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AHHOTALIUA

[IpuBeneHsl OCHOBHBIE MPOOJIIEMBI TPUHATOW B (PH3MKE MapagUrMbl, OTPaHUYMBAIONIUE e
BO3MOXXHOCTH B IIO3HAHUH (PU3UKU MUPOYCTpoiicTBa. C IEeNbI0 yCTPAaHSHHS 3TUX OTPaHUYEHUI aBTOPOM
MOCTpOeHa MOHO(YHIAMEHTAINTCKAas KBaHTOBas Teopus MupoycrpoiictBa (2025), ocHOBaHHas Ha
YeThIpeX SMIUPUIECKH OOOCHOBAaHHBIX IIOCTYJIATaxX M OINEPHUPYIOMmas TONBKO TPEeMs MHPOBBIMHU
KOHCTaHTaMH, T.¢. HE IOIMyCKaroIas 0000IeHusI.

B namHOii pabore Ha OCHOBE [BYX WIOCTYJarOB JTOH TEOPHUW JJs YaCTHOTO CIydas
HEPEJIATUBUCTCKUX CBOOOAHBIX YacTUI] JlaH BBIBOA HaiaeHHOro sppuctudecku J. lllpenunrepom
OCHOBHOI'O ypaBHCHUA KBAaHTOBOM MEXaHUKH U IIOKa3aHO, 4YTO €T0 BOJIHOBadA Q)YHKHI/ISI OmpeacIsACT
IIJIOTHOCTH YaCTUILl, POXIAIOUINXCA BO (bparMeHTax IlCﬁCTBHTCHLHOI‘O U MHHUMOI'O ITOAIPOCTPAHCTB
¢u3nueckoro Bakyyma BcenleHHOH, a mpou3BeAeHHE THX BOJHOBBIX (YHKIHUH MPOMOPIHOHAIBHO
IUIOTHOCTH YacTHIl B €€ NpocTpaHcTBe. Bmecte ¢ ypaBHenueM lllpenunrepa moiaydeHo ypaBHEHUE
Kneitna-I'opnona-®oka ans yacTHIl B IEHCTBUTEIBHOM IOANIPOCTPAHCTBE M PACCMOTPEH MEXAaHU3M
(hopMHpOBaHKS KBAaHTOB CKAISIPHOTO U BEKTOPHBIX HOJIEH.

Brison ypaBHenus llpenunrepa 1uist CBOOOIHBIX YACTHIL SIBISETCS €IIe OJHUM TTOATBEPIKICHHEM
YHHUBEPCATbHON MO CBOEMY TMOCTPOCHUIO KBAHTOBOW TEOPUM MHPOYCTpoicTBa. I[losBieHHEe 3TOM
AIBTEPHATHBHOW MOHO(YHIAMEHTAUCTCKOW MHPOBO33PEHUYCCKON MapaJuTrMbl JeaeT HeOOXOAUMBIM
IIACKYCCHUIO O BBIOOpE ITyTH Pa3BUTH PyHIaMEHTAIBHON (DH3UKH.

Kurouesvle cnosa: mpobneMbl npuHATON napanaurMel, ypasHenus [lpeauarepa n Knena-lI'opnona-
doka, KBaHTOBas! KOHIIETIIIHI MUPOYCTPOICTBA, IPOTOCTPYKTYpa 00HeKTOB BeeneHHOM.

1. Beenenue

[ocnenuue pnecsitTuinetwst npuHATas oQUUIMAaTBHON Haykod (u3Mveckas mapajurMa He
MOABEPraeTcss COMHEHHIO W CHY)KUT [UI OLEHKH HOBBIX (U3WYecCKHX uAed | ICHHOCTH
SKCIEPUMEHTANBHBIX [NaHHBIX. 1€ K3 HHUX, KOTOpbIE IMPOTHBOpEYAT €i, pacCMaTpUBAIOTCS Kak
HEOOOCHOBAaHHbIE W HE NYOJIMKYIOTCA B pELEH3HPYeMbIX >KypHayiax. (dakTuuecku mnpousonuia
KaHOHM3allMs CYIIECTBYIOIINX IpeacTaBaeHui o Beenennoil. [Ipu 3ToM oco3Haercs, 4To B IPUHATON
MapagurMe CyIIEeCTBYIOT IPOTHBOPEYMs, DIABHBIM W3 KOTOPBIX SBISETCS KBAHTOBOE OIMCAHHE
MHKPOMHPA, B KOTOPOM IPOIECCH UIMEIOT CIIY9alHYI0 IPUPONY, U KIACCHYECKOE AETEPMUHUPOBAHHOE
onrcanne 00BEKTOB MakpoMupa. B 3ToM IByXypOBHEBOM OIMCaHWHM BemlecTBa BceneHHoil rpaHuma
MEXIY MUKpPO- ¥ MAKPOMUPAMU HE YCTaHOBIICHA. [IpeTpuHUMaNnCh pa3Iu4Hble IONBITKH YCTPAHUTD
9TO TIPOTHUBOPEYME, HO OHHU OKaszajuch Oe3pesynbTaTHeIMH. [losTOMy B paMKax (QH3HUYECKHX
3aKOHOMEPHOCTEHl TPUHATOW MapagurMbl, OrpaHMYMBAIOLIMX OONACTh €€ MPUMEHHMOCTH, HENb3s
MOHATH (PM3MKY MHOTOYHCICHHBIX AHOMAJbHBIX IJISi HEe NPUPOOHBIX MAaKpOSIBICHHH, B KOTOPBIX
MPOSIBIISIFOTCA UX KBAaHTOBBIE CBOMCTBA. [IpriMepoM MOXET CIyKUTh IIapoBasi MOJIHHUS, U3ydaeMasl yxKe
6onee 200 ser.

Msl mpHEBEEM HEKOTOPhIE OCO3HABa€MblE W HEOCO3HABaeMble (U3NYECKHUM COOOIIECTBOM
METOJIMYECKNE ¥ CYIIHOCTHBIE TMPOOJIIEMBI MPHHATOW MApagurMbl C TeM, 4YTOOBl TIOKa3aTh
HEOOXOAMMOCTh  PACIIUPEHUS METOJOB HAyYHOTO TIO3HAHWS  PEaTbHOCTH W CO3JaHHA
MOHO(YHJAMEHTATNCTCKON KBAHTOBOM IMapauTMbl, TPUTOTHON I KBAHTOBOTO OTFICAHUS PEATbHOCTH
KaK B MUKPO-, TaK 1 MAaKpPOMHPE.



Baxusble nmiects npodiaeM NpuHSTOM NapaauTrMbl OBUTH M3J10KEHBI B [1]:

1. Cerogns He 0cO3HAETCS, YTO CYIIECTBYIOIIAs METOIOIOTHS (PU3UKU OTpaHMYUBACT TIO3HAHHE
pearbHOCTH MHUPOYCTPOMCTBA, TaK KaK IMO3BOJSET M3Yy4aTh TOJBKO Ty (opMy marepuu, ¢ KOTOPOH
B3aUMOACHCTBYIOT IpUOOpPHL. [103TOMY OHa HE MOXKET OOBSCHUTH MHOKECTBO aHOMAJIBHBIX SBJICHUH, B
TOM 4YHCIC JKHBYIO MATEpUI0 W CO3HAHHE, KOTOPhIE B D30TEPUKE HMEIOT TaK Ha3bIBACMbIC
«TOHKOMATEpUANTbHBIE» CTPYKTYPBl. DTO YKa3blBaeT HA TO, YTO CYIIECTBYIOT HEIOCTYITHBIC JUIS
IPUOOPOB HEW3BECTHBIC MHUPHI ¢ WHOW (DOPMON BEIIECTBA, TO €CTh HEOOXOAMMO COOTBETCTBYIOIIEE
W3MEHEHUE MPEACTABICHHSI O MUPOYCTPONCTBE M €r0 BEIIEeCTBRE.

2. Hpyroi HEOCO3HaBaeMou METOANYECKOUN npooeMoit SIBJISIETCS TpeboBaHHe
BOCIPOM3BOJUMOCTH 3KCIIEPUMEHTAIBHBIX PE3YJIBTaTOB APYTUMH Ja00opaTopusiMi. DTO MPUBOAWT K
norepe GU3UKOI IMITUPUIECKON HHPOPMAIIMK O Pa3HBIX KBAHTOBBIX COCTOSIHUSX OOBEKTOB MaKpPOMUPA,
YTO 3aTPYAHSAET IPEOAOICHNE INIABHOTO NPOTUBOPEYNS IPUHATON apaJUrMBl.

Y npuHATON MapaJnTMbl CYIIECTBYIOT U IPUHINIHAIBHBIE CYIITHOCTHBIE IPOOIEMBL.

3. OgHOM U3 HUX SIBISIIOTCSI HeC(OPMUPOBABILHUECS IPEACTABICHHS O IPOCTPAHCTBE U BPEMEHH.
Ilomaraercs, 4To B MPOCTPaHCTBE BCeleHHON MPOMCXOMAT MPOLECCH C YETBIPEMS CUMMETPHUSIMH —
TPAHCISIITAOHHON, AaKCHAJIbHOW, IEHTpadbHOM W CHEepUIecKod, YTO B OIHOM IPOCTPAHCTBE
HEBO3MOXKHO. I103TOMY MOXHO IPEATION0KUTE, UTO BO BCeIeHHOM NPOSBIAIOTCS CBOWCTBA TPEX APYTUX
MHpOB MUpPO31aHUs C HHOM CUMMETPHUEN IIPOCTPAHCTBA, TO €CTh BeeneHHas He SIBISIETCS] 3aMKHYTOM
¢dusnueckoii cuctemoii. Ha kBaHTOBYIO MPUPOLy HEN3BECTHBIX CErOJHSI MUPOB YKa3bIBaeT 0OPaTUMOCTD
BPEMEHH TMOPOXKIAEMBIX HMMH (PyHIAMEHTAIBHBIX YacCTHI, KOTOpas OTCYTCTBYEeT Y BeEIIECTBa
Bcenennoit, umeronieit crpeny BpeMeHHU.

4. Emé omna mpoOnema MPHHATOH NHapaaurMbl — OTCYTCTBHE INPEINCTAaBICHUS 00 HCXOTHON
CyOCTaHIIMM MHPOYCTPOWCTBa (IPOCTPAHCTBEHHAs] CUHTYISPHOCTb TAKOBOW He ABJSIETCS) U
BO3HMKHOBEHUHU U3 Hee Bcenennoii. be3 atoro mobast runoresa o e€ 00pa3oBaHUM HE MOXKET OBITH
nokazaHa. HeoOxoguMo MMeTh MpencTaBieHue, Kak U3 MCXOJHOI'O OCHOBHOTO KBAaHTOBOI'O COCTOSTHUS
MHUPOYCTPOICTBA POXKAAIOTCS TPU KBAHTOBBIX MUPA C Pa3HBIMH CUMMETPHAMHU IIPOCTPAHCTBA, U KaK OHU
MTOPOYKAAIOT BCEIEHHBIE U HAJIENAIOT X O0BEKTH KBAHTOBBIMH CBOMCTBAMHU.

5. CerogHs HET MNOHMMAaHHWA, KaK M3 MCXOJHOTO COCTOSHHSI MHPOYCTPOMCTBA POXKIAIOTCA
JIIEMEHTapHBIEC YaCTHUIIBI, UX Macca W YHEPIHsl, KAKOB CIIEKTP ITOJIEH M YaCTHII B KAYKAOM M3 KBAHTOBBIX
MHPOB. be3 »3TOoro HEBO3MOKHO IIOHATH, KaK IIPOUCXOIUT 06paSOBaHI/Ie HYKJIOHHOT'O W TEMHOI'O
BeniecTBa BeeneHHOH 1 ee nepapXuuecKuX YCTPOSHHBIX 0OBEKTOB.

6. Ocoboti mpobIeMOi TPUHSITOHN IMapagurMbl SIBIISICTCS HETIOHUMAaHWE, YeM Pa3InIaroTCsl KOCHOE
1 xuBoe BemlecTBo. C 3TUM CBsi3aHa M HEyJaya B MOMBITKE OOBSCHUTH CBOMCTBA CO3HAHUS YeIOBCKa
(dyHKIMEH MO3ra, COCTOSIIECrO U3 HYKJIOHHOTO (aTOMHOTO) BeliecTBa. UTOOBI pelmTh 3Ty npoodiiemy,
HY)KHO ONpEICIUTh (U3NYCCKUEC CBOWCTBA «TOHKOW MAaTEpUW» 330TCPUKU, B KAKOM M3 KBAaHTOBBIX
MHUPOB OHa 00pa3zyercs U Kak (OPMHUPYET CTPYKTYPBI CO3HAHUS YEIOBEKa, KOTOPOE B M3MEHEHHOM
COCTOSIHUM JIeNTacT BO3MOXKHBIM TMO3HAHME UM HEHU3BECTHBIX MHUPOB. B (u3uke 3TH CyOheKTHBHBIC
METOJIBI OTBEPralOTCS M3-32 HEBO3MOXKHOCTH MPOBEPUTH MPUOOPHBIMU CPEACTBAMHU MOIYYAEMYI0 UMHU
uHpOpMaIMio. DTO OJHA W3 NPHYUH, MOYEMY MpEACTaBICHHE O MHUPOYCTPONCTBE B MPHUHATOU
napagurMe OrpaHuIuBaeTCsl MUPOM BCEJICHHBIX.

Kak u3BecTHO, ceromHsi HET MOHMMAHUS NPHUPOAbI BOJHOBOW (YHKIMH, TaK Kak OCHOBHOE
ypaBHEHHE KBaHTOBOM MeXaHUKH ObLI0 noiaydeHo O. llIpeanHrepom 3BpUCTHYECKH, a TIPH €TI0 BBIBOZE
KJlaccuieckast (PU3uKa MCIONb3yeTcsl KaK MpeIebHbIN ciydaii kBaHTOoBOU (usuku. [Ipu 3ToM obnacth
MPUMEHEHUS] KBAHTOBOW MEXaHUKH OCTAeTCs HEBBISBICHHOH. PazHas gu3nka MUKpO- 1 MAKPOMHPOB —
3TO OCO3HaBAaEMOE OCHOBHOE IPOTUBOPEUUE IMPUHATON [BYXYPOBHEBOU IapaJrMbl, KOTOpOE HE
YHAAJIOCh PA3PELLUTh 3a CTOJIETUE CYIIECTBOBAHKS KBAHTOBOM TEOPHUHU. be3 ero ycTpaHeHust HEBO3MOXKHO
MOCTPOUTH MOHO()YHIAMEHTAIMCTCKYIO TEOPUIO MUPOYCTPOHCTBA, KOTOPAst CTAHET €r0 OKOHYATEeNbHOM
TeOpUeil.



BonbmuHCTBO (\M3KMKOB PUACPKUBACTCS BEPOSTHOCTHOM MHTEPIIPETAIIMY KBAHTOBON MEXaHUKHU
MUKPOMHUPA U JETEPMHUHUCTCKON HHTEPIPETAIIMA MaKpOMHUpA, T.€. AYaJbHOTO B3INIAA HA MPHPOIY
BEIIECTBA W YIPABISIONINX MM (pH3MUECKHX 3aKOoHOB. B nmaHHOI paboTe maercs BBIBOJ YpaBHEHUS
penuarepa, UCTIONB3YIOMNN MPEIIOKEHHBIN B [2] neTtepMuHACTCKUN moaxon. OH pa3BUT B TaHHON
paboTe Ha OCHOBE MPEICTaBICHNH MOHO(DYHIAMEHTAINCTCKON KBAHTOBOH TEOpUH MEPOYCTpoiicTBa [3].

2. [TocTynaTpl KBAHTOBOU KOHIENIIUM MUPOYCTPOHCTBA

KBanToBas reopust Mupoyctpoiictea (KTM) cTponnacek kak mpeTeHAYIONIas HA YHUBEPCAIbHOCTh
MOHO(YHIAMEHTAJIIUCTKAs TEOpUs, ONEPHUPYIOIIas TOJNBKO TpeMs pasMEPHBIMH  MHPOBBIMH
KOHCTaHTaMM M IOTOMY HE JOIycKaromas o0oOumieHus. B ee ocHOBe jexar cleqyloLiue 4eTbIpe
rocTynara, npemioxennasie B 2008 romy [4].

1. Tllepsorii mocrynar. IlepBuunoii cyOcTaHmueld MHPOYCTPOWCTBA SBISIETCS  BCerIa
CylIeCcTBOBaBlIee OECKOHEYHOE NMPOCTPAHCTBO, BEIIECTBO B KOTOPOM HE B3aMMOICHCTBYET, T.€. HET
BBIJICJIEHHBIX IIPOCTPAHCTBEHHBIX HAIPABJICHUH U CUMMETPHUIl. DTO OCHOBHOE KBAaHTOBOE COCTOSIHHUS
Ha3BaHO H)/1b-8AKYYMOM B CUILy TOTO, YTO CPEIHEE 3HAYCHHE eTo JIF000H (PU3NUECKOi BETMIMHBI PABHO
Hymo. Hynb-BakyyM cnocoOeH MOpoXaarh KBAHTOBBIE COCTOSHUSI MHUPO3JAHMH — HMX MHUPBI C
B3aMMOJENCTBYIOIMM BEMIECTBOM U YCIOKHAIOMIEHCA CUMMETPUEN TPOCTPAHCTBA.

HepBI/IT-IHLIM MHPOM MHUPO3JaHUA ABIACTCA MHUP C TpaHCHHHHOHHOﬁ CHMMeTpHeﬁ, qaCTHUIlbI
KOTOpPOTO 00J7aJaf0T WHEPTHOM MaccoW W ABHraroTcs mpsaMoiuHeiHo. KoHcraHTa 3TOro Mmpa —
CKOPOCTB ¢ CO3IaBaEMOT0 UM CKaJISIPHOTO MOJIS (c-MHp). DTOT MUP MOPOXKIAET /-MUPBI C aKCHATbHON
CUMMeTpHEH, B KOTOPBIX YaCTUIBI TPHOOPETAIOT ONIPEEISIOIIee X CIMH OpOUTAIBHOE BpaIaTeIbHOE
JIBUKCHWE Ha JIMCKPETHBIX OpOWTaX, PACCTOSIHHE MEXKAY KOTOPBIMH OIPENEeNsieTCs KOHCTaHTHOM
[Tmanka h. B cBotO odepenn, 3TOT OO30HHBIN BUXPEBOH /-MHpP TOPOXKIAET MUPHI PU3UIECKOTO BaKyyMa
C IIEHTpaTbHOW CHMMETPHEH MMPOCTPAHCTBA, XapaKTepru3yeMble 3HAUCHUSIMHA MHPOBOY KOHCTAHTOH /ic,
OTIpe/IeTISIIONIe Pa3MEpPHOCTh 3apsAI0B, MPUOOpPETaeMbIX ero JacTullamMu. B ¢u3mdeckoMm Bakyyme
0030HBI pokIaOT hepMHOHHYIO (opMy BeriecTsa [3].

OTH TpU KBAaHTOBBIX MHpa C OOpaTHMBIM BpeMEHEM (DOPMHPYIOT APOMOCMpPYyKmypy THOOBIX
00BEKTOB BCEJICHHBIX CO C(hepHuecKod CHMMETpHEH MPOCTPAHCTBA, MOCTOSHHOW rpaButaunu G U
OHUM HampapieHneM BpemeHu. Hama Beenennas poxaaercs B cocTaBe MOISIPU3AMOHHOTO KBapTeTa
BCEJICHHBIX, Pa3IHMYAIOIIUXCsI 3HAKAMU BPEMEHH U paguyc-BekTopa [3, 4]. [IpoTocTpyKTypsl 00bEKTOB
BcenenHo# (oHM cO3AIOT KHPIHMAHOBCKHE ayphl OOBEKTOB) HAJENSIOT MX KBAHTOBBHIMHU CBOWCTBAMH,
HEKOTOpBIE M3 KOTOPBIX CETOAHA HEM3BECTHBI, HO UIPAlOT BAXKHYIO pOib U B MakpoMupe [2-4]. 13-3a
OTCYTCTBHSA B ChepHUECKU-CUMMETPUYHOM MPOCTpaHCcTBE BeeneHHON BBIACTICHHOTO T HOMSAPH3aluu
UMIIyJIbCa HANpaBJICHUS B3aMMOJCHUCTBHS MEXKIY MACCHBHBIMH YacCTHLAMH HEBO3MOXHBI. OTH
B3aMMOAEHCTBHSA IPOUCXOIAT B IPOTOCTPYKTYypax 0OBEKTOB MIIM MEXIY HUMH. B mpuHsaTOil napanurme
YaCTUIBI U OOBEKTHI HE MMEIOT MMPOTOCTPYKTYPHI, U MaKPOOOBEKTHI CUUTAIOTCS KIIACCHIECKUMH, a IS
MHUKPOYACTHUI] B KBAHTOBOM MEXaHUKE HCIIOIB3YeTCs TOUEUHOE MPUOIIKEHHE.

Takum o6Opazom, B KTM o0miee KBaHTOBOE oOmncaHne OOBEKTOB BcenmeHHOW r000TO
WEpapXWYecKOro ypOBHS  OMNpENeNseTcs TpeMs MHPOBBIMH  pa3MEpHBIMH  KOHCTaHTAMH,
XapaKTEepU3yIOLUIMMHU CBOMCTBA YEThIpEX MUPOB Mupo3aanusl.

2. Bropoii mocTynar. YHuBEpcaIbHBIM MEXaHHU3MOM H3MEHEHUH (PU3NIECKUX BETMYUH SBIISETCS
HEJIOKANIbHBIA MEXaHW3M MoJsIpu3aiuy (TIOMOOHBIN TMONSpU3alliA  AJIEKTPUYECKOTO 3apsija), He
MEHSIFOIMA WX HMCXOAHOW BEIMYMHBI. DTO 0000IIEHNE M3BECTHBIX 3aKOHOB COXPAaHEHHS HEKOTOPBIX
¢usnueckux BenuuuH. CerofHs MPUHATO MPEICTABICHUE O JOKATBFHOCTH B3aUMOACHCTBUMN, XOTS OHO
MPOTUBOPEYHT onbITY ¢ DIIP-mapamu.

3. ComnacHo TpetbeMmy noctynaary KTM, B cuimy 0OIIHOCTH MOJIIPU3AI[MOHHOTO TPOUCXOKICHHS
W3 Hyllb-BaKyyMa BCe (DM3MUYECKHME BEIUYMHBI B OOIIEM CiIydae SIBISIOTCS KOMIUICKCHBIMH. JTO
00001IeHre CYMIECTBYIONICH CUTYaIlMd, B KOTOPOW CTaryc (PU3MYECKHX BEIIMYMH Pa3IM4YCH: €CTh
JIeCTBUTEIIbHBIC, MHUMbBIE H KOMILJICKCHBIC BETUUMHBI (HAIPHUMED, BOJTHOBAsT (QYHKITHS).
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OOpazoBanue W H3MEHEHHE JI000H KOMIUICKCHOW (U3MUECKOH BEIWYMHBI MPOUCXOAUT
MOCPEICTBOM MOJISPU3ALMOHHOTO MEXaHU3Ma, COXPAHSIOIIET0 HYIEBbIM €€ MOYIb:

la+ib|=0(+a+ib=0)
(1)

4. YetBepTslii mocTynar. B cuny MmoHodyHmamenTamuctckoro noaxona KTM nerepmunmcTckoe
OTHCaHHWEe MaKpoMmupa TpeOyeT W JeTePMHHHUCTCKOTO OMUCAHWs MUKpomupa [2], T.e. pusmueckue
coObITHsI B Mupo3gaHuu npeaHadepTanbl GU3MUSCKUMH 3aKOHOMEPHOCTAMU. 1lo3TOMy BO3MOXKEH U
(eHoMeH cOBIBaronTuxcs mpopodects. [IoHATHS cilydaifHOCTh, CaMOOPTaHU3aIUs U CBOOO/IA BOIH B
KTM wucxiogarores.

Ha stux dersipex cdopmymupoBaHHBIX B [4] mocTynarax O NMEpBUYHON MPOCTPAHCTBEHHOM
CyOCTaHIIMM M CTPYKTYpe MHPOYCTPOWCTBA, YHHMBEPCAIBHOCTH MOJSPHU3AIMOHHOTO MEXaHH3Ma
W3MEHEHUH, KOMIUIEKCHOCTH (PU3MYECKUX BEIUYHH U JCTEPMUHHU3ME KBAaHTOBBIX COOBITHI MOCTpOCHA
KTM.

N3 nocrynaroB KTM cnenyer, 4To IpOCTPAaHCTBO TPEX KBAHTOBBIX MHMPOB MPOTOCTPYKTYPBI
BceneHHOH sIBIISETCS KOMIUIEKCHBIM, a MOJISPH3ALMOHHOE 00pa3oBaHHe ONHOTHITHBIX YacTHIl B HEM
MPOUCXOAUT BAOJB KaXKJIOTO MPOCTPAHCTBEHHOTO M3MEPEHMs MapaMU C HYJIEBBIM CYMMAapHBIM
HMITYJIbCOM.

Yucno npoctpancTBeHHBIX cocTosiHui ([1C) neficTBUTEN HOTO MM MHUMOTO TIOAIPOCTPAHCTB C
pa3sMepHOCTbI0 d, Pa3IMYAIONIMXCS HANPABICHUEM XOTS Obl OJHOW KOOPIHMHATHI, PaBHO 2d, a B

21 .
KOMIUIEKCHOM TIPOCTPAaHCTBE OHO COCTaBIsieT K d:2 . IonspuzannonHslii mpomecc oOpa3oBaHUs

MYJIBTUIUIETA YacCTHIl 3aBeplIaeTcs Tpu 3amomHeHud Bcex otux I[IC  dopmupoBanuem
HETOJISIPU30BaHHOTO CHHIJIETHOTO KBAHTOBOTO COCTOSHUSI.

Kak mokazaHo B [3], B MHUpe MONISPU3ALHOHHBIX IPOLECCOB Pa3MEPHOCTh KOMILUIEKCHOTO
npocrpanctea d=3, Te. k;=256, Ho Tonmpko 64 TIC peanusyrorcs B (PU3MYECKOM BaKyyMe
NPOTOCTPYKTYpbl 00BbekToB Bceenennoit [3]. IlockoibKy YHCIIO MPOCTPAaHCTBEHHBIX COCTOSHHIN
TPEXMEPHBIX IEHCTBUTEILHOIO M MHHUMOIO HOAINPOCTpaHCTB paBHO 8, To umcno IIC, paBHOe mx
MPOU3BEICHUIO, COCTABUT Kak pa3 64. Korja poxkaaroniuecs 4acTUIIbI BEIIECTBA 3aMOIHAT 3TOT 64-11eT
IIC, To oOpa3oBaBIIeecs] CHUHIIIETHOE COCTOSIHAE MYJBTHIUIETa YacTHUII MOXET JIOKaJIU30BaTbCsi B
cepryeCcKu-CAMMETPUYHOM MpoCcTpaHcTBe Beesennoii'. T109TOMy IUIOTHOCTH YacTuIl (parMeHTOB
BemiecTBa BcenaeHHo# mpornopiimoHaibHa MPOU3BEACHUIO TUIOTHOCTEM YacTUIl B JEHCTBUTEIHHOM U
MHHMOM MOJIPOCTPAHCTBAaX (PU3NIECKOTO BaKyyMa 3THX (parMeHToB. Hrxke mokasaHno, 4To INIOTHOCTH
YacTHIl B 3THX MOANPOCTPAHCTBAaX OINpeAessitoTcs BonHoBoW ¢yHkuuer Llpeaunrepa, ompenenss ee
¢$u3nUecKuii CMBICI.

TakuM 00pazoM, KBaHTOBas MEXaHWKAa HM3y4aeT HE OAHY YAacTUIy B pPa3HBIX KBaHTOBBIX
COCTOSIHUSIX, @ MYJBTUIUIET HEB3aMMOJCHCTBYIOIIMX YacTHUI, JIOKaJM30BaHHbIX B pasHbix IIC (T.e.
MOATPOCTPAHCTBAX ) (PU3NUECKOTO BaKyyMa M 00pa3yIoLINX CYHIEepIO3ULHIO OPTOTOHAIBHBIX KBAHTOBBIX
cocTossHMHA. B3aumopeiicTBre yacTUI] MyJBTHUILIETOB NMPOUCXOOUT B (DU3UUECKOM BaKyyMe C ORHOU
apoi wYacTull, HaxoAslmMxca B oOmeM mnognpoctpancTBe. [loatomy mpu mocienoBaTeIbHBIX
M3MEPEeHUAX MBI (PUKCHPYyEeM pa3HOHAIIPABIEHHOCTh UMITYJIbCOB YAaCTHI] B Pa3HBIX MOAMPOCTPAHCTBAX,
WHTEPIPETUpYs] €€ Kak OTCYTCTBHE y YaCTHIBl TPACKTOPUM, W TIIOJIaraéM MHKPOMHP
WHJIETCPMUHUPOBAHHBIM. TeM cambIM, Aefasi HEeBO3MOKHBIM TTIOCTPOCHHUE MOHO(YHIAMEHTAIUCTCKON
JIETEPMUHHUCTCKON KBaHTOBOM T€OPUH peabHBIX YacTHUII.

3. BoiBox ypaBHenusi lHlpequnrepa njiss CBOOOIHBIX YaCTHI

1

OT0, B 9aCTHOCTH, 00BsicHSET, modemy 256 [IC ¢pu3zndeckoro Bakyyma B YHHBEPCAIEHOM T€HETHUECKOM KOZIE

obpaszyroT 64 konona u 192 ux Hykneoruaa [2, 3].
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«KBaHTOBas MexaHHKa 3aHUMAET O4YEHb CBOCOOpa3HOE MECTO B ALY (GU3NUECKUX TEOPUH — OHA
COIEPKUT KITACCHUECKYI0 MEXAHUKY KaK CBOM MpENEIbHBIN caydail U B TO e BpEMs HY)KIAeTCs B 3TOM
NPEAEIbHOM Cllydae AJIsi caMoro cBoero obocHoBauus» [5]. Takum oOpa3om, KBaHTOBas MEXaHUKA
SIBIISIETCSL TEOpUEH MBYXypOBHEBOW MAapaJWTMbl C €€ pa3HOW (HPM3MKOM MUKPO- W MakpomupoB. [lpu
MOHO(YHIAMEHTAJIMCTCKOM MOAX0Ne K (PHU3MKE MHUPOYCTPOICTBA TaKO€ IOCTPOCHHE KBAHTOBOH
MeXaHUKU HempuemiieMo. B 3Tom moaxone kiaccuueckas (M3WKa SBJISETCS JIHIIb YaCTHBIM CITydaeM
KBaHTOBOW MEXaHUKH MaKpOMHpa, KOrna KBaHTOBbIe 3 dekThl HecymecTBeHHBI. [loaToMy TpeOyercs
BbIBOJI ypaBHeHus Llpenunrepa B paMkax MOHO(YHIAMEHTAIMCTCKOW MapagurMel. B nmanHoi pabote
TaKOH BBIBOJ YpaBHEHHS IPEICTABIICH AJIsl IPOCTOTO CIydasi POXKIECHHS CBOOOIHBIX HEPEISITHBUCTCKIX
gactun. Ero MOXXKHO paccmarpuBaTh Kak HEpBBIA IIar B pa3paboTke MOHO(YHIAMEHTATUCTCKON
KBaHTOBOW MEXaHUKH peasbHbIX YaCTHILI, 00J1aJaf0IUX IPOTOCTPYKTYPOH.

[Nonsipu3anoHHOE POXKIEHHE YacTUI] B KOMIUIEKCHOM NPOCTPAHCTBE (U3MYECKOTO BaKyyMa
BceneHHol BO3MOXHO Kak B CBOOOJHOM, TaK U CBSI3aHHOM COCTOSTHHU C HYJICBBIMH CYMMAapHBIMH
Maccol u 3apspom. Ilapsl wactui ¢ maccod +m npH NOIAPU3ALUOHHOM POXKIACHUU MOJIy4ArOT
MPUTITUBAIOIIUE WX VHUGEPCATbHbIE 3APSIbl, CTPEMSIIHECsS BEPHYTh YACTUIBI B HCXOJJHOE COCTOSTHHE
Hynb-BakyyMa [3]. Ecim mapbl 4acTHUIl MONSPU3YIOTCS B CBSI3aHHOM COCTOSIHUW, TO OHU CTaHOBSTCS
KBaHTaMH CKAJISIPHOTO IOJISl C HYJCBOM Maccoi MOKOosi. DTO YHUBEPCAILHOE IMOJI€ CYIIECTBYET BO BCEX
YeThIpeX MUpaxX MUPO3AaHUsI M PACTIPOCTPAHSETCS B HUX CO CKOPOCTBIO ¢, KOTOpasi, KaK MMOKa3aHO HUXKE,
COBIIAIaET CO CBETOBON CKOPOCTHIO.

[Tockonbky Bo BceneHHOM BO3MOXKHO CyIIECTBOBaHHME 3JIEKTPHUYECKOro 3apsna, CO3ZAroIlero
chepruiecKu-CHMMETPUYHOE NEKTPUIECKOE II0JIe, TO MOISAPHU3YIOMIMECs YacTHIBI Hapsiay ¢ Maccou
MOTYT MOJY4aTh 3JICKTPHUUECKUE 3apsAasl Pa3HOTO 3HaKa. DTO BpaIlalolIMecs HAa COCEIHUX OpOuTax u
CO3/1al0IIie MATHUTHOE TIOJIE JISNTOH U €T0 aumunezaienmor (AaHTHIENTOH ¢ OTPUIIATEIBHON MacCcoii),
KOTOpBIE B JEHCTBUTEIHHOM IIPOCTPAHCTBE TPHUTATHUBAIOTCS, 00pa3ys CBA3aHHOE COCTOSHUE —
He3apsOKEHHBIN (POTOH AIIEKTPOMATHUTHOTO TIOJS C HYJIEBOH MacCOM IMOKOSI, pacIpOCTPaHSIOIIHACS BO
BceneHHOH ¢ TOH e CKOPOCTBIO ¢, YTO M KBAaHT CKAJISPHOro mnosisi. B MHUMOM NOANPOCTPAaHCTBE
(hOTOHBI CYIIECTBOBATh HE MOT'YT, TaK KaK IPOTHBOIOIOKHBIE IMEKTPUICCKHIE 3aPs bl OTTATKUBAIOTCS.
B kBaHTOBOM Teopuu 101 POTOH CUUTACTCS OCCCTPYKTYPHOM YaCTHUIICH.

[TomoOHBIM ke 00pa3oM MOTYT pOXKAAThCS Oe3MaccOBbIE KBAHTHI CHIIBHBIX IOJIEH, B KOTOPBIX
BMECTO IEKTPUYECKOTO 3apsia MOJIIPU3YETCs OAMH U3 TPEX LBETOBBIX 3apsJ0B, & BMECTO JIENTOHHBIX
nap — KBapkoBble napbl. CyIIecTBOBaHHE CTPYKTYpPHI Y KBAHTOB TIOJIEH OOBACHSET X W30HpaTesibHOE
B3aUMOJEHCTBUE C YACTULAMHU BEIECTBA.

beckoHeuHBII HYIB-BaKyyM TeHEPUPYET IMKIMYECKHAE MPOLECCHl, HE MCHSIIONINE CpeaHNe
HYJICBBIC 3HAUCHUS €r0 U MUPOB MUPO3/1aHus puznueckux BenuduH. [103TOMYy paccMOTpUM BOJTHOBOE
ypaBHEHHE B KOMIUIGKCHOM NPOCTPAHCTBE U C KOMIUICKCHBIM BpeMEHeM (DPM3UYECKOTO BaKyyMa
Bcenennoii.

[Nonsipu3anmonHoe o00pa3oBaHUE CKAJSPHBIX YacTUL B JCHCTBUTENBHOM M  MHHUMOM
MOATPOCTPAHCTBaX (PU3UUECKOr0 BaKyyMma BceneHHoM, conmpoBoXkaatomeecs: poXJICHUEM CKaJISIPHOTO
MOJISL B €70 JISMCTBUTEIBHOM TIOIIPOCTPaHCTBE. Bpems aTux mporeccoB kommuiekcHoe: T =t+it. Bo
Bcenennoit T=0. CooTBeTCTBYIOIIHI1 OMIEPaTOpP BOTHOBOTO YPAaBHEHUS (A) UMeeT KOMIUIEKCHYIO (OpMY:

2
@:i2 S —(A+iA). 2)
c’\lot 0ot

OH ompenenser 00pa3yeMoe CBSI3aHHBIMY ITapaMK YacTHIL ¢ OOIIeH HYJICBOW MACCOU CKaJSIPHOE
none @|r,t| B AeHCTBUTEIBLHOM TOANMPOCTPAHCTBE (U3NUECKOTO BaKyyma BceneHHO#, a Takxke
BEJIMYMHBI, TPOMOPLHOHATIBHBIE TUIOTHOCTH CBOOOMHBIX YACTHI[ B €r0 ACHCTBUTEIILHOM M MHHMOM
MOANPOCTPAaHCTBAaX, 0003HAYaEMbIE COOTBETCTBEHHO F (r,t) u F (ri,t ), IJe ' U I'; COOTBETCTBEHHO

paanycC-BEKTOPbI HeﬁCTBHTCHBHOFO U MHHUMOIO MNOAIMPOCTPAHCTB. 3arnoaHeHue POKIAOIIUMHACS
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JacTUIIaMH C MaccaMH =T M TPOCTPAHCTBEHHBIX COCTOSHUN JEWCTBUTENILHOTO W MHHMOTO
MOATPOCTPAHCTB (PU3NUECKOTO BaKyyMa HOCHT LIUMKIMYECKUH XapakTep, OnpeaesieMbli nonsapu3anuei

baswr 0, =+m|c’1/h n unxmaeckoi Gynkimei X (T):exp(i(pi

[TpuBenenuslii B (2) oneparop @ neiictByer Ha (yHkimo P=) \T|®(r,tF (r,t)F (r i,t),

MIPUBO/A K YAOBJIETBOPSIOIIEMY OIS PU3AIMOHHOMY yCIOBHIO (1) KOMIUIEKCHOMY YPaBHEHHUIO:
Q¥ =0. 3)

Paznensis nedCTBUTENBHYIO M MHUMYIO KOMIIOHEHTHI ypaBHEHHS (3), MOIy4yaecM ypaBHEHHE
Knetina-I'opnona-®oka B JeHCTBUTEIHHOM MOAIPOCTPAHCTRE:

1 62 ( 2 ]_
?ﬁ-'- imc/h) —-A (D[r,t,—O 4)

Ji neicTBUTENFHOTO 1 MHUMOTO TTOANIPOCTPAHCTB (PU3NIECKOTO BaKyyMa MHAMAsi KOMITOHEHTa
ypaBHEeHUS (3) 1aeT COOTBETCTBEHHO YPaBHEHUS:

[2(+m| @ -

— —+iA|F(r,t)=0 5
noact4 (r,t) )

n

[2(+m] 8

2 HiAlF(r,t)=0 6
o or A (©)

.0
C ydeToM 3HaueHHs oleparopa MUMITyJbca p——lhg ypaBHeHue (5) TpaHCHOPMUPYIOTCS K
ypaBHCHI/IIO ]_Upez[I/IHrepa IJIA CBO60,I[HI)IX YqacTull B HeﬁCTBHTCJ’IBHOM HO}.'[HpOCTpaHCTBCZ

R

h ——-——|F|r,t|]=0 Sa
3 am .t (5a)

K Takomy e ypaBHEHHIO CBOAMTCSA M ypaBHeHHE (6) AJii MHUMOIO INOJIIPOCTPAHCTBA, €CIH
MEHSETCS 3HaK MacChl YaCTHII MJIM HaIlpaBJIeHHs BpeMeHH T. HaxoxmeHue 4acTuIl ¢ pa3HbIM 3HAKOM
MAacchl B pa3HbIX HOANIPOCTPAHCTBAX AETAET HEBO3MOXKHBIM UX CTOJIKHOBEHHE M aHHUTHIISILIMIO. PasHoe
HalpapJjeHHE BPEMEHM YacTHL B (PU3NYECKOM BaKyyMe€ O3HAuaeT, YTO I'€HEepalys U HUCYE3HOBEHHE
YJaCTHILl MPOUCXOIAT B €ro pasHbIX HMoAmpocTpaHcTBax. Hampumep, poxaeHne o0pasyromero 3Be3/sl
BEIIECTBA MPOUCXOAUT B JICHCTBUTENFHOM MOANPOCTPAaHCTBE (Pr3nyeckoro Bakyyma BeneHHoii, a ero
HCUE3HOBEHHE — B MHUMOM TIOAMPOCTPAHCTBE MPOTOCTPYKTYP UEPHBIX ABIP, B KOTOPOM (POTOHBI HE
obpasyrores [3].

[TockonbKy mpu pasfeicHUH ACHCTBUTEILHOTO M MHHUMOIO IMOAMPOCTPAHCTB (HU3NIECKOTO
BaKkyymMa MX OOBEMBI paBHBI, a YHWCJIA JIOKAJTU30BAaHHBIX B HHUX MPOCTPAHCTBCHHBIX COCTOSHUM
OJIMHAKOBBI, TO AMILTUTYABl KOMILJIEKCHO-COMPSKEHHBIX IIOTHOCTEH F (r,t) X(T) nu F (ri,t) X(I)°
paBHEL. C yueToM cka3aHHOTO paHee 0 hopmupoBannu 64-mrera [1C BeeneHHO 3TO 00BACHSET, ITOYeMy
B KBaHTOBOM MEXaHHUKE IUIOTHOCTh YacTHUI] BO BcelleHHOW MponoplHOHalbHA MPOU3BEICHUIO
KOMITJICKCHO-COTIPSKCHHBIX BOJHOBBIX (DYHKIIHIA.

Taxum o6pazom, B KTM ypasaenune llpenuarepa mist CBOOOMHBIX HEPEIATHBUCTCKAX YACTHIT
OIMCHIBACT IMPOIECCHl B KOMIUIEKCHOM IPOCTpPaHCTBE (U3MYECKOro Bakyyma BceneHHOH, a He B
nmpocTpaHcTBe camoi Beenennoii. BonmHoBas xe (yHkuus ypasHenus Ilpeaunrepa npomnopiioHaabHa
IJIOTHOCTHU 3aIllOTHEHHBIX YACTUIIAMH MPOCTPAHCTBEHHBIX COCTOSHHUM JEHCTBUTEIHHOTO U MHUMOTO
MOJIIPOCTPAHCTB (PU3NIECKOTO BakyyMa BceneHHoM.
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Ckaasipnoe noJie. Paccmorpum ypaBHeHue (4), cunTasi CKaJsipHBIC Mapbl YacTHIl ¢ MacCaMu
+m CBS3aHHBIMH, T.€. KBaHTAMH CKaJSIPHOIO IIOJIA, OOJAJaroIMMHU HYJIEBOH Maccod IIOKOS U
OCIIJUTMPYIOLUMH C Pa3HOIl CKOPOCTBIO, BCIEIACTBHE YETr0 PHEPrusl OCIMULIIMNA KBAaHTOB HE paBHA
HyJI0. YpaBHEHUE (4) MIPUHUMAET BUJ
2 2
a—2+(imczlh)2+ b @(r,t|=0
ot h

31ech UMITYJIbChl P, COOTBETCTBYIOT YaCTHI[AM KBaHTOB C pa3HbIMHU 3Hakamu macc. O0o3Hauas

@ 4acToTy Konebanuii mons @ [r,t| exp|ict|n uMITyIBCH YaCTHII ¢ pa3HBIM 3HAKOM MAcCH P, , 13 (4)
HaliIeM SHEpPriH YacTUIl KBaHTa

27212, 2 2

Ei=hwi=i\/(imc /h) +c”p;

OTCIO)Z[a JJId DOHEPTYU KBaHTa HeﬁTpaHBHOFO CKaJISIPHOTO ITOJIA MOJIydyacM
e=hi

Ona ormpenensieTcss pa3InyueM aMILTUTY]] OCIFJUISIIANA YaCTHIl KBAHTA, IPUBOAAIIEH K pa3HUIle
KBA/JPaToB MMITyJIbCOB YaCTHIl KBaHTa P, W P_:, AHaJOTMYHBIM OOPa3OM IOJIYYarT SHEPTHUIO
KBaHTBl BEKTOPHBIX IOJEH (SIIEKTPOMATHUTHOTO M CUJIBHOTO), PACIPOCTPAHSIONINECS C TOH XKe
CKOpOCTEIO ¢. [10ATOMY CBETOBAast CKOPOCTH SIBJISICTCS MEPOBOM KOHCTAHTON MUPA CKAJIIPHBIX YaCTHII (C-
MHpa)

CkansgpHoe mose, MOSBIAIOLIeeCs NMPU MOISAPU3ALMK MACCUBHBIX HEHTPAJbHBIX CKaJSPHBIX
YacTHII, ABJSIETCS IEPBUYHBIM M YHHBEPCAJIBHBIM T0JIeM MUpOB Mupozaanus. OHo o0pasyercs Kak B
JNEHCTBUTEIBHOM, TaK WM B MHHMOM HOANPOCTpaHCTBaX (HU3MUECKOro Bakyyma. Ero MoxHO
paccMaTpuBaTh Kak IoJie TEMHOro Bemectsa Beenennolt, pois kotoporo B KTM urpator yctoluuBbie
HeUTpabHbBIE CKaJApHBIEC YacTHIB (pr3mdeckoro Bakyyma. B KTM ucxomabiMu gacturiamu BeeneHHoi
SIBJISIFOTCSL HEUTPAJIbHBIE CKAJIIPHBIE IUIAHKOBCKHUE YACTHUIIBI, HEIPEPHIBHO T€HEPUPYEMBIE B MHUMOM
MIOITPOCTPAHCTBE IIEHTPAIBLHOM 30HE MPOTOCTPYKTYPHI BeeneHHOM cO CBEpXCBETOBOM CKOPOCTHIO [3,
4]. B JOeicTBUTENBHOM TMOANPOCTPAHCTBE (PU3UUECKOTO BakyymMa BCeNeHHOW IUIaHKOBCKMMU
YaCTHUIIAMHU POXKIAIOTCS CKaJSIpHBIE HEUTpadbHBIE YACTHIBI ¢ Maccod 468 M»sB, yuacTByromue B
00pa3oBaHNHU HYKJIOHHOTO BeecTBa Beenennoit [2-4].

Takum 00pa3oM, yHUBEPCAIbHBIN MOJSIPU3AIUOHHBIA MEXaHU3M (PU3NYCCKUX B3aUMOJICHCTBUN U
KOMIUJIEKCHOCTh IPOCTPAHCTBA MPOTOCTPYKTYpPhl BcCENeHHOW MO3BONMIIM BBIBECTH YpPaBHEHHUE
[lpenuarepa a1 CBOOOAHBIX HEPEISITUBUCTCKUAX YacTUIl B (pu3MUecKoM Bakyyme BceneHHON u nath
JNIETEPMUHHUCTCKYI0 WHTEPIPETAIMI0 €ro BONHOBOH (YHKIMK Kak (DYHKIHMH, TPOTOPIHOHAIBEHON
IJIOTHOCTH YaCTHULl B €r0 ACUCTBUTEIbHOM U MHUMOM HOAIPOCTPAHCTBAX.

3aKiIIoueHue

[NosiBnenue MPETEHAYIOLIETO Ha YHHUBEPCATbHOCTh MOHO(]YHIAMEHTAIMCTCKOTO
MHPOBO33pEHYECKOr0 MOAXO0AA, COMIACYIOIIETOCA C IIMPOKUM CHEKTPOM SMIMPUYECKUX JaHHBIX
MHKpPO- ¥ Makpomupa [2-4], OTKpBIBaeT HOBbIE BO3MOKHOCTH B Pa3BUTHH (DyHIAMEHTAILHON HAyKH.

PaccMoTpenHsIii B 1aHHO# paboTe B paMKax 3TOro moaxoaa BeiBox ypaBHeHUst Ll penunrepa s
city4asi CBOOOIHBIX HEPESTUBUCTCKUX YaCTHIL IEMOHCTPUPYET IPUMEHUMOCTh KBAHTOBOM MEXaHUKHU K
POXIAIOIUMCSA MOSIPU3ALMOHHBIM MEXaHU3MOM 00BEKTaM JII000H MacChl M MEPapXUIeCKOrO YPOBHSI.
OT0 03HAYaeT, YTO B MOHO(DYHAAMEHTAIMCTKON KOHLIEIIIMY MUPOYCTPOICTBA KiacCHyecKasi MEXaHUKa
HE SBJISETCS, KaK MPHHATO CUMTATh, NPENEIBHBIM CIy4acM KBAaHTOBOM MEXaHUKH W DIEMEHTOM €€
o0ocHoBaHus. IlodydeHHBI pe3yabrar IIO3BOJSET HAJESIThCS HAa CO3AaHUE JETEPMUHHUCTCKOM
KBAaHTOBOW MEXaHUKH OOJIaAI0NINX MPOTOCTPYKTYPOH pealbHbIX YacTHII, KOTopas OyneT MpuMeHnMa
Ha BCEX UEPAPXUUECKUX YPOBHAX BELICCTBA.
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