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AHHOTAIUA.

Enunas Teopus He aBisieTcs Teopueit Bcero. Ee TeopeTrnueckii 0CHOBOU €CTh aKCHOMBI
JUHAMUYHOTO MPOCTPAHCTBA-MATEPUH, MPEIEITbHBIM CIIy4aeM KOTOPbIX €CTh EBKINI0BAs aKCHOMATHKA
pocTpaHcTBa-BpeMeHHu. 1o cymecTBy, peub 0 HOBOM TEXHOJOTHH CaMUX TEOPHMl. B 3THX MeTO1ax CO31aHbl
€MHbIC YPaBHEHUS IS JIEKTPOMArHUTHBIX 1oJiel (MakcBeia) U ypaBHEHUS JIJIsl TPaBUTAIIMOHHBIX TOJICH.
DTO eANHbIC YPAaBHEHUS PEIITUBUCTCKON JUHAMUKH CIICIIHAIIBHONW TEOPUH OTHOCUTEIILHOCTH U KBAaHTOBOM
PENATUBUCTCKON AUHAMHKH. U 3TO eMHbIe YpaBHEHHSI 00IEH TCOPHH OTHOCUTEIIBHOCTH M KBAaHTOBOM
rpaButanuu. Bce 3T0 B 0IHOM MaTEMAaTUYECKOW UCTUHE aKCHOM JUHAMUYHOIO MPOCTPAHCTBA-MaTEPHUH.
OnHuM U3 pe3ynbTaToOB, KaK UCCIEI0BATEIHCKAM MOCIEACTBUEM TaKOM TEXHOJIOTUH, €CTh Y IpaBiisieMast
TEpMOSIIEpHAs PEAKIIUL.

I'maBbr

. IIpocTpaHCTBO-BpEMSI SIBJIAETCS YACTHBIM CIy4aeM MPOCTPAHCTBA MaTEPUU
. OOmue ypaBHEeHUs dJIeKTpoMarHuTHOro (MakcBesia) v TpaBUT -MacCOBOTO TOJIS.
. O6mue ypaBuenust Criennanbaoit Teopun OtHocutensHOcTH U KBanToBOM PensruBuctcko JlnHaMuKku.
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. CnexTp HeJeUMBIX KBAHTOB MTPOCTPAHCTBA-MaTEPUH.
. O6mue ypaBuenust O6ueit Teoprr OTHOCUTENHLHOCTH U KBAHTOBOM I'paBUTAIUH.
. Jlunamuka Bcenennoii.

1. IIpocTpancTBO-BpeMs SIBJISIETCH YACTHBIM CJIy4aeM MPOCTPAHCTBA MATEPHUU
CoBpemenHas pu3HKa yIIUPAETCS BO MHOKECTBO TIPo0ieM, (akTOB, KOTOPHIE BBIXOAT 32 PAMKH €€

NN R W

TCOPETUYCCKUX HpeﬂCTaBHeHHﬁ. Camu TCOPCTUUCCKUEC MOACIIU U CI)YH)IaMeHTaIH)HI)Ie MNpEaAcCTaBJICHUA BO
MHOTOM TPOTHBOpEYMBEI. HammpuMmep, ckaszaiu, 4to mojie Xurrca co3aaeT Maccy yactuil. opManbsHO, 3TO
MOYKHO HOHSATh ¥ Ha KJIACCUYECKOM ypOoBHE, m = V2V (uactoTa onpenensgercs Kod(GpPUIHEHTOM KeCTKOCTH
1 Maccoi) Kak kosiebaHus B 00bEMe noJist Xurrca (sHeprust 6030Ha B Moaenu CrontanHoro Hapytenwns
CuMMeTpHH), KOTOpbIE B3STHI 32 OCHOBY uaen. Ho kak «Macca moJiss Xurrcay co3faeT CUily
IPaBUTALIMOHHOTO MPUTSKEHUS ABYX Macc, cKazaTh 3a0butn. OTBeTa HeT. MaTremMaTrka OTBE4aeT Ha BOIPOC
KAK? ®usuka oreuaet Ha Bonipoc [IOUEMY? Mb1 6yaem uckath Gpu3nyeckue MpuIuHbl. ITO OYCHb
BaXKHO.

Ecau (+) 3apsn nmporona (p*), B KBapKOBBIX (p = uud) MOJEIAX MIPEACTABIISIETCI CYMMOM:

q, = (u = +§) + (u = +§) + (d = —g) = (+1), IPOOHBIX 3apsI0B KBAPKOB, TO TOUHO Takoii (+1) 3apsiz (e)
MO3UTPOHA, KBAPKOB HEe nMeeT. Takast MoJieNb U TpeicTaBlieHue (+) 3apsaa He COOTBETCTBYET PEalbHOCTH.
U npotoH He m3iydaetT GOTOH B OOMEHHOM 3apsiIOBOM B3aUMOJICHCTBHU C AIEKTpOHOM atoma. Cama
EBkmmoBasi akcnomatuka IMeeT COOCTBEHHbBIE Hepa3pelInMble poTrBopeurs. Hampuwmep,

1. MHO>KeCTBO TOYEK B OJJHON «HE UMEIOIIEH YacTeil» TOuke, JaeT CHOBA TOUKY. JTO TOYKA WM HX
MHOJKECTBO, OTPEICIISIEMOE 3JICMEHTAMH U X B3aUMOCBSI3bIO?

2. MHO€eCTBO JIMHUH B OJTHOM «IIMHE 0€3 HIUPUHBD», 1aeT CHOBA JIMHHIO. DTO JIMHUS WIH UX MHOKECTBO,
OTIpENIeIIeMOE aHAIOTUYHO?

OTBeTOB Ha Takue BONPOChl EBKIIMI0Bast akcMoMaTHKa He jiaeT. Eciin Bo BpeMeHa JIo Halllei 3pbl,
9THU aKCHOMBI BCEX YCTPAUBAJIH, [Vl U3MEPEHUil 1iomaieif, 00beMOB. .., TO B COBPEMEHHBIX UCCIIEOBAHMIX
TaKue aKCMOMBI IPOCTO HE PabOTaIOT. DTO, U MHOTO IPYruX (PyHIaMEHTAIbHBIX IPOTUBOPEUHi, peLIeHNH B
TEOpUX HE UMEIOT.

dyH1aMeHTaIbHBIM (PAaKTOM €CTh TO, UTO HET MaTepHH BHE MPOCTPAHCTBA U HET MPOCTPAHCTBA O€3
Mmatepu. [IpocTpaHcTBO-MaTepus 3TO OJHO U TO XKeE.

I'maBHOE CBOMCTBO MaTepHH, ABWKEHHE, PEICTABISAETCS TMHAMUYHBIM IPOCTPAHCTBOM-MaTepueii,
C HeCTallMOHapHBIM EBKIIMIOBBIM MPOCTpaHCTBOM. OHO BBITEKaeT U3 CBOMCTB EBKIIMI0BON aKCHOMATHKH.

HpHMLIe JJMHUH JUHaAMHUYHOI'O ((p & conSl‘) IMy4Ka, HC IECPECCKAOT UCXOJHYIO IIPAMYIO (AC - OO)

6eckoneuHoctu (Pucynox 1), To ecTh OHU MapaienbHbIe.

Ha


http://vixra.org/abs/2210.0051
http://pva1.mya5.ru/

Pucynok 1. JluHaMu4yHO€ IPOCTPAaHCTBO-MATEPHSL.

DTO0 3HAYUT, YTO MPU ABHKEHUU BAOJb JIMHUU AC, Bcerja ectb IpoCcTpaHCcTBO (X-) B KOTOPOE MBI
MOTACTh HE CMOKeM. beCKOHEYHOCTh Hellb3s OCTaHOBUTh. [10aTOMY qrHaAMIYHOE (X-) IPOCTPaHCTBO-
MaTepusl IydKa napajiesIbHbIX IPSIMBIX JIMHUH, CylllecTByeT Bcerja. OpTOroHajdbHbIE IMYyYKH MPSMBIX
(X+) (¥+)

,

JTUHUN-TPACKTOPUH, UMEIOT COOCTBEHHbIE BHEIIHNE noJisi. Onu 06pazytor Henenvmbie

+ +
Ob6nactu Jlokanuzanuu (X$) , (Y1) [Ipu 3ToM EBKNMIOBOE MPOCTPAHCTBO C HEHYJIEBBIM M IMHAMUYHBIM

YIJIOM ((p # const) MapaJJIETLHOCTH B KaXKI0M CBOEH (X,Y,Z) ocu, Tepsiet cMmbicit. Ho ato peansHoe (X-),
BJI0J1b OCH (X), IPOCTPAHCTBO JMHAMUYIHOTO MyYKa MPSIMBIX JJMHUH, KOTOPOTO MbI He BUAMM B EBKIIMI0BOM
MIPOCTPaAHCTBE.

B 2-mepHOM mpocTpaHCTBe, HyIeBO# yroJ nmapamuienbHocTd (¢=0) mis (X-) u (Y-) muHui, naet
EBxnumoBeie mpsiMbie TMHUU. B ipenenbHOM ciydae HyJIeBOTO yriia napauieabHOoCTH (¢ = 0) B KaXK10# ocH,
JMHAMHYHOE MPOCTPAHCTBO-MaTepHsl epexoauT B EBKINI0BOE MPOCTPAaHCTBO, KaK YAaCTHBIN CiTydyail
JUHAMHYHOTO MPOCTPAHCTBA-MAaTepUU. ITO TIIyOOKHE U MPUHIUIHATbHBIE H3MEHEHUS CaMOM TEXHOIOT MU
TEOPETUYECKUX UCCIEIOBAaHUI, KOTOpble POPMUPYIOT HAIllM IIPeACTaBIeHHs 00 okpyxatomem mupe. Kak
BUJIUM, B EBKJIMJIOBOM MpeACTaBICHUH MPOCTPAHCTBA, MBI HE BCE BUJIUM.

Takoe quaamuuHOe (@ # const) NMPOCTPAHCTBO-MATEPHsI UMEET CBOM T€OMETPHUYECKHE (DAKThI, KaK
aKCHOMBI, He TPEOYIOIIHNE TOKA3aTEeIbCTB.

AKCHOMBI TMHAMUYHOTO IPOCTPAaHCTBA-MaTepUn

(qo # O) # const

1. HenyneBoil, AMHaMHUYHBII YroJl NapaJyIeIbHOCTH

(X -)L(r-)

, IIy4JKa MMapaJuICJIbHbIX IIPSAMBIX,

OTpeeNsieT OPTOrOHAIbHbIE MOJIS
CBOICTB, MPOCTPAHCTBA-MaTEPHH.

napauiCJIbHbIX JIMHUH - TpaeKTOpHﬁ, KaK U30TPOITHbIX

2. HYHCBOﬁ yroJ napajjieJbHOCTH ((p - O) , 1aCT «JINHY 0e3 HIIUPUHBD) C HYJICBBIM HUJIK HCHYJICBBIM
Y, . . .
0 - paanycom C(bCpr-TO‘IKI/I «HE UMeEIoIel yacTel» B EBKIMI0BOM akCHOMAaTHKE.

3. Ilyuox napasuieabHBIX NPSMBIX C HYJIEBBIM YIJIOM NapaJlJIeIbBHOCTH (QD - 0) , «OJMHAKOBO
PacIoyoKEHHBIH KO BCEM CBOMM TOYKAaM» , J1a€T MHOKECTBO MPSAMBIX JTMHUNA B OJJHOM «0e3 IMHUPHHBDY
EBKn110BOM IPAMOM JINHUH.

4. BuytpeHHue (X _)’ (Y _) Y BHEIIHUE (X +)’ (Y +) T0JIs1 IMHUNA-TPAEKTOpU HeHyneBol X, # 0 ninm

Y, #0 MaTepHallbHON cepbl-ToukH, 00pa3ytoT Henenumyro O6nacts Jlokanuzanuu H OH(X i)
HOJI(Y +)

50041

AAHAMHWYHOTO TPOCTPAaHCTBA-MATCPUU.

5. B eauHBIX MOJISX (X_ =Y +), (Y_ =X +) OPTOTOHAIBHBIX JTHHUI-TPACKTOPUI (X _) L (Y _) HET

JIBYX OJMHAKOBBIX c(hep-TOUEK U JTUHUNA-TPACKTOPHA.



6. [locnenoBarensHoCcTh Henenumeix Obnacreit Jlokanuszanuu (X i) (Y i) (X i) 10 paauycy

H H
Xo # 0 wm Yo #0 cepbI-TOYKM Ha OJTHOW JTMHUU-TPACKTOPUH JaeT /! CXOJUMOCTbh, a Ha Pa3IMYHbIX
TpaeKTOpUAX 7 CXOAUMOCTbD.
7. Kaxnoit Hepennmoit O6nactu Jlokanu3anuy npocTpaHCTBa-MaTePHH COOTBETCTBYET €IMHHIIA
Bcex ee Kputepues DBoumonu — KD, B euHOM (X -=r +), (Y -=X +) IPOCTPAHCTBE-MAaTEPUU HA
m—=n cxoguMOCTSX,

HOIT = K)(X-=Y +)KI(Y-= X +)=1 HOJT = K2(m)K2(n)=1

B CUCTCMEC YUCCJI PABHBIX 11O aHAJIOTMK CAWHUAILI.

8. duxcamus yraa (P # 0) = const yp (9 = 0) pyua npamex napaniensHBIX HHmi,
IIPOCTPAHCTBA-MaTEPUH, JAeT 5-i nocTynar EBKIMIA U aKCHOMY HapajLieIbHOCTH.

JIro6as Touka GUKCUPOBAHHBIX JIMHUNU-TPAEKTOPHI, MPEJCTaBICHA JIOKAIbHBIMU 0a3MCHBIM BEKTOPAMHU
. i j k

Zj+Zk =i+ %12k (Kopw, c. 508),
¢ pyHIaAMEHTATBHBIM TeH30pOM e;(x™) * er(x™) = g (x™), u Tomonorueit (x™ = XYZ) B EBkimmpoBom
HPOCTPAHCTBE. JTH 6a3UCHBIE BEKTOPBI BCErIa MOKHO NPEACTABUTE B BHAE: (X' = ¢y *t), (X = ¢y * t)
JIMHEWHBIX KOMIIOHEHT IPOCTPAHCTBA-BpeMeHH, Toraa v;(x™) * vy (x™) = (v?) = IT, nony4aeM 0OBIYHBIHA
MOTEHITAJ MPOCTPAHCTBA-MaTEPHH, KaK HEKOE YCKOpeHHe Ha JyinHe. To ecTh, PUMaHOBO MPOCTPaHCTBO,
310 (pukcupoBanHoe (¢ # 0 = const) cocTosiHUE TeoAe3uIecKOl (x° = const) JIMHUU TUHAMUIHOTO
(@ # const) npoctpancTBa-MaTepun (x° # const). To ecTb, PUMaHOBO MPOCTPAHCTBO, 3TO PUKCUPOBAHHOE
(¢ # 0 = const) cocTosiHUE T'eOIC3MIECKON (Xx° = const) JTMHUHA JUHAMHYIHOTO (¢ # const)
npocrpancTBa-marepun (x° # const). Takoi MaremaTuku PumMaHOBOTO MpocTpaHcTBa g (x° # const), ¢
MepeMEHHOM Te0Ie3nuecKoi, emie HeT. Het u reomerpun EBkinmoBoit HecTarmoHapHoi cepsl, HET
reoMeTpuu npocrpancTsa JlobaueBckoro, ¢ nepeMeHHbIMH aCUMIITOTaMU THIep601. YacTHBIM ciydyaeM

2 -
OTPHUIATEILHOU KPUBU3HBI (K =— ’;— = (”‘),J) (CmupHOB T.1, ¢.186) PumanoBa npoctpaHcTBa, €CTh
0

0
nmpocTpaHcTBo reomerpun JlobaueBckoro (MaTemarnueckas sHiukiIoneans 1.5, ¢.439). EcTh neBath

OTJIHYUTEIBHBIX TPU3HAKOB reomeTprn JlobaueBckoro ot reomerpun EBkinuaa (Pucynok 1.2).

ox .
PumanoBoro npocrpancTsa: e; = ittt

S 3TO /TUHUA

Pucynok 1.2 M3oTponHas qjuHaMuka.
OnnuM U3 npusHakoB reomerpun JlobaueBckoro, ecTb cymma (00 <xa< 1800) YIJI0B TPEYTrOJIbHUKA, B

OTJIMYME OT EBKIUIOBOM UX MPOCKIuu (), @ = 1800) Ha IJIOCKOCTh. PaBHbIe muomanu S; = S,
TPEYrOJBHUKOB, B PABHBIX yIVIaX NApajuIEIbHOCTH (1 = (0, IyYKa NapaJlyIeNIbHBIX MPSIMBIX JIMHUHN, JAIOT
MIPOEKTUBHO — MOJIOOHBIE TPEYTOJIBHUKU B EBKIINIOBOM MIOCKOCTU C paBHBIMU YTJlaMH B BEPIIUHAX.
OxpyxHOCTb B EBKJIMI0BOH MIIOCKOCTH, 3TO TUHUSA B reomeTpun Jlobauesckoro. 3aeck EBkinoBas
«NIMHHA 0e3 IHUPHUHBI»— 3TO paauyc Kpyra B reomerpun JlobaueBckoro. Uem 6osblie paguyc, TeM JUIMHHEe
«IMHUSA». Takue OKpY>KHOCTH B HOBepXHOCTH EBKIINA0BOI chepe, 3T0 MHOKECTBO NPAMBIX JTUHHUIA BO
Bcenennoii. B namewm cinydae, EBkiinoBas cdepa emie u auHamuuHa. Kak MO>KHO co31aBaTh TEOPUU
«bonbmoro B3peBa» unm «iukimdyeckoit Beenennoi» B Takoit cgepe? OTBET — HUKaK. ITO HU O YEM.
HyneBoii paguyc Takoro kpyra (r = 0), TOBOPUT O TOM, YTO TaKOTO Kpyra HeT, U HET TaKUX JTUHUNA. DTO
pasroBOp HU O YeM, UX IPOCTO HET. DTO K BOIPOCAM CHHTYISIPHOCTH C UX OECKOHEUHBIMU KPUTEPUSIMU U
HEBO3MOXKHOCTSIMH. VX HeT HU B MaTematuke, HU B [Ipupoze. 1o naet 3ppekTuBHOCTh KOHPOPMHBIX
npeobpazoBaHuii. Ho MeHsIs1 KOTMYECTBO, MEHAETCs KauecTBO. DT0 uiocopckue kareropuu. B



MAaTeMaTUYE€CKOM X IIPEACTABICHUH, Mbl TOBOPUM O PA3JIMYHON KPUBU3HE IUIOCKOCTEN TPEYrOJILHUKOB B
MHOTOJMCTOBOM PumanoBom npoctpanctse. Cama III0ma s paBHbIX B reometpun JlobaueBckoro

i j k
1 , 1 )
TPEYrOJNIbHUKOB MCHSICTCS: S = —a xb + sina =-|a; a, az|. Mensiercs cama Marpuua npeoOpasoBaHHuii,
by b, by

MaTpHLa CAMMETPUI, UHCTPYMEHTA KBAHTOBBIX TEOPHIA, HO YK€ B KBAHTOBOM PEJISITUBUCTCKONM TMHAMUKE
(MomnO roBoputh B KBanToBO# Teopuu OTHOCUTEIBHOCTH) AMHAMUYHON Cephl B JAHHOM citydae. PaBHbIE
TPEYroJIbHUKH IIPOCTPAHCTBA-MATEPHH, KaCATEIIbHbIE TIOBEPXHOCTSAM PAaBHBIX B IIPOCTPAHCTBE
JlobGaueBckoro cdep, HO ¢ pa3IMIHBIMU pagnycamu EBKnmIoBeIX chep. B nunamuunom (¢ # const)

MIPOCTPAHCTBE-MATEPUH, 3TU EBKIINIOBBIE CPephl pa3IMuHbIX PaIuyCcOB, ECTh OJHOMN cdepoit
HecTaMOHAPHOTo EBKJIMI0BOr0 MPpOCTPaHCTBA, KOTOPOTO HET B EBKINIOBOI akcnoMaTuke. PumanoBo
MIPOCTPAHCTBO TIPU ATOM, UMEET TWHAMUYHYIO Tomoyoruio (x™ = XYZ # const), gero Het B EBKIHI0BOM
(x™ = XYZ = const) cranimoHapHOM IPOCTPAHCTBE. ITH aKCHOMBI YK€ PEIIatoT MpooieMbl EBKIHI0BOM
AKCMOMAaTHKH MHOKECTBA TOUYEK B OJTHOM TOUYKE «HE MMEIOIIEH YacTel» U MHOYKECTBA JIMHUN B OJIHOM
«UIMHE 0€3 MHUPUHBD).

2.1. Enunble Kputepuu JBo/ouuH NPOCTPAHCTBA-MATEPHH.
Bce Kputepun DBomionnn AMHAMUYHOTO MTPOCTPAHCTBAa-MaTepUH, CHOPMUPOBAHBI
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Pucynox2.1. Kputepun DBoJIOIMU B MPOCTPAHCTBE-BPEMEHHU.
B MHOTOMEPHOM Ha (m-n) CXOJIUMOCTSIX, IPOCTPAHCTBE — BPEMEHH, KaK B MHOTOMEPHOM MIPOCTPAHCTBE
ckopocteit: WN=KNTN 3necy mna (N=1), V= K*'Tckopocts, W2 =I1 norenuuan, I1>= F cuna..., 2-ro
kBajapanTa. Ux npoekius Ha koopauHaTHoe (K) win Bpemennoe (T) mpocTpaHCTBO-BpeMs Aat0T: 3apsi
IMTK=q( Y+ =X -) B anektpo ( Y+ =X -) MarHuTHbIX H0JIs1X, Win maccy [IK=m(X+=Y-) B rpaBut (X+=Y-)
MacCCOBBIX MMOJISIX, TOTA MJIOTHOCTb P = % = % = Tiz = v? , 510 KBajpaT YacToThl, sHepruto E=T1%K,
umnyisc (p=I1°T), neiictBue (h=I1°KT), u T.11., €IMHOrO IPOCTPAHCTBA- MATEPHH
HOJI= (X+=Y-) (Y+ =X -) =1. Bcesikoe ypaBHEHHE CBOIUTCS K 3THM Kputepusiv IBOJIOIMH B
WN=K*NTN nipocrpancTse-Bpemenn. EcTs emme MEOro apyrux Kpurepres DBOMIONUK B IPOCTPAHCTBE-
BPEMEHH, KOTOPBIX MBI €llle HE ucnonb3yeM. Hanpumep, suneprus Diinmreiina E = mc?, u sueprus [lnanka
E = hv, MM€IOT IpsAMYIO B3aMMOCBSI3b YepPE3 MacCy M 4acToTy, B Buje: m = V2V, u Tak nanee.
2.2. daektpo (Y+ =X -) marHuTHbIe U rpaBuT (X+=Y-) MaccoBbIe NMOJIsl.
B equnoM (X+=Y-) (Y+ =X -) =1, npocTpaHCTBe - MaTepuH, BLIBOJIATCS ypaBHeHUs Maxkcpenna® ms

(X-)#0

sektpo (Y+ =X -) marauTHOro mous. Buyrpnu terxectoro yrua @ [apaJuIeIbHOCTH €CTh
A .
M30TPOITHOE HAIPSDKEHUE NIOTOKA ~# KOMIOHEHT (CMUPHOB, T.2, ¢.234). [TonHbIi NOTOK BUXPS YepPE3
X-—
CEKYIIYIO IIOBEPXHOCTh 51 (X-) B BHJIE!

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



(X-)
S

3aMKHYTOM KPUBOH L, B [IOBEPXHOCTU 2, A€

" KOMIIOHEHTa COOTBETCTBYET IIyUKY napaJuleIbHbIX TpaekTopuid. OHa ecTh KacaTebHOM BJIOJIb

S, LS,

L 1L . AHaJIOTUYHO, CIIEJyeT COOTHOIIEHUE:

IA dL, —”ror s, ds,

Pucynok 2.2-1. 3aektpo(Y+= X—)marautHbie u rpaBut(X+= Y —)maccoBble moJisi.

BayTpu TenecHoro yrima Px (X _) *0 napannenLHocm BBINOJIHAETCS YCIOBHE

”rot cosi ds, +jj—deT 0= HA (X-)ds,

(X-=Y+)

B OEJIOM €CTh CUCTEMA ypaBHeHI/Iﬁ JUHaAMHWKU I10JI4.

”mt AdS, = J’j’a(A [cosg,) LdT+”A ds,

:Urotm coanoX ds, = fJ.J'a—dedeT H'gAmdSz =0

0

B Esximmosoit ¥ =V akcrmomarnke, IpUHIMAs HAIPSUKEHHE [IOTOKA BEKTOPHBIX KOMIIOHCHT KAk

A /cos =E(Y+
HAIPSDKCHUE DJIEKTPUIECKOTO TIOJIs 7 Px (r+)

yria Py # O, KaK WHIYKIIUA MarHUTHOTO B(X-)

[[rot,BLx-)ds, = jjaE(Y”dL dT + _UE(Y+)dS

Sy

[[rot, E(r)ds, =-[[—=—

U WHAYKTUBHOW MPOEKIHH JUIsI HEHYJIEBOTO

I10JI1, UMEEM

OB(X -
( )dL dT ”A ds, =0= §B(X )L,
, B YCIIOBUSX 2

HUMCIOT MECTO U3BCCTHBIC YPABHCHU Makcaenna.
aE(Y+)

cxrotyB(X =) =roty HX —) = & + AE(Y+);
__0HX-) _ aB(x ).
rotyE(Y +) = —u P o
WHIyKus BUXPEBOTO MarHUTHOTO MOJIS B(X-) posuuxaer B [IEPEMEHHOM 3JIEKTPHYECKOM E(Y+) pose n

Hao00pOT.
jA dL, = j A dS, #0
Z[J'ISI He3aMKHYTOFO KOHTypa Lz €CTh COOTHOIICHUA L KOMIIOHCHT. B YCJ'IOBI/ISIX
(@, # const) "

(4, cosp, =A4,)

A 14
OPTOrOHAJIBHOCTH KOMIIOHCHT  ” M BEKTOpa A , B HCHYJICBBIX, IUHAMHWYHBIX

(qu % const) Acosp, 1 (A, =A, cosp,)

yriiax mnapajijieJIbHOCTH, , €CTh ITMHAMHKa

KOMIIOHEHTEI BIIOJIb KOHTYpa L2 B moBepxnoctH 52 O6a coortomerms TIPEJICTABISIOTCS B IIOJHOM BHJIE.
0(A, (X+)*cos
.[Am cos @, dL, =ﬂ (4, (X+) qDX)aszafT+J]'Ama’Sz
L, s, s,

oT

Hynesol noTok yepe3 NoBEpXHOCTh 5 BUXpS (rot, A,,) BHE TEJIECHOTO yTIja (q)Y 7 cons I)

COOTBETCTBYET YCIOBUAM

napajijiCJIbHOCTH



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

(Y-=X+)

B OcJIOM CUCTEMA ypaBHeHI/If/'I JUHaAMHKH IOoJIA MPEACTABJISICTCA B BUAC:

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

BBozs 1o aHanoruu HanpsKEHHOCTh noJisi CunbHoro (I'paButarionHoro) Bzaumoaeiictsus u

HHAYKOHUIO MaCCOBOTO IOJIA M(Y_) , HOJTYYHUM AHAJIOTHUYHO.
0G(X+)
H rot, M(Y=)dS, = j j — - dLdT + ”G(X+)dS2
S, S,
oM (Y-
”mt G(X+)dS, = J‘J'#dL dT [[4,(r-)ds, =0= §M(Y YdL,
S , HpI/I Sy
Takne ypaBHEHUsI COOTBETCTBYIOT I'PABUT (X+=Y-) vaccosbm TIOJISIM,
9G (X+)
cxrotyM(Y =) =rotyN(Y —) = &, * + AxG(X+)
M(Y-)=pzz * N(Y=); rob GOH) = —pp « 2 = — 2
(Y +=X-)

10 aHAJIOTUH C YpaBHEHUAMH Makcseiia i 3J€KTpo MarHuTHbIX noJiel. Peub 00 nuayKINN
maccoBbix M (Y —) moneit B mepemennom G'(X+) nosie rpaBuTanim, moa00H0 WHAYKIMH MATHUTHOTO MOJIs
B [IEPEMEHHOM JJIEKTPUYECKOM ToJIe. 3eCh HET BApUAHTOB. DTO €HAasi MaTeMaTuyeckasi HCTUHA TaKuX
MoJiel B €IMHOM, TMHAMUYHOM IPOCTPaHCTBE-MaTepuu. Peub 00 MHAYKIIMU MacCOBBIX MOJIEH BOKPYT
JBUKYIIMXCS Macc (3B€3]1) TaKKe KaK U 00 MHIYKIIMM MarHUTHBIX MOJIEH BOKPYT IBHKYIUXCS 3apsI0B.
Taxum 06pa3om, ToBopoTsl oty B(X —) nrot,M(Y —) tpaekropuii, natotr uHamuxy E'(Y+) n
G'(X+) cunosoro snekrpuueckoro (Y +) u rpasurannontoro (X +) moseii, COOTBETCTBEHHO. A TIOBOPOTHI
(Y+) noneii Bokpyr (X —) tpaekropuit u (X +) noneit Bokpyr (Y —) TpaekTopuii, Jal0T AUHAMHKY
anektpo rot,E(Y +) — B'(X—) MarHurtHOro nois, ¥ MaccoBeix rot,G(X +) —» M'(Y—) Ttpaekropuii.

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

\( | :

| . it
}/\ (L'F-
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Pucynox?2.2-2. Eaunble nojs npocTpaHCTBa-MaTepuu
JMunamuka E (Y +)31eKTprdecKoro moist MOpoX/IaeT HHAYKTHBHOE MaruuTHOe B(X—) moste, 1 Ha0GopoT.
Hanpumep, 3apspkeHHBIN Iap B JBMKYILEMCS BarOHE, MarHUTHOTO 10Js He nMeeT. Ho komnac Ha neppoHe
MOKa)KeT MarHUTHOE T0JIe. DTO ONBIT DpcTeaa, HabmronaBuii (X —) MarHuTHOE noJie IBumxymuxcs (Y +)
JIEKTPOHOB TOKA IPOBOIHHUKA.
W enuHBIM 00pa3oM BBIBOJSTCS TaKHE )K€ YPAaBHEHUS] TUHAMUKH rpaBUT(X+=Y-) MacCOBBIX MOJICH:

60D ooy

cxrotyM(Y =) =rotyN(Y —) = &, * 3T



MOY-)m NYS), rot,GGH) = —py » 2102 = - 20D,

Junamuka G (X+) rpaBUTAIMOHHOTO TOJIS OPOXKAAET MHAYKTUBHOE MaccoBoe M (Y —) moue, u
HA000pOT. AHAIIOTUYHO, NPH JABMKeHUH (X+) Mace (3Be3), MOPOKIAI0TCA B MHAYKIIMKA MaccoBbie (Y —)
noss. 37I€ch yMECTHO OCTAHOBHMTHCS Ha BCeM M3BecTHOM opmyie (E = mc?), Ha KOTOPO 0CTaHOBUMCS
noapoOuee. Terno ¢ HeryneBol (m # 0) maccoii, usmydaet cet ¢ sHeprueit ( L) B cucreme (X, Yo, Zg, Cto)
KOOpJIMHAT, ¢ 3akoHOM coxpaHenwmst sueprun: (Ey = E; + L) , 10 u nocne uzimydenus. J{ns 310 jxe Macchl,
M 3TO KJIF0OYeBOH MOMEHT (Macca (m # 0) He MeHsieTcs), B Ipyroit (Xxq,Y;,Zq, Ct;) cucTeMe KOOpAMWHAT,

v? . .
3aKOH coxpaHeHwust sHepruu ¢ (y = |1 — ;) npeoOpa3zoBanusimu JlopeHa, DUHINTEHH 3amucali B BUIE

(Hy = H; + L/y). Boruutas ux pasHuiry, DUHIITESHH MOTYIHII:
1 1
(HO - EO) = (Hl - El) + L(; - 1), 501058 (HO - Eo) - (H1 - El) = L(; —_ 1) ,

C oTneneHureM pa3HUIbl SHEPrUuu u3nyueHus. O6e nHepuraabHble CUCTEMbl KOOPAMHAT ABMXKYTCS, HO
(%1,¥1, 21, Cty) OBUKETCS CO CKOPOCTHIO (V) OTHOCUTENBHHO (X, Vo, Zo, Cto). VI TIOHATHO, 4TO CHHHN U
KpacHBIN CBET UMEET pa3HUILy SHEPTUil, KOTOPYIO U 3anucai DUHIITEHH B ypaBHeHUH. CaMO ypaBHEHHE

DWHINTEHH 3ancall Kak pa3HUIly KHHETUYECKUX YHEPTUM B IIEPBOM Pa3I0KECHUH.

L v? AL, v?
(Ko —Ky) ==(5.), I AK = () —

AL o o 2
3nech (C—2 = Am) MHOXHTEJb, UMEET CBOMCTBA MACCHI «JTYIHCTOH dHeprum», wim: AL = Amc*. Dty
(GOpMyJTy HHTEpPIPETHPOBAJIN O-Pa3HOMY. JHEPIHI0 aHHMTUIAIMH E = myc? Macchl OKOS, HIIH:

E2 o
my? = i p?/c? , B penATUBHUCTCKON MHAMUKE. 371eCh Macca ¢ HyJIeBBIM HMITYIbCOM

(p = 0) , umeer sHepruio: E = myc?, a nynesas macca potoHa: (my = 0), UMEET UMITYIBLC U SHEPTHUIO
E = p * ¢ . Ho DiHmITelH BBIBEN APYroii 3aKOH «IyducToi sHeprum» (AL = Amc?), ¢ MaccoBbIMH
cBoiicTBamu. D10 He HHeprus GoToHa, ¥ 310 He sHeprud (AE = Amc?) nedekTa Macc HYKJIOHOB szpa
aToma. DUHINTEHH YBHUIET TO, YeTro He yBHUAeN HUKTO. [Tog00HO ABIKYyIIEeMycs 3apsaay, ¢ MHIYKIIHEH
MarHWTHOTO TIOJIsI ypaBHeHH MakcBeruta, IBmKyIiascs macca (macca (m # 0) He MEHSETCS ), HHIYITUPYET
MaccoByio sHepruio (AL = Amc?), kotopyto u Hamen Ditnmreiin. Hanpumep, 3apsikeHHas chepa BHYTpH
JBUKYIIErocs BaroHa (3apsia (g # 0) He MeHsieTcsl), HE UMEET MarHuTHoro noiisa. Ho koMmac Ha neppowe,
MOKaXET MarHUTHOE ToJie cephl B IBIKYIIeMcs BaroHe. IMEHHO Takoe WHAYKTUBHOE MarHuTHOE ToJIe, OT
JBUKYIIMXCS DJIEKTPOHOB TOKAa MPOBOAHKKA, 0OHapyxui Dpcten. [lorom Obutn onbiTel Papanes,
WHJYKIUU BUXPEBBIX AEKTPUUECKUX MOJIEH B IEPEMEHHOM MAarHUTHOM TI0JIE, 3aKOHbI MHAYKIINU 1
CaMOMHJIYKIIMH U ypaBHeHUs MakcBesuia. [1o aHamoruu HHIyKTUBHOW SHEPTMH MATHUTHOTO IOJISI OT
JBIDKYILETOCS 3apsjia, DUHIITEHH BbIBEN (OPMYITY HHAYKTUBHOM, «JTYIUCTOW» YHEPTUH MAaCCOBBIX IOJICH,
OT JBIDKYIIMXCSI HEHYJIEBBIX Macc (Macca (m # 0) He MeHsieTCs), 3BE3/1 B TaJIaKTHKaX B TOM uucie. 1
3/Iech DWHINTEWH BhIIIEN 3a paMKi EBkinmoBoii (¢ = 0) akCHOMAaTHKH MPOCTPAHCTBAa-BpeMeHU. B
aKCHOMax JMHAMHYHOTO MTPOCTPAHCTBA- MaTepuu (¢ # const), pedb uaeT 06 uHayKTHBHBIX M (Y —)
MAaCCOBBIX IOJISIX, B IOJHOM aHAJIOTUM C ypaBHEHUAMH MakcBeiia. BoT uro yBuien DUHIITENHH, 1 HUKTO
JIPYTOu.

Heroton npencrasui popmyiy, Ho He ckazan, [IOYEMY Bo3HHKaeT cuiia rpaBUTAlUU. 3aMUChIBas

ypaBHenue O6mieit Teopun OTHOCUTENBFHOCTH, DUHIITEHH Opal rpaBUTALIMOHHBINA OTEHIIUAN HYJIEBOM

E? 2 L2(Y-)
MacCel: — = C“, B BHUJIE 7

p?
npencrasiaenue 00 O0melt Teopun OTHOCHTENBHOCTH DHHIITEHHA COCTOUT B TOM, YTO CUMTAETCS, B
YPaBHEHUU IIPEICTABIICHA HEHYJIEBAs MacCa, KAK UCTOYHUK UCKPUBIICHUS IIPOCTPAHCTBA-BPEMEHH, KaK
UCTOYHUK rpaBuTaiivu. B ypaBuenun O61meit Teopun OTHOCHTENBPHOCTH DWHIITEHHA, KAK MaTeMaTHYeCKOM

HNCTUHBI B JUHAMUYHOM ITPOCTPAHCTBE-MATCPUHN B IIOJTHOM BUIC:
8nG

Rix — %Rgik - %Agik = C_4Tik -
HeT Maccel: (M = 0), B KJTacCHYeCKOM ee MOHMMaHUU. B MaremaTnueckoil HCTHHE, 3TO pa3HULA
PENATUBUCTCKOM TMHAMUKH B JIBYX (DMKCUPOBAHHBIX TOUKAaX PUMAaHOBOI'O MPOCTPAHCTBA, OJHA U3 KOTOPBIX
npuBoauTcs K EBKinoBoil cepe, Bo BHelIHeM, He crarioHapHoM (4 # 0) EBkiumgoBoM mpocTpaHcTBe-
BpeMeHu. B ¢usnueckoii ucrune, B ypapHenuu Oo0mieit Teopun OTHOCUTENBHOCTH, DHHINTENWHA, B €IMHBIX

Kpurepusix DBoutonuy, «3amuTa» popmyna (3akoH) HeroToHa:

2 2
E =c'K, P=C4T,(ci2—c,f=Aci2k)=5—2— X =c?), AR =Gv (X +)#0

8nG
=Gvi(X +) = CTTik TEH30pa dHEPIUU-uMITysbca. JloxHoe

_T2



Ac = SE dumm)Clmng _Omme o =T Akt =F

Kak Buaum, B ypaBHenuun OO0ueit Teopun OTHOCUTENBHOCTH DHHIITENHA, CUJIA TATOTEHUSI IEHCTBYET B
TIOJISIX ¢ HyJIEBO# MacCO. UnTaeTcs: pasHuIIa MacCOBBIX MOTOKOB Ac?, (Y —) BO BHENIHEM NOTEHIMATLHOM
nosie rpasutanuu ¢ (X+), ¢ ux [I[puHIMIOM DKBUBANEHTHOCTH, €T cuity. ONpeneanMcs B TOM, Kak
paboTaeTt Takoii moaxoa. Harpumep, mis Connna u 3emmn (M = 2+ 1033g) u (m = 5.97 = 10%7 g),
HOJIy4UM

(6=6.67%10"8)(M=2+103%)
(U, = =

R=1.g)36*1013 .
U, = (626.67-1070)(n=597-10"7) _ ¢ 5, 111 , HoTeHIman camoii 3emnu. Torna
(AU = U; — U, = 8917 * 1012 — 6.25 * 10 = 8.67 * 10'2) , wm (AU = 8.29 * 10'2) , nomyuunm:

__Gmym,

8.917 * 1012) rPaBUTAIMOHHBIM TMOTEHIIMAT HA PACCTOSHUU J0 3EMIIH U

R=6.374x108

AU = 876 ( _ (U%K)?> _ U*(UK=m)?> _ Mm _— AU _ 816G Mm __ 8nG Mm _ GMm
T (ct=uz=F)~ KT oy2rz T y2rz T 12/ V2 F T2 T (AUNZ) T2 T (AUxT?/VZ)/8T
AU+T?  8.29%10'2%(365.25%24%3600=31557600)?
6e3 TeMHBIX Macc. OcTaloch TOCYUTATh = ( Y —23%1026 ,
8m\2 8m/2

GMm
4TO COOTBETCTBYET KBazpary paccrosiuus (R? = 2.24 * 10%°) or 3emim no Conuna, uin F = —7 » 3aKOHY

Hprorona. Takol moaxo 1 COOTBETCTBYET PEATbHOCTH.

3. IIpeodpa3oBanus peaITUBUCTCKON JMHAMHUKH.
a) Enunbie matematnyeckue uctuabl CTO u KTO

CneunansHas Teopus
OtHocuteabnoctu (CTO).
Knaccuueckoe npencrasieHue:

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

KpYroBOTO (+) WM TUNIEpOOINYECKOrO

(_) PaBHOYCKOPEHHOTO JIBUKEHHSL.
Y
1) X=a“X+a|2Y’ Y:icT, Tﬁ;

Y=a11X+a,2£
ic

|~

Y
—=a, X ta,—
c ic

~

Y=a21X+a22Y, Y:ici’_",

X=a,X+22y
ic

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

L2 _gp

=10, =]

ic . @yl —’bz|’
ay =b,, )

X =b, X +ib,Y

Y=ib,, X +b,,Y 0, =1
3)_ 21 2t KT IS
2 2 112 2
K:T,bll_ 12_1_ 22 7 P2
YCIIOBHI OPTOTOHAJIbLHOCTH BEKTOPHBIX
KoMnoHeHT. B I'mo6ansHo MHBapuaHTHBIX

A 2 32
YCIIOBHAX c(epBl, by=b _b22, b, = bzl,

KantoBas Teopuss Otnocureasnocru (KTO).
CnenunanbHas Teopus OTHOCUTEIBHOCTH
HEJIEHCTBUTENIbHA MPU YCIOBUAX:

2 ?
1). He paBHOYCKOPEHHOM (a # const ) JBUKCHHM.

2). B cuty npuHIMIa HEONIPEACIICHHOCTH AY = AT
cama HeBO3MOXHOCTb (PUKCallUU TOYEK B
POCTPAHCTBE — BPEMEHHU, JIeat0T mpeoOpa3oBaHus
Jlopeniia Ge3HaIC)KHBIMHU.

3) BonHoBast hyHKIIHSI KBaHTa IIPUBOIUTCS B
HCXOJHOE€ COCTOSTHUE BBOJIOM KAIMOPOBOYHOTO TOJI,
IPU OTCYTCTBUU PEIATUBUCTCKON TUHAMUKY, B
camoM Trpoliecce e€ TMHAMUKHU, TO €CTh Mpu
OTCYTCTBHH KBAaHTOBOU PENSTUBUCTCKON TUHAMUKHU.
PenstuBucTCcKas AMHAMMKA B YTJI€ MapajlieIbHOCTH

a(X-) TPACKTOPUI KBAHTA POCTPAHCTBA —
Martepun. Bmecto X,Y, paccMaTpuBarOTCsl MPOEKIUU

K, K, .
, , IMHAaMUYHOTO paguyca K, auHamMuyaHoit

C(i)epbl, KacaTeJbHOU K MOBCPXHOCTH JTHUHAMUYIHOI'O

0 .
TCJICCHOI'O yI'Jla a (X )i const , HapaJlJICJIIbHOCTH.

Peun 0 MmatepuansHOii chepe ¢ HeHyIeBbIM

Y, =1=ch0

MHWHUMAJIbHBIM paJinyCoOM , U BOJIHOBOH

dymaueii ¥ = Ky Yo Y =K, X =K,

K,=a,K, +a,K,

B aphy Tdphy T:&
1). KX:a21K}’+a22KX,rHe KX:CT’ c
BBOJIUTCS BpEMH.

— a

K, =a,K, +—>K, — a,

f c K}'=GHKY+TKX

SN g K, + 2k =
2). ¢ S c X,HHH Ky =aycK, +a,K,

A). Bo Bremnux I'M — I'no6anbHo — IHBapHaHTHBIX




a,
(iblz)2 = ($b21)21 b = _7 b, = a,c
_ 4
, bll + bll =0 , UMEIOT MECTO: e 7 ,
WJIA JUISL:
_AY a,AY a,AT
“TAT AT AY

4). [laniee UMEIOT MECTO JIBA CIIy4asl.

A). Ycnosus (ay =0=a, ), OOHYJIAIOT
MPOEKI NN AY =icAT , IMHAMKH

npoctpanctsenno (€ = AY/AT)
BPEMEHHBIX KOMIIOHEHT CAMOT'0 KBaHTa
¢dotona, u natotr ' — I'mobanbHO-
WNHBapuaHTHBIE YCIOBUA.

B). PeasibHOCTB B TOM, 4TO ()OTOH,
KOTOPBIM CUHXPOHHU3UPYETCS
pENATUBHUCTCKAsI TMHAMUKA, UMEET CBOI

o0BeM (a21 # 0) # (alz # 0) B
IIPOCTPAHCTBE — BpeMeHHU. Takas

PEAITBHOCTE COOTBETCTBYET PCAIBHOCTH
IMpHUHOHIIA HCOTIPCACIICHHOCTH !

AY =0=(GY)+(=Y) peyp uner o JIN —
nokanpHOM MTHBapruaHTHOCTH B 00BbeMe

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

5). Maymu(ctp.14): «... IMEHHO OBLIO
W2
1yl-
MPEeINO0JI0KEHO ... € ..», um
CwmupHOB (T.3, cTp. 195): «... IOJOKUM. ..

(b, = ab) =~b, ... ». To ecTs, HET
HMCXOJHOM MPUYUHBI TaKUX MoJjiokeHuid. Ho
YK€ U3 ITUX MOJIOKEHHM, 0 HEU3BECTHON
npuurHe, mo CMUPHOBY, CIEAYIOT
MaTeMaTUYEeCKHE UCTUHBI:

X =bX +iabY

Y =—iabX +bY

b2 —a’h? =1=—a’b> +b> b(1-a’)=1
1

b=—=
V1-a’

Vi-a® Vi-a®
6) HOI[CTaBHHH HCXOOHBbIC 3HAYCHUA

X —acT .= dcT —iaX
= icT = ——

o

1-a l-a

YCIOBHUAX, COCTABJIAIOIIUC

cosy = (+ a, )(‘ a“) =1ia;, JAI0T TIPUHIIAII

HEONPCACICHHOCTH, C HEKOM MIOTHOCTHIO

|’
BEPOSITHOCTH
npeoOpa3oBaHMIA:

— a
_ 12
K, =ia, K, +( .

B DKCIIEpUMEHTE, U MaTpULeH

= blz)KX
3). fx =(ayc=b,)K, +ia,,K, ,
0 _
Jlns yrinos napasmiensHoctn % (x-)=0 ,BIH,

TaKuX, 9TO

ay =cos@’ =0y =1=b (h=1)K, =K

, X, UMEIOT
MECTO YCIIOBHSA

ap,
=b= =1
5). (c=1) ale ),bm:b:bzl,
nepuo/ia (T = 1).

B T'moGansHO — UHBapMaHTHBIX YCIIOBUSX,
ia, =ia =iy , Marpuiia UMeeT BUI
K, =ia K, +b,K, K, =iabK, +bK ,

6). K,=bK,+ ia,K K, =bK, +iabK , |
K, =iabK, +bK ,

K, =bK, +iabK

Takas sxe ' hopma npencraBieHus

K, =y =Y-Y,

NI

, IMEET MECTO B JIFOOOH KpaTHBIN
T < AT | MmoMeHT BpeMeHH.

7). B ycioBusix OpTOroHaJIbHOCTH O =1 ,
UMEEeT MECTO

272 2 2 272
—-a’b +b" =1=b"-a’b

pe— b

1—a?

K=T,

bz(l - az) =1
MHOKHUTEIb MaTPULIBI 4, =1d =1y ,
ap=a=4ay

C YCJIOBHUAMU:

WIH
B). Vixe B JIU — JlokanpHO — lHBapHaHTHBIX

% e
YCIOBUSIX, PENATUBUCTCKOU JUHAMUKU ayy # day ,C

BHemtHUMHU ['U yenoBusmu, umeer mecro:
K, =b(a, K, +K)

8) K, =bK, +anKy) ey Ky =v+ Y
X &
K = = — = —

OTO U €CThb MOMEHT MCTUHBI peHHTHBHCTCKOﬁ
AWMHAMHKU KBAHTA IIPOCTPAHCTBA-MATCPHHU, KOTOpBIfI
B COBPEMCHHBIX TCOPUAX NPCACTABIICH




a
T-—X KaTMOPOBOYHBIM Ay TMOJIEM.

T:% azlzcosao l/l:l,uoexp(apiconst)-i-AK.
l-a , C , KX W
npeo6pa3013aHHi1 JlopeHua B K1acCU4YeCKomn 9). o yeosusm ay = T = o =a=ay, |
PENATUBUCTCKON JHHAMUKE.
T—KX I' — nuHaMuKy, a=dy, —a”,
Yo X-wr 7 c? b [ 1
\FI—WZ/CZ 1 \il*I’Vz/C'2 , \/1_32 '\/I_I/VZ/C'2 , MaTpuiia
Ta V+W npeoOpa3oBaHU MPUHUMAET BUI:
L+ VW e E}!:a”KY+CT 7 - a K, +cT
nepexoax KTO B CTO. 1-aj, " ow P
Hmeror MecTo MareMaTHIeCKUe UCTUHBI K T ’ :
nepexosa Ksaurosoit Teopuu o = By tancld T K,/c+a,T

Cneunanbaoi Teopun OTHOCUTETLHOCTH.

2
OTHOCHTENBHOCTH B TPe0OPa30BAHNUS J1—ay, NI e
1

J11s1 HyJIEBBIX YIIIOB _Y — [S’ — a, Ky +cT 7. — a,Wy +c
HapajuIenbHOCT! B EBKIMIOBO#H T K,/c+a,T , oa, v W, /e B
aKCHMOMATHKE, CO CKOPOCTSMH MEHBIINX ; o

W. <c ycnosusx JIN, (ay #a,,) :
CKOpOCTH cBeTa ' ¥~ ©, MMEIOT MeCTO W |
IpejieNibHBIE CITydan Tepexo/ia KBaHTOBOM a, ===
PESATHBUCTCKOM JTUHAMHUKN BEKTOPHBIX B SKCTpEMAIAIX  KOT/a. ¢ P
2
_ 0 _0)=1) =
KOMTIOHeHT, 922 = (COS(O[ = O)_ D=a, W=ac ¢g= 2—
C
a22:1’ allzl,Y:WT, W=
F 7y @ = DKy =)W 10). IlpenenbHble cCKOPOCTH ¥ ~ ~, B YCIOBHSX
) NI=2 (X =)/ e? v _C(an"‘l)_c
1 y = =
g YT 7_Kylet(ay =0T a, =da, ¢1,;1am (ay, +1) ’
NI=WE/ 2 JI=-WHX =)/ ¢ W =c¢=
=e Lr-)re , HEM3MEHHYIO CKOPOCTh CBETA Wy=c=W, g

K, = K(cosa® = W ) 7 Itk Hf/ L 0001 cucTeMe KOOpIMHAT.
¢, \!l—W'/c',
B npeoOpaszoBanus JlopeHIa kiiaccuueckon
PENSATUBUCTCKON JTMHAMUKH.
Bbonee riryOokuii BEIBOJ O TaKOW KBAHTOBOM PENATUBUCTCKON JMHAMUKE COCTOUT B TOM, UTO MPHU
Hen3MeHHO# n3otponHoi EBkiumosoii cdepe (Ky)(cT = Ky) npocTpancTBa-BpeMeHH, B IHHAMHUYHOM

(T a;; VA ay, T) = 1, npocrpancTee-MaTepry, MIMEET MECTO AUHAMUKA SJUIMIICOMIA (Ky)(CT = Ky).
Hao6oporT, risas Ha JMHAMUYHBIN SJUTMIICOM IIPOCTPAHCTBA-BPEMEHH, BHYTPH HETO UMEET MECTO

HCXOaHad CTalkMOHapHasd EBKJ'II/II[OBEUI C(bepa.
Ve
/

—T =

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

(-]

Pucynox3.1. kBaHTOBasI peNATUBUCTCKAs AUHAMHKA ITPOCTPAHCTBA-MaTEPUH JIEKTPOHA
Taxue mpeoOpa3oBaHus B yriax napauieIbHOCTEH JUHAMUYHOTO MPOCTPAHCTBA-MAaTEPUH, C
UHIYKIHEN PENSITHBUCTCKOM MacChl, HEBO3MOXKHBI B EBKinioBo# akcuomaruke (a;; = 1)(a,, = 1) = 1.
OT0 3HAUUT, B EBKINI0BOI akCMOMaTUKE, HEBO3MOKHO co3/1aTh KBaHTOBYIO Teoprto OTHOCUTEIBHOCTH.
Taxast KBaHTOBas PENATUBUCTCKAS JUHAMUKA CKOPOCTEH, 00yCIOBIeHa JMHAMUKON (A1 = COS@Qy ) YIIIOB
napawtensaoctu (@y ), Hanpumep st (Y +) ksanra. Jlns (Y+ = e) anexrpona, ckopocTs cBera (¢)
MEHSETCsl BHYTPHU AJIEKTPOHA B MpeJieNax yria napamieabHocTd (@y ). B mone(Y — = e) snexTpoHa B TOUKe



1
(B), MBI TOBOpUM O CKOPOCTH 3JIEKTpoHA (V, = C * COSQPy = C * (@ = E))' B touxke (A), MBI TOBOpUM O

ckopoctr (¢ * cos(@y = 0) = ¢) dorona BHyTpu 351eKTpoHa. Ha Bompoc, Kyaa AeBaeTcs MpOoCTPAaHCTBO
CKOpOCTEH MmorjonaeMoro (poToHa 31EKTPOHOM, OTBET — BHYTPHU AJIEKTPOHA €CTh CKOPOCTh CBETA B TOUKE
(A). caM BIIEKTPOH UMEET CKOPOCTh (V, = & * €) . DT0 cKopocTh Touku (B) anexrpona. [lonarHo, uro B
Touke (A) aneKTpuueckoe mnoJje 31ekrpona (Y+ = E) cBOAUTCS K HYIIIO U 3JIEKTPOH IPOSBIISLET CBOWCTBA
TyHHEIBHOTO 3 ekra. B camom E (Y +) 31eKTprdIecKoM TOJIE SIEKTPOHA, MBI TOBOPUM O TIPOCTPAHCTBE

2
o . v o )
CKOPOCTEH 3T0T0 MO ¢ dpdekramu (Vg = ¢ * Singy =c¢_|1 — C—;’) y)K€ KBaHTOBOH PEISITHBHCTCKOM

JTMHAMHKY KaXJI0H TOYKW Ha TpackTopuu (Y — = e) anekTpoHa.
Touno Takyro quHaMHKy UMeroT (X +) KBaHTHI IPOCTPAHCTBA-MATEPHH.
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Pucynok3.2. ksantoBas (X +) penaATHBHCTCKas JUHAMUKA IPOCTPAHCTBA-MATEPUH

4
W3 nipeoOpa3oBaHmii PEISTUBUCTCKON TUHAMUKK: (¢ * t)% — (x)? = ;—2 = (c *t)? — (¥)?, BCceraa MOXHO
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NEPEUTHU K YPaBHCHHUAM AVMHAMHWYHOI'O JJIIIUIICOMUAA: (27 + W

= 1, B BeIOpaHHBIX Kputepusx DBOIONNH.

x2

C
o2 + = 1, uim

= 1, B BUzE:

p

5 ) 2 x2 —1 ) (t)zbz x2p2
runepooonaa: (a_2 - W = 1, BBHIC!: 2 - W

06e Teopun CTO u KTO nomyckarot cBepxcBeToBoe (vi = N*C) mpocTpaHCTBO CKOPOCTEH:
T c+Nc T ai1Nc+c

Wy =—==¢c¢ Wy =———=c, mia aq1 = a,, =1.
Y ™ 1+c+Nc/c? ! Y 7 a,,+Nc/c > A 11 22
B xBanTOBOM pensaruBucTckor quHamuke (KBantoBoit Teopun OTHOCHUTENBHOCTH). MBI HMEEM:
> alle+(CT=KX) — > KY+C£22(CT=KX)
(Ta;; VD az M =1, Ky = —— (cT = Ky) = —————=

H
/1—a§2 /1—a§2
Hanpumep, nanpsxensocts E(Y +) = (pKy) anexrpudeckoro (Y +) mons u mone yckopeHuit
rpaButanuonsoro G(X +) = (pKy) nons, npeacrasieHa IMHAMUKON KOCHHYCOB YITIOB TapaielbHOCTH

(aq1 = cos py) u (az, = cos @yx). Torna: (cos @y * cos Py = 1) unu cos @y = , TIOJICTAaBUM B

cos px

dopmyisl 1 ToctpouM ynporennsie rpaduku: (v = Ky) = f(px = x = wt) .
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— —COWXKY‘FKX /\
KY =
J1—cos? gy

4 Ky+cospx*Kx
KY =
J1-cosZ @y
Pucynok3.3. rpaduk nuHaMUKHA KBAaHTOBBIX TOJIEH
DTO XOPOIIO COOTHOCUTCSI C CAMMETPHUEN MPOTOHA, O YEM MOTOBOPUM Jlajiee. Mbl TOBOPUM IIPHU 3TOM, O
KBaHTOBOM pessaTuBUcTCKOM quHamuke (Y+ = X —), (X+ =Y —) kBaHTOBBIX NOJIEH. IX HOPMUPOBKA JIa€T



(m — n) cxomumocTi GU3MYECKOro BakyyMa B euHoM (X +=Y F) u 1uHaMUYHOM, y’KE€ B KBAHTOBOM
MPOCTPAHCTBE-MATEPUH. ITH rpaUKu Jat0T OCHOBAHKE TOBOPHUTH O KBAHTOBOM, BOJTHOBOW JMHAMHUKE
M3JTyd€eHHs U Toryotuenus (ej < ;) u (pj < V;) KBaHTOB B (&) SHTPONHMH JMHAMUYHOTO IIPOCTPAHCTBA-
MaTepuu Bcel (m — n) cxoauMocTu BeeneHHOH, ¢ pensTHBUCTCKON quHaMuKkoi (¢ = wT) meproaos
JMHAMUKHU B (M — n) ypoBHIX (PU3UUECKOTO BaKyyMa.

0) Oomast Teopust OTHocuteabHocTH (OTO) DitHIITEiHA B IPOCTPaHCTBE-MATEPHU.
Teopus xapakrepuszyercs TeHzopom DitHmteiHa (I.Kopn, T.KopH), kak MaremMaTnueckoi HCTUHON
pa3HULbI pENATUBUCTCKON AMHAMUKH IBYX (1) u (2) Touek PumanoBoro npocrpaHcTaa, Kak

¢bukcupoBaHHOTO (g;), = const), COCTOSHUS TUHAMUYHOTO (g;;, # COnst), MPOCTPAHCTBA-MATEPHH.
(Cmupnos B.11. 1974r. 1.2).

1 1 1
R—-Ruy; = Egrad(U), wim Ry —-Rgy =kTy, (g = const).
[Ipu 3TOoM MaTpuIa npeoOpa3oBaHUil B €AUHBIX €UHHUIIAX U3MEPEHUS

R1 = a11Y1 + O
_ — 2 _ 2 y2 _ 2
Ry = 0 + ayy ¥y’ a;y = ayy =VG, R® =ay Yy =GYy,
o m? m? Mm
aeT Kiraccuueckui 3akoH HrroToHa B BUae sz = R?> =G Py nm F=G YR

Jnst pensiTUBUCTCKON TMHAMUKHU B MPOCTPAHCTBE-BPEMEHU UMEEM COOTHOIIICHUS
a) B enuHBIX Kputepusx DBOIOINN

272 2 _ <% Fy 4 22 2 _ M§

c‘T —X* ==, by = —, cy = Fy, c’T> — X =—,

b3 My Fy

M2 R? Mm

Fp=——Y—— (?T?=R?=—-20— Fr=6———7—
Y7 c2r2a-wi /ey’ (cos2px=G)’ Y R2(1-Wg/c?)’

DTO PENATUBUCTCKOE MpeACTaBIcHHEe 3akoHa HptoToHa, st MaccoBbix (Y-) TpaekTopuid,

mw?2 _ GMm 2 _ 2GM _ Mm 2 26M
= wWe = — FY_GRZ(l—ZGM/Rcz)’(l 2GM/Rc¢®)>0, (R> C2)¢0

0) B ciyuae O6mieit Teopun OTHOCUTENHHOCTH, HE 3aMPEIIECHO MPEACTABIATh (HyHIaMEHTATBHBIN
Ten3op Pumanosoro npocrpanctea (Kopu I'., Kopr T. (1973) ¢.508, 535) (g;; = e;(x™) e;(x™),
JIOKaNbHBIMK 6a3MCHBIMH BeKTOpaMu €5 (x™) u e;(x™) B moboii (x™) cucTeMe KOOpAMHAT B BUIE
BEKTOPHOTO TpocTpancTBa ckopocteit (Kops I'., Kopr T. ¢.504). Torna camu tensopsr (g;;(1) =11;) u
(9,:(2) = I1,) npeACTaBIAOTCS KaK IPABUTALMOHHBIC IOTEHIMANIBI B TouKax 1 1 2. VX pasnuua

(Ag;; = AIl) B ypauennn O6mieii Teopun OTHOCHTENBHOCTH, IAET TEH30P SHEPIUM — UMITYJIbCA B

8nG M*K2 _ T2K? 8nG

equnbix Kputepusax OBomtonuu B Buje: All = o (T]i =iz = 12 ) umn All =11, =11, = c—4H%H2 ,

2*4mR2GI14 11
wm ¢* = F = —— s, e 4mR? - nosepxnocts ceper, (1I;R = M) n (IR = M) KoHeuHoM

R (1_ Rxc2 )
GM; M
Bune F = 2(+G(ZM)) TaKOTO K€ PEIATUBUCTCKOE MpeJICTaBlIeHne 3akoHa HpI0TOHA, KaKk 4acTHOTO ciiydas
RZ(1-—5~
Rc2

OGeii Teopun OTHOCUTENEHOCTH. M3 3THX COOTHOIIEHUH CleLyeT TONIbKO To, uto (1 — 2GM/Rc? + 0).
B) B 3aKOHAax Kiaccuueckoi dusuke Gpopmynsl Jlamnaca, Kemiepa crieayror u3 npocTbix
2 3 3 3
COOTHOILIEHUIA: % = 2_1214 , % = (5:;2 : };—112 = };—222 : “:—i(a)lRl) = “:—j(a)sz) , “:—i = “:—j , Sit, = Sty
u (w,R; = wyR,) , B 3akonax Kemnepa. Cam syumuric noiaydaercs, oT aBmxkeHus COJHIA CO CKOPOCTHIO
W=217xm/c, Toraa 3emiisi ABMKETCS B MJIOCKOCTH CEYEHHS TIOBEPXHOCTH YCIIOBHOTO IIHIIMHIPA CO
CKOPOCTBIO V=30KM/C, YK€ MO AIIUIICY 0] YoM K ckopocTu ColHIa, KOTOpOE HAXOAUTCS B (POKYCe.

Pucynox3a. nsmwkenne 3eman Bokpyr CoJHIIa MO SIUIUICY ¢ Tpeneccueit 23,5°



> 217) = 1% 0,138249 = 0,4343216 = tgw. OTkyaa

w = arc tg0,4343216 = 23,5° yron Hpeueccpm Us: (w1R1 = w,R,) , u HOJ = (chl) * (cos45°) cnenyror :
W ==, wy==, B chl * c0s45°, WIN:
ty f2 t;
ty = = IR (1) = 1rop) + 1,543 + 1,414 = 25764 ropa, win:
1 1=

2 _ 2,2 2ah 2 _ _ M
nepuoj npeueccuu u «apa [lnaronan. Hanee, v —vg = 2gh, i1 vg =0, g = -z KHHETHYECKas

30
IIpu 3TOM, BEIYMCIIAETCS YTOJ NPEUECCUH 3EMIIN. T — =TT (

25764

= 2147 ner,

2
2

. ) . 5 _ 2GM
SHEPrus paBHA MOTEHIMAILHON SHEPTHU. = mgh. U3. h = R, cnenyer v = — . B nmocrynarax
R

OHHIITEHA CKOPOCTh CBETA NpeeabHas. UToObl NPUHATH «YEPHBIE ABIPbD» C TOPU3OHTOM COOBITUH,
PaBHBIM CKOPOCTHU CBETA, HY’)KHO Pa3A€auTh Ha HOJb. OmnbKa 3/1eCh B TOM, YTO B YCIIOBUSAX «CTPEJIbI
BpEMEHN», HEBO3MOKHOCTb IIPUYMHBI (JIeJIEHHE Ha HOJIb B MaTeMaTHKE) 3aMEHSETCSI HEBO3MOXKHBIM

2GM

(R=0))2
2GM=0 ZGM 0
——— U or0: c?

c2=conat’ T (R=0)

CIIEZICTBUEM (CHHTYISPHOCTD B €BKIIUI0BOM TOUKE) g = = oo . Ecnii HeT fieneHus Ha HOJIb, MPUYHHA,

TO HET CUHTYJIAPHOCTH WM cieacTBhs (R = 0) = = 0, HE COOTBETCTBYET

i iHa. 3 6 Haob . R. — 26(M#0)
Teopun DHHINTEHHA. 3/eCh, HCXOAHBIC IPEANOCKLIKK omnbounbl. HaoGopor: Ry = ———— BHyTpH

2G(M=#0)
(v>c)?
HapyIras 3aKkoHOB DitHmTelHa (v = N¢), KOr/ia CKOPOCTH BHYTPH «depHOU chepe» Wy =

(R<Ry) = «9IEepHOM Cepbl», TOHKHO OBITH CBEPXCBETOBOE MPOCTPAHCTBO (V > €) CKOpPOCTEH, HE

c+Nc
1+ceNcjc?
IUTsL HAC UMEIOT CKOPOCTh cBeTa. [Ipr 3TOM, MBI TOBOPUM O TpaeKTopuu BHemrHero GoToHa (x = ct), ¢
(uKcanmei SIEKTPOMArHUTHOM JMHAMUKHY B KoopauHaTHOMU muockoctr (K2) L (ct), opToroHansHoi K
Tpaekropuu GpotoHa. DOTOH, MOIXOIS K «IEpHOU cepe» HEe MOKET BOUTH BHYTPh CHEpHI, B CBEPXCBETOBOE
MPOCTPAHCTBO TaK ke, Kak U (JOTOH HE MOKET BOUTH BHYTPh (PU3MUECKOTO BaKyyMa HE MPOCTOPAx
Bcenennoii. B rpaBuTaninoHHo#M «siMe», GOTOH KPY>KUTCS BOKPYT YK€ «I€PHOM JBIPBI», TaK Kak OTTYa, s
Hac, HUYero He BbuieTaeT. Tpaekropus poToHa (X = ct) TOBOpaYMBACTCS HA TIOBEPXHOCTH c(epbl, KaK ero
reozesndeckas. [Ipu atom (ct)BpeMs U KoopAuHaTHOE NpocTpaHcTBo (K?2) Ha paauanbHOM HalpaBIEHHH,
MEHSIOTCSI MeCTaMH. MBI OECKOHEYHO 100 (t — 00) KPYKHUMCSI BOKPYT' «9E€PHOH IBIPB», a B
maremaruyeckoM popmanusme (R — 0), reoje3nueckue JIMHUM POTOHA HEU3OEIKHO CXOAATCS K LIEHTPY
«4epHOM JbIpbl», e (K — 0) ucyeszaer camo pocTpaHcTBO. TaKyro CUTYaIMIO HAa3bIBAIOT HEU30EIKHOM
CHHTYJISIPHOCTBIO B IICHTPE «UEPHO IBIPBI», KOTOPOil HeT B [Ipupose. DTo MPOTUBOPEUUT

__ 2G(M#0) 15— c+Nc
(R<Rp) = w>c)2 ' Y T 14cxNc/c?

paboTaroT B 3TOM 001acTH, Kak U B (PU3MUECKOM Bakyyme. Mbl HE TOBOPUM 3]1€Ch, UTO TO HYJIEBas

= ¢, 3akoHaM (u3uku DiHmTelHa. Hao0opoT, Bce 3aKoHbBI (PU3UKH

CHHTYJISIPHOCTB. «YepHas JpIpa» He MOXKET HOIVIOTUTh MAcCy, OCKOJIbKY 3Ta Macca, YTOObI PEO0JI0JIETh
TOPU30HT COOBITUH, I0JIKHA PAa30THATHCS JI0 CKOpocTu cBeta M — 0. Jlaxke eciiu pa30UTh aTOM Ha IPOTOHBI
Y DJIEKTPOHBI UJIM JIEKTPOH-TIO3UTPOHHBIE NIAaphl B U3JIydeHUHU XOKUHIa, OHU HE CMOT'YT JOCTUYb CKOPOCTH
CBETa rOpU30HTa coObITHH. [laske eciiu MO3UTPOH «POJHUIICS» MOJI €BKIMI0BOM JIMHUEH, «IJIMHHOMN Oe3
LIMPUHBD), TOPU30HTA COOBITHH. DTO BHE €BKJIMIOBOM aKCMOMAaTUKH IPOCTPAHCTBA-BPEMEHH, BHE
IIOCTYJIATOB DWHIITEWHA. A 3TO 03HaYaeT HEBO3MOKHOCTD U3JIy4€HUsI XOKUHIa «4EPHBIMU JbIpAMMI.
HaGnronaemble «yepHbI€ AbIPbD UMEIOT APYrHe NPUUMHBI U CBOMCTBA B paMKaxX aKCMOM JMHAMHUYECKOTO
IIPOCTPAHCTBA-MAaTEPUH. DTO BBIXOJUT 3a PAMKH JAHHOW CTaThH.

DTO 3HAYUT, YTO MPOCTPAHCTBO CKOPOCTEH MACChHI (\/EWZ QrRVGW = ZGM) HE MOXKET UMETH
CKOpoCTh cBeTa. [Tomydyaem asst Maccel ipotoHa (M = 1,67 * 1072%r) , ¢ yCIOBHOM OKpYKHOCTBIO ( 2TTR)

GM _ 6.67x1078%1.67%10724 — 098 10_1gcm)
2(2%3.14)c? 2%(2%3.14) %9%1020 ’

paanyc MpoTOHA. DTO U €CTh MUHUMAJIbHAs «4epHAas AbIPa», HE U3NIydaromias GOTOoH, C MPOCTPAHCTBOM
ckopocteii KBaHTOB (Yo + Ve + ¥p) = P , MEHBIIHMX CKOPOCTH cBeTa. M 5TO J0Ka3aTeIbLCTBO TOTO, UTO
HEHUTPHUHO MMeeT HEeHYIeBYyI0 Maccy. [lomydaembix, TakuM 00pazoM, OECKOHEYHOCTEH HEeT, HU B
MaTeMaTHKe, HU B IPUPOJIE.

cdepsl u npeaenbHOi ckopoct (W = ¢) Mbl I/IMeeM(R =



CyILIECTBEHHO TO, YTO I'PaBUTALIMOHHAS KOHCTaHTa ‘11 = vy =V G , 9TO MaTEMAaTHYECKasi UICTUHA

npenensaoro (i = Ay = 08Py = VG yrpa napannenshocty, vero Het B O61eit Teopuu
Otnocurensnocty (k = 876G /c*) Diimmreiina. BroppIM MOMEHTOM, €CTh KECTKHE YCIOBUS (PUKCAIUM

HOTEHUHMANOB (g;; = CONnst), ¢ NPUBEICHUEM HX K EBKINI0BOMY IIPOCTPAaHCTBY (g:=1) . Beenenue B
. 1 1
ypaBHeHHE Koo dunuenta (), MEHAOMUHA sHEpru0  R;; — > Ry, — 5/1 9;i = kT}; Bakyyma, He MeHsET

yCTIOBHS €€ (PUKCAILNH.
4. Cxansipuble 0030HBI.

HevictBue kBaHTa /i = APAL = FAtAA, 3aduKCHpOBaTh B IPOCTPAHCTBE A% ynu Bo BpEMEHU At

(q) # const) (X=)

HeJlb3sl. DTO CBA3aHO C HEHYJIEBBIM YIJIOM [apajuleIbHOCTH (X=) y (V) TpaeKTOpUU

+ o
wi Y1) kpanra MIpOCTpaHCcTBa-MaTepuu. ECTh TOJIbKO HEKasi BEpOATHOCTH JeiicTBus. [IpeoOpa3oBanus

2
PENSATUBHCTCKOM IMHAMHUKH BOTHOBOH ¥ - (DyHKIIMM KBAHTOBOTO TIOJIS C TNIOTHOCTBIO BEPOATHOCTH (‘W’ )

(X+)

B3aUMOJICICTBUSA B nosie (Pucynox3), coorBercTBytoT ['106ansHo MHBapuanTHOM W(X ) e v (X ),

a = const rpynme Jlopenra. ITH Npeob6pa3oBaHMs COOTBETCTBYIOT TOBOPOTAM B IJIOCKOCTH Kpyra S, n
PENSTUBUCTKY - HHBAPHAHTHOMY YpaBHEHHUIO J{upaka.

_ oy(X) op(x)

zyui—ml;/(X)zo zyﬂy—mw(X) =0

8x# ax,u
) u .
Takast HHBAPHMAHTHOCTH JIAET 3aKOHBI COXPAHEHHS B YpPaBHEHUX ABMKeHUs. JIJis mpeoOpa3oBaHuii

PENSATUBUCTCKOM JUHAMHMKH B TUIIEPOOIMUECKOM JIBHKEHHH,

_1 aX —aX \ ~ aX
Ch(aX)_E(e +te“)=ze a(X)# const

ch(aX)

.
A X—

\ S e < Y .K
\ / ” T e\ el S ¢—
| [ EFE XY || X=i
\ ‘\\\\ o

\l/ \ I

:f// 7 ™. .
Seee o Xy | TE ™

¥ .

(X%)

PI/ICYHOK 3. KBanr JUHAMHUYHOTI'O IIPOCTPAaHCTBA-MATCPUU.

B ycnoBusx Jlokansnoit MuBapuantHoctu (JIN), mis HOHZCh(yi)(XﬂL)cos (@)(X-)=1, ¢#90°, pu
0
¢=0, cos(p)=1, nmeem ch(yﬁ):L Ch(?)ZI, WK ch(YL)Zl. st (£y) BoaHOBO# (W=Y-Y0) GyHKINH,
0 0 0>

BHECEM SICHOCTb. 13 MpocThIX cooOpaskenuii 6epem Y = et qug jw = \[(+w)(—w) HeM3MEeHHBIX
skerpemaneii(ax = 0), B Buge: ¥ = e'®!. e!%t = (coswt + i sinwt) u (i sinwt = /(+ sinwt) (— sinwt) ).
31ech @ - MOBOPOTHI B Y Z- IIIOCKOCTH CEYEHUH TPACKTOPUH (X-) C JIOPSHIIEBOH HHBAPUAHTHOCTHIO,

w . p?
KBAHTOBOT'O IOJISl BOJIHBI, B BUJE W = — U h = pr c onepruent W = ot U. luHaMuKa BHYTPH KBaHTa

. i ; . .
P = Aelt = Ae” 'WHHPT) 54 BpPEMEHU: Z—T = - %LIJ , A %Z—T = W B 1pocTpaHcTse: grad(P) = — %1]1, 54
, 2 2 2 2
div grad(y) = fl—ztp , OTKya: p? = %Aq; , WK ;—m = Py Ay, B OKOHYATEIILHOM BU/JIE ITOJIYYHUM:

ih 0_1]1 _ h?
Wmax 0t 2m*Ymax

QJICKTPOHaA. OrHomeHne

Ay + U , nTuHAMMKY 3HEpruM Bcero (Ynax = 1) KBaHTa, IpuyeM ¢ Maccoil (m), Harpumep,

¥

oy /1T HaM TOUKY ¢ukcanuu (Y = Y) KBaHTa B KCIIEPUMEHTE, B JTFOOBIX
max—



Kputepusax OBontorun. OKOHYATEIBHO M0JIy4aeM ihi—f = %Aw + Uy, ypaBHenue lllpenunrepa.
m?

T (Pmax)?

w (Y —) KBaHTa MPOCTPAaHCTBA-MaTepUH B JAHHBI MOMEHT BpeMeHH ((pUKCALU B SKCIIEPUMEHTAX) K

MaKCHMaJIbHOMY CEYEHHIO B3aUMOJEHCTBUS, YK€ B BUJIE BEPOSATHOCTU COOBITHS. DTO MOKET ObITh

KiroueBoii MOMEHT B TOM, 4TO MBI UMEEM: = b, OTHOIIEHHE IIOIAIN CeYeHUs Tpaekropuu (X —)

2
DeliHMaHa UHTErPAJI IO (X— = ) TPACKTOPUHU % = [ydy, kak cymMma Bcex 3HaueHui (U). 31ech,

V= (qjmjszl)
(¢x), cpasy BO3HMKAET PENATHBUCTCKAS TIOTIPABKA B KBAHTOBOH PENATHBUCTCKON IMHAMKKe (cosp, = dqq),
(KBaHTOBO#1 TEOPUU OTHOCUTEILHOCTH). I 3TO y)Ke MaTeMaTH4YeCKasi HCTUHA BEPOSTHOCTHOM
MHTEpIIpETali BOJTHOBON (PYHKIIMU B IPOCTPAHCTBE-MAaTEPHH, O€3 BapraHTOB. Torja amis

iy = /() (=), momyunm s (X+£): i = Ae®e'®t = Ae%*+i@t [[pu 5TOM IIPOCTPAHCTBO CKOPOCTEI:
(X-)=v(X)= v(cos @+i sin ¢). nu: iv(X) * sing = v,/(+sing)(—sing) , B ypaBHeHuu [(upaka nosBIisiercs
JIOTIOJTHUTEIIBHOE CllaraeMoe.

2
=i * sing, = /(+sing,)(—sing,) = i \/ 1—(cos?¢, = ’%) , C I3MEHEHUEM YTIJIa NTapajuieIbHOCTH

_op(x) .
i, M—mw(X) +iy,,
ox,
WMHBapnaHTHOCTH 3aKOHOB COXpaHEHUs HapylieHa. /[t ux coxpaHeHus: BBOJAATCS KaluOpOBOYHbBIE
noisg. OHn KOMIICHCUPYIOT AOIIOJTHUTECIILHOC CJIaracMO€ B YpaBHCHHU.
— Oal X . o .
A#(X)_Au(X)Ha%) iy, a+L4H(X) w(X)=my(X)=0

H , " H

%) (x)=0

u

— palX)r
Temnepp yxe B TakO€ ypaBHEHHUE, MOJICTABIISASA 3HAYEHUE W(X ) eV (X ), a(X ) # CONSE 6 rmoBoii

(GYHKIMH, TTOJIyYMM HHBAPHAHTHOE YPaBHEHHE PESATUBIUCTCKON INHAMUKH.

.0 . oy . OalX)_ — _ . OdalX)_ _

iy, ey A (X —my =iy, Lty 2a(x) )w —y, A, (X7 iy, ( )w —miy =0
m

ox p 5 Oox p ox P

.0 — N — . J _
W“aT_y“A“(X —my =0 Iy @T“Au(){)‘/f‘m‘%’ =0
TH , unu #
9T0 YpaBHCHHUEC MHBAPHAHTHO UCXOAHOMY YPAaBHCHUIO

0
i7,| 2+, (X) |y (X)-my(X)=0
Au (X) = Z‘u (X) . da(X)

B YCJIOBHSIX , | A,X) =4, + ==
I

HaJU4Ms CKaJIsIpHOro 0030HA (U(+a)(—a) =ia(AX) # 0) = const , B IIpesiesiax KaImOpoBOYHOTO (AX) = 0)
da(X)
0xy
a(X) = f(x) # const npocTpaHCTBa-MaTePHUH B IJI00AIBHOM HHBAPHAHTHOCTH. U 3/16Ch HET CKAISIPHBIX

. T . da(X)
0030HOB. J10: 4,(X) = A,(X) +i oy

(A4y,A1,A,, A3) DIIEKTPOMAarHUTHOTO CKAISAPHOIO (¢ = Ay) U BEKTOPHOTO (Z = A;,A,, A;)IIOTEHIIMAIA B

noJist (Pucyrok 3). Otu ycnosus ( = f'(x) = 0) naroT Heu3MeHHbIE IKCTPeMATH (fiqy) TMHAMHYHOTO

, I3BECTHBIE KAIMOPOBOUHBIE TpeoOpa3oBaHus. a(X) — 4-BEKTOP

3JIeKTpOAMHAMUKE MakcBemna: E = —Vg — Z—f , U B = —VxA , rpalieHTa U POTOpa, WK F,=0,A,-0,A,
TeH30poM (F,,), (Ex, Ey, Ez, Ex, Ey, E;) KOMIOHEHT 1 npeobpa3oBanuamu Jlopenna. K TakoMy notennmany
puOaBIseTCs MPOU3BOAHAS CKAIPHON (DYHKIIMH, HE MEHSIIOIIAsl caM MOTEHIIHANL. JTO KIIFOU€BOH MOMEHT.
B teopun fInra-Muiica oH mpeACTaBiIeH rpynmnoi cuMmmerpu, 4, = 2(x)A,(2)7(x) +i(x)d,(2)'(x) ,Tae
2(x) = e, n w- >nement modoi (SU(N),SO(N), Sp(N),Es, E7,EsF4,G2) rpynnst JIn, A, - A, +d,». B
peabHOCTH, 9TO (PUKCUPOBAHHOE COCTOSTHUE TUHAMUYHON yHKIUU: Ky = 1 + Y, , B KBAHTOBOI

o v ) X=Z )
PCIITUBUCTCKOU TUHAMUKE. YcnoBHO TOBOps, B KaXKIAOU (I)I/IKCI/IPOBaHHOI/I TOYKE: a (Y_) = const, €CTb CBOU
0
X=Z

(yrous HaKkJIOHA BETOK) rUIepO0JIMIeCKU KOCHHYC, Ky, = Yoch(XYiZ) = ea(Y_o) , YK€ B OPTOTOHANBHOM (YZ L X)
0



IJIOCKOCTH, IIPUYEM, 32 MPeIeIaMi TMHAMUYHOTO (Y,;), B KBAHTOBOM PENSTUBUCTCKOW NTHUHAMUKE. Takum
o0pa3om, ckajsipHbie O030HBI B KATMOPOBOYHBIX MOJIAX, CO3/1aHBI UCKYCCTBEHHO, JUIS YCTPAHCHHS
HEJOCTAaTKOB TeOpI/II/I OTHOCHUTENBLHOCTHA B KBAHTOBBIX MOJIAX.

5 CnekTp HeqeIMMbIX KBAHTOB NMPOCTPAHCTBA-MAaTePHH.

+ +
Henemumvbiv OGnacTsim Jlokanu3amy KBaHTOB (X£) : (Y+) JUHAMHAYHOT'O IIPOCTPAHCTBA-MaTEpUU
COOTHOCSITCSA CTaOMJIbHBIE KBaHTHI IPOCTpaHCTBa-MaTepuu. B 060oux cimydasx pedb uaer o gakrax

Y+ = F£=7) doron, u
(X£=v,) (Xt=v,)

€) JeKTpoH, M3NYYAET CTAGHIBHbII
(X

peasibHOCTH. CTaOMIBHBIN

o + =
B3aMMOACUCTBYET CO CTaOMIILHBIMU - p) IMPOTOHOM U

(X-=Y+) 1 X+=Y-)

HeWTpuHO. B equHOM

IPOCTPAHCTBE-MATEPHH OHHU 00Pa3yIOT MEPBYIO o1, Ob6nacts Jlokanuzanuu
HezenuMbIX KBaHToB Ha ux M~ cxomumoctsx (PUCYHOK).

e, eq e Yo v =C Y ,
/ / / / / /
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Pucynok 4. Henenrmble KBaHThI IPOCTPAHCTBA-MATEPHH.

Jnst coxpaHeHus HEPA3pbIBHOCTH €UHOTO (X-=Y+) , X+=Y-)

(Y

MPOCTPAHCTBA-MaTEPUN BBOAUTCS

(Xi:v#)

Yi = < + =
( }/D) (bOTOH, AHAJIOTUYHBIN - 7/) q)OTOHy 9TO COOTBeTCTByeT AHAJIOTUU MIOOHHOTI'O

Xt=v . .
U 3JEKTPOHHOTO ( ) HeiTpuno. Ilpu stom, u nelirpuno (v,), (V) 1 dotonsl (v,), (¥), Moryr
PasTOHATHCS, KaK U MPOTOH, WK 3JICKTPOH, 0 CKOpocTei (¥4), (V2. ), IO TaKKM ke peoOpa3oBaHUIM

W, =a*c)
‘ , M3IIy4aromero
o=W,6/c=cosp, =1/137,036

Jlopenua. Umest craniapTHYI0, BHE BCIKHMX MOJIEH CKOPOCTh 3JIEKTPOHA

CTaHJAPTHBIN, BHE BCIKUX MOJIeH (JOTOH Viry=c , KOHCTaHTa JaeT 1o

— % oyl
aHAJIOTHH, PACYET CKOPOCTei Vie)=a*V,(y,) I CBEPXCBETOBBIX (JOTOHOB B BUJIE: Nr)=ac
Viy,) = ac Vi(}’f) =a "¢

W

€

, B CTAaHAAPTHBIX, BHC BCAKHUX roJiei YCII0BUAX. Op6HTaJ’IBHHﬁ QJICKTPOH, C

1
= 137 =COSQ, v (Y-)
YTJIOM TapaJlJIeIbHOCTH c TPACKTOPHH HE M3JTydaeT POTOH, KaK U B
MPSMOJIMHEHHOM, 06€3 YCKOpeHUs, ABMKeHUU. ITOT mocTyaat bopa, a Takike nIpuHIMN
HeonpeaeJeHHOCTH NPOCTPAHCTBA-BPEMEHH Y MPUHIMII YIKBUBAJEHTHOCTH JWHINTEHHA, eCTh
AKCHOMBbI JIMHAMHUYHOTO NPOCTPAHCTBA-MAaTEePHHU. /[MHAMHUKa MaCCOBBIX IOJICH B Mpeeiax cospy =a ,

COS('O"' - ‘\/E , KOHCTaHT BSaHMOﬂeﬁCTBHH, nacT 3ap${,HOBBII>'I U30II0TCHIIMATI UX CAMHUYHBIX MACC.
m(p) = 938,28MeV, G = 6,67 *10°8. m, = 0,511 MeV , (m, = 0,27 MeV),
u

() o) = coston = (¥0)' =G, (5)0r ) = cos gy == 3

K K T 137,036
_ F=N? [HZTZ . n ] _ nr=my 2 -G
oyt T Ly T (Y/KZ)] o (ﬁzﬁ) ! OTKyAd My = oMy
K27 2
_ F=N? [nsz o ] _ Nx=my 2 — o2
m = X! X (X/K?) - (X—zzﬁ) ) OTKYyHa my = my
K2 2

(a/\2)*TIK *(a/N2) =a’m(e)/2=m(v,) =136*10 " MeV
JGI2*TIK*JG/2 = G*m(p)/2 = m(y,) =3.13%10" MeV Cm, =Gm. /2
0 ,  wma: Y X

m(y) = @ =9,1x10"°MeV.

2
m, =o mY/Z,



B emqunom (Y+ = X+) wu (Y+ = X—), (Y— = X+) npocTpaHCTBe-MaTepUu HEACTUMBIX CTPYKTYPHBIX
¢dopm Henenumbix kBaHToB (Y1) n (X1):
(Y+=¢) = X+=v;)(Y—=y)(X+= v; ) snekrpona, raec HOJI(Y +)=KO(Y+HKDI(Y-), u
Xt=p*) = (Y—=y3)(X+= vz )(Y—= y¢) nporona, rae HOJI(X +)=KD(X+)KD(X-),

MBI oTesseM 3JeKTpo (Y + = X —)MarHuTHbIE MOJIs OT MaccoBbIX nojei (Y— = X+) B Buze:
K DA D) ==)n EED =g = () -); (r= X ) = EOED ;. T2 225“_7:"525’”:”2 /D _ 4 (Y4)
m®,)/2)(vV2 * 6)(m(v,)/2 1.36 *107°)2 x /2 % 6,67 x 1078
e=( (ve)/2)( )(m(v,)/ ) _( ) 6 — 4,8 10-1CICE
m(y) 49,07« 107°
vy D) ro)(r-) . (== (@) (¥-=13)
Y HEHD=F)n - =1=X DK -); (+=X ) ===, nm: 7 =q,(Y+=X-),
(m(yg)/2)(a?/2)(m(yg)/2) (3,13%107°/2)?
= = = 4,8+ 10"1°CT'CE
v mv;) 2+137,0362+ 136+ 105 »8r1077CIC

Taxue coBmazeHus HE MOTYT OBITh CITydaliHBIMU. J[JIs JUIMHBI BOJHBI IPOTOHA A, = 2,1 * 10~ **cm, ero
- £ _ 24 A > 2 _
4acToTa (Vy4) = P 1,4286 * 10°*T'y popMupyeTCst 4aCTOTOH (¥, ) KBAHTOB, C MaCCOM 2(my4)c” = Gh(vy4).

Gh(V)4) 66741078+1,0545+10727+1,4286+10%*

1r = 5,62 * 102°MeV , uiu (m,s) = = 511070 =5,58+10732r = 3,13« 10 >MeV
AHAJIOTHYHO JUIs DIEKTPOHa A, = 3,86 * 10~ cm, ero wacrora (v,-) = Ai = 7,77 * 10%°T', popmupyercs

e

uacToToit (v;) KBaHTOB, ¢ Maccoit 2(m,;)c? = a?h(vy-), e a(Y —) = KOHCTAaHTa, [OJIy9aeM:

137,036
_@hves)  141,054541072747,77+10%°

(myz) = 2c¢2  (137,0362)x2%9%1020

Takue coBmaieHus! TOXKE HE MOTYT OBITh ClIy4aHbIMU. DU3NYECKUM (aKTOM €CTh 3apsSA0BbIi

M30MoTeHIHAN nmpotoHa p(X—= Y+)e u anekTpoHa B aTOME BOJIOPOa C COOTHOIIEHUEM Mace

(p/e =~ 1836). Ilo ananoruu Mel FTOBOPHM O 3apA0BOM u3onoTeHnuane v, (X—=Y+)yo, n v, (X—=Y+)y,

cybaTomoB, ¢ cooTHOmIEHHEM Mace (v, /Yo = 8642) u (v, /y = 1500) coorBercTBeHHO. IIpH 5TOM, CyOaTOMBI

(Vu/Y0) YAEPKHMBAIOTCSA TPAaBUTALIMOHHBIM IIOJIEM IUIAHET, a CyOaTOMBI (V, /Y) yAEPKUBAIOTCS

TPaBUTAIIMOHHBIM TIOJIEM 3BE37]. ITO CIEAyeT U3 pacueTOB aTOMHBIX CTPYKTYp (p/e), Cy0aTOMOB IIJIaHET

(p1/e1)(p/e)(vu/vo) 13831 (p2/€2)(P1/€1)(0/€) (Vi /Y0) (Ve V), Bist: € = 2V, /a® = 10,2GeV),

e, = 2p/a* = 35,2TeV) ,HOJl = e; x 3,13y, = 1, u HOJl = e, * 3,13 xy = 1. A TaKxKe

Ui pp = ZG—e = 15,3TeV, u p;(X—=Y +)e; «TSHKEIBIX aTOMOB» BHYTPH caMUX 3Be3[l. Eciu cymecTByioT

= 2,424 % 1073%r = 1,36 * 10"°MeV, a1 MacChl HEUTPHUHO.

2(my=e”)

= =(153TeV)u (my =e;) = Z(mx m”) = (35,24 TeV) , TO IOJJOOHO FeHepaluu
KBaHTamu (p,/n,) Sapa 3emin ;mep (2ap; = 238p™ = 2380U) ypaHa pt = n, ¢ mocmeayrImKUM pacmaaoM B
CIEKTp aTOMOB, KBaHTHI p; = —= = 3,06 * 10°TeV, u (p,/n,), (v, = n,) sapa CoaHina (3Be3/bl, HO B aTMOcdepe
3emuH, BO3MOXKHBI (PUKCcaAIun qaCTI/Iu ¢ sueprueir p, = 305 E15 eV wu e2= 3,524 E13 eV, kak MUHEMYM),
reHepHUPYIOT AP «3BE3JHOT0 ypaHa», (2ap, = 290p; = 2°°U*), ¢ uX PK30TEPMHUYHBIM PACNIAIOM B CIIEKTD
«3BE3/IHBIX» aTOMOB (p; /er) B TBepoii moBepxHOCTH 3Be31bI (CouHIla) 6e3 B3anMOICHCTBHI ¢ OOBIYHBIMU
atoMam# (p*/e™) BoJlOpOJa U CIIEKTpa aTOMOB. M3iyueHue (p1 — v, ) ConHiemM MIOOHHOTO
aHTHUHEUTPUHO, I0/1I00HO U3nyueHuto (e — y) GoToHOB, 03HayaeT Haanuue Ha CoJHIlE, TAKOTO 3BE3HOTO
BeliecTBa (pf /er) 0e3 B3aUMOICHCTBHSI C TIPOTOH (p*/e™) AIIEKTPOHHBIMU aTOMHBIMH CTPYKTYpaMu
0OBIYHOTO BellecTBa (BOJOPO, Tenuid...). TakoBbl pacdeTsl U GU3NYECKH TOMYCTHMbIE BOZMOYKHOCTH.

B npuHLuIe, 10CTaTOYHO 3HATh KOHCTAHTHI G = 6,674 x 1078, @ = 1/137.036 npenenbHbIX
YIJIOB U CKOPOCTh € = 2.993 * 101%cM/c, uTo6BI onpenensTs KoHCTauTy Aeiicteus [lnanka mis
€AMHUYHBIX MAcc (mo *my = 1) u UX 3apsAA0B B BUJIE:

+10-8)2 4 2
h=Gmy— Gmo(l —2a)? = (6.674+10° ) +(1- 2/(13170036)) = 1.054508 * 10727 spr*c
137.036%2.993%10

WIH: My * My = (K3 = m,,) (K3 = m,) = 1, B akcuomax JMHAMHYHOIO ITPOCTPAHCTBA-MaTEPHH.
KBaHTOBBIMU CBOWCTBaAMHU 00JIa1af0T KaK OOJIbIIINE, TaK U Majibie Macchl. Hampumep, aist macesr CostHIIa.
RV =1, mm My(avZ)2v, = 2+10% () 1,78+ 10727« 251,36+ 1075 = 1.
DTO 3HAYMT, YTO TAKUE 3BE3/HBIE MACCHI Mg(V2)2 = 2.8 * Mg, MOTYT yJ€PXKHUBATh B CBOEM II0JIE TPABHTAIIUH
V- HeliTpuHO. [1aHeTs MOTYT yIep/KHBaTh B CBOEM II0JIE TPABUTAIIUH € - DIEKTPOHBI U V- HEUTPHUHO.
AHaJOTUYHO OTpeeIseTcs 3apsa] eIMHUYHbIX Macc (my = 1) B Buze:
q = Gmea(1 — a)? = 6,674+ 1078(1/137.036) * (1 — 1/137.036)2 = 4.8 x 10710,
U UX COOTHOWIEHHs: hac = g2 . Takum pacdeTaM COOTBETCTBYET MOJENb NPOAYKTOB AHHUTHIISIUH
MpOTOHA | AiekTpoHa. MaccoBsie noJs (Y- =€) = (X+ = p) aroma.

KBaHTBI (Mmy = p7) =
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Mmoesib IN1eKTPOHa

MoAenb NPOTOHa
Pucynoxk 5. Monenu npoyKTOB aHHUTWIISILIMY IPOTOHA U 3JIEKTPOHA
I'eomeTprueckum (PaKTOM 37€Ch, €CTh HAIMUNE aHTUBEIIECTBA B CAMOM BEIIECTBE MPOTOHA U AIEKTPOHA.

(Xt=p)=(Y—=ys N X+=v, )¥-=y;)

IIpu 5TOM, MPOAYKTHI AaHHUTHIISILIUU ITPOTOHA

L \JmE(mv”)> = (1 +V2*a)m(W*), wm:

HON(Y) = (Y+= e*)(X—= v;_r) = -
2+ (VOBTT7027)
—— =804 GeV,

137.036%6.674+10 8x(1+

U poAyKThl aHHuTwsinun oiektpora (Y =e—) = X—=v;)+ (Y =y") + X—=v;).
AHAaJOTHYHO B €MHBIX TOJISIX IPOCTPAHCTBA-MATEPUU BO30HBI ANIEKTPOCIa00Tr0 B3aMMOICHCTBHS:

137.036)

HOM(Y) = m(W?) =

+
c 3apanoM € | M MHAYKTHBHOM Maccoit: m(Y —) = (\/5 * a) » m(W*). D10 kak «remHas m(Y —) macca».
a*( (Zme)mvuexzn)
\ = 94,8 GeV = m(Z°)

— — ., F — o) —
HOJI(X) = (X+=v])(Y—=e*) = —
6. HoBrbIe cTa0MJILHBIE YACTHILI

v,)
H/ B MarHATHBIX ITOJISX:

Ha BcTpeuHbIX mydkax MIOOHHBIX aHTHHEHTPUHO
_ Vi
=v_ )= =10.216GeV
u a 2
H

HOJI(Y =€) = (X==v,)(Y+=7,)(X~=

_ 2™ _1537er

:€+7
)= |

B HECTAOMJIEHOM BHUJIC OTO U3BECTHBIC YPOBHU HUIICUIIOHHA.
(e") (Y==7)
Ha BCTPCYHLIX ITYUYKaX ITO3UTPOHOB , KOTOPBIC pa3rOHAIOTCA B IIOTOKE KBAHTOB )

(GOTOHOB «DesI0ro» Jia3epa B BHJIC:
HOJI(X = pr) =(Y-= e+)(X+ :v“)(Y—
2™ _ 35,24 TeV .

a?

Ha BcTpeuHbIX My4ykax aHTHUIPOTOHOB (P~ ), UMEET MECTO:
pIY+=e)X-=p7) =

HOJI(Y + =¢;) = X—=
Jns BecTpeunbix HOJI(Y —) = (X+= p*)(X+= p*), paccuuThiBaeTCs Macca KBaHTa
2 ) =1267 GeV

M@ =) = (= pH)X+=p*) = (=) 1 - 20)
0,93828 GeV (1 _
137,036

Y (e M _ —) _ _
i MY -) = ( 2a =m; ) (1-2a) = (1/137,036)
DTO U ecTh Ta, BHOBb OTKpbITasA Ha KoJutaiinepe B LIEPH, snemenTapnas yacruua.

PS. B 00mux MOJENSX CIEKTPa aTOMOB, MOJIENb KBaHTa (X+ =3He) sjpa rejus, 3T0



Pucynok5.1 Mmozaens cuHTe3a
crpykTypHas popma kBaHToB (Y- = p*/n) CuibHoro B3anmoaeiicTBys, CTpyKTYpUpOBaHHOTO (X-) mosem,
m0o0 aHTHHEWTpHuHO (X+= v, ), mbo aHTHIpPOTOHA (X+= p~) B IaHHOM ciiy4ae. B coOoTBeTCTBUU C

9G(X+)
oT

YpaBHCHHUSIMH TUHAMUKA MACCOBBIX MOJICH: ¢ * roty M(Y —) = roty N(Y —) = &, *
8G(X+=%He)
aT

1).71160 B Heynpyrux cToNKHOBeHUAX (X+= ja) = (Y—=pT/n=e"")(X+= v;)(Y—-=pT/n=e"")B

KoJIIaiiiepe, BCTPEUHBIX MyYKOB SiAep ASHTEpHs MAJIbIX JHEePruid, 0e3 MepBUYHOMN TIIa3MBl,

2).1100 CTPYKTYpUPOBAHUEM JCHTEPHUEBOH MIa3Mbl AHTUIIPOTOHAMH MAJIBIX IHEPIH, B PEaKIUIX
Xt=3a) = (V—=p*/n=e")X+=p )Y —=p*/n=e""), iH+p~ +1H - jHe+p~

CerojHs, ynpasisieMyl TEPMOSIEPHYIO peakuuio: (2H + 3H — 3He + ¢n + 17,6MeV) co3naior B

asMe. DTo pasHsle sapa. B npocrpancte-marepun (Y —= X+), 910 ($H + $H) aHAJIOIMYHO COEIUHEHHUIO

MAaCCOBBIX TPAEKTOPHI «1103uTpoHay (Y—=p*/n = ") umn (Y—= e*), u «uporona» (X+= IH = p***)

i (X+= p™*). IIpOoTOH ¢ MO3UTPOHOM, C B3aUMHO TepIeHAUKYIApHbIME (Y —) | (X —) TpaeKTOpUAMH, 3TO

+ A% G(X+), MBI

roBopuM 00 yrpasisieMoil (vy * roty2M(Y—=p*/n) = &, * ) TEepMOSIEPHON peaKIuu:

BOJIOPO/I, B KOTOPOM BCE HJIET Ha pa3pbiB CTPYKTYPHI, B IJIa3Me B JaHHOM citydae. U Tonbko mpH ynapax B
BBICOKOTEMITEpaTypHO# 1ia3me, B moiisix (X+= p*) CunbHoro B3aumoneiicTust, GOPMHUPYIOTCSI BUXPEBBIC
maccoBsle TpaekTopun (Y—=p*/n)(Y—= p*/n) = (X+= jHe), y)e HOBOIO AApa, KK yCTONUMBOM
CTPYKTYPBHI.

Bbonee s dexTuBHBIMU yenoBUsIME 171 yripaBisieMoil TepmosiiepHoit Peakuuu, npeacrapistorcs
BCTPEUHBIMH IMOTOKaMH JIEHTEpUEBOH MIa3Mbl, C IEPIEHIUKYISIPHBIM BIPHICKOM ITy4YKOB aHTUIIPOTOHOB B
TOYKE BCTPEUM MOTOKOB IJ1a3Mbl. CaM MOTOK JEHTEpHEeBOi MI1a3Mbl IPEACTABISETCS YIPABIsIEMbIM
MMOTOKOM HMOHOB, Kak Ooiiee ycToitunBoe coctosiaue miazmel B TOKAMAK. U Heynpyrux cTonkHOBeHUi
My4yKoB AeinTepmna HeboNbLWMX IHEPTUI, B Kamepe C NepneHaANKYNAPHbBIMU CUOBbIMU IMHUAMMU CUIBHOTO
MarHuTHoro nons, 6e3 nepBuyHOI NNasmbl. 370 ByaeT yKe yNnpaBAAeMbll «XONOLHbIA CUHTE3» TeNuns.

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

\-\-\‘\._/
< {AY-=p/n)

2(v-Zp/n) —>
(v+)

(v+) | s |

T—
> §v-2p/n)

Sm—
Jv-=p/n)




Monyyaemble anbda YacTMLbl rpetoT BOAAHYIO pyballKy yXKe ynpaBafaemMoro TepMosaAepHOro peakTopa.
3).:1m60 B Heynpyrux crojkHoBeHusx (3H + p* — 3He) B KoJulaiiepe TpUTHUS C MyYKaMU IPOTOHOB
00J1bIINX YHEPTHii, 0e3 IepPBUYHOMN MIa3MBbl.

JIBa rpamma Takoi IU1a3Mbl CUHTE3UPOBAHHOTO I'elIMsl SKBUBAJICHTHBI 25 ToHHE OeH3uHa. Bo Beex
Cllydasix, HY>KHbl IPOOHbBIE IKCIIEPUMEHTBI Ha YK€ TOTOBOM KOJUIalijepe.

DJiIeMeHTbl KBAHTOBOI I'PaBUTALMM.

Omnu cnenyror u3 O6mei Teopun OTHOCUTENHEHOCTH, TEH30pa DUHINTEHHA, KAaK MaTEeMaTUYECKOM
WCTUHBI Pa3HULl PEIITUBUCTCKOM IMHAMUKHU B BYX (1) 1 (2) TOUkax puMaHOBOTO IPOCTPAHCTBA, C
GyHaamMeHTaATBEHBIM TeH30pOM gy (x™) = €;(x™) e, (x™).

i (1) — g (2) # 0, exer =1, mo ycnoBusim e;(X —), e, (Y—),

Pucynok 6. KBaHT npocTpaHcTBa-MaTepuu
Touxka (2) npuBoautcs kK EBkinmoBoMy npoctpanctBy cdepsl, Tie (e;Ley) u (e; * ,=0). [losToOMy B

1
OKPECTHOCTH TOUKH (2) BbIAETIsiEM BEKTOPHI (e,,) U (e,;) U OepeM cpenHee 3HaueHue Ae,,; = E(e a+oen).
[Tpuanmas (e, = e,) , ycIOBUE MIPUBEACHUS MPeoOpa3oBaHMil K eBKIMIOBOH cdepe (X5_,) U It
1 1 e
Ae}m = E(en + eK) = Ee}((e_ﬂ + 1); NoJIy4rMm: gik(l) - gik(z) * 0;
K

gir(1) _%(eiex = Jik) (Z_Z + 1) (2) = KTy, (z_z = R) . (e2 # e;) ,nootomy (ey = Aez) u  Gix(X=p=s)
Hus (e, = e,), umeem (T, = 0). B ycnoBusix (e, # €), Mbl TOBOPUM O JMHAMUKE (PU3HUUECKOTO BaKyyma B
(UKCHUPOBAHHBIX yrilaX MapalieIbHOCTH, C PAa3IMYHBIMU I'€0JIC3UNUECCKUMH Y)KE JMHAMUYHOU chepbl
(x5 #+ x5 # x{) B pukcupoBauusix (e, # €, # €,) Toukax. Jlis quHamuunsix (de,/d t # 0) yrios
apajuIeIbHOCTH, MBI TOBOpHM 00 yckopenuu B chepe (XY Z)HecTanmoHapHOTO €BKIHI0BOIO
npocTpaHcTBa. MiHaue roBopsi, yXke reojie3nueckas, HectalilioHapHoi EBKimnnoBoii chepsl,

Jik (xfI # X3 # Xy # const) MeHseTcs. Mbl TOBOPHM 00 YCKOPEHHH YK€ IUHAMUYHOTO (PU3NIECKOTO

BakyyMa B ero pacuupenud. [Tostomy (A # const) s (¢(X—) # const) nons Beenennoit. Kak Bugum,

— .. 0y h? %y
m (Y =) u in 5 = oAV + Uy, (at2
HAYaJIbHOTO COCTOSIHUSL.

B nonnom Buze ypasuenue O6uieir Teopur OTHOCHTENTBHOCTH, KAK MaTeMaTHYeCKasi HCTHHA!
1 1
Rik =5 RGix — 5 Ague = kT

UYro 03HaYaeT 3TO ypaBHEHUE B KIACCHUECKOM IpesicTaBleHnn? Bee HaunHaeTcs ¢ moctynara DUHIITEHA O

MpeIeTbHOM CKOPOCTH cBeTa (€) Al Macchl (M) co CKOPOCThIO (W). DTO 3HAYMUT, uTO: (C) # (W), UIH

2
cz = w?; cz—w? #0; W2=:—2; (c*xt)? — (x)? = const = (c x£)* — (X)?.

> 0) Pucynka 6, TuHaMuKa yCKOPEHUS UAET C HApACTaHHEM U3

D10 u3BeCTHBIC IpeoOpazoBanus JIopeHIia B peATUBUCTCKON AuHaMuKe. OyHIaMEHTAIbHBIM 3/1€Ch, €CTh
HeHyneBas pasHuna. M3MeHeHue xoa BpeMeHu (t) MeHseT mpocTpaHncTBo (x) , (CmupnoB B.M.1974, 1.3,
4.1, ¢.195) ¢ pengaruBucTCKOI NOMpaBKoi At MaccoBoid m(Y —) TpaeKTOPUHU KBAHTOBOTO TTOJIS:
2 2
wh_ 2 Y 42 — 1 2. 2 _ 2_2( _W_)_z 2
& = COS Pmax (Y =) =« (137’036) ; ct—wi=c(1-7 c‘(1—a%)

I[J'ISI KIIaCCHYCCKHX npeo6pa3OBaH1/H71 peHﬂTHBHCTCKOﬁ JUHAMHKH:

ai; Qg2

X] = Aq1C *t] — A12Xq ; C*t; = ayC *t; —ayyXxy ; CMaTpullel mpeobpa3zoBaHuil: a;, = Gyr Gy



B TpexMepHOM npocTpaHCTBE- BpEMEHU HEHyNeBO EBKIMIOBOM cdepbl, C HEM3MEHHO Ieo1e3nUeCKOM
(x§ = const) xpuBoii, Takux ypaBHeHui Oyaer yersipe.(CmuproB B.1. 1974r. 1.3,4.1, ¢.195-198).

X =aq1€*t — A12X — A13Y — A14Z; ai1 Q12 Q13 Qg4
Y = Q1€ *t — Ap2X — Ap3Y — AsZ ¢ (ajx) marpuuen a1 Gz dAz3 Az
zZ = aszqC * t — A32X — A33Y — A34Z HpeO6pa3OBaHI/H\/'I asq a3z, 0d3z3 dA3z4
C*xt =Qay41C*t — QgpX — Ay3Y — Ag4Z Qa1 Q42 Q43 QAyq

B u3BecTHOM rpyme Jlopenna: (x)? + (y)? + (2)? — (¢ * £)? = ()% + ()% + (2)2 — (¢ * £)? . 3nech yxe
MOXHO TTOJICTABJISATH YKCIIA U CYUTATH MPeo0pa3oBaHmsl PENATHBUCTCKON AMHAMHKE eMUHbIX Kputepues DBonronuu:
nanpumep: sHeprun E = [12Y = (m = 1Y) = (I1 = ¢2) = m * ¢? , uvmynbea p = [1%t , maccet m = MY (X+= Y -).
3neck I1 = ¢ = gY , norennuan yckopenus (g) Ha tTpaexropun (Y = Y —). Takue npeoOpa3oBaHus pelsTHBHCTCKOM
JMHAMHMKH B MHEPLIUAIBHON CHCTEME ITPOCTpaHCcTBa-BpeMeHu 0e3 yckopenus (g = 0) B EBkimioBoi cdepe

(a;; = 1) 6e3 rpaBuTanuu, B Touke (1) PucyHok6, Takue ke, kak u B EBKINI0BO#M chepe mpocTpaHCTBa-BpEeMEHU
najatoriero Judra B mosie rpaButaiuu B Touke (2). [lepen DiiHITeiiHOM CTOsIIA 3a/1a4a MEPEUTH U3 IPOCTPAHCTBA-
BpEeMEHH MHEPINaIbHOM cucTeMbl B EBKITHIOBOI cepe 6e3 rpaBuTaliui B MPOCTPaHCTBO-BpeMst EBKIHI0BOI cdephl
ToXKe 0€3 YCKOPEeHHs, HO Y)Ke Talaloliero JudTa B moie rpaBuTanyi. UToObl BEITOJIHUTE 3TH MPeo0pa3oBaHus B
PENSATUBUCTCKON TMHAMUKE, DWHIITEHH B MATEMaTHIECKOW MPOIEAYpe, K MOTEHIIHATY YCKOpeHUs (g) Ha TpaeKTOpUHU

(Y) mpocrpaHcTBa-BpeMeHH B HWHEPIMAIBHOW CUCTEME, JJOOABWII IOTEHI[UAN TPABUTAIIMOHHOTO TIOJISI B BUJIE TEH30Pa
2 2y\2
— 2 Yo _ (E=IY) ) _1 — —
N=w*= 7 = (pominy? + PHEPTHA-MMITYIIbCa. 310 MaremaTtuieckas HCTHHA: R;, = ER(gik = gY) + k(T = 1D,
. . 1
yKe TeH30pa DUHINTEHA, B €ro KIIacCHIeckoM Buae: R;, — ERgik = KT;, . (KopuaI'., Kopa T. (1973), ¢.536). mu

(9, = g, T ) xnaccuueckoit pusukn. 3nech (R;x) - Npeodpa3oBaHust PENATHBUCTCKON JMHAMUKH B IIPOCTPAHCTBE-
BpeMeHd EBKIINIOBOM yxke Ipyroi chepbl, yxKe IpYyroii reoie3ndeckoil KpUBH3HbI (X5 = CONst) B maJarorieM
nmudTe B nose rpaButanuonHoro norenimana (KT, = I1). lHade roBops, T0JIe TPaBUTAIMH U3MEPSIETCsl KPUBU3HOM
MPOCTPAHCTBA-BpeMEHH. BBIUUCIISS M3MEHEHHUS TIPOCTPAHCTBA-BPEMEHH B PEIIITHBUCTCKON JIMHAMHKE 0e3
rpasutaiuu B Touke (1) X7 = giyexq 5 € *t; = gix€ * t1; (i, k = 1,2,3,4) u u3MeHeHus IPOCTPAHCTBA-BPEMEHH B
PENSTUBUCTCKON JMHAMUKE YKE C TPaBUTALMEN B TOUKE (2): X, = gixXa, € * t; = gixC * t5; MBI MOXKEM CUUTATH
W3MEHEHHI KPUBU3HBI T€0/IE3MIECKOi mamatommeii chepol (X3 = const) B none rpasutammu (x° = X, Y, Z, ct).
(rz = %)% = gin € * (tz — t1)* = gip * (tg — x1)* — giz * 72 = ¥1)* = gua * (22 — 21)* = (kTy1) ; (i=1,2, 3, 4).
B npunnune, Mbl uMeeM JIeno ¢ (gi,)* kBaapatuaHoit $opmoit (gix)(gix = JirRjkn) 114 BHIOpaHHBIX
Hanpasienuii(eje, = 1) u (e,y” = 1)npeobpazoanuii Ten30pa Pumana —Kpucrodpdens (Kopn, 1973,¢.535).
Kaxk BuiuMm, 310 MaTpuiia B 5 ctosionax u 4 CTpokax, Kaxjaas U3 KOTOPOH €CTh ypaBHECHUE TUHAMUKH B
IPaBUTAIMOHHOM TIOJI€, ¥ peIIaeTcsl OTAeIbHO. M B 00111eM cilydae paauaibHOTO MPECTaBIeHUs ChEephI:

— — ATI+II Aw?\ _ AN+ |
(x, —x1)% = AxZ, ; (t; — t1)? = At2, ;B Buge: ¢ * Ats; — Ax3, = R U: c? = At? (1 —C—Z) ==
2 Aw? ATI*TT o
cl-—%)= Greara) - AIl . Pa3nuria ckopocTeit Ha opouTe U3MepsIeTCs IKCIeHTpucuTeToM (€). Torma

c?(1 — £2) = AIl . IlpuHuMas CMeLIEHUE NIEPUTENns 5@ ~ % , AS@ = AA ; nonyuum uzBecTHyI0 GOpMyIy
Ditnmreiina: ¢?A8@(1 — £2) = (Al x AA = GM), 8¢ = % =42,98" s nepurenus Mepkypus. Ito

6mGM  _ 6%3,14%6.67+10 8x2x+1033
c2A(1-€2)  9%1020%5,791x1012x0,958

(1rad = 206264,8") ; u ¢ = 0,1038", 3a 1 nepuox Mepkypus 88 cyrok, u 100 et Ha 3emiie, HOTYIHM:
36525
O *

3HAYUT, 4TO pCUYb UACT O MOBOPOTEC BCCI'O MPOCTPAHCTBA-MATCPUNU BOKPYT COJ'IHLIa. HpI/I 9TOM JUHAMHKaA BAKYYMHBIX

TOXKE MaTeMaTU4eCcKas UCTUHA. B 3Tux pacuerax: d¢ = = 5,03356 * 10~ 7rad ,

= 43". U B 5THX pacueTax Oepercs cpeaHee 3HaueHue opoutsl Mepkypus (A = 5,791 * 1012sm), a sto

3HAYCHU I MPOCTPAHCTBA-BPEMEHHU (% gix = 0) B Touke (2), He yuntsiBaercs (e; L ey). 3aech HET nuHaMuku. Ho
3/1€Ch YK€ MOKHO TMOJICTABJISITh YACIIA U CUUTATh KPUBU3HY IPOCTPAHCTBA-BPEMEHH, C €€ UHTEPIOJISLINEN B
MOTEHIMAaJ MPOCTPAHCTBA CKOPOCTEW IPaBUTALIMOHHOTO 1oJs. [Ipy HylneBOM IpaBUTAIIMIOHHOM MOTEHIIMAIE
ypaBHEHUSA: R, = %R(gik = gY) + k(T = 1 = 0) O6mieit Teopun OTHOCUTENBHOCTH DUHINITENHA,
nepexoiT B paBHble ypaBHeHUs CrnenuanbHoil Teopun OTHOCUTENBHOCTH DUHIITENWHA, B IBYX Pa3IMYHBIX
ToYKax (J1abopaTopusix) EBKIMIOBOTO MPOCTPAHCTBA, MPU ITOM MOATBEPKIas B MATEMaTUYECKON UCTHHE,
MepBBI ocTynaT DUHITeHHA. Ry, = (R = 1)(gix) ;. X2 = GixX1; € *ty, = gietr; tie (i, k = 1,2,3,4), wim

(c )% — (¥)? = (c *t)?> — (x)%. YpaBuenue Ditniureiina Ry, (1) — %Rgik(Z) = %Tik : 3alHIIeM B

C4-
BHUJI€ TPABUTAIIMOHHBIX IOTEHIIMAJIOB B IByX TOYKaX PUMaHOBOTO MTPOCTPAHCTBA C (PyHIaMEHTaIbHBIM
TEH30pOM:



Ry (1) = e;(xMe,(x™) = vyvy = 11, u 9ic(2) = e;(xMe,(x™) = vy, = I,
Me1 nonumaeM, yto Touka (2), npencrasieHa EBkinaoBeiM npocTpancTBoM (1) 6e3 KpuBH3HBL. OTMETHM,
YTO TOYHOT'O COBIAJECHUSI TOUKH (2) KPUBOM C OKPY>KHOCTBIO HET B MATEMATUYECKON HCTUHE TTOJTHOTO
ypaBHeHus DifamteiiHa. Touka (1) ¢ KpUBH3HOM PUMAHOBOTO MPOCTPAHCTBA (7)) B TPAaBUTALIMOHHOM IIOJIE.
Toraa rpaBUTallMOHHBIE TOTEHIIMAJIBI BHE MACC, MBI IIPEACTaBUM B BH/JIE:

Puc.6a — rpaBuTaliMOHHBIE TOTEHIIHMAIIBI

2 2 2 112 1,2
_ 2/TN\2. _ 2/T0y2 ) G _ E* _ GUI'K)*> _ GI'II'K
I, =c (r) I, =c (r) , C TEH30POM DHEPTUH-UMITYIIbCA: —= Ty = = UPDE T P
GIPK?  Gc2IIK? c2GK?
Hl _Hz —_ C4t2 - c217t2 ) Hl _Hz - C2t2 y HnIIn:
2 2 2 2 2 2 2
2("\2 _ .2(Toy2 _ ¢°GK 201 — (M) = 26K — (M) = *°
c (r) c (r) = c2¢2 ! c (1 r )_ c2t2 ! (1 r )_ 22!

(1+r—°)(1—r—°)= i (1 +r—°)c2t2—x—2=sz(x) s2(x) =0 npu (x = 0)
r r c2t2’ r (1—%0) ' '
T ro\ 1 T, 10\ 1
(1 +7°) c?t? — (1 —7") x? = s? ,wm: ds® = (1 +7°) c?dt? — (1 - 70) dx? .
DTO MaTEMAaTHYECKHE UCTUHBI CaMOM TPOCTON MOJIENN paauaibHON PETATUBUCTCKON JUHAMUKA
2
MIPOCTPAHCTBA-BPEMEHH B IPaBUTAIIMOHHOM IToJie BHE (1M, = 0) MacchI: 5—2 = c? , wm:
2

f—z = p? + (my = 0)%c%. U nepsoe, 4T0 HAIO OTMETHTB, TAK STO HEHYJIEBOH (T, # 0) pamuyc 1o
ompeeNeHuIo. JTo paauyc Kpyra BMecto cdepsl B periennu LlBapimmnsaa. M 310 ycinoBue ypaBHEHUS
(Rgix # 0) DitHIITElHA, KaK MATEMaTHYECKOW UCTHHBI B TIOJTHOM BHJIE. 3/1€Ch Pa3rOBOP O CHHTYJISIPHOCTH —
3TO pa3roBop HU O 4eM. CHHTYISIPHOCTH HET B IPUHIIMIIE U IO ONPEAELICHUI0. BTOpOli MOMEHT B TOM,
ypaBHEHHE DWHIIITEHA pacCMaTpUBaeT IPaBUTAIHIO BHE cepbl. HuKakux «myremecTBrily» BHYTPb Chepbl
B ypaBHEHUHW DUHINTEIHA TOXe HET, Kak u (1 # 0) B 3akoHe HproToHa. Bee mocnenyromnye Monenu
«YEPHBIX JIBIP» UMEIOT TOPU3OHT COOBITUH U Tak Jasiee. MHOrHe MOAETH «UYEPHBIX JbIP», KOJUIAICUPYIOIIUX
dboToHHBIX cdep (3Be31 B npesene) npoxoaamux chepy [Bapimmibpaa ux quarpaMMbl HAUBHBI,
olMO0YHBI B 0a30BBIX OCHOBaX M 0€3 apryMEeHTOB UCXOAHBIX MPEANOCHUIOK KaK MPUUUH, XOTs Jajiee
paboTtaet matemaTHKa U joruka. Ho ypaBHeHue DitHiTeitHa BooOIIIe HE 00 3TOM. YpaBHEeHHE DHHINTEIHA
He coZepkuT Maccy (m = 0) u 6osee riayookoe. B HeM yka3zaHbl TOTEHIIMAIIBI, CHIIOBBIC TIOJISI K SHEPTHS
I'PaBUTAIIMOHHOTO TOJIA B JIt000# Touke Beenennoit BHe Macchl (m = 0) . Ml HU 071Ha MOJIeITb, HE OTBEYAET
Ha Borpoc, [IOYEMY Bo3HHKaeT KpMBU3HA I'PaBUTALMU U, OTKYJ1a 3Heprud nojs? B takux
MIEPEUYHCIICHHBIX YCIOBUSX, KAK apI'YMEHTOB MaTeMaTH4YE€CKUX UCTUH, TOBOPUTh O CUHTYJIIPHOCTHU B LIEHTPE
(R = 0) «4epHOU JBIPBI», TO Pa3rOBOP HU O YeM. 3]IeCh HET HUKAKOW CHHTYJIIPHOCTH B IICHTPE «YEPHBIX
neip». Bompoc 3akpeiT. Ho ecTh (hakT Hamu4ymus «CBEPXMaCCUBHBIX KOMIIAKTHBIX 00BEKTOBY, 0OHAPYKEHHBIX

B AApC IraJIaKTUK. H ectp Apyroe npeaAcTaBJICHUC CBOWCTB TaKUX OOBEKTOB:
2GM

(vi >c)?
C HaJIMYUEM CBEPX CBETOBOTO IMpocTpaHcTBa: (V; > ¢), BHYTpH (R < Ry) TaKHUX «4epHBIX cepy,
UMEHYEMBIX «UEpHBIMU JbIpaMu». HeT Hukakux «aplp». Macca Takux «4epHbIx chep» (M # 0) He paBHA
HYJIO.
Jlsist 6eCKOHEYHBIX TPABUTALMOHHBIX yckopeHui, [1 = ¢ = (g, > ) (Y, — 0) B CUHTYISAPHON TOYKE
(Y, — 0), Hanpumep «4epHOU ABIPBI», B ypaBHEHUU DHHILITEHHA Peyb O PElATUBUCTCKON TMHAMUKE:
(Rix = (g2 = )(Y > 0)) = 2R(gix = g1¥1) + k(T = 1 = ¢?), (g,) yckopernue B TOvUKe 2,

c4

(c *t)? — (¥)? = ———= — 0. Hcueszaer camMo ypaBHEHHE DUHIITEHHA:
(g2—)?

(cx)?2—(0)?=0,umu:(c*xt)?> = (X)?u(cxt—>0)2 =(x =Y, > 0)=2
DTO 3HAYMUT, YTO B IPOCTPAHCTBE-BPEMEHH TAKON CHHIYISAPHOCTH HET. B ypaBHEeHHH DUHINTENHA HET HU
«UEPHBIX JILIP», HU CHHIYJIIpHOCTEH. Bee 310 B cTporux mMaremaTnyeckux ucruHax. C Ipyroi CTOpOHBI,

MaTeéMaTu4dCeCKast UCTUHA 34CCh B TOM, YTO HCHYJICBAA pa3HULIA peHHTHBHCTCKOﬁ JUHaAMHUKHU Ax%l, B



ypaBHEHHM DHHINTENHA, 00YCIOBIEHA CKOPOCTAMH MacC MEHBIIIE CKOPOCTH CBETa B caMuXx cepax B

Toukax 2 1 1, 1 BHe HeHYJeBbIX EBKJIWIOBBIX cdep ¢ pa3sIMyHbIMU MX I€0Ie3UUCCKUMU (X5 # X7)
26 (M) 26(M) 5 _ 2G(M—0)

KPUBBIMH B TI0JI€ TpaBuTaiuu. (1 — 2 = 0), R(x*) = T o0
Macc B I10JIe TPABUTAIMH, PAaBHOW CKOPOCTH CBETA, TAK KaK MCYE3aeT CaMO ypaBHEHUE DHUHIITENHHA, BMECTe
C CHUHTYIISIDHOCTSIMH B «UEpPHBIX JibIpax». X HeT. Bompoc 3akpeiT. B ypaBHEHHSAX €CTh TOIBKO MacChl
HeHYJIeBBIX chep (X5 # X]) KaKk HICTOYHHKA KPUBU3HBI, PABHO I'PABUTAIMH, U TIOJIS HHIYKTUBHBIX Macc,
(BHE W (Ta») «TeMHOU MaTtepur». Ho HET ypaBHEHUH, KOTOPBIE JAIOT «IECPHBIC ABIPHI, CHHTYISIPHOCTH.
Takux ypaBHenuii B O61mei Teopun OTHOCUTENPHOCTH DUHIITEHHA HET.

Habnromaembie «4epHbIE ABIPBI», B IPOCTPAHCTBE-MAaTEPUH MPEICTABICHBI KaK 00BEKTHI Pa3TMIHBIX
SHEPreTUUECKUX YPOBHEN (PU3MUECKOro BakyyMa. 9T0 0OBEKTHI 3Be3HBIX (10 30,8 * Mg, ) Macc,
Mex3Be3HbIX Mace (0T 31 * My, 10 622000 * Mg, macc Connua), ranaktudeckux mMace (ot 6 * 10° Mg, 10
101°Mg,,,), Mexranakrudeckux macc (o1 1010 Mgy, no 1013 Mg,,,,), sanpa ksaszapos (ot 1013 Mg,,,, 1o 10" Mg,,) n
KBa3apHbIX ranakTuk 10 (1024 Mg,,,). OHH UMEIOT 10 HApaCTaKoMIEN, MHOTOYPOBHEBBIE 000JIOYKH KBAHTOBBIX
MOJIIPOCTPAHCTB, B KOTOPBIE , HATTpUMeEp (DOTOH, MOMACTH HE CMOXKET. JTO BBIXOJUT 32 PAMKH 0OIIeH
TEOPUHU OTHOCUTEIHHOCTH DUHINTEIHA WK, TOYHEE, 3a MPEJIENTbl €BKIINA0BOM aKCHOMATHKH IPOCTPAHCTBA-
BpeMenn. Ho 311eck HeT HUKakux OecKOHeuHOCTeN U cuHrynsipaocreid. Ux vet B [lpupoe.

CpenHee 3HaYCHHUE JIOKATBHOTO 0a3MCHOTO BEKTOpPA PUMAHOBOTO TpocTpaHcTBa (Ae, ),
OMPEJIENSIETCS KaK MPUHIUIT HEOTIPEIEIEHHOCTH, HO YKe Ha BCIo JutMHY BoyHbl KL = A(X +)
rpasutanmornoro nosist G (X +) = M(Y—) MaccoBeIX TpaeKTOpuil. ITa HEONPEAETEHHOCTh B BUJIE
orpeska (OA=r), kak BoHOBOH pyHKIMH (1 = Yy ) MaccoBoit M (Y —) Tpaekropuu kBaHta (Y1) B
rpaBuTanoHHoM G (X +) nosne Bzaumopeiicteus. A(X +) = 2yy) comu(X +) nons. Ipoexuus
(Y —)TpaeKkTopuu Ha IIIOCKOCTh Kpyra (77'2) 1aeT miomais BeposaTHOCTH(1)y ) 2 monagaHus MaccoBOTO
kBanTa M (Y—), B rpasur. G(X +) nosie B3anmopeiicTus.

DTO UCXOIHBIE HIEMEHTHI KBaHTOBOTO rpaBuT G (X +) = M (Y —) maccosoro moss. OHu CIELYIOT U3
ypaBHeHuss O0mieit Teopun OTHOCUTENBHOCTH.

2.KBaHTOBasi TPABUTALUSA B €IMHOI TEOPUU

DreMeHTH KBaHTOBOTO rpaBUT (X+ = Y-) MaccoBoro moJjs ciaeaytor u3 Oomiei Teoprn
OtHocuTenpbHOCTH. Peub 0 pasHuIle peNITUBUCTKON JMHAMUKH B 1BYX(1) 1 (2)TOUuKax puMaHOBa
MPOCTPAHCTBA, KAK MaTeMaTHYECKOW UCTUHE TeH3opa DiHmTelHa. (G. Korn, T. Korn, ¢.508). 3aech
Jix (1) — 9i(2) =0, ere, =1, o ycnosusm e;(X —), ex(Y—), dynmamMeHTaabHBIN TEH30D
i (x™) = e;(x™) e, (x™), pumanoBoro npocrpancTa B (X™) cucreMe KOOpAUHAT.

, (R # 0). 31ech HET CKOPOCTHU

Pucynox 7. KBantoBoe rpaBut(X+ = Y -) MaccoBoe moJie.
dusnyeckuM cBOMCTBOM rpaBUT(X+ = Y-) MaccoBOTO MOJISI €CTh MPUHIIUIT SKBUBAJICHTHOCTH UHEPTHOW H
I'PaBUTAIIHIOHHOM Macchl. DTO PaBEHCTBO YCKOPEHUsI a = Vy * M (Y —) MaccOBBIX TPACKTOPHUI U YCKOPEHHUSI
g = G(X+) nons rpasutanmn, vy * M(Y —) = a = g = G(X +), B mpocTpaHCTBE CKOPOCTEit
e(X-)=e,(x"=XY,Z) = vy [ﬂ JIOKAIbHBIX 0a3UCHBIX BEKTOPOB, e (Y —) = e, (x™ = X,Y,Z) = vy [ﬂ .
Hanpumep, B «magatomem» nudre yckopenue (g — a) = 0 orcyrcrByet, u Bec P = m(g — a) = 0, paseH
Hymo. Touka (2) npuBoauTcs Kk EBKIMaIoBOMyY npocTpaHcTBY cepsl (x5-), Tae  (e;Ley), (e; * e,=0).
[ToaTOMY B OKpecTHOCTH TOUYKH (2) BBIAEISIEM MapajliebHble BEKTOPHI (e,) U (e,;) U OepeM cpeaHee

1

3HAUCHHE 3HAYCHNE Ae,; = €, = (e, + e). llpunnmas (ep = ) u i) — g (2) #0.



Aenn = ;(en + ex) = %eK(:_z + 1)’ NOJIy9rM: glk(l)(x+) - glk(z)(x+) = KTik(Y _) , HJIN
9 (1) —%(eiez = e = Jir) (2_: + 1) (2) = KTy, (:_z = R) - (e; # e, Gik X=n=k)
Hus (e, = e) mmeeM (T, = 0) . B ycnoBusix (e, # e;) peub UAET 0 IMHAMUKE (PU3UUECKOTO BaKyyMa IpH
(PMKCHPOBAHHBIX YIJIaX NapaUICIbHOCTH, C Pa3HBIMH T'€0JIC3UUECKIMU Y)KE TMHAMUUECKOU cepoit
(x5 # x5 # x5) B dukcupoBanHbix (e, # e, # e, = const) Toukax (e, = Ae,). [l AMHAMHYHBIX
(0e,/0t # 0), (¢ # const) yrioB napauieaIbHOCTH IPOCTPAHCTBA-MATEPUU MBI TOBOPHM 00 YCKOPEHHH B
chepe (XYZ) HecTallmOHAPHOTO €BKIIMOBA MMPOCTPAHCTBA. J[pyruMu clioBamu, yxe reoe3ndecKast
HECTAlMOHAPHOH €BKIMAOBOM ChHEpHI gix (xfI # x5 # xy # const) mensercs. Peus nuner o6 yckopeHun u 6e3
TOr0 AMHAMUYECKOTO (PM3MUYSCKOTO BaKyyMa MPHU €ro PacIIupeHUH.
Orcrona cnenyet ypaBHenue O6meit Teopuun OTHOCUTEIBHOCTH B TTOJIHOM BHJIE:
R — %Rgik - %Agik = KTy .

CpenHee 3HaYCHHUE JIOKATBHOTO 0a3MCHOTO BEKTOpPA PUMAHOBOTO MpocTpaHcTia (Ae, ),
OTIpeIeTISIeTCS KaK MPUHIIMIT HEOTIPEISICHHOCTH MaccoBBIX (Y —) TpaeKTopuii, HO y)Ke Ha BCIO JUTMHY BOJIHBI
KL = A(X +) rpaBuranmonsoro nojs. 3aeck yckopenus G(X +) = vy M (Y —) MaccoBBIX TPaeKTOPHIA.
DTa HEOTIPEIEICHHOCTh B BHIE oTpe3ka (2 * OA = 2r), kak BoiHOBOU (yHkuuu 2y (Y—)r = A(X +)
maccoBoii M (Y —)Tpaekropuu kanta (Y +) B rpaButanmonnom nojie G (X +)BzaumoneiicTeus. 31ech
2y , crmn (1) xBanToBOrO MoJist A(X +) rpasuranuu. I[Tpoekius maccoBoi (Y —)TpaekTopuu KBaHTa,
Ha IUIOCKOCTH Kpyra (7T7'2) faeT miomas BeposTHocTh (Py) 2 nonaganus maccoBoit M (Y —) Tpaekropuu
kBanTta (Y +), B kxBanToBoe rpasuranuonnoe G (X +) mone B3aumo (Y — = X+) neiicteus. B o6mem
ciydae Touku V; 1 N (Y-) maccoBbix win V; N (X-) 3aps10BbIX TpaeKTOPHiA, aOCOTFOTHO OJMHAKOBBI
MEXIy OO0 B IMHUU-TPACKTOPHH STUHOTO MyYKa MapajyIeIbHbIX MPsSMbIX JHHUN. Kaxaas mapa Touexk,

UMEIOT CBOIO BOJHOBYIO (pyHKIHIO / (+1) (—) = i), B MHTEpIpETAMKM KBAHTOBOM 3allyTaHHOCTH. B 5TOM
MIpe/ICTaBJICHUH KBAaHTOBAs 3allyTAaHHOCTh €CTh (PAKT peanbHOCTH, KOTOPBIH CIeayeT U3 aKCHOM
JUHAMHYHOTO MPOCTPAHCTBA-MAaTepUHU. DHTPOIHS KBAHTOBOM 3aITyTaHHOCTH MHOKECTBA JJA€T IPATUCHT
MOTEHIIMAJIA, HO 371Ch TEPSICTCS MPUHITUI SKBUBAICHTHOCTH DWHINTEHHA HHEPTHOU vy M (Y —) = G(X +)
Y TPaBUTAILIMOHHOMN MacCCHI.
DTO UCXOIHBIE DIEMEHTHI KBAaHTOBOTO TpaBuT G (X +) = vy M (Y —) maccoBoro moss. OHU CleyIOT
n3 ypaBHeHus Oo6mieit Teopun OTHOCHUTETBRHOCTH. Bhienum 31eck pa3MepHOCTH enHBIX Kputepuen

K 2 K?
DBOJIIONUY MPOCTPAHCTBA-MaTepuu B BuJie. CKOPOCTh Vy [F]; noteHrman (I1 = vy) [T_Z] ; YCKOpeHHe
G(X+) [%], maccoBbie m = [IK(Y—= X+)nons u 3apsnoBeie ¢ = [IK(X—= Y+) nons, wux mioTHOCTH

p [?{—13{] = [T_12]= cuna F = I1%; osueprua € = I12K; umnynsc P = I12T; neiicteue A = I?KT u Tak nanee.

O6o3naunM (Ae,, = 2Ye;), Ty = (g)i A (g)m = (g)i 2y (E)K = 2yT;; , B BUIE TEH30pa

suepru (€) — (P) ummynbca ¢ BoHOBO# dyHkiuei (). OTcroaa cieayer ypaBHEHHE:

Rix — 2 Reyde,, =k (%)iA (g)}m v

Rue(X+) = 29 (S Rejee(X+) + KTy (V=) 1 Rye(X+) = 2 (Rgue(X+) + KTy (Y -) ).

KZ
910 YPaBHCHUEC KBAHTOBOI'O FpaBI/ITaHI/IOHHOFO IoTCHIIMAJIa C paSMCPHOCTBIO [T_z] IIOTEHI M aJia

(Il = v§) ncnuuom (21). B ckoOKax 3TOro ypaBHEHHs, 4acTh ypasHeHus O6mmei Teopun
OTHOCUTENBHOCTH B BUE noTeHuanbHoro [1(X+) moss rpaBuranum.

B reopun mosst (CmupHOB, T.2, ¢.361), yckoperue maccoBbix (Y —) Tpaekropwuii B (X +) mosie rpaButanuu
emquaoro (Y —) = (X +) mpocTpaHcTBa-MaTepuH MPEACTABICHO AUBEPTEeHIINEH BEKTOPHOTO TOJISL:

divR; (Y —) [TK—Z] =G(X+) [:—2], ¢ yckopenueM G (X +) [:—2] u

K K K
GX+) [T_Z] = grad,T1(X +) [T_Z] = grad,lI(X +) * cos@y [T_Z]
Coortnomenne G(X +) = grad;I1(X +) paBHOCHIBHO Gy = g—z; Gy = 3_36/; G, = Z—Z; [pEICTaBICHHUIO.
3neck nonHe quddepennuan: Gydx + Gydy + G,dz = dIl. OH uMeeT UHTETPUPYIOIINI MHOKHUTEITh
cemelicTa nosepxHocreil [I(M) = C; 55, ¢ Toukoii M, OpTOroHaIbHBIX K BEKTOPHBIM JIMHUAM HOJIA
maccoBbix (Y —) tpaekropuii B (X +) mose rpaButarimu. 3ueck e;(Y—) L e, (X—). Otcrona ciemyer

KBasUIOTCHIHUAJIBHOC II0JIC!



tr(Gylx + Gydy + G,dz) =dnl[S], w 6X4) =2 gradynx+) [£]

3neck ty = n Ui KBa3UIOTEHUUANbHOro noJisd. Bpems t = nT, 3T0 n- Koau4ecTBo nepuoaoB T
KBaHTOBOH auHamMukH. U n = t; # 0. Orcioga cieayoT KBa3UIOTEHIMAIbHBIE TIOBEPXHOCTH w = 27/t
KBaHTOBBIX I'PaBUTALMOHHBIX I10JIEN ¢ IEpuoioM T U yCKOPEHUEM:

GX+) = ;p—Tgrale(X +) [:—2]

X+ [15] = £ ( grada(Rgu) (€05 @ryy = O [15] + (gradi(T) ).

=1\

Pucynok 8. KBaHTOBBIC TpaBUTAITMOHHBIC TTOJISL.
OT10 puKcUpyemMoe B CeYeHUH, BeIOpaHHOe Hanpasienne HopMmaau n L [ ClokeHHne BceX TaKux

o K o
KBAaHTOBBIX IOJICH MHOYKECTBA KBAaHTOB 1oty G(X +) [F] 110001 Macchl, GOpMUPYET OOIIYI0 MOTEHIIUATIBHYIO

«IMY» €€ TPaBUTALlMOHHOTO TOJIS, TJI€ YK€ ICMCTBYET YpaBHEHUE DUHIITEWHA, C «3allIUTON» B YPAaBHEHUH
dhopmyroii (3akoHoMm) HetoToHa. B tuHaMuyHOM MpOCTpaHCTBE-MaTEPUH, peUb UACT O JUHAMUKE

K .
rotyG(X +) [T_Z] noJieii Ha 3aMKHYTBIX T0otyM (Y —) TpaekTopusx. 3/1ech -IMHUS BIOJb
KBa3UIOTEHIIMATIBHBIX IOBEPXHOCTEH PUMAHOBOTO IPOCTPAHCTBA, ¢ HOpMaiibio 1 L [. TlpenenbHelil yron
napauiensHocTH MaccoBbiX (Y —) tpaektopuii B (X +) mosie rpaBUTaIny, Jae€T IPaBUTALIMOHHYO

KOHCTaHTY (COS?@(X—)pax = G = 6.67 * 1078). 3necy ty = % =N, NOPSAJIOK KBa3W NOTECHIHAIbHBIX
1
~ 137 036)'
K YT ¢ K
GX+) [ﬁ] =0 (G * grad,Rgy (X +) + a * grad, Ty (Y -)) [T_Z]

noBepxHocTed,  (cosQ(Y —)yax = «

. [k .
D10 obIee ypaBHEHHE KBAHTOBOTO I'paBUT (X+ = Y-) MaccoBOTO MOJIS YK€ YCKOPeHHUii [T_Z]’ Y BOJIHOBOU

Y — byHk1wmeit, a Takke T- nepuogom auHamuku kBaHta A(X +), co cmrom (I1), (2¢). Tlons yckopeHwi,
KaK U3BECTHO, 3TO y)K€ CHIIOBBIE NOJIs. M 9TO ypaBHeHHE OTIMYAeTCs OT ypaBHEHHS I'PaBUTAIIMOHHBIX
norennuagoB O61eit Teopun OTHOCHUTENBHOCTH. B IBYX €10Bax OTMETUM KOHLEMIUH B TAKUX MOJIXO0aX.
OHHIITEHH fanee, NbITancs BBIIOJHUTH NapaljielbHbIA epeHOC BEKTOpa B PUMaHOBOM IPOCTPAHCTBE
BJIOJIb T'€0JIe3NUECKOi KpUBOH (x°) m3 ToukH 1, B TOUKY 2, C TIOJy4EHHEM KBaHTa IPAaBUTAIIHIOHHOTO MOJISL.



Pucynox 8.1 - uHTEepnpeTanysi MoieNnen.
B maremaTnueckux npoueaypax EBKIMIOBON aKCHOMAaTHUKH, 3TO BO3MOKHO TOJBKO MPHU MEPEHOCE BEKTOPA
(x7) Toukwm 1, B TOuHO Takoii BeKTOp (X3) , HO YK€ TOUKH 2, KaK MPOeKInii Ha EBKIMI0BOE MPOCTPaHCTRO,
JIOKaJIbHBIX Ga3UCHBIX BEKTOPOB PUMAHOBOTO NPOCTPaHCTBA e;(x%) U e (x®). (x5 = x5 = oSy max = VG),
unn (x5 * x5 = VGeVGe, = Ggy (x°). B Kak10i1 PUKCUPOBAHHOM TOUKE reoe3udecKoii kpusoii (x°), B

) YZ
€BKJIMJ0BOM aKCHOMATUKE KPUBU3HBI IPOCTPAHCTBA-MATEPUU: K = — (B.I/I. CwmupHoB, 1974r. 1.1, ¢.187), n
v Y X -
cooTHOmICHHH - = ch( ) == (ex/ "o e X/M0) u (X = —), FpaBI/ITaHI/IOHHBII/I HOTEHIMA PAaBEH:

Y _ E ] L7 _ 2mh mxh
N +) = Gglk( [ = ( )]) = kT . Tns: b = 2m(h = Apydxg), ML= = w ch (Apy*ro).
3necy (py), IMIYJIbC ACUCTBUS KBaHTA IPaBUTAIMOHHOIO nojs. Tak peannsyercs naes OuHiTeHA. [Tyrem
npeoOpa3oBaHUil rpaBUTAIMOHHOTO NoTeHana [1(X +), MOXKHO MoJTyd4aTh BAPHAHTHIL:

a) (X +) = g *x* = x*G(X+), COOTHOILICHNE PEIATUBUCTCKON TMHAMHUKH (Ti = R) KaK OBOPOTHI
0

npeobpaszoBanuii JIopeHIa B miIocKoCTAX Kpyra (R) u 7(,), a Takke I (cos@(Y —)yax = a),uY = a x (Y—),
MOJIy4aeM y)K€ KBaHTOBBIC TPAaBUTAIIMOHHBIE TIOJII YCKOPEHHH B BUJIE:

Ggix =G *R * gy +aTy, wim G(X+) =G * R * grad, gy (X+) + a * grad, Ty (Y-),
0) B EBkiiuioBoii akcuomatuke, cos@(Y =) = 1, c0s@X =) pmin = 1, U Ggix = Rix , HOJYYUM KIIACCHYECKOE

o o o 1
ypaBHeHue O6meit Teopun OTHOCUTENBHOCTH DUHINITCHHA B BUJIE: R — ER * Gie =k * Ty

o o o 1 8nG
B). U3 cranmaptHoro ypaBuenust O6ieit Teopun OTHOCHTENBHOCTH DUHINTEHHA: R, — SR = — Tuc

0e3 nTMHaMUKH (PU3MYECKOro BakyyMa, B enuHbIX Kputepusx DBoJOLNUN TPOCTPAHCTBA-BPEMEHH, CIIEIyET
GMm

KJIaccuueckuil 3akoH Herotona: F = 7 W3 pasHMIbl TPaBUTALIMOHHBIX IIOTEHIMAI0B B Toukax (1) u (2) B
Buge: (Ry, = ejer (1) = Uy) —Rgik = e;jer(2) = U, u (U, — U, = AU). Hampumep, aus Comria u 3emim

i N ~ . (6=6.67%1078)(M=2+1033)
(M =2%10%g) u (m = 5.97 » 10¥" g), nonyuuM (U, = R=1.496%1013

(6=6.67x1078)(m=5.97x10%7)
MOTEHIMAJI Ha PACCTOSIHUM 110 3eMu U U, = e 374100

3eMJIH. Torﬂa (AU = U; — U, =8.917 * 10'2 — 6.25 * 10'* = 8.67 * 10'?) , myn (AU = 8.29 * 10'?) , mosry4um:
8m _ (U?K)?2 _ U?2(UK=m)? _Mm AU _ 871G Mm 816G Mm _ GMm

= 8.917 * 10?) rpaBUTAlMOHHEI

= 6.25 * 101! , moTeHUMAI camoil

AU = T; = =—), Wl —=——- = — = 0e3
(c*= UZ—F) (Toe = U2r? U2r? T2 ) V2 F T2 ' (AU/N2) T? (AU*T2 /\[2) /8T
AU+T?  8.29x1012%(365.25%24%3600=31557600)2 26
TeMHBIX Macc. OcTajgoch ITOCUYUTATh = =23%10
8m\V2 8mV2

COOTBETCTBYET KBaApary paccTosiHus (R? = 2.24 * 10%%) or 3emim no Conxua, wim F = RM , 3aKOHY

HrroTona.
I) a TaK)Ke KOHIENTYaIbHYIO MOJICITb METICBON KBAHTOBOM IPAaBUTAIMH, YK€ C HEKOTOPHIMH OTOBOPKAMH.

lﬁ)]) = kT;;, , u uaeeu

To
OiHIITeHA 0 apaJUIeIbHOM MEPEeHOCe, IPEACTaBUTh PeoOpa30BaHus JOKAIbHBIX 0a3UCHBIX BEKTOPOB B
nosie cnuHopa (S) rpynmnst SU(2) romomopdHoii rpyrme SO(3), a Takke ¢ reHeparopaMu rpymisl JlopeHiia B
SO(1,3) mpocTpaHCTBa-BpEMEHH TUHAMUYHOM cepbl, To nmomyunuM: (R = xj) = 15 = (R = xy)
npeobpa3oBaHus. Mbl TOBOPUM O HecTallMOHApHOM EBKJIMIOBOM MPOCTPAHCTBE TUHAMUYHOTO
runepOoIonIa B KBAHTOBOM pensTuBUCTCKOM quHamuke (KBantoBoit Teopun OtHOcuTenbHOCTH). Win

S = (Ymax - [% =ch (%)D ,u Ggi xS = kT;, unBapuanra (STeS) , CO COUMHOPHOM MeTpUKOl MUHKOBCKOTO:

Y
Ecnu B ypaBHEHUU TPAaBUTAIIMOHHOTO MOTEHIMANA G g ( max — [r— =ch (
0



=0
€= (_01 (1)) Juis (Y=0@y=Y ) u (ch (XT—O) = 1), 9TO cTporue MaremaTuueckue uctunsl. I[lo cyru, 3To u

o A/2>x
€CThb JIONOJHUTEIbHBIN mapaMeTp beia, BepoATHOCTHBIX TOTEHUHANIOB ik (Yinax — (Y = roch - )
0

B3aumoieiicTBuil (X+) u (Y1) KBaHTOB B DKCIIEPUMEHTAX, IPH TOYHOM OTIPEIeIICHUN KoopauHat (x). 31ech
cedyeHue B3auMOIENCTBUSA TTY,2,, (1 — ?) umeer (P?) BEpOATHOCTH B3aMMOJICHCTBUS BOJHOBOM (DYHKIIUH.
Peub o0 norenumanax I1(Y+) sanexrpuueckux unu [1(X+) maccoBbix nosnei. [1pu B3aumoaeiicTBun
omHOpOAHBIX ToTeHImanos (IT*I1=I12= F=dp/dt) nossnsercs cuna B3anmoneiicTus. Ilapamokc DifHmTelHa
— Ilononsckoro — Po3eHa cocTOUT B U3MEPEHNHN TapaMETPOB 3allyTAaHHOW YacTUIIbl KOCBEHHBIM 00pa3oM,
0e3 n3MeHeHus ee CBOMCTB. YacTuiipl OyayT UAeaIbHO 3aIIyTAaHHBIMH, €CITH POYKACHBI B OTHOM KBAHTOBOM
I10JIE C I0IYCTUMOM cuMMeTpueil. UToObl MEHSTH CBOMCTBA 3aIlyTaHHOM YaCTUIIbI, HY?)KHO MEHSTh
«CBEPXCBETOBOH (POH» (PU3NIECKOTO BaKyyMa, UTO JOIMyCKatoT (opMyibl DitHITeiiHa. Toraa usyyast (nim
n3MeHsist) BnusiHue @oHoBbIX Kpurepues Ha 0/1HY YacTHILy, Mbl TOUHO 3HA€M JIMHAMHUKY BTOPOW YaCTHUIIHI,
HampuMep B MEXK3BE3/IHOM NPOCTPAHCTBE FAIAaKTUKH. JIOYCTUMBIM €CTh U BapUaHT, KOTra (OHOM /ISt
35IeKTpoHa OyJIeT BUPTYalbHbIN (OTOH, a JJis IPOTOHA BUPTyalbHOE aHTUHEUTpUHO. Toraa, eciau Ba
3JIEKTpOHA (Ha OJIMHAKOBBIX OpOUTAX aTOMOB) 00JIy4yaTh 3allyTaHHBIMH (POTOHAMM, MTOJIYYUM TAKOM K€
a¢¢ekt. Takoe u3TydeHne MOKHO MPOTrPaMMHUPOBATh U MEHITh CTPYKTYpPbl aTOMOB (MOJIEKYI) Ha IJIaHETE,
HO TOJIBKO CO CKOPOCTEBIO CBETA. Takoe nporpaMMUpOBAHUE TPYIIIBI OMHOPOIHBIX WM PA3JIMYHBIX B MOJIEKYJIAX
aTOMOB, MOXHO BBITIOJIHATHE COOTBETCTBEHHO OAHOPOAHBIMU WJIM PAa3JIMYHBIMU 3allyTaHHBIMU q)OTOHaMI/I B
MIPOCTPAHCTBE (TYT WM T/Ie-TO) UM BO BPEMEHU (ceifyac WiM MOTOM) OJTHOLIBETHBIM HJIH «OebiM» Ja3epom. U yxe
IMEp/DKEHTHBIC CBOMCTBA HOBBIX aTOMOB MJIM MOJICKYJI, IPHHAMATH KaK yIpaBIsiiollyo nHdopmaimio. Takum
00pa3oM, MblI [TOJIyYUM KBAaHTOBBIN IPaBUTALIMOHHBIN MMOTEHIINAJ, C SHEPTHEH-UMITYJIbCOM B KaXJ0H TOUKE
PumanoBoro npoctpancTBa. B TEXHOJIOrMAIX KBAHTOBBIX ONIEPATOPOB YISl SKCTPEMAJIEH U BOJTHOBOM
(GYHKIMYU B IMHAMHKE KBAHTA, MOJIy4UM KBAaHTOBOE I'PaBUTALIMOHHOE 1ol B paMkax O6mei Teopun
OtHocurenbHOCTH. B Takol KOHUENIMY HET IPUHIUIIA SKBUBAJICHTHOCTH U PEIIATUBACTCKON TMHAMUKA

¢usnyeckoro Bakyyma c mapametpoM (A1), B ypapHeHHH DiHIITeliHA. CIUHOP C FeHepaTopaMu
X X
X _ 1, = -=
MacmrabupoBanus (R) » 1y —» (R), MY =, (Chr_ =-(eno+e ro)), C IapamMeTpoM MaciTabupoBanus (m),
0

0 em
e™ 0
(x%) reope3nueckoi. ITO COOTBETCTBYET aIEKBAaTHO MaTeMaTHUYECKOMY arlrapary (0TBevyasi Ha BOIIPOCHI
KAK) nersneBoif KBaHTOBOM rpaBUTAIIMKM TOYEUHBIX IPABUTAIIMOHHBIX OTEHIIMAJIOB, C IBHBIM YKa3aHUEM Ha
FPABUTOHBI, HO C YKa3aHHBIMHU HEJOCTaTKaMHU M OTCYTCTBUEM MCTOYHHMKA FPABUTAMOHHOTO noJjisi. To ecTs,
6e3 oTBeToB Ha Bomnpockl, [IOYEMY umeHHO Tak.

K *T K
Iasn n = 1, (Pucynok2) rpaBuranonnoe moje G(X+) [T_Z] = wA—t G * grad,(Rgy)(X+) [T_Z]
UCTOYHMKA rpaBuTaui, ecth G (X +) mone CB(X +) — CunbHoro Bzaumoneiictsus. KBanToBas quHamMuKa
BO BpeMeHH At B mipejienax rnepuoja TMHaMUKA T TIPEACTaBISICTCS] COOTHOIICHUEM:

GX+)=9=Tx G%graangik(X +) ,rme T =

0o 1
B BHUJAC em(—l 0) = ( ), MOXKET AaBaThb pacXoaAINYIOCA U CXOOAIYIOCS CIIMpajilb B JTUHAMHKE

m , ICPpUO O KBAHTOBBLIM JUHAMUKH.

dopmyna i yCKOPEHHU [TK—Z] CB(X +) monst CuitbHOTo B3ammoielicTBrs mpuoOpeTaeT BH/I:
Koyl _ K -2

G(X+) [T_Z] =Y G atgraanglk(X +) [TZ] . grad, = .

3necy G = 6.67 * 1078, A = [1?AT, moTok kBaHTOBOM 3Heprun & = [1°A = Amc? nouns

UHIYKTH]BHO# Maccel (Am) oOmeHHoro kBanTa (Y — = %) CunpHoro B3aumoneincrsus, a Takxke
(Y— = 2n) nyxnoHoB (p = n) saapa atomoB. UnaykTuBHas Macca Am(Y— = X+) npezacrasisiercs
Hepa3phIBHBIMU KBApKOBBIMH MoJiesivt Am(Y—=7vy,) =u u Am(X+ =v,) = d KBapkoB, B MO/ieIH

nporona: (X+=p*) = (Y—=y5)(X+=v;)(Y—= y¢), UBETHBIMHU IIIOOHHBIMHU MOJIIMH B3aUMOIEHCTBHS
Xt=p") = Y+=y5)(X—=v;)(Y+= y§) xBapkos B ux koudaiimente (¥ +)(¥ +) = (X—), eaunoro
npocrpanctBa-mMarepur, (X+=p*) = (u = y5)(d = v;)(u = y7), nporona B nanHOM CIy4ac.
AnanorndHo cTpykTypbl KBapkoB (Y+=n) =X =d)Y =uw)X =d) = X—=p")Y+=e)X—=v;)
HEHUTpOHA C IBETHBIMU TTMIOOHHBIMU (X +)(X +) = (Y—) wm (Y +)(Y +) = (X—) nosissMu B3auMOJACHCTBUSL.
Pemenust ypaBHeHHU# KBaHTOBBIX MoJjieil CHiIbHOTO B3anMoIeicTBHS, peNoIaracT Halnunue ux



HepaspbIBHBIX KBapKoBbIx Mojeneil (Y —= u)(X+= d) equunoro (Y —= X +) npocrpancrBa-marepu. 10
0OMEHHBIE KBAHTOBBIE, MHAYKTHBHBIE MaccoBble (Y— = X +) 1o Me30HOB. B 6GoJiee CI0KHBIX
CTPYKTYpax 3JIEMEHTAPHBIX YaCTHI] IPOSIBIIIIOTCS qpyrue KBapkoBbie Moaenu (Y—= c) wim, (Y—=1¢) a
Takke (X+=s) u (X+= b), B U3BECTHBIX 3aKOHAX CUMMETPUH.

Kaxxnas maremarnyeckas Mmozienb, oTBeyas Ha Bonpoc KAK, nmeer cBou npuunHbI BHYTPEHHUX
cBs3eil. Jlarpan)keBa MexaHHMKa MOXET IPUMEHSTHCS TOJIBKO K CUCTEMaM, YbU CBSI3H, €CIIM OHU €CTh, BCE
rosionomusl. (https://360wiki.ru/wiki/Lagrangian_mechanics ). B kBaHTOBO#1 MeXaHHKe, TJIe BOJHBI - 3TO
YaCTHUIIBI C HETOJIOHOMHBIMU CBSI3SIMH, B TIOJISIX €IMHOTO MPOCTpaHCcTBa-MaTepun popmanusm Jlarpamxka
HEBO3MOXKEH HU (PaKTUYECKH, HU 110 onpenenenuto. [lyrem nmpeoOpa3oBanuii Bceraa MOKHO PUNHTH K
Ipyroi Mozenu pusndeckoro (akra, HO y’Ke ¢ IpyruMU IPUUMHAMH B IpYruX cBA3sX. Takue Monaenu
MaTeMaTH4eCKHe, HO BOIpOc, rae ucruna? Hanpumep, (+) 3apsit NpoTOHa B KBapkax U (+) 3apsij
MO3UTpOHA 0e3 KBapKOB. IT0 QyHIaMeHTaIbHOE MpoTuBopeune. O0e Mojenu paboTaroT, HO PU3UICCKHE
npuurHb Tepsitoresa. Het otBera Ha Boripoc, [IOUYEMY Ttak? KBapk-TiIt00OHHBIE 1O IPOTOHA, TIPH €T0
aHauruIsanun (p*)+(p”), JOJKHBI IIEPEXOIUTEL B KBAHTOBLIE 1M0J1st (JoTOHOB. HO Takoi mpoueayphl HeT.
[Touemy, Kyna v Kak UcU€3ar0T KBapKu IPU pacrajgax 1T- Me30Ha, BOIIPOC OTKPHITHIN. J(narpaMMbl
®eitHMana pabOTAIOT /3, HO IPOTOH HE U3Ty4aeT (POTOH B 3apsI0BOM B3aUMOJICHCTBUH C AJIEKTPOHOM
aToMa. JTo Belb (PyHIaMEHTaIbHbIE OCHOBBI BCEX aTOMHBIX CTPYKTYp, cTpoeHus Bemiectsa. [IOYEMY tak
— OoTBeTa HeT. 31ech Oyaem otBedarh, [IOUYEMY wactuiia umeeT IMEHHO Takue MPOIYKTHI pacnaaa Win
AHHUTUJISIIUN HEJICIMMBIX KBAaHTOB. by/ieM ncxoauTh U3 oOIIMX IpeaCcTaBIeHUN
P(X) = e*@yY(X) ypasrenns Jlupaka, korma Y = e®®) (X+) muHAMHYHOE TOJTe KBAHTA

X+ = ch( )(X +Hcosp(X =) =1, cosp(X =) =G, nnmn (Y +) = ch( )(Y +)cosp(Y =) =1,

cosp(Y =) = ——=a.I'ne (cosp # 0) B 00omx cirydasx. B maccoBbeix monsix m(Y—= X+) , Oyzmem OpaTh
M3MEpEeHHYI0 Maccy U pacueTHoe BpeMs (T) pacnaja yactull. M3 cambIx 00mIMX NpeCcTaBIeHUN]:

n* n2r2 K\ K
m= = @ TN (Fexp(—2), ¢ CAMHUYHBIM 3apsIOM q(X—=7Y +) = 1, ¥ CKOPOCTH CBeTa

(Kk=q=1) K

¢ = 1 B caMOM KBaHT€, MPOCTPaHCTBA-Marepun m =T Z ( =c = 1)exp(—2z), TOe
a

= % =X(MeV) n z = % = Y(MeV)B muHamMuuHOM, runepbomudeckoM e*X) mpoctpancTse
ypaBHeHus dupaka. [{ns G = 6,67 1078, a = 1371036 v, =0,27MeV,y, = 3,13 107°MeV, v, = 1,36 * 107> MeV,

Y =9,1%10"°MeV
CIEKTP Macc B COOTBETCTBHH € MPOAYKTAMH pacnajaa (aHHUTHIISITIH)
CraduiabHbIe YaCTHIBI C TIPOYKTaMu aHHUTWISANK B equaoM (Y += X+) npoctpaHcTBe-MaTepuu:

(Xt=p) = (V== p) X+=ve) (== 1,) = (22 - %2) = 938,275 MeV ;
2V,

(Y4=e) = (X—= v )(V+=P)X—=7v,) = (B + L) = 0,511 MeV ;
HeCTAa0MJIbHbIE YACTHIbI Y)KE B COOTBETCTBHU C IPOIYKTAMH U BpeMeHEM pacrnaia. Ga = 4.8673 = 10710

+10—6
Y+=p) = (X—= vu)(Y+ e)X—=v,) = wexp( +e+ 1,1751) = 105,66 MeV/,

Ga
O0603HaYNM 34€Ch U JaJICC B pacuyCTax NOJYCPKHYTBIM IJ_IpI/I(bTOM, (|.1 = 1,1751) IIOKa3aTciib exp(). On

vechl

MOKa3bIBAET OCOOEHHOCTH (pparMeHTalMU JuHaMiuaHOro nosist exp(a(X)), B ypasHenuu Jlupaxa.
T=2.76586%10"8
Yt=nt) = Y+=p(X—= Vu) %exp (E+ vuchl) = 139,57 MeV, (nt =1,59173)
2
X—=a)=+=y,)Y+=7y,) = exp (%‘Z) = 134,98 MeV, (n° = 4,025599)

(1=7.8233+x10"17)
- £10—19 0
X—=1%) = (X+= ) (¥ )(K+= ) (¥ ) (K+= ) = TZZITT) o (3 192) - 547,853 MeV

G2a
(Ga)? 2

0
exp (ZE + %) = 547,853 MeV ,

(T=5.1x10"19)

V2(Ga)?
(T=1.335%1078) _
T ea&XP 2 (E + Vu) = 493,67 MeVl

- +10-8
T=101990 007 oxp (m* + m°/2) = 493,67 MeV . K~ = 3,16535
(T=0,885+10710)

Ga
X—=K) =Y —=1)X+=v,)(Y—=¢€T) =

X—=1°) = (Y—=1)X+=n)(Y—-=n*) =
Y=k =Y+=pw(X—=v,) =
Yt=K")=Y+=n)X-=n") =

(Y—=K2) = (X+= n0)(X+= 1) = exp (21° - £) = 497,67 eV ,
(T=4,9296%1078)

Ga _
(T=5,1713+1078) +

X—=K)) =Y —=n)(X+=v,)(Y—=pF) = Texp (ni — ”7 + 2vu) = 497,67 MeV ,

exp (* + e +2¢) = 497,67 MeV

(T=5,02x10724)
Ga

X—=p=F+=nH)¥+=n*) = ( = (1+55=) = 775,49 MeV ;


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

Xt=p)=X+=nY—-=nr")= = 775,4 MeV ;

exp(ap* + 1 /2) = 1115,68 MeV, A° = 7,642837
exp (an + —) = 1115,68 MeV, A° = 8,153
exp (ap* + 7) = 1189,37 MeV ,

exp(an + ) = 1189,37 MeV

= %1020 0
(r= 72.4 10 )exp (A_H’/G) = 1192,64 MeV | A° = 7,642837,
G?axchl 2 T

(T=2.5984x10710)

exp(A® — %) = 1314,86 MeV,  A° = 8,153, E° = 7,809,

(11

(T=6,47566+1072%) (n_o B 7T+(\/E—1))

Ga €xp Va 2

AHanoruddo a;[pOHH

(Y+=n) = (X—=v,)(Y+= )(X—= p) = (T = 878,77) exp( +2- p\/_) = 938,57 MeV ,

+10—10
(Y= A%) = (X+=pH)(Y—= 1) = L2001

a0 _ oy (T=1.5625+10"10)
(=A%) = (4= m)(-= %) = E=200
(V==3) = (= pH)(A+=70) = T22100
—g 1+10-11

x-=5*) = (4= (V+=1*) = 220 exp(an + n*) = 189,37 Mev,
(K—=3) = (V4= n)(Y+= ) = {22107
(X—=3% = (Y4+=A)(Y+=7y) =
Y+=2% = Y+=A)X-=1n°) =
X+=2) = (X+= A0)(Y—=7") = (“3% exp(A® + =/2) = 1321,71 MeV, A° = 7,642837, E~ = 8,43869,
X—=0Q") = (Y+=A)(Y+=K") = (Tso%exp(A_o— K~/2) = 1672,45 MeV, A° = 7,642837, K~ = 3,16535

10-11
(X—=07) = (V4= E)(r+=n") = T80 Doy (20 + n7) = 167245 MeV , E° = 7,809,

- +10-11

(¥—=07) = (X+= E)(r+=n0) = L7 ) (3 4 n0/ch2) = 167245 MeV , E- = 8,275,

ECTI) nu leyrl/le METOAbI pvaeTa cneKTpa MacCcC, HO 5Ta JJoru4yeckas KOHCTPYKHI/IH nacT pacqu
CHeKTpa MacC ¢ MUHUMAJIBHBIMHA napaMeTpaMn. I/ICXO)IHBIMI/I r[apaMeTpaMI/I 31€Ch, €CTh TOJIBKO HpO}lyKTI)I
pacrnaga. ITa MOJEIb ele HECOBEPIIICHHA, HO 3/IeCh HET po0sieM U mpoTuBopeunii CtangapTHoit Mogenu.

B npyrux meronax pacuera cnekrpa Macc, Mbl TOBOPUM O APYTOW TEXHOJOTHH CAMBIX TEOPUH, B
KOTOpOI\/’I HOCTy.]'IaTI)I Bopa, HpI/IHHI/IH HeOHpe)IeHeHHOCTI/I, HpI/IHHI/IH 3KBUBAJICHTHOCTH MacCC, Hpe)lCTaBJ'IeHI)I
KaK aKCMOMbI JZUHAMHUYHOT' O HpOCTpaHCTBa'MaTepI/II/I. 3,[[601—: I[pyrI/Ie HNCXOAHBIC IMTOHATHUA U HA UX OCHOBCE,
I[pyrI/Ie HpI/I‘II/IHI)I " CJICACTBHUA B MOICIIAX. Ta1<0171 b, K& CHCKTp Macc paCC‘H/ITBIBaeTCH B KBAHTOBBIX MOJCIAX.
Hamnpumep, B KBaHTOBOM PENSTUBUCTCKON TMHAMHKE «KATHOPOBOYHOTO TTOJIS, Q)opMpreTc;[ ,Z[I/IHaMI/I‘{HaSI

2
IA7 a1 Wyxc
Mmacca B Buge: W = % , B OKCTpeManbHol Touke, (+Ky )2 =0 = b— — 1% T I, =0,II, = b? = T , C
22 Y
o 2 I b2+T"
COOCTBEHHBIM MPOCTPAHCTBOM cKopocTeld B CniontanHoM Hapymenun Cummerpuu, Wy~ = S =, > wm
— T N2=Fy — 1 = — oy — Py
W ﬁ(_b =) m s Wy = = (2R,T = tpy), m s Wy =B =

Jns maccoBbix (Y —= X +) moneii, B ycnoBusix ['mobansnoi (I'M) u Jlokanenoit MaBapuantHocTH (JIM), momywgaem:
Ky = (a;, = COSY)FI/IK(ChY%COS(pX)JII/I(X +) + Kx(X-) , wm

=myo

m= X Y
(HK =m) = (ay, = €OSY)ry ( NG )((Chy—o = 1) /ChX_o)COS(pX)M X+=Y —) + (IIKy = my)(X—) .
CUMMETpUH TaKUX MACCOBBIX (X+= Y —) TPAaCKTOPUI B YPOBHSX M- CXOJUMOCTH, B YCIOBHSIX chXL cospy =1,
0

KBAHTOBBIX PEJIATUBUCTCKUX monpaBok (1 — (a = W/c =1/137)?) = (1 + a)(X +)(1 — a)(X—) B ypoBHSIX,

(GbOopMUPYIOT HOBYIO U HOBYIO CTYII€Hb - CXOJAUMOCTH, U B CAaMOM 00111eM BUE, TUHAMUYHYIO MacCy:
m=({Fo =+ o) =M1+ @) =73) (X +) +me(X-).

B KBAaHTOBOM T0Jie ypaBHeHus [{upaka, yxxe 6e3 ckanspHoro 6o3ona. Hampumep, ans m, = m, = 938,279MeV

— mp _ = _

m = {ﬁhz =} (a = —) (X +) + m, (X =) = 939.57 MeV =m,,

m= {2 = @)X+ +mn(X —) = (A= 11159 MeV), =° =176,35MeV,

M=o =1+ =T (1+a) =7, =T |(X+)+m,(X -) = (A’ = 1115.9 MeV) ,n~ = 177,637 MeV

C pensITUBHUCTCKUMH MacCaMM 7- ME30HOB, cO cKopocTsMu (W = 0,64 * ¢) B KBAHTOBOM PEJIATUBUCTCKOMN
JUHAMMKE. AHAJIOTUYHO Jajiee:

S*(p*,m0) = VZ* T (1 + a)(X +) +m, (X —) = 1189,5 (1189,64)MeV,
S-(nm) =vVZ+T (14 ach2)(X +) +m, (X =) = 1197,68 (1197,3)MeV ,
20(A%y) =V2+ T (1 + @)X +) + m,(X =) = 1192,6 MeV, A° = A°(n, 1),
20 (10,A°(n, m°) = [27°(1 + @)*(1 + 2ach2)| (X +) +m, (X =) = 1315,8MeV **
2 (nrm, A%(pn) = [27 (1 + 2v2ach2)|(X +) + m, (X —) = 1321,14MeV,



ch2

QO E%n)E,"%) = = (_ a+ a)2)6h1] X+)+m,(X—)=1672,8 MeV ,
Af = [2(% =T ch2)(1 + @) (X +) +m, (X —)] = [2ch2@ (1 + @) =T )1 + Q)X +) + m, (X —)| = 2284,6MeV
0O603HaunMM KOHCTAHTY (1 + (ch2)?(a)?) = S = 1,10328758, PEISTUBUCTCKYIO Maccy (m, = 2797,53375 MeV) u
nepenuiieM GOpMyiy B BHIE: m = ((((mos =m)S =m,)S = ﬁ3)5 = m) + %moa , Torja

JUIsl yDOBHEW YapMOHHS
m = (m; = 3086,48MeV) + ( mya = 10,2 MeV) = 3096,68MeV = j/y, (3096,7MeV) neiiCTBUTCIIHHEIC,

M = (i, = 3405,275MeV) + (3moa = 10,2 MeV) = 3415475MeV = y,, (3415 MeV),
m = yo(1 +ax*ch2) =3509,27MeV = y,, (3510 MeV),
= 2923,74MeV ) + (2moa = 40829MeV) = 2964,6MeV =n;, (2980 MeV),

=m, = 2798.16 MeV , narot:

5

_ ( my
(1+a*ch2)?

AHaJ'IOI‘I/I'-IHO, MAaCCOBBIC I10J14 (Y— = me) OJICKTPOHA, m= m

— 2mo i _ )
m= (ch2)? (1 + ﬁ) = 105,6 MeV , MIOOH, U z[anee ME30HBI:
M=z = 139,78 MeV =%, M= (- \/E*a*chZ) = 134,3 MeV = n°,

V2(ch2)?
= (22 =m,) « (1+%) =497,2 MeV = K°, = (m)/ (1+575) = 4934 MeV = K*,

Takast TEXHOJIOTHSI PaCcUeTOB, B YCIOBHUAX (X +=Y ¥) u (¢ # const) AMHAMHUYHOTO MTPOCTPAHCTBA, B
EBkmmnoBoit akcnomaruke (¢ = const) u 6e3 (X+= Y F)noeii, HeBO3MOXKHA B puHIUIE. Peds naer o0
WHOW TEXHOJIOTMH caMHX Teopui. Tak jke Kak U HEBO3MOIKHO MPEICTaBUTh KBAHTOBYIO PEISITUBHCTCKYIO
muHamMuKy KBanTtoBoit Teopun OtHocuTensHOCTH B EBKITHI0BOH akcnomartuke (¢ = 0 = const). D10
HEBO3MOXXHO B TIPUHIIMIIE.

Paznu4HbIe CTPYKTYPBI MPOIYKTOB Paciajia dJIEMEHTAPHBIX YACTHUI] TAFOT PA3IHYHbBIC TOKOJICHHS
(Y—=u)(X+= d) xBapkoB, Kak MojeJei. 31ech KBaHThI (Y — = p/n) U (Y— = 2n) CHIBHOTO

BianmopeticTBust HyKIIOHOB (p = n) sapa. Tak kKak HJ'IOTHOCTI)( ) M0JISL TPAEKTOPUH HEHUTPUHO

p(X— = v,), MHOTO OOJIBIIIE TUIOTHOCTH TIOJISl TPACKTOPHU HpOTOHa p(X— = p), To B kBaHTax CHJIBHOTO
B3aumoericTBust HykII0HOB (p = n) sapa, ¢ NPOAYKTaMH pacraja HeWTpoHa
Yi=n) =X =D =wX=d) =X—=p)¥+=e)X—=v.)n

apaurwsaud npotoda (X+=pH) =Y =wX =) =w) = Y—=y ) X+=v, ) ¥Y—=y),
MIPOTOHBI «CBSI3aHBI» «KECTKOW CTPYHOI» BUXPEBOI0 MarHUTHOTO MOJIS TpaeKTopuu (X— = v, ) HEUTPUHO,
Kak NMpUYUHA YCTOMYUBOCTHU TaKuX KBaHTOB CuibHOTrO B3aumopeicTBus B sapax aroMoB. [Ipu aTom nmeem
kBanThl CunbHOTo B3aumonetictus (Y—) = (X +)(X +)) = cosgy * 2p = 2a *p = (Y— = p/n) . O1crona
clieyeT cooTHoleHus: 2a *p = Am(Y —) = 13,69 MeV DTO COOTBETCTBYET YPABHEHHUIO:

GX+) = 1/)—6 grad Rgu(X+).

Mps1 umeeM kBaHT (Y— = p/n) CuiibHOTO BSaI/IMO,I[eI/ICTBI/I}I B si/Ipax, ¢ MUHUMaJIbHOU AEy = 6,85 MeV u
MaKCHUMaJbHOU AEy =~ 8,5 MeV ynenbHOU sHepruei cszu i Am(Y —) = 17 MeV, HykioHOB sapa. 1o
aHAJIOTHUH C TOPMO3HBIM U3JTydeHUEeM eKTpoHa(Y —= e ™) - (Y —= y* )peHTreHOBCKUX JydeH, PU3UIECKU
JOIIYCTUMBIM €CThb U3IIy4YECHUE (Y—z a [(%) mm(Zn)] = ej;) - (Y—= (14 — 17) MeV = y*) KBaHTOB «T€MHOM
Matepun» ¢ MaccoBeiMu (Y —) TpaekTopusimu. Ouu umerot (Y+) moJsie 3apsiia ¥ MOTYT pearupoBarth Ha
MarHUTHOE 1oJie. Mbl TOBOPMM O TOPMO3HOM M3IydeHuH sapa ~H neiitepus. Takue KBaHTbI «TEMHOI
MaTepumn» MOIJIOIIaTCs kBaHTaMu (Y — = p/n) 000J104€eK s/Ipa aTOMOB. AHAJIOTMYHBI KBAHTHI «TEMHO
MaTepumn» AT siapa miaHeT (Y —= 223,36GeV), 3Be31 (Y —= 4,3 * 106GeV), «4epHBbIX AbIp» (Y—= 1,5% 107TeV) u
siipa rajakTuk (Y—= 2,48 « 1011 TeV).

Enunble ypaBHenus MakcBenta juist 371ektpo (Y += X —)MarHuTHBIX nosieit 1 rpaBut (X+ =Y —)
MaccoBbIX nosied kBaHToB (Y— = p/n) u (Y— = 2n) CunbHoro B3aumoaeicTBUs HYKJIIOHOB /pa,

aE(y+) G (X
c*xrotyB(X —) = + AE(Y4); c*rotyM(Y =) =32*C,()—T+)+/1*G(X+)
_ aH(x ) _ _ 9B(X-), - -
rotyE(Y +) = —u, ar ar rotyG(X+) = —p, * aNa(; - aMa(; ) ;

MPENoaraloT HaTuYie B SApe 3aMKHYTHIX 1oty B(X —) BUXpeBBIX B 000JI0YKaX, MAarHUTHBIX MOJIEH U
BUXPEBBIX 1oty M (Y —) MaccoBbIX (Y —)TpaeKTopuil OOMEHHBIX KBAHTOB, KaK (AE = Am(Y—)c?) SHepruu

2%938,28 o 1% o
CBs3U sA1pa Am = Zam(p) = 37036 13,694 MeV , ¢ MUHUMaJIbHOHU YJICJIbHOU DHEPTUCH CBSA3HU HYKJIOHOB sApa

AE = 6,85 MeV , To ecTb AedekT Macc (m) Ha cxeme. [IpencraBum kBautel (Y— = p/n) u (Y— = 2n)
CunbHoro B3aumozelicTBUSI HyKIOHOB B BUJIE MOJIEJIEH B YPOBHAX U 000JI0UYKaX si7jpa aToMma.



Kgant (Y— = p/n) n ananorununo (Y— = 2n) CunbpHoro B3aumoneiicteus
Wcxons u3 atux cBoiictB (X—=p*) u (X—=v,7), BpeMs pacmaja HEWTpoHa B CHIBHOM (X —) MarHUTHOM
0JI€ JOJDKHO U3MEHUTHCS. DTO IPOBEPSIETCS B SKCIIEPUMEHTE.

\‘_‘.‘ (4X) 4¥- E_ ﬂM(Y') \\”’—.\_x \_Lx:;___n—*""“

S - _ 7 m)

(%) e S ,
. ,_,_..t.a, - Sapuep——— .3 Y o 3 3 S C A Loda o
ouxy — " e TR R T v
N AL /ve qu o R s
P . = . T
7___"'_~4:" . “rot(y-) o) \
e N ’
4 (v+) J
/ o) (xw)=(¥-) /
+B ~ k/ -B
2rot M(Y-)= rot B(X-) 2ot B(X-) srotM(Y-)
2rot M(Y-) - rot B{X-) =0 2rot B(X-) - rot M(Y-) =0

Takue kBauThl (Y— = p/n) u (Y— = 2n) CunbHoro B3aumoneiicTBus siipa GOPMHUPYIOT CTPYKTYPBI
(X1) u (Y1) xBanrtoB siapa. [Ipu 3TOM, B sipe AeliCTBUTEIBHO O0IIee COCTOSAHUE YPAaBHEHHUM THHAMUKU
eauHoro (X+ = Y+) npocrpancTBa-Marepuu. [Ipocymmupyem 31 ypaBHEHUS U1l 3aMKHYTBIX BUXPEBBIX
rot(Y—) u rot(X—) noyei B «CTOSTYMX BOJIHAX» si/ipa, 0e3 ux mioTHocTed A4 E(Y+) u 1,6(x+) B Buze:

cxrotyB(X =) + cxrotyM(Y —) = aE(Y+) + e, * aGa()TH

¥ 7]
AAapa OJHOM YaCTOThI E =w, KOJ'Ie6aHI/II/I BCCX KBAHTOB CTPYKTYPC sAApa.

) , M TipuBezieM 3Tu 1o k (X+) u (Y+) kBanTam

cxrotyM(Y =) —gw E(Y +) = &,wG(X+) — ¢ *rotyB(X —) = 0, ¢ HYJICBBIMH IJIOTHOCTSIMH BHE BUXPCH.
@DaKT COCTOHT B TOM, «+» BEIIECTBY MacCcOBbIX (Y — = X+)Mmosel, COOTBETCTBYET «-» 3apsiJ] SICKTPUICCKOTO
(Y+) mons (Y+) KkBaHTOB, M Ha00OPOT, /IS aHTUBeIIecTBa. EfquHas yacToTa KojieOaHHi BCeX KBAHTOB B
CTPYKTYype si/ipa B eqHOM (X+ = YF) npocTpaHCTBE-MaTepry UMEET BUJL:
__cxrotyM(Y=) __ cxrotyB(X-) N _

w = S ETD 5,600 U &G(X+) xcxrotyM(Y =) =& E(Y +) * c*rotyB(X —),
st TpaBuT (X4 = Y —) MaccoBbIX M 37eKkTpo(Y+ = X —)MarHuTHBIX MOJIEi KBAaHTOB s/Ipa.

TouHo Tak cyMMUpPYrOTCS eauHbIe (X + = Y F)mouis 1J1s BHEIIHKUX OT siipa OPOUTATIBHBIX dJIEKTPOHOB.
rotyE(Y +) + rot,G(X+) = wB(X =)+ wM(Y =), roty,G(X+) —wB(X —-)= oMY =) —rotyE(Y +) =0,

G(X- E(Y —

w = m;Y(X(_;) = m;f(y(_;) , Wik rotyG(X +) * M(Y =) = rotyE(Y +) * B(X —) B equnbIx(X+ = Y¥F) moJsx.
Hamo otMeTnTh, BOJTHOBas (PYHKIIMS KBAHTOBOTO TIOJISI KIMEET MaTePUANIbHYIO CYIIHOCTDh Ty = +E(Y+)

HaMPSDKEHHOCTH AJIEKTPUYECKOTO MO U +Yp = +B(X—) WHAYKIHUA MarHUTHOTO BEKTOPHOTO TOJISI.

2
Torma (Yg)?~(eggE? = %) IUIOTHOCTB DHEPTUU DIIEKTPUYECKOT0 U (¢B)2~(B— = %) MardHUTHOTO MOJIS C
0

TOJIHOM MIIOTHOCTBIO SHEPTUH Y2 = (1/JE)2 + (1/JB)2 3JIEKTPOMArHUTHOTO BEKTOPHOTO 1oJs. [Ipu atom,
2

B iomaau S = nr? = ? cedeHus B3aMMOJIEHCTBHI C BEPOSTHOCTBIO < 1, uMmeer BUf

MAX



(iY)? = (+y)(—y) cynepnosuimyu BOJHOBOK (QYHKIMK KBaHTOBOTO moJist. Ho npu dukcanum sHeprum,
Mbl pukcupyeM win (+) (+y) = Y2, wm (—)(—p) = ¥Y?, Bceraa nooKUTETbHYIO (% =9?) >0,

IUIOTHOCTH SHEPTHU. MBI TOBOPUM O KOJIJIArce BOJHOBOM (QyHKIMKU. MOXKHO IpU 3TOM TOBOPUTH 00
aNIeKTpUYecKoM noJie (+E (Y +)) anekrpona u (—E (Y +)) NO3UTPOHA B CYNEPIIO3ULIUHI BOIHOBOW (DYHKIUU
(iY)? = (+P)(—y) = —% < 0, uto u caenan Jupak. Ho To4HO Takue BOJHOBBIC QYHKIIMA HMEIOT

+Y; = +G(X+) KBaHTOBBIE NOJIA TPpaBUTAUA U 11y, = +M (Y —) KBaHTBI MaCCOBOTO TOJIS, C TOYHO TAKUM
MaTE€MaTHUYECKUM alllapaToM IpeACTaBiIeHUs. Peub 0 Moisax s1pa Wik B CEUEHUIX B3aUMOJCHCTBUAN
MacCCOBBIX YaCTHLl, KBAHTOBBIX I'PaBUT G (X +) = M(Y—)MacCOBBIX TTOJIEH.

B obmiem cityuae, kBaHThI (Y + = % =2H)n (Xt = 2% = Ja) o6ooyex siapa, GOPMHUPYIOT YPOBHH U
000JIOYKH 3JIEKTPOHOB B CIIEKTPE aTOMOB. B eIMHBIX MOZETSAX MPOAYKTOB Paciiajia CIeKTpa Macc
AIIEMEHTAPHBIX YaCTHII, B eAUHBIX NoJsX (Y — = X+), (Y+ = X—) npocTpaHcTBa-MaTepuu, MOKHO
MIPEACTABIIATH U AApPA CIIEKTpa aToMOB. Mcxoas u3 pacueToB Macc MpOTOHA U HEUTPOHA:

(Xt=p) = (== y, ) (X+= v, ) (Y —=7,) = (22— 22) = 938,275 MeV,

G
(Y+=n) = (X—=v,)(Y+= e)(X—=p) = (T = 878,77) exp (ﬁ +2-pVG) = 938,57 MeV
MBI TOBOpUM 0 KBaHTax CHiibHOTO B3amMoeiicTByS B CTPYKTYpax siapa B BHJIE MOJIEIICH 3apsHKCHHBIX
(Yiz fl) = (X+=p) + [(X+=p)(e)(v,) = n], u HEUTpaAIIbHBIX KBaHTOB CuiibHOTO B3anmoencTBust
(Y+=2n) =[n= (v,)(e)X+=p)] + [n = X+=p)(e)(v,)], korma oy (X +)(X +) = (Y —) dhopmupyror
maccoBbie (Y —)tpaekropun. Takue (Y+= E) U (Y+= 2n) KBaHTBI U GOPMUPYIOT CTPYKTYPHI A]Ipa B €TUHOM
(X+=Y¥) ero mpocTpaHCTBEe-MaTEepPHH, C 3AMKHYTBIMH BUXPEBBIMH (X —) MarHUTHBIMH TOJSIMH U (Y —)
MAaCCOBBIMH TIOJIAMH . [TpeicTaBUM CTPYKTYpPHI 7pa B BUIE TAKHX MOJIEINEH 3apskeHHEIX (Y += P) KBaHTOB
CunbHoro B3zaumoaeiicteus. Hanpumep:
(Y+=P=3H), (X1) = (v+=")(v+=") = (X— = ja), (Y —= ) (X+= IH)(Y—= §n) = (X+= 3H),
X+=1H)X+= 3H) = (Y—= }Li), n manee. (X—= 3a)(Y+= jn)(X—= 3a) = (Y—= }Be),
(X+=20) (Y =) (X+= 30) (Y ) (X += 20) = (X+= "E0) ,
(X+=30) (V)X +=20)(Y—= ) (X+= ja) = (X+='7N) .
Hogas ctpykTypa BHyTpH sapa (X+= 3a)(X+= 3a) = (§Y —) maer sagpa: By +)@Y +) = (X—= 150),
Y—=8y +)(X+=3H)(Y—=8Y +) = (X+= '3F), u ananorn4no nasee.

MBI MOKEM TOBOPHUTE O TOM, UTO 11 simpa 5X (N), «cBoboanbIe» (A — 2Z = N) HEWTPOHBI B BUJE
HeHUTpanbHBIX (Y += 2n) kBaHTOB CuiibHOTO B3aumoneiicTBus TokKe GOPMUPYIOT CBOM CTPYKTYPhI BHYTPH
CTPYKTYp 3apsuKeHHBbIX (Y+= p/n) kBaHTOB CuibHOro B3anmoneiictBus. CTpyKTyphl 3apsKEHHBIX KBAaHTOB

(Y+= p/n) CunpHoro B3aumoneicTBus GopMUPYIOT CTPYKTYPHI 3JIEKTPOHHBIX 000JI0YEK aTOMOB, KaK
npuunHa. Hanpumep: HelitpanbHas cTpykrypa (Y+ = 2n)(Y+ = 2n) = (X+F = 4n), HaXOAUTCS BHYTPH siApa
(X+ = 134r(4n)) B BugE:

(XF="2%) (v+ = 2n) (XF= 2X)(Y+ = 2n) (XF= '2X) = (X+= JoAr(4n)).

B Takux ctpykrypax paboTaroT ypaBHEHHs U dJeKTpo (Y+= X —) MarHUTHBIX MOJICH U ypaBHCHUN TPaBUT
(X+=Y —)MaccoBbIx moJjei ogHoBpeMenno, B Buae noseil (Y +)(Y +) = X )u X +H)X +) = (Y-).
Ananornuno ganee. 334s(9n) = (X—=4n)(Y+= 1n)(X— = 4n) = (Yi = 9n).

OTMeTHM 10, 4r0 B 100% COCTO}IHI/I}IX agpa, 3(1n), 123(1n), £(1n), 23(1n), 3L(1n), 13(4n), 33(3n),
51(5n), 53(5n), 32(5n), 33(9n), 55(11n), 3 (11n), 193(13n), 123(21n), 133(23n), 139(25n), 141(23n : 159(29n)
165(31n) 162(31n),173(33n), 181(35n) 197(3971) 292(43n), mojy4aeM KOHEYHYIO YCTOMYHMBYIO CTPYKTYPY
«CTOSYMX BOJIH» HEUTPATbHBIX (Y+= 2n) kBauTOoB CHiIbHOTO B3aumonelicTeus B sape aroma 20381 (43n).
XF=4)Y+=9In)XF =4n)(Y+= In)(XF = 4n)(Y£= 9n) (XF = 4n) = (43n) = 233Bi(43n),

BHYTPH CTPYKTYPBI 3apsKeHHBIX (Y+= p/n) kBaHTOB CriibHOrO B3anMonencTBus a1pa, KOTOpbIe
(OpMUPYIOT CTPYKTYPHI DJIEKTPOHHBIX 000JI0YEK aTOMOB, KaK MPUYHHA.

Takue HelTpanbHbIE CTPYKTYPHI (Y+= 2n) KBAHTOB HaXOJISATCS B COOTBETCTBYIOIIUX 000JI0YKaX
CTPYKTYp 3apsDKeHHBIX (Y += p/n) kBaHTOB CuiibHOTO B3anMoaelicTBHS B CaMOCOTIaCOBAHHBIX MOJISIX,
3aMKHYTBIX TI0 BOCEMEpKE, IIETI0UYKE BUXPEBBIX MOJIEH. Bce 3T0 COOTBETCTBYET ypaBHEHUSIM THHAMUKH,
MOJTaeTCsl MOJISIMPOBAHUIO, pacueTaM u nporHo3am. Haceimas stu (Y1), (X+) kBaHThI 0007109€K sApa
SHeprueil KBaHTOB(Y—= 14 — 17) MeV «T€MHOW MaTepUn» , MOKHO BBI3BATh «MOHH3AIMIO» 000JI0YEK sipa.
B Takoii HCKYCCTBEHHOI paM0aKTHBHOCTH, MOKHO, HAIPUMED, U3 sJ1ep aToMoB (goHg — 2H) uu
(g1TL — 3He), monyuars (157Au) 301m010. Kak u B cityuae ynpasiaseMoii TepMOSIEPHOI peakiuy Ha
KOJUIaiepe, 3/1eCh Hy)KEeH IPOOHBIN SKCriepuMeHT. B camoM oOriem cirydae, auHamuka roty,M(Y —)
WHIYKTUBHBIX MAaCCOBBIX TOJIEH («CKPBITHIX Macc») 00yCIOBICHA JHMHAMUKONW UCTOYHUKA TPAaBUTAIUH.



cxrot,M(Y —) = %G(X +)+ g, ac;>t<+)

ag n#1, un=234..—> o, norydyaeM KBasunoreHuaibusie G (X +) nomns yckopennii G (X +)
KBaHTOBOFO IPaBUTAIMOHHOTIO I10JIs, KAK HCTOYHUKA ITPaBUTALIUN

GXX +) G * grad, ( Rgik) (X +), ¢ npenenbubiM (cos?@(X—)yax = G) - YIIOM NapauieabHOCTH

o A o
kBauTOBOr0 G (X +) mosst CuiibHOTO B3anMoIeliCTBYS B JAHHOM CITydae U reprojoM T = = KBaHTOBOM
[

nuaamuky. Keasu norennuansueie G (X +) mojis KBaHTOBOrO rPaBUTAILIMOHHOTO HOJIS YCKOPEHHUH, Ha
paccTosgHUsIX C * t = 1 UMEIOT BUJ!

GX+) = —(G * grady, (1Rgik) X+) + ax*grad,(Ty)(Y —)), r — oo,

D10 ypaBHEHHE KBAHTOBOTO TPABUTAIMOHHOTO T10J1s1 yekopenmii G (X +) = vy M(Y—), MaccoBbixX
TPAeKTOPUI C MPUHIIUIIOM SKBUBAJIEHTHOCTU MHEPTHOW U I'paBUTALIMOHHOM Macchl. OHO UMeEeT
MPUHIMIHATIBHYIO Pa3HUIY C YpaBHEHUEM T'PaBUTAIIMOHHBIX moTeHuuanoB Oo6ueit Teopun
OtHocurenbHOCTH. KOMIOHEHTA rpaBUTAIIMOHHOTO KBa3u MOTEHIIUAIBHOTO TOJIS M TEH30P SHEPTUHU-

umiyibea (Tj) B ypasHennu G(X +) = 11)7*'1 « grad; (T )(Y —), OTHOCATCS K MHIYKTHBHBIM MacCOBBIM

MOJISIM B (PM3MUECKOM Bakyyme. B ckoOkax mMeeM IpaJHeHT MOTeHIHAIOB rpaBuT (X+= Y—) MaccoBoro
OJIA.

G * grad, G Rgik) X+)+axgrad,(Ty)(Y—) =G *a* grad,lll'l(X+= Y-).
Orcrona cienyer  G(X+) = Wl DG ran grad,l( NX+=Y-)).
OOmuii rpaBuTAMOHHBIA ToTeHIHAN [1(X+=Y— ) B 00IlleEM BHJIE, BKIIOYACT B c€0s M MOTEHIIHAT

1
MCTOYHKKA rpaBuTalin (5 R i) X +) n kBasu notennmansubie (T) (Y —) MO HHAYKTHBHBEIX Macc. ITO

KC€ YPAaBHCHUC 3AIIMIIEM B HHBIX KBAHTOBBIX ITapaMeTpax, a UMCHHO!

G(X+) —”’ _— ” Ga(=N(X+=Y-)) mm G(X+) =@Ga (Gn), cx+)=Li6acm).

3nech rpazmeHT o6mero rpaBut- MaccoBoro [1(X+= Y—) nmoreHnuana Oepercs 1o Bcei TMHE BOJIHBI (A).
Peup naer o KBaHTOBBIX ypOBHﬂx MaCCOBBIX TPACKTOPHI OPOUTANBHBIX JIEKTPOHOB aTOMa, B BUJIE:

sz ke? ke? n2n?
nh =m,Vr). U nanee: —— , / m,r ’ =nh nh = m,rke?, r= ,
e ) a r rz mr ( e ) e meke?

JISI DHEPIrUH, € = ke? _ meket
A p e T

mek2e*
, IpH u3ny4eHnn, AE = ——— (nz —2) = hv,aroma.
1

h? n
DTO0 elMHbIe MaTEMaTUUYECKUE UCTUHBI €IMHBIX YPABHEHUHN €IMHOTO (1;+ = X+) npocTpaHCTBa-MaTepUH.
IIpumepsbl.
Jlst yrimoBoi ckopoctH (w = % = ITT) E] UHIYKTUBHBIX MaccoBbIX M (Y—) TpaekTtopuii Ha opOutax (1)
Bokpyr Coanna B ero G (X +) mosjie rpaBuTalMu, €CTh BPALIEHHUE JTOTO MOJIS.
rot,G(X+) = —puy * aN;:_) =— aMa(:_) , um rot,G(X+) = woM(Y-).

Jlasi Mepkypusi, B iepurenuu 1, = 4,6 * 10%%cm, co cpenneii ckopocteio 4,736 * 10%cM/c, ecthb

2 +106)?
()? _ (736-10%) 4,876 cm/c? . Macca Connna Mg = 2 « 1033, u

LEHTPOOEIKHOE YCKOPEHUE A =

Tu 4,6%1012
pagnyc CosHua 1y = 7 * 101%m, COSI[aIOT yCKOpeHI/IC G (X +) nose rpasuranuu ¢ (Y = 1) B Buze.
=6+ =506 By 667:107%:2:10% _ _ 4 599 cp/c?
M T To v = Siaer1012a7e1010%137

N3 cootnomenus OTO, Ry (X+) = 2y (5 Rgi (X+) + KTy, (Y—)), CJIEIYIOT aHAJIOTOBbIE COOTHOILIEHHUS B

MIPOCTPAHCTBE YCKOPEHUH, HHAYKTUBHBIX MaccoBbIXx M (Y —) Ttpaexropuii Bokpyr CoJiHIIa caMoro
IPOCTPAHCTBA-MATEPUH HA CPEIHEM paauyce T, = 5,8 * 10'%cm B BuzE.
ayX+)— guX+)=A( -) = 4876 —1,511 = 3,365 cm/c?.
U3 ypasuenus rpaut(X+=Y—)maccobix nounei rot, G (X+) = wM(Y—), cnenyer
A(Yy-=) 2
vz

oBOPOT MaccoBbIX M (Y —)TpaekTopHmii cocTaBisier

il M (Y—), nosoport nepurenus Mepkypus 3a Bpems (T). 3a 100set = 6.51 * 10'*¢, stor

A (Y=)*6.51%101%
Ty * 212
BCETO MpOCTpaHcTBa-MaTepun BOKpYyr ColiHIla. AHATIOTUYHO Jaliee.
Jasi 3eMJIM, Ha pacCTOSHMU OPOMTHI 3€MIIU ¥ CKOpPOCTH 3emin V3 = 3 * 10°cM/c Ha opbute

(57,3%) = 42,5". Peun uzer 0 moBopoTe



7, = 1.496 * 1013 cM , 1eHTPOOEKHOE YyCKOPEHHE PABHO:
_ w2 _ (3:109° _ 2
s = 77 T Taver10® 0,6 cm/c

yckopenue G (X +) nons rpasuranuu Connna 1y = 7 * 101%mM, ¢ maccoii (M) u (¥ = 1), umeercs
1 M 6.67x1078%2x1033
,=GX+)==xG+x—Zxa= = 0.465 cm/c?
T3 2719 2%1.496%1013%7x1010x137
Ananornuno a,(X+) — g.(X+) =A (Y =) = 0,6 — 0,465 = 0,135 cM/c?. U3 5TOro yckopeHus
WHAYKTHBHBIX MaccoBbIX M (Y —) Ttpaekropwii mpocTpancTBe-mMarepun Bokpyr CoiHIa, ClIeAyeT MOBOPOT
nepurenust opouTel 3eMid, MO aHAJIOTUU M COCTABIISIET
A (Y-)*6.51%101*
AIDeSI0 (57,30) = 5,8".
T3*2T
o — 13
st Benepwl, 110 Takoii e cxeMme pacuera, NoBopoT nepurenus Benepst 7, = 1.08 * 10~ cM, u ckopoctu
v, = 3,5 x 10°cM/c, nentpobexHOe yckopeHue Benephbl Ha OpOKTE COCTABIAET
2
(we)? _ (3,5+10°) 2
= = =1,134 cm
B Ty 1.08+1013 134 cem/c
Ananorunudo yckoperune G (X +) nmoss rpaputaiuu CosiHIla Ha opOuTe BeHephl coCTaBIIseT.

Mg 6.67%10 8x2%1033
9= GX+) =~ +G*Bxqg = - . = 0.644 cm/c?
Ty 270 2%1.08%1013%7%1010%137
YcKkopeHHst HHAYKTHBHBIX MaccoBBIX M (Y —) TpaekTopwmii mpocTpaHcTBa-Marepun Bokpyr CoiHIla,

a,(X+)— g;,(X+)=A(Y -) =1,134 — 0.644 = 0,49 cm/c?
Ve 1014
AWeS10 7 57 30y = 9 4" cexym 3a 100 ner.

T3*TT
Takue pacderHble 3HAUE€HUA OJIM3KHU K HaOM0qaeMbIM 3HaueHHUsIM. CyIIEeCTBEHHO TO, YTO U3
dbopmynel DiHIITEHHA 715 CMellleHus nepurenus Mepkypus,

~ 6mGM _ 17}
dp = A 42,98" 3a 100 ner.

c?A(1 —2) « 6@ ~ 6mGM, (c?A — c?Ac?)6¢ ~ 6nGM
HE BHUJIHO IPUYMHBI TAKOTO CMEIIEHHUS, KpOME KaK HCKPUBJICHUS TPOCTPAHCTBA U3 ypaBHeHUs1 OOmen
Teopun OTHOCHUTETHLHOCTH. M€t B TOM, YTO pa3HUIIA X0/1a PEISITUBUCTCKOTO BPEMEHH Ha OpOHTE,
BBI3BIBAET €€ TIOBOPOT M IPONOPLUOHAILHA DKCLIEHTPUCHTETY. [IpH 3TOM 3aMejyienne Xxoaa BpeMenu (AtZ;)
B IPAaBUTAIMOHHOM (X +)I0JI€ B IEPUTEINH, JAET PEIATHBUCTCKOE COKpamenue (—Ax3,) MaccoBoi
AG(X+) _ ,0M(Y-) _ AM(Y-)
(—Axu)) =Cor = (Atz1) )
MareMmarndeckas ucTuHa. OU3nyecKor MPUIMHON €CTh TOITaIKUBAIOIIEE TIJIAHETY Ha MacCOBOM
(Y —)TpaeKkTopuu NeHCTBHE T'PABUTAIMOHHOTO G (X +) MOJIs, IPH €ro BpalllcHMH BOKPYT 3Be37bl. Peub ujer
0 HAIMYMH UHIYKTUBHBIX MaccoBbiX M (Y —) mosel mpocTpaHCTBa-MaTepPHH, H UX BPAIICHHH BOKPYT
ConH1la, KaKk MPUYHHBI, B COOTBETCTBUH C YPAaBHCHUSIMH TMHaMUKHU. MIlHaue roBOpsi, caMo MPOCTPAHCTBO-
Martepust Bpartaetrcs Bokpyr Comnna. [lo Takum ke mpuunHaMm, OyzieM paccMaTpuBaTh ABH:KeHHe CotHIIA
BOKPYT siapa ['ajakTuku.
Hcxoansle nannele. Ckopocts Connna B INanakruke v, = 2,3 * 107cM/c, macca saapa [anaktukn
M, = 4,3 muH. Mg = 4,3 « 10° « 2 * 10331, paccrostnue k nentpy I'anaktuku 8,5 KK win r = 2,6 * 10%2cm.
LenTtpobexnoe yckopenue CoHIla Ha rajJaKTUYeCKOH opouTe:
7V\2_ 14
= (v;)2 _ (2,3*102;;;29*10 =2+ 1078 cm/c?
Hcnonb3ys 3Ty TEXHOJIOTHIO pacyeTa, OLIeHUM paauyc siapa Hamiei ["anaktuku 7. B TouHO Takoii hopmyre
pacuera mosydnm (7,.) paauyc sapa Hamei Fanaktukn gg = G(X +).

Ortcrofa cinetyer NoBOpoT nepurenus Benepst:

(Y—)Tpaekropuu B ypaBHeHHHU DifHmTelina. DopManbHo 310 (rot, G(X +) =

G(X+) =%*G*a*f7”, OTKyza

M,  6.67%108%4,3¥10°%2+1033r

1
,=-%G*a*—2= — — = 4x10%%cm ~ 267 a.e,,
r 2ag 2*x137%2,6%x104<%2%10

la.e.=71 = 1,496 x 1013cM, wm, 1nk = 3 % 1018cm, Torma 7, = 1,3 * 1073 nk. Takoii paauyc B
Hael ['alakTHKe COOTBETCTBYET IPAJMEHTY BCEX MACCOBBIX MOJIEH HCTOUYHHKA TPABUTALIUH,
=1 _
GX+) = 1/;( )y G+ a grad,l(—H(X+ Y-)), ¢ pamuycom 1, = 1,3 %1073
IIpenenst I/IBMep}IeMOFO pamuyca 7o, ~ 107* nk. X COOTHOIIEHHE COOTBETCTBYET COOTHOIICHHIO
UX Macc.

Tos 1074
—*100%=m* 100% = 7,690/0.

Ta



Jro 3Ha4MT, Macca sapa [anaktuku coctaBiser 7,69 % ckpbIThIX MaccoBbiX M (Y —) moneid.
IMapameTps! JIynsl. O0mien3BecTHO, 4TO B nojokeHuu JIynsl Mexy ConHuem u 3emieii, o
3akoHy HptoTona, Connue npurarusaet JIyny B 2,2 pa3a cuibHee 3eMIIH.
T Mg = 2x1033g, mg =597 «10%7g, 1z = 6,371« 108cm, my, = 7,36 x 10%°g,
m = 3,844 x10%m, G =6,67*1078, a =1/137, (AA = 1,496 x10'3 — 1, = 1,49215 * 103 cm),
_ GMgmy _ 6,67%108%2%103347,36+102°

= 25
F1 - (AA)Z - (1’49215*1013)2 - 4‘,4‘1 * 10 ,
_ Gmgmy _ 6,67+1075%5,97+10%7+7,36x10%° _ 25 —
F= rm)? (3,844%1010)2 =198x10%, (F/F,=2.2).

Pasuuna cun (F; — F,) = (AF) = (4,41 — 1,98) = 1025 = 2,43 x 10%°, xoMneHcupyeTcs rpaBUTanueii
(«CKPBITBIX») MACCOBBIX HOJIEH MPOCTPAHCTBA BOKPYT 3€MIIH, C YCKOPEHUEM:
gr(XH) =T x G » ’f—j xa = 3;;?;271;&62;71138 = 0,372 cm /s2.
Cuna rpaBUTallME MAcCOBOTO TI0JIsI, COOTBETCTBYET B MPEJIeaX TOUHOCTH H3MEPEHHIL.
(AF) =my, * gg(X+) = 7,36« 102> x 0,372 = 2,74 * 102>,
Takum 00pa3oM, pelleHHs ypaBHEHUH KBAHTOBBIX MPABUTALMOHHBIX HOJIEH IAI0T pe3ynbTaThl B
Tpeaenax u3MepseMbIX.

OtknoHenue poroHoB B noJe TsizkecTn Connna. ®oton «manaer» B nose Tsoxectn ConHIA ¢
2GMj

RE
ConHila, BepTHUKaJbHAs CKOPOCTh «aJCHUS» COCTABISIET vV = g * t. YTroJ OTKJIOHEHHUs (POTOHA, AJs
R, = 6,963 * 10%°cm , onpenensiercs B Buze:
. * %107 8%2x1033
Q= arcsm%, WA % = %2245 * % * % = :966;6*71011%*(331(1:0)2 = 8,515 107,
@ = arcsin(8,515 * 107%) = 0,000488° = 1,75" yri0BHIX CEKYHI.
DTOT yroJ COOTBETCTBYET pacueTaM B ypaBHeHUsx OO6mieit Teoprun OTHOCUTEIBHOCTH DUHINITEHHA.
W3 5THx Ke ypaBHEHHH, 3aMeieHue xoaa Bpemenu (At 1) maet momonHuTensHOe yckopenue (Ag 1) B moe
TrpaBUTAIIMH, WM LIEHTpoOekHOE (Aa T) yCKOpeHHUE, C IPUHIHUIIOM UX (Ag = Aa) 3KBHBAJICHTHOCTU TIPHU
HEU3MEHHOU cKkopocTu cBeTa ¢ = (Ag T)(At 1). DTo KacaeTcs Xo/a BpeMeHu Ha opoute Mepkypus, u3
pacueToB DHHINTEHHA. 11 TOYHO Tak MEHSIETCs X0 BPEMEHH OJIHOTO 3JIEKTPOHA HA Pa3JIMYHBIX TUCKPETHBIX
opOHuTax aToMa, B MacCOBBIX MOJISIX aToMa. M3MeHeHne Xxo/1a BpeMEeHHU JIEKTPOHA Ha JUCKPETHBIX OpOUTax,
CBSI3aHO C I3MEHEHUEM €T0 4acTOThI (AV), KOTOpasi COMPOBOXKIACTCS U3TYIECHHUEM WJIH MTOTJIOIICHUEM
doToHa (AE = hAv), B Teopuu [1nanka. 1 yem riy6sxe «mpoBan» B (X+) noje CHIBHOTO, TPaBUTALIMOHHOTO
0JIs1 BOJTU3M si/ipa, TeM OOJIbIIIe [UTHHA BOJTHBI B iepuot (Y —) MaccoBOW KBaHTOBO# Tpaekropuu (Y —= e)
OpOUTAILHOTO JIEKTPOHA B €AIMHOM (X+= Y —) mpocCTpaHCTBe-MaTepuu, TEM MEJUIEHHEH €ro X0/ BpEMEHH.
371ech peub UAET O IUCKPETHOW JUHAMHKE X0/1a BpEMEHH B KBAHTOBOM PENISITUBUCTCKOM TUHAMUKE JIF00OTO
KBaHTa MPOCTPAHCTBA-BpEMEHH, PU3NUECKOTO BaKyyMa BOJIU3U «UEPHBIX JIBIP» aHAJIOTUYHO.
7. Alunamuka BcejieHHOIA.
PaccmoTpuM mMaTemaTnueckue UCTUHBI JUHAMUKH BhIOpaHHbIX KpuTepues DBomtonuu. B npyrux
Kputepusx sto 6yaer apyroe npeacrasinenue. Ecau (R)- panuyc HectanronapHoro EBkinaoBoro
npoctpaHcTBa chepsl BunumMoit BeeneHHoid, To u3 knaccuueckoit CrniennanbHoit Teopun OTHOCUTENBHOCTH,

2R o
yckopenueM g(X +) = . 3a Bpems niposeta quametpa ConHia t = TS , TIO KacaTelbHOU K cdepe

rae (b = %) yckopenue, (¢* = F) cuna, cnenyer:

C=R2-c?2;  wm DE(RM)?-bicA(t D? = (c* = F) cuna,

R2 — 242 —
B K b=XYr=x)=K_n i
CANHBIX pI/ITepI/I}IX, = T2 = = T2 = , MBI rOBOpI/IM O IIOTCHIIHUAJIC B HpOCTpaHCTBe CKOpOCTeI/I

“=¢e) Goit &(x™ Gepem IT = gy (x™
(T €) BEKTOPHOT'O MPOCTPAHCTBA B J1000# e(x™) cucreme KoopAMHAT, r1ie 6epeM gir (x™),

¢byHIaMeHTalbHBINH TeH30p PuMaHoBoTO npocTpancTBa. Toraa B o0IieM ciydae UMeeM:

M3 — 12 = (I, (X+) — M,(Y=-) L (X-) + 1, * (Y4) = A (X+= Y-)) L (Al (X—= Y+)) 1= F
Ota cuna Ha BceM paauyce (R = K) Buaumoii cdepsr exunoro (X+= Y+) npoctpancrBa-matepun
Bcenennoit, naet (temuyto) sHepruto (U = FK) nunamuku Bceit BceneHHOM.

(M2 —M3)K = (I, — MK, + I,) = (Al (X+=Y=) L K(QAIl,)(X—=Y+) T=FK =U

B uem ee npupoaa? Ha paguyce (R = K) nqunamMuanoi chepbl BeelleHHOH eCcTh 0IHOBpEMEHHAs TUHAMHKA
enuHorO (X+= Y+) npocrpancrBa-matepuu. PaccMarpuBast AIMHAMEKY [TOTCHIIMATIOB B TPABUT MAcCOBBIX
(X+= Y-) monsix, KaK yxe u3BectHo,(Il; — I1,) = g;, (1) — gy (2) # 0, peub 00 YpaBHEHUH «TPAaBUTALIAN»



1 1 v v
Rix =3 RGix — 5 4Gk = KT O6me#t Teopun OTHOCHTENBHOCTH, B JTFO00# cucteMe g, (x™ # const)

KOOPJMHAT, U B pasnuunbiX ypoBHsx cuurysproctn ¥, Y1 gusnueckoro Bakyyma Beeii BeeneHHOI.
Msi roBopuM o cepe (x™ = X, Y, Z, ct # const) HectamoHapHOTO EBKIMI0BOTO MPOCTPaHCTBA-BPEMEHH ,

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

MOTEHINAJ, TO’KE U3BECTHO, JA€T YPABHEHUSI KBAHTOBOM I'paBUTAIMU C UHAYKTHBHBIMU M (Y —)
(CKPBITHIMH) MACCOBBIMH TIOJSIMH B IPaBUTAIIMOHHOM moJjie. Peus uper 06 (Al ~Ty,) 4 (X+=Y—)
SHEPrUU-UMITYIIbCe TpaBUT (X += Y —) MacCcOBBIX NOJIEH pacmmpstoneicss BeeneHHOH, ¢ yMEHbIIIEHUEM
TUTOTHOCTH MaccoBbIX (Y —) Tpaekropuit

g = &2 _ ( —— = (p, > 0) ¢) (K° =V D)X+=Y=) = (p, LVi DX+=Y-),

(Ti—>0)? (Ti—)?

(R;) * (R, = 1,616 x 1073sm) = 1, (R;) = 6,2 % 10%2sm (p:(Y=) = 0).
C npyro¥# CTOPOHBI, caMO «pacmIupeHne» (Gpu3uveckoro Bakyyma Beenennoi, Be3Bano (All)(X—=Y+) 1
(bparmenTaimeit oomero (X—) nosus Beenennoii, ¢ popmuposanueM HOBBIX M HOBBIX (I1; + I1,) KBaHTOBBIX
MOTEHIIMAJIOB, € TUIOTHOCTAMU (p;(X—) — ©0) pacTaJIKMBaOIIMX (B paclIMpEeHUn) Ipyr apyra, (X—) nosueil. B
oOmieli kapTuHe, B pacmmpstomemMcs (X—) nosue Beenennoii, maccoBsie (Y —) TpaeKTOpHUU CTATHBAIOTCS B
CTPYKTYpbl. MBI TOBOPUM O CBOMCTBAX JMHAMHUYHOIO, €AMHOTO (X+= Y +) npocTpaHCcTBa-MaTepuu, B
KOTOPBIX U3: cosp(X —)cosp(Y —) =1, 1 ,;(X —)A;(Y —) = 1, 151 ckopocTe#t v; = const, CIEAyeT MEePUO.T
muHaMuKH T; (Y —) — oo, MaccoBbIX (Y —) TpaekTopuii KBaHTOB ¥; (Y —) (hm3myeckoro Bakyyma Ha
OeckoHeuHBIX paauycax A;(Y—=X+) = R; — oo, Bceenennoii. [Ipu aToMm, A1t ncYE3ar0IMX IIOTHOCTEN

p;(Y =) = (T_);z — 0, MacCOBBIX TpaeKTOpuH, cymiecTByeT (T; = ©)(t; = 0) = 1, cobcTBeHHOE (t; — 0),

o)
ucyesaroliee BpeMsi IuHaMUKH Beell Beenennoit. MHaue roBopsi, Ha OecCKOHEUHBIX paanycax, Bcenennas
rcye3aet Bo BpeMeHH. C Ipyroi CTOPOHBI, B IITyOHHAX GU3NdecKoro Bakyyma A;(X —) — 0, 1 cCKkopocCTei

v; = const, moixydaeM niepuoy T; (X —) — 0, KBaHTOB (PU3MUECKOTO BaKyyMa, C TUIOTHOCTSIMU €T0 TOJICH

1
piX =) = To0)?

(T; = 0)(t; » ) = 1, GeckoHEUHO A0JTO0 (t; = 0), B eAuHOM (X+= YF) npocTtpanctBe-marepuu. U1 3xeck,
OECKOHEYHOCTH JIBMKEHHSI BO BPEMEHH CBOAMTCS K HYI0 (R; = 1,616 = 10733sm) — 0, B mpocTpaHcTBe-
BPEMEHH, KaK U ucyesarolnas Bo BpeMeny Beenennas Ha 4;(Y— = X +) = R; — 0, GECKOHEUHBIX pajnycax.
TakoBbI MaTEMaTUYECKUE UCTHUHBI.

— 00, DTO KaK « TBepA0€ AHO» (PU3NUECKOr0 BaKyyMa, Ha KOTOPOE MbI OyJIeM OIyCKaThCs

Pesrome.
Her npoctpancTBa 6e3 Matepuu U HET MaT€pPUU BHE IPOCTPAHCTBA. | TaBHOE CBOIICTBO MaTepuu, 3TO
IBIoKeHue. B pabote paccMOTpeHbl CBOWCTBA TMHAMUYHOTO MIPOCTPAHCTBA, KOTOPbIE UMEIOT CBOMCTBA
Marepud. JJMHaMUYHOE IPOCTPAHCTBO-MATEPUS CIEAYET U3 CBOMCTB EBKIMIOBON aKCHOMATHKU.
I'eomerpuueckue GpakTbl AMHAMUYHOTO IPOCTPAHCTBA ONPEIEISAIOT aKCHOMBI, He TpeOyromue
JI0Ka3aTeNnbCcTB. B pamMkax akcMOM AMHAMHYHOTO IPOCTPAHCTBA OINPEEIIAIOTCS (PU3NUECKUE CBOMCTBA
MaTepud. B equHON MaTeMaTHYeCKOi MCTUHE BBIBOJATCS YpaBHEHMsI MakcBelia Uisl 3JIEKTPOMarHiTHOTO
II0JISl ¥ yPaBHEHUS IMHAMUKH IPABUTMACCOBOIO IOJIA. Y3KE€ U3 9TUX YPAaBHEHUM CIEAYIOT UHAYKTUBHBIE
MAaccOBBbI€ M0JIs, 10100HO MHAYKTUBHBIM MAarHUTHBIM HOJISIM. DTO JIBE€ MaTeMaTUYeCKUe UCTHUHBI U JIBE
¢u3nueckue peanbHOCTU. Jlanbiie. B eqnHoi MaTeMaTHueCKOW UCTUHE BBIBOJATCS ypaBHEHUs
Crnenunansaoit Teopun OTHOCUTENIBHOCTU U YPaBHEHMSI KBAHTOBOW PEJIATUBUCTCKOM nuHamuku. Takue
YPaBHEHUS HEBO3MOKHBI B EBKIMI0BOM akcroMaTuke. TeH30p DHHIITENHHA, 3TO TOKEe MaTeMaTHYECKast
HCTHHA Pa3HULIBI PEIIATUBUCTCKON JUHAMUKH B IBYX TOYKaX pUMaHOBOTO IpocTpaHcTBa. [IpuHuumn
OKBUBAJIEHTHOCTH UHEPTHOU U I'PABUTALIMOHHON MAacC €CTh aKCHOMa JUHAMUYHOTI'O IPOCTPAHCTBA MAaCCOBBIX
TpaeKTOpuil B rpaBUTAlIMOHHOM nosie. [lonHoe ypaBHeHune O6mieit Teopun OTHOCUTEIBHOCTH BBIBOAUTCS
KaK MaTeMaTH4ecKass ICTUHA JUHAMUYHOIO IIPOCTPAHCTBA-MATEPUH C DJIEMEHTAMH KBAHTOBOM I'PaBUTALIUH.
B oTnuue ot ypaBHeHMs DiHIITEHA, B TOJHOM ypaBHeHHH O61meit Teopun OTHOCUTENBHOCTH,
IrPaBUTALMOHHAs KOHCTAHTA CJIEAYET KaK MaTeMaTU4eCcKasi UCTUHA. Y PaBHEHUs] YCKOPEHHUM KBAHTOBOIO
IrPABUTALMOHHOTO KBA3U MOTEHIIMAIIBHOIO MOJIS BBIBOAUTCS B PAMKax TEOpUU 1oJid. B paMkax sToro
ypaBHEHHUS BBIMOJHEHBI pacyeThl epureaust Mepkypus, sapa U cKpbIThix Macc ["anaktuku. B ¢usnke
AJIEMEHTAPHBIX YAaCTHI] €CTh Hepa3pelrnMble mpoTuBopeuns. Hanmpumep, ApoOHBII 3apsi/] KBApKOB, KOTOpPhIE
(bopMUPYIOT 3apsii NPOTOHA U TOYHO TaKOH 3apsi/] MO3UTPOHA, HO Y)Ke 0e3 kBapkoB. B cBoiicTBax
JMHAMUYHOTO MPOCTPAHCTBA-MaTePUH 3apsbl IPOTOHA U DJIEKTPOHA PACCUUTHIBAIOTCS €AUHBIM CIIOCOOOM.
Ectb npezneins! npuMeHMMOCTH EBKIMA0BON aKCUOMAaTUKU, KOTOPBIE ONPEAEISAI0OTCS IPUHLIUIIOM



HEOTIPeIeIEHHOCTH, BOJIHOBOU (yHKIMEH. CKaIspHOE M0JIe BBOJUTCSA B KAITMOPOBOYHOE TOJIE IS
COXPAaHEHHUs PENIATUBUCTCKON MHBApPUAHTHOCTH B KBAHTOBBIX NOJIsAX. HeT npu 3ToM KBaHTOBOM
penaTuBUCTCKON qUHaMUKH. B cBoto ouepenp KBanroBas Teopus OTHOCUTENIBHOCTH HEBO3MOKHA B
EBxiinioBoii akcuomMaruke. YxKe B MICKYCCTBEHHO CO3/IaHHOM CKaJIIpHOM HoJie, B MoJiesin CIIOHTaHHOTO
Hapymenust CuMMeTpuu, CTpOUTCS TEOPHsi XUTTCOBOTO 0030HA M TEOPHs DIIEKTPO CI1aboro
B3aMMO/ICHCTBHS. B 000UX ciydasx Macchl 3TUX 0030HOB PACCUUTHIBAIOTCS B paMKaX AWHAMHYHOTO
MPOCTPAHCTBAa-MaTepUH O3 HCKYCCTBEHHO CO3/IaHHBIX CKAIAPHBIX 0030HOB. B nienom, EBkimmoBast
aKCMOMAaTHKa €CTh YaCTHBIN cliyyail (PUKCUPOBAHHOTO COCTOSIHUS IMHAMUYHOI'O IIPOCTPAHCTBA-MaTEPUH.
3T0 OTpakaeT pealbHOCTh (PUKCHPYEMBIX B KCIIEPUMEHTAaX CBOMCTB TUHAMUYHOTO IPOCTPAHCTBA-
MaTtepuu. TakoBa TEXHOJIOTHSI COBPEMEHHBIX Teopuil. B paMkax akcMOM JTMHAMUYHOTO MPOCTPAHCTBA-
MaTepHUH, PACCMaTPUBAECTCS IPUHIUIINAIILHO HOBAsi TEXHOJIOTHS caMuX Teopuil. Mbl He MOKeM OpaTh
MPOCTO JIMHUIO. ITO 00s13aTesibHO 00 (X-), 1160 (Y-) Tpackropuu. M Mbl HE MOXKeM OpaTh MPOCTO TOUKY
(ro#0), «He umeroinei yacrein» B EBkinmoBoii akcnomaruke. Takux o0bekToB HeT B [Ipupoe.
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