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Berynienne.

CoBpeMmeHHas (pU3MKa yIUPAETCsl BO MHOXKECTBO 1TpodiieM, (HakTOB, KOTOPBIE BBIXOAST 32 PAMKHU
€e TeOpeTUYECKHX MpeacTaBiennii. CaMu TeOpeTH4ecKrue MOAETH U (yHIaMEeHTAIbHbIE IPECTABICHUS
BO MHOT'OM ITPOTHBOPEUYUBBI.

Ecnu (+) 3apsa nporona (p*), B KBapKOBBIX (P = uud) MOJEIAX IPEACTABISETCS CYMMOI:

qp = (u = -I-g) + (u = -I-g) + (d = — %) = (+1), 1poOHBIX 3apsAA0B KBAPKOB, TO TOYHO TaKOH (+)

3apsn (e') mo3uTpoHa, KBapKoB He uMeeT. Takas MOJeNb U IpeacTaBieHue (+) 3apsia He COOTBETCTBYET
peanbHOCTH. OTO pyHIaMEHTaIbHOE MPOTUBOPEUNE, PEIICHHI B TEOPHUAX HE NMEET.

3apsi0BOe B3aMMO/ICHCTBHE, C HEPEIIEHHOM MpobiaeMoii Mojienu (+) 3apsiaa NpoToHa U
MO3UTPOHA, OTHOCHUTCS K 3JICKTPOMAarHUTHOMY B3aMMOACHCTBHIO. DTO 3HAYUT, YTO
B3aMMO/ICHCTBYIONINE YaCTUI[bI 0OMEHHUBAIOTCS 0€3MaCCOBBIM IEKTPOMArHUTHBIM () —KBaHTOM
(poroHOM). DTO NEMCTBUTEIBHO ISl B3AUMOJICHCTBUH (€ 7) AIEKTPOHOB, (L) MIOOHOB, (7, K...) Me30HOB.
Ho (p*)npoToH, B 3apsA10BOM B3aUMOAEHCTBUH C (€ *) JIIEKTPOHOM, HE OOMEHHMBAETCS ¢ HUM
3JIEKTPOMArHUTHBIM (V) —KBaHTOM. HUKTO, HUT/IE ¥ HUKOT[a He BUIEN H3JTydeHus (p*) MPOTOHOM
AJIEKTPOMArHUTHOTO (Y) —KBaHTa, poToHA. TakoBa pealbHOCTh. AHAJOTUYHO OOMEHHBI Z—0030H B
AJEKTPOCIIA00M B3aMMOJICHCTBIH B KBapK-TTr0oHHOE B CHithbHBIX B3anmonelictBusx CraHmapTHOM
Teopun. Cam mpuHIMIT 0OMEHHOTO B3aUMOICHCTBUS MpECTaBisieTcs B quarpammax OeitHmana:

DJIEKTPOMAarHUTHOTO  AJIEKTPOCIA00Tro W CHJIBHOT'O B3aUMOICUCTBUS:
YmBHaE Z - 6030H g - T/II00H’
e e e e

q - KBapK

Puc. 1 ouazpammor @eiinmana
Oro CrannapTHast MOZAEIb yKa3aHHBIX B3aUMOJAECUCTBUMN, C COOTBETCTBYIOLIUMHU NPEACTABICHUSIMH,
tuna: (e y*yP)A,). Ho mo pakry, nporon He usnyqaer GpoToH, a HelTpuHO (Ve ~ 10 3B) He uznyyaer
Z- 6030H (~ 90 I5B8) B oOMeHHOM 37ekTpociabom B3zaumojeicteun. (JI.M. CapsrueBa, MI'Y-2007r.
®BD u DY):
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Takne xkBauTh ObLTH BrepBble obnapyxensl B 1983 1. ma SppS-kommaiiaepe
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Puc. 2: JTnarpamyer Qefinvmana aus peakunil: a — € 3aPaACiibM B O — ¢ nefTpaibibpiM

TOEAMH.

AHTHHEATPHHO € MPOTOHOM, OCYIeCTRAgeMas myrenm obvena W—-Hosonom.

Takas peakins HasbLIBACTCA peakimeit ¢ zapascenumm morom. ObMen neii-

TpasbHBIM £ -0030H0M (pHC. 20) HaspIBACTCA peakupelt ¢ nedmpaavivis mo-

oM,
Otkyna Gepytes, Kyna, kak 1 nouemy ucuesaror Z u W 603o0us1 (~ 90 I'58) B pacnagax cBOOOJHOTO,
BHE BCSAKHX MoJiel HeiiTpoHa? OTBETOB HET.
Jlaxke B KJTacCCMYECKON (PU3MKE BO3HUKAIOT IPOTUBOPEYHSI HMEHHO B TEOPHH.

o Mm
B 3namenuroit popmyne HotoTona, cunel Tsirotenus: F = G ~z » BYX Macc (M) u (m), Ha paccTosTHUH

(r) mexny ux nenrpamu. Cama popmysia (Teopus) HUYEro He TOBOPUT o pacctosiHusx (I<Ro+ro), rae
Rou ro paguycel cdep nanubix Macc. Ho ecniu B quamerpanbHoe otBepeTre cepbl Ro KHHYTH mIapuk
fo , To o hopmyse Hetotona, pu (r — 0), cuna F — o, ctpemutes k 6eckonednoctr. Ho ato
poTUBOpeyuT onbiTy. @opmyina HeloToHa neficTBuTenbHA TONMbKO A1 (I>Ro+ro), 0 yem B camoit
¢dbopMmysie HUYEro He cka3zaHo. Mbl TOBOPUM HMEHHO O TEOPETUYECKUX MOJIENSIX, YAaCTO U I'yCTO He
coBeplIeHHbIX. HO Be/lb 3aKOHBI MaTepUH COBEPILEHHBI, U B HUX HET MpoTuBopeunid. 1'ne onu? Bropoit
MOMEHT B KJIaCCHUeCKo# (u3uke Toro ke HproToHa, ero 2-ii 3akon: F = ma, rae (@ # 0) yckopenue.

OOGI1en3BeCTHO, YTO TEJIO Maccoil (M), magast Ha ianeTy Maccoit (M), umeer ckopocts (V = vy + at)
o M
KOTOpOH HET mpejena. 31ech yckopenne (a = g = G E)CBO6O)IHOFO najieHusi. DTO MaTeMaTndecKast

UCTHHA Kiaccuueckoi pusuku. Ha nerne, mo Teopunt OTHOCUTENBHOCTH, CKOPOCTh HE MOXKET MPEBBIIIATH
CKOPOCTH CBeTa. DWHIITEWH BHEN 3Ty npodnemy. [loatomy Obina co3nana Oomias Teopust
OtnocutenpHOCTH. He yrimy0msisch ceituac B BOIpoc, 0TMETUM ToJIbKO, uTo OTO DitHmTeiina Toxe
umeet (g;; = const), ycioBus (\/E = 1), B KOTOPBIX T€OpHs ACUCTBUTEIbHA. Peub 0 puKCHpOBaHHOM

COCTOSIHMH TPAaBUTAIIMOHHOTO MOTEHIMaNa. B mepemenHbIx (gs; # const) (KBaHTOBBIX)

rpaBUTalMoOHHBIX Noisax, OTO DiiHinTeliHa HenencTBUTENbHAsA. IHaue ToBopsi, TEOPUU KBAaHTOBBIX
IPaBUTAIIMOHHBIX MMOJiek HeT. Ho MX HalMuyhe BBHITEKAET M3 MaTEMATHUYECKHUX YCIOBUi (g;; # const) u

Huyero Oosiee. Camoii Teopun HeT. HeT u Teopuii 4epHBIX AbIp, TEMHOW MaTepuu, TeMHOU sHepruu. Her
OTBETOB Ha BOIIPOCHI: OTKY/1a OEPYTCs U Ky/1a UCUE3aI0T Te e YepHBIE AbIPbI, YTO Y HUX, BHYTPH U



MOYEeMY B3PBIBACTCS SIAPO TANAKTHK. ... OTBETOB HA 3TH, U MHOTUE Apyrue Bonpockl Het. (JL.U.
CapspraeBa, MI'Y-2007r. ®BD u DY):

e 00LACHENO:

® COOTBETCTBUE MEXKIY KBAPKAMH M JETTOHAMI;

® KOJIMUECTBO MOKOJCHUH (hyHmaMenTasbibiX TaCcTHIl;

® JICTUHHOE MPONCXOMKJICHNE MACC JACTUIL UJIU MEXAHN3M CIIOHTAHHOTO Ha-
PVINEHUsT CUMMETPUH;

e TOYCMY 3TH CHMMETPUU KaJuOpOBOYHbBIE, a JApyrue — HeT (HalpuMep,
CHMMETPHs, COOTBETCTBYIOMAA OAPHOTHOMY 3apALY ).

®OyHmaMeHTaTbHBIM (PAKTOM €CTh TO, YTO HET MAaTEPUH BHE IPOCTPAHCTBA M HET MPOCTPAHCTBA
0e3 marepuu. [IpocTpaHCTBO-MaTEpHs ATO OJHO U TO Ke.
['maBHOE CBOMCTBO MaTepHH, IBHIKCHHE, PEICTABIISCTCS TUHAMUYHBIM IPOCTPAHCTBOM-

MaTepuei.
1. CBs3b NPOCTPAHCTBA-MaTEPUH € €BKJIUAOBBIM IPOCTPAHCTBOM.

[TpsiMble TMHUN AUHAMUYHOTO ((0 # COﬂSt) IIy4yKa, HE TIepeCeKaroT UCXOAHYIO MPSIMYIO

(AC - OO) Ha OecKOHEYHOCTH (pHc.1), TO ecTh mapajieabHbIC.
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Puc.1.1. lunaMu4HOE IPOCTPAHCTBO-MATEPHS.
beckoHeYHOCTH HENb3s1 OCTAHOBUTH. [103TOMY AMHAMUYHOE TPOCTPAHCTBO-MATEPHs ITyUKa
MapajuIeNbHBIX MPSMBIX JTMHAN, CYIIECTBYET Bceria. OpTOroHaJbHBIE IyYKH TMPSMBIX JTMHHAMN -
TpaekTopui, UMeroT cobcTBeHHble BHemHue (X +), (Y +) mons. Ouu o6pa3yroT Henenumeie Obnactu
Jloxkamuzauuu (X £), (Y +). IIpu stom EBKInmoBoe NpocTpaHCTBO ¢ HEHYJIEBBIM ((0 * const) YIJI0M
napajuIeIbHOCTH B Kaxkinon cBoert (X, Y,Z) ocH, TepsieT CMBICIL.
Takoe guHAMUYHOE (qo * const) MIPOCTPAHCTBO-MATEPHUSI UMEET CBOM '€OMETPUUECKUE (PaKThI,

KaK aKCHOMBEI, HC Tpe6y10mI/Ie JA0Ka3aTCIbCTB.
AKCHOMBI THHAMUYHOI'0 IPOCTPAHCTBA-MATEPUH

1. HenyneBoii, TMHAMUYHBIN YTOJI NapajljIeIbHOCTH ((p * 0) # CONSt , myuka mapayuienbHbIX

MPSIMBIX, OIIPEJENSIET OPTOTOHAIBHBIE MOJIS (X —)J_ (Y —) napajieNIbHbIX TUHUN - TPACKTOPUH, KaK

M30TPOIMHBIX CBOMCTB, MPOCTPAHCTBA-MaTEPUH.
2. HyneBoit yron mapamnenbHocTd (¢ =0), gaeT «iuHy 0e3 MUPUHBDY ¢ HYJIEBBIM HIIN

HEHYJIEBBIM Y, - painycoM c(hepbl-TOUKH «HE UMEIOIIeH YacTel» B EBKIINI0BON akCHOMaTHKe.

3. Ily4ok nmapaiiensHBIX MPSMBIX ¢ HYJIEBBIM YTIIOM MapauIeTbHOCTH ((0 = 0), «OJTMHAKOBO
PAacIioyIoKEHHBIN KO BCEM CBOMM TOYKaM» , AT MHOXKECTBO MPSAMBIX JIUHUNA B OJTHON «0€3 IIMPUHBI»
EBKnMIOBOM IPSIMOM JINHUH.

4. BuyTpeHHue (X —), (Y —) Y BHEIIHHE (X -I-), (Y +) TIOJIsL JIMHUA-TPaeKTopHii HenymeBon Y, # 0
MaTepraibHON cdepri-ToukH, 00pasyror Henenumyro O6nacts Jlokanuzauu HOJI (X i) WIH

HOJI (Y i) JMHAMHYHOTO MTPOCTPAHCTBA-MATEPHUH.



5. B eMHbIX mOJISAX (X— =Y +), (Y— =X +) OPTOTOHAJBHBIX JIMHUNA-TPAEKTOPHIA (X —)J_ (Y —)
HET JIBYX OJMHAKOBBIX C(Pep-TOUEK U JIMHUI-TPACKTOPHUH.

6. Tlocnenosarensrocts Henemmmbix O6nacreii Jloxammsaman (X £), (Y £), (X £)... no
pamuycy Y, # 0 chepbl-TOUKH Ha OJHOW JIMHUU-TPACKTOPHUH JaeT N CXOJUMOCTb, a Ha Pa3IMUHbIX
TPAGKTOPUAX M CXOJUMOCTb.

7. Kaxxnont Hegenmumoii O6nacTtu JIokanuzauu npocTpaHCTBA-MaTEPUU COOTBETCTBYET €MHHUIIA
Bcex ee Kpurepues Dpomonnu — KD, B etuHoM (X -=Y +), (Y— =X +) IPOCTPAHCTBE-MATEPUH Ha
M—N CXOIUMOCTSIX,

HOJT = K)(X-=Y +)KA(Y-=X+)=1,  HOI = K3(m)K3(n)=1,

B CUCTEME YHCEJI PABHBIX 110 AHAIIOTHH SIMHHII.
8. @ukcanus yria (¢ # 0) = const unu (¢ = 0) my4ka npsMbIX MapauIeIbHbIX JTHHUMN,

IIPOCTPAaHCTBA-MaTePUH, AaeT S5-I noctynaT EBKiInAa u akcuomy napasmuieabHOCTH.
Jlto6as Touka GUKCUPOBAHHBIX JIMHUNU-TPACKTOPH, IPeICTaBIeHA JOKAIbHBIMU 0a31CHBIMU
BeKTOpamMH PHUMaHOBOro npocTpaHcTBa:

oX . oY . oz ;_ox'.oox' .o
ei:—i|+—ij+—ik, e :—|+—J+—k,
OX OX OX oX oY oL
¢ pynnameHnTanbHbIM TeH30poM €, (x")*e, (x") =0, (x") u Trononorueit (X" =X,Y,Z) B EBkinnoBom
npoctpanctBe. To ecTh, PUMaHOBO MpOCTPaHCTBO, 3TO (PUKCUPOBAHHOE (ga #0) = const) COCTOSIHUE
JTUHAMHUYIHOT'O ((o * COI’]St) IIPOCTPAHCTBA-MAaTepUU. HaCTHBIM CIIy4aeM OTPULIATEIbHON KPUBU3HBI

Y2 (#Y)(-Y)
(K= A = Y—) (CmupHoB T.1,¢.186) PumanoBa npocTpaHcTBa, €CTh IPOCTPAHCTBO FEOMETPUHI
0} 0}
JlobaueBckoro (MaremaTudeckas SHIMKIONEANS, C.). ECTh JeBIATh OTIIMYNTEIbHBIX MPU3HAKOB
reomeTpun JlobayeBckoro ot reomerprn EBxinaa (puc.2). (Maremarndeckast SHIMKIONEAUS,T.S,

¢.440-442).

-

Puc. 1.2 N3oTponHasi AMHAMHUKA.
OnHUM 13 IpU3HAKOB reoMetpu Jlo6auesckoro, ecth cymma 0° < (Za) <180° yrmos TpeyronsHuka, B

OTIIMYME OT eBKIMI0BOI ux mpoeknun (o) =180° Ha muockocTh. PaBHbIE TPEYTOJIBHUKH, C PABHBIMH
yriaMH B BEpIIMHAX, B MyYKe NapauIeIbHbIX IPSIMBIX JTUHUN-TIPOEKIUII MPOCTpaHCTBa-MaTEPHUH, €CTh
10JIOOHBIMHU TPEYTroJIbHUKaMU B EBKIINA0OBOM IpocTpaHcTBe. PaBHbBIE TpeyrobHUKY MPOCTPAHCTBA-
MaTEepUH JIeKaT B IOBEPXHOCTSAX pPaBHBIX B IpocTpaHcTBe JIobaueBckoro cdep, HO ¢ pa3IMuHbIMU

paauycamu EBknnnioBeix cep. B aunamuunom (go * const) MIPOCTPAHCTBE-MATEPUH, ITH EBKIINI0OBBIE
ceprl pa3InYHbIX PAJUYCOB, €CTh OJJHOU c(hepoii HecTanuoHapHoOro EBK/INI0BOro npocrpancrsa,
KOTOPOTo HEeT B EBKIMA0BON akCMOMAaTHKE. PUMaHOBO IPOCTPaHCTBO MPH 3TOM, MUMEET TNHAMHYHYIO
tonosioruto (x™ = XYZ # const), yero ner (x™ = XYZ = const) B EBKINI0BOM CTAIIMOHAPHOM

npoctpanctBe. Cama EBkinoBas akcuomaTHKa UMeeT COOCTBEHHbIE Hepa3peluMble TPOTUBOPEYUSI.
Hanpumep:
1. MHOXeCTBO TOYEK B OJIHOM «HE UMEIOIIEH YacTei» TOUKe, 1aeT CHOBA TOUKY. DTO TOYKA WJIM UX
MHOKECTBO, OIIPEJIENSIEMOE JIEMEHTAMH U UX B3aUMOCBSI3bIO?
2. MHOXeCTBO JHHHU B OJHOH «IITMHE O€3 IUPHUHBI», JaeT CHOBA JIMHUIO. DTO JIMHUS WA UX
MHO’KECTBO OIIPENEIIEMOE aHAIIOTUYHO?



OTtBeTOB Ha Takue Bonpocsl EBKkIna0Bas akcuomaTika He 1aeT. Eciau Bo BpeMeHa 10 Halle apsl,
3TH aKCUOMBI BCEX YCTpauBally, Ul U3MEPEHUN miomiaeii, 00beMOB. .., TO B COBPEMEHHBIX
MCCIIEIOBAaHMSIX TaKHE aKCHOMBI ITPOCTO HE padoTaloT.

Hanpumep, 1o ycioBHsM NapajljIeIbHOCTH B INIOCKOCTH, psiMast TuHUs OX, He IepeceKaeT
HCXOJHYIO NPsAMYI0 JTUHUI0 AC—00, Ha OECKOHEUYHOCTH.
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Puc 1.3 . JIlunaMHYHBIH MYY0K NapajieJIbHbIX NPSIMbIX JIMHUIA.
Ho B npenenax quHaMu4HOr0 (O0ECKOHEUHOCTh HEJb3sl OCTAHOBUTH) yriia (p#CONSt) nmapauieabHOCTH,
My4YOK MPSIMBIX JTMHUHN TOKE HE repecekaeT npsamyio a0 AC Ha 6eckoHedHOCTH. DTO peanbhoe (X-),
BJ10JIb OcH (X), IPOCTPAaHCTBO IMHAMUYHOIO ITyYKa MPSIMBIX JIMHUH, KOTOPOTO Mbl HE BUJUM B
EBknugoBoM npocTtpancTBe. IMEHHO 371eCh BBOUTCS HOBOE (hyHIaMEHTAIbHOE MPECTaBICHUE O
JMHAMHYHOM ITPOCTPAHCTBE Iy4Ka MapauIebHBIX MPSIMbIX JuHUH. Takoe quHamudnoe (X-)
MIPOCTPAHCTBO MapalieIbHbIX JTUHUI — TPaeKTOPUii, CBOAUT Ha HET EBKIIMA0BOE MPOCTPAHCTBO HA
IIpeeabHbIX YIiax napauienbHocTd  @(X-) B kaxaoi ocu (XYZ). B 2-mepHOM npocTpaHCTBeE,
HyneBkol yron napamiensHoctu (¢=0) ans (X-) u (Y-) nunuii, gaet EBKIuA0BBIE psSMble THUHUH.
B npenensHOM ciiyyae HyJIEBOIO yriia napajienbHocTH (¢ = 0) B KaKJ10i 0CH, TUHAMUYHOE
MIPOCTPAHCTBO-MATEpus MepexoauT B EBKIIMI0BOE IPOCTPAHCTBO, KaK YaCTHBIN ciay4ail. OTo riybokue
Y IPUHLUITUATbHBIC U3MEHEHHS CaMOI TEXHOJIOTUU TEOPETUUECKUX UCCIIeI0BAaHUM, KOTOPHIE
(bopMHpYIOT HaIlIK TPEACTABICHUS 00 OKpykaromeM Mupe. Kak Buanm, B EBKIIMI0BOM MpeicTaBIeHUN
MIPOCTPAHCTBA, MBI MHOTOT'O HE BCE BUUM. OTH MPOOJIEMbl PELIAIOTCS B AMHAMUYHOM IIPOCTPAHCTBE-
MaTepu Ha M—n cxogumoctu chep-touek, Ha ux (X-—) L (Y—) Tpaekropusx B equHoM (X +=Y-) ,

(X-=Y+) mpocrpancree-marepuu (puc. 1.1; 1.4).
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Puc 1.4.. tnuHAaMUYHOE U €BKJINA0BOE NMPOCTPAHCTBO .
@dukcanys BO BpEMEHU JUHAMUYHOTO YIJIa NApaJUIEIbHOCTH, 1aeT EBKINIOBYIO aKCMOMATUKY
npocTpancTBa-BpeMeHu. JOtu (¢ # 0) = const u (¢ = 0) yacTHble cydyan EBKINIOBOM aKCHOMAaTUKH,

X X

\/sz\z l

Y

JMHAMUYHOTO ((0 # ConSt)HpOCTpaHCTBa-MaTepI/II/I, JIEKAT B OCHOBE BCEX COBPEMEHHBIX TEOPUH.

2.EnquHoe npeacraBjieHHe BCero NMpoOCTPAHCTBA-MAaTEPHH.

JluHamMu4HOEe MPOCTPAHCTBO 3TO (hopMa MaTepuu, MOITOMY TaKHE HEEBKIIMIOBBIE
reOMEeTPUUYECKHE CBOMCTBA MPOCTPAHCTBA, COOTBETCTBYIOT (PM3NYECKUM CBOMicTBaM MaTepuu. Mcxomas
M3 YKa3aHHbBIX aKCUOM JUHAMHUYHOT'O ITPOCTPAHCTBA-MAaTCPHUH, UMCIOT MECTO IMOCTYJIaThbI (1)I/I3I/II-IGCKI/IX
CBOWCTB MaTe€pUH, KaK HEEBKIMIOBBIX T€OMETPUUYECKUX CBOMCTB.

MNOCTYJIATHBI

1. Tlpunumas daxt quaamuuHon chepsl (R(X — j,-__,’?n) Kak noJje BceneHnHoii, B 3TOM 1osie

BBIIENAETCS cucTeMa kKoopauHat OJI; (m) cXOIMMOCTH KBaHTOB (X4), (YH),(X1),...

AXMHAMHUYHOI'O IPOCTPAHCTBA-MATCPHUU.



2. B Takom none BeeneHHON nMeroT MecTo MaccoBble Tpackropun (Y —) = (e;..e”..y; ) H
(X -) = (pj..p*. .v]) BemllecTBa, a FeOMETPHYECKHE CBOICTBA AHTHBENIECTBA, TAI0T

CTpYKTypHBbIE POPMBI BEIIECTBA, B BUIE€ MOJEIH MPOIYKTOB aHHUTHIISLIMN
nporona (X +=p*) = (Y— =y, )(X+=v; )Y — =1y;), u ananoruyno
snextpona (Y+=e7) = (X— =v )V +=y")(X— =),
ms (OJ11) ypoBHA HelenmuMBbIX KBaHTOB (p™, €™, v , Vg, Vo, ¥ '), Benunom (X —=Y+),
(X+= Y—) npocrpancTBe-Marepum.

3. B maccoBsix (Y— = X+) nonsx, usmenenue kpusususl p (X +) mons rpasuranyu, MEHsET
nepuosl (T) TMHAMHMKH KBAaHTOBBIX TpaekTopuil (V —) = (e;..€"..¥; ), 110 KOTOPbIM
U3MEPSIOT, X0 BpeMmenu (t = N = T). Peub 0 equHOM mpocTpancTBeHHO (X+=Y-) BpeMEHHOM
KOHTHHYYME.

4. Hcxons nuz HOJI=KD5(M)K3(n)=1, HeeBKIMI0BOTO TUHAMUYHOTO IIPOCTPAaHCTBA-MaTEPHH, B
cucreme koopaunar 0J1;; (1m) CXOAMMOCTH, MMEIOT MECTO 00BEKTHI R); (1) CUHTYJIAPHOCTH,

KOTOPBIE HE MPOSBIIOT cest B ipyrux Obnactsx Jlokannsauuun 0J1; 4 nnn OJ1;41 Hepenumbix
kpautoB (X1), (Y+),(X1),... npocrpancrsa-marepuu. Takux 06bekToB R;; (1)
CHHIYJISIPHOCTH (HEBUAMMBIX), B OJI;; (M) CHCTEME KOOPAMHAT, MOKET ObITh MHOXKECTBO.

8. OOBEKTHI R}; (1) CUHTYIAPHOCTH B MACCOBBIX MOJIAX HOH:m(p J,-)m(vi) =1, um
HOH=m(ej-)m(}q-) =1,j=1,2,3..., i=1,2,3..., BmouaroT B ceds OJI1 ypoBeHb
HEJIENMMBIX KBaHTOB (p*, €™, v , ¥y, Vi, ¥ "), HAllUX aTOMOB,

b. B OJI1 — ypoBHe HelemMMBIX KBaHTOB (p*, €™, V; , ¥y, Ve, V"), H3BECTHBIX HAM
aTOMOB M MOJICKYJI, MbI He BuuM kBaHThI OJlg, OJI_;, OJI_;... ¢usudeckoro Bakyyma,
win kBautel OJI;, 0JI3, OJl,4... ypoBHEii sapa 3Be3/1, raJakTUK. .. , HO Mbl MOKEM BUIETh
kpuBu3Hy Tpaekropuii (Y — = y) ¢oronos B p(X+) mose rpaButaiu Hanpumep, Aapa
3BE3/IBI.

5. Jlunamuka eauHoro (X—=Y+), (X+=Y—) npocrpancrea-marepuu u ero (X+), (Y+)

KkBaHTOB Ha (X-) wiu (Y-) TpaeKTopusx, PUKCUpyeTcs B PU3NYECKOM BaKyyMe, HEBUIUMbIX HaM
kBaHToB OJIy, OJI_4, OJI_;... ypoBHEH NpoCcTpaHCTBA-MAaTEPUH, B BBIACICHHBIX HalpaBICHUSIX

(XYZ) Epknunosoro npocrpanctsa — Bpement (t=N*T). Kpurepuun Dpomntounu (KD),
dopmupyrores B mpoctpanctse (KE¥T ™) ckopocreit s (N=1), B Buge HOJI=Wjvi=1,
00beKTOB R;; (1) CUHTYJIAPHOCTH, W €;€; = Gk (X") PyHIaAMEHTAIEHOTO TEH30Pa .

6. B rtakoii (Y=K=V )(X:Ti‘” ) cucreMe koopauHat Bcex Kpurepues DBomonnu (K3), Bo BTopom
kBazpante (Y=K*V)(X=T"") MHOroMepHOro npocTpaHcTBa CKOPOCTEMN, MOKHO BBIIEISATH!

2

ckopocts (W=K*1T 1) yckopenue (b=K*1T~2), norenuman (II = :—2 = W?), maccy (m = IIK)
v 3apsn (g = IIK), mmorHocts (p) 3apspoBeix q(X—= ¥Y+) wmm maccoBeix m(Y — = X+)
nojieii B Buge: (p = % = T—12 =v?), u1.a. Ux quaamuxa s (R(X —)}__’}?,3) noJie Beenennoi, ¢
0J1;; (m) cucremoit koopauHar, ¢ (4) anuHoit Bosubl u (T) HeproI0M TMHAMUKY KBAHTOB
(X+), (Y ¥) ... npocTpaHCcTBa-MaTepHHU, UMEET BHI:

[— [—co F [— 0o
a. }\’(X_);—;{{J:a * rG(X_)_I;—;{J =b_}'i[' (X_)’ yCKOPeHHe b(X_ =Y +) = Ea }\’(Y_)_I;—}ﬂ *
p(Y—)j-__,’?,:, =b;; (Y—), ycxopenne b(Y—=X +) :g
b. Xox Bpemenu onpenensiercs (t = N = T') aunamukoit nepuonos (T) ucxons u3

. . o 1
OTHOCHUTCIIBbHBIX (,f — E) IIJIOTHOCTEU (,G = T_)’ KaK OTHOCUTCIIBHOTO IIEpruoJa ITUHAMUKHU
Ji

T = % ,kBauToB (X1), (Y F), c pasnuunoii (1) nomeoii Bonael. B A(X—)' — 0,

+/



(bu3rUECKOM BakyyMe, ¢ iepuogamu 1; (X—) = — 0 nuHamMuKH B

Vpi(X=)—=e0
1
HOJ = to= 1, name (OJI1-ypoBHs) Bpems t — 0, 3aMeyisieTcst 10 HYJISI OTHOCUTEIBHO

0JI; (X—) ypoBHus ¢usudeckoro Bakyyma. M Ha000poT, IpU IBMKECHUN HA

Oeckoneunocts A(X—); — o mons Beenennoii, name Bpems (t) C nepuonamu
1

a5 00, OyAeT JUIUThCS
VPj

JMHAMUKH Gu3ndeckoro Bakyyma, I;(X—) =

(t = N=T — ©0) GeCKOHEYHO JOJITO.
VHBIMH CIIOBaMH, JBHTasch BLIy6h A(X—)' — 0, ¢pusnueckoro Bakyyma u3 (OJI1) ypoBHs
HAIIIMX aTOMOB U MOJICKYJI, MBI YIIPAeMCs B «TBEp10e THO» p; (X —) — ©0, ¢ 3ameicHneM
BpEMEHH Hallel quHaMuku a0 Hyns (t — 0). Haoboport, nBuratbes B 6€CKOHEUHYIO Jalb
(A(X—); — o), nons Beenennoit, M1 Oynem (t = N * T — ) GeckOHEUHO J1051T0. 371€Ch,

obo3Hauenune (A(X —)j__,’?,:,), o3nauaetr (M(X—)" — 0), u A(X—) j @),
7. Omnpexnenumes ¢ Maccoit HenenuMbix kBautoB OJIi- yposHs, nporona p(X+) u e(Y F)

anektpona. [lo cytu 3to paznmuunbie maccol ¢ (X+)nonem CB-I'B, CunsHoro u
I'paButanuonnoro Bzaumonelicteus u maccosbimu (Y-) Tpaektopusimu (Y — = e), B exunom

rpaBuT (X+=Y-) MaccoBoM rose. lHaue roBops ecTh my(p; ... v;) Macchl ¥ My (€ ...¥;) Macchl
R;; (n) o6bexToB B 0J1;; (1) cucTeMe KOOpAMHAT. PasiuyHble MAacChl, HAIPUMED IPOTOHA U

AJIEKTPOHA, HAXOAATCS B €AMHBIX TpaBUT(X+=Y -)MaccoBbIX, 31eKTPO( Y +=X-)MarHuTHBIX MOJISIX
B3aUMOJIEHCTBHUS, 6€3 BCAKOro oOMeHa (POTOHAMU B 3apsJ0OBOM B3aMMOAEHCTBUH IIPOTOHA U
anekTpoHa. [IpoToH He MoKeT u3ay4yaTh POTOH.

8. AxtyanbHbIM ecTb JBMKeHUs CTpykTypHbIX @opMm (CD) Hawmero OJI1-ypoBHS aTOMOB U
Mosteky, Boib OJ; (m) cucrembl koopaunar. I[lepexoxs na apyrue (X-) u (Y-) tpackropun,

apyrux OJlj unu OJI; @usnueckoro Bakyyma, Mbl MeHsieM COOCTBEHHBIE TEPHOAbI IUHAMUKH, a
paBHO U COOCTBEHHOE BpeMs AMHAMMKU JIBUrasick Bo BeceneHHo.

2.1. Ennnble Kpurepun JBoTIOLMH NPOCTPAHCTBA-MATEPHH.
Bce Kputepun DBonironuu IMHaMUYHOTO IPOCTPAHCTBA-MaTepUn, CHOPMUPOBAHBI

N
K
6

Puc.2.1. Kpurepuu IBoJHOLMH B IPOCTPAHCTBE-BpPEeMEHH.
B MHOTOMEPHOM Ha (M-N) CXOAUMOCTSIX, TPOCTPAHCTBE — BPEMEHHU, KaK B MHOTOMEPHOM IPOCTPAHCTBE
ckopocreit: WN=K*NTN, 3necp nna (N=1), V= K*'T ckopocts, W?=I1 notenmuan, I1>= F cuna..., 2-
ro kBajapanTta. x npoexuus Ha koopauHatHoe (K) nnu BpemenHoe (T) mpocTpaHCTBO-BpeMsi AAIOT:
sapsa [TIK=q( Y+ =X -) B anektpo ( Y+ =X -) MarHuTHeIX nojsx, win maccy [IK=m(X+=Y-) B rpaBur
(X+=Y-) maccoBbIx nonsx, suepruto E=TT°K, ummymsc (p=I1°T), neiicreue ( h=I1°KT), u T.1., eIMHOTO
npoctpancTBa- Marepun HOJI= (X+=Y-) ( Y+ =X -) =1. Beskoe ypaBHEHHE CBOAUTCS K 3TUM
Kputepusm Dpomormu B WN=K"™NTN ' poctpancrse-spemeny.



2.2. Daektpo (Y+ =X -) MaruuTHbIe ¥ TpaBUT (X+=Y-) MaccoBbIe MOJI.
B emunom (X+=Y-) ( Y+ =X -) =1, OpoCTpaHCTB - MaTepHH, BLIBOAATCA ypaBHeHHs MakcBesial s
an1ekTpo (Y+ =X -) MAarHUTHOTO MOJIS. Buytpu tenecuoro yrna @, (X—) # 0 napamiensnoctu ecth
U30TPOIHOE HANPsDKEHUE MOTOKa A, KOMIOHEHT (CMHUpPHOB, T.2, ¢.234). [TonHblil TOTOK BUXPA 4epe3

cekymryto nosepxnocts S, (X—) B Buze:
[[rot, Ads, = ﬂdedT +[[Ads,.
Sy Sy

A, KOMIIOHEHTa COOTBETCTBYET IyuKy (X —)napaienbHblX Tpaekropuil. OHa ecTh KacaTeabHOMN

BJIOJIb 3aMKHYTOi1 KpuBoil L, B moBepxHoctn S,,rme S, LS, u L, L L. Ananoruuso, ciexyer

A,
eHue: dL, = || rot ds,.
COOTHOILIEHU [[An ) JS.;[ " cose, )

Puc. 2.2-1. saexrpo(¥+= X—)maruutunie u rpaBut(X+= ¥Y—)maccoBble mos.

Buytpu Tenecnoro yria @y (X—) # 0 nmapamiensHOCTH BBIIONHAETCS yCIOBHE

[[rot, A ds, +jjaaiT"dL2dT=o=gMX—)dSz-

5 COS @y

B nenom ecth cuctema ypaBHeHU AuHaMUKH (X -=Y+) mous.

[frot, ads, = [[ L4250 dau ar + [[ A ds,
S, S

1ot gopts-05: =—{[ Speaa™ . ] s, 0.

B Esxinnosoit ¢, =0 akcuomaruke, npuHUMAs HAIPSHKEHUE MOTOKA BEKTOPHBIX KOMIIOHEHT
KaK HalpspKeHne deKTpudeckoro nomst A, /cos¢, = E(Y+) M MHIYKTHBHON NPOEKINH IS

Henynesoro yrna @y # 0, kak uaaykuun marautaoro B(X —) moust, umeem

fsj rot, B(X-)ds, = || aan gLat + g E(Y+)dS,

[[rot,E(Y+)ds, =[]

S

oB(X-)
= dL,dT, B ycnosusix J;;[Aﬂdsz =0= iB(X_)dLZ'

ypaBHeHUs1 MakcBeia.

%+ AE(Y4H):  ce*rot, E(V4) = —u aBg( wi

I/IHILYKI_II/ISI BUXPEBOI'O MAarHUTHOT'O ITOJIA B(X —) BO3HHUKACT B IICPEMCHHOM 3JICKTPUICCKOM

c*rot, B(X-) =g

E (Y +) mone u Hao0OpOT.



Jliist He3aMKHYTOro KoHTYypa L, ecTh cooTHOIICHMS J.AndLZ = ” A.dS, # 0 xoMmnoHeHT. B
LZ S2

YCJIOBUSIX OPTOTOHAIBHOCTH KOMIOHEHT A, L A BekTopa A, B HEHYJEBBIX, JMHAMHYHBIX
((DX % const) u ((DY * const) yriax napamiensHoctd, Acose, L (A, = A, COS@y ), €CTb ANHAMUKA

(A, cosp, = A,) KOMIIOHEHTHI BIOJb KOHTYpa L, B moBepxnoctn S,.
O06a coOTHOIIEHHS MTPEJICTABISIOTCS B IOJIHOM BUJIE.

[ A, cospdL, = [ O (XH)FC0Spy) oy gy +[[ Ads,
L, S S,

oT

HyeBoii MOTOK 4epe3 MOoBepXHOCTh S; BUXpsi (rot, A,,) BHE TelIeCHOro yria ((oy # COﬂS’[)
HapaIeIbHOCTH COOTBETCTBYET YCIOBUSIM

oA,
jsj rot, A dS, + H?dleT 0= JJAH(Y—)dSl .
B nenom cucrema ypaBaenuit tuHaMuku (Y- = X +) OIS IPEJICTABISIETCS B BHJIC:

{j rot_ A (Y-)dS, = !j 6(Am(x;)T*C°S<”X )L, a7 +gAmo|s2

.[.lfrotnAm(X+)d81 = _”%ma—(THdleT , _[_J.AH(Y_)dS]_ 0.

BBojs no ananoruu HanpsbkeHHOCTh G (X +) moinist CuibHoro (I'paButanimonHoro) BzaumoeicTBus u
WHIYKIAEO MaccoBoro moist M (Y =), HoJyduM aHaJOTH9HO:

{j rot, M (Y-)ds, =”%dL2dT +gc;(X+)c|s2

Hrot G(X+)dS, = ”ML dT, npu [[A,(Y-)dS, =0=fM(Y-)dL, .

Takue ypaBHEHHS COOTBETCTBYIOT IpaBHT (X +=Y-) MacCOBBIM IOJISIM,

c*rotyM(Y —) = — aG(Xﬂ + A,G(X4), c*rotyGX +) = —p,

IM(Y—)
ar '
M0 aHAJIOTHH ¢ ypaBHeHUsMU MaxkcBea i 35ekTpo (Y += X-) MarHuTHBIX MoJel. 31ech

MMpEACTaBJICHA CIUHAs MATCMATHYCCKAsA HCTUHA TaKHUX TIOJIEH B CANHOM, TUHAMWYHOM IIPOCTPAHCTBC-
MaTepuu.

TakxuMm 0Opa3om, MOBOPOTHI TotyB(X —) urot,M(Y —) tpaexropuii, nator nunamuxy E'(Y+) n
G'(X+) cunosoro >nexrpuueckoro (¥ +) u rpapuranmonnoro (X +) noneit, coorseTcTBeHHO. A
nosopotsl (Y +) noneii Bokpyr (X —) tpaexropuii u (X +) noneii Bokpyr (¥ —) Tpaexropuii, naror

muHamuky 1ot E(Y +) — B'(X—), u quuamuky rot,G(X +) = M'(Y—) MaccoBbIX TPacKTOPHIA.



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

(YH=(X-) YA (Y =&
% (‘(4_
//\S
rot E(Y+)=B"' (X-) rot G(X+) =M (Y-)

\( |
Al Db
S D -

|
}\ (P{_
|
v/
Puc.2.2-2. Enunble monis npocTpaHCcTBa-MaTepun
[ToBOpOTHI BOKPYT Oceit (21 Z2 z3) nuaronanbHoi MaTpuilsl (KopH, ¢.449)

z1 O 0
0 =z2 =1, xkak EBKIUIOBBIX Z1 1 Z2 1 Z3 ocen
0 0 =z3

B nosiax equnoro (X —) = (Y+) , (Y —) = (X+) npocTpancTBa-MaTepu, MPeACTaBIsSIOTCS

COOTBETCTBYIOLIMMH MUHOPAMU MAaTPHUIbI COCTOSIHUS TMHAMUYHOTO POCTPAHCTBA-MATEPUH.
zl a;p(Y+) ap(X+)
az1(X—) z2 az(Yt)
az1(Y—) az(X+) z3
z2 a,3(Y+) zl a3 (X-I—)‘
a3, (XF) ‘ *las; (Y-

B CoOTBETCTBYIOMMX 3apsanoBbix (Y += X —)u maccosbix (X+=Y —) tpaekropuii. [lepsoe cnaraemoe

zl 3.12(Y+) .
3 a,1(X-) 72 '

ecth cTpykTypHas ¢popma (X+) u (V +) kBanToB B (1) HanpasieHuu, Bropoe 31ekTpo (Y +=X —)

MAarduuTHBIC II0JIAA C YPABHCHUAMUA JUHAMUKU Makcaeia.

c*rot, B(X-) =g 6E(Y+) + LENYH+); c*rot,E(Y+)=— 1%-
U rpasur (X+= ¥ —) maccoBsle 1101151, ¢ COOTBETCTBYIONIMMH YPABHEHUAMH JUHAMUKU
as{xﬂ aM(y-)
cx*rotyM(Y =) = — + A,G(X4), cx*rotxGX+) = —Hp ——

B duxcupyemom z1 L+ (X-) L (Y-) mpocrpancrse-marepuu. Jiiis eIMHAYHBIX Mace My = 1, win my =1
Henenumeix kBanToB HOJI=1, ¢ 3apsanom

g=(mg=1)= (.:r - é) « (G = 6,67+ 107%) = 4,8 10719, 3nech a;, = cosg KocHHyCI

TIPENENBHBIX YIJIOB NapAUIENLHOCTH coS (@ y_ymax ) = u cos(pxymax) = VG , e

137.036
G = 6.67 = 1078, rpaBUTalIMOHHAS TOCTOSHHAS.
2.3. CBAI3b AKCHOMATHKH JMHAMHYHOIO U EBKJIMI0BOr0 NPOCTPaHCTBA.

(X-) u (Y-) TpaeKkTOpHH TPEACTABISAIOTCS POCTPAHCTBOM CKOpocTell  V(X) KOMIUIEKCHOTO
npoctpancTBa EBKIMIOBOM akcMoMaTHKH To4yek u mHuid. Cropoctu: iV(X) sinp=

v\/ (+sing)(—sing), um v(X)= v(cose+i sing)= ve'®. 3nech (p=nz t), yron napannensHocty. B
ycnoBusix JlokanbHo#t MuBapuantHoctu (JIN), mis HOHZCh(%)(XﬂCOS (©)(X-)=1, ¢#90° mpu =0,

cos (9)=1, mveen cN(yp)=1, ch(g)=1, wmm ch(zg

PenstuBucTckas auHaMuka B rpymime JlopeHiia, ¢ moBopotamu B pUKCHpOBaHHOU T10ckocTH (YZ)



Kpyra Ipu nepexoze u3 2 B Touky 3 nuHuu (X-) TpaekTopuu, no ycnosusm JIU, conpoBoxaaercs
X
peoOpa3oBaHUAMHU TUIIEPOOTHMYECKOTO IBHKCHHUS Ch(E)(X-F) noJs kBaHTa (X+), B JaHHOM Cllydae.

W)
\‘+v(}{) sIng

v(X) os©

lls

- V(X) sing
W)

Puc. 2.3 EaunHoe npeacraBjieHne THHAMUKH
Jns (+y) BonroBO# (W=Y-Y0) Qyukimu, (iy=,/(+U)(—)), monyunm npeodpazoBaHust

ax+iwt

iye®el®t=jye , st (X=). [IpocTpancTBO cKopocteit muHun - TpackTopun (X-)=V(X)= v(cos ¢+i

sin @), B akcTpeMaisx npeobpasosanuii mpu (t=0) wiu (ax = % = 0), naroT HyJIEBOM yroJ
napaiensHocTH (@ = ax + iwt = 0), o ecth EBKMa0BYyI0 0Ch (X).

Ve(¥Y—)
c(¥-)
cos@ (X—) = /G, (X+) kBanTa, npenenbHbix (@aax) yIIIOB.

VYpaBHEeHHE TEPEMEHHBIX acUMITOT runepbosnl YX=1, y=y'x, ¢ (y'#const) gaer (y '#0),
ypaBHeHHS: Y=y 'X. Takue ypaBHEHUS UMCIOT pelICHUs ypaBHEeHUs Jlupaka, ¢ ykazaHHBIM CIIOCOOOM
BBEJICHHS KaJTMOPOBOUHBIX MMOJICH M CKaISIPHBIX 0030HOB. ['HIiepOoIIbI

HOJI = KQ(X —-=Y +)K3(Y— =X +) =1, nepemennsix acumnror, umu HOJI = KS(m)RS(n) =1,8
aKCMOMaX JUHAMUYHOTO IIPOCTPAHCTBA-MATEPHUH.
2.4. TIpeacTaB/ieHHe OCHOBHBIX YPABHEHU I B JMHAMAYHOM NPOCTPAHCTBE-MATEPHH.

. 1
B skcTpeMansax, U3 COOTHOLIEHUI =cose (Y-) =a=__, (Y+), amanoruuno

s (X i) KBaHTa JMHAMUYHOIO IPOCTPAHCTBA-MATEPHUH, TNHAMHUKA KBAHTOBOTO (X -I-) TTOJISt

B3aMO/ICHCTBYSI, XapakTepusyercs B EBkingoBom npocrpanctee-Bpemenn K, npoekuueit paaunyca
2

kpuBusHbl K =— (CmupHoB, 1.1, ctp. 186) dukcupoBaHHOl chepbl, KacaTeabHOM BHYTPU TEIECHOTO
0

yIia napauieNbHOCTU Py (X —) TpaeKkTOpuH B IaHHOM ciydae. Jta K, mnpoekuus paamyca K,
aBisieTcs QyHKIMEH ypaBHEHUH THHAMHKH.

X X X X
Y=KY=Y—0 e’ +e " |, Llew 1o =ch1zexp£ , Y,>0, X=0,Y=Y,,
2 2 Y, Y,

2 2
1+(Y') :[ij Coyr=Y K =&, Y =K, =Kcosg, (X )~ Kexp(ié},
0
rne K - paanyc KpuBU3HBEI (X —) TPacKTOPUHU (X i). [Tpu 3TOM W - QyHKLHUSA XapaKTEepU3yeT TOJIBKO
aMHaMuKy Ty, = i|Y —Y0| , Yo—0, fw==£Y, KBaHTOBOTO (X +) M10JIS1 B3aUMOASUCTBUS NN
(X —) TPACKTOPHHU B IpCACIax Py (X —) # CONSt , yria napasaienbHOCTH. Y CIOBUSL @y = 0°, narot
Y =Y,, w=0.Takyro QyHKIUIO Ha3bIBAIOT BOJTHOBOM (DyHKIMEN COCTOSHUS IMHAMUUYHBIX Kputepues

DBOJIOIUHN KBAaHTA (X i), KaK HEOIPEeJIeJIEHHOCTh PAaBHO MapalIeNIbHbIX JIMHUM Ha (X —) TPaeKTOPHHU.

(Y)

Amnanoruu Juist (Y i) KBaHTa TpocTpaHcTBa-Marepuu. C 0THON CTOPOHBI mpoekius K = ~—— -
0

paanyca KpUBU3HBI (X —) TPaeKTOPUH KBaHTa (X i) JUHAMHYHOTO MPOCTPAHCTBA-MAaTEPUU B BUJEC



X .
K, =Y = YOChY— , ABJISIETCS pereHrneM U hepeHInalbHOr0 ypaBHeHNS JMHAMUKY JIeHCTBUTEIBHOTO

0
Y"— iZY=O, i=ch£zexp£ :
YO Y0 YO Y0

C mpyroii cropons npoekrmst Y =K, =Kcosa, (X —) ¢bukcupoBanHbIX equHUYHBIX (K =1) -

aprymesra X,

pagnycoB KPUBH3HBI (X —) TPaeKTOPUH KBaHTa (X i) SIBIIICTCS PELICHUEM yYPaBHEHUS JIUHAMHUKH YiKe
MHUMOTO apTryMeHTa,
iX iX
1 K[ % v - X
Y'+| |V =0, Y=Kcosa, =—|e"® +e ™ |~ Kexp|i—|.
Y, 2 Y,
HpI/IHI/IMaH HavYaJIbHBIC YCJIOBUA HYJIEBOTO YIJId IApAJJICIBHOCTU @y = OO , B EBKHI/IHOBOM

HPOCTPAHCTBE MMEET MecTO CcooTHouIeHne Y = K cos0° = K =Y, . Besikoe pukcupoBanHoe HeHyleBoe

3HaueHue yria napamnensHoctu (¢, # 0°) = const, B EBkiu10Boii akcHoMaTuKe, pU HATHYMK

JEX)=X)=iX , npusuuma seonpenenennoctn muuammanoi (Y =Y —) tpaexropuu, naer ce
(ukcHpoBaHHOE COCTOSIHUE B BUE (YHKIMH KOMIUICKCHOTO apryMeHTa,

(KY _Yo): ¥x (K’T): ¥x (K)eXp(iYﬁ

j , g Y, =const.
0
B ycnoBusix ¢pusndeckux Kputepruer DBomonnu KBaHTa (X i) JUHAMHUYHOTO IIPOCTPAHCTBA-

MaTepuH, IMEET MeCTO ypaBHeHUe, il pukcupoBanHoi (X =Y,) cdepsl,

X 2m(E-V) iET h’
S g, K,T)=vw, (K)exp| — u —=(E-V),
U Co B )
Peun nner o BomHOBOH pyHKIIMU ogHOMepHOTO ypaBHenus Llpenunrepa (BK®,ctp.270), kak o
MaTeMaTHYECKUX UCTUHAX B aKCHOMaxX JIMHAMHUYHOTO MIPOCTPAHCTBA-MaTEpPHUH.

n* o°
_%8X2 Vx (X’T):(E_V)'//x (X’T)-

Takue sxe cOOTHOLIEHUS BOJTHOBOM (pyHKINU VW, (K,T) B ypaBHeHuu lllpeannrepa, UMEIOT KBaHTbI

(Y i) AUHAMHUYHOT'O IPOCTPAaHCTBA-MATCPUH, YIKE€ B MIPCACIIaX TUHAMHUYHOTI'O YTJIa MMapaJlJICJIbHOCTH
Oy (Y —) TpPaeKTOPHH, C KBAHTOBBIM DJIEKTPHYECCKUM (Y +) I0JIEM B3aNMOJEHCTBH,
Ty, (K, T)=X = X,|.
Taxum obpazom, nuHamuka Kputepues DBomonuu (X i) 51 (Y i)KBaHTOB JTHHAMHYHOT'O
MMPOCTPAHCTBA-MATCPHHU, B YCIIOBUAX OCCKOHEYHO MaJIbIX UX JAUHAMHWYHBIX chep-Toqu XO —>0u

Y, = 0, cBOAUTCSI K JMHAMUKE HX BOJHOBBIX (QyHKIHIA (K,T) u (K,T). DU3MIECKHUI CMBICIT
TaKMX BOJIHOBBIX (DYHKIIHI , yIOBIETBOPSIOMUX ypaBHEeHUAM [lIpenunrepa, CBOIUTCS K MEX
AKCTpPEMaIbHOMY COCTOSIHUIO (pnkcupoBaHHbIX Kputepues DBosonnu (X -I-) 51 (Y +) oJsien
B3aMMOJICHCTBHS KBAHTOB (X i) " (Y i) JUHAMHYHOTO MPOCTPAaHCTBa-MaTEPHH, B IIpe/iesax ux
COOCTBEHHBIX TUHAMHUUHBIX YIJIOB ApaUIEIbHOCTH (y (X —) u o, (Y —) TPaeKTOPUH.
[Tpu 6eckoHeuHO MalbIX paauycax cgep-touek Y, — 0 B JaHHOM citydae, IPOEKLUU ITOBOPOTOB

7 BO BPEMEHHOM IPOCTPAHCTBE BOJIHOBOM (DyHKIIHMH,

v, =(Y=K,)=(Y, >0), HOI =a(X-=Y+JT(X+=Y-)=1,
B (uKcHpoBaHHOM Kpyre X°, ¢ conmpukacarouieiics runep6ooil pMKCHPOBAHHON aCHMITOTEL,
cootBeTcTBYIOT rpymme Jlopenna (B.I1aymu, ctp. 99, 105), B BUzeE,



X, =X, cosy+X,siny X, = X,chg+ X,she
X, =—X,sihy+X,cosy X, =—X,;shg+X,chp
B mporiecce iuHaMuKH yria HapauieIbHOCTH Ay (X —) TPAaCKTOPUU KBaHTa (X i)
JMHAMHYHOTO MPOCTPAHCTBA-MaTepUH (pHUC. 2), TOUKA IEPECCUCHHUs KacaTeIbHON K (X —) TPACKTOPHUH C
EBKHHHOBOﬁ ocbi0 X , CMCIIACTCA BOOJIb 9TOH OCH. HpI/I OTOM COXpaHACTCA KOBapHaHTHAasA IWMHAMHKA
BOJIHOBOM (pyHKIIMH B rpyriie JIopeHiia, Ipyu CMEMICHUN BOJb (X =X —) TPAaEeKTOPUH TPYIIIIbI
Ilyankape.

, KBaHTa (X i)

1+(Y')2=£1J2, 1{1)2—(\(')2, (Y=K,)~y  amaY,=const,

B TEXHOJIOTHH JUHAMUYHBIX aKCHOM-(pakToB umeet Mecto Hegenumas O6nacts Jlokanuzanuu KBaHTa

B ycioBusAX TMHAMUKH BOJIHOBOH QyHKIMH Ty = i‘Y -Y,

(X i) JTUHAMUYHOTO IIPOCTPaHCTBA-MaTEPHH,
HOIT =i y' + 2 [(X+=Y )il ' =L [(X==Y +)=1.
YO YO
HJ'ISI 3aMKHYTOﬁ CHUCTCMBbI KOOpJAUHAT, TCJICCHOI'O YIJIa MapaJlJICIbHOCTU (DX (X _) TpaeKTOpI/Iﬁ KBaHTa
(X i) MPOCTPAHCTBAa-MaTEePHH KBaHTA, B EBKIMIOBON aKCHOMATHKE HYJIEBOTO YIJia MapauIeTbHOCTH
¢X (X —) = 00 , BCC KpI/ITCpI/II/I 9BOJ'IIOL[I/II/I TAaKOr'o yrjia napauiieJIbHOCTHU TOKE paBHbI HYJIHO. B JAHHOM

cllydae UMEIOT MECTO COOTHoleHus Takux Kpurtepues OBomtonuy,

i l//'—K =0, (//':K’ WA a_w_ﬂ

Y, Y, a v,

B ycnoBusx npuHIuna Heonpeaenensoct 1 =/ (+w)(—y) Bpemennoro (X — = icT ) npocTpaHcTsa,

ero CPT -cummerpum, re iw :TL onpenenser C -3apan, a (T, = i‘Y -Y,|), npocTpancTeennyo

P -cummerputo, Ha (X —) TPACKTOPUU KBAHTA (X i) IIPOCTPAHCTBa-MaTEPUU KBAaHTA, €CTh UX
COOTHOILIEHUS KaK MaTeMaTH4eCKHUe UCTUHBI JUHAMUYHBIX akcuoM. [l EBKINIOBON aKkCMOMAaTHKH
HYJIEBOI'O yIJIa MAPAJIEIbHOCTH @y (X —) =0°, B BUTE,

L s A M _ L (aH —Hn),

T & oT in oT oT in
MaTemaTHueckux UcTUH ypaBHeHuil lllpenunrepa u I'eiizen0epra (I1.Qupaxk, c. 83-88). 3necy He
00CyX1aeTcs UX JOCTATOYHO MTYOOKUH (PU3NUECKUI CMBICI.

Ilepexoanoe cocrosinue Kpurepuer DBononuN KBaHTOB (X i) W (Y i) JTUHAMUAYHOTO
IIPOCTPAHCTBAa-MATEPUH, B IPEEIAX UX COOCTBEHHBIX TUHAMUYHBIX YIJIOB MAPAJUIEIBHOCTH Py (X —)

Ui @, (Y —) TPAEKTOPHUH, COOTBETCTBYET MaTPHIIAM HAYAJILHOI'O U KOHEYHOT'O COCTOSIHUSL, OIlepaTopam
pOKIeHMS U yHUUTOKeHUs ux Kpurepues DBoonnHy, ¢ UX HEU3MEHHBIMU DKCTPEMAJISIMU B
I'mo6anbHoit UHBapuantHocTH. [Ipu 3TOM nepexoaHoe COCTOSIHUE B OIEpaToOpax KOOPAUHATHOTO U
BPEMEHHOTO IPOCTPAHCTBA B 3aKPHITON CHCTEME HYJEBBIX YIJIOB napasienbHocT (¢ =0), B
EBKNIMIOBOM aKCMOMATHKE, COOTBETCTBYET ONEPATOPHOMY IIPEICTABICHUIO YPABHEHHUM THHAMUKH
BOJIHOBOM (pYHKIIUU

n* ) o’ 0

H=|— |-, E=ih—=, (E-H)y=0.

2m )oK oT

l'amunerorran H cooTBETCTBYET ypaBHEHHIO DIHINTEHA B HMITYJTbCHOM TIPE/ICTABICHUN

E_w : E=,/p,2< +m?%?, ypasuemma (E—H)y=0.

c C



. H
KBanpaTHblit KOpeHb raMUIIBTOHHAHA — , OEpeTCs B adredpe KBaTepPHHUOHOB B CTPOTUX
c

Marematnueckux uctuaax (Kops, ctp. 449).

23 =1, b2 =1, beb, —b,b, =0,

H
?:,/ pz +m?c? = /(b py +b,mc)b, py +b,mc) = (b, p +b,mc).

YpaBHeHHE TUHAMUKYA BOJTHOBOH (DYHKIIMH MpUHUMAET BUJ ypaBHeHHs [lupaka,

(E-H) =0, (W H}y:o, (W —b, p, —b,mc)y =0,

T
9
X

e by ,b, marpuus Jlupaxa (T1. qupak, cTp. 77), Kak MaTEMaTUYECKONH UCTHHBI AJIT€OPbI

.., O
A(——-b —b,mc |y =0,
I (CaT K ) 4 4

KBAaTEpPHUOHOB (PUKCUPOBAHHOMU C(epbl, B TEIECHBIX Py (X —) yIJlax NapajuleIbHOCTH WU @, (Y —)
TPAeKTOPHUH, C MIPUHIIMIIOM HEOMPEICTICHHOCTH B KaXk10i EBKinI0BOM ocH chephl Ha ITUX
TPACKTOPUSIX.

Peun 0 MaTemMaTHUECKUX UCTUHAX TEXHOJIOTUU JUHAMUYHBIX aKCMOM, KBaHTOB Henenmmbix
Oo6nacreit Jlokanu3anuu JUHAMAYHOTO MTPOCTPAHCTBA-MaTEPUH, KOTOPBIE COOTBETCTBYIOT
MaTeMaTUYeCKUM UCTHHAM TE€XHOJOTUU KBAaHTOBBIX TEOpH B EBKINI0BOI aKCMOMAaTHKE TPOCTPAHCTBA-
BpPEMEHH.

2.5. Ckansipubie 0030HBI.
JeiictBue kBaHTa /i = APAL = FAtAAL , 3adukcupoBats B mpoctpancTBe A4 wim Bo BpemeHu At

HEJb351. DTO CBSI3AHO C HEHYJIEBBIM ((0 # const) yrioM napamiensHocTd (X —) wiun (Y —) TpaeKkTopuu
(X+£)umu (Y *) xBaHTa MpocTpaHcTBa-MaTepur. ECTh TONBKO HEKast BEPOSTHOCTh JICUCTBUSI.

o v 2
[IpeoOpa3oBaHus PENATUBUCTCKON JMHAMUKHI BOJHOBOW ¥/ - (DYHKIIMHM KBAaHTOBOTO TIOJIS C |1//| -
IUIOTHOCTBIO BEPOSITHOCTH B3auMoelcTBus B (X +)mose (puc.3), cooTBETCTBYIOT [ 106anbHO

WNuBapuanTHOI l//(X ) =e "ty (X ), a=Cconst rpymme Jloperna. Ot mpeoOpa3oBaHUSI COOTBETCTBYIOT
MOBOPOTaM B IUIOCKOCTH Kpyra S, 1 peNATUBUCTKH - MHBAPUAHTHOMY ypaBHEHUIO Jupaka.

. oplX . oplX _
IyﬂL)—mt//(X):O, u I;/ﬂM—mw(X) =0.
Gxﬂ ox u
Takast ”HBApUAHTHOCTb JA€T 3aKOHbI COXPAHEHUsI B ypaBHEHUAX ABMKeHUs. s

Hp606pa3OBaHHﬁ peHHTHBHCTCKOﬁ JAVNHaAMHWKHU B FI/IHep6OJ'II/I‘-ICCKOM JABHKXCHUU,

w(X)=e" i (X),  ch(ax) =%(eax +e™)=e*,  a(X)=const,
AY
T A X ===} ch(aX)

puc 2.4. KBant (X ) AMHAMUYHOI0 MPOCTPAHCTBA-MaTEPHUH.
B ypaBHeHUH Jlupaka MmosIBIISIETCS JOIIOJTHUTEIBHOE CllaraeMoe.



alX) 7 (x) =0,

- op(x) . Oa
iy, ——2_—my(X)|+i
{ Vi ox, l//( ) Vi ox
VM HBapraHTHOCTb 3aKOHOB COXPaHEHUs HapyuieHa. [ uX COXpaHeHUsT BBOISATCS

KaJ'II/I6pOBO‘lHBIe moJist. OHu KOMIICHCHPYIOT OOIIOJHUTCIIBHOC CJlIara€MO€ B YPaBHCHHUH.

A, (X)= KJX)H%X), u i;/{a%HAH(X)}//(X)—mt//(X):0.

u u

H

Tenepsb yxe B Takoe ypaBHEHHUE, OJCTABIISASA 3HAUCHHE V/(X ) =¥ )17 (X ), a(X ) # CONSt BosTHOBOIA
(GYHKIIUY, TOJTY9UM WHBAPUAHTHOE YPABHEHHUE PEISTUBUCTCKON JHHAMUKH.
. oy oy oa( X _ _
Vi T A, (X —my =iy, = o, T a( )y ~ 7, A (X7 =iy, a>(< )\ -mip =0
7]

iy, Sl/l yyﬂﬂ(X)@F—mﬁzo, WIH iy{aiqtiﬁﬂ(X)}g?—mlF:O.
DT0 ypaBHEHNE MHBAPUAHTHO UCXOJHOMY YPAaBHEHHUIO

m[%nmx )}wm-mw(x):o

B YCIOBUSX A#(X):Z\#(X),H AH(X)ZA;I(X)H%,

U
HaMuus ckanspHoro 6o03oHa (y/(+a)(—a) =ia(AX) # 0) = const , 8 npenenax kaTMOPOBOUHOTO
(AX) #0) mmons (puc. 3).

Takum 06pa3zoM, CKalsipHble 0030HbI B KATUOPOBOUHBIX T0JISAX, CO3IaHBl HCKYCCTBEHHO, JIs
yCTpaHeHHUs HeJoCcTaTKOB Teopuu OTHOCHTENBHOCTU B KBAHTOBBIX HOJISX.

2.6. [IpeoOpa3oBaHusi peJITUBUCTCKON JMHAMUKH.
Henw3s onpenenuts cBoiictBa (X —) wnm (Y —) tpaektopuun kBantoB HOJI (X +), (Y £) mpocTpaHCcTBa-

MaTepUH, IO OJHOM MPSAMOH, B TMHAMUYHOM MyYKe MapauieIbHbIX MPSAMBIX JUHUNA. ITOT (PU3HUECKUN
IIPUHLIMII HEONPEAEIEHHOCTH /i = APAA = FAtAA , TMHUU-TPAEKTOPUU B IIPOCTPAHCTBE - BPEMEHU

(AA, At) , xak (hakT IKCIIEPIMEHTA, €CTh aKCHOMOM TUHAMUYHOTO TIPOCTPaHCTBa-MaTepun. Hemp3s mpu
3TOM, CHHXPOHH3UPOBATh PEIATHBUCTCKYIO JMHAMUKY B paBHOyckopeHHoM [b® = const] kpyroBom uiu

FI/II'Iep6OJ'II/I‘-I€CKOM JABHUKCHUU.
4

Y%+ (icT)* =[a’ = E—z = const] = (AY2 +(icT)® # const): (\72 + (icAT)? = const)

31ech, mpeodpa3oBaHus PEIATUBUCTCKON JUHAMUKH KPYTOBOTO (—) WJTU TUTIEPOOINYECKOTO (+)
JBUKEHU B Ki1accuueckoil Teopun OTHOCUTENBHOCTH DWHINTEHHA HEIEUCTBUTENbHBI. B ycrmoBusax
IIEPEMEHHOTO YCKOPEHHS, [b® # const], Takue peoOpa3oBaHUs PENITUBUCTCKON TUHAMUKH TOXKE
HeJIeHCTBUTEIIHLHEL.
Y? +(icT)* =[a® = const] =Y * £ (icT)?.
B 06oux ciyuasix, B KBAaHTOBBIX MOJISAX, Kiaccudeckas CrenuanbHas Teopus OTHOCUTETEHOCTH
(CTO) Ditniureitna HeneiictBuTenbHa. [IpeoOpa3oBaHus peNITUBUCTCKON TMHAMUKHA KPYTrOBOTO (—I—)

nnn runepGomaueckoro (—) paroyckopennoro (a? = const) apmkenus,
4
Y2 +(icT ) =(a2 =;2=constJ:Y2 +(icT

narot npeobpaszoBanus JIopeHIia KIacCHYECKOW peIsITUBUCTCKON TUHAMUKHY.

Tabmuma 1 .
a) Equnbie matemarnueckue uctuibl CTO u KTO
CneuuanabHasi Teopust OTHOCHUTEJIBLHOCTH KBantoBass Teopus OtHocuteabHoctu (KTO).
(CTO). Cuennanbaast Teopust OTHOCHTETHFHOCTH




Knaccuueckoe npencrapieHue:

4
Y2£(icT) = (az ;—2 = const]

=Y?

KpyroBOT'O (+) WY THIEPOOIMYECKOTO (—)
PaBHOYCKOPEHHOTO JBIKEHHUS.

1). X =a,X+a,Y, Y=icT,

— Y
X=a,X+a,—

e v Y
ic
—=a, X +a
ic 2
Y =a,X +ay,Y, Y =icT,
X = aX+ Y
2). B H a; = b11’
Y =a,icX + azzY
a, . H i
-2 —ib,,, a.ic=ibh,,,
iC 12 21 21
ay = bzz-

X =b, X +ib,,Y
3). _ _11 S Oy =1 mua K=T,
Y =ib, X +b,,Y
2 2 2 2
b;; —bj, =1=b;, —b;,
YCIIOBUI OPTOTOHAJIBHOCTH BEKTOPHBIX
koMmnoHeHT. B ['mobansHo MHBapruaHTHBIX

yenosusx cheper, B, =b=b,, bl =bZ,
(thy)’ = (P07, by =", by=ayc
b, +b,, =0, umeror mecro: a,,c = % , WIH
v e S

4). Jlanee UMEIOT MECTO JIBa CITydasl.
A). Ycnosus (8.21 =0= aﬂ), OOHYIISAIOT

npoexuun AY =ICAT , nuaamku
npocrpancteeHHo (¢ = AY /AT) BpeMeHHBIX
KOMIIOHEHT caMoro KBaHTa (oToHa, u aatot ['1
— I'nobanbHo-MlHBapraHTHBIE YCIOBHSI.

B). PeanbHoCTh B TOM, 94TO ()OTOH, KOTOPHIM
CUHXPOHU3UPYETCS PEISITUBUCTCKAS
JMHAMHUKa, UMEET CBOH 00beM

(8.21 #0) = (812 * O) B IIPOCTPAHCTBE —
BpeMeHH. Takast peaJlbHOCTb COOTBETCTBYET
pEaJIbHOCTH IPUHIUIIA HEONIPEAECIEHHOCTH
AY =0=(+Y)+(-Y) . Peus uzer o JIN —
nokanbHOM MHBapraHTHOCTH B 00BEMe

(a21 #0) # (a12 # 0)'

5). aynu(ctp.14): «... ©IMeHHO ObLIO

+(icT

HEJICWCTBUTENbHA TIPU YCIOBHUSX:
b 1). He paBHOYCKOPEHHOM (a2 #* const) JBUYKEHUU.

2). B cuny npunnuna weonpeneneanoctu AY = CAT ,
camMa HEBO3MOYKHOCTh (DUKCAIIUK TOYEK B TIPOCTPAHCTBE —
BPEMEHH, JeJ1al0T npeobpaszosanus Jlopenia
0e3HaIeKHBIMHU.

3) BonHoBast (hyHKIMsI KBaHTA TIPUBOUTCS B HCXOHOE
COCTOSIHHE BBOJIOM KAJIHOPOBOYHOTO TIOJISL, IIPH
OTCYTCTBUM PEJATUBUCTCKON JMHAMMKH, B CAMOM
nporecce e€ AUHAMHUKHU, TO €CTh IPU OTCYTCTBHU
KBAHTOBOM PENISTUBUCTCKON TNHAMHUKH.
PesIATHBHMCTCKAs JMHAMUKA B YIJIE NAPAJUIENBLHOCTH
(X —) Tpaekropuil KBaHTa IPOCTPAHCTBA — MATEPHH.

Bwmecrto X,Y, paccMaTpuBaroTcsl MpOEKIUU Ky, K,

JUHaMUYHOTO paguyca K, nTuHaMu4HOM cdepsl,
KacaTelbHOM K MMOBEPXHOCTH IHHAMUYHOTO TEIECHOIO

yrna o’ (X —) # CONst , mapasnensHOCTH. Peus 0
MaTepuaibHOHN cepe ¢ HEHYJICBBIM MUHHUMAJIbHBIM
paznycom Y, =1=chO, u BonrOBOIT dyHKIMEH

z//zK Y, Y =K, X =K,

y =a, K, +a,Ky K
1) t 12 , TIe KX:CT, T=—"X,
K = aZlKY +a22Kx C
BBOIOUTCS BpCMH
K, = 11K+12K
2). IZ , WK
a,,
—_a21K +—== KX
c
K_%m-+ K,
K, =a,cK, +a22KX

A). Bo Bremanx ['M — 'mobanbHo — IHBapuaHTHBIX

ycioBHsAX, cocTaBisitomue COSy = 1/i+ aj; i— ay; ) =la,

, JAIOT MIPHUHLMII HEOIPEAEIEHHOCTH, C HEKOH

2
IUIOTHOCTBIO BEPOSTHOCTH |l// | B OKCIIEPUMEHTE, U
MaTpullelt mpeoOpa3oBaHU:

. a
=la; Ky + (% =b;,)K,

X = (aZlC = b21)KY + iazsz
—) =0, B I', Takux,

K
3).

0
i yrioB napaniensHOCTH ¢ (X

4qTOo

4). a, =cos(a® =0°) =1=b, (b=2)K, =K,
a, =cos(a’ =0°) =1=b, (b=1K, =K,

HUMCIOT MECTO YCJIOBUA

5). =b=a,(c=1), b,=b=bh,,

(=1 —1)
nepuoga (T =1).
B T'mo6anbHO — IHBapHaHTHBIX YCIOBUSIX,

iall =ija= iazz, MaTpHULa UMEET BU/L




W 2
HPEIONOKEHO ... } 1—C—2 ... », I

CwmupHOB (1.3, cTp.. 195): «... MOTOXKHUM. ..
(b12 = ab) = —b21 ... ». To ects, HET
HUCXOJHOM MPUYMHBI TaKUX mosioxenuit. Ho
YK€ U3 3THUX MOJ0KEHUH, TI0 HEU3BECTHOM
npuuuHe, Mo CMUPHOBY, CIEAYIOT
MaTeMaTHYECKHE UCTHUHBIL:

X =bX +iabY
Y = —iabX +bY
b2 _a2b2 :1:_a2b2 +b2, b2(1_a2):1,
b 1
VJ1-a?
X:X+|aY’ V:Y—laxl
1-a’ V1-a?

6). IloacTapnss ucxonusle 3Hauenus Y =ICT ,

Y =icT , momyuum:

X:X—acT, iC_]T:ICT—IaX1
1-a’ 1-a’

T

T=__FC a=—=cosa’,

npeoOpazoBanus JIopeHIa B KIIaCCHYECKOM
PEIAATUBUCTCKOU

o X -WT

JUHAMHKE, X = — |
V1-W?/c?

W
F_ T_CTX oo VW
J-w?/c?’ 1+VW /c®

nepexox KTO B CTO.
HNmMmeroT MecTo MaTeMaTHYECKHUE MCTHHEI
nepexoyia KBantosoit Teopuu
OTHOCHUTENLHOCTH B TIPEOOpa30OBAHUS
CneunanbHoit Teopun OTHOCUTEIBHOCTH.
151 HyJeBbIX YII0B NapajuIeIbHOCTH B
EBKIMI0BOM akcCMOMaTHKE, CO CKOPOCTSAMHU

menbuux ckopoctu cgeta W, < C, umeror

MECTO MPEIEIbHBIE ClIy4Yau IEepexona
KBAaHTOBOW PENSATUBUCTCKON TUHAMUKH
BEKTOPHBIX KOMIIOHEHT,

ay, = (cos(aO = O):l) =a,, ay =1,
A =1, Y =WT,
_ (3-11 :1)(KY :Y)iVVT

(K, =Y)=
' JL-W2(X -)/c?
Y_: YiW-I- ,_F:KY/C+(8.22=1)T,
1-W?2/c? J1-W2(X —)/c?

K, =ia,K, +b,K, K, =iabK, +bK,
6). _ . , WM _ . :
Ky =b,,K, +ia,K, Ky =bK, +iabK
K, =iabK, +bK
K, =bK, +iabK

Taxas xe 'l popma npencrasnenns K, =y =Y =Y,

uMeeT MecTo B o060l kpatueiii 1 < AT | Moment
BPEMEHHU.

K=T,

7). B ycl10BHAX OPTOTOHAILHOCTH 5KT =1,

HMEEeT MECTO
—a’b® +b* =1=Db* -a’b?,

p’(1-a%)=1, b=——

Ji-a?

MHOJKHATEJIb MATPULIBI C YCIIOBUSIMH: Iiil11 =la= I&22 ,

wm &y =d=a,,.

B). Ve B JIU — JlokansHO — IHBapHaHTHBIX YCIOBUSX,

PENATUBUCTCKON IUHAMHMKH Ay # d,,, ¢ BHemHuMHU ['1
YCJIOBHSIMH, HIMEET MECTO:
8) Ky = b(allKY + Kx)

Ky = b(KY + azsz)

Ky =c(T = L 2) , cnenyer, A, =b(a,Y, + Ky).
c

, rne: w3 K, =y +Y,,

OTO U €CTh MOMEHT UCTHHBI PENSITUBUCTCKON TUHAMUKH
KBaHTa IIPOCTPAHCTBA-MATEPUU, KOTOPBIA B COBPEMEHHBIX

TEOPHSIX MPEJICTABIICH KATMOPOBOYHBIM AK HIOJIEM.

v =y, exp(ap = const) + A, .

K w
9). Ilo ycnoBusM a,, = —=- = — = a = a,,,
2= o1 c &y
I' — punamuky, d =4d,, = d;q,

1 1
Ji—a?  J1-w?/c?

IMPUHUMACT BU/:

b

, MaTpuIia mpeodpa3oBaHmil

ra a, K, +cT K, = a, K, +cT
\ ' )
1-aZ, Vv1-W?/c?
o = K, +a,CT T K, /c+a,,Tl
1-a2 V1-W?/c?
W, :&:—aﬂKY +cT = ayWy +¢
YT Kle+a,TT Y a,+W, /c
yenosusx JIU, (8, # ;) #1,
B OKCTpEMAJIIX KOraa: = \ﬂ =0 = ;
b T 137.036
2
W=ac, a= 4
hc

10). Mpenenbubie ckopoctu W, =C, B ycnosusix




- T+ 2 —  c(a, +1
K, =K(cosa® = Vl) . T :m, a,, =a,; #1, naror W, = c@y+h) C , HeM3MEHHYIO
c V1-W?/c? (a, +1)
B ipeobpaszoBanust JIOpeHI[a KIIacCUYeCKO ckopocts cBeta W, =C =W, , B m060ii cucreme
peHHTHBHCTCKOﬁ JAWNHAMHWKHU. KOOpAWHAT.

Takas KBanroBas Teopuss OTHOCUTEIBHOCTH HEBO3MOXHA B EBKIINIOBOM aKCHOMAaTHKE, C
HYJICBBIM YIJIOM NapajuiebHOCTH. B 00oux ciydasx, CnenuanpHoi 1 KBanToBoit Teopuun

OtnocutensHocTH (W = NC) B CBEpXCBETOBOM HMPOCTpAaHCTBE ckopocTel (V = 'C) ¢usnyeckoro

BaKyyMa, CKOPOCTb CBETa OcTaeTcs Hen3MeHHoH. O0e Teopur He IPOTUBOPEYAT CBEPXCBETOBOMY
MIPOCTPAHCTBY CKOPOCTEH (PU3MUECKOTO BaKyyMa.
0) Oomas Teopusi OTHocureabHoctu (OTO) Jiinmreiina
B INHAMHYHOM MPOCTPAHCTBE-MATEPHH.

Teopus xapakrepusyercst TeHzopom DiHimTeiHa (I".KopH, T.KopH), kak MmaTemMaTH4eCKOi
HCTUHOW pa3HULIbl PENATUBUCTCKON AMHAMUKU IBYX (1) u (2) Touek PumanoBoro npocrpaHcTsa
(puc.1.2), kak pukcupoBaHHOIo (g;; = const), COCTOSHUS TUHAMUYHOIO (g;, #* const),
MIPOCTPAHCTBA-MATEPHUHU.

(CmupnoB B.U. 1974r. 1.2).

1 1 1
R—ERiaji =EgradU , i R, _Ejoi = kT, (g;; = const).

[Ipu 5TOM MaTpuIla MpeoOpa3oBaHMl B €IUHBIX €IUHUIIAX U3MEPEHUS

R, =a,Y, +0
2 2 2 2
R —0+a.y.’ a,=a, =vG, R =a,Y, =GY,
Y YY 'Y
JTaeT Kinaccudeckuy 3akoH HeroToHa
2 2
m m Mm
YY2=—2, R2=G—2, wm  F=G—;
I1 I1 R
J{nst pensTUBUCTCKON TMHAMUKU:
4
C F
CZTZ_XZZ_YZ, bY= Y ’
M
Y Y
M2 M2
C;‘:FY,CZTZ—Xz:—Y, F = Y

Y 2T 2 2 2!
F, c*T2(1-W2/c?)
RS Mm
T2 =R’ = —>2 , F,=G—r———
icos ay =Gi R, il—WX /c?)
OTO0 pensITUBUCTCKOE MpecTaBleHne 3akoHa HploTOHa, [71s1 MacCOBBIX (Y —)TpaeKTOpI/IfI,
2GM Mm
W? = : F, =G—; -
R, RZ(L-2GM /R,c?)
ecTb yacTHbIM ciiyyaem O61eit Teopun OTHOCHTENBHOCTH.

CYH.ICCTBCHHI)IM €CTb TO, UTO I'pPaBUTAllMOHHAA KOHCTAHTA a,;, = ayy, = \/6 , €CTh

MaTeMaTU4eCKON UCTUHOH MPEAENBHOrO (a,, = a,, = CO0S@,. =~/ G ) yIia napaaieIbHOCTH, YETO HET B
OTO DitnmreitHa. BToppIM MOMEHTOM, €CTh KECTKUE YCIOBUA (PUKCAIIMY TOTEHIINATIOB

(9, =e,e; =const), c npuBeienne Kk EBknnnosomy npoctpanctsy (g;; =1) . B mepemenHbIx nonsx, ¢
IPUHIIMIIOM HEOTIPENENEHHOCTH (g ; # const) OOmas Teopus OTHOCUTENBLHOCTH DUHIITEHHA

HEJICVCTBUTEINIbHA. 32 3TUMU NIPEAEIaMu JeHCTBUTEIbHBI NHBIEC 3aKOHBI.
3.CneKTp HeieIMMBIX KBAHTOB NPOCTPAHCTBA-MaTepPHH.
Henemumeiv O6mactsm Jlokanm3amuu kBaHToB (X ), (Y +) AMHAMHYHOTO MTPOCTPAHCTBA-
MaTepUH COOTHOCATCS CTaOUJIbHBIE KBAaHTHI IPOCTPaHCTBAa-MaTepuu. B o0oux ciydasx pedb UAET O
dakrax peansHocTu. CtabunbHbIi (Y £ =€) 21eKTpoH, u3nydaeT cTaOwibHbI (Y+=y) ¢OTOH, U

B3aHMOJIEHCTBYeT co cTabmibHbIMU (X + = p) npotoHom u (X+=v,),(X+=v,) Heiirpuso. B



enuHoM (X -=Y+) , (X+=Y-) mpocTpaHCTBe-MaTepuu OHU 00pa3yioT neppyto O01acTh
Jlokanmmzamuu (OJ1,) Henenumbix KBaHTOB Ha Mx M—N cxomuMocTsx (puc.).
Ananoruano see (O/1,),(0/1,) ... (OJ;) Obnacti Jlokanusauun.

e eq e YO Yy =C Y

Sarererev

on, <—on,—=

o
|
N
m

puc. 3.1. Heneaumble KBAHTHI NPOCTPAHCTBA-MaTePHUH.
Jliia coxpaHeHust Hepa3pbIBHOCTH efauHoro (X-=Y+) , (X+=Y-) mpocTpaHCTBa-MaTepuu BBOAUTCS

(Y£=y,) doron, ananornunsii (Y+ =y) ¢GOTOHY. ITO COOTBETCTBYET aHAIIOTMH MIOOHHOT'O
(X£=v,) n anexrponnoro (X=*=v,) neiitpuno. Mmes ckopocts anextpona (W, = a*c),
u3nyqatoriero ¢portoH V () = ¢, koncranta o =W, /¢ =cos¢, =1/137,036 naer ro aHanoruu, pacuer

ckopocteit V(C) =a*V,(y,) ms ceepxceroBbix dotonos B Buze: V,(v,)=a ¢, V,(y,) =a’c

1
...V, (7;) = a™"c. Opburansublii 51€KTPOH, C yrIIOM & = ?e =137 COS@yax (Y ),

napajuieIbHOCTH TPACKTOPHUHU HE U3ydaeT (POTOH, KaK U B MPSMOJIMHEHHOM, 0€3 yCKOpEHUs,
JIBYKCHHUH. DTOT MOCTYJaT bopa, ecTh AKCHOMOM THHAMHYHOIO MPOCTPAHCTBA-MATEPHH.
[Tono6HO u3nyyeHuro 31meKTpoHoM GotoHa (e — ) B nepBoit Obnactu Jlokanuzanuu

(OJI,) nenenumbIx KBaHTOB, CYLIECTBYET IOCIIEN0BATENLHOCT U3TyueHnil B criektpe O6mnacteit
Jloxamm3ammu Henmenmumveix (X ), (Y £) KBaHTOB, BKITIOYAsi CBEPXCBETOBOE IPOCTPAHCTBO CKOPOCTEH.

€. € D8 >€ —>€ € (€ >y ) >y, Dy, > Vs >V —> ../ AHAIOT:
Pje=> P> Pg > P > Py > P, >(P >V )V, DV, DVvg SV >,

DTO «BUAUMBINY CIIEKTP U3TYYCHUH, KOTOPBIA MOXKET MOTJIONIATh («BUICTHY) U U3JTydaTh
atomsl niepBoii O6mactu Jlokanmuzarmu (OJ];) Henenumbix KBaHTOB, 00baHOTO (Z(P*/N)+2Z€7)
BemecTBa aToMoB. Ho arekTpoH He MokeT m3nydath (Y + = y,) «Tsoxensiii» potoH. OH HE MOXKET €ro,
u nornomats («BuaeTb»). Takoit (Y* =y,) «rspkenslit» GoToH, MOXKET U3TydaTh M MOTJIOIATH TOJIBKO
«TSDKENBI (e, — 7,) dITeKTpoH. AHanormuHo HeBmammoe (p; — v, ) usnydenne. Ilostomy, B

cnektpe O6mnacreit Jlokanuzanuu Henenumbix (X +), (Y +) KBaHTOB, CyIIECTBYET MOCIEA0BATEIBHOCTh
«HEBUIMMBIX) KBAHTOB U3TyUCHUSI.

€j.. > € =€ =€ =€ € Dy, >y, Y3 )5 —>..); AHaIOTHYHO:
Pj- > Pg-—> Py 2 Ps > P35 2> P 2V, 2V, V3 Vs —>...V; HEBUAUMOTO H3ITyYCHHS
(ps/es)...(p /&) ...(v, 1yy) ...(v, ] y,) BemectBa «mapaniensHOro», HEBHINMOTO HAM MHPA.

Atomer (Z(p*/n)+Ze) oOBIYHOTO BEIIECTBA, HE MOTYT B IIPUHIIAIIE TIPSIMO,

B3aMMO/JIEICTBOBATD C ATUM CIIEKTPOM H3JIyUE€HUH. DTH CIIEKTPBI BKIIIOYAIOT KAK «TSKEIIbIE» IPOTOHBI U
ANEKTPOHBI, TAK U CBEPXCBETOBbIE (POTOHBI U HEUTPUHO. JIJIsl HAC 3TO — «T€MHasl MaTepUs», IPUIEM
HEBUJUMUX CTPYKTYp BELIECTBA.

o (psles)...(p/e) ... Vo lyy) ... ly)..

JnHamuka ((0 * COﬂSt) MaccoBbIX (Y- = X+) moneil 00ycnoBiIeHa TUHAMUKON
anekTpo (Y+ = X -) MarHuTHBIX ToJiel 1 HaoOopoTt, B kBaHTax (X =), (Y+) emunoro (Y-=X+)



(Y+=X-) IuHaMHYHOTO MPOCTpaHCTBa-MaTepuu. [IpenenbHbIM yrilaM napaiiebHOCTH ((DMAX (Y —))

u (goMAX (X—)) COOTBETCTBYIOT KOHCTAHThI B3aUMOJAEUCTBHUSL. /{7151 CKOPOCTH 3JIEKTPOHA

W, 1
W, (Y+=¢e)=a*c, uanyqatomero (Y= =y) QOTOH, KOHCTAHTa & = ?e =137 COS@yax (Y-) .

Ananornano it npotoHa (X+ = p*) m3iywaromero anekTponHoe (X * = v, ) HeWTpHHO,

W, = COS @y (X=)*W, Tre COS @y, (X—) =W, [(W, =¢)= \/6, xoHcranTa (G = 6,67 = 107%).
N3 sxcnepumenTanbHbIXx Macc mM(p) = 938.28MeV npotona, 3inexkrpora m(e) =0,511MeV , u

mroonHoro M(v,) =0,272MeV neiiTpuno, ci1emyioT pacueTHBIE MacCHI.

(a/\2)*TIK *(ar/~2) = a®m(e) /2 =m(v,) =1,36*10 °MeV , wm: m, =a’m, /2,
VG/I2*TIK*JG/2 =G*m(p)/2=m(y,) =3.13*10°MeV , wm: m, =Gm, /2

Onu coBmnagarot ¢ u3BectHbIMU Maccamu (CapsrueBa, MI'Y-2007r. ®BD u DY):
Tatomna 20 Ceolficrea GynaaMenTalbHEXY pepMHIOonon

HacTun Jlenronnl K eaprn
Saerrpuueckndl sapsa, O 0 —1 —1/3 2/3

I nogoaenme w, q i i
I < 17 aB/c* 00511 MaB /@ [ 0,34 TaB /& 0.33 TaB/ &
IT moroacnne v, it & i
mo| o= 2T0aB /1067 MaB /¢ [ 045 TaB /@ 1.5 TaB/ ¢
11T noxkoaenne (IR T h {

1 < 35 MaB P 1754 MaB P 4.9 T=B /¢ 170 ]IH c*

I'\-]Jf._].‘-.ll:_' XaPaKRTepHCTHR MaCTHL, VEaZaHHBIX B ':'E_if’].'l]l[;l:_'. Ba A HEVID) OB 1A
JeMTOHOE HI'PAIoT JedTOHHLIe SHCTE! VIeKTPOHHOE Jr.,. PaBHOE -I—l onda e H
Ve, MIOOHHOE Jr-}-.- PaBHGEe +1 oA - u "",.'- H TRUOHHOS Jr PaBHOe +1 JIAa T H
Vo, KOTOPRLIC COOTBCTCTEBVIOT apOoMaTaM JeNTOHQE, VHACTEVIOHIHE B KOHKPET-
HLD DEGRIINAX, B ABTAKTCH COXDaHANINHMHACH BeTHYIHHaMH, ,j.'l}l JCITTOHon
[Ipu aTom, B rpaBut (X+=Y-)MaccoBbIX MOJISIX pazIudaroTcs JBa, Buaa Macc: (Mx) u (My), Hapumep
macca (Mx = p*) mporoHa u Macca (My =€ *) 9JIEKTPOHA, TO PA3IMYHBIE MACCHI, TOJ00HO TOMY KakK B
anekTpo (Y+=X-) MarHUTHBIX MOJISAX €CTh JBa BuAA (+) U (-) 3apsiaa. AHAIOTMYHO, TMHAMHYHAS Macca

orona (macca nokos=0) umeer Bux: VG/2*IIK*\G/2=G*m(v,)/2=m(y) = 9.07*10°MeV ,

MaccoBoil (y = Y-) TpaeKTopusi, KOTOpass MCKpuBisiercs B (X+=Y-) moie 3Be3.bl.
3apsnoBeiii (Y+ = X-) wuzonoreniuman q(p) = (e) mpoToHA U NIEKTPOHA, TOPOKIAET

maccoBslil (Y- =X +) nzonorenmuan m(v,) ~ m(y,) ksanroB (X+=v,), (Y =y,) npocrpancTBa-
MaTepHH, aHanorndHo M(e) ~ M(v,, ) u3omnoreHIMAaNy. AHAIOTHYHO TOMY, CYIIECTBYET Cy03apsiI0BbIi
(X- =Y +) wuzomnorerniman q(v,) = q(y) nenronos. ns ¢porona y(Y —) maccopas tpaekropus (Y —),
JGI12*IK*JG/2=G* m(v,)/2=m(y)=9.07 *10°MeV , orona, nckpusisiercs B (X +)
rpaBUTALOHHOM 1071e, pakT eauHoro (Y- =X+) mpocTpaHCTBAa-MaTePHU.

Henenumoit O6nactu Jlokanu3auuy 31eKTPOHA U TPOTOHA KaK BEIIECTBA, B MPOCTPAHCTBE-
MaTepuu COOTBETCTBYIOT POIYKThl aHHUTUIISAUMUA HenenmmMpiXx KBaHTOB aHTUBEIECTBA:

(YE=e)=(X==v, JV+=p)X==v,) (X£=p") === )(X+=v. )Y==15).

JIMHAMKKa STHX MAaCCOBBIX MOJIEH B TIpejieniax COS¢, =, CoS@, =+/G/2 , koHcTaHT
B3aUMOJICHCTBHUS, JA€T 3apsIOBbI H30MOTECHIMAT UX STUHUIHBIX MAcCC.

(X+=v)G*/2)(X+=v) _
Y==7)

1

(X+=v,)G*V2)(X+=v,)=(Y-=7), wm



—(m)/12)G*V2)(m(v,)/2)
qe - -
(m())
(== M) -=75) = (X =v, ), . CZ7NENZ0)
(X+=v,)
_ ()12 12)M(16)/2) _ 4 guq00rcp
’ (m(v,))

DT COBMAaJIeHUSI HE MOTYT OBITh cClTydyaliHBIMU. TakuM pacdeTam COOTBETCTBYET MOJIEIb IPOAYKTOB
AHHUTWIALUK IPOTOHA ¥ 3JIeKTpoHa (puc.3.3).

48*10°CI'CE

Y ‘ - \ ‘1« Ve
e \Ve =& .
&% V& . e
| h’, N 7V (X-=Y+) S 2\ 4 ~04 )
~ R TR =\ Y O ‘[: o
|\ - / - \ n AL \\ =
| 'Y (X-=p) (Y=€) / ( e p+
MOAENb NPOTOHA MOAeNb INeKTPOHa aTom BOAOpOAa

Puc.3.3. reomerpunueckue GpakThl JTHHAMUYHOTO MPOCTPAHCTBA.
B Takux sxe Mogensx GpopMupyercs Mojess aToMa Bojopoa. ['eomerpudeckum GaKTOM 371eCh, €CTh
HAJIMYME AHTUBEIIECTBA B CAMOM BEIIECTBE MPOTOHA U 3JICKTPOHA. [IpH 3TOM, MPOIYKTHI
AHHUTUJIAOWUU ITPOTOHA

(XE=p7) === )(X+=v, )Y==10)

U MPOJIYKTHI paciaja HeHTpoHa

(Yt=n)=(X-=p")Y+=e)X-=v,),

COOTBETCTBYIOT UX KBapKOBbIM (Yt =U) u (X =d) momgensam: (p =udu=uud), (n=dud =ddu)...
AHAJOTHYHO BCE JIEMEHTAPHBIC YaCTUII IMEIOT KBAPKOBBIE MOJICIIA B COOTBETCTBUU MPOTYKTAMHU UX
pacmana. [[pyrux craduJabHBIX KBAHTOB MPOCTPAHCTBA-MaTepHH He 3aduKrcupoBaHo. KBapkoBbie
MOJIEJIN JAI0T 3apsi MpoToHa. Ho TOUHO Takoil 3apsig UMeeT MO3UTPOH 0e3 KBapKOB. Takas KBapKoBas
MOJieTIb 3apsI/IOB HEICWCTBUTENbHA, €€ HET B IPUPOJIe. A BECh CIIEKTP MAcC pacCUUTHIBaeTcs 6e3
KBapKOB, B TIOJTHOM COOTBETCTBUU C MX KBapkoBbIMH (Y+=U) (X*=d) momemsimu.

4.5030HbI 3JIEKTPOC/Ia00r0 B3anMojeiicTBHS.
WX pacueTsl cneayroT U3 MaCCOBBIX M30MOTEHIIMAIOB €UHBIX (Y+ =X —) (X +=Y —) oaen

B(G), (@) KOHCTaHTaX B3aUMOJENCTBHS DIEKTPOHA €° M MIOOHHOTO HEMTpHUHO V,, Kak Henenmmoii

y7
Ob6nactu Jlokanu3anuu B IPOCTPaHCTBE-MaTEPHUH.

_ a,/2mm,
HOﬂ(Y)=(Y+=ei)(X—=V,,+)=T"=81.3(3ev=m(\Ni), ¢ sapaoM e*, (8.5)

_ a./mm, expl
HOJI(X)=(X+=v, )(Y-=¢)= G" =94.9GeV =m(Z°), (8.6)

5. HoBbIe cTA0MJILHBIE YACTHILI

Ha BCTPCYHBIX IMyYKAX MIOOHHBIX aHTHHCﬁTpHHO (V;l):

HOT(Y =€) = (X==v)(Y+=75)(X==v}) = 2 _10216GeV , (8.9)
a

2

Ha BCTPEYHBIX MyYKaX MO3UTPOHOB (€7), KOTOpBIE PasrOHSIOTCS B MOTOKe KBaHTOB (Y —=7%),

(I)OTOHOB «0eJ1oroy Jiasepa B BUIC:

HOM(X = p{)=(Y—=e")(X+=v,)(Y—=¢") = 226 ~153TeV, (8.10)




Ha BcTpeuHBIX Mydkax aHTHIPOTOHOB (P~ ), HMEET MeCTO:

HOJI(Y =e;)=(X—=p )Y+=e )(X-=p )= 2m, =35,24Tev . (8.11)
(94

2

Awnanoruyno, s kBauta HOJI(Y =) = (X+ = p")(X+ = p~), paccuuTbiBaeTcsi Macca KBaHTa
MIPOCTPAHCTBA - MATCPHUH.

M(Y=)=(X+=p")(X+=p") =[%=ml](l—2a) (8.12)

win M(Y—)=| 2MPD) _MP) _ o lg_9g) - 093828CV , 2y 156 76ev (8.13)
2a: a 1/137.036 * 137.036

DTO U eCTh Ta, BHOBb OTKphITas Ha koJjuaiaepe [IEPH snementapnas yactuna. Ilpupoma Xurrcosoro
0030Ha packpeiTa B «CyIrepkBazapax.

) =(XHEH |
% X+=p"

I
X+=p7) |
|

(cos@, —z=1/137) |
I

Puc.5.1. HoBag «yacTHLa XHUITCA)»
[Tpunnun opMuUpOBaHKS YaCTUIl OCHOBAH Ha ()parMeHTaIuu B nipeaenax G,a - KOHCTaHT,
2

o 2
«COpPOIIIEHHOW» B BaKyyM MIPH CTOJKHOBEHHSIX YaCTHII, TUIOTHOCTH P =V* = Pe maccoBoro (Y —) wim

MarHuTHOro (X —)IOJIs, HHIYIIUPOBAHHBIX pa3roHoM. @parMeHTHpOBaHHAs IUIOTHOCTH MaTePHHU, UMEET
cooTBeTCcTBYIoImUE MaccoBble (Y — = X+) u 3apsiaoBsie (Y + = X —) IOJIA ¥ UX CHMMETPUU. AHAJIOTHYHO
paccuuThiBaeTcs Macca P, =2€,/G =2,8*10°TeV «TsKenoro» npotoHa. YpoBHIO Macce

HOJI (Y =€, ) «TsKeoro» CTabMIBHOTO «AJIEKTPOHA», COOTBETCTBYIOT HECTAaOMIIBHBIE YPOBHU
uncuionus. Ato pakt Hammuus (Y =€) kBaHTtoB. Maccam HOBBIX yactuy HOJI (X = p;’),

HOJI(Y =e,), 110 aHAJIOTHH, COOTBETCTBYIOT HeCTabmiIbHbIe ypoBHU Macc 15,3T€V | anekTpon-
MO3UTPOHHBIX MYYKOB U 35,24TeV mpOTOH-aHTUIPOTOHHOTO My4Ka, 0€3 KBAPKOB U XUTTCOBBIX

0030HOB, KaK UCKYCCTBEHHBIX MOJICTICH.
B pamkax KeanroBoit Teopuu OtHocurensrnoctr (http://www.pva.mya5.ru ) BBITOTHSETCS
pacder CIeKTpa MacC W3BECTHBIX YaCTHIL:

m :(((\/g::ohz = mlj(l+a): mzj(1+a): m3j(x +)+my (X-).

6. Oco0eHHOCTH (hOPM TMHAMUYHOIO MPOCTPAHCTBA-MaTEPHU.

B sznpax atomos nipu K-3axBare, maccosslie monst (Y —=€") anexrponos, Bxoaar B (Y — = X +)
nosie CunbHOTO B3anmoneiictBus (X4 = p*) mportona, popMupyst HEUTPOH B BH/IE
Yt=n)=(X-=p")(Y+=e")(X—=V, ). [IpoToHHI 1 HEHTPOHHI B A1pe, POPMUPYIOT 3aPIKEHHBIE
(Y==p"/n) u ueiitpansusie (Y—=2n) kBauThl CuibHOro B3aumopeiictus. X 3aMKHyTbIE
MaccoBbie (Y —) TpaeKTopuu GOpPMHPYIOT 3apsDKEHHBIE H HEHTpaIbHBIE CTPYKTYPHI 000JI0UeK spa.
31ech MUHEMAaNbHAs yaeabHas Eyy o =a*m(p) = 938.28/137 ~ 6.85MeV sueprus cBs3u HyKIOHOB


http://www.pva.mya5.ru/

siipa onpeeNsieTcss B AJMHAMUYHOM MPOCTPAHCTBe-MaTepuu. PacueTHble yiebHbIE SHEPTUU CBA3U
HYKJIOHOB s1/Ipa, COBIAJAIOT C SKCIIEPUMEHTAIbHBIMUA JaHHBIMU. [IpH 3TOM B HEM3MEHHBIX CTPYKTYpax

. 2
HelTpanbHBIX (Y —=2N) KBaHTOB, CTPOTO BBIMIOJIHAETCS 3aKOH MpUpAaIeHus (AEW =Amc?)

yIETbHON SHEPTUH CBSI3U. DHeprusi cBsizu aByX kBaHTOB (Y—=p*/n) u (Y—=2n) CunbHOro

Bsaumoneiictus cootsercteyer E .. =2a*m(p) =13,7MeV «obmennomy» KBaHTY, Kak MacCOBOM

h _
(Y —) tpaekropuu. Ero mmuna Bonusr A =— =1,44*10"%cu . JIBe Takue BOIHB OOMEHHBIX KBAHTOB
mc

anpa 5 He(2(Y—= p/n)), natot paguyc I =4,6*10 " cu Takoro sapa. Takue jxe pacueTsl s
«TspKernioro nporoHa» m(p;) =153 TeV  cooTBEeTCTBYIOT «OOMEHHOMY» KBaHTY S/Ipa ypaHa,

E.., =2a*m(p,) =238m(p) =238U , rue (@ ~1/137). U3 akcuOM TMHAMHYHOTO IIPOCTPAHCTBA-
MaTEpHH CIIEYET:

G
M(m)M(n)=1' MBEMJ][/I (Fxpl)M(pl):L
* -8
(5,977*1027)(M)(15.3*106 MeV *1.7826*10_27) =1,

4*2.72
N3 31X COOTHOIICHHI CIIeyeT, YTO B LICHTPE sApa 3eMiu KBaHThl CHUILHOTO

(Y==p,"/n,) (Y==2n) Bzaumoneiicteus OJI,- ypoBHs, reHepUPYIOT KBAHT
2a*m(p,) =238m(p) =238U sapa ypamua.

Awnanornano s CoHIa, eCTh COOTHONIEHHS €ro Macchl ¢ kBantamu (X£ = P,) supa 3Be3bl
GMCOJZHUAa24Gm( p,) =1, m(p,)=m(n,),rne (Y—=p,/,) u (Y—=20,) kpaursl CuibHOro
BzaumopeiictBus siapa 3Be3zbl. [10100HO siapaM aToOMOB, OHH (GOPMHUPYIOT pa3IndHbIC CTPYKTYPHI SIIpa

PasJIMYHBIX 3BE3], 4 CTEHEPMPOBaHHbIe KBaHTB 20 *M(P,) =290m(p,), bopmupyror «rskensie
aTOMBI» BEILIECTBA U UX CTPYKTYPHBIX (hOPM, BHYTPH 3BE3]1.

4
Mopens siapa Tanaktuku M (%) 2a*M(p,) =1, ¢ maccoit M, =1,9*10° *M o

COOTBETCTBYET (DaKTy HAOIIOICHUS.
VYpaBHenuss MakcBeria sl SJIEKTPOMArHUTHBIX TIOJIEH U YpaBHEHHsI TPAaBUTMACCOBBIX MOJIEH,
OTPaXKAIOT PEATbHYIO WHIYKIIUIO BUXPEBOTO dIeKTpudeckoro (Y +) IMoJist MepeMeHHBIM MarHUTHBIM

(X —) monem, 1 Ha060poT. TOYHO TaKyIO, pealIbHYI0 HHAYKLMIO MaccoBbIX (Y —)moieil, Kak U B
PENATUBUCTCKOM pa3roHe ¢ yCKOPEHUEM, JAIOT MepeMeHHbIe (X +)moJis «TSHKEIbIX» KBaHTOB
(Y==p,/n), (Y==2n,) Cunsroro Bsaumoneiicteus supa O/, ypoBHS, C TeHepalKel KBAHTOB.
Taxkas >xe reHepanust MmaccoBbix (Y —= X+) moneit mynbcapa KpaboBuaHoW TyMaHHOCTH C YaCTOTOM
(v =30Iy), naer (GAM')(ac)?hv =ch®1, nmaer unaykiuio macc Am’' =2,28*10"2/c, umn

M
COJIHLIA
At = ot
Am
TeomeTprueckuM (hAKTOM, B COOTBETCTBHUH C MPaBHiIoM JIeHIa, €CTh U3IIydeHHE BEIIECTBOM
snektpona (Y+=e") antusemectsa (Y+=y") ¢orona. TakuMm ke TeOMETPHUECKUM (PAKTOM, €CTh

= 2,55mapo.1em , Bpemsi HOpMUPOBAHHSI MACCHI ITPOTO3BE3/IbI, aHATOTHYHOM COJHILY.

AHTHUBCHICCTBO MPOAYKTOB AHHUTHIIAINU HEACITIUMOTI'O 3JICKTPOHA KaK BCIICCTBA C CHMMeTpHCﬁ MOJICH:

(X==v )Y+=y")X==v, ) =(Y£=e"),n (Y==p)(X+=v, )(Y-=y;)=(X+=p")
HeZenuMoro npotoHa. Takue cBoiicTBa umeroT Henenmumeie O6mactu Jlokanusanuu kBaHTOB (X 1),

(Y+) npocrpancTsa-matepun Bo BceM ux cnekrpe OJI; ; yposHeit. Takum oOpazoM, 1r060e BEECTBO

—i
COCTOWT U3 aHTUBEIIECTBA U HA0OOPOT, AHTUBEIIECTBO AHHUTUIIUPYET B BEIIECTBO.
Tpaektopum kBaHTOB (X 1), (Y ) mpocTtpancTBa-maTepuu B3auMHO (X —) L (Y -)

OpTOIrOHAJIbHBEIL. CTp}/'KTypHBIe (bOpMBI ypOBHefI 1 000JI0YEK Aapa onpeaCIArOTCS 3aMKHYTbBIMU



MarauTHbIME (X —) 1 MaccoBbiMu (Y —) monsmu, B Buxpsx Fot, E(Y+) =0B(X—)/0T anekrpuueckoro

u Cwibnoro noneii 10t, G(X+) =0M (Y—-)/0T Bzaumoneiicteus. I[Totok Buxpeii rot(E+) u rot(X+) B
cBs3aHHbIX cocTOSTHUAX (Y +)(Y +) = (X =) uimu (X +)(X+) = (Y —) reHepupyer B HHAYKIIUU

maccosyio (Y —= p,/n,) miotnocts (p =v?) Marepunm KBaHTOB spa ypaHa
2a*m(p,) = 238m(p) = 238U , ¢ gacroroii (@) . D10 Kacaercs Beex kBauToB (Y —=p;/n;) CumbHoro

B3anMoeliCTBIS «TSKENBIX» HYKIOHOB siipa BO Becex OJI; ypOBHSX (h)M3MYECKOTO BaKyyMa.

W3 cootHomenus ckopocreit keautos OJI ; cnektpa, Hanpumep 11 (Y + =€) snekTpona

a*l A -
W,(e7)=a*c= ¢ = —7—, aHAJIOTUYHO Jlajee W(e;)za*WeZOCZC,W(GA):OZSC,WJ- =a'c,
e a TC
ﬂ’J N aNﬂ“c e o
cnenyer W, (e;) = T a'Cc= T T JUtst GUKCHPOBAHHOM JUTHHBI BOJHBI A, = CONSt, ecTb
3 e a 1

9] -N o
COOCTBEHHBIH MEPHO IMHAMUKK T; =& " T, — 0, «rshxenbix» snekrponos OJ1 ; ypoBHei,
OTHOCHUTENBHO (¥ =C) ¢oroHOB. AHanornuHo B OJI; ypoBHE

-N
V.(y,)==Z=a"c= @ A _ e ¢uszuveckoro Bakyyma. [l GUKCHPOBAaHHOM JIJTMHBI BOJHBI
i\Vi) = T 1 TN yyma. P ot

i v a

A, = const , coberennsiit mepuox T, =a " T, — 0 cBepxcBeToBbIX (pOTOHOB B OJI, YPOBHSIX.
Tabsuua 6.1

— " -N
W (e j) =a’'C , TSDKEJNbIE 3JIEKTPOHBI V(y i) =a C, CBEPXCBETOBbIC (HOTOHBI

CoOcTBeHHAsT CKOPOCTh Bpewms CoOcTBeHHAsT CKOPOCTh Bpewms

W )=a c=22*10cmlc | AT,=a't, |V(y,)=a"c=41*10"culc |t,=a't,
W(e,) =ac=16*10°cu/c | AT, = at, V(y,)=a’c=56*10"culc t, =a’t,
W(e,) = ac=117*10%ulc | AT, =at, |V()=a’c=77*10%culc | ¢ =%
W (e,) =a™c=85 culc AT, =a™'t, V(ys) =ac=11*10"cu/c t, =a't,

Hampumep, 1 cexynna (AT, =1c) «rsxenoro» snektpoHa (€g), paBHa 11 et Ha 3emie, Bpems
Ha KOTOPOii H3MepsieTcs oNnTUYecKUM (GOTOHOM. AHaNTOruyHo aanee. Jis koncraut G = 6.672*107°,
a=1/137, 1 TeV =1,78*10*2, u popmyn p; =2(e;,)/G), €;= 2(pj72)/a2, PAcCUMTHIBAETCS

ciiektp macc OJI ; ypoBHeii.

Tabnuna 6.2
p, =2e,/G =1,057*10°TeV e, =a>p, =575*10°TeV
oI, p, =2e, /G =3,06*10"TeV e; =a?p' =3524 TeV
p, =2e/G =15,32 TeV e =a’v,=10,216 I'eV
p* =938,28 MeV e” =0511MeV
OL 1y ~0272 Mev 7o =Gp/2=313*10"° MeV
v, =a’e=136%10"MeV y* =Gv,12=9,07*10° MeV

AmHanoruusele pacuetsl Macc Hepemumbix kBanToB (X 1), (Y +) mpocTpaHCTBa-MaTepuu B X
OJI; ypoBHSX (hU3MYECKOTO BaKyyMa, IO TEM K€ MPeoOpa3oBaHHBIM (hopMyiaMm.
Tabmuna 6.3

Vi:(a27i72)/2 7i =(Gviy)/2
or | T a’y,12=0,83*10"° eV 7, =Gv,/2=45*10"" eV
° 7,=Gv,/2=2,78*10" eV




v,=ay[2=2,4*107 eV 7;=Gv,/2=8,05*10" eV

vs=a’y,12=12*10" eV

Bapsinoseie q(p*) =q(e”) usomorenimans O/, ypoBHS aHAIOTUYHBI 3aPSIOBBIM
q(v") =q(y"*) msonorentmanam OJI; u nanee 8 OJ;: q(p;) = q(ef) u OJ,: q(vi)=q(y’)
ypoBHsAX. AHanornyHo mMaccoeie M(€) = M(v,) u m(y,) =~ m(v,) usonorennuans: OJI, ypoBHs
ananornausl B OJ1 ;2 m(e;) *m(p;,) u OJ;: m(y;) = m(v,,,) YPOBHAX MAacCOBBIM M30IIOTEHIIHATIAM.
Takue u30moTeHIHAIB HOPMUPYIOT CTPYKTYpbI 00bIuHbIX atroMoB (OJI; ypOBHS, 1 110 aHAJIOTHH
«TSKEIBIX» aTOMOB sifpa 38e3), ranaktuk OJI ; yposns, uma cTpykryp OJI; $usnmdeckoro Bakyyma.

Honuerii pacuer cnekrpa macc 8 OJI ;, OJI; ypoBHsx (usndeckoro Bakyyma umeeT Buj. Tabnuna 6.4

Keantot snpa | 2% p; =N*p;, N (X£)=p; (TeV) | (Y¥)= €, (TeV)
P, e,;=2,88640E+99
Excaxsazap 2a* Py, =290p;; 14 1 p,,=3,055857E+99 ey = 1,76805E+95
200 Py = 238y, P,s = 1,537856E+95 €,5= 1,01943E+92
Cynepksasaph. | 2g* ! =25p,. 13 | p;,=9,42004E+90 €,y = 5,13029E+87
l"anakr. 1 poga
4epHBIX cdep 2a* p3, =290, P, = 5,431477TE+87 e,;,=3,142526E+83
c.\(y:;zpmawp% U 2a*p,, =238p;, 121 p,,=2,733383E+83 e;,=1,8119409E+80
: 2a* py, = 25p;, p,,= 1,6743175E+79 | e, = 9,118565E+75
Cymepkpasap. | 2¢* pi = 290p;, 111 p;,=9,653902E+75 e, = 5,58552E+71
l"anakT. 2 poxa
gepHBIX Chep 2a* p/, =238p;, P.o = 4,858312E+71 e,o = 3,220542E+68
%ﬁ;};@am% 2a* p, = 25p;, 10| pp=2975930E+67 e, =1,620733E+64
2a* p;, =290p;; p,;=1,7158835E+64 | e, = 9,92770E+59
MEra3Be3HbIX 2a* ), =238p;; 9 | pj;=8,6351585E+59 e,, = 5,724187E+56
TraJIJaKTHUK
4epHBIX chep 20 s = 25p;, Ps= 5,2894160E+55 | ;5= 2,880689E+52
MerasBes/t 20.* py, =291p;, 8 | p;,=3,0498095E+52 | e}, = 1,764549E+48
CYNepIIaHeTsl | 2% p- =238p), P.;= 1,534812E+48 e,,= 1,0174164E+45
KBa3apHBIX 2a* p;, = 25p;, 7| p,=9,401402E+43 e}, = 5,120133E+40
rajakTuk 1poma
4epHEIX cep 2a* p;, =290p;, p,, = 5,4207280E+40 | e,,= 3,1363078E+36
KBa3apoB 2a* py, =238p; 6 | p;,=2,7279734E+36 ey, =1,8083549E+33
1 pona
2a* p, =25pg Py =1,3 E+33 e,=7,3 E+29
KBa3apHEIX 2a.* p; =290p; 5 | pgy=388 E+29 e, = 4,47 E+25
TJIaKTHK 2pojia
4epHBIX cdep 2a* pi =238p, p,=1,94 E+25 e,;=1,3 E+22
KBa3apoB 2 poma | 2¢* po =25p; 4 | ps=119 E+21 e, = 6,48 E+17
2a*p; =290p, Ps = 3,45 E+17 e;=3,97 E+13
3BE3THBIX 200* p; =238p; 3 | p;=17 E+13 e; =115 E+10
TaJIaKTHUK




TanakTiieckux | g * pf = 25p; P, = 1,057 E+9TeV e, = 5,746 E+5TeV
YepHBIX cdep
3BE3]1 2a*p, =290p, |°| 2 | p,=3,06 E+5TeV e;=35,24 TeV
naser 2% p; =238p* p, =1532TeV e, =10,216 TeV
2a*p* =25v, 29 1 P’ = 938,28 MeV e =0,511 MeV
2a*v,, =292v, 7, S U NEY 79=3,13*10° MeV
0 v, =1,36*10° M eV 7" =9.07*%10"° MeV
dusuueckuii Vi=0?Yyi2/2 Yi =Gviil2
BAKyyM v1-8,3*10"° M eV v1=4,5*10" MeV
OJI; ypoBHs -1 | v2-2.4*1018 MeV y2 =2.78*10Y MeV
v3=1.2*10Y MeV vs = 8,0510% M eV
O3IYeCKHiA -2 v4=7.4*%10% M eV v4=4,03*10% M eV
BaKyyM vs =2.14*10% M eV vs = 2.47%10%° M eV
Ol Pt 3 | v6=1.07*10® M eV ve = 7,05%10% M eV
dusnyeckuii v7-6.57%10°" M eV v7 =3,58*10°%" M eV
gaKyyM -4 vg=1.9*10%" M eV vs =2.2*10" M eV
JI3 ypoBHA
3P v9=9.53*10% M eV Yo = 6.35%10% M eV

Kraccruueckast nuHamMuka 3Be3/1HOTO siipa ¢ kBantamu CuiibHOT0 B3aumosencTBusi, CBOIUTCS K
reHepaluu 3TUMU KBaHTaMU MacCOBBIX IOJIEH, POCTY CHJI TpaBUTalUU sipa, K-3axBaty, Konnancy sapa
B HEUTPOHHOE sJ1pO, ITAJICHNUIO MAacC Ha 3TO PO C UX Pa3yIETOM, KaK B3pbIB CBEPXHOBOM 3Be3/bl. B
cnekTpe HenennuMbIx KBaHTOB, B BhIJENEHHBIX B Tabmuie Obnactsax ux Jlokanuzaiuu, npeacTaBieHbl
nonoGueie K-3axBatsl, i renepamun coorerctByiommx 2a™ p; =290p; , u 2a*p; =238p,,

KBaHTOB. VX pa3inuue, Kak NpU4YMHAa, BEJET K Pa3IU4YHbIM CIEACTBUSAM, UX CBOMCTBaM. Takue
pas3nuyHble 00BEKThl, 0003HaYeHbI Kak 00beKThl 1 1 2 poaa. 13 npeacraBieHHbIX 0OBEKTOB
BBIIETISIIOTCS KBa3aphbl U CyNepKBa3apbl C COOCTBEHHBIMU KBa3apHBIMHU U CYIEp KBa3apHBIMU
TaJIaKTUKAMHU.

B akcnomax quHaAMHYHOTO ITpocTpaHcTBa-MaTepuu, M, (MM, (N) =1 Ha (M —n)

2 o
cxomumoctsix, M ° =1. Dto coorBeTcTBYeT cooTHOIIeHUssM Henenmnmoii O6nactu Jlokanuszanuu, Kak
KpYITHOMACIITAOHOTO KBAaHTOBOTO 00BeKTa, B mpeAenax hc = a*GM(m)*GM (n) koHCTaHT

B3aumoencTBust, wim M, M (7;) =1, makcumanbusie Maccbl M, 0OBEKTOB, COOTBETCTBYIOT X

M (y,) YpOBHIO CHHTYJISPHOCTH B (PM3HUECKOM BakyyMme. Hike Takix SHEpreTHUECKHX YpPOBHEMH,
«TSKeNble KBAaHThI» ce0s HEe MPOSBIISIOT.

Tabmuna 6.5
M(e;)M(y;) =1 M(pj-)m(vi) =1 ATOMBI BEIIECTBA
U aHTHUBCIICCTBA
M(e)(k =32)M(y,) =1 VGp; (18, VG =1 z|p; In, +e; |+ N[2n,])
M(e,)(k =315)M(y ) =1 Vep; (1,76 = 1 |p, /7, +¢, |+ N[2m,])
M (e, )(k =38)M (y,) =1 VGp(17)v VG =1 z|p, /n, +e5 [+ N[2n,))
M)k =315M(y,) =1 | VGpi(1,8)v,VG =1 z|p; In, +e; |+ N[2n,))
M(e,)(k =315)M(y,) =1 | VGps (1,8)v3VG =1 (Z|ps /ns +e |+ N[2n,))
M(e)k=39M(y,)=1 | VGp;(189)w,VG =1 (Z[p6 /7, +e; |+ N[2m, )

Jlns ipeobpazosanuii A=1MeV =1,78*107"2, cymecTBYIOT COOTHOMIEHHS MAcC.



- Myax =1/M(y,) =1/(313*10°MeV * A) =1,8*10% 2, (M yax =M copuia /100 ), MakcnmanbHas
Macca IJIaHeThl ¢ KBaHTamH sipa (Z [pl / n, +¢ ]) , TEHEPUPYIOIIUX B HHIYKIIUA MAaCCOBBIX I10JIEH,

kBanT sapa 2 *M(p,) = 238U ypana, ¢ pacnasoM B CHEKTP aTOMOB.
1 1

M = =
MAX ™ M(y*) ~ 9.07+10%+4

= 6.2 % 10%* = 31 * M¢guppa , MAKCUMAIBHAS MACCA 3BE3/IbI C KBAHTAMU

ajpa (Z[pz‘ In, +e; ]) AHTHBEIIECTBA, KOTOPBIE H3ITy4aroT KBaHThl (..p, —> P'...); (.6, >e ..)

BOJIOpOAA WJIU
1 1

M(vg)  8.3+10"10=4

MMAX -

=6.77 » 103> = 338 = M gnuna MAKCHMAJIbHAS Macca 3BE3/1bl C KBAHTaMHU

sapa (Y- =ef) anruBemiectsa.

2
Juist Connua ects coornomenne GM gy, a”4GM(p,) ~1. TlogoGHo ckopocty:

GM. =M KM
W, = ﬁ =265.6— nemwxkenns ConHIa, KaXkaas 3B€3/1a FAIaKTHKU HMEET TaKOM Ke
\/ exp c
C

MOPSIOK CKOPOCTEH, 63 BCSIKUX «CKPBITBIX Maccy. «CKpBIThIE Macchl» 00YCIOBICHBI HEBUANMBIM
ciekTpoM KBaHtoB OJI | ; ypOBHEH.

GM, =M,)

AHajmoruuHo pacCYUTBIBACTCA CKOPOCTb .HYHBI W 7=
R, expl

=1,019ﬂ , T1e
c

R, =1738xm, B otnmume ot 3emmn: W, =—

—30™ 1w M3=5,976*10%r.
C

Bbimte npenensubix Mace 310 * Mggnn. 3Be31bl, kBaHT poToHa M (") yoKke He BBIXOAUT 3a
npenessl TakuX Macc. OH BXOAWT B UX YPOBEHb CHHTYISIPHOCTH. Takue OOBEKTHI COOTBETCTBYIOT
YEPHBIM «IBIPAM» C MIPEAETBHBIMU Maccamu ciieytomero M(y;) ypoBHS cuHry IsIpHOCTH (QU3HYECKOTO

BAaKyyMa, U1
1 1

M = =
MAX ™ M(y,)  45+10"13 x4

3neck ypoenb M(y,) doronos B criektpe ..6; > € — (¥,) = 7, ..., BHE BUAUMOTO H3nydeHus. 13

= 1.25 = 104%r = 6242 = Mcmma

3THUX PACYETOB CIEAYIOT CTPYKTYpPHI (Z [p3 In, +e, ]) , «TSDKENBIX» aTOMOB «4E€pPHOM JBIPBDY, B MacCy

KOTOpbIX BXOAAT M (¥") (bOoTOHBI.

1 1 _
Myax = w0 =~ 27810 A = 2+ 10%r = 10 * M¢opuya » 11 HOJI=1, M (e, )(k =315M(y,) =1,

3TO (3,15*1(3l11 * Mc:mmua) COOTBETCTBYET MPEAEIBHON Macce raJakKTUKHU BKJIFOYAIOILETO BEIIECTBO 10

YPOBHSI CHHTYJSIDHOCTH v, HEUTPHHO. SO TalaKTHKHU M3ITydaeT KBaHTHI
(..ps = P,..); (.8, —>e,...) aapa 3Be3/pl, C MOCIEAYIOIUM HX U3IIy4eHHEM BOJIOPO/Ia, U
TEPMOSIZICPHBIMH PEAKIMsIMU B 3BE3/1aX.
.
Jlnst sipa ralak THKH BKITFOUAOIIETo BEIIeCTBO MpoToHoB, GM . adGM (p™) =1, TO ecTh

y 6
uKkcHpyeMblii BOIOPOJ, TpenenbHas Macca siupa ranaktukn M e =2,5*10° M 1, . Onn

COOTBETCTBYIOT (haKTaM.
1 1

M = =
MAX ™ M(y,)  8%10721x A4
COOTBETCTBYET MPEIEIbHON Macce BHETraJaKTHYECKOW «uepHOM cdepbl (ABIPbI)» U, MUHUMAIIbHOU

Macce CJIEYOUIero kiacca 00bEKTOB — KBa3apa.
1 1

M p— p—
MAX " M(y,) 4+10"25x A4

ITo ananorum co 3BE€3/1aMH, 3Ta MacCa COOTBETCTBYET HpGH@J’ILHOﬁ MaccCe KBasapa.

=7 %10%r = 3,5+ 10 » M¢yuua

= 1,4+ 10%2r = 7 = 108 * My



Janbiue: - 1/ M () =1/(8,9*10°MeV * A) = 6.3*10*'2 = M 1 ,(M s =18'000*M , 5, ),
COOTBETCTBYET IpENeIbHOM Macce «4epHOi (AbIphl)», Oonbliel camux KBazapos. U nanee,

-1/ M(y;) =1/(567*10"MeV * A) =9,9*10% 2 = M, , it M5 = 28*10°M 1511 -
1o aHanoruu c raJJakTMKaMH — 3TO IIPeleNbHAas Macca sApa KBa3apHbIX FAJIAKTHK.

W3 3TuX COOTHOIIEHUH CIIeIyeT, 4YTO YeM O0JIbIle Macca 00bEKTa, TEM OOJIBIIIE €T0 CKOPOCTh B

(GU3HYIECKOM BaKyyme L joZ =(p =const) = iniz nosist BeeneHHoi. D10 KpynmHOMAacIITaOHbIe KBAHTHI C
ypoBHSIMU cHHTYIIsIpHOCTH he = o *GM (M) *GM (n) , o6pasyror Henenumyro Ob6nacts Jlokanu3zamnmm
(((HOJI =M (m)*M (n) =1)*1)*1...*1) =1, Bceit Bcenennoit Ha (M —N) CXOAUMOCTSX, B
COOCTBEHHBIX YPOBHSIX CHHTYIIIPHOCTH KaXKJOTO KBaHTA.

7. IIpocTpaHCcTBO-MaTepPHUs AAPA IJIAHET, 3B€3/1, FAJIAKTHK.

CouHie-3B€3/1a, PeICTaBIseTCs KpynHomaciutabusv kBantom GM ., ]ZHUAaZ 4GM(p,) =1
npocTpancTBa-mMarepun, ¢ (Y= p, /N,) TpaeKTOpUsIMU HEACIUMBIX KBaHTOB (X £ = p,)
HPOCTPAHCTBa-MaTePHH, U3ITydaeMbIX kBaHTaMu (X+ = p, ) siapa ranakTuku. ['aqakTHKH B CBOIO
odepeb HOPMHUPYIOT MEKTaTaKTHUSCKHE KBAHTBI IPOCTPAHCTBA-MATEPHH, C COOCTBEHHBIM YPOBHEM
cunryispaocta M (e, )(k =315)M (y,) =1, B mpocTpaHCcTBE CKOpOCTEl (PHU3NIECKOTO BaKyyMa

V(y,)=a'c=41*10%culc.

Takue (Y—) tpaekTopuu BpameHus (Y £) kBantoB CoJHIIa, COOTBETCTBYIOT MaccoBbIM (Y —)

2

TPAaeKTOpUsIM, B IpocTpaHcTBe ckopocted W, .

Ha paccrossaun A . MaccoBbie (Y —) TpaekTopuu

KBaHTA NpocTpaHcTBa-MaTepuu CONMHIA-3Be3/b], 3anumeM B Buge: WJ2  *A=M  =1.989*10%2.
Hpunumas 3a W, (X—) =W, ckopocts kBanTOB (X *) mpocTpaHCTBa-MaTepHH IUIAHET, HA

(X =) KpyroBbIX TpaeKTOPUSX cTarmoHapHoro coctosinus B (Y +) mose B3aumoneiicteus (Y +) ComnHila

3Be3bl Ha pacctossHuM A ot Connua: GMg :WPZL *A G =6.673*10"° TIloxcTaBisist H3BECTHBIE

paccrosiHust A manet K CoJHIy, 3alUIIeM pacdyeTHOE U pealbHOE MMPOCTPAHCTBO HX CKOPOCTEH B
BHUJIC:

Mepk. | Benepa | 3emuss | Mapce | FOmurep | Catypr | Ypan | Hentyn | IlnmyTtoH

A*10" on 05791 | 1.082 | 1496 |228 |7.783 143 28.75 | 4504 | 59.12

PaccrosHus B a.0. 2.58 1.38 1.0 1.52 5.2 9.56 19.2 30.1 39.5

pacuer W, /e | 4887 | 3502 | 20785 [24.13 [1306 | 9.63 | 679 [543 [ 474

Pearono. Wy, cv/cex | 4887 | 3502 [20.786 [ 2413 [ 1307 967 |68 [548 | 475

W13 sToro npoctpancTBa ckopocteit kBaHTa (Y ) mpoctpaHcTBa-maTepun ConHIa, B Gru3nyeckoM
Bakyyme ranaktuku: WS, =GW/ _ ciesyloT COOTHOIIEH s CHJT Il M - Macc MJIaHET Ha KPYroBBIX
opOuTax B IUNIOCKOCTHU, MEPHEHAUKYIAPHOH Y - ocH, ¢ paguycom A ot ConHia-3Be3/1bl B BUJIE 3aKOHA
Herotona.

2 2 2 %A 2
I::mWPL:mGWmXAZmG(\me A_MS):GmM mWPL:F:GmM
A A A A’ A? A A’
B ycnoBusix I'mo6anshoit uBapuantHocTH (Y = X,) cdepsl kBanTa (Y +) IpOCTpaHCTBA-MaTepUH

(10.1)

ConHna, UMEIOT MeCTO MaccoBble (Y —) TpaeKTOPHHM IUIAHET COTHEUHOW CUCTEeMBI B BUe («SaepHas
MaTepus»):

a’my (X+=Y-)=(G/2)M(Y-)*e* (Vehi(l+a))", S=123.., N=123..., (10.2)
Jlns macest Comana M =1.9929*10% 2 (memHOKKO GOIBIIE peanbHOiT), B Hepuos eé KBaHTOBOI

PETATUBUCTCKON IMHAMHUKK M <> M, B mojae (X+ = p,) KBaHTa, IMEET MECTO «cOpPOC» Mace MJIaHeT

COJTHEYHOM CHUCTEMEI B BUJIE:

M sommer = %eo (Vehl(l-a))? =1898.8*10% 2(1898.8 %107 2 — peanvho)
a




M coromn _%el(«/ch (1- &) = 566.5*107 2(568.5*10' )

M v = (Glsz e ( E:’;L):102.7*10272(102.78*10272)

_GI9Mg ., 1
@) -
V2

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

M yppng =(@*M grypy )’ ) =5.976*107 2(5.974*107"2)

M ypins = (@*M ,O,WEP)e*l (1-@)?)® = 4.878*10% 2(4.87*10% 2)

M, e = M3EMM =0.6416*10%"2(0.6419*10% 2)

J/chl

M % 2 =0.330*10%2(0.3302*10%"2)..

MEPKYPHH

Taxue pacueTHbIE MacChl COOTBETCTBYIOT (PaKTaM peaibHBIX (B CKOOKAaxX) Macc IUIAaHET COJTHEYHOMN
CHCTEMBI.

N3znyuennsie ConHLEM KBaHTHI €, , [0; - IPOCTPAHCTBA-MAaTEPUH, COOTBETCTBYIOT KBaHTaM spa
IaHeT (B CKOOKax JCHCTBUTEIbHBIC 3HAYCHHSI MAaCcC TUTAHET):

vchl
M MEPKYPHH — \/EG—(p)
1

“vchl

BEHEPA — G ( l)

e® =0.336*10% 2 = (0.3302*10'2) = %ez (1-a)’

———e*=4.9*10""2=(4.869*10""2) =a* M, repie (- )?)?

2 —
M yorim = (G/Z—)(pl)el =5.977*10% 2 = (5.974*107 2) = a2 * M carvpn € Q—a)®
MAPC = 2 et =0.64*10"2= (0.642*10272) = Me_2 (1—0!)2
(G/2)vchl(p,) Vehl

Jchl

IOITUTEP — Ga*(p )

1
V2

M =— e
AR (G12)a*(p,)
_+/chl

VPAH Ga*(pl)
V2

M iy = We" =106.5*10% 2 = (106.5%10%"2) .
1

Ou3nYecKu JONyCTUMBIMH €CTh MOJIEH CTPYKTYPHBIX (DOPM sifipa MIaHeT B BHJIE:
Tabmuua 7.2

=1858.8*10%" 2 = (1898.8*10%' )
=579*10% 2 = (568,5*10%" 2)

=92,9*107 > = (86,63*107" 2)

IInanera pacder Macc Moneinn
1 AT X-=pm)

M — m 0 B (_ ) &I_%
T 26(p) . 2 ="

Co c1abbIM MAarHUTHBIM IOJIEM =)

Mepkypuit




2 T-=¢)
* /-—27“-&
M, = Y ee E Mo (4 gy tréf&
G(p,) e &%\%
Benepa
3
4*e
M}EM]]H :m:a Z*MCAT
C MarHuTHEIM MOJIEM
Semid
4
M = 4*e” _M3*(1_a)2
M JehG(p,)  Wchi*e?
5
o Nchl g
IOITUTEP — W
C MarHuTHBIM MOJIEM
6
B 22 %e
CATYPH — m
CarypH C MarHuTHBIM NOJIEM
7 &X-=p)
0g? \V Chl 0 w&
VPAH = A x 7\ © > .
Ga™*( pl) = F-=¢)
Vpan X-=py)
8
2
HEINTYH — m
Henryn

Takue MoJIe T COOTBETCTBYIOT YKa3aHHBIM BPANICHUSAM TUIAHET Ha OpOUTaX, UX
XapaKTePUCTHKAM.
8. «Ilyabcanusi» KBAHTOB MPOCTPAHCTBA-MaTEPHUH.
KBanToBas penaruBucTckas AuHamuKa (¢ # const) («mynbcarus») kBantoB (X 1), (Y1),

00YCJIOBJIEHA HAJIMYMEM M—N CXOJMMOCTEH KBAHTOB C MPOCTPAHCTBOM CKOPOCTEH
W, =a"c,V,=a"c, e @ =1/137,036 = cos ¢,
2
HOIT = (he = TP K?)(pW 2 =b? :%) — (I1* =F,\(II* =F,) = F,F, =1.

B MaccoBeix m(Y —) TpaekTopusx, M—nN CXOAUMOCTH UMEIOT nmoTeHnuansl [1(m) u I1(n).
m(Y =) =TI(m)*K, =W/ *K,, m(Y-) =TI(n)*K, =W,**K, TTogo6Ho 3akony HeloToHa, s



1 M.M
CKOpocCTeit EWCZW32 =I1° = F, =G %I/I macc Connua u 3eminy, 311 1 - notennuans
dopmupyror cuny F = IT(m)IT(n) =W W,” , KoTopas MepreHIuKyIsSpHa TLIOMAIN CEYEHHS TPAeKTOPHH

(Y H)(Y+) = (X=) mm (X+)(X+) = (Y—) muHaMu4HOi chepsl p = g = 5 =p,W?=pV?=b?

2 . .
kBanta. JUnt kBanra npocrpancrsa-marepun, HOJI = (he)(oW*) = F;F =1, non neiicreuem sroii
CHJIBI, MaTepHus OOJIbILel IIIOTHOCTH p; > p; ¥ MeHblIel ckopoctu W, <V, «mamaer» (mogo0HO
rpaBuTanuu HeroTOHA) BI0Ib MaccoBoii (Y —) TpaeKTOpHUM KBaHTa B IPOCTPAHCTBO MEHBIIICH
miotHOCTH p, ¢ yekopenueM (b) . Paccmarpusas notenmmanst W, =W/ (cos® ¢, =G),

V. =V.2(cos’ ¢, = a®), B coorBercTBytommx (X —),(Y-) momsx Ha n-cxomumocTtu (X £),
(Y1),(X2)..., xBanToB, st cuiabl F =TT(m)II(n) ciemyroT COOTHOIICHUS
F =W/ cos® ¢, V,’cos’ ¢, =0, orkyna ycnosue cos’ @, cos’ @, # 0, naer npenest 0 <@ < @y,
u @ #90°. B nporecce IuHAMUKH ¢ # CONSt , B MeKOKCTpeManbHbIX 3HaueHnax G*1=const, u
1* a*const , ucuesnosenue oHoM kKoHCTaHTHI (G —> 1) = €0S* (@y 0 — 0), conpoBoXKIaETCS

00 _1_K)2(_KY2 1% 1 2\ __ 200 O
cos(0”)=1= PG nosiBienueM apyroi (1 — a”)=cos“ (0" — ¢y, ) . Orcroza,
nputaruatomas cuia (F;) , yepemyercs ¢ oTTankusaromeil cunoit. Takas KBaHTOBas PENATHBUCTCKAs
arHaMuKa cootBeTcTByeT JlokansHoi MHBapuanTHocTH, ee Kpurepues (cosg*ch(Y /X,)=1),B

kaxnoMm kBaHTe (X ), (Y +) mpocTpaHCTBa-MaTepuu.

9. BcestenHasi.
3to HOJI — Hepenmmas O6nacts Jlokanuszanuu Becex ee KD — Kpurepres DBoonu B €IHHOM
(X+=Y-), (X-=Y+) npocrpanctBe-marepuu. Kaxnomy (X =), (Y+)kBauty O/, ; cuekrpa
COOTBETCTBYIOT YCIIOBMS JUHAMHKH COS’ @, C0S° ¢, #0, 0< @ <@y, @ #90°,
(cosg, *ch(Y /X,)=1), (cose, *ch(X/Y,)=1), c KOHCTaHTaMH B3aUMOJECHCTBUS
cos’ p, =G =6,672*10"°, uc0S¢, =a =1/137,036. D10 3HAUMT, Y4TO C yMEHBIICHHEM YTIIOB
napautenbHocTH @(Y —) — 0 Kak MCUe3HOBEHUEM TOJIEH, MOSBISFOTCS TOJISl, BO3PACTAIOT YIJIIbI

P(X =) = @yax (X—) u HAOGOPOT. MaTepus Py 5TOM, HE MCUE3AET, & IEPEXOMUT U3 OIHOTO BHJIA B

JIPYrOW, B BUJIE CMEHBI JOMUHAHTHBIX ITOJIEH.
Junamuka matepuu (¢ = const) , pukcupyercs B EBkinnnoBoit (¢ = 0), (¢ = const)

akcnomaTuke Kputepres DBomomnun, chopMuposasnbx B mpoctpancte (K*N) (T*") Bpemenn.
Kaxxnomy ¢gukcupoBanHOMYy (¢ = CONSt) COCTOSHUIO, COOTBETCTBYET COOCTBEHHOE MPOCTPAHCTBO-
BpeMms, a paBHO 1 Kpurtepun DBosmrornuu, B coorBeTcTBUU ¢ Teopusmu OTHOCHTENRHOCTH. [Ipenenbabie
[LTaHKOBCKME 3HAYEHUSI JUTMHBI U BpeMeHH, oTHocuTenbHo OJI; ypoBHsI (pU3HYECKOro BakyyMa

(p+,e',vy,7/0,ve,7) , COOTBETCTBYIOT
*10N8 * *1N0-27
| = G_h:\/aK' _ 6,67*107° *6,62*10 _ 4%10 e,
yivis C3 i (3*1010)3
G_h_\/a.l_ B 6,67*10°° *6,62*10%
' (3%10%)°

C5
Ot npenenbHble 3HaueHUs UIUHEL (1,,,) u Bpemenn (t,,,) BbumMCcIeHs! ¢ KOHCTaHTOH VG ,

=1,35*10"%¢, rie VG = cosp(X-).

tHﬂ

OTHOCATCA K NpeenabHoMy KBaHTY (X+=v,) cnekrpa O/, ; HeeMUMBIX KBaHTOB. V3 COOTHOLIEHUS

t,, = \/ETi =1,35*10"¢, nns nepuona (T;) aunamuxn (v;) xBanta, (VG)" *1=135*10"%¢,



In10
In VG
KBaHTy cybneiitpuno (V,,), ¢ n3onoreHnuanom kanra cyodorona (y,, = *c).

B Henenumoit O6nactu Jlokamuzaumu, HOJI = m(e,;)(k =314)m(y,,) =1, kBaury (Y+ =¢€,;)

N =log t;;, N=-43 ~12 . B cnexrpe (puc.4) OJI, yposuei, (N =12) cooTBeTCTBYET

14
aKcakBazapa cootBeTcTByeT ckopocth W, = *¢c =W, (e,,). B cucreme KOOpAHHAT aTOMHBIX

(p*/e”) crpykryp OJI, ypoBHst 00b14HBIX aTOMOB, e (W, = @ *C) CKOpPOCTb 3JIEKTPOHA, CYLIECTBYET
COOTHOIIIEHHUE
HOIT =W, (855) *V, (73,) = (@™W,)(@™W,) =W?2 =TI, =1. (12.3)
W3 3TOr0 COOTHOIICHHUS BEIYUCISIETCS UTHHA BOJHBI A(€,,) , 4epe3 JUTMHY BOJHBI JJICKTPOHA,

13

A
h =3,3*10%cm. 272'0(13\Ne =W, = o A ’
m.a™*c T, =1

a4, =2(cos @, = a)A(ey), U A(ey) = 27a2A, = 2%314%2,28%102° *33*10° cn = 4,7*10 P cm.

Ale7) =

N3 COOTHOLICHUA

Ecm |, = JG K, =4*10™* cu seruncusercs uepes KoHCTAaHTY JG =cosp(X-) =I o [ K, s
kBauTa (X+=v,) cybueiiTpuno, To amuHa BomHE A(Y — = €,,) = 4,7*10 *cu BermCHAeTCS Yepe3
koHCTaHTy @ = CcoS@(Y—) =1/137,036 kBanta (Y —=¢€,,) 3kcakBazapa. O0e JUIMHBI OTUHAKOBBIC H
cootBetrcTBYtOT HOJI = KO(M)KD(N) = A(Y —=€,) *A(Y — = y,,) =1, mpocTpaHCTBa-MaTECPHUH.

13 sKkcIiepuMEHTANBHBIX JAHHBIX, JUIS MUHUMATbHBIX (A, ~107°cu) paccrosaumii

A _
m3MepsieMsx (Y £ = ) KBaHTaMH, ¢ mepruogoM auHamuku t = 1 =10"*°cek = aNTi , 3Hauenue (N) s
C

_ In10
nepuona (T, =1) aunamuky, Berauciserca. 10 2°cek = a™ *1, N = —26|— ~12, N=12. Dror
n o
nopsinok OJI, cnekrpa coorBerctByer (Y +=y,,) KBaHTy cy0 GoTOHA.

Takum o6pazom, N =12 u mist (v,,), v s (y,,) kBanTOB, a n3 Qukcupyembix G, ,h,c -
KOHCTaHT, (PMKCUPYEMBIE IIPeJIeNIbl IPOCTPaHCTBa-MaTepuu, cooTBeTcTBYIOT Nj; =14 u N; =12
ypoBHsM OJI, ; crekTpa (pu3n4ecKkoro BaKyyma, OTHOCUTEIbHO HEU3MEHHON C - CKOPOCTH CBETA.
1). dnsa Henenumoit O6nactu Jlokanu3zanuu camoit BeeseHHOM, 3TO 03HadaeT nuHaMuKy (X +),

(Y +) xBantoB OJI, ; cnekTpa B BUJE JBYX IPEAEIbHBIX COCTOSHUM IMHAMUKU. 3a HEPHOJ

1

T, =1)

T, =T(y,,) =1, xBanr (Y —=y,,) caemxaeT NOJHBIIA 000pOT =V, (y,,) B cdepe paguyca

a?*c  4,3855*10%° *3*10%
2r*1 6,28

OINTHYECKOT0 ropu3oHTa BeenenHo# B 15 Mip. CBETOBBIX JIeT, TakuX chep PUKCHpyeMas B KOHCTaHTaxX

Bcenennas umeet okono 15 muH. Mcxos u3 aTux pacuetoB HeaemmMBIX «TsDKENTBIX» KBAaHTOB,

AN -=¢65)=47*10%cu , 1, = A(X==v,,) =410 *cm , c COOCTBEHHBIM EPHOIOM AUHAMHKHU B

R= =21*10%cu wm (R ~2,2*10") cBeroBeIx net. JIns cheps

(X—); none Beenenuoii, 10 ectb, t;, =T(X-=v,,)=135*10"¢ . [lunamuxa paguycos (r, - R)u

yrioB napauienbHocTH (X-) u (Y-) TpaekTopuii, B mepoj paciuupenusi BceneHnHoil, cneayroT
COOTHOUIEHUS UX IUIOTHOCTEH.

1 1
Pj(X—zpj)zm—)O Pi(X—IVi)=m—>OO
@x(x_=pj)_)0; (DY(Y_:ej)MAx; P (X==Vi) > Oy & (Y—=7;) >0,

1 1
pj(Y—=ej)=m—>oo pi(Y_:7i):m—>0

B IIPOCTPAHCTBE CKOPOCTEN



oy (Aom o _(2>0)
W,(X-=p)= T2 =W, R
oy (A->0 . :(ﬂ.—>oo): _
Wj(Y _ej)_(T—)O)_O Vi (Y 7:) (T — o) Vi
™

Puc.9.1. xunamuka npocrpancrsa-marepun BeesienHoit.
2). 31ech U3 KBAaHTOBOMW SHEPrUH YPOBHs cUHTYIsipHOcTH Dusnueckoro Bakyyma npocrpaHcTBa-

marepun Beenennoit, (o ?*c=V (y,,)) =E(y)R,,tne E(y,)=m(y,,)*C*, cneayroT pacyersi:
M(ey) *K*M(7,,) =1, M(e,)=177*10"TeV =315*10%2, (k =314), rae

M(y,) =1/m(e,) *k =102, E(y5,) = m(724)*C2 =9*10"ope,

h*a—lZ
R, =—————=154*10%cum . D11 cooTHOWmEHNS 27R? =27R, *27(R =1) = HOJT
M(y,,)*C
OTIpeEIAI0T EAMHUYHBIN pasnyc Bcel BeceneHHoi, B ypOBHE CUHTYJISIPHOCTH €€ Bakyyma. Cam KBaHT

obmiero coctosiHusa BeeneHHoid, pacrpoctpansiercs kak KBaHT (Y + = X —) 3JIeKTpOMarHuTHOU U
IPaBUTAIMOHHO-MAcCOBOM (X + =Y —) BOJIHBI, B COOTBETCTBUU C UX YPAaBHCHHUSIMHU.

KBanTtoBas auHaMuKa MpoCcTpaHCTBa-MaTepUH B epUoJ paciiupenus BceeneHHol oOycnoBieHa
HEePBUYHBIM «IPOBAJIOM» IJIOTHOCTEH p; (Y —=€;) B OKOJOHYJICBBIE MACCOBBIC < p(Y—=y,)=0)

IJIOTHOCTU (DU3UYECKOTO BaKyyMa.
IIpn «cxaTum», pacter @,

a(Y+)

-
Pr max , TOSABJIACTCA KOHCTAaHTa ,A ICU€3aeT IrpaBUTALIUS

G(X+) MOJIEN B3aUMOJICHCTBUA, Px _)0, a TaKxe Ay (X== pJ)_)OO(_ﬂi(YJr:yi). IIpu

Py 2(Y+); =(X-)
JOCTIDKEHUH NIPEACILHOIO yria MAX TIpPOMCXOJUT «OTTAJIKUBAHUE» BCEX KBAHTOB J )

B (X-) mone Beenennoit, ee «B3PbIB». To ecTh uaeT «paszieT» miIoTHOCTEH pilY—=¢)
&, > ) a(Y+) o(Y+)—>0

HNCYC3HOBCHUCM KOHCTAHTBI , 1 yIijia Mapaie;IbHOCTH, C
MOCICAYIOHIUM IIEPUOAOM PACHIMPCHUA U MMOSABJICHHUEM I'PABUTALIMOHHOT'O JEHCTBUSA

C «TOPMO3HBIM

H3ITy4CHUEM)
G(X+=v,)

AX==v;) >0 ANY—=y) >
KBAHTOB . HpI/I 9TOM yMeHBH_IaeTCﬂ JJINHA BOJIHBI . BOprl" KBaAHTOB.

D10 cooTBeTCTBYET 06Mmei AnHamuke T (X —) moms (prc.9) BeeleH O, ¢ IMHAMUKO#M
pamuyca (r — R) cdepsl ropuszonTa Beenennoit ¢ EBkinaoBoit nzorponwueid. s GpukcupoBaHHBIX
ypoBHel cuHTYJIsIpHOCTH (X —) = const, chepbI-TOUKK IPOCTPAHCTBA-MATEPHUU, HAIPUMEP BHIUMBIX

ranaktuk, M(e,)*(k=315)*m(y,) =1, ¢ yposuem cunrymsproctu (Y+ = y,) kBauToB PusnyecKoro
Bakyyma, umeroT cobctennsie (W,_, = a® *C) ckopoctu B (X —) mone BeenenHoit. PaccmartpuBaetcs
MHOYKECTBO TaKHX c(pep-TOUeK TaJakTHK («HEe UMEIOIINX JacTei» B EBKIMIOBOI akcHoMaTnke), Ha
BBIOpaHHBIX HanpaieHusx (K =C*T), u3aMepseMbIX CBETOBBIMH TojiaMH. B crity oOmielt inHaMuKu

T (X -) mons (puc.9) BeenenHoit, pagmychl chep-Touek TalakTHK yBETHUHBAIOTCS, 3 PABHO U
YBEITMYHMBAIOTCS PACCTOSHHUS MEKAY LIEHTPAMH TAJIAKTHYECKHUX C(ep-TOueK Ha BEIOPAaHHOM
HAaIpaBJICHUH U3 JIFOOOW TAIAaKTHKU. JTO 3HAYUT, YTO KaxIas ranakTuka ypamsercs (AW, >0), or
Habmoaarens 11000 ranakTuky, B HanpasiaeHuax (K =c*T) u3orponHoit cdepsl ropuzoHTa
Bcenennori.



MHO0%€eCTBO cep-TOUEeK ralaKTUK Ha HANPABJICHUH , 1A€T CYMMAapHYIO PaIUaIbHYIO OT
Habmoparens ckopocts (AW = ZAWJ) TeM GOIIbIYIO, ueM Gobine paccrosaue (K =c*T).

O6a npupaienus ckopocTy cdep-Touek (ranaktuk) (AW, ~ p(X—=c*T)) u (AW = Z:AWJ ),

natot (0°W, /ot? = db/ot) > 0, npupamenue yckopenus (b # const) , ¢ yBeJIHYeHHEM PaCCTOSHUSA
(K=c*T). D10t 3¢ppext npupamieHus yCKOpeHus C pacCTOSIHUEM BBI3BaH JUHAMUKOM TOIIOJIOTUH
(gix * const), (pactmpenns) T ¢(X—) nomnst BeeneHHOM, 1 HAPACTAIOLINM KOINYECTBOM
pacmmpsironuxcs chep-rouek (rayaktuk) ¢ ypenudenueMm (K = ¢*T) paccTosiHusi Ha BHIOpaHHOM
HanpaBJIeHUH U3 1060 razaktuku. Camu ke ckopoctd W, = o' C ranakTuk 1 BHEralaKTHIECKUX
00BEKTOB HEM3MEHHBI, Kak B (C) - CKOPOCTh CBETa.

10. MexXrajlakTH4eCKUe TOJeThl.
DU3NYECKON peaIbHOCTBIO SIBISETCS Pa3IMYHOE MPOCTPAHCTBO cKopocTer CouHIa U 3eMIIu.
be3 BCAKMX TOIUTMBHBIX JBUTATENCH 3eMIIsl IETUT B MPOCTPAHCTBE (PU3NIECKOTO BaKyyMa CO CKOPOCTHIO
30xm /¢, a ConHiie co CKOPOCTBIO nopsaka 265xkm/ c. Pedb uaer o rmaBHOM CBOMCTBE IPOCTPAaHCTBA-

Matepuu — nBmwxkeHun. [Totok mace (Y —) , aIllapaTa co3JaeTcs NOIIMU (Y— =7, ) = (X +=p; XX +=p; )
CunpHoro u I'paButanmonHoro BzanmopaeicTBust SHEpPreTHIECKUX KBAaHTOB (Xi = pl) , (X = pz) -

OJI, ypoBHS HEEIUMBIX KBAaHTOB [IPOCTPAHCTBA-MATePHH (PU3UYECKOTO BAKYYMa, CBI3AHHBIX MEKILY

co0OM ITUMHU K€ (X -I-) IIOJISIMU Ha (X —) TPAEKTOPHUSIX MOJYJIs, 0€3 BHEIIHETO UCTOYHHUKA SHEPTHH.

U

Puc.10.1. MexkrajakTuueckuil annapar 0e3 TONJIMBHBIX JIBUTaTeJICH.
TTocreoBaTeNbHO BKITIOAs MPOCTpaHcTBo ckopocteit (Y —),, (X —), anmapara B yposme
CUHTYIIIPHOCTH (PU3MUYECKOTO BaKyyMa, anmapaT BBIXOJIUT MO PaualbHON TPAEKTOPUU C YPOBHS
CUHTYJIIPHOCTU (PU3NYECKOT0 BaKyyMa KBaHTa (X i) IIPOCTPAHCTBA-MaTEPUHU IIAHETHI, (Y i)

IIPOCTPAHCTBA-MATEPUH 3BE3/IbI, (X i) IIPOCTPAHCTBA-MATEPUH TATAKTUKH, (Y i) IIPOCTPAHCTBA-

MaTCepru CKOIUICHUSA I'aJIaKTUK, K APYTUM CKOIIJICHUAM U I'dJIAKTUKAM B I10JIC BCGHGHHOP'I, C 06paTHI:>IMI/I
BKIIFOYCHUSAMMU IIPHU BO3BPATC HA IJIAHCTY CBOCH MIIN I[perﬁ TaJIaKTHUKH.

TakuM 0Gpa3oM, CO3/1aBaTh MONHbIE IEPHO/IBI KBaHTOB (Y —=7,) ,» TPOCTPAHCTBA CKOPOCTEH
HEOOXOJMMO MOJISIMU (X +=p, XX +=p j) «TSDKEJIBIX» KBAHTOB Kak «pabouero BelecTBay, 3aMKHYTHIX
Ha (X-) TpaeKTOpHH «KOJIbLa» anmapaTa. 113 COOTHOmMEHuH Ui KBaHTOB, T, (X—=p,) > o,

A, (X==p,) — o, yem Gosbmie Macca (X—=p,) kBauTa, hopmupyemas (p; =2(e;,)/G) kpanTamu
(e;.1), TeM Gombrue A;(X—=p,), Tem Gonbiue quamerp D «xonbuay anmapara. [l cooTHomeHni
(E =TT°K, )(X-)(E =IT°K, )(X+) = HOJI (X+ = p,), HUMEIOT MeCTO

TE(X)VE(X+) =HOJI(X+=p,),um T K (X-)K, 4 (X+)=HOJ(X+=p,), KaK u a7 Macc
T (M=TIK, )(X-)(m=TIK, ) (X+) = HOJI (X+ = p,). Bes macca cocpenorouena B (X —= P;)
noie, popmupyemoro (X—=p,)=(+=¢€,,)(Y+=€,,) dIEeKTPHYECKUMH ITOJISIMU MACCOBBIX
(Y—=e,_,) TpaekTopuii, B Bu1e MaccoBbIx nosedt, M(X—=p;)=2m(Y—=e, ,)/G). 3naunr

J0CTaTOYHO B co3naHHbIX kBaHTax HOJI = A(Y+=¢€, )A(Y—=e, ;) =1, 3HaTh JIMHY BOJIHBI,



1

AY+=e,,)= W , YTOOBI BEIYUCIUTE MOPIOK KBaHTOB N(€;), hopMupyOmHUX TPAeKTOPUIO
—=€;,4
kBaHTOB (X —=p;) «pabodero BemeCTBay.
Hanpumep, A(X-=1p;)=A(Y+=¢€;,), HeoOX0auMO «Ko0JIbLO» D = % JUameTpa
T

D=10m Ttorma A(X—=p,;)=15u=A(Y+=¢e, ). To ecTtb, uMeeT MeCTO JUINHA KBaHTa

1
AY—=¢e,,) :—ﬁ,(Y+ —e,.)

A(Y-=¢e,,)=6,67*10"cu=2r*a" (4, =3.3*10°cm), orkyna a" =2*10"°, mna (J —1) naer

=6,67*10°cx . DTO COOTBETCTBYET COOTHOLIEHUSM

*10N> o
N =log,A 2*10° = In(2*107") _~1082 2.2~2.Torma (N; =3) cOOTBETCTBYET MOPSIKY KBAHTOB
In(a =1/137) —4,92

a’*c)=W (e abouero Bemectea (X—=p, ), B «konbue» ¢ quamerpoM 10m. Takue «KoiabLa»
4) P 4 p

JAI0T MeKrallakTH4eckuid armapar. CKOpoCcTh MEKTaJIaKTHYECKOro armapara ¢ TakuM (X—=p,)

«pabounm BemecTBoM», B yposHe cunryinsproctn HOJI =m(e,)*m(y,) =1, cocrasuser
V(Y-=7,)=a*c~137*cC.

Jlns 3emuoro Bpemenu B 10 net, MoxxHo nponetets (F =10zem™*a ™' *c)km  wumm
(r= 10*365,25* 24*3600*137 *3*10° =1,3*10"° xn =8,8*10" a.e = 425,8nx . To ecTh Hally rajJakTUKy
(30 xnk), anmapat npoJieTuT npumepHo 3a 705 nert. s sxumnaxa Takoro ammapara, CoOOCTBEHHOE BpeMs
coctapisier T = a(7051em) = 5,145et , Bpems ypoBHs cHHTyIspHOCTH (V) .

Yem Goibiue Macca kBaHTa (P;) , TeM OombuIe JTMHA ero «BoaHbD A(X—=p;). [
(N, =4)kBanroB BemectBa (X —= p,) siapa kBasapa, umeto mecto (N, ; =3). Toraa u3 COOTHOLICHUS
27*a (1) =A(Y-=¢e, ;) =6,28*(1/137)**3.3*10 °cn =814*10"°cm, u BHUMCIzEM

1 1
AY+=¢e,,.)= = =1,23*10"cu = A(X—= p;). D10 cocTaBuser
(V+=esss) A(Y-=¢e,,) 814*10*cu ( Pe)
1,2*10"cm ~10°km =8,2 a.e. muamerp sAapa BHEraIaKTUYECKOTO KBa3apa ¢ kBaHtamu (X —=p;)

anpa. «Pabouee BemectBo» Takux HOJI = m(e4)*m(;/2) =1, KBaHTOB JAIOT MOJIETHI YKE BHE FaJaKTHK

BO Bcenennoii. 3a 10 et 3eMHOro BpeMeHU MOYKHO MPoJieTeTh BO BeeneHHoH,
(r =10zem™*(V (y,) = > *c) =1,78*10" xm , unu 188000 cBETOBLIX JET. 3a COGCTBEHHOE BPEMS B

anmapare t=a’(107em) wu 4 yaca 40 munyt. 1o Bpems aist (Y —=y,) kBaHTOB, B
MEXTAIAKTHYECKOM YPOBHE CHHTYISIPHOCTH (PU3UYECKOTO BaKyyMa.
11. KBanToBasi cucteMa KOOPIMHAT.

N3otponHoe EBknmmoBoe mpocTpancTBO BeenenHo# pacmupsieTcs, 4To HEJOMYCTUMO B
EBKnnmoBO# akcCMOMAaTHKE, B KOTOPOM CO37aHbl Bce TeopuH. CBET JaNeKUX 3BE3], rajJakTUK, UX
CKOIUJICHUH, YKa3bIBAIOT HA TAKOE PACIIMPEHHE MPOCTPAHCTBA, HE UMEIOIIETO BUIUMBIX MPEJIEIOB, U
HaJU4ie B TAKOM IPOCTPAHCTBE YEPHBIX JIbIP U TEMHON SHEPTUU, MATEPHUH.

on, = on, <—on,——>

puc.11.1. Henesimmble KBAaHTHI NPOCTPAHCTBA-MATEPUH.



Ousnueckuii BakyyMm BceeneHHOM mpeacTaBieH MHOTOYPOBHEBBIM IPOCTPAHCTBOM, Kak (opMoi
MaTepuu. JIMHaMUYHOE IPOCTPAHCTBO, Kak (popMa MaTepuu, MpeACTaBIEHO akcuoMaMu: Bee ykazaHHbIe
00BeKTHl BeenenHoil, paccmMaTpuBaroTcst B KBAHTOBOM CHCTEME KOOPAMHAT, TOUKaMHU OTCUETa B KOTOPOU
apisitorest Henenumble KBaHTBI mpocTpaHcTBa, Kak GOpMbI MaTEpHUH.

B equnom (X-=Y+) , (X+=Y-) mpoctpancTBe-matepuu nepsast O6nactsb Jlokanuzanuu

(OJ1,) nenenumpIx KBaHTOB (POPMUPYETCS TPEMS 3apsI0BbIMHE (P — €, vy, — Yo, Ve — V) (puc.l) u
JIBYMs. MAaCCOBBIMHE (€ — 1, Yo — Ve ) M30noTeHmmanamu. Ananorudno sce (0/1,),(0J1;) ... (O/1;) n
(011,) , (O/1.,), (OJ1,)...(0JI;) O6nactu Jlokamusauuu (OJI ;) husudeckoro Bakyyma. Kaxmprid
JHEPreTHYECKuit KBaHt (X+= p; ), (Y+= ¢;) B (OJT;) yPOBHSIX UMEET CBOU SHEPTETHUECKUH YPOBEHD

(cunryasiprocTs), (X+= v;), (Y= ¥;) kBaHTOB (H3HMUECKOr0 BaKyyMa, HIKE KOTOPOTO OHHU ceOst He

nposiBisitoT. OHu popmupyrot Henenumbie O0JIacTH IPOCTPAHCTBA — MATEPHH U3 PACUCTHBIX MX
MacCCOBBIX XapPaKTEPUCTUK.
Tabmuma 11.1

JGM (p,)kVGM (g) =1 M (e, )kM(y,) =1
JGM (p,)(k =18VGM (v,) =1 M (e,)(k = 3.2)M (3,) =1
JGM(p,)k=17)WGM(v,) =1 M(e,)(k=315)M(y ) =1
JGM(p,)(k =17)VGM (v,) =1 M(e;)(k =38)M(y,) =1

M (e;)(k =315)M (,) =1
M (e;)(k = 315)M (7,) =1
M (e )k =39)M (7,) =1

JGM (p,)(k =183)/GM (v,) =1
JGM (s )(k =183)VGM (v,) =1
JGM(p,)(k =189}WGM (v,) =1 M)k =35)M () =1
\/EM (p7 )(k :1’82)\/6M (V5) =1 M (es_)(k =317)M (76) =1
JGM(p)(k=18IVGM (V) =1 |

P2
Hamnpumep, KBaHTHI si/ipa «TSHKEIOT0» aToma (. /nz + e, ) (a1pa 3Be3/b1) TPOSBIISIIOT Ce0s B
(bHU3HMUECKOM BaKyyMe Ha YPOBHE 3JIEKTPOHHOTO HEHTpHHO (Ve) U oToHa (¥ ), COracHo

npezcraBenHoi Tadmime. Keanter (P4 /n , T €4) sIpa ranakTHK, NPOSBIAIOT CeOs Ha YPOBHE CBEPX

1

CBETOBBIX HEUTPHHO (V'2) U HoTOHOB (),), co ckopocTsMH (v = @ ' * ¢ = 137 = ¢). KBauThI

Ps
( /n . + e¢ ) sApa KBa3apoB, MPOSIBISIOT ce0sl B GU3MUECKOM BaKyyMe, Ha YPOBHE CBEPX CBETOBBIX

2

HEUTpHUHO (V) U poTOHOB (¥,), B IPOCTpaHCTBE cKopocTel (v = a2 * ¢ = 1372 = ¢). Kpome s10r0

€CTb KBAHTHI 'aJIAKTUYCCKUX e 1 BHCTAJIAKTUYCCKHUX e CPHLBIX /BIP, B HCHTPC
p3n3+3 p5ﬂ5+5q ,

CKOIIJICHHS 3BE3/T U TAIAKTHK, COOTBETCTBEHHO. OnTrueckue GOTOHBI (¥ ) MMEIOT 3aMKHYThIC

TpaekTopuu (Y-) B X CTPYKTYpHBIX (hOpMax M He OKUAAIOT TaKHUe OOBEKTHI.
Takas kBauToBas cucrema koopaunar (OJ1;;) ypoHeit Henenumpix KBanTOB, MMEET B3aUMHO
opToroHanbhble Touku To(X—) L ro(Y—) u muEHE — Tpackropun (X —) L (¥ —), B nunamMudnOM
MHOT'OYPOBHEBOM IPOCTPAHCTBE CKOPOCTEH, C JTOKAJIHHBIMU 0a3UCHBIMH BEKTOPAMHU:
(X —) = ex(x™) cos (wp)x) u (V—) =ep(y") = cos (we)y,

rae quaamuuanbie @(X—)u @ (Y —) yrusl napamienbHOCTH TMHAA-TPAEKTOPHUH, C AMHAMUYHOMN
cucremoii koopaunar (x™) = const u (y™) # const, ecTb peanbHOE BO BeeneHHOI, He cTalMOHAPHOE
EBKIIMI0BOE TIPOCTPAHCTBO, O — YriIoBas ckopocTh (X —)uru(Y —) tpaekropum.

Hampumep, ckopocTb 31eKTpoHa U (HOTOHA CBsI3aHbI COOTHOLICHHEM: (V, = & * C), I1ie
a=1/137=v./c=c0s (0@)y , KocuHyC npeaeapHoro yriua napamuieasaocta (Y-) Tpaekropuii (puc.1).

AHaJIOrMYHO CKOPOCTh IPOTOHA (v, = VG*c,), rae G = 6.67° = cos(we)x) .



Camu (X —)uru(Y —) nMHMU-TpAEKTOPHH, NPEICTABIIEHBI JOKATLHBIMU 0a3UCHBIMU BEKTOPAMHM:

axm aym

(X—= eyx)u(Y— = ey), B COOTBETCTBYIOLIEH CHCTEME KOOPJMHAT: €y = S W er= - uX

puHamMuuHbIX chep (I <> R), ¢ nx munamukoit (r—0), (R— ) Ha kBauToBOM OcH (OJI;;) YPOBHEH.
B kaxmoii chepe-Touke (r <> R)(X-) wiu (r « R)(Y-), cBost (x™) (y") cucrema KoopauHar, B3aHMHO

OpPTOrOHAJIbHBIE. DTO IMHAMHYHOE IPOCTPAHCTBO ¢ EBKIINI0BOI n30Tponuei chep.
B ycnoBusix HyneBbIX yrios napamiensuoctd ¢ (X —) = 0, @(¥V —) = 0, kpanrtoBas cucrema

KOOP/IMHAT MEPEXOUT B ceTKy KoopauHart (x™) (¥y") eBKIMI0BOH tockocTH. B ycimoBusx
(ukcupoBaHHbIX yriaos napamienasHoctu (@(X —) # 0) = const, (@(Y —) # 0) = const, ¢
JIOKaIbHBIMU Oa3rcHbIMU BekTopamu: e(x™)L e(y™), B GUKCHPOBAHHOM MHOTOMEPHBIX KOOPIMHATAX:
(x™ = const), (y" = const), pedsb 0 MOBEPXHOCTSIX Y)KE PUMAHOBOTO IPOCTPAHCTBA
gik = €; (x™) e, (x™), mpamoii B (X+),(Y+) nonsax u ooparnoii B(X-), (Y-) nonsx, kpususuel (K=Y?/Y,),
puc2.

B npocrpanctse ckopocreit (W v;), (OJT;;) ypoBHEH (U3MIECKOTO BaKyyMa, MPEICTABIEHHOTO
JIOKaJIbHBIMU 0a3UCHBIMHU BEKTOpaMH MpocTpaHcTBa PuMaHa,

(X —) =ex(x™) =cos (we)x) u (V) =ey(y") = cos (wp)y,

¢ ¢pukcupoBanneivu yraamu (@(X —) # 0) = const, (@(Y —) # 0) = const, napaenbHOCTH, BCE
Kpurepuu Osomtonuu (K3), (v =K'/T 1) CKOPOCTb, (1'[=):fo"2 /T =v?) norenrman, (F=I1%) cuna, (E=IIK)
sueprus, (b = E= T = pA) neiictBue, macca M=IIK(Y- = X+) B MaccoBbIX mojsx u 3apsg q=IIK(Y+ =
X-) B asiekTpoMarauTHhIX mojsx. Takxke:(w = 1/T) gacrora, (p = % = w?) MIOTHOCTh MAaccChl
(X+=Y-) unm 3apsna (Y+=X-). Jlroboe ypaBHeHHe npuBoAUTCS K eaunuie, KO(X+ =
Y )KI(Yx=X+) )=1, npocteim nenenuem, kak Henemumas OGacts JIokamusamun
(HOJI=1).IlnotHocTh MaccoBoro p(Y —) = (X+)w? (X+) wm 3apagosoro p(X —) = (Y+H)w?(Y+)
noJist, hopmupyetcst B Herenmumbix KBaHTax equHOTO MPOCTPAHCTBA MATEPHH:

Taxkum 06pa3oM, B 00b€MHOM €IMHOM IIPOCTPAHCTBE-MATEPUU, UMEIOT MECTO BUXPEBbIE
II0THOCTHU AMEKTPO (Y+ = X-) MarHUTHBIX MOJSX, U3BECTHBIX, KaK ypaBHeHNs MakcBesuia,

[Jroty B(X-)ds, = [[E'(Y+)dLdT + [[E(Y+)ds,

” rot, E(Y+)dS, = —”%szdT , B YCIOBHSX ” A dS,=0= ffB(X —)dL,
S, S, L,

Y BUXPEBbIE MIIOTHOCTH TPABUT - MAacCOBBIX (X+=Y-) moJjeii, ¢ uX ypaBHEHHUSIMHU.

”rot M (Y -)dS, —”G (X +)dL, dT+”G(X+)dS
_”rot G(X+)dS, _—”M '(Y=)dL,dT , B ycioBmsx HAn(Y -)dS, =0 = §M(Y -)dL,

I'maBHBIM CBOHCTBOM 00bEMHOI'O IPOCTPAHCTBA, Kak (hopMbl MaTepuu ecTh ero CtpykrypHast @opma
(C®d).3amknytsie u (Y-) Tpaekropun Henenumbix KBantoB B CTpykTypHbIX DopMax UMEIOT BUJ
«CTOSIYMX BOJIHY, HATIPUMEP B CAMOM SIJIPE aTOMa «CTOSYHE BOJHBD 3JeKTpo (Y+ =X-) MarHUTHBIX U

raBut (X+ = Y-) maccoBsIx mossix. B oosemuom (XY Z) npocrpanctse, B1osb ocu (X) B BHIE:



Puc.11.2. Buxpu marHuTHbIX (X-) 1 MaccoBbIX (Y-)moJjieil B CTPYKTypax siapa
Jlnst maccoeix (Y-)moneit. f(y,z) =0, 8: y? + (z — Nr)? = (Nr)?, ansa (y=0),
(N=0, Z=0), (N=1, Z=2r, Z=0), (N=2, Z=4r, Z=0), (N=3, Z=6r, Z=0), ...,
Jlnst MmarauTHBIX (X-) moneit. x% 4+ (z — (N + 1/2)r)%2 = (N + 1/2)r)?,
(N=0, Z=r), (N=1, Z=3r, Z=r), (N=2, Z=5r, Z=r), (N=3, Z=Tr, Z=T),
o61ue Toukd. CTPYKTYpBI BUXPEBBIX MOJIEH B CTOSYMX BOJIHAX, UMEIOT BHJI:
N=1 N=2 N=3

R

-

i

Puc.11.3 cTpyKTypbl BUXpPEBBIX M0JIEl B CTOAYMX BOJIHAX
Takue «crosiune BOIHBI), BUXPEBBIX MarHUTHBIX (X-) 1 MaccoBbIX (Y-) MoJIeH, UMEIOT MECTO B siipax
aTOMOB M CAMHUX aTOMOB, /IO YPOBHsI JJICKTPOHHBIX HEHUTpHUHO (X— = V) 1 poToHOB (Y- =)), ypoBHeii

CHHTYIISIPHOCTH B (DU3HUYECKOM BakyyMme. JIJTHHA «CTOsUEi BOJIHBD) (A) U IIIOTHOCTH () BUXPEBBIX
TOJIeH B aKCHOMaXx JIMHAMUYHOTO NIPOCTPAHCTBA-MATEPHH, UMEIOT IMHAMHUKY B(OJI;;) YPOBHSIX

¢usnueckoro Bakyyma. A;(X—) =0, p;(X—) = =, 4(¥—) = =, p;(Y—) — 0.

Hanpuwmep, B (O./1;) ypoBHe, eciu 371eKTpoH (Y — = e) uznydaer ¢poron (Y — = ), To nporon
(X— = p), uaiiyyaer WM MOTJIONIAET DIIEKTPOHHOE HEUTPUHO (X— = Vv,). [Ipr 3TOM, TUIOTHOCTH
MarHuTHOTO MoJis HeHTpuHO 6ombie p; (X — = v,) > p;(X— = p) wioTHoCcTH TpackTopuu (X-)

npoToHa. To eCTh, TPaeKTOPHs MPOTOHA «IABHMKETCS 10 CTPYHE» TPACKTOPHH IEKTPOHHOTO HEUTPHUHO,
KOTOpBIE U (POPMUPYIOT CTPYKTYPHI siipa. Hampumep, cTpyKTypsl IPOAYKTOB paciiajia HeMTpoHa 1
kBaHThl CB — CunibHOTO B3anMmoneiicTBus sapa, UMEIOT BHL:

HeiiTpon pacnagaercs B cruily aCUMMETPUU KBAHTOB IIPOTOHA U HEUTPUHO B OOLIEH CTPYKTYpE.
KBanTel CB cBs3anbl CunbHbIM B3aumoneiictBuem, u popmupyrot maccoBbie (Y-) TpPaeKTOPHH B
00o010uKax sipa.

B ciydae cuMMeTpun NpoIyKTOB aHHUTHIISLIMHM KBAHTOB
snektpoHa (Y+=e) = (X—=v, )¥V+=y)X—=1v,), (14.1)
win npotoHa (X+ =p) = (Y —=yo)(X+=1.)(Y —=y,), (14.2)
TaKUe KBAHTHI CTAOUJIBHBI, C X 3apsIOBbIM H3omoTeHIranoM enuHbix (Y+=X-), (Y-=X+) nonei.
[TprurHON aHHUTUIISILMU SJIEKTPOH-TIO3UTPOHHOM U MPOTOH-aHTUIIPOTOHHOM Map, ecTh UX
npotuBonoioxueie Buxpu (rot) sapsmossix (Y+ = X-) u maccoBbix (Y- = X+) mosneii.
[Tpocreiitmii aTOM, IMEET CTPYKTYPHI B PU3NIECKOM BaKyyMe BILUIOTH JJO COOCTBEHHOTO YPOBHS

CUHTYIIIPHOCTH MIPOTOHA, T.€. JI0 AIEKTPOHHOTO HEUTPUHO, U AJIEKTPOHA, T.€. 10 (HOTOHA.
Kaxk ¢hoToH MEeHsIeT SJHEpreTHIeCKHEe YPOBHU OPOUTAIIBHBIX YJIEKTPOHOB, TaK U DJIEKTPOHHOE
HEWTPHUHO, MMest OOJIBIIYIO TUIOTHOCTD o (X—=v,) => p(X—= p) npoToHa, MEHSIET SHEPreTHUCCKHE

YPOBHH HYKJIOHOB B BO30Y)K/ICHHBIX SIIPaX.



AHAJIOTUYHO «CTOSYUE BOJHBD) «CTOSYME BOJIHBI» BUXPEBBIX MAarHUTHBIX (X-) 1 MaccoBbIX(Y -) MoJIeH,
umerores B (OJT;) u (OJ1;) pusndeckoro Bakyyma, B KBAHTOBOH CHCTeME KOOpIMHAT. B Tom uncne B

P r P P
CTPYKTYpax sizipa (ﬂ—2 + e;) 3Be3, (n—3 + e3) YepHBIX JBIp, (n—"‘ + e4) raJlakTuK, (n—"‘ + e4) KBa3apos.
2 3 4 4
Vi o
Awnanoru4no B ypoBHsx ®usndeckoro Bakyyma, umerot mecto (— + ¥;), CyOHSHTpHH-(OTOHHBIC
T

CTPYKTYPHI, C INIOTHOCTAMHU P (X—= Vv;) — =0, UX TPAaeKTOPHIi.
MHOroMepHOCTh IPOCTPAHCTBA-MATEPUH B KBAHTOBBIX CTPYKTYpax (OJI;;) ypoBHEH

+N oF
(usryeckoro Bakyyma, mposiisieTcs B cucreme koopaunar (K=, THV) npocrpancrsa -BpemMenu, co
Bcemu KputepusiMu DBOJIONNH, U B KBAHTOBOW CHCTEME KOOPAUHAT Ha (1) — CXOIUMOCTH, HAIIPUMED:

Jlunamudeckas chepa-Touka KaXkJI0ro KBaHTa IMPOCTPAHCTBA-MATePUH, B MPEeiiax IKCTpeMaien
(rop < v < R), MeHsercs B (OJT;;) ypoBHSIX KBaHTOBO# CHCTeMbI KoopauHat Beenennoii ot 0 j1o oo.

AX—=)—=0 A;(X—) =0 A;(Y=) = o= A¥—)—10
7 (X—) > o r(X—)—0 r(¥Y=)—=0 (Y—) >
0, (X—) =0 PR > = SEL P (Y—) = ==
T,(X—) - (X >0 (V) = = T,(7=) = 0
t;(X—)—0 t;(X—) » oo t;(Y—) -0 ;(Y—)— oo

T'oBopst 0 6eckoneuHocTsX Beenennoii, mbl ¢ HammuM OJI1 ypoBHeM KBaHTOB Agpi(X—) n
o (X—), na 3emie, B KBaHTOBOIA (OJI;;) cucteme KOOPAMHAT, HE MOXKEM BBIUTH «Ha Kpaii»
Bcenennoit, Hu B riryOMHHBIX YpoBHSX T3 (X—) — 0, ®usuueckoro Bakyyma, HH Ha OECKOHEYHBIX,
7;(X—) — o0, KoOp/MHATHBIX paccTosHusX (X —) nons Beenennoit. bonee Toro, Bo BpeMeHHOM
IIPOCTPAHCTBE, 3TO COOTBETCTBYET HECKOHEYHO J0JTOMY t; (X—) — 00, IPUOIMKEHUIO «KO JIHY»
p;(X—) — oo, dusnueckoro Bakyyma, Wi 3aMeJICHHIO COOCTBEHHOTO BPEMEHH «Ha Kparo» BceenenHoi
7(X—) = oo, no Hyns t;(X—) — 0.

31ech, Ha «KeCTKOM cTpyHe» (p; (X—) — =0) MAarHMTHOTO MOJISA, BPAIIAKOTCS BCE UCXOHBIE
maccoBsle Tpaektopun (Y +)w?(Y +) =p ;(X—=), B (X—); mone Beenennoit. Mx HaganbHble
IJIOTHOCTH MaccoBoro noyist (p(Y—= e;) — =), pacnanatotc (g — y;) 10 KBAHTOB (HU3HIECKOTO
Bakyyma (p(Y—=1vy;) = 0), c ux A(Y—=1;) — o0 qnunoi BomHbI. Pacman KBaHTOB (+IHTPOTIHSA), HIET
110 Bcemy (OJI;;) CHEKTPY HENENMMBIX KBAHTOB KBaHTOBOH ocH. JluHamunka MaccoBbix (Y-) TpaeKTOpHid,

BBI3BIBACT, IPU 3TOM, HHAYKIIMIO MarHUTHOTO (X-) mosist (puc.0 — MyHKTUPHBIE JTUHUM), U HA000POT, B
COOTBETCTBUH C YPAaBHEHUSMH IUHAMHMKH ITPOCTPAHCTBA-MaTEPHUH.
Ecnu rinyOunHbIe, B GU3MYECKOM BakyyMe, MaccoBbie Tpaekropun (p(Y —=1y;) = 0), umeror

BbI/ICJICHHbIC HAIIPABIICHHUs BUXPEBOTO 110JIst (prC.0), TO B Oosee BEICOKUX dHepreTudeckux (OJ;;)
YPOBHSIX (PU3UYECKOTO BaKyyma, TH000i KBAaHT JBUKETCSI CBOOOTHO, B U30TPOITHOM, yKe EBKInaoBOM
npocrpancTBe chepbl-rouku (r(X—) — R(X—) — =) BeeneHHOIA.
Pacuersl mpoctpancTsa ckopocreit Henenumpix Ksantos Broinb (OJ1;;) ypoBHE# pusnyeckoro
BAaKyyMa, BBITIOJIHSIIOTCS YEPE3 KOHCTAHTHI:
cosp(Y —) =W, /c=a = 1/137,036,
cosp(X —) =W,/e =vG = 1/3872,
Toraa B KBaHTOBOM crcTeMe KOOPAMHAT, IPU MTOCJIE0BATEILHOM U3JIydeHUN (+ 3HTPOINN)
KBaHTOB (e~ — ;V+ =Y = 'y: = ¥ ...) , IMEIOT MECTO MIPOCTPAHCTBO CKOPOCTEN 3TUX KBAHTOB:
_ N 1. _ -2 _ -3
V(y); = ¢),V, = a te=137¢), (Vo= a “c), (Vo= a“c)...
AHAJIOTUYHO YIS SJIEKTPOHHOTO HEUTPHHO, C OKOJIO CBETOBOH (C) CKOPOCTHIO, UMEIOT MECTO
TIOCIIEIOBATENBHBIE H3ydeHus CyOnelitpuno: (v, — v5' — vy — v ...), CO CBEPXCBETOBBIMH
CKOPOCTSIMHU:



V() = W6) Ne)=(V2 = (WE) o) =»(Vy = (V6) %) = (Vs = (VG)*c)
[Moyyaercst Tak, 4TO CKOPOCTH TpeaesibHbIX V (V); KBaHTOB CyOHEUTPHUHO, HAPACTAIOT OBICTpPEE
npenenbHbix V(Y); kBanToB cy0(hoTOHOB. Peub 0 Goliee OBICTPOM pacHIMpPEHUH IPOCTPAHCTBA O3
M3BECTHOTO HaM M3JIy4eHUS (DOTOHOB.
Jlst KpynHOMacIITabHbIX KBAaHTOB (X— = pj) , (Y — = ;) mpocTpaHcTBa-Marepui Ha0OOPOT.

CKOPOCTH «TSKENBIX MPOTOHOBY) W (X— = p; ), HAPaCTAIOT MeIEHHEN CKOPOCTEM «TSHKEIBIX

3J1eKTPOHOBY V (¥ — = ¢;). DT0 3HAYMT, YTO B POLIECCe pacliuperus BeeneHHOM, IpocTpaHCTBO
tpaektopuii (X—= V(v);) cyOHeiTprHO, pacmmpsiercs: ObICTpee MPOCTPAHCTBA CKOPOCTEH H3ITydaeMbIX
(Y—=V(y);) cBepXCBETOBBIX CYO(OTOHOB.

Hanpumep, 11 ninaHKOBCKUX MPEEIOB JJIMHBI U BPEMEHH BO BeesleHHOH,

Ly = J% — JVGK =4+10 3 cu, tie  — =G = cosp(X —),

Ip[

tp = I%I = 1,35=10"%3¢c = % = (WG)Y(T =1) , T - nepuox KBaura,
o= T
—43 N In (1,35+1074%)
Umerot mecto: 1,35 = 1074 = (JG)¥(T=1), N = — e
Ny

npenenam (OJ; = e;g¥24 = 1) YPOBHS CUHTYJIAPHOCTH (hU3M4ECKOro Bakyyma. Toria oTHOCHTENbHOE

=12, rne N = 12, cooTBeTCTBYyET

pacimpeHne mpoCTPaHCTBa CKOpocTeil cyOHeUTpruHO V (V); OTHOCHTEILHO IIPOCTPAHCTBA CKOPOCTEM
cyodoronos V(y); 3a onun nepuos (T=1) quHaMHUKH, COCTABIIACT

AR = (%)N - (m)w =6+10%"cx, wWIM 6 MIPJ. CBETOBHIX JIET.

a+c=T
D70 paccTosiHUe, He KOTOPOE MPOCTPAHCTBO CBEPXCBETOBBIX cyOHeiTpuHO (X—= V(Vv);), npu
pacimupennn BeenenHoit, onepexaer npocTpancTBo cBepxcBeToBbiX (Y —= V(¥);) cydbhoroHos, B
IUIAaHKOBCKUX npesenax. Cama BeeneHHas, B 3THX jKe TUIAHKOBCKHUX TIpeJieiax, exq (kK = 3,14)y,, = 1),
it N = 12, uMeeT, Kak y)Ke 0OTMEUaIoCh, Ha4ajlbHbBIC pa3Mepbl C(HepbI-TOUKH:
Aleye) = 2mat?d, = 6,28 2.3+ 10726 « 3« 1078 = 4.7 = 1033 ¢cm,
KaK ¥ MJIAHKOBCKas JUTHHA L, = 4 * 10733 car, ¢ mpenenbHBM panuycoM (Rmax) cdepbr-roukw (o (X—)
— Rpax(X—))/ 3a omun nepuon (T=1), kBauT (Y- =)34) CeNaeT MOIHBIA 000POT 32
2nR = v(y34) * (T = 1), na paguyce:

v(yza)=(T=1), a 13c
Rmax = 242;5 =g = 21~ 10*°cu =~ 2.5 = 10Y ¢cp.yier

Wik Rogy & 1574, R, TO €CTh Ha pasmyce B 15 MJIH. pa3 GoJiblle paaryca ONTHYECKOTO TOPU30HTa
(Romum ) Beenennoii. AHaIOrHUHO pacyeT AMaMETPOB:

]
- anpa Comrna, (N=0), d = % = 10%%u, 310 (1/7)Rg pammyca Comnnia,

aa 1: = 1,4 = 10"?ca, wnm (20) paguycos Connua,
a e

3.14

- sppa anakruky, (N=1), d =

- spa KBasapa, (N=2), d = = 1,8 * 10ca, 910 12 a.e (R op6urs CatypHa).

HaHI)HIe — )II/IaMeTpI)I HCHU3BCCTHBLIX 06’I)CKTOB:
a 3¢
3.14

- SInpa kBasapubix ranaktuk, (N=3), d = = 7,7 = 101%ca, 510 1.2 cB.TICT,

a~*c
3.14
KBa3apHBIX rajJakTHK..., 32 AHAIOTUEH.
Taxum 006pa3oM, UIMEIOTCS PEACTABICHUS Pa3MEPOB AP YKa3aHHBIX 00beKTOB BeeneHHOM.
BbIBO/IbI
CoBpemeHHas (pu3znvecKas TeOpHs, C COBpEMEHHBIMH (DaKTaMu peaibHOCTH, HE MOXKET ObITh
co3zaHa B EBknuaoBoit akcuomaruke. ®dusmka Oyayiiero Moxert 1 JOHKHA OBITh CO3/1aHa B HOBOM
TEXHOJIOTUHM TEOPHH. A UIMEHHO, B aKCHOMax JWHAMHYHOTO IPOCTPaHCTBA-MaTepUH, (PUKCUPOBAHHBIM,

- Slnpa cymep kBazapa, , (N=4), d = ~ 10%ca, 510 mpuMepHO 10 CBETOBBIX JIET, U Jallee CyNep



YaCTHBIM CITy4aeM KOTOPBIX €CTh €BKJIMI0BAsI aKCHOMATHKA. B 3TUX akcroMax co3iaHa eluHasi TeOpust
BCEX MAaTeMaTU4YEeCKUX U GU3NYECKUX TEOPUM, C BO3SMOXKHOCTSAMHU MCCIIETOBAHUM SHEPreTHYECKUX
ypOBHEl CHHTYJISIpHOCTH MHOKecTBa Rji(N) 00bexToB Ha OJIji(M) cxoaumoctu nois BeeneHHoid.
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