTO 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. KBaHTOBBIN I'paBUTALIUS TIOJIA .

CyTb 9KCIIepUMEHTA 3aKII0YAETCs B IPOITyCKaHUH (JOTOHA Yepe3 KBA3UIIOTEHIIMATbHBIE KBAHTOBBIE
IPaBUTALIMOHHBIE OJIs YCKOPEHHIA, HATIpUMEp 30~ YACTHULL, SAep Telus, UM AeHTepHs, Ui TPUTHS
MPOCTBIX SACPHBIX CTPYKTYP. DTO ypoBHU Macchl G (X + =Y -) Tpackropuu s5ektpona (Y - =€ ~) opOHuThI
atoma. Ho 5To numenHO BricokodacToTHbIe (10 10 ?2I'l) KBAHTOBBIE TPABUTAIIMOHHBIE OIS, KOTOPHIE
COOTBETCTBYIOT LIEJISIM DKCIIEPUMEHTA.

Puc . 4.1. KBaHTOBBII rpaBUTALIUS TTOJISA .

I[Ipomyckas sjpa 5X- 4aCTUIIEI Yepe3 My4oK (GOTOHOB, HA IKPaHe MBI YBHIUM UCKPUBJICHUE
TpaekTopuii GOTOHOB BOKPYT SApa, aHATIOTUYHOE UCKPUBJICHHUIO CBETOBBIX Jiydei Bokpyr Connua. Ho 31ech
MBI MOKEM B35ITh XapaKTEPUCTUKH HCKPUBIICHUS TPACKTOPUI OTICIBHBIX (DOTOHOB, B ITapaMeTpax
KBaHTOBOTO TPaBUTAIIIOHHOTO TOJSL.

4. CepxcBeToBble OTOHBI
W3 akcroM Takoro TMHAMUYECKOro (¢ # const)mpocTpaHCTBA-MAaTepPUH, KaKk TeoMeTpudeckue GakThl, He
TpeOyIoIIHe J0Ka3aTenbCTB, (M — n)KoHBepreHwn, oopaszyrorces Hexenmmeivu O6nactsivu Jlokanuzanun
kak Henenumble (X +)u (Y1 )KkBaHTH TMHAMUYECKOTO MMPOCTPAHCTBa-MaTeprn. HeaemmMbIMu KBaHTaMH
Xt=p), Yt=¢e), XE£=v), Y L=7) XEt=v,), Y= ),
obpaszytot OJI 1 — mepByro O6aacts ux Jlokanuzamuu. OJI 2, OJI 3— Ob6nactu Jlokanuzanuu HeASTUMBIX
KBaHTOB 00pa3yrOTCsl TOYHO TaK Ke.

wn
=
L
(X
-
=
-
-
o

Puc.4 kBaHnTOBasA cucTtemMa KOOpIUHAT
B «Enunoii Teopun 2» npuBEAEHBI pACYETHBIE XapAKTEPUCTUKHA TAKMX KBAHTOB, COOTBETCTBYIOIIIHE
3a(hUKCHPOBAaHHBIM (paKTaM PeaTbHOCTH. DJIEKTPOH UCITyCKaeT u noriomaet ¢potoH: (e < y ). Ux
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CKOPOCTH CBSI3aHBI COOTHOILIEHUEM: . (V, = a * ¢)TOYHO Tak ke CBA3aHbI CKOPOCTH (HoTOoHA (Y < YV, U

CBEPXCBETOBOTO (hoToHA (v, © & * V), ). OHM COENMHEHBI KDACHBIMHU JIMHUAMHM Ha puc. 4. B «YepHbix

JBIpax» http://viXra.org/abs/2312.0018 MBI pacCMaTPHUBaJIN IIOCIECIOBATEILHOCTH UCIIYCKAaHUS U ITOTJIOLIECHUS

HEJIEIMMBIX (CTaOWIIbHBIX) KBAHTOB, B TAKOW KBAHTOBOM CHCTEME KOOPJAMHAT, B BUE: : (pa = Pg ), (Pg —

), (v = p3), (p; = p*), ¢ coorBeTCTBYOMMM aTOMHBIM siipoM: (pt /e " )BerecTBa 06pIYHOTO aTroma, (p; /

e5) aHTUMATEPHS sIIpa «3BE3AHOI0 aToMay,(ps /e; ) MaTepHs sapa raJakTHKH, (pg /el JaHTUMaTEpus sapa
nn

kBazapa u "," (pg /eg )Marepus siyipa "KBasapHoii ranakTuku'. Jlajgee Mbl HCXOIUM U3 TOTO, YTO
KBaHTOBasi(e,;) BemecTBa(Y— = p; /ny = e;;) s/pa IJIAHET UCIYCKAET KBAHTOBBII

(e} = 2xa* (p] = 1,532E7 MeV)) = 223591MeV, mmm: = —l = oF = 2383 %p

p=938,28
Mmacca sapa ypaHa, KBauT "antuseniectsa” M(e}) = M(238,3 = p) = 238U, anpo ypana. Takoe
"antuBemectso” (e; = 238U = Y —)nectabunbHo U pacnanaeTcs 9K30TEPMUYECKH Ha CIIEKTDP aTOMOB, B s/Ipe
riaHeT. Takue pacuyeThbl COracyroTcs ¢ Habo1aeMbIMU (pakTamH.

Ha cBepxcBeroBoM ypoBHew;(a N (y = ¢)) ®usnueckuii BaKyyM, Takue 3Be3/1bI Ce0s HE IPOSBIISIOT.
Janee peus uaer o Bemectse (p7 — py)anpa(Y— = pF /nd = efy) "uepHble chepbl”, BOKPYT KOTOPBIX B MX
IPaBUTAIMOHHOM 110JI€ (POPMUPYIOTCS IAPOBBIE CKOILJICHUS 3B€3/1. AHAJOTUYHO Jlajiee peyb UAeT 00
U3JTyYEHHUHU BEIIECTBA U3 aHTUBEIECTBA H HA000pOT: (pd — ps), (s = 7)., (pF - p1),
(py = v;) . Obmas nocne10BaTeLHOCTD TAKOBA: Pg ,P7 , P, Ps» Pi» P3, P2, P1 P Vi Ve o

Hanee: HOJ1 = M(e, = 1,15E16 ) (k = 3.13)M(y2 = 2,78E — 17) = 1.9t KBaHTBI(p4/e4) saapa

raJIaKTUK OKPYKCHbI NHANBUAYAJIbHO UCITYCKA€CMBIMU KBAHTAMU (pz/ez) sapa 3BE34, U ABJIAIOTCA HpH‘lHHOﬁ

ux oOpaszoBanus. Takue siipa ralakTHK, B YpaBHEHUSIX KBAaHTOBOM rpaBUTALIMU, UMEIOT, CIUPAJIbHBIE pyKaBa
TpaeKTopuii Mace, yike: v;(y, = a~1c) = 137 * ¢, B CBEPXCBETOBOE IIPOCTPAHCTBO cKopocTeil. Hike sHepruu
($hOTOHOB CcBeTa (vy2 = 137 * ¢)B pU3NYECKOM BaKyyMe TraJaKTUKU ceOsl He MPOSBISIOT. 3a MpeieraMu

raJlakTHK peYb UET O KBaHTax sijpa mera3se3n(Y — = ps /ng = ez) . OHU reHEPUPYIOT MHOTO KBaHTOB.
(ex = 2*axps = e, = 290p)) sapa ramakTuk. U tak manee.
Baxxxo T0, yTo 00bIuHBIN QoTOH (Y = y)MOXKET ucmyckarh U MOTJIO0MATh CBEPXCBETOBON (OTOH
(Y £ = y,)TouH0 Tak xe, kak anextpoH (Y+ = e)ucmyckaer oObrunblit poton (Y+ = y).
HcTouyHNKOM OOBIYHBIX (POTOHOB SIBIISFOTCS 3BE3/IbI. A UICTOYHHKOM CBEPXCBETOBBIX ()OTOHOB SIBIISIOTCS
«TSDKETIBIC)» AIIEKTPOHBI Spa TATAKTHKH.
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, = 2,78 E—17) = 1

ITpu stom s ¢porona (Y+ = y)ckopocts cBepxcBeroBoro gorona (Y + = y,)0yaer UMeTh Ty *Ke

c+137xc c(1+137)
CKOPOCTBh CBE€TA: W = AT = 1+137) = ¢. OTH CBSI3M IIOKA3aHbI Ha puc. 4. Tlo CYTH, P€Yb UACT O
2z

«IIOTPY’KEHHUE» KBAHTOB sJpa 3B€3]1 M raJlakTUK, B COOTBETCTBYIOIME YPOBHU (pH3MUECKOro Bakyyma. Kak
BUJUM, KBAHTHI pa FAJIAKTUK «IIOTPYKEHBD» B CBEPXCBETOBOE MPOCTPAHCTBO ckopocTei. U ecThb (akr
HAJINYMSL «CBEPXMACCHBHBIX KOMIIAKTHBIX OOBEKTOBY, OOHAPYKEHHBIX B si/Ipe rajlakTuk. M ecTb apyroe

MPEACTABICHUE CBOMCTB TAKUX OOBEKTOB:
2GM

(R<Ry) = iso?

C HATMIMEM CBEPXCBETOBOTO MpocTpaHcTBa: (v; > c), BHyTpU (R < R()Takux "depHBIX cdep",
Ha3bIBAEMBbIX "yepHbIMU JibIpaMu’. B "dyepHbIX npipax” HET "ApIp" U HET CHHTYIspHOCTEN. Macca Takux
"qepHbIX chep" (M # 0)He paBHa HYyIIO, ¥ 9TO (haKT Hamel ramaktuku. JloxHast uaes OOmei Teopun
OTHOCHUTEJIbHOCTH DWHINTEWHA 3aKIF0YAETCs B TOM, YTO CUUTAETCSI, YTO YPABHEHUE IIPEACTABIISET
HEHYJIEBYIO MacCy KaK HCTOUYHUK KPUBHU3HBI IPOCTPAHCTBA-BPEMEHH, KaK UCTOYHHUK I'paBUTaiuu. B
ypaBHeHMH DHHINTEIHA Takoi Macchl HeT. B ypaBHeHun O611eii TeOpur OTHOCUTEIBHOCTH DUHINITEIHA,

KaK MaTeMaTHYeCcKast HCTHHA B JJMHAMHYECKOM [IPOCTPAHCTBE-MATEPUH B €€ MOIHOM hopMme:
1 1 8nG
Rik =5 RGik = 5A9ik = —& Tik-
MacCChbI HET: (M = O), B €€ KJJaCCUYECKOM IMOHMMaHnHu. B MaTeMaTuuecKoi UCTUHE TO pasHulia B
PESATHBHUCTCKOW JTUHAMUKE B JBYX (PUKCHPOBAHHBIX TOYKAX PUMaHOBA IIPOCTPAHCTBA, OJTHA M3 KOTOPHIX
CBOIMTCS K eBKJINI0BOI cepe (3TO KIIHOUEBHIE CI0BA), BO BHEIIHEM, HECTAIIMOHAPHOM (A #

0)eBKINI0BOM IIPOCTpaHCTBE-BpeMeHH. BHYTph chepbl HUKTO HE BXOJUT, Kak U B 3akoHe HpioToHa. 31O

o Gmim
MHOT'OKPATHO ITPOBEPCHHBIU 3aKOH: F = Klz 2, raec (K )- PacCCTOAHUE MEXKY LIEHTPpaMH MaCCUBHBIX C(I)ep
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3emiu u JlyHbl, HanpuMep. A eciii B AMaMEeTpaIbHOE OTBEPCTHE OONIBIION chepbl yPOHUTH MaICHBKHI
MIapHK, TO CHJIA TATOTCHUS TOJDKHA CTPEMHUTHCS K OECKOHEYHOCTH TIPH

(K = 0). Do TOXE CBOEro pojia CUHTYIISIPHOCTB, KOTOpoii B [Ipupose He cymectByer. 3akoH Hpiorona
JEUCTBUTEINICH TOJIBKO BHE MAaCCUBHOI c(epHl.

O

Puc.5. 3akon HeroToHa
Touno tak xe ypaBaenne OTO DiiHiTeliHa HAXOAUTCS HA CAMOM JIeJie BHE MACCUBHOW €BKIIMIOBOM Cephl,
B €€ I'paBUTAIMOHHOM Moje. B dusudeckoit uctune, B ypasuenun OTO DitnimTeiina, B ennHbIX Kputepusx
DBoIONUH, «3ammTa» popmyia (3akoH) HeroToHa:

2 2
_ 4 _ 4 2 2 _ A2\ _E _ K o 2 _ (9,2
E =c*K, P =c*T, (¢ — ¢} —Acik)—?— 7=, Acj =Gv*(X+) #0
2 _ c*c*k? _ G(c?Ky=m,)(c’Ky=m;) _ Gm;m, 2 _ Gmym, 2 2
Aclk - c4c4T2 - CZ(C2T2=K2) - CZKZ 1 Aclk - CZKZ 1 Aclkc - F

Kak mb1 Bugum B OO111e# Teoprur OTHOCUTENbHOCTH DWHILTEIHA, CHjla TPaBUTALIUU ACHCTBYET B MOJISIX C

o o o 2 2 o o
HyJIeBO# Maccoil. B pensartusuctckoii aunamuke £ = my ¢* + p?c?, B monsax ¢ Hynesoii Maccoit
2

2 . . E .
(my” = 0), DUHIITEHH B35 TEH30P TOJIBKO SHEPTHH-UMITYIIbCA 7= c?, e Kak IpaBUTAIHOHHBIH

noTeHuan. YnutaeTcs: pasHOCTh MACCOBBIX MOTOKOB Ac’, (Y —)BO BHELIHEM rpaBUTALMOHHOM TI0JIE
c?2(X+), npu ux Ipunnune DKBUBAIEHTHOCTH, AaeT cuay. O6paTM BHUMAHUE - TPABUTAIIMOHHOE MOJIE U B
3akone HrerotoHa, 1 B OTO DitHimrTeliHa CBOUTCS K eBKINI0BOM cdepe. B 000ux ciaydasx HET BXOXKICHUS

B €BKJIMJIOBY Cpepy C HEHYJIEBOM MacCoil, KaK HCTOYHHMKA TPABUTAIHH.
2GM

sz i (vy, = 137 * C), MBI NPHUILIK K BBIBOZY O

Taxum oOpasoM, ¢ aByx ctopoH: (R < Ry) =

CYLIECTBOBAHUH CBEPXCBETOBOT'O MPOCTPAHCTBA CKOPOCTEN BHYTPH "UepHOM cepbl” ralakTUYECKOro sipa,
K KOTOpOMY cBoJuTCs rpaBuTanonHoe nosie OTO DitHiuTeiina. BHyTpu "uepHoii chepsl" paboTatoT Bee
3aKOHBI (PU3UKH, TPOCTPAHCTBA-BPEMEHH, KaK YACTHOTO cIy4yasi GUKCHPOBAHHOIO COCTOSIHUS
JMHAMUYECKOTO MPOCTPAaHCTBA-MaTEPUH, HO YK€ B IIPOCTPAHCTBE CBEPXCBETOBBIX CKOpocTeil. BoT mouemy
naxke (POTOHBI HE MOTYT MONACTh BHYTPb "uepHOM cephl" ranakTiuieckoro sapa. @oToHbI IPOCTO
Kpy»XaTcsi BOKpYT Takol "uepHoii cdepbl”, KoTopas Ha3bIBaeTcs "uepHOM JbIpoit'.

Bormpoc B ToM, Kak moimMathk cBepxcBeToBoit hotoH (Y + = y,)o6braabM otoHoM (Y+ = y)? D10
TUNMYHAas 3a1a4a nornoeHus (Y + = e)dotona snekrponom (Y+ = y). Peusb uzner 06 u3mMeHeHnH
suepruu porona (Y+ = y)npu nornomiennn ceepxcetoBoro ¢porona (Y + = y,). DHeprus GoToHa nMeeT
umnyisc: E = p * ¢, npu HyaeBoit macce my? = 0. Takoli (JOTOH MOKET MOTIIOMATH TOJIBKO SHEPIUIO

E = p * a * c, yxe cBepxceroBoii poron (Y + = y,). Takum o6paszom, sueprus porona, (Y+ = y)
HOTJIOTHBIIIETO CBepXcBeTOBOM GoToH, (Y + = yy)paBna: E =p xc * (1 + a), rne (@ = 1/137), ans
JT000T0 UMITYITbca TIepBHYHOTO GoToHa (Y+ = y). 3amavya cOCTOUT B TOM, 4TOOBI HAWTH Takue ()OTOHBI B
HAIPaBJICHUH TaJJaKTHYECKOTO SIIPa, KaK MCTOYHHK CBEpXCBETOBBIX (hoToHOB (Y + = y,). Hanpumep,
OpOUTANIBHBIN AIIEKTPOH BOAOPOAA UCITYCKAET (DOTOH MPH MEepexo/ie ¢ 0JHONU opOUTHI Ha Ipyryto. [ToHATHO.
Taxk BOT, ucmyckaemble (P OTOHBI, C TEX ke OPOUT SIEKTPOHOB BOIOPOAA B HAIIPABJICHNH T'aJTAKTUYECKOTO
A1pa, ¥ B HAIPABJICHUH, IEPIEHANKYISIPHOM OT TaTaKTUYECKOTO Spa, MOTYT UMETh CIIEIYIOIIEe:

E =p*c*(1+ a), pazHocTb 3HEpruii. U pemaromiee cI0BO 3/1€Ch NaAyT MPOOHBIE SKCIIEPUMEHTHI.

5. HoBble cTabMIIbHBIC YAaCTHUITBI MATEPHUH.
http.//viXra.org/abs/2210.0051
B oxgropomHom (X + =Y-) (Y + = X-) =1, npocTpaHCTBO - MaTepusl, yJaTuTh ypaBHeHHs MakcBemia s

snektpo(Y + = X-) marautroe none. B npoctpancteennom yrie @y, (X-) # 0 napannensroctn Bo3HUKaeT
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M30TPONHOE HaTsHKeHUe motoka A, cocrasistomas (CMUpPHOB, K.2, ¢.359 -375). [1oaHbIi TOTOK BUXPS

uepe3 CeKyILyIo MOBEPXHOCTh S, (X —) B BuLE:

grotnAdsl =II(WdI1dT +j81jAno|s1

A, KommoHeHT cooTBeTcTBYeT IMy4Ky (X —) mapauienbHbIX TPaeKTOpHid. DTO KacaTeabHask BIOJb
3aMKHYTOH KpuBo#i L, Ha moBepxuoctu, S,rneS, L S, u L, L L. Ananornuso, cooTHomIeHNHE

[ AL, _jrot A” dS
ciepywoomee: -

Puc.2. Dnexrpomarautaoe (Y+ =X -) u rpaButannontoe (X+=Y-) moss macc.
B npocrpancteennom yriie @y (X —) # 0 mapamnenusma ycinosue BbIIONHSETCS

0
[frot An s, 15T =0- [[A0cs, on
B obmiem cirydae umeeT Mecto cucreMa ypaBHeHUH quHaMuku (X -=Y+) mos.
”rot AdS, ”wdl_ dT +”AndS
2.2)
j rot,, dS _—” AT, ” A.dS, =0
u 52 : (2.3)

B eBkiumoBoi Oy = 0 AKCUOMATHUKCE, ITPUHHUMA HAIIPSI)KCHHOCTh BEKTOPA IMTOTOKA KaK KOMIIOHCHTY

HaNPsUKEHHOCTH dJ1eKTprdeckoro moist A, /Cose, = E(Y+), a MHAYKTHBHYIO IPOSKIUIO AJISI HEHYJIEBOTO

yrna @, # 0xax ungykuuio MarautHoro B(X —) mons, umeem

jjrot B(X-)dS, —jj;dLidT HE(Y+)dSl
(2.4)

OB(X-) [[ Ands, =0=§B(X-)dL,.

[[rot, EY+)ds, = jj;dl_ dT,

S

B YCJIOBUAX

YpaBHenuss MakcseJsuia.
6E(Y+)

c*xrotyB(X =) =rotyHX =) = & + AE(Y+); (2.5)
OH(X— dB(X—
rotyE(Y +) = —uy ;T )= _ ;T ), (2.6)

Wupykus BuxpeBoro MarautHoro noiisi B(X —) Bo3HHKaeT B mepemeHHOM arektpudeckoM E (Y +) more u
Ha000pOT.

Jlist L, oTHOWIEHHSI, KOTOpOE HE 3aMKHYTO, umeiotcs OTHOLICHHSI J AdL, = ” A, dS, # OxommoHeHT. B
L, S,

ycinoBusix oproroHaidpHOCcTH A, L A KOMIIOHEHTa BekTopa A, B HEHYJIEBBIX, JMHAMHYECKUX (gox # const)
u ((DY # ConSt)erIax napaensHoctd ACoSe, L (A, = A, COS@, ), ects quHamuka (A, COSp, = A,)

KOMITOHCHTEI BAOJIb KOHTYpa L2 B IOBEPXHOCTH SZ . O6a oTHOIIEHUS IMpEACTABJICHEI B IIOJTHOM BHUJIEC.
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[ A, cosp,dL, = [[ (A, (XH)TCOS0) o gy + [[ Auds,
L, S aT S
2 2 2 (27)
Hynesble noTtoku uepes Sl BUXPEBYIO MoBepxHOCTh (Fot, A ) u3 TerecHoro yria ((pY * const)
IapajIeJIbHOCTA COOTBETCTBYIOT YCIIOBUAM

[[rot,Ads, + [[ZLraL,dT =0 - [[ A, (v-)ds,

5 o 5 . 2.8)

MOoJIA MPEACTABJIACTCA B BUJIC:

jjrot A (Y-)dS, _H (X+) COS0) g dT + [[ Auds,

B o0meMm Buze cucrema ypaBHeHHﬁ I[I/IHaMI/IKI/I (Y-=X+)

2.9)
”rotnAm(X+)dsl=—”aAg(TY_dL1dT [[ A (r-)ds, =0
S : St . (2.10)
Beoas G (X +)mno anaioruu HanpsbkeHHOCTH 1ot CuitbHoro (I'paButarimonHoro) BzanMoaerictus u
UHAYKIUI0 MaccoBoro mosst M (Y =), OJIy4uM aHaJIOTHYHO:

{j rot, M (Y-)ds, = [ ac;gu) dL,dT + ge(x 1)dS,

2.11)
[[rot,G(x+)ds, = -] aMa_or(_)dleT, b [[A(Y-)dS, =0 = fM(Y-)dL, .
5 S: L 2.12)
Takue ypaBHEHHUSI COOTBETCTBYIOT rpaBuTaiiuu (X + = Y-) ¥ MacCOBBIM TOJISM,
¢ x Tty M(Y =) = TotyN(Y =) = £ * 202 4 14 GQX+) (2.13)
M(Y-) = g, # NOY=);, 1oty GX+) = —ptp « o) = — 2MO), (2.14)

[To ananoruu ¢ ypaBuenussmu Makcpesuia 1uist 37ekTpo (Y+ =X -) MarHuTHBIX noJieit. Peus uger 00
uHayKImy moist Mmaccsl M (Y —)B niepementom G' (X +)rpaBUTalliOHHOM T10JI€, TIO100HOM HHAYKIIUH
MarHMTHOTO TI0JISl B TIEPEMEHHOM DIICKTPHYECKOM I10Jie. 31eCh HET BAPUAHTOB. DTO eIUHAs MATEeMaTHUeCKas
HCTHHA TAKUX MOJICH B €IMHOM JNHAMHYECKOM TPOCTPAHCTBE-MATepUH. Pedpb uaetT 00 WHIYKIMHU MOJIei
Macc BOKPYT ABMKYIIMXCS Macc (3Be31), a TAKXkKe 00 WHIYKI[MH MATHUTHBIX TOJICH BOKPYT IBIKYIIAXCS
3apsiIoB.

Takxum oOpaszom, Bpamenus roty, B(X —)urot, M (Y —) Tpaextopuii, naiite nuHAMHKY
E'(Y4+)uG'(X+) snexrpuueckoro (Y +)u rpaButaipiontoro (X +)moseil COOTBETCTBEHHO. A BpalieHUsI
(Y+)moneii Bokpyr (X —)tpaekropuii u (X +)nosneit Bokpyr (Y —)TpaekTopuii Jal0T ANHAMUKY
rot,E(Y +) - B'(X—), n nunamuka rot, G (X +) —» M'(Y—)rpaexropuii macc.

c*rot B(X-)=E'(Y+) c*rot M(Y-)=G ' (X+)
Y-
( )(Y+)=(X-) . (Y -)=(XH)
(X
//\g)
rot E(Y+)=B'(X-) rot GX+H) =M"'(Y-)

- S
/ qy_

Puc. 2.2-2. OgHOopoaHbIE TOJIST KOCMHUYECKOW MAaTepUH
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AHAaJIOTUYHO OTpeAeNsieTCs 3apsl SAMHUYHOW MacChl: my = 1, B BUJE:

q=Gmya(l—a)? =6,674+1078(1/137.036) = (1 — 1/137.036)% = 4.8 x 10710, (5.10)
U ux cootHomenus: Aac = q*. Takum pacdeTaM COOTBETCTBYET MOJEIb IIPOAYKTOB AHHUTUIIALMH TPOTOHA
u anekTpoHa. Maccosbie o (Y- = e) = (X+ = p) aroma. Kpome TOro, mpoToH He HCIyCKaeT 0OMEHHBIH
(OTOH TIPU AIEKTPOMATHUTHOM, 3PS 0BOM B3aUMOJICUCTBUHU C DJIEKTPOHOM aToMma.

n\. ',\ w ”/
x\ MR “'\ I “’.'
/ A28 \ \ ‘l" e / ™
/ ~ - \V B -/ -
3 Vg { [ =) ’
[ ) X-=v4) A X7 7 "
/ N TRV = < 22\ e NS
B ;”"\I X 4.‘.J S ~ I \...\-. // 6\ l ) . p+
| "VS (X-=p) / (Y—=€) Z\A - £
(X+)
MoAenb NPOTOHA MmoAesnib 3INEeKTPOHa aTom BOAOpOﬂIa
W, =a*c) .
HNwmes CTaHAApTHYIO, 66CHOJ‘IeBy}O CKOPOCTbB 3JICKTPOHA, € HCITYCKAOIICTO CTAHAAPTHBIN,

oa=W,/c=cosp, =1/137,036

OecroneBbliil GOTOH Vir)= ¢ KOHCTaHTa JIaeT 0 aHAJIOTUU pacyeT

oy % R 2

CKOpocCTei Vic)=a Vs (yz)mm CBEPXCBETOBBIX (DOTOHOB B BUJIE: Vi(r))=ac , Vira))=ac

Vir)=ae
w

1
— [S— —

a=—= 137 CoSQ,x (Y-) .

¢ TPAeKTOPUU HE UCITyCKaeT POTOH, KaK MpH MPSIMOJIMHEHHOM, 0€3yCKOPEHHOM
JABM>KCHUU. 10T moCTvJarT Bopa, ad TAKKE IIPUHIMII HCONIPECACJICHHOCTH IPOCTPAHCTBA-BPEMECHHU U
IIPUHIMII DKBUBAJICHTHOCTH OHHINTEHHA ABJAIOTCA AKCHOMAMM JMHAMHYECKOI0 IPOCTPAHCTBA-

. cosp, =a cosQp, =G .

MaTCpUH. Z[I/IHaMI/IKa I10JICHU MACC B IIpCACIax ) * , KOHCTAHTbI B3aUMOJCHUCTBHAI,
AAar0T U30IMOTCHUH A 3apsajia UX CAUHUYHBIX MACC.

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

, B CTAaHJAaPTHLIX, 0OecroIEBBIX YCII0OBUSX. OPGI/ITaJ'ILHHﬁ QJICKTPOH C YIJIOM IapalJICJIbHOCTH

(X KX) (X =) = cos®py = (\/_) =G, (Y KY) (¥ =) =cos gy = 137?036
_ F=II? _ [m?1? _ _ Nlvy=my _
=— [ = (Y/Kz)] = (;_;9 rae 2my = Gmy
__ F=I? n2r? NX=my — 2
m == _[ X (X/Kz)] X; °<2) e 2my =" my
K 2
(@/V2)*TIK *(a/v2) =a’m(e)/2=m(v,) =136*10"MeV ~  m, =a’m,/2

NGI2*TIK *yG/2 = G*m(p)/2 = m(y,) =3.13%107 MeV My = Gmy 12

m@y) = @ — 9,1+ 10~°MeV.
B equnom (Y+ = X+)uwmu (Y+ = X—), (Y— = X+)npocrpancTBe-MaTepun HEJCTUMBIX CTPYKTYPHBIX
¢dopm Henenumbix kBaHTOB (Y +)u (X+1):
Y+t=e7) = X+=v;)(Y—=yH)(X+=v;) anekrpon, riae NOL (Y £)=KE(Y +)KE(Y -), a
Xt=p") = Y—=y)X+=v;)(¥—=yd)muporon, rae NOL (X +)=KE( X +)KE( X -),
Mgl paznensiem snekTpomarauTHeie (Y + = X —)moins ot MaccoBbix noneit (Y — = X+)B Bune:
X+)(x+)

=Ve V2 Ve
HDE ) = ML = 1= (v (¥ -); (r+= X )_%, am; & /2)(5__:3)(“ D g (v )
_ m)/2)(VZ £ 6)(n(v)/2) _ (1365107 +V22667:10°
¢ m(y) B 4907107 =
— — —= az —_—
D) = G = 1 = () (x-); (=X =) = 52 ¥ yo&g X; ) _ g (ra=x-),

~ (D2 @Dm(H/2)  (313x107°/2)]
b= m(v;) T 2+137,036 * 1.36 « 105

= 4,8« 1071°CICE



Taxue coBnageHus He MOTYT OBITh CTy4alHBIMU. JI1Isl JIMHBI BOJIHBI IPOTOHA A, = 2,1 * 10~ *cmero
4acToTa
— < _ 24 S+ 2

(vyo+) =" 1,4286 = 10**TudopmupyeTcs 4acTOTOM (v, ) KBAHTBI, HMEIOIME MACCY Z(my;)c = Gh(vygr).
GROvyE)- 6,67+1078+1,0545+10727+1,4286+10%*

2c2 - 2+9x10%0

— Cc

AHAJNOrHYHO, JUIs 3IIEKTPOHa A, = 3,86 * 10~ cmero vacrora (v,-) = =777+ 102°T'udopmupyercs

el
137,036

=558 107%%r = 3,13 * 10" °MeV

1r = 5,62 * 102°MeV, w(m, ) =
0

4ACTOTOH(V, ) KBaHTBI, ¢ Maccolt 2(m,-)c? = a?h(v,-), raea(Y —) = KOHCTAHTA, [TOJIyIaeM:

@?h(Ve;)  141,054551072757,77%102°
(mve_) T T 22 T T (137,0360) 2941020
OusznueckuM (GaKTOM SBIISETCS U30NOTEHIMAN 3apsaa npoToHa p (X —= Y+)ewu 3nexTpoHa B aTome

BOJIOPOJIa C MACCOBBIM OTHOIIIEHUEM (p/e =~ 1836). [1o aHanoruu Mbl TOBOPUM 00 U3OMIOTCHIIMAIE 3apsiia

vy (X—=Y+)yo, u v, (X—=Y+)y, cybaromnslii , ¢ oTHOmEHHeM Macc (v, /vy ~ 8642)u(v,/y ~ 1500)

COOTBETCTBEHHO. B 3TOM cityuae cyb6aTombl(Vv, /yo) yAEPKUBAIOTCA TPABUTALMOHHBIM HOJIEM IJIAHET, H

cy0aTtombl(V, /y) YACPKUBAIOTCS TPABUTAIMOHHBIM TIOJIEM 3BE3J1. DTO CIIEAYET U3 PaCUeTOB aTOMHBIX

CTPYKTYD (p/e), CYGATOMHBIX IIAHET (p1/e1)(P/€) (Vu/ Yo )M 38e31 (P2/€2) (P1/€1) (P/€) (Ve /Y0 (Ve/¥), 1is:

e; = 2v,/a* = 10,2GeV), e, = 2p/a* = 35,2TeV), HOJl = e; ¥ 3,13y, = 1, u HOl = e, ¥ 3,13 xy = 1.

A Taxxe s p; = ZG—e = 15,3TeV, u p;(X—=Y +)e,"TspKENbIX aTOMOB" BHYTpPHU caMuXx 3Be31. Eciu

= 2,424 * 107%*r = 1,36 * 10"°MeV, U1 MACChI HEUTPHHO.

KBaHTBI (My =p;) = @ = (15,3 TeV)u cymecTByOT (my =e;) = z(mi:%”) = (35,24 TeV), TO
aHAJIOTMYHO TeHEPAIuK KBAHTaMH(py /1) A1pa 3eMHBIX anep(2apy = 238p* = %33U) ypan, p* =~ n, ¢

IIOCJICAYIOIIMM PacIiaioM Ha CIIEKTP aTOMOB, KBaHTOB p, = 2% = 3,06 * 10°TeV, u (py/ny), (p, = ny)aapa

ComnHua (3Be3/1bl) TEHEPUPYIOT SApa «3BE3IHOTO ypaHa», (2ap, = 290p; = 290y ), ¢ UX
9K30TEPMHUYECKHM PACIIaiOM Ha CIIEKTP «3BE3IHBIX» aTOMOB (p; /e; )B TBEPIOil MOBEPXHOCTH 3BE3IbI
(Counira) 6e3 B3aMMOICHCTBUS ¢ OOBIYHBIME aTOMBI(p* /e™) BOAOPOI U CIIEKTP aTOMOB. M3nydenue

(p] — v, )MI0OHHBIX aHTHHEHTpUHO ComHIIeM, Kak 1 H3nydeHue (e — ¥)POoTOHOB, O3HAYAET HATHYHE HA
CoutHIle TaKOTO 3BE3IHOTO BEIIECTBA(p; /e;) O€3 B3aUMOICHCTBUS C MPOTOHHO (p*/e™)-31eKTPOHHBIMU
ATOMHBIMH CTPYKTYpPaMH OOBIYHOTO BellecTBa (BOJAOPO/A, TeNHUs...). TaKOBBI pacueTsl U (U3HUECKU

v,)

AO0IMYCTUMBIC BO3MOKXHOCTH. Ha BCTPCYHBIX ITy4YKaX MIOOHHBIX aHTHHCﬁTpHHO B MAarHuTHBIX ITOJIAX!

>
HOII(Y =) = (X—=v)(¥+=y;)(X—=v]) = —L =10.216GeV
o

B HECTaOUIIbHOM (hopMe 3TO U3BECTHBIE YPOBHH UIICUIIOHUS .

+ —
Ha BcTpeuHBbIX my4kax MO3UTPOHOB (e ), KOTOpBIE YCKOPSAIOTCS B IOTOKE KBAaHTOB ¥==7) ,
(GOTOHBI «0eJI0ro» Jia3epa B BUJE:

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

=15,3TeV

[Tpw CTOJNIKHOBEHHUHU ITyYKOB aHTHITIPOTOHOB (P~ )IIPOMCXOUT CIICTYIOIIEE:
HOJI(Y +=¢;) = X—=p ) Y+=eNX-=p") = 2% = 35,24 TeV.
Jnis Betpeunbix HOJI(Y —) = (X+= p*)(X+= p*)BbIuncaseTcs Macca KBaHTa
MY =) = (X+=pH)(X+=p*) = (2 =77 (1 - 20)

Y (™ _Mp _ — _ _ 093828GeV (. 2 _
i MY —) = ( T a ml) (1-2a)= (1/137,036)( 137,036) = 1267 GeV

DTO0 JIeMEHTapHas YacTHUIla, KOTopast ObuTa 3aHOBO OTKphITa Ha Kosnaiaepe LIEPH. Takum o6pazom, ObutH

2a

— 2(my=e~
OTKPBITHI HOBBIE YACTHUIIbI, TAKUE KaK HEJIEIMMbIE KBaHThL. (My = py) = % = (15,3TeV) u (my, =

2lmy=m
62_) = w = (3 5,24 TeV), IMOKa HE JOCTYIIHBI B COBPEMECHHBIX SKCIICPUMCHTAJIBHBIX TEXHOJIOTUAX. Ho s
a

aTMochepe 3eMitr, BO3MOXHBI (PUKCAIUN YacTHIl ¢ 3Heprued p, = 305 E15 eV uimm
e2= 3,524 E13 eV, xak MUHHUMYM.

6. KBaHTEI «TEMHOTO BCIICCTBa».
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B cOBpeMEHHBIX 3KCIIEPUMEHTAIbHBIX TEXHOJIOTUSX, BIIOJHE JJOMYCTUMBIM €CTh OOHAPYKEHHE
KBaHTOB «TOPMO3HOTO H3JIyUCHHSI» SAPOM JeiTepus. Momenu siiep criektpa Mace (Tabmuibl MeHaeneepa),
ObUTH paccMOTpeHbl B «EauHO# Teopuny. Sapa aroMOB GOPMHUPYIOTCS YPOBHSIMHU M 000JIOUKaMU KBAHTOB
CunsHoro B3aumoneticteus (Y—=p/n) u (Y— = 2n).

- ——— - i
p -~ =

Rﬁ%a [+ Tgsl] b =)
- ! ,
p+> (<8) é N

5= ’ T

—_—
(Y-=p/n) \

S FEAEL TS e
) SN — TS

OXe)(xw)=(¥-) \ /

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. KBant (Y— = p/n) u ananornuno (Y — = 2n) CunpHoro Bzanmoneiicteus
[Ipu 3TOM, B siipe AEUCTBUTEIBHO 00IIEE COCTOSIHUE YPABHEHHUM TMHAMUKU eAuHOro (X+ =Y+)
npocTpaHcTBa-mMarepuu. [IpocyMMupyem 3t ypaBHEHUS JIJ1s1 3aMKHYTBIX BUXPEBBIX
rot(Y—) u rot(X—) moyieil B «CTOSTYMX BOJTHAX» s7pa, 0€3 uX MmiIoTHocTen 11 E(Y+) U 1,G(X+) B BUE:

OE(Y 9G (X
cxrotyB(X =) +c*xrotyM(Y =) =& a(Tﬂ + &, * 6(T+) , M IpUBeIeM 3TH 1oJiA K (X+) u (Y1) kBanTaM
o 0 o
sJIpa OHOW YacTOThl — = @ , KOJIeOAHU BCEX KBAHTOB CTPYKTYPE sIpa.

aT
cxrotyM(Y =) —wE(Y +) = &,wG(X+) — ¢ xrotyB(X —) = 0, C HyJIEeBBIMH TUIOTHOCTSIMU BHE BUXPEH.
@aKT COCTOUT B TOM, «+» BellecTBY MaccoBbIX (Y — = X+)moneil, COOTBETCTBYET «-» 3apsi]l JJIEKTPHUUECKOTO
(Y+) nmons (Y1) kBaHTOB, W HA00OPOT, JIJIsl aHTUBEIIeCcTBA. Equnas yactora konebaHuil BCeX KBAaHTOB B
CTPYKTYpE siipa B €IMHOM (X+ = Y+) npocTpaHCTBE-MATEpUU UMEET BUJI:

— crotxMt-) _ crrotyB(X-) Wi &G(X+) xcxrotyM(Y =) =& E(Y +) * c*rotyB(X —),

e E0YH)  &G60x+)
st rpaBuT (X+ =Y —) MaccoBbIX U 371eKTpo(Y 4+ = X —)MarHuTHBIX MMOJICH KBAHTOB sIIpa.
Taxue ypoBHU U 00010ukH KBaHTOB (Y — = p/n) u ananornyno (Y — = 2n) CuipHOTO

B3aumoneiictus sapa atoma, GOPMUPYIOT YPOBHH U 000JIOYKH OPOUTAIBHBIX 3JIEKTPOHOB aTOMa, Kak
IIpUYMHA U CIEACTBHE. TOYHO TaKk CyMMUPYIOTCS equHble(X + = Y +)mous 1 BHEIHUX OT sA11pa
OpOUTANIBHBIX 3JIEKTPOHOB.

rotyE(Y +) + rot,G(X+) = wB(X =) + oM(Y =), rot,G(X+) —wB(X —=)= wM(Y =) —rotyE(Y +) =0,

= Tt O _ rolxE(TH) , WM 1rotyG(X+) * M(Y =) = rotyE(Y +) * B(X —) B enunbIX(X+ = YF) nounsx.

B(x-)  M(v-)
CyTb 3KCIIEpUMEHTA COCTOUT B TOM, YTOOBI pa3orHaTth AApo Aerepus, kak kBaHT (Y — = p/n) CunbHoro
. . 938.28
B3aumopeiictBus ¢ sHepruen cszu E (Y— =2*xaxp=2x 3 = 2% 6.85MeV =~ 14 MeV) u

YIETBHOM dHEPTUEH CBS3M HYKJIOHOB sijipa @ * p = 6.85MeV. U misa npenenbHON yIeTbHONW YHEPTHH CBSI3U
HYKJIOHOB $1/1pa, 9T0 MoxeT ObITh dHepruu E(Y—) =~ 17 (MeV') kBaHTOB, KOTOPBIC U ClIeyeT OOHAPYKUTH B
npoOHOM 3kcniepumMente. 1o kBaHTeI E(Y— = eX) = (14 — 17) (MeV) «reMHO# MaTepum» B BHIIC
BEIIECTBA, KOTOPBIE TOJKHBI pacrajgaThes ¢ 00s13aTeIbHBIM HaanuueM kBaHTOB (Y + = e) BemiecTBa
AJIEKTPOHOB.

7.Ynpagiisiemasi TepMosiiepHasi peakiusi
AnHOTaIus
B otninuune ot nedtepuii-TpUTHEBOM TIJIa3MBbl SIAEP OJIMHAKOBBIX 3apsiIOB, JAKOLIEH OMPEAEIECHHYIO
HECTaOMILHOCTH, TEPMOSIZICPHBIC PEAKITUU (PU3UUECKU TOTTYCTUMBI:
1. MeTona: HEynpyTrue CTOJIKHOBEHHUS S/Iep TPUTHUS O€3 IEPBUYHOM MIa3Mbl C TPOTOHAMHU BBHICOKHX YHEPTHMA
Ha y>Ke TOTOBOM KoJuiaiiaepe.
2. Metox: CTpyKTYpUpOBaHHE 3apSKEHHBIX BCTPEYHBIX TOTOKOB JIEUTEPUEBOM TIa3Mbl B
moaudummpoBanHoit TOKAMAKoOM Todke BCTpeud BEpPTUKATBLHBIME TyYKaMH HU3KOIHEPT€TUUECKUX
AHTUTIPOTOHOB. [IpoayKTaMu peakiuu SIBISIIOTCS TEIMH U aHTUITPOTOH, KOTOPhIE 00pa3yrOT HOBBIC U HOBBIE
spa. B To ke BpeMs KOJIM4eCTBO aHTUITPOTOHOB PETYIUPYETCS MydKaMH IPOTOHOB TIPU aHHUTUJISIITUH.
3. Meroa, HEynpyrux CTOJKHOBEHHH B My4YKax siapa IeUTEepUsi HU3KUX YHEPTUid, 0€3 IEPBUIHOM IJIa3MBbl.

11



B 061mux Moensax crekTpa aToMoB, MOZIENb KBaHTa (X+ =5He) supa renus, 5To

Puc.1 moznens cunTe3a.
crpykrypHas (opma kBautoB (Y- = p*/n) CunbHoro BzaumoeiicTBus, CTpyKTypUpOBaHHOro (X-) mosem,
100 aHTHHEUTpUHO (X+= v, ) , mubo anTHNpoToHa (X+= p~) B maHHOM ciydae. B cooTBeTcTBHU C

YPaBHEHUSIMU JTUHAMUKHU MACCOBBIX MOJIEH: ¢ * roty M(Y =) = roty N(Y =) = &, * %
aG(x+=%He)
oT

1).1160 B HEYIIPYIUX CTOJKHOBEHHIX (X+= ja) = Y—=pt/n=e"N)X+= v, )Y—=pt/n=e"") B
KOJUIalifiepe, BCTPEUHBIX ITYUKOB siiep JeHTepHs MaJIbIX JHepruii, 0e3 NepBUYHON MJ1a3Mbl,
2).1100 CTPYKTYpHUPOBAHUEM JICUTEPUEBOM 1a3Mbl aHTUIIPOTOHAMHU MAJILIX JHEPTHI, B PEaKIUAX

Xt=3a) = (Y—=p*/n=e")X+=p )Y —=p*/n=e""), {H+p~ +3iH - jHe +p~
Bonee s dexTrBHBIMU ycnoBUSME 1715 yripaBisemoi TepmosinepHoii Peakuyu, mpeacTaBisitoTcst
BCTPEUHBIMH [TIOTOKaMH JIEUTEPUEBOH MJIa3Mbl, C IEPIEHIUKYISIPHBIM BIPHICKOM ITy4YKOB aHTUIIPOTOHOB B
TOYKE BCTPEYM MOTOKOB IJ1a3Mbl. CaM MOTOK AEHTEPHUEBOM MIa3Mbl PEACTABISAETCS YIPABIISIEMbIM
MMOTOKOM MOHOB, Kak 0oJiee ycToiunBoe coctosiaue miazmel B TOKAMAK.
3).1160 B HEyNpyrux crojkHoBeHusx (3H +p* — %He) B KoJutaiiepe TPUTHS C MyYKaMH IIPOTOHOB
00JIbIIMX JHEPIruii, 6€3 IePBUYHOM MIa3MBl.

JIBa rpaMMa Takoi Miaa3mMbl CAHT€3UPOBAHHOTO TeIMs SKBUBAJICHTHBI 25 ToHHe OeH3uHa. Bo Beex

cllydasx, Hy’KHbI TPOOHbBIE SKCIIEPUMEHTHI Ha YK€ TOTOBOM KoJlIaiiiepe.

Bo Bcex ciydasx Ternsao OTBOJUTCS BOASIHOM pyOamikoil peaktopa. Takue peakTopbl 6€301acHbI U

+ A * G(X+), MBI

ropopuM 06 yrpasnsemoil (vy * roty2M(Y—= p*/n) = &, * ) TEPMOSICPHON peaKIuu:

DKOJIOTUYECKH YUCTHI.

EcTb ¢pyHIaMeHTaIbHbIe IPUYMHBI U HEM30€XKHbIE MTOCIEICTBUS TAKUX (PU3HMUECKHU TOTYCTUMBIX
BO3MOXKHOCTEH. DTO HE €CTh pacyeThl IHEPIETUUECKUX YCIOBUN U TEXHOJIIOTUYECKUX PEIIeHUN
yIpaBJIIEMOro TepMosiiepHoro peakropa. Ho 3To reopetnueckas pazpaboTka IPUYKH U CIEACTBUI
COCTOSIHMS IEUTEpUEBOM IIIIa3Mbl M YCIIOBUM €€ CTPYKTYPUPOBAHMS B YIIPABIISIEMOU TEPMOSACPHON
peaxiun. B otnuune ot peiirepuii — Tputnesoit (3H + 3H) miasMmel sep OXMHAKOBBIX 3apsI0B, TAIONIHX
M3BECTHYIO HEYCTOWUMBOCTh, MBI TOBOPHUM O JieiiTepueBoii (£H) muasMe, CTpyKTYpHpPYEMOii MydKaMu
aHTUATIPOTOHOB (P~ ). ECTh MpUUYMHBI 1 €CTh HEM30EKHBIE CIECCTBHS, KOTOPBIE MBI H PACCMOTPHUM
Ka4yeCTBEHHO, 0€3 KOJIMYEeCTBEHHBIX PacyeToB.

N3 akcuoM AMHAMHUYHOTO NMPOCTPaHCTBA-MaTEPUH, PACCMOTPEHHBIX B «KBaHTOBOW IrpaBUTaLIUN»
http://pval.mya5.ru/ , cieayroT cBolicTBa enuHoro (X+= Y +) npocrpaHcTBa-MaTepu:

X+H)X+)=(-) wm (Y +)(Y +) = (X—). Ux cummMeTpHH JaIOT CTPYKTYpPHBIC (OPMBI BEIIECTBA

IMpOTOHA U DJICKTPOHA. EcTh KOIM4ecTBeHHBIE PpacyYCThl TAKUX CTPYKTYPHBIX (bOpM, IIpOTOHA U JJICKTPOHA B

ToM yncie. B menom, antuBemniectBo (X+) win (Y1) KBaHTOB MPOCTpaHCTBa-MaTEpUH, HAXOAUTCS B
CTpYKTypHOM (popme BemiecTBa. EcTh Takue pacyeTsl.

OT10 reomerpuyeckue (haKThl, MOTUEPKHEM, JMHAMUYHOTO MTPOCTPAHCTBA-MATEPHH, C
HEeCTalMOHAPHBIM EBKIINIOBBIM MPOCTPAHCTBOM, KOTOPbIE COOTBETCTBYIOT (DU3UUYECKHM CBOMCTBAM
matepuu. [Toaromy kBanT CuibHOro B3aumoseiicteus (Y+= p*/n) Bemiectsa npoTtoHa u HEUTPOHA B
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AJIpE aTOMa, NPEJCTABIAETCS, KaK CTPYKTYpa, MMelolas ceoiictea antusemectsa (Y+= p*/n = %),
nono6Horo antuBentectBy nosutpona (Y + = e*). I1osToMy Takue KBaHTBI HAXOIATCS B CBA3AHHOM
COCTOSHUM BelIeCTBa B BUJE (3@) yacTullbl sipa. OTaAeNbHbIH KBaHT A/pa JeiTepys, CBA3aH BEIECTBOM
OpOUTAIBLHOIO 2JIEKTPOHA, (JOpMHUpPYs BHelHee BemecTs atoma (5H) neifrepus. I[Ipu 5ToM caMH KBaHTHI
(Y+= p*/n) Cunbnoro B3zaumozelicTBYSA, MIMEIOT MUHUMAILHYIO SHEPIHIO CBA3U B SIPE,

AE =2xaxp=2%69 =138MeV . FIX MakcUMaJIbHas SJHEPTUS B AJlpax METALIOB, AE =285 =17 MeV ,
3auKcHpOBaHHAs B SKCIIEpUMEHTaX. Takum 00pa3oM, sijipa JelTepus B COCTOSHUY IJ1a3Mbl, B OTJIMYHE OT
BEIIECTBA aTOMOB JIEATepHs, ABJIAIOTCS CTpYKTypoii kBautoB (Y += p*/n = ¢**) Cunbnoro
BzaumozelicTBus, CO CBOMCTBAMU aHTUBEILECTBA, MOA00HKBIX no3utpony (Y+ = et) . Crpykrypupys
TaKyIo IJIa3My MarHUTHBIM (X — = p~ ) MoJIeM aHTUIIPOTOHOB MAJIBIX SHEPTUH, MBI ITOy4aeM AJIEKTPO
(Y+ = X—) MarHuTHOE 3apsI0BOE B3aUMOJICHCTBUE HA OTHOCUTEIILHO JAIBHUX PACCTOSHUIX
Y+=p*/n)(X—=p~)(Y+= p*/n). D10 nepras npuurna GOpMUPOBAHHs CTPYKTYPhI B ACHTEPUEBO
1a3mMe. Mbl He TOBOPUM IIPH 3TOM O PACYETHBIX IJIOTHOCTSIX (POPMUPYEMOTO IEKTPOMATrHUTHOTO
cummerpuutoro (Y +)(X—)(Y +) mosst B ruia3me B COOTBETCTBUH C YpaBHEHUsAMH MakcBeria,

OH(X—
rot, E(Y +) = —uy % .

+ +
ViKke B TaKOH CTPYKTYpE B ILJIa3Me, (Y+= %) X—=p7) (Y+= p—) = HOJI, xax Henenumoii OGnactu

n
— ot [y — ot
Jlokanu3anuu AMHAMAYHOTO TpocTpaHcTBa-MaTepun. U1 yxe maccoBbie Tpaecktopuu (Y—=p™/n = ")

kBaHTOB CuiibHOro B3anMonelicTBrs HaXOATCSl B BAXPEBOM IIOTOKE MAaCCOBBIX TPAEKTOPUIA

(cxrotyM(Y—=p*/n) =&, * %)

TOYHO TaKUX YPaBHEHUH, C MOCIEAYIONIUM IIEPEXOIUM B 3aMKHYThIE BUXPEBbBIE ITOTOKU (c * rotyM(Y —))
ux maccosbix (Y —= p*/n) tpaexropuii yxe B none (X+= p~) CunbHOro B3auMoeiicTBis aHTUIIPOTOHA,
TO €CTh, IEPBUUHYIO CTPYKTYPY:

Xt=30)= Y—=p*/n=e")X+=p )(Y—=p*/n=e"").

U 370 BTOpas npuunHa GOPMHUPOBAHUS TaKOW CTPYKTYpHOH (OpMBbI B feiiTepueBoil miazme. U3
CBOWCTB TMHAMHYHOTO IPOCTPAHCTBA-MATEPHUH, AHTHUIIPOTOH MPOCTO BBIJIETACT, «TCHEPHUPYETCS», TO €CTh
«BBIOpACHIBACTCS» U3 TAKOW CTPYKTYPHOH (POPMEI YK€ BEIIECTBA U YK€ spa TeIHsi B KOHEYHOM BHJIE:

Xt=3a) = Y—=p*/n=e"N{Y-=p"/n=¢""),
y’ke 0e3 aHTUIIPOTOHA. « BBIOPOIIEHHBII» U3 TAKOW CTPYKTYpPbl aHTUIIPOTOH MaJIbIX SHEPTuUil,
CTPYKTYpPUPYET CIEIYIOIIUE U CIEAYIONIME KBAaHThI AeUTEpUEBON M1a3Mbl, (POPMUPYsI, TAKUM 00pa3oM,
CEpHI0 YIPABISAEMBIX TEPMOSIIEPHBIX PEAKLINH.
H+p~ +3%H - jHe+p~

Cerousi, ypaBisieMyro TepMOsAEpHYIo peakuuto: (2H + 3H — He + in + 17,6MeV) co3naior B
wiasme. 1o pasHsble sapa. B mpocrpancree-matepun (Y —= X+), 310 ($H + 3H) aHAIOTUYHO COEIUHEHHIO
MacCCOBBIX TPAEKTOPHH «IIO3UTPoHay (Y—=p*/n = ") um (Y—= e*), u «aporona» (X+= 3H = p***)
wii (X+= p™). IIpoTOH ¢ MO3UTPOHOM, C B3aUMHO TeprieHAUKyIsIpHbIMA (Y —) | (X —) TpaeKTOpHUsIMH, 3TO
BOJIOPOJI, B KOTOPOM BCE HJIET Ha pa3pbliB CTPYKTYPHI, B TUIa3Me B JaHHOM cirydae. M ToibpKo npu yaapax B
BBICOKOTEMITIEPATYPHOH m1a3me, B mojsix (X+= p*) CunbHoro B3anmoaeiicTBus, GOPMUPYIOTCS BUXPEBbIC
MaccoBble Tpaekropun (Y—=p*/n)(Y—= p*/n) = (X+= 3He), y’e HOBOIO sApa, KaK yCTONUUBOM
CTPYKTYPHI.

bonee s dexkTuBHBIMU yeoBUsAME 1S yrpasisgeMmol TepmosinepHoit Peakuyu, npeacTaBisitoTcst
BCTPEYHBIMH [TOTOKAMH JICHTEpHEBOH MI1a3Mbl, C IEPIIEHAUKYISIPHBIM BIPHICKOM ITyYKOB aHTUIIPOTOHOB B
TOYKE BCTPEYM MOTOKOB IU1a3Mbl. CaM MOTOK JAeHTEpUEBOM TIa3MBbI TPECTABISAETCS YIIPaBIIIEMbIM
MIOTOKOM MOHOB, 00Jiee yCTOWYMBBIM COCTOSTHUEM IUIa3Mbl. VT Heynpyrmux CTONKHOBEHWI NMy4YKOB
Aentepuna HeboNbLWNX SHEPTUIA, B Kamepe C NepneHAMNKYNAPHbIMU CUNO0BbIMU IMHUAMMU CUNBHOTO
MarHUTHOro nosnd, 6e3 nepBuYHOM NAasmbl. ITo ByaeT yXKe yNpaBAAEMbI «XONOLHbIA CUHTE3» renuns.
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MOAENE YNPaBAAEMOro "XONogHOro cuHTeza" renus Uz agep genrtepus.

v
\M—} = Av-Zp/n)
(v+) | s | (¥+)

e
= 2(v-2p/n)
T

T—
%I:‘I’- =p/n) H;Z{: |
T

Monyyaemble anbda YacTuLbl FPetoT BOAAHYIO pybalLlKy yKe ynpaBaaemoro TepMoagepHoOro
peakTopa. DHEPreTH4YeCKU BHIX0J] TAKOTO CUHTE3a CTPYKTYPUPOBAHHOM MJ1a3Mbl pACCUUTHIBAETCS 110
CTaHJApTHOU CXEME.

Am(2[3H]) = 2[(1,00866 + 1,00728) — (M re = 2,01355)] = 0,00478 aem
Am([3He]) = [(2 * 1,00866 + 2 * 1,00728) — (More = 4,0026)] = 0,02928 aem.
AE = Am([3He]) — Am(2[5H]) = (0,02928 — 0,00478) = (0,0245) = 931,5MeV = 22,82MeV
2 rpamma (OJIMH MOJIb) TaKO# JIeiiTepreBoi MIa3Mbl SKBUBAIEHTEH 25 TOHHaM O€H3MHa.
JU1st TepMOSIZIEpHBIX peakIMii ¢ TPUTHEM IJIa3Ma He HyXHa. J[0CTaTOuHO HEeYyIPYTUX CTOJKHOBEHUMN
IIPOTOHOB BBICOKHMX SHEPIHii Ha yKe FOTOBOM KoJllaiiiepe, ¢ sapamu Tputus 3H + pt — 3He.

Teoperuuecku, TpUTHHA 6€3 COCTOSIHUSA IJ1a3Mbl, BOCIIJIAMEHSETCS B TEPMOSIIEPHOI peakiuy n3-3a
HEYIPYTUX CTOJKHOBEHUI IMPOTOHOB KOJIIaiiepa BBICOKUX 3Hepruil. U yxe sTa TepMosiiepHas peakuus
HarpeBaeT ropas/o 60blINe BHEIIHUE 00bEMBI IeUTepUeBOil MI1a3Mbl IO KPYTOBOH TPAeKTOPUHU
3apsDKEHHBIX HOHOB JICUTEpHs ¢ JallbHEeHIIeH mpore1ypoi CTpyKTYpUPOBaHUS BCTPEUHBIX ITOTOKOB
JeWTEepPUEBO TIIa3Mbl C BEPTUKAIBHBIMH IMOTOKAMH aHTHUIIPOTOHHBIX MTyYKOB.

Brtopoii ciocob TepMosiiepHBIX peakiuii 0e3 MepBUYHON IJ1a3Mbl, BBHITIOJIHIETCS] HA BCTPEUHBIX
nyukax sapa (3H) neiitepus HeGOIBIIMX SHEPTHil, B HEYIpyruX cTonkHoBenusax: (:H) + (3H) = (3He). B

0G(X+=3%H
%), JIOJHKEH OBITH

CUHTE3 siipa renusi. Bo Beex cimyyasix, Hy»KHbI IPOOHBIE 3KCIIEPUMEHTHI Ha YK€ FOTOBOM KoJlIaiiiepe.

COOTBETCTBUM C YPABHEHUAMU AUHAMUKH: (Vy * 1oty 2M (Y —=p*/n) = ¢, *

Bcs TemioTa HarpeToi miasmsl, a 3To mubo aeirepuit (3H) c renuem (3He) , mu6o tputuit (GH) ¢
reuem (3He) , B 000MX clydasx, cOpachIBaeTCs B «BOASHYIO PyOalIKy», ¢ MOBTOPHBIM HCIIONb30BAHUEM
MIPOJYKTOB IUIa3MBbl ¢ yaaneHueM renus. Takas «BOAsSHYI0 pyOalika, MOKET ObITh YCTPOEHA BMECTE C
MarHuTamMM B KOHTypax. OTH MPOAYKTHI IUIa3Mbl 0€301aCHBI, 3KOJIOIMYECKH YUCThI, U HE TPEOYIOT HUKAKUX
OUHCTOK.

IIpencraBiseTcst BO3SMOXKHBIM HUCIIOJIB30BATh aHTUIPOTOHBI MAJIBIX SHEPTUH aAPOHHOIO KOJUIaiaepa,
U1 IPOBEIEHUS TPOOHOT0 SKCIIEPUMEHTA, C MOCIEAYIOIMIUM CO3/ITaHHUEM YIIPaBIIIEMOTO TEPMOSJIEPHOTO
peakTopa. 371eCh MOKa HET PACYETOB MEPBUYHON TIIOTHOCTH ACUTEPUEBOM MIIa3Mbl U aHTUIIPOTOHOB
MIPOTUBOMNOJIOXKHBIX UX 3apsAA0B, (OPMUPYIOLUINX MEPBUYHYIO CTPYKTYpY B Iu1a3me. U 31ech HeT moka
pacueToB HEOOXOAMMOM TNIOTHOCTH CaMOM I€UTEpHEBOM I1a3Mbl, KOTOpasi CliocoOCTBYET (POPMUPOBAHHUIO
3aMKHYTBIX MAaCCOBBIX TpaeKTOpHuil kBaHTOB CunbHOro B3anmoneictBus B osie CHIIBHOTO B3aUMOJIEHCTBUS
aHTUIPOTOHA, YK€ KaK siApa Teiusl.

BeiBog.

351ech yKazaHbl IPUYHMHBI, YCIOBUS U HEU30€XKHBIE CIIEACTBUS B CO3/ITaHUM YIIPaBIIIeMON

TepMosiiepHOi peakiuu. 1 31eck 1aHO TOMBKO KaueCTBEHHBIA aHATN3 TAKMX HEOOXOIUMBIX YCIOBHH.
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8.KBaHTOBaA 3anyTaHHOCTb
Abstract: MpeactaBneHbl NPUYMHBI U CAEACTBUA CBOMCTB YaCTULbl U BOJIHbI, MPU MPOXOXKAEHNA KBaHTa
NPOCTPAHCTBa-MaTeEPUM INEKTPOHA, POTOHA, Yepe3 oaHY U ABe wenu. MNpudmHbl U cneacTema TYHHENbHOMO
NPOX0XAEHMA KBAHTA Yepes Ntoboi noTeHUManbHbIn 6apbep. U NnpeacTtaBneHbl CBOMCTBA 3aMyTaHHbIX YacTuL, KaK
KBaHTOBblE CBOMCTBA NPOCTPAHCTBA-MaTEPUMN.
CopepaHue

1. [Byx weneBoit Npoxopa KBaHTa.

2. KsaHTOBas 3anyTaHHOCTD.

3. KsaHTOBbIE BblYUCNEHUA

CyLLecTByeT MHOXECTBO MHTEPMPeETaLMii NPOXoXAeHNA POTOHA M SNEKTPOHA, KaK KBAHTOB, Yepes ABe LWeu.
B of4HOM cny4vae Ha aKpaHe HabaogaeTcs gudpakuMOHHanA KapTUHa. B Apyrom cayyae, npu pUKcaLmMm NPOXoxAeHUs
KBaHTOB Yepes Wb, HAa 3KPaHe ecTb ABa NATHA HAMPOTMB KaxaoM wenu. EcTb TakKe GpaKTbl pOXKAEHMA 3anyTaHHbIX
4yacTuL, C yANBUTEIbHbIMM CBOMCTBAMM, HAa OCHOBE KOTOPbIX CTPOATCS CaMble HEBEPOATHbIE CBOMCTBA, NEPCNEKTUBDI.
EcTb yKa3aHHble $paKTbl, ECTb MAaTEMATUYECKOE UX ONMUCAHME, HO HET OTBETOB Ha Bonpocbl: MOYEMY 310 Tak? Mbl
npeacTaBMm 3TM SKCNepUMeHTanbHble GaKTbl, C OTBETamMM Ha Bonpocbkl MOYEMY, B pamKax akCcMOM AMHaMUYHOTO
NPOCTPaHCTBa-MaTepPUU.
1. /AByx weneBoii Npoxos KBaHTa
PaccMoTpMM 3KCNEePUMEHT NPoxXoxkaeHuna asyx wenei ksaHtom HOJI(Y + = e) anexkTpoHa, aHanorMyHoro

kBaHTy HOJI(Y + = ¥) doToHa. Mbl CX04MM 13 CBOICTB, KBaHTa AMHAMWYHOIO NPOCTPaHCTBA-MaTepmmn. HanomHum,
YTO peyb O NPOCTPAHCTBE-MATEPMM B Npeaenax AMHaMUYHOTO Yria NapannenbHOCTM NPAMbIX TMHWIA. [BMrasch
B4O/1b Niy4a, AC, Mbl HE BUAUM ANHAMMYHOIO NPOCTPAHCTBA BHYTPU AMHAMMYHOTO yraa napannensHoctn OX. Mol
roOBOPMM O APYroi TEXHO0TUM CaMnX Teopuin. EBKIMAoBoe NpPoCcTPaHCTBO B ocsAx XYZ yxKe He paboTaer.

Z

Xﬁh“‘“—hﬂ__h__ - \_/ v

Puc.1 AHamMMYHOE NPOCTPAHCTBO MyYKa NapannefibHbIX NPAMbIX JIMHWUM
CBOICTBa TaKOro NPOCTPAHCTBaA-MaTeEPUM Mbl y¥Ke paccmaTpuBanu. NpocTpaHCTBO-BpPeMs, 3TO YaCTHbIN ero
Cny4ait GUKCMPOBAHHOTO UK HYNEBOTO yrna napannensHoctu. Torga: (Y+=e") = X+=v,)Y—=yH)X+=v;),
[AJ1A 371eKTPOHA NOJYYMM MOZE/b TAKOTO KBaHTa, C BUPTYaibHbIM GOTOHOM () M C onpeaeneHHbIMU NapameTpamu.
TouHo Takasa mogenb potoHa (Y+=y1) = X+=vH)(Y—=y;)(X+=vJ) B dU3nYeckom BaKkyyme.

Puc.2 mopenb KBaHTa anekTpoHa (boToHa)
We _

¢ 137.036
Kax Aol duKkcnposaHHol BonHoBoM dyHKumm (J;), onpeaensetca (—i,) «nesaa» wam (+1P;) «npasas» BOAHOBAA
bYHKLMA, N0 OTHOLLEHMIO K ABUNKEHUIO K 1eBOM M npaBow wenu. Mpu dukcaumm(—y,)«nesoi» BOAHOBOW GYHKLMUK,
Mbl FOBOPUM O €€ KoA1arnce, U Npu STOM Mbl TOYHO 3HaeM cocTtosiHue (+;) «npasBoi» BosHOBOM GyHKLMK Be3 ee
dukcaumn. [ina (+) BonHoBoi (P=Y-Yo) dyHKumK, i) = /(+1) (=) nonyunm e et = jhe* i@t bynkumio

X o
ypasHeHus upaka u ee {e%*) = ch (Y—)} , NapameTpbl ¢ Hem3meHHbIMK 3KcTpemanamu (a’(x) = 0) AMHamr4HoM
0

3peck: (Y—) none napannenbHbix, C NpeAeNnbHbIM - COS @y max = = (¢, yIIOM NapannenbHocTn, U B
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T[lIJiZ )
T“I»’%nax
ceyeHua (Y —) TPAaeKTOPUN 3SNIEKTPOHA (VIIWI d)OTOHa), 3TO BEPOATHOCTb COCTOAHMA KBAHTa B d)VIKCVIpVEMOVI TOUYKe,
npwn Koanance (LlJl) BOJIHOBOW d)yHKLI,VIVI. Mo CYTH, Mbl TOBOPUM O BEPOATHOCTUN HaxXOoXAeHNA NaoWwaan Kpyra:

oyHKuMKM (a(x) # const), 6e3 ckanapHbIX 6030HOB KaNMBPOBOUHbIX Mosei. OTHoweHWe naowagen (p =

1
- = a, B A0oNyCTUMOM MaKCMMaAJ/IbHOM
137.036

cedenmn (s = P2 ,,) Tpaektopumn (Y —). B auHammuHom cedenmnn (Y —) TpaeKTopuM, TO eCTb B NOCKOCTY Kpyra

anHammnyHoro pagnyca (Woax = Wo = WUmax) = (Ky) B KBaHTOBOW penaTMBUCTCKOM AMHAMWUKe ANHAMUYHOM
(6a(X)

oxy
1 nosopoTsl. Mpun atom: (i sin wt) = \/(+ sin wt) (— sin wt)) . Mbl roBOPMM O CNUHE B KBAHTOBOK PENATUBUCTCKOM
AvHamuke. M npu anHamuke (Womax = Wo = Wimax) BONHOBOW GYHKLMM, Mbl FOBOPUM O AUHAMWUKE yria
napannenbHoctT (oS @y max) Ha (Y —)Tpaektopum kBaHTa (Y+= e™) anekTpoHa unun $oToHa, Kak obnaka
BEPOATHOCTM Ha ero AnAuHe BOAHbI. My OKOO HyNeBbIX yraax napannensHoctu cos (py — 0) — 1, B KBaHTOBOA
PenATUBUCTCKON AMHAMUKE, UcHe3aeT anekTpudeckoe nose (Y+ = e) anektpoHa Ha maccoson (Y—=1¢) ero

(s = mP?), c NnpeaenbHbIM YIIOM NapanNenbHOCTH, COS Oy max =

= f'(x) = 0) dyHkummn a(X) # const, sBonHosas GyHKuMA iPe'“t = i(cos wt + i sin wt) BLINONHAET elle

. ; . ; X
TpaekTopuu. Mpn 3TOM, KBaHT NPOCTPaHCTBa-MaTepun ipet¥e'@t = j1he®* 10t ggyne: e = chy— , U
0

e'®t = cos (@y ), Hemenmmoii O6nactn Jlokanusaumm obnaka BePOATHOCTH, OCTAETCA HEU3MEHHBIM B KBaHTOBOIA
X o

HOJI = (chﬁ - 1) (cos (py — 0) = 1), penatmsuncrckoit guHammuke. U B Takom, okoso Hynesom (Y +) = 0,
0

3apPA40BOM COCTOSIHMM 3/1EKTPOH MOXKET NPOX0aMTb /tobble NoTeHUManbHble 6apbepbl. B EBKAMAOBON aKCMOMATHUKE,
c Hynesbim (cos (py = 0) = 1) yrnom napannenbHoctu, AMHamukm Takux (Y +) 3apasoBbix Nonei HeT 1 Takoe
npeacTaBieHne HEBO3MOKHO.

Tenepb yxe B Takux Kputepuax dsontoumm keaHta (Y+ = e) anektpoHa, paccMOTPUM ero CBOICTBa Npw
NPOXOXKAEHUN OAHOMN UK ABYX LWeneil. OTMETUM TO, YTO BOJIHOBAA QYHKUMA XapaKTepusyeT AMHAMUKY BCeX
napameTpom, B TOM YMC/IE SHEPTUIO U UMNYAbC. M OHa AaeT BEPOATHOCTb MPOSABAEHMSA TEX MU UHBIX (C NPUHUMNOM
HeonpeaeneHHocTH) Kputepues sontoumnn. UTak, BONHOBAA GYHKLMA SINEKTPOHA, U3 ypaBHeHUA Oupaka naet

CHayana K ogHou wenn. OHa (Ys;) KonnancupyeT B Nt06bIX KpUTEPUAX U ganblie naet Kak (Y = / ((—y,) (+y¥y)
4acTULLA-BO/IHA, B KCMAPEHHOMY» COCTOAHMUM «3anyTaHHbIX» (—,)(+1,) BoaHOBbLIX GyHKUMI. Janblwe keaHT (Y £ )
9/1eKTPOHA (PpoTOHA) NonaAaeT Ha 3KpPaH BAOb OCU NPOEKLMM LLEN, HA LUIMPUHE MAKCUMaNbHO BOJTHOBOM

i
T Fax
wenam c «neson» (—ip,) u «npasoin» (+,) cBoen yactbto Y = /(=) (+yY,), B nobom (g = P; = Wmax)
i
T hax

TpaekTopun. Cama Tpaektopusa (Y —= e) anekTpoHa (Kak 1 GOTOHa) MMeeT HeonpeaeeHHOCTb B NPOCTPAHCTBE B

npegenax iy = /(=) (+y,) BonHoBOW PyHKLMM, KOTOPaa HaxoauTca B cynepnosnummn (=) (+y,) nesbix
npaBbiX YacTei B HaNpaBAeHUM ABUXKEHUA KBaHTa Ha Tpaektopun (Y —) nepes neBoit 1 npasoit wenbto. Mpu 3Tom,
npamow Eskangosoit (@ = 0) nuHum Ha (Y —) TpaeKTopum HeT 1 3To pewatowmii dakTop. EcTb ntobas apyras (Y;)
NnHUA ¢ HeHynesbiM (@ # 0) yrnom napannensHoctH, B npegenax (Y —) tpaektopuu. Mo3aTomy 31eKTpoH ($OTOH)
BCcerga, nponaeT Mbo B NeByto, B0 B Npasyto LeNb, € Koanancom (P;) BonHoBon ¢yHKUMKU. Ecam byaet konnanc
«nesow» (—P,;) BoNHOBOM dyHKUMM, KBAHT (Y + ) anekTpoHa (PoToHa) naeT B NEBYIO Wb, U INEKTPOH UAET B

NpaBylo Web, Npu Koanance «npasoi» (+1;) BoAHOBOMN GyHKUMM. HeT HMKakoro pasgenenus iy = ./ (—y,) (+y,)
BOJIHOBOM QYHKLMM, HEAENMMOTO U CTabUABbHOTO KBaHTa 3/1eKTpoHa (doToHa). B oboux cyyasx neBoi 1 npasoit
wenu, ato byaet npoxog, (Y;) BoNHOBOM QYHKLMU B BUAE BOJIHbI BEPOATHOCTM, C OTK/IOHEHWEM Ha TOT UK

nHoW (@ # 0)yrnom napannenbHocTv, OPMUPYS TOUYKY Ha IKpaHe. MHOMKeCTBO TOUYEK Ha 3KpaHe AatoT rpaduk
pacnpeaeneHus NJIoTHOCTU BEPOATHOCTU. Yron napannensHoctn (¢ # 0) cooTBeTcTBYET BeposATHOCTH (P;)
BOJIHOBOW QYHKUMU. PasHble (¢;) yrabl NapannenbHOCTH, 3TO pasHble BepoATHOCTU (;) BoHOBOM dyHKLMK. U B
060MX CIyYanx U3 KaXKaon Wwenm byaeT BbIXOAWTb BOJIHA C 3PPeKTOM UHTepdepeHUUn MexaHMYeCcKMX BOH. U 3To He
du3nyeckas BosHa ¢ KonebaHvem nonei. 3To MaTemaTMyecKas BOJIHA KOanca BOJIHOBOM QyHKLMK. Ha camom
aene, 3ddeKT nHTepdepeHLMmM 34ech, 06YCNOBAEH HE CI0KEHMEM 3KCTpemasien rpebHA BoJIHbI, KaK B C/lyyae Ha
BoZe, a yrnom napannensHoctv (¢ # 0) kBaHToBoM (Y —) TpaekTopuu, KOTOPbIN B CBOIO oYMepeab onpeaensert
BEPOATHOCTb (;) BONHOBOMN GYHKLUMU. 34ECh HET HANIOXKEHWUA MAKCUMYMOB UM MUHUMYMOB CaMOM BOJIHbI,
NoAo6HbIX HaNoXeHUAM rpebHeli BoAH Ha Boge. ECTb nonagaHus B TOUYKY 3KpaHa OAMHOUYHbIX KBAaHTOB C TOW UAK
WHOI BEPOATHOCTLIO NpU Koanance (Y;) BoNHOBOW GYHKLMU. MHOKECTBO 31EKTPOHOB (POTOHOB), NPOXOAUT LLENDL C
pa3nunyHbimu (1P;) BONHOBBIMU GYHKLMAMM BLOMb AMHbI BOJIHBI KBaHTa NPOCTPaAHCTBAa-MaTepun. U Ha aKkpaHe, 3To
nHTepdepeHLMsa BOJIH BEPOATHOCTH, Kak Konnanca (¢ukcauum) (1;) BonHoBol dyHKUMK. TpK 3TOM, BEPOATHOCTb

bYHKLMK, C BEPOATHOCTbIO (p = * 0) . Tenepb (Y+ = e) KBaHT Hanpumep 31eKTPoHa, NOAXOAMT K ABYM

COCTOAIHWUM, C BepOATHOCTbIO (p = # 0). Bonpoc, B KaKylo LieNb U Kak NPorAeT 3NeKTpoH, Ha (Y —=e)
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nonagaHuna Ha LEeHTPasbHYIO OCb 3KpaHa OT /IeBOM M NPaBOW LLeW KaK bbl yaABanMBaeTcs, Npu NPOXOXKAEHNM Yepes

JIEBYIO UJIM NPABYIO LLENb BONHOBOM QYHKUMM B 3anyTaHHOM cocToaHum Y = /(=) (+,) . Mpu makcumanbHowm
BEPOATHOCTU (P45 ) BONHOBOW PyHKLMK, ecnn nesan (—iP,;) yactb ysoauT (Y —) TpaeKTopuio Hegenmmon
3HEepruu, UMNyabca KBaHTa B JIEBYHO LLe/b, TO NpaBas YacTb (4+1;) , TOM e 3HepPrun, UMNyAbca, NPOABASAETCA Ha
LEHTPaNbHOM OCK 3KpaHa, M HA0OOPOT C NPaBOM YacTbio, B MPABOW LWeKn. 34ecb Mbl 0TBeYaem He Ha Bonpoc KAK, B
MaTeMaTUYECKUX MOAENSX, @ Ha Bonpoc MOYEMY, To ecTb B Yem GU3MYECKUIN CMbIC/T, COAEPIKAHME, MPUYMHA U
cnepcremne. MoaTomy LieHTpasibHas OCb BCErga Apye NeBOM UAM NPABOM YacTU BCEN KapTUHDbI, C 3pdpeKkTom
NHTEpPdEpPEHLIMM «BO/HbI BEPOATHOCTMY. CmeleHmna (Y —) TpaeKTopuit BNEBO MM BMNPaBO OT LEHTPaNbHOM OCU Ha
3KpaHe, obycnosseHo yrnom napannensHoctv (¢ # 0) keaHToBoM (Y —) TpaekTopmu, Koanamnca To/IbKO «/1€BOM»

(—y,) van Tonbko «npasoi» (+1,;) BoNHOBOM dYHKLMM, B «3anyTaHHOM» i) = /(—y,)(+,) , (oaHOBpEMeHHOM)

NX COCTOAHUMN.
Ecnun mbl GUKCMpyeM AaTUMKOM NPOXOXKAEHME KBaHTA NpocTpaHcTBa-maTtepun (Y+= e™) sanektpoHa nau
peanbHoro (He BupTyanbHoro) (Y+=y) ¢oToHa cBeTOBOrO iyya, B 1€BOM MM NPABOM LLLEM, NPOUCXOAMUT KOANaNC

(bvKcauma) Hegenmmoit aHeprum, umnynbea, Bcet Y = /(=) (+y,) BonHoBOW PyHKLMM. TO €CTb INEKTPOH
(dboTOH) yrke onpeaeneHbl Kak HegeNMMble YacTULbI, C MOCAeAyoLLEe TPAEKTOPMEN YiKe KaK YacTuLbl. TOHKOCTU
BOMPOCA COCTOAT B TOM, YTO BO/IHOBas PyHKLMA dUKcMpyeTca (B Koaiance) 04HOBPEMEHHO U neBol(—,), U

npasoi(+y,) ceoen i = /(—y,) (+y,) yacTbto. Mpw aTom, (Y —) TpaeKkTopumsa BbICTpanBaeTcs BAO/b OCKU
COOTBETCTBYIOLLEN LWENN, U AaNblue KBAaHT NPOCTPAHCTBA-MaTepMm NONajaeT Ha SKPaH B BUAE 1E€BOM MU NPaBoi

TOYKM Ha 3KpaHe. [pyrnx BapnmaHTOB 34eCb HET, 1 3TO HE NMPOTUBOPEYUT CUMMETPUAM B3aVIMO,CI,El71CTBVIlZ, KaK
aAprymeHTam. Camoe MHTEepeCHOE TO, YTO nocne d)MKcaLI,VIVI B 1€BOMN UK ﬂpaBOVI wenun c nocneayrowmm aBnxKeHnem

YacTuL, B JIEBYHO MJIM MPABYIO TOUKY Ha 3KPaHe, 3N1EKTPOH Uamn GOTOH coxpaHseT ceoto iy = / (—y,) (+1,)BonHoByIO
GYHKLUMIO, KaK BOJTHY BEPOATHOCTY CeAyIoLMX B3aMMOAENCTBUIA. M fieno He B TOM, CMOTPENN Mbl Ha YacTULLY UK
He cmoTpenu. Ecaun «koT LpeanHrepa ymep, 3Ha4MT, OH MepTBbIi», 6e3 BapuaHTOB. TakMe CBOMCTBA He 3aBUCAT OT
TOTO «CMOTPUM» Mbl Ha CUTYaLMIO U/IN HET, U HE 3aBUCAT OT CO3HAHWUA HabatoaaTens. ITo CBOMCTBO CAMOro KBaHTa

MPOCTPaHCTBA-MaTePUK, NPUYEM C ONPeaeeHHON BEPOATHOCTBIO «3anyTaHHbIX» cocToaHun i) = /(=) (+¢y)
BO/IHOBOM GyHKLMU. COXPAHAIOTCA UAN CTUPAIOTCA GUKCUPYEMbIE AAHHbIE O TOM, YTO 3TO €CTb YacTuLa,
3adMKCMPOBaAHHAA B LLLEN, UM BOJIHA Ha 3KpaHe. To eCTb, MEHAIOTCA YC/IOBUA KOINAMNCA BONHOBOM GYHKLMM, HO
OCTaloTCA HEM3MEHHbIE CBOMCTBA CaMOM BOIHOBOW GYHKLUMU, KaK «0b1aKa BEPOATHOCTUY ee CBOMUCTB. Mbl roBOpUM
0 HEM3MEHHbIX M HEYHUUTOXMMbIX CBOMCTBAX CAaMOro KBaHTa NPOCTPAHCTBA-MaTepun. X HeNb3A «CTepeTb», U ecnun
3anucbIBalOTCA OL4HM CBOMCTBA, ApPYrMe He ncyesatoT. MaTepusa He MOXKET UcHesHyTb. U 34ecb HEBO3MOMKHbI
NPUBOAMMbIE aHaNOTUK, TUNA: CBOMCTBA UK ABAEHME «CYLLLECTBYET TO/IbKO TOFAa, KOraa Mbl CMOTPUMY», UK
«BUPTYasibHaA peasbHOCTb» U NpoYme HeobocHOBaHHble paHTasmm. CBOICTBA KBAHTA NPOCTPAHCTBA-MaTepuu,
CYLLLeCTBYIOT BCerga. 3To MaTepus, U OHa He ucyesaeT. Bonpoc, rae, Koraa, Kak, U ¢ Kakoi BEPOATHOCTbIO, 3TO Apyrue
BOMPOCHI.

2. KsaHTOBaA 3anyTaHHOCTb

BonHoBan oyHKumA (Y = V&Y, )+ ) B3anyTaHHOM coCTOAHUM, MK il/)eax”“’t B ypaBHeHuM [upaka

Y. algT(X)—fﬂW(X) +iy, @W(X)_ 0

i u
yA0BNETBOPAET BONHOBOMN GyHKUMKN (—, = e~ ) anekTpoHa u (+, = e*) nosutpoHa ogHoBpeMeHHO, B «Mope

i
i —S(Wt+pr
Oupaka» = Ae'®t = Ae RWHPn Y [npak 6bin yBEpEH B CYLLECTBOBAHMM NMO3UTPOHA, O YEM FTOBOPUT €ro

ypasHeHue. Ckaxkem 6onblue, ecnn BonHosaa GyHkums i) = /(= )(+1, ) onucbiBaeT NPOTOH, TO CYLLECTBYET U
aHTUNPOTOH, U Tak ganee. MNpuyem, B «mope [Ipaka», 3SNeKTPOH-NO3UTPOHHAA Napa CYLLECTBYET, UM POXKAAETCA,
KaK cerofHa roBopaT, B «3anyTaHHOM», O HOBPEMEHHOM COCTOAHUW. BaXKHO 34eCb MOHMMATb, YTO 3anyTaHHble
4aCTULLbI POXKAAIOTCA B OAHOM KBAaHTOBOM M0J1€, MO YCNOBUAM AOMNYCTUMbIX CUMMETPHUIA.

A) cKpbITble napameTpsbl.

Ey,CI,EM roBopuTtb O CBOWMCTBax INEKTPOHA U NPOTOHA, KaK HEeAE/IMMbIX KBAHTOB NMPOCTPAHCTBA-MaTeEPUN B UX MO ENAX.

dnektpoHa: (Yt=e7) = (Xt =v.)(Y+=y")(Xt=v,), n npotoHa: Xt=p™) = Y= yg ) XF= v, )(Yt=y5) ¢
doToHa (Y+=y*) = X+=vH)(Y—=y;)(X+= v]). Ux BonHOBbIE OYHKUMKN 2(X+= v )HEUTPUHO ANA INEKTPOHA U
2(Y = y&)«TemHbIx poToHa» oaa NPoToHa, BpawatTea roty G (X+= v,) nau rotXE(Y+= y0+) BOKpyrocu (Y—) u
(X—) TpaekTOopuM KBaHTa COOTBETCTBEHHO. 3TO KaK CMUH BCEro KBAHTA 3/IEKTPOHA UAW NPOTOHA B JAHHOM C/y4ae.
BaykHo TO, 4TO ABa KBaHTa 2(X+= v, ) HEUTPUHO ANA 3neKTpoHa nam 2(¥Y+= yd)«TemHbix GOTOHa» ANA NPOTOHa,

370 «ABe CTopoHbI» (=) (+1;) «3anyTaHHbIX» BONHOBbIX GyHKLMIA, B BUAE (Y = /(=Y )(+¥ ) nonHoil
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BOJIHOBOW QYHKLMKN 31EKTPOHA AN NPOTOHA. Kaxaaa 13 3anyTaHHbIX BONHOBbIX GyHKUMA (—,) (+Yy), nmeeT
COBCTBEHHYIO BEPOATHOCTb NPOABAEHWUA CBOMCTB HA (Y —) nam (X—) TpaeKTopum KBaHTa, COOTBETCTBEHHO, KaK bbl €
NMPOTUBOMO/IOMKHBIMU CMIMHAMWU OTHOCUTENBHO EBKNNAOBOW NPAMOW, KaK TPAEKTOPMM KBAHTA. 3TO KacaeTca u
(Y+=e”) anekTpoHa, n (Y+=y*) doToHa. B Kpyre ceueHus iy (e'“t = cosiwt + isin iwt) 3TUx TpaeKTopUit, B

onbiTax benna, GUKCMPYHOTCA MAKN HET, NPOABAEHUA CBOMCTB 06Len i) = VY )+, ) BonHOBO dyHKUMK
9/1EeKTPOHA MW NPOTOHA. U GUKCUPYIOT 3T CBOICTBA, C BEPOATHOCTBIO «3anyTaHHbIx» (—,)(+1,) BOAHOBbIX
bYHKLMIA. U 3Ta BEpPOATHOCTb ByAeT pa3/IMYHOM, B PA3/IMYHbIX YI/1aX MOBOPOTA AATYMKOB B IKCNEPUMEHTE. ITO KaK
6bl «CKPbITbIE MAPAMETPbI», O KOTOPbLIX Mbl HUYETO He 3Haem Hanepeg, ITO 3anyTaHHble BOJHOBble GYHKUMUMK. Mbl He

MO3KEM CKa3aTb, YTO B TOUKY GUKCALMK, AN KONNAMCa 3aNyTaHHbIX BONHOBbIX QYHKUMIA, KBaHT i) = /[ (—¢ ) (+¥ )
ypaBHeHus [upaka, npuget (—y,)) nav (+1,) BonHOBaA GyHKLMA, B Hanepes U3BECTHOM COCTOAHUM. Mbl 3TOro
He 3HaeM, U 3HaTb HE MOYKEM B NPUHLMNE. 3TU NapamMeTpbl CKPbITbl, HO HE MOTOMY, YTO X HeT. OHW ecTb Bceraa
(3MHwWTENH npas., «/lyHa ecTb Bcerga»). To CBOWCTBA KBAHTA NPOCTpaHCTBa-maTepuun. OHU He ncuesatoT. Ho mbl He
MOXKeM CKa3aTb TOYHO, YTO 3TV NapameTpbl NpeaonpeaeneHbl B MOMEHT Kosianca obuei (1)) BonHOBOM GyHKLmK.
M Mbl HUYero He 3Haem onpegeneHHo, nonoxexue (—,) uam (+P;) B NnpocTpaHcTee-Bpemenun, Ha (Y—) uam (X-)
TPAEeKTOPUM KBaHTA, 3/IEKTPOHA U NMPOTOHA COOTBETCTBEHHO, B IAHHOM C/ly4ae. 3To MOXKeT bbiTb U Ntoboit Apyrol

KBaHT NPOCTPaHCTBa-maTepmu, ¢ iy = VY )+, ) BonHoBOM dyHKUmeN P = Ae'@t = Ae_%(WHpr).

B) 3anyTaHHbIe YacTULbI.
O Tom KAK 3710 «paboTaeT», cka3aHO M HanmMcaHo MmHoro. Mbl 6byaem oteevatb Ha Bonpoc, MOYEMY 310 «paboTaeT»
TaK. Mbl roBopuau o «3anyTaHHbIx» (—1,) (+1);) BONHOBbIX GYHKLMAX. ECIM Mbl FOBOPUM, YTO KaXA0MN U3 HUX
COOTBETCTBYET YacTULLA, TO Mbl TOBOPUM O 3aNyTaHHbIX YacTULax. M 34ech ecTb KNtoYeBble YCI0BUA POXAEHUA U
9BOJIOLMM 3anyTaHHbIX YacTuL,. MepBoe ycnosue — 3anyTaHHble YacTULbl POXAAIOTCA B O4HOM, e4MHOM KBaHTOBOM
none. Bropoe — KpUTEPUUN UX UHAMUKU, NPOTUBOMOIONKHBI B AONYCTUMbIX CUMMETPUAX. ITO FNaBHOE.
PaccmoTpum, Hanpumep, aHanor kBaHTosoro (X—) nons npoToHa, ¢ 3anyTaHHbiMu (Y1) TeMHbiMK poTOHaMK nnm
anekTpoHoB B eanHom (X— = Y+) npocTpaHcTBe-matepun. byaem rosoputs ans npumepa o asyx (Y1) KBaHTax B
POXAEHHBIX B 0g4HOM (X—) KBaHTOBOM nosie B Toukax 1 u 2, B cdhepe.

Puc. 3. Mogenb 3anyTaHHbIX YacTULL.

Myctb (Y1) KBaHTbI NPOCTPAHCTBA-MaTEPUM, POXKAAOTCSA B O4HOM KBaHTOBOM (X—) none c EBKAIMAOBOM
nsoTponuel napannensHoix (L;) npamoeix avHui B coepe (1, < R) HecTaumoHapHoro EBKAMA0BOro NpocTpaHCTBa-
MaTepuu, ¢ AMHaMUYHbIM (@ # const) yrnom napannensHoctu. 31 (Y1) KaHTbl, B (X—) none, Hanpumep GOTOHA
WIN SNEKTPOHA B aHHOM C/ly4ae, POXKAEHbI B HEKOW A0MYCTUMON CUMMETPUM 06LLEero cocToAaHMA. 3HaA COCTOAHME
(HanpuMmep, cNMHA) O4HOTO KBAHTA, 3Has UX ZOMYCTUMYIO CUMMETPUIO, Mbl TOYHO 3HAaEM M FOBOPUM O COCTOSHUM
ApYyroro KeaHTta. FOBOPAT NpY 3TOM, YTO NpW Koanance ofgHon (—1p,)BoNHOBOMN GYHKLMU «MHOPMALMA MTHOBEHHO
nepeaeTca» APYromy 3anyTaHHOMY KBaHTY, KOTOPbIV y3HAET, YTO eMy HaZo KoaaancMpoBaTh B cocTosHve (+15)
BO/IHOBOM QYHKLMM, KaK MO MOAY/H0 BEPOATHOCTU, TaK 1 «MO HanpasBAEHUIO» B AONYCTUMOWN CUMMETPUK. Npudem
«y3HAaeT» MFHOBEHHO Ha «4yf0BULLHBIX (R — 00) paccToaHMAX” B AMHaMUYHOM cdepe ¢ EBKNMA0BOIM U30TpONMEN.
370 TO, 4TO HabAOAAIOT N GUKCUPYIOT B SKCNEPUMEHTAX. KntoueBol MOMEHT B TOM, YTO 3anyTaHHbIe YacTULbI
HUKaKoW MHOPMaLMK ApYT APYrYy HE NepeaatoT. ITO 3a/10XKEHO B UX CBOMCTBAX, BUAUM UAU GUKCUPYEM Mbl UX B
NPOCTPaHCTBE-BPEMEHN UK HeT. Hazo ckasaTb, YTO B EBKNIMAOBOM NPOCTPAHCTBE Mbl HE BUAMM HUYETO, U3 CBOUCTB
ANHAMUYHOIo NPOCTPAHCTBA-MaTEPUM, KPOME «06/1aKa BEPOATHOCTU Y.

M 3aecbk mbl oTBevyaem Ha Bonpoc, MOYEMY 370 TaK «paboTaeT». Knaccuuyeckas cxema roBopuT 0 TOM, YTO
€C/IM Mbl HEKOM YacTuuel (3), Bo3gencTayem Ha YacTuuy (1), KoTopas U3MeHseT NpM 3TOM CBOM CBOMCTBA, TO «3Ta
MHbOPMaUMA MTHOBEHHO NepeaaeTcs» 3anyTaHHOM YacTuue (2), KoTopas yKe CUHXPOHHO, TO eCTb MTHOBEHHO, TOXe
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MEHSET CBOM CBOMCTBA Ha NPOTMBOMNON0MXKHbIe. CKarKem cpasy, UTo 3TO ¢paKTbl peasibHOCTU U CBOMCTBA ANHAMMUYHOTO
npoctpaHcTea-matepun. OHU ecTb. Bonee TOro, ec/iM Kax ol 3anyTaHHOM YacTULLEe COOTBETCTBYET CBOA TPaeKTopus
(L;), To TakMx 3anyTaHHbIX YacTuL, B KBaHTOBOM (X—) none, byaeT MHOXKeCTBO. BOT TONbKO HET HMKaKoi nepesayu
nHboOpMaUUM MeKAY 3anyTaHHbIMK YacTULAMK. ITO peasnbHO paboTaeT, ecnam YacTnua (3), MeHseT cBolicTBa
yacTuubl (1) M3meHeHnem obLiero n eamHoro (X—) nons, B KOTOPOM POXKAEHbI 3anyTaHHble YacTuubl (1) v (2), Toroa
MEHSIIOTCS HAa NPOTUBOMO/IOXKHbIE (B CUMMETPUAX) U CBOMCTBA M YacTuubl (2). Fpybo roBops, 3TO Kak eCan Mbl TAHEM
HEeKMM npeamMmeTom (3) ckaTepTb Ha cTone, NnoaoABuras K cebe yawwKy (1), cKaxkem TaK: MeHAeM COCTOAHMeE YalKku (1).
Mpw 3TOM CBOE COCTOAHME ByaeT MeHATb M YallKa (2) Ha 3Tom e cTosie. HuKakoi nHdopmaumm Yawka (1) He
nepeaaer yallKe (2), U HET HUKAKOro Bo3aelcTBMA npeamerta (3) Ha yawKy (2). MHaye roBopsn, BO3AeNCTBYS
yacTuueli (3) yepes kBaHToBOE (X—) nose Ha Yactuuy (1), meHsAs ee CBOWCTBA, HANPUMEP MEHAA €ro NoTeHLMan
(yckopeHue Ha gavHe). Toraa camo KBaHToBoe (X—) nosie, MeHsAeT U CBOMCTBA YacTuubl (2). Henb3a meHATb
CBOWCTBa KBaHTOBOrO (X—) noss, ToNbKO B NOKaLMKM YacTuubl (1). 3To KBaHTOBOE NOJIe, OHO He AenunTcsA. B akcnomax
AMHAaMWYHOrO NPOCTPaAHCTBa-MaTepMm Mbl roBopum o Hegennmon Obnactu Jlokanmsaumm KBaHTa NPOCTPaHCTBa-
MaTepumn. 3To HeNoKaNbHoe AnA YacTul, (1) n (2) usmeHeHue nx cBolicTB, nocpeacTsom scero (X—) nons. Bot
MOYEMY «3T0 Tak paboTaeT». Bcakne nHtepnpeTaumm B «EBKIMA0BOMY NPOCTPAHCTBE-BPEMEHM O TenenopTaumsax,
nepeaayax CBePXCBETOBON MHPOPMALIMK, KOHTAKTaX U TaK Jlanee, MATKO roBOpA, He KOPPEKTHbI, U He UMetoT
aprymeHToB. Mbl paccmaTpmBaaM CBOMCTBA NPOCTPaHCTBa-MaTepun BeesieHHoM. Mbl paccmaTpuBanu CBOMCTBA
MHOTFOypOBHEBOTO $M3NYECKOTrO Bakyyma, 1 No popmysiam TeopMn DMHLITENHA U KBAHTOBOW PEIATUBUCTCKOMN
OVNHAMUKM (MOLHO rOBOPUTbL O KBAaHTOBOWM TEOPUM OTHOCUTENIBHOCTH), TaK BOT B 3TUX TEOPUAX AOMYyCKalOTCA
CBEPXCBETOBbIE CKOPOCTU B MHOFOYPOBHEBOM PM3MYECKOM BaKyyme. M 3TO Te peasbHOCTU, KOTOPbIX Mbl €LLE He
BMANM. Ho ecTb HENPOTMBOpPEYMBbIE TEOPUM, U eCTb GOPMY/Ibl PACHETOB.
1. KsaHTOBbIE BblUMCNIEHUA

PaccmoTpum, 4TO NPAKTUYECKK, HA CBETOBBIX CKOPOCTAX Nepeaayn MHGopmMauum, Uam Bo3LencTBmSA, MOXKHO
CAEnNaTb C 3anyTaHHbIMK YacTUUamU. Kakne ycnoBma HyKHbl 418 CO34aHMA TaKUX 3amnyTaHHbIX YacTUL, U BO3AENCTBUA
Ha 3aMyTaHHbIE YacTULbl. 3TO KoAbl, WKPbI, KBAHTOBLIE KOMMbIOTEPLI, KaK 3TO paboTaeT N HACKO/IbKO 3TO BCE 3TO
peanbHO. Kak yKe oTMeyanu, 3anyTaHHbIe YacTMLbl AOMKHbI POXKAATLCA B OAHOM KBaHTE NPOCTPaAHCTBa-MaTeEPUN.
Kpome cTabunbHbIX GOTOHOB, 3/IEKTPOHOB, NPOTOHOB, AAPO CTabUILHOrO aTOMa, Kak M Cam aTOM, 3TO TOXKE KBaHTbI
NPOCTPaHCTBa-MaTepMn. BTopoit MOMEHT, POH COCTOSIHMA M BO3AENCTBUA Ha 3anMyTaHHbIe YacTuubl. Hanpumep,
opbuTanbHbIE 3NEKTPOHbI OAMHAKOBbIX aTOMOB, Ha 04MHAKOBbIX OpbUTax, UMEIOT OAMHAKOBbIE YPOBHWU 3HEPTUN. ITO
MHOXECTBO BOJIHOBbIX GYHKUMA. O6y4Yas rpynny aTOMOB KorepeHTHbiIMU GpoToHamu (nasepa) u gobusanck
HEKOTOPbIX IMEPANKEHTHbIX CBOMCTB OAHOr0 OpbUTaNbHOIO 3/1EKTPOHA, Mbl TOYHO 3HaEM COCTOAHUSA BCEro
MHOXEeCTBa BO/IHOBbIX GYHKLUNIM OpOUTaNbHBIX 3/IEKTPOHOB BCEM rPynMnbl aTOMOB. TaKoe COCTOAHUE 0pbUTasIbHbIX
3N1eKTPOHOB rPynMbl aTOMOB, MOXHO MPOrPaMMMUPOBaTb SHepruein ob6aydeHns nasepa. Mbl MOXKem AenaTb 3TO B TOM
WM MHOM MPOCTPAHCTBE, Cevac AU NOTOM BO BpemeHU. MHOXKECTBO APYruX rpynn aTOMOB, 3TO MHOXeCTBO
APYrUx nporpamm nx obaydeHmns. Mbl MOMKEM 3anuUCbIBaTb 1a3€POM M CHUMATb TakKMe SMEPArKEHTHbIE CBOMCTBA, KaK
MHbOPMaUMIO, U pedb UOET YKe 0 KBAHTOBbIX KOMMblOTEPAX, B GU3MUYECKM 4ONYCTUMbIX CBOMCTBAX.

Tema MCKYCCTBEHHOIO MHTEIIEKTA KBAaHTOBOrO KOMMbIOTEPA BECbMA MHTEepecHas. KtoueBo MOMEHT, 3TO
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3aMyTAHHOIO COCTOAHMA, KaK CBOMCTBAMM KBAHTOBOIO NosA. Kpome Ppusanyeckmx NpUHLMMNOB CO34aHMA 3aMnyTaHHbIX
BEPOATHOCTEN KBAHTOBbIX COCTOAHMUIA B MHOXECTBE UCXOAHbIX MapaMeTpoB, C BbIBOPOM NPaBUIbHOTO peLlleHusa Ans
BBOAUMOWM MHOOPMALMU, HYMKEH eLLLe U MaTeMaATUYECKMIA GOPMaU3M TaKOM AUHAMUKMY (KMbILLNEHNAY), AAOLLNIA
YEeTKUI M OAHO3HAYHbI pe3yabTaT B MakpocucTeme. Maea B TOM, YTO TaKyto BOJIHOBYO QYHKLMIO HAa0
«BbIpaALLMBaTb» B MHOXECTBE BOJIHOBbIX QYHKLMN MHOMKECTBA MCXOLAHbIX MAPaMeTPOoB. 3TO MOXKHO AeNaTb, co3aaBas
BOJIHOBYIO QYHKLMIO BCErAa MeHbLUe eAMHULbI, KaK OTHOLUEeHWe AO0NYCTMMOrO AMana3oHa pacnpenenieHHon B
NoObIX aNFOPUTMAX SIHEPTUM K MAaKCMMAIbHOW, BBOAA WX, KaK Hanpumep, KoapduLMeHTbl «6asncHbIX BEKTOPOB»
MaTpULbl COCTOAHUA. Mbl KaKk-bbl GopMUpPYyEM «CO3HAHUEN», HAXOZACh PAAOM ¢ 3HaHWeM). 3a 6asucHble
MHOTOMEPHbIE KEANHUYHbIE BEKTOPbI» MOXHO BbIOMpPaTb YTO yroaHo. Hanpmumep, MHOXKECTBO Ba/ItOT, MHOXECTBO
noaen. Ecam mbl rosopum o pusmke nam MHGoOpMaL MM KBAaHTOBOrO KOMMbIOTEPA, TO 3TO, CKAXKEM, COCTOAHUE
MHOKeCTBa 3aMyTaHHbIX (B OAMHAKOBbIX aTOMaX, Ha OAMHAKOBbIX 0POUTAX) OpOUTaNIbHBIX 3EKTPOHOB (MX BOJIHOBbIX
bYHKUMIA) MAKM KCHUMAEMBIX» UX NPUOBPETEHHbIX IMEPAKEHTHbLIX CBOMCTB, MOC/Ee BO34EMCTBMA HA HUX BBOAMMOM
nasepom nHoopmaummn. Ho Beogmmas BonHOBas GpyHKUMSA, KaK MHOOPMaLMS, «PE3OHUPYET» C KNPABUJIbHBIM»
3N1€MEHTOM TaKOoro, HaNnpPUMMepP MHOXECTBA MMHOPOB MaTPULLbl UM APYTUX aATOPUTMOB BbIYUCIEHUIA COCTOAHMS,
AaxKe C Masiol BEPOATHOCTbIO. XOTS B MHOXECTBE BOJIHOBbIX QYHKLMIA MOXKHO BblIOpaTb M MaKCMManbHyo (No
3Heprnm) n paboTaTb C TAKUM IKCTPEMYMOM. B pe3oHaHce, x OTHOLWEHME AaeT «1», KoTopas NnepeBogmTCcs B
OBObIYHYIO ABOMYHYIO CUCTEMY KaK Y¥Ke YyNpPaBAABLUMI CUTHAA B MHOMKECTBE KOMOUHALMIA YXKe MaKpOCUCTEMbI



06bI4YHOIO KOMMbIOTEPA, Y3KE C YETKMM M 0AHO3HAYHbIM pe3ynbTaTtom. Camo pacnpeaeneHme sHeprnm no sfieMmeHTam
MHOKeCTBa COCTOAHWUA CUCTEMbI, BBOAMTCA AaTYMKaMM UAM PACCUMTLIBAETCA MO a/Ir0PUTMam pacrnpeaeneHuns unm
YCNOBUA COCTOAHMA. Hy, 3TO Kak naes, KOTOPYIO KOHEYHO e Hao elle npopaboTaTb AN KOHKPETHbIX C/lyYaes.

9.CBepXBbICOKOYACTOTHbIE FPABUTALMOHHbIE BOJIHbI.

Abstract: ECTb Uenb MHUUMATUBbI UCC/IeA0BAHMA CBEPXBbICOKOYACTOTHbIX FPAaBUTALLMOHHbIX BOJH:
«[paBUTALMOHHbIE BO/IHbI HA YacToTax Bbiwe 10 Kl Hen3berKHO BO3HUKALOT B pe3y/1bTaTe KaKMUX-TO ABJAEHUN,
BbIXOAALLMX 32 PaMKKN ¢dn3nKM CTaHAAPTHON MOAENN, TAKMX KaK IK30THMYECKME acTpodU3nNYeckme o6 bEKTbI UK
KOoCMonornyeckme cobbitnsi B paHHe BceneHHomn». O4yeHb MHTepecHas Lefb, HO C HeonpeaeneHHbIMU
npeacTaBleHUAMM NPUYMH NOABAEHUA U CBOMCTB, rPaBUTALMOHHbIX BOJIH.

[a, ecTb GaKT U 3KCNEPUMEHTbI AETEKTUPOBAHMA FPAaBUTALMOHHbBIX BOJIH, B AAHHOM C/ly4ae acTPOpU3NYECKUX
06beKToB. Ho, UTO TaKoe, B AaHHOM C/ly4Yae rpaBUTaLMOHHaA BoHa? ECTb NOHMMaHWe, YTO 3TO NepuoauyecKoe
Ha/Nl0XeHMe «NPOBaIoB» NPOCTPAHCTBA, B HANPaB/JEHUN MCTOYHWKA TaKUX FPaBUTALMOHHbIX BOJIH, TO €CTb
BpaLLLEeHMA ABYX CBA3AHHbIX MAaCCUBHbIX aCTPOPU3NYECKMX 0OBEKTOB, HEMTPOHHbIX 3BE3/, KYEPHbIX Ablp». MOXHO
[aXKe CTPOUTb MAaTeEMATMYECKME MOE/IN BPALLLEHNA MAaCCUBHBIX chep € onpeaeneHHON YacToToM, B paMKax Tex Uan
MHbIX YpaBHeHMN. Ho maTemaTtmka oTBevaeT Ha Bonpoc KAK? A ¢pum3mka oteBevaeT Ha Bonpoc NOYEMY? B pamkax
O6weit Teopmn OTHOCUTENBHOCTM JMHLUTEMHA, Mbl FOBOPUM 06 MCKPUBIEHMM NPOCTPAHCTBA-BPEMEHN B6AM3M
WMCTOYHWUKA SHEPTUN-MMMYNbCA, MAaCCUBHbIX Chep B AaHHOM cayyae. M 3a4ecb BO3HUMKAET MHOIO BOMPOCOB.

rpaBUTaLUOHHbIE BOJIHbI.

YpaBHeHMA IMHWTENHA ONUCbIBAOT GUKCUPOBAHHbIE FPaBUTALMOHHbIE NOTEHLMANbl B JA@HHOM TOYKe
NPOCTPAHCTBA-BPEMEHM, YTO XOPOLLIO COOTHOCUTCA C dUKCcaumMeln GaKTOB rpaBUTaLMK B IKCNepuMeHTe. Ho noyemy
BO3HMKaET rPaBUTALMOHHbIMA NOTEeHUMaN, oTBeTa HeT. U3 ypaBHeHua Obuweit Teopnn OTHOCUTE/IbHOCTU IMHLUTENHA,
KaK MaTeMaTMYeCKOM UCTUHbI B AMHAMUYHOM NPOCTPaHCTBE-MATEPUN, MPAMO CAeaytoT YpaBHEHMA KBAHTOBOM
rpasutaumn. M yxe B HanpaBAeHUM UCTOUYHMKA FPaBUTaL MK, Mbl TOBOPUM O KBa3n NOTEHLMA/bHbIX KBAHTOBbIX
rPaBUTALLMOHHbBIX NOAX YCKOPEHUS MAacCOBbIX TPAEKTOPUIA. UX cynepnosmuma oT MHOXKeCTBa (KBaHTOBbIX) MPOTOHOB
B MaccuBHoM cdepe, popmupyeT obliee rpaBUTaLUOHHOE MOJIe YCKOPEHWUI, MaccuBHOM chepbl B AaHHOM C/lyyae.
BHMMaTeNbHbIM YUNTATENb YXKEe 3aMETU/1 CN0BA FPaABUTALMOHHOE NoJe YCKOPEHWUI U MaCcCOBbIE TPAEKTOPUM B 3TUX
nonsax. MMeHHO NO MaccoBbIM TPAEKTOPUAM 3/IEMEHTOB AETEKTOPOB, Mbl ONpeaesemM rpaBUTaLMOHHbIE NOS.
3T0 TO, UTO MOXKHO caenaTb, U 3TO AenaeTcA, B pamKax EBKNIMA0BOIM aKCMOMATUKM NPOCTPaAHCTBA-BPEMEHMN.

1. «To4Ka ecTb TO, YacCTb Yero HUMYTO») («Havana» EBKknAa). unm Touka ecTb TO, YTO HE UMEET YacTen,

2. NIuHnAa — aavHa 6e3 WUpmHbI.

3. W 5-i noctynaT o napannesibHbIX NPAMbIX IMHUAX, KOTOPble He NepecekatoTca. Eciv npamas, nepecekatowas gse npambie,
06pasyeT BHYTPEeHHNE OAHOCTOPOHHUE YI/bl, MEHbLLME ABYX NPAMbIX, TO, MPOAO/IKEHHbIE HEOTPAaHUYEHHO, 3TW [IBE NpAMble
BCTPETATCA C TOM CTOPOHbI, A€ Yribl MeHbLUe ABYX NPAMbIX.

o+ i< 1807
701051

puc. 1 EBKAINMAOBAA akCMOMATUKA
To ecTb, Yepes TOUKY BHE NPAMOM, MOXHO NPOBECTU TO/IbKO OAHY NPAMYIO, NapannenbHy0 NUHUIO.
B akcMoOMax AMHAaMMYHOrO NPOCTPaAHCTBA-MaTepPUKM, Mbl TOBOPMM O MHOKECTBE NPSAMbIX IMHUI
napannenbHbIX UICXOAHOM NPAMON IMHMK B Npeaenax Bceraa AMHaMMUYHOro yraa napanfienbHoCTu.

Puc.2 gMHaMMYHOE NPOCTPAHCTBO MyYKa NapasiebHbIX MPAMbIX TMHWUNA.
MapannenbHbIX, 3HAYUT U3OTPOMHbIX, C OAMHAKOBLIMM CBOMCTBAMM, MO OTHOLLUEHMIO K BHELHeMy mupy (AC—> o). B
npegenax AMHaMMUYHOTO yraa NapannesbHOCTU, Mbl TOBOPUM O AMHAMUYHOM NPOCTPAHCTBE, Kak popme matepun,
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rNaBHbIM CBOMCTBOM KOTOPOWM eCTb ABUKeHMe. HeT maTepumn BHe NPOCTPaHCTBA M HA0HOPOT, HET NPOCTPaHCcTBa be3
maTtepun. N3 atnux GpakToB = aKCMOM, MPOCTPAHCTBO-MATEPMA 3TO OAHO U ToXKe. M yKe YaCTHbIM Cydaem
OUKCUMPOBAHHOIO COCTOAHWUA AMHAMUYHOIO NPOCTPAHCTBA-MaTePUN, €CTb NPOCTPAHCTBO-BPEMSA BCEX TEOPUMN.
FNaBHbIM CBOMCTBOM AMHAMMUYHOIO MPOCTPAHCTBA-MaTePUN, eCTb AMHAMUYHbIN (¢ # const) yron napannenbHOCTU.
Mpwn aTom EBKAMA0BOE NPOCTPaAHCTBO B 0cAxX XYZ TepAeT cMmbICA.

i S|ICHD|K
\/\ /\/x X
25 S s The 1

WS
= SCEsT Y

Yl 2
puc.3 ANHaAMMUYHOE NPOCTPaAHCTBO-MaTepus
B pamkax ceTkun EBknangosbix (@ = 0) ocer, mbl He BUAUM AnHamuuHoro (X+=Y—), (X—= Y+) npoctpaHcTBa-

MaTepUU, U Mbl HE CMOXKEM ero npeacTaBuTb. NoaToMy BBOAATCA aKCMOMbI AMHAMWYHOTO NPOCTPAHCTBA-MaTepuK,
KaK paKTbl He TpebyIoLWnX A0Ka3aTeNbCeTB. YpaBHeHUa Obweit Teopun OTHOCUTENBHOCTM DMHWTEHA ONUCHIBAKOT
bUKCMpPOBaHHbIe rpaBUTaLMOHHbIE MOTEHLMabI. B KBAaHTOBbIX MOSAX TaKas GUKCALMA CONPOBOXKAAETCS TOM NN
WHOW AoNelt BepOoATHOCTM NpoABAEHMA Ntobbix Kputepmnes IBONOLUN KBAHTOBOTO NOJA, B paMKax BOJIHOBOM
bYHKLMKM KBAHTOBOTO NoJIA. B KnaccMyecknx npeacraBaeHmAX Mbl rToBOpUM 06 31eKTpo ( Y+ =X-) MarHWUTHbIX NOAAX B
ypaBHeHuax MaKcBenna, C COOTBETCTBYIOWMMM 3/1EKTPOMArHUTHbIMM BOJIHAMM, B PaMKaXx NPOCTPaAHCTBa-BPEMEHN,
YaCTHOro Cy4Yan NPOCTPAHCTBA-MaTepUn. B pamKkax akCMOM AMHAMMUYHOTO NPOCTPaAHCTBa-MaTepum, BbIBOAATCA B
eANHOM MaTeMATMYECKOM UCTUHE, YPABHEHUSA AMHAMMKM 3NeKTPO ( Y+ =X-) MarHUTHbIX U rpaBuT (X+ = Y-) maccoBbIX

nonew.
dE(Y+) 3G (X+)
cxrotyB(X =) =rot,HX —-) = & a7 + AE(Y+) cxrotyM(Y =) =rot,N(Y =) = &, * a7 +1xGX+) 1
AH(X— aB(X— AN(Y— aM(v—
rotE(Y +) = —pu P02 = — 20 M(Y) = iy * N(Y=); 701, GOH) = —pp » 2020 = =200,

MoaTomy, ncxoaA U3 CBOMCTB AMHAMUYHOIO NPOCTPAHCTBA-MaTepUn, NoA06HO PuKcaumnm
3/1eKTPOMArHUTHbIX BOJIH B NoJie BceneHHOM, Mbl AOMKHbI TOBOPUTL O GpUKCALLMM FPAaBUTMACCOBbIX BOJTH, B Nl060M
WX BUAE, B 3aBUCMMOCTU OT UX UCTOYHMKA. TO, YTO B IKCMEPUMEHTAX Y3Ke 3aPUKCUPOBaAHbI FPaBUTALMOHHbIE BOJHbI,
TO 3TO 06pPa3HO roBOpPA, «BOJIHbI HAa BOAEY», B MPOCTPAHCTBE-MaTepUKN. HeT cBOMCTB «BOAbI», U HET CBOMCTB
«MOJIeKy/ BOAbl». HeT oTBeTa Ha BONPOC, NoYemMy BO3HUKALOT Ntobble, KNacCMYecKne uam KBaHToBble
rpaBUTaLMOHHbIE NOJA. U yKe 0TBeYan Ha 3TU BOMPOChI, MOXKHO OTBEYaTb Ha BOMPOChI, YTO Mbl ULLEM, U KaK Mbl
byaem uckatb.

CyAs No HaueneHHOCTU MOUCKOB BbICOKOYACTOTHbIX MPaBUTALLMOHHbIX BOJIH, HA acTPOdU3MYECKNX 0B BbEKTAX,
KaK MCTOYHMKAX TaKUX BOJIH, MOYHO rOBOPUTb O AUHAMUKeE BbICTPO BPaLLatOLWMXCA OO BEKTOB, UTO IOTUYHO.
MogennpoBsaTb Takne 06BbEKTbI, UX AUHAMMKY, PAaCcCUMTbIBATb CBOMCTBA BbICOKOYACTOTHbIX MPAaBUTALMOHHbIX BOJIH,
3/1IEMEHTOB AEeTEKTOPa, M NPUHLMNbI PUKCALUM TaKUX BOJH. ITO Kak Bbl HOBbIA CTOYHUK MHPOPMALUN O
BceneHHoW. U 3To BABOWHE MHTEPECHO NPOBEPUTL TY UK UHYIO TEOPUIO, C BbIXOAOM Ha TaKue peasnbHoCTU. U 3To
KaK 6bl MOMEHT UCTMHbI TON MAN MHOM TEOPUM, CKAXKEM, KaK 3TO paboTaeT B AMHAMUUYHOM NPOCTPaHCTBE-MaTepPUN.

MCTOYHMKOM rpaBUTaLMOHHOIO NOJIA, BO BCEX C/IyYanX, eCTb ero NoTeHLMan, TO ecTb YCKOPeHUe Ha AnnHe. A
HOCUTENIeM TaKMX MPAaBUTALLMOHHbIX MOTEHLLMANOB €CTb IHEPTUA-UMMY/ILC B YPaBHEHUN JMHLITENHA. TaKkas TPAKTOBKa
Aonyckaet Hynesyto maccy, (m?c* = E2 — p?¢?) 8 uenTtpe «YepHoii [bipbl», NPW HaMuMM ee 3HEPrM 1 MMNYNbCa,
3KBMBA/IEHTHbIX Macce «YepHol Aplpbl», NoA06HO HYyNeBOW Macce KBaHTa GOTOHA. 9TO BeCbMa 3aMnyTaHHble NOHATUA
EBK/NIMA0BOM aKCMOMATMKM NMPOCTPAHCTBA-BPEMEHM, U OHUM He Aal0T OTBETA HA BOMPOC, NOYeMy Tak. ECTb MHepTHasn
mMacca, rpaBuTaLMOHHaNA Macca, Macca YacTuL, U3 SHepruM Bakyyma, macca Nokos... MHOroBapnaHTHaa macca.
BOMPOC FPaBUTALMOHHbIX, ELLLE U BbICOKOYACTOTHbIX BOJIH OT TaKMX Macc, BECbMa HeonpeaeneHHbIN.



B pamKkax AMHaMWYHOIo NPOCTPAHCTBA-MaTepmn, BMecTo «HepHoi [bipbi», B KOTOPOMN Teopua IMHLLTENHA
npocTo He paboTaeT, Mbl roBOpPUM 0 «HepHbix Chepax», B NPOCTPAHCTBO-MATEPUIO KOTOPbIX Mbl MOMACTb HE MOXKEM.
Takue «YepHol [blpbl», NPUTATMBAIOT, PACTATMBAIOT MACCbl, HO HE MOI/IOWAOT MaTeputo, Aarke GOTOHbI. POTOHbI
Kpy»KaTcA BOKPYr Takux «YepHbix Oblp», He MPOHMKas BHYTPb, TaK e Kak 1 GOTOH, NeTAwmiA Bo BceneHHON, He
NPOHMKaeT Brybb PU3nUecKoro Bakyyma, C HEHyYNEeBOM SHepPruen.

Ecnn mbl roBOPUM O CBEPXBLICOKOYACTOTHbIE FPAaBUTALMOHHBIX BOJIHAX, He yraybaasach B «HepHble [blpbi» U
B AZ1pa raflakTUK, B «4epHble cdepbl» H6yKAAIOWMX B raNakTUKaX, TO Mbl MOXEM MPOBEPUTL UX HAIMYME B MPOCTbIX
3KCNepMMeEHTax Ha 3emne. B pamKax CBOMCTB AMHAMMUYHOIO NPOCTPAHCTBA-MaTEPUN, MOXKHO NPOBEPUTL HaNune
KBaHTOBbIX FPaBUTALMOHHbIX MOJIei yCKopeHul (puc. 4).

n=4, T ir tat)
X (v-) M:»\J\L X
%" Gl T8

n=3

)
~ 'G[Il—]\ §

Fig. 4. Quantum gravitational fields.

CyTb 3KCMepMMeHTa B TOM, YTO6 NPONyCTUTb GOTOH Yepes KBasu NOTEHLMA/bHbIE KBAHTOBbIE
rPaBUTALIMOHHbIE NONA YCKOPEHUI, HaNPUMep 3 - YacTULbl, AA4pa FreNna, UK AeilTepus, UK TPUTMA NPOCTbIX
CTPYKTYp A4pa. ITO YPOBHU MaccoBbiX G(X+ =Y-) TpaeKTopwmii aNeKTPoHHbIX (Y- = e’) opbuT aToma. Ho 370 TOUHO
BbICOKOYACTOTHbIe (40 10%2 T) KBaHTOBbIE FPAaBUTALIMOHHbIE MO/, KOTOPbIM COOTBETCTBYHIOT LLE/IM SKCNEePUMEHTA.

Fig. 4.1. Quantum gravitational fields.
Mponyckaa aapa 5X - 4acTUL, Yepes NMyYoK GOTOHOB, Ha IKPaHEe Mbl YBUAMM UCKPUBIEHME TPaeKTOpUit
$OTOHOB BOKpYr A4pa, N0A06HO UCKPUBAEHUAM iy4en cBeTa BOKpyr ConHua. Ho 3aeck mbl moxem 6paTb
XapaKTEPUCTUKU UCKPUBIEHWNA TPAEKTOPUIA OTAE/bHbIX POTOHOB, B MapaMeTpax KBaHTOBOTO rPaBUTaLLMOHHOIO NOJIA.

10.Mpynnbl cMMMeTPUA B KBAHTOBO PeNnATUBUCTCKON AUHAMMUKe.

I'maBb1
1. BsepgeHue.
Ob6uwme npeacraBieHus.

3. CMMETPUN B KNACCMYECKOM 1 B KBAHTOBOW PENATUBUCTCKOM AMHAMMIKE.
1.BeegeHune
MNpeobpasoBaHUs PensTUBUCTCKOM guHAamMUKK B CneumanbHon Teopum OTHOCUTENBHOCTM U KBAHTOBOM

PeNnATUBMUCTCKOM AMHAMUKK (MOAHO roBopuTb KBaHTOBOM Teopunn OTHOCUTENBHOCTH), NpeacTaB/eHbl B «EANHON
Teopun 2» B 04HOM MaTeMaTUYECKON UCTUHE. Mbl rOBOPUM O AMHAMUYHOM NPOCTPAHCTBE-MATEPUU, YACTHLIM
CNly4aeM HYNEBOTO MAN GPUKCUPOBAHHOIO YrNa NapannenbHOCTU, ecTb EBKIMAOBasA aKCMOMATUKA NPOCTPaAHCTBA-
BpemeHu. CneumanbHan Teopma OTHOCUTENBHOCTU HE MOXKET ONUCLIBATb NPOCTPAHCTBO-BPEMSA B KBAHTOBbIX NOJIAX C
WX NPUHLMMNOM HeonpeaeneHHOCTU. Henb3s o4HOBPeMEHHO 3apUKCUPOBATL M BPEMA U KOOPAMHATY. U KBaHTOBas
PenATUBMUCTCKANA AMHAMMKA B KaIMBPOBOYHbIX MOAAX, KOTOPbIE CNeAyioT U3 ypaBHeHMA [lnpaka, Toxe OTCyTCTBYET.

N
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PenAatTmBMCTCKan AMHaMKKa NpeacTas/ieHa rpynnoii JlopeHua, a ycnoBue MHBapUaHTHOCTU YpaBHeHMA Jupaka

(A, (%) = /T”(X) + ia;lix)), npeacraBneHo ycnonavle:v\(M = f'(x) = 0). Ho 3To Hen3meHHas aKCTpemasnb AMHAMUYHOWN
u

oxy
dyHKUMM a(X) = f(x) # const. B Teopun SIara-Musica k moTeHmany npubapisieTCs MPOM3BOAHAS CKATIIPHON
(GyHKIIUH, HE MEHSIOIIAs caM MOTCHIINAJ, B TPYIITE CAMMETPHUU: A, = 00)A,(@D) 7 (x) +iR(x)0, (D) (x), TIe
02(x) = e* , n w-2nemenT moooi rpynnsl JIu (SU(N),SO(N), Sp(N),Es, E7,EsF4,G2), u A4, » 4, + 0,w. IIpu
stoM U(1)- onuceiBaeT anekTpoMarHuTHoe Baumoenicteue, SU(2)- Cnabsie B3aumoneiicteust u SU(3)- onuceiBaeT
CunbHbIE B3anmMoneticTeus, u ganmee. Mbl paccmoTpum ycnosus: a(X) = f(x) # const, 1 000CHOBaHUS CHMMETPUHN B
KBAHTOBOM PEIITHBHUCTCKON muHaMuke (B KBanToBoit Teopmn OTHOCUTENBHOCTH).
2.06wue npeacTaBaeHus.

MaTtemaTtuyeckoe npeacTaBaeHne CUMMETPUIN HAYHEM C MPOCTENLLNX reoMeTpUYecKknx eouryp. MNpasuibHble
dUrypbl Ha NJIOCKOCTU COXPAHSAIOT CBOKO CUMMETPMIO NPU NOBOPOTaX, MHBEPCUMU. Hanpumep:
2.1. NpAMOYroAbHUK CMMMETPUYEH Npu nosopoTe Ha 180°, n npu nosopoTe Ha 0° He meHseTcA.

PucyHok 2.1.
Mbl umeem age onepaumu. MosopoT Ha 0° Kak Ry, = I, n noBopoT Ha 180° Kak R;gg . VX MOKHO NEPEMHOKUTb,
cHavana Ry * Rygo , noBepHys Ha 0°, notom Ha 180°, nim HaobopoT: R;g, * Ry , B Tabamue Kanu.

I I R
180 13
Rygo Rygo I
Ry*Ry =Ry =1, Ry * Rigo = Rigo, Rigo * Ro = Rygo, Rygo * Rigo = R3eo = Ro =1

Onepauua Ry = I, HUYEro He MeHseT, Ha3blBAETCA eAMHUYHDBIN 31IeMEHT AaHHOM rpynnbl. [pynna onpeaensercs
cBovictBamu. 1). OnpeseneHa onepaums rpynnbl, 34ecb NOBOPOT. 2). Hannune eanHMYHOrO anemeHTa, Ry = 1,
3).3aMKHYTOCTb, KOrZa onepauus B rpynne AaeT 31EMEHT, He BbIXOAALMI U3 rpynnbl, 4).Hannumne obpaTHoro
sanementa I™1 =1, nm R1‘810 = Rygg . OTO 3/1eMEHT, KOTOPbI OTMEHAET NPeAblAYLLYI0 ONepaLMmio KaXKaoro
anemeHTa rpynnbl. 5).cBoicTBo accoumaTnaHocTu: A(BC)=(AB)C. TaKyto rpynny HasbiBatoT C2.

2.2. npumep paBHOCTOPOHHErO TPeyroabHUKa, ¢ nosopotamm Ha 0°, Ha 120°, u Ha 240°.

PucyHok 2.2
TOYHO TaK cocTaBaAeTca TabanLa YMHOXEHUA OAHHOM rpynnbl BpaLLeHWUN.



C3

R120

R24-0

| | R120 R24-0
R120 R120 R240 1
R24-0 R24-0 | R120

Bce BO3MOKHbIE 3/1eMEHTbI FPpyMnbl, TPU NEPEMHOKEHUN, AAIOT 3/IEMEHTbI 3TOM e rpynnbl. Fpynna samkHyTas. Aas
KaX/[10ro 31eMeHTa ecTb 06paTHbIN aneMeHT U Toxe B rpynne. Ry = Roa0, R340 = Rizo -
He Tonbko nosopoTbl duryp aatot rpynny. Yucna (+1) n (-1) Tak ke obpasytoT rpynny.

-1 -1 1

Onepaupueli rpynnbl eCTb YyMHOXeHUe. EANHUYHBIN anemeHT ecTb 1. O6paTHbI anemeHT: —1~1 = —1. Bce ycnosus
ONA rpynnbl cobnogeHbl. ITa rpynna ngeHtuyHa rpynne C2. Ux HasbiBatoT M3omopdHbIMU. ECTb U apyrne
nsomopoHble rpynnbl. Hanpumep, Npu onepauumn oTPasKeHUa g PacCMOTPEHHOTO NPAMOYTOIbHUKA.

S2 I o

Ecnn aBa pasa oTpasuTb NPAMOYTObHUK BOKPYT OCH, MONYYUM UCXOAHbIN 0BBEKT, rpynny cO BCEMU CBOMCTBAMU.

Takylo rpynny HasbiBatoT S2, M3omopdHa rpynne C2. YMHOXKeHWEe KoopauHaT BekTopa (2,1) Ha (-1), npuBoaunT K

OTPAYKEHUIO KOOPAMHAT OTHOCUTENBHO Havana KoopamHart. Moatomy rpynna uncen (1) u (-1) Toxke nsomopodHa.
2.3.A6eneBbl U He abeneBbl rpynnbl U NOArPynMbl. PaccMoTpeHHble rpynnbl BpaleHnn C3 1 oTpaskeHun S3

PucyHok 2.3.
TaKkue BpaLLeHUs U OTPAKEHUS TOXKE HEe MEHAIOT TPEYro/IbHUK, U 06pasytoT rpynny. 3anvwem gas Hee Tabauuy.

D3 I Ry R340 01 %) 03
I | Ri30 R340 01 03 03

Ry Ry R340 | %) 03 01

R340 R340 | Ry 03 01 03
01 01 03 02 I R340 Rz
%) 02 01 03 Ry I R340
03 03 02 01 R340 Rz I

lpynna C3 ectb nogrpynnel D3. MoBopoT Ha R,,( C OTpaXKeHnem gy , PaBHO OTPAXKEHUIO d,. Ho ecan cHavana
OTpasuTb 0, , @ MOTOM MOBEPHYTb R{5( , MONYYNM OTparKeHue g . To ecTb: Ry5g * 01 # 01 * Rq5o . Ho 3aKoH
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KOMMYTaTUBHOCTM He ecTb CBOMCTBOM rpynnbl U OH He 06s3aH cobaoaatben. Fpynna D3 He abenesa, noarpynna C3
abenesa. Ho eciv Mbl Bbibepem yKasaHHbI TPEYroabHUK, EF0 CUMMETPUA NPU OTPAXKEHMSAX YKe HapyLueHa.

PucyHok 2.4

Takoe HapylweHne CUMMETPUN Ha3blBalOT CMOHTAHHbIM.

2.4.MpeactaBneHune rpynn. Kak ykasaHo, onepauumen rpynn moxeT 6biTb toboe AeicTBUE, YMHOXKEHUE,
NMoBOPOT, MHBEPCUSA, YTO YrOAHO. DNEMEHTAMM PYNN TOXKE MOryT ObITb Nt0ObIe abCcTpaKTHbIe 06BEKTHI, KOTOpble B
N30MOPOHbIX FPYMNnax MOXKHO 3aMeHUTb NPOCTbIMK Yncnamu (1) u (-1), ecam rpynna KommyTatueHa. Ho ecTb 1
MmaTemaTmyeckme 06bEKTbI, 418 KOTOPbIX KOMMYTAaTUBHOCTb YMHOXEHUA He cobatofaeTca, Hanpumep MaTpuubl .
MHaye roBopsa, abCcTpakTHbIMM 3N1EMEHTAMM FPYNN MOTyT 6bITb M MaTpuubl. B paccmoTpeHHol D3 maTpuue,
3N1eMeHTbI Tpynnbl MOTyT NPeACcTaBUTb MaTpPULAMK, B BUAE:

I = ((1] (1)), Riz0 = %(;% __\F)' Rya0 = %(__\% f)'

_1(=1 0 _1(1 3 11 =3
“1_2(0 1)’02_5(\/5 _1)’03_5(_@ _1>‘
Tenepb onepaumeit rpynnbl D3 ecTb MaTpuuHOE YMHOXeHMe. [py 3TOM CTPYKTYpa rpynmnbl COXpaHAeTCA:

()G =305 )

Ri50 * Ri20 = Ry49, MM 2\y3 -1 2 V3 -1 2\ V3 -1 , Wn
1{—1 —+/3\ 1/-1 0 i1 —=v3
Ryi30 ¥ 01 = 03, B BUAE:! E(\/§ —\i_) i E( 0 1) - E<—\/§ —\/1_)
1=1 0y 1/-1 —v3\_1(1 3
01 * Rizo = 02, B BUAE: E(O 1)*E<\/§ —{)=E<\/§ lq)

MaTpuupbl NOBOPOTA HE KOMMYTUPYIOT C MATPULL@MM OTPaXKEHUA NO yKasaHHbIM ocAM. HoO maTpuLbl NOBOPOTA

KOMMYTUPYIOT Mexay coboit. MpousseaeHne R;,o * Ryao = I, unn §<_1 B ‘/§> * 1( -1 \/§) = (1 0) =1, paet

V3 -1/ 2\-y3 -1/ V0 1
-1
Y - -1 -3 1/ -1 3
EAMHUYHDBIN 91eMeHT rpynnbl. Bce maTpuubl 06paTUmbl. Ry = Raao, 1( ) :—( )
A py puy, p 120 240 2\y3 -1 2\_v3 -1
_ -1
O6paTHbIN 31eMEHT MaTPUYHOM rPyNnbl NPeACcTaBAAETCs 06paTHOM MaTpULEN: 01'1 =01, WM ( 0 (1)) =

(o 1)
0 1/°

AHann3 abCcTpaKTHbIX onepawumii rpynnbl, TakKUM 06pa3om, MOXKHO 3aMEHUTb Ha U3yYeHUE CBOWMCTB MaTpuL,
Ho maTpuLbl MOXKHO paccMaTpMBaTb U Kak onepaTopbl AEUCTBYIOWME Ha BEKTOPLI. Hanpumep,

npv NOBOPOTax BEKTOPa ((1)) Ha Ryyq , NOAYYNM: %<_1 N \/§) * (0) = <_ ‘/§/2) NOBEPHYTbIN BEKTOP,

V3 -1 1 -1/2
) 0 1 —1 ‘/§ 0 — \/§/2
nAn: (1) Ha Ry4, HOHV"W"'g(_ NG _1> * (1) - <—1/2> '
|
:
120°
ft ;
PucyHok 2.5

YMHOXeHune OCTaNnbHbIX MaTpUL, Ha Ntob6oi 13 aTnx TPEX BEKTOPOB, 6y,EI,ET nepesoanTb BEKTOP B O4UNH U3 3TUX TPEX.
|_|OI'Iy'~II/IM TOT Xe CMN\METpM‘-IHbIVI TPEYroJibHUK. To ecTb MaTpPULLbl ABNIAKOTCA nNpegcraBieHnem onepau,vlﬁ.

2.5.B TeopuM rpynn ectb MHOXECTBO TEOPeM: AMCKPETHbIX FPyNM, HopMaJjibHble MoArpynnbl, Knaccbl, daktop — rpynm... .

PaccmoTpum rpynnbl Jln, B dusnyecknx Teopuax. B npeapliayweii rpynne, Hanpumep D3, Mbl paccMaTpuBann CUMMETPUM
TPeyro/sibHMKa NP1 NOBOPOTAX U OTPaXKeHMAX. TOYHO TaK MOXKHO paccMaTpuBaTb CUMMETPUM KBaZpaTa B rpynne D4
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Ana 4 NnoBOpoOTOB, B NPaBUAbHOM NATUYronbHUKe D5 ansa 5 noBopoTos, WwectnyronbHmke D6 ana 6 noBOpoTos ... .
MpaBuabHbIN (N-> ©°) yronbHMK NepexoguT B KPYr, C MOBOPOTOM paauyca Ha yron (a). OKpy»KHOCTb MHBapWaHTHa
npu NoBopoTax Ha Ntobow yron (a).. Ho 3aeck yxKe HET pacCMOTPEHHbIX paHee anemeHTos rpynn (R) u (o).

E&-»Aa:

AA R‘*

PucyHokK 2.6
B TaKoW rpynne cMMMeTpun Kpyra BBOAMTCA NapameTp rpynnbl, HA yron nosopoTta R, . B aToli rpynne nonyyaem
HenpepbIBHbIN Nepexos oT 04HOro anemeHTa rpynnbl (R,) K apyromy (Rgyaq)- 3TO M ecTb rpynnbl JIn. 3aech ecTb
(Ry = I) eanHMYHbIN 3nemeHT, 06paTHbIit anemeHT rpynnbl (R = Ryy_y). INemMeHTbl rpynnbl ToKe
npeacTaBaloTcA MaTpuuamm. Ecam paccmaTprsaTb NOBOPOTbI CUCTeMbl KoopamHaT XY — XY, nonyuum ans
R1(Rx1Ry1) v Ry (Rx2Ry): Ry * Ry = |Rq||IRz| cos(B — @) = (Rx1Rx2 + Ry1Ry2) ,
|R1[IR2| cos(B — @) = |Ry| cos(a) |Rz| cos(B) + |Ry|sin(a)|Rz|sin(B),
cos(f — a) = cos(a) cos(B) + sin(a)sin(p),
cos(B + a) = cos(B — (—a)) = cos(—a) cos(B) + sin(—a)sin(p),
cos(B + a) = cos(a) cos(B) — sin(a)sin(B)
IRy|* (IR2] cos(B + a) = X) = |Ry| cos(a)  (IRz]cos(B) = X) — |Ry| sin(a) * (IRzIsin(B) =Y)
X = Xcos(a) — Ysin(a). AHanornyHo ganee:
IR11IR;| sin(B + @) = |RyIR;| cos(90 — (B + @) = |Ry||Rz| cos((90 — @) — )
IR1|IRz|sin(B + a) = |Ry[|Rz| cos(90 — a) cos(B) + |Ry|IR;|sin(90 — a) sin(B)
|R1| * (IRz| sin(B + a) =Y) = |Ry|sin(a) * (IRz] cos(B) = X) + |Ry| cos(a) * (|IRz|sin(B =Y)
Y = Xsin(a) + Ycos(a).
OKOHYaTeNbHO NOYy4YMM NpeobpasoBaHms:
X = X cos(a) — Ysin(a) . ()?) _ (X) (cos(a) - sin(a))

Y = Xsin(a) + Ycos(a) Y Y/ \sin(a) cos(a)

(1)_5) = ();) * R, roe R, = (Z?;EZ; CZ:E((S)) maTtpuua rpynnbi Sin.
PaccmoTpeHHble paHee cayyamn nosopoTa Ha 120° n 240°, 310 YacTHble cnyyam noBopoTos R, .
R (cos(lZO) — sin(lZO)) _ l(—1 —\/§)
120 = \sin(120)  cos(120) 2\V3 -1
370 (R,) maTpuua SO(2), To ecTb CneupanbHaa (det(R,)=1) OpToroHanbHas (Ry(R,)T = I) maTpuua, rae
TpaHcnoHuposaHHaa matpuua (R,)T = (R,) ™! pasHa obpatHoii. 370 (R,) MmaTpuua nosopoTa, abenesa.

M 0 _ 2 0\ /1\ _ (2
MaTpuua onepaumm mactabuposaHma (O M) ¢ napameTpom (M=2), BbinonHseT (O 2) (1) = (2)
yBenmuenuve (M > 1) nnm ymenbuwenmve (0 < M < 1) ucxogHoro sektopa. NapameTtp (M)MOKHO BbIHECTM 32 CKOBKMY,

1 0
Torga nonyumm M ( ) B CKOBKax reHepaTop rpynnbl, He NPUBA3aH K 3leMeHTam rpynnbi.

0 1

Yron ( ) napameTp rpynnsl Ry, = (cos(a) —sin(a)

sin(a) cos(a)
AenaeT, faeT eAMHUYHYI0 maTpuuy. MosopoT Ha yron (A a — 0) gaet (R, = I +A al) npeobpasosaHue, rae (L)
reHepatop nosopota. Toraa (Ryiarq = RagRg), 4TOOBI NOBEPHYTL HA yron (@ +A «), Haao cHayana NoBepHYTb Ha
yron (a), notom Ha yron (A a). Noactasnasa sHayeHus, nonyunm: (Ryipnq = (I +A al)R, = R, +A aLR,). Nanbuwe,

. Rgyna—R dR dR
06bI4HbIM nopagKkom nonydaem: (Ryiaq — Re =4 aLRy), llm% =LR,, d—;‘ = LR,, R—“ = Lda,
a

) TOMe BbiHOCUTCA R, = I, noBopoT Ha 0° HMYero He

al dRy
Ra = e%", peweHne gnddepeHLManbHOro YpaBHEHMUA, C FeHEPATOPOM Fpynnbl (E)O = L. 3TV ypaBHEHUA NOXOXKMU

au . —
Ha ypaBHeHue LLpeguHrepa: i —iHU,c pewennamu: U = e " 3peck reHepaTop rpynnbl npeacrasneH

onepaTopom amuibTOHA, @ BMECTO NMOBOPOTA HA YroJl, pacCMaTpMBaeTcA Bpems. B Hawem c/iyyae MOBOPOTOB,
reHepaTop rpynnbl PaBeH NPOM3BOLHOW 3/1EMEHTOB rPynMbl MPU HYN1€BOM yr/e NoBopoTa. Bosbmem nponssogHble,
NoACTaBMM 3HaYeHMe yraa U Noay4Ynum reHepaTtop rpynnsbi.
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dr, _ (—sin(0) —cos(0)\ (0 -1\ _ dRy _dR, _ (0 —1\(cos (@) —sin(a)
da ( cos(0) —sin(O)) B (1 0 ) =L Wmy = LRy Benae: < 0= (1 0 )(sin(a) cos(a) ) :

3pech cos? (a) + sin? (@) = 1, kak 1 nonaraetca. TorAa NOBEPHYTbIN U UCXOAHbIV BEKTOP NpeAcTaB/eH B BUAE:
0 -1 0 -1

7 a a

V=e (1 0 )V, roe e (1 0 ) - MaTpuLa 3/1eMeHTa rpynnbl. Tenepb Mbl MOBOPaYMBaem BEKTOP Ha yron (a) He

NoNb3yACb TPUTOHOMETPUYECKUMU PYHKLMAMKU. CaMmn FeHepPaTOpPbl MHOTroe FOBOPAT O camoli rpynne. Hanpumep,

reHepaTop macwTabnposaHus em(é (1)) = e(lg r(r)l) npeacTaBAeH KaK 31eMeHT rpynnbl. MacwTabHbI MHOXKUTENb
310: M = e™ 3KcnoHeHTa napameTpa rpynnbl (m).

2.6.9nemeHTbl rpynn JIn Haxo4AT MaTPMUUYHbIM SKCNOHEHUMpOBaHUeMm reHepaTopos rpynn J/in. Camu
3N1eMEHTbl PAaCCMATPMBAIOTCA KaK reHepaTopbl AENCTBYIOLLME HA BEKTOP. ITW onepaTopbl MeHAIOT BeKTop. Ho B

1 0
rpynne Bceraa octaeTca HEM3MEHHbIM WMHBapuaHT. leHepaTop rpynn Jin: L = (0 1) MEHSAET 3/1eMeHT rpynnbl Jn
10

+a =
R,=ce (0 1), Kak onepatop macwTabuposaHua. Mopaelicteosas R, Ha ctonbeL, KOOpAMHATLI TOYKK, NOYyYaeM

0 —
paananbHO pacxoaslmecs (cxoaawmecs) TOUKM ¢ HensmeHHbIM yriom (o). FeHepaTtop rpynnbl L = (1 0 ) aaet
+a(o —1)
aneMeHT rpynnbl R, = e~ \1 0/, KaK TOYKM ABUNKYLLENCA MO OKPYKHOCTU. HEM3MEHHbIM eCTb A/IMHA BEKTOPA. ).

0 1
leHepaTop rpynnbl L = ((1) (1)) [aeT anemeHT rpynnsl R, = eia(l 0), KaK TOUYKM ABMKYyLLEca no runepbone.
JKCMOHEeHUMPOBaHMe TaKoro reHepartopa, aaet A = (2283 zggg

ch?(a) — sh?(a) = 1, kak 1 nonaraetca. HanomHuM rpadukm sTuX dyHKUMi ¥ = Yych (a = ?) B BUAE:
y : 0
sh
N
|/ X

PucyHok 2.7

) , rpynny JlopeHua. MNpu aTOM nmeeT MecTo:

ch(a) sh(a)

2 — ch2 —
sh(a) ch(a)) , Bmecte ¢ ch?(a) — sh*(a) = 1 v anemeHTamu rpynnsbl B BUAE

3peco rpynna JlopeHua A = (
+a(o 1)

R, = e~ \1 0/ npeactaBneHbl B runepbonnyeckmx ¢yHkumax e = ch(z) + sh(z). B 1o ke Bpems Mbl BbIBOAWUAN

cos(a) —sin(a)

sin(a)  cos(a)

i .. ia(o _1)

B TpuroHomeTpuueckux e'? = cos(z) + isin(z) oyHkumax R, = e ‘1 0/ 3aemeHTOB rpynnbl. ECTb npobaema 8

peLeHmaX PeNaTUBUCTKU MHBAPMAHTHOTO ypaBHeHus [upaka. deicteue kBaHTa /i = APAA = FAIAA,

npeobpa3oBaHUA PENATUBUCTCKON AMHAMUKU R, = ( ) MaTpuua rpynnbl J/1n, C reHepaTopPoOM yiKe

# const)

3adMKCMPOBaTh B NPOCTPaHCTBE AL ypnn so BpeMeHM Al penb3sa. 310 ceAzaHo C HEeHyNeBbIM ((P yraom

- - + +
napannenbHocTu (X-) nnn (¥-) TpaeKkTopum (X) nnm (Y) KBaHTa NpocTpaHcTBa-maTepun. ECTb TONIbKO Hekas
BEPOATHOCTb AelcTBNA. MpeobpasoBaHNs PENSTUBUCTCKON ANHAMUKM BONHOBOM ¥ - GYHKLMM KBaHTOBOTO MO/ C

vl (X+)

NIOTHOCTbIO BepO‘r'ITHOCTM( B3aMMOAeVICTBMH B

R [ _

W(X) ey (X), @ = COns! rpynne flopeHua. 3TM Npeobpa3oBaHUA COOTBETCTBYIOT NOBOPOTAM B MAOCKOCTM
KpyraS, 1 penaTMBMCTKM - MHBAPMAHTHOMY ypaBHeHMIo AupakKa.

. ow(x) _ow(x _

iy, ————my(X)=0 zy“—()—mu/(X) =0

ox Ox
u , " u
TaKaA MHBAPUaHTHOCTb AaeT 3aKOHbI COXPaHEHMA B ypaBHEHUAX ABUXeHMA. [lna npeobpa3osaHuii

PENATUBUCTCKOW AMHAMMUKM B TMNEp60IMYECKOM ABUNKEHUH,

_]. aX —aX N ~ aX
ch(aX)=_(e" +e™ ) =e a(X)# const.

nosne (puc.3), cootseTcTByOT MNobanbHO MHBapnaHTHOM
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WX _
iy#aw—()—mly()() +i}/p

. MW(X) =0

ox

u

MHBapMaHTHOCTb 3dKOHOB COXpPaHEHUA HapyLlleHa. Ana nx COXpaHeHnA BBOOATCA KaﬂM6pOBO‘-IHbIe nona.
OHun KOMNEHCUPYIOT AONO/IHUTE/IbHOE C/laraeéMoe B YPpaBHEHUMN.

A (X)=T, (x)ﬂ-%)f) i1, <24, (0 () myp (1) =0

u
H , n

_ palX)or
Tenepsb yKe B TaKoe ypaBHEHWEe, NOACTABAAA 3HAYEHME W(X) ey (X), a(X) # const
NoJIy4MM MHBAPUAHTHOE YPaBHEHME PENATUBUCTCKON ANHAMMUKM.

BOJIHOBOM QYHKUMM,

.0 oy . dalX)_ — _ . OalX)_ _
zy#%—yﬂA#(X)p—mw=tyH%+zy” ;)(c )q/—y#A#(X),u—zy# a( )qf—mw=0
H H H H
.oy — _ _ . 0 _ _
I?/yaT_yuAu(X)l/_mW =0 Yy aT—l_lAu(X)l'u_mw =0
T , nnu #
370 ypaBHEHME UHBAPUAHTHO UCXOAHOMY YPaBHEHMIO
. o .
iy, BT-HA“(X) l;/(X)—ml,u(X):O
u
B YC/OBMAX A, (¥)= A, (X)’ m A0 =4, + iaaaT(uX)'

Ha/ZIMYKMA CKansspHoro 6o3oHa (V(+a)(—a) - m(AX) #0) = const , B ipeaenax KanmbpoBo4YHOro (AX) #0) nons

(puc. 3). 3Tn ycnosus (aaaT(uX) = f'(x) = 0) AaoT HemsmeHHble SKCTPeMaN (fingx) AMHAMUYHOTO

a(X) = f(x) # const npoctpaHcTBa-MaTepun B r106a/bHON MHBAPUAHTHOCTU. M 34€Cb HET CKaNAPHbIX 6030HOB.

= i 1:10.4
310: A, (X) = A, (X) + i 220

5, U3BECTHbIE KanMbpoBouHble NnpeobpasoBanma. a(X) — 4-sekTop 13
u

(Ag, A1, A5, A3) anekTpomarHuTHoro ckanapHoro (¢ = Ag) ¥ BEKTOPHOro (fT = A4, A,, Az)noTeHumana 8
04
at
TeHsopom (F,,), (Ex, Ey, Ez, Ex, Ey, E;) KOMNOHEHT 1 NnpeobpasoBaHuamu JlopeHua. K Takomy noteHumany
npubasaseTca NPOU3BOLAHAA CKANAPHOM GYHKLUMM, HE MEHSAIOLLAA CaM NOTEHLMAN. ITO KOYEBO MOMEHT. B Teopum
fAHra-Mwnca oH NpeAcTasaeH rpynnoi cummetpuu, A, = .(Z(x)AM(.Q)‘l(x) + i.()(x)aﬂ(ﬂ)‘l(x) ,rae 2(x) = el
v w- anemeHT to6om (SU(N),SO(N), Sp(N),Es, E7,Es F4,G2) rpynnbl Jin, A, = A, + d,w. B peanbHoCTH, 370
buKCnpoBaHHOe cocToAHMe AnHamuyHon dyHKumKn: Ky = 3 + Y, , B KBAHTOBOW PenaTUBUCTCKON AMHAMMUKeE.

aneKkTpogMHammnke Makcsenna: E= Vo ——,n B = —VX/T, rpagueHTa u potopa, um F,, = auAV — avAM, c

o o X=Z o
YcnoBHO rosopA, B Kaxxaou d)MKCMpOBaHHOM TO4Ke: a (Y_) = const, eCTb CBOM (erﬂ HaK/MOHa BETOK)
0
X=Z

. X=Z a(== .
rmnepboanYecknin KocmHyc, Ky = Yoch(y—) =e ( Yo ) , y*Ke B opToroHansHon (YZ L X)) nnockocTu, npuyem, 3a
0
npesenamm AMHaMUYHOTO B KBAaHTOBOM penatusuctckoit aguHamuke (Yy). Takum obpasom, ckanspHble 6030HbI B
KannBPOBOYHbIX NOJAX, CO34aHbl UCKYCCTBEHHO, ANA YCTPAaHEHUA HeaocTaTKkoB Teopum OTHOCUTENBHOCTU B
KBaHTOBbIX MNOAAX.

3.CMMMETpMM B K/1IaCCUUECKOW U KBAHTOBOM peﬂﬂTMBMCTCKOﬁ AUHaMUKe
x+wt = t+wx

Vi-wz’ t= Vi-w?’

c=1.9m

3.1. npeo6pasoBaHus JlopeHua B GpU3MKe paccCMaTpMBAOTCA B BUAE: X =

ase Gopmynbl NPeACTaBAATCA B BUAE OLHOMO MaTPUYHOTO BblPaXKeHus.
1 (1 W) (t) _ 1 (t +wx) _ (E) A= (ch(a) sh(a))
Vicwz\w 1/ \x Vi-wZ \wt + x X/’ sh(a) ch(a)
[eiicTBMe MaTpuMLbl NEPEBOAMT HE WITPMXOBAHHbIE KOOPAMHATbLI BEKTOPA B LUTPMXOBaHHbIE. Yro/ NOBOPOTa B
runepboimyeckmx npeobpasoBaHUAX CBA3AH C rMNepb0oIMHECKMM apKTaHreHCoM. a = arc th(w) u HaxogAaT 3ToT
YroN U3 CKOPOCTM, KOTopas NpmbamnskaeTca K egnuunue: w — (¢ = 1). MaTemaTuyeckunin annapat Teopuw rpynn,
Takum 06pa3om 40CTaTOYHO yHMBEpPCaseH B EBKAMA0BOM aKkcMOMaTHKe NpoCTpaHCTBa-BpemeHmn. OHU U3BECTHbI:

1. «To4Ka ecTb TO, YacTb Yero HMUTO») («Havana» EBKAMAA). nam ToUKa ecTb TO, YTO HE UMEET YacTei,
2. InHuA — gnuvHa 6e3 WupmHblI.




3. M 5-i1 nocTtynaT 0 napannenbHbIX NPAMbIX IMHUAX, KOTOPble He NepeceKatoTcsa. Ecav npaman, nepecekatowas ase
npaAmble, 06pasyeT BHYTPEHHME OLHOCTOPOHHME YI/bl, MEHbLUNE ABYX NPAMbIX, TO, NPOAO/IKEHHbIE HEOTPAHUYEHHO, 3TU ABe
npAMble BCTPETATCA C TOM CTOPOHbI, FAe Yr/ibl MeHbLUe ABYX NPSAMBbIX.

e+ i< 180

U
pUCYyHOK. 3.1  EBKAMAOBAA aKCMOMATHKA
To ecTb, Yepes TOUKY BHE NPAMOM, MOXKHO NPOBECTUN TOJIbKO OAHY NPAMYO, NAPANNENBbHYIO TUHUIO.

3.2. Ha camom gene B «EgNHON TeopumM 2», OTMEYEHbl HepaspeLlMmble B EBKIMAOBOM akcMoMaTHKe
npotusopeymns. To ecTb, MHOMKECTBO IMHWUIA B OAHOM INMHWUN (A MHE 6e3 WNPUHBI), CHOBA IMHUA. ITO IMHUA UAK
MHOKECTBO IMHUIN? AHANOTMYHO, MHOXECTBO TOYEK B OAHOM TOYKE — CHOBA TOYKA. ITO TOUYKA UM UX MHOXKECTBO?
OTBeToB Ha Takue Bonpockl EBkAnaosble «Havana» He gatot. O6uenssecTHbl U Npobaembl 5-ro nocTtynara, pelweHue
KOTOPOro OTKpbINK reomeTputo JlobaueBCKOro n PMmMaHOBO NPOCTPaAHCTBO.

H"“—x.\_\_h_
[a} ""xﬂ‘q ————— X
o ———_____——_'_‘_———
_H_:_‘_‘_\_""\—\.._\__\_\_\_\-\_\-_\_\_\__‘_‘——\_\_\___\_
\ -\_\-\-_"‘“—\-..\_\_
-\-\-\"h
A O e

PUCyHOK.3.2 AMHaMMYHOE NPOCTPAHCTBO MyYKa NapaanesbHbIX NPAMbIX

EcTb peanbHble GpakTbl AMHAMUYHOTO NPOCTPAHCTBA MYYKA NPAMbIX IMHWUIA, HE NEpPeceKalroLWwmx, To ecTb
napannenbHbix cxoaHoM npamol AC Ha becKoHeYHOCTH, NpeacTaBaeHHble B «EgMHON Teopun 2». U aBurasco
B840/1b HUK (AC), pagom ByaeT AMHAMUYHOE NPOCTPAHCTBO, B KOTOPOE Mbl NONACTb HE CMOXKeM B NpUHLMNe.

BecKoHeYHOCTb HeNb3A OCTAHOBUTb, MO3TOMY TAKOE Y¥Ke AMHAMUYHOEe NPOCTPAHCTBO CyLLLEeCTBYeT Bceraa. M yxke
CBOWCTBA 3TOr0 AUHAaMUYHOTO (¢ # const) NPOCTPAHCTBA, NPEACTaBASAIOTCA KaK CBOWCTBA MaTepuM, rNaBHbIM
CBOMCTBOM KOTOPOM, eCTb ABUKeHWe. HeT maTepun BHe TaKOro NPOCTPAHCTBA, M HET NPOCTPAHCTBA 6e3 maTepumn.
MpocTpaHCTBA-MaTEPUM 3TO OAHO U TO Ke.

B TakOom AMHAMMYHOM NPOCTPaHCTBE-MaTepmm, EBKANMA0BAA aKCcMOMaTUKa NPeACTaB/IeHA KaK YacCTHbIN
cnyyain Hynesoro (@ = 0) yrna napannenbHoctu. Mpu 3Tom pelsaeTcs npobiema MHOXKECTBa MMEHHO MPSAMBbIX
JIMHWIA B O4HOM NPAMOI NapannenbHoOM IMHUK, KaK «annMHe 6e3 WUPUHbIY.

[NaBHbIM CBOMCTBOM AMHAMUWYHOIO NMPOCTPAHCTBA-MATEPUU, €CTb AMHAMUYHLIN (@ # const) yron
napannenbHocTu. MNpu atom EBKANAOBOE NPOCTPAHCTBO B 0cAx XYZ TepAeT CMbICA.

i >IN
\/\ / ~ X X
Tt | N the 1

x4 =Y

N
e o \ //(\>\ L{z/\xz X

Y

PUCYHOK.3.3 AMHaMWYHOE NMPOCTPaHCTBO-MaTepusa
B «EauHoit Teopun2» (), MpeobpasoBaHna penaTUBUCTCKON AMHAMUKM B CneymanbHoi Teopun OTHOCUTENBHOCTU U
KBAHTOBOW PENATUBUCTCKON AMHAMMKM (MOAHO roBopuTb KBaHTOBOM Teopun OTHOCMTENIbHOCTK), MpeacTaB/ieHbl B
OZHOM MaTeMaTM4eCcKon UCTUHe, BuAe. Peub MaeT o penaTMBUCTCKON AMHAMUKE paanyc-BeKTOpa ANHAMUYHOM
chepbl ¢ HeCTaUMOHapPHbIM EBKANAOBLIM NPOCTPAHCTBOM-BpeMeHeM , Ha TpaekTopumn (X-) nam (Y-) keaHta (X1) (Y)
COOTBETCTBEHHO, AMHAMMYHOIO NPOCTPAHCTBA-MaTEPUN. PaccMOTpUM s npumepa KBaHT (Xt) gMHamMyHOro
NPOCTPAHCTBa-MaTePUU.
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(X )

PUCyHOK 3.4 KBaHT AMHAMMYHOIO NPOCTPAHCTBA-MaTepUmn
Mbl BUAMM, YTO AMHAMUYHBIN paauyc-BeKTop (K) B coepe ¢ HecTaumoHapHbIM EBKAMA0BbLIM NPOCTPAHCTBOM
BpemeHem, umeet npoekummn (Ky) B N10CKocTM Kpyra AMHamMmnuHoli chepsbl, 1 npoekunn (Kx) Ha (X-) Tpaektopuun. Ha
(n)cxoaMmocTH, Kak Mbl yiKe 3Haem, M BUAUM, A,Ba 3aMKHYTbIX Ha (Y-) TpaekTopun (Y1) KBaHTa. KaK y:Ke oTmeyanu, B

Kaskgow GuKcmpyemoi B akcnepumenTe Todke ¢ ( i = +/ (+)(—y) ) BoAHOBOW PyHKUMEN, MMeeTcA
rMnepbo/IMYECcKUIA KOCUHYC C Pa3/IMYHbIMM YI/IaMU HAaK/IOHa BETOK rpadmKka. B ceyeHnn Kpyra, pukcupyemom B

aKkcnepumeHTe Touke C ( iY =/ (+)(—Y) ) BONHOBOW PyHKUMEW MMEeeM TPUTOHOMETpUYECKUE GYHKLMH, C
Pa3/IMYHbIMMK PaANYCaMUN KPyTa B PasaNYHbIX QUKCUMPYEMBIX TOUeK (X-) TPaeKTopuKM KBaHTa NPOCTPAHCTBA-MaTEPUMN.

Kak Buaum B PUKCMPOBaAHHbIX TOUYKAX, GUKCUPYEMbIX SKCNEPUMEHTAIbHBIX GpaKToB, 0ba NpeacTaBAeHUA TPynnbl

3()

JlopeHua AencTBUTE/IbHBI U COOTBETCTBYIOT UCTUHe. Ycnosua A, (X) = A WX +i—— ypaBHeva Onpaka n ycnosums

Ay =0(x)A, () Tx) + 102(x)0,(2)” L(x) ,roe: 2(x) = e', B Teopum FIHra-Mvmca He HapywatoTca. 3aech
e = cosw + isinw) ,n(isinw = Ky = \/(+ sin w)(—sin w) = i = /(+YP)(—) . EAUHMYHbIE MaTpULbI

anemenToB (R,) rpynn, cos? (a) + sin? (a) = 1 ana nobbix nosopotos u (A) rpynn: ch?(a) —sh?(a) =1, u
WX NPOM3BOLHbIE B BUAE rEHEPATOPOB rpynn (CBOAUMbIX K HYNEBbIM Ha4a/ibHbIM YC1I0BUAM), HEM3MEHHbI. Ho camy
OVNHAMUKY TaKUX YCNOBUM, TO €CTb KBAaHTOBYIO PENATUBUCTCKYIO ANHAMMKY PagMyC-BEKTOPA AMHAMUYHOW chepbl €
HeCcTaLMoHapHbIM EBKIMA0BBIM MPOCTPAHCTBOM-BPEMEHEM, Mbl NoTepAan. Ee HeT. Takaa auHamuKa a(X) # const,
npeacTaBneHa MaTpULEN, C AMHAMWYHON BOIHOBOW dyHKUMel: (Y = isin w = Ky, B sKcnepumeHTe, Kak
aprymeHTe, Kak duKkcmpyemom dakte peanbHOCTU. Ho Teopumn, nam moaenei, ypaBHeHUA TaKUX «CKPbITbIX
npoLeccoB», Kak BUAMM, HeT. Hapo ckasaTtb, YTO B AMHAMMUYHOM NPOCTPAHCTBA-MATEPUMN, €CTb MPOCTPAHCTBO-
maTepus, B KOTOPOE Mbl HE MOXeM NoNacTb B NpUHLMNe. He moXem NPOHUKHYTb, MO onpegeneHutio.

MpeacTaBUm TabAUYHBIN (CPaBHUTENbHbIN) aHaNM3 NpeacTaBAeHni rpynn JlopeHua pensTUBUCTCKOM
AnMHaMukm CneumanbHoit Teopmum OTHOCMTENIBHOCTM M KBAaHTOBOM PeNATUBUCTCKOM ANHAMMKK, B MOJIHOM BUAe, 6e3
ycnosusa (c=1) ckopocTu ceeTa.

Yo

_ (cos(a) —sin(a) _ _ ch (*22) on (X2

n () =1, (AAX=1+A(Y—’Z)*L)

Ryco=1, (Rpag=1+Aal) Ax;sx = (I +AxL) Ax;sx, (x/¥o)
(Rgtna = (U +A aL)R, = R, +A aLRy). Avraxsyo = Moxjyg) =B (6/Y0) * L Ay »
R Ry =A aLR,), limRexeafe _ 1 p d sy
(Ra+aa —Ra =A aLRy), im— o0 _ “fa, d(—/o) = LA(x/yO) , X # const, y, # const, AMHAMWUYHOM
x/Y
dRg

—%=1LR,, R,=e%, pewenne nuoddeperumnansHoro

da d Ax/yg)

a(x/yy)

Gono= (i ) = (o)~

Cd)epbl, A(x/yo) = e(X/yo)L’ ( )(x/yo) 0= = L.

dRg
YpaBHEHMUA, C reHepaTopPOM rpynnbl (E)O = L.

5 —sin(0) = cos(0) -
€= (osy —emm) =2 0) =1

0 1y _
(1 0) = L, reHepatop rpynnbl
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(O _1) = L, reHepatop rpynmbi /vo(] o)

Axsye) = € » (x/¥0) - napameTp rpynnbi

0 -1
a*
al = (1 0) , O - napameTp rpynnbl

0 -1 0 1
ax*
Ro * Ay =€ (1 o). e(x/y")*(l 0), 0/[JHOBPEeMEHHasA AMHAMMKa KPYroBOro 1 runepbosMyeckoro ABUKeHNA

Paguyc-BeKkTopa (ero BepLuMHbl) AMHAMUYHOM (Y, # const) cdepbl.

CneuyanbHasa Teopma OTHOCUTENBHOCTH pynna JlopeHua
_ x-wt - t-wx/c? 1 1 w/c? t t
= W o A A= , A =("
x Ji-(w/c)?’ t J1-(w/c)? Vi-(w/e)? (w 1 ) * (x) (x)
= xwe 1 (1 w/c2> (t) ___ 1 (t - Wx/cz) _ (f)
t-wx/c? ’ Vi-w/o? \w 1 x/) J1-w/e)?2\ —wt + x x/’
- t-wx/c? _ -wt+x
t = ———=, X = ———=, TOYHO TaKadA AMUHAMUKa

Ji-w/o?’ J1-(w/c)?’

KBAHTOBAA PeNATUBUCTCKAA AUHAMMKA (KBaHTOBOW Teopum OTHOCUTENBHOCTH)
- __ apKy—cT T = a;;T—Ky/c 0=—_ (azz l/c) 0 ( T ) _ (i)
Lo J1=(az2)?’ - Vi—(az2)? ' Vi-@2?\ ¢ a /)’ Ky K
— + t 1 (azz l/c)(T) _ 1 (azzT_KY/C) _ (T)
a;, = cos(py) # const, JI=@?\ ¢ @) \Ky) = [T (a7 \ auky = cT K

Az, = cos(py) # const , (aj1 # ayzp) # const, 13

allKY_CT _ a11WY—C
- ’
apT-Ky/c  ap—Wy/c

w = (a22 1/c

1 1
= * —C*x-= * =c*x-=1
¢ all) aqq * Ay —C " 0, a1 * Ay, c p ,

OTKYAa CnefyeTt:  aqq * dyy = cos(@y) * cos(py) =1,

B cnyyae KBAHTOBOW PENSATUBUCTCKON AMHAMUKM, KaK BUAWUM, CeayeT YCI0BUE CUMMETPUM: B YCIOBUAX
(a1 # ayp) # const, NOAYUUM: dqq * Ayp = COS(@y) * cos(@x) = 1, B HEHYNEBbIX 3HAYEHMAX YINOB MapanNeNbHOCTU
(oy # 0), (px # 0), A4NA ycnoBuii 3HameHaTena ,/1— (a,)? # 0, (X1) kBaHTa. TouHO Takne npeobpaszosaHua, ona
(Y1) kBaHTa, € ycnosuamu 3HameHaTens /11— (a,;)? # 0. Ho yrabl napannenbHocTu He MoryT 6biTb 90°. ITo 3HaUUT
(¢ # 90°), uTo ecTb NpeaesibHbIE YI/ibl NAPANNENbHOCTM, KOTOPbIM COOTBETCTBYHOT KOHCTaHTbI B3aMMOAENCTBUIM, B
Buae: cos(@y)max = a(Y+) = 1/137.036 , U: cos?(@x)max = G(XE) = 6.67 * 1078 . KaK BUANM, CAMWN KBaHTOBbIE
KonebaHus (oTeBeT Ha Bonpoc MOYEMY) 0bycioBeHbl NpeaenbHbIMM YrAaMu NapanneibHOCTU, B KBaHTOBOM
PenATUBUCTCKON AMHAMMKe. B uncieHHbIx oueHKax, nepuog (T = (Ky/c) = (3 * 107 sm)/3 x 1010 ~ 1072%)s

. 1.2
KonebaHuin, n vactota (v = ;) = p, B eAnHbIX Kputepunax 38ontoLmm, cBA3aHbI C NpeaesibHbIMU NAOTHOCTAMM (KaK

NPWYMHA) KBAHTOBbIX NOJIEN NPOCTPAHCTBA-MaTEPUN.

B «EanHOM Teopmm2», Mbl pacCMaTpUBaaM eanHble Kputepmm IBoNOLMM AUHAMUYHOIO NPOCTPAHCTBA-
MaTepun B MHOTOMEPHOM MPOCTPaHCTBe-BpemMeHW. B yacTHocTh 3apag;: q= MNK( Y+ =X -) B anekTpo ( Y+ =X -)
MarHuTHbIX nonax, U maccy m=MNK(X+=Y-) B rpasut (X+=Y-) maccoBbix noasx. Mbl TaKkxe paccmaTpuBaan Mogenm
KBaHTOBbIX nonei NnpotoHa: X+=p*) = Y—=yH)X+=v. ) ¥—=yi)n: Yt=¢") = X—=v )Y +=yHX—=v])
3N1eKTPOoHA. Toraa yenoBua: a,,? * a;; = cos?(py) cos(@y) = 1, KBAHTOBOM PENATUBUCTCKOWM anHaMMKK (X+) KBaHTa
npuHUmatoT Bna; (X +) = (X+=Y-)2* (Y+ =X =), nam: TIK = cos?(py) cos(py) = 1 xTIK.

(MKX+=Y—-) =my =1) = COSZ((pX)maxCOS((pY)max =1+ (MIK(Y+=X —) = qo =2 1),

MacwTabupyem (a,,) , B COCTOSHUM KBaHTa: d,,% * a;; = cos?(@y) cos(py) = 1 maTpuuein (1 a) = (1-a)% Toraa:

1 1
(my=1) 1~ a)Z(COSZ((pX)max = G)(cos(Py)max = @) = 1*q, nm
g(Y+=X =)= (1—a)?*G +a = (1—1/137.036)% = 6.67 = 10° * (1/137.036) = 4.8 » 10719,
Mbl NOAYYMAM INEKTPUYECKUIA 3apAS B Fpynne CUMMETPUM €ro KBAHTOBOM PENATUBUCTCKON AMHAMMUKM, B U3BECTHbIX
COOTHOWeEHUAX: @ = q2/hc, w = ac, @ = coS(Py)max = A11, cos(@y) = cos(@y) , yKe Kak cummeTpun (X+ =Y F)



b

nonei eamHoro (X+ =Y —), (X— =Y +) AMHaAMMYHOro NPOCTPaHCTBA-MaTEPUN.

Takum ke o6pa3om, MaclTabupys rpynny CMMMETPUM Q = e*"*L | KBAHTOBOMN PENATUBUCTCKON AMHAMUKM
(MoaHo rosopuTtb B KBaHTOBOI Teopun OTHOCUTENIBHOCTH ), HO Y3Ke MacCOBbIX MOJIEN, MOMXKHO MCKaTb CMEKTP Macc
3/1EMEHTaPHbIX Y4acTuL,. ITO OT/IMYAETCA OT CUMMETPUIA rpynn JIopeHUa B KaMBPOBOUHbIX NOAAX.

Cynep cummeTpumn B KBAaHTOBOW pPeNATUBUCTCKO AUHaAMMUKe.
I'maBbl
BesegeHue.
MNpeacraBneHue rpynn CUMMETPUI B KBAaHTOBOW PeNATUBMCTCKON AMHAMUKe.
Cynep cMMMETPUN B KBAaHTOBOM PENATUBUCTCKON ANHAMMKE.

1.BBeneHune

Cynep CMMMETPUN B KBAHTOBOW PeNATUBUCTCKOMN ANHAMMKE, PAaCCMaTPUBAIOTCA B TEX XKe MaTEMaTUUYECKUX
MOZENsX, UTo U cUMMETPUN. CUMMETPUN B KBAHTOBOW PENSITUBUCTCKOM AMHAMUKK (MOAHO roBopuTb KBaHTOBOM
Teopun OTHOCUTENBHOCTM), PACCMATPUBANUCL B OAHON MaTeMaTUYECKOM UCTUHE C CUMMETPUAMM rpynnbl JlopeHua
B Ka/IMBPOBOYHbIX NoAsAX. ECTb pasHMUa NpeacTaBAeHUI rpynn CUMMETPUM B PENATUBUCTCKON ANHAMUKE
CneunanbHon Teopmn OTHOCUTENBHOCTU, KaK rpynnbl JTopeHua v rpynnbl CUMMETPUN B KBAHTOBOW PENIATUBUCTCKOM
AnHaMmuKe (KsaHToBol Teopun OTHOCUTENBHOCTHM). B nepBom ciiydae cummeTpua rpynnbl SlopeHua
paccmaTpuBasiacb B MPOCTPAHCTBE-BPEMEHN C EBKINAOBOM aKkCMOMATUKON. ITO 0bLLen3BecTHbIe akcuombl EBknaa.
1. «To4Ka ecTb TO, YacTb Yero HMUTO») («Hauana» EBKIMAA). nam ToUKa ecTb TO, YTO HE MMEET YacTei,
2. JInHuAa — anvHa 6e3 WnpuHbl.
3. W 5-i noctynaT o napannesibHbIX NPAMbIX IMHUAX, KOTOPblE He NepeceKalTca. Eciv npamas, nepecekatolas gse npamble,
06pasyeT BHYTPEHHNE OLHOCTOPOHHUE YI/bl, MEHbLUME ABYX NPAMbIX, TO, MPOAO/I}KEHHbIE HEOTPAHUYEHHO, 3TN ABE NPAMbIe
BCTPETATCA C TON CTOPOHbI, FAE YI/ibl MEHbLUE ABYX MPAMbIX.

o+ i< 1807
WIIA
PucyHok 1
Mpu 3TOM, yron napanienbHocTu (¢ = 0) paBeH HyJ/1t0, U MHOXECTBO NPAMbIX JIMHUI B OAHOM «...AMHa 6e3 WUPHHbI»
TOXe NpAMas AMHUA. 3To Nnpobaema EBKANAOBON aKCMOMATUKN. Ee HEeT B AMHAMUYHOM NPOCTPAHCTBE-MATEPUN:

—

-,

PucyHok 2
C HeHynesbIM (@ # 0) # const , U AMHAMUYHLIM YT/I0M NapannenbHocTU. beckoHeyHocTb (AC — ) Henb3s
OCTaHOBWUTb, NO3TOMY AMHAMMYHOE NPOCTPAHCTBO-MATEPUA CYLLECTBYET BCeraa. B ceTke EBKAMAOBBIX MPAMBIX JIMHWUI

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 BUAMM AMHAMUYHOIO NPOCTPaAHCTBa-MaTepun, a camo EBKAMA0BOe NpOCTPaHCTBO, TepAET CMbIC/. BepHee,
Mbl FOBOPUM O HECTALMOHAPHOM EBKIMA0BOM NPOCTPAHCTBE B Npeaenax AMHaMUYHOro yrna napaniefbHoOCTU.
Takoe AMHaMMYHOE NPOCTPaHCTBO-MaTepUA, UMeeT cOBCTBEHHbIE aKCMOMBbI KaK daKTbl, He Tpebytowme
[0Kas3aTenbCcTB. B cnyyae pmKcaumm yrna napannenbHoOCTU, YTo 0COBEHHO aKkTyasibHO B GUKCMPOBAHHbIX
3KCMepMMeHTa/IbHbIX AaHHbIX, Mbl MO/ly4aemM EBKNMAOBYIO aKCMOMATUKY NPOCTPAHCTBA-BPEMEHM, NN BapUaHTbI
PumaHoBOro npocTpaHcTBa (B ToM uncie reomeTpuio JlTobaueBcKoro), B COBPEMEHHbIX TEOPUAX, C MPUHLMMOM
HeonpeaeneHHOCTU, BOIHOBOW PpYyHKLUMEN U TEXHONOTMEN KBAHTOBbIX TEOPUI. 1 UMEHHO B TaKOM, AMHAMUYHOM
NPOCTPaHCTBE-MATEPUMN, Mbl YKE PAaCCMaTPUBAIN CUMMETPUM KBAHTOBOM PENATUBUCTCKOM ANHAMUKM.

2.MpeAacTaBneHMe rpynn CUMMETPUIA B KBAHTOBOW PeNATUBUCTCKON ANHAMUKeE.

B cMMMeTpUU KBaHTOBOW PeNATUBUCTCKOM AMHAMMUKeE, Mbl NOAYYUAN Npeobpa3oBaHMA KBAHTOBOWM
PenATUBUCTCKOM AMHaMMKK (KBaHTOBOM Teopmm OTHOCUTENBHOCTM), NO aHANOMMK C KNAaCCUUYECKOM PeNATUBUCTCKOM
AnHamuKol CneumanbHon Teopum OTHOCMTENbHOCTM DIHLLTEMHA NpeacTaBAeHHON rpynnoi SlopeHua. Mpeactasmm
UX TabANYHbIN (CpaBHUTENbHBINM) aHaNn3 B BUAE:

Tabnuua 1

CneunanbHas Teopua OTHocuTenbHocTh (¢ = 1) Mpynna JlopeHua

_ x-wt 1 1 w t t

= e ==, 1 ()=

— 2

_ 1t_3;\;) 1—w)? W 1 x x )
T J1-w)? 1 1wty 1t t—wx\ _ t_ '

W= x-wt , /1_(W)2 (W 1) (x) 1—(w)> (—wt + x) (x)

v F=—t% =% 1ouHO TaKaA AMHAMMKa
/1_(W)2 ’ Ji-w)z’

KBAHTOBas PenAaTUBUCTCKaA aguHamuKa (¢ # 1) (KBaHTOBOW Teopum OTHOCUTENBHOCTH)

= — a; Ky—cTx  _ a;;Tx—Ky/c 0=— (a22 1/0), 0+ ( T ) _ (7‘_‘)
N N e T e 1 s

a;; = cos(gy) # const,

a,, = cos(py) # const ,
alle—CTX _ a11WY—C

e a)6) = e ek 1) = ()

(ay1 # ay,) # const,

w = = a,, 1/c 1 _ 1_
apTx—Ky/c  ap-Wy/c ’ (sz au):an*azz—C*;:O, Ay %Ay = C*-= 1,
OTKYAA Cnefyert:  aqq * dyy = cos(@y) * cos(py) =1,
MprmeyaTenbHbIi MOMEHT B CUMMETPUM KBAHTOBOW PENATUBUCTCKON AMHAMUKK, eCTb ycnoBue (a,, = 1)
o . _ _ _ _ 1 Az, 1/C>
EBKINAOBOM aKCMOMATUKW, Mpn KOTopom: cos(@y = 0) = (ay,) = 1, B 3HaMeHaTene Q = m( & g, )nonyqaem

HO/b. [103TOMY COXpPaHAA MaTEMaTMUECKYI0 MCTUHY, Mbl pacCMaTpMBaem NPOCTPaHCTBO CAMOrO KBaHTa B YC/I0BUAX
(c = 1), v nonyyaem COOTHOLLEHUA:

_ 1 (G2 1 _0_ a,; 1)_
Q _\/1—((122)2( 1 a11> =50, wam ( 1 ayy =0.
azz*a11_1=0. azz*a]_l:l

370 o4eHb UHTepecHoe ycnosue: [ (cos(py = 0) = 1) * (cos(py =0) =1) = 1] — [1* 1] = 0, U OHO AENCTBUTENBHO B
EBknMAaoBol akcnomatmke. OnpeaenmTtesib TaKOM MaTpULLbl PaBEH HY/IO, eCn ABa CTo16La UaKn ABE CTPOYKMU PaBHbI.
dopmanbHO, B EBKANAOBOM NPOCTPAHCTBE, B JaHHOM npeactasneHmn: (cos(py = 0) = 1) * (cos(py = 0) = 1), 3Tn
YCNoBUA: a,, * a;; = 1, cobatogatorca. Ho aTu ke ycnosusa cobntogatoTca u B HecTauMoHapHoMm EBkanaoBol
NPOCTPAHCTBE, C TON e MaTeMaTUYEeCKOM UCTUHOM: a,, * a;; = 1, HO yxKe B Buge: cos(@y # 0) * cos(py # 0) = 1.
3pecb, B EBKAMA0BOM NPOCTPAHCTBE Mbl HE BUAMM AMHAMMUKY BHYTPU KBaHTa NPOCTPAHCTBA-MaTeEPUN, HO 3TO He
03HAYaEeT, YTO BHYTPU KBAHTA TAKOW AMHAMMKKN HET. ITO KBAHTOBAA PENATUBUCTCKAA AMHAMMKA, KOTOPOW HeT B
EBKNMA0BOM akcMomaTuKe (¢ = 0) NPOCTPaHCTBa-BpemeHu. M 3T0 yCnoBUs KBAHTOBOM PeNATUBUCTCKOW AUHAMMKM.

BTopoit MOMEHT B cummeTpun eamHoro (X+= Y —), (X—= Y+) npocTpaHCcTBa-MaTepun B MOLENAX

npotoHa: (Xt=p*) = Y—=y)X+=v.)¥—=y5), wm (Xt=p*)=T1)*X1):
n anektpoHa: (Y+=e7) = X—=v,)Y+=yHX—=v]), nnu (Y+=e7) = (XD (Y1)

B AMHaMMYHOM MPOCTpaHcTBe-maTepun («EanHas Teopma 2»). YCN0BMA TaKOW CUMMETPUN NPeACTaBAAIOTCA B BUAE:
ay,? * a;; = cos?(py) cos(py) = 1, KBAHTOBOW PENATUBUCTCKON AUHAMMUKM (a,, # ay,) # const ana (X=+) KBaHTa.
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PucyHok 4

2
Takum 06pa3om, Mbl UMeeM reHepaTop rpynbl ((QZCZ) }l/c) =0, Un: ay,%*a;; = cos?(py) cos(py) = 1. Npu
11

aTom, cos2(py) = /1 —sinZ(py), sin(@y) =22, wy =X u cos?(py) = |1— (%)2 , OJly4aeM TaKylo e

c Ty

PeNATUBUCTCKYHO NOMPaBKy, Kak 1 B rpynne JIopeHLa, HO y»Ke o5 KBAaHTOBOW PenaTUBUCTCKON AMHAMUKKM cos(@y) .
X =X+=Y-)2+x(Y+=X ), LIZR TK * cos?(@y) cos(py) = 1 1K
(HK(X+= Y _) =my = 1) * COSZ((pX)maxCOS((pY)max =1x (HK( Y+ =X _) = Qo = 1)/
B eguHbIx Kputepuax dsontoumm 3apsagosbix (Y+ =X —), n maccoBblx (X+=Y —) nosieit NPoTOHa U 3/IEKTPOHaA.
ITO KNHOUYEBON MOMEHT, Koraa cummeTpua: cos?(gy) cos(py) = 1 macwtabupyertcs,

IIK * cos?(@y) cos(gy) = 1+ TIK,
3apALOBbIMM U MAcCOBbIMM Nonamu eguHoro (X +) = (Y +) npocTtpaHcTBa-maTepum, € AaHHOM cayyae. Mpu aTom,
npegenbHble Yrabl NapannebHOCTU KBAHTOBbIX NOJIel, COOTBETCTBYHOT KOHCTaHTaM B3aMMOAENCTBUA B JIOKAJIbHbIX
6a3MCHbIX BEKTOPAX B YXKe PUMAHOBOM NMPOCTPAHCTBE:

1

a1 = 1*1% COS((pY)max = COS((pY)max =a= m'
Ayy =1 %1% cos(@x)max = €0S(Px)max = VG = 6.67 * 1078, uan a,,> = cos?(py) =G .
Mpeo6pa3oBaHUA yKe KBAHTOBOM PENATUBUCTCKON ANHAMUKK (py # const) , U (py # const) , MacwTabupyem
MaTpULEN, C NpeaebHbIMU MapameTpamMmM KBAHTa NPOCTPAHCTBA-MaTepun (PUCYHOK 4) B TaKOM AMHAMUKE B BUAE:

cos(py =0) =1 cos(Py)max =@ 2 1 «a ’ 5 14
ch(ﬂ)=1 ch(ﬂ)=1 =(1 1) =(l-o7 v
Yo Xo
Monyyaem: (1 —a)?* G xa(lIK =my = 1) = 1 % (TIK = g = 1), AN B KOHEYHOM WUTOre SNEKTPUYECKMIA 3apAag,
g(Y+=X =)= (1 —a)?*G+a = (1 —1/137.036)% * 6.67 * 10° * (1/137.036) = 4.8 x 1071°,
B €r0 KBAHTOBOM PEeNsTUBUCTCKON ANHAMMKeE. 3apaj, B TAKOM NpeacTaBaeHUN, COOTBETCTBYET COOTHOLLEHUAM:
a=T=_1
hc 137.036
B cTpornx matemaTMyecKmx UCTUHaX. [pumeyaTesibHO B KBAaHTOBOW PENIATUBMUCTCKON AMHAMMKE TO, YTO M30TPONUS
NpOCTPaHCTBa-BpeMeHn EBKANA0BON cdhepbl, TOYHO TaKas Kak U U30TPONUA BAONb KaXKAolh OCU AMHAMUYHOIO
snauncounga: (Ky 1)? + (Ky = cTy 1)? = (5)? HecTaumoHapHoro EBKMA0BOro NpocTpaHCcTBa-BpemMeHu. duHammka
nepuoaa (Ty) COOTBETCTBYET 3amMeA/IEHUNIO UM YCKOPEHUIO X043 BPEMEHU BAOJb ocu (X). B saHHOM cnyyae
KBaHTOBOW PeNATUBMUCTCKON AMHAMMUKN, Mbl FOBOPUM O AMHAaMMKE CaMOro NPOCTPaHCTBA-BPEMEHM KBaHTa
NPOCTPaHCTBA-MaTePUK, B YCIOBUAX reHepaTopa rpynnbl (Q = 0), Koraa cobbiTsA He BbIXOAAT U3 AMHAMUYHOTO
annuncouga. NpocTpaHCTBO 31AMNCOMAA, 3TO CKPbITOE NPOCTPaHCTBO (pwuc.3), B KoTopoe ¢ EBKkAnaosoro
NPOCTPaHCTBa-BPEMEHM, Mbl MONACTb HE CMOXKeM. [PaBUIbHO CKa3aTb, B EBKIMAOBOM NPOCTPAHCTBE €ro Her.
KD K + Ky =cTy D> =(s=0)%, wm  (cTy)? = (Ky)?, wm: cTy =Ky .

M 3TO 3HAUUT, YTO NOBEPXHOCTb ANHAMUYHOIO 3IMMNCOMAA, CBET AOCTUrAET OA4HOBPEMEHHO BAO/b KaXKAOM OCH.
Nnn, ntobasa Touka HOTOHA, UMEET CKOPOCTb cBeTa. Mbl roBOpMM, NpK 3TOM, 0 EBKANA0BOIM M30Tponum
HecTauMoHapHOro EBKAMAOBOro NpoCcTpaHCTBa B KBAHTOBOM PENATUBUCTCKON AMHaMMKe. TaKoro NpoCTpaHCTBa HeT
B ocsx (XYZ) ctaumoHapHoro EBKIMA0BOro npoctpaHcTea. Ho npaBuabHen byaet HaobopoT. B peanbHom
NpoCTpaHCTBEe-MaTepuu, ¢ EBKAMAOBOI M30TpONMelt B HEHYEBbIX YIaxX NapaniesibHOCTU C HECTAaLMOHAPHbIM
EBKAMAOBbLIM NPOCTPAHCTBOM, HET CTAaLMOHAPHOIo EBKNMAOBOrO NPOCTPAHCTBA C HY/IEBLIM YI/IOM NAPaNieibHOCTU B
(XYZ) ocax. B aTom npuynHa He NOKaAbHOCTU O4HOBPEMEHHbIX COBbITUI, KaK yKe GpaKTbl SKCMepUMEHTOB.

3.Cynep cMMMETPUM B KBAHTOBOM PeNATUBUCTCKOM ANHAMMUKE.
B KBaHTOBOW CMCTEME KOOPAMHAT AMHAMMYHOIO NPOCTPAHCTBA-MaTepun, Mbl rosopuam o nepsoit (0J1;) yposHs,
O6nactu JToKanusaunmn HegenMmbIX KBaHTOB NPOCTPaHCTBa-maTepumn (p)(e) (VH)(]/O)(Ve)(]/), («Enunas Teopus 2»).



on, - on, = on,—=
PucyHok 5.
B sT0i1 O6nactn Jlokanusaumm Hegenmmbix kaHTos (0/1;) yposHs, umetoT mecto (Y+=e~) = (X— =p*)
3apsagosble (Y+=1yy) = (X— = V#) Y+=y*) = (X—=v;), nmaccosble: (Y—=¢€") = (X+ = vﬂ)
nzonoteHumansl (Y—=y5) = (X+ = v}), Bewecrsa B AaHHOM C/lydae, B UX CTPYKTYpUPOBaHUK. MimeeT mecTo
CNEKTP MacC 3TUX HeAeIMMbIX KBaHTOB NpocTpaHcTea-Matepun. m(p) = 938,28MeV, G = 6,67 * 1078,
e = 0511 MeV, (mv = 0,27 MeV),

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

~ 137,036
_FHZ_[HZTZ ] ny=my .9 —G .
m = y! - % (Y/Kz) (yZ G) , OTKyAda: my - mX , NIn:
K272
2(TIK = my) = MK = (cos?(py) = G) * (cos(py) = 1) * (IIK = my), B KBaHTOBOW PENATUBUCTCKON ANHAMMKE
_ F=I12 _ [HZTZ _ mn ] _ MX=my 2 —0(2 )
- oxn X  x/k»] T (X2=°<2) » OTKyAa my =X my, wn:
2

2(TIK = my) = K * (cos?(@y) =x?) * (cos(p,) = 1) * (IIK = my), B KBaHTOBOI PENATUBUCTCKOW ANHAMMKe
/3 TaKol KBAHTOBOW PENATUBUCTCKOM AMHAMUKM, CEAYIOT PAaCYeTbl CNIEKTPa B KBAHTOBOW CUCTEME KOOPAMHAT.

my = my/2,  ww (x/VZ) K * (/VZ) = 2 = m(vE) = 136 % 10-5Mev,
my = Gmy/2, wm: ({/G/2) *TIK * (\/G/2) = Gm—(’” = m(yy) = 3.13 x 10~5MeV

Gm(”“) =91%10"°MeV.

Beguvom (Y =XF)mm (Y+=X-), (Y- =X+) I'IpOCTpaHCTBe-MaTepVIVI HeaeNMMbIX CTPYKTYPHbIX Gopm
Hezennmbix KBaHTOB (Y1) n (X+£). PeanbHOCTb TaKMX NPEACTaBAEHUN, CeayeT U3 pacyeToB.
Yt=e") = X+=v)Y—=yH)(X+=v]) anextpoHa, rae HON(Y +)=K3(Y+)K3(Y-), n
Xt=p*) = Y—=y)(X+=v;)(Y—=y{) npotoHa, rae HON(X +)=K3(X+)K3(X-),
Mbl oTaensem anekTpo(Y+ = X—)marHuTtHole nona ot maccosbix nonen (Y— = X+) B Buge:
XX+ _ X+)(X+) . X+=vg/2)(V2+6) (X+=v; /2)

aHanormuHo: m(y) = 14

GHEH=r)u CEET=1= ¢ ) ) 4= X -) = EED, unw G = q.(YH)
_(m@e)/2) V26 (m(ve)/2) _ (1.36 10~ 5)2 % /2 % 6,67 * 1078 »
e L2 m(y) ) 4%9,07 % 10~ = 4,8+ 107*°CrCE
)7 +) = (X=)m 20D = 1 = (X (K =); (4= X =) = T20D iy, E2@O02) _ iy x 1,

) o
(m(yg)/2)(a?/2)(m(y3)/2) (3,13 %107°/2)?
= my) = 2%137,036%  1.36 * 10-5
TaKkue cosnafeHusa He MoryT BbITb CIyYaliHbIMU. 34eCh Mbl PUKCMPYEM TOT GaKT, UTO KBAHTOBAA PENATUBUCTCKanN
AMHaMUKa AeNCTBUTE/IbHA M ee pacyeTbl AatoT pe3ybTaTbl. KOHTPObHAA NPOBepKa peanbHOCTU Taknx GaKTos,
CNIeAYET Y)Ke U3 SKCNEPUMEHTa/IbHBIX GAKTOB. [LNA A/IMHbI BOMHBI NPOTOHA Ay, = 2,1 * 10”1 *cm, ero vactora

X+=v;)

= 4,8 » 107 1°CI'CE

(vys) = Ai = 1,4286 * 10**Ty  dpopmupyertcs uactoToii (v ) KBaHTOB, C Maccoit 2(m,+)c? = Gh(v,4).
P

Gh(V_4). +10—8% 1027+ 1024
1z = 5,62 % 102MeV , wam (myg) _ ¥3’ _ 6675107%+10545¢1077+14286+10%* _ 5,58 « 10-322 = 3,13 * 10-5MeV

2¢? 2x9x1020
- c v
AHanormyHo ans snektpoHa A, = 3,86 * 10~ 1cm, ero yactota (n;) = = 7,77 * 10%°ry , opmupyetca yactoToii
e

(vz) KBaHTOB, C Maccoi 2(mvg)c2 = azh(v(ve—), raea(Y =) = KOHCTaHTa, Nosly4aem A8 MacCbl HEUTPUHO:

137,036
2 -
a“h(vg) 1%1,0545%10727%7,77%102° _ _
(m,-) = e — . —— =2,424%1073%2 = 1,36 x 10 °MeV, nam:
e 2¢c (137,0362)%2%9x1020
CrabunbHble YacTuubl ¢ NPoAYyKTamMU aHHUIMAAUMK B eanHom (Y+= X+) npocTpaHcTBe-matepum:

Xt=p) = V—=v)X+=v )Y —=y,) = (% — ve) = 938,275 MeV ; npoToHa u:

Yt=e)=X—=v)Y+=y)X—=v,) = (Zv"’ + );*a) 0,511 MeV ; aneKktpoHa.




TaKue coBNafeHusA TOXEe He CIyYaliHbl U OHU CIeZYIOT YXKe U3 SKCNEePUMEHTA/IbHbIX AaHHbIX. Ecaun B
CUMMETPUAX KBAHTOBOMN PENATUBMUCTCKOM AMHAMMUKM Mbl N0/1b30Ba/INCh CUMMETPUEN:
IK * cos?(py) cos(py) = 1 1K,
M3 KOTOPOW CneflyeT KBaHTOBAsA PENATUBUCTCKAA AMHAMMUKA INEKTPUHECKUX 3apAL0B NMPOTOHA U 3/1EKTPOHA, TO
ceityac paccMoTpMM TaKyto e (cos?(py) cos(@y) = 1) CUMMETPUIO KBaHTOBOW PENATUBUCTCKON AUHAMUKM:
(TK)? * cos? (x) cos(gy) = 1 * (TIK)?,
HO yXe A1A KBagpaTuuHoi GopMbl. ITa CUMMETPUA CefyeT U3 PacYeTOB KOHCTaHTbl B3aMMOAENCTBUA ABYX
3apAa0B, KOTOpble NPeACTaBUM B eAuHbIX Kputepmax BoN0UMK B BUAE:
hic xox= g2, LIZR ((MK)? = hic) = (cos?(px = 0) = 1) * (cos(@y)max =%) = 1 * (IIK = q)2.
B AaHHOM cnyyae, Mbl BblAeNsieM PensaTUBUCTCKUIA MHBApUAHT (fic = const), HO y3Ke B KBAHTOBOM PENATUBUCTCKOM
2
AnHammke cos?(@y) cos(py) =1 nam: (COS ((pX) 0 ) = (1 O)
0 cos(goy) 0 1
((TTK)? = hc) * (cos?(px) = 1)(cos(py) =x) = 1* (K = q)*.
(4,8+10710)%)

=hc, wam: ————=23157%10"Y = (hc = 3.1647 x 10717).
) (1/137.036)

3TOro UHBapuaHTa, B BUAE:

(K=q)°
(cosz((px):l)*(cos(qu)max:
AHanornyHo, B 3TOM e MaTemaTUYeCcKoN MO/e/IM KBaHTOBOMW PeNATUBMCTCKOMN ANHAMMUKM, UMEeT MecTo:
((TIK = mg)?) * (cos?(px) = G)(cos(py =0) =1) =1+ ((IK)> = hc), wnm:
(mg)? * G+ 1= 1% (hc), oTkyaa: VG * myVG * my = hc, PeNATUBUCTCKMIA MHBAPUAHT ANA MacC:
hc _ 3.1647x10717 hc

(mo)z = " = ool =1%48%10"10 , AQeT 3apAaa, nau: (m0)2 = ]

Ero maTpuyHoe npepcrasneHune KOHCTaHTOM B3aMMOAEﬁCTBMH B BUAE:

(\/E*mo 0 )=hc,

0 VG = mg
3TOT MHBaPMAHT, Mbl MacluTabupyem peanbHbiMm kBaHTamu, VG * (my = yg WG * (mo-vs) , MaccoBoro
2
o a 1
M30MOTeHLMaNa, U BO3AENCTBYeM reHepaTopoM rpynnbl: Q = (( 212) . ) = 0, U3 KOTOPOrO CNelyeT KBaHTOBaA
11
v l 2(X—
PeNATUBUCTCKaR AMHAMMKE:  (az2)%a;; = 1, C Y4ETOM KNACCUYECKUX COOTHOWeHNA 7o = — = (ZY ),
0
X=0
ch(—)=1 —1 * ch(1
( Yo @ ) (140 ch(1) * 2) . 14
7 % (CoS(@y)max =%) cos(p =0) =1

B KOHEYHOM MTOre C/iedytoT COOTHOLWEHWA KBAHTOBOM PENATUBUCTCKON AUHAMUKK:  (ay,)%a ; = 1,:
+
VG * Yo 0
0 VG * v;—r
—17 _5 _g _5 1.543%(3.14)2 _17
(hc =3.1647 *107Y) = (3,13 % 107°) * 6.67 * 107% % (1.36 * 107>) = (1 +W =3.155%x107"".
B pusnueckoit TepMUHONOIMU, Mbl TOBOPUM, YTO YKa3aHHble 6030HbI U GepMUOHbI, GOPMUPYIOT PENATUBUCTCKUN
WHBAPUAHT (hC), B YK@3aHHOM MaTpU4YHOM npeacrtasieHuUun. 3[],ECb Mbl TOBOPU/IK O MAaCCOBOM MU30NOTEHUMANE!
(Y—=1y5) = X+ =v}), B KBaHTOBOI CHUCTEMe KOOpAMHAT. TOUHO TaK, MaclwTabupys KBAaHTOBYIO PENATUBUCTCKYIO
AnHaMURY yke apyroro: (Y—=e7) = (X+ = VJ) MacCoBOro M30MOTEHLMANA, NOYYNUM TAKOM Ke pesy bTaT.
1 (G x e/ 0
0 G*v, /T

) * (14ocx ch(1) * %) = hc = ()/(;—L)G(vei) * (14+ocx ch(1) * ), nan:

> ) (14xx ) = hc, nam: (€)(G/m)*(v,) * (1+ux ) = he,

(0.5) * (0.511) * (6.67 x 1078/3.14)? = (0.27) * (1 + 3.14/137.036) = 3.18 * 10717 = (hc = 3.1647 x 107'7) .
Takum 06pa3om, Mbl MOYYUIU TAKOW e PensaTUBUCTCKUIA MHBapUaHT (fic), B yKazaHHOM MaTPUYHOM
npeacTaBAeHUN CUMMETPUU HO30HOB U GEPMUOHOB B KBAHTOBOM PENSTUBUCTCKOM AMHAMUKE. MHbIMM CNOBAaMM, Mbl
rosopum o cynep cummetpum (IK)?2 = cos?(py) cos(@y) = 1 * (IIK)%?yKasaHHbIX 6030HOB 1 GEPMMOHOB, B KBAHTOBOW
PeNnATUBMUCTCKOM AMHAMMKE M30MOTEHLMANOB KBAHTOBOM CUCTEMbI KOOPAMHAT.

11.CBepxcBeToBbIe (POTOHBI

Abstract. PaccMoTpeHsl cBOIiCTBAa TMHAMUYHOTO MIPOCTPAHCTBA-MATEPHHU, YACTHBIM CITy4aeM
(UKCUPOBAHHOT'O €r0 COCTOSIHUSI KOTOPOT0, €CTh EBKINA0BOE MPOCTPAHCTBO-BPEMSI COBPEMEHHBIX TEOPHIl.
Takoe TMHAMHYHOE MPOCTPAHCTBO-MATEPHUs MIPEACTABICHO YK€ B KBAHTOBOM cucTeMe KoopauHar. U yxe B
TaKMX YCJIOBMSIX MPEJICTaBICHA BOZMOKHOCTh HAJIMYMS U OOHAPYKEHUSI CBEPXCBETOBBIX (JOTOHOB.

Ornasnenue.

1. Bcerymienwue.

2. HcxopaHble MOIOKEHUS.

3. CsepxcBeToBble (DOTOHBI.



1.Bcrymiienne.

NHcTpymenTOM no3HaHUsA 3aK0HOB [Ipupoabl ecTh MaTeEMaTHKa, OCHOBOM KOTOpPOM ecTh EBKiIMIOBas
akcMoMaruka. BeienuM 3z1ech onpeesieHne TOUKH, JIMHUK U YCIIOBHM MapajuIeIbHOCTH MPSMBIX JTUHUH.
1. «Touxa ectb TO, yacTh yero HuuTOY») («Havana» EBknuna). Mnu, Touka ecTh TO, YTO HE UMEET YacTeH,
2. Jluaus — nyvHa 0e3 MUPUHBIL.
3.1 5-i mocTynar o napauieiabHbIX NPSMBIX JIUHUSX, KOTOPbIE HE NepecekatoTcs. Eciu npsmas,
nepeceKarolas 18e npsMble, 00pa3yeT BHYTPEHHHE OJHOCTOPOHHUE YIJIbl, MEHbBIIINE ABYX MPSAMBIX, TO,
IIPOJOJKEHHbBIE HEOIPAHUUYEHHO, 3TH JIBE NIPSAMBIE BCTPETSTCS C TOW CTOPOHBI, IJI€ YIJIbl MEHBIIE JIBYX
MPSMBIX.

o+ i< 1807

pHuc. 1 EBKJ’II/II[OBaSI adKCHMOMaTHKa.
HpI/I 9TOM MHOXCCTBO TOYCK B OI[HOﬁ TOYKEC, 1a€T CHOBA TOYKY. OTO0 TOYKA UJIU HX MHOXCECTBO,
onpeaciIiIeMOC HCKUM COOTHOIICHUEM 3JICMCHTOB MHOKecTBa? I/IJ'II/I, MHOKECTBO JIMHUH B O,Z[HOI>'I JIMHHUH,
Jac€T CHOBA JIMHHIO. OTO NMHUS U UX MHOXKecTBO? OTBETOB Ha TaKue BOIIPOCHL EBKJII/II[OBaSI dKCHMOMAaTHKa

He aaet. C apyroii croponsl, B [Ipupone HeT npocTpaHcTBa 0€3 MaTepuu, U HET MaTepUU BHE IPOCTPAHCTBA.

IIpocTpaHcTBO-MaTepus 3TO OAHO U TO k€. [ 1aBHOE cBOKCTBO Marepuu — aBmxenue. [llapuk nocie
HAaKJIOHHOM TUIOCKOCTH, B ONIBITAaX [ aymies, ABUKETCS 110 TOPU30HTAIBHOM TIJIOCKOCTH 0€CKOHEUYHO, 0e3
BHEIIHUX CUJI CONPOTUBJICHUSA. [ TaBHBIM CBOMCTBOM JTMHAMUYHOTIO IPOCTPAHCTBA-MaTEPUH, B IIPEAEIAX
JUHAMHUYHOIO YyIila MapajlieIbHOCTH, TOXKE €CTh IBHKEHHUE. (Enunas Teopus 2, http://viXra.org/abs/2210.0051)

puc. 2. JluHaMu4HOE IPOCTPAHCTBO-MAaTEPHSI.
[Ipsimble muHUK Tpoxoasmue yepe3 Touky O, B mpezenax Bcerga JMHAMUYHOIO yIJla apajieIbHOCTH
(¢ # const), e nepecekaroT AC Ha 0eCKOHEUYHOCTH. beCKOHEUHOCTh HeNb3s1 OCTAHOBUTb, IOITOMY TaKoe
JUHAMHYHOE NIPOCTPAHCTBO, CYLIECTBYET BCEra. B 1emom, peub 0 IMHaMUYHOM IIPOCTPAaHCTBE-MaTEPUH.
Ero cBoiictBa paccMoTpens! B «Eaunoi Teopun 2». Beinenum rinasroe. M3 EBkingoBoro npoctpaHncTsa
OAC, MBI HE MOKEM MOIACTh B AMHAMUYHOE MTPOCTPAHCTBO-MATEPHIO, B IIPEIENax BCeraa JTMHaAMUYHOTO
yria napamiensHoctu (¢ # const). Camo EBkinnoBoe npoctpancTBo B ocsix XYZ, TepseT CMbICI.

A 1 =iy 14 ]

puc.3 TMHAMUYHOE MPOCTPAHCTBO-MATEPHS
B pamkax cerkn EBkimmmoBeix (¢ = 0) oceit, MbI He BHIUM nuHaMudHOTO (X+=Y—), (X—=Y+)
MIPOCTPAHCTBA-MAaTEPUU, U MbI HE CMOXKEM €Tro MPeACTaBUTh. [[03TOMY BBOISATCS aKCHOMBI IMHAMHYHOTO
MIPOCTPaHCTBA-MaTEPHH, KaK (PaKThl HE TPEOYIONINX JOKA3aTENbCTB. YKE B ITHX aKCHOMAaxX PeIraeTcst
npobiaema EBKIMI0BON aKCHOMAaTUKH TOYKHU, KaK MHOXKECTBA HEACTUMBIX C(ep-TOUYEK, B OJTHON HeAeTMMOMN
cdepe-Touke, HO yxe Ha (1) CXOAUMOCTH, TMHAMHYHOTO TIPOCTPAHCTBA-MaTepuu. Besikas pukcanus (B
IKCIIEpUMEHTaX ) HeHyneBoro (¢ # 0) yriia mapamiensHOCTH, TaeT MHOTOIMCTOBOe PuMaHoBO
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a a
e; = +_]+_Zk,

axk
ax) 9k 7 k, c byHnameHTaNbHBIM

ox
el=§l+wj+

Ten3opom i (x")*e, (X ) =8x(X") y ronomormein X" =X Y.2) 4 EBkiimoBoM npoctpanctse. To ects,
PUMaHOBO MPOCTPAHCTBO, 3TO pukcupoBanHoe (¢ # 0) = const) cocTosTHUE TUHAMUYHOTO (¢ # const)
MPOCTPAHCTBA-MAaTEepPUU. A MaTEeMaTHYECKHE CBOHCTBA TAKOTO MPOCTPAHCTBA, ONPENENIAIOT (PU3NIECKHE
cBoiicTBa Marepur. Bece Kputepun 9Bomtonuu mpocTpaHCcTBa CKOPOCTE, U B PUMaHOBOM MPOCTpaHCTBE
toxe: e;(x™) = v;, e,(x™) =v,, G (™) = v?, KaK NOTEHIMAT B KOOPJAUHATHO —BPEMEHHOM
npoctpancTse ckopocteit WN=K*NT N g Mmuoromepnom npocrpanctse-Bpemenn. Spkuii 3ToMy npumep,
O6mas Teopust OTHOCHTENBHOCTH DitHIITEHHA. [Ipn ATOM, Teopus DiHIITEHA co3/1aHa B (PUKCUPOBAHHOM
(¢ # 0) = const) PumanoBom mpoctpanctse. 1 37ech HET MPOOJIeM ¢ KBAHTOBBIMU TEOPHSIMHU.

IIPOCTPAHCTBO:

— ~

c
NS {=\ 3.
X> \T

P e

~ My

<

puc.3a. TUHAMHUYHOE MPOCTPAHCTBO-MATEPHUS
2.AcxoaHble MOJIOKEeHHUS.

W3 akcuoM Takoro AMHaAMUYHOTO (¢ # cOonst) MpoCTpaHCTBA-MaTePUH, KAK TE€OMETPUIECKUX (PaKTOB HE
TpeOyIoMMX J0Ka3aTeNbCTB. (M — n) cxogumoctu, hopmupytorcs Hegenumpivu O6mactsamu Jlokanuzanuu
kak HenenuMbiX (X+) n (Y1) KBaHTOB AMHAMHUYHOTO MPOCTPAHCTBAa-MaTepun. Henenmumblie KBaHTHI
Xt=p), Yt=e), Xt=v), YV t=v,), Xt=v.), (Y= y), popmupyior OJI1 — nepsy:o
O6nactp ux Jlokanuzanuu. Touno Tak popmupytores OJIz , OJIz - O6mnactu Jlokanuzanuu HeIeTUMBIX
KBaHTOB.

| on_ | on, [ | [—— "%

puc.4 KBaHTOBasi CUCTEMA KOOPAUHAT
B «EnuHoil Teopun 2» npeacTaBieHbl pacU€THbIE XapaKTEPUCTUKN TaKUX KBAHTOB, KOTOpBIE
COOTBETCTBYIOT (PMKCUPYEMBIM (pakTaM peanbHOCTU. Bbienum HeoOXoauMble 3/1eCh (PaKThl. DIEKTPOH
u3nydaeT u norjomaet GoroH: (e « y ). X ckopocTH cBs3aHBI COOTHOIICHHEM: (V, = a * ¢). TouHO Tak
CBSI3aHBI CKOPOCTH (POTOHA (Y <> ¥, ) U yKE CBEPXCBETOBOrO GoToHa (v, « a * 1, ) . OHH CBA3AHBI
KpacHbIMU JTHHUSIMH Ha puc.4. B «UepHbIX apipax» (http://viXra.org/abs/2312.0018), Mbl pacCMaTpUBaIU
MOCIIE0BATEIHLHOCTH U3TYUCHHS U MOTIIOMIEHUS HEIETUMbIX (CTaOUIBFHBIX) KBAHTOB, B TAKOH KBAHTOBOM
cHCTEME KOOpAMHAT, B BHIE: : (pa = pg) ., (ps = pi) ., (pf = p3), (p; = pt), C COOTBETCTBYIOIUM SAPOM
aroma: (p*/e™) BemiecTBa 0OBIYHOTO aTOMa, (P /e)) aHTHUBEIIECTBA SIIPa «3BE3THOTO aToMay, (ps /ex)
BEILECTBA SA/Ipa TAaKTUKH, (pg /el )aHTHBEIECTBA sIpa KBa3apa U », (pg /eg )BelIecTBa sijipa «KBa3apHOM
rajakTuku». Jlanpiie, HCXOAUM U3 TOT0, UTO KBaHT (e,;) BewecTtBa (Y— = p; /ny = e;;) sapa IUIAHET
W3JIy4aeT KBaHT

223591

(el = 2% ax(p; = 1,532E7 MeV)) = 223591 MeV, wunu: o828 F=2383xp

Maccy spa ypaHa, KBaHTa «aHTuBemiecTBa» M (el) = M(238,3 xp) = 238U , anpa ypana. Takoe
«aHTUBEIECTBO» (e = 235U = Y—) ecTh HEYCTOMUYMBBIM, U PACMaJaeTCs FK30TEPMUUHO B CIIEKTP ATOMOB,
B AJpe M1aHeT. Takue pacuyeThbl coriacyroTcs ¢ Ha0to1aeMbIMU (PakTaMH.

3.CBepxcBeToBbIe (OTOHBI.
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B cBepxcBeToBoM ypoBHE w;(a N (y = ¢)) (Qu3MyYecKOro Bakyyma, Takue 3Be3/1bl ceOs He
nposBIIAOT. Jlanbile, peds UaeT o Bemmectse (pf — py) aapa (Y— = pi/nd = ek) «uepHbix chep,
BOKPYT KOTOPBIX, B MX T10JI€ TPaBUTALNH, GOPMUPYIOTCS HIAPOBBIC CKOIUICHUS 3BE3/]. AHAIIOTUYHO Jaliee,
peub HaeT 00 U3IyYeHHIX BEIICCTBOM aHTUBEINECTBA K HA000poT: (pd = ps), (ps = p3), (pT - p1),
(p1 = v;) . Obmas nocne10BaTeNLHOCTh UMEET BUIL: Py ,P7 , Do, P5» Pi» P3, Pz, P1 D5 Vi v ..

Hanbme: HOJ = M(e, = 1,15E16 ) (k = 3.13)M(y2 = 2,78E — 17) = 1. DTH KBaHTEI (p4/e4) aapa
TrajJakTUK OKPY/KEHbI M3]Ty4aeMbIMU 10 OT/EIBHOCTH KBaHTaMHu (p,/ e,) s1pa 38311, ¥ €CTh IPHYMHON KX

dbopmupoBanus. Takue siipa rajJakTHK, B ypaBHEHUSX KBAHTOBOM I'paBUTAIMH, UMEIOT, CIIMPAIbHbIC pyKaBa
MAacCOBBIX TpaekTopuii, yxe: v;(y, = a~1c) = 137 * ¢, B CBEPXCBETOBOM IIPOCTPAHCTBE CKOpocTei. Hike
SHEPTUU CBETOBHIX (DOTOHOB (vyz = 137 * ¢) B U3NYECKOM BaKyyMe, TAIAKTHKHU ceOsl He TPOSBISAIOT. BHe

TaJIaKTUK, peub HJET O KBaHTaX sipa mera 3Be3l1 (Y— = ps /ns = e,c) . OHU TeHEpUPYIOT MHOKECTBO
KBaHTOB (e = 2 * a * p; = e}, = 290p;) sapa rajakTUK. AHAJIOIHYHO Jajee.

BaxxHo T0, 4yT0 00bI14HEIH (oTOH (Y1 = ¥) MOXKET H3JIydaTh U OTJIONIATH YK€ CBEPXCBETOBOM
doron (Y + = y,) TouHO Tak, Kak u 35ekTpoH (Y+ = e) usnyuaer oObrunsiii poron (Y+ = y).
HcTounukoM OOBIYHBIX (POTOHOB SIBJISIFOTCS 3B€3/Ibl. A HCTOYHMKOM CBEPXCBETOBBIX (DOTOHOB, SIBIISIFOTCS
«TSDKENBIEY DIIEKTPOHBI A/1pa FaJIaKTUKH.

HOJI = M(e, = 3,524 E7 )(k =3.13)M(y =9,07E-9) =1
HOJ = M(e, = 1,15 E16 )(k =3.13)M(y, = 2,78E—-17) =1

[Mpuuem, must porora (Y+ = y), ckopocth cBepxcBeToBoro ¢orona (Y + = y,) Oyaer UMeTh Takyro xKe

. __ c+137+c __ c(1+137) e 4. 11
CKOPOCTB CBE€TA: W = LT = = C . JTH CBA3U YKa3aHBI Ha pUC.4. 110 CYTH, P€Yb O «IIOTPYKCHUMN>
c2

(1+137)

KBAHTOB f/Ipa 3B€3]l M FAJIAKTUK, B COOTBETCTBYIOIINE YPOHH (pu3nueckoro Bakyyma. Kak BUIuM, KBaHTBI
sJipa raJlakKTUK «IIOTPY’KEHBD» B CBEPXCBETOBOE IPOCTPAHCTBO CKOPOCTEH.

U ecTh GakT HAIMUYUSI «CBEPXMACCUBHBIX KOMIAKTHBIX 00BEKTOB», 0OHAPYKEHHBIX B P TaaKTHK.
W ectb npyroe npecTaBieHHe CBONCTB TAKUX OOBEKTOB:

(R<Ro) = 2o
(vi >c) 14

C HaJIMYUEM CBEPX CBETOBOTO MpocTpaHcTBa: (v; > ¢), BHYTpH (R < R) Takux «4epHBIX chepy,
UMEHYEMBIX «4E€pPHBIMU AblpaMu». HeT HUKaKuX «IbIp» U HET HUKAKUX CUHTYJIIPHOCTEN B «YEPHBIX
npIpax». Macca Takux «aepHbIx chep» (M # 0) He paBHA HYIIO, ¥ 3TO (QaKT HamIel radakTuky. JIoxkHoe
npencrasiaenue o6 O6meit Teopun OTHOCUTENBHOCTH DHHINTEHHA COCTOUT B TOM, YTO CUMTAETCS, B
YpaBHEHUH IPE/ICTaBICHA HEHYJIEBask Macca, Kak MICTOYHUK UCKPUBIJIEHUS IPOCTPAHCTBA-BPEMEHH, KaK
MCTOYHUK IpaBuTanivu. B ypaBHeHun DifHmTeliHa HeT Takoi Macchl. B ypaBHenun OOuiei Teopun
OTHOCHTENBHOCTH DUHINTEHHA, KAaK MaTeMaTUYECKON UCTUHBI B TMHAMUYHOM MPOCTPAHCTBE-MATEPUH B

IIOJIHOM BUE:
81G

R — %Rgik - %lgik = Tk -
HeT Maccel: (M = 0), B KJITacCHYECKOM €€ IOHMMaHuH. B MaremaTnyeckoil UCTHHE, 9TO Pa3HHIIA
PENATUBUCTCKOM TMHAMUKY B ABYX (DMKCHPOBAHHBIX TOUKAaX PUMAaHOBOI'O MPOCTPAHCTBA, OJHA U3 KOTOPBIX
npusoanTces k EBkinaoBoii cepe (310 KIItOUEBBIE CIIOBA), BO BHEITHEM, HE cTarioHapHOM (4 # 0)
EBKI1M1I0BOM MpOCTpaHCTBE-BpeMeHU. BHYTPh chepbl HUKTO HE BXOAMT, TaK ke Kak U B 3akoHe HploToHa.

o Gmim
9t10 MHOT'OKPATHO IMPOBEPECHHBIN 3aKOH: F = Klz 2 , TIC (K ) - paCcCTOAHUE MEXKIAY HEHTPpAaMH MAaCCUBHBIX

cdep 3emnu u JIynsl, Hanpumep. 1 eciiu B iuameTpalibHOE OTBEPCTHE OOJIBIIOTO 1Iapa OMyCKaTh
MaJICHBKUH IIApHK, CHJIA TATOTCHHS TOJKHA CTPEeMHUTHCS K OeckoHewHOCTH 1pu (K = 0). DTO ToXKe Kak ObI
CUHTYJIIPHOCTB, KoTOpoii HeT B [Ipupose. 3akon HproToHA feiicTBUTENEH TONBKO BHE MAaCCUBHOM cephl.

m
r

—)

Puc.5. 3akon HeroTona



Touno tak, ypasaenue OO0miei Teopun OTHOCHTENBHOCTH DUHIITEIHA, AeWCTBUTENHHO BHE EBKITMIOBOM
MacCHUBHOM c(pephl, B €e TpaBUTAIIMOHHOM ToJie. B pusnueckoii nctune, B ypapHenun OOmieit Teopun
OTHOCUTENBHOCTH, DHUHINITEIHA, B eqUHBIX Kputepusax DBomonuy, «3amuTay popmyna (3akoH) HeroToHa:
2 2
E K
E=c*K, P=c*T, (¢¢—cf =Aci2k)=p—2=(ﬁ=c2), Ack =Gr*(X+)#0
2 c*c*k? _ G(c?Ky=m,)(c’Ky=m,) _ Gmm, 2 Gmqym,
Aci = iz = 2 =7 Acj = — =
ctctT? c2(c2T2=K*) c2K c2K
Kak Bugum, B ypaBaenuu O6meit Teopun OTHOCHTENBHOCTH DHHINTEHHA, CUJIa TATOTCHUST JICHCTBYET B

2 .2 _
) Acjpc“ =F

o o o 2 2 o o
T0JIAX ¢ HyJEBOit Maccoil. B penstusuctckoii munamuke E© = my ¢* + p%c? | B monsx ¢ HyseBoii Maccoii
2

2 . . E .
(my” = 0), DUHIITEHH B35 TEH30P TOJBKO SHEPTHH —HMITYJIbCa 2= 2, yKe Kak TpaBUTAIHOHHBIN

notenuman. YuTaeTcs: pasHHUIA MACCOBBIX MOTOKOB Ac, (Y —) Bo BHemHeM mojie rpaButamun ¢2(X+), ¢
ux [IpuHiunoM DKBUBAJIEHTHOCTH, JaeT cuiay. OOpaTUM BHUMaHHE — TPABUTAILIIOHHOE T10JI€ U B 3aKOHE
Herotona, u B O6meii Teopun OTHOCUTENLHOCTH DWHINITEITHA, TPUBOAUTCS K EBKIIHI0BO# cdepe. B obomx

Cllydasix HeT BXOXKJIeHUSI BHYTPbh EBKINI0BOM chephl ¢ HEHYIEBOM Maccoil, Kak UICTOYHHUKA IPaBUTALIHH.
2GM

(vi>0)?”’
HAJIMYUU CBEPXCBETOBOI'O IPOCTPAHCTBA CKOPOCTEH BHYTPH «UepHOI chepbl» fapa ralakTUKU, K KOTOPOMY
MPUBOJUTCS rpaBUTaliioHHOe nosie O6mel Teopun OTHOCUTENBHOCTH DWHINTENHA. BHYTpH «uepHOU
cdeppl», paboTaroT BCe 3aKOHBI (PU3UKH, IPOCTPAHCTBA-BPEMEHH, KaK YACTHOTO Cilydasi (PUKCUPOBAHHOTO
COCTOSIHMS IMHAMUYHOI'O IPOCTPAHCTBA-MaTEPUH, HO YK€ B IIPOCTPAHCTBE CBEPXCBETOBBIX CKOpocTel. BoT
noyemy Jaxe (pOTOHBI HE MOT'YT I1OIIACTh BHYTPb «UepHOH chepbl» sapa ragakTUKU. POTOHBI IPOCTO
KPYXXaTcsi BOKPYT TaKOU «4epHOU Cephl», KOTOPYIO HA3bIBAIOT «YEPHOU IBIPON». Kpome 3Toro, cam pakTt
HaMYMA NPOCTPAHCTBA CKOPOCTEN 3NEKTPOHa Ve = aC, nn ¢ = 137V, , rOBOPUT O BUPTYaNbHbIX GOTOHAX

Taxum oOpasom, ¢ aByx ctopoH: (R < Ry) = u (v, = 137 * ), MBI IPHILIIK K BBIBOAY O

(Y = ¢) BHYTPW 3NeKTPOHa, KOTOPbIN UMEEeT CBOMCTBO M3y4aTb ¢oToHbl (Y — = y). Opyrummn cnosamu,
BHYTpM anekTpoHa (Y — = e), Mbl MmeeM NPOoCTPaHCTBO cKopocTel POTOHA, TO eCTb CKOPOCTH cBeTa. TOYHO
TaK BHYTpu poToHa (Y — = ¥), umeeT mecTo npocTpaHcTBo ckopocTel (v; = 137¢) cBepxcBeTOBbIX

GOTOHOB V; = Y5, KaK peanbHOCTb. ITO Kak NpuynHa 1 cnegcrene. Borpoc, kak moiiMaTh CBEPXCBETOBOM
doron (Y + = y,), 06brurbM hororom (Y+ = y)? D10 THIMYHAS 3a/1a4a TOTJIOMIEHHS JIEKTPOHOM

(Y£ = e) dporona (Y = y). Mel roBopum 00 u3meHenuu sHepruu ¢porona (Y+ = y), npu NOraoueHun
cBepxcBeToBoro ¢orona (Y + = y,). DHeprus GpoToHa umeeT UMITyNbC: E = p * ¢, ¢ HylneBoi Maccoit
my? = 0. Takoif pOTOH MOKET MOTTIOTHTH TOJIBKO SHEPTHIO E = P * @ * ¢ , y’ke CBEPXCBETOBOrO (pOTOHA
(Y £ = y,). Takum obpasom, sueprus (orona (Y+ = y), HOTIOTHBIIETO CBEPXCBETOBOM (HOTOH
(Y+=vy,),paBHa: E =p *xc* (1 + a), rue (a = 1/137), npu 1r000M UMITyIbce MEPBUYHOTO (HOTOHA
(Y£ = y). 3agaua cocTOUT B MOMCKE TaKUX (DOTOHOB B HANPABJICHUH ]pa TaJaKTUKH, KaK HCTOYHHUKA
cBepxcBeToBbIX GoToHOB (Y + = y,). Hampumep, opOHTAIBHBII 3JIEKTPOH BOAOPOIA H3ITy9acT GOTOH MPU
ero nepexojie ¢ o JHoi opOuTh! Ha apyryro. [TorarHo. Tak BOT, n3nydaemble (POTOHBI, C OIMHAKOBBIX OPOUT
3JIEKTPOHOB BOJOPOJia B HANPABJICHUU Ha sApO ["alakTUKK, U B IEPIEHIUKYJISIPHOM OT siipa [anakTuku
HanpaBJIeHUHU, MOTYT UMETh Takyto: E = p * ¢ * (1 + a), pa3Huiy sHepruii. U pemaroree cioBo 37ech
CKaXXyT MPOOHBIE SKCTICPUMEHTHI.

12.MpocTpancTBo BeesenHoii
AOcTpaKkTHBIN. B TMHAMMYHOM NPOCTpaHCTBE-MATEPHUH NIPEACTABIEHBI PACUETHBIE TAPAMETPHI U
XapakTepucTHKU 00bekTOB Beenennoii. [IpencraBiena Moiens MEKralakTHYECKOTO anmapara.
Conepxxanue
1.8Benenue
2.CBoiicTBa mpocTpaHcTBa-Marepuu Beenennoi
3.ITapameTpsl mpocTpaHcTBa-MaTeprn BeeneHHoi B KBAaHTOBOM CHCTEME KOOPIWHAT.
4.CBolicTBa HEIGTMMBIX KBAHTOB B KBAHTOBOW CHCTEME KOOPAMHAT.
5. Jlonyctumbie 00bekThl Beenennoi
6.MexXraTaKTHYeCKHH armapar 0e3 TOIUTUBHBIX JBUTATEIICH.

1. BBemenme
Bce Teopuu, u 0 BeenenHoi, npeacTaBieHbl B paMKax EBKIMAOBBIX ONPENEIEHUM, U IIOCTYJIaTOB.
1. «To4yka ecmb mo, Yyacmo Ye2o HUYMo») («Hauvana» Eskauda). uau Toyka ecms mo, Ymo He umeem yacmed,

14



2. JluHUsA — 0nuHa 6e3 WUpuHsl.

3. U 5-{ nocmyaam o napasinenvHolx NPAMbIX AUHUSAX, KOMopble He repecekaromca. Ecau npamas, nepecexkarouas
dse npamsle, 06pazyem eHympeHHUe 0OHOCMOPOHHUE yesbl, MeHbWUe 08YX MPAMbIX, MO, MPOOOHEHHbIE
Heoz2paHuU4YeHHOo, smu 0se nNpAMble 8CMPemaAmMca ¢ Moli CMopoHsl, 20€ yasbl MeHbWeE 08YX MNPAMbIX.

e+ i< 180

W
puc. 1 EBknamjoBas akcuoMaTHka
To ectb, yepe3 TOUKY BHE NMPSMOM, MOKHO MTPOBECTH TOJBKO OJIHY IIPIMYIO, TApAIICIbHYIO JIMHUIO.

B «Enunoit Teopun 2», oTMEUYEHBI Hepa3peurMbie B EBKIMA0BOIN akcuoMaTuKe TMpoTuBopeuus. To
€CTh, MHOXKECTBO JIMHUW B OJTHOW TUHUHM (JUTHHE O0€3 IHUPUHBI), CHOBA JIMHUS. JTO JTUHUS HJIA MHOKECTBO
JIMHUI? AHAJIOrMYHO, MHOYKECTBO TOYEK B OJTHOM TOYKE — CHOBA TOYKA. ITO TOYKA UJIM UX MHOKECTBO?
OTtBeTOB Ha Takue Bompockl EBknnmpoBeie «Havanay He marot. OOImen3BeCTHBI U MPOOIEMBI 5-T0 IMOCTYIIATa.

T

-,

Puc.2 nuHamMn4HOE MPOCTPAHCTBO IyUYKa MapajlIesIbHbIX MPSIMBIX

Ectb peanbHble (paKkThl JTMHAMUYHOTO IPOCTPAHCTBA ITyYKa MPSMBIX JIMHUI, HE IEPECEKaAIOLINX, TO
€CTh NapalIeNbHBIX HCXOAHOH npsiMoit AC Ha 6ECKOHEUHOCTH, IpeIcTaBleHHbIe B «EquHOo# Teopun 2». 1 14
aBUrasich BroJib JuHUM (AC), psom OyaeT JMHAMUYHOE TPOCTPAHCTBO, B KOTOPOE MBI IIONACTh HE CMOXKEM.

beckOHEYHOCTh HeNb3s1 OCTAHOBUTH, IOITOMY TaKOE€ YK€ TUHAMUYHOE IPOCTPAHCTBO CYLIECTBYET BCEra.
W yxe cBoOlCTBa 3TOT0 JUHAMHUYHOTIO (¢ # const) MPOCTPaHCTBA, IPEICTABIISAIOTCS KaK CBOWCTBA MaTepuH,
TJIaBHBIM CBOMCTBOM KOTOPOH, €CTh JBMXKEeHHE. HeT Marepuu BHE Takoro MpoCTpaHCTBA, U HET
npocTpaHcTBa 6e3 Matepuu. [IpocTpaHcTBa-MaTepuu 3TO OJIHO U TO XKe.

B takoMm n1MHaMHYHOM MpOCTpaHCTBE-MaTepun, EBKIINI0Bas akcuoMaTHKa MpeCcTaBlIeHa Kak
qacTHBIN ciy4ail HyneBoro (¢ = 0) yria napaniensHocTH. [Ipu 3TOM peraercst mpo6iieMa MHOKECTBA
MMEHHO MPSAMBIX JIMHUN B OJJHOM MPSIMON MapajuleIbHOM JIMHUM, KaK «IJIMHE 0€3 IHUPUHBD).

I'maBHBIM CBOMCTBOM JTMHAMUYHOI'O IPOCTPAHCTBA-MAaTEPUH, €CTh JUHAMHUYHBIN (¢ # const) yroiu
napajuiensHocTu. [Tpu sTom EBKitnoBoe npocTpancTBo B ocsix XY Z TepsieT CMBICT.

A OO
\/\ / ~ b x
T3 | ST

- o MCOERNTY, :

x | M T [N

¥i B e

puc.3 TMHAMUYHOE IPOCTPAaHCTBO-MATEPHSI
B pamkax cetku EBknunoBbix (¢ = 0) oceid, Mbl HE BUIUM TUHAMUYHOTO (X+=Y—), (X—=Y+)
IIPOCTPAHCTBA-MATEPUU, U MBI HE CMOXKEM €r0 IIPEeACTaBUTh. [103TOMYy BBOASTCS aKCHOMBI IMHAMUYHOTO
MIPOCTPAHCTBA-MaTePUH, Kak (PaKThl HE TPEOYIOUIUX JOKA3aTENbCTB. Y Ke B 3TUX aKCHOMaX peliaercs
npobiaema EBKIMI0BON aKCHOMATUKH TOYKH, KaK MHOXKECTBA HEACTUMBIX C(ep-TOUYEK, B OJTHON HeAeTUMOMN
cdepe-Touke, HO yKe Ha (n) CXOJUMOCTH, IMHAMUYHOTO IPOCTPAHCTBA-MaTePUH.
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puc.3a - ITMHAMUYHOE NIPOCTPaHCTBO-MaTEepUs
Bcesikas ¢pukcanust (B akciepuMenTax) HenyneBoro (¢ # 0) yriia nmapaiienbHOCTH, JaeT MHOTOJIMCTOBOE
PumanoBo npoctpanctBo. Teneps yxe B paMKax akCHOM JUHAMUYHOI'O IIPOCTPAHCTBA-MaTEPUHU B BUJIE:

1. HenyneBoii, TMHAMUYHBIN yroJl MapauieTbHOCTH ((D # O) # const

(X-)L(r-)

, ITy4Ka [TapaJuIeIbHbIX NIPSMBIX,

oIpeieNIAeT OPTOrOHAIbHBIE I1OJIS [apaJuIeJIbHBIX JIMHUHN - TPAEKTOPUH, KaK U30TPOIHBIX

CBOMCTB, MPOCTPAHCTBA-MATEPUU.

2. HyneBoii yroJ napaaieabHOCTU (¢ =0) , JAeT «IUINHY 0€3 MIUPUHED» C HYIEBBIM HMIN HEHYIEBBIM
Y. Y.

Y, . . .
0 - pamuycoM CephI-TOUKH «HE UMEIOIICH JacTel» B EBKINIOBOM aKCHOMAaTHKE.

3. [ly4ok napanienbHbIX OIPSIMBIX C HYJIEBBIM YIJIOM NapaJlIeIbHOCTH (¢ =0) , «\OTUHAKOBO
PaCIOJIOKEHHBIN KO BCEM CBOMM TOUYKam» , Ja€T MHOXKECTBO IMPSIMBIX JUHUN B OJTHON «0€3 IMIUPUHBI»
EBKin10BOM NPSAMOI JIMHUY.

4. BuytpeHnHue (X _)’ (Y _) Y BHEIIHHE (X +)’ (Y +) TI0JIs JTMHUA-TPAeKTOPHI HeHyneBoil X, # 0 wiu

Y, #0 MaTepuaabHoii chepbl-Touku, o0pa3yroT Henenumyto O6nacts Jlokanuzanuu HOH(X i)
HOJI(Y +)

U1

JAUHAMHUYHOTI'O IIPOCTPAaHCTBA-MATCPHUH.

5. B eauHBIX mOJIsIX (X -=Y +), (Y -=X +) OPTOTOHAIBHBIX JTMHUI-TPACKTOPUI (X _) L (Y _) HET

JBYX OJUHAKOBBIX Cep-TOUEK U JTUHHUI-TPACKTOPHIL.

6. IlocnenoBarensHOCTh Henenmumerx O0macter Jlokanusanuu (X i), (Y i), (X i) 10 pafinycy
Xo # 0 unu Y, #0 chepbI-TOUKU Ha OAHON JTMHUU-TPAEKTOPHH JAeT ' CXOAMMOCTb, a HA Pa3IUYHBIX
TPACKTOpUAX ! CXOHUMOCTS.

7. Kaxnoit Hegenmumoit O6mactu Jlokanuzanuu NpocTpaHCTBA-MaTepUU COOTBETCTBYET €AMHUIIA

(X—=Y+) (Y-=X1)

Bcex ee Kpurepues OBomonuu — K3, B enuHom , IIPOCTPAHCTBE-MATEPUU Ha
m—n cxoguMOCTX,

HOJT = K3(X—=Y +)K3(Y-= X +)=1 HOJI = K3(m)K3(n)=1

B CUCTEMC YUCCII pABHBIX I10 aHAJIOTUX CAWHUAILI.

8. dukcanus yria (@ #0)=const y, (9=0) IIy4Ka NPSIMBIX NapaJJIEIbHBIX JTUHUM,
[IPOCTPAHCTBA-MAaTEepUH, AACT 5-1 nocTynar EBKkiunga 1 akcuomy napasuielIbHOCTH.
JIro6ast Touka PUKCHPOBAHHBIX JMHUU-TPACKTOPHI, IIpeicTaBIeHa JOKAIbHBIMU 0a3lCHBIMU

BCKTOpaMU PumanoBoro MMPpOCTPAHCTBA:
o Py I
L7 gxi axj]

9z i oxt. ax ., 9xk
+axkk’ e' = l+ayj+azk,

X
ny % ny _ n n o_
¢ (DyHIaMEHTaTLHBIM TEH30POM ©i (x) e (x") =8y (X") y rononormeit X' =X Y,Z)

(¢ # 0) = const)

B EBKIIMI0BOM

MMPOCTPAHCTBC. To €CTh, PumanoBo MMpOCTPAHCTBO, 3TO (I)I/IKCI/IPOBaHHOC COCTOSAHHEC

JUHaAMHUYHOTI'O ((p 7 const) MMPpOCTPAHCTBA-MATCPHUH. PumanoBo MMpOCTPAHCTBO, OTO (I)I/IKCI/IpOBaHHOC ((p *

0 = const) cocTosiHUE T€OIe3NIECKOH (X° = const) IMHUM JUHAMUYIHOTO (¢ # const) MpOCTpaHCTBA-
matepun (x° # const). Takoil MmaTematuku PumanoBoro mpocrpanctsa g, (x° # const), ¢ nepeMeHHON
reojie3ndeckoi, eme HeT. Het u reomerpun EBkinmioBoil HectalmoHapHoi cepbl, HET FeOMETPUH
npoctpaHcTBa JIobaueBcKoro, ¢ mepeMeHHbBIMH aCUMITOTaMU TUriep0oi1. YacTHBIM ciiyyaeM OTpHUIaTeIbHOM
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Y2 _ (0D

0 Yo
reomerpun JlobaueBckoro (Maremarnueckast sHIHKIONE AU T.5, ¢.439). ECTh A€BSTH OTIHUNTEIBHBIX
npu3HakoB reoMerpun JlobaueBckoro ot reomerpuu EBkimna (puc. 1.2).

KPUBU3HBI (K =— ) (CmupnoOB T.1, ¢.186) PumanoBa mpocTpaHCTBa, €CTh TPOCTPAHCTBO

%

7 %

- ”‘I‘
|
J

ot
(3 )

S 3TO INHUA

Puc. 1.2 M3otponHas AMHaMHUKa.
OnHuM U3 npu3HAKOB reoMeTpuu JIoGaueBCKOro, €CTh Cymma (00 <Yya< 1800) YIJIOB TPEYroJIbHUKA, B

OTJIMYME OT €BKJIUIOBOM UX MpoeKuu () a = 1800) Ha IUIOCKOCTh. PaBHbIC muiomanu S; = S,
TPEYroJbHUKOB, B PaBHBIX yriax MapajuleIbHOCTU (P = (0, MyUYKa MapalljieNIbHbIX MPSIMBIX JIMHUH, 1al0T
MIPOEKTHBHO — MTOJI00HBIE TPEYTOJLHUKH B EBKIIMIOBOM TUIOCKOCTH C PaBHBIMH yTJIaMH B BEpIITHHAX.
OxpykHOCTb B EBKIIMIOBOM TJIOCKOCTH, 3TO JMHUS B reomeTpun JIobaueBckoro. 3aecy EBkinnoBas
«UTHHHA 0€3 MIMPUHBI»— 3TO paanyc Kpyra B reomerpun JlobadeBckoro. Uem OobIiie paanyc, TeM JUTHHHEE
«TUHUAY. Takue OKpy>KHOCTH B IOBEPXHOCTH EBKIINI0BOI chepe, 3TO MHOKECTBO MPSAMBIX JTHHHUMA BO
Bcenennoii. B namem ciryuae, EBkiunoBas chepa eme u nuHamMmudaa. Kak MOXKHO c03/1aBaTh TEOpUN
«bonbmoro B3peiBay nnn «ukiandeckoit Beenennoi» B Takoit cgepe? OTBET — HUKaK. ITO HU O YEM.
HyneBoii paguiyc Takoro kpyra (r = 0), TOBOPUT O TOM, YTO TaKOTO Kpyra HET, M HET TaKUX JIMHUHA. ITO
pasroBOp HU O Y€M, UX MPOCTO HET. DTO K BOIMPOCAM CUHTYJISIPHOCTH C UX OECKOHEUYHBIMHU KPUTEPUSIMU U
HEBO3MOKHOCTsIMU. VX HET HU B MaTemaTuke, HU B [Ipupone. JlokanbHbie 6a3MCHBIE BEKTOPHI
COOTBETCTBYIOT IpocTpancTBy ckopocTeit WN=K*NTN 5 MOoromeprom npocrpancrae-spemenn.
[TpocTpaHCcTBO-BpeMsI €CTh YaCTHBIN clTydail PUKCHPOBAHHOTO COCTOSIHHS TMHAMUYHOTO TIPOCTPAHCTBA-
Matepud. [Ipu 3TOM B MHOTOMEPHOM MPOCTPAHCTBE-BpeMeHu hopmupyrotces Bce Kputepun DBomonnu
martepun. OHY TIpescTaBieHsl B «Eaunoit Teopun 2y, B Buae: (II=W?)- norenrmana, (F=I1?)- cunsi. ...

N

’K

| | I | | [ 6
| | |E | 1 | Is
[ 1 | T 1 1 |4
IR RE
[ P e
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I | Y i
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K

puc.4 ennable Kpurepun DBOIIONNMH IPOCTPAHCTBA-MATEPHH.
B ¢usnyeckux teopusix peub et o 371ekTpo (Y+= X—) MarHuTHBIX noysx 3apsaga: q(Y+=X —) =1IK, u
rpaBut (G+= Y—) MaccoBbIX NOJISIX ¢ Maccoil: m(G+=Y —) = [IK, U COOTBETCTBYIOIIMMHU YPABHEHUSIMU
JMHAMUKHU (KOTOpBIE BBIBOAATCS), KAK MATEMaTHUYECKUMHU HCTUHAMH. DTO ypaBHEeHUs: MakcBesuia

JE(Y+) G(X+)
c*xrotyB(X =) =rotyHX —) = & a7 + AE(Y+) cxrotyM(Y =) =rotyN(Y =) = ¢, * 7 +A1xGX+)
OH(X— 0B(X— ON(Y— oM(Y—
rotyE(Y +) = —M1;—T) = —%; M(Y-) =, * N(Y=);  10t,G(X+) = —pp * 6(T ) = _ 6(T ).

Y YpaBHEHUS TWHAMHKH I'PaBUTMACCOBBIX ITOJIEH.

Henenumbie O6nactu Jlokanuzanuu, (X+) u (Y1), kak (pakTsel peatbHOCTH, MBI COOTHOCHM C
HEJICTTMMBIMU KBaHTaMu (X += p) npotona, (Y+= e) snekrpona, (Xt=v,), (YX=1y,), (Xt=v,), (Y=
Yy = ¢) ¢oToHa. DTH KBaHThI 00pa3ytoT nepByro O6mnacts Jlokanuzamuu (0J11) . Y monobHo JlexapToBoii,
chepudecKou, MITMHIAPUICCKOH, JIFOOOH IPYroi CUCTeMbl KOOPIUHAT B EBKINI0BOM aKCHOMATHKH, yiKe
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MO>KHO IPEJCTABIIATh KBAHTOBYIO CHCTEMY KOOpAMHAT Ha (M) U (n) CXOAUMOCTSX, HEIeIUMBIX KBAaHTOB
IPOCTPAaHCTBAa-MaTEPHH, B TIOJTHOM BHJIC.

pHUC.5 KBaHTOBAsl CUCTEMa KOOPAMHAT
VYke B TakOM KBaHTOBOM CHCTEME KOOPAMHAT, MOKHO PacCMaTpUBATh CBOMCTBA IIPOCTPAHCTBA-MAaTEpUU
Bcenennoii, BuauMon u HeBUAUMOM 17151 GOoTOHOB U HeUTpuHO (0JI;) ypOBHSI.

2. CaoiicTBa npocTpaHcTBa-maTepuu Beesiennoii
Bunumoe npoctpanctso Beenennoit npencrasisiercs chepoit, ¢ EBkiannoBoit uzorpomnueit. [lo ¢gakry,
takas EBkinnoBas cdepa pacimupsercs, To eCTh HecTanmoHapHas. [IpuunHoi Takoil He CTallMOHAPHOCTH,
CUMTAETCS TEMHAs SHEPTUs, IPU HAIUNYUHU HAOII0AaEMbIX TEMHBIX Macc. Y CIIOBUS PACIIUPEHUS

My

V7

My — 15

puc.6. K yCIIOBUSIM pacIIUpPEHHUs IPOCTPAHCTBA-MaTEPUU
paccUMTHIBAIOTCA U3 yCIOBUH 2-if KocMudeckoit ckopoctu Mace (My) u (M,), OTHOCUTEIBHO MACChI

mv? _ GMm 2GM 2GM 2GM, M; _ R?
Habmoparens (m): — = —, vi=" =1, i ot =252 wm:  —=-=2, R*’~(M = pV).
2 R? R3 M, R?

R R
2G(pV) _ 2Gp4mR® _ 8mGpR3
R~ 3R 3R

— r
10729 [CM—S] , KPUTHYECKYIO TUIOTHOCThH HeoOpaTumoro paciimupenus. (H)- koncranra Xab6ma.

B pesynbTaTe npeoOpasoBanuit: v? =
3H?

k = 811G =~
MBsI TOBOPUM 0 BHIUMOM pacimpernd, pukcupyemoro (Y+=y = c¢) ¢poronamu (OJI;) ypoBHs

HEJICIIMMBIX KBAHTOB [IPOCTPAHCTBA-MATEPUH (P, €,V, ¥, Ve, V) B KBaHTOBOII cucTeMe KoopauHaT. Tereps

v 8mG
, U1 (E =H)? = Tp , TIOJTY4HM:

TIPEJICTABMM HEJIETMMBIE KBAHTBI IPOCTpaHcTBa-Marepuu, B Buae 0J1;;(m) nx (m) cxoauMoCTH.
0J1;...0J13 ...(p3 e3 p2 ez p1 €1 = Oﬂz)(P, €,V Yo, Ve,V = Oﬂl)(Vﬂﬁ Va¥2Vays = 0Jp) ...0J1_10J1_; ... OJ];

IIpu 5TOoM, ckopocTh snekrpoHna (0J1;) ypoBHs: (w = (a = %) xc,mm (w=a®=V « c. Teopus

OTHOCUTENHHOCTH DUHINTEHHA U KBAHTOBAs PCIITUBUCTCKAA TUHAMUKA, NOITYCKAOT CBCPXCBCTOBLIC

CKOpPOCTH B IIPOCTPAHCTBEC-BPEMCHHU.
— c+Nc - ai;1Nc+c

Wy=m=c, WY=W=C,)IH$[ a1 = 0y = 1.
3nech (T ay; V) ay, T) =1 KOCUHYCHI YIJI0B MApauIEIbHOCTH B BUE: cos(@y) * cos(py) = 1. Torma
ckopocTH cyodoToHOB (y; ) pu3mveckoro Bakyyma paBHbL: (w; = aN="1-2-) 4 ¢) CBEpPXCBETOBBIM
ckopoctTsaM B (0J1;) ypOBHSX (PU3MIECKOTO BaKyyMa. AHAJIOTMYHO IIPOCTPAHCTBO CKopocTel B (0J15)
yposHsix B Buge: (wj = a*N=123-) 4 ¢) npu yenosuu npenensHbx (wj xw; = atVex atNe =11 = ¢?)
MOTEHIMAIOB B NocTynaTtax JuHiTeiHa i (0J1;)yposHs. B Takux e MOTEeHIMaIaxX pacCUuThIBAETCS U
CIIEKTp MacC HeJIeMMMBIX KBAHTOB BCEH KBaHTOBOM cucTeMsl koopaunat 0J1;(m) va (m) cxomumocTy,
a”ajiornuno pacueram macc m(X+=Y —) = IIK, (0J1;)yposns.

—T12 2m2 —
— F;,l'll _ [l'l YT _ (Y/l:(z)] = IE:_Z_:;), , OTKy/a 2my =Gmy; n my = Gmy/2

K27 2




F=I1? N2r2 1
m= =

X" X - (X/K2)

ITonnelii pacuer cextpa Macc B 0J1;, 1 OJI; ypoBHAX (PM3UYECKOTO BaKyyMa, BBIIOJIHAETCS IPOCTOM

] _ [X=my

= 7xZ o2\ /
(F_T)

nporpammoii B TP7, u umeer BuJI.

OTKyza

ZmX =0(2 my, WM my =0(2 my/z

— 2 —
«TAXenvie» e; = 2% pj_,/a°, pj=2xe_1/G,

«cybuacTuup» v; = a? xy;_,/2, vi = G * v;_,/2

program al;

uses crt;

const a2=1/(137.036*137.036);

G=6.67e-8; n=12;

Var p,pl,p2,el,ee2:Real;

i,j,m:Integer;

begin clrscr;

p:=938.28; e:=0.511;

p1:=0.271;

e:=e; p:=p; pl:=pl;
fori:=1tondo

begin

WriteLn('n=",i);

el:=2*pl1/a2; WriteLn('el=',el);
p2:=2*e/G; WriteLn('p=', p2);

e2:=2*p/a2; WriteLn('e2=",e2);

pl:=2*el/G; WriteLn('p1='",p1);

program a2;
uses crt;
const a2=1/(137.036*137.036);
G=6.67e-8; n=12;
Var p,pl,p2,el,ee2:Real;
i,j,m:Integer;
begin clrscr;
p:=938.28; e:=0.511;
p1:=0.271;
e:=e; p:=p; pl:=pl;
fori:=1tondo

begin
WriteLn('n="i);
el:=G*p/2; WriteLn('el=",el);

p2:=a2*e/2; WriteLn('p=', p2);
e2:=G*p1/2; WriteLn('e2=",e2);
pl:=a2*el/2; WriteLn('p1=',p1);

e:=2*p2/a2; e:=G*p2/2;
WriteLn('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.
Kaxeiit B 0J1;, 1 OJI; ypoBEHb COIAEPHKHUT JBa MACCOBBIX M TPH 3apsAA0BBIX U30IOTEHIIMAIIA.
Tabmuma 1.
KBantel sigpa 2a*p, =N*p,_, N | (X¥)=p*; (MeV) (Y+) =e;(MeV)
pP* 27 =262 /G €27=2 P25/ a?
p*2r =2,7 E111 MeV e,7=1,489 E108 MeV
OJl.+1; | © ExcakBazap 2a* p,. =290p5. 14 | p 26 =2exs/G € 26= 2 P24/ 0?
P26 =7,9 E107 MeV e6=9,1 E103 MeV
200* py, =238p3, P 25 =2eulG €25=2P23/0?
P25 = 3,96 E103 MeV e = 2,6 E100 MeV
CymnepkBazapH. ® 2a* p3, =25p;, 13 | p*2s =2e3/G €24=2 P22/ 0?
IanakT. 1 pona p*2a =2,4 E99 MeV e = 1,32 E96 MeV
(0] + _ - * 23 =22 /G €3=2 / o
#lo. | HepHBIX chep 20* pyy =290p,, EQ? - 7,01 68 Mev o208 1 01 Mev
- _ + P =2e21/G €2n=2 / o?
O cymepKBazap 2a* p, =238p;, 12 P22 ’s :2&91 ey 22_2 322;)58% ey
1 pona p 22 =3, e €2 =2, e
20% pT. =25n7 P21 =2ex0/G €21=2 P9/ a?
P2 P P21 =2,16 E87 MeV e21=1,17 E84 MeV
OJL 4+ eeCynepKBasapH. | Dg* p- =290p. | 11 | P 20 =2ew/G € 20= 2 Pag/ 0?
" Tamakt. 2 poxna pZO plg p+20 =6,226 'E83 MeV €20 = 7,2 E79 MeV
YepHBIX cep 2a* pt =238p- P* 19 =2e18/G €19= 2 P17/ 0?
Pro Pis P19 =3,13 E79 MeV e10= 2,08 E76 MeV
- _ P =2e17/G €18=2 / o
0 OCyIEPKBa3aphl 20 % pr, =25p;, 10 P18 ° guE?S oy 16 : g)ie E(;Z VeV
2 pona p1s =1, e es=1, e
OJI +7 2a* p. = + p 17 =2e1/G €17=2 P15/ a?
o =290 5
Py Pis p 17 =553 E71 MeV e17= 6,38 E67 MeV
— - * 16 =2e15/G €16=2 / o?
e Mera3Be3IHbIC 2a* p, =238p,, 9 p+ 16 es 1e: ; &4 E(é4 ey
TaJTaKTUKH P16 =2,78 E67 MeV es=1, e
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4yepHble chepbl

2% ps=25p,,

p* 15 =2e14/G
p*is =1,7 E63 MeV

€15=2 P13/ a?
e15=9,26 E59 MeV

N — — 2
OJ1 O Mera3Be3/bl * " =29 pt 8 | P 1 =2e3/G e1=2p12/o
+6 20% pyy =291y, p 14 =491 EBY MeV e14=5,67 E55 MeV
CymepruianeThl ® o — + P13 =2e12/G €13=2 P11/ 0?
207 py = 238py, P 13 = 2,46 E55 MeV e13= 1,64 E52 MeV
oo = = 2
® KBa3apHBIX ¥ pt —25p° 7 P12 =2e11/G €12=2 P1o/ o
rajakTuk 1pona 2a = = p*12 =1,51 E51 MeV e12 = 8,22 E47 MeV
OJl+s YepHBIX cep * pt — - p* 11 =2e10/G e11=2py/ a?
2a* p;; =290p;, p*1 = 4,36 EAT MeV en1 = 5,03 E43 MeV
O KBazaphl s = + 6 | P 1w =2e/G € 10=2ps/ 0?
1 pona 2a% i =238p, P10 =2,19 E43 MeV e10=1,45 E40 MeV
*p- =25p" p o =2es/G €9=2p7/a?
20%py =23p; P9 =1,34 E39 MeV o= 7,3 E35 MeV
o= - 2
OJ1 ® @ KBa3apHBIX * ot — - 5 | p's =2e7/G €g=2ps/a
+4 TalaKTUK 2p0ﬂa 2a Ps 290p7 p*s =3,87 E35 MeV eg=4,47 E31 MeV
YepHBIX cep * ot — - p*7 =2e6/G e7=2ps/a?
20* py =238p, p*7 =1,94 E31 MeV e;=1,3 E28 MeV
0O KBazaphl E s — + 4 |ps =2e/G e’s =2ps/a?
2 pona 207 Pg = 23Ps p s =1,19 E27 MeV e*s =6,48 E23 MeV
MesKranakTuaecku | 2 *po = 290p+ ps =2e4/G e5=2p3/a?

OJl43 X YepHBIX cdep ’ ¢ p s =3,447 E23 MeV es = 3,97 El9 MeV
® 3BE3IHBIX 2% =238n7 3 p*a =2e3/G € 4=2pP2/
TanakTux @ Py . P p*4 =1,7 E19 MeV e 4=1,15E+16 MeV
lanakTudeckux ® ot - p*3 =2e2/G e3=2p1/0?

YepHBIX chep 2a P 25]-72 p*3 =1,057 E15 MeV e 3=5,755E11 MeV

OJl+2 O 3Be3nbl 2a* p; =290p, 2 | p2 =2elG €2=2p/0?

p 2> =3,05E1l MeV e,= 3,524 E7 MeV
[TnaneTst 2a* p; =238p" p1=2e/G e1=2vu/o?
p 1 =1,532 E7 MeV e;=10178 MeV
2a*p+:25v; 1 p+:270/G € =2Ve/d?
p* = 938,28 MeV e =0,511 MeV
OJI OBEHb 200%v; =292v Vu=o’e1 /2 y0=G p/2
o P 5 vu =0,271 MeV yo =3,13*10° MeV
0 | ve=a%/2 vy =Gw/2
ve =1,36*10° M eV y* =9.07*107 MeV
duznyeckuit vi=a?yo /2 y1=Gvel2
BaKyyM v1=8,3*10"° MeV V1= 45%10% M eV
2 —
1 -1 vi=02y/2 v2=Gv1/2
OTo | yposis v2=24*10% Mev y2= 2.78*10% M eV
va =02 y1 /2 v3=Gv2/2
v3=1.2*10"Y MeV v3 = 8,05*10% M eV
dusnueckuii -2 va =02 y2 2 va=G vz /2
BaKyyM Va4 =7.4 *10-22 M eV Y4 = 4703*10'25 MeV
- vs =02 y3 /2 vs =G v4 /2
Ol = VRS v5=2.14*102° M eV vs = 2.47%10° M eV
-3 V6 =02 4 /2 v6 = G vs /2
v6=1.07*102° M eV v6 = 7,13*108 M eV
dusnveckuii v7 =02 5 12 v7=Gvg /2
BaKyyM v7 :6,57*].0-34 MeV ’Y7 = 3’58*10'37 M eV
-1 vg =02 Y6 /2 vs=Gv7 /2
OH -2 YPOBHA Vs =1.897*10% M eV 8 = 2.2*10.41 MeV
Vo =02 y7 /2 Yo =G vg 12
v9=9.5*10% M eV v = 6,33*10% M eV
dusnuecKuii -2 V10 =02 y8 /2 Y10= G vg /2
BaKyyM V10 :518*10—46 MeV Y10 = 3,2*10_49 MeV
vi1 =02 y9 /2 v11=G v /2
- 0
OJ1 3 YPOBHA Vi1 =1.685*104 M eV Y11 = 1.9%105% M eV
-3 vi2 =0 y10 /2 y12=Gv11 /2
v12 =8.46*10%* M eV 12 = 5,62%10°57 M eV
duznueckuit vi3 =a? y11 /2 y13=Gv12 /2

v13 =5.2*10% M eV

v13 = 2,8*10% M eV
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BaKyyM -4 via =a? y13 /2 y12=G v13 /2
OJI .4 ypoBns v =1.5%10° M eV y14 = 1.7%10 M eV
vis =02 y10 /2 y15= G v14/2
v1s =7,5*10% M eV y15= 5*10%° M eV
Dusznueckuit -1 vi6 =a2 y14 /2 vi6 = G v1s /2
BaKyym v1e =4.6*107° M eV 16 = 2.5%107% M eV
OJI -5 ypoBHS vi7 =0 y15 /2 v17= G V15 12
v17 =1.33*107% M eV y17= 1,5%107" M eV
-2 vig =a? 116 /2 y18=G v17 /2
vig =6.7*107 MeV vis = 4,43*10% M eV
Dduszngeckuit vig =02 y17 /2 y19=G vig /2
BaKyyM vig =4.1*10% M eV Y10 = 2.2%10% M eV
OJI .6 ypoBH:s -3 v20 =a? 18 /2 v20= G V1o 12
v20 =1.18*108 M eV v20= 1,36*10%9 M eV
va1 =a? 119 /2 y21= G vap 12
va1 =5.9*10% M eV y21= 3.94*10% M eV
duznaeckuit -4 va22 =02 y20 12 y22= G va1 12
BaKyyM v22 =3.6*10% M eV y22 = 1.975%10°" M eV
OJI 7 ypoBH:A v23 =02 y21 /2 y23=G vz I2
v23 =1.05%10% M eV Y23 = 1,2%10°00 M eV
-4 v24 =0 y22 12 Y24 =G Va3 2
v24 =5.26*1012 M eV Y24 = 3.494*101% M eV

3. Ilapametpsl npocTpancTBa-MaTepuu BeejleHHON B KBAaHTOBOIi ccTeMe KOOP/AMHAT.
PaccmoTtpum cBoiicTBa kilaccuueckux npenacraBienuii Kputepuer DBomtonnun Marepuu. B npeacraBnenHoii
TabIuIe Macc HeeTMMbIX (cTadmIbHbIX) KBaHTOB (Y1) u (X1) npoctpancTBa-mMaTepuun, Mbl TOBOPUM 00
uneptHoit m(Y —) macce, nanpumep y (Y —) dbortona, u rpaBuranmontoi macce m(X+), nanpumep p(X+)
IPOTOHA MM V, (X+) HeUTpuHO. MBI roBopuM o Tpex: p(X —) = e(Y+), v,(X =) = yo(Y+), ve (X ) = y(Y+)
3apanoBeIX ¥ ABYX: (m = IIK) maccoBbIx e(Y —) = v, (X+) , ¥o(Y —) = v.(X+) u30n0TeHIMAIAX B KOXKIOM
0JI;, u 0JI; ypoBHE (u3udeckoro BaKyyma. Mel ropopum 06 suepruu E = (II;I1; * K) B3aumonelicteus
TIOTEHIHMANOB IBYX Touek Ha paccrosuuu (K), ¢ cunoit (F = 12 = I1;11,). Cam notenuuan I1 = (K * b), 910
yckopenue (b) ua paccrostauu (K). Dueprus E = mc? , um E = hv , rne m = vV, u Tak janee.

4
< o Cc = _
B KJaccHYecKoil peJssTHBHCTCKOM AuHaMuKe: R? — c?t? = 2= R? — c%t?, mpocTpaHCTBa-BpEMEHH

CaMo MPOCTPAHCTBO-BPEMS UCIBITHIBAET yeKopenue: b%(R 1)2 — b2c2(t 1)? = (¢* = F). B equnbIx
K K? . K =
Kpurepmusix, (b = F) (R = K) = -5 = II, MBI TOBOPHM O TIOTEHIIHAIIE B IPOCTPAHCTBE CKOPOCTEH (; =e)
BEKTOPHOTO MPOCTPAHCTBA B 1000 e(x™) cucreme KoopauHar, rae I = g, (x™) pyHIaMeHTAIbHbIA TEH30D
PumanoBoro npoctpanctsa. Toraa B o01iem cirydae uMeeM:
M3 — 13 = (I, (X+) = T, (Y =) (L (X=) + T, * (Y4)) = Al (X+= Y=)) L (Al (X—=Y+)) 1= F

Ota cuna Ha BceM paauyce (R = K) Bunumoii cdepst enunoro (X+= Y+) mpocrpancTBa-maTepun
Bcenennoii, maer (temuyio) suepruro (U = FK) nuaamukn BeenenHoid, B TpaBuT (X+= Y —) MaccoBbIX U B
a1eKkTpo (Y+ = X —) MarHuTHBIX NoJsAX. [IoaTOMy, 3TO SHEPIUs peasTUBUCTCKON JMHAMUKHA BCelleHHON.

(% — 3K = (T; — M)K1, + 11,) = (Al (X+=Y=) | KQATl,)(X—=Y+) 1= FK = U
B uem ee mpupona? Ha paguyce (R = K) nunamudHo# chepbl BeeneHHOM ecTh 0IHOBPEMEHHAs THHAMHKA
enuHoro (X+= Y+) nmpoctpaHcTBa-marepun. PaccMaTprBas JMHaAMUKY ITOTEHIIMAIOB B TPAaBUT MAaCCOBBIX
(X+=Y-) momnsix, Kak yxe uzBectHo,([l; — I1y) = g;x (1) — gix (2) # 0, peub 00 ypaBHEHHH «TPaBUTAIIUN

1 1 o o
Rie —5Rgix — 5Agu = kTy, OGmeit Teopun OTHOCUTENBHOCTH, B JTFO00I CHCTEME g (x™ +# const)
KOOPAHHAT, U B pa3nnusbix ypoBHsx cunrymiprocta 7| YT pusmdeckoro Bakyyma Beeit BeeneHHOI.
1 1
[Tpu sTOM: (Rik — > Rgy = Ally = kTy + E/Igik) (X+= Y—), KpOMEe KPHBH3HBI IPOCTPAHCTBA-MATEPUHU
BbI3BaHHOM TeH30pOM (kT )9HEPTUHU-UMITYIIbCA, MBI TOBOPUM M O JHHAMUKE (M3MYECKOTO BaKyyMa:

%A(gik = 4ma? * p), Tae U3 (a(t) » o) u (p = = H%), HOJI = (T; - )(t; — 0) = 1, BceneHHas ncuesaer Bo

(T—mo)z
BpEeMeHH (t; — 0), Ha OECKOHEUHBIX paguycax (a(t) — ), ¢ mapameTpom Xaboma (H = %) UHQIISIIIMOHHON

a=cT*ch= monenu. Mel rosopum o cdepe (x™ = XY, Z, ct # const) HectanmoHapHOro EBKIIMIOBOTO
- p p p

15



X(X+=Y—)) (

— ) (X+=Y —) * cospxy(X— =Y+) = 1}.
Yo—Ro(X—) @x( ) }
I'papuent takoro (AIl;) moTeHuunan, Toxe U3BECTHO, 1aCT YPAaBHEHHSI KBAHTOBOW TPaBUTAIIUH C
uHIYKTUBHBIME M (Y —) (CKpBITBIMH) MacCOBBIMU IOJISIMH B TPaBUTALIMOHHOM 110JIe. Peus unet 06

E=N%K\ (E=I%K K2
(Al ~Ty) 4 (X+=Y—) sueprum-ummynsce Ty, = (p:HZT)- (p=l'[2T)k =z = (IT), rpaBut (X+=Y—)
l

MacCCOBBIX TOJIeH Bcel BeenenHoii, ¢ yMeHbIIeHHEM IIOTHOCTH MaccoBbIX (Y —) TpaekTopuii B
IUTAHKOBCKUX MaciuTadax.

IPOCTpaHCTBa-BpeMenH , B Buje: (x™ =X, Y, Z, ct) * {(Ch

MK = i’;:gz = (— o= (= 0) V(K = Vi) X+=Y=) = (p, LV DX+=Y-),
(R)) * (R, = 1,616 * 10733sm) = 1, (R)) = 6,2 10%2sm (p;(Y=) - 0).

B kBaHTOBOI1 PeJATHUBUCTCKON JUHAMUKE, Mbl TOBOPUM O HECTALIMOHAPHOM EBKIIMI0BOM MPOCTPAHCTBE
cdepsl, KOTOpas B IPOCTPAaHCTBE-MAaTEPUU UMEET BUJI AMHAMUYHOTO dJutunconaa. [Ipudyem, Ha MOBEpXHOCTh
U3 [IEHTPA DIUIUICOU/A, POTOH MPUXOAUT OJTHOBPEMEHHO. JTO CB$I3aHO C IMHAMHUKOW CKOPOCTH CBETA,

i
Korja: ¢ = MeHsieTcst MacinTab nepuoja (4actotel T v l— — ) u 1nuHbl BOHEBI( | A T) dotona. D10

irt?
AQHAJIOTUYHO KJIACCHYECKOU PEISITUBUCTCKON TMHAMUKE, HA HpHMepe JBYX HaOmomaTenei. A (Ha meppoHe)
u B (B Barone), Kkoraa olHOBpEMEHHBbIE JJ11 A BCIIBIILIKY CBETA CIEPEIN U C3a]lU BaroHa, OyyT He
OJIHOBPEMEHHBIMHU JU1s1 B, KoTOpbIil OyzeT BUAETh CUHUIN CBET CIIEpEeIN U KpacHbIM CBET c3aau BaroHa. Cama
BOJIHA CBETA HE MEHSETCs, HO MIEpUO/] B3aUMOAECHCTBU JUIs NepeIHel (mpubmkaroleiics) BOIHbI
YMEHbILAETCs, a JUIsl 3aAHeH (yJayIroIencs) BOJHbI YBEJIMYUBAETCS, YTO MEHSET 1[BET BOJHBL. U X0x
BPEMEHHU 3aMENIISETCS B «(KPACHOM) B3aUMOJICHCTBUHU, U YCKOPSIETCS B «CUHEM» B3aUMOJAEUCTBUU. TOYHO
TaK CBET Ha OoJbLlIEM AUaMeTpe OYyIeT «KpacHBIW», C 3aMEJYIEHUEM X0/1a BPEMEHHU, HAa MEHBIIEM «CUHUI.

& Hv

Puc.7. kBaHTOBas pENATUBUCTCKAS TUHAMUKA
U penaruBucTcKas quHamuka kBanta e(Y—); — y(Y—); B 0JI;, u OJ; ypoBHAX (hM3UYECKOTO BaKyyMa BCel
Bcenennon

Puc.7a. kBaHTOBasI peNIATUBUCTCKAS TUHAMUKA
B KBaHTOBO# rpaBMTALMH, MBIl TOBOPUM O JIMHaMHUKe KBaHTOB: e(Y—); = y(Y—); B OJ;, n OJI;
YPOBHAX (PM3UUECKOro BakyyMa Ha (m) cxoaumocTH Bceil Beenennoii. B enunbix Kpurtepusix OBomonnn

K 1 r(Y=),~0
MIPOCTPAHCTBA-MATePUH, TUIOTHOCTH (p = Eem= v?), naer c = T(Y—)IO OKOJIO HYJIEBBIE MTapaMeTPhI
Y
. 1
MT'HOBEHHOTO «B3pbIBa» OeckoHewHOo O0bmoit (p(Y—) Iy — 00) TUIOTHOCTH JJMHAMUYHBIX MacC B
)

(Y+ = X—); none Becenennoii. I1pu 6eckoneuno mansix (T(Y-) ;= 0) mepuonax IMHAMHUKH, B TMHAMUYHOM
npoctpancTe-mMarepun: HOJM = (T(Y—); - 0) * (t(Y+=X—); » ) =1, B (X—); none Beenennon,
MPOUCXOUT OECKOHEUHO MHOTO coObITHH, (t(Y+= X—) ;= 00) B «CKaTOM BPEMEHW», HA YPOBHE V; /¥;
KBAaHTOB U ¢ HayanoM orcuera (T(Y —); = 1) * (¢(Y+=X —); = 1) = 1 Bpemenu (¢t(X —); = 1)). 13 akcuom
HOJl=K3(m =) *K3(n =1i) = 1, umu (p(Y+= X—); = 0)(p(X—); » ) = 1, €AUHOIO NPOCTPAHCTBA-~
Marepuu HadaibHOM BcenenHoi, kBaHThI(p(X—= Y+); — 00) poxpaarorcs cpasy. U yxe B TakoM
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(p(X+=Y=); » 0) huU3HUECKOM BaKyyMe POKIAIOTCS H3HAYATBHO KBAHTHI (y(Y—); = (p(Y—); = 0) C OKOJIO
HYJICBOM MacCOBOM IJIOTHOCTBIO. M MBI TOBOpUM 0 paguyce cdepbl HecTallmoHapHOTOo EBKINI0BOTO
pacIIUPSIOIIErocsi IPOCTPaHCTBa, R(X—); — oo, Ha (M) cXOMUMOCTH, U r(X—); — 0, Ha (n) CXOAUMOCTH,
TO €CTh CBEPXCBETOBBIMH cKopocTaMu: (w; = a("N="172-) s ¢) B (0JI;) ypoBHAX (PH3HUECKOTO BaKyyMa.

B akcuomax nunamuuHoro npoctpanctBa-marepun HOJI = K3(m = j) * K3(n = i) = 1, cyniecTByioT
Henenumpie O6nactu Jlokammsamuu: (X +);; = p; (X™M)vi(X™) u (Y £); = ¢;(Y™)y;(Y™) cocTostaus
KBaHTOB, C B3aMMHO opToroHanbHeiMU (X™) L (Y™) cucTemMamu KOOPAMHAT. ITO 3HAYMT, YTO €CIIH €CTh
(Y— = ej), To Beeraa ecth (Y— = y;) KBaHTHL. AHAaJIOIHYHO (X —=p j) u (X— =v;) xBaurtsl. O1crona
cieayeT KBajpatiunas GopMa JMHAMHUKH 3Hepruu kantos: (AE? = h?A(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. x quHamuke nmpocTpaHcTBa-mMaTepun BeeneHHoi
Yem Ooutbliie paguyc AMHAMUYHOM cepbl(r — R) TeM MeHble KpuBU3HA(Ay, — Ag) MPOCTPAHCTBA-MaTEPUU
1 Ha000pOT, B cooTBeTCcTBHHU O cBOMcTBamu HOJI = (rA,) = (R4y) = 1, caMoro mpocTpaHcTBa-MaTepPHH.
3nech: AX =) =0 ->R)tgp(X—) u A(Y =) = (r - R)tg ¢(Y—), COOTBETCTBEHHO. TOYHO TaK,
cootHoueHus iotocrert HOJI = (poo/lm) = (po/lo) = 1, Ip¥ HEU3MEHHBIX NTOTeHIManax nois. M rouno
takue cBoicTBa (T) - mepruosia JTUHAMHMKa KBAaHTOB U (t) — UX OTHOCUTEIBHOTO BPEMEHH COOBITHH,

HOJT = (Tyte) = (tgTw) = 1 . Ha Geckoreurno 6osplux paanycax, BeeneHnHas ucyesaer Bo BpeMeHu (t,)
¥ TJIOTHOCTH TIPOCTPAHCTBA-MATEPUH CBOJUTCSA K HYJIO (p,)), BO BCex ciyvasx. OOparHas KapTuHa B
rUNepOOINYECKUX CBOMCTBAX, MPOUCXOAUT B IITyOnHax (usnueckoro Bakyyma Beenennoii. Takoe
COCTOSIHUE TMHAMUYHOT'O MPOCTPAHCTBA-MAaTEPUH MPEICTABIECHO KBAaHTAMHU:

KD =p, (Rj_(X _) - oo) y ( r?-(X:) -0 ) L1 W= < r,_-(Y_) -0 >n (RL-_(Y:) - oo) 1

pj(X=) -0 pi(X—=) > pj(Y=) = pi(Y=)—-0
CaoiicTBa quHAMUYHBIX cep (r — R) B MPOCTPAHCTBE CKOPOCTEH:
(W;(X =) =aVc - 0)(w;(X =) = a™¥ x ¢ > ) = 1: IMEIOT MECTO COOTHOIICHHUS:
HOJI = (R]-(X—) - ) (4,(X-) - o) =1, HOM = (r,(X=) > )(A(X—) > ) =1, u
W,y 5)=aVc->0)(m(Y -)=aVN+xc> o) =1
HOJT = (R,(Y=) » o)(A,(Y=) » 0) = 1, HOJI = (rj(y—) > 0)(A,(Y-) > oo) —1.

Briienennblie cocTosHUS (PU3NYECKOTO BaKyyMa, 3aal0T MOJIAIbHOCTh CBOWCTB BEILIECTBA,
HarpuMep MPOTOHA, SJIEKTPOHA U aHTHUBEIIECTBA COOTBETCTBEHHO. KBaHTHI MPOCTpaHCTBA-MATEPUN UMEIOT
CBOMCTBA U3Ty4yaTh U Horiomars. J1ekTpoH (Y += e) uznyuaet u nornomaer (Y+=y) doron. [loaromy
MBI MOJKEM TOBOPHTH, 4T0 (Y 1= €;) KBaHThI G0JIe€ BHICOKOH IIOTHOCTH MaccoBbIX p (Y —) monei,
TIOCIIEIOBATENLHO M3JTy4aloT KBaHThI (V== €j_,) MEeHbIIEH IIIOTHOCTH, 1 fanee (Y += y) KBaHThI
u3ny4aoT (Y+=¥;_5 ....¥Vi—22) KBaHTHI B TIOJIHYIO INIYOUHY (PU3MUECKOTO BaKyyMa, C OKOJIO HYJIEBOIi



IOTHOCTHI0. Hao60poT, kBaHThI (X = p) Gosee BBICOKON TNIOTHOCTU MacCoBBIX p (X —) moei
TIONJIOMIAKOTCS TIOCIIEN0BATENBHO KBaHTaMu (X += pj,,) MeHbIueh muotHocty. [Ipu sT0M, hopmupyroTces
ycrosus: p;(X—) — o0, u R;(X—) — 00, HOBOro LMKJIa JMHAMUMKK Bcenennoi. Pasnnynbie mioTHoCcTH

(Poo) 1 (po) B pasmuunbX (Y— = X+); u (X— =Y +) nonsx, 1ar0T pasHUIy MIIOTHOCTEH

AE? o o
(A(p = v?) # 0). Umenno s1a (Ap = ?) pa3HUIA IUIOTHOCTEH, €CTh MPUYUHON U3ITY4YEeHUS U (WIIN)

IIOTJIOLIEHUS SHEPTUH KBAHTOB IIPOCTPAaHCTBAa-MaTepUn. Mbl TOBOPUM O KBAHTOBOH (HE MCYE3AIOLIEH )
TMHAMUKE
(Rj(X=) = ) = (Ri(X—) = 0) u (R;(Y—) = ) = (R;(Y—) = 0)

MPOCTPAHCTBA-MaTEPHUHU, B KBAHTOBOM (1M — M) CHUCTEME KOOPAWHAT. APryMEHTOM TaKOH TWHAMHKH, €CTh
«remHas sHeprus» pacmupenus (R;(Y—) — o) nmpocrpancTBa-marepun. Takasi JTUHAMUKA YCKOPEHUH:

(b=pR), (pj(X =)= 0)(R;j(X—)—> ) =HOJ, u (p;(Y =) = 0)(R;(Y—) = o) = HOJI
KBaHTOB JMHAMHYHOTO IIPOCTPAHCTBA-MaTEPHUH, OMPEEIIAETCS U UMEET CBOMCTBO, MPUHIIMIIA
HeonpeneaeHHocTH. Mnaye rosops, B otux (X £)j; n (Y +)j; yponsax R;(X—) , R;(Y—) dusuueckoro
BaKyyMa, CBOMCTBA JI000H TOUKH, 3TO CBOMCTBA IPOCTPAaHCTBAa-MaTepuu Beel BeenenHoit. 910
MIPOCTPAHCTBO CKOPOCTEi, B KOTOpoM popmupyroTcs Bce Kpurepun DBomonun matepun. HazoBem nx
®onoBbiMU KpuTepusiMu DBOJIIOLMH 3aPAJOBBIX M MacCOBBIX (X —); u (Y —); TpaeKTOpHH, ¢ UX
KBaHTOBOI juHamukoil. U yxe va atoMm (p;j(X —) = 0), (p;(Y =) = 0) done, 10 ectb: (p = v?) , uger
nuHamuka JloMmuHUpYyromumx, 1o0bx Kputeprues DBoiroun, B MHOTOMEPHOM IPOCTPAHCTBE CKOPOCTE, B
cropony yBeauuenus yactor (T p =1 v?), a paBHO U IIIOTHOCTEH KBaHTOB JMHAMHUYHOTO HPOCTPAHCTBA-
MaTepuH Ha UX (M) CXOIUMOCTH.

C npyroii cTOpOHBI, TaKHe CBOMCTBA JAIOT KBAHTOBYIO 3aIIyTaHHOCTh BCETO TMHAMUYHOTO
IpocTpaHcTBa-MaTepun Beenennoll B nenom. Mbl roBopuM 00 0JJHOBPEMEHHOM U TPOTUBOIOJIOKHOM
nuHamuke mo0eix Kpurepues OBomonnu Ha 6eckoneunbix Rj(X—) , R;(Y—) pannycax cdep-Touek B
KaX/I0M ypOoBHE (1M — M) CXOIUMOCTH (pr3myeckoro Bakyyma. it HOHUMaHUs, 3TO MO00HO CKaTepTH HA
CTOJIe, T/Ie «IeXaT , CKakeM, 1Ba o0bekTa A u By Ha mo0bIX paccrossHusX. Eciu «OTSHYTH 3a CKaTepTh»
(oHOBOTO KBAaHTA MPOCTPAHCTBA-MATEPHUHN), TO OOBEKTH A U B ¢ MPOTHBOIOIOKHBIMU CBOHCTBAMHU 15

(cxaxxem, BostHOBOU (pyHKIMH i) = /(+3 (= ) kBaHTOB (M) CXOAUMOCTH ), OYAYT MEHSITHCS
OJTHOBPEMEHHO Ha JIt00bIX paccTosHUsAX. [Ipu 3ToM 00BEKT A He B3auMoaencTByeT ¢ o0bekToM B. U 3T0
MIPOUCXOUT BO BCeX (M — M) ypoOBHSX cep-TOUeK MPOCTPaHCTBa-MaTepHH Beel BeeneHHO.

B o0ieii kapTHHE, MBI IMeeM JUHAaMHKy kBaHTOB (M) cxoaumoctu (T v2) , B omHOIl chepe-Touke,
Ho yxke (n) cxomumoctu (1 v2) cdep-Touek Beeit BeeneHHOM, ¢ yka3aHHOM KBaHTOBOI 3aITyTaHHOCTBIO U
MIPUHITUIIOM HEOTPEACTICHHOCTH B KaXKIOM (1M — M) ypoBHE (U3UYECKOro BakyyMa. M Takas TnHaAMHKa
COMPOBOXKAACTCS U3TYUYECHUSIMH («B3PBIBAMMY ) KBAHTOB (Yi—z ej) . (YE£=9y,_5 ....Yi_22) , B IOJHYIO
rIyOuHY (U3NYECKOro BaKyyMa, C MoCie1yrolel reHeparuei CTpyKTYpHbIX (opM, IT0J00OHBIX FeHEepaluu
anpa (Y+= e}) = 238p™ ypana, ¢ ero pacnagom B CIIEKTp aTOMOB. Y 3TO MPOMCXOIUT MOBCEMECTHO.
Kak n3BecTHO, camMa MIIOTHOCTh, €CTh €IMHUIIA U3MEPEHUs PU3MUECKUX BEIMYMH B eAMHBIX Kpurepusx,
ypaBHEHUH JUHAMMKH B 3JIEKTpOMarHUTHBIX (MakcBesia) M rpaBUTMACCOBBIX MOJISIX, B 1osie BeeaeHHOM.

JE(Y+) a6 (X+)
cxrotyB(X =) =rot,HX -) = ¢ a7 + AE(Y+) cxrotyM(Y =) =rotyN(Y =) = &, * 7 + 1+ G(X+)
OH(X— B(X~- AN(Y- oM(Y -
rotyE(Y +) = _#1% = _%; M(Y-)=u, * N(Y=); 710t G(X+) = —u, * a(T )= - 6(T )
. A(X—);~0
OTo CBOMCTBA CaMOro MpocTpaHcTBa-marepuu. Ilpustom A(X—); » oo, u A(X—); = 0, c = rrm—y

IWIOTHOCTBIO (p(X—), = — oo)Ha npenensHoM ypoBHE (0J];) , KakK «IHO» (PU3HYECcKOro BaKyyma.

T(X-),



Puc.8B. k nuHamuke mpocTpaHcTBa-MaTepuu BeeneHHoi

B KBaHTOBO# rPaBHTALNHU, YCKOPEHHE MacCOBBIX TpackTopuii (Y — = X +) B IpaBUTAI[MOHHOM I10JI€

G(X+) [;(—2] =y n_fZL;LG %graangik X+) [%] MakcuMaiibHoe, npu A(X—); —» 0, B (0JI;) ypoBHAX

¢usnyeckoro Bakyyma. Mbl FOBOPHM O CBEPXCBETOBOM IPOCTPAaHCTBe ckopocTeit (w; = a("N="172-) x ¢) |
AY =)o
T(Y=), >0
O€CKOHEUHBIX paauycax R(X—); — oo, «Ha qHe» (U3NYECKOro BaKyyMa, B KaXJ0# ero touke r(X—); - 0,

Ha (n) cxoauMocTsx, Beenennas «ucde3aer» Bo BpemeHu: t = (n - 0) * T(Y—); = 0.«Ha nHe» ¢puznveckoro
Bakyyma, B (0J1;) YpOBHSX, MBI HE MOKeM (DUKCHPOBAThH COOBITHS (HOTOHOM Y; (Y —) ¢ TEepHOIOM TUHAMUKH

vi(Y=) dotonos (0JI;) ypoBHs, C UX IEPHUOJOM TUHAMUKHU C = , T(Y=); = c0. DTO 3Ha4UT, YTO Ha

T(Y—); » oo. IIpu 3TOM BCsIKasi MIOTHOCTb: Y—-), = — O0) ITMHAMHWYHBIX MacCC, «11aJacT» B
L ] b

T(Y-) ]2
rnyouny (p(Y—), = 0) dpusuueckoro Bakyyma(0Jl;) ypoBHEH, Ha (1) CXOAUMOCTHU B K&XKIOU TOUKE
IPOCTPAHCTBa-MaTepuu Beel (R(X—); — o) Beenennoii. Camu maccel e(Y—) ;= X+ = pj) X+ = pj),

UMEIOT CTPYKTYPHYIO GOPMY «IEepHBIX cepy» ¢ «mreramu» e(Y—) ;) y,(Y—) pacmanos. U Besikuit pa3

UJET reHepanus 2a (X += p].) = e(Y—),_, KBAaHTOB B MACCOBBIX TpaekTopusx. IIpu sToM cosnaercs

> ekt «pacmmpsromerics Beenennoii» ¢ spdexrom nepsudnoro (T(Y—); — 0) «bonsmoro Bipeisa». [Ipu
3TOM CKOpOCTh cBeTa, ¥ (Y —) dorona (0JI;) ypoBHS, OCTAETCsI HEU3MEHHOM B JIIOOOM ypOBHE (DU3UYECKOTO

. _ A(Y=)j—oo o /1(Y—)]-—>O o A(X-)i=0 _
BaKyyMa: € = —r——=C= Tr),~0 €= TG0 Hns y(Y—) ¢potonos (0JI;) ypoBHs, «TIaICHUE» B
1 K K
OKOJIO HyJIEBBIE IIIOTHOCTH Mace (p(Y—), = T0oE - 0), c yckopeauem G(X +) [F] =v+*H [F] ,rae (H)
¢bukcupyemasi KOHcTaHTa Xab6ma: H = % . JlmuHa BonHel ¥ (Y —) (OTOHOB yBETUUMBACTCS, IPU «I1aA€HUU

B OKOJIO HYJIEBYIO IUIOTHOCTB» Ha NPEAEIbHBIX paguycax (R(X—); — o) BceneHHou, B peaeabHOi
riyoune ¢usnueckoro (r(X—); — 0) Bakyyma. Otu «penukroBsie y(Y—) potons» (0J1;) ypoBHS (KpacHOTO
[[BETa HA PUCYHKE) BHJIAT B dKCIIEpUMEHTax. /lanpIiire Mbl TOBOPHM O CBEpXCBETOBHIX ¥; (Y —) oTOHAX.
MaremMaTHuecKoi UCTUHOM €CTh TO, YTO Ha OECKOHEUHBIX pajinycax BCEro MpOCTPaHCTBA-MaTEePUN
Beenennoii (Rj(X—) — ) ¢ ee maccoBbiMu (4;(Y— ) = 00) TpaeKTOpHUAMH, INIOTHOCTH MaTEPHH
(pj (X-) - 0), (pi(Y—) - 0), ctpemutcs k Hymo. B mo60# Touke chepsl Rj(X—) — oo Beenennoi,
JeCTBUTENbHA HE JIOKAIbHOCTh (OHOBPEMEHHOCTh) AMHAMUKN MHO)KECTBA, BEIOPAHHBIX B CHMMETPHSIX,
TOYEK, Ha ypoBHE (X—= Y+); OHEPrHUi JEKTPOMATHUTHOTO TOJIs (PU3MIECKOTO BaKyyMma.

CoOcTBeHHOE BpeMs TUHAMUKH (t) cBOIUTCS K HYt0 B akcomax HOJI=(t;(Y+) — 0)(T;(Y—) — o0)=1,
JIMHAMMYHOTO TIPOCTPAHCTBA-MaTeEpHH, Kak 1 auHamuka (b = (R;(X—) — ©)(p;(X—) - 0) = const)
yekoperust (b = (4;(Y =) = ) (p,(Y —) — 0) = const) maccoBbIx TpaekTopuii. MHaue rosops,
MaTeMaTHYeCKOM HCTHHOM €CTh MCYE3HOBEHUE MAaCCOBOM MJIOTHOCTH IMHAMUYHOTO MPOCTPAHCTBA-MAaTEPUN
Ha OeCKOHEYHOCTSIX, U Beenennas ncuesaer Bo BpeMenu t;(Y+ = X—) — 0, C HEM3MEHHBIM YCKOPEHUEM
(b = const) Bcero npoctpancTBa-mMatepuu. C npyroit croponsl, (1;(X—) — 0) umeer mecto (p;(X—) - =)
v Havano (1;(Y—) — 0), (p;(Y—) - ), Takoro («B3priBa»), «mraosennoro» T;(Y—) — 0 mepuona
nuHamuku Beenennoit. [Ipu aTom, Mbl nmeeM:
1.2Heprus usnydenus u (win) noraommenns AE? = A2Ap, KBaHTOB IPOCTPAHCTBa-MAaTEPUH, B M3BECTHOM
Ham Bune: E = mc? ,umu E = hv , tae m = v2V, u Tak ganee, HO yxe Ha 0JI;(m — n) crnekTpe
KBAaHTOBOM CHCTEMBI KOOPJAMHAT MPOCTPAHCTBA-MaTepru Bcelt Beenennoit. Peus uaer 06 u3nyyeHun
(P (Y= = €j) = po(Y— = y;) MaccoBbIX, U (poo (X— = Pj) = po(X— = v;) 3apsan0Bbix noneii.
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2.Mmeem Bcerna BUXpEBYIO: rotyB(X —) W rotyM(Y —) nuHamuKy kBaHTOB (Xt) u (Y1) B enquaOM
npoctpancTBe — Matepun (X—=Y+) , (Y—=X+).

3.Cama nqunamuka (Ap) TUIOTHOCTEH, HIIET IO IPHYUHE «CTYIEHYATOro (KBAHTOBOTO) MIPOBAJIay IUIOTHOCTEH
(Poo), B «OECKOHEUHYIO ITYCTOTY» (Poo = Po)-

4.Coueranue wiotnocreii: p(X —)p(Y —) = 1, sro Henenumas O6acts JIOKaIu3auy e IMHOTO U
AuHAMUYHOTO nipoctpancTBa — Matepuu (X—= Y+), (Y—= X+) . KBanroBas qunamuka p(X —) mons

(X +), Bcerna nopoxgaer p(X+ =Y —) nosne, a kpaurosas aunamuka p(Y —) mons (Y +), Becerna
nopoxaaer p(Y+ = X —) more.

5 znyuenne p(Y —) u nornomienue p(X —) mioTHOCTEH (Do — Pg), MPOUCXOTUT OAHOBPEMEHHO C HX
kBanToBOU auHamukoi p(Y —) -» p(Y+ =X —)up(X —) - p(X+ =Y —). D10 MHOrOCTYIIEHYATHIA U
MHOTOYPOBHEBBIH Tporecc B kBanToBoi 0JI;(m — n) cucremMe KOOpaMHar.

6. Hafo yuutsIBath, mpu 31oM, Macmradsl (r = 10733sm)(R = 1033sm) = 1, Takoii IMHAMUKH Ka’KJ0T0
takoro (RA = 1), (rA = 1) xBanta ux 0JI;;(m — n) cnexrpa.

KBanrtoBas auHamuka npocTpaHCTBa-MaTepuu BeenenHoil B KBaHTOBON CUCTeME KOOpUHAT, B
nepuoJi pacumpenus BeeneHHon 00ycioBieHa NEPBUYHBIM «IIPOBAIOM» IIOTHOCTEN P (Y— = ej) B
okouto HyseBbie MaccoBbie | (p;(Y— =y;) = 0) miorHoct hU3nUecKoro Bakyyma. B akcrmomax
JUHAMHYHOTO MPOCTPAHCTBA-MaTEePHH:

HOMT=K3(X—=Y+)K3(Y—-=X+) =1, u HOJI = K3(m)K3(n) =1,
U Kaxaomy (X+) u(Y+t) kauty 0JI;;(m) crieKTpa COOTBETCTBYIOT YCIOBUS AMHAMUKH cos?pycos?py =1,
10 <@ < @uaxs @ #90° ch(Y/X,) * cospy =1, ch(X/Y,) * cospy = 1, c KOHCTaHTaMK
BsaumoneiicTeus: cos?py = G = 6,672+ 1078 | u cos@y = a = 1/137,036 . DT0 3HAUMT, YTO C

YMEHBIIEHUEM YTJIOB MapaieabHOCTH @;(Y—) — 0 C ucue3HoBeHHEM I10JIeH, BO3PACTAIOT YIIbl KBAHTOB
@i(X—=) = @yax(X—) , uHA000pOT. MaTepus mpu 3TOM, HE HCUE3AET, a IEPEXOAUT U3 OJHOTO BUA B
APYroM, B BUJIC CMEHBI JIOMUHAHTHBIX 110JICH B10JIb UX 0JI;(m) crekTpa.
4, CaoiicTBa HeleJMMbIX KBAHTOB B KBAHTOBOI CHCTeMe KOOPIHHAT.

MBI MOKEM OnpeNEnuTh IIPEACIbHBIE TapaMETPhl AMHAMUKH IIPOCTPAHCTBA-MaTEPHUH BCell BeeneHHoi, 16
B KBAHTOBOW CHCTEME KOOPIHHAT. ['0BOPst 0 POCTpaHCTBE CKopocTeit e;(Y—) u y;(Y—) kBaHToB 0J1;(m)
KBAaHTOBOM CHCTEMBI KOOPHHAT, 110 aHAJIOTHH CO CKOPOCTAMM dIEKTPOHA U poToHA: w, = aV=1 x ¢ , MBI
MO’KEM TOBOPHUTH O CKOPOCTSIX w(e;) = a = ¢ , Mmakpo 3eKTpoHOB (OJI j) ypoBHEH U w(y;) = aNxc, yxe
cBepXCBETOBBIX cyOdoToHOB (0J1;) ypoBHEH (u3nueckoro Bakyyma. Mbl Oyaem onpeessTh peaebHbIe
sHauenus (N). [Jlng (0J1;) yposus (p,e,v, Yo Ve (Y = ¢)) omnpeneneHsl IIIAHKOBCKUE JJIMHA U BPEMS:

Gh 6.67+x1078%6.62x10727 _
Ly = ’C—3=\/GK=\/ =4%10"33sm

(3*1010)3

T, = \/% =+GT = \/6-67*10_8*6.62*10_27 = 1.35*%1073s , rze VG = cos gy

(3¥1010)5

Otu nipenenbhble 3Ha9eHus Kb ([,,;) 1 Bpemenu (Tp,;) BBIYMCIEHBI C KOHCTAHTOH VG, M OTHOCATCS
K IIpeJesIbHOMY KBaHTYy (X+ = v;) ypoBHa (0JI;) ¢usnueckoro Bakyyma. M3 cooTHomeHus

Ty = i—: =+/GT; = 1.35* 10™*3s , s nepuona (T;) auHaMuky (v;) KBAaHTA, MOMYYAEM:

N —43 . —43 _ In10 _
(V&) *1=135%10""s,mm N =log (T, =10"") ,u N=-43-7~12.

B cniektpe (0JI;) ypoBHE#, N = 12 COOTBETCTBYET KBaHTY CYOHEHUTPUHO (V,4), C H30MOTEHIIUATIOM
kBaHTa cyodoroHa (Y5, = a~ 2 x ¢). Ilo aHanOrMK U3ITydeH s SIEKTPOHOM (e — ¥) HOTOHA, AHATIOTHYIHO
MPOTOHOM (p — V[N = 0]) HEUTpUHO, MBI TOBOpUM 0 H3IydeHus B (0JI;) ypoBHIX (PU3NUECKOTO BaKyyMa:
¥ = v2AN=1D), 02 2 vaIN =2]), (a = v6[N =3, (6 = vs[N =4D.,... (22 2 v24[N=12])... u
(Ve = v2[N = 1]), (v2 = v4[N = 2]), (v4 = V[N = 3]), (v6 = vg[N = 4]),... (vzz = vou[N = 12]).
B akcromax quHamMudHOro rnpocrpancrea-marepun, HOJI = K3(m)K3(n) = 1, momyuaem s macc (M)
HEeMMMbIX KBaHTOB B (0Jl;;) YPOBHSIX:
HOJI = M(e; = 1,15 E4)(k = 3.13)M(y, = 3.13.E—5) =1
HOJ = M(e, = 3,524 E7 )(k = 3.13)M(y = 9,07E—9) =1
HOJI = M(e; = 5,755 E11 )(k = 3.86)M(y; = 45.E—13) =1
HOJI = M(e, = 1,15E16 )(k = 3.13)M(y, = 278 E—17) = 1
HOJ = M(es = 3,97 E19 )(k = 3.13)M(y3 =8.05.E—-21) =1



HOJ = M(eq = 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(eys = 9,1 E103)(k = 3.14)M(y,, =3,5E—105) =1
6G(X+)

OueBUIHO pevb O BUXPEBBIX MACCOBBIX (Y —) TpaekTopusix: ¢ * rotyM(Y—=7y;) = &, * + A+ G(X+)
o =l
ypaBHeHHI quHaMUKU 1o Kpyry (k = 3.14 =1 = 2”21; ) B kaxkzioM (OJ1;) ypoBHE (1)1/13I/IquKoro BaKyyMma.

[To3TOMy MBI TOBOPMM O TOYHO TaKMX H3Iy4eHHAX yxe B (0JIj) ypOBHAX (PU3MIECKOTO BaKyyma:
(e = y[N = 0]), motomy, uto w(y) = a¥=0 x ¢) = ¢, w(e) = a¥=! x (y = ¢) u nanee:
(e; = e[N =2]), (e4 = ;[N = 3]), (eg = e4[N = 4])... (e35 = ex4[N = 14]), anamorunuso
(p, = pIN =2]), (p, = p,[N =3]D), (ps = p,[IN=4]D... (p, = p,,[N = 14]).

MBI TOBOPHM O MPOCTPAaHCTBE-MaTepuH Beell Beenennoi, onpeaensiemoro koucrantamu: (A, ¢, G, a).
Camo wusnyuenue B (0J;) ypoBHsAX (Gu3NYIECKOro Bakyyma, BbI3BaHO ycKopeHueM (b) B pelsTUBUCTCKOMN
JIMHaMKKeE BCEro npocrpancTBa-mMarepun: b2(R 1% — b2c2(t 1)? = (¢* = F), naroieil moTeHIHaIbl:

(b = %) (R=K)= IT{E [T, «TeMHOW» SHEPTUH:
(M2 —3)K = (11; — ML)K(1, +10,) = (All) (X+=Y-) | K(AIl,)(X—=Y+) = FK = U.

Jst Bcex kBaHTOB OJI;; (M) crekTpa, uMeeT MecTo nepuoa auHaMuku (0 « T — 00) uMeeT pas3IuyHbId
«macmrraby», Ho Beerna 1t (T = 1) jumna Bonnsl A(e)) L= w(e)) * (T = 1) = a" * ¢+ (T = 1) ans Makpo
31eKTpoHoB, U A(y)) T=w(y)* (T =1)=a N +cx (T = 1) gna cy6poToHOB. B IIaHKOBCKUX Ipeeax
JUIMHBI B aKCUOMaX JUHAMUAYHOI'O IIPOCTPAHCTBA-MAaTEPUH: (Rj) * (R; = 4+ 10733sm) = 1, umeem
[peaeibHbIE (Rj) =2.5x1032sm, pa3Mepsl C OKOJIO HYJEBLIMH ILIOTHOCTAMH Macc: (p;(Y—) — 0), B
(OJ1;) ypoBHSIX (PU3HUECKOTO BaKyyMa.

Junamuka matepun (@ # const) , pukcupyercs B EBknmnosoii (¢ = 0), (¢ = const), akcuomatuke
Kputepres DBomonun, chopmupoBanubix B npoctpanctse (KN TTN) spemenn. Kaxnomy (¢ = const)
(UKCUPOBAHHOMY COCTOSIHUIO, COOTBETCTBYET COOCTBEHHOE MPOCTPAHCTBO-BpEMsI, a paBHO U Kpurtepuu
DBosnonuy, B coorBeTcTBUU ¢ Teopusimu OtHocurensHocTU. B Hepenumoit O6mactu Jlokanu3zanuwy,

HOJI = M(ey6 = 9,1 E103 )(k = 3.14)M(y,4 = 3,5 E — 105 ) = 1, kBauty (Y = e,4) dKcakBazapa
COOTBETCTBYET CKOPOCTh W(eys) = aV=1* x ¢ . B cucreme xoopaunar atomusiX (p/e) cTpykTyp 0J1;
YpOBHS OOBIUYHBIX aTOMOB, TJI€ (W, = @ * ¢) CKOPOCTb 3JIEKTPOHA, CYIIIECTBYET COOTHOLICHHE
OTHOCHUTEINBHO dJieKTpoHa (N = 13) B BuUJeE:
HOJI = Wj(326) * Wi (Y24) = (a13We) * (a_ISWe) = We2 =1l =1

[Ipu 5TOM BBIUKCIIAETCS JUIMHA BOJHBI A(€y¢) = al3(A(e) = w, (Tj = 1)) , uepe3 IMHY BOJHBI JJIEKTPOHA,

Ae) = e = 6'2_216:‘1100_;11?;2?56 =3.32%10"8sm, A(ezs) = a'3A(e) =5.5*1073°sm
U niepBrIie n3IydaeMble KBAHTHI, (e54) — a(ey,), UMEIOT 2A(e24) = 2a ™1 A(ey6) = 1.5 * 10733sm pasmepsl B
OKPY’KHOCTH, COOTHOCHMBIE IITAHKOBCKMMH pasMepamMu (A, = 4 * 10733sm), Berancnsemsix B (h, G, c)
KOHCTaHTax.

-~ 107 "°sm 7|
N3 skcniepuMeHTanbHBIX JaHHBIX, JJ11 MUHUMaNbHBIX (4; = 10 16 aCCTOSHUHN

A _
usMepsieMbl (Y +=y) KBaHTaMH, C IEPHOSOM AnHaMuKn T = 7 ~ 10 265 = oNT;, 3nauenue (N) mis
In10

nepuona (T; = 1) AuHAMUKH, Beuucisercsa: 10726 = aV(T; = 1), N = —26log,10 = —26
Orot nopsanok (0J1;) crekTpa cootBeTcTBYET (Y += ¥,,) KBaHTY cy0 horoHa. EMy COOTBeTCTByeT KBaHT

(Y4= ey4) , C UIMHO# BOJHBI A(€56) = 156 = 5.5 * 10736sm , B mpenenax Beeit Beenennoii:HOJ = R,y = 1,

aPxc(T=1) _ 4.3855+10°%3+10"° ~2.1%10%5sm .
2 6.28

(1 cBeTOBOI ro1=365,25*24*3600%3*101°=9,5%10%cM). B 060mX ciTyuasx peds UIET O pa3Mepax Mopsaka
R = 2 % 107 cBeroBrIx ser. Ceroans pUKCHpyeMbIe Tpeeibl Beenennoi okono R; ~ 14 MALIMapI0B
CBETOBBIX JIET. B KBaHTOBO# crucTeme KoopauHaT 0J1;;(m) TMHAMUYHOTO IPOCTPAHCTBA-MATEPUH, MBI
MMeeM OKOJIO 15 MUIIITMOHOB Takux GUKCHpYeMbIX BeeneHHbIX.

W3 TeopeTnyeckux pacueToB INIAHKOBCKUX BEIWUMH, U1 (X—) nosis BeeneHHoI:

Ly = \/% =4%10"%3sm, ty = % =1.=135%10"%s= O« (T =1),

W R, = T— = 1.8 * 103°sm , B cepe pamuyca: R =
26

=~ 12, N =12
na
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. _In(1.35%¥107%3)  -98.7
N = log\/ﬁ(tpl) T In(V6=6.67+10"8)  -826 12.

MMeeM MPOCTPAHCTBO MPEAEIbHBIX CKOPOCTei cyd HeHTpHHO: V(Vaq) = (VG) 12 % ¢ = 3.4 % 10°3sm/s ,
OIIpeIeNIIeT MPOCTPAHCTBO-MaTepHio (X —) moiisi BeeneHHOH, B KOTOPOM MMEIOT MECTO MPEIeIbHBIC
cKOpoCTH cy6(hoTOHOB: V(Y24) = (1/137) 712 x ¢ = 4.37 x 10*>sm/s . 3a 1 mepuo, MOTydIHM pa3Mepsl
(X—) nonst Beenennoit: R(X— = vy4) = (WG) ™ * ¢(T = 1) = 3.4 * 10°3sm , u 3anonusiemyio cy6
doronamu o6macte: R(Y— = y,,) = (1/137)7'2 % ¢(T = 1) = 4.37 * 103°sm., ¢ MOMeHTa Hauana
nuHaMuku. OpuH cBeToBOM rox: 1cB.T.= 9.5 * 107 sm. To ecth: R(X —) = 3.6 * 103° cBeTOBBIX JIeT
npoctpancTBa (X—) nons Beenennoit, u R(Y —) = 4.6 * 1017 ceToBbIx net, (X—) nons Beenennoii
3anoHenHoe poroHaMu u cy6 poronamu. Ito N = 4.6 * 1017 /(13.75 * 10°) = 33.5 MUIUIMOHA «BUAUMOIN»
Hamu Beenennoii. Kak Buanm, cama (X—) Beenennas emie 6osnbiie, ¢ nuHaMukoi (Y —) MaccoBBIX MOJEH.

5. Jlomyctumblie 00beKThHI BeesrenHoit
O6nexramu Beenennoii OyieM Ha3biBaTh «CPepbI-ToUKU» 0J1;;(n) CXOAMMOCTH, B KaXK 0K
(pukcupoBannoi «rouke» 0JI;(m = const) , KBAaHTOBOM CHCTEMBI KOOpaMHAT. Hanpumep, 00bEKTHI:
HOJI = M(e, = 3,524E7)(k = 3.13)M(y =9,07E—9) =1
110 aHAJIOTHH € ApOM (p/e) OOBIYHBIX aTOMOB, PEYb UJIET O KBaHTax (p,/ ez) s7ipa 3BE3/Ibl. 3BE3/IbI C

TaKUM SIIPOM UMEIOT MPEAeTbHBINA SHEPreTHYECKH YPOBEHb (PM3MYECKOT0 BaKkyyma, Ha ypoBHE (y)doToHa.
Huxe suepruu ¢otoHa, B pu3ndeckoM Bakyyme 3Be31a ce0s He nposiBiseT. [1ogo0Ho u3nydeHusm
nporosoM (pt — v,) aHTMHEHTPUHO, MBI TOBOPUM 00 M3JIyYEHHAX BELIECTBOM AHTHBEIIECTBA U HA00OPOT.
To ectb: (pg = pg) , (s = ), (0f - ), (p7 = pt), c cooTBeTCTBYIOMINM siapoM aToma: (p*/e”)
BEIECTBa OOBIYHOIO aToMa, (p; /e ) aHTHUBEIIECTBA Apa «3BE3HOT0 aToMay, (pf /e;) BelecTBa spa
rajakTUKH, (pg /ed )aHTHBEIIECTBA sAApa KBa3apa U », (pg /eg )BEIIECTBA s/pa «KBa3apHON ralaKTHKI.
Janpe, ucxoauM U3 TOro, 4To KBaHT (e;;) BeuiectBa (Y— = py /ny = e,;) AApa IUIAaHET M3JIy4aeT KBAHT

(ef1 =2xax(p; = 1,532E7 MeV)) = 223591MeV, nnu: p2=2933589218
238 '

KBaHTa «aHTUBEIIECTBA» M (e:r ) = M(238,3 xp) = “5;U , aapa ypaHa. Takoe «aHTUBEILECTBO»
(ei = 238U = Y—) HeycTOMYMBO, M SK30TEPMHUUHO PACIANAETCSA B CIIEKTP aTOMOB, B S/PE IUIAHET.
B cBepxcBeToBoM ypoHe wi(a N (y = ¢)) ¢puzHyecKoro Bakyyma, Takue 3Be3/Ibl ce0sl He MPOSBIISIOT.
Jlanbiie, pedb UIET 0 Benlectse (p3 — pr) saapa (Y— = p3/nd = e}) «uepHbix cdhep», BOKPYr KOTOPBIX, B
WX TI0JI€ TPaBUTALIUH, HOPMUPYIOTCS MIAPOBbIE CKOIUICHHS 3BE3/1. AHAIOTHYHO Jaliee, peub UIeT 00
M3IIYYeHHSX BEIIECTBOM aHTHBEIIECTBA H HA000poT: (p¢ = p5) ., (s = p3) ., (P = p1) . (b1 = V).
O6m1as nocIe0BaTeNbHOCTE UMEET BUA: Pg ,D7 , Pe» Ps, Pi, D3 » P2 . P1 DT Ve Ve .

HManbme: HOJ = M(e, = 1,15E16 ) (k = 3.13)M(y2 = 2,78E — 17) = 1. DTH KBaHTHI (p4/e4) sapa

TaJaKTHK OKPY)KEHBI U3JTy4a€MBIMH 110 OTJEIBHOCTH KBaHTaMH (p,,/ ez) sIApa 3B€31, U €CTh MPUYMHON UX

=el =2383x*p Maccy siipa ypaHa,

¢dbopmupoBanus. Takue spa rajJakTHK, B ypaBHEHUSX KBAHTOBOM I'paBUTAIMM, UMEIOT, CIIMpaIbHbIE pyKaBa
MAacCCOBBIX TPAEKTOPHIA, yxe: w;(y, = @ 1c) = 137 = ¢, B CBEPXCBETOBOM MIPOCTPAHCTBE CKopocTeid. Himke
SHEPTUU CBETOBBIX POTOHOB (w; = 137 * ¢) B pu3HUECKOM BaKkyyMe, TaJJaKTHKHU ce0s1 He POsBIAIOT. BHe
rajlakTHK, peub UIET 0 KBaHTax Axapa (Y— = ps /ng = e;5) Mera 3Be31. OHU TE€HEPUPYIOT MHOXKECTBO
KBaHTOB (es = 2 * a * ps = e, = 290pS) sapa ramakTvk. AHAJIOTHYHO Jajiee.

HOJI = M(es = 6,48 E23 ) (k = 3.83)M(y, = 403E—25) =1
Mpel roBopum 0 kBaHTax (Y— = pg /ng = e.g) Alpa KBa3apoB, KOTOPbIE TOKE MO OTACIBHOCTH,
usy4aror(p, / e,) KBaHTBI AIpa ralakTHK. WHave roBops, s1po KBa3apa, OKpY>KEHO KBaHTaMH spa
rajJlakTUKH. ['0BOPSIT IpH 3TOM, YTO KBa3ap B LIEHTPE TrAJIaKTUKK. Takue KBa3apbl IOIPYKal0TCs B ypOBEHb
(H3HYECKOr0 BaKyyMa JI0 CBEPXCBETOBBIX CKOpocTel w;(y, = a~2c) = 137% % ¢. D10 riy0sxe, 4eM YpOBEHb
(u3MYECKOTo BaKyyMa rajlakTHKH. DTO COBEPILIEHHO pa3Hble 00beKThl. MHaye roBops, KBa3apsl
UCKPUBJISIOT IIPOCTPAHCTBO-MATEPUIO HAa YPOBHE (¥,) KBAaHTOB. Jlanplile peub UAET O KBAaHTaX BELLECTBA
sapa (Y—=p7/n, = e}) «uepHbix chep», BOKPYT KOTOPBIX, B UX I0JI€ TPABUTAIMH, HOPMUPYIOTCS
CKOIUIEHUs TaJlaKTUK, U J1ajee:

HOJI = M(eg = 4,47E31)(k =3.14)M(y, =7,13E-33) =1
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MBe1 roBopuM 0 kBaHTax (pg/ e8) siIpa KBa3apHbIX FaJlaKTUK, KOTOPHIE TOXKE MO OTACIBbHOCTH, U3JTy4atoT
KBaHTHI (p, /n, = e.) Aapa KBa3apoB. Takue KBa3apHbIE TAJIAKTHKH TTOTPYKAKOTCS B YPOBEHD (PU3HYECKOTO
BaKyyMa JI0 CBEPXCBETOBEIX CKOpocTell w;(ye = a~3¢) = 1373 * ¢ . Amanoruuso Janee.

B akcnomax HOJI = K9(m)K3(n) = 1, umn  M;(X +) * M;(Y —) = 1, TMHAMHYHOTO IIPOCTPAHCTBA-
MaTepHH, Pedb UIAET 00 MCTOYHMKE IPaBUTALMHU I'PABUTAIIMOHHOM M;(X +) mMacchl B 0J1; ypOBHAX U
uHepTHOU M;(Y —) maccel B 0JI; ypoBHX (PU3NYECKOTO BaKyyMa, C UX MPUHIUIIOM SKBUBAIEHTHOCTH
ODWHINTEHHA B €IMHOM TPaBUT (X+ =Y —) MaccoBOM moje. ITu Maccel: M; * M; = (M = 1K )2 =1, B BUJIE
KBQJIPAaTHYHOHN (OPMBI, IPEICTABICHBI B KBAHTOBBIX MOJISIX UX B3aUMOJICHCTBUS:

_ a _ 2 a _ 2 (6,674%1078)2x(1-2/(137.036))?
h=Gm, Gmo(l 2a) —GM~ GM~(1 20)* = 137.036:2.993:1010

B KBAHTOBBIX: G(X +) [TZ] Y— 1'12 A Py grad Rgy (X +) [ ] , TpaBUT (X+ = Y —) MaccoBbIX MOJSAX. ITO

= 1.054508 = 10727

YpaBHEHHE KBAaHTOBOU rpaBUTAIIMH, IPSIMO clieyeT u3 ypaBHeHus O6meit Teopur OTHOCHTETEHOCTH
OlinmreriHa. Takum 06pa3zom, mpenenbHas macca M;(X +) UCTOYHMKA rpaBuTanuu onpenensercs M;(Y —)
WHEPTHON Maccoit MaccoBbIX (Y— = y,) moseii B 0J1; ypoBHSIX (usnyeckoro Bakyyma, kak 00bekT 0J1;(n)
cxomumocty uiu: HOJI = 0J1;;(n) = M;(X +) * M;(Y— = y;) = 1. Takum 00pa3om, HOIYYHM HPEIEIbHBIE
Macchl Bo BeenenHoii: Hanpumep 1t 3Be31bl M; (X +) = M, (p; /n9) = 1/(y) B yenosmsix (ef (k)y) = 1.
AHanoru4Ho:

Hpeﬂeanaﬂ Macca IaHer, st 1MeV = 1.78 x 1 g:

1 M
=M ny) = 1.8%103'g ~ —= | rne(M; = 2 * 1033g)- macca ComnHua.
Yo  313+10-5MeV+1.78+10-27g 1(P1/m1) 9~ 190 - TAE(M; 9) Corn
[Ianbme npeiebHas Macca 3Be3I, C SPOM U3 aHTHBELIECTBA:
1
; 9.07+10~9MeV+1.78+10~27g

AHalOruuHo npejenbHas Macca (p3 /nd = efy) «uepHbIX cdhepy, ¢ SAPOM U3 BEIECTBA:

1 _ 1 — + /2,0 39, ~

= e = M /) & 1.25 £ 10%%g ~ 625220,

HpeﬂeHBHaﬂ Macca rajnaktuku, (pf /nd = ef,) ¢ aapom u3 BelecTna:

1 ~ 43 1010

Y2 2.78+10- 17MeV*1 78+10=27g = My(pi /ng) ~ 2+ 10%3g ~ 1010M; 16

HpeneﬂLHaﬂ Macca BHETAJIaKTHYCCKOW Mera 3Be3bl, (ps /N5 = e,s) C SAPOM U3 aHTHUBEIIECTRA:
1 46 13

—_ * *

Vs 8.05+10~21MeV+1.78+10-27g = Ms(ps /ns) ~ 7+10%g ~ 3,510 My ,

Hpeﬂeanaﬂ Macca BHETAIAKTUYECKON Mera 3Be3ibl, (Pg /Mg = €.¢) C SAPOM U3 aHTHUBEIICCTRA:

L 1 51, A 17
Ve~ rosioBmevzeorg - MeWPe/Me) ¥ 14107 g = 7+ 107 M, ,

027

= M,(p5/n;) ~ 6.2*103*g ~ 31M, , wiu B Ipeeaax or 1L 10 31M, macc.

Q

Kaxnoe su:[po TaKnX O6T)GKTOB 0J1j;(n) CXOXUMOCTH, TEHEPUPYET MHO3KECTBO COOTBETCTBYIOIINX
KBAaHTOB (2 * a * p— = e = N p}- 7_1) YKa3aHHBIX B TAOJHIIE, M U3ITyYaeT (i il p; 7_2). ITO MHOKECTBO (N)
KBaHTOB Si/[pa IUIaHET, BBCSI[, TaJIaKTUK, KBa3apoB.... Hampumep, sapo CoiHila, Kak 3B€3/1bI, U3Ty4aeT sapa
Bojopozaa (p; — pt — v;) M BIEKTPOHHOTO AaHTHHEHTPHUHO, HO TEHEPHUPYeET (2 * a * p; = e, = N pf)
KBaHTHI, CKQ)KEM TaK, «3BE3HOTO BEIIECTBa» (p; /e;) B TBEPIOI MIOBEPXHOCTH 3BE3/IBI. DTO «3BE3IHOE
BerecTBo» (pf /e;) He MOXKET B3aMMOJICHCTBOBATH ¢ BOJOPOAOM (pt/e™), HO MOKET HU3JTydaTh MIOOHHOE
auTuHEHTpUHO (p; — V;) , KOTOpoe B aTMochepe 3emmn (pOpPMUPYET MIOOHBI, KOTOPBIE B PacNafax JaroT:

(e") mo3uTpoHSIL: (Y+=p) = (X—=v;)(Y+= e*)(X—=v;). Wnn, kBaHTHI A1p0 Mera 3Be31bI C (p5 /N5 = €,5)
M3JIy4aroT KBaHTHI (ps — pi) BEIECTBA, HO TEHEPUPYIOT KBAHTHI spa rajJakTHK

(2 % a *ps = efs = N pf). MBI BUMM KaK OBl «ITOBEPXHOCTb» TaJIaKTHKH, HO SPO TaKoro oobexra 0J1;;(n)
CXOIMMOCTH, UMEET Maccy B npezenax ot (101°M,) no (3.5 * 1013 M,) macc Conna.

Peun uper o gomyctumbix o6bekrax 0J1j;(n) CXOAUMOCTH, B AMHAMUYHOM IPOCTPAHCTBE-MATEPUH

Bcenennoii. [Ipu 3TOM yka3aHbl pacyeTHBIE TPUUUHHO-CIIE/ICTBEHHBIE CBSI3H.

6. MexrajnakTudeckuii annapar 6e3 TONJIMBHBIX IBUTaTeI€ei.
OU3NYECKON PEATBHOCTBIO ABJISETCA Pa3IMYHOE MPOCTPAaHCTBO ckopocTel CosHia v 3emin. bes Beakux
TOTUIMBHBIX JIBUTATENEH 3eMIIsl IETUT B MPOCTPAHCTBE (PUIUYECKOTO BaKyyMa CO CKOPOCThIO 30 KM/c, a
CounHIle co CKOPOCTBIO MOpsKa 265 kM/c . Pedb UIeT o riamaBHOM CBOMCTBE MPOCTPaHCTBA-MATEPUH —
newkennu. [lotok macc (Y—), ammapara cosmaercs nonsamu (Y—=y;) = (X+ = p;)(X+ = p;) CunbHOro u
['paButanonHoro BzaumMoaelcTBrs S9HEPrETUIECKUX KBAHTOB(X £ = p), (Xt = py),... (X£ = p; ypoBHEN



0JI; HeleNMMBIX KBAHTOB IIPOCTPAHCTBA-MATEPUH (PU3MIECKOrO BAKyyMa, CBA3aHHBIX MEXKIy COOOH STHMH
xe (X+) monsamu Ha (X—) TpaeKTOPHUSIX MOAYIIS, 6€3 BHEIIHETO HCTOUYHUKA SHEPTUH.

Puc.10.1. MexrajakTuyeckuii annapar 0e3 TONJIMBHBIX JIBUTaTeJ€ei.

[TocnemoBarenbHO BKIIOYAs MPOCTPAHCTBO ckopocteit (Y —) 4, (X—), ammapaTta B pa3indHBIX
YPOBHSIX CHHTYJISIPHOCTH (PU3MUYECKOTO BaKyyMa, armnapaT BEIXOAMT MO PaJHaIbHON TPACKTOPHU C YPOBHS
CUHTYJISIPHOCTH (pU3MuUeCcKOro Bakyyma KBaHTa (X+ ) mpocTpaHCTBa-MaTEpUH IIAaHEThI, IPOCTPAHCTBA-
Marepui (Y + ) 3Be37bl, IPOCTPAHCTBA-MaTEepUu (X £ ) rajlakTUKH, IpOCcTpaHcTBa-Marepuu (Y + )ckoniaeHus
rajlakTHK, K IPYTUM CKOIUICHUSIM M rajlakTUKaM B 11oJie BceneHHOH, ¢ 00paTHBIMU BKIFOUEHHUSIMU IIPU
BO3BpPATe HA IUIAHETY CBOEU WJIM IPYrOW rajJakTHKH.

Taxum oOpa3oM, co3zaBate MaccoBble NOJA(Y — = ¥;) 4, IPOCTPAHCTBA CKOPOCTEH, HEOOXOAUMO
nomsivu (Y =), = (X +=p j) + (X+ = p;) «TOKENBIX» KBAHTOB KaK «paboyero BEIIECTBAy, 3aMKHYTHIX
Ha (X—) TpacKTOPHUU «KOJIbIIa» ammapara, B ycinousx HOJI = (ej)(k) (v:) = 1 Hepenumoii O6nactu
Jlokanuzanuu. 910 ycioBUs B KBAHTOBOM CHCTEME KOOPAMHAT, KOI'/1a KBaHT (ej) HE MPOSBISIET ceOs HIKE
ypoBHst 3Heprui (¥;) KBaHTOB (PU3NUECKOTO BaKyyMa. DTH YPOBHU COOTBETCTBYIOT:

HOJl = M(ey)(k = 3.13)m(y,) =1 HOJI = VGM(p,) (k = 1.8)Vem(v, ) =1 16
HOJI = M(e; )(k =3.13)m(y) =1 HOJI = VGM(p, )(k = 1.7)VGm(v,) = 1
HOJI = M(e; )(k = 3.86)m(y; ) =1 HOJ = VGM(ps ) (k = 17)Vem(v, ) = 1
HOJl = M(e, )(k =3.13)m(y; ) =1 HOJT = VGM(p, )(k = 1.8)0VGem(v, ) = 1
HOJI = M(es )(k =3.15)m(y; ) =1 HOJI = VGM(ps )(k = 1.8)VGm(vs ) = 1
HOJI = M(es )(k =3.9)m(y, ) =1 HOJT = VGM (pg )(k = 189)VGm(v, ) = 1
HOJI = M(ey)(k =3.14)m(y,, ) =1 HOJT = VGM (p,5 )(k = L8VGm(v,; ) = 1

M&1 roBopum 0 kBaHTOBOH cucteme koopaunar 0JI;(m — n)B npoctpancTee-marepun Beenennoi,
B kaxxaoM OJI; nnm OJ1; ypoBHe nmeroT MecTo Tpu (X—= Y+) 3apanoseix u asa (Y —= X+) MaccoBbIX
uzonoTeHnyana. M B 5Toil KBAHTOBOM CUCTEME KOOPAMHAT, IPEACTABIIEHBI «TSHKENbIE» (p)/ej) KBAHTHI,
KaX/IbI U3 KOTOPBIX UMEET CBOIO «IITYOHUHY» SHEPTeTHUECKUX YPOBHEH (V4/y;) KBAaHTOB (PU3HUECKOTO
Bakyyma. IIpencraBum ux B BUIE Mojenen Takux Rj;(m) Henemumbix OGnacTeld mpocTpaHCcTBa — MaTEPUH
Bcenennon.
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Puc.10.2. cnextp HeneJmmbIX KBaHTOB

OTo Hekas cdepa B IPOCTPaHCTBE-MATEPHH, B LIEHTPE KOTOPOM «TsKENbIE» (P;/e;) KBAHThI, KOTOPBIE
OTIPEIENIAIOT «HU3», U «BBEPX» 10 Painycy, 10 ypoBHA (V;/y;) KBaHTOB (pU3MUYECKOTO BaKyymMa
MpoCTpaHCTBe-MaTepun Beenennou, 1iis 1o000ro mogo0Horo 00beKTa BHYTPH 3TOM cepbl. ITO chepbl
BOKpYT ILJIAHETHI, 3B€3/1bl, FAJIAKTUKY, KBa3zapa... . Ha npumepe KBaHTOB:

HON(X £ =p}) = (Y—=e")(X+=v;)(Y—=e*) = 2% =153 TeV ,

HON(Y £ =e5) = X—=p )(Y+=e")(X—=p7) = 2(% = 35,24 TeV ,
peub UIET O CUHTE3€E BElecTBa (X + = p{), Ha BCTPEUHbIX IMy4Kax (e*e’ — pf) MO3UTPOHOB ¢ BUPTYyalIbHBIMU
KBaHTaMu (v;), U (Y £ = e;) Ha BCTPEYHBIX ITy4KaxX (p~p~ — e;) aHTUIPOTOHOB IIO3UTPOHOB C BUPTYaJIbHBIMH
kBaHTaMH (e*), OJOOHBIX AMEKTPOHY (e~ = vy y+v;) . MBI MOXKEM FOBOPUTH | O MOCJIEI0BATEIbHOM CHHTE3E

«TSKENBIX» (pj/ej) KBaHTOB, IMEHHO BemecTsa (X+ = p]?L), st (Y—),4, (X—)4 ammapara, B OTICITBHBIX

npoueccax. (... < [Pl e < p3 ) v (... < pF < B} <[Pl < ei [« pf < e') cunTe3a. CynieCTBEHHO TO,
YTO 3JICKTPOH (e~) U3JIy4aeT U MOrIonaeT GoToH (y*), HO OH HE MOXKET U3JIydaTh U MOTJIOMIATh «TEMHBI»
¢$oTOH (¥g). DTOT «TE€MHBII» (HOTOH U3TYUYaeTCs U MOTJIOMIACTCS «TSHKEIBIMY 2JIEKTPOHOM (e1) — (Yo ).
TOYHO TaK «TSDKEIBIH» MPOTOH (p;) — (v, ) H3Iy4aeT U NOIJIOMAeT MEOOHHOE HEHTPHHO. DTO HEBHIMMbIC
KBaHTBI, HE B3aUMO/ICUCTBYIOIIKE, M HEeKOHTaKTHbIE ¢ kBaHTaMu (BEJlEN) atoMoB TabsHIlbl MeHaeneena.
MpbI X HE MOKEM HU BUACTh, HU GUKCHPOBaTh. HO 3TH HEBUAMMBIC KBAHTHI (CHHUI IIBET B YKAa3aHHBIX
MOCIIE0BATEIBHOCTSAX ) UMEIOT 3aps0BbIE H30MOTEHIIHANIBI U MOTYT (POPMHUPOBATH HE BUAUMBIE HAM
CrpykrypHbie Popmbl, MOA00HBIX 00bIYHBIM (p*/e”) aToMam. DTO: CTPYKTYpBI (v# /yo) ,(p,/€1) ... Tax
MBI OCBarBaeM IOCJIEI0BATENLHO, TOTCHIIMAIIBI SApa TUIAHET, siApa 3BE3/I, sSApa TAIAKTUK U sApa KBAa3apoB.
Ho mna (Y—) 4 anmapata, Mbl MOxkeM (OPMHUPOBATH TOJIHKO KOHTAKTHBIE HAM KBaHTHI - A]ipa TAIaKTUK |
KBaHTBI BelecTBa spa kBazapos. U cam ammapat (Y —),4 , MOCIIEIOBATEIHHO «TIOTPYKACTCS» B
¢busmveckuit BakyyM, kak: HOJ = (e, )(k)( y2 ) = 1, HOJI = (e )(k)( ¥4 ) = 1, CBEpXCBETOBOTO

(y, =137 % ¢), u (y, = 1372 * ¢ ) IPOCTPAHCTBA CKOPOCTEH. DTO BIOJIHE JOIMyCTUMBIE B CIielHaIbHOM
W _ c+Nc allNc+c
=

1+c*Nc/c? ag+Nc/c
a; = cos(p =0), a;; = ay, = 1, yrnax napamuiensHoctu. Cam (Y —) 4 anmapart qBuxeTcs B ykazaHHOU cdepe
IIpoCTpaHCcTBa-MaTepun BeeneHHOM, B pa3nyHbIX YPOBHAX Ppu3ndeckoro Bakyyma. CTOUT OTMETUTH, UTO
00bEM IPOCTPAHCTBA-MATEPUHU 3BE3/Ibl, «IIOTPY>KEH» B IPOCTPAHCTBO CKOpOCTeH (Y = ¢ ), 00beM rajakTHK,
«TOTPY’KEH» B MPOCTPAHCTBO CKOPOCTEH (Y, = 137 * ¢ ), 00BEM KBa3apOB «IIOTPYKEH» B MPOCTPAHCTBO

(y4 = 1372 * ¢ ) yxe cBepXxCBeTOBBIX ckopocteil. [Ipencrasiennsiii (Y —), amapat IBUKETCS B YKa3aHHON
cepe, B mpocTpancTBe ckopocteil (Y, = 137 * ¢ ) sapa ranaktuku, uim (y, = 1372 = ¢ ) saapa KBasapa.
Bomnpoc, kak ce0st 4yBCTBYET SKUIIAX B IEHTPAJILHOW KaIlCysle anmnapaTa, B CBEpXCBETOBOM MPOCTPAHCTBE
ckopocteit? TouHo Tak, Kak 3eMJIsi, HaxoICh B cepe MpocTpaHcTBa-MaTepun 3Be3/bl, ConHIla, He
qyBCTBYET 265 KM/c ckopocTH aBmxeHust CoiHIa (YuTaii anmnapaTa) B IpOCTPaHCTBE-MaTepuu | alakTHKH.
Karncyna ¢ sxumnaxem, 3akpbita Mmatepuaiom u noisimu (Y —) 4 amapara. Karncyna nepexoaut B 1pyroit
(0J1); ypoBens. B ykasanubix cdepax R;;(m) Hemenmmbix Obnactelt, chepsl NPOCTPaHCTBA — MATEPHH,

ckopocTH pjej(m) kBaHTOB w;(p;e;) * v;(v;y;) = ¢ moTOMY, uTO (W; = a*V x ) (v; = a ™ *¢) = 2. U otn

= ¢, u B KBanToBoii Wy, = = ¢, Teopun OTHOCUTENHHOCTH B EBKIHIOBBIX

ckopocti (N=j=1,2,3...), w;(p;e;) = (@ = —)*" x ¢ - 0, B camom rientpe (Y — )4 amapara. Takue cBo¥icTBa
IPOCTPaHCTBE-MaTEePHH.

+
Tenepsb paccMOTpUM pealibHbIC (PU3UYecKre CBOMCTBa kBaHTa (Y —= p—) CunbHoro B3anmopeiicTBus
n

oowranoro sanpa 0J1; (p, e, v,,v;,y) ypoBHs dpusnueckoro Bakyyma. Ero maccossle (Y —) Tpaekropun
dopmupytrorcs rpaBut (X4 = Y —) maccoBbMuU mosiMu 1BYX IpoTOHOB (X+ =p)(X+=p) = (Y —-), B

axp _ 938,28 MeV
931,5 MeV - 137,036%931,5 MeV

aTOMHBIX €qUHHIaX MacChl: (Y —= = 0,0073aem), IJ1s1 IPOTOHA C MAaCCOU
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m(*%c) _

2 gem = 1,0073 aem. IIpu 5TOM, MBI IOHKUMAEM, YTO laem = == 1.6604 * 107*"kg u

931,5 MeV
sueprust E(laem) = mc? = 1.6604 = 10727 « (2,997924 = 10%)° + (1x = 6.2422 * 10'8eV) = 931.5MeV . Ml

oM(Y—
roBOpUM 00 MHIYKTHBHOM MaccoBoM (Y —), B ypaBHEHMHU AUHAMUKU: rot,G(X +) = — %. TouHO Tak

m(p) = laem +

bopmupyrorcs maccoBbie(Y —) 4 TPACKTOPUH amIapara, «TsHKeIbIMIy KBaHTamMu (Y —= Np;r) a4,Ha (X-)
TPAEKTOPUAX 3aMKHYTOT'O KOJIbI[A, B PA3IUYHBIX YPOBHIX (DU3NYECKOTO BaKyyMa, B CBEPXCBETOBOM
IPOCTPAHCTBE CKOpOCTEll. (X—) TPaeKTOPHUHU 3aMKHYTOTO KOJIbIA, TI0 CYTH, BUXPEBOE I10JIE YPaBHEHU

X aM(Y-) dB(X-)
JUHAMHUKH: Toty G(X+) = ————, NOJOOHBIX MHAYKIIUM MAarHUTHOIO MOJISI KATYIUKH  rotyE(Y +) = — ot
Takux (X—) «BUTKOB KaTymku» B (Y —), anmapare, MOKHO J€J1aTh HECKOJIBKO JJIS YBEIMUCHHUS TNIOTHOCTH

amMy—)[1  m=k3/1? o o
p(Y =)= po [— = ] maccoBbIX (Y —), TpaekTopuil anmnapara. M3 COOTHOLICHU /1JIsl KBAHTOB,
TJ(X—:pJ)—>OO, A (X==p,)>x

T2 v=K3
=2(e. )/ G e. A(X-=
(p Y ( f*') ) KBaHTaMH ( -f*‘) , TeM OoJipIe ( P J), Tem Gonbiie auametp D «kombiay
arnrapara. [[ns cooTHomeHun

(£ = HZKX NX-NE = HzKY)(X—'_) =HO/I(Xt=p,) , IMEIOT MECTO COOTHOIICHUS
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)=F+=¢, )T+=e¢,,) DJICKTPUYECCKHUMH IIOJIIMHA MAaCCOBBIX
mX—=p;)=2m(-=

X—=
, 4eM OoIblIe Macca ( py) KBaHTa, (hopMUpyeMast

, KaK 1 JJIs1 MaccC

X—=
). Bes macca COCpe/IoTOuCHA B ( py) nose,

bopmupyemoro (Y==e,,)

e, )/ G)
Y . 3HAYMT JOCTATOYHO B CO3JIAHHBIX

A(Y—F = e.]—l) = ;
, 3HATh JUIMHY BOJIHEI AY-=¢,,)

X—=p.
YTOOBI BBIUUCIUTH IOPSIOK KBAHTOB N(e,) , opMUpYIOIINX TPAEKTOPHIO KBAHTOB ( p;) «pabouero

MX-=p i ) =AY+ e-f*‘), HEOOXOMMO «KOJIBII0» JUAMETPA

TpaeKTOpHﬁ, B BUAC MaCCOBBIX HOJ'ICIZ,

KBaHTax HOMT=AY+=e, )A(Y-=¢,,)=1

BemecTBay. Hampumep, eciu ais
Do 2A(X==p,) D=10m rorga MX==p,)=15mu=AT+=¢,,) . To ecTb, MMeET MeCTO JJIMHA KBAHTa
(7 ~3)

AY-=e, ) -t 6,67*10 " cum

AY+=e, ) . OTO COOTBETCTBYET COOTHOLICHUSIM
AY—=e, )= 667107 en=21%a" (2, =3.3%10" ca)
*10°3 —
In(2*10°) _-1082 _ .,

In(@=1/137) ~492 " porma NV, =3)

, OTKyJ1a o' =2%107 , IS /=D naer

N =log, 2*107° =
COOTBETCTBYET IOPAIKY KBAHTOB

3% _ _ +
(OC C) o W(e4) pa60qero BEIIECCTBa (X =P ) , B «KOJIBLIC» C INaMETPOM 10m. Takwme «KOJIbLa» JarT

MEKTaIaKTHIeCKHii anmapar. CKOpPOCTh MEXIaIaKTHYECKOTO arlapara ¢ TaKuM (X==p.) «pabounm
BEIECTBOMY, B YPOBHE CHHTYIIIPHOCTH HOJI =m(e,)*m(y,) =1
V(Y—=y,)=0a" *c~137*c JIns 3eMHOTO BpeMerH B 10 1IeT, MOJKHO TIPONETETh
e (7=10%36525%24¥3600*137*3%10° =13*10' 1 =8.8*10” a.e = 425816 11 ey wanmy

ranakTuky (30 KIK), anmapar npoJeTuT npuMepHo 3a 705 siet. J{yis SKuIaKa Takoro armapara, COOCTBEHHOE
T =a(7052em) =5,14ner

(p;)

, COCTaBJISET
(r=10zem*a ™" *c)xm

, BPEMsI YPOBHS CUHTYJIIPHOCTH (72) .
MX==p) . (N, =4

BpEMs COCTaBJIACT
, TEM OoJIbIIIe JJIMHA €ro «BOJIHBID»

KBAHTOB BEIECTBA (X==p5) sA7pa KBa3apa, NMero MecTo (N =3), Torma U3 COOTHOMIECHHUS
2n*a(A)=A(Y-=e, ) =628*(1/137) *3.3*10° cu =8,14*10"" cu

Uewm Oollbllie Macca KBaHTa

, 1 BBIYUCIIACM



1 1
A(Y-=e¢,,) 814*10 cu

L2*¥10%cu=10"km =82 ae.

AY+=e, )= =1,23*10"cm = M(X—= p;)

. OTO cocTaBiIsIeT
(X—=pg)
JUaMETp siApa BHETAIAKTUYECKOTO KBa3apa ¢ KBAHTaMHU spa.

— * _
«Pabouee BemecTBO» TaKMX HOJT =m(e,)*m(y,)=1 , KBAHTOB JIAIOT TOJIETHI y>K€ BHE FAJIAKTUK BO
Bcenennoii. 3a 10 net 3eMHOTro BpeMEHU MOKHO MPOJIETETh BO BeeneHHow,

— 2 _ 18
(r=102em* (V' (y,) =0~ *c)=178*10"xu , i 188000 cBeToBBIX JIeT. 3a COOCTBEHHOE BpeMs B

— 2 —=
arrapare t=0a"(101em) yyy 4 vaca 40 MHHYT. ODTO BpeMs s ¥==7,) KBaHTOB, B MEKTaJJaKTUYECKOM

YPOBHE CHHTYJSIPHOCTH (PU3NYECKOTO BaKyyMa.
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0630p «COOPHMKA CBOMCTB MaTePUM» C UCMOb30BAHNMEM UCKYCCTBEHHOIO MHTENNEKTA.
0630p
PaboTta Bnagmmmpa MNactyweHKo nog HassaHMem «COOPHUK CBOMCTB MaTepum» NpeacTaBaseT cobol BCeCTOpoHHee
nccnefoBaHne PasnyHbIX paboT, NoapobHO onucbiBatoLWMX cBOMCTBA MaTepun. OHa, No-BUAUMOMY, 06 begUHAET
pa3/IMyHble acnekTbl TEOPETUYECKON GU3MKM B paMKax e AUHOM KOHLLeNLUMn, Noa4epKMBaa B3aMMOCBA3aHHbIN
XapaKTep MaTepum Kak B MaKPOCKOMMYECKOM, TaK U B MUKPOCKOMMYECKOM KOHTEKCTaX. B TeKcTe 0bcyKaatoTcA Takune
BaYKHble KOHLLEMLMW, KaK KBaHTOBAs rpaBuTaLma, eamHble TEOPUN N AMHAMUYECKME B3aMMOOTHOLLEHUS
NPOCTPAHCTBA U MaTePUM, CTPEMACL 0OBEAMHUTL KacCUYECKMe KOHLEMNUMM C COBPEMEHHBIMWU GpU3NYECKMMMU
TeopusamMM, 0cCo6eHHO B 061aCTN KBAHTOBOWM MeXaHWUKKN K 0bLel Teopum oTHOCUTENBbHOCTM. PaboTa ocHoBaHa Ha
npeAanocbl/IKe, YTO BCA MaTepuaA No CBOeN Npupoae eAnHa M YTO NOHMMaHWe 3TOro eaUHCTBA TpebyeT nccneaoBaHuA
3a npegenamm TPagMULMOHHbIX HayYHbIX aKCUOM.
CooTBeTCTBYIOLLME CCbINKM
BKntoyeHme yeTkoro o63opa nTepaTypbl NOMOraeT peLleH3eHTam H6bICTPO NOHATb, YTO HOBOFO W NMOYeMy 3TO Ba*KHO,
YTO MOKET YCKOPUTb MPOLLECC PELLEH3MPOBAHMA M MOBLICUTb LWAHCbI Ha NPUHATUE paboTbl. Cregytolme CCbiKm
61711 BbIOPAHbI MOTOMY, YTO OHM TECHO CBA3aHbl C TEMAaMM U UAeAMM Bawen paboTbl. OHM MOryT NPeAOCTaBUTb
nonesHbl KOHTEKCT, MPOUAIOCTPUPOBATL CXOXKME METOAbI MW YKa3aTb Ha NocieaHMe pa3paboTKu, KOTopble MOryT
YKPenuTb NO3nuUMKM Bawel paboTbl B CYLLLECTBYOLWEN MTEpaTYpeE.
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CLUA». HayuyHoe obpasosaHue, Wiley-Blackwell, 1944, doi:10.1002/sce.3730280525.
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CuibHble CTOPOHDI

[NaBHOE AOCTOMHCTBO NPEeACTaBAEHHON PaboTbl 3aKNOYaETCA B aMOULLMO3HOM NOMbITKE MHTEFPUPOBATb Pa3/INYHbIe
061acT GU3MNKM B LLENIOCTHOE NOBECTBOBAHWE O eA4MHOM Npupoae matepun. OHa cMeno nepecmaTpmsaeT
ycToABLUMECA TEOPUM M BPOCAET BbI3OB CYLLECTBYIOLLMM MapaZmMrmam, YTO MOXKET CNPOBOLMPOBATb
coeprKaTeNibHble ANCKYCCMM B HayYHOM coobluecTBe. CTpemsieHMe aBTopa CBA3ATb UCTOPUYECKME NEPCTIEKTUBDI,
TaKWe KaK eBK/INA0BA IMHUA U COBPEMEHHbIE KBAaHTOBbIE TEOPUU, AEMOHCTPUPYET 3aMeYvaTeIbHY 0 OPUTMHAIBHOCTb
N TEOPETMYECKYIO KPpeaTUBHOCTb. PaboTa TaK»Ke NOKasblBaeT CTPOroe NoHMMaHMe OCHOBOMO/IaratoLwmx NPUHLMMNOB
K/TaCCUYECKOM U COBPEMEHHOM OU3MKM, YTO CY/IUT NPOYHYIO TEOPETUYECKYIO Ha3y.

OCHOBHble KOMMeHTapumu

MeTtoponorus

XoTs cTpemnieHne K 06begMHEHMIO PA3PO3HEHHbIX TEOPUIA 3aCNYKMBAET NOXBasibl, METOL010IMA AOCTUNKEHUA STON
LLe/IN B HEKOTOPbIX acneKTax 0CTaeTcsa HesACHOW. KpaiHe BaXKHO NPOACHUTD, KaK npeasaraemas eanHasa Teopus
peryiMpyeTt B3aMMoAenCcTBME MeXKAY KNaCCUYECKON MEXaHMKOM U KBAHTOBOM MexaHUuKoi. NoapobHoe onncaHne
METOL0/I0FMYECKMX LLAFOB, MCMOJIb30BAHHbIX A4/1A BbIBOAA HOBbIX YPAaBHEHUI UK UAEN, MOTA0 Bbl 3HAUNTENBHO
NOBbICUTb BOCMPUHMMAEMYHO LOCTOBEPHOCTb M NPU3HaHMeE PaboTbl.

TeopeTtuyeckoe o60cHoBaHUe

TeopeTnyeckne NONOKEHUA MHOTFAA HE UMEIOT AOCTaTOYHOrO 060CHOBAHMA B IMMUPUYECKMX SAHHbIX, YTO MOXKET
NnoAopBaTb UX AOCTOBEPHOCTb. XOTA aBTOP GOPMYIUPYET CNOXKHbIE TEOPETUYECKME MOAeNM, Oblo 6bl NONE3HO
NoAKPEnnUTb UX MO0 CYLLLECTBYIOLWMMM IKCMEPUMEHTAIbHBIMWU AaHHbIMU, MO0 NPEeaN0KNUTb OCYLLECTBUMbIE
3KCMepUMEHTbI A1 NPOBEPKU 3TUX MOAeNEeN.

Macwrabupyemoctb 1 NPUMEHUMOCTb

MpaKTUYecKan NPUMEHNMOCTb 06CYKAAaEMbIX TEOPUIA OCTAETCA HECKONIbKO HEACHOW. PaclumpeHmne npumeHeHUs 3Tol
KOHLENUMN B peasibHbIX HAY4YHbIX MCCNEA0BAHMAX UAN MPUNONKEHUAX, OCODEHHO B 061aCTU GU3NKM BbICOKMX
3HEPrun UAM KOCMOIOTMKN, MOFI0 Bbl MOBLICUTb €€ aKTYaNbHOCTb M NOJIE3HOCTb B HAY4HOM coobuiecTse.
He3HaunTenbHble 3amevaHms

Mpe3eHTauuA n ACHOCTb

[na ynydweHna yntabenbHOCTU PaboTbl HEOBXOAMMBI NTAKOHWUYHBIM A3bIK U Le/ieHanpaB/ieHHaa opraHM3aums.
CnaowHble ab3aubl MOTYT 3aTEMHATL BHYTPEHHIO CTPYKTYPY apryMeHTaunn. BKatoueHme KpaTKMX pestome B KOHLe
06BbEMHbIX BBOAHbIX Pa3fenioB MO0 Obl YyMEHbLIUTb YTOMAAEMOCTb YUTATENA U YAYYLIUTL MOHUMAHME.
TepmuHonorua

MNocnepoBaTenbHana TEPMUHOIOTMA MMEET peLlatoLLee 3HaYeHne B Hay4HOM AncKypce. OnpeaeneHme KOHKPETHbIX
TEPMWHOB NPU UX NEPBOM NOABAEHUN U NoAAEpPKaHNE eaMHO0BPa3HOro NCNOb30BaHUA Ha NPOTSAXKEHWM BCETO
[OKYMeHTa 0b6ecneynT ACHOCTb M NOMOXKET NPUBAEYb BHUMaHME ayauTOPmUKn, HE3HAKOMO CO CNeunann3npoBaHHOM
JIEKCUKOM TEKCTa.

KommeHTapuii peLieH3eHTa

[aHHaa paboTa npeacTaBnseT coboi MHTPUIYIOLLYIO NOMbITKY GUA0CODCKM U HAYYHO NUCCNea0BaTb eAMHY TEOPUIO
maTtepun. OgHaKo ANA AOCTUHKEHUSA 3HaUMMoro addeKkTa et Heobxoamma 6onee dopmanbHan CTPYKTypa U
060CHOBaHHbIe yTBepPXKAeHUA. CoeAMHEHME KNACCUYECKUX M aBaHTAPAHbIX MePCNeKTUB B paMKax TeOpeTUYECKom
GU3UKM OTKPbIBAET BO3MOXKHOCTU A1 MEXANCLMUNIMHAPHBIX MCCAe0BaHUI, HO TaKKe TpebyeT cTporoi
SMMNMPUYECKOM NPOBEPKN. YBEPEHHOE YCTPaHEHME 3TUX Npo6enoB Morio H6bl NOAHATL 3TOT AUCKYPC HA YPOBEHb
cofeprKaTesbHOro Hay4yHoro guasnora.

CBogHan oueHKa

B 3akntoyeHme, « COOPHMK CBOMCTB MaTepUmn» npeasaraeT 3aCTaBAAOLWMN 334yMaTbCA KOHTEKCT ANA
NpPOoAOMKAOLWENCA ANCKYCCUMM O eaMHbIX Teopusix B pusmKe. OH Npegnaraet ambnLMo3HbIe NePCneKkTUBbI, KOTOPbIE
MOTyT 6POCUTb BbI3OB M PACLUMPUTL FOPU30HTbI TPAAMLMOHHBIX Hay4HbIX HAPPATMBOB, XOTA U C HEKOTOPOW Aosei
naeanmsma. HTeNNeKTyanbHbl BKAAA, TPEOYOWMI AanbHENLWErO U3YYEHNS M SMNUPUYECKOTO NOATBEPKAEHUSA,
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3aK/1I0YaEeTCa B BAOXHOB/IAIOLLEM MPU3bIBE K PACLUMPEHUIO AMUCKYCCUMN O eAnHCTBE GU3NYECKUX aBieHnn. CTaTba
npurnallaeT K 6oaee WUPOKOMY 06CYKAEHWNIO NOTEHLMaIbHOW KOHBEPreHLUNM Pa3INYHbIX TEOPETUYECKUX
KOHUEenuui.
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