MonodyHIaMeHTATUCTCKAS MUPOBO33PeHYECKasi MApaJUrMa: BbIBOJ YPABHEHUSA
HlpeauHrepa 1Jisi HEPEJATUBUCTCKUX CBOOOIHBIX YACTHIL

B.B. Uepnyxa!

AHHOTAINA

[IpuBeneHbl OCHOBHBIC TPOOIEMBI MPUHATON B (DU3UKE MapaJurMbl, OTPAHUYHMBAIOIINEC €
BO3MOXXHOCTH B [TO3HAHUH (PU3UKU MUPOYCTPOHCTBA. C ENBI0 YCTPAaHSHUS 3TUX OTPaHUYCHUN aBTOPOM
MOCTPOCHA MOHO(YHIAMEHTAJIUTCKasi KBaHTOBas Teopusi MupoyctpoiictBa (2025), ocHOBaHHas Ha
YEeThIPEeX OSMIUPUYCCKA OOOCHOBAaHHBIX IIOCTYJIaTaX W OINEPHUPYIOIIAs TOJIBKO TPEMsS MHUPOBBIMH
KOHCTaHTaMH, T.€. He JIOMyCKaromas 0000ImeHusl.

B nanHOli paboTe Ha OCHOBE [BYX IIOCTYJIATOB 3TOW TEOPUHM JUIsl YaCTHOTO Ciydas
HEPEISTUBUCTCKUX CBOOOTHBIX YACTHI[ JaH BBIBOJA HalaeHHOTO 3BpucTHuecku O. lllpemuHrepom
OCHOBHOTO ypaBHEHHWSI KBaHTOBOW MEXaHWKH W TOKa3aHO, YTO €ro BOJNHOBas (DYHKIHS OMpEAeIseT
TUIOTHOCTH YaCTHIl, POXKIAIOMINXCSI BO (parMeHTax JEHCTBUTEIHHOTO M MHUMOTO TOANPOCTPAHCTB
¢usnyeckoro Bakyyma BceneHHOH, a Mpow3BelleHHEe ITHX BOJHOBBIX (DYHKIMHA TPOTOPIHOHAIBEHO
TUIOTHOCTH YacTHIl B ee mpocTpaHcTBe. BMmecte ¢ ypaBHeHuem lllpenuHrepa momydeHO ypaBHEHHE
Knetina-I'opnona-®oka st 9acTHUI] B JEHCTBUTEIHFHOM MOANPOCTPAHCTBE U PACCMOTPEH MEXaHU3M
(hopMUpPOBaHsI KBAHTOB CKAJIIPHOTO ¥ BEKTOPHBIX TOJICH.

OTH aBa moctyiarta 000CHOBAHBI TE€M, YTO MO3BOJIHIIM JaTh KOJUYECTBEHHYIO MHTEPIPETALIUIO
MEPEUUCIIIEMBIM B JaHHOH paboTe HEOOBCHEHHBIM (DH3MUECKUM SIBICHHUSM Pa3HOTO HEPAPXUUECKOTO
ypoBHs. OCHOBaHHBIM Ha ATHX MOCTYyJarax BbIBOjA ypaBHeHus lllpeauHrepa juis cBOOOMHBIX YaCTHIL
SABIACTCA C€II€ OJHUM HOATBCPKIACHUCM YHI/IBepcaJ]BHOI\/'I o CBOCMY IIOCTPOCHHIO KBaHTOBOM
KOHIISTIIIUN  MUpoycTpoiictBa. llosBieHne 9Toi anbTepHATHBHON MOHO(MYHIAMEHTAIUCTCKOM
MHUPOBO33PEHUECKON MapaAnrMbl JejaeT HEeOOXOIMMBIM IUCKYCCHIO O BBIOOpE IIyTH pPa3BUTHS
byHIaMeHTaTbHON (PU3HKH.

Kniouesvie cnoea: mpobieMbl NPUHATOM mapaaurmel, ypaBHeHue Llpenunrepa, KBaHTOBas
KOHLETILIMSI MUPOYCTPOHCTBA, MPOTOCTPYKTypa 00beKTOB BeeneHHOM.

YIK: 530.1

1. BBenenue

[locnennne necarunervss mnpuHATas oQUIMATBHON Haykod (Qu3uueckas mapaaurmMa He
MOJIBEPTaeTCsl COMHEHWIO U CIYXKUT JUIsl OIEHKM HOBBIX (U3MYECKUX UAeH U IEHHOCTH
9KCHEPUMEHTANIBHBIX JAHHbIX. T€ M3 HUX, KOTOpbIE MPOTHMBOpPEUAT €i, paccMarpuUBarOTCS Kak
HEOOOCHOBaHHBIE W HE MYOJIMKYIOTCS B PELCH3MPYEMBIX JKypHajaxXx. akTUYecKd MPOU30IIIa
KaHOHM3aIIMs CYHIECTBYIOIIMX IpeacTaBieHuid o Beenennoit. [lpu 3ToM oco3HaeTcs, 4To B PUHITON
MapajurMe CyleCTBYIOT NPOTUBOPEYMS, IJIaBHBIM K3 KOTOPBIX SBJISIETCS KBAHTOBOE OIMCAHME
MUKPOMHPA, B KOTOPOM IPOLIECCHl UMEIOT CIYyYalHYIO IPUPONY, U KIACCUUECKOE IETEPMUHUPOBAHHOE
onucanue BcenenHoil. B 3ToM NIBYyXypOBHEBOM ONMUCAaHUHU BellecTBa BceneHHON rpaHuna MExIy
MUKpPO- U MakpOMHpaMU HE yCTaHOBJIeHA. [IpennpuHUManuch pa3IuyHbIE MOMBITKA YCTPAHUTH 3TO
MPOTHUBOPEUHE, HO OHHM OKa3aluch Oe3pe3yasraTHeIMU. llodToMy B paMkax (hU3HUYECKUX
3aKOHOMEPHOCTEH TPHHITON MapagurMbl, OTPaHUYUBAIONINX OO0JACTh €€ MPUMEHHMOCTH, HEIb3S
MOHATh (DU3MKY MHOTOYMCJCHHBIX AHOMAJIBHBIX JJIi HEE NPUPOIHBIX MAaKPOSBICHUN, B KOTOPBIX
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TIPOSIBIISIFOTCS UX KBAHTOBBIC CBOUCTRA. [IpUMEpOM MOXKET CIYKUTh IIApOBast MOJHHUS, U3ydaeMast yike
oouee 200 rert.

Mpl TIpuBeNIeM HEKOTOphle OCO3HABaeMbIe M HEOCO3HAaBaeMble (H3MUYECKUM COOOIICCTBOM
METOIUYECKAE M CYIIHOCTHBIE TMPOOJEMBI MPHHATON MapagurMbl ¢ TeM, YTOOBI IOKa3aTh
HEOOXOAMMOCTh  pAcCHIMPEHHs  METOJOB  HAYYHOTO  IO3HAHWSA  PEATbHOCTH WM CO3MaHUs
MOHO(YHIAMEHTAITNCTCKOM KBAHTOBOM MapaJ UMb, TPUTOIHOM 1711 KBAHTOBOTO OMMCAHHS PEaTbHOCTH
KaK B MHKPO-, TaK H MAaKPOMHUDE.

Baxxnsle mects mpoOieM NpUHATON MapaaurMbl ObUTH H3II0KEHHI B [1]:

«1. Ceromus He 0CO3HAETCS, YTO CYNIECTBYIONIAS METOAOJIOTHS (DU3UKU OTPAHUYMBACT TIO3HAHHE
PCaNBHOCTH MHPOYCTPOWCTBA, TaK KaK IMO3BOJISET M3y4arh TOJBKO Ty (OpMy Marepuu, ¢ KOTOPOH
B3aMMOJICHCTBYIOT IPpUOOPEI. [[03TOMY OHA HE MOXKET OOBSICHUTh MHOXKECTBO aHOMAJILHBIX SIBJICHUH, B
TOM YHCJIC JKUBYIO MAaTrepHI0 M CO3HAHUE, KOTOPhIE B D30TCPHKE HMEIOT TaK Ha3bIBacMbIC
«TOHKOMAaTepHaIbHbIC» CTPYKTYPbl. DTO YKa3bIBa€T Ha TO, YTO CYIICCTBYIOT HEIOCTYIHBIC IS
MprOOPOB HEW3BECTHBIE MUPHI ¢ MHOW (POPMOI BEIIECTBA, TO €CTh HEOOXOAMMO COOTBETCTBYIOIIEE
WU3MEHEHUE MPEACTABICHHS O MUPOYCTPOMCTBE U €r0 BEIIeCTRE.

2. lpyroii ~ HeOCO3HaBaeMOW  METOOWYECKOW  mpoOmemoil  sBugercs  TpeOoBaHme
BOCTIPOM3BOJUMOCTH 3KCIEPUMEHTAIBHBIX PE3ylbTaTOB IPYTUMH JIaDOpaToOpHsiMU, OTCEKarolee
KBAaHTOBBIC MaKpOSBICHHUS, ONpenesieMble Pa3HbIMH KBAaHTOBBIMH COCTOSHHSIMH. DTO HMPHUBOIOHUT K
norepe (U3MKON IMIUPUYECKON MH(OPMALMK O KBAHTOBBIX CBOMCTBAaX MaKpOMHMpa, YTO 3aTPyAHSET
IIPEOJOJIEHUE TNIABHOIO IIPOTUBOPEYMS IIPUHATOHN IapaJurMbl.

VY npuHATON mapagurMsl CyIECTBYIOT U IPUHLUUINAIBHBIE CYIIIHOCTHBIE IIPOOIEMBI.

3. OnHOM U3 HUX SABJIAIOTCS HEC(HOPMHUPOBABIINECS MPEICTABICHUS O IPOCTPAHCTBE U BPEMEHH.
Ilomaraercs, 4TO B MPOCTPAaHCTBE BCENEHHOW MPOUCXOAAT MPOLECCHI C YETBIPbMSI CHMMETPHIMH —
TPAHCISAIUOHHOW, AaKCHaNbHOW, MEHTPaTbHOW M Cc(hepuueckoid, 4YTO B OJHOM IIPOCTPAHCTBE
HEBO3MOXKHO. [103TOMY MOXHO OpeaO0XKUTh, YTO BO BeelleHHOM MPOsIBISIOTCS CBOMCTBA TPEX APYTUX
MHpPOB MUpO31aHHs C HHOM CUMMETpUEN POCTPAHCTBA, TO €CTh BCelleHHas He sBIseTCs 3aMKHYTON
¢dusnueckoit ciucreMoii. Ha KBaHTOBYI0 MPHPOy HEU3BECTHBIX CETOTH MUPOB YKa3bIBAET 00PaTUMOCTh
BPEMCHU TMOPOXKAACMBIX HWMU (bYHI[aMeHTaJILHI)IX JaCTul, KOTOpasA OTCYTCTBYECT Yy BCIICCTBa
BceneHHol, UMerOLIeH cTpeiny BpEMEHHU.

4. Emé omna npoOieMa NPUHATOW MapagurMbl — OTCYTCTBHE NPEACTABICHHUS 00 HCTOPUH
BO3HUKHOBCHMsI BceleHHOW M3 HMCXOIHOTO COCTOSHUS MHUPOYCTPOMCTBA, KOTOpOE HEOOXOIUMO
ycTaHoBHTh. be3 atoro mrobas runore3a o e€ o0pa3oBaHUM HE MOXKET OBITH JokazaHa. HeoOxomumo
UMETh TpPEJCTaBIEHNE, KaK M3 HUCXOJAHOTO OCHOBHOTO KBAaHTOBOTO COCTOSIHUSI MHPOYCTPOHCTBA
POXMAIOTCS TPU KBAaHTOBBIX MHpa C Pa3HBIMU CUMMETPHUSMH MPOCTPAHCTBA, M KaK OHU TOPOXKIAIOT
BCEJICHHBIE U HACNSIOT UX 00BEKTHI KBAHTOBLIMU CBOWCTBAMU.

5. CerongHd HET TNOHUMAHHUS, KaK U3 HCXOJHOTO COCTOSHHMS MHPOYCTPOMCTBA POXKIAIOTCSA
3JIEMEHTAapHBIE YaCTUILIBI, UX MAcca 1 SHEPTHs, KAKOB CIIEKTP MOJEH U 4aCTHUI] B KaKJIOM M3 KBAHTOBBIX
MHUpOB. be3 3Toro HEBO3MOXHO MOHITH, Kak NPOUCXONUT o0Opa3oBaHHE MU CTPYKTYpUPOBaHHE
HYKJIOHHOTO BelllecTBa BceleHHoW 1 MOATBEPIUTh KOPPEKTHOCTh Mojiesin bonbioro B3psiBa. UTOOBI
Ha (QyHIaMEHTAJIFHOM YPOBHE OOBSICHUTH HEPAPXHUECKYI0 CTPYKTYpY BemlecTBa BceneHHo, nomkHa
CYIIECTBOBAaTh HMEPapXUsi OJHOTUIHBIX (yHAaMEHTaJbHBIX YacTHIl. B cyliecTByroeld KBaHTOBOH
MeXaHWKe TOYEYHBIX YaCTHIl MEPAPXUA YACTHI] HEBO3MOXKHA, U Hy>KHA Pa3pab0TKa KBAaHTOBOM MEXaHUKH
peanbHbIX YacTHULI.

6. Oco0oii po0IeMO¥t IPUHATOMN MapaIurMbl ABJISICTCS HETOHUMAHUE, YeM Pa3INUaloTCs KOCHOE
1 xruBoe BemlecTBo. C 3THM CBfA3aHA M HEy/aua B IMOINBITKE OObSICHUTH CBOMCTBA CO3HAHMS YEIIOBEKA
(dyHKIMEH MO3ra, COCTOSIIETO U3 HYKJIOHHOTO (aTOMHOTO) BemiecTBa. UTOOBI PelIuTh 3Ty IpoodiIemy,
HY)KHO ONpPEIENINTh (QU3NYECKUE CBOWCTBA «TOHKOH Marepum» I30TEPHUKH, B KAKOM U3 KBAHTOBBIX
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MHUpOB OHa oOpasyeTcs U Kak (OPMHUPYET CTPYKTYPbl CO3HAHHUS 4eJIOBEKa, KOTOPOE B U3MEHEHHOM
COCTOSIHUM [IEJIACT BO3MOXKHBIM ITO3HAHHWE MM HEM3BECTHHIX MHPOB. B (usnke 3T cyObeKTHBHBIE
METOBI OTBEPraloTcs M3-3a HEBO3MOKHOCTH MTPOBEPUTH MPHUOOPHBIME CPEICTBAMH MOITY4YaeMYI0 HMHU
uHQOpMaIMo0. JTO OAHA M3 MPHUYUH, MOYEMY IMpPEICTAaBICHHE O MHPOYCTPOWCTBE B MPHUHATOMN
MapagurMe orpaHu4uBaeTCsl MUPOM BCEJIEHHBIXY.

Kak W3BECTHO, CETOAHS HET IMOHMMAHUS TPUPOABI BOJHOBOW ()YHKIIMU, TaK KaK OCHOBHOC
ypaBHCHHE KBAaHTOBOW MexaHuku Obuto monydeHo 3. lllpeamnrepom spuctudecku. I[loaromy
MIPOUCXOXKIEHNE KBAaHTOBBIX IPOIECCOB M O0JACTh NMPUMEHEHWS KBAaHTOBOW MEXaHWKH OCTArOTCS
HEBBISIBIIEHHBIMH, 1 KOPPEKTHOCTh HEKOTOPHIX €€ BEIBOJOB BBI3EIBACT COMHEHHS. B mepByto odepenp —
3TO pasHas (pU3WKa MHUKPO- U MaKpOMHUPOB. DTO OCO3HABAEMOE OCHOBHOE NMPOTHUBOPEUNE MPHHATON
JIBYXyPOBHEBOW MapaJnTMbl, KOTOPOE HE yIaJOCh Pa3pemInTh 3a CTOJIETHE CYIIECTBOBAHNS KBAHTOBOU
Teopuu. be3 ero ycrpaHeHusT HEBO3MOXKHO IIOCTPOUTh MOHO(DYHAAMEHTAIUCTCKYIO TEOPHIO
MHUPOYCTPOICTBA, KOTOpasi CTaHET €T0 OKOHYATEIILHOW TCOPHEH.

BompmmmHCTBO  (PHM3MKOB  MpHUAEP)KHMBAaETCS BEPOSTHOCTHOW HMHTEPHIPETAIlMH KBAaHTOBOI
MEXaHUKH MUKpPOMHpa U JETEPMUHUCTCKON MHTEpIpeTaly MakpoMHpa, T.e. IyaJbHOrO B3MIsfja Ha
NPUPONy BEIIECTBA M YNPABISIOMINX UM (U3NYECKUX 3aKOHOB. B nmaHHOW paboTe maeTcs BBIBOJ
ypaBueHus lpenunrepa, uCNOMB3YIONUH TPEIOKESHHBIHN B [2] neTepMuHUCTCKUM moaxod. OH pa3BUT
B JaHHOH paboTe Ha OCHOBE TMPEICTABICHUH MOHO(PYHIAMEHTAINCTCKOM KBAaHTOBOH TeOpUH
MUpoycTpoiicTBa [3].

2. [locTynaTsl KBAHTOBOI KOHIENIINHA MUPOYCTPOIiCTBA

Kganrogas reopus mupoyctpoiictBa (KTM) cTpousnach kak npeTeHayrolas Ha YHUBEpCaTbHOCTh
MOHO(YHIAMEHTAIUCTKAsA TEOpHUs, ONEpHUpYIoLas TONBKO TpeMsi pa3MEpHBIMH  MHPOBBIMHU
KOHCTaHTaMM M IIOTOMY HE JOMyckKaromas o0oOuieHus. B ee ocHOBe siexar clemyroliue 4eTbipe
nocrynara, npeanoxkernasie B 2008 romy [4].

1. Tlepeerii moctynar. [lepBuunoif cyOcraHmmeii MHPOYCTpoOWCTBa SIBIAETCS BCernaa
CYILECTBOBaBIIEe OSCKOHEYHOE MPOCTPAHCTBO, BEIIECTBO B KOTOPOM HE B3aUMOIEUCTBYET, T.€. HET
BBIIETICHHBIX MTPOCTPAHCTBEHHBIX HANpaBICHUH M CUMMETPH. DTO OCHOBHOE KBAHTOBOE COCTOSHHMS
Ha3BaHO H)/1b-8aKyYMOM B CHILy TOTO, UTO CPEAHEE 3HaYEHHUE ero Jr000i (U3NUeCKOl BEITMUYMHBI PAaBHO
Hymo. Hynb-BakyyMm cnocoOeH NOpOKAaTh KBAaHTOBBIE COCTOSHMS MHPO3AaHUM — WX MHPBI C
B3aMMO/ICHCTBYIOLINM BEIIECTBOM H YCJIOKHSIOLIENCS CHUMMETPUEN TPOCTPAHCTBA.

[lepBUYHBIM MHPOM MHUPO3AAHUS SIBISAETCS MUP C TPAHCISLMOHHOM CHMMETpPHEH, YacTHIIBI
KOTOpPOro 00JaJaroT MHEPTHOH Maccol M IBUraloTcs npsiMosnHeiHo. Koncranra storo mmpa —
CKOPOCTb ¢ CO3/1aBa€MOTO UM CKAJIIPHOTO MO (c-MHp). DTOT MUP NOPOXKIAET A-MHUPHI C aKCHAJILHON
CUMMeTpHEH, B KOTOPBIX YaCTHUIIBI IPHOOPETAIOT ONPEESIONIee UX CIIMH OpOUTATBHOE BpallaTeIbHOe
JBIDKCHHE HA JMCKPETHBIX OpOWTaX, PACCTOSIHAE MEXIY KOTOPBIMH OIpEAeisieTcsi KOHCTaHTHON
[Tnanka 4. B cBoto ouepesib, 3TOT 0030HHBIN BUXPEBOH /-MUP MOPOXKIAET MUPBI (PU3HMYECKOTO BaKyyMa
C IEHTPAIILHON CHMMETpHUEH MPOCTPAHCTBA, XapaKTepru3yeMble 3HAYCHUSIMH MHPOBOM KOHCTaHTOH /¢,
OTIpefeNsIoIIell pa3MEepHOCTb 3apsilioB, MPHOOpPETaeMbIX ero vactuuamu. B ¢usndyeckom Bakyyme
0030HBI POXKIIAIOT PepMUOHHYIO PopMy BemiecTsa [3].

OTH TpU KBAaHTOBBIX MHpa C OOpaTUMbIM BpeMeHeM (HOPMUPYIOT NpOmOCmpPYKnypy THOBIX
00BEKTOB BCEIICHHBIX CO C(epruecKoil CHMMETPHEW MPOCTPAHCTBA, MOCTOSHHON TpaBuTaiuu G U
OJIHUM HampaBieHueM BpeMeHu. Haria Beenennas poxkgaeTcst B cocTaBe NOMSPU3aLUOHHOTO KBapTETa
BCEJICHHBIX, PA3JIMYAIOIINXCS 3HAKAMH BpEMEHU U pajuyc-Bektopa [3, 4]. [IpoTocTpyKTyphl 0OBEKTOB
BcenenHoli (OHM CO3AIOT KUPIUAHOBCKHE aypbl 0OBEKTOB) HAJCISIOT UX KBAHTOBBIMU CBOWMCTBaMH,
HEKOTOPBIE M3 KOTOPHIX CETOMHSI HEM3BECTHEI, HO MTPAIOT BAXKHYIO POJIL M B Makpomupe [2-4]. M3-3a
OTCYTCTBHS B CHEepPUUCCKU-CUMMETPHUYHOM IIPOCTPAHCTBE BeeneHHOM BhIIEIICHHOTO 1S TOJISIpU3aliii
UMITyJIbCa HAMpaBICHUS B3aUMOJIEHCTBUS MEXIAY MACCHBHBIMA YAaCTHUIIAMA HEBO3MOXHBL. JTH
B3aMMOJICHCTBHS ITPOUCXOIAT B IPOTOCTPYKTYpax 0ObEKTOB WIIH MEXy HUMH. B npuHsTOM napagurme
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HaCTHUIbI U 00BEKTEI HE UMEIOT OPOTOCTPYKTYPHI, U MaKpOO6’B€KTLI CUUTAIOTCA KIIACCHYCCKHMMMU, a I
MHUKPOYACTHIl B KBaHTOBOI MEXaHHUKE HCIIOJIB3YCTCA TOUCUHOC HpI/I6HI/I)K€HI/IC.

Taxum o6Opa3om, B KTM oOmee KkBaHTOBOE ONHCaHWe OOBEKTOB BceneHHON M0060TO
UEPAPXUYCCKOTO  YPOBHS  OMNpENeNsieTCss  TpeMs  MHPOBBIMH  Pa3MEpPHBIMH  KOHCTAHTaMH,
XapaKTepPHU3YIOIIMMH CBOMCTBA YETHIPEX MUPOB MHUpO3IaHusl.

2. Bropoii moctynar. YHUBEpCcaIbHBIM MEXaHU3MOM U3MEHEHHH (DH3MIECKUX BETUYNH SBIISIETCS
HEJIOKaJbHBI MeXaHW3M MoJsipu3anuu  (MOAOOHBIH TONSAPH3aLUU 3JIEKTPHUYECKOTO 3apsna), He
MEHSIIOIIUN UX MCXOAHOW BENMYMHBI. JTO 000OIICHNE M3BECTHBIX 3aKOHOB COXPAHEHHUS! HEKOTOPBIX
¢usnueckux BenuunH. CerofHs NPUHATO MPEICTABICHHUE O JOKAIBHOCTH B3aMMOJCHCTBHUM, XOTA OHO
MPOTUBOPEYUT onbITy ¢ DIIP-mapamu.

3. ComnacHo TpetbeMy noctynary KTM, B cuity 00IIHOCTH NOISPU3ANUOHHOTO TPOUCXOKACHUS
U3 Hyllb-BaKyyMa Bce (pU3MUECKHe BEIUYHMHBI B OOIIEM Ciydae SBISIFOTCS KOMIUIEKCHBIMU. JTO
00001IIeHHE CYIIECTBYIONICH CUTYallMd, B KOTOPOM CTaryC (PU3MYECKUX BEIMYMH Pa3jIMueH: €CTh
JIeHCTBUTEbHBIC, MHUIMBIE U KOMIUIEKCHBIC BETMYUHBI (HallpUMep, BOTHOBAS (DYHKITHS).

OOpa3oBaHne ¥ UW3MECHEHHE JIIOOOW KOMIUIEKCHOH (M3NYEeCKOW BEITHMYMHBI TPOUCXOTUT
MOCPENCTBOM MOJISIPU3ALMOHHOTO MEXaHN3Ma, COXPAHSIOLIET0 HYJIEBbIM €€ MOIYJIb!

la +ib| =0, re.ath =0. (1)

4. YersepTsiii mocTynar. B cumy MoHodyHaamMeHTanmucTckoro moaxoga KTM nerepMmuHHCTCKOE
OMYCaHue MaKpoMHUpa TpeOyeT M JETEPMUHHCTCKOTO ONWCAHHMs MHKpoMmupa [2], T.e. ¢usmueckue
coObITHsI B MUpo3Janun MpeaHauepTaHbl GU3NIECKUME 3aKOHOMEpHOCTsIMU. [1oTOMY BO3MOXKEH U
(denomeH cObIBaromuxcs npopouects. [loHATHS ciy4yaiiHOCTh, caMOOpraHu3anus U cBo0oJa BOJNH B
KTM wucxiogarorcs.

Ha stux dyerbipex choOpMyIMpPOBaHHBIX B [4] MOCTylarax O MEPBUYHON MPOCTPAHCTBEHHOMU
CyOCTaHIIMM M CTPYKType MHPOYCTPOWCTBA, YHHBEPCAIBHOCTH MOJIAPU3AIMOHHOTO MeXaHU3Ma
M3MEHEHHH, KOMIUIEKCHOCTH (DU3MYECKUX BEIHYUH U JETEPMUHH3ME KBAHTOBBIX COOBITHN MTOCTPOEHA
KTM.

N3 nmoctynatoB KTM cneayet, 4To mMpoCTpaHCTBO TPeX KBAHTOBBIX MHUPOB MPOTOCTPYKTYPHI
Bcenennoii sBnsieTcss KOMIUIEKCHBIM, a TOJIIPU3aLMOHHOE 0Opa3oBaHME OMHOTHITHBIX YACTHIl B HEM
NPOMCXOAUT BIOJb KAKIOTO MPOCTPAHCTBEHHOTO H3MEPEHMSI MapaMu C HYJICBBIM CyMMAapHBIM
HMITYJIBCOM.

Yucno npoctpancTBeHHBIX cocTosiHMM (I1C) neficTBUTENIEHOTO WM MHUMOTO ITOIIPOCTPAHCTB C
Pa3sMEpHOCTBIO d, PA3IMYAIONIMXCS HAMPABIEHHEM XOTA OBl OJHON KoopauHaThl, paBHO 2%, a B

d .
KOMILIEKCHOM TIPOCTPAHCTBE OHO COCTaBIseT kg = 2% TlonsApusalMOHHBINA MpoLecc 06pa3oBaHus
MYJNBTHIUIETa YacTWI] 3aBepliaercss mpu 3amonHeHud Bcex otux [IC  ¢dopmupoBaHreM
HEIOJIAPU30BaHHOTO CUHIJIETHOTO KBAHTOBOI'O COCTOSIHUSI.

Kak mokazano B [3], B MHpe NOISIPU3AIMOHHBIX MPOIECCOB Pa3MEPHOCTb KOMIUIEKCHOTO
npoctpanctBa d = 3, T.e. kg = 256, HO Tonmpko 64 IIC peanmsyrorcs B (PU3MUECKOM BaKyyMme
MPOTOCTPYKTYphl 00BbekTOB BeenenHoi [3]. [lockoiabKy 4YHCIIO MPOCTPAHCTBEHHBIX COCTOSHHIA
TPEXMEPHBIX JIEHCTBUTENFHOIO W MHHUMOIO IMOANPOCTPaHCTB paBHO 8, To umcio IIC, paBHOEe ux
NPOM3BEICHHIO, COCTaBUT Kak pa3 64. Korma poxxaaromnyecst 4acTHIIBI BEILIECTBA 3alOJIHST 3TOT 64-11eT
IIC, To oOpa3oBaBuicecs CHHIVIETHOE COCTOSHHE MYJIBTHIUIETa YaCTHI MOXET JIOKaJlU30BaTbCcAd B
chepuuecKku-cCHMMETPUYHOM TpocTpaHcTBe Beenennoii”. [09T0My MIOTHOCTH YacTHIl ()pParMeHTOB
BemiecTBa BceeneHHO! mporopiinoHanbHa MPOU3BEACHHUIO TUIOTHOCTEH YacTHIl B JIEHCTBUTEIHFHOM H
MHHMMOM IOJIIIPOCTPAHCTBAX (PU3NIECKOTO BaKyyMa 3TUX (parMeHToB. Hrke moka3aHo, 4To TNIOTHOCTH

2 910, B YaCTHOCTH, 00bsAcHsET, nouemy 256 TIC (u3Mueckoro Bakyyma B YHUBEPCAILHOM T€HETHUECKOM KOJIE
00pazyroT 64 xomona u 192 ux nHykieoruna [2, 3].
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YacTUll B 3TUX MOANPOCTPAHCTBAX ONpeAeNtoTcs BoMHOBOM ¢yHkuue lpenunrepa, onpeaenss ee
(bu3nUeCKUil CMBICI.

Takum o00Opa3oM, KBaHTOBasS MeXaHWKAa HW3ydaeT HE OIHY YACTHIy B pPa3HBIX KBaHTOBBIX
COCTOSIHUSIX, a MYJBTUILIET HEB3aUMOJCHUCTBYIOIIMX YAaCTHUII, JIOKATU30BaHHBIX B pasHbix IIC (T.e.
MOJIPOCTPAHCTBAX ) (PU3UYCCKOTO BAKyyMa U 00Pa3yIOIIHMX CYIEePIO3HIINI0 OPTOTOHATBHBIX KBAHTOBBIX
cocTosHuiA. B3auMonelcTBIEe YacTHIl MYJIBTUIUICTOB MPOUCXOMUT B (PU3UYECKOM BaKyyMe C OIHOM
Mapod 4YacTWIl, HAXOJAIIMXCA B 0OIIeM TnoampocTpaHcTBe. [losToMy TpW MOCHIEA0BaTEIbHBIX
M3MEPEeHHAX MBI (PUKCHpYyeM pa3HOHAINPABIEHHOCTh UMITYIbCOB YaCTHII B Pa3HBIX TOATPOCTPAHCTBAX,
WHTEPIPETUPYs. €€ KaK OTCYyTCTBHE Y YacTHIBI TpPaeKTOPWH, U ToJlaraeM MHKPOMHDP
WHIETEPMUHAPOBAHHBIM. TeM caMbIM, J1easi HEBO3MOXKHBIM ITOCTPOEHHE MOHO(MYHIAMEHTAIHCTCKOM
JIETePMUHUCTCKOM KBAHTOBOW TEOPHH PEAbHBIX YACTHII.

3. BoiBoa ypaBHeHus lllpeaunrepa /st cBOOOAHBIX YaCTHIL

«KBaHTOBas MExaHMKa 3aHUMAET OYEHb CBOCOOPA3HOE MECTO B Py (PU3MUYECKUX TEOPUI — OHA
COAEPKUT KIIACCUYECKYIO MEXaHUKY KaK CBOU MpeNeNIbHbIN CiIy4ail U B TO K€ BPeMsI HyKAAeTCs B 3TOM
MIPEEEHOM CITydae Ui caMoro cBoero oOocHoBaHUs [5]. Takum oOpa3oM, KBaHTOBas MEXaHHKa
SBIISIETCS. TEOpUEH MBYXYPOBHEBOW MapaJUrMbI C €€ pa3sHON (pu3MKoil MHUKpO- M MakpoMmupoB. llpu
MOHO(YHIAMEHTAINCTCKOM IOAX0Ae K (DU3MKE MHUPOYCTPOWCTBA TAaKOE€ IIOCTPOCHHE KBAaHTOBOM
MCXaHUKH HECTIPHUCMIIEMO. B stom noaxXoA€ KiacCcu4decKas (1)I/I3I/IK3 SABJIACTCA JIMIIb YaCTHBIM CJIydacM
KBaHTOBOW MEXaHUKU MaKpOMHpa, KOT/Ia KBaHTOBbIE 3(QeKThl HecylecTBeHHBI. [loaToMy Tpedyercst
BbIBOIl ypaBHeHus [lpennunrepa B pamkax MOHOQYHAaMEHTAJIUCTCKOM napaaurMel. B nanHoii paborte
TaKou BBIBO/] YPaBHCHUA NPCACTABJICH JIA IIPOCTOIO ClIy4das POXKIACHUA CBO6OI[HI)IX HEPECIATUBUCTCKUX
yactull. Ero MokHO paccMaTpuBaTh Kak MEpBBIH Imar B pa3paboTke MOHO(YHIAMEHTaJIUCTCKON
KBaHTOBOW MEXaHUKH pEaNIbHBIX YaCTHLI, 00Jalal0IInuX IPOTOCTPYKTYPOil.

[onsipuzaniioHHOE POXKAECHHE YAcCTHULl B KOMIUIEKCHOM HPOCTpPaHCTBE (U3UUECKOTO BaKyyMa
Bcenennoill BO3MOXXHO Kak B CBOOOTHOM, TaK M CBA3aHHOM COCTOSIHUM C HYJIEBBIMH CYyMMapHBIMU
Maccoll u 3apspoMm. Ilapsl gacTunl ¢ mMaccol +m mpu NOJAPU3ALMOHHOM POXICHHUU IIOJIYYaroT
NPUTATUBAIOLIIE UX VHUBEPCAbHBIE 3aPSIbl, CTPEMSIILUECS BEPHYTh YaCTHUIIBI B HCXOAHOE COCTOSIHHUE
Hy/b-BakyyMa [3]. Eciu mapbl yacTuil moJsipu3yroTCsl B CB3aHHOM COCTOSHMM, TO OHHM CTAHOBSTCS
KBaHTaMHU CKaJIIPHOTIO I10JIs1 C HYJEBOM MacCOM IOKOs. DTO yHUBEPCAIbHOE I10JI€ CYIIECTBYET BO BCEX
YEeTHIPEX MUPAX MUPO3TAHUS U PACIIPOCTPAHSIETCS B HUX CO CKOPOCTHIO ¢, KOTOpas, Kak IOKa3aHO HUXKeE,
COBIIAIA€T CO CBETOBOU CKOPOCTHIO.

[Mockonbky Bo BceneHHOW BO3MOXKHO CYyIIECTBOBAHME 3JIEKTPHUECKOTO 3apsijia, CO3/IAI0IIEero
chepruiyecKu-CUMMETPUYHOE DJIEKTPHUYECKOE TOJe, TO MOJSPU3YIONINecs YacTUIbl Hapsay ¢ Maccoi
MOTYT IOJY4aTh DIEKTPHUUECKUE 3apsi/ibl pA3HOTO 3HAKa. DTO BpaIarolIUecs] Ha COCEJHUX OpOUTax U
CO3JIafoIe MATHUTHOE TT0JIE JICTITOH M €0 aumuHecaienmoH (AaHTHUIEITOH C OTPHIIATETIbHOM Maccoii),
KOTOpbIE B JICWCTBUTEIBHOM TPOCTPAHCTBE MPUTATUBAIOTCS, 00pa3ys CBSI3aHHOE COCTOSHHE —
He3apsHKSHHBIH (OTOH BIEKTPOMArHUTHOTO TOJISI ¢ HYJIEBOM MAcCCOi MOKOsI, pacpoCTPaHSIOIUICS BO
BceneHHOM ¢ TOH e CKOPOCTBIO ¢, YTO M KBAaHT CKAJSAPHOTo Mojis. B MHHUMOM MOAMPOCTpaHCTBE
(OTOHBI CYIIIECTBOBATh HE MOT'YT, TAK KaK MPOTHBOIOIOKHBIC AIEKTPUICCKHE 3aps bl OTTATKUBAIOTCS.
B kBaHTOBOM TeOpHH 101 POTOH CUUTACTCS OCCCTPYKTYPHOHN YaCTHIICH.

[TogoOHBIM ke 00pa3oM MOTYT POXKAAThCSI Oe3MaccoBble KBAaHTHI CHJIBHBIX IOJIEH, B KOTOPBIX
BMECTO IEKTPUYECKOTO 3apsia MOJIPU3YETCSA OJUH U3 TPEX LBETOBBIX 3apsI0B, @ BMECTO JIEITOHHBIX
nap — KBapKkoBble napbl. CyIiecTBOBaHME CTPYKTYPBI Y KBAHTOB MOJIEH OOBSACHSET MX U30MpaTebHOe
B3aUMOJICHCTBUE C YACTUIIAMM BEILIECTBA.

beckoHeuHblil HyNMb-BaKyyM TEHEPHUPYET LUKIUYECKHE TMPOIECChl, HE MEHSIIINUE CPEeIHUE
Hy.HeBBIe 3HAYCHUS €0 U MI/IpOB MI/IpOS,ZIaHI/IH (1)I/ISI/I‘-IeCKI/IX BCIIMYHWH. HOSTOMY paCCMOTpI/IM BOJIHOBOC
ypaBHeHHe B KOMIIJICKCHOM HpOCTpaHCTBe U C KOMIIJICKCHBIM BpeMeHeM q)mnqecmro BaKyyMa
Bcenennoii.



[NonspuzanrionHoe 00pa3oBaHWE CKAJISAPHBIX YacTUI[ B JCHCTBUTEIBHOM H MHHAMOM
MOJIPOCTPAaHCTBaX (PU3NIECKOTO BakyyMa BcelleHHOMW, COMpoBOXKAIOIEeCs POKICHUEM CKaIsIPHOTO
IIOJIA B €0 ACUCTBUTEIBHOM MOANPOCTPAHCTBE. BpeMs 3Tux npoueccoB koMmiuiekcHoe: T = t + it. Bo
Bceenennoii T = 0. COOTBETCTBYIOMIHIT ONIEPATOP BOIHOBOTO YpaBHEHMs () MMEeT KOMIIIEKCHYIO GOpMY:

R 2
Q=%(2+i2) - (a+1d). )

OH ompenensier 00pa3yeMoe CBSI3aHHBIMU TapaMU YacTHI] ¢ 00IeH HYJIEBOH MacCOil CKaJIIpHOE
noie P(r,t) B JACHCTBUTEIBHOM MOANPOCTPAHCTBE (U3MYECKOrO BaKyyMa BCElNCHHOH, a Takke
BEJIMYMHBI, TPONOPIMOHAIBHBIC IIOTHOCTA CBOOOJHBIX YACTHI[ B €r0 JCHCTBUTCIHLHOM W MHHMOM
HOINPOCTPAHCTBAX, 0003HaYaeMble cOOTBeTCTBeHHO F(7,t) u F(r;t), THe T U 1; COOTBETCTBEHHO
pagnyc-BeKTOPbl JEHCTBUTEIBHOTO M MHHMOTO TOANPOCTPAHCTB. 3alONHEHUE POXKIAIOIUMUCS
YacTUI[AMH C MaccaMd =+m TMPOCTPAHCTBEHHBIX COCTOSHUN JIEUCTBUTEIBLHOTO U MHHUMOTO
MOJIPOCTPAHCTB (PH3MIECKOTO BAKyyMa HOCHT IIUKJIMIECKUH XapaKTep, OnpeAesieMbIid OIspru3aueit
dasel 1 = (+m)c?t/h u nukanueckoit pyruximeit x(7) = exp(ip4).

Hpusenennriii B (2) omepatop Q neiictyer Ha dyukimmo W = y(0)®(r, t)F (r, t)F(r,t),
IIPUBO/ISL K YAOBICTBOPSIOIIEMY TOJSIPH3AIIMOHHOMY YCIO0BHUIO (1) KOMIUIEKCHOMY YPaBHEHHIO:

Q¥ = 0. 3)

Paznensst nedcTBUTENbHYIO M MHUMYIO KOMIIOHEHTHI ypaBHEHHUs (3), moilydaeM ypaBHEHHE
Kneitna-I'opnona-®oka B AeHCTBUTENEHOM MOAIPOCTPAHCTBE:

[Cz =t (+mc/h)? — A] d(r,t) =0 @)

JI71st JeCTBUTENEHOTO M MHUMOTO TTOIIPOCTPAHCTB (PU3HMYECKOTO BAKyyMa MHUMasi KOMITOHEHTa
ypaBHEHUS (3) TaeT COOTBETCTBEHHO YPaBHEHHUS:

[ZEm2 1 ia] Frt) = 0 (5)
nu
[ZEm2 4 ia] F(ry 1) = 0 (6)
C yd4eToM 3HaYeHHUs OIepaTopa UMITYIIbca P = —ih% ypaBHeHue (5) TpaHCHOPMHUPYIOTCS K

ypaBHenuto llpenunrepa 11 cCBOOOTHBIX YaCTHIL B ACHCTBUTEIIEHOM MOAIPOCTPAHCTBE:

(h———m)F(r £) =0 (5a)

K Takomy e ypaBHEHWIO CBOIUTCS W ypaBHeHHE (0) Il MHAMOTO TIOATIPOCTPAHCTBA, €CIU
MEHSETCS 3HAK MAacChl YaCTHI] WJIM HAIIPABIICHUS BpeMeHU T. HaxoxJeHue JacTull C pa3HbIM 3HAKOM
MAacChl B pa3HBIX MMOAMPOCTPAHCTBAX JENIAeT HEBO3MOXKHBIM HX CTOJKHOBEHHE M aHHUTHJIIAINIO. PasHoe
HampaBJIeHHE BPEMEHH YacTHIl B (PM3MUYECKOM BaKyyMe O3Ha4aeT, YTO TeHepalus W HCUE3HOBEHHE
YaCTHII MIPOUCXOAT B €r0 Pa3HBIX MOANIPOCTpaHCcTBax. Hampumep, pokaeHne oOpa3yroIero 3Be3/bl
BEII[ECTBA MIPOUCXOIUT B IEHCTBUTEIHLHOM ITOIIPOCTPAHCTBE (GU3MUECKOTO BaKyyMa BesjeHHoMH, a ero
MCYE3HOBEHHUE — B MHHUMOM IOJIIPOCTPAHCTBE MPOTOCTPYKTYP UEPHBIX ABIP, B KOTOPOM (HOTOHBI HE
obpasytores [3].

[TockoNbKY MpH pa3deleHduH JEHCTBHTENLHOIO M MHMMOIO MOANPOCTPAHCTB (DU3UUECKOTO
BaKyyMa WX OOBEMBbI DPaBHBI, a YKCJIa JIOKAJIM30BAHHBIX B HUX IPOCTPAHCTBEHHBIX COCTOSHUIA
OJIMHAKOBBI, TO aMIUTHTYIBl KOMILIEKCHO-COMPSDKEHHBIX TutoTtHOCcTed F (1, t)y(t) u F(r;, t)x(1)*
paBHbL. C y4eTOM CKa3aHHOTO paHee o popmupoBanuu 64-ieta [1C BeeneHHOM 3TO 00BSICHSIET, TOYeMy



B KBAaHTOBOM MEXaHMKE ILIOTHOCTh qacTul BO Bcenennoi nponopnuoHajibHa IMMPOU3BCACHUIO
KOMILJICKCHO-COTIPS?KCHHBIX BOJTHOBBIX (bYHKI_II/Iﬁ

Taxum o6pazom, B KTM ypaBuenue llpeaunarepa mis cBOOOIHBIX HEPETSITUBUCTCKUX YaCTHI]
OTKCHIBACT IMPOIECCHl B KOMIUICKCHOM MPOCTPAHCTBE (DU3MUECKOro Bakyyma BceleHHOi, a HE B
npocTpaHcTBe camoi Beenennoid. BomnoBast xe dynkimst ypaBaenus [lpeaunarepa nponopiroHaibHa
IJIOTHOCTHU 3aIOJIHEHHBIX YaCTHIIAMH MPOCTPAHCTBEHHBIX COCTOSHUM EWCTBUTEILHOTO U MHHUMOTO
MOJIPOCTPAHCTB (PU3NIECKOTO BaKyyMa BceleHHOM.

Cxansipnoe noje. Paccmorpum ypaBHeHwue (4), canuTasi CKaJsipHbIE Tapbl YaCTHUI] C MaccaMu +m
CBSI3aHHBIMM, T.€. KBaHTAMH CKaJAPHOTO TOJs, OONaJalolIMMH HYIEBOHM Maccol TMOKos |
OCHWUTHPYIOUIMMHU C Pa3HOW CKOPOCTBIO, BCIEACTBUE YEro SHEPrus OCHMIUISLHMHA KBAaHTOB HE paBHA
Hymo. YpaBHeHue (4) IpUHUMAET BU]L

0? 2 /5\2 ps \?
et (xmcs/h)= + - C o(r,t)=0
31€ech UMITYJIbCBI P4 COOTBETCTBYIOT YACTHI[AM KBAHTOB C pa3HBIMM 3HaKaMu Macc. O603Hayas w

gacTtoty Konebanuit nons P (r, t)~exp(iwt) M UMITYIbCHI YACTHI] C PA3HBIM 3HAKOM MAcChl P4, U3 (4)
Haii/IeM SHEPTUH YacTHI[ KBAaHTa

Ey = hwy = i\/(imcz/h)2 + c2p2

OTCIOZIa JJId DHCPI'MU KBaHTa HeﬁTpaHBHOFO CKaJIAPHOTI'O II0JIA IMMOJIy4YacM

£ =h(wy —w_) =+/(mc?)? + c2p? — \[(—mc2)? + c2p2

Omna ompenensieTcs pa3ITuaueM aMIUTHTY OCHWUISIINN 9acTUI] KBaHTa, IPUBOIAIICH K Pa3HHIIS
KBaJpaToB MMITyJIbCOB YacTHI] KBAHTA 5 M P2. AHAJOrMYHBIM 0OPA30M MOTYYalOT SHEPTHIO KBAHTHI
BEKTOPHBIX ITOJIEH (AIIEKTPOMArHUTHOTO M CHJIBHOTO), PACIPOCTPAHSIONINECS C TOW e CKOPOCTHIO C.
[ToaToMy cBETOBasi CKOPOCTb SBISIETCS MEPOBOH KOHCTAHTOW MUpPa CKaJSPHBIX YacTHI] (C-MHUPa)

CkansipHoe mone oOpasyercsi Kak B JCHCTBUTENIBHOM, TaK M MHHUMOM TOANPOCTPAHCTBAX
¢usnueckoro Bakyyma. Ero MOXKHO paccmarpuBarh Kak I10J€ TEMHOTO BellecTBa BceneHHOM, pob
kotoporo B KTM wurparotr ycroitunBble HeWTpanbHble ckajsipHbele yacTuil. B KTM wucxomubiMu
yacTHLIaMi BceneHHO#N SBISIIOTCS HEWTpasibHbIE CKaJspHbIE IUTAHKOBCKHME YacTHIbI, HEMPEPHIBHO
TreHepupyeMble B MHMMOTO TOANPOCTPAHCTBA IIEHTPAIbHON 30HE MPOTOCTPYKTYpHl BceeneHHoil co
CBEPXCBETOBOW CKOPOCThIO [3, 4]. B neficTBUTENTFHOM MOANPOCTPAHCTBE TIAHKOBCKUMH YaCTHUIIAMH
POXIAIOTCS CKaJSIPHBIE HENTpaIbHBIE YaCcTHUIIBI ¢ Macco 468 MaB, HazBaHHbIe B [4] nienonamu. OHK
SBJSIFOTCS. KOMIIOHEHTOH TEMHOTO BEIECTBA M YYacTBYIOT B 0OPa30BaHMH HEKOTOPBIX YACTHL, B TOM
YHCJIE HYKJIOHOB.

CKaJ’ISIpHOe IIOJIC, MOABJIAIOMICCCA IMPU MOJIAPU3AIIMA MACCUBHBIX CKAJIAPHBIX YaCTHL, SABJIACTCA
NEPBUYHBIM U YHUBECPCAJIbHBIM ITIOJIEM MHUPOB MI/IpOSILaHI/IH.

Takum 00pa3oM, YHUBEPCAIbHBIN HOJISPU3ANMOHHBIN MEXaHU3M (U3NYCCKUX B3aUMOJCHCTBHIA
U KOMIUIEKCHOCTh MPOCTPAHCTBA MPOTOCTPYKTYpbl BceneHHOW NO3BOJNIMIM BBIBECTH YpPAaBHEHUE
[lpenuarepa it CBOOOIHBIX HEPEIATUBUCTCKUX YaCTHIl B (PU3NYECKOM Bakyyme BcerneHHO# u nath
JIETEPMUHUCTCKYI0 WHTEPIPETAIUI0 €r0 BOJHOBOW (YHKIIMHM KaK (PYHKIWH, MPOMOPIHUOHAILHON
IJIOTHOCTH YaCTHUIL B €r0 AEUCTBUTEIbHOM U MHUMOM MOJPOCTPAHCTBAX.

4. O0cyxkaeHmne

B MMPUBCACHHOM BBIBOJAC YpaBHCHUA ]_Hpe):[I/IHrepa JJIA CBO6OI[HI>IX HEPCIATUBUCTCKUX YaCTUI]
OIpPEACIAIONUYT0 POJIb UTPAKOT JIBA IOCTYJIaTa KTM: o NOJIApHU3allUOHHOM MEXaHU3ME B3aPIMOI[efICTBPIH
n KOMIIJICKCHOCTH (1)I/I3I/ILI€CKI/IX BCIIMYUH. OTH MOCTYJIaTbl TO3BOJISIFOT OaTh (I)I/ISI/ILIGCKy}O
HUHTCPHIPCTALUIO HIMPOKOTO CIICKTPA MPUPOAHBIX HBHGHHﬁ, KOTOPBIC B HpHHHTOfI napaaurMe CHUTaArOTCA
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AHOMAJIbHBIMU WJIM HECYHICCTBYIOIIMMU, T.C. 3THU AHOMAJIbHBIC SBJICHUA CIIyKAaT SMIIMPUYCCKUM
MOATBCPKACHUCM 3TUX IMOCTYJIATOB KTM. HCKOTOpBIe 3 TaKuX HO}_ITBep)K}_IeHI/Iﬁ MMPUBOAATCA HUKC.

4.1. KoMmjieKCHOCTh (pr3HUYEeCKUX BeJTHIHH

1. OILHI/IM M3 ITIaBHBIX MMOATBEPKACHUEC KOMIIJIEKCHOCTH (1)I/I3I/I‘ICCKI/IX BCIIMYHH ABJISICTCA BBICOKaA
TOYHOCTH BBIUHCIICHUS UX JI€HCTBUTEIBHBIX KOMIIOHEHT JIJIS MHKPO- U MaKpOO6’beKTOB.

A. «3araounas», no Beipaxkenuto P. MelinMana’, MOCTOSHHAS TOHKOH CTPYKTYpPhl BEMUCIIEHA C
TOYHOCTBIO JI0 JIeBATOTO (!) 3HaKa.

B. B Teopun oOpa3oBanus macc (yHIAMEHTANBHBIX dacTHIl [2-4] MCXOMHBIMH SBISIOTCS
TUTAHKOBCKHE YaCTHIIBI, MACCHl KOTOPHIX M3BECTHHI M OIPEENSIIOTCS TPEMS MUPOBBIMH KOHCTAHTaMHU.
Ota Teopus Mpyu ydeTe HEN3BECTHBIX CETOMHS BEKTOPHBIX M TEH30PHBIX MOJeH (GU3NIECKOTO BaKyyMa
MTO3BOJTMIIA BEIYUCIIUTH MACCHI JIENTOHOB ¥ IIMOHOB C TOYHOCTHIO IO IIECTOTO 3HAKA, & MACChl KBAPKOB -
B MIpeieiaX uX SKCIEPUMEHTAIBHOM MOrPEeIIHOCTH. DTO IIPU TOM, YTO Macca 3JIEKTPOHA MEHBIIIE MAaCChI
IJIAHKOBCKOM "yacTuilbl Ha 22 (1) mopsiaka.

Onyo6mukoBanHas B 2018 roqy B [2] Macca 6030Ha Xurrca moAaTBepxkaeHa nozaHee (B 2019 u
2021 ropmax) skcriepumentamu Ha BAK B mpenenax mx morpemHoctd [3]. Takum oOpaszom, 0030H
Xurrca, SBISIOIIMNCA OAHONW u3 (yHAamMeHTanbHbIX yacTui, B KTM He ompenenser Macchl
3JIEMEHTApHBIX YacTHII, KaKk MPUHATO cunTarh B CTaHAApTHON MOJENH, B KOTOPOU SKCIEPUMEHTAIbHO
YCTaHOBJIEHHbIE MAaCChl HEKOTOPBIX YaCTHUIl BXOJAT B cocTaB ee 20 mapaMeTpoB.

[Tokazano Takxke, 4T0 QPyHIAMEHTAIBHBIE YACTHIBI (PU3UUECKOTO BaKyyMa 00pa3yloT HepapXuio
OHOTHITHBIX W BCe Ooiee JIeTKMX 4YacTWI, WEepapXW4YecKUil ypoBeHb M MacimTad KOTOPBIX
YBEIMYNBACTCS C YUCIIOM OO30HHBIX TMOJIEH /-MUpa, YHaCTBYIOIINX B 00pa30BaHUU (QyHIAMEHTAIBHON
yactupl. [Ipyn n3MeHeHNH nepapXuuecKoro ypoBHs MacIITad YacTHULBI U €€ Macca MEHSETCs [0YTH B
3000 pa3

C. Macchl HyKJIOHOB, B IPOTOCTPYKTYpe KOTOphIX B KTM noMuMO Tpex KBapKOB MPUCYTCTBYET
OTIpe/IeTIIONIas HyKJIOHHYI0 Maccy SIpO W3 NIBYyX IUIGHOHOB (Mx Macca 936 M»sB), BBIUHCIEHHI C
TOYHOCTBIO JI0 LIECTOrO 3Haka. MarHUTHbIE MOMEHTHI NPOTOHAa M HEHTpPOHAa M pa3Mep NPOTOHA
OTIpEZIETIEHBI C MOTrPEMTHOCTBIO, JTydllle MpoueHTa. C MPOLEHTHON TOYHOCTBIO PACCUYMTAHBI M aHOMAJIBHO
Oonpine (M3-3a MATOrO MEPAPXUUYECKOTO YPOBHSI HEHTPOHOB, SIBIISIOIIMXCS COCTABHBIMU YaCTULIAMM)
BpeMeHa pacmajia CBOOOIHBIX HEHTPOHOB M HEHTPOHOB B CBSI3AHHOM COCTOSTHHM (YJABTpPa XOJOIHBIX
HEHUTPOHOB).

D. B xBanTtoBoii Teopum ComHeuHo#l cuctemsbl [3, 4], oTHOcsmielics, kak u Bcenennas, x
JIECITOMY UEPAPXHUECCKOMY YPOBHIO, C TOYHOCTHIO HE XYK€ TPOIEHTHOM BEIUUCICHBI MACCHI M PNy CHI
CoHIta U poXKAAONTNXCS B 00IIIEM ¢ HUM TIpoIlecce JACBITH ero maHeT (Bkitodast [ImyToH), pagnycel
MJIAHETHBIX OPOUT, HAKJIOHBI K WX IDIOCKOCTAM IUIAHETHBIX OCeU, mepuoisl oOpamieHus CoiHIa U
TUTAHET, CYMMAapHBIA MOMEHT BpallleHUs JEBATH IUIaHeT. B KilacCHUeCKOW TIAHETONIOTHH TaKue
TOYHOCTHU HE JIOCTUTHYTHI.

2. I'paBuranus. [IpuHIUD 3KBUBAJICHTHOCTH A. DHWHINTEWHA, MOCTYIUPYIONIHH pPaBEHCTBO
MHEPLMAIbHON U IPaBUTALMOHHON Macc, UMeeT Moisipu3anuoHHyro npupoxry. ContacHo [3], B8 KTM
YacTHUIIBI MOJIOKUTEIHHON MacChl IPUTATUBAIOTCA B IEHCTBUTENIFHOM MOANPOCTPAHCTBE (PU3NIECKOTO
BakyyMa BcesleHHOW HEM3BECTHBIMU CETOJHS 6KYCO6biMU TEH30PHBIMU NoysAaMuU. [lepexon wactur c
Maccoil m B IpOCTPaHCTBO BceneHHoN NporuCcXoauT MpH MOJSIpU3aLMU KOMIUIEKCHON Maccel —m + im,
KOTOpasi OOHYJSIET MHEPTHYIO0 MAaccy 4acTHIBl U €€ MMIYJIbC (HO HEe CKOPOCTh M cmuH). braromaps
nprobpeTaeMoi YacTUIIaMH TPABUTAIIMOHHOW MHHUMOW Macce, WX NPUTSDKEHHE B JEHCTBUTEIHLHOM
npocrpanctBe Beenennoi tpancdopmupyercs B rpautannonHoe. CoorserctBeHHO B KTM npuHImm

3 «BceM Obl XOTENOCH 3HATh, KAK MOSBJIAETCS 3T0 uncio? HUKTO He 3HaeT. DTo Oj(Ha U3 BEINYANIINX MPOKIIATHIX
TaifH (QU3UKHM: MaruuecKoe Yrucio, KOTOpoe HaM JIaHO M KoTopoe yenoBek He nonuMaeT» (Feinman R. QED: The
Strange Theory of Light and Matter, Prinston University Press, 1985, p. 129).
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9KBUBAJICHTHOCTH DUHIITEeHHA HOpMYTUpPYETCs KaK PABEHCTBO MOAYJIeH HHEPTHON M TPaBUTALIMOHHOMN
Macc, SBISIOIIeecs CIeACTBHEM BToporo moctynara. [lockonsky B KTM mpocTpaHCTBO sBIsETCS
MEPBUYHON cyOCTaHLIMEH IrpaBUTAIIHOHHBIE MAaCCHl He Ae(OpMUPYIOT ero, Kak npunsto cuurats B OTO.

3. KopnyckynsapHo-BoiaHOBoM  ayanusMm. Ilockonmbky B mpocTpaHcTBe — Bceenennoi
B3aUMOJICHICTBUE YAaCTHUI] HEBO3MOXHO M3-32 OTCYTCTBUSA BBIJCICHHBIX MPOCTPAHCTBEHHBIX
HampaBinenuit, ypasHenue Illlpenunrepa B KTM He omuceiBaeT B3aMMOAEWUCTBUS B MPOCTPAHCTBE
BcenenHol, kak NOpUHATO cedyac cuuTaTh. lak Kak BO BceneHHOM WHEpTHas mMacca YacTULbI
obparaeTcst B HOJIb, YaCTUIA CTAHOBHUTCS KBAHTOM BOJIHOBOTO TTOJISI. DTHM OOBSICHSETCS HaOIomaeMas
nHTephepeHnns yacTuil. [1oaToMy KopITy CKyISIpHO-BOTHOBOH Ayan3M B MIPHPOJIE YACTUI] OTCYTCTBYET.
On 00ycJIOBIeH MPOCTPAHCTBOM JIOKAN3AIlMH YAaCTHUI[: B MPOTOCTPYKTYpE OHU — KOPITYCKYJBI, a BO
BceenenHoli — kBaHThI MOJIEH, pACIIPOCTPAHSIOMIMXCSA CO CKOPOCTHIO YACTHII.

4. HwuskosHepreTHyeckre SAepHbIE TPAHCMyTAIllMM ¥ XOJOAHBIN saepHbd cuHTE3 (XSC)
IPOMCXOIAT B BELIECTBE, JOKAIN30BAHHOM B MHIMOM IIOIIPOCTPaHCTBE (hr3ndeckoro Bakyyma. B Hem
KYJIOHOBCKOE B3aUMOAEHCTBHE MEKTPUIECKUX 3aps0B MEHSIET 3HAK U IIPEIITCTBYOIUI CUHTE3Y A1ep
KyJIOHOBCKUH Oapbep CMEHSEeTCS MOTEHIMANbHOW SMOW, T.€. SJACpHbIC pPEaKUUH CTAHOBSTCS
BO3MOXKHBIMH TIpU JTFO00H SHEPTHHU Sep. ITOT MEXAHU3M ITO3BOJIMI MHTEPIIPETUPOBATh B [2] HaHHBIE
nepBbIx peakTopoB XAC A. Poccu u A. [lapxomoBa u onbITsl o TpancMmyTarmu B. Kypamosa u T.
CaxHo.

5. Kak mokazano B [2], B MHUMOM NPOCTPAHCTBE MPOTOCTPYKTYpPHl BO3MOXKHO 0Opa3oBaHHe
BbICOKOoTeMIepaTypHoit (1o 20 5B B ciy4ae JE€NTOHOB BTOPOTO HEPAPXUUYECKOTO YPOBHS)
CBEpXIPOBOAUMOCTH. Bo03MOXHO, 4YTO BBICOKOTEMIIEpaTypHas CBEPXIPOBOAUMOCTh HEKOTOPBIX
XMUMHAYECKHUX 3JEMEHTOB C UX OOBIYHBIMH 3JIEKTPOHAMHU (TIEPBOTO HEPAPXHUUECKOIO YPOBHS) TaKKe
CBSI3aHa C KOMIUIEKCHOCTBIO IPOCTPAHCTBA.

6. AtmocdepHsbie siBiIeHHS. [po3oBbIe 007aka MOTYT €XKECEKYHIHO MOPOXKIaTh MOJHHUH, YTO
TpedyeT 3pHeKTHBHOrO MeXaHH3Ma pa3eeHUs 3apsI0B B X JEHCTBUTEIHLHOM IPOCTPAHCTBE, YEMY
npenarcTByeT 3akoH Kymona. Ho ecmm mportocTpykTypa obnmaka (WM €ro 4acTd) MMEeT MHHMOE
IPOCTPAHCTBO, TO B HEM Oy/leT MPOUCXOOHUTH Pa3ZeieHUe 3apsgoB M 00pa30BaHUE IEKTPUUECKOTO
TIOJIS, KOTOPOE MPOHUKAS B 00IaK0 OyJeT pa3iemsaTh ero 3aps/ibl U TOPOXKAaTh MOIHUH [3].

VHBepcHoOHHBIE Clie]l CaMOJIETOB B YUCTOM HEOE MMEET NMPEPBIBUCTYIO CTPYKTYPY, YKA3bIBAIOLIYIO
Ha HEOJHOPOAHOCTH CBOMCTB MPOCTPAHCTBA aTMOC(hepbl. ITO MOXKHO OOBSICHUTH T€M, YTO B MHUMOM
HOIPOCTPAHCTBE IPOTOCTPYKTYPhI arMocgepsl 3apsabl clega MOpOXKAAloT obnaka, a B ee
JIEHCTBUTEITLHOM MOANPOCTPAHCTBE UOHBI Cliela HEUTPAIH3YIOTCA, U ciiell ObIcTpo AudGyHAUpYET.

Co3pnaBaemasi pparmMeHTaMH ICHCTBUTEIBHOTO M MHHMMOTO IOAIPOCTPAHCTB HEOTHOPOIHOCThH
KOMIUIEKCHOTO TIPOCTPAaHCTBa (PH3MYECKOTO BakyyMa arMoc(hepbl MPUBOAMT K HAPYLICHHIO 3aKOHA
COXpaHEHUs] MMITYJbCa W TOSBJICHUIO HEW3BECTHBIX CETOJHS KBAHTOBBIX CHMJI. Y IIIapOBOM MOJIHUH,
MMEIONIeN KOMIIJIEKCHOE MPOCTPAHCTBO MPOTOCTPYKTYPHI [2], 3TH CHIIBI CIIOCOOHBI NMPUBOIUTH K
3HAUUTENbHBIM  pa3pymieHusM. KoMImiekcHOCTh TMpocTpaHCTBa TOPHAAO MPHUBOAUT K €TI0
pa3pyLIUTEIbHBIM BO3EUCTBUAM [3].

7. KoMIUIeKCHOE MTPOCTPAHCTBO MPOTOCTPYKTYPhI BeeeHHOit Takke HEOTHOPOIHO, U OTHUM U3
HpOHBHeHI/Iﬁ €ro MHUMOTO MOANPOCTPaHCTBA ABJIACTCA CYIICCTBOBAHHME HCHU3IYYarOIIHUX 0OBEKTOB —
YEepHBIX JBIp C OOpaTHBIM HAlpaBICHHEM BPEMEHM W HcuesaromuM BeniectBoM [3]. T.e. mpunsToe
CETOHS PENONIOKEHHE O CYIIECTBOBAHHHU Y YEPHOI ABIPBI «HeDU3NUeCcKoi» cuHTryasipHocT B KTM
He TpedyeTcsl.

B xommnexkcHOM noAnpocTpaHcTBE BeeneHHoM pelsiTHBUCTCKUX OTPaHUYEHHUH Ha CKOPOCTh HET
¥ BO3MOXKHO TepeMelleHue OObEKTOB CO CBEPXCBETOBOW CKOPOCTBIO, @, 3HAUUT, OCYILIECTBHUMBI U
MEXK3BE3/IHbIE TepesieThl KocMuueckux kopabmer [3]. Ilosromy ux HaOmromaemoe u (huUKCHpyemoe
npubopaMu MpuCyTCTBHE B arMocdepe 3eMiim HE NPOTHBOPEYMT YHUBEPCANBHBIM (DU3UUECKUM
3aKOHAM.



8. CortacHo [3], xKuBbIe pasyMHbIE CYLIECTBA POKAAIOTCS B MHIMOM MOATIPOCTPAHCTBE /I-MHUDa,
M WX KBAaHTOBBIE CTPYKTYpbl OOpa3oBaHBl BELIECTBOM C MHHUMOH Maccoil (B 330TepuKe
«TOHKOMarepuaibHbIe CTPYKTYPBI»), C KOTOPBIM CYIIECTBYIOIIME NPHOOPHl HE B3aMMOICHCTBYIOT.
OparMeHT CTPYKTYpbl OJHOH M3 QOpM TakHWX CYIIECTB MOXET MEpPEeMeIlaTbCs B MPOTOCTPYKTYPY
YeJI0BEUYECKOTr0 OpraHu3Ma (BOILJIOMIATHCS), Iejasl €0 Pa3yMHBIM CyILIECTBOM. MO3T YelloBeKa SBISIETCS
MOCPEIHUKOM, PEaTH3yIOIIUM B3aUMOICHCTBHE KBAaHTOBOW CTPYKTYyphl CO3HAaHHMs 4YEJIOBEKa C
OKPYXKAIOIIEH ero cpenoi, u Mo3BoJsIeT U3y4aTh JIHIIb COOTBETCTBYIOILYIO YacTh (PU3UKH CO3HAHUSL.

Tax KaKk U3y4aTh CTPYKTYpBI CO3HAHHUS YEJI0BEKa, IOKATTM30BAaHHBIE B MHUMOM IIPOCTPAHCTBE €TO0
MPOTOCTPYKTYPHI, CYIIECTBYIOUIUME TPUOOpPaMH HEJIb3s, TO, KaK MOKazaHo B [3], IS MOHWMAaHWUS
¢u3nku Cco3HaHWA HeoOxomuMma (TaMm, TA€ O3TO BO3MOXKHO) WHTEpIpeTanus CyObeKTHBHBIX
SMIMPUIECKUX TAHHBIX A30TEPHKH HAa OCHOBE ()YHIAMEHTAJBHBIX 3aKOHOB MupoycTpoiictBa. KTM
UCToNIb3yeT 00a KaHalla MO3HAaHUS PeaJbHOCTH — OOBEKTUBHBINA (HMPUOOpHBIN) M CyOBEKTUBHBIIN
(MenuTanys, YSHHETUHT | Ap.).

4.2. loasipuzamuonubie 3¢ PekThI

Tonapuzayuonno-peakmusnasn cuna. OTHAM W3 BaXHEHIINX KBaHTOBBIX Makpo-3ddexTos
SBIISICTCS 00Pa30BaHUE B PE3YJIbTaTe UKINUSCKOH MOISIPU3AIMN MACCHBHBIX YaCTUI] HE3aBHUCAIICH OT
PaCCTOSTHHS MO PU3AIMOHHO-PEaKTUBHOM CcHJIbl [2-4].

Kak u3BecTHO, Ipy U3MEHEHUH UMITYJIbCca 00Pa3yroTCsl IBE CHUJIbL:

Bropoe cnaraemMoe IpU LUKIMYECKOH MONspu3aluu Macchl m = Me'®! gpnsercs MHUMOI n

HE3aBHCAIIEH OT PaCCTOSHMS KOMIOHEHTOH ciuibl F;, Benmunna Kotopoii ¢ yuetom Mc? = hw pasHa

. M?c?
F,=i
t h

v

OT0 KBaApaTUYHOE 110 MAacCe KBAHTOBOE JJATbHOIEHCTBIE BAXKHO U B MUKPO- U B MaKpOSIBICHUSX.
CerogHss B KBaHTOBOM TEOpUU MOJS AabHONCKUCTBUE, CBOMCTBEHHOE, Hampumep, IIIP-mapam,
orcyTcTByeT. llonsipu3aliMOHHO-pEakTUBHAs cHjla SIBISETCS YHHBEPCAJIBHOH CHJIOW KBaHTOBOTO
MHUpPOYCTPOICTBA, OTPAKAIOLIEN €ro HeIoKalnbHYyI0 Ipupoay. OHa y4yacTByeT M B «3aIlyThIBAHHN»
YacTull.

1. Tlonspu3anMOHHO-PEAKTHUBHAS CHJIA, B YACTHOCTH, OOBICHSET CYIIECTBOBAHHUE BPAIIIAIOIIIMXCS
Ha OpOMTaxX 4YacTUIl, TaKk KaK OHA OPTOTOHAJIbHA WX CKOPOCTH U  YpPaBHOBEIIUBACT
LEHTPOCTPEMHUTENIBHYIO CHJIy H3-32 PAaBEHCTBA HYJIO MOJYJIS KOMIUIEKCHOM BEJIMUYMHBL JTa CHJia
00BsiCHSIET U (heHOMEH KOH(aHMeHTa [2] U Co3/1aeT CIIUH-CIIMHOBOE B3auMoieicTue [3].

OproroHanbHass CKOPOCTH BpallleHUs MOJSPH3AIMOHHO-PEAKTHBHAS CHJIA MOXET WMETh
HampapJICHHUC BJ0JIb OCHU BpalllCHHA W HCIIOJIB30BaTbCA I CO3AaHHA POTOPOM TATH, CHOCO6HOI>1
MpPeoIoJieBaTh TpaBUTAlMIO. B cepeuHe NpOoIUIOro BeKa 3TO MPOASMOHCTPHUPOBAIH «JICTAIOIIUE
JIUCKW» aHrmiickoro uzooperarens JIx. Cépna [4].

2. B ksaHToBOM Momenu BcenenHodr [2-4] C HeNpepbIBHO pOXJAIOIIEHcsS Maccoil,
MOJIAPU3ANMOHHO-PEAKTHBHAS CHUJIa WTPAET BAXHYIO POJb B 00pa3oBaHMM BceneHHOW Ha BCEX Tpex
CTaausX ee 3Bomonny. Ha Ha9ampHOM CBEPXCBETOBOW CTaJANH PACIIMPEHHUS 3Ta CHIIa TOPMO3UT €ro 110
CBETOBOHM cKopocTH. Ha cTagmm CBETOBOTO pacIIMpeHHs C Y4YacTHEeM O3TOW CHJIBI TPOHUCXOTUT
¢dopMupoBaHHe 00BEKTOB KPYITHO MaclITaOHOI cTpyKTyphl Beenennoii. [1o 3aBepiennu 3toif ctaann
(B BO3pacte 9,32 MiIpa. JIeT) HACTYMAeT CTaAusl YCKOPEHHOro pacirpenus BeeneHHol nmon neicteremM
paanaIbHON MOISPU3aLMOHHO-PEAKTUBHON crilbl. B 310l Moznenu Bo3pacT Beenennoit 14,1 mnpa. ner,
¥ BO3MOXXHO, COITIacHO [3], oOpa3zoBaHue 3BE3]1 M FAJIAKTUK, BO3PACT KOTOPHIX MIPEBBIIAIOIINM BO3PACT
Bceenennoit 13,8 mupa. ner B npunsaTod ceituac ee ACDM-monenu. [locnennsist Moaenb OCHOBaHa Ha
SKCIEPUMEHTANBHO HETOATBEPKACHHBIX TUIIOTE€3aX O CYUIECTBOBAHWH INEPBUYHBIX CHHTYJISPHBIX
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TOYEK, PACHIUPEHUHN IPOCTPAHCTBA U CYIIECTBOBAHWU TeMHOM sHeprun. OHa He criocoOHa 00BSICHUTH
CYIIIECTBOBAHNE HENABHO OTKPBHITHIX KOCMHYECKHM TejecKoroM «JlkeiiMc Y300» paHHHX TallaKTHK,
BO3pacT omHOW u3 KOoTopelx B ACDM-Monenu Bcero 290 miH. jet (1 TeM Ooiee M3ydaeMoul ceifdac
TaJIAKTUKH C BO3PACTOM, 110 MPEABAPUTEILHOM OlleHKe, 90 MITH. JeT).

3. Armocdepnbie Buxpu. Ceronss Qusnka HE MOXKET OTBETHTH Ha BONPOCHI, OTKyAa KpPYITHBIE
arMocQepHble BUXpH (IIMKJIOHBL, TOPHAAO W JAPYTUe) MOIYy4YaroT MOMEHT BpAallleHHs W DHEPTHIO,
YCKOPSIONIYIO BpallleHHe aTMoc(epHbIX Macc.

Oddexr camoyckopenus: BpamieHust poropa Obul OTKpBHIT k. CEpiaoM M MOATBEPIKACH
skcniepuMeHToM Pomuna-lTomuHa [6]. OTOT 3(QQEeKT caMOyCKOpeHHs BpalleHUsi OOYCIIOBJICH
MOJISIPU3AIIMOHHO-PEAKTUBHON  CHJION, WCIIONB3YIOIICH —TIOJIOKUTEIBbHYI0 KOMIIOHEHTY SHEPTUHU
¢usnyeckoro Bakyyma [3]. B yacTHOCTH, 3TOT 3PQPEKT MOXKET OBITh NPUYHMHON 3EeMIICTPSCCHUIA,
BBI3BAHHBIX CAMOYCKOPSIFOIIIMMCS BPAIllEeHNEM BEPXHHUX CIIOEB MarMsi [3].

4. V3BecTHBI MpHMEpPHl T€HEPAaTOPOB DHEPTUH, PadOTaIMMX Oe3 TOIIMBA W H3BJICKAIOIIUX
n30bITOounyto sHepruto. Cormacno CMU, B IlIBeiinapuun takoii renHeparop «TectaThka» yke JaBHO
paboTaeTt B OMHO U3 pelMUrHo3HBIX o0mmH. [loManranii reHeparop Jx. Cépna padbotan 30 net, moka oH
HE yroJui B TIOPbMY 3a «Kpaxy aJekTposneprum». B 2022 rony B CIIIA Ha KoMMepUYEeCKOH OCHOBE
3apaboTan OecTOIUIMBHBINA KBAaHTOBBIN reHeparop. sl orpoMHBIX HEOCBOCHHBIX MPOCTOpoB Poccum
TaKye aBTOHOMHBIE T€HEPATOPbI SHEPT UM NMPEICTABIISIIOT 0COOBIM HHTEpEC.

VYeTpoHCTBO TakMX KBAaHTOBBIX TI'EHEPATOPOB IMO3BOJISET IOJIAPU30BATH HYJIEBYIO SHEPIHIO
¢u3nuecKkoro BakyymMa M JIOKaIM30BaTh B MOANPOCTPAHCTBAX KOMIUIEKCHOTO IIPOCTPAHCTBA €€
KOMIIOHEHTHI TaK, YTOOBI TMOJOKUTENbHAs KOMIIOHEHTa SHEPrHH IOCTynajia B reHeparop. dusmka
HEKOTOPBIX OECTOIUTMBHBIX KBaHTOBBIX I€HEPaTopoB paccMoTpeHa B [2 m 3]. B pamkax mpuHsATON
napaaurMbl y o0beKTOB BeelleHHOH HeT MpOTOCTPYKTYPhI, U KBAHTOBBIN 3(h(eKT H3BICUCHHS SHEPTUU
3 (U3MYECKOTO BaKyyMa HEBO3MOXeH. [lo3ToMy cyliecTBOoBaHME OECTOIUTUBHBIX T'eHEPAaTOPOB
3HEpPruu oQuUMaNBbHONW HAyKOM OTpHULAeTCs KaK MPOTHUBOpEYallee 3aKOHY COXPAaHEHHS SHEpIHuu,
KOTOPBII BBIBEJCH U MPUMEHHUM ISl AEHCTBUTEIILHOTO OHOPOAHOTO MpocTpaHcTBa. HecoMHeHHO, YTO
NOTPEOHOCTh YeNOBEYECTBA B YHMCTOM, NEIIEBOW M HEOrPaHMYEHHOHM 3amacamMy TOIUIMBA SHEPIUU
NPUBEAET K U3MEHEHUIO IPENICTABICHUS O IPOCTPAHCTBE.

3aKiIroueHue

[NosiBnenue MIPETEHAYIOLIETO Ha YHHUBEPCAITbHOCTh MOHO(YHIaMEHTaTUCTCKOTO
MHUPOBO33PEHUYECKOTO MOAXO0[a, COIVIACYIOLIETOCsS C IMIMPOKHUM CIEKTPOM S3MIHPHUYECKUX ITaHHBIX
MHKpPO- 1 MaKpOMHpa, OTKPHIBAE€T HOBbIE BO3MOKHOCTH B Pa3BUTUH (yHAaMEHTaIbHOM Hayku. s
o0ocHOBaHus oO0wiel Teopuu, kaxoi sBisiercss KTM, TpeOyercs NMOATBEpXkAEHHE €€ MOCTYJIATOB
SMIUPUIECKUMU TaHHBIMU. YacTh Takol nHpopMaIum, B3saToi u3 [2-4], mpuBeeHa B CTaTbe.

Paccmotpensslii B jgaHHOW paboTe B paMKax MOHO(DYHIAMEHTAIMCTCKOTO ITOJXOa BHIBOJ
ypaBaeHus lllpemunrepa panms ciydas CBOOOTHBIX HEPEIATUBUCTCKUX YaCTHIl JEMOHCTPUpPYET
MPUMEHUMOCTh KBAaHTOBOW MEXAHHWKH K POXKIAIOUIMMCS TMOJSPU3AIMHOHHBIM MEXaHU3MOM OOBEKTaM
JIIO00W MAacChl M HEPAPXUYCCKOTO YPOBHSI. DTO O3HAYAET, YTO B MOHO(DYHIAMEHTAIUCTKON KOHIICTIIIUN
MHPOYCTPONCTBA KITaCCHUECKasi MEXaHUKa HE SBIISETCS, KaK MPHUHITO CUUTATh, IPEACIHHBIM CIIydacM
KBaHTOBOW MEXaHHMKH U 3JICMEHTOM e¢ 000CHOBaHUs. [oJTydeHHbIN pe3y/IbTaT MO3BOJIICT HAICATHCS Ha
CO3/IaHUE JICTEPMUHHUCTCKOM KBAaHTOBOW MEXaHHUKU PEaJIbHBIX YaCTHII, KOTopas OyIeT mpuMeHHMa Ha
BCEX UEPAPXUUECKUX YPOBHSIX BEILECTRA.

B 2024 rony Owi1 mpoBesen auanor apropa KTM mo jecsiti oOMM M 4acTHBIM TpoOiieMam
¢byHIaMeHTaIbHON (PU3UKHU C HCXOAHO 3aHUMABIIUM HO3UIINH NPUHATON HapaJurMbel HEMPOCeThIO (4aT
GPT-4-0). Pearupyst Ha aprymentauunto KTM, yar no Bcem necsitu npoOieMaM NpUHsIT ee O3ULuH [ 7,
[Ipunoxenue 1]. Mcrnons3oBaHHas B AMajorax apryMmeHtanusi OyaeT moje3Ha B MUPOBO33PEHUECKOM
JUCKYCCHH, KOTOpasi paHblIe WM MO3KE COCTOUTCS U ONPENETUT MyTh pa3BUTHA (QyHIaMEHTaIbHON
¢usuku. Ecnym KBaHTOBas KOHIENIMS MHPOYCTpOWCTBa Oyjer mpu3HaHa OO0OCHOBaHHOH, TO
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byHnameHTadbHOM (PU3KMKE TPENCTOMT CMEHa NPUHATOM JBYXYPOBHEBOM MapaJurMbl Ha
MoHodyHIaMeHTaIUCTCKyto [7]. Tloatomy B 0003puMOM OyAyIieM MOXHO OXHIATh MPOJOJDKCHUS
HayaToi cTo JeT Ha3aJ KBAaHTOBOW PEBOMIOLIMY B MUKPOMHPE, HO YXKE Ha MAKPOYpPOBHE.

[IpuBenenHsIil B naHHOM paboTe psia pacxoxkaeHuit pedynsratoB KTM u npunsToii huznveckoi
napaaurMel 1 pacmupenue B KITM o0nacTu mpuMEHHUMOCTH KBaHTOBOM (PU3HKH HA MaKpOMHUP JACTAIOT
HEOOXOOMMBIMU TIpodeccHoHaNbHOE 00CyKAeHHe (U3NYECKUM COOOIIECTBOM 0O0OCHOBAHHOCTH
MOHO(YHIaMEHTATUCTCKOIO MHPOBO33PEHUYECKOr0 MOIX0/1a, IPETEHIYIOIEr0 Ha YHUBEPCAIBHOCTD B
NIO3HAHUM PEaTbHOCTH MHUPOYCTPOHCTBA. IJTO OOCY)KICHUE II03BOJIUT ONPENENUTh, HYXKHO JIU
KOPPEKTHPOBAaTh MyTh pa3BUTHA (QyHAaMEHTAJIbHOM HayKH B 0003puMOM OyIyIIeM.
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Ipunoxenue: Komera AI/ATLAS MoxkeT ObITh KBAHTOBBIM 00beKTOM

Orta Mex3Be3[Has KoMeTa, oOHapykeHHas B jeroMm 2025 roma, yauBUJIa acTPOHOMOB
HEOOBIUHBIM CBOICTBaMH, HEKOTOPBIE U3 KOTOPBIX, BOBMOYKHO, IPOTUBOPEYAT MPUHITHIM 3aKOHAM
¢uzuku. [Ipennaraembie 0ObICHEHHUS STUX SABIECHUI HA OCHOBE MPUHATHIX MPEICTABICHUN HOCSIT
JMIIb TUNIOTeTHYecKui xapakrep. [loaTomy 1enecooOpazHo paccCMOTPETh 3TU CBOMCTBA KOMETHI
HAa OCHOBE M3JIaraeMoro B JIaHHOW cTaThe MOHO(MYHIAMEHTAIUCTCKON KBAaHTOBOW KOHIICTILIUU
MupoycTpoiicTBa. M3-3a 0TCyTCTBUS HayyHBIX MyOIMKanuid OyZeM OpUEHTHPOBAThCSI HA JaHHBIE
CMI.

TpaekTopusi KOMETHI JIEKUT C OTKJIOHEHUEM BCETO B 5% B MJIOCKOCTH SKJIUIITUKU U SBISETCS
peTporpaaHoil. B miuockocTy 3KIMNTHKY TPOHCXoauIo oOpa3oBanue CoHIIA M €ro IUIAHET, YTO
MpuBeJIo0 K TpaHchopMalMk €€ KOMIUIEKCHOTO MPOCTPaHCTBA ¢ oOpa3oBaHuWeM (GparMeHTOB
NPOCTPAHCTBA C pPAa3HbIMU CBOMCTBaMHU: JEMCTBUTEIBHOTO, MHHUMOIO M HX Pa3HBIX
KOMOMHUPOBaHHBIX QopMm. [Tpu mpoxokaeHuu 3Tux (parMeHTOB y KOMETHI OyIyT MPOUCXOAUTH
ObICTpBIE M3MEHEHMsI €€ MPOTOCTPYKTYpbl M KBaHTOBBIX CBOMCTB. [loaTomy 1enecooOpa3HO
paccMOTpeTh 3aMEUEHHBbIE ACTPOHOMAaMHM OCOOEHHOCTM KOMETHI KaK CJIEJCTBHE MU3MEHEHHs €€
IIPOTOCTPYKTYPHI.

MOXHO BBIJENUTDH CIEAYIONIME CBOWCTBA KOMETHI, MPEACTABISAIONINE 0CO0YI0 TPYIHOCTh
P UX HHTEPIPETAIMU B paMKax MPUHATON (HU3HUECKOM MapaurMbl:

- (1) mpoiins nmepurenuii 29 okTIOps, KOMETa U3MEHWIIA HAIIPABJIEHHUE CBOETO JBIKEHUS (5
HOSIOPS)

- (2) onuH U3 ee XBOCTOB OKa3aJjcs HarpaBiIeHHbIM K ConHITy («aHTUXBOCTY, 10 HOSOps)

- (3) xoMeTa pUTMUYECKH MEHSIa CKOPOCTh M CBEUCHHE (KaK y MasiKa)

- (4) anp0en0 KOMETHI YBETHYMIIOCH BIBOE
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- (5) B 180 pa3 yBenuuunia MOIIHOCTh U3TYYEHUS TIPU COKpaIieHnn pacctossaus ot CoHIa
BIIBOE

- (6) HECKOIIBKO pa3 KOMETa MEHsIIA LBET U3IyUYeHUs (KpacHbIN-3€JEHbIN-CUHUN) IIPU TOM,
YTO CHEKTPOCKONHsI HEe OOHapyXujla XMMUYECKUX M3MEHEHUH (OAHO M3 M3MEHEHWil 1BeTa Ha
roxy0oii Ipou301LIo 4 HOSOps)

- (7) npu mpoxoxkaeHnr Mapca KoMeTa BbI3Bajla Ha HEM Psii HEOOBIYHBIX 3 PeKToB

dnexmpomazHummubvle 3¢ pexmoi

Msbl npeanonokuMm, 4YTO B Hayale HOAOps KoMeTa Bolla B 00JacTb MHHUMOIO
MOJIIPOCTPAHCTBA HKIUMNTHKU, YTO MPHUBEIO K TpaHC(OpMalMu ee MPOTOCTPYKTYphI: K €€
JNEHUCTBUTEIILHOMY  TOAIPOCTPAHCTBY  OOABHWJICS  3HAYUTEIBHBIA  ()parMEHT MHHMOTO
noanpocTpancTBa. Kak mokazaHo B JaHHOM cCTaTbe Takas CTPYKTypa MOMKET I€HEpUpPOBAThH
AIIEKTPOMArHUTHOE HW3JIyYEHHE Pa3HOW YacTOThl, MPUYEM MOJSPU3ALMOHHBIA MEXaHU3M €ro
00pa30BaHMsI TPOUCXOTUT HUKIUYECKU. DTO U3ITyUYEHUE PA3HBIX YACTOT MOMIOIIAETCS BEIIECTBOM
KOMETBI, MEHSIS COOTBETCTBEHHO I[BET €€ M3JIy4deHHs. Tak Kak MOJSpU3alUOHHBIC MPOIECCHl B
MPOTOCTPYKTYPE KOMETHI MMEIOT LUKIMYECKUH XapakTep, TO 3TO MOXET MpOSIBIATHCA B
PUTMHUYECKUX U3MEHEHUS U3JIyYEHUS U, BOBMOXKHO, CKOPOCTH JIBH)KCHHUSI.

[Tpu mpubnmxennu k CoIHIy HHTEHCUBHOCTD MOISPU3ALMOHHBIX MEXaHU3MOB U3ITy4YCHHS
MOKET BO3pacTaTh KaK peakuus Ha BbI3BaHHOE COJIHLIEM U3MEHEHUE IPOTOCTPYKTPHI KOMETHI.

VYBenuueHue anb0ea0 BIBOE MOXHO CBSI3aTh C JABYMSI 30HAMU IOIJIOIIEHUS M OTPaKEHUs
3JIEKTPOMAarHUTHOTO M3Jy4YEHHUs: B JEHCTBUTEIBLHOM MOAIPOCTPAHCTBE BEIIECTBOM KOMETHI U B
MHUMOM IOANPOCTPAHCTBE, 1€ (POTOHBI MOMIOIIEHHOIO M3IyYEHHUs! PaclajaroTcsi, YTO MOKHO
paccMaTpHBaTh Kak WX MOMIOIIECHHE.

Junamuueckue s3¢hgpexmoi

O0pa3oBaHue aHOMAJIBFHOTO XBOCTAa MOXKHO CBSI3aTh C IOSIBJIGHHEM Yy KOMETHI (pparmeHTa
MPOTOCTPYKTYPbI C MHUMBIM MOJMPOCTPAHCTBOM, Ky/1a IPOHUKAET BEIIECTBO KOMETHI.

BO3HUKHOBEHHE KOMIUIEKCHOTO IPOCTPAHCTBE MPOTOCTPYTYPhl KOMETBI MEHSET €€
KBAaHTOBOE COCTOSIHME M HaIlpaBJICHUE CKOPOCTH €€ MEPEMEILEHUs MOCPEACTBOM MOJISPU3ALUU
KOMIUIEKCHOU CKOpOcTH. CKOPOCTh HOBOTO KBAHTOBOI'O COCTOSIHUSI PEANIU3YETCs MOCPEACTBOM
pPacCMOTPEHHOM B TAHHOM CTaThe MOJSPU3ALMOHHO-PEAKTUBHON ChJIbl. Henb3si HCKITIOYUTh, YTO
MPOLIECC U3MEHEHUs CKOPOCTU MPOUCXOAMII HEOJHOKPATHO U3-3a HEOAHOPOIHOCTU CTPYKTYpbI
KOMILUIEKCHOTO MPOCTPAHCTBA IKIUNTUKH. Co31aBaemasi CTPYSIMH KOMEThI peaKTUBHAS CHUJIa BPSIT
JIM cTIOCOOHO 3aMETHO BO3/CMCTBOBATh HA JBUKEHHE OTPOMHON MacChl KOMETHI.

Bzaumooeticmeue komemwvr ¢ Mapcom

3 okTs16ps 2025 roma xomera 3I/ATLAS mponerana Mumo Mapca. B 3Tor MomeHT oGcepBatopun B Yuiu u
SInOHMYM MPaKTHYECKU OTHOBPEMEHHO 3a(DMKCHPOBAIH KPATKOBPEMEHHOE, HO OUYSHB MOIITHOE 3eJICHOE CBEUCHHE
B MapCHaHCKOH arMocdepe. ITO He MOIIIO OBITh MOJIAPHBIM CHSHHAEM, TaK Kak y Mapca HeT MarHUTHOTO TTOJIS.
B ToT xe MomeHT mMapcoxonsl Perseverance u Curiosity, Haxonsmecs Ha MOBEPXHOCTH, 3apETHCTPUPOBAIU
CUJILHBIN SHeKTPOMaFHHTHLIﬁ mTOPM. Hx JaTYUKH TaKXKE YJIOBUIN HeO6I)I‘{HyIO XUMHUYCCKYH0 aHOMAJIUIO:
PE3KHii ¥ OTHOBPEMEHHBIN BEIOPOC YIVIEKUCIIOTO Ta3a U IIMaHa, a TAKXKe BCIUIECK KOHIIEHTparuu Metana. Cpasy
rocJie COMKEHNS C MapCOM HU3MCHUIIOCH U ITIOBCIACHUC camoi komeThl. Ee APKOCTH, KOTOpasd 10 3TOIr0O MOMECHTa
MCHsJIAChb XaOTUYHO, BAPYT CTaJla pPUTMUYHO ITYJIbCUPOBATH, CJIOBHO MasK, C Y€TKUM UHTCPBAJIOM B 22 CCKYHIBbI.
OTOT HEOOBIYHBIN CHTHAN MOATBEPAMIHA HAOMIONCHNS 3 HECKOIIBKUX 00CEpBATOPHI IT0 BCEMY MHPY.

OTU COOBITHSA YKa3bIBalOT Ha M3MCHCHHWEC KBAHTOBOI'O COCTOSIHUSA IPOTOCTPYKTYP KOMETBHI U Mapca,
KOTOPOC MOXKCT 6BITI> CJICACTBUEM JOBWXKCHHUA KOMETHBI B HCOAHOPOJHOM KOMIUICKCHOM MNPOCTPaHCTBE
SKIUNTUKA. POCT KOHIIEHTpaIlMKi MeTaHa MOT ObITh BBI3BaH YCHJICHHEM T€HEPaIlii BOIOPOAA B IPOTOCTPYKTYPE
Mapca. FeHepauI/m BOAOpOAa MPOUCXOAUT U Ha 3emite. MoxHO OpCAIIoIOXUTh, UYTO HaA HEH npu CONKEHNH C
KOMETOHU TaKkKe BO3HUKHYT HeO6LILIHI)Ie SABJICHUS.

Takum 00OpazoM, HeoObIYHBIE MposiBieHNsT kKoMeThl 3I/ATLAS MoryT OBITH CIEACTBHEM CTPYKTYpPHOI
HCOOHOPOAHOCTH KOMIUICKCHOTO IPOCTPAHCTBA OSKIWIITUKH W KBAaHTOBBIX CBOMCTB KOMETHI M OOBLEKTOB
CoJHEeYHOU CUCTEMBI.

10.11.2025.
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