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Beryniennue.
CoBpemeHHast puU3uKa yIupaeTcst BO MHOKECTBO Mpo0ieM, (hakToB, KOTOPbIE BBIXOIST 32 paMKU
ee TEOpeTUUYECKUX npeacTaBieHuil. CaMu TeopeTUYeCKUe MOJIENH U (PyH/1aMEHTalIbHbIE IIPEICTaBICHUS
BO MHOT'OM IPOTUBOPEYUBBI.

+ .
Ecmu (+) 3apsin mpotoHa (p '), B KBapKOBBIX (p = uud) MOJEINSAX MPEICTABIAETCS CyMMOM:
2

qp = (u =+ 2) + (u =+ E) + (d = - g) = (+1), 1poOHBIX 3apsIOB KBAPKOB, TO TOYHO TaKow (+)
3apsn (e) mo3uTpoHa, KBapKoB He uMeeT. Takas MOzieNb U mpeJcTaBieHue (+) 3apsaa He COOTBETCTBYET
peasibHOCTH. DTO (yHIaMEHTaIbHOE IPOTUBOPEUHE, PELLICHUI B TEOPUSIX HE UMEET.

3aps10BO€ B3aUMO/IEHCTBUE, C HEPELIEHHOW ITpobieMoit Moenu (+) 3apsia IpoTOHA U
MO3UTPOHA, OTHOCUTCS K JIEKTPOMArHUTHOMY B3aUMOJIEHCTBUIO. DTO 3HAYUT, YTO
B3aMMO/ICHCTBYIOLME YaCTULIbI 0OMEHUBAIOTCSI OE3MAaCCOBBIM 3JIEKTPOMArHUTHBIM (Y) —KBAaHTOM
(poToHOM). DTO NEHCTBUTENBHO JUIsl B3aUMOAEUCTBUH (€ ) JIEKTPOHOB, (L) MIOOHOB, (7, K...) Me30HOB.
Ho (p")mpoToH, B 3aps10BOM B3aUMOJICHCTBHH C (€ ) SIEKTPOHOM, He OOMEHHBAETCS C HUM
2MEKTPOMArHUTHBIM (Y) —KBaHTOM. HUKTO, HUT/ie ¥ HUKOT/Ia He BUEN U3TydeHus (p ) IPOTOHOM
ANIEKTPOMArHUTHOTO () —KBaHTa, GoTOHA. TakoBa peanbHOCTh. AHAJIOTUYHO OOMEHHBIH Z—0030H B
ANEKTPOCIA00M B3aMMOICUCTBUH M KBapK-TIIF0O0OHHOE B CriibHBIX B3anmopeiicTBusx CraHmapTHOU
Teopuu. Cam npuHIMI 0OMEHHOTIO B3aUMOJCHCTBUS pecTaBisgeTcs B Auarpammax OeilHmana:

DNEeKTPOMarHUTHOTO  AJIEKTPOCIA00TO Y CUJILHOTO B3aUMOICUCTBHSI:
4\
- KBaHT :
¥ Z - 6030H g - IF00H
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Puc. 1 ouazpammor @ennmana
Oro CranmapTHast MOJCITb YKa3aHHBIX B3AUMOJICHCTBHIA, C COOTBETCTBYIONTUMHU TIPEICTABICHUSIMH,
tuna: (eyy*P)A,). Ho no pakry, npoToH He uzimydaer GpoToH, a Helitpuno (V, ~ 10 2B) He nsmyqaer
Z- 6030H (~ 90 I'5B) B 0OMeHnHOM 37ekTpociabom B3ammogeicteun. (JI.M. CaperaeBa, MI'Y-2007T.
®BD u DY):



Takne kpanTsl ObL BrepBble 00HapyKennl B 1983 r. na SppS-rosnaiiiepe
(HEPH) xomrextusom nog pykosoacteom Kapma Py6ona. Do sapaxennnie
Oozonnt — W= ¢ maccoit mype = 80 FBB;CE n weiiTpaabunlit 6o3on — Z°
¢ maccoit myo = 90 I'sB/ c*. Koncranra B3anMonciicTens a B 9TOM CaVHac
BLIpazkaeTea tepes Koncranty Pepmm:
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Puc. 2: Juarpamue Qefinvana aa peaxunii: a — © 3apasxeHEeM 1 0 — ¢ HeHTPaiLEBM

TOEAMHE.

AHTHHEHTPHHO C MPOTOHOM, OCymIeCTBIAeMad nyrem odvena W=-0ozonom.

Taxaa peaknnsa Ha3LIBACTCA peakimeit ¢ zapasicennum moxom. Ob6Men neii-

Tpasbib Z -0030H0M (pric. 20) nassiBaerca peakimeil ¢ nedmpanvivim mo-

KOM.
Otkyna 6epytes, Kyaa, Kak U ouemy ucuesarotr Z u W 6o3ousb1 (~ 90 /5B) B pacniagax cBoOOOAHOTO,
BHE BCSIKUX IT0JIel HeiiTpoHa? OTBETOB HET.
Jlasxe B KJ1laccu4ecKor (hr3HKe BO3HUKAIOT IPOTUBOPEUMS UMEHHO B TEOPUH.

o Mm
B 3namenuroit popmyne Horotona, cuisl Tsrotenus: F = G — » IBYX Macc (M) u (m), Ha paccTOSIHUU

(r) mexnay ux uentpamu. Cama popmyia (Teopusi) HUUEro He TOBOPUT 0 paccTosiHUAX (r<Ro+ro), rae
Rou 1o pammycsl chep nannbix macc. Ho eciu B quamerpanbHoe otBepcTHe chepbl Ry KUHYTH MIapuk
1o , TO 0 popmyne Hetotona, mpu (r — 0), cuna F — oo, ctpemurcst kK 6eckoHeuHoctu. Ho 310
npotuBopeuut onbiTy. ®opmyna HeloToHa aelictBuTenbHa ToIbKO i (1>Ry+1y), 0 uem B camoit
(dbopMyiie HU4Ero He ckazaHo. Mbl TOBOPUM UMEHHO O TEOPETHUECKUX MOJIEIIAX, YACTO U I'YCTO HE
coBepulieHHbIX. HO Beib 3aKOHBI MaTepuu COBEPIIECHHBI, U B HUX HET npoTuBopeunil. I'ne onn? Bropoii
MOMEHT B KJIaccu4eckou pusuke Toro xe HproToHa, ero 2-i 3akoH: F = ma, rae (a # 0) yckopeHue.
OO01en3BeCcTHO, YTO TEJI0 Maccoi (m), majgas Ha mwiaHeTy maccoi (M), umeet ckopocth (Vv = v, + at)

o M
KOTOPOH HET npezena. 31eck yckopenue (a = g = G T—Z)CBO6OI[HOFO najeHus. To0 MaTeMaTuyecKas

UCTUHA Ki1accuyeckoil pusuku. Ha nene, no reopun OTHOCUTENBHOCTH, CKOPOCTh HE MOJKET IPEBBIIIATH
CKOPOCTH CBEeTa. DUHIITEHH BUIEHI 3Ty npobiemy. [loaromy Obuta co3gana Ob6mas Teopust
OtnocutenpHOCTH. He yrimy0mnsisach ceituac B BOmpoc, 0TMeTUM ToJibko, uto OTO DiiHmTeliHa ToXe
umeet (g, = const), ycIoBus (\/E = 1), B KOTOPBIX TCOPHS JCHCTBUTENBHA. Peub 0 (huKkcHpoBaHHOM
COCTOSIHUM TPaBUTAIMOHHOTO MOTEHIMaa. B mepeMeHHbIX (g # const) (KBAaHTOBBIX)
rpaBuUTalMOHHBIX OJsIX, OTO DitHiuTeiiHa HenelicTBUTENbHAsA. IHaue roBOpsi, TEOpUH KBAHTOBBIX
IpaBUTAIIMOHHBIX NOJIeH HeT. Ho MX Hamm4ne BBITEKAeT U3 MaTeMAaTUIECKUX YCIOBHi (gj, # const) u
Huyero Oosiee. Camoii Teopun HeT. Het u Teopuii yepHbIX AbIp, TEMHOM MaTepuu, TeMHOU 3Hepruu. Her
OTBETOB Ha BOIPOCHI: OTKYAA OEpyTCs U KyJla UCUE3al0T T€ K€ YEPHBIE JbIPbI, UTO Y HUX, BHYTPH U
MOYEMY B3PBIBAETCS PO TAIAKTHK.... OTBETOB HA 3TH, U MHOTHE Jipyrue Borpockl HeT. (JL.U.
CapsrueBa, MI'Y-2007r. ®BD u OY):



e 00LACHENO:

® COOTBETCTBUMC MCXKIY KBAPKAMI M JICTITOHAMH;

® KOJMIECTBO MOKOJIEHUH QyHIaAMEHTATLHBIX TACTHIIL;

® UCTUHHOE MTPOUCKOKACHUE MACC TACTUIL NN MEXATU3M CITOHTANTOTO Ha-
PYIIEHUsT CUMMETPYN;

® TOUCMY 3TH CHMMETPUM KaJuOpoBOUNbIe, a JAPYrue — HeT (Hampumep,
CHMMETPUSA, COOTBETCTBYIONAA GAPUOHHOMY 3apsiLy ).

(DyHHaMeHTaJ'IBHBIM (baKTOM €CTb TO, UTO HET MaTepI/H/I BHC HpOCTpaHCTBa 1 HCT HpOCTpaHCTBa

6e3 Matepu. [IpocTpaHCTBO-MATEPHUS 3TO OJHO U TO KeE.
FHaBHOC CBOI\/'ICTBO MaTepI/II/I, JABHMKCHUEC, HpeI[CTaBHﬂeTCﬂ JIUHAMHWYHBIM HpOCTpaHCTBOM-

MaTepuen.
1. CBsI3b NPOCTPAHCTBA-MATEPHH € €BKJIHI0BBIM IIPOCTPAHCTBOM.

[IpsiMbIE TMHUY THHAMUYHOIO (qo #* const) IIy4Ka, HE IIEPECEKAIOT UCXOJHYIO MPSAMYIO

(AC - oo) Ha OeckoHeyHOCTH (puc.l), To ecTh napajjiesbHbIE.
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Puc.1.1. lmuHaMu4YHOE IPOCTPAHCTBO-MATEPHS.
beckoHeyHOCTD HeNb3s 0CTaHOBUTH. [109TOMY TMHAMUYHOE IPOCTPAHCTBO-MATEPHS ITyUKa
napajuleNbHbIX IPSIMBIX JIMHUI, CylIeCTBYET Bcerga. OpTOroHajibHblE IyYKH MPSIMBIX JIMHUHN-
TpaeKTOpui, UMEIOT cOOCTBeHHbIE BHelHNE (X +), (V+) nmomnst. Ouu oOpasyrotr Henenumble Obnactu
Jloxanmsamuu (X £), (Y+). IIpu sTom EBKInoBoe NpoCTpaHCTBO ¢ HEHYJIEBBIM (qo #* const) YIoM
IapaJuIeIbHOCTH B K101 cBoel (X,Y,Z) ocH, TEPSIET CMBICI.

Takoe ntnHaMu4HOE (qo #* const) IIPOCTPAHCTBO-MATEPUsl UMEET CBOM T'€OMETpUUECKHE (PaKThI,

KaK aKCHOMBI, HE Tpe6y10HII/I€ J0Ka3aTcJIbCTB.
AKCHMOMBI THHAMHYHOI'0 NPOCTPAHCTBA-MATEPUH

1. HenyneBo#, TUHAMUYHBIA YTrOJI NapaJIeIbHOCTH (qo #* 0) # const, my4ka rnapajjieabHbIX

NPSIMBIX, OTIPEEIISET OPTOTOHAIBHBIE TTOJISI (X —) 1 (Y —) napasuIeIbHBIX JTHHHIM - TPAEKTOPHUH, KaK

M30TPOIHBIX CBOMCTB, IPOCTPAHCTBA-MATEPHUH.
2. HyneBoii yron napamiensHocTd (¢ = 0), JaeT «1IuHy 0e3 HIUPUHBD) C HYJIEBBIM WIH

HEHYIEBBIM Y, - panuycoM cepbl-TOYKH «HE MMEIOIEeH yacTein» B EBKIMI0BOM aKkCHOMATHKE.

3. Ily4ok nmapajienbHBIX TPSAMBIX C HYJIEBBIM YTJIOM TMapajuieIbHOCTH (qo = 0) , «<OMHAKOBO

PacCIOIOKEHHBIN KO BCEM CBOUM TOYKaM» , AT MHOKECTBO MPSMBIX JIMHUMA B OJTHOM «0€3 MTUPUHBDY
EBKin10BOM NpAMOiL JIMHUU.

4. BuytpeHnHue (X —), (Y —) Y BHEILIHHE (X +), (Y +) T0JIs1 JINHUM-TPAaeKTOpUi HenyneBon Y, # 0
MaTepuaNbHOU cepbl-Touku, oopasytor Henenumyro O6nacts Jlokanuzanuu HOJ?(X i) Win

HOJT(Y i) JMHAMHYHOTO MPOCTPAHCTBA-MATEPUH.



5. B equHBIX MOJAX (X -=Y +), (Y -=X +) OPTOTOHAIBHBIX JIMHUH-TPAaCKTOPHH (X —) 1 (Y —)
HET /IBYX OJMHAKOBBIX c(pep-TOUEK U JIMHUN-TPACKTOPUH.

6. IlocnenoBarenbHocth Henemumbix OGnacreii Jlokanusamuu (X i), (Y i), (X i) ... IO
pamuycy Y, # 0 cdepbl-TOUKH Ha OJJHOH TMHUM-TPACKTOPUH JAET 7 CXOJUMOCTb, a HA Pa3IMYHBIX
TPACKTOPUAX m CXOIUMOCTD.

7. Kaxxnoit Henenumoit O6nactu Jlokanusanuy npocTpaHcTBa-MaTEpPUU COOTBETCTBYET €AMHULIA
Bcex ee Kpurepues Opomonnu — KO, B euHOM (X -=Y +), (Y —=X +) IIPOCTPAHCTBE-MATEPUH Ha
m—n CXOOUMOCTSIX,

HOJI=KXAX-=Y+KAY-=X+)=1,  HOJI=KIAm)KNn)=1,

B CHUCTEME YHCEJl PABHBIX 110 aHAJIOTUH €AUHULL.
8. @uxcanus yria (@ # 0) = const wm (¢ = 0) IMy4Ka NpsAMBIX apAJUICIbHBIX JINHUH,

IIPOCTPAHCTBA-MATEPUH, JAET S-U NOCTynaT EBKIIMIA U aKCHOMY ITapaJuIeIbHOCTH.
JIro6ast Touka GUKCUPOBAHHBIX JIMHUI-TPACKTOPHA, IIPEICTaBICHA JOKAIbHBIMU 0a31CHBIMU

BEKTOpaMH PHMaHOBOTO MPOCTPaHCTBA:!
oxX . oY . oZ . ox' . ox' ox'

€i=—,l+—,j+—,k, €:—i+—j+—k,
ox' ox' ox' oxX oY oz

¢ ynnameHTanbHEIM TeH30pOM €, (x") *e, (x") =g, (x") u Tononorueit (x" =X,Y,Z) B EBknmunoBom
npoctpancTse. To ecTh, PUMaHOBO TPOCTPAaHCTBO, 3TO (PUKCHPOBAHHOE (qo #0)= const) COCTOSIHUE

JTUHAMHAYHOTO ((0 #* const) IIPOCTPAHCTBA-MaTepUU. HaCTHBIM CIIydaeM OTPHULIATEIbHON KPUBU3HBI

K= _GDED, 1,c.186) P
A (CmupHoB T.1,¢.186) PuManoBa nmpocTpaHCTBa, €CTh IPOCTPAHCTBO T€OMETPUH
o o

Jlo6aueBckoro (MaremaTuueckasi S3HUMKIONEANUS, C.). ECTb J€BATh OTIMYUTENbHBIX MPU3HAKOB
reomerpun JlobaueBckoro ot reomerpun EBknuaa (puc.2). (MaremaTuueckasi SHUUKIONEUS,T. S,

c.440-442),

W

Puc. 1.2 U3oTponHasi {MHAMMKA.
OpHuM U3 Ipu3HaKoB reomerpuu Jlo6auesckoro, ectb cymma 0° < (Za) <180° yrios TpeyronbHuka, B

-

OTJIMYHUE OT eBKIMI0BOM UX mpoekiuu (Zor) =180° Ha mI0cKkoCTh. PaBHbIE TPEYTONLHUKHM, C PABHBIMU

yIJIaMH B BEPIIMHAX, B MTyYKe MapalyICIbHBIX MPSIMBIX TUHUN-TIPOSKIINI MPOCTPAHCTBA-MATEPHH, €CTh
MOJOOHBIMU TpEeYroJibHUKaMu B EBKIHIOBOM TipocTpaHcTBe. PaBHBIE TPEYTroJIbHUKY MPOCTPAHCTBA-
MaTepuu JIeKaT B IOBEPXHOCTIX PaBHBIX B IpocTpaHcTBe JIobaueBckoro cdep, HO ¢ pa3IuIHBIMU
pagunycamu EBximnioBeix chep. B nunamMmuanom (qo # const) MIPOCTPAHCTBE-MATEPUH, ST EBKINIOBBIC
cdepsl pa3InYHbIX PaANYCOB, €CTh OAHOU c(pepoii HecTanMOHAPHOT0 EBKJINI0BOI0 NPOCTPAHCTBA,
KOTOpOTro HEeT B EBKIIMI0BOI akcuomaTuke. PUMaHOBO MPOCTPaHCTBO TP 3TOM, MMEET JMHAMUYIHYIO
tonoJioruto (x™ = XYZ # const), yero Het (x™ = XYZ = const) B EBKIUI0BOM CTallHOHAPHOM
npoctpanctBe. Cama EBkinoBast akcmomaTrka uMeeT COOCTBEHHBIE HEPAa3pEIIUMbIe TPOTUBOPEUHSI.
Hamnpuwmep:
1. MHOXECTBO TOUYEK B OJTHOM «HE UMEIOIIEH YacTei» TOUKE, TaeT CHOBA TOUKY. DTO TOUYKA WA UX
MHOYECTBO, ONPECIIIEMOE JIEMEHTAMU U UX B3aUMOCBSI3bI07
2. MHOXeCTBO JIMHUI B OJTHOU «UTMHE 0€3 MIUPUHBDY, JA€T CHOBA JIMHHUIO. JTO JIMHUS WU UX
MHOYECTBO OTIPEIEIIEMOE aHATIOTUIHO ?



OTtBeToB Ha Takue Bonpockl EBKiIMI0Bas akcuoMaTuka He Aaet. Eciau Bo BpeMeHa /10 Halel 3pbl,
3TH aKCMOMBI BCEX YCTpauBalIH, Ul U3MEPEHUH IUI0Iaeii, 00bEMOB. .., TO B COBPEMEHHBIX
UCCIIEIOBAaHUAX TaKU€ aKCHOMBI ITPOCTO HE PadOTaroT.

Hanpumep, no yciaoBusiM napauieabHOCTH B IUIOCKOCTH, NpsiMast inHus OX, He epeceKkaer
HCXOJHYIO MPsMYI0 JIMHUI0 AC—00, Ha OECKOHEUHOCTH.
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Puc 1.3 . luHaMUYHBIN Iy4YOK NAPAJLJIebHBIX NPAMBIX JTUHHI.
Ho B mpenenax nuaaMuaHOTr0o(0€CKOHEUHOCTD HEJb3sI OCTAHOBUTD) yrila ((p#const) mapaieabHOCTH,
IIy4OK MPSIMBIX JIMHUH TOXKE HE NepecekaeT npsamyro auHuio AC Ha 6eckoHeyHOCTU. DTO peanbHoe (X-),
BJ10J1b OcH (X), MPOCTPAHCTBO AUHAMUYHOIO My4YKa MPSAMBIX JIMHUNA, KOTOPOTO Mbl HE BUJIUM B
EBxiinioBoM nmpoctpanctse. IMEHHO 3/1€Ch BBOAUTCS HOBOE (PYH/IaMEHTaIbHOE MIPEICTABICHUE O
JUHAMHYHOM MPOCTPAHCTBE MMy4Ka MapajuielbHbIX NpAMbIX TUHUHA. Takoe nuHamuuHoe (X-)
MIPOCTPAHCTBO NapaUIEIbHBIX JIMHUI — TPaeKTOpUid, CBOJAUT Ha HET EBKIIN0BOE MPOCTPAHCTBO HA
IpeieNbHbIX Yriax napamienbHoctd  @(X-) B kaxaoit ocu (XYZ). B 2-mepHOM npocTpaHCTBeE,
HyJeBKoH yrou napaienbHocty (¢=0) mns (X-) u (Y-) nuuuit, naet EBKIuoBbie npsiMble TUHUH.
B npenensHOM ciydae HyneBoro yria napamienbHoctu (¢ = 0) B Kax 10l ocH, AMHAMUYHOE
IIPOCTPAHCTBO-MaTepUs NEPEXOIUT B EBKIMI0BOE IPOCTPAHCTBO, KaK YAaCTHBIN citydall. DTo riryOoKkue
Y IPUHLUINHAATIbHbIE U3MEHEHUS! CaMOM TEXHOJIOI'MU TEOPETUUECKUX UCCIIEJOBaHUl, KOTOphIE
(dbopMUpYIOT HalIM MpecTaBlieHus 00 okpyxaromeM Mupe. Kak Buaum, B EBKIIMI0BOM IIpecTaBIeHUN
IIPOCTPAHCTBA, Mbl MHOTOT'O HE BCE BUJIUM. OTH MPOOJIEMbI PEIIAIOTCS B JMHAMUYHOM IIPOCTPAHCTBE-
MaTepUMu Ha m —n CXOAUMOCTU cdep-Touek, Ha ux (X-) L (Y—) Tpaekropusx B equHoM (X +=1Y-) ,

(X -=Y+) npoctpanctBe-matepuu (puc. 1.1; 1.4).

Puc 1.4.. 7uHaMHYHOE M €BKJIUI0BOE MPOCTPAHCTBO .
@ukcanys BO BpEMEHU JUHAMUYHOTO YIJIa TapaJuIeIbHOCTH, 1aeT EBKIMAOBYIO aKCHOMATUKY
npocTpaHcTBa-BpeMeHu. OTH (¢ # 0) = const u (¢ = 0) yacTHbIe ciiydyau EBKINI0BOM akCHOMaTUKH,

JTUHAMHAYHOTO (qo #* const) IIPOCTPAHCTBA-MAaTEPHH, JIEKAT B OCHOBE BCEX COBPEMEHHBIX TCOPHH.
2.EquHoe npeacTaBjieHle BCero NMpOCTPAHCTBA-MATEPHM.
JluHaMH4YHOE MPOCTPAHCTBO 3TO (hopMa MaTEpUH, IOITOMY TaAKHE HEEBKIIHIOBbIE
reOMEeTPUUECKHUE CBOMCTBA MPOCTPAHCTBA, COOTBETCTBYIOT (PM3NUYECKUM CBOiicTBaM marepuu. Mcxonsa
13 YKa3aHHbIX aKCHOM JUHAMUYHOTO NMPOCTPAHCTBA-MATEPUU, UMEIOT MECTO MOCTYIAThl (PU3NUECKUX

CBOWCTB MAaTE€pUH, KAK HEEBKJIMJIOBBIX T€OMETPUYECKUX CBOMCTB.
MHOCTYJIATHI

1. Tlpunumas daxr guaamuuanoit cdepsr (R(X —);'-j?x,) Kak roJie BeceneHHoit, B 3TOM mosie
BbIIENseTcs cucteMa koopaunar 0J1;(m) cxomumoctu kBanTos (X1), (Y+),(X1),...

AVHAMHUYHOTI'O IIPOCTPAaHCTBA-MATCPUH.



B takom nosie BeesieHHOM HMEIOT MecTo MaccoBble Tpaekrtopun (Y —) = (ej..e”..yi)nm
(X =) = (pf..p*..v{") Bemecrna, a reoMeTpUUECKIE CBONCTBA AHTHBEIIECTBA, JAIOT
CTpyKTypHBIe DOPMBI BEIIECTBA, B BUAEC MOIEIH MPOIYKTOB aHHUT UIISIIAN

nporona (X+=p*) = (Y— =y )X+=v;)(Y—=y{), u ananoruuno

snekrpona (Y+=e7) = X—=v. ) (Y+=yH)X—=v;),

s (OJ1) ypoBHs HenenmuMbIX kBaHToB (p*, ™, Vi, ¥y, Ve, v*), BemunoMm (X—=Y+),
(X+= Y —) npoctpaHcTBe-MaTEpHH.

B maccoBeix (Y— = X+) nonsix, usmenenue kpuBu3ubl p(X +) 1oJist rpaBUTAIMN, MEHSET
nepuonst (T) IMHAMUKY KBAaHTOBBIX TpaekTopuit (Y —) = (ej..e™..¥; ) , IO KOTOpBIM
u3MepsroT, X0 BpeMenu (t = N * T). Peub 0 emuHOM mpocTpaHcTBEHHO (X+=Y-) BpeMEHHOM
KOHTHHYYME.

Ucxons n3 HOJI=K3(m)K3(n)=1, HEeBKINTOBOTO AMHAMUYHOTO TIPOCTPAHCTBA-MATEPHH, B
cucteme koopaunar 0J1;(m) cxoauMOCTH, UMEIOT MECTO OOBEKTHI R;; (1) CHHIYJIAPHOCTH,

KOTOPBIE HE NPOABIISAIOT ce0s B apyrux O6mnactsax Jlokanmuzanmu O0J1;,; wim OJ1;, 1 HEAETMMBIX
kBaHTOB (X1), (Y+),(X1),... mpocrpancta-marepun. Takux o6bexToB Rj; (1)
CUHTYISPHOCTH (HeBHAUMBIX), B OJI;;(m) cucTreme KOOpAMHAT, MOXKET ObITH MHOKECTBO.

a. 0O0BEKTHI Rj; (M) CUHTYIAPHOCTH B MACCOBBIX HOJIAX HOHZm(p j)m(vi) =1, wwm
HOHZm(ej)m(yi) =1,j=123..., i=1,2,3..., Bxmouaror B ceds OJI; ypoBeHb
HeJIeMMBIX KBaHTOB (p*, e™, Vi, Vg, Ve, ¥'), HalluX aTOMOB,

b. B OJI; — ypoBHe HeleMMBIX KBaHTOB (p¥, €™, Vi, V5, Vo, ¥'), H3BECTHBIX HAM
aTOMOB U MOJIEKYJI, Mbl He BuuM kBaHThl OJ1, OJI_;, OJI_,... dusudeckoro Bakyyma,
nnu kBaHTel OJ1,, OJ15, OJI,... ypoBHEMH siapa 3BE3/1, TANAKTHK. .. , HO Mbl MOYKEM BUIEThH
kpuBu3Hy Tpaekropuii (Y— = y) doronos B p(X+) moJje rpaBuTaiu HapuMep, sapa
3BE3/IBI.

Junamuka equaoro (X—=Y+), (X+= Y—) npocrpancra-marepuu u ero (X1), (Y+)
kBaHTOB Ha (X-) wiu (Y-) TpaeKTopusix, puKcupyercs B GrU3NIECKOM BaKyyMe, HEBUAUMBIX HAM
kBaHTOB 0J1y, OJI_4, OJI_,... ypoBHEN IPOCTPAHCTBA-MATEPHUH, B BBIJICTICHHBIX HAIIPaBJICHUAX
(XYZ) EBxknunoBoro npoctpanctBa — Bpement (t=N*T). Kpurtepun Osomroruu (K3J),
dbopmupytorcs B mpoctpancTse (K VT TV) ckopocreit as (N=1), B Bune HOJI=Wvi=1,
00BEKTOB Rj; (1) CUHIYIAPHOCTH, WU €;€) = iy -

B takoii (Y=K*V)(X=T V) cucreme koopmunar scex Kpurepuen Ipomomnu (K3), Bo BTopom
kBaapanre (Y=K tV)(X=T ") mHOromepHoro npocrpancTsa ckopocreii, MOYKHO BBIIECIIATH
ckopocts (W=K*1T 1), yckopenne (b=K *1T ~?), norenunan (I1 = IT(—z = W?), maccy (m = IIK)
i 3apsa (q = 1K), mnotHoCcTs (p) 3apsnoBwix q(X—= Y +) wim maccoBeix m(Y— = X+)
noJielt B Bune: (p = % = Tiz =v?),uT.a Ux nunamuka B (R(X — j'-j?x,) noJie Beenennoi, ¢
0JI;;(m) cucremoii koopauHart, ¢ (A) mmmnoi Boansl U (T) NepHoJOM IMHAMUKU KBAHTOB

(X1), (Y ¥) ... npocTpaHCcTBa-MaTEpPUH, UMEET BHL:

a. MX-)E% * p(X-)25 =b(X-), yexopenme b(X—=Y +) =7, A(¥-)25 *
p(Y=)i2%, =b;;(Y=), yckopenne b(Y— =X 4) = %

b. Xon Bpemenu onpenensercs (t = N * T) muramukoit meproaos (T) ucxoms u3

_ . 1

OTHOCHUTENBHBIX (j — i) ToTHOCTEH (p = T—), KaK OTHOCHTEJIHOTO TIEPHO/Ia TUHAMUKH
ji

1 - . N -
T = 77 » KBAHTOB (X1), (Y ¥), ¢ pasimunoii (1) qmuuoit Bosesl. B AM(X—)' - 0,
1
U3UYECKOM Bakyyme, ¢ nepuojgaMu T;(X—) = ——=—= — 0 nqunamuku B HOJI =
b yyme, ¢ mep i(X-) = =52

1

to= 1, name (OJI;-ypoBHs) Bpems t — 0, 3aMmemsisieTcs 10 HyJIsl OTHOCUTEIBHO
O0JI;(X—) ypoBHs ¢usmueckoro Bakyyma. Ml Hao0opoT, Ipw JBMKCHHUH Ha
OeckoneuHocTh A(X—); — oo mons Beenennoi, name Bpems (t) ¢ mepuonamu



JTMHAMHKH Qu3HuecKoro Bakyyma, T;(X—) = — 0o, Oyner umThes (t = N *

_r
T — o0) GECKOHEYHO JI0JITO.

VIHEIMHE CIIOBaMH, ABHTasCh Briyob A(X—)" — 0, dusmueckoro Bakyyma u3 (OJI;) ypoBHs

HAIIUX aTOMOB M MOJICKYJI, MBI YIIHPaeMCsl B «TBepoe THO» p; (X—) — 0o, ¢ 3amMeIeHneM

BpeMeHH Halel 1uHaMuku 110 vy (¢ — 0). Hao6opot, nBuratscsi B 06CKOHEUHYIO Jallb

(A(X—); — =), mons Beenennoi, mut Oynem (t = N * T — 00) GeCKOHEUHO J051T0. 3/1€Ch
(MX—)i2%,) osnauaer (M(X—)" — 0), u A(X—); — ).

7. Omnpexpenumces ¢ Maccoit HenenuMbix kBautoB OJI;- yposus, npotona p(X+) ue(Y F)
anekTpona. [lo cyru 3to paznuunasie Macchl ¢ (X+)nosem CB-I'B, CunsHoro u
['paBuranronHoro BzanmopeiictBus u MmaccoBbiMu (Y-) Tpackropusmu (Y — = e), B eiuHOM
rpaBut (X+=Y-) MaccoBom noJe. MHaue roBops ecth My (p; ... V;) Maccel ¥ My (€ ...¥;) Macchl
R;;(n) o6nexroB B 0JI;(m) cucreme KoopauHaT. Pa3innyunble Maccel, HapUMEp MIPOTOHA M
AJIEKTPOHA, HAXOATCS B €AMHBIX I'paBUT(X+=Y -)MaccoBbIX, AEeKTPO(Y+=X-)MarHUTHBIX MOJISIX
B3aUMO/JICHCTBUS, 0€3 BCSIKOro ooMeHa (pOTOHAMHU B 3apsJ0BOM B3aUMOJEHCTBUH NIPOTOHA U
anekTpoHa. [IpoToH He MOXKET U3y4yaTh GOTOH.

8. AktyanbHbIM ecTh ABHKeHUs1 CTpykTypHbIX @opM (CP) namero OJI;-ypoBHsS aTOMOB U
monexyd, Baoab 0JI;;(m) cucremsl koopaunar. [lepexons na apyrue (X-) u (Y-) Tpaekropun,
apyrux OJI; unu OJI; @usnueckoro Bakyyma, Mbl MEHsIEM COOCTBEHHBIE IEPUO/IbI JUHAMUKH, &
paBHO U COOCTBEHHOE BPEMs TUHAMUKH JABUrasich Bo BceneHHoil.

2.1. Ennnbie Kpurepun JBo/II0LUM NPOCTPAHCTBA-MATEPHH.
Bce Kputepun OBonronuu AHHaAMUYHOTO MIPOCTPAHCTBA-MaTEePUH,

N
K
(I [ T T 6
| | |E | | Is
T 1 L YT 1 14
I REEEEEE
I
LT
T
= | R 2
-N
K

Puc.2.1. Kputepuu JBo/1101IMH B IPOCTPAHCTBE-BpPeMEHH.
chopMUpOBaHbl B MHOTOMEPHOM Ha (m-n) CXOJAUMOCTSX, IPOCTPAHCTBE — BPEMEHH, KaK B
MHOrOMepHOM mpoctpancTse ckopocteit: W =K ™NT™. 3necs wra (N=1), V=K T ckopocts, W =I1
notennuman, I1°=F cura. .., 2-ro kBaapanTa. Mx npoexuust Ha koopmunatroe (K) min Bpemennoe (T)
npoctpaHcTBo-Bpems narot: 3apsan [IK=q( Y+ =X -) B anextpo ( Y+ =X -) MarHUTHBIX MOJISIX, WIN
maccy IIK=m(X+=Y-) B rpasut (X+=Y-) MaccoBbix mosix, suepruto E=IT’K, nmmyisc (p=IT"T),
neiictue ( h=IT°’KT), u T.11., eauHoro mpocrpanctsa- Marepun HOJI= (X+=Y-) ( Y+ =X -) =1. Besikoe
ypaBHEHHUE CBOAUTCS K 3TuM Kputepusim DBoaronuu B WN=KNT™N, [IPOCTPAHCTBE-BPEMEHU.
2.2. daektpo (Y+ =X -) MarHuTHbIe ¥ TPpaBUT (X+=Y-) MaccoBbIe MoJIf.
B emmrom (X+=Y-) ( Y+ =X -) =1, mpOCTPaHCTB - MATEPHH, BEIBOATCS ypaBHeHHst Makcemia' st
s1ektpo (Y+ =X -) MarHUTHOrO MOJISL. Buyrpu tenecunoro yria @, (X—) # 0 napamrensnoctu ectb
U30TPOITHOE HaNpsKEHHE NO0TOKa A, KoMIoHeHT (CMUPHOB, T.2, ¢.234). IomHBIA IOTOK BUXPS Yepes

cexymryro nmosepxuocts S, (X—) B Buze:

[[rot,dds, = [ L2050t ar + [ a,ds,.
S, S



A, KOMIIOHEHTa COOTBETCTBYET IyuKy (X —)mapasuienbHblx TpaekTopuil. OHa ecTh KacaTeabHOU

BJIOJIb 3aMKHYTOM KpuBoii L, B moBepxnoctu S,,rme S, LS, u L, L L. Ananoruuno, cneayer

COOTHOLICHUE: I AdL, = I I rot, das,.
; CoSQ,,
\\\ Am
\
I'|I‘/ L~ B
;"'&--EZ | 3
.'l 1
/ (Y-
JJI.;

Puc. 2.2-1. ssexktpo(Y+= X—)maruutnsle u rpaBut(X+= Y—)maccoBble moJs.
Buyrpu tenecuoro yrina @, (X—) # 0 napamienbHOCTH BBINONHAETCS YCIOBUE

[fron, pome-ass [ Graaar =0= [ 4.ty

B nenom ecteb cucreMa ypaBHEHUN JUHAMUKH (X -= Y+) IOJsA

”rotAdS ”‘XA [cospy) La’T+”Aa’S

”rot cos0, :—”—dL dT , I/It[J'Ama’S2 =0.

B Esximnnosoit ¢, =0 akcuomaruke, NpMHUMAst HAIPSHKEHHUE MOTOKA BEKTOPHBIX KOMIIOHEHT
KaK HallpsyKeHHe 3JIEKTpUYecKoro nond A, /cos@, = E(Y+) U MHIYKTUBHOM NPOEKUUH IS

HEHYJIeBOTO yriia @, # 0, Kak HHAYKIUM MarHUTHOTO B(X —) MoJis, nMeeM

jj rot, B(X-)dS, jj E(Y W) ir ar + UE(Y+)dS

OB(X—
Urot E(Y+)dS, = U(—)dL dT', B ycnoBusx ” 4,dS,=0= {)B(X—)sz.
2 LZ
ypaBHEeHUs MakcBeia.
c*rot, BOY=) =&, LD L By e*rot, E(Y4) = - % .

NHnyknus BUXpPEBOr0 MArHUTHOTO NOJIsI B( X —) BO3HUKAET B IEPEMEHHOM JJIEKTPUUECKOM
E(Y+)1none u Ha000poT.

JUJis He3aMKHYTOTO KOHTYpa L, €CTh COOTHOIIEHHS jAnsz = J‘ A dS, # 0 KoMIIOHEHT. B

LZ SZ
YCIIOBHSIX OPTOTOHAIBHOCTH KOMIOHEHT A, | A Bektopa A, B HEHYIEBBIX, IWHAMHYHBIX
(qu * const) " (qDY * const) yIJlax napauienbHocTH, Acos@, L (4, = A, cos¢@, ), eCTb JUHAMUKA
(A, cosp, = A,) KOMIIOHEHTHI BAOJIb KOHTYpa L, B moBepxHoct S

O6a COOTHOIIECHHS MPEICTABIIAIOTCS B ITOJTHOM BHJIE.

A, cosput = | AL i ar + [[4.as.




HyeBoii oTOK 4epe3 MoBepXHOCTh S, BUXps (rof, A, ) BHE TENECHOTO yria (qoy #* const)
[apajyIeIbBHOCTU COOTBETCTBYET YCIOBUAM

[[rot,4,ds, + [ %A;;dLIdT = 0= [[4,(Y-)ds,.
S

B nenom cucrema ypaBHenuit qtuHaMuku (Y- = X + ) MOJIA IPEACTABIISIETCS B BUJIE:

[[ror. 4.y, =] ALLENTCP) i ar + [ 4.as:

m=—"m

n-"m

HrotA (X+)dS, _—H'"—deT [[4,(r-)ds, =o0.

BBojs o ananorun HanpsikeHHOCTh G (X +) nouis CuiibHoro (I'paButanmonnoro) Bzaumoaeiictust u
MHIYKIUIO MaccoBOro nosist M (Y—), nojiyduM aHaJIOrU4yHO:

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

Urot G(X+)dS, _—UaM(Y ) 4L dT, npu ﬂ A (Y=)dS, =0 = §M(Y )dL, .

TaKHe YpaBHEHUSI COOTBETCTBYIOT I'PaBUT (X + = Y-) MaCCOBBIM HOJISIM,

aG(X+) oM(Y-)

+ 2,G(X+), cxrotyGX+) = —u, el

10 AHAJIOTUU C YPAaBHEHUSAMHU MaKCBenna s 31eKTpo (Y + = X-) MarHUTHBIX NoJiel. 31ech

c*xrotyM(Y =) = —

Hpe/cTaBiieHa enHas MaTeEMaTHIeCKash HCTUHA TaKUX MOJIEH B €JMHOM, JUHAMHUYHOM IIPOCTPAHCTBE-
MaTrepuu.

Takum 06pasom, noBopoTsl rot,B(X —) nrot,M(Y —) tpaexropuii, nator quaamuky E'(Y+) n
G'(X+) cunosoro snekrpudeckoro (Y+) u rpasutanonnoro (X +) mosei, coOTBETCTBEHHO. A
nosopothl (Y+) moneii Boxpyr (X —) tpaexropuii u (X +) noxneii Bokpyr (Y —) Tpaekropuii, naror
muHaMuKy 10t E(Y +) — B'(X—), m nunamuky rot,G(X +) — M'(Y—) MaccoBBIX TPacKTOPHIi.

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

(Y-)
(Y+H)=(X-) (Y-)=(X+)
Y-)A (X+
X-)

A7 T\

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

\( IJ

N . O
}t/\ (llY-
\|/

Puc.2.2-2. Enunble 10JIs1 IPOCTPAHCTBA-MAaTEPUH
[ToBOpOTHI BOKPYT OCei (z1 22 Z3) nuaroHanbHOM Matpullsl (Koph, c.449)

z1 0 O
0 z2 0] =1, xaxk EBKIMIOBEIX Z; L 7 L 73 oceH
0 0 1z3

B oJisx equnoro (X —) = (Y+) , (Y —) = (X+) npocrpancTBa-Matepuu, NpeaCTaBISIOTCS
COOTBETCTBYIOIIMMH MUHOPAMH MaTPHIIBI COCTOSHUS JMHAMUYHOTO [IPOCTPAHCTBA-MATEPHH.



z1 a(Y+) apz(X+)
a1 (X—) z2 az(Yt) | =
a3 (Y—)  az(X+) z3
_,, z2 azg(Yi)|+ 22 z1 a;3(X+) z1 a;,(Y+)|
as, (X+) z3 az1(Y-) z3 ay; (X-) z2 ’
B COOTBETCTBYIOIUX 3apAnoBbix (Y+= X —)u maccoBbix (X+= Y —) tpaekropuii. [lepBoe ciaraemoe

Z3

ecTh crpykrypHas popma (X+) u (Y ) kBanTOB B (7)) HanpasieHuu, Bropoe 31ektpo (Y+= X —)
MarHUTHBIE TI0JIsI C YPAaBHEHHAMHM JUHAMUKM MakcBela.

OE(Y+ OB(X —
c*rot, BOY=) =&, LD L By e*rot, E(Y4) = - %.
U1 rpasut (X+=Y —) MaccoBbl€ 10JIs, ¢ COOTBETCTBYIONIMMH YPABHEHUAMHU JHHAMUKH
c*xroty,M(Y —) = —¢, aGa()TH) + 2,G(X+), cxrotyGX+)=—u, % ,

B ukcupyemoM z; L (X-) L (Y-) mpocrpancrse-marepu. JUis eAMHUYHBIX MacC M, = 1, win m, =1
Henenumpix kantoB HOJI=1, ¢ 3apsgom q = (my = 1) * (a = 13%) *(G =6,67+1078) =48+%
1071°, 3necs a; j = COS® KOCHHYCHI TIPEJIENBHBIX YIJIOB MAPAUIENLHOCTH COS (¢ (y_ymax ) = 5705 Y

cos(px—ymax ) = VG ,rne G = 6.67 * 1078, rpaBuTALHOHHAS TOCTOSHHASL.

2.3. CBs3b aKCMOMATHKHU AUHAMUYHOTO0 U EBKiIMI0BOrO mpocTpancTaa.
(X-) u (Y-) TpaekTOpUHU NPEACTABISIOTCS POCTPAHCTBOM CKOpocTel  V(X) KOMIUIEKCHOTO
npocTpancTBa EBKIMI0BON akcMOMaTHKU To4eK U JimHUA. Cropoctu: iv(X) sing=

vy/ (+sing) (—sing), wm v(X)= v(cosp+i sing)= ve'’. 3xech (¢=wy t), yros napantensHoOCTH. B

ycnoBusx JlokansHoit UuBapuantaoctu (JIN), ans HOHZCh(%)(XﬂCOS (@)(X-)=1, 9#90°, mpu =0,
X
(Y0—>oo
PenstuBucrckas auHamuka B rpynne JlopeHua, ¢ moBopotamu B (pukcrpoBaHHOM mockocTy (YZ)
Kpyra npu nepexojie u3 2 B Touky 3 nuHuu (X-) Tpaektopuu, no ycnosusim JIW, conpoBoxaaercs

cos (p)=1, umeem ch(YLO)Zl, ch(XY—zoo)zl, uu ch )=1, EBkiinioBoii cdepsi () paguyca.

X
peoOpa3oBaHUsIMK TUIEPOOINYECKOTO IBUKEHUS ch(Y—O)(X+) 1oJisg KBaHTa (X+), B JaHHOM CIIy4ae.

W)
\“+vtf}{) sing

v(X) cos©

Vs

- V(X) sing
W)

Puc. 2.3 Enunoe npeacrabjieHue ITMHAMUKH

Jis (£y) BonHoBoM (Y=Y-Yo) QyHKIIUHY, (iwz\/m), MOJIy4UM IIpeoOpa3oBaHUs
iye®* el®t=jye* ot g (X+). [IpocTpaHCTBO CKOPOCTEH THHNHM - TpaekTopuu (X-) =v(X)= v(cos ¢+i
sin @), B 9KcTpeMalIsax mpeodpaszoBanuii pu (t=0) wm (ax = YLO = (), IaroT HYJIEBOM yroJ
napauieabHOCTH (@ = ax + iwt = 0), To ectb EBKHA0BYI0 0Ch (X).

VE(Y—) _ N — —L
v cose(Y=) =a= 137’ (Y1), amamoruvno

cos @ (X—) = /G, (X+) xBauTa, IpefeabHbIX (ax) YITIOB.

VYpaBHeHHE TEpEMEHHbBIX aCUMIITOT runepoosnsl YX=1, y=y'x, c (y#const) gaet (y '#0),
ypaBHeHHs: y=Yy 'X. Takue ypaBHEHHS UMEIOT PEUICHUs ypaBHEeHUs Jnpaka, ¢ yka3aHHBIM CIIOCOOOM
BBEJICHHS KaJTMOPOBOYHBIX TOJIEH M CKATSIPHBIX 0030HOB. [ 'HriepOoist

B skcrpemaiisix, 3 COOTHOIIEHUM



HOJI= K3(X -=Y +)K3(Y -=X +) =1, nepemennbix acumnrort, wiu HOJI = KQ(m)KQ(n) =1,8
aKCHOMaX IMHAMHYHOTO POCTPAHCTBA-MaTEPHHL.
2.4. IIpeacTaBiieHne OCHOBHBIX YPaBHEHHil B AIMHHAMHYHOM NPOCTPAHCTBE-MaTEPHH.
s (X +) kBanTa AMHAMIYHOrO POCTPAHCTBA-MATEPHH, AMHAMIKA KBaHToBOro (X +) moms
B3aMMO/ICHCTBHSI, XapakTepu3yercsi B EBKinmioBoM mpocTpancTBe-BpeMenn K, mpoexuueil pamimyca
2

kpuBH3Hbl K =— (CMupHOB, T.1, cTp. 186) pukcupoBanHO chepbl, KacaTeIbHONH BHYTPH TEICCHOTO
0

yrila mapamieIbHOCTH @y (X —) TPaeKTOpHH B JaHHOM ciydae. Dta K, mpoekmus pamuyca K,
aBisgercs QyHKIUEeH ypaBHEHUH TMHAMUKH.

X X X X
Y| v —+ 1\ v X X
Y:Kyz?o el ye , EeYu+e Yy =ch—zexp[7} YO>O,X:0,Y:YO,

0 0

2 2
1+(Y’)2=££J , Y”=L2, K:(iy) ) Y=KY=Kcosqu(X—)zKexp[i£j,
7 Y, 7,

rae K - paguyc KpUBU3HBI (X —) TPAeKTOpUHU (X i). [Ipu 3ToM ¥ - GyHKIMST XapaKTepU3YeT TOJIbKO

, Y,—>0, *w==Y, KBaHTOBOIO (X +) II0JIST B3aUMOJICHCTBHUS TN

nuHamuKy Ty, =i"Y—YO
(X —) TPAEKTOPUU B IIpeJesax @, (X —) # CONst, yria napauieabHocTu. Yeiosus ¢, = 0°, nawor
Y=Y,, w=0.Takyro QyHKIHIO Ha3bIBAIOT BOJIHOBOI (PyHKIMEN cOCTOSAHUS AMHAMUYHBIX Kpurepres
DBOJIIOLMU KBAHTA (X i), KaK HEOIIPeJIeIEHHOCTh PAaBHO NapaJlJIe/IbHBIX JIUHUH Ha (X —) TPaeKTOpUHU.

(G208

0

Ananoruu st (Y i) KBaHTa mpocTpaHcTBa-Marepuu. C 01HOIM CcTOpOoHBI npoekus K =

paauyca KpUBU3HBI (X —) TPAaeKTOpPUU KBaHTA (X i) JUHAMHAYHOTO ITPOCTPAHCTBA-MATEPUU B BHJIE

X .
K,=Y= YOCh? , SIBJISIETCS pereHneM nudhepeHInanbHOT0 YpaBHEHUSI TMHAMUKA JEHCTBUTEILHOTO

0
1 Y X X
Y'-| = V=0, — =ch— ~exp| — |.
¥ Y, Y, Y,

C apyroii croponst ipoekiust ¥ =K, =K cosa, (X —) (UKCUPOBAaHHBIX eIMHUYHBIX (K =1) -

aprymeHnra X,

paguycoB KPUBH3HBI (X —) TPAEeKTOPUU KBAHTA (X i) SIBJISIETCS] PEILICHUEM YPAaBHEHUSI TMHAMUKH yXKe
MHHMMOI'O apryMeHTa,

1 K X
Y'+| — V=0, Y=Kcosa, =—|e" +e " |~ Kexp|i—|.
Y; 2 Y,
IIpyHMMas HavabHbBIE YCIOBHS HYJIEBOIO yIJIa MAPAJJICIIBHOCTH @, = 0°, B EBKit0BOM
MPOCTPAHCTBE MMEET MECTO COOTHOIIEHHE ¥ = K cos 0° = K = Y, . Besaxoe (bMKCUPOBAHHOE HEHYJIEBOE

3HAYEHME yIJia napauieibHocTu (@, # 0°) = const , B EBKIMI0BOI akCMOMATHKE, IPH HATHYHMK

1/i+X - X)=ix , IPUHIAITA HEONPEISICHHOCTH TUHAMHYHOM (Y =Y —) TPAeKTOPHH, JIaeT e
(UKCHPOBAaHHOE COCTOSHHE B BHJIE (DYHKIIMH KOMIJIEKCHOTO apryMEHTa,
X
(K, —Yo)=wX(K,T)=wX(K)exp[17j, s Y, = const.
0
B ycnosusix gusnuecknx Kpurepues DBomonun KBaHTa (X i) JAMHAMHYHOTO ITPOCTPAHCTBA-
MaTepHu, UMeEeT MECTO YpaBHEHHUE, Ul PUKCHpOBaHHOU (X =Y) cdepsl,



X 2m(E-V)
—=——=1, K,T)= K )exp| —
2y ) (Ko
Peub uner o BommHoBO# dyHKIMK ogHOMepHOTO ypaBHeHus Llpenunrepa (BK®D,cTp.270), kak o
MaTeMaTHYEeCKUX UCTUHAX B aKCMOMaXxX IMHAMHUYHOTO MPOCTpPaHCTBAa-MaTEpPHUH.
n oo’
-———y X, T)=(E-V X,T).
P X T)=(EV (XT)
Takue e COOTHOIIEHUS BOJTHOBOM (PyHKIIMU Y/ (K T ) B ypaBHenuu lllpenunrepa, UMEIOT KBaHTHI

—=(E-V),

iET h*
)48
2m

(Y i) JMHAMUYHOTO IIPOCTPAHCTBA-MATEPHUH, YXKE B IIpeJiesiax JUHAMUYHOIO YIila MapajuleIbHOCTH
qu(Y —) TPAEKTOPUH, C KBAHTOBBIM JJIEKTPHUUECKUM (Y +) I0JIEM B3aUMO/ICHCTBHS,

+y, (K.T)=4X-X|.

Takum o6pazom, tuHamuka Kpureprues DBoaronnu (X i) u (Y i) KBAHTOB JJMHAMUYHOI'O
IPOCTPAHCTBA-MATEPUH, B YCIOBHAX OECKOHEYHO MAJIBIX MX JUHAMHYHBIX cep-Todek X, —0 u

Y, > 0, cBOOMTCSA K JMHAMHUKE UX BOJHOBBIX QYyHKIMH Y/ (K T ) uvy, (K T ) Dusnueckuii CMBICHI
TaKUX BOJIHOBBIX (YHKIIMH , yI0BiIETBOpstoUUX ypaBHeHUsaAM Lllpenunrepa, cBOAUTCSA K MEX
HKCTPEMAIILHOMY COCTOSHHIO (pukcupoBaHHbIX Kputepues OBoionun (X +) u (Y +) HOJIEH
B3aUMO/JICHCTBUS KBAaHTOB (X i) " (Y i) JUHAMHYHOTO MPOCTPAHCTBA-MaTEepUH, B Ipeeax ux
COOCTBEHHBIX JUHAMMYHBIX YIJIOB NapaJUIEIbHOCTU (@) (X —) " qu(Y —) TpaeKTOpuil.

ITpn OGeckoHedHO MabIX paguycax chep-rouek Y, — 0 B JaHHOM Cily4ae, IPOECKIUH IOBOPOTOB
Y BO BPEMEHHOM IIPOCTPAHCTBE BOJHOBOM (DYHKIIMH,

v, =(Y=K,)-(¥, >0), HOJ=o(X-=Y+T(X+=Y-)=1
B (DMKCHPOBAHHOM Kpyre x°, ¢ CONpUKacaroleiicss runep6oa0i GMKCHPOBAHHOM aCHMIITOTHI,
cooTBeTCTBYIOT rpymme Jlopenna (B.Ilaymu, ctp. 99, 105), B Buze,
X, =X, cosy + X, siny X, =X, chop+ X sho

= 2

X,=-X,siny + X, cosy )?4=—X1shqo+X4chq0.

2

B nponecce AuHaMUKy yria napauieabHOCTH d (X —) TPaeKTOPUU KBaHTa (X i)
JMHAMHYHOTO MPOCTPAaHCTBA-MaTepuu (puUC. 2), TOUKa MepeceyeHus KacaTeIbHON K (X —) TPaeKTOPUU C
EBxnupoBoi ocero X , cMmemaercs BA0JIb 3ToU ocu. [Ipu 3TomM coxpaHseTcss KoBapHaHTHAs JMHAMHUKA
BOJIHOBOM (yHKIMHU B rpymnine JlopeHua, npu cMeleHuu BIoIb (X =X —) TPAeKTOPUU TPYIIIIbI
[lyankape.

, KBaHTa (X i)

2 2
1+(Y') =[£J , 1=[Y£J —(r'y, (YzKy)zl// anst Y, = const,
0

B TEXHOJIOTMH IMHAMUYHBIX akcHoM-¢akToB umeer Mecto Henennmas O6nacts Jlokanuzanuu KBaHTa

B ycnoBusiXx THHAMUKH BOJHOBO#M GyHKIMU T/, = i"Y -¥,

(X i) JAHAMHAYHOTO IIPOCTPAHCTBA-MaTEPUH,
HOMT =iy + X (X+=Y )y - L (X-=7+)=1.
Y, Y
JI1st 3aMKHYTOM CUCTEMBI KOOPJMHAT, TEJIECHOTO YIJIa apaJUIEIbHOCTH @, (X —) TPAaeKTOpUI KBaHTa
(X i) IIPOCTPAHCTBA-MAaTEPHUU KBAHTA, B EBKIMI0BON aKCMOMATHKE HYJIEBOIO yIJIa MapaJlIeIbBHOCTH

O, (X —) =0", Bce KpuTepuy DBOIIOLUM TAKOTO YIila NapailelbHOCTH TOKE PaBHbI HyIl0. B 1aHHOM
cllydae UMEIOT MECTO coOTHoIeHus Takux Kpurepues DBosnonuu,

{ . v , W 0
ily'——|=0, ==, W  ——=
["” Yoj Y, o1

=<



B yCnoBusIX IPUHIMIIA HEOTIPEAETEHHOCTH [ = /(W )(—) Bpemennoro (X — = icT) IpoCTpaHCTBa,

ero CPT -cuMMETpuU, TAE i® :% onpenenser C -3apsaz, a (1w, =i‘Y —Y,|), npocrpancTBennyio P

-CHMMETPHIO, Ha (X —) TPAacKTOPUU KBAHTa (X i) IIPOCTPAHCTBAa-MaTepUH KBAaHTa, €CTh UX
COOTHOLICHHUS KaK MATEMATHUYCCKUC NCTUHBI AMHAMHWYHBIX AKCHUOM. I[J'ISI EBKJ’H/II[OBOI71 AKCUOMAaTHUKU
HYJIEBOTO YyIJla MapaJlIeIbHOCTH @, (X —) =0, B BUTE,

! H’ iz_ﬁ’ i O_W=HW, @:_L(nH—Hn),

T n oT ih oT oT ih
MareMmatndeckux uctuH ypasHenuii Llpenunrepa u I'eiizendepra (I1.Jupak, c. 83-88). 3neck He
00CYXIaeTCsl X JOCTATOYHO TITyOOKHI (PU3MUECKHIT CMBICIL.

I[Tepexonnoe cocrostnue Kpureprues DBOMONNYT KBAHTOB (X i) WITH (Y i) JAUHAMHYIHOTO
MIPOCTPaHCTBa-MaTEPHH, B IIPEIEIax UX COOCTBEHHBIX JMHAMUYHBIX YIJIOB MApPAJIEILHOCTH (@) (X —)

I qDY(Y —) TPaeKTOpPUH, COOTBETCTBYET MaTPULIaM HAYaIbHOI'O U KOHEYHOT'O COCTOSIHUS, OIlepaTopam

pokJIeHUs M yHUUTOXeHUs ux Kpureprues DBoonMH, ¢ UX HEU3MEHHBIMU SKCTPEMAIISIMU B
I'mo6anpHOM UHBapuanTHocTu. [lpu 3TOM nepexojHOE COCTOSIHUE B ONlepaTopax KOOPAUHATHOTO U
BPEMEHHOTO IMPOCTPAHCTBA B 3AKPBITOM CUCTEME HYJIEBBIX YIJIOB MapauieIbHOCTH (¢ = 0), B

EBKIMI0BON aKCHOMATHKE, COOTBETCTBYET OIIEPATOPHOMY ITPEACTABICHUIO YPABHEHNUN TUHAMUKHU

BOJIHOBOM (pyHKLIMH
n) o )
H=|— —, E:h—’ E_H :O
2m )oK* l oT ( )W

NamunbroHnan H COOTBETCTBYET YPaBHEHMIO DHHIITEHHA B UMITYJIbCHOM IPEICTaBICHUU

£:W, E=,/p,2<+m2c2 ,  YpaBHEHUS (E—H)wz().
c

C

. H
KBanpatHblii KOpeHb raMUIIbTOHHaHa — , OepeTcs B aredpe KBaTepHUOHOB B CTPOTHUX
c

Maremarndeckux nuctunax (Kopw, ctp. 449).

b12<=1,2,3 =1, by =1, byb, =b,by =0,

E:Jp,z( +m’c? :\/(prK +b4mc)(prK +b4mc) =(b/<P/< +b4mc).
c

VYpaBHeHHE TUHAMUKU BOJIHOBOM (PYHKUMU MPUHUMAET BUJ ypaBHeHUs Jupaxa,

(E_H)W:Oa [W_gj‘// =0, (W_bkpk _b4mc)l// =0,

o o
h(———b, ——)—b =0,
(b ) =bme

rne b ,b, marpunsr upaka (I1. upaxk, ctp. 77), Kak MaTeMaTHYECKON NCTHHBL aIreOphl

KBaTepHUOHOB (DUKCUPOBAHHOU c(epbl, B TEIIECHBIX (@, (X —) yriax napajuleIbHOCTH WM qu(Y —)
TPAeKTOPHUH, C MPUHIIMIIOM HEOTIPEICTICHHOCTH B KaXK1011 EBKIIMI0OBOM OcH chephl Ha 3TUX
TPAEKTOPUSIX.

Peub 0 MaTemMaTHUECKUX UCTHUHAX TEXHOJOTHUU AUHAMUYHBIX aKCMOM, KBaHTOB Henennmbix
Obnacteit Jlokanuzanuu IMHAMUYHOTO IPOCTPAHCTBA-MATEPUH, KOTOPbIE COOTBETCTBYIOT
MaTeMaTU4YE€CKUM MCTHHAM TEXHOJIOTUM KBAaHTOBBIX TeOpHil B EBKIMI0BOM akcnoOMaTHKE IPOCTPAHCTBA-
BpEMEHHU.

2.5. Cransipabie 0030HBI.
JletictBue kBaHTa h = ApAA = FAtAA , 3adukcupoBath B pocTpancTBe AL wim Bo BpeMeHH At

HeNb3s. ITO CBSI3aHO C HEHYJIEBBIM (qo * const) YIJIOM NapaJuIeabHOCTH (X —) unu (Y —) TpaeKTopuu
(X+)mwm (Y+) KBaHTa IPOCTPAHCTBA-MAaTEpUU. ECTh TOJIBKO HEKAsI BEPOATHOCTD JEHCTBHSL.

v o 2
[IpeoGpa3oBanust pelITUBUCTCKON AMHAMUKHI BOJHOBOM ¥ - (DYHKIIMU KBAaHTOBOTO IOJIS C |l//| -



IJIOTHOCTBIO BEPOSATHOCTHU B3aUMOJEHCTBUS B (X +)moJe (puc.3), cooTBeTCTBYIOT I 100anbHO
WNuBapuanTHOU I//(X ) =e "y (X ) , a=const rpynne Jlopenna. Otu npeodpazoBaHus COOTBETCTBYIOT
MOBOPOTaM B TUIOCKOCTH KpyTra S, U pPeISITUBUCTKY - UHBAPUAHTHOMY ypaBHEHUIO Jnpaka.

i;/#alg—(X)—mw(X)zo, u {iyyazT(X)—mt?(X)}=0.

u u

Takass ”YHBApUAHTHOCTH JAET 3aKOHbI COXPAHECHUS B YPaBHCHUAX ABWKEHUA. st
npeoOpa3oBaHuil PENATUBUCTCKON JMHAMHUKA B TUTIEPOOTUIECKOM JABUKEHUH,

y(X)=e i (X),  ch(ax)= %(e“x te ™ )=e™,  a(X)#const,
ALY
A N _._?cfa(ax)
T +V £ Ts
/// /l . 3 ] |
K/ 1o\ a0
;. |K — e ] el | I 1
! \\r':;qu;{ ]
| B \(X-) |, | X=iKT
\\ /Z// e, 1 o i
: ¢ X A b o
S~ &) <
- B

puc 2.4. KBanT(X+) 1MHAMMYHOr0 NPOCTPAHCTBA-MATEPHH.
B ypaBHeHUH [lupaka mosiBIseTCs TOTOJHUTEIBLHOE CllaragMoe.

_ow(x) _ Ba(Xx)_
— - X ——y(X)=0.
{17,1 o, my( )}Hn v (X)
NHBapraHTHOCTH 3aKOHOB COXpaHEHUs HapyleHa. /s uX cOXpaHEHUsT BBOJSATCS
KanuOpoBouHbIe 10J1sl. OHU KOMIIEHCUPYIOT TOTIOJHUTENIBHOE ClIaraéMoe B YpaBHEHHH.
- . OalX : o .
4,(X)= A#(X)+z$, n zy#|:§+zA#(X)}//(X)—mt//(X)=0.

u u

U

Temnepp yxke B Takoe ypaBHEHUE, MTOACTABIISSA 3HAYCHUE I//(X ) = e )l/7 (X ), a(X ) # CONS! BOJTHOBOM

GYHKIMH, TIOJTyYHMM WHBAPHAHTHOE YPABHEHUE PEISITUBUCTCKON TMHAMUKH.

. Oy oy . dalx)_ - . daX)_

iv YA (X =—my =iy Yyiy DY T (X =iy Y =0
Yoz (X —my =iy, x, 7. ax, -y, A, (X)W -iy, x, ¥ —miy

"

a T — _— - J— JE—
i?’#—w—VﬁA#(X)'l/_mWZO, wm iy, iJrl'z‘l,l()()l//—mt//=0.
8x# axy
DT0 ypaBHEHHE MHBAPUAHTHO UCXOJHOMY yPABHEHHIO

iy, {§+ iA, (X)}//(X)— my(X)=0

u

B YCIIOBHSIX Aﬂ(X)=Z”(X),H A#(X):Z (X)+i ,

Hanuuus ckaigproro 6o3ona (y/(+a)(—a) =ia(AX) #0) = const, B npenenax kamuGPOBOYHOTO
(AX) # 0) nons (puc. 3).

Takum oOpa3zoM, cKalsipHble 0030HBI B KATHOPOBOYHBIX MOJIAX, CO3AaHbl HCKYCCTBEHHO, IS
YCTpaHCHHA HEAOCTATKOB TeOpI/II/I OTHOCHUTEILHOCTH B KBAHTOBBIX ITOJISX.
2.6. IIpeoOpa3oBaHusi pPeJATHBUCTCKON JMHAMMKHU.



Henb3s onpenenuts cBoiictBa (X —) wiu (Y—) tpaekropun kBantoB HOJI(X+), (Y+) mpocTpaHcTBa-

MaTepuu, N0 OJHON NPSIMOM, B TMHAMUYHOM ITy4YKEe NapauIeIbHBIX IPSAMbIX JUHUH. DTOT QU3NUECKUi
IIPUHLINAII HEONIPEAEIEHHOCTH /i = ApAA = FAtAA , TMHAA-TPAEKTOPUH B IIPOCTPAHCTBE - BPEMEHU

(AA, At) , KaK QaKT SKCIEepUMEHTA, €CTh aKCHOMOW TUHAMHYHOTO IpOCTpaHcTBa-MaTtepuu. Henb3s npu
5TOM, CHHXPOHHM3HPOBATh PEISTUBUCTCKYIO JMHAMHUKY B PABHOYCKOPEHHOM [h° = const] KpyroBOM WK

FI/IHCp6OJ'H/I‘~ICCKOM JABHUKCHUN.
4

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

3nech, mpeoOpa3oBaHus PENATUBUCTCKON JUHAMUKUA KPYrOBOTO (—) WM TUIEPOOJINYECKOTO (+)
nBUKeHUs B Kinaccuueckoil Teopun OTHOCUTENBHOCTH DHHIITEHHA HEAEHCTBUTENBHBL. B ycioBusx
IIepeMEHHOTO ycKopeHus, [b° # const], Takue IpeoOpa3oBaHKs PEIATUBUCTCKON JUHAMUKY TOXKE
HEJICVICTBUTEIIbHBI.
Y2 +(icT)? =[a® # const] =Y > +(icT)*>.
B 06oux cinyyasx, B KBAaHTOBBIX 0JIX, Kiiaccudeckas CnernuanbHas Teopus OTHOCUTENBHOCTH
(CTO) Ditniureiina HenercTBUuTeNbHA. [IpeoOpa3zoBaHus peIsSTUBUCTCKON TUHAMUKU KPYTOBOIO (+)

WJTU TUTIEPOOTMUECKOTO (—) PaBHOYCKOPEHHOT'O (az = const) JOBUKECHUS,
4
C pa— J—
Y? i(icT)2 =[a2 =b—2=conle=Y2 i(icT)z,

naroT rpeodpazoBanus JIopeHIia KIaCCUYECKON PENITUBUCTCKON JUHAMUKH.

Tabnuna 1 .
a) Equnbie matematnueckue uctunbl CTO nu KTO
Cneuunanbnasi Teopusi KBantoBass Teopuss OtHocurensHoctu (KTO).
OTtHocuteabnoctu (CTO). Cneunanbaas Teopus OTHOCHTETBHOCTH
Kitaccnueckoe npencrasienue: HEJICMCTBUTEIIBHA IIPU YCIOBHUSX:
ot _ _\ 1). e paBHOycKOopeHHOM (a® # const) nBYKEHUH.
2 . 2 2 2 . y
Y i(ch) =|a" =—5=const |=Y" t\icT
b 2). B cuny npunnumna HeonpeaeneHHoctu AY = cAT',
cama HEBO3MOXKHOCTb (PUKCALlUU TOYEK B
(+) 5 IIPOCTPAHCTBE — BPEMEHH, JEIa0T NpeoOpazoBaHus
KpYroBOTO WJTU THIT WYECKOT
pyr 1 CPOOJTHHCECKOTO Jlopeniia 0e3HaIe)KHBIMU.
(—) PaBHOYCKOPEHHOT'O JABH)KCHUS. 3) BonHoBas (yHKIUSA KBaHTa NPUBOJUTCA B
). X=a,X+a,Y, Y=icT, HCXOJIHOE COCTOSIHUE BBOJIOM KaIMOpPOBOYHOIO IOJIs,
B MIPU OTCYTCTBUU PEISATUBUCTCKON TMHAMUKH, B
y X=a,X+a, ; CaMOM TIporecce €€ TUHAMUKHA, TO €CTh MPH
T=—, _ OTCYTCTBUM KBAHTOBOW PEJISITUBUCTCKON TUHAMUKH.
e Y _ X Y PenstuBHcTCKAas TMHAMHKA B yIIIe ApaJIeIbHOCTH
—=dayA tay - N
ic ic a(X —) TpaekTopull KBaHTa IPOCTPAHCTBA —
Y=a,X+ayY, Y =icT, marepuu. Bmecto XY, paccMaTpuBaroTCs MPOEKIUM
K,, K . » AuHamu4Horo paguyca K, tuaamMuanon
X=a,X+ oy cdepbl, KacaTeIbHON K TOBEPXHOCTH TUHAMUYHOIO
2). _ ic . a;=by, TEJICCHOTO yria aO(X —)i const , TapajyIeIbHOCTH.
Y =ayicX +ayY Peus 0 MarepuanbHOi chepe ¢ HeHYIeBbIM
a, . i —ib MHUHHMAaJIbHBIM pajguycoM Y, =1=ch0, 1 BOJIHOBOI
——=iby, yIC =10, .
ic ) byskmmeit w =K, -Y,. Y=K,, X=K,.
a,, = 7
2z T K,=a,K, +a,K K
. Y e K, =T, T=—%,
= K,=a,K,+a,K, c
— : X 21 Y
X =b,X +ib,Y 5. =1
3). — , Ok =1 nmna BBOJIUTCS BPEMS.
Y =ib, X +b,,Y




_ 2 2 412 2
K=T, bll _b12 =1 _bzz _b21
YCIIOBUH OPTOTOHAJIBHOCTH BEKTOPHBIX
KoMIioHeHT. B ['mo6ansHo MHBapuaHTHBIX

yenosusx chepwl, b, =b=b,,, bl =0,

ap,

(iblz)2 = ($b2])2a b, = —7 , by =a,c
4 bl2 +b21 =0, uUMEerT MecTo: a,c = G ,
C
AY a,AY a,AT
WM VIS ¢ = — _ _
AT AT AY

4). Jlanee UMEIOT MECTO JIBa CJIydas.
A). Ycnosus (a2] =0=aqa, ), OOHYJISIOT
npoekuuu AY =icAT , ntuHaMKu
IIPOCTPAHCTBEHHO (¢ = AY /AT)
BPEMEHHBIX KOMIIOHEHT CaMOI'o KBaHTa
¢dotona, u natotr I'M — I'nobanbHO-
WNHBapuaHTHBIE YCIOBHS.
B). PeanbHOCTB B TOM, 4TO OTOH,
KOTOPBIM CUHXPOHU3UPYETCS
peNATUBHUCTCKAs IMHAMUKA, UMEET CBOU
o6bem (a,, # 0) # (a, #0) B
IIPOCTPAHCTBE — BpeMeEHHU. Takas
pPEeaIbHOCTh COOTBETCTBYET pealbHOCTU
MIPUHIIMIIA HEOTIPEIEIEHHOCTHU
AY =0=(+Y)+(-Y). Peub uzer o JIN —
nokanbHOM MHBapuantHocTH B 00BEME
(@, # 0) # (a, # 0).
5). Maynmu(ctp.14): «... *MEHHO OBLIO
W2

1——2 ...», WK

c
CmupHOB (T.3, cTp.. 195): «... NOJNOXKUM...
(b, =ab)=—b,, ... ». To ectb, HET
HCXOJIHOW ITPUYMHBI TAKUX Nos1oxkeHui. Ho
YK€ U3 ITUX MOJIOKEHH, 0 HEU3BECTHOM
npuurHe, 1o CMUPHOBY, CIIEAYIOT
MaTeMaTU4YE€CKUE UCTUHBI:

IPEIIOIO0KEHO ... )

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

l1-a’ V1-a?
6). [ToacTaBsist MCXOIHBIE 3HAYCHUS
Y=icTl,Y =icT , nonyunm:

_ _ icT—iaX
y=-2-% G-l d

1-a° N1-a? ’

a
K, =a,K, +—: K,
2). _ , WIIN

a
X 22
—=a,K, +—K,

c c

72 a,
K,=a,K, +—c K,

K,=a,cK, +a,K,
A). Bo Baemnux ['M — I'no6anbHo — UHBapuaHTHBIX
YCIIOBUSX, COCTaBIISIFOIINE
cosy =/\+a,\—a,,) =iqa,, , naroT npuHIKAI
HEONPEJEIIEHHOCTH, C HEKOH MIIOTHOCTHIO

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

npeoOpa3oBaHuUii:

3). K, =ia K, + (a% =b,)K .

[?X =(ayc=0,)K, +ia, K,

Jlns yrios mapamiensrocty o’ (X —)=0, B TH,

TaKHX, 4TO

4). a,, = cos(a’ =0") =
a,, =cos(a’ =0") =

MMEIOT MECTO YCIIOBUSI

5). o a,(c=1), b,=b=b,,
(c=1)
nepuona (7' =1).
B I'mo6anbHO — MIHBapHaHTHBIX YCIIOBHUSX,
la,, =ia =1ia,,, MaTpHUIla UIMEET BUJ
K, =iabK, +bK
K, =bK, +iabK,’

K, =ia K, +b,K,
6). _ , WA
K, =bK,+ia,K,
K, =iabK, +bK ,
K, =bK, +iabK
Taxkas xe ' popma npencraBieHus
K, =y =Y -Y,, umeer MecTO B JIt000H KpaTHBIN
T < AT, MOMEHT BpEMEHH.
7). B ycnoBusix oproronansHoctd O,y =1, K =T,
HUMEET MECTO
—a’bh’ +b’ =1=b"-a’b’,
1
b*(1-a’*)=1, b=——=—.
V1-a®
MHOKHTEb MATPUIIBI C YCIOBUAMU: a4y, =id = ia,,,
Wi @, =4 =a,,.
B). Ve B JIU — JlokansHO — VIHBapuaHTHBIX
YCIOBMSIX, PENIATUBUCTCKON IMHAMUKU &, # d,,, C
BHeIHUMH ['U ycrmoBusiMuU, UMEET MeCToO:
8) Ky =b(a; Ky +Ky)

_ , rne:m3 K, =y +Y,
KX :b(KY+a22KX)




—=—, a=—-=cosa’,

V1-a’ ¢
npeobpazoBanus JIopeHiia B KJIIaCCUYECKON
pCHﬂTHBHCTCKOfI JANHaAMHKE.

w
o X-WT 7 I-ax
N1I=W?/c? ’ N1=W?/c? ’
7o _rtw
1+VW /c?

nepexon KTO B CTO.
NmeroT MmecTo MaTeMaTU4ECKHUE NCTHHBI
nepexona Ksanrtosoit Teopun

K, =c(T =£=%),CJ‘IGH}’CT, A, =b(a, Y, +K,).
C

DTO M €CTh MOMEHT UCTHHBI PEJIITUBUCTCKOM
JMHAMUKH KBaHTA MIPOCTPAHCTBA-MaTEPHH, KOTOPBIH
B COBPEMEHHBIX TECOPHSX MPEICTABIICH
KaauOpOBOYHBIM A, TOIEM.
v =y, exp(ap # const)+ A .

K w
9). Ilo ycnoBusMm a,, = —* =—=a=gq,,,

cl ¢
I'1 — puaamuky, a =a,, =4q,,,

1 1

V-a®  1-w?/¢
npeoOpa3oBaHUil MPUHUMAET BUL:

b= , MaTpuIia

OTHOCHUTENBHOCTHU B IIPe0Opa3oBaHus

Crnennanpaoit Teopurt OTHOCUTEIBHOCTH. K. y = M , K y = M ,

JI7ist HyJIeBBIX yTIIOB VlI-a3, VI-w?/¢?
napajuIeIbHOCTH B EBKIIM0BOM — K,+a,cT = K,/c+a,T
aKCHOMAaTHKE, CO CKOPOCTSIMH MEHBIITUX T = F T = e
ckopocTH cBeta W, < ¢, IMeIoT MecTo v I ¢
npeaeiabHbIe Clydad Iepexoja KBaHTOBOM W, = & __4 Ky +cT , W, = a, Wy +c ’
PENATUBUCTCKOM TMHAMHUKH BEKTOPHBIX I K,/c+ay,T a, +W,/c

0
KOMIIOHEHT, a,, = (cos(a = 0) =1)=aq,, yenosusix JIN, (a, #a,)) #1,

a, =1, a,=1,Y=WT, w 1
B OKCTpeMalsIX Korja: aq, =—=0=——,
(K, =7)= (a, =D)(K, =Y)xWT ¢ 137.036
' JI-w2(x =)/ e? Ve a-l

F_ YEWT 5 K,/c+(a,=DT he o
m’ \/I—WZ( 5% _) /o2 10). IIpenenvHble ckOpocTu Wy =C, B yCIOBUSIX

—  c(a, +1

o W, = T+KW/c a22=a”¢1,na}0TWY:#l):c,
K= Reomat =0 T .

_ | Hem3MeHHyI0 cKopocTh cBeTa W, =c =W, , B moboi
B npeoOpazoBanus JlopeHa kiaccuueckoi

N CHCTEME KOOP/HHAT.
PEIITUBUCTCKON JUHAMUWKH.

Takas Kantosas Teopuss OTHOCHTENBHOCTH HEBO3MOKHA B EBKIINI0BOM akCOMaTuUKe, C
HYJIEBBIM YTJIOM IapajuieibHOCTH. B 060oux ciydasx, CnenuansHoit u KBantoBoit Teopun

OtHocutensHocTH (W = Nc) B CBEPXCBETOBOM MPOCTpaHCTBe ckopocTeil (V = a™'c¢) gusnueckoro

BaKyyMa, CKOPOCTb CBETa OocTaeTcsi Hem3MeHHoi. O0e Teopuu He MPOTUBOPEYAT CBEPXCBETOBOMY
MIPOCTPAHCTBY CKOPOCTEHN (PU3NUECKOTO BaKyyMma.
0) O6mas Teopuss OrHocurenbnoctu (OTO) Diinmreiina
B IMHAMMYHOM NPOCTPAHCTBE-MATEPHH.

Teopus xapakrepusyercs TeHzopoM DiiHmrerna (I.Kopu, T.Koph), kak marematuyeckoit
HCTUHOW pa3HULbl PENIATUBUCTCKOM AUHaMuKH IBYX (1) u (2) Touek PumManoBoro npocrpaHncTsa
(puc.1.2), kak puxcupoBanHOTO (gi) = CONSt), COCTOSHHS TUHAMUYIHOTO (g, # const),
[IPOCTPaHCTBA-MaTEPUH.

(CmupnoB B.1. 1974r. 1.2).

1 1 1
R—ERiaﬁ =EgradU , 1 R, —ERgﬁ = kTﬁ , (g, = const).

[Ipu 3ToM MaTpuna npeodpazoBaHUil B €IMHBIX €IUHULIAX U3MEPEHUS

R =a,Y +0
1 1171 =a),y=\/5,

R*=a2Y?=GY’
R, =0+ay,Y, ey ’

> ap



JlaeT KJacCcUUecKuM 3akoH HeroToHa
2 2

m m
szzﬁ, R® = F’ 1501070 F=GM’2"
JInst pesITUBUCTCKOM JMHAMUKH:
4
22 2 Cy F
cT--X —b—z, by = MY ,
Y Y
M: M:
ct=F, T -X>=—"L, Y = ST,
F, AT 1-w2/e?)
RO2 Mm

22 2
c’T"=R" = , F, =G .
(cos’a’ =G) U R(1-wl i)

OTO peNATUBHCTCKOE NpeJcTaBlIeHue 3akoHa HproToHa, 11 MaccoBbIX (Y —)TpaeKTopHﬁ,
W2 — 2GM ’ FY _ G . Mm .
R, R(1-2GM / R,c?)

ecTb yacTHbIM cirydaeM OOmeit Teopun OTHOCUTENBHOCTH.

Cyl1ecTBEHHBIM €CTh TO, YTO IPABUTALMOHHAS KOHCTAHTA a,, = a,, = VG , €CTh
MaTe€MaTHYECKOW MCTHHOM MPEAENBHOTIO (a,, = ayy, = €08 ¢,,,, = /G ) YIJ1a NapalIeabHOCTH, YETO HET B

OTO Diinmreitna. BTopeiM MOMEHTOM, €CTh KECTKHE YCIIOBHS (PUKCAITUU TTOTCHIIHAJIOB
(g, = e,e; = const), ¢ IpUBeJeHNUE K EBKIIMI0BOMY POCTPaHCTBY (g, =1) . B mepemeHHbIX nossix, ¢

IPYHIUIIOM HEONPEACIICHHOCTH (g , # const ) OOwias Teopust OTHOCHTENBHOCTH DiHINTEHHA

HeJeWCTBUTENbHA. 3a 3TUMH IIpe/ieaMy JIeHCTBUTENIbHbBI HHbBIE 3aKOHBI.
3.CnekTp HeleIMMbIX KBAHTOB NPOCTPAHCTBA-MaTEePHUH.
Henenumbim O6nactsim Jlokanuszanuu kBaHToB (X +), (Y'+) AMHAMUYHOIO MPOCTPAHCTBA-

MaTepHUH COOTHOCSITCS CTa0MIIbHBIE KBaHTHI IPOCTPaHCTBa-MaTepuu. B 00oux ciiydasx peub UAET O
dakrax peanbHocTi. CraOunbHbIN (Y+ =¢) 37eKTpoH, u3iydaeT cradmibHbil (Y+=7y) QoToH, u

B3aUMOJIEHCTBYET CO CTa0MIbHBIMU (X + = p) npoToHoM U (Xt =V ), (Xt =v,) Heiirpuro. B
enuHoM (X -=Y+) , (X+=7Y-) mpocrpaHCTBe-MaTepuu OHU 00pa3yroT nepyro O0nacTh
Jloxamuzaumu (OJ])) HenenuMbIX KBaHTOB HA UX M —7 CXOAUMOCTSX (pHC.).

Ananormuno see (OJ1,),(0J1,) ... (OJI;) Obnactu Jlokammsanuy.

e e e Yo Y =C Y

e Vi
on, = on, <—O0n,—>

puc. 3.1. HegesmMbie KBAaHThI IPOCTPAHCTBA-MaTEePHH.
JList coxpaHeHus: Hepa3pbIBHOCTH €IUHOT0 (X -=Y+) , (X +=Y-) IpocTpaHCTBAa-MaTepuu BBOJUTCS

Y+ =y,) ¢oton, ananornyssiii (Y+=y) GoTOHY. DTO COOTBETCTBYET aHATOIMHA MIOOHHOTO

(Xt =v,) n snexrponnoro (X*=v,) nelitpuno. Nmes ckopocts snektpona (W, =a *c),
usnyyaromero GoToH V(y) = ¢, koucranra o =W, /c = cos¢p, =1/137,036 naer 1o aHaJlOruu, pacyer
ckopocreit V(c)=a*V,(y,) nns cepxceToBbIX OTOHOB B BHie: V,(y,)=a 'c, V,(y,)=a ’c ...

e

1
V.(y,)=a "c. OpburaibHlii 3TeKTPOH, C YIIIoM o = — = 37 =c0s®,,, (Y-,
c




NapajuIeIbHOCTH TPACKTOPUH HE U3JIy4aeT POTOH, KaK U B IPSIMOJIMHEHHOM, 0€3 yCKOpeHus,
JOBUKEHUH. DTOT mocTyJaart bopa, ecTh akcMoMOi JHHAMUYHOI0 NPOCTPAHCTBA-MAaTepPUM.

[To106H0 M3MydeHnto d1eKTpoHoM (oTtoHa (e — y) B meppoii O6nactu Jlokanmusanuu (OJ1,)

HEJEIUMBbIX KBAaHTOB, CYIIECTBYET MOCIEA0BAaTENbHOCTh U3Iy4eHU B criekTpe Obnacteit Jlokanuzanuu
Henenumeix (X+), (Y£) KBaHTOB, BKIIIOUYasi CBEPXCBETOBOE IPOCTPAHCTBO CKOPOCTEM.

+ - + - + - + - + - + .
€.y >e e e, e, (e DY)y, D>y, DY > Vg —> ..y, HAIOL:
- + - + - + - + - + -

P> Di->Dg D Ps PPy Py >(P DV)DV, DV DV DV DL,

OTO «BUIUMBII) CIIEKTP U3ITYIEHUH, KOTOPBIH MOXKET MOTJIOMATh («BUICTH») U U3IIy4aTh
aromsl iepoit O6mactu Jloxkammszauu (OJ],) Henenumbix KBaHTOB, 00b14HOTO (Z(p* /n)+ Ze™)
BelecTBa aToMoB. Ho 31ekTpoH He MoxkeT u3nydath (Y+ =y ) «Tskenslin» GoToH. OH HE MOXKET €ro,
U nornomats («BuaeTb»). Takoit (Y+ =y) «TsKenslin» GOTOH, MOKET U3Iy4aTh U MOTJIOIATh TOIBKO
«TSDKENBIY (€, —> ¥,) DJIEKTPOH. AHAIOTMYHO HeBHauMOe (p;, —> V, ) usnydenne. [lostomy, B

cnektpe O6nacreit Jlokanuzauuu HeaenuMmsbix (X +), (Y+) KBaHTOB, CyIIECTBYET IOCIEA0BATEIbHOCTh
«HCBUAUMBIX» KBAHTOB U3JTy4YCHUS.

€...m>e —>e —>es —>e —>e Y, Y —>)V; Vs —>..); AHAIOIMYHO:
Pj->Py.-—>P; > Ps > Py > Py >V, 2>V, V3 >V —>..V, HCBUIUMOTO H3ITy4CHUS
(ps/ey)...(p1e)...(v,/y,)...(v;/7,) BemecTBa «1apaieqbHOr0», HEBUIMMOTO HAM MUpA.

Atomel (Z(p™* /n)+ Ze™) OOBIYHOTO BEIICCTBA, HE MOTYT B IPUHIIMIIE TIPSMO,

B3aMMOJICHICTBOBATh C 3TUM CIEKTPOM U3ITy4E€HUN. DTH CHEKTPHI BKIIOYAIOT KaK «TSDKEIbIEY MPOTOHBI U
AJIEKTPOHBI, TAK U CBEPXCBETOBBIE (DOTOHBI U HEUTPHUHO. [JIs1 HAC 3TO — «TEeMHAsi MaTEePUs», IPUIEM
HEBUJMMUX CTPYKTYpP BEIIECTBA.

. (pyle)...(ple)... WV, 've) ... Wy ...

Jdunamuka (qo #* const) MmaccoBbIX (Y-= X+ ) nonei o0ycioBieHa AMHAMUKOM 1ekTpo (Y+ = X -)
MarHuTHBIX 0JIeH U HA000poT, B kBaHTax (Xt), (Y+) egunoro (Y-=X+) (Y+=X-)

JUHAMHAYHOTO IIPOCTpaHCTBAa-MaTepuu. IIpenenpHpImM yriam napamiebHOCTH (qoM e —)) u

(qDM (X —)) COOTBETCTBYIOT KOHCTAHTHI B3aUMOIEHCTBHSA. J[JIsi CKOPOCTH 3JIEKTPOHA

e

1
W, (Yt =e)=a*c, usnyqatomero (Y+ =y) GOTOH, KOHCTAHTa O = —= = 37 =c08®,,, (¥Y-).
c

AHanorn4Ho Juist npoToHa (X * = p') H3mydaromero 31eKTpoHHoe (X£ =V, ) HeHTpHHO,
W, =co8¢, (X=)*W, tae cos@,, . (X—=)=W,/[(W, =c)= JE, xoHcTanta (G = 6,67 * 1078).

N3 sxcnepumenTanbHbIXx Mace m(p) = 938.28 MeV npotona, anextpona m(e) =0,511MeV , n

mroonnoro  m(v,,) =0,272MeV nedTpUHO, CIETYIOT PACYETHBIE MACCHI.
(a/N2)*TIK *(a/N2) =a’m(e) /2 = m(v,) =136*10° MeV , wn: m, =a’m, /2,
VG/2*TIK*NG/2 =G*m(p)/2=m(y,) =3.13*10" MeV , wmu: m, = Gm,, /2

Onu coBmanarot ¢ u3BectHbiMu Maccamu (CaperaeBa, MI'Y-2007r. ®BD u DY):



Tafumna 20 Crodicrna GynaaMenTai Ly pepyMuonon

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

I noxoacnne i [ il i

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

IT mokarenne i i &

moll o f.'l!l:lH 10T MaB | 040 TaB /¢ Lo TaB /¢
IIT noxoacnnn (I T b {

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

I'\-]Jf._].‘-.lli_' XapakKTepHCTHE MaCTHIL, VEa3aHHLIX B ':'E_if’].'l]l[;(_'. Ba A HVID DOJE 014

JAeIMTOHODE HI'PanT JeITOHHLIC SHCTE! WeKTROHHOE Jr.,. P BEGE -|—1 IOIA & |

Uy, MIDOHHOE f.a-,. pasnoe +1 oA i~ w ¥, ¥ TAOHHOE L., papuoe +1 gna 7 u

Vo, KOTOPLIC COOTRBCTCTEVIOT apoMaTaM JeNTOHOB, VHaCTBVIOIIIHY B KOHEDeT-

HLIX DHEaEIIMAXY, W ABNAKTCH COXDaHANINMHMHACAH BOTHYHHAME, ,1.'I}I JICTTTOHGRE
[Tpu sTOoM, B rpaBuT (X+=Y-)MacCOBBIX MOJIAX PA3JIMYAIOTCS JIBa, BUAA Macc: (mx) U (my), HarpuMep
Macca (mx = p') IPOTOHA U Macca (My =e ') AMEeKTPOHa, 3TO PA3IMYHbIE MACCHI, TIOJ0OHO TOMY KaK B

anekTpo (Y+=X-) MarHuTHBIX TOJISAX €CTh ABa BUa (+) u (-) 3apsga. AHAIOTMYHO, AMHAMUYHAS Macca
dortona (macca mokos=0) uMeeT BHI: JGI2*IK*\JG/2 =G* m(v,)/2=m(y)=9.07* 10° MeV
MaccoBoil (y = Y-) TpaekTopusi, KOTOopasi UCKpusisiercs B (X+=Y-) mose 3Be3/bl.

3apsanoBelii (Y+ = X -) wuzonoreHuuan g(p) ~ g(e) IpoOTOHA U 3JIEKTPOHA, HOPOXKIAET
maccoBbiil (Y-= X+ ) mzonorenuuan m(v,) ~ m(y,) kBaHtoB (X+=v,), (Y£=y,) npocrpancrsa-
MaTepuH, aHaoruyHo n(e) ~ m(v,,) u30NoTeHIMaNy. AHAJIOTHIHO 3TOMY, CYIIECTBYET Cy03apsI0BbIi
(X-=Y +) wmsonorenuman q(v,) = q(y) nentoHos. g porona y (¥ —) maccosas Tpaekropus (¥Y-),
JGI12*IK*JG/2=G* m(v,)/2=m(y)=9.07* 10” MeV , potona, nckpusisiercs B (X +)
IPaBUTALIMOHHOM T0JIe, pakT ennHoro (Y-= X +) NpocTpaHCTBa-MaTEPHUHU.

Henenumoit O6mactu Jlokanu3anuu 3JI€KTpoHA U MPOTOHA KaK BEIIECTBA, B MPOCTPAHCTBE-
MaTCprHr COOTBETCTBYIOT MMPOAYKTHI AHHUTHUIISIINN HC}IGJ’II/IMBIX KBAaHTOB AHTHUBCUICCTBA.

YE=e)=(X-=v, )¥+=y ) X-=v,) XE=p)=T-=y)X+=v, )¥==y).

JlnHaMHKa 9THX MAcCOBBIX MOJIEH B Ipeaenax CosQ, =a, cos@, =+ G/2 , koHcTaHT
B3aUMOJICUCTBHS, JAaeT 3apsAA0BBIN M30MOTECHINAT X €ANHIYHBIX Macc.

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

1

(X+=v ) G*2)(X+=v,)=(Y-=7), nm

_ (m(v,)/2(G*V2)(m(v,)/2) _

9. 48*10"°CI'CE
(1)
(V= =7)@ ) -=7) = (Xt =v,), wan T==70@N==70)
(X=v,)
0 D@ DD o seres
P (m1,)

Ot COBITAACHUA HE MOT'YT OBITH CﬂyqaﬁHLIMH. Takum pacucTaM COOTBETCTBYCT MOJCIIb ITPOAYKTOB
QHHUTWJISIIUY TIPOTOHA U AJIeKTpoHa (puc.3.3).



Moaenb NpoToHa MOoOeNb 3NeKTPOHa arTom Bo'ﬂlo poﬂ.a

Puc.3.3. reomerpuyeckne (pakThl JTHHAMUYHOI'O IPOCTPAHCTBA.
B takux xxe Mmozaensax popmupyerca Mojienb atoMa Bogopoia. ['eomerpuueckum pakrom 31ech, €CTh
HaJIMuMe aHTHUBEILECTBA B CAMOM BELIECTBE MPOTOHA U 3JeKTpoHa. [Ipu 3TOM, MPOIYKTHI
AHHUT WIS IPOTOHA

(Xt=p")=Y=—=y)X+=v, )¥—-=7;)

Y IIPOJIYKTHI paciiajia HEUTpoHa

Yt=n)=X-=p)¥+=e)X-=v, ),

COOTBETCTBYIOT UX KBapKOBbIM (Yt =u) u (X*+=d) monenam: (p =udu =uud), (n=dud =ddu) ...
AHaJOTHYHO BCE JIEMEHTapHBIC YACTHUIIBI UMEIOT KBAPKOBBIC MOJIETH B COOTBETCTBUH MPOIYKTAMHU UX
pacnaga. Jpyrux cTa0uJbHbIX KBAHTOB ITPOCTPAHCTBA-MaTepuu He 3adukcupoBano. KBapkoBbie
MOJIENH JIatoT 3apsia mpoToHa. Ho TouHo Tako# 3apsig mMeeT Mo3uTpOoH 0e3 KBapKoB. Takas KBapKkoBas

MOJIeNb 3aps/I0B HEJICHCTBUTENBHA, €€ HET B IpUpoAe. A BECh CIIEKTP MACC PACCUUTHIBAETCS 0€3
KBapKoOB, B II0JIHOM COOTBETCTBUU C UX KBapKOBbIMU (Yt =u) (X* =d) Monenamu.

4.B030HBI 2JIEKTPOCIAG0r0 B3aUMOIEiiCTBHS.
WX pacdeTsI CAeIyIOT U3 MACCOBBIX H30MOTEHIIHAIOB €IHHBIX (Y +=X —) (X +=Y —) noJjiel B

(G), (o) KOHCTaHTax B3aMMOJIEHCTBUS DJIEKTPOHA e* M MIOOHHOIO HEHTpuHO V,, Kak Hemenmumoit

uo
Ob6nacTu Jlokanu3anuu B IpOCTPaHCTBE-MaTEPHUH.

_ o 2m,m,
HOJY(Y):(Y+:ei)(X—:v;):T":SlSGeV:m(Wi), c 3apsoM e, (8.5)

- o, /m,m, expl
HOJY(X):(X+:v#+)(Y—:ei): G# =94.9GeV =m(Z°), (8.6)

5. HoBble cTa0MJILHLIE YACTHIIBI
Ha BCTPEYHBIX MyYyKaxX MIOOHHBIX aHTHHEHTPUHO (V;):

2
HOJI(Y =¢7) = (X—=v, )Y+ =7, )(X—=v,) = —2 =10216GeV, (8.9)

2
o
Ha BCTPEYHBIX MyYKaX MO3UTPOHOB (e ), KOTOPhIC Pa3rOHSIOTCS B MOTOKE KBaHTOB (Y—=7%),
($hOoTOHOB «Des10ro» Jiazepa B BU/JE:

2
HOII(X = p{)=(Y==¢' )(X+=v,)(Y-=¢)= "2 =153TeV, (8.10)

Ha BcTpeuHBIX Mydkax aHTHIIPOTOHOB (P~ ), UMEET MECTO:

2

HOI(Y = ;) = (X—= p )Y+ = YX—= p )= 2 —35247er . (8.11)
a

Ananoruyno, s kBauta HOJI(Y—) = (X+ = p*)(X+ = p~ ), paccuMThIBaeTCsI Macca KBaHTa
IIPOCTPAHCTBA - MaTEPUU.

MY-)=(X+=p ) X+=p )= (% = j(l —2a)  (8.12)



wim M((Y-)= 2m(p”) _m(p) —1, |(1-2a)= 0.93828GeV(1 2

a p—
2a a 1/137.036 137.036

OT0 U ecTh Ta, BHOBb OTKpbITas Ha kosutaiinepe LIEPH snemenTapuas wactuna. Ilpupona XurrcoBoro
0030Ha packpbiTa B «CyrnepkBazapaxy».

)=126,7Gev (8.13)

) =(XXD !

X+=p7)

(cos @, = @ =1/137)

Puc.5.1. HoBag «yacTHLa XUITCA»
[Tpunnun popmupoBaHus YaCTUI] OCHOBAH Ha (PparMeHTauu B npeaenax G,a - KOHCTaHT,
2

o 2
«COpOIICHHO» B BaKyyM IPHU CTOJKHOBEHUSX YACTHII, IFIOTHOCTH P =V~ = re MaccoBoro (¥ -—)unu

MarHuTHOTO (X —)I0JIs, HHAYIUPOBAHHBIX Pa3rOHOM. dparMeHTHPOBAaHHAS TNIOTHOCTH MaTEePUH, UMEET
COOTBETCTBYIOIIME MacCoBbIe (Y — = X +) u 3apsaoBble (Y+ = X —) IO U UX CUMMETPUU. AHAJIOTHUYHO
paccumThIBaeTCa Macca p, =2e, /G =2,8%10"TelV «Tskeaoro» NpoToHa. YPOBHIO Macc

HOJI (Y = e, ) «TAXeN0ro» CTadMIBHOTO «3JIEKTPOHA», COOTBETCTBYIOT HECTAOMIIbHBIE YPOBHU
urcwionus. Ito ¢akrt Hammuns (Y =e, ) kBaHTOB. Maccam HoBbIX yactury HOJI (X = p'),

HOJI (Y =e, ), 0 aHAJIOTUH, COOTBETCTBYIOT HECTaOMIIbHBIE YpOBHU Macc 15,37el , a1neKTpoH-
MO3UTPOHHBIX MY4YKOB U 35,247V mpOTOH-aHTUIPOTOHHOTO ITyYKa, 0€3 KBapKOB U XUITCOBBIX

0030HOB, KaK UCKYCCTBEHHBIX MOJICIICH.
B pamkax KsanToBoii Teopuu OtHocutensHoctu (http://www.pva.myaS.ru ) BBIIOJIHAETCS
pacyer crekTpa Macc U3BECTHBIX YaCTHIL:

m, _ _
——=m, (l+a)=m, (l+a)=m,; (X+)+m,(X-).
[ﬁchz ]]( )=, (L+a)=m; |(X+)+my(X-)
6. OcodennocTu popM TUHAMHMYHOIO MPOCTPAHCTBA-MATEPHUH.

B sapax atomos npu K-3axsare, maccoBsie nosist (Y—=e€") snexrponos, Bxogar B (Y— = X +)
noJsie CunibHoro B3aumopeiicteust (X+ = p*) mpoTtoHa, GopMupyst HEHTPOH B BU/C
Yt=n)=(X—=p")(Y+=¢ )(X—=v, ). IIpoToHB ¥ HEUTPOHHI B AAPE, GPOPMUPYIOT 3PS KECHHBIE
(Y—= p" /n) u neitrpanbubie (Y- =2n) kBanThl CuiibHOTO B3aumoneiictust. X 3aMKHYyTBIC
MaccoBbie (Y—) TpaekTopun GOPMHUPYIOT 3apsHKEHHBIE H HEHTpAIbHBIE CTPYKTYPBI 000JI0YEK sIpa.

3neck MUHUMaNbHAA yaeiabHas L, =a*m(p)=938.28/137~6.85MeV sueprus cBs3u HYKIOHOB

.min
gApa onpeacaaeTCsa B JUHAMUYIHOM IIPOCTPAHCTBE-MATCPUH. PacueTHbIE YACIBHBIC DOHCPIrUUu CBA3HU
HYKJIOHOB dpa, COBIIaAarOT C SKCIICPUMCHTAJIbHBIMA JaHHBIMH. HpI/I 9TOM B HCU3MCHHBIX CTPYKTYypax

o 2
HEHTPaIbHEIX (Y — = 2n) KBAaHTOB, CTPOTO BBINOJHSETCS 3aKoH npupamenns (AE,, = Amc”)
YIENbHOW SHEPTHHU CBSI3U. JHEPTuUs CBsI3H JBYX KBaHTOB (Y— = p* /n) u (Y- =2n) CuibHOro

Bsaumoneiictus coorserctByer E . =2a*m(p)=13,7Mel «oOGmennoMy» KBaHTy, KaK MacCOBOH

—12
(Y-) tpaektopuu. Ero miuna BosmHbl A =—=1,44*10""cm. JIBe Takue BOJHbI OOMCHHBIX KBAHTOB
mc



anpa , He(2(Y—= p/n)), natot pamuyc r = 4,6*107" cu Takoro sapa. Takue sxe pacueTsl s
«TsKenoro nmpotoHay m(p,) =153 Tel/  CcOOTBETCTBYIOT «OOMEHHOMY» KBaHTY sJ[pa ypaHa,

E . =2a*m(p)=238n(p) =238, rne (a ~1/137). V3 aKCMOM JIMHAMUYHOTO [IPOCTPAHCTBA-
MaTepHH CIEIyerT:

G
M(m)M (n) =1, M3EMJII/[(4—)M(pI) =1,
expl
% -8
(5,977*1027)(M)(15.3 *10° MelV *1.7826*107%7) =1,

4%2.72
(v +
W3 3THX COOTHOIICHUIA CIIEYeT, UTO B IeHTpe siapa 3emuu kBautel Cuitbaoro (Y—= p, /n,)
(Y—=2n,) Bzaumoneiicteus OJI,- ypoBus, renepupyror kBaut 20 *m(p,) =238m(p) =238 sanpa
ypaHa.
Ananornano st CoyHIa, €CTh COOTHOLIEHHS €0 Macchl ¢ KBanTtamu (Xt = p,) snpa 3Be3mn
GMCOﬂHUﬁ24Gm(p2) ~1, m(p,) =m(n,),tne (Y- = p, /n,) n (Y—=2n,) kanter CWIBHOTO
B3aumonerictBus siapa 3Be3 bl [IoqoOHO simpam aToMOB, OHU (OPMHUPYIOT PA3THMYHBIC CTPYKTYPHI SApa

a3JIMYHBIX 3BE3]], @ CTEHEPUPOBAHHBIE KBAHTBI 20 *m =290m , QOPMHUPYIOT «TsKEmbIE
2 1
aTOMBD» BEILIECTBA U UX CTPYKTYPHBIX (POPM, BHYTPH 3BE3I.

4
G
Mogens siapa Tanakruku M, [Ej 2a*M(p,)=1, ¢ maccoii M, =19*10° *M conm

COOTBETCTBYET (DaKTy HAOIIOICHNUS.
VYpaBHeHHnss MakcBesia s SJIEKTPOMArHUTHBIX ITOJIEN U YPABHEHUsI I'PABUTMACCOBBIX IOJIEH,
OTPAKAIOT PEATbHYI0 UHIYKIIUIO BUXPEBOTO JIEKTPUYECKOTO (Y +) OIS IEPEMEHHBIM MArHUTHBIM

(X —)noseM, u Ha060poT. ToyHO Takyro, peaibHyI0 HHAYKLMIO MacCcOBbIX (Y —)moeil, kak 1 B
PENIATUBUCTCKOM Pa3roHe C YCKOPEHHUEM, JAlOT epeMeHHbIe (X +) OIS «TAKEIbIX» KBAHTOB
(Y—=p,/n)), (Y—=2n,) Cunsnoro Bsaumoneiictus sapa OJI, ypoBHs, ¢ reHepanueil KBaHTOB.
Taxkas xe renepanus MaccoBbIX (Y— = X +) nozueil mynbcapa KpaGoBuaHON TyMaHHOCTH € YaCTOTOU
(v =30Iy), naer (GAm')(ac)*hv =ch’1, naer ungykiuio macc Am’' =228*10'°2/c, umm

MCOJTHL[A o
At = A = 2,55mapo.nem, Bpemsi poOpMHUPOBAHHUS MACCHI TIPOTO3BE3/1bI, aHATOTUYHON COJTHITY.

I'eomerpuueckum pakKToM, B COOTBETCTBHUH C ITPaBHIIOM JIeH11a, €CTh U3TydEHUE BEIIECTBOM
anekTpoHa (Y+ =e ) antusemecta (Y+=y") dorona. Takum ke reoMeTpUIeCKiM (PaKTOM, eCTh
AHTHUBEIIECTBO MPOAYKTOB aHHUTMJISILIMM HEJEIMMOTO 3JIEKTPOHA KaK BEIleCTBA C CUMMETPHUEH MOJIei:

_ - _ + _ -\ o _ + _ - _ +\ _ +
(X==v, J¥+=y ) X==v, )=(Et=¢),u (Y==y) ) X+=v, J¥==y))=(X*=p")
HezenuMmoro npotoHa. Takue cBoiictBa umeroT Henenumbie O6nactu Jlokanuszanuu kBaHToB (X =),
(Y+) mpoctpancTsa-mMarepun Bo BeeM ux cnekrpe OJ1, ; yposueid. Takum 06pasom, 1060€e BEIECTBO
COCTOUT U3 aHTHUBEILLECTBA U HA00OPOT, aHTUBEILIECTBO AHHUTMIIUPYET B BEIIECTBO.

Tpaexropuu kBaHTOB (X +), (¥'*) mpocTpancTBa-MaTepun B3auMHO (X—) L (Y -)

oproroHanbHbl. CTpyKTYpHBIE (HOPMBI YPOBHEH 1 000JIOUEK SIPa OMPEIEIAIOTCS 3aMKHYTHIMH
MarHuTHeIMU (X —) U MaccoBbIMU (Y —) monsmu, B Buxpsx rot,E(Y+)=0B(X—)/0T »nexrpuueckoro

u Cunbnaoro none rot, G(X+) =0M (Y—)/0T Bzaumoneiictus. Ilotok Buxpeit rot(E+) u rot(X+) B
CBs3aHHBIX COCTOSAHUAX (Y +)(Y+) = (X -)umu (X +)(X+) = (¥Y—) resepupyer B UHAYKLIUU MaCCOBYIO

(Y—=p,/n,) nnotnocts (p =v>) marepum KBaHTOB sijpa ypana 2¢ *m(p,)=238m(p) =238V, c
4acToTol (@) . DTO Kacaercs Bcex kBaHTOB (Y—=p ; /n j) CunibHOTO B3aMOJIEHCTBUS «TSIKEITBIX)

HYKJIOHOB s1pa BO Beex OJ1 ; ypoBHSAX (PM3MUECKOrO BaKyyma.



W3 cootnomtenus ckopocreit keantos OJ1 ; criektpa, Hanpumep st (Y+ = e™) snekTpona

_ a*i ) A 2 _ N
W )=a*c= ¢ = —°—, aHAJIOTUYHO Jajiee We,)=a*W,=a c,W(e4):a3c,W;.=0£ c,
e a c
)“J N aN)“c e 9
cnenyer W,(e,) = T oa'c= R P Jliist GUKCHPOBAHHOM JUIMHBI BOJIHBI A, = const, €CTb
o
J e c

v -N 9
coOcTBeHHbIA Tepuos muHamukn 1, = o T, — 00, «Tsokenbix» sektpono OJ1 ; ypoBHeEH,

A xnooa A A,
OTHOCUTENBHO (¥ = ¢) (oroHOB. AHanoruuHo B OJI, ypoBHe V,(y,) = e ac= T e
) a'T,

i 4

¢dusnueckoro Bakyyma. s GUKCMPOBaHHOH JUIMHBI BOJIHBI A, = const , COOCTBEHHBIN IIEPHO]T

T =a" T. — 0 cBepxcBeToBbIX (h0TOHOB B OJ, YpOBHSX.

1

Tabnuna 6.1
177 +N -N
W(ej) =Q C, TSOKEJbIE AIEKTPOHBI V(y;)=a "c, cBepxcBeToBbIe (GOTOHBI
CobcTBeHHAsT CKOPOCTh Bpewms CobcTBeHHAsT CKOPOCTh Bpewms

We)=a c=22*100cu/c | AT,=a’t, |V()=ac=41*10%cu/c | t,=al,
We,)=a?c=16*10°culc | Aly=a’t, | V(r)=a c=56*10"cu/c | =a’,
We,)=ac=117%10"cu/c | AT, =at, | V(rs)=a c=TT*10%cn/c | =g’
Wies) =a™c=85 cu/c AT, :oﬁ‘zc Vys) =ate=11*10"cu/c s :a4tc

Hamnpumep, 1 cexynna (AT, =1c) «rsxenoro» snekrpoHa (e, ), paBHa 11 yer Ha 3emite, Bpems

Ha KOTOPOH M3MEPSETCs ONTUYeCKUM (OTOHOM. AHanornyno ganee. Jig koncrant G = 6.672*107°,
a=1/137,1 TeV =1,78*107'2, u popmyn p, =2(e,,)/G), e, =2(pj_2)/0£2 , PACCUUTBIBAETCS

ciektp macc OJI ; ypoBHEH.

Tabnuna 6.2
Py =2e,/G=1057*10"TeV e, =a’p, =575%10°TeV
0L, p, =2e,/G=3,06%10"TeV el =a’p*t=3524 TeV
p,=2e/G=1532 TeV e =a’v,=10216TeV
p* =93828 MeV e =0511MeV
O | v, =0272 MeV Yo = Gpl2=313%10"MeV
v =a’e=1.36*%10"MeV y"=Gv,/2=9,07*10" MeV

Ananornunsle pacuersl Mmacc Henennmbix kBaHTOB (X1), (Y1) ImpocTpaHCTBA-MaTEpUU B UX
OJI, ypoBHSX (GU3MYECKOTO BaKyyMa, IO TEM e IPeoOpa3oBaHHBIM (HOPMYIIaM.
Tabnuua 6.3

v, =(a’y,,)/2 v, =(Gv,)/2
v, =a’y,/2=0,83*10" eV ¥, =Gv,/2=45%10" eV
v, =Gv, /2=278*10" eV
¥, =Gv,/2=8,05%10" eV

0JI ) .
v,=a"y/2=24*10" eV

v,=a’y,/2=12%10" eV

Bapsnoseie g(p*) = q(e”) nsonorenuunanst OJI, ypoBHS aHATIOTUYHEI 3aPSI0BBIM
q(v7)=q(y") wsonorenumanam OJI u nanee 8 OJI q(p;fr) = q(e;_-r) uO,: qv)=q(y))
ypoBHsX. AHaTOrH4HO MaccoBsie m(e) ~ m(v,) u m(y,) =~ m(v,) monorenmuanst OJI; yposHs

ananoruunbl B OJ1 : m(e;) ~m(p; ) u OJI,: m(y;) ~ m(v,,;) ypOBHAX MaCCOBBIM H30TIOTEHIIHAIIAM.



Taxue nzonorenuuatsl GOpMUPYIOT CTPYKTYphl 00b14HbIX aroMoB OJ], ypoBHS, ¥ 110 aHATIOTHH

«TSDKEINBIX)» aTOMOB s1pa 38e371, ranaktuk OJI ; ypous, i cTpyktyp OJI, HU3NYECKOTO BaKyyma.

Honnerii pacuer cnekrpa macc B OJ1 ;, OJI; ypoBHAX usnyecKoro Bakyyma umeet Bujl. Tabmuua 6.4

Kantet snpa | 2a*p, =N*p,, N (X£)=p; (TeV) | (YH) = ¢, (TeV)
Dy e,,=2,88640E+99
Excaksasap 20% py =290ps; | ©| 14 | p5.=3,055857E+99 e,= 1,76805E+95
2a* p,s =238p,, P,s = 1,537856E+95 e,s= 1,01943E+92
CynepkBasapH. | 2q* pi, =25p,, |®| 13 | p;, = 9,42004E+90 e;,= 5,13029E+87
lNanakr. 1 pona
YepHBIX chep 20* pi, =290p,, Py = 5,431477E+87 e,;=3,142526E+83
CYNEpKBa3apoB | 2q* p =238p; | © | 12 | p =2733383E+83 e,,=1,8119409E+80
1 pona
20* p,, =25p3, P, = 1,6743175E+79 | e,,=9,118565E+75
CynepkBasapH. | 2q* p} =290p,, | ® | 11 | pi =9,653902E+75 | e;,=5,58552E+71
lNanakr. 2 pona o
YEpHBIX cdep 2a* pry =238p;; DPo=4,858312E+71 e,=3,220542E+68
CynepkBasapoB | 2¢* p. =25p;, | ©| 10 | p.=20975930E+67 | e,=1,620733E+64
2 poxa <
20* p;, =290p;, p,=1,7158835E+64 | e,=9,92770E+59
MErasBesfHbIX | 2g* pt =238p., | ®| 9 Pl=8,6351585E+59 | e, =5,724187E+56
TaJIaKTUK
YEepHBIX cep 2a* p/s =25p,, Pys=5,2894160E+55 e;s=2,880689E+52
MerasBes/] 2a*p, =291p;, | © 8 D= 3,0498095E+52 | e, = 1,764549E+48
CYyHEPIIaHCTBI 200* p;, =238p), Pi;= 1,534812E+48 e;;=1,0174164E+45
KBa3apHBIX 2a*pl,=25p,, |®| T | p,=9,401402E+43 e, = 5,120133E+40
raJlakTUK 1pona
YEpHBIX cdep 20 * pf, =290p;, P, = 5,4207280E+40 | e,,=3,1363078E+36
KBa3apoB 2a*p, =238p; |©| © DP10=2,7279734E+36 e, =1,8083549E+33
1 pona
2a* p, =25p, Dy =1,3 E+33 ey,=7,3 E+29
KBa3apHbIX 2a*p; =290p; | ®| 5 | ps=3.88 E+29 es = 4,47 E+25
rajakTHK 2pojaa d
YEepHBIX cdep 2a* pi =238p, p,= 1,94 E+25 e,=1,3 E+22
KBa3apoB 2 2a*p,=25pf |°| 4 | ps=1,19 E+21 e, = 6,48 E+17
pona o
20* p; =290p, ps=3,45 E+17 e;=3,97 E+13
3BE3HBIX 200% p; =238p; ° 3 pi=17 E+13 e,=1,15 E+10
TaJIaKTUK
lNamakTaeckux 20* p; =25p, p;= 1,057 E+9TeV e;=15,746 E+5TeV
YEpHBIX cep
3BE3]L 2a*%p, =290p |°| 2 | p,=3,06 E+5TeV | ej=35,24TeV
IUIaHET 200% p; =238p" p, =1532TeV e, = 10,216 I'eV
2% p* =25v, 281 p = 938,28 MeV e =0,511 MeV




2a*v;, =292v; v, =0,272 MeV ¥0=3,13¥10° MeV
0 | v,=1,36¥10° MeV | 7" =9.07*10" MeV
dusnueckuit Vo0 Yia /2 Yi =Gvii/2
BaKyyM v1-8,3*10"" M eV vi=4,5*10"7 MeV
OJ1, ypoBHsI -1 | v2-24*%10"° MeV v, =2.78*10"" MeV
v3=1.2*¥10"" M eV y; =8,05%10"" M eV
OusHuecKuii 2 | v4=7.4%10%* MeV | y4=4,03*10" M eV
BaKyyM vs -2.14*10° MeV | ys =2.47%10" M eV
OJI, ypoBHs 3 | v6-1.07*10" MeV | y¢=7,05%10° M eV
dusHuecKuii v7-6.57%10°"MeV | y,=3,58%10"" M eV
BaKyyM 4 | vg-1.9¥10"" M eV y5=2.2*%10"" M eV
OJL; yposa v9-9.53* 107 MeV | v9=6.35% 10" M eV

Knaccuueckas nuHamuka 3Be3aHOTO siipa ¢ kBaHTamMu CuiibHOTO B3anMoeicTBrs, CBOAUTCS K
re€Hepaly ’TUMHA KBAHTAMU MAacCOBBIX MOJIEH, pOCTY CHJI T'paBUTalMK sapa, K-3axBary, Kojuiancy sapa
B HEUTPOHHOE SJIPO, MAJECHUIO MACC HA ATO PO C UX PA3JIETOM, KaK B3pPbIB CBEpXHOBOM 3BE€3/1bl. B
cnektpe Henenmmbix KBaHTOB, B BhIICNEHHBIX B TaOmuie Ob6mactax ux Jlokamuzamuu, mpeacTaBieHbI

nonoGueie K-3axBaTsl, u renepariu cootsercTyomnx 20* p. =290p,  u 2a* p, =238p |

KBaHTOB. VX pa3nunuue, Kak NpUUKHA, BEAET K Pa3IMYHbIM CIEACTBUIM, UX cBoWcTBaM. Takue
pa3nuyHble 00bEKThI, 0003HAUEHbI Kak 00beKThI 1 1 2 pona. U3 npeacraBieHHbBIX 00BEKTOB
BBIJICIISIIOTCS KBa3aphbl U CylepKBa3apbl ¢ COOCTBEHHBIMHM KBa3apHBIMHU U CyIep KBa3apHbIMU

raJJakKTUKaMu.

B akcromax TMHaMU4YHOIO NpocTpaHcTBa-marepuu, M, . (m)M,, (n)=1 Ha (m —n)

2 o
cxomumoctsix, M~ =1. Dt1o coorBercTBYeT cooTHomeHusM Hemenumoit O6mactu Jlokamusarum, Kak
KpyIHOMacTaOHOro KBaHTOBOI'O 00bEKTa, B ipenenax hc = a * GM (m) ¥ GM (n) KOHCTaHT

B3aumozeicteust, wi M, M (y,) =1, makcumasnbubie maccel M, 0OBEKTOB, COOTBETCTBYIOT HX

M (y,) ypOBHIO CHHTYIIIPHOCTH B (puzndeckoM Bakyyme. Huke Taknx sHepreTH4eckux ypoBHEH,

«TSDKEIIbIE KBAHTRI) ceOs HE IIPOABJIAIOT.

Tabmumna 6.5

M(e)M(y;) =1

ATOMBI BeliecTsa

M(pj)m(vi) =1

1 aHTHUBCIICCTBA

M(e)(k =3,2)M(7,) = 1

\/5}9{(1,8)1@\/5 =1

(Z[p]+ /n, + e,"]+ N[Zn,])

M(e))(k =319M(y )=1

VGep; (1,7)v,V6 =1

(z|p; 17, +e; |+ N[, )

M(e,)(k =38)M(y,) =1

VGepr(17)vVG =1

(Z[p3 /n, +e3"]+ N[2n3 ])

M (e, )(k =3,15)M(y,) =1

VGpi(1,8)v,VG6 =1

(Z|p; /n, +e, +N[2n,)

M(e)(k =315)M(y,) =1

VGp; (1,8)v5V6 = 1

(Z|ps /ns + e J+ N[2n5])

M(e) )k =39)M(y,) =1

VGpg (18,9)v,V/G =1

(Z[pg /ng +e<:]+N[2ﬁe ])

Jlnst mpeo6pazosanuii 4 = 1MeV =1,78*%107" 2, cyIiecTBYIOT COOTHONIEHHS MAacC.

-M,,, =1/M(y,)=1/(313*107 MeV * 4) =18%10% 2, (M,

Macca IUIaHEeThl ¢ KBaHTaMu sijpa (Z [p] /n, +e, ]) , TECHEpUPYIOIKUX B NHIYKIIMN MAaCCOBBIX MOJIEH,

=M o /100), MakcumanbHas

kBauT sapa 20 *m(p,) =238 ypana, ¢ pacnagoM B CIEKTP aTOMOB.

1 1

Mpyax =

sapa (Z[pz" /n, + e;]) AHTHBEIECTBA, KOTOPbIE M3IydaroT KBaHTHI (...p, = P ...); (..e; —>e ...)

BOJIOpOJia WJIU

M@y+) ~ 9.07%10%x4

= 6.2 % 103* = 31 * M(ouuya » MAKCHMAIIbHASL Macca 3BE3/Ibl C KBAaHTAMH




1 1
M(ve)  8.3%10~10x4
anpa (Y- =eJ) anTuBemecTsa.

Myax = = 6.77 * 103°> = 338 x Mo puya MAKCHMAIIBHAS MACCa 3BE3/IbI C KBAHTAMU

Jlns Conrua ects cootnomenne GM ﬂHUﬁz 4GM(p,) = 1. Ilogo6Ho cKOpOCTH:

(GM.=M,) KM 3
ﬁ =265.6— pBmxennsa CoHIIA, KaXXKIasl 3Be3/a TAIAKTUKA UMEET TaKOH Ke
exp c
C

MOPSIIOK CKOPOCTEH, 6€3 BCAKUX «CKPBITBIX Maccy». «CKpBITbIE MacChh» 00YCIOBIEHBI HEBUIUMbBIM
crieKTpoM KBaHToB OJ] ; ; ypOBHEH.

AHaIOrN4YHO paccUUThIBAETCS CKOPOCTh JIyHbl : W, =

R, =1738km, B otnuume ot 3emuu: W, =—-
c

Brime npenensapix Mace 310 * Mgy, 383761, KBaHT GoTOHA M (¥ ) yKe He BBHIXOJUT 32
npenensl Takux Macc. OH BXOJUT B UX YPOBEHb CUHTYJISIPHOCTH. Takue 0OBbeKThbl COOTBETCTBYIOT
YEPHBIM «IbIPAM» ¢ MPeIEIbHBIME MaccaMu caeaytotero M(y,) ypoBHs CHHTYASPHOCTH (PU3UYECKOTO
BaKyyMa, Ui

1 1
_ _ _ 40 _
Muax = 3765 = 355 10w A = 125 109 = 6242 Moy
3neck yposenb M(Y,) hotoHOB B criektpe ...e; —> €, —> (¥,) =¥, ..., BHE BUAUMOIO u3aydeHus. W3

9THX PACUYETOB CIEAYIOT CTPYKTYpHI (Z [p3 /ny +e ]} , «TSDKEJIBIX» aTOMOB «UEPHOU ABIPbI», B MACCy
KOTOPBIX BXOJAIT M (") (OTOHBL

1 1 .
s = T7e e = 2% 10**r = 10 * M¢opa » st HOJI=1, M (e) )k =3,15M (y,) =1,

910 (3,15%10™ % My 40) COOTBETCTBYET MPEEIBHOI Macce ralakTHKH BKIIFOYAOIIETO BELIECTBO IO

Mpyax =

YPOBHS CHHT'YJSIDHOCTH vV, HEWTPUHO. S1IpO rajakTHKU M3IydaeT KBaHTHI (...p, — p,...);
(...e; = e, ...) AApa 3BE3]bI, C MOCIEAYIONIIIM HX U3ITydCHUEM BOJIOPOJA, H TEPMOSICPHBIMU
peaKuusIMH B 3BE3/aX.

JUist sipa raNakTUKH BKITIOYAOIIETo BEeIeCTBO NPOToHoB, GM |, o 0 4GM (p*) = 1, TO ecTh

y 6
duKcHpyeMblil BOZOpOX, mpenenbHas Macca supa ranaktuk M, ere,=2,5*10°M 1, OHn

COOTBETCTBYIOT (haKTaMm.
1 1

Myax = =
M(y;) 8%10721xA
COOTBETCTBYET IPEJCIbHON Macce BHETaJaKTUUYECKON «UepHOM cdepbl (IbIPbI)» U, MUHUMAIBLHON

Macce CIIeIYIOUIero Kacca 00beKTOB — KBa3apa.
1 1

Muax = oy = 1105+ 2
[To anaymoruu co 3Be37aMu, 3Ta Macca COOTBETCTBYET IPeIeIbHONM Macce KBaszapa.
Hanbme: - 1/ M(y,)=1/(89*10 ™ MeV * A) =6.3*10"2=M,,,, (M., =18'000*M ., ,.),
COOTBETCTBYET NPEIEIIbHON Macce «4epHOMU (AbIpbl)», Oonbleit kBa3apoB. 1
-1/M(y;)=1/(567*107" MeV * 4)=99*10"2=M,,,,, M ,,,, =28*10°M ,, ,,». [0 ananoruu c
raJJakTHKaMH — 9TO IMPEACIIbHad MaccCa saJipa KBa3apHbIX I'aJIaKTUK.

N3 3THX COOTHOIIEHUH CIEMYET, UTO YeM OO0JIbIIe Macca 00BEKTa, TEM OOJIBIIE €TO CKOPOCTh B

=7%10%r = 3,5 * 101 MCom—ma

=14 = 1052r = 7 % 1018 % MCom—ma

2 2 v
N3NYCCKOM BaK c W = =consi) = V I10J14 BCCHGHHOI/I. 9T0 K HOMaCHITa6HI)Ie KBAHTEI C
J i’ yII

YPOBHSMHU CUHTYJIAPHOCTU hc = o * GM (m)* GM (n) , o6pa3zyror Henenumyto Ob6nacts Jlokanuzanuu
(((HOJT =M (m)*M (n) =1)*1)*1...*1) =1, Bceii Bcenennoit Ha (m — n) CXOOUMOCTSIX, B
COOCTBEHHBIX YPOBHAX CUHTYJIAIPHOCTH KaXXJI0T'O KBAHTA.



7. IlpocTpaHCcTBO-MaTePHUs AAPa IUIAHET, 3Be3/l, FAJIaKTHK.

CouHIle-3Be3/1a, PEACTABISIETCS KpymHOMaciuTabubM kBaHtoM GM ., *4GM(p,) ~1

IIPOCTpaHCTBa-MaTepun, ¢ (Yt = p, /n,) TpaeKTOpUAMHU HEJEIUMBIX KBAaHTOB (Xt = p, )
IPOCTPAHCTBA-MaTEPHH, U3ITy9aeMbIX KBaHTaMH (X + = p, ) sjipa TaJlakTUKU. ['aakTHKy B CBOIO
ouepeib GOPMUPYIOT MEKTaTaAKTUYECKUE KBAHThI IPOCTPAHCTBA-MAaTEPHUH, C COOCTBEHHBIM YPOBHEM
cudryisippoctu M (e, )(k =3,15)M (y,) =1, B npocTpaHCTBE CKOPOCTEN (3. BaKyyma

Viy,)=a 'c=41%10%cu/c.

Takue (Y—) tpaexropuu Bpauienus (Y +) kBantoB CoJiHIIa, COOTBETCTBYIOT MaccoBbIM (Y —)

2

TPaeKTOPHAM, B IPOCTPAHCTBE CKopocTel W, , Ha paccrossHuu A . MaccoBele (Y—) TpaeKTOpHH

KBaHTa MpocTpaHcTBa-MaTepun CoJHIIA-3B€3/1bl, 3aIIMILIEM B BUJIE:

Wl *A=M,=1989%10"2.

[Mpunnmas 3a W, (X—)=W,, ckopocts KBaHTOB (X +) IMPOCTPaHCTBA-MATEPUH IUIAHET, HA
(X' =) KpyroBbIX TPACKTOPHUSAX CTALIMOHAPHOTO cocTosiHUS B (Y +) mose B3aumoseiictBus (Y +) CosHua-
3Be311b1 Ha paccTosinun A ot Comuna: GM =W, * 4 G =6.673*10"° TloacTaBisis N3BECTHbIE

paccrosHus 4 miuaHeT K CoJHIly, 3alHILEM PacyeTHOE U pealbHOE IPOCTPAHCTBO UX CKOPOCTEH B
BHJIE!

Mepk. | Benepa | 3emnst | Mapce | FOnutep | Carypn | Ypan | Hentyn | Ilnyron
A*10%cem | 0.5791 | 1.082 | 1.496 |2.28 | 7.783 14.3 28.75 | 45.04 59.12
Paccrosinusi B a.0. | 2.58 1.38 1.0 1.52 52 9.56 19.2 30.1 39.5
pacuer. W, 48.87 |35.02 |29.785|24.13 | 13.06 9.63 6.79 |5.43 4.74
KM/CeK
Peanbro. W, 48.87 |35.02 |29.786 | 24.13 | 13.07 9.67 6.8 5.48 4.75
KM/CeK

W3 atoro npoctpaHcTBa ckopocTel kBaHTa (Y +) npocTtpaHcTBa-marepuu CosHua, B PU3NYECKOM

BaKyyMe rajaktuku: W, = GW,.

wmax  CJIEMYIOT COOTHOLICHUS CHJI JUI m - MAace IUIaHET Ha KPYrOBBIX
opOuTax B IIIOCKOCTH, MEPHIEHANKYIIPHON Y - ocH, ¢ paguycoM A oT ComHIla-3Be3/1bI B BHJIC 3aKOHA

HrroTona.

F:mVZvaL :mGZAzmx %:mG(WAzmaxAjA:MS) :ani\f , mVZvaL :F:an;\f .

B ycnosusx I'mo6ansHoi MHBapuantHocTH (¥ = X,,) cdepbl kBaHTa (Y'+) mpocTpaHCTBa-MaTepHU

(10.1)

ConHila, UMEIOT MECTO MaccoBble (Y—) TPaeKTOPHH IJIAHET COJTHEYHOU cucTeMbl B Buje («SaepHas
MaTepus»):

o’ my (X+=Y-)=(G/2QM Y-)*e* (Wchl(1+a))", §=123.., N=123..., (10.2)
Jlns macewt Conama M =1.9929*10% 2 (HeMHOKO GOJIbIIE PEANBHOM), B IEPHO]] €€ KBAHTOBOM
PEIATUBUCTCKOM JUHAMMKH 711 <> m,, B 1oyie (X+ = p,) KBaHTa, UMEET MECTO «COPOC» Macc IUIaHeT

COJTHEYHOM CHCTEMBI B BHJIC:

2OIM
M onurer :%eo(\l chl(1-a))* =1898.8%10% 2(1898.8*10%" 2 — peanvro)
2OIM
M cirvpy = %e_l(\‘c}ll(l -a))= 566.5*%10% 2(568.5*1027 2)
G/2)M A chl
HENTYH = ( 2 > 6_2(1 ch )=102.7*10% 2(102.78 ¥10%" 2)
a —

_(G/M ;1
VPAH (aﬁ)z (1—05)4

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




V2

M g = (@ M yypr )€’ ar =5.976*10""2(5.974*10% 2)

M ppps = (@* M o )e” (1-a)?)’ = 4.878 %107 2(4.87 %107 2)

M \upe = %e‘z =0.6416*10% 2(0.6419*10% 2)

M =me'2 =0.330*%10%72(0.3302 *10” 2) .

MEPKYPHI
2

Takue pacueTHble MacChl COOTBETCTBYIOT (PaKTaM peabHbIX (B CKOOKaX) Macc IJIAaHET COJIHEYHOU
CUCTEMBI.

H?:J'Iy‘lCHHBIC COJ'IHIIGM KBaHTHI €, , P, - IPOCTPAHCTBA-MaTCPHUH, COOTBETCTBYIOT KBAHTaM sA4pa

1aHeT (B cKoOKax JeWCTBUTEIbHbIE 3HAYEHUS MAacC IIJIAHET):

Jehl

M MEPKYPHI — \/EG—(p)
1

M ypins = G—”(c;ﬂ)ez =4.9%10"7 2= (4.869*%10" 2) = * M ;. ,1yyripie” (1—)?)’
1

2
M =—
TG 12)(py)

e’ =0.336%10"" 2 =(0.3302*10" 2) =%e2 (1-a)

e =5.977*%10% 2 = (5.974*10% 2) = a2 * M o pyypy e’ (1 — )~

MAPC —

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

\cehl

[OITUTEP — m

V2

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

Jehl

M, = me" =92,9%10" 2 =(86,63*107 2)

NG

HENTVH — Ga*—(p,)

e’ =1858.8%10%7 2 = (1898.8%10” 2)

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

e’ =106.5%¥10""2 = (106.5%10" 2).

Ou3nYeCcKu JOMYCTUMBIMU €CTh MOJIEIH CTPYKTYPHBIX (POPM sifipa IJIaHEeT B BUJE:

Tabnuna 7.2
[Inanera pacyeT macc Mopeinb
1 7 X-—=p)
Nehl o M 2
M,,.,= e =—2(-a)
MEP \/EG(pl ) 2 % e2

Co ciabbIM MAardHuTHBIM TI0JIEM

Mepkypuit

_Achl ,

B — e
G(p))

=M (1 _gyy
e

Benepa

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

C MarHuTHBIM TOJIEM

Semits




4
Mo o 4*¢”' M,*(1-a)’
RN chlG(p,) Jchl *e?
5
_ Achl
FOITUTEP — Ga*—(p])e
C MarHuTHBIM TOJIEM
6
B 22 *e
CATYPH — m
CarypH C MarsuTHBIM TIOJIEM
7
. _ Achl K
VYPAH Ga % (p] )
8
2
HEITVH — m
Henryn

Takue MOJIelIM COOTBETCTBYIOT YKa3aHHBIM BPAIICHHUSM IIaHET HAa OpOMTAX, HX
XapaKTePUCTHKAM.
8. «Ilyabcanusi» KBAHTOB MPOCTPAHCTBA-MaTEePHH.
KBanrtoBas pensaruBucTckas QuHamMHKa (¢ # const) («mynbcamus») KBaHToB (X+), (Y1),

00yCJIOBIICHA HAJIMYUEM m —n CXOJUMOCTEH KBAHTOB C IPOCTPAHCTBOM CKOPOCTEH
W,=a"c,V,=a"c,tne @ =1/137,036=cosp,

HZ

T K?

B maccoBeix m(Y—) TpaeKkTopusix, m —n CXOAMUMOCTH UMEIOT noteHumansl [1(m) u Il(n).

m(Y-)=TI(m)*K, =W} *K

HOJI = (hc = IT’K*)(pW* =b° y=(I*=F)II’ =F))=FF, =1.

m(Y-)=TI(n)*K, =W} * K, Tlogo6uo 3akony Hetotona, mis
MCM3

R2

Y o

1 2 2 2
CKOpOCTEeit EWC wy=11"=F ;= G u macc CouHna u 3emy, 3t 11 - moTenmast

dopmupytor cuny F = I1(m)I1(n) = W /W, , koTopas NepIeHMKY/ISpHa TUIOMAIi CEIEH s TPAEKTOPUH

Y)Y +) = (X-) nmm(X+)(X+) = (Y-) IMHaMUIHOH chephl p = % = 5 =p W} =pV’=b’

kBanTa. Jls kBanTa npocrpanctsa-marepun, HOJI = (ho)(pW?) = F,F; =1, nox neiictBuem >Toi

CHJIBI, MaTepHs OOJBIIEH ITIOTHOCTU O, > p, W MeHbLIel ckopoctu W, <V, «magaer» (mogo0HO
rpaButanuu HeroToHa) B10JIb MaccoBOi (Y —) TpaeKTOpUU KBAHTA B IPOCTPAHCTBO MEHbIIEH



IWIOTHOCTH p, ¢ yckopenneM (b) . Paccmarpusas notennmanst W, =W} (cos’ ¢, =G),

vV} =V?(cos’ ¢, =a’), B cootBercTByrommx (X -—),(¥-) monsix Ha n-cxogumoctu (X+), (Y1),
(X2)..., kBaHTOB, ;s cuibl F = T1(m)I1(n) cnemytor cootnomenust F =W} cos’ ¢, V> cos’ ¢, =0,
OTKyHa ycJoBHE cos’ @, cos’ @, # 0, naer npexenst 0<S @<, 1 @ #90°. B nponecce

JMHAMEKH (0 # CONSt , B MEKIKCTPEMAIbHBIX 3HaueHusx G *1=const, u 1*a’const , ACUE3HOBEHUE

2 2
KX _ KY
K i F IIOSIBJICHUEM

apyroii (1 - a?)=cos’(0° - ¢, ,,,, ). Orciona, npursrusaromas cuna (F,), depeayercs ¢

onmoit koHcTauTsl (G —> 1) = cos® (¢, — 0), conpoBoxkmaercst cos(0”) =1=

OTTAJIKUBAIOLIEH cuiol. Takas KBaHTOBas PEJIATUBUCTCKAs JUHAMHKA COOTBETCTBYET JIoKanbHOM
HuBapuantHoctH, ee Kpurepues (cose *ch(Y /X)) =1), B kaxnom kBanre (X+), (Y+)

MPOCTPAHCTBA-MaTEPHH.
9. Bcesrennas.
9to HOJI — Henenumas O6unacte Jlokanuzauuu Beex ee KO — KpurepueB JBotonuu B €IMHOM

(X+=Y-), (X-=Y+) npocrpancree-mMarepun. Kaxxgomy (X=), (Y+)xBanty OJI, , cuekrpa
COOTBETCTBYIOT YCIIOBUS IMHAMUKH c0s” @, cos” @, #0, 050 <@,,,, ¢ #90°,
(cosp, *ch(Y/ X,)=1), (cosp, *ch(X/Y,)=1), c kOHCTAaHTaMH B3aUMOJEHCTBUS

cos’ @, =G =6,672*%10"°, ucosp, =a =1/137,036. D10 3HauMT, YTO C yMEHBIIECHHEM YIJIOB
napajuieabHOCTH @(Y—) —> 0  Kak HCUE3HOBEHUEM IIOJIEH, MOSBIISIOTCS OJISA, BO3PACTAIOT YIJIbI
2

P(X-) = ¢, (X—) 1 HaoGopotr. Marepus npu 3TOM, HE MCUE3AET, a IEPEXOIUT U3 OJJHOTO BHIA B

JPYroii, B BUJE CMEHBI IOMUHAHTHBIX MOJIEH.
Junamuka matepuu (¢ # const) , pukcupyercst B EBkinnnoBoit (¢ = 0), (¢ = const)

akcuomatuke Kpurepues DBomonyu, copmupoBansbix B npocrpanctse (K V) (T7") Bpemenu.
Kaxxnomy gpukcupoBaHHOMY (¢ = const) COCTOSIHUIO, COOTBETCTBYET COOCTBEHHOE IIPOCTPAHCTBO-
Bpems, a paBHO U Kpurtepuu DBomtonuu, B coorBercTBuu ¢ Teopusimu OtHocutensHocTU. [Ipenenbubie
[[1aHKOBCKHE 3HAYEHUS IIMHBI M BpeMeHu, oTHocutenbHo OJI) ypoBHs Gpusndeckoro Bakyyma

o=
(p",€ ,V,,¥0>V,»7) , COOTBETCTBYIOT

*10°8 * *10727
- /G_}lz:\/EKi:\/6,67 10766251077 _ o
C

(3*10'")°
*1 -8 % * 27
t, = /G_S}Z:\/Ej‘i:\/@m 0 *6,62%10 =1,35*10"¢, rue VG = cosp(X-).
c

(3*1 0" )5
OTH npeenbHble 3Ha4YeHUs JNIMHBI (/) ¥ BpeMeHH ({,,;, ) BBIYACIECHBI C KOHCTAHTOM JG . u
OTHOCATCA K IIpesieIbHOMY KBaHTy (X+ =v,) cnekrpa OJI, , HenenumbIx KBaHTOB. M3 cooTHOIIEHHS
tyn = «/57; =1,35*10"¢, w1x nepuona (7,) nuaamuku (v,) KBaHTa, G)Y *1=135*10"¢,
In10

ln\/E

KBaHTy cyOHeHTpHuHO (V,,), C H30MOTEHIMAIOM KBaHTa cyodoToHa (y1, =a > *¢).

N=log - t;, N =-43 ~12 . B cnekrpe (puc.4) OJI, ypoHeii, (N =12) COOTBETCTBYET

B Henemumoit O6nactu Jlokammsamuu, HOJI = m(e; )(k = 3,14)m(y,,) =1, kBauty (Y =ey)
JKCAaKBa3apa COOTBETCTBYET CKOpoCTh W, = a'* *c =W, (e}, ). B cucteme KOOpMHAT aTOMHBIX

(p*/e") crpykryp OJI, ypoBHst 00bI4HBIX aTOMOB, e (W, = & * ¢) CKOPOCTb JIEKTPOHA, CYIIECTBYET

COOTHOIIICHHC
HOJT =W, (e})*V.(y5) = (@ W) “W,)=W> =TI, =1. (12.3)



W3 3T0r0 cOOTHOLIECHHS BEIYMUCIISETCS JUIMHA BOJHBI A(e, ) , Yepe3 UIMHY BOJHBI JICKTPOHa,

h 05131

=33*10" cm. 2ma*W, =W, = “—, U3 COOTHOIICHHUS
m,o *c (T, =1)

a1, =2(cosp, = a)i(ey),

Wi Aey ) =2ma'? A, =2*314%228*107° *33*10 cnu=4,7*10""cu

Ale )=

Ecmu [,;; = \/EKi =4*107cym BeramCIISICTCS YePe3 KOHCTAHTY JG = cosp(X—) =1,/ K, nna
kBanTa (X+=v,) cyOueiirpuno, To mmHa BonHBIA(Y —=e,,) =4,7*10 cu Bhruncnsercs vepes
KOHCTaHTY « = cos@(¥Y—) =1/137,036 kBanTa (Y —=e,,) 3kcakBa3apa. O0¢ [JIMHBI OMHAKOBBIC U
cootBeTcTBYIOT HOJI = KO(m)K3(n) = A(Y—=e5) * A(Y—=1y,,) =1, mpocTpaHCTBa-MaTEePHUHL.

U3 5KCTIEPUMEHTABHBIX JIAHHBIX, U MUHUMAIBHBIX (A, = 107" cu) paccrosHuii n3mepseMbx

A
(Y+ = y) KBaHTaMH, C IEPHOIOM AuHAMUKH ¢ = — =10 cek = a™ T, 3nauenne (N) mis nmeproma
c

In10
Ina

(T, =1) nuaamuku, Beruncisiercs. 10> cek =a™ *1, N = -26 ~12, N =12. Dror nopsnok OJI,

criekTpa cootBercTBYeT (Y'+=7,,) KBaHTY cy0 hoToHA.
Taxum o6pazom, N =12 u ms (V,,), u 1is (y,,) KBaHTOB, a u3 pukcupyembix G ,a ,h,c -
KOHCTaHT, (PUKCHpYyEMBIE IIPEJiebl IPOCTPAHCTBA-MATEPHUHU, COOTBETCTBYIOT N, =14 nu N, =12

ypoBHsAM OJI , . crieKTpa (HU3MYECKOTO BaKyyMma, OTHOCHTEIBHO HEM3MEHHOH ¢ - CKOPOCTH CBETA.

—i
1). {na Henenumoit O6nactu Jlokanusanuu camoil Beenennoil, 3To o3Hayaetr nuHamMuky (X=+), (Y+)

kBaHTOB OJI , . CIEKTpa B BUJE JIBYX IIPEIEIbHBIX COCTOSHNN nuHaMuku. 3a nepuon 7, =T (y,,) =1,

. 27R
KBaHT (Y—=y,,) caenaer MoiHbI 060pOT ‘

(T, =1)
=12 % % 25 % % 10
o c  4,3855*107 *3*10
R= == =2,1*10"cm wmn (R =~ 2,2*10") cBeroBsix Jet. s chepbl
2r *1 6,28
ONTUYECKOTO Topru30oHTa Beenennoit B 15 miipa. cBETOBBIX JIeT, TakuX cdep Ppuxkcupyemasi B KOHCTaHTax
Bcenennas umeer okouio 15 muiH. Mcxoast u3 atux pacuetoB HenenmmbIx «TsHKENbIX» KBAaHTOB,

AY-=e;)=47*10Pcm , 1, =A(X—=v,,)=4*10""cm, c COBCTBEHHBIM IEPHOJIOM IUHAMHKH B

=V,(7,4) B chepe panmyca

(X—); moxe Beenennoit, o ecte, ¢, =T(X—=v,,)=135*%10"¢
Jlnnamuka paguycos (r, = R)u yriaoB napaiensHoctd (X-) u (Y-) TpaeKTOpHi,
B IlepoJ pacluMpeHust BcelleHHO, ClenyroT COOTHOLIEHUS UX INIOTHOCTEM.
1 1
p]( p/) (Tz_)w) pz( 1) (Tz_)())
Py(X==p)—>0; o,(Y==¢)yx; @xX==V)>0y,; o,F-=7)-0,
1 1

P_;(Y—=€_;)=m—>°° Pi(Y—=7i)=m—>0
B IIPOCTPAHCTBE CKOPOCTEN
_ (ﬂ, - oo) (ﬂ, — O)
Wj(Y—— )_(ﬂ,—>0) V(Y=—=y,)= (l—)oo)

(T —0) 1 (T—>w)



Puc.9.1. tuHamMuka npocrpancrea-Mmarepun BeeneHHoi.
2). 31ech U3 KBAaHTOBOM 3HEPTUU YPOBHS CUHTYJIsipHOCTH Pu3nyeckoro Bakyyma npocTtpaHcTBa-

marepuu Beenennoit, (a™> *c=V(y,,))=E(y,,)R,,tne E(y,,)=m(y,,)*c’, cleayloT pacueTsl:
m(e, ) ¥k*m(y, ) =1, m(e,)=177*10"TeV =3,15*10%2, (k=3,14), rae

m(s)=1/m(e,)¥k=10%2, E(yy)=m(y,)*c® =9%10™ spe

h * 12
R, _ e 1,54*10% cm . D1 cooTHOMWEHHS 2R} =27R, *2n(R=1)= HOJI ,
m(y,)*c

OTIPEENAI0T EAMHUYHBIN paauyc Bceil BeeneHHo, B ypoBHE CUHTYISIPHOCTH €€ BakyyMa. CaM KBaHT
obuiero cocrostuusi BeenenHoit, pacnpoctpansercst Kak KBaHT (¥+ = X —) 3JIeKTpPOMarHuTHOM U
IPaBUTALMOHHO-MACCOBOM (X + =Y —) BOJIHBI, B COOTBETCTBHHU C UX YPABHECHUSMM.

KBanToBas tuHamMuKa IpoCTpaHCTBa-MaTepuu B epUol paciuupenus BcenenHoit oOycioBieHa
IEPBUYHBIM «IIPOBAJIOM» INIOTHOCTEN p,(Y—=e€,) B OKOJIOHYJIEBBIE MACCOBBIE « p;(Y==7.,)=0)
IJIOTHOCTH (PU3MYECKOIO BaKyyMa.

IIpu «c:xxaTum», pacrer @, a(Y+)

%
Py max , IOABJIAETCA KOHCTAHTa ,I cYe3aeT rpaBUTaALUI

-0 ﬂ,J(X—zpJ)—>oo<—ﬂ,l.(Y+z;/l.).le/I

G(X+) MOJICH B3aUMOJCHCTBUS, Px , 4 TAKXKeE
2(Y+), = (X—)’

JOCTHI)KCHHUH IIPEACIbHOIO yriia Py max , IPOUCXOOUT «OTTAJIKMBAHHUE» BCEX KBAHTOB

N . p.(Y—=e;
B (X-) mosie Becenennoit, ee «B3PbIB». To ecTs uaer «pazner» mioTHOCTEH Py /) C «TOPMO3HBIM

a(Y+) o(Y+)—>0

e. —>v.
HU3JTYy4YCHUCM) ( J 7/1) HMCYEC3HOBCHHUEM KOHCTAHTBI , 1 yrjia nmapajiCJIbHOCTH, C

o G(X+=v.
MOCJICTYIONUM TIEPHOIOM PACITUPECHUS U TIOSBICHUEM TPAaBUTAIMOHHOTO JICHCTBHS ( )

A(X==v)—>0 A(Y—=y)—> o0
KBAHTOB . HpI/I OTOM YMCHBIIACTCA IJIMHA BOJIHBL ! ! , BOKpyT ! !

KBaHTOB.
D10 cooTBeTCTBYET 00mIet quHamuke T (X —) mous (puc.9) BeeleHHOM, ¢ IMHAMUKO#H
paauyca (r — R) cdepsl ropuzonTa Beenennoiil ¢ EBkinnosoit nuzotponueil. st pukcupoBaHHBIX
YpOBHEN CUHTYIIIpHOCTU @( X —) = const , chepbl-TOUKU IPOCTPAHCTBA-MATEPUH, HAIIPUMEDP BUIUMBIX
ranaktuk, M(e,)*(k=3,15)*m(y,)=1, c yposuem cunrynspuocru (Yt =7%,)kBanToB Ppusnyeckoro

Bakyyma, UMeRT cobctennnie (W,_, = a’ *¢) ckopoctu B (X —) none Beenennoit. Paccmarpusaercst
MHO>KECTBO TaKuX c(hep-ToUeK rajJakTUK («He UMEIoIIMX YacTei» B EBKINI0BOM akcuoMaTHKe), Ha
BbIOpaHHBIX HanpasieHusX (K = ¢ *T'), uaMepseMbIX CBETOBBIMU rofamMu. B cuiy oOuieil nunamuku

T (X -) nons (puc.9) Beenenuoii, paauychl chep-Todek ranakTuK YBEINUHBAIOTCS, 2 PABHO U

YBEJIMUYUBAIOTCS PACCTOSHUS MEXAY LICHTPaMH TaJJaKTHUYECKUX C(ep-TOUEK Ha BHIOpaHHOM
HalpaBJICHUN U3 TF000M TalakTUKU. DTO 3HAYUT, YTO KaKJasd rajgakTtuka ypauserca (AW, >0), ot

HabmoaTens 000 rajlakTUKH, B HarlpaBieHUusX (K = ¢ *T) U30TPOINHOI cepbl ropu3oHTa

Bcenennoii.
MHuoxecTBO cep-ToUeK ralaKTUK Ha HAMPABIICHUH , JAa€T CYMMApHYIO PaUaIbHYIO OT

Habmonarens ckopocts (AW = ZAWJ) TeM G0JbIIYIO, yeM Goubiie paccrosaue (K =c*T).



O6a npupaiienus ckopoctu cdep-touek (ranaktuk) (AW, ~ p(X—=c*T)) u (AW = ZAWJ) ,
natot (0°W, /ot> =ob/ot) > 0, npupamenue yckopenus (b # const) , ¢ yBEJIMIEHAEM PACCTOSHAS
(K =c*T). Orot 3¢ppexT npupaiieHus: yCKOpeHUs! C pacCTOSHUEM BbI3BaH JMHAMUKON TOIIOJIOTHH
(gix # const), (pacumpenus) T @(X—) momnst BeeneHHOM, 1 HAPACTAIOMIMM KOJIMYECTBOM
paciupsoumuxcs chep-rouek (ralakTuk) ¢ ypeandeHueM (K = ¢ * T') pacCTOSIHMSI Ha BHIOpaHHOM
HAIpPABJIEHUH W3 JIF000H ranaktuku. Camu xke ckopoctd W, = o™ ¢ TanakTuk u BHEramakTUIeCKUX
00BEKTOB HEM3MEHHBI, Kak U (¢) - CKOPOCTb CBETA.

10. MexxrajlakTuyecKue I0JIeThl.

Ou3nyecKoil peaibHOCTBIO SABJISETCS pa3IMuHOe MPOCTPaHCcTBO ckopocTeil ConHa 1 3eMilu.
be3 BcAKMX TOIUIMBHBIX JABUraTesnei 3emis JIETUT B IPOCTPAHCTBE (PU3HUECKOT0 BaKyyMa CO CKOPOCTBIO
30xkm /¢ , a CoJlHIIE CO CKOPOCTBIO NOpsAKa 265xm /¢ . Pedb uieT o rimaBHOM CBOMCTBE IPOCTPAHCTBA-
MaTepuu — IBkeHuu. [ToTok macc (Y —) , ammapara co3/1aeTcst I0JIAMU (Y —=7i ) = (X +=p; )(X += pj)

CunbHoro u ['paButanimonHoro BzanmoneiicTBus SHEpreTHYECKUX KBAHTOB (X t=p ) , (X t= p2) oo
OJ1, ypoBHs HEIETUMBIX KBAHTOB ITPOCTPAHCTBA-MATEPUH (PU3UUECKOTO BAKYYMA, CBA3AHHBIX MEK/LY

co00i1 3TUMHU Ke (X +) MOJISIMU Ha (X —) TPAEKTOPHUAX MOAYISI, 0€3 BHELIHEr0 UCTOYHHUKA SHEPTUH.

Puc.10.1. Mexragakruyeckuii annapar 0e3 TOIVIMBHbIX ABUIaTeJIei.
ITocnenoBaTenpHO BKIIOYAs MPOCTPAHCTBO CKOPOCTEH (Y —) P (X —) , almapara B ypOBHE

CUHTYJIIPHOCTH (DU3MUECKOT0 BaKyyMa, anmnapar BbIXOAUT IO paJAuaIbHOM TPAaeKTOPUU C YPOBHS
CUHTYJIIPHOCTU (DU3MUECKOT0 BaKyyMa KBaHTa (X i) IIPOCTPAHCTBA-MATEPUH IIJIAHETHI, (Y i)

IIPOCTPAHCTBA-MATEPUH 3BE3/bI, (X i) MIPOCTPaHCTBA-MaTEPUN TANAKTHKH, (Y i) MIPOCTpaHCTBa-

MaTCpHH CKOIUUICHUSA I'aJIAKTHUK, K JPYT'UM CKOIUICHHUAM W I'aJITaKTUKaM B I10JIC BCGJ’IGHHOﬁ, C O6paTHI>IMI/I
BKIIFOYCHUSAMMU IIPHU BO3BPATEC HA IJIAHCTY CBOCH MM I[pyl"OfI raJJaKTHKH.

Taxum 00pa3zom, cO3/1aBaTh MMOJIHBIEC IEPUOIBI KBAHTOB (Y -=7, ) ,» IPOCTPAHCTBA CKOPOCTEH
HE00X0IMMO TIOJISIMHU (X +=p, )(X +=p j) «TSDKETIBIX» KBAaHTOB KaK «pabodvero BEIeCTBa», 3aMKHYTBIX
Ha (X-) TpaeKTOpUH «KOjbLa» anmnapara. M3 cootHomennit s kBaHtoB, 7,(X—=p,) > o0,

A, (X==p,)—> o, 4em Gosbuie Macca (X—= p,) kBaHra, opmupyemas (p; =2(e; )/ G) KBaHTaMu
(e, ), Tem bonbiie A,(X—=p,), TeM Oosblie nuamerp D «Koublay anmapara. [l COOTHONIEHHH
(E=IT’K , (X-)E=TII’K,)(X+)= HOJI(X+ = p,), UMEIOT MECTO
YEX)VE(X+)=HOI(X+=p,),um T K, (X-)K, L (X+)=HOJI(X*=p,), KaKk u a1 Macc
Tm= IIK, (X -)(m =11K,) J(X+)=HOJI(X+= p,) . Bces macca cocpenotouena B (X—=p,)
nojue, popmupyemoro (X—=p,)=F+=e, )(Y+=e, ) 2NEKTPUYECKUMH [IOJIIMH MACCOBBIX

(Y—=e, ) Tpackropuii, B BuIe MaccoBbIx nouei, m(X—=p,)=2m(Y—-=e; )/ G). 3uauur

JOCTAaTOYHO B cO3/1aHHbIX kBaHTaX HOJI = A(Y+=e, )A(Y—=e, )=1, 3HaTh AIHHY BOJHBI,



AY+=e, )= W;) , 4TOOBI BBIYMCINTh HOPSIOK KBaHTOB N(e,), POPMUPYIONINX TPAEKTOPHIO
=€,

KBaHTOB (X —= p,) «pabovero BelecTay.

2UX-=p,)

muamerpa D =10m
(z~3) P

Hanpumep, A(X-=p;)=AUTY+=e¢, ), HCOOXOIUMO «KOJIBLO» D =

torga A(X—=p,)=15u=A(Y+=e, ). To ecTp, JUINHA KBaHTA
AY—-=e, )= - =6,67*107 cyu. DTO COOTBETCTBYET COOTHOLIEHUSAM
AY+=e,)
AY-=e, )=667*10"cu=2n*a" (1, =3.3*10"cm), otkyma a” =2*107, mus (J —1) naer
107 _
N =log, 2%10°° = In(2*10™) _ -10,82
In(e =1/137) —-4,92
(a’*c)=W(e,) pabouero BemecTBa (X—= p; ), B «KoJble» ¢ auameTpoM 10M. Takue «KOJbLA»

=2.2~2.Torma (N, =3) COOTBETCTBYET MOPAIKY KBAHTOB

JAI0T MEKTalaKTHIeCKHi armapar. CKOpOCTh MEKIaTaKTHYECKOTO amnmapara ¢ TakuM (X —= p;)
«pabounM BEECTBOMY, B ypoBHe cunryispuoctu HQ/IA =m(e,)*m(y,)=1, cocrasnser
VY-=y,)=a '*c~137*c.

Jlnst semuoro BpeMenu B 10 net, MoskHO mponeteTs (7 =10zem* o~ *c)km  unm
(r=10%365,25%24*3600%137*3*10° =1,3*10" xm = 8,8*10” a.e = 425,8nx . To ecTh HAIIy rANaKTUKY
(30 xnk), anmapaT npoJieTuT npumepHo 3a 705 net. [ skunaxka Takoro anmnapara, COOCTBEHHOE BpeMst
cocrapisier T = a(7051em) = 5,145eT , BpeMs ypoBHs CUHryasprocTa (V).

Hem Ooubiie Macca KBaHTa (p; ), TeM 0oJiblie WiHHa ero «BoaHbD A(X—=p;). Jusa (N, =4)
KBAaHTOB BeecTBa (X —= p,) aapa kBazapa, umero mecto (N, , =3). Toraa u3 cooTHOIECHUS
2r*a(A,)=AY-=¢,,,)=628*(1/137)’ *3.3*10°cn=8,14*10 " cm, n BBIMHCIIEM

1 1
AY-=e, ) 814%10 cu

1,2*10"cm ~10°km =8,2 a.e. mameTp siipa BHETATAKTHYECKOTO KBa3apa ¢ KBaHtaMu (X—=p.)

AY+=e, )= =1,23*10"cu=A(X—= p;). D10 cocraBiser

anpa. «Padouee BemectBo» Takux HQ/I =m(e,)*m(y,) =1, kBaHTOB HAIOT NOJIETHI yKE BHE FaJaKTUK
BO Bceenennoii. 3a 10 jieT 3eMHOTO BpeMEHH MOKHO MpoJieTeTh BO BeeneHnHoi,
(r=10zem*(V(y,)=a > *c)=1,78*10" xu, mim 188000 cBeTOBBIX JIeT. 3a COOCTBEHHOE BPEMSI B

anmnapare ¢ =a’(101em) umm 4 yaca 40 munyr. Dto Bpems ais (Y—=7,) kBaHTOB, B
MEXTaJJaKTUYECKOM YPOBHE CUHTYJSIPHOCTU (PU3UYECKOTO BaKyyMa.
11. KBanToBasi cucrema KOOpIMHAT.

N3orporHoe EBKIMIOBOE TPOCTPAHCTBO BCeleHHOM paciupseTcs, 9To HeJIOMYCTHMO B
EBKHHHOBOP’I AdKCHMOMATUKeE, B KOTOpOfI CO3JaHbI BCC TCOpI/II/I. CBCT JAJICKHUX 3BE€3/, 'aJIaKTHUK, UX
CKOTUICHHH, YKa3bIBAIOT HA TAKOE PaCIIMPEHUE IPOCTPAHCTBA, HE HMECIOIIETO BUIMMBIX IPECIIOB, H
HaJIM4YMEC B TAKOM HpOCTpaHCTBe LIG:pHI:IX I[I)Ip nu T€MHOI71 3H€pFI/II/I, MaTepI/II/I.

e, eq e Yo V =cC Yl
Py { Py ‘ P| ‘ Vi ‘ Ve Vq ‘
<—— 0/, ﬂ\ on, =R,

puc.11.1. Henesmumbie KBaHTHI NPOCTPAHCTBA-MATEPHH.



dusndeckuit Bakyym BceneHHON peIcTaBiIeH MHOTOYPOBHEBBIM TPOCTPAHCTBOM, Kak (opMoi
Matepuu. JIMHaMHYHOE MPOCTPAHCTBO, Kak (hopma MaTepuH, MpeACcTaBIeHO akcuomamu: Bee ykasanHbie
00BeKkThl BeenenHoil, paccMaTpuBaroTcs B KBAHTOBOM cHCTEME KOOPJMHAT, TOUKaMU OTCUETa B KOTOPOil
apistoTcst Henenumble KBanThl mpocTpaHcTBa, Kak GOpMbI MATEPHH.

B emunom (X -=Y+) , (X+=Y-) npocrpancree-marepuu nepsas O6nacts Jloxkamusamuu (OJ1))
HEJIENMMBIX KBAHTOB (POPMUPYETCS TPEMSI 3apSIIOBBIMU (P — €, U, — Vo, Ve — V) (pHcC.1) 1 nByms
MAacCOBBIMH (€ — V,, Vo — V, ) n3onotennuanamu. Ananoruuro sce (OJ1,),(0J,) ... (OJ1;) n (OJ1))

, (0J1)), (OJL,) ...(0JI,) O6nactn Jloxamasamuu (OJI ;) pusndeckoro Bakyyma. Kaxprii
SHEPreTUIeCKuil KBaHT (Xt= p].), (Yx= e;) B (OJI;) ypoBHAX UMEET CBOM SHEPreTHYECCKUH YPOBEHD

(cuHTyIspHOCTH), (X+= v;), (Y £= ¥;) KBaHTOB (PU3NIECKOTO BaKyyMa, HIDKE KOTOPOTO OHH ceOs He
nposiBisitor. Ouu Gpopmupyrot Hepennmeie O6macTi mpoCTpaHCTBA — MAaTEPUHU U3 PACUETHBIX MX
MacCOBBIX XapaKTEPUCTUK.

Tabmuna 11.1

JGM(p,kJGM(e)) =1 M (e kM (y;) =1
JGM(p)(k=18WGM(v,) =1 M (e)(k=32)M(y,) =1
NGM(p,)(k=1,7WGM(v,)=1 M(e,)(k=3,15M(y )=1
JGM(p,)(k =1TWGM(v,) =1 M (ey)(k =3.8)M (y,) =1

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

VGM (p,)(k =183NGM(v,) =1
JGM (p)(k =183WGM (v,) =1
JGM (p, )k =189VGM(v,) =1
JGM (p,)(k =1,82GM (v,) =1
JGM (p )k =183WGM (v,) =1

HamnpuMmep, KBaHTBI sipa «TSKEIOT0» aTOMa (p2 / n, T €2 ) (s1pa 3Be3/1bl) NPOSBIAIOT CeOA B

(hU3UYECKOM BaKyyMe Ha YPOBHE AJIEKTPOHHOTO HEUTPUHO (V,) ¥ poTOHA (¥ ), COTIACHO
npeacTaBIeHHoN Tabmuie. KBaHThr (p4/n , T €4) sIpa rajnakTux, NposBIsOT ce0sl Ha yPOBHE CBEpPX

CBETOBBIX HEWTPUHO (V,) 1 GOTOHOB (7, ), co ckopocTsmu (V = a1 * ¢ = 137  ¢). KpauTsl (p6/n ¢t

€s ) fA1pa KBa3apoB, IPOSBISAIOT ceOs B PU3NICCKOM BaKyyMe, Ha YPOBHE CBEPX CBETOBBIX HEHTPHHO

2

(v4) m GoTOHOB (¥, ), B IpOCTpaHCcTBe cKopocTer (v = a ™2 % ¢ = 1372 * ¢). KpoMe 3TOro eCTh KBaHTBI

raJlakKTHIeCKUX (p3 /n3 + e3) W BHEraJaKTHYECKUX (p5 /ns + e5) Uepnbix [IpIp, B IICHTPE CKOTUICHUS
3B€3[] M FaJIaKTHK, COOTBETCTBEHHO. OnTuyeckue GOToHBI (¥ ) UMEIOT 3aMKHYThIe TpaekTopuu (Y-) B

WX CTPYKTYPHBIX (popMax v He MOKHIAIOT TaKue OOBEKTHI.
Taxas xBantoBas cucrema koopaunar (OJ1;;) yposueit Henenmumbix KBaHTOB, MMEET B3aMMHO
oproroHanbHeie TOUKU 1o(X—) L 19(Y—) u nuauu — tpaexropuun (X —) L (Y —), B tMHAMAYHOM
MHOTOYPOBHEBOM IIPOCTPAHCTBE CKOPOCTEH, C IOKATbHBIMU 0a3MCHBIMU BEKTOPAMH:
(X —) = ex(x™) xcos (wp)x) n (Y ) =ey(y") * cos (wp)y ,

rae guHamuanbie @ (X—) u @ (Y —) yriisl napawiensHOCTH JIMHUH-TPAEKTOPHIA, ¢ THHAMUAYHOM
cuctemoii koopauuar (x™) # const u (y™) # const, ecth peansHoe B0 BeenenHoit, He craimoHapHoe
EBKIMI0BOE IPOCTPAHCTBO, ® — yriaoBas ckopocth (X —)uau(Y —) Tpaexropum.

Hanpumep, ckopocTh 37eKTpoHa U POTOHA CBSI3aHBI COOTHOMIEHHEM: (V, = & * C), T/Iie
a=1/137=v./c=cos (®)y , KOCHHYC MPeACTHLHOTO yria napamuieasbHocta (Y-) Tpaekropwuii (puc.1).

AHAJIOTUYHO CKOPOCTH IMPOTOHA (v, = VG*c,), rae G =6.67° = cos(wg)y) .



Camu (X —)unu(Y —) IMHMU-TPAEKTOPHHU, IPEACTABIIEHBI JOKAILHLIMU 0a3MCHBIMU BEKTOPAMH:

o ax™ aym"
(X— = ey) u(Y— = ey), B COOTBETCTBYIOIIEH CHCTEME KOOPAMHAT: €y = S M ex = X

nuHaMH4YHbIX cdep (r <> R), ¢ ux aunamukoit (r—0), (R—ﬂﬁ) Ha kBaHToBOM ocu (OJ1};) ypOBHEH.
B kaxnoit cepe-touke (r «» R)(X-) mnu (r <> R)(Y-), cBost (x")l]( y™) cucrema KOOpIUHAT, B3AUMHO
OpTOroHaJIbHBIE. DTO IMHAMUYHOE POCTpaHCTBO ¢ EBKiNI0BOM n3oTponueil chep.

B ycioBusix HyseBbIX yriioB napamwiensaocta (X —) = 0, (Y —) = 0, kBaHTOBas cucremMa
KOOPJIMHAT MEPEXOJIUT B CETKY KOOPJUHAT (x”)l]f y™) eBKJIMJIOBOM TIIOCKOCTH. B ycrmoBusax
(GukcupoBanHbIX yriuoB napamiensroct (@(X —) # 0) = const, (p(Y =) # 0) = const, ¢
JOKabHBIMU 0a3ucHBIMU BekTopamu: e(x™)L e( y"), B pukcnpoBaHHOM MHOTOMEPHBIX KOOPIMHATAX:
(x™ = const), (y™ = const), pedb 0 MOBEPXHOCTAX Y)KE pUMAHOBOTO IMPOCTPAHCTBA Zi =
e;(x™e,(x™), mpsamoii B (X+),(Y+) nonsx u o6patHoii B(X-), (Y-) nonsx, kpususubl (K=Y?/Y,), puc2.

B npocrpanctse ckopocreit (Wjv;), (OJI;;) ypoBHEH Gu3neckoro Bakyyma, mpeicTaBiIeHHOTO
JIOKaTbHBIMU 0a3MCHBIMHU BEKTOpPaMHU IpocTpaHcTBa Prumana,

(X —) = ex(x™) * cos (wp)x) u (¥ —) =ey(y") * cos (wg)y ,
¢ puxcuposannbivu yriiamu (@ (X —) # 0) = const, (@(Y —) # 0) = const, napaiieabHOCTH, BCE
Kpurepun dpomormn (KD), (v =K' /T") ckopocts, (IT=K? / T*=v?) noreruuan, (F=IT%) cuna, (E=IIK)
sreprus, (h = E * T = pA) neiictBue, macca m=I1K(Y- = X+) B maccoBsIx moisix u 3apsn q=IIK(Y+ =

X-) B anekTpoMarHuTHBIX oJsix. Takxke:(w = 1/T) wacroTa, (p = Z—[; = w?) MWIOTHOCTH MacChl
(X+=Y-) i 3apsaa (Y+=X-). Jlrob6oe ypaBHeHue npuBoauTcs k equnune, Ko(X+ = Yﬁ))KB(Yi=
X+) )=1, npocteim nenenuem, kak Henenmumas O6nacts Jlokanuzamuu (HOJI=1).ITnoTHOCTS MaccOBOTO
p(Y =) = (X+)w?(X+) umn 3apsaosoro p(X —) = (Y+)w?(Y+) nons, popmupyercs B Henenumbix
KBaHTax eIMHOTO MPOCTPAaHCTBA MAaTEPUU:

Taxum 00pa3zom, B 00bEMHOM €JMHOM MPOCTPAHCTBE-MATEPUH, UMEIOT MECTO BUXPEBBIE
I0THOCTH 371eKTpo (Y+ = X-) MarHUTHBIX MOJISIX, U3BECTHBIX, KaK ypaBHEHUsI MakcBeilia,

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

UrotyE(Y+)dS2 = _U%deﬂ B YCIIOBHSIX ” A4,dS,=0= j;B(X—)a’L2
S, s, L

1 BUXPEBbIE INIOTHOCTHU T'PaBUT - MAacCcOBbIX (X+=Y-) noJiel, ¢ UX ypaBHEHUSIMH.
j j rot, M(Y=)dS, = j j G'(X+)dL,dT + j j G(X+)ds,
S, S

j j rot, G(X+)dS, = — j j M'(Y=)dL,dT , B ycrnoBusix j j A (Y-)dS, =0= §>M(Y—)dL1

['maBHBIM CBOMCTBOM 00BEMHOIO MTPOCTPAHCTBA, Kak (popMbl MaTepuu ecTh ero CtpykrypHas @opma
(Cd).3amknyrsie u (Y-) Tpacktopun Henenumeix KBantos B CTpykTypHBIX D@OpMax UMEIOT BU]L
«CTOSTYMX BOJIH», HAI[PUMEP B CAMOM SIJIpe aToMa «CTOsYre BOJHBI» 31eKTpo (Y+ =X-) MarHUTHBIX U
raBut (X+ = Y-) maccoBbix nojsix. B oosemuom (XY Z) npocTtpanctse, BA0Ib ocH (X) B BUJIE:

Y

Puc.11.2. Buxpu MmarauTHbIX (X-) 1 MmaccoBbIX (Y-)moJieil B CTPYKTypax siapa



Jlns maccoBrix (Y-)monei. f(y,z) = 0, B: y2 + (z — Nr)? = (Nr)?, nna (y=0),
(N=0, Z=0), (N=1, Z=2r, Z=0), (N=2, Z=4r, Z=0), (N=3, Z=6r, Z=0), ...,
Jlnst MmarautHbIX (X-) noneit. x2 4+ (z — (N + 1/2)r)? = ((N + 1/2)r)?,
(N=0, Z=r), (N=1, Z=3r, Z=r), (N=2, Z=51, Z=r1), (N=3, Z=Tr, Z=1),
o6uue Toukn. CTPYKTYphl BUXPEBBIX MOJIEH B CTOSYMX BOJIHAX, UMEIOT BHI:

N=1 N=2 N=3 _Q _—

T Y0
o WAL A

—- s

-

-

i

Puc.11.3 cTpyKTYpBI BUXPEBBIX 110JIel B CTOAYHUX BOJTHAX
Takue «crosurie BOJIHbI», BUXPEBBIX MATHUTHBIX (X-) 1 MaccoBbIX (Y-) MMoJIeH, UMEIOT MECTO B SApax
aTOMOB U CaMHX aTOMOB, 10 YPOBHSI 3JI€KTPOHHBIX HEUTpUHO (X— = v,) u poToHOB (Y- =y ), YypOBHEMH
CHHTYJISIPHOCTH B (PM3UYECKOM BakyyMme. J{IiHa «cTostueii BOTHBI (A) ¥ MIIOTHOCTH (p) BHXPEBBIX
TOJIEH B aKCHOMaX IMHAMMYHOTO IIPOCTPAHCTBA-MATEPHUH, UMEIOT TuHAMUKY B(O./1};) ypOBHAX
¢usmueckoro Bakyyma. A;(X—) = 0, p;(X—=) = o, A;(Y=) = o, p;(Y—) = 0.

Hanpumep, B (OJ1;) ypoBHe, eciu 31ekTpoH (Y — = e) msiydaet ¢poton (Y— = y), TOo IpoTOH
(X— = p), u3nydaer WM MOTJIOMALET 3IEKTPOHHOE HEUTPHHO (X— = v, ). [Ipu 3TOM, IIIOTHOCTH
MarHMTHOTO IOJIg HEUTpUHO Oonbine p;(X— = v,) > p;(X— = p) mioTHOCTH TpaekTopuu (X-)

npotoHa. To ecTh, TpaeKTOPHUsI IPOTOHA «IBHIKETCS IO CTPYHE» TPACKTOPUU AJIEKTPOHHOTO HEUTPHHO,
KOTOpbIe U (OPMUPYIOT CTPYKTYpHI siapa. Hanpumep, cTpyKTypbl IPOAYKTOB paciajga HEMTpoHa U
kBaHThl CB — CunbHOTO B3aumoenicTBus siipa, UMEIOT BUL:

HeiiTpon pacnagaercs B cuily aCUMMETPUU KBAaHTOB IIPOTOHA U HEUTPUHO B 001EH CTPYKTYpE.
Ksantsl CB cBsizanbl CunbHbIM B3aumMogeiictBueM, u popMupytoT maccosbie (Y-) TpaeKTopuu B
000J10UKax sapa.

B cnyyae cumMmMeTpun npoAyKTOB aHHUTHIISIIUN KBAHTOB 3JIEKTPOHA WJIM IPOTOHA
Yt=e)=X-= Ve)(y-l': V)(X_= Ve)a (14.1)
Xt =p) = Y ==y X+= v )(Y == yy), (14.2)
TaKue KBaHThI CTAOMJIBHBI, C UX 3apsI0BBIM M30omoTeHIInanoM eauHbIX (Y+=X-), (Y-=X+) noseii.

[IprunHON aHHUTWIALIMY dJIEKTPOH-TIO3UTPOHHOM U POTOH-aHTUIIPOTOHHOM Iap, €CTh UX
MIPOTUBOTIOJIOKHBIE BUXPH 3apsAfoBbIX (Y+ = X-) u MaccoBbIX (Y- = X+) moneil.
[Ipocreiimmii atom, UMEET CTPYKTYpPHI B (PU3HMUECKOM BaKyyMe BILJIOTH IO COOCTBEHHOTO YPOBHS

CHHTYJISIPHOCTH TIPOTOHA, T.€. 10 3JICKTPOHHOTO HEHTPUHO, U AJIEKTPOHA, T.€. 10 (OTOHA.

Kak (hoToH MeHsIeT SHEepreTHUeCKrue YPOBHH OPOUTAIBHBIX AIIEKTPOHOB, TaK M AJIEKTPOHHOE
HEHUTPUHO, MMest OOJIBIIYIO TUNIOTHOCTH p(X—=V,) > p(X—= p) npoToHa, MEHSIET YHEPTETUICCKIE
YPOBHH HYKJIOHOB B BO30Y)KJICHHBIX SIApax.

AHaIOTUYHO «CTOSYHME BOJIHBDY «CTOSYHE BOJIHBD) BUXPEBBIX MAarHUTHBIX (X-) 1 MaccoBBIX(Y -) TIOJIEH,
umerorcs B (OJ1;) u (OJ1;) dusuveckoro Bakyyma, B KBAHTOBOM CHCTeMe KOOpIMHAT. B ToMm 4nciie B

P P P P
CTPYKTYpax sijpa (n—2 + e;) 3Be31, (n—3 + e3) YepHBIX JIbIp, (n—4 + e,) rajakTuK, (n—4 + e,) KBa3apos.
2 3 4 4
Vi o
AHanorndHo B ypoBHsIX Pusndeckoro Bakyyma, UMEIOT MECTO (n—‘ + ¥;), CyOHEUTpUH-(HOTOHHBIE
i
CTPYKTYPHI, C TUIOTHOCTSMU P (X—= V;) — o, UX TPAeKTOPHIl.
MHOroMepHOCTh MPOCTPaHCTBA-MATEPUH B KBAHTOBBIX CTPYyKTypax (OJI;;) ypoBHE#H

(bM3UYIECKOTO BaKyyMa, IPOSIBISIETCS B CHCTEME KOOPANMHAT (KiN, T*V) npocTpaHCTBa -BpEeMEHH, CO
BceMu Kpurtepusmu DBOJIONNH, U B KBAHTOBOW CHCTEME KOOPIUHAT Ha (1) — CXOIUMOCTH, HallpuMep:

Junamuueckas cepa-Touka KaxkJI0ro KBaHTa IPOCTPAaHCTBA-MaTepuy, B Mpeiesiax IKCTpeMaei
(ro <1 <R), mensierca B (OJI;) ypOBHAX KBAHTOBOM cHCTEMBI KOOpAuHAT Beenennoii ot 0 1o oo.

A(X=)—-0 A (X=) - A(Y=) - A(Y=)-0
R = n(X—) >0 n(¥=) >0 R > o
pj(X=)—-0 pi(X—) - © pi(Y=) -0 pj(Y—=) - o




Tj(X—) » ri(X-) -0 Ti(Y—) » o ri(Y—) -0
ti(X=)-0 t;(X=) 2 o0 t;(Y-)—-0 tj(Y—) > o

I'oBopst 0 6eckoHeuHOoCTsIX Beenennoit, mbl ¢ HatmM OJI; ypoBHEM KBaHTOB Agy; (X—) u
Tom (X—), Ha 3emne, B kBanToBoit (OJI};) cHCTeMe KOOPJMHAT, HE MOYKEM BBIITH «Ha Kpan»
Bcenennoii, H1 B ITyOMHHBIX YpOBHSAX 7;(X—) — 0 , ®dusudeckoro Bakyyma, HU Ha OECKOHEYHBIX,
7;(X—) — 00, KoOOpIMHATHBIX paccTosHuAX (X —) moss Beenennoii. bosee Toro, Bo BpeMeHHOM
IPOCTPAHCTBE, 3TO COOTBETCTBYET OECKOHEUHO J0NTOMYy tj(X—) — 00, IPUOIMKEHUIO «KO JTHY»
pi(X—) = oo, dusnveckoro Bakyyma, uiin 3aMeJICHUIO COOCTBEHHOTO BPEMCHH «HA Kparo» BceneHHon
7;(X—) — o, 1o nynsa t;(X—) - 0.

31meck, Ha «KeCTKOU cTpyHe» (p;(X—) — o0) MarHUTHOTO IOJIS, BPAMIAIOTCS BCE UCXOIHBIC
maccoBsie Tpackropun (Y +)w?(Y +) = p;(X—), B (X—); none Beenennoii. Mx HaganbHbie
IJIOTHOCTH MaccoBoro 1o (p(Y—= e;) — o), pacnagarorc (e; — ¥;) 10 KBaHTOB (PU3HIECKOTO
Bakyyma (p(Y—=17v;) = 0), cux A(Y—=y;) = oo mymHO# BoJHBL. Pacmax KBaHTOB (+IHTPOTHS), UICT
o Bcemy (OJIj;) CIIEKTPY HEAETUMBIX KBAHTOB KBAaHTOBOH OCH. JluHamMuka MaccoBbIX (Y-) TPaeKTOPHH,
BBI3BIBAET, IIPU 3TOM, UHIYKIIMIO MarHUTHOTO (X-) 1moJist (puc.0 — MyHKTUPHBIE TUHUM), U HA000POT, B
COOTBETCTBUH C YPABHEHUSIMHU JUHAMUKH IPOCTPAHCTBA-MATEPUH.

Ecmu rnyOunHBIe, B hU3NUIECKOM Bakyyme, MmaccoBbie Tpaektopun (p(Y—=y;) — 0), umeror
BBIJICJICHHBIE HAITPABJIEHUs BUXPEBOTO 10 (puc.6), To B Oosee BhICOKHX sHepreTrueckux (OJ1;;)
YPOBHSX (U3NYECKOTO BaKyyMa, JIFOOOH KBAaHT ABHIKETCS CBOOOJIHO, B M30TPOITHOM, Yke EBKIHIoBoM
npoctpaHcTBe chepbl-Trouku (r(X—) = R(X—) — o) Bcenennoii.

Pacuersr mpoctpancTBa ckopocteil Henenumeix Keantos Brons (OJ1);) ypoBHel ¢usnueckoro
BaKyyMa, BBITIOJTHSIOTCS Yepe3 KOHCTAHTHI:

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

Torma B KBaHTOBO# cuCTeMe KOOPAWHAT, IPU TIOCIIEA0BATEIIEHOM U3ITy9eHUH (+ SHTPOIIHN)
kBaHTOB (¢~ =» ¥yt > y; >y > yg ...) , IMEIOT MeCTO IPOCTPAHCTBO CKOPOCTEN THX KBAHTOB:

— N — 1. — — -2 — -3
V)i=ae), Vo= a c=137¢c), (V, = a *c), (Vg= a>c) ...
AHAJIOTMYHO 715 3JIEKTPOHHOTO HEUTPUHO, C OKOJIO CBETOBOM (C) CKOPOCTHIO, UMEIOT MECTO
OCJIEI0BATEBHBIE H3TydeHus cyOneiTpuno: (v, = vy = vy = Vg ...), CO CBEPXCBETOBBIMU
CKOPOCTSIMHU:
V)i = W) ™M)=V = (V6) o) =(Vy = (V6) %) » (Vo = (VG) °c)

[Tomygaercst Tak, YTO CKOPOCTH MpeneNbHbIX V (V); KBaHTOB CyOHEHTPHHO, HAPACTAIOT OBICTpEe
npenenbHbIx V (y); kBaHTOB cyO(pOTOHOB. Peus 0 Gosiee ObICTPOM pacIIMpeHHH TPOCTPAHCTBA O3
M3BECTHOI'O HaM M3J1y4eHHUs (POTOHOB.

JIyis KpyITHOMAacIITaOHBIX KBAaHTOB (X— = p].) ,(Y—= ej) MPOCTPAHCTBA-MAaTEPUU HA0OOPOT.

CKOpOCTH «TSDKENbIX TPOTOHOB» W (X— = p].), HapacTaroT MeUIEHHEH CKOPOCTEH «TSHKEIbIX
51eKTpoHOBY V(Y — = €;). DT0 3HAUMT, 4TO B IIPOIIECCE paCUIMPEHHUs BeeaeHHol, IIpoCTpaHCcTBO
tpackTopuii (X—= V(v);) cyOHEHTpHUHO, paciupseTcss ObICTPEe MPOCTPAHCTBA CKOPOCTEH H3TydaeMbIX
(Y—="V(y);) cBepXxcBeTOBBIX CyO(HOTOHOB.
Hamnpumep, 11 1aHKOBCKUX MPEJENOB JIJIMHBI U BPEMEHHU BO BeeneHHoi,
Gh - K

Ly= [==VGK=4%x10"33cu, tne — =G = cosp(X —),

pl c3 lpl
VGl

="
r

+10—43
Umeror mecro: 1,35 * 1073 = (We)N(T =1), N = ln(l'isTl)O)

npenenam (OJI; = e,6Y24 = 1) ypPOBHS CHHIYJIAPHOCTH (PU3MIECKOTO BaKyyma. Toraa OTHOCHTENbHOE
pacimpeHue MpoCcTpaHCTBa cKopocTel cyoHeiTpruHO V (V); OTHOCHUTEIBHO MPOCTPAHCTBA CKOPOCTEH
cyodotonoB V(y); 3a oqun nepuon (T=1) nuHaMUKH, COCTABIISAET

£, = % = 1,35+ 10~%3¢ =

ol (VON(T =1) , T - nepuox KBanrTa,

=12, rae N = 12, cooTBETCTBYET



\/_*c*T

axcxT

V(V)iT\N _

=G = et

3TO paccTosiHUE, He KOTOPOE MPOCTPAHCTBO CBEPXCBETOBBIX CyOHeHTprHO (X—= V (Vv);), mpu
pacmupeHun BeceneHHoi, onepekaet mpocTpaHcTBO cBepXxcBeToBBIX (Y —= V(y);) cyddhoTOHOB, B
TUTAHKOBCKUX mpenenax. Cama Beenennast, B 9THX ke ITAHKOBCKUX TPeJeNaX, €,4(k = 3,14)y,, = 1),
g N = 12, umeer, Kak y»ke 0TME4aJioch, Ha4aJIbHbIE pa3Mepbl Chepbl-TOUKU:
AMeye) = 2ma?2, = 6,28 2.3 x10726 3 1078 = 4.7 x 10~ 33cm

KaK U IUTaHKOBCKast jutnHa L, = 4 * 10733 cu, ¢ mpenenbrbiM pagmycoM (Rmax) chepbi-rouxi (ro(X—)

YW =6+%10%cu, wuma 6 MIpJ. CBETOBBIX JIET.

< Rpax(X=))/ 32 oqun nepuo (T=1), kBanT (Y- =y, ) cAenaet nojHbiit 060poT 3a 2R = v(y,,) *
(T = 1), na pagmyce:

w(T= -12
Riyax = Paa) (M=), _ & °C _ 5 1 41035 ~ 2.5 * 102 cB.yer
21 6.28

Wi Ry, = 15man.R,,,,. To ectb Ha pagnyce B 15 MitH. pa3 GoJble pajgmyca ONTHYECKOTO TOPH30HTA
(R,,m ) Bcenennoit. AHanoquHo pacyer IMaMmeTpoB:

- suipa Comma, (N=0), d = — = 10%%m, s10 (1/7)R¢ pammyca Conua,

14-

- appa lanakruxu, (N=1), d = = 1,4 * 10*2cm, um (20) paguycos Connna,

314-

- anpa kBasapa, (N=2), d = = 1,8 * 10 cm, 510 12 a.e (R opoursl CarypHa).

3.14
HZU'IBHIG — ANaMETPbl HEHU3BCCTHBIX O6’I)€KTOBZ

= 7,7 » 10%°cm, s10 1.2 CB.7IET,

- Slnpa KkBa3apHBIX raNakTuk, (N= 3) d= T2

- Slnpa cymep kBazapa, , (N=4),d = Vi 10cu, 210 npuMepHO 10 CBETOBBIX JIET, H Jajee CyHep
KBa3apHbIX FaNaKTHK. .., 32 aHAJIOTUEH.

Takum oOpa3zoM, UMEIOTCS TIPEICTABIICHUS Pa3MEPOB sAJIEp YKa3aHHBIX 00bEKTOB BceneHHou.

BbIBO/1bI

CoBpemeHHast pu3nveckasi TEOpHsl, C COBpEMEHHBIMU (DaKTaMU PEaIbHOCTH, HE MOXKET ObITh
co3gaHa B EBkinoBoit akcuomatuke. ®dusuka OyayIiero MoxkeT U J10JIKHa ObITh cO3/laHa B HOBOI
TEXHOJIOTUHU TEOPUM. A UMEHHO, B aKCHOMaX JMHAMUYHOIO MTPOCTPaHCTBa-MaTepuu, GUKCUPOBAHHBIM,
YaCTHBIM CIIy4aeM KOTOPBIX €CTh €BKJIMJIOBasi akCMOMaTHKa. B aTux akcuoMax cosziaHa eirHas TeopHs
BCEX MAaT€MaTUYECKUX U (PU3HUECKUX TEOPHIl, C BOZMOKHOCTSAMU HCCIEA0BAHUN SHEPreTHUECKUX
YPOBHEH CUHTYISIpHOCTH MHOXkecTBa Rji(n) o6bexkToB Ha OJI;(m) cxoqumocTu nosist BeeneHHo.
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