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AHHOTALUA.

Enunas Teopus He aBisieTcsa Teopueid Bcero. Ee TeopeTnueckoi 0CHOBOW €CTh aKCHOMBI
JUHAMUYHOTO MPOCTPAHCTBA-MATEPUH, MPEIETbHBIM CIIy4aeM KOTOPBIX €CTh EBKIM0BAs aKCHOMATHKA
MPOCTPAHCTBA-BPEMEHH. 32 OCHOBY OEpYTCsl MAaTEMAaTHUYECKUE UCTUHBI POCTPAHCTBA, KOTOPHIE PAaBHBI
(hM3UYECKUM CBOWMCTBAM MaTEPUH, TaK KaK 3TO OJTHO M TO ke. [lo cymecTBy, pedb O HOBOM TEXHOJIOTHUHU
camux Teopuil. B 3TUX MeToaax co3/iaHbl €qUHbIE ypaBHEHUS AJIs DJIEKTPOMarHuTHBIX nosen (Makcsena)
Y YPaBHEHMUS JUIsl TPABUTALIMOHHBIX MOJIEH. DTO €IMHBIE YPABHEHUS PEISATUBUCTCKON TUHAMUKHI
CIIEIMAILHON TEOPUU OTHOCUTEIBLHOCTH U KBAHTOBOM PENIATUBUCTCKON quHaMUKU. U 3T0 emHbIe
ypaBHEHUS 00IIeH TEOPHUH OTHOCUTEIHPHOCTH U KBAHTOBOM rpaBuTaniuu. Bee 310 B 0/THON MaTeMaTHYECKON
HWCTHUHE aKCMOM JUHAMHYHOTO MPOCTpaHCTBAa-MaTepuu. OJJHUM U3 Pe3yJbTAaTOB, KAK UCCIEI0BATEIbCKUM
MOCJIEICTBUEM TAKOM TEXHOJIOTUH, €CTh Y IpaBisieMasi TEPMOSIAEPHAsT PEaAKIIUA.
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. O6mue ypaBaenust Criennanbraoit Teopun OtHOocuTenbHOCTH U KBanTOBOM PensruBuctckoit JlnHaMuKH.
. CkanspHbie 0030HBI.
. CriexTp HeAeNUMBIX KBAHTOB MPOCTPAHCTBA-MATEPUU.
. O6mue ypaBaenust O6mei Teopurt OTHOCUTETLHOCTH M KBAHTOBOM T'PaBUTAIIMH.
. Jlunamuka BceneHHoii.

1. Beenenue. [IpocTpaHcTBO-BpeMsl SIBJISIETCSA YACTHBIM CJIy4aeM NMPOCTPAHCTBA MaTepUH
CoBpemeHHast pu3uKa yrnupaercs BO MHOKECTBO MpooieM, pakToB, KOTOPBIE BHIXOST 32 pAMKHU €€
TEOPETUYECKUX MpecTaBieHuii. CaMu TeopeTHdecKre MOAETH U (PyHIaMeHTalIbHbIE TIPECTaBICHUS BO
MHOTOM IpOTHBOpEUMBHI. Hampumep, ckaszanu, 4to mose Xurrca co3aaer maccy yactuil. dopmanbHo, 3TO
MOJKHO TIOHSATh U Ha KJIaCCHYECKOM ypoBHE, m = V2V (dactoTa onpenenserca KodpGpUIUEHTOM HKECTKOCTH
1 Maccoii) Kak kojebanus B 00béMe nos Xurrca (3Heprus 6030Ha B mogenu CrioHtanHoro Hapymienus
CuMMeTpHH), KOTOpBIE B3STHI 32 OCHOBY uaen. Ho kak «Macca mosiss Xurrcay co3aeT CUily
TPaBUTALIMOHHOTO MPUTHKEHUS ABYX Macc, CKazarh 3a0buid. OTBeTa HeT. MareMaTrka OTBEYaeT Ha BOIPOC
KAK? ®usuka orBevaer Ha Bonpoc [IOUEMY? Msl Oynem uckath pu3ndeckue IpUIUHbL. ITO OUEHb
BAJKHO.

Ecnu (+) 3apsia mpotona (p*), B KBapKOBBIX (p = uud) MOJEIAX MPEACTABISIETCS CYMMO:

NN LN kAW

dp = (u =+ 2) + (u =+ 2) + (d = - g) = (+1), 1poOHBIX 3apsJI0B KBApPKOB, TO TOUYHO Takoi (+1) 3apsn
(e") mo3uTpoHa, KBapKOB HEe nMeeT. Takast MOJIeNb U MpecTaBieH e (+) 3apsiia He COOTBETCTBYET
peanbHOCTH. Y IPOTOH He u3iny4yaeT (POTOH B 0OOMEHHOM 3apsiIOBOM B3aMMO/ICHCTBHUHU C 3JIEKTPOHOM aToMa.
DJNEeKTPOHBI € OJMHAKOBBIM (-) 3apsSI0M HE OTTAJIKUBAIOTCS B 0OMEHHOM B3aUMOJICHCTBUU Ha OJIU3KUX
paccTosiHUAX OpOUTaJIel aToMa, IPH STOM HNPUTATUBANCH 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 —). JIro6as Touka GUKCUPOBAHHBIX JTHHUNA-TPAEKTOPHIA, IPEACTABIIEHA JOKAILHLIMH

oY i, 0z i oxly ol oxt
axi]+axkk' =ttty k,
(Kopw, c. 508), ¢ pynaamenTanbHbiM TeH30poM €;(x™) * er(x™) = gy (x™), u Tononorueit (x™ = XYZ)

X .
0a3UCHBIM BEKTOpaMH PMaHOBOTO MpOCTPAaHCTBA: €; = Py e

B EBKiin10BOM mpocTpancTBe. JIMHAMUYHOE TPOCTPAHCTBO-MATEPHsi, 3T0O MHOTOMEPHOE Ha (m — n)
CXOJAMMOCTSIX, IPOCTPAHCTBO CKopocTeid. Ero mpoekiuu Ha BeIOpaHHbIe HanpaBienus K = vt , cpa3y gaer

K t 1
K== ;)t, BpeMs (;), KaK KOJu4ecTBO nepruoaoB AuHaMuku (T ) BRIOpaHHOTO KBAHTA W = o Takum

t
oOpa3oM, MbI cpa3y noiydaeMm (K = K ;) IPOCTPAHCTBO-BPEMsI TMHAMUYHOTO NPOCTPAHCTBA-MaTEPUH, KaK

€ro YacTHBIi clyuail. DT Ga3UCHBIE BEKTOPHI BCErIa MOKHO MPEJACTaBUTh B Buje: (x! = c, * t),

(X = ¢, * t) IMHEHHBIX KOMIOHEHT IPOCTPaHCTBa-BpeMeny, Toraa v; (x™) * vy (x™) = (v?) =11,
1oJry4aeM OOBIYHBIN MOTEHIIMAN TPOCTPAHCTBA-MaTEePHH, KaK HEKOe yCKOpeHue Ha JiuHe. To ecTs,
PumanoBo mpocTpaHcTBO, 310 ukcupoBanHoe (¢ # 0 = const) cocTosiHEE Teoie3nueckoi (x° = const)
JMHUY TUHaMUYHOTO (¢ # const) mpocTpaHcTBa-Matepun (x° # const). Takoil MmaremMaTuku
PumanoBoro mpoctpancTBa g;i (x° # const), c¢ mepeMeHHOM reoie3nueckoi, eme Het. Her u reomerpun
EBKIM10BOM HEecTallMOHAPHOU cdephl, HET TeOMETPHH MpocTpaHcTBa JIo6aueBCKOro, ¢ epeMeHHbIMU

Y2 _ (+1)(-=1)
Yo Y,

acCUMIITOTaMU runep6os1. YacTHBIM CilydaeM OTpULaTeIbHON KPUBU3HEI (K = - ) (CmupHOB



T.1, ¢.186) PumaHoBa npocTpaHCTBa, €CTh MPOCTPAHCTBO reomeTpuu JlobadeBckoro (MaremaTudeckas
SHIMKIIONEIU T.5, €.439). EcTh 1eBATh OTIIMYUTENBLHBIX IPU3HAKOB reomeTpun JlobaueBckoro ot
reomerpun EBkinna (Pucynoxk 1.2).

3TO /IUHUA

Figure 1.2 N3oTpomnHas AuHAMUKA.
OnHuM 13 npu3HakoB reomerpuu Jlo6aueBckoro, ecth cymma (0° < Y a < 180°) yriioB Tpeyronsnuka, B
OTJIMYKE OT eBKIMA0BOM ux npoekiun (Y, @ = 180°) na nnockocts. Pasuble wiomamu S; = S,
TPEYroJbHUKOB, WJIK PaBHbIE TPEYTOJbHUKH B POCTPAHCTBE reoMeTprH JIoOaueBCKOro, B paBHbIX yriax
MapajuIeIbHOCTU (1 = , My4YKa MapajljiesIbHbIX MPSIMBIX JIMHUH, 1AIOT IPOEKTUBHO — [10100HbIE
TPEYroJIbHUKH B EBKIIMI0OBOM INTIOCKOCTH C PaBHBIMU yriamMu B BepminHax. OKpyKHOCTh B EBKINIOBOM
MIJIOCKOCTH, 3TO JIMHMS B reoMmeTpun JlobaueBckoro. 3neck EBknmmoBast muHMS, «UTMHHA 0€3 MIHPUHBI»— 3TO
paauyc kpyra B reometrpun JlobaueBckoro. Uem Oosbliie paguyc, TeM JUIMHHEE «JIUHUsA. Takue
OKPYKHOCTH B IOBepXHOCTH EBKMI0BOM chepe, 7TO MHOKECTBO MPSAMBIX JIMHUN BO Beenennoil. B Hamem
ciydae, EBknuaoBas cdepa emre u nuHamudHa. Kak MokHO co3aBath Teopuu «bobinoro B3peisay mwnn
«mKIngeckoit Beenennoi» B Takoit cdepe? OTBET — HUKaK. DTo HU 0 ueM. HyneBoii paguyc Takoro kpyra
(r = 0), rOBOPHUT O TOM, YTO TAKOT'O Kpyra HEeT, U HEeT TaKHUX JIMHHA. DTO pa3roBOP HH O YeM, UX IPOCTO
HeT. DTO K BOIPOCAM CHHTYJISIPHOCTH C X OECKOHEUYHBIMH KPUTEPUSIMU U HEBO3MOKHOCTAMU. VIX HET HU B
Maremaruke, HU B [Ipupoae. Ito maet addekTuBHOCTS KOH(POPMHBIX TTpeoOpa3zoBanmii. Ho MeHss
KOJIMYECTBO, MEHAETCS KauecTBO. D10 (pusnocodcekue kateropuu. B MaTeMaTnueckom UX NMPeICTaBICHHUH,
MBI TOBOPHUM O Pa3IMYHON KPUBU3HE IJIOCKOCTEN TPEYrOJIbHUKOB B MHOTOJINCTOBOM PrMaHOBOM

1
npoctpancTBe. Cama II01aab paBHbIX B reoMeTpuu JI06aueBCKOro TpeyroJibHUKOB MEHSETCs: S = Sa*

i j k

. 1 . .

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

MHCTPYMEHTa KBAaHTOBBIX TEOPUH, HO YK€ B KBAHTOBOM PEJIITUBUCTCKOM TMHAMHKE (MOJIHO TOBOPHUTH B
KBanToBoit Teopuu OTHOCHTENBHOCTH) JMHAMUYHOH cepbl B JTaHHOM ciy4ae. PaBHbIE TPEYTrOJIbHUKU
IPOCTPAaHCTBAa-MaTEPUH, KacaTeIbHbIE MOBEPXHOCTSAM PaBHBIX B IpocTpaHcTBe JIobaueBckoro chep, HO ¢
pa3nuuyHbIMU paanycamu EBxinioBeix cdhep. B quHamuuHoM (¢ # const) mpocTpaHCTBE-MaTepuu, 3TH
EBknmaoBsie chephl pa3TuuHbIX paJnycoB, €CTh OHOH cepoii HecrannonapHoro EBkianaoBoro
MPOCTPAHCTBA, KOTOPOro HeT B EBKIINI0BOIT akcnoMarnke. PUMaHOBO MPOCTPaHCTBO NPH 3TOM, HMEET
aruHaAMHYHYTO Tomonioruio (x™ = XYZ # const), yero Het B EBknnnoBom (x™ = XYZ = const)
CTallMOHAPHOM MPOCTPAHCTBE. DTU aKCHOMBI yKe pelaroT npobieMbl EBKIINA0BOM akCHOMAaTHKH
MHO>KECTBA TOYEK B OJJHOM TOUKE «HE UMEIOIEeH yacTeil» U MHOKECTBA JIMHUI B OJTHOM «yTuHe 6e3
HIMPHHBD).



2.1. Ennnble Kputepun JBo/1I01MH POCTPAHCTBA-MATEPHH.
Bce Kpurepun DBosonnn IMHAMHUYHOTO TPOCTPAHCTBA-MaTEePUH, CPOPMUPOBAHBI
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Figure 2.1. Kpurepuu DBOJIOIMH B TPOCTPAHCTBE-BPEMEHH.
B MHOTOMEPHOM Ha (m-n) CXOJIUMOCTSIX, IIPOCTPAHCTBE — BPEMEHH, KAk B MHOTOMEPHOM MPOCTPAHCTBE
ckopocteii: WN=K*NTN 3nece mua (N=1), V= K" T ckopocts, W? =IT noreruuan, I1>=F cuna..., 2-ro
kBaapanTa. x npoekius Ha koopauHaTHoe (K) nnu Bpemennoe (T) mpocTpaHCTBO-BpeMsl IAt0T: 3apsi

IMK=q( Y+ =X -) B anekTpo ( Y+ =X -) MarauTHeIX moJisX, win mMaccy [IK=m(X+=Y-) B rpaBur (X+=Y-)
MAaCCOBBIX MOJISIX, TOT/AA TUIOTHOCTh P = % = E—]: = T—lz =v? 910 KBaJpaT 4acTOThI, SHEPTHUIO E=IT°K,
mmmyasc (p=I1°T), neiictue (h=I1°KT), u 1.1, emuroro HOJI= (X+=Y-) (Y+ =X -) =1 npocTpaHcTBa-
Matepuu. Beskoe ypaBHenue csoautcs k 5tuM Kpurepusam Dsomonun B WN=K™NT™N npoctpancrse-
BpemeHH. Ecthb emie mHoro npyrux KpurepueB DBosonny B IpOCTPAHCTBE-BPEMEHH, KOTOPBIX MBI €I11e He
ucnons3yeM. Hanpumep, sHeprus DiiniuTeiina E = mc?, u sneprus Inanka E = Av, UMerOT npsAMyro
B3aUMOCBS3b YEPE3 MACCy M 4acToTy, B Buje: m = V2V, u tak manee. Hanpumep, no dakry, ecTh

HeusBecTHble Ham Kpurepuu DBomonuu W4 = KEMT " svepikeHTHBIX CBOWCTB MAaTePUM B Pa3IMUHbIX
ow
CTPYKTYpHBIX popMmax Marepun. Hanpumep. M3 3akoHa coxpaHeHus: SHEPTUH K 0, rie sHeprus W =

[1°K, B enunbix Kpurepusax Dsosmonuu, korga notenuuan I1 = bK, sto yckopenue (b), na nune (K),

HoJTy4aeM mpou3BoHyo cnoxuoi dynkiun: f(g)' = f'g’ B npoussenennu (uv) = u'v + uv’, nonyunm
W' =2III'K + (I1?) = 0, rne 11" = Z—E = b. YuureiBas [1K(X+=Y —) = m, maccy B MaccoBbIX (X+=
Y —) monsax wm 3apsan [IK(Y+= X —) = q, B anekrpomarauteix (Y+= X —) nonsx, u P2 = F cuny,

nonyuuM: [IKb = F, B Bune cun: F = mb wiu F = qE, rne E = F /q xnaccuueckoit GU3MKH, KaKk

o ow
OMCPKCHTHBIC CBOUCTBA B MATECMATHUYCCKUX UCTHHAX OJHOI'O 3aKOHA % = 0. HpI/I 9TOM B ITOAYPOBHAX

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

2.2. daektpo (Y+ =X -) marHuTHbIe U rpaBuT (X+=Y-) MaccoBbIe MOJIsl.
B equnoM (X+=Y-) (Y+ =X -) =1, npocTpaHCTBe - MaTepuH, BEIBOJIATCS ypaBHeHus Maxcpemna® ms

(X-)=0

snektpo (Y+ =X -) marauTHOro mous. Buyrpnu tenectoro yrua @ [apajuIeIbHOCTU €CTh

A .
M30TPOITHOE HAMpsKEHUE OTOKa ~# KOMIOHEHT (CMUPHOB, T.2, ¢.234). [loaHbIi MOTOK BUXpS uepes

S] (X_)

CEKYIIYIO IIOBEPXHOCTh B BHJIE!



”mt AdS, = I o4, /COSQDY

LdT+”A ds,
(X-)

" KOMIIOHEHTa COOTBETCTBYET IIYUKY
3aMKHYTOM KPUBOH

napajuieabHbIX TpackTopuii. OHa ecTh KacaTeJIbHOU B/I0JIb
2 B ITIOBEPXHOCTH SZ, rae S2 LS

a Ll
jAnsz = ”rotm
L, s,

1 AHaJIOI‘I/I‘-IHO, CJICAYCT COOTHOIICHUC

ds,

CosQ,

Figure 2.2-1. sanextpo(Y+= X—)marautHsie u rpaBut(X += Y —)mMaccoBble MO
Brytpu tenecroro yria X (X=)=0 MapaJUIeTbHOCTH BBITIOJIHACTCS YCIOBHE

J;Jrotm p—— ds, + H%szdT =0= .”Am (X-)dS

B nienom ecth cuctema ypaBHEHHN JUHAMUKA

(X-=Y4) ons

”rotAdS Ha(A [cosgy) LdT+”AdS

[[rot,

| [ — ds, ——J.J'—”dL dT

[[4,ds,=0
, us
B EBxinnosoi Py =

aKCMOMAaTHKe, TPHUHUMAs HalIPSHKEHHE TIOTOKA BEKTOPHBIX KOMIIOHEHT Kak
A, /cosp, = E(Y+)

HaTPSHKCHHUE AIIEKTPUYECKOTO OIS * 7

0, #0

KaK HHAYKIIUU MAaroHuTHOT'O B(X_)

U MHAYKTUBHOU IIPOCKIHWH IJI1 HEHYJICBOI'O yIiia
I10J151, UMECM

[[rot,BLx-)ds, = IIaE(Y+)dL,dT+ [[Er+ys,

dL,dT
5,

HUMCIOT MECTO U3BCCTHBIC YPABHCHUA Makcgemia

”’"OtyE(YﬂdSQ _ _” GBéX )

HA ds, =0= §B(X )L,

, ByClIOBHAX

c*rotyB(X —) = roty H(X —) =

£ O AE(Y +);
DH(X— dB(X—
rolyECY ) = —y % _ Joary
s B(X-)
AYKIUS BUXPEBOTO MATHUTHOTO MOJISI
Ha000POT.

BO3HHUKACT B ICPECMCHHOM JJICKTPHYCCKOM E(Y+)

I1I0JIC U
jA dL, —”A ds, #0

Jl1 He3aMKHYTOTO KOHTYypa L, €CTb COOTHOIIECHUsT =

OpPTOTrOHAJILHOCTU KOMIIOHCHT

n

KOMIIOHEHT. B YCJIOBUAX
™ BEKTOpa A , B HCHYJICBBIX, IUHAMHWYHBIX (q)X = COYle)



Acosg, 1 (A4, =A4,cosep,) (A, cosp, =A4,)

(py # const) yIilax napauiebHOCTH, , €CTb INHAMHKA

KOMIIOHEHTBHI BJI0JIb KOHTYypa Ly g IIOBEPXHOCTH Sl. O0a cooTHOLIEHHS MTPECTABISIOTCS B ITOJIHOM BHUJIE.

.[A’" cos,dL, = ” oA, (XJ(;); cos ) dL,dT + ”AmdSz
L, S, S,

HyneBoil noTok yepe3 NoBEPXHOCTh 5 BUXpA (rot, 4,,) BHE TEJIECHOTO yIJIa (qDY - const)

COOTBETCTBYET YCIOBUAM

HrotnAmdSl + Ij%dleT =0= ,”.Aﬂ (¥-)ds,
5 S

napajjiCJIbHOCTH

B nenom cucrema ypaBHEHUN TUHAMUKHA (Y-=X+) IOJISI TPEACTABISETCS B BUAE:
NA (X+)*
j j rot, A (Y-)dS, = jj (A, (XH) Te0sQy) oy gy 4 [ 4,as,
s,

m=—m aT

j j rot, 4, (X+)ds, =[[ ML dT [[4,0r-)ds, =0

n-om

BBoas no aHanornu HarpsKEHHOCTh G(XH) nong Cusroro (I"'paButaninonHoro) B3anmoneiictsus u

WHIYKIIMIO MaCCOBOTO TOJISI MY -)

{j rot, M(Y=)dS, = j j %dgdl’ + J;;[G(XﬂdSz

, HOJIy4YHMM aHaJIOT'MYHO.

oM (Y-
”mt G(X+)dS, = ”ML dT [[4,0-ds, =0 = §M(Y YdL,
5, , npu S,

Takue ypaBHEHHS] COOTBETCTBYIOT I'PDaBUT (X+=Y-) yaccosbm MOJISIM,
9G (X+)
cxrotyM(Y =) = rotyN(Y —) = &, * a7 + 1 xG(X+)
ON(Y— oM (Y-
MOY)mp s NQES)i rotyGUH) = —pp » =02 = =202

110 aHAJIOTMH C YpaBHEHUAMH MaKcBesuia Juist 3JIeKTPO (Y +=X) \aruurasix noseit. Peus 06 VHIYKIAH
maccoBbix M (Y —) moneit B nepemennom G'(X+) nosie rpaBuTanu, moa00H0 UHAYKIMH MATHUTHOTO MOJIs
B IIEPEMEHHOM DJICKTPUIECKOM I10JI€. 3/1€Ch HET BAPUAHTOB. DTO ¢IMHAS MATEMAaTHUECKAs HCTHHA TaKHX
MOJIed B €IMHOM, TMHAMHUYHOM [IPOCTPAHCTBE-MaTepuu. Pedb 00 HHIYKIIMH MAaCCOBBIX MOJICH BOKPYT
JBIKYIIMXCS Mace (3BE3.1) TAKKe Kak ¥ 00 HHIYKI[MA MArHUTHBIX TIOJICH BOKPYT JBHIKYIIUXCS 3aPSJI0B.
Takum o6pazom, noBopoTsl 1ot,B(X —) urot,M(Y —) Tpaexkropuii, nator uaamuky E'(Y+) u
G'(X+) cunosoro sekrpuueckoro (Y+) u rpaButarontoro (X +) mosei, COOTBETCTBEHHO. A TIOBOPOTHI
(Y+) moneit Bokpyr (X —) tpaextopuii u (X +) moneii Bokpyr (Y —) TpaeKTopwuii, 1af0T THHAMHKY
anektpo rot,E(Y +) — B'(X—) MarHuTHOrO mous, ¥ MaccoBeIX 1ot,G(X +) —» M'(Y—) TtpaekTopuii.

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

(¥-)
. Yo = (X+)

7 T\

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

. o
)_é/\ (l\Y_
v

Figure 2.2. Enunble mojist IpoCTpaHCTBAa-MaTePUH



Juuamuka E (Y +)371eKTprdecKoro mos NoposkaacT HHAyKTUBHOE MarauTHoe B(X—) moue, 1 HaoGopor.
Hamnpumep, 3apsikeHHBIN Iap B ABMKYLIEMCS BATOHE, MAarHUTHOIO 110J1s HE uMmeeT. Ho koMmac Ha neppoHe
MOKa)KET MAarHUTHOE T0JIe. DTO ONMBIT DpcTeaa, HabmronaBmii (X —) MarHuTHOE moJie IBrxkymuxcs (Y +)
3JIEKTPOHOB TOKA MPOBOIHUKA.

U enuHBIM 00pa30oM BBIBOJSTCS TAKHE K€ YPAaBHCHUS TUHAMUKH IpaBUT(X+=Y-) MacCOBBIX MOJICH:

3G (X+)
cxrotyM(Y =) = rotyN(Y —) = &, * 7 +AxG(X+)
M(Y-)=p, * N(Y=); rotyG(X+) = —pp » o =~ 2HCD)

Junamuka G (X+) rpaBUTAIIMOHHOTO TIOJIS TOPOXKAAaeT HHAYKTUBHOE MaccoBoe M (Y —) moue, u
HA000POT. AHAIOTUYHO, NPH ABMKeHUH (X+) Mace (3Be37), MOPOKIAIOTCS B MHAYKIIMA MaccoBbie (Y —)
nous. 371€ch yMECTHO OCTAHOBHMTHCS Ha BCeM M3BeCTHOI opmyie (E = mc?), Ha KOTOPOil OCTaHOBUMCS
noapo6uee. Teno ¢ HeHyneBoit (m # 0) maccoi, nzmydaet cBet ¢ sHeprueii ( L) B cucreme (X, Yo, Zg, Cto)
KOOpJIMHAT, ¢ 3akoHOM coxpaHenwmst sueprun: (Ey = E; + L) , 10 u nocne uzimydenus. J{ns 310 ke Macchl,
M 3TO KIIF0OYeBOH MOMeEHT (Macca (m # 0) He MeHsiercst), B npyroit (xq,Y;,Zq, Ct;) cUCTEMe KOOpAWHAT,

v2 o o
3aKOH coxpaHeHus sHepruu ¢ (y = |1 — ;) npeoOpazoBanusiMu JlopeHiia, DUHINTENRH 3a1Tucail B BUIE

(Hy = H; + L/y). Beruutas ux pasHuiry, DUHIITESHH TOTYIHII:
1 1
(Ho — Eo) = (Hy = Ey) + L(; — 1), mmt (Ho —Eo) — (M —E) = LG — 1),

C oTneneHureM pa3HUIbI SHEPrUuH u3nydeHus. O6e nHepuHraabHble CUCTEMbl KOOPAMHAT ABMXKYTCS, HO
(%1,¥1,21,Cty) IBUKETCS CO CKOPOCTHIO (V) OTHOCUTENHHO (X, Vo, Zo, Cto). VI TOHATHO, YTO CHHHN U
KpacHBIN CBET UMEET pa3HUILy SHEPTUi, KOTOPYIO U 3anucai DUHIITENH B ypaBHeHUH. CaMO ypaBHEHHE

DUWHIITENH 3aMcall Kak pa3HUIly KHHETUYECKUX SHEPTUl B IEPBOM PaA3JIOKECHHH.

2 2
Ko —Ky) =2 ), W AK = (5%

Sz

AL o o 2
3aech (C—2 = Am) MHOXUTEIIb, UMEET CBOHCTBA MAaCCHI «JIYIUCTOM dHEprum», win: AL = Amc*. Oty
(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 BBIBEN APYTOil 3aKOH «IyuncTol sHeprun» (AL = Amc?), ¢ MaccoBBIMH CBOMCTBaMHU. DTO He
sHeprus GpoToHa, u 510 He sHeprust (AE = Amc?) nedekta Macc HyKIOHOB S7pa aToMa. DHHINTEHH
YBUZEI TO, 4Yero He yBuaed HUKTO. [loo6HO nBMKyIIEeMycs 3apsty, ¢ UHAYKIHUEH MarHUTHOTO MOJIs
ypaBHeHHIT MakcBelnia, ABrKymniascs Macca (Macca (m # 0) He MEHsIeTCs), MHAYIUPYET MacCOBYIO
suepruto (AL = Amc?), kotopyro u Hamen Ditnmreiin. Hanpumep, 3apsskeHHas cdepa BHYTPH
JBIDKYIIETrocs BaroHa (3apsii (q # 0) He MeHsieTces), HE UMeeT MarHuTHOro noist. Ho kommac Ha nieppose,
MOKaXET MarHUTHOE MoJie cephl B IBIKYIIeMcs BaroHe. IMEHHO Takoe WHAYKTUBHOE MarHuTHOE TOJie, OT
JBUKYIIMXCS DIIEKTPOHOB TOKA MPOBOAHUKA, 0OHapyxui Dpcrea. [lotom O6butn onbiTel Papajes,
WHJYKIUU BUXPEBBIX AEKTPUUECKUX MOJIEH B IEPEMEHHOM MarHUTHOM I10JI€, 3aKOHbI HHAYKLIUU U
CaMOMHJIYKLIMH U ypaBHeHUsI MakcBesuia. [1o aHamoruu WHIyKTUBHOW SHEPTMH MATHUTHOTO TOJISI OT
JBUKYIIETOCS 3apsiia, DUHIITEHH BbIBEN (GOPMYILY HHIYKTUBHOM, «JIy4HCTOMN» SHEPTUU MAcCOBBIX MOJIEH,
OT JBMXKYIINXCS HEHYJIEeBBIX Macc (Macca (m # 0) He MeHsieTcs1), 3B€3/1 B FaJIaKTUKaX B ToM yucie. U
3/1ech DUHIITEWH BbIIen 3a paMki EBkinunoBoii (¢ = 0) akcMOMaTHKH IPOCTPAaHCTBa-BpeMeHu. B
aKCHOMax JMHAMHYHOTO MPOCTPAHCTBa- MaTepuu (¢ # const), pedb uaeT 06 HHAyKTHBHBIX M (Y —)
MAaCCOBBIX IOJISIX, B MIOJTHOM aHAJIOTHH C ypaBHEHUsIMU MakcBesuia. Bot uto yBuaen DUHIITENH, 1 HUKTO
JIPYTOM.

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

ypaBHeHue O6uieit Teopun OTHOCUTETBHOCTH, DUHIITEHH Opal rpaBUTALIMOHHBIN MOTEHIMAT HYJIEBOU

E? 2 L2(Y-)
MacChl: —; = C“, B BUAE —;

p p
npencrasiaenue 00 O0meit Teopun OTHOCHTENBHOCTH DHHINTEHHA COCTOUT B TOM, YTO CUMTAETCS, B
YPaBHEHUU IIPEICTABIICHA HEHYJIEBAsl MacCa, KAK UCTOYHUK UCKPUBIICHU IIPOCTPAHCTBA-BPEMEHH, KAK
UCTOYHHUK rpaBuTaiiu. B ypaBuenun O6meit Teopun OTHOCHTENPHOCTH DWHIITEHHA, KAK MaTeMaTHYeCKOM

HUCTUHBI B JMHAMHWYHOM HPOCTPAHCTBC-MATCPUU B ITIOJTHOM BU/JIC!:

1 1 8mG
Rik =S RGix =5 A9k = :_4Tik :

8mG
=Gv*(X +) = C—4Tik TEH30pa dHEPrun-uMItyisca. Jloxuoe



HeT Maccel: (M = 0), B KlTacCHYeCKOM ee MOHMMaHuU. B MaremaTnueckoil HCTHHE, 3TO pa3HULA
PENATUBUCTCKON TMHAMUKH B JIBYX (DMKCHPOBAHHBIX TOUKAaX PUMAaHOBOIO IPOCTPAHCTBA, OJHA M3 KOTOPBIX
npuBoIUTCS K EBKITMI0BO# cepe, Bo BHenTHEM, He cTanoHapHOM (A # 0) EBkimIoBOM IpocTpaHCTBE-
BpeMeHU. B ¢pusndeckoii uctune, B ypasHeHuu Oomieit Teopun OTHOCUTENHHOCTH, DUHINTEHHA, B SIMHBIX
Kpurepusix DBoutonny, «3amuTa» ¢popmyna (3akon) HeroToHa:

2 2
_ 4 _ 4 2 _ 2 _A.2Y__E_ K 2 2 _ a2
E=c*K, P=c*T, (¢ —ck—Acik)—p—Z— =0, Acg=G6v(X+)#0
4.4 5,2 20 _ 2 _
2 _ c*c*Kk? _ G(c®*Ky=mq)(c’Ky=my) _ Gmim, 2 _ Gmymy 2 2 _
ACik T oc4c4T2 T c2(c2T2=K?) T oc2g2 ! Acik T 2k ! ACikc =F

Kak Buaum, B ypaBHenuu Oo01eit Teopun OTHOCUTENBHOCTH DUHIITENHA, CUJIA TATOTEHUSI IEHCTBYET B
TIOJISIX ¢ HyJIEBO# Maccoi. UnTaeTcs: pasHuIIa MacCOBBIX OTOKOB Ac?, (Y —) BO BHENIHEM NOTEHIMATLHOM
nosne rpasutanun ¢Z(X+), ¢ ux I[Ipuniunom DxsuBanentHoctd (X+ = Y—) |, gaer cuiy.
OnpenenuMcs B ToM, Kak paboTtaer Takoi noaxon. Hanpumep, ais Conuna u 3emmn (M = 2 x 1033 g) u
(m = 5.97 x 10?7 g), nonyaum
_ (6=6.67x1078)(M=2x103%)

U, = o149+ 1003 = 8.917 * 10?) rpaBuTanMOHHBIN MOTEHIMAI HA PACCTOSHUM [0 3EMIIH U
=1. *

_ (6=6.67%1078)(m=5.97x10%7)

U, PP = 6.25 * 10! | moTenmman camoii 3emin. Torma
(AU = U, — U, = 8917 x 1012 — 6.25 * 1011 = 8.67 x 102) , unm (AU = 8.29 % 10'?) | nomyuum:
AU = 876 (Ty = (U*K)?> _ U*(UK=m)*> _ Mm AU _ 816G Mm _ _8nG_Mm _ GMm
T (c*=u2=F)~ kT yzrz T yzrz T 127> ™M m =" 72 T (AUNNZ) T2 (AU=T?/V2)/8m
*T2 %1012 % *24% = 2
6e3 TeMHBIX Macc. OCTATOCh OCTHTATh —r- — 829110 7+(365.25+24+3600=31557600)” _ 3 , 126
8m+\/2 8mv/2

GMm
4TO COOTBETCTBYET KBazpary paccrosiaus (R? = 2.24 * 102°) or 3emim no Conuna, uin F = —7 » 3aKOHY
Hprorona. Takol moaxo 1 COOTBETCTBYET PEATbHOCTH.

3. IIpeoOpa3oBaHus PeSITUBUCTCKON THHAMMKH.
a) Enunbie marematnyeckue uctuabsl CTO u KTO

Cneuunaabnas Teopusi KBantoBass Teopuss OtHocureasnoctu (KTO).
OtnocureabHoctn (CTO). CnenunanbHas Teopus OTHOCUTEILHOCTH
Knaccuueckoe npencrasieHue: HEJICWCTBUTEIIbHA TTPU YCIIOBUSX:
.4 2
2 . C 2 - »
Y2+ (ieT) = [az =y wnﬂ} =¥+ (ieT) 1). HEe paBHOYCKOPEHHOM (a 7 const ) JIBUKCHUH.
( +) 2). B cuny npunimna veonpexenennoctu AY = ¢AT
KpyroBoro WJIM THIIEPOOIHYECKOro caMa HEBO3MOKHOCTb (DUKCAITUU TOYEK B

(—) PABHOYCKOPEHHOTO JIBHIKEHUS POCTPAHCTBE — BPEMEHHU, JIeTal0T MpeoOpazoBaHus
y | JlopeHma 6e3HaAeKHBIMH.
1c

1), X =anX+asY ¥ =icT = 3) BonHoBast (hyHKIIHsI KBaHTa IIPUBOIUTCS B
— Y UCXOJITHOE COCTOSIHHE BBOJOM KaTMOPOBOYHOIO HOJIS,
X=ayX+a, ic [P OTCYTCTBUM PEIATUBUCTCKOM TUHAMUKHU, B

e caMOM IIpolecce €€ TMHaMUKH, TO €CTb IIPU
P ay X +ay i OTCYTCTBMM KBAHTOBOU PEIIATUBUCTCKON JUHAMUKH.
- PenaruBucTckas 1MHaMHUKa B yrie NapajljieIbHOCTH

Y:a21X+a22Y Y:ic? a(X—) .
' ' TPACKTOPUI KBAaHTa IPOCTPAHCTBA —
Marepuu. BMmecro X,Y, paccMarpuBaroTCss IIPOEKLUU
= a
X=a,X+-2Y K
ic

|~

K .
¥, 7x, nuHaMu4HOTrO paauyca K, muHamuuHOR
= : cepbl, KacaTeabHONU K HOBEPXHOCTU JMHAMHYHOIO
2) Y =a,icX +a,,Y a, =b, (eprr, N p a
' ' : o (X —) # const

a TEJIECHOTO yIjia , TApaJIICIbHOCTH.
2 =ip, ic = ib Peub 0 MaTepuanbHOil chepe ¢ HEHyIEeBBIM
ic o Gale= o Y, =1=ch0
d = b MUHHMMAJIBHBIM pagnycom ~° , U BOJJHOBOH
2~ _r _ _
(I)YHKHHeﬁW_KY YO.Y—KY’X—KX.
)?:b11X+ib12Y Ky =a,Ky +a,Ky K,

TUTSL

3) ?:ible—szzY, 6[(7" :1 1) KX =a21K}’+a22KX’rﬂe KX :CT’ I ’




2 2 91 1.2 2
K=T1b11_ 12_1_ 22 7 Y21
YCJIIOBUI OPTOTOHAJIBHOCTH BEKTOPHBIX

komnoHeHT. B I'mo6ansHo MHBapuaHTHBIX

_h— 2 12
yCIIOBHSX cephl, by=b= b22, by = bZl,

a4,
(£h,)* = (¢b21)21 b = e by = ayc
_%
, Dotbhy =0 , MIMEIOT MECTO: T ,
WA TS
_AY a,AY a,AT
“Tar AT AY

4). lanee UMEIOT MECTO JIBA CIy4asl.

A). Ycnosus (ay =0=a, ), OOHYIISIOT
MPOEKIINU AY =icAT , INHAMKH

POCTPAHCTBEHHO (c=AY/AT)
BPEMEHHBIX KOMIIOHEHT CAMOT'0 KBaHTa
dotona, u narot ['l — 'mobansHO-
WNHBapuaHTHBIE YCIOBUA.

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

o0BeM (aZI * O) * (alz # 0) B

MPOCTPAHCTBE — BpeMeHU. Takas
PEaIbHOCTh COOTBETCTBYET PEAIbHOCTH
MIPUHIIUIIA HEOTIPEAEeIEHHOCTH:

AY =0=0GY)+(=Y)  peyp unet o JIN —
JoKabHOW MITHBapuaHTHOCTH B 00BbeEME

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

5). Maynmu(ctp.14): «... ”MEHHO OBLIO

W2
X-—
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
MaTeMaTUYECKNE UCTUHBI:

X =bX +iabY

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

1-a’ Vi-a®
6) HOI[CTaBJ'IHH HCXOOHbIC 3HAYCHUA

BBOJUTCA BpEMH.

— a
Ky :ﬁ'”[<y +7(12 KX _ a[z
- K,.=aHKY+—C ¥
a
X 22
=a, K, + Ky ¥  _
2). ¢ ¢ , WIH Ky=aycKy, +a,Ky

A). Bo Baemnux ['M — I'noGanbHo — IHBapuaHTHBIX
YCIOBHSX, COCTABJISIFOILIUE

cosy = ("‘ a4, )(_ all) - ia”ﬂaIOT IPUHIAIL

HEONIPCACIICHHOCTH, C HEKOM MJIOTHOCTHIO

|
BEPOSTHOCTH
npeoOpa3oBaHuM:

B DKCIIEpUMEHTE, U MaTpULEH

. a
K, =ia,K, +(f:b12)[(}(
3). ]?X =(ayc=b,)K, +ia,,K, _

0 _
Jlns yrinos napamiensaoctn ¢ (x-)=0 ,BIHU,
TaKHX, 9TO
4). @ = cos(@’ =0 =1=p (b=1K, =K,
a, =cos@’=0")=1=b (b=1)K, =K, . .
MECTO YCIIOBHS

a,
=h= =1
5). (c=1) ale =) by, =b=b,
neproa (I'=1D,

B I'nmo6ansno — MIHBapraHTHBIX yCIOBUSX,
ia, =la = ia,, , MATPUIIA UMEET BUJT
K, =ia K, +b,K, K, =iabK, +bK ,

6). I?X:bz,KYHaDKX’ ]?X:bKYJriabKX’
K, =iabK, +bK ,

K, =bK, +iabK ,

Takas xe ' hopma npeacraBiaeHus

K, =y =Y-Y,

niIn

, IMEET MECTO B JIFOOOH KpaTHBIHN
T < AT | momeHT BpeMeHHN.

Oy =1

7). B yclnoBHsIX OpTOTOHAIBHOCTH ,
UMEET MECTO
—a’h* +b* =1=5* —azbz,
1
b=—=
1-a’

K=T,

b*(1-a*)=1
MHOKHUTENb MaTPHULbI a,, =1a =1a,, ’
ap=a=dy

C YCIIOBHUAMU:

WIH
B). Vixe B JIU — JlokanpHo — lHBapraHTHBIX

- #*
YCIIOBHSIX, PEIISITUBUCTCKON THHAMUKHA il a22,

BHemHUMHU ['U ycnoBusmu, nuMeer mecro:

C




X —acT . = icl —iaX

l—a’®

=3
I

__c W o
[ P a=—=C0sSx
l-a , C

npeoOpazoBanus JIopeHIa B KJIIACCUIECKOU
peHﬂTHBHCTCKOﬁ JUHAMUKCEC.

W
o X-nr 7 T_C_ZX
\/I—Wz/c21 \/l—Wz/cz,
o VW
1+VW /e

nepexoa KTO B CTO.

HNMeroT MecTo MaTeMaTU4eCKUE UCTUHBI
nepexoqa Ksanrtosoii Teopun
OTHOCHUTENBHOCTH B peoOpa3zoBaHUs
Cnenuaneaoit Teopurt OTHOCUTETBHOCTH.

JI1s1 HyneBBIX YIIIOB
napayieabHOCTH B EBKIIMA0BOM
AKCHOMATHKE, CO CKOPOCTSIMU MEHBIINX

W, <c

ckopocTH ceta ' ¥ ~ ¢ mMeloT MecTo
TpeesbHbIE CIy4ad Mepexoja KBaHTOBOM
PETATHBHUCTCKOI JMHAMUKH BEKTOPHBIX

_ 0 _ )_ _
KOMTIOHeHT, 922 = (cos(a =0)=D)=a,

ay :1’ a :1, YZWT,
_(a, =1X(K, =Y)EWT

K, =Y
(=1 JI—w2(x )/ e?
)7: Y+WT T:K},/C+(a22=])T

JI-W3(x =)/ c? ,
K —K(cosa“—K) f:w
e T e \/1—Wf/c1,
B npeoOpazoBaHus JIopeHIa KJIacCHIeCKOi
PCIATUBUCTCKON AMHAMUKU.

]?Y =b(a, K, +K,)

8) K, =b(K, +a22KX), rie: us Ky :'1’/"'}/;),
X n
K = T = —_ = —
X C( Cc E),CﬂeﬂyeT, AK :b(alleO-i_KX).

OTO U €CTb MOMEHT UCTHHBI PEIATUBUCTCKON
JUHAMHKHU KBaHTa MPOCTPAHCTBA-MATEPUH, KOTOPBIN
B COBPEMEHHBIX TEOPUSX IIPEACTABIICH

KaJIMOpPOBOYHBIM Ay IOJIEM.
v =y, exp(ap # const) + Ay .
K, W
yp =— = =4a=4q,
9). Io ycnosusam cl' ¢ :
I — muaamuky, a=dy =a, ,

1

b

1
'\/1 - a2 '\/l - J/I/2 /Cz , ManI/IHa
npeoOpa3oBaHUil MPUHUMAET BU/I:

1-aj, Coiewre
(7=t 2l o K lctapl
Vl_aiz , NI=W?/c? ,
_—i_M = _ ay Wy +c
A y=——————
T Ky/c+a22T' azz+W,,/c’B
ycnoBusx JIN, (ay, # a,) #1 ,
W 1
a” = — = a =
B OKCTPEMAJISAX KOT/Ia: c 137.036
2
W =0 C , o = q_
fic
10). IlpenenpHBIE CKOPOCTH Wy=c , B YCIIOBUSIX
7, - cla, +1) _
aZZ = a]l * 1 , JAroT (a22 + 1) ,
HEU3MEHHYIO CKOPOCTh CBETA Wy=c=W, ,B

0001 cucrteme KOOpJAHHAT.

bonee FJIy6OKI/Iﬁ BBEIBOJ O TaKOH KBaHTOBOM peHHTHBHCTCKOﬁ JAUHAMHUKE COCTOUT B TOM, YTO IIpH

Hen3MeHHO# n3otponHoi EBkiumosoii cdepe (Ky)(cT = Ky) npocTpancTBa-BpeMeHH, B IMHAMHUYHOM
(Tas;; VU azy T) = 1, npocTpaHcTBe-MaTEpUH, MIMEET MECTO JUHAMHUKA HJUTHIICOU 1A (Ky)(CT = Ky).
Haoboport, risas Ha AMHAMUYHBIN AIITUIICOU] POCTPAHCTBA-BPEMEHH, BHYTPH HETO UMEET MECTO

HUCXOJHas CTallMOHapHas EBKJ’II/II[OBE[H C(pepa.
Ve
f

Mw
kpv (-

i K, - ____‘_\-\'-. N
i L l;'\l |J fart T \.n—""’"_'_—'_ A
T Ky 1 o B 1T A
N ,,‘ C Y
. -] EY+]’f \
(V)

PI/ICYHOK3. 1. xBaHTOBAs PCILITUBUCTCKAA AUHAMUKA IMTPOCTPAHCTBA-MATCPUHN IJICKTPOHA




Takue npeoOpa3oBanus B yrilax MapauielbHOCTEN JMHAMUYHOIO [IPOCTPAHCTBA-MATEPHH, C
UHIYKIMER PEIATUBUCTCKOM MacChl, HEBO3MOXHBI B EBKMI0B0M akcuoMaTuke (a;; = 1)(a, = 1) = 1.
OT10 3HauuT, B EBKIINI0BOM akcnoMaTuKe, HEBO3MOKHO co3/1aTh KBanToByto Teoputo OTHOCUTEIBLHOCTH.
Takas KBaHTOBas PENATUBUCTCKAS IUHAMHMKA CKOPOCTEH, 00YCIOBIEHa IMHAMKKOM (A1, = COS@y) yIiIoB
napanensaoctu (@y), Hanpumep i (Y +) xBanra. s (Y+ = e) snekrpona, ckopocts cera (C)
MEHAETCS BHYTPH DIIEKTPOHA B IIpeesax yria napauieabHocts (@y). B none(Y— = e) snekrpona B ToUke

1
(B), MBI TOBOPHM 0 CKOPOCTH IEKTpoHA (V, = € * coSQy = ¢ * (a = 13—7)). B Touke (A), MbI TOBOpUM O

ckopoctr (¢ * cos(@y = 0) = ¢) dorona BHyTpu 371eKTpoHa. Ha Bompoc, Kyaa AeBaeTcs MpOCTPaHCTBO
CKOPOCTEH MOoraomaeMoro GOToHa 3EKTPOHOM, OTBET — BHYTPHU IEKTPOHA €CTh CKOPOCTh CBETA B TOUKE
(A). caM IIEKTPOH UMEET CKOPOCTh (V, = & * €) . DT0 cKopocTh ToukH (B) anexrpona. [lonarHo, uro B
Touke (A) snekrpudeckoe mnoJe 31ekrpona (Y+ = E) cBOAUTCS K HYIIIO U 3JIEKTPOH IPOSBIILET CBOWCTBA
TyHHEIBHOTO 3 dekra. B camom E (Y +) 31eKTpHYECKOM MOJIE IEKTPOHA, MBI TOBOPUM O TIPOCTPAHCTBE

2
o . v o o
CKOPOCTE# 3T0T0 MO ¢ dpdexramu (Vg = ¢ * Singy =c¢_|1 — C—Z) YK€ KBaHTOBOH PEISITHBHUCTCKOM

JTMHAMHKY KaX 0l TOYKW Ha TpaekTtopuu (Y — = e) anekTpoHa.
Touno Takyro quHaMHKY UMeroT (X +) KBaHTHI IPOCTPAHCTBA-MATEPHH.

—_—
J | - A [ -
' Ky | P / | -

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

4
o o C —
U3 npeoOpa3zoBaHuii peIITUBUCTCKON IMHAMUKH: (C * t)2 - (x)? = Z=(cx £)? — (¥)?, Bcerma MOXHO
o 2 4 .XZ
MepelTH K YpaBHEHUSM JUHAMHYHOTO JUIUIICOUIA! —+— = 1, B Buge: + =1,
pz x2 (£)2p? x2? b2
runepbononya: —; — —— = 1, B Buze: - = 1, B BeIOpaHHBIX KpuTepusx DBorOIUN.

c2 (6)4
Hampuwmep, (a = 1 /137) Hen3MeHHYIO TUIOMAIb CEYCHUsS] TMHAMUYHOTO unconna: (S = mab = 1),
1

(@)1,616%10733sm
(Y—)nouneit. U ecnu 1 cBeToBO# roa paBeH 9,5 * 10'7sm, 1o 310 8,978 * 10'° cBeTOBBIX JIET. MBI TOBOPUM
o BuauMoi BeenenHoit nopsaka 45,7 Muiinapaa cBeToBbIX JieT, To 310 1/1 965 615, To ecth npumepHO
0JIHa ABYXMHJIJIMOHHAS YacTh Bceil BeeneHHoi, koTopas ucue3aeT BO BpeMeHHU Ha Hpe,[[eJ'IBHLIX paauyca.

WHBapUaHTHA, IIPU [UIAHKOBCKUX pa3mepax b = = 8,5 * 103*sm mna MaccoBbIX

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

win 1/55 000 000, yacte BeenenHoit B Tex ke pacueTax. ITO €clid KpaTko.
06e Teopun CTO u KTO nomyckarot cBepxcBeToBoe (Vi = N*¢) mpoCTpaHCTBO CKOPOCTEH:

— c+Nc — a11Nc+c
Wy=—=c¢ Wy =——"——=c, 1 a1 =ay, =1.
Y ™ i+cxNc/c? ! Y " a,,+Nc/c > A 11 22
B kBanTOBO# penaruBuctckoit auHamuke (Ksantosoit Teopun OTHOCHUTENBEHOCTH). MBI HMeeM:
_ 7 alle‘I'(CT:KX) T _ _ KY+a22(CT=KX)
(Ta;; DU a M =1, Ky = —— (cT = Kx) =

1
/1—a%2 /1—a§2
Hanpuwmep, nanpsikensocts E(Y +) = (pKy) snexrpuueckoro (Y +) nons u nojie yckopenuii
rpasuTamuonHoro G (X +) = (pKy) nons, npeacrabieHa JMHAMUKOH KOCHHYCOB YIJIOB HapalielbHOCTH

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

cos px

dopmyisl 1 noctpoum ynpomiennsie rpapuku; (y = Ky) = f(px = x = wt) .
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Y= [i-cos? Ox

Ky+cospx*Kx
J1-cos? px

Figure 3.3. rpaduk qMHAMHKHA KBAaHTOBBIX TOJICH
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I?Y=

DTO XOPOIIIO COOTHOCUTCS C CHMMETpPHEH TPOTOHA, O YeM IIOTOBOPHM Jajiee. MBI TOBOPUM TIPH ITOM, O
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).

1 1 1
R —>Riay; = Egrad(U), wm Ry —-Rgj = kTj;, (g; = const).
IIpu 5TOM MaTpHLA Pe0OPa3OBAHKI B €IMHBIX €IMHHUIAX H3MEPEHUS

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 DUHILITEIIHA, KaK MaTeMaTu4yeckasi MCTUHA Pa3HULbI PEISATUBUCTCKON AMHAMUKHU B IBYX (1) u (2)
TOUYKax (PMKCUPOBAHHOTO PUMAHOBOTO MPOCTPAHCTBA, C (hYHIAMEHTAIBHBIM TEH30POM
Ji(x™) = e;(x™)e, (x™), kak norenmmanom (g = v?) B IPOCTPAHCTBE CKOPOCTEl €; = vy, e, = V,. Cam
norenmuan (g = v? = (a = %) X K), ato yckopenue (a) Ha ymne (K), rae yckopenue (a = %), KakK
JMHAMUKa CKOPOCTH B MpocTpaHcTBe- BpeMenu (K, T), onpenenseTcs Kak KBajpar anreOpandeckoi CyMMBbl
ckopocreit (v, + v; = )2, no npocroii TeopeMe KOCHHYCOB. Mbl FOBOPHMM O PEISATHBHCTCKON JMHAMUKE
MPOCTPAHCTBA-BpEMEHHU, U B TOYKe (1) 1 B Touke (2), C UX HEHYJICBOW Pa3HUIICH PEISATUBHCTCKON
JTUHAMMKH.

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

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

Figure 6a. KeaHT nmpocTpaHcTBa-MaTepHu
Touka (2) npuBoutcs kK EBxinmoBoMy npoctpanctBy chepsl, T1e (e;Ley) u (e; * ,=0). [losTOMY B

1
OKPECTHOCTH TOUKH (2) BbIAEIsIEM BEKTOPHI (e,,) U (e,;) U OepeM cpenHee 3HaueHue Ae,,; = E(e“ + ey).
[Mpunumas (e, = e,) , yCIOBUE MPUBEACHUS TPeoOpa3oBaHuii K eBKIMI0BOU chepe (x5-,) U Wis
1 1 e
Aenn = E(en + eK) = Eek(e_n + 1)3 NoJy4nM: gik(l) —Yik (2) # 0,
K

gir (1) _%(eiex = Jik) (:—: + 1) (2) = KTy, (Z—z = R) . (e # ey) , mooromy (e, = Aez) U i (X3=p=)-
Js (e, = e,), umeeM (T, = 0). B ycnoBusix (e, # €;), Mbl FOBOPUM O JMHAMMKE (DPU3MYECKOTO BaKyyMa
B (PUKCHPOBAHHBIX YTJIaX MapauIeIbHOCTH, C PA3IMYHBIMU I'€0C3NUECKUMHU YK€ JUHAMUYHOM cepsl

(x; # x5 # x5) B pukcupoBanubix (e, # e, # €,) Toukax. B mojgHom Buje ypaBHenue O6meit Teopun
OTHOCUTENBHOCTH DUHINITEMHA, KAK MaTEeMAaTHYECKasi HICTHHA, UMEET BU:

1 1 8nG E? GUI?’K)?  GN?N2K?
Rik =S RGix —5Agik = kT o ik T 2T Tz T oA
3nech, B ypaBHeHHH DiHIITEHHA, B eMHbIX KpuTepusax DBomtonuu, «3amuTay hopmyna (3akoH) HeroToHa
2 2
— 4 — 4 2 2 _ Ap2) — 876G _E° _ (K _ 2 2 — (4,2
E=c*K, P=c*T, (¢ —ck—Acik)—C—4Tik—p—2— 2= Gv), Acy =Gv X+)=+0
4172 _r2 4 412 2 — 2 —
c*K“=E c*c*K G(c“Ky=mq)(c*Ky=m Gmim Gmm F
ACizk T arz_pz  pagarz ( yz Dy =ma) = ACizk = 2122 =2 Acizk(X +)c*(Y=)=F
c4T2=p ctctr c2(c2T12=K?) c?K? c2K c

YuraeTcs: pasHuIa noTeHIManoB (Ac,), KaK yCKOPEHHIi Ha JUTMHE , B IIPOCTPAHCTBE ckopocTeit (¢?), maer
CHJIy TPaBUTAIIMOHHOTO B3aMMOJICHCTBYS MOTEHIIMAIOB B JAHHOM ciiydae. B mpocTpancTBe 6e3 macchl,
B3aMMO/IEHCTBHE MOTEHIIHAJIOB, IOPOXKIAET CHUITy. DTO MaTeMaTHYecKue TpaHy (PU3NYECKUX CBOMCTB.

Yro 03HaYaeT 3TO ypaBHEHHE B KIACCUYECKOM IpeacTaBieHnn? Bece HaunHaeTcs ¢ mocTtynara DiHIITeiHa
0 MpeJeNbHON CKOpocTH cBeTa (¢) A Macchl (M) co cKopocThio (W). D10 3HAUMT, uto: (€) # (W), Wim

2
2 2. 2 2 . 2 X 2 2 — — 2 )2
ctFEWS cf-wrFE0 wh= (c*t)* — (x)* = const = (c xt)* — (X)*.
310 n3BecTHHIE NpeodpazoBanus JlopeHia B pesaTUBUCTCKOM tuHamMuke. DyH1aMeHTaIbHBIM 3/1€Ch, €CTh

HeHyneBas pa3HuLa. V3MeHeHue xoaa BpeMenu (t) menser npocrpanctso (x), (CmupnoB B.1.1974, 1.3,

4.1, ¢.195) ¢ pensaTUBHCTCKOM MonpaBKoi /it MaccoBoi m (Y —) TpaeKTOPHH KBAHTOBOT'O TOJIS:
2 2
wo_ 2 — 2 — 1 2. 2 2 _ .2 ( w ) — 2 2
— = coSs Y-)=a*=(—)": cc—w=c|l——=)=c*(1—-«
- Prmax (¥ =) — ) ) =21 - a?)
Jist KiTacCU4ecKux MpeoOpa3oBaHUN PEISITUBUCTCKON JUHAMUKH:
A1 Q12

X1 = aq1C ¥ t; — A12X1 ; C*t; = ayC*t; —ay,X;; CMaTpHIEH IpeoOpasoBaHuii: 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 rpaBuTaiii B IpoCTpaHCTBO-BpeMs EBkinioBoii chepsl Toxke 6€3
YCKOPEHHUSI, HO YK€ Maiaroniero JudTa B moJie rpaBUTaIiii. YToObI BBIMOIHUTE 3TH MPeoOpa3oBaHus B
PEIATHBUCTCKON JWHAMHKE, DWHINTEHH B MaTEMaTHICCKOU TIPOIEAYpe, K MOTCHIIHATY yCKopeHus (g) Ha

Tpaekropuu (Y) mpocTpaHCTBa-BpeMEHN B WHEPIUAIBHON CHCTEME, J0OaBHII MOTSHIINAI
__ (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

DOWHINTEHHA, B €T0 KIIACCHUECKOM BUae: R — %Rgl-k = KT, . (KopaT., Kopa T. (1973), ¢.536). U

(g2 = g1 * a) xnaccuueckoit pusuku. 3mech (R;y) - mpeoOpazoBaHus PEISITUBUCTCKON JUHAMUKH,
npeAcTaBieHHoro rpymnmoi JlopeHia, B mpocTpaHcTBe-BpeMeHH EBKIIMIOBOM yike Npyroit chepsl, yxe
JPYro# reoie3ndeckoit KpUBU3HbI (X5 = const) B majaromeM JudTe B OJIe TPABUTAIIMOHHOTO
noteHnuana (KT;, = I1). MHa4ye roBops, moJjie rpaBUTAMNA U3MEPSICTCS KPUBU3HOM MTPOCTPAHCTBA-BPEMEHHU.
Boruncnsis n3aMeHeHus: IpOCTPaHCTBAa-BpEMEHH B PENIATUBUCTCKON AMHAMUKe 0e3 rpaBUTanuu B Touke (1):
X1 = gixX1, C*t; = g *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
W3MEHEHUI KPUBU3HBI I'€0/Ie3MUeCKOi maaaroreii chepsl (X5 = const) B 1oJjie TpaBUTAIN

(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 TPaBHTALMOHHOM TI0JIe, U pelnaeTcs oraensHo. Toraa camu tensopsl (g;;(1) =11;) u
(9,i(2) = II,) npencTaBIAOTCA KAk IPaBUTAIMOHHBIEC IOTEHIMANBI B Toukax 1 i 2. VX pasnuna

(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 Kemiepa. 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 3emmu Bokpyr CoJHIA 1O MUIHIICY ¢ npeneccueii 23,5°

[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 JUHAMUKY B KoOopauHaTHOU miockoctu (K?2) L (ct), opToroHansHoi k
TpackTopuu potoHa. POTOH, MOAXOSI K «IepPHOM chepe» He MOKET BOUTH BHYTPh CHEpPbI, 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) NOBOPaYMBAETCS HA TIOBEPXHOCTH cepbl, KaK ero
reoznesuueckas. [Ipu stoM (ct)BpeMs U KOOpAMHATHOE POCTPaHcTBO (K?2) Ha paauanbHOM 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 Gpusndeckoii 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 3TOH 007aCcTH, KaK U B (PU3NYECKOM BakyyMme. Mbl He TOBOPUM 3/IECh, UTO 3TO HyJieBas
CHHTYJISIPHOCTB. «YepHas JpIpa» He MOXKET HOIJIOTUTh MacCy, HOCKOJIbKY 3Ta Macca, YTOObI MPEo0JI0IeTh
TOPHU30HT COOBITUH, TOJIKHA Pa30THATHCS 10 ckopocTu ceeta M — 0. Jlaxke ecniu pa30UTh aTOM Ha MIPOTOHBI
U DJIEKTPOHBI UJIM JIEKTPOH-TIO3UTPOHHBIE NIAaphl B U3JIydeHUH XOKUHIA, OHU HE CMOT'YT JOCTUYb CKOPOCTHU
CBETa rOpH30HTa cOOBITHH. [laske ecii MO3UTPOH «POJHUIICS TOJ €BKIMI0BOM TUHHUEH, «IITMHHOM Oe3



HIMPUHBD), TOPU30HTA COOBITHIA. ITO BHE €BKIIMIOBON aKCHOMATUKHU MPOCTPAHCTBA-BPEMEHH, BHE
IIOCTYJIATOB DWHIITENHA. A 3TO 03HaYaeT HEBO3MOKHOCTh U3JIy4€HUsI XOKHUHIa «4EPHBIMU JIbIPAMM.
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)-
BEIIECTBA, COCTOSIIETO M3 AaHTUBEIIECTBA U HA00OPOT, HAIIPUMeEp MPOTOHA U SJICKTPOHA, B BHJIE:
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 ¢ armoc(epoii (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 TaTaKTHUECKUX «UEPHBIX JBIP», Kak sAPoO
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.

0O KBa3apbl 2a*p, =25p; 4 | pe =2es/G e's =2ps/a’
2 poga p e =1,19 E27 MeV e's =6,48 E23 MeV
MexKranaktnuyeckn | 2q *ps =290p, pPs =2e4/G es=2ps/a’
O3 X YepHbIx chep p s =3,447 E23 MeV es = 3,97 E19 MeV
® 3Be34HbIX 2a* pi =238p; 3 |p'a=2e3/G e 4=2p2/0’
FanakTuK p*s =1,7 E19 MeV e 4=1,15E+16 MeV
FanakTUyecKnx 2a *p; =25p, p*3 =2e, /G es=2p1/o?
yepHbIx chep p*s =1,057 E15 MeV e 3=5,755E11 MeV
ON., 0 3Be3apl 2a* p; =290p, 2 |p2 =2e:/G e=2p/a’
p 2 =3,05E11 MeV e,= 3,524 E7 MeV
MnaHeTsl 2a% p; =238p" p1=2e/G e1=2v,/a?
p 1 =1,532E7 MeV e1=10178 MeV
2% pT =25v, 1 | p"'=2v0/G e =2ve/0a?
p* = 938,28 MeV e =0,511 MeV
ON 4 YpoBeHb 200%v7 =292v; vp=0o’er /2 Yo=G p/2
v, =0,271 MeV Yo =3,13*10°MeV
0 |ve=ae/2 vy =Gv,/2
Ve =1,36%10" M eV y' =9.07*107 MeV
dusmyecknit vi=0?vyo /2 Vi=Gve/2
BaKyyM v1=8,3*101° M eV y1=4,5%10" M eV
0Ny YPOBHA -1 vi-0?y/2 y2=Gvyi /2
v2=2.4*%10"3 MeV y2=2.78*10Y M eV
vs 0% y; /2 v3=Gv;,/2
v3=1.2*¥10"Y MeV vs =8,05*10%1 M eV
dusnyeckum -2 Va-02y, /2 Va=G vz /2
BaKyyM v4=7.4*102% M eV Va=4,03*10% M eV
O/l 1 YPOBHA

W npu 3TOM, si7jpa 3B€3]] MOTPYKEHBI B SHEpreTu4eckuil ypoBeHs (Y)(oTOHOB (pu3nyeckoro Bakyyma. Sapa

ralakTHK TIOTPYXKEHbI B SHEPTeTHIECKUH YPOBEHD CBEPXCBETOBBIX (DOTOHOB (PU3MUECKOTO BaKyyMa
(v, = a™tc = 137c = y,), ananoruuno kBazapos (v = a~%c = 137%c = y,) u Tak nanuee.
I[IpenenbHas Macca mianet, mis 1MeV = 1.78 x 10727 g:

1 1

Yo  3.13%x10~5MeV+1.78+10~27g

Ms

=M;(py/n]) = 1.8+ 1031 g =~ —=  rne(M, = 2 = 1033 g)- macca Connna.
1/M ) )

100

I[am;me npeaciibHas Macca 3B€3/1, C AIPpOM N3 aHTUBCHICCTBA:



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

1 1
Y 9.07x10"9MeV*1.78x10~27g
3

= My(p; /nz) ~ 62 % 10%*g ~ 31M, , wm B npenenax o1 — 110

Awnanoruuso npesensHas Macca (p3 /nd = efy) «uepHbIX chep», ¢ 4ApOM U3 BelllecTBa:
1
= = M3(p3/n9) ~ 1.25%103%g ~ 625220M,
¥1  4.5%x10"13MeVx1.78x10~27g 3(ps/n3) 9 §
npeiebHas Macca ranaktuky, (pf /ng = el,) ¢ aapom u3 Bemecrsa:
1 1
— = = M,(pf/nd) =~ 2% 10*3g =~ 10°M
Y2 2.78%10"17MeV+1.78+10"27g +(P4/n4) 9 s
npeaenbHas Macca BHETAIAKTUIECKON Mera 3Be3/ibl, (Ps /N5 = e,s) € SAPOM U3 aHTUBEIIECTBA!
1 1
== = Ms(ps /ng) =~ 7 *10%g ~ 3,5 1013M
¥s  8.05%10~21MeV+1.78+1027g 5(Ps /ns) 9 ’ s
npenenpHas Macca KBa3apa, (pg /Mg = €,4) C AIPOM U3 aHTHBELIECTBA!
1

1_ — — 1= ~ 51, 17
Ya  4.03+10~25MeV+1.78+10-27g Me(ps /n6) ~ 1,4 %10°g ~ 7107 M; ,

[~

Otmeruwm, uTo siapa 38e3x1 M, (p; /n3) = (Y —), dopmupyror (Y1) kBanT, Bo Bpamaromiemcs (Y +) momue
KOTOpOTO HaxosaTcs Tpaekropun (X —= p* — v;) emunoro (Y+= X—) npoctpaHcTBa-MaTepuu, KOTOPOE
noBopaumBaercst BOKpyr Cosnia, HanpumMep. Ono umeet MakcumainbHoe(Y +)" = 0 3HaueHue
muHamMugHOTO 1o (Y+) # const, B IIIOCKOCUT 3KBaTopa ¢ (X—) TpaeKTOPHUSMH TUIAHET U
(X—=p* - v.) xBauTOB rpaBUTANMOHHBIX (X+) moseit. [IpocTpancTBo 910 hopma marepun. Kaxoe
A1po Takux 00bexToB 0J1}; (n) cxoaMMOCTH, TEeHEPUPYET MHOKECTBO COOTBETCTBYIOIIUX KBAHTOB
(2*ax* p;-—” = e:_fj =N p]f_f_l) yKa3aHHBIX B TaOJIMIle, U U3ITydaeT (p;-—r - p;-_’_z). Orcrona cnenyer,
HaIpUMep, YTo KaXk/1as Mapa KBaHTOB s/[pa FalakTUKU renepupyeT (2 * a x pf /nd = 238p3) , u usinyyaer
(pF — p7) xBauTeI Aapa 3Be37b1. M 5TO HE 3HAUMT, YTO U3JIydaeMas Macca KBaHTOB s/Ipa MaJaKTHUKHU, PaBHA
Macce 200 MIIIIMapI0B 3BE€3/1 ATOM TaIaKTUKH. KBaHTHI sipa 3B€3/1bI U31y4at0T U TEHEPUPYIOT
COOTBETCTBYIOIIHE (B TaOIUIIE) KBAHTHI, HAOMPAs MOJTHYIO Maccy 3Be3 . [Ipudem, pa3nudHbie CTPYKTYPhI B
anpa ranaktuk (pF /nd) wusanpassesn (p; /nd) , HaGUPAIOT NOJHYIO MAcCy Pa3IMUHBIX FANaKTHK U 3BE3]1
COOTBETCTBEHHO. DT0 MHOeCcTBO (N) KBAHTOB sJipa IUIAHET, 3BE3/1, TAJIAKTHK, KBa3apos.... Hanpumep,
snpo CoJIHIa, KaK 3BE3/Ibl, U3JTydacT sapa Bojgopoaa (p; — p™ — vz ) W DIIEKTPOHHOTO aHTUHEHTPUHO, HO
rerepupyer (2 * a * p; = ef, = N p;) KBaHTBI, CKa)eM Tak, «3BE3IHOTO BelecTBay (py /e1) B TBEpHOi
TIOBEPXHOCTH 3BE3/IbL. DTO «3BE3AHOE BEMECTBO» (P7 /€] ) He MOKET B3aMMOJIEHCTBOBATE C BOJOPOIOM
(p*/e™), Ho MOXeT M3ITy4aTh MIOOHHOE aHTHHEHTpHHO (P; — V) , KOTOpoe B aTMochepe 3emin
(bopMHpPYET MIOOHBI, KOTOpPBIE B pacnazax aait: (et) nmosurpowsr:
(Y+=p) = (X—= VM_)(Y+= et)(X—=v;). Wu, KBaHTHI sSapa Mera 3BE3bI C
(ps /ns = es) u3iny4aroT KBaHTH (s — P37 ) BEIIECTBA, HO TEHEPUPYIOT KBAHTHI Apa IalaKTHK
(2*ax*ps =ek =N pf). Amanoruuno ganee.
HOJ1 = M(eg = 6,48 E23 )(k = 3.83)M(y, = 4,03 E — 25 ) = 1. Mbl roBOpuM 0 KBaHTax
(Y— = pg /ng = e,¢) Aapa KBa3apoB, KOTOPHIE TOXKE MO OTJAEIBHOCTH, U3NTy4atoT (p,/€,) KBAHTHI siipa
rajakTik. FlHa4ye roBopsi, sIpo KBazapa, OKpY)KEHO KBaHTaMH siJjpa TaIaKTUKU. [ OBOPSIT, IIPU 3TOM, YTO
KBa3ap B IICHTPE TaJaKTHKK. Takue KBa3aphl OTPYKAKOTCS B YPOBEHb (PU3MUYECKOTO BaKyyma JI0
CBEPXCBETOBBIX cKopocTeit w;(y, = a~2c) = 1372 % ¢ . D10 riybixke, 4eM ypoBeHb (PU3MUECKOTO BaKyyMa
TaJIAKTHKU. DTO COBEPIICHHO pa3Hble 00bEKThL. MBI BHIIUM, KaK Obl «ITOBEPXHOCTH)» TAIAKTUKHU, HO SIIPO
Takoro oowekra 0J1;;(n) cxomumocty, uMeeT Maccy B mpeaenax ot (10'°My) no (3.5 * 1013 M) macc

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

ckopocTh cBeTa. [lonmygaem miis macesl mpotona (M = 1,67 * 107%41) , ¢ ycnoBHO# okpyx)HOCTBIO ( 2TTR)
GM 6.67x108x1.67%10724
= = 0.98 *
2(2%3.14)c? 2%(2%3.14)%9%1020

cdepsl u npeaenabHoi ckopoctd (W = ¢) Mbl I/IMeeM(R =

10‘13cm) panuyc nIpoToHa. JTO U €CTh MUHMMAJIbHAs «4epHast blpa», He u3iaydaromas (GoToH, ¢

HPOCTPAHCTBOM CKOPOCTEM KBaHTOB (Yo + Ve + Vo) = P , MEHBIIHMX CKOPOCTH cBeTa. M 9T0 I0Ka3aTeIbCTBO
TOT0, YTO HEUTPUHO UMEET HEHYNIEeBYIO Maccy. [lomydaeMbIx, TakuMm 00pazoM, OECKOHEYHOCTEH HeT, HU B
MaTeMaTHKe, HU B IPUPOJIE.

=G

npenenbHoro (411 = @y T COS Py =N G ) yriia napaienbHoCTH, yero Het B O6meit Teopun

C C€CCTBCHHO TO, YTO I'paBUTAlITMOHHAsA KOHCTaHTa Gy = Gyy 9TO MaT€MaTH4YCCKasa NCTUHA
3 3



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 Jlopenna. DTH IpeoOPa3oBAHMS COOTBETCTBYIOT IIOBOPOTAM B IIIOCKOCTH KpyTa S, 1
PENATUBHUCTKY - MHBAPUAHTHOMY ypaBHEHMIO J[upaka. B ycnoBHAX NpUHIMIIA HEONPEIEIEHHOCTH

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 MHBAPHUAHTHO UCXOJHOMY YPaBHEHUIO
: 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 Ttakomy noTeHmmany npuOaBIsieTcsl MPOU3BOIHAS CKATSIPHOH (DYHKIIMH, HE MEHSIOIIAs 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




v B Y vy ) (r—=ys)(«®)(¥-=v3) _
YHEY+)=x)u oo = 1= XHX-);,Y+=X-) = oo — =
_ (m@yg)/2)(@?/2)(m(ys)/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

=5,58%10"%r =

1r = 5,62 * 1026MeV , 1IN (m]/;) =

(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). 1o aHaIOTHH MBI TOBOPUM O 3apsI0BOM HU30TIOTEHITHAIIC

V,(X—=Y+)y,, u v.(X—= Y +)y, cybaTtomoB, ¢ cooTHomenuemM macc (v, /yo = 8642) u (v./y = 1500)
COOTBETCTBEHHO. IIpu 3TOM, cybatomsl (V,/¥() yAEPKHBAIOTCA TPABUTALMOHHBIM MOJIEM IUIAHET, a
cybaromsl (v, /Y) yAep)KUBAIOTCS TPAaBUTAIIMOHHBIM TOJIEM 3BE31. JTO CIIEAYET U3 PACYETOB aTOMHBIX
ctpyktyp (p/e), cybaromos mianer (ps/e1)(p/e)(Vu/vo) 1 3Be3n (p2/e2)(P1/e1)(®/€)(Vu/Vo) (Ve / V),
wist: e = 2v,/a® = 10,2GeV),

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

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

KBaHTH (My = py) = @ = (153TeV)u (my =e;) = W = (35,24 TeV) , To nogoOHO
reHepaluy kBantamu (p,/n,) aapa 3emmu anep (2ap; = 238p™ = 238U) ypana, p* =~ n, ¢
MOCJEAYIOLMM paclagoM B CIIEKTP aTOMOB, KBaHTbl P, = 2% =3,06* 10°TeV, u (p,/n,), (p, = ny)

snpa ConHua (3Be3/bl, HO B aTMocdepe 3eMIi, BO3MOXKHbBI (DUKCALIUY YaCTHUIl C SHEPTUEH P, =
305 E15 eV unmu e2= 3,524 E13 eV, kak MUHUMYM ), TEHEPUPYIOT sIJIpa «3BE3AHOTO ypaHay, (2ap, =
290p; = 2°°U*), ¢ ux 9K30TepPMHYHBIM PACIIAZIOM B CIIEKTP «3BE3IHBIX» aTOMOB (p7 /e;) B TBepIoil
nosepxnoctu 38e3/b1 (ComHia) 6e3 B3auMoIeHCTBHI ¢ 00bIuHBIME aToMaMu (p* /e ™) Bomopoaa u crekTpa
aTomoB. Usnyuenue (p; — v, ) CosHIEeM MIOOHHOTO aHTHHEHTPHHO, OA00HO H3iIydeHuo (e — )
(GoToHOB, 03HauaeT Hamuuue Ha CONHIE, TAKOro 3BE3AHOrO Bemecta (p; /eq) 6e3 B3auMoaeiicTBuUS C
npotoH (p*/e™) 2neKTPOHHBIMU ATOMHBIMH CTPYKTYPaMU OOBIYHOIO BelIeCTBa (BOJOPOI, TEIHIA...).
TakoBbI pacueTsl U (PU3UYECKU JOMYCTUMBIE BO3MOKHOCTH.

B npuHLuIe, 10CTaTOYHO 3HATh KOHCTAHTH G = 6,674 x 1078, @ = 1/137.036 npenenbHbIX
YIJIOB U CKOPOCTh € = 2.993 * 101%cM/c, uTo6BI onpenensts KoHCTauTy Aeiicteus [lnanka s
eIMHUYHBIX Macc (my * My = 1) U UX 3apsSA0B B BUJE:

+10=8)2x(1— 2
b Gty £y 1 20y = S 545051077 e

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

koHcTaHTa JieiictByet B (OJ1;) ypoBHe (pr3nyeckoro BaKyyma, ¢ mpeielbHoi (v =y = C) CKOPOCTbIO

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

C+Nx*cC
(pu3KHIECKOTO BaKyyMa HMEKOT, W = —g e = C, CKOpPOCTh cBeTa. [Ipuuem mist mobbix (M; * k * m; = 1)

c2

macc. U a3to 3HAYUT, YTO BO BCCX YPOBHAX (I)I/I3I/ILICCKOFO (m - Tl) CXOI[I/IMOCTGI\/'I, KBAHTOBOM CHCTEMBI

KOOpJAMHAT, IEUCTBYIOT KOHCTaHTHI (A, G, @, ), B IPOU3BOJAMMBIX pacueTax. KBaHTOBBIMU CBOMCTBaMU
o0naaroT Kak 0oJbIIKe, Tak U Majble Macchl. Hanpumep, aist macesl CosHita.



Mgxc? 2 — —
h(STC)h =1, nm Ms(a\/E)ZVe =2 %1033 (%) * 1,78 * 10 27 % 2 % 1,36 « 10 5=1.
DTO 3HAYMUT, YTO TAKHUE 3BE3/IHbIC MacChl Mg (\/E)Z = 2.8 * Mg, MOTYT yJIep>KMBaTh B CBOEM I10JI€
rpaBUTALUU
Ve~ HEMTPHUHO. [[1aHETBI MOTYT yIEPKUBATH B CBOEM I10JI€ IPABUTALIMH € - DJIEKTPOHBI UV, - HEUTPUHO.

AHaJIOTHYHO ONpeACISIeTCS 3apsil eAMHUYHBIX Macc (M, = 1), wm (m, = 1) B Buze:

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

q = Gmpa(l — )2 = 6,674+ 1078(1/137.036) = (1 — 1/137.036)% = 4.8 x 10~1°,
¥ MX COOTHOMEHU: hac = q2 . TakuMm pacuyeTaM COOTBETCTBYET MOJENb IPOAYKTOB AaHHUT MUK
pOTOHA | AiekTpoHa. Maccossie nojst (Y- =€) = (X+ = p) aroma.

S ‘,,‘. - a-

(=) \ y

Mo/eNb NPOTOHa MOZE/b INEKTPOHA

hydrogen atom

Figure 5.2. Mosenu npoIyKTOB aHHUTWJISIIIUK TPOTOHA M JICKTPOHA

Mgl BuuMm, Ha «opoure» atoma maccosoe (Y— = X +), mpuuem KBaHTOBOE M0JI€ OPOMUTAIEN, U MATHUTHOE
nosie (X— = p*), mpoToHa, Kak MOTOK «BUPTYAJILHOT0» DIEKTPOHHOTO aHTHHEHTpHHO (X— = v, ). Tak xe
3JIEKTPHYECKOE M10JIE DIEKTPOHA, C IOTOKOM «BUPTYalnbHBIX» (Y+ = ¥*+) doronos, B anexrpo (Y+ = X —)
MarHMTHOM B3aMMOENCTBUM IPOTOHA ¥ DJIEKTPOHA B €IMHOM II0JIE 3apsaa MPOTOHA U DJIEKTPOHA.

TeomeTpryeckM (PAKTOM 371€Ch, €CTh HAJTMYNE aHTUBELIECTBA B CAMOM BELIECTBE IIPOTOHA
snexTpona. I[pu 31oM, mpoaykTsl anrurkwsinun npotona (X+=p*) = (Y—=y ) X+=v; )(Y—=y ) u
NpOAYKTI aHHUrMIsiuy nektpoda  (Y+=e7) = (X+=v,)(Y—=y")(X+=v;).

AHAJIOTMYHO B €IUHBIX MOJISIX IPOCTPAHCTBA-MaTEPUU BO30HEI 2JIEKTPOCIA00ro B3aUMOAEHCTBYS:

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

G
2% (¥/0.511%0.27)

137.036%6.674+10"8x(1+

HOJI(Y) = m(W*) =

— = 80.4 GeV,

137.036)

+
¢ 3apanoM € | M MHAYKTUBHOM Maccoit: m(Y —) = (\/E * a) *m(W1*). Dro xak «remuag m(Y —)
Maccar.

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

G

6. HoBbIe cTa0MJILHBIE YACTHI LI

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

2

2
HOI(Y =€) = (X—=v )Y+ = ;) (X—=v) =2 =10216GeV
o

B HECTAOMJILHOM BHUJC 5TO U3BCCTHBIC YPOBHU UIICUIJIOHUA.

+ _
Ha BCTPCYHBIX ITYUYKaX IMO3UTPOHOB (e ), KOTOPBIC PA3TrOHAIOTCA B IIOTOKC KBAHTOB (Y - }’) ;
(bOTOHOB «0eJI0roy» Ja3epa B BUJEC:

HONI(X =p/)=(Y-=e")(X+=v, )(Y-=¢")= 22“’ =153TeV

Ha BcTpedHBIX MydKax aHTHIIPOTOHOB (P~ ), UMEET MECTO:
HONI(Y + = e5) = (X—=p )(Y+=e")(X—=p~) = 22 = 35,24 TeV .



Jlnst Berpeunsix  HOJI(Y —) = (X+= p*)(X+= pT), paccunTsiaercs macca kBaHTa
MY =) = (X+=pH)(X+=p*) = (2 =7m) (1 - 30)

2a
N (M _Mp _ _ _093828GeV (., 3 _
i MY ) = ( 20 a ml) (1-3a) = (1/137,036)( 137,036) = 125,76 GeV

OTO0 U ecTh Ta, BHOBb OTKpbITast Ha kosutaiinepe B LIEPH, anemenTtapHas wactuna. B nanHoMm ciydae, Ha
BeTpeunbix nydkax (X+= p*)(X+=p*) = (Y —), mbl roBopumM 00 unayktusHoM (X+=Y —) maccoBom
noje B npezaenax cos@(Y —) = a, kBanToBoro maccosoro M (Y —) mons ¢puxcupyemoit yactuipl. M1 Macca

) v o NV ooy _ (rO)(¥-) _ (e=0.511MeV)
tay sienrtoHa: M(X) = Y—=e)X+=v/)(Y—=¢") = G = TizivoceenioT 1776.835MeV

PS. B 061mux MoJiexX CIeKTpa aToMOB, MoJieb kBanTa (X+ = 3He) sapa renus, 510

Pucynok 5.3 Moens cuaTE3a
crpykrypHas popma ksautos (Y- = p*/n) CunbHoro B3aumonelicTBys, CTPYKTYpUPOBaHHOTO (X-) 1MOJIeM,
00 anTHHEHTpUHO (X+= Vv, ) , 00 anTunpoToHa (X+= p~) B naHHOM ciy4ae. B cooTBeTCTBHH C

aG(X+)
aT

YPaBHEHHMAMH JUHAMUKH MacCOBBIX ToJeH: ¢ * roty M(Y —) = rotyN(Y —) = &, * + 1 x G(X+), MBI

9G(X+=%He) .
T) TEPMOSIJICPHON peakInu:

1).nmu60 B HEynpyrux cronkHoBeHusx (X+= ja) = (Y—=p*/n=e"")(X+= v;)(Y—=pt/n=e"")B
KOJUTaliiepe, BCTPEUHBIX ITy4YKOB siIep ACHTEpUs MAJIBIX JHEPIuii, 6e3 nepBUdYHOM mia3mbl. OGpasyromuecs
anb(a-4aCTULBI HArPEBAIOT BOASHYIO PyOallKy yXKe YIPaBIIeMOro TEPMOSIEPHOTO PEAKTOPa.
DHEPreTHYECKUi BBIXOJ[ TAKOTO CHHTE3a CTPYKTYPUPOBAHHOM IIa3Mbl PACCYMTHIBAETCS M0 CTAHAAPTHOM
CXEME.

rosopum 06 ympasiseMoit (vy * roty2M(Y—=p*/n) = &, *

Am(2[3H]) = 2[(1,00866 + 1,00728) — (Mmpre = 2,01355)] = 0,00478asm
Am([3He]) = [(2 * 1,00866 + 2 x 1,00728) — (Mpre = 4,0026)] = 0,02928asm.
AE = Am([3He]) — Am(2[%H]) = (0,02928 — 0,00478) = (0,0245) x 931,5MeV = 22,82MeV
2 rpaMMa (OJIMH MOJIb) TAaKOH IEUTEepUEBOH IIa3Mbl SKBUBAJICHTHBI 25 TOHHAM OCH3MHA.
2). 1M0O CTPYKTYPHPOBAHHUEM JICHTEPUCBOIl TIa3Mbl QHTUIIPOTOHAMH MAJIBIX JHEPTHii, B PEAKIHsX
Xt=3a) = (Y—=p*/n=e")X+=p )Y —=p*/n=e""),
H+p +3%H > 3He +p~
CeroHs, ynpapisieMyro TepMosiaepHyto peakunio: (3H + 3H — 3He + in + 17,6MeV) co3naror B
wiasme. DTo pasHble aapa. B nmpoctpanctee-marepun (Y —= X+), o10 (3H + H) aHanoru4Ho coeMHEHNIO
MacCOBBIX TpaeKTopuil «mosutpona» (Y—= p*/n = e***) wm (Y—= e*), u «mporona» (X+= 3H =
p*t) wm (X+= p™). IIpoToH ¢ MO3UTPOHOM, ¢ B3auMHO neprenaukyispasivu (Y —) | (X—)
TPAEKTOPUSMH, 3TO BOJIOPO/JI, B KOTOPOM BCE UJET Ha pa3pbIB CTPYKTYpHI, B IJIa3Me B JaHHOM ciaydae.
TOJIBKO MPH yJapaX B BEICOKOTEMIIEpaTypHO#i riasme, B mosissx (X+= p*) Cunbroro B3aumopeiicTus,
(gopmupyrotcs BUXpeBbie MaccoBble Tpaektopuu (Y —= p*/n)(Y—= p*/n) = (X+= 3He), yXke HOBOTO
A71pa, KaK YCTOMYUBOM CTPYKTYPHI.
bonee r¢ppexTuBHBIMU ycnoBUAME 1715 yripaBiisieMoil TepMmosiiepHoit Peakiinu, mpeacTaBiastoTcs
BCTPEYHBIMH ITOTOKAMU JICHTEPHEBOH MJIa3Mbl, C IEPIIEHAUKYIISPHBIM BIIPHICKOM MYyYKOB aHTHUIIPOTOHOB B
TOUYKE BCTPEUM NOTOKOB II1a3Mbl. CaM MOTOK AeHTEpUEBOi MIa3Mbl MPEACTABIIAETCS YIIPaBIIEMbIM



IIOTOKOM MOHOB, Kak 0oJjiee ycroiunBoe coctosiHue mia3mMsl B TOKAMAK. Mnu  Heynpyrux
CTOJIKHOBEHHH MTy4KOB JeHTEepHUs HEOOIBIINX YHEPTUH, B KAMEPE € TEPICHIUKYISIPHBIMU CHIIOBBIMHU
JIMHUSAMU CUJIBHOTO MAarHUTHOTIO 110JI4, 0€3 mepBUYHOM MIa3Mbl. DTO OYJET YK€ ypaBisieMblii
«XOJIOJHBINA CHHTE3) T'SIIUSL.

Mogenb ynpasnsemoro 'XonogHoro cMHTeza" renus Uz saep AeHTepUs.

\\\‘«-/
> S et
(v+) | 5 | (v4)

e e

20 T = 2(v-Zp)
(Y- Zp/n) 1(v-Ze/n)

Figure 5.4 VYmnpapnsieMblil TEpMOSACPHBIN PEaKTOP.
[Tonyuaemble anbha-4acTUlbl TPEIOT BOJASHYIO pyOalIKy yKe yIpaBiIsieMOTo TEPMOSIIEPHOTO peaKkTopa.
3). mu6o B Heynpyrux cronkHosenusx (GH + p* — 3He) B kosnaiiiepe TPUTHUS ¢ MyYKAMK IPOTOHOB
00JIbIINMX IHEPIruil, 6e3 NepBUYHOMN MIa3Mbl. J[Ba rpaMMa Takoil Mj1a3Mbl CHHTE3UPOBAHHOTO Telus
SKBHUBAJIEHTHHI 25 ToHHE OeH3MHa. Bo Becex ciyyasix, Hy>KHbI IPOOHbBIE 3KCIIEPUMEHTHI Ha YK€ TOTOBOM
KoJu1aiiepe.
DTO KaK OXJIakKIECHHBIE ATOMBI TeNus 5 (X —), 3aMEVIAIOT CBOE XA0TUIECKOE IBUKEHHE U

BBICTPANUBAIOTCS BJIOJIb (X —) MarHUTHOTO TMOJIT 3eMIH, GOPMUPYS «CBEPXTEKYUHA» Tenuid.
OUTIOJISIPHBIE 3aps bl MOJICKYJIBI BOJBI B 00JIaKaX, MPH BpalieHuu 3emiid, B (X—) MarHuTHOM I0Jie 3eMITH,
cuioit JlopeHia ABMXKYTCS 110 BEpTUKAIIN, GOPMUPYS pa3HUILY UX OOJBIINX NOTEHIUAIOB U JBIKEHUE B
HUX 2JIEKTPOHOB B BHJI€ MOJIHUN. DTO KBaHTHI B Makpo 3¢ ¢dekrax.

JJieMeHThl KBAHTOBOM rPaBUTAIIUU.

Onu caenyrot u3 O6mei Teopurn OTHOCUTETLHOCTH, TEH30pa DUHIITEHHA, KAK MaTEeMaTHYECKOM
WCTUHBI Pa3HUIIl PEIATUBUCTCKOM NMHAMUKU B ABYX (1) 1 (2) TOukax puMaHOBOIO MPOCTPAHCTBA, C
dyHIaMeHTaILHEIM TEH30pOM g (x™) = e;(x™)e;, (x™).

i (1) — g1 (2) # 0, exer =1, no ycnoBusm e;(X —), e, (Y-),

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

Figure 6a. KBant mpocTpancTBa-MaTepuu
Touxka (2) npuBoautcs k EBknmunoBomy nmpoctpanctBy chepsl, rae (e;Lleg) u  (e; * ,=0). [TosTomy B

1
OKPECTHOCTH TOUYKH (2) BBIAETSiEM BEKTOPHI (€,,) U (e,) u OepeM cpemHee 3HaueHue Ae, = 5 (e, + ep).

[Mpunumas (e; = e,) , yCIOBHE IPHUBEACHHUs TPeoOpa3oBaHuii kK eBKINI0BOM chepe (x5—,) U s



Bey =5 (er + € = e+ 1), nomy: gy(1) — g (2) # 0,

gik(l) _%(eiex glk)( + 1) (2) - Kle’ (:_n = R) . (eZ * en) » IO3TOMY (en = /162) H

Gik (X3=n=r)
s (e, = e,), umeeM (T = 0). B ycnoBusix (e, # €;), MbI TOBOPUM O JMHAMHKE (PU3MYECKOTO BaKyyMa
B (DMKCHPOBAHHBIX yIilaX NapajIeIbHOCTH, C Pa3IMYHBIMU I'€0IC3MNUECKUMH YK€ TUHAMHYHOU Cepsl
(x5 # x5 # x3) B puxcupoBanubix (e, # e, # e,) Toukax. Jlusa muaamuunsix (de,/d t # 0) yrios
napauIeIbHOCTH, MBI TOBOpUM 00 yckoperuu B cdepe (XY Z)HecTalnoOHApHOTO SBKIIUI0BOTO
npoctpancTBa. MHa4e roBopsi, y)ke reojie3ndeckasi, HecTaimoHapHoi EBKIHIOBOM cdepsl,
Jix (X3 # x5 # x5 #+ const) mensercsi. Mbl TOBOPUM 00 YCKOPEHUH YK€ JMHAMUYIHOTO (PU3HUECKOTO
Bakyyma B ero pacmmperun. [loatomy (A # const) ans (@ (X—) # const) nons Beenennoit. Kak Bunum,

2
m Y =yY)u ih%—q: = zh—mAlIJ + Uy, (a U 0) Pucynka 6, TMHaAMHKa YCKOPEHUS UIET C HApaCTaHHEM

W3 HAYaJIbHOTO COCTOSTHHUSI.
B nonHoMm Buze ypaBuenue OOmieit Teopun OTHOCUTENBHOCTH, KAK MaTeMaTHYeCKasi HCTHUHA!

1 1
Ry — ERgik - E’Lgik = kT
UTo 03HAYACT TO YpaBHEHHE B KIACCHYECKOM IIpeacTaBieHnn? Bee HaYMHACTCS ¢ MOCTy/IaTa DHHINTEHHA O

MpeIeTbHOM CKOPOCTH cBeTa (€) mist Maccel (m) co ckopocThio (W). D10 3HauwMT, uto: (¢) # (W), nim
%,
X —
c2+xw?;  cZ—-w?=#0; w2=t—2; (c xt)? — (x)? = const = (c xt)? — (X)?.
DTO0 U3BECTHBIC MpeoOpazoBaHus JIopeHIa B peIITUBUCTCKOMN AuHaAMuKe. DyHTaMEHTAIBHBIM 3/1€Ch, €CTh
HEHyJeBas pa3Huia. V3MeHeHne xoaa BpeMeHu (t) MeHseT mpoctpancTBo (x) , (CmvupHoB B.1.1974, 1.3,

4.1, ¢.195) ¢ pensaTUBUCTCKOM MOMPaBKOM [Tt MaccoBoi m (Y —) TpaeKTOpHH KBAHTOBOTO TIOJIS

2 2
W— = c0S?QPpa (Y =) = a? = (137036)2 ; c? —w?=c? (1 —‘:—2) =c?(1—a?

Jyig Kilaccu4ecKuX npeoOpa3oBaHuil PEISITUBUCTCKON TUHAMUKU:

a1 Qg2
A1 Az’
B tpexmepHOM mpocTpaHCTBEe- BpeMeHU HeHyaeBol EBKimMoBo# cheprl, ¢ HEM3MEHHOM Ire01e3nIeCKOn
(x; = const) xpuBoi, Takux ypaBHeHui Oyaer yetsipe. (CmupHoB B.W. 1974r. 1.3, 4.1, ¢.195-198).

X1 = Q1€ *t; — Q12X ; C*xty = ayC *t; — AypXy ; C MATpHUIEH PeoOpa3oOBaHuil: Aj =

X =a11C*t — Q12X — Q13Y — A147, a1 Q2 Q13 Qgy
Y = Qp1C * T — QX — A3Y — A4Z ¢ (ay) marpuuei Qz1 Gz dz3 dpy
Z =Q31C*t — Q32X — A33) — A34Z npeoOpazoBaHMiA 31 Qzp Q33 A3y
C*E = 04C*t— QX — Auzy — AysZ Ay A4y Q43 QAyg

B u3BecTHoii rpynme Jlopenna: (x)? + ()2 + (2)2 — (c*t)? = (X)? + ()2 + (2)? — (c * t)? . 3mech
YK€ MO>KHO HOJICTaBJISITh YUCIIA U CUUTATh IPEOOpa30BaHus PENSATUBUCTCKON IUHAMUKE €AUHBIX
Kputepues DBosmonuu: Hanpumep: sHepruu E = I12Y = (m = 1Y) = (Il = ¢?) = m * ¢? , umnynsca

p = I1?t , maccer m = MY (X+=Y—). 3necs [ = ¢? = gY , norenuman yckopenus (g) Ha TPaeKTOPUH
(Y = Y—). Takue npeobpa3zoBaHus peasiTUBUCTCKON TUHAMUKHU B MHEPLUATHHON CHCTEME MPOCTPAHCTBA-
BpemeHH 6e3 yckopenus (g = 0) B EBknuaoBoii chepe (a; = 1) 6e3 rpaButanuu, B Touke (1) PucyHox®6,
Takue ke, Kak U B EBKIMI0BOM chepe mpocTpaHCTBa-BPEMEHH MaJarolIero JudTa B Moje FPaBUTALIMU B
touke (2). [lepen DHHIITEHHOM CTOsIa 33/1a4a TIEPEUTH U3 MPOCTPAHCTBA-BPEMEHN MHEPLIUATHHON
cuctembl B EBKIn0Boi# chepe Oe3 rpaBuTaiu B mpocTpaHCTBO-BpeMs EBkinoBoii chepsl Toxke 6e3
YCKOpEHUS, HO yXKe TMaJlaloliero JudTa B moje rpaButaiui. YToObl BHIIOTHUTH 3TH IPEOOpa30BaHuUs B
PENATUBUCTCKON JUHAMUKE, DUHINTEHH B MaTeMaTHUYECKOU POIeAype, K MOTEHIINANy yckopeHus (g) Ha
TpaekTopuu (Y) mpocTpaHCTBa-BpeMEHH B HHEPIIMAIBLHOMN crcTeMe, J00aBHII OTEHIIUAT

5 Y2 (E=N%Y)?
rPaBUTALMOHHOTO MOJIs B BUjAE TeHzopa [l = w* = i =ZD)Z "

1 . .
MaTeMaTH4ecKas UCTUHA: R;, = 5 R(gix = gY) + k(T = II), yxe TeH3zopa DiHIITEHHA, B €T0

OHEPruu-uMIIyJjbCca. 910

1
KJIACCHYECKOM BuJE: R;, — ERgik = KT, . (Kopu I'., Kopu T. (1973), ¢.536). Umu (g, = g; * a)
Kjaccudyeckoi ¢pusuku. 3aeck (R;y) - npeoOpa3oBaHusl peISITUBUCTCKON TMHAMUKU B POCTPAHCTBE-
BpeMeHHU EBKIINIOBO# yiKe ApYroii cdepsl, yiKe APYyroi reoje3ndeckoil KpuBU3HbI (X5 = const) B
najaromeM Judre B nmose rpaButauonHoro norenuuana (KT, = I1). MHaue roBopsi, moje rpaBuTaluu



M3MEpSeTCsl KpUBU3HOM MPOCTPAHCTBA-BPEMEHHU. BRIUUCIISISI H3MEHEHHSI POCTPAHCTBA-BPEMEHH B
PENATUBMCTCKOM AMHaMKKe O3 rpaBuTanuu B Touke (1): X7 = guyX1; € *t; = gikC * tq;

(i, k = 1,2,3,4) v u3MeHEHUs MPOCTPAHCTBA-BPEMEHHU B PEISATUBUCTCKON TMHAMHUKE yXKE C TPaBUTAIMCH B
Touke (2): X3 = gixXy, C*ty; = gy C * ty; MBI MOKEM CUNTATH U3MEHEHUM KPUBU3HBI I'€01€3MIECKON
najatonieii chepel (x5 = const) B nose rpasutanuu (x° = X,Y, Z, ct).

(= x1)% = g ® * (t; — t)* — gip * ( = x1)% — Gz * V2 = ¥1)* — Gia * (2, — 2)* = (kTy) ;
(i=1, 2, 3, 4). B npunuune, Ml umeeM aeno ¢ (g, )% xBagpatuunoii popmoii (gix) (gix = Gir Rjien) ms
BBIOpaHHBIX HanpasieHui(eje, = 1) u (e,y" = 1)npeobpaszoBanuii Tenzopa Pumana —Kpucroddens
(Kopn, 1973,¢.535). Kak BunuMm, 310 Matpuiia B 5 cronbdmax u 4 cTpokax, Kaxiaas U3 KOTOpOH eCTh
ypaBHECHHE JUHAMHKYU B TPABUTAIIMOHHOM TI0JI€, U pelaeTcs OTaeabHO. Vim B 001eM cirydae paaualbHOTO

MIPEJICTaBICHUS CEphI:

—  —< -— —< ATI+II Aw? ATI+IT
(x; —x1)% = Ax2,; (t, — t;)? = At2, ; B BUge: ¢% * AtZ, — Ax3, = 7 1 c? x At? (1 — Clz) =7

2 H

2 Aw? ATT+I1 .
c|1——) = Aol — ATl . Pa3HuIa cKOpocTei Ha OpOUTe N3MEPSETCS SKCIEHTPUCUTETOM ().
C * =

Torma c2(1 — €2) = All . IlpuHuMas CMeNIEHUE IEPUTENHUS 8¢ ~ % , Adp = AA ; momy4nM U3BECTHYIO
popmyny DitnmTeiina: c2A8@p(1 — €2) = (All x AA = GM), 6 =~ %
Mepkypus. IT0 TOkE MaTeMaTH4yecKas HCTUHA. B 3Tux pacuerax:

_ __6mGM  _ 6%3,14%6.67x1075+2x1033 —7 _ " . _ "
N Ba(1-e7) © 9:10%9+5.791:1012+0958 5,03356 x 10~'rad , (1rad = 206264,8") ;u 6¢ = 0,1038",
36525

= 42,98" s nepurenus

3a 1 mepuoa Mepkypus 88 cyrok, u 100 yret Ha 3emite, OayduM: §¢ * = 43". U B 3THX pacyeTax

OepeTcs cpeanee 3HadeHne opoutel Mepkypus (A = 5,791 * 10'2sm), a 910 3HAUUT, 4TO peub UJET O
ITIOBOPOTE BCETO MpocTpaHCcTBa-MaTepuu BOKpyr ComnHia. IIpu aTom nuHaMuka BaKyyMHBIX 3HAa4EHUI

1
npoctpadcTBa-BpeMeHu (- g;, = 0) B Touke (2), He yuntbiBaeTcsa (e; 1 e;). 3xech HeT nuHaMuku. Ho
2 ik ’ i k

3/1€Ch Y€ MOKHO MOJACTaBIISATh YHCIa U CYUTATh KPUBU3HY MPOCTPAHCTBA-BPEMEHH, C €€ MHTEPIOJISALHIEH B
MOTEHIIMAT MPOCTPAHCTBA CKOPOCTEN IPaBUTAIMOHHOTO NoJIs. [Ipy HylneBOM rpaBUTallMOHHOM MOTEHIIMANe
ypaBHeHUs: R, = %R(gik = gY) + k(T = 1 = 0) O6meii Teopun OTHOCHTENBHOCTH DHHIITEIHA,
MepexoJiT B paBHble ypaBHeHUs CriennanbHoN Teopun OTHOCUTENBHOCTH DUHIITEHHA, B IBYX PAa3IUYHbIX
Toukax (J1abopatopusix) EBKINA0BOTO IpoCTpaHCcTBa, IPU ATOM MOATBEPK1asi B MaTeMaTUYECKON UCTUHE,
nepBblit nocrynat Diumreina. Ry, = (R = 1)(gi) 7 Xz = gikX1, € *t; = guctys e (i, k = 1,2,3,4),
win (¢ *xt)? — (%)% = (c xt)? — (x)2. Ypasuenue Ditnmreiina Ry, (1) — éRgik(Z) = 8:T—‘}GTU{ :

3amuileM B BUJE IPABUTALMOHHBIX MOTEHIIMANIOB B JIBYX TOUYKaX PUMaHOBOTO MPOCTPAHCTBA C
(GbyH1aMeHTaIbHBIM TEH30POM:

Ry (1) = e;(xMer(x™) = vyvy =1 H 9ic(2) = e;(xMer(x™) = vy =11,

Mps1 noHuMaeMm, 4To Touka (2), npeacrapieHa EBKINI0BBIM TPOCTPaHCTBOM (7)) 0e3 KpuBU3HBL. OTMETHM,
YTO TOYHOTO COBMAJCHUS TOUKH (2) KPUBOM C OKPY)KHOCTHIO HET B MaTEMaTUUYE€CKON UCTUHE MOJHOTO

ypaBHeHus DiinmTeiiHa. Touka (1) ¢ KpUBU3HOM PUMAaHOBOTO MPOCTPAHCTBA (77) B FPAaBUTALIMOHHOM IIOJIE.
Toraa rpaBUTallMOHHBIE TOTEHIIUAIBI BHE MACC, MBI IIPEJICTABUM B BUJIC:

Figure.66 — rpaBUTaIlMOHHBIC TIOTCHIIUAIBI
EZ _ G(N?K)? _ GN2MN2K?
p2 - (N2t)2 T oc4ni2e2 !

r 'y 8mG
I, = cz(;)z: I, = 62(70)2 , C TEH30POM SHEprHH-nMITynbca: —- Ty =
_ GN2k%? _ Gc?nk? c2GK?

=1 =5 = "o My =M =0, wm

r T, c2GK? 70\ 2 c2GK? 70\ % x2
Y- =G ca- (=57 a- (=5




(1 + T—°) (1 — T—“) =X (1 + @) 22— = s?(x), s%(x)=0 mpu (x =0).
r r c2t2’ r (1—%0) !
"0\ .242 o\ 2 2 2 "0\ .2 42 o\ 2
(1+7)ct —(1—7) X% =s%,uum. ds =(1+7)c dt —(1—7) dx~ .
OT0 MaTeMaTUYeCKUE UCTUHBI CaMOil MPOCTON MOJENIN PaIUaIbHON PEISATUBUCTCKON TUHAMUKI

EZ
IIPOCTPAHCTBA-BPEMEHH B IPABMTALIMOHHOM MoJie BHE (Mo = 0) Maccl: — = ¢? , wiu:
p

E2 o
Z= p? + (my = 0)2c?. U nepBoe, 4TO HAJ0 OTMETUTH, TAK STO HEHYNEBOM (T, # 0) paguyc 1o

OTIpeNieNIeHnI0. DTO paanyc Kpyra BMecto cdepsl B pemeHnn LBapummnsaa. U 3To ycnoBue ypaBHEeHUS
(Rg;, # 0) DiiHmTEliHA, KaK MaTEMaTHYECKON UCTHHBI B TIOJTHOM BHUJIE. 3/1eCh Pa3rOBOP O CUHTYJISIPHOCTH —
3TO pa3roBop HU O yeM. CUHTYJISPHOCTU HET B IPUHIUIIE U IO ONpeiesieHHn0. BTOpoii MOMEHT B TOM,
ypaBHEHHE DUHIITEHHA pacCMaTpUBAET IPABUTAIMIO BHE cephl. HUKaKMX «IyTenecTBuil» BHYTPb Chepsl
B ypaBHEHUHW DUHINTEHHA TOXKe HET, Kak U (1 # 0) B 3akoHe HproToHa. Bee mocnenyromue Moaenu
«YEPHBIX JbIP» UMEIOT TOPU3OHT COOBITUH U Tak Jasiee. MHOTHe MOJETHN «YEPHBIX JbIP», KOJIIANCUPYIOLIUX
dboToHHBIX cdep (3Be31 B npeaene) npoxoaaumx chepy lIBapimmibpaa ux quarpaMMbl HAUBHBI,
olIMOO0YHBI B 0a30BBIX OCHOBaX M 0€3 apryMEeHTOB UCXOAHBIX MPEANOCHIIOK KaK IPUUUH, XOTs Jajee
paboTtaet maremaTrKa U joruka. Ho ypaBHenue DitHiTeitHa BooOIIIe He 00 3TOM. YpaBHEeHHE DUHINTEITHA
He cojepkut Maccy (m = 0) u Gosee riybokoe. B HeM yka3aHbI MOTEHIIUAIIBI, CUIIOBBIE TIOJISL K DHEPTUS
IPaBUTALMOHHOIO MOJISA B JIF000# Touke Beenennoit BHe Macesl (m = 0) . M Hu 01Ha MOJZIENTb, HE OTBEYAET
Ha Borpoc, [IOYEMY Bo3HMKaeT KpMBH3HA T'PAaBUTALMN W, OTKYJ1a SHEprus nojs? B Takux
MIEPEYUCIICHHBIX YCIOBUSX, KaK apr'yMEHTOB MaTeMaTHYE€CKUX UCTHH, TOBOPUTH O CUHTYJISIPHOCTH B LIEHTPE
(R = 0) «uepHOii JABIPLI», OTO Pa3rOBOP HH O YeM. 371€Ch HET HUKAKOM CHHIYJISPHOCTH B IIEHTPE YEPHBIX
neipy». Bompoc 3akpeiT. Ho ecTh hakT Hamu4us «CBEpXMACCHBHBIX KOMITAKTHBIX 0OBEKTOBY, 0OHAPYKEHHBIX
B sJipe ranakTuk. W ecTh Apyroe mpencTaBieHHE CBOMCTB TaKMX OOBEKTOB:

(R < Rp) = =4

(vi >c)?

C HaJJMYUEM CBEPX CBETOBOTO mpocTpaHcTBa: (v; > ¢), BHYTpH (R < R)) TaKHX «4epHBIX cepy,
UMEHYEMBIX «UEPHBIMH JbIpaMn». HeT HuKkakux «Ipipy». Macca takux «aepHbix chep» (M # 0) He paBHa
HYITIO.

Jlasi GecKOHEeYHbIX MPaBUTALMOHHEIX yekopenuit, I1 = ¢ = (g, & ©) (Y, = 0) B CHHTYIAPHOI TOUKe
(Y, = 0), HanpuMep «4epHOU IBIPBI», B YPABHCHUN DWHINTCHHA pevb O PEISTHBUCTCKOW TUHAMHKE:

(R = (g2 = ) (Y > 0)) = 3R(gu = i1) + k(T = 11 = €?) , (g) yewoperme B Toure 2,

)2 — (7)2 =
(€D =D = =55

(cxD)?=(X)?=0,um: (c*xt)2=(X)>?u(cxt—>0)>2=(x=Y, - 0)2
DTO 3HAYUT, YTO B IPOCTPAHCTBE-BPEMEHH TAKOW CUHTYJIAPHOCTH HET. B ypaBHeHMU DHIITEHHA HET HU
«YEPHBIX JbIP», HU CUHTYJsIpHOCTEN. Bee 310 B cTporux Marematudeckux uctuHax. C Apyroit CTOpOHBI,
MaTeMaTH4ecKasi HCTHHA 37€Ch B TOM, 4TO HEHyJIeBas Pa3HUIIA PENSATHBUCTCKON TUHAMUKH AXxZ,, B
ypaBHEHUU DUHIITEIHA, 00yCIOBI€HA CKOPOCTSIMH MacC MEHBIIIE CKOPOCTH CBETa B caMux cepax B

ToYKax 2 ¥ 1, 1 BHe HeHYJIeBbIX EBKJIWIOBBIX chep ¢ pa3snIuIHbIMH UX Fe0IC3UUCCKUMHE (X5 # X7 )

KPUBBIMHM B TI0J1e TpaBuTanuu. (1 — 260 _ 0), R(x®) = @. 2 = % , (R # 0). 3nech HeT

Rc?

CKOPOCTH MAacC B M0JI€ TPABUTALIMM, PABHOM CKOPOCTHU CBETA, TAK KaK MCUE3a€T CAMO YPAaBHEHHUE
OWHIITEHA, BMECTE C CUHTYJISIPHOCTSIMU B «4epHBIX Ablpax». x HeT. Bonpoc 3akpsiT. B ypaBHeHUsIX
€CTh TOJIbKO MacChl HeHYJIeBbIX cdep (X5 # X7 ) Kak HCTOYHHWKA KPUBU3HBI, PABHO TPABUTAIIUH, U TOJISI
WHIYKTUBHBIX Macc, (BHe «iH]Ta») «TeMHOU MaTtepun». Ho HEeT ypaBHEHUH, KOTOPHIE JAIOT «UEPHbBIE
JBIPbI, CUHTYIsIpHOCTH. Takux ypaBHeHui B O6meit Teopun OTHOCUTENBHOCTH DUHINTEHHA HET.

Habmtonaembie «uepHbIe ABIPB», B MPOCTPAHCTBE-MATEPHH MPEACTABIECHBI KaK 00BEKTHI PA3INYHBIX
SHEPreTHUECKUX YPOBHEH Pr3nueckoro Bakyyma. 1o o0beKThI 3Be3aHbIX (10 30,8 * My,,,,) Macc,
Mesx3Be3HbIX Mace (0T 31 * Mg, 10 622000 = M,,,, Macc Connua), ranakrudeckux macc (ot 6 * 10°M,,,
no 101°Mg,,,.), mexranakruueckux macc (ot 101°Mg,,,, mo 103 My,,,,), sapa xBazapos (ot 103 Mg, 10
1017 Mg,,,) u xBazapHbIX ranaktuk 10 (10%*Mg,,,). OHE UMEIOT IO HAPACTAKOIIEH, MHOTOYPOBHEBEIE
000JI0YKH KBAaHTOBBIX MOAMPOCTPAHCTB, B KOTOPHIE , HATpUMeEp (HOTOH, MOMACTh HE CMOKET. DTO BBIXOTUT
3a paMKH 0O11el TEOPUH OTHOCUTENIFHOCTH DWHIITEHHA UITH, TOYHEE, 32 IPEeIbl €BKIHI0BOM

— 0. HcuezaeT camo ypaBHEHHUE DUHINTEIHA!




AKCMOMATHKH TMPOCTPAHCTBA-BpeMeHH. Ho 3/1ech HET HUKaKuX OECKOHEUHOCTEH U CHHTYIsIpHOCTEH. VX HeT
B [Ipupone.

CpenHee 3HaYeHUE JIOKAITBHOTO 0a3MCHOTO BEKTOpPAa PUMAHOBOIO TpocTpaHcTBa (Ae, ),
OMPEIEISIETCS KAK MIPUHIMIT HEOTIPEIEICHHOCTH, HO YKe Ha BCIo JutuHY BoHbl KL = A(X +)
rpasutanuornoro nosst G(X +) = M(Y—) MaccoBbIX TpacKTOpuil. ITa HEONPEIEIEHHOCTD B BUJIE
orpeska (OA=r), kak BoJIHOBOH pynkmu (r = Yy ) MaccoBoit M (Y —) Tpaekropuu kBanta (Y1) B
rpaBuTanoHHoM G (X +) nose Bsaumopeiicteus. A(X +) = 2vyy) coun(X +) mons. Ipoexuus
(Y —)TpaeKkTopuu Ha IIOCKOCTh Kpyra (77?) maeT miomaas BeposaTHOCTH(1y ) 2 monagaHus MaccoBOTO
kBanTa M (Y—), B rpasur. G(X +) nose B3anmopeiicTBus.

DTO UCXOIHBIE 3JIEMEHTHI KBaHTOBOTO TpaBuT G (X +) = M (Y —) maccoBoro mojs. OHu CIELYIOT U3
ypaBuenust O6meit Teopunt OTHOCUTETEHOCTH.

2.KBanToBasi rpaBUTALMSA B €UHON TEOPUH

DneMeHThI KBaHTOBOTO rpaBuT (X+ = Y-) MaccoBoro mouisi ciuenyroT uz Oomier Teopun
OtHocurenbHOCTH. Peub 0 pazHulle pensTUBUCTKON TuHAMUKHU B ABYX(1) 1 (2)Toukax pumaHOBa
MPOCTPAHCTBA, KAK MaTeMaTHIeCKOU ncTuHe TeH3opa DitHmreiHa. (G. Korn, T. Korn, ¢.508). 3aech
Jix (1) — gi(2) =0, ere, =1, o ycnosusm e;(X —), ex(Y—), dyHmamMeHTaabHbIi TEH30D
Ji(x™) = e;(x™)e, (x™), pumanosoro npocrtpancTsa B (x™) cucTeMe KOOPIMHAT.

Figure 6e. KBanToBoe rpaBut(X+ = Y-) MaccoBoe moJie.
®dusryecKuM CBOMCTBOM rpaBUT(X+ = Y-) MACCOBOIO MOJIS €CTh IPHHIUIT SKBUBAJIEHTHOCTH HHEPTHON U
IPaBUTAIIMOHHON MAacChl. DTO PABEHCTBO YCKOPEHHs a = Vy * M (Y —) MacCOBBIX TPAEKTOPHUil U YCKOPEHUS
g = G(X+) nons rpasutanmu, vy * M(Y —) = a = g = G(X +), B IpocTpaHCTBE CKOPOCTEH

ei(X =) =e(x"=X,Y,Z) = vy [ﬂ JIOKAJBbHBIX 0a3UCHBIX BEKTOPOB, ex(Y —) = e, (x™" = X,Y,Z) =

v 3]

Hanpumep, B «magaromem» iudre yekoperue (g — a) = 0 orcyrcrByer, uBec P = m(g —a) = 0, pasen
nymo. Touka (2) npuBoautcs k EBkinmgoBomy npoctpanctBy chepsl (x5-,), rae (e;Lley), (e; * ex=0).
[ToaToMy B OKpECTHOCTH TOYKH (2) BBIJENIIEM MapajuieNibHbIe BEKTOPHI (€,) U (e;) U Oepem cpeanee
3HaYeHHe 3HaueHue Ae,, = e, = %(ejI + e,). llpunumas (e; = e) u gy (1) — g (2) # 0.

Beu =3 (e + &) = 5o (2 + 1), moaysmn: gy (DXH) = gae(DXH) = kTy(¥ =) , wn
gue(1) = % (eiez = eiex = gix) (Z_Z + 1) (2) = KTy, (2—: = R) o (en # ey,

Gire (X3 =n=1)
s (e, = e,) umeeMm (T, = 0) . B ycnoBusix (e, # €,) pedb UIET O JUHAMHKE (PU3MIECKOTO BaKyyMa
py (PUKCUPOBAHHBIX yIJlaX MapajjIeIbHOCTH, C Pa3HBIMH I'€0JIE3NUECKUMU YK€ THHAMHUYECKOH chepoit
(x5 # x5 # x§) B dukcupoBaHHbIX (e, # e, # e, = const) Toukax (e, = Ae,). st IMHAMUYHBIX
(0e,/dt # 0), (¢ # const) yrios napauiesbHOCTH MPOCTPAHCTBA-MATEPHH MBI TOBOPUM 00 YCKOPECHHH B
cdepe (XYZ) HECTAIMOHAPHOTO €BKIINAOBA MPOCTPAHCTBA. J[pyruMu cioBaMu, yke reoge3nyeckast
HECTAIMOHAPHOU eBKIHI0BOM chepbl gix (X5 # x5 # X5 # const) mensiercs. Peus uaer 00 ycKopeHHu u
6€e3 TOro TMHAMUYECKOT0 (PM3UYECKOTO BaKyyMa IpH €ro PaCIIMpPEHHH.
Ortcrona cnenyer ypaBHenue Oouieit Teopun OTHOCUTETBLHOCTH B TIOJHOM BHJIE:
Ry — %Rgik _%Agik = kT, . (k = %)'

c4



CpenHee 3HaYCHUE JIOKAITBHOTO 0a3MCHOTO BEKTOpPAa PUMAHOBOIO MpOCTpaHcTBa (Ae, ),
OTIpeNIeNAeTCs KaK MPUHIIMIT HEONPEICTCHHOCTH MacCcoBhIX (Y —) TpaeKkTopuii, HO y)Ke Ha BCIO JJIUHY BOJIHBI
KL = A(X +) rpaBuranuonnoro mos. 3xeck yekopenus G(X +) = vy M (Y —) MaccoBBIX TpacKTOPHIA.

DTa HEOTPEIEICHHOCTh B BHE OTpe3ka (2 * OA = 2r), kak BoiHOBOU (yHkuuu 2y (Y—)r = A(X +)
maccoBoii M (Y —)Tpaekropuu kBanta (Y +) B rpaBuTanmonnom nojie G (X +)BzaumoneiicTBus. 31ech
2y , crmu (1) kBanToBoro mosst A(X +) rpasuranuu. I[poekiws maccoBoii (Y —)TpaekTopun KBaHTa,
Ha IUIOCKOCTH Kpyra (7T7'2) maet mwiomaas BeposTHocTh (Py) % nonaganus maccoBoit M (Y —) Tpaekropuu
kBanTa (Y +), B kBaHTOBOE rpaBuTaiontoe G (X +) mose B3aumo (Y — = X+) ngeiictBus. B o6uiem
ciyqae Touku V; 1 N (Y-) maccoBbix mwin V; N (X-) 3apsi10BbIX TpaeKTOPHiA, aOCOIFOTHO OJMHAKOBI
MEXIy cO00i B IMHUU-TPACKTOPHH SIIMHOTO MyYKa MapayiebHbIX MPsMbIX JHHUN. Kaxas napa Touexk,

HUMEIOT CBOIO BOJHOBYIO pyHKIHIO / (+1) (—) = i), B MHTEpIpETA KBAHTOBOMW 3aIlyTaHHOCTH. B 5TOM
NPE/ICTABIICHUH KBAHTOBAS 3aITyTAHHOCTH €CTh (DAKT PeabHOCTH, KOTOPBIH CICIYET U3 aKCHOM
JMHAMUYHOTO MPOCTPAHCTBA-MaTePHUU. JHTPOIHS KBAHTOBOM 3aIlyTAHHOCTH MHOKECTBA JIACT TPaHEHT
MOTEHIMAA, HO 3/1€Ch TEPAETCS NMPHUHIINI DKBUBAJIEHTHOCTH DiiHInTelHa uneptaoit vy M (Y —) = G(X +)
Y TPaBUTALIMIOHHON MaCCHhI.
DTO UCXOIHBIE YIEMEHTHI KBaHTOBOTO TpaBut G (X +) = vy, M (Y —) maccoBoro moss. OHM ClIeLyIoT
u3 ypaBHeHus: O6meit Teopun OTHOCUTENbHOCTU. Bhienum 31ech pazMepHocTy ennHbix Kpurepues

2
DBOJIIOIUH MPOCTPAHCTBA-MAaTepUH B BUIe. CKOPOCTH Vy [ﬂ, notenmman (I = vi) [i_Z] ; YCKOpCHHE
G(X+) [%], maccoBbie m = [IK(Y—= X+)mons u 3apsnoBeie ¢ = [IK(X—= Y+) nons, wuX mioTHOCTH
P [?{—f] = [T—lz], cuna F = T1%; sueprus € = I1%K; umnynsc P = I1°T; peiictBue i = I?KT u tak manee.
£ £ £ £
O6o3naunM (Ae,, = 2ye,), Ty = (E)i A (E)Jm = (;)i 2y (E)K = 2¢Y'T; , B BUje T€H30pa
saepruu (€) — (P) ummyssca ¢ BomHOBO# (yHKImel (Y). OTciona cieayeT ypaBHEHHUE:
1 € €
Rix — Rejde,, = k (—)lA (_),m o

P/ \p
Rie(X+) = 29 (S Rejer(X+) + KTy (Y-)). 1 Ru(X+) = 29 (3Rgue(X+) + KTy (Y)).

KZ
DTO ypaBHEHHE KBAaHTOBOTO [ paBUTAIIMOHHOTO IIOTEHIMAJIA C Pa3MEPHOCTHIO [T_Z] HOTEHIIAIA

(Il = vZ) ucnuaom (21). B ckoOKkax 3TOro ypaBHeHUs, yacTh ypapHeHus O6meii Teopuu
OTHOCHUTEIBHOCTH B BUJIE MOTEHIMaIbHOTO [1(X+) mosis rpaButanum.

B reopun nonst (CmupHOB, T.2, ¢.361), yckopenue maccoBbix (Y —) tpaekropuii B (X +) mose rpaBuTanuu
equnoro (Y —) = (X +) mpocTpaHcTBa-MaTepUy IPEACTABIEHO AUBEPIEHIIUEN BEKTOPHOTO TOJISL:

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

G(X+) [TK—Z] = grad;lI(X +) [:—2] = grad,II(X +) * cosgy [:—2]
aG aG . aG

P Gy = E G, = 3, TIPEICTABIICHHIO.
3neck nonuelid quddepenuuan: Gydx + Gydy + G,dz = dIl. OH UMeeT UHTETPUPYIOIIUNA MHOKUTEb
cemeiictBa nosepxnocteit [I((M) = C; 55, ¢ Toukoil M, OpTOrOHaIBHBIX K BEKTOPHBIM JIMHHAM HOJIS
maccoBbix (Y —) tpaekropuii B (X +) mose rpaButaimu. 3aeck e;(Y—) L e, (X—). Otcrona ciemyer

KBA3UIIOTCHIIUMAJIBHOC I10JIC:
2
tr(Gudx + Gydy + G,dz) =dnl [S5|, w6 +) =2 gradnx+) [5]
T
3,[[3CL tT = N OJid KBa3UIIOTCHIIUAJIbHOI'O I10JIA. BpeMH t = TlT, 3TO M- KOJIMYECCTBO HepI/IO)IOB T

KBaHTOBOM quHamMuku. U n = t; # 0. OTcroaa ciaenyroT KBa3UMOTEHIIUAIbHbIE MOBEPXHOCTH w = 21/t
KBAHTOBBIX I'PABUTAIMOHHBIX NOJIEH ¢ IEpHOJIOM T M YCKOPEHUEM:

GX+) = %grale(X +) [%] , (Y=Y)K] xGX+) [5—2] =X +) [IT(_E] = Acf,

6 (X +) [fe] = L (grada(Rgi) €050y 5 = ) [ 1] + (grady(Tu) ).

tr

Cootnomenne G(X +) = grad;I1(X +) paBHoCHIBHO Gy =
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Pucynox 6.1. KBaHTOBBIE IpaBUTAIIMOHHBIE OIS
D10 PuKcUpyeMoe B CeUCHHUH, BEIOpaHHOE HanpapieHue HopMaym n L [, CrioskeHHe BCeX TaKux

. K .
KBAHTOBLIX I0JIEN MHOKECTBA KBAHTOB 10ty G (X +) [T_Z] 10001 Macchel, GOPMUPYET OOILYIO

MOTEHIIUAIBHYIO «SIMY» €€ TPaBUTAIMOHHOTO MOJIs, TAE YXkKE JeHCTBYET ypaBHEHUE DUHILTEHA, C
«3aluToi» B ypaBHeHUU Gopmysoii (3akoHom) HeroToHa.

2 2
_ 4 — 4 2 2 _ a2y E°_ K° 2 2 _ 2
E =c*K, P—cT,(cl-—ck—Acl-k)—p—z— 72 =C%), Acj, = Gv* (X +) #0
4172 _ 2 4 41,2 2 — 2 —
c*K*“=E c*c*K G(c“Ky=mq)(c“Ky=m Gmim Gmim
Ac? = _ _ G(c?Ky=mi)(c’Ky=mp) _ Gmy 2 Ac =Mz Ackc? =F
c4T2=p2 c4c4T? CZ(CZTZ=KZ) c2K? c2K?

K .
B 1MHAMUYHOM MPOCTPAHCTBE-MATEPHH, PEYb UIET O AuHaMuKe 1oty G (X +) [F] MoJiel Ha 3aMKHYTBIX

rotyM(Y —) Tpaekropusx. 31ech -IMHUS BAOIb KBa3U MOTEHIHAILHBIX TIOBEPXHOCTEN PUMAHOBA
MPOCTPAHCTBA, ¢ HOpMabio n L [. TIpeaenbHbIi yroi nmapanieIbHOCTH MaccoBbIX (Y —) TpaeKTopHii B
(X +) mone rpaBuTaMy, JaeT FPABUTALMOHHYIO KOHCTAHTY (COS2Q(X—)pax = G = 6.67 * 1078). 3nech

1).

137.036

G(X+) [f—z] - % (G * grad,Rgu(X +) + a » grad, Ty (Y -)) [f_z]

t .
ty = =M, TOPANOK KBa3H NOTCHIHATbHBIX TOBEPXHOCTCH, 1 (cos@(Y—)yax = a =

. [k .
OT0 obI111ee ypaBHEHHE KBAHTOBOTO I'paBUT (X+ = Y-) MaccoBOro MoJist y’ke yCKOpeHHuii [T_Z]’ Y BOJIHOBOM

Y — QyHkuuei, a Taxke T- nepuogoM quHamuku kBanta A(X +), co curom (I1), (2¢). Tlons yckopenuid,
KaK U3BECTHO, 3TO YK€ CHJIOBbIC M0JIst. M 3TO ypaBHEHHE OTINYACTCS OT YPABHEHUS IPaBUTAIMOHHBIX
norennuasoB O6mei Teopun OTHOCHTENLHOCTH. B IBYX CII0BaX OTMETUM KOHIIEIIIMH B TAKKX ITOIX0/1aX.
DUHIITEHH aliee, MbITAICS BBITOJHUTD MapalIelIbHBINA TIEPEHOC BEKTOPA B PUMAaHOBOM IPOCTPAHCTBE
BJIOJIb T'€0/Ie3UUeCKOi KpuBOH (x°) u3 Touku 1, B TOUKY 2, C MOTy4CHHEM KBaHTa FPABUTAIHOHHOTO MOJISL.

1 ‘fmax 2 e
— . S— — — _._ ———————
J‘. n-:/ .
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B marematnueckux npouenypax EBKIMIOBOM aKCHOMAaTHUKH, 3TO BO3MOKHO TOJIBKO IPHU IEPEHOCE BEKTOPA
(x7) Toukwm 1, B TOUuHO Takoii BeKTOp (X3) , HO YK€ TOUKH 2, KaK MpoeKIuii Ha EBKINI0BOE MPOCTPaHCTRO,
JIOKaJIBHBIX 0a3MCHBIX BEKTOPOB pUMAaHOBOTO IpocTpaHcTBa €;(x%) u e (x%). (X7 = x5 = cOSPx max =

\/E)v

wm (x7 * x5 =VGeVGe, = G g (x%). Mbl TOBOPUM O TPaBUTAIMOHHOM MOTEHIIMAJIC TCH30pa SHEPI UM -

umnynbsca (Ggi, = GTy), B ypaBHenun Oo6mieit Teopun OTHOCHTENBHOCTH DHHINTEIHA, B KOTOPOM

rpaBUTaliMOHHAs octostHHas (G) , 9TO MaTeMaTHueckas ucTuHa. be3 BapuanToB. B kaxmoit

(UKCUPOBAHHOM TOYKE Te0Ae3nuecKoi KpuBoil (X°), B €BKIMIOBOM aKCHOMATHKE KPUBU3HBI TPOCTPAHCTBA-
Y2 .Y X 1 -

marepun: K = — (B.. CvmupHoB, 1974r. 1.1, ¢.187), 1 cooTHOmEHH T — = ch (—) = (e +e7¥/™), n
To To To

A o
X = 5), IpPaBUTALMOHHBIN MOTEHIMAJl PaBEH:
2mh

(X +) = Ggu (1= [ = ch (2)]) = kTuc . Toum: b = 2m(h = apyaxs), a2 =222 w ch ().

To
3neck (py), IMITYIBC ICUCTBHS KBAaHTA IPABUTAIIMOHHOTO MoJIsL. Tak peanusyercs uiest DUHIITEHHA.
[Tyrem npeobpa3oBaHuii rpaBUTalMOHHOTrO noteHmaia [1(X +), MOXKHO MojTy4aTh BAPUAHTHL

a)[I(X +) = g *x° = x°G(X+), COOTHOIIEHNE PENATUBUCTCKOM TNHAMUKH (ri = R) KaK MOBOPOTHI
0

npeoOpasosanuii Jlopenna B miockoctsax kpyra (R) u (), a raxke wis (cos@(Y =) yax = @), uY = a *
(Y_)1
HOJIy4aeM YoKe KBAHTOBBIE TPABUTALIMOHHBIE TIOJIS1 YCKOPEHUH B BHJIE:

Ggix =G*Rx*gy +aTy wm G(X+) =G * R * grad, gy (X+) + a *x grad, Ty (Y-),
6) B Esxiniosoii akcuomaruke, cos@(Y —)pmim = 1, c0S@(X —)pmin = 1, u Ggy = Rix , nosnydnm
kiaccuueckoe ypaHeHue Oouieit Teopun OTHOCUTEIbHOCTH DHHINITENHA B BUae: Ry, — %R * gie = k * Ty,

. . . 1 876G
B). U3 cranmaptHoro ypasuenust O6ueit Teopun OTHOCHTEIBHOCTH DHHIITEeHHA: R;), — ER Jixk = C—4Tik ,

663 AUHAMHUKHU (1)I/I3I/I‘ICCKOFO BaKyyM3, B CIUHBIX KpI/ITepI/IHX SBOJ'IIOHI/II/I HpOCTpaHCTBa'BpeMCHI/I, cnez[yeT
Mm
RZ

. G
KJlaccuueckuii 3akoH Hprotona: F = . VI3 pa3HuIiel rpaBUTAIMOHHBIX TTOTEHITMAIOB B Toukax (1) u (2)

B Buge: (R, = eje (1) = U,y) %Rgik = e;e,(2) = U, u (U, — U, = AU). Hanpumep, nius Connua u

3emiu

6 67+10-8)(M=2%1033
(M =2+10%g) u (m = 5.97 * 107 g), nonysmu (U = E=0Z 1 IN200) _ 917, 1012)

6 e7%10~8) (=E 97%1027
IPaBUTALMOHHBIA MOTEHIMAJ HAa PACCTOSIHUM 110 3eMiu u U, = (6=6.67 R1=o - 3)7(215:7 1) = .25 % 1011 ,

notennuan camoii 3emmu. Torma (AU = U; — U, = 8.917 * 1012 — 6.25 x 10! = 8.67 * 10'2) , uim

(AU = 8.29 * 10'2) | nonyuum:
816G _ (WPK)* _ UP(UK=m)®* _ Mm AU _ 8mG Mm 8nG Mm GMm

AU = —F——— (T, = = = HIIH = — =
(c*=U2=F) (Ti U2T? U2T? T2/’ V2 F T2 (AU/\Z) TZ (AU*TZ/\2)/8m
AU+T?  8.29%10%2%(365.25%24%3600=31557600)>
0e3 TeMHBIX Macc. OcTalloch ITOCYUTATh = ( ) _ 2.3 * 10%° , uro
812 8m\/2
GMm
COOTBETCTBYET KBajpary paccrosinus (R? = 2.24 * 10%¢) ot 3emuu g0 Connua, wim F = 3aKOHY

RZ '

Herotona.
I) a TaK)Ke KOHIENTYaJbHYI0 MOJEIb METICBOI KBAHTOBOW IPABUTALIMH, YK€ C HEKOTOPBIMU OTOBOPKAMH.

/2 .
%)D = kT, , u uzeeit
OiHIITEeHA 0 AapaIeIbHOM MIepeHOCce, PEACTaBUTh PeoOpa30oBaHus JOKaIbHBIX 0a3UCHBIX BEKTOPOB B
noJe cimaopa (S) rpymmel SU(2) romomopdHoit rpymmne SO(3), a Takxke ¢ reHepatopamu rpymiisl JlopeHia
B SO(1,3) npocTpaHCTBa-BpeMEHH THHAMUYHOM cdepbl, To moayunm: (R = xy) = 19 = (R = x3)
npeoOpa3oBaHus. Mbl TOBOPUM O HecTallMOHApHOM EBKJIMI0BOM MPOCTPAaHCTBE TUHAMUYHOTO
runepoosionia B KBaHTOBOU pessituBucTckoi auHamuke (Ksanrosoit Teopun OtHOcuTensHocTH). Wnn

Y
Ecnu B ypaBHEeHUHU TpaBUTAIMOHHOTO MOTeHIMana G g;, (Ymax - [r— =ch (
0

S = (Ymax - [TL =ch (tﬁ)]) ,u Ggix * S = kT, uaapuanTa (ST€S) , cO COMHOPHON METPHKOI
0 0

MMUHKOBCKOTIO:



€= (_01 (1)) Juis (Y =(ry =Yy)) u (ch (XT—T)O) = 1), 310 cTpOrKe MaTeMaTu4eckue UCTUHBL. [10 cyTH,

3TO U €CTh JIOTIOJIHUTENbHBIN mapaMeTp bemna, BepoaTHOCTHBIX MOTEHIHANOB Gix (Yiax — (Y =

TOCh (/1/2>x)))

To

B3aumoieiicTBuil (X+) u (Y1) KBaHTOB B DKCIIEPUMEHTAX, IPH TOYHOM OIPEIeICHUH KoopauHat (X). 31ech
ceuenue B3aumoeiictaus Y2, (1 — ?) umeer (P?) BepOITHOCTH B3aUMOJIEHCTBHS BOJIHOBOM (DyHKIIUH.
Peus 0 norenunanax I(Y+) anexrpuueckux uinu [1(X+) maccoBsix nozeit. [Ipu B3aumoeiictsuu
omHOpOAHBIX ToTeHImanos (IT*I1=I1%= F=dp/dt) nossnsercs cuna B3anmoneiicTus. Ilapamokc DifHmTeliHa
— Ilononbsckoro — Po3eHa coCcTOUT B U3MEPEHNHU TapaMEeTPOB 3aIlyTAHHON YacTULBI KOCBEHHBIM 00pa3zoM,
0e3 n3MeHeHus ee CBOUCTB. YacTuipl OyayT I€aIbHO 3aIlyTaHHBIMH, €CJIH POXKACHBI B OTHOM KBaHTOBOM
I10JIE C I0IYCTUMOM cuMMeTpueil. YToObl MEHSTh CBOMCTBA 3allyTaHHOM YaCTUIIbI, HY>)KHO MEHSTh
«CBEpXCBETOBOM (POH» PU3NYECKOTO BaKyyma, UTo JIOMycKarT Gopmynbl DiiHmTeHa. Toraa usyyas (v
n3MeHsist) BnusiHue @oHoBbIX KpuTepues Ha 0/1HY YacTHILy, Mbl TOUHO 3HAEM JIMHAMUKY BTOPOW YaCTHULIBI,
HanpuMep B MEXK3BE3/IHOM MPOCTPAHCTBE FAIAaKTUKH. JIOYCTUMBIM €CTh U BapUaHT, KOraa (GOHOM /IS
a5IeKTpoHa OyJIeT BUPTYalIbHbIN (OTOH, a JJis IPOTOHA BUPTyalbHOE aHTUHEUTpUHO. Toraa, eciau Ba
AJIEKTpOHA (Ha OJIMHAKOBBIX OpOUTAX aTOMOB) 00JTyyaTh 3allyTaHHBIMU (POTOHAMMU, MTOJIYYUM TAKOM jKe
s¢dekt. Takoe U3TydeHne MOKHO MPOTPaMMHUPOBATh U MEHSTh CTPYKTYpPhl aTOMOB (MOJIEKYIT) Ha IJIaHETE,
HO TOJIBKO CO CKOPOCTBIO CBeTa. Takoe MporpaMMHUpOBaHHUE FPYMIb OJJHOPOAHBIX UM PAa3TUYHbIX B
MOJIEKYJIaX aTOMOB, MOKHO BBITIOJIHATH COOTBETCTBEHHO OJIHOPOIHBIMH WU PAa3TUYHBIMU 3aIIyTaHHBIMU
(dhoTOHAMU B IPOCTPAHCTBE (TYT WJIH TJIe-TO) WX BO BPEMEHH (Ceiyac Uil TOTOM) OTHOI[BETHBIM WJIH
«6enbiM» mazepoM. U yxe sMepaKeHTHbIE CBOIICTBA HOBBIX aTOMOB WJIM MOJIEKYJI, TPUHUMATh KaK
yIpaBisoLyo HHpopMaluo. Takum 00pazoM, Mbl IOJTY4YUM KBaHTOBBIM IPaBUTALIMOHHBIM TOTEHIMAI, C
SHEPrUEH-UMIYJIbCOM B KaXJI0M TOUuKe PUMaHOBOTO MPOCTpaHCTBA. B TEXHOJIOTHSAX KBAHTOBBIX OMEPATOPOB
11l SKCTpeMasiel ¥ BOJIHOBOHM (DYHKIIMM B TMHAMUKE KBAaHTA, I10JIyYMM KBAaHTOBOE I'PaBUTALIMOHHOE MOJIS B
pamkax O6mieit Teopun OTHOCUTENBHOCTH. B Tako¥ KOHIIETIIIMN HET MPUHIIMIIA SKBUBAJIGHTHOCTH U

PEIATHBUCTCKON JUHAMHUKH (PU3NIECKOTO BaKyyMa ¢ mapameTpoM (A), B ypaBHeHnn DiHIMTeHA. CIIMHOD €
X X

reeparopamu mMacirabupoBanusi (R) = ry = (R), mia Y =, (chri = é(e% +e %)), C IapaMeTpoM
0

m( 0 1) 0 e™
macirradbupoBanuss (m), BBuge e ‘-1 0/ = , MOXET J1aBaTh PACXOIAIIYIOCSI U
p _em 0 p yio

CXOJIAIIYIOCS CIIUPAJTh B IMHAMHUKE (X°) T€0/1e3MYEeCKOil. DTO COOTBETCTBYET aJ€KBATHO MaTEMaTHYECKOMY
anmnapaty (oTBedas Ha Bornpocbl KAK) metieBoii KBaHTOBOM rpaBUTALIMK TOUCYHBIX IPABUTALIMOHHBIX
MOTEHIMAJIOB, C IBHBIM YKa3aHUEM Ha IPaBUTOHBI, HO C YKa3aHHBIMU HEJOCTATKaMU U OTCYTCTBUEM
HCTOYHHUKA IPaBUTAMOHHOTO ToJis. To ecth, 6e3 oTBeTOB Ha Borpockl, [IOUEMY umeHHO Tak.

K *T K
Iasn n = 1, (Pucynok2) rpaBuranonnoe moje G(X+) [T_Z] = wA—t G * grad,(Rgy)(X+) [T_Z]
ucTOYHMKA rpaBurTaiui, ecth G (X +) mone CB(X +) — Cunbnoro Bzaumoneiictsus. KBanToBas quHamMuKa
BO BpeMeHH At B mipejieniax rnepuoja TMHaMUKA T TPEICTaBISIETCS] COOTHOIICHUEM:

CGX+)=y=*T=G %graangik X+) ,rne T = MIePHO/I KBAHTOBBIH THHAMUKH.

_h

€=U21 ’

®opMyiia Ui yCKOPEHUM [TK—Z] CB(X +) nonst CunbHoro B3aumoeiicTust mproGperaeT BUI:
Kl- w6l _ LS -9

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

3necy G = 6.67 * 1078, A = [12AT, moTtok kBaHTOBOM 3Heprun & = [1°A = Amc? nons

UHAYKTUBHOU Macchl (Am) oOmeHHoro kBaHTa (Y — = %) CunpHoro B3aumoneincrsus, a Takxke
(Y— = 2n) nyxioHoB (p = n) sapa atomoB. UnayktuBHass macca Am(Y— = X+) npexacraBnsercs
Hepa3phIBHBIMU KBapKOBeIME Mot Am(Y—=vy,) =u u Am(X+ =v,) = d KBapkoB, B MOJieIH

nporona: (X+=p*) = (Y—=y5)(X+=v;)(Y—= y¢), UBETHBIMHU IIIOOHHBIMHU MOJIIMH B3aUMOIEHCTBHS
Xt=p") = Y+=y5)(X—=v;)(Y+= y§) xBapkos B ux koudaiimente (¥ +)(¥ +) = (X—), eaunoro
npocrpanctBa-mMarepur, (X+=p*) = (u = y5)(d = v;)(u = y7), nporona B nanHOM CIiy4ac.
Ananoruuno crpyktypsl kBapkoB (Y+=n) =X =d)Y =uw) X =d) = X—=p")Y+=e")X—=v;)



HeliTpona ¢ useTHeIMH TIr0OHHBIME (X +) (X +) = (V=) wm (Y +)(Y +) = (X—) nonsmMu
B3auMo/ieiicTBUA. Pelenus ypaBHeHu kBaHTOBBIX noJield CuiibHOro B3anmoeicTBus, peamnosaraet
HaJIMYMe UX HePa3phIBHBIX KBapKOBbIX Mojeiei (Y —= u)(X+= d) emunoro (Y —= X +) npocrpancrsa-
Marepud. ITO 0OMEHHbIE KBAHTOBBIE, HHIYKTHBHBIE MaccoBbie (Y— = X +) mouist Me30HOB. B Gosee
CJIOKHBIX CTPYKTYPax 3JIEMEHTAPHBIX YACTHIL IIPOSIBISIIOTCS IPyrue KBapkoBsie Mojenu (Y —= ¢) uim,
(Y—=1t) aTtakke (X+=s) u (X+= b), B M3BECTHBIX 3aKOHAX CHMMETPUH.

Kaxxnas maremarnyeckas Mmojzienb, oTBeuyas Ha Borpoc KAK, nmeer cBou npuinHbI BHYTPEHHUX
cBs3eil. Jlarpan:keBa MexaHHUKa MOXKET IPUMEHSTHCS TOJIBKO K CUCTEMaM, YbU CBS3H, €CIIM OHHU €CTh, BCE
rosionomHsl. (https://360wiki.ru/wiki/Lagrangian_mechanics ). B kBaHTOBO#1 MeXaHHKe, TJIe BOJHBI - 3TO
YaCTHUIIBI C HETOJIOHOMHBIMU CBSI35SIMH, B TIOJISIX €AMHOTO MPOCTpaHCTBa-MaTepun Gpopmanusm Jlarpamxka
HEBO3MOXKEH HU (PaKTUYECKH, HU 110 onpenenenuto. [lyrem nmpeoOpa3oBanuii Bceraa MOKHO PUNTH K
pyroi Mojienu pusndeckoro (akra, HO y’Ke ¢ IpyruMU IPUUMHAMU B IpYruX cBA3sX. Takue Monenu
MaTeMaTH4ecKue, HO BOIpoc, rae uctuna? Hanpumep, (+) 3apsii IpoTOHA B KBapKax u (+) 3apsia
MO3UTpOHA 6€3 KBapKOB. ITO PpyHIaMeHTaIbHOE poTuBOpeune. O0e Mojenu paboTarT, HO (PU3HUYECKIE
npuurHbl Tepstotcs. Her orBera Ha Bonpoc, [IOYEMY tak? KBapk-Tit00HHBIE 10JI TPOTOHA, IIPU €r0
aauruasanud (p*)+(p”), JOJKHBI IIEPEXOIUTEL B KBAHTOBLIE 1M0J1s (JoTOHOB. HO Takoi mpouemayphl HeT.
[Touemy, KyJa ¥ KaK uc4e3ar0T KBapKu IIPU pacrajiax 1T- Me30Ha, BOPOC OTKPBITHIN. J(narpaMMel
®eitHMana pabOTaIOT /13, HO IPOTOH HE U3Iy4aeT (POTOH B 3apsAA0BOM B3aUMOJECHCTBUU C AIEKTPOHOM
aToMa. JTo Bellb (hyHIaMEHTaIbHbIE OCHOBBI BCEX aTOMHBIX CTPYKTYp, cTpoenus Beniectsa. [IOYEMY tak
— OoTBeTa HeT. 31eck Oyaem otBedarh, [IOUEMY wactuia mmeeT IMEHHO Takue MPOIYKTHl paciaaa Win
AHHUTWIISIIUN HEJISIUMBIX KBAaHTOB. by/ieM HCX0oAuTh U3 O0IMIMX MpeCcTaBICHHM

P(X) = e*@Y(X) ypasuenns Iupaka, korna Y = e®X) (X+) muHammdroe mose KBaHTa
X+ = ch( )(X +)cosp(X =) =1, cosp(X =) =G, w (Y +) = ch( )(Y +)cosp(Y =) =
1,

cosp(Y —) = Sosc = @ Tne (cosg # 0) B oGoux cnyuasx. B Maccoseix nonsix m(Y—= X+) , Oynem
OpaTh U3MepeHHYI0 Maccy U pacdeTHoe Bpems (T) pacnaaa gactuil. M3 caMbIX oOIIMX MpeCTaBIICHU:
m= 3—,2, = % = TH(E) (E)QIJexp(—z) ¢ emMHUYHBIM 3apsaaoM q(X—=Y +) = 1, u ckopocTH cBeTa
¢ = 1 B caMOM KBaHTe, MPOCTPAHCTBA-MATCpPUN M = T%(— =c = 1)exp(—=z), e

z = % X(MeV) n z = (l;ny—zn:)) Y (MeV)B nuramMuaHOM, THIIEpOOTHUEcKOM e “(X)
npocrpancTe ypaBHeHus Jupaka. s G = 6,67 * 1078, o = 13;036 V= 0,27 MeV,y, = 3,13 %

10™°MeV, v, = 1,36 * 10~>MeV,y = 9,1 x 10~°MeV
CIEKTP Macc B COOTBETCTBUM C MPOAYKTAMHM pacnaaa (aHHUTHISLINN)
CraduiabHbIe YaCTHIBI C TIPOIYKTaMU aHHUTWIAK B equaoM (Y+= X+) npoctpaHcTBe-MaTepuu:

(Xt=p) = (V== ) X+=v)(Y—=1,) = (22— %) = 938,275 MeV ;

(Yi=e) = X—=v)(V+= ) X—=v,) = (2 + L) = 0,511 MeV ;

HeCcTa0MJIbHbIE YACTHIbI YK€ B COOTBETCTBUU C IPOJAYKTAMU U BpeMeHeM pacnaga. Ga = 4.8673 * 1010
«10—6
Y+=w = X—=v,)Y+=e)X—=17,) = Mexp (v +e+ = 1,1751) =

Ga
105,66 MeV,
O6o3Ha4MM 3/1eCh U Jlaliee B pacyeTax MOAYepKHyThIM mprpTom, (H = 1,1751) nokasarens exp(). Ou

vechl

MOKa3bIBaeT 0COOCHHOCTH (pparMeHTaliu quHaMuaHoro mosst exp(a(X)), B ypaBuenuu Jupaka.
_ (T=2.76586%10"%) .

(4= %) = (V4= D(X—=v,) =020 Jexp (1 + v,chl) = 139,57 MeV,

(z* = 1,59173)

- «10-1 2
(X—=7%) = (Y4+=1,)(Y+=7,) = (T‘7'8"’G323a1° 1) exp (22) = 134,98 Mev, (z° = 4,025599)
0y 0 _ 0 _ oy _ (1=5.172x10719) 3n0  ych2) _
(X==1°) = (K= 0¥ D)(X+= 2O D= 1) = = exp (== 127 =

547,853 MeV |
(X—=1°) = (V== 1*)(X+= 1) (V== ) = ({=22+10°")

ex (Zﬂi + nzo) = 547,853 MeV
V2(Ga)? P\~ 2 ! !


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

(T=1.335%1078)

(Y+=K*) = (Y+= ) (X—=v,) = exp2 (1 +v,) = 493,67 MeV ,

Ga
- +10-8
(Y= K*) = (V4= n*)(X—= n0) = L2800 ) o (7 4 70/2) = 493,67 MeV . K~ = 3,16535
= +10-10
(Y—=K?) = (X+= %) (X+=r°) = (T_O’Si;s—aw)exp (2n - E) = 497,67 MeV |

(T=4,9296+1078)

X—=K?) = (Y—= ) X+=1v,)(Y—=e¥) = exp (r* + ¥ +2%) = 497,67 MeV

Ga
X—=K?) = (V== 1) (X+=v,)(Y—=F) = %exp (E =+ 2vu) = 497,67 MeV ,
= 70) = N _ _+) _ (T=502x107%*) 2mt 1) _ .
X=—=p)=F+=na")Y+=nt) = = exp(ﬁ(1+2\/&)—775,49MeV,
T=6,47566%102% °o rt(a-1)
X+=p)=X+=n)Y—-=n%) = ( — )exp (% - 47) = 775,4 MeV ;

AHaJIOTUYHO a/IPOHbI
(V= n%) = (X—=v;)(V+= eI (X—= p*) = (X—=v) (V4= e (X—=p")
= ("yactuna Maiopano") =

= ((T = 878,77) exp (”F +2—pVG) = 938,57 MeV

X+=A)=X+=p")Y—=1") =
7,642837
Y+=A") = Y+=n)X—=n°) =

(T=2.604+10710)

— exp(ap® + t~/2) = 111568 MeV, A° =

(T=1.5625+10"10)

exp (an +—) = 1115,68 MeV,A° = 8,153

Ga 2ch1
- «10-11
(Y—=3%) = X+=pH)(X+=1°) = %exp (ap+ + §) = 1189,37 MeV
(T=8.1x10711)

X—=2)=+=n)Y+=n") =
X—=2)=+=n)Y+=7n") =

+\ —
— exp(an + ) = 1189,37 MeV,

% 1
(T=125-1071%) o o(am + 1+) = 1189,37 MeV |

+10=20 0
(X—=39) = (V4= A)(Y4+=y) = L= i ) exp (A—+2V/ G) =1192,64 MeV, A = 7,642837,
- +10-10
(Y= 2% = (Y+= A°)(X—=7°) = (T‘Z'S"g‘; 1) exp(A° — n%Va) = 1314,86 MeV, A = 8,153,

29 =7,809,
X+=E27)=X+=A)Y-=71") =
A° = 7,642837, £~ = 8,43869,
X—=Q0)={+=A)(Y+=K") =
A° =7,642837, K~ = 3,16535

(T=6.734%10711)

X—=0)={Y+=E)(Y+=nr") = — exp(E° + 7)) = 1672,45 MeV , E° = 7,809,
(T=7.1147+10711)

Y—=07) =X+=E)X+=n") = - exp(E~ +m°%/ch2) = 1672,45 MeV , E~ = 8,275,

Ectb 1 APYyrue METOAbI pacuCTa CIICKTpa MACC, HO 3Ta JIOTHYCCKAAd KOHCTPYKIUS OACT pacuCT
CIICKTpa MaCcC C MUHHUMAJIbHBIMHU I1apaMETpPaMHU. I/ICXOI[HLIMI/I napamMeTpamu 34€Chb, €CTh TOJIBKO ITPOAYKTBI
paciiaaa. Ota MOACIIb €€ HCCOBCPIICHHA, HCT ,Z[I/I(I)(I)epeHLII/IaJ'ILHOFO YpaBHCHUS, JAOIICTO TaKNWEC PCIICHN,
HO 3J1eCh HET npoOseM u npotuBopeunii CtangapTHo Mogemn.

B npyrux meroaax pacuera CreKTpa Macc, Mbl TOBOPUM O APYTOM TEXHOJIOTMH CAMBIX TEOPUH, B
KOTOpOfI MOCTYJIAThI Bopa, MMPpUHOHUIT HCOMTPEACIICHHOCTH, IPUHIIUIT SKBUBAJICHTHOCTU MACC, ITPEACTABIICHLI
KaK aKCMOMBI JTUHAMUYHOT'O ITPOCTPAHCTBA-MATCPUH. 3,ZLeCL APYru€ NCXOAHBIC ITOHATHUA U HA X OCHOBC,
ApYyrue MMpuinHbI U CIICACTBUS B MOACTIAX. Taxoii ke CIICKTP MAaCC paCCUUTBHIBACTCA B KBAHTOBbIX MOJCIIAX.
Hanpumep, B KBaHTOBOM pENATUBUCTCKON JUHAMUKE «KaIHOPOBOYHOTO MOJI», GOPMHUPYETCS JUHAMUYHAS

(T=1.3917%10719)
Ga

~

exp(A® + ~/2) = 1321,71 MeV,

(Tr=8.018+10711)

- exp( A° — K~/2) = 1672,45 MeV,

a1 Wy=xc n?

_ —2 _2
Macca B Buge: W = , B DKCTpeManbHOl Touke, (+Ky )2 =0 = ol N«T , M, =011, =bh%=T,

aztWy/c
—2
. 2 I b3+T
C COOCTBEHHBIM MIPOCTPAHCTBOM cKopoctel B CionTanHoM Hapymenun Cummerpun, Wy © = =,
701041
— T M%=Fy — 1 = — tpy — py
W = (+b —) mx*xW, =—=(xF,T = + mxxW, = — m=——.
\/— m ’ Y ﬁ(— Y —pY)l Y \/E ’ Wy\/f



Jlnst maccoBbix (Y —= X +) moueit, B ycnoBusx I'no6ansnoii (') u Jlokansroi Musapuantaoctu (JIN),
MIOJIy4aeM:

EY =(a;; = COSY)FI/IK(ChY%COSQOX)JH/I(X +) + Kx(X—) , uin

=mq X _ ¥ —v_ _ _
(MK, =m) = (a1; = cosy)ru ( = )((ch = 1) /ch Xo)cosgoX)M X+=Y =) + (IIKx = my)(X—) .
CummeTpuu Takux MaccoBbiX (X+=Y —) Tpaekropuii B ypOBHSIX M- CXOJUMOCTH, B YCIOBHSIX

chxicosq)x = 1, KBaHTOBBIX peIATUBUCTCKHX monpaBok (1 — (a =W /c=1/137)?) =1+
0

a)(X +)(1 — a)(X—) B ypoBHSIX, POPMHUPYIOT HOBYIO M HOBYIO CTYIIEHb 1- CXOJMMOCTH, U B CAMOM O0IIEM
BHJIE, IMHAMUYHYIO MacCy:

m = ([{\/_Cm = ml} 1+a)= mz] 1+a)= m3) X +) + my(X-).
B KBaHTOBOM M0JI€ ypaBHeHus Jlupaka, yxke 0e3 ckanspHoro 6o3ona. Hampumep, st my = my, =
938,279MeV

{\/inciz - ml} (a T 137, 036) (X +) +my (X =) = 939.57 MeV = my,

m = {f = @)} (X +) +my (X —) = (A° = 11159 MeV), T° = 17635 MeV ,

m = [{ﬁch2 =ﬁ1} l+a)=T(A+a)=m =T X +) +m,(X =) = (A° = 11159 MeV) ,n~ =

177,637 MeV
C pensITHBHCTCKUMU MacCaMH TT- ME30HOB, co ckopocTsimu (W = 0,64 * ¢) B KBAaHTOBOH PENSTHBHCTCKOM
IUHAMUKe. AHAJIOTHYHO J1ajee:

Hp*, %) = V2 + T (1 + a)(X +) + m, (X —) = 1189,5 (1189,64)MeV,

Y (n,m™) =vV2 7T~ (1 + ach2)(X +) + m,(X =) = 1197,68 (1197,3)MeV ,

TOA%Y) = V2T (1 4+ a)?(X +) + m, (X =) = 1192,6 MeV, A° = A°(n,7°),

E0(r%, A°(n, %) = [27°(1 + a)2(1 + 2ach2)|(X +) + m, (X —) = 1315,8MeV **

E-(n~, A%, ) = 27 (1 + 2v2ach2)|(X +) + m,(X —) = 1321,14MeV,

Q- (B, ) (B, n°) = [”‘—2 @ (1+ @))chl| (X +) +my, (X =) = 1672,8 MeV ,

Af = [2( =7 ch2)(1+ @) (X +) + my(X )| = [2ch2(@ (1 + @) = T )AL+ @) (X +) +

m, (X —)] = 2284,6MeV
0603naunm kouctanTy (1 + (ch2)?(a)?) = S = 1,10328758, peaITUBUCTCKYIO MacCy
(my = 2797,53375 MeV) u nepenuiiem Gopmyiry B BUC:

S |

m= ((((mOS =m,)S = ﬁZ)S = ﬁg) S = ﬁ4> + %moa , 9TO UCKYCCTBEHHas Mojiejib Oe3 yuera
BPEMCHHU JMHAMUKH 3JICMEHTApHBIX YacTHIl, TOTIa

JUIs yDOBHEW YapMOHMUS:
m = (m, = 3086,48MeV) + Gmoa = 10,2 MeV) = 3096,68MeV = j/¢, (3096,7MeV)
JCUCTBUTEIBHBIC,
m = (m, = 3405,275MeV) + (lmoa = 10,2 MeV) = 3415,475MeV = y,, (3415 MeV),
m = xo(1+ a*ch2) =3509,27MeV =y, , (3510 MeV),

m= (#ﬁlz)z = 2923 74MeV) + (2mya = 40829MeV) = 2964,6MeV =1, (2980 MeV),

Ananorn4so, MaccoBble noJist (Y — = m,) snexTpoHa, m = m =my = 2798.16 MeV , natot:

m= 5:53 (1 + %) = 105,6 MeV/ , MI00H, H Jajace ME30HBI:

—_— mo _ _ i fl— _ _ 0

m = s = 139,78 MeV = ¥, m = ﬂchz)z (1 — V2 *a*ch2) =134,3 MeV = r°,

m= (2> = £) = = KO m = LI =Kt
—(4ﬁ—m1)*(1+ﬁ) = 497,2 MeV = K°, m = (ml)/(1+m)_493,4MeV_K ,

Takast TeXHOJIOTHS pacyeToB, B ycnoBusix (X+=Y F) u (¢ # const) AMHAMHYHOTO TIPOCTPAHCTBA,
B EBKinioBoit akcuomaruke (¢ = const) u 6e3 (X+= Y F)noneii, HeBo3mokHa B ipuHImne. Peus uger
00 MHOH TeXHOJIOTUHN caMuX TeopHid. Tak e Kak 1 HEBO3MOKHO MPEJICTABUTh KBAHTOBYIO PEJIITUBUCTCKYIO



muHamuKy KBanTtoBoit Teopun OtHocuTensHOCTH B EBKIIMIOBO# akcnomaruke (¢ = 0 = const). D10
HCBO3MOXXHO B INPUHIIUIIC.

PaznuuHble cTpyKTYpBI IPOIYKTOB pacmaaa 3JIEMEHTAPHbIX YaCTHI] AAKOT PA3JIMYHbIC IOKOJICHUS
(Y—=w)(X+=d) xBapkos, kak mojeJeii. 3xech kBautsl (Y— = p/n) u (Y— = 2n) CuiabHOro

o dB(X— o
B3aumopericTBust HyKJIOHOB (p = n) sAapa. Tak Kak MIOTHOCTH (. ;T )) 10JIs1 TPAEKTOPUHM HEHUTPHUHO
p(X— = v,), MHOTO 0OJIbIIIE IUIOTHOCTH TIOJIs TpaekTopuu tpoTona p(X— = p), To B kBanTax CHILHOTO

B3aumoneiicTBust HykIoHOB (p = n) siipa, ¢ IPOAYKTaMH paciiaja HeUTpoHa
Yi=n) =X =DV =wX =d) = X—=p)Y+=e)X—=v)u
apaurwisiiud nporoda (X+=pH) =Y =w) X =d) Y =u) = Y—=y ) X+=v.)Y—=vy),
MIPOTOHBI «CBSI3AHBD» «KECTKOW CTPYHOI» BUXPEBOTO MArHUTHOTO IOJIS TpackTopun (X — = V,) HEUTPUHO,
KaK MpUYMHA YCTOMYMBOCTH TakuX KBaHTOB CuiibHOTo B3anmmoelictBus B sapax aroMoB. [Ipu aTom nmeem
kBanThl CubHOTO B3anmoneiicteus (Y —) = (X +)(X +)) = cospy *2p =2axp = (Y— =p/n) .
Orcrona cnexyet cooTHomrenus: 2a *p = Am(Y —) = 13,69 MeV. D10 COOTBETCTBYET YPaBHEHUIO:

G(X+) =1z G = grad,Rgu (X +) .
Mst umeem kBauT (Y — = p/n) CunpHoro BzaumozeiicTBus B sinpax, ¢ MUHUMaIbHOU AEy = 6,85 MeV u

MmakcumanbHoi AEy ~ 8,5 MeV ynensHoit sneprueii ceszu wmn Am(Y —) = 17 MeV, aykinonos sapa. 1o
AHAJIOTUH C TOPMO3HBIM n3iydenneM asekrpona(Y —= e ™) — (Y —= y*)pentreHoBckux nydeid, Gusndecku
JOTIYCTHMBIM €CTh U3JTydeHHE (Y—= a [(%) I/IJII/I(Z‘I’l)] = ej_) - (Y—= (14 — 17) MeV = yX) kBauTOB
«TeMHOU Matepun» ¢ MaccoBbiMU (Y —) Tpaekropusmu. Onn umerot (Y +) mose 3apsijga u MOoTyT
pearupoBaTh Ha MarHUTHOE T10J1e. MBI TOBOPUM O TOPMO3HOM M3NTydeHuH siipa 2H neiitepus. Takue KBaHTHI
«TEMHOW MaTepHum» MoTJoMatTces kBaHTamu (Y — = p/n) obosodek sapa aToMOB. AHAaJIOTHYHBI KBAHTHI
«TeMHOM MaTepun» aaroT aapa muanet (Y—= 223,36GeV), 3Be3n (Y—= 4,3 * 10°GeV), «aepHbIX
aeip» (Y—= 1,5 * 10’TeV) u aapa ranaktuk (Y—= 2,48 x 1011Tel).

Enunble ypaBuenus Makcsema s 31ektpo (Y += X —)MmarauTubix noseit u rpasut (X+ =Y — )
MaccoBbIX moJsier kBaHToB (Y — = p/n) u (Y— = 2n) CuibHoro B3anMoaelicTBHS HYKJIIOHOB Si/pa,

JE(Y+) .
rotyE(Y +) = —u ) - B, aNgZ) M)
X 1 aT or '’ rotyG(X'I') = —U * oT =- oT '

HPENOJIaralT HaIMYKE B SPE 3aMKHYTHIX 10ty B(X —) BUXpEBBIX B 000JI0YKAaX, MATHUTHBIX MOJEN |
BUXpeBBIX 70ty M (Y —) maccosbix (Y —)TpaekTopuii 0OMeHHbIX KBaHTOB, Kak (AE = Am(Y —)c?) sueprun

2+938,28 . . .

cBs3u saapa Am = 2am(p) = T3 056 = 13,694 MeV , c MUHUMAJIBHOW YACIIBHON SHEPIUEH CBSI3U
HYKJIIOHOB siipa AE = 6,85 MeV , to ecth nedekr macc (m) Ha cxeme. /i npenenbHON yaeaIbHON SHEPTUU
CBs13U HYKJIOHOB siipa AE = 8,5 MeV B kBantax (Y— = p/n) u (Y— = 2n) CunbHoro B3aumopericTaus,

MIPOUCXOUT U3nyueHue KBaHtoB AE = 2 * 8,5 MeV = 17MeV «remHOl MaTepun» WHIYKTUBHBIX
MAacCCOBBIX HOJIEH

(Y =) = (X+)(X+) uyxnonos siapa. IlpeacraBum kBautsl (Y — = p/n) u (Y— = 2n) CunbHOro
BsaumoneiicTBusl HyKIIOHOB B BHJI€ MOJIEJICH B YPOBHSX M 000JI0UYKax siipa aroMma.

————
/ - ik

-
(Y-=p/n)

Mogens HeWTpoHA
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Figure 6.3 Keautsl Cubroro B3aumopeiicteus (Y— = p/n), (Y—=2n) u (X— = n/p/n) snpa
HUcxons us stux cBoiicts (X—=p*) u (X—=v,7), Bpems pacnaja HEUTpOHA B CHIIBHOM (X —)
MarHATHOM TI0JI€ JIOJDKHO U3MEHUTHCS. JTO MPOBEPSETCS B SKCIIEPUMEHTE.
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Figure 6.4 ctpykTypa KBaHTOB sijipa
Taxue kBantel (Y— = p/n) u (Y— = 2n) CunbHoro B3aumozeiictBus sipa GopMUpPYIOT CTPYKTYPbI
(X%) u (Y1) xBanToB saapa. [Ipu 3TOM, B siipe JeCTBUTENBHO 00I1ee COCTOSHIE YPaBHEHUN TUHAMUKU
emuHoro (X+ = Y+) mpocrpancrBa-marepuu. [IpocymMMupyeM 3TH ypaBHEHUS ISl 3aMKHYTBIX BUXPEBBIX

rot(Y—) urot(X—) noneil B «cTosiuux BoJHAX» si/pa, 0e3 ux miotHocte A E (Y +) u A,G(X+) B Buze:

cxrotyB(X =) + cxrotyM(Y —) = & aEgﬂ + &, * aca(:ﬂ , ¥ puBeaeM 3tu noist kK (X+) u (Y1)

. 0 o
KBAHTaM s/pa O/IHOM YacTOThl —— = @ , KoJiebaHuil BceX KBAaHTOB CTPYKTYpeE spa.
cxrotyM(Y =) —gwE(Y +) = &wG(X+) — c*rotyB(X —) = 0, ¢ HyJIEBBIMH IUIOTHOCTAMH BHE
BUXpeil. DaKT COCTOUT B TOM, «+» BellecTBY MaccoBbIX (¥ — = X-+)mnosei, COOTBETCTBYET «-» 3apsiz
anekrpudeckoro (Y+) mons (Y+) xBanToB, 1 HaoOOpOT, /Ui aHTUBelecTBa. EquHas yactora koneOaHuit
BCEX KBAaHTOB B CTPYKType sijipa B eauHoM (X+ = Y+) mpocTpaHCTBe-MaTepuu UMEET BUI:



W= C*Tgolt;‘g(:; ) — C*T;tgg((f) ) ym &GX+) xcxrotyM(Y =) = &, E(Y +) x c*rotyB(X —),
st rpaBut (X+ = Y —) mMaccoBbIx 1 251ekTpo (Y + = X —)MarHuTHBIX 10JIEH KBAHTOB Spa.
Touno Tak cymmupyrotcst eaunbie(X + = Y +)mons i BHEIHAX OT sIpa OpOUTATBHBIX
SIICKTPOHOB.
rotyE(Y +) + roty,G(X+) = wB(X =) + oM(Y =), 7rot,G(X+) —wBX =) = oMY =) —
rotyE(Y +) =0,
rotyG(X+) _ rotyE(Y+)

W= T = Ty rotyG(X+) * M(Y =) = rotyE(Y +) * B(X —) B emunbix(X+ =Y ¥F)

OJISIX.
Hanmo otmeTnTh, BOJTHOBAS (DYHKIIHMSI KBAHTOBOTO TOJISI MMEET MaTEPUABbHYIO CYITHOCTh Ty = +E(Y+)
HANPSHKEHHOCTH DJIEKTPUYECKOTo 1oyt i +Pp = +B(X—) WHAYKIMH MarHUTHOTO BEKTOPHOTO TOJIS.

2
Torma (Yg)?~(egoE? = %) TUIOTHOCTH SHEPTUU DIIEKTPUIECKOTO U (¢3)2~(i = %) MarHUTHOTO

TI0JIS ¢ TIOJTHOM IIOTHOCTBIO 9Hepruu Y2 = (Yg)? + (Pp)? 2IEeKTPOMAarHUTHOTO BEKTOPHOTO nous. [Ipu

JTOM,
2

B uomamy S = r? = Y? cedeHus B3aMMOJIEHCTBHH C BEPOSITHOCTHIO wzw — < 1, umeer BUJ
MAX™—

(iY)? = (+y)(—y) cynepnosuimyu BOJHOBOW (QYHKIMK KBaHTOBOTO mouisi. Ho npu dukcanum sHeprum,

Mbl pukcupyem unn (+3) (+) = Y2, um (—P)(—y) = P?, Beera NoNoKUTEITBHYIO (% =19?) >0,
TUTOTHOCTH SHEPTHH. MBI TOBOPUM O KOJIJIAarce BOJHOBOU (pyHKIMU. MOXHO TIpH 3TOM TOBOPUTH 00
snektpudeckom mnose (+E (Y +)) snexkrpona u (—E (Y +)) nosutpoHa B CyIepHo3UIMK BOJIHOBOM QYHKIMN

()2 = (+P)(—y) = —% < 0, uro u caenan JJupak. Ho TOUYHO Takue BOJHOBBIE QYHKIIMH UMEIOT

+Y; = +G(X+) xBaHTOBBIC TIOJIA TpaBUTAIUU B 1), = +M (Y —) KBaHTBI MacCOBOTO TOJIS, C TOYHO
TaKUM MaTeMaTHUYECKUM aIlapaToM IpeAcTaBieHus. Peub 0 NossX siapa WK B CEYEHUSAX B3aUMOIeHCTBUI

MAacCCOBBIX YaCTHII, KBAHTOBBIX TpaBuT G (X +) = M (Y —)MaccoBbIX MoJeil.

B o6mmem cityuae, kBauThI (Y4 = % =2H)u(X+= 2% = 2a) 0607109eK s1pa, GOPMHUPYIOT YPOBHH
1 000JIOYKH AJIEKTPOHOB B CIIEKTPE aTOMOB. B eIMHBIX MOJEISIX MPOIYKTOB paciaja CIeKTpa Macc
AIIEMEHTAPHBIX YacTHIL, B eAnHbIX noysix (Y — = X+), (Y+ = X—) npoctpaHcTBa-MaTepuu, MOKHO

HPECTABNIATE U AApa CIEKTpa aTOMOB.  MICXO/s1 M3 pacueToB Macc IIPOTOHA U HEWTPOHA:
Ve

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

G a?

(Y+=1n) = X—=v,)(Y+= )(X—= p) = (T = 878,77) exp (% +2—pVG) = 938,57 MeV

MbI TOBOpHM 0 kBaHTax CHIIbHOTO B3anMoaeiicTBUS B CTPYKTYpax siipa B BUJIC MOJIEIICH 3apsKEHHBIX
(Yiz fl) = (X+=p) + [(X+= p)(e)(v,) = n], u nelirpanbupix kBautoB CuibHOro B3anmoaeicraus
(Yx=2n)=[n=(,)(e)X+=p)] + [n = X+=p)(e)(v,)], xorma nons (X +)(X +) = (Y —)
dopmupyror Maccobie (Y —)tpaekropuu. Takue (Y += E) u (Y+= 2n) xBauThI 1 GOPMHUPYIOT CTPYKTYPBI
sapa B enuHoM (X+= YF) ero mpocrpaHcTBe-MaTepHu, C 3aMKHYTHIMH BUXPEeBbIME (X —) MarHUTHBIMU
nosimu u (Y —)

MaCCOBBIMH TONSAMY . [Ipe/ICTaBHM CTPYKTYPHI AIpa B BUJIE TAKUX Mojeneii sapskennbix (Y += fl) KBAHTOB
CunbHoro B3aumopeiicteus. Hanpumep:

(ﬁ =P=1H),(Xt) = (Y+=P)(Y+=") = X—=3a), (== ) (X+= {H)(Y—= jn) = (Xt=

111 ),

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

(X+=3a0) (Y =) (X+= 30) (V) (X+= 30) = (X+= T80)

X+=30)Y-)X+=3a)(Y—=IH)(X+= 3a) = (X+="IN) .

Hogas ctpykrypa BHyTpH sapa (X += ja)(X+= 3a) = (8Y —) nmaer agpa: 3y +)(§Y +) = (X—= 150),
Y—=8Y +)(X+=3H)(Y—=8Y +) = (X+= 'F), u ananoruuno nanee.

MBI MOKeM TOBOPUTH O TOM, uTo st siapa 4X (N), «cBo6oausie» (A — 2Z = N) HeHTpOHBI B BUjiE
HeitpansHbix (Y+= 2n) kBantoB CuibHOro B3anmo ieiicTBus Toke GOPMHUPYIOT CBOU CTPYKTYPhI BHYTPH
ctpykTyp 3apsokeHubix (Y+= p/n) xantoB CunbHoro BzaumopeiictBusi. CTpyKTYpBI 3apsiKEHHBIX
KBAHTOB



(Y+= p/n) Cunsroro B3aumoeicTeus pOpMUPYIOT CTPYKTYPHI SIEKTPOHHBIX 060JI0YEK aTOMOB, KaK
npuurHa. Harmpumep: veiitpanbhas crpykrypa (Y+ = 2n)(Y+ = 2n) = (XF = 4n), HaxoauTcs BHYTpH
anpa (X+ = 1gAr(4n)) B BH/IC:

(XF=12X) (Yt =2n)(XF= 12X) (Y = 2n)(XF= 12X) = (X+= 134r(4n)).

B Takux ctpykrypax paboraror ypaBHeHus u 25ekTpo (Y+= X —) MarduTHbBIX [0JeH ¥ ypaBHEHHH TPaBUT

(X+=Y —)maccoBbIx moueii ogHoBpemenno, B Buae nojteil (Y +)(Y +) = X-)u X +H)X +) = (Y-).

Ananoruuso fanee: 334s(9n) = (X— = 4n)(Y+= 1n)(X— = 4n) = (Y+ = 9n).

OtmeTuM T0, uto B 100% cocTostHusax sapa, 3(1n), 3(1n), $(1n), 33(1n), 3i(1n), 13(4n),

213,

51(5n), 32(5n), 32(5n), 33(9n), 85(11n), 5(11n), Y93(13n), 12}(21n), 123(23n), 139(25n), 1EL(23n),

159(2 971)

165(31n), 15(31n),123(33n), 81(35n) , 197(39n), 233(43n), noaydaeM KOHEUHYIO YCTOHUHBYIO
CTPYKTYPY «CTOSYUX BOJH» HelTpanbHbix (Y+= 2n) kantos CuiabHOro B3zaumoeiicteus B sape atoma
202Bi(43n).

XF =4n)(Y+=9n)XF = 4n)(Y+= 9n)(XF = 4n)(Y+= 9n)(XF = 4n) = (43n) = 233Bi(43n),

BHYTPH CTPYKTYpHI 3apsikeHHbIx (Y+= p/n) kBantoB CuibHOr0o B3anMoaeiicTBys siapa, KOTOphIe
(OpMUPYIOT CTPYKTYPBI 2JIEKTPOHHBIX 000JI0YEK aTOMOB, KaK IPUYHHA.

Taxue HelitpanbHbie CTpyKTYpsl (Y += 2n) KBaHTOB HAXOJATCS B COOTBETCTBYIOMIMX 000JI0UKAX
cTpykryp 3apskeHnbx (Y+= p/n) kBantoB CuibHoro B3auMoelicTBHs B CaMOCOTIACOBAHHBIX MOJISX,
3aMKHYTBIX TI0 BOCbMEpKE, 1IeTI0UKe BUXPEBBIX MoJIel. Bce 310 cooTBETCTBYET ypaBHEHUSAM TUHAMUKH,
HOJIAETCs MOIEIMPOBAHMIO, PACUETaM U IPorHo3am. bosee Toro, nelitpanbubie kBauThl (Y+ = 2n)
CwibHOro B3aumoeiicteust, Moryt popMupoBats sapo 6e3 3apsokeHHsix (Y += p/n) ksantos CHIBHOTO
BsaumoneiicTBusi, 63 0pOUTAIBHBIX AIEKTPOHOB, TO €CTh 0€3 aTOMOB, BILJIOTH A0 SAApa HEHTPOHHBIX 3BE3/I.
Wx npenensHast Macca onpenensiercst sHepruei cesizu (Y —= 14 — 17) MeV B nonsx CuinbHOTO
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; , npenenbHas Macca HeWTpoHHOU 3836l Hackimas stu (Y1), (X1)

KBaHTBI 000J10YeK sijpa sHepruci kBaHToB (Y —= 14 — 17) MeV «TeMHOW MaTepumn» , MOKHO BBI3BaTh
«MOHU3ALINIO» 000J0YeK siapa. B Takoil HCKYCCTBEHHOM paiiOaKTUBHOCTH, MOXKHO, HAIIpUMED, U3 SIep
atoMoB (goHg — 3H) unu
(1Tl — 3He), monyuats (197Au) 30m010. Kak u B cliyuae ynpapiseMoii TepMOsIEpHOI peakiuy Ha
KOJUIAlIEpE, 3/1€Ch HY)KEH TPOOHKIH SKCIIEPUMENT. B camom o6wiem ciydae, quHamuka rot, M(Y —)
WHIYKTUBHBIX MAaCCOBBIX MOJIEH («CKPBITHIX Macc») 00yCIOBI€HA JUHAMUKONW HCTOYHUKA I'PAaBUTAIUH.

c*rot,M(Y —) = %G(X D+ e, 260K+

s n#1, un=234..—> o, noiayyaeM KBazunoreHuuaibueie G (X +) nons yckopenuii G (X +)
KBaHTOBOT'O TPABUTAI[MOHHOTO MOJIsI, KAK UICTOYHHKA TPaBUTAIINH

GX+) %G * grad, (%Rgik) (X +), c mpenensubM (cos?2@(X—)pax = G) - YriIoM HapauienbHOCTH

o A o
kBaHToBOro G (X +) mosns CunpHoro B3anmoeiicTBrs B JaHHOM ciiydae u nepuojom T = ~ KBaHTOBOM

JUHaMHUKH. KBasu IIOTCHIUAJIBHBIC G(X +) I10JIs1 KBAHTOBOTI'O I'PaBUTAIMOHHOTI'O I10JIA YCKopeHHﬁ, Ha
pacCToOSAHUAX C * t = r UMEIOT BUJI:

GX+) = —(G * grad, (;Rgik) X+) +axgrad, (Ty)(Y —)), r — 00,

DT0 ypaBHEHHE KBAHTOBOTO TPABUTAIMOHHOTO 107151 yekopenmii G (X +) = vy M(Y—), MaccoBbix
TPACKTOPUI C MPUHIIUIIOM SKBUBAJIEHTHOCTU MHEPTHOW M IPaBUTAMOHHOM Macchl. OHO UMeeT
MPUHLIMIHAIBHYIO Pa3HUIY C YpaBHEHHEM I'PaBUTAIMOHHBIX MoTeHuuanoB OOmei Teopun

OrtHocHuTenpHOCTH. KOMITOHEHTa IpaBUTAIMOHHOTO KBa3H MOTEHIIMAIBHOTO TIOJIS M TEH30P SHEPTUH-
*A
ummnybca (Tj) B ypaBuenuu G(X +) = wT x grad;(T;,)(Y —), oTHOCATCSA K MHyKTHBHBIM MacCOBBIM

MOJISIM B (pU3MUECKOM Bakyyme. B ckoOkax umMeeM rpaJMeHT MO TEHIMaNoB rpaBut (X+= Y—) maccoBoro
TOJIAL.

G * grad, G Rgl-k) X+)+axgrad,(Ty)(Y—) =G +a * gradlll'l(X+= Y-).
Orcrona cienyer  G(X+) = w('l DG ras gradﬁ( NX+=Y-)).



OOmwmii rpaButanmonusiid noreHuuan [1(X+= Y—) B oOuiem Buze, BKIIOYaeT B ce0s1 M OTEHIIHAT
1
MCTOYHMKA rpaBuTaLyn (5 R i) X +) u kaszu norenumanbubie (T,) (Y —) Mot HHIYKTHBHBIX Macc. ITO

K€ YPAaBHCHHUC 3aAIIMIIEM B HHBIX KBAHTOBBIX IIAPaMETpPax, 4 UMCHHO:

GX+) = LTD Ga( I(X+=Y-)) nm G(X+) =—¢*(i=:=%) Ga(3M), 6(X+)=LE6aCm) .

3nech rpanHeHT 06H1er0 rpaBut- MaccoBoro [1(X+= Y—) norennunana Gepercs 1o Bcei TMHE BOJHBI (A).
Peun HICT O KBAHTOBBIX ypOBHHX MaCCOBBIX TpaeKTOpI/II\/JI Op6I/ITaJH)HI)IX 9JICKTPOHOB aTOMA, B BUJC!

V2 ke? ke? n?n?
— . — 2 —
nh = m,Vr). U nanee: . f / =nh), nh=.myrke?, r= oke? !
ke?  mgk?e* mek?e*
sl SHEPTruH, € = — = ———— | 1Ipu u3iydyeHuu, AE = (— - —) = hv, atoMma.
pi ! p > r n2h2 p h2 n?  nZ ’

DT0 enMHbIC MATEMATUYECKUE UCTUHBI €IMHBIX ypaBHeHui eauHoro (Y+ = X+) npocTpancTBa-MaTepuu.

IIpumepsl.
Jist yrioBo# ckopocTtH (w = % = 1%) E] UHIYKTUBHBIX MaccoBbix M (Y —) Tpaekropwuii Ha opoutax (r)
Bokpyr Connia B ero G (X +) moJie rpaBuTaIuu, €CTh BPAllEHHHE JTOTO MOJIS.
rot,G(X+) = —uy * aw;x;—) =— aMa(i’_) , wm rot,G(X+) = wM(Y-) .
Jlast Mepkypus, B nepurenun 1, = 4,6 * 10%cmM, co cpenneii ckopocteio 4,736 * 10%cM/c, ecTh
_ m? _ (4736 108)°

LIEHTPOOEKHOE YCKOPEHHE A, = 4,876 cM/c? . Macca Connna Mg = 2 * 10331, u

Tu 4,6%1012
pamuyc Conrna 19 = 7 * 101%cm, cosnaror yckopenne G (X +) none rpasutanumu ¢ (3 = 1) B Buse.
1+(A=1) Mg 6.67x108%2x1033 5
=0X+)=——*G*—*a wm = = 1,511 cm/c
M X+) T 21, 9u 2%4,6%x1012%7%1010%137 ¢ /

U3 cootnomenust OTO, R (X+) = 2y (% Rgir (X+) + kT, (Y—)), CJIEyIOT aHAJIOTOBbIE COOTHOIICHHUS B

MPOCTPAHCTBE YCKOPEHUH, HHIYKTHBHBIX MaccoBbiXx M (Y—) Tpaekropwuii Bokpyr CoJiHIIa caMoro
IPOCTPAHCTBAa-MaTeEPUH Ha cpelHeM paguyce T, = 5,8 * 10'2cM B Buge.
a,X+)— gyX+)=A( -) = 4876 — 1,511 = 3,365 cm/c?.
U3 ypasuenus rpasut(X+= Y—)maccoBbix nonei rot, G (X+) = wM(Y—), cnenyer

2 E/YE_) = %M(Y—), noBopot nepurenust Mepkypus 3a Bpems (T). 3a 100seT = 6.51 * 10*c, sToT

MOBOPOT MaccoBbIX M (Y —)TpaeKkTopuii COCTaBIIIET

A (Y=)*6.51%101%4
T*21V2
BCEro NpocTpaHCTBa-MaTrepuu BOKpyr ConHua. AHAJIOTUYHO Jlajee.
Jasi 3eMJIM, Ha paccTOSIHMM OpOMTHI 3eMIIM M CKOpocTH 3emin v3 = 3 * 10%cM/c Ha opbuTe
7, = 1.496 * 10'3 cM , 11IeHTPOOEKHOE YCKOPEHHE PABHO:

v3)? 3+ 106)°
EC )13 = 0,6 cm/c?
73 1.496%10
yckopenue G (X +) nons rpasuranuu Connna 1y = 7 * 101%mM, ¢ maccoii (M) u ( = 1), umeercs
1 M 6.67%1078%2%1033
s, =GX+H)==xG*x—xa= = 0.465 cm/c?
73 270 2%1.496%1013x7x1010%137
Ananornano a,(X+) — g.(X+) =A (Y =) = 0,6 — 0,465 = 0,135 cM/c?. U3 5T0r0 yckopeHus
WHIYKTUBHBIX MaccoBbIX M (Y —) TpaekTopuii mpocTpaHCcTBe-MaTepuu BoKpyr ComHIla, ciaelyeT MOBOPOT
nepureus opouTsl 3eMIM, 1O aHAJIOTUU M COCTABIISET
A (Y—)*6.51%101*
AWDr6S107 (57 30y = 5 g,
T3*2TC
das B i = 1.08 * 1013
Jis1 BeHepsl, 1o Takoii ke cxeme pacyera, moBopot nepurenus Benepsr 7, = 1.08 * CM, U CKOPOCTH
v, = 3,5 * 10°cM/c, uentpobexHoe yckopeHue Benepbl Ha OpOHTE COCTABISET
vy)? 3,5+ 106)°
@)? _ (35¢10%) _ 4 134 cm/c?
g 1.08+1013
Ananornyno yckopenue G (X +) moss rpasuranuu ConHna Ha opoure BeHepbl cocTaBiiser.
1 M 6.67%1078%2x1033
=GX+)=—xG*x—*a= = 0.644 cM/c?
B ( ) Ty 270 2%1.08%1013%7x1010%137 /
YckopeHus HHIYKTUBHBIX MaccoBbIX M (Y —) TpaekTopuii mpocTpaHcTBa-MaTepun Bokpyr ComHIla,

a,(X+)— g,(X+)=A(Y =) =1,134 - 0.644 = 0,49 cm/c?

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

as

a, =




A (Y-)*6.51x10*

( )r ——(57,3%) = 94" cexynzsa 100 ser.
3*

Takue pacyeTHbIE 3HAYEHHS ONM3KU K HabIonaeMbIM 3Ha4eHUsM. CYIIECTBEHHO TO, YTO U3

(bopmynbl DUHIITEIHA A1 CMeIeHus iepurenus MepKypus,

6mGM p
=~ m = 42,98 3a 100 zer.

c2A(1 —&2) x 8¢ ~ 6mGM, (c?A—c?Ae?)6¢p ~ 61GM
HE BUJHO IPUYMHBI TAKOTO CMELLEHUS, KpOME KaK UCKPUBJICHUS POCTPAHCTBA U3 ypaBHeHus OO1ei
Teopun OTHOCHTENBHOCTH. W15t B TOM, YTO pa3HUIIA X0a PENATUBIUCTCKOTO BPEMEHH Ha OpOUTe,
BBI3BIBACT €€ IIOBOPOT U IPONOPLMOHAJIBHA SKCIIEHTpUCHTETY. ITpu 3TOM 3ameieHne xoaa BpemMenu (AtZ))
B rpaBUTalMOHHOM (X +)I0JIE B IIEpUTeNnuy, IaeT PENSTHBUCTCKOE coKpanienue (—Ax3;) MaccoBoi
AG(X+)y _ ,OM(Y=) _ AM(Y-)
Coxey) = Cor = e
MareMarndeckas uCTuHa. OU3n4yecKkor NIPUYUHON €CTh NOATAJIKHUBAIOLIEE IUIAHETY HA MacCOBOM
(Y—)Tpaexropuu seiictBre rpaBuTarimoHHoro G (X +) moJis, Ipy €ro BpalleHn: BOKPYT 3Be3/1bl. Peub
UET O HAIMYNH UHAYKTUBHBIX MaccoBbIX M (Y —) moseii mpocTpaHCcTBa-MaTepPHUH, H UX BPAIICHHH BOKPYT
ConHia, Kak IPUYMUHBI, B COOTBETCTBUU C YpaBHEHUSIMU TMHAMUKU. VlHaue roBopsi, caMo MpOCTPaHCTBO-
Matepust Bpaiaercs Bokpyr CosiHIa. 3To NpUMep AMHAMUYHOTO IpocTpaHcTBa-Marepuu. [1o Takum xe
IpUYrHaM, OyzieM paccMarpuBaTh ABMakeHHe CosrHua BOKpyr saapa [NamakTuku.
Hcxonusle nanneie. Cxopocts Connna B [Nanmaktuke v, = 2,3 * 107cM/c , macca sapa [anaktukn
M, = 4,3 MaH. Mg = 4,3 % 10° * 2 * 10331, paccrosuue k nenTpy I'anaktuku 8,5 KK unu r = 2,6 *
10%2cm. LenTtpobexnoe yckopenne CoNHIA HA ralaKTHYeCKO# opOuTe:
_ w9 _ (23+107)°=529¢101% _ 251078 cm/c? |
r 2,6%1022
Hcnonb3ys 3Ty TEXHOJIOTHIO pacyeTa, OLIEHUM pajauyc sapa Hamel ["anaktuku 7. B TouHo Takoii hopmyre
pacuera nostyunM (7;,.) paauyc sapa Hamei anaktukn gg = G(X +).

Otcrona caeyer IoBOpOT nepurenus Benepst:

(Y—)rpaexropuu B ypaHeHuu DifHmreiina. ®opmansro 310 (rot,G(X +) =

as

ag = G(X+)=%*G*a*:47", OTKy/Ia

1 My,  6.67%108%4,3x10°%2+1033r
= - *xGxa*— =

2ag 2%137%2,6%1022%2x10~8 = 4+10%cM ~ 267 a. €
la.e.=71 = 1,496 x 103 cM, un, 1nk = 3 % 1038cm, Torma 7, = 1,3 * 1073 nk. Takoii paauyc B
Haieii ['aakTHKe COOTBETCTBYET I'PaJMEHTy BCEX MACCOBBIX MOJIEH HCTOUHNKA TPAaBUTALIUH,
GX+) = @ * G * Q * grad,l(él'l(X+= Y-)), c pamuycom T, ~ 1,3 %1073 nk .
IIpenensl U3MeEPSEMOro paauyca To, ~ 107* nk. VX cOOTHOLIEHHE COOTBETCTBYET COOTHOLICHHUIO
MX Macc.

Toga 10_4
—*100%=m* 100% = 7,69%.

Tq
Oto 3Ha4nT, Macca sapa ['anaktuku coctaBisiet 7,69 % ckpbIThiX MaccoBbiX M (Y —) moeii.
IMapametpsi JIynbl. O0mien3BecTHO, 4To B nonoxeHnu Jlynsl mexay ConHiiem u 3emiie, 1o
3akoHy Herotona, Connue npurarusaet JIyny B 2,2 pa3a cuinbHee 3eMIIH.
s Mg =2 x1033g, mg =597 «10%7g, 1z = 6,371 * 108cm, my, = 7,36 x 10%5g,
m = 3,844 x10%m, G =6,67+*10"%, a=1/137, (AA=1,496% 103 —r,, = 1,49215 *
103¢m),

GMgmpy  6,67+1078x2x103347,36%102> 25
F, = > = e = 4,41 = 104>,
(A4) (1,49215%1013)
Gmgmpy _ 6,67x1078%5,97x1027+7,36%102° 25
F, = = =1,98x*10 F,/F, = 2,2).
2 (rm)2 (3,844%1010)2 ’  (A/F /2)

Pasuuna cun (F; — F,) = (AF) = (4,41 — 1,98) % 1025 = 2,43 x 10%°, koMIeHcUpyeTcs rpaBUTaluet
(«CKpBITBIX») MAaCCOBBIX MOJIEH MPOCTPAHCTBA BOKPYT 3€MIIH, C YCKOPEHUEM:

Ge(X ) = Tk G # ME 4 g = 2UNZOETN0D597107 _ g 377 oy /2,
™ TE 137+3,844%1010%6,371%10
Cuna rpaBUTAIIME MAcCOBOTO TIOJISI, COOTBETCTBYET B MpeJieaX TOUHOCTH M3MEPEHHIl.
(AF) =my, * gg(X+) = 7,36« 102> x 0,372 = 2,74 * 10%°.
Takum 06pa3oM, pelIeHns YpaBHEHUI KBAHTOBLIX MPABUTAIMOHHBIX MOJIEH MAI0T pe3ynbTaThl B
npeaenax n3MepseMbIX.




OTtkjoneHue GoToHOB B noJie TskecTH CourHna. PoToH «magaer» B nose Tsbkectr CoJiHia ¢
2G Mg

R}
CouHna, BepTUKaIbHAsI CKOPOCTh «IAICHHSD COCTABIISICT V = g * t. YT0oJ OTKIOHEHHs (OTOHA, IS
R, = 6,963 * 10%cm , onpenensercs B Buze:
. * *1078%2x1033
@ =aresing, mm = g = e Grgiey = 8515107
@ = arcsin(8,515 * 107%) = 0,000488° = 1,75"" yrioBHIX CEKYHI.
DTOT yroJi COOTBETCTBYET pacyeTaM B ypaBHeHUsix OOmieit Teoprun OTHOCUTENIBHOCTH DUHINITEHHA.

W3 3Tux xe ypaBHEeHUI, 3ameienue xoaa Bpemenu (At 1) maet nonosnuHutenbHoe yckopenue (Ag T) B
0JIe TPaBHUTAIMH, WK IIeHTpoOexkHoe (Aa T) yckopenue, ¢ mpuHIUnom ux (Ag = Aa) SKBUBaJIICHTHOCTH
npu Heu3MeHHoi ckopoctu cBera ¢ = (Ag T)(At ). DTo kacaercs xoa BpeMeHH Ha opoute Mepkypus, u3
pacueroB DifHIITeiHA. 11 TOUHO TaKk MEHSETCS X0 BPEMEHH OJIHOTO AJIEKTPOHA HA PA3ITUYHBIX TUCKPETHBIX
opbuTax aTOMa, B MACCOBBIX MOJISIX aTroMa. Vi3MeHeHne X0/1a BpeMEHH JIeKTPOHA Ha TUCKPETHBIX OpOUTaX,
CBSI3aHO C MI3MEHEHUEM €ro 4acTOThl (AV), KOTOpast COMPOBOKIAETCS HIITYYSHHEM WM TIOTJIONEHHEM
¢dorona (AE = hAv), B reopun [Inanka. U uem riydxe «mposam» B (X +) mose CuitbHOTO,
T'PaBUTAIIMOHHOTO TIOJISI BOJIU3Y s/Ipa, TeM OOJIbIle JUTMHA BOJHBI U niepruo (Y —) MaccoBOii KBAaHTOBOM
tpaektopun (Y —= e)

OpOMTANBHOTO JIEKTPOHA B eqMHOM (X += Y —) mpocTpaHCTBe-MaTepHH, TeM MEIJICHHEH ero X0
BpEMEHHU. 3ECh peyb UJET O JUCKPETHOW IMHAMUKE X0JIa BPEMEHU B KBAHTOBOM PEIISITUBUCTCKOM
JMHAMUKE JIF000TO KBaHTa MPOCTPAHCTBA-BPEMEHH, (PHU3UIECKOTO BaKyyMa BOJM3U «IEPHBIX IBIP)»
AHAJIOTUYHO.

2R o
yckopenneM g(X +) = . 3a Bpems nposiera auamerpa CosHia t = TS , TI0 KacaTellbHOM K chepe

7. Iunamuka BcejieHHOI.

Hcxonnoe coctostare HEBUIUMOMN 95% Matepun BeeneHHo#, ocTaeTcs o1 BOMPOCOM B JTI000H
teopun. Ho ecthb ucxomnoe coctosirue equnoro (X+= Y+) nunamuunoro (¢ # const) npocTpaHcTBa-
MaTepuH Ha ero (1M — M) CXOIUMOCTSIX, 0€3 BOIPOCOB U 0€3 BApUAHTOB B €r0 MAaTEMaTHYECKUX UCTHHAX.

PaccmoTpuM MateMaTuueckre HCTHHBI TUHAMUKH BBIOpaHHBIX enuHbIX Kputepues DBomonuu. B
npyrux Kpurepusx 3to Oyzner Apyroe npeacTaBieHue TaKOH Ke JUHAMUKH, B TOH )K€ MaTeMaTHYECKOM
uctuHe. Ecimm (R)- paanyc HectarmoHapHoro EBKIIHIOBOTO TpocTpaHcTBa chepsl BUaIuMon BeeneHHoM, To

. . K
n3 kinaccndeckoit CnermanbHoit Teopru OTHOCUTEIBHOCTH UTSI MAKPOCUCTEMBI, T1ie (b = ﬁ) YCKOpEHHUe,

C4 — _ —
(c* =F) cuma, cnenyer: R? —c?t? = 7 =R*—c?t?; wm (b*(R 1) = M2) — (b2c2(t N2 =M3)=(c* =F)
o - K KZ
cuiia B JIF000M cucteMe koopauHat R wim R. B enuHbIxX KpI/ITepI/IHX,(b = ﬁ) (R=K) = 7z = I,
noteHma, 510 yckopenue (b) na mmne (K) mox neiicTBHEM TOM e CHIIBI, MBI TOBOPHUM O Pa3HULIE

L K= - -
MOTEHIIMAJIOB B MPOCTPAHCTBE CKOPOCTEH (F = e) BEeKTOpHOTO PuMaHOBOTO mpocTpaHcTBa B iro0on e(x™)

cucreme koopauHar (x™), rae norenmman Il = g, (x™), kak pyHaaMeHTaIBHBINA TeH30p PuManoBOTO
npocTtpancTBa. Torza B o0mieM cirydae:

M — 13 = (L (X+) — M (Y-) * (L (X—) + 1 (Y4)) = QI (X+=Y-)) bx A, (X—=Y+)) 1=F
Cuiia Ha BceM paauyce (R = K) Buaumotii cepsr eaunoro (X+= Y+) npocrpancrBa-marepuu BeeneHHOM,
naet («reMHyto») sHepruto (U = FK) nuHaMuku Bcei BeelleHHOM B pa3InyHbIX €€ MOJIsX.

Iz — %K = (I, — LK, + 1T,) = (AlX+=Y-) | KAL) (X—=Y+) 1= FK =U
B uem ee npupona? Ha paguyce (R = K) nunamuanoi chepbl BeelleHHOM ecTh 0IHOBpEMEHHAs TMHAMHKA
B(X+=Y-)lup (X—=7Y+) T momsix eaunoro (X+= Y+) npocrpancTBa-mMarepum.
PaccmarpuBasi TMHAMUKY TOTEHITHANIOB B IPaBUT MacCOBbIX (X+= Y —) moJysx, KaK y)Ke U3BECTHO,
(I, —,) = g4 (1) — g (2) # 0, peub 06 ypaBHEHUH «IpaBUTALUM» R — %Rgik - %Agik =kTy, ,

O6meit Teopun OTHOCUTETBHOCTH, B JIF000i1 cucteme g, (x™ # const) KOOpAMHAT HECTALOHAPHOTO
(x™ =X,Y,Z, ct # const) EBKIHI0BOr0O MPOCTPAHCTBA-BPEMEHH B TOM YHCIIC, B BUJIC:

(x™=XY,Zct) * {(ch f(f;—z(;_g) (X+=Y —) * cospx(X— = Y+) = 1} . I'paguent takoro (All;)
o—fo -
MOTEHIIHANA, TOKE U3BECTHO, JIACT YPABHECHHsI KBAHTOBOW TPABUTAIMU C HHIYKTUBHBIMU M (Y —)

(CKpLITBIMI/I) MacCCOBBIMH IOJIAMHU B I'paBUTAIITUOHHOM IIOJIC. HpI/I OTOM:
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Figure7.1. puznueckuit Bakyym Beenennoit

HIEPBUYHBIN KBAHT MaCCOBOTO MOJIS P (Y-) = — 00, pacnafaercs MrooBennbii nepuon (T; — 0)

nuHaMuKH («Bostbinoro B3peiBa»). DTOT KBaHT pachagacTcs B M3JIy4EHUSX B KBAHTOBON CHCTEME
xoopmuHart (1jy = 7y ) B (+) SHTpONHH, Ha MHOKecTBO ¥;(Y —) KBAHTOB, KOTOpbIE MBI BH/IMM KaK
PENUKTOBOE M3TydeHHe B pacmmpsiomeiics (1 — oo) EBxminooii cdepe. ITouemy Bce oowbexts! p; (¥ —)
IUIOTHOCTEN «pacranaroTcs» B usnydenusx (Y —) ksantos? [ToToMy, 4TO MX IJIOTHOCTH 0OJIBIIE
p;(Y =) > p;(Y —) mnotrOCTe# dusmueckoro Bakyyma. [Touemy npocrpanctso (X—); Beenennoii
«pacmupsietcs»? [IoToMy, U4TO KBaHTHI «Ha JHE» (QU3MIECKOTO BAKYYMa UMEIOT OOJBLINE TIOTHOCTH
pi(X =) > p;(X —), nos3roMy OHU Kak ObI «BBIHEIPHBAIOT» B IIPOCTPaHCTBO (X —);BceneHHoil.
IIpu 5ToM, B MrHOBeHHbIH nepuon (T; — 0) IMHAMMKH, TPOUCXOIHT: (T] - 0)(Y —)(tj - )(Y+=
X —) = 1, 0eCKOHEYHO MHOTO (t]- - 00) coOwITHii B (X—) mose camoii Beenennoit. Teneps Bompoc, Kyaa
BCE HJIET B TAKHX CBOICTBAX AMHAMHYHOTO M €TMHOTO MpocTpaHcTBa-Matepuu. Ha Geckoneunsix (1, =
Tjx = ) PaccTOSHHAX B exuHOM (X+= YF) NpocTpaHCTBe-MATEPHH, MACCOBBIE TIOTHOCTH CBOASTCA K

1
mymo p;(Y —) = Tymo)?
Henemumas O6nacts Jlokamuszauuu, (T;(Y—) — o0)(t;(Y—) — 0) = 1, ucuesaer o Bpemenu (t;(Y—) -

— 0, n B 6eckoneunom nepuoje quuamuku (T; — o), Beenennas, kak

0). Muade roBops, Ha OECKOHEYHBIX (riy =Tjx 00) panuycax, Bcenennas ucuesaer Bo Bpemenu. C
. . A
JPYroil CTOPOHBI, B Ti1yOHHax pusnueckoro Bakyyma A;(X —) — 0, u ckopocreit v; = ;. = const, e
i
nepuon T;(X —) — 0, KBaHTOB (PHU3UYECKOrO BAaKyyMa, B KBAHTOBOM CHCTEME KOOPIAUHAT (riX), (rjX), MBI

o 1
HMEEM IIJIOTHOCTH €TI0 IIOJIEU pP; (X —) = W — 00, DTO Kak «TBCPAOC AHO» (I)I/ISI/ILICCKOFO BaKyyMmad, Ha
i~

Kotopoe Ml Oyem omyckarbest (T;(X —) = 0)(t;(X —) — o) = 1, 6eckoneuno poiaro (t;(X —) - o), B
emraoM (X += Y+) npocrpancrBe-marepuu. [ToHSATHO, 9TO U3 Takoro p;(X —) — oo , «iaHa» OOJIBIINX
IUTOTHOCTEH (hU3MYECKOro BakyyMa, KBaHThI A; (X —) mpoctpancTBa-mMarepun 60IbIIMX TIOTHOCTEH (X —),
OyIyT MepexoauTh («BBIHBIPUBATEY) B (u3nueckuii BakyyM (X —) mouist BeelleHHON MEHBIINX TIOTHOCTEH,
B 00paTHOM (Tjx) < (Tix) TOPS/IKE KBAHTOBON CHCTEMBI KOOpaMHAT. [Ipu 3TOM caMo MpocTpaHCcTBO-

marepus (X —) moseit Beenenno# GyaeT yBennuuBaThCs (rj X-)- 00) B pa3mepax. [lepuonpl fuHaMuku

1
CBsA3aHBI C INIOTHOCTSAMU P = T_Z B IIPOCTPAHCTBC-MATCPUU, B PA3JINIHBIX YPOBHAX (I)I/I3I/I‘-ICCKOFO BaKyyMma.
B OCJIOM, TAKUC CBOMCTBa KPUTCPpUCB TUHAMUKHU TPOCTPAHCTBA-MATCPUU, COOTBETCTBYIOT Ha6J'IIO,[[aeMLIM

¢baxTam.

PesromMme.
Het npocTpancTBa 6€3 MaTepuu U HET MaTepUH BHE MPOCTpaHCTBA. | TaBHOE CBOKWCTBO MAaTEpPHH, ITO
nBukeHne. B paboTe paccMOTpeHbI CBOMCTBA TUHAMHYHOTO MPOCTPAHCTBA, KOTOPHIE UMEIOT CBOMCTBA
Marepuu. JIMuHaMHYHOE IMPOCTPAHCTBO-MATEPUs CIEAYET U3 CBOMCTB EBKIINIOBOM aKCUOMATHKH.
I'eomerpuueckue (HakThl JUHAMUYHOTO MTPOCTPAHCTBA OMPEAEISAIOT aKCHOMBI, He TpeOyrolue
JI0Ka3aTeNbCTB. B paMkax akcMoM JMHAMUYHOTO IPOCTPAHCTBA OMpeeNsatoTcs (pr3ndeckue CBOMCTBa
Marepuu. B e1nHONM MaTeEMaTHYECKOM NCTUHE BBIBOJATCS YpaBHEHUA MakcBeia s 3JEKTPOMAarHUTHOTO



I10JIS1 M YPABHEHUs TUHAMMKU IT'PABUT MAcCOBOTO IOJIA. YK€ U3 ITUX YPABHEHUM CIIEYIOT UHIYKTHUBHBIE
MaccoOBbI€ 110JIs1, IOJOOHO MHIYKTUBHBIM MAarHUTHBIM IOJISIM. DTO JIBE€ MaTEMaTUUYECKUE UCTUHBI U JIBE
¢busnueckue peaapbHocTU. Jlanbiie. B eqnHON MaTeMaTHYeCKO NCTUHE BBIBOJISITCS YPABHEHUS
Crennanbaoit Teopunt OTHOCUTENBHOCTU U YPaBHEHMSI KBAHTOBOW PENATUBUCTCKOM nuHamuku. Takue
yYpaBHEHUSI HEBO3MOXKHBI B EBKIM10BOM akcroMaTuke. TeH3op DHHIITENHHA, 3TO TOKE MaTeMaTH4eCKast
HCTHHA Pa3HULIBI PEIIATUBUCTCKON JUHAMUKHU B JIByX TOYKaX PUMaHOBO IIPOCTPAHCTBA, OJIHA U3 KOTOPBIX
npuBoauTcs K EBkiuaoBoit cdepe. IIpuHIuI 3KBUBaI€HTHOCTH MUHEPTHOW U TPAaBUTALIMOHHOM Macc €CTh
AKCHOMA TMHAMHWYHOTO IIPOCTPAHCTBA MACCOBBIX TPACKTOPUM B IpaBUTAlIMOHHOM nose. [lonHoe ypaBHeHue
O6mreii Teopun OTHOCUTETBHOCTH BBIBOJAUTCS KaK MaTeMaTH4YeCKasi UCTHHA JUHAMHYHOTO IPOCTPAHCTBA-
MaTepuu ¢ NIEMEHTAMHU KBAHTOBOMW I'PABUTALIMU. YPABHEHMS YCKOPEHUN KBAHTOBOT'O T'PABUTALIMOHHOIO
KBa3H MOTECHIIMAIILHOTO TOJIS BRIBOAUTCS U3 ypaBHeHus O0meit Teopun OTHOCUTETHHOCTH DWHIITEHHA, B
paMKax TeopuH NnoJisl. B pamkax 3Toro ypaBHEHHs BBIIIOJIHEHBI pacyeTsl epuresus Mepkypus, sapa u
CKpBITBIX Macc ['amakTuku. B cBolicTBaX JMHAMUYHOTO NPOCTPAHCTBA-MATEPUH 3apsAIbl IPOTOHA U
AJIEKTPOHA PACCUUTHIBAIOTCS €IUHBIM criocoOom. B 1ienom, EBkimmoBas akcuomaTika €CTh YaCTHBINA clTydai
(UKCHPOBAaHHOIO COCTOSIHUS AMHAMUYHOTO MTPOCTPAHCTBA-MaTEPUU. ITO OTPAXKAET pEeabHOCTh
(UKCHPYEMBIX B SKCIIEPUMEHTAX CBOMCTB TUHAMUYHOTO MPOCTPAHCTBA-MaTepuu. TakoBa TEXHOIOTHS
COBPEMEHHBIX TEOpHU. B pamMkax akCMoM AMHAMUYHOTO MPOCTPAHCTBA-MAaTEPUH, PACCMATPUBACTCS
MPUHIMIIMAIBLHO HOBAsl TEXHOJIOTUS caMUX Teopuil. Mbl He MOkKeM OpaTh MPOCTO JUHUIO. ITO 00A3aTEIBHO
60 (X-), 6o (Y-) tpaekropuu. M Mbl HE MOKeM OpaTh MPOCTO TOUKY (ro7£0), «He UMEIOIIEH JyacTeil» B
EBxnmmoBoit akcuomartuke. Takux o0bexToB HET B [Ipupose.

Jluteparypa.
1.Marematuueckas sHIMKIONeAUsI, MockBa, 1963r. 14, ¢.13, c.14,
2. A. Korn, PH.D., Theresa M. Korn, M.S. c. 508,
3. Copemennas ¢usuka. [1.A. TurepT.1, T.2 2007 -416c¢.
4.bepkieeBckuit kypc ¢usukwu, T.1V, O. Buxman.
5. CmupHoB, Kypc Breiciieit maTemaTuku, 1.2, ¢.234.

0630p NN KHUTU «EgMHan Teopus 2»

https://www.academia.edu/ai review?attachment id=132497467

0630p

Pabota Bnagumupa MNactyweHKo «EgMHas Teopua 2» npeanaraeT peBo/IOLUNMOHHbIN NOAX0A K MOHMMAHWIo
dyHOaMeHTanbHOM Npupoabl BceneHHoM, BbIXOAALWMI 33 paMKKN TPAAULMOHHbIX GU3MYECKUX Napagurm. ABTop
YTBEPXKAAET, YTO NPOCTPAHCTBO M MaTepusa — 3TO OAHO M TO XKe, BbICTYMNasA NPOTMB TPAAULLMOHHOTO pa3ae/ieHUA 3TUX
OBYX NOHATUI. PaboTa 06beaMHSET AMHaMUYECKMEe aKCMOMbI MPOCTPAHCTBA-MaTePUM C YCTOABLUMMUCSA
dU3NYECKMMM TEOPUAMM, TAKMMM KaK TEOPUA OTHOCUTENBHOCTU N KBAHTOBAA rpaBUTaLLUA, B €4ANHYIO
MaTeMATMYECKYIO CTPYKTYPY. OHa CTPEMUTCA Pa3peLlnTb CYLLECTBYIOLLNE TEOPETUYECKNE NPOTUBOPEYNA NYTEM
06beANHEHUS YPaBHEHUI AN1A 31eKTPOMAarHUTHbIX U PaBUTALMOHHbIX NOAEN. B pyKonucu Takke nccnenyorcs
nocneaCcTBMA TaKOM CTPYKTYPbI, YTOMUHAIOTCA NOTEHLMAbHbIE pe3ybTaTbl, TAaKUE KaK yNpaBasemas TepmoasepHan
peakuus. Teopus NpMHUMNKMANBbHO BpOCaeT BbI30B EBK/IMA0BOM aKCMOMaTUKe, NOCTY/IMPYS HOBOE onpeaeneHune
OVHAMMYECKOro NpoCTPaHCTBA-MaTepPUN.

CooTBETCTBYHOLLME CCbIJIKA

BKkntoueHme yeTkoro ob63opa nMTepaTypbl NOMOraeT peLeH3eHTam 6bICTPO MOHATb, YTO HOBOFO WU NOYEMY 3TO BaXKHO,
YTO MOMKET YCKOPUTb NPOLLECC peLeH3NPOBaHMNSA U NOBLICUTL LLAHChI Ha NPUHATUE paboTbl. CheayloLme CCbiKK
61711 BbIBPaHbI MOTOMY, YTO OHW TECHO CBA3aHbI C TEMaMM U naesamu Ballel pabotbl. OHM MOryT NPeaoCTaBUTb
NO/IE3HbIN KOHTEKCT, MPOUINIOCTPUPOBATL CXOXKMNE METOAbl AU YKa3aTb Ha nocieaHne pa3paboTKku, KoTopble MoryT
YKPEenuTb No3mumnmn Bawen paboTbl B CYLLECTBYIOLLEN UTepaType.
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CunbHble CTOPOHDI
KntoyeBbimM JOCTOMHCTBOM AaHHOM paboTbl ABAseTcA ee aMbULMO3HbIM MacwwTab. CTaBAa No4 COMHEHWE OCHOBB!
dU13MKK, aBTOp BpocaeT BbI30B YCTOABLIMMCA NPEANOOKEHUAM, Npeaniaran WNPOKYIO U NOTEHUMANbHO
HOBATOPCKYIO TEOPETMYECKYIO Napaanrmy. CTpemieHme aBTopa MHTErpMpoBaTh NPOCTPAHCTBO MU MaTepPUIO B € AUHYIO
KOHLLeNuMIo npeactaBaseT coboi HOBbIM B3NS4, KOTOPbIN MOXKET NPUBECTU K CO34aHUI0 e4MHOM KOHLENTYaIbHOM
OCHOBbI, CMOCOBHOI paspeLlmnTb AaBHMUE TEOPETUYECKME NPOTMBOPeYMA. bonee Toro, NoHATME AMHAMMNYECKOTO
NpPOCTPaHCTBa-MaTepMM BBOAUT HOBbIW B3r/1A4 B TEOPETUYECKYIO GU3UKY, KOTOPbIA MOXKET BAOXHOBUTL Ha
AanbHelwwme nccnefoBaHuAa U ANCKYCCUMU. PYKONKUCb TaKKe NOTEHLUMANbHO OTKPbIBAET NPaKTUYECKME BO3MOMXKHOCTH,
TaKWe KaK ynpas/ifsemble TEPMOALEPHbIE PEAKLLNN, YTO YKA3bIBAET HA ee aKTya/lbHOCTb U MPUMEHUMOCTb.
OCHOBHble KOMMEHTapum
MeTtopgonorus
MpeacTaBneHHasn paboTa LEMOHCTPUPYET MHTPUTYIOLWMIN METOL0I0MMYECKMIA NOAX0A, 06beaUHAOLWMIA
TPaAMUMOHHYIO PU3MKY C HOBOM TeopeTUYeCcKoM nepcnekTMBon. OfHaAKO ANA NOATBEPHKAEHMA LOCTOBEPHOCTH
HaY4HbIX yTBEPXKAEHUI Heobxoanmo 6onee nogpobHoe 06 bACHEHME TOrO, KaK 3T METOA0/10rMUN MHTErPUPYHOTCA U
nposepAtTcA. PaboTta fonKHa BKAOYATb 6osiee ABHble MaTeMaTUYECKME MOAENAN U CUMYASALUWN, UAKOCTPUpPYIOLWME
bYHKUMOHMPOBaHME STUX 06bEeANHEHHbIX YPAaBHEHWUIN B Pa3/INYHbIX CLLEHAPUSAX.
®opMyMPOBKA OCHOBHbIX KOHLEeNU Ui
XOTA pyKOMMCb U 3aTparMBaeT HOBAaTOPCKYHO TeMY, el He nomeLlano bbl 6osee YeTkoe onpeaeneHne TePMUHONOTUN
N OCHOBHbIX naein. OTCyTCTBME ACHOIO PasrpaHUYEHUA MeXAY YCTOABLUMMMUCA U BHOBb BBEAEHHbIMUW MOHATUAMM
3aTpyAHAET ANA UNTaTENA NOHUMAHWE CYTU Npeasiaraemoro obbveamHeHus. NMpesocTaBaeHme YETKUX onpeaeneHnit
W NPMMEPOB NOMOI/0 Bbl MPOACHUTL 3TU HOBbIE UAEW.
BanunpgHocTtb
TeopeTnyeckme BbIBOAbI O AMHAMUYECKOM B3aMMOAENCTBUMN MPOCTPAHCTBA U MATEPUU A,0KHbI ObITb
NnoATBEPHKAEHbI SMMUPUYECKUMUN NI BbIMUCAUTENBbHBIMU UCCNEA0BAHUAMMU. B3 aIKCNepUMEHTANIbHBIX UK
UMMTALMOHHbIX PE3Y/IbTAaTOB C/IOXKHO OLEHWUTL JOCTOBEPHOCTb NPEAIOMKEHHbIX aKCMOM. BKAtoueHue
NOTEHUMANbHbIX TEOPETUYECKUX NPEeACKa3aHMWI, KOTOPbIE MOXKHO Obl/10 Obl SMNUPUYECKM MPOBEPUTL B PaMKaX
CYLLLECTBYIOLWMX SKCNEPUMEHTAIbHBIX BO3MOXHOCTEMN, MOBLICU/IO Obl HAYYHYHO LLEHHOCTb PaboTbl.
He3HaunTenbHble 3ameYaHusa
Mpe3eHTauuA U opraHnsaums
CTPYKTYpY CTaTbW MOXKHO YAYyYLIWUTb A7 NOBbILWEHNA YNTAOENbHOCTM U CBASHOCTU. Pasgenbl A0/KHbI ObITb
JIOTNYECKM YNOPAA0YEHbI, KaXKabl NOCNEAYIOLWMA AONKEH OCHOBBIBATLCA Ha NpeaplAyLem, YToObl YyMTaTeNb Mor
nocnefoBaTeIbHO 03HAKOMMUTLCA C PA3BUTMEM TEOPUN. Kpome TOro, PUCYHKKU U AMarpaMmbl A01KHbI ObiTb YETKO
0603HayeHbl M CHabXKeHbl CCbIJIKAMM B TEKCTE A1A Ny4YLIEro NOHMMAHWA.
YeTKOCTb MaTeMaTUYECKUX BblpPaXKeHuii
KpaliHe BaXHO, 4TODOblI MaTEMATUYECKME BbiPaKeHUA OblIM 04HO3HAYHbIMW. B cTaTbe coaeprKaTca ypaBHEHUA U
MaTeMaTUyYeCcKmMe KOHCTPYKLUMM, KOTopble MOFIM Bbl BbIMIPATb OT AOMNONHUTENbHbIX NOSCHEHUN U KOMMEHTAPUEB,
4TObbI CAENATb UX AOCTYMHbIMU U MOHATHbIMM A1a 6onee WNPOKOWN ayaUTOPUM.
KommeHTapuii peLieH3eHTa
[aHHan paboTa nog4yepKMBAET C/IOXKHOCTU OCBOEHWS HOBbIX TEOPETUYECKMX 0b1acTel 6e3 cyl,ecTBEHHOM
3MMNUPUYECKOM OCHOBbI. XOTS UCCNeA0BaHME HOBbIX HaNpaB/ieHWI 3aCNyKMBAET NOXBA/Ibl, MEXAUCLMUNIMHAPHOE
B/IMAHWME U NPAKTUYECKasa NPUMEHMMOCTb AAaHHOTO UCCAeL0BaHMA Bblv Obl Nyylle oueHeHbl Npy 6osee NPOYHON
CBA3M C CYLLECTBYOWMMN TEOPETUYECKMMM U SMMUPUYECKMMU UCCef0BaHUAMU. KOHLENUMA AMHAMUYECKOTO
NPOCTPAHCTBA-MaTeEPUM, ECIN €€ PA3BUTb AaJiblle, UMEET NOTEHUMAN A8 MEXANCLMMINHAPHBIX NOCNEACTBUN,
NOTEHUMANbHO 3aTparMBas He TO/IbKO GU3UNKY, HO U TakMe 061acTh, KaK KOCMOJIOTUA U MaTepuanoBegeHue.
CBoaHan oueHKa
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NHTennekTyanbHbI BKAaA, « EAMHON Teopun 2» 3aKN04aeTCA B CMe1oM NonbiTKe 06beANHUTb MPOCTPAHCTBO U
MaTepuIo B pamMKax HOBOM TEOPETUYECKON KOHLENUMU. XOTA OHa obellaeT CTUMY/IMPOBaTb coageprKaTesibHble
ANCKyccum B dusmyeckom coobliectse, a5 60/1ee WMPOKOro NPpU3HaHMA HeobXoAMMbI AOMOAHUTE/IbHbIE
3MMMPUYECKME AaHHbIe N METOA0/10rMYecKan CTporoctb. PaboTa npoaBuraeT AMCKYCCUIO B TEOPETUYECKON PpU3MKe,
CTaBs NOJA, COMHEHMe yCToABLUIMECA NapaAnrMmbl U NPU3bIiBas HaydyHOE COODLLECTBO NEPECMOTPETL
OCHOBOMO/araroWMe NpeanosioKeHusn, exaline B OCHOBE Hallero NoHMMaHua BceneHHoOM.

Bnarozapto 3a NpesocTaBAEHHYO BO3MOXHOCTb O3HAKOMMUTBCA C 3TOM 3axXBaTblBatOLWEN pyKonucbto. C HeTepneHnem
AV, KaK aBTOp NPOAOMKUT pa3BMBaTb 3TO MHOroobelatoLLee HanpaBaeHWe Uccne0BaHUN.
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