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Beryniienue.
CoBpemeHHas (pu3uka ynupaercs BO MHOXKECTBO Ipo0sieM, (PakToB, KOTOPbIE
BBIXOJIAT 33 PAMKH €€ TEOPETUUECKUX NpeAcTaBiIeHU. CaMu TEOPETUYECKHE
MoJieNid U (pyHAaMEeHTaIbHbIE MTPEICTABICHNUSI BO MHOT'OM NMPOTHBOPEYMUBHI.

Ecnu (+) 3apsan npotona (p'), B KBapKoBBIX (p = uud) Mojensax
2

IPEJICTABJIAETCA CyMMOM: q) = (u =+ g) + (u =+ 5) + (d = — ;) = (+1),
JIpOOHBIX 3aps0B KBApKOB, TO TOYHO Takoi (+) 3apsn (e') Mo3uTpoHa, KBapKOB He
umeer. Takas Mozenb U peAcTaBieHue (1) 3apsia He COOTBETCTBYET PEAIbHOCTH.
3710 pyHIaMEHTaIbHOE IPOTUBOPEYUHE, PEIICHUIM B TEOPUSIX HE UMEET.

3aps/10Boe B3aUMOJICHCTBUE, C HEPEIICHHON TpobiemMoii Mozenu (+) 3apsaa
MPOTOHA U MO3UTPOHA, OTHOCHUTCS K 3JE€KTPOMArHUTHOMY B3aUMOJEHCTBHUIO. DTO
3HAYUT, YTO B3aMMOJICUCTBYIOLINE YACTHI[bI OOMEHUBAIOTCSI 0€3MacCOBBIM
AIEKTPOMArHUTHBIM (Y) —KBaHTOM (()OTOHOM). DTO AEHCTBUTEIHHO JIJIs
B3aMMOIeiiCTBHIA (€ ) 2IEKTPOHOB, (1) MIOOHOB, (T, K...) Me30n0B. Ho (p )mpoToH,
B 3aps0BOM B3aUMOJCHCTBHH C (€ ) 2JIEKTPOHOM, HE OOMEHHUBAETCS C HUM
AIEKTPOMArHUTHHIM (Y) —kBaHTOM. HUKTO, HUT/I€ M HUKOTa HE BUJIEI U3JTyUCHUS
(p") IPOTOHOM ?JIEKTPOMATHUTHOTO (Y) —KBaHTa, poToHa. TakoBa PearbHOCTS.
AHanornyHo oOMeHHbI Z—0030H B 3JEKTPOCIa0OM B3aUMOJECHCTBUU U KBapK-
rimooHHoe B CriibHBIX B3aumoneiictBusax CrangaptHoit Teopuu. Cam NpUHIHAI

OOMEHHOTO BSaHMOHCﬁCTBHH MNpCaACTABIACTCA B AUarpaMmax deitHMaHa:

9JI€KTpOMaI‘HI/ITHOI‘O 3JICKTpOCJIa6OFO U CHUJIBHOI'O BBaHMOHCﬁCTBHHZ
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Puc. 1 ouazpammot @eiinmana
Oto CranaapTHast MOJEIb YKa3aHHbBIX B3aUMOACHCTBUH, C COOTBETCTBYIOUIUMU
npencrabienusamu, Tuna: (ey#P)A,). Ho mo dakry, npoToH He M3ITyYaeT
dbotoHn, a HeuTpuHO (v, ~ 10 2B) He uznyyaet Z- 6030H (~ 90 /5B) B 0OMeHHOM
anektpociabom B3aumogenctBuu. (JI.U. CapwrueBa, MI'Y-2007r. ®BD u OY):



Takwe kBanTsl Obln Brepsoie obHapyXensl B 1983 1. na SppS-komtaiizepe
(HEPH) xomrextusom nog pykosoacteom Kapma Py6ona. Do sapaxennnie
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Puc. 2: Juarpamue Qefinvana aa peaxunii: a — © 3apasxeHEeM 1 0 — ¢ HeHTPaiLEBM

TOEAMHE.

AHTHHEHTPHHO C MPOTOHOM, OCymIeCTBIAeMad nyrem odvena W=-0ozonom.
Taxaa peaknnsa Ha3LIBACTCA peakimeit ¢ zapasicennum moxom. Ob6Men neii-
Tpasbib Z -0030H0M (pric. 20) nassiBaerca peakimeil ¢ nedmpanvivim mo-
KOM.

Otkyna GepyTcs, Kyaa, Kak u mouemy ucue3aroT Z u W 6030HbI (~ 90 /5B) B

pacmagax cBOOOIHOI0, BHE BCAKUX MmoJicii HeTpoHa? OTBETOB HET.

I[a)Ke B KJIACCUYECKOM (1)1/131/11(6 BO3HUKAIOT IIPOTUBOPCUNA UMCHHO B TCOPHUMU.

o Mm
B 3namenuToit hopmyne HetotoHa, cumel Tsarorenus: F = G —7 » ABYX Macc M)

1 (m), Ha paccTossHUM ( T ) MeXay ux 1nentpamu. Cama ¢popmyna (Teopusi) HIYETO
HE TOBOPHT 0 paccTossHusaX (r<Rgtry), rme Ry m 1y paamycsl cdep TaHHBIX Macc.
Ho ecnu B tuamerpasibHOe oTBepcTHE chepbl Ry KHHYTH IIapHK Iy , TO IO
dbopmyne Herotona, ipu (r = 0), cuia F — o, cTpemutcs k 6eckoHeunoctu. Ho
3TO MPOTHBOPEYUT OMBITY. Dopmyrna HeroToHA ACHCTBUTEIIBHA TOIBKO JIIS
(r>Rgy+rp), 0 ueM B camoii (hopmysie HUYETo He CKa3aHo. MbI TOBOPUM UMEHHO O
TEOPETUUYECKHUX MOJICIISX, 9aCTO M TYCTO HE COBEpIICHHBIX. HO Be/lb 3aKOHBI
MaTepHH COBEPIICHHBI, U B HUX HET MpoTUBOpeunid. [’ ne onu? BTopoit MOMEHT B
KJ1laccuueckoi ¢usuke Toro ke HetoToHa, ero 2-if 3akon: F = ma, rae (a # 0)
yckopenue. OOIIen3BECTHO, YTO TEJIO Maccoil (m), majasi Ha MIaHeTy Maccon
(M), umeet ckopocTh (V = vy + at) KOTOpou HET mpejeia. 371ech YCKOpeHue

M .
(a=g=aG T—Z)CBO6OIIHOFO najieHusi. ITO MaTeMaTH4ecKasi HCTUHA KJIACCHYECKOM

¢busuku. Ha nene, mo teopurt OTHOCUTEILHOCTH, CKOPOCTH HE MOXKET MPEBBIIIATH
CKOPOCTH CBeTa. DUHINTEHH BUeN 3Ty ipobiemy. [loatomy Oblna coznana OOmmas
Teopust OTHOCUTEEHOCTH. He yriyOusisick ceiiyac B BOIIPOC, OTMETHM TOJIBKO,



yro OTO DiiHiTeiiHa Toxxe umeer (g;, = const), ycaoBus (@ =1),B
KOTOPBIX TeOpHsl IecTBUTENIbHA. Peub 0 (UKCUPOBAHHOM COCTOSIHUU
IPaBUTALIMOHHOTO NOoTeHIMana. B nepeMennbIx (g;, # const) (KBaHTOBBIX)
rpaBuTallMOHHBIX NoJs1X, OTO DliHmnTeliHa HenelcTBUTENbHAsA. IHaue rosops,
TEOPUHU KBAaHTOBBIX T'PAaBUTAIIMOHHBIX MOJEN HET. HO X Hanuuue BhITEKAET U3
MaTeMaTU4YeCKUX yCIoBuH (g;, # const) u Hudero 6osee. CaMoli TEOPUU HET.
Het u Teopuit yepHbIX AbIp, TEMHON MaTepuu, TEMHOM sHepruu. Het oTBETOB Ha
BOIIPOCKI: OTKYJIa OEPyTCs U KyJa UCUe3aloT TE K€ YepPHbIE JIbIPbI, UTO Y HUX,
BHYTPH U ITIOYEMY B3pbIBAETCS SAPO rajakTUK.... OTBETOB HA 3TH, U MHOTHE
apyrue Bonpocskl HeT. (JL.W. CapsrueBa, MI'Y-2007r. ®BD u Y):
e 00BLACHENO:
® COOTBETCTBUEC MCXKIY KBAPKaMW WU JICTITOHAMU,
® KOJTUYCCTBO IMOKOJCHUN (PYHIaMEHTATLHBIX TaCTHIL;
® CTHHHOE MPONCXOKICHUEC MACC TACTHI] WM MEXaHU3M CITOHTAHHOTO Ha-
pPYIICHUA CUMMCETPD U]
® TMOYEMY STH CHMMETPUH KaJuOpOBOUHBIE, a JApyrhe — HeT (Hampumep,
CHMMETPUSA, COOTBETCTBYIONAA GAPUOHHOMY 3apsiLy ).

dyHaaMeHTaIbHBIM (PAKTOM €CTh TO, YTO HET MAaTEPUH BHE MPOCTPAHCTBA U
HET npocTpaHcTBa 0e3 Marepuu. [IpocTpaHCcTBO-MaTEpHUs 3TO OJJHO U TO XKE.

I'maBHOE CBOMCTBO MaTepUH, ABUKEHUE, IIPEICTABIACTCA JUHAMUYHBIM
IIPOCTPAHCTBOM-MATEPHUEN.
1. CBs13b IPOCTPAHCTBA-MATEPHH C €BKJIUI0BBIM POCTPAHCTBOM.

TIpsiMble TMHUU JMHAMUYHOTO (¢ # const) MmydKa, He MePeceKaloT HCXOIHYIO

npamyto (4C — ) Ha GeckoHeunocTH (puc. 1), TO eCTh IapaenbHbIe.
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Puc.1.1. lunaMmuyHOe NPOCTPAHCTBO-MAaTEPHUSI.
beckoHEeYHOCTh HeNb3s1 OCTaHOBUTH. [[03TOMY ATMHAMHUYHOE TPOCTPAHCTBO-
Marepus My4yKa NapaJuleIbHbIX NPSIMbIX JJUHHM, CyIIECTBYET BCETIA.
OpToroHanbHble IMYyYKH TPSIMBIX JUHUH-TPAEKTOPHUI, UMEIOT COOCTBEHHbIE
BHEIIHKE (X +), (Y+)nois. Ouu oOpasyror Henenumsle O6nactu Jlokanuzanun

(X1), (Y+). Ilpu atoMm EBKIMA0BOE POCTPAHCTBO C HEHYJIEBBIM (go #* const) yIjiioM
[apajuIeIbBHOCTH B KaXK101 CBOeH (X,Y,Z) OCH, TEPAET CMBICIL.



Takoe TUHAMIYHOE (@ # const) IPOCTPAHCTBO-MATEPUS HMEET CBOH
reoMeTpudeckue (HakThl, Kak akCHOMBI, He TpeOyrolue J0Ka3aTeIbCTB.
AKCHOMBI IMHAMHMYHOI'0 NPOCTPAHCTBA-MATEPUH
1. HenyneBoii, IMHAMUYHKI YTOJI IapaienbHOCTH (¢ # 0)# const, mydka

TapajenbHbIX IPAMBIX, ONpeeNseT OpTOroHanbabie mojs (X —) L (Y -)
MapajuIeNIbHbIX JIMHUM - TPAEKTOPUH, KaAK U30TPOMHBIX CBOMCTB, TPOCTPAHCTBA-
MaTEepUH.

2. HyneBoil yron napajienbHOCTH (¢ = 0), JaeT «IJIUHY O0€3 IHUPUHBI» C
HYJIEBBIM WJIM HEHYJIEBBIM Y, - panycoM chepbl-TOUKH «HE UMEIOIIEH YyacTei» B
EBKinI0BOM akCMOMATHKE.

3. Ilyyox nmapasiesbHbIX MPSMBIX C HYJIEBBIM YIJIOM NapajuleJIbHOCTH
(¢ =0), «onMHAKOBO PACHIONOKEHHBIH KO BCEM CBOMM TOYKAM» , JA€T MHOKECTBO
MPSIMBIX JIMHUHI B OJTHOM «0e3 mupuHb EBKINAOBOM NPSAMON JIMHUH.

4. Buytpennue (X —),(Y ) u sremnne (X +),(Y +) moms muHMIA-TpaeKTOpHiA
HEHyJIeBOH Y, # 0 MaTepuaibHOU cepbl-Touku, 00pasyroT Henenumyto O6mactsb
Joxammamuu HOJI(X +) umn HOJIY +) TMHAMIYHOTO MPOCTPAHCTBA-MATEPHHL

5. B enuHbIX nonsax (X -=Y +), (Y -=X +) OpPTOrOHAJIbHBIX JIUHUM-
TpaexTopuii (X —) L(Y ) HeT IBYX OIMHAKOBBIX chep-TOUEK U IMHHUI-TPAeKTOPHIL.

6. TlocnenosarensHocTh Henenumpix O6macteit Jokammsanuu (X ), (Y £),
(X£)... mo pagmycy Y, #0 chepbI-TOUKH Ha OJHON JTHHUH-TPACKTOPHUH JAET n
CXOJMMOCTb, a Ha PAa3JIUYHBIX TPAEKTOPUAX m CXOJUMOCTb.

7. Kaxxnot Hepenumoit O6nactu Jlokanuzauuu npocTpaHCTBa-MaTepuu
COOTBETCTBYET eanHULA Bcex ee Kpurepues DBomonuu — K3, B eqnHOM
(X -=Y +), (Y -=X +) MIPOCTPAaHCTBE-MAaTEePUHU HA m —n CXOOUMOCTAX,

HOJT= KA X-=Y +)KAY-=X+)=1, HOJT=KXm)K3n)=1,

B CUCTEME YHUCEJl PABHBIX 10 aHAJIOTUU €AUHULL.
8. @ukcanus yrna (o # 0) = const WIH (¢ = 0) MyYKa OPSIMBIX MapATIIETbHBIX

JIMHUHW, TPOCTPAHCTBA-MATEPUHU, HAET S-U MOCTYJAaT EBKINIA U AaKCUOMY
MapaIEIbHOCTH.

JIro0ast Touka GUKCUPOBAHHBIX JIMHUM-TPACKTOPUM, MPE/ICTaBICHA
JIOKaJbHBIMU 0a3UCHBIMU BEKTOpaMu PrUMaHOBOTO MpocTpaHCTBA:

oxX . oY . oZ .oox . ooxt . o
e, =—-i+—j+—k, e =——i+—j+—k,
ox'  Ox' Ox' oxX oY oz

¢ hbyHIaMEHTAJIbHBIM TEH30POM €, (x")*e, (x") =g, (x") u Tonojorueit (x" =X,Y,Z)
B EBKimmnoBom mnpocrpanctse. To ects, PUMaHOBO pOCTpaHCTBO, 3TO
(buKcupoBaHHOE (go #0)= consl‘) COCTOSIHUE JUHAMUYHOTO (go # consl‘)
MPOCTPAHCTBA-MATEpUU. HaCTHBIM ClIydaeM OTPULATEIBHON KPUBU3HBI
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pocTpaHcTBO reomeTpun JlobaueBckoro (MaTtemaTuueckasi SHIIMKIONENS, C.).
EcTb neBsITh OTIIMUUTENBHBIX MPU3HAKOB reoMeTpuu JIO0aueBCKOTO OT T€OMETPUH
EBxnmuaa (puc.2). (Marematuueckas sHIMKIONEANs, .S, ¢.440-442).

) (CmupHOB T.1,¢.186) PumanoBa npocTpaHCcTBa, €CTh
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Puc. 1.2 U3oTponHasi fTMHAMHKA.
OIHUM U3 TIPU3HAKOB, €CTh cyMMa 0° < (Zar) <180° yIIIOB TPEYrojbHUKA, B OTIHYHE
OT €BKJIMIOBOM UX MPOEKIMU (Zor)=180" Ha MIOCKOCTh. PaBHBIC TPEYroJIbHUKH, C
PaBHBIMU YIJIAMHU B BEPILIHUHAX, B IIyYKE NIAPAJUICIbHBIX IPAMBIX JUHUN-IIPOEKIUN
MPOCTPaHCTBA-MaTEPHUH, €CTh MOAOOHBIMU TPEYTOJbHUKaMU B EBKIII0BOM
IpocTpaHCcTBE. PaBHBIE TPEYTOJIBHUKU POCTPAHCTBA-MATEPUH JIEXKAT B
MOBEPXHOCTSAX paBHBIX B pocTpaHcTBe JlobaueBckoro cep, HO C pa3IUYHBIMU
panuycamu EBknnoBsix cep. B quaaMuaroM (¢ # cons?) mpocTpaHCTBe-
Matepuu, 3Tu EBKIINI0BbIE chepbl pa3IuuHbIX paIuycoOB, €CTh OAHOU cepoi
HeCcTAlMOHAPHOI0 EBKJINI0BOIO NPOCTPAHCTBA, KOTOPOro HET B EBKINI0BOM
akcuoMartuke. PUMaHOBO ITPOCTPAHCTBO IIPU 3TOM, UMEET JUHAMUYHYIO
toronoruio (x = XYZ + const), yero vetr (x™ = XYZ = const) B EBxinaoBom
cTaMoHapHOM npocTtpancTBe. Cama EBKIMA0Bas akCMOMAaTHUKa UMEET
coOCTBEHHbIE HEpa3pelnMble poTuBopeuns. Hanpumep:

1. MHOXeCcTBO TOUEK B OJJHOM «HE MMEIONICH JacTe» TOUKe, JaeT CHOBA
TOYKY. DTO TOYKA MUJIM UX MHOKECTBO, OMPEEIAEMOE JIEMEHTAMHU U UX
B3aUMOCBSI3bI0?

2. MHOXECTBO JIMHUH B OJHOU «JJTMHE 0€3 IHUPUHBI», 1aeT CHOBA JIMHUIO.
DTO NUHUS WU UX MHOXKECTBO OMPEAEIISIEMOE aHAJIOTUYHO ?

OTtBeTOB Ha Takue Bonpockl EBKIIMIOBas akcMOMaTUKA HE AaeT. Ecin Bo
BpEMEHA J10 HAILIEH APbl, 3TH AKCUOMBI BCEX YCTPAUBAIIU, I U3BMEPEHUN
riomaaeil, 00beMOB. .., TO B COBPEMEHHBIX UCCIEOBAHUSIX TAKUE aKCUOMBI
MPOCTO HE pabOTaIOT.

Hanpumep, o ycioBUsAM MapaiebHOCTH B INIOCKOCTH, npsMast tuHus OX,
HE NIepeceKaeT UCXOAHYIO0 psiMyto JIMHUIO AC—00, Ha 0ECKOHEYHOCTH.
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Puc 1.3 . /InHaMUYHBIA Iy40K NAapa/JieIbHbIX NPAMBIX JMHUH.
Ho B mpeaenax nuHaMudHOro(0E€CKOHEUHOCTh HEJIb3sl OCTAHOBUTH) YIiia ((p#const)
napauIeTbHOCTH, IMYYOK MPSIMBIX JIMHUW TOXKE HE TMepeceKaeT mpsaMyro TnHuio AC
Ha 0€CKOHEYHOCTU. DTO peanibHoe (X-), BI0Jb ocH (X), MPOCTPAHCTBO
AMHAMHYHOTO MTy4YKa MPSMBIX JIMHUNA, KOTOPOTO MBI HE BUIUM B EBKIHIOBOM



npocTtpancTBe. IMEeHHO 371eCh BBOAUTCS HOBOE (DyHIAaMEHTAJIBHOE MPEICTaBICHUE
0 IMHAMUYHOM IIPOCTPAHCTBE MydKa MapauieIbHBIX TPAMbIX JTuHUM. Takoe
TuHaMHUYHOE (X-) TPOCTPAHCTBO MapaJUICTbHBIX JIMHUM — TPAEKTOPUM, CBOJIUT HA
HeT EBKIMA0BOE MPOCTPAHCTBO HA MPENENbHBIX yriax napaiaeabHocTd ¢(X-) B
Kaxoi ocu (XYZ). B 2-mMepHOM IIpOCTpaHCTBE, HYJIEBKOM YI0Jl MapaieIbHOCTH
(¢9=0) nns (X-) u (Y-) nuauit, naet EBKiIMa0BbIC IPSAMBIC JTUHUH.
B npenenbHOM ciydae HyJIeBOTO yriia napasmuiebHoCTH (@ = 0) B KaK10H ocH,
JTUHAMHYHOE NMPOCTPAHCTBO-MaTepus NepexoauT B EBKIMI0BOE MPOCTPaHCTRO,
KaK YacCTHBIN CiTydaid. DTo ri1y0OKHe U MPUHIIUITUAIBPHBIC U3MEHEHHS CaMOM
TEXHOJIOTUU TEOPETUUECKHUX UCCIICIOBAHM M, KOTOPbIe (POPMUPYIOT HAIIIH
npejacTaBieHus o0 okpyxaromem mupe. Kak BuguMm, B EBKingoBom
MPEACTaBICHUN MPOCTPAHCTBA, MBI MHOTOT'O HE BCE BUJIUM. ITHU MPOOJIEMbI
perarTcs B JUHAMHUYHOM MPOCTPAHCTBE-MATEPUU HA m —n CXOAUMOCTH cdep-
TOYCK, Ha UX (X-) L (Y—) TPpACKTOPHAX B €AUHOM (X+=Y-) , (X-=Y+)
npocTpancTBe-marepuu (puc. 1.1; 1.4).
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Puc 1.4.. tmnHAMHMYHOE ¥ €BKJIU/I0BOE NPOCTPAHCTBO .
duKcalus BO BpeMEHH JMHAMUYHOTO YIJla MapajijieIbHOCTH, 1aET
EBKIMIOBYIO aKCHMOMATUKY MPOCTPAHCTBA-BPEMEHU. ITHU (¢ # 0) = const U (@ = 0)

YacTHBIE CTy4an EBKIMI0BOH aKCHOMATHKHM, JHHAMHUYHOTO (¢ # cons)
MPOCTPaHCTBA-MaTEepPHH, JISKAT B OCHOBE BCEX COBPEMEHHBIX TEOPHUH.
2.EnuHoe npeacTaBiieHHe BCero MPOCTPaHCTBa-MaTePHUH.
JInHaMUYHOE TIPOCTPAHCTBO 3TO PopMa MaTepPHH, IOITOMY TaKHE
HEEBKJINIOBbIC T€OMETPHUYECKHE CBOMCTBA MPOCTPAHCTBA, COOTBETCTBYIOT
buznyeckuM cBoiicTBaM Matepun. VIcXos U3 ykazaHHBIX aKCUOM JTUHAMHYHOTO
MPOCTPAHCTBA-MAaTePUH, HIMECIOT MECTO MOCTYIaThl (PU3HMYECKUX CBOWCTB MaTepPHH,
KaK HEeBKJIUJJOBBIX T€OMETPUICCKUX CBOMCTB.
MNOCTYJIATHI

1. TIpunumast pakt guHamugHoOM chepor (R(X — ;Z%o) Kak rnosue BceeneHHoM,
B 3TOM M0JI€ BhIAENsETCs cucteMa koopaunar 0JI;(m) cxoaumoctu
kBaHTOB (X=), (Y+),(X%),... TMHAMUYHOTO MPOCTPAHCTBA-MATEPHUH.

2. B takom mnosie BeeneHHO# UMEIOT MecTo MaccoBbie Tpaekropun (Y —) =
(ej..e”..y;)u (X =) = (pj..p*..v;") Bemectra, a reomerpuuecKue
CBOICTBA aHTUBEIIIECTBA, JAIOT CTPYKTYpHBIE DOPMBI BEIECTBA, B BU/IE
MOJIETIH TIPOTYKTOB aHHUT WIISIINN
nporona (X+=p*) = Y—=y)X+=v;)(Y— = y{), uananornuso



snektpoHa (Y+=e") = X—=v, ) Y+=yHX—=v;),

s (OJ1;) ypoBHs HenenuMbix kBautoB (p*, e~ , Vi, Vo, Ve, ¥ '), B
eauHoM (X—=Y+), (X+= Y —) npocTpaHcTBe-mMaTepuu.

. B maccoBbix (Y— = X+) monsix, usmeHenue kpuBu3Hbl p(X +) mosns
rpaBUTALNK, MEHsET nepruoabl () TMHAMUKHN KBAaHTOBBIX TPACKTOPHIA

(Y =) = (ej..e"..y; ) , IO KOTOPLIM U3MEPSIIOT, X011 Bpemenu (t = N = T).
Peub 0 enuHOM npocTpaHcTBEHHO (X+=Y-) BpeMEHHOM KOHTHHYYME.

. Ucxonsa uz HOJI=K3(m)K3(n)=1, HeeBKIUI0BOTO TUHAMHUYHOTO
IPOCTPAHCTBA-MaTepUH, B cucteme koopaunar 0JI;(m) cxoqumocry,
MMEIOT MECTO O0BEKTHI Rj; (1) CHHIYJISPHOCTH, KOTOPBHIE HE MPOSIBIIAIOT
cebs B npyrux O6mnactsx Jlokanusamuu 0J1;, 1 wimm OJ1; 1 HEnETUMBIX
kBaHToB (X+), (Y+),(X1),... mnpocrpancTBa-mMaTepuu. Takux 00bEKTOB
Rj;(n) cunrynsapuoctu (HeBuauMbIX), B 0JI;(m) cucreme koopauHar,
MOXKET ObITh MHOXECTBO.

a. 00BEKTHI Rj;(N) CUHTYJIAPHOCTU B MACCOBBIX TOJISAX
HOH=m(pj)m(vi) =1,wm HOH=m(ej)m(yi) =1,j=123..., i=
1,2,3..., Bkitoyarot B ce0st OJI; ypoBeHb HEICIMMBIX KBAHTOB
(p*, e”, vﬁr , Yo, Vo, Y1), Hammx aTomoB,

b. B OJI, — ypoBHe HenenuMEIX KBaHTOB (p*, €™, Vi, Yo, Ve, V™),
M3BECTHBIX HAM aTOMOB U MOJIEKYJI, MbI He BUAUM KBaHThI OJ],
OJ1_4, OJI_,... dusuueckoro Bakyyma, uinu kBautel OJI,, OJI3,
OJl,... ypoBHeEi1 sipa 3B€3/, TaaKTHUK... , HO Mbl MOKEM BUJIETh
kpuBu3ny tpacktopuii (Y— = y) dortoHos B p(X+) mosne
IpaBUTALIMK HATIPUMED, SAPA 3BE3/IbI.

Hunamuka equnoro (X—=Y+), (X+= Y —) npocrpaHcTBa-MaTepuu u
ero (X1), (Y+) kBanroB Ha (X-) uiu (Y-) TpackTopusix, GUKCUPYETCS B
¢du3nueckoM BakyyMme, HeBUIUMbIX HaM kBaHTOB OJI,, OJI_;, OJI_,...
YPOBHEH MPOCTPaHCTBA-MATEPHH, B BhIJICJICHHBIX HarpaBiieHus X (XYZ)
EBxinnoBoro npoctpanctBa — BpeMenu (t=N*T). Kpurepuun DBomtounu
(KD), bopmupyiores B npoctpanctse (KN TTV) ckopocreit s (N=1), B
suie HOJI=W;vi=1, 00beKTOB R;;(n) CUHTYISAPHOCTH, MK €8x = Jik -

. B rakoii (Y=K*")(X=T") cucreme xoopaunar scex Kpurepues
Aeomonun (KD), Bo BropoMm kBajapante (Y=K V) (X=T ") maOromMepnoro

IIPOCTPAHCTBA CKOPOCTEH, MOKHO BBLIEIATH ckopocTh (W=K 1T 1),
- K?

yckopenue (b=K *1T~2%), norenman (I1 = == W?), maccy (m = IK) unu
3apsan (q = lIK), mnotHocTs (p) 3apsaoBbix q(X—= Y +) uinm MaccoBbIX

. 1
m(Y— = X+) noneii B Bune: (p = % == v?), u T.1. VX quHAMuKa B
(R(X — ;-Z%o) nosie Beenennoid, ¢ 0J1;;(m) cucremoit kKoopauuart, ¢ (4)
niuHo# BoHb! 1 (T) mepuogom auHamuku kBautoB (X+), (Y +) ...
MPOCTPaHCTBA-MAaTEPUH, IMEET BUJ:



a. MX—)20% * p(X—)i2% =bj;(X—), ycxoperue b(X— =Y +) = g,

MY=)28 * p(Y=)i2% =bji(Y =), yexopemme b(Y— =X +) = —
b. Xoxa Bpemenu onpeaensiercs (t = N * T) nunamukoi nepuoaos (T)

, , o 1
MCXOJISI U3 OTHOCUTENBHBIX (j — [) TIOTHOCTEH (p = T—), Kak
ji

1
OTHOCHUTEJBHOTO NMepuoaa TuHaMuku T = —, kBaHTOB (X1),

N

(Y F), ¢ pasmmunoii (1) mmsoii Bomus. B A(X—)' - 0,
1

¢du3nueckoM Bakyyme, ¢ nepuonamu T;(X—) = NTTSES -0

nuHamuky B HOJI = t% = 1, name (OJI;-ypoBns) Bpemsi t — 0,
3amemsisiercs 10 Hysst otHocuTenbHO OJ1; (X —) ypoBHS du3nueckoro
BaKyyma. 11 Ha000pOT, IPH ABIKCHUH HA OECKOHEYHOCTh A(X—); —
oo mosig Beenennoi, Hamie Bpems (t) ¢ mepruojaMu JUHAMUKH

1

(t =N *T — 00) 6ECKOHEYHO JIOJITO.

¢usuueckoro Bakyyma, T;(X—) = — 00, OyZIeT JJIUThCS

NupiMu crioBamu, 1BUTAsCh Brayosr A(X —)i - 0, pusznueckoro
Bakyyma u3 (OJI;) ypoBHS HaIIKMX aTOMOB M MOJICKYJI, MBI yITUPAaeMCs B
«TBEpaoe THO» p;(X—) — 0o, c 3aMenJIeHueM BPEMEHHU HallleH
nuHaMuKkuy 10 HyJs (t — 0). Hao6opoT, ABuraThesi B 0ECKOHEUHYIO J1aJlb

(A(X—); — o), nons Beenenuoit, mpt Oynem (t = N * T — o)

6eckoHedHo a0aro. 3nech (A(X —);:’%0) osnadaer (M(X—)' — 0),u

A(X—); — ).

7. Omnpenenumcs ¢ Maccoil Henenumbix kBauToB OJI;- ypoBHs, npoTona p(X =)
u e(Y +) snexrpona. ITo cytu 310 pasnuunbie Maccel ¢ (X+)moaem CB-I'B,
CunibHoro u I'paBuTarnmonnoro B3zaumoseiictBus u maccoBbiMu (Y -)
tpaekTopusimu (Y — = e), B eiuHOM rpaBuT (X+=Y-) MaccoBOM TIOJIE.
Nuave ropopst €Cth My (p; ... vV;) Macchl u my (e ...y;) maccol Rj;(n)
00bekToB B 0JI; (M) cucteme koopauHar. Pa3inyHbie Macchl, HANPUMED
MPOTOHA U 3JIEKTPOHA, HAXOASTCS B €AMHBIX rpaBUT(X+=Y -)MacCOBBIX,
aekTpo(Y+=X-)MarHuTHbIX MOJISIX B3aUMOACHCTBUS, O€3 BCIKOr0o 0OMEHa
(¢boTOHaMHU B 3apsI0BOM B3aMMOJIEUCTBUM MPOTOHA U 3JeKTpoHa. [IpoToH He
MOXKET U3JIy4aTh (POTOH.

8. AKTyanbHBIM ecTb JBHXEeHUSI CTpyKTypHBIX @opMm (CD) namero OJI;-
YPOBHs aTOMOB U MOJIeKy1, B1oJib OJI;(m) cucremsl koopaunar. Ilepexoms
Ha apyrue (X-) u (Y-) tpackropun, apyrux OJI; umu OJI; @usnyeckoro
Bakyyma, Mbl MeHsieM COOCTBEHHbBIE MTEPUO/IbI JUHAMUKH, & PABHO U
cOoOCTBEHHOE BpeMsi TUHAMUKH JIBUrasch B0 BceneHHo.



2.1. Ennnbie Kputepun JBoa0nuHM NpOCTPAHCTBA-MATePHH.
Bcee Kputepun OBoironny JHHAMUYHOTO TPOCTPAHCTBA-MATEPUH,

Puc.2.1. Kputepuu JBo10OIUN B IPOCTPAHCTBE-BPEMEHM.
chopMHpPOBaHb B MHOTOMEPHOM Ha (M-n) CXOJAUMOCTSAX, TPOCTPAHCTBE —
BPEMEHH, KaK B MHOFOMEPHOM rpocTpanctae ckopocteii: W =K™NT™. 3nech mns
(N=1), V= KT CKOpOCTb, W2=I1 MMOTEHIIHAI, [I°=F cua.. ., 2-T0 KBaJIpaHTa.
Wx npoexuus Ha koopaunataoe (K) mnmu spemennoe (T) mpoctpancTBo-Bpems
natot: 3apsan [1IK=q( Y+ =X -) B anektpo ( Y+ =X -) MarHUTHBIX MOJSAX, LU
maccy [TK=m(X+=Y-) B rpasut (X+=Y-) MaccoBbIX momsix, suepruio E=IT’K,
umnyisce (p=IT"T), neiicraue ( h=I1°KT), ¥ T.11., €ANHOTO NPOCTPAHCTBA- MATEPUH
HOJI= (X+=Y-) ( Y+ =X -) =1. Beskoe ypaBHeHue cBoauTcs K 3TuM Kputepusam
Apomonun B Wh=K"TT, IIPOCTPAHCTBE-BPEMEHH.

2.2. Jaekrpo(Y+ =X -)MmaruuTHble U rpaBuT(X+=Y-)mMaccoBbie MOJI.
B enunom (X+=Y-) ( Y+ =X -) =1, npocTpaHCTB - MaTepuu, BEIBOASTCS
ypaBHEHUA MakcBemta' st anekTpo (Y+ =X -) marautHOro mnoss. BHyTpu
TeJEeCHOro yria ¢, (X-)# 0 napamiellbHOCTH €CTh U30TPOITHOE HANPSKEHNE
nmoToka A4, KoMmoHeHT (CMUPHOB, T.2, ¢.234). [ToiHbIM MOTOK BUXPS Yepe3

CEeKYLIYIO IIOBEPXHOCTH S, (X—) B BUAE:
Hrot AdS, = jja(A [cosgy) LdT+HA s, .

A, KOMIIOHEHTa COOTBETCTBYET MYUKY (X -)TNapauledbHbIX TpaekTopuil. OHa
€CTh KacaTeJIbHOW BJIOJIb 3AMKHYTOW KPUBOW L, B MOBEPXHOCTU S,, rae S, LS,

u L, L L,. AHQJIOTUYHO, CIEIyeT COOTHOUICHHE: J A dL, = J I rot, ds,.

Z

COSQ,



Puc. 2.2-1. 3sekrpo(Y+= X—)marnutnsie u rpaBut(X+= Y —)maccoBbie
1OJIs.
BnyTpu TenecHoro yrima ¢, (X-)# 0 napamuiesbHOCTH BBIIOJIHIETCS YCIOBUE

A 0A

[[rot, —=—ads, +[[—rdL,dT =0=[[4,(x-)ds,.

s, COSQ, oT s,

B uenom ecth cucteMa ypaBHEHUN TUHAMUKU (X -=Y+) TOJIS.
0(A, /cosp,

)
jSljrotnAdS] = jjé—TdleﬂjSlendsl

[[rot,—2—as, =~[[Lear,ar , ul[ 4,as, -0.
s, COSQ, oT S,

B EBxnnnosoi ¢, =0 akcuomMaTuke, IPUHUMAs HAIIPSHKEHUE MOTOKA
BEKTOPHBIX KOMIIOHEHT KaK HaNPSDKCHUE DJIEKTPUYECKOr0 I10JIA
A,/cosp, = E(Y+) U MHAYKTUBHOM IPOEKLHHU JUIsI HEHYJIEBOIO yria ¢, # 0, kak

MHAYKIIMA MAarHATHOTO B (X-) moJyst, UMeeM

_((CE(Y+)
jS j rot, B(X-)dS, = AL dT + jS j E(Y+)dS,
OB(X—
erotyE(Y +)dS, = —jj(—)szdT , B YCIIOBUSX J' I A dS,=0= j?B(X —)dL, .
S, or s, L
ypaBHEHHUs1 MakcBea.
c*rot, BOY=) =& EID g Bvrays e*rot, E(Y4) = - % .

WHaykuyss BUXpPEBOr0 MAarHUTHOIO IOJIA B(X—) BO3HUKACT B IEPEMEHHOM
AIIEKTPUYECKOM E(Y+)I0J€ U HA00OPOT.
JJ1s1 HE3aMKHYTOI O KOHTYpa L, €CTh COOTHOLLICHUS J' A dL, = j 'f A4,dS, #0

L, S,
KOMIIOHEHT. B yCIIOBUAX OPTOTOHAJIbHOCTA KOMIIOHEHT A, | A, BEKTOpa A, B
HEHYJIEBBIX, AUHAMHUYHBIX (goX ;tconst) u (goy ;tconsz‘) yriiax napajjieibHOCTH,
Acosp, 1 (A, = A, cosep,), €CTb TUHAMUKA (A4, cos¢, = A,) KOMIIOHEHTHI BIOJIb
KOHTYpa L, B MOBEPXHOCTU S, .
O6a cOOTHOIIEHUSI TIPEICTABISIOTCS B TTIOJTHOM BUJIC.

A4, cospyr, = [ LALEDTEL gy g [ 4,5,
L, S, S,




HyneBoil noTOK 4epe3 MOBEPXHOCTh S, BUXPS (rot, A,) BHE TEJIECHOTO yria

n-"m

(@, # const) mapannenTbHOCTH COOTBETCTBYET YCIOBHSM

[[rot,4,ds, + [ %TdLIdT =0=[[4,(Y-)as,.
S, S

B ocJIoM CUCTEMaA ypaBHCHI/Iﬁ JUHAMUKH (Y-=X+) IOJIA MMpCaACTaBJLACTCA B BUJIC!

J“Z[I’Ol‘mAm(Y )dS J‘J‘ 6(/1 (X+)T COSgDX)

dL,dT + || 4,ds,
S

n-—"m

Hrot A (X+)dS, =—H'"—deT [[4,(r-)ds, =0.

BBojs o ananoruu HanpsoKeHHOCTh G(X +) modist CunbHOTro (I'paBUTAIIMOHHOTO)
B3anmopaeicTBrs 1 MHIYKIIMIO MAaCCOBOTO MOJIA M (Y—-), OJYYUM aHAJIOTUYHO:

j j rot, M(Y-)dS, = j j % dL,dT + £ j G(X+)dS,

Urot G(X+)dS, = —ULY)dL dT, mpu j [4,(r-)ds, =0=§M(y-yL, .

TaKI/Ie YpPaBHCHHUA COOTBCTCTBYIOT I'PDABUT (X+=Y-) MacCOBBIM IIOJISIM,

cxrotyM(Y —) = — aG(X+) + A,G(X+), cx*xrotyGX+)=—u, aMa(;_) ,

110 aHAaJIOT'HHU C ypaBHCHI/IHMI/I MaKCBeHHa IJIA 3JICKTPO (Y + = X-) MaroHuTHbBIX

noJjiei. 31ech MpeacTaBlieHa eIuHasi MaTeMaTHIeCKas HCTHHA TAKKX IIOJIEH B
€IMHOM, JMHAMUYHOM IIPOCTPAHCTBE-MAaTEPHH.

Takum o6paszom, moBopothl 1ot B(X —) mrot M(Y —) TpaekTopwii,
natot quHamuky E'(Y+) u G’ (X+) cunosoro anexrpuueckoro (Y+) u
rpasutannonnoro (X +) momueit, cootBercTBeHHO. A moBopotsl (Y +) moseii
BOKpYT (X —) Tpaekropwmii u (X +) moneit Bokpyr (Y —) Tpaekropwuii, qarot
nunamuky rot E(Y +) - B'(X—), u nunamuky rot G(X +) - M'(Y—)
MaCCOBBIX TPAEKTOPHIA.

rot(Y+)

rot{X+)

Puc.2.2-2. EnquHble nonst npoCcTpaHCTBa-MaTepUn
[ToBOpOTHI BOKPYT OCel (z; 7, z3) nuaroHanbHoi Matpulibl (KopH, ¢.449)

z1 0 O
0 z2 0| =1, xak EBKIMIOBHIX Z; 1 7 1 73 ocen
0O 0 z3



B noyisix eaunoro (X —) = (Y+), (Y —) = (X+) npoctpaHcTBa-MaTepuy,
MPEJCTABISIOTCS COOTBETCTBYIOIIMMUA MUHOPAMH MAaTPHUILIbl COCTOSHUS
JTWHAMUYHOIO IPOCTPAHCTBA-MaTEPHH.
z1 a2 (Y+) apz(X+)

ay1(X—) z2 az(Yh) [ =

az1(Y—) az(X+) z3
_, 72 a,3(Y+) z1 a;3(X+) z1 a;,(Y+)|

Masg, (XF) z3 az1(Y—) z3 a1 (X—) 72 ’

B cOOTBeTCTBYOMUX 3apsaaoBbiXx (Y+= X —)u maccoBeix (X+= Y —) Tpaekropwi.

+Z2 +Z3

ITepBoe crmaraemoe ecth cTpykrypHast popma (X+) u (Y +) xBaHTOB B (2/)
HarnpasieHuu, Bropoe s5ekTpo (Y+= X —) maruutHbeie u rpaBuT (X+=Y —)
MAacCoBBI€ TI0JIs, B (puKcHpyeMoM z; - (X-) L (Y-) mpoctpancTee-matepun. s

€IMHUYHBIX Macc M, = 1, unu m, = 1 Hegenumsix kBantoB HOJI=1, c 3apsgom

y
qg=(my=1) = (a = %7) *(G =6,67+107%) = 4,8+ 107", 3nech a;; = cosgp
KOCHHYCHI TIPEIENTBHBIX YTIIOB MapasIelbHOCTH.

2.3. CBsi3b aKCMOMATHKH JUHAMUYHOr0 U EBKJINI0BOr0 nmpocTpancrTaa.
(X-) u (Y-) TpaekTopuu NpeACTaBISIOTCA MPOCTPAHCTBOM cKopocTeit  v(X)
KOMIIJIEKCHOTO ITpocTpaHcTBa EBKIIMI0BOI aKCHOMATUKU TOYEK U JIMHUM.

Cxkopoctu: iv(X) sing= V\/ (+sin@) (—sine), wm v(X)= v(cose+i sing)= ve'?.
3nech (p=wmy t), yroa napasmienbHocTH. B ycinoBusix JlokansHo# HBapraHTHOCTH
(JIN), nns HOH=ch(Y10)(X+)cos (©)(X-)=1, ¢£90°, mpu =0, cos (¢)=1, nmeem

X X=0 X
ch(==)=1, ch(—)=1, unu ch
(YO) > ch YO =1, (Y0—>oo
PenstuBucrckas nauHamuka B rpynme JlopeHna, ¢ noBoporamMu B pUKCUPOBAHHOM
mockoctu (YZ) kpyra npu nepexojie u3 2 B Touky 3 nuHuu (X-) TpaeKToOpHH, 1Mo

YCIO0BHAM HI/I, COIIPOBOXKAACTCA HpCO6p330BaHI/IHMI/I FI/IHep60JH/I‘ICCKOF0

)=1, EBkinioBoii cdepsl (o0) paauyca.

X
JBHOKEHUS ch(Y—O)(X+) noJist KBaHTa (X=), B JaHHOM ClTy4ae.

v(X)
Eﬂ-’t}'{) sing
{,-’:; V(X) cos @
- V(X) sing
e

Puc. 2.3 Eaunoe npeacraBjieHue TUHAMUKHI

st (2y) BonHOBOM (Y=Y-Y() yukuu, (iy=,/(+y)(—y)), noayuyum
npeobpazoBanus ye* el @l=jye®* Ot 15q (X+). [TpocTpaHCTBO CKOPOCTE
nuHUU - Tpaektopun (X-)=v(X)= v(cos ¢+i sin (), B IKCTpeMaJIIx



o X o
npeodpazoBanuii npu (t=0) unu (ax = oo 0), 1aroT HYJEBOU yroJ

napamienbHocTH (@ = ax + iwt = 0), To ecth EBKiTA0BYI0 0OCh (X).
Ve(Y-) 1
Tl = cosp (Y-) = a= gz, (V).
ananoruuno cos @ (X—) = VG, (X4) kBaHTa, npeienbHbIX (), 4x) YITIOB.
YpaBHEHHE IEPEMEHHBIX aCUMITOT TurepOonbl YX=1, y=y'X, c (y #const)
naet (y '#0), ypaBHeHus: y=y 'X. Takue ypaBHEHUS UMCIOT PEIICHHUS YPaBHCHUS
Jlupaka, ¢ yka3aHHBIM CTIOCOOOM BBEICHHSI KATHOPOBOYHBIX MOJICH M CKAISPHBIX
6030H0B. ['unep6onsl HOJI= KX X-=Y +)KAY—= X +)=1, HepeMeHHBIX aCUMIITOT,

wm HOJI= Ka(m)KS‘(n) =1, B akCHOMax JMHAMUYHOI'O IIPOCTPAHCTBA-MAaTEPUH.

2.4. llpeacTaBiieHue OCHOBHBIX YPABHEHHMI TMHAMUKH B IMHAMHMYHOM
NPOCTPAHCTBE-MaTEePHH.
Jlns (X +) KBaHTa TMHAMHYHOTO TIPOCTPAHCTBA-MATEPUH, TMHAMHUKA

B skcTpemansix, 3 COOTHOIIEHU N

KBaHTOBOTO (X +) mons B3amMoeiicTBHsA, XapakTepusyercs B EBKIHI0BOM
Y2
IIPOCTPAHCTBE-BPEMEHHN K, NPOEKUUEN paguyca KpUBU3HbI K =y (CmupHoOB, T.1,
0

ctp. 186) hukcupoBaHHOM cepsl, KacaTeabHON BHYTPHU TEICCHOTO yriia
NapauIebHOCTH @, (X —) TpaekTopuu B TaHHOM ciydae. Ota K, HpOEKIHs
pannyca K, siBisercs QyHKIUEH ypaBHCHHN THHAMUKH.
X X X X
Y,| v + 1\ v v X X
Y=K,="{e"+e" |, —|e"+e™ |=ch—=exp|—|, Y,>0, X=0,Y=Y,,
2 2 Y, Y,

0 0

2 2
1+(Y’)2:[£J , Y”=L2, K:ﬂ, Y=KY=KcosgoX(X—)zKexp[i£j,
¥ Y Y

rie K - pamuyc KpuBH3HBI (X —) Tpaektopuu (X +). Ilpy 5ToM - QyHKIHMS

XapaKTepu3yeT TOJIBKO JUHAMUKY TV, :i-‘Y -Y|, ¥,>0, ty==Y,

KBaHTOBOI'O (X +) I10JIS1 B3aUMOJCHUCTBUS WIIN (X —) TPAaeKTOPUHU B Ipeaeaax

Oy (X —);t const, yriia MapauieIbHOCTH. YCIoBus ¢, =0°, marotr Y=Y,, w=0.
Takyto GyHKIMIO HA3BIBAIOT BOJHOBOM (PyHKIIMEN COCTOSIHUSA TUHAMUYHBIX
KpurepreB DBomonum KBaHTa (X J_r), KaK HEOIPEAEIEHHOCTb paBHO IapajlyIEIbHBIX
JIMHUM Ha (X —)TpaeKTOpI/II/I. AHnanoruu s (Y J_r) KBaHTa IIPOCTPaHCTBa-MaTEPUH.

(G208
Y.

0

C onHOM CTOPOHBI IpoeKUUsA K = - paanyca KpUBH3HBI (X —) TpackTopHu

kBaHTa (X +) IMHAMIYHOTO MPOCTPAHCTBA-MATEPHH B BUAE K, =Y = Yoché ,

0
ABIIgeTCs peuieHueM auddepeHnasbHOro ypaBHEHUs JTUHAMUKH
JNEUCTBUTEIIBHOTO apryMeHTa X,
1 Y X X
Y'-| — [V =0, —=ch—~exp| —|.
Y. Y. Y. Y.

0 0 0 0



C npyroi ctopoHnsl mpoekuus Y =K, = Kcosa, (X —) (UKCHUPOBAaHHBIX
eIMHNYHEIX (K =1) - paJiycoB KpUBM3HEI (X —) TpaexTopun kBaHTa (X +)
ABJISACTCS PELICHUEM YPABHEHUS IMHAMUKH YK€ MHUMOI'O apryMEHTa,

1 K[ 5 = X
Y"+[—2JY=O, Y=Kcosa, =—|e" +e " zKexp[i—J.

Y, 2 Y,
[puHrMas HaYaabHbIC YCIOBUS HYJICBOTO yIja MapaieabHoCTH ¢, =0, B
EBKIMI0BOM IPOCTPAHCTBE UMEET MECTO COOTHOILIEHHUE Y =K cos 0° = K =¥, .
Besikoe ¢pukcupoBaHHOE HEHYJIEBOE 3HaUEHUE yrila NapajijieIbHOCTH
(¢, #0°) = const, B EBKINI0BOI aKCHOMATHKE, IIPH HATHIHH \/i+X - X)=iX ,
TIPUHITAIA HEOTIPEeIeHHOCTH TUHAMIYHOI (¥ =Y —) TpaeKTopuu, aeT ee
(UKCHUPOBAHHOE COCTOSIHUE B BUJI€ (DYHKIIMU KOMIUIEKCHOTO apryMeHTa,

(K, —YO):y/X(K,T):y/X(K)eXp[iéj , I Y, =const.
0

B ycroBusx ¢usndeckux Kpurepues DBomronuy kBanTa (X +)
JVHAMUYHOI'O IIPOCTPAHCTBA-MaTEPUU, UMEET MECTO YPAaBHEHHUE, JJIs
¢bukcupoBaHHON (X =Y,) cdepsl,

. 2
L2ED) ) e B ()

Peub et o BosiHOBO# (hyHKIIMM OgHOMEpHOTO ypaBHenus lpenunrepa
(BK®,c1p.270), kak 0 MaTeMaTHYECKUX UCTUHAX B aKCUOMax JIMHAMHYHOTO
IIPOCTPAHCTBA-MATEPUHU.

n* o
_EWWX(X’T):(E_V)WX(X’T)'
Takue e COOTHOIIEHHUs BONHOBOH GyHKIHN v, (K,T) B yparernn Ilpenunrepa,
MMEIOT KBAaHTH (Y +) IMHAMIYHOTO MPOCTPAHCTBA-MATEPHH, YK B Ipeaenax
JIMHAMHYHOTO YTJIa MApanenbHocTH @, (Y —) TpaeKTOpHH, ¢ KBAHTOBBIM
snextpuyecknM (Y +) mozem B3anMoeHcTBHS,
i‘/’y(KaT):i‘X_Xo‘ :

Takxum o6paszom, nuHaMuKka Kpurepues Dpomromun (X +) u (¥ +)kBaHTOB
JUHAMUYHOTO MPOCTPAHCTBA-MATEPUU, B YCIOBUAX OECKOHEYHO MAJIbIX UX
TUHAMUYHBIX chep-Touek X, -0 u ¥, — 0, CBOAUTCA K IMHAMHUKE UX BOJTHOBBIX
dyaxumit v, (K,T ) u v, (K,T). ®u3HdecKknii CMBICT TaKUX BOTHOBEIX (DYHKIIHH
YAOBJIETBOPAIOIINUX ypaBHEHUAM [lIpenunrepa, CBOAUTCS K MEXK DKCTPEMAIIBHOMY
cocTosiHMIO GuKcHposaHHEIX Kputepues Dromomuu (X +) u (Y +) monei
B3anMoieiicTBUs KBaHTOB (X £) u (¥ £) IMHAMHYHOTO IPOCTPAHCTBA-MATEPHH, B
Tpesenax uX COOCTBEHHBIX TMHAMIYHBIX YTIIOB MAPAIENbHOCTH @, (X —) n
@, (Y -) TpaexTopunii.

[Ipu OeckoHeuHO MaNbIX paguycax chep-Touek Y, — 0 B JaHHOM clyyae,
MPOEKIIMHU MTOBOPOTOB ¥ BO BPEMEHHOM MPOCTPAHCTBE BOJIHOBOW (PYHKITUH,

v,=Y=K,)-(¥,>0), HOT=0(X-—=Y+)I(X+=Y-)=1

b



B (uKkcHpoBaHHOM KpyTe x°, ¢ coOmpuKacaroniencs runep0oioi GuKkCUpoBaHHOM
aCUMIITOTHI, COOTBETCTBYIOT rpymie Jlopenmna (B.Ilaymu, ctp. 99, 105), B BUE,

X, =X, cosy +X,siny X, = X,chp+ X, sho

X, =-X,siny + X, cosy ’ )?4=—Xlshg0+X4ch§0'

B nporecce nuHamMuk# yria napajuieIbHOCTH d, (X —) TpaeKTOpHH KBaHTa

(X+) AMHAMHYHOTrO IPOCTPAHCTBA-MaTepUH (PHC. 2), TOUKA HEPECCUCHHUS
KacaTeIbHOI K (X —) TpaekTopuu ¢ EBKIMIOBOI OCBhIO X , CMEIAeTCs BB STOM
ocu. [Ipu 3TOM coxpaHsieTcs KoBapuaHTHAs JUHAMUKA BOJTHOBOUM (YHKIIMH B
rpymie JlopeHIia, Ipy cMeIeHHH BIoib (X =X —) TpackTopuu rpymmsl IlyaHkape.

, KBaHTa (X J_r)

B ycnoBusix tuHaMuKu BOJHOBOW (yHKUIMHU Ty, :i-‘Y -¥,

2 2
1+(r'y :[ij , lz[ij ~(r'y, (Y:Ky)zl// I Y, = const,

B TEXHOJIOTUU TUHAMUYHBIX akcuoM-(akToB umeeT mecto Henenumas O6mactb
Jlokammsamuu kBaHTa (X +) AMHAMHYHOTO IPOCTPAHCTBA-MATEPHH,

HOJI = i[l;/' +£J(X+ =Y —)i[l;/' —KJ(X— =Y+)=1.
Y, Y,
JI1s 3aMKHYTOM CUCTEMBI KOOPAMHAT, TEJIECHOIO YIJjla MapajlJICIbHOCTH @y (X —)
TPAeKTOPUM KBaHTa (X J_r) [IPOCTPAHCTBAa-MaTepUH KBaHTAa, B EBKIMI0BON
aKCHOMATHKE HYJIEBOTO yIJla MapajulelbHoCcTH ¢, (X —)=0°, Bce Kpurepun
9BOJIIOI_II/II/I TAKOI'0 yIJjia napajiyiIiCJIbHOCTH TOKC PABHBI HYIITO. B JaHHOM CJIy4dac

HMCIOT MCCTO COOTHOIICHMUA TaKUX KpI/ITepI/IeB SBOHIO]_II/II/I,

iw'_z =0, l//'=£, Uim a_l//=£
5, Y, or Y,

B yciioBusIX npuHIUIIAa HEOMPEAETECHHOCTH 1 = +/(+y)(—y) BpeMEHHOI0 (X —=icT)

1
MPOCTPAHCTBA, ero CPT -CUMMETPUH, TJIC i = - OMpeJIeIieT C -3apsj, a

(Hyy = i‘Y -1
(X+) mpocTpaHCTBa-MaTepuy KBaHTA, €CTh UX COOTHOLICHHS KaK
MaTeMaTU4YeCKUE UCTUHBI JTUHAMUYHBIX akcuoM. [[ns EBKiMI0BOM akCHMOMAaTHUKHU
HyJIEBOT'O yIJIa apaieabHoCcTH ¢, (X —)=0, B BHIE,
: —H9 i:.ﬁa [ a_l//:Hl//a =_—(nH—Hn),
T h oT ih oT oT ih
MareMatuyeckux ucTuH ypaBHenuii [llpenunrepa u ['eitzendepra (I1.[Aupak, c. 83-
88). 3nech He 00CYKAACTCS UX JOCTATOYHO TIIYOOKUH (PU3UUECKUN CMBICT.
Iepexomuoe coctossHIe Kpurepuen DBomonuy KBanToB (X +) nm (Y +)
JTUHAMHYHOTO MPOCTPAHCTBA-MaTEPHUH, B MpeJeax UX COOCTBEHHBIX JUHAMUYHBIX
YIJIOB TapalIeNbHOCTH @, (X —) i ¢, (Y —) TpaekTopHii, COOTBETCTBYET

), IPOCTPAHCTBEHHYIO P -CHMMETpHIO, Ha (X —) TpaekTopum KBaHTa

on_1

MaTpHULIaM HAaYaJbHOTO U KOHEYHOI'O COCTOSIHUSA, OTIEPATOPAM POXKIACHUS U
yHUUTOXEHHS X KputeprueB DBoNOLNH, C UX HEU3MEHHBIMU 3KCTPEMAJISIMU B
I'no6ansuoit UuBapuanTHOCTH. [Ipu 3TOM mepexogHOE COCTOSIHUE B OniepaTopax
KOOPJIMHATHOI'O U BPEMEHHOI'O IPOCTPAHCTBA B 3aKPBITOM CUCTEME HYJIEBBIX



YIJI0B MApajuIeNIbHOCTH (¢ = 0) , B EBKIINIOBON aKCMOMATUKE, COOTBETCTBYET
ONEepPaTOPHOMY MPECTABICHUIO YPABHEHUN JTUHAMUKHA BOJTHOBOUM (PYHKIIUU

K\ o 8
H= =ih— E—H =0.
[ j E=ih—r ( =0

2m JoK?’

['amunpTOHMAaH H COOTBETCTBYET YPAaBHEHUIO DUHIITENHA B UMITYJIBCHOM
MIPEACTABICHUN

E_w , " =p2 +m’c®, ypaBHernma (E—H)y=0.

C C
o H
KBaI[paTHBII/I KOpPCHb TaMUJIbTOHUAHA —, 6epeTc51 B anre6pe KBAaTCPHHOHOB
C

B cTporux Marematuueckux uctunax (Kops, ctp. 449).
b12<=1,2,3 =1, bj =1, b.b,—b,b,. =0,

Aoz #mi e = Jloepy +bmNby i +bme) = by py +bme)

VYpaBHeHUE AMHAMUKH BOJHOBOM (PYHKIIMU MPUHUMAET BUJ ypaBHeHuUs [upaxa,

(E-H)y =0, [W-gjw:o, (W —bg py —bymely =0,

0 0
(———b. —)—b =0
(l (C9T K aYK) 4mc}// >

rae b, ,b, marpunbl Hupaxka (I1. Iupak, ctp. 77), Kak MaTeMaTH4Ye€CKON UCTHUHBI
anTeOpsI KBaTEPHHOHOB (DUKCHPOBAHHOH cephl, B TENECHBIX ¢, (X —) yrmax
NapaIenbHOCTH Uin @, (Y —) TpaeKTOpHiA, ¢ MPUHIKIIOM HEONPEAEIEHHOCTH B
Kax10¥ EBKIMI0BOM OcH cepbl HAa ITUX TPACKTOPHUSIX.

Peub 0 MaTeMaTUYECKUX UCTUHAX TEXHOJIOTUU JUHAMUYHBIX AKCUOM,
kBaHTOB Henenumbrx OGnacteit Jlokanuzanuu TMHAMUYHOTO TIPOCTPAHCTBA-
MAaTepUH, KOTOPbIE COOTBETCTBYIOT MATEMATUYECKUM UCTUHAM TEXHOJIOTUU
KBaHTOBBIX TEOPHUM B EBKIIMI0OBOM aKCMOMATUKE POCTPAHCTBA-BPEMEHU.

2.5. Ckaasipabie 0030HBI.

JleiicTBue KBaHTa /i = ApAA = FAtAA , 3a(DUKCUPOBAThH B MPOCTPAHCTBE AL
WITH BO BPEMEHH Af HENb3s. DTO CBA3aHO C HEHYNEBEIM (@ # const) yrioM
[apAJIIEIBHOCTH (X —) MU (Y-) TPAGKTOPUM (X +)Uiu (Y+) KBaHTAa IPOCTPAHCTBA-
Matepuu. EcTb TOJIbKO HEeKasi BeposITHOCTD JercTBud. [IpeoOpazoBanus
PENSITUBUCTCKON AMHAMUKH BOJTHOBOM v - (YHKIIUU KBAaHTOBOI'O MOJIS C |l//|2 -

IUIOTHOCTBIO BEPOATHOCTU B3aUMOJIEHCTBUS B (X +)10J€ (PHC.3), COOTBETCTBYIOT
['no6ansuo UeBapuanTHoi w(X)=e 7 (X), a=const rpynne Jlopenua. Itu

npeo0pa3zoBaHusl COOTBETCTBYIOT OBOPOTAM B IUIOCKOCTH Kpyra S, U
PEIISITUBUCTKY - UTHBAPUAHTHOMY ypaBHEHUIO J{npaxa.
_op(x) _ow(x)
z;/#——ml//(X)zo, " zyﬁy—mw()() =0.
ox, ox,
Takass ”THBapUAHTHOCTH TAET 3aKOHBI COXPAHEHHS B YPABHEHUSX JBUKCHUA.
Jlnst mpeoOpazoBaHuil PESITUBUCTCKON TUHAMUKU B TUIIEPOOIMUYECKOM JBUKCHUH,



AY
"‘i;“ —A X _.?cfi(a}f)
i g 5y
& 7T B
/ g e i :
: x/ :K ?__f‘:‘::—__r—f’:!//\_l?i - _Ir_ l_ j|
! rw:""fff( ;
| (BN (X- ' X=iKT
\\ //-" B N 1 . i
. fers
Y v o
S~ (XP) <
_,/ ‘-H"H

puc 2.4 . KBaHT (X+) IMHAMUYHOI0 IPOCTPAHCTBA-MATEPHUH.
B ypaBHeHUHM Jlupaka mosIBISIETCA NOMOJHUTEIBLHOE ClIaraeMoe.

op(x)  alx)
i7, L—mv/(X) +iy, QV/(X): 0.
ox,, ox,,
I/IHBapI/IaHTHOCTB 3dKOHOB COXPAHCHUS HAPYIICHA. I[.TIH X COXpPAaHCHUA
BBOOATCA KaJII/I6pOBOqHBIe noyig. Ouu KOMIICHCUPYIOT JOIIOJIHUTCIIBHOC CJIaracMocC

B YPABHEHHUH.

A4 (x)=1, ()i 20y iy{aim# (x)},(x)_ my(X)=0.
Xy

Temnepb yxe B TaKOe ypaBHEHME, HOACTaB/As 3HadeHue v (X )= e (X),

a(X)# const BOTHOBOH (QYHKIIHH, TIOMy4HM HHBAPHAHTHOE YPaBHEHHE

PENSTUBUCTCKOM JUHAMUKH.

.0 :

iy, %—7/#14#()()1;/ —my =iy,

"

8a(X)l/7_ml/7: 0
ox

i

oy . da(X)

+i v —v A (X —i
o T o VT (X =iy,

iv, a—w—y#Z#(X)tV—le =0, wWm iy, i+iZy(){) v —miy =0.
ox, ox,,
910 YPAaBHCHHUC MHBAPHUAHTHO UCXOOAHOMY YPABHCHHUIO
. o .
zy#[g cid, <X>}y<x>— () =0

"

B ycnosusax 4,(X)=4,(X),u  4,(x)=4 o

u
HaJIU4us CKasipHoro 6030Ha (y/(+a)(—a) =ia(AX) # 0) = const, B npeaenax
KaIMOPOBOYHOTO (AX) = 0) 1ouist (puc. 3).

Takum oOpaszom, ckajsipHbie OO030HBI B KATMOPOBOYHBIX MOJISX, CO3/IaHbI
HCKYCCTBEHHO, JUIsl yCTpaHeHus HeocTaTKoB Teopruu OTHOCUTENHHOCTH B
KBAHTOBBIX MOJISX.

2.6. IIpeoOpa3zoBanusi pPeATHBUCTCKOM TMHAMUKH.



Henb3s onpenenuts cBoicTBa (X-) win (Y-) Tpaekropuu kBaHToB HOJI (X +),
(Y+) mpOCTpaHCTBA-MaTE€PUM, IO OJTHOU NPSIMOM, B AUHAMUYHOM ITyUKE

napajyiebHbIX NPAMBIX JIUHUA. DTOT GU3NUECKUN TPUHIIUI HEONIPEACIIEHHOCTH
h = ApAA = FAtAA , TMHAU-TPACKTOPHUH B IIPOCTPAHCTBE - BPDEMCHHU (AA,Atr) , KaK
(baKT 3KCepUMEHTa, €CTh aKCHOMOW JMHAMUYHOIO MPOCTPAHCTBA-MATEPHUH.
Henb3sa npu 5T0M, CHHXpOHHU3UPOBATH PEIATUBUCTCKYIO JUHAMUKY B
PaBHOYCKOPEHHOM [b” = consf] KPyTOBOM WJIH THIIEPOOTUUECKOM JIBUKECHHH.

4

Y? +(icT)* =[a’ :li_z = const] = (A72 +(icT)* # const): (72 +(icAT)* # const)

311eck, IPe06pPa30BaHKs PENATHBICTCKOH TMHAMUKI KPYrOBOTO (—) Mian

rumep6onuyeckoro (+) ABMKeHHs B KIaccuueckoil Teopuu OTHOCHTENEHOCTH

DiHIITEHHA HEIEHCTBUTEIBHBL. B yCIOBHSIX IIEPEMEHHOTO YCKOPEHHUSL, [b° # consi],

Takue NMpeoOpa3OBaHUs PENSATUBUCTCKON TUHAMUKYU TOXKE HEJEHCTBUTEIbHBI.
Y? £ (icT)* =[a* # consfl=Y * +(icT)*.
B 06oux ciy4asix, B KBaHTOBBIX MOJISIX, Kiaccuyeckast CrienuansHas Teopus
OtHocutenbHocTu (CTO) DiiHmTeitna HepelicTBuTenbHa. [IpeoOpazoBanus
PENATHBUCTCKOM JMHAMUKH KPYToBOTO (+) mam rumepbommdeckoro (-)

PaBHOYCKOPEHHOTO (a2 =const) JIBIKCHUS,

Y?+ (icT)2 =[a2

4

= Z—z = constj =Y*+ (icf)2 D

naroT npeobpazoBanus JlopeHa KIacCUYECKON eI TUBUCTCKON TMHAMUKH.

Tabmuma 1 .

a) Ennnbie maremaTnyeckue uctuabl CTO u KTO

Cnennanbnas Teopus
OtHocuteabHocTu (CTO).

Knaccuueckoe npeacraBieHue:
4

Yzi(icT)2 :(az :z—zzconstlzfzi(icf

KpPYrOBOTO (+) WJIN TUIIEpOOIMYECKOTO

(—) PABHOYCKOPEHHOT'O JIBUKCHHS.
). X=a,X+a,Y, Y=icT,

- Y
X:aHX+alz.—
T=—, ic

ic

|~

Y
—=a, X +ay,—
c c

Y=a,X+a,Y, Y=icT,

X=a,X+22y
2). ic . a,=b,,

Y =a,icX+a,Y

KBantoBass Teopuss OtHocurensHoctu (KTO).
Cneunanbaas Teopus OTHOCUTETBHOCTH
HEJICHCTBUTEIIbHA TPU YCITOBUSX:

1). He paBHOYCKOPEHHOM (a2 * const) JIBUKCHUHU.

2). B cuy npuniuna neonpeneiaeHHocTH AY = cAT
, CaMa HEBO3MOKHOCTh (PUKCAIIMU TOYEK B
IIPOCTPAHCTBE — BPEMEHH, JEIa0T IpeoOpa3oBaHus
Jlopeniia 0e3HaIe)KHBIMU.

3) BonHoBast (yHKIMS KBaHTa IPUBOJUTCS B
HCXOJIHOE COCTOSIHUE BBOJIOM KaIlOpPOBOYHOIO IOJIs,
IIPU OTCYTCTBUU PEIATUBUCTCKON TMHAMUKU, B
caMOM IIpolecce €€ JUHAMHUKH, TO €CTh IIPU
OTCYTCTBHM KBAaHTOBOW PENITUBUCTCKOMN JMHAMUKH.
PenstuBucTckas qUHaMKKa B yIile IapauieIbHOCTH
(X —) TpaeKTOpuil KBaHTa IPOCTPAHCTBA —

Marepun. Bmecro X,Y, paccmaTpuBaroTcs MpOEKUUN
K,, K, nmuaamuuHoro paanyca K, nuHamMu4aHOM
cdepbl, KacaTeIbHON K TOBEPXHOCTH TUHAMUYHOIO
TEJIECHOTO yIJa aO(X —) # Const , MapaJIeIIbHOCTH.
Peun 0 MaTepuanbHOi cepe ¢ HeHYIEBbIM
MHUHHMAJIBHBIM paguycoM Y, =1 = ch0, n BonHOBO#




Qi ayic=iby,,
ic
a,, =b,,.
X=b X+ib,Y
3). ! . Owr =1 mus

— ,

Y =ib, X +b,,Y
_ 2 2 112 2

K=T, bn _bl2 _l_bzz _b2l

YCIIOBUI OPTOTOHAJIBHOCTH BEKTOPHBIX

KoMIioHeHT. B ['no6ansHo MHBapuaHTHBIX

2 2
ycnosusix cdepsl, b, =b=b,, b, =b;,

- a
(iblz)2 = (+b2])2, b, = —% . by =ayc
, b,+b,, =0, umeror MecToO: a,,c = a_éz,
AY a,AY a AT
WIH IS ¢ = — _ _
AT AT AY

4). Jlanee UMEIOT MECTO JIBa CJIydas.
A). Ycnosus (az1 =0=aqa, ), OOHYJISIOT
npoekuuu AY =icAT , ntunaMku
IIPOCTPAHCTBEHHO (¢ = AY /AT)
BPEMEHHBIX KOMIIOHEHT CaMOI'0 KBaHTa
¢dotona, u natotr I'M — I'nobanbHO-
WNHBapuaHTHBIE YCIOBHS.
B). PeanbHOCTB B TOM, 4TO OTOH,
KOTOPBIM CUHXPOHU3UPYETCS
pENIATUBHUCTCKAs IMHAMUKA, UMEET CBOU
00BbemM (a21 #0)#(a, # 0) B
IIPOCTPAHCTBE — BpeMeEHHU. Takas
PEeaIbHOCTh COOTBETCTBYET pealbHOCTU
MIPUHIIUIIA HEOTIPEIEIEHHOCTHU
AY =0=(+Y)+(-Y). Peub uzer o JIN —
nokanbHOM MHBapuantHocTH B 00BEME
(@, # 0) # (a,, #0).
5). Maymu(ctp.14): «... *MEHHO OBLIO

2

1——2 ...», WK

c
CmupHOB (T.3, cTp.. 195): «... MONOKUM. ..

IPEIIOIO0KEHO ... )

(b, =ab)=—b,, ... ». To ectp, HeT

HCXOJIHOW ITPUYMHBI TAaKUX Nos1oxkeHui. Ho
YK€ U3 ITUX MOJIOKEHH, 0 HEU3BECTHOM
npuurHe, 1o CMUPHOBY, CIIEAYIOT
MaTeMaTU4E€CKUE UCTUHBI:

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

¢yakumedt v =K, -Y,. Y =K, , X=K,.
_Y:a”KY_'_a]ZKX ,tne K, =cT, T:&,
KX :aZIKY+a22KX ¢

).

BBOOUTCA BPEMSI.

y =a, Ky +%KX
2). _

a
X _ »
=ay Ky + Ky
C C

, U

~

72 a,
K, =a,K, +—c K,

K,=a,cK, +a,K,
A). Bo Baemnux ['M — I'no6anbHo — UHBapuaHTHBIX
YCIIOBHUSX, COCTaBIISIFOIINE
cosy =+/\+a \—a,,) =ia,, , natoT npuUHIMIT
HEONPEJEIIEHHOCTH, C HEKOH MIIOTHOCTHIO

2 ]
BEPOSITHOCTH |l//| B DKCIIEPUMEHTE, U MaTpuLei

npeoOpa3oBaHui:

3). Ky =ia, Ky, + (a% =by)Ky .

Ky =(ayc=b,)K, +iayK,

Jlnst yroos napaiensaoctn (X —)=0, 8 TH,

TaKHX, YTO

4). a, =cos@’ =0 =1=b, (b=1K, =K,,
a, =cos(@’ =0%)=1=b, (b=1)K, =K,,

MMEIOT MECTO YCIOBHUSI

5). 2 =p=ay(c=1), b,=b=b,,

(c=1)
nepuoga (7' =1).
B I'mo6anbHO — MIHBapUaHTHBIX YCIIOBHUSX,
la,, =la =1a,,, MaTpHIla UMEET BUJI
K, =iabK, +bK ,
K, =bK, +iabK,’

K, =ia,K, +b,K,
K, =b,K, +ia K,
K, =iabK, +bK ,
K, =bK, +iabK
Takas sxe ' dopma npencraBienus
K, =y =Y —Y,, umeer MecTO B JIt00O! KpaTHBIN

HIJIN

T < AT, MOMEHT BpEMECHHU.

7). B ycnoBusix oproronansHoctd Oyp =1, K =T,
HUMEET MECTO

—a’b’+b’ =1=b"-a’bh’,

b*A-a’)=1, b=—r-—.
V1-a*

MHOXKHTENIb MATPUIIBI C YCIOBUSAMH: id, = id = ia,,,




_ _ Y—iaX
Y- y =112

1-a? v1-a*

6). [ToncTaBmsist UCXOHBIE 3HAYCHUS

Y =icT,Y =icT , HOTy4uM:

= X-acT = icT —iaX

X=—-—ruouooo\, icl =—————,
V1—a? Vi-a?

r-%Xx

T:—c, a=—=cosa’,
V1-a’ ¢

npeobpaszoBanus JIopeH1ia B KJIIaCCUYECKON
pCHHTHBHCTCKOfI JUHAMHKCE.

w
o X-WT 7 I=a4X
\/l—Wz/cz’ N1I-W?*/c? ’
AL
1+VW/c?

nepexon KTO B CTO.

Nmeror MecTo MaTeMaTU4ECKHE UCTUHBI
nepexona Ksanrtosoit Teopun
OTHOCHUTENBHOCTHU B IPe0Opa3oBaHus
Cnennanbaoit Teopurt OTHOCUTEIBHOCTH.

JI1st HyleBBIX YIJIOB
MapajieIbHOCTH B EBKIMAOBOM
aKCHOMATHKE, CO CKOPOCTSIMU MEHBIIUX

ckopoctH cBeta W, < ¢, UMEIoT MecTo

MpeAesbHBIC CIydau TEepexo/a KBaHTOBOU
PENATUBUCTCKON TMHAMHUKN BEKTOPHBIX

KOMIIOHEHT, d,, = (cos(ao = 0): D=a,,
a, =1, a,=1,Y=WT,
_ (g, =D&, =Y)*WT

(K, =Y)=
' JI-w2(x -)/e?
G YEWT o K, lct(ap=DT
N1=-W?/c? \/I—WZ(X—)/C2
w = T+KW/c*
, K, =K(cosa’ =—), T =————,
r =K :) 1-W2 /¢

B npeoOpaszoBanus JlopeHna kinaccuyeckoit
pCJ'IflTI/IBI/ICTCKOI\/’I JUHAMHKU.

WIH d, =d =a,,.
B). Ve B JIU — JlokansHO — VIHBapuaHTHBIX
YCIIOBUSX, PEISTUBUCTCKON AUHAMUKH d, # Q,,, C
BHeIIHUMH ['U ycimoBHsiMu, ©MEET MeCTO:
8) [iy =bla, Ky + Ky , tne: u3 K, =y +1Y,

Ky =Ky, +ay,K,)

X h
K, =c( =—=—), cienyer, Ay =b(a, Y, +K).
c E
DTO ¥ €CTh MOMEHT MCTHHBI PEISITHBUCTCKOM
JTMHAMHMKH KBaHTa MPOCTPAHCTBA-MaTePHH, KOTOPBIH

B COBPEMEHHBIX TCOPHUSX MPEACTABICH
KTHOPOBOYHBIM A, TIOJIEM.
v =y, exp(ap # const) + Ay .

K w
9). Ilo ycnoBusM a,, = —~=—=a =aq,,,
cl ¢
I'1 — puaamukwy, a =a,, = a,,,
1 1
b= , MaTpuIia

V- i-w?/e
npeoOpa3oBaHUil MPUHUMAET BUL:

z _ay Ky, +cT 7 a,K, +cT
Yy — ’ Yy — ’
N N1-W?/¢c?
cfzKY+azch’ ]—,:Ky/c+a22T’
J1-a3, 1-w?/c?
778 _EY _ a, Ky +cT — a W, +c 5
y - = =" "=/, =,
T K,/c+a,T oa, +W, e

yenosusix JIN, (a,, #a,,) #1,

B OKCTpeMAJIAIX KOoruma: a,, = K =0o = ﬁ,
C .

2
W=ac, o= 4.
hc
10). TIpenenbubie ckopoctu W, =c, B yCIOBHAX
cla, +1)

ay =a,, #1, nator W, = (@n D)
22

HEU3MEHHYIO CKOpOoCTh cBeTta W, =c =W, , B 110001
CHCTEME KOOP/HHAT.

Takast KBanToBast Teopuss OTHOCUTEIBHOCTHA HEBO3MOXXHA B EBKINI0BOM
aKCHMOMAaTHKe, ¢ HYJIEBBIM YTJIOM MapajuIeIbHOCTU. B 000ux ciydasx,
CnenmansHoit 1 KBantoBoi Teopun OTHOCUTENBHOCTU (W = Nc) B
CBEPXCBETOBOM IIPOCTPAHCTBE CKOPOCTEH (V =a 'c¢) (PU3NIECKOro BaKyyma,
CKOPOCTh CBETa ocTaeTcsi Hem3MeHHou. O0e Teopun He MPOTUBOpEUAT
CBEPXCBETOBOMY IIPOCTPAHCTBY CKOPOCTEN (PU3UUECKOTO BaKyyMa.




0) Oomas Teopust OTHOocuTeabHOCTH (OTO) JliHmITEiHA
B IMHAMHYHOM NPOCTPAHCTBE-MATEPHH.
Teopus xapakrepusyercs tenzopom DiinmreiiHa (I'.Koph, T.Koph), kak
MaTeMaTUYeCKON UCTUHOM pa3HUIIbI PENATUBUCTCKON AMHAMUKU OBYX (1) u (2)
Touek PumanoBoro npoctpanctsa (puc.1.2), kak ¢pukcupoBanHoro (g;, = const),

COCTOSIHUS TUHAMUYHOTO (g;) # const), MpOCTpaHCTBa-MaTEPHUH.
(Cmupnos B.W. 1974r. 1.2).

1 1 1
R _ERiaﬁ = EgradU , WK R, —ERgﬁ =kT;, (g, =const).

[Ipu 3TOM MaTpuIia npeodpa3oBaHUM B €AMHBIX €AMHUIIAX U3MEPEHHUS

Rl ZallYl +0 2 2 2 2
R, =0+a,Y,’ all:aYY:@’ R* =a,Y, =GYy
Yy = iy
aacT KJJaCCUYECKUHU 3ak0oH HproTOoHA
m’ m’ Mm
YYZ:F’ 2:GF’ Wi F=G—-.
I[JISI peHﬂTI/IBI/ICTCKOﬁ ANHAMUWUKUA:
4
C
C2T2_X2=_;;’ by:FY’
by M,
M; M
cy=F,,c’T"-X?=—L, Fp=—sr— 0,
F, ATH1-w2/c?)
RO2 Mm

22 2
cr=K " (cos’a =G) FY_GR(fil—W;/czi'

DTo peNsTUBHCTCKOE MpesicTaBlenue 3akoHa HpioToHa, ayist Maccosbix (¥ —)

TPACKTOPUH,
e 2GM F, = G— Mm

R, RZ(1-2GM / R,c?)
eCTh YacTHbIM cirydaeM O6muieii Teopun OTHOCHTEBHOCTH.

CyIIeCTBEHHBIM €CTh TO, YTO IPABUTALMOHHAS KOHCTAHTA a,, = a,, = /G ,

€CTh MaTeMaTHYEeCKOW MCTHHOM MPEaeIbHOTO (4, = a,, =cos ¢, =~G ) yIJia

napasuiesbHoCTH, yero HeT B OTO DOitHmTeliHa. BToppIM MOMEHTOM, €CTh
KECTKHE yCIIOBUs (PUKCALMU MOTEHIUANIOB (g, = e e, = const ), C IPUBEJEHUE K
EBKIMI0BOMY NPOCTPAHCTBY (g, =1) . B mepeMeHHbIX NOoJIAX, ¢ IPUHLIHAIIOM
HEONPEETIEHHOCTH (g , # const) OOmas Teopus OTHOCHTENLHOCTH DUHIITENHA
HEJICUCTBUTENBHA. 3a OTUMU NIPEAEIAMU JEHCTBUTENbHBI HHBIE 3aKOHBI.

3.CneKTp HeleTMMbIX KBAHTOB IIPOCTPAHCTBA-MAaTEePHUH.
HenenumbiM O6nacTsim Jlokanu3aiuu KBaHTOB (X +), (Y+) TMHAMHYHOTO
MPOCTPAHCTBA-MATEPUH COOTHOCSITCS CTAOUIbHBIE KBAaHTHI POCTPAHCTBA-
Matepuu. B o0oux cinydasx peub uaet o gpakrax peasibHOCTH. CTaOMIbHBIN
(Y+ =e) DIEKTPOH, U3TydaeT CTaOWIbHBIA (Y+=y) (OTOH, U B3aUMOJACIHCTBYET

CO CTaOMJILHBIMU (X + = p) MPOTOHOM U (X*+=v ), (X+=v,) HEUTpuHO. B eannOM
(X-=Y+), (X+=Y-) IpPOCTpaHCTBE-MaTeEpUU OHU 00pa3yroT neppyro O6acTh
Jlokanuzanuu (OJI,) HeIETUMBIX KBAHTOB HA UX M—HN CXOJUMOCTSX (pHC.).



Ananornuno see (OJ1,),(0J,) ... (OJ,) Obnactu Jlokanu3anuu.

e, e e VO ¥ =C Vl
pz ( pl ‘ p ‘ ‘v‘u ‘ Ve Vl
%OHZ;““ Oﬂi -\;O_ﬂo—ﬁ

puc. 3.1. HepemmMble KBAaHTBI IPOCTPAHCTBA-MaTEepPHH.
JIna coxpaHeHus: HEPa3pPhIBHOCTA €AUHOTO (X -=Y+) , (X+=Y-) IPOCTPAHCTBA-

Marepuu BBoAUTCS (Y+=%,) (OTOH, aHaTOTUUHBIN (Y+=y) (oToHy. ITO
COOTBETCTBYET aHAJIOTUU MIOOHHOTO (X* =V, ) U DJIEKTPOHHOTO (Xt =v,)
HelTpuHo. MMest ckopocTh 3iekTpoHa (W, = a *¢), uanydaroiiero GpoToH V(y) =c,
KOHCTaHTa a =W, /c =cosp, =1/137,036 IaeT MO aHAJIOTUH, pACYET CKOPOCTEMN
V(c)=a*V,(y,) I CBEpXCBETOBBIX ()OTOHOB B BUIE: V,(y,)=a 'c, V,(y,)=a"c

. . w 1
...V.(y,)=a "c. OpOuTaIbHBIH JIEKTPOH, C YIJIOM o = —* 37" cosQ,,v(Y-),
C
MapajuieIbHOCTU TPACKTOPUH HE U3NydaeT (OTOH, KakK U B IPSIMOIMHEHHOM, 0e3
YCKOPEHUS, IBMKEHUH. DTOT NOCTYJaaT bopa, ecTh aKCHOMOii JUHAMHYHOTOQ

npocTpaHcTBa-Marepuu. [10100HO U3IyYeHUIO ANEKTPOHOM (OTOHA (e —> y) B

nepBoit O6nactu Jlokanuzaruu (OJ1,) HEeTUMBIX KBAHTOB, CYIIIECTBYET
MOCJIeI0BATEILHOCTD U3NydeHul B ciekTpe Obnacreit Jlokanuzanun Henenumpix
(X1), (Y1) KBAaHTOB, BKJIIOYasi CBEPXCBETOBOE IIPOCTPAHCTBO CKOPOCTEM.

e...—>ey e e, e, e, >(e >y )y, >y, DY, > Vs —> ..y, AHAJOr!
P> D> Ds > Ps DDy > P> DV)DV, DV DV SV DL,

OTO «BUAUMBII CIIEKTP U3TYUEHUM, KOTOPHIM MOXKET MOIJIONIATh
(«BUAETHY») U U3Ty4aTh aToMbI TiepBoit Obnactu Jlokanuzaruu (OJ1)) HeeTUMbIX
KBaHTOB, OOBIYHOTO (Z(p* /n)+ Ze ) BemiecTBa aroMOB. HoO 2JIEKTPOH HE MOXKET
u3nydath (Y+=y,) «Tsxkeabii» GoroH. OH HE MOXKET €To, U MOTJIONIaTh
(«BumeTh»). Takoit (Y+=y,) «TsHKeNbId» (HOTOH, MOXKET U3NY4aTh U MOTJIOIIATh
TOJILKO «TSKENBI» (e, — ) DIEKTPOH. AHAJIOIMYHO HEBUAMMOE (p, >V,
u3nydenue. [loatomy, B cnektpe Obnactent Jlokanuzanuu HEACIUMBIX (X +), (Y+)
KBAaHTOB, CYIIECTBYET MOCJIEI0BATEIIbHOCTh «HEBUIUMBIX)» KBAHTOB U3JIyUYCHUS.
... > e e, e DY, DY Y3 Y5 .., AHaIOTUYHO:
Dj-—> Dy —> Py —> Ps > Py > Py DV, DV, SV Vg —>..V, HEBUIUMOTO
U3IIydeHus (p;/e;)...(p/e)...(v,/y,)...(v,/y,) BeleCTBa «MapajieabHOIro»,

HCBUIUMOI'O HAM MHUpaA.



ATOMBI (Z(p* /n)+ Ze ) OOBIYHOTO BEIIECTBA, HE MOTYT B IIPUHIIMUIIC TIPSIMO,
B3aUMOJICCTBOBATH C ITUM CIIEKTPOM U3JIYUYEHUH. ITH CIIEKTPHI BKIIOUAIOT KaK
«TSHKEJIBIEY TTPOTOHBI U AJIEKTPOHBI, TAK U CBEPXCBETOBBIC (DOTOHBI U HEUTPHUHO.
JIng Hac 3TO — «TeMHAask MaTepUs», IPUIEM HEBUIUMUX CTPYKTYP BELIECTBA.

c(psles)...(ple).. (v, lry) ... ly)...
JlnHamuka (go # consz‘) MacCOBBIX (Y-= X+ ) MoJiel 00yCJIOBJIEHa TMHAMUKOM
AEKTPO (Y+ = X -) MarHUTHBIX MOJIeH U HA00OPOT, B KBaHTaX (X+), (Y+) €IMHOTO
(Y-=X+) (Y+=X-) IHHAMHYHOI'O IIpOCTpaHCTBa-Martepuu. IIpenensHbimM yriiam
apajuIeIbHOCTH (goMA L+ (¥ —)) u (goMA (X —)) COOTBETCTBYIOT KOHCTAHTHI
B3auUMOJIeUCTBU. 1 CKOpOCTH 3EKTpOHA W, (Y+=¢)=a * ¢, U3Iy4alOLIETO

w 1
(Y+=y) $GOTOH, KOHCTAHTA @ =—< = 137 =c08®,,,x (Y—). AHAIOTUYHO JJI51 POTOHA
C

(X+=p") U3IIyYAIOIIETO MIEKTPOHHOC (X+ =V,) HCUTPUHO, W, = cos@,,,, (X ) * W,
THE Co8QP,,, (X-) =W, /(W, =c) =JG, xoucranra (G = 6,67 * 1079).
N3 sxciepuMeHTanbHbIX Mace m(p) = 938.28 MeV IPOTOHA, JJIEKTPOHA

m(e)=0,511MeV , ¥ MIOOHHOTO m(v,)=0,272MeV HEUTPUHO, CIETYIOT PACYCTHBIC
MAacCCBHL.

(a/N2)*TIK *(a/~2) = a’m(e)/ 2= m(v,) =136*107° MeV , wnu: m, =a’m, /2,
JG/2*TIK*G/2 =G*m(p)/2 =m(y,) =3.13*10° MeV, wnu: m, =Gm,, /2

Onu coBmanaroT ¢ u3BecTHhIMU MaccaMu (CapbrueBa, MI'Y-2007r. @B u OY):
Tafauna 2: CeoficTia GyRIAMERTANBIEXY EPMHOIIOR

HacTHnl Jlenron K eapkn
Soexrpuucckril saps g, O [ —1 —1/3 2/3

I nogoaenne v, i i i
i < 17aB/¢ 0511 MaB/¢&® | 0.34 TaB/¢? 0.33 B/

IT mokarenne e

‘i ||'_l & i
m | =< 270 3B/ 105.7 MaB/¢® | 0,45 9B/ 1.5TsB/¢

IIT noxoacnnn (I T b {

m < 35 MaB/i = 1754 NaB /e 4.9 T'aB /e 1Ta =B Fied

Kpome xapaKTepHCTHE HacTHIl, YKa3aHHBIX B TalUIMIE, BAXKHYIO POJh 115

JAeIMTOHODE HI'PanT JeITOHHLIC SHCTE! WeKTROHHOE Jr.,. P BEGE -I—l onda e M

Ve, MIOOHHOE JrlI PaBHOE +1 By 2 O LA n'{l-, H TAUHHOE Jr PaBHGE +1 I3 T H

Vo, KOTOPLIC COOTRBCTCTEVIOT apoMaTaM JeNTOHOB, VHaCTBVIOIIIHY B KOHEDeT-

HLD DEaKIINAX, B ABTAKDTCH COXDaHANIIHMHACH B THYHHAMM, ,1.'I}I JCITTOIHOR
[Ipu 5TOM, B rpaBut (X+=Y-)MaccoBbIX MOJIAX pa3IMYyalOTCs J1Ba, BUIa Macc: (my)
1 (my), HampuMep Macca (mx = p') IPOTOHA U Macca (My =e ') SIEeKTPOHA, ITO
pa3InyHbIE MacChl, MOJOOHO TOMY Kak B IeKTPO (Y+=X-) MarHUTHBIX MOJISAX €CTh
nBa Bujaa (+) u (-) 3apsana. AHAIOTUYHO, TMHAMUYHAs Macca (GoToHa (Macca
nokosi=0) nmeer Bux: \G/2* [IK*/G/2 =G* m(v,)/2=m(y)=9.07*10" MeV,

MaccoBoil (y = Y-) TpaekTopusi, KoTopass UcKpusisiercs B (X+= Y-) mose 3Be3/bl.
3apsaoBbld (Y+=X-) M30MOTCHUHUAI ¢(p)~ g(e) MPOTOHA U BJEKTPOHA,
MOPOXKIAET MACCOBBIN (Y- = X +) U30NOTEHIUAI m(v,) ~ m(y,) KBAaHTOB (Xt=v,),



(Y£=y,) IPOCTpaHCTBa-MaTCPUH, AHAIOTUIHO m(e) ~ m(v,) U30MOTCHIINATY.

AHaJIOTUYHO 3TOMY, CYIIECTBYET Cy03apsaaoBhIi (X- =Y +) H30MOTCHIIHAT
q(v,) = q(y) nentoHoB. s (1)0TOHa y(Y-) MaccoBas Tpaexropus (Y-),
NG/2*IK*NG/2 =G*m(v,)/2=m(y)=9.07* 10° MeV , pOTOHA, HCKPUBIIAETCS B
(X+) TpaBUTAIMOHHOM I10J1€, (haKT €AUHOTO (Y- = X +) MPOCTPAHCTBA-MATEPHHU.
Henenumoit O6nactu Jlokanuzauuu 3J€KTpOHA U MMPOTOHA KaK BEIIECTBA, B

MIPOCTPAHCTBE-MATEPUN COOTBETCTBYIOT MPOAYKThI aHHUTUIIALIMK Heaenumbix
KBAaHTOB AHTUBEIIECTBA:

Yt=e)=(X-=v, )¥+= 7+)(X—=Ve_)) Xt=p")=Y-=y))X+=v, )¥-=7,).

JInHamMuKa 3TUX MACCOBBIX TOJIEH B Mpeaenax cosg, =o, cos@, =+G/2 , KOHCTaHT

BBaHMOHCﬁCTBHH, JacT 3ap51I[0BBII>i N30MI0TCHO A UX CAMHUYHBIX MACC.

X+ =0 )G DX +=v) =(V-=p), nm & +=V6)Efj_€;()( T2V

g = M0G0 _ e g0erer
(m(7))

(== )@ ==y = (Xe=v,), nan L==70@ =)
(Xr=v)

2
g, = PO @ ID0GNID) g0
(m(v.))
DT coBNaZieHUs! HE MOTYT OBITh Clly4ailHbIMHU. TaKUM pacyeTaM COOTBETCTBYET
MO/IeJIb MPOIYKTOB aHHUTHIISILIMY POTOHA U 3JIeKTpoHa (puc.3.3).

e_ {/ —.T_}’{\r:_ - & j
1 W=a 4
__:\‘;.]Il:';"{:\\. _ _-’( . p
Moaenb NpoToHa Mmodent INeKTpOHa arTom BO.ﬂ.D poﬂ.a

Puc.3.3. reomerpuuyeckne pakTbl ITMHAMHUYHOIO IPOCTPAHCTBA.
B takux xe monensax popMHupyeTcst MoJIeNb aToMa BojopoAa. ['eomeTpruueckum
GaKTOM 371€Ch, €CTh HAIMYKUE AHTHUBELIECTBA B CAMOM BELIECTBE IIPOTOHA U
aieKTpoHa. IIpu 3TOM, NMPOAYKTHI aHHUTUIALIMYU IIPOTOHA
+ + - +
(XE=p)=T==y)X+=v, )T==y,)
U NPOAYKTHI pacnaza HEUTpoHa
Yx=m=X-=p)Y+=e)X-=v,),
COOTBCTCTBYIOT UX KBAPKOBBIM (Yt =u) U (Xt =d) MOACIIAIM: (p =udu =uud),
(n = dud = ddu) ... AHaJJOTUYHO BCE€ PJIEMEHTAPHBIC YACTULIBI UMEIOT KBAPKOBBIE

MOJIEIN B COOTBETCTBUM MPOJYKTaMH UX pacnana. Jpyrux ¢craduabHbIX KBAaHTOB
MPOCTpaHCTBa-MaTepUH He 3auKcupoBaHo. KBapkoBble MOAENN JAOT 3apsil




IIpOTOHA. Ho touno Takoi 3apiaa UMECT ITO3UTPOH oe3 KBApKOB. Takas kBapKoBas
MOJICJIb 3aps 0B HEACHUCTBUTENIbHA, €€ HET B IPUPOJIE. A Bech CIICKTpP MacCcC
PacCUUTBIBACTCA oe3 KBApPKOB, B ITOJIHOM COOTBCTCTBUHU C NX KBAPKOBBIMHA Y+ =u)

(X+ =d) MOACISIMH.
4.5030HBbI JIEKTPOCJIA00r0 B3aMMOEHCTBUS.
MIX pacueThl CIEAYIOT U3 MACCOBBIX H30IOTEHIMAIOB eqUHBIX (Y+= X —)

(X +=Y —) nojie B(G),(«) KOHCTaHTaX B3aUMOJICMCTBUS DJIEKTPOHA e U
MIOOHHOTO HEUTpHHO Vv, , Kak Hememumoi O6nactu Jlokanusanuu B

IIPOCTPaHCTBE-MaTEPUN.

_a2m,m,
HOJY(Y):(Y+:ei)(X—:v”+):T":81.3GeV:m(Wi), c 3apsaoM e, (8.5)

o jm,m, expl
G" =94.9GeV =m(Z°), (8.6)

5. HoBbIe CTA0MJILHBIE YaCTHIBI

HONI(X)=(X+=v, )(Y-=¢")=

HAa BCTPEYHBIX ITyYKaX MIOOHHBIX aHTUHEUTPUHO (v;) :
2v

HOJI(Y =€ )=(X—-= v;)(Y+ =y, N X—= v;,) = —2” =10.216GeV , (8.9)
a

Ha BCTPEUHBIX MMyYKaX MO3UTPOHOB (e), KOTOPhIE Pa3TOHSIOTCS B IOTOKE
KBaHTOB (Y—=7y), POTOHOB «0e10ro» Jiazepa B BUJE:

HOJI(X =p/)=(Y-=¢")X+=v, )(Y-=¢")= 226 =1537TeV, (8.10)

Ha BcTpeuHbIX My4ykax aHTHUIPOTOHOB (P~ ), UMEET MECTO:
r =3524Tev . (8.11)

2m
HOI(Y =e;)=(X-=p )Y+=e )(X-=p)= e
AHaJIOTUYHO, 171 KBaHTa HOJI(Y-) = (X+ = p")(X+ = p~), pacCUUTHIBACTCS

MacCa KBaHTa IIPOCTPAHCTBA - MATCPHUU.

M(Y—)=(X+=p+)(X+=p)=(%=n_11j(l—2a) (8.12)

wma M(Y—)=| 2P _mp) N og)- 993828GeV )=126,7Gev (8.13)
2a a 1/137.036 ~ 137.036

DTO M ecTh Ta, BHOBb OTKphITas Ha koyutaiiaepe LIEPH snemeHnrtapHas yactuna.
[Tpupona XurrcoBoro 6030Ha packpsita B «CymnepkBazapax» ( http://www.pva.a5.ru ).

(F-) =(X4)X+1)

(X+ r)



Puc.5.1. HoBast «<uacTuna Xurrca»

[Tpunuun ¢popmMupoBaHus YaCTUIl OCHOBAaH Ha (hparMeHTAIMH B TIpeenax

G,o - KOHCTAHT, «COPOIICHHOW» B BAKyyM MPU CTOJIKHOBEHUSX YaCTHII,
, _E

IUIOTHOCTH p =V~ = pe MacCOBOI'0 (Y—)WJIM MarHUuTHOTO (X —)OJI,
MHAYIUPOBAHHBIX pa3roHOM. @parMeHTUPOBAHHAS TIOTHOCTh MAaTEPUU, UMEET
COOTBETCTBYIOIIINE MAaCCOBBIE (Y — = X+) U 3apsiiOBbIE (Y+ = X —) IOJIS U UX
CUMMETpPUHU. AHATIOTHYHO PACCUUTHIBACTCS Macca p, =2¢, /G =28%*10TeV
«TSHKEJIOro» MPOTOHA. YPOBHIO Macc HOJI(Y = e; ) «TSIKEIIOT0» CTa0HUIBHOTO
«OIEKTPOHA», COOTBETCTBYIOT HECTAOUIIBLHBIE YPOBHU UIICHJIOHMS. ITO (PaKT
Hamuusa (Y =e¢; ) KBaHTOB. Maccam HOBBIX yactuly HOJI(X = p,), HOJI(Y =e,),
110 aHAJIOTUH, COOTBETCTBYIOT HECTaOWIIbHBIC YPOBHU Macc 15,3TelV , 3JIEKTPOH-
MMO3UTPOHHBIX MYYKOB U 35,24TeV/ TPOTOH-aHTUIIPOTOHHOTO IMy4Ka, 6€3 KBapKOB U

XUITCOBBIX O030HOB, KaAK UCKYCCTBEHHBIX MOJIENEH.
B pamkax KBanToBoii Teopun OTHOCUTENBHOCTH (http://www.pva.mya5.ru )
BBIIIOJIHSIETCSA pPAacyeT CIEKTPA MacC W3BECTHBIX YACTHII:

”_11](1*'05):”_12](1*'“):”13 (X+H)+my(X-).

(655

6. OcobenHoCcTH (pOPM AMHAMHYHOIO POCTPAHCTBA-MATEPHH.

B anpax aromoB npu K-3axBarte, maccoBsie noisi (Y—=e ) aeKTpoHOB,
BXOJAT B (Y- = X+) none CunpHoro B3aumoneiicteus (X+= p*) NpoToHa,
bopmupys meiiTpor B Bune (Yt =n)=(X—=p" )Y+=¢ )(X—=v, ). I[IpoToHBI U
HEUTPOHBI B si7pe, POopMUPYIOT 3apsbkeHHbIe (Y— = p*/n) U HEUTpalbHbIE (Y- = 2n)
kBaHThl CuiibHOTO B3aumopenictBus. X 3aMKHYTBhIE MACCOBBIE (Y —) TPACKTOPUHU
hopMUPYIOT 3apsHKEHHBIE M HEUTPaIbHBIE CTPYKTYPBI 000J104U€eK sipa. 3/1eCh
MUHUMAaJIbHAs yACHIbHAA K\, . = a*m(p) =938.28/137~ 6.85MelV 3HEPTHUs CBA3H

HYKJIOHOB $iJIpa ONPENEIIAETCS B IMHAMUYHOM NPOCTPaHCTBE-MaTepuu. PacueTHbie
yIIEJIbHBIE SHEPTUU CBSI3U HYKIIOHOB $/1pa, COBIIA/IAIOT C AKCIIEPUMEHTAIbHBIMU
naHHbIMU. [Ipy 5TOM B HEU3MEHHBIX CTPYKTYpaX HEUTPAIBbHBIX (Y- = 2n) KBAHTOB,

2 )
CTPOTO BBINOJHAETCSA 3aKOH npupamenus (AE,; = Amc") ynenabHON SHEPrUu

CBSI3U. DHEPIrUsl CBSI3U JIBYX KBAaHTOB (Y—=p*/n) U (Y- =2n) CUIBHOIO
B3aumopelictBust cooTBeTCTBYET E . =20 *m(p)=137MeV «0OMEHHOMY» KBaHTY,

. h .
KaK MacCoBOM (Y-) Tpaekropuu. Ero anuna BoiHel A=—=144*10"cu. JIBe
mc

TaKUe BOJHBI OOMEHHBIX KBAHTOB sifipa ; He(2(Y—= p/n)), HAIOT pagnyc
r=4,6*10""cm Takoro sapa. Takue jke pacyeThl JUIs «TSXKEIIOTO MPOTOHAY
m(p,) =153 TeV COOTBETCTBYIOT «<OOMEHHOMY» KBaHTY s/ipa ypaHa,

E .. =2a*m(p,)=238m(p) =238, tHe (o« ~1/137). W3 akcuoM TMHAMUYHOTO
[IPOCTPAHCTBA-MATEPUHU CIEAYET:



G
M (m)M (n) =1, M i € —)M(p,) =1,
4expl
6.672%107°
4*2.72

N3 3THX COOTHOILIEHMII CIEAYET, YTO B LIEHTPE sAApa 3eMIH KBaHThI CUIBHOTO
(Y-=p," /n,)) (Y—=2n,) B3aumogeiictBus OJI,- ypOBHsI, TCHEPUPYIOT KBaHT

(5,977*10°7)( )(15.3*%10° MeV *1.7826%107°7) =1,

200 m(p,) =238m(p) =238 sapa ypaHa.

Ananornuno s ConHla, €CTh COOTHOIIEHUS €r0 MacChl C KBAaHTAMHU
(Xt =p,) aapa 3Be31bI GMCOﬂHUg24Gm(p2) ~1, m(p,)=m(n,), tne (Y—=p,/n,) u
(Y—=2n,) xBantsl CunsHoro B3zaumoneiictBus siapa 38e3ab1. [1og00HO sapam
aTOMOB, OHM (POPMUPYIOT Pa3IUYHBIC CTPYKTYPHI SApa pa3IUUHbIX 3BE3I, a
Cre€HEPUPOBAHHBIE KBAHTHI 20 *m(p,)=290m(p,), GOPMUPYIOT «TSHKEIIbIE aTOMBI
BEILIECTBA U UX CTPYKTYPHBIX ()OpPM, BHYTPH 3BE3I.

G\* .
Mogensb sapa ['anaktuku M, [Ej 2a*M(p,)=1, ¢ Maccoit M, =1,9%10° *M con

COOTBETCTBYET (DaKTy HAOIIOICHUS.

VYpaBHeHnuss MakcBeuia 1Jisl 3JI€KTPOMArHUTHBIX TI0JIEN U ypaBHEHUS
rPaBUTMACCOBBIX MOJIEH, OTPAKAIOT PEATHHYIO MHAYKIIMIO BUXPEBOTO
AIEKTPUUYECKOTO (Y +) IMOJIsl IEPEMEHHBIM MarHUTHBIM (X —) I0JIeM, ¥ HA00OPOT.
TodHO Takylo, peaJbHYI0 UHIYKIIMIO MAaCCOBBIX (Y—)IOJEH, KaK U B
PENATUBUCTCKOM PAa3roHE C YCKOPEHUEM, Hal0T MEPEMEHHBIE (X +) OIS
«TSIKENBIX» KBaHTOB (Y—=p,/n,), (Y—=2n,) CunpHoro B3zaumonaenctus sapa
OJI, ypoBHS, ¢ TeHepalMe KBaHTOB. Takasl ke TeHepalusi MacCOBbIX (Y—= X+)
nosieit mynbcapa KpaboBuaHoM TyMaHHOCTH C 4acTOTOU (v = 307y), JaeT
(GAm')(ac)’ hv = ch’1, maeT MHIYKIHIO0 Macc Am' =2,28*10'°2/c, wWiu
Af = M COJIHIIA

A 2,55mapo.nem , Bpemsi GOpMHUPOBAHUS MACCHI IPOTO3BE3/IbI,
m

aHasmoruyHoi CoJHILy.
I'eomeTpuueckum paKTOM, B COOTBETCTBUH C IpaBUiioM JIeHIa, ecTh
M3JIy4eHHUE BEIIECTBOM AJIEKTpOHa (Y+=e ) aHTUBeNIecTBa (Y+=y") (oToHa.

Takum xe IreoOMCTPHUICCKHUM QaKTOM, CCTh daHTHUBCUICCTBO IMMPOAYKTOB
AHHUTWIIOUA HCACIIUMOTO 3JICKTPOHA KaK BCUICCTBA C CHMMCTpHCﬁ MoJIeH:

(X==v, )Y+=y)X-=v, )=E=e),u Y-=y)X+=v, )¥-=y;)=(Xt=p")
HeAeIuMoro nporoHa. Takue cBoiicTBa nmeroT Henennmele O0nactu
Jloxanm3anuuy KBaHTOB (X+), (Y+) IIPOCTPAHCTBA-MATEPUU BO BCEM UX CIEKTPE
OJI,_, yposuei. Takum 00pa3oMm, J1000€ BEMIECTBO COCTOMT M3 aHTHBEILECTBA U
HAa000POT, aHTUBEIIECTBO AHHUTUIIUPYET B BEILIECTRO.

Tpaekropuu KBaHTOB (X ), (¥+) IPOCTPAHCTBA-MaTEPUN B3aMHO
(X-) L (Y-) oproroHanbHbl. CTpyKTypHbIE (POPMBI YPOBHEH U 000JI0UEK SApa
OIIPEACIIAIOTCS 3aMKHYTBIMU MAarHUTHBIMHU (X —) U MacCOBBIMU (Y-—) IOJIAMH, B
BUXPSAX rot,E(Y+)=0B(X-)/0T »nexrpuyeckoro v CHIBHOIO MoJen



rot,G(X+)=0M(Y-)/0T B3aumopenctBus. [loTok BUXpeu rot(E+) U rot(X+) B
CBs3aHHBIX COCTOSHUAX (Y+)(Y+)=(X—-) WU (X +)(X+)=(Y—-) TCHEPUPYCT B
UHIYKIHH MaccoBYIO (Y—= p,/n,) INIOTHOCTD (p =v’) MaTepud KBAHTOB sapa
ypaHa 2a *m(p,) =238m(p) =238, ¢ 4aCTOTON (w). ITO KacaeTcsi BCEX KBAHTOB
(Y==p,/n;) CuapHOro B3aMMOIEHCTBHS «TAIKENBIX» HYKIOHOB S/1pa BO BCEX

OJI; ypOBHAX (PU3NYECKOrO BaKyyMa.

W3 cooTHoOIEHHs CKOPOCTEH KBaHTOB O.JI ; CIIEKTpa, HAIPUMED IS

a*i, A,
=— , AHAJIOTUYHO AaJIEC
T o T

e c

(Y =e")dCKTpOHA W, (e )=a*c=

W(e;)=a*W,=a’c, W(e,)=a’c, W,=a’c, cnenyer
A a2 A .

W,,)="L=a"c= “=——"—_ JIns1 QUKCUPOBAHHOM JUIMHBI BOJHBI A, = const,
T, T, a7,

€CTh COOCTBEHHBIH Mepro AMHAMUKH T, = o T, — 00, «TSHKEJBIX)» DJICKTPOHOB

OJI ; ypOBHEH, OTHOCUTENBHO (¥ = ¢) (HOTOHOB. AHANIOTUYHO B OJI, yPOBHE

_N
V) =tmate=" 1

A
¢ = —'— (uszndeckoro Bakyyma. Jlnd pukcupoBaHHOM
T; T}’ c
JUTUHBI BOJIHBI A, = const, cOOCTBeHHbIN nieproa 7, = a7, — 0 CBEpPXCBETOBBIX

1

¢boToHOB B OJI, YPOBHSIX.

Tabnuma 6.1
774 N -N
W(ej) =a’'c, TmKebie DIIEKTPOHBI V(y;)=a “c, cBepxcBeToBble GOTOHBI
CobcTBeHHAsT CKOPOCTh Bpewms CobcTBeHHAsT CKOPOCTh Bpewms

We)=a c=22%10cu/c | AT, =a't, | V(y,)=a'c=41*10%cu/c |t,=0a't,
We,)=a”c=16%¥10°cu/c | AT, =a’’t, V(ry)=a’c=56%10"cu/c t,=a’t,
W(e,)=ac=117*10*cu/c | AT, =a"’t, V(ys)=ac=77%10"cm/c t,=a’t,
W(e,)=a™c=85 culc AT, =a™t. | V(rg=ac=11*10%cu/c | ¢ =a*,

Hanpumep, 1 cexynaa (AT, =1c¢) «TSHKEI0TO» 3IEKTpOoHA (¢,), paBHa 11 net
Ha 3emJie, BpeMs Ha KOTOPOH U3MepseTcs ONTUYeCKUM (POTOHOM. AHAJIOTUYHO
nanee. [t KOHCTAHT G = 6.672*10°%, a =1/137, 1 TeV =1,78*107'2, u hopmyn
p,=2e,)/G), ¢=2p,,)/ a’, paccuuThIBaeTCs CreKTp Mace OJ1 ; YPOBHEH.
Tabauua 6.2

p, =2e,/G=1057*10°TeV e, =a’p, =5715%10°TeV
O/, | p; =2¢,/G=3,06510°TeV el =apt =3524 TeV
p,=2e/G=1532 TeV e =a”v,=10216TeV
p' =93828 MeV e =0511MeV
O/L |y, =0272 MeV ¥, =Gp/2=313%10" MeV
v, =a’e=1.36%10"MeV y" =Gv,/2=9,07*10" MeV




AHasiornuHble pacueTsl Macc HeenuMbiX KBAaHTOB (X+), (Y+)

MPOCTpaHCTBa-MaTEPUH B UX OJI, ypOBHIX (PU3NYECKOTO BaKyyMa, IO TEM ke

npeoOpa3oBaHHBIM (HopMyIam.

Tabmuna 6.3

v, =(@’y,,)/2

v =(Gv,)/2

oil,

v, :a2y0/2:0,83*10'3 eV
v,=a’y/2=2,4*10" eV
v, =a’y, /2=12%10" eV

7, =Gv, /2=45%10" eV
v, =Gv,/2=278*10" eV
7, =Gv,/2=8,05%10"" eV

3apsigoBbie g(p*)=q(e”) nzonoreHuuansl OJI, ypoBHS aHAJIOTUYHBI

3apsI0BBIM q(v™) = q(y") nsonoreHumanam OJI, u panee B OJI ;. q(pf)zq(ef.) u

OJI,: q(v)=q(y]) ypoBHIX. AHAIOIMYHO MAacCOBBIC m(e) ~ m(v W) 1om(y,)=m(v,)

usonoTeHuuanbl OJI; ypoBHs aHaloTU4Hbl B OJI ;@ m(e;)~m(p, ) u OJI,:

m(y,) =m(v,,,) YPOBHIX MAaCCOBBIM U30MOTCHIHANIAM. TaKue U30MOTEHIINAIIbI

hOpMUPYIOT CTPYKTYPBI 0OBIYHBIX aTOMOB OJI; YpOBHS, U TIO aHAJIOTUU

«TSDKENBIX» aTOMOB S/1pa 3B€3]1, TalakTUK OJI ; yPOBHSI, WU CTPYKTYp OJI,

¢pusnueckoro Bakyyma. [lonnblii pacuer cnekrpa Macc B OJ1;, OJI; ypOBHSAX

¢dbu3nyeckoro Bakyyma umeet Bua. Tabnuia 6.4

Keantet sqpa | 2a*p, =N*p,, N (XE) =p; (TeV) | (YH) = ¢, (TeV)
P €,,=2,88640E+99

Excaxsasap 200% prg =290p5s | © | 14 | py=3,055857E+99 | e;=1,76805E+95

2a* pys =238p;, Pas= 1,537856E+95 | e,,=1,01943E+92
gnnaeffﬁip; 2a*pi, =25p3, |®| 13 | pi,=9,42004E+90 | e;,= 5,13029E+87
gepHBIX chep | 20 * pr =290p;, P2y =5,431477B+87 | €,,=3,142526E+83
CYNepKBa3apoB | 2g* p, =238ps, | © | 12 | p;,=2,733383E+83 | e},=1,8119409E+80
1 pona

2a* p;, =25p5, P,,= 1L6743175E+79 | e,,=9,118565E+75
;IZHH:EEB;;?; 2a* py, =290py, : 11| pyy=9,653902E+75 | €)= 5,58552E+71
uepHBIX chep | 20 * p), =238p;, P1y=4,858312E+71 | e,,=3,220542E+68
ggzzKBasaPOB 2a.* pry =25p;,; 2 10| p=2,975930E+67 | e/;=1,620733E+64

200% p; =290p, ;= 1,7158835E+64 | e,,=9,92770E+59
METasBesHbIX | 2% pr =238p; [® | 9 | pli=8,6351585E+59 | e,=5,724187E+56
TaJIaKTHUK
YEpHBIX cep 2a* p. =25p;, Pis=5,2894160E+55 e;s=2,880689E+52
MerasBes| 20%p,, =291p); | ©| 8 | p;,=3,0498095E+52 | e, = 1,764549E+48
CYNEpIIAHETl | 2g * p. =238p), pi;= 1,534812E+48 | ¢,,= 1,0174164E+45




KBa3apHBIX
raJlakTuK 1pona

20* p/, =25p,,

P =9,401402E+43

e, = 5,120133E+40

YepHbIX cdep

2a* p/, =290p,,

P11 = 5,4207280E+40

e, =3,1363078E+36

KBa3apoB 2a*p,=238p; | ©| 6 | p,=2,7279734E+36 | e, =1,8083549E+33
1 pona
2a* py =25pg py=1,3 E+33 e,=17,3 E+29
KBa3apHbIX 2a*p; =290p; | ®| 5 | pi=3,88 E+29 es = 4,47 E+25
rajakTHK 2pojaa d
depHBIX cPep | 2% pt =238p, p,=1,94 E+25 e,=1,3 E+22
KBa3apos 2 2a*p, =25p; | °| 4 | p,=1,19 E+21 el =6,48 E+17
poaa o
200% ps =290p, ps=3,45 E+17 e;=3,97 E+13
3BE3HBIX 2% p; =238p; |®| 3 | pi=1,7 E+13 e; = 1,15 E+10
TAJIAKTUK
lanaktiieckux | 2q* p; =25p; py=1,057 E+9TeV e,=5,746 E+5TeV
YEpHBIX cep
3BE3]] 2% p; =290p; | °| 2 | p;=3,06 E+5TeV | ej=35,24TeV
TIaHeT 2a*p; =238p" p, =15,32 TeV e, =10,216 TeV
2% p* =25v, =01 P = 938,28 MeV e =0,511 MeV
2a*v, =292v, v, =0,272 MeV ¥0=3,13%¥10" MeV
0 | v,=1,36%¥10° MeV | y" =9.07*10"° MeV
dusnueckuit Vo0 Yia /2 Yi =Gvii/2
BaKyyM vi-8,3*10"° MeV y1 =4,5%10"" MeV
OJ1, ypoBHsI -1 | v2-24*%10"° MeV v, =2.78*10"" MeV
v3=1.2*¥10"" M eV y;=8,05%10"" M eV
Du3nuecKuit 2 | v4-74%10% MeV | 1,=4,03*10" M eV
BaKyyM vs -2.14*10° MeV | ys =2.47%10" M eV
OJI, ypoBHs 3 | v6-1.07*10" MeV | y¢=7,05%10"° M eV
OusHuecKuii v7-6.57%10°"MeV | y,=3,58%10"" M eV
BaKyyM 4 | vg-1.9¥10"" M eV y5=2.2*%10"" M eV
OJI; ypoBHs

v9-9.53*10" M eV

Yo =6.35*10" M eV

Kmaccuueckas AWHAMHUKaA 3BC3THOTO Apa C KBAHTAMHU CunpHOTO
BSaHMOHCﬁCTBHH, CBOOUTCS K FrCHCpAIUN 3TUMH KBAHTAMH MAaCCOBBIX HOHCfI,
POCTY CHII I'paBUTAlIUM A0pa, K-BaXBaTy, KOJUIAIICy dApa B HCfITpOHHOC AAapo,
MMaJCHUIO MAaCC Ha 3TO AAPO C UX PA3JICTOM, KaK B3PbIB CBCpXHOBOﬁ 3BC3bI. B
CIICKTPC HCI[CJII/IMBIX KBAaHTOB, B BBIICJICHHBIX B Ta6JII/I]_IC OOnacTax ux
HOKaJII/I?)aI_II/II/I, MMpCaACTAaBJICHBI HOI[O6H]'::IC K-BaXBaTBI, N TCHCpalnun

cooTBeTCTBYIOMMX 20*p, =290p. |, u 2a* p, =238p ., kBaHTOB. X pasznmnuue, KaK
y J J J J p

MIPUYMHA, BEJET K PAa3JIMYHBIM CIEICTBUSAM, NX CBOMCTBaM. Takue pa3invyHble

00BEKThI, 0003HaYEHBI KaKk 00beKThI 1 1 2 pona. 13 mpencTraBieHHbIX 00BEKTOB
BBIJICJIAIOTCS KBa3aphl U CyNepKBa3apbl C COOCTBEHHBIMU KBa3apHBIMU U CYyIIEp
KBa3apHBIMU TaJaKTHKaMH.




B akcnomax n1uHaMUYHOIO IIPOCTpAHCTBAa-Marepuu, M,, . (m)M,,, (n)=1 Ha

(m —n) CXOOUMOCTAX, M* =1. DTO COOTBETCTBYET COOTHOIIEHUIM Henenumoit
O6nactu Jlokanu3zamuu, Kak KpymHOMAacIITaOHOT0 KBAaHTOBOT'O O0OBEKTa, B
npenenax he =a * GM (m)* GM (n) KOHCTaHT B3aUMOIEUCTBUA, WU M, M(y,) =1,
MaKCHUMaJIbHbIe MacChl M, ,, OOBEKTOB, COOTBETCTBYIOT UX M (y,) YPOBHIO

CUHTYJISIPHOCTH B (1)I/ISI/I"ICCKOM BaKyyMC. Hwuxe Takux OHCPICTUYCCKUX yp0BHCI>'I,
«TsDKeJIbIe KBAaHTHI» ce0s He IMPOABIIAIOT.

Taobmuna 6.5
M(e )M(y,)=1 M(p;)m@v) =1 ATOMBI BelecTBa
U AHTHUBCIICCTBA
M(e)(k =32)M(y,) =1 VGp; (1,8)1,VG = 1 Zp! In, +e; |+ N[2n,)
M(e,)(k =315M(y )=1 VGp; (1,71 v,VG = 1 Z|p; 17, +¢; |+ N]2m,)
M(e,)(k=38)M(y,) =1 VGpt(17)v, VG = 1 Z|p, In, +e; |+ N[2n,)
M)k =315M(y,) =1 Vepi(18)vVG =1 | (Z|ps/n, +e; ]+ Nl2n,)
M(e, )k =315M(y,) =1 VGps (1,8)v5VG = 1 (Z|ps I ns + e, |+ N[2n )
M(el )k =39M(r,) =1 Vep; (189)vG =1 | (Z]p, /7, +e; |+ N2, )

Jlnst ipeoOpazoBanuii 4 =1MelV =1,78*107 2, CyIIECTBYIOT COOTHOIICHHUS MAacC.

- M =1/ M(y,)=1/(313%¥107 MeV * 4) =1,8*10" 2, (M ,,,x =M comns /100),
MaKCHMaJIbHas1 Macca INIaHEThl ¢ KBaHTaMHU sapa (Z [p] /n, +e, ]), TEHEPUPYIOLIUX B
MHAYKIIMYA MACCOBBIX TOJIEH, KBAHT sapa 2a *m(p,) =238 ypaHa, C pacnagoM B

CIIEKTpP aTOMOB.
1 1

M@y+)  9.07¥107%+A
3BE3/1bl C KBAHTAMH sijipa (Z [p; /n, +e; ]) AHTHBEIECTBA, KOTOPHIC H3TyYarOT

Muyax = = 6.2 %103 = 31 % Mo nina » MAKCHMaJIbHAs Macca

KBaHTHI (...p, > p"...); (., >e ...) BOAOpoAa WIH
1 1

M(v,)  8.3%x10710x4

3Be3/bl ¢ kBanTamu saapa (Y- =e3 ) antusemecTsa.

Jnsa CoJiHIIa €CTh COOTHOIIIEHHUE GMCOﬂHUg24GM (p,)=1. Ilomo6HO CKOpPOCTH:

GM, =M
W, = ﬁ —265.6-M nBrkenus CojHIa, KaXKaas 3Be€3/1a TaJaKTHKH UMEET
\ ¢ €Xp c

TaKOM Ke IMOopPAO0K CKOpOCTCﬁ, 0e3 BCIKHUX «CKPBITBIX MACCH». «CKpBITBIG MacChbI»
O6YCJIOBJICHBI HCBUIUMBIM CIICKTPOM KBAaHTOB Oﬂj_i ypOBHeﬁ.

Mpjax = = 6.77 * 103> = 338 * Mo puya MAKCHMaIIbHAs Macca

AHanoru4yHo PacCUUTBIBACTCA CKOPOCTb .HYH]':;I .

GM, =M
W, = M =1,019"™ | rre R, =1738km, B OTIMYHUE OT 3E€MJIU:
R, expl c
2 —
wo— L M =My ) 0 KM e Ma=5.976%10°"r.
el R c

3
Beime npenenbubix Macce 310 * Mgy, 383151, KBAaHT GoTOHA M (y ™) yKe
HE BBIXOJIMT 3a MpeAebl Takux Macc. OH BXOAUT B UX YPOBEHb CUHTYJISIPHOCTH.




Takue 00bEKTHl COOTBETCTBYIOT YEPHBIM «IbIpaM» C MPEAEIbHBIMA MacCaAMU
cienytoniero M(y,) ypoBHSI CUHTYJISIPHOCTH (PU3UYECKOTO BaKyyma, WIn

1
— — — 40 —
Myax = M) T 25+10-B A 1.25 x 10%"r = 6242 * M¢opuya
3neck ypoBeHb M(y,) HOTOHOB B CIIEKTpE ...e; —> e, = (¥,) =¥, ..., BHE BUIUMOTO

n3iyyeHus. M3 3TUX pacueToB CIEayIOT CTPYKTYpPHI (Z [p3 Iny +e, ]) , «TSIKEITBIX)»
aTOMOB «4EpPHOH JABIPBD», B MACCY KOTOPBIX BXOIAT M (y*) (OTOHBL.

__ 1 1 _ 44 _ 1011 _
Muax = M(y,)  2.78¥10"17x4 2+10%T = 107" * Meomua » A1t HOJI=,

M(e;)k=315M(y,)=1, v10 (3,15*¥1011 « M, sta) COOTBETCTBYET IIPEAEILHOM

Macce rajJaKTUKHU BKJIIOYAIOLIEr0 BEIIECTBO 10 YPOBHS CUHTYJSIDPHOCTH Vv,
HEUTPUHO. SApO rajakTUKW U3Jy4aeT KBaHTHI (...p, —> p,...);(..e, > e, ...) AIpa
3BE€3/1bI, C OCIECAYIOMIUM UX U3JIIyYEHUEM BOAOPOJa, U TEPMOSAEPHBIMU
peaKkuusIMU B 3B€3/aX.

JIns sanpa rajJjakTUKU BKJIFOYAIOIIETO BEIIECTBO IPOTOHOB,
GM .kt @4GM (p™) ~ 1, TO €CTh PUKCUPYEMBIN BOJOPO/, MpejaesibHas Macca

6
aapa ranaktuku M, enna=25*10°M .4, OHE COOTBETCTBYIOT haKTaM.
Iy 1 1
MAX — = Z
M(y;) 8x10721xA
COOTBETCTBYET IPEIeIbHON Macce BHETaIaKTUUEeCKOW «4epHOM cepshl (IBIPHI)»
¥, MUHUMAaJIbHOU Macce CleyIoIero Kiacca 00beKTOB — KBazapa.
1 1
Myax = = =1,4%102r=7%10%+ M
MAX M(y4) 4 % 10_25 *A ) COﬂHua
[lo ananmoruu co 3Be37amMu, 3Ta Macca COOTBETCTBYET MpEEIbHON Macce KBaszapa.
Janbime: - 1/M(y,)=1/89*10 MeV * A) = 6.3*10% 2 = M, (M, =18'000% M (5.,
), COOTBETCTBYET IMpEAENIbHON Macce «4epHO (ABIPhI)», Oobliiel kBazapoB. U
-1/ M(y,)=1/(567*10 MeV * 4)=9,9*%10"2=M,,,,, M ,,,, =28*10°M ,, ;. [0
aHAJIOTUH C rajJJakKTUKaMH — 3TO MpeJiesibHas Macca sipa KBa3apHbIX FalaKTHK.
W3 3TUX COOTHOLLIEHUH CIEAYET, UTO YeM OO0JIbllle Macca 00BEKTa, TEM

=7%10%r = 3,5 * 101% « MCom—xua

Goublie €ro CKOPOCTh B (pusnueckoM Bakyyme p,W; =(p = consi) = p,V;’ nons
Bcenennoii. 9To kpynmHOMacHITaOHbIE KBAaHThI C YPOBHSMH CUHTYJISPHOCTU

he = o * GM (m) * GM (n) , o6pasytotr Henenumyro O6nacte Jlokanuzanuu

(HOJI =M (m)*M(n)=1)*1)*1...*1) =1, Bcer BceneHHou Ha (m —n) CXOAUMOCTSIX,
B COOCTBEHHBIX YPOBHSX CUHTYJISAPHOCTU KaXJ0T0 KBaHTA.

7. IIpocTpaHCTBO-MAaTePUs SAPA IUIAHET, 3Be3/l, FAJaKTHK.
Comniie-3Be3a, MpeacTaBIsIeTCs] KpYITHOMACIITAOHBIM KBAHTOM

GMCOﬂHUg24GM (p,) =1 mpoctpancTBa-matepuw, ¢ (Y+ = p, /n,) TPAaCKTOPUIMU
HEJEIMMBIX KBAHTOB (X* = p,) MPOCTPAHCTBA-MATEPUHU, U3JTy4YaEMbIX KBAHTAMU
(X+ = p;) saapa ragakTuky. ['agakTuku B CBOIO ouepeib PopMUpYIOT
MEKTaJaKTUUeCKHe KBAaHTHI TPOCTPAHCTBA-MATEPUH, C COOCTBEHHBIM YPOBHEM



CUHTYJISIpHOCTU M (e, )(k =3,15)M (y,) =1, B IPOCTPAHCTBE CKOpPOCTEH Pu3. Bakyyma
V(y,)=a'c=41%10"cu/c.

Takue (Y-) Tpaekropuu BpamieHus (Y+)KBaHTOB COJHIA, COOTBETCTBYIOT
MAacCCOBBIM (Y—) TPAeKTOPHUSM, B IPOCTPAHCTBE CKOPOCTEN

Wz

Amax 2

Ha PaCcCTOSTHUU

A. MaccoBbie (Y-) TpaCKTOpHH KBaHTa NPOCTPAHCTBA-MaTCpHUU COJIHLI&-SBCSI[BI,

3allMIICM B BHJIC:

Wz

A max

*A=M, =1.989%10%2.

IIpuaumas 3a W, (X—)=W,, CKOpPOCTb KBAaHTOB (X +) IIPOCTpPaHCTBA-
MAaTEPUH IJIAHET, Ha (X —) KPYTOBBIX TPACKTOPUAX CTALIMOHAPHOI'O COCTOSIHUS B
(Y+) none B3aumogencteus (Y+) ConHua-3Be31bl Ha pacctosiHuu 4 ot CosHua:

GM =W, *4 G =6.673*10" TloacraBiisisi U3BECTHBIE PACCTOSIHUSL A TUIAHET
K CoJHILy, 3allUIlIeM PaCYE€THOE U PeaIbHOE MPOCTPAHCTBO UX CKOPOCTEN B BUJIE:
Mepk. | Benepa | 3emns | Mapce | FOnutep | CarypH | Ypan | Hentyn | [lnyron
A*10%cem | 05791 | 1.082 | 1.496 |2.28 | 7.783 14.3 28.75 | 45.04 59.12
PaccrosiHusi B a.0. | 2.58 1.38 1.0 1.52 5.2 9.56 19.2 30.1 39.5
pacuer. W, xm/cex | 48.87 | 35.02 | 29.785 | 24.13 | 13.06 9.63 6.79 |5.43 4.74
PeanbHo. W, wiicex | 48.87 | 35.02 | 29.786 | 24.13 | 13.07 9.67 6.8 5.48 4.75

W3 sToro mpoctpaHcTBa CKOPOCTEH KBaHTa (Y +) MPOCTPAHCTBA-MAaTEPUU
CounHnia, B GU3NYECKOM BaKyyMe TaJakTHUKU: W, =GW,.

Amax

CICAYIOT COOTHOIICHHA

CHWJI JUIS m - MacC IJIAHET Ha KPYTrOBBIX OPOUTAX B MJIOCKOCTH, MEPIEHIUKYIIPHON
Y - ocu, ¢ paaunycoM A ot CosHila-3Be3/11bl B BUi€ 3akoHa HproToHa.
. mWp, _ mMGW e A mGW * A= M) _o™M mw,, g™
A A 4 A? 47 4 A
B ycnoBusax I'moGansnoit MuBapuanTHOCTH (y =x,) c]ephl KBaHTa (Y +)

(10.1)

npoctpaHcTBa-MaTepuu COJIHIIA, IMEIOT MECTO MAacCOBBIE (Y-) TPaeKTOPUHU
IJTAHET COJTHEYHON CUCTEMBI B BUAC («SlmepHas MaTepus»):

o’my, (X+=Y=)=(G/)QM (Y- * e Weh(1+a)*, §$=123.., N=123..,  (10.2)
Jnst maccer ConmHIa M =1.9929*10% 2 (HEMHOXKKO OOJIBIIIE PEaIbHOM), B TIEPUO.T
e KBaHTOBOH PENIATUBUCTCKON TMHAMHKHU 7 <> m, B TOJe (X+= p,) KBaHTA,
UMEET MECTO «COPOC» Macc TUIAHET COJTHEYHOUN CHCTEMBI B BHJIC:

)M
M ommrep :%eo(\l chl(1-a))* =1898.8%10% 2(1898.8*10%" 2 — peanvro)
)M
M cyryen :%3_1(\’0}11(1—0{))=566.5*10272(568.5*10272)
DM N,
M ey = G/ 2 S e ( Chl) =102.7*107 2(102.78 ¥10%" 2)
a -a

_(G/2)M o2 1
VPAH ((X\/E)z (I-a)
£3 =5.976%10" 2(5.974*1027 2)
(I-a)
M ppyipy = (@ *M}OIYI/ITEP)e_] a —06)2)3 =4.878*10 2(4.87*10% 2)

=86.4*%10" 2(86.6*107 2)

0
M 300 = (@ *MCATYPH)e




M —Me_2 =0.6416*10% 2(0.6419*10” 2)

MAPC — /_Chl
M
M v = %e'z =0.330*%1072(0.3302 *107 2) .

Takue pacueTHbIe MacChl COOTBETCTBYIOT (DaKTaM peasibHBIX (B CKOOKaxX) Macc
IUIAHET COJIHEUHOW CHUCTEMBI.

N3nyuennbie COJIHIIEM KBAHTHI e, , p, - IPOCTPAHCTBA-MATEPUH,
COOTBETCTBYIOT KBaHTaM siJipa MjiaHeT (B CKOOKax JEHCTBUTENbHBIC 3HAUCHUS

Macc IIJIaHeT):
\chl

MEPKYPUI — \/EG—(pl)

Vehl

BEHEPA — Tp])

M e’ =0.336>*<1027e=(0.:«s302>*<1027e)=%e2(1—05)2

e’ =4.9%10" 2= (4.869*10"" 2) = a * M, yrppie” (1—0)*)’

M i = me1 =5.977%107 2= (5974 %107 2) = a2 * My " (1 — )~

MAPC —

2 -1 27 27 M3EMJ7}7 -2 2
e =0.64*10"2=(0.642*10"2)=—=F¢ "(1-0)
(G/2)Nchl(p)) N chl

\cehl

[OITUTEP — m

V2

M - v
CATYPH (G/2)a *(p])

VPAH :G+}(ll)€0 = 92,9*10272 — (86,63*10272)
a”(p

W2
HEIITYH — Ga*—(p,)

duU3NYECKH TOMYCTUMBIMU €CTh MOJICNIM CTPYKTYPHBIX (DOPM sApa IJIaHET B BUJC:
Tabnuua 7.2

e’ =1858.8%10%7 2 = (1898.8%10” 2)

e' =579%10%7 2 = (568,5%10% 2)

e’ =106.5%102=(106.5%10""2).

[Inanera pacdeT macc Mopenb
1 7 X-=p)
Nehl  , M )
M, = e =—2 (-«
MEP \/EG(pl) 2*82( )

Co ciabbIM MAardHuTHBIM TI0JIEM

Mepkypuit
2 :
N * N[
y= et 2@ Mo (1 gy
G(p) e
3

4*e
M sppim = G(p) :a\/z*MCAT
1

C MarHuTHBIM TOJIEM

Semits




4
Mo o 4*¢”' M,*(1-a)’
Y JehlG(p,)  Nehl*e
5
_ ANchl
FOITUTEP — Ga*—(p])e
C MarHuTHBIM TOJIEM
6
B 242 *e
CATYPH — m
CarypH C MarHuTHBIM TIOJIEM
7 X-=m)
og? 2V, Chl 0 \Hé_&
VPAH — Te ) )
Ga (pl ) F—=e)
X—=
Ypan C )
8
W2
HEITVH — m
Henryn

Takne Mozenr COOTBETCTBYIOT YKa3aHHBIM BpPAILEHUSIM IUJIAHET Ha
opOuTax, UX XapaKTePUCTUKAM.
8. «llynbcanusi» KBAaHTOB IPOCTPAHCTBA-MATEPHUM.
KBaHTOBas peNATUBUCTCKAs AMHAMUKA (¢ # const) («IyJIbCalUs») KBAHTOB

(X+), (Y+), 00yClIOBJIEHA HATMYUEM m —n CXOJMMOCTEH KBAaHTOB C

IPOCTPAaHCTBOM CKOpPOCTEHt
W,=a"c,V,=a"c, tne a=1/137,036=cosp,

H2
HOJI = (he = IT’K*)(pW* =b° :F) =(II’ =F,)(II’ =F,)=F,F, =1.
B MaccoBbIX m(Y-) TPACKTOPHUAX, m —n CXOAUMOCTH MMCIOT IIOTCHUHAIbI [1(m) U

I(n). m(Y-)=Nm)*K, =W *K,, m(Y-)=T(n)*K, =W *K, [lonobHO 3aKOHY

. 1 M M
HeroToHa, I cKOpocTeit EWC?Wf =1’ =F, = G%I/I macc CoJHia u 3emin,

Yo

91U 1 - HOTEeHIMAIBI POPMUPYIOT crity F = [1(m)[1(n) =W W, , KOTOpas
NCPNCHAMKYIISIPHA IJIOLIAAM CCUYCHMS TPACKTOPUHU (Y +)(Y+) = (X -) WIH




(X+)(X+) = (Y-) IUHaMHYHOU cepbl p = ? = 5 =p W} =pV’=>b’ kBaHTaA. 11
KBaHTa MpocTpaHcTBa-MatTepun, HOJI= (he)(pW?) = F,F, =1, nox neicTereM 3Toi
CHUJIBbI, MaTepHsi OOJIbIIIEH IIOTHOCTH p, > p, U MEHBIIIEH CKOpocTH W, <V,
«magaeT» (mogobHo rpaBuTanu HeloTOHA) B0 MAaCCOBOM (Y—) TPaeKTOpUU
KBaHTa B IIPOCTPAHCTBO MEHBIIEH MNIOTHOCTU p, C YCKOpeHueM (b) . PaccmartpuBas
NOTEHIUANBI W =W/ (cos’ ¢, =G), Vy =V, (cos’ ¢, =a’), B COOTBETCTBYIOLIUX
(X-),(Y-) noxiax Ha n-CXOOUMOCTH (Xt), (Y+),(X+t)..., KBAHTOB, JJIs CHUJIbI

F =TI(m)T1(n) CIEAYIOT COOTHOWIEHUS F =W, cos’ ¢,V cos’ ¢, =0, OTKyaa
yCIOBHE cos” ¢, cos” ¢, # 0, gaer npeaensl 0<p<g,, ., 1 ¢ #90°. B mporecce
JTUHAMUKU @ # const , B MEXXIKCTPEMAJIBHBIX 3HAUEHUSAX G *1=const, U 1* o const ,
MCUYE3HOBEHHE OJTHOW KOHCTAHTHI (G — 1) =cos’ (¢, ,,,, —> 0), COIPOBOXKIACTCS

K: K;

cos(0°)=1= Pl K—ZHOHBHCHI/ICM apyroit (1 - a’)=cos’(0° > ¢,,,,). OTciona,

NPHUTATUBAIONIAsE CHIa (F,;), 4epeyeTcsi C OTTAJIKHUBAIOIICH cuioil. Takas
KBAHTOBAs PEJISITUBUCTCKAs IMHAMUKA COOTBETCTBYET JIokanbHOM
NuBapuantHoctu, ee Kpurepues (cosp *ch(Y/X,)=1), B K&KIOM KBaHTE (X),
(Y+) mpocCTpaHCTBAa-MaTCpHH.
9. BcesieHHasl.

9to HOJI — Hepgenumas Obnacte Jlokanuzanuu Beex ee KO — Kpurepuen
DBOJIIOLIMY B €IMHOM (X +=Y-) , (X-=Y+) mpocTpaHcTBe-MaTepun. Kaxxaomy
(X$), (Y+)kBanty OJI, , cnekTpa COOTBETCTBYIOT YCJIIOBUSA TUHAMUKU
cos’ @, cos’ @, 20, 0<@<@,,r, @#90°, (cosp, *ch(Y/ X,)=1),
(cose, *ch(X /Y,)=1), C KOHCTAHTAMH B3aUMOJICHCTBUSA cos’ @, =G =6,672*107°, u
cosp, =a =1/137,036. ITO 3HAYUT, YTO C YMEHBIIICHUEM YTIIOB NapayieIbHOCTH
p(Y-) > 0) KaK MCUYE3HOBECHUEM ITOJIEU, MOSABIISFOTCS T0JIs1, BO3PACTAOT YTJIbI

o(X-) > @, (X—) 1 Hao00poT. Matepus npu 3TOM, HE UCUE3AET, a IEPEXOAUT U3
OJIHOTO BHUJA B IPYI'OM, B BUJIE CMEHBI JOMUHAHTHBIX I1OJIEH.

Junamuka Matepuu (¢ # const) , hukcupyercs B EBkinunnoBoit (¢ =0),
(¢ = const) akcuomatuke Kpurepues DBoomnuu, chopMUpPOBAaHHBIX B
npoctpanctse (K*V) (T™") Bpemenu. Kaxmomy GUKCHPOBAHHOMY (¢ = const)
COCTOSIHHIO, COOTBETCTBYET COOCTBEHHOE MPOCTPAHCTBO-BPEMSI, a PABHO U

KpI/ITepI/II/I 9BOJIIOI_II/II/I, B COOTBETCTBHUU C TeOpI/ISIMI/I OTHOCHUTEIILHOCTH.
HpeIICJIBHBIe [ImaHKOBCKME 3HAYCHUS JJIMHBI 1 BPDCMCHH, OTHOCHUTCJIILHO 0.]71

ypoBHs u3nUecKOro Bakyyma (p*,e ,v,,7,,V.,¥), COOTBETCTBYIOT

1078 * *10727
- /G_fz:\/EKi:\/6,67 1076624107 _ o
C

(3 *1010)3

#1078 * #1027
_ |Gh JOT. 6,67*107° *6,62*10
: (3*%10'"%)°

=1,35*10"% ¢, rae VG = cosp(X-).



OTH npeAeabHbIe 3HAUYCHUS JJIUHBI (/,,,) U BPEMEHHU (¢,,,) BBIYUCIICHBI C

KOHCTAaHTOU /G , U OTHOCATCS K MPENEIbHOMY KBAaHTY (X+=v,) cuekrpa OJI, ,

HeIEeJINMBIX KBAaHTOB. 13 cOOTHOILIEHUS f,,,;, = «/ET. = 1,35*10430, st iepuoaa (7.
1 i p i
In10

ln\/E

cnektpe (puc.4) OJI, ypoBHEH, (N =12) COOTBETCTBYET KBaHTY CYOHEHTpUHO (V,,),

JUHAMUKH (v,) KBaHTa, (VG)Y *1=135*10"¢, N=log:t;;, N=-43 ~12 .B

C M30II0TEHIIMAIOM KBaHTa cyodoToHa (y;, =a > *¢).

B Henenumoit O6nactu Jlokanuzamuu, HOJI = m(el )k =314)m(y,,) =1,
KBaHTY (Y = e}, ) 9KCaKkBa3apa COOTBETCTBYET CKOPOCTb W, =a'* *c =W, (es). B
CHUCTEME KOOPJMHAT aTOMHBIX (p*/e”) cTpykTyp OJI, ypOBHS OOBIYHBIX aTOMOB,
rae (W, =a *c¢) CKOpOCTh JJIEKTPOHA, CYIIECTBYET COOTHOLICHUE

HOIT =W, (e3)*V,(y3) = (@ W e "W, =W} =TI, =1. (12.3)
N3 3TOro COOTHONIEHUS BBIUUCIIAETCS AJIMHA BOJIHBI A(e,, ), UepE3 NJIMHY BOJIHBI
13

h _ 33%10  cm. 2ma "W, =W, = U3 COOTHOLIEHHMS
m,a*c (1, =1

JJICKTPOHA, A(e )=

a1, =2(cosp, =a)ley),
WA A(e,,) =2maA, =2%3,14%228%107° *33*10  cu=4,7*10"cm.

Eciu [, =JGK, =4*10™*cyu BbIMMCISETCS Yepe3 KOHCTAHTY
JG = cosp(X—-)=1,,/K, nng kBanta (X+=v,) CyOHEUTPHUHO, TO JJIMHA BOJIHBI
AY-=e,)=4,7%10"" cu BBIYUCIACTCS Yepe3 KOHCTAHTY a = cosp(¥Y—) =1/137,036
KBaHTa (Y—=e¢j,) nKkcakBazapa. O0e AJMHbI OJJUHAKOBBIE U COOTBETCTBYIOT
HOJI = KO(m)KO(n) =A(Y—=e,)*A(Y—=7,,) =1, IPOCTpaHCTBa-MaTEPUH.

W3 sKcriepruMeHTaIbHBIX TaHHBIX, 1 MUHUMAIBHBIX (4, ~ 107 cu)
PaCCTOSAHUN U3MEPAEMBIX (Y+ = y) KBAHTAMH, C IEPUOJIOM JUHAMUKU

A
t="L=10"cek =aT,, 3nauenne (N) mig nepuona (7, =1) ITUHAMUKH,
C

In10
Ina
CIIEKTpa COOTBETCTBYET (Y+=7y,,) KBaHTY cyO (oToHAa.

BbIUHcIseTCA. 10 cek =a™ *1, N = -26 ~12, N =12. Orot nmopsaok OJI,

Taxum oOpazom, N =12 u a1 (v,,), 4 17 (y,,) KBAaHTOB, a U3
buxcupyemsix G ,a ,h,c - KOHCTaHT, (PUKCHpyeMBbIe Mpeebl MPOCTPaHCTBA-
MaTepuH, COOTBETCTBYIOT N, =14 U N, =12 ypoBHAM OJI, , CIEKTpa
(hU3UYECKOro BaKyyMa, OTHOCUTEIbHO HEM3MEHHON ¢ - CKOPOCTH CBETA.

1). lns Hepenumoit O6mactu Jlokanuzanuu camoit BeeneHHoi, 5To o3HavaeT

IUHAMUKY (Xt), (Y+)KBaHTOB OJI, ; CHEKTpa B BUJE IBYX IPEAEIIBHBIX

COCTOSIHMM AuHaMuku. 3a nepuon 7, =T(y,,) =1, KBaHT (Y—=y,,) CHIEJIAECT NOJHBII

2R _y (.8 cdepe pamyca R =2 e 438557107 30N ) 0,
(T, =1) 2w *1 6,28

win (R ~2,2*10") cBeToBbIX JeT. [y chepsl onTHUSCKOTro ropru3oHTa BeeneHHoit

obopoTt




B 15 MIIpa. CBETOBBIX JIET, TakuX cep pukcupyemas B KoHCTaHTax BceneHnnas
uMmeet okoiio 15 muH. Mexonst u3 3Tux pacuetoB HeleaMMBbIX «TSHKENbIX» KBAHTOB,
AY-=e;)=47*10"cm , I, =M X-=v,,)=4*10""cu, c COOCTBEHHBIM NIEPUOIOM
JMHaMHKK B (X —); mone Beenennol, 1o ecth, 1, =T(X-=v,,)=135*10"c.
Jlunamuika paguycoB (r, — R)u yriioB nmapamienabHocTu (X-) u (Y-) TpaeKTopui,
B I1epoj pacuMpenuss BceneHHOM, CIeay0T COOTHOLIECHUS UX INIOTHOCTEM.

1
(X—-=p)=—— 350 (X—-=y )=
@ Py (T* — ) pi( Vi) (T* - 0) *
qz)X()(_:pj)_>0; qDY(Y_:ej)MAX; ¢X(X_:Vi)_)¢XMAX; qDY(Y_:}/i)_)O)
1 1
Y—=e)=— (Y==y)=——— 50
pir==¢,) (T2—>0)_>Oo pY==7) (T2—>oo)_>
B ITPOCTPAHCTBE CKOPOCTEH
A — o A—-0
W= =G, =) =420
(T — ) (T — 0)
W (r—=e =29 V(¥r—=y)=L29) _p

Puc.9.1. nmHamuka npocTpancTBa-marepun BeesieHHON.
2). 31ech U3 KBAaHTOBOW SHEPTUM YPOBHS CUHTYIIsIpHOCTH Pu3nueckoro Bakyyma
npocTpaHcTBa-Marepun Beenennoit, 7i(a™*c=V(y,,))=E(y,,)R,, TOe
E(y,,)=m(y,,)*c’, CIEIyIOT PaCYETHI:

m(e,)*k*m(y,) =1, m(e,)=177*10"TeV =315%10%2, (k =3,14), T

m(72)=1m(e,)*k=10%"2, E(yy)=m(y,)*c’ =9%10"" ope ,

-12
R, _ e T 1,54*10% cu . DTH cooTHOMIEHUs 27R;” = 27R, * 21 (R =1)= HOJI ,
m(y,,)*c
ONPEAEIAIOT EAMHUYHBIN paauyc Bcell BeeneHHoM, B ypOBHE CUHTYJIIPHOCTH €€
Bakyyma. Cam KBaHT oO111ero coctosHusi BeceneHHoit, pacpocTpaHseTcs: Kak
KBaHT (Y+ = X —) 3JIEKTPOMArHUTHOU ¥ IPABUTALMOHHO-MACCOBOMN (X +=Y-)
BOJIHBI, B COOTBETCTBUH C UX YPaBHCHHUSAMH.
KBaHTOBast AMHAMUKa IPOCTPAHCTBA-MAaTEPUU B IEPHO]] PACIIMPEHUS

Bcenennoit o0ycnoBieHa NEPBUYHBIM «IIPOBAJIOM» INIOTHOCTEN p,(Y—=e¢,) B
OKOJIOHYJIEBBIE MACCOBBIE (v p,(Y— =,) = 0) IUIOTHOCTH (PM3MYECKOTO BaKyyMa.



IIpu «cxxkaTum», pacter ¢, a(Y+) ,
3

> Pruax | OSIBIISIETCSI KOHCTAHTA

-0

GX*) noneit B3auMoeicTBus, PX , a TAaK)Ke

HUCYC3acCT I'paBUTAIUSA

Ay (X==p,) >0 <L Y+=7)  Tpy noctukennu npexesHoro yrma x|

20+), = (X-)

MMPOUCXOIUT KOTTAJIKUBAHHC) BCCX KBAHTOB , B (X-) II0JIC

Bceenennoii, ee «B3PbIB». To ecTh uaer «pasner» mioTHOCTEN p,(Y==¢)) C

«TOPMO3HBIM HU3JIYUCHUCM) (ef - 7/1~) HCUYC3HOBCHUECM KOHCTAHTHI a(Y+)

oY+)—0

, I yria
NapaJJIENbHOCTH, C IOCIEAYIOIIUM IIEPUOJOM PACIIUPEHUS U

IMMOABJICHUCM I'PABUTAITMOHHOT'O ﬂeﬁCTBHH G(X+ - Vi)
2 (X==v,)>0

KBAaHTOB . HpI/I 3TOM

. —=Y. (e8]
YMCHBIIACTCA JIMHA BOJIHBI , BOKPpYT il (Y }/l) - KBAHTOB.

D10 coOTBETCTBYET 00MIEl quHaMuke T o(X-) mons (puc.9) Beenennoi, ¢
JUHAMUKOM paauyca (r — R) cdepsl ropuzonTa Beenennoit ¢ EBkinmnmoBoit
nzotponuei. s GuKCUpOBaHHBIX YPOBHEH CUHTYISPHOCTU (X —) = const ,
chepbI-TOUKH MPOCTPAHCTBA-MATEPUH, HAIPUMED BUAUMBIX TaJIaKTHK,

M(e,)* (k=315 *m(y,)=1, c ypOBHEM CUHTYJIAPHOCTH (Y* =7y,)KBAHTOB
bu3nYeCcKoro BaKkyyMa, UMEIOT COOCTBEHHBIE (W, , =a’ *c) CKOPOCTU B (X -)
nosie Beenennoil. PaccmaTpuBaeTcsi MHOXKECTBO TaKUX c(pep-ToUek rajJakTuk («He
MMEIOIUX YacTei» B EBKIINIOBOM akcrnoMaTHKe), Ha BEIOpPAHHBIX HAMIPaBICHUSIX
(K =c*T), U3MEPSIEMBbIX CBETOBBIMH TOJlaMU. B cuity o01ieit TuHaMuKu ) o(X-)
noJis (puc.9) Beenennoit, paguycel chep-ToUyeKk ralakTUK YBEIUUYUBAIOTCS, a
PaBHO M YBEITMUYMBAIOTCS PACCTOSHUS MEXKY LEHTPaMU TaJlaKTHUeCKuX cep-
TOYEK Ha BRIOpAaHHOM HaNpaBJICHUU U3 JIFOOOW TralaKTUKU. JTO 3HAYUT, UTO
Ka)K/Jas rajakTuka ynausercs (AW, >0), oT HaOnrogaTens 11000 raJakTUKy, B
HarpaBJIeHUsIX (K = c*T) U30TpOmHOM ceprl ropuzoHTa BeeneHHoi.

MHoecTBO c(hep-ToueKk rajJakTUK Ha HANpaBIECHUU , 1a€T CYMMapHYIO
paaualibHYIO OT HabJto1aTensi CKOpocTh (AW = ZAWJ) TeM 0OJIbIIYIO, YEM

OoJibiie paccTosiHue (K =c*T).

O6a mpupaltieHus: Ckopoctu chep-rodek (raiaktuk) (AW, ~p(X—=c*T)) u
(AW = ZAWJ) , AIOT (0°W, /ot = ob/ot) > 0, IpUpaleHue YCKOpeHus (b # const) , C
yBEJIUYCHUEM PACCTOSAHUS (K =c*T). DTOT 3(PeKT nmpupamnieHust yCKOpEeHHs ¢
pPacCTOSIHMEM BBI3BaH JUHAMUKOW TOMONOTHH (g, F const), (pacuiupeHus)
T o(X-) nons BcenenHoit, 1 HapacTaroUIMM KOJIHYECTBOM PACIIUPAIOIUXCS chep-
TOYEK (TAJIAKTUK) C YBEIMUYCHUEM (K = ¢ *T) pacCTOSHHS Ha BHIOpAaHHOM
HapaBIeHUH U3 1000 ramakTuku. CaMu ke CKOpOCTH W, = a V¢ TalakTHK U
BHETAJIAKTUICCKUX 00BEKTOB HEM3MEHHBI, KaK U (c) - CKOPOCTh CBETA.

10. MexkrajnakTuieckue mMoJieThl.

dU3NYECKON PeaTbHOCTHIO SBISICTCS Pa3IMYHOE MPOCTPAHCTBO CKOPOCTEH

Conana u 3eMiau. be3 BCIKUX TOIIMBHBIX JIBUTaTeICii 3eMJls JICTHUT B

IMPOCTPAHCTBC (1)I/ISI/I"IeCKOI‘O BaKyyMa CO CKOpPOCTBIO 30xm/c, A COJIHI_IC CcO
CKOPOCTBIO ITOpAAKA 265km/c . Peun unert o riilaBHOM CBOMCTBE MMpOCTpaHCTBA-



MaTepuu — ABkeHuH. [loTok Macc (Y -), anmapara co31aeTcs HOISIMH
(Y-=y,)=(x+= P, XX += pj) CunpHoro u I'paButaninonHoro Bzanmonencrsus
SHEpreTHUYecKnX KBaHToB (X+=p ), (X£=p,) ..., OJI, ypoBHS HeICINMbIX
KBAHTOB IIPOCTPAHCTBA-MaTepUu (PU3NYECKOr0 BaKyyMa, CBSI3aHHBIX MEXy COO0M
stuMu ke (X +) monsvu Ha (X —) TpaekTopHaX MOIyIs, 63 BHEIIHETO HCTOYHUKA
DHEPIUU.

Puc.10.1. Mexkranakrudeckuii annapar 0e3 TOINIMBHBIX JABUraTeJIei.
ITocnenoBaTenbHO BKIIIOYAs IPOCTPAHCTBO ckopoctei (Y -),, (X -),

anmapara B YPOBHE CHUHTYJISIPHOCTH (PU3MUYECKOI0 BaKyyMa, armapaT BBIXOAUT 110
panabHON TPAEKTOPUHU C YPOBHS CUHTYJISIPHOCTH (PU3MYECKOTO BaKyyMa KBaHTa
(X +) npoctpancTBa-MaTepun wianetsl, (¥ +) mpocTpaHCTBa-MaTepHH 3BE3IbI,
(X +) mpocTpancTBa-MaTepuy ranaktukH, (Y +) IpocTpaHCTBA-MATEPHH CKOILICHHS
raJIakKTHK, K JPYTUM CKOIUICHHUSIM U TaJlakTHKaM B 1osie BeceneHHol, ¢ oOpaTHbIMU
BKJIIOYEHUSAMU IIPU BO3BPATE HA IJIAHETY CBOEH MJIU APYrOMl ralaKTUKH.

Takum 06pa3oM, CO31aBaTh MOJHBIE TIEPHOIBI KBAHTOB (Y-=7,),,

MPOCTPAHCTBA CKOPOCTEN HEOOXOIUMO TMOISIMHU (X +=p; )(X += pj) CTSIKEIIBIX))
KBaHTOB KaK «paboyero BEIIECTBa», 3aMKHYTHIX Ha (X-) TPAGKTOPUU «KOJIbIIa»
anmapara. M3 cooTHOLEeHn A1l KBaHTOB, 7,(X—=p,) >0, 1, (X-=p,) >0,
yeM OoJibIle Macca (X—=p,) KBaHTa, hopmupyemas (p, =2(e, )/ G) KBaHTaMu
(e,,), TeM Oonblie A,(X—=p,), TeM OOMbIIE MAMETP D «KOJbLA» annaparta. Jljis
COOTHOIICHUH (E =TT1°K , ((X-)(E =T1°K,)(X+)=HOJI(X+= p,), IMEIOT MECTO
TYEXHVEXH)=HOI(X+=p,),nma T K (X-)K, L (X+)= HOJI(X+=p,), KaK U
st Mmace T (m=TIK , (X -)(m=T1K,) L (X+)= HOJI(X+=p,). Bcs macca
cocpenorodeHa B (X—=p,) noiue, popmupyemoro (X—=p,)=Y+=¢, )Y+=¢, )
AJIEKTPUYECKUMH TTOJISIMU MACCOBBIX (Y—=¢, ) TPAEKTOPHUM, B BUJIE MACCOBBIX
noJieu, m(X —= p;)=2m(Y-=e,)/G). 3HAa4YUT JOCTATOYHO B CO3JIaHHBIX KBaHTaX

1
A~
AY-=e, )
4TOOBI BEIUUCIIUTE TOPSIOK KBAHTOB N(e,), (HOPMHUPYIONIUX TPACKTOPUIO KBAHTOB

HOJI=A(Y+=e, )AM(Y—=e,,)=1, 3HATh JUIMHY BOJHbI, A(Y+=¢, )=

(X==p,) «paboyero BEIeCTBaY.



2M(X-=p,)

(7 ~3)
nramerpa D=10m, Torma A(X—=p,)=15u=A(Y+=¢,,). TO ecTp, ININHA KBAHTA
AY—-=e, )= . 6,67*10 cu . DTO COOTBETCTBYET COOTHOIIEHUSIM

AY+=e,)
AY-=e,,)=667*10"cu=2n*a" (A, =3.3*10"cm), oTkyna «a” =2*10", s (J 1)
In(2*107°)  —-10,82
In(a =1/137)  —4,92
HOPSIIKY KBaHTOB (o’ *c) =W (e,) paboyero BemecTBa (X—= p;), B «KOJIBIE» C
nuameTpom 10m. Takue «Kodblia» Aal0T MeXrajlakTuueckui annapar. CKOpoCTh
MEXKTaJaKTUUECKOTO arapara ¢ TakuM (X—= p,) «pabo4uM BEIIECTBOMY, B

Hanpumep, A(X-= p;))=AY+=e,,), HEOOXOIMMO «KOJIBIIO» D =

JaeT N =log,2*107° = =22~2.Torma (N, =3) COOTBETCTBYET

YPOBHE CUHTYJISIpHOCTH HOJ/I =m(e,)*m(y,)=1, cocraBisieT
VY-=y,)=a ' *c~137*c.

Jliist 3eMHOrO BpeMmeHu B 10 j1eT, MOKHO MPOJIETETh (r =10zem™* ™" *c)xm
wm  (r=10%365,25%24*3600%137*3*10° =1,3*10"xu =8,8*10" a.e =425,8ux . To ecTh
Hamry ranakTuky (30 1K), anmnapat npoJieTUT npumepHo 3a 705 net. Jlns sxunaxa
TaKoro arnrapara, COOCTBEHHOE BpeMs COCTABISACT T = o (7051em) = 5,147et , BpeMsI
YPOBHS CUHTYJISIPHOCTH (7,).

Yem Gosblie Macca KBaHTa (p), TEM OOJIbLIE JUIMHA €TO «BOJIHBD)
MX-=p,). st (N, =4)KBaHTOB BELLIECTBA (X—= p,;) fApa KBa3apa, UMEIO MECTO
(N, ,=3). Torma u3 COOTHOIIECHUS
2r*aV(A,)=AY-=e, ,;)=628*(1/137)**3.3*10° cu =8,14*10 " cu, © BBIUUCISIEM

1 1
AY—=c,,) 8I4¥10 "cu
1,2*10"cm~10"km =8,2 a.e. AHAMETP sApa BHEraJaKTHUECKOTO KBa3apa ¢ KBAaHTaMU

AY+=e, )= =1,23*10"cu=A(X-=p;). OTO COCTABIAET

(X—=p}) anpa. «Pabouee BemectBo» Takux HO/I =m(e,)*m(y,)=1, KBAHTOB JAIOT

MOJIETHI YK€ BHE rajakThK Bo Bcenennoil. 3a 10 et 3eMHOT0 BpeMEHU MOYKHO
npoJieTeTh BO BeeneHuoi, (r=10zem™*(V(y,)=a *c)=1,78*10" xu, miu 188000
CBETOBBIX JIET. 3a COOCTBEHHOE BpeMsl B ammapate ¢ =c’ (101em) nnn 4 gaca 40
MUHYT. OTO BpeMst i (Y—=y,) KBaHTOB, B MEXIaJIaKTUYECKOM YPOBHE
CUHTYJIIPHOCTH (DU3UYECKOTO BaKyyMa.

11. KBanToBasi cuctemMa KOOPJAUHAT.

N3orponnoe EBknunpoBoe npoctpancTBo BeeneHHo# paciupsieTcs, 4To
HeonmycTUMO B EBKIIMIOBOM akcMOMaTHKE, B KOTOPOM cO3/1aHbl Bce Teopuu. CBeT
JAJEKUX 3BE3]l, TAJTaKTUK, UX CKOTUICHUH, YKa3bIBAIOT Ha TAKOE pacIIupeHue
MIPOCTPAHCTBA, HE UMEIOIIET0 BUAUMBIX MPEICIIOB, U HAIUYNE B TAKOM
MIPOCTPAHCTBE YEPHBIX JbIP U TEMHOM SHEPTUU, MATCPUH.
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puc.11.1. Henenumbie KBAaHTbI POCTPAHCTBA-MaTepPHH.

duznueckui BakyyM BcelleHHOM ITpeIcTaBIeEH MHOIOYPOBHEBBIM
MIPOCTPAHCTBOM, Kak GpopMoil maTepuu. [luHaMUYHOE MPOCTPAHCTBO, Kak popma
MaTepuu, MpecTaBiIeHo akcuoMamu: Bee yka3anHbie 00bekThl BeeneHHow,
paccMaTpUBalOTCs B KBAHTOBOW CHCTEME KOOPAMHAT, TOUKAMHU OTCYETA B KOTOPOI
apisatoTcess Hegenumble KBanThl pocTpaHcTBa, Kak (OpMbI MATEPHH.
B enunom (X-=Y+) , (X+=Y-) mpocTpaHcTBe-Matepuu neppas O61acTb
Jlokanuzanuu (OJI) HeAeIUMBIX KBAHTOB (DOPMHUPYETCS TPEMS 3apSIOBBIMU (P —
e, Uy — Yo, Ve —¥) (puc.1) u 1ByMs MaccoBbiMu (€ — Uy, Vo — Ve )
u3oMnoTeHIMaNamMu. Anainoruyto sce (OJL),(0JL,) ... (0J;) u (0J1,) , (OJI ),
(OJ,)...(0J1;,) Obnactu Jlokanusauuu (OJ1 ;) pusudeckoro Bakyyma. Kaxmbiid
AHEpreTUdYecKuii KBaHT (Xt = pj), (Y+= ¢;) B (OJI;) ypOBHSAX UMEET CBOH

HHEPreTUYEeCKUid ypOBEHb (CUHTYISPHOCTD), (X+= v;), (Y= y;) kBanTOB
(bu3HYecKoro BaKkyyma, HIKe KOTOpOTro OHU ceOst He nposBisioT. OHu
dbopmupytotr Hegennmblie O61acTi MpoCTpaHCTBA — MAaTEPUU U3 PACUETHBIX UX
MaCCOBBIX XapaKTEPUCTHUK.

Tabauma 11.1

JGM(p)kNGM (e) =1 M (e kM (y,) =1
JGM(p)(k=18WGM(v,) =1 M(e,)(k=32)M(y,)=1
JGM(p,)(k =L,INGM(v,) =1 M(e,)(k=315M(y )=1
JGM (py)k=1TWGM(v,) =1 M (ey)(k=38)M(y,)=1

M)k =315M(y,)=1
M(e;)(k =31M(7,) =1
M(e) )k =39M(r,) =1
M(e;)(k =35)M(r;) =1
M)k =31T)M(7,) =1

JGM (p,)(k =183)GM (v,) =1
VGM (p;)(k =183WGM (v;) =1
NGM (py)(k =189NGM (v,) =1
JGM (p,)(k =182\ GM (v,) =1
VGM (py)(k =1.83WGM (v ) =1

Hamnpumep, KBaHTHI siipa «TSHKEJIOT0» aTroMa (p2 /n2 + e, ) (saapa 3Be3/1bl)

MIPOSIBIISIIOT ce0s1 B PU3MUECKOM BaKyyMe Ha YPOBHE JIEKTPOHHOT'O HEUTPHUHO (V,)

u oToHa (y ), cOrIacHO MpecTaBIeHHON Tabiuie. KBaHThI (P4/n , T €4) simpa

raJIaKTHK, IPOSIBIISIOT ce0sl HA YPOBHE CBEPX CBETOBBIX HEUTPUHO (V,) U (DOTOHOB




(7,), co ckopocTamu (v = a1 * ¢ = 137 * ¢). KauThl (p6/n6 + eg ) Aapa

KBAa34apoOB, ITPOABJIAOT ce0s B (1)I/IBI/I‘ICCKOM BAaKYyyYMC, Ha YPOBHC CBCPX CBCTOBLIX

HeiTpuHO (V) U GOTOHOB (7,), B IPOCTPAHCTBE cKopocTell (v = a ™2 x ¢ =

1372 * ¢). KpoMe 3TOro ecTh KBaHThI FalakKTHIECKHX (p3/n3 +e3)u

BHETAJTAKTUYECKHUX (p5 /ns + e5) Uepnbix [pip, B IEHTpE CKOIUICHUS 3BE3]1 U

T'aJIaKTUK, COOTBCTCTBCHHO. OnTuueckue (1)OTOHBI (}/ ) HUMCIOT 3aMKHYTBIC

tpackTopuH (Y-) B UX CTPYKTYPHBIX (pOpMax v HE MOKHUIAIOT TAKUE OOBEKTHI.
Taxast kBantoBas cucrema koopaunat (OJI;;) yposreii Henennmeix KanTos,
MMeeT B3aMMHO OpTOroHalibHbIE TOUKU To(X—) L 19(Y—) u nunum —
tpaekropun (X —) L (Y —), B 1HHAMHYHOM MHOTOYPOBHEBOM IIPOCTPAHCTBE
CKOPOCTEH, C JIOKAJIbHBIMU 0a3MCHBIMU BEKTOPaMHU:
(X —) = ex(x™) *cos (wp)x) u (¥ =) =ey(y™) * cos (we)y ,

rae auHamuuansie @(X—) u @ (Y —) yrisl mapaaielbHOCTH JTHHUNR-TPAEKTOPHIA, C
AMHAMHUYHOM cucTeMoit koopauHat (x™) # const u (y") # const, ecTh pearbHOE
B0 Bcenennoil, He crannonapHoe EBKIIMI0BOE IPOCTPAHCTBO, ® — yrioBas
ckopocthb (X —)umu(Y —) Tpaekropun.

Hanpumep, ckopocTh 37eKTpoHa U OTOHA CBA3aHBI COOTHOIIEHUEM:
(v, = a *¢), rne a=1/137=v,./c=cos (®v¢)y , KOCUHYC MPEJEIHLHOIO yTIJa
napasuiesnbHocTH (Y-) TpaekTopuid (puc.l). AHAJIOTHYHO CKOPOCTh MIPOTOHA
(vp = VG*c,), tie G = 6.67°= cos(wp)y) .

Camu (X —)umu(Y —) THHHK-TPACKTOPHH, IPEACTABICHBI IOKATLHBIMU

6asucubiMu BekTopamu: (X— = ey) u (Y— = ey), B COOTBETCTBYIOIIEH CHCTEME
aox™ oy™
KOOPIMHAT: ey = —— M ey = —— HX TMHAMHIHBIX chep (r < R), cux

nuHaMuKo# (r—0), (R—ﬂ;;) Ha kBaHTOBOM ocH (OJ]};) ypOBHEH.

B kaxnoit chepe-touke (r <> R)(X-) umm (r <> R)(Y-), cBost (x")l_?p( y") cucrema
KOOPJIMHAT, B3aUMHO OPTOTOHAaJIbHbIE. DTO TUHAMUYHOE MPOCTPAHCTBO C
EBxnumoBoit uzorponueit chep.

B ycroBusix HyJIeBBIX yIiIOB napajuiensHocta @ (X —) = 0, ¢(Y —) = 0,
KBAHTOBAsl CHCTEMa KOOP/MHAT IEPEXOUT B ceTKy KoopauHaT (x™) | y™)
€BKJIMJIOBOM MIIOCKOCTH. B ycinoBusx GUKCUPOBAHHBIX YTIJIOB NapaJlIeIbHOCTH
(p(X =) # 0) = const, (p(Y —) # 0) = const, ¢ T10KaTbHBIMH OA3UCHBIMH
BekTopamu: e(x™)L e(y"), B GUKCHPOBAHHOM MHOTOMEPHBIX KOOPIUHATAX:

(x™ = const), (y™ = const), pedb 0 MOBEPXHOCTIX Y)KEe PUMAHOBOI'O
npoctpancTBa gix = €;(x™) e, (x™), mpsamoii B (X+),(Y+) mosx u o6patHoii B(X-),
(Y-) nonsx, kpusususl (K=Y?2/Y,), puc2.

B npocrpanctse ckopocrert (W;v;), (OJ;;) ypoBHE# pU3MIECKOro BakyyMma,

MPEICTaBIEHHOTO JIOKAIbHBIMUA 0a3MCHBIMU BEKTOpaMu IpocTpaHcTBa Pumana,
(X —) = ex(x™) xcos (wp)x) u (Y =) =ey(y") * cos (wp)y ,

¢ puxcupoBanusiMu yriaamu (@(X —) # 0) = const, ((Y —) # 0) = const,

napasuienbHocT, Bce Kpurepuu DBomtonuu (K9), (v =K' /T") cropocTs,



(H=I{2 /T*=v?) norenuuan, (F=IT°) cuna, (E=IIK) sueprus, (A = E * T = pA)
nevicteue, macca m=IIK(Y- = X+) B MaccoBsix nomsax u 3apsn q=IIK(Y+ = X-) B

ANIEKTPpOMArHuTHBIX nojsix. Takxke:(w = 1/T) yactoTa, (p = Z—[: = w?) IOTHOCTh
Mmacchel (X+=Y-) unu 3apsiaa (Y+=X-). Jlroboe ypaBHEHUE PUBOAUTCS K €TUHUIIE,
KO(X+ = Y[[))KD(Y += XF) )=1, npocrsim nenenuem, kak Henennmas OGnacts
Jloxamuzanuu (HOJI=1).ITnotHocts Maccosoro p(Y —) = (X+)w?(X+) unu
sapagosoro p(X —) = (Y+)w?(Y+) nons, popmupyercs B Henenumbix Kpantax
€IMHOTO TPOCTPAHCTBA MATEPHUH:

Taxum 006pa3oM, B 00bEMHOM €JUHOM MTPOCTPAHCTBE-MATEPUH, UMEIOT
MECTO BUXPEBBIE TNIOTHOCTH 3eKTPO (Y+ = X-) MarHUTHBIX TOJISAX, U3BECTHBIX,
Kak ypaBHeHUs1 MakcBeria,

j j rot . B(X-)dS, = j j E'(Y+)dL,dT + j j E(Y+)dS,
S, S,

jjrotyE(Y +)dS, = —U%chﬁ , B YCIIOBUSX J' I A dS,=0= §>B(X ~)dL,

S, S, L,
¥ BUXPEBBIC IUIOTHOCTH I'PABUT - MAaCCOBBIX (X+=Y-) moeii, ¢ uX ypaBHEHUSIMHU.

j j rot, M (Y=)dS, = j j G'(X+)dL,dT + j j G(X+)dS,

j j rot, G(X+)dS, = — j j M'(Y-)L,dT , B yCIOBHUSX j j A (Y-)dS, =0= jSM(Y—)dLl

['maBHBIM CBOMCTBOM 00BEMHOI'O MPOCTPAHCTBA, KaK (hOPMBI MATEPUH €CTh €T0
CrpykrypHas ®opma (CD).3amknytsie u (Y-) Tpaektopun Hegennmbix KBaHTOB B
CtpykTypHbIx POpMax UMEIOT BUJI «CTOSIYMX BOJIH», HAIPUMEP B CAMOM SJIpe

aToMa «CTOSTYME BOJHBDY JJIEKTPO (Y+ =X-) MarHUTHBIX U TpaBUT (X+=Y-)
MaccoBbIX ToysiX. B oO0bemHoM (XYZ) npocTpaHCTBE, BI0JIb OcU (X) B BUJE:

Y

Puc.11.2. Buxpu maruutHbIX (X-) 1 MaccoBbIX (Y-)nosieii B CTPyKTypax siapa
Jlns maccosbix (Y-)moneit. f(y,z) = 0, B: y% + (z— Nr)? = (Nr)?, nna (y=0),
(N=0, Z=0), (N=1, Z=2r, Z=0), (N=2, Z=4r, Z=0), (N=3, Z=6r, Z=0), ...,
Jlns marautsbIX (X-) moseit. x% + (z — (N + 1/2)1)? = (N + 1/2)r)?,
(N=0, Z=r), (N=1, Z=3r, Z=r1), (N=2, Z=51, Z=r1), (N=3, Z=Tr, Z=1),
obmue Toukn. CTpYKTYypbl BUXPEBBIX MOJIEH B CTOSYMX BOJIHAX, UMEIOT BH/I:



N=1 N=2 N=3 —~
TN T

PO Ty

Puc.11.3 cTpyKTYpBI BUXPEBBIX I0JIEH B CTOSSYUX BOJTHAX
Takue «cTosiune BOJHbBI», BAXPEBBIX MArHUTHBIX (X-) 1 MaccoBbIX (Y -) moJiei,
MMEIOT MECTO B SiIpax aTOMOB M CAMHUX aTOMOB, /10 YPOBHS AJIEKTPOHHBIX
HeUTpuHO (X— = v,) 1 potoHoB (Y- =)), ypOBHEH CUHTYJISIPHOCTH B (PU3UIECKOM
BakyymMme. JlsinHa «cTosuel BOMHBDY (A) U MIOTHOCTH () BUXPEBBIX MOJEH B
aKCHOMaX JMHAMUYHOTO MPOCTPAHCTBA-MATEPUH, UMEIOT TuHAMUKY B(OJ]};)
ypoBHsX ¢u3uueckoro Bakyyma. A;(X—) — 0, p;(X—) - o, 4;(Y—) = o,
pi(Y—=) = 0.

Hanpuwmep, B (OJ1;) ypoBHe, ecnu 351ekTpoH (Y — = e) uznydaet ¢oroH
(Y—=1vy), To npotoH (X— = p), u3nydaeT WIU MOIJIOMAET FJIECKTPOHHOE
HedTpuHo (X— = v,). Ilpu 3TOM, MJIOTHOCTH MArHUTHOTO TOJISI HEUTPUHO OOJIbIIE
pi(X—= v,) > p;j(X— = p) miotHocTu Tpaekropuu (X-) nporona. To ects,
TPaeKTOPHUsI MPOTOHA «IBUKETCS MO CTPYHE» TPACKTOPUHU IEKTPOHHOTO
HEUTPHUHO, KOTOpPbIE U (OPMUPYIOT CTPYKTYPHI aipa. Hanpumep, CTpyKTypsbl
MPOIYKTOB pacnana Helrpona u kBaHThl CB — CunbHoro B3aumoneiictsus siapa,
UMEIOT BHI:

HeliTpon pacnagaeTcsi B CUily aCHMMETPUU KBAaHTOB MPOTOHA U HEUTPUHO B
obmeit crpyktype. KBantel CB cBs3anbl CriibHbIM B3aumopeiictsuem, u
bopmupytoT MaccoBbie (Y-) TpaeKTOpUU B 000J0UKAX spa.

B cnydae cuMMeTpuu npoayKTOB aHHUTWISALIMKM KBAHTOB 3JIEKTPOHA WM MPOTOHA
Yt=e)=X—=v.)(Y+=py)X—= ), (14.1)

Xt =p) =T—=y)X+=v.)Y—=y,), (14.2)
TaKhe KBaHThI CTAOUIIBbHBI, C UX 3apSAJ0BbIM U30MOTEHIIMATIOM eIuHbIX (Y+=X-),
(Y-=X+) noneit.
[TpyunHON aHHUTWIISILIUK 3JIEKTPOH-TIO3UTPOHHOM U MPOTOH-aHTUIIPOTOHHOM Map,
€CTh UX IPOTUBOTIOJIOKHBIE BUXPH 3apsa1oBbIX (Y+ = X-) 1 MaccoBwiX (Y- = X+)
IOJIEH.

[Ipocrelimuii aToM, UMEET CTPYKTYPHI B (PU3HMUECKOM BaKyyMe BIUIOTH 10
COOCTBEHHOI'O YPOBHSI CHHTYJISIPHOCTH IIPOTOHA, T.€. 10 3JEKTPOHHOTO HEUTPHHO,
U DJIEKTPOHA, T.€. 10 (POTOHA.

Kak ¢oToH MeHsIeT sHepreTuuecKre YpoBHU OpOUTAIBHBIX 3JIEKTPOHOB, TaK
U DJIEKTPOHHOE HEUTPUHO, UMest OOJBIIYIO MIIOTHOCTD P (X—=v,) > p(X—= p)
MIPOTOHA, MEHSET PHEPreTHUECKUE YPOBHU HYKJIOHOB B BO30YXJACHHBIX Spax.
AHANIOTUYHO «CTOSIYME BOJHBD) «CTOSYUE BOJHBI» BUXPEBBIX MATHUTHBIX (X-) U
maccoBbIx(Y -) monei, umetorest B (OJI;) u (OJI;) pusuveckoro Bakyyma, B

. p
KBaHTOBOM CHCTEME KOOpIMHAT. B TOM umcie B CTpyKTypax sapa (n—2 + e,) 3Be3,
2

p p P
(n—3 + e3) YepHBIX JIBID, (n—4 + e,) rajaxkTuK, (n—4 + e,) KBa3apoB. AHAJOTUYHO B
3 4 4



Vi v
YPOBHAX DdU3NIECKOTro BaKYYMa, HUMCIOT MCCTO (Tl_ + yi), CY6HCI/ITpI/IH-(1)OTOHHBIe
i

CTPYKTYPHI, C TUIOTHOCTAMH p (X—= V;) = 0, UX TPaeKTOPHUH.
MHOroMepHOCTE NPOCTPAHCTBA-MATEPUH B KBAHTOBBIX CTpyKTYpax (OJ1};)

YpOBHEH (PH3HYECKOr0 BaKyyMa, IPOSIBIISIETCS B cucTeMe koopauaat (K=", THV)
MIPOCTPAHCTBA -BpeMEHH, co BceMu Kputepusmu DBONIOIUHI, U B KBAHTOBOM
CUCTeME KOOpAuHAT Ha (1) — CXOJUMOCTH, HallpuUMep:

Junamuyeckas cpepa-Touka KaxkJI0ro KBaHTa MPOCTPaHCTBA-MaTEPHH, B
npezenax skerpemaieii (ro < r < R), mensercs B (OJ];) ypOBHAX KBAHTOBOH
cucteMbl koopauHat Beenennoit ot 0 0 oo.

4(X-) -0 Ai(X—) —o A(Y =) > o A4(Y—)-0
rj(X—) = ri(X-)-0 ri(Y-=)-0 ri(Y—) »
pj(X—) -0 piX—) > » piY—) -0 pj(¥Y—) -
Tj(X—) » Ti(X=) -0 Ti(Y—) > i(¥-) -0
t;(X—)—0 t;(X=) > t;(Y—) -0 tj(Y—) - oo

['oBops 0 GeckoneuHoctsx Beenennoit, mbl ¢ HamuM OJI; ypoBHEM KBaHTOB
Ao (X—) u 1o (X—), na 3emne, B kBautoBoit (OJI;) cucTeMe KOOPIMHAT, HE
MOEM BBIUTU «Ha Kpait» BceaenHnol, HU B rIIyOUHHBIX YpOBHIX 1;(X—) = 0,
®usnyeckoro Bakyyma, Hu Ha 6€CKOHEUHBIX, 7;(X—) — 00, KOOPAMHATHBIX
paccrosausx (X—) nons Beenennoii. bonee Toro, Bo BpeMEHHOM MPOCTPAHCTBE,
3TO COOTBETCTBYET OECKOHEYHO JONTOMY t;(X—) — 00, IPUOIMIKEHUIO «KO JTHY»
pi(X—) — oo, ®uznueckoro Bakyyma, uiu 3aMe1JIeHHI0O COOCTBEHHOTO BPEMEHU
«Ha Kkpato» Beenennoit r;(X—) — oo, 1o nyns t;(X—) - 0.

31ech, Ha «KecTKOU cTpyHe» (p;(X—) — 00) MarHUTHOTO MOJIs, BPAIIAIOTCS
BCE HCXoHbIe Maccobie Tpackropun (Y +)w?(Y +) = p;(X—), B (X—); none
Beenennoit. Mx HauanbHbIe IUIOTHOCTH MaccoBoro nois (p (Y —= ej) — ),
pacnanatore (e; — ¥;) 10 KBaHTOB (husnuueckoro Bakyyma (p(Y—=1y;) - 0), c nx
A(Y—=1y;) = oo nnuHoii BoiHbl. Pacnan KBaHTOB (+3HTPOMHUS), UIET IO BCEMY
(OJI;;) cieKkTpy HENENMMBbIX KBAHTOB KBAaHTOBOMU OcH. J[uHamuka MaccoBbix (Y-)
TPaeKTOPHUIA, BHI3BIBAET, IPHU 3TOM, MHAYKIIMIO MarHuTHOro (X-) noius (puc.0 —
MYHKTHPHBIC JJUHUH), 1 HA000POT, B COOTBETCTBHH C yPAaBHEHUSIMU TUHAMUKH
MPOCTPaHCTBA-MaTEPHH.

Ecnu rinyGunHbIe, B pU3NYECKOM BaKkyyMe, MaccoBble Tpaektopuu (p (Y —=
¥i) — 0), UMeIOT BbIJeJICHHbIEC HAIIPaBICHUS BUXPEBOTo 1moJs (puc.0), To B 6osee
BbICOKHMX dHepreTuueckux (OJ];) ypoBHAX (HU3UUECKOTO BaKyyMa, 000 KBaHT
JIBUKETCS] CBOOOIHO, B U30TPOITHOM, YK€ EBKINA0OBOM MpOCTpaHCTBE CPephl-
touku (r(X—) - R(X—) — o) Bcenennoii.

Pacuersl mpocTpancTBa ckopocteit Henenumpix Ksautos Brons (OJT;)
ypoBHEN (PU3NYECKOTO BaKyyMa, BHIMOJHSAIOTCS Yepe3 KOHCTAHTHI:

cosp(Y =) =W,/c =a =1/137,036,
cosp(X =) =W, /c = VG = 1/3872,



Torna B KBaHTOBOM CHCTEME KOOPAUHAT, TP MOCJIEI0BATEIIHHOM
u3nydenuu (+ sHTponuu) kBaHToB (e~ - ¥yt > y; > v - yg ...) , uMeror MecTo
MPOCTPAHCTBO CKOPOCTEN 3TUX KBAHTOB:

V@)= aNe),(V, = alce=137¢), (V,= a?c), (Vg= a3c)...
AHaJIOTUYHO JJIS1 SJIEKTPOHHOTO HEUTPUHO, C OKOJIO CBETOBOM (C) CKOPOCTHIO,
MMEIOT MECTO IOCIIEN0BATENBHBIE U3yUYeHUs CyOHeiTpuno: (v, = v§ - vy -
V¢ ...), CO CBEPXCBETOBBIMU CKOPOCTSIMM:

V)i =VO)™M)=(, = V6) o) =V = (V6)™%¢) » (Ve = (VG6)~

[Tomyuaercst Tak, 4TO CKOPOCTH NpeneNbHbIX V (V); KBAHTOB CYOHEHTPHUHO,
HapacTaroT ObicTpee npeaenbHbIX V (Y); kBaHTOB cy0(doToHOB. Peub 0 Gosee
OBICTPOM pacIIUPEHUH MTPOCTPAHCTBA 0€3 U3BECTHOTO HAM U3TyueHUs (POTOHOB.

JI1s1 KpynmHOMACIITaOHBIX KBAHTOB (X— = pj) ,(Y—= ej) MPOCTPAHCTBA-
Matepu Hao00poT. CKOPOCTH «TsKeENbIX MPOTOHOBY W (X— = pj), HapacTaroT
MEJUICHHEH CKOPOCTEH «TSKENBIX 3EKTpOHOB» V(Y — = ¢;). D10 3HAUMT, UTO B
npoiiecce pacmupenus: Beenennoit, npoctpanctBo tpaektopuit (X—=V (v);)
cyOHEeUTpHHO, pacuupsieTcs ObICTpee MPOCTPAHCTBA CKOPOCTEN M3ITyUaeMbIX

(Y—=V(y);) cBepxcBeTOBBIX CYO(HOTOHOB.
Hampumep, 17151 TUTAaHKOBCKUX TPEICTIOB JJTMHBI M BPEMEHH BO BceneHHOM,

Ly = /(C;—:l =+vVGK = 4% 10733 cm, rre l£ = VG = cosp(X —),
pl
\/_lpl

c=lp
Nmerot mecto: 1,35 x 107%3 = (\/E)N(T =1), N= %
N = 12, cootserctByet npeaenam (OJlj; = €z6Y24 = 1) ypOBHS CUHTYJISIPHOCTH
¢dbuzmyeckoro Bakyyma. Toraa OTHOCUTEIbHOE pacliupeHre MPOCTPAHCTBA
cKopocTeit cyOoHeiTpuHo V (V); OTHOCHUTEIBLHO MPOCTPAHCTBA CKOPOCTEN
cyodoronos V(y); 3a onun nepuon (T=1) nuHaMUKH, COCTaBISET
V)iT\N VG G*xcxT\ N
- (V(y)iT) ( axcxT
DTO paccTosiHUE, He KOTOPOE MPOCTPAHCTBO CBEPXCBETOBBIX CYOHEUTPUHO
(X—=V(v);), npu pacmmpennn BceneHHoH, oniepexaeT MpOCTPAHCTBO
cBepxcBeToBbIX (Y —= V(y);) cyodoTOHOB, B IUIaHKOBCKUX Tpeaenax. Cama
Bcenennasi, B 9TUX ke TUIAHKOBCKUX Tpefenax, exq(k = 3,14)y,, = 1), nus
N = 12, umeerT, Kak y)Xe 0TMEYaJIOCh, HAUYaJIbHbIE Pa3MePhl CPEPHI-TOUKHU:
AMeyg) = 2mat?, = 6,28 % 2.3 10726 x3 %1078 = 4.7 x 107 33cm,
KaK Y IIIAHKOBCKas JuMHa L, = 4 * 10733 cu, ¢ npenensHBIM paguycoM (Rax)
chepbl-Touku (ro(X—) « Ry ax(X—))/ 3a onun nepuon (T=1), kBaHT (Y- =Y,4)
clieaeT MoJHbIH 000poT 3a 2R = v(y,4) * (T = 1), Ha paguyce:

*x(T'= —12
Ryax = Paa)=(T=1), _ a” "¢ _ 2.1%10%%cu ~ 2.5 % 107 c.ner
21 6.28

wmi Ry, = 15man.R,,,,. To ecth Ha paguyce B 15 MiIH. pa3 GoJiblie paguyca
ontudeckoro ropusonta (R, ) Bcenennoit. AHamoruuHo pacyeT AUamMeTpoB:

ty = ZL;Z =1,35%10"%3¢ = (\/_)N(T =1) , T - mepuon KBaHTa,

=12, rae

W =6+%10%"cu, wumu 6 MAPJ. CBETOBBIX JIET.




0
- sapa Connna, (N=0), d = 2= 10%m, 310 (1/7)Ro pamuyca Connia,
P 314
- siapa [anaktuku, (N=1), d = C; 1:

-2

= 1,4 * 10*2cm, umu (20) paguycos ConHia,

a “c
12 1,8 * 10 cm, 510 12 a.e (R opbursl CatypHa).
JlanmpIie — AuaMeTpsl HEM3BECTHBIX OOBEKTOB:

a3c
3.14

- siApa kBazapa, (N=2), d =

- Slnpa xBazapHbIxX ranaktuk, (N=3), d = = 7,7 * 10%°cm, a1o 1.2 cB.JI€T,

a—4
3.14
JIET, U Jlajiee Cylep KBa3apHBIX FaJaKTHUK..., 32 aHAJIOTUEH.

Takum 00pa3oM, UMEIOTCS PEICTABICHUS PA3MEPOB SAEP YKa3aHHBIX

00beKkTOB BCelleHHOM.

c

- Slnpa cynep kBazapa, , (N=4), d = ~ 10cu, »1o nmpumepHo 10 CBETOBBIX

BbIBO/IbI

CoBpemenHas pusndeckas TeopHsi, ¢ COBPEMEHHBIMH (haKTaMH peajIbHOCTH,
HE MOXKET OBITh co3/1aHa B EBKMIoBO# akcnoMatnke. Dusmka OyIymero MoxeT
W J0JDKHA OBITh CO3/1aHa B HOBOW TEXHOJIOTHH TEOPHA. A UMEHHO, B aKCHOMaXx
JTUHAMUYIHOTO MPOCTPAHCTBA-MAaTepUH, (GDUKCUPOBAHHBIM, YACTHBIM CITydaeM
KOTOPBIX €CTh €BKJIMIOBas aKCHOMATHKa. B 3THX akcmomax co3/iaHa eauHast
TEOpHS BCEX MAaTEMAaTHYECKUX U (DU3UICCKUX TCOPHH, C BO3SMOKHOCTIMHU
UCCIIEI0BAHUM PHEPreTHUECKUX YPOBHEN CUHTYISIpPHOCTU MHOXeCTBa Riji(n)
o0bsexToB Ha OJI;;(m) cxoxumocTty noiust BeeneHHo.
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