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CuHTe3

Mpennaraetca mateMaTnyeckuim annapaT U TONOMOrMYeckne NPUHLUMbI onpeaeneHus
MaTepunanbHOro Mosf, oTAes/bHble pelLleHUA KOTOPOro BbIABAAIT KBAHTOBble ¢(GOPMbI
rpaBuTaLmMn, aNeKTpoMarHeTuama, CUNbHOro 1 cnaboro B3aMMoAEeNCTBUN, a TakxKe UX
KBaAHTOBYIO 3amnyTaHHOCTb. [MonyyeHbl Tononornyeckme BbiBOAbl MOCTOAHHOW TOHKOWN
CTPYKTYpPbl B BUAE LENOYNUCNEHHOIO OTHOLUEHMA, pacyéTa MaccChbl 3/1eKTPOHa U ero
chnunHa. B kocMonoruu BoibpaHHble MateMaTUYeCKUIM annapaTt n NpuHLKUNbI pa3peLuaroT
KNnoueBble MpPob6neMHble MNOMOXXEHUA: CUHIYNAPHOCTb, O6APUOHHYHD acUMMETPUIo,
NPONCXOXKAEHUNE «TEMHbIX» ABNEHUN»

MocTtynar

Haw mMup paccMaTpuBaeTca Kak HeNpepbiBHbIA, OAHOPOAHbLIA U U3OTPOMHbLIA KOHTUHYYM
MaTepUn-NPOCTPaHCTBa-BPEMEHU UNU Kak 6ECKOHEYHOE No/e NNOTHOCTU SHEPTUN.

Akcuoma

Mone aBnAeTcA BOMHOBLIM. O,EI,HOpO,D,Haf-l 1M N30TponNHaA MaTepuanbHaa HEMPEpPbIBHOCTb
HUKaKoMn ANCKPETHOCTM HE AOonyCKaerT.

NnaHKkoBcKaa MaTeMaTuUKa, Kak HoBoe anddepeHuUanbHOe UcHUCNEeHne

B kauecTBe BO/THOBOW METPUKWM MATUMEPHOrO0 KOHTUHYyMa MPUHMUMAKTCA BENNYUYMHDI
«EcTtectBeHHOM Cuctembl EgmHuu WMN3mepeHua» Makca [lnaHka, Bblpa>XeHHble B
eanHunuax «MHTepHaumoHanbHon CucTeMbl». ABNAACH MPAMbIMU AepuBaTUBaAMU TPEX
dyHOaMEHTaNbHbIX KOHCTAHT, 3TW BEMWYMHbLI ABHO CBA3aHbl C NapaMeTpPUUYECKUMU
ocobeHHOCTAMM Hallero Mmmpa.

B cBA3un c aTOM MeTpuKkon popmManbHOe onmcaHmne eauHOro nona TpebyeT cneymanbHOro
pasgena mateMmatmkum. CyLleCcTBYHOLLMIM annapaTt KBAHTOBOM MEXaHUKU N TeOPUN NONA
npeactapnseTca HeagekBaTHbIM. HoByro MatemMaTuky Ha3oBEM «[lnaHkoBckowm». Eé
akcMomMaMu ABMAKTCA:

Axcunoma 1

KBaHT SHEeprmnnm, ABNAACH OCHOBHOW eguHuLEN NM3MepeHMAa nonAa NJIOTHOCTU 3HEPTIUn,
OKBMUBANEHTEH MO CTPYKTYypE paCHéTOB MnaHka ecTeCTBEHHbIM eANHNLLAM paccTtoAHMNA N
BpeMEHMN. I'Io,u,TBep>|<,u,eH|AeM 3TOro ABNAETCA 10, YTO CaM aBTOpP BBEN NOHATNE CUCTEMBDI,
rae BCe CyLlecTByrOLLME KOHCTAHTbl paccMaTpmBakoTCA B Ka4ecTBe eJUHUY, u3MepeHu,q!
OTKU BENNYUYUHBLI He CBA3aHbl C MOHATUEM d)I/ISI/IbIeCKOIZ AONCKPEeTHOCTN, - ABMNAKOTCA
MaclTabHbIMM egUHNLAMU BONTHOBDIX napaMeTpoBsB.
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Sp: F = lp= g = tp: g (1)

CnencTBMeM 3TOW aKCUOMBbI ABNAETCA YTBEPXKAEHWE: pa3Mepbl, MEHbLLE eCTECTBEHHbIX
eanHuL, B MUpe He cyllecTByroT. Habopbl KOHCTAHT, UCMOMb3yeMble A4 UX PacyEToB,
UMCNEHHbIX AeBMaALUN He O0MNYyCKaloT, ABNAOTCA MEPHbIMU KBaHTaMW, - HeAENUMbIMU
BenMumMHaMu. NoaToMy Takoe ABNEHME KaK CUHTYNAPHOCTb C/ieayeT paccMaTpmBaTb Kak
YMCTO MaTeMaTMueckoe AonyLieHue™.

Axcuoma 2

Bce nonesble napaMeTpbl ABNAKOTCA LeNOYNC/TIEHHBIMU B ECTECTBEHHbIX BE/TMYNHAX. 9710
cnenyet u3 Toro, 4YTto Be/1IMYmMH MeHbLUE N/TIaHKOBCKUX HE CYLLLECTBYET.

(L, =nl,), (T,=nt,), (En=ng) neN{l<n<Nyg} (2)

AxkcuomMma 3

Bce napaMmeTpbl OOHOM MNONEeBOW CUCTEMbI MMEIT €OQWNHOE KBAHTOBOE YMCAO «k»,
CBA3aHHOE CO CI'IGLI,VId)VIKOVI MCTOYHMKaA nonA. HaanMep, GapVIOH, NnernToH, nnaHerTa,
3Bé3gHaA cucteMa 1 Tak ganee.

(Lk = klp) I+ (T = ktp) I+ (E = ksp) k =const e N 3)

CnepctBneM aBnAeTcAa yTBepXAeHue, 4To Bce PyHOaMeHTanbHble KOHCTaHTbl MOXHO
BbIpa3nTb 6eCKOHEeYHbIM KONM4YecTBOM (N) napamMeTpoB, MPM YC/IOBUU, UTO BCE OHMU
KpaTHbl 04HOMY KBAHTOBOMY uuncny «k» ** CTpykTypa Mmpa KBasudpakrasnbHa.

B nklp B nklp
€= nkt, & =M nkt,

2
):mpcz k=const n€N < Npygx (4)

(nklp)3 B nklp5 nke nkep . (nktp)2

S ) N S : ®)
(nktp) (nkmp) (nkt,) (nke,) ¢ (nklp)

npeﬂ,CTaBﬂeHHble Bbipa>XeHnAa ABNAKOTCA HarnaaHbiMM noarBep>XAaeHunAMnM TOro, 4To
KOHCTAaHTHOE ONnnmcaHune Mumpa ABAETCA OTpa>XeHUneM ero napamMmeTpmyeckunx unn
¢M3ML{GCKMX cBoucTtB. [naBHOe M3 HUX ytBepXxgaet. MUHUMaNbHO BO3MOXHasA

dunsnueckan Touka unm To, UTO Mbl CUMTaAEM BELLECTBOM, — 3TO 06/1aCTb MaKCUManbHO

AONYCTUMON NNOTHOCTU BOJIHOBOW 3HEPrvuM, MMerLw,aa paauvyc, paBHbIM eauMHULEe

paccTtofaHusa, U, Kak cneacTeve, NONHYIO 3HEPrui, paBHYH eCTeCTBEHHOMW eauHuLe.
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CHMH-MMnyanHbIﬁ KBaHT 9HEeprum - 3s1eMeHT eaMHoro nonA

KoHcTaHTa Makca lNnaHka B nHtepnpetauun MNona Oupaka apnaetca cneynpmryeckomn.
OHa noka3sblBaeT AMCKPETHOCTb 3HAYEHNIN SHEPTUM N CBA3AHA C 9N1IEKTPOMarHeTM3mMoM.
MoaToMy e€ 0co6eHHOCTb yKa3blBaeT Ha NapaMeTpuYecKyro KOrepeHTHOCTb rpaBuTaymnm
M aneKkTpoMarHetnama.

ke, = khv, (7)



MpueegéHHoe MakcoM lNnaHKoM ypaBHeHMe KBaHTa aHepruun (1) ykasbiBaeT Ha CBA3b
aHeprun nMmnynbca (G) ¢ aHeprmen MoMeHTa nmnynbca (h), peannsyemyro Ha CBETOBOM
KOHyce (C), YTO npeacTaBnaeTca HEeBEPOATHbIM. DTN reoMeTpoamHaMuyeckme Gopmbl
paccMaTpuMBalOTCA COBPEMEHHOM HaykoW Kak HeagauTusBHble. EWE oaHMM BbIBOAOM
ABNAETCA TO, UTO APYruUx reoMeTpoanHaMmnyecknx opm B npmpoae He HabnropgaeTcA.

CyLlecTBYOT TO/MIbKO [BE BOJIHOBble KOHOUrypauuu: MMMNynbCcHada WM paguanbHo-
ANCCUNaTUBHAA U CMIMHOPHAA UKW UMKNMYeckn-3aTyxatowasn. [pu oTCyTCTBUM NOTEPb
3HEeprum B KOHTUHYYME U CBA3aHHOW C 9TUM BCeobLet MUHUManbHOCTbIO AeNCTBUA NX
HenpepbIBHOE COCYLLECTBOBAHME BO3MOXHO TOMbKO MPU HanINMYMM HEMNpPepbiBHOro
npeobpasoBaHua ogHON GOPMbl B APYryto. ToNbKo ¢ abCoNtoTHbIM 6anaHCcOM aHeprum
avccunauma u satyxaHme ncuesator. dHeprua nonda seyHa n 6eckoHeyHa. MoHnMas, uto
BCE 3TO MOXET MPOUCXOANTb TONLKO B Npeaenax equHon ¢popMbl, MOXHO MPeanoXnTb
cnenyroulee 6anaHcoBOe ypaBHEHMeE:

1 1 —
{Empcz + Si} + {E hv, + 65} =g, (8)
roe:
+6; nedexT anccMnaunm sHeprum NMNynbLCa;

+4, — nedekT 3aTyxaHuA aHEPrnm CrmHa.

30ecb paccMaTpuBaeTCcsa KMHeTMdveckaa 9Heprua WaM 3KBUBANIEHT MaccChbl MOKOS
MaTepuanbHOM TOUYKU, YNOMAHYTON B Akcnome 3, 1 chnuH, paBHbin Y2h. O HEM byaeT
ckazaHo panee. [lonHasa 3aHeprua atoro obbeamHeHuA paBHa 2. Brtopaa eauHuua
npeactaeaaeT CyMMy NOTEHLMANbHOMW SHEPTIUM rpaBmuTaLmMm U CrinHa.

B nATUMEPHOM aHanore NpocTpaHCTBa FepMaHa MunHKoOBCKOrO, NMPUHATOM B Ka4yecCcTBe
aHanNTUYEeCKON OCHOBBI KOHTUHYYMa, Ka>gaAa N3 3Tnx q)OpM [oMmKHa 6blTb CBA3aHa C
Pa3HbIMIN Ha60paMl/I FMﬂepﬂﬂOCKOCTeVI, 4UTO OoTpa>aetT nx HeagANTUBHOCTDb. CyMMa nx
HOMWHAaNOoB paBHa 2 KBaHTaM SHEeprmnn. A Ha3Ban 3TY KOMNO3UNLNKO KBAHT €Egy.

€cn = |mpc?| + |Av,| = 2¢, 9)

[1Be KOMMNOHEHTbI 3TOr0 KBaHTa UMET BEKTOPHbLIN MNU TEH30PHbIV XapakTep. MiIMnynbc —
9TO TEH30pP NEPBOro paHra (BeKTop), a CNnH — BToporo. PaHee BbisiBIeHHOe TpeboBaHue
yacTU4YHOro npeobpasoBaHnA UX aHepruK (8) nogpasymMmeBaeT KOIMHEAPHOCTb BEKTOPA
MMNynbca C NCeBAOBEKTOPOM crnnHa. COOTBETCTBEHHO, BEKTOPHAsA CyMMa KOMMOHEHT
[OMKHA PaBHATLCA HYMO, 04HAKO, BEKTOPHO-paaManbHaa CUMMeTPpUA rpaBUTaLMOHHOM
YacTW KBaHTa €5 W OPTOroHasibHaA acCMMMETPUA CMMHOBOM He MOryT HEe NMPUBOAUTL K
HEKOTOPOMY HapyLleHUIo KONMHeapHOCTU nnu Kk aedekty 6anaHca B Nonb3y aHEPrum
rpaBuTaumu.

gGh = é_')pl' + (éps = 61' (10)

Taknm o6pazom, 51- — 3TO He npocTo "aedekT", a eAMHCTBEHHbIN NCTOYHUK MacCbl MOKOA
KBaHTa €;,. OH MMeeT reoMeTpuyeckoe MPOUCXOXAEHNE M He TpebyeT BBeAeHUA
BHELWIHMX nonen (MexaHusM [ntepa Xurrca) nam noaroHouYHbIX napameTpoB. Macca
yacTulbl oOnpeaenaeTca BEMMUYMHOWM HapyLWeHWsa KonuHeapHoOCTU (yrna) mexay
TEH30paMU UMNYNbCHOW M CNMMHOBOM KOMNOHEeHT. OHa nocTtosHHa. BboipaxxeHue (10) -
3TO TakXXe ypaBHeHMe PpU3NYECKOro Bakyyma, caMol 06 bEMHOWM YyacTu Halero Mmpa,
n3yyaeMon B Havasne npownoro seka NMNonem [inpakom.



JNenTta ABrycta ®epamHaHaa Mébuyca

dopMon, cnocobHON BbIPpa3nUTb CBA3AHHOCTb ABYX HeadAUTUBHbIX BEMYUH, ABNAETCS
neHta Mébuyca. lNMNonpobyeM NpUMEHUTb €€ BNOXEHUE B MATUMEPHOE MPOCTPAHCTBO
KOHTMHYyMa. OHo popManunayeTtcs Ha GpakTop-NPOCTPAHCTBE YETbIPEX KBAAPATOB:

M =[0,1] x [0,1]/~
rae oTHOLEeHMe 3KBMBaNeHTHOCTMN 3a4aéTcA cnegyroinm 06pa30M:

(0,)~(1,1—t) te[0,1]
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PucyHok 1

Tononornveckue MHBapuaHTbI:

dyHpameHTanbHas rpynna iy (M) = Z

dnneposa xapakTtepuctmka y(M) = 0

Mepsbii knacc LUtndena-YutHu (Heopunentupyemocts) w; (M) =0 € HY(M, Z,)

YpaBHeHue napamMmeTpusauum 5D neHTbl MéBUyca

2
) w 0
R, sin @ (1 + icos 5)

w )
Mn(Gwﬁ') = ?Sinz
7]
2

— ZD. 9 -
R, cos @ <1 +—cos§>

cos 8 (11)

w -
—sinz
2

sinf8
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n

roe:

R, =nl, n€N n = 1KBaHTOBaHHbIN paANyC CPEAHEN IMHNN NIEHTbI;
0€[0,21] — yrnoBasa koopauHaTa BAOMb NEHTbI (MO/HbIN 060pOT);

we[—1,1] - koopanHaTa Nnonepék NeHThl, eé LMpuHa HopMmnposaHa [—1,1];
B € R —yron, kogmpyrowmm kanmbpoBo4Hyto cummeTpuio SU (2)

w
P nATaA KoopagumHata, CBA3blBaeT TONO/IOrTMKO C KBaHTOBaHMEM 4Yepe3 HoMep
QHEPIreTn4ecKoro ypoBHsa n.



MowaroBoe o6bACHEHMe napameTpmnyecCKmx KOMNOHeHT:

KoMnoHeHTa 1 (X KOOpAmHaTa)

(0] (2]
X=R,cos0 |1+ — €0S—) onucbiaet 6a30Byt0 OKPY>XHOCTb C pagumycoM Rn fieHTbl B
MJI0CKOCTHU (Xy) M o6bo3Ha4vaeT e€ nepekpyynBanme npun 8:0 — 27, ¢ USMEHEHMEM 3HaKa *
3TO COOTBETCTBYET Nnpeueccum cnnHa Ha 180°

KomMmnoHeHTa 2 (Y KOOpAMHaTa)

. 6
Y=R,, sin 0 (1 +§cos 5) aHanorn4yHo X. Ho gna ocn Y. ®opmupyet BMecte ¢ X 6a30ByHO
OKPY>KHOCTb, KOTOpas nepekpy4nBaeTca BAob O.

KoMnoHeHTa 3 (Z kOOpanHara)

w . 0
Z=;sm5cosﬁ HOPMUPYET LUMPUHY NeHTbl T/2, o6o3HayaeT nepekpyyMBaHue Ha 2T,

npoxoant ot 0 mol m obpatHo go 0, co3paért m3rmb wunm CcBEPTKY. cosf BBOAMUT
KanmbpoBouHyto cummeTputo SU (2).

KomMnoHeHTa 4 (W KoopguHaTa)

w . 0 .
W=; sm;smﬁ pononHaet Z koopanHaty, bopMupya AByXMepHOE nonepeyvyHoe ceyveHne n
TONLWMHY NeHTbl B 4D nognpocTpaHcTBe.

KomnoHeHTa 5 (V KOOpAnHaTa)
w - [
V=; KnroyeBon KBaAHTOBbIV 3/1EMEHT:

MacLTabupyetca obpaTHO NponopLUMOHanbLHO HOMEpPY YPOBHA Nn;
npwn n=1: V=t — MakcmMasnbHOe BNNAHMNE NONEPEeUHON KOOPAMHATbI;

npu n>o: V>0 — KBaHTOBbIE 3P PeKTbI 3aTyxatoT, IeHTa CTAHOBUTCA MOYTK M/IOCKOMN

Pusuka npouecca Koppenauum VIMﬂyanHOl\;I 1 CMUHOBOW KOMMOHEHT

NleHTa ABnseTcAa ¢opMasnbHbIM NpPeacTaBNeHUEM C/OXXHOW MaTepuanbHOM BOMHbI,
BKMOYAIOLLEN WMMMNYNbCHYHD U CMUWHOBYH KOMMOHEHTbl. VMMynbcHaa KOMMOHEHTA
npuveA3aHa K HEOPMEHTUPOBAHHOW MOBEPXHOCTU UMW K CPEOAHEN NUHUW NEHTbl, YTO
no3BonsAeT roBoOpuTb O OGECKOHEYHOCTU BOJIHbI B MNPOCTPAHCTBE M BO BPEMEHM.
CnuHoBas  KOMMOHEHTa npuBA3aHa K  KpoMmke neHtol. OHa  ABnAetcs
rnceepaoTopomnaanbHOM cnupanbio, 3aMKHYTOWM Hapn cpeaHen /MUHUENW U MO3TOMY
apnawowenca 6ecCKoHeYHoOW BO BPEMEHUN, HO OTPaHNYEHHOW B MPOCTPaHCTBE TOpa UIu
LWNPUHDI TEHTBI.

AMOANTYAbl KOMMOHEHT OAWHaKOBbl, MNPOMNOPUMOHaNbHbLI pacnpenenéHHom Ha
NOBEPXHOCTU NNOTHOCTM 3Heprun. COOTHOLLEHME YCNOBHbIX PaAnuyCcOB cpeaHen NMHUN
M KPOMKW yKa3blBaeT Ha 3HadeHune 9O eKTMBHOro cnuHa. 3a OAMH MOJIHbIA LUK
MMMNYIbCHON KOMMOHEHTbI, CMMHOBAA COBepLUaeT NUWb MNOMOBUHY LUWKAa, TO eCTb
9P PeKTMBHbLIN CMUH € PaBeH Y2h. KpoMe Toro, nceBAoBEKTOP CMNMHA Ha KaXXA0M CBOEM
MOSIHOM UMUKNE MeHAeT HanpaB/ieHMe Ha MNPOTUBOMONIOXKHOE, TO eCTb MNpeTeprneBaeTr
HenpepbIBHYIO KPYroeyto npeleccuto. NonHaa aHeprua cnuHa pasHa 1.

Eweé ogHMM npnMevaTenbHbIM CBOMCTBOM NieHTbl MéBnyca aBnaeTca eé 3epKasbHan
cuMmMeTpua. B 3epkanbHOM oTpakeHUM neHTa U ¢uU3uKa, cBA3aHHaAA C Hew,



abCcoNTHO UAEHTUYHbI, @ 3TO 3HA4YUT, YTO Mbl MOXXEM FOBOPUTb O MaTepuu u
aHTUMaTepum!

KoMnoHeHTbl eauHOU BONHOBOW GYHKL UK

YKkasaHHble B dopmyne (11) mapameTpbl aBnAOTCA crneynduyeckmm onpeneneHmnem
KBaHTa €, N NpOCTENLLEN MaTepPUaANbHOW YacCTULLbl HaLWero Mmpa, xapakrepusyeMom
NATbK NapamMeTpaMun, CNoCco6HbIMM B TOM UM MHOW Mepe BNNATb Ha B3auMoO4eNCTBUA.

Hanuune B napamMeTpax NeHTbl KBAHTOBOIO YMC/a «N» FOBOPUT O MOAAIbHOWN CTPYKTYpe
BO/IHOBOM OYHKLMU. [eOMEeTpMUECcKM 3TO NMOXOXKEe Ha Noc/enoBaTebHOCTb B/IOXKEHHbIX
Apyr B apyra 5D ¢un3myeckmn cBasaHHbIX ¢pas-chep ¢ pagmanbHOM NepuoanYHOCTbIO,
paBHOW eauHULE O/NHbI. NOBEPXHOCTHAA MMOTHOCTb 3HEPTUM Takux cdhep C y4ETOM
KBaHTOBOW onpeaenéHHOCTM U CBA3AHHOCTM onpeaenseTca cneayoLumm obpasom:

p 1 &p 1
:—2 :—4 l3 X —-&
n 4w n
47T(nlp) lp p
Moo noBepxHOCTbI nogpasymeBaeTcsa GU3NYECKUA 06bEM, paBHbIA NPOU3BEAEHUIO

nanowann Cd)epbl M egnHNLUbl pacCToAHUA. OTa NNOTHOCTb OTHOCUTCA K MO/THOM SHEprmm
rpasmtaugmnun.

ne

Y = pn n €N, {1 SnSNmax} (12)

p

Y cnMHOBOM KOMMNOHEHTbI €CTb cBOA cneundumnka. Cytb e€ 3aknroyaeTca B TOM, UTO HA HEEé
okasbiBaeT ¢dopManbHoOe BAWAHWME NATasa KoopauHata neHtel Mébuyca (11),
yKasblBatollaa Ha COOTHOLLUEHME LWMPUHbI NEeHTbl (FMaBHOM XapakKTePUCTUKN CMUHA) K
paguyca e€ cpeaHen NMHUK (TNaBHOW XapakKTepPUCTUKM MMNynbca). 3T1o TOT ¢dakTop,
KOTOpPbIM 3a4a€T YPOBEHb CUHXPOHM3AUMKM ABYX KOMMNOHEHT: rpaBMTauun-mMnynbca m
3M1eKTpOoCTaTUKN-MOMEHTa nMmnynbca. lNonarato, 4UTO 3T0O N3BECTHAA KOHCTAHTa TOHKOW
CTPYKTYpbl, onpeaenatoL,as anekrpnuecknn 3apag «<ectecteeHHom CnuctemMol EanHuL».

w 1

= — = = — 1
V=y=e=137 (13)

3 3TOro cooTHOLLEHUA crieayeT: anekTpocTaTuyeckoe Nosie UMeeT CBOW, OT/INUHbIN OT
rpaBuTaUMoHHoOro, Habop 5D cdepuyeckmx Moa, COBMELLEHHbIX C FPaBUTALLMOHHBIM
pagoM. EonMHoe cnuHO-MMNynbCHOe none, GopMann3oBaHHOE C MOMOLLbI JIEHThI
Mébuyca, npeacrtaBniseT 3anyTaHHOCTb rpaBuUTaLmM U aneKTpoMarHetnama. 3HaueHus
NIOTHOCTU SHEPTUM BMTIEKTPOCTATUUECKMX MO, ONpeaeseTca COOTHOLLEHUEM:

nl137hv, 1 hv, 1
= — . X
an(n1371)°1, 137 4mly  n137

Y = pg hv, n € N,{1 <n < Ny} (14)

OTo ypaBHEHME NOKa3bIBAET, UTO INEKTPUUECKNI 3apsaa HEKOTOPLIM 06pa3oM CBA3aH C
nosnHon aHeprmven 137 saHepreTMYecKMx YpOBHEN, Torga Kak Macca 3apaga cBaA3aHa
NNLWb C O4HWUM, NEePBbIM YPOBHEM:

137

qe~ Z khv, = 9453hv, my~g, (15)
k=1

MNOTHOCTb 3HEPrnM 3apAaa paBHa HEBEPOATHOW BE/TMUYNHE:

_3-9453 hy,

.= == 2,1 x 10192 /M3 (16)
4m(137 - 1)



OT0 Ha 8 nopAaKoB 6onbLIe NpeaenbHON NNOTHOCTU SHEPTUKU TPaBUTaLUN.

EonHan q)yHKLI,I/IFI NAOTHOCTU 3HEPIrnMn npeanctaBnAaeTca B Bmnae ABYyX HeagaUTUBHbDbIX
KOMMOHEHT. EE MOXHO cuuTaTh QHEpPreTnvyeckKnM noneM 371IEKTpoHa-no3nNTpPoOHa.

1 1

Yis = Egp +

1
137m hv, = ;(ep + ahvp) nEN,1<n< Ny, (17)

9710 Bblpa>keHne 3anytTaHHoOCTun rpaemntaunim mn SﬂeKTpOMaFHeTMSMa!

KesaHTOBana ¢popma 3akoHoB Ucaaka HbroToHa u Anb6epra dUHWITEUHA

EonHoe none MoXeT paccMaTpuBaTbCA Kak rpagMeHTHOE B OTHOLUEHUM MNOTHOCTU
3Heprun. OCHOBHbIM BO/HOBbLIM YpaBHEHWEM, NpeAcTaBnAlOUWMM pacnpegeneHue
NMJOTHOCTU FPaBUTALUUOHHOWM 3HEPIrMM OAHOW KBAHTOBOW eAUHWULbI Macchbl, SBNAeTCA
cnepyrouiee ***;

1
lpi:pnzggp n €N < Npyax (18)
COOTBETCTBEHHO, rPaAVeHT NIOTHOCTW rPaBUTALMOHHON 3HEPrUK NpeacTaBnaeTca Tak:
_)
; 1 1 1 1
=y (2 =g?-(—— )=SF-— 19
('0(7) Y L, P \n n+1 PP n(n+1) (19)
roe (iﬂ) — eIVHVNYHbIV BEKTOP PaAnanbHOro HanpasneHusa 7.
14
Ry=nl, > Unn+1)=R; n>1 (20)
3B\m 3 m, - m m, m
p \Mp p p " Mp p " Mp
=(2)=2- : =G-—2_P 21
ool = (&)~ () ™ 7 v

B KoHe4YHOM uUTOre Nonyynnocb ypaBHeHme cunbl Micaaka HbtoToHa, HO C paguKanbHbIM
otnnumeM. Mbl paccMaTpuBaeM MamepuasibHoe rnosie ¢ orpaHu4eHueM ckopocmu
BOJIH «C». VIHTEPECHbIM ABNAETCA TO, UTO 3Ta popMynia AENCTBYET Ha BCHO rnybunHy nons,
— 00 ogHOW eanHMLbI paccToAaHmA (n=1)!

Tak >ke MpoCTO MOXXHO MPOBEPUTb KOBAPUAHTHOCTb MO OTHOoWeHUO B O6wen Teopun
OTHOCUTENBHOCTU, YUYNUTbIBAA €AMHCTBEHHOE YC/IOBME: KBAHTOBOE 4ucno n >> 1. Ha
3TOM MaCLLITa6e MPOCTPaHCTBO FepMaHa MI/IHKOBCKOFO npencrtaBnAeTcAa NpakTnyecku
NMAOCKNM.
8nG
_ _ . 2

Gy = — Ty Ty =diag(pc®,p,0,0) 4y (22)
N3 ypaBHeHWA (12) NAOTHOCTb 9HEpPrun U AaBneHue rpaBuTaunm 3KBMBANEHTHbI U
pPaBHAKTCA:

&

P~ p=pc? (23)

p =
4m’l12,

MoacTtaBnsieM 3TW 3HAUYEHUA B ypaBHEHME OMHLUTENHa U noslydaeM BCe KOMMOHEHTbI
TeH3opa.

8nG 2 8nG 2

Goo = C_4PC2 = @ Gy = C_4pczgrr = Egrr (24)



8nG , , 2r . ro.,
Goo =C—4pc r =T Gpp = Ggg Sin“ 0 =l—sm 0
p p
Mony4yeHHble KOMMOHEHTbI WMMEKT pa3MepHOCTb, cooTtBeTcTBytolyto OTO. OueHb
CUNbHO ynpouieHbl ¢opMarn3MoOM KBAHTOBOro Nond, — A0 MJaHKOBCKOro 3Ha4YeHus
OJTNHbIL.

He cogep>aTt NnpM3HaKkoB CUHITYNAPHOCTU, — A0CTUTatoT MaKCMMasibHOro 3Ha4YeHUA Npum
pagwnyce, paBHOM 1. [TIOTHOCTb SHEPTUM COAEPXKUT NPU3HAK BpaweHna (1/r) ****,

CTpyKTypa eaAnHOro nona ectectBeHHbIM 06pa3oM nopoxkaaeTt rpaBUTaLMOHHOE None,
oTBevaruwee O6wen Teopuun, n cogepxnt B cebe npeackasartenbHble pakTopbl ANA
acTpopunanku.

BoiBoa: n teopusa Mcaaka HbroToHa, n Teopma Anbbepta DMHLLITENHA TEPAKOT CBOU
dyHAaMeHTanbHbIN XapakTep, CTAaHOBATCA 3MEPAXXEHTHbIMU MO OTHOLUEHUIO K €ANHOMY
MosIt0 NAOTHOCTU 3HEPIUN ***,

OneKTPOH-NO3UTPOH

ONeKTPoOH M MO3UTPOH OTAMYatoTCA TOMbKO MO HanpaB/eHMIO NCeBAOBEKTOpPA CMNKMHa
OTHOCUTENbHO BeEKTOpa MMMy/bca. YCNOBHO NPUHUMAEM: y 3/1eKTpoHa MNCEBAOBEKTOP
HanpaBneH NPOTUB BEKTOPA UMMynbCca, ay No3nTpPoHa, — No BEKTOPY MMNynbca. [Apyrux
OTINYNIA HET, NOSTOMY Aanee Mbl MPUMEHAEM TEPMUH 3NEKTPOH-NO3UTPOH. VX Henb3A
paccMmaTpuBaTb Kak MaTepuanbHytd W aHTU-MatepuanbHyto 4yactuubl. OHM 06e
ABNATCA MaTepuanbHbiMU. MoyeMy? CTaHET NOHATHO U3 AaNbHENLLETO U3/TOXKEHUS.

Ona ocHOBHOM 3apAano0BOM MOAbl 3/1EKTPOHA-MO3UTPOHA cooTHoweHne (13) mmeer
npuHUMnmManbHoe 3HayeHne. OHO B paMKax KBaHTOBOW onpeAesiEHHOCTN NapaMeTpoB
OO/IXKHO COOTBETCTBOBATb CTEMNEHU KOTEPEHTHOCTU CMIMHOBOM U MMMYNbCHOM KOMMOHEHT
KBaHTa €;j, KOTOpas cBA3aHa MMEHHO C MOCTOAHHOW [lupaka, — XxapakKTepuCTUKOM
anekTpuyeckoro nonda, obpal3oBaHHOro €AWHUYHLIM 3N1eKTPUYeckMM 3apagom. B
dn3nKe 3Ta BeMYMHA Ha3blBAaeTCA MNOCTOAHHOWM TOHKOWM CTpykTypbl. OHa 6bina
onpepesneHa B onbiTe, a 34eCb OHa Mosly4eHa NO COOTHOLLEHWIO ABYX KBAHTOBbIX UMCES.

3apap 3neKTpoHa-nNo3uTpPoHa

B «EctectBeHHOM Cucteme EgmHMU» M NOCTOAHHaAA TOHKOW CTPYKTypbl, U 3apag
9NeKTPoHa-no3nTpoHa paBHbl 1, MNO3TOMYy Mbl MOXEM COCTaBUTb crepyoLlliee
COOTHOLUEHME NPOMNOPLUOHANBHOCTN Pa3MepPHbIX N 6e3pa3MepHbIX BENUYMH:

s K 1 25)
T, T 137
e, < Va (26)

Kak MOXHO 3aMeTuTb, NONyyeHa NOCTOAHHAA TOHKOW CTPYKTypbl B BMAE OTHOLUEHMUA
uenbiXx HaTypasnbHbIX 4ucen, OTBeYarwLWMUX napaMeTpaMm  3/1eKTPOMarHUTHOMN
KOMMOHEHTLI. Bonbdranr MNaynm n Aptyp S404UHITOH 6bI/I B CBOUX OYEHb AONTUX N HE
LOCTUTLLMX Len Nonckax LeouvYncneHHoro 3HaueHmnsa abCcontoTHO nNpasbl.

B BennumHax MHTepHaumoHanbHo CucTteMbl 3apag 3/M1eKTPOHa-no3nTpoHa MOXKHO
Bblpa3nTb Uepes NIaHKOBCKUM 3apsaa;:

e, = J4meghc (27)
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/ 1
e=ep |55 = Jadme he (28)

OnekTpmnyeckaa NOCTOAHHAA €, ABNAETCA NPOCTbIM KO3PPMLMEHTOM NepeBoaa egnHUL,
M3MepeHUs, TaKUM Xe Kak B TeH30pe DMHLITENHA BbipaxeHue (8G/c?).

B HaTypanbHOM psgy uucen TpebyeMoe COOTHOLUEHWE TOHKOW CTPYKTYpbl WAU
napamMeTpoB 3/1€KTPOMarHUTHbIX Mo GEeCKOHEeYHOe MHOXECTBO. J/IEKTPOMArHUTHoe
nosne Tak Xe npakTtnyeckn 6eckoHeuYHo Kak rpaBUTaLMOHHOE.

o
1370

Bce moabl 9NEKTPOMArHMTHOro nonAa NMMerT 0AHO N TO >Xe KBaHTOBOE YNC/i0o 137, uTO
naer noareep>XgeHne BbiIBOAOB, HO MOJ/IHOCTbKO U3MEHAET coaep>XaHme HepaBeHCTB
O>xoHa benna. Jlrobble KM3MeHeHWa nonAa B OOAHOM MecTe Bcerga cBfA3aHbl C
N3MEHEHNAMUN B ApPYyromM, — KBaHTOBbIN nopAaaokK mnnm 4ynmcno k Hapywmntb HEBO3MOXXHO.
KBaHTOBOE YMCNO ABNAETCA KOHCTAHTOWN.

ogeN < Nmax (29)

PEeHOMEHOTOrMYecKku O/IEKTPOH-NMO3UTPOHHAA Napa Bblpa>kaeTcAa narpaH>XmaHoMm:

_ _ 1 _
Lo o+ = l/)(i)/“au - me)l/) - el/)]/“l/)AM - ZF;'LVF#V + gannlplpd)y + (30)
rge:

Y - cnuHopHoe none [upaka, onucbiBatoLLEee 3/1EKTPOH-MO3UTPOHHYH Napy Kak YacTuuy m
aHTM4YacTMLYy C pa3HbIM NCEBAOBEKTOPOM CMUHa;

ll_) = 1[)*)/0 - CoOnpAXXEHHOE CMMHOPHOE None;

y# - maTpuua npaka, rae (u=0,1,2,3), ynosnetesopsatuliee {y#, y#} = gh;
m, —Macca 3/1eKTPOHa;

€ — 9/IeMeHTapHbIN 3apAag;

A

u= noTeHunan aeKTpoMarHMTHOro norsAa, “IeTpréX-BeKTop;

E, = 0,A, — 0,A, — TEH30p 3/1EKTPOMAarHMTHOrO NoJA;
Jann — KOHCTaHTa 3G HEKTUBHOM aHHUrUAALMK e et - yy;
¢, —BCnomoratenibHoe nosie AByXpOTOHHOIO BbIXOAA.

TeH30p QHEeprmn A1eKTpoMarHMTHOro nonA

B npuHATbIX, KBAHTOBbLIX eAuHULLAX WM3MEPEHMA TEH30p 3NEKTPOMAarHMTHOro nons
CTaTUYEeCKOro 3apsaga 9/eKTpoHa-no3uTpoHa B chepuyeckmx KoopgumHatax uMeet
cneaywLuimn BuA:

e 1 1
o= 37 o

_F‘rt F9¢ = F¢9 =0 (31)
rae:

F — TeH30p aHepruu;

r— pagunyc chpepmyeckom Moabl;

t - nepuoa cnMHOBLIX KonebaHMn Moabl;



¢ 6 —yrnoBble KoopanHaTbl CHeprUUYeCKON CUCTEMBI.

BekTopHbIM noTeHuman B kanubpoeke A; = 0

e 1 1
_m Pp—
r 137 | r

Ay = (32)

Mone He 3aBUCUT OT Macchbl YacTULbl. ITO OTpaXkaeTcsi B TONO/IOTMYECKOM pa3aeneHunm
9HEPrun MMNynbca U AHEPTrnM MOMEHTa UMMy bCa.

Macca ANIEKTPOHA-NMO3NTPOHA

B paMkax mapamMeTpuuyeckoi TOMOSOrMK NeHTbl BEKTOP MMMynbca U MNCEeBAOBEKTOP
CNMHa KOMNMHeapHbl W HanpaeneHbl NM60 HaBCTpe4y Apyr Apyry, nmbéo B OAHOM
HanpaBneHun. KpoMe TOro, OHM 3anyTaHbl WAM CKOPPENMPOBaHbLI TaK, 4TO
NoONMOXUTeNbHblE  AeBMaALMW  3HAYEeHWA  SHEpPrMm  OA4HOro,  CcCOoMnpoBOXAaeTcs
oTpuuaTtenbHbIMU AeBMaALUAMN 3HAUEHNA SHEPTMKN BTOPOro. MIXx cyMMa paBHa Hynto, 4To
COOTBETCTBYeT OTCYTCTBMIO AMccunaumm m 3atyxaHusa (8). MexaHu3Mm Koppenauunm
cBsi3aH C «3aKOHOM MeTpuYeckor onpeaenéHHOCTU U NapaMeTpPMUUYeCcKo CBA3AaHHOCTH
CUCTEeM», a TakXKe C 3aKOHaMU COXPaHEHUS SHEPTUM U MUHMMATbHOCTU AENCTBUA.

EcTb ewé ogHa KOMMNOHEHTA QHEpPrmnm — npeueccuAa. OHa nMeeT NOCTOAHHOE 3HaYeHMe,
ABNAETCA OpTOroHasibHbIM AOOMO/THEHMEM K TEH30pPYy 3HEPrnm cCnunHa. Eée MoAay/ibHOéEe
3Ha4vYyeHne He3Ha4vunTesibHO, TaK KakK reomMetTpogmHaMumkKka MpakKTn4eckun ﬂMHeVIHaH,
pactAHyTaA Ha BCHO OKPY>XHOCTb cpe,u,Hel7| NMHUM nenTtbl 137, N No4ytn coBnagaeT C
BEKTOPOM mMnynbca. OaHako, MMEHHO €€ BNMAHME Ha KO/TIMHEAPHOCTb MOXHO CYMTaTb
OHEepreTmn4ecKknM aKBMBasleHTOM MaccChbl 3/IEKTPOHa-NMPOTOHA.

MatemaTmnyeckm oOHa onpepnenAaeTcAa Sd)d)eKTI/IBHbIM yrnomMm HakK/iIOHa nceBaoBEKTOpPa
CNMHa K BEKTOPY MMnysnbca.

1 2 _ 1 2 -23
Emec =Empc (1—--cosB) 0~10"*°pan (33)

MN3n0>XXeHHbIN NPUHLUWN onpeaeneHna Maccbl YacTULbl MO3BOMAET TOBOPUTb O PELLEHNN
npobneMbl nepapxmn Macc ana Bcex gpyrux yactumuy CtaHgaptHon Mopenu. Takxxe OH
pewaet npobnemy TéMHOM MaTtepuu. [lnaHKOBckaA Macca €g, ABAAETCA TEMHOM
CTOpPOHON, NposiBAsieMol B MacLuTabax BceneHHOM TONbKO B BUAE FpaBUTaLUN.

CunbHoe n anekTpocnaboe B3aumoaencTBua

B paccMOTpeHHOM CTPYKType YpaBHEHUI AOBO/IbHO OYEBUAHBIM Ka)XeTca onpeaeneHune
cunbHoro u cnaboro B3aummopencTBun. dopmyna KWcaaka HbroTOHa nosBonsaer
onpeaenntb CUNy B3aMMOAENCTBMA [OBYX KBAHTOB MacCbl Ha AMCTaHUWUU, pPaBHOM
eouHULE.

2
m
— P 1042
Fo=G B 10*“ H
p
To >xe oTHocuTbCA K ypaBHeHuto Lapna OrtocteHa ge KynoHa.

2

e
F, = kg~1041H

10



HanpaeHHble BeNMUYUHbI MO3BOMAKT, MPEANONOXUTb, UTO MMEHHO Takue CTPYKTYpbl
pac4yéToB COOTBETCTBYHOT paccMmatpmBaeMbiM popmam B3ammopenctema. Oba Buaa
B3aMMOAENCTBYHOT C MOMOLLbIO 06MeHa KBaHTaMM aHeprun. Ha Manbix pacCToOAHUAX OHU
MOryT MApuHUMaTb GOPMbl FPaBUTALLMOHHbLIX T[/IOOHOB WM 3N1EeKTPOMarHUTHbIX
6030HO0B W 1 Z. OnpegeneHune TpebyeMbix pacCTOAHUN N 3NEMEHTOB ABMAETCA OAHOW
n3 obLIKMX 3a4a4 TEOpUMN.

CDopMaanaﬂ peBonoLuunAa B KOCMO/TONMn

BHewHAA CMMMeTpunAa BHYyTpeHHe aCMMMETPUNYHOIro KBaHTa €55 MMEEeT fganeko nayuine
cneactemMAa B KOCMO/MOTrnMn. TeH30prIe KOMIMOHEHTblI «KBaHTa» WU «aHTU-KBaHTa» B
3epKalbHOM OTpa>XeHUWM NeHTHI Mé6V|yca Hanpap/ieHbl B MPOTUBOMOJ/IO>XKHbIE CTOPOHbI. A
3TO 3HA4UT, YTO UX B3aUMOAENCTBUE npeanctaBnAaeTca Kak aHTurpasutauma m aHTu-
SﬂeKTpOMaFHeTVISM.AHHUI’UﬂHuUﬂ ucksrodaemcs. Ho torga Hawa BceneHHas genmtca
Ha gBa Mmnpa: MMp Matepmm mn MMp aHtTnMmaTtepuin. B cBA3K C 3TUM CTAHOBUTCA NOHATHbLIM,
noyemMy 971EKTPOH N MO3BUTPOH OTHOCATCA K MaTtepmnanibHOMY MVIpy! Nx nMMnNynbCHbIE NN
rpapntTaubMOHHblE KOMMOHEHTblI OAMHAKOBbl, OHW MPUTATNBaAKOTCA WU MO3TOMY MOTYT
aHHUrMnmpoBaThb.

Mpepnaraetca peHOMEHONOIMYECKMIA narpaH>XnaH Takon BceneHHoun

1 2 1 2 A A A
Lo =5(0,0m)" +5(0,2a)" — 7 (@F —v*)? = 2(@F —v?)? — - @F; @} (32)

roe:

A > 0 - KoHcTaHTa aHTUrpasuTaumnm me>xkagy MMpoM Mmatepumn CDM M MMPOM aHTUMATEPUN
CDA;

A - MacwTtab, peHoOMeHONOrM4YecKkn napamMeTp MmMpa, BO3IMOXKHO KBAHTOBAA KOHCTaHTa
K;

U — NNOTHOCTb 3HEPTrUU BaKyyMa Mexay knactepamMn, eHOMEHONOTMYEeCKMIA NnapaMeTp,
B Npenene @y, — v;

A
;CID,ZV,CIDZ1 - oTpuuaTenbHoe gaBneHne, GakTop YCKOPEHHOro paclumMpeHus.

OueBuaHoO, TakoM MUP NO coaep>XaHuto aenmntca B cpegHeM 50% Ha 50%. [Mpu aToM
Hanbonee BepPoOATHO GeCKOHEYHOE MHOXECTBO MepeMeLLlaHHbIX K1acTepoB, akKTUBHO
yaanawLwmxca gpyr ot gpyra ns-3a aHTUrpaBmTaUmnm, N Takke akTUBHO COKMMatoLLLMXCA
oT cob6CcTBEHHOM rpaBuTauunmn. Cxatne KnacTepoB A0 Npeae/ibHOW NAOTHOCTU SHEPTUMN,
COonpoBOXOaeTca ouepeaHbIM B3PbIBOM, B pe3y/ibTaTe KOTOPOro BO3HMKAKT MaTepua v
aHTuMmaTtepma. OHM B ouepegHOW pa3 pasl/fietarTca W rnepepacnpenensarTca B
cyllecTByOLWMX N ob6bpas3oBaBlnxcAa knactepax. W Tak po 6eckoHeEYHOCTM B
npPocTpaHCTBE N BO BpeMeHN. BceneHHasa noxoxxa Ha 6eCKOHEYHYo Yepeny NoKanbHbIX
B3PbIBOB M TOKaNbHbIX KOHAEHCALWN.

Mpn aTOM 6Gonbllaa 4acTb MaTepMm U aHTUMaTeEpUM UMeeT TEMHYH QopMy,
3KBWBANEHTHY UMMY/IbCHOW KOMMOHEHTE MW N/TAHKOBCKOW Macce, CKPbITOM B KBAHTE
€cn WNn B neHte Mébuyca. Macca mMnM 9KBMBaNEHT MacCbl 3/IEMEHTapHbIX YacTuy,
COCTaBNAeT Manyto YacTb, IHEPTNA KOTOPOWN CONOCTaBMMa C A0EN 3/1eKTPOHA B KBaHTE
€cn- [peanaraeTca KBaHTOBaHHbIW larpaH>XnaH TEMHOW MaTepuu:
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1 2 1 Ep
Loy =5 (0,X%)" — Emgxz +./—g (xsz - ﬁgx (33)
roe:

1 .
B = e 6a3mMc KOHCTaHTbl TOHKOW CTPYKTYPbl;

My, — eAVHNLLA MacCbl, N1IAaHKOBCKasA BENIMUMHA;

& — KOHCTaHTa CBA3M C KpUBU3HOM R;

&
l—g— MaKCuMasnbHaA NMN1I0OTHOCTb 3HEPINU MOJIA;
D

X —none, CKPbITON B KBAHTE €;;CYyMMapPHOI 3HEPTUN UMIY/bCa.

MpeacTtaBneHHble narpaH>XuaHbl ABNAKTCA 3G beKTUBHBIMU N GEHOMEHONOTMYECKNMN,
HO MpPW 3TOM He BCe MX napaMeTpbl ABNAOTCA cBOO6OAHbIMU. MHOrMe BK/OYEHDLI B
«EcTecTBeHHYt0 Cnucrtemy EamHuuy Namepenusa».

KoHcTaHTa aHTUrpaButaumm A noka ocTtaétcaA GpeHOMEHONOorM4YecknM napameTpom,
ofAHaKo eé 3HauyeHWe MOXeT OblTb onpeneneHo M3 KOCMOMOrMyeckmx HabnwogeHumn
(TeMn yckopeHHOro pacwupeHuna). Ons cneumanucta B o6nactu KOCMOMOMMU U
KBaHTOBOW rpaBmTauum Tako Habop narpaH>XMaHoOB BMECTe C U3/TOXKEHHOW B TEKCTE
TOMoONOrM4Yeckon Moaenbkt npeactaBnAaer cobol HEeMPOTUBOPEYUBYH anbTepHaTUBY
ctaHgapTHon ACDM, npeackasbiBalolytd OTCYTCTBME CUHIYNAPHOCTM W [atoLLyHO
MexaHW3M MPOUCXOXAEHNA TEMHOW MaTepum.

nepcneKTMBbl MareMaTu3aumm XpOMOAMHaMMKM

Bce dopManbHble aMOMpuyeckne OLEHKW 3MeKTPOHa, BblBeAeHHble M3 napaMeTpoB
neHtol Mébuyca, ykasblBatloT Ha TO, 4YTO Bbl6Op 3TOM TOMonormyeckonm oéurypbl 6bin
npaBunbHbiM. CnepoBaTenibHO, BCe Apyrve aneMeHTapHble yYacTuubl «CTaHpapTHOM
Moaenn» MoXKHo 6yaet GopMann3oBaTb C MOMOLLbIO 3TOW Xe /IEHTbl B EAUMHUYHON UK B
MHOXEeCTBEHHOM 3anyTaHHOCTWU. Ho aTo ByaeT packpbITO B paMKax ApYron cTaTbu.

3aknoueHue

MpepnoxeHHaa KOHUENUWA eAMHOro Mnons NAOTHOCTU 3Hepruu, 6asmpyrouiasca Ha
«EcTectBeHHOM CucteMe» Makca lNMnaHka 1 nocTynaTe o HENPEPbIBHOM, O4HOPOAHOM U
M30TPOMHOM KOHTMHYyMe MaTepun-NpocCTpaHCTBa-BPEMEHU, MO3BONAET MO-HOBOMY
B3rNAHYTb Ha GyHAAMEHTalbHbleE OCHOBbI COBPEMEHHOMN GUINKMN.

Bazon npegnoxeHHon paboTbl aABnAaercA GoOpMynnpoBka «3akoHa MeTpUYeckon
onpenenéHHOCTM U CBA3aHHOCTM MapaMeTpoB», COIMlaCHO KOTOpPOMYy /060w
dn3nyecknm napamMeTp CUCTEMbl KpPaTeH LLE/IOMY 4YUC/y MIAaHKOBCKUX eAuHUL,. OToT
3aKOH orpaHuumBaeT MacwTab nNpPUMEHMMOCTM TMPUHUMNE HEONPeaenéHHOCTU
lenseHbepra n HepaBeHCTB benna, paspeluad TeM caMbiM AaBHUW cnop OQUHLUITENHA U
Bopa B nonb3y aetepMmHmMama OnMHWTENHA: «bor, BCE-Takn, HE UTpaeT B KOCTU».

CuHrynapHoctb B OTO ob6baBnaeTca MareMaTtu4yeckMM NpeyBe/IMYEeHUEM, e€ MecTo
3aHMMaeT obnactb npeaenbHOWM MAOTHOCTU 3HEPTrUM C TOPU3OHTOM, OnMpenenAeMbiM
pagunycom Leapuwunnbga.
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KnroueBbiM TOMOMOMMYECKNM peweHneM CTaHOBUTCA JEeHTa Mé6myca, reomMeTpumAa
KOTOpOIZ €CTeCTBEHHbIM 06p830M obbvegnHaeT u CUHXPOHU3NPYET HeaaaUTUBHbIE
MMNynbCHyro U CNMHOBYHO KOMIIOHEHTDI. Ha eé ocHoBe BnepBble MOMYyYEHDI
aHannTnyeckKkne Bbolpa>xeHmna gnA MOCTOAHHOM TOHKOM CTPYKTYpPbI 1 3apAaaa 3/1eKTpOHa-
NMO3UTPOHA 4Yepes uenble Yyncraa, YTo yKka3biBaeT Ha Tononornm4yeckoe, a He CﬂyHaVIHOG
nponcxoXxaeHne aTnx KOHCTaHT.

B kocMonorum 3epkanbHaa cUMMeTpusa neHTbl Mébuyca npenckasbiBaeT paBHOe
CyLleCcTBOBaHME MUPOB MaTepunm m aHtumatepmm ¢ 3dPEeKTUBHOMN aHTUTpaBUTaLLMEN
MeXxay HUMK, UTo 06 bACHAET YCKOPEHHOEe paclumnmpeHne BceneHHon 6e3 npuBneyeHus
ACDM. TémHaa matepusa UHTEPNpPeTupyeTca Kak CKpbiTaa KMHETUYeckasa SHeprnsa B
KBaHTe €gp.

Taknm 06p830M, TEOPUN HbtoToOHa U DMHLWITENHA, aneKTpognHaMmnKa m KBaHTOBaA
MexXaHnKa TepAarT cBOM d)yH,D,aMeHTal'lebllZ Xapaktep, CtaHOBACb 3MeEPOAXKXEHTHbIMU
cneacrBnaAMm eaguHOINo BOJ/IHOBOIO ypaBHEHMA NMATUMEPHOIo KOHTUHYYMa.

MpennoXeHHbIn GOpManmM3M He TONbKO YCTPaHAET CyLLeCTBYHOLME MNPOTUBOpPEYUMUA
dén3nkn (cuHrynapHoctb, npobnema HabntogaTtensa, NokanbHOCTb), HO W 3afdaér
HanpaBneHue gna 6yaywen MmateMaTm3aLmm KBaHTOBOM XpOMOAMHAMUKN YepPE3 MHOTO-
MoJanbHble  3anyTaHHble neHTbl Mé6uyca. JkcnepuMmeHTanbHas  npoBepka
npenckas3aHHbIX LLeN0YNCNEHHbIX COOTHOLWEHUI ANA NOCTOAHHOW TOHKOW CTPYKTYpPbI
CTaHeT pellaroLwmM TeCTOM NpeaoXKeHHON napaaunrMsl.

I'Ipe.qnaraeMble AKCNEepUMeHTbI

N21. MpoBepkKa npeackazaHUA NOCTOAHHOW TOHKOW CTPYKTYpPbI

Y10 NnpoBepAeM: NoNy4YeHHOE aHaNUTUYecKoe Bblpa>keHne KOHCTaHTbl a
a=1/137 =0, (00729927)

CODATA paeér:

a=1/137,036.

Pa3Hunuya: 0,026%.

Kak npoBepuTb: MCNONb30BaTb 3KCNEPUMEHT MO aHOMasbHOMY MarHUTHOMY MOMEHTY
9NeKTPOHa (g-2) — caMblil TOUHbIA METOA U3MEPEHUA O Ha CErofHA (ToUHoCTb ~107'°).
Ecnn nocne yuyéta Bcex nonpaBok K3 3HauyeHMe A CUCTEMATUUECKU CMELLEHO B
cTopoHy 1/137 — 310 6yaeT CepbEé3HbIM yaapoM Mo cTaHO4apTHOM Moaenn wu
noaTBepP>KAEeHNEM NPEANOXXEHHOW TONONOrNMYECKOM GOpMynbl.

lne nenatb: nabopatopuu ¢ yctaHoBkamu tmna LKB (Mapwux), lNapeapa (Mabpuase), UW
(BawmHrToH).

N22. Monck NneHTO4YHOM TONOJ/IOrMM B pacnapax yacTuy,

YTto npoBepseM: Moae/nb, COrMacHO KOTOPOM 3/1EKTPOH-MO3UTPOHHAA napa — 3TO He
ToyeyHada yacTtumua, a BO3O6y)XAEHHOe CcOCToAHME neHTbl Mébuyca C KBAHTOBbIMMU
ymucnamm (n=137, k=1). OTcroga cneacTsBme: aHHUrMNAUMA e*e” JofkHa NposBAATb
yr10Bble aHOMasnmn, cCBA3aHHble C Tononornyeckom ¢pason beppu.

Kak npoBeputb: B Konnamgepax (Hanpumep, BOIIlM-2000, DAONE, Super KEKB)
NPOBECTUN NpPeLun3noHHOE M3MepeHue YrNoBOro pacnpegeneHnsa raMmma-KBaHTOB Npwu
aHHurMnaumu e*e”. CtangapTtHasa K3/ npeackasbiBaeT rnaakoe pacnpeaeneHune (Sinze).
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Mogenb n3-3a cnMpanbHOM KPOMKM NeHTbl MéBuyca npeackasbiBaeT MOAY/ALMIO 3TOMO
pacnpeaeneHnsa c NepmoaoM, KpaTHbIM Tt/2, U 3aBUCUMOCTbLIO OT CMMPanbHOCTU NMYYKOB.

lne nenatb: MAD (HoBocnbupck), LNF (PpackaTtn), KEK (Llyky6a).

MporHo3: npu ctatncTmke >10° Co6bITUIN MOXHO 06HAPY>KUTb OTKIOHEHME ~107°=107° oT
Ko4.

N23. (am6uumosHbIN) Monck aHTUrpaBUTaLLUM MeXXAy MaTepuen u aHTuMmartepmen.

UTto npoBepseM: Te3NC N3 KOCMOMNOTMYEeCcKon yacTu, YTo B3auMoaencTeme Knactepon
MaTepun n aHTMMaTepumn gaét oTpuuatenbHoe AaBNeHne N aHTUrpaBmUTaLnio (KOHCTaHTa
A B narpaH>xwuaHe L,_).

Kak npoBepuTb: MNOUCK KOCMUYECKUX 06BbEKTOB UM obnacten, copepxkalinx
HeoO6bACHMMbIE aHOManuu. ABHOE yaaneHue KOCMUYECKUX OO6BEKTOB OT OBIN3KUX
BUAMMBIX LLEHTPOB NPUTSXEeHUA, BNAoTb Ao Y/.

NMpuMmeuaHua

* OTa MbIC/Mb Bbicka3biBanacb camum lNnaHkom (1899) n nogrBep>kganacb B paborax
Bappoy (2002) n XXambanbekora c ApynuHbiM (2019). lntepatypa 1, 2, 3, 4.

**  [lpuHuMn HeonpegenéHHoctn BepHepa TenseHbepra B paMkax «3akoHa
MeTPMYEeCKON CBA3aHHOCTM MNapaMeTpoB» KaXeTcA He oOoTBevyawwmM MacwTtabam
KBaHTOBOW ob6nacTtu. B KBAHTOBbIX eAMHMLAX COOTHOLLEHNE HeONpPeaeéEHHOCTU nMeeT

CTpOro onpeaenéHHoe 3HauYeHue.
l 1
p
m — O l — _h
( ptp> Pon

Bce dmnanyeckme BenMUNHbI CUCTEMBI KpaTHbl egUHOMY LenoMy uucny «k». B gaHHOM
KOHKpeTHOM cny4vae k=1. [NoaToMy noHATME ¢yHOaMeHTa/llbHOM HeonpeaenéHHOCTH
TepsaeT cMbicn. [lponsBeneHme COMPAXEHHbIX BE/IMYMH  CTaAaHOBUTCA  CTPOroO
L0ETEPMUHMPOBAHHbBIM, MPUHMMAaa MaTeMaTU4YeCkn CTPOrme KBaHTOBaHHbIE 3HAYEHMUA.
Ha macwTtabax KBaHTOBOW MeXaHUKU (102°-lp) NPUHUMN OOMKEH OENCTBOBATbL, TakK Kak
BO/THOBbIE CBOMCTBA YaCTUL, CTAHOBATCA CYLLLECTBEHHbIMU.

B oTHowWweHUM «HepaBeHCcTB» [I>koHa benna. OHW MOCTpPOEHbl HA HEMO/IHOM 3HaHUU
6azoBbiXx ycnoBun. B pamkax cdopMynnpoBaHHOro 3akoHa CyLLECTBYeT >EcTKas
KoppenAauusa Bcex napaMeTpoB cucTeMbl. [1oaToMy, kakme 6bl NMPOCTPAHCTBEHHO-
BPEMEHHblE NMapaMeTpbl OHa HM MMena, MepHble YMcna BCcex e€ napaMeTpoB Bceraa
oaHU 1 Te Xe. [leTepMNMHNU3M cucTeM abCONKOTHbLIN, HE 3aBUCUT OT BpeMeHU. IaMeHeHMne
M Mn3MepeHume 4Yero-To B OAHOM MecTe OyaeT Bcerga KoppecrnoHaupoBaTbCA C
MW3MEHEHNEM N WN3MepeHMeM 4ero-to B apyrom. daktop 3anyTaHHOCTM ABMAAeTCA
cnencTBMeEM AeTePMUHUPOBAHHOM ONpeaenéHHOCTU M CBA3AHHOCTM.

OBapuatnnetHun cnop Hunbca bopa n AnbbepTta SMHWTENHA Noa Ha3BaHUEM «bor He
urpaeTt B KOCTU», OYEBUAHO, peLliaeTca B Nonb3ly AMHWTENHA. «<HeonpenenéHHOCTU U
OTCYTCTBME NOKanbHOCTU» B KBAHTOBOWM MeEXaHUWKe — 3TO BCEro Mllb MPOABNEHUA
BOJ/IHOBbIX CBOMCTB MaTepuun.

*** CaxapoB (1967), Bepnunge (2011) n AkobcoH (1995) pa3Buam mager o TOM, 4TO
rpaButauma He dQyHOaMeHTanbHa, a ABNAETCA WHAYUMPOBaAHHbIM 3ddeKToM.
Nutepartypa [5,6,7].
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**** Teopua AMHWTEeNMHa-KapTaHa, pa3Butas B paboTtax Kaptana (1922), Kuééna (1961)
n Xena c coaBtopamu (1976), yctaHaBnMBaeT, YTO KpyuYeHMe NpocTpaHCTBa-BpEMEHM
nopoxaaerca cnnHom matepun. Jlntepatypa [8,9,10].

***x**  CBaA3b reometpuyeckon ¢asbl beppu ¢ Tononornenm neHtbl MéE6uyca
3KCMepuMeHTanbHO NPOAEMOHCTPMPOBAHA B ONTUYECKMX MUKPOpPEe3oHaTopax (Saito et
al., 2023), ateopetnyeckme moagenu (Al Yaquob, 2026; Flouris et al., 2022) noka3biBator,
4TO cnuUH %2 ecTecTBeHHbIM 06pa3oM BO3HMKAET M3 Takon Tononoruu. Jlutepartypa
[11,12,13].

****x*x* CornacHo rmnote3e CmonunHa (2014) n paborte buHaepa (2002), nocTtosHHasn
TOHKOW CTPYKTYpbl MOXET ObiTb Bblpa>keHa 4Yepe3 LefoYnUCIEHHble TOMo/orMyeckue
napametpsl. Jlutepatypa[17,18].
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