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Abstract.

W3 yero cocTout 3apsj, Macca, Io4eMy 3apsii IpOTOHA ¢ KBapKaMM TaKOH )K€, Kak U 3apsy
no3uTpoHa 6e3 kBapkoB? B yem ux equHCTBO U paznuune? M3 4ero COCTOUT 3IIEKTPUUYECKOE T0JIe, U3 Yero
COCTOMT MarHUTHOE I0JI€, U IOYEMY JUHAMMKA OJJHOTO IOJIsl UHAYLUpYeT Apyroe nosue? Yro Takoe
rpaBUTAlMOHHOE T0JIE U KaK Macca co3AaeT rpaButannio? YTo Takoe TeMHasi Macca U, YTO TaKOe TEMHasI
sneprus? [loueMy u kak u3 3HEpruun nossisercs Macca? Kak Bce 310 popMupyeT enuHbIN HU3NIECKUN
BaKyyM MaTepHallbHOTO MHUpa? 3/1ech ciefiaHa MONbITKa OTBETUTh HA 3TH U MOI00HbBIE BOIIPOCHI.
Bcerynenue.

HcxonHbie onoxeHusl.
N36panHbie CBOKCTBA.
B rnmyOuHax ¢pu3n4eckoro Bakyyma

o s wNh e

MesxranakTHueckuii anmnapar 6e3 TOIJIMBHBIX JBUraTeleH.
1.Bctynnenue

EcTb yauBuTENbHBIE CBONCTBA MATEMAaTUKH MOJEIUPOBATH U PACCUUTHIBATH (PU3NYECKUE CBOWCTBA
matepun. ['oBopsT, 4To 131K [Iprpoiel — 3T0 MaTemMaTuka. MaTemMaTuka ONMUChIBaeT (PU3HMUECKUE OTIBITHI,
00001IaeT 1 mpeacKa3biBaeT Gpu3ndeckre cBoicTBa. Ho ectb Bompockl pu3mkm, Ha KOTOPBIE Y MATEMaTHKH
HeT oTBeTOB. CoBpeMeHHas (pu3HKa yrmupaeTcss BO MHOXKECTBO Mpo0ieM, PakToB, KOTOPHIE BEIXOIAT 3a
PaMKH ee TEOpeTHUECKUX MpeacTaBaeHnidi. CaMu TeopeTHdecKre MOJIeNu 1 (PyHIaMeHTaIbHbIE
MIpeICTaBJICHHs] BO MHOTOM MPOTUBOPEUrBHI. Hanpumep, ckaszanu, 4To mosie Xurrca co3iaeT Maccy 4acTHll.
DopMabHO, 5TO MOKHO TIOHATH U Ha KIIACCHYECKOM ypoBHE, m = V2V (4acToTa onpeensercs
KO3 (D PUITMEHTOM JKECTKOCTH M MacCcoi ), Kak KoseOanusi B 00bEMe 1ot Xurrca (3Heprusi 0030Ha B MOJICTH
Cnonrannoro Hapymenus CuMMeTpun), KOTOpbIE B3SIThI 32 OCHOBY Hjed. Ho kak «macca mosst Xurrca»
CO3/1a€T CHIIy TPaBUTAIIMOHHOTO MPUTSHKEHUS IBYX Macc, cka3aTh 3a0buti. OTBeTa HeT. MaTemartuka
otBeuaeT Ha Bonpoc KAK? ®usuka orevaer Ha Bonpoc [IOUEMY? Me1 Oynem uckaTh puanyeckue
MPUYKHBL. DTO OYeHb BakKHO. Hampumep, 4To Takoe 3apsij, Kak Macca CO37]aeT IPaBUTALIMIO U TaK Jaliee.

3neck Mbl 00paTHM BHUMAaHHE, YTO MAaTEeMaTUYECKUE MOJIENN CO3Aat0Tcs B EBKIMIOBOIMA
aKCHOMATHUKE TOYEK («...HE UMEIOIIMX YacTel»), IMHUN («...[JTUHBI O€3 IHUPUHBI»), CUCTEMbI UHUCE PAaBHBIX
1o aHajoruu enuHul. Ckaxem, Mbl roBopuM o 10 s16510kax, K KOTOPbIM IpUOaBUIIH elle S5 100K, U MbI
TOBOpUM 0 15 s10;10Kax, KaK paBHBIX MO aHAJIOTHH SIOJIOK, TO €CTh eauHuIl. HO MBI HE TOBOPHUM O TOM, YTO
KaXkJ10€ SI0JIOKO OTIIMYaeTcst OT Apyroro sionoka. B [Ipuposae Het 15 oauHakoBhIX 010K (€IUHUITL). ITO
3HAYUT, YTO TaKas OTMepaIus CI0KEHUS, COOTBETCTBYET AEMCTBUTEILHOCTH TOJIBKO B PUOIMKEHHON
dbopme. C Apyroit CTOPOHBI, €CIIM MBI MTOJIOKHIIN Ha cToJ 3 s10J0Ka, a TOTOM 3a0paiu OJHO SOI0KO, TO
ocrtaetcs 2 s6;1o0ka. O6paTM BHUMaHHE, YTO MBI 3a0paliu TO S0JI0KO, KOTOPOE MBI MOJOXKUIK Ha cTod. Bee
peanbHO. U 9Ta onepanus BHIYUTAHUS YHCET COOTBETCTBYET PU3MUECKOM eHCTBUTENbHOCTH. Kak BUIuM,
JakKe MPOCThIE IEUCTBUSI C MPOCTHIMU YKCIAMHU HE BCET/1a COOTBETCTBYIOT cBoMcTBaM [IpupoaHbix
coOBITHH. MHOXeCTBO EBKIIMIOBEIX TOYEK B OJJHOM TOYKE, 3TO TOUKA HIIM UX MHOKECTBO? MHOKECTBO
EBKHMIOBBIX IMHUI B OJTHOU «IJIMHE 0€3 MIUPUHBIY, ITO JTUHUS WU UX MHOXKECTBO? OTBETHI HA TaKWe
Bompockl EBkinaoBas akcnoMarrka He f1aet. Ho iMeHHO 3Ta akcMoMaTHKa, €CTh HAlllel TEXHOJIOTUEN
TEOpHil B IPOCTpaHCTBE-BpeMeHU. PaHee MBI paccMaTpuBaIM MHYIO TEXHOJIOTHIO TEOPUA THHAMUYHOTO
MPOCTPAHCTBA-MATEPUH, B KOTOPOU TEXHOJIOTHs Teopuil B EBKIINIOBON akCMOMAaTHKe, €CTh MPeAeIbHBIM,
YJacTHBIN ciydait. [Ipu 3TOM AMHAMUYHOE BO BPEMEHH MPOCTPAHCTBO (B JIF0O00H crcTeMe KOOPAMHAT), 3TO
(dbopMa mMaTepuu, TIaBHBIM CBOMCTBOM KOTOPOH €cTh JABMkKeHHe. IHBIMU ClTOBaMU, TMHAMUYHOE
MPOCTPAHCTBO-MATEPHS — 3TO OJIHO U TO *ke. M1 NMEHHO MO3TOMY MaTeMaTU4YeCKHE CBOMCTBA MPOCTPAHCTBA-
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BPEMEHH COOTBETCTBYIOT (PM3UUECKUM CBOICTBaM Marepuu. BoT mouemy cBoiicTBa MaTepuy HaIKUCaHBI
3aKOHAMHU MaTEMaTUKH.
2.VlcxoaHEbIe TOT0KEHUS.
UToOBI HE UCKATh B PA3IUYHBIX UCTOUYHUKAX, HATIOMHUM 3/16Ch OCHOBHBIE ITOJIOXKEHUS, HEOOXOIUMBIC

JUISL TaJIbHEUILIETrO MPEeCTaBICHUS.

YeMm TexHOI0THS TeOpUi B EBKIMI0BON aKCMOMATHKE OTIIMYAETCS OT TEXHOJIOTUH TEOPUNA €TMHOTO
Y JUHAMUYHOTO IpocTpaHcTBa-maTepuu? OTBeT B caMux EBKIIMIOBBIX aKCMOMAaX CHCTEMbI YHCEJT PaBHBIX
10 aHAJIOTHH €IMHULI, TOUKH («...HE UMEIOIIUX YacTei») U JIMHUU («...JUIMHBI 0e3 mupuHb»). Cpasy Bomnpoc,
CKOJIBKO IPSIMBIX JIMHUHM IPOXOJIUT YEPE3 TOUKY BHE APYroM MpsMON U NapajienbHbl €. ['oBopAT, yTO 0Ha
npsiMasi JIMHUS, HO 3TO «...JJTMHA 0€3 IIUPUHBI), B KOTOPOW UX MHOXKECTBO. AKCHOMBI He paboTatoT. Toraa
BBOJISIT MPUHIUI HEOMPEICTICHHOCTH JIMHUU- TpaekTopuu KBaHTa. [lo dakry, u mo EBkin0BeIM akcuomawm,
Yyepe3 TOYKY BHE NPSAMOM MPOXOJAUT MHOKECTBO MPSAMBIX JTUHUN MMAPAIIIETBbHBIX UCXOIHOU MPSIMOM JIMHUU.
IIpu 3TOM CBOMCTBA MAPAIIIEIBHOCTH, TO CBOMCTBA U30TPOIIMU IIPOCTPAHCTBA, EBKIIMIOBOrO B JaHHOM
cilydae, Korja B JI0OOM HaIrpaBJICHUH MOKHO IPOBECTH MapaliesIbHbIE JIMHUU. Takas TeXHOIOTUs
EBKITMI0BOI aKCHOMATHKH B TEOPHSX JIa€T OTIMYHBIC PE3YJIbTAThI KJIacCUYecKol (hr3uku. Ho B KBaHTOBBIX
TEOPUSX C IPUHLUIIOM HEONPEIEIEHHOCTH, Mbl UMEEM TOJIBKO 3KCTPEMAJIbHBIE NI BEPOSITHOCTHBIE
(buKcupyeMble CBOMCTBA MaTEpUH.

Mgl paccMaTpuBaId CBONCTBA IMHAMUYHOTO MTPOCTPAHCTBA-MATEPUU C COOCTBEHHOW aKCHOMATHKOM
(xak (hakTamu, HE TPEOYIOIUX JOKA3aTENbCTB) B KOTOpoii EBKIIMI0Bas akcoMaTHKa, a paBHO U €€
TEXHOJIOTHS, €CTh YaCTHBIN ciydail. Hanomaum.

N30TporHbie CBOKWCTBA MPAMBIX NapauienbHbix ([I) muHuii-Tpaekropuii, qaror EBkimnmoBoe
MIPOCTPAHCTBO C HyNEBbIM (@ = 0) yriaom napajiienbHOCTH.

Puc. 1. IlnuHamuyHOE TPOCTPAHCTBO-MATEPHUS.
[Tpu sToMm, yepes Touky O, BHe my4ya (AC — 00), mpoxoauT Toibko onHa npsmas auHus (0X), He

nepeceKaromias HCXoIHbIA mpssMoit 1yd (AC — ©0). DakT pealbHOCTH B TOM, UTO IPH JBHKEHUH BIIOJTH

(AC — o) Ha 6ECKOHEUHOCTH, B Mpejiesiax TMHAMUYHOTO (¢ # const) yria napanjielbHOCTH, BCETIa €CTh
JTUHAMHWYHBIA ITYYOK MPSIMBIX JTUHUH B (X—) THHAMUYIHOM TI0JIe, ¢ HeHYIeBbIM (¢ # 0) yriom
napajieNIbHOCTH, U He nepecekaronux j1yd (AC — oo0) Ha OeckOHEYHOCTH. Peub 0 MHOMXKECTBE IPSAMBIX
JVHAN, TIpoxXosamuX depe3 Touky O, BHe npsimoii (AC — ©0) 1 mapaieNnbHbIX HeXoaHoMY J1yay (AC — o).
3T0 «HA 0e3 MUPUHED B EBKIIMI0BOI akcHOMAaTHKE, C TPUHITUIIOM HEOTPEIeIeHHOCTH (X—) JTMHHUH-
tpaekropuu. B ocax (XYZ), kak BuauM, EBKIINZI0BOE TPOCTPAHCTBO TepsieT cMbICI. Ero mpocTo Her.



Takoe nuaamuuHOe (@ # const) MPOCTPAHCTBO-MATEPUsi UMEET CBOM TeoMeTpuUYecKre (haKThl, KakK
aKCHOMBI, He TpeOYIOIIHe JOKa3aTeIbCTB.
AKCHOMBI TUHAMUYHOT'O IPOCTPAHCTBA-MAaTEPUHU
1. HenyneBoii, AMHaMU4HBINA yroi napamuienbHocTu (¢ # 0) # const), my4ka napajuieabHbIX
NPSIMBIX, ONpeeNisieT oproroHanbHble moiist (X—) L (Y —) mapaimiensHbIX JTUHHN - TPACKTOPUH, KaK
M30TPOIMHBIX CBOMCTB, MPOCTPAHCTBA-MaTEPHUU.
2. HyneBoit yron mapamnensaoctd (@ = 0), qaet «1uHy 0e3 MIMPUHBDY ¢ HYJIEBBIM WA HEHYJICBBIM

Y. paauycoM chepbl-TOUKH «HE UMEIoIel yacTei» B EBKIIMI0BON aKCHOMATHKE.

3. Ilyyok mapajuteIbHBIX MPSIMBIX C HYJIEBBIM YIJIOM MapauienbHOCTH (¢ = 0), «OIUHAKOBO
PAacIoNIOKEHHBIN KO BCEM CBOMM TOYKaM» , JTA€T MHOKECTBO MPSAMBIX JIUHHUIA B OJTHON «0€3 IIUPUHBD)
EBKin10BOM NPAMOIA JIMHUU.

4. Buyrpennue (X —), (Y—) u Buemnue (X +), (Y+) nons auHuii-tpaektopuii HeHyneBoit Xq # 0 niu
Yy, # 0 maTepuanbHOl chepbl-Touku, 00pa3ytotr Hegemumyro O6macts Jlokanu3anuu H Oﬂ(X i)
H OH(Y i) JUHAMUYHOTO NIPOCTPAHCTBA-MATEPHH.

5. B enunbix nonsax (X+ = Y —), (Y+ = X—) oproronanbHbIx JuHUi-Tpaekropuii(X—) L (Y —) Her

JIBYX OJJMHAKOBBIX CEP-TOUEK U JTUHUU-TPACKTOPHIL.

HJIN

6. ITocnenoBarensHocTs Henenumbix Obnacteit Jlokanuzauuu (X i), (Y i), (X i) ... IO paanycy
Xo #0 mm Yy # 0 chepbl-ToUKH Ha OJHOM JTMHUU-TPACKTOPHHM AAeT /! CXOAUMOCTh, a Ha pa3IMYHbIX
TPACKTOpUAX ! CXOHUMOCTS.
7. Kaxxnoit Henenumoit O6nactu JIokanu3anuy NpocTpaHCTBa-MaTepPUN COOTBETCTBYET €IMHMIIA
Bcex ee Kpurepues DBomorun — K3, B enquaom (X+ = Y —), (Y+ = X—) npocTpaHcTBe-MaTepuu HA
m—n cxoguMOCTSIX,

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

B CUCTEME YHUCEJI PABHBIX 110 aHAJIOTUN €AUHHII.
8. @ukcanus yrna(p # 0) = const) win (¢ = 0)myyka npsMbIX MapauIeIbHbIX JIHHU,
IIPOCTpaHCTBAa-MaTepUH, cpa3y aaet S5-i noctynar EBkinjga u akcuomy napasuienbHOCTH.

JIro6ast Touka PUKCHPOBAHHBIX JIMHUI-TPACKTOPHUHL, TPECTABIICHA JTIOKATBHBIMH Oa3UCHBIM BEKTOpaMHU

, i J k
Zitjtok e =2i+Zj+ 2k, (Kopu,c.508),
¢ ¢hyHnameHTanbHbIM TeH30poM €;(x™) * e, (x™) = g (x™), u Tononorueit (x" = XYZ) B EBxiugoBom
NpOCTpaHCTBE. DTH 0A3UCHBIC BEKTOPHI BCETIa MOXKHO MPEJACTABUTh B BHJIE IPOCTPAHCTBA CKOPOCTEH B
BEeKTOpHOM BHje: €; = v;(x™), e! = v!(x™), ¢ nmuHeiHbIMI KoMmoHeHTaMH (X' = ¢y * t), (X = ¢y * t)
IpOCTpaHCTBa-BpeMeHH, Toraa umeeM: v;(x™) * v (x™) = (v?) = I, 06bIYHBII NOTEHIUAN IPOCTPAHCTBA-
MaTepuu, Kak HeKoe YCKOpeHHue Ha JuinHe. To ecTh, PUMaHOBO MPOCTPAHCTBO, 3TO (YUKCHPOBAHHOE
(¢ # 0 = const) cocrostHue reoae3ndeckoit (x* = const) nuaun TuHaAMUYHOTO (¢ # const)
npoctparcTBa-marepun (x° # const). To ecth, PUMaHOBO MpOCTpaHCTBO, 3T0 (hrukcupoBanHoe (@ # 0 =
const) coCTOsSTHUE Teoe3nuecKoil (x° = const) TMHUM AMHAMUYHOTO (¢ # const) MPOCTpaHCTBA-MaTEPUH
(x® # const). Takoii MareMaTuku PuMaHoOBOrO npocTpancTBa g, (x° # const), ¢ nepeMeHHOMN
reojie3ndeckoi, eme HeT. Het u reomerpun EBkinmioBoil HectalmoHapHoi cepbl, HET FeOMETPUH

npocTtpancTBa JIobaueBCcKOro, ¢ IepeMEHHBIMU aCUMIITOTaMU TUIIepO01. YacTHBIM clTydyaeM OTpHIATeIbHOM
Y2 _ (+V)(-Y)

Yo o Yo

reomerpun JlobaueBckoro (Maremarnyeckast sHIMKIONEUs 1.5, ¢.439). EcTh 1€BATH OTIIHMYUTEIBHBIX

mpu3HaKoB reoMeTpuu JlobaueBckoro ot reomerpun EBkimna (puc. 1.2).

PumanoBoro IIpOCTpPaHCTBA. €; =

KPUBU3HBI (K = - ) (CmupHOB T.1, ¢.186) PumanoBa nmpocTpaHCTBa, €CTh IPOCTPAHCTBO



3TO NIMHUA

Puc. 1.2 M3otpornHas AuHaMuUKa.
OnHuM U3 pu3HAKoOB reoMeTpuu JIoGaueBCKOro, eCTh Cymma (00 <Yya< 1800) YIJIOB TPEYroJIbHUKA, B
OTJIMYME OT €BKJIMIOBOM UX MpoeKuu (), a = 1800) Ha IUIOCKOCTh. PaBHbIC Tuiomanu S; = S,
TPEYTOJILHUKOB, B PABHBIX yIJIaX MapalIeIbHOCTU (01 = (P, MyYKa HapaJIeIbHBIX MPSIMBIX JUHUH, TAIOT
MIPOEKTUBHO — [MOI00HBIE TPEYTOJIbHUKH B EBKIIMI0BOM MIIOCKOCTH C PaBHBIMU yIJIaMH B BEpIIMHAX.
OxpyxHOCTb B EBKIMI0BOM MJIOCKOCTH, 3TO JUHUA B reomerpun JlobaueBckoro. 31eck EBkinioBas
«UTMHHA 0€3 MIHUPUHBI»— 3TO paanyc kpyra B reomerpun JlobaueBckoro. Uem Oombliie paanyc, TeM JUIMHHEE
«UHUSA». Takue OKpy>KHOCTH B IOBEPXHOCTH EBKIINI0BOI chephl, 7TO MHOXKECTBO MPSIMBIX JIMHUHN BO
Bcenennoii. B namewm ciyuae, EBknunoBas chepa emre 1 nuHnamuyna. Kak MOKHO co31aBaTh TeOpUn
«bomnpmroro B3peiBay ninm «ukiandeckoi Beenennoi» B Takoi cdepe? OTBET — HUKaK. ITO HU O YEM.
HyneBotii paguyc Takoro kpyra (r = 0), TOBOPUT O TOM, YTO TaKOTO Kpyra HET, M HET TaKUX JIMHUHA. ITO
pasroBOp HU O YeM, UX MPOCTO HET. DTO K BOMPOCAM CHUHTYJISIPHOCTH C UX OECKOHEUYHBIMHU KPUTEPUSIMU U
HEBO3MOXKHOCTSIMU. VX HeT HU B MaTemartuke, HU B [Ipupone. 3To yxxe Apyras TEXHOJIOTHUSI CAMHUX TEOPHUH.
Takoit MaTeMaTrku PuMaHOBOTO mipocTpaHcTBa g (X° # const), ¢ nepeMEeHHOMN reoe3uYeCKOi, eIe HeT.
Her n reomerpun EBKimI0BO# HecTanmmoHapHOH cephl, HET TeOMETpUU pocTpancTBa JlobaueBckoro, ¢
MEPEMEHHBIMH aCUMIITOTaMu Tutiep0oi. Otu oproroHansHbie (X—) L (Y —) nuHUU-TpaeKTOpUU, UMEIOT
BHYTpU JMHAMUYHBIE cepbl, HecTalmoHapHoro EBknnioBoro npoctpanctsa (¢ # const). Uatu (X—) L
(Y—) nuHUU-TpaeKTOPHH, IMEIOT COOCTBEHHBIE TOJISI €MHOTO U (¢ # const) nuHamuyHOrO (X+ =Y —),
(Y+ = X—) mpoctpanctBa-marepun. B eBkinnaoBoii cetke oceit (X;) L (Y;), MBI ero He BUIUM, U
npeacTaBuT He MokeM. U 310 yxe apyras (¢ # const) TEXHOJOTHS MaTEMAaTHIECKUX U (PU3NIECKUX
TEOpHUH, B KOTOPOU CYIIECTBYIOIIAst TeXHOJIOTHsS EBkimmoBoit akcuoMmatuk (¢ = 0) mwiu (¢ = const)
PumaHOBOr0 MpOCTpaHCTBA — 3TO MpPEAETbHBIN M YaCTHBIN ClTyyaH, COOTBETCTBEHHO. [Ipu aToM Bce
Kpurepuu DBosmoluu GopMUpyIoTes euHbIM 06pa3oM B MHoromeproM WN=K*NTN npocrpancrse
CKOpOCTEH, MHOTOMEPHOTO MPOCTPAHCTBA-BPEMEHHU.
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Puc.2. Kputepun IBomIOIMN B MPOCTPAHCTBE-BPEMEHH.



3neck mua (N=1), V=K*"T? - ckopocts, W?=I1 -norenmman, I1?>= F -cuma. X mpoekuyn Ha
koopaunataoe (K) wiu Bpemennoe (T) npoctpanctBo-Bpems narot: 3apsa [IK=q( Y+ =X -) B

anekTpo( Y+ =X -)MarHuTHbBIX Mojsix, uiau maccy [IK=m(X+=Y-) B rpaBut (X+=Y-) MacCOBBIX MOJISIX,
~_m _IOIK 1 5 ) 2
TOT/AA TUIOTHOCTD (P = i ) , 9T0 KBazpar yactotsl, 3Hepruto E=I1°K, umnynsc (p=I1-T),
neiicteue (h=I1°KT), u 1.1., equnoro HOJI= (X+=Y-) ( Y+ =X -) =1, IpocTpaHCTBa- MaTEpPUH.

3.N36panHbIe CBOMCTBA

['maBHOE cBOMCTBO MaTepuu — aBMKeHue. [ToaToMy cBoiicTBa Takoro (¢ # const) TMHAMUYHOTO
MIPOCTPAHCTBA, MBI COOTHOCHUM CO CBOHCTBaMM MaTepHH. IT0 01HO U TO )ke. OHo (X+ =Y-), (Y+ = X-)
enuHoe, nuckpetHoe ¢ (X+) u (Y1) Hepenmumbivmu O6nactsmu Jlokanu3amnuu, KOTOPbIE MBI COOTHOCHM C
HE/IeTMMbIMH KBaHTAaMH ITPOCTPAHCTBAa-MaTepHH B Buje: mpotoHa (X+ = p), anekrpona (Y = e),
neiitpuno (Xt =v,), (Xt = v,) n poronos (Yt =v,) (Yt =y). U3z (m) cxomumoctn (Xt) n (Y1)
TaKMX KBAHTOB, CJIEAYET UX IOCIEA0BATEIbHOCTD B BUAE:

e, e e Yo v =C Y L
/ / // ,/'/ /
/
/ / /
/ / / ‘ # 4 7
P p P v v
2 1 H e V1
on, S 0Ny T A <—on,——=

puc. 3.1 Henenumble KBaHTBI IIPOCTPAHCTBA-MATEPUH.
«remubiid poton» (Y+ = y,), BHeceH st HenpepbiBHOCTH enuHoro (X+=Y-) ( Y+ =X -) mpocTpaHcTBa-

matepuu. Takue 3mextpo(Y+ =X -)MarHuTHbIC NOJIS UMEIOT IMHAMUKY ypaBHEHUN MakcBera:
FE(Y+)

cxrotyB(X —) =rotyH(X —) = & —— + AE(Y+);
OH(X— OB(X—
rotyE(Y +) = —uy % = - %;

HMuuamuka E (Y +)30eKTprHUecKOro moist IoposKaacT HHIYKTUBHOE MaruuTHoe B(X —) moJe, 1 Hao0opoT.
Hanpumep, 3apskeHHBIN ap B ABMXKYLIEMCS BArOHE, MAarHUTHOTO 1011 He uMmeeT. Ho koMmac Ha nneppoHe
MOKaXeT MarHUTHOE TI0JIe. DTO OMBIT DpcTena, Habmoaasmui (X —) MarauTHOe noje nmkymmxcs (Y+)
AJIEKTPOHOB TOKA MPOBOIHUKA.

U eauHbIM 00pa30M BBIBOIATCS TAKHE JKE€ YPABHEHUS TUHAMUKH rpaBUT(X+=Y-) MACCOBBIX MOJICH:

G (X+)
cxrotyM(Y —) =rotyN(Y =) = &, * a7 +A1*xG(X+)
ON(Y— oM (Y-
M(Y-)=p, * N(Y=); roty GX4) = —pp » o) = ~2HCD)

Junamuka G (X+) rpaBUTallMOHHOTO TIOJIS IOPOYKIAeT HHIYKTUBHOE MaccoBoe M (Y —) more, u
HA000POT. AHAIOTUYHO, NPH IBMXKEeHUH (X+) Macc (3Be311), MOPOKIAIOTCS B MHAYKIIUH MaccoBblie (Y —)
nojis. 31ech yMECTHO OCTAHOBUTBLCS Ha BceM U3BecTHOH Gopmyiie (E = mc?), Ha koTopoil ocTaHOBUMCS
nonpobHee. Teno ¢ HeHyneBoit (m # 0) maccoii, u3ay4aer cet ¢ sHeprueid ( L) B cucreme (X, Yo, Zg, Cto)
KOOPJHMHAT, ¢ 3akoHOM coxpaHenus sueprun: (Eg = E; + L) , 1o u mocne nznydenus. J{ns 3Toit xe Macchl,
1 3TO KJITF0YeBOM MOMEHT (Macca (m # 0) He MeHsieTesi), B npyroi (X, Yq,Z1, Ct;) cCHCTeMe KOOpAWHAT,

v2 . .
3aKOH CoXpaHeHus sHepruu ¢ (y = |1 — =) npeobpasoannusivmu Jloperua, DiHiTeiin sanucan B Buje

(Ho = H; + L/y). Borunras ux pazHuIly, DHHIITEHH MOTYIHIT:
1 1
(Ho —Eo) = (Hy —E)) + LG — 1), umt (Ho —Eo) — (Hy —Ey) =LE — 1),

C otaeneHueM pa3HUIBI PHEPTUHN H3IydeHUs. O0e nHepIUalbHbIe CHCTEMbl KOOPIMHAT JBHKYTCS, HO
(x1,¥1, 21, Ct1) IBIKETCS CO CKOPOCTHIO (V) OTHOCUTEIBHO (X, Yo, Zo, Ctp). VI TOHITHO, 9TO CHHUN U
KpacHBIN CBET UMEET pa3HUIly SHEPTUil, KOTOPYIO U 3amucai DUHIITEIH B ypaBHeHUH. CaMoO ypaBHEHHE
OWHIITEWH 3anucai Kak pasHUIy KHHETUYECKUX PHEPIHl B IEPBOM Pa3IOKEHUH.



) TH (AL v?

A ( 1) - 2 CZ

L .

3nech (C—2 = Am) MHOKHTEJIb, MMEET CBOHCTBA MACCHI «JTy4HCTOM SHeprum», umk: AL = Amc?. Dty

(GOpMyITy HHTEPIIPETUPOBAIIN MO-PA3HOMY. JHEPIHIO aHHUIWIAIMK E = mgc? Macchl OKOS, WITH:
EZ o

my? = i p?/c? , B peNATHBHUCTCKOI JMHAMMKE. 3/1Ch MAcCa ¢ HYJIEBBIM HMITYI5COM

(p = 0) , umeeT sHepruto: E = mqc?, a nysnepas Macca porona: (mgy = 0), UIMEET HMITYJIC ¥ SHEPTHIO
E = p * ¢. Ho DifHIITeliH BBIBEN APYToii 3aKOH «IyducTol sHeprum» (AL = Amc?), ¢ MaccoBbIMU
cBoiicTBamMu. DTo He 3Heprus GoToHa, U 310 He sHeprus (AE = Amc?) nedekra Macc HYKJIOHOB szpa
aToMa. DUHIITEWH yBHUIET TO, Yero He yBUIeNl HUKTO. [1ogo0HO IBIXKYyIEMycs 3apsaay, ¢ MHAYKIUEH
MarHUTHOTO OIS ypaBHeHH MakcBeria, ABrxKymiasca macca (Macca (m # 0) He MeHsAeTCs ), UHIYLHUPYeT
MaccoByio sHepruto (AL = Amc?), koTopyto u Hamen Ditnmreiin. Hanpumep, 3apskeHnas cdepa BHYTpH
JBIKYIIErocs Barona (3apsja (g # 0) He MeHsieTcs), HE IMEET MarHUTHOro nons. Ho kommac Ha meppowe,
MOKa)KeT MarHUTHOE T0JIe Cephl B ABIDKYILEMCS Barone. IMEHHO Takoe MHIYKTUBHOE MarHUTHOE TOJIE, OT
JIBUKYIIUXCS JIEKTPOHOB TOKA MPOBOIHKKA, 0OHapyxui1 Dpcten. [lorom Obutn onbiTel Dapajes,
MHIYKIMH BUXPEBBIX 3JEKTPUUECKUX I0JIEHM B IEPEMEHHOM MarHUTHOM I10J1€, 3aKOHbI MHIYKIUHU U
CaMOMHAYKIMU U ypaBHeHHs] MakcBeiia. [1o aHanoruu nHIyKTUBHOW SHEPTMH MArHUTHOI'O MOJISI OT
JBIDKYIIETOCS 3apsiia, DUHINTEHH BbIBeN (OPMYITy HHIYKTUBHOM, «JTy9HCTOI» SHEPTHH MAaCCOBBIX TOJIEH,
OT JBUXKYIIMXCS HEHYJEBBIX Macc (Macca (m # 0) He MeHsieTcsl), 3B€3/1 B TaJlaKTUKax B ToM yucie. U
3/1ech DUHIITENH BhIlen 3a paMku EBkinaoBoii (¢ = 0) akcCHOMaTUKH [IPOCTPaHCTBAa-BpeMeHH. B
aKCHOMAax JTHHAMUYHOTO MPOCTPAHCTBA- Matepuu (¢ # const), pedb uaer o6 uHayKTUBHBIX M(Y —)
MacCOBBIX MOJISIX, B IOJHOM aHAJIOTMH C ypaBHEHUAMH MakcBesuia. Bot uyto yBunen DUHINTENHH, U HUKTO
JIPYTOM.

Heroton npeacrasun ¢popmyiy, Ho He ckazail, [IOUEMY Bo3HHKaeT cuiia rpaBUTalMK. 3allChIBas
ypaBHenue O61elt Teopun OTHOCUTENBHOCTH, DUHIITEHH Opajl rpaBUTALMOHHBIN TOTEHIIMAI HYJIEBOU

EZ LZ _
Maccer: — = c?, B BUIE ;— =Gvi(X+) = —le TEH30pa SHEPrUK-UMITyIbca. JIoKHOE

npencrasiaenue o6 O6melt Teopun OTHOCUTENBHOCTH DHHINTEHHA COCTOUT B TOM, YTO CUMTAETCSI, B
YPAaBHEHUH IIPEACTABICHA HEHYJIEBAs Macca, KaK MUCTOYHHUK UCKPUBIICHUS ITIPOCTPAHCTBA-BPEMEHH, KaK
MCTOYHUK rpaBuTanuu. B ypaBuenun O6meit Teopun OTHOCHTENBHOCTH DUHINTEHHA, KAK MaTEMaTHYECKON

NCTUHBI B JTMHAMUYHOM HpOCTpaHCTBe-MaTepI/II/I B HOJ'[HOM BHUJIC:
8nG

Ry — %Rgik Aglk —& Lik -
HeT Maccel: (M = 0), B KJJacCHYECKOM ee HOHI/IMaHI/II/I. B MaTeMaTquCKoﬁ UCTHHE, 3TO Pa3HULIA
PENATUBUCTCKON AMHAMUKH B IBYX (PUKCHPOBAHHBIX TOYKAX PUMAHOBOIO IPOCTPAHCTBA, OJHA U3 KOTOPHIX
npuBoauTcs K EBKIINIOBOI cdepe, BO BHEIIHEM, He cTaiuoHapHoM (A # 0) EBkinumoBoM mpocTpaHcTBe-
BpeMeHu. B pusnueckoii uctune, B ypapHeHuu O6mieit Teopuun OTHOCUTENBHOCTH, DUHINITEHHA, B €MHBIX
Kpurepusix OBomtonun, «3amuTa» Gopmyna (3akoH) HeroToHa:

2 2
— 4 _ 4 2 2 _ a2y _ES_ KT 2 2 _ 2

E=c*K, P=c"T, (c —ck—Acik)—p—z— Z=C), Acj =Gy X+)#0

AcZ = c*c*k?  G(c2Ky=mq)(c®Ky=mp) _ Gmim, A Gmim, A —F
Cik = chciT2 c2(c2T2=K?2) = c2g2 ! Clk c2Kg2 ClkC

Kax Bunum, B ypasaenuu O6mieit Teopuu OTHOCHTENEHOCTH DUHINTEHA, CUITA TATOTEHHS IEHCTBYET B
TOJIAX ¢ HyJIEBOH Maccoil. UuTaeTcs: pa3HUIa MACCOBBIX TTOTOKOB Acj, (Y —) BO BHEIIHEM MOTEHIIUATEHOM
none rpasuranuu cZ(X+), ¢ ux [IpuHIUIOM DKBUBAIEHTHOCTH, JaeT cuity. ONpenennMest B TOM, Kak
pa6oraer Takoii noaxoa. Harnpumep, nus Conuana u 3emmn (M = 2 x 1033g) u (m = 5.97 * 10?7 g),

MIOJy4YAM
(6=6.67%10"8)(M=2x103%)

(U, = R1496:1013 = 8.917 * 10?) rpaBuTanMoHHbIi MOTEHIMAN HA PACCTOSHUH 0 3eMJIU U
= * -8 =5. *
U, = ez 121:6 3)7(215897 107 = 6.25 * 10! | morenmman camoii 3emim. Torna
(AU = Uy — U, = 8917 * 1012 — 6.25 = 10! = 8.67 * 10'2) , wm (AU = 8.29 * 10'?) , momyumm:
AU = 876 - _ WPK)? _ UP(UK=m)® _ Mm AU _ 8mG Mm _ _8nG Mm _ GMm
- (C4=U2=F)( ik — U2T?2 - U2T2 - ) W \/E - F T2 ! - (AU/\/E) T2 - (AU*TZ/\/E)/STE



AU*T?  8.29%¥1012%(365.25%24%3600=31557600)2
0e3 TeMHBIX Macc. OcTanoch HOCUUTATh = ¢ ) = 2.3%1026 , 4TO
871\/5 87t\/§

GMm
COOTBETCTBYET KBajpaTy pacctosuus (R? = 2.24 = 10%°) or 3emmu g0 Connua, uiu F = 2 » 3AKOHY
Herotona. Takoii moxxoz cooTBETCTBYET peanbHOCTH. CKaykeM Ooibliie, IMEHHO U3 ypaBHeHus: OOmiei
Teopun OTHOCUTENBHOCTH DUHIITEHHA, BBIBOJSTCSA B MATEMAaTUYECKON UCTUHE, YPAaBHEHUSI KBAHTOBOM

rpauTanuy. Ha crioBax, peds o IMHAMUKE KBAHTOBOTO IPABUTAIIMOHHOTO MOTeHIMana Acs,, Ha
pacxopsieics (o crupaiu) JUIMHE BOJIHBI KBaHTa. MIX MaTeMaTtnyeckoe MmpeacTaBieHue Acj = K * G(X +):

£ £ £ £
O6o3naunm (Ae,, = 2¥ey), Ty = (E)i A (E)M = (;)i 2y (E)K = 2yT;; , B BUAE TeH30pa
snepruu (€) — (P) ummyinbca ¢ BomHOBO# yHKIue (Y). Otciona cieayer ypaBHEHHUE:

Rik — > Rejde,, =k (g)l A (%)Jm woTH

1 1
Rie(X+) = 29 (FReren(X+) + KTy (Y=)), 1 Rye(X+) = 2 (R (X+) + KTy (Y-) )
2
910 YpaBHCHHUEC KBAHTOBOI'O rpaBI/ITaHI/IOHHOI‘ 0 NOTCHIHAJIa C pa3MCPHOCTBIO [%] IIOoTCHIIUajia

(Il = vZ) ucnuuom (21). B ckobKkax 3TOro ypaBHeHHUs, 4acTh ypaBHeHus O6meit Teopun
OTHOCUTENBHOCTH B BUje NoTeHIanbHoro [1(X+) noss rpaBurtaimu. B Teopuu mosnst (CMUpPHOB, T.2,
c.361), yckopenune maccoBsix (Y —) tpaekropuii B (X +) mone rpaButanuu equaoro (Y —) = (X +)
MPOCTPAHCTBA-MAaTEPHH MPEJCTABICHO TUBEPTeHIIMEH BEKTOPHOTO TIOJIS:

divR; (Y—) [TK—Z] =G(X+) [TK—Z], ¢ yckopenuem G (X +) [Tﬁz u

GX+) [;{—2] = grad;I1(X +) [;{—2] = grad,I1(X +) * cos@y [%]

Coornomenne G(X +) = grad;I1(X +) paBHOCHIBHO Gy = g—z; Gy = 3_361

3neck nonuelil muddepenunan: Gydx + Gydy + G,dz = dIl. OH uMeeT UHTETPUPYIOIINIA MHOKUTEIh
cemeiicta nosepxnocreit [I(M) = C; ;3. , ¢ Toukoi M, OpTOroHa/IbHEIX K BEKTOPHBIM JIMHHAM OIS
maccoBbix (Y —) Tpaekropuii B (X +) mose rpaButanuu. 3nece e;(Y—) L e, (X—). Orcrona cnenyer
KBa3UIOTEHLIMATBHOE TOJIE:
2
tr(Gudx + Gydy + Gdz) =dl ||, w  GX+) == gradnX+) [5].
T

3nech ty = n Ui KBa3UMOTEHMANBHOTO nojs. Bpemss t = nT, 3T0 n- Koau4yecTBO NepuoioB T
KBaHTOBOU quHamMuku. I n = t; # 0 . OTcroaa ciaenyroT KBa3UIOTEHITHAIBHBIE IIOBEPXHOCTH W = 27/t
KBaHTOBBIX I'PABUTAILMOHHBIX MOJIEH ¢ IEPUOAOM T M YCKOPEHUEM:

G(X+) = %grale(X +) ||

GX+) [5] = £ gradu(Rgu) (05" @y = O [25] + (gradu(Ta)).

B MOZCIIAX, 3TO BBITJIAAUT IPUMCEPHO TaK:

- G = 0G
y Gy = 5, MNpeaACTaBJICHUIO.

/ = (J-) i !
f ‘| { G“xi)_< J
v ! - | 1
A= %Tf : L (X ‘Y ZJ

puc. 3.2 KBaHTOBBIE€ IPaBUTALIMOHHBIE MOJIS.



OT10 pUKCUpyeMoe B CEUCHUH, BEIOpaHHOE HampaBiieHne HopMa n L [ Ciio:keHHe BceX TAKHX

. G K N
KBAHTOBBIX MOJIeii MHOKeCTBAa KBAHTOB 10ty G (X +) - J1000# Macchl, GopMupyeT 001y 10
NMOTEHUHAJILHYIO «SIMY» €€ TPABUTALIMOHHOIO0 MOJIsl, TJI€ YK€ JCHCTBYET YpaBHEHUE DUHILITEWHA, C
«3alMToi» B ypaBHEHUH (QopMyIioii (3akoHoM) HeloToHa. B inHaMUYHOM IPOCTpaHCTBE-MaTEepPHH, PEUb

K .

uzer o auHamuke 1oty G(X +) [T_Z] nosieit Ha 3aMKHYTBIX 1TotyM (Y —) TpaekTopusix. 31ech -JIMHHS BIOJb
KBa3H NMOTEHIIMABHBIX TIOBEPXHOCTEH PUMAHOBOTO MPOCTPAHCTBA, ¢ HOpManbio n L [. IIpenensHbiil yromn

napauieabHocTH MaccoBbiX (Y —) TpaekTopuii B (X +) moJsie rpaBUTAIMH, TaeT IPaBUTAIHOHHYIO

_ t
KOHCTaHTY (COS?@(X—)pax = G = 6.67 * 1078). 3necy ty = 7 = M, TOPAIOK KBa3H MOTCHIHATbHBIX
1
B 137.036)'

X4 || = 57 (6 * gradaRga (X ) + @ * grad, Ty (Y ) |55

. | K o
OT0 001Iee ypaBHEHUE KBAHTOBOTO I'paBUT (X+ = Y-) MacCOBOTO IMOJIS YK€ YCKOPeHHUii [T_Z]’ Y BOJTHOBOM

noBepxHoctel, U (cosO(Y —)yax = @

Y — dynknumeii, a Takke T- nepuogom quHamuku kBanta A(X +), co cmuom (1), (2¢). Tlons yckopenuid,
KaK M3BECTHO, 3TO YK€ CHJIOBBIE 1oJisl. Mcxois U3 3TOro, paccMaTpuBarOTCS MOJIENIN POIYKTOB
AQHHUTHJISIIIUH [TPOTOHA M AJIEKTPOHA B BHJIE:

> v’
NG Vs (X-=Y+) =
= (X-=p) . (V=€)

MmoAaens NPpoToHa Mo4enb 3NexKTpoHa aTOM BOAOpOﬂ'a

puc. 3.3 Mojenu npolyKTOB aHHUTHIIALIMY IPOTOHA U 3JIEKTPOHA
B eqMHOM npocTpancTee-Matepun (X+= p*) = (Y—=y{)(X+=v;)(Y—= y{) nporona u >1eKTpoHa
(Yx=e") = X—=v)(Y+=y")(X— =v;). B npocreiiieii Moaenu aToMa BOJOPOIa HET OOMEHHBIX
¢oToHOB B 351eKTpo( Y+ =X -)MarHUTHOM B3aMMOZEHCTBUH OpOUTAIBHOIO 3JIEKTPOHA U IPOTOHA Spa,
100010 atoma B ToM uncie. Jnektpon (Y+= e™) usnyuaer oomennsiii (Y —= y*) doron, Ho mpoToH He
MOKeET u3aydath o0OMeHHbIi (Y —= y*) ¢poron. [IpoToH B spe aTOMa He U3ydaeT 0OMeHHbIH GoTon. 1
€I1Ie BOTIPOC, IOYEMY OpOUTAIbHBIC AJIEKTPOHBI aTOMa HE OTTAIKHWBAIOTCS BO B3aMMOJICUCTBUH JIPYT C
JPYTrOM, €CITU OHU MPUTATHUBAIOTCS BO B3aUMOJICHCTBUU C MPOTOHAMHU Spa. 31eCh sIBHOE MPOTUBOpeune. B
MIPEJICTABICHHBIX MOICIISAX HET TaKUX MPOoOJIeM U TPOTUBOpeUrii. /[Ba CBOOOIHBIX JIEKTpOHA OyayT
OTTaJKUBATHCsA(a), HAXOAUTHCSA HA YKBUIIOTEHIIUATIBHBIX OpOUTax aroma(0) WU ClIeJOBaTh PYT 3a IPYroM
B ofHOpOAHOM 3jekTpudeckoM E(Y+) nose (B), B MpeCcTaBIEHHBIX MOJIEIISIX:

a)

Puc.3.4. paznuyHble COCTOSIHUS JIEKTPOHOB.
ITpu onpeneneHHbIX YCIOBHX, SIEKTPOHBI IPOBOJAHUKA, IPU HAJTUYUH B HEM 3JIEKTPUUECKOTO IMOJISl, MOTYT
CJIEIOBATh IPYT 3a IPYTOMH, U JIaXKe «CKIEUBATHCS APYT C IPYroM, OJT0OHO MarHuTam.
DJEeKTPOH U3Iy4aeT u noriomaeT GotoH: (e <> ¥ ). FIX CKOPOCTH CBA3aHbI COOTHOIIEHUEM:
(Ve = a * ¢). TouHo Tak cBA3aHBI CKOPOCTH QoTOHA (Y © Y, ) M yxke(V), © & * 1)) CBEPXCBETOBOTO
¢dotona. OHHM cBsI3aHbI KpaCHBIMU JIMHUAMHU Ha puc.3. Kak Takoe Bo3moxxHo? Ilpencrasum Oosee netaibHO
MOJIETb DJIEKTPOHA.



Puc.3.5. Mogens ayekTpoHa.
DnekTpoH umeet Gopmy Topa, ¢ () poToHOM BHYTpH. Henemumple 3J1eKTPOHBI OTTATKUBAKOTCS

sHemHumH E (Y +) momsimu anekrpudeckux 3apsiiaoB. Ecte 3akon KynoHa Takoro B3anMoIeHCTBUS:
2

h 2 p(w=
F=f=% p=] =l FeR=RTE
2 8056+10~10)2
a=q—=M=0.00728zi, wm: (v = ac), rae: QZEZCOS((py)

he 3.1647%10~17 137
ITocTosiHHAs TOHKOM CTPYKTYpbI(@) 3nekTpudeckoro (Y+ = e) nons 3apsjaa, npeacraBiseT coO0H KOCUHYC
yIJla napajjiebHOCTH COS(@y) MaccoBbIX TpaekTopuil (Y — = e) anexkrpoHa. Mbl MOHUMaeM, 4TO TMHAMUKA
anektprueckoro (Y+ = e) moius mopokaaeT B MHAYKINH BuxpeBoe B(X—) MaruuTHoe mose, corjaacHo
AE(Y+)
oT
MarHuTHOM I0JI€, 371€Ch BECbMa OUEBUAHBI. DJIEKTPOH U3Iy4aeT U noriomaeT GotoH. Ho riaBHoe cocTout

ypaBHeHHsIM MakcBemia: C *rotyB(X —) = & . U cnuHoBBIE cBolicTBa AnekTpoHa B B (X—)

B TOM, YTO IIPOCTPAHCTBO CKOPOCTEH MacCOBBIX TPACKTOPUH DIIEKTPOHA, IMEET BHYTPH JIEKTPOHA, C OKOJIO
HYJIEBBIM YIJIOM napamienbHocTd (¢ = 0), mpenenbHyo CKopocTh (oToHa (BUPTyaabHOTO GoToHa). To
€CTb CKOPOCTh CBeTa (U, = @ * C) BHYTPU JIEKTPOHA, U3Tydarouero GoToH. Mbl rOBOpHUM O BUPTYaJIbHBIX
(hOTOHAX KaXKJOTO DIIEKTPOHA, B TIPEACTABICHHBIX MOJIEIISX B TOM YncIe. TakoBbI (DaKTHI.

B nuramMuvaOM (Y — ) mpocTpaHCTBe-MaTepuH, 3alUIIIEM U3TYYEHUE HITH TTOTIIOMICHUE SJICKTPOHOM
(Y—=-¢e) & (Y= = y) ¢orona. U Touno tak, npocTpaHcTBo ckopocteil (Y — = y) mMaccoBbIX
TpaeKkTopuil GOTOHA, UMEET BHYTPH (POTOHA, C OKOJIO HYNEBbIM (¢ =~ 0) yriom napauieabHOCTH,
MpeIeIbHYI0 CKOPOCTh cBepxcBeToBoro (v = 137 * ¢) dorona. IHaye roBopsi, €ciiu CyniecTByeT (GOTOH,
TO 10 (paKTy, BHyTpH (POTOHA UMEET MECTO CBEPXCBETOBOE MPOCTPAHCTBO CKOPOCTEM, U OOBIYHBIN (OTOH
(Y+ = y = ¢) Moxer u3nydaTh WK HOIJIONATh YKe cBepXxcBeToBoii (Y + = y,) doron. [To 00brdHBIM
dopmynam CrienmansHol Teopun OTHOCUTENEHOCTH DWHINTEHHA, st poToHa (Y+ = y), ckopocTh

cBepxcBeToBoro ¢orona (Y + = y,), Oyaer UMeTh Takyo ke CKOPOCTh CBETA:
u+v v c+137+c __ ¢(1+137)

- uv 137*xCcxCc — -
1+7 ! 1+ (1+137)

OO6Hapy HUTh CBEPXCBETOBBIC (DOTOHBI MOXHO (prukcupys yBenudenue ummyisca (E =p * (1 + a) xc)
00b1unbIX (Y+ = ¥) (hoTOHOB MH000# SHEPTHH, KOTOPBIE MOTIIONIA0T cBepxcBeToBbie (Y + = y,) hoToHSI,
U3 KBaHTOB (P, /€,4) AApa ralakTUKU. 3716Ch MbI HCXOJIUM M3 TOTO, YTO B crieKTpe (puc. 3) HeIeTMMbIX
KBAaHTOB MIPOCTPaHCTBAa-MaTepuH, KBaHTHI(Y + = e,) siapa 3Be311bl n3nydatoT(Y+= e) 0ObIYHBIE SJIEKTPOHBI,
KOTOpBIE B CBOIO ouepenpb u3nydatoT(Y+ = y) dotonsl. [IpuHnun oOMEeHHOTO B3aUMOJICHCTBUS 3[I€Ch HE
pabortaer. Torma BOmpoc — 4TO B ICUCTBUTEIHHOCTH (2 HE B MOJACIIAX «OOMEHA MSUYUKOM)») TTPOUCXOJIHT.
Jlnst nanHbIX okcnepumenta m(p) = 938,28MeV, G = 6,67 x 1078, m, = 0,511 MeV ,
(mv” = 0,27 MeV), u npocreimux npeodpazoBaHuil, Mbl IOJTYYHIIN pacueTHbIE JaHHBIE:

(X =) = cos?py = (\/E)z =G , (YzKKY

)(Y ) =cosgy=a= 137,036



F=I1?

_ _ [m2r2 il ny=my _
m==i= [ Y (Y/KZ)] (;;_g) ’ OTKYyZAa 2my = Gmy
__ F=I%? _ [n?r? NX=my 2
- ox" [ X (X/KZ)] (ﬁ %2) v OTKyZa 2my = my
(<2 /\/2) * TIK * (<2 /[2) =%+ m(e)/2 = m(v,) = 1,36 * 10" MeV Wi <2 my/2 = my
G/2 MK /G2 = G « ™2 = m(y,) = 3,13 x 10"5MeV wm Gmy/2 = my
m(y ) = Gm(”") =9,1%10~°MeV .

C npyroii CTOpOHBI, JJIsl IJIMHBI BOJIHBI TPOTOHA Ap = 2,1 * 10~ **cMm, ero uacrora
(vy8) = i = 1,4286 * 10**Tn, popmupyercst yactoroii (Yo ) KBaHTOB, ¢ Maccoit 2(m,+)c? = Gh(v,+).

Gh(v_+). %10~ 8% «10~27 % 1024
Ir = 5,62 * 10°°MeV , wm (m,;) = — 20— = 270 e 00 — 5,585 10732r = 3,13 + 1075 MeV
AHaOrH9HO Uts S1ekTpona A, = 3,86 * 107! cm, ero wacrora (v,z) = — = 7,77 * 10*°T'yy,
— 2
dbopMupyercst yactotoi (V, ) KBAaHTOB, C MacCoi Z(mvg)c =a h(v(ve—), rnrea(Y =) = 137,03 KOHCTaHTa,

2 —
a“h(vyz) 1%1,0545%10~27%7,77%102° _ _
e - 1D — 2,424+ 107%2r = 1,36 % 1075 MeV, sumw macen
) E VA EY

HelTpuHo. Takue coBmaaeHus He MOTYT ObITh ciiydaiiHbiMU. CMoTpuM aanbine. Junamuka (Y— = e™)
MAacCOBOTO IOJISE DJIEKTPOHA OPOKaaeT ero anekrpuueckoe (Y+ = e™) moune ¢ anexrpo (Y+ = X—)
MarHuTHOM IMHAMMKOH, KaK YK€ 3apsioBoro nojsi. ToyHO Takasi TMHaAMMKa MOJIeH MPOTOHA, ¢ YKa3aHHBIMU
MaccoBbIMU TOJsIMH. Otresnss smektpo(Y + = X —)MarHuTHbIe Mo 0T MaccoBbIX noieit (Y — = X+)
HOJIyYUM UX 3apsijbl:

nojy4aem: (m,;) =

XHEX+)==)u % 1= D) -): (Y+=X )_%,Hn
X+=v7 /2)(V2+6) (X +=v7 /2)
- (1(/—=y2) == 41 )
(Mm(ve)/2)(V2 * 6)(m(ve)/2)  (1.36 % 1075)2 /2 + 6,67 x 1078 1o
e~ m(y) - 4%9,07 * 10~° =48+ 1077CICE
Y+)(r+) ¥-)(r-)

YH¥+H)=X-)nm =1=X+HX-),Y+=X—-) = WITH:

( (XJ'%( 2)(r-=v3) e
Y—=yo )la”)(Y—=y5 ) _ v _
X+=vg) = gp(Y+=X-),
_ (m@yg)/2)(@?/2)(m(ys)/2) _ (3,13 % 1073/2)?
v mvs) 2% 137,036% * 1.36 * 10-5
TaKI/Ie COBIIAICHUA TOXKE HE MOFyT 6I)ITB Cﬂyqaf/'lHLIMI/I. TaKI/Ie 06CTOHTCHBCTBa AT OCHOBAHUA

TOBOPHUTH O APYTHUX MOICIIAX U APYTHUX (He O6MCHHOFO XapaKTepa) IMpuHOUIIax B3aHMOI[efICTBH5I.
o Gm o’m
3/1eCch YMECTHO OTMETHUTb, 4TO M3 COOTHOIICHHH: My = —= | My = L | cnemyroT ux

5 2 2
X“my
o(=)
2

.M (z = G «*/4) = 8.88 x 107"%). [Tonnslif pacuer cnextpa Macc B 0J1;, u OJI; ypoBHAX

=4,8*10"1°CI'CE

npeoOpa3oBaHus B BUIE: My = ,am (z =G x?/4) = 8.88 * 10713). Touno Tak nmomy4aem

)

2
(u3nUIecKoro Bakyyma, UMeeT OJMHAKOBBII pe3ybTaT B 000HX pacuerax (zp = v,), (ze = y;) U Tak jaaiee.
U yxe u3 9THX 00CTOSATEIBCTB, CICIYIOT OTBETHI Ha BOIIPOCHI, U3 YETr0 COCTOUT MarHUTHOE TOJIE TPOTOHA U
JIEKTPHUYECKOE TI0JIC 3JleKTp0Ha. Jlna mporona (X+=p*) = Y—=y{)X+=v;)(Y—=y{), rae umeem
kBauthl (Y+=y7) = (X—=v{)(Y+=y; ") (X— =v{), ero p(X -) mone, hopmupyercs noisamMu
(X =) = 2(Y+= y{) xBanros, koropsie B cBoeM (Y+ = y) none, comepxar (X— = v{) kBaHThl, B
ennHoM (Y + = X—) npoctpaHcTBe-MaTepuun. IHBIME ciioBamH, MarHUTHOE 1oiie p(X -) MpoToHa,
dopmupyroT BUXpeBbIe (110 ypaBHeHHsAM) Tpaektopun (X— = vi) kBauTos. [IpoTon 371ech, nmeeT Gpopmy
TOpa. AHAJIOTUYHO JUTS 3JIEKTPOHA.

®usnueckuM HaKTOM eCTh 3apsIOBBI H30MOTeHIMAN POTOHa P(X—= Y+)e u anexTpoHa B

aToMe BOJIOpoja ¢ cooTHomeHueM mace (p/e = 1836). 1o aHaoruu MbI TOBOPHM O 3apsJIOBOM
uzonorenuuane v, (X—=Y+)y,, uv,(X—=Y+)y, cybaromos, ¢ cootHomennem mMacc (v, /vy ~ 8642) u

my =
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(Ve/y = 1500) cootserctBenno. [Ipu 5T0M, cybaTomsl (v, /Yo) yAEPKUBAIOTCSA TPABUTALMOHHBIM MOJIEM
IUTaHET, a cyoaToMbl (V,/Y) yIAepKUBAIOTCS TPABUTALIMOHHBIM MOJIEM 3Be3/1. JTO CIIEAYET U3 PacyeToB
aTOMHBIX CTPYKTYp (p/€e), cybaromos mnanet(p,/e1)(p/e) (Vu /Yo), 3B€311

(p2/€2)(P1/1) 0/) Vu/V0) (Ve /¥), nns:ey = 2v,/a? = 10,2GeV), e, = 2p/a® = 35,2TeV),
HO/M =e; 3,13y, =1, u HOJ = e, * 3,13 *y = 1. A Ttakxe s p; = ZG—e = 15,3TeV,n

p1(X—=Y +4)e; «TsKenbix aTOMOB» BHYTPU CaMHX 3Be3/1. ECITH CyIIEeCTBYIOT KBAHTHI

(my =p1) = @ =(153TeV)u (my =e;) = W = (35,24 TeV),
TO O1106HO Tenepay ksantamu (py/ny) sypa Semmn sinep (2apy = 238p* = 233U) ypana, p* ~n ¢
HOCIIEYOIIUM PAclaJioM B CIIEKTP aTOMOB, KBaHTBl P, = 2% = 3,06 x 10°TeV, u (p;/n,), (p2 = ny)

sinpa CoutHia (3Be3/1bl), TEHEPHPYIOT SIPa «3BE3IHOTO ypaHay, (2ap; = 290p; = *2°U"), c ux
SK30TEPMHMYHBIM PACIIAIOM B CIIEKTP «3BE3IHBIX» aTOMOB (pf /€1 ) B TBEPAOH MOBEPXHOCTH 3BE3IbI
(Connna) 6e3 B3auMOIEHCTBHMN ¢ 00bIYHBIMU aToMaMu (p* /e ™) BOLOpO/Ia U CIIEKTPA aTOMOB.
TouHO Tak paccUNTHIBACTCS MAacca KBaHTOB spa IUIAHET:
_\ _ 2(my=e”) _ 2(0.511 MeV)
(my =pr) = G 667+10°8
[Tpu 5TOM, UMEIOT MECTO YAMBUTEIBHBIE COOTHOIICHUS HX MacC:
HOJI = M(e, = 3,524 E7 )(k =3.13) M(y =9,07E-9) =1
HOJI = M(e, = 1,15E16 )(k =3.13)M(y, =2,78E-17) =1
3neck Mbl roBopuM 0 Hepenmmbix Ob6nactsax Jlokanuzanum JHHAMUYHOTO MTPOCTpaHcTBa-Matepun. U 3To
TOBOPHT O TOM, YTO SAPO 3BE3/bI, @ PABHO U 3BE31Ibl, HAXOATCS B SHEPI€THYECKOM YPOBHE (PU3HYECKOTO
BaKyyMa Ha ypOBHE U3JTy4aeMbIX HMH OObIYHBIX (¥) (hoToHOB. Toraa TouHO Tak, sIpO TaIaKTHK, a PABHO U
CaMU TaJlaKTHKH, HAXOAATCS B DHEPIreTHYECKOM yPOBHE (PU3NUECKOr0 BaKyyMa Ha YPOBHE U3JTy4aeMbIX HMHU
YK€ CBEpXCBETOBBIX (¥,) (poTOHOB.
Hcxos u3 3TUX pacdeToB, TOYHO TaKyl MOAe/b UMeeT AMHAMUYHOE NPOCTPAHCTBO-MaTepus

=153TeV

$OTOHa, HO y3Ke C APYrMMM NapaMeTpamm CBEPXCBETOBbIX CKOPOCTEMN.

Puc.3.6. AMHaMMYHOE NPOCTPaAHCTBO-MaTepus GoToHa

M TOYHO TaK, NPOCTPAHCTBO CKOPOCTEN MACCOBbIX TPAeKTOPUN GOTOHA, MeeT BHYTPKU GOTOHa, C
OKOJ10 HY/ZIEBbIM YI/IOM NapanieNibHOCTH, Npeae/bHY0 CKOPOCTb cBepXxcBeToBoro (v, = 137 * ¢) ¢doToHa.
CkopocTb doToHa (C) ecTb npoeKumen ckopoctn (v, = 137¢ = y,). UHauye rosops, BHyTpM GOTOHA Mbl
MMeeM CBEPXCBETOBYIO CKopocTb ¢oToHa (v, = 137c). BaxkHo To, yTo 00b14HEIH (Y+ = Yy = ¢) doToH
MO’KET U3JTy4aTh U TOTJIONIATh yXKe CBepxcBeToBO# (poToH (Y + = ¥,) TOUHO TaK, Kak OOBIYHBIHA 3JEKTPOH
moxeT (Y £ = e) usnydatb 00b1uHbIN poTOH (YE = ¥). Y HCTOYHMKOM OOBIYHBIX (DOTOHOB SBIISIOTCS
3Be3/1bl. A UCTOYHHKOM CBEPXCBETOBBIX (DOTOHOB, SIBISIOTCS «TSKEIbIe» (€, )3TeKTPOHBI s/Ipa FaJTaKTHKH.
OO6HapyXUTh CBEPXCBETOBBIE (HOTOHBI MOKHO (PUKCUPYS yBenuueHue ummynbea: (E =p * (1 + a) *c)
00b1uHbIX (Y+ = ¥) hoToHOB H000# SHEPTUH, KOTOPBIE MOTIONA0T cBepXxcBeToBbie (Y + = ¥,) GOTOHBI,
U3 KBaHTOB (P4 /€4) AiApa raakTuku. ['0BOps 0 JPYTruX MOJENSIX He OOMEHHOTO XapaKTepa ¥ MPHHIIATIAX
B3aMMO/ICHCTBUSI, MBI MOYKEM TOBOPHUTE CTPYKTYpHOU (opme 3apsikerHbix (Y- = p*/n) u Helitpanbbix (Y-
=2n) kBaHToB CunbHOTO B3anmoneticTeus sapa B ux eauaom (Y+ = X+) npocrpancre-marepun. OHu
CBSI3aHBI U3JIY4alOT KBaHT B3aUMOACUCTBUSA (2a *p =~ 2 * (é) * 938,28 ~ 13,7MeV), C yAeIbHON YHEPIUEN
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cessu (Ey, = 6,9MeV) nykinonos sanpa. Jlins MmakcumanbHol ynenbHol sHeprueii cessu (Ey, ~ 8,5MeV),
U3Iy4aeMbli KBaHT cBsi3u CunbHOro B3anmoneiictsus B siape paseH (E = 17MeV). On 6bu1 00HapyKeH B
sKcrepuMenTe, Kak (akt. Takue 3apskennsie (Y- = p*/n) u meitrpansasie (Y- =2n) kBanThl CHILHOTO
B3aumoneiicTBus sipa, UMEIOT YPOBHHU M 000JIOUKH B siApe, KaK NMpUUruHa (OpMUpOBaHHS YPOBHEU U
000J104€K 3JIEKTPOHOB aToMa.

M3 akcMoM Takoro AMHAMHUYHOTO (¢ # const) MpoCTpaHCTBa-MaTepUH, KAK TEOMETPUIECKUX
(bakTOB He TPeOYIOIUX JOKA3aTeNbCTB, (M — N) cXoauMocTH, popmupyrorcss Henenmumbivu O6nactsmu
Jlokanu3zanuu kak HepeauMbIX (X+) u (Y1) KBaHTOB JMHAMHUYHOTO MPOCTpaHCTBa-MaTepuu. Hepenmmele
kBautel (Xt =p), Yx=¢e), X £=v,), Y x=7,),Xx=v.), (YX = y), bopmupytor OJI1 —
nepByto O6macth ux Jlokamuzamuu. Touro tak popmupyrorcs OJIz , OJIz - O6nactu Jlokanmzanuu
HE/IeJTMMbIX KBAaHTOB.

| on | on, — | | | |— Y5

puc. 3.4 KBaHTOBasi CUCTEMa KOOPIUHAT

Breigenum HeoOXoauMBbIe 371eCh (PaKThl. DIEKTPOH U3MydaeT u norjiomaet GotoH: (e < y ). x ckopoctn
CBSI3aHBI COOTHOIIEHHEM: (V, = a * ¢). To4HO Tak cBsA3aHbI CKOPOCTH (POTOHA (Y < Y, ) U yKe
CBEPXCBETOBOIO (hoToHa(V), < @ * V), ). OHM CBA3aHbI KPACHBIMH JIMHUAMHU Ha puc.4. IlocnenoBaTenbHOCTH
M3JY9YCHUS U TTOTIIOUICHUS HEJISIMMBIX (CTaOMIIBHBIX) KBAaHTOB, B TAKOW KBAHTOBOM CHCTEME KOOPAWHAT:

...(ps 2 ps), (s 2 Pi), i 2> pz), (2 > P7) .-
C COOTBETCTBYIOIIUM sAnpoM atoma: (p*/e™) Bemecta o6buHOrO atoma, (p; /€5 ) aHTUBEIECTBA Aapa
«3Be31HOIO atoMay, (pf /ey ) BemecTsa sapa ranakTuky, (Pg /es )aHTuBEIeCTBa Apa KBa3apa u »,
(pa /eg )BelmecTBa Sapa «KBa3apHOM raaKTUKK». Jlajblle, HCXOAUM U3 TOTO, YTO KBaHT (p;;) BELIECTBA
(Y—=pi/ni{ = e;;) aapa miaHeT H3Iy4aeT KBaHT

(e}, = 2% a = (p; = 1,532E7 MeV)) = 223591MeV, wm: % = ef =2383%p
Maccy siapa ypaHa, KBaHTa «antusemectsay M (ef) = M(238,3 * p) = 235U , anpa ypana. Takoe
«anTUBeIecTBO» (e} = 235U = Y—) ecTb HeycTOWUMBEIM, M pacragaeTcs SK30TEPMUYHO B CIIEKTP

aTOMOB, B si/ipe IUIaHeT. Takue pacueTsl COrJIacytoTcsl ¢ HabI0AaeMbIMU (PaKTaMH.

B ceepxcBetoBoM ypoBHe w;(a N (y = ¢)) ¢usmueckoro Bakyyma, Takue (p3 /e) 3Be3bl cebs He
nposBsoT. Jlansire, pedsb uaer o Bemectse (pa — py) aapa (Y— = pi/nd = ekX) «uepunix chep»,
BOKPYT KOTOPBIX, B HIX TI0JI€ TPaBUTALH, (OPMUPYIOTCSI MIAPOBBIE CKOTUICHHS 3Be31. AHAIOTUYHO Jaliee,
pedb ueT 06 U3TydeHUX BENIECTBOM aHTUBENIECTBA U Hao0opoT: (pd = ps), (ps = p3), (p7 = p1),
(p1 = v;}) . OGmas mocie0BaTeLHOCTE HMEET BUIL: Py , D7 , Po» P5» Pa» P3 ., Pz, P1 P Vi, ve .

Hanbmie: HOJ = M(ey, = 1,15E16 )(k = 3.13)M(y, = 2,78 E— 17 ) = 1. Otu kBauThl (ps/e€4)
Spa TaJTaKTHK OKPY)KEHBI U3ITy4aeMbIMH 10 OTIEIEHOCTH KBaHTaMu (P, /€;) Aapa 3Be3[, U €CTh MPUIHHOMI
ux hopmupoBanus. Takue sapa ralakTuK, B YpaBHEHUAX KBAaHTOBOW TPaBUTALIUH, UMEIOT, CIUPAJIbHbIE
pyKaBa MacCoBBIX TpaekTopuii, yxke: v;(y, = a~1c) = 137 * ¢, B CBEpXCBETOBOM IPOCTPAHCTBE
ckopocteil. Hike sneprum cBeToBbIX GOTOHOB (1, = 137 * C) B pU3MIECKOM BaKyyMe, FalaKTHKH Ce0s He
NpOSBIISIIOT. BHE ranakTuk, pedb UeT o KBaHTax siapa mera 3Be3n (Y— = ps /ng = e,5) . OHn
TEHEPUPYIOT MHOKECTBO KBAaHTOB (e,5 = 2 * & * ps = ey, = 290p;) sapa ranakTuk. AHAJIOTHYHO JIajiee.

BaxHo 10, 9T0 00B19HEIH (oTOH (Y1 = ¥) MOXKET H3IIydaTh U TOTJIONMIATH YK€ CBEPXCBETOBOM
doron (Y + = y,) TouHO Tak, Kak u 35ekTpoH (Y+ = e) usnywaer o6brunsiii porton (Y+ = y).
VIcTOYHUKOM OOBIYHBIX (POTOHOB SIBIAIOTCS 3BE3/Ibl. A MCTOYHUKOM CBEPXCBETOBBIX (DOTOHOB, SIBJISIOTCS
«TSDKETIBIC)» AJIEKTPOHBI Spa TATaKTHKH.

HOJ = M(e, = 3,524 E7 )(k =3.13)M(y =9,07E-9) =1
HOJI = M(e, = 1,15E16 )(k =3.13)M(y, =2,78E—-17) =1
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IMpuuem, aust porona (Y+ = y), ckopocth cBepxcBeToBoro ¢orona (Y + = y,) Oyaer UMETh TaKyro xKe

CKOPOCTH CBETA: W = —o2C - C1+137)
P T 14 BT T (14137)

c2

= ¢ . Otu cBs3u yka3aHsl Ha puc.4. [lo cytu, peus o

«HOTPYKEHUW» KBAHTOB si7[pa 3BE3]1 M FAJIAKTHK, B COOTBETCTBYIOIINE YPOBHU (pH3MUECKOTO Bakyyma. Kak
BUJIUM, KBaHTHI sIJ[pa TAIAKTHK «IIOTPYKEHBI» B CBEPXCBETOBOE MTPOCTPAHCTBO CKOPOCTEHl. 3aja4a COCTOUT
B TIOMCKE TaKUX (POTOHOB B HAIPABIICHUU S/IpA TATAKTUKH, KaK ICTOYHHKA CBEPXCBETOBBIX (DOTOHOB
(Y £ = y,). Hanpumep, opOuTaIbHbIH 2JIEKTPOH BOJOPO/Ia M3IydaeT (GOTOH MPH €ro IMePexoie C OIHOM
opbuTtsl Ha pyryro. [lonsTHo. Tak BOT, u3my4aemble (POTOHBI, C OIMHAKOBBIX OPOUT AIIEKTPOHOB BOJIOPOJIA
B HAIIPaBJICHUH Ha Ao ["amakTHKY, U B IEPHEHIUKYIIIPHOM OT siipa ["allakTHKY HampaBJIeHUH, MOTYT
uMmeTh Taky: E = p * ¢ * (1 + a), pa3Huny sHepruid. Pemaroiee coBo 371ech CKaXyT IPOOHbIE
IKCIIEPUMEHTHI.

Takoe jxe periaroniee cI0Bo, Aa1yT IPOOHBIE IKCIIEPUMEHTHI 110 0OHAPYKEHUIO KBa3UIIOTCHIIUAILHBIX,
KBAaHTOBBIX I'PAaBUTAIIMOHHBIX ITOJICH YCKOPEHUH.

/: s} ‘.

n=4....' J M NAE) ! .
\ . [¥-) Mh\"\ L -\-""ﬂ-\.\__\__
Y _:|ILd &) . e {:’H‘} e
\ . \

. 3 -
n=2 —-\ﬂm?— re (%+) : - _:f“-v::_d_
\ . P -'_'__,—Flh_ - e —
n=1 ' . I — T"‘-\-., -\-H--\"‘-\-l
{ .\P‘H X {_‘j—"—'_-_ﬂj
) _— X-)
7 Gl

puc. 3.5 KBaHTOBBIE T'PAaBUTAIIMOHHBIE TIOJIS
CyTb BKCIIEpUMEHTA B TOM, YTOO MPONYCTUTH (DOTOH Jla3epa uepe3 KBAHTOBBIC IPABUTAI[IOHHBIC TTOJIS
yckopenuii, Hanpumep: (X+= p) - npotona, (X+= 3a) - yacTuIIbI, A/pa reaus. DTO YPOBHH MACCOBBIX
G(X+ =Y-) tpaekTopuii 3nekTpoHHbIX (Y- =¢’) OpOuT aToma.

4.B rnyOuHax (pu3nM4ecKkoro Bakyyma

[Togo6HO JlekapToBO#i, 1000 Apyroii cCHCTEMBbI KOOPIUHAT B EBKIMI0BOM aKCHOMATHKH, YK€ MOXKHO
MPEICTAaBIATh KBAHTOBYIO CUCTEMY KOOpAWHAT Ha (M) U (n) CXOAUMOCTSX MPOCTPAHCTBA-MATEPHH, TOUKH
KOTOPOH €CTh HeJleJIMMbIE€ KBaHThI, B TIOJIHOM BUJIE .

puc.4.1 kBaHTOBas cuUcTEMa KOOPAUHAT
Vke B Tako KBAaHTOBOM CUCTEME KOOPIMHAT, MOKHO pacCMaTpPUBATh CBOKMCTBA MPOCTPAHCTBA-
Mmatepuu BeenenHoil, BuauMoit u Heuumon aist potonos u Heitpuno (0OJ1;) ypoBHS. MBI roBopuM 0O
BUIMMOM paciupenu, pukcupyemoro (Y+=y = c¢) poronamu (0J1;) ypoBHs HEAECTUMBIX KBAHTOB
IPOCTPAHCTBa-MaTePHu (P, €,V,, Yo, Ve, V) B KBAHTOBOK cuCTeME KoOpAUHaT. Teneps npeacraBum
HeJIeMMbIE KBAaHTHI IpocTpaHcTBa-Matepuy, B Buae 0J1;(m) ux (m) cxoammocTw.
0JI; ...0JI5 ...(p3 e3 Py e, pr €1 = OJ]Z)(p, e,Vy, Yo, Ve,V = 0111)(1/1)/1 Vo¥a V3¥s = 0J1y) ... OJ1_; 0JI_, ... OJ;
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137
OTHOCHUTENBHOCTH DUHIITENHA U KBAHTOBAs PEISITUBUCTCKAsA TMHAMUKA, JIOMMYCKAIOT CBEPXCBETOBBIC

CKOPOCTH B IIPOCTPAHCTBE-BPEMEHHU.

W, = —Ne ¢ = =c, s
Y ™ 14ceNc/cz T ! Y 7 a,4Nc/c A

3neck (T ag; V) ay, T) =1 kocuHychl yriioB mapauienbHOCTH B Buje: cos(@y) * cos(¢py) = 1. Torma
ckopoct cyodoToHOB (¥; ) PU3NUECKOro BakyyMa paBHbL: (W; = a("N="1-2..) 4 ) CBepXCBETOBBIM
ckopocTsaM B (OJ];) ypoBHSAX (hU3MIECKOTO BaKyyMa. AHAJIOTMYHO NPOCTpaHcTBO ckopocteid B (0J15)

[Ipu 3T0M, ckopocTs sektpona (0J1;) yposns: (W = (a = i) x ¢, mwm (w = aW=Y x ¢c. Teopus

allNC‘l‘C _ _
— Ay = ayy = 1.

yposusx B uge: (w; = a V=123« ¢) npu yenosun npenensubix (W x w; = atVexatNe = 11 = ¢2)

MOTEHIMAJIOB B nocTyinarax DiHmreirHa 11t (0J1;)ypoBHs. B Takux ke MoTeHIMaIaX pacCYUTHIBACTCS U

CIIEKTP MacC HEJeNMMbIX KBAHTOB BCEH KBaHTOBOMU cucTeMbl koopaunat 0J1;(m) va (m) cxomumocty,
Gmy 0<sz

aHaTorm4yHo pacueram macc m(X+=Y —) = IIK, (0J1,) ypoBus. my = — o My =— .

Tabymmna 1.
KBants! siapa 20%p, =N*p,, N | (X£)=p"; (MeV) (Yx) =e; (MeV)
P27 = 2e2% /G e27=2p2s/ 0’
P27 =2,7 E111 MeV | e27=1,489 E108
OJl+11 MeV
o EkcakBazap 2a* pyg =290p; 14 | p 26 =2ex/G € 26= 2 Poa/ 02
p 26 =7,9E107 MeV | ex=9,1 E103 MeV
200* pys =238py, P25 =2€24/G e25=2pas/ 0
p 25 = 3,96 E103 g25= 2,6 E100 MeV
MeV
Cynepkpa3apH. ® | 2a*p;, =25p;, 13 | p* 24 =2e23 /G e2=2p2/o?
I"anakt. 1 poga P24 =2,4 E99 MeV e2= 1,32 E96 MeV
OJl+10 | uepHBIX chep 20% pi, =290p3, p* 23 =262 /G e23=2p2/0?
pf23 =7,01 E95 MeV | e23=8,1 E91 MeV
O CcymepKBasap 2a* p;, =238p;, 12 | p 22 =2exn/G e2=2p2/0?
1 pona p 22 =3,5E91 MeV | e2=2,34 E88 MeV
200% p;, =25p3, P21 =2ex0/G e21=2pig/a?
p 21 =2,16 E87 MeV | ex1=1,17 E84
OJl+ MeV
eeCyrepKkBasapH | 2¢* pi =290p,, | 11 | P 20 =2e19/G e20=2pis/ 0
. Tanakr. 2 pona P20 =6,226 E83 e20=7,2 E79 MeV
MeV
YepHBIX chep 2a* py =238p,, p* 19 =2e18/G e19=2p17/ 0?
P19 =3,13 E79 MeV | e19=2,08 E76
MeV
oocymepkBazapel | 2g * p =25p7, | 10 |p s =2e17 /G e18=2pis/ 0°
2 pona p e =19 E75MeV |es=1,04 E72
OJI +7 MeV
2a* p, =290p/, p 17 =2ew/G e17=2pis/ 0
p 17 =5,53 E71 MeV | e17=6,38 E67
MeV
e Mera3Be3/IHbIe 2a* pl =238p,. 9 |[p" 16 =2e15/G e16=2P1a/ 0?
TAIaKTUKA p'1e =2,78 E67 MeV | e1s=1,84 E64
MeV
yepHblie chepsl 20% ply =25p,, p* 15 =2e14 /G e15=2pi3/ o?
pfis =1,7 E63MeV | e;5=9,26 EBS9
OJ1 +6 MeV
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O Mera3Be3Jibl 2a*p,=291p, | 8 |P 1 =2e1/G e14=2p12/ 0
P 14 =4,91 ESY MeV | e14=5,67 E55
MeV
CynepIutaneTs 2a* pr, =238p;, P13 =2e12/G e13=2pu/ad
] p 13 =2,46 ES5 MeV | e13=1,64 E52 MeV
® KBa3apHBIX 2a* ph =25p;, 7 |pt12 =2eul/G e12=2piwo/ 0?
rajJjaKTukK lpona p*12 = 1,51 E51 MeV | e1x = 8,22 E47 MeV
OJl+5 | uepHsIX cep 2a* pi, =290p;, p* 11 =2e10/G e11=2po/ 02
p'11 = 4,36 E47 MeV | e11=5,03 E43 MeV
O KBa3apsl 2a*p,=238p; | 6 |P 10 =28/G e10=2ps/ o
1 pona p 10 =2,19 E43 MeV | e10=1,45 E40 MeV
20% p; =25p; p g =2e3/G eo=2p7/a?
p 9 =1,34 E39 MeV | ey=7,3 E35 MeV
OJI+4 | e® xBazapHbBIX 2a* pi =290p; 5 |p's =2e7/G eg=2ps/ 0’
rajlaKTuK 2poja p's =3,87 E35 MeV | eg=4,47 E31 MeV
YepHBIX chep 2a* pt=238p, p*7 =2e6/G e7=2ps/ 0’
p'7 =1,94 E31 MeV |e7=13 E28 MeV
0O KBazapbl 2a* p, =25p; 4 |pe =2e5/G e*s =2ps/o?
2 pona ps =119 E27 MeV |e”s =6,48 E23
MeV
OJ+3 | MekranakTudeck | 2¢* p; =290p; Ps =2e/G es=2ps/a
UX YepHBIX cdep p s =3,447 E23 es = 3,97 E19
MeV MeV
® 3BE3JIHBIX 2a* p! =238p; 3 |pts =2e3/G e 4=2p2/0?
lanakTuk p*4 =1,7 E19 MeV e 4=1,15E+16
MeV
["amakTHYeCKuX 2% pl =25p; pt3 =262 /G es=2p1/ o
4epHBIX chep p*3 =1,057 E15 e 3=5,755E11
OJl+2 MeV MeV
O 3Be3bl 2a* py =290p, 2 |p2 =2e1/G e2=2p/o?
p 2 =3,05E11 MeV | e;=3,524 E7 MeV
TTnaHeTs! 2a* p; =238p° p1=2e/G e1=2vu/o?
p 1 =1532E7MeV |e1=10178 MeV
2a*p" =25v, 1 |p"=2v/G e =2ve/0?
p* = 938,28 MeV e =0,511 MeV
OJI+1 | ypoBeHb 2a*v; =292y, Vu=o02e1/2 vo =G p/2
vy =0,271 MeV vo =3,13*10°MeV
0 |[ve=o0e/2 Y =Gw./2
ve =1,36*10° M eV y* =9.07*10"° MeV
dusnyeckuit v1 =020 /2 y1=Gvel2
BaKyyM v1=8,3*10"1° M eV v1= 45%101° M
OJo | ypoBHs eV
-1 vi1=02y/2 y2=Gv1/2
v2=2.4%101 MeV | y2=278*101 M
eV
vz =0 1 /2 v3=Gv2/2
v3=1.2*10Y MeV |y3=8,05%1021 M
eV
dusnueckmuii -2 va =02 y2 /2 ya=Gv3 /2
BaKyyM va=7.4*10%2 MeV |v4=4,03*10%M
OJI -1 | ypoBHS eV

vs =0 y3 /2
v5=2.14*10% M eV

v5s=Gval2
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vs = 247100 M
eV

-3 Ve =0 Y4 /2 Y6 =G vs /2
v6=1.07*10®MeV |y6=7,13*10%M
eV
duznueckuit v7 =02 5 /2 y7=Gve /2
BaKyyM v7=6,57*103* M eV v7 = 3,58%10°%" M
OJI 2 | ypoBHs eV
-1 vg =02 Y6 /2 vs =G v7 2
v5=1.897*10"%" MeV | ys=2.2*10" M eV
vg =0 y7 /2 yo=Gvg /2
v9=9.5%10% MeV |y9=6,33*10"M
eV
duznuecKuii -2 V1o =0 s /2 v10= G vg /2
BaKyyM v10=5,8*10** M eV Y10 = 3,2*10%° M
OJ 3 | ypoBHS eV
vi1 =02 yg /2 y11 =G vio /2
v11 =1.685*10° M y11 =1.9%10% M
eV eV
-3 V12 =0 Y10 /2 Y12 =G v11 /2
vi2 =8.46%10°* M eV | y12 =5,62*10°" M
eV
duznueckuit viz =02 11 /2 v13=Gv12/2
BaKyyM v13 =5.2*108 M eV Y13 = 2,.8*10°%1 M
OJI -4 ypoBHs eV
-4 via =0 y13 /2 v14 =G V13 /2
v14a =1.5%10" M eV | y12=1.7*10%M
eV
vis =0 Y10 /2 v15= G v14/2
v15 =7,56%10% MeV | y15=5%10% MeV
dusnueckuit -1 V16 =0 Y14 /2 v16 = G v15 /2
BaKyyM vie =4.6%107° MeV |y16=25%10" M
OJI -5 ypoBHs eV
vi7 =02 y15 /2 y17=G v16 /2
v17 =1.33*107° MeV | y17= 1,5%107" M
eV
-2 vig =0 Y16 /2 18 = G v17 /2
v1g =6.7 *107® M eV | yis =4,43*10' M
eV
duznueckuit vig =02 Y17 /2 v19 =G v1g /2
BaKyyM v1g =4.1*1082 M eV | y19=22*10% M
OJI -6 ypoBHsA eV
-3 V20 =0 Y18 /2 Y20 = G vig /2
v20 =1.18*10% M eV | y20=1,36%10% M
eV
va1 =02 Y19 /2 v21= G v20 /2
v21 =5.9%¥10° M eV | y21= 3.94*10% M
eV
dusnueckuit -4 V22 =02 20 /2 v2=G v /2
BaKyyM v22 =3.6%10% M eV | y22=1.975*10°" M
OJI .7 ypoBHs eV

V23

Va3 =02 Y21 /2
=1.05*10%" M eV

v23 =G v22 /2
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v23 = 1,2*1071t M
eV
-4 Vaa =0 y22 2 v24=G v23 /2
V24 =5.26*10192 M Y24 = 3.494*1071%
eV M eV

HOJT = wj(ez6) * wi(y2a) = (@Pwe) * (@ Pwe) =wg =TI, = 1
HOJI=9,1 E103 *(3,14=L/d)*3.494*101%=1,
Ho B atmocdepe 3emin, BO3MOXHBI (PHKCAIUU YacTHIL ¢ 3Heprueit p, = 305 E15 eV un
e,= 3,524 E13 eV, kak MUHUMYM.

®parmenTanus pu3HIECKOro BaKyyma.
UHTepeceH GaKT poXKAeHWUA 3NEKTPOH-NO3UTPOHHOM Napbl BbICOKOIHepreTnyeckum ¢GoToHoM. 310
daKT. B 4aHHOM cnydyae MOXKHO NpeacTaBUTb MOAENb AMHAMMUKM NPOCTPAHCTBA-MaTepmUn 3TOro npouecca.

(Y-=e%) N
AV —e) (=P
(Y- =X+) ™~
(¥-=)) T

pUC. 8 POXKAEHME 3NEKTPOH-NO3UTPOHHOM Napsl
Tak, BbicokoaHepreTuieckunit (Y — = y) ¢poToH, poxaaeT anektpoH (e~ e*) nosnTpoHHyto napy B none
(X+ = p*) CunbHoro Bsaumogeiictena (X+ = p*t) npotoHa agpa. IHeprua Takoro dpoToHa. Kak
M3BECTHO, A0/MKHa b6bITb pasHoM (E = 2 * 0,511 MeV). B enunbix Kpurepusx IBONIONNH, BCIKas KBAHTOBAsI

. . E ”
nnotHoCTh (P = V2) NpeCTaBISeTCs CHMMETPHEN JIBYX KBaHTOB € 9acTOTOH (V = E) u sHeprueit (E = hv)

37IEKTPOHA ¥ O3UTPOHA, B JAHHOM cllydae. TOYHO TaK, Mbl FOBOPWUM O TeHepalyy KBanTaMu (p/n,) sapa
3emmu kanToB(2ap; = (Y —) = 238p* = 238U) anpa ypana, (p* = n), ¢ mocneayronmm pacmnagom B
CIIeKTp aToMOB. M3 pacCMOTPEHHBIX CBOHCTB (PM3NUECKOTO BaKyyMa, MbI TOBOPHM, UTO 3 «IHA
(H3HYEcKOro BaKyyMay G€CKOHEUHO GONBIINX MIOTHOCTEH (p;(X—) — 00) AMHAMHYHOTO MPOCTPAHCTBA-

Marepuu BeeneHnHon:

Ri(X-) - oo) Vi(ri(X—) - 0) _1, r(Y=) -0 >Vi (Ri(y_) - 00) =1,

K=, (p,-(X—> 0)" i) - o0 = (p,-(Y—) o) v =) >0
«BBINIAAIOTY KBAHTHI (X 1); mpoMekyTouHbIX oTHOcTel (0 < p; (X —) < 00) , BIJIOTH /10
KPYHMHOMACIITaOHbIX KBaHTOB (X 1); AMHAMMYHOTO NPOCTPaHCTBAa-MaTepuu. MBI TOBOPMM O KBaHTax sjpa
KBa3apoB (X+ = pg), KBaHTOB (Xt = p5) MeXKranakTHYeCKUX «4epHbIX chep», KBaHTOB (X+ = p,) Aapa
raJlakTHK, KBAaHTOB (Xt = p3) rajJakTHYECKUX «4epHBIX chep», kBaHTOB (Xt = p,) sjpa 3Be31,
MOPOXKIAEMBIX (DU3UIECKUM BaKyyMOM OECKOHEUHO O0IbIIHX MIOTHOCTEN (p;(X—) — ). U yxe Takue
KpYITHOMACIITaOHbIE KBAHThI M3TYy4YalOT U TEHEPUPYIOT IpyTrue KBaHTHI POCTPAHCTBa-MaTepun BeeneHHOH.

V3Ke Kak CJIeCTBHE TaKUX 00CTOSATENBCTB, MOKHO TOBOPUTH O TOM, UTO (p1 /M) KBAHTHI s1Ipa
TIaHeT, 3eMIIH B TOM YHCJIe, TeHepHpYIOT kBaHThl (2ap; = 238p* = 238U) anpa ypana, (p™ = n) , ¢
MOCJIEAYIOIUM PaclaZoM B CIEKTP aTOMOB B 3K30TEPMHUYHBIX PEAKIUAX pacraja.

Takum oOpaszom, u3nueckuil Bakyym Mexay oObekTaMu BeeneHHOM, 3T0 MHOTOYpOBHEBOE
MIPOCTPAHCTBO CKOPOCTEH, B KOTOPOM (POTOH MMEET COOCTBEHHYIO CKOPOCTh. DOTOH HE MOXKET MPOHUKHYTh
B CBEPXCBETOBOE MMPOCTPAHCTBO CKOPOCTEH, M OH HE MOXKET 3aMeITTUThCS. 1 MbI TOBOPUM O TOM

00CTOSTENBCTBE, YTO CTYCTOK dHEPTUH MaccoBbIX (Y —) Tpaekropuii, MOXKET (h)parMeHTHPOBATH B
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¢dbuzmveckom Bakyyme BeeneHHOM B HeZlenMMble KBaHTHI IPOCTPAHCTBA-MATEPHH, C ONPEACIICHHON MacCo,
¢ u3BecTHOl opmyioit (E = mc?) Ditnmreiina.

4
w o c 5 =
B KkiaccH4ecKoii peJISTHUBHCTCKOM aunamuke: R? — c?t? = == R? — ¢?t?, npocrpaHcTBa-

BPEMEHH CaMoO MPOCTPAHCTBO-BpEeMs MCIILIThIBAET yckopenue: b%(R 12 — b2c%(t 1)? = (¢* =F).B
K b=XYr=K) =K =n i
emumbix Kpurepnsx, (b = = K) = —7 = I, MBI TOBOPUM 0 NOTEHLANIE B IPOCTPAHCTBE CKOPOCTE
K_ 7N L= n
(F = ) BEKTOPHOT'O MPOCTPaHCTBA B J1E000# e(x™) cucreme koopaunat, rae I1 = g (x™)

¢byHaaMeHTalbHBINA TeH30p PuMaHoBOrO npocrpancTBa. Torzia B 001eM ciiyyae UMEeM:

M3 — 113 = (I, (X+) — My (Y=)(I; (X=) + I * (V4)) = (Al (X+= Y=)) L (All,(X—=Y+)) 1=F
Ota cuia Ha BceM pamuyce (R = K) Buaumoit chepsl eaunoro (X+= Y +) npocrpaHcTBa-mMaTepuu
Bcenennoii, naet (temuyto) suepruto (U = FK) nunamuku Beenennoii, B rpaBut (X+= Y —) MaccoBbIX U
B 351ektpo (Y+ = X —) MarHuTHbIX 01X, [103TOMY, 3TO 3HEPIUs PeISITHBHCTCKOM AUHAMUKH BCelneHHOI.

(M2 —M3K = (I, — M,)K1; + II,) = (All)(X+=Y—=) | K(AIl,))(X—=Y+) T=FK =U
B uem ee mpupona? Ha paguyce (R = K) nunamudHo# chepbl BeeneHHOM eCTh OHOBPEMEHHAS THHAMHKA
enunoro (X+= Y+) npocrpancrBa-mMatepuu. PaccmarpuBasi TMHAMUKY TOTCHIIMAIOB B TPABUT MaCCOBBIX
(X+=Y-) nonsx, kak yxe uzBectHo,(Il; — I1,) = g, (1) — gix(2) # 0, peub 00 ypaBHEHUU
«rpaBuTanun» Rj, — %R ik — %/1 gix = kTy, O6meit Teopun OTHOCHTENBHOCTH, B JII000H cucTeme
Jir (x™ # const) koopauHAT, U B pasnuuHbIX ypoBHsx cunrymsproctn Y1 O pusnueckoro Bakyyma
Bcerl Beenennoit. [1pu aTom: (Rik — %Rgl-k = All; = kT, + %Agik) (X+=Y—), kpoMe KpUBU3HBI
POCTPAHCTBA-MATEPUH BbI3BaHHOM TeH30pOoM (kTj) ) SHEPTUU-UMITYJIbCA, MBI TOBOPUM U O THHAMUKE

— g2
(T—)2 =H )’
HOJI = (T; - )(t; = 0) = 1, Bcenennas ucyeszaer Bo Bpemenu (t; — 0), Ha GECKOHEUHBIX paguycax

(usnyeckoro Bakyyma: %A(gik = 4ma? * p), rae us (a(t) > o) u (p =

i . t
(a(t) » ), c mapamerpom Xabbna (H = %) uHpasronHo (a = cT * ch S—T) Mojienu. Mbl TOBOPUM O
cepe (x™ =X, Y, Z, ct # const) HecraunoHapHOro EBKIMI0BOrO MPOCTPAHCTBA-BPEMEHH, B BUJIC:

(x™=XY,7Zct) * {(ch i“f;—?;?) (X+=Y —) * cos@x(X— = Y+) = 1} . I'paguent takoro (All,)
o—folAa—
MOTEHI[MAaJIa, TOXKE U3BECTHO, JA€T YPaBHEHUS KBAHTOBOW I'pPaBUTALINHU C WHAYKTHBHBIME M (Y —)

(CKPBITHIMH) MACCOBBIMH IOJISIMH B TPaBUTAMOHHOM moJie. Peus uaer 06 (AIl;~Ty) I (X+=Y-)

sHepruu-ummnynsce T, = (EzHZK) (EzHZK) K= (IT), rpaBur (X+= Y —) MaccoBbIX noJjei Bcei
p Y. ik — p=I2T ; p=I2T K T2 T > IP =

BcenenHoii, ¢ yMEHBIIEHHEM TIOTHOCTH MacCOBBIX (Y —) TpaeKTOpHii B IUTAHKOBCKUX MacIiuTadax.
(Kio)? 1
K = (T;~>0)2 - ((Ti—>oo)2 = ('Di - 0) l) (Ki3 = Vi T)(X+= Y_) = (,Di \ Vi T)(X+= Y_)’
(Rj) * (R; = 1,616 x 10733sm) = 1, (Rj)) = 6,2%10%*sm (p;(Y=) = 0).
B KBaHTOBOJ# rpaBMTALMH, MBI TOBOPUM O JIMHaMuKe KBaHTOB: e(Y—); = y(Y—); B OJI;, u OJ;

YPOBHAX (PM3MUECKOro BakyyMa Ha (m) cxoaumocTH Bceil Beenennoil. B ennnbix Kputepusix OBomonun

MPOCTPAHCTBa-MATEPHHU, IIOTHOCTS (p = 15 = = V?), aer ¢ = e —
=]

OKOJIO HYJICBBIC ITapaMETPhI

MIHOBEHHOTO «B3pbiBa» Oeckoneuno 6onbmoi (p(Y—); = — 00) MJIOTHOCTH TUHAMUYHBIX Macc B

T(Y-),”
(Y+ = X—), none Becenennoii. [Ipu 6eckoneuno mansix (T'(Y—); — 0) nepuonax 1MHaAMUKH, B
nuHaMuYHOM npocTpanctee-matepun: HOJI = (T(Y—); - 0) * (¢(Y+= X—); - ) = 1,8 (X—), mone
Bcenennoii, mponcxoaut 6€CKOHEYHO MHOTO CoObITHH, (t(Y+= X—); — 00) B «CKaTOM BpEMEHH», Ha
YPOBHE V;/Y;

KBAHTOB U C HAYaJIOM OTCYETA (T(Y =) = 1) * (t(Y+= X=) = 1) = 1 BpeMeHH (t(X -); = 1)). U3
akcmom HOJI = K3(m = j) «*K3(n =1i) = 1, umu (p(Y+= X—); » 0)(p(X—); = o) = 1, enunoro
MPOCTpaHCTBa-MaTepuu HadabHOW BcenmeHHOH, kBaHTHI(p(X—= Y+); = o) poxmatorcs cpa3y. U yxe B
takoM (p(X+=7Y—); —» 0) ¢usnvyeckom Bakyyme poKJIaIOTCs U3HAYAILHO KBAHTBHI
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(y(Y=); = (p(Y—=); = 0) c okoJI0 HYJICBOI MaCcCOBOM IJIOTHOCTBIO. M MBI TOBOpHM O paamyce cdepbl
HECTaLMOHAPHOT0 EBKIIMI0BOro paciMpsIomerocs npocrtpanctea, R(X—); — o, Ha (M) cX0aQMMOCTH, U
r(X—); = 0, Ha (N) CXOAMMOCTH, TO €CTh CBEPXCBETOBbIMH ckopocTsmu: (w; = a("N="1"2-) x ) B
(0J1;) ypoBHSX (PM3HYECKOTO BaKyyMa.

B akcromax quHamuuHOro npocrpancrsa-marepud HOJI = K3(m = j) * K3(n = i) = 1, cymuecTByroT
Henenumpie O6nactu Jlokammsamuu: (X +);; = p; (X™M)v;(X™) u (Y £); = ¢;(Y™)y;(Y™) cocrostaus
KBaHTOB, C B3aMMHO opToroHanbHeiMU (X™) L (Y™) cucTemMamu KOOPAMHAT. ITO 3HAYMT, YTO €CIIH €CTh
(Y— = ej), T0 Beerga ecth (Y — = y;) KBaHTBI. AHAJIOIHYHO (X —=p j) u (X— =v;) xBautel. Orcrona
cieyeT KBajpatudHas GopMa JMHAMUKM SHepruu kBautoB: (AE? = h2A(p = v?).

?\1|(‘|’-) -0

|J”Y%+M3
$.(Y3» 0

i
A0

== 0
i _l: fY‘E%*D

puc.4.2 K TMHaMUKe IpocTpaHcTBa-MaTepun Beenennoit
UYewm Gonblrie paanyc nuHaMu4dHou chepsl(r — R) Tem Menblie kpuBu3Ha(dy, — Ay) IpOCTpaHCTBa-
MaTepuu u Hao0opoT, B COOTBETCTBUH co cBoiictBamu HOJI = (rd,) = (RAy) = 1, camoro mpocTpaHcTBa-
marepun. 31ech: A(X —) = (r > R)tg o(X—) u A(Y =) = (r » R)tg ¢(Y—), coorBercTBeHHO. TOUHO
tak, cootHouenus miotHocteit HOJl = (pplde,) = (Pgdo) = 1, Ipu HEM3MEHHBIX NOTEHIHaNax moist. 1
TOYHO Takue cBoiicTBa (T) - meproa TMHAMHUKA KBAaHTOB U (t) — MX OTHOCHUTEIFHOTO BPEeMEHH COOBITHH,
HOJT = (Tyte) = (tyTw) = 1 . Ha Geckonedno 6onbImx paanycax, Beenennas ucuesaet Bo BpeMenu (ty)
Y TUTOTHOCTB TIPOCTPAHCTBA-MAaTEPUN CBOJUTCS K HYTIO (pg), BO Beex ciydasx. OOparHast KapTuHa B
rUnepOoOINUYECKUX CBOMCTBAX, MPOUCXOAUT B TITyOnMHax (usnueckoro Bakyyma Beenennoii. Takoe
COCTOSIHME TMHAMUYHOT'O MPOCTPAHCTBA-MAaTEPUH MPEICTABIECHO KBAaHTAMHU:
X )i =pj (Rj_(X_) - oo) Vi(rf(X:) ” O) =1, (Yd)=e¢ < 1’1:(Y_) 0 >Vi (Ri_(y:) - OO) =1
pj(X=) =0 ) *\pi(X—) > pj(Y=) > ) \pi(Y=) >0
CaoiicTBa quHAMUYHBIX chep (r = R) B IPOCTPAHCTBE CKOPOCTEIi:
(W;(Xx =) =ac - 0)(v;(X =) = a™ * ¢ > ) = 1: UMEIOT MECTO COOTHOLIEHHS:
HOJ = (Rj(X—) » ®)(4;(X—) » 0) =1, HOJ = (r(X—) » O)(L;(X—) > ») =1, u
Wiy -)=aVc->0)(n(Y =) =aVxc>ow) =1
HOJ = (R;(Y—) » o)(4;(Y—) » 0) =1, HOJ = (r;(Y—) » 0)(4;(Y-) > o) =1.

Briienennblie cocTosHUS (PU3NYECKOTO BaKyyMa, 3a1al0T MOJIAIbHOCTh CBOWCTB BEILIECTBA,
HaTpuMep, MPOTOHA, JICKTPOHA U AaHTUBEIIECTBA COOTBETCTBEHHO. KBaHTHI MPOCTpaHCTBA-MATEPUN UMEIOT
CBOMCTBA M3NTy4yaTh U Horjomars. J1ekTpoH (Y += e) uznyuaet u nornomaer (Y+=y) doton. [loatomy
MBI MOJKEM TOBOPHTE, 4T0 (Y 1= €;) KBaHTHI O0JIce BHICOKOH INIOTHOCTH MaccoBbIX p (Y —) monei,
TIOCIIEIOBATENLHO M3JTy4aloT KBaHThI (V== €j_,) MEeHbIIEeH IIOTHOCTH, 1 fanee (Y += y) KBaHThI
u3ny4aoT (Y+=¥;_5 ....¥i—22) KBaHTHI B TIOJIHYIO INIYOUHY (PU3MUECKOTO BaKyyMa, C OKOJIO HYJIEBOii
TIOTHOCTHIO. Hao0opoT, kBaHTH (X+= p) Ooee BRICOKOW TUIOTHOCTH MacCOBBIX p (X —) moei
TIONJIOMIAKOTCS TIOCNIEN0BATENBHO KBaHTaMu (X += pj4,) MeHblueh muotHocty. [Ipu sT0M, hopmupyroTes
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ycnoBust: pj(X—) = o, u R;(X—) — %, HOBOro 1MK/Ia JMHaMUKU Beenennoid. Paziu4nble mioTHocTH

(Poo) 1 (Po) B pazmmunbix (Y— = X+); u (X— =Y +) monsx, 1aroT pasHUIly IITOTHOCTEH

AE? o .
(A(p = v?) # 0). Umenno s1a (Ap = ?) pa3HULA IUIOTHOCTEHN, €CTh IPUUMHON U3ITyUeHUs U (UIIH)

MOTJIOLIECHUS SHEPTUU KBAHTOB IIPOCTPAaHCTBAa-MaTepruu. Mbl TOBOPUM O KBAaHTOBOH (HE MCYe3arouieil)
JTMHAMHKE
(Rj(X=) = ) = (Ry(X—) = 0) u (Ry(Y—) = 00) = (R;(Y-) - 0)

IIPOCTPAHCTBA-MAaTEPHUHU, B KBAHTOBOU (1M — M) CUCTEME KOOpAWHAT. APryMEHTOM TaKOi TMHAMUKH, €CTh
«remHas sHeprus» pacmupenus (R;(Y—) — o) npocrpancrBa-marepun. Takas JHHaAMUKA YCKOPEHHIA:

(b=pR), (pj(X =)= 0)(R;j(X—)—> ) =HOJ, u (p;(Y =) = 0)(R;(Y—) = o) = HOJI
KBaHTOB TUHAMUYHOTO MIPOCTPAHCTBA-MaTEPUH, ONPEACIISACTCA U UIMEET CBOMCTBO, MPUHIINTIA
neonpenenenHoctu. Muaue rosops, B atux (X +); u (Y £);; ypouax R;(X—) , R;(Y—) ¢usuueckoro
BaKyyMa, CBOMCTBa JIt000H TOUKH, 3TO CBOMCTBA MPOCTPAaHCTBA-MaTepuu Beer Beenennoi. 1o
MIPOCTPAHCTBO CKOPOCTEM, B KOTOpoM popmupyroTcs Bce Kpurepuu DBomonnn matepun. Hazosem ux
donoseiMu Kputepusmu DBONIONNH 3apaI0BbIX U MaccoBbX (X —); u (Y —); Tpaekrtopwii, ¢ ux
KBaHTOBO# juHamuKoil. U yxe Ha stoMm (p;(X —) = 0), (p;(Y =) = 0) dowue, 10 ects: (p = v?) , uaer
nuHamuka JloMmuHUpyromumx, 1o0bx Kputeprues DBoiroun, B MHOTOMEPHOM IPOCTPAHCTBE CKOPOCTE, B
cropony yBeauuenus yactot (T p =1 v?), a paBHO U MIIOTHOCTEH KBaHTOB JMHAMHUYHOTO HPOCTPAHCTBA-
MaTepuu Ha uX (M) CXOAUMOCTH.

C npyroii CTOpOHBI, TAKHE CBOMCTBA JAIOT KBAHTOBYIO 3aITyTaHHOCThH BCETO JHHAMUYHOTO
MpocTpaHcTBa-MaTepun BeeneHHol B 1ienomM. Mbl roBopuM 00 OJJTHOBPEMEHHOM U MPOTUBOIOIOKHOM
nuHamuke Jr00bIx Kpurepues DBosmonnu Ha 6eckoneunbix Rj(X—) , R;(Y—) paanycax cdep-Touek B
KaKJOM ypoBHE (M — n) cX0AuMOCTH (GU3NYECKOro BakyyMa. J[j1s moHuMaHus, 3T0 MOA00HO CKaTepTH Ha
CTOJIe, TJE «IeXKaT, CKaKeM, 1Ba 00bekTa A U B» Ha II0OBIX paccTOSIHUAX. ECiu «IOTSHYTH 32 CKaTepTh»
((poHOBOTO KBaHTa MPOCTPAHCTBA-MATEPHH), TO 00BEKTHI A U B ¢ IpOTHBOMOIOKHBIMU CBOMCTBAMH

(ckaxxem, BotHOBOM QyHKIMH (Y = /(+y (—y ) kBaHTOB (M) CXOAUMOCTH ), OyyT MEHATHCS
OJIHOBPEMEHHO Ha JIF0OBIX paccTtosiHusx. [Ipu aToM 00beKT A He B3aumoieicTByeT ¢ o0bexkToM B. U 310

IPOMCXOUT BO BceX (M — n) ypoBHSX cep-TOUYeK MPOCTpaHCTBAa-MaTepuu Beeil BeeneHHOI.

B o6mieii KapTHHE, MBI IMEEM JTMHAMKKY KBaHToB (M) cxomumoctu (T v2) , B omHOM cepe-Touke,
Ho yxke (n) cxomumoctu (1 v2) cdep-Touek Beeii BeeneHHOM, ¢ yka3aHHOM KBAaHTOBOM 3aIyTaHHOCTBIO U
MPUHITUIIOM HEOTIPEACTICHHOCTH B KaXKIOM (1M — M) ypoBHE (U3NYECKOro BakyyMa. M Takas TnHaAMHKa
COTPOBOX/IACTCS U3ITyYCHUSIMH («B3PbIBAMI») KBAHTOB (Yiz e]-) v (YX=YVi_2 ....Yi—22) , B IOJIHYIO
rIyOuHY (U3UYECKOro BaKyyMa, C Mocie1yrolel reHeparuei CTpyKTYpHbIX (opM, TOJ00OHBIX FeHEepaluu
anpa (Y+= e}) = 238p™ ypana, ¢ ero pacnagom B CIIEKTp aTOMOB. Y 3TO MPOMCXOIUT MOBCEMECTHO.

MbI FOBOPHM O CBEPXCBETOBOM TpocTpancTse ckopocteit (w; = a("N="172-) x ¢) | y;(Y=) doroHOB
A(Y-)j—>
T(Y=)i—0
pamuycax R(X—); — o, «Ha 1He» (QU3HYECKOro BaKyyMma, B Kax1o0i ero Touke 7(X—); - 0, Ha (n)
CXOJIUMOCTsIX, Beenennas «ucuezaeT» Bo Bpemenu: t = (n — 0) x T(Y—); = 0.«Ha ngue» pusuueckoro
BakyyMma, B (0J];) ypoBHSX, Mbl He MOXeM (UKCUpOBaTh coObITUs GoTOHOM Y; (Y —) ¢ mepuomom

(OJI;) ypoBHs, ¢ MX IEPUOJOM TMHAMHUKH C = , T(Y=); = 0. D10 3HAYHT, 9TO HA OECKOHEUHBIX

nuHamuku T (Y —); — oo. Ilpu 5ToM Beskas mnoTHocTs: (p(Y—); = — 00) TUHAMUYHBIX Macc,

1
(),
«mamaet» B Tyouny (p(Y—); = 0) dusnueckoro Bakyyma(0J1l;) ypoBHEl, Ha (1) CXOIUMOCTH B KaXKIOH
TOYKE MPOCTpaHcTBa-MaTepun Beel (R(X—); — o) Bceenennoii. Camu Macchl

e(Y=); = (X+ = p;)(X+ = p;), IMEIOT CTPYKTYPHYIO POPMY «UEPHBIX CHEP) C «DKETaAMU»

e(Y—); - y;(Y—) pacnanos. 1 Bcsakuii pa3 uaeT reHepanus 2a(X+ = pj) = e(Y—),_1 KBaHTOB B
MaccoBBIX TpaekTopusx. [Ipu aToMm cozmaercs a3pdexT «pacimupsromeiics Beenennoit» ¢ adpexrom
nepsuanoro (T (Y—); — 0) «bompmoro B3peisax. [Ipn sToM ckopocts cBeta, y (Y —) dorona (0J1;)
YPOBHS, OCTA€TCsl HEU3MEHHOU B JTI0OOM ypOBHE (PU3NYECKOTO BaKyyMa!
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_ AY=)o
T T(Y-)oo

_ AY)=0
T T(Y-)>0

_ A(X—)L—>0

= =
T(X-);—0

C s y(Y—=) dororoB (0OJ1;) ypoBHS, «I1aaeHUE» B OKOJIO

HyJneBble mnoTHOCTH Mace (p(Y—); = - 0), ¢ yckoperuem G(X +) [T—i] =vu=x*H [T—KZ] ,

1
T(Y-);
rae (H) ¢uxcupyemas xoncranra Xab6na: H = % . Ayuna BosHb! ¥ (Y —) GOTOHOB yBeTUUHUBACTCS, TIPH
«IIaJICHUH B OKOJIO HYJIEBYIO INIOTHOCTh» Ha IPEAEIbHbIX paguycax (R(X—); — o) Bcenennoii, B
npenensHoi rmyoune ¢pusndeckoro (r(X—); — 0) Bakyyma. Otu «penukrossie ¥ (Y —) dorons» (0J1;)
YpOBHsI (KPaCHOTO LIBETa Ha PUCYHKE) BUAAT B OKCIIEPUMEHTaX. Jlaibiie Mbl TOBOPUM O CBEPXCBETOBBIX
¥i(Y—=) doronax.
MareMaTHueCKOW UCTUHOM €CTh TO, YTO Ha OECKOHEUHBIX Painycax BCEro MPOCTPAHCTBA-MATEPUU

Beenennoii (Rj(X—) — ) ¢ ee maccoBbiMu (4;(Y— ) — ©0) TpaeKTOpUsSMH, INIOTHOCTh MATEPUH

(pj(X—) = 0), (p;(Y—) — 0), crpemuTcs k Hymo. B mo6oit Touke chepsl R;(X—) — o Beenennoi,
JEHCTBUTENIFHA HE JIOKATBHOCTH (OJHOBPEMEHHOCTD) ANHAMUKN MHOKECTBA, BEIOPAHHBIX B CHMMETPUSX,
TO4EK, Ha ypoBHE (X—= Y+); SHEPruii SMEKTPOMArHUTHOTO MOJIs PU3MYECKOTO BaKyyMma.

CoOcTBeHHOE BpeMs TuHAMKKH (t) cBoauTcs K Hy 0 B akcuomax HOJI=(t;(Y+) — 0)(T;(Y—) — o0)=1,
JMHAMMYHOTO IIPOCTPAHCTBA-MaTepHy, Kak u auHamuka (b = (R;(X—) — ) (p;(X—) - 0) = const)
yekoperus (b = (4;(Y —) = ©)(p;(Y —) = 0) = const) wmaccoBbIxX TpaekTopHii. IHaue roBops,
MaTeMaTU4eCcKOl NCTUHOH eCTh MCUE3HOBEHHE MAaCCOBOW TNIOTHOCTH AMHAMUYHOTO POCTPAHCTBA-MATEPUH
Ha OECKOHEYHOCTSIX, 1 Beenennast ncuesaer Bo Bpemenu t;(Y+ = X—) — 0, ¢ HEeU3MEHHBIM YCKOPEHHUEM
(b = const) Bcero npoctpancTBa-marepun. C apyroii croponsl, (1;(X—) — 0) umeer mecro (p;(X—) — )
v Havano (A;(Y—) = 0), (p;j(Y—) — o), takoro («B3psiBa»), «mraosennoro» T;(Y—) — 0 mepuona
nuHamuku Beenennoit. [Ipu 3Tom, Mbl nmeeM:
1.DuHeprus usnydenus u (uam) nornomenus AE? = h2Ap, KBAHTOB IIPOCTPAHCTBA-MATEPUHM, B H3BECTHOM
uam Buge: E = mc? ,umu E = hv ,tne m = v?V, u Tak jnajee, HO yKe Ha 0J1;;(m — n) cnektpe
KBaHTOBOH CHCTEMbI KOOPIMHAT MPOCTPAHCTBA-MaTepuu Beeil Beenennoii. Peus waer 00 uznydeHun
(P (Y— = €j) = po(Y— = y;) MaccoBbIX, U (peo (X— = Pj) = po(X— = v;) 3apsAn0BbIX HoNEH.
2.Mmeem Bcerna BuxpeByto: rotyB(X —) urotyM(Y —) nunamuky kBantoB (X+t) u (Y1) B eaunom
npoctparctBe — MaTepun (X—= Y+) , (Y—=X+).
3.Cama nmuHamuka (Ap) TUIOTHOCTEH, HIIET MO MPHYMHE «CTYMEHYATOro (KBaHTOBOTO) MPOBAJIay IIIOTHOCTEH
(P ), B «0ECKOHEUHYIO YCTOTY» (Poo = Po)-
4.Coueranue wiotnocreii: p(X —)p(Y —) = 1, ato Henenumas O6acts JIOKaIu3ayy €IMHOTO U
AMHAMUYHOTO npocTpancTBa — Matepun (X—= Y+), (Y—= X+) . KBanroBas quHamuka p(X —) mons
(X 1), Bcerna nopoxknaer p(X+ =Y —) nose, a kBanroBas auHamuka p(Y —) mons (Y t), Bcerna
nopoxxaaer p(Y+ = X —) moue.
5.Mznyuenne p(Y —) u nornomenue p(X —) mioTHOCTeH (o — Pg), MPOUCXOTUT OTHOBPEMEHHO C MX
kBanToBOMU auHaMukoi p(Y —) - p(Y+ =X —)up(X —) - p(X+ =Y —). D10 MHOTOCTYIIEHYATHI U
MHOTOYPOBHEBBIH TIpoliece B kKBaHTOBOK OJI;(m — n) cucreMe KOOpaMHAT.

6. Hafio yuutsIBath, pu 31ToM, Macmrtadsl (r = 10733sm)(R = 1033sm) = 1, Takoii TMHAMUKH Ka’KJ0TO
Takoro (RA = 1), (rA = 1) xBanTa ux 0J1;;(m — n) cnekrpa. ITO JAJIHHA BOJIHBI (Y +)kBanTOB
(4, =) =103sm)(A;(Y+ =X =) =10733sm) = 1 QUHAMHUYHOIO IIPOCTPAHCTBA-MATEPHHU B (HU3HUECKOM
BakyyMe Bcenennon

KBaHTOBas AMHAMUKa POCTPAHCTBa-MaTepUH BceneHHoM B KBAHTOBOM CUCTEME KOOPIMHAT, B
IepHOA pacupennst Beenennol 00yciioBieHa NepBUYHBIM «IIPOBATIOM» TUIOTHOCTER P (Y— = ej) B
okono Hynesbie maccoBbie | (p;(Y— =y;) = 0) miorHoCcTH usnueckoro Bakyyma. B akcromax
TMHAMUYHOTO MTPOCTPAHCTBA-MATEePHH:

5.MexrajakTuueckuii annapar 0e3 TOIJIMBHBIX ABUTaTeJIeil.
https://vixra.org/abs/2302.0022

OU3NYECKON pEATBHOCTBIO SIBISETCS pA3IMnYHOE IPOCTPAHCTBO cKopocTer ConHna u 3emiu. be3 Beskux
TOTUIMBHBIX JIBUTATENEH 3eMIIsl IETUT B MPOCTPAHCTBE (PU3NIECKOTO BaKyyMa cO CKOPOCThIO 30 kM/c, a
CounHIle cOo CKOPOCTBIO MOpsKa 265 kM/c . Peub UIeT o riIaBHOM CBOMCTBE MPOCTPAaHCTBA-MATEPUH —
newxennu. [lotok mace (Y—), ammapara cospaercs nonsamu (Y—=y;) = (X+ = p;)(X+ = p;) CunpHOro u
I'paButarnonHOro B3anuMoIeicTBUs S9HEPTETUIECKUX KBAHTOB(X + = py), (Xt = py),... (X£ = p; ypoBHEN
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0JI; HeENMMMBIX KBAHTOB POCTPAHCTBA-MATEPUH (PU3MIECKOTO BAKyyMa, CBA3AHHBIX MEXKIY COOOM STUMH
xe (X+) monsimu Ha (X —) TPACKTOPHUSIX MOAYJIsI, 0€3 BHEITHETO HCTOYHUKA SHEPTUH.

Puc.10.1. Mexrasakruieckuil annapar 0e3 TONJIMBHBIX JABUTaTeJIei.

[TocnenoBarenbHO BKIIIOYAs MPocTpaHcTBO ckopocteit (Y —),, (X—), anmmapata B pa3smu4HBIX
YPOBHSIX CHHTYJISIPHOCTH (PU3WYECKOTO BaKyyMa, arrapar BBIXOJUT 110 paJualibHON TPAEKTOPUHU C YPOBHS
CUHTYIIIPHOCTH (PU3MUYECKOTO BaKyyMa KBaHTa (X= ) MPOCTpaHCTBAa-MaTEPUH TUTAHETHI, TPOCTPAHCTBA-
martepud (Y + ) 3Be37b1, IPOCTPAaHCTBA-MaTepru (X + ) ralakTUKH, TpOCTpaHcTBa-marepuu (Y + )CKOIIeHUs
TaJIaKTHK, K IPYTHM CKOILICHHSIM M TJIAKTHKaM B 11oJie BeeneHHOM, ¢ 00paTHBIME BKITFOUCHUSIMHA TTPH
BO3BpAaTe Ha IJIAHETY CBOEH WJIM JIPYrou rajJakTUKH.

Takum o6pa3om, co3aaBaTh MaccoBbie MOJsA(Y — = y;) 4, IPOCTPAHCTBA CKOPOCTEH, HEOOXOIUMO
nossiMu (Y —) 4 = (X +=p j) + (X+ = p;) «TSOKENBIX» KBAHTOB KaK «paboyero BEIIECTBAY, 3aMKHYThIX
Ha (X— ) TpaeKTOpHM «KOJbLa» anmnapara, B ycinosusx HOJI = (ej)(k) (vi) = 1 Henenumoii OGnactu
Jlokanuzanuu. 91O yCIOBHS B KBAHTOBOM CHUCTEME KOOPAMHAT, KOT1a KBaHT (ej) HE TMPOSBISET ce0s HIDKE
ypoBHs 3Hepruii (¥;) KBaHTOB (PU3MYECKOTO BaKyyMa. DTH YPOBHH COOTBETCTBYIOT:

HOJI = M(ey)(k =3.13)m(y,) = 1 HOJI = VGM (p,)(k = 1.8)VGm(v, ) =1
HOJ = M(e; )(k =3.13)m(y) =1 HOJ = VGM(p, )(k = 1.7)VGm(v, ) = 1
HOJI = M(e3 )(k =3.86)m(y; ) =1 HOJ = VGM(ps ) (k = 17)VGm(v, ) = 1
HOJI = M(e, )(k =3.13)m(y, ) =1 HOJT = VGM(p, )(k = 1.8)VGm(v, ) =1
HOJI = M(es )(k =3.15)m(y; ) =1 HOJ = VGM(ps )(k = 1.8)Vem(vs ) = 1
HOJT = M(es )(k =3.9)m(y, ) =1 HOJl = VGM (ps )(k = 189)0VGm(v, ) = 1
HOJI = M(ey)(k = 3.14)m(y,, ) =1 HOJT = VGM (py5 )(k = 1L8VGm(vy3 ) = 1

MBe1 roBopum 0 kBaHTOBOM cucteme koopaunar 0JI;;(m — n)B npocrpancTBe-maTepuu BeeneHHol,
B koM OJI; nnm OJ1; ypoBHe nmeroT Mecto Tpu (X—= Y+) 3apsanoseix u aga (Y —= X+) MaccoBbIX
u3onoTeHuana. M B aToii KBAHTOBOW CUCTEME KOOPIMHAT, MPECTABIICHBI TSHKENbIE» (p)/e;) KBAHTHI,

KaX/IbI U3 KOTOPBIX UMEET CBOIO «IITYOHHY» SHEPTeTHUECKUX YPOBHEH (V4/y;) KBAaHTOB (PU3HUECKOTO
Bakyyma. IIpencraBum ux B BUIE Mojenen Takux Rj;(m) Henemumbix OGnacTeld mpocTpaHcTBa — MaTEPUH

Bcenennoii.
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Puc.10.2. cnektp HegeammbIX KBAHTOB
OTo Hekas cepa B IPOCTPAHCTBE-MATEPHH, B LIEHTPE KOTOPOH «TsKeNbIe» (p;/e;) KBAaHThI, KOTOPBIE
OTIPECTISIOT «HU3», U «BBEPX» MO PAANYCY, 10 YpoBHS (V;/y;) KBAHTOB (PU3UUECKOIO BaKyyma
pocTpaHCcTBe-MaTepun BeenenHoi, 11t 100010 mogo6Horo 00beKTa BHYTPH 3TOH chepbl. ITo chepbl
BOKPYT ILIAHETHI, 3BE3/Ibl, FAIAKTUKY, KBa3zapa... . Ha npumepe KBaHTOB:
HOJMI(X + = pf) = (Y—=e")(X+= v )(Y—=e*) = 2% =153 TeV ,
HOMI(Y + = e5) = (X—=p ) (Y+= e")(X—=p~) = 2 = 35,24 TeV

peub UIET O CUHTE3€ BEIIECTBA (X + = p{), HA BCTPEUYHBIX IMy4YKaX (e*e™ — p{) MO3UTPOHOB C BUPTYaIbHBIMU
KBaHTaMH (v;), U (Y + = e;) Ha BCTPEUHBIX IIy4KaxX (p~p~ — e;) AHTUIPOTOHOB MIO3UTPOHOB C BUPTYaIbHBIMU
KBaHTaMH (e*), OJOOHBIX AEKTPOHY (e~ = vy +v;) . MBI MOXEM TOBOPUTH | O MOCIIEI0BATEILHOM CHHTE3E
«TSKETBIX» (pj/ej) KBaHTOB, MMEHHO BelecTsa (X+ = p;r), st (Y—),4, (X—)4 ammapara, B OTIEIbHBIX
nporieccax. (... < [P« e« p3 < ) v (... < pF < B} <[Pl < ei [« pf < e') cunTe3a. CymiecTBEHHO TO,
YTO JIEKTPOH (e~) U3IIydaeT U noromaer GoToH (y+), HO OH He MOKET U3Ty4aTh U MOTJIO[aTh «TEMHBIN»
$oToH (¥g). DTOT «TEMHBII» (POTOH U3TYIACTCS U MOTIIOMIACTCS «TSHKEIBIMY JIEKTPOHOM (e1) — (Vo ).
TouHO Tak «TsHKEIBIN» MPOTOH (py) — (v” ) M3IIy4aeT U NOIJIOMAeT MEOOHHOE HEHTPHHO. DTO HEBHAMMbIC
KBaHTBI, HE B3aMMO/ICHCTBYIOIIHNE, M HEKOHTAaKTHbIC ¢ kBaHTaMu (Jillel) aToMoB Tabnuilkl MeH ieneesa.
MpbI UX HE MOXKEM HU BUAETh, HU pUKCHPOBaTh. HO 3TH HEBUIMMBbIE KBAaHTHI (CUHUIN I[BET B YKa3aHHBIX
MOCIIC0OBATEIIHLHOCTSX ) UMEIOT 3aPs0BBIE H30TIOTEHITHAIBI K MOTYT (DOPMHUPOBATH HE BUIUMEIC HAM
CrpykrypHsie PopMbl, 10100HBIX 00bIHBIM (p*/e”) aTomam. Dto: cTpyKTypsI (Va'/¥a) . ( p,/€1) ... Tak
MBI OCBaUBaeM MOCJIEeI0BATEIbHO, TOTEHIIUAIBI S/Ipa IUIAHET, Apa 3BE3], s/ipa raTakTHK U sSApa KBa3apoB.
Ho mns (Y—) 4 anmapata, Mbl MOkeM (pOpMHUPOBATH TOJIHKO KOHTAKTHBIC HAM KBAaHTHI SJIpa TAIAKTHK |
KBaHTHI BellecTBa spa kBazapos. U cam anmapat (Y —),4 , OCIEI0BATENBHO «TIOTPYKAETCS» B
¢busnueckuit Bakyym, kak: HOJI = (e, )(k)( ¥, ) = 1, HOJI = (eg )(k)( ¥4 ) = 1, CBEpXCBETOBOTO
(y, =137 *¢), u (yo = 1372 * ¢ ) mpoCTpaHCTBA CKOPOCTEH. DTO BIOJIHE JONYCTUMbIE B CrieluanbHOM
WY=LNC= c, I/IBKBaHTOBOﬁWY=M

1+c*Nc/c? ax,+Nc/c
a; = cos(p = 0), ay; = a,, = 1, yrax mapamiensaocTd. Cam (Y —) 4 amapar 1BmKeTCs B YKa3aHHOU cdepe
MPOCTpaHCTBa-MaTepun BeeneHHOMH, B pa3NMuyYHbIX YPOBHAX (uU3ndeckoro Bakyyma. CTOUT OTMETUTH, UTO
00BEM MPOCTPAHCTBA-MATEPUHU 3BE3/IbI, IIOTPYKEH» B MMPOCTPAHCTBO CKOPOCTEH (Y = ¢ ), 00bEM rajakTuk,
«TOTPY’KEH» B MMPOCTPAHCTBO CKOPOCTEH (¥, = 137 * ¢ ), 00BEM KBa3apOB «IIOTPYKEH» B MPOCTPAHCTBO
(y4 = 1372 * ¢ ) yxe cBepXCBETOBBIX ckopocteid. [Ipencrasiennsii (Y —), amapar IBUKETCS B YKa3aHHON
cepe, B mpocTpancTBe ckopocteit (Y, = 137 * ¢ ) sapa ranaktuku, uim (y, = 1372 = ¢ ) saapa KkBasapa.
Bomnpoc, kak cedst yyBCTBYeT IKUIaX B LIEHTPAIBHOM KarcyJe anmapara, B CBEpXCBETOBOM MIPOCTPAHCTBE
ckopocteit? TouHo Tak, Kak 3eMJIsi, HaX0IsCh B cepe MpocTpaHCcTBa-MaTepun 3Be3/bl, CoNHIIA, He
qyBCTBYET 265 km/c ckopocth nBrkeHus CoHIla (4uTail anmnapaTa) B MpOCTPAHCTBE-MaTepun | aTaKTUKH.
Karmcyna ¢ sxunaxkem, 3akpbiTa MaTepuanom u onsimu (Y —) 4 anapara. Kancyna nepexoaut B apyroi
(0J1); ypoBens. B ykazannbix cdepax R;;(m) Hemenmmbix Obnacteid, chepbl NPOCTPaHCTBA — MATEPHH,
CKOPOCTH p;€j(M) KBaHTOB w;(pje;) * vi(viy;) = c? motomy, uto (w; = a*V xc)(v; = a ™V x¢) = c2. Uotn

ckopoctu (N=j=1,2,3...), w;(pje;) = (a = —)*N % ¢ - 0, B camoM 1iertpe (Y — ), amaparta. Takue cBoiicTBa
IIPOCTPAHCTBE-MATEPUH.

= ¢, Teopun OTHOCUTENHHOCTH B EBKIHIOBBIX

137

+
Teneps paccMOTpUM peanbHbIe (pU3HUecKkue CBOCTBa kBaHTa (Y —= %) CunbHoro B3aumopeiicTBus

oowranoro anpa 0J1; (p, e, v,,v;,v) ypoBHs usnueckoro Bakyyma. Ero maccossie (Y —) Tpaekropun
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dopmupyrorcs rpaBut (X+ = Y —) MaccoBbIMHU MOJISIMU IBYX TPOTOHOB (X+ =p)(X+=p) = (Y —), B
axpt 938,28 MeV

= = 0,0073aem), 17151 IPOTOHA C MACCOU
931,5 MeV 137,036%931,5 MeV

ATOMHBIX SAUHHUIIAX MACChI: (Y —=

m(*%c) _

2 gem = 1,0073 aem. IIpu 5TOM, MBI IOHKUMAEM, YTO laem = 2 = 1.6604 % 107kg 1

931,5 MeV
sueprust E (laem) = mc? = 1.6604 = 10727 « (2,997924 = 10%)° + (1Ix = 6.2422 * 10'8eV) = 931.5MeV . Ml

oM(Y—
6(T ). TouHo Tak

bopmupyrorcs MmaccoBbie(Y —) 4 TPACKTOPUU amIapara, «TsHKeIbIMIy KBaHTamMu (Y —= Np;r) a4,Ha (X-)

m(p) = laem +

rOBOpUM 00 MHIYKTHBHOM MaccoBoM (Y —), B ypaBHEHMHU AUHAMUKU: rot,G(X +) = —

TPACKTOPUSAX 3aMKHYTOTO KOJIBIIA, B PA3JIMYHBIX YPOBHAX (PU3UUYECKOTO BAaKyyMa, B CBEPXCBETOBOM
MIPOCTPAHCTBE CKOPOCTEH. (X —) TPACKTOPHH 3aMKHYTOTO KOJIbI[A, IO CYTH, BUXPEBOE T0JIC YpaBHEHHM
IUHAMHKU: roty G(X+) = — aM;:_), MOJOOHBIX MHAYKIIMM MArHUTHOTO MOJS KaTYIIKU  rotxE(Y +) = — aBgT(_) .
Takux (X—) «BUTKOB Karymkun» B (Y —), anmapare, MOXHO JIeIaTh HECKOJIBKO ISl YBEITHUCHHSI IUIOTHOCTH

amMy—)[1  m=k3/1? . o
p(Y =)= [— = ] maccoBbIX (Y —), TpaekTopuil anmnapara. V3 COOTHOIICHWI /11 KBAHTOB,
TJ(X—:pJ)—>OO, A (X==p,)>x

T2 v=k3
. =2(e. )/G e. A(X—-=
(p J ( "') ) KBaHTaMH ( f‘l) , TeM OoJbie ( p J), TeM OOJIbIlIe TUAMETP D «ombra»
armapara. /[J1s1 COOTHOIEHU !

(£= HZKX NX-NE = HZKY)(X—'_) =HO/I(Xt=p,) , AMEIOT MECTO COOTHOLLICHUS
TEX)VE(X+)=HOI(X+=p,) i TK (XK, L (XH)=HOJT(X+=p),)

aT

X—=
, 4eM OoIbIIIe Macca ( py) KBaHTa, (hopMUpyeMast

, KaK 1 I Macc

T (m=TIK ()(X=)(m =TIK, )L (X+) = HOTI(X+=p,) . Bes macca cocpenoToueHa B X==p,) ToJIeE,

dbopmMupyemMoro (X==p,)=(F+=¢,)T+=¢,,) DJIEKTPUYECKUMU IIOJIIMUA MACCOBBIX (Y==e,,)

m(X==p;)=2mY==e;)/G) 50t 10CcTATOUHO B CO3TAHHEIX

l(Y—'— = eJ—]) :;
, 3HATh JUIMHY BOJIHBI AY-=e, )

TpaeKTOpHﬁ, B BUAC MaCCOBBIX HOJ'ICIZ,

HOJT=A(Y+=e¢, JA(Y-=¢, ) =1

KBaHTaXx

(X-=p))

N(e
YTOOBI BEIYUCTUTH MOPSIIOK KBAHTOB (e, ), (bopMUPYIOIIUX TPACKTOPUIO KBAaHTOB «pabouero

MX—= p_j) =A(Y+= e_j—l)

BCIICCTBAa». HaanMep, €CJIN I , HCO6XOI[I/IMO «KOJIbIIO» InaMeTpa

Do 2AX==p,) D=10M torma ME==p,)=15u=2T+=e,)) 1, eCTb, IMEeT MeCTO JTHHA KBAHTA
(7=3)
AMF-me, )= _667%107 en

AT+=e,,) . OTO COOTBETCTBYET COOTHOIIEHUSIM

AMY-=e,,)=6,67*10"cu=2r*a™ (A, =3.3*10 " cm)

In(2*107°)  —10,82
In(a =1/137)  —4,92

, OTKyJa a’ =2%107 , IS (/=1 aeT

=22=2
. Torma

N=1log, 2*10° =

(N, =3)

COOTBCTCTBYCT NOPAAKY KBAHTOB

3% oA) ——=pt
(" *c)=W(e,) pabouero BemecTa (X==p, ), B «KoJIble» ¢ muameTpom 10m. Takue «kosbla» 1aroT

o+
MEXXTaJIaKTHYECKHMN arrmapar. CKOpOCTB MCKTAJIAKTUYCCKOI'0 arapara ¢ TakKuM (X = P4 ) ((pa60‘-II/IM

HOIT =m(e,)*m(y,) =1

BEIIIECTBOMY, B YPOBHE CHHTYIISIPHOCTH
VY-=y,)=a '*c=137*c

, COCTaBJIsIET

— * 1o
. i 3eMHOrO BpeMeHH B 10 j1eT, MOKHO MPOJIETETh (r=102em ™o *c)xm

wm (r=10%365,25%24%3600*137*3 #10° =1,3*10"xn = 8,8*10" a.e = 425,8nx . To ecTh Hamry
ranakTuky (30 KIK), anmapart npoJIeTHUT mpuMepHo 3a 705 net. J{is skunaxa Takoro amnmnapara, COOCTBEHHOE

T =a(7052em) = 5,14ner

BpEMS COCTaBIISET , BpeMs ypOBHS CUHTYJIIPHOCTH (72) .
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(p,') ;L(X_:pj). Tlnst (NJ =4)

, TEM 0oJIbIIIE JJINHA €ro «BOJHBI»

(N,

YewMm OoibIlie Macca KBaHTa
KBAaHTOB BEIIICCTBA (X==p) s7ipa KBa3zapa, UMEI0 MECTO -1= 3) . Torma U3 COOTHOILICHUS
2n*a(A)=A(Y-=¢e, ;) =6,28%(1/137)’ *3.3*10° cn =8,14*10™" cu

1 _ 1
AY-=e,,) 814*10 " cm

, 1 BBIYUCIISICEM

MPt=e, )= =1,23*10"ca = A(X-= p;)

. DTO cocTaBigeT

*1014 .., . 10° _ X—=p’

L2¥107 en =107 kn =82 a.e. JMAMETP A7Ipa BHETAAKTHYECKOTO KBa3apa ¢ KBaHTaMH ( Pe) azpa.
— %k —

«PaGouee semectson axux 1O/ =mle,)*m(y;) =1 , KBAHTOB JAIOT MOJICTHI YK€ BHE TalaKTHK BO

Bcenennoii. 3a 10 et 3eMHOro BpeMEHH MOKHO MpoJIeTeTh BO BeeneHHoi,

— ) _ 18
(r=102em*(V(y,) =0~ *c)=LT8*107KkM 11y 188000 cBetoBbIX MIeT. 3a cobeTBeHHOE BpeMs B

— 2 - =
arrapare t=a"(101em) yyy 4 qaca 40 MHHYT. DTO BpeMs s (Y==7,) KBaHTOB, B MEKTaJJaKTUYECKOM

YPOBHE CHHTYJSIPHOCTH (PU3NYECKOTO BaKyyMa.
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