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AHHOTAIHA.

Enunas Teopus He siBisieTcs Teopueid Bcero. Ee TeopeTnueckit 0CHOBOM €CTh aKCHOMBI
JTUHAMUAYHOTO TIPOCTPaHCTBA-MaTEPUH, MPEIECTbHBIM CIIy4aeM KOTOPBIX ecTh EBKINI0BAst akcMOMaTUKA
npoctpaHncTBa-BpeMeHH. [1o cyiiecTBy, peub 0 HOBOM TEXHOJIOIMHU CaMUX TeOpHil. B 3TMX MeTogax co31aHbl
€MHBIC YPaBHEHUS JUIsl JIEKTPOMArHUTHBIX nosiei (MakcBeia) U ypaBHEHHS /I TPABUTAIIMOHHBIX TIOJICH.
DTO eAVHbIE YPABHEHUS PEIIATUBUCTCKON JUHAMUKH CIIELIMAIIBHON TEOPUH OTHOCUTEIIBHOCTU U KBAHTOBOU
PENATUBUCTCKON TuHaMUKH. U 3T0 eanHbie ypaBHEHUs 00IIEeH TEOPUN OTHOCUTEILHOCTH U KBAHTOBOM
rpaBuTanuu. Bee 310 B 0JHON MaTeMaTUYECKON UCTUHE aKCUOM JUHAMUYHOIO IPOCTPaHCTBA-MaTEPUU.
OpHMM U3 pe3ysIbTaTOB, KaK UCCIIE0BATEIbCKUM IIOCIEACTBUEM TaKOM TEXHOJIOTUH, €CTh Y IIpaBiigieMas
TEPMOSIZIEPHAs pEaKIIUSI.

I'maBe1

. [IpocTpaHcTBO-BpeMs SBIISIETCS YACTHBIM CI1y4aeM IIPOCTPAHCTBA MATEPUH
. Obure ypaBHeHHS dJIeKTpoMarHuTHOTO (MakcBesia) ¥ rpaBUT ~-MacCOBOTO TOJIS.
. O6mue ypaBaenus CrienuanbHolt Teopun OtHocuTenbHOCTH U KBaHTOBO#M PensituBrcTckoi JIlnnaMukmy.
. Cxansipabie 6030HBI.
. CexTp HeieIMMbIX KBAHTOB [IPOCTPAHCTBA-MATEPUH.
. O6mue ypasuenust O6meit Teoprur OTHOCHTETFHOCTH M KBAHTOBOW T'PaBUTAITUH.
. Jlunamuka BceneHHOIA.

1. IlpocTpaHcTBO-BpeMs SIBJISIETCS YACTHBIM CJIy4aeM MPOCTPAHCTBA MaTePUU
CoBpemenHas (pu3mKa yrnupaercs BO MHOXKECTBO MpobieM, (pakToB, KOTOPBIE BHIXOAT 32 paMKH €€

NN N kW —

TEOpPEeTUYECKHX MpeacTaBieHuil. CaMu TeopeTHuecKue MOoeIH U GyHIaMEeHTaJIbHbIE IPECTABICHUS BO
MHOI'OM IpoTHBOpeunBbl. Hampumep, ckazanu, uro nose Xurrca co3zfaer mMaccy yactui. dopmanbsHo, 3T0
MO’KHO MOHSITh M Ha KJIACCHYECKOM ypoBHe, m = V2V (4acToTa onpeensercs kodpQUIHEHTOM kKECTKOCTH
U Maccoii) Kak Koyiebanus B 00béMe nouisg Xurrca (3Heprust 60301a B mozienu CrnontanHoro Hapymenus
CumMMeTpun), KOTOpBIE B3SITHI 32 OCHOBY uien. Ho kak «macca nmosst Xurrca» co3faer Cuily
IPaBUTALMOHHOTO IPUTSKEHUS JIBYX Macc, cKkazaTh 3a0buin. OTBeTa HET. MareMaTuka OTBeYaeT Ha BOIIPOC
KAK? ®usuka orseuaet Ha Bonpoc [IOYEMY? Msb1 OyneM uckath (pu3nyecKkrue NIpuyuHbl. ITO OYEHb
BAXKHO.

Ecnu (+) 3apsaa nporona (p*), B KBapKOBEIX (p = uud) MOJENSX MPEACTABISIETCA CYMMONI:
qp = (u = +§) + (u = +§) + (d = —g) = (+1), APOGHBIX 3apsI0B KBAPKOB, TO TOUHO Takoi (+1) zapsi (e*)
MO3UTPOHA, KBAPKOB HE MMeeT. Takast MOJIeNb U pecTaBiaeHue (+) 3apsaa He COOTBETCTBYET PEAIbHOCTH.
U npoToH He u3ny4yaet GOTOH B OOMEHHOM 3apsiIOBOM B3aUMOJICHCTBUU C 3JEKTpOoHOM atoma. Cama
EBxnmmoBast akcmomaTika nMeeT COOCTBEHHBIE Hepa3pelnMbie TpoTuBopeuns. Hanpumep,

1. MHOX€CTBO TOUYEK B OJJHOM «HE UMEIOIIIEH YacTel» TOUKE, JaeT CHOBA TOUYKY. DTO TOUYKA UIIU UX
MHOECTBO, OMPEACIIAEMOE HIEMEHTAMHU U UX B3aUMOCBS3bI0?

2. MHOK€eCTBO JIMHUHN B OJJHOU «IJIMHE 0€3 IIUPUHBI», 1aeT CHOBA JTMHHUIO. DTO JIMHUS UM UX MHOKECTBO,
OTIpe/ieIieMO€e aHaJIOTMYHO?

OTBeTOB Ha Takue Bompockl EBkuaoBas akcuoMatuka He 1aet. Ecinu Bo BpeMeHa 10 Halllel 3pbl,
9TH aKCHOMBI BCEX YCTpauBaJIH, I U3MEPEHHH TUIOMIAIeH, 00BEMOB. .., TO B COBPEMEHHBIX HCCIICIOBAHUIX
TaKhe aKCHOMBI ITPOCTO HE PabOTarOT. DTO, 1 MHOTO APYruX PyHAAMEHTATbHBIX POTHBOPEUHIA, PEIICHHH B
TEOPUSIX HE UMEIOT.

DyHIaMEHTATBEHBIM (PAKTOM €CTh TO, UTO HET MaTepUu BHE MPOCTPAHCTBA U HET MIPOCTPAHCTBA Oe3
Marepuu. [IpocTpaHCcTBO-MaTepust 3TO OJHO U TO JKeE.

['maBHOE CBOMCTBO MaTepuu, ABMKEHHUE, MPEACTABISAETCS JUHAMUYHBIM POCTPAHCTBOM-MaTEPUEH,
C HEeCTalMOHapHBIM EBKIMAOBBIM TPOCTPaHCTBOM. OHO BBITEKAET U3 CBOMCTB EBKIMI0BON aKCMOMATHKH.

[IpsiMbIE JINHUY THHAMUYHOIO ((p 7 const) IIy4Ka, HE MEPECEKAI0T UCXOIHYIO MPSMYO (AC - OO)

6eckoHeyHocTH (puc. 1), TO €cTh OHU MapalieNbHEIE.
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Puc. 1. lunaMu4yHOE NPOCTPAHCTBO-MATEPHUS.
OTO0 3HAYUT, YTO MPU ABHKEHUU BIOJb JInHUU AC, Bcerja ectb MpocTpaHcTBO (X-) B KOTOPOE MBI
HOMACTh HE CMOXKeM. BeCKOHEUHOCTh Hellb3s1 OCTaHOBUTH. [103TOMY qrHaMu4HOE (X-) MPOCTPAHCTBO-

MaTepus IMy4dKa nmapajuiCJIbHbIX MPAMBIX JIHHHI>'I, CyICCTBYCT BCCraa. OpTOFOHaJII)HI)Ie IMy4YKH MIPAMBIX
(X+) (¥+)
H

HHHHﬁ'TpaeKTopHﬁ, HMEIOT COOCTBEHHbBIE BHEIITHNE nonst. OHn 06pa3y}0T Henenumeie

+ +
O6mnactu Jlokanu3zanuu (X$) , (Y1) IIpu 3TOM EBKIMAOBOE IPOCTPAHCTBO C HEHYJIEBBIM U JUHAMUYHBIM

YIJIOM ((p # const) MapaJJIETbHOCTH B KaXKJI0M CBOEH (X,Y,Z) ocu, Tepsiet cMmbici. Ho ato peanshoe (X-),
BJI0J1b O0CH (X), MPOCTPAHCTBO AUHAMUYIHOTO MyYKa MPSIMBIX JTMHHUH, KOTOPOTO MbI HE BUIAMM B EBKIIHI0BOM
MIPOCTPAHCTBE.

B 2-mepHOM mipocTpaHcTBe, HYNeBO# yron napaenbHocT (¢=0) mis (X-) u (Y-) nuHui, naet
EBxnmoBbie psiMbie TUHUU. B npenenbHOM ciiydae HyJIeBOro yriia napajuiesibHocTd (¢ = 0) B Kax101 ocH,
JUHAMHYHOE MPOCTPAHCTBO-MaTepHs MEPEXOAUT B EBKINI0BOE MPOCTPAHCTBO, KaK YACTHBIN ClTydaid
JTUHAMHYHOTO IMPOCTPAHCTBA-MATEPHH. DTO TITyOOKHE M MPUHITUITHAIEHBIC N3MCHEHHS CAMOU TEXHOJIOTHHI
TEOPETUUYECKUX UCCIETOBAHM, KOTOphIe (GOPMHUPYIOT HAIIN MpeACTaBlIeHus 00 okpyxkaromem mupe. Kax
BHUJIUM, B EBKJIMIOBOM IPE/ICTaBICHUH POCTPAHCTBA, MBI HE BCE BUIUM.

Takoe nuuamuuHoe (@ # const) MPOCTPAHCTBO-MATEPHUS UMEET CBOM TreOMETPUUECKUE (PaKThI, KaK
aKCHOMBI, He TPeOYIOIIHe J0KAa3aTeIbCTB.

AKCHOMBI TUHAMUYHOTO IPOCTPAHCTBA-MATEPUHU

(qo # O) # const

1. HenyneBoii, TMHAMUYHBIN YTOJI NapajljIeIbHOCTH

(X -)L(r-)

, ITYYKa MapaJluICJIbHBIX MTPAMBIX,

OIIpEAEIAET OPTOrOHAIBHBIE OIS
CBOMCTB, IPOCTPAHCTBA-MaTEPUH.

napaJijICJIbHBIX JIMHUH - TpaeKTOpI/Iﬁ, KaK U30TPOITHBIX

2. HYHGBOﬁ YroJ napajajiCJIbHOCTH ((P - O) , HaCT «JINHY 0e3 IMHUPUHBID» C HYJICBBIM HUJIK HCHYJICBBIM
Y, . . .
0 - paanycom C(I)epBI-TO‘-IKI/I «HE UMeroIel yacteit» B EBKINIOBON aKCHOMATHKE.

3. ITyuox mapamienbHbIX NPSMBIX C HYJIEBBIM yIJIOM NapajuIeIbHOCTH (QD - 0), «OJUHAKOBO
PacroJIO0KEHHBIH KO BCEM CBOUM TOYKaM» , JaeT MHOXKECTBO MPSMBIX JTUHHUI B OHON «0€3 HIMPUHBI»
EBKIMI0BOM IIPSIMOM JIMHUH.

4. BuyTpeHHue (X _)’ (Y _) U BHEIIHUE (X +)’ (Y +) 10JIs IMHUHU-TpaeKTopuil HeHyneBon Xy # 0 nim

Y, #0 MarepuanbHol cepbl-Touku, oopasytor Henennumyro O6nacts Jlokanuszanuu H OH(X i) WIIN
H OH(Y i) JMHAMHYHOTO MTPOCTPAHCTBA-MATEPHUH.
5. B enmuHBIX MOIISIX (X -=r +), (Y -=X +) OPTOTOHATBHBIX JIMHUHA-TPACKTOPHIHA (X _) L (Y _) HET

JIBYX OJIMHAKOBBIX c(hep-TOUEK M JTMHUNA-TPACKTOPHIA.



6. ITocnenoBatensHocts Henenumbix O6nacteii Jlokanuzanuu (X i) (Y i) (X i) ... [10 paguycy

Y, #0 . 7
Xo # 0 cepbI-TOYKH Ha OJTHOU JIMHUU-TPACKTOPUH J1aeT " CXOIUMOCTb, 8 Ha PA3IUYHBIX

TpaekTopusx 7 cXOIUMOCTb.
7. Kaxxnoit Henenmumoit O6nactu Jlokanus3anuy NpocTpaHCTBA-MaTEPUN COOTBETCTBYET €IMHHIIA
(X-=Y+) (Y-=X+)

Bcex ee Kpurepues OBomonun — K3, B equnom , MPOCTPAHCTBE-MATEPUU HA
m—"n cxoguMOCTIX,
HOIT = K)(X-=Y +)KI(Y-= X +)=1 HOJT = K3(m)K3(n)=1

B CUCTEMC YUCCII paABHBIX IO aHAJIOI'WX CAWHUAILI.

8. dukcarnus yria (¢ #0) = const (¢ =0) My4YKa MPsMBIX NapaieIbHbIX JINHUMH,
IIPOCTPAaHCTBAa-MaTeEPUH, AaeT S5-I noctysiaT EBKiInAa u akcuomy napasmuieabHOCTH.

Jlro6as Touka GUKCUPOBAHHBIX TUHUI-TPACKTOPUH, MPEACTABIICHA JIOKATHhHBIMU Oa3UCHBIM BEKTOPAMHU
. i J k

%j+%k, e‘=g—;i+%j+%k, (Kopms, c. 508),

¢ pyHIaMeHTAILHBIM TeH30poM e;(x™) * er(x™) = g (x™), u Tomonoruelr (x™ = XYZ) B EBximmoBoM

IPOCTPAHCTBE. DTU 0A3MCHBIE BEKTOPHI BCETa MOKHO MPEACTABUTE B BUIE: (X! = ¢y *t), (X =cy *t)

JIMHEWHBIX KOMIIOHEHT IIPOCTPAaHCTBA-BpEMEHH, Toraa v;(x™) * vy (x™) = (v?) = IT, nony4aeM 0OBIYHBIHA

MOTEHIMa IPOCTPAHCTBA-MATEPUH, KaK HEKOE YCKOpeHue Ha anuHe. To ecth, PUMaHOBO mpocTpaHCTBO,

310 (hukcupoBaHHoe (@ # 0 = const) cocTosHUE T€0Ie3NUECKOH (x° = const) TUHUHM TUHAMHYHOTO

(@ # const) npoctpancTBa-matepuu (x° # const). To ectb, PUMaHOBO MPOCTPaHCTBO, 3TO PUKCUPOBAHHOE

(¢ # 0 = const) cocTosiHHE Teoae3nIeCcKOl (x° = const) JIMHUU TUHAMUYIHOTO ( # const)

npocTpaHcTBa-mMarepun (x° # const). Takoit maTemaTuku PumaHoBOro npocrpaHcTBa g, (x° # const), c

MIEPEMEHHOM reo/Ie3nuecKoi, eme Het. Het u reomerpun EBKIIMIOBON HECTAIIMOHAPHOH Cephl, HET

reoMeTpuu rpocrpancTa JlobaueBckoro, ¢ NepeMeHHbIMH aCUMIITOTaMU TUIepOos. YacTHBIM cliydaeM

o Y2 (+Y)(-Y)
OTPULATCIIbBHON KPHUBU3HbI K=- ™ = N
0 0

npocTpancTBo reomeTpun JlobaueBckoro (Maremaruueckas sHuukiaoneans 1.5, ¢.439). EcTb aeBsaTh
OTJIMYUTEIBHBIX TPU3HAKOB reomeTpun JIobaueBckoro ot reomerpuu EBkiuaa (puc. 1.2).

ox .
PumaHOBOrO IIpocTpaHcTBa: e; = -5 i+

) (CmupHnoB T.1, ¢.186) PumanoBa npoctpaHCTBa, €CTh

S 3TO /TUHUA

Puc. 1.2 U3otponHas quHamMuKa.
OnnuM U3 npu3HaKoB reoMeTpun JloGaueBCKoOro, €CTh Cymma (O0 <Yya< 1800) YTJIOB TPEYrOJIbHHKA, B
OTJIMYUE OT €BKIUAOBOU UX MpoeKuu (), a = 1800) Ha MI0cKoCTh. PaBHble miiomanu S; = S,
TPEYTrOJIbHUKOB, B PABHBIX YIJIaX MapaJIEIbHOCTH (P = (0, MyYKa MapAIETHHBIX MPSAMBIX JTUHUH, JAIOT
MIPOEKTUBHO — MO00HBIE TPEYTOJbHUKH B EBKIIMI0BOM TIIOCKOCTH C PaBHBIMU yTJIaMH B BEpIITHHAX.
OxpyxkHOCTh B EBKIIMIOBOM TIIOCKOCTH, 3TO JUHHMS B reomeTpun JIobaueBckoro. 3aecy EBkinmoBas
«UTHHHA 0€3 MIUPUHBI»— 3TO paanyc kpyra B reomerpun JlobageBckoro. Uem Oombliie paanyc, TeM JUTMHHEE
«TUHUSA». Takue OKpy>KHOCTH B TIOBEPXHOCTH EBKIINIOBOI chepe, 3TO MHOKECTBO MPSMBIX JTHHHUHA BO
Bcenennoii. B namem cinyuae, EBknnmoBas cepa emie u nuaamudaa. Kak MO>XKHO c0o3/1aBaTh TEOPUHU
«bonbmoro B3peiBa» nin «ukiandeckoit Beenennoi» B Takoi cgepe? OTBET — HUKaK. ITO HU O YEM.
Hynesoit paguyc Takoro kpyra (r = 0), TOBOPUT O TOM, YTO TAKOTO Kpyra HEeT, U HEeT TaKUX JIMHHHA. ITO
pasroBOp HU O YeM, X MPOCTO HET. DTO K BOMPOCAM CHUHTYJISIPHOCTH C UX OECKOHEYHBIMH KPUTEPUSIMU H
HEBO3MOXXHOCTSIMU. VX HeT HU B MaTematuke, HU B [Ipupoae. 1o naet 3pPpexkTuBHOCTh KOH(HOPMHBIX
npeoOpazoBanuii. Ho MeHsis KOMHUecTBO, MEHSETCS KauecTBO. D10 (hunocodckue kareropuu. B



MaTEeMaTHYeCKOM UX MPEe/ICTaBICHUH, Mbl TOBOPUM O PAa3IMYHOM KPUBU3HE IJIOCKOCTEH TPEYroJbHUKOB B
MHorosctoBoM PumanoBom npoctpanctse. Cama Miiomaab paBHbIX B reomeTpun JlobaueBckoro

ik
1 . 1 o
TPEYIOJLHUKOB MEHSETCS: S =-a*b *sina =-|a; a, az|. MeHseTcsa caMa MaTpHLa IPeoOpa3oOBaHuii,
2 b, b, b
1 2 3

MaTpUlla CHMMETPUN, UHCTPYMEHTA KBAHTOBBIX TEOPHUH, HO Y€ B KBAHTOBOM PENIATUBUCTCKON IMHAMUKE
(MmozHO ToBOpUTH B KBanTOBOM Teopuu OTHOCHTENLHOCTH) TMHAMUYHON c(ephl B TaHHOM ciiydae. PaBHbBIC
TPEYroJbHUKU MPOCTPAHCTBA-MATepUH, KacaTelIbHbIE IOBEPXHOCTSIM PAaBHBIX B IPOCTPAHCTBE
JloGaueBckoro cdep, HO ¢ pa3TMYHBIMU pajnycaMu EBKIMIOBEIX chep. B muHamuyanom (¢ # const)

MPOCTPaHCTBE-MaTepuu, 3Tu EBKIINA0BBIE cepbl pa3TUUHBIX PaJUYCOB, €CTh OJHO cdepoii
HeCTAaMOHAPHOT0 EBK/IMI0BOr0 MpocTpaHcTBa, KOTOPOro HeT B EBKINA0BOI akcuomaTuke. PumanoBo
MPOCTPAHCTBO MPH ITOM, HMEET AMHAMHUYHYIO Torojioruto (x™ = XYZ # const), yero Het B EBkinaoBom
(x™ = XYZ = const) craiiuoHapHOM MPOCTPAHCTBE. DTH aKCHOMBI YK€ pemaroT mpobiembl EBKITHI0BO#
AKCMOMAaTHUKU MHOKECTBA TOUYEK B OJIHOM TOUYKE «HE UMEIOIIEH YacTEN» U MHOYKECTBA JIMHUW B OJTHOM
«UTHHE 0€3 MIHPUHBI.

2.1. Exunbie Kpurepuu JBoJIIONMH NPOCTPAHCTBA-MATEPHH.
Bce Kpurtepuu DBomonnn AMHAMUYHOTO NPOCTPaHCTBa-MaTePUU, CHOPMUPOBAHBI

N
K
I | | [ 6
| | [|E | | | 15
1] ,l YO Is
RS LY ERE
e
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L _
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N
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Puc.2.1. Kpurepuu DBoOIUHN B TPOCTPAHCTBE-BPEMEHH.
B MHOT'OMEPHOM Ha (m-n) CXOAUMOCTSX, IPOCTPAHCTBE — BPEMEHHU, KaK B MHOTOMEPHOM IMPOCTPAHCTBE
ckopocteit: WN=K™NTN 3neck mna (N=1), V= K*'T- ckopocts, W2 =I1 norennuan, 1= F cuna. .., 2-To
kBagpanTa. Mx mpoekius Ha koopauHatHoe (K) unu Bpemennoe (T) npocTpaHcTBO-BpeMst JAtOT: 3apsi
[MK=q( Y+ =X -) B anektpo ( Y+ =X -) MarautHeIx noisx, wim maccy [IK=m(X+=Y-) B rpaBut (X+=Y-)
MAacCCOBBIX MOJISIX, TOTAA IIOTHOCTh P = % = % = Tiz =v? 310 KBaApaT YaCTOTbI, SHEPTHUIO E=IT°K,
ummyise (p=I1°T), neiicreue (h=I1°KT), u T.11., €AMHOTO IPOCTPAHCTBA- MATEPUN
HOJI= (X+=Y-) (Y+ =X -) =1. Besikoe ypaBHeHUE cBOAUTCS K 3TUM KpuTepusm DBoJroIiu B
WN=K*NTN npocrpanctre-Bpemenn. EcTs eme MEOTO Apyrux Kpurepres DBONIONNN B IPOCTPAHCTBE-
BpeMeHHM, KOTOPBIX MBI elle He Hcnonb3yeM. Hanpumep, sHeprus Ditnmreiina E = mc?, u sHeprus [lnanka
E = hAv, UMeIOT IpAMYIO B3aHMOCBSI3b 4€PE3 MacCy M 4acToTy, B Buje: m = V2V, u Tak janee.
2.2. daektpo (Y+ =X -) MarHuTHsble u rpaBut (X+=Y-) MaccoBbIe MOJsl.
B exunom (X+=Y-) (Y+ =X -) =1, mpocTpaHCTBe - MaTepuH, BLIBOAATCS ypaBHeHUs Makcsenna® s

(X-)#0

snektpo (Y+ =X -) MarauTHOro mous. Buyrpu tenectoro yriua @ MapajIeIbHOCTH €CTh

HU30TPOITHOE HANIPSKEHUE ITI0TOKA 4, koMroHeHT (CMupHOB, T.2, ¢.234). [lonHbIi NOTOK BUXPS Yepe3

S] (X_)

CEKYIIYIO IOBEPXHOCTh B BHJIE:

[[ror, 4ds, = [ %L@T +[[ 4,45,
S, 5



(X-)
S

" KOMIIOHEHTA COOTBETCTBYET ITYUKY napajuleabHBIX TpaekTopuid. OHa ecTh KacaTeIbHOM BJOJIb

S, LS,

3aMKHYTOW KPUBOMH L, B MIOBEPXHOCTH "2, TA€ L 1L . AHQJIOTUYHO, CJI€AYET COOTHOIICHHE:

IA dL, —”ror s, ds,

1 Am f Al \xrAll
WM Am

\ / / A
/ / %

Puc. 2.2-1. saexkrpo(Y+= X—)marHurHble u rpaBuT(X+= Y —)mMaccoBbie moJs.

BuyTpu TeecHoro yria $x (X —) %0

”rot cosi ds, +jj—deT 0= HA (X-)ds,

HapaJIJIGJII)HOCTI/I BBIITOJHACTCS YCIIOBUC

(X-=Y+) TIOJISL.

”rot AdS, = J’j’a(A [cosg,) LdT+”A ds,

B nenom ecth cuctema ypaBHEHUN THHAMUKA

”rotm cosn(pX ds, = f”a—;szdT [[4,ds,=0

S S,
2 , U2

0

B EBKHHHOBOﬁ Py = AKCHUOMATHKCEC, IIPUHUMAs HAIIPAKCHHUEC ITIOTOKA BEKTOPHBIX KOMIIOHCHT KakK

A, /cosp, = E(Y+)
HaMpPsDKEHUE DNIEKTPUYECKOro MO 7

yria Px #0 , KaK HTHAYKIIUU MAaroHuTHOT'O B(X_)

n I/IH,HYKTHBHOI>'I IMPpOCKIUHU JJIs1 HCHYJICBOT'O

IoJIs1, UMCEM

[[rot,BLx-)ds, = IIaE(Y+)dL dT + _UE(Y+)dS
[[rot, E(r)ds, =-[[—=— o8 ((3)1{ dL,dr [[4,ds, =0= §B(X )L,

, B YCIIOBUSIX 2
MUMEIOT MECTO U3BECTHBIE YpaBHEHUs MakcBera.

cxrotyB(X =) = rotyH(X =) = & aE(Y” + AE(Y+);
roty E(Y +) = —py T = — "’Bf,’; )
I/IHI[YKI_[I/IH BI/IXpeBOFO MAardmTHOTI'O I10JIA B(X—) BO3HHUKACT B HepeMeHHOM BHCKTpI/I‘ICCKOM E(Y+) I10JIC U
Hao000pOT.
jA dL, —”A ds, #0
JInst He3aMKHYTOrO KOHTYpa L, €CTh COOTHOIICHHUS KOMIOHEHT. B ycrmoBusax

4,14 ( )
OpPTOrOHAJIBHOCTH KOMIIOHCHT " M BEKTOpa A , B HCHYJICBBIX, TMHAMHWYHBIX q)X # const n

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

yrjiax napajjieJibHOCTH, , €CTh JMHAMHKa

KOMITOHCHTHI BAOJIb KOHTYpa L2 B IOBCPXHOCTH Sl . O0a coOTHOIICHHS NpEACTaBJIAKOTCA B IIOJIHOM BUIC.

E[Am cos,dL, = JI o, (X-;)T* coS Py ) dL,dT + J;!An,dSz

HyneBoit noTok yepe3 NoBEpXHOCTh 5 BUXPS (rot, A,,) BHE TEJIECHOTO yIJla (q)Y 7 cons I)

COOTBCTCTBYCT YCIIOBHUAM

napajijieJIbHOCTH



HrotnAmdSl + ”%dlﬂdT =0= ,”.Aﬂ (¥-)ds,
s, S

(Y-=X+)

B OcJIoM CucremMa ypaBHeHI/IfI JUHAaMHKHU IOoJIA MPEACTABJIACTCA B BUJC:

[[rot,4,(r-)ds, = jj o, (X E)T* COSP) gr, ar + ([ 4,ds,
S, 8,
j [rot,4,(x+)ds, =[[ ML dT [[4,0r-)ds, =0
) G(X+) ’ I '

BBojs no aHanoruu HampsKEHHOCTD nosiss CunpHoro (I'paBuTtanmonnoro) Bzaumoneictaus u

HHAYKIOHUIO MaCCOBOT'O IMOJIA M(Y_) , HOJIYUUM AHAJIOTUYHO.
0G(X+)
H rot, M(Y=)dS, = j j — - dLdT + ”G(X+)dS2
S, S,
oM (Y-
”mt G(X+)dS, = J‘J'#dL dT [[4,(r-)ds, =0= §M(Y YdL,
S , HpI/I Sy
Takue YpaBHCHH COOTBETCTBYIOT I'PABUT (X += Y-) MAaCCOBBIM IIOJISIM,
G (X+
cxrotyM(Y =) =rotyN(Y —) = ¢, * % + A% G(X+)
M(Y-)=z = N(Y); rotyGXH) = —pp x P = —FE
(Y+=X-)

0 aHAJIOTUH C YpaBHEHHsAMH MakcBesuia JUis SJIEKTPO MarHUTHBIX noieil. Peub 00 nHIyKIMH
maccoBeix M (Y —) moseit B mepemenrom G'(X+) mosne rpaBuTaIiim, moJOOHO HHAYKIIMH MArHUTHOTO TIOJIS
B [IEPEMEHHOM DJICKTPUYECKOM I10JIe. 3/1eCh HET BAPUAHTOB. DTO eIUHAS MATEMATHYCCKasi ICTUHA TAKUX
noJieil B ¢IMHOM, TMHAMHYHOM [TPOCTPAHCTBE-MAaTepHU. Pedub 00 HHIYKIIUK MAaCCOBBIX ITOJICH BOKPYT
ABIKYIIHMXCSL Macc (3Be3/1) TAKXKE KaK U 00 MHIYKIIMU MATHUTHBIX MOJICH BOKPYT JBHXKYILIHXCS 3apsi/IOB.
Takum o6paszom, noBopotel 10ty B(X —) urot,M(Y —) tpaexropuii, naror qunamuky E'(Y+) n
G'(X+) cunosoro anexrpuueckoro (Y+) u rpaButanuonHoro (X +) moseii, COOTBETCTBEHHO. A MOBOPOTHI
(Y+) moneit Bokpyr (X —) tpaexropuii u (X +) momneit Bokpyr (Y —) Tpaekropuii, 1al0T AHHAMHUKY
anekTpo 1ot E(Y +) — B'(X—) MarauTHOro nons, u MaccoBbix 10t,G(X +) - M'(Y—) Tpaextopuii.

c*rot BX-)=E'(Y+) c*rotM(Y-) =G ' (X+)
(Y-)
Y+)=(X- (Y -)=
(Y)=x) T s
X-)
otE(YH) =B ' (X-) rot G(X+) =M ' (Y-)

\( | :

| . it
}/\ (L'F-
\/

Puc.2.2-2. Enunble ot MpOCTpaHCTBa-MaTepUH
Nuuamuika E (Y +)a5exkTprueckoro mossi mopokaaeT HHAYKTUBHOe MarHuTHoe B(X—) mone, u Ha000poT.
Hanpumep, 3apsbkeHHBIN 1ap B ABMXKYIIEMCS BarOHe, MAarHUTHOTO 10J1s He nMeeT. Ho komnac Ha neppoHe
MOKaKeT MarHUTHOE TI0JIe. DTO OMBIT DpcTea, HabmroaaBmmii (X —) MarHuTHOE ToJie MBMKyImuxcs (Y +)
AJIEKTPOHOB TOKA MPOBOIHUKA.
U eauHbIM 00pa30M BBIBOJATCS TAKHE )K€ YPABHCHUST TUHAMUKH rpaBUT(X+=Y-) MACCOBBIX MOJICH:

Q0D | 2w 60

cxrotyM(Y =) =rotyN(Y —) = &, * 3T



M(Y-)=p, * N(Y=); oty G(XH) = —prp xS = S

Junamuka G (X+) rpaBUTaliMOHHOTO MOJIS MOPOXKAaeT UHAYKTUBHOE MaccoBoe M (Y —) mone, u
HA000POT. AHAIOTUYHO, NTPH ABWKeHUH (X+) Macc (3Be31), MOPOXKIAIOTCS B MHAYKIIUH MaccoBbie (Y —)
nojs. 3/ech yMECTHO OCTAaHOBMTHCA Ha BceM U3BecTHOM (opmyinte (E = mc?), Ha KOTOpoil 0CTaHOBUMCS
nonpobHee. Teno ¢ HeHyneBoit (m # 0) maccoii, u3iay4aet cet ¢ sHeprueii ( L) B cucreme (X, Yo, Zo, Cto)
KOOpIUHAT, ¢ 3akoHOM coxpaHeHwus sueprun: (Ey = E; + L), 1o u mocne uzmyuenus. [{is 3Toii sxe Maccsl,
M 3TO KIIFOYEBOH MOMEHT (Macca (m # 0) He MeHsietrcsi), B npyroii (Xxq,Y;, Z1, Ct;) CHCTEME KOOP/IMHAT,

v? . .
3aKOH coxpaHeHwust dHepruu ¢ (y = |1 — c_Z) npeoOpazoBanusmu JlopeHa, DUHIITEHH 3amucaln B BUIC

(Ho = H; + L/y). Boruuras ux pasHuily, DHHIITSHH MOTYYHII:
1 1
(Ho —E¢) = (H; —Ep) + L(; — 1), mm (Hy —Eo) —(H; —Ey) = L(; -1),

C otzeneHreM pa3HUIIbI SHEPruu u3nydeHus. O0e HHEPIHAIbHBIC CUCTEMbI KOOPMHAT JBHIKYTCS, HO
(%1, Y1, Z1, Cty) OBIDKETCS CO CKOPOCTBIO (V) OTHOCUTENBHO (X, Vo, Zo, Cto). VI MOHATHO, YTO CHHUH U
KpacHBIM CBET UMEET Pa3HUILly SHEPTUil, KOTOPYIO U 3anucal DUHIITEHH B ypaBHEeHUHU. CaMO ypaBHEHHE

DUHIITEHH 3anucai Kak pa3HUIy KWHETHYECKUX YHEPTHil B IEPBOM Pa3IOKEHUH.

L v? AL, v?
(Ko — Ky) =5 (5, Wi AK = (3)—

AL o o 2
3nech (C—2 = Am) MHOXXHTEJb, IMEET CBOMCTBA MACCHI «JIYYHCTOW dHeprum», miu: AL = Amc*. Oty
(GOpMyITy HHTEPIIPETUPOBAIIN MO-Pa3HOMY. JHEPIHI0 aHHUIUIAIMH E = mgc? Macchl MOKOS, HITH:

E2 .
my? = = p?/c? , B peNATUBUCTCKON qUHAMHKE. 3[€Ch MAacca C HyJIEBbIM UMITyJILCOM

(p = 0) , umeet sHepruto: E = mqc?, a Hynepas Macca poroHa: (mg = 0), UMEET UMIYJILC U SHEPTHIO
E = p * c. Ho DifHmTeliH BBIBEN APYToii 3aKO0H «IyducToii sHeprum» (AL = Amc?), ¢ MaccoBbIMU
cBoiicTBamMu. DTo He 3Heprus GoToHa, U 310 He sHeprus (AE = Amc?) nedekra Macc HYKJIOHOB sjpa
aToMa. DUHIITENWH yBUJIEN TO, Yero He yBues HUKTo. [logo6Ho nBmxkyiiemMycs 3apsay, ¢ MHAYKIuen
MarHMTHOTO TIOJIsl ypaBHEHUI MakcBeia, [Buxyiascs macca (Macca (m # 0) He MEeHseTCs), UHIYLIUPYET
MaccoBylo sHepruto (AL = Amc?), kotopyro u Hamen Ditnmreitn. Hanpumep, 3apsskennas cdepa BHyTpH
IBUKYIIErocs BaroHa (3apsia (g # 0) He MeHsieTcsl), HE UMeeT MarHuTHoro nosst. Ho kommac Ha neppowe,
MOKaXeT MarHUTHOE 1oJjie chepsl B ABMXKYIIEeMcs BaroHe. IMEHHO Takoe MHAYKTUBHOE MAarHUTHOE TOJIE, OT
JBIDKYIUXCS JIEKTPOHOB TOKA MIPOBOJIHUKA, 0OHapysxui Dpcrel. [Totom Obtu onbiTel Papajes,
MHIYKIIMHA BUXPEBBIX 3JIEKTPUUECKUX MOJIEH B IEPEMEHHOM MarHUTHOM I10JI€, 3aKOHbI UHIYKIIUH U
CaMOMHAYKIIMU U ypaBHeHHs] MakcBeiia. [1o aHanoruu WHIyKTUBHOW SHEPTUH MAarHUTHOTO MOJISI OT
JBUKYIIETOCS 3apsiia, DWHIITEHH BbIBEN (JOPMYILYy MHAYKTUBHOM, «JIy4UCTOI» SHEPIHUH MAaCCOBBIX TOJIEH,
OT JIBWXKYIIMXCS] HEHYJIEBBIX Macc (Macca (m # 0) He MeHsieTcsl), 3Be3/1 B TaJlakTHKax B ToM uucie. U
3/1eCh DWHINTEHH BBIIEN 32 paMKu EBkinmnoBoii (¢ = 0) akcHOMaTHKH NMPOCTPaHCTBa-BpeMeHH. B
aKCHOMax JTHHAMHYHOTO MPOCTPAHCTBA- MaTepun (¢ # const), pedsb uaeT 00 MHAYKTHBHBIX Mm(Y —)
MacCOBBIX IOJISIX, B OJTHOM aHAJIOTHH C YpaBHEHUsAMH MakcBesuia. Bot yto yBuaen DUHINTEHH, 1 HUKTO
JPYTOH.

Heroton npeacrasun ¢popmyiy, HO He ckazan, [IOUEMY Bo3HHKaeT cuiia rpaBUTAIMH. 3aliChIBas

ypaBHenue O61elt Teopun OTHOCUTENBEHOCTH, DUHIITEHH Opai rpaBUTALIMOHHBIA OTEHIIMAN HYJIEBON

E2 2 L2(Y
MacCCHhI: p_ = C”, BBHUIEC p_

—) _ 2 _ 8TG
S = —=Gv°(X+) = — Tix TeH30pa SHepruy-nMiyibea. Jloxnoe

npencrasiaenue o6 O6mmeit Teopun OTHOCUTENBHOCTH DUHINTEHHA COCTOUT B TOM, YTO CUMTACTCS, B
YPAaBHEHUH IPEACTABICHA HEHYJIEBAs Macca, KaK MCTOYHHUK UCKPUBIIEHUS ITPOCTPAHCTBA-BPEMEHH, KaK
MCTOYHUK rpaBuTanuu. B ypaBuenun O6meit Teopun OTHOCHTENEHOCTH DWHIITEHHA, KAK MaTeMaTUYECKOM

HUCTHUHBI B JTMHAMHWYHOM IMPOCTPAHCTBC-MATCPHH B ITIOJTHOM BUJIE!
8TG

R — %Rgik - %Agik =% Tik -
HeT Macchl: (M = 0), B KJ1TacCCHUECKOM e¢ MOHUMaHuK. B MaTeMaTH4ecKoi UCTHHE, 3TO Pa3HUIIA
PENSATUBUCTCKOW TMHAMUKH B IBYX (DMKCHPOBAHHBIX TOUYKAX PUMAHOBOTO ITPOCTPAHCTBA, OJTHA U3 KOTOPBIX
npuBouTCs K EBKINmI0BOi cepe, Bo BHelTHeM, He cTanimoHapHoM (A # 0) EBkinmoBoM mpocTpaHCTBe-
BpeMeHu. B pusnueckoii uctune, B ypaBHeHun O6mieit Teopuun OTHOCUTENBHOCTH, DUHINITEHHA, B €MHBIX

Kputepusix OBomtoruy, «3amuTa» Gopmyna (3akoH) HeroToHa:
2 2
E=c*K, P=c'T, (ciz—c,izAcizk)zi—zz %zcz), Aci, = Gv?(X +) # 0



Ac2Z = c*c*K? _ G(c?Ky=mq)(c?*Ky=m3) _ Gmim, AcZ = Gmym,
ik ™ cac4ar2 c2(c2T2=K?2) c2Kg2 ! ik c2K2
Kax Bunum, B ypaBHeHun O6mieit Teopun OTHOCHTENIBHOCTH DWHINITEHHA, CUla TATOTEHUS JEHCTBYET B
TOJISIX C HYJIEBOM Maccoil. UnTaeTcs: pasHuUIa MACCOBBIX MOTOKOB Acf, (Y —) BO BHEIIHEM MOTEHIIMATLHOM
none rpasutanuu c2(X+), ¢ ux IpuHIMIOM DKBUBAJIEHTHOCTH, 1aeT cuity. OmnpeaenuMcs B TOM, KaK
pa6otaet Takoii moxxox. Hanpumep, mist Conana u 3emmn (M = 2 * 1033g) u (m = 5.97 * 10%7 g),
MOJTyYUM

G=6.67+10"8)(M=2%1033) .
(U, = ( o1 492* To13 = 8.917 = 1012) rPaBUTAIMOHHBIM TMOTEHIIMAT HA PACCTOSTHUU J0 3EMJIH U

G=6.67%10"8)(m=5.97x1027) .
U, = ( —— 3)74*108 = 6.25 * 10!, norenuman camoii 3emum. Toraa

(AU = U; — U, = 8917 * 1012 — 6.25 = 10! = 8.67 * 102) , wm (AU = 8.29 * 101?) , nomnyumm:

2 .2
, Acjc* =F

8mG U%K)? U?(UK=m)?> Mm AU  8mG Mm 8mG Mm GMm
AU = ( = = = ) , WA = = =
T (ct=v2=F) kT yapz T yarz T 2/ V2 F T2’ T (AUNZ) T2 T (AU*T?/V2)/8T
AU+T? _ 8.29¥1012x(365.25%24%3600=31557600)

0e3 TeMHBIX Macc. OCTaI0Ch IIOCYUTATD =
87V2 81V2

YTO COOTBETCTBYET KBaapaTy paccrosnus (R? = 2.24 = 10%°) or 3emmu g0 Connua, um F =

= 2.3 %10%°,
GMm
Rz ° 3aKOHY

Hprorona. Takoi moaxo1 COOTBETCTBYET pEAIbHOCTH.

3. IIpeoOpa3oBanus PeISITHBUCTCKOI JTHHAMHKH.
a) Enunpie matematnueckue uctuabl CTO u KTO

CnennanbHas Teopus
OtHocureabnoctu (CTO).
Kinaccuueckoe npeacrasieHue:

= —
Y?+ (1'4(;]!“)2 = [az = Z—Z = (;()nsz} =Y+ (J'CT)Z

KpYToBOTO (+) nimn FI/IHep6OHI/I‘leCKOFO

(_) PaBHOYCKOPCHHOI'O ABUKCHUS.
Y
1). X=a“X+a|2Y1 Y:icT, Tﬁ;

Y=a11X+a,2£
ic

|~

Y
—=a, X ta,—
c ic

~

Y=a21X+a22Y' Y:ici’_",

X=a,X+22y
ic

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

a .
2 =ip, i = ib
ic . AIe =10y
ay =by .

X =b, X +ib,Y

3). Y =ib21X+b22Y1 5” =1 IS
2 2 2
12 =1= 22~ U

2
K= T, bll -
YCIIOBUM OPTOTOHAJIBHOCTH BEKTOPHBIX
koMioHeHT. B ['moGansHo HBapraHTHBIX

1 2 g2
yCIOBHSIX c(epsl, b, =b _bzz, by = 1’211

KBantoBass Teopuss OtHocureasbHoctu (KTO).
CnenuanbHas Teopuss OTHOCUTEIBHOCTH
HEJICHCTBUTEIbHA MIPH YCIOBUSX:

2 ?
1). HE paBHOYCKOPEHHOM (a # const ) JIBUKEHHH.

2). B cuny npuHIuna HeonpeaeIeHHOCTH AY = AT
cama HEBO3MOXHOCTb (PUKCAIlUU TOUEK B
IPOCTPAHCTBE — BPEMEHH, JIENIAI0T IPeo0pa30BaHuUs
JlopeHua 06e3HaeKHBIMU.

3) BosiHOBast pyHKIIHMS KBaHTA IPUBOIUTCS B
HCXOJ/IHOE COCTOSIHHE BBOJIOM KaJMOPOBOYHOTO MOJI,
IIPU OTCYTCTBUU PEISTUBUCTCKON TUHAMUKH, B
caMOM ITpouecce €€ TMHAMUKHU, TO €CTb IIPU
OTCYTCTBHM KBAaHTOBOMW PEISTUBUCTCKON TMHAMUKHU.
PensTuBucTCcKas AMHaMUKa B yTjle MapajuieIbHOCTH

a(X-) TPACKTOPUI KBAHTA MPOCTPAHCTBA —
Marepuu. BMecto X,Y, paccMarpuBaroTCs IMPOEKIUU

K, K, .
, , IMHAMUYHOTO paauyca K, nuHaMuyaHoi

chepsl, KacaTeIbHOU K TOBEPXHOCTH TUHAMHYHOTO

0 ,
TenecHoro yrna & (X =) const , TAPaJLIETLHOCTH.

Peub 0 MaTepuasibHOM cepe ¢ HeHYyIEBbIM

Y, =1=ch0

MUHHUMAJIBHBIM PaJILyCOM , 1 BOJTHOBOM

pymauei ¥ = Kr Yo Y =Ky X=K,|
Ky =a,Ky +a,Ky T_KX
1). KX:a21K}’+a22KX,rHe KX:CT’ c
BBOJUTCA BpCMHI.
— a
K, =a,K, +—>K, — a,
f c KY =aHKY+TKX
SN g K, + 2k =
2). ¢ S c X’ wm Ky =aycKy +anKy

A). Bo Baenmnux I'M — I'no6anbHo — IHBapuaHTHBIX




2 o \2 b= s
(£by,)" = (+by) ’ . c b, = ayc
_ 9
, by +by, :0, HUMEIOT MECTO: e ¢,
WU JUISL:
_AY ayAY a,AT
“TAT AT AY

4). lanee ©MEIOT MECTO JIBa CIIydJasl.

A). YcioBus (a21 =0=a, ), OOHYJISIOT
npoekiun AY = icAT | pygamkn

npocrpancrenno (€ = AY/AT)
BPEMEHHBIX KOMIIOHEHT CaMOT'0 KBaHTa
¢dorona, u gator ' — I'mobansHO-
MuBapuaHTHbIEC YCIOBHSL.

B). PeanbHOCTB B TOM, 4TO (hOTOH,
KOTOPBIM CHHXPOHH3HPYETCS
PETSTUBUCTCKAs TUHAMUKA, UMEET CBOM

00BEM (azl # 0) # (alz # 0) B
IPOCTPaHCTBE — BpeMeHH. Takas

PCAITBHOCTE COOTBETCTBYCT PCAIbHOCTU
IIpUHIUIIA HCOIIPCACIICHHOCTH

AY =0=(Y)+(=Y) . Peub uper o JI —
JIOKaIbHOU MIHBapHaHTHOCTH B 00bEME

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

5). Haymu(ctp.14): «... ”MeHHO OBLIO
W2
11—
NPEINO0JI0KEHO . .. C . ..» um
CmupHOB (T.3, cTp. 195): «... MONOXKUM. ..

(b, = ab) =~b, ... ». To ecTb, HET
HMCXOIHOM IPUYMHBI TaKUX MOJ0kKeHur. Ho
YK€ U3 3TUX MOJIOKEHHI, 10 HEU3BECTHON
npu4nHe, 1o CMUPHOBY, CIEYIOT
MaTeMaTHUECKHUE NCTHUHBI:

X =bX +iabY

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

7 Y —iaX
1-a’ Vi-a®
6). [ToacTaBiisist HICXOHBIC 3HAYCHUS
Y=icT | Y =icT | nonyunw:
X —acT . = icT—iaX
=— icT = ———

o

1-a l-a

YCII0BHUAX, COCTABIAIONINEC

cosy = (+ a, )(‘ a, 1) =1ia;, J@0T TIPHHITATT

HEOMMPCACIICHHOCTH, C HEKOH IIOTHOCTBIO

|
BEPOSTHOCTH
peoOpa3oBaHui:

— a
_ 12
K, =ia, K, +( .

B OKCIIEPUMEHTE, U MATPULIEH

=b,)K
3). fx =(ayc=b,)K, +ia,,K, ]
0 —
Jlnst yriooB mapamiensHocta 4 (X _) =0 ,BI'U,

TaKHUX, 4TO

ay =cos(@’ =0")=1=b (h=1)K, =K

, X, UMEIOT
MECTO YCIOBUSI

Qo _ 4 _ _
5). =" ale 1), by=b=b,
nepuoja (T = 1).

B I'no6anbHo — IHBapHMaHTHBIX YCIIOBHSIX,
ia” =ia =i Ay , MaTpuia UMEET BUJ
K, =ia K, +b,K, K, =iabK, +bK ,

6). K =buKy +ia,Ky Ky =bK, +iabK
K, =iabK, +bK ,

K, =bK, +iabK

Taxas xxe ['UI popma npencrasnenus

Ky =y =Y-1

nJIn

, IMEeT MECTO B JIFOOOM KpaTHBIN
T < AT | momeHT BpemeHw.

Oy =1

7). B ycinoBusix OpTOrOHAJIbHOCTH :
MMEET MECTO
—a’b’ +b’ =1=b>-a’b’
1
b=——
1-a®

K=T

b (1-a’)=1

MHOJKHTEJIb MAaTPUIBl C YCIIOBHSAMH: tay =14 =1dy ,

UIIu al] =a= a22_
B). Ve B JIN — JlokansHO — IHBapuaHTHBIX

i ay # ay
YCIJIOBUSIX, PEISATUBUCTCKON TUHAMUKHU ,C

BHemHUMHU ['M ycrmoBHsAMM, UMEET MECTO:
Ky =b(a, Ky +Ky)
8) Ky =bKy+ayKy)

X
Ky=cT=2=2
x=cl="=2)

K, =y +Y,
, rae: u3 ! 1 0
A =b(a, Y, + K
. CﬂenyeT’ K ( 1170 X) .
3T0 1 €CThb MOMCHT UCTHUHBI peﬂf{TI/IBI/ICTCKOﬁ

JAWHAMHKU KBAHTA IIPOCTPAHCTBA-MATCPUHU, KOTOpLIﬁ
B COBPEMCHHBIX TCOPUAX NMPEACTABIICH




a
T-2X KalInOpPOBOUHBIM Ay HOJIEM.

T:Tcz azlzcosao l/lzlyoexp(apiconst)-i-AK.

., ¢ , K, W
Hpeo6paBOBaHI/IiI JlopeHnua B Kiaccuueckoi 9). Tlo yenosusam ay = T = o =a=ay, |
PENSTUBUCTCKON IMHAMUKE.

T—KX I'M — nuHaMUKH, a=dy=4d
¥ X-WT 7 c? b | 1
Vi-w? e i-w?iet Vi-a® V1-W2/¢ yarpuna
Ta V+Ww npeoOpa3oBaHuil IPUHUMAET BU:
1+ VWl ) lf?}l:‘fl!nKY"'CT - a,K, +cT
nepexonx KTO B CTO. 1-al, N =N
HNmeror MecTo MaTeMaTHYECKUE UCTHUHBI % T ' ’
nepexona Ksanrooii Teopuu cT = By tancld 7= K,/c+a,T

Cnenuanbaoit Teopun OTHOCUTETBHOCTH.

2
OTHOCHUTENILHOCTH B Npe0Opa3oBaHys N1—as, JI=W?2/c? ’

JI7ist HyJIEBBIX YIJIOB W, = ]S’ - a,Ky +cT 7. — a Wy +c
napauiebHOCTH B EBKITHIOBOI r K,/c+a,T ’ Yoa, W, e B
aKCHMOMATHKE, CO CKOPOCTSAMH MEHBIINX (@ #a)#]

W. <c ycnosusx JIN, Ay 7 :
CKOpPOCTH CBETa ' ¥ ~ | HIMEIOT MECTO W 1
IpeIEbHBIE CIIyYan IEPEX0a KBAHTOBOM 4= =a=o
PENATUBUCTCKOM JUHAMMKH BEKTOPHBIX B SKCTPCMAIIIX  KOTTIA. ¢ 0
2
— 0O _nl=1=
KOMITOHEHT, 922 = (COS(O[ = O)— D=a, W=ac o= a
hc
a22:1' aIIZI'Y:WT, W =
& 7y an = DK, =V EwT 10). IlpenensHsie ckopoctr ¥ — €, B ycnoBusix
) VI=W2 (X =)/ e? v _C(an"‘l)_c
i) y =" =
7= Y+WT T:K)””C"'(a:-z:])r Ay =dy il,}laIOT (61224—1) ’
M=/ e? JI-W3(X =)/ c? W =¢=
=Wl (x-)re , HEU3MEHHYIO CKOPOCTh CBETA Wy=c=W, g

K. = K(eosa’ <) 7_T*K Hf/ 6 0060ii cucTeMe KOOp/IMHAT.
¢, VI-Wle™
B ipeoOpa3oBanus JlopeHa kiaccuyeckoi
PENSTUBACTCKON TMHAMHUKMU.
Bonee rimy6okuii BBIBO/ O TaKOW KBAHTOBOM PENIATUBUCTCKON IMHAMHUKE COCTOMT B TOM, YTO IpU
Hen3MeHHOU n3otponHoit Eskiunosoii cdepe (Ky)(cT = Ky) npoctpancTBa-BpeMeHH, B AMHAMHUYHOM

(T ay; V(I agy 1 = 1, npoctpancTse-Matepun, nveet MecTo auHamuka sumnconna (Ky ) (cT = Ky).
HaoGopor, riisiis Ha AMHAMUYHBIN 3JUTHIICOMT IPOCTPAHCTBA-BPEMEHH, BHYTPH HETO HMEET MECTO
ucxojHas craiuoHapuas EBkiaugosas cdepa.
Ve

f

—T =

- Ve {
A —— \ abl —
- ) Y v-) (¥4) \ ¥
A
()

(-]

Puc.3.1. kBaHTOBas PEIATUBUCTCKAS TMHAMUKA IIPOCTPAHCTBA-MATEPHH JIEKTPOHA
Takue npeoOpazoBaHus B yIiiax napauielbHOCTEN TMHAMUYHOTO TPOCTPAHCTBA-MaTePUH, C
UHJYKIHEH PEISTHBUCTCKON MacChl, HEBO3MOXHbBI B EBKIn10BO# akcuomaruke (a;; = 1)(az, = 1) = 1.
Ot10 3HauuT, B EBKIINI0BOIT akcnoMaTHKe, HEBO3MOXKHO co31aTh KBanToByro Teoputo OTHOCHTETHLHOCTH.
Takast kBaHTOBasI pENATUBUCTCKAsL AMHAMUKA CKOPOCTEH, 00yCIIOBIeHA TUHAMUKON (A1 = COSQy) YIIOB
napasensHoctr (Qy ), Hanpumep st (Y +) kBanTa. s (Y+ = e) snekrpona, ckopocTts cBeTa (¢)
MEHSETCS] BHYTPH JICKTPOHA B TIPEJIeNIax yIiia mapauiebHocTh (@y). B moe(Y — = e) anekTpoHa B TOUKe



1
(B), MBI TOBOPUM O CKOPOCTH 3JEKTpOoHA (V, = C * cOS@Py = C * (a0 = E))' B touke (A), MBI TOBOPUM O

ckopoct (¢ * cos(py = 0) = ¢) dpoToHa BHyTpH 371ekTpoHa. Ha Bompoc, Ky/a AeBaeTcst HPOCTPAHCTBO
CKOpOCTEH MoriomaeMoro (hOToOHa 3IEKTPOHOM, OTBET — BHYTPHU AJIEKTPOHA €CTh CKOPOCTh CBETA B TOUKE
(A). cam 3J€KTPOH UMEET CKOPOCTh (V, = & * ¢) . DTO cKopocTh ToukH (B) anekrpona. [ToHsITHO, 4TO B
touke (A) snekrpuueckoe mose nekTpona (Y4 = E) cBOAUTCS K HYIIIO U JICKTPOH MPOSIBISICT CBOMNCTBA
TyHHENIBHOTO ¢ dekra. B camom E (Y +) 31eKTpHIECKOM MOJIe 3JICKTPOHA, MBI TOBOPHUM O ITPOCTPAHCTBE

2
o . 1% o o
CKOpoCTeit 3Toro moust ¢ dhdekramu (Vg = ¢ * Singy =c_|1 — C—z) YK€ KBAaHTOBOU PEISITUBUCTCKON

JTMHAMUKYU KaXJI0H TOYKU Ha TpaekTopuu (Y — = e) anekTpoHa.
TouHO Takyro TUHAMHKY UMeIOT (X +) KBaHTBI POCTPAHCTBA-MATEPHH.

s -
y o

Puc.3.2. kBaHToBas (X +) pensTHBUCTCKAs AMHAMHKA IPOCTPAHCTBA-MATEPUU
06e teopun CTO u KTO nonyckaroT cBepxceToBoe (vi = N*c) IpocTpaHCTBO CKOPOCTEH:

\Ul
-t
ﬁ

— c+Nc — a{1Nc+c
Wy =——=c¢ Wy =———=c, 111 a1 =ay, = 1.
Y ™ 1+4cNc/c? ! Y 7 a,,+Nc/c > A 11 22
B kBanTOBO# pensTuBuctckoit nunamuke (KBantosoii Teopun OTHOCUTENBHOCTH). MBI UMEEM:

a11Ky+(cT=Kyx) Ky+a,,(cT=KYx)

)
,1—a%2 ,1—a§2

Hanpuwmep, nanpsikennocts E(Y +) = (pKy) snexrpuueckoro (Y +) 1mons u noje yckopeHuit

(Tag D azp D=1, Ky = (cT =Ky) =

rpasuTtanuonnoro G (X +) = (pKy) nons, npeacrasieHa JMHAMUKON KOCHHYCOB YIJIOB TapaielbHOCTH

(aqq = cos @y) u (az, = cos @y). Torma: (cos @y * cos py = 1) wnu cos @y =

Wy

, IIOJCTaBHUM B
cos @y

i

(OopMyJIbI U TOCTPOUM YIPOLIEHHbIE TPapUKH.

[

L
VIV

Puc.3.3. rpaduk quHaMUKH KBAaHTOBBIX MOJICH
DTO XOPOILIO COOTHOCUTCSI C CUMMETPUEN MMPOTOHA, O UeM IMOrOBOPUM Aasiee. Mbl TOBOPUM MPU 3TOM, O
KBaHTOBOU pensaTuBHCTCKOM quHamuke (Y+ = X —), (X+ =Y —) kBaHTOBBIX moJjeii. IX HOpMHPOBKa J1aeT
(m — n) cxopumocTH HU3NUECKOTo Bakyyma B enHoM (X += Y F) u quHaMHYHOM, y)KE B KBAHTOBOM
MPOCTPAaHCTBE-MaTepun. ITU TpaduKU JAIOT OCHOBAHKE TOBOPUTH O KBAHTOBOM, BOJIHOBOU TMHAMUKE
M3JTydeHHs ¥ orsomenus (e < y;) u (pj < V;) KBaHTOB B (&) SHTPONHH JMHAMHYHOTO TIPOCTPAHCTBA-



MaTtepuu Beed (m — n) cxomumoctu BeeleHHOM, ¢ peliaTHBHCTCKON JuHAMUKON (¢ = wT) neprooB
JIUHAMUKU B (M — 1) ypOBHX (PU3NYECKOTO BaKyyMa.

6) O6mas Teopuss OTHocuTeasHocTH (OTO) DitHIITEHA B IPOCTpaHCTBE-MaTEPUH.

Teopus xapakrepusyercs TeH3opom DiHmTeitHa (I Kopn, T.KopH), kak MaTeMaTH4eCKON UCTHHOM
pa3HULBl PEIATUBUCTCKON AMHaMUKH JIBYX (1) u (2) Touek PumanoBoro npocrpaHcTBa, Kak
¢buKcupoBaHHOTO (g;;, = const), COCTOSHUS JUHAMHYHOTO (g, # const), MPOCTPaHCTBA-MaTEPUU.
(Cmupnos B.1. 1974r. 1.2).

1 1 1
R —ERl-ajl- =Egrad(U), nin R]l _ERgﬂ = iji! (g]l = COTlSt).
HpI/I 9TOM MaTpula Hp606paBOBaHI/Iﬁ B CAWHBIX €AUHHUIAX U3MECPCHU

R1 = a11Y1 + 0
_ _ 2 _ 2 v2 _ 2
Ry = 0 + ayyY,’ a1 = ayy =VG, R* =ayYy = GYy,
. m2 m2 Mm
aeT KJIaCCUYECKUH 3aKkoH HrI0TOHA B BUE sz = R?> =G =y nwm F=G "

Jlist pensATUBUCTCKON AMHAMHMKH B IPOCTPAHCTBE-BPEMEHN MMEEM COOTHOILCHUS
a) B eauHbIx Kpurepusx 3BOJIIOLII/II/I

2

c2T? — X% = by =L ct =F 272 — x2 =2¥

b Y My Y L Fy '

M2 R? Mm

Fp=——"Yts—, (?’T?=R’=—""—, F,=6———
Y 7 c2r2(1-wi/c?) (cos2px=G)’ Y RZ(1-WZ/c?)’

DTO PEAATUBUCTCKOE MpeACcTaBiacHNe 3akoHa HeioToHa, it MaccoBbix (Y-) TpaeKkTopuii,

mw? _ GMm 2GM Mm 2GM
= W?===wm F=G_—-"—— (1-26M/Rc®)>0, (R>—73)#0

R’ R2?(1-2GM/Rc?)

0) B ciayuyae O6meit Teoprr OTHOCUTENBFHOCTH, HE 3aMpenieHO NPeACTaBIATh (QyHIaMEHTAIbHBIH
Ten3op Pumanosoro npocrpanctsa (Kopu I'., Kopu T. (1973) ¢.508, 535) (g;; = e;(x™) e;(x™),
JNIOKaIbHBIMK Oa3MCHBIMU BekTOpamu e;(x™) u e;(x™) B moboit (x™) cucreme KOOpAMHAT B BUJE
BEKTOPHOTO mpocTpancTsa ckopocteit (Kopn I'., Kopu T. ¢.504). Torna camu tensopsr (g;;(1) =I1;) u
(9,i(2) = I1;) mpezcTaBIAIOTCA KaK rPaBUTAIMOHHBIE MOTEHIMAIEI B Toukax 1 u 2. Mx pasnuna

(Ag;i = AIl) B ypaBHenun O6meit Teopun OTHOCHTENBEHOCTH, JAET TEH30P SHEPTUH — UMITYJIbCA B

4102 212
s = o) wm Al =11, — I, = 2221,

81G
enunblx Kputepusax Opomonnu B Buze: All = L (T]1 Tz — 12

2%4TR2GII{ 11
wi ¢* = F = ———cq—t—ts , e 4mR? - nosepxuocts cheprr, (iR = M) u (IR = M,) KonedHOM
R (1_ Rxc?2 )
GM M.
Bue F =— ( EG?M)) TaKOTO e PENATHBUCTCKOE MPEICTaBIeH e 3akoHa HbIOTOHA, KaK YacTHOTO ClIydast
R -
Rc?

O6muieit Teopun OTHOCHTENEHOCTH. M3 5THX COOTHOIIEHMI clieayeT ToJIbKo To, uto (1 — 2GM /Rc? # 0).

B) B 3aKOHaX Kiaccuueckoi ¢usuke popmysnsl Jlamnaca, Kemnepa cnenayroT U3 mpocThix
2 3 3 3
.. V%2 _ GM R GM R} R} 5 S, Sy S,
COOTHONICHUH: — = —, —S=——, ===, —(w1R;) =—=(w;R — ==, S5it, = 55t
R R2 ' T2 (2m)? ' le T22 ' tl( 1 1) tz( 2 2) ' ty ty ’ 142 241
u (wiR; = wyR,) , B 3akonax Kemnepa. Cam siuturic moiyvaercs, oT ABrkeHus COHIIA CO CKOPOCTHIO
W=217xm/c, Torna 3emisi ABMXKETCS B TIIOCKOCTH CEYEHUS TIOBEPXHOCTH YCIOBHOTO IIMIIMHIPA CO

cKopocThio V=30KM/C, YK€ TIO SJUTUIICY MO/ YIJIOM K ckopocTu CoJHIa, KOTOPOE HaXOAUTCs B (hOKYCE.

Puc.3a. nmxenue 3emiu BOprF CoJHIIA TI0 IUINTICY ¢ mpereccneit 23,5°

[Ipu 3TOM, BEIYMCISETCS YTOJ MPEUECCHH 3eMIIH. TT W =7 (23107) =m*0,138249 = 0,4343216 = tgw. Otkyna
w = arc tg0,4343216 = 23,5° yron npeueccnn Us: (a)lRl = wyR,) , u HOJI = (chl) * (cos45°) cnenyror :
W ==, W=~ , L - ch1 * c0s459, WITH:

t2 ty



Ry _ R;=150420000kM
t;  Ry=6371kM

25764

t, = (ty = 1ron) * 1,543 + 1,414 = 25764 roja, wiu: = 2147 ner,

nepron perieccuu u «pa [hnatonay. Jlanee, v2 — v2 = 2gh, s v2 = 0, g = = kuHeTHYECKAs
pHO TIpelt p : : ¢ =2gh, a1 v =0,9=—
mv? 2GM

o . . 2
SHEprHs paBHA NOTCHIMATBbHOM oHeprun: —— = mgh. Us: h = R, cneayer v? = ——. B noctynarax
DifHIITe}HA CKOPOCTh CBETa MpeeabHas. UTOOB NPUHATH «IEpPHBIE JIBIPHI» ¢ TOPU30HTOM COOBITHIA,
paBHBIM CKOpOCTI/I CB€Ta, Hy)KHO paS,Z[eJII/ITB Ha HOJIb. OH_H/IGKa 31€Ch B TOM, 4YTO B YCHOBI/UIX «CTpeJIBI
BpEMEHHN», HEBO3MOXKHOCTb IIPHUUHBI (JIelleHHe Ha HOIIb B MAaTEMATHKe) 3aMeHAETC HEBO3MOKHEIM

. 2GM

CIICICTBHEM (CHHTYJIIPHOCTD B €BKIIMIOBOM TOUKE) g = ez = @ Ecnu Her neneHus Ha HOJIb, IPUYMHA,
2GM=0 2 2GM=0

TO HET CHUHTYJIIPHOCTU WM caenctsust (R = 0) = P T— U oarto: ¢* = R=0) 0, HE COOTBETCTBYET

Teopun DWHIITEWHA . Eciau roBopsT, 4To NpoCTpaHCTBO-BpeMs ncye3aeT (R = 0) B «TOUKE»
CHUHT'YJISPHOCTH «4EPHO# JBIPB» ¢? = (g = ©)(R = 0), TO 3T0 OIKOKa. 311eCh CICACTBUS CHHTYIISIPHOCTH,
KOTOPBIX HE CYIIECTBYET, 3aMEHSIOT IPUUMHY, TO ECTh CBOWCTBA IIPOCTPAHCTBA-BPEMEHU. DTO pa3roBOp HU

0 yeM. 371ech, Ha000poT g = # 00, ICUE3aET CUHTYJISIPHOCTH B CBOMCTBaxX Bcernaa (R # 0)

(R#0)—0)2
HEHYJIEBOU c(hephI-TOUKH MPOCTPAHCTBA-BPEMEHHU CO BCEMU €T0 3aKOHAMHU, C HEHYJIEBOUW Maccoit (M # 0).
D10 MareMaTHKa B YMCcTOM Buje. ECTh u moruyecku Oe3ynpeyuHbie MpeacTaBiIeHUs Hen30exKHOU
CUHTYJISIPHOCTHU B IICHTPE «4e€pHOM AbIpbl». Ho B X OCHOBE O1IMOOYHbBIE TPEICTABIICHUS TEOPUHU
OiiHmTeiHa. be3 moka3atenbHbIX (POPMYIT, KpaTKO U, 10 cyTH. B koHpopMHBIX peobpazoBaHUsIX, IPH
JBUKCHHUH K TPAHUIIC «IECPHOU JBIPBD» , CBETOBOM KOHYC COOBITHIA B TPOCTPAHCTBE-BPEMEHH, MIEPEXOIHT B
IpeieIbHOE COCTOSTHUE CBETOBOT0 KOHYca poroHa. OObIUHOE MPOCTPAHCTBO- BpeMs ucye3aeT. [anbiie,
MEHSIs 3HaK BPEMEHH, HaJI0 TIEPEXOAUTH B CBEPXCBETOBOE MPOCTPAHCTBO CKOPOCTEH (3TO KITFOUEBOU
MOMEHT), B KOTOPOM BpeMsI M POCTPAHCTBO MEHSAIOTCA MECTaMH (B MPOCTPAHCTBEHHO-TI0JJOOHOM
MPOCTPAHCTBE-BpeMEHH ). [|Jsl Halero mpocTpaHCTBa-BpEeMEHH (BHE YEPHOM JBIPHI), BPEMs B UEPHOM JIbIpE
MEHSIET 3HaK U UAET U3 OyyIlero BpeMeHH B MPOILIOe, M Hallle MPOCTPAHCTBO-BPEMS OTCYTCTBYET (R = 0).
Eciu MBI 1BHKEMCS K TICHTPY YEPHOH JIBIPHI 110 JTF0O0H TPAeKTOPHH, TO BCET/Ia B Oy IyIIeM BPEMECHH €CTh
TOYKa HYJIEBOTO(R = 0) paauyca B LIEHTpe cepbl, TO €CTh CUHTYISIPHOCTH, U3 KOTOPOM IO re01e3MUecKoit
JUHUH BBIXOTUT POTOH. DTO TOXKE YncTasi MareMaruka. U joruka 31ech Oe3ynpednas. 31ech pedb UIeT O
Hen30eKHON CUHTYIIPHOCTHU B LIEHTPE «4epHOl AbIpb». Ommuodka B ToM, yTo CrneunanbHas Teopus

) o v T N
OTHOCHTENBLHOCTH DUHINTENHA, TOMYCKAET CBEPXCBETOBOE MMPOCTPAHCTBO CKOPOCTEH Wy, = H?ch/cz

v; = Nc¢, B KOTOpoe ()OTOH MOMACTh HE CMOXKET. Ternepb BepHEMCSI K KIIFOUEBOMY MOMEHTY HaJIM4us
CBEPXCBETOBOI'0 IIPOCTPAHCTBA CKOPOCTEMH, AJist Tako# JIoruKu. [la, HOoTOH cro/ia monacte He MOXKET, HO
3/1ech pabOTalOT BCE 3aKOHBI DMHINITENHA, HO YXKe JUIsl TOIyCTUMOM MpeAebHOM CKOpOCTH v; = Nc .
dusnueckuil BakyyMm BceeneHHOI, B KOTOpOM IBHXETCS (POTOH , TOKE UMEET MOANPOCTPAHCTBA, B KOTOPbIE
(G OoTOH nomnacTe He MOXKeET. JT0 yxe paxThl. Habmo1aemble «uepHbIe AbIPb» UMEIOT UHBIE TPUUNHBI U
cBoiicTBa. Ho o yka3zaHHOM Jloruke, pOTOH HE MOKET MPOHUKHYTh B CBEPXCBETOBOE MOJAMPOCTPAHCTBO
«4epHOH AbIpb». DOTOH KPYKUTCA HA OpOUTE YEPHOU IbIphl. 3aKOHBI PU3UKU pabOTaIOT B 3TOH 00JsacTy,
KaK U B (U3UYECKOM BaKyyMe. MbI He TOBOPHUM 3J1€Ch, UTO 3TO HYyJIE€Basi CHHTYJIIPHOCTh. «HepHas abipay He
MOJKET MOTJIOTUTh Maccy, MOCKOJIbKY 3Ta Macca, 4YTOObI IPE0I0JIETh TOPU3OHT COOBITHM, JOHKHA
pasorHarbcs 10 CKOpocTH cBeta M — 0. Jlaxke ecnu pa30UTh aTOM Ha MPOTOHBI U JIEKTPOHBI WU 3JIEKTPOH-
MO3UTPOHHBIE NIAPhI B U3ITYYEHUH XOKHUHIa, OHU HE CMOT'YT JOCTUYb CKOPOCTU CBETA TOPU30HTA COOBITUH.
Jlaxke eci MO3UTPOH «POMIICS» O] €BKJIN0BOM JTMHUEH, «ITMHHON 0€3 IHUPHUHBD), TOPU30HTA COOBITHH.
OTO BHE €BKJIMJIOBOM aKCHOMATHKH IPOCTPAaHCTBA-BPEMEHH, BHE ITOCTYJIATOB DWHINTEHHA. A 3TO O3HAYaeT
HEBO3MOXXHOCTb W3Ty4eHUs1 XOKHHIa «UYepHBIMU AbIpaMu». Halmronaemble «4epHbIE IBIPBI» UMEIOT ApYyTrHe
MIPUYUHBI ¥ CBOMCTBA B paMKaX aKCMOM JIMHAMHYECKOT0 MPOCTPAHCTBA-MAaTEPUU. JTO BBIXOAMT 32 PAMKH
JTAHHOM CTaTBU.

DTO 3HAYMUT, YTO MPOCTPAHCTBO cKopocTeit Macesl (VGW2(2rR)VGW = 2GM) He MOXKET UMETh
CKOpOCTh cBeTa. [loyyaem st Maccel potoHa (M = 1,67 * 1072%r) , ¢ yCIOBHOI OKpY)HOCTBIO ( 27TR)

GM _ 6.67x1078+1.67%107 24 — 098+ 10_13cm)
2(2%3.14)c? 2%(2%3.14)%9%1020 '

panuyc nIpoToHa. DTO U €CTh MHHUMAJIbHAS «depHas JIbIpay, He u3Iydaromas GoToH, C MPOCTPAHCTBOM
ckopocTeit KBaHTOB (Y + Ve + ¥o) = P , MEHBIIMX CKOPOCTH CBETa. M 3TO J0Ka3aTEIBCTBO TOTO, YTO
HEHUTPUHO UMEET HeHYJIeBYI0 Maccy. [lonydaemMbIx, TaKUM 00pa3oM, OECKOHEUHOCTEH HET, HU B
MaTeMaTHKe, HU B IIPUPO/IE.

=c,H

cdepsl u npeaenbHoi ckopoct (W = ¢) mMbl I/IMeeM(R =



CyIeCTBEHHO TO, YTO IPaBUTAIIMOHHAS KOHCTanTa it = dyy =V G , 9TO MaTeMaTH4ecKasi HICTHHA

npenensroro (%1 = @y = €08@yux = VG )y napamensrocty, gero Her B O6weit Teopun
Otnocutensuoctu (k = 871G /c*) DitnmTeiina. BTopsIM MOMEHTOM, €CTh KECTKUE yCIOBHS (BUKCALMH

_ (g, =1
MOTEHIUAJOB (g Ji = const), ¢c mpuBeIeHNEM HX K EBKITMI0BOMY IPOCTPAHCTBY & . BBenenune B
7) i R;—=R Lg, = kT
ypaBHEeHHE KoddduiimenTa (L), MCHSIOIINI SHEPTHIO i —5R9ji —52Ag)i = kT); Bakyyma, He MEHsACT
ycloBHA ee (pukcanuu.
4. Cxansipabie 0030HBI.
HetictBue kBaHTa /i = ApAAL = FAtAA , 3adUKCUPOBATh B POCTPAHCTBE AL v Bo BpEMEHU At

(q) # const) (X=)

HEnb3s. DTO CBA3aHO C HEHYJICBBIM YIJIOM MapajICIIbHOCTH (X_) NI (Y_) TPaCKTOpUHU

+ <
wm Y1) kpanra IIPOCTPaHCTBa-MaTepuu. ECTh TOJIBKO HEKasi BEpOATHOCTD JeicTBus. [IpeoOpa3zoBanus

2
PENATHBUCTCKOM IMHAMUKH BOIHOBOK ¥ - )yHKIIMH KBAHTOBOTO IOJIS C INIOTHOCTBIO BEPOATHOCTH (‘W‘ )

BSaHMOHeﬁCTBHH B (X+)

a = const rpynme JlopeHna. DTH TpeoGpa30BaHKs COOTBETCTBYIOT IIOBOPOTAM B INIOCKOCTH Kpyra S, U
PENATHBUCTKY - MHBAPHAHTHOMY YpaBHEHUIO J{upaka.

iy al‘Vi(X)—ml,t/(X)zO [z’yﬂaL(X)—mw(X)}O

niosie (puc.3), cooTBeTCTBYIOT I m06ansHo MIHBapuaHTHOM W(X ) = eﬂa‘V(X ),

%
8x u , u ox o

Takass ”HBapMAHTHOCTb JAET 3aKOHBI COXPAHEHHUS B YpAaBHEHUAX JBWKeHUs. /st npeoOpasoBanuii
PENATUBUCTCKON TMHAMUKU B THIIEPOOIMUECKOM JBH)KEHUH,

ch(aX) = %(e“x +e My=e¥

a(X) # const

AY
 — — = AXT"‘:L ch(aX)

\ './-’

A

N I ! 7 Pl B
/,_\\ /’/ / .

/ y, N < 4

/

\

(X$)

Puc. 3. KBanr JUHAMHUYHOTO IPOCTPAHCTBA-MaTEPUH.

B ycnoBusix Jlokanpaoit MaBapuantaoctu (JIN), nns HOHZCh(Yi)(X‘f‘)COS (@)(X-)=1, ¢£90°, mpn
0
¢=0, cos(p)=1, nmeem ch(yi):L Ch(?)Zl, WM Ch(YL)Zl. st (2y) BomHOBO#M (W=Y-Y0) QyHKINH,
0 (i 0>

BHECEM SACHOCTB. M3 mpocThIX coobpaxkenuii 6epem Y = e 1@ mng jw = /(+w)(—w) HeM3MEHHBIX
skcrpemaneii(ax = 0), B Buge: Y = e'®t. 31ech w - moBopoTsl B Y Z- INIOCKOCTH CEYEHMHU TpaeKTopun (X-)

o w o
C JIOPCHUICBOU MHBAPUAHTHOCTHIO, KBAHTOBOI'O I1IOJIA BOJIHEL, B BUJIC (W = E A h= pr C DOHEPTrUcu

2

W= 2p_m + U. [lunamuka BHYTpH KBaHTa | = Ae'®t
oy . _ip . Pt ..o _R? .
v W B npoctpanctse: grad(y) = — Y, 1 div grad({) = ?LIJ , OTKyZIa: p* = GAL]J , WM.

_i 0 iw
= Ae 1P g4 BpPEMCHHU: a—q: =— 71.[1 , WA



p—z— il Ay, B OKOHYATEIILHOM BUJE MOJIYUYUM: ih v _ we
' v ) Wmax 0t 2m*imax

2m 2m*
(Wmax = 1) KBaHTa, mpuueM ¢ Maccoit (m), Hapumep, eKTpoHa. OTHOIIEHHE

Ay + U , TMHaMUKY SHEPIHUH BCETO
_v
(Wmax=1)
¢ukcamyu (P = Y) KBaHTa B B OKCIIEPUMEHTE, B JTI00bIX Kpurepusax DBomtonuu. OKOHYATEIHHO MOIy4aeM
., 0 h? . W2
1fza—qtJ = S—=Ay + Uy, ypaBHEeHue [Ipenunrepa. KiroueBoil MOMEHT B TOM, UTO Mbl UIMEEM: Ww)z = b,
max
OTHOIICHHE TUIOIAAN ceueHus Tpaekropun (X—) mnu (Y —) KBaHTa MpOCTpaHCTBA-MAaTEPHH B JAHHBIN
MOMEHT BpeMeHH ((pUKcanii B IKCIIEPUMEHTaX ) K MAKCUMAJIbHOMY CEYCHHIO B3aHM0ﬂef/’ICTBI/I;1 y’Ke B BHJIE

, JAET HaM TOYKY

BEPOSTHOCTH COOBITHS. ITO MOKET ObITh DeliHMaHa HHTETpall 1o (X— = U) TpaeKTopI/m — = [ydy, Kak
o 2
cyMmMma Bcex 3HaueHuit (V). 3aech, ¢ = % L. 5 = ixsing, = J(+sing,) (—sing,) = iJl — (cos2¢, = "CLZ) , C
max—

WU3MEHCHUEM YIJIa MapajljIebHOCTH (¢, ), Cpa3y BO3HUKAET PEJIATHBUCTCKAsK MOMPABKa B KBAHTOBOM
PENATUBUCTCKOH uHaMuKe (COS® = @11), (KBAHTOBOI TEOPHHU OTHOCHTENbHOCTH). M 3TO yiKe
MaTreMaTH4ecKasi HCTHHA BEPOSATHOCTHONW MHTEPIPETAIIUH BOJTHOBOU (QYHKIIMH B IIPOCTPAHCTBE-MATEPHH,
6e3 BapuantoB. Torma st iy = /(+) (=), nomyunm mist (X£): i = Ae¥el®t = Ae**t [Ipu stom
npocTpancTBo ckopocteit: (X-)'=v(X)=v(cos @+i sin @). Umu: iv(X) * sing = v./(+sing)(—sing) , B
ypaBHeHUH J[Mpaka MOSABIACTCS JOMOJHUTEIBHOE ClIaraeMoe.

H

iy, —mlF(X) +iy,

I/IHBapI/IaHTHOCTB 3daKOHOB COXpaHCHH HAPYIICHA. I[J'ISI HUX COXpAaHCHHA BBOIATCA KaJII/I6pOBO‘IHBIe
mojisg. OHu KOMIICHCHUPYIOT JOIIOJIHUTCIIBHOC CJIaracMoC B YPaBHCHUMU.

— oal X . a .
A#(X)—AH(X)jLi%) iy, gJrsz(X) w(X)-my(X)=0
L /| H
Teneps yxe B Takoe ypaBHEHHE, 10ICTABIISISI 3HAUCHHE W(X ) - ea(X)W(X ), a(X ) # CONSt gonoBoit
(byHKIMH, TOJTyYUM HHBAPUAHTHOE YPABHEHHE PEIATUBUCTCKON TMHAMUKH.
oy oy Oal X oalX)_
iy, — ax -Y, #(X),U mw_ly“a—"'lyu a(ﬂ )W ~7. u(X)1U aJ(C‘u )l],,_mq/ =0
.oy - , o~ _
zy#——y#AH(X);/ —-my =0 Iy, —+1AH(X)lp—mu/ =0
ox Ox
H , WM r

9710 YpaBHCHHUEC NMHBAPHUAHTHO UCXOOAHOMY YPABHCHUTIO

. c .
17, i, () W ()= () = 0
ﬁxﬂ

4,(X)=4,(x)

B YCIIOBHSX , U A0 =4, +i aa(x)

Xp
HAJIMYUs CKaJIsIpHOTO 6030HA (U(+a)(—a) =1a(AX) # 0) = const , B TIpejieNiaXx KaluOpoOBOUYHOTO (AX) #0)

= f'(x) = 0) maroT Hen3MeHHbBIE IKCTPeMATH (finqy) TAHAMHYHOTO

nostst (puc. 3). DTu yCIoBHs (agix)

a(X) = f(x) # const npocTpaHCTBa-MaTEPHH B TI00aIbHOM HHBAPHAHTHOCTH. U 3/1€Ch HET CKAJSPHBIX
0030HO0B. J10: 4,(X) = A,(X) + laa( ) u3BecTHBIC KaJTMOpOBOYHBIE ITpeoOpa3oBaHusl. a(X) — 4-BEKTOp

(4¢, A1, Ay, A3) DIICKTPOMArHUTHOT'O CKaJI;IpHoro (¢ = Ap) U BEKTOPHOI'O (A = A,, A,, A;)TIOTEHIIMATIa B
>IEKTpoIMHaMuKe Makcsemia: E = —Vo — ‘;—‘f, u B = —VxA , Tpag@ieHTa ¥ pOTOpa, UK F,, = 0,4, — 0,4, ¢
TeH30poM (F,,), (Ex, Ey, Ez, Ex, Ey, E;) KOMIIOHEHT U npeobpa3oBanusmu Jlopenna. K takomy noreniuany
npuOaBIseTCs MPOU3BOAHAS CKASIPHOU (DYHKIIMHU, HE MEHSIOIIAs caM MOTEHIAN. JTO KIIF0UE€BOl MOMEHT.
B Teopun fIHra-Mmusica oH IIpeJCcTaBiIeH IPyIIoni CHMMETPHH, A, = 2(x)A,(2) 7 (x) + i2(x)9,(2)~'(x) , rae
2(x) = e, u w- >nement moodoit (SU(N),SO(N), Sp(N),Es, E7,EsF4,G2) rpymnst JIu, A, » 4, +d,0. B
PEAbHOCTH, 3TO (PUKCHPOBAHHOE COCTOSIHUE TUHAMUYHON QYHKIHH: K, = 1 + Y, , B KBAHTOBOM



) V) 9] X=Z 9]
PENATUBUCTCKON TUHAMUKE. Y CIIOBHO TOBOPSI, B KX 10M (PUKCHPOBAHHOM TOUKE: a (y—) = const , €CTb CBOU

0

X=Z
(yron HakJI0Ha BETOK) THITEpOOTHYECKU KOCUHYC, Ky = Yoch(—) = ( Yo ) , YK€ B OPTOrOHaJIbHOM (YZ L X)

IUIOCKOCTH, IPUYEM, 3a IPEEIaMUA JUHAMUYHOTO (Y;), B KBAaHTOBOW PEJIATUBUCTCKOMN IMHaMuKe. Takum
o0pa3om, cKajsipHble 0030HBI B KATMOPOBOYHBIX MOJISAX, CO3/1aHBI HCKYCCTBEHHO, JUIS YCTPAHEHUS
HenocTaTKoB Teopun OTHOCUTENBPHOCTH B KBAHTOBBIX IOJIAX.

5 CniekTp HeeJIMMBbIX KBAHTOB IIPOCTPAHCTBA-MaTePHH.

- +
Hemermmbiv O6nactsam Jlokammsamun keantos (X ) (Y mymaviranoro [POCTPAHCTBa-MaTePHU
COOTHOCSTCS CTaOMJIbHBIE KBAHTHI MPOCTPAHCTBA-MaTepun. B 06oux ciydasx peds ujer o dpakrax

(Y= (Yt=

peanbHocTH. CTaOUIBHBINA ©) 5eKTPOH, W3TydaeT CTAGHIBHEL ) oron, n

o — Xt=v + = .
B3aUMOJICHCTBYET CO CTAOMIIBHBIMU (Xt =p) MMPOTOHOM U ( “) ,(X t=v,) HelTpuHO. B ennHOM

(X-=Y+) , (X+=Y-) IIPOCTPAHCTBE-MATePUU OHU 00PaA3YIOT MEPBYIO (1) Ob6nacts Jlokanuzanuu

HezenuMbIX KBauToB Ha ux M~ cxonumoctsx (puc.).

e, eq e Yo v =cC Y ,
/ 7 / 7 / /
/ ‘ / / ’ ‘ / /
P2 P1 % Y Ve Y
on, SIS on, =——0Nn,

puc. 4. Henenumble KBaHThI IPOCTPAHCTBA-MaTEPUH.

Jl11s coxpaHeHHsI Hepa3pbIBHOCTH EAHMHOTO (X-=Y+) , X+=Y-)

(Yt =

IMPOCTpAHCTBA-MATCPHUU BBOJUTCA

+ = o Xt=v
(Y_ yﬂ) q)OTOH, AaHAaJIOT'MYHBIN 7/) (I)OTOHy. 910 COOTBCTCTBYCT aHAJIOTUX MIOOHHOT'O ( ,L!)

(Xt=v,)

U DJIEKTPOHHOTO neiTpuno. Ipu stom, u Helirpuno (v,), (Vo) u dpotonsl (y,), (v), Moryr

Pa3rOHATHCS, KaK M POTOH, MJIH DJICKTPOH, 10 ckopocteit (V1), (V2..), IO TAKUM Ke PeoOpa3oBaHUsIM

— oy ¥
W, =a C), W3JTy4aroIIero
o=W,/c=cosp, =1/137,036

Jlopenua. Umest craHIapTHYIO, BHE BCAKUX MOJIEH CKOPOCTh JIEKTPOHA

CTaHJIapTHBIN, BHE BCSIKUX TNoJiel (hOTOH Viry=c , KOHCTaHTa JaeT 110

—q* —q e

aHAJIOTUH, PacyeT CKOPOCTEN Vie)=a*Vy(r,) U1l CBEpPXCBETOBBIX (DOTOHOB B BUJIE: Nr)=ac ,

Viro=a’e Vi)=ae
/4

€

1
o= 137 =C08Q,y (Y-)
YIJIOM NapaJlIeIbHOCTH ¢ TPaeKTOPUU HE M3JlydaeT POTOH, KaK U B

HpHMOHHHCﬁHOM, 0e3 YCKOPCHUS, ABUKCHUU. I9T1oT_mocryaat bopa, a TakKe NPUHIMIT
HEONPECACJICHHOCTH NMPOCTPAHCTBA-BPECMCHH M IIPHUHIMII DKBUBAJICHTHOCTH 3ﬁﬂﬂlTeﬁHa, €CTh

CosQ, =a

, B CTaHJApTHBIX, BHE BCSIKUX Mosiel ycaoBusX. OpOuTanbHbIN 3JIEKTPOH, C

AKCHUOMbBbI JTMHAMHWYHOI'O IPOCTPAHCTBA-MATCPHH. JII/IHaMI/IKa MAacCCOBEIX MOJICH B npeaciax

cosg, =G

, KOHCTAaHT B3aHMOHCﬁCTBHﬂ, JacT 33.p51)10BBIfI HU30IIOTCHI WA UX €AUMHHUYIHBIX MaccC.

m(p) = 938,28MeV, G = 6,67 * 10~%.m, = 0,511 MeV , (m,, = 0,27 MeV),
(X KX) (X =) = cos®gx = (\/_) =G, (Y KY) (¥ =) =cosgy = 137%036
F=I? _ [n?T12 1 Y=my —
~ Ty _[ Y (Y/Kz)] (;_zzg) o oTyaa 2my = Gmy
F=N? _ [n272 NX=my 2
~ Tx _[ X (X/Kz)] (ﬁ “72> o OTyAa 2my =t my
* * — 2 - - *¥107 2
(a/N2)*TIK *(a/N2)=a’m(e)/2=m(v,) =136*10"°MeV m, =a’m,/2

VG/2* K *VG/2=G*m(p)/2=m(y,)=3.13*10"MeV m, =Gm, /2



m(y) = Gm(”’*) =9,1%10"°MeV.
B emunom (Y+ = X+) wm (Y+ =X-), (Y—= X +) TpocTpaHCTBE-MaTEPUN HENIEIUMBIX CTPYKTYPHBIX
¢dopm Henenumbix kBaHTOB (Y1) n (X1):
(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-),
MBI oTaesnsieM 31eKTpo (Y + = X —)MarHuTHble o OT MaccoBbIX noneit (Y — = X+) B Buze:

K DA D =) n EED g = (v ) (=X ) = EOED ;L DOBOH /D)

_ (m()/2)(V2 * 6)(m(v,)/2)  (1.36 * 107°)2 x 2 6,67 * 107°
e = m(y) - 4%9,07 % 10-°

_ ¥HEH) -)(r-) . == (@A) (¥Y-=yg) _ _
YD H)=E)n —7=1=EHE ) (+=X-) ===, wm: o) = q,(Y+=X -),

(m@s)/2)(@®/2)(m(ys)/2) (313 % 107°/2)?
= ms) = 2%137,036% * 1.36 * 10-5
Takue COBNANCHUS HE MOTYT ObITh Clly4ailHbIMHU. JUIst JUIMHBI BOJHBI IPOTOHA A, = 2,1 * 10~ *cMm, ero
yacrora (vygr) = /,li = 1,4286 * 102*T'y, popMHUpPyeETCS YaCTOTOM (v§) KBaHTOB, ¢ Maccoi Z(m),(;r)c2 = Gh(vygr).
14

Gh(v_+). +10—8% +10~27 4 +1024
1r = 5,62 % 1026M€V , WU (myg') — Yo — 6,67x10 1,0545%10 1,4286%10 — 5,58 " 10_321" — 3,13 " 10_5M€V

2¢? 2%9x1020
AHaJIOTHYHO JUIs DTIEKTPOHa A, = 3,86 * 10~ cm, ero yacrora (v,-) =

=q.(Y+)

= 4,8 x 1071°CI'CE

= 4,8 x 1071°CI'CE

Ai = 7,77 * 102°T, popmupyercs

4yacToToi (v, ) KBAHTOB, C MacCOM Z(mve—)c2 = a’h(vy-), tae a(Y =) = KOHCTaHTa, ITOJIy4aeM:
e

137,036
_ “Zfl(v(v;) _ 1+1,0545+10727+7,77%10%°
M) =—z"—= (137,0362)%2+9+1020
Taxue coBmageHns TOXKe HE MOTYT OBITH CIy4aHbIMU. DU3NUECKUM (PAKTOM €CTh 3apsiI0BBIi
n3onoTeHnuan nporoHa p(X—= Y+)e u 3ekTpoHA B aTOME BOJIOPO/Ia C COOTHONICHHEM MAace
(p/e ~ 1836). Ilo aHanorkuu Mpl FOBOPUM O 3apAA0BOM H3onmoTeHumane v, (X—=Y+)yy, u v, (X—=Y+)y,
Cy0aToMOB, C COOTHOIEHHEM MacC (V, /Yo ~ 8642) u (v./y = 1500) coorsercTBeHHO. [Ipu 3TOM, CybaTOMBI
(Vu/Y0) YAEPKMBAIOTCS TPABUTALIMOHHBIM II0JIEM IUIAHET, a CyOaToOMBI (Ve /y) yAEPKHBAKOTCS
IPaBUTALMOHHBIM TOJIEM 3B€3/1. JTO CJIEAYeT U3 PAcueTOB aTOMHBIX CTPYKTYp (p/e), CyOaTOMOB IUIaHET
(p1/e1)(P/€)(Vu/vo) 1 3Be31 (p2/€2)(P1/€1)(/€) (Vu/Y0) (Ve V), Asi: €y = 2V, /a* = 10,2GeV),
e, = 2p/a® = 35,2TeV) ,HOJl = e; x 3,13 xy, = 1, u HOJI = e, x 3,13 xy = 1. A TaKkxke
JUISL pp = ZG—e = 15,3TeV, u p;(X—=Y +)e; «TsDKEIbIX aTOMOBY» BHYTPU CaMUX 3Be3]l. Eciii cyliecTByroT
2(my=e™)
G
KBaHTaMu (p;/n,) aapa 3emiu saep (2ap; = 238p™ = 238U) ypana, p* =~ n, ¢ moCIEYIOIMM PacIagoM B

- 2e1

CIEKTp aTOMOB, KBaHTHI p; = —% = 3,06 * 10°TeV, u (p,/n,), (p, = n,) sapa CoxHna (3Be3/b1, HO B aTMOc(epe

=2,424 x 1073%r = 1,36 * 10"°MeV, mJis Macchl HEHTPHUHO.

= (153TeV)u (my =e;) = 2mx=my) _ = (35,24 TeV) , TO MOJOOHO TeHEpAINH

KBaHTBI (My =pi) = =

3emutH, BO3MOKHBI (DUKCAITUU qaCTHu c suepruerr p, = 305 E15 eV wiu ex= 3,524 E13 eV, kak MUHUMYM),
TeHEPUPYIOT SApa «3BE3IHOT0 ypaHa», (2ap; = 290p; = *°°U*), ¢ UX PK30TepMUYHBIM PACHATOM B CIIEKTP
«3BE3HBIX» aTOMOB (p; /e;) B TBepIoii MoBepXxHOCTH 3Be3.16I (ColHIa) O€3 B3aUMOIEHCTBUI ¢ OOBIYHBIMHU
aTomamu (p*/e”) Bojopoza u criektpa aroMoB. Mznmyuenne (p; — v, ) ColHIIEM MIOOHHOTO
aHTHHEUTPUHO, T0/1I00HO U3nydeHuto (e — y) GoToHOB, 03HavyaeT Hanuuue Ha COoHIlEe, TAKOTO 3BE3THOTO
BeIecTBa (pf /e;) 6€3 B3aUMOAEUCTBHS C TPOTOH (pt /e ™) 3/IeKTPOHHBIMU ATOMHBIMH CTPYKTYypaMu
O0OBIYHOTO BEMIeCTBA (BOIOPO/I, T€IHUH...). TaKOBBI pacdeThl U (U3HUUECKHU JOMYCTUMbIE BO3MOKHOCTH.

B npunHnune, 1ocTaTtoyHO 3HaTh KOHCTAHTHI G = 6,674 * 1078, a=1 /137.036 mnpenenbHBIX
YIIJI0B ¥ cKopocTh € = 2.993 x 101%cm/c, uToOBI onpeiensath KoHCTaHTy AeiicTBus [lnanka ans
€IMHUYHBIX Macc (mo * My = 1) 1 UX 3apsIOB B BUJIE:

«10~8)2 % 2
h=Gmg® Gmo(l —2a)? = (6,674%1078)2x(1— 2/(13170036)) = 1.054508 * 10~27 sprc
137.036%2.993%10

WIH: My * My = (K3 = m,,) (K3 = m,) = 1, B akcMoMax JUHaAMHYHOTO IPOCTPAHCTBA-MATEPHH.

KBaHTOBBIMY CBOMCTBaMHU 00JIANAIOT KaK OOJIBINKE, TAK ¥ Majble Macchl. Hanpumep, s Maccsl ComHILA.
h(MST*Cz)h= 1, Wi Ms(a\/_)Zve_2*1033( 2)+1,785 10777 + 2136 5 1075 =

DTO 3HAYHT, 9TO TAKUE 3BE3THBIC MACChl Mg(V2)2 = 2.8 * Mg, MOTYT Y/ICpXKUBATh B CBOEM I10JI€ TPAaBUTAI[HH

V- HefiTpuHo. IIaHeT! MOTYT yAep)KHBATh B CBOEM I10JIe TPABUTALINH € - SIEKTPOHbI U V- HEHTPUHO.

AHaHOFI/I‘{HO OIIPCACIIACTCA 3apa] CAUHUYHBIX MAaCC (mo = 1) B BUJIC:
q = Gmya(l — a)? = 6,674+ 1078(1/137.036) * (1 — 1/137.036)% = 4.8 x 1071,




M MX COOTHOINEHUsA: hac = g2 . TakuM pacueTaM COOTBETCTBYET MOJIE/b NPOIYKTOB AHHUTHIISIIMK
MPOTOHA U AMeKTpoHa. Maccosie mojs (Y- = e)=(X+ = p) atoma.

X 0

MmoAenb NPOTOHa MmoAaesib INeKTPOHa aToOM BOAO pOﬂa

Puc. 5. Monenu npoayKToB aHHUTWIIAIMH IPOTOHA U AJIEKTPOHA
['eomeTprueckiM (HaKTOM 3/1€Ch, €CTh HAJTMYKE AHTUBEILIECTBA B CAMOM BELIECTBE IPOTOHA M AJICKTPOHA.
[Tpu 5TOM, MIPOAYKTHl AHHUTWISLIUY ITPOTOHA
+ + - +
Xt=p )=0-=y)X+=v, )¥-=7,)

¥ IpOAYKThl aHHuruisimu snektpona (Yr=e—) = X—=v;)+ (Y =y") + X—=v;).

AHaJOrMYHO B €AMHBIX MOJISIX MMPOCTPAHCTBA-MaTepuu BO30HBI 21eKTpOoCcIadoro B3auMOICHCTBHS:

_ 2a*< me(my ))
HON(Y) = (Y+=eD)(X—=v]) = f" = (1 +V2* a)m(W?), uiu:

2% (v0.511%0.27)

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

= 80.4 GeV,

137,036

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

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

G

6. HoBbIe cTa0MJIbLHbIE YaCTHIbI

. vV,
Ha BCTpe‘lHBIX nyqKax MIOOHHBEBIX aHTI/IHeI/ITpI/IHO ( '“) B MArHUTHBIX ITOJIAX:

2v
HOJI(Y =¢,) = (X—:v;)(Y+ :yg)(X—:v;) :—2“ =10.216GeV
o

B HECTAOMILHOM BHUJIC O5TO U3BCCTHBLIC YPOBHU UIICUJIIOHHUA.

+ —
Ha BCTPCYHBIX ITY4YKaX IMO3UTPOHOB (e ), KOTOPBIC pa3roHAKOTCA B ITIOTOKEC KBAHTOB (Y_ - }/) )
(I)OTOHOB «0eJioroy» Jiasepa B BUIC:

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

=15,3TeV

Ha BcTpeuHbIX Mydkax aHTHIPOTOHOB (P~ ), UMEET MECTO:
HON(Y +=¢e;) = X—=p )Y +=eH)X—=p7) = 20% = 35,24 TeV .
st BeTpeunbix  HOJI(Y —) = (X+= p*)(X+= p*), pacCUMTHIBACTCS Macca KBaHTa
MY =) = (X+=pH)(X+=p*) = (2 =77 (1 - 20)

Y (™M _Mp _ — _ _093828GeV (. 2 _
i MY —) = ( T a ml) (1-2a)= (1/137,036)( 137,036) = 1267 GeV

DTO U eCcTh Ta, BHOBb OTKpHITas Ha koyanaepe B LIEPH, snemenTtapnas yactuia.
PS. B 00mux MoJeNsIX CIIEKTpa aTOMOB, MOJIENb KBanTa (X+ =3He) sapa reius, 910

2a



Puc.5.1 monens cunTe3a
crpykrypHas popma kBantos (Y- = p*/n) CunsHoro BzauMoneicTBus, CTpyKTypupoBaHHoro (X-) mojem,
100 aHTHHEUTpUHO (X+= v, ), mubo aHTUnpoToHa (X+= p~) B JaHHOM ciy4ae. B cooTBeTCcTBUM C

aG (X+)
aT

YPaBHEHUSIMU JTUHAMUKHU MACCOBBIX MOJIEH: ¢ * rotyM(Y =) = roty N(Y =) = &, *

9G(X+=%He) .
T) TEPMOSICPHON peakLuu:

1).1160 B HEYNPYIruX CTONKHOBEHUIX (X+= ja) = (Y—=pt/n=e"")(X+= v;)(Y—-=pt/n=e"")B
KOJUIalifiepe, BCTPEUHBIX ITYYKOB sIEp AeUTEpHs MaJbIX JHEPIrHii, 0e3 NepBUUYHOM IUIa3MBbl,
2).1100 CTPYKTYPUPOBAHHEM JICHTEPUEBOM TIa3Mbl aHTHITPOTOHAMH MAJILIX IHEPTHI, B PEaKIIUAX
Xt=%0) = (Y—=p*/n=e"NA+=p ) —=p*/n=e""), iH+p™ +1iH - jHe+p~
Ceronsi, ypasisieMyro TepMOsAepHyo peakuuto: (2H + 3H — He + in + 17,6MeV) co3naior B
miasMe. DTo pasHele sapa. B npoctpancree-marepuu (Y —= X+), 910 (3H + 3H) aHAIOMHYHO COEANHEHUIO

+ A * G(X+), MBI

roBopuM 00 yrpasisieMoil (vy * roty2M(Y—=p*/n) = ¢, *

MAaCCOBBIX TPAEKTOPHH «1103uTpoHay (Y—=p*/n = ") um (Y—= e*), u «aporona» (X+= 3H = p***)
wi (X+= p™). [IpoTOH ¢ MO3UTPOHOM, C B3aUMHO TepreHAuKYIIpHbIME (Y —) 1 (X—) TpaeKTOpHUsMH, 3TO
BOJIOPOJI, B KOTOPOM BCE UJAET HA Pa3pbIB CTPYKTYPHI, B IJIa3Me B JaHHOM ciydae. M Toibko npu ynapax B
BBICOKOTEMITIEpATypHOH 1ia3me, B moisix (X+= p*) CunbHoro B3aumoneiicTus, GOpMHUPYIOTCS BUXPEBbIC
MaccoBble Tpaektopun (Y—= pt/n)(Y—=p*/n) = (X+£= jHe), y’e HOBOTO A/pa, KaK YCTONUUBOM
CTPYKTYPBHI.

Bbonee a¢dhexTrBHBIMU ycOBUSAME 1715 yripaBisemoi TepmosinepHoii Peakiiu, mpencTaBisiroTcs
BCTPEYHBIMH MOTOKAMHM JIEUTEPUEBOM TJIa3MBbl, C MIEPIIEHIUKYISIPHBIM BIPHICKOM [TYYKOB aHTUIIPOTOHOB B
TOYKE BCTPEYH MOTOKOB IJ1a3Mbl. CaM MOTOK JEHTEPHUEBOI MIa3Mbl MPEJCTABISETCS YIIPABISIEMBIM
MMOTOKOM MOHOB, Kak 0oJiee ycroiunuBoe cocrtosinue mia3mbl B TOKAMAK. Unu  Heynpyrux cTONKHOBEHUM
My4YKOB AenTepua HebONbLLMX SHEPTUIA, B Kamepe C NepneHANKYAAPHbBIMU CUN0BbIMU IMHUAMMU CUNBHOTO
MarHUTHoro nosns, 6e3 nepBuYHOM NNasmbl. 310 HyAeT yXKe YyNpPaBAAEMbIN «XONOLHbIA CUHTE3Y reNuns.

Mopgene ynpaensemoro "'xonogHoro cuHTeza" reans nz agep gentepua.

\-\-\‘\._/
< {AY-=p/n)

2(v-Zp/n) —>
(v+)

(v+) | s |

T—
> §v-2p/n)

Sm—
Jv-=p/n)




Monyyaemblie anbda YacTuLbl rPetoT BOAAHYIO pybaLLKy yXKe ynpaBasemoro TepmoaAepHOro peakTopa.
3).1160 B Heynpyrux crojkHoBeHusx (3H +pt — %He) B KoJUIaiiepe TPUTHS C MyYKaMH IIPOTOHOB
00J1bIINX YHEPT Ui, 6e3 TEPBUYHOM T1a3MBbI.

JIBa rpaMMa Takoi 1aa3mMbl CHHTE3UPOBAHHOIO TeJIMsl SKBUBAJICHTHBI 25 ToHHE OeH3uHa. Bo Beex
clly4dasix, Hy’KHbI IPOOHBIE SKCIIEPUMEHTHI Ha YK€ TOTOBOM KoJLIaiaepe.

DJieMeHThl KBAHTOBOM I'PaBUTAIIUM.

Onu caenyrot u3 O6mmeit Teopun OTHOCHTEIILHOCTH, TEH30pa DUHINTEHA, KAK MAaTEeMaTHYECKOM
WCTUHBI Pa3HUIIBI PEISATUBUCTCKON TUHAMHUKU B BYX (1) 1 (2) TOukax pUMaHOBOI'O IMPOCTPAHCTBA, C
byHIaMeHTATBLHBIM TeH30poM g, (x™) = e;(x™) e, (x™).

9ir(1) — g (2) # 0, exex =1, mo ycnousm e;(X —), e (Y-),

Puc. 6. KBaHT npocTpaHcTBa-MaTepuu
Touxka (2) npuBoautcs k EBkiingoBoMy npoctpancTBy chepsl, rae (e;Leg) u  (e; * e,=0). [loaTomy B

1
OKpPECTHOCTH TOYKH (2) BbIJEIsieM BEeKTOPHI (e,) u (e,) u OepeM cpeanee 3HaueHue Ae,; = > (e, + ep).

[Mpuaumas (e, = e,) , yCIOBUE MPUBEACHUS TPe0oOpa30BaHUil K eBKIMI0BOU cepe (X5_,) U s
1 1 e,
Aenn = E(en + eK) = EeK(e_ + 1)’ HOJIyqrnM: gik(l) - gik(z) # 0,

1 _ [ _ er __ _ s
Gire(1) — 5 (esex = gire) (e_K + 1) (2) = KTy, (e_ = R) - (e2 # ey) ,mooromy (€5 = 4€3) u Gy (Xp=p=k)
K
His (e, = e,), umeem (T, = 0). B ycroBusx (e, # e,), Mbl TOBOPHM O JTWHAMUKE (PU3UYECKOTO BaKyyma B
(UKCUPOBAHHBIX yIJlaX MapauiebHOCTH, C PA3INYHBIMU T€0/I€3MYECKUMHU YK€ TUHAMUYHOMN cepsbl
(x5 # x5 # x5) B pukcupoBaHHbX (e, # e, # e;) Toukax. Jlus quHamuuHbX (de,/dt # 0) yrios
napajuieIbHOCTH, MbI TOBOpUM 00 yckopeHun B chepe(XY Z)HecTannoHapHOTo BKIHI0BOTO MPOCTPAHCTBRA.
o v S

Wuaye roBops, yxe reojeznyeckasi, HecraimoHapHoi EBkinoBoii chepsl, g (xjI * X5 # X5y # const)
MeHsieTcsl. MbI TOBOPUM 00 YCKOPEHHH YK€ TMHAMHYHOTO (PU3NYECKOTO BaKyyMa B €r0 pacIIupEeHUH.

B nonnom Buze ypaBHenue O61eit Teopunt OTHOCUTENBPHOCTH, KaK MaTeMaTH4yecKas HCTHHA!

1 1
Rix =5 Rgue =590 = kT,
UTto 03HauaeT 3TO ypaBHEHHUE B KJIACCUYECKOM TIpeACTaBiIeHU? Bece HaumHaeTcs ¢ moctynaTa JUHIITEHHA O
npeieIbHONU CKOPOCTH cBeTa (C) s Macchl (M) co CKOPOCThIO (w). DTO 3HAUUT, uTo: (¢) # (W), WiH

2 #+w?; c2—w? #0; W2=t—j; (c*t)? — (x)? = const = (c x£)? — (X)?.
D10 u3BecTHHIE IpeodpazoBanus JIopeHiia B pelsITUBUCTCKON nuHaMuke. OyHIaMEHTaIbHBIM 3/1€Ch, €CTh
HeHyJIeBas pasHMIa. V3MeHeHne Xoa BpeMeHH (t) MeHseT npocTpancTBo (x) , (Cmupros B.M.1974, 1.3,
4.1, ¢.195) ¢ pensaTuBHUCTCKOM MOMpaBKO# At MaccoBoit m(Y —) TpaeKTOPUHU KBAHTOBOTO TTOJIS:

1 )2 CZ—W2=CZ(1—W—2)=62(1—a2)
137,036 '’ c?

JI71st KIIacCUYeCcKuX MpeoOpa3oBaHU PEIITUBUCTCKON JUHAMUKH:

2
w-_ 2 — 42 —
cz cos (pmax(Y _) =a” = (
i1 Qg2
az1 Gz’
B TpexMepHOM mpocTpaHCTBe- BpeMEeHU HeHyeBoil EBkinaoBoi cdepbl, ¢ HEM3MEHHOM reo1e3uuecKoi
(x{ = const) KpuBOH, Takux ypaBHeHHl Oyner yersipe.(CmupraoB B.U. 1974r. 1.3,4.1, ¢.195-198).

X1 = aq1C * t; — Q12X ; C*t] = ayC*ty —ayyxy; CMaTpuIilel mpeoOpa3oBaHuil: a;, =



X =a;1C*t—apX — A13y — A14Z; 11 A1z Q13 Q14
Y = 0Ap1C* 1 — QX — Ap3Y — Ap4Z ¢ (az) Marpuuei Q1 Az Qz3 Q4
Z=0a31C*t — 033X — A33Y — A34Z npeoOpazoBaHuit 31 Q3 Q33 O3y
CHL =0AyC*T— AgpX — Ag3y — AyaZ (g1 Q4 Q43 Qgq

B u3BecTHOM rpymue Jlopenna: (x)2 + (¥)? + (2)? — (c x£)? = ()% + (7)? + (2)? — (c * £)? . 3nech yxe
MOJKHO TIOZICTABJISATH YUCIIA U CUUTATH MPEOOPA30BaHUs PESITUBUCTCKOM TUHAMUKE eIMHBIX KpuTepueB DBOMOIUN:
Hanpumep: sHeprun E = [12Y = (m = Y) = (I1 = ¢?) = m * ¢? , uvmynbea p = 12t , maccer m = MY (X+= Y-).
3neck I1 = ¢? = gY , norenuman yckopenus (g) na tpaextopuu (Y = Y—). Takue npeo6pazoBaHus pensTUBUCTCKOM
JMHAMUKYU B HHEPIHATIBHON CUCTEME MPOCTpaHCTBa-BpeMeHu 0e3 yckopenus (g = 0) B EBxinnoBoii cdhepe

(a;; = 1) 6e3 rpaBuTanuy, B Touke (1) puc.6, Takue ke, Kak 1 B EBKIIoBo# chepe npocTpaHcTBa-BpeMEHH
najaroiero Jmdra B moye rpaButanuu B Touke (2). [lepen DiHIITEHHOM CTOSIIa 3a/1a4a IEPEUTH U3 IPOCTPAHCTBA-
BPEMCHH MHEPIUAIBHON cHCTeMbl B EBKITHIOBOM chepe O3 TpaBUTalMK B TIPOCTPAHCTBO-BpeMsi EBKIIMIOBOM chepbl
TOXKe 0e3 YCKOPEHHS , HO YK€ MaJaromero Judra B 1ojie rpaBUTaui. YToObl BEIIOTHUTD 3TH IIPe00pa3oBaHus B
PENSATHBUCTCKON TUHAMKKE, DWHINTCHH B MAaTEMaTUYCCKOH MpoIeaype, K MOTCHIIUATY YCKOpeHus (g) Ha TPacKTOpHUU

(Y) npoctpancTBa-BpeMeHH B WHEPLHMAILHOHN cucTeMe, 100aBriI MOTEHIMAT TPAaBUTAIIOHHOTO MIOJISl B BUJE TEH30pa
2 —T12v)2
_ 5 Y%  (E=D%Y) ) 1 _ _
[I=w*= 7 = (porEn? * PHEPTHH-HMIIYIIECA. OT0 MaTemMaTH4ecKas UCTHHA: Rj, = ER(gik = gY) + k(T = 1),
. . 1
yKe TeH30pa DHHINTelHa, B €ro KJIacCH4eckoM Buae: R;, — ER gir = KT, . (KopuaI'., Kopu T. (1973), ¢.536). U

(9, = g9, * a) xnaccuueckoit pusnku. 3nech (Ryy) - npeodpasoBaHms PENSTUBUCTCKOM IMHAMUKHA B IPOCTPAHCTBE-
BpeMeHH EBKIINIOBOM yike Ipyroit cdepsl, yiKe Apyroi reoae3ndeckoi KpUBU3HbL (X5 = CONSst) B MagaroieM
mudre B mosie rpaButanronHoro norennuana (kT;, = I1). MiHade roBops, mojie rpaBUTAUKN U3MEPSAETCS KPUBU3HOM
MPOCTPaHCTBA-BpeMEHH. BhIUUCIsS M3MEHEHHS IPOCTPAHCTBA-BPEMEHH B PEIATUBUCTCKON JTHHAMUKE Oe3
rpaButanmu B Touke (1): X7 = giXxy; € *ty = gi€ * ty; (i, k = 1,2,3,4) u u3MeHeHus IPOCTPAHCTBA-BPEMEHH B
PENSATUBUCTCKON TMHAMHUKE YKE C TPaBUTAMEH B TOUKe (2): X, = g Xz, C * ty = gy C * t,; MBI MOXKEM CUUTATH
W3MEHEHHI KPUBU3HBI T€0Ie3MUECKON nmaaaromei chepsl (x5 = const) B mone rpasuranuu (x5 = X,Y, Z, ct).

(2 —x1)% = gin® * (tp —t1)* — gio * (2 — %)% = Giz * (V2 = ¥1)* — Gia * (22 — 2)* = (kTyy) ; (i=1,2, 3, 4).

B npunuummne, Mbl uMeeM €0 ¢ (gix)? kBagpatuunoi Gopmoit (gix) (gix = 9irRjkn) 17151 BHIOPaHHBIX

HanpasieHuii(e;e, = 1) u (e,y” = 1)npeobpaszosanuii Tenszopa Pumana —Kpucrodpdens (Kopn, 1973,¢.535).
Kak Buaum, 310 MaTpuiia B 5 cronbiax u 4 cTpokax, Kax/jaas u3 KOTOpOi ecTh ypaBHEHUE TMHAMUKU B
TPaBUTAIMOHHOM TI0JI€, U perIaeTcs oTaenpHo. Vmu B 0011eM ciiydae paauaibHOTO MPEACTaBICHUS ChEPHI:

— — — ATI=TI Aw?\ _ AT+
(xz —x1)%? = AxZ, 5 (t; — t1)? = At2, ; B BUgE: €% * Ats — AxZ, = g: M c? x At? (1 ——:; ) = g: ;

2 Aw? ATI*IT o
*(1-"5) = Gae=m = ATl . PasHuna cKOpocTeil Ha OpOUTE U3MEPSETCs IKCIEHTpUcUTeToM (¢). Toraa

c?(1 — £2) = All . [IpunKuMas CMEIEHUE EPUTenns 5¢ ~ AA—A , AS@ = AA ; mony4uM u3BeCTHYIO HOPMYJTy
Ditnmireiina: ¢2A8p(1 — e2) = (Al x AA = GM), 8¢ ~ % =42,98" s nepurenus Mepkypus. I1o

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

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

36525
S *
4 88

3HAYUT, YTO pedb UJET O IOBOPOTE BCETrO MpocTpaHcTBa-MaTepuu Bokpyr Connna. Ilpu 3ToM AHaMuKa BakyyMHBIX

=5,03356 * 10~ "rad ,

TOXKE MaTeMaTH4ecKas UCThuHA. B aTux pacueTax: 5([) =

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

. 1
3HAYEHHH MPOCTPAHCTBA-BPEMEHHU (E Jix = 0) B Touke (2), He yuursiBaercs (e; L ey). 3neck HeT nuHamMuku. Ho

3/1€Ch YK€ MOKHO IIOJICTABIIATH YHACIIA U CUYATATh KPUBU3HY IIPOCTPAHCTBA-BPEMEHH, C €€ UHTEPIOJIALMEN B
MMOTEHIMAN MPOCTPAHCTBA CKOPOCTEN ITPABUTALIMOHHOTO 10Js. [Ipn HyneBOM rpaBUTallMOHHOM NIOTEHIHAIIE
ypaBHEHUA. R;, = %R(gik = gY) + k(T = 1 = 0) O6meit Teopun OTHOCUTETLHOCTH DUHINITEITHA,
MepexoaiT B paBHble ypaBHeHUd CrienranbHol Teoprnt OTHOCUTENBHOCTH DUHIITENHA, B IBYX Pa3JIMYHbBIX
Toukax (1aboparopusix) EBKIMI0BOroO mpocTpaHCcTBa, MPU ATOM MOATBEPKIasi B MATEMAaTHUYECKOM HCTHHE,
MepBbIi moctynar DiHmTeHa. Ry, = (R = 1)(gix) ; X3 = GikX1, € *ty = guets; tne (i, k = 1,2,3,4), win
(cxD)? - (@? = (c*x1)? - (%

JI;ist GeCKOHEYHBIX TPaBUTAIMOHHBIX yeKoperuid, [T = ¢? = (g, —» ©) (¥ = 0) B CHHIYJISpHOI TOUKe
(Y, = 0), Hapumep «9IepHOH ABIPBI», B ypaBHEHUN DWHINTEHHA PEYb O PEIITUBUCTCKON IUHAMHUKE:

(Rik = (gz > ©)(¥ > 0)) = TR(gix = g:11) + k(Tye = 1 = ¢?) , (g3) yeKopeHue B TouKe 2,

4

— C o o

(cxD)? - (0)? = T 0 HcuesaeT caMo ypaBHEHHE DUHINTEHA:
2

(cxD)?—=(X)?>=0,um:(c*xt)> = (X)*u(cxt>0)%>=(Xx =Y, > 0)2



DTO 3HAYUT, YTO B MPOCTPAHCTBE-BPEMEHU TAKON CUHTYJISIPHOCTH HET. B ypaBHEeHHMU DUHINTEHA HET HU
«UYEPHBIX JBIP», HU CUHTYJIpHOCTEN. Bee 3T0 B cTporux Mmaremarnueckux uctuHax. C Ipyroit CTOpoHsbl,
MaTeMaTH4ecKasi HCTHHA 3[eCh B TOM, YTO HEHYINIeBask Pa3sHMIIA PEIATUBUCTCKOM JUHAMUKH AXx3, B
ypaBHEHHH DUHIITEHA, 00yCIOBIEHA CKOPOCTIMU MAacc MEHBIIE CKOPOCTH CBETa B caMux cepax B
ToYKax 2 ¥ 1, ¥ BHe HeHYJIeBbIX EBKJIMI0BBIX cdep C pasInIHbIMH UX Teoie3nueckumu (X5 # X37)
26(M 26(M 2G6(M~0
%2): 0), R(x*) :c+)’ ‘= (1(e—>0))
Macc B M0JIe IPaBUTALIMK, PAaBHOIN CKOPOCTU CBETA, TaK KaK MCYE3aeT caMO ypaBHEHHE DilHIITEelHA, BMecTe
C CUHTYJISIPHOCTSAMHM B «4Y€pHBIX AbIpax». Ux HeT. Bonpoc 3akpbiT. B ypaBHEHHSIX €CTh TOIBKO MacChl
HeHYJIeBbIX chep (X5 # X7) Kak HCTOYHHUKA KPUBU3HBI, PABHO MPAaBUTAILIUH, W TIOJI HHAYKTHBHBIX Macc,
(BHE wmdTay) «TeMHON MaTepun». Ho HET ypaBHEHUH, KOTOPBIE TAIOT «IEPHBIC ABIPHI, CHHTYISPHOCTH.
Takux ypaBaenuit B O6meit Teopun OTHOCHTEIIBHOCTH DWHINITEHHA HET.

Habmronaembie «depHBIC ABIPBI», B MPOCTPAHCTBE-MATEPHH MPEICTABICHBI KAK 00BEKTHI PA3INIHBIX
SHEPTEeTUYECKUX YPOBHEH (PU3MUECKOr0 BaKyyMma. ITO 0OBEKTHI 3Be3AHBIX (10 30,8 * Mg,,,,) Macc,
Mex3Be3IHBIX Mace (0T 31 * Mgy, 10 622000 * Mg, Macc CosHua), rajakTHieckux Macc (0T 6 * 10° M, 10
101°Ms,,,,), Mexramaxtiaecknx Macc (ot 101°M,,,, 1o 1013 Ms,,,), snpa kBazapos (ot 1013 Ms,,,, m0 1017 M,,,,) u
KBa3apHbIX ranaktuk g0 (1024Mg,,,). OHH MMEIOT 110 HapacTaroIIe, MHOTOYPOBHEBBIE 000I0UYKH KBAHTOBBIX
MOANPOCTPAHCTB, B KOTOPBIE , HApUMep (POTOH, MOMACTh HE CMOXKET. DTO BBIXOAMT 3a PAMKHU OOIIei
TEOPUU OTHOCUTENIbHOCTH DHUHILTEIHA UITH, TOUHEE, 3a IPEEIIbl €BKINI0BOM aKCMOMAaTUKH ITPOCTPAHCTBA-
Bpemenu. Ho 31ech HeT HUKakux OeckoHedHocTel u cunryasipaocteil. Ux ner B [Ipupoge.

CpenHee 3HaYCHHUE JIOKATBHOTO 0a3MCHOT0 BEKTOpA PUMAHOBOIO MpocTpaHcTBa (Ae,),
OMpEIENSCTCS KaK MPHUHIIAIT HEOPEISICHHOCTH, HO YK€ Ha BCIO [UTMHY BoiHbl KL = A(X +)
rpaBurtaionnoro nois G (X +) = M(Y—) MaccoBbIX TpaeKTOpHiA. DTa HEONPEACICHHOCTh B BUIE
orpeska (OA=r), kak BoaHOBOM pyHKMu (r = Yy ) MaccoBoit M (Y —) TpaekTopun kBanTa (Y +) B
rpaButaiiioHHoM G (X +) mone B3aumogeticteus. A(X +) = 2yy) cnuu(X +) nons. [poexigust
(Y —)TpaeKkTopHuu Ha MIIOCKOCTh Kpyra (7r?) maet miomans BeposTHocTh (YPy ) 2 monazanus MaccoBoro
kBanta M (Y —), B rpaBut. G(X +) none B3aumoneiicTBusi.

DTO UCXOHBIE 3JIeMEHTHI KBaHTOBOrO rpaBuT G (X +) = M (Y —) maccoBoro mojst. OHH CIIEAYIOT U3
ypaBHenus O6meit Teopun OTHOCUTETHLHOCTH.

2.KBaHTOBasi rpaBUTALMS B €IMHOIH TeOPUH

DneMeHThI KBaHTOBOTO TpaBUT (X+ =Y-) MaccoBoro moist cienytot u3 O6iei Teopun
OTtHocuTenbHOCTH. Peub 0 pa3zHule peiasTUBUCTKON quHaMUKHU B ABYX(1) u (2)Toukax pumMaHOBa
IIPOCTPAHCTBA, KaK MaTeMaTHYeCKOW UCTUHE TeH3opa DiHiuTeitHa. (G. Korn, T. Korn, ¢.508). 3xeck
Jix(1) — gi(2) #0, erer =1, no ycnosusim e;(X —), er(Y—), dyHaamenTampHbIil TeH30p
Jir(x™) = e;(x™)er(x™), pumanoBoro mpoctpaHcTBa B (X™) cHcTeMe KOOPIMHAT.

KPUBBIMH B 110JI€ rpaBuTanuu. (1 — , (R # 0). 31ech HET CKOPOCTH

Puc. 7. KBanroBoe rpaBut(X+ = Y-) MaccoBoe mouie.
®dusnueckuM cBoiicTBOM rpaBUT(X+ = Y-) MaccoBOT0 MoJisi €CTh MPUHIUI SKBUBAJICHTHOCTH MHEPTHOM U
IPaBUTAIIMOHHON MacChl. DTO paBEHCTBO YCKOpeHHsI a = Vy * M (Y —) MaccOBBIX TPAeKTOPHU U YCKOPCHHS
g = G(X+) nons rpaBurtanun, vy * M(Y —) =a = g = G(X +), B IpoCTpaHCTBE CKOPOCTEH
e X -)=e("=XY,Z) = vy [ﬂ JIOKAJIBbHBIX 0a3UCHBIX BEKTOPOB, ex(Y —) = e, (x" = X,Y,Z) = vy [ﬂ .
Hampumep, B «mamaromem» e yekopenne (g — a) = 0 orcyrcrByer, u Bec P = m(g — a) = 0, paBen
Hymo. Touka (2) npuBoauTcs kK EBKimmoBoMy npocTpaHcTBy cdepsl (x5_.), rae (e;Lley), (e; * ex=0).



[TorTOMy B OKpecTHOCTH TOYKH (2) BBIIEISIEM NapalljieIbHbIC BEKTOPHI (€,) U (e,) U O0epem cpemHee
1
3HAYCHHUE 3HAUCHUE Ae,; = e, = E(e“ + e,). llpuaumas (e; = e) u g (1) — gi(2) # 0.

Aenn = %(en + eK) = %e}((z_: + 1)> oJIy4IrM: gik(l) (X+) - gik(z)(x+) = KTik (Y _) , AJIN
9 (1) _%(eiez = ejex = Jir) (E—z + 1) (2) = &Ty , (Z_z = R) - (ex # e, Gire(X3=n=i)
Hus (e, = e) umeeMm (T, = 0) . B ycnoBusix (e, # e,) peub UACT O IUHAMHUKE (PU3HUUECKOTO BaKyyMa Ipu
(UKCUPOBAHHBIX yIiIaX MapajuieIbHOCTH, C Pa3HBIMU T'€0/I€3MNUECKUMHU YK€ TUHAMUYECKOH cdepoit
(x5 # x5 # x;) B pukcupoBanubiX (e, # €, # e, = const) Toukax (e, = Ae,). st AMHAMHUYHBIX
(0e,/0t # 0), (¢ # const) yrioB mapawieIbHOCTH IIPOCTPAHCTBA-MATEPUH MBI TOBOPUM 00 YCKOPEHHH B
chepe (XYZ) HecTaIMOHAPHOTO €BKIIM0BA TPOCTPAHCTBA. JIpyruMu CIIOBaMU, YXKe reoIe3nuecKast
HECTaIlMOHAPHON €BKIUA0BOI cephl giy (xfI #* X3, # Xy # const) mensercsa. Peus naer 06 yckopenuu u 6e3
TOTO IMHAMUYECKOT0 (PU3NYECKOr0 BaKyyma IpHU €ro paclIupeHuu.
Ortcrona cnenyet ypaBaenue O6mieit Teopun OTHOCUTEIHHOCTH B IOJTHOM BHJIE!
Ry — %Rgik - %Agik = KTy .

CpenHee 3HaYCHHUE JJOKATBHOTO 0a3UCHOT0 BEKTOpPA PUMAHOBOIO MpocTpaHcTBa (Ae,,),
OTIpeICIIAETCS KaK MIPUHIIAIT HEOTPEIeIEHHOCTH MacCoBbIX (Y —) TpaekTopuii, HO y)Ke Ha BCIO JITTUHY BOJIHBI
KL = A(X +) rpaBurtaionHoro noss. 3aecsk yckopenust G(X +) = vy M (Y —) MaccoBbIX TPacKTOPHUH.

DTa HeOoNpeIeIEHHOCTh B BHE oTpe3ka (2 * OA = 2r), kak BosHOBO# (yHkiuu 2Yy (Y—)r = A(X +)
maccoBoit M (Y —)rpaekropuu kBanra (Y +) B rpaButanmonsom moie G (X +)BzaumoneiictBus. 3mech
2y , coun (1) kBantoBoro moist A(X +) rpaButanuu. IIpoekiust maccoBoit (Y —)TpaekTopuu KBaHTa,
Ha MIIOCKOCTh Kpyra (7T72) maet mioians BeposTHocTu (Py) % nonaganus maccosoit M (Y —) Tpaekropuu
kBanTa (Y 1), B kBaHTOBOE rpaBuTaninonHoe G (X +) mose B3aumo (Y — = X+) geiictBus. B oGriiem
ciyqae Touku V; u N (Y-) maccoBbix mwin V; N (X-) 3apsiioBbIX TpaeKTOpHiA, a0COIIOTHO OJJMHAKOBBI
MeXy cO0O0 B TMHUH-TPACKTOPUH €IMHOTO IMyYKa MapajliebHbIX NPSAMBIX JUHUN. Kaxaas mapa Touek,

UMEIOT CBOIO BOJHOBYIO GyHKLUIO +/ (+1) (=) = i), B uHTepnpeTanny KBaHTOBOM 3aIlyTaHHOCTH. B aTOM
IIPEJCTAaBICHUN KBaHTOBAs 3alIyTaHHOCTh €CTh (PaKT pealbHOCTH, KOTOPBIH CelyeT U3 aKCHOM
JUHAMHYHOTO MPOCTPAHCTBa-MAaTEPUH. DHTPOIHMS KBAHTOBOM 3allyTaHHOCTH MHO>KECTBA JaeT IPaJUeHT
MOTEHIMaNa, HO 3/1eCh TEPSETCS MPUHIUI SKBUBAJICHTHOCTU DWHIITEeHA HHEPTHOU vy M (Y —) = G(X +)
Y TPaBUTAILUOHHON MaCCHhI.
DTO UCXOHBIE IEMEHTBI KBaHTOBOTO TpaBuT G (X +) = vy M (Y —) maccoBoro noss. OHH CleTyI0T
u3 ypaBHeHus O61el Teopun OTHOCUTENBHOCTU. Bhiienum 31ech pazmepHOCcTH ennHbix Kpurepues

2
DBOJIOIUH MMPOCTPaHCTBA-MaTepuu B Bujie. CKOPOCTH Vy [ﬂ, norennuan (I = v2) [%] ; YCKOpeHHue
G(X+) [%], maccoBble m = [IK(Y —= X+)noxns u 3apsnossie ¢ = [IK(X—= Y+) nons, uX miIoTHOCTH
p [?(—I:] = [% ; cuna F =T12; sueprusa &€ = [12K; umnynsc P = I12T; neiicteue h = [12KT u Tak nanee.
£ £ £ £
O6o3naunM (Ae,, = 2¥er), Ty = (E)i A (E);m = (E)i 2y (E)K = 29T}, , B BUz€E T€H30pa
suepruu (€) — (P) ummynsca ¢ BonHOBO# (yHKInei (). OTcioaa cienyer ypaBHEHHE:

Rix — 5 RejAe,, = K (%)l A (%)H HTH

Rie(X+) = 29 (Rejer(X+) + KTy (Y-)). 1 Rye(X+) = 29 (Rgu(X+) + KTy (Y-)).

KZ
DT0 ypaBHEHHE KBAaHTOBOTO I paBUTAIIMOHHOTO MIOTEHIHAJIA C Pa3MEPHOCTHIO [F] MOTEHIIHAIA

(Il = vZ) ucnunom (21). B ckobKkax TOro ypaBHeHHUs, 4acTh ypaBHeHus O6meit Teopun
OTHOCHUTENBHOCTH B BUjE NoTeHIMaabHoro [1(X+) mosns rpaButanum.

B reopun mosst (CmupHOB, T.2, €.361), yckopenne maccoBsix (Y —) Tpaekropuii B (X +) mose rpaBuTariuu
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 [%]

Cootnomenne G(X +) = grad,;I1(X +) paBHOCHIBHO Gy = g—z; Gy = 3_36/; G, = g—i; MPEICTABIICHHIO.

3neck monHbli quddepernman: G,dx + Gydy + G,dz = dIl. OH uMeeT UHTETPUPYIOIIHIA MHOKHTEITh



cemeiictBa nosepxnocreit [I((M) = C; 53, ¢ Toukoil M, OpTOroHaIbHBIX K BEKTOPHBIM JIMHHAM HOJIS
maccoBbix (Y —) tpaekropuii B (X +) mone rpasutarmu. 3neck e;(Y—) L e, (X—). Orcroaa cnenyer
KBa3UIIOTEHIINAILHOE TIOJIE:
K? 1 K
tr(Gudx + Gydy + Gdz) =dl ||, w0 GX+) == grad X +) [5].
T
3aech t7 = n s KBa3UIIOTEHIMAIBHOTO 1oJ1sl. Bpemst t = nT, 310 n- KOAMYECTBO NepruoaoB T’
KBaHTOBOM nuHaMuKku. I n = t; # 0. OTcrona caeayroT KBa3uIOTEHIIMAIBHBIC TOBEPXHOCTH w = 21/t
KBaHTOBBIX I'PABUTAIIMOHHBIX TOJIEH ¢ IEpUO0M T ¥ YCKOPEHUEM:
K
6(x+) =L graanx+) [53].
T

6X 0[] = £ (gradn(Rgi) (€05 @ryygy = 6 1] + (gradu(T) )

n=4,. #‘Mx;hxf—%—— rs
/At ™Y

ne3 ,JA—J{A‘% LR S». T8

Puc. 8. KBaHTOBBIEC IpaBUTALIMOHHBIE TTOIS.
Oto pukcupyemMoe B CeUCHHUH, BEIOpaHHOE HampaBiieHue HopMasu n L [, CroskeHue BCeX TaKUX
. K .

KBAHTOBBIX ITOJIEH MHOXKECTBA KBAHTOB 10ty G (X +) [E] 0001 Maccel, GopMuUpyeT 00IIYI0 MOTEHIIHMATBHYIO
«IMY» €€ TPAaBUTAIMOHHOTO TOJIs, TJe YK€ NeHCTBYeT ypaBHEHUE DUHIITEHHA, C «3aIIUTON» B YpaBHEHUN
dbopmynoit (3akoHoMm) HetoToHa. B iMHaMUYHOM MPOCTpAaHCTBE-MATEPUH, P€Ub HET O JUHAMUKE

K o
rotyG(X +) [T_Z] nojiel Ha 3aMKHYTBIX 1otyM (Y —) TpaekTopusx. 31ech -JTHMHUS BIOJb
KBa3UIIOTCHIIMATBHBIX IIOBEPXHOCTEH PUMAHOBOTO TIPOCTPAHCTBA, ¢ HOpMaiibkio n L [ TlpenensHbIid yro
napautebHoCTH MaccoBbiX (Y —) Tpaektopuii B (X +) mosie rpaBUTAIINH, JaeT TPABUTAIIMOHHYIO

- t

KOHCTaHTY (COS?@(X—)pax = G = 6.67 * 1078). 3necey ty = 7 =M, TOPANOK KBa3H MOTEHIHATLHBIX

. 1
noBepxHocTel, U (cosQ(Y —)pyax = a = m).

K YT ¢ ) K
G(X+) [ﬁ] = (G » grad,Rgy (X +) + a * grad, Ty (Y -)) [ﬁ]

. [K .
D10 001IIee ypaBHEHHE KBAHTOBOTO rpaBUT (X+ = Y-) MacCOBOIO MOJIS yXKE YCKOPeHMii [T_Z]’ Y BOJTHOBOM

Y — dynkuwmeit, a Takxe T- nepuogom auHamuku kBaHta A(X +), co cunom (11), (2). Tlons yckopenuid,
KaK M3BECTHO, 3TO YK€ CHIIOBBIE MOJIsL. 1 9TO ypaBHEHHE OTJIMYAeTCsl OT YpaBHEHUS TPABUTAIIIOHHBIX
norenuunagoB O6meit Teopun OTHOCUTENFHOCTH. B IBYX cI0Bax OTMETUM KOHLENIIMU B TAKUX MOAX0JIaX.
OWHIITENH J1aiee, MbITAJCSA BHIMOJHUTH MapaJuIebHbI NEPEHOC BEKTOPA B pPUMAHOBOM MPOCTPAHCTBE
BJIOJIb T€0/Ie3MUECKOI KpUBOH (x°) M3 TOUKH 1, B TOUKY 2, C TIOJIyYSHHEM KBaHTa IPaBUTAI[HOHHOTO MOJISL.



puc. 8.1 - uHTEepnpeTalus MoJIeeH.
B marematndeckux npouenypax EBKINI0BOM aKCHOMATUKH, 3TO BO3MOXKHO TOJIBKO IIPU IIEPEHOCE BEKTOPa
(x3) Touku 1, B TOUHO Takoi BeKTOp (X3) , HO yXKe TOYKH 2, KaK MPOeKInii Ha EBKIMI0BOE TPOCTPAHCTBO,
JIOKaJIbHBIX 6a3UCHBIX BEKTOPOB PUMAHOBOTO NPOCTPaHCTBa e;(x%) U e (x°). (x5 = x5 = 05y max = VG),
i (x5 * x5 = VGeNGe, = Ggy (x*). B kaxaoii pUKCUPOBAHHOM TOUKE re01e3MUecKoii KpuBoii (x°), B

2
€BKJIMJ0BOM aKCUMOMATHUKE KPUBU3HBI IPOCTPAHCTBA-MATEPUH: K = };— (B.1. CmupHos, 1974r. 1.1, c.187), u
0

v Y X 1 — A o
COOTHOMIEHHH — = ch (—) =-(e*/™ +e™/™), u (X =7), rPaBUTALMOHHBIH TOTCHIIMAT PABEH:

To

X 4) = Ggu (1-[E=cn(*B)]) = kTu . Mowm: h = 2m(h = Apydxg), AL =222 ch ().

o ) Apy’ Apy*To
3necy (py), UMITYJIbC ACUCTBUS KBAHTA TPABUTAIIMOHHOTO Moy, Tak peanusyercs uaes DitHireiHa. [Tytem
npeoOpa3oBaHUil TPaBUTAIMOHHOTO NoTeHuana I1(X +), MOXXHO Moy4yaTh BapUAHTHI:

o Y
a) (X +) = g *x° = x°G(X+), COOTHOILICHHUE PEISITUBUCTCKON JMHAMUKU (— = R) KaK OBOPOTHI
0

npeoOpazoBanuii JIOpeHIIa B IUIOCKOCTSAX Kpyra (R) U (), a Takke IS (cos@(Y —)yux = @), u¥Y = a * (Y-),
M0JIy4aeM YK€ KBAHTOBBIE I'PABUTALIMOHHBIE TI0JISI YCKOPEHUM B BUJE!

Ggix = G*R*gy +aTy wiu G(X+) =G *R * grad, giyx (X+) + a x grad,, Ty, (Y-),
0) B EBkiin0BOM akcuomaTuke, cos@(Y —)mm = 1, cos@X —)pmin =1, U Ggix = Rjx , OIYIUM KIACCUYECKOE

o o o 1
ypaBHenue Oo6mieit Teopun OTHOCUTETFHOCTH DHHINITENHA B BUJIE: R;), — SR * Gie = ke * Ty .

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

0e3 TMHaMUKH (U3NYECKOIro Bakyyma, B eIMHbIX KpuTepusax DBoOIMH POCTPAHCTBA-BPEMEHH, CIEAYET

“ GMm
KJIaccuueckuii 3akoH HrloToHA: F = 2 "3 Pa3sHULIBI I'PABUTAUOHHBIX IOTCHIHUAJIOB B TOUYKAX (1) u (2) B

Buze: (Ry, = ejex (1) = Uy) %Rgik = e;ex(2) = U, u (U; — U, = AU). Hanpumep, st CosHia u 3eMiu
_ (6=6.67x10"8)(M=2+1033)

(M =2+10%g) u (m = 5.97  10? g), nonyuum (U; = 951053 = 8.917 * 102) rpaBUTALIMOHHBII

G=6.67%10"8)(m=5.97%1027 o
MOTEHIMA Ha PACCTOSTHUU 710 3eMiu u U, = ( P 3)7(4*103 ) = 6.25 * 10! | moteHuman camoit
3emmn. Torma (AU = U; — U, = 8.917 * 10'% — 6.25 * 10'* = 8.67 * 10'?) , wu (AU = 8.29 * 1012) , momyuum:
_ 8mG _(U?K)? _ U%(UK=m)? _Mm AU _ 87G Mm _ 8mG Mm _ GMm
AU = (c4=U2=F)( ik = pzrz. T yere T o2 ), WK V2 F T2 T (AUNZ) T2 T (AUsT?/V2)/8T Ges
AUxT? _ 8.29%10%%%(365.25%24%3600=31557600)2 26
TeMHBIX Macc. OcTalloch MOCUYNTATE = = 2.3%10%°, yTO
8m\2 8m\2

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

HrroTona.
I) a TaK)Ke KOHIENTYAIbHYIO MOJIENb METIEBOM KBAHTOBOW I'PaBUTAIINH, YK€ C HEKOTOPBIMH OTOBOPKAMH.

m)]) = kTj, , v uneeut

To
OiHIITEHA 0 MapaIeIbHOM MEpPeHOoCce, MPEACTaBUTh IPe0Opa30BaHUs JTOKAIbHBIX Oa3UCHBIX BEKTOPOB B
noJte ciHopa (S) rpynmst SU(2) romomopdroii rpymme SO(3), a Takke ¢ reHeparopaMu rpymibl JIopeHia B
SO(1,3) mpocTpaHCTBa-BpeMeHH IUHAMUYHOI cepbl, To nmomyunum: (R = xy) = 19 = (R = x3)
npeoOpa3oBaHusi. MBI TOBOPUM O HeCTaIlMOHAPHOM EBKIIMIOBOM MPOCTPAHCTBE THHAMHYHOTO
runepoosIon/1a B KBAHTOBOM pensiTuBUCTCKOM nquHamuke (KBantoBoit Teopun OtHOocuTenbHoCTH). Win

S = (Ymax — [% = ch (%)D ,u Ggi * S = kT;;, uuBapuanra (S"eS) , CO CIMHOPHON MeTpUKO MUHKOBCKOTO:

Y
Ecnu B ypaBHEeHUHU TPaBUTAIIMOHHOTO MOTEHIMANA G g;y (Ymax - [T— = ch(
0



X=0
€= ( 0 1). Juis (Y=0y=Yy)u (ch (T) = 1) , 9TO CTpOTrHe MaTeMaTudeckre uctTunsl. [1o cytu, 3T0

-1 0
€CTh JIONOJTHUTENbHBIN apaMeTp bemta, BeposSsTHOCTHBIX TOTEHIUAIOB ik (Yinax — (Y = rych (A/ f:x)))
B3anMoieiicTBui (Xt) u (Y1) KBaHTOB B 9KCIICPUMEHTAX, IIPH TOYHOM OIpeIeJICHHH KoopauHaT (x). 31ech
CeueHUe B3auMOAEHCTBUS TTY,2 5, (1 — P?) uMeeT (P?) BEPOATHOCTH B3aMMOIEHCTBUS BOJTHOBOU (DYHKIIUH.
Peub o0 norenumanax I1(Y+) sanekrpuueckux unu [1(X+) maccoBbix noneit. [lpu B3aumoaeiicTBuu
OJIHOPOJHBIX MOTEHIMATIOB (H*H:HZ: F=dp/dt) mosiistercst cua B3ammoeticteust. Ilapagoke DiiHIITeiHA
— INonmonsckoro — Po3eHa COCTOMT B MU3MEPEHHUHU TTApaMETPOB 3aITyTaHHOW YaCTHIIBI KOCBEHHBIM 00pa3zoMm,
0e3 u3MeHeHus ee cBOMCTB. YacTuiibl OynyT HieanbHO 3allyTaHHBIMU, €CIIH POXK/ICHBI B OTHOM KBaHTOBOM
1oJie ¢ AOMYCTUMOM cuMMeTpueil. UToObl MEHATh CBOWCTBA 3aIlyTAHHOM YacTHUIIbI, HY)KHO MEHSTh
«CBEPXCBETOBOM (OH» (PU3UUYECKOT0 BaKyyMa, UTO JIOMYCKalT popmysbl DiiHmTeHa. Torna usyyas (uiau
u3mensis) Bnusinue @oHoBbIx KpuTepues Ha 0JIHY 4aCTUILY, Mbl TOYHO 3HAEM JUHAMUKY BTOPOU YACTHUIIHI,
HarpuMep B MEK3BE3THOM IIPOCTPAHCTBE TATAKTHKH. [l0MyCTUMBIM €CTh M BAPHAHT, KOrAa (POHOM JUIS
3JIeKTpoHa OyJIeT BUPTyalbHbIN (OTOH, a Ui MPOTOHA BUPTYyalbHOE aHTHHEHTpuHO. Toraa, eciau Ba
3JIEKTpOHA (HA OAMHAKOBBIX OPOUTAX aTOMOB) 00JTy4aTh 3aIyTaHHBIMU (POTOHAMHU, MTOJIYYUM TAKOH ke
addekr. Takoe U3nydeHre MOKHO MPOTPAMMHUPOBATh U MEHSTh CTPYKTYpPHI aTOMOB (MOJIEKYJ) Ha IUIaHETE,
HO TOJIBKO CO CKOPOCTBIO cBeTa. Takum 00pa3oM, Mbl IOJyYUM KBAaHTOBBIA IPaBUTALMOHHbBIN OTEHIHAI, C
SHEPTUEeU-UMIYIbCOM B KaXK10¥ Touke PuMaHOBOro npocTpaHcTBa. B TEXHOIOTUSIX KBAHTOBBIX OIIEPATOPOB
IUTSL DKCTPEMAJIeH U BOTHOBOM (DYHKIIMH B TUHAMUKE KBAaHTA, ITOJyYUM KBAaHTOBOE T'PAaBUTALIMOHHOE ITOJIS B
pamkax OOmieit Teopun OTHOCHTENBHOCTH. B Takol KOHIENIIMK HET IPUHIIUIIA Y9KBUBAJICHTHOCTH U
PENATUBUCTCKON TMHAMHUKH (DU3MYIECKOTO BaKkyyma ¢ mapameTpom (A), B ypaBHeHUH DifHmTeriHa. CimHOp C
reHepaTopamu macmtabupoBanus (R) = 1o = (R), ana Y =, <ch% = i(e% + e_%)>, C ImapaMeTpom

0

e
CHUpajb B AUHAMUKE (x°) reo1e3u4ecKoi. DTO COOTBETCTBYET a/IeKBaTHO MaTEMaTUUECKOMY aIapary
(otBevas Ha Bonpockl KAK) netneBoit KBaHTOBOM TpaBUTAIIMM TOYEUHBIX TPABUTAI[MOHHBIX TOTEHIIUAIOB, C
SIBHBIM YKa3aHUEM Ha IPABUTOHBI, HO C YKa3aHHBIMU HEJOCTaTKAMU U OTCYTCTBHEM HCTOYHHKA
rpaButanmoHHoro nois. To ectb, 6e3 oTBeTOB Ha Borpockl, [IOUEMY umeHHO Tak.

K *T K
JInsi n =1, (puc.2) rpaBuranmontoe mone G (X +) [T_Z = wA—tG x grad,(Rgix) (X +) [T_Z]
UCTOYHHKA rpaBuTaiyi, ecth G (X +) mome CB(X +) — CunbHoro B3aumoneiicteust. KBaHTOBast AMHAMHKA
BO BpeMeHHU At B mpejenax nepuojaa TuHaMuku T TpeICTaBIseTCS COOTHOIIEHUEM:

GX+) =19+ T+ G grad,Rgy(X+) ,rae T =

1

0 m
MaCH_ITa6I/IpOBaHI/I$I (m)' B BUJE em(—l 0) = (_ m eO ), MOXET OJaBaTh PacXOoAAIIYIOCA U CXOIANIYIOCA

m , ICpHUOJ KBaHTOBBIM JUHAMMKHU.

. | K o
dopMyia 1 yCKOPEHHUI [T_Z] CB(X +) mosnst CuitbHOro B3ammoseiicTBust mpuoOperaet BH/I:

K ho.d K a
GX+) [T_Z] = zpﬂG agraangik(X +) [T_Z] , grad, = o

3neck G = 6.67 x 1078, A = I12AT, noTtok kBaHTOBOM 3Heprun & = [1°A = Amc? nons

UHIYKTH|BHO# Maccel (Am) oomenHoro kBanta (Y — = %) CunpHoro B3aumoneiicTaus, a Takxke
(Y— = 2n) nyxsoHoB (p = n) snapa atomoB. UuayktuBHass macca Am(Y— = X+) npeacrasnsercs
Hepa3phIBHBIMU KBapKOBbIME MojeasiMu Am(Y—=y,) =u u Am(X+ =v,) = d KBapKoB, B MOJIEITH

nporona: (X+=p*) = (Y—=y7)(X+=v;)(Y—=y{ ), UBETHBIMH TJIFOOHHBIMH TIOJIIMHU B3aUMOICHCTBHS
X+=p*) = Y+=y)X—=v;)(Y+= yJ) xBapkos B ux xondaiimenre (¥ +)(¥Y +) = (X—), exunoro
npoctpanctBa-matepun, (X+=p*) = (u=y3)(d = v;)(u = y§), npoToHa B 1aHHOM CJTy4ae.
Amnanorudao ctpykKTypsl kKBapkoB (Y+t=n) =X =d)Y =w)X =d) = X—=p")¥+=e)X—-=v;)
HEUTpOHA C BETHBIMU ITMIOOHHBIMU (X +)(X+) = (Y—-) wm (Y +)(Y +) = (X—) noynsiMA  B3aUMOJICHCTBHUS.
Pemenus ypaBHeHHi KBaHTOBBIX moielt CunbHOTO B3anmoaeiicTBus, mpeAmnoaaraeT HamuIne ux
Hepa3pbIBHBIX KBapKoBbIX Moaeieil (Y —= u)(X+= d) eaunoro (Y—= X +) npoctpaHncTBa-MaTepu. ITO
oOMeHHbBIC KBAHTOBbIE, HHAYKTHBHBIE MaccoBble (Y— = X +) mosist Me30HOB. B Goiiee CIIoKHBIX
CTPYKTypax 3JIEMEHTAPHBIX YACTUI] TPOSBIIAIOTCA Jpyrue KkBapkoBbie Mojenu (Y—=c) wm, (Y—=1t) a
Takke (X+=s) u (X+= b), B U3BECTHBIX 3aKOHAX CUMMETPUU.

Kaxxgast MmareMaTiudeckas MoJielb, oTBeuast Ha Borpoc KAK, mMmeer cBOM MPUYIHHBI BHYTPSHHHX
cBsizeil. JlarpankeBa MeXaHHMKa MOXKET MMPUMEHSTHCS TOJIBKO K CUCTEMaM, YbH CBSI3H, €CIIM OHH €CTh, BCE
rotonoMmusl. (https://360wiki.ru/wiki/Lagrangian_mechanics ). B kBaHTOBO#1 MeXxaHHKe, TJ€ BOJHBI - 3TO
YaCTHUIIBI C HETOJIOHOMHBIMHU CBS3SIMH, B MOJISIX €IMHOTO POCTpaHCcTBa-MaTepuu ¢hopmanu3Mm Jlarpanxka



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

HEBO3MOXKEH HU (aKTUYECKH, HU 0 onpenenenuto. [lyrem npeoGpa3zoBaHuii Bceraa MOKHO IPUNTH K
apyroit Mmoaenu ¢pusndeckoro GakTa, HO yKe ¢ IPYTUMU IPUYUHAME B IPYTUX CBS3sX. Takue Moenu
MareMaTh4YecKue, Ho Bompoc, rae uctuna? Hanpumep, (+) 3apsia mpoToHa B KBapkax U (+) 3apsij
mo3uTpoHa 6e3 KBapkoB. ITo PyHAaMeHTanbHOE TpoTuBOpeune. O0e Moaenu paboTaroT, HO PU3NIECKUE
npudrHbI Tepstorcs. Her otBera Ha Bonpoc, [IOUEMY Tak? KBapk-TiItooHHBIE TIOJISI IPOTOHA, TIPH €T0
anaurwsan (p*)+(p’), JOJHKHBI IEPEXOIUTH B KBAHTOBBIE MOJIst HOTOHOB. HO Takoi mporeypsl Her.
[ToueMy, Kya M Kak MCU€3alOT KBApKU MpU pacliajax - Me30Ha, BOIPOC OTKPHITHIN. J(narpamMmsl
@eiinmana paboTalOT J1a, HO MPOTOH HE U3NTy4aeT (POTOH B 3apSAOBOM B3aUMOJICHCTBHH C 3JICKTPOHOM
aToma. DTo Bellb (yHIaMEeHTaJIbHbIE OCHOBBI BCEX aTOMHBIX CTPYKTYp, cTpoeHus BemecTBa. [IOUEMY rtak
— oTBeTa HeT. 31echk OyneM orBevars, [IOYEMY wacTuiia umeeT MMEHHO Takue MPOAYKTHI paciajia uin
AHHUTWJISIUY HEJICIUMbIX KBAaHTOB. byieM ucXouTh U3 00IIMX IMpeaCcTaBIeHUN

P(X) = e®®Y(X) ypasuenns Jlupaka, korma Y = e*® (X+) 1muHAMHYHOE MOJIE 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 0boux ciyqasix. B maccoBbix nosix m(Y—= X+), 6ynem Oparb
M3MEpPEHHYI0 Maccy u pacueTHoe Bpems (T) pacnajia yacTuil. M3 caMbIx OOIIMX MpeCTaBICHUH:
12 n2r?

= TH(?) (g)qlexp(—z), C €AMHUYHBIM 3apsioM q(X—=Y +) = 1, u CKOPOCTHU CBETA

%(? = c = 1)exp(—z), rue

= Y(MeV)B muHaMu4HOM, runepoonuueckom e*X) mpocrpancrse

Ty Y=exp(z)
¢ = 1 B caMOM KBaHTe, IIPpOCTPAHCTBA-MAaTCpUu m = T

_ (mx=IX) _ __ (my=1I)
= Toaon) ) =X(MeV) un Z——H 201

ypaBuenus dupaka. st G = 6,67 = 1078,
Y =91+ 10 MeV

CIIEKTP MAacC B COOTBETCTBHMU € MPOAYKTAMHM pacnajaa (AaHHUTHIISIIINN)
CtabdnibHbIe YaCTHIbI C MPOAYKTaMU aHHUTWIAHK B eaquHoM (Y += X+) npocTpaHcTBe-MaTepuu:

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

(V+=e) = (X—=v)(V+=)(X—=v,) = (22 + L) = 0,511 MeV ;
HeCcTa0MJIbHbIE YACTHIIbI YK€ B COOTBETCTBUU C IPOJYKTaMU U BpeMEHeM pacnaga. Ga = 4.8673 * 10710

=2. *106
(Y= = (X—= 1)V += & —=v,) = T2 D e (v, + ¢ + 292 = 1,1751) = 105,66 MeV,

O0603HaYnM 371eCh U Jajiee B pacyeTax MoA4epKHYTHIM HIpI/I(l)TOM, (n = 1,1751) mokazarens exp(). On

=0,27 MeV,y, = 3,13 *107°MeV, v, = 1,36 x 10 °MeV/,

1
137036

vechl

TIOKa3bIBaeT 0COOEHHOCTH (hparMeHTauy JuHaMuaHoro nons exp(a(X)), B ypasuenun Jlupaka.
(Vi=n%) = (V4= W (X—=v,) = T2 ey (4 v,chl) = 139,57 MeV, (r* = 1,59173)
X—=1%=Y+=y,)Y+=7v,) = 7(T=7'826323*10_17)
X—=1°) = X+=n")(Y -)X+= )Y -)X+=1°) =
(T=5.1x10"19)

V2(Ga)?
(T=1.335+10"%) _
T EXP 2 (E + Vu) = 493,67 MeV

- +10-8
%exp (z* +n°/2) = 493,67 MeV . K~ = 3,16535

- +10—10
7(“0'8865“10 )exp( 0 1) = 497,67 MeV ,
(T=4,9296+10"8)

Ga
(T=5,1713%107%)

Ga
(T=5,02%1072%)

220 Jexp (f 1+ N_) = 775,49 MeV ;

(T=6,47566%1072%) 0 m(a-1) )
B —{ Y N AR =775,4 MeV ;

218 = 134,98 MeV 0 =4,025599
exp(Z2) = ev, (" =4, )

«10-19 0
(r=5172:1071%) Zi)?’ ) (3% - Vccﬁ) = 547,853 MeV ,

X—=1° = (V== n") (X += 10 (Y—= 1+) = exp (21t +Z) = 547,853 MeV |
Yt=K") =Y+=p(X-=v,) =
(V4= K*) = (4= 79)(X—= 7°) =
(V== KO) = (X+= 1°)(X+=7°) =

X—=K) =Y—=n)X+=v)(Y-=¢T) = exp (n +et + 21/3) = 497,67 MeV ,

X—=K)) = ({Y—=n)(X+=v,)(Y—=p*) = exp (n— - ? + 2vu> = 497,67 MeV ,

X—=p)=U+=n")Y+=1"%)=

X+t=pH)=X+=n)(Y-=7n")=

AHAJIOTUYHO allpOHI)I
(Y+=1n) = (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
(T=8.22+10711)

Ga

X+=A)=X+=pHY—-=n") =
Y+=A)=Y+=n)X—=1n° =

exp(apt + 1 /2) =1115,68 MeV, A° = 7,642837
0
exp (an + =) = 1115,68 MeV, A° = 8,153

Y—=3%)=X+=pH)X+=1n% = exp (ap + ?) = 1189,37 MeV



X—=Z)=F+=n){Y+=n") =

exp(A° + 7/2) = 1321,71 MeV, A° =7,642837, E~ = 8,43869,
exp(A® — K=/2) = 1672,45 MeV, A° =7,642837, K~ = 3,16535

«10-11
(X—=3%) = (Y+=n)(Y+=n") = %exp((xn +mt) = 1189,37 MeV,
+10-1
%exp(an +nt) =1189,37 MeV ,
L y0y — 0 (T=7.4+10"20) A+y/G\ _ 0 _
(X—=12°) = (Y+= A)(Y+=y) = exp( ’ ) = 1192,64 MeV | A° = 7,642837,
_ =0y _ 0 o0y (T=2.5984%10710) 0_ .0 _ 0 _ =0
(Y+=2% = (Y+= A)(X—=n") = —————exp(A° — n°Va) = 1314,86 MeV, ~ A° = 8,153, E® = 7,809,
+10-1
(X+=E87) = (4= A) (Y= ") = (22107
X—= Q) = (4= A0 (V+= k) = (2200107
- «10-11
X—=Q") = (Y+=E)(Y+=n") = %exp(s_0 +17) = 1672,45 MeV , E° = 7,809,
- +10-11
(r—=07) = (X+=E) (=) = TP D oy (2= 4 10/ch2) = 1672,45 MeV , £ = 8,275,

Ecteb 1 Apyrue METoJbl pacdyeTa CIICKTpa MacC, HO 3Ta JIOTUYCCKAsA KOHCTPYKIUA JA€T PACUCT
CIICKTpa MaCC C MUHUMAJIbHBIMH ITapaMETpaMu. I/ICXOI[HBIMI/I napamMeTpamu 34€Cb, €CTb TOJIBKO IMTPOAYKTEI
pacnaza. 3Ta MOJEJIb €lle HECOBEPILIEHHA, HO 37IeCh HET ITpodiieM U npoTtuBopeunii CrangaptHoit Moaenu.

B npyrux meTonmax pacuera CreKTpa Macc, Mbl TOBOPHUM O JAPYTOl TEXHOJIOTHH CaMbIX TEOPHUH, B
KOTOpOfI HOCTyJIaTBI Bopa, HpI/IHI_[I/IH HeOHpe[[eJIeHHOCTI/I, HpI/IHI_[I/IH 3KBHUBAJICHTHOCTH MaAcCC, HpeI[CTaBHeHBI
KaK aKCHOMbBI THHAMHUYHOI'O ITPOCTPAHCTBA-MATCPHH. 3,[[60]: APYTrue€ UCXOAHBIC ITOHATHUA U HAa X OCHOBC,
[[pyrlxle HpI/I‘-H/IHI)I U CJICOCTBUS B MOIACIAX. Ta1<0171 XKe CHeKTp Macc paCCLII/ITI)IBaeTCS[ B KBAHTOBBIX MOIACIAX.
HaHpHMep, B KBAHTOBOM peHHTHBHCTCKOﬁ JUHAMUKE ((KaJ'II/I6pOBO"IHOFO IIOJIS», q)OpMI/IpyeTCH JUHaAMHW4YHas

—  a;Wytc . n? =2 =2
Macca B Bujie: W = —2=-X= g skcrpemanbHoil Touke, (£K )2 =0=—=—M=T ,II; = 0,1, =b?> =T ,c¢
az,tWy/c b?
—2

o 2 _ I _ b%HT
COOCTBEHHBIM npOCTpaHCTBOM ckopocteit B CniontanHom Hapymenun Cummerpuu, Wy~ = S = W
T =Fy — 1 ™ — oy — Py

=2 (0 ="2%) s Wy = =(+FT = + s Wy =2 =

W=7 (x0 = 257), mx Wy = 7 (T = tpy), m* Wy =5 M= i

s maccoBeix (Y —= X +) moneit, B ycnoBusax ['mobansroit (I'N) u Jlokansroit UaBapuanTHOCTH (JIN), momygaem:
Ky = (a1 = cosp)ruK (ch-cosgx)u(X +) + Ky (X=) , mn

(HEY =m) = (a4, = COSY)ry (%) ((chyﬁo = 1) /chXLo)coquX) X+=Y )+ (IIKy = my)(X-) .
i

CHUMMeTpHH TaKMX MAacCOBBIX (X+= Y —) TPa€KTOPUIl B YPOBHSX N~ CXOJIUMOCTH, B YCIOBUSIX chxiocosq)X =1,
KBaHTOBBIX PEJIATHBUCTCKUX MONPaBok (1 — (a = W/c =1/137)%) = (1 + a)(X +)(1 — a)(X—) B ypoBHsIX,
(GopMHPYIOT HOBYIO M HOBYIO CTYIIEHb N- CXOJAUMOCTH, M B CAMOM O0ILIEM BH/JIE, TMHAMUYHYIO MacCy:
m = ([{V;"C‘;l2 =mm}(1+a) = mz] (1 +a) = 73) (X +) +mo(X-).
KBaHTOBOM II0JIe ypaBHEeHHUs Jlupaka, yxxe 6e3 ckansgpHoro 6o3ona. Hanpumep, ains my, = m, = 938,279MeV

p— m Ju—

m = {ﬂfﬂ =1} (a = 137036) X +) +m,(X =) = 939.57 MeV = m,,

m = {Z = @)} (X +) +mn(X —) = (A’ =11159 MeV), 7° = 176,35 MeV

m=lal=mjd+a) =T 1+a) =7, =T |(X+)+m,X -) = (A" = 11159 MeV) , =~ = 177,637 MeV

C penaTUBUCTCKHUMH MacCaMH - ME30HOB, CO CKopocTsMu (W = 0,64 * ¢) B KBAHTOBOH PEISTHBUCTCKOM
JAWHaAMHUKE. AHaIOrnYHO JaJjiee:

St ) = V2T (1 + a)(X +) +m, (X —) = 1189,5 (1189,64)MeV,

() =v2+m (1+ ach2)(X +) + m,(X —) = 1197,68 (1197,3)MeV ,

2 (A%y) = V2T (A + @)X +) + my(X =) = 1192,6 MeV, A° = A°(n,n°),

2° (2, A°(n,n°) = [2F'(1 + @?(1 + 2ach2)| (X +) +m, (X —) = 1315,8MeV **

(=, AO(p,n‘) = [27 ~(1 + 2V2ach2)]|(X +) + m,(X =) = 1321,14MeV,

0%, 7)E ) = [ @ (1 + @)P)chl| (X +) +m, (X —) = 1672,8 MeV ,

Af = 22 = Fch2)(1 + > (X +) +m, (X =) = [26h2G (1 + @) =T )1 + @)(X +) +my, (X )] = 2284,6MeV
O603Ha9nM KOHCTAHTY (1 + (ch2)?(a)?) = S = 1,10328758, PEIATHBUCTCKYIO MacCy (m, = 2797,53375 MeV) u

[1]

nepenuiieM GopMyIiy B BUJIE: m = ((((mOS =mS =my)S = m3) S= ﬁ;) + %moa , Torma
JUIS ypOBHEN YapMOHUSA
= (m, = 3086,48MeV) + ( moea = 10,2 MeV) =3096,68MeV = j/i, (3096,7MeV) NeHCTBUTELHBIE,
= (m, = 3405,275MeV) + ( moa = 10,2 MeV ) = 3415475MeV =y, , (3415 MeV),



m = yo(1+ a*ch2) =350927MeV =y, , (3510 MeV),
= (m— 2923 74MeV) + (2mgya = 40829MeV) = 2964,6MeV =n., (2980 MeV),

(1+ax*ch2)?
AHaNIOru4HO, MaccoBbIe Mo (Y— = m,) IJIEKTpOHA, m = my = 2798.16 MeV , naroT:

(COS(p=1/G/2) =

— _ 2my i _ )
m =23 (1 + ﬁ) = 105,6 MeV , MIOOH, U nanee ME30HBI:

oMo _ .+ _ o
M= oy = 139,78 MeV = 1%, f( h2)2 (1 — V2 *a*ch2) = 134,3 MeV = 1°,

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

Takast TEXHOJIOTHSI PacueTOB, B YCIOBUSIX (X +=Y ¥) u (¢ # const) TMHAMUYHOTO MIPOCTPAHCTBA, B
EBximnoBoii akcomatuke (¢ = const) u 6e3 (X+= Y F)noJjeii, HeBO3MOXKHA B npuHIuIe. Peus uaer 00
WHOM TEXHOJIOTUU caMUX Teopui. Tak e Kak ¥ HEBO3MOKHO MPEACTaBUTh KBAHTOBYIO PEISTUBUCTCKYIO
muHaMuky KBanroBoi Teopun OtHOcHuTenbHOCTH B EBKIMI0BOM akcnomartuke (@ = 0 = const). Dto
HEBO3MOXKHO B IIPUHIIUIIE.

Paznuunbie CTPYKTYpBI MPOAYKTOB paciiaja 3JIEMEHTAPHBIX YACTHUIL JAIOT Pa3IuYHbIC TOKOJICHUS
(Y—=u)(X+=d) xBapkoB, kak MozeJeii. 31eCh KBaHThI (Y — = p/n) U (Y— = 2n) CHIBHOTO

B3aumonetictBust HyKJIOHOB (p = n) sapa. Tak kak HJ'IOTHOCTB( ) HOJIsl TPAGKTOPUHU HEHTPUHO

p(X— =v,), MHOTO OOJIbIIIE TUIOTHOCTH MOJIS TPACKTOPUHU npOTOHa p(X— = p), To B kBaHTax CHUIILHOTO
B3aumopeiicTBust HykJI0HOB (p = n) spa, ¢ IPOAYKTaMHU paciajga HeUTpoHa
Yi=n)=X =Y =w)X =d)=X—=p")¥+=e)X—=v,)u

apaurwanuy npotoda (X+=pH) =Y =w)X =)V =uw) = ¥Y—=y ) X+=v.)(Y—-=y),
MIPOTOHBI «CBSI3aHBI» «KECTKOW CTPYHON» BUXPEBOTO MArHUTHOTO TMOJIS TpaeKTopuu (X — = v, ) HEUTPHUHO,
KaK IpUYMHA YCTOMYMBOCTH TaKuX KBaHTOB CuibHOro B3aumopelictus B siapax aromoB. [Ipu sTtom nmeem
kBaHTbl CuibHOTO B3aumopencrus (Y—) =X+HX +)) = cos@y *2p = 2a xp = (Y—=p/n) . Orcrona
CJIeIyeT COOTHOIICHUS: 2a *p = Am(Y — ) = 13 69 MeV. DTO COOTBETCTBYET YPaBHEHUIO:

GX+) = t/)—G grad Ry (X+).

Mps1 umeem kBaHT (Y — = p/n) CuiibHOTO B3aI/IMOI[eI/ICTBI/I$I B sIpax, ¢ MUHUMaJIbHOU AEy = 6,85 MeV u
MakcuMainbHOU AEy =~ 8,5 MeV ynenbHOM 3Hepruei cBsi3u uiam Am(Y —) = 17 MeV, nykioHoB siapa. [1o
AHAJIOTHH C TOPMO3HBIM M3/ TydeHUEeM AIeKTpoHa(Y —= e~) - (Y —= y ¥ )peHTIeHOBCKHUX JIy4ueH, PU3HUeCKu
JIOITYCTUMBIM €CTh U3ITy4YCHUE (Y—= a [(%) mm(Zn)] = ei) - (Y—= (14 — 17) MeV = y*) KBaHTOB «T€MHOMH
Marepumn» ¢ MaccoBbiMU (Y —) Tpaektopusmu. Ouu umerot (Y+) mose 3apsijia 1 MOTyT pearupoBaTh Ha
MarHuTHOE mose. Mbl TOBOPHM O TOPMO3HOM U3TydeHuH sapa ;H neiitepus. Takue KBaHTBI «TEMHOI
MaTepumn» mnoryonaTcs kBautamMu (Y — = p/n) 0060104eK s1pa aTOMOB. AHAJOTUYHBI KBAHTHI «TE€MHOU
MaTepumu» NaroT siapa miaHeT (Y—= 223,36GeV), 3Be31 (Y —= 4,3 * 10°GeV), «4epHBIX AbIp» (Y—= 1,5 10’TeV) u
sjipa TalakTuK (Y —= 2,48 = 101 TeV).

Enunbie ypaBaenust MakcBesuia st 37ekTpo(Y += X —)MarHuTHbIX 1mMoJiei U rpaBut (X+ =Y —)

maccoBbIx mosieit kBaHToB (Y— = p/n) u (Y— = 2n) CunpHoro B3anMoneiicTBHs HYKJIOHOB siIpa,
B(X —) = aE(Y+) AE(Y 0G(X+)
cxrotyB(X =) = & + AE(Y+); cxrotyM(Y =) = &, *T+/1*G(X+)
_ 6H(X ) _ _ 9B(X-), - -
rotyE(Y +) = —py ar ar rotyG(X+) = —uy * aNa(; ) = _aMa(; ) :

MPEoNIaratoT HATM4YKE B PE 3aMKHYTHIX rotyB(X —) BUXPEBBIX B 000J0YKaX, MATHUTHBIX MOJIEH U
BHUXPEBBIX rotyM (Y —) maccoBbix (Y —)TpaekTopuii OOMEHHBIX KBAaHTOB, KakK (AE = Am(Y—)c?) SJHepruu

2%938,28 9] 9 9
CBA3HU siapa Am = 2am(p) = 37056 13,694 MeV , ¢ MUHUMAJILHOU YJICIbHON 3HEPTUEH CBS3U HYKJIIOHOB s/pa

AE = 6,85 MeV , To ecTh aedekT macc (m) Ha cxeme. [IpenacraBum kBautsl (Y— =p/n)u (Y— = 2n)
CunpHoro B3aumoielicTBUSI HyKJIOHOB B BHJIE MOJIeIe B ypOBHSX M 000JI04KaX sijipa aToma.




Ksanr (Y— = p/n) u ananoruuno (Y— = 2n) CunsHoro B3aumopeiictus
Wcxons u3 atux cBoicTB (X—=p*)u (X—=v,”), BpeMms pacrajga HEWTpoHa B CHIBHOM (X —) MarHUTHOM
I10JI€ TOJKHO YBEIIMUUTCA. DTO TPOBEPSAETCS B SKCIIEPUMEHTE.

) A&-g AAM(Y-) p S e

. - _ (m)

() R .
SRR S Spe——— "2 ¥ o s 3 S Lo o
YGH.Z“" = -’ » ."‘fﬂ--_“ _ &—M—QQKT* ?'- T e rot(X-)
S "7
I s s s . — “rot{¥:)
=~ (M) L “rot(y-) e+
‘\.w_i‘__——-—--\;\ L | \
Ny (9 %
ﬁﬂ " P 7 -E
5 (¥+) > +G ; rey 7
4 e EXe) (X0} =(Y-) /
+8 ' N
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

Taxue kBauThl (Y— = p/n) u (Y— = 2n) CunsHoro B3aumozeiictBus siapa GopMupyroT CTPYKTYphI
(X1) u (Y1) xBanrtoB sapa. [Ipu aTOM, B siape nelicTBUTENBHO 00IIee COCTOSHUE YPaBHEHUN JUHAMUKH
enuHoro (X+ = Y+) npoctpancrBa-matepun. [IpocymMMupyeM 3TH ypaBHEHMS ISl 3AMKHYTBIX BUXPEBBIX

rot(Y—) u rot(X—) moyieil B «CTOSTYMX BOJTHAX» s7pa, 0€3 uX MmiaoTHocTen 11 E(Y+) u 1,G(X+) B BUE:

c*rotyB(X =) + cxrotyM(Y —) = & % + &, * % , M IpUBeieM 3TH 1oJis K (X+) u (Y1) kBanTaM

o 0 o
SAPA OJIHOH HACTOTBI — = @ , KoJIeOaHUI BCEX KBAHTOB CTPYKTYpE sAJpa.

cxrotyM(Y =) —wE(Y +) = &,wG(X+) — ¢ xrotyB(X —) = 0, C HyJIEeBBIMH TUIOTHOCTSIMU BHE BUXpPEH.
@DaKT COCTOUT B TOM, «+» BEIIECTBY MacCOBBIX (Y — = X+)IOJIel, COOTBETCTBYET «-» 3apsi MIEKTPUUECKOTO
(Y+) mons (Y1) KkBaHTOB, W HA00OPOT, /ISt aHTUBeIIecTBa. EquHas yactora konebaHuil BceX KBAaHTOB B
CTPYKTYpE siipa B €IMHOM (X+ = Y+) npocTpaHCTBe-MaTepUU UMEET BUI:
__cxrotxM(Y-) _ cxrotyB(X-) N _
w = B 6600 Wi &G(X+) xcxrotyM(Y =) =g E(Y +) * c*rotyB(X —),
s rpaBuT (X+ =Y —) MaccoBbIX U 371eKTpo(Y + = X —)MarHuTHBIX MMOJICH KBAHTOB sIIpa.
TodHO Tak cyMMUPYIOTCS eAuHbIe(X+ = Y +)mouist 1711 BHEITHUX OT s/Ipa OPOUTAIBHBIX DJIEKTPOHOB.
rotyE(Y +) + rot,G(X+) = wB(X =) + oM(Y —-), rot,G(X+) —wB(X —)= wM(Y =) —rotyE(Y +) =0,
G(x- E(Y -
= m;”(x(_;) = m;((y(_;) , WK rotyG(X+) * M(Y =) = rotyE(Y +) * B(X —) B equnbIX(X+ = Y +) noJsix.
Hano ormeTuTs, BOMTHOBAS (PYHKIIHSI KBAHTOBOTO TOJISI UMEET MaTePHAIBHYIO CYITHOCTh +i); = +E(Y+)
HANPSKEHHOCTH DJIEKTPUYECKOTO MO Ui g = +B(X—) WHAYKIWHA MarHUTHOTO BEKTOPHOTO TOJIS.

w, B2 W
Torma (Yg)?~(egoE? = 75) IUIOTHOCTH DHEPTUH DJIEKTPUIECKOTO (1/13)2~(J = 73) MarduTHOTO TIOJIS C

TOJIHOM MIOTHOCTHIO HEprun Y2 = (Y E)2 + @ B)z AJEKTPOMATHUTHOIO BEKTOPHOTO 1oJs. [Ipu aToMm,
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B IuIomaau S = mr? = ? ceyeHus B3auMMOJEHCTBHII C BEPOSATHOCTBIO < 1, uMmeer BUJ

(iY)? = (+¥)(—y) cynepno3unuu BOIHOBOM (yHKIMU KBAHTOBOTO nol?é[)f Ho npu ¢pukcaruu sHepruu,
Mbl pukcupyeM uian (+) (+y) = Y2, wmm (—) (=) = P?, Bceraa noNoKUTEILHYIO (% = 1/)2) > 0,
IUIOTHOCTH SHEPTUU. MBI TOBOPUM O KOJUIATNCE BOJTHOBOU (QYHKIIMU. MOXKHO IIPU 3TOM FOBOPHUTH 00
AJIEKTpHUYECKOM ToJie (+E (Y +)) anektpona u (—E (Y +)) MO3UTPOHA B CYNEPIO3ULIUN BOTHOBOU (DYHKIIUU

(iY)? = (+P)(—y) = —% < 0, yto u caenan upak. Ho TouHO Takue BOJHOBBIE (GYHKIIMH UMEIOT

+1Y; = +G(X+) KBaHTOBBIE TOJA TPaBUTAIMU U TP, = + M (Y —) KBaHTBI MACCOBOTO MOJIS, C TOYHO TAKUM
MaTeMaTUYECKUM anmnapaTom NpeACTaBICHUS. Peub 0 Moisx siapa Wik B CEYEHUSIX B3aUMOAECHCTBUI
MAaCCOBBIX YaCTHI], KBAHTOBBIX T'PAaBUT G (X +) = M (Y —)MAaCCOBBIX MOJICH.

B o6mem ciydae, kBauThl (Y+ = % =2H)u(X+= 2% = %a) 00on0ueK A1pa, GOPMUPYIOT YPOBHH U
000JIOUKH 3JIEKTPOHOB B CIIEKTPE aTOMOB. B eIMHBIX MOIeIsIX IPOYKTOB paciajia CIeKTpa Macc
AJIEMEHTAPHBIX YacTHIl, B eAuHbBIX Moysix (Y — = X+), (Y+ = X—) npocTtpancTBa-Marepuu, MOKHO
MIPEACTABIIATH U SApa CIIEKTpa aToMOB. McxoAs 3 pacueToB Macc MPOTOHA U HEUTPOHA:

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

(Yt=n) = (X—=v)(Y+= e)(X—=p) = (T = 878,77) exp (22 + £ = pVG ) = 938,57 MeV ,

MBI TOBOpPHUM O KBaHTax CuibHOro B3aumoneictsus B CprKTypax s/ipa B BUJIE MOJIeJIEN 3apsyKEHHbBIX
(v+= fl) = (X+=p) + [(X+=p)(e)(v,) = n], ¥ HeUTpaIbHBIX kKBaHTOB CuibHOTO B3aumoneicTeust

(Y+=2n) =[n = (v,)(e)X+=p)] + [n = (X+=p)(e)(v,)], korna moins (X +)(X +) = (Y —) bopmupyot
MaccoBble (Y —)Tpaekropun. Takue (Y+= 5) U (Y4= 2n) KBaHTHI U GOPMHUPYIOT CTPYKTYPHI Apa B €AUHOM
(X+= Y¥) ero nmpocTpaHCTBe-MaTepPHH, C 3aMKHYTHIMU BUXPEBBIMU (X —) MarHUTHBIMHU MOJIAMU U (Y —)
MaCCOBBIMHU MOJIAMHY . [IpescTaBuM CTPYKTYpBI /1pa B BUJIE TAKHX MOJIENeH 3apsiKeHHbIX (Y+=P) KBaHTOB
CunbHoro B3aumopeiicteus. Hanpumep:

(Y+=P=2H),(X1) = (r+=")(v+=") = X— = 3a), (Y —= ) (X+= 1H)(Y—= §n) = (X+= }H),
(X+=3H)(X+= 3H) = (Y—= ]Li), n nanee. (X—= 3a)(Y+= jn)(X—= 3a) = (Y—= }Be),
X+=30)(Y-)(X+=20) (Y -) (X+= 20) = (X+= "§0)

X+=3a)(Y-)(X+= 4a)(Y—=2H)(X+= %a) = (X+= 1N) .
Hogas ctpykTypa BHYTpH sapa (X+= ja)(X+= 3a) = (§Y —) maer sgpa: 8y +)(GY +) = (X—= 150),

Y—=38Yy )(X+=3H)(Y—=8Y +) = (X+= 13F), u ananoruuuno gaee.

MBI MOXKEM FOBOPUTH O TOM, YTO JJIS s1pa ‘}X (N), «cBoOOonHBIE» (A — 2Z = N) HEUTPOHBHI B BHUJIE
HEUTpabHBIX (Y+= 2n) kBaHTOB CuibHOTO B3auMoaeicTBus Toxe POPMUPYIOT CBOU CTPYKTYPBI BHYTPH
CTPYKTYp 3apsiKeHHBIX (Y += p/n) kBaHTOB CuibHOro B3aumonerictBus. CTpyKTYphl 3apsKEHHBIX KBAHTOB

(Y+= p/n) CunbHOTO B3aumoneicTBust pOpMUPYIOT CTPYKTYPHI IJEKTPOHHBIX 000JI0YEK aTOMOB, KaK
npuunHa. Hanpumep: HelitpaneHas ctpykrypa (Y+ = 2n)(Y+ = 2n) = (X+ = 4n), HaXOQUTCs BHYTPHU A1pa
(X+ = 13Ar(4n)) B Buze:

(XF="2x) (v = 2n)(XF= "2X)(Y+ = 2n) (XF= '2X) = (X+= [pAr(4n)).

B rakux ctpykrypax paboTaroT ypaBHEHUS U 31eKTpo (Y+= X —) MarHuTHBIX MOJEH U ypaBHEHUH TPAaBUT
(X+=Y —)MmaccoBbIx noneii ogaoBpemenno, B Buge mosteii (Y +)(Y +) = X-)u X +H)(X +) = (Y-).
Amnanorudno ganee. 334s(9n) = (X— = 4n)(Y+= 1n)(X— = 4n) = (Yi =9n).

OTMGTI/IM TO, uTo B 100% COCTOS[HI/ISIX aapa, 3(1n), 13(1n), 3(1n), 22(1n), 3i(1n), 13(4n), 33(3n),
53(5n), 33(5n), 32(5n), 33(9n), 83(11n), 23(11n), 193(13n), 12%(21n), 133(23n) 139(25n), 141(23 : 159(29n)
165(31n) 162(31n), 175(33n) 181(35n) 197(39n), 202(43n), noy4aeM KOHEYHYIO YCTOMYHUBYIO CTPYKTYPY
«CTOSYMX BOJIH» HEUTPaIbHBIX (Y += 2n) kBaHTOB CHiibHOTO B3anmoneiicteus B spe atoma 233Bi(43n).
XF =4n)(Y+=9In)(XF = 4n)(Y+= In)(XF = 4n)(Y+£= In)(XF = 4n) = (43n) = 233Bi(43n),

BHYTPH CTPYKTYPHI 3apsKEHHBIX (Y += p/n) kBaHTOB CuiibHOTO B3anmoaeincTBus sipa, KOTOpbie
(GOPMUPYIOT CTPYKTYPHI JIEKTPOHHBIX 000JI0YEK aTOMOB, KaK MPHYKHA.

Takne HeUTpaTbHBIE CTPYKTYPHI (Y += 2n) KBAHTOB HAXOJATCA B COOTBETCTBYIOIINX 000JI0YKaX
CTPYKTYPp 3apsiKeHHBIX (Y += p/n) kBaHTOB CuiibHOTO B3anMoeicTBHS B CAMOCOTIACOBAHHBIX MOJISX
3aMKHYTBIX 110 BOCBMEPKE, LIEMOYKE BUXPEBBIX MOJIE. Bce 3TO COOTBETCTBYET ypaBHEHUSIM IMHAMUKH,
MOJAAaeTCsl MOAEMPOBAHUIO, pacueTam u nporHo3am. Hacermas atu (Y1), (X+) kBaHTBI 000109€eK sSapa
SHEPTHUEH KBAaHTOB(Y —= 14 — 17) MeV «TE€MHOW MaTEepUN» , MOKHO BBI3BAaTh «MOHU3AIMI0» O000JIOYEK sJIpa.
B Takoil HCKyCCTBEHHOI paJO0aKTUBHOCTH, MOKHO HAIIpUMep, U3 sjaep atoMoB (goHg — 2H) unn



(1Tl — 3He), monyuars (*97Au) 30n0t0. Kak u B citydae ynpapiseMoii TepMOsIepHOI peakiuy Ha
KoJUTaiijiepe, 3/1eCh HYXXeH IpoOHbIi SKcriepuMeHT. B camom o6riem ciaydae, quHamuka rot, M(Y —)
MHAYKTUBHBIX MAaCCOBBIX TOJIEH («CKPBITBIX Maccy) 00yCIOBICHA JUHAMHUKOW HCTOYHHUKA TPaBUTAIINH.

c *xrot,M(Y —) = %G(X D+ e aG;)t(+)

aa n#=1, un=234..- o, nomydyaeMm KBasunoreHuaibusie G (X +) nmomns yckopennit G (X +)
KBAHTOBOT'O I'PABUTAIIMOHHOIO MOJIsI, KAK UICTOYHUKA IPaBUTALIUN

GX+) zp—T G * grad, G Rgik) (X +), ¢ npeaenabubM (cos?@(X—)pax = G) - yriIOM HapajuIeIbHOCTH

o A o
kBaHTOBOro G (X +) mosst CuitbHOrO B3anMoIeiiCTBYSI B JaHHOM CiTydac U nepuogom T = — KBaHTOBOU
nuHamukd. KBasu nmorennuansabie G (X +) 1Mot KBaHTOBOTO MPAaBUTAI[HOHHOTO TOJIsl YCKOPEHHH, Ha
paccToaHugx C * t = r UMEIOT BUJ!

1
GX+)=—— (G * grady, (2 Rgik) X+)+axgrad,(Ty)(Y —)), T — 0,

D70 ypaBHEHHE KBAHTOBOTO I'PaBUTAIHOHHOTO 1MOJIst yekopeHnuit G (X +) = vy M(Y—), MaccoBbIx
TPAeKTOPUH C MPUHIIUIIOM KBUBAJICHTHOCTU HHEPTHOW U TPaBUTAIIMOHHOM Macchl. OHO UMeeT
MPUHIMITHATBHYIO Pa3HUILYy C YPAaBHEHHEM TPaBUTAIIMOHHBIX MoTeHunauoB Oomeit Teopun
OtHocutenbHOCTH. KOMITOHEHTA rpaBUTAIMOHHOTO KBa3W MOTEHIIMAILHOTO MOJIS U TEH30P SHEPTUU-

* A
umiyisca (Ty) B ypaBuenunu G(X +) = wT * grad;(T;,)(Y —), OTHOCATCS K MHIYKTHBHBIM MacCOBBIM

noJisiM B (pu3mueckoM Bakyyme. B ckoOkax nMeeM rpaiMeHT MOTeHIUANOB rpaBuT (X+= Y—) mMaccoBoro
OJISL.

G * grad, (%Rgik) X+)+axgrad,(Ty)(Y =) =G *a* gradlll'l(X+= Y-).

Orciona crenyer  G(X+) = 285046 « o + grad, GN(X+= Y-)).
OOmmii rpaButanmonHsiid noreHmman [(X+= Y- ) B 00111eM BUJI€, BKJIIOUAET B c€0s U MOTEHIHAII
HMCTOYHHUKA I'PAaBUTAIIUN (% Rgir) (X +) u kBa3u notenuaibubie (Ti) (Y —) m0Jst MHIYKTUBHBIX Macc. DTO
K€ ypaBHEHHE 3alUIIIeM B HHBIX KBAHTOBBIX [TapaMeTpax, a UMCHHO:

G(X+) = "’(TC ” Ga(N(X+=Y-)) wm G(x+)=@:=§)ca(§n), GX+) =L26aCm) .

3nech rpazmeHT 06H1er0 rpaBuT- MaccoBoro I[1(X+= Y—) nmoreniuana Gepetcst 1Mo Bcei AIHHe BOJIHBI (A).
Peub uaer o KBaHTOBBIX ypOBH;Ix MaCCOBBIX TPACKTOPUN OPOUTAILHBIX AJIEKTPOHOB aTOMa, B BHJIE:

my? _ ’ke / nh?
= . = 2 =
nh = m,Vr). U nanee: " r2 \ mer =nh), nh=merke*, r meke?’

JI DHEPIuu, € = ke _ meket , TIp¥ n3nydeHnu, AE = mek?et ( ) = hv, atoma.
A p T T T n2p2 p ya h? : n%
DTO eMUHbIC MATEMATHYECKUE HCTHHBI eMUHBIX ypaBHeHHH equnoro (Y+ = X+) npocTpaHcTBa-MaTepHH.

IIpumepsl.

Jlnst yrioBo#t ckopocTH (w = ZTi = 1—;) E] UHAYKTUBHBIX MaccoBbix M (Y —) Tpaekropuit Ha opobutax (r)
Bokpyr Connia B ero G (X +) mosie rpaBUTAINK, €CTh BPAIICHUKE STOTO MOJIS.

rot,G(X+) = —u, * aN(g:_) = — aMa(:_) , wm rot,G(X+) = woM(Y =) .

Jlis MepKypusi, B niepurenuu 1, = 4,6 * 1012cm, co cpenneii ckopocteio 4,736 * 10°cm/c , ecth
_ w)? _ (a736+ 105)*

= 4,876 cm/c? . Macca Conana Mg = 2 * 10331, u

[IEHTPOOEIKHOE YCKOPEHHUE Ay,

Tu 4,6%1012
pamuyc Connna 7, = 7 * 101%cm, cosnaror yckopenue G (X +) nose rpasutanuu ¢ (1 = 1) B BuzeE.
1+(A=1) Mg 6.67x1078x2+1033 2
=0X+)=——*G*—*a uwm = = 1,511 cm/c
M ( +) Tm 219 9u 2%4,6¥1012x7x1010%137 ! /

N3 cootnomenus OTO, Ry, (X+) = 2y G Rgir(X+) + KT (Y—)), CJIEIYIOT aHAJIOrOBbIE COOTHOLIEHUS B
MIPOCTPAHCTBE YCKOPEHUH, MHAYKTUBHBIX MaccoBbIXx M (Y—) Ttpaekropuii Bokpyr CoiHIIa caMoro
IPOCTPAHCTBa-MaTeEpPUM Ha CpeJHeM paauyce T, = 5,8 x 10'%cm B BuzE.
ay,(X+) — guX+) =AY =) = 4876 — 1,511 = 3,365 cm/c?.
13 ypaguenus rpaBut(X+= Y—)maccoBbix nosei rot, G(X+) = wM(Y—), cnenyer



2 E/YE_) = ZTHTM (Y—), nosopot nepurenus Mepkypus 3a Bpems (T). 3a 100seT = 6.51 * 101%c, sTor

o A (Y-)*6.51%101*
noBOPOT MaccoBbIx M (Y —)TpaekTopuii cocTaBiser ——————=——
T *2TV2

BCETO MPOCTpaHCTBa-MaTepuu BOKpyr CosHila. AHAJIOTUYHO Jajee.
Jlist 3eMJIH, Ha PACCTOSHUM OPOMTHI 3eMJIM M CKOpOoCTH 3emin V3 = 3 * 106cM/c Ha opbute
7, = 1.496 = 1013 cM , eHTpOOEKHOE YCKOPEHHE PABHO:

2
(v3)? (3+10°) 2
= = M
T3 1.496%x1013 0,6 cm/c

yckopenue G (X +) nons rpapuranuu Conna 1 = 7 * 101%cM, ¢ maccoit (M) u (¥ = 1), umeercs
—GX4) = LaGalls g = OOTAO AT e o2
3 T3 2719 2%1.496%1013%7x1010+137 )
Ananornuno a,(X+) — g,(X+) =A (Y —) = 0,6 — 0,465 = 0,135 cM/c?. U3 3T0r0 YyCKOpEHHs
MHIYKTHBHBIX MaccoBbIX M (Y —) TpaekTopuii mpocTpaHCTBe-MaTepun BOKpYr CONHIA, CIIEyeT MOBOPOT

nepuresus opouTh 3eMIId, IO AaHAJIOTHH U COCTaBJISIET
A (Y-)*6.51x101%
— 2 (57,3%) =5,8".

T3*2T
Jl;isi Benepbl, 10 Takoii ke cxeMe pacueTa, II0BopoT nepureus Benepst 1, = 1.08 * 1013 cm, u ckopoctu
v, = 3,5 * 10%cMm/c, nentpobexHOe yckopeHnue Benepsl Ha OpOUTE COCTABIAET

2
(vp)? _ (3,5%10°) 2
= = = 1,134 cm/c
B s 1.08%1013 ’ /

Awnanornuno yckopenue G (X +) nosst rpasuranuu Conaia Ha opoute BeHepbl COCTaBIIseT.

Ms 6.67+1078x2+1033
—G(X+)=—*G*—*a= = 0.644 cm/c?
279 2%1.08%1013%7%1010%137
YckopeHus HHAYKTUBHBIX MaccoBbix M (Y —) TpaekTopuii mpocTpaHncTBa-matepuu Bokpyr ComHila,

a,(X+) — g:(X+) =AY =) =1,134 — 0.644 = 0,49 cm/c?
Ve +1014
A(r-)-6.51+107 (57,3%) =9,4” cexynn 3a 100 ner.

T3*TT
Takue pacdeTHbIC 3HAUCHUS OJIM3KHU K HaOI0qaeMbIM 3HadeHHSIM. CYIIIECTBEHHO TO, UTO U3
dbopMy1bl DifHIITEHHA A7 CMellleHus iepurenus Mepkypus,

6mGM "
=~ m = 42,98 3a 100 mer.

c2A(1 — %) * 8¢ ~ 6nGM, (c?A — c?As®)5¢p ~ 6nGM
HE BUJIHO IPUYMHBI TAKOTO CMEILEHUs], KpOME KaK MCKPUBIIEHH TPOCTpAaHCTBA U3 ypaBHeHus: OOmieit
Teopuu OtHOCuTEeNnbHOCTU. VIIest B TOM, UTO pa3HUIIA X0/1a PENIITUBUCTCKOIO BPEMEHU Ha opoure,
BBI3BIBAET €€ TI0BOPOT U MPOIMOPIMOHAIBHA IKCIEHTPUCHTETY. [Ipr 3TOM 3aMeyieHne Xo/1a BpeMeHu (AtZ;)
B IPaBUTAIMOHHOM (X +)I10JIC B IEPUTEIIHH, TAET PEISATUBUCTCKOE COKpaleHne (—AxZ,) MaccoBoit
AG(XH)\ _ ,OM(Y-) _ AM(Y-)
o) = Cor = ey )
MaTemaThueckas nctuHa. @u3nueckoi NpUYMHOMN €CTh MOATAJIKNBAOIIEE IUIAHETY Ha MAaCCOBOM
(Y—)TpaekTopuu AeUCTBUE TPaBUTAMOHHOTO G (X +) OIS, MPU €ro BpallleHUH BOKPYT 3Be3/1bl. Peub uuer
0 HAJIMYMU UHIYKTUBHBIX MaccoBbIX M (Y —) moneit mpocTpaHCTBa-MaTepuu, U UX BPALLIECHUH BOKPYT
ConHula, KaKk MPUYMHBI, B COOTBETCTBUU C YPAaBHEHUSIMU TUHAMUKU. lHaue roBopsi, caMo MpOCTPaHCTBO-
Mmatepusi Bpamaetcs Bokpyr Connua. [1o TakuM sxe npudanHam, OyJeM paccMaTpuBaTh ABH:keHHe CoTtHIA
BOKpYT siipa ['anakTukm.
Ucxonnsle nanusle. Ckopocts Connna B lanaktuke v = 2,3 * 107cM/c , Macca aapa ['anaktuku

M, = 4,3 MuiH. Mg = 4,3 * 10° * 2 x 10331, paccrostHue K rienTpy ['amaktuku 8,5 Kk wim r = 2,6 * 10%2¢m.
LenTpobexnoe yckopenre ColHIla Ha rajlakTH4ecKol opoure:

)2 _ (2,3+107)°=529+1014 _g 2

s= = 2oz =2x%10"°cm/c

Hcnonb3ys 3Ty TEXHOJIOTHIO pacyeTa, OLEHUM paauyc sijpa Hamel [anaktuku ;. B Touno Takoii hopmyie
pacuera monyunm (7,.) paauyc siupa Haieit Lamaktuka gg = G(X +).

(57,3%) = 42,5". Peup uzer 0 NoBOPOTE

a;, =

OTCIOI[a CJICAYCT IMOBOPOT MEPUTCIINA BeHepLIZ

(Y—)rpaekropuu B ypaBHeHHH DiHIITEHA. PopManbHO 910 (rot, G(X +) =

GX+) =%*G*a*247”, OTKyJIa

M;  6.67x1078%4,3¥10%%2x1033r
1= =4x10%%cMm =~ 267 a.e.,
2ag 2%137%2,6%x1022+2x1078

la.e.=1r = 1,496 * 1013CM win, 1nk = 3 * 10'8cMm, torma 7, =~ 1,3 * 1073 nk. Takoii paguyc B
HaIHeI/I FaﬂaKTI/IKe COOTBeTCTByeT Fpa}II/IeHTy BCEX MACCOBEBIX HOHeﬁ HNCTOYHHUKA FpaBI/ITaHHH,

1
rﬂz—*G*a*



GX+) = 1p(/1 YA G raw grad,l(—l'l(X+ Y-)), c panuycom 1, = 1,3 % 1073

ITpenenst 1/13Mep;1eMoro paauyca 1y, = 10 nK. X cooTHOILIEHNE COOTBETCTBYET COOTHOIIEHHUIO

UX Macc.
—4
" 100% = oo * 100% = 7,69 % .
Ot0 3Ha4MT, Macca sipa ["anakTuku cocrasisier 7,69 % CkpbIThIX MaccoBbIx M (Y —) modei.
IMapametpsl JIynbl. O0men3BecTHO, yTO B osoxkeHuu JIynsr Mmexxay Connuem u 3emiiei, 1o
3akoHy Hetorona, Cosnnile nputsiruBaeT JIyny B 2,2 pa3a cuiibHee 3eMIIH.
Ina Mg =2 x1033g, my =597+10%"g, 1z = 6,371« 108cm, my, = 7,36 = 10%5g,
v = 3,844 x10%m, G =6,67 1078, a=1/137, (AA=1,496%* 10" — 1y, = 1,49215 * 103cm),
GMgmy _ 6,67x10™8%2%1033+7,36+10%5

= - 25
= b4z (1,49215+1013)2 = 44110,
Gmgm 6,67+1078%5,97+1027+7,36%1025
Fa= (rle)ZM - (3,844%1010)2 =198+ 10%° ’ (Fl/Fz =2,2).

Pasuuma cun (F; — F,) = (AF) = (4,41 — 1,98) * 102 = 2,43 * 1025, komMnencupyeTcs rpaBuTanueit
(«CKPBITBIX») MaCCOBBIX TOJICH npOCTpaHCTBa BOKPYT 3€MJIH, C YCKOPEHUEM:
M 3,14%\/2%6,67x1078%5,97x10%7
gE(X +) = * G * r_,f ra= 137:/3_,844-*1010*6,371*108 =0372cm /SZ'
Cwuta rpaBUTAIMd MAacCOBOTO Honﬂ, COOTBETCTBYET B IpeJeaax TOUHOCTH NU3MEPECHUM.
(AF) = my * gg(X+) = 7,36 x 1025 x 0,372 = 2,74 * 102°.
TakuMm oOpa3om, pelieHus: ypaBHEHUI KBaHTOBBIX IPABUTAILIMOHHBIX MOJIEH JAIOT pe3yibTaThl B
npeaeax u3MepseMbIX.

OTtkioHenue ¢poToHoB B noJie TskecTH CostHuna. ®oToH «mamaer» B moJie Tshkectu CosHIa ¢

yckopenuem g(X +) = ZGIZWS

S
ConHna, BepTUKaIbHAs CKOPOCTh «IIaICHUS COCTABIIACT V = g * t. YT0J OTKIOHEHHUs (OTOHA, It

R, = 6,963 * 10%m , onpenensiercs B Buje:
. v 2GMs 2Rs 1 4%6,67+108%2x1033 -
¢ = arcsin-, wm E = is S Ts * == 6,9:36*101%*(3*10?0)2 = 8,515 * 107,
@ = arcsin(8,515 x 107°) = 0,000488° = 1,75" yraoBbIX ceKyH/I.

DTOT yroyi COOTBETCTBYET pacueTaM B ypaBHeHUsAx OOmieit Teopun OTHOCUTENTEHOCTH DUHIIITEHHA.
W3 »THx xe ypaBHEHUIl, 3aMeiieHre Xoaa Bpemenu (At 1) nmaer nomonmnutensHoe yckopenue (Ag 1) B mose
rpaBUTAIUH, WK LIEHTpoOexkHOe (Aa T) yCKOpEeHHUE, C MPUHIUIIOM UX (Ag = Aa) SKBUBAJIEHTHOCTH TIPH
HEU3MEHHOI ckopocTu cBeTa ¢ = (Ag T)(At ). DTo kacaeTcs Xxoaa BpeMeHH Ha opOuTe Mepkypus, u3
pacdetoB DiHITeHA. M TOUHO Tak MeHseTCS X0/ BPEMEHH OJHOTO JIEKTPOHA Ha PA3JIMYHBIX TUCKPETHBIX
opOHTax aToMa, B MAaCCOBBIX MOJIAX aToMa. MI3MeHeHHe X0/1a BpeMEHHU AJIEKTPOHA Ha TUCKPETHBIX OpOUTaX,
CBSI3aHO C M3MEHEHHEM ero 9acTOThI (Av), KOTOpask COMPOBOXKIACTCS U3TYUCHHEM WU TTOTJIONICHUEM
dbotona (AE = hAv), B Teopun [lnanka. 1 yem rimy6xe «mpoBan» B (X+) nosie CHIBHOTO, TPaBUTAIITHOHHOTO
oJist BOJIM3HM sijipa, TeM OOoJIblle JJIMHA BOJHBI U Tiepuo (Y —) MaccoBoil KBaHTOBOU TpaekTopuu (Y —= e)
OpOUTATILHOTO JIEKTPOHA B €IUHOM (X+= Y —) mpocTpaHCTBE-MaTEPHH, TEM MEIJICHHEN €ro X0/ BPEMEHH.
3n1ech peub UAET O TUCKPETHOW JUHAMHKE X0/1a BPEMEHH B KBAHTOBOW PENSTUBUCTCKOM TMHAMUKE JTFOO0TO
KBaHTa MPOCTPAHCTBA-BpEeMEHH, (PU3UIECKOTO BaKyyMa BOJU3H «YEPHBIX JIBIP» aHAJTOTUYHO.

7. InHamuka BcejieHHOM.

PaccmoTpuM MareMaTuueckue MCTHHBI TMHAMUKU BbIOpaHHbIX Kputepues DBomonnu. B apyrux
Kputepusix ato 6yaer apyroe npeacrasnenue. Eciau (R)- paaunyc HecTanmoHapHOTO EBKINI0BOTO
npocTpaHcTBa cepsl BumuMon Beenennoit, To u3 kinaccudeckoit Criennansaoit Teopun OTHOCUTENBHOCTH,

2R .
. 3a Bpems nposnera auamerpa ConHua t = TS , IO KacaTenbHOM K cepe

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

4 _ -
R? — c?t? == = R? — c*1? ; wi b2(R 12 — b2c2(t D2 = (¢* = F) cua.
B enuHbIxX KpI/ITepI/IHX,(b = —) (R = K) = — =1, MbI TOBOpUM O HOTEHIIHAIIE B IPOCTPAHCTBE CKOPOCTEit

(g = 5 BEKTOPHOT'O TIPOCTPAHCTBA B J'IIO6OI/I e(x") cucTeMe KoopauHar, rae oepem I1 = g (x™),
¢bynnameHTanbHbIN TeH30p PumanoBoro npocrpancTa. Toraa B o0memM ciryyae umeeM:

nf — 13 = (L (X+) — L)X -) + 1, * (Y4) = A, (X+=Y-) | All,(X—=Y+)) T=F
Ota cuna Ha BceM paauyce (R = K) Bunumoii cdepst enunoro (X+= Y+) npoctpancTBa-maTepun
Bcenennoi, maer (temuyio) suepruro (U = FK) nuHamMuku Bcelr BeeneHHOM.



(M2 — 3K = (I, —IL)K{I, +1T,) = (AI)X+=Y-) | K(AIl))(X—=Y+) 1=FK =U
B gem ee npupoaa? Ha paguyce (R = K) munamuunoii cdepbl BeeneHHO#M ecTh 0JHOBpEMEHHAS THHAMHKA
enunoro (X+= Y+) npocrpancra-matepuu. PaccMarpuBasi AMHAMUKY MOTCHIIUATIOB B TPABUT MAaCcCOBBIX
(X+=Y—) nomnsix, Kak yxe u3BectHo,(Il; — I1,) = g, (1) — g (2) # 0, pe4b 00 ypaBHCHUH «T'PABUTAIIAN»

1 1 . .
R — ER gik = 5 9ik = kT;;, O6mieit Teopur OTHOCUTEIBHOCTH, B 10001 cucteme g;, (x™ # const)

KOOP/IMHAT, ¥ B pasmiunbix yposmsx currymapuocta 7/, i pusuueckoro Bakyyma Beeit BeenenHoit.,
Mpe1 roBopum o chepe (x™ = X, Y, Z, ct # const) HecTamoHapHOTro EBKIIMI0BOrO IPpOCTpaHCTBA-BPEMEHH

BBune: (x™ =X Y,Z,ct) * {(ch f(f;—?;_;) (X+=Y —) * cospx(X— = Y+) = 1} . I'paguent takoro (All,)
0—Ro0 -

MOTEHIINAJI, TO’KE U3BECTHO, Ja€T YPAaBHEHUSI KBAHTOBOM rpaBUTAMK ¢ MHAYKTUBHBIMU M (Y —)
(CKPBITBIMH) MACCOBBIMH ITOJISIMH B TPaBUTAMOHHOM moJie. Peus uuer 06 (AIl;~Ty,) 4 (X+=Y-)
SHEPIUU-UMITYJIbCe TPaBUT (X+= Y —) MaccoBBIX MOJIel pacumpstonielics BceneHHOH, ¢ yMeHbIIEeHUEM
IUIOTHOCTH MaccoBbIX (Y —) Tpaekropuit

:—00)3
K = G020 = (G = (0~ O L) (K = Vi (4= =) = (o, 4V, D= 1),

(R)) * (R, = 1,616 10 33sm) = 1, (R;) = 6,2 % 10%2sm (p,(Y=) = 0).
C npyroii cTOpoHBI, caMo «paciiupenue» (usndeckoro Bakyyma Beenennoii, Bei3Bano (AIl,)(X—=Y+) T
bparmenrarueii oomero (X—) moist Beenennoit, ¢ popmupoBannem HOBbIX M HOBBIX (I1; + I1,) KBaHTOBBIX
MOTEHIIUAJIOB, C TUIOTHOCTSAMU (p;(X—) — ©0) pacTankuBaroIIUX (B pacIIMpeHHH) APYT Apyra, (X —) moneii. B
o0meit kapTuHe, B pacmmpstomeMcs (X—) none Beenennoii, maccoBsie (Y —) TpaeKTOpUU CTATHBAIOTCS B
CTPYKTYpbl. MBI TOBOPHM O CBOMCTBAaX AMHAMUYHOTO, eAMHOTO (X+= Y+) mpocTpaHcTBa-MaTepuu, B
KOTOPBIX U3: cosp(X —)cosp(Y =) =1, u 1;(X —)A;(Y =) = 1, mist ckopocTelt v; = const, CIeAyeT NEPHOJT
nuHamuku T; (Y —) — oo, MaccoBbIX (Y —) Tpaektopuii kBaHTOB ¥; (Y —) dhusnueckoro Bakyyma Ha
OeckoneuHbIX paauycax 4;(Y— =X +) = R; — oo, Becenennoii. Ilpu 5ToM, 1715 MCYE3a10IMX IIOTHOCTEH

pi(Y =) = m — 0, MaccoBbIX TpaeKTopuH, cymectByeT (T; = )(t; = 0) = 1, codcTBeHHOE (t; = 0),

ucuesaroniee BpeMsi AMHAMHUKH Beell Beenennoii. MHaue roBopsi, Ha OECKOHEUHBIX pajuycax, BceneHHas
ucyeszaet Bo BpeMeHu. C Ipyroil CTOPOHBI, B IIyOMHax (puznyeckoro Bakyyma A;(X —) — 0, u ckopocteit
v; = const, nomy4aem nepuon T;(X —) — 0, KBaHTOB (U3MYECKOT0 BaKyyMa, C TUIOTHOCTSIMHU €T0 TOJIei

1
piX —) = To0)?
(T; = 0)(t; » ) = 1, 6eckoHEeUHO 10aTO (t; = ), B emuHOM (X+= Y+) mpoctpancTBe-Marepuu. U 3mecs,
OECKOHEYHOCTD JIBHIKCHHSI BO BPEMEHH CBOAUTCS K HyIi0 (R; = 1,616 * 10733sm) — 0, B mpocTpaHcTBe-
BPEMEHH, KaK U HCcUe3aromas Bo Bpemenn Beenennas Ha 4;(Y— = X +) = R; — 00, 0€CKOHEUHBIX pajnycax.

TakoBbI MaTeMaTHUECKHE UCTHHBI.

— 00, JTO KaK « TBEP/I0€ JHO» (PU3UYECKOTO BaKyyMa, Ha KOTOPOE MBI Oy/I€M OIyCKaThCsI

Pesrome.
Her npoctpancTBa 6€3 Matepuu 1 HET MaTepUU BHE IMPOCTPAHCTBA. [ 1aBHOE CBOMCTBO MaTepuu, 3T0
IBIKeHUe. B pabore paccMOoTpeHbl CBOMCTBA JUHAMUYHOI'O MPOCTPAHCTBA, KOTOPbIE UMEIOT CBONCTBA
Marepuu. J[MHaAMU4YHOE ITPOCTPAHCTBO-MATEPUS CIIENYET U3 CBOMCTB EBKINI0BON aKCMOMATHKHU.
I'eomerpuueckue GakTbl TMHAMUYHOTO MPOCTPAHCTBA ONPEAEIAIOT aKCHOMBI, HE TpeOyIoII1e
JI0Ka3aTeNbCTB. B paMkax akcMoM TMHaMUYHOI'O IPOCTPAHCTBA ONpeAensitoTcs (pu3nieckue cBONCTBa
Marepuu. B equHOM MaTeMaTU4eCKOM UCTUHE BBIBOAATCS YpaBHEHUs MakcBesuia s 3JIEKTPOMAarHUuTHOIO
IIOJISI U YPaBHEHHUS TMHAMHUKHU TPAaBUTMACCOBOTO IOJIS. YK€ U3 3TUX YPAaBHEHUM CIEAYIOT UHAYKTUBHBIE
MaccoBBbI€ TOJIs, T0JOOHO MHAYKTUBHBIM MarHUTHBIM HOJISIM. DTO 1B MaTeMaTUYeCKUe UCTHHBI U JBE
¢busnueckue peagbHocTu. Janbie. B eanHol MaTeMaTnyeckoi HCTUHE BBIBOJSTCS YpaBHEHHS
Crnennansaoi Teopun OTHOCUTENBPHOCTU U YPABHEHMSI KBAHTOBOW PENIATUBUCTCKON TMHAMUKU. Takue
ypaBHEHUS HEBO3MOKHBI B EBKIIN10BOI akcnoMatuke. TeH30p DUHINTEIHA, 3TO TOKE MaTEMAaTHYECKast
HCTHHA Pa3HULBI PEIATUBUCTCKON AUHAMUKHU B IBYX TOYKAaX PUMaHOBOIrO IpocTpaHcTBa. [IpuHnun
SKBUBAJECHTHOCTH MHEPTHOM M I'PABUTALIMOHHON MAacC €CTh aKCHOMa JUHAMUYHOT'O IIPOCTPAaHCTBA MAaCCOBBIX
TpaeKTopuil B rpaBUTAllMOHHOM nose. [lonHoe ypaBHeHune O6mieit Teopun OTHOCUTEIBHOCTH BBIBOJUTCS
KaK MaTeMaTH4YeCcKasi ICTUHA JUHAMUYHOIO IPOCTPAHCTBA-MATEPHUH C 3JIEMEHTAMU KBAaHTOBOM I'PaBUTALINH.
B otnunuue ot ypaBHeHus DiiHIITelHA, B ojaHOM ypaBHeHuu OO0meilt Teopun OTHOCHTENBHOCTH,
IpaBUTAlMOHHAs! KOHCTAHTA CJIEIyeT KaK MaTeMaTH4YeCKasi HICTUHA. Y PaBHEHHs YCKOPEHUH KBaHTOBOTO
IPAaBUTALMOHHOI'O KBAa3U MOTEHIMAIIBHOIO I10JIs BBIBOAUTCS B paMKaxX TEOpHUH 1oJsl. B pamkax sToro
YpaBHEHMsI BBITIOJHEHBI pacyeThl epurenuss Mepkypus, siapa 1 CKpbIThIX Macc [anaktuku. B gpusuke



3JIEMEHTAPHBIX YaCTUIl €CTh Hepa3penuMblie mpoTuBopeuns. Hanmpumep, ApoOHBIHN 3apsia KBApKOB, KOTOPHIS
(hopMUPYIOT 3apsij] MPOTOHA ¥ TOYHO TAKOU 3apsi/] MO3UTPOHA, HO yKe 0e3 KBapKoB. B cBoiicTBax
JTUHAMHAYHOTO TIPOCTPAHCTBA-MaTEPHH 3aps bl MPOTOHA U AJIEKTPOHA PACCUYUTHIBAIOTCS €TUHBIM CIIOCOOOM.
Ecth mpenensl npumeHUMOCTH EBKINIOBOI aKCMOMATHKH, KOTOPBIC OMPECIISIOTCS PUHITUTIOM
HEONPEeIeIEHHOCTH, BOJIHOBOH (yHKIMEH. CKaJspHOE MMOJIE BBOAUTCS B KAIMOPOBOYHOE MOJIE IS
COXPAaHEHUS PENIATUBUCTCKON HMHBAPUAHTHOCTH B KBAHTOBBIX MOJsX. HET mpu 3TOM KBaHTOBOMA
pEeNATUBUCTCKOM muHaMHUKHU. B cBoto ouepens KBantoBas Teopust OTHOCUTETLHOCTH HEBO3MOXKHA B
EBkiuoBo#i akcnomatuke. YKe B HCKYCCTBEHHO CO3/JaHHOM CKaJIIPHOM TioJie, B Mojiesid CIIOHTaHHOTO
Hapymennst CuMMeTpuu, CTpOUTCS TEOPHst XUTTCOBOTO 0030HA M TEOPHS DJIEKTPO CI1aboro
B3anMOJIeHCTBHS. B 000uX citydasx Macchl 3TUX 0030HOB PACCUUTHIBAIOTCS B paMKaX JHHAMHYHOTO
MIPOCTPAHCTBA-MaTepUU O€3 HCKYCCTBEHHO CO3/IaHHBIX CKaISAPHBIX 0030HOB. B menom, EBkinmoBas
AKCMOMATHKA €CTh YaCTHBIN cly4ail (PUKCHPOBAHHOTO COCTOSIHHSI TUHAMUYHOTO MPOCTPAHCTBA-MATEPHUHU.
DTO OTpa)xkaeT pealbHOCTh (PUKCUPYEMBIX B IKCIIEPUMEHTAX CBOMCTB JMHAMUYHOTO MPOCTPAHCTBA-
MaTtepud. TakoBa TEXHOJOTHUSI COBPEMEHHBIX TeOpHid. B paMkax akcCMOM TUHAMHYHOTO MPOCTPAHCTBA-
MaTepuH, pacCCMaTPUBACTCS PUHIIMITHAIBHO HOBAs TEXHOJIOTHS CaMHUX TeopHil. MbI He MOKeM OpaTh
MPOCTO JIMHUIO. ITO 00s13aTesibHO 00 (X-), 1160 (Y-) Tpackropuu. M Mbl He MOXKeM OpaTh MPOCTO TOUKY
(ro£0), «He umeromiei yacreii» B EBkianmoBoii akcuomaruke. Takux 0o0bekToB HET B [Ipupose.
Jlureparypa.
1. T'.Kopn, T. Kopn, "CnpaBouynnk o matemaruke", Mocksa, "Hayka", 1974 r.
2. B. CmupHos, "Kypc Beiciieit marematuku" 1.1, ¢.186. Mocksa, "Hayka". 1965 r., 1.3, 4.1,1974r.



