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AHHOTALUA.

Ennnas Teopus He aBisieTcsa Teopueid Bcero. Ee TeopeTnueckoi 0OCHOBOW €CTh aKCHOMBI
JUHAMUYHOTO MPOCTPAHCTBA-MATEPUH, MPEIETbHBIM CIIy4aeM KOTOPBIX €CTh EBKIM0BAs aKCHOMATHKA
MPOCTPAHCTBA-BPEMEHH. 32 OCHOBY OEpYTCsl MAaTEeMAaTHUYECKUE UCTUHBI POCTPAHCTBA, KOTOPHIE PAaBHBI
(hM3UYECKUM CBOWMCTBAM MaTEPUH, TaK KaK 3TO OJHO M TO ke. [lo cymecTBy, pedb O HOBOM TEXHOJIOTHUHU
camux Teopuil. B 3TUX MeToaax co3/aHbl €qUHbIE ypaBHEHUS AJIs DJIEKTPOMAarHuTHBIX nosen (Makcsena)
Y YPABHEHHUS ISl TPABUTALIMOHHBIX MOJIEHA. DTO €IMHBIE YPABHEHUS PEISATUBUCTCKOU TUHAMUKHI
CIIEIMAIbHON TEOPUU OTHOCUTEIBLHOCTH U KBAHTOBOM PEIATUBUCTCKON quHaMUKU. U 3T0 emHbIe
ypaBHEHUs 00IIeH TEOPHUH OTHOCUTEIHPHOCTH U KBAHTOBOM rpaBuTaniuu. Bece 3T0 B 0/IHON MaTeMaTUYECKON
HWCTHUHE aKCMOM JTUHAMHYHOTO MPOCTpaHCTBAa-MaTepuu. OJJTHUM U3 PE3yJbTaTOB, KAK UCCIEI0BATEIbCKUM
MOCJIEICTBUEM TAKOM TEXHOJIOTUH, €CTh Y IpaBisieMasi TEPMOSIAEPHAs PEAKIIUA.
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. O6mue ypaBaenust O6mei Teopurt OTHOCUTETLHOCTH M KBAHTOBOM T'PaBUTAIIMH.
. Jlunamuka BceneHnHoii.

1. Beenenue. [IpocTpaHcTBO-BpeMsl SIBJISIETCSA YACTHBIM CJIy4aeM NMPOCTPAHCTBA MaTepUH
CoBpemenHast pu3uka yrnupaercs BO MHOKECTBO MpooieM, PakToB, KOTOPBIE BHIXOAT 32 pAMKH €€
TEOPEeTUYECKUX MpecTaBieHuii. CaMu TeopeTHdecKre MOAETH U (PyHIaMeHTalbHbIE TIPECTABICHUS BO
MHOTOM IpOTHBOpEUMBHI. Hampumep, ckaszanu, 4to mnose Xurrca co3aaer maccy yactuil. dopmansHo, 3TO
MOJKHO TIOHSATh ¥ Ha KJIaCCHYECKOM ypoBHE, m = V2V (dactoTa onpenenserca Ko3QPpUIUEHTOM HKECTKOCTH
1 Maccoii) Kak kojebanus B 00béMe nos Xurrca (3Heprus 6030Ha B mogenu CriontanHoro Hapymienus
CuMMeTpHH), KOTOpBIE B3STHI 32 OCHOBY uaen. Ho kak «Macca mosiss Xurrcay co3gaeT CUily
TPaBUTALIMOHHOTO MPUTHKEHUS ABYX Macc, CKkazarh 3a0buid. OTBeTa HeT. MareMaTrka OTBEYaeT Ha BOIPOC
KAK? ®usuka orBevaer Ha Bonpoc [IOUEMY? Mbl Oynem uckath (Gpu3ndeckue IpUIMHbL. ITO OUEHb
BAJKHO.

Ecau (+) 3apsia mpotona (p*), B KBapKOBBIX (p = uud) MOJEIAX MPEACTABISIETCS CYMMO:
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dp = (u =+ 2) + (u =+ 2) + (d = - g) = (+1), 1poOHBIX 3apsJI0B KBApPKOB, TO TOUYHO Takoi (+1) 3apsn
(e") mo3uTpoHa, KBapKOB HE UMeeT. Takast MOJIENb U MpeicTaBleH e (+) 3apsiia He COOTBETCTBYET
peanbHOCTH. M IPOTOH He u3iny4yaeT (POTOH B 0OOMEHHOM 3apsiIOBOM B3aMMO/ICHCTBHUHU C 3JIEKTPOHOM aToMa.
DJNEeKTPOHBI € OJMHAKOBBIM (-) 3apsI0M HE OTTAJIKUBAIOTCS B 0OMEHHOM B3aUMOJICHCTBUU Ha OJIU3KUX
paccTosiHUAX OpOUTaJIel aToMa, IPH STOM HNPUTATUBASCH K (1) 3apsly yJaJeHHBIX B Spe MPOTOHOB aToOMa.
3akon Kynona 31eck He pabotaer. Cama EBkinioBas akcuoMaTHKa IMEET COOCTBEHHBIE HEpa3pelIMble
npoTtuBopeunsi. Hanpumep,
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1. MHO€eCcTBO TOYEK B OJJHOW «HE UMEIOLIEHN YacTei» TOUKe, JaeT CHOBA TOUKY. JTO TOYKa MU UX
MHO>KECTBO, OIIPEJIENISIEMOE JIEMEHTAMHU U UX B3aUMOCBS3bIO?

2. MHOXeCTBO TUHHUNA B OJHOU «IJIMHE 0€3 MUPUHBI», Ja€T CHOBA JHHUIO. DTO JIMHUS UM UX MHOKECTBO,
omnpeeasieMoe aHAJIOTHYHO?

OTtBeToB Ha Takue Bonpocsl EBKIINA0Bas akcuomaTruka He faet. Eciy Bo BpeMeHa 110 Halllel 3pbl,
3TH aKCHOMBI BCEX YCTPAUBAJIH, Ul U3MEPEHUH IUI0IIaiei, 00bEMOB. .., TO B COBPEMEHHBIX HCCIIEIOBAHUAX
TaKHe aKCHOMBI ITPOCTO HE PabOTAIOT. DTO, U MHOTO IPYruX (HyHIAMEHTAIBHBIX TPOTHBOPEUHU, PEIICHUHN B
TEOPUSIX HE UMEIOT.

OyHIaMEHTAIbHBIM (AKTOM €CTh TO, UYTO HET MaTEpUH BHE MPOCTPAHCTBA U HET IPOCTPaHCTBA O€3
Marepuu. IIpocTpancTBO-MaTepus 3TO OAHO U TO XKe.

['taBHOE CBOMCTBO MaTepuu, ABUKEHUE, IIPEICTABIACTCS JMHAMUYHBIM IIPOCTPAHCTBOM-MATEpUEH,
¢ HecTanmoHapHbIM EBKIIHIOBBIM TTpocTpaHCTBOM. OHO BBITEKAEeT M3 CBOMCTB EBKINIOBON aKCHOMATUKH.
[IpsiMble JTUHUU AMHAMHIHOTO (@ # const) mydka, He MEPeCceKarnT UCXOqHYIO0 psamyto (AC — o) Ha
6eckoneyHoctu (Pucynox 1), To ecTh OHU HapaieiabHbIE.

Figure 1. JlunaMHU9HOE IPOCTPAHCTBO-MATEPHUSI.

DTO0 3HAYUT, YTO MPH JABHKEHUU BAOJb TUHUU AC, Bcerja ecTb IpOCTPaHCTBO (X-) B KOTOPOE MBI
MOTACTh HE CMOYKeM. BeCKOHEYHOCTh Hellb3st OCTaHOBUTh. [1oaTOMy quHamMIYHOE (X-) IPOCTPaHCTBO-
MaTepusl IydKa napajuiesIbHbIX IPSIMBIX JIMHUH, CYIIECTBYET Bcerja. BTopoit MOMEHT B TOM, UTO
JloGaueBCKuUil cUMTA CBOIO T€OMETPHUIO, «IIaH FEOMETPHI0», BOOOPaKaeMOi, TO €CTh AeUCTBUTEIBHON Ha
00nbpIIKX paccTosiHUX. B HamieMm citydae, Ha Oonbiiux OA, yroi napajuieIbHOCTH YBETUYUBACTCA, a MIPU
Masbix 3HaueHusAX OA, Ha MaJIbIX paccTOSHUSAX reoMeTpust JIoOaueBCKOro nepexoauT B TeOMETPHIO
EBxinna. To ecth, yron mapamienbHOCTH CXOAUTCS K Hy 0. Ho Ha manbix paccrosiHusix Bektopa AC, B

MHUKPOMHUDPE, HaO60p0T, yroJi napajujicJIbHOCTH HpeﬂeHLHLIﬁ, C U3BCCTHBIM IIPUHOUIIOM HCOIIPCACIICHHOCTH.

(X+)’ (Y+)

OpTOFOHaJ'IBHBIC IIYYKH IIPAMBIX HHHHfI'TpaeKTopHﬁ, HMEIOT COOCTBEHHBIE BHEIIHHUE I10JI4.

Onu o6pasyrotr Hegenumbie O6mnactu Jlokanuzanuu (X£) , (¥+) [Tpu sToM EBKIIMIOBOE TPOCTPAHCTBO €
HEHYJEBBIM M TUHAMHUYHBIM YTIIoM (@ # const) mapajuielbHOCTH B Kaxko0i cBoelt (XY Z) ocu, Tepsier
cmbica. Ho ato peanpHOe (X-), BIoab ocu (X), IPOCTPAHCTBO TMHAMUYHOTO MyYKa MPSIMbBIX THHUH,
KOTOpPOTO MBI HE BUAUM B EBKITMI0BOM mpocTpaHcTBe. B 2-MepHOM NpOCTpaHCTBE, HYJIEBOU yroll
napamensHoctu (¢=0) ans (X-) u (Y-) nunuii, naer EBknunoBsie npsiMble IMHUU. B mpegensHoM ciiydae
HYNEBOTO yria napamienbHocTd (¢ = 0) B KaXI0# OCH, JUHAMUYHOE MTPOCTPAHCTBO-MAaTEPHsI IEPEXOIUT B
EBKiIn0BOE MPOCTPAHCTBO, KAK YaCTHBIN CITy4ail TUHAMHYHOTO MPOCTPAHCTBA-MATepUU. ITO TIIyOOKHE U
MPUHIUIHATBFHBIC U3MEHEHHUSI CaMOW TEXHOJIOTHH TEOPETUUECKUX UCCIIEIOBAaHHH, KOTOphIe (POPMHUPYIOT
HAaIIIM MPeICTaBIeHUs 00 okpyxkatoiiem mupe. Kak BunuM, B EBKIHIOBOM MpeaCTaBICHUN IPOCTPAHCTBA,
MBI He Bce BUIUM. Teopema ['enienst 0 HEMOTHOTE YTBEPKIAET, YTO JH00ast HEIPOTUBOpeunBas (hopMaibHast
aKcumoMaTHuecKas Teopus, popManusyromias apuMeTuKy HaTypalbHbIX YHCeN, HE ABIsAETCS (a0COMOTHOI)
MOJIHOM. DTO 03HAUYAET, UTO B JHOOOW TaKOW TEOPUH CYIIECTBYIOT UCTUHHBIE YTBEPKICHHSI, KOTOPHIE HE
MOTYT OBITH JOKa3aHbI B paMKax 3To¥ Teopuu. B JaHHOM cllyyae HET apryMEHTOB CaMO UCTHHBI, U OHA MO/
BOIIPOCOM, a Pe3ybTaT YTBEPKACHUS B TeopeMe ['eerns, moATBep KAaeTCs WM HET KaK PealbHOCTh, TOJIBKO



B DKCIIEpUMEHTE Wi (PakToM peanbHocT. Ho naxe 31ech, B 000UX cirydasx, Teopemsl enens u
SKCIIEPUMEHTA, B IMHAMUYHOM MPOCTpaHCTBe-MaTepuu ecTh (X-) uinu (Y-) 00s1acTu, B KOTOPbIE MBI HE
MO>KEM ITPOHUKHYTh B IIPUHLUIIE U 110 ONPEAEICHHIO, HU B EBKIINJIOBBIX aKCHOMaX, KaK OCHOBE BCEX
TEOpUH, HU B dKCIIEpUMEHTAX. [[Burasce, Harpumep, BA0Jb Jyda (BekTopa) AC, Mbl HUKOI'/Ia HE CMOXKEM
nonacth B(X-) mose. M 310 pakT peanbHOCTH, 0€3 BCIKHX TEOPEM.

Takoe aunamuuHoe (¢ # const) NPOCTPAHCTBO-MATEPHI UMEET CBOU T€OMETpUUYECKHE (DAaKThI, KaK
aKCUOMBI, HE TPEOYIOIIHNE JOKA3aTEIbCTB.

AKCHOMBI IMHAMUYHOTO IPOCTPAaHCTBA-MaTepUn

1. HenyneBoii, tuHaMU4HbIA yroi mapayuieasbHocTd (@ # 0) # const, mydka napaiebHbIX
OPAMBIX, ONIPEAENIAET B3aUMHO OPTOrOHaNbHBIE napauieiabuble tuaun (X —) L (Y —) moneii muHuii -
TPAeKTOPUH, KaK U30TPOIIHBIX CBOMCTB, IPOCTPAHCTBA-MATEPHH.

2. Hynesoii yron napamiensHoctd (@ = 0), maet «1uHy 03 IIUPUHBD C HYJIEBBIM WIH HEHYICBBIM
(Y,) - pannycoM chepbI-TOUKH «HE UMEFOIIEN YacTein» B EBKIMI0BOM akCHOMATHKE.

3. [Ty4ok mapaienbHBIX MPSMBIX ¢ HYJIEBBIM YTIoM napamienbHocTd (¢ = 0), «0aMHAKOBO
PacroJIO’KEHHBIM KO BCEM CBOMM TOYKaM», Aa€T MHOKECTBO MPSAMBIX JIUHUN B OJHOH «0€3 IMIHPUHBI»
EBKin10BOM NpAMOiL JIMHUY.

4. Bayrpennue (X —), (Y —) u Buemnue (X +), (Y +) nons nuuuii-rpaekropuii Henynesoin X, # 0 wim
Y, # 0 matepuanbHoOit cepri-Touku, 0opaszyror Henenmumyro O6macts JTokamusarmu HOJ(X +) wu
HOJI(Y +) nuHaMu4YHOTO MPOCTPaHCTBAa-MaTEPHH.

5. B emunbix nomax (X— =Y +),(Y— = X +), oproronansueix amunuii-tpaekropuii (X —) L (Y —)
HET /IBYX OJMHAKOBBIX c(hep-TOUEK U JIMHUN-TPAEKTOPHH.

6. [TocnenoBarensHocTh Henemumeix O6nacreii Jlokamusamuu (X +), (Y 1), (X +) ... no paguycy
Xo #0 wm Yy # 0 cdeprl-TOUKH Ha OJTHOW JTHHUU-TPACKTOPHH JaeT (1) CXOIUMOCTb, @ Ha Pa3ITUIHBIX
TPaeKTOPUsX (M) CXOIUMOCTb.

7. Kaxnoit Henenumoit O6nactu JIokanu3auu mpocTpaHCTBa-MaTepUU COOTBETCTBYET €UHHUIIA

Bcex ee Kpurepues Dsomonuu — KD, B enunom (X— =Y +),(Y— = X +) mnpocrpancTBe-Marepuu Ha
(m — n) cX0AUMOCTSIX,
HOJI = KO(X-=Y +)KA(Y-= X +)=1 HOJT = K3(m)K3(n)=1

B CHCTEME YHCEJ PaBHBIX 110 aHAJIIOTUN EAMHHILI.
8. ®ukcanus yrina(p # 0) = const wm (¢ = 0)nydka NPsSMBIX MapaIeIbHBIX JTHHHA,
MIPOCTpaHCTBa-MaTepHH, JaeT S5-if mocrynar EBkiuaa u akcnomy napamieabHOCTH.

ITpu 3ToM GeckoHeuHOCTh (X —)TpacKTOpHH, 3aMBIKAETCS B IOBEPXHOCTH chepbl-Toukyu Ha (Y —)
TPAEKTOPUH ¥ Ha000pOT, Ha (N) CXOAUMOCTH, B ycioBusx cummerpuii:(X —) (Y +)(X —)u
(Y =)(X +)(Y —). JIrobas Touka GUMKCUPOBAHHBIX JTHHUNA-TPAEKTOPHIA, IPEACTABIIEHA JOKAILHLIMH
ay . , 9z i oxt.  ax) .  oaxK
ﬁ]-l_ax_kk' el:§l+ﬁj+ﬁk,
(Kopw, c. 508), ¢ pynaamenTanbHbiM TeH30poM €;(x™) * er(x™) = gy (x™), u Tononorueit (x™ = XYZ)
B EBK/INI0BOM TIpOCTpaHCTBe. DTH Ga3HCHBIE BEKTOPHI BCETIa MOKHO MPECTAaBUTh B Buje: (X! = ¢, * t),
(X = ¢, * t) MMHEHHBIX KOMIIOHEHT IIPOCTPaHCcTBa-BpeMenn, Toraa v;(x™) * v, (x™) = (v?) =11,
1oJiy4aeM OObIYHBIN TIOTEHIIMA TPOCTPAHCTBA-MATEPHH, KaK HEKOE YCKOpEeHHUe Ha juinHe. To ecTs,
PumaHoBO mpocTpaHCcTBO, 3T0 hukcupoBanHoe (@ # 0 = const) cocrosiHue reoaesnueckoi (x¥ = const)
JIMHUYU TUHAMHUYHOTO (¢ # const) mpocTpaHcTBa-Matepun (x° # const). Takoil MaremMaTuku
PumanoBoro npoctpancTBa g, (x° # const), c nmepeMeHHOU reoie3ndecKoi, emie HeT. Het u reomerpun
EBxinoBoii HecTanlMOHApHOH cephl, HET FTeOMETPUH MpOoCTpaHcTBa JIo6aueBCKOTO, C MepeMEHHBIMU
% = H?}%) (CmupHOB
1.1, ¢.186) PumanoBa nmpocTpaHCTBa, €CTh IPOCTPaHCTBO reomeTpuu JlobaueBckoro (MaremaTuueckast
SHIMKIIONETUS T.5, ¢.439). ECTh NeBATh OTITUYUTENBHBIX TPU3HAKOB TeoMeTpuu JIo6aueBCcKoro ot

reomerpun EBkinna (Pucynoxk 1.2).
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0a3UCHBIM BEKTOpaMH PMaHOBOTO MpOCTPAHCTBA: €; = Py e

ACUMIITOTaMH anep60J1. YacTHBIM cJIyqyacMm OTpHLI&TCJ'ILHOfI KPHUBU3HBI (K = —



Mo = 3TO IMHUA

Figure 1.2 U3oTponHas AuHAMUKA.
OnHuM U3 Mpu3HakoB reomerpuu Jlo6aueBckoro, ecth cymma (0° < Y a < 180°) yrioB Tpeyronsnuka, B
OTJIMYKE OT eBKIMA0BOM ux npoekiuu (Y, @ = 180°) na nnockocts. Pasuble mwiomanu S; = S,
TPEYroJbHUKOB, WJIK PaBHbIE TPEYTOJbHUKH B POCTPAHCTBE reoMeTprH JIoOaueBCKOro, B paBHbIX yriax
MapajuIeIbHOCTU (1 = , My4YKa MapajljiesIbHbIX MPSIMBIX JIMHUH, 1AI0T IPOEKTUBHO — [10100HbIE
TPEYroJbHUKU B EBKIIMIOBON TUIOCKOCTH € PaBHBIMU YIilaMu B BepiinHax. OkpykHOCTh B EBKin10BOM
IJIOCKOCTH, 3TO JIMHUS B reomeTpuu JlobaueBckoro. 31ech EBkinoBast TMHUS, «JUIMHHA 0€3 MIHUPUHBI»— 3TO
paauyc kpyra B reometrpun JlobaueBckoro. Uem Oosbliie paguyc, TeM JUIMHHEE «THHUD». Takue
OKPYKHOCTH B TIOBepXHOCTH EBKH10BOM chepe, 7TO MHOKECTBO MPSAMBIX JIMHUN BO Beenennoil. B Hamem
ciydae, EBknunoBas cepa ene u nuHnamudHa. Kak MokHO co3naBaTh Teopun «bosbioro B3peiBa» nnu
«uuknmyeckoit Beenennoit» B Takoit cpepe? OTBeT — HUKAK. IT0 HU 0 yeM. HyneBoii paanyc Takoro kpyra
(r = 0), TOBOPHUT O TOM, YTO TAKOTO KPYyra HET, ¥ HET TAKHUX JIMHUI. TO pasroBOp HU O YEM, HX IPOCTO
HeT. DTO K BOIIPOCaM CHHTYJISPHOCTHU C UX OECKOHEUHBIMU KPUTEPUSMU U HEBO3MOXKHOCTAMU. X HET HU B
Maremaruke, HU B [Ipupoae. Ito maet addekTuBHOCTS KOH(POPMHBIX TpeoOpazoBanmii. Ho MeHsis
KOJIMYECTBO, MEHAETCS KauecTBO. JTO (prunocodcekue kaTeropuu. B maTeMaTnueckom UX MPeJICTABICHUH,
MBI TOBOPUM O Pa3IMYHON KPUBH3HE IJIOCKOCTEN TPEYrOJIbHUKOB B MHOTOJINCTOBOM PrMaHOBOM

1
npoctpancTBe. Cama MI0naab paBHbIX B reoMeTpuu JI06aueBCKOro TpeyroJibHUKOB MEHSETCs: S = Sa*

i j k

. 1 . .

b * sina ==-|a; a, as|. Mensierca cama maTpuiia npeoOpa3oBaHuil, MaTpUIla CHMMETPHIA,
by b, bs

HMHCTPYMEHTA KBAaHTOBBIX TEOPUIA, HO YK€ B KBAHTOBOH PEISTUBUCTCKONW TUHAMHKE (MOJHO FOBOPUTH B
KsanToBoit Teopun OTHOCUTENBHOCTH) AMHAMUYHOM cepbl B JaHHOM ciiydae. PaBHBIE TpeyrojabHUKH
MIPOCTPaHCTBAa-MaTEPHH, KacaTelbHbIE IOBEPXHOCTSIM PaBHBIX B IpocTpaHcTBe JlIobaueBckoro cdep, HO €
pa3nuYHbIMU pagunycamu EBkInaoBeix chep. B muHamuunom (¢ # const) mpocTpaHCTBe-MaTepuu, 3TU
EBxiinioBbIe cepbl pa3NTuyHbIX PAINyCcOB, €CTh OJHOM cdepoii HecTannoHApHOTo EBKINI0BOIO
NPOCTPAHCTBA, KOTOPOro HeT B EBkIn0BOM akcnomatruke. PUMaHOBO MPOCTPAHCTBO MPU STOM, UMEET
auHaAMHYHYIO Tomosioruio (x™ = XYZ # const), yero Het B EBknnnoBom (x™ = XYZ = const)
CTAIllMOHAPHOM IPOCTPAHCTBE. DTU aKCUOMBI YK€ periatoT nmpooiaembl EBKINA0BOI aKCHOMAaTHKH
MHO>KECTBA TOUEK B OJHOM TOUKE «HE UMEIONIEH yacTel» U MHOXKECTBA IMHUM B OJJHOMU «JUIHHE 0e3
ITUPUHBD.



2.1. Ennnble Kputepun JBoTIOIUH IPOCTPAHCTBA-MATEPHH.
Bce Kpurepun DBooninn IMHAMHUYHOTO TPOCTPAHCTBA-MaTEePUH, CPOPMUPOBAHBI
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Figure 2.1. Kpurepuu DBOJIOIMH B TIPOCTPAHCTBE-BPEMEHH.
B MHOTOMEPHOM Ha (m-n) CXOJIUMOCTSIX, IPOCTPAHCTBE — BPEMEHH, KaK B MHOTOMEPHOM MPOCTPAHCTBE
ckopocteii: WN=KNTN 3necy s (N=1), V=K' T ckopocts, W? =I1 norernuan, I1>=F cuna..., 2-To
kBajpanTa. Ux npoekius Ha koopauHaTHoe (K) mwin Bpemennoe (T) mpocTpaHcTBO-BpeMs Aat0T: 3aps

[MK=q( Y+ =X -) B anektpo ( Y+ =X -) MarHuTHbIX N0JIs1X, Win Maccy [IK=m(X+=Y-) B rpaBut (X+=Y-)
m MK 1
MAaCCOBBIX MOJISIX, TOTAA TVIOTHOCTh p = — = === v2 | 93T0 KBaJpaT 4acTOThI, SHEPTHUIO E=IT°K,

v K: T
mmmyasc (p=I1°T), neiictue (h=I1°KT), u 1.1, emuroro HOJI= (X+=Y-) (Y+ =X -) =1 npocTpaHcTBa-
Matepun. Beskoe ypasHenue cBouTes kK 3tuM Kputepusam Dsomorun 8 WN=K"™NTN npoctpancrse-
BpeMenH. EcTh eme MHoro apyrux Kpurepues DBOMIONME B IPOCTPAHCTBE-BPEMEHH, KOTOPBIX MBI EIle He
ucnons3yeM. Hanpumep, sHeprus DiinmuTeiina E = mc?, u sneprus [lnanka E = Av, uMeroT npsamMyro
B3aHMOCBA3b Uepe3 MAacCy U 4acToTy, B Bue: m = V2V, u Tak nanee. Hanpumep, 1o ¢akry, ecTb

HensBecTHbIe HaM Kputepun DBomonun W4 = KTMT ¥ sMepmKkeHTHBIX CBOCTB MATEPUH B PA3THYHBIX
CTPYKTYpHBIX popMmax Marepun. Hanpumep. M3 3akoHa coxpaHeHus: SHEpruu Z—Z = 0, roe sueprus W =
[1°K, B enuHBIX Kpurepusix DBouonun, koraa notennuain [1 = bK, ato yckopenwue (b), Ha mmne (K),
HoJIy4aeM MpoM3BOHYI0 cioxuoi pynkuun: f(g)' = f'g’ B npoussenenun (uv) = u'v + uv', noayuum
W' =2III'K + (I1?) = 0, rne 11" = Z—E = b. YuureiBas [1K(X+=Y —) = m, maccy B MaccoBbIX (X+=

Y —) monsx wm 3apsan [IK(Y+= X —) = q, B anekrpomarautbix (Y+= X —) nonsx, u P2 = F cuny,
nonyuuM: [IKb = F,BBune cun: F = mbwiu F = qE, rne E = F /q xnaccuueckoi GU3MKH, KaKk
SMEP/HKEHTHBIE CBOMCTBAa B MAaTEMaTHUECKUX UCTUHAX OJHOTO 3aKOHA M = 0. [Tpu 5TOM B MOAYPOBHAX

0K
CTPYKTYpP, AOITYCTUMEI CBOU KpI/ITepI/II/I 3BOJ’IIOI_II/II/I HO)IypOBHGfI B JaHHOM CJIy4ac.

2.2. daextpo (Y+ =X -) marHuTHbIe U rpaBuT (X+=Y-) MaccoBbIe NMoJsl.
B equnoM (X+=Y-) (Y+ =X -) =1, npocTpaHCTBe - MaTepuH, BLIBOJIATCS ypaBHeHUs Maxkcpenna® ms

anekTpo (Y+ =X -) MarHuTHOTrO noJisd. BHyTpu TenecHoro yria ox(X-)#0

NapaJuIeIbHOCTU €CTh
A .
M30TPOIHOE HAMpsDKEHNE TTOTOKa ~# KOMIOHEHT (CMUPHOB, T.2, ¢.234). [1oaHbIi MOTOK BUXPS uepes
X—
CEKYIIYIO IIOBEPXHOCTh 5, (X-) B BHJIE!

[[rot, 4ds, = [ %@dr +[[ 4,ds,
S, 5



0, #0

" KOMIIOHEHTa COOTBETCTBYET IIYUKY (X-)
3aMKHYTOM KPUBOHI L

napajuieabHbIX TpackTopuii. OHa ecTh KacaTeJIbHOU B/I0JIb
2 B IIOBEPXHOCTH SZ , The S J‘S

L 1L
jA dL, —”rot

I'. AHaJIOTUYHO, CJIEyeT COOTHOLLIEHUE

cosQ,

Figure 2.2-1. sanekrpo(Y+= X—)Marautasie u rpaBut(X+= Y —)MaccoBble moJs
Buyrpn tenecroro yra Px (X-) #0

[[rot, ds, +H%dL2dT:O:HA (X-)dS
Sy

B nienom ectb cuctema ypaBHEHH JUHAMUKA

mapalyICJIbHOCTH BBITIOJIHACTCA YCIIOBUC

COSQ

(X-=Y+) pom,
”rorAdS ”a(A [c0spy) LdT+HAdS

grotm v ds, = _Ha_zfdl‘ﬂ [[4,ds, =0
B EBxinngoBoit @y =0

S,
° u =2
Hanpﬂ}KeHI/Ie 3HeKTpI/IquK0r0 TI10JI1

aKCHOMaTHKe, IPUHUMas HaNPsHKEHUE OTOKA BEKTOPHBIX KOMIIOHEHT KaK
A, /cosp, = E(Y+)
KaK MHJyKI[Md MarHUTHOTO B(X=)

U MHAYKTUBHOU IIPOCKIHWH IJI1 HEHYJICBOI'O yIiia
I10JIs1, UMEEM

Hrot B(X-)dS, = jjaE(Y+)

dL,dT + [ E(Y+)dS,
[[rot, E(r+)ds, =-[[ BEXD i1 ar

HUMCIOT MECTO U3BCCTHBIC YPABHCHU Makcaenna

”,4 ds, =0= §3B(X )L,
, B YCJIOBUSAX

S5

c*rotyB(X —) = roty H(X —) =

£ 0 4 AE(Y 4);
rotyE(Y +) = — 1—BH;)T(_) ——aB(X )
WHAyKIMs BUXPEBOTO MAarHUTHOTO TIOJIS B(X-)
Hao00pOT.

OpPTOTrOHAJIBHOCTU KOMIIOHCHT

A4 LA
(¢, # const)

Acosp, L (A, =4, cosp,)
L
KOMIIOHEHTBHI BJIOJIb KOHTYpa

oT '’

BO3HHUKACT B ICPEMCHHOM JJICKTPHYCCKOM E(Y+)

II0JIE 1
[4,dL, =[[4,ds, #0
I[J'ISI HE3aMKHYTOI'O KOHTYpa L2 €CTh COOTHOILICHUA

b KOMIIOHEHT. B ycnoBusx
m pextopa 4, B HEeHYNIEBBIX, TMHAMUYHBIX ( x ¥ const)
yrilax napauielbHOCTH , €CTh IMHAMHUKA

(A, cosp, =A4,)
2 B MOBEPXHOCTHU § O06a cooTHOIIEHHUS TPECTABISIFOTCS B TIOJTHOM BUIE



4, cospdL, =] o4, (X g?; COSPx) yp ar+ ([ 4,45,
S S,

o rot A ( )
HyneBoil noTok uepe3 noBepXHOCTh S BUXPS (rot, 4,) BHE TEJIECHOTO yIJia Py # const napajuieIbHOCTH

COOTBETCTBYET YCIOBUAM

HrotnAmdSl + Ij%dleT =0= ,”.Aﬁ (¥-)ds,
s, i '

B nenom cucrema ypaBHEHUN TUHAMUKHA (Y-=X+) IOJISI TPEACTABISETCS B BUAE:

j j rot, A, (Y-)dS, = j j oA, (XE)T* €S0x) yp_ar + g A, dS,

[[rot,4,(x+)ds, =~ LL dT [[4,(r-)ds, =0

BBoas 1o aHanoruu HanpsKEHHOCTh G(XH) nong Cusroro (I"'paButaninonnoro) B3anmoneiictus u

HHAYKIOHUIO MaCCOBOTO IOJIA M(Y_) , MOJIy4YHMM aHaJIOT'MYHO.

[[rot,(v-)ds, = [[ aGg D ar,ar+ ij(X+)dS

§,

oM (Y-
[[rot,Gx+)as, =~ ML dT [[4,(r-)ds, =0= §M(Y YL,
S ,  TIpH 5 .
Takue (X+=Y-)
YpaBHCHHA COOTBETCTBYIOT I'paBUT MAaCCOBBIM IIOJISIM,
96 (X+)
cxrotyM(Y =) = rotyN(Y —) = &, * a7 + 1 xG(X+)
MYz * N(Y=) Tty G = —pp # 202 = =200,

110 aHAJIOTUU C YpaBHEHUSIMU MakcBesuia AJisl 3JIEKTPO (Y +=X-) MarHuTHBIX TT0JIei. Pedb 00 nHayKIInu
maccoBbix M (Y —) moneit B nepemernom G'(X+) mosie rpaBuTanu, moa00H0 WHAYKIMH MATHUTHOTO MOJIs
B [IEPEMEHHOM JJIEKTPHUYECKOM ToJIe. 31eCh HET BAPUAHTOB. JTO €HAasi MaTeMaTH4yecKasi HCTHUHA TaKuX
MoJiel B €IMHOM, IMHAMUYHOM IPOCTPAaHCTBE-MaTepuu. Peub 00 MHAYKIIMU MAcCOBBIX MOJIEH BOKPYT
JBUKYIIMXCS Macc (3B€3]1) TaKkKe KaK U 00 MHIYKIIMM MarHUTHBIX MOJIEH BOKPYT IBHKYIIUXCS 3apsIO0B.
Taxum 06pa3om, oBopotsl 1oty B(X —) nrot,M(Y —) tpaexropuii, nator quaamuky E'(Y+) u
G'(X+) cunosoro snekrpuueckoro (Y +) u rpasurannontoro (X +) moseii, COOTBETCTBEHHO. A TIOBOPOTHI
(Y+) noneii Bokpyr (X —) tpaexropuit u (X +) noneit Bokpyr (Y —) TpaekTopuii, Jal0T AUHAMHKY
anektpo rot,E(Y +) — B'(X—) MarHuTHOrO mous, ¥ MaccoBeIX 1ot,G(X +) —» M'(Y—) TtpaekTopuii.

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

Y-

Q@_C’(-J )/(Y ) =(XH)

X+

(X-) K

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

———> @+)—(‘9‘<__5' (%) M,H)

Figure 2.2. Enunble nojist IpocTpaHCTBAa-MaTePUH
JMunamuka E (Y +)31eKTprdecKoro mouist MOpoX/IaeT HHAYKTHBHOE MarHuTHOe B(X—) moste, 1 Ha0GopoT.
Hanpumep, 3apspkeHHBIN 1ap B JBMKYILEMCS BarOHE, MarHUTHOTO 10J1s He nMeeT. Ho komnac Ha neppoHe




MOKa)KET MAarHUTHOE T0JIe. DTO OMBIT DpcTeaa, HabmronaBmii (X —) MarHuTHOE moJie IBrxkymuxcs (Y +)
3JIEKTPOHOB TOKA MPOBOIHUKA.
U enuHBIM 00pa3oM BBIBOJSTCS TAKHE K€ YPAaBHCHUS TUHAMUKH IpaBUT(X+=Y-) MacCOBBIX MOJICH:

3G (X+)
cxrotyM(Y =) = rotyN(Y —) = &, * T + 1+ G(X+)
ON(Y— oM (Y-
MYz s N(Y=) roty GRH) = —pip » 2020 = =202

Junamuka G (X+) rpaBUTAIIMOHHOTO TIOJIS TOPOXKAAET HHAYKTUBHOE MaccoBoe M (Y —) moue, u
HA000POT. AHAIOTUYHO, NPH ABMKeHUH (X+) Mace (3Be371), MOPOKIAI0TCS B MHAYKIIMHA MaccoBbie (Y —)
nous. 371€ch yMECTHO OCTAHOBHMTHCS Ha BCEM M3BeCTHOI opmyie (E = mc?), Ha KOTOPOil OCTaHOBUMCS
noapo6uee. Teno ¢ HeHyneBoit (m # 0) maccoi, nuzmydaer cBet ¢ sueprueit ( L) B cucreme (X, Yo, Zg, Cto)
KOOpJMHAT, ¢ 3akoHOM coxpaHenwmst sueprun: (Ey = E; + L) , 10 u nocne uzimydenus. J{ns 1o jxe Macchl,
M 3TO KIIF0OYeBOH MOMeEHT (Macca (m # 0) He Mensiercsi), B npyroit (xq,Y;,Zq, Ct;) cUCTEMe KOOPAMHAT,

v2 o o
3aKOH coxpaHeHus sHepruu ¢ (y = |1 — ;) npeoOpasoBanussMu JlopeHIa, DUHINTENH 3a1Tucail B BUIE

(H, = Hy + L/y). BeunTas nx pasHuiy, DHHIITEHH MOTyIHI:
1 1
(Ho —Eo) = (H; —E)) + L — D), mm (Ho —Eo) — (M, —E)) =L - 1),

C oTneneHueM pa3HULbl SHEPruu u3nyueHus. O6e nHepuHraabHble CUCTEMbl KOOPAMHAT ABMXKYTCS, HO
(%1,¥1,21, Ct;y) OBUKETCS CO CKOPOCTHIO (V) OTHOCUTENHHO (X, Vo, Zo, Cto). VI TIOHATHO, 4TO CHHHN U
KpPaCHBIM CBET MMEET Pa3HUILY SJHEPTUi, KOTOPYIO M 3anucan DUHINTENH B ypaBHeHHH. CaMO ypaBHEHHE

DUWHIITENH 3aMcall Kak pa3HUIly KHHETUYECKUX SHEPTUMl B IEPBOM PaA3JIOKECHHH.

L 2 AL 2
Ko —Kp) =2(5-), wm AK = (3) >

AL . .
3nech (C—2 = AM) MHOXHTEIb, IMEET CBOMCTBA MACChI «ITy9HCTOI sHeprum», nmi: AL = Amc?. Dry

(GOpMyJTy MHTEPIPETHPOBAJIN O-Pa3HOMY. DHEPTHIO aHHUTHIAIUK E = myc? Macchl MOKOS, WIIK:

E2 o
my? = i p?/c? , B penATUBUCTCKON IMHAMUKE. 371eCh Macca ¢ HyJleBbIM uMIyascoM (p = 0) , umeer

sHepruio: E = myc?, a Hynepas macca ¢potona: (m, = 0), umeer uMmyJbsc 1 3Hepruio E = p = ¢. Ho
DHHIITEHH BBIBE APYroii 3aK0H «I1yducToif sHeprum» (AL = Amc?), ¢ MaccoBbIMHU CBOicTBaMH. JTO He
sHeprus GoToHa, 1 310 He dHeprus (AE = Amc?) nedekra Macc HYKIOHOB spa aToMa. DHHIITEHH
YBUZEN TO, 4Yero He yBHied HUKTO. [lo106HO ABMKYIIEeMYycCs 3apsily, ¢ UHAYKIHUEH MarHUTHOTO MOJIsS
ypaBHeHHIT MakcBelnia, ABrKymniascs Macca (Macca (m # 0) He MEHsIeTCs), UHAYLUPYET MacCOBYIO
suepruto (AL = Amc?), kotopyro u Hawen Ditnmreiin. Hanpumep, 3apsikeHHas chepa BHYTpH
JBIDKYIIErocs BaroHa (3apsii (q # 0) He MeHsieTcesl), HE UMeeT MarHuTHOro nost. Ho kommac Ha nieppoHe,
MOKaXeT MarHUTHOE ToJie cephl B IBIKYIIeMcs BaroHe. IMEHHO Takoe HHAYKTUBHOE MarHuTHOE MoJie, OT
JBUKYIIMXCS JIEKTPOHOB TOKa MPOBOAHKKA, 0OHapyxui Dpcten. [lorom Obutn onbiTel Papanes,
WHJYKIUU BUXPEBBIX JEKTPUUECKUX MOJIEH B IEPEMEHHOM MAarHUTHOM MOJI€, 3aKOHbI UHAYKLIHUU U
CaMOMHJIYKIIMH U ypaBHeHUsI MakcBesuia. [1o aHamoruu HHIyKTUBHOW SHEPTMH MATHUTHOTO IOJIS OT
JBUKYIIETOCS 3apsiia, DUHIITEHH BbIBEN (POPMYIy HHIYKTUBHOM, «JIy4UCTOI» SHEPTUU MaCCOBBIX MOJIEH,
OT JBMXKYIINXCS HEHYJIEBBIX Macc (Macca (m # 0) He MeHsieTcs1), 3B€3/1 B FaJIakKTUKaX B ToM yucie. U
3/ech DUHIITEHH BhImien 3a paMku EBkiinnoBoit (¢ = 0) akcMoMaTHUKH MPOCTpaHCTBa-BpeMeHu. B
aKCHOMax JMHAMHYHOTO IPOCTPAHCTBA- MaTepuu (¢ # const), pedb uaeT 06 uHayKTHBHBIX M(Y —)
MAaCCOBBIX IOJISIX, B MIOJTHOM aHAJIOTHH C ypaBHEHUsIMU MakcBesuia. Bot uto yBuaen DUHIITENHH, 1 HUKTO
JOPYTOH.

Heroton npencrasun popmyny, Ho He ckazan, [IOUEMY Bo3HHKaeT cuiia rpaBUTAIMU. 3aMUChIBas

ypaBHeHue Oo6uieit Teopun OTHOCUTENBHOCTH, DUHIITEHH OpaJl rpaBUTALIMO HHBIN MOTEHLIA HYJIEBOM
E? 2 L2(Y-)

MacChl: — = C“, BBUAE —5;—
P p

npencrasiaerue 00 O0melt Teopun OTHOCHTENBHOCTH DHHIITEHHA COCTOUT B TOM, YTO CUMTAETCS, B

YPaBHEHUU IIPEICTABIICHA HEHYJIEBAsl MacCa, KAK UCTOYHUK UCKPUBIICHHS IIPOCTPAHCTBA-BPEMEHH, KAK

MCTOYHHUK rpaBuTanivu. B ypaBaenun O6meit Teopun OTHOCHTENFHOCTH DWHIITEHHA, KAK MaTeMaTHYeCKOM

HNCTUHBI B JUHAMUYHOM ITPOCTPAHCTBE-MAaTECPUHN B IIOJTHOM BUIC:
8nG
c4

8mG
=Gv*(X +) = C—4Tl—k TEH30pa SHEPrun-uMiItyisca. JloxuHoe

1 1
Ric =S RGix =549k = 5 Tk -

HeT Maccel: (M = 0), B KlTacCHYeCKOM ee MOHUMaHUU. B MaremaTnueckoil UCTHHE, 3TO pa3HULA
PENSATUBUCTCKOM TMHAMUKH B JIBYX (PMKCHPOBAHHBIX TOUKAaX PUMAaHOBOI'O IPOCTPAHCTBA, OJHA M3 KOTOPBIX



npuBoauTCs K EBKITMIoBo# cepe, Bo BHenTHeM, He craninoHapHOM (A # 0) EBkimIoBOM IpocTpaHCTBE-
BpeMeHU. B ¢pusndeckoii uctune, B ypasHeHuu Oomeit Teopun OTHOCUTENHHOCTH, DUHINTEHHA, B IMHBIX
Kpurepusix DBostonny, «3amuTa» Gpopmyna (3akoH) HeroToHa:

2 2
— 4 — 4 2 2 _aA.2y BT _ KT 2 _ 2
E =c*K, P—cT,(cl-—ck—Acik)—p p =c?), Acji=Gv*X+)+#0
4,452 25— 25—
2 __ CCK” G(c Ky—ml)(c Ky=m;) _ Gmim, Gmim, 2 2 _
ACik T oc4c4T2 T c2(c2T2=K?) T oc2g2 ! Aclk c2Kg2 Aclkc =F

Kak Buaum, B ypaBHenuu Oo0ueit Teopun OTHOCUTENBHOCTH DUHIITENHA, CUJIA TITOTEHUSI IEHCTBYET B
TIOJISIX ¢ HyJIEBO# Maccoi. UnTaeTcs: pasHuIla MacCOBBIX TOTOKOB Ac?, (Y —) BO BHENIHEM IOTEHIIMATLHOM
none rpasuTanun ¢Z(X+), ¢ ux I[Ipuniunom DxsuBanentHoctd (X+ = Y—) |, gaer cuiy.

Onpenenumcs B ToM, Kak pabortaer Takoi noaxon. Hampumep, mis Conana u 3emmn (M =2+ 1033g) u
(m = 5.97 x 10?7 g), HOJIy‘-II/IM
(6=6.67%10"8)(M=2+103%)

U, = o149+ 1003 = 8.917 * 10?) rpaBuTanMOHHBIN MOTEHIMAI HA PACCTOSHUM [0 3EMIIH U
G=6.67x10"8 5.97%102 N
U, = ( Py 3)7(2108 D = 6.25 * 10! | norenuman camoii 3emmu. Torna
(AU = U, — U, = 8.917 % 1012 — 6.25 % 1011 = 8.67 * 10'2) , st (AU = 8.29 * 10'2) , moysmm:
AU = 876 (Ty = (U2K)?> _ U2(UK=m)? _ M_m) o AU — 876 Mm _ _8nG_Mm _ GMm
T (chmur=p Vi T Tyzpe T T gzpz T e/ MW E F T2’ T (AUNZ) T2 T (AUxT?/Z)/8T
6e3 TemHbIX Mace. OcTanoch mocantars L L. — 329+107+(365.25243600=31557600) _ 3, 126
8m/2 8mV2 '

GMm
4TO COOTBETCTBYET KBazpary paccrosuus (R? = 2.24 * 102°) or 3emim no Conuna, uin F = —7 » 3aKOHY
Hprorona. Takol moaxo1 COOTBETCTBYET PEATbHOCTH.

3. IIpeodpa3oBanus peaITUBUCTCKOI JUHAMHUKH.
a) Enunbie matematnyeckue uctuabl CTO u KTO

Cneuunaabnas Teopusi KBantoBass Teopuss OtHocureasnoctu (KTO).
OtnocuteabHoctn (CTO). CnenunanbHas Teopus OTHOCUTEILHOCTH
Knaccuueckoe npencrasieHue: HEJICWCTBUTEIIbHA TIPU YCIIOBUSX:
4 2
2 . C 2 A »
Y2+ (icT) = [az = wm't} =7+ (ieTf 1). He paBHOYCKOPEHHOM (a # const ) JIBYKEHUM.
( +) 2). B cuny npunimna veonpexenennoctu AY = cAT
KpyroBoro WJIM THIIEPOOIHYECKOrO caMa HEBO3MOKHOCTb (DUKCAITUU TOYEK B
(—) PABHOYCKOPEHHOTO /IBIKCHHS. POCTPAHCTBE — BPEMEHHU, JIeTal0T MpeoOpazoBaHus
- sy Jlopenna Oe3HaEKHBIMHU.
1), X=anX+aY ¥ =icT ~ic | 3) BomrHoBas hyHKIVS KBaHTA IIPHBOANTCS B
e v Y HCXOJHOE COCTOSTHUE BBOJIOM KAIMOPOBOYHOTO OJI,
=d +a,— o
1" 12 0 [IpU OTCYTCTBUU PEIATUBUCTCKON ITUHAMUKH, B
v caMoOM ITpoliecce €€ TMHaMUKH, TO €CTh IIPU
e ayX +a, e OTCYTCTBHM KBAHTOBOMW PEJIITUBUCTCKON JUHAMUKH.
= — _ PenaruBucTckast nlMHaMuKa B yrie napajuiebHOCTH
Y=a,X+a,Y Y =icT a(X-) j Y P
' ' TPaeKTOPHUI KBAHTA POCTPAHCTBA —
p martepun. Bmecto X,Y, paccmMaTpuBarOTCsl MPOEKIIUU
X=a,X+-2Y K, K, K .
i , , IMHAMUYHOTO paanyca K, tTuHaMuuHOI
- . _ cepsl, KacaTeIbHOM K TOBEPXHOCTH TUHAMUYHOTO
2). Y =a,icX +a,Y aH—bH, (eper, "(X ) p )
a TenecHoro yrma & CONSt " mapannensHOCTH.
2 =ip, ic = ib Peunb 0 MaTepuanbHOil chepe ¢ HEHyIEBBIM
ic , o GleT i Y, =1=ch0
d =bh MUHHUMAaJIbHBIM pajinycom ~° , 1 BOJTHOBOM
2 = Un
K,-Y,
byHKIIHEH V= Y Ky X K
X =b, X +ib,Y [EY_aIIKY+a12K/\’ TZKX
= . K,=a,K, +a,K K, =cT
— - X 215y 29X X C
3). Y =iby X +b,Y 6 =1 o 1). , TIIE : :
BBOJIUTCS BpPEMS.
2 2 1 _ 1.2 2
K=T, by, — by, =1=b;, - b,




YCIIOBHI OPTOTOHAIIbHOCTH BEKTOPHBIX
koMnoHeHT. B I'mo6ansHo MHBapuaHTHBIX

ycrnoBusx chepsl, by=b= b22, b = bzzl,
2 g2 Dy = e
(3b,)" = (Fb,) , 2 c b, =a,c
_ %
L b tby =0 veror wecto: T ,
W JUISE:
_AY a,AY  a,AT
“Tar AT AY

4). lanee UMEIOT MECTO JIBA CIIydasl.

A). Vcnosus (a =0=a, ), OOGHYIISIOT
MPOEKIUU AY =icAT , IMHAMKH

MPOCTPAHCTBEHHO (c=AY/AT)
BPEMEHHBIX KOMIIOHEHT CAMOT'0 KBaHTa
¢dotona, u marotr ['I — 'mobansHO-
WNHBapuaHTHBIE YCIOBUA.

B). PeanbHoCTh B TOM, 4TO (POTOH,
KOTOPBIM CUHXPOHHU3UPYETCS
pENATUBHUCTCKAsI TMHAMUKA, UMEET CBOI

00BeM (all # O) # (alz # 0) B

MPOCTPAHCTBE — BpeMeHHU. Takas
PEaIbHOCTh COOTBETCTBYET PEaIbHOCTHU
MIPUHIIUIIA HEOTIPEACIEHHOCTH:

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

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

5). Maynmu(ctp.14): «... ”MEHHO OBLIO
W2
1=
MPEeINOJI0KEHO ... € ..»,um

CwmupHoB (T.3, cTp. 195): «... IOJOKUM. ..

(b, = ab) = b, ... ». To ects, HET
UCXOJHOM IIPUYMHBI TAKMX HOJI0kKeHui. Ho
YK€ U3 STHX IOJIOXKEHHMH, 110 HEU3BECTHOM
npuuurHe, 10 CMUPHOBY, CIEAYIOT
MaTeMaTH4eCKUE UCTHHBIL:

X =bX +iabY

Y =—iabX +bY
b2 —a’h? =1=—a*b* +b* b (1-a’)=1

1-a’ Vi-a®
6) HOI[CTaBHﬂﬂ HCXOOHbIC 3HAUYCHUA

—= a
K,=a,K, +—2K, _ a
c K,=a,K, +-2K
}'_aH Y X
X ry) ¢
=X -, K, +—2K, =

2)_ c c , WIN Ky =a,cKy +a,Ky

A). Bo BaemHux ['M — I'noGanbHo — MIHBapuaHTHBIX
YCIOBHSX, COCTABJISIFOILIUE

cosy = (+ a, )(‘ a”) = la;, JAI0T TIPUHIIATI

HEONPCACIICHHOCTH, C HEKOH MJIOTHOCTHIO

|’
BEPOSATHOCTH
npeoOpa3oBaHuUi:

B DKCIIEpUMEHTE, U MaTpULEH

. d,
K, =ia,K, "'(f:blz)[(x
3). fx =(ayc=b,)K, +ia,,K, ,

0
Jlns yrios mapamtensHoct ¢ (X-)=0 ,B I,
TaKHX, YTO
g), an =cos@’ =0 =1=b (b=1)K, =K,
a,, = cos(a’ :OO):I:b, (bZI)KX :KX,I/IMeIOT
MECTO YCIOBHS

ap,
=b= =1
5). (c=1) ale=1) by, =b=b,
neproaa (=D,

B I'mo6ansno — MIHBapraHTHBIX yCIOBUSX,
i, =ia =iay , MATPUIIA UMEET BUJT

K, =ia K, +b,K, K, =iabK, +bK ,
6). K,=b,K,+ i, Ky K, =bK, +iabK |

K, =iabK, +bK ,
K, =bK, +iabK ,

Takas sxe ' hopma npencraBieHus

Ky =w=Y-Y, ; ;
, HMCCT MCCTO B JIF000M KpaTHbIN

T < AT | momenT BpemeHn.

=1
7). B yclnoBHsIX OpTOTOHAIBHOCTH O ,

HUMCECT MCCTO
—a’b? +b* =1=b>—a’b*
1

K=T,

2

b’(1-a’)=1 l-a

MHOUTENb MAaTPULBI ) =1d =y ,
ap=a=day

C YCIIOBHUAMU:

WIH
B). Vixe B JIU — JlokanpHo — lHBapraHTHBIX

" #
YCIIOBHSX, PEISITUBUCTCKON THHAMUKHA Ay 7y ,C

BHemHUMHU ['U ycnoBusmu, numMeer mecro:
K, =b(a,K, +K)

8) Ky =b(Ky +a,K,) K)':W"'Yo’

, TIe: u3




X—acT .~ iclT—iaX e X _ Ty

N T 2 X T ¢ E A, =bla, Y, + K
1-a’ 1-a® ¢ E cmemyer, 7« (@, Y+ Ky)

DTO ¥ €CTh MOMEHT UCTHUHEI peﬂﬂTI/IBI/ICTCKOﬁ

T—— JIMHAMUKH KBaHTa MPOCTPAHCTBA-MATEPHH, KOTOPBIit

__c w
m a="" _ cosa® B COBPEMEHHBIX TEOPUSX MIPEICTABIIEH
- c
' ’ . | KaIMOpOBOUYHBIM Ay IOJIEM.
npeobOpazoBanus JIopeHIa B KIIaCCHYECKOM
. v =y, exp(ap # const) + Ay
PENATUBUCTCKON JUHAMUKE. :

=3
I

4 K w
r-—X a,=—-=-—=a=a,
Y- X-WT 7= c 9). Io ycnosusam cl' ¢ ,
VI—WZ/CZ , V].7W2/C'2 , FI/I_HHHaMHKI/I,a:a22:a||,
— V+w 1 1
W= w e b= 7 2, 2
nepexox KTO B CTO. peoOpa3oBaHUil TPUHUMAET BU:
HmeroT MecTo MaTeMaTHYECKUE HCTUHBI X
nepexona KBanrosoil Teopun K, = anky el K Ky +cT
Y B Y = —_—
OTHOCHTENBHOCTH B MPe0OPa3OBaHMUs Vi-an NI-W?/c*
Cnenuaneaoit Teopurt OTHOCUTETBHOCTH. .
! P FoKtanct K jeta,T
JI1s1 HyneBBIX YIIIOB el = \/72 T =" 2
mapaiensHocTH B EBKIIHIOBOM 1-a3, , NI-W?/c*
aKCOMATHKE, CO CKOPOCTSIMU MEHBIIIHX 7
W <Pc 7o K aK rel o e e
CKOpPOCTH CBETa ¥ , AMEIOT MECTO ror K,/lc+a,T Yoa, +W, e 5
NpeaeabHbIe CITydal MEepPexo]ia KBaHTOBOM ’ ’
PENATUBUCTCKON JUHAMUKH BEKTOPHBIX ycnoBusix JIU, (ay #a,) #1 ,
0
KOMIIOHCHT, (122 = (COS(& = 0)= 1) = all , a, = K =g = #
a,=1 a,=1 y_wr B OKCTPEMAIAX KOT/a: c 137.036
- ’ ’ ’ 2
(&, = 7y = u =K, =V EWT W=ac g=%
J1I=-w2 (X =)/ hc
o YEmr g Ky/etla, =0T 10). IlpenenbHble CKOPOCTH Wy=c , B YCIIOBHAX
- VI=W2 (X -)/e? = _cla, +1)
| ) U wor | (anth €
= T+KW/c a,, =d,, * a
_ o _E T2 e 22 11 , JAKOT 22 ,
K"_K(Cosa _C)’ m, W:C:W
HEU3MEHHYIO CKOPOCTh CBETa Y Y, B

B npeoOpaszoBanus JlopeHIia kiiaccuueckon
PENATUBUCTCKON TMHAMUKH.

Bbonee riryOokuii BEIBOJ O TaKOW KBAHTOBOU PENATUBUCTCKON JMHAMUKE COCTOUT B TOM, UTO MPHU
Hen3MeHHO# n3otponHoi EBkiumosoii cdepe (Ky)(cT = Ky) npocTpancTBa-BpeMeHH, B IMHAMHUYHOM
(T a;; VA ay, T) = 1, npoctpancTee-MaTepry, MIMEET MECTO AUHAMUKA SJUIUIICOMIA (Ry)(CT = Ky).
Haoboport, risas Ha AMHaAMUYHBIN SIITUIICOU] POCTPAHCTBA-BPEMEHU, BHYTPH HETO UMEET MECTO
UCXOJHasl cTaninoHapHas EBknunoBas chepa.

0001 cucrteme KOOpJAUHAT.
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Pucynok3.1. kBaHTOBasI peIsITUBUCTCKAs JMHAMUKA TPOCTPAHCTBA-MATEPUH IEKTPOHA
Takue mpeoOpa3zoBaHus B yriax napaielbHOCTeH TUHAMUYHOTO TPOCTPAHCTBA-MATEPUH, C
WHYKIIMER PEISTHBUCTCKOM MacChl, HEBO3MOXHBI B EBKiHI0BO# akcroMaTuke (a;; = 1)(a, = 1) = 1.
DT10 3HauuT, B EBKINI0BOM akcHOMaTHKe, HEBO3MOXKHO co3/1aTh KBanToByt0 Teoputo OTHOCUTEIBLHOCTH.



Takast KBaHTOBasI PENIATUBUCTCKAS JUHAMHUKA CKOPOCTEH, 00yCIOBIICeHA JMHAMUKON (A1 = COSQy ) YIIIOB
napatensaoctu (@y ), Hanpumep wist (Y +) ksanra. s (Y+ = e) anexrpona, ckopocTs cBera (C)
MEHSETCSl BHYTPHU AJIEKTPOHA B MPEIeNax yria napamuienbHocTd (@y ). B mone(Y — = e) snekTpoHa B TOuke

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

ckopoctr (¢ * cos(py = 0) = ¢) dorona BHyTpH 351eKTpoHa. Ha Bompoc, Kyaa AeBaeTcs MpOCTPaHCTBO
CKOpOCTEH MmorjonaeMoro (poToHa 3JIEKTPOHOM, OTBET — BHYTPHU AJIEKTPOHA €CTh CKOPOCTh CBETA B TOUKE
(A). caM IIEKTPOH UMEET CKOPOCTh (V, = & * €) . DT0 cKopocTh Touku (B) anexrpona. [lonarHo, uro B
Touke (A) snekrpudeckoe mnoJe 31ekrpona (Y+ = E) cBOAUTCS K HYIIIO U 3JIEKTPOH IPOSBIISLET CBOWCTBA
TyHHEIBHOTO ] dekra. B camom E (Y +) 37eKTpHYECKOM TOJIE IEKTPOHA, MBI TOBOPUM O TIPOCTPAHCTBE

2
o . v o o
CKOPOCTE# 3T0T0 1Mo ¢ dpdexramu (Vg = ¢ * Singy =c¢_|1 — C—;’) y)K€ KBaHTOBOH PEIISITHBHUCTCKOM

JTMHAMHKY KaXJ0H TOYKW Ha TpaekTopuu (Y — = e) anekTpoHa.
Touno Takyro quHaMHKyY UMeroT (X +) KBaHTHI IPOCTPAHCTBA-MATEPHH.

w
N n - L e [ -
T Ky f P ] ) =
P M T

Figure 3.2. ksanrtoBas (X +) pensTMBUCTCKas JMHAMMKA IPOCTPAHCTBA-MATEPUH

4
U3 npeoOpazoBaHuil pelsITHBUCTCKON auHAMUKH: (¢ * t)? — (x)? = Z_Z = (¢ * £)? — (X)?, Bceraa MoXHO
2 2

MepelTH K ypaBHEHUSIM JUHAMHYHOTO JUIMIICOUIA! W + W =1, B BugE:
runep6oon a'p—z - 1, B BuzE: @°° _ x7b7 1, B BIOpanHbIx Kpurepusix OBomonuu
PROTIONAR: ()2 ~ 2 1 TaT T g T S B EOP prTep H
Hanpuwmep, (¢ = 1/137) Heu3MeHHYIO TUIOIMIAb CEYCHHUS JMHAMUYHOTO umnrconna: (S = mwab = 1),
1

(@)1,616%10733sm
(Y—)noneii. U ecnu 1 cBeToBoii rog paseH 9,5 * 1017sm, 1o 310 8,978 * 106 cBeToBHIX JIET. MBI FOBOPUM
o BuauMoi BcenenHoii nopsaka 45,7 Mmuiuinapaa cBeToBbIX JieT, To 310 1/1 965 615, To ecth npumepHO
0JIHa ABYXMHWIJIMOHHAS YacTh Bcell BeceneHHoi, koTopas ucue3aeT BO BpeMeHHU Ha Hpe,Z[eJ'IBHBIX paauyca.

x2

c
(ct)2b2 + (ct)?

=1, naun

= 8,5 * 103*sm a1 MacCoBBIX

HWHBapUaHTHA, ITPU INIAaHKOBCKUX pasMeEpax b=

Ecnu 6pate camo (X —)mpocTpaHcTBo-MaTeputo BeeneHnHoid, To 310: b = =24
(V6=6.67+10"8 )1,616*10‘33sm
103%sm,

wiu 1/55 000 000, gacte BeenenHoit B Tex ke pacueTax. ITO €clid KpaTko.

06e teopuu CTO u KTO nomnyckarot cBepxcBeToBoe (vi = N*¢) mpoCTpaHCTBO CKOPOCTEH:

-7 c+Nc -7 ai1Nc+c
Wy =—=c¢ Wy =——"——=c, 1 a1 =ay, =1.
Y ™ 14cxNc/c? ! Y 7 a,,+Nc/c > A 11 22
B kBanTOBO# penaruBuctckoit auHamuke (Ksantosoit Teopun OTHOCHUTENBEHOCTH). MBI HMeeM:

alle‘I'(CT:KX) KY+a22(CT=KX)

(Tay Vlay D=1, K, = Sl (K0 (cT = Ky) =
11 22 Y \/iazzz X m
HaanMep, HAaIps’KECHHOCTD E(Y +) = (pKX) QJICKTPUYICCKOTO (Y +) T1I0JIA U TI0JIC yCKOpeHI/Iﬁ
I'paBUTAIMOHHOTO G(X +) = (p[?y) IoJIs, MpeACTaBIICHA ,[[I/IHaMI/IKOfI KOCHHYCOB YI'JIOB ITapaJlJICJIbHOCTH

(ay1 = cos@y) u (a,, = cos @y). Torna: (cos @y * cos ¢y = 1) wunum cos @y = , TIOJICTaBUM B

cos px

dopmysl 1 noctpoum yrpomiennsie rpapuxu: (y = Ky) = f(px = x = wt) .



V\/ \/\/\\/ VW V\\/
ey AN NN

Y= [i-cos? Ox

Ky+cospx*Kx

J1-cos? px
Figure 3.3. rpaduk qMHAMHKHA KBAaHTOBBIX TOJICH
DTO XOpOIIO COOTHOCUTCS] C CHMMETpPUEN TPOTOHA, O YEM ITOTOBOPUM Jasiee. Mbl TOBOPUM IIPU ITOM, O

VVVYIVVVY

I?Y=

KBaHTOBOM pensaTuBucTcKoi quuamuke (Y+ = X —), (X+ =Y —) xkBaHTOBBIX NOJIEH. IX HOPMUPOBKA J1a€T
(m — n) cxomuMocTH PU3MYECKOrO BakyyMa B euHoM (X += Y F) u IMHaMHUYHOM, y)KE B KBAHTOBOM
pocTpaHcTBe-Marepur. HopMUpOBKa BBITTOJIHAETCS KOHCTAHTOU COS(QPy)yax = @ = 1/137, u xoHCTaHTOM

cos(@x)max = VG = 6.67 x 10=8 = 1/3872, B Bune: a* (V=123 y (v/G)*(N=123-) TIpn stom, nomyanm

pacmmpenne (VG )™V, mpocrpanctsa (X-) momneii 6sicTpee pacmupenus ()N, npoctpancrsa (Y-) mosei,
)+N

dortonoB Bo Beenennoit. Haobopot, B ¢pusnueckom Bakyyme, ymeHblenue (VG)™", npoctpanctsa (X-)

noneii 6sicTpee ymenbmenus (a) N, mpocrpanctsa (Y-) monel, yke B KBAHTOBOH CHCTEME KOOP/IMHAT.
OTH rpaduKH Jal0T OCHOBaHHE TOBOPUTH O KBAHTOBOM, BOJTHOBOW JMHAMUKE M3ITyUSHHS U TIOTJIOTICHHS
(ej © vi) u (pj © V;) KBaHTOB B (+) SHTPONHUHU AMHAMMYHOTO IIPOCTPAHCTBA-MaTepUH Beel (m — n)
CXOJMMOCTH BceeleHHOM, ¢ penaTuBrucTCKO# tuHamMukoit (¢ = wT) nepro 0B TUHAMHUKHU B (M — n)

YPOBHAX (PU3NYECKOTO BaKyyma.

0) O6mas Teopust OTHocuTeabHOCTH (OTO) DliHINITEHHA B TPOCTPAHCTBE-MATEPUH.

Teopus xapaktepusyercs TeHzopom DiHmTeiHa (I.Kopn, T.KopH), kak MareMaTnieckoi HCTUHON
Pa3HULBI PENATUBUCTCKON AUHAMUKH BYX (1) 1 (2) Touek PumManoBoro npoctpaHcTBa, Kak
bukcupoBaHHOTO (g;; = const), COCTOSIHUS AUHAMHUYHOTO (g;;, # const), MPOCTPaHCTBA-MaTEPUU.
(CmupaoB B.1. 1974r. 1.2).

R - %Riajl- = %grad(U), wim Ry —%jol = kTj;, (g;i = const).
[Ipu aTOoM MaTpuIa npeoOpa3zoBaHMil B €AUHBIX IUHUIIAX U3MEPEHUS

Ry=a,Y;+0
1 1111 _ _ 2 _ 2 y2 _ 2
a1 = ayy = VG R% = a3, Yy = GY,
RY =0 + aYYYY’ 11 YY ' YY 'Y Y o
2 2
o m m Mm
aeT KJIacCHYeCKUM 3akoH Hpr0TOHA B BUAE YYZ =2 R? = T nmim F=G wz
Jnst pensaTUBUCTCKOW TMHAMUKHU B MPOCTPAHCTBE-BPEMEHN UMEEM COOTHOIIICHUS
a) B enuHbIX Kpurepusx 9BOJ‘IIOI_II/II/I
cy F M3
c’T? —X%? =1L, by:_y, c{,‘sz, c?T? —X? =2,
b My Fy
M3 R2 Mm
Fp=—F—Y—— 2TZ—RZ——0 F=0—7—
Y7 e2rz(a-wg /ey’ (cos2px=G)’ Y RZ(1-W$/c?)’
DTO peNATUBHCTCKOE MpeacTaBiIeHue 3akoHa HproToHa, 1 MaccoBbiX (Y-) TpaeKTOpHiA,
mw?  GMm 2GM Mm 2GM
=— W2=="— um F=6——, (1-2GM/Rc?) >0,
2 R R R2(1-2GM /Rc?)

0
0) B ciyuae O6mieit Teopun OTHOCUTENBEHOCTH, HE 3aNPEIIEHO MPEACTABIATh (PyHIaMEHTAIbHBIHI
Ten30p Pumanosoro npoctpanctsa (Kopr I'., Kopr T. (1973) ¢.508, 535) (g;; = ¢;(x™) e;(x™),
JIOKaJIbHBIMM 0a3MCHBIMU BekTOpamu €;(x™) u e;(x™) B moboii (x™) cucTeme KOOPJAUHAT B BUJIC
BekTopHOro npoctpancTBa ckopocteit (Koph I'., Kopu T. ¢.504). B O6meit Teopun OTHOCHTEIBHOCTH,
TEH30p DUHILITEHHA, KAK MaTeMaTUYeCcKass MCTUHA Pa3HUIIbI PEIATUBUCTCKONW TUHAMUKH B ABYX (1) u (2)



TOYKaX (PUKCHPOBAHHOTO PUMAHOBOTO MPOCTPAHCTBA, C QYHIAMEHTAIBHBIM TEH30pOM g (Xx™) =
e;(x™) e, (x™), xak morenumanom (g = v?) B IpOCTPaHCTBE CKOPOCTEH e; = vy, €; = V,. Cam noTeHIuan
K V=V

(g=v?2=(a= 72) X K), a10 yexopenne (a) na nmne (K), rae yexopenne (a = %), KaK JMHAMUKA
CKOPOCTH B mpocTpaHcTBe- BpeMenu (K, T), onpenensieTcs Kak KBaapar anreOpandeckoi CyMMbl CKOPOCTEH
(v, + v, = V)2, mo npocToii TeopeMe KOCUHYCOB. MBI TOBOPHM O PEIATHBUCTCKOM JUHAMUKE
MPOCTPAHCTBA-BpEMEHHU, U B TOYKe (1) 1 B Touke (2), C UX HEHYJICBOW Pa3HUIICH PEISATUBHUCTCKON
JTMHAMUKH.

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

|
(Y- := X+) \l,

Figure 6a. KBanTt nmpocTpaHcTBa-MaTepuu
Touka (2) npuBoutcs kK EBKimmoBoMy nmpoctpanctBy chepsl, Tie (e;Ley) u (e; * ,=0). [losTOMY B

1
OKPECTHOCTH TOUKH (2) BbIEIsIeM BEKTOPHI (e,,) U (e,;) U OepeM cpenHee 3HaueHue Ae,,; = E(e“ + ey).
[Mpunumas (e, = e,) , yCIOBHE MPUBEACHUS TPeoOpa3oBaHuii K eBKIMI0BOU chepe (x5_,) U Wis
1 1 e
Aenn = E(en + eK) = _eK(e_JI + 1)3 NoJy4nM: gik(l) —Yik (2) # 0,

gir (1) _%(eiex = glk)( + 1) (2) = KTy, (Z—z = R) . (e # ey) , mooromy (e, = Aey) U i (X3=p=)-
Jis (e, = e,), iMeeM (Tik = 0). B ycroBusix (e, # e,), Mbl TOBOPHM O JHHAMHUKE (PH3UIECKOTO BaKyyMma
B (PUKCHPOBAHHBIX YTJIaX MapauIeIbHOCTH, C PA3IMYHBIMU I'€0C3NUECKUMHU YK€ JUHAMUYHOM cepsl
(x; # x5 # x5) B pukcupoBanubix (e, # e, # €,) Toukax. B nosHoM Buje ypaBHeHue O6miei Teopuu
OTHOCUTENBHOCTH DUHIITEMHA, KAK MAaTEMAaTHYECKasi HICTHHA, UMEET BU:
2 2 2 21122

Rix — %Rgik - %Agik = kT T—f ik = 5_2 = G((;[zgg = 6341?2;;

31ech, B ypaBHCHUH DUHINITEIHA, B eAMHBIX KpuTepusx DBoJronuy, «3amurta» popmyna (3akoH) HeroroHa

871G E?
E=c*'K, P=c'T, (cf—c,%zAcfk)=C—4Tik=p—2— ——sz) Ach, = Gvi(X +) #0
cAK2=F2 4p4y2 2p, = 2, —
2 K?=E%2 _ c*c*k? _ G(c?Ky=mq)(c’Ky=my) _ Gmim, 2 _Gmym, F 2 2 _
ACik c4T2=p2 ~ c4c4T2 c2(c2T2=K?2) T 22 ! Acjj, = C2K2 2! Acik(X +)c Y-)=F

YuraeTcs: pasHuIa noTeHIManos (Acj,), Kak yCKOPEHHIi Ha JUTMHE , B IPOCTPAHCTBE ckopocTelt (¢?), maer
CHJIy I'PaBUTAlIMOHHOTO B3aUMOJEHCTBUS MOTEHIIMAIOB B IAaHHOM cilydae. B mpocTpancTBe 6€3 Macchl,
B3aMMO/IEHCTBHE OTEHIIHAJIOB, IOPOXKIAET CHUILy. DTO MaTeMaTHYeCKUe T'paHu (PU3NYECKUX CBOMCTB.

YTto 03HaYaeT 3TO YpaBHEHHE B KJIIACCUYECKOM IIpeJCTaBlIeHnN? Bee HaunHaeTcs ¢ mocrynara DWHIITeHHA
0 MpeJeNbHON CKOpocTH cBeTa (¢) A Macchl (M) co cKopocThio (W). D10 3HauMT, uto: (€) # (W), Win
c2+w?; c?—-w?=#0; szf—zz; (c *t)? — (x)? = const = (c *t)* — (¥)?.
310 n3BecTHBIE NpeodpazoBanus JlopeHia B pesaTUBUCTCKOM tuHamMuke. DyH1aMeHTaIbHBIM 3/1€Ch, €CTh
HeHyNeBas pasHula. M3MeHeHne Xoaa BpeMenH (t) MeHseT mpocTpanctso (x) , (Cmupnos B..1974, 1.3,
4.1, ¢.195) ¢ pensaTUBHCTCKOM MornpaBKoi /it MaccoBoi m (Y —) TpaeKTOPHH KBAHTOBOT'O TOJIS:

2 2
‘:— = €0S? Qe (Y =) = a? = (137 036)2 c? —w? =¢? (1 - ‘:—2) =c?(1—a?

J71g KIaccu4ecKuX mpeoOpa3oBaHU PENSTUBUCTCKON TUHAMUKU:
A, dgo

X1 = Qq1C ¥ t; — A12X1 ; C*t; = ayC*t; —ay,X;; CMaTpHIEH IpeoOpa3oBaHuii: a;;, = a Ao
21 22



B 4-mepHOM mpocTpaHCTBe- BpeMEHU HeHyJeBOW EBKIINIOBOH cepbl, C HEM3MEHHO reoie3ndeckon (x7 =
const) KpUBOM, Takux ypaBHeHuit Oynet yerbipe. (CmuproB B.W. 1974r. 1.3, u.1, ¢.195-198).

X = Q1€ *t — QX — A13Y — 47, A1 Qg2 Q13 Qi4
Y = 0p1C * T — AyX — A3y — Ap4Z ¢ (ay) marpuneit Az1 Az dz3 Qpy
Z = QA31C *t — Q32X — A33) — A34Z npeoOpa3oBaHuit A3; Q3zy Q33 Q3y
C*t = 04C*t — QX — Au3y — AyqZ Qg1 Az Q43 Qyq

B u3BectHol rpymne Jlopenna: (x)2 + ()2 + (2)?2 — (c*t)? = (X)> + (3)? + (2)? — (c * t)? . 3nech
YK€ MOXHO TIOJICTABJISITh YKCIIa U CUATATh IPE0OPa30BaHUs PEIATUBUCTCKON IUHAMHKE €IHHBIX
Kputepues DBosmonun: Harpumep: sHeprun E = I12Y = (m = 1Y) * (Il = ¢?) = m * ¢? , ummynsca

p = 1%t , maccer m = Y (X+=Y—). 3necs I = ¢? = gY , norenuman yckopenus (g) Ha TPaeKTOPUH
(Y = Y—). Takue npeoOpa3oBaHus peIATUBUCTCKON JUHAMHUKHI B MHEPLIUAIBHOW CUCTEME POCTPAHCTBA-
Bpemenu 6e3 yckopenus (g = 0) B EBkimnoBoii chepe (a; = 1) 6e3 rpaBuramun, B Touke (1) Pucynok 6,
Takue ke, Kak 1 B EBKIM10BOM cepe mpocTpaHCTBa-BPEMEHHU MAAAIOIIET0 JU(TA B [10JI€ TPaBUTALIUH B
touke (2). [lepen DAHIITEIHOM CcTOsIA 3a/1a4a, TIEPEHTH U3 MPOCTPAHCTBA-BPEMEHN WHEPITUATHHOU
cucteMmbl B EBKIn10Bo# cepe Oe3 rpaBuTaniu B IpocTpaHCTBO-BpeMs EBkinioBoii chepsl Toxke 6e3
YCKOPEHHUSI, HO YK€ Maiaroniero JudTa B moJie rpaBUTaIiii. YToObI BBIMOIHUTE 3TH MPeoOpa3oBaHus B
PEIATHBUCTCKON JWHAMHKE, DWHINTEHH B MaTEMaTHICCKOU TIPOIEAYpe, K MOTCHIIHATY yCKopeHus (g) Ha

tpackTopuu (Y) mpocTpaHCTBa-BPEeMEHH B HHEPIIUAIBLHOMN CHCTEME, JI0OABHII TIOTEHITHAI
__ (E=TI?Y)?

7 = (pomne » PHEPTHH-MMIYILCA. G4\
p:

I'paBUTAlMOHHOTO IIOJISA B BUAC TCH30pa In= W2 =

1 .
MaTeMaTH4eckas UCTUHA: Rj, = > R(gix = gY) + (kT = II), m 9T0 KIIIOYEBOI MOMEHT, YK€ TEeH30pa

OWHINTEHHA, B €T0 KIIACCHUYEeCKOM BUe: R — %Rgl-k = KT, . (KopaT., Kopa T. (1973), ¢.536). U

(g2 = g1 * a) xnaccuueckoit pusuku. 3mech (R;y) - mpeoOpazoBaHus PEISITUBUCTCKON JUHAMUKH,
npeacTaBieHHoro rpymnmnoi JlopeHiia, B mpocTpancTBe-BpeMeHU EBKINIOBOM y)ke Apyroi chepsl, yxe
JPYro# reoie3ndeckoit KpUBU3HbI (X5 = const) B majaromeM JudTe B OJIe TPABUTAIIMOHHOTO
noteHnmana (KT;, = I1). MHa4ye roBopsi, moJjie rpaBUTAMN U3MEPSICTCS KPUBU3HOM MTPOCTPAHCTBA-BPEMEHHU.
Boruncnsis u3MeHeHus: IpOCTPaHCTBAa-BpEMEHH B PENIATUBUCTCKON JUHAMUKe 0e3 rpaBUTanuu B Touke (1):
X1 = gixX1, C*t; = guc*ty; (i,k = 1,2,3,4) u u3MeHEHHs IPOCTPAHCTBA-BPEMEHH B PEISTUBUCTCKOM
JMHAMUKE YK€ C TpaBUTAIed B TOUKe (2): X, = gjxXa;, C*t, = gixC * t,; MBI MOKEM CUUTATH
W3MEHEHHUI KPUBU3HBI I'€0/Ie3UUeCKOi majaroriei chepsl (X5 = const) B 1oJjie TpaBUTAIUN

(x5 =X,Y,Z,ct).

(z —x1)% = g * (t; — t1)? = gip * (= x1)* = gis * V2 — y1)? — gua * (2, — 21)* = (kTy) 5 (i=1, 2, 3, 4).

B npunuune, Mbl uMeeM aeno ¢ (g, )? xBagparuanoii popmoii (gix) (gix = JirRjkp) 1151 BEIOpAHHBIX

Harnpasjenuii(eje, = 1) u (e,y" = 1)npeoOpa3zoBanuii renszopa Pumana —Kpucroddens (Kops,
1973,¢.535). Kak Bugum, 3T0 MaTpuiia B 5 cToa0max u 4 cTpokax, Kakaas i3 KOTOpOH €CTh ypaBHCHHE
JMHAMHKH B IPaBUTAIMOHHOM TI0JIe, U pemnaeTcs oraensHo. Toraa camu tensoprl (g;;(1) =11;) u
(9,i(2) = 1I,) npencTaBnAOTCA Kak IPaBUTAIMOHHBIE IOTEHIMANEI B Toukax 1 u 2. Mx pa3Huna

(Ag;; = AIl) B ypaBuenun O6meit Teoprun OTHOCUTENBHOCTH, 1T TEH30P SHEPTUH — HMITYJIbCA B

8nG M*K2 _ M2K? 8TG
eauHbix Kputepusax OBomtonnu B Buae: All = (T]1 =z = 12 ) wm AIl =I1; — 11, = —-1I7II,.
2
4 _ _ 2*4mR Gl'[ll'lz 2 _ _
Um c*=F = Rz(l_ZG(HZ*R=M)) ,rae 4mR* - moBepxHocTh chepsl, (IR = M;) u (II,R = Mz) KOHEYHOM
Rxc2
GM; M
BUle F = —— =2~ TAKOTO K€ PENATUBUCTCKOE MPEICTaBIEHHE 3aKkoHa HBI0TOHA, KaK YaCTHOTO Cilydas

e (-220)

OG6eii Teopun OTHOCUTENFHOCTH. M3 3THX COOTHOIIEHUH CleLyeT ToNbKo To, uto (1 — 2GM/Rc? + 0).

B) B 3aKOHax Kiaccuueckoi ¢usuke Gpopmynsl Jlamnaca, Kemiepa cneayoT U3 NpocThIX COOTHOIIECHHI!

2 3 3 3
v GM R GM R1 RZ 51 52 51 52
- ==, , —==—=.1u —(wR)==(w,R,), —=—=, 5;t, =5t ,u (W R =

= Rz T2 @m?’ T2 T2 t (w1Ry) t (w2R3) s 1l2 2l (w1Ry
w,R;) , B 3akonax Kemepa. Cam syumnc nosydaercs, ot asrkerns ColHia co ckopocteio W=217km/c,
Tora 3eMJIsl IBIXKETCS B TUIOCKOCTH CEUYEHHUS MOBEPXHOCTH YCIOBHOTO IMJIMH]IPA CO CKOPOCThIO V=30KM/C,

YK€ 110 3JIJIUIICY MOJ YIJIOM K CKOPOCTU COJ'IHL[E[, KOTOPOC HAaXOUTCA B (I)OKYCC.



Figure 3.4. nemxenne 3emmn Bokpyr CoJHIA 1O MUIAICY ¢ mpeneccueii 23,50

[Ipu >TOM, BEIYUCIISIETCS YTOJI IPEIECCUU 3eMIIU. TT % =1 (%) =m*(0,138249 = 0,4343216 = tgw.

Otkyma w = arc tg0,4343216 = 23,5° yron npeneccun. Us: (wR; = wyR,) ,u HOJI = (chl) *

(cos45°) cnenyror:
1 1 Ri Ry 0
W, =—, w, ==, — =—chl *cos45", 1581078
tl tz tl tz

B1 = Bp=150420000M (4 — qrop) + 1,543 + 1,414 = 25764 roga, wm:
tl R1=6371KM

25764
tz =

= 2147 net,

HepHuo I perneccun u «apa [lnatona». Janee, v — v2 = 2gh v2=0,g9 = xunernmueckas
pHOZ ety pa [atoma». : 6 =2gh,ana v5 =0,9 =3

mv?

2
DOHHIITeHa CKOPOCTh CBeTa npeeabHas. UToObl NPUHATH «YEPHBIE ABIPbD) C TOPU3OHTOM COOBITUH,

. ) 2 _ 2GM
SHEprus paBHa MOTEHIUAIbLHOW SHEPTUU: =mgh. U3: h =R, cienyer v° = — - Bmocrynarax

PaBHBIM CKOPOCTHU CBETA, HY’)KHO Pa3/eauTh Ha HOJb. OmunlKa 3/1eCh B TOM, UTO B YCIIOBUSAX «CTPEIbI

BpeMeHI/I», HCBO3MOXHOCTbH HpI/I‘II/IHBI (I[eJ'IeHI/Ie Ha HOJIb B MaTeMaTI/IKe) 3aAMCHSICTCS HEBO3MOKXHBIM
2GM
(R=0))2
2GM=0 2GM=0

——— M or0: c? =
c2=conat (R=0)

CIIICTBHEM (CHHTYJIIPHOCTh B €BKIIUIOBOM TOUKE) g = = oo . Ecnu HeT eneHus Ha HOJlb, IPUYMHA,

TO HET CHHTYJIAPHOCTH Wi ciieactBust (R = 0) = = 0, HE COOTBETCTBYET

. . o _ 2G(M=#0)
Teopuu DUHINTEHHA. 371eCh, NCXOIHBIE MPEANOCHIUTKHA omnoouHbl. HaobopoT: Ry = —_z  BHYTpH

2G(M#0)
(v>c)?
Hapymas 3aKkoHOB DiHITeiHa (v = N¢), KOT/ia CKOPOCTH BHYTPH «4epHOU chepsy Wy =

(R<Ry) = «UEPHOH Cephl», JTODKHO OBITh CBEPXCBETOBOE IMMPOCTPAHCTBO (V > C€) CKOPOCTEH, HE

c+Nc _
1+cxNc/c?
JUTsl HAC UMEIOT CKOPOCTh cBeTa. [Ipu 3TOM, MBI TOBOPUM 0 TpaeKTopuu BHemHero GoTtoHa (x = ct), ¢
(uKcanueil SIeKTPOMArHUTHOM JUHAMUKHY B KoopauHaTHOMU miuockoctr (K?2) L (ct), opToroHansHoi K
TpackTopuu potoHa. POTOH, MOAXOS K «IepHOM chepe» He MOKET BOUTH BHYTPh CPephl, B CBEPXCBETOBOE
MPOCTPAHCTBO TaK ke, Kak U (POTOH HE MOXKET BOWTH BHYTPh (PHM3UYECKOr0 BaKyyma Ha IpOCTOpax
Bcenennoii. B rpaBUTallnOHHON «siMe», (DOTOH KPY)KUTCS BOKPYT YK€ «IEPHOM JBIPBI», TAK KaK OTTYa, JJIs
HAC, HUYero He BbuieTaeT. Tpaekropus ¢poToHa (X = ct) NOBOPAaYMBAETCS HA TIOBEPXHOCTH cepbl, KaK ero
reoznesuueckas. [Ipu stom (ct)BpeMs U KOOpaMHATHOE IIPOCTpaHcTBO (K?2) Ha paananbHOM HaIpaBIICHHUH,
MEHSIOTCSI MeCTaMH. MBI OECKOHEYHO JI0JITO (t — 00) KPYKHUMCSI BOKPYT' «4E€PHOU JBIPBI», a B
marematuyeckoM popmaiusme (R — 0), reojesndeckue JHHUKA (POTOHA HEM3OEKHO CXOIATCS K IEHTPY
«4epHOit apIpbi», rae (K — 0) ucuesaer camo npoctpanctso. Ho B Gpusnyeckoii peansHOCTH, i (OTOHA

’hG
cyliecTByeT npenenbHas [InankoBckas qmna | = —5 » TaK, 4To (K-> 0)- 1,616 * 10733sm. Takyro

CUTYallUIO HA3bIBAKOT HCI/I36G)KHOI>'I CUHTYJIIPHOCTBIO B ICHTPC «qepHoﬁ ABIPBI», KOTOpOﬁ HECT B HpI/IpOI[e.
26(M#0) w7 _ c+Nc

910 MMPOTUBOPCUUT (R < RO) = (v>—c)2' y — m

= ¢, 3aKkoHaM (u3uKku DiHIITeHHA. [

. . "G
CBEPXCBETOBBIX (V > ¢) ckopoctelt (v = Nc¢), MUHUMaJbHbIN paanyc | = |—— MEHbIIIe IUIaHKOBCKUX
’ (Ne)?

pa3sMepoB U B TAKOE CBEPXCBETOBBIX (V > €) MPOCTPAHCTBO cKopocTe (oToH nomnacts He MoxkeT. Chepa ¢
TaKUM MPOCTPAHCTBOM CKOpocTeil i GoToHOB OyneT «uepHoit». HaoOGopoT, Bce 3aKOHBI (PU3UKI
paboTaroT B 3TO# 007acTH, KaKk U B (PU3NYECKOM BakyyMe. Mbl He TOBOPUM 3/1eCh, UTO 3TO HyJieBas
CHHTYJISIPHOCTB. «YepHas pIpa» He MOXKET HOIJIOTUTh MaccCy, OCKOJIbKY 3Ta Macca, YTOObI PEoJI0JeTh
TOPHU30HT COOBITUH, T0JIKHA Pa30THATHCS JI0 ckopocTu ceeta M — 0. Jlaxxe ecnu pa30UTh aTOM Ha IPOTOHBI
U DJIEKTPOHBI UJIM JIEKTPOH-TIO3UTPOHHBIE TIAPhl B U3JIydeHUN XOKUHIa, OHU HE CMOT'YT JOCTHUYb CKOPOCTH
CBETa rOpH30HTa cOOBITHH. [laske ecii MO3UTPOH «POJHUIICS TOJ €BKIMI0BOM TUHHUEH, «IITMHHOM Oe3



[IMPUHBD), TOPU30HTA COOBITHIA. ITO BHE €BKIIMIOBON aKCHOMATUKHU MPOCTPAHCTBA-BPEMEHH, BHE
IIOCTYJIATOB DWHIITEMHA. A 3TO 03HaYaeT HEBO3MOKHOCTh U3JIy4€HUsI XOKHUHIA «4EPHBIMU JBIPAMM.
Habnronaembie «4epHBIE ABIPHD UMEIOT APYrHe MPUUMHBI U CBOMCTBA B paMKaxX aKCHOM JMHAMHUYECKOTO
NPOCTPAHCTBA-MaTEPUU. ITO BBIXOJUT 32 paMKku nanHou crathu. (hitps://vixra.org/abs/2412.0098,
«Ctpykrypsl Bakyyma», http://viXra.org/abs/2312.0018 , «Uepusie apipsi»). Ho eciu 31ech peus 3amuia o
«YEPHBIX JIBIPax», TO 3/IeCb KOPOTKO OTMETHUM, a JaJiblie 000CHyeM, 4To Ha (M — M) CXOAUMOCTSAX aKCHOM
JMHAMUYHOTO MPOCTPAHCTBA-MaTePUH, MBI TOBOPUM O TociefoBarenbHocTH Henenumbix KBanTos:

. (Ps; €6) (Ps; €5) (Pa; €4) (D3 €3) (D25 €2) (P15 €1) (D5 €) (Vi Y0) (Ves V) (Vi3 Y1) (V25 ¥2) (V35 ¥3) (Vas Va)-
BEIIIECTBA, COCTOSIIETO U3 aHTUBEIIECTBA U HA00OPOT, HAIIPUMEP IPOTOHA U AJIEKTPOHA, B BUJIE:
Xt=p") = Y—=y)X+=v)¥—=y) uYt=¢") = X+= v )Y—=yH)X+=v;) .
Brinonnsercs pacueT cuekrpa Mace Henenumbix Ksantos a u3 cootnomenuii (2ap; = 238p™* = 2380),

KaK apryMeHTa, Mbl TOBOPUM O KBaHTax sapa mianer (py /e )maromux cnekTp aToMoB B pacnajax ypaHa,
OOBIMHOTO BEIECTBA M KBAHTAX szpa 3Be31(p; /e5), ¢ TBepaoi HOBEPXHOCTHIO CHEKTPA «3BE3IHBIX»
aromoB (p; /ey) Oe3 xonTakTa ¢ armocdepoii (p/e) Bogopona 38e3a. IIpu 5TOM, HUMEIOT MECTO
yAMBUTEIBHBIE cOOTHOIEH s X Macc: HOJI = M (e, = 3,524 E7 )(k = 3.13)M(y =9,07E—-9) =1,
HOJI = M(e, = 1,15E16 )(k = 1/d = 3.13)M(y, = 2,78 E— 17 ) = 1. Ananoru4so aajee KBaHTHI sApa
raIAKTHYECKUX «4epHBIX cdep» (P35 /e3), KBaHTHI Sapa TaTaKTHUYECKUX «UEPHBIX JIBIP», Kak AP
3BE3HBIX raJaKTUK (pS /e;), KBaHTHI Ajpa BHErAJAKTHUECKUX «UepHBbIX cdep» (P2 /es) , KBaHThI

anpa kBasapoB(p; /el), BHerajmakrudeckux 3Besn (p; /es) u saapo KBasapHbIX ranaktuk (pg/eg),
AHAJIOTUYHO Jajiee, C MX MPEIeIbHBIMA MacCaMy B COOTBETCTBYIOIIUX pacueTax.

00 KBa3aphl 2a*p, =25p; 4 |ps =26e5/G e*s =2ps/o?
2 pona ps =119 E27 MeV |e's =6,48 E23
MeV
OJl+3 | Mexranaktieck | 2g * p- =290p; ps =2e4/G es5=2ps/a
WX YepHBIX chep p s =3,447 E23 es = 3,97 E19
MeV MeV
® 3BE3/IHBIX 2a*p! =238p; 3 |pt4=2e5/G e 4=2p2/0?
lanakTuk p 4 =1,7 EI9MeV |e 4=115E+16
MeV
lamakTuyeckux 2% pl =25p; p*3 =26 /G e3=2p1/ o
YEpHBIX cep ’ p"s =1,057 E15 e3=5,755E11
OJI+2 MeV MeV
O 3Be31bl 20 % p; =290p, 2 |p2 =2e1/G e2=2p/a
p 2 =3,05E11 MeV | ex= 3,524 E7 MeV
[TnaneTs 200* p; =238p° p1=2e/G e1=2vyu/a?
p 1 =1532E7 MeV | e;=10178 MeV
2a*p" =25v, 1 |p"=27v/G e =2ve/a?
p* = 938,28 MeV e =0,511 MeV
OJI+1 | YpoBens 200*v; =292v; va=oa2e /2 Yo = G p/2
vu =0,271 MeV yo =3,13*10°MeV
0 |ve=o0%e/2 Yy =Gwvpul2
ve =1,36*10° M eV r' =9.07*10"° MeV
dusnueckuit v1 =0 yo /2 11=G ve /2
BaKyyM v1=8,3*101° M eV Y1 = 45*10° M
OJl o YPOBHS eV
-1 vi1=02y/2 Y2=Gv1/2
v2=2.4*10"18 MeV v2 =2.78%10Y M
eV
v =02 Y1 /2 v3=Gv2/2
v3=1.2*10Y MeV v3 = 8,0510% M
eV
dusznueckuit -2 va=02 v, 2 v4a=Gv3/2
BAKyyM va=7.4*102% MeV | ys=4,03*10>°M
OJI -1 | ypoBHs eV



https://vixra.org/abs/2412.0098
http://vixra.org/abs/2312.0018

W nipu 5TOM, si7jpa 3BE3/1 MOTPYKEHBI B SHEPreTHUECKU ypoBeHb (Y)(POoTOHOB pru3mueckoro Bakyyma. Snpa
raJlakTHK TIOTPYXXCHBI B SHEPIeTUYCCKHUI YPOBEHb CBEPXCBETOBBIX (DOTOHOB (PU3MYECKOTO BaKyyma
(v, = a~tc = 137c¢ = y,), ananornuno kBaszapos (v = a~%c = 137%c = y,) u Tak nanee.

I[IpenensHas Macca mianet, mis 1MeV = 1.78 « 10727 g:

1 1 = f= 31 M 33

—_— = = =~ * ~ — = * -

e = 31310 Meve175e10 7T M;(py/ny) = 1.8+ 10°" g 00’ rae(Mg = 2 * 10°° g)- macca ConHua.
Jlanbiie npeeabHas Macca 3Be3/1, C SpOM U3 aHTHBEIIECTBA:

= S— —— = M,(p; /n;) =~ 6.2 % 103*g ~ 31M, , uu B pejenax ot 11\’1750 i)

Amnanoruuno npezieibHas mMacca (p3 /nd = e) «daepHbIx chepy, ¢ SAPOM U3 BEIECTBA:
1 1
— = = M;(pF/nd) ~ 1.25%10%°g ~ 625220M
¥1  4.5%x10~13MeVx1.78%10~27g 3(ps/n3) 9 §
npejienbHAs Macca ranakTuky, (pf /ng = elt,) ¢ aapom u3 BemecTsa:
1 1
- = = M,(pF/nd) =~ 2x10*3g =~ 10'°M
Y2 2.78%10~17MeV*1.78x10~27g (P4 /a) 9 §
npeaenbHas Macca BHETAIAKTUIECKON Mera 3Be3/ibl, (Ps /Ns = e,z) € SApOM U3 aHTUBEIIECTBA!
1 1
- = = Ms(ps /ng) =~ 7 *10%g ~ 3,5 % 1013M
¥s  8.05%10~21MeV+1.78+10~27g 5(Ps /ns) g ’ s

npeiebHas Macca KBa3apa (ps /N = e¢) C AAPOM U3 AHTHUBEIIECTBA:

1= 51, 17
Va 4-.03*10_25MeV*1.78*10_27g = Ms(Ps/ne) ~ 1,4+ 10%g ~ 7+ 107 Ms ,

Otmeruwm, uTo siapa 38e3x1 M, (p; /n;) = (Y —), dopmupyror (Y1) kBaHT, Bo Bpamatomiemcs (Y +) momue
KOTOpOTO HaxojsaTcs Tpaekropun (X —= p* — v, ) emunoro (Y+= X—) npoctpaHcTBa-MaTepuu, KOTOPOE
nosopaunBaercs Bokpyr Cosnia, HanpuMep. OHo umeer makcumainbuoe(Y +)" = 0 3HaueHue
nuHaMU9HOTO 1oJist (Y+) # const, B INIOCKOCHT 3KkBaTopa ¢ (X—) TpaekTopusiMu tutaneT u (X —=

pt - v.) xBanTOB rpaBuTanoHHBIX (X+) nmoseit. Kaxnoe ﬂz[po TaKUX 06LCKTOB 0J1;;(n) cxomumocTy,

TeHEPHPYET MHOKECTBO COOTBETCTBYIOIINX KBAaHTOB (2 * o * p— = e =N p} 7_1) YKa3aHHBIX B Ta0NHUIE, U

M3ITydaeT (pj— -p j—z)- Orto MHOecTBO (N) KBaHTOB sIpa IUIAHET, 3B63I[, raJIakTHK, KBa3apoB....
Hanpumep, sapo CosHia, Kak 3B€3/161, U3IIydaeT sapa Bojopoaa (p; — pt — v. ) u 21eKTpoHHOTO
aHTUHEHTPHMHO, HO reHepupyeT (2 * a * p; = e}, = N pf) KBaHTHI, CKa)KeM TaK, «3BE3JHOTO BELIECTBA»
(p{ /er) B TBepOIi MOBEPXHOCTH 3BE3/bL. DTO «3BE3HOE BEMIECTBO» (P; /ey) He MOKeT
B3aHMOJICHCTBOBATH C BOZOPOAOM (p*/e ™), HO MOXKET H3JIydaTh MIOOHHOE aHTHHEHTpHHO (p; = V) ,
KoTopoe B arMocdepe 3emian popMUPYET MIOOHBI, KOTOPBIE B pactagax garT: (e™) mosurponst: (Y+=
W= (X—= VM_)(Y+= et)(X—=v;). Wun, xBauThl A1pa Mera 38e31b1 ¢ (Ps /Ns = €,5) U3IYYaroT
KBaHTHI (P5 — P3) BEIECTBA, HO TEHEPUPYIOT KBAHTHI siIpa ranakTuk (2 * a * ps = efs = N pj).
Ananornyno panee. HOJ = M(e, = 6,48 E23 )(k = 3.83)M(y, = 4,03 E — 25 ) = 1. MbI roBopuM 0
kBaHTax (Y— = pg /ng = e.4) Aapa KBa3apoB, KOTOPBIE TOKE MO OTAEIBHOCTHU, U3Ty4atoT (P, /€,) KBAHTHI
s7pa rajakTuK. MiHaue roBops, sapo KBasapa, OKPYKEHO KBaHTaMH siJpa IaJlakTHKU. [ 0BOPAT, TIpH 3TOM,
4TO KBa3ap B [EHTPE IaJakTHKH. Takue KBa3aphl IOTPYXKAIOTCS B YPOBEHb (DU3HUECKOTO BaKyyMa J10
CBEPXCBETOBBIX cKopocTeit w;(y, = a~2c) = 1372 * ¢ . D10 riybixe, 4eM ypoBeHb (PU3HUECKOTO BaKyyMa
raJlakTHKHA. DTO COBEPILIECHHO pasHble 00BEKThI. MBI BUANM, KaK Obl «IIOBEPXHOCTH» TAJIAKTUKH, HO SIAPO
Takoro oowekra 0J1;(n) cxomumocty, uMeeT Maccy B mpeaenax ot (10'°My) no (3.5 * 103 M) macc

ConHua. TO 3HAYUT, YTO NPOCTPAHCTBO CKOPOCTEN MaCChI (\/E W2Q2rR)VGW = 2GM ) HE MOET UMETh

CKOpoCTh cBeTa. [lonygaem 1y macesl mpotona (M = 1,67 * 107%4r) , ¢ ycnoBHO# okpyx)HOCTBIO ( 2TTR)

o GM 6.67+1078%1.67+1072%
chepsl 1 npenensHor ckopoctd (W = ¢) MBI I/IMeeM(R = = = 0.98 *
(1) p pea p ( ) 2(2%3.14)c? 2%(2%3.14)%9%1020

10‘13cm) panuyc npoToHa. JTO U €CTh MHHUMAJIbHAs «4epHast Iblpa», He u3iaydaromas (GoToH, ¢

HPOCTPAHCTBOM CKOPOCTEM KBAaHTOB (Yo + Ve + Vo) = P , MEHBIIMX CKOPOCTH cBeTa. M 5T0 I0Ka3aTeIbCTBO
TOT0, YTO HEUTPUHO UMEET HEHYNIEeBYI0 Maccy. [lomydaeMbIx, TakuM 00pazoM, OECKOHEYHOCTEH HeT, HU B
MaTeMaTHKe, HU B IPUPOJIE.

=G

npenensHoro (%1 = @y =C08@yux =VG )y papamensrocty, gero Her B O6mmeii Teopun

CYH_IGCTBCHHO TO, YTO I'paBUTAlMOHHAs KOHCTAHTA G = dyy , 9TO MaTEMATHYCCKasa UCTHUHA



Otnocurensnocty (k = 876G /c*) Diimmreiina. BroppIM MOMEHTOM, €CTh KECTKHE YCIOBUS (DUKCAIUH

HOTEHUHMANOB (g;; = CONst), ¢ NPUBEICHUEM HX K EBKINI0BOMY IIPOCTPAaHCTBY (g =1) . Beenenue B
. 1 1
ypaBHeHHE KO3 dumenTa (1), MEHAIOIUI SHEPTHIO R;; — > Rg;i — 5/1 9;i = kT}; Bakyyma, He MeHsET
yCJIOBHSA €e (pUKCALUH.
4. Cxansipuble 0030HBI.
HetictBue kBaHTa /i = APAL = FAtAA , 3aduKcHpoBaTh B IPOCTPAHCTBE AA ynm Bo Bpemenn Al

(¢ # const) (X%)

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

+ o
win Y1) kpanra IIpOCTpaHCcTBa-MaTepuu. ECTh TOJIbKO HEKasi BEpOATHOCTD JeiicTBus. [IpeoOpa3oBanus

2
PENSATUBUCTCKOM IMHAMHKH BOTHOBOH ¥ - (DyHKIIMM KBAHTOBOTO TIOJIS C TNIOTHOCTBIO BEPOATHOCTH (‘W’ )

(X+) none (Pucynox3), cootserctytor [oGansro MHBapHanTHOI v(X)=e"p(X ),

a = const rpynme Jlopenra. DTH peoOPa3oBaHMS COOTBETCTBYIOT IIOBOPOTAM B IIIOCKOCTH KpyTa S, 1
PENATUBUCTKY - MHBAPUAHTHOMY ypaBHEeHMIO /upaka. B ycnoBHAX nNpUHIMIIA HEOIPEIEIECHHOCTH

B3aUMOJEHCTBUSA B

. L
BPEMEHHOT'O MPOCTPAHCTBA W = -, Ha (X—) TtpaexTopun kBaHTa (X 1) mpocTpaHcTBa-MaTepuu KBaHTa,

HMCIOT MECTO X COOTHOIICHUA KaK MAaTCMAaTUICCKUEC NCTUHBI AMHAMWYHBIX aKCUOM, B HaCTHOM CJIydyac

EBKIIMIOBOM aKCHOMATHKH HYJIEBOTO yIJIa MapaJuIeIbHOCTH (@) B BHJIE:
i H a H on

;=g, 6_T=£’ ihz—lﬁ=Hl,l), a—T=i(nH—Hn)
MareMmatndeckux uctuH ypaBHeHul [lpeaunarepa u ['eitzendepra (I1.dupak, ctp. 83-88). 31ech He
oOcyxaaercs JOCTaTOYHO TIyOOKHI (U3NYEeCcKHil CMBICI JUHAMUKHM BOJHOBOM (yHkuuu. [lepexonnoe
cocrostane Kpurepues DBomonun kBanToB (X+) wim (Y1) mMHAMHYHOTO POCTPAHCTBA-MATEPHH, B
npezenax uX COOCTBEHHBIX IWHAMHUYHBIX YTIIOB MApAILIENBHOCTH @y (X —) nimn @y (Y —) TpaeKkTopwuid,
COOTBETCTBYET MaTpPHIIaM HAYaJIbHOTO U KOHEYHOTO COCTOSIHUS, OTIEPAaTOPaM POXKACHHUS M YHUUTOKCHUS HX
Kpurepues DBonroiuu, ¢ ©X HEU3MEHHBIMU dKcTpemMaisiMu B ['mobanbHoi HBapuanTtHocTu. [1pu sTom
MePEX0JHOE COCTOSIHUE B OIIEpaTopax KOOPJMHATHOTO U BPEMEHHOTO ITPOCTPAHCTBA B 3aKPHITOH CHCTEME
HYJIEBBIX YIJIOB MAPAILICIBHOCTH @y (X —) wim @y (Y —) TpackTopuii, B EBKIMIOBON aKCHOMATHKE,

COOTBETCTBYET ONEPATOPHOMY MPEACTABICHUIO YPAaBHEHUN JUHAMUKH BOJTHOBOM (YHKIINUHU:

:(ﬁ)ﬁ E=in2 (E-—HyY=0

2m/ K2’ ar’

31ech raMUIbTOHNAH H COOTBETCTBYET ypaBHEHUIO DHHINTEHHA B UMITYJIbCHOM MPEICTABIEHHH
E H
-=w, -= pZ + m2c?, ypasuenus (E — H)Y = 0.

. H
KBanpaTHbIii KOpEeHb FaMIJIBTOHUAHA (;) , OepeTcst B ayreOpe KBaTEPHUOHOB B MATEMaTHYECKHX HCTUHAX
(Kopn, ctp. 449): bl%=1,2,3 =1, bi=1, bypby + byb, =0,

H
—= [p}+m?c?= \/(bkpk + bymc) (bypy + bymc) = bypy, + bymc

c
TenepL YpaBHCHHC peHHTI/IBHCTCKOﬁ JIMHAMUKH BOJIHOBOM Q)YHKHI/II/I HUMECT BUI, YPAaBHCHUA I[I/Ipal(ai
(E—HWY=0,  W=Dp=0, W= (bp~bymeyp =0, wun
... 0 d
(ih(57 =be 5) = bame)p =0,
bk = bk = bk = bk =

rne by , u b, , marpunpl Jupaka (I1. Iupak, ctp. 77), kak MaTeMaTH4€CKOW UCTUHBI alnreOpbl KBa-
TEPHUOHOB (PMKCUPOBAHHOM Cephl, B TENECHBIX yIJIaX NapaieIbHOCTU @y (X —) umu @y (Y —)
TPaeKTOPUH, C MPUHIMIIOM HEOTIPE/IEIEHHOCTH B KaXKI0i EBKINI0BOIM ocH cdephl Ha 3TUX Tpa-
exTopusx. CHOBa-TakM peyb O MaTeMaTHYECKMX UCTUHAX TEXHOJIOIMU JUHAMUYHBIX aKCHOM,

kBaHTOoB Henenumbix O6nacreit Jlokanuzanuu (X=x) wmm (Y ) IMHaAMUYHOTO MPOCTPAaHCTBA-MaTepUH,
KOTOPBIE COOTBETCTBYIOT MaTEMAaTHYECKUM MCTHHAM TEXHOJIOIMH KBAaHTOBBIX Teopuid B EBKIINI0BOMA
aKCMOMaTHKe IMPOCTPAHCTBA-BPEMEHH.



oap(x ap(x)

t?ug—()—mw(X)ZO [%%—mwu’)}—o
)C‘u , u )C,u

Taxast ”HBapHAaHTHOCTb JIA€T 3aKOHBI COXPAHEHUs B YpaBHEHUX ABIKeHHs. {7 mpeoOpazoBaHuit

peJIHTPIBPICTCKOf/'I JUHAMHUKHA B FHHGpﬁOJII/IquKOM JABWOKCHUU,
=e™ (X)), ch(aX)=21(e +e~%) =%, (aX # const)
(X) = e P(X) h(aX) = 7

et = (cos wt + isinwt), isinwt = /(+ sin wt)(— sin wt),
Muumocts (i) B 11enoM, o3HadaeT Hanuaue (Y —) winu (X—) mosis, B JAaHHOM clTydae.
A X

. lAx \ }Fch«xq)/vo)

i +Y /] (#sin)
N 71 Ew
7 Ky o
Kx JAL ) 3 X=iKT
7 (X#) R e
(X%)

Figure 4. Kaut
B ycnoBusx Jlokansnoit MuBapuantHoctu (JIN), nns HOHzch(Yi)(XJr)cos (@)(X-)=1, ¢£90°, mpn
0

JUHAMHUYHOTO IMTPOCTPAHCTBA-MAaTCPHU.

X X=0 X
¢=0, cos(p)=1, umeem: Ch(y—):1, Ch(T)Zl, Win ch(y—):1. st (£y) BoaroBO# (W=Y-Y0) GyHKIIHH,
0 0 0™

BHECEM SCHOCTB. M3 IpocThIX coobpaxenuii 6epem Y = e g jw = /(+w)(—w) yraosoii

CKOPOCTH BpPAIlleHUs ¥ HEM3MEHHBIX dKcTpeManeii(ax = const): Y = e e'®t = ¢%(cos wt + i sin wt),
rae: (isinwt = \/ (+ sinwt) (—sin wt) ). 3aeck w - TOBOPOTHI B YZ- IIIOCKOCTH CCUYCHUN TPACKTOPHH

. 4 .
(X-) ¢ mopeHIIeBOi MHBAPUAHTHOCTHIO, KBAHTOBOTO MMOJISI BOJIHBI, B BUJIC (W = oM h = pr, c sHeprueit

i .
. ——(Wt+ 0 iw
0t = Ae” 7 WP po ppevenn: 2L = — — Y, wm

2
W = f—m + U. JIlunamuka BHyTpu KBaHTa ) = Ae Y

%Z—LI: = W B npocrpanctee: grad(P) = — %q;, u div grad(P) = Z—ztp , OTKyja: p? = %ZAIIJ , WITH.
P__r Ay, B OKOHYATEIBHOM BH/IE MTOJIY4YHM: LA h—qu; + U , nTMHaMHKY 3HEpPruu BCErO
2m 2m*ys Ymax 0t 2m*Ymax

(Wmax = 1) xBaHTa, mpuveM ¢ Maccoid (m), Harpumep, dekTpoHa. OTHoOIIEHHE ﬁ , Ja€T HaM TOYKY

¢ukcanmu (P = Y) KBaHTa B 3KCIIepUMeHTe, B JTF00bIX Kpurepusx DBosonuu. OKOHYATEIIBHO IMOTy4aeM

in ¥ = h—ZAL|J + Uy, ypaBaenue lpeaunrepa. KiatoueBoil MOMEHT B TOM, YTO Mbl UMEEM: _ b,

ot 2m T(Wmax)?
OTHOIICHHE TUIOMIAIU ceueHus Tpaekropun (X—) win (Y —) KBaHTa MPOCTPAHCTBA-MATEPUU B JIaHHBIH

MOMEHT BpeMeHH ((UKcaluii B 3KCIIEPUMEHTaX) K MAKCUMAIIBHOMY CEYCHHUIO B3aUMOJICHCTBHSI, YK€ B BUJIC
BEPOATHOCTH COOBITHA. DTO MOKeT ObITh Delinmana unterpai no (X— = ) tpaekropuu 2 = [ 2mfdys,

PT— v ;= Lxsing, = J (+sing,) (—sing,) =

Kak cymMMa Bcex 3HadeHuil (). 3aech, P =

, V)2
i \/ 1—(cos?¢, = CLZ) , C I3MEHEHUEM YTJIa MapayIeIbHOCTH (P, ), CPa3y BO3HHKAET PENIATHBUCTCKAS

MOTpaBKa B KBAHTOBOW PENSTUBUCTCKON TUHAMUKE (COSP, = aq1), (KBAaHTOBOW TEOPUH OTHOCUTEIHHOCTH).
U »10 yxe maremaTnyeckasi HCTHHA BEPOSITHOCTHON WHTEPIIPETAIIMY BOJTHOBOUM (PYHKIIMU B MPOCTPAHCTBE-

Matepun, 6e3 BapuanTton. Torma mia i =/ (+y) (=), nonyuum s (X£) i = Ae%el@t = fed¥Fivt,
ITpu 3ToM mpocTpancTBO ckopocTeid: (X-)=V(X)= v(cos ¢+i sin ¢). Wnu:

iv(X) * sing = v\/ (+sing)(—sin®) , B ypaBHeHuu Jlupaka MosBISETCS IOMOIHUTEIHHOE ClaraeMoe.

i1, PX) (o), 20 7)<

H H

I/IHBapI/IaHTHOCTB 3aKOHOB COXpPAaHCHUA HAPYHICHA. I[J'ISI HUX COXpaHCHUS BBOIATCA KaJII/I6p0B0‘-IHBIC
moss. O KOMIICHCUPYIOT OOIIOJIHUTCIIBHOC CJIaracMoOC B YpaBHCHHU.



ox .

u

A0 20D i (b))

— ptX)or
Teneps yxe B TaKO€ ypaBHEHHE, ITOJICTaBIIsIs 3HAUCHHE W(X ) ey (X ), a(X ) 7 CONSL 54 nroBoii

(GyHKIMY, TOJIyYUM HHBAPHAHTHOE YPABHEHUE PEIIATUBUCTCKON JUHAMUKH.

o0 oy da(x) oo da(x)
i1 2, (W my =iy, 27 iy, gy 7 7 iy, Xy =
u

ox, ox, ox, ox,,
. oy — _ _ , 0 — _ _
zy#——y#A#(X);/—mu/:O Iy, —+1AM(X)lp—mu/ =0
ox ox
B , WA "
DTO ypaBHEHHE MHBAPUAHTHO UCXOAHOMY YPAaBHEHHIO
: o .
7, [— i, (X)}wm— my(x)=0
ox,
B YCJIOBHUSAX A# (X) = A# (X), " A# X) = ,LT# X))+ i—a;ix),
u
HaJU4Hs CKaJIsipHOTO 0030Ha (U(+a)(—a) =ia(AX) # 0) = const , B TIpeziesiax KaTmOpoOBOYHOTO (AX) #0)

da(X)
oxy

a(X) = f(x) # const npocTpaHcTBa-MaTePHU B II00AILHOM HHBAPUAHTHOCTH. 1 3116Ch HET CKAISPHBIX

6030H0B. Jt10: A, (X) = A#(X) n ; 9a%)

noJist (Pucynox 3). Otu yenosus ( = f'(x) = 0) naror Heu3MeHHbIE SKCTPeMATH (frqx) AMHAMUYHOTO

5, > M3BECTHBIC KaMOPOBOUHBIC IPEOOPA3OBAHMUS. a(X) — 4-Bekrop
u

.
(Ag, A4, A,, A3) anexTpomarHuTHOTO cKajsipHoro (¢ = A,) u BekropHoro (A = A4, A,, A;)TIOoTeHIMAaNa B

— aA) - -
anekTpoauHamuke Makcsemna: E = =V — FrR B = —VxA , rpaguenTa u potopa, Wiu
E. =0d,A, —d,A,, cTtensopom (Fy), (Ex, Ey, Ez, Ex, Ey, E;) xoMnoneHT u nnpeodpazosanusyu Jlopenna.
K takomy noTeHnmany npubaBisieTcsl IPOU3BOIHAS CKATSPHOM (DYHKIMH, HE MEHSIOMIAs CaM TTOTCHITUAIT.

9710 KI0UeBO# MOMeEHT. B Teopun fHra-Muinica, OH IPECTaBIIECH TPYNIION CUMMETpUH, A, =
Q)A,@D)(x) + i2(x)9,(2) " (x) ,rae 2(x) = e'®  u w- snement mo6oit (SU(N),SO(N), Sp(N),Es,
E7,EsF4,G2) rpynmst JIu, A, —» A, + 0,w. B peanbHoCTH, 5TO (PUKCHPOBAHHOE COCTOSHUE TUHAMHYHOM
¢byakuun: Ky = + Y, , B KBaHTOBOH PEISATUBUCTCKON TUHAMHKE. Y CIIOBHO TOBOPS, B KaXKJI0M

. X=Z . .
(buKCHpOBaHHOM TOYKE: A (Y—) = const, ecTb CBOI1 (yroJ HaKJIOHA BETOK) rUnepOoInYecKuil KOCHHYC,
0

X=Z
X=Z - o
KY = YO Ch(Y—) = ea( Yo ) , YK€ B OPpTOTOHAJIBHOU (YZ 1 X) IIJIOCKOCTH, IIPUUCM, 3a TPEaACIaMn
0

nuHaMu4dHOTO (Yy), B KBAaHTOBOM PESTUBUCTCKON AMHAMHKE. Takum 00pa3oM, CKaIsipHble 0030HbI B
KaTMOPOBOYHBIX MOJISX, CO3JaHbl HICKYCCTBEHHO, JUIS YCTpaHEHHS HeIOCTaTKoB Teopun OTHOCUTENBHOCTH

= 2 —
B KBaHTOBBIX MoJiax. B uenom, (Ky =Y), u LA ch(E), MBI IMEEM KPUBU3HY (K == M)
Yo Yo Yo Yo
2 =
(CmupHoB, Kypc Bbicuield matematuku, T.1,c.186-187) B Buge: K = — };— =(Y) ch(%), (X+) nons, B
0 0

nanHoM ciyvae. U oty: y = Ae @t ponHOBYIO (YHKIHMIO, MOXKHO NPUMEHSATH ¥ B KBAHTOBBIX

I'paBUTAlMOHHBIX (X+) MOJISAX, KOTOpPBIE U3MEPSIOTCS KPUBU3HOM, MPOCTpaHCTBA-MaTePHH, B JAaHHOM
clryyae.

5 CnekTp HeeJIMMBIX KBAHTOB NIPOCTPAHCTBA-MATEePHH.

+ +
Hemenmmbiv O6mactsam Jlokammsamn keartos (X )| (F$) mmavmmamoro POCTPAHCTBA-MATEPHU
COOTHOCSTCSI CTAOMIIbHBIC KBAHTBI MPOCTPAaHCTBA-MaTepru. B 000uX citydasx pedsb uaetT o hakrax

(Y+=e) JIEKTPOH, M3ITydaeT CTaOUIbHBbII Y+=7) doTomn, n
(X (Xizv.u) (Xt=v,)

peanibHOCTH. CTaOMIIBHBIN
. + =
B3aHMOIEHCTBYET CO CTaOMIbHBIME * — ~ P ) MIPOTOHOM H

X-=Y+) , (X+=Y-) MPOCTPAHCTBE-MAaTEPUH OHU 00Pa3YIOT MEPBYIO (o1, Ob6nacts Jlokanuzanuu
HenenuMbIX KBanToB Ha ux M~ cxogumoctax (PUCYHOK).

HEUTpHUHO. B eaquHOM
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Figure 5.1 Henenumble KBaHTBI IPOCTPAHCTBA-MATEPHU.

JI71st COXpaHeHUs HEPa3PHIBHOCTH €IUHOTO X-=Y+) X+=Y-)

(Y+=

MPOCTPAHCTBa-MaTEPUH BBOJUTCA

(Xt=v,)

Y= .
( 7o) (OTOH, aHATIOTUYHBIN r) ($oTOHY. DTO COOTBETCTBYET aHAJIOTUU MIOOHHOTO

(Xt=v,) . .
1 DJIEKTPOHHOTO ¢/ neiitpuno. IIpu 5TOM, 1 HEUTPHHO (V,,), (V,) U poTonsl (¥,), (), MoryT
PasTOHATHCS, KaK U MPOTOH, WK 3JICKTPOH, 10 CKOpOCTei (¥4), (V2_), IO TaKKM ke MpeoOpa3oBaHUIM

. W =a*c
Jlopenna. MiMest cTanaapTHYIO, BHE BCAKUX IMOJICH CKOPOCTD AJIEKTPOHA . ), U3JTyYaroIIero

CTAH7APTHBIH, BHe Beskux noxneit doton © ) =€ | koncranra & = W./c=cosp, =1/137,036

— ES
ananormm, pacuer cxopocreii | (€)= V2 (72)
Vi(yy) = a’c Vf(}’f) =a V¢
14

o =—" L =08, (Y-)
YIJIOM TMApaIeTbHOCTH ¢ 13 TPAEKTOPUH HE M3IydaeT (POTOH, KaK U B
MPSIMOJIMHEHHOM, 0€3 YCKOPEeHHUS, ABUKEHUU. JTOT MOocTyaaT bopa, a Tak:ke NpUHIMI
Heomnpe/eJeHHOCTH NPOocTpaHcTBa-BpeMenn (cos @ (Y —) # const), (cos ¢ (X—) # const) ¥ npUHIUN
JKBHBAJEHTHOCTH Diftnmreiina aisg uaepTHoii M(Y-)=m(X+) u rpaBHTAIMOHHOI MACC, ViKe eCTh

AKCHMOMBI IMHAMWYHOI0 NpocTpancTBa-Mmarepun. M mMbl yxe otBeuaem Ha Bonpockl, [IOYEMY st10 Tak.
cosp, =a cosQ, =G
1

JIaeT 110
Wiy =ac
ISl CBEPXCBETOBBIX (JOTOHOB B BH/E: ,

, B CTAHJJAPTHBIX, BHE BCAKUX MOJIeH yciaoBusX. OpOUTaIbHBIN 3JIEKTPOH, C

JlnHamMuKa MaccoBBIX TOJIEH B IIpeaenax
3apsI0OBBIN M30MOTEHITMAT UX €AMHUYHBIX MacC.
m(p) = 938,28MeV, G = 6,67 x1078. m, = 0,511 MeV (mv = 0,27 MeV),

, KOHCTAHT B3aMMOJCHCTBHS, JACT

(X KX) (X =) = cos?py = (\/_) =G , (Y KY) (Y =) =cos @y = 137,1036
N F:,l'llz _ [nzyTZ _ (Y/‘:{Z)] — 'Z%z"g")’ ., oTKyzma 2my = Gmy
— F;,lj2 _ [HZXT2 _ (X/HKZ)] _ (E—Xzz% ,  OTKyJa 2my =x? my
(a/ﬁ)*HK*(a/\/E):azm(e)/Z:m(vB):1,36*10’5MeV’ s M =0y /2
JGI2*TIK*\[G/2 =G*m(p)/2 =m(y,) =313%10°MeV L my =Gy /2
m(y) = Gm(v”) —91%10" 9Mev

B emunom (Y+ = X+) wmm (Y+=X-), (Y—= X +) mpoCTpaHCTBE-MaTEePUU HENIEIUMBIX CTPYKTYPHBIX
¢dopm Henenumbix kBaHTOB (Y1) n (X1):
(Yx=¢e7) = X+=v;)(Y—=y*)(X+= v;) snekrpona, rae HOJI(Y +)=KD(Y+)KD(Y-), u
Xt=p*) = Y—=y3)(X+=v;)(Y—= ;) nporona, rae HOJI(X £)=KI(XH)KI(X-),
MBI oTensgeM 31eKTpo (Y + = X —)MarHuTHele MoJist OT MaccoBbIX nojei (Y— = X+) B Buze:

AHEH =¥ FED=1= (¥ D -); (=X -) = E8,
(X+=vg/2)(V2*6) (X+=v; /2)
; (£—=y2) == ()
(M) /2)(V2 % G)(m(v,)/2) (136 %1075)? V2% 6,67 x 107°
e m(y) B 4%9,07 %109

WJIn:

= 4,8« 1071°CT'CE




YD =& PP o1 = (x ) ); (=X -) = Dy, TN

x-) o (X=v5)
_ (m(yg)/2)(a?/2)(m(y5)/2) (3,13%107°/2)? _ 10
= mv;) = 2%137,0362+ 136+ 105  8*107TCICE

Takue coBmaieHUs: HE MOTYT OBITH CTy4alHBIMU. JIJIs1 JUTMHBI BOJTHBI TPOTOHA /1p =2,1x10"1*cMm, ero
c o o

uactota (vy3) = — = 1,4286 10?*T'y, popmupyetest yactoToit (¥ ) KBaHTOB, ¢ Maccoii 2(m,+)c? =
14

G fl(vy(-;).

Gh(V) ) 6,67+1078+1,0545+10727+1,4286+102*
2¢2 2%9%1020

3,13 % 10~>MeV
AHANOrMYHO 11 31ekTpoHa A, = 3,86 * 107! cm, ero wacrora (v,;) = Ai = 7,77 * 10%°T'y

Ir =562« 10%°MeV ,umu (m,3) = =558 %10732r =

(v — (v 2 — 2 —
dbopmupyercs gacroroit (Ve ) KBaHTOB, ¢ Maccoit 2(m,z)c? = a*h(vy,;), rae a(Y —) = 37036 KOHCTaHTa,
oJIyJaem:
a?h(Viyz)  1%1,0545%10727%7,77%102°
m,-) = e == ' = 2,424 1073%r = 1,36 * 10">MeV, 1 Macchl HEHTPHHO.
( Ve) 2c2 (137,0362)%2%9%1020 ! ! > A P

Takue coBmaieHUs TOXKE HE MOTYT OBITh CTy4aHbIMU. DU3NYECKUM (aKTOM €CTh 3apsSA0BbII
M30TIOTEHIHAT TPoToHa P(X—= Y+)e u drekTpoHa B aTOME BOJAOPOa C COOTHOIIIEHHEM Mace

(p/e =~ 1836). Ilo ananoruu Mbl FTOBOPUM O 3apAf0BOM M3omoTeHUMane vV, (X—=Y+)y,, u v, (X—=
Y+)y,

cybaToMoB, ¢ cooTHOIERHEM Mace (V, /Yo = 8642) n (v /y =~ 1500) coorserctBenHo. [Ipn sTOM,
cybaToMbl

(Vu/Y0) yREepKHBAIOTCS IPAaBUTAIIMOHHBIM II0JIEM ILIAHET, a Cy0aToMBI (Ve /Y) YAEPKHBAIOTCS
T'PaBUTAIIMOHHBIM II0JIEM 3BE37. DTO CIEIyeT U3 pacueToB aTOMHBIX CTPYKTYp (p/e), cybaTOMOB IIaHeT
(p1/e1)(p/€)(Vu/v0) 1 3Be31 (p2/€2) (P1/€1) P/ €) (Vu/ Vo) (Ve / V), Ansi: ey = 2V, /a® = 10,2GeV),

e, = 2p/a? = 35,2TeV) ,HOJl = e; 3,13 *y, = 1, n HOJ = e, * 3,13 xy = 1. A taxxke

Ui Py = 2?6 = 15,3TeV,up,(X—=Y +)e, «IsbKeJbIX aTOMOB» BHYTPH caMuX 3Be3/1. Eciu cyiecTByror

KBaHTB (My = py) = @ = (153TeV)u (my =e;) = Z(m);—jmp) = (35,24 TeV) , o nogo6HO
reHepaluy ksantamu (p,/n,) aapa 3emmu anep (2ap; = 238p™ = 238U) ypana, p* =~ n, ¢
MOCJIEAYIOLMM paclagoM B CIIEKTP aTOMOB, KBaHTbl P, = 2% =3,06* 10°TeV, u (p,/n,), (p, = ny)

snpa ConmHua (3Be3/bl, HO B aTMocdepe 3eMin, BO3MOXKHbBI (DUKCALIUY YaCTHUIl C SHEPTUEH P, =
305 E15 eV umu e2= 3,524 E13 eV, kak MUHUMYM ), TEHEPUPYIOT sIJIpa «3BE3AHOTO ypaHa», (2ap, =
290p; = 2°°U*), ¢ ux 5K30TepMHUHBIM PACIAZIOM B CIIEKTP «3BE3/IHBIX» aTOMOB (p7 /e;) B TBepoii
nosepxnoctu 38e3/b1 (CoiHia) 6e3 B3auMoIeHCTBII ¢ 00bIuHBIME aToMaMu (p* /e ™) Bomopoaa u crekTpa
aTomoB. Usnyuenue (p; — v, ) CosHIEeM MIOOHHOTO aHTHHEHTPHHO, OA00HO H3iIy4eHuo (e — )
(GoToHOB, 03HayaeT Hamuuue Ha CONHIE, TAKOro 3BE3AHOrO Bemecta (p; /e;) 6e3 B3auMoaeiicTBuUS C
npotoH (p*/e”) 2IeKTPOHHBIMU ATOMHBIMH CTPYKTYPAaMU OOBIYHOIO BelIeCTBa (BOJOPOI, TEIHIA...).
TakoBbI pacueTsl U (PU3UYECKU JOMYCTUMBIE BO3MOKHOCTH.

B npunnune, 1octaToyHO 3HATh KOHCTAHTHI G = 6,674 * 1078, a« =1/137.036 MPEAEIBbHBIX
YIJIOB U CKOPOCTh € = 2.993 * 101%cM/c, uTo6BI onpenensts KoHCTauTy Aeiicteus [lnanka ais
€IMHUYHBIX Macc (my * My = 1) U UX 3apsSA0B B BUJE:

+10=8)2x(1— 2
= Gty £, 1 - 20y = S 55051077 e

wi: my *my = (K3 = m,,)(K3 = m,) = 1, B akcuoMax JMHAMHYHOTO MPOCTPAHCTBA-MATEPHH. DTa

koHcTaHTa JieiictByet B (OJ1;) ypoBHe (pu3ndeckoro BaKyyma, ¢ mpeiebHoi (V = ¥y = C) CKOPOCTbHIO

CBETa, B KOTOpOM Bce octanbHble (V; = N * ¢) ckopoctu (v; > ¢) B (0J11)(0J15)(0JI_4) ... (OJI;) ypoBHsX

C+Nx*cC
($u3n4IecKOro Bakyyma UMeIT, W = T, &N — C, CKOPOCTD CBETa. [Tpuuem mis mobbIx (M; * k * m; = 1)
+

c2




Mmacc. Y 3To 3HaYMT, 4TO BO BCEX YPOBHIX QU3NUYECKOTO (M — 1) CXOAMMOCTEH, KBAHTOBOM CUCTEMBI
KOOpAMHAT, IEUCTBYIOT KOHCTaHTHI (A, G, @, €), B IPOU3BOAMMBIX pacueTax. KBaHTOBBIMH CBOMICTBaMU
o0nagaroT Kak 0oJbIIKe, Tak U Majble Maccel. Hanpumep, aist macesl CorHITa.
Mgxc? V2 - -

h(ST)h =1, nm Ms(a\/E)ZVe =2 %1033 (E) * 1,78 * 10 27 % 2 % 1,36 « 10 5=1.
DTO 3HAUUT, YTO TAKHUE 3BE3/IHbIC MacChl Mg (\/E)Z = 2.8 * M, MOTYT yJIep>KMBaTh B CBOEM I10JI€
rpaBUTALIAN
Ve~ HEUTpUHO. IlIaHEeThI MOTYT y/IEPKUBATh B CBOEM I10JI€ TPABUTALIUH € - JIEKTPOHBI MV, - HEUTPHHO.

AHaJIOTMYHO ONpeNeNsieTcs 3apsl eAMHUYHBIX Macc (my = 1), wm (my = 1) B Buze:

(mo = \/(M; * k *xm; = 1) = 1). Toraa 3apsa ecTh CBOHCTBOM Macc:

g = Gmya(l — a)? = 6,674 » 1078(1/137.036) * (1 — 1/137.036)% = 4.8 » 10710,
¥ MX COOTHOIIEHHUS: Aac = q2 . TakuMm pacdyeTaM COOTBETCTBYET MOJENb POAYKTOB aHHUTHIISILIMH
MpOTOHA | AyieKTpoHa. Maccossie nojst (Y- =€) = (X+ = p) aroma.

/ ¥ p*
(X+)
MoAenb NPOTOHa Moge/ib 3INeKTPOHa hydrogen atom
Figure 5.2. Moaenu npoyKTOB aHHUTH/ISILIMK TIPOTOHA U 3JICKTPOHA
MBsI BHIMM, Ha «opOuTe» atoma MaccoBoe (Y— = X +), npuyeM KBaHTOBOE MoJjie OpOUTAIEH, U MATHUTHOE
noje (X— = p™), npoToHa, Kak OTOK «BUPTYaILHOTO» JIIEKTPOHHOrO aHTHHEHTpHHO (X— = v, ). Tak xe

3JIEKTPHYECKOE MOJIE DIEKTPOHA, C IOTOKOM «BUPTYanbHBIX» (Y = ¥+) doronos, B anexrpo (Y+ = X —)
MarHMTHOM B3aWMOJIEHCTBUM IPOTOHA U DJIEKTPOHA B €MHOM IOJIE 3apsa MPOTOHA U DJIEKTPOHA.
[eomeTpuueckuM (HAKTOM 37€Ch, €CTh HAJIMYKME aHTHBELIECTBA B CAMOM BEILECTBE POTOHA M
snextpona. Ilpu 31oM, npoaykTsl anEurmwsinuy npotona (X+=p*) = Y—=y)(X+=v;)(Y—=y{) un
NpoAyKThl aHHUrKIsnun s1ektpona (Yr=e7) = X+=v;)(Y—=y")(X+=v;).
AHaJIOTMYHO B €IMHBIX MOJIAX IIPOCTPAHCTBA-MATEPUH BO30HBI JIIEKTPOCIa00r0 B3aUMOEHCTBUS:

HOJI(Y) = (Y+=eD)(X—=v]) = L W = (1+V2* a)m(W?), wm:

" G
2% (¥/0.511%0.27)

137.036%6.674+108x(1+

HOJI(Y) = m(W*) = = 80.4 GeV,

L)
137.036

C 3apsAIoM e , 1 HHIYKTHBHOU Maccoii: m(Y —) = (\/E * a) * m(W1). D10 xak «remuas m(Y —)
Maccay.

_ a*( (2me)mvuexp1>
HOMI(X) = (X+=v])(Y—=¢%) = = 94,8 GeV = m(Z°)

G

6. HoBbIe cTa0MJILHBIE YACTHI LI

. v,
Ha BCTpeLIHHX Hy‘{KaX MIOOHHBIX aHTI/IHeI/ITpI/IHO ( ’”) B MAroimTHBIX ITOJIAX:

2
HOII(Y =€) = (X—=v)(V+=y;)(X—=v) =2 =10.216GeV’
o

2

B HECTAOUILHOM BHUJIC 5TO U3BCCTHBIC YPOBHU HUIICUIJIOHUA.

+ _
Ha BCTPCYHLIX IMTYUYKaX MMO3UTPOHOB (e ), KOTOPLIC PA3TOHAKOTCA B IIOTOKEC KBAHTOB (Y - }’) ,
(bOTOHOB «0eJI0roy» Ja3epa B BU/JEC:



HOJI(X =p/)=(Y-=e" ) X+=v, )Y-=¢")=—+=153TeV

Ha BcTpeuHBIX Myykax aHTUIPOTOHOB (P~ ), IMEET MECTO:
HOJI(Y +=¢€;) = X—=p )Y +=e"H)X—=p7) = = 35,24 TeV .

Jlnst Berpeunsix HOJI(Y —) = (X+= p)(X+= p1), paCC‘-II/ITLIBaeTCSI Macca KBaHTa
Zmo

MY =) = (X+=pH)(X+=p®) = (52 =) (1 - 3a)
2my _Mp _ _ __0,93828 GeV _ 3 _
v MY -) = ( 2a a ml) (1-3a) = (1/137,036) (1 137,036) = 125,76 GeV
OTO0 U ecTh Ta, BHOBb OTKpbITas Ha kosutaiiaepe B LIEPH, anemenTtapnas wactuna. B ganHoMm ciydae, Ha
BeTpeunbix nyukax (X+= p*)(X+=p*) = (Y —), mbl roBopum 00 unaykrusaoMm (X+=Y —) maccoBom
noje B npezaenax cos@(Y —) = a, kBanToBoro maccosoro M (Y —) mons ¢puxcupyemoit yactuipl. M1 macca

L .y = ) (e=0511Men)
tay nentona: M(X) = Y—=e ) X+=v{)(Y—=¢") = ) YT = 1776.835MeV

PS. B 06mmux MoJiesx cIeKTpa aToMoB, MoJienb kBanTa (X+ = 3He) sapa renus, 510

Pucynok 5.3 Mmoniens cuHTe3a
crpykrypHas popma ksautos (Y- = p*/n) CunbHoro B3aumoneiicTBys, CTPYKTYpUPOBaHHOTO (X-) 1MOJIeM,
m0o aHTHHEWTprUHO (X+= v; ) , n6o antunporoHa (X+= p~) B maHHOM city4ae. B cooTBeTCTBHM C

YPaBHEHHMAMHM JUHAMUKH MaCCOBBIX HOJIeH: C * roty M(Y —) = rotyN(Y —) = aG(X+) + 1 x G(X+), MBI
. 0 =1
rosopum 06 ympasisgeMoil (vy * roty2M(Y—=p*/n) = &, * W) TEPMOSIICPHOM PEAKLIUK:

1).n1u60 B Heynpyrux cronkHosenusx (X+= ja) = (Y—=p*/n=e"")(X+= v;,)(Y—=pt/n=e"")B
KOJUTaliiepe, BCTPEUHBIX ITy4YKOB siIep ACHTEpUs MAJIBIX JHEPIuii, 6e3 nepBUdYHOM mia3mbl. O6pasyromuecs
anb(a-4acTULBI HArPEBAIOT BOASHYIO PyOallKy yKe YIPaBIIeMOro TEPMOSIEPHOTO PEAKTOPa.
DHEPreTUYECKUii BBIXO] TAKOIO CHHTE3a CTPYKTYPHPOBAHHOM ILIa3Mbl PACCUMTBHIBAETCS 110 CTAHAAPTHON
CXEME.

Am(2[3H]) = 2[(1,00866 + 1,00728) — (Myre = 2,01355)] = 0,00478asm
Am([3He]) = [(2 *1,00866 + 2 * 1,00728) — (M pre = 4,0026)] = 0,02928asm.
AE = Am([4He]) — Am(2[2H]) = (0,02928 — 0,00478) = (0,0245) * 931,5MeV = 22,82MeV

2 rpamMmMa (OJIMH MOJIb) TaKO# IeHTepHeBOii MIa3sMbl SKBUBAJIEHTHBI 25 TOHHAM OEH3MHA.
2). miG0 CTPYKTYpHPOBAHUEM JIEHTEPHEBOM TIa3Mbl AHTUIIPOTOHAMH MAJIBIX JHEPIHii, B PEAKIIMAX

Xt=3%a) = (Y—=p*/n=e"")X+=p )(Y—=p*/n=e""),

H+p +3H > 3He +p~
CeroHs, ynpapisieMyro TepMosiaepHyto peakumio: (3H + 3H — 3He + in + 17,6MeV) co3naror B

wiasme. DTo pasHble sapa. B nmpoctpanctee-marepun (Y —= X+), o170 (3H + 3H) aHaorm4Ho coeMHEHUIO
MacCOBBIX TpaekTopuii «mosutpona» (Y—= p*/n = e***) wm (Y—= e*), u «mporona» (X+= 3H =
p*) wm (X+= p*). [IpoToH ¢ O3UTPOHOM, ¢ B3auMHO nepreHaukyisipabivu (Y —) | (X—)
TPAEKTOPHSIMHE, 3TO BOJIOPOJI, B KOTOPOM BCE HJIET Ha Pa3pbiB CTPYKTYPHI, B [UIa3Me B JaHHOM ciydae. U
TOJIBKO MPH yJapaX B BEICOKOTEMIIEpATypHO# riasme, B mosisix (X+= p*) Cunbroro B3aumoeiictus,



opmupyroTcs BuXpeBble Maccosble Tpaektopuu (Y—= p*/n)(Y—= p*/n) = (X+= 3He), y’ke HOBOTO
A/1pa, KaK YCTOMYUBOM CTPYKTYPBI.

Bonee a¢ppextuBHBIMU ycnoBUAME /718 yripaBiisieMoit TepMmosiieproil Peakuuu, mpeacTaBistoTes
BCTPEUHBIMH IIOTOKaMH JIEUTEPUEBOH IJIa3Mbl, C IEPIEHIUKYJIIPHBIM BIPHICKOM IIyYKOB aHTHIIPOTOHOB B
TOYKE BCTPEUM [TOTOKOB IUI1a3Mbl. CaM NOTOK AEUTEPUEBOM IJ1a3Mbl IIPEICTABIISETCS YIIPABISEMbIM
IIOTOKOM MOHOB, Kak 0oJjiee ycroiunBoe coctosiHue mia3mMsl B TOKAMAK. Unu  Heynpyrux
CTOJIKHOBEHUH ITy4KOB JIeUTEpHsI HEOOBIINX SHEPT U, B KaMepe C NMEPIEHIUKYISIPHbIMU CUIIOBBIMU
JIMHUSAMU CUJIBHOTO MAarHUTHOTO 110J1s, 0€3 mepBUYHOI MIa3Mbl. DTO OYJET y)Ke ynpaBisieMblii
«XOJIOJHBIA CHHTE3) T'eIIUS.

Mogens yNpaensemoro 'XonogHoro cMHTeza" renus Uz agep gerdTepMs.

\-\_\‘\/
M - <= Av-=p/n)
(v+) | s | (¥4)

t s 52

T—
== > 30v-p/n)

T

Figure 5.4 YmnpasiseMblit TEpPMOSIIEPHBINH PEaKTOP.
[Tonyuaemble anbha-4acTULbl TPEIOT BOJASHYIO PyOaIIKy y:Ke yIpaBiIsieMOT0 TEPMOSIIEPHOTO PeaKTopa.
3). mu6o B Heynpyrux cronkHosenusx (GH + p* — 3He) B kosnaiiiepe TPUTHUS ¢ MyYKAMK IPOTOHOB
00JILIIIKUX IHEPIHii, O6e3 TepBUYHOM M1a3Mbl. JIBa rpaMMa TaKoM I1a3Mbl CHHTE3UPOBAHHOTO TEITHS
SKBHUBAJICHTHHI 25 ToHHE OeH3MHa. Bo Becex ciyyasix, Hy>KHbI IPOOHbBIE KCIIEPUMEHTHI Ha YK€ TOTOBOM
KoJu1aiiepe.
DT0 Kak OXJIaXJIeHHbIE aTOMBI rejus 3@ (X —), 3aMeISIOT CBOE Xa0OTHIECKOE IBMKCHHE H

BBICTPANBAIOTCS BJIOJIb (X —) MarHUTHOTO IMOJIT 3eMIIH, GOPMUPYS «CBEPXTEKYUHiA» renuid. M
OUITOJIIPHBIE 3apsbl MOJICKYJIBI BOJBI B 00JIaKaX, MPU BpalieHuu 3emid, B (X—) MarHuTHOM I0Jie 3eMITH,
cwiioit JlopeHia ABMKYTCS 110 BEpTUKAIIU, GOPMUPYS pa3HUILY UX OOJBIINX NOTEHIMAIOB U JBIKEHUE B
HUX 2JIEKTPOHOB B BH/I€ MOJIHUN. DTO KBaHTHI B Makpo 3¢ dekrax.

JJieMeHThI KBAHTOBOM rPaBUTAIIUU.

Onu cnenyrot uz O6mieit Teopun OTHOCUTENBHOCTH, TEH30pa DUHIITEIHA, KAK MAaTEMaTHYECKOM
WCTUHBI Pa3HUIIl PENATUBUCTCKON NMHAMUKU B ABYX (1) 1 (2) TOuKkax puMaHOBOTO MPOCTPAHCTBA, C
(GyHIaMeHTaIBHBIM TEH30poM gy (x™) = €;(x™) e, (x™).

i) — 9i(2) # 0, exer =1, mo ycnoBusm e;(X —), e, (Y-),



Figure 6a. KBanTt nmpocTpaHcTBa-MaTepuu
Touka (2) npuBoautcst kK EBximmmoBoMy npoctpancTBy chepsl, Tre (e;Ley) u (e; * ,=0). [losToMy B

1
OKPECTHOCTH TOUYKH (2) BbIAEISiEM BEKTODHI (€,,) U (e,) u OepeM cpenHee 3HaueHue Ae,,; = > (e, + ep).
[Mpunumas (e, = ey) , YCIOBHE MPUBEIACHUS IPeoOpa3oBaHmii K eBKINA0BOM chepe (X5-,) U st

1 1 @
Ae,, = E(ejI + e) = —eK(—’I + 1), moayuum: g;, (1) — g (2) # 0,

i (1) —%(eie = Jix) ( + 1) (2) = KTy, (Z—z = R) . (e, # e,) , mosromy (e, = Ae,) u

ik (X iq:n:k)
Jis (e, = e,), umeeM (T = 0). B ycnoBusix (e, # €;), Mbl TOBOPUM O JMHAMHKE (PU3MYECKOTO BaKyyMa
B (DMKCHPOBAHHBIX YIJIaX MapajUICIbHOCTH, C Pa3JIMIHBIMU T€0JIC3MYCCKUMH YXKE TUHAMHYHON cheph
(x5 #+ x5 # x) B pukcupoBannbix (e, # e, * e,) Toukax. Jlug muHamuuneix (de,/d t # 0) yrios
napajIeIbHOCTH, MBI TOBOpHM 00 yckopeHuu B chepe (XY Z)HecTalmoHaApHOTO €BKIHI0BOTO
mpocTpaHcTBa. MiHade roBops, y)ke reojie3ndeckas, HectannoHapHo EBkinaoBoii chepsi,
ik (x5 # x5 # x5 # const) mensiercsi. Mbl rOBOpUM 00 YCKOPEHUH yXKE TUHAMHYHOTO (PU3UIECKOTO
BakyyMma B ero pacmmperun. [loatomy (A # const) mist (¢(X—) # const) nons Beenennoit. Kak Bugum,

_ Oy _ hZ aw
mY=y)n 1hat—2mAL|J+ULIJ,

13 HaYaJIbHOTO COCTOSIHUSL.
B nonHoMm Buze ypaBaenue OO0mieit Teopun OTHOCUTENBHOCTH, KAK MaTeMaTHYECKasi HCTHUHA!

1 1
Ry — ERgik — Eﬂgik = kT
Uto 03HayaeT 3TO ypaBHEHHE B KJIACCHYECKOM IpeicTaBieHnn? Bece HaunHaeTcs ¢ nocrynara DUHIITEHHA O
IpeAeNbHOM CKOPOCTH cBeTa (C€) Uit Macchl (M) co cKopocThio (W). DT0 3HAYHT, 4To: (¢) # (W), nim

Z
2 2. 2 2 . 2 _ 2 2 _ — 2 =)2
c? #= w?; ct—w?r#0;, w t_Z’ (c *t)* — (x)* = const = (c xt)* — (X)*.
370 U3BECTHBIE MpeoOpazoBanus JIopeHIa B peIITUBUCTCKON uHaMuKe. DyHIaMEHTaIbHBIM 37I€Ch, €CTh

HEeHyJIeBas pa3HuIa. M3MeHeHue xoa BpeMenu (t) mensiet npoctpanctBo (x) , (CmupHoB B.1.1974, 1.3,

4.1, ¢.195) ¢ pensaTUBUCTCKOM MOMPaBKO it MaccoBoi m (Y —) TpaeKTOpHH KBAHTOBOT'O TTOJIS
2

2
we_ — 2 — 2. 2 2 _ 2( w ) _ 2 2
— = cos Y a cc—wi=c‘{l—-=5)=c*(1—«a
2Pmax(Y =) = (137036) 7 ( )
JUi1st KiTacCU4ecKUX MpeoOpa3oBaHUi eI TUBUCTCKON TMHAMMKH:
— — o o A1 Qg2
X1 = A11C *t; — Aq2Xq , C*ty = ap,C *t; —dy,;Xxy; CMaTpulel npeoOpa3oBaHuil: a;, = a a
21 U22

B TpexmepHOM mpocTpaHCTBE- BpeMEHH HEeHYIeBOi EBKkiNI0BOM chephl, ¢ HEU3MEHHOH T'e01e3MUecKOi
(x; = const) xpuBoii, Takux ypaBHeHui Oyaetr yetbipe. (CmupHoB B.W. 1974r. 1.3, 1.1, ¢.195-198).

X = Q1€ *t — QX — A13Y — Aq4Z, a1 Q12 A3 Qdy4
Y = Qp1C * T — QX — A3Y — Ap4Z ¢ (ay) marpuneit Qz1 Gz dz3 Qpy
Z = QA31C *t — Q32X — A33) — A34Z npeoOpa3oBaHUi A3; Q3zy Q33 03y
C*l =0ayC*1 — AgpX — A3y — AgqZ Ay A4y Qu3 Ayg

B u3BectHol rpymme Jlopenna: (x)? + ()2 + (2)2 — (c*t)? = ()* + (3)? + (2)? — (c * t)? . 3nech
y’K€ MOXHO TIOJICTABJISATh YUCIA M CYMTATH IPEOOPa3OBaHKS PEISITABUCTCKOM INHAMUKE €IHHBIX
Kputepues DBosmonuu: Hanpumep: sHeprun E = T12Y = (m = 1Y) * (Il = ¢?) = m * ¢? , ummynbca

p = 1%t , macce m = MY (X+= Y—). 3necs I = ¢? = gY , norenuman yckopenus (g) Ha TPaeKTOPUH



(Y = Y—). Takue npeobpa3oBaHus peaATUBUCTCKONW JUHAMHUKHI B MHEPLUAIBHOW CHCTEME TPOCTPAHCTBA-
BpemeHu 6e3 yckopenus (g = 0) B EBkinumoBoii cepe

(a;; = 1) 6e3 rpaBuTanmu, B Touke (1) PucyHok6, Takue ke, kak 1 B EBKiIMI0BO# chepe mpocTpaHcTBa-
BpPEMEHH MaJaroero Judra B mose rpaButanui B Touke (2). [lepex DiiHmTeliHOM CTOSUIIA 3a71a4a IEPEUTH
U3 MPOCTPAHCTBA-BPEMEHHU MHEPLUAIBHOM cucTeMbl B EBKIIMI0BOH cdepe Oe3 rpaBUTaiy B IPOCTPAHCTBO-
Bpemst EBKITHIoBOM cepsl Toxke 6e3 YCKOPEHUs, HO yXKe Majgaromero audra B mosie rpaButauui. YToOs
BBITIOJTHUTH 3TH MPE0Opa30BaHUs B PEISTHBUCTCKON TUHAMUKE, DHHINTSIHH B MaTEMaTHIECKOW IPOLIeype,
K MMOTEHIHAy ycKopeHus (g) Ha Tpaektopuu (Y) mpocTpaHCcTBa-BpeMEHH B MHEPIHAIBHON CHCTEME,

Y?2 _ (E=I?Y)?

N06aBUII OTEHIMAJ TPABUTAIIMOHHOIO M0JIs B Buje Tensopa Il = w? = 7 = (e !
p:

SHEPTrUH-UMITYJIbCA.

1 . .
OTo MareMaruyeckas UCTHHA: Ry, = > R(gix = gY) + k(T = II), yxe TeH30pa DUHIITEIHA, B €TO

1
KiaccuaeckoM Bune: Ry — - Rgie = KTy, . (Kopu I, Kopu T. (1973), ¢.536). M (g, = g, £ a)
Kiaccudyeckoi ¢pusuku. 3aeck (R;y) - mpeoOpa3oBaHus PENSTHBUCTCKON TMHAMUKA B TIPOCTPAHCTBE-
BpeMeHH EBKIINIOBOM yoke Opyroi cdepsl, yke Apyroi reoie3ndecKoi KpuBU3HbI (x5 = const) B
nasatoeM Jmdre B mose rpaButanuonHoro norernuana (KT, = I1). MHade roBopsi, moje rpaBuTanuu
M3MepsIeTCsl KPUBU3HOM MPOCTPAHCTBA-BPEMEHU. BBIYnCIIsisi H3MEHEHUS MPOCTPAaHCTBA-BPEMEHU B
PENATUBUCTCKOM qUHAMMKe Oe3 rpaBuraimu B Touke (1): X7 = gyeXy; C*t; = g€ * ty; (i, k=
1,2,3,4) 1 n3MeHEeHHs IPOCTPAHCTBA-BPEMEHH B PEIISITUBICTCKON TMHAMUKE YK€ C TPaBUTAIHEH B TOUKE
(2): X, = gixxa; € *t; = giC * ty; MBI MOKEM CUNTATh H3MEHCHHUI KPUBU3HBI T'€0IC3MUECKON
najgaroriei chepel (x5 = const) B mose rpasutanuu (x° = X,Y, Z, ct).

Ty 22 — 2 2 2 2 2 _ . (=
(3 —x1)% = gin€® * (&2 = t1)* — Giz * (63 — x1)* — gis * V2 = ¥1)? — Gua * (22 — 2)* = (kTyy) ; (i=1,
2,3, 4).

B npuHnune, Mel uMeeM aeno ¢ (gix)? kBagparuunoii popmoit (gix) (Gix = JirRjkp) 10151 BEIOpAHHBIX
Harnpasyenuii(eje, = 1) u (e,y" = 1)npeoOpa3zosanuii Tenszopa Pumana —Kpucroddens (Kops,
1973,¢.535).

Kax BummMm, 310 MaTpuiia B 5 ctonbrax u 4 CTpokax, Kaxaas U3 KOTOPOH €CTh YypaBHEHUE TUHAMUKH B
IPaBUTALIMOHHOM TOJIE, M pellaeTcsi OTANbHO. Vimu B 001ieM ciyvae paanaibHOTo MpeAcTaBieHus chepsl:

— —= — - ATT+IT Aw? ATT+IT
(x; —x1)% = Ax3, ; (t, — t;)? = AtZ, ;B BUge: €* x At2, — Ax3, = PRl Ct c? x At? (1 - Clz) ==z

2 Aw? ATT+IT .
c|1- = GPeariom ATl . Pa3Huria ckopocTeii Ha OpOrTe U3MEPSETCS SIKCIICHTPUCUTETOM (€).
* =

c2(1 — £2) = AIl . IlpuHuMas cMelleHne nepurenus 5¢ =~ % , Adp = AA ; mony4rM U3BECTHYIO

opmyny DitamreiiHa: c?Adp(1 — €2) = (All * AA = GM), 69 = _OmEM _ _ 42.98" st mepurenus
p y y (p (p CZA(l—SZ) p
6mGM
Mepkypus. DTo To’ke MaTeMaTHdeckas UCTUHA. B 3Tux pacuerax: §¢ =~ Faa—e =

6+3,14%6.67+108%2+1033

o n = 5,03356 * 1077rad , (1rad = 206264,8") ;u 6¢ = 0,1038", 3a 1 nepuox
9+10205,791%1012x0,958
Mepkypus 88 cyrok, u 100 net Ha 3emiie, NOJTy4UM:
5 * 36525

10'2sm), a 3T0 3HAYMT, YTO peub UAET O HOBOPOTE BCETO IPOCTPaHCTBa-MaTepun BOKpyr Connua. Ilpu

= 43". U B aTHX pacyerax Oepercs cpeanee 3HaueHue opoutsl Mepkypus (A = 5,791 *

. 1
3TOM JIMHAMHKa BaKyyMHBIX 3HAU€HHUH MPOCTPaHCTBa-BpEMEHU (E gix = 0) B Touke (2), HE yuUTHIBaeTCS

(e; L ex). 3necw Her nuHamuku. Ho 371ech yske MOXKHO MOACTABIIATh YKCIIa U CUUTATh KPUBU3HY
IIPOCTPAHCTBA-BPEMEHH, C €€ UHTEPIOJIALUEN B IOTEHIIMA IIPOCTPAHCTBA CKOPOCTEN IrPaBUTALIMOHHOTO
noJist. I[Ipu HyneBoM rpaBUTAlIMOHHOM MOTEHIMANIE YPaBHEHUS: R, = %R(gik =gY)+k(Ty =11 =0)
O6ueit Teopun OTHOCUTENBHOCTH DUHIITEIHA, IEPEXOIAT B paBHble ypaBHeHus CnenuanbHoit Teopun
OTHOCHUTENBHOCTH DUHINTEIHA, B IBYX Pa3IMYHBIX TOUKax (JabopaTopusx) EBKINI0BOrO MpoCcTpaHCTBa,
IIPU 3TOM MOATBEPIKJasi B MAaTEMAaTUUECKOM NCTHHE, epBbIi nocTynaT DitHmTeiHa. Ry, = (R = 1)(gu) ;
Xz = gieX1, C*tp = guty;tme (i,k=1234), mm (c*t)?> — (X)? = (¢ *t)*> — (x). VpasHeHue

o o 1 8mG
OiHmreitHa Ry, (1) — 5 Rgi(2) = — Ti : 3alMILIEeM B BUJE IPABUTALMOHHBIX MIOTEHIINAIOB B IBYX
TOYKaX PUMaHOBOI'O MPOCTPAHCTBA C (PyHIAMEHTAIBHBIM TEH30POM:

Ry (1) = e;(x™)e,(x™) = vy = 11 u 9 (2) = e;(xM) e, (x™") = vy =1,



MpI noHuMaeM, 4to Touka (2), npeacraBieHa EBKINAOBEIM POCTpaHCTBOM (7,) 0e3 KpuBH3HBL. OTMETHM,
YTO TOYHOT'O COBIAJECHUSI TOUKH (2) KPUBOM C OKPY>KHOCTBIO HET B MATEMATUYECKOM NCTUHE MOJIHOTIO
ypaBHeHus DifHmteiiHa. Touka (1) ¢ KpUBH3HOM PUMAHOBOTO MPOCTPAHCTBA (7)) B TPABUTALIMOHHOM IIOJIE.
Toraa rpaBUTallMOHHBIE TOTEHIIMAJIBI BHE MACC, MBI IIPEACTaBUM B BHJIE:

Figure.66 — rpaBUTAlIMOHHBIC TIOTCHIIMAIBI

r T, G E? _ G(U?K)?2  Gn%n2%k?
[, =c?(-)% 1, = c?(®)?, ¢ TeH30pOM SHEPTUU-UMIYIIbCA, — T = — = =
1 (r) 2 (r) ) P P Y. c4 ik p? (I126)2 422 !
GII’K?  Gc?IIK? c?GK?
H1 - H2 —_ C4t2 _— c2Ht2 y H1 - HZ -_ C2t2 y HNJInN.
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 ) T o2z ! (1 r ) T 22!

(1+2)(1-2) =25, (1+2)c2? — 2 =500, s2(x) =0 npu (x = 0)
r r c2t2 ! - (1_%0) ) p .
-1 -1
(1 + TT—O) c?t? — (1 - Tr—") x? = s? ,wm: ds® = (1 + rr—") c?dt? — (1 - rr_o) dx? .
DTO MaTEMAaTHYECKHE UCTUHBI CaMOM TPOCTON MOJIENN paauaibHON PETITUBUCTCKON JUHAMUKA

EZ
IIPOCTPAHCTBA-BPEMEHH B TPABMTAIMOHHOM MoJie BHE (Mo = 0) mMacchl: — = ¢? , wim:
p

E—ZZ = p? + (my = 0)2c%. U nepBoe, 4To HAJ0 OTMETHTh, TAK ATO HEHyeBoH (1, # 0) paguyc 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 yeM. CHHTYISPHOCTH HET B MPUHIUIIE U IO OIpe/ieieHHI0. BTOpoit MOMEHT B TOM,
ypaBHEHHE DWHIIITEHHA pacCMaTpUBaeT IPaBUTAIHMIO BHE cepbl. HUKakux «myremecTBril» BHYTPh Chepbl
B ypaBHEHUHW DUHINTEHHA TOXE HET, Kak u (1 # 0) B 3akoHe HproToHa. Bee mocneayromme Moaenu
«YEPHBIX JBIP» UMEIOT TOPU30OHT COOBITHI U Tak Aajee. MHOTHE MOJENHU «UYEPHBIX AbIPY», KOJIATICUPYIOIIHUX
dboToHHBIX cdep (3Be31a B npenene) npoxoaamumx chepy [Bapimmibpaa ux quarpaMMbl HAUBHBI,
olMO0YHBI B 0a30BBIX OCHOBaX M 0€3 apryMEeHTOB UCXOAHBIX MPEANOCHUIOK KaK IPUYUH, XOTs Jajiee
paboTtaet matemaTHKa U jJoruka. Ho ypaBHeHune DiiHITeliHa BooOIe HE 00 ATOM. YpaBHEeHHE DUHINTEIHA
He cozepxkut Maccy (m = 0) u Gosee riybokoe. B HeM yKa3aHbl OTEHIUAIIBI, CUIIOBBIE TOJIS U DHEPTUS
IPaBUTALIMOHHOIO MOJIs B 10001 Touke Beenennoit Bue macesl (m = 0) . M o1 01Ha MOJIEIb, HE OTBEYAET
Ha Bonpoc, [IOYEMY Bo3HMKaeT KpMBU3HA I'PaBUTALMU U, OTKYJa SHEprus noja? B Takux
MIEPEYUCIICHHBIX YCIOBUSX, KaK apr'yMEHTOB MaTeMaTHYE€CKHX UCTHH, TOBOPUTH O CUHTYJISIPHOCTH B IIEHTPE
(R = 0) «4epHOit OBIPBI», OTO Pa3srOBOP HH O Y€M. 3J€Ch HET HUKAKOM CHHIYJIIPHOCTH B LIEHTPE «YEPHBIX
neip». Bonpoc 3akpeiT. Ho ecTh (hakT Hamu4yus «CBEpXMaCCUBHBIX KOMIIAKTHBIX 00BEKTOBY, 0OHAPYKEHHBIX
B sJipe ranakTuk. U ecTh Apyroe mpencTaBieHHe CBOMCTB TaKMX OOBEKTOB:

(R < Ry) = =4

(vi >c)?

C HaJIMYMEM CBEpPX CBETOBOTO mpocTpaHcTBa: (v; > ¢), BHyTpU (R < Rj)) Takux «4epHbIX chepy,
UMEHYEMBIX «UepHBIMU JbIpaMu». HeT Hukakux «iplp». Macca Takux «aepHbix 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:

(R = (g2 > ©)(Y = 0)) = R(gix = g114) + k(Tye = 11 = ¢?) , (g5) yexoperme B TouKe 2,

2 2 —
(cxt)?— (%) = Gaooo)?
(cxD)?—(X)?=0,um: (c*xt)?=(X)?’u(cxt—>0)?2=(x =Y, > 0)>~
DTO 3HAYMT, YTO B IPOCTPAHCTBE-BPEMEHH TAKOH CHHTYISPHOCTU HET. B ypaBHeHHMU DMHINTEHHA HET HU
«YEPHBIX JBIP», HU CHHTYISAPHOCTEH. Bee 3T0 B cTporux MareMarudeckux uctunax. C Ipyroii CTOpOHEL,
MaTeMaTH4ecKash HCTHHA 3/eCh B TOM, 4TO HEHyJeBas Pa3HUIIA PENIATHBUCTCKON TUHAMUKH AxZ,, B
ypaBHEHMHU DUHINTEHHA, 00YCIOBIEHA CKOPOCTSMH MAcC MEHBIIE CKOPOCTH CBETA B CaMKX cepax B

— 0. Hcuezaer camo ypaBHEHUE DHHIITEHHA!



Toukax 2 1 1, ¥ BHe HeHYJeBbIX EBKJIWIOBBIX cdhep ¢ pa3sIMyHbIMU MX T€0IC3UUCCKUMU (X5 # X7)

26(M) _ s\ 26(M) 5, 2G(M-0)
ez = 0 R(x®) ==5=, ¢ ===, (R # 0). 3nece wer

CKOPOCTH Macc B I10JI€ TPaBUTALlUHM, PABHON CKOPOCTH CBETA, TAK KAK HCUE3aET CaMO ypaBHEHUE
OHHIITEHA, BMECTE C CUHTYJIIPHOCTSMM B «4€pHBIX JbIpax». X HeT. Bonpoc 3akpsIT. B ypaBHEeHHAX
€CTh TOJILKO MacChl HEHYJIeBbIX cep (X5 # X7 ) Kak UCTOUYHHMKA KPUBU3HBI, PABHO IPABUTAIMH, H TOJISI
WHAYKTHBHBIX Macc, (BHE «Im(Ta») «TeMHO# Matepun». Ho HeT ypaBHEHU, KOTOpBIE NAIOT «YEpHbIE
JbIpBL, cUHTyJIsipHOCTU. Takux ypaBHeHuil B O6ueit Teopun OTHOCUTEIBHOCTH DHUHIITEWHA HET.

Habnromaembie «4epHBIE ABIPHI», B IPOCTPAHCTBE-MAaTEPUH MPEICTABICHBI KaK 00BEKTHI Pa3TMIHBIX
SHEPreTUUECKUX YPOBHEHM (PU3MUECKOro Bakyyma. 1o 00beKThI 3Be3HbIX (10 30,8 * My,,,,) Macc,
Mesk3Be3HbIX Mace (0T 31 * Mg, 10 622000 * M, macc Connia), ranakruueckux macc (ot 6 * 10°M,,,
no 10°Mg,,,,), mexranakrudeckux macc (ot 101°Mg,,,, mo 1013 Mg,,,.), sapa kBazapos (ot 1013 Mg, no
1017 Mg,,) u xBazapHbIx ragaktik 10 (10%*Mg,,,). OHu UMEIOT MO HApacTaoIIEl, MHOTOYPOBHEBHIE
000JI0YKH KBAaHTOBBIX MOANPOCTPAHCTB, B KOTOPHIE , HAIpUMEP (POTOH, MONACTh HE CMOKET. DTO BBIXOIUT
3a paMKH 0OIIel TEOpUU OTHOCUTEIILHOCTH DWHINITEHHA UITH, TOYHEE, 3a TIPEICIIbl €BKJIMI0OBOM
AKCHMOMATHKHU TIPOCTpaHCTBa-BpeMeHu. Ho 3/1ech HeT HUKakux 0ECKOHEUHOCTEN U CUHTYIsIpHOCTEN. VX HeT
B [Ipupone.

CpenHee 3HaYCHHUE JIOKATBHOTO 0a3MCHOTO BEKTOpPAa PUMAHOBOTO TpocTpaHcTBa (Ae, ),
ONPEIENSETCS KaK MIPUHIMIT HEOTIPEAEIEHHOCTH, HO YKe Ha BCIO JUIMHY BoHbl KL = A(X +)
rpasutanmornoro nosist G(X +) = M(Y—) MaccoBeIX TpaeKTOpuil. ITa HEONPEAETEHHOCTh B BUJIE
otpeska (OA=r), kak BoHOBOH pyHKIMH (1 = Yy ) MaccoBoit M (Y —) Tpaekropuu kBanta (Y1) B
rpaBuTanoHHoM G (X +) nosne Bzaumopeiicteus. A(X +) = 2vyy) 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 DIEMEHTHI KBaHTOBOTO IpaBuT G (X +) = M (Y —) maccoBoro mosist. OHH CIIEAYIOT U3
ypaBHeHuss O0mieit Teopun OTHOCUTENBHOCTH.

2.KBaHTOBasi TPABUTALMUSA B €IMHOI TEOPUU

DreMeHTHl KBaHTOBOTO rpaBUT (X+ = Y-) MaccoBoro moJjs ciaeaytor u3 Oomiei Teoprn
OtHocuTenpbHOCTH. Peub 0 pa3HuIle pelaTUBUCTKON JMHAMUKH B 1BYX(1) 1 (2)TOUuKax puMaHOBa
MMPOCTPAHCTBA, KAK MaTeMaTHYEeCKOW UCTUHE TeH3opa DiHmTelHa. (G. Korn, T. Korn, ¢.508). 3aech
Jix (1) — 9i(2) # 0, ere, =1, o ycnosusm e;(X —), ex(Y—), dynmamMeHTanbHBIN TEH30D
i (x™) = e;(x™) e, (x™), pumanoBoro npocrpancTsa B (X™) cucreMe KOOpAUHAT.

KPUBBIMU B 110J1€ TpaBuTanuu. (1 —

Figure 6e. KBantoBoe rpaBut(X+ = Y-) MaccoBoe moJe.
®dusnyeckuM cBoicTBOM rpaBut(X+ = Y-) MACCOBOTO TOJIS €CTh IPHHIIUT SKBUBAJICHTHOCTH HHEPTHON U
IPaBUTAIIMOHHON MacChl. DTO PABEHCTBO YCKOPEHHsT a = Vy * M (Y —) MacCOBBIX TPAeKTOPHUil U YCKOPEHUSI
g = G(X+) nons rpasutanmn, vy * M(Y —) = a = g = G(X +), B mpocTpaHCTBE CKOPOCTEit

e,(X=)=¢e(x"=X,Y,Z) = vy [ﬂ JIOKaJIBHBIX 0a3UCHBIX BEKTOPOB, €, (Y —) = e, (x™ = X,Y,Z) =

ol

Hanpumep, B «magatomem» nudre yckopenue (g — a) = 0 orcyrcrByet, u Bec P = m(g — a) = 0, paBeH
Hymo. Touka (2) mpuBoautcs k EBkingoBomy npoctpanctBy chepsl (X5-,), tae (e;Ley), (e; * ex=0).



[TosTOMy B OKpecTHOCTH TOUKH (2) BBIIEIsIEM NTapajlieibHble BEKTOPHI (€,) U (e,) U OepeM cpeaHee
1
3HaYCHUE 3HaueHNe Ae,, = €; = - (e; + e,). [lpunnmas (e = e) u i) — g9 (2) #0.

Bew =35 (e + &) = e+ 1), moaymn: gy (DXH) = g (DXH) = KTy (¥ =) , wn
gix(1) — % (eie2 = eiex = i) (E_z + 1) (2) = kTy , (Z—” = R) . (e # ),

K

ik (X Zsznzk)
s (e, = e,) umeem (T;, = 0) . B ycnosusix (e, # €,) peub MAET O JMHAMUKE (PU3NUECKOTO BaKyyMa
pu (PUKCUPOBAHHBIX yIJlaX MapajuieIbHOCTH, C PAa3HBIMH I'€0IC3UUCCKUMH Y)KE THHAMHUYECKOH chepoit
(x5 # x5 # x5) B dukcupoBanusix (e, # e, # e, = const) Toukax (e, = Ae,). [l AMHAMHYHBIX
(0e,/0t # 0), (¢ # const) yrioB napauieabHOCTH IPOCTPAHCTBA-MATEPUU MBI TOBOPHM 00 YCKOPEHHH B
chepe (XYZ) HecTalmOHAPHOTO €BKIIMOBA MPOCTPAHCTBA. J[pyruMu clioBamu, yxe reoe3ndecKast
HECTAIMOHAPHOM eBKINI0BOM chepbl g, (X5 # x5 # x5 # const) mensiercs. Peub uaetr 00 yCKOpPEHUH U
0e3 TOro TMHAMUYECKOTO (PM3UUECKOTO BaKyyMa IPH €0 PaCIIMpPEHHH.

Ortcrona cnenyer ypapHenue O6mel Teopun OTHOCUTENBHOCTH B ITOJIHOM BHUJIE:
Ry — %Rgik _%Agik = kT . (k = 8:—46)

CpenHee 3HaYEeHHUE JIOKATBHOTO 0a3MCHOTO BEKTOpPA PUMAHOBOTO MpocTpaHcTia (Ae, ),
OTIpeeISIeTCs KaK MPUHIIMIT HEOTIPEISICHHOCTH MaccoBBIX (Y —) TpaeKTopuii, HO y)Ke Ha BCIO JUTMHY BOJIHBI
KL = A(X +) rpaBuranmonsoro mnojs. 3aeck yckopenus G(X +) = vy M (Y —) MaccOBBIX TPaeKTOPHIA.
DTa HEONPEAENEHHOCTh B BUE oTpeska (2 * OA = 2r), kak BojHoBol Qpyukimu 2Py (Y—)r = A(X +)
maccoBoii M (Y —)tpaexropuu kanta (Y +) B rpaButanonnom nojie G (X +)Bzaumoneiicteus. 31ech
2y , comu (1) xBanToBOro mojist A(X +) rpasuranuu. I[poekius MaccoBoi (Y —)TpaekTopuu KBaHTa,
Ha IUIOCKOCTh Kpyra (7T7'2) #aeT miomaas BeposTHocTh (Py) 2 nonaganus maccoBoit M (Y —) Tpaekropuu
kBanTa (Y +), B kBaHTOBOE rpaBuTarontoe G (X +) mose B3aumo (Y — = X+) zgeiictus. B o6uiem
cygae Toukn V; 1 N (Y-) maccoBbix win V; N (X-) 3apsa0BbIX TPaeKTOPHiA, aOCOTIOTHO OJHMHAKOBBI
MEXIy cO00¥ B IMHUU-TPACKTOPHH STUHOTO MyYKa MapajyieIbHbIX MPSMbIX JHHUN. Kaxaas mapa Touexk,

UMEIOT CBOIO BOJMHOBYIO (pyHKIHMIO +/ (+1) (—) = iy, B MHTEpIpETAMK KBAHTOBOM 3aIlyTaHHOCTH. B 5TOM
MIpe/ICTaBJICHUH KBAaHTOBAS 3allyTaHHOCTh €CTh (paKT peaibHOCTH, KOTOPBIN CIEAYEeT U3 aKCHOM
JUHAMHYHOTO MPOCTPAHCTBA-MAaTepUU. DHTPOIHS KBAHTOBOM 3alTyTaHHOCTH MHOKECTBA JJA€T IPATUCHT
HOTEHLMANA, HO 3[1€Ch TEPSETCS NPUHIMI SKBUBAJIEHTHOCTH DHHIITENHA MHepTHOM vy M (Y —) = G(X +)
Y TPaBUTAIIMOHHOM MacCHhI.
DTO UCXOIHBIE DIEMEHTHI KBAaHTOBOIO IpaBuT G (X +) = vy M (Y —) maccoBoro moss. OHU CleyIOT
n3 ypaBHeHus Oo6mieit Teopun OTHOCHTETBLHOCTH. Bhiienum 3/1ech pa3MepHOCTH eMHBIX Kpurepuen

2
DBOJIIONUY MPOCTPAHCTBA-MaTepuu B BuJie. CKOPOCTH Vy [ﬂ, notenuuan (I = v2) [%] ; YCKOpeHHe
G(X+) [%], maccoBbie m = [IK(Y—= X+)nons u 3apsnoBbie ¢ = [IK(X—= Y+) nons, wuX mioTHOCTH
p [T{—Ig] = [ﬁ], cuna F = I1%; oueprua € = I[12K; umnynsc P = 12T; peiicteue A = I?KT u Tak manee.
£ £ £ £
O6o3nauum (Ae,, = 2ye;), Ty = (E)i A (E)Jm = (E)i 2y (E)K = 2y T} , B BUIE TCH30pa
suepru (€) — (P) ummynbca ¢ BoHOBO# dyHkiuei (). OTcroaa ciieayer ypaBHEHHE:

Rix — 2Rejde,, = k (%)l_A (g)}m v

Rue(X+) = 29 (Rerer (X+) + KTy (Y=)), 1 Ryp(X+) = 29 (5 Rguc(X+) + KT (V) )

KZ
9T0 YPpaBHCHHUEC KBAHTOBOT'O FpaBI/ITauI/IOHHOFO INoTeHnualia ¢ pasMCpHOCTBIO [T_z] noTeHOuaia

(I = v§) ucnuuom (21). B ckoOKax 5TOro ypaBHEHHs, 4acTh ypaBHenus O6mei Teopuu
OTHOCUTENBHOCTH B BUE MoTeHIuanbHoro [1(X+) mosis rpaBuranum.

B reopuu mosst (CmupHOB, T.2, ¢.361), yckopenune maccoBbix (Y —) tpaekropuii B (X +) mose rpaBuTarmu
emuroro (Y —) = (X +) mpocTpaHcTBa-MaTepuH MPEACTABICHO TUBEPTEHIINEH BEKTOPHOTO TOJISL:

divR; (Y —) [TK—Z] =GX+) [:—2], ¢ yckopenuneM G (X +) [:—2] u
GX+) [TK—Z] = grad;T1(X +) [f—z] = grad,lI(X +) * cos@y [:—2]



Coortnomenne G(X +) = grad;I1(X +) paBHocuiabHO Gy, = z—G; Gy = Z—f]; G, = Z—z; IPEICTABIICHHUIO.

3neck nosHel quddepennuan: G,dx + Gydy + G,dz = dIl. OH uMeeT UHTETPUPYIOIIHI MHOKHUTEITh
cemerictBa nosepxnocteil [I(M) = C; 53, ¢ Touko#l M, OpTOroHaIbHEIX K BEKTOPHBIM JIMHHUAM IOJIS
maccoBbix (Y —) Tpaekropuii B (X +) mose rpasuranuu. 3necy e;(Y—) L e, (X—). Orcrona cienyer
KBa3UIIOTCHIIMATIHLHOE TIOJIE:
K2 1 K
tr(Gdx + Gydy + Gdz) =dnl[5|,  w 6(X+) =2 graanx+) 5]
T

31eck t; = n I KBa3UIIOTCHIIMAIBHOTO ToJis. Bpems t = nT, 310 n- Koau4ecTBo nepruoaoB T

KBaHTOBOU jquHamMuku. I n = t # 0. OTcroaa ciaenyroT KBa3UIOTEHIIUAIBHBIC IOBEPXHOCTH w = 27T/t

KBAaHTOBBIX I'PABUTALIMOHHBIX TIOJIEH C nepuoaomM Tn YCKOPCHUCM:
K K K2
G =LgradX M5 . =y K] «6x || =nxH[G| =ac

X+ [15] = £ ( grady(Rgu) (€05 @ryy = O [15] + (graci () ).

(1 N #}gﬂ‘:’_&x;bﬁ%——- rs
7 AY-) “‘l

g, gl /L rX 4 ZJ
+ N

Pucynok 6.1. KBaHTOBBIE IPaBUTALMOHHBIE MOJI.
D10 PUKCHPYEMOE B CEUEHUH, BRIOpaHHOE HampaBieHue HopManu n L . ClioxeHue Bcex Takux
i t,G(X +) [£| mo6oii 6
KBAHTOBBIX ITOJICH MHOKCCTBA KBAHTOB 170 X T2 JIFOOOH MAacCChI, (l)OpMI/IpyeT (010)118%10)
HOTEHIMAILHYIO «IMY» €€ TPaBUTALMOHHOIO M0JIsL, TA€ Y)KE JEHCTBYET ypaBHEHHE DUHIITENHA, C
«3aIIUTO» B ypaBHeHHH GopMyioi (3akoHoMm) HeroToHa.

E K?
E=c*K, P=c*T, (¢ —cf=Ach) === ==ch, Aci =Gv*(X+)#0
AcZ = c*K?=E? _ c*c*k? _ G(c?Ky=m1)(c’Ky=m;) _ Gmim, Ac2 = Gmym, Ac2c? = F
Cig = c4T2=p2 ~ c4c4T2 c2(c2T2=K?) = 22 ! Cik = c2Kg2 CigC™ =

K .
B 1uHaMU4YHOM IPOCTPAaHCTBE-MATEPUH, PeUb HIET O AuHaMuKe 7oty G(X +) [T_Z] MoJiel Ha 3aMKHYTHIX

rotyM(Y —) Tpaektopusx. 3/1ech -THHUS BIOJb KBa3U MOTCHIMATBHBIX OBEPXHOCTEH PUMAHOBA
IIPOCTPAHCTBA, ¢ HopManbio n L [. TlpenenbHbIi yros napanienbHOCTH MaccoBbIX (Y —) TpaekTopHii B

(X +) moue rpaBuTaIMK, JAa€T IPABUTALMOHHYIO KOHCTAHTY (COS@(X —)pax = G = 6.67 * 1078). 3nech
1

a=—).

ty = % =N, NOPANOK KBa3U NOTEHUUAIBHBIX NOBEPXHOCTEN, U (COSQP(Y —)pax = 137.036
K *T >
GX+) [T_Z] = U)T (G * grad,Rgy (X +) + a * grad, Ty, (Y -)) [T_z]

. [k .
310 o0I11€€ ypaBHEHUE KBAHTOBOTO I'PpaBUT (X+ = Y-) MaccoBOIo HOJIs YK€ YyCKOPeHHUid [T_Z]’ 1 BOJIHOBOM

Y — dyHKIwEei, a Takke T- nepuogoM quHamuku kBaHta A(X +), co cmrom (I1), (2¢). Tons yckopeHwii,
KaK U3BECTHO, 3TO YK€ CHJIOBBIE MoJIsL. M 3TO ypaBHEHHE OTIMYAETCS OT YPaBHEHUSI TPAaBUTALIMOHHBIX
norennunaoB O6ieit Teopun OTHOCHTENBHOCTH. B IBYX C0BaxX OTMETUM KOHLEMIMM B TAKHX MOJX0JaX.
DOUHIITEHH fanee, NbITalcs BBIIOJHUTH MapaljiebHbIA epeHOC BEKTOpa B PUMaHOBOM IPOCTPAHCTBE
BJIOJIb T'€0JIe3MUECKON KpUBOH (x°) m3 ToukH 1, B TOUKY 2, C TIOTy4eHHEM KBaHTa IPAaBUTAIIHOHHOTO MOJISL.



Pucynox 6.2 uHTEpnpeTanus Moaenei.
B maremaTnueckux npoueaypax EBKIMIOBON aKCHOMAaTHUKH, 3TO BO3MOKHO TOJBKO MPHU MEPEHOCE BEKTOPA
(x7) Toukwm 1, B TOuHO Takoii BeKTOp (X3) , HO YK€ TOUKH 2, KaK MpoeKIuii Ha EBKINI0BOE MPOCTPAHCTRO,
JIOKAJILHBIX 0a3UCHBIX BEKTOPOB PUMaHOBOTO TpocTpancTBa e;(x5) u e, (x5). (x] = x5 = COSQx max =

\/5)1

wn (x5 * x5 = VGen/Gey = G gy (x5). MbI TOBOPHM O TPAaBUTALHOHHOM ITOTEHIHAIE TEH30Pa SHEPT U -
nmnynbca (Ggy, = GTy), B ypaBHeHnn O6mieit Teopun OTHOCHTENBHOCTH DHHINTEIHA, B KOTOPOM
rpaBUTaMOHHAs ocTostHHAs (G) , 9TO MaTeMaTHueckas ucTHHa. be3 BapuanToB. B kax ot
(UKCPOBAHHOM TOYKE T€0Ae3MUECKON KprBOH (X°), B €BKIMIOBOI aKCHOMATHKE KPUBU3HBI TPOCTPAHCTBA-

2
matepun: K = i— (B.W. CmupHOB, 1974r. 1.1, ¢.187), ¥ COOTHOIIEHMIA TL =ch (rﬁ) = %(ex/ro +e7*/M) n
0 0 0

X = %), I'PaBUTAIMOHHBIN MIOTEHITNANT PAaBCH:
= . N R ﬂ — ; ch — _ s _ m m*h
N +) = Ggye (1 [ro = ch( L )]) = KT . Jlas: h = 2m(h = ApyAx), AL = = w ch (APY*TO).
3neck (py), IMITYJIBC ICHCTBHS KBAaHTA IPABUTAIIMOHHOTO MoJisd. Tak peanusyercs uies DHHIITEHHA.

[Tyrem npeobpazoBanuii rpaBUTAIIMOHHOTO MoTeHnuaa [1(X +), MOXHO T0IydaTh BApHAHTHI:
. Y
a)[I(X +) = g *xx° = x°G(X+), COOTHOIIEHNE PENATUBUCTCKOMN TNHAMUKH (r— = R) Kak IMOBOPOTHI
0

npeobpaszosanuii JJoperna B miockoctsax kpyra (R) u r(y), a Takke mist (cos@(Y —)yax = @), uY = a *
(Y_)!
MOJTy4aeM YK€ KBAaHTOBBIC IPaBUTAIIMOHHBIE MTOJIsI YCKOPEHUH B BHIE:

Ggix =G*Rx*gy +aTy, wim G(X+) =G * R * grad, gy (X+) + a * grad, Ty (Y-),
6) B Esxinnosoii akcuomaruke, cos@(Y —)pim = 1, co0S@(X =) pmin = 1, u Ggy = Rix , nosnyunm
knaccuueckoe ypaBHeHue Oomieit Teopun OTHOCUTENbHOCTH DUHINTENHA B BUaE: Ry, — %R * gie = k * Ty,

o o o 1 8nG
B). U3 cranmaptHoro ypaBHenus Oorieii Teoprn OTHOCHTENBHOCTH DUHINITEHHA: Ry, — ER Jix = C_4Tik ,

633 JUHAMHUKHN (1)I/I3I/I"ICCKOFO BaKYYMa, B €AUHBIX KpI/ITepI/IHX BBOJHOI_II/II/I MMpOCTPpaHCTBA-BPECMCHU, CJ'ICI[yeT
Mm
RZ

. G
KJlaccuueckuii 3akoH HprotoHa: F = . VI3 pa3HuIlsl rpaBUTAlIMOHHBIX MOTEHIMANOB B TouKax (1) u (2)

B Buze: (R, = ejer(1) = U;) %Rgl-k = e;e,(2) = U, u (U; — U, = AU). Hanpumep, miust ContHna u

3emiau

6 67x10-8)(M=2x1033
(M =2%10%3g) u (m = 5.97 * 1027 g), nomyuum (U, = =070 IM=2:107) _ g 917, 1012)

R=1.496%1013
_ (6=6.67%1078)(m=5.97x1027)

rPaBUTALMOHHBIA MOTEHIMAN HAa paccTOsTHUU 10 3emuu u U, = F—c372.108 = 6.25* 1011,
=6. *

notenuuan camoii 3emmn. Torma (AU = U; — U, = 8.917 * 1012 — 6.25 x 101! = 8.67 * 102) , mim

(AU = 8.29 * 10'?) , mosyuum:
AU = 876 _ (WPK)* _ UP(UK=m)* _ Mm AU _ 87G Mm _ 8nG Mm GMm

— Uy = = = Wil —= = ——— ==
(C4=U2=F)( tke U2T? U2T? T2/’ V2 F T2 (AU/NZ) TZ (AU*TZ/\2)/8m
AU+T?  8.29%¥1012%(365.25+24+3600=31557600)2

= ( ) = 2.3%10% , uro

812 8m\/2

0e3 TeMHbIX Macc. OcTalloCh MOCUNTATh



GM
COOTBETCTBYET KBajpary paccrosiuus (R? = 2.24 * 10%°) ot 3emunm g0 Connua, wm F = Rzm :

3aKOHY
HrroTona.

T) a TAKKe KOHIICTITYaJIbHYIO MOJIC/Ib IETJICBOI KBAHTOBOW I'PaBUTALINH, Y)KE C HEKOTOPHIMU OTOBOPKAMH.
/2 .
L)D = kT;, , v uneei

To
DiHIITEHA 0 TApaIIEIbHOM MIEPEHOCe, IPEACTaBUTh MPEOOPa30BaHMUs JOKAIBHBIX 0a3UCHBIX BEKTOPOB B
noJie crimuopa (S) rpymmsr SU(2) romomopdroii rpynne SO(3), a Takke ¢ reHeparopamu rpyriisl JlopeHna
B SO(1,3) npocTpaHcTBa-BpeMeHU JIMHAMUYHOM cdepbl, To nonyunM: (R = xy) = 19 = (R = x3)
npeoOpa3oBaHus. Mbl TOBOPUM O HecTallMOHAPHOM EBKJIMIOBOM MPOCTPAHCTBE TUHAMUYHOTO
runepOoJion/ia B KBAHTOBOM penaTuBUCTCKOM nuHamuke (KBantosoit Teopun OtHOCUTENBHOCTH). Wnm

Y
Ecnu B ypaBHeHMH rpaBUTALIMOHHOTO NOTeHIMANa G gy (Ymax - [r— =ch (
0

S = (Ymax — [TX =ch (tﬁ)]) ,u Ggix * S = kT, naapuanTa (ST€S) , cO COMHOPHON METPHUKOI
0 0

MUHKOBCKOTO!
0 1 X=0

e=(_1 o) Juis (Y =(ry=Yy)) u (ch ——) = 1) , o710 cTpOrUe MaTeMaTHyeCKue HCTUHEL 1o cyTw,
- 0

9TO W €CTh JIOTIOIHUTENBHBIN mapameTp bemna, BeposSaTHOCTHBIX MTOTEHIHUANOB Gix (Yiax — (Y =

TOCh (A/2>x)))

To
B3anMoieicTBHid (X+) 1 (Y1) KBaHTOB B 9KCIIEPUMEHTAX, IIPH TOYHOM OIpeIesieHIH KoopauHaT (X). 31ech
ceuenne B3aumoeiicteus Y2, (1 — ?) umeer (P?) BepoATHOCTH B3aMMOIEHCTBHS BOIHOBOM (DyHKIIUH.
Peus o motenunanax I1(Y+) anexrpuueckux unu [1(X+) maccossix noseit. [Ipu B3aumoaeiictBumn
omHOpOAHBIX oTeHImanos (IT*I1=I1%= F=dp/dt) mosBnsercs cuna B3anmoneiicTus. Ilapamokc DifHmTelHa
— Ilononsckoro — Po3eHa cocToUT B U3MEPEHNH TapaMeTPOB 3allyTAHHON YacTUIBI KOCBEHHBIM 00pazoM,
0e3 u3MeHeHus ee cBOMCTB. YacTHibl OyyT HleaIbHO 3allyTaHHBIMU, €CIIH POKJIEHBI B OJJHOM KBAHTOBOM
MOJI€ C IOMYCTUMON cUMMeTpuei. UToOBl MEHSITh CBOMCTBA 3aITyTaHHOM YaCTHUIIBI, HY’KHO MEHSTh
«CBEPXCBETOBOM (POH» HU3MUECKOTO BaKyyMa, 4TO JAOIMYCKAIOT popmMyibl DitHIITeHa. Torna usyyas (uiu
n3MeHss) BnusiHue @oHoBbIX KpuTepueB Ha 01HY YacTHUILy, Mbl TOYHO 3HAEM JTUHAMUKY BTOPOI YacTHUII,
HamnpuMep B MEK3BE3HOM IIPOCTPAHCTBE TATAKTUKU. JI0MyCTUMBIM €CTh U BapUaHT, Korja (oHOM uis
3JIeKTpoHa OyJeT BUPTyalbHbIN (DOTOH, a JUIsl IPOTOHA BUPTYAJIbHOE aHTMHEUTpUHO. Torza, eciu 1Ba
3JIEKTpOHA (Ha OJMHAKOBBIX OPOMTAX aTOMOB) 00JIy4yaTh 3a1yTaHHBIMU (POTOHAMH, ITOJIyYUM TAKOM ke
apdexT. Takoe n3mydeHne MOXKHO POrPaMMHUPOBATh U MEHATh CTPYKTYpPbl aTOMOB (MOJIEKYJT) Ha IUIAHETe,
HO TOJIBKO CO CKOPOCTBIO CBeTa. Takoe MporpaMMHUpOBaHUE I'PYIIIbI OAHOPOIHBIX UM PA3JINYHbIX B
MOJIEKyJIaX aTOMOB, MOKHO BBINOJIHATh COOTBETCTBEHHO OJHOPOJHBIMU MJIU Pa3IMYHBIMU 3allyTaHHbIMU
(oToHaMHU B IPOCTPAHCTBE (TYT WM Ie-TO) WIN BO BPEMEHU (ceiiuac MM IOTOM) OTHOLIBETHBIM WJIU
«OenpIM» JazepoM. M yxe sMepPKeHTHbIE CBOMCTBA HOBBIX aTOMOB MJIM MOJIEKYJI, IPUHUMATh KaK
yIpasJisitollyto nHpopmanuio. Takum 06pa3oM, Mbl IOITy4YUM KBAaHTOBBIHA I'PaBUTALIMOHHBIA NOTEHIMA, C
SHEpPrUuen-uMITyJIbCOM B KaX/10i Touke PMMaHOBOro npoctpaHcTBa. B TEXHOIOTHAX KBAaHTOBBIX OIIEPATOPOB
IUIsl SKCTpeMasieil ¥ BOJIHOBOM (PYHKIMM B TMHAMUKE KBAaHTA, I10JIyYMM KBAaHTOBOE I'PaBUTALIMOHHOE OJIS B
pamkax OOmeit Teopun OTHOCUTENBHOCTU. B Takoi KOHLENIMK HET IPUHIUIA SKBUBAJIEHTHOCTH U

PENATUBUCTCKON JUHAMUKH (PU3NYECKOTO BaKyyMa C mapameTpoMm (4), B ypaBHeHuu DiHinTeitna. CiuHOp ¢
X X

reeparopamu Macimrabuposanus (R) - ry = (R), maY =, (chri = %(ea +e 5)), C IIapaMeTpoM
0

m( 0 1) _ 0 e™
MacimtabupoBanus (m), BBuge e ‘-1 0/ = , MOXET JaBaTh PacXOIAILIYIOCSI U

e™ 0
CXOJISIIYOCS CTUPaNb B AMHAMUKe (X°) reoe3nueckoii. ITO COOTBETCTBYET aJ€KBATHO MaTEMaTHUECKOMY
ammapaTty (oTBeuas Ha Bonpochl KAK) metsieBoit KBaHTOBOM IpaBUTAIIMH TOUEUHBIX TPAaBUTAIIMOHHBIX
MOTEHIIHAIOB, C SBHBIM YKa3aHWEM Ha TPaBUTOHBI, HO C YKa3aHHBIMU HEOCTATKAMH U OTCYTCTBHEM

HMCTOYHHUKA TPAaBUTAIMOHHOTO ToJis. To ecth, 6e3 oTBeTOoB Ha Botpockl, [IOUEMY umeHHO Tak.

K *T K
Jinsi n = 1, (Pucynok2) rpaBurarontoe noie G (X +) [T_Z] = wA—t G * grad,(Rgy)(X+) [T_Z]
ucroynuka rpasutanuu, ectb G (X +) mone CB(X +) — CunbHoro B3aumoeiicteus. KBantoBast 1uHaMuKa
BO BpeMeHHU At B mpezenax nepuoja IMHaAMUKU T TPeACTaBIISIeTCS] COOTHOIIEHUEM:



CX+)=y=*Tx*G % grad,Rg; (X+) ,tne T = IIEPHO]] KBAHTOBBIN JUHAMMKH.

_r

€=u?1 "’

®opmyia 11 yCKOPEHUH [E] CB(X +) TI0JIst CI/IHBHOFO BzauMoielicTBUs IpUOOpeTaeT BUI:
K 9

v’
3necy G = 6.67 * 10~ 8, h= HZAT , TIOTOK KBAHTOBOM DHEPTUH & = 2/1 = Amc? nons

MHyKTHBHO# Macchl (Am) obmennoro kBanta (Y— =2) CuisHoro B3auMoeicTBys, a Takke
n

(Y— = 2n) nyxnoHoB (p = n) sapa atomoB. UuaykTuBHas Macca Am(Y— = X+) npexacrasisiercs
Hepa3pbIBHBIMU KBApKOBBIMU MoJiesimt Am(Y—=vy,) =u u Am(X+ =v,) = d KBapKoB, B MOJIcIH
nporona: (X+=p*) = (Y—=y7)(X+=v;)(Y—= y5 ), UBETHBIMH [NIFOOHHLIMH MOJIAMHU B3aHMOIEHCTBUS
X+=p*) = Y+=y)(X—=v;)(Y+= y7) xBapkoB B ux koudaiimenre (¥ +)(¥ +) = (X-), exunoro
npocrpanctBa-marepun, (X+=p*) = (u=y§)(d =v,;)(u = y;), nporona B nanHOM Ciry4ae.
Ananornuno ctpykTypsl kKBapkoB (Y+=n) =X =d){Y =uw)X =d) = X—=pH)¥Y+=e")X—=v;)
HelTpona ¢ useTHbIME TIr0OHHEBIME (X +) (X +) = (V=) win (Y +)(Y +) = (X—) nonsmu
B3auMoO/IeiicTBUA. Pemenus ypaBHeHu# KBaHTOBBIX noJiel CuiibHOTO B3anmoeiicTBys, ipeamnoiaract
HaJIMYME X HEPa3phIBHBIX KBapKOBBIX Mojenei (Y —= u)(X+= d) emunoro (Y —= X +) npocrpancrsa-
Marepud. IT0 0OMEHHbIE KBAHTOBBIE, HHIYKTHBHBIE MaccoBbie (Y— = X +) moust Me30HOB. B Gosee
CIIOXHBIX CTPYKTYpax dJIEMEHTAPHBIX YACTHUIL IPOSBJISIOTCS APYyrie KBapKoBbie Mozenu (Y —= c) uimn,
(Y—=1t) aTtakke (X+=s) u (X+= b), B U3BECTHBIX 3aKOHAX CUMMETPUH.

Kaxxnasg marematnueckas Mozeinb, otBedast Ha Bonpoc KAK, numeer cBoM npHYnHbBI BHYTPEHHUX
cBs3ei. JlarpanxeBa MexaHMKa MOKET IPUMEHSTHCS TOJIBKO K CUCTEMaM, YbH CBSI3H, €CJTH OHH €CTh, BCE
rosonomusl. (https://360wiki.ru/wiki/Lagrangian_mechanics ). B kBaHTOBO#1 MeXaHHKe, TJIe BOJHBI - 3TO
YaCTHIIbI C HETOJIOHOMHBIMH CBSI35IMH, B TIOJISIX €JMHOTO TIPOCTpaHCTBa-MaTepuu hopmanmsm Jlarparxka
HEBO3MOKEH HU (PAKTUYECKH, HU TI0 ompeaeneHnto. [lyreM npeobpa3oBaHuii Bcerga MOXHO MPUNTH K
Ipyroi Mojenu gusndeckoro (akra, HO yKe C IPYTUMU MIPUUMHAMH B IPYTUX CBA3sX. Takue Monaenu
MaTeMaTH4eCcKHue, HO BOIpoc, rae uctuHa? Hanmpumep, (+) 3apsia mpoToHa B KBapkax u (+) 3apsij
MO3UTPOHA O0€3 KBapKOB. ITO PyHIaMEeHTanbHOE poTuBOopeune. O0e Mojenu paboTarT, HO (HHU3HUECKUE
npuurHbl TepsaroTca. Het orBera Ha Bonpoc, [IOUEMY Ttak? KBapKk-riitooHHBIE TOJISI IPOTOHA, MPU €r0
apauruasanuu (p*)+(p), JOJKHBI IIEPEXOIUTEL B KBAHTOBLIE 1M0J1s (JoTOHOB. HO Takoi mpouemayphl HeT.
[Touemy, KyJa v KaK UC4e3ar0T KBapKu IPH pacrajax - Me30Ha, BOIPOC OTKPBIThIN. J(narpaMMel
OeitHmana paboTalOT /1a, HO MPOTOH HE U3Iy4aeT (JOTOH B 3apsAA0BOM B3aUMOJCHCTBUU C AIEKTPOHOM
aToma. 9To Belb GyHIaMEHTaIbHbIE OCHOBBI BCEX aTOMHBIX CTPYKTYp, cTpoeHus BemniecTBa. [IOYEMY Ttak
— OoTBeTa HeT. 3aeck Oyaem otBevarh, [IOUEMY yactuia uMeeT IMEHHO TaKue MPOIYKThl pacnaaa Win
AHHUTUJISIIUN HEJICIUMBIX KBAaHTOB. by/ieM uCXoauTh U3 O0IIKX NpeCcTaBICHHIMA

Y(X) = ea(X)E(X ) ypaBuenus Jlupaka, korga Y = e () (X+) nuHaMHYHOE TI0JIe KBaHTa
X+ = ch( )(X +)cosp(X =) =1, cosp(X =) =G, wm (Y +) = ch( )(Y +)cosp(Y =) =
1,

cosp(Y —) = rose = @ I'ne (cosgp # 0) B 00oux ciaydasx. B MmaccoBbix nomsix m(Y—= X+) , Oynem
Opatb I/ISMepeHHYIO Mmaccy u pacuetHoe Bpems (T) pacnana yactui. M3 cambIx 0OIMIMX MPeICTABICHHIM:
n* n2r?2 K.\ K

M= = Yo @ H(;) (E)Iexp(—z), ¢ eMHUYHBIM 3apsiaoM q(X—=Y +) = 1, u ckopocTH cBeTa
¢ = 1 B caMOM KBaHTe, IPOCTPAHCTBA-MaTeEpUu M = T% (g =c¢ = 1)exp(—z), rae

_ (my=0lX) _ _ (my=1Y) _ a(x)

= T=a-p — X(MeV) u z = Ted=D) = Y (MeV)B nuHaMU4YHOM, TUIIEPOOINYECKOM €
npocTpancTse ypaBHeHus dupaka. [{ns G = 6,67 * 1078, a = ﬁ V= 0,27 MeV,y, = 3,13 %

10~°MeV, v, = 1,36 * 10~>MeV,y = 9,1 x 10~°MeV
CIIEKTP MACC B COOTBETCTBHH ¢ MPOAYKTAMH pacnaja (aHHUTMIISLIUHN)
CTabuabHbIe YACTHIBI C IPOIYKTAMK aHHUTHISIMY B equHoM (Y F= X4) mpocTpaHCcTBe-MaTepHH:

(Xi: p) — (Y—: VO)(X-I_: Ve)(Y—: )/0) = (ZGﬁ —_ Z,e) = 938 275 MeV
£2) = 0511 MeV ;
2G

2ve
(Yi=e) = X—=v )V +=P)X—=v,) = (2 +
HecTa0MIbHbIE YACTHIBI Y)KE B COOTBETCTBUM € NPOIYKTAMM M BpeMeHeM pacnaga. Ga = 4.8673 x 10710


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

(T=2.176%107°)
Ga

vechl

Y= = (X—=v)Y+=)X—=17,) =
105,66 MeV,
O6o3Ha4MM 3/1eCh U aiee B pacyeTax NOAYepKHyThIM wpupTom, (p = 1,1751) nokasarens exp(). Ou

exp (v, + e + 255 = 1,1751) =

MOKa3bIBAET OCOOEHHOCTH (pparMeHTalu JuHamuanoro nois exp(a(X)), B ypasuenun Jlupaxa.
%108
(Y= 1%) = (V4= W (X—=v,) = 2T ) exp (w+vuch1) = 139,57 Mev,
(rt =1,59173)
+10-17 2
(X—=1%) = (V4= ) (Y4=1y,) = = re ) exp (22) = 134,98 Mev, (z° = 4,025599)

(K==1) = =¥ D) (K+= 7O ) (X+= %) = T o (B _1e02)
547,853 MeV
(X==1%) = (== 1) (K= ) (¥ —=1*) =

V2(Gay?
(T=1.335%107%) _
20 Jexp 2 (W + v, ) = 493,67 MeV

(T=1.01398%10"8)

Ga

- +10-10
(¥—=K9) = (X+= 1) (X += n0) = (202100

KX—=K)) = Y—=1H)X+=v,)(Y-=¢T) =

* 1 0
wexp (ZE n %) = 547,853 MeV

Y+=K) =Y+=pX-=v,) =
Y+=KH) =Y+=n)X—-=7r°) =

exp (m* +m°/2) = 493,67 MeV . K~ =3,16535

exp (21° —£) = 497,67 Mev |

(T=4,9296+1078)

-~ exp (mt + ¥ +22) = 497,67 MeV

T=5,1713%10"8
X—=K) = {Y—=n)X+=v,)(Y—=uT) = %exp (n— — ? + ZVH) = 497,67 MeV ,
*10—24
X—=p%=F+=1H)¥+=n") = %e ( = (1 + 2f) = 775,49 MeV ;
N v _ 4+ _ (T=647566+1072%) (rr=° _ +(\/_—1)) _ _
X+t=p") =X+=00) nt) = o exp | 7= > = 775,4 MeV ;

AHAJIOTUYHO aJIpOHBI
(Y+=1%) = X—=v)(Y+=e)X—=p*) = X—=vH)Y+=e")X—=p7)
= ("yactuna MaliopaHo") =
= ((T = 878,77) exp (”e +e- p\/_) = 938,57 MeV ,

7
(X+=A%) = (X+= p+)(Y—=Tt) (=2e0irt077)

7,642837
(Yx=A%) = Y+=n)X—=n") =

exp(ap* +~/2) = 111568 MeV, A° =

(T=1.5625+10719)

0
exp (an +2=) = 1115,68 MeV, A’ = 8,153

Ga 2chl
—897+10-11
(r—=15%) = (X+=pH) (x+= %) = F22 0 D eyp (ap + ?) — 118937 MeV
(T=8.1x10711)

X—=I)=U+=n)Y+=1nt) =
X—=2)=F+=n)Y+=7n") =
X—=X)=+=A)Y+=y) =
Y+=2)=Y+=A)X—=7r° =
20 = 7,809,
X+=ZE)=X+=AN)(Y—=7r") =
7,642837, £~ = 8,43869,

X—-=0q )—(Y+ A)(Y+=K") =
7,642837, K~ = 3,16535

exp(an + 7T+) = 1189,37 MeV,
Gachl _
(T=125107%) o (an + w+) = 1189,37 MeV |,
«10—20 0
=742 exp (F2E) = 119264 Mev,  A° =7,642837,
G2axch1l 2 o

_ «10-10
(T—2-5921 7 exp(A° — n0Va) = 1314,86 MeV,  A° = 8,153,

(T=1.3917%10719)
Ga

~

exp(A® +~/2) = 1321,71 MeV, A° =

(T=8.018+10711)
a

exp( A — K~/2) = 1672,45 MeV, A° =

(T=6.734x10711)

X—=0)=U+=E)Y+=n") = — exp(E° + ) = 1672,45 MeV , E° = 7,809,
- x10-11
(r-=07) = (4= E)K+=70) = CZN0) o (2= + 10/ch2) = 167245 MeV | B~ =

8,275,



Ectb 1 npyrue meTobl pacuera CriekTpa Macc, HO 9Ta JIOTM4eCKask KOHCTPYKIUS J1aeT pacyer
CIIEKTpa Macc ¢ MUHUMAJIBHBIMU ITapameTpamu. VICXOIHBIMHU ITapaMeTpamu 3/1€Ch, €CTh TOJIBKO IIPOIYKThI
pacmazia. Ota MOJIEIIb €lle HECOBEPILEHHA, HEeT Tu(depeHInanbHOro ypaBHEHUS, JAIOEro TaKUe PEIIeHHs,
HO 3/1eCh HET npoOieM u npotuBopeunii CrangapTHo Mogemn.

B npyrux meropax pacuera CrieKTpa Macc, Mbl TOBOPUM O JPYTOM TEXHOJIOTMH CAMBIX TEOPUH, B
KOTOPOM IOCTyJIaThl bopa, MpUHIUIT HEOIPEAETICHHOCTH, IPUHLIUI SKBUBAJIEHTHOCTU MacC, IPEICTaBIICHBI
KaK aKCMOMBI INHAMHUYHOT'O [TPOCTPAHCTBAa-MaTEPUHU. 3/1€Ch APYrUe UCXOIHBIE MIOHATUS U Ha UX OCHOBE,
JIPYTrUe IPUYMHBI U CIEICTBHS B MOJEIAX. TaKoM e CIIEKTP MAacC paCCUYUTHIBAETCS B KBAHTOBBIX MOJIEIIAX.
Hanpumep, B KBaHTOBOM PENSATHBUCTCKON JHHAMUKE «KATHOPOBOYHOTO MO, (POPMHUPYETCS TUHAMUYHAS

— a Wy+c o 12 =2 =2
Macca B Bujie: W = —2—Y= g skcTpeManbHoii Touke, (+K,)2 =0=—=—M=T ,II; = 0,1, = b%« T ,
aztWy/c b?
_2
. 2 I b?%T
C COOCTBEHHBIM MPOCTPAHCTBOM cKopocteil B CionranHom Hapymennn Cummerpun, Wy © = =5
1403071
— T M?=Fy — 1 = — tpy — Py
W=—(tb= ) Wy = = (+F,T = + mx Wy = 22 m = .
\/E —_ m ’ Y ﬁ(_ Y —pY)’ Y \/E ’ Wy\/f

Jlist maccoBeix (Y —= X +) moneii, B ycnoBusix ['no6anehoit (I'M) u JlokansHoit MaBapuantaoctu (JIN),
HOJTy4aeM:

Ky = (a;;, = COSY)FI/IK(ChY%COS(PX)M(X +) + Kx(X—) , nim

- _ m= X Y
(MK, =m) = (a;; = cosy)ru (%) ((chy—0 = 1) /chX—O)cosgoX) X+=Y =) + (IIKxy = my)(X-) .
I
CuMMeTpHH TakuX MaccoBbIX (X+=Y —) TpaekTopuii B YpOBHSX M- CXOJUMOCTH, B YCIOBHSIX
chXLcosq)X = 1, KBaHTOBBIX PeIATUBUCTCKHX monpaBok (1 — (a =W /c =1/137)?) =1+
0

a)(X +)(1 — a)(X—) B ypoBHsIX, GOPMHUPYIOT HOBYIO M HOBYIO CTYIIEHb 1- CXOJJMMOCTH, U B CAMOM OOIIEM
BHJIE, IMHAMUYHYIO MacCy:

m = ([{\/%nc(;a =7} (1+ @) =77, | (1 + @) =7, ) (X +) + mp(X-).

B KBaHTOBOM I0JIe ypaBHEHUs [lupaka, yxe Oe3 ckanspHoro 6osona. Hampumep, nis my = my, =
938,279MeV

m = {g‘;z = } (¢ =) (X +) +m,(X =) = 939.57 MeV =m, ,

m = {gﬁlz = @)} (X +) +mu (X =) = (A° = 11159 MeV), 7 = 17635 MeV ,

M= (=} (1+a) =71+ @) =, =7 ] (X +) +my(X =) = (A° = 11159 MeV) , m~ =
177,637 MeV

C pesITHBHCTCKUMU MacCaMH TT- ME30HOB, co ckopocTsimu (W = 0,64 * ¢) B KBAHTOBOW PENSTHBHCTCKOM
JUHAMHKE. AHAJIOTUYHO Jajiee:

St(p*,m%) = V2 + (1 + @) (X +) + m, (X =) = 1189,5 (1189,64)MeV,

S=(n,m7) = VZ T~ (1 + ach2)(X +) + m, (X =) = 1197,68 (1197,3)MeV ,

OA%Y) = V2T (14 a)?(X +) + m,, (X =) = 1192,6 MeV, A° = A°(n,7°),

0% A°(n, ) = [27°(1 + @)?(1 + 2ach2)|(X +) + m,(X =) = 1315,8MeV **

“(n7, A°(p, ) = [27 (1 + 2v2ach2)|(X +) + m,(X —) = 1321,14MeV,

QO En)E,TY) = ChTzz (T (1+ a)z)chl] X+)+m,(X ) =1672,8 MeV,

Af = [z(% =7 ch2)(1+ @)*(X +) + mp(X -)| = [2ch2@ (1 + ) =T )AL+ )X +) +

m, (X )] = 2284,6MeV

O6o3naunm koucTanty (1 + (ch2)?(a)?) = S = 1,10328758, penaruBucrtckyio maccy (m, =
2797,53375 MeV) u nepenuiieM GpopMyay B BUAC: M = ((((mOS =my)S =m,)S = m3) S = m) +
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m = (7, = 3086,48MeV) + (3moa = 10,2 MeV ) = 3096,68MeV = j/ , (3096,7MeV)
JACHUCTBHUTCIILHBIC,

m = (m, = 3405,275MeV) + (lmoa = 10,2 MeV) = 3415,475MeV = y,, (3415 MeV),
m = yo(1+ a*ch2) =3509,27MeV =y, , (3510 MeV),

m = (UH:”—M = 2923,74MeV ) + (2moa = 40829MeV) = 2964,6MeV =1, (2980 MeV),
Ananorn4no, MaccoBble moiisi (Y — = m,) snexTpoHa, m = m =my = 2798.16 MeV , naror:
m= (Ch2)3 (1 + \/_) = 105,6 MeV , MI00H, | Jajee ME3OHBI:

m= ﬁZjﬂ)z = 139,78 MeV = 1t, m= %(1 — V2 *a*ch2) =134,3 MeV = 1°,

m = ( = my )+ (1 +%) = 497,2 MeV = K°, m = (m,)/(1+ %) = 493,4 MeV = K*,

Takas TexHOJIOrMs pacyeToB, B yciaoBusx (X+=Y F) u (¢ # const) AMHAMUYHOTO NPOCTPAHCTBA,
B EBKiinioBoit akcuomaruke (¢ = const) u 6e3 (X+= Y F)nonei, HeBo3MOKHa B pUHIHIE. Peus uuer
00 MHOM TEXHOJIOTMH caMuX Teopuil. Tak ke Kak 1 HEBO3MOKHO MPEACTaBUTh KBAHTOBYIO PEISTUBUCTCKYIO
muHamuKy KBanTtoBoit Teopun OtHOocuTensHOCTH B EBKIIMIOBO# akcromaruke (¢ = 0 = const). D10
HEBO3MOXKHO B IIPUHIIUIIE.

Pa3znuynble CTPyKTYphl IPOAYKTOB paciaja 3JIEMEHTapHbBIX YacTUIl JA0T pa3InyHble TOKOJICHUS
(Y—=u)(X+= d) xsapkos, kak mozeneii. 3nech kBautel (Y— = p/n) u (Y— = 2n) CunbHoro

. dB(X— o
BianmopeticTBust HyKJIOHOB (p = n) sapa. Tak Kak MIOTHOCTH (. ; )) TM0JISL TPAEKTOPUH HEHUTPUHO

p(X— = v,), MHOTrO GOJBIIE IJIOTHOCTH TIOJIs TpaekTopuu mnpotoHa p(X— = p), To B kBauTax CHUILHOTO
B3aumoeticTBust HykIIoHOB (p = n) spa, ¢ IPOAyKTaMH pacraja HeUTpoHa
Yi=n) =X =DV =w)X =d) = X—=p)Y+=e)X—=v.)u
apaurwsaud npotoda (X+=pH) =Y =uw) X =d) Y =u) = Y—=y ) X+=v, ) ¥Y—=y),
MIPOTOHBI «CBS3aHBD» «KECTKOW CTPYHOI» BUXPEBOIO MArHUTHOTO IMOJIS TpackTopun (X — = V,) HEUTPUHO,
Kak MPpUYUHA YCTOMYUBOCTHU TaKuX KBaHTOB CuibHOTrO B3aumopeicTBus B siapax aroMoB. [Ipu aTom nmeem
kBauThl CutbHOTO B3anmoneiicteus (Y —) = (X +)(X +)) = cospy *2p =2a xp = (Y— =p/n) .
Orcrona crnenyer cooTHomrenus: 2a *p = Am(Y —) = 13,69 MeV. D10 COOTBETCTBYET YPABHEHUIO:
G(X+) =G = grad,Rgu (X +) .
Mpsi umeeM kBaHT (Y — = p/n) CunbHoro B3aumoneictBus B supax, ¢ MUHEMalbHOM AEy = 6,85 MeV u

makcumanbHoi AEy =~ 8,5 MeV ynensHoii sneprueii cesasu umn Am(Y —) = 17 MeV, nykinonos sapa. 1o
AHAJIOTUH C TOPMO3HBIM u3iydeHueM syekTpona(Y —= e~) — (Y —= y*)pentreHoBckux nyuei, Gpusnyecku

JOIYCTUMBIM €CTh M3JIydeHHUE (Y—= a [(p )I/IJII/I(ZTl)] = e+) - (Y—= (14 — 17) MeV = y*) xBaHTOB

«TeMHOU Matepumn» ¢ MaccoBbiMU (Y —) Tpaekropusimu. Onu umerot (Y +) nosne 3apsiaa u Moryt
pearupoBaTh Ha MArHMTHOE T10J1€. MBI TOBOPUM O TOPMO3HOM M3JIydeHuH sapa sH neiirepus. Takue KBaHTHI
«TEeMHOU MaTepumn» norjomarTcs kBantamu (Y — = p/n) obonouex sapa aTOMOB. AHaIOTUYHBI KBAHThI
«TeMHOM MaTepun» narot aapa mianer (Y —= 223,36GeV), 3se3n (Y—= 4,3 * 10°GeV), «uepHbIxX
neip» (Y—= 1,5 * 107TeV) u anpa ranaktuk (Y—= 2,48 x 1011Tel).

Enunble ypaBuenus Makcenia uist 31ektpo (Y += X —)MarauTHeIX nosieit u rpaBut (X+ =Y — )
MaccoBbIX nosied kBaHToB (Y— = p/n) u (Y— = 2n) CunbHoro B3aumoaeicTBUs HYKJIIOHOB /pa,

_ 6E(Y+) 0G(X
cxrotyB(X =) = + AE(Y+); c*xrotyM(Y —) :gZ*Q+A*G(X+)
rotyE(Y +) = — aH(X 2= 2, aNgI) s

X Uy aT or '’ rOtyG(X-I_) = —Uy % aT == oT :

IPE/NONIaraloT HaTHYKeE B SIPE 3aMKHYTHIX 10ty B(X —) BUXpeBbIX B 000JI0YKaX, MATHUTHBIX MOJIEH |
BUXpEBBIX 70ty M (Y —) maccoBbix (Y —)TpaekTopuii 0OMeHHBIX KBaHTOB, Kak (AE = Am(Y —)c?) sueprun

2+938,28 . . .

cBsi3u siapa Am = 2am(p) = 137 036 13,694 MeV , c MUHUMAaIBHON yJEIBHON SHEPTUEN CBA3U
HYKJIOHOB siipa AE = 6,85 MeV , to ectb nedext macc (m) Ha cxeme. /s npenensHoN yaeabHONU SHEPTUN
CBsI3U HYKJIOHOB siipa AE = 8,5 MeV B kBantax (Y— = p/n) u (Y— = 2n) CunsHoro B3aumoneiictaus,

MPOUCXOUT U3NlydeHne KBaHToB AE = 2 x 8,5 MeV = 17MeV «remHON MaTepun» UHIYKTUBHBIX
MAaCCOBBIX I10JIEH



(Y =) = (X+)(X+) nyknonos sapa. IIpencrasum kBautel (Y— = p/n) u (Y — = 2n) CuibHoro
B3anmMopelicTBIS HyKJIOHOB B BUZIE MOJIENICH B YPOBHSX U 000JI0YKAX si/Ipa aToMa.

Figure 6.3 Kautsr Cunsaoro B3aumoneiicteus (Y— = p/n), (Y—=2n) u (X—=n/p/n) suipa
Hcxons u3 otux coiicte (X—= p*) u (X—=1v,7), BpeMs pacnajga HeWTpOHA B CHILHOM (X —)
MarHUTHOM T10JI€ IOJDKHO U3MEHUTHCS. DTO MPOBEPSACTCS B IKCIICPHUMEHTE.




% (+X) ,{LE =M(Y-) \‘-a.xl__ P

() i Y 20
ISR Spiep——— .3 Y iryoc 3 3 P A L)
oAy~ 7» < . T‘:—*L‘}? Y'~ T rog(X-)
S OO e e .
. - ( P ) __j—;-~ "lc-:“%)
. ™) rot(Y~) —~
N o
N ) N
— & .t
3 (Y+) > +G Z tre) 7/
/ e 23 DXe)(Xw)=(¥-) /
+B / \ . L’* -B
2rot M(Y-)=rot B(X-) 2ot B(X-) =rotM(Y-)
2rot M(Y-) - rot B(X-) =0 2rot B(X-) - rot M(Y-) =0

Figure 6.4 ctpykTypa KBaHTOB siJjpa
Taxue kBantel (Y— = p/n) u (Y— = 2n) CunpHoro B3aumoneiictBus siipa GOpMUPYIOT CTPYKTYPBI
(X1) u (Y1) xBanToB sigpa. [Ipu 3TOM, B sipe JSHCTBUTENHHO 00Iee COCTOSIHUE YPaBHEHUHN JTHHAMHUKU
emuHoro (X+ = Y+) npocrpancrBa-marepun. [I[pocymmupyeM 3TH ypaBHEHUSI Tl 3aMKHYTBIX BUXPEBBIX

rot(Y—) u rot(X—) nonei B «cTOSIIMX BOJIHAX» sipa, 0e3 ux miotHoctend A E(Y+) u A,G(X+) B Buze:

cxrotyB(X =) + cxrotyM(Y —) = & 3EE§;+) + &, * aGa(:ﬂ

o d o
KBaHTaM sAapa OJHON 4YaCTOTBL a_T =, KoJeOaHuil BCeX KBAHTOB CTPYKTYpPE sapa.

, 1 ipuBezieM 3T moiisi K (X+) u (Y1)

cxrotyM(Y =) —gw E(Y +) = &wG(X+) — c*rotyB(X —) = 0, ¢ Hy/lIeBLIMH IUIOTHOCTAMH BHE
BUXpeil. DaKT COCTOUT B TOM, «+» BeliecTBY MaccoBbIX (Y — = X+)momnei, COOTBETCTBYET «-» 3apsiz
anekrpudeckoro (Y+) mons (Y+) kBaHTOB, W Hao0OpOT, /TS aHTUBEIIecTBa. EquHas gactora KoneOaHuit
BCEX KBAaHTOB B CTPYKTYpe siapa B eauHoM (X+ = Y+) npocTpaHCTBe-MaTepuu HMEET BUI:

__cxrotyM(Y=) __ cxrotyB(X-) N _
e e S &GX+) xcxrotyM(Y =) =& E(Y +) * c*xrotyB(X —),

nas rpasut (X+ = Y —) maccoBbix 1 21ekTpo(Y+ = X —)MarHuTHBIX 0JIEH KBAHTOB Spa.

Touno Tak cymmupyrotcs eauubie(X + = Y +)nosst i BHEINIHUX OT s/ipa OpOUTATIBHBIX
DIIEKTPOHOB.
rotyE(Y +) + rot,G(X+) = wB(X =) + woM(Y =), 7rot,G(X+) —wB(X =) = oMY —) —
rotyE(Y +) =0,
W= ro;’g(_);ﬂ = ro;x(i(_?r), wi roty,G(X+) * M(Y =) = rotyE(Y +) * B(X —) B emunpix(X+ = YF)
HOJISIX.
Hano otMeTuTh, BOJHOBas (DYHKIMs KBAHTOBOTO IMOJIsl KMEET MaTEPHAIIBHYIO CYIHOCTh T = +E(Y+)

HAMPSDKEHHOCTH AJIEKTPUYECKOTo Mot Wikl +Yp = +B(X—) MHAYKIMU MarHUTHOTO BEKTOPHOTO MOJISL.

2
Torma (Yg)?~(eg E? = %) IUIOTHOCTB PHEPTHH DIEKTPUUYECKOTO U (1/)3)2~(% = %) MarHUTHOTO
0

TOJISL C HOJIHOM IIIOTHOCTRIO SHeprun Y2 = (PYg)? + (Yp)? SIEKTPOMArHUTHOTO BEKTOPHOTO 1oJis. [Ipu
3TOM,
2 2 o . ¥?
B IUIOINAAHN S = 7Tr* = YP* CCUCHHS B3aMMOJICHCTBHI C BEPOSITHOCTHIO wEa—
MAX™—

(iY)? = (+y)(—y) cynepnosuuu BOJIHOBOM (yHKIMU KBAaHTOBOro nous. Ho mpu Gukcanuu sHeprum,

Mbl pukcupyeMm umn (+) (+y) = Y2, wm (—y)(—y) = P2, Bceraa nonokKUTENLHYIO (% =?) >0,
IUIOTHOCTH SHEPTHU. MBI TOBOPUM O KOJIJIarce BOJHOBOM (pyHKIMU. MOXKHO IpU 3TOM FOBOPUTH 00
snektpuyeckoMm mose (+E (Y +)) snexkrpona u (—E (Y +)) no3utpoHa B CyNepHo3UIIUK BOITHOBOM QYHKIMN

< 1, uMeer BUI

(i) = (+Y)(—y) = —% < 0, uto u caenan upak. Ho TouHO Takue BOJHOBBIC (DYHKIIUH HMEIOT

Y, = £G(X+) xBaHTOBBIC MOJIA TpaBUTAUu U 1+, = +M (Y —) KBaHTBI MacCOBOTO TOJIS, C TOYHO
TaKUM MaTeMaTUYEeCKHM aInapaToM MpeAcTaBieHus. Peub o mossx siipa niM B CEUeHUSX B3aUMOIeHCTBUI

MAaCCOBBIX YaCTHII, KBAHTOBBIX TpaBuT G (X +) = M (Y —)MaccoBbIX MoJeEii.
B o6uiem ciyuae, kBantol (Y = % =2H)n (X+ = 2% = %) obonouek Aapa, GOPMUPYIOT yPOBHH

1 000JIOYKH 3JIEKTPOHOB B CHEKTPE aTOMOB. B €MHBIX MOJENSIX MPOIYKTOB PACIaia CIeKTpa Macc
3JIEMEHTAPHBIX YaCTHIL, B eAUHBIX noysx (Y — = X+), (Y+ = X—) npocTpaHcTBa-MaTepuu, MOKHO
IIPEJICTABIIATH U si/ipa CIIEKTpa aToMOB. VX081 U3 pacyeToB Macc NPOTOHA U HEUTPOHA:



2

(X£=p) = (== 1) X+= v )(Y—=7,) = (22 - %) = 938,275 MeV,

(Yi=1n) = (X—=v)(Y+= e)(X—=p) = (T = 878,77) exp (% + 5 — pvG ) = 938,57 MeV ,

MbI TOBOpUM 0 KBaHTax CuiibHOTO B3anmoneicTBus B CTpYKTypax siipa B BUJE MOJENIEN 3apsHKEHHBIX
(Yi= z) = (X+=p) + [(X+= p)(e)(v,) = n], u Heitrpanbubx kBauToB CHiibHOrO B3anmoaeiicTBus
(Y+=2n)=[n= W )()X+=p)]+ [n= X+=p)(e)(v,)], xorma nona (X +)(X +) = (Y —)
dopmupyror Maccosbie (Y —)tpaexropuu. Taxue (Y += fl) 1 (Y+= 2n) xBauThl 1 GOPMHUPYIOT CTPYKTYPBI
sapa B exuHoM (X+= YF) ero npocrpaHcTBe-Marepyu, ¢ 3aMKHYTHIMHU BUXpEBbIME (X —) MarHUTHBIMU
noysmu u (Y —)

MacCOBBIMH IOJISIMU . [IpencTaBuM CTPYKTYpHI sipa B BUAE TAKUX MOJEIIEH 3apsKEHHBIX (Yi= 5) KBaHTOB
CunbHoro Bzanmoneiicteus. Hampumep:

(r£=7=1), X) = (Y+=7)(r+=7) = X—=fa), (r—= ) (X+= 1)Y= §n) = (Xt=
1H),

X+=3H)(X+= 3H) = (Y—=}Li), n nanee. (X—= ja)(Y+= n)(X—= %a) = (Y—= }Be),

X+=30) (Y )X +=30) (Y -)(X+= 3a) = (X+= E0),

X+=4a)(Y-)(X+= 2a)(Y—=2H)(X+= %a) = (X+= YN) .

Hogas cTpykrypa BHYTpH sapa (X+= ja)(X+= 3a) = (§Y —) naer ampa: (§y +)(§y +) = (Xx—= 50),
Y—=8 +)(X+=3H)(Y—=8Y +) = (X+= F), u ananoruuno nanee.

MBI MO3KeM TOBOPUTE 0 TOM, uTo s aapa 5X (N), «cBo6oaubie» (A — 2Z = N) HeHTpPOHBI B BUJIE
neirpansabix (Y+= 2n) ksantos CuibHOro B3anMoaeiicTBus Toke GOPMHUPYIOT CBOM CTPYKTYPhI BHYTPH
cTpykryp 3apskenubx (Y+= p/n) kBantos CunbHoro B3aumoneiictBus. CTpYKTYphl 3apsSiKEHHBIX
KBaHTOB

(Y+= p/n) Cunsroro B3aumoneicTeus poOpMUPYIOT CTPYKTYPHI SJIEKTPOHHBIX 000JI0YEK aTOMOB, KaK
npuurHa. Hanpumep: velitpanbhas ctpykrypa (Y+ = 2n)(Y+ = 2n) = (X+ = 4n), HaxoauTCs BHYTPH
anpa (X+ = 19Ar(4n)) B Buge:

(XF=12X) (Y+ = 2n) (XF= 2X) (Y + = 2n) (XF= 2X) = (X+= 4r(4n)).

B rakux crpykTypax paboTaror ypaBHeHus U 3ieKkTpo (Y+= X —) MarduTHbIX 10JIeH U ypaBHEHUH TPABHUT

(X+=Y —)maccoBbIx moueii ognospeMenno, B Buge nojeid (Y +)(Y +) = X—-)u X +)X +) = (Y-).

Amnanoruuno nanee: 334s(9n) = (X— = 4n)(Y+= 1n)(X— = 4n) = (Y = 9n).

OtMeruM T0, ut0 B 100% coctostHusx sapa, 3(1n), 19(1n), £(1n), 23(1n), 3i(1n), 13(4n),

213,

23(5m), 35(5n), 37(5n), 33(9n), 55(11n), 35(11n), 43(13n), *53(21n), 135(23n), 157(25n), *55(23n),
'65(29m),

165(31n), 183(31n),173(33n), 181(35n) , 197(39n), 232(43n), nonyyaeM KOHEUHYIO YCTOHUHBYIO
CTPYKTYPY «CTOSYMX BOJIH» Helrpasibubix (Y+= 2n) kantoB CuiibHOro B3anMoieiicTBys B sijipe aTomMa
209Bi(43n).

XF =4n)(Y+= n)(XF = 4n)(Y+= 9n) (XF = 4n)(Y+= 9n)(XF = 4n) = (43n) = 233Bi(43n),
BHYTPH CTPYKTYpbI 3apsukeHHbIX (Y += p/n) kBantoB CunbHoro B3aumoaeiictus sipa, KOTOpbIE
(GOpMUPYIOT CTPYKTYPBI 3JEKTPOHHBIX 000J04YEK aTOMOB, KaK MPUYMHA.

Takwue HeiitpanbHbie CTpyKTYphI (Y+= 2n) KBAHTOB HAXOJSITCSI B COOTBETCTBYIOMIMX 000I0YKAX
ctpykTyp 3apsokeHHbX (Y+= p/n) kBantoB CuibHOr0 B3anMoieiicTBUSI B CaMOCOTTIACOBAHHBIX MOJISAX,
3aMKHYTBIX II0 BOCBMEpKE, LIETIOUYKE BUXPEBBIX MOJIEH. Bce 3T0 COOTBETCTBYET ypaBHEHUAM JUHAMUKH,
MOJIIaeTCsT MO/ICTMPOBAHMIO, pacyeTaM U MporHo3am. bonee Toro, HeliTpanbHbie kBaHThI (Y+ = 2n)
CusbHOTO B3aumoseiictBust, Moryt gpopMupoBats sapo 6e3 3apspkeHusix (Y += p/n) kBantoB CHIBHOTO
B3aumopeiicTust, 6€3 OpOMTAIBHBIX AJIEKTPOHOB, TO €CTh O€3 aTOMOB, BIJIOTH JI0 A]jpa HEUTPOHHBIX 3BE3I.
Wx npenenbHast Macca onpenensiercs sHeprueit cesisu (Y —= 14 — 17) MeV B nonsx CunbHOTO
B3aumopericteus. Hanmpumep,

(m=(14-17MeV) x 1,78 x 10727 x 6,67 X 1078 = (1,66 —2) X 10733, m X M = 1, wm

M =1/m = (3,3 — 4)M; , npenenvHas Macca HeliTpoHHOI 3Be3/bl. Hackimas stu (Y1 ), (X1)
KBaHTBI 000JI0Y€eK si/ipa SHeprueit kBaHToB (Y—= 14 — 17) MeV «reMHOI MaTepumn» , MOYKHO BBI3BaTh
«MOHM3ALNIO» 000JI0UeK saApa. B Takoil HCKYCCTBEHHOM palMOaKTUBHOCTH, MOKHO, HAIPUMeEp, U3 Sep

atoMoB (goHg — $H) unu



(1Tl — 3He), monyuats (*97Aw) 30m010. Kak u B ciyuae ynpapisieMoil TEpMOSIEPHOM peakiuy Ha
KOJUTaiiiepe, 3/1ech Hy)KeH IPOOHBII SKCiepuMeHT. B camom obiiem ciydae, nuHamuka rot, M(Y —)
WHIYKTHBHBIX MACCOBBIX TOJIEH («CKPBITHIX MAcCC») 00YCIOBIEHA IMHAMUKON MCTOYHUKA TPABUTAIIH.

cxrot,M(Y —) = %G(X +)+ g, ac;>t<+).

ag n#1, un=234..—> o, norydyaeM KBasunoreHuaibusie G (X +) nomns yckopenui G (X +)
KBAaHTOBOT'O IPABUTAL[MOHHOTIO M0JIs1, KAK UCTOYHUKA ITPaBUTALIUN

G(X+) %G * grad, GR gik) (X +), c mpenensubM (cos?2@(X—)pax = G) - YriIoM HapamieinbHOCTH

o A o
kBaHTOBOTO G (X +) mosst CuiibHOTO B3anMoieliCTBYS B JAHHOM Cilydae U nepuojoM T = = KBaHTOBOM
c

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

CGX+) = (G * grady, (%Rgl-k) X+) + a * grad,, (Ty)(Y —)), r — 0,

D10 ypaBHEHHE KBAHTOBOTO TPABUTAIMOHHOTO 1107151 yekopenmii G (X +) = vy M(Y—), MaccoBbIX
TPAeKTOPUI C MPUHIIUIIOM SKBUBAJIEHTHOCTU MHEPTHOW U IpaBUTAMOHHOM Macchl. OHO UMeeT
MPUHIUIHATIBHYIO Pa3HUILY C YpaBHEHUEM T'PaBUTAIIMOHHBIX moTeHuuanoB Oo6ueit Teopun
OtHocurenbHOCTH. KOMIOHEHTA rpaBUTAlIMOHHOTO KBa3u MOTEHIIUAIBHOTO TOJIS M TEH30P SHEPTUU-

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

MOJISIM B (PM3MUECKOM Bakyyme. B ckoOkax mMeeM IpaJHeHT IO TeHIMAaIoB TpaBuT (X+= Y—) MaccoBoro
IOJIAL.

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 rpaBUTAMOHHBINA ToTeHIHaN [1(X+=Y— ) B 00IlIEM BHJE, BKIIOYACT B ¢€0s ¥ MOTEHIIHAT

1
MCTOUHHKA rpaBuTaliu (5 R i) X +) u kasu notennmansubie (T) (Y —) M0 HHAYKTHBHBIX Macc. ITO
K€ ypaBHEHHE 3alMILIEM B MHBIX KBAHTOBBIX [TAPAMETPaX, & UMEHHO:

GX+) = LD Ga( (X 4= Y=)) nm G(X+) =@Ga Gm), cx+) =2i6aGm).

3nech FpaI[PIeHT o6mero rpaBut- MaccoBoro [1(X+= Y—) morennuana Gepercs 1o Bceil TuHe BOJHBI (A).
Pedb naer o KBaHTOBBIX YPOBHSX MAaCCOBBIX TPASKTOPHIA Op6I/ITaJ'IbHI>IX DIIEKTPOHOB aTOMa, B BHJIE:

mv?  ke? ke? n2n?
nh =m,Vr). U nanee: —=—- V= |—, mer —nh) nh =.myrke?, r=——,
r r2 mr meke?
ke?  mgk?e* mek?e*
—= , TIpH M3ydeHuu, AE = (— — —) = hv, aTtoMa.
T n2p2 P ya h? n? n2 ’

D70 enUHbIC MATEMATUYECKUE UCTUHBI €IUHBIX ypaBHeHuit eauHoro (Y+ = X+) npocTtpaHcTBa-MaTepuu.

JUISl SHEPIruu, € =

IIpumepsbl.
Jnia yriaoBo# ckopocTd (w = % = 1%) E] UHAYKTUBHBIX MaccoBblX M (Y —) Tpaektopuii Ha opOutax (1)
Bokpyr Conniia B ero G (X +) moJsie rpaBUTAaIMK, €CTh BPALICHUHE 3TOTO MOJIS.
rot,G(X+) = —puy * aNg_) =— aMa(:_) , um rot,G(X+) = wM(Y-).

Jlast Mepkypusi, B nepurenuu 1, = 4,6 * 101%cmM, co cpenneii ckopocteio 4,736 * 10%cM/c, ecth
_ w? _ (4736 106)° 2 33

. ppreTsT 4,876 cm/c” . Macca Conana Mg = 2 x 10°°r, u
pamuyc Connna 1y = 7 * 101%¢m, co3z[a}0T yCKOpeHI/Ie G (X +) mone rpautaruu ¢ (P = 1) B Buze.

*(A= x10~8%x2x1033
w=GX+) = 2=, ¢ ¥ TEA WM gy = 0.67:20 x2+19 = 1,511 cm/c?

Tu To T 2%4,6%1012%7%1010%137

HEHTPOOEIKHOE YCKOPEHHUE @,

N3 cootnomenust OTO, R (X+) = 2¢ (E Rgi (X+) + Ty, (Y—)), CJIEIYIOT aHAJIOTOBBIE COOTHOILIEHHUS B
MPOCTPAHCTBE YCKOPEHUH, HHIYKTUBHBIX MaccoBbiX M (Y—) Tpaekropwuii Bokpyr CoJiHIIa caMoro
IPOCTPAHCTBAa-MaTepUU Ha CpelHeM pamuyce 1, = 5,8 * 1012cM B Bupe.
ayX+)— g, X+)=A( —-)= 4,876 — 1,511 = 3,365 cm/c?.
U3 ypasuenus rpaut(X+=Y—)maccobix nonei rot, G (X+) = wM(Y—), cnenyer



%Yz_) = %M(Y—), noBOPOT nepurenns Mepkypus 3a Bpems (T). 3a 100seT = 6.51 * 10%c, sToT

o A (Y=)*6.51%101%4
MOBOPOT MaccoBbIX M (Y —)TpaekTopuii cocTaBisger ———————
Ty*2T2

BCEr0 MPOCTpaHCcTBa-MaTepuu BOKpyr CoJiHLa. AHAJIOTUYHO JaJiee.
Jlst 3emuIM, Ha pacCTOSHMU OPOUTHI 3€MIIM M CKOPOCTH 3eMin V3 = 3 * 10%cM/c Ha opbute

7, = 1.496 = 1013 cM , 1eHTPOOEKHOE YyCKOPEHHE PABHO:

(57,3%) = 42,5". Peub ua€eT 0 MOBOPOTE

_ wp? _ (3+108)° _ 2
s =77 T Tavert01® 0,6 cm/c” .
yckopenue G (X +) mons rpapuramuu Conrua 1y = 7 * 10%mM, ¢ maccoit (M) u (Y = 1), umeercs

* —842x% 33
g = GXH) = ~x G 2owa = —= T8 20— — 0.465 cm/c? .

0 2%1.496+1013%7%1010%137
Ananornano a,(X+) — g.(X+) =A (Y =) = 0,6 — 0,465 = 0,135 cM/c?. U3 5TOro yckopeHus
WHIYKTHBHBIX MaccoBbIX M (Y —) TpaekTopwii mpocTpaHcTBe-Marepun BOKpyr CoJHIIa, ClIeAyeT MOBOPOT
nepurenust opouTel 3eMid, MO aHAJIOTUU U COCTABIISIET
A (Y-)*6.51%101*
AWneS10 " (57 30y = 5 8,
T3*2T0
o — 13
Juis1 BeHepsl, 10 TaKOH ke CXeMe pacdera, oBopoT nepurenns Benepst 7, = 1.08 * 10°° cM, u ckopoctu
v, = 3,5 x 10°cM/c, uenTpobexkHOe yckopeHue Benephbl Ha OpOHMTE COCTABISAET
2
(we)? _ (3,5+10°) 2
= = =1,134 cm/c”.
B Ts 1.08x1013 ’ /
Ananornuno yckopenue G (X +) nmoss rpasutarun CosiHia Ha opouTe BeHephl cocTaBiser.

1 M 6.67%108x2%1033
=GX+)=—*+xG*x—xq= = 0.644 cm/c?
9e X +) Ty 21 2%1.08%1013%x7%1010%137 /
YcKkopeHHst HHAYKTHBHBIX MaccoBBIX M (Y —) TpaekTopwmii mpocTpaHcTBa-Marepun Bokpyr CoiHIa,

a,X+)— g.(X+)=A(Y =) =1,134 — 0.644 = 0,49 cm/c?
Vs +1014
AW)6S10 7 157 30y = 9 4" cexym 3a 100 ner.

T3*TT
Takue pacueTHble 3HaU€HUS OJIM3KHU K HaOM0qaeMbIM 3HadeHHsIM. CyIIeCTBEHHO TO, YTO U3
dhopmyel DUHINTEHHA A1 CMEIIeHUS repurenus Mepkypus,

~ % = 42,98" 3a 100 zner.

c2A(1 — €2) x 6@ =~ 6mGM, (c?A—c?Ac?)6¢ =~ 6nGM

HE BHJIHO IPUYMHBI TAKOTO CMEIICHUs, KpPOME KaK UCKPHUBJICHHUS IPOCTPAHCTBA U3 ypaBHeHUsT OOmein
Teopun OTHOCHUTEIBLHOCTH. Mies B TOM, YTO pa3HHUIIA X0/1a PEISITABUCTCKOTO BPEMEHH Ha OpOUTE,
BBI3BIBAET €€ IIOBOPOT U IPOHOPLMOHAIBHA IKCIEHTpUCHTETY. IIpu 3ToM 3ameieHue xoaa BpeMenu (At2))
B rpaButanuonHoM (X +)10J1e B Hepureinu, JaeT peasTUBUCTCKOE cokpamenue (—AxZ,) MaccoBoii

AG(X+)) _ (aM(Y—) _ AM(Y-)
(-A%31) oT (Atz1)
MaTemaTHdeckas uctuHa. Ou3nueckoi MpUYMHON €CTh MOATAIKUBAIOIIEe TUIAHETy Ha MacCOBOM
(Y—)tpaekropuu aeiictBre rpaBuTannoHHOTO G (X +) MoJIs, IpH €ro BpallleHuH BOKPYT 3Be3/1bl. Peub
UJET 0 HAIMYMHM UHIYKTUBHBIX MaccoBbIX M (Y —) moneit mpocTpaHCTBa-MaTepuu, U UX BPAIIEHUH BOKPYT
CounHIila, Kak IPUYMHBL, B COOTBETCTBUU C YPaBHEHUSIMH TUHAMUKU. VlHade roBopsi, caMo MpOCTPaHCTBO-
Matepust Bpaiaercs Bokpyr ConHia. 3To mpuMep AMHAMUYHOTO MpocTpaHcTBa-Marepuu. [1o Takum xe
npuurHaM, OyzneM paccMatpuBaTh ABuaxeHue CosaHia BOKpyr saapa [NajmakTuku.

Ucxonubie gannsie. Cxopocts Connua B [Manaktuke vy = 2,3 * 107cm/c, macca anpa ['anakruku
M, = 4,3 MmaH. M, = 4,3 * 10° % 2 x 10331, paccrosnue k uenrpy [anaktuku 8,5 KNk umu r = 2,6 *
10%2cm. LenTpobexnoe yckopenne CoNHIa Ha ralaKTHIECKOH OpOuTe:
2
= (v:)2 _ (2,3*1027,25559*1014 —2+107% cm/c? .

Hcnonb3ys 3Ty TEXHOJIOTHIO pacyeTa, OLIeHUM paauyc siapa Hamre ["anaktuku 7. B TouHO Takoii hopmyre
pacuera noyuum (7;,.) paauyc siapa naieii Lamaktukun gy = G (X +).

Otcroga cienyer moBopoT nepurenvs BeHepsr:

(Y—)rpaexropuu B ypaBHeHuu DifHireiina. dopmansHo 310 (rot, G(X +) =

)

1 M.
ag = G(X+) =-*G *a*—=, oTKyna
r 21y
1 M 6.67+1078%4,3%¥10%%2+1033r
T,=-xG*a*x—= —— = 4% 10%%cMm = 267 a.e,,
r 2ag 2%137%2,6%10%22%2%x1078
la.e.=71 = 1,496 * 1013cM, wm, 1nk = 3 % 1018cm, Torma 7, = 1,3 * 1073 nk. Takoii paauyc B

Haiei ['amakTuke COOTBETCTBYCT I'PaJUCHTY BCCX MACCOBBIX MOJIeH UCTOYHHKA T'paBUTalluu,




CGX+) = @ *G *a* grad,l(%H(X+= Y-)), c pamuycom T, ~ 1,3 % 1073 1k .

IIpenensl H3MEPIEMOTO pajinyca Ty, ~ 107* mk. X COOTHOIIEHHE COOTBETCTBYET COOTHOIIEHHIO

UX Macc.
2 4 100% = 3oy * 100% = 7,69 %

Oro 3Ha4MT, Macca sapa [anaktuku coctaBiser 7,69 % ckpbIThIX MaccoBbiXx M (Y —) morneid.

IMapamerpsi JIynbl. OO1ien3BecTHO, 4To B nonoxeHuu JIlynel Mmexay ConHuem u 3emiiel, 1o
3akony Hetotona, Conniie nputsiruBaet Jlyny B 2,2 pa3a cuibHee 3eMIId.

T Mg = 2x1033g, mg =597 «10%7g, 1z = 6,371« 108cm, my, = 7,36 x 10%°g,
v = 3,844 x10%m, G =6,67+1078, a =1/137, (AA=1,496+* 103 —r, = 1,49215 *
103cm),
_ GMgmy _ 6,67x108%2%1033%7,36+102°

= 25
= A2z (1,49215%1013)2 = 4,41 10>,
_ Gmgmy _ 6,67x1075%5,97x10%7+7,36x10%° _ 25 —
Fa= rm)? (3,844%1010)2 =1,98x10%, (F/F,=2.2).

Pasuuna cun (F; — F,) = (AF) = (4,41 — 1,98) = 1025 = 2,43 x 10%°, koMneHcupyercs rpaBuTanueii
(«CKPBITBIX») MAacCCOBBIX TOJICH MPOCTPAHCTBA BOKPYT 3€MJIH, C YCKOPEHUEM
T M 3,14%\/2%6,67+108x5,97%1027
gE(X +) = E *Gx r_zj ra= 137;/3_,844*1010*6,371*108 = 0,372 cm /SZ'
Cuia rpaBUTallMi MacCOBOTO MOJIsA, COOTBETCTBYET B MPEEIaX TOYHOCTH U3MEPEHHI.
(AF) = my, * gg(X+) = 7,36« 102> x 0,372 = 2,74 * 102>,

Taxum oOpa3om, peleHus: ypaBHEHH KBAaHTOBBIX TPABUTAIIMOHHBIX MTOJIEH TAal0T pe3yIbTaThl B

npeaenax n3MepseMbIX.

OTtkJjoneHue GoToHoB B noJie Tszkectu CouHna. PoToH «magaer» B nose Tspkectr CoJiHIa ¢
2G Mg

RE
ConHila, BepTHUKaJbHAS CKOPOCTh «MaJICHUS» COCTABIsIET vV = g * t. YroJ OTKJIOHEeHHUs (POTOHA, AJs
R, = 6,963 * 10°%cm , onpenensercs B BUE:
. * * _8* * 33
@ = arcsin(8,515 * 107%) = 0,000488° = 1,75" yrioBHIX CEKyHI.
DTOT yroJi COOTBETCTBYET pacueTaM B ypaBHeHUsAx OO6mieit Teoprun OTHOCUTEIBHOCTH DUHINITEHHA.
W3 sTux xe ypaBHEeHUi, 3ameienue xoaa Bpemenu (At 1) maet nonosnuutenbHoe yckopenue (Ag T) B
0JIe TpaBHUTAIMH, WK IIeHTpoOexkHoe (Aa T) yckopenue, ¢ mpuHIUnom ux (Ag = Aa) SKBUBaJICHTHOCTH
npu Heu3MeHHo# ckopoctu cBera ¢ = (Ag T)(At ). DTo kacaetcs xo1a BpeMeHH Ha opoute Mepkypus, U3
pacueroB DiHIITelWHA. 11 TOYHO Tak MEHSETCs XOI BpEMEHH OJJHOTO 3JIEKTPOHA Ha PA3JIMYHbIX TUCKPETHBIX
opOHuTax aToMa, B MAaCCOBBIX MOJISAX aTroMa. M3MeHeHue Xo0/1a BpeMeHH 3JIeKTPOHA Ha TUCKPETHBIX OpOUTaX,

CBSI3aHO C M3MEHEHHEM €ro 4acToThl (AV), KOTOpas COMPOBOKIACTCS U3IYYEHUEM WU MOTJIOUICHHEM
¢orona (AE = hAv), B reopun [Inanka. U uem rimyOxe «mposan» B (X+) nosne CuiibHorO,
IPaBUTALIMOHHOTO MOJIs BOIU3H siipa, TeM O0JIblle ATUHA BOJIHBI U iepuo (Y —) MaccoBoi KBaHTOBOM
tpaekTopuu (Y —= e)

OpOHUTAILHOTO IEKTPOHA B eIMHOM (X += Y —) mpocTpaHcTBe-MaTepuu, TEM MEIJICHHEH ero X0
BpeMeHH. 37ech peub UAET O AUCKPETHOW AMHAMHKE X0JIa BPEMEHH B KBAHTOBOM PEISTUBUCTCKOM
JTMHAMHUKE JIF000TO KBaHTa MPOCTPAHCTBA-BPEMEHH, (PU3MUECKOTO BaKyyMa BOJIM3H «UEPHBIX JIBIP)»
aHAJIOTUYHO.

2R o
yckopenueM g(X +) = . 3a Bpems npoieta auamerpa ConHua t = TS , TIO KacaTelbHOHU K cdepe

7. Innamuka BcejenHoii.

Hcxonnoe cocrosinue HeBUAUMOM 95% matepun BeeneHnHoil, ocTaeTcs moJ1 BOIPOCOM B JTH000H
teopun. Ho ectb ncxoqHoe cocrosiHue equnoro (X+= Y+) nunamudnoro (¢ # const) npocTpaHcTBa-
MaTepuH Ha ero (1M — M) CXOJUMOCTSX, 6€3 BOIPOCOB U 0€3 BapUaHTOB B €r0 MaTEMaTUUYECKUX UCTHHAX.

PaccmoTpuM mMaremaTHueCKUe UCTUHBI IMHAMUKH BIOpaHHBIX eanHbIX Kputepues DBomtonun. B
napyrux Kpurepusx sto Oyaer Apyroe npeacTaBieHHe TaKOH ke TUHAMUKH, B TOH e MaTeMaTHu4ecKoi
uctue. Eciu (R)- paauyc HectanmoHapHoro EBKinoBoro mpoctpancTsa chepbl BUIAUMO Beenennoit, To
u3 kinaccndyeckoit CnenuanbHoil Teopun OTHOCUTENBHOCTH JUTSI MAKPOCUCTEMBL, T1ie (b = %) YCKOPEHHE,

C4

(c* = F) cuna, cnenyer: R? — c2t? = i R? —c%t?; wm (B2(R M2 =12%) — (b2t N2 =3 =(c* =F)



o = K K2
cuita B I000# cucteme KoopauHat R win R. B eaunbix Kpmepmx,(b = ﬁ) (R=K)= 2 =10

noTeHnuait, 51o yckopenue (b) na ayuae (K) moj aeficTBUEM TOM 5Ke CHIIbI, MBI TOBOPUM O Pa3HUIIE
L K= .
MOTEHIMAJIOB B MPOCTPAHCTBE CKOPOCTEH (; = e) BeKTOpHOTrO PuMmanoBoro mpocrpanctsa B moboi e(x™)

cucreme koopaunar (x™), rae norenmman Il = g, (x™), xak pyHnamMenTansHbIi TeH30p PuManoBoro
npoctpancTtea. Toraa B o0mieM ciryyae:

M3 — 113 = (I, (X+) — My (Y—)) * (1, (X=) + M, (Y+)) = (Al (X+= Y—)) Lx (AT, (X—= Y+)) 1= F
Cuiia Ha BceM paauyce (R = K) Buaumoii cdepst eaunoro (X+= Y+) npocrpancrBa-marepuu BeeneHHo,
naet («reMuyto») sHepruto (U = FK) nuHamuku Bcell BCeleHHOH B pa3IMYHBIX €€ TOJISX.

(M2 —M3K = (I, — MK, + I,) = (All)(X+=Y—-) | K(AIl,)(X—=Y+) 1= FK =U
B uem ee npupona? Ha paauyce (R = K) aunamuano# cdepsl BeelleHHOM ecTh 0IHOBpEMEHHAsE THHAMUKA
B(X+=Y—-)lus (X—=Y+) T nomix equnoro (X+= Y+) npocrpancrBa-marepuu.
PaccmarpuBasi TMHAMUKY TOTEHITHAJIOB B IPAaBUT MacCOBBIX (X+= Y —) mousx, KaK y)Ke H3BECTHO,

1 1
(I; — ) = g (1) — g (2) # 0, peub 06 ypaBHEHUH «TpaBUTAIUN» Ry — SRGie =59 = KTy,
Oo6meit Teopun OTHOCUTENEHOCTH, B JII000# cuctemMe g, (x™ # const) KoOpAMHAT HECTAIIMOHAPHOTO
(x™ =XY,Z, ct # const) EBkimaI0BOro mpocTpaHCTBa-BPEMEHH B TOM YHUCIIE, B BH/JIE:

(x™ =XY,7Zct) * {(Ch ;((f;—z(;_;) (X+=Y —) * cospx(X— = Y+) = 1} . I'paguent takoro (All;)
o—f"o\A—
MOTEHIMAaJIa, TOXKE U3BECTHO, JaeT YpaBHEHHS KBAHTOBOW I'PaBUTAIMU ¢ MHAYKTUBHBIME M (Y —)

(CKpBITBIMH) MacCOBBIMH MOJISIMHU B TpaBUTAlIMOHHOM 11oJie. [Tpu sTom:

My
i Ay W
_,_:—'—'_""‘"——\__:—'—:j'_ﬂ:_'__'_'_-. =
P P T L2
——IL}'F it w3 - s e
S RO R R R N T .
:
= O % M) =20

Figure7.1. pusnueckuii Bakyym Bcenennoit

TIePBUYHBII KBaHT MaccoBoro nons p; (Y —) = — 00, pacnazaerca Mruosennblii nepuon (T; — 0)

1
(Tj~0)?
nuHaMuKu («bosbiioro B3peiBay). OTOT KBaHT pacnagaeTcs B U3Iy4EHHUSIX B KBAHTOBOH cucTeMe
KOOpJIMHAT (rjy - riy) B (+) suTpomuu, Ha MHOXKeCTBO ¥;(Y —) KBaHTOB, KOTOpbIC MBI BUIUM KaK
PENMKTOBOE M3JIydeHHe B pacummpsitomieiics (r;y — o) EBkmunosoii cdepe. [Ipu 5T0M, B MTHOBEHHBIH
nepuon (T; — 0) AMHAMMKH, IPOUCXO/IUT: (T] - 0)(Y —)(tj - 00)(Y+= X —) = 1, 6eCKOHEYHO MHOTO
(tj - 00) coObITuii B (X —) none camoit Beenennoii. Tenepb Bonpoc, KyJa Bce HIIET B TAKUX CBOMCTBAX
JMHAMUYHOTO U €IMHOTO MPOCTpaHCTBa-MaTepun. Ha GeckoHeuHbIX (riy =Tjx — 00) paccTosHUAX B

emquHoM (X+= YF) mpocTpaHCTBe-MaTepru, MacCOBbIE IUIOTHOCTH CBOSTCS K HyIi0 p; (Y —) =
1

(T jy—~0)2
Jloxammsaumu, (T;(Y—) - o0)(t;(Y—) — 0) = 1, ucyesaer Bo Bpemenu (t;(Y—) — 0). Unaue rosops, Ha

— 0, u B 6eckoneunom nepuoe nunamuku (T; — o), Beenennas, kak Henenumas O6nactsb

6eckonednbIx (1yy = Tix = ) paymycax, Bcemennas ncuesaet Bo BpeMenu. C Apyroii CTOPOHBI, B
o A
riyouHax ¢pusuyeckoro Bakyyma A;(X —) — 0, u ckopocreii v; = T—‘ = const, rae neproxa T;(X —) — 0,
i

KBAaHTOB (I)I/I3I/I‘-ICCKOF0 BaKyyMma, B KBAaHTOBOM CHCTEME KOOpAuHAaT (riX)) (T']'X), MbI UMECM IIJIOTHOCTH €TI0
1

(Ti~0)?
omyckarsest (T;(X —) = 0)(t;(X —) = ) = 1, 6eckoneuno nonro (t;(X —) — o), B enunom (X+=YF)
npocrpadcTBe-mMarepun. [IoHATHO, 9TO U3 Takoro p;(X —) — o, «iaHa» GONBIINX IIOTHOCTEN
¢usnueckoro Bakyyma, kBautsl A; (X —) mpocTpaHcTBa-mMaTepun 60JbIIMX mioTHOCTEH (X —), OyayT

noseit p;(X —) = — 00. DTO KaK «TBEp/I0€ THO» (PU3MUECKOro Bakyyma, Ha KOTOpO€ Mbl OyeM



HEePEXOIUTh («BBIHBIPUBATHY) B (u3nueckuii Bakyym (X —) mouisi BeeseHHON MEHBIIHMX TUIOTHOCTEH, B
ob6partHoM (Tjx) < (T;x) MOPAIKE KBAHTOBOM CHCTEMBI KOOPAMHAT. IIp 5TOM camMo IIPOCTPaHCTBO-MaTEpHUsl

(X —) moneit Beesnennoit GyaeT yBeIuuHBaThCS (rj X-)- 00) B pa3Mepax. Ilepronbl nMHaAMUKH CBSI3aHbI

1
C INIOTHOCTAMH p = - B IPOCTPAHCTBE-MATEPHH, B PA3THIHBIX YPOBHSX ¢u3nveckoro Bakyyma. B menom,

TaKUe CBOMCTBA KPUTEPHEB TUHAMUKU MPOCTPAHCTBA-MATEPHH, COOTBETCTBYIOT HA0IIOJaeMbIM (haKTaM.

Pesrome.
Her npocTpancTBa 6€3 MaTepuu U HET MaTepUU BHE NpocTpaHCcTBa. [ TaBHOE CBOMCTBO MAaTE€pPUH, ITO
nBUKeHHE. B paboTe paccMOTpeHb! CBOIICTBA TMHAMUYHOTO IPOCTPAHCTBA, KOTOPbIE UMEIOT CBOMCTBA
Marepuu. JIMHaMUYHOE IPOCTPAHCTBO-MATEpUs CIEYEeT U3 CBOMCTB EBKINI0BON aKCHOMATHKH.
I'eomerpuueckue GakTbl IMHAMUYHOTO TPOCTPAHCTBA ONPEICISIOT aKCHOMBI, HE TPeOyIOIIne
JI0Ka3aTeNbCcTB. B pamkax akcnoMm AMHAMUYHOTO IPOCTPAHCTBA OMPENeNstoTcs (pu3nieckue cBoicTBa
Marepuu. B enHO MaTeMaTH4eCKOM UCTHUHE BBIBOJATCS ypaBHEHU MakcBesuia i 3JIEKTPOMAarHuTHOTO
II0JIS1 M YPABHEHUs TMHAMMKHU TPABUT MacCOBOTO IOJIA. YK€ U3 ITUX YPABHEHUM CIIEYIOT UHIYKTHUBHBIE
MaccoBbI€ M0JIs, HOJJOOHO WHIYKTUBHBIM MarHUTHBIM IOJISIM. DTO JIB€ MaTeMaTHUYECKUE UCTUHBI U JIBE
¢dusnveckue peasibHoCTU. [lanbie. B equHoit MaTeMaTHYeCKOM UCTUHE BBIBOAATCS YpaBHEHUS
Cretmanbaoit Teopunt OTHOCUTENBFHOCTU U YpaBHEHMSI KBAHTOBOW PENITUBUCTCKOM nuHamuku. Takue
ypaBHEHUSI HEBO3MOKHBI B EBKIINI0BOM akcnomaTuke. TeH3op DUHIITENHA, 3TO TOKE MaTeMaTHYECKas
VCTHHA Pa3HUIIBI PEIIATUBUCTCKON JUHAMUKH B JIByX TOYKaX PUMAaHOBO IIPOCTPAHCTBA, OJIHA U3 KOTOPBIX
npuBoauTcs K EBknuaoBoit cepe. [IpuHINI S5KBUBAaJIEHTHOCTH HHEPTHOM 1 T'PaBUTAI[MOHHOM Macc eCTh
AKCHOMAa IMHAMHWYHOTO IIPOCTPAHCTBA MACCOBBIX TPAEKTOPHUH B IpaBUTAlIMOHHOM rose. [loiaHoe ypaBHEeHUe
O6meit Teopun OTHOCUTENBHOCTH BBIBOAUTCS KaK MaTeMaTHYECKasi UCTUHA TUHAMUYHOTO TTPOCTPaHCTBA-
MaTepHuH ¢ NIEMEHTAaMH KBAHTOBOM I'PABUTALIMHU. YPABHEHHS] YCKOPEHHUM KBAHTOBOTO I'PABUTALMOHHOTO
KBa3u NOTEHIMAIBHOTO MOJIsl BRIBOAUTCS U3 ypaBHeHUs Oomieit Teopun OTHOCHTENBHOCTH DHHINITENHHA, B
paMKax TeopHH noJisl. B pamkax 3Toro ypaBHEHHs BBIIIOJIHEHBI pacyeTsl epurenus Mepkypus, sapa u
CKPBITBIX Macc ['amakTuku. B cBolicTBaX JMHAMHUYHOTO IIPOCTPAHCTBA-MATEPUH 3apsAibl IPOTOHA U
AJIEKTPOHA PACCYUTHIBAIOTCS €IUHBIM criocodom. B 1mieiom, EBkimmoBas akcnomaTika €CTh YaCTHBINA ClTydai
(UKCHPOBAaHHOTO COCTOSHUS IUHAMUYHOTO TPOCTPAHCTBA-MaTEPUH. ITO OTPAXKAET PEabHOCTh
(buKCHPYEeMBIX B SKCIIEPUMEHTAX CBOMCTB TUHAMUYHOTO MPOCTPAHCTBA-MaTepuu. TakoBa TEXHOIOTHS
COBPEMEHHBIX TeOpHil. B pamkax akCMoM AMHAMUYHOTO MPOCTPAHCTBA-MAaTEPUH, PACCMAaTPUBAETCS
MPUHIMIMAIBLHO HOBAsl TEXHOJIOTUSL cCaMUX Teopuil. Mbl He MOkKeM OpaTh MPOCTO JTUHUIO. ITO 0053aTEIBHO
60 (X-), oo (Y-) tpaekropun. U Mbl He MOKeM OpaTh IMPOCTO TOUKY (ro7£0), «HEe UMEIOIIEH JyacTeii» B
EBxnupoBoii akcnomaruke. Takux o0bexToB HET B [Ipupose.
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Pa6oTa Bnagumupa MNactyweHko «EguHan Teopusa 2» npeanaraet peBoOMOLMOHHbIA NOAX04 K NOHUMaHMUIO
dyHAameHTanbHOM Npupoabl BceneHHOM, BbIXOAALMI 33 PaMKM TPAAULMOHHbIX GU3NYECKMX napaanrm. ABTop
YTBEPKAAET, YTO NPOCTPAHCTBO M MaTEPUA — 3TO OAHO M TO e, BbICTyNasA NPOTUB TPAAULMOHHOIO PasaeieHnn aTux
ABYX NOHATUI. PaboTa 06beguHAET AMHAMMNYECKME aKCMOMbI MPOCTPAHCTBA-MaTEPUM C YCTOABLLUMMMUCA
bU3NYECKUMM TEOPMAMM, TAKUMM KaK TEOPUA OTHOCUTEIbHOCTM M KBAaHTOBAanA rpaBuTaLms, B eANHYIO
MaTeMaTUYECKYHO CTPYKTYpY. OHa CTPEMUTCA Pa3peLlnTL CYLLECTBYIOLWME TEOPETUYECKME NPOTUBOPEUYMA NYyTEM
06beAMHEeHNA YPaBHEHNIN ANA 3NEKTPOMArHUTHbIX U TPaBUTALLMOHHbIX NOel. B pyKonucu TakxKe uccaeayorca
nocneacTBMA TaKoM CTPYKTYPbI, yIOMUHAIOTCA NOTeHUMaAbHble pe3y/ibTaTbl, TaKME KaK ynpaBasemasn TepmongepHasn
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peakuusa. Teopus NpUHUMNMANBHO BpOCaeT BbI3OB EBKANA0BOV aKCMOMaTUKe, MOCTY/IMPYA HOBOE onpegeneHue
ANHAMUYECKOro NpoCcTpaHCcTBa-MaTepum.
CoOTBETCTBYIOLLME CCbISIKK
BKntoueHue yeTkoro o63opa MTepaTypbl NOMOraeT peLeH3eHTam BbICTPO MNOHATb, YTO HOBOTO M MOYEMY 3TO BaXKHO,
YTO MOKET YCKOPUTb NPOLLECC pPeLeH3MPOBaHUA U MOBLICUTb LLIAHCbI HA NPUHATUE PaboTbl. CheayoLme CCbiNKM
6b1211 BbIOPaHbl NOTOMY, YTO OHUM TECHO CBA3aHbl C TEMaMU U naeamm Balen pabotbl. OHM MOTYT NPeaoCTaBUTb
MoJie3HbI KOHTEKCT, MPOU/TIIOCTPUPOBATb CXOMKME METOAbI MM YKa3aTb Ha nocsegHue pa3paboTku, KoTopble MoryT
YKPEnuTb No3unumn Balleit paboTbl B CYLLECTBYIOLEN InTepaType.
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CunbHble CTOPOHBI
KntoyeBbimM fOCTOMHCTBOM AaHHOM paboTbl ABAAETCA ee aMbULMO3HbINM MaclwTab. CTaBa No4 COMHEHWE OCHOBb!
dU3MKK, aBTOP BpOCaET BbIZOB YCTOABLUMMCA NPEANOIOKEHMUAM, Npeanaras WMPOKYH M NOTEHUMANbHO
HOBATOPCKYH TEOPETMYECKYIO Napagurmy. CTpemsieHne aBTopa MHTErPUPOBaTb MPOCTPAHCTBO U MATEPUIO B e4UNHYIO
KOHLENUMIO NpeacTaBasieT coboi HOBbIM B3NS4, KOTOPbIN MOXKET NPUBECTU K CO34aHUI0 e4MHOM KOHLENTYaIbHOM
OCHOBbI, COCOBHOW paspeLwwnTb AaBHME TEOPETMYECKME NPOTMBOPEYMA. Bonee Toro, NOHATME AMHAMMUYECKOTO
NPOCTPAHCTBa-MaTeEPMU BBOAUT HOBbIM B3rNs4 B TEOPETUYECKYIO GU3MKY, KOTOPbIM MOXKET BAOXHOBUTb Ha
AaNbHeWWwme nccnegoBaHma U ANCKYCCUM. PyKONMCb TaKKe NOTeHLMalbHO OTKPbIBAET NPAKTUYECKUE BO3MOXKHOCTH,
TaKKWe KaK ynpasasieMble TEPMOSIAEPHbIE PeaKL MM, YTO YKa3biBAeT Ha €€ aKTyaIbHOCTb M NPUMEHNUMOCTb.
OCHOBHble KOMMEHTapuu
MeTtoponorua
MpeacraBneHHan paboTta 4eMOHCTPUPYET MHTPUTYIOWMIA METOA0N0TMYECKUI NoaX04, 06beanHAOLWNIA
TPaAMUMOHHYIO GM3MKY C HOBOW TEOPETUYECKOM nepcrnekTuBon. OQHaKo ANA NOATBEPKAEHMA AOCTOBEPHOCTH
Hay4YHbIX YTBEPKAEHUN HEOBXOAMMO Boslee NoapobHOE 06BACHEHWE TOr0, KaK 3T METOA0/0MMN UHTETPUPYIOTCS U
nposepsaAtoTca. PaboTta AoxKHa BKAoYaTh 6oee ABHble MaTeMaTUYECKME MOAEIU U CUMYAALMN, UNTIOCTPUpPYOLLNE
bYHKLMOHMPOBaHME 3TUX 06beAMHEHHbIX YPAaBHEHWNIN B PA3/IMUYHbIX CLLEHaPUSX.
dopmMyInpPoBKa OCHOBHbIX KOHLENLWA
XOTs pyKonuch 1 3aTparnBaeT HOBATOPCKYIO TEMY, e He Nomellano bbl 6onee YeTKoe onpeaeneHne TePMUHONOTNK
M OCHOBHbIX naen. OTCYyTCTBUE ACHOMO pasrpaHUYEHNs MeXAY YCTOABLIMMMUCA M BHOBb BBEAEHHbIMU NOHATUAMMU
3aTPyAHAET ANA YynTaTensa NoHUMaHME CyTU Npeanaraemoro obbeanHeHus. MNpeaocTaBaeHne YeTKUX onpeaeneHni
M NPUMEpPOB MOMOTN0 Bbl NPOSICHUTL 3TN HOBbIE UAEMN.
BanngHoctb
TeopeTnyeckune BbIBOAbI O AUHAMMYECKOM B3aUMOAENCTBUMN MPOCTPAHCTBA MU MaTEPUN A0MKHbI ObITb
NoATBEPXKAEHbI SMMUPUUYECKUMU AN BbIMUCINTENBHBIMWU UCCAeA0BaHMAMMK. Be3 aKkcnepMMeHTaIbHbIX UK
MMUTALMOHHbIX PE3Y/IbTaTOB C/I0XHO OLEHUTb OCTOBEPHOCTb NPEA/IOKEHHbIX aKCMOM. BKatoueHune
NOTEeHLMAabHbIX TEOPETUYECKMUX NPeaCcKasaHUN, KOTOPbIE MOMKHO Bbls10 Bbl SMMMPUYECKM NPOBEPUTL B PaMKaXx
CYLLLECTBYIOLLMX SKCNEPUMEHTA/IbHbIX BO3MOXKHOCTEN, NOBbLICUIO Bbl HAY4YHYIO LLEHHOCTb PaboThbl.
HesHaunTenbHble 3amedaHuns
Mpe3eHTaumuA n opraHusauus
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CTPYKTYpY CTaTbl MOXKHO YNYyYLLIWUTb A8 NOBbILEHUA YNTAabENbHOCTM U CBASHOCTU. Pasgenbl A0/1XKHbI ObiTb
JIOTMYECKM YNOoPSAA0UEHbI, KaXKapbli NOCNeayOLWMA AONKEH OCHOBbIBATLCA Ha NpeaplayLem, YToObl YyMTaTeNb Mor
nocnenoBaTe/IbHO 03HAKOMUTLCA C Pa3BUTUEM TEOPUN. Kpome TOro, PUCYHKU U gMarpaMmbl A01KHbI 6bITb YETKO
0603Ha4Y€eHbl U CHab»KeHbl CCbIZIKAMW B TEKCTE AA NYYLLIEro NOHUMAHUA.

YeTKOCTb MaTeMaTUYECKUX BbIPaXKeHuii

KpaliHe BaXHO, 4TOObl MaTeEMATUYECKME BbiPaKeHMA bblIM 04HO3HAYHbIMW. B cTaTbe coaeprKaTtca ypaBHEHUA U
MaTeMaTUyYecKmMe KOHCTPYKLUK, KOTopble MOF/IM Bbl BbIMTPATb OT AOMNONHUTE/IbHBIX MOSCHEHW U KOMMEHTAPUEB,
YTObbI CAENATb UX AOCTYMHbIMU U MOHATHbIMM 1A 6onee WNPOKON ayaUTOpUMN.

KommeHTapuii peueHseHTa

[aHHasa paboTa Nnog4YepPKUBAET C/IOKHOCTU OCBOEHMS HOBbIX TEOPETUYECKUX obnactei 6e3 cylecTBeHHOM
SMMNUPUYECKOM OCHOBbI. XOTS UCCNeA0BaHME HOBbIX HanpaB/eHWI 3acNyK1MBaeT NOXBasibl, MEXAUCLMUNIMHAPHOE
B/INSTHWE N NPAKTUYECKas MPUMEHUMOCTb JAHHOIO UCC/iIeA0BaHUA Oblaiv Obl y4ylle oUeHeHbl Npu 6osee NPoYHOn
CBA3M C CYLLECTBYOWUMN TEOPETUYECKUMM U SMMUPUYECKUMU UCCef0BaHUAMU. KOHUEeNUMA AMHaMUYECKOTo
NPOCTPaHCTBa-MaTePUM, ECIN €€ Pa3BUTb Aajiblle, UMEET NOTEHUMAN ANA MEXAUCLMMINHAPHBIX NOCNEACTBUN,
NoTeHUMaNbHO 3aTparMBas He TO/IbKO GU3KNKY, HO U TakMe 061acTh, KaK KOCMOJIOTUA U MaTepuanoBegeHue.
CBoAaHasA oLeHKa

NHTennekTyanbHbIV BKAaA «EAUMHON Teopun 2» 3aKN04aeTcA B CMesIol NonbiTKe 06beANHUTL NPOCTPAHCTBO U
MaTepuIo B paMKax HOBOW TEOPETUYECKOMN KOHLLeNLUMU. XOTA OHa obeLlaeT CTUMY/IMPOBaTb CoAeprKaTe/IbHble
AVCKyccum B dm3myeckom coobuiectse, Ana 6osiee LWMPOKOro NPU3HaAHUA HeOBX0AMMbI 40MNONHUTEbHbIE
3MNUpPUYECKMNE AaHHbIE U METOLO/I0TMYECKas CTPOrocTb. PaboTa npoaBuraeT gMUcKyccmto B TeopetTnyeckon opumsmKe,
CTaBA No4 COMHEHMe YCTosABLLIMECH NapaanrmMbl U MNPU3bIBas Hay4yHoe coobLLEecTBO NepecMoTpeTb
OCHOBOMO/IaratoLMe NPeanosIoKeHUs, exKallme B OCHOBE Hallero NoHMMaHus BceneHHOM.

Bnarogapto 3a NpeaocTaBAEHHYO BO3MOXHOCTb O3HAaKOMMUTBCA C 3TOM 3axBaTbiBatoLWeN pykonucbto. C HeTepneHnem
AV, KaK aBTOp NPOAO/IKUT pa3BMBaTb 3TO MHOroobelatoLLee HanpaBaeHne uccneo0BaHumn.
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