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BBEIEHUE

11. ...3a Hepa3yMHble OMBINLIEHUA UX HENPABIbI,
[0 KOTOPBIM OHU CIYKUIN GEeCCIOBECHBIM IPECMbI-
KaloUMMCA U Npe3peHHbIM 4ynoBumam, Thl B Haka-
3aHHe Haclal Ha HUX MHOKeCTBO GeCCIOBECHBIX HHU-
BOTHBIX, YTOObI OHU [T03HAIU, YTO YeM KTO COTPELINT,
TeM U HaKa3bIBaeTCA... U Ge3 3TOro OHU MOTIH IO-
rUGHYTb OT OJHOTO AYHOBEHHH, peciefyeMble Ipa-
BOCYIHEM U paccedBaeMble IyXOM CHIbI TBOeil; HO
Tl Bce pacmoio;«uil Mepoio, YUCIOM U BECOM.
Kuura npemyapoctu CosiomoHa

Benuruit matematur u ¢usur Boronwo6oB cunuTan, 4to mo-
clelHAA CTPOKA CIO#HOU KOHCTPYKLUU U3 BXOJALIeil B cocTaB
Bub6aun kuuru («npaBia, HEKAHOHUYECKO(» — OGBIYHO JOGABIAL
OH) TpeJCTaBIfAeT CO00i ompeneneHne GUUKH.

CiiaTas B OHO CTOJNETHE UCTOPUA KBAaHTOBOI MeXaHUKU CBU-
JeTelbCTBYeT, YTO BCe BeJIUKNUe OTKPbITUA 3TOI HayKHU ObLIU CBA-
3aHbl MMEHHO C PacloJjoeHleM ee 3KCllepUMeHTalbHOro MaTepu-
ala «Mepolo, YhuciIoM U BecoMy. HampoTuB, BcAKoe OTCTYIIeHUE
OT 3TOr0 IpaBuJja NPUBOAWIIO K JOMHBIM T'UIIOTe3aM, 3aMeHe 3]pa-
BOI'0 cMbIcia npejapaccyakamu. PacninaTta 3a 3To Gbuia Takoii, Kak
onucan ee Myapbiii ComoMoH.

3agymaB HanucaTb He0oJbInoil 0630p paboT MO KBaHTOBOM
TejlellopTally, aBTOPbl 0OHAPY#UJIU, YTO 3TOr0 Helb3A CHelaThb
6e3 obpallleHld K 3HaMeHUTol cTaTbe JiHIITeliHa, [logonbckoro,
Posena u k oTKIUKY Ha Hee Bopa. IlonbiTka nepeckasaThb 3TH cTa-
TbU HeMeJJIeHHO NpUBeja K HeoOXOJUMOCTH U3JI0EeHUA MHEHUN
MHOTHUX JAPYTMX y4YacTHHUKOB cliopa U Golee noApoOHOro aHaniu3sa
TeX MOJIOMEHUN, KOTOpble OHU OTCTAUuBalU WU ONpPOBepraii.

B pe3synbTaTe BO3HHK COBepIIEHHO APYroii 0630p, U306UIY-
fomuit quraramMu. OH He NpeTeHAyeT Ha CKOJIbKO-HUOYAbL MOI-
HOe ONHKcaHHe HCTOPUU, MEeTOJOB U pPe3yJbTaTOB COBPEMEHHOIl
KBaHTOBOI1 MexaHuku. Mb1 oTo6panu auimb HauGolee 3HAUUTENb-
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Hble, HAa Hall B3TJAI, U/leN U JOCTUMEHUHA, UTOObI 1aTh BO3MOM-
HOCTb UMTAaTeI0 NOJYYUTh NpeAcTaBlieHre 0 KBAHTOBOI MeXaHU-
Ke OT caMHuX ee co3jgaTeieii. Mbl XoTenu Moka3aTh, YTO OTPOMHOE
MHO€ECTBO 3KCIEePUMEHTANbHbIX (aKTOB, MOPOAUBIINX KBaHTO-
BO€ MblIIJIEHWe, HUUYTh He U3MeHAeT B3IJA/la Ha PU3UKY Kak Ha
HayRY, UMEIOIIYIO [IeJI0 C «YMCIOM, MEPOIO U BECOMD.
BosBpalienue K HMCTOKaM KBaHTOBON TeOpUU MPUBEIO He
TOJbKO B U3BEeCTHBIN BceM HomeHrareH, HO U B IPOBUHIIMATbLHbIM
MionxeH, rge B Havaine 20-X rofioB 1oJ PYKOBOACTBOM Y4YHUTEIA
HoGeneBckux naypeatoB 3oMmMmepdenbaa ABa COBEpIIEHHO HeMo-
XOUX APYT Ha Apyra MOJOIbIX yelloBeKa MpoOOBall CBOU CHJIbI
B CO3/IaHU U HOBOM PU3NKU. 3/lech HENb3A GbII0 MPORTU MHUMO BOC-
nomuHauuil Taiizen6epra [Taitzen6epr 1989|, HanucaHHBIX UM
B nyxe «Mctopun» Q@yrugnaa [Oovkvdidv]:
YTo mo peueii..., To B TOUHOCTU 3allOMHUTh U BOCIPOM3-
BECTH MX CMbICH GbIJI0O HEBO3MO#HO — HU Te€X, KOTOpPble MHE
NpUIIJIOCH CAMOMY CHbIIIATh, HU T€X, 0 KOTOPbIX MHe mepe-
nanu gpyrue. Ho To, uTo, mo-moemy, KamIblii opaTop MOT
GBI CKa3aTh CAMOr0 [OJXOIALIEr0 M0 JAHHOMY Bompocy (mpu-
yeM fl, HACKOJIbKO BO3MO#HO OnMe, NMpUAEPKUBalOCh 00-
Ero cMbicia AeACTBUTENbHO MPOU3HECEHHBIX peueii), 3TO
A U 3acCTaBUJI UX T'OBOPUTh B MO€il HCTOPHU.
laiizenbepr cuuTal, YTO UMEHHO NMPU TAKOM W3JIONEHUU MPOAC-
HAEeTCA NMpollecc BOSHUKHOBEHUA HayKu. Mbl peluiu nociegoBaTh
MpUMepy BeIMKUX paccka3uukoB. OQHAKO B JaHHOM cilIyyae HeT
HY# bl HANpATaTh MaMATb, YTOObI BCIOMHUThL COOBITUA, CBUJE-
TeIAMU KOTOPBIX MbI He Oblnu. KBaHTOBaA MexaHHKa CTOJb MO-
J10/1a, UTO NOKA ellle COXPAaHWJINCh MHOTOUYMCIeHHble MyOIuKauu
COBPEMEHHUKOB, U Jyd4llle Bcero AaTh cloBo UM. EcTh eme of-
Ha IpUYWHA MPUHATOr0 CTUIA U3joxkeHnA. KBaHToBaA MexaHUKa,
HECMOTpPA Ha CBOIO MOJOJOCTb U 0003pUMOCTh UCTOYHUKOB, yC-
neia (Kak ¥ BCAKaA CONMIHAA Hayka) oGpacTu mpeapaccyIKaMu.
HamoMHuM xoTA 6bI MU(] O HEHATMAZHOCTU TEOPHH, UTO AKOOBI
CBfI3aHO C ee ype3MepHOil MaTeMaTu3sanueii. K coxanenuto, pac-
NMpOCTPaHEeHUIO 3TOro Mpejapaccy/lka B NIMPOKUX Maccax B HeMa-
Joii cTeleHW crmocoOCTBOBalU caMM co3jgaTelny Hayku. Pa3Butue
HOBBIX METO/IOB BCerjia CONPOBOMAAET KellaHue MOJYePKHYTh UX
MPOCTOTY W HarlAQHOCThb. B KauecTBe JOBOJOB B 3TUX CIydYaaX
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YacTo UCNOJIb3yeTCA TO, UTO JpeBHUE Ha3biBanu «Argumentum ad
ignoratium» (moBom, paccuMTaHHBLI! Ha HEOCBEJOMIEHHOCTh CO-
GeceIHUKA), U TOT JOBOA Bcrpevaica ¢ ogobpenuem. Illpenun-
rep B KayecTBe OJHOI M3 IPUYUH, NOOYIUBIIMX €r0 K CO3JaHUIO
CBOEro 3HaMEeHUTOro IMKIa paboT, IPUBOAUT cilelylouyio: «Me-
HAl OTIYTHUBalH, €Ccly He CKa3aTh OTTalKUBalU, Ka3aBlluecA MHe
O4YeHb TPYIHBIMU MeTOAbl TPaHCIEHAEHTHOI anre6pbl U OTCYT-
cTBHe HarnagHoctu (B pabotax laitzen6epra, Bopua u Hopaana)y.
YuraTtennb gonxed Gbl1 goragaTbes (M OH JOrajbiBajcA), 4TO HO-
BBIif MeTO] MPOCT U HarifAgeH. EcTecTBEeHHO, UTO Te3UCHI TaKoO-
ro pojia HeMe[JEeHHO MMOJXBaThIBallCh OKOJIOHAYUYHBIMU cO3haTe-
1AMU o0lecTBEHHOT0 MHeHUA. Me#ay TeMm NOHATHe HariafagHOC-
TU onpefendeTcd ypoBHeM 3HaHuUil. B JIpeBHem Erunte He 6n110
foslee HarJAAAHOIO NpeJCTaBIEHUA O peKe, KAK O UYeM-TO, TeKy-
meM c fora Ha ceBep. OHO Jexano B OCHOBe BceX IpeJiCTaBlIeHUit
06 okpyamwieM Mupe. HeyTuBUTelbHO NOTPACEHNE ETUIETCKUX
colaT, YBUAEBIIMX BO BpeMA CBOMX IOXOJOB TeKyI[He BCIOATH
peru. Uto MozeT ObITh Gollee TPAHCIEHIEHTHOIO A CTPOUTENA
NUpaMuj, YeM MbICih 0 mapoo6pasHoctu 3emiau? Bosspaiiaschk
B XX-i1 BeK, 3aMeTUM, YTO CTaThf, ChIlpaBIlafd pellalyo poib
B CTaHOBJEHUM KBaHTOBOW MeXaHUKH, Ha3biBanach «0 HaraIagHOM
coJep:xaHuU KBAaHTOBOTeOPeTHUEeCKON KUHEMaTUKU U MeXaHUKW.
KomMeHnTupys ee, oiuH U3 co3jaTeneil HOBOIl HAYKU — 30MMep-
¢enbn — mucala, 4To aBTOp cTaTbu — ['aii3eHGepr — cToAN Ha
TOIl TOUKe 3peHUs, 4TO

HarifAAHOCTh 3aKjII0UaeTcA He B TeOpeTHUeCKUX IpeJcTaBie-

HUAX, KOTOPble MbI XO0TeJH Gbl 3KCTPANOIUPOBaThL OT IPyObIX

YyBCTB Ha MHUKDOABIE€HUA B aTOMe, a B TECHOM U KDUTHU-

YeCKOM CPaBHEHUU C JaHHBIMU PeajbHO OCYIIeCTBUMBIX WIU

MBbIC/IEHHbIX 3KCIEPUMEHTOB.

C 3Toit TOUKM 3peHNA, B KBAHTOBOIl TeopuU HeT HUUero Gonee
HarjasagHoro, 4yem paboTsl 'aitseH6epra, kak HeT GoJbliero Bpeja,
HaHEeCEHHOI'0 MOJIO[0ii HayKe HaCUIbCTBEHHbIM BHeJpPEeHHEM <«U3
coobpaeHUl HarIAOHOCTU» NpelcTaBieHuil o VU-QpyHKIUHN Kar
0 HEKOTOPOM MaTepuaibHOM mose. UToGbI He HaBA3BIBATL UHTA-
TeJII0 OYepeJHOro NpejcTaBleHUd O HarjlfAQHOCTHU, ObLIO pelleHo
JaTb eMY BO3MOHOCTb caMOMY BBICIYIIaTh JOBOJbI TBOPLOB Ha-
YRKHU.
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[loaTomy Ham 0630p uzobunyet nurtatamu. [Ipu ux 6oabiIomM
yycie ¥ OGIIMPHOCTHU BbIeJeHNe UTAT B KaBbIUKU IPUHECIO Obl
KpaiiHee HeygoOCTBO yuTaTelio. TeKcT HuTaT BhIAENHeTCHA CMe-
I[EHUEM €ro BIIPaBO, KaK 3TO TOJIbKO UTO GBLIO CAeaHo ¢ IUTaTou
u3 @yxuauna. B 063ope comepUTCA OTPOMHOE YUCIO CChLIOK Ha
cratbio JitHmTeliHa, [logonbckoro u Posena. UToObI cnenaTh uX
MeHee I'POMO3IKMMU, MbI IOUYTH BCIOLY MCIOJIb3YyeM COKpalleHue
EPR, npuuem oHO MosieT 0603HauaTh Kak (aMHIUK aBTOPOB, TaK
U camy cTaTbio. Mbl HajieeMcA, UTO 3TO He MOMelllaeT YUTaTelio
[OHATh, YTO OApPa3yMeBaeTCHd B KamIoM cClydae.



BEJIUKAA CMYTA B KBAHTOBOI1
MEXAHHURE

25 mapTa 1935 roga B pegakuuio #ypHaia «Physical Reviewy
NoCTynuia pyKonuch cratbu JitHmTeiiHa, [logonbckoro u Poze-
Ha [EPR 1935] nox nasBanuem «Mo:kHO 1M cYUTaTh, YTO KBaH-
TOBO-MeXaHHYecKoe onucaHue Gu3nyeckoil pealbHOCTH ABIAETCA
noaubiM?y OHa yBupena cBeT 15 masa 1935 roma, Ho emre 4 Mas
B cy66oTHeM HoMepe «The New York Times» nmoaBumacek craTha
nof sHepruyHbiM 3ariaBueM «Finstein Attacks Quantum Theory».
B Heii roBopuiioch, UTO MpocCiaBleHHbINH Mpodeccop JUHIITElHH,
KOTOPBII IPUXOAUTCA KBAHTOBOI MeXaHUKe KeM-TO Bpojie ey~
KU, Telepb JI0Ka3all, YTO 3Ta HayKa, XOTA U NpaBHiIbHa, HO HENOJI-
Ha. TekcT penopTepa conpoBoMaanCcA AKOOBI OATUHHBIMU BhICKA-
3bIBAHUAMU OJIHOTO U3 coaBTOpoB cTaTbu — [logonbekoro. 3aech
#e noj 3aroioBroM «Raises Point of Doubty 6110 onyGankoBaHo
uHTepBbio ¢ KoHmoHoMm, B To BpeMmA mpodeccopom IlpuHcToHC-
Koro YHuBepcutera. OueHuBasa To, 4TO npunuckiBanock [logomas-
ckoMy, KOH/IOH BHOJNHE KOPPEKTHO 3aMeTWl, YTO Hajlo, Mpeie
BCero, pa3o0paThCA B CMBICHIE COIepsRANIUXCA B CTaTbe MOHATHIA.
Ho nanee penoprep, cchutaachk Ha KoHgoHa, coobmun ynTaTenam,
yTo JUHIMITENH B TeYeHUEe MOCIETHUX MATU JET, UCXOAAd U3 CBO-
eif cyry6o AuyHON TOYKU 3peHUA, UYpe3BbIUAHO B3bICKATEIbHO
olleHHBaeT KBaHTOBYIO MeXaHURY, IPUBel y#e cTaBLINil 3HaAMe-
HUTBHIM adopusM JitHmTeliHa: «['ocmoJb He UTPaeT B KOCTU» U 3a-
MeTul, yTo caM HOH/IOH He HAaXOJUT HaNaJKU Ha CTATUCTHYECKOE
TOJIKOBaHUEe KBaHTOBOIl MeXaHUKH NpHBIeKaTelbHbBIMU. B mucek-
Me, ony6nuroBanHOM B «The New York Timesy 7 mas, ditHmTeitn
¢ BO3MYIIIEHUEM IUcal 0 TOM, YTO 3aMeTKa B rasete ObL1a onmy061u-
KoBaHa 6e3 coriacoBaHUA C aBTOPAMU CTATbU, U 3aABUJ IPUMEPHO
crenytouiee: «fI Bcerga o6cysjan HayuHble cTaTby MUIIb B COOT-
BETCTBYIOIIel ay ITUTOPUM ¥ BO3pasal MPOTUB NpPeBapUTEIbHBIX
cOOGIIeHUI 0 HUX B CBETCKOI1 Ipeccey.
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I'neB JitHmiTeiiHa, KOHe4yHO, ObLI CIpaBelIUB, HO MOKET
ObITb, UTO HeBepOATHOe Jocele coObITHe — MyOaUYHOe 00CyH-
JeHNe HAay4yHON CTaTbU B radere (XOTH U BIOIHE pecleKTabelb-
HOit) M0 OomyGIMKOBaHWA B HAYYHOM KYypHale — TMPOCTO ObLIO
npomMbicioM Bora, Ha KoToporo oH M06UJ cchbllaThecA B HAyYHBIX
cropax ¥ KOTOpbIi YTOTOBWI TBOPEHHUIO JiHINTeHA TOAT Uil MUP-
CKOI IIyTh.

Ha cTaTbio HeMellIeHHO OTRIMKHYIUCH BbIJAIOIIUECH COBpPE-
MeHHukM: Bop, lllpeaunrep, ®ok — 3TOT CIIHUCOK MOMKHO JOMNOJ-
HUTB CTONb e OnecTAmMuMU uMeHamu. [laTpuapx amepukaHCKOi
¢usuru Pabu nompocun mpuciaTh K HeMy KoOro-HuUGyAh U3 Ta-
JIAHTJAUBBIX MOJIOABIX JNI0Jel, YTOObI TOT TOJKOBO OOBbACHUI eMY,
B 4eM TyT cobcTBeHHO neno. K yauBieHUIO Kiaccuka, TIpULIen
U BOBCe MajlbUMK B KOPOTKUX LITAHUIIKAX — 3TO ObL1 OyAyI[Uii
Ho6eneBckuit naypear IlIBunrep. Takoe coGpITHe TOME JOIHHO
6b110 mpousoiiTu. lecaTs net Hazapn [laynu yTBepmgan, 4To KBaH-
TOBafA TE€OPUA — 3TO UT'PbI MonobIX. CIIOPEI 0 cTaThbe 3HAMEHOBA-
U CMeHY TIOKOJIeHUIi B KBaHTOBO#1 Teopun. Co BpeMeHeM BbIACHU-
Joch clellylollee: 3aXBaTUB OJUH pa3, cTaThA y#e He OTIycKala
oT ceba. Bonee uem nonyBeka cnycta [IIBuHrep ony6ankyeT QUK
cTaTeil, nNocBAIEHHbIX 6iu3Koil K TeMe EPR — 3agaue o 6Gaus-
Henax Burnepa (ogHy u3 sTux crareit oH HazoBeT Tak: «CHOHHO-
Baa korepeHTHocTh U Illanrait-Bonraity. OrasbiBaeTcd, 4To co-
XPaHUTh CIIMHOBYIO KOI€DeHTHOCTh IIpU pas/ielleHUU U Boccoeu-
HEeHUM NYUYKOB — 3a/laya TOH #e CTeleHU TPYIHOCTH, KaK U COo-
6parsb [lantas-Bonras nocie ero suamenuroro nagenud). Coycrtd
npuMepHo 30 neT nocie my6nukanuu paboThl JifHIITelHA ¢ coaB-
TopaMu, cBepcTHUK [IIBuHrepa, cTonb #e 3HaMeHUThIit DeitHMaH
(paspenuBiuit co llIsuurepom HoGeneBckyio mpemuio) moapoGHo
o6cynut npo6nemy EPR B cBoeM n3BecTHOM Kypce NeKIUit.

CraTbA Ha [JoJdr¥e roipl cTana ofHOI U3 Haubojee YacTo LU-
TUPYEeMbBIX Ppu3udecKux nyonuranuit. OHa pakTuyecKu nopoaunIa
ocoboe, Mo#eT ObITh CIUIIKOM abcTpakTHOe HalpaBlieHue B GU3U-
Ke. Punocodrl ¢ BocToproM obcy:k/janu HOBeiilllee AIA HUX OINpe-
neneHue «busudeckoit peanbHocTHy. Hak oObIYHO, Korga Kiac-
cHYecKoe IPOM3Be/leHUe llepecTalld 4YUTaTh, BO3HUK/A JereHjaa
0 HeM BMecTe ¢ ocoboit TepmuHonorueii: EPR-napsi, EPR-cocTos-
HuA . .. biuskue no gyxy pa6ortsr lllpenunrepa npuHecan u BoBce
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yauBuTenbHy1o «IllpequHrepoBy KOMIKYY:

MozkHO OCTPOUTH U coBceM LIy TOBcKkUe npuMepsl. Ilocagum
KOIIKY B CTalbHOI ceiip BMecTe ¢ afcKoi MallWHOM (3aLu1/1-
EeHHOH 0T KolKK). B cueTunk [eiirepa nonoxena KpynuHka
pajuoaKkTUBHOIO BellecTBa, CTOJNb Majlas, 4YTo 3@ 4ac MOKET
pacnacTbCcA OOUH U3 aTOMOB, HO C TOI #€ BEPOATHOCTbIO MO-
JKeT He pacmacthcA HU oauH. Eciu atom pacmajgaercsa, To
CUETUUK yepe3 pelle NIpUBeJleT B JelicTBUE MOJOTOYEK, KOTO-
phIit pa3obbeT KoabGy ¢ cMHUIbLHON KuciaoToil. IIpenocTaBuB
3Ty cUcTeMy caMoii cebe B TeueHHe yaca, Mbl CKameM, 4TO
KOLIKa ellle }K1Ba, €ClIU 3a 3TO BpeMA He pacnaicfi HU OJUH
atoM. IlepBbIit #e pacnajg npuBen ObI K OTPaBIeHUIO KOIIKU.
V-pyHRINA Beell cucTeMbl BbIpa3uia Obl 3TO TeM, UTO #U-
BafA U MepTBaf KollIKa (C 03BOJEHNA CKAa3aTh) CMEIIaHbI UK
pa3MasaHbl B OIMHAKOBBIX NPONOPLHUAX.

[Schrédinger 1935a]
ditnmreiiny noupasuicAa npumMep lllpenunrepa. Yike mocie amc-
ryccuu ¢ Bopom oH mucan ero uzobperaremnto:

Kak u npemssie, Tak u Teneps A y6emJeH, YTO BOTHOBOE Npe[-

cTaBlleHde MaTepuu He ecThb IOJHOe IpeJcTaBleHue Belleil,

XOTA OHO U OKasaloch pakTHYecKHU none3HbIM. OUeHb Kpacu-

BO 9TO [IOKA3bIBaET TBOM MPUMeED C KOWIKO (paguoaKkTUBHBII

pacraj co B3psiBoM). OnHu yacTu ¢GyHKIMM ¥ COOTBETCTBY-

IOT }KMBOH KOLIKe, a Jpyrue pacnblJIeHHO! KOLIKe, B OTHO U TO

e BpeMA. Eciu neiTaTbea BocnpuHuMaTh U-(QyHRIUIO Kak

II0JIHOE OIMCAHUE COCTOAHUA (HE3aBHCHMO OT HaOIIOJeHus),

TO 3TO 0O3HAayaeT, YTO B JaHHbI!I MOMEHT KOIIKA He #UBa U He
paclblieHa.

Jditnmreiitn — IMIpeguurepy 09.08.1938

MIpenunrepy npunagnexut Tepmun EPR-napagokc [Schrédin-

ger 1935b]. B ero goknage, npencraBieHHoM Kemopummcromy

RopoaeBckomy O61iecTBY, TOBOPUTCH, UTO COOOIIEHNE UMEET CBO-

UM HaMepeHUEeM He pa3pelluThb napajgokc, cogepsamuiica B EPR,

HO CKOpee, HaCKOJIbKO 3TO BO3MOKHO, 106aBUTh HOBbIe. Camu aB-

topsl EPR B 3T0 BpemA pacuieHUBanu CBOIO CTAaThIO He KaK 3aHAT-

HYIO 4acTHOCTh!, a Kak ompoBep#eHHe COBPEMEHHOIl UM KBaHTO-

lrapadotos — mapa (Bosne) + dofa (MHeHHe) = HeOGBIKHOBEHHHBIH,
cTpaHHbIHA.
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Boil MexaHukd. Jlumb roj cnyctd JiiHmreiiH [Einstein 1936]
OpUMEeHU] TepMUH Napajokc K usioxmeHHoMy B EPR pesynbra-
Ty.

Yucno nyb6aukanuii, obcyspaomux EPR-3agauy, B HacTos-
Illee BpeMA COCTaBlAeT HeCKOIbKO MUIIUOHOB. Ceituac y:ke Maio
KTO 3HaeT, 0 KAKOM COCTOfIHUHU IINIa peYb B 3HAMEHUTON CTaThe,
HO KOJIMYECTBO IIPUNKCLIBAEMBIX €My HeOOBIYHBIX KauyecTB IMOUC-
THUHEe yAUBUTeNbHO. K TOMY e NpOU30LLIO TO, YTO YKE YacTO
ciaydyanoch ¢ ¢opMynaMu JiHIITeliHa, KOrla OHU M3 abCTpPaKT-
HBIX TE€OPETHYECKHX COOTHOILIEHWi NpeBpamalnch B pacyeTHbIE
¢dopmynbl TexHUEH. HaHOCEKYH/IHbIE TEXHOIOT WU, IPEBPATUBIINE
KBaHTOBYIO MeXaHUKY B MH#EHEpHYIO HayRy, cllelalud B KOHIe
XX Bera BbipameHue «<EPR-cocTosiHue» cToNb e 0ObIUHBIM, Kak
U TepMUH «KoleOaTelbHbINl KOHTYDPY» B €ro Havale.

HMeHHO 3T0 06CTOATENLCTBO MOGYAUIO HAC OCBEHMUThL HUCTO-
puio Bompoca, co6paTh BMecTe pa3HOOGpa3Hble CYKIEHUA O 3HAa-
yennu EPR-cocToAHuMit n1A KBaHTOBOI MeXxaHUKHU, yOpaTb Uy:#-
IObIfl TOUHOI HayKe HajleT MHCTUKU U, N0 BO3MOKHOCTH, MOIHO
U CTPOTO MEPEUYUCIUTb U 00CYAUTh UX CBOICTBA, ONpPeelAIILNe
npukiagHoe 3Hayenue EPR-cocTosAHuMil.

Mke1 Hafieemces, YTO 3TO NIPUHECET NOJAb3Y B NEPBYIO ouepelb
Monofexu, 1A KoTopoit monAaTue EPR-coctoanmit 6yner cronp
#e OOBIYHBIM, KaK MOHATUA TEOPUU CONPOTHUBIEHHA MaTepUaloB
Il UX [pajenioB.

flcHo, YTO MMeBIIAA CTONb AalleKO UAYIINUE MOCIEACTBUA CTa-
ThA JitHmTeliHa, [logonbckoro u Po3ena He Moria GeITh 3afyma-
Ha U HalKcaHa 3a HECKOJIbKO Hellenb. OHa ABMIACH eCTeCTBEHHBIM
3aBepllleHlieM BIIOJIHe olpefle/leHHOT0 3Tala pa3BUTHA KBaHTOBOIA
MexaHukU. IlompobGyeM BbIACHUTH, Kakue HJeU ONpeleNflid 3TO
pa3BUTHE.

IIPEABICTOPHUA

OGbIYHO cUUTaeTCA, UYTO 3aTPY/IHEHUA HAYKHU, OCHOBAaHHOI Ha
MexaHnke HbloToHa, ObLIM CBA3aHBI C OTKPHITHEM JIBYX yHUBEp-
calbHBIX MOCTOAHHBIX — CKOPOCTHU CBeTAa B BaKyyMe U MUHU-
MallbHOro JeiicTBuA — noctosaHHoi [Inanka. CkopocTh cBeTa U3-
Mepul B 1675 rogy Pemep, a Bce mocinencTBusa 3Toro 6uL1u oco-
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3Hanbl B XIX Beke nocine pabotr Papagea u Marcpenna. [loctoan-
HafA [lnankra 6bl1a BBefieHa B Teopuio B 1900 rony, nocie aHanu-
3a CBOMCTB u3inyueHud abconoTHO yepHoro Tena. [locne OTKpBI-
THA KOHEUHOCTH KBaHTa JefCTBUA B GU3UKY BHEApPUIACh MbICIb
0 TOM, UTO JHEPTrUI0 MeXaHUUYECKHX CHUCTEM HeNb3fl 33/laTh MpPO-
u3BoAbHO. OHA MOMET NPUHUMATh TONbKO BIIOJHE ONpeIeleHHY IO
JIVCKPETHYIO MOCHEeI0BAaTENbHOCTh 3HAYEHUN. DTO MPeANoNoHe-
HUe HeMe[IeHHO TPUBeNo K PAAY BENUKUX OTKPBITUN B TaKkUX
COBEPIIEHHO He CBA3AHHLIX APYT ¢ JPYrom oblacTAX, Kak TEOPUA
TBEP/IOTO Tela U Mofielb atoMa. JitHuiTeiiH GiecTAlle Mpeoonen
3aTpy[HEHUA KIacCUUYecKoil (GU3WKU, CBA3AHHbIE C MOBEIEHUEM
TEMJIOEMKOCTH IIPU MalbIX TeMIlepaTypax, U BBell NOHATHUE O ¢o-
TOHe. ITO, B YACTHOCTH, IOJIOAUIO HAYalo HOBOMY pasjeny ¢u-
3uku XX-ro BeKka — OXOTe 3a 3JeMeHTapHbIMK YacTUI[aMU.

B 1913 rony Bop cornacoBan oTkpsiThiii Pesepdopaom darT
MJIAHETAPHOT0 CTPOEHUA aTOMa ¢ KOMOMHAIMOHHBIM MPUHIUIOM
Purua, corinacHo KOTOpoMy Bce 4acTOThI JUHUN M3ITYUEHUHA U MO-
TJION[EHUA aTOMOB MOKHO MPEJACTABUTH KAK PA3HOCTh 3HAUEHUN
HEKOTOPBIX QYHKIUMN, B3ATHIX B [EIOUYUCIEHHBIX TOYKAX:

w =w(m,n) = F(m) — F(n).

YT0661 O6BACHUTDL 3TH (HAKThI, Bopy mpuIlIoch BBECTH B GU3U-
Ky HOBble NOHATHUA — O cTalMOHapHbIX opb6uTax, [0 KOTO-
PbIM 3JIEKTPOHBI MOT'YT ABUTaThCA He U3jlyyafd, 1 KBAHTOBBIX
cKayKaX — Iepexojax 3JeKTPOHOB ¢ OJHOH cTalMOHApHOH op-
O6UTHl Ha OPYTylO, CONPOBOMAAIOIMXCA U3NYyUYeHUEM WU MOrJo-
meHueM ¢otoHoB. CylecTBOBaHUE CYeTHOTO HaGopa cTaluoHap-
HbIX OpPOUT CBA3AHO C NUCKPETHOCTBLIO 3HAUEHUH 3HEpPruu, KoTo-
pble MOTYT NpPUHUMATh 3JIeKTPOHbI. ITH 3HaueHuA Bop ompepe-
JUJ ¢ IOMOIbIO ycJI0BUiI KBaHTOBaHUA. 30MMepdelb] BCKope
npupan ycioBuaM Bopa mMaTemaTnueckylo 3aKOHYEHHOCTh, MOcC-
Jle 4ero OHM cTald W3BECTHhI Kak ycjoBuA Bopa—3ommMmep-
¢deabna. CymecTBoBaHNe TaKUX YCIOBUI ObIIO TOBOJNBLHO JETKO
BOCIIPUHATO COBPeMEHHUKaMU, HO ONlMCcaHue KBAaHTOBBIX CKAUYKOB
He yJAaloch olnucaThb B TepMUHAX KaKUX-AUO0 NMPUUYMHHBIX 3aKO-
HOB. 3HAUUTeNbHBI porpecc B ONMCAHUU KBAHTOBBIX NI€PEX0I0B
cBfizaH ¢ paGoramu JitHmTelHa 1916-1917 romoB, NOCBAIIEHHBIX
HOBOMY BbIBoAYy (opmyinl [lnanka. B ocHOBY paccysaenuii Jitu-
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HITelfHOM ObLIO [I0JIO#EHO NpeIoJIodeHe 0 BepOATHOCTHO Npu-
pojle U3Ny4YeHUA U TOriolleHuA GOTOHOB aToMaMu. JTU paboThl
€O CBOMMH allpUOPHBIMHU BEPOATHOCTAMHU 3HAMEHOBAIU KpYylleHUe
KJacCU4YeCKoro JleTepMUHU3Ma B QU3UKe.
B Hux ke noABUAKNCHL 3HAMEHUThIE KO3DPUIIUEHTHI JAUHIITE-
Ha, KOTOpble NIpe/icTaBJAAI0T co00li NpUMep HEMHOTUX, HE 3aBUCH-
MIUX OT YaCTHOCTell Ipollecca TOUHBIX MapamMeTpoB. OHU chIrpaiu
BecbMa BaKHYIO POJIb B OTKPBITHHM KBaHTOBOi1 Teopuu. K Haua-
1y 20-x roJoB BO3HUKJIA Hajexda Ha GbICTpoe pellleHHe 3ajad,
CBA3aHHBIX C U3JIy4YeHUEeM U MNOIJOIleHueM CBeTa aToOMaMH.
...6Gnaromapsa mpeBocXxogHOMY coTpyAHuYecTBy [eiirepa
u BoTe 3aKoHuYeH »KclepuMeHT Mo ulidydeHuio. PesyabTaT
TaKOB: CBeT, UCIyCKaeMblii ABMMKYIIMMUCA YaCTUYKAMHU Ka-
HaJIOBBIX Jy4Yeli, CTPOr0O MOHOXpPOMAaTH4YeH, B TO BpeMA Kak
110 BOJHOBOH TEOPUU IJIMHA BOJHBI JoJ#HA Oblia Obl ObITH
pa3ju4yHOi U B Pa3iMYHbIX HalpaBIeHUAX.

Tem cambIM HaJeHO JOKa3aHO, YTO BOJHOBOIO NOJA HA
caMoM [lelle He cylllecTByeT, U 60pOBCKafg 3MHUCCUA ABIAETCA
MTHOBEHHBIM IIPOLIECCOM B COOCTBEHHOM CMBICJE 3TOr0 CJO-
Ba. ITO Moe caMoe CUIbHOe Hay4YHOe NOTpACeHUe 3a MHOTHe
ropl. IpeHdecT ¢ BocToproM nuiet o6 aToMHoii Teopuu bBo-
pa, KOTOpBIil ceffyac y Hero rocTuT. A eciu yx IJpeHdecT
y6enleH, TO 3TO UYTO-TO 3HAUUT, TaK KaK 3TOT NapeHb KyJa
KaKol CKeNTHK.

JitnmTeitH Bopry 30.12.21
BcA conp BoT B ueM: yacTHIBI KaHANOBBIX ITyueil, B COOT-
BETCTBUHU C BOJHOBOH TeOopHel, UCIyCKaloT 10 BCEM HallpaB-
JeHUAM CBeT HellpephIBHOIO crekTpa. TakaA BolHa pacnpo-
CTpaHAeTCA B JUCIEPTUPYIOLUX cpelax Co CKOPOCThbIO, AB-
aAwollelicad GyHKINel KOOpPAUHAT. JTO [JOMMKHO NPUBOJUTH
K OTKJOHEHHIO BOJHOBBIX IOBEpPXHOCTeH, NoJoOHO TOMY, Kak
3TO UMeeT MecTO B cilyuae pepaKklUu B 3eMHBIX yCJIOBUAX.
OnHako 3KcHepUMeHTalbHbIe Pe3yIbTaThl MoldydaloTca Gec-
CIIOPHO OTpUIATEIbHBIMU.
ditnmTteiin BopHy AaHBapb 22 r.
Iloutu ctonb #e Ge3006mauHbl M BocnoMuHaHuA Bopa.
Korpa B 1920 r. mpu mMoem mocemenun BepinuHa A B mep-
BBIfl pa3 BCTPeTHINCA ¢ JUHIITEHAHOM — 4YTO ObLIO IJIA Me-
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HA BEJIMKUM COOBITUEM . . . pyHJaMeHTalbHbIe BONPOCHI U Gbl-
A4 TeMo#i Hamux pasroBopoB. OGcyskaeHHA, K KOTOPbIM
A MOTOM YacTO MBICJIEHHO BO3Bpallaica, H00aBUIM K Moe-
My BOCXHUILIEHUIO DWHIITEHHOM elile U ITy6oKoe BleYaTiIeHune
OT ero HelpejB3ATON HayudHoii nmosuuuu. Ero mpucrpacrue
K TAKMM KpacouHbIM BbIpaieHUAM, KaKk «IpU3payHble MOJA
(Gespensterfelder), ynpaBasiomue hoToHamMu», He 03HAYAIH,
KOHEUYHO, YTO OH CKJIOHEH K MUCTUIU3MY, HO CBUIETEIbCTBO-
Bali 0 TIIyGOKOM IOMOpE, CKPBITOM B €r0 NMPOHUIATENbHBIX
3aMevaHuAX. U Bce-Taku MemIy HAMHU OCTABaloCh HEKOTO-
poe pacxo#iieHHe B OTHOIIEHWM Halleii TOUKM 3peHHA U Ha-
KX BUIOB Ha Gyaylnee.
Mocne BosBpamenusa Bopa Ha poauny, B KomeHraren mnpuiuuio
KMCbMO:
Pelro KTo NpOU3BOAMI HA MEHA CTOJb OJecTAllee BledaTie-
Hue, Kak Bol. Tenepb A noHrMaro, noyeMy dpeHdecT B TAKOM
BOCXMIIEHHHU OT Bac.
JitnmreitHn Bopy 02.05.20

JitHmTellH U JpeHdecT ObLIM 3HaKOMBI ¢ 1912 ropa, dpeHdecT
¢ Bopom — ¢ 1918. OxnuH u3 yuyeHukoB dpeHdecra — Kpamepc —
nonrue ronel 6bin GnuaimuM corpyaHukoMm bopa. Ilocae Toro
Kak JpeHdect cmenun Jlopenna Ha wadenpe B Jleiinene, 3ToT
ropojl cTal OJHUM M3 LEHTPOB KBAaHTOBOW MeXaHUKH, a JpeH-
¢ecT — MHOTONETHUM YMHPOTBOPHUTEIEM CIIOPOB Me#AY I'MTraH-
TaMU KBaHTOBOW TeOpUH.

IlepBoHauanbHO OCHOBHbIe pasHornacua Mexay bBopom
U JUHIITEHHOM Kacalucb NPUPOABI BIEKTPOMArHUTHOIO IOJA.
JUHIITENH MOCHe[0BaTeNlbHO OTCTAaNBal TOUKY 3PEHUA Ha 3IeK-
TPOMarHUTHOE MOJe KaK Ha ra3 0co6bIX 3MeMeHTapHbIX YacTUl —
doToHOB!. JNEKTPOMArHUTHBIM TOJAM OH OTBOJWUJ TaK INOPa3UB-
myto Bopa ponb «npuspakoBy, KOTOpble He 00J1aalOT HU 3HEPTU-
eil, HU UMITyJbCOM, a JUIIb HANpaBIAIOT KyJa Hajao obranarouue
3TUMU BeIUYUHAMU (DOTOHBI.

Bop cuurtan wiaccuuyeckoe 31eKTPOMArHUTHOE IOJie BIOJHE
peanbHoii BeanuuHoii. Ilockonabky Bop ycmemHo nporBaHTOBan
aToM, TO C €ro TOUKHU 3PEeHUA MOKHO GbLIO ¥ He KBAHTOBATH 3JIEK-

1Tepmun doTou BBen B 1926 roxy usBecTHbI dusuro-xumuk G. N. Lewis.
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TpoMarHutHoe noie. YTobsl rapaHTHpOBaTh, HAIIPUMED, CIIpaBeji-
auBocTh dopmyasl Ilnanka, Hy#HO 6bLIO JIUIIb JOMYCTUTh, UTO
npolecchl U3JMYyUYeHUA U TMOTIIOUIEHUA 3JIEeKTPOMarHUTHOr0 MOJA
HMMeIOT BEPOATHOCTHYIO IIPUPOLY, IPUYEM 3TUMU BepPOATHOCTAMHU
YIpaBIAOT Ko3pdunreHTr! JiiHITeliHa. B pe3ynbTaTe Bce pusu-
YyecKUe Ipollecchl NpuobpeTanu cTaTUCTUUECKUI XapaKkTep, IpU-
4yeM Ha YPOBHe 3JeMeHTapHbIX MPOLEecCcOoB KiIacCuuecKhe 3aKOHbI
COoXpaHeHHUA OKasbIBaluch HeobAsaTenbHbIMU [Bohr, Kramers,
Slater 1924]. TakuM o6pa3om, AparoueHHble 118 QU3UKOB 3aK0-
HbI COXPaHEHUA, BO3MOKHOCThL HapylleHud KoTophix [lapumckas
aKkaJleMKfl HayK oTKasanach oOcy:aath emje B X VIII Beke, 6bu1H
cBe/leHbl Ha yPOBEHb HEKOTODPHIX CPEAHUX XapaKTepPUCTUK. ITO
He HpaBUJIOCh JUHIITENHHY:
Mens oueHb 3anHTepecoBala TOUKa 3peHHA bopa Ha u3ryye-
Hue. Ho A He x04y GbITh BTAHYTBHIM B OTpPEeYEHHE OT CTPOroit
NPUYUHHOCTHU, Ipexie YeM [JA 3TOro NoABATcA Oojee CUlb-
Hble MOTHUBHI. MHe HemepeHOCHMa MBICIb O TOM, YTO 3IeK-
TPOH MOeT u3buparTh IO cBoeii cBoGoJgHOIT Boue (aus
freien Entschluss) Bpemsa u HanpaBieHue, B KOTOPOM OH MO-
eT NPbITHYTh. Eciaun 3To melicTBUTeNbHO TaK, A XoTel Obl
cTaTh He (PU3UKOM, a XOJOJHbIM CallOKHUKOM UJIM Jae pac-

NOpAAUTENEM B KasUHO. ditnmreiin Bopuy 24.04.24

Mempagy Tem ObLIM U [pyrue YKasaHHA, YTO CyIIeCTBOBaHUE KO-
HEYHOI'0 KBaHTa JeiicTBUA moTpedyeT Goliee rTyGOKOro mepecMoT-
pa MOHATHUII Kiaccuveckoit pusuku. B 1896 rogy 3eemaH oTHpHLI,
YTO CHeKTpalbHble MTMHUU U3y YUeHUA aToMa, IOMellleHHOT0 B Mar-
HUTHOe ToJe, pacllellNIAI0TCA Ha TPU UJIH JIBe cocTaBIAIONINE B 3a-
BUCHMOCTU OT HaNpaBJIeHUA HCIHYyCKaHUA Iydyeil OTHOCUTENbHO
MarHuTHOTO moid. JTO ABIeHHe HeMe[ieHHO oObAcHuI JlopeH.
Pacmennenue nuHuit 06bACHANIOCH MalbIMU KojleGaHUAMU aTOM-
HBIX 3JIEKTPOHOB OKOJIO paBHOBecHbIX op6uT [Jlopenn 1953]. Cy-
IecTBEHHO, 4TO oObAcHeHUe JlopeHIla He TpeGoBalo 3HAHUA HU
CUJI, ONPeIeNIAIIIUX OPOUTHI B OTCYTCTBHE MAarHUTHOT'O MOJA, HA
caMux op6uTt. JlopeHn nonab3oBaics, Mo CylecTBY, YUCTO KMHeMa-
TUYECKUMH 3aKOHOMEPHOCTAMU: YHUBepCalbHOCTbIO NOBeJeHUA
YacTHIIBI IPU MAllbIX OTKJIOHEHUAX OT PABHOBECHUA U BhITEKAIOMIEi
u3 Teopuu MakcBelsna KHHEMaTHUeCKO!l CBA3bIO MewJAy CBOM-
CTBAMH J[IBHKEHUA YacTUIbl U XapaKTepUCTHKaMH U3IyuyeHUA.



IIpedvicmopusn 17

OneiThl 3eemaHa OnecTAlle MOATBEPIUIN 3IEKTPOHHYIO TEOPHUIO
MarcBenna—Jlopenna. OfHako NpyU YTOYHEHUU H3MepeHUit ObII0
oGHapy#eHo, YTO MHOTHE CIeKTpalbHble JUHUM PaCUIeMIAITCA
Ha OoJblilee YUCIO cocTaBaALINX. B nouckax o6bACHEHUA 3TOT0O
ABneHud JlopeHi o6paTuicad K 3aKOHOMEPHOCTAM pPacloJIOKeHUA
CHEeKTPalbHBIX TUHUN cBoGogHOr0 aToMa. OHU TaK:ke MI0X0 00b-
fAcHAnuch Teopueil. leno B Tom, uto B 1885 rogy Banbmep oT-
KPBLI CBOIO 3HAMEHUTYO HOPMYIy [UIAl YaCTOT JUHUN U3y YeHUA
BoJopojia, KOTopas cBoell IPOCTOTON U TOYHOCTHIO IIPEBOCXOAMIA
Bce xapakTepHble 1A XIX Beka cTaHAapThl U ABWJIACh NpeEITe-
yeil kKoOMGUHALIMOHHOrO NpuHIKIA. JlopeHIl o6paTii BHUMaHUe Ha
TO, YTO TeHJEHINH B XapaKkTepe pacllelJeHUA JUHUN MOMHO CBA-
3aThb CO CTPYKTYPOU cepuil crneKTpadbHbIX NuHU. Mox#HO 6bLIO
NPEATONOKUTh, YTO CKPBITHO cojep:kamuiica B ¢popmyie Banb-
Mepa KBaHT JeficTBUA! ylpaBifeT Kak CTPYyKTypoil JUHUIL, Tak
U KMHEMaTHYeCKOil CBA3bIO U3NYyUYeHUA C JUHAMHUYECKUMHU ITepe-
MEHHBIMU 3JIEKTPOHOB.

Mexny nmpouum, Teopusa bopa, Kpamepca u Cnerepa, KoTo-
pasA JomxHa OblIa omycaTh B3aUMOJeliCTBHE aTOMOB C BIEKTPO-
MarHUTHBIM M3IyuYeHHeM, BO MHOroM HamoMuHana noaxoj Jlo-
peHlla K 06bAcCHeHUIO 3eemaH-3¢ddekrTa. B3aumopeiicTBie aTomoB
C DIEKTPOMArHUTHBIM U3NYYEeHUEM B 3TOU TEOPUU ONMUCHIBAETCH
KHHEMaTHYeCKMMU COOTHOIIEHUAMU, MaKCUMalbHO MPHCIOCO6-
JeHHBIMU K Y4eTy TOro, YTO 3JIeKTPOMarHUTHOE 10Je COCTOUT U3
¢oTtoHoB. [lna sToro nuddepeHnuanbHble ypaBHEHUA KiIaccuuec-
KOUl MeXaHHKHN 3aMeHANNUCh COOTBETCTBYIOIIUMH Pa3HOCTHBLIMH.
Jdra ocoGeHHOCTh HOBOU Teopuu mosBoauia BopHy [Born 1924]
BBEeCTU TEePMUH KBaHTOBafA MexaHMKa. CTaTucTuyeckuit xa-
pakTep Teopusa Bopa, Kpamepca u Crnetepa npuobpena nocie To-
ro, Kak IJf ONHCAHUA NEePEeXO0J0B MewAY COCTOAHHAMH aTOMOB
ObLI KCNONbL30BaH GopManu3M KoaphuinreHToB JHIITeHA.

IIpoTuB TakuX MocTpoeHuil He Bozpaman Aaxe Ilnank?. Onu
ObLIM ONMPOBEPTHYTHI dKcnepuMenTanbHo. B 1923 rogy Komnron
HabaoJan M3MeHeHUe YacTOThl 3JIEKTPOMArHUTHOTO W3Iy4YeHUA

ldopmyna Banbmepa, pasyMeeTcA, HUCKOIBKO He yMalAeT SHaueHHA re-
HuanbHoro oTkpbeiTuA 1900 roga.

2MIpuHuun coxpaHeHUA SHeprum 6bl1 MPUHAT Iln1aHKOM «Kak eBaHreame»y,
KaK MepBblil U3 «abCcoqIOTHBIXY 3aKoHOB [BopH 1977].
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IpY paccegHUH ero Ha cBOOOIHBIX 3IeKTPOHAX. ATO ABIeHHUE ObLIO
HeMeJJIeHHO 00bAcHEeHO UM caMUM U JlebaeM Kak paccesiHUe 3lek-
TpOHa Ha Jpyroii yacTuine — ¢oTtoHe. Eciau o6vaAcHennsa Komnro-
Ha 6bl1M Obl MPaBUIBHBIMU, TO 3TO O3HaYalo0, BO-IePBLIX, lepBoe
npsAMoOe J0Ka3aTelbCTBO CYlLlecTBOBaHUA (GOTOHA U, BO-BTOPHIX,
ObLIO CBHAETEILCTBOM COXPaHEHUA MMITyJbca W 3HEPTUU B 3ie-
MeHTapHBIX B3auMopelicTBuaAXx. fAgaTh oTBeTa NPUILIOCH HENOM-
ro. B anpene 1925 rona Bote u I'eiirep, ocyiiecTBUB 3KCIIEPUMEHT,
OCHOBaHHBIII Ha TeXHUKe COBNaJeHUil, oKa3aiu, YTo Habiionae-
MO€ BTOPUYHOE U3y YeHHe AeiiCTBUTEIbHO CBA3aHO C PACCEAHHBIM
3JIEKTPOHOM. 3aKOHBI COXpPAaHEHUA [eHCTBOBAIN U B MHUKPOMIDE.

18 anpensa 1925 roga B nucbMe Pesepdopay Bop kanoBainca
Ha HeBepOATHble TPYJHOCTU, C KOTOPHIMU CTOJNKHYJach GU3NKa
WM, N0 KpaiiHeil Mepe, Ta QU3UKA, B KOTOPYI OH BepHI. JTO
3aCTaBJIAJNO €ro YyBCTBOBaTh ce6d HecuacTHRIM. Ho

...HUKTO He MOr HU Ha Hebe, HM Ha 3eMile, HU MO/ 3€MIEIO

PacKpbhITh CHUIO KHUTY, HU IIOCMOTPETHL B Hee.

OtrpoBeHue Csatoro Hoanna BorocioBa 5.3

Bcero aumb Tpu mecana cnyctd BopH nucan diHmITERHY:

HoBasa pabota l'aitzen6epra, KoTopasa CKOpO NMOABUTCH, BbI-

TIAOUT OUYeHb MUCTHYECKOHl, HO 0 CYUIeCTBY OYeHb BepHa

u riy6oka. Bopu ditnmTeitny 15.07.25

HNMeHHO 3Ta MUCTHYecKad paboTa OTKpPbLIA HOBYIO 3py (GU3MKMU.
OpnHako, YyTOGbI TMOHATh, KAK M MOYEMY 3TO CIY4HIOCh, HYHHO
BEpHYThCA Ha HECKOJNbKO JeT Ha3a.

3OMMEP®EJIBI U ETO YYEHHURHU

N Goabiurero 66110 661 Malo
(Bor max, yenoBex He 06y3b!). . .
M. IIBeTaeBa

B 1906 rony Pentren yroopuia npodeccopa Bricuieit Texuu-
yecrkoii [1Ikonbl B Appay 3oMMepdenbia IpUHATHL Kadenpy Teope-
THYecKkoll ¢pu3nKU B MIOHXEHCKOM YHHUBEPCUTETE. Y YeHUK Belu-
Koro KueitHa 611 MIMPOKO U3BECTEH KaK CHEUAIUCT MpaKkTUyec-
KU BO Bcex o6GnacTaAx MaTemMaTuku. KieliH rotroBun emy radenpy
npuRIafHOit MaTeMaTuku B [eTTuHrene, Ho 3oMMepdenn npe-
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Imo4del cTaThb q)I/I3I/IKOM B Miouxene. MoseT ObITh €ro IIpUBJIeKaljia
cBo6ojla B co3januu Oyaylieil Hay4yHoil MKoabl. [leno B ToM, 4TO
30MMep(1)eJIb,I[ cyacTJIMBO codeTal B cebe HccieanoBarTesnfa

U nejgarora, 4To JaHO JUIIb HEMHOI'UM. .
flarora, 970 1 [Pauli 1951]

3omMepdenba 6bL1 yOAUBUTENLHO pa3HocTopoHeH. OH nyuie Bcex
3Hal O BO3MOMKHOCTAX TEXHHYECKUX MPUIONEHUI MaTeMaTHKU
U B TO e BpeMsA ObLI OIHUM U3 TYYIIUX CHENHaIUCTOB B 00JIaCTH
nuddepeHInaIbHBIX ypaBHEHU I MaTeMaTHyeckoil pusuku. O6pa-
TUBIINCH K TeOpPeTUYeCKOi (pU3NKe, OH CTal OJHUM W3 JYUIIUX
3HAaTOKOB KiIaccudUKalUU CIeKTPoB. 3oMMepdenb] BO3ABUT ce-
Oe MOMCTHHEe HEPYKOTBOPHBIN NMaMATHUK, [aB #U3Hb YIUBUTEIb-
HOIl MOCTOAHHON ¢ YapyMOI[UM Ha3BaHUEM <IOCTOAHHAA TOHKOI
CTPYKTYPbI», CTPAHHBIM 0603HaUYEHUEM — (¢ U 3arafIoYHbIM 3Ha-
YeHHeM:

-1=136 = %nz(n2 +1) opun=4.
OuapoBaHHbII 3Toi PopMmynoit, QAAUHTTOH B 20-€ ToJbl MOCTPO-
UJ TeopHIo, 06bACHAIONIYIO CBONCTBA NMPOCTPAHCTBA U GAKT Cy-
[eCTBOBAHUA MPOTOHA U 3NEKTPOHA (IPYTUX IeMeHTapHbIX Yac-

TUIO B TO BpeMA He 3HaJII/I). K Hec4yacThblo, 0ojlee TOYHOE 3Haye-

HUe é okaszanoch paBHbIM 137,035989. Uctopua ¢usnku He 3HaeT

CTOJb KaTacTpoduuecKoil [JA TEOpUU OTHOCUTENbHON MHOrpell-
HOCTH B COTYIO JIOJIIO [IPOLIEHTa.

CekpeT 3oMMepdenbaa Kak BOCIHUTaTelA TalaHTOB Olpefie-
JAJCA He TOJNbKO IIPEKPAacHO OpraHu30BaHHBIM 00yueHUeM, Oiec-
TAINUMHU JeKIUAMU U ceMUHapaMHU, HO ellle U o6afAHUEM ero Juy-
HOCTM U TOIl 3aMHTEPEeCOBAaHHOCTLIO, ¢ KOTOPOH OH OTHOCHUJCA
K MoJoAbIM JioaaM. BopH pacckasbiBal o 30070re, yie UMeBIIEM
Y4eHylO0 cTelleHb, KOTOPOMY CJIYYWJOCh OJHaIbl NPOCIYIIATh
neknuio 3omMepdenbaa. 3oonor oTKasajlcA OT cBoell crenualib-
HOCTH U cTal GU3UKOM-TEOPETUKOM.

3omMMepdenb Bcerja HaXoqud BpeMA AJIA CBOUX YUEHUKOB.
YacTo ero MokHO GbIIO YBUJETH B PACIONOMEHHOM PANOM C YHHU-
BepcuTeToM XodrapTeH-Kade, oOcyxammuM Gusndeckue npoo6-
leMbl ¢ KeM-HUOyIb U3 COTPYJHUKOB U MNOKpbIBaIOIUM ¢GoOpMy-
JaMH MpaMOpHbI#l cTOJAUK. '0OBOpAT, YTO OJHa#Abl HA CTONUKE
ocTalicA He B3ATHIN N0 KaKoi-To mpuuyuHe uHTerpai. Ha crnemy-

Q=
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omuil 1eHb 3oMMepdenb/l, BEPHYBIIUICA K TOMY e CTOIUKY,
oGHapyKUJI Ha MpaMope 3aKOHUYeHHOe BbIYHCIIEHHE.

IIpunuman radenpy, 3oMmepdenb IpuBe3 BMecTe ¢ coOo0it
cBOero mnepBoro yyeHmka — Oyayiiero HoGeneBckoro naypearta
lleban, a moToM TpoclaBleHHble UMEHA, YbW BIaJelbIlbl TAK WIU
WHaye GbIIM cBA3aHbI ¢ MIOHXEHOM, MOChINANIUCh KaKk U3 pora u3o-
6unua. Makc ¢ou Jlays, IBanba — Te, KTO mMocTapiie, JMIITEHH,
Bennenn, ®@pur Jlongon — cpeqHee mokoseHue, Mmojoasie — ['aiiT-
nep, Ilaynunr, bere, Yu3onbg. ..

Bpan nu 3ommepdenba Bbiaenua 4eM-TO 0coOeHHbIM 1918
roj, Korga B MioHXeH mpuexan yuyeHUK u3 BeHBbI.

ITaynu, ceiH Xopolno U3BecTHOrO npodeccopa hapMaKkoIOTUU

u3 BeHckoro yHuBepcuTeTa, OKOHYNI BeHCKyl0 T'MMHa3UIo,

U y##e K TOMY BpeMeHHU TalilkoM U3y4uJ TpaKkTaT JiHIITelHa.

[Sommerfeld 1949]
Mounooit yelloBEK He TepAJI BpeMeHU 3pA, U y#e depe3 rog 3oM-
Mepdenb nucan:

loporoit ditHmTeiH!

... PenTreH 3aaBui o cBoeit orctaBke. Hametoch 3amony-
yuTh ciojga Buna unu Ilamena.
Ilaynu 3akaHuuBaeT [ABUMeHUe Nepurenus MepRypus

U UCKpUBJeHHe cBeTa Mo Beitnio. MoxeT ObITh, eMy yaacTcA

3THUM ONpPOBepPruHyTh Beitns.

[Bommepdens JitHmTeiiny 24.10.19]
OnpoBepruyThb Beiina He ynanoch. [laynu BbIACHUI, KAK MOMHO
BbIGpaTh B 3TOi Teopuu Takyw MeTpury (Weltfunction), yToGsr
oHa o6bACHUIA U HabiI0JaeMoe ABUMeHUe nepurenusa Meprypu,
U npejcKka3aHHoe JUHIITEiHOM OTKJIOHEHUE yya cBeTa. ITHU HUC-
clieloBaHUA BBIACHUIU I'IaBHOe — pAAOM ¢ 3oMMepdebioM pa-
6oTan 3penblil y4YeHbIii.

fl 3anumarnca usnanvem ¢usnyeckoro Toma «MaTemaTuuec-

KOil 3HIUKJIoNeANU». B HeM ellle oTCyTCTBOBala cTaThA IO

TEOPUHU OTHOCUTENbHOCTH. [locKoMbKY JUHINITEHH He 3aX0Te

ee mucaThb, A npemioxun [laynu caenath 3Ty paboTy BABOEM.

Ho rorpa oH nokasai nepBblit HAOPOCOK cBoeil paboThI, A Ha-

Ies ero B TaKOi cTelmeHU MacTepCcKUM, UTo paboTa 22-neT-

Hero Ilaynu He mpeB3oiifieHa U MO ceil IeHb.

[Sommerfeld 1949]
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IloMumo nmybaukanuu MHozecTBa BeIUKUX (QU3WUECKUX cTaTeil,
Ilaynu yepe3 30 neT BHINOJHUT ellle OAHY paboTy, KOTOPYIO 6Ob-
Ile HUKTO He cMor Obl HanucaTh. B c60pHUKe, U3JaHHOM B YeCTb
usBecTHoro ncuxonora KRapaa FOHra, moaBuTeA cTaThA noj Ha3Ba-
HueM «BiufAHUe apXUTUIIMUECKUX NIpeAcTaBlIeHUi Ha G opMuUpoOBa-
HUe ecTeCTBEeHHOHayYHbIX Teopuit y Kennepay [Pauli 1952]. Jeno
B TOM, UTO KPeCTHBIM oTI[OM Bonbdranra 6bL1 JpyT ceMbU, MPo-
¢deccop Benckoro ynuBepcuteta JpHct Max. Korga comocraBns-
elllb colpoBoaolye xu3Hb [laynu cobbITHA, MO#HO TOBEPUTH
B IIPOBUJIEHUE.

BuemHue cobbiTusa musnu aitenbepra nouTu HUYEM He YKa-
3bIBAIOT HA ¥U3Hb YeJOBeKa, CO3/aBlIero TeOpPUIO, He HMEIOMYIO
npeallecTBeHHUI, TeM Oojlee ero MOJOZOCThL IpoILIa PAJOM CO
CTONb BBIIAIOIIUMUCA IUYHOCTAMH, Kak Bop, 3ommepdensn, Ila-
yau. OHaKoO y#e NeTCTBO yKa3bIBalo Ha U36GPaHHOCTb Mallb4u-
Ka. B mKonbHOU XapakTepuUCTUKe JeCATUIETHET0 BOCIUTAHHUKA
MioHxeHcKoit MakCcUMUINAHOBCKOM 'MMHA3UKM' FOBOPUJIOCH, UTO
«ero B3TJAJl YCTPeMIIEH K CYLIeCTBEHHOMY, OH He oGpeMeHAeT
cebA feTalnAMU M He pacIulbiBaeTcA B Hux». B 13 ner manbuuk
HONpPOCUI OTlia, pPyKOBOJUBIIEro eAMHcTBeHHOit B ['epmManun ka-
(penpoil KiaccuuecKoi (PUI0IOrUY U BUSAHTUHUCTUKU, IPUHECTU
eMy U3 YHUBEPCUTETCKOI GUOINOTEKH KaKylo-HUOYIb KHHUTY IO
MaTeMaTHKe. JTOI KHUTOIl oKka3anock counHeHue Kponekepa «De
unitatis complexisy. [IpuoGinenue I'aiizen6epra K HayKe MPOU30-
mjao0 B 0OBIYHOM [JIl TeHHEB Bo3pacTe, HO, MOKANIyil, HUKTO He
HauyuHal ¢ YTEeHUA HAUCAHHOTO 10 JaThIHU TPaKkTaTa, B KOTOPOM
yTBep#aanock: «bor cozgan nemble yncia, ocTanrbHOe U306pern ye-
JoBeKy. 3aHATUA MaTeMaTHUKOI NPUBeNU IOHOMY K (GU3UKe.

Jletom 1920 rona nepep noctymnieHrueM B MioHXeHCKUit YHU-
BepcuteT ['aiizeHGepr GbLT BHIHYEH JOJIT0 MPOJeHkaTh B MOCTe-
JI C BBICOKOW TemIlepaTypo¥.

B 3Ty kpuTHUeckue MecAlbl MHe 0] PYKHU Nonajnack paboTa,

cojJiep;KaHue KOTOPOil 3aBOPOKIIO MeHA, XOTA A IOHNMall ee

JUIIb HAMOJOBUHY. B »Toit KHUTe, 03arnaBinenHoii «[IpocTpan-

1B Heit mpuMepHO Ha COPOK JeT paHbmre yuuicA Ilnank. B 1949 rony Ho-
GeneBckuil maypeat no ¢usuke [NaiizeHGepr BBICTYNUT Ha CTOJETHEM OOU-
Jlee TUMHa3uU U Oy/leT TOBOPUTH O CBA3M 3allafHOEBPONEHCKON LUBUIM3ALUU
¢ UMBUJIM3ALUAMHU [JpPEeBHErpeueckoil 1 paHHEXPHUCTHAHCKOMA.
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cTBO, BpeMsA, MaTepusa», mareMaTuk ['epman Beitnp npen-
Jarajl MaTeMaTHYecKoe ONMcaHue NPUHIUIOB 3WHIITEHHOB-
CKO!l TeopuH OTHOCHUTeIbHOCTH. Pa3bop pasBepHYTHIX TaM
CJTIO#HBIX MaTeMaTUUYeCKUX METO/0B U CTOALINX 3a HUMHU a6-
CTPAKTHBIX MBICIUTENbHBIX NMOCTPOEK TEOPUH OTHOCUTENb-
HOCTH YBIEeK U PacTPEBOMUI MEHH.

chope IocJjie 3TOro NMpoua30IlJI0 elje HECKOJIbKO CcoOBITHUI.

Moii oTen ycTpoun MHe BCTpeuy ¢ mpodeccopoM MaTeMaTH-
ku QepaunangoM ¢oH JIuHIeMaHOM, KOTOPBIi NpociaBUicA
OKOHYATEIbHbIM MaTeMaTHYeCKUM pellleHueM ApeBHeil mpo6-
JIeMbl KBaJpaTypsl kpyra. I cobupanca npocuts y Jungema-
Ha paspelleHNsA NocelaTh ero ceMuHap. . .

3a pasroBopoM JIuHaeMaH copocul y IOHOIIU, KaKhe KHUTH TOT
NPOLITYIUPOBAT 3a NocieJHee BpeMA. Y3HaB, KaKkoil Gblia mocie-
HAA KHUTA,

...JlungemaHn 3aBepuiuia Hamry Gecemy cioBamu: «Hy, 3Ha-
YUT, Bbl Tak uau u"aue yie norubau A MarTeMaTuRuny. Ha
TOM OH €O MHOH U paccraicH. ITocne meyannHOrO coBella-
HUA ¢ MOUM OTLOM OBLIO IIPUHATO pelleHrue PUCKHYTb B 00-
JacTu MaTeMaTHyecKoili ¢uauku. Bbuia ycTpoeHa BcTpeua
¢ 3omMepdenbIoM, KOTOPBIH NMpeacTaBiAl Torga B MioHXeH-
CKOM YHHUBEpPCUTETE TeOPETUUYECKRYIO (1)1/131/11{}7 U cyuTalacHa og-
HUM U3 CaMbIX 6H6CTHU.II/IX npenonaBaTeneﬁ BBICHIEH IIKOJbI
A IPyTroM MOJIOJEHH.

Ha xuury Beiina 3ommepdenn pearupoBaln nHaye:

...Y Bac caumkom Gonbiive 3ampochl, — 3aMeTWJI OH, —
...Henb3fl HAYMHATH C CAMOro TPYAHOTO B Hajem e, 4To 6o-
lee Jerkoe camo ynajaeT BaM B pyku. [lonumaio Bamy yBie-
YeHHOCTh Npo0IeMaTHUKOM TeOPUU OTHOCUTENbHOCTH; COBpe-
MeHHaf GU3NKa U B JPYTUX 061acTAX TO#e MPOHUKAET B che-
pHI, T'le IO BOIpOC CTaBATCA OCHOBHbIE puilocodcKrue ycTa-
HOBKM U T'Jle, cTalno 6bITh, peub UAeT 06 OTKPLITUAX caMoro
BosnHywImero poga. Ho nyTs k HUM anuHHee, 4yeM Bol ceGe
npejicTaBlIAETe.

[lanee pa3aroBop KOCHYJICA TeM, KOTOPbIE ellle [0JT0 MpecieaoBaiu
Gyayulero narpuapxa GU3NKU.

... He IIPpUXOJUJI0Ch JIU Bam B 1miKoie uMeThb JeJo C amnmnapa-
TaMu U BI{CHepI/IMEHTaMI/I?
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fl crasan, uTo Oa, U cOOGIIUI, YTO UIKOJIBHUKOM C YJO-
BOJILCTBUEM MacTepul HeOosblive NpudOpbl, MOTOPBI U HH-
OYKUUOHHBLIE MCKPOBble KaTymku. Ho B memom mup mpubo-
pPOB MHe CKOpee Uy#, U aKKypaTHOCTb, HeoOXoAuMas NpHU
BBINIOJTHEHUM [laxe OTHOCUTENIbHO MajOBasKHbIX M3MepeHui,
JaeTcA MHe IBHO C GONBIIUM TPYIOM.

— Opnako Bam mnpupetcda, name 3aHUMaAch TeOpUEN,
C KpaifHeil TIaTelbHOCTBIO paboTaTh HAJ/l PEIIEHUEM MalbIX
U Ha MepBbIi B3IJIAJ BTOPOCTENEHHBIX 3ajay. ..

— Ho cTosamue 3a BceM 3TUM ¢uinocodcrre BOMPOCHI
UHTEPECYIOT MeHfl, MOKeT GbITh, elle GonbIle, YeM OTIeNb-
Hble Maible 3ajlaud, — poOKO Bo3pasui A. JoMMepdenbia
3TO, O/IHAKO, HUCKOJIbLKO He oGpaznoBaio.

— Bpr1, HaBepHoe, 3HaeTe, yTo ckasan [Iunnep o Kanre
U ero KoMMmeHTaTopax: «Korja Kopomu CTpPOAT, Y JTOMOBBIX
W3BO3YMKOB MHOTO Jenay. MbI Bce MepBBIM [J€IOM JIOMOBBIE
uzBo3uuku! Ho Ber ckopo yBugute, yto Bam goctaBuT pa-
JOCTb THIAaTelbHOE U JOOPOCOBECTHOE UCIOIHEHUE TaKOIl pa-
60TbI, 0co6eHHO ecnu Brl cenaete 4To-TO TONKOBOE.

3oMMepdenb] MocoBeTOBal MHe, C Yero HavyaTh 3aHA-
THUA, U noobemian, YTo, BO3MOMKHO, y#e OUeHb CKOpPO INpej-
JOMUT MHe HeOONbIIYyI0 3aJayKy, KacalollylocA HoBeileii
aTOMHOW TeopuMm. ..

Jlio6onbpITHO cpaBHUTH BocnoMuHaHuA laiizen6epra u 3omMmep-
(enbaa.
Oren Tlait3enGepra, nmpodeccop BU3aHTUNCKOU JIUTEPATYPHI
U A3bIKa B HallleM YHHUBEDPCUTETe, TOBOPUI MHe, UTO €ro
ChbIH OYeHb MHTepecyeTcA MaTeMaTHKoil u ¢usuroit. Koraa
Al BIepBbIe BCTpeTuicA ¢ MonojbiM ["ait3enbeprom, o crasai,
yto npoued KHury Beiina «lIpoctpancTBo. Bpemsa. Matepusy
U UTO — KaK OH AyMaeT — TIOHAN ee. fl He Hamlen HUYe-
ro nyuyilero, Kak ckasatb emy: «BoT u xopomo, A Kak pa3s
co0upaiock MpoYecTh KYypC dIEMEHTAapHON MeXaHHKHU B 3TOM
ceMecTpe. Bam crnefyeTr akKkypaTHO IpojielaTh yIpasKHEHUA;
Toraa Bel camMu yBuANTE, YTO MOHANU, & YTO HETH.
[Sommerfeld 1949]
Ecnu npuHATHL BO BHUMaHUE pPa3HUIY BOCIPUATUNA MacTUTO-
ro npodeccopa U BYepallHEro MIKOJbHHKA, TO MOMHO CKa3aThb,
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YTO Iepe]] HAMU TOkJeCTBeHHble BocioMuHaHud. Jlaree 3ommep-

¢enba BcmoMuHanl To, o 4yeM ['aiizenbepr He mucad.

Yie B TeueHHE BTOPOTO CeMecTpa, Korja A YuTal Kypc
TUJPOAMHAMUKHU, A Jal corjache Ha NyOJIUMKaLUIO ero cra-
Tbu 0 BuxpAx B «Physikalische Zeitschrifty. fI ckasan cBoe-
My RoJjutere, npogeccopy laiisen6epry: «Bbl npuHamiexure
K 0e3yKOpPU3HEHHOIl ceMbe (UI0J0roB, caMU Bbl ABIAETECH
IpeKpacHbIM 3HATOKOM IMO3JHEr0 r'pedyecKoro mepuoja, Bam
TecTh — cnenuanucT no 'omepy. Hy a Teneps Bol numeete He-
cuacThe HabA0aTh 3a HEOMUJAHHBIM BO3HUKHOBeHUEM ¢u-
3MKO-MaTeMaTHYeCKOro F'eHUA B Balleii ceMmbey. Bckope mocne
3TOro A ony6JMKoBal B cOaBTOPCTBe ¢ MoJoabIM ['aiizeHbep-
rOM CTaTblO 110 UHTEHCUBHOCTH MYJbTUIIETOB C UCIOJIb30-
BaHUeM NPUHIUIIA COOTBETCTBUA.

[Sommerfeld 1949]

O6paiieHre K 3ajayaM aTOMHO#M GU3UKM GbLIO HeM3GEH HBIM, TI0-

TOMY 4T0 30MMepdeih] COBEPIIUI ellle OJJUH MOCTYIOK C HEMpPe/-

CKa3yeMbIMU NOCJeICTBUAMM.

Heckronbko nHeil cmycTH, BOiA B YHUBEPCUTETCKYIO ay JUTO-
puio, rae 3oMMepdenb/ 00bIUHO UUTal CBOU JeRINH, A 0OHa-
PY#HUI B TPeTbeM PALY TEMHOBOJIOCOIO CTyJeHTa ¢ HeyJIOBU-
MbIM, HECKOJIbKO 3aMKHYTBLIM BbIpaseHHeM JHula, KOTOPbIi
ob6paTun Ha ce6fA Moe BHUMaHUe ellle B KaOuHeTe [IA ce-
MHHapCKUX 3aHATUI cpa3y Iocie Moero epBoro pasroopa
¢ 3omMmepdenbaoM. 3oMMepdenb NO3HAKOMUI MEHA C HUM,
a 3aTeM Ha IpoljaHue fo0aBUI, YTO CUUTAET 3TOr0 CTyAeHTa
OJHUM U3 CBOUX HauboJjee oJapeHHbIX YUYEHUKOB, Y KOTOPOro
fl MOTY MHOrOMY HayuuTbcA. Ecin A yero He noHumaio B ¢u-
3UKe, TO JOJ:KeH NMPOCTo 06paTUTheA K HeMy. Ero umsa 6b110
Boabdraur [laynu, u Bo Bce mocnenyioiiee Bpemsd, J0 camMoit
cBOell cMepTH, OH UCIOJHAN [JIA MeHA U A Jena, KOTOpoe
Al IbplTajlcA JelaTb B HayKe, POJb BCerja eJaHHOI'o, XOTH
3a4acTylo U OUYeHb Pe3KOro, KpUTHKa U Apyra.

IOHomu noupaBuaucek apyr apyry. lloka 3ommepdenba
IPOU3HOCUI NepBbIe Gpassl cBoeil Jeknuu, Bonbdranr ycnen
npollentaTh MHe Ha yxo: «IIpaBaa, oH moxosk Ha cTaporo ry-
CapCcKOro MOJKOBHUKa?»

Cpasy mocile JeKnuu 3aBA3ajach HeNPUHYKIeHHad Oeceia.
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fI paccrasai. ..o cBoeii 6ecefie co cTapukoM JIuHIEMaHOM . . .
Moit paccras pa3Becenua Boandraunra.

— IJTO B TOYHOCTU COOTBETCTBYET MOUM BIeYaTIEHU-
fIM, — cKa3sanl oH. — JIuHaemaH ¢aHaTUK MaTeMaTHYeCKOi
cTporocTu. Bece ecTecTBO3HaHUe, BRIIOUad MaTeMaTHYeCKYIO
(U3URY, ANA Hero TyMaHHafA GOJITOBHA.

Beiinb neificTBUTENBHO YTO-TO MOHUMAET B TEOPUU OTHO-
CUTENbHOCTH, @ IOTOMY aBTOMAaTHUUYECKHU BbIObIBaeT A JIuH-
JeMaHa U3 PAJOB cepbe3HbIX MaTeMaTUKOB.

Ha moit Bonpoc o 3HaYeHNU TEOPUH OTHOCUTEIbHOCTH
U aToMHO#1 Teopun Bonbbraur orBevan noapoGHee. «. .. He-
JaBHO A Hamucal JOBOJbHO 00JbIIYyIO cTaTbio 06 obeit Te-
OpUU OTHOCUTEIbHOCTU, HO, MO#eT ObITb, UMEHHO I03TO-
MY aTOMHasf TeopHuA ceiiyac KameTcHA MHe, B IPHUHIINIE, Ha-
MHOro Gollee MHTepecHoil. B aToMHoO#l dusnke cymecTByeT
MHOKECTBO ellle He MOHATHIX HKCIEePUMEHTAIbHBIX Pe3ylb-
tatoB... [IpaBaa natuanuny Hunbcy Bopy ynanock cBasaTh
YIUBUTEIbHYIO CTa0MIbHOCTh aTOMOB C KBAHTOBOIl T'HIIOTe-
3oii [lnanka, — Toe, MemaAy NPOUYUM, TIOKA ellle HUKEM He
HOHATOM . .. 3oMMepdenb] HaleeTcA, YTo Ha Ha3e 3KcCHEpU-
MEHTOB y/lacTcA BbIABUTh HOBbIe 3akoHOMepHOcTH. OH BepUT
B YHCIIOBbIE COOTHOLIEHHA, Uy Th JH He B UUCIOBYIO MUCTUKY
CBOEro pojla, Kak HeKorja nudaropeiilibl ¢ UX rapMOHUEl KO-
ne6aromuxcd cTpyH. Mbl Ha3biBaeM 3Ty CTOPOHY €ro HayKu

«aTOMUCTHKOIY . .. Bo3aMozkHO, 31ech ObICTpee COPUEHTUDY-
eTcA TOT, KTO ellle He OYeHb XOpOLIO 3HAeT IIPeJlIecTBYIO-
myno ¢usukry... Tark yTo y TeGA ecTb MpeUMyIIeCTBO, —

BosnbdraHur npu 3ToM eXHUAHO YCMeXHYICA, — HO, pa3yMeeT-
cfA, He3HAHUe ellle He rapaHTHUA yclexay.
HecmoTpsa Ha 3Ty MaleHbKYIO MNUIbKy, Boabdranr. ..
MOATBEPAUI BCE MOM cO0Gpa#eHus, KOTOPbIMU A 000CHOBBI-
Ban cBoil BeiOop. fl mopamoBaicA TOMy, UTO He NYCTHICA
B YHCTYIO MaTeMaTHURY . ..
Cropee Bcero, MpoHUA 110 MOBOJY «aTOMHCTUKMY Oblia HeoGXou-
MOii PUHA/JIEHOCTBIO T€POUYECKUX PACCKA30B CTApOro conaaTta
MoiofioMmy HoBoOpaHiy. Cam Ilaynu MHoOro net cmycTta B cBoeii
HoGeneBckoit JeKIuu paccka3d 0 CBOEM OTKPBITUU Hayall C roJ0B
ydeHn4ecTBa y 3oMMepdelna.
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OcBouB enle B mKojde B BeHe oCHOBBI Kiaccuueckoil pusu-
KU U HOBOH Torja TeOpUU OTHOCHUTENbHOCTU JiHIITeiiHa,
B MIOHXeHCKOM yHUBEPCUTeTe Ha JeKNUAX 3oMMepdenbpaa
fl TO3HAKOMUJICA CO CTPYKTYpPOil aToMa, JOBOJIbHO CTpPaHHOM
¢ TOYKHU 3peHHUA Kiaccuueckoil pusnku. MeHA He MUHOBAJO
TO NMOTPACEHUE, KOTOPOe TepeKUBaeT KamAblil GU3UK, MPU-
BBIKIINII MBICIUTb KIacCHYeCKH, KOTJla OH BIEPBLIE 3HAKO-
MutcA ¢ «OCHOBHBIM NOCTYIaTOM KBaHTOBOU Teopuu» Bopa.

He mo rogam mynpelit cTyAeHT OGbICTPO OCO3HAJ, UTO Ha JEKIHAX
3oMMepdenba oH y3HaeT He TOJIbKO YCTPONCTBO aToMa, HO B ellle
foibllleil Mepe 03HAKOMUTCA C HOBOU Hay4YHOW KOHIeNIueil.

B mnoaxone Bopa... mnpeanpuHuManuch MNONBITKU HaBec-
TH cpelJu HOBBIX NOHATUI abCTpPaKTHBIN MOPANOK C MOMO-
b0 HEKOET0 KJII0Ya [JIA MEPEBO/IA KIACCUUECKOU MeXaHUKHU
U 3JIeKTPOIMHAMUKYU Ha KBaHTOBBIN A3BIK . .. B 3TOM Hampas-
neHun 1wen Bop co cBOMM NPUHIUIIOM COOTBETCTBUA. 30M-
Mepdenba e BBULY TPYHDHOCTei, CTOABIIUX Ha IMYyTHU HC-
HOJb30BaHNA KMHEMATUUYECKUX MOJAEIbHBIX MpeICTaBIeHU,
OpeArnovYnTal NpAMYIO, M0 BO3MOMHOCTH HE3aBUCHUMYIO OT
Mojielleil, MHTepIpeTallio CHeKTPalbHbIX 3aKOHOB C IOMO-
b0 LeJBIX YHucel, clelyf, kak Korja-To Kemiep npu usyue-
HUU TIaHETHOH CHCTEMbI, BHyTPEHHEMY UYBCTBY rapMOHUHU.
06a st mojxoza, Ha Moii B3riA[, He IPOTUBOPEYNBIINX OJUH
IpyroMy, okasainy Ha MeHA BiaufHue. IlocrenoBaTenbHOCTD
nenabix yucen 2,8,18,32,.. ., BblpamaBIIUX JJINHbI I€pPUOLOB
€CTECTBEHHOI CHUCTEeMbl XMMHUUECKHX DIEMEHTOB, IOJIBEpra-
nack B MIoHXeHe ycHIeHHOMY OOCY#/IEHUIO BMECTe C 3aMe-
yaHueM IIBeJcKoro ¢pusuka Puabepra, uto oHu obpasyioTca
o mpocToii dpopmyne 2n%, B KoTopoil n mpoberaeT pAxd Ie-
abIX ymcel. 3oMMepdenba 0cCOOeHHO NBITANCA CBA3aTh YUCIO
8 ¢ umciaoMm BeplIuH Ky6a.

Tenepb WPOHMYHBIA U Bce3HAWOIUN y4yeHUK 3omMMepdelnbaa
BCTPETHI JIOCTONHOTrO cobeceqHUKA, 8 UX yUYUTEIh MPUHAN O[]
CBOE KpbLIO Cpa3y JABYX FeHUEB.

Hrak, noxg kpsuioM 3oMMepdennia OKa3alich JBa COBEPIIEH-

HO HeNOXOxHUX APYT Ha Apyra nTeHua.

Ha 3ommepdenbaoBckoM cemuHape Gecensl ¢ Bonbdranrom
[laynu cocTaBnaAnu BamHeHIyr yacTh Moux 3aHAtuit. On-
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Haro o6pa3 xu3Hu Boabgranra O6bl1 MOYTH AMaMeTpalbHO
NpOTHUBONONO#EH MoeMy. B To BpeMA Kak A JTI00MI ACHBIi
JIeHb U Bce cBOOOAHOe BpeMsA 110 BO3MO#HOCTU NPOBOJUI 3a
ropojioM... BoabdraHr 6bL1 TUNUUYHBIM NOJYHOUHUKOM. ..
EctecTBeHHO,...4TO Ha ceMUHAp OH... HNPUXOAUI, K Hoca-
ne 3oMMepdenna, TONbKO K MONYJHIO U UMb U3PeJKa I0
yTpaMm. Takoe pasnuuue HamUX MUIHEHHBIX CTUIEH...He
MOIJI0 OMpayuTh Hamy apy#o0y. Ham o6muit unTepec K pu-
31Ke ObL1 CTOJb BENWK, YTO JErkKo NepeBelluBall pasinyue
WHTEepecoB BO BceX APYTrUX o0aacTAX.

... YKe BCKOpe moclle Hayajla MOMX 3aHATUN 30MMep-
¢enba nocTaBUI Nepeo MHO 3ajauy cenaTh U3 HEKOTOPBIX
HabmoJeHN, COOOIIEHHBIX €My 3HAKOMbIM (PU3UKOM-3KCIIe-
PUMEHTATOPOM, BbIBOIbI 06 0pGUTaX UCCIeyeMbIX 3IEKTPO-
HOB UM MX KBAHTOBBIX YHUCIaX. JTO 0KA3alOCh HECIOMKHBIM,
OJHAKO TOJYy4YeHHble Pe3ylIbTaThl ObLIM B BbICHIEN CTENEHU
HeomuganHbiMU. [lToMHUMO 1eIbIX KBAHTOBBIX YHCEN MHE MPU-
HIIOCh JAOMYCTUTh TaK#e U IMONOBUHBI MX, YTO MOMHOCTHIO
NPOTHUBOPEYUIIO IyXY KBAaHTOBOU TE€OpPHH U 30MMepdeln oB-
cKoil uucnoBoilt muctuke. Boabdraur nocmeuBancs, 4To 1,
HaBepHOE, BCKOPE BBENY TaKiKe U YETBEPTU, U BOCHBMYUIKU
KBaHTOBBIX YMcCel, TaKk YTO B KOHIle KOHIIOB BCA KBaHTOBaf
TEeOpHA pacchllUleTcA B Mpax y MeHd noj pykamu. Ho Tem He
MeHee DKCIepUMEeHTAalbHble aHHbIe BBITIALENN UMEHHO Ta-
KUM o6Gpa3om, GYATO MOJOBHHHbIE KBAHTOBBIE YKCIA MMENU
MOJIHOE TPAaBO Ha CylIeCTBOBAHUE. . .

Mounoaple n0a¥ U1y TA NIPOIUIA MUMO OTKEPBITUA NMOJIOBUHHOTO CITH-
Ha, YTO HECKOJIBKO MO3Ke MPUHECIo claBy He oqHoMY ¢usuky. o
TaKUX MeloyYeil UM He GbLIO Jlela — Belb CO3[aBajcA HOBBIM MUP.
Boabodranr. . . pemun npoBepuTb, BegyT Ju Teopusa bopa
U KBaHTOBbIe ycioBuA bopa—3oMMepdenbaa K sKcepuMeH-
TalbHO HOBBIM pe3yJbTaTaM B cllydae 0oliee CIOHON cUcTe-
MbI, PACCYUTATb KOTOPYIO ObLIO0 BO3MOMHO, UCTIONh3YA MaTe-
MaTHYecKHe MeTO/Ibl, TPUHAThIE B acTpoHOMuUu. Jeno B ToM,
YTO MBI 3aflyMaluch HajJ TeM, He OrpaHUYEHbl U MpeJbl-
Oylide YCHeXd TeOpHHM KpaiiHe NpOCTHIMM CUCTEMAaMHM. ..
B atoit cBA3u Boaboranr kak-to cnpocud MeHfi: «A, co6CT-
BEHHO, BEPUIIbL JH Thl, UYTO B aTOMe eCTb TaKaf Belllb, Kak
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op6uThl 3neKTpoHOB?» Moii oTBeT, BUAUMO, ObLI JOBOJBLHO
TYMaHHBIM: «...€ClIH CYIeCTBYIOT TPAaeKTOPUHU 3JIEKTPOHOB
B KaMmepe BuiabcoHa, TO JOMKHBI CyleCTBOBaTh, HABEPHOE,
1x op6uThl B aTrome'. OnHaKo, fo/#eH NPU3HAThLCA, YTO Me-
HA 3[ecb Bce-Taku GepeT comHeHMe... Mbl paccuuThiBaemM
op6uUTy [0 3aKOHaM HKJacCUUeCKOll HbIOTOHOBOI MeXaHUKH,
a NoToM, BBeJid KBaHTOBbIE yCJIOBHA, IPUIIKMChIBAEM 3TOM Op-
6uTe cTabMIbHOCTL... CTalo ObITh, BCe MpejcTaBieHHe 06
opbuTe 3JeKTPOHA B aTOMe OKa3blBaeTcA B KAKOM-TO CMbICIe
HenenocTbio. Ho kak e Torga 6bITh?»

Boabdraur kuBHyin. «Bce 3To B nenoMm AeidCTBUTENBHO
BBITVIAJUT KpaliHe 3araJouyHbIM. ...4acToTa KojeGaHWI HC-
[IyCcKaeMoro cBeTa HaXoJUTCA IJe-TO IOCpeld MemJy dac-
TOTAMU BpallleHUA 3JIeKTPOHA Mo opOUTe 10 TauHCTBEHHOTO
cKauKa u nocie Hero. Bece 3To, B cymHocTu, nonHoe 6e3yMuey.

— IlycTe 3TO U 6e3ymue, HO B HEM eCTh CBOA CHUCTe-
Ma, — NpPOLUTHUPOBAl 1.

— Ila, BOBMOHO. . .

CrycTd MHOTO JIeT IOCJ€e ONKUCHIBAEMBIX 3[1eCh COOBITUN 3oMMep-
(eabn paccrasal 0 reHUalbHON Negaroruyeckoi omuoke.
Pasymeertcs, A nbiTanca npusieub Kak [laynu, Tar u I'aitsen-
6epra K ydacTHio B JabopaTopHbIX paborax. OHu paGoTanu
BTpoeM — co cBouM jpyrom Otto JlamopToM B coBMeCTHOM
IKCIepUMeHTe, PyKOBOAMMOM MOUM Koiieroit Bunom (aBTo-
poMm «3akoHa cMmemenusa Bunay), Ilaynu Goabine coBeroBai,
yeM pa6GoTall, YTOObI UCKIIOUYUTD «dddekT [layauy.
[Sommerfeld 1949]
31ecb 3oMMepdelb] BcloMUHaeT 6ollee o3aHIO JereHay o Ilay-
74, COTJIACHO KOTOPOit ero mpucyTCTBHE Ha I0CTATOYHOM (HHOT A
JOBOJILHO GOJILIIOM) PACCTOAHUU OT ONBITHOW YCTAHOBKHU BbI3bIBA-
70 ee noioMRKy. OnHaKo B 3TOM paccKka3e MHOTO TalHCTBEHHOIO.
CoBMecTHbIX my6nukanuii 'aiien6epra, Jlanopta u Ilayau Her.
C Opyroit cTOpoHbI, yNIOMHUHaHHE B CBA3U C MONBITKON NpuoG-
IeHUA YYeHUKOB 3oMMepdenbia K 3KCIePUMEHTY UMeHH Buna
MoeT (Kak GyfeT BHIHO M3 JalbHERIIero) NpOACHUTL MHOTHe
coObITUA B UCTOPUU KBAaHTOBOI MeXaHUKHU.

Toanuee Taiizen6epr ycapmuT oT DWHMTeiiHa UMEHHO TaKOe BO3paA:e-
HUe NPOTUB KBaHTOBOI MeXaHUKH.



3ommepdeavd u e20 yieHuru 29

Cropee Bcero, coBMecTHas paboTa sKcepUMeHTaTopa U Te-
OpPETHKOB NIPOUCXOJUNIA TaK, Kak 06 3ToM pacckasan ['aitzenbepr.
Rorpa ...cmycTAa ABa uiu TPU 4Yaca mocjie OKOHYAHUA JeK-
uuu 3oMMepdenbaa B ay AMTOPUH JIIA CEMUHAPCKUX 3aHATUN
nosapndancaA Boabdraur, To clieHa Hamero o60AHOI0 MPUBET-
CTBUA pasbirpbiBalach NPUMEPHO CIEAYIOIUM 06pa3oMm.

Boabdranr: «A, BoT u Harm amnoctod npupoasl. [fo6poe
ytpo! Thl BBITIAQUIIL TaK, CIOBHO OMATh HECKONbKO [HEN
MOJIPAJ #UJ COrNIaCHO NPHUHIUMIAM CBOEro CBATOTO NaTpOHa
Pycco. Begb 3T0 eMy npuHAJIeKUT 3HAMEHUTOE U3PeUeHue:
«Hazan & mpupojie; Ha iepeBbf, 06€3bAHbIY.

«Bropas yactb He u3z Pycco, — orBevan f emy, — U 10
JIepeBbAM HUKTO He nazan. A BOT TebGe cienoBano Obl TOBO-
puTh He «a0Gpoe yTpo», a «mobpbiit geHby. Ceituac 12 ua-
coB. [lonuepruBaio, 12 yaco. Ho B creayrouuit pa3 Tol 10.1-
#KeH B3ATh MeHA C co6oii B Kakoe-HUOYIh HOUHOe Kade, 4TO-
GbI U y MeHAl TOie, HAKOHell, MOABUINCH XOPOIlne Hay4YHbIe
uneny.

«Kade TeGe ompejieieHHO He TMOMOMET; OJHAKO ThI GbI
Jdydllle paccKasal MHe, 4To y TebA moiydaeTcA ¢ paboToi
Kpamepca, o KOTOpO#l ThI HONMEH JOKIAAbIBAaTh Ha Cleylo-
meM cemuHapey. TyT Haill pa3roBop GHICTPO MPUHUMAI [1€N0-
Boit xapaxTtep. Korma mbi roBopuiu o ¢pusuke, K Ham 4acTo
npucoeguHsaAncA Ham gpyr, Orro Jlanopr, KoTopslii co cBOUM
paccyauTeNnbHbIM U TPE3BBIM MPAarMaTU3MOM ObLIT XOPOIIUM
nocpeqHuKoM Mexay Boabdranrom u muoit. BnocnencTBuu
OH COBMECTHO ¢ 3oMMepdenbJoM onyGIuKoBal Ba#HbIe UC-
Clle[IOBaHUA N0 TaK Ha3bIBA€MOIl MYJIbTHUILUIETHON CTPYKTYpe
CIIEKTPOB.

Ioxose, GaaromapA ero cOTPYIHUYECTBY CIY4HIOCH
TaK, YTO OJHaxJbl Mbl BTpPoeM, T.e. Boabdraur, OTTO 1 1,
NpeJIpPUHANU My TelleCTBUE B TOPbI HA BEJOCUIIEaX 10 I0PO-
re ot BeneaukT6epeiina yepe3 Keccennbepr k o3epy Banbxen-
3ee 1 oT Hero aanee B Jloiizaxtanb. [IpaBaa, 3To 6b11 €AUHCT-
BEHHBIN ciyyaii, Korja Bonbdraur puckHyn cienaTh Bblias-
Ky B Moii mup. Ho 3T0 Hame npegnpusaTtue 6iaarogapa o0aruM
pasroBopaM, KOTOpble MbI BIBOEM WJIU BTPOEM BelH B MPO-
JoNKeHe Halllero MmyTellecTBUA U mocie Hero B MioHXeHe,
ele JOoJIro MPUHOCUIO CBOU TJIOBI.
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Boabdraur cnpocun meHAa — KameTcs, 3To ObIIO Bede-
poM Ha moctosanoM ABope B ['paitHay, — moHAn au A 3iH-
MITeiHOBCKYIO TEOPHIO OTHOCUTENbHOCTU, UT'PABIIYIO TAKYIO
fonbllyio poib Ha ceMuHape 3omMepdenbaa. I cmor oTBe-
TUTHb JULIb, YTO He 3HalO, IOCKOJbKY MHe He ACHO, 4TO, c00-
CTBEHHO, 03Ha4yaeT CJI0BO «IIOHMMaHHUE» B eCTeCTBO3HAHUU.
...fl, oanyii, Bce ellle He MOHAJ, IOUeMy ABUMYIIHiicA Ha-
6a10faTelb N0OJ CIOBOM «BpPeMsfA» MMeeT B BUAY HEUTO HHOE,
yeM NOKoAluiicA. dTa MyTaHUIA ¢ NIOHATHEM BPeMeHU Me-
HA MO-TIpe#HeMy GeClOKOUT, OCTaBafACh YeM-TO HEMOCTHUHKU-
MBIM. ...fl XOUY...[HOJUEePKHYTb, YTO A3bIK U MbILLIEHHE
CTaHOBATCA HeHalle#HbIMH, eClIi Mbl MeHfieM TaKkKhe OCHOBO-
noJarapliye NOHATHUA, 8 HEeHaJe:KHOCTh HeCOBMeCTUMa ¢ I10-
HUMaHUEeM.

Mou comHeHusa mnokaszamrucb OTTO He00OCHOBAHHBIMH.
«KoHeuHO, B MKOJLHOI (umocoduu Bce BHIMIAJUT TaK, —
CKasall OH, — CJIOBHO NOHATHA BPOJe «IPOCTPAHCTBay U «Bpe-
MEHU» yie MONYUYWIN TBepblil, He NMoANeKalUil U3MeHeHu-
AM cMbicia. Ho 3To JokasbIiBaeT TOIBKO, YTO MIKOAbHaA Gu-
nocopusa HeBepHa. C KpacuBO copMyIMpOBaHHBIMU 0OLIN-
MU (ppasaMM O «CYIIHOCTH» IIPOCTPAHCTBA U BpPEME€HU MHe
pelINTeNbHO Hedero genaThb. Tbl, MO-BUAUMOMY, CIMLIKOM
y# MHoro sanuMaica ¢uiocotdueii. Ho teGe cinemnoBano 6l
3HaTh U Takoe NOCTOiiHOe BHMMaHUA onpefenenue: «Punoco-
¢$us ecThb cucTeMaTHUUecKoe 3M0ynoTpebieHne H306peTeHHO
1A 3Toil Lenu HoMeHRJIaTypoity. Ilo npaBae, cienoBano Gbr
ynoTpebaATh JUILIb CI0BA U NMOHATHUA, HENOCPEACTBEHHO CO-
OTHOCHIMeCH C YyBCTBEHHbIM BOCIIPUATHEM, IpUUEM, ecTec-
TBEHHO, HelloCpeJCTBEHHOE YyBCTBEHHOE MOMHO 3aMeHUTH
6osiee CI0¥HBIM (PU3NUYECKUM HaOII0JeHueM.

Memxay Tem mis [laynu npuiio BpeMs 3alldThbI JUCCEPTALUU, YTO
oH U caenan aetoMm 1921 roga. OceHHMII ceMecTp 3TOro roja oH
npoBen B ['erTuHrene, paborasa accuctenToM BopHa:

Ilaynu ™meHA 3amelnaeT; HeCMOTPA Ha CBOil BO3pacT
(emy 21 rop) aTo xopomo emy ynaercs... Manenbruit Ila-
ya1 OYeHb WHUIMATHUBEH; TAKOTO XOPOIIETro accCUCTeHTa MHe
B M3HU Goiblle He Bugath. K coxkaneHuio, 1eToM oH cobu-

paetc k Jlemny B Tamypr. BopH JiinmTeiiny 29.11.21
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B I'am6ypr Ilaynu yexan, onacasach, uto aTMocdepa ['eTTuHTreHa
IpeBpaTUT ero B MaTeMaTHKa.
lena B MioHXeHe HIIM CBOUM YepeioM, U, KaK BCIOMHHAeT
Taitzenbepr, nocie ogHoro HoJaroro pasroBopa o6 aToMHOI TeopUH
Bopa
3omMepdenb. . . HeoxuaanHo cnpocui MmeHA: «He enaere
au Ber nmuuno nosHakomuthea ¢ Hunncom Bopom? OH ckopo
npouteT B ['eTTuHreHe MUK JeKnuii o cBoeit Teopuu. fl Ty-
Jla ipuriaimeH u mMor 6bl B3ATh Bac c coboity. MHe npumniioch
HECKOJbKO 3aMeNIUTh C OTBETOM, IOTOMY YTO B T€ BPEMeHa
JKeJIe3HO/IOPOKHOe Ty TemiecTBUe o0 ['eTTuHreHa u o6paTHO
npeAcTaBIANO 1A MeHf Hepa3pelluMylo ¢pUHaHCOBYIO Mpo6-
aemy. llo-BuaumMomy, 3oMMepdelb] 3aMeTHl, Kak TeHb 3ToM
3a6oThl mpobeana no MoeMmy nauny. Bo BcAKoM ciydae oH
cKazail, 4yTo OGepeT Ha ceGA CBA3aHHLIE C MOEl MOE3/IKOI1 pac-
XOMBI. . .
Bop nmpuexan B I'erTuHreH, uro6bl pacckasaTb O JOCTHUKEHUAX
cBoeil mKonbl. OgHAKO MapajiHble JeKIHH BCKOpe CMEeHUIUCh 6o-
llee cepbe3HbIM 00MeHOM MHeHUil, moToMy 4To Bop nmo3Haromuica
3fech ¢ nuToMuamu 3oMmMepdenbaa. Ilpexse Bcero, B I'eTTuHre-
He noaBuicA Ilaynu, KoTopblil y#e B TO BpeMmsdA 3Hal Bce, 0 UeM
eMy MOr' paccKasaTb JOKJIaJ4uK.
Ha mensa nmpousBeno cuibHOe BHevaTieHue, uTo Bop Torza
u B Oolee MO3OHUX NUCKYCCUAX CTpPeMMIcCA HaiiTu obluee
00bACHeHWEe KaKkA0N 3IeKTPOHHONH 060J0YKU, B KOTOPOM
B OTJIHYME OT MOUCKOB 3oMMepdenbaa, YUCIO 2 Urpaio Obl
CTONb e CYIIeCTBEHHYIO Poib, Kak U yucio 8. ...Bop moa-
yepKHUBal, 4To (yHIaMeHTalbHOe 3HaueHUe HMeeT BOIpOC,
HoyeMy B OCHOBHOM COCTOAHUM aToMa Bce 3JIEKTPOHbI He
3aHUMAaIOT camoil BHyTpeHHell o6onrouku. CoriacHo rocmof-
CTBOBaBIlIell B TO BpeMA TOUKe 3peHHA, KOTOPYIO pa3jenal
1 bop, npuumnHoii 3Toi Ny6NeTHOI CTPYKTYphl CUATANU He-
HYJIeBOIl MOMEHT KOJMYEeCTBA ABUMEHUA aTOMHOIrO Afpa.
ITaynu 3Ty Touky 3peHuA He pa3genan. [Jo Hac He JONIIIO CTEHO-
rpaduyecKy TOUHOe cofep:xaHue ero 6ecel c Bopom, Ho u3BecTHO,
yTo yaxe oceHb 1922 roga Ilaynu npoBen B Konenrarene y Bopa,
noMorad eMy B U3[JaHUU HAa HEMENKOM A3bIKe GOJbIION CTaTbU
0 CTPOEHUU aToMa.
B I'ertunrene e Bopy noBenoch cTaTh NEPBLIM U3 BEIUKUX
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(pU3MKOB, KOMY IIPULLIOCH BECTU He CIUILIKOM JIerKHe PasroBOpPbI

¢ laiizen6eprom.
Bop roBopui 10BONBHO TUXUM T'OJIOCOM, C MATKUM JaTCKUM
aKIleHTOM, U KOTr'[la OH pa3’bACHAJ OT/lelbHble [I0JI0KeHUA CBO-
eli Teopuu, TO BbIOMpaJ ClI0Ba OCTOPOHHO, ropas0 0CMOTPU-
TelbHee, YeM MbI IPUBBIKIU CIBIIIATL OT 3oMMepdenbaa. . .
Ilocne wrampoil NeKnuM HayWHANIach JUCKYCCHA, U B KOHIE
TpeTbell JeRIUU A OTBasKWICA clleJaTh OAHO KPUTHYECKOe
3aMeuaHue. bop kocHyicd. .. pa6oTel Kpamepca, o KoTopoii
MHe NPUILIOCh JOKJIagbIBaTh Ha 30MMepdelbJI0BCKOM CEMU-
Hape, U CKas3al B 3aKJIIOYeHUe: XOTA NPUHLUINBI TeOpPHUU ellle
HefiICHble, OJHAKO MOKHO BIIOJHE IOJO¥UTHCA HA TO, YTO pe-
3ynbraThl Kpamepca npaBunbHbl... TyT A BcTan u BbIABU-
HyJ BO3pateHUA, KOTOpble ABIAINCH Pe3yJbTaTOM HAaIIUX
MIOHXeHCKHX Auckyccuii... HaBepHoe, Bop mouyBcTBOBaIM,
4YTO 3a MOUMHU 3aMeYaHUAMHU CTOAT OCHOBaTelbHble 3aHATUA
ero Teopueil.

OTBeyanl oH HepelINTEILHO, TaK, CIOBHO 3aMeyaHUe He-
CKOJIIbKO 06€CIIOKOUIIO ero, a mocie AUCKYCCUHU IMOJOLIEN KO
MHe U CIIPOCHUJI, He CMOzKeM JIU Mbl BO BTOPOIi [10JIOBHUHE JHA
nporyiaTtbea no Xaitbepry, uTo6bl ocHOBaTelbHO 00CYAUTD
nocTaBleHHble MHOIO BOIPOCHI.
JTa Iporyika okasajla culbHeiilllee BO3/JefiCTBUE HA MOe

nocjefyollee Hay4Hoe pPa3BUTHe, UIHU Jaxe, BEpHee CKa3aTh,
BCe MOe HayuHOe pa3BHUTHe, COOCTBEHHO, U HAYaloCh C 3TOMH
IPOrYyIKHU.

lep3kunit yuenur 3oMMepdenbaa orasaica GrarofapHbIM CIyIla-

TeneM. Bo BpemA nIporyinku mo ropHomy ckioHy Bop usnomun

IOHOIIle BCIO MCTOPHUIO aTOMHO# (U3UKM, HauuHaA c onbiToB Pe-

3epdopaa. Korpa Gecema 6nusuiack K 3aBeplieHUIO,
...A copocun Bopa: «Eciu BHyTpeHHee CTpOeHHE aTOMOB
cToJb Majlo NojjjaeTcA HarjlAJHOMY ONUcaHUIo, Kak Bel roso-
puTe, U eclu y Hac, cOGCTBEHHO, HET A3bIKAa, HA KOTOPOM MbI
Moriu Obl BecTU pedb 06 UX CTPOEHUM, TO CMOMEM U Mbl
BooOiie Korga 6bl TO HU ObLIO MOHATH aTOMbI?» Bop cekyH-
Iy noMe[iua, a nmotoMm ckasan: «Ilomanyit, cmoskem. Ho Ham
Hajgo OyJeT Bce-TaKM CHayala y3HaTb, YTO O3Ha4yaeT CIOBO
(IIOHUMaHuey . . .
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Hy urto e, — Bo3o6HOBUI Bop Hamy Geceqy, — MbI
ropopuiay ¢ Bamu o TakoM MHOKecTBe CJIOHBIX Belleii, 1 A
pacckasan Bam, kak caM npuiies B HayKy, HO MHe ellle HUUero
He u3BecTHO o Bac. Bbl BrirnaguTe eme ovyeHb 0HbIM. Co3-
JaeTcA Takoe BIevaT/leHMe, Kak OyaTo 61 Bel Havanu ¢ us-
y4yeHUA aTOMHOH (U3UKU U JIHMIIb N03/Hee OCBOMIM Iper-
HI0I0 Qu3uKRy U Bce npoyee. Iloxome, 3oMMepdenb] oyeHb
paHo BBel Bac B 3TOT HpurIOueHUecKUHt MHP aTOMOB...
Bl gonsHbl Kak-HUOGYb noceTuTh Hac B KomeHrarene, a To
U IpuexaTb K HaM Ha Goillee Joiroe Bpemd. ..

CobeceHUKY ellle He 3HaANU, YTO TOJBKO YTO 3aKOHYUJICH pPasro-
Bop OyAymuXx ocHoBaTelell «KoneHrareHckoil MKoJbIY, HO TeM He
MeHee,
...Iepeo MHoii blecHy0 Oyayliee, IOJHOE HOBBIX HaleHi]
U BO3MOKHOCTell, U yxe nmpoBoiuB Bopa nomoii, mo myTtu
K CBoell TOCTHHMIE fl ellle JOJIr0 paclBeuyuBal ero APKUMHU
KpacKaMH. ..
Onnako Jo moe3gku k Bopy mpomuio eme montopa roja, 3amoi-
HEeHHbIX yueGHBIM ceMecTpoM B I'eTTuHreHe, HOKTOpPCKOH Auc-
cepTanyeii, NOCBAILIEHHON NpobieMaM yCTORUNBOCTH JJaMUHApHO-
ro Te4eHHA B MUJKOCTAX, U NOCIeIYIONIMM 3K3aMeHOM. YCTHbIe
IDOKTOpPCKHe dK3aMeHbl 4yThb ObLIo He obepHynuch AlA Iaiizen-
6epra katactpodoii. OH nmpekpacHo cgan 3oMMepdenbay 3K3a-
MeH 10 TeopeTHYecKoll ¢pu3uKe U npeacral nepej npogpeccopom
BuHoM, uT0GbI OTBeyaTh Ha BONpOCHI U3 (PU3UKM 3KCIEPUMEH-
TalbHO#. BpAn 11 npepBapuTenbHOEe 3HAKOMCTBO MOILIO MOJIOJO0-
My cobeceHHKY Ha Io0lb3y. BUH HHTepecoBaics ycTpoiicTBOM
aKKyMYJIATOPOB M paspellaiolleii culoii MUKpPOCKoNa, TelecKo-
na u uHTepdepomerpa Pabpu—Ilepo u He moayumsn orBeTra HU
Ha OJUH U3 3THUX BonpocoB. BuH HacTauBan Ha oblleil oTpuna-
TeJIbHOIi OlleHKe U JUIIb 3acTyNHN4YecTBO 3oMMepdebia CKIOHN-
JO ero K HauMeHbleMy NoJ0MUTeNbHOMY 6anny. CoBOKYNHOCTh
OLIEHOK OKa3ajach cleflylolleii: OCHOBHOH 3Kk3aMeH N0 GpU3UKe —
IIT (uuswan) crenens, maTemaTuka u acrpodomus I-a u Il-a cre-
nedu. O6man onenka — III cremenn. eno cmacio nmucbMeHHOe
counHeHue l'aiizeH6epra 1o rufipoJuHaMuKe, KOTopoe GblIO ole-
HeHO 3oMMepdenbJoM Kak Bblalollieecsi. ITO IPUHeC]IO B UTOre
creneHb Summa cum laude (c Beicureit moxsainoit). Oxnako Bun

2 KBaHToOBafA Teienopranusa
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CTOJIb APOCTHO CONPOTUBIAJICA JalbHeiilleMy Npe6bIBaHUIO 3TOT0O
cTpaHHOro cTyjaeHTa B MioHXxeHe, 4To mocie 3k3ameHa [aiizen-
6epr Hamen npuroT B 'erTunrene, rae on cmenuna [laynu. Bopn
ONUCHIBAI €ro NMOABIEHUE TaK:
OH BBITIA/le] NPOCTOBAaThIM [JePEBEHCKUM NapHEM ¢ KOpOT-
KO OCTPHUKEHHBIMU CBETIBIMU BOJOCAMH, ACHBIMU TiIa3aMu
U oyapoBaTelIbHBIM BhlpaxeHueM nnna. K o6a3anHocTAM ac-
CHUCTEHTa OH OTHOCWICA cephe3Hee, yeM [laynu, u ctam MHe
XopomuM noMouHuKoM. Ero HeBepofATHasA GbICTpPOTa U TOY-
HOCTb BOCIPUATHA MO3BOJIAIN €My BBINOIHATEL G€3 0coObIX
ycunuii orpoMHy0 paboTy. IIokOHUMB co CBOMMH T'UAPOIU-
HaMHYeCKUMU TpyJaMu, oH paboTan B o6i1acTu aTOMHON ¢u-
3UKU YacTUYHO OAWH, YaCTUYHO B COTPYyAHHYECTBE CO MHOM
U, KpOMe TOTro, IoMoral MHe B PYKOBO/JICTBe JUIUNIOMHUKaMHU.
BopH, Bocnomunanusa
B utone 1923 roga Bun He nmomo3peBai o cBoeM BKJajie B pa3BUTHE
KBaHTOBO#1 Teopuu. IOHome, KoToporo 3omMMepdenba CIUMIKOM
paHo o6y4us aTOMHOI (pU3UKe, Naxme KaTacTpodbl IIUA HA MOJIb-
3y. CmycTd Tpu ¢ HeGOIBIINM rojja 3aN0JTHUBIINI TPOGebl B 3HA-
KOMCTBE ¢ onTUYecKkuMU npubopamu ["ait3eH6epr npugymain cBoii
3HaMeHUTBIN MbICIEHHbII SKCIIEPUMEHT ¢ «<MUKpocKonoM ['aiizen-
Oepray, yTBepAUBIIUIi B GU3UKe HOBOE MUPOBO33peHUe. Bipouem,
NPUATHbIE COGBITUA MPUBOJUIN K TEM K€ MOCIEACTBUAM: CIYCTH
IBajaLaTh jeT Hosee yaauHble IOHOIIEeCKHe 3aHATUA THAPOIUHAMU-
Koil ObLIM MPUMeEHEHBI K QU3NKe 3IeMeHTapHbIX yacTuln — [aii-
3eH6epr MOCTPOWI T'HIPOIUHAMUUECKYIO TEOPUIO MHOMECTBEHHO-
ro pPOMIEHNA.
Wranr, laiizenbepr okasanca accucTeHToM Makca Bopaal,
U TOJNBKO B MacxalbHble KaHURYJIbI 1924 roga oH cMOT MOJHATHCA
Ha nmapoM, HampaBidomuiica B JlaHuto.

1KoMMeHTHpYA yse HUTUPOBaHHOE MHchMo JitHmTeiiHy, BopH BcnoMuHan
0 cBoMX accucTeHTax Tak: OTueT o «maneHbkoM Ilaynuy ABIAETCA HENMOJIHBIM.
fl BcmomuHal, UTO OH JIOGUJ MOCMAaTh M YacTO onasjblBal Ha JeKLUU, Ha-
uynHaBmuecA B 11 yacos. [loaToMy MbI B 0J0BUHE OAMHHAALATOr0 MOCHLIANN
K HeMY Hally TOPHHUUYHYIO, YTOGbI ObITh YBepPeHHbIMH, YTO OH Y3Ke He CIIUT.
OH ObL1, 6€3 COMHEHUA, 'eHHEM IIEPBOr0 paHra, HoO Moe olaceHHe 0 TOM, YTO
«TaKoOr'0 XOPOIIEro acCUCTEHTa MHe B }KM3HHU 0oJblle He BHAATby, OKa3alHUCh
HeomnpaBaaHHbIMU. Ero npeemHuk IaiizeHGepr Gbla CTOMb Ke TeHUaleH, HO
6osee qo6GpocoBecTeH: MHe He HYHO GbLIO ero Oy AMTb WM HallOMHHATb eMy
06 ero 06A3aHHOCTAX.
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[Taynu oTRIMKHYJICA Ha My TelllecTBHE CBOET0 JpyTra NUCbMOM
k Bopy:
HepaBHo A. . . Bugen [Naiizentepra ... fl Bcerga uyBcTBYyIO ce-
6A oueHb HelOBKO ¢ HUM. Horja A pasMblIlIAIO O ero uje-
fIX, OHU KamyTcHd MHe KOLIMapHbIMH, U Npo cebd A cTpallHO
6panio ux. [emo B ToMm, 4To OH oueHb HeduiaocopuyeH. Ou
He 3a00TUTCA 0 TOM, YTOObI OCHOBHbIE [JONYI[eHUA ObLIU fiCc-
HO pa3paboTaHbl U CBA3aHbI C NpeALIeCTBYIOUIMMU TeOopuf-
mu. Koraa A pasroBapuBaio ¢ HUM, OH MHe OYeHb HPaBUTCH,
U fl BUMKY, UYTO y Hero — IO KpaliHeil Mepe B Jylie — ecCTb
Kyua HOBBIX apryMeHToB... [loaTomy s oueHb papn, uyto Ber
npuriacuiu ero B KomeHrareH...oH ycBouT ¢uinocodcryio
YCTaHOBRY Ballero MblILJIeHN .
IMaymu Bopy 11.02.24
Mauo KTo emfe ygoctauBaicd cToNb JecTHoro or3eiBa [laynu. Mo-
#eT ObITb, 3TO ObLIO BbIpameHHeM O0OLero 3aBopaxUBaloLIero
BIeYyaT/IeHUA OT Pa3roBOPOB C IOHOIIel, UHTepechl KOTOPOTro, Ka-
#eTcA, emal BHe GU3UKU — IuTepaTypa, My3blKka, FOpHbIe IIPO-
T'yJIKHU, HO KOTOPbIil, HECOMHEHHO, 0YeHb CKOPO NpeobpasyeT ¢u-
3uRy. UTo KacaeTcd yKOpoB B He(uI0cOPUIHOCTH, TO HANO NpU-
HATH BO BHHMaHHe, YTO 3TO NUCbMO nucan kpecTHUR Maxa. Kpo-
Me Toro, puinocopuio (Kak u panee matematury) ['aitseHGepr mo-
cTUral NpakTUYeCcKU HeJOCTYIHBIM [JA JPYyTUX cloco00M: F'UM-
Ha3ucT, BTAHYTHIH B 1919 rony B MexayycobHble 6ou B MioHXxeHe,
nocie JIeypcTB Ha TenedoHHOM y3ie yutan IlnaTona:
...BOJHO YTpO. .. A HaOpen Ha Auajor « Tumeily, npuueM Kak
pa3 Ha TO MecTO, I'le TOBOPWJIOChH 0 MeJlbyailliuX yacTulax
MaTepuu. Bo3aMoskHO, BHayale 3TO MecTO 3aXBaTUJIO MeHA
TOJBKO NIOTOMY, YTO ObLIO TPYJHO [JA NlepeBoja, WK IOTO-
MY, UTO TaM rOBOPUJIOCH 0 MaTeMaTHUUYeCKUX Belllax, KOTOpble
MeHsd Bcerja MHTepeCcOoBallu.
Takr uau unave, Ho o6pasnl [lnaToHa conpoBomaanyu I'aitsen6epra
Bcio #u3Hb. [lonas B Konenraren, I'aiizen6epr 6pIcTpo BRIIOYUICA
B pa6oTy. Beckope Kpamepc u Taii3en6epr ony6aukoBanu paboTy
0 pacceAHMHU CBeTa Ha aToMaX, KOTopas [0 CHUX IOp LUTUPYeT-
cA BO BceX cepbe3HbIX PYKOBOACTBaX M0 KBaHTOBOM Teopuu. lag
laitzen6epra ona umMena TeM Gonblllee 3HAUEHUE, B Hell peyb ILIa
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He 0 KOHKPETHBIX BEPOATHOCTAX YacTHBIX IIPolieccoB, a 06 061X

3aKOHOMEDPHOCTAX B3alMOJefiCTBUA aTOMOB C U3IyUYeHUEM.
Bo3o6HoBisAA B neTHuii cemectp 1925 roma cBow paGoTy
B ['eTTuHreHe. . ., A Haual cBoU HayYHble HCCeJOBaHNA C 110-
OBITKU yrajgaTh IpaBuibHble GOPMYJIbl UHTEHCUBHOCTU JIU-
HUI CIIEKTpa BOJOPOja, UCIONb3YA METOM, CXOIHBINA C TeM,
KOTOpBHIi1 ObL1 anpo6upoBaH B Haileil coBMecTHoi ¢ Kpamep-
coM pabote B Honenrarene. dta nonsITKa He yjnanack. 1 yBa3s
B HeNpoJa3HbIX Ae6pAX CI0MHBIX MaTeMaTHyecKux Gopmy,
U3 KOTOPBIX He HaXOAWJI HUKaKoro Beixojga. OqHaKo B uTore
9TOI NONBITKU Y MeHA YNPOYWIOCh MHEHUE, UTO He ClIedy-
eT 3ajaBaThcA BolpocoM 00 opOUTax 3IEKTPOHOB B aToMe,
U YTO COBOKYMHOCTb YacTOT KojieGaHuit U BeMnuyuH (Tak Ha-
3bIBAEMbBIX AMILIUTY]), ONpPeNelfAIONMX HHTEHCUBHOCTD JHU-
HUI CIEKTpa, MOMET CIYUTh MOJHOIEHHOI 3aMeHOi opOu-
TaM. Bo BcAKOM ciiydae, 3TU BeIMUUHBI MO#HO GBLIO KaK-HU-
Kak HelocpeACTBeHHO HabmogaTh. PaccMoTpeHue mummb 3TUX
BEJIMYMH B KaUeCTBE ONMpEeNAIoNX TapaMeTpoB aTomMa Obl-
JO BIOJHE B AyXe ToOi ¢(puiocoduu, KOTOPYIO NPeNCTaBIAI
B KayecTBe mo3unuu JiiHmTeiiHa Ham Apyr OtTo JlamopT
BO BpeMs Hallleil BeJOCHIIeIHOI Moe3JKU BJoIbL BanbxeHsee.
Mosd noneITEa ocyIlecTBUThL NOAOOHBIN IJIaH, UCCIEIYA aTOM
BOJIOpoJa, MPOBalUIach U3-3a CI0HOCTHU npobiaemel. I cran
Torja McKaThb MaTeMaTUUecKkHM Oojlee MPOCTYIO MeXaHHUec-
KYIO CUCTEMY, I'/le MO#HO GbLIO GbI CIIPABUThLCA C pacyeTaMu.
Takoit cucTeMoil ABUICA MaATHUK WY, IIUPE, TAK Ha3bIBae-
MBIl aHIApMOHHYECKHIl OCHUIIATOP, IPUMEHAEMBIN B aTOM-
HOlt ¢U3NKe, HAIPIMep, B KauecTBe MOJeNIN BHY TPUMOJIERY-
JAPHBIX KolebaHUIA.

29 U10JI4 1925 TOOA — JEHD
POKIEHUA KBAHTOBOI
MEXAHURKHU

MouM miaHaMm ckopee IIOMOIJO, YeM [OMeNIano, OJHO BHEMI-
Hee TpPenATCTBUE.
B ronne Mas 1925 roga A Tak HempUATHO 3a60.el CEHHOIA
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JuXopagKoil, UTo BbIHY#/JeH Obll mpocuThb BopHa 00 ocBo-
6omIeHn MeHA Ha 14 puHeit oT Moux o6A3aHHocTeil. MHe 3a-
XOTeJoch moexaTh Ha ocTpoB ['eibronan, 4To6bl HA MOPCKOM
BO3[yXe BJalu OT LBETYUIUX JIePEBbLEB U NYTOB CIPaBUTbHCA
co cBoeil 6one3nbio. Ha I'enbronange. ..y MeHA He ObLIO TO-
BOJla OTBJEKATbCA OT CBOEU MPOo6JIeMbl, MO3TOMY A IPOJBU-
raicdA Brepej ObIcTpee, YeM 3T0 ObLJIO BO3MOKHO B ['eTTHHTe-
He. ...4Yepe3 HECKOJbLKO JHell cTalo fiCHO, YeM UMEHHO clie-
IyeT 3aMeHUTh KBaHTOBbIe ycioBuA bopa—3omMmepdenbia
B TaKoil (¢u3NKe, B KOTOPOI MOJ#HBI GUTYyPUPOBAThH TONbBKO
HablonaeMble BEIMYUHBI ... Kak-To BeyepoM A MPOJBUHYI-
cAl HACTONBKO JalleKko, YTO CyMel ¢ MOMOIIbIO JI0BOJNbLHO-Ta-
KU TPOMO3AKUX, 10 TelepellHUM MacliTabaM, BbIUUCIEHU
onpeleluTh OTAeIbHbIe UJIeHbl 3HEpPreTU4ecKoi TabauUIbI . . .
MHoto oBiafeno Takoe Bo36Gy#JeHHe, YTO B MOCIETYIOMIKNX
BBIYMCJIEHUAX A MOCTOAHHO Jelak omHuOKU. Bblio moaTomy
yike TPHU Yyaca HOUU, KOrja mepeao MHOI Jiexaln OKOHYaTelb-
HbI pe3yibTaT pacyeToB. ...fl yie He Mor Gojlee COMHe-
BaTbCA B MaTeMaTH4eCKOil HeMPOTHBOPEUYMBOCTHU U COTJIaco-
BaHHOCTH HAMeETUBIIENCA TyT KBaHTOBOI MeXaHUKHU. ¥ MeHA
ObLIIO OLIYIIIeHHNE, YTO Al TJIAMY CKBO3b IOBEPXHOCThH aTOMHBIX
ABIIEHUI Ha Jealiee rIyOOKO MOJ Hel OCHOBaHHE Mopasu-
TelbHON BHYTpPeHHell KpacoThl, U Y MeHA MOYTH KpPYUiach
rojioBa OT MbICIHU, YTO i MOTY TeNepb NMPOCIeAUTh BCIO MOJ-
HOTY MaTeMaTHUYeCKUX CTPYKTYp, KOTOpble TaM, B I'IyGuHe,
pa3BepHyJa 1epeio MHOM MpUpoaa.
YT06bI MOHATH, YTO OBLIO MPUUUHON CTOJNb CUJIBLHOTO BOJHEHUS,
nepecKaskemMm cojepsanue ctaThu ['aiizeHbepra, KoTopasa MOCTY-
nuia B pefgariuio ypHana «Zeitschrift fiir Physiky 29 utona
1925 roma. 9TOT JeHb MOMHO CUUTATh THEM pPOHSJAEHUA COBpe-
MeHHOII KBaHTOBO! Teopuu. 3HaueHUe 3TOi cTaThU ONpeenfaeT-
cA, B IEPBYIO 04Yepeb, TeM, YTO B Hell «Bce PacIojo}eHo MepPOoIo,
yuciaoM u Becomy. CoBceM ellle MOJIOJON UeJoBeK oTMedal, 4To
OJIHOIl U3 OTIpPaBHBIX TOYEK HOBOI TeOpUU cTall, Cpelu ITpoue-
ro, aHajJu3 BOIpoca O cOXpaHeHUuHU 3Hepruu. ['aiizeH6epr 3aMeTHI,
YTO 3TU TPYAHOCTHU Helb3fl MPEO/0NeTh, HA[PpUMeEpP, YCOBepIIEH-
CTBOBaHUEM Y€ M3BECTHBIX MpAaBUJI KBAHTOBAHUA — OHU HUMe-
IOT YUCTO KMHEMATUUYECKYIO IPUPOIY U 3aKII0YalOTCA B CleqyIO-
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meM. [Ipeanonosum, 4To KTO-TO cyMel HallTM KBaHTOBbII aHanor
KJIaCCUUYECKON TPaeKTOpUHU 3MeKTpoHa — x4 (t). Kakasa kBanToBas
BelnunHa Gy/JeT COOTBETCTBOBATh KIACCMYECKOMY KBajpaTy Ko-
OpAMHATHI — a:d(t)z? Oxazanocb, 4YTO HENb3A CONOCTABUTH KBaH-
TOBOI TPaeKTOPHU TaKWe 4ucia 4(t), 4TOOBI KBajpaTaM 3THX
yKcel COOTBETCTBOBANU YuUclIa mq(t)z. TouHee roBOpA, YTO-HU-
Gy/lb CONOCTABUTb MOKHO, HO €CIM Mbl XOTHM COXPaHUTh IJaB-
HOe JocCTHUMeHUe GU3UKU NMpeAlIecTBYIONIUX TPeX CTONETHH —
yuYeHHe O CBA3M MaTepHalbHbIX 3apANOB U 3IEKTPOMArHUTHOTO
HOJNA, CIeAYeT COrlacoBaTh YacTOThI MEPUOJUYECKUX ABHMEHUI
3J€KTPOHOB U JIMHUI U3IYy4eHUd sneKTpomMaruuTHoro nois. Iloc-
ne oTKpbITUA BanhMepa 3To cTalo cioxHol 3amayeil.
laitzen6epr Havan ¢ Toro, 4to mnepedpasupoBai GopMyry
Putna Kak «3aKoH KOMIO3UIMU YAaCTOT» U3IMYUYEeHUA aToMa:

w(m, n) + w(n, r) = w(m, r).

B Takoit popMe cCOOTHOIIEHUA MeMIAy YAaCTOTAMHU HE 3aBHCAT OT
RaruX-1160 coobpaskeHUil 0 MPOUCXOmASHUN TUHUM. ITO — UHUC-
TO KUHeMaTHUYeCKUll 3aKOH.

Meay TeM B HbIOTOHOBOI MeXaHUKe J1000e epruoanyecKroe
JBHKeHUe MOMHO cBA3aThb ¢ HaOOpOM 4acTOT, 00jafaloUIuX CO-
BCEM [PYTHMU CBONACTBaMU: 3TO COBOKYIMHOCTh OCHOBHOTO TOHa )
U 06epTOHOB:

wy, = nfl.

Yacrtora ) 3aBUCUT OT 9HEePrunu CUCTEeMbl, KOTOPYIO MO#HO
CBA3aTh C 6e3pa3MepH0171 nepeMeHHoﬁ m, T.e. RKJaCCu4YeCKHe 4ac-
TOThI MO#HO TaK#e 0603HavYaThb AOBYMA WHAEKCaMu:

wel = wer(m, n).
Kiaccuueckue 4acToThl 06/1aJal0T 3aKOHOM KOMIIO3UIIMHU
wer(m, n) + we(m, r) = wa(m, n+r).

TO, 4YTO MHOEKC T Telepb — HelPepbIBHO M3MEHAIOIaAaCa Belnu-
YWHa, He CIUIIKOM CYIIeCTBEHHO, INlaBHO€, YTO 3aKOH KOMIIO3U-
OHUH 4aCTOT W OTIIMYaeTCA OT 3aKOHa KOMIIO3UIIMH 4YaCTOT U3y~
YeHuAd aToOMOB.
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Ceiiuac HaM NpUIeTCA 3aHATLCA HECIOMHONH MaTeMaTUKOM.
H3BecTHO, 4TO BCAKYIO mepuopuyeckyio ¢yHruuioo F'(t) moxuo
IpeACcTaBUTh B hopme

oo
F(ty= Y Fpexp(inQt).
n=—oo
Teopusa panoB @ypbe yuuT, UTO 3HAYeHUA Ko3pduiueHtToB Fj,
U 4yacToThl nf) B3auMHO OJHO3HaA4YHO CBA3aHbI CO cBolicTBaMu
GyHKLNU F(t) YToObI OTIUYUTE OJHY GYHKLUIO OT APYTOi, MOM-
HO BOCIIOJb30BaTbCA HeNPEpbIBHBIM HHIAEKCOM M. Hepexonﬂ Ha
(hu3nYeCcKUil A3bIK, MOKHO CUATATh Habop

{A(m7 n),we(m, n) = nQ(m)}

npejcraBuTeneM nepemeHHoit A(t).

N3yuenve B3aMMOJENCTBUA AaTOMOB C 3JI€KTPOMAarHUTHBIM
noneM cHabGaeT (GU3UKOB HaGopaMu {A(m, n), wmn}, B KOTO-
PBIX YacCTOThI yAOBIETBOPAIOT mpuHuuny Purtua. IlpexcraBute-
MU KaKMX BEIUYMH MOMKHO CUUTATh 3TH Habopbr? YToGhI OTBe-
TUTh Ha 3TOT BONPOC, HY#HO PENIUTh TAKYIO 3aJady: MyCTh Ie-
pemennbiM A(t) 1 B(t) coorBetcTBYIOT Habopsl { A(m, n), wmn }
u {B(m, n), wmn}. Kakum goasen ObITH MpeJCTAaBUTENb BelH-
unusl f(A4, B)?

[Iycthb B KIaccuyeckoil KOHCEPBAaTUBHOI CUCTEME CYIIECTBY-
€T TMepUOoANYecKH 3aBUCAIIAA OT BpeMeHH AUHaMHUuecKas Mepe-
menHag F'(t). Ee Mo#HO pasnomuth B pax Pypoe

o0
F(t)= Y F(m,n)exp(iwa(m, n)t).

n=-—oo

Ecau Bennuuny F2(t) onpeenuTh Kak NpousBeJeHHe PAIOB
W3 MpaBoii yacTu mpeabiAyIiieit GopMylbl, TO

F2(t) = Z F(m, n)F(m, r)exp(iwa(m, n)t + iwq(m, r)t).
n,r
B cuny 3akoHa KOMIO3WUMM Kiaccuueckux uactor F2(t)

MOKHO IPeACTaBUTh B Bue pAna DPypoe

o0

F2(t) = Z F® (m, n) exp(iwa(m, n)t),

n=—oo
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rue
F®(m,n)= Y F(m,r)F(m, p).

r+p=n

Monyvenuble GOpMyIIbl ABIAIOTCA YACTHBIM CIy4aeM 061ero
3aKOHA: eClIM B HAaYalbHBI MOMEHT BpPeMeHU AUHaMUUYecKue Iie-
peMeHHbIe KOHCEPBATHBHON MeXaHUYeCKoi chucTeMsl ¢ u F cBA-
3aHbl cooTHoueHueM ¢ = f(F'), To noxyyaomuecs B pe3yibTaTe
SBOJIOLUK CUCTeMBI BennunHbl ¢(t) u F'(t) cBA3aHBI TeM e co-
otHomeHueM: ¢(t) = f(F(t)).

JKCIepUMeEHTAIbHBI aHaNN3 W3MYYeHHA U MOTIOLeHHA
3IEKTPOMArHUTHOIO MOJNA aTOMaMy cHabaeT GU3MKOB HAGOPOM
{Fmns Wmn}. Ecan cunrats sToT Habop mpeicTaBuTeNeM Beln-
unHbl F(t), To BOBMOM#HOCTH HEIPOTUBOPEUNBOro onpefeteHus F
¢ nomolnbio paga Pypbe B3alMHO 0XHO3HAYHO CBA3aHa C KiIaccu-
YeCcKMM 3aKOHOM KOMIIO3UIUM 4acToT. Eciu cuntarh, 4To Mexa-
HUYeCKHe 4acTOThl, CBA3aHHbIE, HAIPUMep, C ABIIKEHHEM JJeK-
TPOHA B aTOMe COBNIAJAIOT € YaCTOTaMH 3JIeKTPOMAarHUTHOrO U3-
JIyYeHWA aToMa, T.e. NPeICTABUTEIEM KOODPAMHATHI 3IEKTPOHA
ABAAETCA HA60pP {Tmy, we(m, n)}, TO HeIb3A HeNMpoTHBOpEUNBO
OnpefeluTh GYHKIUIO

z(t) = i Tmn €xp(iwg(m, n)t).

n=—oo

JTo nosBoauio l'aitzen6epry BrickasaThb B 1925 roxy ore-
JIOMIAIOLIee YTBeP:KIeHNE:

B TEOpUH, COTIACOBAHHON € KOMOWHAIMOHHBIM MPUHIUIOM

Putua, He mMomeT GbITh KJIACCUUYECKOTO MOHATHA O TpPaeK-

TOpuU 3ieKkTpoHa BHyTpu atoma (in der Quantentheorie

nict moglich war, dem Elektron einen Punkt im Raum als

Funktion der Zeit mittels beobachtbarer Gréen zuzuordnen).
Takum 06pa3oM, KBaHTOBaA TEOPUA JON*KHA UCKATh CBOM crnocob
onpefieieHud KoopAuHaThl. KakuM e JOI#HO GbITH 3TO ompejie-
nenue? OrBer laiizenGepra GblI reHHANbLHO MPOCT: pa3 YacTOTHI
U3Ny4YeHUA aToMa HyMepyIOTCA mapaMy 4Kcel, TO Hapamu [elbiX
Yycel MO HbI IEPEeUUCIATHCA U Bce JUHAMUYECKIe lepeMeHHbIe,
CBA3aHHbIE C aTOMOM.
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BoisicauMm, K yemy 3To mpuBoguT. Ilycts Benuuunsl A u B
ONpefieIAIOTCA CBOUMHU NPEJCTaBUTENAMU

A& {Amna Wm — wn}§ B+ {an7 Wm — wn}

(3aKOH KBaHTOBOW KOMIO3UIMK YacTOT SKBHBANEHTEH COOTHOIIIe-
HUIO Wiy = Wiy, — Wy ), @ HAG0p Cpyp () BbIUKCIAETCA 1O HOPMY-
1e Cpn = > AmrByrn, TO

r

Cmn(t) = Z Amr(t)Brn(t) — eiwmt ZAmrBrne_iwnt.

Bo Bcex ciayvaax HaGop 4acTOT — 3TO Pa3HOCTH W, — Wy,. Oue-
BUIHO, UTO BeauuuHy C MOMKHO CUMTaTh NpousBeneHneMm A u B:

C {(AB)mn, Wm — wn}.

laiizenGepr o6paTui BHUMaHKe Ha TO, YTO YMHOMEHUE B €r0 Teo-
puu HekoMMyTaTuBHO. OHAKO cefiyac 3TO He CIMIIKOM CYIIecT-
BeHHO. ['opa3no BajHee HemocpeACTBEHHOe (pU3UUYECKOE CIENCT-
Bue 3TOro omnpepaeienun. Crnoco6 monyueHua GYHKIUN AUHAMU-
YeCKMX BENUYUH MOKa3biBaeT, Kak ['aiizeHGepr ycTpaHUI U3 Te-
OpUU TMOHATHE TPAEKTOPUU YACTHUIBIL: MOCKOIbKY MpeACTaBUTENN
repeMeHHbIX CHCTeMbI (B TOM YKCIE U MPeJCTaBUTENN KOOpIuHa-
ThI) cOflep/RaT [Ba MHAEKCA M [PU BHIYMCIEHUH [pPeICTaBUTENel
byHKIMI 06a 3TH WHAEKca CylleCTBEHHbI (B KIACCUYECKOM CIy-
Yae 3TO He Tak), TO MOMKHO CKa3aTh, UTO [PU OMUCAHUH JBUKEHUA
paccMaTpHuBalOTCA cpa3y Bce BO3MO#HbIE (T.e. HE paccMaTpUBa-
©TCA HU OJIHA U3 OTAENbHBIX) KIACCHYECKUE TPAECKTOPHH.

Urak, monyuen crnoco6 ompeneinenus ¢GyHKIUNA OT mepeMeH-
HBIX CHUCTeMbl B TepMUHaX uX npeacraButeneii. Ho kak onpene-
JIUTh 3TU NIepEeMeHHbIe, T. €. KaKkue MPeJCTaBUTeNN CleyeT COmo-
CTaBUTh, HAMPUMEDP, UMNYJIbCy U KoopaunaTe? I'aiizenGepr mnpu-
IIeN K ONpe/ie]IeHUI0 UMITyibca U KOOPJAUHATHI, UCXOJA U3 HArIAL-
HBIX (PU3UYECKUX cOOOpazkeHuil, BCOMHUB, YeMY OH Hay4HICA
B Konenrarene.

B 1924 rony Kpamepc nonyuun ¢popmyny [IiA 3leKTpudec-
KOro AMMOJILHOIO MOMEHTa aToMa, KOTOPbI UHIYIHUPYEeTCA me-
PUOIUUYECKUM BIEKTPUUYECKHUM T0JIEM: eClId HANPAMKEHHOCTD MOJA
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paBHa E cos27mvt, To MHAYyUMPOBAHHBIA AUIONLHBEIA MOMeHT M
paBeH
2 Lo(n+ a, n)va(n + a, n)

va(n + a, n)® — 12
Ce(n, n — a)ve(n, n — )

ve(n, n — a)® — 12

B 3Toit popmyie yuuThIBalOTCA Mpollecchl ABYX THUIOB: TO-
rioienne GoToHa YaCTOThI Vo (N + @, N) ¢ MOCAEAYIOUIUM €ro us-
TydeHHeM, U U3NydeHUe, W TOciejylollee MoriaonieHue ¢oToOHA
4acToThl Ve(n, n — ). Bennuunet T'y, u T, — 3T0 cooTBETCTBYIO-
mue KospounrenTs JitHmTeliHa. [ocKOAbKY TpU GONbIINX Yac-
ToTax (OTOHA 3TO BhIpameHUe JONHHO COBHAAAThb ¢ (HOPMYJIOii
Tomcona

___€¢E
9
4m2mu?

TO OOJHBI BBINOJHATHLCA NMpaBujia CyMM Peﬁxe—RyHa

2
8::2}:71 (I‘aua - Felle) =1.

Eciv yTOYHMTH MeXaHHW3M M3JIydYeHUA U HOrJIomeHuA GoTo-
HOB, CUMTafA, YTO pedYb UAET O JUIOJbHBLIX Iepexoaax, TO MOHKHO
BOCIIOJIb30BAaThCA HPUHIIMIIOM COOTBETCTBUA U ONPENeINTh Ko3(-
¢unueHThl JUHIITEHHA B TepMUHaX Ko3ddunueatoB Oypbe Tpa-
eKTopHit snekTpona. (Pasymeercs, peub ueT MoKa 0 KBa3uKIac-
CHYECKMX MocTpoeHunx). [aiizeHbepr mocTymupoBan Takoe mpa-

BHUIIO CyMM:
o0

h=4mm Z {la(n,n+a)’w(n,n+a)—|a(n,n—a)w(n,n—a)}.
a=0

Opoucxompaenue uucen a(l, k), kak yme ObLIO CKa3aHO, CBA3AHO
¢ Koadpounuentamu DPypre TpaeKTOpUH, BBIJEIAEMOI YUCIOM [,
Ho misa laitzenGepra Benuunnsbt a(l, k) — 3To npeacTaBuTeNN KO-
OpJMHATHI DJIEKTPOHA KaKk AMHaAMUUYeCcKoil mepeMeHHOIl — 0 Tpa-
eKTOpPUAX TeNeph MOMHO 3a6bITh. ITH YHUCIA MOMHO nuddepeH-
UPOBATH MO NMPaBUILY:

da(k, 1)

TR iw(k, Da(k, ).
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Ilocne storo us cymmel l'aii3eHGepra Mo#HO yJoaluTh yac-
TOTbI — €IMHCTBEHHBI HAMEK Ha NMHAMUKY U MONYUYUThH YUCTO
KHHEMaTH4eCcKoe COOTHOIIeHHE

Z(Q('nw k)p(k, n) — p(n, k)q(k, n)) = ih,
k
KOTOPOMY [I0JI3KHbI yOBIE€TBOPAThL MPABUILHBIM 06Pa3oM oOIMpe-
IelleHHbIE UMITYIIbC U KOODAUHATA.

Taii3eH6epr MPUMEHHI CBOM METOJ K HEIMHEHHOMY OCIUIIA-
Topy. [IpuBenem 31ech BhIKIAAKHU A 6ojee MPOCTOro ciydan —
OCHUIIATOpa rapMoHuYecKoro. Riiaccnyeckue ypaBHeHUA [BHHe-
HUA

@ + w02:13 =0

dt?
NPUBOJAT K TAKHM COOTHOUIEHUAM MemAy Ko3(hhUIMeHTaMu
a(m, n) u yactotamu w(m, n):

(~w(m, n)* + wo?)a(m, n) =0,
13 KOTOPBIX ClelyeT, 9T
a(m,n) =0, ecan w(m,n)# twp.

Bcerna Mo#HO BbIOPATh TAKYIO HyMepaluio, YTOObI BBINOIHAIUCH
COOTHOIIEHUA

w(n,n+1) = tws.
B aTom ciyuae oT HylA 6YAYT OTIAXYATHCA NUIIb K03 GUIMEHTHI

a(n, n £+ 1) u npaBuio cymm laitzen6epra npumer Bua’

2 2 _ _h
la(n + 1, n)|* — la(n, n — 1)| = S’

JTU COOTHOILIEHNUA NMpeACcTaBIAIT coboil ypaBHEHUA B KOHEUHBIX
pasHocTaAx. Ecau cuutath, 4TOo uucia n NPUHUMAIOT 3HaYeHUA
n =0,1,..., koahdunuentst a(m, m) HelcTBUTENbHbI, U CIpa-
BelnnBO HavanbHoe ycnoBue a(0, —1) = 0, To oTAMYHbIE OT HYIA
npeJcTaBUTENU KOOPAUHATHI PaBHbI

nh
2mwg

a("an—1)=a(n—1,n):

10603nauenne h = I usobpen Jlupak.

2w
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BHepFI/II/I ocHUWJJIATOpa O0J#HbI COOTBETCTBOBATh KOB(I)(I)I/IHI/IGHTBI

2. | da(k, 1) da(l, n)

H(k, n) = % dt dt

+ wo?a(k, Da(l, n)
=0

dTta CyMMa JIerk0o BBIYHUC/IAETCA U JaeT 3HaYeHUuA ypOBHef/i JHep-
My TapMOHHYECHKOI'o ocou/iATOopa:

H(k, n) = 61n (n n %)hwo

Hcnonb3ysa ompeneneHue NPOM3BOAHOI MO BPEMEHH, HETPYIHO
IPOBEPUTh, UTO CIIPaBeJINBbI paBeHCTBA

dH (k, n)

a0

O3Hayalol[1e 3aKOH COXPaHEHUA DHEpPruu.

Botr u Bce — KBaHTOBasA MexaHUKa Oblia co3[aHa.

Ilo mytu u3s l'enbronanga B I'ertunren [aiizenGepr s3aexan
B ['am6ypr & [laynu, osunasn noABEPrHY ThbCA CAMOI CTPOTOi Kpu-
THKe, HO IOy YU ropAYyIo noanep:kry. Ero apyr, y#e ob6eccmep-
TuBmMil cBoe uMAl, ogo6pua Miadmero Topapulia. B TeueHue
IBYX HeJlellb OHU TOJJIepP#UBAIM OUBIEHHYIO NEPENNCRY, NOKa
9 miona 1925 ropa laiizenbepr He mpucian cBoeMy APYTYy OKOH-
yaTenbHbI BapuaHT pykonucu. OtBer Ilaynaum 6bLi1, mo-BUAUMO-
MY, HEOMUIAHHBIM [JfA Hero camoro: «JdTo yTpenusas 3apa (Das
Morgenr6te) kBanToBoit Teopum». Ilocie Taxoro orBeta [aitseH-
Gepr mokasan cTaThio BopHy ¢ mpock6oii cOOGIUTE, YTO OH O Heil
nymaeT. bopH BcromuHan:

Iocne npencraBnenus pa6otsl (I"ait3enbepra) k meyaTu A Ay-

Mal o raii3aeH6eproBckoM GopmanuamMe U 0GHAPYHUI, YTO OH

UIEHTUYEeH MaTPUYHOMY HCYMCIEHUIO, XOPOIIO U3BECTHOMY

MaTeMaTHKaM.
19 utona Bopu u Ilaynu BcTpeTuinuch Ha Bok3ane B I'aHHOBepe,
Ky/la OHU mpuexanu Ha 3aceganue ['epmanckoro @usuueckoro 06-
mectBa. BopH pacckasan o maTpuiiax, 0 TPyAHOCTAX oGpaleHuA

1Conepmaman popmynuposry npunnuna Ilaymu craTba [Pauli 1925] 6b1-
J1a rnoaydeHa penakuueit 16 auBapa 1925 ropa.
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¢ HUMHU. B yacTHocTH, GbLIO HEMOHATHO, @ YTO JelaTh C Hequa-
rOHalbHBIMM MaTPUYHBIMH 3leMeHTaMH. bopH npepnoxun [lay-
¥ COTPYAHUYECTBO, HO ycibllial capkacTudeckuii orBet: «MHue
u3BecTHa Balia CKIOHHOCTb K [UIMHHBIM M XUTPBLIM dopmynam.
CBoeii Gecrnoie3Hoit MaTemMaTHkoil Bel TonbKo ucnopTuTe GU3U-
yeckue uneu [aitzen6eprayr. Onnaro BopH He ocranca Ge3 accuc-
TeHTa. Bckope K HeMy mojolesn MOJOMION YeloBeK, MpeICTaBUB-
MUNACA BHIMYCKHUKOM-MaTeMaTHKOM ['€TTUHI'€HCKOro yHUBEPCH-
TeTa U COOOUIMBIINI, YTO €r0 0OYeHb 3aMHTEPeCcoBal pacckas 0 Ho-
BoM dopmanusme pusuru. Ito 6b11 [ackyans MopaaH, craBuimii
BCKOpE OIHUM M3 [IaBHbBIX JefCTBYONUX JUI[ B KBAHTOBOM CIIEK-
Takse. OueHb OLICTPO MOABUIOCH IEPBOE CTPOT0OE U3NOKEHUE Uei
«MaTpuuHOl MexaHukw» [Born, Jordan 1925]. dta cTaTha Gblia
o6pasuom «[erTunrencroit yuenoctu» (Gelerhsamkeitsschwall der
Gottingen). B Heit pusuram GpakTUYECKH MpeNIaraioch U3y YnTh
YHUBEPCUTETCKUI Kypc nuHeiiHo#t anre6pbi: coGCTBEHHbIE 3HA-
YeHUA U cOOCTBEHHbIE BEKTOPbI, KAHOHMYeCKoe mpeobpa3oBaHue
MaTpHll, pUBeJleHle MaTpPUIbl K AUAroHalbHOMY BUIY, ['uib-
GepToBa GeckOHEeYHOMepHaA KBaJpaTUuyHaA Gopma, KOMMYTalu-
OHHBIE COOTHoOIIeHUA. BpoueMm, ¢pusuka Takme He Gblia 3a0biTa:
B cTaThe GbLI MPeIoKeH cnocob onucaHuA B HOBOI TEOPUU BIIEK-
TpomarHuTHoro nond. CTaTbA npoussena 6oibiloe BleyaTieHUe.
Bot uto nucan Bop B craThe, MOCBAILIEHHO HIeCTUAECATHIETUIO
Taiizen6epra [Bohr 1961]:
... laiizen6epr nocie moinyueHud nucbMa oT MopaaHa BbI-
pas3uil CBOe HacTpoeHHe MPUMEpPHO CIeAYIONUMU CIOBaMU:
«Ceituac yueHble TeTTUHT€HCKIE MATEeMaTUKU TaKk MHOTO ro-
BODAT 00 3PMUTOBBIX MaTpHUllaX, a fl lazke He 3HAIO, YTO Ta-
KO€ MaTpulay.
CwmerniHo GbLIO 3aMO03PUTH MIOOMMOro ydenuka 3ommepdenbaa
B MOJOGHOM HEBeeCTBe, HO MUlad NIy TKAa MeHUA JOBOJIbLHO JOPO-
ro eMy obomuack: pegkas ny6auKaluA, pacckasbiBaoas 06 3ToM
BpeMeHH, o6xoauTcA 6e3 ynmoMuHAaHUA 0 TOM, uTo [aiizenGepr He
3Hal, YTO Takoe MaTpuia (MpU 3TOM MO YMOIYAHWIO MpPeIIona-
raeTcfl, 4To aBTOp cTaThu 3T0 3HaeT). Cropee Becero, aiizenGepr
He CJIUIIKOM OXOTHO MyGJMYHO pasroBapuBal O CBOUX HAYUHBIX
s3aHATUuAX. [loceruB Kem6pum:x u caenas tam 28 uionda 1925 roxa
JOKJaM T0/] Ha3BaHUEM «300J0THA TEPMOB U GOTaHUKaA 3eeMaHay,
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OH HU CIIOBOM He YNOMAHYJ 0 cBoeM OTKphITUU. HazBaHue nokria-
Jla He TOBOPUT 0 enaHuu ['aitzen6epra nouryTUTh Haj aHTIuva-
Hamu. OH ynotpebasan cyry6o TeXHHYecKHe TepMHHBI. 17 uwong
1925 roga BopH nucan JUHIITENRHY: «...MOH MOJOMAbIE NIOJU —
Taitzentbepr, Mopman, Xyua — Gaectamnu. MHe 4acTo MpUXOOUT-
cA OYeHb 3JI0POBO HANPATaThCA, YTOOLI IIOCIEBATh 32 XOIAOM HX
paccyxaeHuii. Tark Ha3pIBaeMoii 300J0TMUECKO CIEKTPOCKOMHUEN
(Term-Zoologie) ony oB1afeny B COBEPLUIEHCTBEY. ITOT OTPHIBOK
Ob11 cHabxeH B 1965 rogy TakuM KOMMeHTapHeM: «BblpakeHue
300.402utecKas cneKkmpockKonua ynotrpebiAloch HaAMU AJA ONMuUca-
HUA Npollecca HAKOILIEHUA YKCIEPUMEHTANbHBIX JaHHBIX O CIIEK-
TpalbHbIX JUHUAX U UX pa3loieHNHN Ha mepMmbl, KOTOpbIE, B COOT-
BETCTBUM € KapTHHOIt H0POBCKUX CTyIeHell SHepruU, oNpenesa-
10T BO30y#IeHHbIe COCTOAHUA aTOMOB. [l1A HaliJeHHBIX IIPU 3TOM
YUCJIOBBIX 3aKOHOMEPHOCTElN He UMeloch KaKoii-1160 yI0BIeTBO-
puTenbHoil Teopuu. X mpuxoaunoch BOCIPUHUMATL KaKk 3MITU-
pudeckue GaKkThl, aHAIOTUYHO TOMY, KaK B 300JOTHHU CHCTEMa-
tusupyior Buab'. Nornan B Kem6puase nMUIIHUEA pas MILITIOCT-
pUpyeT, 4To yuyeHUK 3oMMepdenbia GbL1 U KOPOJeM U JIOMOBBIM
n3Bo3unkoM. UTak, AHIINA He cpa3dy 03HaKOMUJIAach ¢ HOBBIM OT-
kpbiTHeM. U3BecTue o cTaThe ["aitsen6epra noctaBun B Rem6puns
@aynep — ¢u3suK, xopomo pa3dupaBmuiicd B mpobieMax HOBE-
meii ¢pusuru. OH NO3HAKOMUI ¢ 3Toil paboToil CBOero acnmupaHTa
HOupara. PoBecnur l'aiizentepra [lupak B 3To BpeMA NMpakTHYeC-
KH B OJJUHOYECTBE HCKal NMYTH K OOBACHEHHIO aTOMHBIX fABIe-
HUii. MHOTO JIeT CIycTA OH TaK OIlEHWJ NPOYUTAHHYIO UM CTaThIO
[Dirac 1968]:

Ms1 oba 6b11M MONOABIMM JIOJbMU U pellalyd OJHOBpeMeH-

HO OJHY M Ty e npobiremy. OH gobuicA ycmexa Tam, T'le

Al IOTepIen HeyJauy.
Onnaro Bckope [Jupak ObICTpOo HaBepcTal 3alep:Ky Ha cTaprTe.
XapakTepHasd [J11 raii3eH6eproBcKoil cXxeMbl HEKOMMYTaTHBHOCTh
U cBoeoGpasHoe npaBuio quddepeHUPOBaHUA 10 BpeMeHH NpU-
Benu [lupaka K MbICIM O BO3MOKHOCTH ONUCAHUA 3BOJIONUU CUC-
TEeMBI C TOMOIIbIO JuddepeHnnalbHbIX yPaBHEHU 1A HEKOMMY-
TUPYIOIINX BeIUYMH (g-4ucen), aHANOTMYHBIX ypaBHeHuAM [a-

1Yyrh mosme XyHa cTadHeT JInHHeeM aTOMHOI (U3HKH, 0606IIUB JaHHbIE
300JI0TMM B 3HAaMEHUThIe «MpaBuia XyHAay.
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MuiabToHa—flko6u, B KoTopbix ckoOku IlyaccoHa 3ameHeHBI Ha
KoMMyTaTopsl [Dirac 1925]. lockoibKy KOMMYTaTOPbI yAOBIIE-
TBOPAIOT BCEM TE€M COOTHOIIEHUAM, KOTOPHIE ONPEEIAIOT CKOOKH
Ilyaccona, To BHyTpeHHAA HENPOTUBOPEUYUBOCTL TAKUX ypaBHe-
uuii (ypaBHeHuii ['aiisenGepra) He BbI3bIBaeT coMHeHuii. Bonee To-
ro, HockoibRy cko6ku [lyaccoHa B KiaccuuecKoil MeXaHUKE MO~
HO B3AThb B KauecTBe ONpeJeleHUA KAaHOHMYECKHU COMPAMKEHHBIX
BEJNIUYMH, TO B KBAHTOBOII MeXaHUKe JUHAMHUYECKUE NMepEMeHHbIe
MOKHO ONpeflelATh B TEePMHUHAX KOMMYTaTOPOB MemIy HUMH.
KBaHTOBaA MexaHHKa Mocie 3TOr0 CTAHOBHJIACH CAMOJOCTaTOY-
HOUi, He HYyJalouleiicA IIA CBOEro onpejeleHUd B CYIeCTBOBa-
HUU MeXaHUKU RjIacchyecKoil.
Ha IMaynu ctatha Bopua u Hopaana npousBeina yapyyaroliee
Brnevataenue. Ou nucan Kpouury:
laiizen6eproBa MexaHWKa BHOBb MOJapuia MHe HaJe#Ibl
U BKYC K }KM3HU. 3/Iech ellle HET PelIeHUA 3araJJKu, HO MBI 110-
JTy4yaeM BO3MOMHOCTB JBUraThcA Bieped. Ho 1A aToro Hy -
HO TIpesfie Bcero ocBo6oauTh ['ait3eH6epProBy MeXaHHKY OT
TFeTTUHTeHCKOI YYEeHOCTH M C Hauboiblleil BO3MOMKHOCTBIO
NPOACHUTL ee PU3UYEeCKUI CMBICII.
Ilaynu uckpenHe cuutai, yro BopHy ciemoBano 6bI 3aHUMAaThb-
cA CBOUMU KPUCTANINYECKUMU pelleTKaMu, 1 ero 6ecrnapIoHHOTO
BMEIIATENbCTBA B UT'PBI MOJIOABIX OH TaK M He MPOCTUI 10 KOHIIA.
R oropuenuto Ilaynu ero apyr nepeMeTHyJIcA K reTTUHTeHLaM,
cTal mycaThb COBMeCTHbIe ¢ HUMHM cTaThbu [Born, Heisenberg,
Jordan 1925] u, HakoHell, pa3pasuicA MUCbMOM:
TBou nocroanHbie noHomeHuAa Komenrarena u [eTTunrena
npeBpaTUINCh B ckaHAal. Beab Thl #e Momellb JOMYCTHUTh,
YTO MbI He cobrpaeMcA 1O cBoeil 3106e pa3pymUTb QUIURY.
Ts1, MOeT OBITH, IPaB, CYNTAA HAC OCIAMHU, KOTOPbIE HUYEro
nyTHOTro B ¢pu3nke He cfienaioT. Ho B TakoM ciydae ThI U eCcTh
TJ1aBHBIH ocell, TOTOMY YTO He CKa3al 3TOro BOBpPEMHA.
IMaynu npunan Bei3oB, u yme 17 ABapAa 1926 roma kypHan
«Zeitschrift fiir Physik» nonyuun ero cratsio «O crnekTpe Bogopo-
Ia ¢ TOUKU 3pPeHUA HOBOH KBaHTOBOIl MexaHukw» [Pauli 1926].
JTO — OJlHA U3 KpacUBeUNIMX U 3HAYUTeNbHENUNX paboT B 3TOM
o6nactu. [Ipesne Bcero, llaynu BHOBE moaTBepAUN CBOI0O (heHO-
MeHalbHYI0 3pyaunuio. OH Bocmoib30BalicHd CylleCTBOBAHUEM He
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CJIMIIKOM XOPOIIO U3BECTHOI'0 HHTerpaia JBUMEHHUA B KyJIOHOBOM
noie (B Hallle BpeMdA ero Has3biBalOT BekTopoM Jlamnaca—Pyure—
Jlenna), onpegenui ero KBaHTOBBI aHAJOr U BbIPA3UI TaMUIb-
TOHHAH cHUCTEMBI B TepMHHaX CyMMbI KBaJpaTOB 3TOT0 BEKTO-
pa U BekTopa MoMmeHTa uMnyJibca. [locie aToro BeluMcieHHe ra-
MIJIBTOHOBOI MaTpUIIbI He MpeAcTaBiaAno Tpyaa. CToab e mpoc-
To Gbla pellleHa 3a/lauya O MOBeJEHUU aToMa BOAOPOAA BO BHEII-
HUX MOJAX. ITH YUCTO BBIYMCIUTENbHBbIE MPOOIEMBI, XOTA U ObI-
N pellleHbl HeoObIYaiiHO U3ANMHO', COCTABIAIN IUIIb HAJBOJHYIO
yacThk aiic6epra. [laynu, mo cymecTBy, IepBbIM UCCIEIOBAl CBA3b
KPaTHOCTH BHIPOM#/IEHUA YPOBHEIl U CylleCTBOBaHNA HEKOMMY TH-
pYIOIIUX MHTerpanoB JBuieHNA. IHaue roBopA, oH BOCCTaHOBUI
B [IpaBaXx, Kasaloch Obl, yTpaueHHbIH ¢ oTepeil IOHATUA O Tpaek-
TOPHUU 3JIEKTPOHA, CUMMETPUUHBINA aHANMU3 (U3NYECKUX CHUCTEM.
Iocne pa6ot Ilaynu co3ganue HOBOI KBAHTOBOI MEXaHUKU MOH{HO
ObLIO CUUTATH 3aBepIIEHHBIM.

B pesynbrate yme 27 auBapa 1926 Bop nomenuicsa ¢ TeM ke
PesepdopaoM pagocTrio: IpUYHMHBI €0 rOpecTell pacTafalu B BO3-
aoyxe.

l'oBopAT, uTo Korjga o HoBoif Teopuu pacckasanu I'mab6ep-
Ty, OH 3aMeTH]l, YTO MaTpulbl OGbIYHO BO3HUKAIOT IIPU pe-
IIeHUHW KpaeBbIX 3adady Teopuu nuddepeHNNaNIbHBIX ypaBHEHHIA
[Reid 1970], mosTomMy cTouio 6bI MOAYMaTh O Pa3BUTUU Teo-
pUM B 3TOM HamnpaBieHUU. 22 nerabpa 1925 B pefakiuio #ypHana
«Zeitschrift fiir Physik» moctynuna cratha Janmoia «O noneBom
npeicTaBleHUM HOBOHl KBaHTOBOI1 MexaHukuy|Lanczos 1926],
B KOTOpPOI NMOKAa3bIBallOCh, UTO MAaTpPUIIBl KBAHTOBON MeXaHUKH
MOMHO paccMaTpUBaTh KaKk KOOPJUHATHYIO pealu3allio UHTeEr-
palbHBIX ONlepaTopoB, JeHCTBYIOIMX Ha HEKOTOPYIO HeNpephIB-
Hy10 ¢QyHKuuio. 6 AHBapA 1926 roja 3TOT e ypHal MOIYYUT
cratbio BopHa u Bunepa [Born, Wiener 1926], B KoTopoii npea-
Jarajoch HOBOe IpejcTaBleHHe KBaHTOBOI TeOpuU B TepMHUHAX
o6Iero MOHATUA JTUHEHHBIX ONMEPATOPOB. ABTOPHI Mojiaraiu, 4To
3Ta TOYKa 3peHudA GyneT 0ocoGeHHO MoJe3Ha IPU U3YYeHUH anepu-
OJIUYECKUX IBUMEHUIA.

1upak, NpUMeHABIIUI TPH pelIeHHH 5TOH 3aJaul OBGBIYHYIO TEXHUKY
yueTa chepuueckoit cumMerpun [Dirac 1926], He cyMen JoBecTH BbIYHCIIe-
HUA O KOHLA.
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B coBpeMeHHOM u3J0#e€eHUM, Korja MaTpHUIbl paccMaTpU-
BaloTCA Kak KOOPAMHATHbIE pealu3allud JUHEHHBIX OIepaTOpOB
B HOAXOAAMUX GYHKINOHAIBHBIX MPOCTPAHCTBAX, ONpPeAEIeHUIO
laitzenbepra MoxHO NpUAaTh TaKkoit BUI: B MaTeMaTUUeCKOM all-
napaTe HOBO# TeopuM ¢ JUHAMHUYECKUMU IlepeMeHHbIMU CUCTEMbI
JOJ#HBI OBITH CBA3AHBI IMHEHHbIE ONlepaTopbl. AHANU3UPYA Npa-
BIJIO CYMM B TEOpPUU U3IYUYeHHA aTOMOB, ['aii3eHGepr man ompe-
JeleHre UMILylbca M KOOPJUHATHI, KOTOPOe MOMHO ChOPMYIUPO-
BaTh NPUMEPHO TaK: 3THUM BeJUUYMHAM CONOCTAaBJIAIOTCA JNUHEH-
HbI€ ONEePaTOPhI P U Z, YAOBIETBOPAIOUINE IEPECTAHOBOYHOMY CO-
OTHOIIEHUIO R

[Z, p] = Zp — px = ihl.

IOHOIITA ITEPEN CTAPIIAMUA

17 U, BaAB ero, npuBeid B apeonar U roBo-
PUIIM: MOMKEM JU MbI 3HaTb, YTO 3TO 3a HOBOE
yueHMe, NponoBeayeMoe T0600?
2060 4To-TO cTPaHHOE ThI Blaraeib B ylI{ Ha-
mu. [loceMy XOTHM y3HATh, 4TO 3TO Takoe? . ..
32 .. omHM HacMexalMch, a ApyTde TOBOPHIIM:
06 3TOM mociyuiaeMm Te6A B pyroe BpeMA.
lleAHUA anocToJIOB.
Urak, oTkpsiTue laitzen6epra ogo6punu bop u Becerpa cken-
Trveckuii [laynu, oHo NpuUBNEKIO0 BHUMaHUe MOJOJAbIX TalaHTIu-
BbIX (PU3UKOB, HO €ro eIle JoJ#HbI ObLIM 0106pUThH B Bepiune.
BepauHckuili yHUBepcuTeT ObLIT TOrjga HeHTPOM pu3uuecKoil Hay-
ku B ['epMaHuu, a EHTPOM Hay4HOI #U3HU YHUBEpPCUTETa ObLI
¢du3YecKUil KOJIOKBUYM, HA KOTOPbIl OGBIYHO MPUXOJUIU MPO-
(eccopa pu3NKY B oJIHOM cocTaBe. BecHoit 1926 roga I'aiizen6epr
npejcTal nepej 3TUM co6paHueM.
IockonbRy ... MHe BIepBbie NpeACTAaBUIACH BO3MOMHOCTH
JMYHO MO3HAKOMHUTBLCA C HOCUTENAMH CIaBHBIX UMEH, A He
nokanen ycuiuii, 4TOObl KaK MOKHO fICHEE U3JIOMKUTBH IO-
HATUA U MaTeMaTHYeCKUEe OCHOBBI HOBOIl TEOPHH, CTONb He-
NpUBBIUHBIE JUIA TOrjaliHeil GU3MKU, U MHe Y[Janoch MpPoO-
6yAUTb MHTEPeC HEKOTOPBIX MPHUCYTCTBOBABIIUX, 0COOEHHO
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JiiHmTeliHa. JUHIITEH MONPOCUI MeHA Tocje KOMIOKBUY-
Ma 3aiiTU K HeMy JOMOii ¢ TeM, YTOObI MbI MOIJIU TOJPOOHO
06CyIUTh HOBbIE UMIEU.

ITo nyTu oH ocBemomuiicA 0 Xoae Moeill y4e6bl U 0 MOUX
npe#HUX MHTepecax B ¢usuke. OJHAKO CTOUIO HAM BONTHU
B €ro KBapTHUPY, OH TYT #e Hayal pa3roBop C Bompoca, Kaca-
fomterocA ¢punaocopCKUX MPeAnochUIok Moeit pa6oTei: «To, uTo
Ber Ham pacckasanu, 3ByYUT O4YeHb HempUBbIYHO. BbI mpej-
noiaraeTe, YTO B aTOMe€ UMEIOTCH 3IEKTPOHBI, U 3/1eCb BB,
HaBepHoOe, coBepiiieHHO npaBbl. Ho uTo KacaeTcs opOUT Biek-
TPOHOB B aToMe, TO Bbl XOTUTE UX COBCEM YNpPa3AHUTb, He-
CMOTPA Ha TO, YTO TPAEKTOPUU IIEKTPOHOB B KaMepe Buib-
cOHa MOHO HabmoaaTh HenocpeacTBeHHo. He morau 661 Bul
HECKOIbKO moApo6Hee pa3bACHUTh MPUYUHBI CTONb CTPAHHO-
ro noaxona?»

Op6uTHI 31EKTPOHOB B aTOMe HAGMIOAATh HEMb3fl . . ., HO
M0 U3JITYYEHUI0, UCXOANIEMY OT aTOMa IPU pa3pAlKe, MOHKHO
Hemocpe[CTBEHHO 3aKII0YUTh 0 YacTOTax KojiebGaHUii U 0 co-
OTBETCTBYIOIUX aMIIUTY/JaX 3JIEKTPOHOB B aToMe. 3HaHUe
Bcex Kole6GaHHMil M aMIIUTY] B MaTeMaTHUYeCKOM BbIpaiie-
HUU — 3TO Belb U MO NMOHATUAM INpemHell QUUKU MOMKET
CIYMHUTh YeM-TO BPOJie 3p3alla 3HAHUA 3INEKTPOHHBIX OPOUT.
IockonbRy #ie pa3yMHO BRIIOYATh B TEOPUIO TOILKO BEIUYU-
HbI, NOAJaomuecH HaOMIIOJEHUI0, MHE Ka3ajloCh eCTECTBEH-
HbIM JIOMYCTHUTD JIUIIb 3TH AaHHbIE, TAK CKA3aTh, B KAYeCTBe
npejacTaBUTeNel OPOUT 3IEKTPOHOB.

— Ho Hey:enu Bol Bcepbes nymMaeTe, — Bo3pasuil JitH-
HITelH, — YTO B (U3UUECKYIO TEOPHIO MOMHO BKIIOYATh
AL HabMIOJaeMble BEIUYUHBI?

— A pa3sse He Bol camu, — cnpocus A B U3yMIeHUH, —
MOJIOKUIN MMEHHO 3Ty UJEI0 B OCHOBY CBOeil TEOPUU OTHO-
cuTelbHOCTH? BhI Beab nojuepKuBaiu, 4YTO Hellb3A FOBOPUTh
06 aGCcoMIOTHOM BpeMeHH MOTOMY, YTO 3TO aGCOMI0THOE Bpe-
MA HEBO3MOMHO HAGIIOAATh . . .

— BoamomHo, A U nonb3oBancA ¢uiocodueit 3Toro po-
Jna, — oTBevan JUHIITelH, — HO OHAa TeM He MeHee UyIIb.
Nnu, ckasan 6bl fi OCTOPOH#HEE, MOMHUTDL O TOM, YTO MbI Ji€ii-
CTBUTENLHO HAbAIOAaeM, a YTO HET, UMEeeT, BO3MO#HO, He-
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KOTOpPYIO 3BpUCTHYecKylO leHHocTh. Ho ¢ mpuHuunuanbHoi
TOYKU 3PEHUA KelaHue CTPOUThL TEeOPHUIO TOJbKO Ha HabJo-
JaeMbIX BelN4YuHax coBepiieHHO Henemno. [loromy uTo B geii-
CTBUTENBHOCTHU Bce Belb 0OCTOUT Kak pa3 Hao6opoT. Tonb-
KO TeopHsA pellaeT, YTO UMEHHO MO#HO HabiaogaTb. Buaute
1u, HabnioeHue, BooOle roBOpA, €CTh OYeHb CIO#HAA CHUC-
Tema...

fl 6p11 KpaiiHe mopaeH Takoil mosunueil JifHIITeilHa,
XOTA ero apryMeHTbl ObLIM MHe BIIOJIHE IIOHATHBI, U [I03TOMY
A nepecnpocui: «<Maesa, yro Teopus ecTh, co6CTBEHHO, TUIIIb
NOJBITOKMBaHNe HAOMIOIeHUii 110 IPUHIUITY SKOHOMHUU MBbIIII-
JeHuA NpHUHaJJeuUT, BooOlle roBopa, GU3UKY U puinocody
Maxy; npuyem He pa3 yTBepsjaaioch, 4To Bel B Teopuu oT-
HOCHUTEJIbHOCTH ONKPAIUCh pelarwinuM 00pa3oM MMEHHO Ha
sty upeio Maxa. Ho ckaszanHoe Bamu ceiiuac uaer, mo-Bu-
JUMOMY, B IPAMO IPOTHBOIOIO}KHOM HalpaBieHun. UTo e
Al Tenephb JOJKeH AyMaTb, WU, TOUHee, 4T0 Brl camu gyma-
eTe 10 3TOMY Bompocy?...»

Monopoit mpoBUHIMAT ABHO He MOJAaBalCA MA3TDPY, IOXO0#e, UYTO

KOHell pa3ropopa Obli1 CKOMKaH.
— Xoporo, nycTb OyeT Tak, — cKa3ail JWHIITelH, — Kak-
HUOyJb 4Yepe3 HECKOJbKO JeT CHOBAa IOTOBOPUM 00 3TOM.
...0OueHb MoskeT ObITH, YTO BBl U A 3HaeM 0 MpUpPoOJe YTO-TO
cBoe. Ho koro s3To moseT untepecoBath’ [loatomy, ecniu Ba-
ma Teopud BepHa, BbI H0MKHBI paHO UM MO3/IHO CyMeTh pac-
CKa3aTh MHe, Kak BeJeT cebd aToM, Korja oH, u3iayyad, Ie-
PeXoAUT U3 OJHOI0 CTAllMOHAPHOTO COCTOAHUA B Jpyroe.

— MoskeT 6bITb, — OTBeTH] A HepemuTenabHo. — On-
HaKO MHe KameTcA, YTo Bbl CIMIIKOM ecTKO Moib3yeTech
A3BIKOM. Bipouem, npusHaw, 4TO Bce MOU CETONHANIHUE OT-
BETHI UMeJH [I0Ka XapaKkTep mycToil oTroBopku. [JaBaiiTe Tor-
Ja Mook JeM U IOCMOTPUM, Kak aToMHad Teopud OyeT pas-
BUBaTbCA Jalbllle.

Tyt diiHmTElH oraAnen MeHA HECKOIbKO KPUTHUUECKUM
B3raagoM. «llouemy Brbl, coGcTBeHHO, Tak ympAMO BepuTe
B Bamy Teopuio, korga MHorue ocHoBoIloJaraoliyie BOIPO-
ChI ellle COBEPLIEHHO HEACHBI?Y

PasroBop o kpuTepuax UCTUHBI B QU3NKe MPOJOIHKAICH
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ellle HEKOTOPOe BpeMs, a IOTOM Al IPOCTUIICA ¢ JIHIITe i HOM
U BCTpPeTWICA ¢ HUM JIUIIb cycTA noiTopa roga Ha ConbBe-
€BCKOM KOHTrpecce B Bproccerne, rie TeopeTuKo-n03HaBaTEb-
Hble U ¢uI0ocopCKUe OCHOBBI Halleil TEOPUM CTalu IpeiMe-
TOM UYpe3BbIUAHO OCTPBIX AUCKYCCHIl.
Ham HeusBecTHO, MOT U JUHIITENHH BUIETh YIAIAIOIET0CH IOHO-
Iy, KOTOPBIi yHOCUI ero mokoii. OH elle He 3HAN, YTO OCTABIIYIO-
cA KU3Hb Oy[eT ONMpoBepraTb YPOAIUBOE CO3/IaHNEe JEeP3KUX MO-
JOABIX NMIOfieil, YTO ONpOBepseHUA OyAyT JUIIb clocoOCTBOBATh
YTBEPKIEHUIO HOBOW HayKH, a paboThl, KOTOPbIE JOJMHBI MOA-
TBep#/AaTh ero TOUKY 3peHudA, OyOyT TONbKO pasjpamaThb. UeT-
BEPTh BeKa CIyCTA OH HalMIIET:
Bupen au Tb1, kak Bom (kak Bmpouem u ne Bpoitab 25 det
TOMY Ha3ajl) BEPUT B TO, YTO KBAHTOBYIO TEOPUIO MOHLHO
JeTePMUHUCTCKHU UCTONKOBATh MO-ApyroMy? JTo, M0-MoeMy,
JelleBbIe paccyxaeHnsA, HO Tebe, KOHEUHO, Iy Yllle CYyUTh.
JitnmiTeitH Bopry 12.05.52
B 1965 rony BopH Tak KoMMeHTHUpOBaI 3aMedaHle CBOEro Jpyra
«...o teopuu HaBuma Bomay:
...XOTAl OHa IOJHOCTBIO COOTBETCTBYET, BIIpOYEM, ero 06-
pasy MbIIJIeHNA, eMy Kasaloch, YTO IPOCTOe JeTePMUHUCT-
CKOe HCTOJKOBaHUE KBAaHTOBO-MeXaHHMYeCKUX GopMyn ABIA-
eTcA «HecocToATenbHbIMY. CeroqHa o6 3TuX nmoneiTkax boma
(a paBHO M GAU3KUX K HUM — Je Bpoitaa) eqsa au U roBo-
patl.

13pecr Bopu HemHoro omutca. CTpeMieHHe IepecMOTpPeTh KBaHTOBYIO
MeXaHURY «B Ayxe Bomay» He mpekpamaercaA. Boree Toro, cTOpoHHUKHU 3TO-
ro HampaBlieHWA CTapaTelbHO BHOCAT B CBOM CINHUCKU W JiHmTeliHa. Bemn
[Bell 1987], npounTupoBas IMb Havalo KoMMeHTapua BopHa («xoTsA oHa
[OJHOCTbIO COOTBETCTBYET €ro 06pasy MBILIJIEHVNSA . ..»), YTBEPHKAAeT, UTO
«BopH Take mpuumciAeT JNHIITeHHA K CTOPOHHUKAM CKPBITBIX ME€PEMeH-
HbIx». HHorna cosgaeTcA BrevyaTieHKe, YTO pajeTelell «<HarAAQHOCTHY B KBaH-
TOBON MeXaHUKe OTIMYaeT He TOJbKO cBOGOJa B LUMTHPOBAHWM, HO U 3a40p
B cyxaeHuax. Kpynueiimas ¢urypa storo HanpasieHua — Bemr — B Mouo-
mocTu npounTtan kHury Boma, a ¢on Helimana nmpounTaTh He Mor, moToMy
uto nepeBojga «MaTeMaTHUECKUX OCHOB KBAHTOBON MeXaHMKH» Ha aHTIHiic-
kuii eme He G6bu1o. HakoHen apyr Beana, roBopAmuii mo-HeMeuku, eMy 3TY
kHUry npountan [Jammer 1974]. Teneps npotuB Hiabu MypoMmua ycToATb
He Mor HUKTO. «JlokaszaTeabcTBo o HeiimaHa (0 HEBO3MOMHOCTU CKPBITBIX
napameTpoOB) — eciU Bbl 3@ HEI'0 BO3bMeTeCh — pPas3BalUTCA Ha yacTH. B HeM
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Cam ke DUHIITENH CHYCTA J1Ba NeCATHIETUA TaK NMOJBEI UTOT'U
CIIOpOB:
Jlnsa 3agymMaHHOro B TBOIO 4YecTb cOGOpPHHMEKA A Hamucal «pu-
3UYECKYIO» JIETCKYIO NMECEHKY, KOTOpad HEMHOMKO CMYTHUIA
Bowma u ne Bpoiina. OHa uMeeT 1elbIO IOKa3aTh HEHYKHOCTh
TBOel CTaTUCTUYECKON MHTepIpeTaluid KBaHTOBON MeXaHu-
Ki ... MoseT 6bITh, 3TO gocTaBUT Tebe yaoBoabcTBUe. Ham
BCeM, BUJMMO, CY#i[IEHO OTBEYaTh 3a CBOU MbLIbHbIE My 3bIPH.
HNmeHHO 3TOT, «He urpatoomuii B kKoctu bory npenonpenenun,
YTO HA MeHA OGUHEHbI He TOIhKO «KBAHTOBbIE TEOPETUKUY,
HO U Bepylollle ameucmuieckol yepreu.
ditnmreiiH Bopuy 12.10.53

CMEPTHh KBAHTOBOI TEOPHUU?
HIPEJUHTIEP 1926 I'OJ

7 Beperutech n#enpopokos. .. %Io miogam
UX y3HaeTe HX.
EBanreaue or Matdes.
Hrak, kBaHTOBad MeXxaHHWKa TOPECTBOBala, ONHAKO 27 AH-
BapAa 1926 B sypHan «Annalen der Physiky moctynuna cratha
IlIpenunrepa «KBaHTOBaHMe Kak 3afada 0 COGCTBEHHBIX 3HAYe-
HUAX»!, colepmalias ero sHaMeHuToe AuddepeHnuaIbHOe ypaB-
HeHMe, KOTOpOe BO3BpAllalo K HaJewJe COXPAaHEHUA U]eH He-
HpPEPLIBHOCTH U B aTOMHOM Mupe. HeMenneHHO BO3HUK TepMHH
«BOJIHOBafA MeXaHUKay — JAMHAMHYecKad cXeMa, B KOTOPOIii CBOIi-
CTBa YacTHIl CBA3BIBAIUCH C (BOJHAMHU MaTepPHH», KOTOpPbIE Obl-
a1 06A3aHbI CBOUM MOABIEHHWEM TeHUalbHON norajgke jae Bpoitnsa
[de Broglie 1925].
O Bo3HUKIIEM GPO#EHUU YMOB JIy4llle BCET'0 Y3HATh OT OYe-
BujieB. Bor kak onuceiBan 3To Bpema ['aitzen6epr:
B konue netHero cemectpa 1926 roma 3oMmmepdenbn mpu-
rnacun lllpenuHrepa cuenaThb coo0lieHue 0 CBOeil HOBOH Te-

HUUero HeT. ATo He omubKa, 3To0 raynocTh! MomeTe Tak coclaTbCcA Ha Me-
HA: noka3zaTenabcTBo don Hefimana He omu6ounoe, oHo raymnoe.» (MHTepBbIO
Beina, 1988 r. Ilut. no [Mermin 1993]).

1310 — neppas u3 nukiaa crareit [Schrédinger 1926a,b, ¢, d, e].
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opuu'... B 3ToT ceMecTp A cHoBa pa6oTan B Komenrarene
U NIpU UCCNe0BaHUM aToMa reinuf ocBoul Metoanl lllpeaun-
repa’...

Oco6y10 BasHOCTL CEMHHApy NMpHAaBalo NOABIEHUE KUBOT'0 Kilac-
CMKa — pYKoBoAuTeNA HCTUTYTa 3KCIepUMEeHTalbHOU GU3UKU
MionxeHckoro yuuBepcutera Buibrenbma Buna, kpaiiHe ckentu-
YeCKM HACTPOEHHOT0 B OTHOIIEHUH 30MMep (elihI0BCKO «<aTOMUC-
TUKWY.

... MpI 6b1IM BOCXUILIEHBI TEM, UTO C PEIIEHHBIMHU IIPEH-
lle 3ajlayaMi KBaHTOBOI MeXaHUKHU yIal0Ch U3AIHO U MPOCTO
pacnpaBUTbcA OOBIYHBIMU MaTeMaTUUeCKMMU MeTonamu. Ho
B 3aknaiouenye [llpeaunrep 3aroBopui o CBOeM HCTOIKOBaHUU
KBaHTOBO}l MeXaHUKM, B KOTOPOe fi IOBEPUTb He Mor. B xo-
lle mocieoBaBliell AMCKyccUM A BbICKa3al CBOM 3aMevyaHUfl,
0co6eHHO YKa3aB Ha TO, YTO [IPEMHIePOBCKAA TPAKTOBKA JU-
maeT BO3MOMHOCTU NOHATH Naxe 3aKOH usnydeHud [lnanka.
Mue, ogHako, He MoBe3no ¢ Kputukoit. Bunbrensm Buu ouenn
pPEe3KO OTBETHI, UTO, XOTH €My IOHATHbI MOU COKaJeHUA MO0
HOBOJIy TOr'0, YTO Telepb C KBAHTOBOI MEXaHWKOW IOKOHYe-
HO..., HO YIOMAHYTbIe MHOIO TPYIHOCTHU, 6€3 COMHEeHUA, Gy-
nyT paspeuienbl Illpenqunrepom B camoe Gnuaiiliee BpeMH.
B cBoem otBete Illpequnrep He GbLI cTONb KATErOpUYEH, O]
HaKo U OH OcCTalcA Npu yOemJeHUH, YTO Telepb pa3pelleHue
BCEX MepevyucieHHbIX MHOIO Npo6GieM B AyXe ero nojaxopa —
TONbKO Bompoc BpeMeHu. CBOMMU apryMeHTaMu fl y#e HU Ha
KOr'0 He CMOT pou3BecTH BrneuaTieHud. [laxe 61aroBonuBIIinii
Ko MHe 3o0MMep(eib] HE CMOT YCTOATH Nepel y6eAuTeNbHO
CHUJION IIPeJUMHIePOBCKON MaTeMaTUKH.

IIpodeccop Bun, no-BuaumMomy, 6bL1 TOBOJIEH 3pENUIIEM MOparKe-
HUA BBLICKOUYKU, KOTOPOMY OH HECKOJbKO JIeT Ha3a] He XOTel CTa-
BUTbH TNOJOMUTEILHON OlIEHKU Ha JOKTOPCKOM 3K3aMeHe 1o Qu3u-
Ke. HarkoHen-To cnpaBeqiuBocTh BocTopecTBoBana. Hayky nBu-
raioT BIepe[l cephe3Hble 3pYIUThI, a CAMOHA/IEAHHBIX IOHIIOB PAHO

1ornan cocromnca 23 urona 1926 roma u HasbIBaiCA TaK: «DyHnameH-
TalbHble HJeU BOJIHOBOW aTOMHOI QU3UKU».

2PaboTa laitsen6epra «0Q crleKTpaXx aTOMHBIX CHCTEM C ABYMA 3JeKTpPO-
Hamu» [Heisenberg 1926] noctynuia B pepakuuio Zeitschrift fiir Physik
24 wiona 1926 ropna.
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WJIY I03[JHO TTOCTaBAT Ha MecTo. BUH ObI1 He OAMHOK B «peInuTeNb-
HOCTU U CTPOTOCTH)» CYAEHU.

OH He 6b11 name nepBeiM. lllpenunrep eme g0 omy6nukoBa-
HUA cTaTbU pasociall ee TEKCT B PyKoNucU Hauboliee UMEHUTHIM
repMaHckuM ¢usnkaM. B pesynbraTe yme 19 anpensa 1926 roga
oquH u3 ajgpecatoB — JitHmTeitH nucan lllpenunrepy: «3ambI-
cen Bameil paGoThl CBUIETEILCTBYET O IOJINHHON IeHHATLHOC-
Tuy. [IpaBaa, TyT #e BBIACHUIOCH, YTO JUHIITENHH HE COBCEM IIpa-
BUJIbHO npounTan Gopmyist lllpeaunrepa u noj npuciaHHbIM eMy
YpaBHEHHEM OH I[IOHMMal He4yTo JApyroe, HO 3TO He NOKoJaebalo
BOCTOPKEHHOM OlleHKHU MpuciaHHoi pa6oThl. [lucbMo JiiHIITEliHA
K [Ipeaunrepy oT 26 anpend A0 HEKOTOPOil CTeNeHU NMPOACHAET
[IPUYUHBI BOCTOpra:

fl y6emnaen, uto Bamieil ¢hOpMYyIUPOBKON YCJIOBUN KBaHTO-

BanuA Bl go6unuch pemaromero ycmexa. fl Takme yGem-

IIeH, YTO MyThb, N36panHblii ['aiizen6eprom u bopHom, yBoaut

B CTOPOHY.

Cynsa mo paibHelileil mepenucke (I/I He TOJBbKO C BﬁHmTeﬁHOM)
IIpenunrep BHoiHe pa3aendan Kak NPUTroBop JIfHIITeiHA KBaHTO-
BOIi MexaHUKe, Tak U yOesxJieHle, YTO B ero cTaTbe co3/JaHa HoBas
Teopusd. IlpaBaa, Bckope BBIACHUJIOCH, YTO KBaHTOBasA MeXaHHKa
cKopee #UBa, yeM MepTBa. TpeThda craTha Illpenunrepa us ero
IIMKJIa HasbiBaiach: «06 OoTHOmEHUU KBaHTOBOil MexaHuku [aii-
3en6epra—Bopua—HNopaana & moei» [Schrodinger 1926¢]. Bo
BBeJIeHUU K Hell TOBOPUJIOCH, YTO

BbIfBJIeHa BecbMa TeCcHasA BHYTPEHHAA B3aUMOCBA3b raii3eH-

6eproBCKOil KBaHTOBOI MeXaHUWKU U MOell BOJHOBOH MeXxa-

HURU. C popManbHOIl TOUKM 3peHUA ee, Noxkalyil, cleqyeT

paccMaTpuBaTh Kak TO#JIeCTBO (06Genux Teopwuii).

Onnako B3To He mOKoieGalo YBEPEHHOCTU TEPBHIX ajpecaToB
IIIpenunrepa B ToM, 4TO NMOJMYyUYeHHble UM NMHUCbMa COep:ralu HO-
BYIO TEOpHUIO.

YTo e comeprana neppas craThd llpennnrepa, 4To BHI3BI-
Bano Boctopr knaccukoB? Beab cam [lnank nucan Illpenusnrepy
2 anpensa 1926 ropa:

Boabmioe cnacubo 3a oTaenbHblit oTTHCK. YuTasa Bamry cra-

ThIO C Te€M e HallpAMEeHNeM, C KaKUM JI000NBITHBIN pe6eHoK

BBICIyLIMBaeT pa3BA3KYy 3arajku, HaJl KOTOPOH OH JOJIr0 My-
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YHICA, pagyloch KpacoTaM, pacKpbIBalOIUMCA Tepel MOMMU
riasamu.

IIpaBna u Ilnank Hamien B cTaTbe OMKMCKHU, HA 3TOT pPa3 HACTOAIIHe:
fl xoten GbI TOJABKO yCTPAaHUTh Male€HbKYIO 3CTETHYECKYIO
omubry. Crapur fIko6u, mpu BceM HHTepece, HECKONbKO
oropuuiicA 66l U3MEHEHHUIO ero haMuiInu.

Ipenunrep, Hanucasmuii Jacobi uepes «k», orBeuan Ilnanky:
OueHb CTBIIHO MHe 3a y#acHoe «ky, U fi HeMe/llIeHHO Hamucal
06 3TOoM B TuUnorpaduio; HaJelchb, YTO yAacTcA elle Hchpa-
BUTh. Bnaropapio Bac mHoro pas — uepT 3HaeT, Kak fl C #e-
Je3HOl MOCNeN0BaTeNbHOCThIO HCKA3WI 3TO CBAIEHHOE UMA
B IIATU MecTax. JTO AJAd MeHA y#acHO TATOCTHO.

OGpaTuMcA, HAaKOHEIl, K caMoil cTaThe. B Hell coepskUTCA cChUIKa

Ha cTapble MpaBuia KBaHTOBaHUA JoMMepdenba (HO He mpaBuia

Taitzen6epra—Bopua—Hopaana):

O6b1uH0 (opMa KBAaHTOBBIX MpaBUJ CBA3aHA C YpPaBHEHHEM
B YaCTHBIX Mpou3BoAHbIX ['amunbToHa

H(q.95) = F. (1)
dq

I/ITaK, CO CBALIEHHbIM HUMeEHeM OﬁOI.HJII/ICb, KaK 0OBIYHO 06X0,I[HT-

CA CO CBAUI€HHbIMH HME€HaMHu: €ero mpocTto y6pa)m N3 Ha3BaHUA

CBOEro coOCTBEHHOT0 YpaBHEHUHA. I[aJIee B cTaThe CclieJoBalio:

. . . IOJOMUM
S=hln".

Takum o6pa3oM, HonydyaeM ypaBHEHUE

H(q, %%—‘f]’) - E. (1)

Mb1 He Gymem uckaTb pemenue ypasHenus (1'), a mocra-
BUM clefylouyio 3agauy. llpu npeHebpeskeHUU U3MeHEeHUA-
Mu Maccsl ypaBHenue (1') MoxHo Beerja cBecTH, [0 KpaiiHeil
Mepe B ciIy4yae 0JHO3JIEKTPOHHO! Mpo6ieMbl, K CleyIIeMy
BUY: KBaipaTuuHad ¢opMma oT pyHENUU ¥ U ee MEPBBIX NMPO-
U3BOAHBIX paBHAa HYJIO.

Nmem Taryoo AelicTBUTEILHYIO BO BceM KOHUTypalu-
OHHOM IIPOCTPAHCTBE OJHO3HAYHYIO OIrPaHNYEHHYIO U BCIOAY
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nBaibl quddepennrpyemyio pyHuinuoo ¥, KoTopad JaeT 3K-
cTpeMalbHOe 3HaueHue MHTerpaly OT YIOMAHYTOH KBajpa-
TUYHOHN (POpMBI, paclIPOCTPAHEHHO 10 BCeEMY KOH(UTYpalu-
OHHOMY TPOCTPAHCTBY. JTa BapuallioHHad npobdieMa 1 3ame-
HAET Y Hac KBaHTOBbIE YCIOBUA.
B ciyuae 3agauu Kemnepa ypaBuenue (1') samuceiBaercsa ciemy-
omuM obpasom:

(B () (3 -3

a npenjo;ieHHada BapyallMOHHaA 3ajavya NpuHUMaeT BUJ

of[f deanas] (52)+ (55) + (52) -3 (5+5) 0

CrnenoBaTenbHO, [OMMHO OBITb, BO-NEPBBLIX, CIPaABEIIUBO
ypaBHeHHE

A\I:+2hm(E+i,—2)lp:0, 4)

U, BO-BTOPBIX, IO KEH PAaBHATHLCA HYJIO pPaclpoCTPaHEHHBIH
o Bceli 6eCKOHEUHO yalleHHOl 3aMKHY TO TOBEPXHOCTH UH-

Terpai
ov _
/ df 6% 5 = 0. (5)

Hrak, ecth gBa ypaBHeHus — ypaBHeHue amunbrona-—fIko6u
(1), roTopoe aBTOp pemaTh OTKa3alcH, U yPaBHEHUE Baphalld-
ouHoro mpuHnuna (4). PelleHus 3Toro ypaBHeHUA B HacToAllee
BpeMA XOpOLIO W3BECTHbI BceM (GU3UKaM, BO MHOTOM Ojaaroja-
pa 6necramemMy ananusy IlIpegunrepal. OgHako, 4TO e felaTh
¢ ypaBuenueMm (1”)? Bemb oTKa3 pemaTb ero He 03HAYaeT, YTO
OHO He MMEeT DEIleHuii, a 3TU pelleHUA He UMEIOT HUKAKOro OT-
HOLIEHMA K DEIIeHUAM BapUallMOHHOTro NpuHuuna. Memay Tem,
pelleHus ypaBHeHus (4) 3aBelOMO He YIOBIETBOPAIOT ypaBHe-
uuio (1"”). Takum o6pas3om, cMbICH BapHaLMOHHOTO NpuHIKNa (3)

MlpaBaa, B cTaThe CONEPHUTCA CKPOMHaA cHocka: «fI ouenb GmaromapeH
l'epmaHy Beiinio 3a ero nomoib B pemieHHH ypaBHeHUHA ...». Beitab 6b11 of-
HUM M3 co3faTelell CIeKTpalbHON Teopuu AuddepeHINaIbHBIX 0IepaTOpPOB.
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noka He o0bAcHeH. OTcyTcTBUe cBA3U Mexay ypaBHeHUeM [a-
MuibToHa— KoGU 1 BapUalMOHHBIM MpUHIUTIOM (3) He ObLI0 Taii-
Hoii nnAa llpenunrepa, nockoabky 28 deBpand 1926 roga cratba
Oblina cHaOxeHa /lo6aBieHUeM MPU KOpPEKTYype:
B cayuae wiaccuyeckoil MexaHUKHM KOHCepBaTHUBHOI cucTe-
MBI MOKHO c(OpPMYJIHpPOBaTh Hally BapUalMOHHYIO 3agavy
u3AINHee, YeM 3To ObLIO0 cJenano, 6e3 HenocpeACTBEHHO CBA-
3u ¢ ypaBHeHueM ['amuibToHa. .. (cp.: ['u66c. CtaTucTuuec-
Kafd MexaHWKa). 3HauyeHue GyHruuu U [0JHHO NPUAABATh
«uHTerpary ['amunbToHay

/ dr [h2T(q, %—‘3) + \112V] (23)

cTallMOHapHOoe 3HauyeHue IIpU OOMOJHUTEIbHOM HOPMHPYIO-
meM ycJlioBUun

/\112 dr = 1. (24)

3ameTuB, uTo ypaBHeHue (1) COOTBETCTByeT MMEHHO (CIydaro
KJIACCUYECKOlM MeXaHUKM KOHCePBATHBHOW CHCTEMbI», OCTaeTCH
JUIIb KOHCTATHPOBaTh, YTO 004 BapUAMOHHBIX NPHUHIUNA —
Kak (3), tak u (23), (24) — OPUBOAAT K ypaBHEHHIO MJIA OG-
CTBEHHBIX BEKTOPOB «MAaTPHI[bl 3HEPTUM» KBAHTOBON MeXaHUKH
B 0co6oii popmynuposke. IlIpenunrep y6eauica B 3TOM B TpeTheid
craTthe nukiaa. He BaaBadck B meTanu, chopMyIupyeM He CIUII-
KOM CTPOr0 YACTO MaTeMaTU4YeCKuil GaKT: eclii CYNTATh MATPU-
1y PHEePruM KOOPAMHATHOM peanusanueil onepatopa 'aMunbToHA
B TAKOM T'WILGEPTOBOM MPOCTPAHCTBE, I/le MaTPHLA KOOPAUHATHI
peanusyeT omepaTop YMHOMEHUA QYHKIUU Ha 3HAUEHHUE ee apry-
MeHTa, TO pelileHHe ypaBHeHUA (3) GymeT cOGCTBEHHBIM BEKTO-
poM omepartopa 3Hepruu. Taxad MOCTAHOBKA 3aJa4d HECOMHEHHO
npejcTaBifAeT co6oil 3HAUNUTENbHBIN War B pa3BUTHH (Gpopmanus-
Ma KBaHTOBaHUfA, HO noka ¥ -@ynkyusa npedcmasasem cobol AUy
cobcmeennvlll sexmop onepamopa sHepeuu. lpamoil dusuveckuil
CMBICA UMEIOM AUWDb €20 COOCMEEHHble LUCAd, COOCMEEHHblE GeK-
MOpbL NOKA MONCHO PACCMAMPUBAMb AUUD KAK HEKOmopble 6Cno-
MO2AIMEAbHbIE BEAUNUHDL.

Onnaro lIpegunrep pemun npugath U-QyHKIUY HUKOUM 06-
pasoM He CIeIYIOU[Hii U3 JOTUKU CTAaThbU GU3UUYECKUIN CMBICI:
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JloBONLHO ecTeCcTBEHHO CBA3bIBAaTh GyHKINIO ¥ ¢ HEKOTOPHIM
KoJle6aTelbHBIM NIpOILlecCOM B aToOMe, B KOTOPOM pealbHOCTh
3JIEKTPOHHBIX TPAEKTOPUil B IOCIeJHEE BpeMA HEOTHOKPATHO
noABeprainach COMHEHUIO.
TpyZAHO NOHATB, KAK MOHCHO CKA3AMDb YMO-AUO0 0 pazeumuu Pu-
3uvecKko20 npoyecca 60 6peMeHlU, PACCMAMPUBAs He 3asUcAUUe Om
8peMeHU YpABHEeHUA, HO, CKOPee BCEro, UMEHHO 3TOT Maccas B CTa-
The MPOW3BEN BlevyaTleHHEe Ha MaTpPUAPXOB, YCTABIIUX OT «aTo-
MUCTUKNY. [IpaKTUYeCKH HUKTO U3 HUX (KpOMe, MOMET ObITb,
Jlopenua) He 3axoTell 3aMETUTh, YTO CTAThA HE CONEPHUT HOBOI
TEOpHUU, U YTO ellle HU pa3y B UCTOPUU GU3UKHU popManbHadA 3aMe-
Ha nepeMeHHOH B auddepeHnalbHOM ypaBHEHUU He NPUBOJUIA
K MOABJEHUIO HOBOT'O MaTepHalbHOIo 10/, a Belb UMEHHO TaKyio
untepnpetanuio uckain lllpegunrep ana coeit pynkuun V. Ilat-
puapxaM HeNMOCTHMUMBIM 06pa3oM OTKa3bIBal 3[PaBblil CMBICI.
Benp wamgbrit 3 HUX 3HAN, YTO
...HUKTO K BeTXOH oje/e He NMPUCTABJIAET 3aIliaT U3 He-
OeneHoll TKaHM, U60 BHOBbL IPUIIUTOE OTAEPET OT CTApOro,
U fbipa OyZeT elle Xy:Ke.
EBanreaue ot Martden 9.16
MomHo gymatb, lllpenuHrep uMcKpeHHe cuuTal€, YTO OH co3jal
HOBYIO TE€OPUIO aTOMHBIX ABIeHuii. Bo BcAkoM ciyyae, 3T0 BHOJI-
He 00bACHAET YIIOPHOE HeMelaHUe 3aMeyaTh NpeAlleCTBEHHUKOB.
B ero craThe HeT cchliok HU Ha ['ait3en6epra, bopua u Hoppaana,
u fae Ha [laynu, koTopsrii yske pemuna 3agauy Kennepa. Het ccbr-
10K U Ha JlaHnoma, 4YbA cTaThA, Ka3alnoch Obl, UMeeT HEMOCPEeCT-
BeHHOE OTHOIIEHHUE K paccMaTpuBaeMoiil npobieme. Jlannom Gyet
YIOOMAHYT JIUIIb B MOACTPOYHOM INPUMeYaHUUM TpeTheil cTaThbU
HURJa:
Ananoruynsie coobpaxenna BoickasbiBaeT K. Jlannom B of-
HOIt He[JaBHO NOABUBIIelicA HHTEPECHOIt 3aMeTKe. . ., B KOTO-
poil TOUHO TaK#e y#e CONepKUTCA L[eHHOe OCO3HaHUe TOro
06CTOATENLCTBA, YTO raii3eHOeproBcKas aTOMHaA JAMHaAMUKA
MOeT ObITh HCTOJIKOBAaHA B KOHTHUHYyalbHOM Jqyxe. OgHaKo
B OCTallbHBIX OTHOIIEHUAX paboTta JlaHIoma MMeeT ¢ HAcTO-
Aileit paboToii MeHblle 00I[ero, YeM 3TO MOKeT IOKa3aThCA
Ha TepBbIil B3TIAL.
JTo He coBceM Tak. 31 maa 1926 roga, T.e. elle 10 omyOJUKOBa-
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HuA Tpetheit craTbu [llpenunrepa (oHa mocTynuia B pefakiiuio
10 masn), B pemakuuio Ussectuit Hanuonanbuoii Axanemuun Ha-
yk CIHIA noctynuia cratbd HKapiaa Jxxapra: «Pemenue 3agauu
0 TIIPOCTOM OCHWIIATOpPe couyeTaHueM MeTonoB Teopuit lllpenun-
repa u Jlanuomay [Eckart 1926]. Ccouika Ha TaiiseH6epra nosasu-
Jach BO BTOPOI cTaTbe IUKIA:

fl He Mory 3/1ech 060ITU MOMYAHUEM TO 0OCTOATENBLCTBO, YTO

ceifyac fenaloTcA NONBITKY YCTPaHEHUA TPYTHOCTEH KBAHTO-

Boit Teopuu co cToponsl l'aitsen6epra, Bopna, Hopnana u He-

KOTOPBIX [IPYTUX BHIJAIONIUXCA YUYEHBIX, NpudeM Giarogapsf

3HAUUTENbHOCTU JOCTUTHYTBHIX YCIEXOB Helb3fi COMHEBATh-

cA B TOM, UTO NONyUYeHHble pe3yibTaThl cojepaT, o Kpaii-

Hell Mepe, U3BEeCTHYIO J01I0 UCTHHBI. OHAKO N0 MpUMeHAe-

MBIM MeToJaM IpejjaraeMas MONbITKA PelIeHUA MPOo6IeMbl

HACTONBbKO OTJIMYHA OT moaxojaa [aiizeHGepra, 4To MHe He

yaajloch HallTH 3BEHO, CBA3YIOlIee 3TH [Ba cnocoba.

B »Toit cTratbe nurna Illpenunrep, cTapasch MOJKPENUTH CBOU
ujeu, NoAPoGHO M3jIaraeT ONTHKO-MeXaHHYECKYIO aHalIOTUlo, OT-
kpeiTyt0 ['amunbTonom. Ho sTa aHanorus, Bo-nmepBhIX, Kacanach
reoMeTpPUUECKOll ONTHKHU M, BO-BTOPBIX, OblIa MOJHOCTHIO OCHO-
BaHa Ha NMOHATUAX KiIaccuuyeckoil MexaHukHu. Tarum obpasom,
IIpenunrep npiTaeTcA NOCTPOUThL HOBYIO HAYKY, JUIIb JOMOIHUB
BIIOJIHE 3aKOHUEHHYIO JOTUYECKYIO CXeMy HEKOTOPBIMU, K TOMY
e He COBCEM fAICHBIMU KOHCTPYRIMAMU.

Hacronbko HeAcHo mpeactaBinsan IllpequHrep cMbIca cBoei
co6cTBeHHON W-(QyHKIUU, CBUJETENbCTBYET TAaKOe MPOUCIIECT-
Bue. [lockonbky HeymoGHO MOJACTaBIATHL B ypaBHeHue ['amMuib-
ToHa— flko6u norapudm KommiaercHoro uucia, lllpenunrep nomy-
CTHJI BO3MOKHOCTb TOr0, UTo W-pyHRINA MO#eT 6bITh KOMILIEKC-
HOUl IMIIL B YeTBEPTOIl cTaTbe LMKIa. Hesamonro mo sToro oH
nucan Jlopenny (mucbmo ot 6 utona 1926 ropa):

HenpuaTHo — NpOTUB 3TOro jAasie cilefyeT Bo3pamaTb —

npUMeHeHHe KOMIIEKCHBIX unceld. ¥ — Bce-TaKku pealbHas

pyHRIUA.
Yme roBOpUIOCH, UYTO, MO-BUJUMOMY, U3 NATPUAPXOB (DUIMKU
TonbKo JlopeHI AcHO co3HaBal, YTO cyllecTBYIOllee K TOMY Bpe-
MeHU cTanuoHapHoe ypaBHeHue IllpequHrepa He NpUHECIO HOBOIA
Teopuu:
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[Ipennonomxum, uto GyHOaMeHTalbHOE YpaBHEHUE, U3 KOTO-
pOro BBIBOJUTCA BOJHOBOE ypaBHEHHE, U3BECTHO.
Jopenn llpeaunrepy 27.5.26

DyHaaMeHTalbHOTO yPaBHEHUA K 3TOMY BpeMeHH JeHCTBUTENb-
HO He CyLIecTBOBAaJO, U ero ¢opMyJIUpPOBKA NPUHEC]IA MOJIUHHYIO
MyRy. Bo BTopoit cTaThe 1UKIa BO UCIOIHEHUE 0OENIaHHOTO OT-
KpPBITUA KonebGaTelbHOr0 Mpolecca roBOPHIOCh:

... 1A BoaHOBOU yHKIUK VU MMeeT MecTO ypaBHEHUE

div(grad ¥) — Lo =0,
u

BBINOJHAIOIIEECA A IPOIECCOB, 3aBUCIMOCTh KOTOPBIX OT

BpeMeHH onpejelAeTcA MHOKHUTeleM e2™ i,
Y Ilpeaunrepa He O6bI10 HUKAKUX UMeEIOMUX GU3NUYECKUN CMBICT
J0BOZIOB, KOTOpbIe NMO3BOIUIN GbI 000CHOBAThL 3TO ypaBHeHUe, IO-
3TOMY OH U36UpaeT YNCTO GOpPMaTLHBIN U COBEPIIEHHO haHTACTH-
yecKuit cnocob NoiyveHUA ypaBHEHUA, COlepRallero Bpem4, ¢ Ho-
MOIIbIO yAaleHUA IOCTOAHHOU UHTErPUPOBAHNUA U3 CTATHYECKOT0
ypaBHeHUA. B yeTBepTOM CO00IIEHNN yTBEP#/Aal0Ch, YTO BOITHO-
Bble ypaBHEHUA MMEIOT BU]

2(E-V) 92y
2 R
E? ot?

2
A\If+8hL2(E—V)\IJ:0.

AV

b

HepBoe U3 3TUX ypaBHEHI/Iﬁ BBINOJHAETCH JUIIb OJA IIPOLecCoB
C onnpelejieHHbIM 3Ha4Y€HHEeM E, u ¥ 3aBHCUT OT BpeMEHH TOJbLHKO
yepes HepI/IOIlI/I‘-IeCKI/Iﬁ MHOMUTE]b

LG NReXp(ﬂ:Z%'Et) (*)

JTto TpeﬁOBaHI/Ie 9KBUBAJIECHTHO ypaBHEHUIO

2 272
07V _ _AmE” g

ot? h?
Ucraovenne F NpuBogUT K ypaBHEHUIO
_ 872 \? 1672 9*¥ _
(a-5%v) wy 10205 <o, (%)
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JTOMY YypaBHEHHUIO [O/:KHa YAOBJIETBOPATb Kampaaa QYyHK-
nua ¥, npu npousBoibHoM FE, 3aBucAIlasg 0T BpeMeHU B CO-
OTBETCTBHH C (%), a ClIe[0BaTeNbHO, U Kamaad ¢pyHruua U,
pasnoxumad B paAg Pypbe ... YpaBHEHUE (k%) MOITOMY €IUH-
CTBEeHHOe U 00lllee BOMHOBOe 1A HojeBoro ckaindpa V.
Jlerxo BueThb, YTO OHO MpejAcTaBIAeT cob0il ypaBHEHUE

Kosie6aHUil MeMOpaHbl OYeHb MPOCTOr'0 THUIIA C MPOU3BOJHBI-
MM 10 KOOpAMHATaM YeTBEPTOro NMOPAJKA U UMeeT BUJ, 4acTO
BCTpevaoluiicA B MHOTOUYHMCIEHHBIX 3ajjayaX TeopUHu yIpy-
TOCTH.

31ech HeMeNJEeHHO BBIACHAETCH, YTO IPeJIOKEHHOE ypaBHEHHe

B clIyyae HEKOHCEPBATHUBHbBIX CUCTEM NPUBOIUT K OONBIINUM CIOHK-

HocTAM. IloaToMy npennaraeTca Apyroit myTh:
He cnepgyeTr moBbImaTh MOPANOK BOJHOBOTO YpPaBHEHUA [0
YETBEPTOro A TOro, YTOObI UCKIIOYUThL U3 HEro napameTp
sHepruu. JInA Toro, 4To6Ghl ypaBHeHUe (**) MPABUILHO OINHU-
chIBallo u3nYecKye ABIEHUA, MOKHO BhIPAa3uTh TpeGyemMyto
3aBucuMOcTb U OT BpeMeHM BMeCTO COOTHOLIEHUA (%) yepes

oY _ | 2mi

9% = + A EV.
Jto NPpUBOOAUT K OJHOMY U3 ypaBHeHI/Iﬁ

82 47 0P _

Mb1 norpebyeM, 4ToGbl KOMIUIEKCHAA BONHOBafd (GyHKIUA
YIOBJIETBOPAJIA OJHOMY U3 3TUX ypaBHeHuil. Tak Kak conpa-
MeHHafd KoMIlUiekcHaa ¢yHkuua U* He yNOBIETBOPAET 3TO-
My ypaBHEHHUIO, TO ClleJyeT paccMaTpUBaTh AeHCTBUTENb-
HYIO YacTh KOMIUIEKCHOH BONHOBOW QyHEIMKM ¥ Kak BOIHO-
BYIO QyHKIHUIO (eCiu 3TO HEOGXOAMMO).
Jloruka o6paiieHyd ¢ BOJHOBOW (pyHKIME!l BbI3bIBaeT B MaMATH
HesabBenHoro I'pago6oesa. [lpaBaa, B fanbHeleM Npy ONMCAHUN
HEKOHCEPBATUBHBIX CHCTEM TBep/0 U3GUPAeTCA YPaBHEHUE (k).
Eciu BCOMHUTB 06 y#e CylecTBY IOIKMX ypaBHeHUAX ['alizenbep-
ra, MO#HO [OHATh, YTO UHOTO BbIGOPA He GbLIO y#e rojl Hasal.
Mociie 3TOro BLIACHAETCA, UTO U3 YPABHEHUA (**%) BhITEKAET
HEKOTOPOe ypaBHEeHHe HENPEepbIBHOCTU. B TaKUX ciydafgXx oObIy-
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HO OKas3bIBaeTCA BO3MOMHLBIM ONpeleIMTh HEKROTOpbI€ MJIOTHOC-
THU pacnpenelleHUuA U NJOTHOCTHU IIOTOKAa. IHpe,HI/IHFep MnpucTymna-
€T K BBIACHEHHUIO 93TOr'0 BOIIpoOcCa. EctecTBenno 3BYUUT YTBEpPH-
Ienue, uTo npousBelenne YU* «upencrapBiger co6oil MIOTHOCTh
JJIeKTpUUYeCcTBay. HpI/I 9TOM HUKaAK He KOMMEHTUPYeTCHA TO ob6cTo-
ATeNbCTBO, YTO paHee B CTaThbe, 06cy)ﬂ;{aBmeI’/’I CBA3b «<ME€XaHHURKHU
laiizen6epra—Bopua—Hopaana u Moeli» roBopujoch Cleayoliee:
B CjJIy4dae aToMa Bogopoaa
MeXaHHhu4YeCKoe CRalIApHoe I10Jie v 3ajaeTcHd 1nocpeacTBoOM pAa-
Ja JUCKPETHBIX COOCTBEHHBIX (DYHKIMIA
2miEt

U= chuk(m)e h,
k

a B KayecCTBe ((HpOCTpaHCTBeHHOﬁ IIJIOTHOCTHU DJJIEKTPpHUUYECTBa»

*
Inpenjaranach JIleicCTBUTe/NbHAA 4acTb BhIPpameHuA \Ilaait JToT

BBIGOp JleNal U3NUIIHe JUCKYCCHIO B YeTBEPTOM COOGIEHUH [IUK-
1a, Hy a BO BTOPOM aBTOpa Malo CMyMIalo, YTO BhiGpaHHan
...NMpPOCTPAHCTBEHHAA IIOTHOCTb, €CIU €€ MPOUHTErpupo-
BaTb MO BCEMY MPOCTPAHCTBY, OKA3bIBAETCA . .. PABHON HY-
110, a He KOHEUYHOH, He 3aBUCALIEN OT BPEMEHU BelUYHHOIA,
HOPMHUPOBaHHON Ha 3apAf 3JEeKTPOHA, KaKOi OHa JONKHa
OBITH.
[urn pa6or Illpenunrepa NpuHATO OTHOCUTHL K BelWYailliuM J0-
CTUHEHUAM YeJOBEYECKON MBICIH.
Co3fiaHnie UM «BOJIHOBOI MeXaHUKU», 3aHABIIEE HECKOIbKO
MecHIleB U BbIpa3uBIlieecAd B MyGIUKAIUU €ro YeThipex Kiac-
cuyeckux crarteit B mypHaie «Annalen der Physiky, Hennb-
3A He paccMaTpUBaTb MHAue, KaK APKYIO BCIBIIIKY TeHUA.
B 3Tux yeThIpex cTaThAX BOJHOBad MeXaHUKa MpeJCTaBleHa
B 3aKOHYEHHOI opMe, IPUYEM OHU COIEp:KalN U AOCTATOY-
HO€ KOJIMYECTBO COBEPIIEHHO YGEAUTENbHBIX NPUIOHKEHUIA.
[Heitler 1961]
CrOIbKO-HUOY b BHUMATENbHOE YTeHHe 3TUX cTaTeil 3acTaBifAeT
NpPeNoNOMKUTb, YTO yAUBUTENbHAA CKOPOCTh MyOAUKalUii onpe-
Jelfinack TeM 06CTOATENbCTBOM, UTO Kan/jafd U3 HUX cojeprana
HeoO0CHOBaHHbIE aHOHCHI, KOTOPbIE B ClEAYIOIIell cTaThe 3aMeHA-
n1ch HOBbIMU. BolHOBafA MexaHUKa B 3TUX CTAThAX He TOIbKO He
Oblla 3aKOHYEHa, HO U Jlame TOYHO chopmynupoBaHa. DeHoMeH
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[IIpenunrepa, ckopee Bcero, 0ObACHAIOT COBCEM [pYTHe aHalo-
TUH.

Mogo6uo Tomy, Kak yrposa rubeinu ®@paHiuu Bo BpeMf CTO-
JeTHell BOMHBI 3acTaBUIa MHOMECTBO (HpaHIy3CKUX JeBYLIEK MO-
BEPUTH B TO, YTO HACTalu JHU HCIOJHEHUA NPOPOYECTBa O JIEBE,
«koTopas crnacer ®Ppaninuior, GypHbie coObITHA B GU3UKE B Ha-
yane 20-ro Beka BbI3BalU NEATEILHOCTh yAalbIX TiOfiell, KOTO-
pble TBopuiu (U3UKY B KpaTuaiiliiee BpeMA C MOMOIIbIO MOJ-
PYUHBIX cpelcTB. XpeCTOMAaTUUHLIM PUMEPOM 3/€Ch CTAl0 UMA
Pynna — ¢usuka, KOTOpbIii 0YeHb GLICTPO BHIMOMHUI MHOMECT-
BO TOHKHUX 3KCIEPUMEHTOB, Kam/IbIii 13 KOTOPBIX GbLIT HOGENHANb-
HbeIM. He ocTanca paBHOAYIIHBIM K NeHuto Jlopeneitn u JiHIITeH
[Einstein 1926]:

... {1 yxa3biBaio SKCIIEPUMEHT, OMpUYaAmMenbHbll Pe3ynbTaT

KOTOpOro Obl1 OGbl HECOBMECTHM C KJIACCHUYECKON BOIHOBOIA

Teopueil. TOT IKCIEPUMEHT A 3agyman gaBHo. Ho Tonbko

pa6ora E.Pynna gana MHe yBepeHHOCTb B TOM, UTO 3KCIe-

PUMEHT [eHCTBUTENbHO MO#HO OCYIIECTBUThL HA MPAKTHUKE.
RKapoepa Pynna 3akoHumninach mocie Toro, Kak ero 1abopaTopHUio
noceTuau Begymue ¢usnku [epmMaHuyM U BbIHECIM PEKOMeEH[a-
LUIO He cchlIaThbeA 6onee Ha my6nukauuu Pynna. [lIpequnrep 6b11
HAaMHOI'0 yJauliuBee Kollleru-sKcnepuMmentatopa. Hemanyio ponb
B 3TOM, M0-BUJUMOMY, ChITPajio U TO OGCTOATENbLCTBO, YTO €ro
MaHepbl ObLIM HaMHOI'0 06XOJUTEIbHEee, YeM y IOHBIX YUEHUKOB
3ommepdenbaa.

Berynasa B nepenucky ¢ ditnmteitnom, [Ilpeaunrep nposasui
3aMHTEpPeCcOBaHHOCThL MHCIUPUPOBaHHoO# Pynnom paboroii. Kpome
TOT0, KIacCUKy GbLIO COOGIIEHO, UTO

...0ueHb no3abaBuino MeHA Balle ouapoBaTenbHOe 0GbACHE-

Hue MeaHApoB. CiIyyaiiHO HECKONbKO JHell ToMy HasaJl MOA

JKeHa paccrpalivBaia MeHA 0 «QeHOMeHe YallKky Yasy, HO A He

cyMel faTh pa3yMHOro o6bAcHeHuA'. OHA TOBOPHUT, 4YTO Te-

nepb HUKOT[Ja He CMOKET MOMeIIWBaTh 4aii, He BCIOMHUB

o Bac.
Bac npuBercTByeT, riry6oKoyBaaeMblil mpodeccop,

rvcKpeHHe npenanubiii Bam J. [lIpeaunrep.
ITpenunrep JitHmTeliny 23.04.26

1PB'~H: uaer o ToM, 4YTO YaMHKH Ha JHe 4YallK! IIPpU INOMeIWBaHUHU cobu-
paroTcAa B cepeauHe.
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IIpumeps! u3 nepenucku c Ilnankom ObLIM NpUBeNeHbI paHbIIe.
HeynusutenbHno, uyto Illlpeannrepy ynanoch co3faTb HEYTO BpO-
Ile opJeHa YBepeHHbIX B MaTepuailbHOCTU V-byHKIUU. YCIOBU-
eM BCTYIUIeHHA B 3TOT Kiay0 Gbiia Bepa («KRako ecTb Bepa Ba-
ma?» — cnpamuBan eiiie Bragumup Kpacuoe Conbimiko), a oi-
HUM U3 MOCHYIIaHUN — HEeTePHUMOCTh K TeM, KTO Jiep3al yKa3bl-
BaTh Ha MPOTUBOpeurs Bepe. TaKUX NPUMEPOB JOCTATOYHO B TEX
HEMHOTHUX NPUBEJEHHBIX 3/lech Bhiaep:xKax us nucem lllpenunre-
pa. IlonTBep#ieHreM ycIellIHOTo pacipocTpaHeHNA BHEAPAEMOT0
CTHJIA MOTYT CIYUTh IBe BbIJEPKKU U3 nuceM JitHmTeiiHa. Bot
nucbMo K BopHy, HanucanHoe B 1922 rony:

HenaBHo s cen B nymy (9KCIEPUMEHTHI ¢ M3ITyUYeHUEM CBe-

Ta KaHanoBbIMU ayuyamu). Ho yTemaio ceGA MbICIbIO, YTO

TOJLKO MePTBEIBI 3acTpaxoBaHbl oT omubok. Pa6orer Bopa

BHYIIAIOT MHE OI'DOMHOE yBakeHHe TeM 0e30ING0YHBIM HH-

CTUHKTOM, KOTOPBIM OHM NPOHH3aHbI.

B 1928 rogy mnocne BroiHe IMUBWIN30BaHHONW OUCKYCCHUM Ha V-M
ConbBeeBcKOM KoHrpecce JditHmTeiH coobman [IIpenunrepy:

Odunocopua ycnoroenusa [aiizenbepra—bopa — unu penu-

ruAa? — TaKk TOHKO NMpHAYyMaHa, UYTO MpPeACTaBIAET BEPYIO-

[eMy [0 [IOphI JI0 BpeMeHU MATKYIO MOAYHIKY, ¢ KOTOPOil He

Tak Jerko cunyruyTh ero. IlycTs cnur.

JitnmTeiin Ilpeaunrepy 31.05.28
Brnonne cienysa aToit Tpagunuu, nuiep cOBpeMeHHBIX NPOTUBHU-
KoB KomeHrareHckoil mronabl Ha3Bal NoKaszaTelbcTBO ¢oH Heil-
MaHa 0 HEBO3MOMHOCTH CYI[€CTBOBAaHHA CKPBITHIX MAapaMeTpOB
(TIYTBIMY.

IIpu sTom MeHb1e Beero Illpepunrep npeycnen B TOAKOBaHUU
cBoero co6cTBeHHOr0 n3obperenud: V-oyuruuu. [naBHoe (1 Be-
nukoe) goctuxenue [[Ipeannrepa — oTKPHITHE peanusanuy ore-
paToOpoOB UMIyJbca U KOOpAMHATHI Kak onepaTopoB AuddepeHu-
pOBaHUA M yMHOMeHHA. ITO MO3BOJIUIO CO3JaTh MOIIHBII MaTe-
MaTHYeCcKHil anmapaT KBaHTOBOIl Teopuu, rie 0Co6eHHO BBIIENA-
ercA cozgannas llpeaunrepom (no o6pasuy teopuu Penes) teo-
pUA BO3MYILIEHUA.

Cpein MHOTUX NpeKpacHbIX pe3yibTaTOB KBaHTOBOI Mexa-

HUKU TeopuA Bo3MymleHuil, pasutasa lllpenunrepom, 3a-

HUMaeT BbifalolieecA Mecto. OHa Golee mpocTa, YeM acT-

3 KBaHTOBasA TeirenopTaunud
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pPoOHOMHWYECRaAd TeopUuf BO3My1.U;eHI/II7I KJIaCCUYECKOU MeXaHU-
KU U B CBOUX MNPUIOMECHUAX HE OrpaHuvyuBaeTcCA np06neM0171

AByX TelL. [Sommerfeld 1956]
Otkpsrtue [Tlpeunrepa MoCTaBIIO BONPOC 06 0OTHO3HAYHOCTH pe-
anu3auK Kak MepecTaHOBOYHBIX COOTHOMeHHi [aitsentepra, Tak
¥ ero onepaTopos

W) = adla). Pole) = -in.-

TouHbIil MaTeMaTHYeCcKuii aHanu3, npexje Bcero Beitna [Weyl
1928], nokasan, YTO 3TH BONPOCHI MOHHO PEUIUTH TONLKO MOCIE
NpUBJeYeHUA NOMOJHUTENbHOI0 GU3NYECKOro IMOCTynaTa Henpu-
sodumocmu, 3anpelniapnero Haluuue B TEOPUU UIIUIIHUX Nepe-
MeHHbIX. Ha ypoBHe ¢u3nyecKoil CTPOrocTy 3TOT NPUHIUI MOK-
HO cHOpPMYyINPOBaTh NMPUMEPHO TaK: €Cld CUCTEeMa ONHUCLIBAeT-
CAl omepaTtopaMu P U ¢, YIOBIETBOPAIOIIUME T€PECTAHOBOUHBIM
cooTHomenuaM [ait3en6epra, To M1060ii onepaTop, KOMMYTHUPYIO-
IUA U ¢ D, U ¢ , N0I#EH GbITh KPAaTeH eIUHUYHOMY.

IlocTynaT HeMPUBOAMMOCTHU NMO3BOJAET HAM 3aKIIOUYUTH, YTO

cnenuanbHble omepatopsl Teopuu Illpenuurepa ABIAIOTCA

cleJCTBUAMMU IlepecTaHOBOUHBIX cooTHouleHui ["aitzen6epra.
[Weyl 1928]

CTporoe foka3aTelbCTBO 3TOI'0 YTBEP#ASHUA JJIA CUCTEM CO
MHOIMMHU cTeneHAMHU cBoGoabl nan ¢ox Heiiman [v. Neumann
1928].

B 1926 rony BaskHOCTH TpeOOBaHHA HENMPUBOAMMOCTH GbLIa
cOBepIIeHHO HesAcHA. DyHIaMeHTaNlbHOE 3HAUEHUE 3TOr0 MPUHIU-
na 6b110 oco3HaHO TonbKo B 1927 nocie auckyccuit Bopa u Taii-
3eHOepra, NpUBeJIINX K GOPMYIUPOBKE NPUHYUNA JONOAHUMEAb-
Hocmu.

YT006bI 3aKOHUUTH 00Cy#iIeHNe BOIpOca O COOTHOUIEHUU «Te-
opun Illpenunrepa» u «teopuu bopHa-—TIaitzen6epra—HMopnanay,
noa4YepKHeM elne pa3, uto «reopuu Illpenunrepay» B 1926 romy
(kak ¥ B mocaeAyIONIME TOfbI) MPOCTO HE CYNIECTBOBAlIO. BbuIo
YCTaHOBIIEHO, YTO MEPECTAaHOBOYHbIE cOOTHoIIeHUA [aiizeHGepra
MOMHO peanu3oBaTh B TepMuHax onepatopoB lllpenunrepa, uto
JOefiCTBUTENbHO ABUIOCH BBIAAIOMINMCA BKJIAJOM B KBAHTOBYIO Te-
opuio.
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YMecTHO npuBecTH olleHRY cxeMbl IlIpenunrepa, npunanie-
samyio Beitnio — yenoBekry, B HemMaloit Mepe crocoOCTBOBaBIle-
My POKAeHHIO 3TOro HanpasieHud [Weyl 1928]:

llpyroit moaxon (T.e. OTAMYHBIA OT cxeMbl [ait3eHGep-

ra) K KBaHTOBOHl MexaHuke Obin HaiineH JI. e Bpoitnem

u [llpegunrepoM. ATOT MOAX0A KameTcA MHe MeHee yGenu-

TeJIbHBIM . . .

Bce 3To BhiACHMIOCHE B 06mUX yepTax y:e K KoHIy 1926 roga,
HO B cepe/llHe JeTa Ka3aloch, YTO JHA KBAaHTOBOI MeXaHUKHU C ee
«aTOMHUCTHKOI» couTeHbl. B urone 1926 roga Bop momyuyun nucbMmo
laitzen6epra o HeynauHoM ucxofie auckyccuu. [loHAB Bcio cepbes-
HOCTb TOJOMeHUsA, oH HeMeyleHHo npuriacui [llpegunrepa B Ko-
IeHrareH, 4To6bl 06CyIUTH BO BCeX JleTalfAX BONPOCHI TOJKOBaHUA
KBaHTOBO! U BOJHOBOII MeXaHUKHU.

HIPEAUHTEP B ROIIEHTATEHE

13 ...moau, KOTOpble U3 BHUJUMBIX COBep-
HmEeHCTB He Moriau nosHath Cymjero u, B3upas
Ha Jella, He Ho3Hanu BuHOBHUKA, 2 a mouuTanu
3a 60TOB, MPABAIUX MUPOM, UIU OTOHb, UIU Be-
Tep, WK ABMMYIIUNCA BO3AYX, UIU 3BE3[HBI
Kpyr, uin GypHYIO BOAy, uiu HeOecHbie CBe-

THIA.
Kuura npemynpoctu CosomoHa
OnucaTb CKpBITHIE 3a cCTeHaMU JJoMa bopa Belnkue coObITHA

MOHO JHIIL 06paTUBLINCHL K moMolnu ['aiizeHGepra.

Muckyccusa memay Bopom u [llpenusrepom Hauanach y#e Ha
Bok3aie B KomeHrareHne u mpojonzaiach exeJHEBHO C paH-
Hero yTpa no nosgHeit Houu. llIpenunrep octaHoBuicA B J0-
Mme Bopa, Tak 4To y#e Mo 4MCTO BHEIIHUM 0GCTOATENLCTBAM
B crope He Moriio 6bITh HUKaKoro nepepbiBa. U xotsa Bop B 06-
XO#/IGHUU C TI0AbMU 00bIUHO ObLIT KpaiiHe MpeaynpeauTeleH
u mo6e3eH, 3[1ech OH NpejcTan paHaTUKOM, He COGUPAIOIUM-
cA JelaTh HYU Iary HaBCTpPevyy cBoeMy coGecelHUKY MU M03-
BOIUTh €My XOTl MalleHbKYIO0 HefiCHOCTh. EJiBa U MOHO
nepeiaTh, KaK CTPAcTHO Belachb OUCKYCCHA ¢ 00eMX CTOPOH,
CKOJb IIyGOKO KOpeHWIKch yOesIeHus, yraJabIBaBiieca 3a
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Npou3HOoCUMbIMHU dpa3aMu Kak y Bopa, Tak u y llIpenunrepa.
...f MOTY...NpelJOoUTh IUIIb OUeHb OledHOE OTpaxeHue
Tex Gecell, B KOTOPBIX C HaNpAMeHHelimell cunoii mua 6opsba
BOKPYT HMHTepIpeTally HeJaBHO AOCTUTHYTOT0 MaTeMaTU-
YeCKOr'o onucaHufA NMPUPOIBI.
HepnocTaTok MecTa 1 BpeMeHH He NMO3BOJIAET BOCIPOU3BECTH BeCh
paccra3 ['ait3eH6epra, Mbl orpaHUYUMCA NUIIbL (Ppaszamu, nepeaa-
IOIUMY CYTh BbICKA3bIBaHU1 ONIMOHEHTOB.

IlIpedunzep: Bel qonskHbI BCe-Taku MOHATHL, bop, UTo BeA Ba-
a ujied KBaHTOBBIX CKAYKOB BefleT K GeCCMbICIUILE.

bop: lla, Bo BceM, uTo Bbl roBopute, Bbl coBepiiieHHO npaBhbI.
Ho 3To elle He N0Ka3aTeNLCTBO, UTO KBAHTOBBIX CKAYKOB He CY-
ecTByeT. ITO J0KA3bIBA€T TOIbKO, UTO MbI He MOxeM ux cebe
NpeJCTaBUTh, T. €. YTO HATIAJHbIE IOHATHA, C TOMOIILIO KOTOPBIX
MbI OTMKMChIBAEM COGLITUA MOBCEJHEBHON #U3HU U IKCIEPUMEHThI
npexHell (U3UKU, HETOCTATOUHBI [JIA U306pameHUuA MPOIeccoB
KBaHTOBOTO Iepexoa.

Illpedunzep: MeHA B NaHHBI MOMEHT IOKAa He UHTEpPECYeT
TOYHOE ONMCaHUe ABUHEHUA 3I1eKTPOHOB B aTOMe, HO B KOHIIE KOH-
LIOB HaJo #e OyoeT Korjaa-HUOYyIb BbIACHUTD, KAK OHU BelyT cebsA
B CTAl[MOHAPHOM COCTOAHWM WJIM MPH Mepexoje U3 OJHOr0 COCTO-
AHUA B JIPyTO€. ...MaTeMaTH4ecKUuil GopMaanu3M BOJHOBOU WU
KBaHTOBOIl MeXaHUKHU BBIMJIANAT Tak, GyATO Ha 3TU BONPOCHI He
CyIeCTBYeT HUKaKoTo pasymHoro orBeTa. Ho cToUT HaM cMeHUTh
o6pas, T.e. CKa3aTh, YTO HET HUKAKUX HJIEKTPOHOB-4aCTHIl, 8 €CTh
3J€eKTPOHHbIE BOJIHBI MaTePUU, BCe HAUNHAET BHITNAETh UHAYE.

BOp: R COKalleHu1o, 3TO He TakK. HpOTI/IBOpe‘II/IH He ucyesaror,
OHHU TOJIBKO OTOABUIarmOTCA B IPYyrylo 06JacThb. ...BCIOMHHUTE XO-
TA ObI O TepMOOAWHaMHUY€CKOM paBHOBECHHU Mem Ay aTOMOM U IO-
JeM U3JyUeHUA, Hallpumep, 00 3MHIITEAHOBCKOM BbIBO/I€ 3aKOHA
U3NydYeHHuA Ilnauka. PEIJ.IaIOLLII/IM JJIA BbIBOJAa 3TOro 3aKkoHa ABJIA-
€TCA TO, UTO 3Heprufd aTtomMa MpuHUMaeT NJUCKPEeTHbI€e 3Ha4YeHUA
n BpeMA OT BPEMEHHU NPEePLIBUCTO U3BMEHAETCA. ..

IlIpedunzep: fl He noHUMalO, TOYeMy Hellb3f HaleATLCHA, UTO
UCIOJIb30BaHUE YUYEHUA O TeIJIOTe B TEOPUU BOJH MaTEPHUH INpU-
BeJleT K XopoieMy o6bAcHeHuI0 dopmynsl [lnanka.
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bop: Het, Ha 3To HajeAThbcA Henb3d. Beab yme 25 neT us-
BECTHO, 4T0 03HavaeT ¢opmyna Ilnanka.

IlIpedunzep: Eciu Henb3A M306aBUThCA OT 3TUX IPOKIATHIX
KBaHTOBBIX CKAaYKOB, TO fl Kajlel0, YTO BOOOIIe CBA3AJICA C KBaH-
TOBOW Teopuei.

Fop: A BOT MBI, CO CBO€l1 CTOPOHBI, 0YeHb GiarogapHbl Bam 3a
TO, uTo BBI caenany, nockonbky Bama BonHOBas MexaHUEKa C ee
MaTeMaTHU4YeCKOl ACHOCTBIO U MPOCTOTOI NpeJCTaBIAET OTPOM-
HBIfl Iporpecc Mo OTHOIIEHUIO K MpeMHUM ¢dopMaM KBaHTOBOIA
MeXaHUKH.

Crop mpoponzkainc. . . yacaMu JHEM M HOYBIO, OJJHAKO COTJa-
cue I0CcTUTHYTO He Gbuo. Yepes Heckonbko qHeit [llpenqunrep
3abonen, BEepOATHO, M3-3a KpaillHero mnepeHaNpAMeHUA; Kap
U IpOCTyJa 3acTaBUJIM ero cileyb B noctenb. Ppay Bop yxa-
sKMBala 3a HUM, NpUHOCHIA 4ail u ciagocTH, Ho Hunbe Bop
cujien Ha Kpaelike kpoBaTu u BHyman IlIpenunrepy: «Ber
BCe-TaKU O HbI IOHATH, YTO...» K mogiuHHomy B3aumo-
NOHMMAaHMIO U Hellb3A ObLIO MPUUTHU, MOCKOIbKY HU OJJHA U3
CTOPOH He MOrJa NPeIOAKUTD MOTHOM U [elbHON WHTepIpe-
Taluy KBaHTOBOU MexaHUKU. Ho MbI, KomeHrareHmsl, K KOH-
Iy 3TOro BU3HWTA BCe #e NMOUYBCTBOBAIU OONBIIYIO yBEPEH-
HOCTb B TOM, UTO Mbl Ha BepHOM NyTU. OJHOBpeMEHHO MBI,
KOHEYHO, MOHMMalld, Kak TPyIHO OyIeT name aydmux ¢u-
3UKOB y6equTh B HE0OXOOMMOCTH OTKa3aTbCA OT IpOCTpaH-
CTBEHHO-BPEMEHHOI'0 ONKMCAHUA aTOMHBIX IPOIECCOB.
Urak, 1926 rox, HecMOTpA Ha MHO#eCTBO OMTB, He IIPUHEC TOP-
#eCcTBa KBaHTOBOII MexaHHKe. BOT Kak Ipe[CTaBIAN MOJOKEHUE
nen DWHIITeNH:
KBaHTOBaAg MexaHWKa 3aclyKUBaeT BCAYECKOT'0 yBaeHHA,
HO BHYTPEHHHI rojioc MoJcKa3bIBaeT MHe, YTO 3TO He HACTO-
amuit HaroB. Teopusa naet MHoro, Ho K TauHcTBam (CTaporo
OHa He TOABOAUT Hac Gaue. Bo BcAKoM cinyuae A ybessieH,
YTO OH He UT'paeT B KOCTHU.
ditnmreiiH Bopry 04.12.26
T'oBops o cobbiTuAX 1926 roga MelI He YIOMAHYJIU 0 KPYyTHENHIIEM:
CcTaTHCTUYECKOI runorede bopHa. IToT npoben GyaeT 3amnoiHeH
B cllefylollleM pa3sjele.
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|¥|? 1 ApAq — 3JIOKO3HEHHBIE
N30BPETEHHUSA BOPHA
U TAMM3EHBEPTA

I'nty6okoyBamaeMbIii TOCNOAWH TaHBIA COBETHUK!

Io3BonbTe MHE ellle HEMHOTO MOTOBOPUTH O (U3HKE.
fI xoten 6bI 3HATh, Kak cyAAT B Bepaune u B oco6GeH-
HocTH BbI camu 0 cOCTOAHUY [leNl B KBAHTOBOI TEOpPUHU.
BepHo nu ToO, Kak roBOpPAT (PU3UKM — CTOPOHHUKU
MaTpHIl U g-4KCel, YTO BOIHOBOE ypaBHEHNE ONMUCHIBA-
eT NUIlib MOBeJeHHe CTAaTUCTHYECKON COBOKYMHOCTH,
aHAJOTMYHO TOMY, Kak 3TO JlelaeT TaK Ha3bIBaeMoe
nudbepeHnualbHOE ypaBHEHNE B YaCTHBIX MPOU3BO[-
Hbix Dorkepa? fI oxoTHO 3TOMY GbI IOBEpHUI, UGO 3TO
npejcTaBieHie AefCTBUTENLHO HaMHOrO 6Gojiee ymo6-
HO, eciu GbI fi TONLKO MOT' YCIOKOUTH CBOIO COBECTh
TeM, YTO He CTOIb Y JErKOMBICIEHHO TaK IPOCTO
OTAenbIBaTbcA OT TpynaHocTedl. Jlymalo, uTto A mpaB
B TOM, 4TO camu Bbl B cBoe BpeMA IHlllb NOCie TH-
#eJi0ii GopbObI BBIIBUHYIH IEPBOE OCHOBOIIOJIATrAloIIee
HpeJIoNOoKEHNE O IUCKPETHOCTH, T. €. (KBAHTOBYIO Te-
OpHIO», — 3TO COBEPIIEHHO AICHO BBITEKAET U3 TOTO,
yto Bbl moiroe BpemA mpecieqoBaiy «BTOPOil Bapu-
aHTy. MHe JymaeTcA, UTO NPU BHOBb BO3HUKIIUX Te-
nepb TOYKaX 3peHUA HeoGXOJUMO CHOBa BO30GHOBUTH
3Ty GopbOy € TOil e cepbe3HOCThIO. Y MeHA HET YyB-
CTBa, YTO UMEHHO TaK MOCTYNAIOT Te, KTO y#e CEeroj-
HA PEUIUTEeNbHO YTBEpIaeT: HYHKHO NPUNEPHUBATD-
cAl AUCKPETHOr'0 06MeHa SHEPTUU.

B BeposaTHOCTHBIX TpejacTaBieHunx BopHa camoe
MO/I03pUTENbHOE [JIA MEHA TO, UTO Npu Giausaiinem ux
npoBefeHUU (CTOPOHHUKAMH 3THX B3TJIAOB) €CTECT-
BEHHO MONyYaloTCA yAUBUTEIbHbIE BElIH: BEPOATHOC-
TH cOObITHII, KA3aBUIMXCA HE3aBHCUMBIMU HAUBHOMY
HpeJCTaBIeHNIO, IPU MX HAJOMEHUU He NMPOCTO mepe-
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MHOKAIOTCA, a8 KMHTeP(HEPUPYIOT aMIUIUTY Abl BEPOAT-
HOCTH» COBEPUIEHHO TaWHCTBEHHBIM 00pa3oM (KOHEY-
HO, UMEHHO TaK, KaKk MOW aMIUIMTY[bl BoiH). B ox-
HOIt caMoil cBeweill pabote [aitzeHGepra maxe Mow,
CTOJb OCMEAHHbIE BOJHOBbBIE MAKETHI, HAKOHEI] HAILIU
COOTBETCTBYIOIIYIO TPAKTOBKY KaK «MAKEThl BEPOAT-
HOCTH». ITO 0COOEHHO KOMHUYHO. JTO MO#HO BbIpa-
3UTh M TaK: BepOATHOCTb BopHa (TouHee: KBaipart-
HbIl KOpPeHb U3 Hee) — JIBYXMEpPHbI BEKTOp, U CIO-
HeHue JOMHKHO IPOBOJUThLCA BeKTopuaibHo. [lonaraio,
YTO YMHOMEHUE ellle CloMHee.
3acuM, o 60 beit Bone, ymonkaio. Ecau nelicTBu-
TeIbHO HY#HO, II0CTApalCh NPUBBIKHYTh U K TaKUM
Belam.
Henyio pyry Bamieit ramyGokoyBamaemoil cymnpy-
re...
dto — He nutata ud Yexoma, a nuchbmo Illpenunrepa, ormnpas-
nennoe 4 uwona 1927 roga uz Iiopuxa cBoemy yueHOMY cocemy
Mnanky. Co6bITUAMU, KOTOpPble MOTPACIN HPABCTBEHHbIE YCTOU
o61ecTBa U NOTpeboBanyu MOOUIU3AIUU €0 3T0POBBIX CHII, 10-BU-
OUMOMY, fIBUJIach MyGnuKanua B #ypHaie «Zeitschrift fiir Physiky
aByx crareii — Bopua [Born 1926], noctynuBiias B peaakiuio
21 utona 1926 roaa, u I'aiizendepra [Heisenberg 1927], nosaBus-
mafAcA B pefakuuu 23 mapta 1927 rogal.

Cam BopH oneHuBan cBoil pe3yihTaT Kak TPeThi0 Hopmy-
aupoBKy KBaHTOBO#t Mexanuku (Ich moéchte versuchen, hier eine
dritte Interpretation zu geben und ihre Brauchbarkeit an den
Stovorgéngen zu erproben). He o6cysaan cnpaBeannBocTy 3To-
ro yTBep#IeHud, 3aMeTUM, YTO cTaThA BopHa colep:kana Bam-
Helilllee [IA JanbHeRIEro pa3BUTUA KBAHTOBON TEOPUU BEPOAT-
HOCTHOE TOJNKOBaHUE BOJHOBON (QyHKIIMHU.

OrnpaBHoii Touko#t uccnenoBanuii bopHa craio menaHue no-
HATbH Ha HOBOM YPOBHE CTPOrOCTH CMbICH BIHIITERHOBBIX MPU-
3payvHbIX Moleil, TouHee rOBOPA, 3aMedaHue JUHIITEHHA O COOT-
HOIIEHUH 3JIEKTPOMATHUTHOTO MOJNA W CBETOBBIX KBAaHTOB. JifH-

MpaBna, NosBIeHUe TAaKOTO MUCEMa MOMHO CBA3aThb elle M C TeM, UTO
B 1927 rogy Ilnank ymen B oTcTaBKy, u36paB cBouM npeemHukoMm Illpenun-
repa.
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HMITeH cYUTal, YTO ToJie «NPOKJIaAbIBaeT MyTh» CBETOBBIM KBaH-
TaM. ITH I10J1A ONpefeAI0T BEPOATHOCTh HAliTH B cUcTeMe KBaHT,
KOTODBII IEPEHOCUT BAOJIb 3alaHHOr0 Iy THU UMIYJIbC U SHEPTHUIO.
CaMu e MojifA, MOCKOJIbKY OHM IpHU3payHble, He o0i1afaloT HU
sHeprueil, Hu ummnyiabcoM. I[locne Toro, kar ge Bpoitnb ycTaHo-
BWJ aHaJOTUI0O MeMy yYacThllaMU U BOJIHaMM, U Oblia BBeleHa
B ob6pamenue U-pyunrnua, Bopu npeamonoskun, yro V-dpyHRIUuA
MOKeT ObITh «IIPpU3PauyHbIMY», UM, NyUlle CKa3aTh, <BeAYyHIUM IO-
aemy (Fithrungsfeld) yactunsi. B aTo ciyyae kBagpaT Moayis dy-
phe-o6pasza W-¢GyHRIUU TONMEH UMEThH CMBICI BEPOATHOCTH TOTO,
YyTo yacTuna B «coctoAnuu ¥y 6ygeT o6iaajaTb UMIYJIbCOM, COB-
najalouyM ¢ aprymeHToM ¢ypbe-obpasa. Taroe 3ariioueHue He
MOeT BbI3BaTh ocoOble Bo3paseHusa. Ho ecnu 3To Tak, To KBaj-
pat Moayna camoit W-¢dyHKIuU, 6yayuu ¢ypbe-o6pa3oM CBOETro
o6pasa ®yphe, T01xKEH UMEThH CMBICI INIOTHOCTU BEPOATHOCTHU TO-
ro, YTO KOOPJUHATHI YacTUIIbl PABHbI apIyMeHTY 3Toil PyHRIUU.
BopH chopmyampoBan cogepxanue cBoeit paGoThI clieAyIOMUM 06-
pasoM:
BeJlylllee ToJie TPeJCTaBIAeTCcA cKanfapHoil pyHkuueit ¥, 3a-
BHCUMOCTb KOTODOI OT KOOpAMHAT BCeX YacTHI] U OT BpeMme-
HU ycTaHaBiuBaeTcsa ypaBHeHueM Illpeaunrepa. Ilytu uac-
THULl ONpefelfeTcA He CTONb TOYHO, KaK DHEPrud U HUM-
nynbebl. IX MO#HO oXapaKTepu30BaTh JMUIIbL BEPOATHOCTHIO,
olnpefenfgeMoii 3HaueHreM aprymeHToB ¢yHRIuu ¥. MosHo,
HECKOJIbKO NapafioKkcalbHO, BbICKA3aTh clefylollee: ABUME-
HUe 4acTUIbl ONUChIBaeTCA B TEDMUHAX paclipe/ielieHUA Bepo-
ATHOCTH, HO caMa 3Ta BepOATHOCTh U3MeHAeTCA BO BpeMeHH!
MPUYMHHBIM 06pa3oM (3TO 03HAYAET, YTO 3HAHHE COCTOAHUA
BO BCeX TOYKaX B HEKOTODPbIIi MOMEHT BpeMeHU OlpefiesfeT
COCTOAHUA BO Bee MOCHeyIolie 3HaUYeHUA BPEMeHH ).
Ilocne Toro, kar U-pyHKUUA Modyuyuia BepOATHOCTHYIO MHTep-
[peTalnulo, HeTPyJHO cHOPMYJIUPOBaTh [IpaBuJja BbIYUCIeHUA Yu-
cesl, KOTOpble MO{HO TOJIKOBAaTh KaK cpeJHUe 3HaUeHUd dpusnyec-
KuX BenuuuH. llpeamnonoskuM, 4To KakKUM-TO 0O6pa3oM MOy UYEeHO
HEKOTOpOe IKHeliHoe quddepeHnraibHoe ypaBHeHue (HanmpuMep,
ypaBuenue [llpenutrepa), koTopoMmy ynoBieTBopaeT V-byHKIMA:

(TO)(z) = t(x).
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YMmHoM#an o6e yacTu ypaBHeHus Ha ¥*(x) U UHTErpupyf, momy-
YUM PaBEHCTBO

/\If*(a:)(f\Il)(a:) dx = /t|‘l’($)|2d$:t/|\I!(:1:)|2 dx.

Ecnu U-dynkuua HopmupoBaHa Ha eqununy, To |¥(z)|? umeer
CMBIC TUNIOTHOCTHU paclpeieieHus nepemMenHoii . [IpaBbiit unTer-
pai B mpeIbIayliell CTpOUKe paBeH YUCIY f, KOTOPOE 10 CMBICTY
PaBHO HEKOTOPOMY TOYHOMY 3HAYEHMIO BednuuHbl T', ¢ KOTOpoii
cBAsad oneparop T. CpedHWii HHTerpal Mo CMBICIY paBeH Cpej-
HeMy 3Ha4YeHHWIO BelnuuHbl T, KOTOPOE B JAHHOM Clydyae PaBHO
CBOEMY TOYHOMY 3HaueHH0. PaBeHCTBO, CBA3bIBAIOIIEE ITH BENU-
YUMHBI C IEBBIM MHTErpaNoM, MOKa3bIBaeT, KaK BhIPA3UTh CpelHee
3HauyeHue B Apyroii popme. Ilocine 3TOro Mo#HO OTOPOCUTD yCiI0-
BUe, uT0 ¥ — 3T0 cOOGCTBEHHbBIN BeKTOp onepaTopa T, ¥ MPUHATE,
KaK MOCTYNIaT, YTBEPH# IeHue:
cpenHee 3HaueHue BeauuuHnl T,
¢ KOTOpPOii cBA3aH JUHelHbII onepaTtop T,
BBIUMCIIAETCA M0 popMyiie

(T) = /w*(x)(fxy)(x) dz, /|lI'(:E)|2da: =1.

Rapoe cpenHee sHaYeHNe 3aBUCUT OT ABYX BEIMYHH — olle-
patopa 7', cBA3aHHOrO ¢ (pU3NYEeCKO}l BeIUUMHON, U He3aBUCH-
meii oT 3Toil BennmuuHbl W-¢yHKnuu. Ee ecTecTBeHHO cBA3aTh
C BO3MOKHBIM COCTOIHUEM cucTeMbl. HempoTuBopeunBocTh Ta-
KOro onpejeieHuf TpebyeT 0co60ro cBoiicTBa KBaHTOBBIX COCTO-
AHuil. JIuHeitHble onepaTopsl 06J1aJal0T CBOMCTBOM:

T(c1¥1(x) + c205(2)) = 1T () + 2T Vs ().

Ecnu yurath 3TO paBeHCTBO cripaBa HaleBo, TpeGyda, YTOOBI
BCe BXOjAlMe B Hero GYHKIUU CBA3BIBAIUCH C KaKUM-1UOO CO-
CTOIHUEM CHUCTEMbI, TO IPUETCA NOTPE6OBAThL, YTOOBI COCTOAHUA
HOAYUHANUCH NPUHYUNY CYNePnouyuL:
Ecau ¢oyurmuu ¥; u ¥,
COOTBETCTBYIOT HEKOTOPBIM COCTOAHHAM CHUCTEMBI,
TO YHRUUA c1 ¥ + c2 P
TaK3Ke COOTBETCTBYEeT HEKOTOPOMY COCTOAHUIO CHCTEMBI.
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[lonyyaeTcsA, Ha mepBbIii B3TNAM, BIOJNHE yIOBIETBOPUTEIb-
Hafd cXeMma M3J0MeHUA KBAHTOBOI MeXaHUKH, IPU KOTOPOU MpeH-
Jle BCEro OMpeJelNdAiOTCH BOIHOBble (QYHKIHNH, MOCTYIUPYETCA
OPUHIKN CyTnepno3unuu (¢ GONbHIMMH [JeTanAMH, 4eM [JaHbl
31ech). OHa ¢ TeMU WM WHBIMU BapUalUAMU HCIOIb3yeTCA 1A
BBeJIeHUA B IpeJMeT B GONbIIUHCTBE YUeGHUKOB.

dTU yTBep#IEHUA COCTABIAIOT COJiepaHue TaKk Ha3bIBaeMO-

r0 NPUHYUNG CYNepnosuyul COCMOAHUL — MONOKUTEIbHOT0

NPUHIUNA KBAaHTOBOM MeXaHUKHU.

Jaunpay, Jdudmun 1989

IIpaBna, MMeHHO TPU TAKOM HM3I0#EHUU KBAHTOBafA MeXaHU-
Ka CTaHOBUTCA Mallo M0X0eil Ha KilacCUYecKylo — cHavalia BBO-
IUTCA TMOHATHUE COCTOAHMA, a 3aTEM yie Bce ocTaibHoe. Hiac-
cuveckan QU3NKa HAUMHAET C ONpeJeleHNA TUHAMUUYECKUX Tepe-
MEHHbBIX, ¥ TONbKO OTOM MEPEXOAUT K MOHATHIO COCTOAHUA.

OcraetrcA n06aBUTh, YTO NPUHLHUI CYNEPNO3UIUM KaKk ca-
MOCTOATENbLHBIM TPUHIUI TEOPUH CTAHOBUTCH WUIMUIIHUM, €CIU
HayaTh H3M0KeHHe KBAHTOBOW MeXaHWKHU C yTBEp#AEHUH, UTO
IVMHAMUYECKUM [epeMeHHbIM J[OJ#HbI COOTBETCTBOBAThL JUHEH-
HbIe OIepaTophl, AeHCTBYIOIME B I'HILGEPTOBOM IPOCTPAHCTBE.
B 3TOM ciyuyae NpUHINI CYNepIO3ULUU COAEPHUTCA B ONpe/ene-
HUU 06/acTH [eiicTBUA 0NepaTopoB.

B nnogoTBopHOCTH cBOelt Touku 3peHusa BopH, noxanyii, me-
Hee, 4YeM KOro-HuGynb, ybequn cBoero apyra JiiHmTeiina. [lone-
MHKa Ipojjoi#anach BILIIOTh 40 50-x rogoB. BopH nucan JitHmTei-
Hy 4-ro ceHTA6GpaA 1950 roga.

Ipyroe 3ameuanue oTHocutcAd K Y-pynruuu... To, uto ¥

ONUCHIBAET COCTOAHUE HeKOll CUCTEMbI — 3TO TOJILKO 060pOT

peuu (B anrauiickom nepeBoge — To say that ¥ describes

«state» of one single system is just a figure of speech”), rak

GbiBaeT B oGuxoaHoi musuu: « (uyenoBex B Bo3pacte 67 net)

oskujaio, 4To npomuBy 4-3 rogar. To #e camoe oTHOCUTCA

U K BbICKa3bIBaHUIO 06 OTAENIhHON cucTeMe, OJJHAaKO OHO Oec-

CMBICIIEHHO C TOYKM 3peHUA 3KcnepuMenTa. Beapb nogpasyme-

BaeTCA KOHEUYHO IPyToe: BO3bMU MHO#ECTBO HHAUBUIYYMOB,

KamIoMy U3 KOTOphIX 67 NeT u moacuuTail, Kakoil MpPOLUEHT

U3 HUX MPOMHUBET 3a/laHHbI cpoK. IMeHHO TakuM o6pa3om

A Bcerja NoHMMaio uHTepnperanuio |¥|2.
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BopH cropee HenpaB, yeM npaB. B ero paccy#aeHUAX CoONepRUTCH
TUNIMYHaA HeOpe#HOCTh NIPU ONpefieleHUH MOHATUH B «00MXOJHOM
#us3Hmy. Benb Hauano ¢pasel 0 CPOKe HU3HU NOApPa3yMeBaeT Ha-
nuyue NpuMepHO TakuX cBefeHuit: «f, npodeccop yHuBepcurera,
[poOBeAlIUii #U3Hb B CpPeJlHEeM JocTaTKe, He 0oJeBIIUI cepbe3-
HbIMU GonesHAMH...» (a He: «fI, pyJokon Ha anMasHoOil maxrte
B Hamu6uu, Mou npenku Bcerjia Hefoenanud U GbLIM MOJBepiHie-
HbI THMEIbIM TPONUYECKHM GOJE3HAM. . .»). IMeHHO Takoro po-
Jla cBeleHUA BBIJENAIOT OTJeNbHYIO CUCTEMY U ONpPeeNAloT cTa-
TUCTURY NPOJOIMUTEIbHOCTU #U3HU, U aHAJOTUYHble CBeleHUA
onpefenfloT Habop KBAHTOBBLIX YHCEN, BBIAENAION[UX YUCTOE CO-
CTOAAHMEe, KOTOPOMY COOTBETCTBYeT BoJHOBasA pyHKUUA. BonrHoBas
(yHKUMA onlpefiendeT He abCOMIOTHYIO, 8 B HEKOTOPOM poJie YCJIOB-
HYy'!0 BepoATHOCTE. I[lo aT0it npuuune [ait3enGepr npugepxuBaica
TaKkoil TOYKU 3PEHUA:
fl npeamounTan UCXOAUThL U3 TOTO, YTO KBAHTOBAaA MeXaHU-
Ka B TorjaliHeil ee ¢gopme yie npeanucbiBaia Gpu3ndecKyio
WHTepIpeTaluio JJiAd HEKOTOPbIX ee BelIU4YUH, — HalpuMep,
[JA CPeJHUX BPeMeHHbIX 3HaUeHUll S3HEPTUHU, 3IeKTPUUECKO-
ro MOMeHTa, UMIyJbca. .., I0-BUJUMOMY, y#e He OocTaBa-
Joch HUKaKoi cBo6OAbl GU3NUYECKUX HHTepnpeTanuil. Mue
CKOpee Ka3alocCh, YTO HA OCHOBE y#e JOCTUTHYTOH 4YacTHOU
HMHTeplpeTalnuy eCTb BO3MOKHOCTb [I0CPEACTBOM YETKHUX JIO-
TMYECKUX YMO3aK/IIOUeHUil NpUNATU U K BepHOil obuleil MH-
Teprnpetanuu. Ilo 3Toii. .. npuuMHe — KCTaTU cKa3aTh, CO-
BepIIEeHHO HallpacHO — f [JOBOJbHO HeOJ0OpHUTEIbHO OTHeC-
cA K pabore BopHa, camoii mo ceGe MpeBOCXOAHOM, I'le OH
TpPaKToOBal INpolecchl cToNKHOBeHUuA mo mMetony lllpeaunre-
pa, BblIBUTasA TUNOTe3y, YTO KBaApaT MIpeIUHIePOBCKOIl BOJI-
HOBOIl (DyHKLMU BblpaxaeT Mepy BepPOATHOCTU HaXOHJeHUA
3JeKTPOHA B JaHHOM MecTe. fl cunTan coBeplIeHHO NPaBUIb-
HbIM Te3uc BopHa, oJHAaKO MHe He HPaBUIOCh, YTO OH BBI-
rasajfel Tak, OyATo 3[ech ellle coXpaHAlach HEKOTOpaf CBO-
6ona uctonkoBanud. fl 6v11 ybempaeH, yTo Teauc bBopHa He-
06X0aMMbIM 00pa3oM BbITEKaeT U3 y#e yCTaHOBJIEHHOH WH-
TepHpeTaluy clelualbHbIX BeIUYUH KBaAHTOBOII MeXaHUKU.
dTo yGesieHue elle 6olee YCUIUIOCh O1arogapa JBYM BeChb-
Ma MJI0ZOTBOPHLIM MaTeMaTHUecKUM UcciegoBaHuAM Jlupa-
ka [Dirac 1926] u Hopaana [Jordan 1926].
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Mos#HO MOHATbL MPUYUHY TOro, uTo ['ait3eHGEpr HeJOOUEHUNT ATY
pa6oTy: paGotsl Hopaana u Jlupaka GpakTHUeCKH 3aM0#UIH OCHO-
Bbl MaTeMaTH4YeCcKoil (OPMYJNUPOBKM KBAHTOBOW MeXaHWKM Kak
TEeOpHUH OMEepaTopoB B ruiibbepToBOoM mpocTpancTBe. [IpaBaa, Kak
o6bIyHO, meno He oGoimitoch Ge3 Ilaynau. Mopman B cBoeit cTa-
The ynoMmuHaeT o nucbMe Ilaynu!, B rotopom Ilayiau mpemno-
JUI CBOE TONKOBaHME NMIPEIMHIePOBON BOMHOBON GOYHKIMM: eciiu
byHrUUA ¢p,(¢) — HOPMHUPOBAHHOE HA €IUHHIY pelleHue (cTa-
unonapHoro) ypabHenua Illpeaunrepa, To |¢,(q)|?> dg — 370 Be-
POATHOCTHL TOr0, YTO KOOPIMHATA YACTHUIILI IPUHUMAET 3HAUEHUA
B uHTepBaie (g, ¢ + dq), IpU YCIOBUH, YTO €€ COCTOAHUE OINpe-
JelfieTcA KBaHTOBbIM uucioMm n. [laynu, kak coobmun HopaaH,
u3obpen u Gojee OGI[YI0 KOHCTPYKIMIO: eclid q U 3 — OBe 3p-
MUTOBbI KBAHTOBOMEXaHUUYECKUE BelIMYMHBI, CYNIECTBYET TaKaf
dynruua ¢(q, 3), uro Benuuuna |¢(qo, Bo)|* dqg ABaserca (oTHO-
CUTENbHON) BEPOATHOCTLIO TOT0, YTO MPU 3aJaHHOM 3HAYEHUU
BeIWUYUHbl 3 = [Jy — 3HAYEHUA BEIUYWHBLI ¢ JeMKaT B HUHTEp-
Bane (qo, go + dq). Haynu nassan ¢pyuruuio ¢(q, 5) amnaumydot
sepoamnocmu (Wahrscheinlichkeitsamplitude) u chopmymnuposan
YCIOBHA, KOTOPLIM OHA [OJHA yIOBIETBOPATh:

1. ®yurnusa ¢(q, B) He 3aBUCUT OT JUHAMUYECKUX CBOWCTB
CHUCTeMbl, ycTaHaBIMBaA UYHUCTO KUHeMaTHuyeCcKHe COOTHOIIEHUS
MeH /Iy BeluduHaMu q u 3.

2. Ecniu 9(Qo, go) — aMminuTyna BEPOATHOCTH, BbIUUCIEH-

Haf npu 3HaueHUAX @ = Qo u ¢ = qo, To ammauryny ®(Qo, So)
MOHO MPeJCTaBUTh Kak WHTerpai

(Qo, fo) = / $(Qo, )b(a. Po) da,

B KOTOPOM HMHTerpHpoBaHUe 110 ¢ paclnpocTpaHfAeTcd 10 obiacTu
onpezeleHuA 3TON NepeMeHHOM.

HNnaue rosopsa, umenHo I[laynu BBen B KBaHTOBYIO MeXa-
HURY ujeu runbGeproBa npoctpaHcTBa. I[lpaBna, cucremaTuuec-
KOe HCIOIb30BaHUE 3THX NMOHATHUN Havamoch ¢ paboT ['manbepra
u ¢oH Heiimana.

Mucemo naTuposano 12 ampena 1926 r. u omy6nukosaHo Ban mep Bape-
HoMm [Van der Waerden 1973].
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OnHako cpeaHecTaTUCTHYeCcKOro ¢u3NKa GOpPMYIUPOBKA
Bopna, no-BuauMoMy, OKOHYATEIbHO CKIOHHUIA B CTOPOHY KBaH-
TOBOIi MeXaHUKH: €CTh YTO-TO, Y/OBIETBOPHAIOI[EE YpPaBHEHUIO
BTOpPOro MopsAfiKka (BMecTo ¢ CTOUT &, HO 3TO He BajHO), BO3Be-
IeM 3TO0 YTO-TO B KBaJpaT U MONYyYUM BEPOATHOCThH KOOPAUHATHI.
C Tem, 4TO yacTUIla B KBAHTOBOW MeXaHHKe OKa3bIBaeTCA pa3-
MBITO}, IPUMUPUTHCA ObLIO Jierde, YeM C KAKUMH-TO «BONHAMU
maTepuny. O cmbicie U-pyHKIUN 0COGEHHO U [yMaTb-TO He HAJO.
[loaTomy, xots noctpoenusa BopHa NonzkHbI GbLIN MOJOPBATh TOJ-
roBanue Illpenunrepa B «ero co6CTBEHHBIX 0003HAYEHUAXY, ITO-
ro He CIy4HIOCh. ITOMY B 3HAUUTENbHOU Mepe crnocoGecTBOBaNA
cBA3b U-¢yHkuuu BopHa ¢ mpuspadHbIMU NonAMHU JUHIITelHa,
KOTOpafd MOrJa HaBeCTU Ha MbICIb O CBA3U 3TOU (QYyHKIUU C He-
KOTOpPLIMU MaTepuanbHbiMu nonfaMu. Pabora Bopha Haiia Bceo6-
iee Npu3HaHie, HO MO#eT GbITh, MMEHHO KaKyIIafacA MpPoCTOTa
TOJNIKOBAHUA HAMOATO 3a/iep#ana opuluaibHoe NpU3HaHKe 3aciyT
ero uzobperareif. ITo He cnocoOcTBOBaNO Ho6poayumio Bopha.

B o6nacTu KBaHTOBOII MeXaHUKH, KOTOPYIO ThI He Kalyellb,
Bce ciaBonoynTanue nepenuio Ha ["aitzen6epra u [llpenunre-
pa. Ilpu aTom l'aiizenGepr nane He 3HAI, YTO TaKoe MaTpula
(OH 6BLI MOUM a8CCHCTEHTOM, U f1 06 3TOM MOr'y CyauTh). Kpo-
Me TOro, OH ObllT y Hac B AekaGpe — MUIbIH M YMHbBIH, Kak
KOI'/la-TO, HO 3aMETHO «HAIlMCTCKU» HACTPOEHHBIN.

BopH diinmTeiiny 31.03.48

ToToBsa mepemnucky c¢ JitHmITelHOM K u3ganuio, bopu (y#e 6yay-
yu HoGeneBcKUM laypeaToM) MbITANCA CMATYMTH YYHIOBUIIHBIE
0OBUHEHUA:

Moe cy#jaenue 6b110, BepoATHO, HempaBuabHbiM. On ([ait-
3eHOepr) pasbACHUI MHEe OJHA#/Ibl, KAKUMHU ObLIN €ro pa-
GOThI B TOfIbI TUTIEpPU3Ma ¥ KaKOBbI ObLIU Clie[JOBaBIIUe U3
HUX OTHOIIEHUA ¢ paBUTeabcTBOM. TeM BpeMeHeM B 1969 r.
NOABUIOCH 00BEKTUBHOE U3II0MeHNe HEMELKUX paboT 1o pac-
H[EMNIEHUIO AZIpa B TOJbI BONHBI, IPe#/ie BCEr0 aHTIHIICKOro
ucropuka Jasuna Upsunra [MpBuHr 1969], B KoTopoii Ha-
XOJIAT MOATBep#IeHre Bbicka3biBanud ['aitzen6epra u onpas-
IbIBAETCH €ro moBejeHue.

Ilo-BuauMomy, B HoAbpe 1954 roga BopH nmonyuunn nosjgpaBineHue:
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A. JliHwmerln
Mepcepcmpum, 112, IIpuncmon,
Hvio-[[scepcu, CIIA
Oe3 damut

Iloporoii BopH!
fl 6bi1 oueHb pajg TOMY, YTO Thl XOTb U C HEMOCTHUHU-
MbIM omno3fgaHueM noiyuui HoGeleBCKyro mpeMuio 3a TBOM
¢yHIaMeHTaNbHBIA BKJIAL B COBPEMEHHYIO KBAHTOBYIO Teo-
puto. TBoA nocnefoBaTenbHasA cTaTUCTUYECKad UHTEPIpPeTa-
1A ONUCAHMA ChIrpaia pelaollyio polib B MPOACHEHUU MO-

HUMAaHUA.

CrazaHHOe NpeJCTaBIAeTCA MHE COBEPIIEHHO HECOMHEH-
HbIM, HECMOTPA Ha Haily 6e3pe3ylbTaTHYIO MEepPEeNucKy Io
3TOMY BOIpPOCY.

Hy, a k Tomy #e JeHb['d B TBEp/AOW BaliOTe, OHU TOHE
He JHIIHU, KOT/Ia OTIPAaBIAellibcA Ha MOKOii.

C cep/ieYHbIM PUBETOM U MOMeNaHUAME Tebe U TBOel #eHe.
Teoti A. JtiHwmeiin

BOpH KOMMEHTHUPpOBaJ no3apaBjeHle JOBOJbHO CAepHaHHO.

To, uto MHe He Oblna npucysjeHa HobGeneBckaa npemus
onHoBpemenHo ¢ laitzen6eprom (1932 r.), mpuuyMHUIO MHe
B TO BpeMA 00jb, HECMOTPA Ha MOIyYeHHEe NPEKPAcHOro
nucbma oT lait3enbepra, HO 3To 4yBcTBO ObLIO Ipeojole-
HO, TIOCKOJNIbKY fl TIOHMMal NpeBocXoAcTBo ['aii3eHGepra Ha-
Oo MHOii... Tem Goiee HEOUAAHHBIM M PaJOCTHBIM OBLIO
U3BeCTHe O MPUCYKJEHUU NMPEMHU ellle U MOTOMY, YTO 3Ta
npeMUA NpHUCYH#JeHa MHe He 3a MoOil BRJIaJ B COBMECTHYIO
¢ Taitsen6eprom u Hopnanom pa6oTy, a 3a NpeaoxeHHOe
MHOIO CTaTUCTUYECKOE TOJNKOBaHUE IIPEINHIePOBCKOI BOI-
HoBo#t ¢yHRUUU. To 0o6cTOATENLCTBO, UTO 3TO NpU3HAHUE
NPUIILIO C OTI03/]JaHueM B 28 JeT, He yAUBUTENbHO, IOCKOIbRY
Bce BeluKUe QU3NKY MEPBOT0 MEPHO/ia Pa3BUTUA KBAHTOBOI
Teopuu ObLIM NPOTHUBHUKAMU CTATHCTHUUYECKOTO TOJKOBAaHUA
(Ilnank, ne Bpoias, llpeaunrep u — nocienHuii B ux 4uc-
1e — cam ditnmTeiin). [IIBeackoit akageMun GbLIO He MpOC-
TO BBICTYIIHUTH NPOTUB 3TUX BIUATEILHBLIX 0OJ0COB, TAK YTO
MHe 0CTaBaJoCh #AaTh [0 TeX MOp, MOKa MOU UIeH He CTa-
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HYT AocToAHUeM ¢u3NKoB, — He 6e3 nomouu Hunnca Bopa

U ero KONleHrareHCKOH IIKOJbl, KOTOPOI MOYTH NMOBCEMECTHO

CeroJHA NPUIMUCLIBAIOT CO3/]aHHOE MHOIO HalpaBileHHe Hjei

B (pU3UKe.

OnHako BepHeMcA K 1927, Korjia Harpazabl TOIbKO ORUAANN yUyacT-
HUKOB KBaHTOBOI'O CTPOUTENLCTBA, U CTAaThU OLIEHUBAINCH, IIaB-
HBIM 00pa3oM, 10 UX Hay4YHOU [EHHOCTHU.

Pesynbrar BopHa, Kak K HeMy HH OTHOCUThCH, CTal OT-
NnpaBHOW ToYKol paccysaeHuit I'aiizenbepra. IlycTs BonHOBasg
obyuruua («Begyman ¢yHruua» BopHa wiu Gonee G6auskoe Iaii-
3eHOepry BbIpaeHHIo «amiutyna BepoaTHocTwy (Wahrschein-
lichkeitsamplitude) — TepmuH, HaBeAHHbI ['aitzenGepry pabo-
tamu JTupara [Dirac 1926], [Dirac 1927] u Hopaana [Jordan
1926]) 4acTUIIbI C OJHOI cTeneHbio cBOOOAbI 0003HAYAEeTCA CUM-
BoioM S(1), q), Tle ¢ — KOOpPJUHATA YaCTHUIlbI, a 1) — Napamerp,
BBIJIEJAINN TaHHYI0 BOIHOBYIO ¢yHKIU0. Ecan

(a—d)
S ~ <_7 iy —dq )
(n, q) ~ exp o0 5P (¢—4q)),
rje mapaMmerp g — 3TO HeONpeJeleHHOCTh KoOpAuHaThl, ¢/ —

ee cpefiHee 3HaUYeHUe, TO MJIOTHOCTh paclpe/ieleHuA KOOPAUHATHI
paBHa
1\ 2
(¢—q) )
— )
q1

AMI'IJII/ITy,Ila BEPOATHOCTU UMITYJIbCa OllpeaelIAeTCA BbIpame-
HHUeM

S*S ~ exp(—

S, p) = / S(n, 0)S(q. p) da,

rue .
S(g, p) = eXp(Z%q)-

Boeruncnenue HHTerpanga nNpuBOoAUT K BhIpameHUIO

p_p/2 ] '
S(n, p) NGXP<—% + 54 (p—p)),
1
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rge napamMeTprl p; U p/ HMEIT CMBICJ HEeOllpeJeJeHHOCTHU U cpel-
Hero 3HadyeHud uMiryJjabca. IInoTHOCTB pacnopenelieHuAa uMnylJibca
omnpenejifeTcd BbIpaxKeHueM

1\2

§*§ ~ exp(—L—L1).
1

TakuMm oGpa3oM, HeolpeleleHHOCTH paclpeleleHUil UMIyibca

U KOOPpAWHAaThI CBA3aHbLI COOTHOLIEHHUEM:

p1q1 = h.

ECJ'II/I ucciegoBanuda BopHa 3aMeHA/IM HajyMaHHbI€ TOJKOBaHUA
IlIpengunrepa AcHbIMU PU3UYECKUMHU (DOPMYJIMPOBKAMHU, TO pe-
syanaT I‘afz’lseﬂﬁepra He O0CTaBJIAJl HUKAaKUX HajgexJ Ha BO3MOM-
HO€ NeTepMUHHUCTUYECRKOe 00BbACHEeHUe ABJIEHU B TepMUHax TOU
#e U-pyHrnuu. [aiizenbepr gan u3fAnIHOE JOKA3aTelbCTBO TOIO,
qyTo HeOl'Ipe,[le.TIeHHOCTb HOOp,E[I/IHaTbI CBOﬁOZ{HOﬁ YacTuubl yBe.TII/I-
YuBaeTcCA C yBeJlWYEeHUeM BpPEMEHHU. HOCP{OJIbPiy raMujJbTOHHAH,
Ol'II/ICbIBaI'OIJ.II/Iﬁ J3BOJIIOLI IO TaKkoi JacTullbl, paBeH
H =39

TO 3@aBUCUMOCTH OT BpeMEHI/I onepaTopOB I/IMl'IyJIbca u I{OOp,IlI/IHa-
ThI ollpeefAeTCA ypaBHeHUAMUA

dg _ 1. dp _
E_mpv E—Ov

UMeEIOIIUMHU pelleHuA

~ 1~ ~ ~ o~
q = ;;Pot +do, P = Po,

r'fle onepaTopbl ¢ UHJeKkcaMu () 03HAayalOT COOTBETCTBYIOLINE Be-
JIUYUHBI, 3a/laHHble B MOMeHT ¢ = 0.

YT06BI MEPENTH K CPeJHUM 3HAUEHUAM, BOCIIOJIb3Y€EMCH TEM,
yTto onpepnenenHas [lupakom u Hopnanom dpyHruuA npeodpasoBa-
uusa S(qo, q), NepeBojAlIaA MaTPHI[bI, 3aBUCAIINE OT o B MaTpH-
IbI, 3aBUCALINE OT ¢, YIOBIeTBOPAET ypaBHEHUIO

(_ith 0

m 3o + QO>S(QOa a) = 45(qo0, 9)-
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U3 sToro ciaenyetr, 4To

im [(q— qo) dao.

S(qo, q) = Cexp W

3uauenud S(n, q) u S(n), go) CBA3AHBI COOTHOLIEHHEM

S, q) = / S )50, 0) ddo,

IIO3TOMY ecin

_ (0-4d) i, ,

S, q) = CeXP(—qu — 5P (00 —4q )),

TO ;
(o= dor-04) (1 )
S(n, =C P

(m 9) P 2q:*(1+ %)

rue
5= thz'
mq:

TakuM o6pas3oM, IMIOTHOCTb paclipefeleHUA KOOPAMHATHI B MO-
MeHT { onpelenseTcAa GOpMYJIOi

~ (-~ )’
a’(1+ 5%

TaiizenGepr yTBep#al, YTO HOLYYEHHbIE UM COOTHOIIEHHA
ABIAIOTCH MPAMBIM CJIEICTBUEM NEPECTAHOBOYHBIX COOTHOIIEHUI
Me/Iy olepaTopaMH HMIYJbca U KOOPAMHATHI. JTO IEeHCTBU-
TeIbHO TaK, MOCKONbKY I€PecTaHOBOYHbIE COOTHOLIEHHA OIpe-
AenAT GU3NYecKUil cMbIca cBfA3d VU-QYHKIUM B KOOPJUHATHOM
IpocTpaHCTBe U ee pypbe-obpasa. OnHako cymecTByeT Golee fic-
Hoe U (Ha MepBbIi B3raAn) Gojlee TOYHOE [OKA3aTENbCTBO 3TOrO
yTBeps#aenusa [Robertson 1929]. Ilycts AubB— camMmoconps-
#eHHble onepaTopbl u (A), (B) — cpenHie 3HaYeHUA COOTBET-
crBytomux Habnonaembix A u B. Ecan [Z, E] = —iC, 1o ome-
patopsl @ = A — (AVE u b = B — (B)E tarsme OyayT camoco-
NpAMEHHBIMH, U Gy/leT CIpaBeInBO COOTHONIEHUE [a, 3] = —iC.

S*(n, ¢)S(n, q) = Cexp
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CpenHue 3HaYeHUA KBaApaToB BEIUYUH a U b paBHLI AMCIEpPCUAM
BeanuuH A u B:

(a®) = (4%) = (4)" = (A4)*, (W) =(B) —(B)’ = (AB).

IIycte A — pmeiicTBuTenbHOe ynciao u D = a+ iAb. CnpaBen-
JIMBO COOTHOIIEHUE

(D*D) = X2(b%) + A(C) + A%(a®) > 0.

JleBag yacThb 3TOro HepaBeHCTBa OOCTUraeT MUHUMYMa MpUu A=

= —%, YTO MPUBOAUT K HEPABEHCTBY

AAAB > %(6).

OnHarko KamyinascA OGIMHOCThL BbIBoga PoGepTcoHa TauT
B cebe 0MacHOCTb OMKGOK. ITO CBA3AHO ¢ TE€M, YTO ¢ UMEIIUMU
(u3MYeCcKUli cMbICI BeIMYMHAMYU KBaHTOBafA TeOpHA, KaKk MpaBu-
110, CBA3LIBAET He02PAHUYEHHble AUHelHble onepamopbl, NelicTBHe
KOTOPBIX Hellb3fA ONpeleldTh BO BCeM MPOCTPAHCTBE COCTOAHMIA
cucteMbl. TouHOe onKcaHue TAKUX ONepaTopoB TpebyeT BBeIeHUA
HOHATHUI 06aacmb onpedeseHus Onepamopa U 06AACTMb 3HAYEHUL
onepamopa. IlepecTaHOBOYHbIE COOTHOIIEHUA MOMHO ONpEIelUuTh
JWIIb [JIA TAaKUX OIEepaToOpOB, Y KOTOPBIX COBIAJalOT 06IacTH
onpejeieHud U 3HadyeHuii. OmepaTopsl UMIyJIbca U KOOPAMHATHI,
K CYacTblOo, TAKUM CBOMCTBOM o6iaagaioT. ['oJ clycTA aHaloruy-
HbI BBIBOJ COOTHOIIEHHA HeONpeleleHHOCTell HeCKOIbKO MHOIO
BH/JA U Ha TOM e ypPOBHE CTPOrocTH, uTo Gbuia y PobepTcona,
ony6auroBan [lIpexunrep [Schrédinger 1930]. Oxnako npu Tox-
KOBaHUU CMbIC/IA 3THX COOTHOIIEHMI NMPOU3OIUIA yIUBUTEIbHbIE
co6brTuA. s cBoGomHo aBuzkymieiica yactunbl [llpegunrep mo-
Jy4aeT Te e COOTHOIIEeHHUA, YTO U paHee ['aitzeHbepr:

(80)? = (Ago)? + L (Apo)? + oL ((Gofo) — 2(a0) (p0)),
m

rae Axy 03Ha4YalOT HeolpeJeleHHOCTH UMIYNbca UIM KOOpIHHa-
ThI B HavaJlbHbI MOMeHT BpeMeHH (& = 0), a Az — COOTBeTCTBY-
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Iollle BeJUYUHbI IPU IPOU3BOJILHOM ¢. le/l 9TOM HeollpeeeH-
HOCTHU B HayalbHbIil MOMEHT TaKOBbI, UTO

h
ApoAgo = 5.
2
Ilepen nHamu popmyia, onpependionas 3aBUCUMOCTb OT BpeMeHU
JeBOIl YacTU paBeHCTBA, MPUYeM Bce BEIMUHHBI, cojlepHalinecd
B MpaBoii, KpoMe BpeMeHH, — MocToAHHbIe. OlHAKO 3aTeM Ipo-

HCXOOUT HEeUYTO He COBCeM IIOHATHOE. H_[pe,Z[I/IHFep HaxoguT MUHU-
ht

9m> 2

MyM Agq Kak ¢oyHsmud Ago. On gocTuraerca npu (Ag)? =

Aq = %
B rauvecTBe 0HOI1 13 UHTEPECHBIX 0COGEHHOCTEN 3TON HOPMYIBI
IIIpenunrep oTMeyaeT «IpONOPIUOHATLHOCTb HeolpeleleHHOCTH
KOOpPAMHAThl KBaJApaTHOMY KODHIO U3 BpeMeHHU, KOTopaf Halo-
MUHaeT XOPOLIO U3BeCTHbIe KiIacCuYecKUue 3aKOHbI QPIYKTyaluny.
Tem caMbIM YKMTaTeNIO BHYIIaeTCA MbICIb, UTO COOTHOIIEHUA He-
onpefielleHHOCTell MO#HO OOBACHUThL B paMKaX KJIacCHUeCcKHUX Io-
HATUI, IPUBJIEeKaA HEKOTOPbIE CTaTHCTHUECKUE cooGpareHud. Ha
TO 00CTOATENbCTBO, YTO HeOllpeleJeHHOCTh UMIIyJbca OT Bpeme-
HU He 3aBUCUT, BHUMaHUA He obpamjaercA. PaBHbIM o6pa3oMm He
BbI3bIBAET yJUBIEHHUA U TO, UTO NOcTOAHHaA Ag, HaulHaeT 3aBU-
ceTh OT BpeMeHU. JTO y#e CTUIb MBIIIJIEHUA — YToObl co3/aTh
BIleyaT/eHle YHUBEePCAIbHOCTHU KIaCCUUEeCKUX 3aKOHOMEPHOCTel,
MOHO 3a6bITh 0 Joruke. Hys«Ho NpUHATE BO BHUMaHUe, YTO CO-
OTHOILIEHUe Heollpe/lelleHHOCTel MOMHOCTbIO NOJPhIBANIO0 BO3MOH-
HOCTb ToiakoBaHNA U KaKk HEKOTOPOTO «IOJNA MaTepuuy, Ha KOTO-
pom HactauBan lllpeguHrep u KoTOpoe Tak HpaBWIOCh NaTpuap-
xaM ¢usuku. MozkHo 106aBUTH cienylomee: ypaBHeHudA [aiizeH-
fepra [y rapMOHMYECKOI'0 OCLHUJIIATOPA UHTErPUPYIOTCA CTOJb
#e Jerko, KaK U 4 cBoOOJHON 4yacTHUIbI:

do

q(t) = Go cos wt — Po - sinwt,

p(t) = ’q})% sinwt + Po cos wt.
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Hepr,Z[HO NoKrasaThb, UYTO €CJU OCHUWJIATOP HaXO0OAUTCA B OCHOBHOM
COCTOAHUU, TO OJIA noboro ¢

(Aq)? = (Aqo)* = 540”.

Ha 3aBucHMMOCTb HeoNpeJeNeHHOCTU KOOPJUHATHI OCHHIUIATOPA
OT BPEMEHH «XOPOIIO U3BECTHbIE KIacCHYeCKUe 3aKOHbI GIyKTYa-
Uity noyemy-To He JeiicTBYIOT. Bipouem, 3T0 MPOUCXOJUT MO CO-
BCEM [pYToii IpUYKHE: B CIIyYae OCHMIIATOPA IPUXOAUTCA UMETh
JIello CO CTalUOHAPHBIM COCTOAHHEM — COCTOAHHEM, B KOTOPOM
Huyero He npoucxoaut. [Ipo Takue coctoAnudA GyeT ckaszaHo He-
MHOro nosgHee. JlononHUTENLHBIM MOBOAOM 1A anob [llpeaun-
repa 6bLI0 TO 06CTOATENLCTBO, YTO ['aii3eHGepr MUMOXO/IOM pas-
PYLIMI €ro cXeMy CBAI3M MUKPO- U MaKpPOCOCTOAHUU.

Ilepexon OT MHKEpO- K MaKpOMexaHUKe y#e oOcymmaicd
IMpeaunrepom [Schrodinger 1926f], onnako A He Hymalo,
yto paccymjaenus IlIpeguHrepa cOOTBETCTBYIOT CyTHU e-
Ja, ¥ BOT moyemy: coriacHo IlIpenunrepy, cymma coGCcTBeH-
HBIX KOJeOGaHUil, COOTBETCTBYIOIUX BbICOKOBO30YH I€HHBIM
COCTOAHUAM, JOM#HA 06pa3oBbIBATh HE CIMIIKOM GOIbINOM
BOJHOBOII TMAKeT, KOTOPbIii, MEPUOAUYECKU MEHAA CBOM pas-
Mep, OCylIecTBAAeT MepHOJUYecKoe [BUMKEHHE KiIacchyec-
Koro 3nexTpoHa. [[poTHB 3TOr0 MOMHO clelaTh cliegyloiiee
Bo3paseHue: ecin Gbl BOMHOBON mMakeT obiajfaji OMMCAHHBI-
MU 37eCb CBOWCTBAMH, TO HCIIyCKAaeMOe aTOMaMu HU3Iyde-
HME MOMHO ObLI0 ObI pas3ioxuTb B pAx Pypbe, B KOTOpoM
YacTOThl 0GEPTOHOB ABJIANUCH IEILIMU KPATHBIMHU YHCIaMU
OT OCHOBHOI 4acToThl. OfHAKO, COrIacHO KBaHTOBOW Mexa-
HUKE, YacTOThI HUCIYCKAEMbIX CMEKTPalbHbIX TUHUN HUKOT-
Ia He ObIBAIOT IENbLIMU KPATHBIMH OT OCHOBHOW YacCTOTHI,
3a UCRIIOUeHNeM 0c060ro cliyvasa rapMOHHYECKOTO OCIUIIIA-
topa. Paccymnenusa Illpenunrepa, TakuM oGpasoM, mpuMe-
HUMBI JIUIIb K PACCMOTPEHHOMY UM CIy4ai0 FapMOHUYECKO-
ro OCHW/UIATOPA, 60 6cex Opy2ur CIydagX BOJHOBOI MAKET CO
BpeMeHeM pacIUIbIBAeTCA M0 BCEMY NMPOCTPAHCTBY B OKPECT-
HOCTHU aToMa.

Crenenb 6ecnokoiicTBa lllpennHrepa MoskHO OLlEHUTH, 3HAA, UTO



|¥|? u ApAq — sa0x03nennsie usobpemenus Bopna u IaiizenGepedd

elle roj HaszaJ OYKBalbHO TO #e CaMOe U O TOil e caMoil cTaThe
nucan JlopeHi.
IlepBoit Moeil MbICobIO MO ee MPOYTEHWU ObLIO: Teopuf,
KOTOpad ONpOBepraeT BO3paeHUA TaKUM MOpPa3UTeIbHbIM
U U3ANHBIM COcO00M, Joi#HAa ObITh Ha BepHOM myTHu. K co-
JKalleHuio, MOAl PaIoCTh BCKOpe oMpaunnack. fl He BUKY, Kak
uMeHHo BbI cMmosieTe, B ciiydae aToMa BOJIopo/ia, HAllpuMep,
MOCTPOUTH BONHOBbIE MAKEThI, IBUKYIUECH KAK 3IEKTPOHbI
(A ¥Mero 37ech B BUAY OUYEHb BBICOKHE GOPOBCKUE OPOUTHI).
Be1 He pacnonaraete HEOOXOAMMBIMU A 3TOTO KOPOTKUMU
BonHamMu. B Bamem mpumepe nuneiiHoro ocuumiaTopa Ber
uMeeTe TO NPEeUMYIECTBO, YTO pacrojaraeTe CKolb YTOJHO
KOPOTKUMHU BOJHAMHU.
Jopenny lpeaunrepy 19.07.26
IIponunarenstocts JlopeHiia, KOHEYHO, YAUBUTh HE MOMET. YIu-
BUTENbHO, YTO €ro NUChbMO KOHYaeTCH TaK:
Ecnu Ham mnpujeTcA OTKa3aTbCA OT BOJNHOBBIX MAKETOB
U BMecTe ¢ HUMU OT OCHOBHBIX u/jeit Baieit Teopuu npeo6pa-
30BaHUA KIACCUUYECKOI MeXaHUKH B BOIHOBYIO, MbI IOTEpAEM
KOe-uTO0 oueHb usdAmHoe. MeHa Obl oueHb 006pajgoBalo, eciu
661 BBl cMorau HailTH BBIXOJ.
Illpenuurep cymen yGeauTh NaTPUAPXOB B HEBO3MOMHOM —
B CBoeil CMOCOGHOCTH <(MPEBPATUTh KIACCUYECKYID MeXaHUKY
B BoaHOBY10». Credo, quia absurdum est. OgHako Monozbie JT0aH,
KOTOpbIe y#e MOCTPOUIU CBOIO Teopuio, 3actasnanu IlIpenunrepa
BOJIHOBATbCA.
laiizen6epr oTCTOAN CBOe yTBep#ileHHe O HeHaOII0aaeMoc-
T OpOUT aTOMHBIX 31eKTPOHOB. B ckopom BpemeHu HKeHHapp
[Kennard 1927] u Tapsun [Darwin 1927] ykasanu Ha elie oqHy
CUCTEMY C 9KBUIUCTAHTHBIMU YPOBHAMU — 3IEKTPOH B OHOPOJ-
HOM MarHuTHOM mode. Elle ofHa cucTemMa ¢ TaKUMU CBOWCTBaMU
onucana lonbamanom u Kpusuenkosbim [Toabaman, KpuBuen-
KoB 1955]. [lapBuH B yme yKasaHHON paoTe fan YHCIEHHYIO
OlIEHKY CKOPOCTH pPAacIUIbIBAHUA BONHOBOro nakera B aTome. OH
paccMoTpen BOIHOBOI TMaKeT, KOTOPbIil coBepliaeT mepuoguyec-
Koe [BUKeHHMe BOJIM3U KIaCCUYECKOro MyTH M OXBAaThIBAaeT 3d-
(HDEeKTUBHO COCTOAHUA C KBAHTOBBIMU 4McIaMHu OT n — k 10 n +

+ k. Ecan % — Mepuo]| KIacCHYecKoro JBHKEHUdA, TO BpeMHA ¢,
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B TeUeHHe KOTOpPOoro narneT IMpoxXxoauT MUMO OIlpeJeJIeHHOI'0 MecCTa,
omnpeaelieHo ¢ TOYHOCTBIO 10 At, IpuyeM 3Ta HeOolpelelIeHHOCTb
YOoBJIETBOPAET COOTHOIIEHUIO

wAt ~ %

ITockoabKy HeolpeeleHHOCTh PHePruu aKeTa — BelM4MHA I0-
pagka AE ~ wkh, o AEAt ~ h. Ilaket neiukom pa3masbiBaeT-
cA 10 opOuTe 3a BpemsA

1
0t ~ ——
kha’
rle a XapaKkTepusyeT cTelleHb OTKJIOHEHHA ypPOBHel 3HEePTUM OT
SKBUANCTAHTHOCTH:

Enir = Bnto = (7 — 0)wh + Lha(r? - o).

INNPUHIIAII JOIIOJHUTEJIBHOCTHA

ITpoeoaus lllpeaunrepa, bop u lNaii3enbepr BepHyIUCh K CBO-
uM GecelaMm 0 cMbIcie KBAHTOBOW MEXaHUKHU.

fl mun Torga Ha BepXHeM 3Tame MHCTHUTYTCKOrO 3[a-
HHfl, B MalleHbKOM YIOTHOM 4YepJayHOM MOMEUIEHUHU C KOChI-
MU CTeHaMH, OTKYy/a OTKPbIBAJCH BU] Ha JIepeBbA Y BXoja
B ®ennen-napk. Yacto Bop mo3aHum Beyepom eiie pa3 3axo-
U1 B MOIO KOMHATy, U Mbl 00CY#/lali BCEBO3MOMHbBIE TaK
Ha3bIBaeMble MbICIEHHbBIE DKCIIEPUMEHTHI, YUTOOBI IPOBEPUTD,
JefiCTBUTENLHO U MbI IOJIHOCTBIO MOHAY CBOIO Teopuio. [lo-
BOJILHO CKOPO BBIACHUJIOCH, 4TO Bop U A ullleM pa3pelieHus
TPYOHOCTEH B HECKONbKO Da3MMYHBIX HaNpaBleHUAX. YCU-
auA Bopa Obliu HampaBleHbI Ha TO, YTOGbI COXPaHUThL 3a
060MMU HATJAATHBIMU MPEACTaBICHUAMU, KOPIYCKYIAPHBIM
U BOJNIHOBBIM, O[JHHAKOBOE MPABO Ha CYIleCTBOBaHUE, IPUUEM
OH TBITANCA MOKA3aTh, YTO XOTA TU NPEJCTABIEHUA B3aUM-
HO MCKJIOYAIOT APYT JpYra, OAHAKO OHU JHIIL BMecTe Jela-
0T BO3MO#HBIM IOJIHOE OMKCAaHUe MPOolleccoB B aTome. Mue
Takoil moaxox He HpaBuicA. K cuacThio, B cBoux Oecenax
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Mbl ¢ Bopom mpuxoauau o6bIYHO K OJWHAKOBBIM 3aRjIIOye-
HUAM OTHOCHUTEJNbHO TOTO WJIU WHOTO (PU3UUYECKOro 3KCIEepU-
MeHTa U MOMHO ObLIO HaleAThCH, HANIU CTOJNhL Pa3lIUYHbIE
ycTpeMieHNA B KOHEYHOM UTOre NPUBeLYT K OJHOMY pe3yilb-
Taty ... IlockonbKy Hamu 6eceibl 3aTATUBANCH [0 NO3AHENH
HOYU U, HECMOTDPA Ha MecCAINbl HENPEPhIBHOI'O HANPAKEHUS,
He MPUBOAMIU K yIOBIETBOPUTEIbLHOMY pPe3ylbTaTy, MbI JI0-
IIIM [0 COCTOAHHUA HCTOILIeHNA, KOTOpOe, BBUIY Pa3Hoil Ha-
NpaBIeHHOCTH MBICIHU, BbI3bIBAIKN MHOI pa3 HAaTAHYTOCTb OT-
HomeHuii. [lostomy Bop B deBpane 1927 roga pemun B3ATH
OTIYCK, YTOOBI MOXOAUTh Ha nbikax mo HopBerum, u A 6bun
TOe paJ TOMY, YTOo Mory Tenepb B KoneHrarene eie pa3s Ha-
elyiHe ¢ co0oit opa3MbICIUThL HajJ 3TUMU Oe3HA/IeKHO CIIOH-
HBIMHU IpoGieMaMu.
U Bop, u lait3enbepr He mOHUMaNN, KaK COTIacOBATh BhIBO] KBaH-
TOBOIl MeXaHUKHU O TOM, UTO 3IEKTPOH He MOMKET MMEThb OIpe-
JeleHHON TPaeKTOPUU, C U3BECTHBIMU KamJoMy GU3UKY GoTo-
rpaduAMU TPAeKTOPUil BIEKTPOHOB B KaMepe Buibcona. 9to 06-
CTOATENLCTBO U CTAJO NMPeJMeTOM HaINPAKEHHBIX Pa3MbIIIIEHUI
Taiizenbepra.
Ramercsa, 6iu#e K MONYHOUYM B OJJUH U3 BEYEPOB A HEOHU-
JaHHO MOAyMall 0 CBOEM pasroBope ¢ JWHIITEIHOM, U MHe
BCIIOMHUIUCH €ro cioBa: «[olbKo TeopuA pemiaeT, 4YTO MOK-
Ho HabaogaThy. MHe cTano AcHO, YTO KIIOY K Tak JOJro He
oTHupaBIleiicA JBepU cleJyeT UCKATb UMEHHO B 3TOM MECTE.
IloaTomMy A npennpuHAN HOUHYIO mporyiky no @ennen-nap-
Ky, 4T00BI 06[yMaTh BbIBOJIbI, CI€AYIOIINE U3 BhICKa3bIBaHUI
ditHmTelHa. ... MbI Bcerma 6e34yMHO MOBTOPANU: TPAeKTO-
pHIO 3JIeKTpPOoHa B Kamepe BuinbcoHa MoxHO HabaomaTh. ..
Bo3momHo, HaGaoganuch HeKUEe AUCKPETHBIE CleJbl HETOY-
HO OIpefieJIeHHbIX N0JIoMeHNt anekTpoHa. Beab darTuuecku
B KaMepe BuibcoHa BUIHBI TUIIL OT/eNbHbIe KaNelbKU BOJBI,
KOTOpbIe 3aBeJOMO HAMHOI'O NPOTHMKEHHEEe, YeM BJIEKTPOH.
... IPaBUILHO NMOCTABIEHHBIN BONPOC JON#EH IIacuTh: MOK-
HO 1M B KBAHTOBOI MeXaHHKe ONKcaTh CUTYAalUIO, IIPU KOTO-
poit 31eKTPOH NpUOIU3UTENbHO — T.€. C U3BECTHOI HETOU-
HOCTBIO — HAXOJWTCA B JAHHOM MeCTe U MpPU 3TOM NpHUGIn-
3UTENbHO — T. €. ONATH-TAKU C U3BECTHOU HETOYHOCTHIO —
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obnajgaeT 3aJaHHON CKOPOCTbHIO, U MO#HO JU 3TH HETOUHOCTHU
clenaTh CTONb HE3HAUUTENbHbIMU, YTOGbI He BIafaTh B IIPO-
TUBOpeyYue ¢ 3KciepuMeHToM. KpaTKuii pacueT mo Bo3Bpaiie-
HUU B UHCTUTYT NOATBEpPAMNI, UTO MaTeMaTHUYeCKHU NpejcTa-
BUTh TAKYIO CUTYallUI0 MO#HO, U YTO HETOUHOCTAM COOTBET-
CTBYIOT Te COOTHOIIEHHA, KOTOPbIe NO3/IHee GbLIM Ha3BaHbI
COOTHOIIIEHNAMU HeolpelelleHHOCTell KBaHTOBOI MeXaHUKH.

YHOMAHYTBIN KpaTKUN pacyeT, KOTOPBINl OKa3alcA y#e ONMUCAH-

HbIM BBIBOJIOM COOTHOIIEHUA HeolpejeleHHOCTel, ObII BOCIPO-

u3BefleH B NpedpiAymieM pasjeie. OqHAKO YUCTO MaTeMaTHU4Yec-

Kuii BbIBOA He ynoBiaeTBopun [aiizenGepra. OH pemusn nmpoBecTH

TOYHbIe pacyeThl JJA NMPOCTHIX 3KclIepUMeHTOB. Tak moABuicA

Ha cBeT «MUKpockon ['aiizen6epray» U gpyrue MbICIeHHbIE DKCIIe-

puMeHThI. ['aii3en6epr, BepHbIN AyXy cBoeil paboTel 1925 roaa,

cHayajla pelus JaTh TOYHbIE ONpeJeNeHUuA OOIENPUHATHIX Tep-

MHHOB: MOJIO€eHNe, CKOPOCTh, SHEPTHA . . . B mepByI0 ouepens ero

HHTepeCyeT MoJoeHNe. 3/lech NpejiaraeTcA Takoe oNpeeleHue:
.. .€CJI1 MBI XOTUM YACHHUTh, YTO Cl€AyeT IOHUMATD MOJ CJI0-
BOM <II0JIOKEeHHe 00 beKTay, HampuMep, 3IeKTPoHa (0 OTHO-
IMEHUIO K 3a[JaHHOMN cCHCcTeMe 0TCYeTa), HeOOXOAUMO YKa3aThb
olnpejieNeHHble SKCIEPUMEHTDI, IPU MOMOIIN KOTOPBIX HaMe-
PEBAIOTCA ONPEIETUTE (I0JOKEHUE SIEKTPOHAY, B IPOTUBHOM
cilIydJae 3TO He UMeeT CMBbICIa.

B rauecTBe BO3MOHOI'0 DKCIIepUMeEHTa 00Cy#AaeTcA TaKoM:
Mber1 ocBenaeM 3I€KTPOH M pacCMaTPUBAEM €0 B MUKPOCKOII.
IIpu TakoMm cmoco6e MaKcUMalbHO JOCTUMUMAaA TOYHOCTH
onpeJeNeHUA TOJNOKEHUA B OCHOBHOM 3aJjaeTcA JIMHOM BOI-
HbI Hcnonab3yeMoro cBeTa. Ho B mpuHINIe MO#HO OCTPOUTD,
HanpuMep, y-l1y4yeBoil MUKPOCKOI U C ero NOMOIIbIO ollpe/e-
JTUTH NOJOMEHNe ¢ KelaeMoil TouyHocThio. OIHAaKO B 3TOM U3-
MepeHUHU cylllecTBEHHO I000YHOe 00CTOATENbCTBO — 3D PeERT
KRomnToHa. ...B MrHoBeHHe, Korja onpejenfeTcA MONOKe-
HUe, UHaYe T'OBOPA, B MTHOBEHUE, KOT/]a KBAHT CBETA OTKIO-
HAETCA BIEKTPOHOM, IOCJIeJHUN TNPephbIBHO U3MEHAET CBOIt
umnynsc (verdndert das Electron seinen Impuls unstetig).
JTO U3MeHeHUe TeM CUibHee, UYeM MeHbllle JJIMHa BOJHbI HC-
clle[yeMOoro cBeTa, HHaue roBopA, YeM BbIlIe TOUHOCTh OIpe-
JeneHuA mnonoxenuda. [loaToMy B To MrHOBeHUe, Koraa U3-
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BECTHO IIOJIO#EHUE 3JeKTPOHA, UMIIYJIbC MO#eT ObIThb OIpe-
JeJleH b ¢ TOYHOCTBHIO JO BeJIUYMHbI, COOTBETCTBYOIEel
TaKOMY INpepbIBHOMY H3MeHEeHHIO, UTaK, YeM TOYHee oIpe-
JelsfeTcA I0JI0O#eHre, TeM MeHee TOYHO U3BeCTeH MMILYJbC,
1 Hao6opoT.
HecmoTpAa Ha cymecTBoBaHUE pas-
JIMYHBIX U300pameHuili MUKDPOCKO-
na [aiizenGepra, caMm OH HHYero
He pucoBal. IloaToMy Bocnoib3y-
emMcd cBobojioii BbIGopa, 1306pa3um
3TOT Npubop cieqyomumM o6pa3oM.
Y1ob6bl ndyullle paccCMOTPETh 3JEK-
TPoH B Touke (J, pacmnoioMuM JTHH-
3y MUKDPOCKONA TaK, 4YTOObI TOY-
ka O okasanach MO IIEHTPOM JHH- Puc. 1
3pl. Ilo (BomHOBOIL) Teopuu AGGe
paspemiaonias cuiia MUKpPOCKoIa (T. €. TOYHOCTh U3MePEHUA L-KO-
OpJAMHATLI BNEKTPOHA) JAaeTCA BbIparmeHneM

0] X

Az = A ,
25in(2)

rie A — AJMHA BOJHBI NAJalollero Ha 3J1eKTpoH cBeTa. Habmona-
Telb YBUAUT BCIBINIKY, CBUAETEIbCTBYIOMYIO O HATMYUH DIEK-
TpoHa B Touke O, eclli KBaHT cBeTa NOc/e CTOIKHOBEHUA ByeT
[BUraThCA BHYTPM KOHyca ¢ pacTBopoM yria ¢. Ilycts p' — ab-
COMOTHOEe 3HAaueHHe MMIylbca (hOTOHA Tocie pacceAHMA, TOrJa
3HaueHMe T-coCTaB/AoIIell ero UMIyabca 6yIeT 3aKII0YeH0 B UH-
TepBaie

—p sin% <pl <P sin%s.
Eciu npene6peyb M3MeHeHHeM JIMHBI BOJIHBI CBeTa NPH paccef-
HHM, TO HeoNlpeeleHHOCTh UMIybca GOTOHA, MONABIIero B MUK-
pockomn, GygeT paBHa

Ap = %2 sin(%s).
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[lna nponsBeeHUA HEONPedeIeHHOCTEN UMIYIbCa U KOOPAUHATHI
nonyuyaeM Gopmyiry
ApAx = h.

Nanee I'ait3en6epr yTBep#/aeT, YTO

rOBOPUTH 06 YHEPTUU aToMa B ONpe/eleHHbIil MOMEHT BpeMe-

HU Tak e 6ecCMbICIEHHO, KaKk TOBOPUTh 0 YaCTOTE CBETOBOM

BOJIHBI B IaHHOE MT'HOBEHUE.
Ero noBojs! ucnonb3oBaiu TO 06CTOATENLCTBO, YTO SHEPTUIO ATO-
Ma MO#HO U3MepUTh, HAPUMED, B OMbITax, TUMA onbiToB ®paH-
Ka u l'epria, B KOTOPHIX 3aKOH COXPAHEHWA HHEPTUU IM03BONA-
eT CBAA3aTh U3MepeHHe SHEPruu aToMa ¢ U3MEPEeHHEeM 3HEpruu
My4YKa MPAMOIUHENHO NBUMKYUIMXCA IEKTPOHOB. JHEPTHUIO B Ta-
KUX ONBbITaX MOM#HO B NMPHUHIUIE U3MEPUTHL C JI060il CTeneHbIo
TOYHOCTH, €C/IU TONbKO OTKA3aThCA OT MOMBITKH OJHOBPEMEHHO-
ro onpejeleHuA MONOKEHUA SIEKTPOHOB, T.€. OT MOMBITKHU BbI-
AICHUTDb, KOrJa NPOU30ILIO0 CTONKHOBEHUE 3JIEKTPOHA C aTOMOM.
CxonHaf cuTyallluf BO3HUKAET U B onbITax Tuna onbiToB [llTepHa
u l'epiaxa, cBA3aHHBIX C U3MEHEHUEM SHEPrUU YAaCTHI[ B ATOMHBIX
My4KaX. JTO U3MeHeHHe ONpeflelAeTCcA BO3elicTBUEM HEKOTOPOU
cunbl. I3MeHeHUe NOTeHIUATLHON 3Hepruu, o6yclOBIEHHOE OT-
KJIOHAIOIIEN CUIOMN, OM#HO ObITH MHOT'O MEHbIlle PAa3HOCTH dHEp-
ruil cTalnMoHapHbIX COCTOAHUIN aToMa, T.HK. B IPOTUBHOM CIIy4Yae
Henb3A Oy[eT CKasaTh, 0 KAKOM YDOBHe 3Hepruu ujaet peub. Ec-
au E; — BennuuHa WHTepBana 3Hepruu (3Ta BelMUHWHA 3aaaeT
U TOYHOCTb U3MEPEHUA SHepPruu), a d — MUPUHA Iy4YKa (ee MOH-
HO U3MEPUTH [0 pa3dMepaM MPHUMEHAeMO B OMNbITe AuadparMsi),
FE,
d
HAtomIeN cunbl. 3MeHeHe TonepeyHoro uMnynbca — Ap — Be-

TO OTHOIIIeHHe onpenejgeT MaKCUMaJAbHYIO BeJIMYUHY OTRIIO-

Eqt
JUYUHA TNOPANKA —=-1, MO3TOMY YTJOBOE OTKJIOHEeHHe IIyuyKka —

d
Ap ~ E;;tl . HuskHuit npenen 3Toit BeIMYUHBI ONpeleNfAeTcA yT-
74
JIOBBIM OTKJIOHEHHEM NpU AUPPaKIUHU ~ %, rge A = % — JJuHa

BonHbl e Bpoitna. Takum oGpa3om, nomydyaeTcA COOTHOIIEHUE,
cojiepsraiee ToabKo Benuuuubl By = AFE u t; = At:

AEAt ~h



IIpunyun donoanumeavrHocmu 91

U O3Hayvarollee, 4YTO
TOYHOCTb B ONpE/IeJIeHUU IHEPTUM MOMKET ObITh AOCTUTHYTA
TONbKO 33 CYET COOTBETCTBYIOIEll HETOUHOCTHU B Ompejene-
HUU BpeMeHHU.

lanbueiimue co6biTA ['aii3eHGepT U3N0KUI B CTaThe, OMYOINKO-

BaHHOU B cO0pHUKe, MocBAlleHHOM naMmATH [laynu.

fl Hanucaxn laynu nuceMo Ha 14 cTpaHuuax; ero coiepaHue
B OCHOBHOM COBIIAJIO C COZIepKaHueM MHociaeayomeil paboThl
0 cooTHolIeHUU HeonpeneneHHocTel. OTBeT [laynu okasanca
HaMHOT'0 ONTUMHCTHUYHee, 4eM A Mor omunaThb. «[a Gyner
B KBAHTOBOU TEOpPUU [eHb», — MNPUOGIU3UTEILHO TaKk 3BY-
yaJ ero oTBeT, oGy UBIINiT MEHA U3NOKUTH BCe COJIepHaHme
MOUX pa3MblilieHuii B moipo6Hoii paboTe. Yepes HECKONBKO
IHeil A cHoBa mocian 3ty pab6ory Ilaymu, 4ToGbl MOIY4UTH
€ro KpUTHYECKUE 3aMeyaHufd, TaKk YTO MOCJe BO3BpalleHUA
Bopa s mokasan emy pa6oTy, y#e ogo6pennyio Ilaynu.

[IpaBna, Bop 6bl1 Tora, ecTeCTBEHHO, HEJJOBOJNEH HEKO-
TOPBIMH TOJIOKEHUAMH PabOThI, TAK UTO OHa ObLIa OTHpPAaB-
JieHa JUIIb HECKOJIbLKO MO3/Hee B MCIPABIEHHOM BUJIE.

Mexny Tem u Bop pa3Buil BLIABUHYTOE UM MOHATHE 0-
MOMHUTENLHOCTH HACTOIbKO, YTO (U3MYECKOe cojepHaHue
KBaHTOBOIl TEOPUU CTal0 OJUHAKOBO ACHBIM C Pa3lUYHBIX
Toyek 3penud. Ecnu u ocraBaiuch elle pa3iuyud B NOHATHU-
fIX, TO OHU OTHOCUJHMCH TONBKO K Pa3NUYHON TOYKe 3pEHUf
WIU K Pa3iuyHOMY fI3BIKY, a He K (PU3NYECKOll UHTepIpeTa-
MY Teopuu. JTa UHTEPIpeTaluA Npuodpeia Tenepb NOMHYIO
ACHOCTD, U Ilaynu Gbln mepBbIil BHE KONEHTareHCKOro Kpy#i-
Ka, KTo 6e30r0BOPOYHO COTJIACHIICA C HOBOI WHTepIpeTalueit,
B KOTOPYIO OH caM BHeC TaKoii GoibIioil BKIaI.

laiizenGepr omuchiBaeT 3[ecCh CYACTIUBBINA KOHENl KONMEHTareHc-
KUX QUCKyccuil u BozjaeT poixHoe [laynu. Memay Tem cropbl
coGeceJHUKOB, Cyf MO BceMy, ObUIM BecbMa ropAYUMHU, IPUYEM
Bop Gbin He meHee TBepj, ueM B Gecenax co IlIpeaunrepom:

fl IOMHIO, YTO 3TO KOHYaJ0Ch MOUMHU cle3aMH, IOTOMY 4TO
Al y#e He MOT IIPOTUBOCTOATH AaBieHuio Bopa.
HNurepBbio ¢ Taiizen6eprom 25.02.1963.
Archive for History of Quantum Physics.
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[Toneano pasobpaTbcAd B NPUYUHE CTONb #apKOro NMPOTHUBOCTOA-
HUfA, IOTOMY YTO 3TO MOMKET IOCIY#HUTb Oosee TyGOKOMY MO-
HUMaHUIO CMbICJIa OCHOBHBIX ONpe/ielleHHit KBAHTOBON MeXaHUKHU.
Pasymeerca, Bop HU Ha MUHYTY He COMHEBalCA B CIIpaBeJINBOC-
TU COOTHOLIEHU HeollpeJeleHHOCTH U B UX 3HauUeHUU. 13 anpens
1927 roga Bop mucan JiHITEHHY, YTO KOHLENIUU KIaccuyec-
KON (QU3UKKU NPEJOCTAaBIAIOT HaM Julllb BhiGop Menay Crumioii
u Xapu6G/oii, B 3aBUCHUMOCTH OT TOr0, KaKoil crnoco® omucaHuf
AIBIEHUU — HENPEepBIBHBINA WU NUCKPETHBIA — MbI BbIGHpPaeM.
Bop yTBep:#ain, 4TO COOTHOIIEHUA HEONpeIeleHHOCTel T03BONA-
10T 6J1aronoay4YHo NpPOiATH MUMO 3THX YY/HUII.

Ecnu npepBaTh wusinomeHue nucbMa bopa Ha 3ToM Mec-
Te, MOMKHO NOAYMaTh, YTO NPUAYMaHHbBIA KONMEHTareHCKoi KO-
70# TPUHIHUI [OMONHUTENbHOCTH ABIAETCA MPAMbBIM ClEICTBU-
eM COOTHOIIleHUA HeompejeneHHocTel. [lad mupokoit dusuyec-
KO# 061eCTBEHHOCTH, KOTOPOI HEKOr/la U HEUHTEePECHO BHUKATh
B TOHKOCTH 3MUCTEMOJOTHH, TAKOEe YTBEpHIeHUE KaKeTCH BIOJ-
He npuemieMbiM. OfHa /bl 3Ty TOYKY 3PEHUA OTCTAWBal AaHe
®or [@or 1938]. [IpaBaa, mnAa sToro GelIKM 0coGble MPUUYUHBL
B 1938 roay B sypHaine «Ilox 3HaMeHeM MapKkcu3May pasbirpanach
IOVICKYCCHA, B KOTOPOil GU3UKU MOMMEHHO MPUYUCIAINCH K MaTe-
puanucTaMm uiu ugeanuctaMm. Mok moman B UJeaNUCThI, TIABHBIM
o6pa3oM, Mo MPUYMHE CBOMX KOMMEHTapHeB K cropy JiHmITel-
Ha u bopa. @ok mnpucoenunuica Kk Touke 3peHud Bopa, a mate-
puanucToM #ypHan cuurtan JitHmTeiiHa. [leno GbLI0 cephe3HbIM,
u Dok xoTen Kak MO#HO JOX0[uuBee onpaBaaTbea. Hegapom nep-
BbIit maparpad ero craTbu HasbiBaicA «[[poTUBOpPeYMT JU KBaH-
ToBafg MexaHMKa MaTepuaiusMy?» Memay NpouyuM, 3HAKOMCTBO
¢ noBojamMu Doka mone3Ho U A coBpeMeHHoro uurtatenf. Dok
coanen, 4To «puaocodrl-MaTepPUATUCThI» UIKU HOMHOCTHIO OTPU-
[AaI0T KBaHTOBYIO MEXaHURY, WU NPU3HAIOT OONBIINHCTBO €€ BhI-
BOJIOB, Jlelafl UCKIIOYEHNE UMb JJIA NPUHIUIA JONOJHUTEIbHOC-
TH. «/lerye Bcero HaXoQUT MpU3HaHKE MaTeMaTHYeCKUI amnmnapar
KBAaHTOBOI MeXaHUKH, IPUTOM TeM Jierde, ueM oH cioxuee.» [lo-
Ka COOTHOUIEHUA MEMIYy KOOPAWHATON T M P NHCATUCh B BUIE
HepecTaHOBOYHBIX COOTHOLIEHUN

Tp — px = ih,
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T.€. B BHJle COOTHOLIEHU MeIy BecbMa CI0MHbIMU MaTeMaTu-
YyecKMMU 06pa3oBaHUAMU, OHU BO3paeHUil co CTOPOHBI (uUI0Co-
¢oB He Bri3bIBanu. «CTouno, ogHako, ['ait3eHbepry nepeiiTu K BbI-
TeKaloUlMM U3 HUX, HO ropasjio 6ojiee NIPOCTHIM COOTHOIIEHUAM

Azap> b,
Kak MNojHANack OypA Bo3pameHuily. XoTA B HacTodAllee Bpe-
MA (1938 r.) cooTHOIIEHWE HEOTpeNeNleHHOCTe MO#HO CUHUTAThH
BHKJIIOUYEHHBIM B OOIIENPU3HAHHYIO YacTh KBAaHTOBOI MeXaHUKH,
HeNb3f CKa3aTh, «UTO HenocpedcmeeHHble CAeICMBUR COOMHOULE-
Hull HeonpedeneHHOcmell, KAKUM ABAAEMCA, HANPUMED, NPUHYUN
donoanumeavHocmu bopa, Takie MoXy4uiau npusHaHuey. Wrak,
@okr yTBep:/aeT, YTO MPUHIUI JONOTHUTEIbLHOCTU BhITEKAeT U3
HepaBeHcTB ['aitsen6epra u popMynupyeT ero cMbIci cleAYIOMUM
obpasom.

O xone pusuyeckux mpoieccoB (B TOM 4YHcCie W MPOLECCOB
aTOMHOro MaciTaba) MOKHO CyJUTh TONLKO [0 IOKAa3aHUAM MaK-
POCKONMUYECKHX (T. €. COCTOAIIUX U3 MHOKECTBA ATOMOB) U3MepH-
TenbHbIX Tpu6GopoB. [IpuGopel 3T MOryT GBITH YCTPOEHBI pa3nuy-
HbIM o6pa3zoM. OOWH U3 HUX, HaOpUMep, N0O3BOJAeT NPUMEHATH
K HeMy U u3MepAeMOMY O0OBLEKTYy 3aKOH COXpPaHeHUA UMIyJbca,
HO 3aTO He J0IyCKaeT TOYHOro MojoeHud o6bekTa. [pyrue npu-
60pbl, HA060POT, MO3BOJAIOT TOYHO U3MEPATH MOJOMEHNEe 00bek-
Ta B IPOCTPAHCTBE, HO He JONYyCKAalOT U3MepPEeHUA ero UMIybca.
Ho Taroe yctpoiicTBo, KOTOpPOe GbI MO3BOJHIO TOYHO U3MEPUTH
U OJHO M Apyroe, B mpupofe HeocymecTBuMo'. ClegoBaTelbHO,
U caMU MOHATHA MOJOMEHUA U KOJIMYECTBA IBUMEHHA HE MOTYT
NPUMEHAThCA OJHOBPEMEHHO: YeM JIyullle IPUMEHUMO OJHO, TeM
Xy#e npuMeHumMo apyroe. O6a NOHATUA HAXOAATCA APYT K OPYTy
B donoaHumeabHoM omHouleHuu. B 3ToM U 3aKii04aeTCA NPUHIUI
JononHUTenbHOocTU Bopa.

IIpuHIIUN AOMOJHHTEJBLHOCTU IpeAcTaBidAeT dopmy-

JIMPOBKY CBOICTB M3MepAeMbIX 06beKTOB U H3MepU-

TeJbHBIX NPUGOPOB, T.e. CBOICTB MaTepUM.

lB 3TOM MecTe HeKHil 4yuTaTellb-MaTeprualucT cx—[aﬁ):mn 6U6GIMOTEeYHBI BK-
3eMINIAD KYypHamaa ONTUMHUCTUYHON MOMETKON Ha MoJAX: «moKal».
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ITockonbKy OTKpBLITHIE KBaHTOBOM MeXaHUKOU 3aKOHOMeEp-
HOCTH CBA3aHbI C OTKA30M OT IIy00KO YKOPEHUBLIMXCA MPeCTaB-
JeHUul KiaccuyecKoil GU3NKKM, TO B KBAHTOBON MeXaHUKe HapALy
C €€ MOJIOMUTENbHOM YacTbio — 00bACHEHUEM ABIEHUN — JOI#HA
GbITh U OTpULlaTelbHad YacTb: GOPMYIUPOBKA TeX OrpaHUYeHUI,
KOTOPBIM TO/IBEP#EHbI KiIaccuveckue npepctraBieHud. [Ipunnun
JOTIOMHUTENBHOCTH KaK Pa3 U Pe3IOMHUPYET 3Ty «OTPUIATENbHYIO
YacTb» KBAHTOBOW MexaHuKU. Tarum o6pa3om, NPUHIHUI [OMOJ-
HUTEILHOCTY aHAIOTMYeH 3alpPeTHTEIbHbIM NMPUHIKUIAM TEPMO-
JIVHAMHUKU O HEBO3MOMHOCTH BeUHbIX ABHUraTeneil. TpyaHo nepe-
OLEHUTb 3BPUCTUYECKYIO EHHOCTh YTBEp#JIEeHUN TaKoro THIA.
Doxr yka3bpIBaeT Ha OIHO U3 HENMOCPEACTBEHHBIX CJIEICTBUIl NPUH-
[UIa JONOJHUTENbHOCTU: NPUSHAHUA HeaGCcoAI0MmH020 TapaKmepa
80410601 Pynkyuu. B Halle BpeMA Aaxe caMo TONbKO YTO YIO-
TpebieHHOe CclI0BOCOUYETAHUE KamKeTCA TauHCTBeHHbIM. OmHAKO
pedb 37eCh UJET O BIOIHe KoHKpeTHbIX Bemax. [lIpeauurep ¢ nep-
BBIX CBOUX paboT MbITAICA TONKOBAaTb cBOIO V-GYHKIHUIO B MpU-
BBIYHOM KJIACCHYECKOM CMbICIE KaK HEKOTOPOe MaTepHralibHOe Mo-
ne. IIpyHIUD JONONHUTENLHOCTH, Gy IyUYHd CleCTBUEM COOTHOIIIEe-
HUA HeoNpelelleHHOCTel, elaeT Takoe TONKOBaHHE HEBO3MO-
HBIM, XOTA GbI B CHIy HENOCTOAHCTBA HEONpPENeIeHHOCTel HM-
MyJIbCOB U KOOPJMHAT YaCTHUIIbI, KOTOPYIO JON#HA MPEJCTaBIATh
BonHOBafA (QYHKIWA, CBA3aHHAA C MaTepualbHbIM moieM. BomaHo-
BafA QyHKIWA [JOI#HA COepKaTh, KPOMe CBEIEeHU 0 caMOM Ipo-
iecce, elle ¥ CBeIeHUA 0 crnocob6ax U3MepeHHA, KOTOphbie Terepb
CYMTAIOTCA HEOTENUMbIMU OT ONUcaHUA QU3NYECKOTro mpoiecca.
dTo yTBep#/IeHUe U 03HAYAET MpPU3HAHUE HeabCOMOTHOrO XapaK-
Tepa BOTHOBOW QYHKIUU, U OHO CIYKUT NMPEKPACHBIM MPUMEPOM
TOT0, CKOJIb IPOAYKTUBHBI yAa4HO cHOPMYIUPOBAHHbIE «OTPULA-
TeJbHbIE» BLIBOJMI (B IaHHOM Cllydyae — B KBAHTOBOW MeXaHUKe).
[lo-BugMMOMY, UMEHHO MPOCTOTa paccyKJeHWil B TepMUHaX 3a-
NpPEeTUTENbHBIX NpUHIKUIOB noOyauina Kennapaa [Kennard 1927]
cpa3y e mocie noABIeHUA cTaThu laiizenGepra Ha3BaTh MONY-
YeHHbIe B Hell COOTHOLIEHUA «(MCTUHHBIM AJPOM HOBOl Teopuuy.

N3noxennoe BbIllle MOMKET CIYHUTh MPEKPACHBIM BBEIEHUEM
B NPUHIIUI JONOJHUTEIbHOCTH, HO IPUYMHBI PAa3HOrIacUil Mem 1y
Bopowm u I"aiizen6eprom Mo#HO MOHATH JHIIb TTOCIE TOMOTHUTENb-
HBIX pa3bACHEHUII.
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laitzen6epr, oOTKPHIB COOTHOIIEHHE HeollpelelleHHOCTel, cun-
Tal, 4YTo A1A o6bACHEHUA BceX ABIEHUil, ¢ KOTOPHIMU NpUIETCH
CTONKHYTbCA KBAHTOBON MeXaHUKe, JOCTATOYHO UIU KOPMYCKY-
JAPHOTO, UM BOIHOBOro fA3bika. OH Hcxoaua u3 ybemeHud, 4To
MaTeMaTHUeCcKUil annapaT Teopuu caM NpUBeleT K Hy#HbIM BbI-
BOJaM, O3TOMY MOCTPOITe NMPaBUILHBIN anmapaT U 6yJbTe cIo-
roiinbl. Ho maTematuka, rosopuin Bop, He cioco6Ha noKa3aTh HH
OJTHOI1 (PU3UYECKOI UCTUHBI, OHA MOKET TOJHKO NPEJOCTABUTH He-
Ruil popManusM, BeIpasaiomuil Te I UHbIe COOTHOLIEHUA MeH-
oy Gu3nYecKUMU AaHHbBIMHU. Memay TeMm Bce MbICIEHHbIE DKCIIE-
PUMEHTHI C YacTHUIIaMU, JOKa3bIBAIOIIUE CYNIECTBOBAHUE COOTHO-

eHuMn HeonpeaelleHHOCTU, UCIIOJb3YIOT COOTHOIIEHUA ne—Bpoﬁ-

aA—-JditHmTEeNHA A = % Wi v = %, KOTOpbIe CBA3BIBAIOT KOD-

NYyCKYJIApHble U BOJHOBble XapaKTePUCTUKU KBAHTOBLIX 00beEK-
TOB U BbIpaxkaloT, TAKUM 00pa3oM, KOPILYCKYJIAPHO-BOJIHOBOI1
nyannsM. Hadye roBops, ocMbICIeHHOE TOJTKOBaHUE COOTHOIIe-
HUIl HeollpefelleHHOCTel CBA3aHO UMEHHO C KOPIYCKYJIAPHO-BOII-
HOBBIM AyanuamoM. UToGkI nydille YCBOUTH 3TO NMOHATHUE, MOJIE3-
HO 00CYAUTH ellle HEKOTOPble MbICIeHHbIe 3KcnepuMeHThI. [IycThb
yacTulla, KoTopas NepBOHAYalbHO JBUTranach B Y-HalpaBJeHUH,
o6nagasa UMIYJIbCOM P, IPOXOAUT CKBO3b LIelb MUPUHBI Ax B He-
NpO3payHOM BKpaHe, PacloioeHHOM B MIocKocTH z—z. [lonoxe-
HUe YacTHIbI B Z-HalpaBleHUU onpefieleHo ¢ ToyHocThio Az. Ilo-
Ka HCIo/lb30Balach TEPMHUHOJIOTUA Kilaccuueckoil MexaHuku. Of-
HaKO OHAa OKaeTcA Oeclose3HOil IPU NMONbITKE ONUCAHUA NOBeJe-
HUA YacTUIIbI NOCJe NPOXO#JEeHUA 3KpaHa, KOrJa OKaeTcA, 4To
OHa ABHBIM 00pa3oM OTKJIOHAETCA OT NpAMoJNHeitHoro myTu. Bee
cTaHeT Ha CBOU MecTa Iocle NpUBJeYeHUA A3bIKa BOJHOBOW OI-
TukU. 3BecTHO, 4TO OHa Npe/cKa3bIBaeT ABIeHUe UHTepdepeH-
LUU, IPUYEM YTOJ «, olpejeAoluil NepBblii UHTepdepeHIHoH-

HbIIi MUHUMYM, 3ajlaeTcA GopMyloii sin a = ﬁ, rie A — IJUHA
. C . _Ap _h
najatoule Ha sKpaH BoHbl. UBA3M Sina = —= A= p PUBOJAT

K opmyne Taitzenbepra AxzAp ~ h. Takum o6pazoM, 060CHOBa-
HUe COOTHOIIeHNA HeolpeelneHHocTell TpeGyeT oOpalleHud K Kop-
MyCKYyIfApHO-BOMHOBOMY AyanusMmy. Hopaan BenomuHan B 1971 ro-
ny, kar Ilaynu y6eaun cnopAmux, 4To UX pasHOrIacuf CBOJATCA
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JULIb K TOMY, B KaKOM IOpAJKe cleJyeT NepeYUcIATh OCHOBHbIE
nouATua Teopuu'. Eciu nepeiiTu Ha Gonee hopManbHBIN A3BIK,
TO MOKHO TOHATb, YTo cnop Bopa u TaiizeHGepra men o Towm,
KaKMM YHUCJIOM IlepeMeHHbIX clleflyeT ONUChIBAaTh CUCTEMbI, UMe-
IOl[e aHaJlorU B KJacCuuyeCKoll (pu3uKe: TaKUM e, Kak B Kjac-
CUKe, UIU BABOe MeHbIIUM. Pe3yibTaToM NpUMHpEHHA ABUIACh
HabpaHHafA ocoObIM oOpa3oM ¢pa3a B cTaThe ['aiienGepra:
1A Bcex MOHATUI, KOTOPbIE B KjacCUUYeCcKoil Teopuu
NPYMEeHAIOTCA [AJIA ONMCaHUA MeXaHHUeCcKOiHl cucTe-
MBI, MOXHO TOYHO ONpeJeJHTb COOTBEeTCTBYIOIIlie
aHaJord B aTOMHBIX Npoleccax.
MosHO 3aMeTUTh, UTO Jaske AJIA OCHOBaTelf ollepalioHaIN3Ma
Bpunxmena [Bridgman 1936] ompenenenue laiisenGepra ka-
3aj0Ch CIMIIKOM ONEePalUMOHAIUCTCKUM U MO3UTUBUCTCKUM: «He-
KOTOpble ¢uiocodpcKrre onpaBiaHufA MpeINooxeHUd MaTPUYHOI
MeXaHUKU OKa3bIBalOTCA CKOpee HeoOXOJMMON NpUHAAIEKHOC-
TBIO ee MaTeMaTHUYECKOro anmnapaTay. B KauecTBe WIIIOCTpanuu
K ®TOMY YTBED:[IEHUIO, MO#HO 3aMeTUTb, YTO XOTH COOTHO-
LIeHUA HeollpejeleHHOCTell NefiCTBUTENbHO ABIAIOTCA NPAMBIM
cle/icTBUEM NlepecTaHOBOYHBIX COOTHOLIEHUN /1A UMITyJbca U KO-
OpAMHAThI, 3TU YTBEP#AEHUA HU B KOEM clyuyae He 3KBHBaJIEHT-
Hbl. I3 cOOTHOILIEHNA HeoNpe/leleHHOCTell Helb3f BBIBECTU Iie-
pecTaHOBOYHbIe cooTHoIeHUA. [locneHNe SKBUBANIEHTHBI COBCEM
Ipyromy — yTBep:KIeHUAM O CBOHCTBaXx CUMMETPUU HMMIYJb-
ca U KOOpAMHATHI: BO3MOKHOCTAM KX cIBUra u o6pa3oBaHUA Ju-
HeHHbIX KoMOuHanuii. B nepBrie roapl U3HU KBAHTOBOU TEOPUU
TaKkle BajiHble CBONCTBa 3THUX BEIUYUH CTOAIU HA BTOPOM ILia-
He. CBUleTeNbCTBOM OKOHYaTelbHOro npumupenus Bopa u Taii-
3eH0Oepra ABuUJach cTaThs, cojepalas cilelylollee y TBepHKIeHNe
[Heisenberg 1929]:
IlockobKY COOTHOLIEHUA HeollpeJeleHHOCTell BbIpaxkaioT
JULIb TPaHULbl IPUMEHUMOCTH NOHATUIN O YacTHIle, TO 3TUX
COOTHOLIEHUHI HEeNOCTATOUYHO [JA MOJHOW HHTepHpeTanuu
¢opmanusma. Bop mokasan, 4To QA TOYHOTO ONpeeleHUd

1Mlonn30BaBmuiica pemyTarueli A3BUTeNLHOro crnopmuka Ilaynu, no-Buau-
MOMY, O6bLT HCKYCHBIM AUIINIOMaTOM. Yike B cepegute 50-x rogoB BopH nomnpo-
cut Ilayau 661Thb ap6UTPOM B €ro crope ¢ JHHIITEHHOM 0 CMbICIe BOJHOBOM
($YHKUUU, U PAa3TOBOPLI ABYX F€HUEB JOCTABAT MM YAOBOILCTBUE.
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rpaHull MPUMEHUMOCTHU KJIACCUUYECKUX MOHATUN HeoOXonu-

MO M [JOCTAaTOYHO OJHOBPEMEHHOI'O HCIOJIb30BaHUA KOpPILyC-

KYJAPHBIX U BOJHOBBIX NpeJCTaBIEeHUIl.

MosHO NpeanojoMuTh, YTO NpUYMHA pasHoriacuii Bopa
u Taii3eH6epra Oblia cBA3aHa ¢ TeM, YTO OHU NpU aHAIKU3e clef-
CTBUI COOTHOIIIEHUII Heolpe/elleHHOCTU paccMaTpUBald pa3HbIil
KpYT 3aJay, 4TO NPUBOAUIO K Pa3IUUYHBIM BHEIIHUM NPOABIEHU-
fAAM CleJCTBUN COOTHOLIEHUI HeollpeleleHHOCTEN.

B 3apauax, cooTrBeTcTBYyOMUX GUHUTHOMY KJIAaCCUYECKOMY
JIBUMEHUIO, MO{HO paccMaTpUBaTh COOTHOIIEHHE HeOoNpefAeleH-
HOCTell Kak MeXaHWU3M, NPUBOJAMUNA K MOABIEHUIO JUCKPETHBIX
YPOBHeil 3Hepruu, NpuyeM BHelllHe 3T0 OyeT NPOABIATbCA UMEH-
HO KaK cle[JcTBUe yMeHbIIeHUA YHcila He3aBUCUMBIX IlepeMeH-
HbIX. PaccMoTpum, Hanpumep, aToM BOAOpoOJa ¢ TaMUIbLTOHUAHOM

1 2 €2
H=5p*- &,
2m® " r]

rie p — UMIIyIbC, 8 I' — paguyc-BeKTOp 3leKTpoHa. Eciau cuu-
TaTh, YTO CPeJIHUe 3HAUEHUA MMITYJIhCca U KOOPJUHAT DIEKTPOHA
PaBHBI HYIIO, TO TPU BHIUUCIEHUH CPEJHell SHEPruM 3JIeKTPOHA
MO#HO 6yeT 3aMeHUTh 3HaUeHUA KBaJpaTa UMIylabca U paauy-
ca 3JeKTPOHa UX HeolpeleleHHOCTAMH U CBA3aTh 3TU BeIUUYUHBI
COOTHOIIIEHHEM

Ap Ar = h.

JHEePruIo BMEKTPOHA MO#HO BbIPA3UTh Kak (GYHKIUIO OJHOMN me-
pemeHHoI, Hanpumep, Ar:

h? e?
H=— - —.
2m(Ar)2  Ar

IIpennonaras, kKak NPUHATO, YTO OCHOBHOE COCTOAHNE aToOMa Ollpe-
JenfieTci MUHUMHMalbHbIM 3HaueHHWEM 3HepruM, HaiijfleM paju-
yc op6GUTHI BIEKTPOHa B 3TOM cocToAHuu. HeTpynHo ybenutbes
B TOM, UTO OH OKa#eTcA paBHbIM GOPOBCKOMY paguycy.

4 KBaHTOBasA TelenopTauud
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Ilo aTomy 00pasiy HeTPYAHO MONYyYUTh AOCTATOUYHO MHOIO IIO-
JIe3HbIX 3BPUCTUYECKUX OlleHOK. Bce oHM ocHOBaHBI Ha TOM, UTO
B Cllyyae KOHEUYHBIX CPEJHUX 3HAUEHUUl KOOPAUHAT CPEeJHIOI
SHEPTHUIO CHUCTEeMbl MO#HO paccMaTpUBaTh Kak GYHKIHNIO MeHb-
mero yycnaa nepemMeHHbIX.

B cayuyae uHQUHUTHOrO OBUMEHHA, KOT/la HET BHYTPEHHUX
NPUYUH, ONpeAeNdIONNX, HalpIMep, HeoNpeleleHHOCTh KOOpIu-
HaThl, 3HAUEeHNe 3TOU BEJIMYMHBI 3aBUCUT OT [eTaleil dKclepu-
MeHTalbHoll ycTaHOBKU. B 3TOM cityyae 1714 onucaHuA NoBeJeHUA
YacTHIIBI JTyYllle BCEr0 MOJXOIUT OJHOBPEMEHHOE HCIOIbh30BaHNe
KOPIYCKYJIAPHOTO U BOJIHOBOTO fAI3bIKa. PaccmoTpuM ciyyaii, Kor-
Ia HekoTopas yacTuia (HOoToH, 3MEKTPOH U T. I.) HAXOJUTCA B «CO-
CTOAHUM C ONpeJleIeHHbIM UMIYJIbCOMY, T. €. CpPellHee 3HaUeHUe ee
HMILyJlbca PaBHO

<p) =p= (pza Dy, pz)a

a HeoNpeeJeHHOCTH COCTABIAMKNX UMMylibca — Ap; — Malbl
Ap;
p|
NpelcTaBUTh BOJHOBYIO (PYHKIMIO YacTHIILI B (GopMe MHTerpaia
Oypre

II0 CpaBHEHHUIO C BEJIUYNHON cpegHero uMilyJjbca: ~ 0. Ecau

Tk
U(r) = (2rh)~2/3 [ dke' 7 C(k),

to ¢yuruua C(k) Gymer uMeTb OCTpPbIii MakCUMyM B TOY-
ke k = p. [loka yacTuny MomHO cyuTaTh CBOGOJHOH, T.e. OHA
ylalleHa JocTaTO4YHO JajleKo OT JPYTUX YacTHUIl U HaXOJUTCA BHe
3JIEKTPOMArHUTHBIX MONEl, 3aBUCUMOCThL BOJTHOBOH GYHKIUU OT
BpeMeHH omnpefeisercd usmenenueMm koadounuentos C(k):

K3t

Ck)= C(k, t)=e 2miC(k).
Eciu ¢yukuua C(k, t) TakoBa, 4To (QyHKUOMA HMEET B MO-

MeHT t = tp MaKCUMYM B TOUKe I' = I(, TO IOJOMEeHHe MaKCH-
MyMa B MOMEHT BpeMeHH ¢ onpefensaeTca GopMyJioii

r:r0+%(t—t0),
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T.e. LEeHTP BOJIHOBOIO NAKeTa B NEPBOM NPUOIMKEHUH IBUIKET-
Cfl [I0 TPAEKTOPUH KIACCHYECKOl CBOOOIHOM YacTHIbI ¢ UMILYIb-
coM p. B orauume or ciyvas (QUHUTHBIX ABUMEHHMH paccmar-
pYBaeMblil BOIHOBOI NAKeT He paclUIbIBaeTCH B TeYeHHe 10CTa-
TOYHO LIMTENBHOr0 MPOMexyTKa BpeMeHu. Ecin Ar — Havanb-
Haf HEONpeeNeHHOCTh CPepHUYECKH CMMMETPHYHOTO BOIHOBOTO
naketa, TO M3MEHEHUEM HeONpeleleHHOCTH KOOPAMHAT YaCTHIIbI
MO#HO Gy 1eT npeHe6peyb, eciu Gy AeT BbINOMHATHCA HEPABEHCTBO
[Goldberger, Watson 1964]

(t —to)h

< 1.
2m(Ar)?

Ecau ompegenuth amuHy npoGera udactuubl L = v(t — tg), 3TO
HepaBeHCTBO MO#HO 3amucathb B popme

L h
Ar < 2pAr’

Ecnu HeonpeseneHHOCTh KoopAuHAT GyJeT BeNWUYUHON MOpAIKA
CAaHTHUMETPOB, TO paccTOAHWE, HA KOTOPOM MOMHO OyJeT mpe-
HeOpeub pacIulbIBaHHWEM IakeTa ¢ JOCTATOYHO OOJbINONI cpen-
Heit sHeprueil, 6yaeT npocTUpaThecA Ha KuilomeTpbl. PaccMoTpum
IOBUMEHNe YacTHUIBI B CBOOOJHOM OT BHEIIHUX IOJNeil mpocTpaH-
CTBe, pa3[eIeHHOM Ha YacTU HeNpO3pavyHbIMHU 3KpaHaMH C OT-
BepcTUAMHU. MbI y#e 3HaeM, ABUMEHUe YacTHIl B 3TOM clyuae
MomHO OyIeT paccMaTpuBaThb Kak npAaMoiunHeiiHoe. Heompene-
JEHHOCTH KOODJUHAT B 3TOM cilydae GyayT 3alaBaThbCA FeoMeT-
pueii skpaHoB. [lycTh BOMHOBOI MaKeT pacnpocTpPaHAETCA BHAOIb
ocH z, NpuYeM B IUIOCKOCTH z = ( pacnosoxeH Helmpo3payHbIit

SKpaH ¢ Lenbio |z| < %. Ha skpan nagaer uyactuua c co cpea-

HuUM umnyiascom p = (0, 0, p) ¥ HeompemeneHHOCTAMU UMITY/Ib-
ca Apg 4 = 0. 9To 03HayaeT, 4TO cieBa OT KpPaHa Z-KOOPJIHU-
HATa 4acTHIIbI COBEpIeHHO mpou3BoibHa: Ax = co. UTo6bl mpo-
HUKHYTh B 00JacTb ClipaBa OT 3KpaHa, 4YacTHUlle HY#HO MHPOiTU
CKBO3b 0TBepCTHE. ITO aBTOMATUUYECKU YMEHBIIUT HEOoHpe/ieneH-
HOCTb €€ Z-KOOpJUHAThI: cipaBa OT 3KpaHa Az ~ a. DTO NpUBe-
IeT K YBEIUYEeHUIO HeolpeJelleHHOCTHU Z-COCTaBIAOIIe UMY Ib-

ca: Apy ~ %. Taxkum o6pa3oM, cipaBa OT 3KpaHa YacTHUlla Mpak-
TUYECKHU C PaBHOI BepPOATHOCTbIO MOKeT JBHUTaThcA 1O M06oMy
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Iy4y, pacnoliokeHHOMY BHYTpH yria 26, onpenensgeMoMy ypas-
HeHUEM

A
sing = 2P I
p 2ap
ComocTaBiAA ¢ yacTHIlell BOJHY Je Bpoiina qianHbI
h
)\ = 5,

HONy4YUM BbIpameHue A yria 6:

A

2Az"
U3 Teopuu audpakuuy KiaccuyecKUX BOJH U3BECT-
| HO, YTO UMEHHO 3Ta ¢opMyia onpeenseT MON0He-
HUe NepBoro JudpakIUOHHOr0O MUHUMYyMa. Tarum
Ax o6pa3oM, yroi pacTBopa KOHyca, B KOTOPOM MOKET
j pacnpocTpaHATbCA YacTHUIla 3a SKPaHOM, ONpe[e-
Ap 1feTcA 3aKoHaMH Audpariuy. IMHIITEHH NbITal-
| cA 060iTH COOTHOIIEHNE HEOlPe/IeIeHHOCTEl ¢ Mo-
Molbio Gojlee KM300peTaTeNbHbIX HU3MepeHUi, Hc-
Puc. 2 NOJNb3YIOUINX 3aKOH cOXpaHeHUA umnynabca. IllyeTs
yacTHIla NMPOXOAUT CKBO3b I[eb, KOTOPYIO MOK-
HO 3aKpbIBaTh WM OTKPHIBATH IIPU NOMOIIM 3aTBopa. M3mepe-
HUe U3MeHeHUA UMITyJbca 3aTBopa Iocje NPOXO#AeHUA YacTHUIIb
CKBO3b IeJb JacT HaM He3aBHCHMOe U3MepeHHe UMITYylbca, YTO
N03BOJIAIET HA/IEATHCA Ha YMEHbIIIEHNe HUAHell rpaHu pou3Beie-

HuA Az Ap. Beanunny Ap MO#HO cBA3aTh ¢ U3MEHEHHEM SHEepPruu
satBopa: AF = vAp. IlockonbRry v = i—"t”, rae Ar — mupuHA Ie-
au, At — IIUTENbHOCTh NBUMEHUA 3aTBOPA, TO BEJIMYUHBI, OIIpe-
Jelfolie n3MepeHue, cBA3aHbl cooTHomeHnneM ApAxr = AFEAt.
IMockoabKy mpaBaf 4YacTb 3TOr0 PaBeHCTBAa — BeIMYMHA MOPA.-
Ka /i, To yCOBeplLIeHCTBOBAHNE H3MEPEHUA He YlIydliaeT TOYHOCTH
COBMECTHOI'0O Ollpefie/leHUA UMIyJbca U KOOPAUHATHI.

MoHO MOKa3aTh, YTO €ClId 4YacTHIla IPOXOAUT CKBO3b IH-
(paKLUOHHYIO peIleTKy, TO pachojoieHne MaKCHMalbHO Bepo-
ATHBIX IIyTeil pacnpocTpaHeHUA YacTHIbI olpeneldaeTca GopMy-
JI0}f pacnoioxeHud MaKkCUMyMOB IpU JUMPaAKIUN KIacCHYeCKOm

BOJIHBI Ha Takroii e pemerke [Epstein, Ehrenfest 1924].

sinf =
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Ecnmu vacTuna mpoXxoguT CKBO3b pe-
HMIETKY O TPAeKTOpHUU, U306paxeHHON Ha
puc. 3, TO UMIyJIbC IEPBOHAYANIBHO MOKOA-
meiica pemetku — P, paBeH

P, = psin¢g — psin ¢.

PemeTka mnocie CTONKHOBEHHA € YacTH-
Heil [JBUKETCA C HEKOTOPOil MOCTOAH-
HON CKOPOCTBIO, YTO MO3BOJNWIO JMIITEN-
Hy 1 JpeH(decTy pacCMOTpPeTh NOABIEHUE
HITPUXOB PElIETKU HANpPOTUB TOUKU = = () Kak NMepuoJuyecKuii
npouecc. B 3ToM ciy4ae 101KHO BBINOMHATLCA (XOTA ObI B IEPBOM
NpUGIMKEHUHN) yCIOBUE KBAHTOBAHUA

Puc. 3

/\Pgﬂ dx = Ppd = nh.

B sTom BhIpaseHnuu d — nepuop pemeTku. Onpenensas JIMHY BOJ-

Hel e Bpoiina A = %, MONyYUM CBfiI3b MeKJy HalpaBiIAION[U-

MU CUHYCcaMHu leqeﬁ HaPIBepOHTHeﬁIlIel"O HamnpaB/J€eHUA IBUMECHUA
YyacTuubl

sin ¢ — sin ¢y = nA,

KOTOpasA ompejelsdeT IoJoxeHUe JUPPAKIUOHHBIX MaKCUMYMOB
B KJaccuyecKoil BonHOBOI Teopun. Heo6xoaumo 3aMeTUTh, YTO
Npu TakoM oO0bAcCHeHUU 3PdeKrTa AUPpaKUUU CyLIeCTBEHHO HC-
[0Jb30BalUCh NPEAION0HKEHUA:

a) YKCMEPUMEHT OCYIIECTBIAETCA TAK, YTO OCTAETCA HEU3-
BECTHOI 1Leslb, CKBO3b KOTOPYIO IIpolLLIA YacTula, u

6) B 9KCIIEPUMEHTE He U3MePAETCA TOUHOE 3HAYEHHUE UMITY lTb-
ca, KOTOPBIH YacTHIla NepefiaeT pelIeTKe.

JTy ocobeHHOCTh Bop Ha3Bal «HEKOHTPOIUPYEMbIM B3aUMO-
JeficTBieM 00beKTa C U3MePUTeNbHbIM NPUOOPOMY, BRIIOUUB ee
B YHMCJIO OCHOBHBIX COCTAaBJAIOUIMX, COAEPAUIUXCA B NPUHIUIE
JOMOJHUTEIbHOCTH.

Bcrope JiiHHmITEHH NMpeo#UI MBICIEHHbIN BKCIEPUMEHT,
NPU3BaHHBIN ONPOBEPTHYTh YTBep:#aAeHrne bopa o ToM, 4To B ombI-
Tax, JeMOHCTPUPYIOIUX JU(PpPaAKIUIO, Helb3f yCTaHOBUTH Iy Th,
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A, d d A,

Puc. 4

[0 KOTOPOMY YacTHIA MPoIlia CKBO3b pemeTky. [IpeacraBum ceGe
IBa 3KpaHa: A;, colepalluii 0OTBepcTre, CKBO3b KOTOPOE MOMKET
MNPOXOJUTh MYUYOK YacTull, U Az, Ha KOTOPBIi ONafal0T YacTUIIbI,
Hpolnejanre CkBo3b perieTky. Pemmerka D nogBenieHa Ha NPy UH-
HBIX BecaX S Ha paBHBIX PACCTOAHUAX OT JKPAHOB M COOEPHUT
nBe mennd S; v Se. B momomenun paBHOBecHA OfHA U3 3TUX MIe-
Jleil pacmoiiozeHa Bhlllle, a Apyraa — Hue orBepetuda O, npuyem
cepelrHa 4acTy pelleTKH, pa3aelAoNnasa 3TH eI, paclooeHa
Kak pas npotus menu O. IlycTh yacTula nonajgaeT Ha 3KpaH As
B TOUKe, PACIONOKEHHOM MeM Iy MPOEKIUAMU Ha 3TOT IKpaH Iie-
aeit O u Oz. Ecniu yacTuna mpoiia cKBo3b Ieib Si, TO OHA
JOJIKHA NepeJaTh pelleTke UMIYJIbC, HallpaBIeHHbIA BBEpPX, €CIH
e ee IIYTh Jiemal Jyepes Ieib Ss, TO pelleTKa JoI#HA oIy YU Th
UMIyJbC, HampaBieHHblli BHU3. CjlelA 3a NPYMHHBIMHM BeCaMH,
MOHO Pa3jIMUUThL 3TH clydau. IIpy MOBTOpEeHHH TAKUX OIBITOB
IUIOTHOCTD paclpe/elleHlA KOOpJUHAT Ha s3KpaHe A OyIeT TaKoii,
Kak [peANnuchIBaeTCA Teopueil Tudpakiuy Ha pelieTKe ¢ MOCTOAH-
HO d, HO HEONpeJeIeHHOCTb KOOPAUHATEI YacTUIbI ONpeaeIAeTCA
COBCeM JpyTroil BeIUUUHOI — mupHUHOi menu a. Bop, KoMMeHTHU-
pyA paccy#saeHua JUHIITeHHa, 3aMeTHUI YTO HEONpeIeleHHOCTh
HMIyJbca pelleTKH, IPUoOPEeTEeHHOr0 B X0Je SKCIepUMeHTa, paB-
Ha

w

5.

HeonpepeneHHOCTh KOOpAMHATHI (HANPUMEp, LEHTPA TAMKECTH)

Ap = 2psin
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pemieTKU — BeJIMYKWHA NOpAIKa

Az = bk _ A
Ap  2sin¥
2
IlonyuenHnas TakuM o06pa3oM BeldudHa o6paTHa YMCIy IITPHUXOB
Ha eIVHUIY AJIUHBI, HE0OXOJUMOMY [JIA MONYUEHUA COOTBETCTBY-
el 1uppakiuoOHHON KapTUHBIL.

TakuM o6pa3oM, U3MepPeHUE MUMITYJIhCa PEmIeTKU MPUBOAUT
K OlleHKe Yycla INTPUXOB Ha eIUHULLY JUIMHBI M HUUero He TOBOPUT
0 MUpUHE HITPHUXA.

IlepBoe 3HAaKOMCTBO IIHMPOKOI1 OOIIECTBEHHOCTU C IPUHIU-
MOM JIOTIOJIHUTENbHOCTU COCTOANOCh 16 ceHTAGpA 1927 roga Ha
MemAYyHapooHOM KOHrpecce, mocBAlleHHOM namMATH A.Boibrta,
CO3BaHHOM II0 Clyyalo CTOJEeTHUA CO AHA CMepTH BeluKoro ¢usu-
ka. Ha 3ToM KoHIrpecce GbLIM IPAaKTUYECKHU Bce BeAylliue GU3UKU
MHpa, KpoMe JifHIITeiiHa, HECMOTPA Ha NOJNyuYeHHOe UM Iepco-
HalbHoe npuriameHue. Bopy 6bl1a npegocTaBieHa YeTbIpeXKpaT-
Hafa HopMa BpeMmenu (1 yac), a JUCKYCCHA [0 €ro AOKIALy 3aHA-
J1a BCIO 3aKJIIOUYNTEIbHYIO YacTh KOHIpecca. loknan «KBaHTOBBIIM
NOCTYJaT U HOBelilllee pa3BUTHe aTOMHOI Teopuuy ObLI MOBTOPEH
B okTAOpe 1927 roga Ha V ConbBeeBCKOM KOHIpecce M Hameya-
taH B sypHansax Nature [Bohr 1928a] u Naturwissenschaten
[Bohr 1928b]. Pycckuii nepeBop GblI B 3TO e BpeMA OMyGIH-
KoBaH B «Ycrexax ¢usudeckux Hayk» [Bop 1928]. dtoT noknag
BOCIPOM3BeJieH BO BTOPOM ToMe coGpanusa counHenuit Bopa [Bop
1971].

CBoro Toury 3peHus Bop, momanyii, myudiie BCero U3IOMUI
B 1949 rogy B ero craThbe, MOCBAIIEHHON 75-MeTHI0O JUHIITEHA
[Bohr 1949]:

B cBoem noknajme A pasBUI TOUKY 3PEHUSA, KOTOPYIO MOM-

HO 0XapaKTePHU30BaTh CIOBOM «IOMOJHUTENbHOCTEY; 3Ta TOY-

Ka 3peHUA TIO03BOJAET, C OJHOH CTOPOHbI, OXBaTUThb Xa-

paKkTepHYIO 1Jfi KBAaHTOBBIX IPOIECCOB UEPTY HeJEIUMOCTHU

U, C APYTOil CTOPOHBI, PAa3bACHUTHL CYIIECTBYIOIINE B 3TO

o6nacTu NMOCTAaHOBKU 3ajauu o HabmogeHuu. [lnda sToro pe-

MIaOIUM ABIAETCA NPU3HAHUE CJIeJYIOLUero OCHOBHOIO IO-

JOMEHUA: KAk Obl 0aAeK0 HU 6blr00UAl A6AEHUA 304 PAMKU
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KAaccuYeckKo2o @usuieckozo o66acHeHU, 8Ce OnblmHble JaH-
Hble J0AXHCHbL ONUCHIBAMbCA NPU NOMOWUL KAACCULECKUX TLOHA-
mudl.

Bop npomonsxan:
llosedenue 00veKkmMO06 HEBOIMONCHO PEIKO OM2PAHULUMD O UL
e3aumodeticmeull ¢ uamepumendbHulMU npubopanu, gurcupyio-
WuMU Yca08UsL, NPU KOMOPLIT NPOUCTo0am asieHud. B camom
Jeje, HeJJleTUMOCTb TUIMUYHbIX KBaHTOBBIX 3(P(EeKTOB NPOAB-
jJdeTcA B TOM, YTO BCAKafd IONBLITKA NOJAPa3/lelluThb ABJIEHUA
TpebGyeT U3MEHEeHUA BKCIEPUMEHTANbHON YCTAHOBKU U TeM
caMbIM BiledeT 3a co00ii HOBble BO3MOKHOCTH NPUHIUNIUAND-
HO HEKOHTDPOJUPYEMOro B3alMMOJelCcTBUA Me#Jy OObeKTa-
MU U U3MepUTeldbHbIMU NpubGopamu. BenencTBue aToro gas-
Hble, MOJNy4YeHHble IPU Pa3HbIX YCJIOBUAX OMNbITa HE MOTYT
ObITh OXBauyeHbl OJHOH-eAUHCTBEHHOI KapTUHOH; 3TU OaH-
HbIe IO HBI CKOPee paccMaTPUBAaThCA KaKk JONOAHUMEeAbHblE
B TOM CMbIC/Ie, YTO TOJIbKO COBOKYIHOCTb pPa3HbIX ABIEHUN
MoO:keT AaThb Oollee MOJNHOE NMpeAcTaBleHUe 0 cBoiicTBax 06b-
eKTa.

Jlanee Bop ciepyomum o6pa3oM oleHHT KBaHTOBYIO TEOPHIO:
JToT dopManbHbIil annapaT npejacTaBiAeT co00il YUCTO CUM-
BOJMUYECKYIO CXeMy, NO3BOJIAIOIIYIO [elaTh MNpeJcKa3aHusA
pe3yibTaToB ONbITOB, IPOU3BOAUMBIX B Ollpe/leJleHHbIX yCJIOo-
BHUAX, KOTOpble [OJ#Hbl XapakTepu3oBaThCA IPU IOMOILU
KJIacCUYECKUX MOHATHUN. JTa cXeMa CBfi3aHa C KIacCHYecKoil
Teopueil NPUHIIUIIOM COOTBETCTBUA.

ITHU paccyIeHUA KamyTCcA HECKONbKO CTPAaHHBIMHU, HO ClefyeT

[IOMHUTD, YTO VIaBHYIO ONIAaCHOCTH JJf KBaHTOBOH TE€OPDHH B 3TO

BpemA npefactaBiafna U-gyHRIUA co cBolicTBaMU MaTepUalbHOTO

noJs.

APBEPIAPIHBIE BOMU.
COJIbBEEBCKUII KOHTPECC 1927

Cnyctsa aBaanathb Jet nocie V CoinbBeeBcKoro KoHrpecca bop
BcromuHan [Bop 1971], uto peHdecT IOMOPUCTHYECKH OTPA3HI
XapaKkTep JUCKYCCHil Ha KoHTrpecce, BBINKCAB Ha JOCKe LUTATy
n3 Bubiuu, B KOTOpOI ONUCHIBAJIOCH CMEIIeHHE A3BIKOB, Hapy-
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ImuBIIee cTpouTelbcTBO BaBunoHckoit 6amuu. MoskeT O6bITh 3Ta
HaJANuch Oblila NIPUMEPHO TaKoii:
11 ® U crasamu (oHu) ApYr ApYTy: HalelaeM KUpHuueii
u oboikeMm orHeM. U cTanm y HUX KUpPIUUYU BMeCTO KaM-
Hell, a 3eMJIAHAA cMoja BMecTo u3BecTu. * U ckasanu oHu:
nocTpouM cebe ropoj M 6GamiHIO, BBICOTOIO 10 Hebec, U clie-
Jaem cebe MMA, Npemjle HexeNU pacceeMcf IO JHUIY Bceid
semiau. ° U comen locnogs nocMoTpeTh ropod U GallHIo, KO-
TOphle CTPOMIH ChIHBI uenoBedeckue. ¢ M ckaszan Tocnoms:
BOT, OAWH HapojJ, U OJWH Yy HUX A3bIK; U BOT Hayall OHU
JelaTb, U He OTCTAHYT OHU OT TOrO, YTO 3aAyMalu JenaTb;
7 coiileM e M cMellaeM TaM A3BIK MX, TAK YTOObI OJUH He
nonuman peuu apyroro. & U paccean ux Locnoab oTTyaa 1o
Bceil 3emie. ..
BeiTue XI. 1-9
Ha stom cobpaHuu cocTosanack nepBas nocie kondepenuuu B Ko-
Mo BcTpeua JitHmTeiiHa u Bopa. OHa oupanach ¢ HeTeplneHU-
eM, IOTOMY 4YTO B CO3HAHUHU (PU3NYeCKOl 0011eCTBEHHOCTHA UMEH-
HO B Bploccene HoBasA TeopuA AonzkHa GblIa OTCTOATH NPAaBO HA
cymecTBoBaHue. Omuaanud onpapjaiuck BrnoiaHe. CBoe BBRICTYII-
NeHve JUHINTENHH Havyal ¢pasoil, KOTOPYIO MoOr Obl NPOU3HECTH
roponb Jlup: «f pgomeH mpuHecTH M3BHHEHUA, YTO BBICTYHAIO
B JUCKYCCHU, He BHecCH CYIlleCTBEHHOI'0 BKjIajla B Pa3BUTHeE KBaH-
ToBOit MexaHuKU». OHaKo 3T0 He MoMelano JUHIMITENRHY 3a1aTh
ciaylmarelfaM 3ajadyy — IMepPBYIO B [I0OCJI€10BaTelbHOCTU HUCKYyIIe-
Huil HoBO#t Teopuu [Einstein 1928]. Ilycts Ha sxpan S ¢ He-
Gonbmum oTBepcTueM O manaeT mydyok snekTpoHoB. Ilporneninue
CKBO3b OTBEpPCTHUE YacTHULbl PErUCTPUPYIOTCA PACIONOKEeHHON 3a
3KpaHoM (oTomieHkoit P, umeroneil Bua noiycdepbl. UHIITEHH
yTBep#aaeT, KBAHTOBafA MeXaHWKa MO#eT 0OBbACHUTH 3TO fBle-
HHe ¢ JBYyX TOYEK 3peHHUA, N0-Pa3HOMY OlleHUBAIOLUX NPUMEHU-
MOCTb TEOpHUHU.
1. Illepsasa moukra 3penusn. Bonuwr ne Bpoitna—Illpenunrepa
COOTBETCTBYIOT HE OJHOMY 3JIeKTPOHY, a 00J1aKy 3JIeKTPOHOB,
pacnpejieleHHOMY B IpocTpaHcTBe. KBaHTOBad Teopua HIYe-
ro He roBOPUT 06 oT/elbHbIX Npoueccax. OHa JaeT nHGoOpMa-
[UIO JULIb OTHOCUTENbHO O€CKOHEYHOI0 MHOECTBa dJIeMeH-
TapHbIX [POLECCOB.
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2. Bmopas mouka 3penus. KBaHTOBaA TeopusA NpeTeHOyeT
Ha MOJHOe OMKcaHKe OTAeNbHBIX mpoleccoB. Ramaaa yacTu-
1la, nmajaolas Ha 3KpaH, He XapaKTepu3yeTcA MOJOoHeHUueM
U CKOpPOCTbIO, a ONMKChIBaeTCA MakeToM BoJH Je Bpoitna—
IIpeaunrepa, UMeOIMUM Malylo NPOTAMEHHOCTh U MalbIit
pa3bpoc Mo HampaBJeHUAM. JTOT BOJHOBOI MakeT Audparu-
pyeT, U mocie qudpaKkIiuy ero 4acTH MonagaloT Ha MIeHKy P.

CoriacHo TMepBOii, YUCTO CTATUCTUYECKON TOUKe 3pe-
HUA, |\Il|2 BbIpasaeT BEPOATHOCTDb TOr0, UTO B paccMaTpUBa-
€MOM y4YacTKe MpPOCTpaHCTBa, HalpuUMep, B TOM MecTe, Ijle
HaXOJUTCA TIEHKA, UMEeeTCA 00HA W3 YacTHUIl IEKTPOHHOTrO
obnaka.

CoriacHo BTOpOil TOUKe 3peHUH, |lI'|2 BbIpazkaeT Bepo-
ATHOCThL TOTO, YTO onpede.ieHHas 4acTHIla B paccMaTpuBae-
MBIl MOMEHT BPEMeHHU HAXOAUTCA B 3aJaHHOM MecTe (Hampu-
Mep, Tam, TJie pacmojioxeHa mieHka). Teopus, TakuM o6pa-
30M, paccMaTpuBaeT OTIelbHbIe Mpollecchl U MpeTeHayeT Ha
MOJTHOEe onmKcaHue BeeX (GaKTOB U 3aKOHOMEPHOCTeH.

BTopasa Touka 3peHHA Tropasgo paauKalbHee TepBOi
B TOM CMbIC/e, YTO OHA COJEPHUT BCe Pe3yIbTaThbl, KOTOPbIE
NoJyJyalTcAd B T€OPUU, OCHOBAHHON Ha MepBOil TOUKe 3pe-
HUA; B TO e BpeMA o6paTHOe yTBep#iieHe HeBepHO. TolbKo
B CUJIy BTOPOii TOUKHU 3PEHUA U3 TEOPHUH ClieJyeT, UTO 3aKOHbI
coXpaHeHHUA BBIMOIHAIOTCA U AJA 3leMeHTapHbIX MPOIECCOB.
ToabKo B cUTy BTOPOI TOYKHU 3peHUA TEOPHUA cyMena 00bAc-
HUTb pe3yibTaT 3KcrnepuMenTa 'eiirepa u bore. Tonbko oHa
Mo3BoJujIa 00 bACHUTh, MOYeMY B Kamepe BuibcoHa kKamelnb-
KU, oOpa3syloluecs Npu NpolieTe a-4acTHIIbI, pacnojaramTca
NOUYTHU BAOIbL MPAMBIX.

Bce e A He Mory He BbICKa3aTh HEKOTOPbIE BO3pakeHUA
NPOTUB BTOPOIl TOUKM 3peHUA. PacceAHHble BOMHBI, JOCTUT-
mue TieHK P, He UMeIOT HUKAKOro U30paHHOTO HampaBlie-
uua. Ecau cuutath, uto [1)|? 3amaeT mpocTo BepoATHOCTDH
npe6GbIBaHUA HEKOTOPOM YacTUIbI B JaHHbI MOMEHT BpeMme-
HU Ha paccMaTpUBaeMOM ydacTKe IJIeHKH, TO OTcioaa GbI clie-
J0BaJlo, YTO 0JUH U MOM e 3IeMeHTapHbIi MPOIece OKa3bl-
BaeT JeiicTBUE B 08Yyx uAU MHO2uX MecTax IueHKH. OmHaKo
WHTepIpeTanua, corjiacHo KOTOPOi |‘Il|2 BbIpaaeT BEpOAT-



Apvepzapdnsie 6ou. Coaveeescruil konzpecc 1927 107

HOCTh TOT'0, YTO OnpedeieHHAs YacTULAa HAXOAUTCA BO BIIOJ-

He oNpejleIeHHOM MecTe, IpefnojlaraeT COBEpIIEHHO 0COObIi

MeXaHU3M JIeiCTBUA HA PACCTOAHHUM, He NMO3BOJAMIIIUIA BOI-

HaM, HeNPePHIBHO paclpe/elleHHbIM B IPOCTPAHCTBE, OKa3bl-

BaTb CBOe JeiicTBUE OJHOBPEMEHHO B 08yxr yvacTKaxX IUIEH-

Ku. fI cuuralo, 4To 3TO Bo3paxeHNe He CHUMAaeTCA TeM, U4TO

BosnHa IllpenuHrepa onuckiBaeT He TONBKO MPOIECC PACHpo-

CTpaHeHNA, HO U MO3BOJAET YKa3bIBaTh MOJOMKEHNE YaCTHIIBI

BO BpeMA 3Toro npouecca. /Iymaio, yto y fe Bpoitna 6p11u

OCHOBAHUA Al NONBITOK B 3TOM HampaBieHuu. Ecnu onepu-

poBaTh Tonbko ¢ BoaHamu lllpeaunrepa, To BTopas MHTep-

nperanua |¥|?, HacKoNbKO A MOHMUMAIO, IPUBOJUT K MPOTHU-

BOPEYHIO C NMOCTYJIaTOM OTHOCHUTEIbHOCTH.

Hrak, JitHmTeiiHa 6ECIOKOUT HE CTONBKO CTATUCTUYECKUI CTHIb
KBaHTOBOI MeXaHNKH, CKOJbKO NPHUBHECEHUE B TEOPUIO IIPEICTaB-
JeHUA O JAalbHOAEUCTBUM M OTXOJ OT MPUUYUHHOI'O ONHCAHUA fB-
nennii. OUeBUIHO, UTO onaceHUA JWHIITEHA U3NUIITHU, TOCKOIb-
Ky COOTHOIIEHHe MeAy BEePOATHOCTAMU IOABIEHUA DIEKTPOHA
B Toukax A u B ycTaHaBiuBaeTCA BOBce He HAOMIOJIeHUEM BIeK-
TpoHa B Touke A. OHO ompejenAeTcA elle B MOMEHT IPOXO#e-
HUA 3J€KTPOHA CKBO3b MIelb B sKpaHe. IMeHHO 31ech (roBopA He
CIMIIKOM CTPOr0) B3aNMOJENCTBUE BIEKTPOHA C SKPAHOM IPeos-
pasyeT IIOCKYIO BOJHY, ONHUCHIBAIOUIYIO JBHKEHUE IEKTPOHA [0
3KpaHa, B cpepuyecKylo, KoTopafd olpejenfdeT BepOATHOCTU Ha-
npaBleHuil, B KOTOPBIX ABUKETCA 3MeKTpoH. Eciau npuHATH 3TO
coObITHE B KauecTBe HaYalbHOI'0 yCJIOBUA Ipollecca, pa3Bopayu-
BalollerocAd 3a dKPaHOM, MBICIH O BO3MOHOM HapyIlIeHUU INpU-
YUHHOCTHU BO3HUKATh He HoiaxHo. OnHaKo npuBep:keHiieB Komnen-
rareHCKoil IIKO/bI BONPOCHI IPUUUHHOCTU Malo Gecrnokounu. OHu
nojaraiy, 4TO0 NPUYUHHOCTb B HOBOIl TE€OPUU OTXOJUT Ha BTO-
poit I1aH BMecTe ¢ IOHATHEM TpaeKkTopuu. ['1aBHoit 3agaueit quc-
Ryccuyu OblIO yTBep#iJeHHe NPUHIHUINA AONOIHUTEIbHOCTH. ITO
U ONIPEeJIeNIAJI0 HaNpaBleHUe CIIOPOB, 0 KOTOPBIX NMOJIPOGHO U OYEHb
uHTepecHo pacckasan bop B 1949 rony.

Ronrpecc He mor He cTaTh HOBHIM BaBullOHOM, OTOMY 4YTO
ero yyacTHUKHU I'OBOPHIHU, N0 KpaiiHell Mepe, HAa ABYX A3bIKaX —
AI3bIKE BOJIHOBOI MeXaHUKM ¢ ee TyMaHHOU U-pyHKINel U A3bIKe
NPUHINIA JONOIHUTENILHOCTH, pa3paboTanHoM Bopom u laiizen-
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6eprom.

IIpesine yem obpaTuTheA K GPYyRUAUJIOBCKUM BOCIOMUHAHU-
AM [aii3enGepra o KoHrpecce, MPUBEJEM €ro OLEHKY Te3HCOB
Bopa, mnpexcraBieHHbIX Hay4HO#l o6iiecTBeHHOCTH B 1927 ro-
ny!. Taiizen6epr, pydyadch 3a TOUHOCTb CBOMX BOCIOMUHAHHIA,
yTBep:#aan, yto bop oTcTauBan cienytoee:

1. HegennmocThb KBaHTa JeiicTBHA (KBaHTOBBIN MOCTYIAT).
2. luckpeTHOCTD (HEAENUMOCTh) 3I€MEHTaPHBIX MPOIECCOB.
3. HekoHTpoIMpyeMoCTh B3aUMOAEHCTBUA MeHAY 00BEKTOM
U U3MEepUTEILHBIM annapaToM.

4. HeBO3MO#HOCTb TOYHOT'0 MPOCTPAHCTBEHHO-BPEMEHHOTO,
a 3HAYUT U NPUYUHHOTO OMUCAHUA MPOIECCOB.

5. OTKa3 OT KJIaccUUeCKOro crnocoba omucaHuA ABIEHUI.

3ameTum, uto [aitzen6epr HUYero He rOBOPUT 00 yTBepHiIe-
HUU MPUHIIKMNA JONONHUTENhHOCTH, KOTOPBI OYeHb MHOTUM Ka-
3alcA NOYTHU TIIaBHBIM, OCHOBHOTO TOJIOMKEHUA: KaK Obl Jaieko HU
6bLX00UAUL ABACHUA 30 PAMKU KAACCUYECK020 PUu3u1eckoz0 o6ssac-
HEeHUsA, 6ce OnblmHble JaHHble JOAHCHbL OUCLIBAMBCA LPU NOMOULU
kaaccuieckuxr nowamut. CKopee BCEro 3TO CBA3AHO C €ro HeJloBe-
pHUeM K CTOJNb CUIBLHOMY yTBep#aeHuto. Onnaxo B Bproccene aTo
yTBep#/eHue ObLIO HE OYeHb CYIeCTBEHHBIM. bollee BnevaTasio-
UM GbLIN POpOYecKre (U MOTOMY TYMaHHbIE) Pedl PUBEPHKEH-
1leB BOJIHOBOI MeXaHMKHU M XJIaJHOKPOBHbBIE 3alPEThI CTOPOHHUKOB
Komnenrarenckoit mkoabl. Bor kak onuckiBan sto [aiizen6epr:
Bce ™Mbl #unu B OHOM OTelle, U CaMble OCTpPble AUCKYCCHU
NpoOXoAuIu He B KoHdepeHI-3ale, a B pecTopaHe OTelfl. ..
Cniop 06bIUHO HAYMHAICA y#e PAHHUM yTPOM TeM, UTO JiH-
HITelH OGBABIAN HaM 33 3aBTPAaKOM HOBBIN MBICIEHHBIN KC-
NepUMeHT, C €ro TOYKHM 3PEHHA ONPOBEPraBIIUil COOTHOIIE-
HUA HeomnpejeleHHocTel. Mbl, €CTECTBEHHO, TYT K€ Ha4M-
Halu ero aHajlu3upoBaTb, U MO MYyTU B KoHdepeHI-3al, Ky-
na A o6bIYHO compoBoaan bopa u JiiHmTeliHa, gocTura-
1 TpeBapUTENbHON ACHOCTH HAcueT MOCTAHOBKM BoIpoca
U BBIABUHYTON no3unuu. [loToM B TeyeHue AHA HA 3Ty Te-
MY Beloch MHOro Gecejl, U, Kak PaBUIIO, Bce 3aKaHYMBAJIOCh
TeM, uTo Hunbe Bop BeyepoMm 3a yUHOM GbLI yie B COCTO-

1Pasrosop Tlaiizentepra ¢ [Jmammepom, 26 uronsa 1971 roxa.
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AHUM JI0Ka3aTb JWHIITEHHY, YTO 0UepeaHOi Mpe/JIoKeHHbI
UM 3KCIIeDUMEHT TO#e He BeJleT K OTMeHe COOTHOLIEHUA He-
onpejeneHHOCTel. JMHIITENH Ka3alcAd HECKOIbKO 00eCIOoKO-
€HHBIM, HO y#i€ Ha clleflylolllee YTPO Y Hero 3a 3aBTPakoM ObL
TOTOB HOBBIN MbICAEHHBIN 3KCIIEPUMEHT . .. APYT JUHIITEl-
Ha [Taynb JpeHdecT...cKasan: «JUHIITENH, MHe CTBIJHO 3a
Te0s; Be[Jb Thl CIIOPUILbL IPOTUB HOBOI1 KBAHTOBOI TEOPUHU Te-
nepb TOYHO TaK ke, KAK TBOM NPOTUBHUKU NPOTUB TEOpUU
OTHOCUTEJLHOCTU) . . .
ITOT pacckas BbI3BIBAET BOCXMUIIEHHE TBOPYECKOIl 06CTaHOBKOIA
KOHIpecca, HO OH ke U IOpOoJaeT COMHeHHe B Heo0XO0AMMOC-
TU pemiaTh (QyHOaMeHTalbHble Bonpockl Hayku Ha mutuure. Ilo
KpaiiHeli Mepe, JUHIITeiHA AUCKYCCUM Ha KOHrpecce ybGemmanu
JIUIIb HA HECKOJbKO 4YacoB, U, MOkeT ObITb, CIyCTA MHOTIO Je€T,
B 1948 roay, oH qyman UMeHHO 00 3TUX CIOpax:
Hecronbko pas on (ditHmTeiin) Becnomunan Bopa, kKoToporo
OH OYeHb JIOOUT U KOTOPBIM BOCXUIIAeTCA, HO C KOTOPbIM
OH pacXoJUTCA BO MHOTUX QyHAaMeHTalbHbIX Bonpocax. OH
roBopui, yro Bop MBICIUT OYeHb ACHO, HO Ha NHCbMe OH
OYeHb TEMEH, U YTO OH gymaeT 0 cebe Kak 0 NPOPOKe
[Shankland 1963].

BOMBA B 3IAHUH KBAHTOBOI1
MEXAHHURHU

Ilo cTunio craThA Tpex aBTOPOB Majo HanoMHHana GiecTd-
iK€ [0 HaTJIAAHOCTH MblCAeHHble dKCnepuMenmbl JUHIITelHa, KO-
TOPBIMU OH NIOUTH IECATH JE€T NPOBEPAI HA IPOYHOCTH CO3JaHHYIO
B 1925 rogy HOBYIO KBaHTOBYIO MeXaHURY. B aToii cTaThe Gesoro-
BOPOYHO NpPUHUMaeTcA MaTeMaTHuyecKuil ¢hopManu3M KBaHTOBOIA
TeOpHUH, YTOGLI MOTOM MOJOPBATb U3HYTPH €e JIOTHYECKYIO CTPYK-
TYpY.

MosxeT 6bITh, 3Ta 0CO6EHHOCTb CTaThU ONpe/elAlach cocTa-
BOM aBTOPCKOI'0 KoJlleKTHUBa. JiiHIITeliH noAaBuicA B [IpuHcToHe
B 1933 ronxy BMecTe co cBOMM O€pIMHCKUM COTPYyAHHKOM Meiie-
poM. OqHAKO TOT BCKOPE MOJY YW NOCTOAHHYIO JOIMHOCTD B O]-
HOM M3 aMepUKaHCKUX YHUBEPCUTETOB, U JNHIITEHHY NPULLIOCH
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HcKaTh HOBbIe MoJofble cuibl. B 3To Bpems B IIpucTone nocie He-
IPOJOKUTENbHOT0 Npe6bIBaHUA B XapbKOBCKOM (PU3UKO-TEXHU-
yecKoM MHCTUTYTe okasanca Bopuc [logonsckuit. OH yike BeTpe-
yajicA ¢ JMHIITEeHOM, MI0AOM UX COTpyJHHUUYecTBa Gblia cTaThA,
ony6auroBanHas B «Physical Reviewy [ETP 1931]. B Espone Ilo-
nonbckuit corpyguuuan ¢ Jupakom u ®@orom. PesynrTaTom mx
COBMECTHOI IeATEeNbHOCTH ObLIN GhyHIaMeHTalbHbIe CTaThU B 06-
JacTH HOBeiillleil Torja KBaHTOBOI anekTpoanHaMuku. Hatan Po-
3eH TolbKO 4To (B 1934 rogy) momyuun noa pykosopctsom Ciiere-
pa cBoio Ph.D. — cTtenenb B Maccauyccerckom IlomuTexHuyec-
koM UHcTuTyTe. [loMrMo KBaHTOBOIT MexaHuku Po3eH 3aHuManca
U ToceJHUM JIOOUMBIM JeTHlleM JiHIITeliHa — eIUHOI Teopu-
eit nona. EcTecTBeHHO, uTo JHIITEH NpuUriacua HOBOI'O MHO-
roo6emaromiero corpyiHuka [[puHCTOHCKOr0 YHUBEPCUTETA K CO-
TpynuudecTBy. Takum o6paszom, k 1935 rogy oxoino ditHmTeiiHa
NOABUIUCH TalaHTIUBbIE MOJOAbIE MIOU, KOTOPLIE OBLIN B Kypce
HOBENWIINUX NOCTUMEHUN KBAHTOBOI Teopuu.

PesynbTaToM uX coTpygHUYecTBa cTana, Homalnyil, caMmas
U3BecTHaA B Hallle BpeMA ¢usnueckas ctatha [EPR 1935].

OcHoBHasA ujed cTaThbU NPUHAANeHaNa JUHIITENRHY.

OHa nogBoK/Ia UTOT €r0 OYTH JeCATUIETHUM pPa3MblIIeHH-
fIM 0 HOBOIl KBaHTOBOI1 MexaHuke. Cnycta 10 1eT mocne ny6auka-
uvu EPR JitnmTeiin nucan (B nucbMe, naTupoBanHoM 10 HOAGPA
1945 roma) apyry MomoocTd JuinTeiiHy (KOTOpoMmy mpuHauie-
JKUT, B 4aCTHOCTH, o6bAcHeHue 3¢ derta [[ltapkra): «f npumen
K 3TO{ MBICIU, KCXOJA U3 MPOCTOr0 MBICIEHHOT'0 SKCIIEPHMEHTa).

OnuieM NpUAYMaHHBIR JUHIITEHHOM SKCIEPUMEHT. IJTO
NO3BOJIUT YUTATENIO NPOCIeAUThb 3a TeM, KaK 3BpPUCTUYECKUE
coobpaxeHuA NMpeBpaTUINCh B MaTeMaTHuyeckue GopMyJbl, T.e.
B TOYHbIE YTBeP#JAeHUA KBAHTOBOU MeXaHUKU.

IIpencraBum cebe AmMUK B ¢ ujealbHO OTpakaiOIUMU BHY T-
PEHHUMHU CTeHKaMU, CHaOMeHHbIN 3ac/lIOHKOH, ynpaBiAeMoil ya-
COBBIM MeXaHU3MOM. fIUK COfepKUT HU3KOUYACTOTHOE BIEKTPO-
MarHuTHOE ToJie U MOKET MepeABUraTbcA 6e3 TPeHUA B TOPU3OH-
TalbHOM HAaNpaBJIeHUH N0 peibcaM K, ¢ KOTOPHIMH MOMKHO CBf-
3aTh cucTeMy oTcyeTa. Ha 0oqHOM M3 KOHIOB PelIbCOB S MOKHO
NOMECTHUTh MM aOCONIOTHO MOTJIOIAIOIIUN SKPaH, UIU abCoOMOT-
HO oTpasatoiiee 3eprano. [lycte Ha B cuaut HabaopaTenb. OH
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cHab#eH yCTPONCTBOM, KOTOpPOe MO3BOJAET B TOYHO OMpejeNeH-
HO€e BpeMA OTKDBITh 3aCIOHKY M OTHPaBUTh (OTOH B CTOPOHY S.
Ilocne aToro HabmOgaTENb MOMKET

1) HeMe[IEHHO KECTKO CBA3aTh CBOIO CHUCTEMY oTcueTa B ¢ He-
MOJBHUKHON cucteMoit K, uiu,

2) JaB BO3MOKHOCTb B cBOGOIHO IBUTaTbCA, U3BMEPUTDH €ro UM-
nyJbc, UCMOAb3yA 3¢ deKT Honmuepa AjiA N3Ny YeHUA C TPOU3BOJb-
HO MaJjioii 4acTOTOIA.

Ha6nionaTenb mMoxeT nmpeacKkasaTh:

B MIepBOM cily4ae BpeMsd nofABieHuA GoToHa B S,
BO BTOPOM — 3HEpPruio 3Toro ¢oToHa.

Takum o6pa3oM, ¢ GOTOHOM B TO4YKe S MOH#HO COMOCTABUTH TY
UM WHYIO XapaKTePUCTUKY B 3aBUCUMOCTH OT PACIOJIOMKEHNA Y-
xa HabaropaTend, yaainenHoro ot S Habmonatensa. EquHcTBeHHOE
o6bACHEHNE 3TOr0 ABJIEHUA — IPEIOoN0MeHNe 0 TOM, YTO U3Me-
peHue B B MoeT (usuyecku BIUATH Ha GoTOH B S, TpebyeT
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JOoNyIleHUA WIU JefCTBUA Ha pacCTOAHUHU, WU AelcTBUA, pac-
npocTpaHdionlerocsa 6eicTpee cBeTa.

JUHIITENHH JOMyCKal JTOTMYECKYI0 BO3MOMHOCTb TaKUX Me-
XaHHU3MOB, HO 3T0 HACTOJIbKO IPOTHBOPEUNIIO ero GpU3nuyecKoil UH-
TYUIIUU, YTO He MOT OTHECTHCh K HUM Cepbe3HO.

Amur c doToHOM mpullen B paccyxIeHHUA JUHIITellHA He
cily4JaifHo, ero npuBeIu NpeasiAymue quckyccuii ¢ bopom. Paspe-
IeHUe AIMIMKY ABUraTbCA MPEBPATHUIO AeiCTBYIOMINE JHIa MbIC-
JeHHOT0 3KcnepuMeHnTa B Be yacTuilpl 13 EPR. RintouyeBasa B EPR
npoleaypa peJyKIUU BOJHOBOI'O MaKeTa HaBefAHa BBICTYIJIEHHEM
ditnmTelina Ha ConbBeeBCKOM KoHrpecce B 1927 rony.

Cpasy e nocne ny6nukanuu EPR ee pycckuit mepeBoa (Tak
e Kak M TepeBOJ oTBeTa bopa), BBLIMOJIHEHHBIH MPU ydacTHU
u nop penarnueit Pora, 6p11 HanevyaTaH B «Ycnexax GU3UUECKUX
Hayk» [YOH 1936]. IIpu usnomennn EPR wmb1 Gynem moppo6-
HO LIUTUPOBATH HTOT MEPEBOJ, HAJIEAChH, YTO 3TO C MaKCUMAaIbHOIA
TOYHOCTBLIO JIOHECET JI0 YUTATeld coJep:KaHue M CTUIb KiacCu-
4yeCKoil paboThI.

Astopst EPR, npeme Bcero, 3amevaror, 4To [JIA Cy#A€HUA
06 ycmexe gusanveckoil Teopuu Mbl MoxeM 3aAaThb cebe ABa BO-
npoca

1) llpaBuabua au Teopua? u

2) flpafercA au naHHOE Teopuell omucaHue MOMHbIM?

Ilocne necAaTu neT HGe3ycHelIHbIX IPAMBIX ONPOBEP#EHUI KBaHTO-
BOIf MeXaHUKU JUHIITENH pelliua 3aHATbCA BTOpOil 3anaueii. [lna
3TOro eMy ObLIO0 He06XOJUMO J1aTh ONpe/ieleHre MOTHOTHI TEOPHH.
B EPR oHo dpopmynupyetcd Tak:

Kam/Jblit 31eMeHT (U3UYecKoll pealbHOCTU HONMKEH UMETh

oTpaeHue B (pU3UUECKON TeOpuU.

Ilocne aToro cnefyer AaTh TOUHOE OompefielieHUe QU3UUECKOIL pe-
albHOCTH:

eciy Mbl MoskeM 6e3 Karoro 6bl TO HU ObLIO BO3MYIEHUA

CHCTEMBI [IPEICKAa3aTh C JOCTOBEPHOCTHIO (T. €. C BEPOATHOC-

ThIO, PABHOU e[MHUIE) 3HAUEHUE HEKOTOPOii HU3NIeCKOll Be-

JUYUHBI, TO CYI[ECTBYET 3JIeMeHT GU3NUYeCKOil pealbHOCTH,

COOTBETCTBYIOLIUI 3TOI (pU3NYeCKOil BelUUynHe.

XoTA 3TOT KPUTEPUil [aleKo He UCUEPIBIBAET BCeX BO3MOMKHBIX
cnoco60B pacrno3HaHUA (GU3UYECKOil pealbHOCTH, OH, KaKk [JOCTa-
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TOYHOE yCJI0BUE, HAXOAUTCA B COrNIaCUU KaK ¢ KIacCUUYEeCKUM, Tak
U C KBAHTOBO-MeXaHMYECKUM MpeicTaBIeHHEM O pealbHOCTH.
lanee B cTaTbe NPUBOAUTCH KPaTKUil HAaOPOCOK KBAHTOBOI
MeXaHUKM, KaKk oHa mpejcTaBigeTcA aBTopaM EPR. OcHoBHBIM
MOHATHEM TEeOPHH aBTOPbI CUYMTAIOT MOHATHUE
«COCTOAIHHAY, KOTOPOE, 110 MPEIIOJ0MEHNIO, MIOJHOCThIO Xa-
pakTepusyeTcAa BonHOBo# ¢yurnueit ¢. [locnennaa ABnder-
cA QyHKIUeN MepeMeHHBIX, BbIOGpaHHBIX /A ONUCAHUA MOBE-
nenua dacTunbl. Rammoit pusnudeckn HabiogaeMoit BeIUUn-

He A CTaBHUTCA B COOTBETCTBHUE oOllepaTop... Ecau 1/) €CThb
co6cTBeHHaA QYHKIHA omepaTopa A, T.e. ecian
, o~
P = A¢ = av, (1)

rje a — 4ucio, To pusudeckada BeanunHa A uMeeT ¢ fo-
CTOBEPHOCTbHIO 3HauUeHUe a, KOJIb CKOPO YacTHUI[a HaXOAUTCA
B coctoguuu 9. Eciu ¢ ynoeinersopser ypasHenuto (1), To
corjacHoO HallleMy KPUTepHIO pealbHOCTH [JIA YacTHUIbI B CO-
CTOAHUU 1) CYIIECTBYET 3JeMeHT (pU3uUecKoil pealbHOCTH,
COOTBETCTBYOINUY husnveckoit Bennuune A.

ABTOpBI paccMaTpPUBAIOT Clly4Yail OJHOTO U3MEPEHUA U BBIOMPAIOT

P(a) = ™, (@)

raie ppo — HEROTOpoe MOCTOAHHOE€ 4YHUCJIO. Tark rar orneparTtop, co-
OTBeTCTByI'OIJ.II/Iﬁ KOJINYECTBY ABUMEHUA YaCTUllbI, paBEH

i
b= _Zh%a (3)

TO 8
Y == —ih L = o, @

Takum o06pa3oM, B COCTOAHUM, KOTOPOE ONpeJelNAeTcA ypaBHe-
HUeM (2), KOIMYeCTBO JBUKEHUA MMeeT ¢ H0CTOBEPHOCTHIO 3Ha-
YyeHUEe pg. 3HAUUT, B 3TOM Clydyae UMEET CMbICI FOBOPUTH, UTO
KONUYECTBO JIBU#EHUA YAaCTHI[bI B COCTOAHUU 1) pealbHO.

C npyroit cropoHsl, eciu ypaBHeHue (1) He BbImoNHAETCH,
MbI GOJIb1IIe HE MOKEM F'OBOPUTH O TOM, YTO (PU3UUYECKAA BelUYU-
Ha A uMeet ompejeleHHOe 3HAaYeHUEe, TaKk OGCTOUT [elo, HANpPU-
Mep, ¢ KOoOpAuHaTOW yacTuibl. OmepaTop ¢, COOTBETCTBYIOINIMIA
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KOOpAMHATE, eCTb ONEpaTOp YMHOMEHUA Ha He3aBUCUMYIO Iepe-
MeHHY0. TakuMm o6pazom

7 = 1 # ayp. (5)

CoriiacHO KBaHTOBOI1 MeXaHUKE, MbI MOKEM TOJNBKO CKa3aTh,
YTO OTHOCUTEIbHafd BEPOATHOCTb TOr'0, UTO M3MepPEHUEe KOOpaU-
HaThbl 1aeT pe3ylbTaT, jJealuii Mexay a u b, paBHa

b b
P(a, b):/1/1*1/)da::/d:r:b—a. (6)

Tak Kak 3Ta BEPOATHOCTb HE 3aBHCHUT OT @, & 3aBHCHUT TOJbKO

OT pasHoOCTH b — a, Mbl BUAMM, YTO BCE 3HAYEHUA KOOPIUHATHI

paBHOIMPABHBI.
...00bIYHO B KBaHTOBOI MeXaHUKe W3 3TOro JenaeTcA clie-
IOYIOIUIA BBIBOMA: €CIM KOJIMYECTBO [IBUMKEHHA YACTHUIbI W3-
BECTHO, TO ee KOOpAMHATA He UMeeT (PU3UUYECKO pealbHOC-
TU. B KBaHTOBOII MexaHuKe [oKasbiBaeTcd U Oojee obliee
TONIOKeHUe: ecliu ONepaTopbl, COOTBETCTBYMOUME ABYM u-
3UYECKUM BeluuuHam, ckamem A u B, He KOMMYyTuUpYIOT,
T.e. eciu AB # BA, To TouHOe 3HAHUE OJIHON U3 ITUX BeNU-
YUH MCKJII0YaeT TOYHOe 3HaHue Apyroi. KpoMe Toro, kamman
MONBITKA BKCIIEPUMEHTANbHO ONpPeAelIUTh BTOPYIO BEIMYUHY
HU3MEHHUT COCTOAHNE TAKUM 06pa3oM, UTO YHUUTOMUT 3HAHKE
1epBoOi.

ComocTaBiififi 3TO yTBepH#IeHHe CO CBOMM OlpeeleHHeM peaib-

HOCTH, aBTOPbI IPUXOAAT K BBIBOLY, YTO WIU

].) KBaHTOBO-MeXaHU4YeCHKOoe OlliMcaHue peajJbHOCTHU NOCPeaCT-
BOM BOJIHOBOW (I)yHHHI/II/I HEIIOJIHO UJIU

2) Korjga omepaTopsl, COOTBETCTBYIOIIME JBYM (U3HUYECKUM
BeJIMYMHAM, He KOMMYTHDPYIOT, 9TU BeIUUYUHbLI HE MOTYT OfI-
HOBpeMeHHO ObITh pealbHbIMU.

B kBaHTOBOIT MexaHUKe MpeAnoIaraeTca, YTo BOTHOBaA QYyHRIUA
JeficTBUTENbHO NaeT IOJHOe oNucaHue (PU3UYECKOll pealb-
HOCTHU [JIi CUCTEMBI B COCTOAHHUM, KOTOPOMY OHA COOTBET-
CTBYET.
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Ha nepBblit B3rAAL 3TO NMpenojodeHe BIOIHE MpUeMIeMO,
TaK KaK CBeJIeHUA, KOTOpPble MOHO BHIBECTU U3 3HAHUA BOJ-
HOBOU (YHKIUHU KamyTCA TOYHO COOTBETCTBYIOIIMMU TEM,
KOTOpPbI€ MOHO MOJYYUTh NMPU NOMOIIU U3MEpEHUIl, HE U3-
MeHAA COCTOAHUA CUCTEMBI.
OnHako B cliefyIollleM pasjeje CTaTbU aBTOPbI MOKAa3bIBAIOT, YTO
TaKoe NMpeANoJoHeHe IPOTUBOPEUYUT MPUHATOMY UMU KPUTEPHUIO
peanbHocTu. [IpoTUBOpeune oGHapy#UBaeTCA NMpPU aHalu3e MoBe-
JEeHUA cUcTeMbl, cocToAmel u3 aByx noacuctem I u II, KoTopsie
B3auMOJeHCTBYIOT Nullb oT MoMeHTa t = 0 mo ¢t = T. Ilpen-
nmojaraeTcf, 4YTo COCTOAHUA 06erxX MOACUCTEM OO MOMeHTa t =
= 0 6b1M u3BecTHBI. B 3TOM ciydyae moBefeHue 00belUMHEHHOMH
cucteMbl I + II B m1060it MoMeHT BpemeHu ¢ > () ompepaensercsA
ypaBHenueM lllpenunrepa. 9To o3HauyaeT, 4TO B OO0 MOMEHT
BpeMeHu ¢t > 0 u, B yacTHocTU ¢ > T', U3BecTHa BOJIHOBaA (PyHK-
uA Goabiuioi cucrembl ¥(x1, T). UTo e MOMHO cKasaTh 0O Co-
CTOAHUAX KamJ0i U3 MOJCHUCTEM B COOTBETCTBYIOUIME MOMEHTBI
Bpemenu? B EPR Ha 3T0 gaercsa Takoii oTBeT:
.. .MbI HE MOMEM . . . BHIUMCIUTDb TOI'O COCTOAHUA, B KOTOPOM
KamJaAa U3 JBYX CUCTEM OCTaeTCA IMocje B3auMOJeiCcTBUA.
CoryiacHo KBaHTOBOII MeXaHHKe 3TO COCTOAHHE MOET ObITh
HaiiJeHO TOJbKO C MOMOIIbIO MOCHeAYIOMUX U3MEpeHuid, my-
TeM Ipoliecca, U3BECTHOr'O MOJ Ha3BaHHEM «PelYKIUH BOJ-
HOBOTO MaKeTay.
ABTOpBI ONMUCHIBAIOT 3TOT Mpollecc CieAyIomuM 06pa3om.
IIycts A — pusnyeckasa BelnunHa, OTHOCAIIAACA K HEPBOIi
NOJCUCTEME, A1, G2, A3,... U u1(T1), us(x1), us(x1),... —
coOCTBEHHbIE Ync/ia U cOGCTBEHHBIE BEKTOPLI omepatopa A.
Boanosyio pyuruuu ¥(xz1, £2) MOKHO OPEACTAaBUTD B popme

U(x1, ©2) = ) (1) Pn(@2). (7)

Ipeanonoxum, uto Benuunta A n3amepena, npuyem HaiijeHo,
YTO OHa UMeeT 3HaUeHUe ar. OTcIOna BRIBOJAT 3aKIIOYEHHUe,
4YTO MOcle U3MePEeHUA IepBasd cucTeMa OCTaeTCA B COCTOA-
HUM, OMKCHIBAEMOM BOJNHOBOU (yHKIHUeN uy(ry), TOrja Kak
BTOpafd cUcTeMa 0CTaeTCA B COCTOAHUU C BOJIHOBOI QYHKIU-
eit Py (r2). ATO U ecTh Mpollece peAyKIUY WK CBEIEHUA BOJ-
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pagom (7), cBoguTCA K OfHOMY ciaraeMoMy ¥ (z1)ug(x2).
HocnenoBaTenbHoCTh QYHRUUN Uy, (%1) ompefelnseTcA BHIGOPOM
¢dusnveckoit Bennunnsl A. Eciu BMecTo Hee MbI GbI BHIGpANU ApY-
I'YIO BEIMUKHY, CKaxeM B, uMeonlyio co6cTBeHHbIe 3HaUeHNA by,
ba, b3, . . .n co6cTBeHHbIe QyHRUMY V1 (X1), V2 (21), v3(Z1),. . ., MBI
ObI Moy Yniau BMecTo ypaBHeHud (7) pasiomeHue

U(wr, 23) = Y vs(21)py(2)- (8)

Ecnu Teneps usmepserca BenuunHa B, npuyeM oHa OKa3bI-
BaeTcA PaBHOii b,, TO MbI 3aKJIIOYaeM, UTO NOCJIe U3MEPEHUA
nepBas CUCTEMa 0CTaeTCA B COCTOAHUU, KOTOPOE ONUCHIBAET-
cA dyHKnuei v,(x1), a Bropag cUCTeMa OCTAETCH B COCTOA-
HUHU, KOTOPOEe ONmuchIBaeTcA GyHKUUeN ¢, (z2).
3ameTuM, uTo aBTopbl EPR npunumalioT, kak oueBuHOE, Yy TBEP:K-
JleHUe: CyIeCTBYeT BIOJHE ONpe/elleHHOe COCTOAHNE KamIoi u3
nojcucTeM (¢ KOTOPHIM MOKHO cONoCTaBUTh W-QyHKIMIO) MpHU 3a-
JIaHHOM cocToAHuM Gonbiioit cuctembl. [locie 3TOro HeMeAIEeHHO
MOMHO CKa3aTh clieflylollee:
B pe3yibTaTe ABYX Pa3iMYHbIX U3MEPEHUIl, NPON3BEIEHHBIX
Hajl TepBoil cUCTeMOii, BTOpafd CHUCTEMa MOMHET OKa3aThCA
B ABYX pPa3HbIX COCTOAHUAX, OMKMCHIBAEMBIX Pa3lIUUYHBIMU
BONMHOBLIMU QYHRIUAMU. C IPYyToii CTOPOHBI, TaK Kak BO Bpe-
MA M3MEpPEHUA 3TU JIBE€ CUCTEMbI HE B3aMMOAEUCTBYIOT, TO
B pe3yibTaTe Kakux Obl TO HU GbLIO omepanuil HaJ MepBoit
CHUCTEMOIi BO BTODOil yi#e He MOeT MONYyYUThCA HUKAKHX
peanbHBIX MU3MeHEHHH. JTO, KOHEYHO, ABJIAETCA JUIIbL JIPY-
roii GopmMynIupoBKON TOro, YTO NMOHUMAETCA MOJ OTCYTCTBH-
€M B3auMoJeiicTBUA MemIy JByMA cucteMamu. Takum o6-
pasoM, O[IHOI U TOH e pealbHOCTH (BTOpafA CHUCTEMA MOCIe
B3aMMOJIEfICTBHUA C MEPBOIT) MOKHO CONMOCTABUTh JIBE PA3Iny-
Hble BOJHOBbIe QyHKIMU (B HameM mpumepe ¢y U ¢,).
Ho Beab MomeT claydyuTbcf, YTO JABE BONHOBblEe (QyHK-
UMM 1)y U ¢, ABIAIOTCA COOCTBEHHBIMU (QYHKIUAMH JBYX
HEKOMMYTHUpYIOmuX onepatopoB P u (), npuuem ) cooT-
BETCTBYeT COGCTBEHHOMY 3HAYEHUIO Py, 8 ¢, COOTBETCTBYET
coOCTBEHHOMY 3HAYEHUIO G.
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B Takrom cnyuae, uamepus A u B, Mbl GyieM B cocTof-
HUU MpeJcKasaTh ¢ JOCTOBEPHOCTHIO M 63 KaKoro 6bI TO HU
ObLI0 BO3MYIIEHUA BTOPON CUCTEMbI WU 3HAUEHHE BENUuYu-
Hbl P (T.e. pg), n1u 3HaYeHue BeanuuHsl @ (T.e. ¢).
CornacHo HalleMy KDPHUTEPHUIO DealbHOCTH, B MEPBOM
cliyyae Mbl JIONMHBI CUUTATh 3IEMEHTOM pealbHOCTH Belu-
uyuHy P, a Bo BTOPOM cllyuae 3leMeHTOM pealbHOCTH Oyer
Benuunna (). Ho, kak Mbl Bugenu, o6e BOMHOBbIE GYHKIUH g
M ¢, OTHOCATCA K OJHON U TOW ke PealbHOCTH.
B kauecTBe npuMepa aBTOpPBI pacCMaTPUBAIOT Ciyyaii, Korja noj-
CHCTEMbI — 3TO YACTHUIILI OJHOIN CTeNeHU CBOGOAbI, 8 BOJIHOBaA
(bYHRIMA CHCTEMbBI paBHA

\I’(él,'l,él?z) = 05(131 — T2 + .110),

rfle 9 — HEKOTopafA KOHCTaHTa. Ty GYHKIHMIO MOKHO MpejacTa-
BUTH B (popMe
+oo
Wara) = [ uplen)iplaz) dp
—00

rue

i
Up(ll?l) ~ ehptbl’

bp(2) ~ e—%p(m—wo)
p .

Iycts Beauuuuoit A 6ygeT KOMUYeCTBO JBUMEHUA MepPBOM vac-
THUIBI, TOrga QYHKIUU U, GyAyT co6cTBeHHBIMU QyHRIUAME A,
COOTBETCTBYIOIMMU cO6CTBEHHBIM 3HaUeHuAM p. DyHKUuUA 1, —
3T0 coOcTBeHHaA QyHRIUA onepaTopa KoJduyecTBa ABUMEHUA BTO-

poit wactunpl P = —ihai, COOTBETCTBYIOIIasA cOGCTBEHHOMY
2

3HaYeHuio (—p).
C Opyroif CTOPOHBI BONHOBYIO (PYHKIHIO CHCTEMBI MOKHO
npeacTaBUTh B popme

+o0

U, 2) = / va(@1)do(22) de,

—0o0



118 Anaaus Bopa

rae
vz (1) ~ 0(x1 — ),

Pz(w2) ~ 0(x — 23 + 30).

MoaTomy B kauecTBe B MO#HO B3ATh KOOPAUHATY MepBOil YacTu-
Ipl, TOraa GyHKIUA v, OydeT coOCTBEHHBIM BEKTOpoM B, cooT-
BETCTBYIOIUM COOCTBEHHOMY 3HAYEHUIO , a ¢, — COGCTBEHHOIA
¢dbyHKUMeN onepaTopa KOOPAUHATHI BTOPOi YacTULbl () = X3, CO-
OTBETCTBYIOIIEll COGCTBEHHOMY 3HAUEHHIO T + To. Tak Kak

QP — PQ = ih,

TO QYHRIMU P, U ¢, JeHCTBUTENBHO ABIAIOTCA COOCTBEHHBIMH
GYHKUUAMU IByX HEKOMMYTHPYIOUIMX ONEPAaTOPOB.
Beime MbI nokasanu, 4To MIU
1) KBaHTOBO-MexaHWYeCKOe ONMUCAHWE PealbHOCTH IO-
CPelCTBOM BOJNHOBOH GYHKIUU He ABIAETCA MONHBIM, UIH
2) eci omepaTopbl, COOTBETCTBYIONINE ABYM (usuyec-
KUM BelMYMHAM, He KOMMYTHPYIOT, 3TU [[Be BeIUYHHbI He
MOTYT OJJHOBpEMEHHO 00/1a1aTh peantbHOCTbIO.
Hcxoas 3aTeM U3 MpEANONO#EHN A, YTO BOIHOBaA QyHK-
WA JelCTBUTENLHO [aeT I0JHOe onucaHue GU3NYeCKOn
pealbHOCTU, Mbl NPUILIM K BBIBOAY, YTO [Be (usuyec-
KHe BeJUYUHBI ¢ HEKOMMYTHUPYIOIIUMHU ONlepaTopaMH MOTYT
ObITh pealbHBIMH OZHOBpeMeHHO. Takum o6pa3oM, oTpula-
HUe NpejnonoxeHua 1 NPUBOAUT K OTPHUIAHUIO eIUHCTBEH-
HOTO ocTarleroca npeanonoxenua 2. tak, Mbl BbIHY#H/Ie-
HbI 3aKJII0YUTDH, YTO KBAHTOBO-MeXaHUUYeCKoe onucanue ¢Gu-
3UYECKOIl pealbHOCTU MOCPEACTBOM BOJIHOBBIX (PYHKIUl He
ABIAETCA MOJTHBIM.

AHAJIN3 BOPA

B EBpone GbICTPO OTKIMKHYIUCH Ha CTAThI0 B aMepHKaHC-
KoM :kypHaine. B Beimycke Nature, naTupoBanHom 22 mas 1935 ro-
na, 6b11 ony6aruKoBaH 0630p cTaTbU Tpex aBTOpoB. PoseHdensn,
ObIBLIMI B TO BpeMA accucTeHToM Bopa, Bcnomunan [Rosenfeld
1967]:
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JTa aTaka ofpyluiach Ha Hac Kak I'PoM cpeju fAicHOro Heba.

HoBas 3aboTa mpuiia B camoe Hemojaxojsdiiee BpeMA. Tem

He MeHee, KaKk TONbKO Bop ycieiman Moil mepeckas JOBOJOB

JitHITeliHaA, Bce ocTalbHOe GbLIO OTI0MEHO B CTOPOHY.

Yixe 29 utonda 1935 roga Bop nocnan nucbMo pefakTopy #yp-
Hana «Nature» [Bohr 1935a]. B nmicbme oTBepranoch npejioskeH-
Hoe B EPR omnpenenenne pusnveckoit pealbHOCTH, HA TOM OCHO-
BaHUU, YTO OHO CTAHOBUTCA HEONPEeJeNeHHbIM, Gy 1y Yr MPpUMEHEeH-
HBIM K 3ajjayaM aTOMHOI1 ®U3UKHU, U coobIanoch, YTo MoJpoOHOe
obcy#ieHre npobaeMbl, AeTall KOTOPOro J0N#HbI ObITh OMy06Ju-
roBaHHbIMU «Physical Reviewy, nokassiBaeT, 4To B onpeaeneHue
(¢u3nYecKoll pealbHOCTHU clelyeT BRIIOUUTH U NpoOleAypy U3Me-
peHNA COOTBETCTBYIOMUX BednuyuH. OTCyTCTBUE TAKOI'0 yCIOBHUA
B EPR He nosBonfeT cornacutbes ¢ ee BRIBOJAMU.

PaccrassiBas o cratbe Bopa [Bohr 1935b], Mb1, kak u B ciy-
uyae EPR, Gynem monpo6Ho uutupoBath ee mepesoj us [YOH
1936]. Bop HanomuHaeT, 4TO

XapaKTepHOIi 4epToii cyllecTBYIOIIel MaTeMaTU4eCcKoii ¢op-

MYIUPOBKU KBaHTOBOIl MeXaHUKM ABJIAETCA...TO, UYTO €C-

I Mbl UMeeM J/IBe KaHOHHWYECKHU CONpA#EHHble BEIUYHHBI,

TO NIPY ONMUCAHUM COCTOAHUA MeXaHHUYeCKOl cucTeMbl HEBO3-

MO{HO IPUNKCATb UM 06eUM onpe/eleHHbIe 3HAUEHUA.
llanee Bop mpunucrviBaer aBTopam EPR He coBcem To, 4TO OHU
yTBep#aanu:

B cuny sToro oHu cUMTAIOT CYIECTBYIOI[YIO MaTeMaTHuyec-

KYy!0 OpMYIMPOBRY HENOIHO! U BhIpazkarT yOemIeHre, 4TO

MOKHO TOCTPOUTH Gollee YJOBIETBOPUTEILHYIO TEOPHIO.
Hanomuum, uto aBTopel EPR yTBepspanu, uTo HecOBMeCTHU-
MOCTh KaHOHHUUYECKU CONPAMEHHBIX BeIWUYHWH MOeT He coxpa-
HAThCA NPU CyHeHUU GONbIION CUCTEMBI Ha MOJACUCTEMY, U BUAAT
[IOPOK TeOpPHU MMEHHO B 3TOM 00CTOATeNbCTBE.

Bop, He menasa onpoBepraTh GOpMYIIbl, CONOCTABIAET MaTe-
MaTudeckne noctpoeHud EPR ¢ KoHKpeTHO#l sKcnepuMmeHTalb-
HOIl yCTAHOBKO#i, ()aKTHYECKU BO3Bpallasd Hac K (HEU3BECTHOMY
eMy) MBICJIEHHOMY 3KCIEPUMEHTY JiHIITeliHa.

ToT uacTHBIl cryyall KBaHTOBOMEXaHHMUYECKOI'0 COCTOAHUA

IBYX CBOGOJHBIX YacTHIl, IJIA KOTOPOTO. .. aBTOPHI JaIOT AB-

HOe aHAINTHYeCcKOe BhIpaskeHHe, MOMeT ObITh BOCIPOU3BE-
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JeH, 1o KpaliHell Mepe NPUHIMNHNANbHO, IPXU NMOMOIIU IIpOC-
TOH DKCIIepUMeHTalbHOU yCTaHOBKH,
cocToAllen
U3 MecTKON nuacdparMsl ¢ IByMA NapajielbHbIMU LIeNAMH,
BecbMa y3KHMM 110 CpaBHEHUIO ¢ pacCTOAHUEM MemIy HUMHU,
OpuYeM CKBO3b KamIyIO U3 3TUX Iejell IPOXOAUT He3aBUCH-
MO ApPYT OT JApyra Mo OJIHOI YacTHIle ¢ 3apaHee N3MePEHHBIM
KOJMYECTBOM [[BUKEHHA.
luadparma sTa He cBfi3aHa KeCTKO C OCTaIbHBIMU YacTAMU NPU-
6opa U MOMET MEHAThb CBOE KOIUYeCTBO ABUMeHHA. Ecian usme-
PUThH KOJNUYECTBO [BHMEHUA 3TON Anadparmel 0 U IOCIe IPO-
X0 JEeHUA YacTHull, To MO#HO GyleT y3HaTb
CYyMMY COCTaBJAONUINX KOIUYeCcTBa ABUKEHUA 00erX YacTHUI]
B HallpaBlleHUU, NePHEHANKYIAPHOM K IIeTH, U Pa3HOCTb UX
HavyalbHBIX KOOPJIUHAT, OTCYUTHIBAEMBIX B TOM e HalpaBie-
Huu. [Ipu 5TOM KaHOHUYECKU CONpAMEHHbIe BEIUYHUHBI, T. €.
Pa3HOCTh COCTABIAIOIMINX UX KOJUYECTB JBUAKEHUA U CyMMa
UX KOOPAWHAT OCTAHYTCA, KOHEYHO, COBEPIIEHHO HEU3BECT-
HBIMH.
IIpu TakoM pacno/ozkeHUHU ONbITa ACHO, YTO €CIU 3aTeM
NpOoU3BECTH eANHCTBEHHOE U3MepeHue TG0 MON0MEeHNA, T1-
60 KolIMYeCcTBa IBUMEHUA OJHON U3 YACTHI], TO TEM CaMbIM
O6yleT aBTOMaTHYECKH OIpPeJlelieHo ¢ M06oil xeraeMoil ToY-
HOCTbIO MOJIO#EeHNe WU, COOTBETCTBEHHO, KOJIUYECTBO BU-
JKEHUA APYTOil YacTHIIbI.
dto GyneT, Mo KpaiiHeil Mepe, B TOM cly4Yae, eClid JJIMHA
BOJIHBI, COOTBETCTBYIOI[AA CBOOOTHOMY NBUMEHUIO KamIoii
U3 YacTHUl[, Majla 110 CPaBHEHHUIO ¢ IMPUHON IIeH.
Rak yxaszaHo Ha3BaHHBIMU aBTOpPaMH, Ha 3TOW CTaquU
ONMbITa MbI MMe€eM IOJHYI0 BO3MOMHOCTb CBOOOIHO BBIGH-
paTh TOT WM MHOI BapUaHT oNbITa, CMOTPA [0 TOMY, KaKyIO
13 Ha3BaHHBIX BEINYUH MBI }#elaeM ONpefeluThb, IpUUeM HU
B TOM, HU B JpPYyTOM clly4ae MbI HE TPOraeM HelmocpeJCTBEHHO
Ty YacTHIlY, KOTOPOIl MbI HHTE€pPECYyeMCH.
Ilorka paccymnenusa Bopa cnenyior EPR, npuuem raskertcsa, 4to
BCce TPYAHOCTH yie M03ag, HYKHO TOJIbKO ONUCAaTh yCTAHOBRY,
KoTopad OyJeT U3MepATh XapaKTEePUCTHKY OJHOI u3 yactul. Ho
HMEHHO B 3TOM MecTe Hac oskupaeT HenpeaBuieHHoe («[ocmopb
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u3oImpeH, Ho He 3706eH»’ — rosopua ditHmTeiin B 1921 roxy).
lleno B ToM, 4TO

Ta «cBoOoJga BbIOOpay, KOTOPYIO HaM MpeAoCcTaBlIAET 3Ta IO0-
CTaHOBKAa OMNbITa, KaK pa3 U O3HA4yaeT, YTO HaM HaAJNEHUT
OCTAHOBUTLCA HA OJHON M3 [BYyX Pa3HBIX DKCIEPUMeHTAalb-
HbIX MAaHUNYJIANUNA, JONYyCKAaIOIKX OJHO3HAUHOE NpUMEHe-
HUE OHOTO U3 JBYX AONOJHUTENbHBIX KJIACCUUECKUX IOHA-
TUH.
Bepuemca k aprymentanuu Bopa. OH 3ameuyaeT, YTO U3MEpPUTH
MOJIOMEeHNEe ONHON U3 YacTHUIl — 3HAYUT
YCTaHOBUTh, KaK OHa OyeT ce6d BeCTH M0 OTHOIIEHUIO K Ka-
KOMY-HUOYAb NpubOpy, HENMOABUMKHO CHKPENJIEHHOMY C MHO[-
CTaBKO#, onpefeldiolleil cucTeEMy OTcuyeTa... TAKOro poja
W3MepeHUe 1aeT HaM 3HAHUE TOro MOJ0}eH!A, KOTOpOe 3aHu-
MaJjla OTHOCUTENIBHO 3TOM CUCTEMbBI 0OTCcUeTa Hama quadparma
nocJje TOro, Kak YacTUIbI NPOILIU CKBO3b ILIEH.
N3mepeHue conpoBoaaeTCA
COBEPIIIEHHO HeolNpeeleHHbIM MepPeHOCOM KOJUYecTBa JABU-
MEeHUA OT MepBOi YacTHUIbl K YNOMAHYTON moacTaBke. UTo
JuIaeT Hac BCAKON Gyaylleil BO3MOMHOCTU NPUMEHUTH 3a-
KOH COXpaHeHHUf KOJNuyecTBa [JBUMEHUA K CHUCTEME, COCTOA-
mell U3 quadparMel U 06erx 4acTHull.
B pesynbTaTe Bo3HMKAeT CUTyalllf, IOJHOCThIO Uy#/asA Kilaccu-
YyecKoll MeXaHUKe — CIpaBeJJIUB 3aKOH COXPaHEHUA HEKOTOpOi
BeJNYMHBI (B JaHHOM Clydyae MMIYlbca), HO CHCTEMa HAXOAUTCA
B TaKOM COCTOAHMH, KOT/la 3Ta BeJHMYUHA HE UMeeT TOUYHOr'O 3Ha-
ueHUA (T.e. BEKTODP COCTOAHUA CHUCTEMbBI He ABIAETCA COOCTBEH-
HbIM BEKTOPOM COOTBETCTBYIOIIET0 oepaTopa). ITO MPUBOJUT
K MoTepe
TOIl €eJUHCTBEHHOI OCHOBBI, KOTOpad MoOrJa MO3BOJUTh HaM
OJIHO3HAaYHO TNPUMEHUTh MOHATHE KOJIUYECTBA [BUMEHUA
K NMpeJcKa3aHUuAM, OTHOCAIIUMCA K MOBEJAEHUIO BTOPOi yac-
Tunbl. 1 HAa060poT, ecid ObI MBI MOieNald U3MEPUTh KOJIU-
YyeCTBO JBUMEHUA OJHOI U3 YACTHI], MbI IOTEPAIH ObI BCle-
cTBUe Heu3BeHOro B TaKOM H3MepEHUUM U MOAJAalollerocs
YYeTy CMellleHUA BCAKYI0O BO3MOKHOCTb CYyAUTh IO MOBEJE-

1Raffinert ist der Herr Gott, aber boshaft ist Er nicht.
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HUIO 3TOI YacTHUIBI O MOJOHEHUU JuadparMbl OTHOCUTENLHO
ocTalbHOTO Npubopa U JUIUIU Obl ce6f BCAKONU OCHOBBI IJA
npejcKa3aHuil, OTHOCAIUXCA K JIOKANIU3allui YaCTHI[bI.
Tarkum 06pa3oM, XUTPOYMHYO KOHCTPYKI[UIO, OCHOBaHHYO Ha 3a-
KOHe COXpaHeHHA KOJIMYeCTBa JBHMEHUA pa3pyllaeT MeXaHHU3M,
y#e HeOJHOKPATHO o0CyaaBUIMiiCA B AMCKyccUAX JiHIITeliHa
u Bopa:
KOHEYHOCTh B3aUMOJENCTBUA Mew/Jy OOBEKTOM U HU3MEpH-
TelNbHbIM NMPUGOPOM, 006YCJIOBIEHHAA CaMUM CYlLeCTBOBaHU-
eM KBaHTa JIefiCTBUA, BiedyeT 3a co6oii — BCIeACTBUE HEBO3-
MOMHOCTH KOHTPONUPOBaTh 06paTHoe JeiicTBUe 06beKTa Ha
HU3MepHUTeNbHbIM MpU6op (a 3Ta HEBO3MOMHOCTh GyIeT UMETH
MeCTO, €CIM TOJIbKO MPUOOpP yAOBIETBOPAET CBOEMY Ha3Ha-
YeHHI0) — HEeOGXOAMMOCTh OKOHYATENbHOr0 0TKa3a OT Kiac-
CHUYECKOro Hjeaia NPUUYNHHOCTU U PaJUKalbHbINA EPEeCMOTp
HaIUX B3TJAJ0B Ha npobieMy Gpu3nvecKoil peaibHOCTH.
BoificHUB, 4TO MpeNIOKeHHbINH JUHIITERHOM MeXaHU3M U3BIeye-
HuA uHdopMmanuu TpeGyeT 6oNbIero, Y4eM MOMeET JaTh KBAaHTOBafA
MeXxaHUKa, Bop nmepexoauT k aHanusy npenioxennoro B EPR kpu-
Tepud peanbHocTU. OH yTBepIaeT, YTO ITOT KPUTEpPUil coaep-
JKUT CYIIECTBEHHYIO HEOJIHO3HAaYHOCTb, W, YTOOBI NPUJATh CBO-
UM paccy#sIeHuAM GObIIyI0 ACHOCTDb, PACCMATPUBAET HECKOIbKO
HNPUMEPOB U3MEPUTEIbHbIX YCTAHOBOK.
Haynem c mpocTtoro ciydas 4acTHUlbl, IPOXOJAllell CKBO3b
menb B Auadparme, KOTOpad MOMET COCTABUTH 4YacTh Goiee
UM MeHee CIO#HOM sKcepUuMeHTalnbHOlM ycTaHoBKU. ane
eciu Gbl KOMMYECTBO [BUMKEHUA HTOH YaCTUIBI [0 ee Ma-
JeHuA Ha auadparMmy ObLIO BHONHE U3BECTHO, NudpariufA
IJIOCKOU BOMHBI (Jaloleit CHMBOIMYECKOe TpecTaBleHre Co-
CTOAHMA YaCTHIbI) OT KpaeB Iely MOBIedYeT 3a cOGON He-
ONpe/IeIeHHOCTh B KOMMYECTBE ABUMKEHUA YacTHIBI NOCIE ee
NPOXOKJEHUA CKBO3b Juadparmy, IpuyeM 3Ta Heolpe/eleH-
HOCTh Gy/JIeT TeM Ooublileii, YeM yHie Melb. . .. MUPUHY Ielu
(mo KpaiiHeil Mepe, eciii OHa Bce ellle BeluKa 10 CPABHEHUIO
C [AMHOJ BOJHBI) MOMKHO NPHUHAThL 3a Mepy HeOlpeelleH-
HOCTU Aq B MONOMEHUN YACTHUIIBI OTHOCUTENbHO JUadparmMbl
B HalpaBleHUU NepHeHJUKYIAPHOM K HIETH.
Jlanee, u3 meGpONIEBCKOTO COOTHOMIEHUA MEMHIY KOIH-
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4YeCTBOM [IBUMEHUA U JJIUHON BOJHBI JETrKO yYCMOTpeThb, YTO
HeonpeaeleHHOCTb Ap B RoJHW4YeCcTBe [IBUMEHUA YaCTHUIIbI
B 9TOM HallpaB/JI€eHHWU CBfidaHa C Aq cooTHomenuem laiizen-

6epra ApAq ~ h.

... Heompe/leleHHOCTh Ap HepaspbIBHO CBA3aHA ¢ 0OGMEHOM
KOJMYecTBa ABUMEHUA Me#IY YacTulei u nuadpparmoit. Jlna
HAIIMX paccyIeHui (QyHIaMeHTalbHYI0 Ba#HOCTb MPUOG-
peTaeT B CBA3U C 3THM BONPOC O TOM, B Kakoil Mepe Mo-
#eT ObITh YUTEHO TaKUM 00pa3oM KOJIMYECTBO JBHMEHUA,
B KaKoil Mepe OHO MOeT ObITh NMPUHATO BO BHMMAHWE NPU
ONMUCAHUM TOTr'O ABJIEHUA, KOTOPOE MbI U3ydyaeM MPHU MOMOIIN
JaHHOU MOCTAHOBKM OMbITA, MEPBBIM 3TAIIOM KOTOPOT'0 MOMH-
HO CUMTAaThb MPOXOKJEeHUE YaCTHUIbI CKBO3b Auadparmy.

... IpelIoNoAKUM CllepBa, YTO Halla Juadparma, Tak #e
KaKk U Jpyrue yactu npubopa, Hanpumep,

BTOpas aAuadparma ¢ HeCKOJIbKUMU LIeJdAMHU, apalielb-
HBIMU [IEpPBOW, U

(oTorpadpuyecran niacTUHKA
MECTKO CBA3aHbI C MIOJCTABKOW, KOTOpad U olpejenseT Ipo-
CTPaHCTBEHHYIO CHUCTeMy oTcueTa. Torja KoluyecTBO [IBU-
MeHUsA, epeflaBaeMoe yacTUlell fuadpparmMe, a Tak#ke U IApy-
rUM 4YacTAM mnpubopa, 6ygeT yXOOUTb B HX OOI[YyIO TMOJ-
ctaBRy. TakuMm o6pa3oM, B 3TOM cilydae Mbl CO3HATENbHO OT-
KasbIBaeMcA OT BCAKON BO3MOMHOCTHM YUYUTHIBAThH PeaKlUIo
yacTHUIbl Ha OTJeJbHble YyacTu Npubopa M NPUHUMAThL ITHU
peakllMu B pacyeT B HallMX IpeACcKa3aHUAX, OTHOCALIUXCA
K OKOHYaTeJlbHOMY pe3yJbTaTy ONbITa, — HanpuMmep, K ¢o-
TOrpauuecKoii miIacTUHKE.

HeBo3monHOCTh Goslee nogpoGHOr0 aHal3a B3auMoJeii-
CTBUI, IPOUCXOAAIINX MeMAY YacTUlleil U U3MepUTENbHbIM
npubopom, He ABIAETCH, OUYEBUJHO, 0COOEHHOCTHIO MMEHHO
JJAHHOW NMOCTAHOBKHU OIbITA, HO NpeJcTaBlAeT CyllecTBeHHoe
CBOICTBO BCAKOH NOCTAaHOBKW, NPUTOAHON [JA o0CyAeHUA
ABJEHUI paccMaTpuUBaeMoro THUNA, B KOTOPHIX MbI CTalKH-
BaeMcA co cBOeoOpa3HOi 4yepToil MHIUBUAYaJIbHOCTH, COBEP-
IMIeHHO 4Yy:Ooi RKiaccuyeckoil ¢usure. B camoMm gene, ec-
au Obl y Hac Oblia KakaA-HUOYIb BO3MOMHOCTb YUYUTHIBATh
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KOJIMYECTBO JBUKEHNA, IePelaBaeMoe YacTulleil OTJelbHbIM
yacTAM npu6Gopa, TO 3TO cpa3y MNO3BOJIUIO Obl HaM BBHIBO-
IUTh 3aKIIOYEHNA, OTHOCAIUECA K «XOy» TAKOro poja fBle-
Huil. Hanpumep, Mbl Morau 6bI TOr1a yKa3aThb, CKBO3b KaKylo
UMEHHO IIleJIb BO BTOPOii uadparme npolia yacTulia Ha CBo-
eM nyTH K ¢oTorpaguyeckoit miacTUHKe, — a 3TOr0 HUKAK
Hellb3A coriacoBaTb ¢ TeM (aKTOM, YTO BEPOATHOCTH Yac-
TUIIBI TONACTh HA JAaHHbBINA yYacTOK MNOBEPXHOCTHU MIACTHHKU
onpejeifseTcd He HATMUUEM TOM WU MHOIA IelU B OTAeIbHOC-
TH, a paclonoeHneM Bcex Iieleil Bo BTopoit auadparme, Ko-
TOPBIX MOMET AOCTUTHYTh COMOCTABIEHHAA YacTuUIlle BOIHA,
npeTepnesiias qudpakUIO OT IeNd B NepBoil Juadparme.

... MBI Moriu 6bl BOCIIOAb30BaTheA PyTroii SRCIepUMeH-
TalbHOU YCTAHOBKOIi, B KOTOPOIl mepBas Anadparma ymxe He
OyIeT KecTKO CBfA3aHa C OCTAlbHBIMU YacTAMHU mHpubopa.
B Taroit ycTraHOBKe MBI MMedH Obl, N0 KpaiiHell Mepe, IPUH-
NUOUATLHYI0 BO3MOMKHOCTh H3MEPUTH C JTIO00OU rKeraemMoit
TOYHOCTBIO KOJIMYECTBO ABUKEHUA AnadparmMel A0 U Mocie
NpPOXO#JeHUA YacTUllbl, a 3HAUUT, U YKa3aTb Hamepes KoJlu-
YecTBO JBUKEHUA NOcHeHell Nocie ee MPOX0KIeHNUA CKBO3b
menb. B camom fene, Takoro poja M3MepeHUA INpejnoiara-
IOT TOJNbKO BO3MOMHOCTb OJHO3HAYHOT'O NMPUMEHEHUA Kiac-
CHUYECKOT0 3aKOHa cOXpaHeHUA KojluyecTBa ABUKEHUA, IPU-
YyeM NPUMEHAThb ero Hy#HO, HanpuMep, K MpOIeccy CTOJK-
HOBeHHUA Memay Auadparmoii 1 KaKUM-HUOYIb TPOOHBIM Te-
JIOM, KOJTMYECTBO JBUMEHUA KOTOPOro HajyiekainuM o6pasom
KOHTPOJUPYeTCA A0 U Nocje CTONKHOBEHUA.

IIpaBaa, Takoro poja KOHTpPoJIb OyJeT cyllecTBEHHO 3a-
BHUCeTb OT U3YUeHHUA X0/la B IPOCTPAHCTBE U BPeMEHU HEKO-
TOpOro TaKkoro Ipolecca, K KOTOpoMY ObLIM ObI TPUMEHUMBI
npejfcTaBleHUA RIacCUUeCKOll MeXaHUKM; OJHAKO, ecld Bce
IpocTpaHCTBEHHblEe pa3Mepbl U NMPOMEMKYTKU BpPeMeHU B3f-
ThI JOCTAaTOYHO GOJBIIUMHU, TO 3TO, OYEBUIHO, HE CBA3AHO HU
¢ KaKUMM OTPAaHMYEHUAMHU TOYHOCTH B ONpeJeNeHUU KOJIU-
YyecTBa NOBUMEHUA NMPOGHBIX Tel, a CBA3aHO TOJNbKO C OTKa-
30M OT TOYHOI'0 KOHTPOJA UX JOKaIU3alUU B NPOCTPaAHCTBE
u BpeMenu. [locieqHee 06cTOATENBCTBO NMpECTABIAET MOJ-
HYIO aHaJIoTHIO ¢ TeM 0TKa3oM OT yueTa KolUuecTBa JBUHE-
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HUA 33HpeHJ’IeHHOﬁ ,Z[I/Ia(I)paFMbI, C KOTOPBIM MEI BCTPETUIIUCH
BbIII€e MPU Oﬁcy}l{,[[eHI/II/I HepBOHa‘IaJ’IbHOﬁ YCTaHOBKH. Taroro
pona oTKas OﬁyCJIOBJIeH B KOHII€e KOHIIOB TpeﬁOBaHI/IEM YHUCTO
RJacCU4YeCROoro onucanuad U3MepuTeJbHOI'0O npnﬁopa; 9TO Tpe-
6oBaHUe BieveT 3a co00it He0OXOAUMOCTb BBECTH B ONMcaHUe
IeicTBUA npnﬁopa HN3BECTHBIE OOIMYCKH, COOTBETCTBYIOIIHWE
COOTHOIIEHUAM HeOollpeaelIeHHOCTH KBaHTOBOW MeXaHUKU.

... HauGonee cymecTBeHHasa pa3HHIa MemAy 00eMMU
paccMOTPEHHBIMH yCTaHOBKAMHU 3aKjII04aeTcA B CleJyIONeM.
B Toit ycTaHOBKe, KOTOpasA NMpPUTo/IHA I U3MePEeHHUA KOIU-
YyecTBa JBUMKEHUA NepBOHl nuadparMbl, Mbl y#e He MOMEM
HCNONb30BaTh 3TY AuadparMy Kak U3MepUTeNbHbIN Mpudop
U ynoTpebIATh ee ¢ TOil ke IL[ebl0, KaKk B NepBOHAYalbHOIt
yctaHoBEe. [locKONbKY MBI HHTepecyeMcA MOJIOKEHUEM AHa-
¢parmMel OTHOCUTENBHO TNPUOOPa, MBI JOMMHBI CUNTATh ee
Kak U 4YacTHUIy, IPOXOAAMYIO CKBO3b Ilelb, 00BEKTOM HMC-
clle[JOBaHUA; 3TO O3HAYaeT, YTO MbI JONKHBI ABHBIM 06pa-
30M NPUHATH BO BHUMaHUe KBaHTOBO-MeXaHUYeCKOe COOTHO-
IleHUe HeollpeJeleHHOCTHU [JIA ee MOJOMEHUA U KoJINyecTBa
IBUMEHUA.

B camom gene, name ecnu 6bI Mbl 3HaNU TO IMOJOMEHUE
(OTHOCHTEIBHO MPOCTPAHCTBEHHON CHUCTEMBI OTCYETA, T.e€.
MOJCTaBKH), KOTOpPOe 3aHUMaia auadparmMa Jo MepBOro W3-
MepeHUA ee KoJMUecTBa IBUKEHNUA, U Jla#e eclu 6bI MbI TOYU-
HO YCTaHOBUWJIM €€ TI0JIO}KEeHUe TI0Ccjie BTOPOro U3MEpPEHUA, TO
BCe iK€, MIOJb3YACh BTOPOIl YCTAHOBKO, MbI TEPAEM BO3MOM-
HOCTb CYyAUThH O MOJNO#EHUU JuadparmMbl B TOT MOMEHT, KOT-
Jla CKBO3b II[eb IPOXOAMIA YacTUla; 3To Oy/eT NOTOMY, YTO
B KamJOM IIpollecce CTOIKHOBEHUA quadparMbl ¢ IpOOHBIMU
TellaMU OHa IoJBepraeTcA cMelleHUI0, KOTOpoe He MojAjaeT-
cA KoHTpoaio. IloaToMy BcA Hamia ycTaHOBKAa B ee BTOPOM
BapuaHTe, OUEBU/HO, HEIPUTroJHa AJNA U3YUEeHUA TeX fABIe-
HUIi, KOTOpbIE U3y YalUCh IIPU MOMOIIU €€ IEPBOTO BAPUAHTA.
B uactHOCTH, MO#HO NoKa3aTh cienytomee. [Ipegnonoxum,
YTO KOJHUYECTBO [BUKEHUA INepBoil AuadparMbl HU3MepeHO
¢ TOYHOCTbIO, JOCTAaTOYHOH, YTOObI CyJUTh O TOM, IIpOILJIa
WM HeT YacTHUIla CKBO3b KaKYO-HUGYIb ONpeJeIeHHY IO MIelb
Bo BTOpoil fuadparme. B TakoMm ciyuae faxe MUHUMalAbHaA
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HeollpeJleleHHOCTh B IOJIOMEHUM IepBoi auadparmsl, cOB-
MecTHaf ¢ Hall4yueM TaKoro pojia CBeJeHUil 0 ee KOJIUYeCT-
Be [BUKEHUA, COTPeT BCIO MHTep(epeHLUOHHYIO KapTUHY,
olpefle/IAIONYI0 pacloioxeHne TeX 30H Ha (ororpaduuec-
KOH IJIacTHUHKe, Ky/a BO3MO#HO NoNnajaHue yacTHIbl. Mek-
Iy TeM, Haldule HEeCKOJbKHUX Ieleil Bo BTOpoil Auadparme
HellpeMeHHO NpuBelo Obl K TaKoro poaa HWHTepdepeHLUOH-
HOMY 3¢ deKTy, eciu 6bI B3aUMHOE PAcloyioMeHe BceX yac-
Tel npu6opa 6b110 ObI GUKCcHpoBaHo. [Ipeanonao#uM, YTO MbI
N0Jb3yeMCAl YCTAaHOBKOI, NPUTOJHOI ANA M3MepeHUA KOJIU-
yecTBa ABUKEHUA NepBoil auadparmel. flcHo, uTo mame ec-
J¥ Mbl U3MEPUM 3TO KOJIMYECTBO JBUHKEHUA [0 IPOXOxAEHUA
YacTHULbI CKBO3b I1le/Ib, Mbl UMeeM II0cjle 3TOr0 IPOX0KIeHUsA
cB06O/IHbBII BbIOOP MemAy IBYMA BO3MOMHOCTAMU: y3HaTh
KOJIMYeCTBO [BUKEeHHA 4YacTHIbl, 1160 ee HadyalbHOE IOJO-
}#eHMe 10 OTHOIIEHUIO K ocTalbHOi yacTu npubopa.

B nepBom ciyuyae HaM DOCTATOYHO NMPOU3BECTH ellle O]l
HO olpejelieHNe KoJuyecTBa JIBUMeEeHUA JuadparMmbl, TeM ca-
MbIM JHIIUB cebf HaBcera BO3MO#HOCTU y3HaTh €e TOYHOe
[I0JI0KeHNe B TO BpeMs, KaK CKBO3b Hee IIPOXOJUT yacTula.

Bo BTOpOM ciyuae qocTaTOYHO ONpeNeNUTh MOJOMHEeHUe
guadparmMbl OTHOCUTENbHO CUCTEMbI OTCUYeTa, C YeM COIpSA-
J#eHa MOoTepA BO3MOMHOCTHU yueTa KOIMYECTBa [BUMEHNH,
nepegaHHoro auagparme yactuneit. Ecniu nuadparma obnana-
eT JocTaTO4HO 60JbIIOI Maccoii 10 cpaBHEHUIO ¢ Maccoii yac-
THULbI, Mbl MO€M cJleJlaTb TaK, 4YTOObI Hocle IepBOro onpe-
JeleHuA MOMeHTa KojuuyecTBa IBUeHUA AuadparMbl OHA
ocTaBalach B IIOKOe B HEKOTOPOM HeHU3BECTHOM IIOJIOKEHUU
OTHOCHUTEJBLHO APYTUX 4YacTell npubopa; Torjaa nocileaymoumas
(uKcanuA NONOMEHUA MOMKET IPOCTO COCTOATH B yCTaHOBIe-
HUU #ECTKON CBA3U MexIy AuadparMoil U NoACTaBKOM.

B paccmaTpuBaembIX ABIEHUAX MBI HMeeM €0 OTHIOIb
He ¢ KaKUM-IU60 HEeMOJHBLIM ONKCaHUEM, C IMPOU3BOJIbHBIM
BbIXBaThIBAHHEM Pa3HbIX 3JI€eMeHTOB (U3UYEeCKOll pealbHOC-
TH 3@ CYeT [JPYTUX TaKUX 3JIEeMEeHTOB, HO C paluOHalbHbIM
IpoBeJleHHeM Pa3luyud MemAy CyLeCTBEHHO Pa3HbIMU JKC-
nepuMeHTalbHbIMU YCTAHOBKaMHU U NpolleccaMy U3MepeHUs,
13 KOTOPBIX OJJHU [JONYCKAIOT OJHO3HAaYHOEe IPUMEeHEeHUe NPo-
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CTpaHCTBEHHOM JIOKAIU3allii, a Ipyriue — 3aKoHHOe IpUMe-
HeHHe TeopeMbl 0 COXpPaHEeHUHU KoluvecTBa ABUeHUA. Eciu
U OCTaeTCHd KaKo-HUGY Ib IPOU3BOJI, TO OH OTHOCUTCH TOJbKO
K Hallleif cBo6ojie BbIOOpa UCIONb30BAaHUA PA3IMYHBIX U3Me-
PUTENbHBIX MPUOOPOB, XapaKTePHOH IJIA caMoro MOHATUA 06
sKcnepumenTe. C KamIoil OCTAHOBKOM ONbITA CBA3AH OTKAa3
OT OJIHOW M3 ABYX CTOPOH ONKMCAHUA PU3UYECKUX ABJICHUIA;
STHU JBe CTOPOHLI GyAyT 3[JeCh Kak Obl HONMOJHUTENbHON Of-
Ha K JOPYroii, Korga UX coyeTaHHe XapaKTepusyeT MeTOMbl
KJIacCUYeCKOM (PUBUKU.

OTKa3 3TOT CyLeCTBEHHO 06yClIOBIIEH TeM, UTO B o6Jac-
TH KBaHTOBBIX AIBIEHUI HEBO3MOMEH TOUHBIN y4eT 0o6paTHO-
ro feiicTBUA 00beKTa Ha U3BMEPUTelbHbIE TPUOOPHI, T. €. YUeT
HepeHoca KoJMYecTBa JBUMEHUA B ClIydae U3MepeHUA M0J0-
JMEHUA ¥ ydeT CMeLIeHHMA B clIydae H3MepeHUA KOJIUYeCcTBa
IBUAeHNA. B CBA3M ¢ 3TUM HMKaKWe CPAaBHEHUA W aHAIOTUU
MeH1y KBAHTOBON MeXaHUKOW U OObIKHOBEHHOW CTATHUCTH-
YeCKO MeXaHHWKOW He CMOryT mepeiaTh CYTH della — Kak
Obl HY OBLIM MOJIE3HbI TAKKME aHAJIOTWH A (GOPMalbHOrO U3-
JIOMEHUA TEOPUH.

C Hamlelf TOYKU 3pPEHUA MbI BUIUM TeNepb, YTO HoOpMy-
JMpPOBKA BBLIIIEYNOMAHYTOr0 KPUTEPUA (PU3UYECKON pealb-
HOCTH, TpeayoxeHHoro JiHmTeiinoMm, [logonbckum u Pose-
HOM, COJEPKHUT JABYCMBICIEHHOCTb B BbIpaseHHHN «6e3 Ka-
Koro G6bl TO HU ObLIO BO3MYIIEHHA CHCTeMEI». Paszymeer-
cd, B cliydyae, HOZOGHOM TOJILKO YTO PacCMOTPEHHOMY, HET
peyd o TOM, 4TOObl B TedyeHHe MOCIeJHEr0 KPUTHUYECKO-
ro 3Tama mpoliecca U3MepeHUA U3ydaeMas cucTeMa MOJIBep-
riach KakoMy-i1u60 MexaHudeckomy BosMmymieHuio. Ho u Ha
9TOM 3Talle pedyb UJAeT 10 CYHIeCTBY 0 BO3MYIIEHUHN B CMBIC-
Jie BIMAHKWA Ha caMble YCJIOBUA, ONpeeAlolle BO3MO#HbIE
TUMBI pe[cKkasanuii 6y ayIero noBegeHud cuctembl. Tak Kak
9THU YCJIOBUA COCTABJIAIOT CYIECTBEHHBIN 3JIeMEHT ONMCAHUA
BCAKOrO AIBJIEHUH, K KOTOPOMY MOKHO NPUMEHATb TEPMUH
«(pusnyecKas peajbHOCTbY, TO Mbl BUIUM, 4TO apryMeHTa-
1A YIOMAHYTBIX aBTOPOB He ONpaBbIBaeT UX 3aKIIOUYEHUA
0 TOM, YTO KBAHTOBOMEXaHHUYECKOe OMMCaHKe CyI[eCTBEHHO
HEIOJIHO.
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HanpoTuB Toro, Kak BbITEKaeT U3 HALIMX MpPeJbIAYLINX
paccy#IeHuil, 3TO ONKMcaHUe MOMET ObITh OXapaKTepU30Ba-
HO KaK pa3yMHOe KCIONb30BaHie BCeX BO3MOMHOCTEH OHO-
3HAYHOTO0 TOJKOBAaHWA U3MEPEHUIi, COBMECTUMOIrO C Xapak-
TEPHBIM VI KBaHTOBBLIX ABJIEHUIl KOHEUHBIM M He MOJAal0-
HUMCA y4eTy B3auMojeiicTBUeM Me#Jy 00HEeKTOM U H3Me-
puTenbHbIMEU npuGopamu. B camoMm fene, TONbKO 3TO B3auM-
HOe HMCRIIOYeHHe BCAKUX [BYX JKCIEPUMEHTAlbHbIX MaHU-
MyNANUNA, KOTOPbIe MO3BOJUIHN Obl JaTh OJHO3HAYHOE OIpe-
JelleHre IBYX B3aMMHO JONONHUTENbHbIX GU3NUYECKUX Belu-
YUH, — TOJIBKO 3TO B3aUMHOE HCHIIOYeHUEe U 0CBOGOIaeT
MeCTO JJIfl HOBBIX (pU3UUYECKIX 3aKOHOB, COBMECTHOE CYIIeCT-
BOBaHUEe KOTOPBIX MOIJO Gbl Ha NepBbIil B3rIAA MOKa3aTb-
cA MPOTUBOPEYANINM OCHOBHLIM NMpUHIMNAM Hayku. IMeHHO
3TY COBEpIIEHHO HOBYIO CHUTYAallMIO B OTHOIIEHWUU OMUCAHUA
(u3NYeCKUX ABIEHUI MbI U IBITATUCH XapaKTepUu30BaTh Tep-
MUHOM [IONOJHUTENbHOCTD.
Bop He meiTaeTcA HaiiTu HeTOUYHOCThL B paccyxaeHuax EPR. On
MPOCTO 3aMeyaeT, YTO JOBOJbI 3TOI CTATHY HE COTIACYIOTCH C MO-
HATUEM IOIOJHUTEIbHOCTH, KoTopoe 1A Bopa ABaAnock He-
OTheMJIEMbIM CBOUCTBOM HOBOU (uiocoduu npupopbl. Kounen-
1A JOTIOJHUTENIbHOCTHU /1A Bopa o3Hauana cpeau npovero oT-
Ka3 0T K/IAacCMYeCcKOro MOHATHA MPUYUHHOCTH M KOPEHHOI mepe-
CMOTD KJIAaCCHYECKOro MOHATUA (U3UUYECKON pealbHOCTHU.
BoarmuucTBO onpoBep:xkenuit EPR 6b11u nmeHHoO Takoro po-
na. JUHIITENRH TOBOPUI OJHOMY M3 CBOUX yueHHKOB ['odmany,
YTO XPAHUT OFPOMHOE YHUCIO MHCeM OT (GU3UKOB, B KOTOPBIX 0-
KasbIBaeTCA, YTO OH HEIpaB.
JdifHIITellHA BOCXHUIIAN0O, UTO BCE 3TU Yy4UeHble ObLIU COBEp-
IIEHHO yBepeHbl B TOM, YTO €ro JOBOJbI OMUOOYHbI, HO BCe
OHU Yepraly CBOIO YBEPEHHOCTb U3 Pa3HbIX UCTOYHHKOB.
[Hoffmann 1973|
Memxnay Tem u aBTropbl EPR, u Bop 6buin equHbl B oJHOM: eciu
HAaM H3BECTHO, YTO COCTOAHHME CHCTEMbI JBYX 4YacTHIl 3a1aeTcA
BOIHOBOM QyHKuuelr ¥(x1, T2), TO COCTOAHNE KaM 0N U3 YaCTHUI
elle HyJaeTcd B onpefeileHuu. Heo6xoqumas 1A 3Toro mnpoie-
Iypa «pefiyRIUu BOIHOBOro maxketay usnomena B EPR co mkonb-
HON HemocpeJACTBEHHOCThIO: HAMKUINU GOPMYIy, a MOTOM 3a4yepK-
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HU HeHy#Hoe. HejapoM oTRIMKHYBIINICA 10 CBEUM clelaM Ha

EPR mononoit amepuranckuii ¢pusur @appu [Furry 1936] cuen

Heo6XxoaUMbIM 0c060 06CyJUTH 3TOT BOIMPOC:
3Ta Ipolleypa oblien3BecTHa U BocnpuHATa pusukamu. OHa
npuMeHnfeTca U EPR, Ho aBTop He cyMen HaiiTu B 1uTepaTy-
pe TOYHOe oNucaHUe NIpUMeHeHUA K 00Cy#JaeMoMy clydalo.
JTO MOKHO clenaThb cieqylomuMm ob6pazom: eciu M — Ha-
6monaemas, cBA3aHHasA ¢ cucteMoii I, u 9, — cobcTBeHHas
(yHKIMA, COOTBETCTBYIOIAA COOCTBEHHOMY 3Ha4eHUIO (i, TO
MosHO npeactaButh ¥(x1, £2) PALOM OPTOrOHAILHBIX QyHK-
uuit 1, (x1), Ko3QPUIHUEHTHI IPU KOTOPLIX ABIAIOTCA QYHK-
HUAMH Ta:

U1, 22) = Y _tu(@1)Cu(w2), (%)

rue

Culwa) = / W (21) ¥ (@1, 02) iy (+4)

Cratuctuueckyio unpopmanuio o cucreme 11 nocie usmepe-
HUA BenuuyuHbl M ¢ pe3yibTaTOM ji MOHHO MONYYUTH B pe-
3ynbTaTe clefytomeil npouenypsl. [Ipeanonosxum, 4to co-
BepIlIeHO GONbIIOe YUCIO0 U3MepeHHil 00heINMHEHHON cHucTe-
Mbl I + II, mo3BosiAiomuX 3aaTh BOJHOBYIO GYHKIHMIO CHC-
TeMbl B popMme (x). Rammoe U3 3THX M3MepeHUN CBOAUTCA
K OIpeJlelleHUIO 3HaueHuil M, 3ajaHHOil B cucteme I, u He-
KoTopoii BenuuuHbl F', 3amanHoit B cucteme II. B pesynb-
TaTe GYAyT MOMYyYeHbl OTHOCUTEIbHbIE YACTOThI PA3NUYHBIX
3HavyeHu#l § BenuuuHbl F', COOTBETCTBYIOINE 3HAYEHUIO [,
HalileHHOMY AJA Bedu4yuHbl M. TU 4acTOTHI, 10 ONpejelne-
HUIO, IpornopuuoHanbHbl Beanuunam (¥, xs)|? (xs — cob-
cTBeHHble QyHKUMM F', npuHaqiexamue cOOCTBEHHbIM 3Ha-
YeHUAM §), ¥ 9TU BeIMYuHbI B cuiy (x*) paBHbl |((y]xs)|%.
IlockonbRry 3TO crnpaBeIUBO AJIA BceX BedM4uH F', MO#HO
3aKJMI0YUTh, YTO U3MepeHue, IPoBeJeHHoe B cucTeMe I u npu-
Be/llllee K 3HAYEHUIO y JIIA BeIu4uHbl M, M03BOJAET yTBEPH-
JaTh, uTo cucteMa II HaXoUTCA B COCTOAHUH, ONIPEe/IeIAEMOM
¢ TOYHOCTBIO [JO HOPMHUPOBKHU BONHOBON QyHKIUEH (*%).
Jlerxo 3amMeTuTh, YTO cCoflepialeecH B mocieqHel Gpase yTBepHi-
JleHUe HUKAaK He clleflyeT U3 NPeIbIIyIIUX pacCy#JeHUil, B KO-

5 KBanToBan Tejenopranua
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TOPBIX HpeAnojaraloch, YTO IPOU3BOAATCA COBMECTHble H3Me-
penusa B cucteMax I u II. Ccblika Ha NPOM3BONLHOCThL BeIUYU-
HbI F' He MOKEeT OTMEHUTH HEOOXOAMMOCTh COBMECTHOI'O U3Mepe-
HUA B IBYX cucteMax. Paccymaenua @appu nuilb nogyepruBa-
10T CIOMHOCTh NOHATHA pedykyus 604H06020 nakema. B HUX AcHO
BCe, KPOME HCXO/IHOTO MOJIOKEHNUA: Npe/iaraeTcd U3MePAThL 3Ha-
YeHHA HEKOTOpOil BelUUYUHBI B mojcucteme Il npu ycnoBum, 4To
HEKOTOpasA BelMYMHA, OTHOCAINIAACA K cucTeMe I, uMeeT TouHOe
3HaueHue. OQHaKO JOrMYeCcKH Helb3A UCKRIIOYUThL TaKol BO3MOK-
HocTHU: HU B cucTeMe I, HU B cucteme Il HeT BenuuuH, MMeOIUX
TOYHbIE 3HAUEHUA.

Ananus Bopa, onpoBepras noHAaTue Gpuanyveckoil pealbHOCTH
no EPR, Tak#e HU4Yero He roBOpPUT O TOM, KaKk HaJ0 ONUCHIBAThb
COCTOAHUA MOJCUCTEM.

Insa Hac, HecOMHEHHO, Gy IeT MOJIe3HO Y3HATh MHEHMUE €llle OfI-
HOr'0 KOHreHuanbHoro JitHmTeiiny u Bopy co6eceqHuKa, KOTOPOro
B HallleM ClIyYae MOKHO CUMTATb 3a0YHBIM TPETENUCKUM cy/beil.
IIly6aukya nepeBoabl cTaTeii JitHimTeliHa 1 Bopa B «Ycnexax ¢u-
3UYECKUX HayK», Dok cHaAOMUI MyGIUKAUI0O CBOMM MpPENNCIOBH-
eM. Ilo ero MHeHUIO, pa3BepHYBIIYIOCA NMOJEMUKY MOKHO,

ecly yroJHo, paccMaTpuBaTh Kak clop o GU3UUYECKOM CMbIC-

jie BOJHOBOU (DYHKIUU... IUHIITEHiH FOBOPUT, YTO OCHOB-

HBIM NOHATUEM TEOPUU ABIAETCA NMOHATHE COCTOAHHA, ONU-

CbIBAEMOT'0 BOJHOBOM pyHKI[Uel. JUHIITEH TOHUMAaeT CI0BO

«COCTOfIHUE» B TOM CMbICJIe, KaKoil eMy OOBIYHO NMPUIUCHIBA-

eTcA B KlIacCUYeCcKoil (U3NKe, T.e. B CMBICIE YEro-TO BIOTHE

0G'bEKTUBHOTO U COBEPLIEHHO HE3aBUCAIIET0 OT KaKUX ObI TO

HU ObLIO cBeleHuit o HeM. OTclofla U NMpoHUCTeKalOT Bce Ia-

pafoKkchl... B KBaHTOBOII MexaHUKe NOHATHE O COCTOAHUU

CIMBAaeTCA C MIOHATUEM «CBeJEHUA O COCTOAHUU, MOy YaeMble

B pe3yibTaTe ONpe/e]eHHOT0 MaKCHMalbHO TOYHOTO OIbI-

Tay. JNHIITENH OKa3bIBaeT, UYTO He TPOrasA CUCTEMbI, MO#HO

OpUaTh ee BOIHOBOM QYHKIUU TOT UM UHOI Bua. Eciau cun-

TaTh BMecTe ¢ JWHIITE{HOM, YTO BONHOBaA (QYHKIUA OIU-

CbIBaeT 06'bEKTUBHOE COCTOSHUE, TO KOHEUHO, €r0 Pe3ylbTaT

OyoeT UMeTh XapakTep napajokca. Beab HeBo3aMmozkHO cebe

IPEACTaBUThb, YTOGBI 00BEKTHBHOE COCTOAHIE CUCTEMBI (UTO

GBI MBI OJl 3TUM He I0JpPa3yMeBali) MEHAIOCh B Pe3ylbTa-



Anaaus Bopa 131

Te Kakux Obl TO HY ObLIO omlepanuii, Ipou3BeeHHbIX He Haj
Heil, a HaJ Apyroil cucteMoli, KoTopasa ¢ Heil BOBCe He B3a-
umMopeiictByer. Ho xoTA B pe3ynnTaTe TakuX omepanuii He
MOKeT MeHATbCH «00bEeKTHUBHOE COCTOAHHME) CUCTEMBI, 3aTO
MOTI'YT MEHATBHCA «CBEJleHHA O COCTOAHUU», T.€. COCTOAHUA
B KBaHTOBOM cMmbicie. [loaToMy Bce mapagoKchl MCYe3aloT,
KOJb CKOPO MbI OTKaKeMcCA OT MPOBOAMMOro JUHIITEHHOM
HEBEPHOr'0 «06'beKTUBHOIO» TOJIKOBAaHUA BOJNHOBOI QyHRKIUU
U [IpUMeM NPaBUJIbHOE ee TOJKOBaHUe, T.e. OyJeM CUuTaTh,
YTO OHA ONUCHIBAET «COCTOAHHME B KBAHTOBOM CMbICIE)» WU
«CBeJleHUA 0 COCTOfIHUM, NOJyuyaeMble B pe3ylabTaTe Olpefe-
JEHHOI'0 MaKCUMaJbHO TOYHOI'O ONbITa».

Mg emme BepHeMcA K NMOHATHUIO «MaKCHMalbHO TOUHOTO» ONbITA.

Ceituac A Hac BamHO clenyiomiee yTBep#aeHue Poka:

CBeJleHNA 0 cucTeMe He 00A3aHbl ObITh MAKCUMAaIbHO TOYHBI-
MU. ITO 3HAYUT, YTO CHCTeMa He 06fA3aHa UMETh O pe/eNeH-
HYIO (XOTA GbI HEU3BECTHYIO) BOMHOBYIO BOYHKIHIO.

B sTom ciyuae

MBI... MOeM Toibko moctpouth (mo Heiimany) Hekroto-
PbIil «cTaTUCTUYECKUl omepaTopy, KOTOPbIi MO3BOJNAET BbI-
YUCIUTb BEPOATHOCTU M MaTeMaTU4yeCKUe OUAaHUA [JA
BCeX MaTeMaTHUYeCKMX BeIHWYMH, COOTBETCTBYIOLIUX UMeIO-
MIUMCA CBeJIeHUAM.

Tarum o6pa3oM ¢ MakCUMalbHO TOYHBIMU CBEIEHUAMU
0 CHCTEMe MbI MOK€eM COMOCTAaBUThL BOJIHOBYIO QYHKIHIO (3TO
OyleT Tak Ha3blBaeMblil ciyuail YHUCTOrO COCTOAHHA, reiner
Fall), a ¢ MeHee TOUHBIMU CBEJeHUAMU MbI BOJTHOBYIO QyHK-
LU0 CONOCTABUThL He MomeM (3To GyoeT Tak Ha3bIBaeMblil
ciyuail cmecu coctosinmii, Gemisch).

C 3TuM 06CcTOATENLCTBOM CBAi3aHA XapaKkTepHad 0co0eH-
HOCTh KBAaHTOBO-Me€XaHHWUeCKOI'0 ONMCAHUA CIO#HOI cucre-
MbI, COCTOAIllEN U3 ABYX WIU HECKOIbKHX MOACHCTEM (CIy-
Yaif, pacCMOTPEHHbIH JWHIITERHOM).

Hrak, ®or yTBepsaaer, uto eme go nyoaukanuu EPR tpynHoc-
TH, YIOMHHaeMble B 3TOil cTaThe, ObUIM KBAaHTOBOW MeXaHUKON
Grnaromoiiy4Ho paspelieHbl. B coBeplieHCTBe Biajelonuii MaTe-
MaTUuyecKuM annapatoM ¢usnku ®ok 06614HO He omubalcH.
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IIOCJE BUTBHI. UTO T'OBOPUJIU
0 KBAHTOBOI1I MEXAHUKE
ANUHIITENH U BOP IIOCJIE

1935 TOIA

B 1936 roay ditnmTeiliH onybaukoBan B «fRypHane ®OpaHK-
auHcKoro MHeTuTyTay cTaThio noj 3ariaBueM «Pusuka u peaib-
HocThy [Einstein 1936]. Jtoit nmy6inkanny, HECOMHEHHO, MpH-
naBaioch Oonbllloe 3HaUYeHUe, MOCKOJIbKY CTaThbf Oblla Hameya-
TaHa Ha HEMeIKOM fA3bIKe OpHUTHMHAala C MOCIeIYIOIUM aHTIuii-
cKkuM nepeBogoM. OHa Obl1a IpaKkTUUECKU HeMeJIeHHO ONyOIuKo-
BaHa B pyccKoM mepeBoje [JiiHmTeitn 1937]. MsI eme BepHeMcA
K 9TOi1 cTaThe, YTOOLI 06CYIUTH cofep:kalleecH B Heil u3obpeTe-
HUe: KBaHTOBble aHcaMbiu, KoTopble onuckiBaeT V-pyHkruus. Ilo-
Ka e MOMHO CKasaTb, YTO HeCMOTPA Ha cofep:kallieecA B Heii
KOCBEHHOe Npu3HaHue yOeIUTelbHOCTU N0BOAOB Bopa, okoHua-
TeJNbHBII HPUTOBOP GBLI MO-MPERHEMY CYypOB. DUHIITENH hopMy-
JUpYyeT CUMBOJ Bepbl QU3HNKa:

HalifeTcA 1u GU3UK, KOTOPBI BEepUT B TO, UTO Mbl HUKOTJa

He NPOHUKHEM B CMBICH U3MeHEHWl, MPOUCXOAAMUX B OT-

JIeNbHOIN CUCTeMe, He TI0fiIMeM CTPYKTYPY 9TOi CHCTEMBEI C ee

OPUYMHHBIMU CBA3AMU, HECMOTPA Ha TO, YTO 3TU U3MeEHe-

HUA NPOUCXOJAT, O1arogapA yAUBUTEIbHbIM H300peTeHUAM

Kamepbl Buibcona u cuetuura [eiirepa, Ha Hamux riaszax?

B 3T0 Mo3HO NoBepUTH, HE BXOJIAl B IPOTUBOPEYUE C JIOTUKOA,

HO YTBep:KJeHHe, YTO A He CMOT'Y mepefiTu K Golee MOTHOI

KOHIIENIINH, TOJHOCThIO IPOTUBOPEYUT MOEMY HAay YHOMY HH-

CTUHKTY.

BridcHAeTcA, 4TO KBaHTOBaA MeXaHHKA Malo OTBEYaeT TONbKO
YTo cHOpMyIUPOBaHHOMY Healy HayKH, IO3TOMY MHeHHe M3Tpa
0 KBaHTOBOIl MeXaHUKe He CIMIIKOM 6JaronpuaTHO A Nociael-
Heli:
KBaHTOBaA MexaHUKa, HECOMHEHHO, BlaJeeT KpacUBeUIINMU
3JleMeHTaMU UCTUHBI, U OHa OyaeT NpoOHLIM KaMHeM 11000
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Oynylieil Teopuy, U3 KOTOPOil KBAHTOBYIO MeXaHUKY MOKHO
GymeT BbIBECTH KaK TpelelbHbIN ciyudail (KaK 3meKTpocTa-
THKa BBHIBOAUTCA U3 ypaBHeHuit MakcBemna). OqHaro A yBe-
peH B TOM, YTO KBaHTOBaA MeXaHHMKa He MOeT ObITb MC-
XO[HO} TOUKOI MOMCKA HOBOIl TeOpHH, KaK Mbl He MOMEM,
HanpuMep, BHIBECTU OCHOBBI MEXaHUKU, UCXOAA U3 TEPMOJAU-
HaMMKH. ...Mbl HEIPEMEHHO BCTPETHUMCA C IPOTUBOPEYUA-
MH, €CJIH TOJIbKO NONBITAEMCA CUYUTATh KBAHTOBYIO TEOPHIO
HOJHBIM ONKMCAaHUEeM UHAUBUAYalbHbIX CUCTEM U NPOILECCOB.
Bop BosBpamanca Kk cnopam ¢ JHIITEIHOM JTHIIb B I0OMIEHHBIX
CTaThAX, B KOTOPBIX MPAKTHUYECKU HIUYEro He TOBOPHIOCH O TOM,
Kak BJIUAIM 3TU cIOphl Ha TOUYKY 3peHusa camoro Bopa. Tem 6o-
Jee M1000NBITHO MO3HAKOMUTLCA C OTT0JOCKOM AHMcKyccuu Bopa
U JUHIITeiHA — BIONHE JIPYyeM0GHbBIM Pa3roBOPOM JBYX KJiac-
curoB ¢usuku bopa u ®oka, cocroaBmemca B 1957 rogy. Kak
yuTaTelb y#e Mor ybequtbed, B 1936 rony ®ok moaHoCThIO pas-
nenan B3raanbl bopa. OpHakKo mocneayiomue pasMbIINLIEHUA He-
CKOJIBKO U3MEHWIU ero B3rJIAbl HA OCHOBbI KBaHTOBOIl MeXaHU-
ku. Bo Bpems npe6riBanna B Konenrarene ®@ok noapo6Ho o6cynui
¢ BopoMm uHTepecyloniyie ero BONpoCkI.
C camoro Hauana ObLIO ACHO, UTO HAIld pacXo#IeHUA BO
B3rifA/laXx He KacaroTcA (QU3UYECKUX OCHOB HHTEpPIpeTaluu
KBaHTOBOI1 MeXaHUKH. ...l[locie HecKOMbKUX TUUYHBIX Gecel
A npejctaBui Bopy 3anucry c u3noxeHueM cBoeit TOUKU 3pe-
HUA. JTa 3aNUCKa, HalMCaHHAA Ha aHTIUHCKOM A3BIKE U 03a-
rnaBieHHasa «Moii orBeT mpodeccopy Hunbcy Bopy», 6pu1a
usyuyeHa bopom u ero coTpyqHMKaMu Upe3BbIYailHO BHUMa-
TenbHo. OTBeT Bopa 6b11 ony6ankoBan B 1959 roay.
[Bop 1959].
Iloznakomumcs ¢ foBogamu @oka u Mel. BoT Kak nonnmaetr ®ok
OPUHIUI JOMOTHUTEIbHOCTHU:
BBenennoe Bamu noHATHe [ONOJIHUTENLHOCTH — BechbMa
ri1y6oKoe, U, BO3MOMHO, OHO CBA3aHO C (GUIOCOPCKUM IIO-
HATHEM [UaleKTUKH. ...B aToMHOi1 ¢pu3UKe AONONHUTENDL-
HOCTb OTHOCHTCA K OT'paHMYeHHAM, HajlaraeMbIM COOTHOIIE-
HueM laiizenbepra Ha k.uaccuveckoe onucaHue ABIEHUI, YTO
e KacaeTcA ONHUCAHUA KBaHTOBO-MeXaHUYeCKUMU CPEeCTBa-
MM, TO HUKaKHX OTPaHUYeHHil Ha yTOYHEHHe TaKOro Omuca-
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HUA CBONUCTB aTOMHbBIX 06heKTOB He HanaraetcA. (Ilox «cBoii-
CTBaMU aTOMHBIX 00BEKTOBY A pa3yMelo Takue CBOWCTBa, Kak
3apfi[l, Macca, CiiH, cTelleHu cBOOO/bI, BU]] BOIHOBOI'O ypaB-
HeHHUA B JaHHOM moJe u T.1.) Pasymeercs, Bce 3TU CBOICTBa
MPOABIAITCA TOILKO B 3KCIIEPUMeEHTaX, AONYCKAIOUIUX Kiac-
cU4YecKoe oNMucaHhe ¢ Y4YeTOM HOMoJHUTeNbHOCTU. Ho oOHa-
pysiUBaeMble B TAKUX 3KCIEepUMeHTax pacnpeeleHuf Bepo-
ATHOCTe MOryT ObITh BBIUMCJIEHBI cO Bce Ooiblieil U 601b-
el TOYHOCThIO 10 Mepe TOro, Kak Mbl Bce IIy0:e U riyoxe
NpOHUEKaeM B IPUPOJY aTOMHbIX 00b€KTOB U UCIIOIb3yeM BCe
f6ollee yTOHUeHHble KBAHTOBOMEXaHUYECKHUe Cpe/ICTBa A UX
onucaHuA. MHe KameTcA, UTO IPU pa3bACHEHUU TIOHATUA J0-
MONTHUTENBbHOCTU HEIIPEMEHHO HYKHO NI0JYePKUBaTh, YTO JJ4
Hallero Mo3HaHWA NPUPOABLI U CBOWCTB aTOMHBLIX O00BEKTOB
HeT HAUKaAKUX OrpaHUuYeHUM.

He meHee uHTepecHa u olleHka POKOM «HEKOHTPOJIMPYEMOTO B3a-

UMOJeNCTBUAN:
Ilo Moemy MHeHUIO, B3auMoJeicTBHE MeM Y aTOMHBIM 00b-
eKTOM U H3MepUTeIbHbIM NPUOOPOM HMeeT [Ba acleKTa,
a WUMEHHO: a) T'HOCEOJOTHYECKUN acmeKT U 6) ¢dpusnyeckuit
acIeKT.

a) Bcerza cymecTByeT rpaHuia Mex Iy TON 4acThIO JKC-
NMepuMeHTalbHOI YCTaHOBKU, KOTOpPAasA ONUChIBaeTCA KBaHTO-
BOMEXaHWYEeCKUMU CpeCTBAMU U paccMaTpuBaeTcA Kak 00b-
eKT, No/l/leKalluil U3y UYeHHIO, U TOI ee 4acThlO, KOTOpas OMNu-
chIBaeTCA KIacCUYeCKUMU cpelicTBaMU UM paccMaTpuBaeTcH
KaK M3MepUTelIbHbIN MpuGop. ITa rpaHuia o6fA3aHa CBOUM
IIPOUCXOMIEeHNEM NIPUMeEHAeMOMY croco0y onucaHuf, U KOr-
1a Mbl TOBOPUM O «<HEKOHTPOJIUPYEeMOM B3aUMOIEWCTBUUNY 110
o6e CTOpOHBI IPaHUllbl, 3THU CI0BA He cle[yeT NOHUMATh Oy K-
BaJlbHO.

6) CymecTByeT ¢u3MUYeCKOe B3aUMOJEWCTBHE MeH Iy
YIOOMAHYTHIMHU ABYMA 4YacTAMHU 3KCIIepPUMEHTalbHON ycTa-
HOBKHU. JTO B3auMojelicTBHe HUKOUM 00pa3oM He MIBIAETCA
HEKOHTPOJUPYEMBIM, HO JJIA TOr0, YTOObI €ro McclefoBaTh,
Heo06X0JMMO NPOBECTU HOBYIO I'PaHUIly, BRIIOYUB B KBAaHTO-
BO-Me€XaHUYECKYIO0 4acTh KOe-4YTO U3 TOr0, UTO PaHbIle OT-
HOCHJIOCh K KIAcCHYecKoil wacTu ycrpoiicrBa (1 m06aBUB,
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eclii HY#HO, HOBYIO KiIaccHyecKyio yacTh). Ecau oTo6paTh
Te ciiyyal, B KOTOPbIX MPOMeEKYTOYHAA YacTh (cmepBa Tpak-
TOBaBIIAACA KaK KilacCUYeCKad, a 3aTeM Kak KBaHTOBO-Me-
XaHWYecKad) ompefleleHHbIM 06pa3oM mpopearupoBana (Ha-
npuMep, POU30NLI0 MoUepHeHre GOTOMIACTHHKHI), TO MONY-
YUTCA yTOYHEHHAA TEOPUA MepBOHAYAILHOI'0 U3MEPUTEIbHO-
ro npu6opa. Ho mpu 3ToM Bo3HHMKAeT HOBafA «THOCEOJOTHYEC-
KafA rpaHullay.

Ha uTto s oco6eHHO X0Tels 6bI 00paTUTh BHUMAaHUE — 3TO
BO3MOMHOCTh HCCIeIoBaTh (U3NYECKUe MPOIECCHl B IOOOM
MecTe 3KCIepUMeHTalbHOl ycTaHOBKU. To 06CcTOATENbCTBO,
4YTO I'Jle-TO BCe NMPUXOJUTCA MPOBOAUTH «THOCEOJOTUUECKYIO
rpaHUIly» TaKoil BO3MO#HOCTHU He UCKIIOYaeT.

OtBetr bopa noszBoaun @ory 3aKIIOUYUTh, YTO
Bop oTka3sbiBaeTcA OT MOHATUA <HEKOHTPOJIUPYEMOe B3aUMO-
neiicTBue» (B ero cTaTbe 3TOT TEPMUH He YNOTPeGIAeTcA HU
pasy) ...

YuTraTenb caM MoxeT yOeAUThCA B TOM, 4To Bop 3HAUYMTeNbHO

CMATYMJI TOJKOBaHHE MOHATHUA JONOJHUTEIbHOCTH:
B o6aacTtu kaaccuuyeckoil GU3NKU Bce CTOPOHBI IMOBeIeHUA
TAHHOT0 00'beKTa MOT'YT ObITh B IPUHIINIIE OOHAPYHEHBI IpU
NOMOIIM OAHOIN 3KCIEPUMEHTANIbHOU yCTAHOBKHU, XOTA Ha
NpaKkTUKe YacTo ObIBaeT yJOoGHO MPUMEHATH AJA U3YUEHUA
pPa3HbIX CTOPOH fIBJIeHUA pa3Hble YCTaHOBKHU. B caMoM ferne,
noJly4yeHHble TaKUM 00pa3oM [aHHbIe NMPOCTO CKJIAbIBAIOT-
CA M MOryT OBbITb CKOMOMHHMPOBaHbI B OJIHYy CBA3HYIO Kap-
THUHY TOBeJIeHUA u3ydaeMoro o6bexta. HampoTus, B KBaH-
TOBOI (pU3UKe JaHHble 00 aTOMHBIX OOBEKTax, MOJy4YeHHbIe
Ipyd MOMOIIM Pa3HbIX 3KCIEPUMEHTANbHbIX YCTAaHOBOK, Ha-
XOJIATCA B cBOe0OPa3HOM [JOTNOJHUTENbHOM OTHOUIEHUH APYT
K npyry. leiicTBUTeNbHO, clelyeT NPU3HATh, UTO TAKOT'O PO-
[la JaHHble, XOTA U KamyTcA NPOTUBOpPeYalllUMu ApYyT ApyTry
NpU MONBITKE CKOMOMHMPOBAaTb UX B OJHY KapTUHY, Ha ca-
MOM [lelle UCUEPIbIBAIOT BCE, UTO MbI MOKEM Y3HATh O Mpej-
MeTe. OTHIOAb He OrpaHUYMBAaAd Hallld CTPEeMJIEHUA 3a7aBaTh
NpUpO/ie BONPOCHI B popMe 3KCIIepUMEHTOB, IOHATHE AOMOJI-
HUTEJbHOCTH MPOCTO XapaKTepusyeT BO3MO#KHbIE OTBETHI,
nojiy4yaemble B pe3yJbTaTe TaKoro UCCIe0BaHUA, B TOM CIy-
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yae, Korja B3auMojieiicTBUe Me# Iy U3MepUTelIbHbIM Mpubo-

POM U 00BEKTOM cOCTaBlIAET Hepa3[elbHYIO YacTb fABIEHUA.
3a nBa roja no 6ecen bopa ¢ ®@okom mpowusorlien ciyyaii, MOKas3bl-
BaloIuii, 4To bop He M06UI Bo3BpalaThcA K pa3roBopam o MpHH-
[uIne JonoJHUTedbHOCTHU. Jllo6umblit yueHuk aiisen6epra Baiii-
3ekep B 1955 rogy mucan cTaThblO, MOCBALIEHHYIO CEMUAECATH-
netuto Bopa. Ilo monogocTu Baiilsekep He Mor mpucyTCTBOBaThb
Ha gornage B Komo, ogHako yx#e B 1930 rogy oH mpucoeinHuUjICA
K Jlefinuurckomy Kpy#kKy l'aiizen6epra. BoT Kak omuceIBaid 3TO
BpeMA OCHOBaTellb Kpy#Ka:

BricoroomapeHHble MoJloble JIOAM U3 caMbIX Pa3HbIX CTpPaH
chbe3alluch K HaM, YyToObl NPUHATH ydyacTHe B pa3BUTHUU
KBaHTOBOI MeXaHUKU WIH NPUIOHKUTH €e K U3YUEHUIO CTPYK-
TYpbI MaTepPUU. TH aKTUBHbIE, OTKPBIThIE A BCEr0 HOBOTO
¢u3uKKU o6oraTUIU HAIIU CeMUHApPCKUe ANCKYCCUU U TMOYTHU
Ka/Jblit MecAl paclIMPAIN NPUMeHeHUA HOBbIX ueit. IlIBeit-
napen @enurc Biox 3am0un 0CHOBY NMOHMMAHUA BIEKTPU-
YeCKMX CcBoicTB MeramioB, JleB Jlanmay us Poccuu u Py-
nonb¢ Ilaiiepic crmopuiam o MaTemaTHUecKUX MpoGiemax
KBaHTOBOI 3NeKTpoAuHamMuku, Ppuapux XyHI paspabdaTbl-
Ball TEOPUIO XUMHUYecKoit cBA3U, dABapA Tennep paccuuThi-
Ball OITUYECKHUE CBOiicTBa MoieRkyl1. B Bo3pacTe eqBa numib
18 net k aToii rpynne npucoeaunuica Rapa @punpux Baiin-
3eKep U BHeC GUIOCO(PCKYIO HOTY B 3TU Oecellbl. . .

Hapeman Taiizen6epra u bop, Tak uto Baiin3ekep BocHpUHANI
HPUHIUI TOMOJHUTENbHOCTU B IOHOCTH U OYKBalbHO M3 MEPBBIX
pyk. Pa6oTas Hapg 1o0uneiiHoil cTaTbeil, OH Nlepeyeln paHHue pa6o-
TbI Bopa 1 OTKpBLA, UTO yie 25 JeT HeBepHO NOHMMaeT CMBbICI J0-
nonuuTenbHocTU. Baituzerep o6patuica k Bopy ¢ nmpocb6oit Tou-
Hee chOpMYJIMPOBaTh BhICKa3blBaHUA TOro BpeMeHu. bop oTBeTUn
Ha 3TO TBePIbIM OTKAa30M.

Rak Bcersa, o[HUM U3 caMbIX fICHBIX, @ B 3TOM Cliydae U ca-
MbIM OpPUTHHANbHBIM, ObL10 cymaenue Ilaynu, B naHHOM ciy-
yae 06 EPR-npoGreme. B 1947 roay ou ony6ankoBan [Pauli
1947] peneHsui0 Ha KHUTY H3BecTHOro ¢uiaocoda Paiixentaxa
[Reichenbach 1944], nocBamenHyo gurocodpckum npobiemam
KBaHTOBOI MexaHuku. [Jo6pocoBecTHO, KaK U M0J06aI0 KPECTHU-
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ry Maxa, pa3bupasa ¢unocodcrue noctpoenusa Paiixenbaxa, Ilay-
¥ B KOHIIe pPelleH3MH KOCHYICA YhCTO GUu3nyecKoil 3agauu.
3aBepuiuM 3TOT 0630p KpaTKUM YIMOMHHAHUEM O TMpPUMeEHe-
HUM 3TUX (T.e. chopMmyianpoBaHHbIX PaiixeHGaxoM) MOpUH-
IUIOB K 3ajave O cUCTeMax ¢ Koppenduuamu. Juckyccus
0 CBOICTBaX TAaKUX cucTeM Gblia Hauata JditHmiTeiiHoM, Po-
koM u [Togonbekum (discussion was started by Einstein, Fock
and Podolsky). O6cyaum cocTofiHre CHCTEMBI, COCTOAIIEN 13
IBYX 4acTHll, y KOTOPOil cyMMa p; + Pz UMIIYJIbCOB P U Do
(B HEKOTOPOM ONpeJeleHHOM HaNpaBIeHUH) U Pa3HOCTh g1 —
— @2 WX KoopAuHAT (B TOM i€ HANpPABIEHWU) UMEIOT Olpe-
JelleHHble 3HAaUeHHA. 3HaUYeHUA WHAUBUIYATbHBIX UMIYJb-
COB p; U Pa WIU KOOPAMHAT ¢; U @2 B TAKOM COCTOAHUU He
onpepenero. Ecnu Bce e u3MepsAeTcA UMIyIbe p; uan (1o
BBIGOPY 3KCIEPHMEHTATOPA) KOOPAUHATA (1, TO 3TO U3Mepe-
HUe, eCTEeCTBEHHO, He MOeT MOBIUAThH HA COCTOAHUE BTO-
poii yactuns! (this meauserement certainly does not disturb
the other particle). Ho mocne »Toro mamepeHus CTaHOBHUT-
ca usBecTHbIM (predictable) snauenue py (MaM g2 cooTBeT-
CTBEeHHO). MbI coriacHbl ¢ BbIBOJOM aBTOpa (B MPOTHUBOIO-
JOKHOCTh MHeHHUIo JitHiTeltHa, ®oka u Ilogonbekoro), uTo
3TO He MPOTUBOPedYUT TpeGoBaHuio npuuuHHOocTH (does not
contain any causal anomaly). Heib3s ToBOpUTh, 4TO 3TO —
u3Mmepenue p; (UWIM 1), MOTOMY 4YTO Tepel 3THUM H3Me-
peHreM 3HAYEeHUA YHKa3aHHBIX BEIMYUH ObUIM HeOolpeenu-
Mbl (indeterminable). Toabko mocie u3MepeHus vacTHnbl 1
YTBEpHIEHUA Py UMEET ONpe[elieHHOe 3HAYEHUE» WU «(o
UMeeT ONpeJleleHHOe 3HaUeHe» CTAHOBATCH OCMbICIEHHBIMU
(MCTUHHBIMM WU JOHHBIMHA).
ABTOpBI BOCHpOU3BENU BbIIepP#KY U3 cTaThu Ilaynu B ToM Bu-
Jle, KaKk OHa HaleyaTaHa BO BTOPOM TOME ero U3GpaHHBIX TpPYy-
noB [Pauli 1964], oHu U He 3HAIOT, KAK OHA BBITIALENA B HYp-
Hane Dialectica. TouHo Takme UM ocTalach HeJOCTYMHONW KHUTA
Paiixen6Gaxa. [loaTomy Hen3BecTHO, Kakue y4YeHble YIOMUHANUCH
B 9TUX MyGIMKAUAX B KAUeCTBe HHUIIMATOPOB IUCKYCCHU O CBOM-
CTBax (CHUCTEM C KODpEIANUAMHY», HE ACHO, UMEEM U MBI [€N0
¢ 4beil-To OMMCKON WU C IyTKOW reHuA. BamHo o6paTuTh BHU-
MaHue Ha Ba 06CTOATENLCTBRA.
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Bo-nepBrix, npu onucaHuu 3¢¢PerToB B paccMmaTpHBaeMoi
cucteme Ilaynu paccysjpaeT B TepMHHaX MaTpHIbl MIOTHOCTH.
JTO HEeyAUBHUTEIbHO, IOTOMY YTO HMeHHO B KHure Ilaynu [Pauli
1933] comepKUTCA OTHO U3 JIYUNIMX M3NOMEHUI TEOPUH CTAaTHC-
TUYeCKOro onepaTopa.

Bo-BTOpHRIX, [laynn darTudecku mpejiaraeT cnoco6 BhIYKC-
JeHUA MaTPUIbI INIOTHOCTYU OJHOMN U3 MOJCUCTEM GONBINON CUCTe-
MBI, TIPU YCIOBHUM, YTO CHCTeMa MOABepriach BO3JEUCTBUIO, BhI-
JenfiolleMy ONpejelleHHOe cOCTOAHNe BTOPoit moacuctemsbl. Tex-
HUYECKYIO CTOPOHY 3TOT'0 MbI 06CYJUM HECKOJLKO MO3/HEE.

qTO OBb 9TOM OYMAIJIA
KBAHTOBAA MEXAHHUKA

IlocTapaemcA BBIACHUTD, KaK NMPEANOJO#EHUA pabOThI TpeX
aBTOPOB COTNACYIOTCA C OCHOBHBIMM MOJOMEHUAMHU KBAaHTOBOI
MeXaHUKU, U3BecTHbIMU 10 1935 roga. Be3 aToro TpyaHo NOHATS,
HaCKOJIbKO ObLIM NMOTPACEHbI yCTOU CUUWTABIIelicA 3aBeplIeHHOM
TEOpUH.

Iocne pab6orsr Bopra [Born1926] cuutanock, 4to I:06be
cpejiHUe 3HAYEHUA BEMUUYUHBI A MOMHO BBIYUCIUTH MO HopMyie

FAY) = [ do ¥ (@) A0 (z), (1)

rie A — omepaTop, cooTBeTcTBYOMUM Bennunne A. Oyurnua ¥
KBaIpaTUYHO WUHTErpUpyeMa, i ee MOKHO HOPMUPOBATh YCIOBU-

/ de U*(2)¥(z) = 1. (2)

Mockonbry B ¢popmyine (1) comepskaTca Kak XapaKkTepUCTH-
Ka (M3UYECKOH BelMUNHbI — omepaTop A, Tak U He 3aBHCAIMIL
oT A o6besT — ¢yHrMA U, yaoBIeTBoOpA©OIIan yciaosuo (2), To
€CTeCTBEHHO NPUHATh QYHKIUIO U B KayecTBe XapaKTEepPUCTUKU
COCTOAHMA CHCTEMbI. JTO coralleHre MO#HO c(HOpPMYIMPOBaTh

TaK:
Yucao (¥|A|¥) paBHO cpegHeMY
3HayeHUIO BeJIUYnHbl A B cocTogHuu V.
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H3BecTHO, YTO COBOKYNHOCTh KBaJIPAaTHYHO HHTETPUPYEMBIX
¢yHKUUiI ob6pa3yeT mpocTpaHcTBO ['minnbepra, mosToMy c mepe-
MEHHBIMU (HU3UYECKON CHCTEMbI MOKHO CBA3aTh JHHENHHbIE Ome-
paTophl, ONpeJeleHHble B T'HILGEPTOBOM NMPOCTPAHCTBE.
BoamosxHbIe COCTOAHUA CUCTEMBbI (HIU XOTA GbI 4acTh BO3-
MO{HBIX COCTOfIHMI) €CTeCTBEHHO CBA3aTh C BEKTOPAMU 3TOrO

~

npocTpancTBa. Onpenenenne (1) mokasbiBaeT, uTo ecnu A — ca-
MOCOTPAMEHHbIN (UIU 3PMUTOB) OMEPATOP, TO CPeHee 3HAUEHME
cBA3aHHOU ¢ A ¢(u3nyecKoil BeIMYMHBI Bcerja JAefCTBUTENbHO.
Dusnyeckue BeNUUYUHBI, CBA3aHHbIE C 3PMUTOBLIMU ONlEepaTOpa-
mu, cnenyd lupaky, Ha3bIBalOT HAGAOAEMbLMU.

B ob6mem ciyuae Henb3f omuUAaTb, 4TO d0Gafd BeluM4UHA
B 11060M COCTOAHUU MMeeT TOUHOe 3HaueHue. B Teopuu BepoAT-
HOCTell CTelNeHb Pa3MbITOCTU NEeUCTBUTENLHON BEIMYMHBLI ONpe-
nensetcA ee aucnepcueil. IlepeHeceM 3TU NOHATHA B KBaHTOBYIO
MeXaHUKY.

llnAa panbHeiilero cyuecTBeHHO, YTO JUCIEpPCUIO Habmonae-
Moit A B cocTogHun ¥ MOKHO MpeICTaBUTh Kak KBajpaT HEKOTO-
poro BekTOpa:

Dy (4) = (U|A%|T) — ((T|A|T))? = (T'|T"), (3)

rae R R
' = A[T) — [T)(T|A[T). (4)

Dopmyna (3) o3HayaeTr, YTO AUCIEPCUA HAGMIOAAEMOIl B IHO-
GOM COCTOAIHMM HEOTpHIaTelbHa, IOITOMY B KayecTBe Ompejele-
HUA NOHATUA TOYHOTO 3HAYEHUA MOMHO NPUHATH yTBEpP:HK ICHHE:

HaGnionaemas A uMeeT TOYHOe 3HA4YEeHHE B COCTOHHUU 1)

B TOM U TOJbKO B TOM Clly4ae, eclii ee AMCIEePCUA B 3TOM

COCTOAIHMU paBHA HYIIO.

MocKkonbKy KBajipaT BEeKTOpa B rUIbGEPTOBOM IIPOCTPAHCTBE pa-
BEH HYJIIO B TOM U TOJLKO B TOM Clly4ae, KorJa caM BEKTOp paBeH
HYJI0, TO MOHO CKas3aTh, YTO BeludynHa A MMeeT TOYHOe 3Ha-
YyeHMe B COCTOAHUM 1) B TOM U TOIbLKO B TOM cllyuae, eClii paBeH
HYIIO BEKTOP 1, T. €. BEKTOP 9 ABIAETCA COOCTBEHHBIM BEKTOPOM
onepatopa A:

Dy(A)=0 « Ay =ay. (5)
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U3zBectHO, yTO AnA n06Goro BekTOpa @ TUabOepTOBa MpO-
cTpaHCTBa MOKHO HallTH HEKOTOPBINf caMoCONpAMeHHbII onepa-
Top A, [IJIA KOTOPOTO v fAIBNAETCA cOGCTBEHHBbIM BeKTopoM. Ilo-
3TOMY MOHATUE d4eMeHm @usuieckoll peaabHocmu, BBEIEHHOE
B EPR, coBnanaet ¢ noHATHeEM «BoJlHOBasA QYHKIUA», KOTOPOE CO-
nepsutcaA B dopmynax (1) u (2). MoxHo ckas3aTh, 4TO

aA1060i1 BekTOp rujib6epToBa ImpocTpaHcTBa, B KOTO-

poM [eiicTBYIOT ollepaTophbl, CBfi3aHHbIe ¢ ¢usuyec-

KUMH NepeMeHHBIMU CHCTeMbl, ABJIACTCH S.4eMEHIMOM

dusuvecroil pearvnocmu B EPR-cMbIcie.

IIpu onucanum mnpouecca pedyryuu eoanosozo narema B EPR
HpeJNoNaraeTca, 4To aLeMeHm gusuieckol pearbHocmu BhIAelsA-
eTcA B pe3yiabTaTe U3MepeHUA HEKOTOpoil ¢usuyveckoit Beanuu-
Hbl. BeAkas 11 BelnuuHa NpurojHa aud 3toit neau? EcrecTBeHHO
06paTUThCA K HabII0JaeMbIM C YUCTO JUCKPETHBIM CIIEKTPOM, Ha
MaTeMaTH4YeCKOM A3BIKE — K CaMOCONPAMEHHBIM oIllepaTopam,
co6cTBEeHHbIE BEKTOPbI KOTOPbIX 00pa3yloT 6a3uc B ruibbepTo-
BoM npocrpaHcTBe. IlycTh u, — COGCTBEHHBIH BEKTOP TaKOro
omeparopa A, T.e.

24_ = X, Xun = Unln, (6)
(an)* = Qpn, aj 7é ag — <U’j|uk> = Ojk- (7)

Ecnu co6cTBeHHOE YHCIO 7 BBIPOMIEHO, TO COBOKYITHOCTh COOCT-
BEHHBIX BEKTOPOB, IIPUHA/IIEKAIIUX STOMY YHCIY, MOKHO Tonap-
HO OPTOTrOHAINU30BaTh.

TakuM ob6pasom, [eificTBUe caMOCONPAMEHHOI0 ollepaTopa
C YHCTO AUCKPETHBIM CIEKTPOM MOMHO ONPEeNeNUTh HOpMYyJIoil

Ap =" war(uly). (8)
!

O6bequHAA cilaraemMble ¢ OAMHAKOBBIMU a;, MOMHO IIpeacTa-
BUTLH 3TO BbIpameHUe ClelyluM 06pa30M:

2"/) = E anﬁn"/)a 9)

OmnepaTopsl P, B 3Toii dopMyle AefiCTBYIOT Tak:

Pap= Y uuly). (10)

s:(as=an)
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Jlerko y6eiuTbcA B TOM, UTO omepaTopbl P, MpoenupyoT mpo-
W3BOJbHBI BEKTOP T'UiIbOepToBa MPOCTPAHCTBA B MOJMPOCTpPAH-
cTBo M, — COBOKYNHOCTb BEKTOPOB, HATAHYTBIX Ha COGCTBEH-
Hble BEKTOpbI A, mpuHamiexaniie cOGCTBEHHOMY 3HAYEHUIO G,.
PasmMepHocTb 3TOro MpoCTpaHCTBA paBHAa KPAaTHOCTH BbIPOHJIe-
HUA COOCTBEHHOIO 3HAYEHUSA Ay, U €€ MOMHO BbIPasuTb GopMmy-
HOﬁAdimMn = Trlzn, rae cumBoia Tr O o3HaudaeT ciiefl oneparTo-
pa O. Onepatops! P,, yI0BIeTBOPAIOT COOTHOUIEHUAM:

)

ﬁﬁk:ﬁm Pmﬁn:(smn ms

(XP)v=v o Y Ph-=1I (11)

rae I — eIWHUUHBIH omepaTop. 3HafA MepeuyUciIeHHbIe CBOHCT-
Ba NPOEKIMOHHBIX ONEPATOPOB, MO#HO HENOCPEACTBEHHO MOJb-
30BaThcA onepaTopHON hopmyoit

A=Y a.p,, (12)

KOTOpaf pealnn3yeT «CIeKTpalbHOe NpecTaBlieHuey onepatopa A.
Hcnonbsyna cnekTpanbHoe NpejcTaBleHUe ONepaTopa, HETPYLHO
peIcTaBUTh MPOM3BOILHYIO QYyHKIUIO omepaTopa A Kak omepa-
TOp:

F(A) = f(4) =" f(an)Pa. (13)
B uactHOCTH,

(A—cI)* =) (an — ¢)*Pn. (14)

n

C nomoibio paBencTBa (14) HETPYIHO MOLYYUTH BbIpameHue I
nucnepcun HaGmogaeMoit A B COCTOAHUM 1):

Dy(4) =Y (an — (A))*||Pus|, (15)

n

roe (A) — cpenHee 3HaueHne A B COCTOAHUHM 1.
Nucnepcud onpenenseTca PAAOM, Kama0e U3 claraeMbIX KO-
TOPOro HEOTpPUIIATENbHO, MOITOMY, eciu Habmomaemad A umeet
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B COCTOIHUU %) TOUHOE 3HaUEHUe, TO KaJ0e U3 cllaraeMbIX 3TOr0
pAla oMK HO GbITh PaBHO HYJIIO:

Dy(A) =0 & Vn (an = (A) wm P, =0). (16)

TakuMm o6pa3om, ecnu gucnepcus HabarOgaeMoli paBHa HYIIIO,
TO ee cpe[Hee 3HAUEHUE [OJHHO ObITH PaBHO OAHOMY M3 COOCT-
BEHHBIX YMcel, CKaMeM ay, a TOCKOJIbKY BCe UMcia a, Pa3luuHbI,
TO cIpaBeJIMBO cllefylolee:

Dy(A) =0 < 3k ((A) = ax, Py =0, ecmun #k). (17)

Nuaue roBops, eciu Habniogaemana A uMeeT B COCTOAHUU 1)
TOYHOE 3HaYeHHe, TO OHO PABHO OJHOMY M3 COOCTBEHHBIX YHCEl
onepatopa A — aj, a BEKTOP 3TOTO COCTOAHUA 1 JE€KHUT B MOAIPO-
crpaHcTBe My — COBOKYNHOCTH BEKTOPOB, HATAHYThIX Ha COGCT-
BEeHHbIe BEKTOpPHI onepatopa A, mpuHajanexaiiie co6CTBEHHOMY
3HaueHUIo0 ayp. HauMeHbIINII NPOM3BOJ B ONpeJeleHUU BeKTOpa
COCTOAHUA JOCTUraeTcA B TOM clyuae, Korja Bce coGCTBEeHHbIE
3HaueHudA ollepaTopa HeBbIPO#JeHbI. B 3ToM ciyuae Bce mognpo-
cTpaHcTBa M}, 0JHOMEpHBI, MO3TOMY

Dy(A) =0,Vn TrP, =1 & Fk(A) = ag, P = uge™). (18)

Tarkum o6pa3om, [Iiad TOro, 4ToObl OJHO3HAYHO BbIJEIUTH
B pe3ylbTaTe H3MepeHUA adeMeHm @usuieckoll pearbHOCMU
8 cmoicae EPR, T.e. 1y4 B IpocTpaHCTBe COCTOAHUI, cleryeT
“3MepATh HabloJaeMylo C [JOCTAaTOYHO TOYHO ONpeJeleHHbIMU
CBOIICTBaMU: ee cnekmp doadxceH Gblmb JuUCKpemeH U HesblpodcJeH.

B nepsom pasgene EPR paccmaTpuBanuchk cocToAHNA, KOTO-
pble BBIAEIANUCH B pe3ynbTaTe U3MEPEeHUA UMITyIbca (koautecm-
6a deudceHus) UIM KOOPAMHATHI YacTUIbI. B KiIaccuueckoit Mexa-
HUKe 3TU BeJINYUHbI U3MEHAIOTCA HelPEePbIBHO, I03TOMY Pe3Yilb-
TaT UX U3MepeHNdA Bcerja cofepAUT HEKOTOPYIO HETOYHOCTh, KO-
TOpPY10, B IPUHIUIIE, MOKHO c/leJlaTh CKOIb yTOJHO Maloii. ITo Xo-
pollo cornacyeTcs ¢ 00UIMMU NT0JI0AKEHUAMU TEOPUU BEPOATHOCTHU:
NpY U3MepeHUHU clyyvyailHOl BelMUYUHbI C HENpePbIBHON QyHKIUe
pacnpejielleHUA 3HaUYeHNe 3TOH BeJIMYNHbI BCerja COlepAHUT HEKO-
TOpYIO HeTOUHOCThb. TOUHOe 3HaUeHHNe TaKoit Habao1aeMoil MOH-
HO NIOHUMAaTh Kak Ipefiesl pe3ynbTaToB IOCHe0BaTeNbHbIX U3Me-
peHuii ¢ nociefoBaTelbHO yYMeHbIIaomelcA olnOKOIA.
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HenpepbIBHOCTE clieKTpa UMIydbca U KOOPAMHATHI B KBAHTO-
BOIi MeXaHUKe fABJfAeTCH NPAMbBIM Clle[ICTBAEM OIlpe/ielleHUA 3TUX
BEJNIUYHMH. JTO CBOMCTBO UMIyJIbca U KOOPJUHATHI NMPOABIAETCA
B TOM, 4YTO (opMallbHble COOCTBEHHbIE BEKTOPbI COOTBETCTBYIO-
LIMX OIepaTopOB WJU He UHTerpupyeMbl KBaJpaTU4HO, UJIU BO-
obile He ABIAIOTCA GYHKINAMU B KIacCUYecKoM cMmbicie. M3o-
Gperennbie [upakom oGobGiieHHbie GyHKIUU, Koraa O-GyHKIUA
YpaBHUBaeTcA B IpaBax C KlIacCUUeCKUMU GYHKIUAMU U B TO #e
BpeMs NOHMMaeTcA KaKk HecOOCTBEHHBIH Npefiell COOTBETCTBYIO-
MUX KIacCUYeCKUX (PYHRIUN, MO#HO MOHUMATh KaK HEKOTOPYIO
KOJUPOBKY, C MOMOILILI0 KOTOPOIl B HeNpepbIBHbIN CIEKTP BBO-
IUTCA NMOHATHE TOYHOro 3HaueHuA. [lonyckasa B MaTeMaTUYeCKUit
annapaT KBaHTOBOI MeXaHWKHU 00001eHHble PYHKIUU «C TOYHOC-
ThIO B cMbIcie GU3UKOBY, MO¥HO 0CIabUTh yclIOBHE JUCKPETHOC-
TU creKkTpa Habmaogaemoii. OnHako TpebGoBaHNe HEBBIPOKJEHHOC-
THU CIHEKTPa OCTaeTCA B CUJe W NPU TaKUX BojdbHocTAX. K cuac-
ThIO, CIEKTP KaKk UMIylbca, TAK U KOOPIUHATHI HEBBIPOMKIEH. JTO
03HayYaeT, YTO U3MepAA HablarofaeMble P WK (, MbI JeiCTBUTENb-
HO BhIJeNAeM dueMmeHmyl gusuieckoll pearbHocmu.

IIpusenem HeobxoauMele dopmyisl. IlycTh up(z) 1 ¢g(x) —
(popMaibHbIE pellleHUA ypaBHEHUN

Pup () = pup(x), —oo < p < o0, (19)
qbq(w) = qpq(x), —00 < g < o0, (20)
uplar) = Lo, (21)

V2rh
Pq(x) = 6(x — q). (22)

B sToM cayuae usBecTHble (popMyibl npeobpasoBaHuit ®Pyphe
MOKHO 3anucaTh B BUle

f(a) = / up(2) F(p) dp, (23)
F(p) = / ut() f () de. (24)

—00
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H3BecTHO, UTO ANA CHPaBEIJIUBOCTH 3THX (HOPMYI JOCTATOUHO
KBaJpaTUYHON MHTerpupyemMoctu ¢pyHkuuii f u F, npuyem mpe-
o6pasoBanue Pypbe — yHUTapHad onepanum:

/ (@) dz = / F(p)]? dp. (25)

IIpuBenenuble GOPMYIBI MO#HO pacCMaTpUBaTh Kak HeNMpepbIB-
HBII aHAJOTr pPasloMeHNA BEKTOpa ribbepToBa MPOCTPAHCTBA 110
opToHOMHUpoBaHHOMY Oasucy. Ilocie npencraBienus GyHruuit f
u F' B BHJle MOBTOPHBIX WHTErpaloB, HE3aKOHHON C TOYKHU 3pe-
HUA KIacCHYecKoll MaTeMaTUKU MEepecTaHOBKON MOPANKOB HWH-
TEerpupOBaHUA U CPAaBHEHHUA TOIYUYEHHBIX HOPMYI C ONpe/eleHu-
eM d-hyHKIUH,

Gly) = / 5y — 4 )C() dy, (26)

MOMHO MOJYUYUTh HellpepbIBHbIEC aHAJIOTr'u COOTHOIIIEHU OPTOHOP-
MHPOBKHU U IIOJHOTBHI:

(e}

[ s () do= 3o - ). (27)

/ up(x)uy (') dp = 6(x — z'). (28)

— 00

AHnanoru4sble COOTHOLIEHUA AJIA QYHKUMI ¢, HemocpeJCTBEHHO
CNeAYIOT U3 onpejeneHua J-QyHKIUN:

/ 61(2) by () de = 5(q — ), (20)

/ ba(@)d2(a") dg = b(z — o). (30)
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B EPR paccmaTpuBaioTca JByX4acTHUHbIE BOJHOBbIe QYHKIMU.
Yro6bl ONpeNenuTh UX, Hy#HO BhIGpaTh HabGIIOJaeMylo C HEBbI-
PO IEHHBIM CIEKTPOM. Pollb TaKkoro omepaTopa MOKET WUTpaTh
napa 0JHOYacTUYHBIX onepaTopoB. Hanpumep — omnepaTopbl UM-
My/IbCOB Ka# 0N U3 YaCTUIl — D1 U Pa. [lOCKOABKY 3TH 0MepaTOphI
KOMMYTHUPYIOT, ¥ HUX CYIECTBYIOT 06liie cOGCTBEHHbIE BEKTO-
phI:

P1¥ (21, m2) = p1¥(21, 22), D2¥(21, ¥2) = p2¥(21, 22). (31)

Pemenue 3Toii cucTemMbl ypaBHEHHIT — BEKTOP

‘I’(pl, P2|3317 372) = Up, (xl)upz(x2)' (32)

JTOT BEKTOpP ABIAETCA, KPOME TOTr0, COOCTBEHHBIM BEKTOPOM
onepaTopa MOJHOro uMnyiabca P = py + Pa:

PY(py, pa|z1, x2) = (p1 + p2)¥Y(p1, P2|T1, T2)- (33)
OnHaKo creKTp omepatopa P BbIpos/eH: ofllee pelleHHe ypas-

HEeHUuA

~

PY(x1, z2) = PY(21, T2) (34)
nuMeeT BUJ oo
¥(Play, a2) = / up(e1)up_p(e2)Cp)dp  (35)

¢ npousBonbHoit ¢yukuuer C(p). Ytobsl durcupoBaTh (QyHEK-
uuio C(p), Hy#HO IONOIHUTD OnpejeieHre GyHKIUY 1) TaK, 4TO-
Obl OHa Obl1a COOCTBEHHBIM BEKTODPOM ellle OJHOr0 ollepaTopa,
KOMMYTHPYIOLIEro ¢ ONepaTopoM IOJHOrO MMIyibca. TaKkoBbIM
AIBIIAIETCA, HAIIPUMED, OMEePaTOpP OTHOCUTEIbHOr0 PAacCTOAHUA ():
Q=q—¢. (36)

Berrtop ¥ (P|z1,z2) GyneT peuieHreM ypaBHeHUA
QY(Plzy1, 2) = —20¥V(P|z1, T2), (37)

B ToM ciyyae, eciin C(p) = Cexp(i%). Co6cTBEHHbBIE BEKTOPBI

onepaTopoB Pu @ — ¢yuruun V(P, xo|z1, £2), HOPMUPOBaHHbIE
yClIoBHEM
(U p,ao|Upr,y,) = 6(P — P")d(z0 — 30), (38)
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C TOYHOCTBIO 10 q)a3OBOl"O MHOMUTEIIA OoNpeaeArTCA UHTerpa-

JIOM
oo

pro
U(P, xo|x1, 22) = 1 /up(a:l)up_p(a:g)ez odp.  (39)

Hx MoxHo, HanpuMep, BoIOpaTh B opMme

P(z1+x2)
i

U(P, xo|x1, 2) = e i §(x1 — @2 + x0)- (40)

1
V2rh

C touynocTbi0 10 HopMmupoBku EPR-BonHoBas dyuruua ¥(xy, x2)
conagaet ¢ ¥ (0, xo|zy, z2).

TakuMm obpaszom, EPR-BonHOBag ¢yHRINA CTPOUTCA 1O 00-
UM pellenTaM KBaHTOBOH MeXaHUKM, HUYeM He OTIWYafAch OT
MHOeCTBa APYTUX QyHRIUN.

B cocTaBHBIX cucTeMax MO#HO BBIIENUTH [Ba BUja Hablio-
JaeMbIX C JUCKPETHBIM HEeBBIPO#JEHHBIM CIEKTPOM, NPUTOJHBIX
IJAl BhIJENEHUA Nydeil B MPOCTPAHCTBE COCTOAHUI. ITO MOKET
ObITh:

1) coBOKynmHOCThL HAGMIOAAEMBIX, KaKAafd U3 KOTOPLIX 3aBU-
CUT TOJbKO OT IlepeMeHHbIX, OTHOCAMMXCA TOIbKO K OAHOI U3
NOJCUCTEM, UIU

2) COBOKYMHOCTh HaGMI0JaeMbIX, KOTOpPbIe MOTYT 3aBHUCETh
OT NepeMeHHbIX, OTHOCAIUXCA K Pa3dUyHbIM IOAcCUCTEMAaM.

BonHoBble pyHRIKY NepBoro TUNa NpeAcTaBAAIOT co60i Mo-
HOMBI, TIOCTPOEHHbIE U3 NPON3BeJeHUA GYHKINI, Kak B ypaBHe-
Huu (32). EPR-BonHOBbIe GYHKIUYM JAIOT OPUMEDP BEKTOPOB CO-
cToAHMI BTOporo Tuna. B mepBoM ciryuae BonHOBasA GyHKIUA ONU-
ChIBaeT TAKOe COCTOAHUE, B KOTOPOM Kamafd U3 MOACUCTEM HMe-
eT, o KpaiiHell Mepe, oAHYy HabllOfaeMyl0, IPUHUMAIOMIYIO TOY-
Hoe 3HauyeHHe. Bo BTOpoM ciiydyae MOMKET CIyUYUTbCA TaK, YTO HU
B OJHO! U3 MOJCUCTEM He OKameTcA BeINUYUHbI ¢ TOYHBIM 3Haue-
HUEM, XOTA BeJIUYNHbI, CBA3bIBAIONIME NOJCUCTEMBI APYT C APY-
roM, UMelT TouHble 3HaYeHuA. lllpeaunrep, BepHbIil cBoeMy 00bI-
yaio cyutaTh V-GOyHKIUIO NEPBUYHBIM MOHATHEM M BBOAUTHL HO-
Bble TepMHHBI, NpUAYMal AJA YKa3aHHBIX BOJHOBBIX (QYHKIMii
Ype3BbIYaiiHO MOMYNAPHOE B HacToAllee Bpemd Ha3dBaHue. [lo-He-
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Mel KU OHO 3By4ano «Verschrinkungy u 6bu10 epeBeeHO Ha aHr-
nuiickuii cioBoM «entanglementy. Ilo-pyccku oHo yaiie Bcero 3By-
YUT «3ally TaHHBIIY, COCTOAHUA C MPUBEIEHHOU BBIIIe BOJHOBOI
¢yHKIMEN Ha3bIBAIOT «3ally TaHHBIMU COCTOAHUAMUY.

(Takafa BO3MOKHOCTh KOpPeHHBIM 06pasoM OT.IHYaeT
KBaHTOBYIO MeXaHUKY OT Kjaccu4YecKoii.)

70 06cTOATENLCTBO GbLIO OTMedeHo eme B 1927 r. (Bce-
ro uepe3 roj Mocle CTATHCTHYecKoil rumnore3sl Bophua) Jlau-
nay [Landau 1927]. M3101UM KOPOTKO apryMeHThI 3TOi pa6o-
Tol. [IycTh cocToAanue cuctemol I + II ompenenderca BoJdHOBOIA
oyuruueir ¥(xq,zs), rie £; — COBOKYIHOCTb M€PEMEHHBIX, CBAi-
3aHHBIX C ¢-i mogcuctemoii. [IycTb Habmonaemoit A cOOTBETCTBY-
eT UHTerpaibHbIil onepaTop

AV (zy, 25) = /A($1, T2 Y1, ¥2)V(y1, y2) dyr dya.  (40)

Cpenuee 3nauenue HaGmonaemoit A B coctoauuu ¥ B cuiny (1)
paBHO

(U]A]T) = / U (21, 29) A1, @23 91, 12) ¥ (91 ys) dary sy dyo.

(41)
Ecau Bennunna A 3aBUCHT TOIbKO OT MEpPeMEHHbBIX cucTeMbI I, TO
Apo omepaTtopa A paBHO

Ay, 23 Y1, y2) = A1(x1; y1)0(22 — Y2). (42)

B aToMm cayyae cpeqHee 3HaueHue A BbIyMciafAeTcA 1Mo Gopmyne

(P|A|Y) = /Al(fﬂl; y1)p1(z1; y1) dy dy, (43)

roe
pr(1, 1) = / (1, )T (41, y) dy. (44)

@DyHKUMA p; CBOAUTCA K NMPOU3BENEHUIO NBYX (QYHKIUI B TOM U
TONILKO B TOM ciydae, ecid ¢opMy NPOU3BeIeHUA UMEET UCXO[-
HafA QyHKuuA. Ecau

U(z1, z2) = U1(z1) P2 (22), (45)
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" pr(@1, 1) = ¥} (@) T (31) (46)
u ¢opmyna cpentero 3Havenusa (43) cBogutea K (1). B obuem
ciiyyae 3TO He TaK.

Ecnu cpenHue 3HayeHUA BEeIMYMH, OTHOCAIIUXCA K MOJCUCTE-
MaM, BBIYUCIAIOTCA MHAYe, YeM CpPEJAHUE BENUYUHbBI, OTHOCAIIY-
ecA K GONbLIOI cHcTeMe, TO TeOpUA HATAIKUBAaeTCA Ha MPaKTH-
YeCKM HeNmpeoJoNuMYI0 JOrudYecKkyio TpyaHocTb. IIpesie Bcero,
HUKTO U HUKOT[Aa HE MMel [iella ¢ «IIePBOCUCTEMOi», B KOTOPOIi
JONIKHa 3a/laBaThCA BOMHOBaAg (PyHKUMA. 3[ech HalpalluBaeTcA
aHajioruf ¢ abCOMOTHBIMU MPOCTPAHCTBOM M BpEeMEHeM, B paMm-
Kax KOTOPbIX HAYMHAJIOCh MOCTPOEHHE MEXaHUKU. JTUMU MOHA-
THAMHU MOMHO GbLIO OMeprpoBaTh (M BIOJHE YCIEIIHO) JTHIIbL 10
HEKOTOPOI'0 CPOKa, KOTOPBIH ONpelenAlcA KaKk yPOBHEM 3KcIle-
pUMeHTa, TaKk U CTENeHbIO JOruuYecKoil cTporoctu Teopuu. la-
#e eclu COracUThCA C TeM, YTO MPHU pelleHUU n106Goi 3amauu
MOM#HO Ha4yaTb C YTBEp#IAEHUA O TOM, YTO COCTOAHUE CHUCTEMBI
3ajlaeTcA BOJHOBOW (pyHKIMell, IepeHeCTU 3TO MOHATHUE Ha TNOJ-
CUCTEMbI y/JaeTCA JUIlb C MOMOIbIO TPOMO3IKOM U Mano060CHO-
BaHHOI Npolefypbl PeIyKIUHU BOJIHOBOrO nakera (4TO-TO B poje
snunukaoB [ITonemes, ucnpaBiaAOMUX KPyroBbie opouthi). Cpe-
IV MHOTHX CTPaHHOCTEl 3TO NpPOLeyphl, Mozkalnyii, Haubonbliee
BIE€YaT/IEeHUE NPOU3BOAUT HensOenHoe JOMyIleHre TOro, 4YTo Co-
CTOIHUE HEKOTOPOW MOJCHCTEMbI, MAKPOCKONUYECKH YIaleHHOI
OT JpYToii, MOMET BIUATH Ha cOCTOAHUe NocnenHeil. ['py6o roso-
pA, aToM Bojiopoja Ha F0nuTepe MoeT BIUATHL HAa COCTOAHME aTo-
Ma Bojopofa Ha 3emie. B mocieyromux pasjgenax 3TOT BOMPOC
Gynetr paccmoTrped moapoGHee. [loka nuiib 3aMeTHM, 4TO mocie
1935 roga JitHmTeliH B nicbMe K BopHy roBopui o «spooky action
at a distance» (A. Einstein, in Born-Einstein Letters, Walker, New
York, 1971, p. 158), HO K 3TOMYy BpeMeHH OH yie ObLI IPHYUCIEH
K «CTapbIM BOpYYHaMy.

Mexay Tem HeGoabiiaa Mogubukauua GopMyl MO3BOJIAET
€IMHO000pa3Ho BBIYUCIAThL CPEHNE 3HAUEHUA KaK B GOJIBIIUX CUC-
Temax, Tak U B UX MOJCHCTEMAaX.

Ecnu onpenenuts Anpo

B(x1, x2) = /A1(1?1§ y)p1(y; =2) dy, (47)
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TO BbIpa:KeHHe IJIA CpeJHero 3HadyeHud nNpuMeT BU]
(U] A|T) = / B(z; ) dz. (48)

Ecau comoctaBuTb ¢ AOPOM pi, ompeaeneHHbIM ¢opmynoit (44),

~

omepaTtop pi, a ¢ Agpom B (dopmyna (47)) — onepatop B, To
npaBaf 4yacTb Gopmyibl (48) ompenenfseT YUCIOBYIO GYHKIHIO

onepaTtopa B: R
TrB = /B(a:; x) dz. (49)

@®opmyna (48) ompejendeT onepaTop E KaKk NpousBeJeHle
B =4, (50)
MO3TOMY CpeJHee 3HaUeHWe A MOKHO ONpeneluThb GopMylioit
(U|A]¥) = Tr(4171). (51)

OcTaeTcA TONBKO 3aMETUTh, YTO €CJIU ONMPEJENUTD ONEPaTop p Kak
WHTEerpaibHblIil 0IepaTop ¢ AAPOM

p(xla T235 Y1, y?) = lII(xh $2)‘I’*(y1, y2)7 (52)

To, ucxofd us gopmyist (1), cpeanee 3HaYeHue 06IIETO OMEPATO-
pa A momHO OyJeT MpeACTaBUTh CleAyIONM 06pa3om:

~

(W]A|¥) = Tr(4p), (53)
rje ciep omneparopa Bec anpoMm B(x1, a3 y1, y2) onpegenserca
hopmynoit

TI‘E = /B(.T,'l, T2 T, 1132) d:l)l d:lfz. (54)

3aMeTuM, 4TO cpeqHMe 3HaUeHUA BenuuuH A u A; BbIpama-
I0TCA, 10 CyllecTBY, OQHONH U TOH e hopmyioi

(B) = Tr(Bp)- (55)

Hrak, BeIpaaroniue cpeHue 3HaueHUA (GOpPMYJIbI CofiepraT Kak
onepatop Gu3NUecKoil BeIUUUHbI, ONpeflelleHHOl B clcTeMe, Tak
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U HEKOTOPbIiA JpYToii orepaTop p, He 3aBUCALINI OT BeJIHYMHbI B.
C omepaTopoM p, KOTOPbIit OOBIYHO HA3bIBAIOT «MAaTpPUIEH MIOT-
HOCTH» HJIM «CTATHCTHYECKHUM OIIepaTOPOMY, MOMKHO CBH3aTh CO-
CTOAIHKME CUCTEeMbI. JTa TOYKa 3peHuA Gbliia MocieIoBaTelbHO pas-
BuTa oH Heiimanom. Ilocie ero paGoT cTamo fAcHO, YTO B CBO-
GOHOM OT MPOTHUBOPEYHii KBAHTOBOW TEOPUM COCTOAHUE CHCTe-
MbI ONlpeJeNIAeTCA OIepaTOPOM, KOTOPLIN JUIIbL MHOT 18 MOAKHO 3a-
JaTh BEKTOPOM I'iIbGEpTOBa IIPOCTPAHCTBA, B KOTOPOM JIEWCTBY-
10T omepaTopbl GU3nUYecKUX BelnunH. TakuMm oGpasoM, yTBep#H-
nenue EPR, uTo keanmoso-meranuieckoe onucanue gusauieckoil
peaavHocmu nocpedcmeom 60AHOBbLT GYHKUUL He ABAAEMCA NOA-
Hblm, ObLI0 cTporo obocHoBaHo K 1927 rogy. OnHako Ha Bompoc:
MOHCHO AU CHUMAMb, 4IMO KBAHINOBO-MeXAHUYeCKoe onucarue gu-
3udeckoll peaibHOCMU ABAACMCA NOAHbLMT ClIeJyeT OTBETUTh I10-
JnoxuTenbHo. IlpocTo moxy Gpusnyeckoil pealbHOCTBIO CIEAYeT I0-
HHMAaTh He COBCEM TO, UTO MOHuMal JitHmTelH. [loaTomy He Gy-
JeT U3JIUIIHEH 0CTOPOKHOCThIO MYCTh BpeMEHHOe U3MEHEHUE BhI-
Boga EPR:

Ecau cuumamov npouyedypy pedykuuu 60.4H06020 nakema npa-
8UAbHOL, MO

1) KeaHmoso-mexaHuieckoe onucaHue peaibHOCMmu nocpeo-
CMB0M 804H060UL PYHKUUL He ABAAETMCA NOAHBLM UL

2) ecau onepamopsl, coomeemcmsyiowue deym Pusuveckum
8CAUYUHAM, HE KOMMYMUPYIOM, smu dee 6eauduHbl He Mo2Ym 00-
HOBPEMEHHO 004a0amb PeaibHOCMbIO.

4TO TAKOE COCTOAHUE?
OKA3LBIBAETCH, 93TO —
OBBERTUBHOE INIOHATHUE

7 37 Tax caejiajl OH OeCATH MoJACTaB: y BCeX OOHO JTUThbe, OOHAa

Mepa, OJUH BU]I.
pa, oft A TpeTbAa KHUra IapcTB

20 '° HeogunakoBble Bechl, HeOHHAKOBAaA Mepa, TO U ApY-

roe — Mep30CThb pea Tl'ocnomom. le/IT'{l/l ConomMoua

HcuepnbiBaromuii oTBeT Ha 3TOT Bomnpoc aan ¢don Heiiman. Ipu-
YyeM OTBET CHOBa GbLI MOJMyUYeH TOMbKO Mocie Toro, Bee ObII0 pac-
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[I0JI0#EHO «Mepolo, uucioM U BecoM». OTIpaBHOI TOUKOM paccy#-
nenuit ¢on Heiimana O6bl1 MaTeMaTHYeCKU CTPOro cHopMyaupo-
BaHHbIM KMHeMaTHuecKkuit nmoctyaart ['aiizen6epra:
Ousuyeckoil BeruunHe F' cOOTBeTCTBYeT JMHEHHBI omepa-
top F, pmeficTBylomuii B runb0epToBOM NpoOCTpaHcTBe .
leficTBUTENbHBIM BelUYHWHAM COOTBETCTBYIOT CAMOCOIPA-
#MEeHHble oIepaTophl, a PyHKUUAM BEIUYUH — COOTBETCTBY-
IolI1e ollepaToOpHble PYyHKIMU:

ToT, T=TTH=T, f{(T) f(T).

lIna Toro, 4To6bl MO#HO ObLIO CONMOCTABIAThH BBIBOJLI TEOPHUU
¢ pe3ylbTaTaMU 3KCIEPUMEHTOB, HYKHO MOCTPOUTH (GYHKIHUIO,
KOTOpas comocTapiia Gbl ¢ ollepaTopaMy HEKOTOPbIe, BOOOIIIe ro-
BOpA, KOMILJIEKCHbIE YKcIa:

F — (F).

ITU uyuciaa B JaidbHeiilieM OyAyT HUMeTh CMbICI CpPEJHUX
3HaUeHUH COOTBETCTBYIOWUX (usnyeckux Beanyut. [lorpedyem,
4yT06bI OyHRUMA (F') yH0BIE€TBOpAIA CleIYIOU[UM CTECTBEHHBIM,
C TOYKH 3PEHUA 3[PaBOro CMbICIA, YCIOBUAM:

1. (I) = 1 — cpenaHee 3HaueHNe eJUHUIBI PABHO eJHHHUIIE.

2. (ﬁ)* = (ﬁ+) — cpeliHHe 3HauYeHUA KOMILJIEKCHO COMpA-

FEHHBIX BEIMYNH KOMILUIEKCHO CONPAKEHBI.

3. (a1 F1 + ax F>) = a1 (F1) + a2 (F2) — cpeiHee CyMMbI paBHO

CyMMe CpeJHUX.

4. F >0 — (F) > 0 — cpeHee 3HaYeHNUe HeOTpHULATEILHON

BEeJMYUHbI HEOTPUILIATENbHO.

ITU yClOBUA MpPaKTUYECKU OJHO3HAYHO ONpeAelAIOT ONepalnuio
BbIUMCIeHUA cpeiHero. UYTo6bl yOeAnThCA B 3TOM, NPEANONOHUM,
YTO HaM H3BecTHa MaTpulla omepatopa F' B HekoTopom 6a3u-
e {¢n}: )

Fon = (¢m|F¢n>

B sTom cayuae onepaTop F' MO#HO NpelCTaBUTh KaKk CyMMY

ﬁ = Zanﬁmna
mn
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B KOTOpOIi onepatopsl P, ZelcTBYIOT cleAyiOmuM 06pa3oMm:

JTo 03HAYaeT, UTO CpeJHee 3HaUeHNEe BeNUYNHbI F' Bcerjja MOHO
HpeJCTaBUThL B hopMe

(F) =" Fun(Prn)-

Ecinu ompegmeants omepaTop p, MaTpulia KOToporo B 6asu-
ce {¢,) paBHa
Pmn = (Prm),

~

To cpenHee 3uavenue (F') npexacraButca GopMynoit
(F) = Tr Fp.

VYenoBua 1-4 yTOUHAIOT CBOMCTBa omepaTopa p.

(E) =1 = Tr(Ep) = Tr(p) = 1,
T. e cjie[ oliepaTopa /p\ paBeH eJUHUIlIEe.

2 (FY =T Fp =Y (F")mnpum =

mn

= Fun)pum = (3 Famlpam)”) " = (F))"-

3T0 O3HavaeT, 4TO OOJIHHBI BBINIOJHATBLCA COOTHOLIEHHUA
~ *
Pnm = (pmn) s

T. €. orepaTtop ﬁ AOJI}KeH OBITH CaMOCOIIpAMEHHbIM:

~+

pr=p.

3. PaccmoTpum Habmiogaemyio P, KOTOpOil COOTBETCTBYET
onepartop P, onpeneneHHbIi GopMyIoit

Pu=[0)(¥|u), |[[uf?=1.
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Ilockonbky onepartop P CaMOCOIPANEH U BBIMOJIHAETCA CO-
otHomenue P2 = P, To cpeHee 3HaueHUe Habnwogaemoit P
HOOJI#HO ObITh HEOTPHULATENbHBIM. DTO O3HAYaeT, YTO MIJIH
nmo6oro BekTopa ¥ M0MKHO BBIMOJHATHLCA COOTHOIIEHUE

Te(Pp) = (T[p|®) > 0.

OnpeneneHue cpeHero 3HaUeHUA B TEPMUHAX cllefla aBTOMa-
THUYECKU IpejroJjaraer, 4YTO cpejlHee CyMMbl PaBHO CyMMe cpel-
HUX. YcinoBuA 1-3 BBIIENAIOT BIOJHE ONpe/eIeHHbIN Kiace onepa-
TopoB. Tenepb MO#HO JaTb Takoe onpejeleHle COCTOAHUA:

¢ KambIM COCTOAHNEM p KBaHTOBOI CUCTEMbI B3aUMHO OJJHO-

3HAYHO COMOCTABIAIOT JMHEHHBIN onepaTop p, AeiicTBY oMMt

B ruib0epTOBOM MpocTpaHcTBe J U ob6nafamiuil clienayo-

MUMHU CBOMCTBaMU:

L p* =p,
2. (T|A|T) >0 VT €,
3. Trp=1.
CpenHee 3HaueHNe BeJlUYUHbl F' B COCTOAHUU P paBHO

(F), = Tx(Fp).

OnepaTop p Ha3bIBAIOT CMAMUCMUYECKUM ONEPAmopom U MaAm-
puyetil naomnocmu. OcHOBaHWEM [N CONOCTABIEHUA MaTpHI
IUIOTHOCTU C BO3MOKHBIMH COCTOAHUAMU CUCTEMBI CIYRUT TOIb-
KO UTO NpuBeJileHHaA GopMyna cpefHero 3HAUYEHUA, CoepiKalan
omepaTop Toil BeIMYHHBI, Cpe/lHee KOTOPOil Mbl XOTUM BBIUMC-
IUTh, ¥ HEe 3aBUCAIIUI OT TON BEMTUYMHBI (T.e. OOIIUI 1A BCex
BEJIUUYNH) OMEPaTop, KOTOPhIN €CTECTBEHHO CBA3aTh CO CBONCTBa-
MM CHUCTEMBI, T.€. €e COCTOAHUEM.

OnpeneneHHad B HUX Ipoliefypa oNpejelleHUs CPeAHUX, ONU-
palolascA UL Ha YTBepIeHHe, YTO B KBAaHTOBOIl MeXaHHKe
(¢U3MYEeCKUM BeJIMYMHAM COOTBETCTBYIOT JHHEIHbIE ONepaTophl,
T.€. Ha YUCTO KUHEeMaTHYeCcKOe MOHATHE, NelaeT ONpeJeleHue
CcOCTOAHNA 00BEKRTUBHBIM, IPUYeM crocod onpejeleHUA COCTOA-
HUA B KBAHTOBOH (HU3UKe Mallo YeM OTINYAETCHA OT aHAIOTHYHOTO
RJIaccUYecKOro onpejeneHu .
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OTMeTuM JBa BamHbIX o6cToATeNbCTBA. I3BecTHO, UTO one-
paTopbl, yAOBJIEeTBOPAOI[HE COOTHOIEHUAM 1-3, UMEIT YHCTO
OUCKPETHBIN CIEKTp. ITO 03HAYAET, YTO BCAKYIO MaTpPUIY ILIOT-
HOCTH MOHO Ipe/iIcTaBUTh B opme

ﬁ=ZPnﬁn
n

Onepatopsl P,, — camMoconpsA#eHHbIe MOMapHO OPTOTrOHAILHbIE
[IPOEKI[MOHHbIE OllepaTophl, peanusyloliie pa3ioKeHnue eTNHUIIbL.
Yucna p,, yIOBIETBOPAIOT HepaBEHCTBAM

0 < pn <1, npuuem Epn Trﬁn =1.
n

Ecan F — Haﬁﬂlo,[[aeMaﬂ C YUCTO JUCKPETHBIM CIIEKTPOM, T.€.
= E fuPn,
n

TO cpefHee 3HaueHne F' B COCTOAHMM p MOMHO MPEACTABUTH
B (hopme

JTo 03HAYAET, YTO Tr(ﬁ,[p‘) — BEpPOATHOCTh TOTO, UTO Habmoaa-
eman F' npuHUMAaeT B COCTOAHWU p 3HaueHue f,. [lockonbKy Bce
uucna f, pasiuyHbl, TO MOMHO YCTAHOBUTh B3aMMHO OJHO3HAY-
HO€ COOTBETCTBHE Me/Jy 3THMH YHUCIdMU U MOANPOCTPAHCTBE-
MH, BbI/IeIAEMbIMU COOTBETCTBYIOUMMHU MPOEKIMOHHBIMH OTIepa-
Topamu. Takum 06pasoM, MOKHO yTBep#IaTh, 4yTo ecin P —
HEKOTOPBIN MPOEKI[UOHHBIN OMepaTop, TO BelUYKMHA

Tr(Pp)
npejicTaBaAeT co6oil BEPOATHOCTh TOTO, UTO ONepaTop p AeHCTBY-
eT B mojnpocTpaHcTBe M = P% Bbl/le/IieMbIM OIEPaTOPOM P.
Teneph MOHO NpuaaTh GU3NYECKUN CMbICH K03dbuleH-
TaM p, B CIEKTPalbHOM INpeACTaBIeHUU MaTPHUIbI MIOTHOCTH.

JTO0 — BEPOATHOCTHL OOHAPYUTb CUCTEMY B cocToaHuu P, eciu
OHa ¢ JJOCTOBEPHOCTBHIO HAXOJUTCH B COCTOAHUM p.
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IlonaTue o MaTpulle NIOTHOCTU GbLIO cHOPMYIHPOBAHO
¢on Heitmanom B 1927 rogy [Neumann 1927]. UTo6s! oLleHUTS
3HauyeHue 3TOi paGoThl, JOCTATOYHO 3aMETUTb, YTO B Hell BIep-
Bble GBLIO J@aHO CTpOroe onpejeneHue cocToguuA. Jlo oTKpbITUA
¢don HeiimaHa NOHATHA COCTOAHUA CHCTEMBI He CYIECT-
BOBAJIO, a GbIIU JUIllb PA3AMYHON CTPOTOCTHU HATIAJHBIEY ONpe-
nenenvs. Kazanoch 6bl, Kak B M06ON TOYHOI HayKe, OTKPBITHA
TAKOT0 YPOBHA JIOMH#HbBI MOBCEMECTHO NMPUBETCTBOBATHCA U BHE/[I-
pAThbeA. OqHaKo coobpameHuA HArJIATHOCTU PUBEIU, BO3MOKHO,
K Gecco3HaTelbHOMY HCKa#eHU0 UCTHUHBI. Jlunibk HeMHorue ¢u-
3uku ypoBua [upara, Ilaynu, @oka BHonHe oco3HaNu 3HaYeHUE
HOHATUA MaTPUlbl IIOTHOCTH M BHECIU BECOMBIH BHIAaA B €ro
pasBuTue. YToObI co3aaTh BO3MO#HO Oollee ACHOE NpeCTaBlIeHNe
0 MAaccoBOi OlleHKe MecTa MaTpPHIlbl IOTHOCTH B KBAHTOBOI Me-
XaHUKe, IPUBEJIEM CY#IEHUA, COfepal[uec B IBYX OIeCTAINX
nonynApHeix KHurax Ilenpoysa. B neppoii [Penrose 1989] mocine
pacckasa o TPYAHOCTAX, IPUHECEHHbIX B HAYKY IIPeJUHTePOBOIi

KOIIKO#, TOBOPUTCHA, UTO
HEKOTOpble CUNTAIOT, UTO CHOHbIe CUCTEMBI cllelyeT NOHU-

MaThb He KaK «COCTOAHMA», a HeoO6X0oJuMo 00paTUTbCA K UX
0000611leH1I0, KOTOpoe NPUHATO Ha3blBaTh «MaTpHlell MI0T-
Hoctny (von Neumann 1955). OHO comep#uT Kak Kiaccudec-
Klle BePOATHOCTH, TaKk U KBAaHTOBble aMILIUTYbl. B pe3syib-
Tare A npejcTaBieHnA (HU3UUECKO) NeHCTBUTENLHOCTH
HCNoNb3yeTcA cpa3y 00JbIIOe YUCIO Pa3IMYHbIX COCTOAHMIA.
MaTpuiel II0THOCTH y0OGHBI, HO OHU caMu 10 ce6e He MOTy T

pemuThb riay6oKkux mpobieM KBaHTOBBIX W3MeEPEHUIA.
B Gonee nosaueit kuure [Penrose 1994| Bo3pact MaTpuiibl MIOT-

HOCTHU GBI HECKOJILKO YBeJINYeH.
JTo moHATHEe ObLIO BBegeHo B 1932 roay BbIAaiomuMcAa

BEHTepCKO-aMepHKaHCKUM MaTeMaTHKOM ¢oH Hejimanowm. . .
W xes mMaTpuiusl INOTHOCTH BechbMa sneranTtHa. [lpesae Bee-
ro, BMeCTO 1060r0 MHAMBUAYalbHOro cocToAHuA |U) Mos-
HO BBECTH OGBEKT, KOTOPBIH 3anuchiBaioT B dopme |U)(T|.
[IpeanonoumM, YTO KTO-TO 3aXOTeN ONPENENUTh MaTpPHULy
IJIOTHOCTH, KOTOPAafA OMUCHIBAET HEKOTOPYIO CMeCh COCTOSf-
HUH |@), |B) ¢ oTHOCcUTenbHBIME BepoATHOcTAMHE a U b. Ilog-
XojAleil KOHCTPYKUKeii GyneT onepaTop

D = ale)(al + bB){(B.
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IIpese Bcero GpocaeTcsA B riasa CTpeMileHHe 3a0bITh TOYHYIO
naty oTkpbiTua ¢oH HelimaHna, cBA3aB ee ¢ MOABIEHUEM HeMel-
KOro U aHTIUUICKOro M3[aHUil ero Kiaccuveckoit KHUru. Benn
ecid MOMHUTb O TOUHON gaTe — ocenu 1927 roga (pykomuch
¢doun Heitmana nosBuiachk B pegaknuu 11 woa6pa 1927 ropa), «Ha-
TIAHOCTLY KBAHTOBO MeXaHUKU, CBA3aHHAA ¢ GOPHOBCKUM TOJ-
roBanueM |¥(q)|? Kak mIOTHOCTH pacmpenelneHUA KOODAMHATHI
B COCTOAHUH, KOTOpoe ompenenserca ¢yuruueir ¥(q), u cBenme-
HUe COJlepKaHuA KBAaHTOBON MeXaHHKHM K NPUHIMIY CYNEPNO3u-
U1 oKameTcA peGeHKOM, yMepiineM Bo miaaaendectBe. CTpemie-
HHEM COXPAHUTh «HATMAMHOCTbY OGBACHAETCH M HACTONYUBO MO-
BTOPAEMOE YTBepPH#JEHHEe O TOM, UTO CMBICI MaTpPHIbI IOTHOC-
TH COCTOUT B TOM, UTO OHA COYETAET «KIAacCUUECKUe» BEpPOATHOC-
TH C KBAHTOBBIMU aMmiuTyaamu. CBolicTBa MaTPHIIbI IIOTHOCTH
NeiCTBUTENLHO TAKOBbI, UTO €€ CIEKTP YUCTO JUCKPETEH, U COOT-
BETCTBYIOI[UE COGCTBEHHbIE YUCIA MOMHO UCTOIKOBATh KAk He-
KoTopkle BepoATHocTU. Ho Takoe TonKoBaHUWE OCHOBAHO Ha BHYT-
PEHHUX CBOHCTBAaX CTATHUCTUYECKOrO OllepaTopa, UMEIOI[ero Yync-
TO KBAaHTOBYIO Mpupoay. BmecTo Toro, 4To6bl U3y4UTh BO3MOH-
HOCTH, KOTOpbIe PEJOCTABIAET Uled paccMaTpPUBaTh COCTOAHUA
(u3MYecKoil CUCTEMBI KaK ONMEPATOPhI, PUBEPHEHIbI HATIAJHOC-
TH TOBOPAT O CBA3fIX MATPHIIbI IOTHOCTH C HEKOTOPBIMHU Kiac-
CUYECKUMU 3aKOHOMEPHOCTAMHU.

Memsay Tem B ToM e 1927 rony Ha ConbBeeBCKOM KOHIpecce
o6cy#/laica BOIPOC, KOTOPBIH, cyad mo BocrnoMuHaHuAM bBopa,
TaKk U He ObLI pellleH, UMEHHO B CUIIY OTPAaHUYEHHOCTHU TOJTKOBaHUA
cocTofiHuA B pamKax U-byHKIUU.

Peub upger o MbicieHHOM 3KcnepuMeHTe JUHINTelHa, B KO-
TOPOM MNOABJIEHUE BIEKTPOHA B HEKOTOPON TOYKe 3KpaHa CBA3a-
Ha C ero BHE3aNMHbIM MCUYE3HOBEHHEM B APYroil. Y#e roBopuioch,
HoYeMy 3T0 0GCTOATENLCTBO He ONPOBEPraeT MPUHIUIA NPUYUH-
Hoctu. Onnaro B Bproccene peus mura coBcem o apyrom [Bohr
1947]:

Pasymeetcs, Bce MbI OHANM, YTO B TPUBEJIEHHOM BhIIIIE TIPU-

Mepe MoJio#eHue He MpPeJCTaBIAeT aHaloOrMi CTaTHCTUYec-

KOMY pPacCMOTDPEHHUIO CIOMHBIX MexaHuueckux cucrem. Ilo-

J0#eHUe 3TO CKOpee HAOMUHAJO TO, KOTOPOe ABUIOCH MpeJ-

MOCHLIKO# 1/l BHIBOJOB, C/I€NAHHBIX paHee caMuM JUHIITel-
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HOM 00 ollpe/leJleHHO! HallpaBJIeHHOCTH UHJUBUYyalbHbIX U3-
JydaTelbHbIX 3 (PeKTOB, BLIBOJOB, CTOAIIUX B CTOJIb PE3KOM
MIPOTUBOPEYUHU C IPOCTON BOJTHOBOW KapTUHOM.

Peub uaer o 3HameHnuToit cratbe JitHmreiiHa [Einstein
1916], nocBANIEHHON KBAHTOBON TEOPUH M3NydYeHUA. JUHIITENH,
B 4aCTHOCTHU, oOcy#JaeT B Heil 3 PeRThl, CBA3aHHbIE C 3aKOHOM
CcOXpaHeHUA UMIylbca.

[Ipu moTepe 3Hepruu B pe3yibTaTe CIOHTAHHOT'O U3IYyYEeHUA

B cilyyae pe3oHaTopa llnaHka mnociegHuit B L[eJoM He IIO-

JydyaeT HUKAKOro MMIylbca, TaK KaK COTJIacHO Kjaaccuyec-

KOl TeopUU CIOTaHHOe U3ilydyeHue UMeeT BUJ chepudecKoii

BosiHbI. OHAKO, . . . MBI MO#eM NPUATH K HEPOTHUBOPEUNBOH

KBaHTOBOIl TeOpuU JHIIb B TOM Cly4Yae, eCli MbI IIpeJIoJo-

UM, UTO Ipollecc CIIOHTAHHOTO U3NMyUYeHUA TaK:ke ABIAETCA

HanpaBieHHbIM. Torga B KamJoM 3leMeHTapHOM Ipolecce

CIIOHTAHHOTO u3inyuyeHud (Z,, — Z,) Mojlekyle nepenaercd

UMIIYJbC, BEIMYNHA KOTOPOrO paBHa (€, — €,)/c. Ecau mo-

JeryJa U30TPONHA, TO Mbl AOJ#HbI CUATATh PABHOBEPOAT-

HBIMU BCe HallpaBlleHUA CIIOHTAHHOro u3nyudeHud. B ciyuae

HEHU30TPOIHOH MOJIEKYJbl Mbl IPUJEM K TAKOMY e YyTBep:#-

JIeHUI0, eclli ee OpUeHTallld MeHAeTcHd ¢ Te4eHHeM BpPeMeHU

[I0 3aKOHY clly4as.

TakuMm o6pasoM, 1A nonydeHusa ¢popmyinsl [lnaHka nomMumo
[peIoJIo¥eHUl 0 MeXxaHU3Me U3JIyYeHU A U NorIoleHnua GOTOHOB
TpebyeTcA U UUCTO TeXHUUECKOe corjlalleHe 0 HEKOTOpoil nmpole-
Oype ycpelHeHUA. JTO BIOJIHE JOMYCTHUMO B MOIY3MIUPUUYECKUX
[OCTPOEHUAX, HO TOUHAA Teopud TpedyeT Gojiee 0CHOBATEIbHbBIX
aprymenToB. Ilo cyTu nena, o6ocHOBaHHOTO oTBeTa JHHIITENH,
BUAMMO, He noayuui. HJaxe ecan KTo-nmubo mpuaymal npuemie-
MYIO IpolleJypy YCPelHeHUs, cTalo ACHO, YTO KBaHTOBafA MeXxa-
HUKA He MoeT yOeJUuTelbHO OOBACHUTh U30TPONHOCTU CIIOHTaH-
HOr'0 U3nydeHUA cBO6G0OJHBIM aTomMoM. OJHaKo cHOBa MOHO IIO-
BTOPUTH, uTo raffinert ist der Herr Gott, aber boshaft ist Er nicht.

KBaHTOBasA MexaHUKa, 3aCTaBUB JyMaTh O 3aKOHAX COXpaHe-
HUA B Kam/JOM dleMeHTapHOM aKTe, cHabaui1a HacC HOBbIM THIIOM
coctoanuit. UmenHo ux oTkpbll GoH Heitman. YToGbl He UMeTh
JIeJI0 ¢ TeXHUUECKHU TPYIHbIM 3aKOHOM COXpaHeHUA UMIylbca, Oy-
JIeM CUMTaTh Apa aTOMOB GECKOHEUHO TAMEIbIMU. ITO He u3ba-
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BUT OT HeoOXOAMMOCTU YUYHUTHIBATh 3aKOH COXpaHEHUA MOMeEHTa
KROJMYeCcTBa JIBUHKEHUA, IPOCTO BbIYNCIeHUA cTaHy T npoiie. Pac-
CMOTPUM [AJA MPOCTOTHI BOJOPOJONONOOHBIN aTOM U NpeHeOpe-
#eM 3¢ derTaMu, CBA3AaHHBIMU CO COIHHOM 3jeKkTpoHa. CobecTBeH-
Hble BEKTOPbI raMWJIbTOHUAHA B 3TOM Clyyae MOMHO 3aHYMepo-
BaTh 4HuciIaMu n, [, m, rae yucna | BeIIEIAIOT cOGCTBEHHBIE BEK-
TOPBHI C ONpe/JelleHHBIM MOMEHTOM KOJIMYecTBa IBUMEHUA, a 11 —
NPOEKIUY MOMEHTa Ha OmpejielleHHYI0 och (Hampumep ock OZ).
IIpu ¢urcupoBaHHbIX [ ymWcina m, U3MEHAACh HA €UHUIY, 3a-
KiaoueHbl Mexay —! u [. Co6cTBeHHble 3HAUEHUA TaMHJIbTOHU-
aHa 3aBUCAT OoT uucel n U [. TakuM o6pa3oM, Kamablil yPOBEHb
sxepruu (2! + 1)-KpaTHO BIPOM#/EH, U 3TO BBIPOiIEHIE ABIAET-
cA NPAMBIM clle[[cTBUeM cepuyecKoil CMMMeTpUU raMUIbTOHUA-
Ha. MaTpuiy miIoTHOCTH aToMa C ONpeJeleHHOl SHePrueil MO#HO
onpeenuTh AIPOM

pni(r, ¥') = Ryy(r) Ryt (") pr(m, m’),
rze
pr(n,10") = D Vi (10) o Vi ().

m, m’
Cpe,[[I/I BO3MOMHBIX A€p YKa3aHHOI'o THUIIA €CTb U C(bepI/I'-IECI{I/I
CUMMeETDPHYHOE:

1
1 *
pi(n,n’) = U1 D Vi ()Y, (@).
m=-—1

B sTom clyyae IojHad MaTpula IVIOTHOCTU NMPpUHUMaeT BUI

I
1 .
pui(r, ') = CTE Y " Wi (1) T (1),
m=—1

llonyuennas ¢opMyna peannsyeT CcHeKTpalbHOE pas3iomeHUe
MaTpHUIbI INIOTHOCTU, U BbIUHCIIeHUE BEPOATHOCTEl NIEPEX0/I0B U3
3TOr'0 COCTOAHUA BO BCe BO3MOMHbIE IPOUCXOIUT N0 dhopMye

1 ,
W= 2l+1mZ:mW(m,m),

KOTOpY1IO 06GBIYHO COMMPOBO OAIOT IPUMEPHO TAKUM 3aKJIMHAHUEM:
(HYMHO BBIUUCIUTHL BEPOATHOCTHU MEePEeXOJ0B MPHU OIpeae€eHHbIX
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HayalbHbIX U KOHEYHBIX 3HaUeHU! IPOeKIUil MOMeHTa UMIIyJbCa,
a [OTOM IPOCYMMMUPOBaTh [0 KOHEYHbIM 3HAYEHUAM IpOeRLUi
MOMEHTAa KOJIWYecTBa ABUMEHUA U YCPEOHUTH MO HadalbHbIMD.
IlocnenHAA yacTh 3TOTO pelenTa, ecliu CUUTaTh, UTO CYIIEeCTBYIOT
TOJNBLKO BOJHOBble (PYHKIIUU, BBITVIAAUT YUCTO BHELIHUM JIONONHE-
HUEeM K ¢opManusMy, U 3Ty NpPoLeNypPy MOMHO TOIbKO yraaaThb.
JTO ¢ HEKOTOPBLIM YIUBJIEHHEM OTMETHUI B CBOell 3HaMeHUTO
moHorpaduu Jupak [Dirac 1958]. B paszeie, nocBAiieHHOM aH-
camOuto ['n66ca, roBopuTcA, 4TO [0 CUX MOP aBTOP Mpenoaral,
YTO JBHUMEHHE CUCTEMbI
3aJJaHO HaCTOJbKO MOJHO U TOYHO, HACKOJIbKO 3TO BO3MO#HO
clenaTh, He Hapymas o6IMUX MPUHIUIOB Teopuu. B Kkaaccu-
YeCKOW TeOopUM 3TO O3Hayalo Obl, OUEBUJHO, YTO 3HAYEHUHA
BCeX KOOpAMHAT WM UMIYJIbCOB 3agaHbl. MomeT CIy4YUTbCA,
O[IHAKO, YTO Hac UHTepecyeT [BUMeHUe, KOTOPOe 3aJaHo He
¢ Takoil MaKcuUMalbHOI mMojHOToi. B Kiaccuueckoit mexa-
HUKe [Jf 3TOro cyniecTByeT cnoco6 Tak Ha3bIBAeMOIO QH-
camban I'u66ca, vieA KOTOPOTo 3aKJIIOYAETCA B ClIeAYIONEM.
Mb1 paccMaTpuBaeM Bce JUHaAMHYeCKHe KOOPAMHATBHI U UM-
NyNbChl KaK JIeKapTOBbI KOOPAMHATHI B HEKOTOPOM @azoeom
npocmpaxcmee, YUCIO U3MEPEHUI KOTOPOro BABOe 6oJblie
Yyucla cTeneHeit cBo6oanl cucTeMsl. JIro6oe cocTogHNe cucTe-
MbI MO#eT ObITh U300paxeHo TOYKON B 3TOM NPOCTPAHCTBeE.
TomycTuM Tenepb, YTO HAM HeU3BECTHO, B KAKOM UMEHHO CO-
CTOAHUU HAXOJUTCA CUCTeMa, a U3BECTHA JHUIllb BEPOATHOCTh
TOr0, 4YTO CUCTEeMa HaXOJAUTCA B TOM WIU UHOM COCTOAHUU U3
HEKOTOPOI'0 MHOMECTBa COCTOAHUMK. Mo HO 6b110 ObI H300pa-
3UTh TAKOe COCTOAHUE CUCTEMBI B BUJle UIKOCTHU B (ha30BOM
IIpOCTPaHCTBE, Macca KOTOPOl B IPOU3BOJILHOM 00beMe (a-
30BOT0 MPOCTPaHCTBa paBHA MOJHOI BEPOATHOCTU TOrO, YTO
crcTeMa HaXoAUTCA B KAKOM-J160 U3 COCTOAHUI, U300pasniae-
MBIX TOUKaMH 3Toro o6beMa. BBejieM MIO0THOCTE p 3TOI KU -
KocTU ... To TpeGoBaHue, UTO MOJTHAA BEPOATHOCTb HAXOMK-
JIeHUA CUCTEMbl B KaKOM-IU0O COCTOAHUU paBHa eJUHUIIE,
NPUBOJUT K YCIOBHUIO HODMHUPOBKH JJA P

//pdqdp= 1,
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rjle YHTEr pUpOBaHKe IPOU3BOAUTCA 110 BceMy Ga3oBOMY IpPoO-
crpaHcTBy. Ecnu 3 ecTh HekoTOpasa GyHKIUA TUHAMUYECKUX
nepeMeHHbIX, TO ee Cpe/Hee 3HaYeHUe PAaBHO

B = //6pdqdp= L.

Taxkafg COBOKYNHOCTb AMHAMHUYECKMX CHCTEM M €CTh aH-

camM6ib ['ub6ca.

...B KBaHTOBOI MeXaHHKe CYyIIecTBYeT COOTBETCTBYIOIIas
INIOTHOCTh p C aHAJOTMYHBIMU cBoiicTBaMu. OHa Gblia BIEpBbIe
BBegeHa poH Heitmanom. To, uTo oHa cyliecTByeT, ABAAETCA Aame
HECKOJIbKO HEOMMMIAHHBIM (PaKTOM, HOCKOJIbKY IOHATHE O (a3o-
BOM NPOCTPAHCTBE B KBAHTOBON MeXaHUKE y#e He HMeeT CMbIC-
Jla BBUAY TOTO, 4YTO KOOpAMHATAM ¢ M UMILYJbCaM P HEBO3MOMKHO
NpUIucaTh ONHOBPEMEHHO olpefielieHHble YKMClIeHHble 3HaUeHuU .

COCTABHBIE CUCTEMDbI

IIpeanonoxum, 4To B HAlleM PACHOPAMEHUM €CThb ABe (pu3u-
yeckue cucteMbl I u II.

C nepemenHbIME F iepBoii cUCTEMBI € k cTeNeHAMH CBOGO/bI
MOKHO CBA3aTh JMHElHbIE onepaTopbl F)

F o (F)e(g) = / File, ) dds 0= (as - s au),

JeficTBylollie B THIbOEPTOBOM IpOCTpPaHCTBe KBaApaTUYHO HH-
TerpupyeMbIX GyHKIMIA

A = {e(q) / €@ dg < oo}

Ilepemennsrie cuctemer 11, umeromeii | cTeneneit cBo60b1, cBA3a-
HBI C omepaTopaMu

Fy o (By)o(r) = / Fa(r, )b dr', 7= (1, .., m0),

onpeleliecHHbIMU B l"I/IJ'Ib6epTOBOM MpoCTpaHCTBe

Ay = {g(r) / |$(r)? dr < 0o}
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Ilepemennsie F' o6beannenus cucteM I u IT— cuctembr I + 11
¢ k + [ ctenenAMu cBo6ObI — 3TO ONMEPATOPbI

~

Fo (B = [Pl o)ue)des o= ()

JeficTByIOlINEe B IPOCTPAHCTBE

A ={¥(z): /|\Il(:1c)|2 dr < oo}.

IIpu onucanuu o6GbEJUHEHHBIX CUCTEM MpeHe BCero BO3HU-
KaeT TaKOil BONPOC: HACKOJIbLKO OJHO3HAYHO COCTOAHHUA IIOACHC-
TeM I u IT onpenendAioT coctoAanue Goabinoit cuctemsl I + II. OTBeT
OKa3bIBAaeTCA HE COBCEM MPOCTBIM, T.€. ecill COCMOAHUA nodcuc-
mem ONUCLLEAIOMCA NPOUIBOAbHBLMU MAMPUUAMU TLAOMHOCMU 1
U p2, MO Heab3A 00HO3HAYHO 80CCMAHOBUMb MAMPULY NAOMHOC-
mu 6oAbWOll cucmemvl 1m0 MAMPUUAM TLAOMHOCMU TNOOCUCITLEM.
K cuacTbio, B JOCTATOYHO pealMCTUYECKON cUTyanuu, Kozda o0-
H@ U3 nodcucmem HATOOUMCA 8 HUCMOM COCMOAHUU, COCIMOAHUE
60ablOl cucmembl 00HO3HAYHO Onpedeasemcs COCMOAHUAMU NO0-
cucmen. llpuBemeM cooTBeTCTBYIOIIKME POPMYIIBL.

[IycTs MaTpuia nmoTHOCTU cucTeMbl I 3ajaeTca Anpom

p1(g, ¢') = &(@)€ (¢),

a coctoAgHue cucteMbl II onpeneljfgeTcHa ManI/IHeﬁ INIOTHOCTH
C MIPOU3BOJILHBIM AOPOM

pa(r, ).

B sTom ciyuae maTpuia miotHocTu cuctemsl I + II onpenenserca
AIPOM
plz, ') = E(@)€ () pa2(r, 7).

Cnepyromuii, He MeHee BamHbI BOMPOC: MOMHO U OMpe/e-
JIUTH COCTOAIHWE MOACHCTEMBI (Hampumep cucTemsl 1), ecau us-
BecTHO cocTofHue Goabmioit cucteMbl I + II?7 YToObl oTBETUTH
Ha 3TOT BOIPOC, BCIIOMHUM, YTO COCTOAHME CUCTEMBI paHee ObLIO
omnpejielieHO Nocie aHanusa GopMyJ JUIA CPeJHUX 3HAaUEeHUil Benu-
4KH, CBA3aHHBIX ¢ cucTemoii. [lepeMeHHbIe, Onpe/ieieHHbIE B CUC-
Teme I — 3T0 omepaTophbl ¢ AAPOM

Fl(xv xl) = f(Q7 ql)é(r - T/)‘

6 KBaHToBasa Teirenopraunud
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Cpe,[[HI/Ie 3Ha4YeHUAd BeJUYHUH TaKoro pojga paBHBbI
(R = [ i (e, ) da o’ =
= /f(q, q)o(r —1")plg, s ¢, r') dqdq drdr’ =

= / f(a, d)p1(q, ¢') dqdq',
rae

pi(e, q') = /p(q, r; g, r)dr.

C agpom pi1(q,q') MoxHO cBA3aTh omepaTop Py, AeHCTBYOMUIL
B TpocTpaHcTBe 7. HeTpyaHo mokasaTb, YTO 3TOT OmMEpaTop
o6JiagaeT BceMHU CBOWCTBAMHU, KOTOpble TPeOYIOTCA OT MAaTPHUIIbI
MIIOTHOCTH:

1. ﬁik = ,BIa

2. (glplg) 20 Vge A,

3. Trpp = 1.

JTo 03HAuaeT, YTO C OMEpPaTOPOM pP] MOMHO CBA3aTh HEKOTOPOE
cocTofinne cucTeMmbl I, mogcucTeMbl Goabmoit cuctemblr I + II.
Cnoco6 BLIYKMCIEHUA Alpa P MO#HO CUMBOJIUYECKH NPEACTABUTh
(popmynoit
p1 = Ty p.

Bce usiomenHoe BbIlle MO#HO cHOPMYIMPOBATh KaK IIPaBUJIO:
ecau cuctema I + II HaxoguTCA B COCTOAHUM pr41, TO
cocToAHUe cucTeMbl I onpengenserca maTpuleil IIOTHOC-
™ pr = Trox pr41r-

[IpuBeneM HeckonbKo mpuMepoB. IlycTh cucTema M3 OBYX
YacTHIl HAXOAUTCA B YHCTOM COCTOAHMM C MATpPHIel IIIOTHOCTH,
ompenenfaeMoit AApoM

pri1(z, fE/) = U(x)T*(z'),
U(z) = C1¢a(q)dp(r) + C20a(r)dp(q),

B KOTOPOM (QYHKIUU ¢, , HODMUPOBAHBI Ha €UHUILY, HO He 00f-
3aTellbHO OPTOr'OHATELHEIL.

(¢a, b|¢a, b> = Cab-
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CocTOAHNA OTAENbHBIX YacTHIl ONPeJeNfaloTCA CTATUCTUUECKIMU
onepaTopaMu

p1(g, ¢') = Trp pryun = /‘I’(q, (¢, r)dr =
= |C1Pba(@)9%(d) + |Co* Pu(@) 3 (d) +
+ C1C5Chyba(q)d3(q') + C2C1 Cans (@) 93 (d'),

pu(r, ') = Tr1 prym = /‘I’(q’ r)¥*(q, ') dg =

= |CL (1) 65 (') + [C2* da(r) 5 (') +
+ G130 u(r) 0, (r') + C2CF Cappa (r) oy ().

Ecnu |C1|? = |C2|? (B aTOM ciyuae Beerna Mo#HO CUHTATH,
yro (1 = % = +(5), To cucremsr I u Il HaxogATCcA B oquHAKO-
2

BbIX COCTOAHHUAX.

[lonyueHHas cTpyKTypa CTaTUCTUYECKUX ONIEPaTOPOB MaJbIX
cUucTeM N03BOJIAET NOHATh, KAK TeXHUYECKU BBINOJHAETCA IPUH-
nun HepasauuumocTu. OOGbIYHO TOBOPUTCA, UTO JBE OJUHAKOBbIE
yacTHUIbl Hepa3lIUuYuMbl B TOM cllydae, eCld UX BOJHOBafA PyHK-
OUA CUMMeTPHUYHa WM aHTHCUMMeTpPHUYHA [0 CBOUM IepeMeH-
HbIM. OfHaKo mocle pas3fioeHUA BOJHOBONH GYHRIUH OO0JbINOI
cucTeMbl 0 GYHKIUAM U3 OJHOYAaCTUUYHOro 0a3uca MCTUHHOCTH
NPUHINIA Hepa3lInYMMOCTU OKa3bIBaeTcA Noja yrposoii. Bo Bea-
KOM cJlyuae, eclld ClIpaBeJIMBO IPaBUJIO PeAYyKIMU BOJHOBOIO Na-
KeTa, TO MO#HO yTBep#JaThb, YTO Iocle TOr0o, Kak U3MepeHUe
[IOKaskeT, YTO 4YacTulla 1 HaXogUTCA B COCTOAHUM C KBaHTOBHI-
MU YHUCIaMHU a, YacTUla 2 OKaxeTCA B COCTOAHUM ¢ KBaHTOBbIMHU
yyciaaMu b, T.e. YaCTUIbI OKa3bIBAIOTCA BIOJNHE Pa3lUYUMBIMU.
IlockonbRy KameTcfl, UTO HeT HUKAKUX CHJ, CIIOCOGHBIX IOMe-
maTh 1060My #elaolieMy 3a4YePKHYTh B CYMMe OJJHO cllaraemMoe
U OCTaBUTh JPYyroe, TO Ilepell HAMU ONPOBePHeHUe NPUHIUIIA He-
pa3iIuyuMOCTH.

Bce BcTaeT Ha cBouM MecTa nocie obpalieHusa K MaTpUIle III0T-
HOCTH, T. €. IPAaBUIbHOMY ONMCAHUIO COCTOAHUN mogcucteMm. Mat-
pHUIbI MIOTHOCTH 0GENX YacTHUIl OKa3bIBAIOTCA paBHBIMH (B Ole-
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paTopHoil 3anucH) 1s 1=
P = §Pa + §Pb7

rae Pa,b — [IPOEKIHMOHHLIE OllepaTophbl, BEIAEHAONINE COCTOAHUA
¢ KBaHTOBBIMHU 4YHMCIaMU a Wih b. JTo O3HavaeT, 4TO HHU OJTHOM

M3 YacTUul HeJdb3f MpuUnucaTb HU OJHOTO M3 KBAHTOBLIX YHUCeJ.

Kam;(aﬂ U3 4JacTun C paBHOﬁ BEPOATHOCTBIO % obnagaeT u TeM,

U JpYTHUM KBaHTOBBIM uucioMm. Yucaa a u b onpefelsioT cocTo-
AIHME GOIbLIOH CHCTEMBI U PABHOBEPOATHO paclpeleleHbl MY
OTHENbHBIMY YaCTHLAMH.

Eciy cuuraTh NPUHIMI HEPa3INuMMOCTH (QyHIaMeHTalb-
HBIM 3aKOHOM IPUPOXBI, TO HPOLENYPY PeAYKIHH BOIHOBOIO Na-
KeTa cileJyeT NPU3HATh HeyJOBIeTBOPUTENbHO. Penyruua mat-
pHLbI INIOTHOCTH, Kak CIOCO0 OMMCAHUA COCTOAHUII MOACHCTEM
BIIOJIHE COTJIAaCyeTCA ¢ MPUHINUIIOM HEPa3InyMMOCTH.

OGpauieHne K MaTpulle IUIOTHOCTH MO3BOJNAET HPOACHUTH
TeMHOe, Ha MepBbIil B3TJIAL, MeCTO NPUHIUNA HepasInyNMOCTH.
Ecnu snektponsl Bo Beeii BeenenHoit (B ToM uncne U B HeU3BeCT-
HBIX HaM ee 4YacTAX) HepasinuMMbl, TO Kak MOHATH, KAKOil 3iek-
TPOH BXOIUT B COCTaB aTOMa BOJOPO/A, CIIEKTP KOTOPOro U3yda-
eTcA B 3aflaHHOM MecTe B 3afaHHbIi MOMeHT BpemeHu? UToGbI
OTBETHTb Ha 3TOT BONPOC, BePHEMCA K HCXOJHOJI MaTpHuIle II0T-
HOCTH C HEOPTOTOHANbHBIMU (GYHKUMAMHU ¢g p. Y TOUHUM Ipes-
MONOMKEeHUA O cBojicTBax aTux ¢yHruumit. IlycTs mapamerpsl a
u b — BekTopsl @ U b, — paBHbIe CpeIHIM 3HAYEHUAM KOOPAUHAT
YacTHUIl B COOTBETCTBYIOUUX COCTOAHUAX. Torga uHTErpan nepe-
KPBITHA MOMHO CYMTATh (YHRIMEH OTHOCHUTENLHOTO PACCTOAHNUA
Mmemay yactuuamu: Cop = C(|a — b|), KoTopasa Mana, eciu oTHO-
CHTeNbHOE paccTOAHUe MeHJy 4acTHLaMM 3HaYHTENbHO IpeBoc-
XOAUT HEeONpPeNeleHHOCTh KOOpAMHAT Kam ot us yactuu: C(|la —
—b|) ~ 0, ecnu |a—b| > r,, . Beanunusi 74, , MOHHO ONpPEfEIUTH
Clle[yIOIMMH COOTHOIEHUAMU: @q 5 ~ 0, eciut |a, b —r| > 74 3.

IlycTh ¢ = 1y, r = ry, U pealusyeTcA TOALKO YTO ONMMCAHHBII
cinyuaii. Torga MaTpuibl MIOTHOCTH KamAOH M3 YacTHL ONpele-
JAIOTCA AAPaMH

pi(ry, ) = |C12ha(r1)d}(r)) + |Cal* du(r1) 5 (xh),
pu(ra, rh) = [Cal* da(r2) ¢ (rh) + |C1l? dy(r2) By (rh).
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Ecin
rlarg_Nay I‘2,I"2Nb,

TO N N
p1=|C1|*Pa, pu=|Ci|*Ps.

dTU MaTpuIbl Gy1yT NpOeKIUOHHBIMU Tpu ycaouu |Cr|? = 1.
Uro6b1 06ecneynTh 3Ty BO3MOMHOCTh, MATPHUILY MIOTHOCTH MHO-
roYacTHUYHO CHUCTEMbl HOPMHUPYIOT Ha YHUCIO 4YacTull. B Haiiem
ciayyae — 3To ycinoBue Tr pr4r = 2.

BoamomHOCTh pa3felneHus CUCTEMbl HA MOJACUCTEMbI eCTec-
TBEHHO MPUBOJUT K MOHATUIO YCIOBHOII MaTpUIbI IJIOTHOC-
TH, KOTOPOE MO3BOJAET NOAPOGHO U TOYHO OGCYAUTH B3aMMOOT-
HouleHue noacucteM. OHo oGo6IIaeT onpejeneHe BEPOATHOCTENH
B TepMHHAX cliefla NPOU3BeJeHUA MaTPUIbl IIOTHOCTH U MPOEK-
I[MOHHOTO ofepaTopa.

IIycts Benmuuune F', onpenenennoit B cucteme I + II, coot-
BETCTBYeT UHTerpaibHblil 0IepaTop ¢ AAPOM

F(q, 7 ¢, ") = f(q, ¢)P(r, "),

rae P(r, ') — AP0 HEKOTOPOro NPOEKIMOHHOI0 ONepaTopa, Aeii-
crBytomero B noacucteMe I1. Ee cpeiHee 3HaueHne B COCTOAHUH p
paBHO

(F), = /f(q, q)P(r,r")p(d's r'5 q, 7) dgdr dq' dr' =
= /f(q, d)pyuld’, ¢ dgdq'.

fAnpo
pyu(e, ¢') = / P(r, ")p(q, v'; ¢, v) dr dr’

nocle HOPMUPOBKM Ha eIMHUIYY ONpejelfeT HEKOTOPhIH omepa-
TOp,
pyu = Tr(Puprim),

KOTOPBIIl MOCJIe COOTBETCTBYIOIIel HOPMUPOBKHU OyaeT o6i1aiaThb
CBOCTBAMU CTATUCTUYECKOro onepaTtopa. @opMmyna BeIYUCIEHUA
CpeliHero 3HaUYeHUA NMOKA3bIBaeT, YTO EMY MOKHO NMPUJATH CMBICI
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MaTpHUIbl IIOTHOCTHU, ONpejelAonleii cocToAHUe mojcucTeMbl I
IpU yCIOBUHU, YTO COCTOAHUA mNopcucTeMbl Il nexaT B moanpo-
CTPaHCTBE ee COCTOAHMI, BbIleIAeMOM onepaTopom Fir.

C noMotibio yclIoBHOII MaTpHUIbl INIOTHOCTU BecbMa IIPOCTO
onuchiBaeTcA BIUAHNE U3MePEHUIl, TPOBOAUMBIX B OJHOIt OACHC-
TeMe, Ha COCTOAHNE BTOPOii noacucTeMbl. Ecnu npefctaBuTh AApo
omepartopa PiB tdbopme

Pu(r, ') = 2 bi(r) i ('),

TO

pnla. )= Y [ #0pla. 75 d, )it dr dr'
7
EC.TII/I 0oJIbIlIad cucTeMa HaxoguTCA B YUCTOM COCTOAHHH, T.e€.

plg, i q'5 r') = ¥(g, )T (¢, 7'),

TO

pI/II(Q» ql) = ZW(Q)U?(QIL

uite) = [ ¢()8(a. r)dr.
ECJII/I OHepaTOp ﬁH BbIJeJIA€eT YUCTOe COCTOHHI/IE, T. €.
Pu(r, ') = $(r) " ("),
TO B YUCTOM COCTOAHHU ORaAMETCHA U CUCTeMa I:
pyu(e, ¢') = u(q)u*(q).

PacemoTpum B kauectBe mpumepa EPR-cuctemy. Eciu q = x4
U T = T3, TO U3MEPEHUIO KOOPJUHATHI BTOPOil YacTHUIbI COOTBET-
CTBYeT MPOEKIMOHHBIN ollepaTop ¢ AAPOM

P(él?z, 113'2) = 5(2172 — $02)5($'2 — 11302).
Ilockonbky EPR-BonHOBasA yHKUUA paBHA

P(z1+x2)
T

e h 0(x1 — o2 + x0),
2mh

‘Il(xla iL‘z) =
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TO
P(2z1—xo)
;P2z1—o)
e o §(x1 — To2 + x0),

1
u(ry) =
V2mh
T.e. yacTuna I HAXOQUTCA B COCTOAHUM C ONpeJIeNeHHON KOoop-
OVHATOW Xgy = X9 — Loz U CPEJHUM HMIYJIbCOM, paBHbIM 2P.
Onnako, Bonperu yTBep#aeHuio EPR, umnynbc sToit yacTuisl
He UMeeT TOYHOro 3HayeHUS.

SMHU3HDb U PASMHOREHHUE
HIPEJUHTEPOBCRHUX KOIIIER HUJIHU
YTO TAKROE KBAHTOBBIE
AHCAMBJ/IHN

— A mpocTHTE...3TO ThI...3TO Bbl... — OH
cbuncA, He 3HafA, KAk oOpamaThcAd K KOTY, Ha
(ThI» WKW HA «BbI», BBl — TOT CaMBbIif KOT, YTO
cajiuiuch B TpaMmBaii?
fl, — monTBepAMI MONBIIEHHBIA KOT W J00a-
Bul: — [[pUATHO cABIIATE, UTO BbI TaK BEHIIU-
Bo obOpaiaetech ¢ kotoM. Kotam o6b14HO noyve-
MY-TO F'OBOPAT «ThI», XOTA HU OJUH KOT HUKOT' A
HU ¢ KeM He nua Gpynepmadra.
M. ByarakoB
[Ipuo6peTeHHbIX HAMU MO3HAHUN JOCTATOYHO [JIAi TOTO, YTOOBI
pacckasaTb o cynb0e [llpenquHrepoBoii KOMKU, KOTOpad Tak Hpa-
BUJIach JiHIITelHY. Yike B Jekabpe 1950 roga on nucan [Ipeaun-
repy ciregyloiriee.
Iloporoii IIpeaunrep!
Tbi eauncTBeHHbIH (pAmoM ¢ Jlays) u3 coBpeMeHHBIX (u-
3UKOB, KTO NIOHUMAaeT, YTO Helb3A 0OXOOUTHL BONPOC O pe-
albHOCTH, OCTAaBafACh 4eCTHbIM. BOABIIUHCTBO He JAlOT ce-
Ge oTyeTa, KaKyl0 PUCKOBAHHYIO UTDY OHHM BeAyT C pealb-
HOCTBIO — pPeallbHOCTb KaK HEUYTO He3aBHCHMOE OT KOHCTa-
tauuu. OHU Kak-TO AyMaloT, YTO KBAaHTOBafA TEOPHUA JaeT
onucaHue [eficTBUTENbLHOCTH, IPUTOM MOJTHOE ONMUCAHKEe. DTO
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npejcTaBleHUe, 0OJlHAKO, KpacuBeimUM o6pa3oM onpoBepra-
eTcAd TBOell paJluOaKTUBHON CUCTEMOIi: aToM + cueTuuk ['eit-
repa, YCWJIUTEIb + B3pbIBYaTKa + KOIKAa — B OJHOM fIll[UKeE,
npuueM V-GQyHRIMA CUCTEMBI COEPHUT KOIKY KaK B HU-
BOM BHJE, TaKk W pacnaBlleiicA Ha cocTaBHble yacTu. Co3-
JaeTcA U COCTOAHWE KOIIKU (U3UKOM, KOTOPBIN B ompeje-
JeHHoe BpeMsA uccienyeT Bonpoc? Ha camom neile HUKTO He
COMHeBaeTCA, YTO HAMUKe UJIU OTCYTCTBHE KOIIKU — HEYTO
He3aBHCHMOe OT akTa Habmogenuda. Ho Toraa onucanue ¢ no-
Molbio V-GQyHKINU HENoJHoe, U JOJKHO CyIlecTBOBaTh 6o-
Jee noJiHoe onucanue. KTo xoueT paccMaTpuBaTh KBAHTOBYIO
Teopuio (B MPUHIIKUIE) KAK OKOHYATENbHYIO, TOT JOMKEH I0-
JaraTh, 4YTo 6oliee TOMHOe onucaHue GeclielbHO, TIOTOMY YTO
Il HErO HEBO3MOKHO YCTAHOBUTh 3aKOHOB. Eciu GbI 3T0 GbI-
JI0 TaK...3TO 6bLI0 GbI OYeHb IeYyalbHO.
3a mATHagUATh JeT myToBckoit nmpuMep lllpenunrepa mpuoGpen
B MaMATU JHHIITeHAa XapaKkTep KaTacTpodbl, HO BCe e MOMpo-
6yeM BBIAACHUTb, 0 Kakoit W-pyHKIuU 30ech roBoputcA. OueHb
TPYAHO ONMKcaTh Bce MHOr0oOpa3ue COCTOAHUIN KOIIKH, HO ceifuac
WHTEepecHbI TaBHbIE: KOWKA HUBA U KOWKA Mepmed. ITU COCTO-
AHUA CBA3AHbI C IBYMA COCTOAHUAMU KOJMOBI: K0.10a yead U K0A0Q
pasbuma. BeKTopbl COCTOAHMI KOLUIKU U KOJIOBI JiexKaT B JBYyXMep-
HBIX THILGEPTOBLIX MpocTpaHcTBax Hy u Hy. X MomHO cUuTaTh
IpOCTpaHcTBaMu GYHKIMIA 4 (o) v w(0o) JUCKPETHOl epeMeHHO,
NpUHMMalolleil 1Ba 3HaueHUA. B KamJI0oM U3 3THX NMPOCTPAHCTB
MO£HO BbIGpaTh Gasucel f(s, o), cocToAmme U3 cOGCTBEHHBIX BEK-
TOpOB ONlepaTOpPOB ]/\/I\l, ]T/I\z ¢ coO6CTBEHHBIMU 3HAUYEHUAMU s = *1.
YcTaHOBUM TaKoe COOTBETCTBHE:

u(l, 0) ¢ KoOIIKa KUBa; u(—1, ) > KomEKa MepTBa;

w(l, o) < KonbGa pasdbuta; w(—1, o) < Kounba Hena.

IIpousBonbHBEINI BEKTOP COCTOAHUA CUCTEMBI (KOIIKA + KounbGa»
MOHO IIPeICTaBUTh B (hopme

\I’(O'l, 0'2) = Z ’U,(Sl, 0'1)1.[)(82, 0'2)0(81, 82).

81, 82

HecoBMmecTUMOCTh KOIIKH U CUHUIbHON KHCJIOTHI O3Hayvaer,
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4YTO BEKTOp U fmosn#eH UMEThb BU

\I’(O'l, 0'2) = Z ’LL(Sl, 0'1)10(82, 0'2)6(81, 82) =
81+82=0

=u(l, o1)w(-1, o3)a + u(—1, o1)w(1, o2)b, |a|2 + |b|2 =1.

CocTofHNe KOUIKA ONKMCHIBAETCA MaTPULEH IIOTHOCTH
pi(o, ') = Z U (o, 02)0*(0', 02) =
a2
= u(1, o)u*(1, o’)|al® + u(—1, o)u*(-1, o’)|b[>.

BepoATHOCTL HaliTH KOUIKY #HUBOil paBHa |a|?.
Kon6a umeeT MaTpuiy mIOTHOCTH

p2(o, U,) = Z\]?(Uly o)¥(oq, 0")* =

= w(—1, o)w*(~1, d')|a|* + w(1, o)w*(1, o’)|b|?.

BepoaTHocTh Toro, uTo Konba Iena, paBHa BEPOATHOCTU 0OHApY-
MUTH KOIIKY HUBOIA.
IIpeaunrep cuuTal, 4To B ero npumepe
HeoNpelelNeHHOCTh, OrpaHYeHHAA NepBOHayalbHO aTOMHbI-
MH pasMepaMHy, IpeBpallaeTci B MaKPOCKONMYECKYIO He-
OllpeflelIeHHOCTh, KOTOpad NojjaeTcd pa3pelleHUuI0 INPAMbBIM
HabnogeHeM. JTO NPENATCTBYeT HaM BbIAaBaTb B TaKoil
HauBHOI (opMe «pa3MBbITYIO MojJelby 3a oToOpaskeHUe [eii-
crBuTenpHocTU. Cama mo ce6e OHa He COJNEPMUT Yero-iu-
60 HEACHOTO UM HENPOTHUBOPEUYNBOr0. TO pa3inyue Memay
CIBUHYBIIeHCA UJIN Hepe3Ko CHOKYCHUPOBAHHOU (oTorpadu-
el U CHUMKOM 00JaKOB UJY AbIMOBBIX TYMaHOB.
Mesay TeM 3TOT npuMep TOJIbKO NMOATBep:kJaeT 3APaBblil CMbICT
KBaHTOBOI MeXaHUKH, Kak M yTBep:JeHud JUHIITelHa 0 TOM,
YTO BOJHOBAA GyHKIUUA He JaeT MOJHOr0 ONKMCcaHUA JeldCTBUTENb-
HocTu. O/lHAKO Bce BCTaeT HA CBOM MecCTa, ecid o6GpaTUThCA
K MaTpulle mioTHocTH. [locienoBaTenrHOE UCIOIL30BAHUE TOTO
(dopmanuama felaeT U3MUUIHUM TpPeBO#HbIN Bonpoc: «Co3gaeTca
M COCTOAIHNE KOIIKM (PU3UKOM, KOTOPLINl B ONpelelNeHHOe BpeMA
uccienyet coaepxumoe ceiidar? [loHATHe MaTpUUbI IOTHOCTU
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(baKkTHUYeCKH [JiA TOro M ObLIO ompejeleHo, YToObl HUKTO He CO-
MHeBaJCA, «4TO Hallu4Ke WM OTCYTCTBUE KOUIKUM — HEUYTO He3a-
BUCHMOE OT aKTa HaGIIJeHuA).

Nrak, napagokc lllpeaunrepa 6611 BOJNHE YIOBIETBOPUTENb-
HO pa3pellleH 3a HECKOIbKO JIeT JI0 TOro, kak Ob11 u3odpeten. Of-
HUM U3 CTPAHHBIX 0OCTOATENLCTB ABIAETCA CylleCTBOBaHUE B Ha-
Ile BpeMA Takux paccy#jenuii [Peres 1974]:

PacecmoTpum mapapokc Illpegunrepa: mycTh HeKOTOpOe aB-

TOMaTHU4YeCKOe YCTPOMCTBO, 3allyCKaeMoe pacrnajoM paauo-

aKTHBHOTO fipa, yOMBaeT KOIIKY. BHauale Bce Apa Iebl

U Kollka uBa. Uepe3 HEKOTOpoe BpeMA, B CUJIY ypaBHe-

nuAa lllpenunrepa, Ajfpa oKka3bIBalOTCA B CYNEpPNO3UIUU CO-

CTOAHMINA: HaYanbHOTO (KOT/Ia KOIIKA #WBa) U COBOKYMHOCTH

OPTOrOHAIbHBIX K HAYAIbHOMY COCTOAHUI (MM COOTBETCTBY-

eT MepTBaA Komka). Kak uyBcTByeT ce6a romka? Pemenue

3TOro mapajokca COCTOUT B TOM, UTO CYIEPIO3UIUA COCTO-

AHUM OTHOCUTCA He K €JUHUYHOMY AJPY, HO K OOJbIIOMY

YUCIy OJUHAKOBO NPUTIOTOBIEHHBIX Aflep U CTOJNb #e€ 6ONb-

oMY 4uciIy Kotiek. [lo mpoiecTBUM BpeMeHH ¢ I0JA KUBBIX

Komek GyzeT paBHa e~ **. Mpl He B COCTOSHUM NpeJcKa3aThb

3apaHee, KaKkaf KOIKA BbIKMBET, B Kam bl MOMEHT KOIIKa

OyneT, HeCOMHEHHO, UJIU }KMBa, WK MepTBa. JIlo6asA MoneITKa

onpefleluTh COCTOAHWE MHAWBUAYATbHON CUCTEMbI, KOTOpOe

crpaBe/INBO 1JA aHcaMObieii, BeJleT K mapajokcaM U NMPOTU-

BOpEYUAM.

Korpaa Bapyr ciblmuilnb MogoOHbIE pacCy#IeHUA, TO eIUHCT-
BEHHOI 3[I0pOBO#i peaKiiueil Mo#eT ObITh TOJbLKO olleneHeHue. Of-
HaKoO TaKo#l X0 MbIcIel ocBAlleH UMeHeM JiHmTeliHa. UMeHHO
oH B 1936 rogy 3amo#ui 0CHOBbI COBPEMEHHOTO MOHATUA O KBaH-
ToBbIX aHncambiax [Einstein 1936]. MbI ysie roBopuiu o craThbe
B Journal of the Franklin Institute. IlpuBemem 3mech cBoii, Mo-
#eT ObITb, HECKONbKO GYKUIUAOBCKUI TepeBO/ OTAEeNbHBIX MECT
aHTJIMICKOr0 TeKCTa, KacalollUXCA KBAaHTOBOW MeXaHWKU. JiH-
IITeH HAalOMUHAET, YTO CyIleCcTBOBaHWE KBaHTa JeUCTBUA MpPU-
BOJUT K TOMY, UTO DHEPruUA CUCTEMbI MOMET MPUHUMATh TOJb-
KO BIIOJIHE OTlpefielieHHbIe NUCKpeTHbIe 3HaUeHuA. [Ipu monbITKaX
06BACHUTL 3TO fIBIEHHE TEOPUA TepAeT BO3MOMKHOCTbL OMHUCATH
nepexo] CUCTeMbl U3 OJHOTO COCTOAHHMA B APYroe B TepMHUHAaX
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HPUYUHHBIX 3aKOHOB. YaeTcAd IUllb ¢HOPMYIUPOBAaTh HEKOTOPBIE
CTaTUCTUYECKUE 3aKOHOMEPHOCTH, aHAIOIMYHbIe 3aKOHaM pacha-
na paavoakTuBHbIX fifep. IlepBoie nBa necATuieTud XX Beka
(U3MKM TIIETHO NMBITATNCh JaTh NOCHeJ0BaTelbHOe 00bACHEHNE
KBaHTOBBLIX CBOHCTB CHUCTEM U fABJIEHU, NIOKA 3TU NONBITKH He
YBeHYaluCh YCIEeXOM C MOMOMIbIO JBYX COBEPIIEHHO Pa3NUYHBIX
TeopeTUUYeCKUX MOAXO/IOB.
IepBeoiit u3 Hux npunagiexut ['aiizenGepry u Iupaky, BTO-
poii ne Bbpoiinio u lpegunrepy. MaTemaTuuyeckas 3KBUBa-
JeHTHOCTh UX 6bl1a Bekope gokasana Illpepunrepom?. fI mo-
nbITalch U3N0#UTh X0 Mbicau [llpequdrepa, KoTopsiit 6au-
e pusnyecKoMy cnocoGy MbINLIEHNUA, U CONPOBOAUTD U3IO-
JKeHUe HEKOTOPBIMH OOIIMMU cooGpareHuAMH.

IepBebIit Bompoc: KAk COMOCTABUThH AUCKPETHYIO MOCIHe-
JI0BaTelbHOCTb 3HavyeHuit sHepruu H, ¢ cucTemoii, 3Hep-
T'UA KOTOPOil ompeJelfeTcA 10 NpaBuiaM KIacCUUYecKoit me-
xaHukd (¢ momombio GyHruuu [amunbToHa, KOTOpasa 3aBU-
CUT OT KOODAUHAT ¢, U COOTBETCTBYIOUIUX UMILYIbCOB Py )7
IMockonsry nocronauuas [lnanka cBA3bIBaeT ¢ sHeprueit yac-
tory H,/h, To cucTeMe DOCTaTOYHO NPHUNHUCATH AUCKPET-
HYIO 10CJIe/J0BaTENbHOCTb YacTOT. YMECTHO BCIOMHUTD, YTO
B aKYyCTHKe HAGop NUCKPETHBIX YACTOT CBA3AH C AUHELHbLM
JuddepenyuarbHvlm ypasHeHuem, a UMEHHO, ¢ nepuoduiecku-
MU peuleHUAMU 9M020 ypasHeHus. ITo npuseno lllpenunre-
pa K MBICIH CONOCTABUThH YACTOThl C YpaBHEHHWEM B 4YacT-
HbIX TPOU3BOJHBIX, KOTOPOE COOTBETCTBYET KIACCHYECKOM
¢yuruuu Famunbrona H (¢, pr). OH mpeycnen B 3TOM, 1O-
KasaB, YTO Te TeOpeTUUeCKUe 3HaueHUA 3Hepruu H,, KoTo-
pble TpeGyeT cTaTHCTHYECKaA TEOpPUAZ, MOMYYalOTCA BIOJ-
He YIOBIETBOPUTENLHO W3 YCIOBHA MEPUOJAUYHOCTH pellie-
HuA. [lockonbky ¢ pemeHueM ypaBHenud I[llpenunrepa —
U (g, t) HEBO3MOMHO CBA3aTh KaK0e-TU0OO [BUMKEHUE MaTe-
pUalbHBIX TOYEK, COrNAaCOBAHHOE C KIACCHUYECKON MexaHU-

13iiHmTeiiH CBOUM aBTOPUTETOM YKpeIiAeT MHG 00 SKBHBaJeHTHOCTH
yacmublx pesynbTaToB lllpeguHrepa KBaHTOBOI TeOpHH.

2Kar MBI yse 3HaeM, ypaBHeHue IlIpefiHrepa He COOTBETCTBYeT KJaccH-
yeckoit pyHruuu I'amunbToHa. Mbl 3HaeM Takse, uTo lllpenuHrep B cBoeM
NnepBoM COOGIeHUH HM CIOBOM He 0OMOJBMJICA O CTATUCTUYHOCTHU U ObLI IO-
JIOH HerofoBaHuA, Habmogasa 3a paboToii BopHa.
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Ko#t, To V-pyHKIUA He onpefelfAeT MOYHYI KapTUHY 3aBU-
CHMOCTH ¢, OT BpeMeHHU t.
Opnako, Kak mokasan bopH, pyukuua ¥ gomyckaeTr Ta-
Kyio pusnueckyio natepnpetanuio: ¥* ¥ (kBagpaT abCcomioT-
HOTO 3HAYEeHUA KOMIUEKCHOM GyHKIMU ¥) — 3TO MIOTHOCTD
BEPOATHOCTH paclpe/leleHUA KOOPIUHAT ¢, B MOMEHT Bpe-
MeHU t.
Tl'oBopA He coBceM TOYHO, HO HATJIAJHO, MOMKHO chopMy-
aupoBaTh cleayiollee: ypaBHeHue llIpenunrepa onpenenser,
KaK U3MeHAeTCA BO BpeMEHU INIOTHOCTD paclpe/elNeHus cTa-
TUCTUYECKOTro aHcaMOJIA paccMaTPUBaeMbIX CUCTEM.
BoabHocTh obparenus ¢ U-pyHKIMeH TPEBOCXOAUT Bce PUMepPhI
IIIpenunrepa. dTo He yAUBUTENbLHO: JiiHIITeNH, Kak u [IIpeaun-
rep, XoueT CBA3aTb C Hell HeKoe MaTepuainbHoe mone. [lanee
JiHITENH 06 bACHAET, IOUYEMY CTaTUCTUUYECKAd UHTEPIpeTanus,
npeanoxeHHas BopHoM, ABIAETCA eIUHCTBEHHO BO3MOMKHOM.
BonnoBasa ¢yHruua ¥ HU B Koeil Mepe He ONHUCHLIBAeT OJHY
CHUCTEeMY, OHa CBAI3aHA C «aHCaMOlleM CHUCTeM» B CMBICIE CTa-
TUCTHYEeCKON MexaHukW. Ecnu, McKIo4asd oToenbHBbIE CIy-
yau, W-¢yHKRIUA cHabkaeT Hac TONbKO CTAaTHUCTUYECKUMU
JaHHbIMM, TO NPUUYKHA DTOTO JEHRUT He TOILKO B TOM, UTO
onepaiud U3MepeHNUA NPUBHOCUT HEU3BECTHHIE 3IEMEHTHI,
KOTOpbIe MOKHO MOHAThH TOJNbKO CTATUCTUYECKHU, HO UMEH-
HO B ToM obcToATenbcTBe, uTo W-(QyHRIUA He ONMUChIBaeT
COCTOAHUA OJTHOU CHUCTEMBI.
Taxroe ucronkoBaHue o6bACHAET CleAYIOMN TapagoKc,
HeIaBHO MPOJEMOHCTPUPOBAHHBIA MHOM M MOUMH COTPYA-
HUKaMH. PaccMmoTpum cuctemy, cocToAlylo U3 JBYX IOA-
cucteM A u B, KoTopble B3aMMOAEHCTBYIOT APYT C JpPY-
roM TOJNBKO B Te4YeHHe HEKOTOPOr'o KOHEUHOrO0 MPOMEHKYT-
Ka BpemeHH. IIpeamonoxum, uTo Mbl 3HaeM WY-hyHRIUIO
cucTeMbl Nepe] B3auMojeiicTBueM. YpaBHeHue IlIpenunrepa
cHabaut Hac U-¢dyHKIuel mocie B3auMopeiicTBHA. Buimon-
HUM HU3MepeHNA, KOTOPbIe MO3BOJMAT HANTH COCTOAHUE CHC-
TeMbl A ¢ MaKCUMalbHO BO3MOH#HOI TouHOCTbIO. Toraa amn-
napaT KBaHTOBOIl MeXaHUKH MO3BOJUT onpeaeluTb V-dyHK-
IUIO CUCTeMbl B Ha 0CHOBaHUU Pe3yNbTAaTOB U3MEPEHUA NOJ-
cuctembl A u 3Hanud o U-byHRIUU Beelt cUCTeMbI. JTO onpe-
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JeleHye, OlHAKo, IPUBOJUT K Pe3yJbTaTy, KOTOPbI 3aBUCUT

OT TOro, B TEPMUHAX KAaKUX BeJIUYUH MbI ONpeeluii CoCTo-

AHMe moncucTeMbl A (Hanmpumep, KOOPAMHAT WM HMILYJIb-

coB). IlockonbRry moAcucTeMa B HaXOMUTCA TONLKO B OJTHOM

COCTOAHMH, U DTO COCTOSAHIE He MOKeT 3aBUCeTh OT TOT0, Ka-

KHe U3MepeHUs NMpPON3Be/leHbl B cucTeMe A, KOTOpas MoKeT

6BITh CKOJIb YTOJHO JaJeKo OTCTOAMIel 0T cucTeMsl B, Mo-

HO 3aK/JIIOUUTH, 4To VU-QyHKIUA He ompejelfeT OJHO3HAYHO

cocTosHMe cicTeMbl. ConocTaBleHre pa3tudyHbIX U-pyHRIHI

C OJHHUM U TeM i€ COCTOAHHEM CHCTeMbI B CHOBa IOKa3bIBa-

eT, yTo W-QyHKIMIO Helb3A paccMaTpPUBaTh KAaK BeIWUMHY,

Jalolylo TOoJHOe ONKMcaHue OTAelbHoii cucTeMbl. TpyaHoc-

TU IpeofiofieBaloTeA Nocie conocTaBienuda VU-QyHRIUY ¢ aH-

camb6ieM cucteM!.

Takasa Touka 3peHUA 3acTaBifeT JDilHIITeliHa clefyOmUM 06pa-
30M ONpeJeNnuTh U3MepeHue:

Onepanua usMepeHus cucteMbl A BieueT 3a co6oii mepe-

xon K Gonee yskomy Kpyry cucreM. HoBblii ancambnb (kak

1 U-QyHKIKMA) 3aBUCUT OT KPUTEPUEB, KOTOPbIE ONpPeJeNAIT

cy#eHUe aHcaMOIA.

Eciyu BCIOMHUTD, Kak Teopus aHcaMbi1A 06bACHAET napajokce
KOIIKM, TO MOHO CKa3aTh, YTO Telepb MapaZoOKCcOB B KBaHTO-
BOil MexaHHKe He cyllecTByeT. llpaBja, Takoe TOJKOBaHHE BOI-
HOBOIl (GYHKIIMU MO#eT NOKa3aThCA M0-JeTCKU NPAMOIMHERHbIM,
HO BCer/a MO#HO 00bACHUTD, I0YeMy BOJIHOBaA GyHKINA CBA3aHa
¢ aHcaMm67eM u Golee npaBonofo6Ho. IIpekpacHbIii IprMep Jai0T
6aectamue no ctuio nekuuu Mangenbmrama [MaHpgeabmTaM
1939).

CHauana uaiaraloTcd MeH, NOoJ KOTOPHLIMH NOANKcACA Gbl
u cam laiizenGepr.

B HacToAllee BpeMA ycTaHOBUIAM (WM AyMaloT, 4TO ycTa-

HoBuan), uto |¥|?dr — BepoATHOCTL HAXOmIEHUA dac-
Tanbl B uHTepBane (x, x + dz). A 4Tto Takoe z? T —
KOOpAMHATA. ...W B NEPBOM YTBEPHIEHHH, ¥ BO BTOPOM

ecTh...camoo6maH. Eciu g B Kiaccuke roBOpPIO, YTO X €CThb
KoopauHaTa JlaHHOM MaTepI/IaﬂbHOﬁ TOYKH, TO 3a 3THUM OIIpe-

13jtumTeiin B 1936 rogy MpuHUMaeT TOUKY 3peHUA, KOTOPYIO OH OTBepral
B 1927, cunTad HEMHTEPECHO.
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JejleHueM CTOHUT BIIOJIHe HCHbeI, HOHHpeTHbIﬁ peuent: ec-
JA A YCTaHOBJIIO COOTBETCTBYIOIIUM 06p330M TBep,Z[bIﬁ Mac-
mTab ¢ HaHeCEHHbBIMHU 0 OomnpeaeliecHHOMY pelenTty OelieHUuA-
MU, TO x — ITO YHUCJIO0 HA TOM [eJeHUU, C KOTOPbLIM B JaH-
HbIi MOMEHT cOBIIajaeT MOA TOYKa. IlonaTue «coBmagaety»
OJA MaKkpoMupa CUuTaeTCA M3BECTHBIM. " IIOCKOJIBKY 3TO
TaKk, MBI NefCTBUTENbHO yCTaHOBWIIM pelenT A Iiepexoaa
OT CUMBOJIa * K peallbHbIM o0beKTaM (MaTepHaanaﬂ TOYKa,
TBepJaoe Tejlo — maciitab 4 T. Il.). Taroro poaa penenTbl Mbl
Ha3plBaeM H3MEepEeHUAMU.

Ecnu peub umet o MoJleKyIAPHBIX BONPOCAaX, TAKUE PENEeNTh He-
BBITIOJHUMbBI IPUHIUTIHANBHO, 8 He TOIbKO MPaKTHYECKH (94eMeH-
mapHocms NOHATUA «COBNAa/leHHey CTOUT IOJ BONPOCOM H3-3a BO3-
AeiicTBuA npubopa).

IlosaTomy, Ha3BaB & KOOpPAMHATOI, A He YCTAHOBUJ CBA3U T
¢ MPUPOJIOH, i TONBKO clenali BUI, YTO YCTAHOBUI 3TY CBA3b
cocnaBiuch Ha MakpoMup. C TaKUMU «oNpeJeNeHUAMEIY Teo-
puA eiile BUCUT B Bo3ayxe. [IpaBuiibHee Gbl10 ObI axe U Ha-
3bIBaTh T He KOOPAMHATOI1, a, HapUMep, KBa3UKOOPAUHATOIM.
llanee, ropopaT, uto |¥|? — BepoATHOCTH. JlomycTUM, 4TO
MbI 3HaeM, KaKk U3MepPUTh T (XOTA B JeHCTBHUTENbHOCTH, HA
Haleil craguu paccMoOTpeHuf, — He 3HaeM). Torga coznaer-
cA Bmeuatnenue, uto cmbica |¥|? yme Bnoane acen. Opuako
3lecb UMeeTCA HeJOrOBOPEHHOCTh, U, Npex/e YeM MepeiTu
K PacCMOTPEHHIO 3THX BOMPOCOB, HY#HO OCTAHOBUTHCA ellle
Ha OJJHOll cTopoHe fena.

Eme OHO YTBep:#aeHHne, C KOTOPbIM COI'JlaCUTCA Kam Jbli: «Boua-
HOBad MeXaHUWKa — CTaTUCTU4YeCKad TeopufAa» — TOBOPUT Mag-
gejabmiTaMm u 06’]:vFICHFIeT7 4YTO Mo 3TUM HY#HO NOHUMATh.

...FOBOPUTh O CTATUCTHKE U O BEPOATHOCTU MOMHO, TOJIb-
KO uMesd oOIlpelieIeHHYIO COBOKYNMHOCTL IIOBTOPHLIX ONBITOB
(Ka?ﬁ,ﬂblﬁ I/IH,HI/IBI/I,I[yaIIbHHﬁ OIIBIT €CTh €ee BJIeMeHT), npuyemMm
MMOBTOPEHHE OOJHHO IIPOUCXOOUTD IIPU OOHUX U TeX e YyCJlIo-
BuAx. IMeHHO K TaKoii COBOKRYIIHOCTH OTHOCATCA BE€POAT-
HOCTHbBI€ BbICKa3bIBaHUA, O KOTOPLIX I'OBOPUJIOCH BBIIIE. He-
06X0,I[I/IMO NMOAYEePKHYTh, UTO U BCAKAaA KJIacChuyeCrad Teopuda
[0 CymeCTBy TaK#e ABIACTCA CTaTHCTHHECKOﬁ, U B 3TOM
MYHKTEe HeT NPHHOUNHUAIbHOI'O OTJIHYUA BOJIHOBOI MeXaHHU-



Ymo makoe KearnmMosBble AHCAMOAL 175

ku. Ecnu 61 TeopuA naBaia BbICKa3bIBaHUA TOIbKO A OJHO-
ro onbITa, OHa He UMeda 6b1 HeHHocTu. Ho Kiaccuka, Hanmpu-
Mep, KiIaccuyecKkad MeXaHWKa, yTBep:#ilana, YTO BO3MO#HbI
CKOJIb YTOJHO Y3KHUe paclpejeleHuA AIA BCEX UCCIeNYEeMBbIX
BennyuH. Takum o6pa3oM, pa3HUlla — B mune CTaTUCTUKH,
a He B caMoii CTaTUCTUYHOCTHU. B 06omx ciydanax, U B Kiac-
CHUYECKOl Teopuu, U B BOJTHOBON MeXaHUKe, Mbl UMeeM JIeJi0
¢ 6ONBINON COBOKYMHOCTBIO 3IEMEHTOB U HEKOTOPBIM MpPU3HA-
koM. HazoBeM 3Ty COBOKYNHOCTh, HaJl KOTOPOIi POJebIBa-
eTcA cTaTHcTUYeckasa o6paboTka, KomekTuBoM. KoinekTus
JoneH GbITh KaK-TO BbIjlelieH, WHAYe TepPAeT CMbICH JNi060-
ro Bompoca o HeM. Tak BoT, roBopar, uto |¥|> — Ho B Ka-
KoM KoinekTuBe? Eciu 3To He yKasaTh, TO BO3MOKHBI BCA-
KUe HEefICHOCTH U MAapajoKChl . . . 3aMedy, 4To MojeMuKa JitH-
mteitHa u bBopa Bei3BaHa MMeHHO rpy6oit omubKoil B Bonpoce
0 KollekTuBe. fl He BcTpeyand AOCTAaTOUYHO YETKOrO OIpeje-
JeHUA KOJIIEKTUBA, B KOTopoM GepetcA W-byHKIUA.

[lanee cienyeT ynmoMuHaHUEe O HPUHIUIE TOMOTHUTENbHOCTHU:
nocaedHee 36eH0. . . U3MEPUMEALHBLT PEUENINo8 003aAMmeabHO
MaKpockonuieckoe. ITO MHe KameTCH OCHOBHBIM MOJIOEHU-
€M TeopuHu.

U, nakownen:

...BOJIHOBafg MeXaHWKa YTBEPMKIAaeT, UYTO IJIA onpedeneHus
MUKPOMETAHULECKO20 KOANEKMUBA, K KOMOPOMY U OMHOCUM-
ca U-gynryus, docmamouno yrasamo (Pukrcuposams) mak-
pockonuveckue napamempsl. Takum o6pa3om, MpeanoChLIKOM
NpUMEHEHUA BOJTHOBOW MeXaHUKH fABIAETCA HKCIEPUMEH-
TalbHafA YCTAaHOBKA, KOHMPOAUPYEMAR KAACCUYECKUMU U3Me-
peHuAMU.

Mexiy yTBep#AeHUAMHU, KOTOPbIe MO#HO CUUTATH MOYTH HEMpPe-

JO#HBIMH UCTUHAMU, COIEPKATCA U T€, CMBbICI KOTOPBIX He OIpe-

llenfieTcA. «...roBOpAT, 4To |¥|? — HO B KaKOM KollekTuBe?»

MMouemy oueBugHO, yTO0 W-DYHKIUA HON#HA ObIThH CBA3aHA C Ka-

KuUM-1160 KomnekTBOM? Belb xapakTep cBA3H, 1a U ee HalIU4ue

ele He06X0JUMO YCTAaHOBUTh.

Ina «...onpedeaeHus MUKPOMETAHULECKO20 KOAIEKMUGBA,

K Komopomy u omuocumcs V-gynkyua, docmamoyHo yrasamo

(Purcuposams) marpockonuveckue napamempsy. Ho Begp npus-
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UM IOMOJHUTENbHOCTH F'OBOPUT JIHIIb O TOM, YTO IOC/IeJHee 3Be-
HO U3MepeHHit Jod#HO ObITh MakpockonuueckuM. Hu Bop, Hu
laitzenbepr ¢ uX TPe3BBIM MBINUIEHHEM He MOTJIH MNPUAYMaThb
MHMKPOKOJLIEKTUBOB. TakuM o6pa3oM, yTBep:#AeHUEe O KONIEKTHU-
BaX, eclii OHO U eCTh B BOJIHOBOIl MeXaHHKe, JOM:HO ObLIO IpO-
HUKHYTbh B Hee mo3xe. Ho rae u worga? B nyumux Tpagunuax
«BOJTHOBOIl MeXaHUKHU» CUUTAETCA, OTBeYaTh Ha TaKHe BOIPOCHI
He HYHHO.

CamMoe nopasuTelbHOe 37iech TO, 4To npu aHanusde EPR-napa-
nokca MaHfenblITaM COBEPIIEHHO NMPaBUILHO yKa3al Ha OMUOKY
aBTopoB. Ho mpousoriio 3To moToMy, 4To OH 06paTUICA K Pe3yIb-
tatam ¢oH Heiimana.

PaccmaTpuBaemoe JitHimTeliHOM cocToAHue cucteM [ u II

onuchiBaeTcA BOMHOBOH ¢yHrumeit ¥(y, z), HO MO OTHOIIE-

HUIO K KamJIoil U3 CUCTEM B OT[EIbHOCTU OHO ABIAETCA

cMechlo.

Ha sTom Mo#HO ocTaHOBUTBLCA, HO MaHenbITaM UIIET B 3aaue
aHcaM0Oib.

YTOYHUTB HTO ONMUCAHUE MOKHO, BBIJENAA MOJCOBOKYTHOCTD,

OMMChIBAEMYIO BOMHOBOM (yHKIHeH ().

Baaromapsa ¢on Heiimany ™Mbl 3HaeM, 4To Takoil QYHKIUU He Cy-
mecTByeT. Bop mokasan, 4To HU OfHA U3 JBYX YacTull He obia-
JaeT OIpe/leJIeHHBIM UMIYJIhCOM WIH KOOPAWHATOM, aHATU3UDPYA
CBOit MbIC/IE€HHbII 3KcNepUMeHT. IM He Hy:kHO ObLI0 oOpamaThed
K NOHATUAM, KOTOpbIe, cllaBa bory, B 3To BpeMA He CyIeCTBOBa-
au. ManpenbmTam oGpamjaeTca K aHalu3y NOACOBOKYNHOCTe Ha
A3bIKe aHcaMOlell U MoNyYyaeT TOT e pe3ynbTaT:

Qdu3ryeckU HeNmpaBUIbHO, Korja JiHIITeH roBoput: «Mbl

usmepsem cuctemy I, He 3aTparuBas cuctemy I». CnpamiuBa-

ercA, oTkyaa cucrema Il monyuunina cBoit ummynbe? OT CTONK-

HOBeHHA ¢ cucTemoit 1. 3HauuT, eciu Mbl 6epeM TOJIbLKO Te

ciyyau, Korja cucteMa Il obinagaeT HEKOTOPBIM oOlpejeneH-

HBIM HMIYJIbCOM, TO MbI OepeM TeM caMbIM JHIIb ONpe[e-

JeHHble yaapel co cTopoHbl cucTeMbl 1. Ecam e y cucre-

Mmbl I onpenenenHas KoopJuHATa, TO OHA MOMYUYUIA OT CUCTE-

™Mbl I Apyrue ynapsl, uiu, TouHee, yaapbl, HojlyJaeMsble €0 OT

cuctemtbl I, He ABnAIOTCA onpeneneHHbIMU. TakuM oGpas3oM,
3[lecb MPOCTO HENPAaBUILHO NMPUMEHEeHa TeopUA BEpPOATHOC-
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Tell, 1 HUKAKOro NoBoJja K NepecMOTPY BOJHOBOI MeXaHUKHU

Bo3pameHue JiHIITeliHa He [aeT.

Bce »T0 HanmoMuHaeT paccMOTpeHHbI paHee aHanu3 Pappu u rpe-
IMIUT TeMU e HeToOuHocTAMU. TpyaHO cra3aTh, Kak Obl pearupo-
Bal Ha Hero JitHmTeiiH. [lomanyit, TouHee Bcero cuuTaTb 3TOT
aHalu3 MPUMepPOM TOro, KaK COBEPILIEHHO M3IUIIHEE U He ONpe[e-
JeHHO€ TOYHO MOHATHE CIOCOOHO 3amyTaTh ACHBINA BOMpOC.

[IpumepHO K TakuM ke BbIBojaM mnpuiel U Dok, KOTOPBIi
crenranbHO U3ydal cMbIc] yTBep#AeHUI, HA KOTOPbIX IOKOUTCA
yueHue 0 KBaHTOBbIX aHcambiax [@or 1952]. O6eryH0 npu onpe-
JelleHUY KBAaHTOBBIX aHcaMOiell MPUHUMAaETCA TOT WM JPYTOii
Habop U3 Tpex yTBepIeHUl.

(a) Ancam6ib ecTh HaGOP YACTHI, KOTOPbIE HE3ABUCHMO APYT
OT [Ipyra HaXoJAATCA B OJJHOM U TOM K€ COCTOAHHH, XapaKTepu-
3yeMoM BOJIHOBO# pyHKIuei V.

(6) CocTofAiHMe YacTULBI CliefyeT NOHUMATh KaKk TPUHA/IIEH-
HOCTb K OIpefielleHHOMY aHcaMOITio.

(B) BoanoBasa GyHKUMA HE OTHOCUTCH K OTAENbHOI YacTHIE.

OueBupHo, uto mapse! (a)—(B), kak u (a)—(6), mpoTUBOpeyaT
apyr apyry. llpu onpenenenuu aHcambis Helb3f COXPaHUThH Bce
TPU yTBepHIEHUA.

IIycTb aHcam6iab onpenenseTcA OAHUM TOIbBKO YTBEPHAEHU-
eM (a). B aToM ciyuae obpalenne K aHcamMOII0 MOKET MPUHECTH
TONbKO M3MEHEHUA TEPMUHONOTHM (HampuMep, BMECTO BEPOAT-
HOCTH MO#HO GyleT roBOpHThL 0 uucie ciydaeB). Hurakux Ho-
BBIX CBOMCTB WJIM 3aKOHOMepHoOcTell obpalleHue K aHCaMOII0 He
BBIAABUT.

OcTtaeTcA nocieJHAA BO3MOMHOCTb: CIpaBelINBbl yTBePK-
neuus (6) u (B), T.e. ancambav doaxcen Gbimv onpedeneH He3a8U-
CUMO, @ 80AHOBYI0 GYHKYUI LACTNUYLL MOHCHO ONpedealMmb, MOALKO
ucxodsa u3 ceoticme ancambas. llpumepHo Tak onpenendan ancambib
MangenbuitaM, ynoTpebisas clIoBO «CTaTUCTUUYECKUI KOIIEKTUBY.
Dok 3aMevaeT, 4TO

...CTaTUCTUYECKUN KOIUIEKTUB eCTh coOpaHUe 3IEeMEHTOB,

KOTOpbIe MO#HO COPTHPOBATh IO ONpPE/IeIEeHHOMY TPU3HARY.

TaruMm npusHaroM fiBldeTcAd 3HaUeHUe TOU UIW MHON QU3N-

yeckodl BennuunHbl. Ho B oTiIMYMe OT KiIacCMYeCKOTo KBaH-

TOBO-MeXaHUUYeCKUl 00BEKT MOMET U BooOGIle He o6ragaTh
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onpeeneHHbIMUA 3HAUEHUAMU TOM GU3UUECKON BEIUUUHBI, 110
KOTOPbBIM JI0/J#HA IPOU3BOAUTHLCA COPTUPOBKA B TaHHOM KOJI-
JeKTUBe.

IloaToMy B KayecTBe 3leMeHTa CTATHCTUYECKOTO KOJ-
JEeKTUBa Helb3A OpaThb caMblif 00BEKT, a MPUXOAUTCA GpaTh
pe3yabTaT HEKOTOPOI'o H3MepPEeHUA TOW BeIMYKMHbI, 10 3HaYe-
HUAM KOTOPOW MPOU3BOAUTCA COPTHUPOBKA.

Eciu cunrath, yTo M1060€ H3MepeHNe Bcerjaa, B KOHIlE KOH-
110B, MAKPOCKOIIMYHO, TO KBAHTOBBIN aHcamOib (Kak mpejamonara-
eT, HanpuMmep, MaH[elnbIITaM) Beerja onpejeleH no OTHOIIEHUIO
K KJIacCHUYeCKOMY NpUGOpY.

Tenepb ocTaeTcA BCMIOMHUTBL, YTO Hal OGBHEKTOM B OTHOM
U TOM € MCXOJHOM COCTOAHUHU MOHO MPOU3BOIUTHL U3MEPEHUA
pasHbIX BeanduH. [Ipu 3TOM MCIONL3YIOTCA pasHble KAdCCUYeCKUe
npubopsl U TMONYYAIOTCA PA3HblE CIMAMUCTMUYeCcKUe KOALECKMUBHL.
JTO MOKHO BBIPa3uTh GHOPMYIION

CTaTUCTUUECKUI KONIEKTUB =

= cocToAHUe o06beKrTa, TUN npubopa.
flcHo, UTO MHO£€ECTBO B NMpaBoii YacTu GeCKOHEUYHO.

Taxum o6pa3oM, eciiv MOHUMATh aHcaMOJlib B CMbICIIE CTATHUC-

THUYECKOr0 KO/JIEKTUBA, TO BOJHOBON QYHKIIMY COOTBETCTBY-

eT He OJUH aHcaM0iib, a 6eCKOHEeYHOe MHOMECTBO aHcaMOJIeid.
Eciu npuHATHL NOHATHE CTATUCTUYECKOr0 KOJIEKTHBA 3a IepPBUY-
HOe, TO BOJNHOBaAg (PYHKIUA CTAHET YUCTO CUMBOJUYECKUM BCIO-
MOraTelbHbIM IOHATHEM, KOOPIUHUPYIOMKUM pacipeeleHne Be-
POATHOCTElH BO MHOMECTBE CTATUCTUYECKUX KOUIeKTUBOB. He ro-
BOPA 0 HEBEPOATHOM YCJIOMHEHMM KapTHHbI, CTAHOBUTCA KpaiiHe
COMHMTENbHBIM, MOKHO U B0OOIe HATH BOIHOBYIO (QYHKIIHMIO
HCXOIA U3 3aJaHHOr0 MHOKEeCTBA CTATUCTUUYECKUX KONJIEKTUBOB.
Hu JitnmTelin, Hu MaHgenabmITaM K TaKkoi 3ajade U He IIPUCTYTa-
au. Rasaplit moATBepaui cBoU 3HAHUA, CHOPMYIHUPOBaHHbIE B He-
KOTOPBIX MpaBuiax oOpalieHusA ¢ BOTHOBOHN hyHKIUEN, YCBOEHHbIE
elle 710 OTKPBITHA 30JI0TBIX POCCHINENl KBAHTOBBIX aHcaMOJeil.

B ucropum ¢ aHcambiAMM MopazkaeT OJHO 0OCTOATENIbCTBO:
HHKTO W3 TBOPIOB 3THUX MNOHATHI He 3agymalicf, Kak, HCXOIH
13 HEKOTOPOT0 CTAaTUCTUYECKOT'0 KOJJIEKTHUBA, MOMHO TONYYUTh
[NOHATHE O CYIeCTBOBAHMM HENOCTYIIHBIX KJIaCCHUYECKOW (u3u-
K€ CTaHJapToOB TOYHOCTU. B Havame XX Beka pasMbIllJIeHUA HaJ
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3TUM O0GCTOATENbCTBOM IPUBENH K OTKPBITHIO KBAaHTOBOH MeXxa-
HUKH, @ B €r0 KOHIle — K CO3JaHUI0 HOBbIX TeXHOJOIHi, B 3Ha4YU-
TeJNbHOI CTelneHU U3MEeHUBIINX 00pa3 #U3HHU YenoBedyecTBa. [Ipo-
M30IM1JI0 3TO NOTOMY, YTO HUKTO, claBa Bory, npu npoekTupoBa-
HUU HOBBIX BKCIIepUMeHTOB 00 aHcaMbiaAXx He Aymail. Ecau npu-
HATb TOYKRY 3pEeHUA NEepBUYHOCTU aHcambieil, To BcA [JeATelb-
HOCTb B 3TOM HAalpaBlIeHUM MOKeT cTaTb 4YeM-TO IOXOeil Ha
KOHTpabaH#y.

Bce BcTaeT Ha cBou MecTa, eclid BHOBb BCIHOMHHUTHL 00 oOcC-
HOBaxX KBaHTOBOiI1I Teopuu. IIpUHAB B KauyecTBe KHHeMaTHuec-
KOro mocTyJjaTa colocTaBleHNe (U3NUECKUX BeIUYUH U JHHEN-
HBIX OIlepaTOpoB, KBAHTOBafA TeOPHUA CTPOro ycTaHOBUJA
cyllecTBOBaHue (H3HWUYECKHMX BeJHMUYMH, NPUHHMAaINX
TOJBLKO OUCKPEeTHble 3HaueHHA. B Kiaccuyeckoil MexaHUKe
TaKUX BEJIUUYUH IPOCTO HEe MOMET ObITh, IOCKOJIbKY BCE OHU JOJHi-
HbI OBITh JOCTATOYHO rNaJKUMU QPYHKUUAMU HeNPEepPLIBHO U3Me-
HAIOMUXCA KOOPAUHAT U UMIYIbCOB.

Menasa moayyuTh MakcUMalbHYIO MHGOPMAIHIO O CUCTEME,
cllefyeT U3MepATDH BEIMYUHY C YACTO AUCKPETHBIM CIEKTPOM (Ka-
KHX B KJIaCcCUUYECKON MexaHHKe HeT). Eciu uaMepeHue moxaser,
YTO OHAa WMeeT TOUHOe 3HauyeHHe ([JA TAKOr0 YyMO3aKIIOUEeHUA
He HYHO UCIOJb30BaTh Kakue-1u60 pusnuyeckue MojJeld — 3TO
Ieno HaykM 00 00paGoTHe pe3ynbTaToB M3MEPEHHUil), TO ecTec-
TBEHHO CUYUTaTh, YTO DKCIEPUMEHT yKa3al Ha TaKoe COCTOfHUe
CHUCTEMbI, CBOHCTBA KOTOPOI'0 y#e Helb3f yTOYHUTh. JTO U €CTh
qyucmoe cocmoaHrue. Eciay onpegenuTs MIOTHOCTL pacupefielieHuA
“3MepAeMoil BelMUMHbl, TO B HaiileHHOM YHCTOM COCTOAHUHU OHA
cBefietcA K O-pyuruuu. [loka 6 meopuu Hem Hukakol cmamuc-
muyHocmu, KOmopyio He 3Hawm 6 kaaccuyeckol mexranuxre. Eciu
[OCTPOUTH TEOPUIO, B KOTOPOH ¢urypupoBaiu 6bl TOIbKO OLHO-
BpPEMEHHO u3MepsAeMble C NIPOM3BOJLHON TOYHOCTHIO BeIUYUHBI,
TO HoJyvujach Obl AMHAMUUyecKasd cXxeMa, B KOTOPOI ecTb COCTO-
fAIHUA, B KOTODPbIX Bce HaOmaiodaeMble MMeIOT TOYHblEe 3HAUeHMH,
CHEeKTP 3TUX HabmogaeMbIX quckpeTeH. OHAKO Takafd KOHCTPYK-
UA HU B YeM He MOKeT MOXOJUThb Ha KIacCUueCKylOo ANHaMu-
KRy. Rnaccuueckaa nuHamMuka 1iA cBoeil GopMyIaMpoBKU TpeGy-
eT cyllleCTBOBaHHUf, [0 KpaiiHeil Mepe, IByX He3aBHUCHUMbLIX Be-
JIMYUH, COBMECTHOe U3MeHeHHe KOTOPbIX ONpefenfeT 3BOJNIOLHUIO
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cucTtembl. B cxeMe, cofepskalieil TOIbKO cOM3MepHUMble BelUUYU-
HbI, B CUIIy ypaBHeHuUii ['aitsen6epra He Ob110 ObI HUKAKUX U3Me-
HEHUI BO BpeMeHU. YIIpAMEI] MOKeT MONbITaThCA 3aMEeHUTh Y PaB-
HeHud laiizenbepra gpyruMu ypaBHEHUAMHU, HO BPAJ IU U3 3TOTO
MOKET NMONYyUYUTheA YTOo-1ub0 nyTHoe. IlpuynHa 3Toro cHoBa Kpo-
eTcAl B YUCTO MaTeMaTUUeCKOil TeopeMe: Ba KOMMYTUPYIOLUIUX
olepaTopa MO#HO paccMaTpUBaTh Kak [1Be QYHKIIUMU OQHOIO olle-
paTopa. UMeHHO Hannune HabGIIOAaeMbIX ¢ HEKOMMY TUPY IOIUMHU
onepatopamu (T.e. HabII0JaeMbIX, KOTOPbIE Hellb3fl OJIHOBPEMEH-
HO M3MEPHUTH CKOJIb YTOMHO TOYHO) BHOCUT B TEOPUIO CTATHCTUY-
HOCTb, KOTOpaA He CBOJUTCA K Kiaccuueckoii. OfHakKo 3To o6cTo-
ATENbCTBO He MPENATCTBYeT GU3UKaM HUCKATh (M HAXOAUTH) CO-
CTOAIHUA, B KOTOPBIX HEKOTOpbIe BeJIUWUYKUHbl UMEIOT TOYHble 3Ha-
yennA. IMeHHO Takue COCTOAHUA MOKHO ONPENENUTb B TePMHU-
Hax U-¢ynruwmii. Eciu 310 KBagpaTU4HO MHTerpupyeMasa QyHEK-
uusa ¥(r), Ha KOTOPYIO ONePaTop KOOPAUHATHI AefCTBYeT KaK ome-
paTtop ymHomenusa, 1o |¥(r)|? GyaeT umeTb CMBICA MIOTHOCTH
pacnpenenenus koopauHaT. OnHako Bo usbemaHue HelopasyMe-
HU# ObLIO GbI MPEeAYCMOTPUTEIbHO CHAOKATh QyHKIUI0O ¥ qomo-
HUTENbHBIM HHJEKCOM, KOTOPbIH yKa3blBaeT Ha 3HaYeHUe HaGmo-
JIaeMoii ¢ JUCKPETHBIM clieRTpoM F', onpefelAmomnero aTy QyHK-

Huio: U(r) = U (r),

U TOBOPUTH cllefylollee:
|¥4(r)|? ecTb MIOTHOCTH pacupefeleHnA KOOPAUHATHI IPHU
yCI0BHH, 4TO HabmogaeMasd F' ¢ UHCTO IMCKPETHBIM HEBbI-

PO IEHHBIM CMIEKTPOM HMeeT TOUYHOe 3HauyeHue f.

MHUHU-EPR

IIpeanonouM, yTo B HallleM paclopAMeHUH ecTh Napano3u-
TPOHHUIT — CBA3AHHOE COCTOAHME BIeKTPOHA U MO3UTPOHA C HaM-
MeHbIIIefi BO3MOMHOI 3Heprueil U HyJeBbIM MOJHBIM MOMEHTOM
KOJMYeCTBa ABU#EHUA (B NAHHOM cilydyae — MOMHBIM CIMHOM).
XoTA BI€KTPOH U MO3UTPOH aHHUTUIMPYIOT, MOpPo#aad GOTOHBI,
BCe e 3Ta cucTeMa KHBeT J0CTaTOUHO 0Aro (CKOpocTh pacha-
lla O3UTPOHMA — BeauuuHa nopaaka 0,8 - 100 cex.™!) u mo-
#eT OBLITh MOJBEprHyTa BHENIHUM Bo3jeiicTBuAM. IlycTh B Mo-
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MeHT ¢t = () IOKOANIKIACA Napano3uTPOHUI paciienifeTca (Hanpu-
Mep, ¢ TOMOIIbIO0 mapbl GOTOHOB) Ha IEKTPOH U MO3UTPOH, TAK
YTO MX MOJHBIA UMIYJbC W TOJIHBIA COUH paBHbI HYIIO. B He-
PEeNATUBUCTCKOM NPUGIUKEHUN NPOCTPAHCTBEHHBIE U CIMHOBBIE
HepeMeHHbIe pa3lelfAloTCA, TaKk YTO BOJHOBaA QYHKIUA CUCTEMBI
HpUHUMAaeT BUI:

‘I’(I'h rz, 01, 02) = (I)(rla I'z)X(tTh 02)

(uHgerc 1 OTHOCUTCA K 3IEKTPOHY, 2 — K mo3uTpoHy). Boanosas
GYHRIUA ¥ — BTO cOGCTBEHHBIN BEKTOP KBaJpaTa MOJHOT'0 CIIIHA
U MPOEKIHY CIUHA Ha HEKOTOPYIO ochb (ImycThb 3T0 Gynet och OZ):

)

S.x =0, §2x =0.

BoT ee ABHBIN BUA:

x(o1, 02) = ut(o1)u—(02) — u—(01)ut(02)), (*)

—(
V2
rae O ut+ = Fuy,

rae o, — matpuna Ilayau. Ilocie pasBana MO3UTPOHUA HIEKTPOH
U MO3UTPOH JNETAT B MPOTHBOMOJOHHbBIE CTOPOHBI U K HEKOTO-
pPOMY MOMEHTY BpEMEeHHU ty UX MOMKHO CUATATh HE3aBUCHUMBIMU
cuctemamu B cmbicie omnpefenenus EPR. Ilycts B MomeHT ¢y
W3MepAeTCHA OpUEeHTAlMA CIUHA 3MeKTpoHa. Kakue mocheqcTBUA
370 OyaeT uMeTh aad no3utpona? Bymem paccymaaTh 1o cmoco-
6y EPR. Ecau usaBecTHO, UTO CNIUH 3JIeKTpPOHa HampaBieH BAOJb
oc OZ (1.e. x1(01) = u4(01)), TO, B3TNAHYB HA Gopmyiay (*),
clefyeT 3aKIOUUTh, UTO CIMH IO3UTPOHA B 3TOT MOMEHT Ha-
npaBileH B MPOTHUBOMOIOMHYIO CTOPOHY (T.e. x2(02) = u_(02)).
Uro GyzneT, eciiy CIIMH 3JIEKTPOHA OKaMeTCA HaNpaBlIeHHbIM BJIOJIb
ocu OX7? Yto6el Mo#HO 6bLIO clelaTh Kakue-HUGYIb BbIBOJBI,
HE0OXOAMMO BbIPa3uTh (PYHKIWIO Y B TePMHUHAX COGCTBEHHBIX
GbYHKIUA OMEepaToOpoB 0,44, a = 1,2. 31ech copaBequBbI Takue
(opMyabl: ecau

OV1 = T4,

TO

Ut vy o),

-1
V2



182 Munu-EPR

Mo3TOMY

X(01, 02) = (01 (01)v-(03) —v_(01)v4(02)).  (¥%)

V2

Takum o6pasom, Ha Bompoc: «UTo Gymer, ecid CuH 3IEKTPOHA
okameTrcA napamnenbibiM ocu OX7?» ciaeayer orBeTuTh: «CrnuH
no3uTpoHa Gynet antunapainnened ocu OX». B nyxe EPR Mmoo
paccy#/laTb TaK: yCTAHOBUM Ha My TH 3JeKTpoHa ¢punbTpsl LllTep-
Ha—I'epnaxa, BbIJenflOlie COCTOAHUA, B KOTOPbIX CIWH Hapal-
aened ocu OZ wnu OX (Takue anmapaThl MPEKPACHO OMUCAHBI
B Kypce Qeiinmana [@eituman 1978]). 3Tu usmepenusa GyayT
BBIJIENIATD JIBa Pa3INYHbIX COCTOAHUA MO3UTPOHA: CO CIIMHOM, aH-
tunapainensbubiM ocu OZ unu OX. OnHako, eciu 3IeKTPOH J0-
cTUraet 3TUX GUILTPOB K MOMEHTY tg, TO HUKaKoe NU3MEeHEHHUe Co-
CTOAIHUA 3JEKTPOHA HE MOMKET BIUATH HA COCTOAHWE MO3UTPOHA,
KOTOpBIl B MOMEHT t( GyeT HaXOJUThCA B OHOM-€IMHCTBEHHOM
cocrosuun (Hampumep, x2(o2)). Omubra Taroro paccyaeHuf
HNpAYETCA B CAMOM €ro Havalle: eCliid CIIUHbI 3JIeKTPOHA U MO3UTPO-
Ha 00'beIMHEHBI B CHHTJIET, TO HU OJHA U3 3TUX YacTUIl He MOMKET
HaxoJUThCA B COCTOAHHMM C ONpe/IeJeHHON OpUeHTAalUeil CIHHA.
Yro6bl y6equThCA B 3TOM, pacCMOTpUM Habiaogaemyio mo. Ee
cpejlHee 3HAauYeHMe B COCTOAHUU X PABHO HYINIO MpH JTIOOBIX m,
a cpeflHee ee KBaJpaTa Bcerja paBHO eiuHuie. Takum o6Gpasom,
aucrepcua mao npu do6om m paeHa 1. Ilpu mo6om pacmonose-
Huu ¢unntpa [llTepna—Tepraxa Ha ero Bhixone GyneT [ABa myd-
Ka. JTO 03HAYAET, UYTO eClU CHUHOBOE COCTOAHHNE CUCTEMbI (IJEK-
TPOH-+MO3UTPOH» ONMHUChIBaeTCA QYHKIUeH Y, onpenenaeMoi (x),
TO HY BJIEKTPOH, HU MO3UTPOH He 06;1aJal0T BONHOBOI QyHKIMeIl.
JTH paccy#IeHUA CTaHyT 0COOEHHO HArJIATHBIMH, €CIU MOCIeN0-
BaTeNbHO U3NOMKUTHL UX Ha A3BIKE MaTPULBI MIOTHOCTHU.

CnuHoBas MaTpula IJIOTHOCTHU ,’0\, OIIMChIBalollafa CIIMHOBbIE

COCTOAHUA YaCTHUIbI CO CIMHOM %, — 3TO 3pMUTOBa MaTpula BTO-

poro nopAaakKa ¢ paBHbBIM €JUHUIE CJIeIOM:

p=
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JTo BhIpaxeHUe yI0oOHO 3alUCaTh CIeLYIOIM 06pa3oM:
1,5,
p= §(I + rno),

rue f— e€eIWHNYHad MaTpula BTOpOro nopAaaka, n — BEKTOP eJu-
HUAYHOU OJIMHBI, T — MOJO¥HUTEJIbHOE YHCIIO. Yr1o6nI BBIACHUTD,
K 4yeMy NpHUBOJUT yCJIOBHE MOJIOKUTENbHOU OIlpeneJIeHHOCTU MaT-
pulbl IJIOTHOCTHU, 3aMe€TUM, UYTO 3pMHUTOBa MaTpula

P(m) = %(E + m&)

o6agaeT cBOICTBOM

~

2 ~

P(m) = P(m),

T.€. 3TO — HeOoTpHulaTeJbHO Ollpele/ieHHaA BeJU4YnHa. YcnoBue
Tr(P(m)p) >0

npuBoAUT K HepaBeHcTBaM 0 < r < 1. ®Guanveckuil cMmbIca na-
paMeTpoB, coJep:kallluXcA B MaTpulle MIOTHOCTH, ONpeaenfeTca
¢dhopMynoil 0J1A cpeJHero 3HaueHUA CIUHA:

(Ba), = %rna.

Bennuuny r 06pIYHO Ha3BIBAIOT «KO3(GUIUEHTOM MOIAPUIALULY.
Ecnu KoadduumeHT monaApusanuu paBeH eJUHUIE, BBINOIHAETCA
paBeHCTBO p? = p, U MaTpulla INIOTHOCTH ONMKUCHIBAET COCTOAHUE,
B KOTOPOM CIIHH C ONlpeeleHHOCTbIO HalpaBieH BJodb ocu n. [Ipu
MeHbIINX 3HaUeHUAX NapaMeTpa r MaTpulla IJIOTHOCTH ONUChIBaA-
eT CMelllaHHOe COCTOAHNE, B KOTOPOM CIUH He UMEeT OIpefieleH-
Holl monApusanuu. B yacTHocTH, pu r = (0 MaTpulia MIOTHOCTH
nponopnyoHalbHa eAUHUYHOI

p==1.

DO =

B sTom Cllyyae cpeqjHee 3HaUYeHHE MPOEKI WU CIIMHa Ha noboe Ha-
IpaBjJieHHe paBHO HYJ/IO, T.€. — 3TO «COCTOAHHUE C INOJHOCTBLIO HE-
IMOJIAPHU30BAHHBIM CIIMHOMD. B rnaccuueckoit ¢)I/I3I/Il{e OJHOYacTu4d-
HbI€ COCTOAHUA TAKOor'o TUIla HEBO3MOMHbI, OHU MOT'YT MOABUTHECA
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TOJIBKO MIPU OITMCaHUUN 6oJbIoi COBOKRYIIHOCTH YaCTHUII. B kBanTO-
BOM cijiyyae OHU BO3HURAIOT €CTEeCTBEHHO, KaKk, HallpyuMep, B pac-
cMaTpuBaeMoOM cliyyae. CnuHoBas MaTpula IJIOTHOCTHU CHCTEMbI
2JIEKTPOH + NO3UTPOH)» olpejeldeTcA AIPOM

,0(0'1, 023 Uia 0"2) = X(Ula UZ)X* (Ulla Ué)

CnuHoBbIE MaTpUuLbI MIOTHOCTHU JJIEKTPOHA U MO3UTPOHA PaBHEI
E X a, 02 0' 02)

I.

l\.’)lr—l

(ug(o)u 4 (0") + u_(0)u" (o)) =

NI»—\

TouHo TaKkoil #e BUI UMeeT U pP2 — CIIMHOBafg MaTpulla IJI0THOC-
THU MO3UTpPOHA:

Zx (01, 0)X" (01, 0") =

(up (0)u*1(0") +u—(0)u*_(0")) = 5 1.

NI»—\
DO =

MATPHUIIA IIJIOTHOCTHU 3ABUCHUT
OT HABJIIOJAEMBIX CUCTEMBbI

VYike TrOBOPUIOCH O TOM, UTO HaubGOIABIIyIO WH(pOpPMaNHUIO
0 cHiCTeMe JaloT U3MepeHUA HabliofaeMbIX ¢ YUCTO JUCKPETHBIM
cnektpoM. Illycts F' — Taraa Habmaiofaemas:

ﬁsznﬁm
n

rie

ﬁnN’) = Z |gna)(gnal¥),
a€EA,

ﬁ|gna> = |gna>fma € {1, sy Sn} =Ay,,
VW) € 0 [0) =D [ fay)(far| D).

n 'YeAn
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CpeL[Hee 3”avenue F' u ee aucnepcuf B COCTOAHUU p paBHBI:
(F), =" fa Tx(pP,),
n
D,(F) = Z(fn - <F>)2 Tr(pPn).

n

IlockoabKYy MPOEKIUOHHBIE ONIEPATOPBI COOTBETCTBYIOT HEOTPULIA-
TeILHO ONpeJeNeHHbIM BellMYUHaM, TO claraeMble pAja, onpeje-
JIAOIIEro Aucnepcuio, HeoTpuiaTenbhbl. Ecnu aucnepcun F' pas-
Ha HYJI0, TO PaBHO HYNIO U Kam[0oe claraeMoe ONpe/elAlolero
nucnepcuio panga. [lockonbry Bee uucna f, pasiuyHbl, TO pPaBeH-
CTBO JMCIEPCHH HYIIO UMeeT CUlbHbIe CIEACTBUA: CpelHee 3HA-
yeHue HabIIOaeMoil paBHO OJJHOMY U3 3HAUYEHUIl ee CIeKTpa:

DyF)=0 & (F),=fi

a BEpPOATHOCTL MOJYYUTH INPU HU3MEpPEHHM [Apyrue 3HauYeHUA
CIIEKTpPa paBHa HYIIO:

~

n#k — Tr(P,p) = 0.

Matpuuy mIOTHOCTH Bcerja MO#HO NpelcTaBUTh B (hopMe
p=> mQ,
P

rjie HeoTpunaTeinbHbie yucaa p; > 0 ¥ OPOEKIUOHHbIE ONepaTo-
pbl (); TaKOBBI, YTO

Zpl Tr@Q; = 1.
1
lleficTBre onepaTopoB (J; MOAHO onKMcaTh (HOPMYJIOil

Q) =D lery) (e | V),

YEN

rjie COBOKYIHOCTb BEKTOPOB |eh) obpa3syeT 6a3uc B IPOCTPaHCTBE
COCTOAHMUIA:

VIE) € A ) =D len)(en|D).

l ve§
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BeposaTHocTH Tr(@lﬁn) MOHO MPeJCTaBUTh HOPMYJIOii

Te(Qi P,) z| nally)?

Ecmu nucnepcua F' paBHa HyJIO, TO pa3ioeHHe BEeKTOPOB | )
10 6asucy |fnq) CONEPHUT TONLKO BEKTODPBI C MHAEKCOM k:

— U]
lewy) = Z |fkﬂ)0ﬂ'y7
«
[03TOMY MaTpPHULY INIOTHOCTU MO#{HO IPEACTaBUTh B HopMe

p= Zpaﬁka-
(o3

HeTpynHo mokasaThb, YTO OmepaTOpPBI Fu p B 3TOM cilyyae KOM-
MYTUPYIOT: R
[F, p] = 0.

CnpaBe/[uivBa clieyioliad TeopeMa: ec.iu onepamopsl ¢ 1ucmo duc-
KPEMmHbLMU CNeKMpPamMu KOMMYMUPYIOM, MO UL MOXCHO npedcma-
6umo Kak Gynkyuu o0Ho20 ONepamopa ¢ LUCmo OUCKPemHbsLMm He-
suiposcdennvim cnekmpon. Ilpennonoxkum, 4To cnektp F' HeBbI-
pOsiJIeH, TOT[a MO#HO BhICKA3aThb Clieflyioliee:

ecau HaGaonaeMad F' ¢ 4McTO AUCKPETHBIM
HeBBbIPOKIeHHbIM CIIEKTPOM HMeeT B COCTOAHUU )
TOYHOe 3HaueHUe, TO MaTpUla INIOTHOCTH ITOrO
cocToAHUA ABIAeTcA GyHKIUell onepaTopa F, ecian
3HaueHue F' paBHO f;, TO MaTpuIla LIOTHOCTU paBHa

p=P,.
llelicTByeT TakaAa MaTpulla INIOTHOCTHU o dopmyJe
V¥ e pIY) = |fi){fulT).

Nuaue roBops, MaTpHIla IOTHOCTH ABIAETCA B 3TOM Clly4ae ore-
paToOpOM NPOEKTHPOBaHUA Ha OJHOMEPHOE NOANPOCTPAHCTBO MPO-
cTpaHcTBa S, KOTOPOE OIpeNeNAeTcA BEeKTOPoM | f). MoskHO cra-
3aTh, YTO COCTOSHUE B 3TOM ClIyYae OIpPeNeNAeTCA BEKTOPOM | fi),
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KOTOPBINl eCTeCTBEHHO Ha3BaTh 6eKMOpoMm cocmoanus. Utak, co-
CTOAHUE UHOTa MO#HO CBA3aTh C BEKTOPOM B MpOCTpaHcTBe .
Ilo ycTaHoBUBIIelCA TpaAULMKU TAKOE COCTOAHNE HA3bIBAIOT YUC-
motn. Tlone3sHo BLIACHUThL, MHOIO JIM CYIIECTBYET YHUCTHIX COCTO-
AHUI.

3aMeTHM, YTO e€clid MaTpHUlla IIOTHOCTH CBOAUTCA K olepa-
Topy Py, To OHa yI0BIETBOPAET COOTHOMEHHUIO

P’ =D

OuYeBUIHO, UTO 3TOMY COOTHOIIEHHUIO YIOBJIETBOPAET M0G0
NPOEKIUOHHBINA OIepaTop, HE3aBUCHMO OT Pa3MEPHOCTH MPOCT-
paHcTBa, Ha KOTOPOE OH IPOENUPYET, 3Ta Pa3MePHOCTh ONpeei-
eTcA 3HaueHueM cliiefia oneparopa. Eciu 106aBUTh K 4HMCIy yCio-
BUIl, KOTOPBIM Y/IOBJETBOPAET MaTpHIla INIOTHOCTH, TpeGoBaHue,
4TOGBI OHA GbLiIa MPOEKIMOHHBIM 0IIEpaTopoM, To yciaosue Tr(p) =
= 1 mpuBeler K TOMy, 4TO MaTpUlla MIOTHOCTH GyJeT IPOeNupo-
BaTh Bce IPOCTPAHCTBO J¢ Ha HEKOTOPbIi eJUHUYHBI BEKTOD |Q).
JTOT BEKTOp Bcerjia MO#HO BRIIOUUTL B HEKOTOPBLIil 6asuc |g,),
cunTad, Hanpumep, 4to |@) = |g1). Torna nabmogaeman G, ko-
TOpPOW COOTBETCTBYET OIepaTOp ¢ UMCTO MMCKPETHBIM HEBBIPOH-

O€HHBIM CIIEKTPOM
G = E gana
n

Gy/leT UMeTb B COCTOAHUU ¢ TOYHOE 3HAUEHUE g.
Urak, cnpaBeyiuBO cleayiollee yTBepHAeHUE:

YucToe cocToAHUE — 3TO COCTOAHUE, B KOTOPOM MMeeT TOY-
HOe 3HaueHHe XOTHA Obl o/JHA HabnlOaeMad C YUCTO JUCKPET-
HbIM HEBBIPO#JAEHHBIM CIHEKTPOM.

YuCcThIX COCTOAHMI CTONBKO, CKOIBKO CYIIeCTBYeT OJHOMEp-
HBIX TOJNPOCTPAHCTB B NpOCTpaHcTBe F,

T.e. MO6GON BEKTOP €IMHUYHON [JUHBI MpocTpaHcTBa J¢ ompe-
IelfieT COCTOAHUE, B KOTOPOM HMeeT TOYHOE 3HauyeHHe HEKOTO-
paf HabaoaeMasn ¢ YUCTO AUCKPETHBIM HEBbIPO#IEHHBIM CIIEKT-
pom. [IpocTpaHcTBO # MO#HO HAa3BaTh NPOCMPAHCINBOM HUCTIbLL
cocmoanuti. OGbIYHO U3 3TOrO ONpefiefieHUA BbIGPACHIBAIOT MPU-
naraTeibHOe, YTO MOKET NMPUBECTU K HeIOpa3yMeHUAM, MOTOMY
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YTO yceueHHUe ompefielieHUA BbIOpachiBaeT MeNblil KiIacc COCTOA-
HU, B KOTOPbIX HU OJHA M3 HaOIIOJaeMbIX HEe HMeeT TOUYHOTO
3HaueHuA. IMeHHO Takaf OIUIOIHOCThL Oblia momyiieHa B EPR,
KOor[a aBTOPbI ONMpeIeNuiIn COCTOAHUA KaKk TO 4YTO, 1o npednoao-
HCEHUIO NMOAHOCMbI0 TAPAKMepusyemcs 60410601 gynryuet V.

Ho moseT ObITh, 3Ta HETOYHOCTD HE CIMIIKOM CYLIEeCTBEHHA:
Bellb B Ipolecce 3BOMIONNK, KOTOPbIA yNIpaBlIAeTCA JIMHEHHBIM
YHUTapHLIM OIIEPaTOPOM, BEKTOPhI CHOBA IIEPEXOIAT B BEKTOPHI.
Torga mMoxHo Gbl10 ObI HOTPe6OBaTh, YTOGLI BCE COCTOAHUA U3-
HavyalbHO ObLIX yncThIMU. Takoe TpeGoBaHKe, KAK JerkKo IOHATh,
corjiacyercs ¢ onpejeieHneM (GU3NYECKOll pealbHOCTH, HaHHOM
B EPR.

OnHako Takafd pealbHOCTh He peanusyeTci B KBaHTOBOM
MHupe.

4TO0 MOAHO Y3HATD O CUCTEME
C IIOMOIIILI0 U3BMEPEHUN

JIro60it mporecc u3MepeHUA MOKHO ONKMCATh MPUMEPHO TaK:
paccmaTpuBaeTcA Gonbinaa cuctemMa I + II. HaxomaTca 3Haue-
HUA BenuuuHbl B, oTHocAmeiica & cucteme II, mocie yero BbI-
CKa3bIBaeTCA Cy#iJIeHHe 0 3HAYeHUU BeluuuHbl A, oTHOcAIleicA
K cucteme I. Haubonbuiuit uuTepec mpeacraBifeT ciy4dait, Kor-
na 6oJbilafg cCUCTeMa HAXOAUTCA B YMCTOM COCTOAHUU C BOJTHOBOIA
oyurnuneit U(z, £). B 3TOM cocTOAHUU MMeeT TOUHOE 3HAUEHUe
HeKkoTopas Habmogaemas C, onepaTop KOTOpPOii AeliCTBYeT B Mpo-
CTpPaHCTBE J¢11 ¥ €r0 CIEeKTP HEeBbIPO IeH. MaTpuua mIoTHOCTU
HAIlero COCTOAHUA 3alaeTCA APOM

plz, &2, &) = (2, T (2, &), [|¥]]*=1.

ManI/IHbI IIJIOTHOCTH IIoJACUCTEM OHpe,ﬂeHﬂ}OTCH H,ﬂpaMI/I
muwv=/m%az£ma

&@£9=/MA&A€M1
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Ecau pyuruua ¥ npencTaBideTcA Kak NMpou3BedeHHe HOPMUPO-
BaHHbIX Ha €JUHULY (PyHRIUA:

U(z, £) = u(z)v(§),
TO RamjJgad U3 nogcucteM HaXxoOUTCA B YUCTOM COCTOAHHUHU, T. K.

pi(z, 2') = u(2)u”(2'),
)=wv

p2(§, €) = v(§v* (£)).

OrasbiBaeTcH, UTO 3TO0 — Kak nokasan ¢oH Heiiman, egun-
CTBEHHBIH ciyyail, Korja noJcucTeMbl HacleAYyIOT YUCTOTY 60b-
moil cucTeMbl. TO CTAHOBUTCA OUEBUAHBIM IIOC]E pa3iOMeHUA
BOJHOBO# (YHKIUU GOJbIIONH CHCTeMbl 10 cOOCTBEHHBIM BEKTO-
paM MaTpHI| IIOTHOCTH MOJCUCTEM.

IIycTb 4 — COGCTBEHHBIM BEKTOpP omepaTopa pi, NpUHAIe-
AU MOT0MUTENbHOMY COOCTBEHHOMY 3HAUEHUIO:

/pl(z, Nu(2')dz = Au(z), A>0.

B sTom ciyuae pyHKUMA
() = 7= / dzut (2) (=, £)

ABJAeTCA COOCTBEHHBIM BEKTODPOM ollepaTopa ﬁz c TeM #e cobCT-
BEHHbBIM 3Ha4YeHHeM:

f p2(E.E)0(€) dE' = Mol€), A> 0,

[w@rac= [ a

Ecau HopMupoBath GyHKIUY ¢ U v HA eAuHULY, TO ¥ (2, &) MO#HO
HpeACcTaBUTh B hopme

‘11(27 5) = Z \/Xnun(z)vn(g)7

npu4eM
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rje A, — HeHyJleBbie cOGCTBEHHbIE 3HAUEHHUA ONIEPaTOPOB P1 U Po.
Yucna A, HONOKUTENbHBI U CYMMa UX paBHa eJUHUIIE:

Y oa=1
n
ManI/II.IbI IIJIOTHOCTHU I{a}l{,[lOf/'I U3 NMOACHUCTEM MOMHO IIPpeaCTaBUTh
TaR:
p1(z, 2) =D Anun(2)up(2),
n
p2(&, &) =D Avn(Ov}(€).
n

OmepaTopsl p1 U pa GyAYT MPOEKIHOHHBIMY TOIBLKO B TOM CIIy4ae,
€C/Ii COOTBETCTBYIOL[ME CYMMBI CBELYTCA K OJHOMY cllaraeMoMy
¥l €[MHCTBEHHOE OTJIMYHOE OT HYJIA YHCIO0 A OyJeT paBHO eIMHHUIIE.

CucteMbl QYHRUUH U, U U, MOMHO [JONOJHUTHL 10 6azu-
coB {fn} u {gn} u onpegernts B manbix cucremax I u II Ha-
G1i0jaeMble ¢ YUCTO AUCKPETHBIMHU HEBBIPO#JEHHBIMHU CIIEKTpa-
MM, KOTOPbIM COOTBETCTBYIOT ONEPaTOPbI

Z:Zanﬁm ﬁnfzfn<fn|f)7

B=Y auQn Qug=gulsnle)-
n

OnepaTopsl AuB KOMMYTHUPYIOT, oaToMy A u B Mos-
HO M3MepUThb 0JHOBpeMeHHO. OjHaKo, eciii UMeeT TOYHOe 3Haye-
HUe onpejeneHHas B 6oibioii cucteMe Habmogaeman C, To uu A,
uu B ne MOT'YT NPUHUMATh TOYHBIX 3HauUeHUil. 3HaA cocTogHne U
MOKHO JUIIb CBA3aTh APYT € JPYTOM Te BEePOATHOCTHU, C KOTOPbI-
MU Ka/Jas U3 3TUX Habaio4aeMbIX IPUHUMAaeT COOTBETCTBYIOLIME
3HaUeHu .

o cux mop roBopsA 00 H3MepeHWU, MbI NOApa3yMeBalu
«MT'HOBEHHYIO (poTorpaduio» cucTeMsbl, Ha KOTOpPo# Gojlee UIKU Me-
Hee OTYeTIMBO BHUAHBI Kamkjad U3 mojcucTteMm. OfHaKoO BcAKoe
U3MepeHUe — 3TO HEKOTOpblif (GU3UYeCKHUil mpolrecc, NP KOTO-
pOM cHayala «IPUTrOTOBIAIOTCA» cocToAHUA cucteMm I u I, mpu-
yeM B3auMogeiicTBue Me:xkay I u I B 3To Bpemd cTonb Mano, 4YTo
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UM MOHO MpeHe6peub (MycTh 3TO MPOUCXOAUT TOKA BPEMA U3-
MeHfAeTcA B npomexyTke T; > (), HauuHaa ¢ momeHTa t = 0,
HavalbHafA MaTpula MIOTHOCTU Goabmioi cuctemsl I + I pj,
nepexoiuT kK MoMeHTy ¢ = Ty B MaTpuuy py. Mo#HO cuMTaTh,
YTO K 9TOMY BpPeMeHU B3auMoJeiicTBHEM MOJCUCTEM CHOBA MO~
HO npeHeGpeyb, U JOCTATOYHO OBICTPOE U3MepeHHe BeluduHbl B
MO3BOJIUT BhICKA3aTh HEKOTOPOE CyJeHNe 0 3HAUeHUAX BelUudu-
Hbl A. CBA3b Memy Marpunamu miotHoetu p(0) u p(Ty) ycraHa-
BIUBalOT ypaBHeHUA l'aitzen6epra. Eciu raMunbToHNaH cuCTEMBbI
(mo kpaiineit mepe, memay t =0 u ¢t = Tf) He 3aBUCUT OT BpeMe-
HU, TO

~

5=y = exp(—iﬁ,ff)ﬁw) exp (i)

Ecnu HauanbHOe cocToAHME — YHUCTOE:
p0) =T @ V7,

TO YHUCTBIM 6y,£[eT U KOHe4YHOe COCTOAHHue:

~

) AT _
pTy) =9 0w, \Il'=exp(i hf)lII:UlIJ.

®ou Heiiman nokasain, 4To Bceria MOMHO NOX0GpaTh MCXOAHOE
cocroanue ¥ u oneparop U, 4ToObl mpeiacraBuTh GyHrnuio U’
B (opMe IOIAPHOrO Pa3NoMeHUA N0 3ajaHHbIM GyHruuAM {f,}
u {gn}. Eciu cunTaTh, YTO HHAEKCHI M U N U3MEHAIOTCA B Ipe-
nenax —oo < m, n < 00, TO N060N BEKTOP COCTOAHUA MOMHO
3alaTh PAIOM

(2, = Y. fu(2)gn(Ecmn

m,n=—00

Ecnu Tenepsb onpeneanThb yHutapHsblii onepatop U cooTHoOLIeHUEM

ﬁq’(zy & = Z Jm(2)8ntm (&) Cmn,

m, n=—00
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a HavallbHOe coCTofAHue — (HOpMYJIOoi
U(z &) = f(2)8(6), f(2) =) fm(2)em,  &(E) = 80(6);

‘Il/(za €)= mem(z)gm(g)cm‘

CocTosAiHMe mojcUcTeMbl | ompenenseTcA MaTpulleil MIOTHOCTU
¢ AIPOM

pll(za Z’) = me(z)f:n(zl)|cm|2,

T.€
P =" (fmlp1|fm) P
m
rue
p=ref.

Urak, ¢on Heiiman, naB oflee ompejeieHUe COCTOAHHA
B KBaHTOBOI1 MeXaHHUKe, olucal 1 Npolecc u3MepeHuA. TU BHYT-
pPEeHHe HEeNpPOTHUBOPEYMBBIE, aNelIUpYyIOUINe JTHIIb K MaTeMaTH-
YeCKOMY almnapaTy KBaHTOBOI MeXaHUKH, JOBOJbI, 0 CYI[ECTBY,
3aBepIININ TPOLECC MOCTPOEHUA KBaHTOBOI Teopuu, u ¢on Heit-
MaH [0 NpaBy [JoJ#eH ObITb NMOCTaBIeH B PAJ co3aaTeleil HOBOIA
HayKHU.

3aMeTuM, 4TO U3NOMEHHbIEe 3[eCh PabOThl pa3peniuiu Crop
ditHuTelina u Bopa eme 1o ero Havana, 0 YeM COBEpPILIEHHO CIpa-
Be1uBO roopui ®ok. Bonee Toro, pa6oThl doH Heiimana noka-
3pIBAIOT, YTO KBAHTOBAafA MeXaHHKA HE TaK Y CUIbHO U3MEHAET
HpeCTaBIeHUA KIacCUYeCcKoil PU3UKH.

BTOPOM CIIOCOB UBMEHEHUSA
COCTOAHUM

MoskHo Teneph 3a6bITh 0 mojacucteme II, o Tom, 4YTO 3HAHUA
o BenuuuHe A u3 mepBoil mojAcUCTEMbI [00BIBAIOTCA M3MepeHU-
€M COBCEM JIPYToii BEIUUUHBI U3 APYTOil MOJCUCTEMBI, U CKa3aTh
crefymoolee: u3MepAnach BenuunHa A, a pe3ylbTaToM U3Mepe-
HUA ABJIAETCA U3MeHeHUEe COCTOAHUA cucTeMmbl I (KoTopywo Te-
1epb MO#HO 0603HAYNTb CUMBOIIOM S): MaTpuila MIOTHOCTH TOM
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cHcTeMbl, KOTOPYIO 0 3a6bIBUNBOCTH MOHHO 0003HAYUTD NPOCTO
CHMBOJIOM D, NIEPEXOIUT B p':

p=p = Z(fmmfm)Pm

Jro nosBoauao ¢ox Heitmany [V.Neumann 1932] (ctp. 261
PYCCKOTro MepeBojia) 3aMeTUTh, YTO
Mbl NPUILIA K ABYM (yHIaMEHTANbHO pPa3iMUYHBIM THIAM
BO3/IefiCTBUI, KOTOpble MOIYyT ObITh OKa3aHbl Ha CHCTe-
My S... Bo-nepBbiXx, 3T0 — NMpOM3BONbHbIE U3MEHEHNA, BbI-
3bIBaeMble U3MEPEHUAME, KOTOpbIe NepealnTca GopMynoii

o0
P=7 = (¢ulpdn)Ppn]. (4)
1
BO-BTOprX, — aBToMaTu4yeCKHue HM3MEeHEeHNA, BbI3bIBaeMble

TeueHHEeM BpeMeHH, KOTOpble NepenaoTca GopMyJoil

A A
p=>pr=e h pe . (B)
BosHukHOBeHMe ABYX crocoGOB onucaHuA Bo3aeiicTBuii ¢on Heii-
MaH 00bACHAET TaK:
...Haao Ob110 OBl OKUAATh, YTO Yike (B) OyneT mocTaTou-
HO, YTOOBI ONMUcaTh BO3/efiCTBUE, BbI3bIBAEMOE U3MEPEHUEM:
Be/lb (hU3NUECKOe BO3/IeficTBHUE HEe MOMET ObITb HUUEM, KPO-
M€ KaK NpOU3BOAAIIMMCA BpeMA OT BPEMEHU BRIIOYEHUEM
B Haba0faeMyl0 CUCTEMY M3BECTHBIX DHEPreTUYECKUX CBA-
3eif, T.e. BBeJleHHEM HaJle;anieil (mpeanucadHoit Habaona-
TeneM) BpeMEHHON 3aBUCHMOCTHU H. Ilouemy e B Takom
ciyyae HaM HYy#eH [IiA M3MepeHUA ocobbiii mpouecc (A)?
IIpuunHa coCTOUT B clelyonieM: IpU U3MEPEHUU Mbl HE MO-
#eM paccMaTpuBaTh cucTeMy S camy 1o ceGe, HAPOTUB, A
TOr0, 4TOObI MPOCIEeUTh aHAIUTUUYECKHU €€ B3auMOJelicTBUE
¢ U3MepUTelbHBIM annapaTomM M, HaJllo paccMaTpUBaTh CHUC-
TeMy S + M. Teopusa usMepeHUsA ABIAETCA yTBepHACHUEM
oTHOcUTeIbHO S + M, OHa HONMHA ONUCLIBATH, KAKUM 06-
pasoM cocTofiHue S CBA3aHO ¢ U3BECTHBIMU CBONCTBAMH CO-
croanuit M (a MMEHHO, C MOJOKEHUAMU U3BECTHBIX CTpe-
JOK, Tak Kak HabmoJaTelb OTCYMThIBaeT Mo HUM). Kpome

7 KBaHToOBafA Telenopranusa
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TOr0, KaKeTCA B HEKOTOPOI Mepe MPOU3BOIbHBIM, He HaM0
74 BRIIOYMTH B M ¥ camoro HaGiiofaTelfs W He MOCTaBUTh
7Y HAa MEeCTO 3aBUCUMOCTHU MeMy COCTOAHUAMHU S ¥ MOINO-
HEHUAMHU CTPeNok M ¥ XMMHYeCKHe U3MEHEHUA B ero riasy
WK Jaxe B MO3ry (T.e. TeM, YTO OH (yBH/eI» WIH «BOCIPU-
HAIY).

Mpexie yeM uccneoBaTh 3TOT Bompoc moapo6Hee, don Heiliman

3aMeuaet, uTo
nBa BosgaeiicrBua (A) u (B) oTauyaloTcA APYr OT Apyra
GbyHIaMeHTalbHBIM 06pa3oM . . . (B) He IPUBOAUT K yBenude-
HUIO CYIIECTBYIOIEN B ) CTATUCTUYECKOl Heolpe/eleHHoC-
TH, TorJa Kak (A) NpuBOAUT K TakoMy yBenuuenuio: (B) ne-
PEBOIUT YUCThbIE COCTOAHUA B UUCTHIE 7Ke:

~ .t
Plg] = Ple " 4],

a (A) BIONHE MOMKET MEPEBECTH UUCTOE COCTOAHKE B CMECh.
B 3TOM cMbICe MOKHO CKa3aTh, SBOMIONKA cornacHo (A)
ABIAETCA CTATUCTUYECKON, a coraacHo (B) — NpUYHHHOIA.
llanee, ... (B) mnpocto yHuTapHoe NpeoGpasoBaHue
BCeX p: o
ﬁt = SﬁS_lv
S ynurapHo. . . Tlostomy (B) obpatumo. .. OyHaaMeHTalb-
HBIM 06pa3oM mo-uHoMy BefetT cebd (A): mepexon

p= 70 =Y ($nlpbn)Plen]

He ABNAeTcA 6e3yCcI0BHO 00paTUMBIM.

Nanee ¢on Hefiman nogpo6Ho o6cysgaeT cMbIc MOy YEHHOTO.
CpaBHUM...3TH COOTHOLIEHUA C TeMH, KOTOpble AelcTBU-
TeJlbHO OCYLIeCTBIAIOTCA B NPUPOJe WM NpPU ee Habmdioje-
HUU. ...caMo 1o cebe 6e3yCcI0BHO BEpHO, YTO U3MEPEHHNE UIU
CBAI3AHHBIN ¢ HUM Ipollecc 06beKTUBHOT'O BOCIIPUATHA ABIA-
eTcA N0 OTHOIIEHHIO K BHEIIHEMY GH3MYeCKOMY MUDPY HOBOIA,
He CBOJANIENiCA K HEMY CYIIHOCTBIO. ...TaKoil Ipolecc BbI-
BOAUT HAac U3 BHellHero (puanvecKkoro mMmpa Wid, MpaBUIb-
Hee, BBOJIUT B HEKOHTPOIUPYEMYIO . . . MBICIEHHYIO BHY TPEH-
HIOIO KU3Hb UHAUBHAYYMa. OfHaKo UMeeTcH, HECMOTPA Ha
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3T0, GyHIaMeHTalbHOe [JIfl BCero ecTeCTBEHHOHAY YHOT'0 MU-
poBo33peHHNA TpeboBaHMe, Tak Ha3bIBaeMblii NPUHIUI IICH-
X0(U3UYECKOr0 TMapaliieln3Ma, COTJacHO KOTOPOMY MHOJNK-
HO ObITh BO3MOKHO TakK ONHUCATh . . . BHe(DU3UUECKUIT poliece
cyObEeKTUBHOI'O BOCIPUATHUA, KaKk ecldu 6bl OH HMel MecTo
B GU3UYECKOM MHpPe, — 3HAYUT COIMOCTABUTHL €ro MOCIeo-
BaTeIbHBIM 3TanaM ¢u3uYecKUe Mpolecchl B 00bEeKTUBHOM
BHEIIHEM MUpe, B 0GLIYHOM NPOCTPAHCTBE. . .
IIpennonosxum, Beden 3a doH HeiimaHom, uTo u3MepsAeTcH TeM-
nepatypa. 3BecTHO, UTO TeMIepaTypy OKpy:Kalomleil cpeJnl us-
MepAeT TepMoMeTp. Mo#HO NMPOJOMMUTL aHAIN3, CBA3AaTb TEM-
nepaTypy ¢ AIUHON cTonbuKa PTYTH B TepMOMeTpe U CKa3aTh,
yTo HabmoaTenb BUAUT 3Ty Aauny. Ilocne sToro Mo#Ho nepeittu
K aHalu3y TOro, 4TO MbI Ha3blBaeM 3PEHHEM, BKIIOYUThL B pac-
CMOTpEHUe HUCTOYHUK CBETa, YUYEeCTb CBONCTBA pacceAHUA W IO-
riaollleHrA GOTOHOB Ha My THU K ceTUaTKe Iias3a U CKa3aTh: U3Mepe-
HUE€ TeMIepaTyphl CBOJAUTCA K PerucTpanuu n3obpaeHUus CTOI-
OuKa PTYTHU ceTYaTKOIl rnasa Habmogatenda. HakoHen, npuBneras
Halli TO03HaHWA B (U3NOJOTHH, MOMHO MPOCIEJUTb 3a INpolec-
caMH B HepBHO# cucTeMe HabnatojaTels, KOTOpble HHUIUUPYIOT-
cA morioiieHreM ¢GOTOHOB, U NPUIITH K BBIBOIY, YTO M3MepeHUe
TeMIEePaTypPbl CBOJUTCA K PErUCTpPalui XUMUUYECKUX U3MeHEeHHUI
B HEPBHBIX KIETKaX HabirogaTend.
Onnako B m060M ciydae, CKOJIb JaleKo HU NPOJOMzKanu Obl
MbI BBIYUCIEHUA — JI0 PTYTHOIO cOCy/la TEPMOMETPA, 10 €ro
MIKabl, 0 CETYATKU UIU 10 KIETOK MO3Ta, — B HEKOTOPBI
MOMEHT MbI BCerja [JOJMHBI JeIUTh MUP Ha JBE YacTH —
HabilogaeMylo cucTeMy U Habmiojgatenda. B mepBoit U3 HUX
MbI MO#eM, [10 KpaiiHeil Mepe NIPUHIUNIUATLHO, CKOJIb YTOJHO
noApoOHO HccleloBaTh Bce GU3MUYeCKUe MPOLlecChl; B MOCHE-
Heil 3To GeccMbICIEHHO.

KBaHTOBaAg MexaHUWKa ONMUCHIBAaeT KaKk pa3 Te COOBITHA,
KOTOpbIe pa3bIrPhIBAIOTCA B HabGIIOIaeMoil YacTu Mupa 3a To
BpeM#d, [IOKa OHa He MPHUXOJUT BO B3aUMOJeiCTBHe C HeHa-
61I01aeMoii YacThio ¢ MOMOIIbIO npoueccoB (B); Kak cropo,
0JHaKo, TaKoe B3auMojieiicTBHe BO3HUKAET, T. €. IPOU3BOJUT-
cA U3MepeHNe, OHa NpEeJNUChIBAET HCIOIb30BaHHE MpPOIEC-

ca (A).
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Tem cambIM ABOWCTBEHHOCTH onpaBjaHa. [Ipu stom, ox-
HaKo, BO3HUKAeT OMacHOCTb HapyIlleHUA NPUHINIA NCUX0bU-
3UYECKOro Mapajieln3Ma, eclid TOIbKO Mbl HE OKaMeM, YTO
(moHMMaeMyi0 B YKa3aHHOM BbIIllE CMbICIE) TPAHUILY MeHIy
HabmoaeMoil clcTeMOil M HaOIIOaTeNleM MOMHO CMeIaTh
MPOM3BOJILHBIM 00Pa30M.

Urto6bl 06CyAUTH MOCHEAHUI BOMPOC, pa3fenuM MHUD Ha
Tpu yacTu I, IT u ITI. Ilycth I 03HavyaeT co6cTBEHHO HabmOOa-
emyio cucteMy, II — usamepuTenbHbIit UHCTPYMeHT, a III —
co6cTBeHHO Habmonatensa. Ham Hano mokasaTh, 4YTO FpaHUILy
MOKHO MPOBECTH C paBHbIM ycnexoM kak Memay I u I + II,
Tak u memxay I + IT u II1.

B npuBeneHHoM npumepe

I — 370 uccnenyemas cucrema, II — Tepmomertp, IIT —
cucTeMa «CBeT + HabmogaTelby WIH

I — «ua6Gmogaemasa cuctemMa -+ TepMoMeTpy, II —
«cBeT + rna3 HaGmopartensy, III — nHaGnomatens, HaYUHaA
OT ero ceTyaTKH, U HaKOHeIl,

I — Bce BoThb 10 ceTyaTKu Habmopartens, Il — cetuat-
Ka, HepBbl, M0O3T Habmwogatens, IIl — ero abeTpakTHoe «f»
(sein abstractes «Ichy).

KOE-YTO OB «<KABCTPARTHOM fI»

Boicokuit Tenop Bepnuosa pasHocuicA B MyCThIHHOMN
alniee, ¥ O Mepe TOro, kak Muxauin AjeKkcaHJpOBUY
3abupaica B 1e6pu, B KOTOpble MOKeT 3abupaThCA, He
PHUCKYA CBepHYTh cebe Ieio, Julllb 04eHb 06pa3oBaH-
HbBIl YenoBeK, — MO3T y3HaBal Bce Gonbiie u Golbiie
WHTEPECHOT0 U MOJEe3HOro M mpo erunerckoro O3upu-
ca, 6aaroctHoro bora u ceina He6a u 3emiau, u npo ¢u-
Hukuiickoro bora ®ammysa, u npo Mapayka, u game
npo MeHee u3BecTHOro rpossoro bora Buimumyiuiu,
KOTOpOro BecbMa nouurtanu anteku B Mekcuke. 1 BoT
Kak pa3 B TO BpeMs, korga Muxaun AnexcanjpoBud
pacckasaln Mo3Ty O TOM, Kak allTeKH Jemuiu U3 Tecta
¢urypry Bunaunyuau, B aniiee nokasaicH YelOBeK.
M. ByarakoB
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IloaBneHue B hu3nyecKoit cTaTbe CChUIKU Ha «abecTpakTHoe f1» Mo-
#eT yAUBUTH COBPEMEHHOIo YuTaTelA. 3[lech M0Je3HO0 IOMHUTh,
YTO co3JaTelld KBaHTOBOI Teopuu noiyuanu Golee OCHOBAaTelb-
HOe T'yMaHHUTapHoe obpa3oBaHue, yeM Mbl. O ToM, Kakoe 3Haue-
Hue uMenu 1A laiizenbepra counHenusa IlnaTtona, y#e rosopu-
nock. llIpeaunrep Hanucan B 1948 rogy craThio moJ Ha3BaHUEM
42400 neT KBaHTOBOI TEOPUU», B KOTOPOI1 THIATEILHO HCCIEI0BAT
CBAI3b KBAHTOBOI TEOPUM C aTOMUCTHYECKUM yueHHeM JleBRuII-
na u3 Muneta u ero yuenuka [lemokputa. Y Hac HeT cBeleHMi
06 oco6oit npuBAzanHocTH GoH HelimaHa Kk JIpeBHerpeyeckoii ¢pu-
Jocoduu, HO BbI3bIBaeT cobia3H CBA3aTh €ro CXeMy HU3MepeHUii
¢ UMEHEeM caMoro JpeBHero U3 HuUX — AHakcaropa u3z KunazomeH.
Yuenuk AHarkcumena MuneTckoro,
OH...BIlepBble IPUCOEJUHUI K MaTepuud yM, HauaB CBOe€ CO-
YHHEeHHe — a OHO HalMcaHO NMPUATHBIM U HCIOJHEHHbIM Be-
au4yud cioroM — Tak: «Bce Belllu ObLIM BIepeMeNIRY, 3a-
TeM Hpuileal yM u ux ynopagounay. [losTomy ero naszsamau
«Ymom» (Nowg):
Amnakrcarop, oTBaHBIil repoii, — YMOM ero 3painu
H60 yuun oH, 4yTo YM, OT CIAYKY BHE3aHO IPOCHYBIINUCE,
Bce BoenuHo cBA3al, YyTo mpexjie B cMelleHUU GbLIO.
l'oBopAT, uTo Bo Bpemsa nepenpaBbl Keepkca emy Gbuio Ba-
JUaTh JeT, a BCero OH NPOUI ceMbJecAT JBa.
On yuua, uto ConHue — packalneHHad riblba, 10 BelUYUHE
6onbire [lenononneca, a Ha JlyHe ecTb mocenenusd. ..
lIBmymas npuunaa — YM; TAMKeIble Tela, Kak 3eMif, (Ipu
BO3HUKHOBEHNM MHpAa) 3aHAJU HUMKHEE MeCcTo, JerKue, Kak
TO: OTOHb, — BepXHee, a BOJAAa U BO3JyX — CpeJHee. ..
Rorpa oH ckoHuancA, ...NOXOPOHUIH €ro ¢ NoYecTAMH, a Ha
MOruJjie BbICERIN HAANUCh:
Herunsbl Belcmuit npefen u rpanuisl Beenennoit no-
CTUTIINHA
31ech, IO/ 3TOi MINTOI, AHaKcarop norpebeH.
OnHako He Bce ObLIM BhICOKOro MHeHUA 06 AHakcarope. [lnaton
3aMeTul, 4To
...[OMYyYMB B HACIEACTBO OrPOMHOE cocTofAHue, (AHakca-
rop) He pajel 0 HEM ¥ YTPaTHI €ro MOMHOCThIO: CTOIb Hepa-
3YMHO OH YMCTBOBalI.
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Tarum oGpas3om, Ueu CBA3aTh yM C YUCTO (HU3UYECKUMU fIBIE-
HUAMHU UMEIOT JONTYIO UCTOPUIO. Y#e APHUCTOTeNb Aal NpaKkTH-
YeCKM 4UCTO GU3NUecKoe onpeeneHie Toro, YTo MO#HO HAa3BaTh
ouyimenueM | ApioToTelns |

. . .olyeHue GbIBaeT, Korja (CyIecTBo) IPUBOIUTCA B JBHU-

JKeHUe U YTO-TO MCMLITHIBAET, OHO U €CThb, MO-BUJUMOMY, He-

KOero pojia mpespalieHue.

MMoatomy o6pariienue ¢pon Heitmana k «abetpaktaomy fl» ero
COBPEeMeHHUKOB He cMmyInano. B 1939 roay Brinia kuura Jlongona
u Bayspa [London, Bauer 1939, nocBAiieHHasA <HEIPOTHBOPE-
YUBOMY M NPOCTOMY u3io#eHuto Teopuu don Heitmanay. Onun
u3 aBTopoB — ®pur JoHnon — y4yenuk 3oMMepdenbaa, npocia-
BUBILIUICA CBOMMU paboTaMH B 06/1acTH CBEPXTEKYUYECTH, 3allu-
tun B 1921 rogy JOKTOpCKyIO auccepranuio Summa cum laude
Ha uncTo duirocopckyo remy [London 1923]. Takum obpasom,
KHUTY MUCANU CeHATUCThI, 0JUHAKOBO XOPOIIIO OPHEHTUPYIOIIH-
ecA u B pusuke, 1 B ncuxonoruu. YToObl UCKIIOYUTH He CIUNIKOM
ybenuTenbHbie 00pallleHIA B MOCHEHIO MUHYTY K «a0CTpaKT-
HoMy fl», aBTOpBI NPEIOKUIY OCTE0BAaTEILHO paccCMaTpUBaTh
COCTaBHYIO CHCTEMY, COCTOAIIYIO U3 o6sexma (), uzmepumens-
Hoz2o annapama (y), Ha6aodameas (z). COCTOAHUA TaKO! CUCTEMbI
aBTOPbBI MPEJCTABIAIOT BOTHOBOU QyHKIUEl

Uz, y,2) = O trur(x)ve(y)we (2),

rae GYyHKIUM wy OMUCHLIBAIOT COCTOAHUA HabmopaTenfa. bpayasp
U JIOHIOH CUUTAIOT, YTO BXOAANIUI B paccMaTpUBaeMyIo TpUaLy
HabmoaTenb 06nagaeT He CBOWCTBEHHOI mpubopam «crmocobHOC-
Tbio UHTpocneknuuy. OH MOMET MTHOBEHHO OL[EHUThL CBOe cOo6-
CTBEHHOE COCTOAHUE M B CUIY NpPUCYIIEro eMy «MMMaHEHTHOTO
CO3HaAHHUAY CO3/IaeT CBOU cOOCTBEHHBIN 00HEKTUBHBIN MuUp. NHaue
roBOpA, CylleCTBYeT HeKUil BHYTPEHHUI Irojoc, TOBOPAIINIA: «ThI
HaXoAUIbCA B COCTOAHUU Wg», TOC]e Yero HabliogaTelb MOMKET
clelaThb TAKoOe 3aK/IIOUeHHe: «A BUMKY, YTO BelnuyuHa (7, cBA3aH-
HafA ¢ anmapaToM, IpUHUMaeT 3HaueHUe gk, N03TOMY 3HaueHHe
xapakTepusyionieit 066eKkT Benuuutbl F' paBHo fi». Takum o6pa-
30M,

BOBCe He TaMHCTBEHHOe B3anMMOJelcTBUE MeAy Npudopom

U 00bEeKTOM MOPOJaeT HOBYIO pealbHOCTb, KOTOpasA MpHU-
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BOAMUT IIPU MU3MEPEHUU K HOBOIl BOJTHOBOI QYHKI[UU CUCTe-

MbI. ITO BCero JUIIb Moe coOCTBEHHOe CO3HaHUE paccTaeT-

ca co crapoil pyuruueit ¥(x, y, z) ¥ NOPOMKAAET HA OCHO-

BaHUU CBOUX CO3HATeNbHBIX HabilOJeHUil HOBYIO AelicTBU-

TelbHOCTh, NIPUNKCHIBAA CHCTEMe HOBYIO BOJHOBYIO (QYyHK-

uuio ug(z).

Bo3smosHaA cBA3b KBAHTOBOI QU3NKY C IEATEIbHOCTHIO MO3-
ra B mociegHee BpeMA obcyskjaeTcA (GU3UOIOraMH, MPUUYEM pe-
3ynbTaThbl 3TUX HCCIENOBaHUI MOTYT NOCIY:KUTh OCHOBOI1 cOBep-
IIeHHO HOBOro B3ridaa Ha npobiaemy. B 1986 wkpynHeitmuii ¢u-
3uonor JKKI3 omy6mukoBan craThio [Eccles 1986] mox Hassa-
HueM «Do mental events cause neural events analogously to the
probability fields of quantum mechanics?» B Heii roBoputcsa, 4to
eclii He MaTepualbHble OyIIeBHbIE COOBITUA, TAKUE KaK HaMepe-
HUE BHINOJTHUTH JAelicTBUe, MOTYT 3 GdeKTUBHO BO3/elicTBOBATh
Ha HeHPOHHbIE COOBLITHA B MO3TY, TO 3TO IOJNHHO IPOUCXOAUTH
Ha caMOM TOHKOM U IIaCTUYHOM ypoBHe coObITuil. Onupasack Ha
nocie/lHUe aHHbIE O CTPYKTYpe HeflpOHOB, JKKI3 yKa3bIBaeT Ha
BO3MO:iHbIe 06;1aCTU CUHAICOB, C TIOMOIIBLIO KOTOPBIX MOMET MpPo-
HCXOAUTh Takoe BozjeiicTBue. IIpu aTOM npoucxojsiie TaM npo-
1ecchl MOI'yT UMeThb KBaHTOBYIO Nnpupoay. B 6osee no3aneit pado-
Te Jkkia3a [Beck, Eccles 1992] ananns MUKPOCTPYKTYPBbI KOPBI
TOJIOBHOT'0 MO3Ta COYETaeTCA ¢ KOHKPETHON KBaHTOBOII MOJIENkIO.
3/ecb He MeCTO OlleHUBaTh NepclekTUBLI 3TUX HCClel0BaHUil, OT-
MeTHUM TOJNbKO, YTO eciu «abcTpakTHoe fly OygeT MMeTh KBaH-
TOBYIO NpUpOLY, ycTaHoBiIeHHbIe GoH HeiiMaHoM rpaHUIBI BO3-
MOHOCTE!l KBAaHTOBOII MeXaHUKHU NMPUIETCHA OTOABUTATH B ellle
HEU3BECTHYIO HaM 06J1acTh.

KBAHTOBASAl YTAJTAMKA

A y nwopeit oHa cabixana,

YT0 3T0 310 ele He TaKk GONBIIONH PYKH;

JIumpb crout 3aBecTu OUKH.

OuKoB ¢ o0 UHEI cebe oHa JocTana. . .
H.B. Kpsuios

Korpa Hame roBOpuJ, KBaHTOBaAd MeXaHHKa — 3TO UTPHLI
MOJIOABIX, BPAL JWU OH MOpeanojiarain, 4To IPUMEPHO 4Yepe3 TpU
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YeTBEPTH BeKa Ha cTpaHUIaX HAyUHBIX }KYDPHaloB NOABATCA cTa-
TbU C ONKUCAHUEM BPEMANPENPOBOKIEHUA MUIbIX OJPOCTKOB —
Anucer (kotopas muBet B Amcrepiaame), Bo6a (u3 Boctona) u nx
Ipy3ei.

Onnaxael Anvca u Bo6 npuayManu Takyio urpy: Anuca nu-
meT Ha NUCTKe GyMaru n6oe Ienoe 4YUCIo xp, HauuHad oT 0
u KoHvasA 2L — 1, u noceuraet nucbmo noutoit B Bocton. Bo6 Tem
BpeMeHeM npuayman ¢yHruuio f(x), 061acThb onpegeleHus KOTo-
poit — nenble ynciaa u3 npomemyTtra [0,2L — 1]. Ou oTnpaBaser
B AmcTepaam uucno f(xq). Baraanys Ha Hero, Anuca oTnpaBifer
Bo6y umncio xs, uTo6el momyunuth B3ameH f(x2). Anmca monkHa
Kak MOHO cropee yragaTb Bua ¢yuruuu f(z). Koneuno, ecnu
GyHRIUA Npou3BoiabHa, To Anuce u Bob6y npugerca o6MeHATH-
cA 2L mocnaHUAMM, U B UTPe CaMbIM HHTEPECHBIM OyAyT Mpo-
rynku Ha nouty. [loaTtomy Anuca u Bo6 HeCKOIBKO OrpaHUYNIA
BBIOOD BO3MOKHBIX GYHKINI. Bo-mepBhIX, OHU HOMMHBI NPUHU-
MaThb TONbKO ABa 3HaueHuA — O u 1. Bo-BTOphIX, DyHEIUM TOMMK-
HBI OBITH JBYX BU[OB: IOCTOAHHBbIE UIN ypaBHOBeLIEeHHbIE —
npUHUMaloIlne 3HayeHre 1 poBHO B L Toukax.

Urpa B Takom Bujle He BHIMIAJUT OYeHb YMHOH, HO [JIA Ha-
VKM UHTepecHbl KaKk pa3 Takue pa3BleuyeHHA: TIyneiimas urpa
B «OpJia-pellRy» NpUHecaa eif 3HaYUTeNbHO GOJbIle MOMb3bl, YeM
yMmHeitmue maxmatsl. [loaTomy oTHecemcd K pa3BiedyeHuio Anu-
cel ¥ Boba co Bceit cepbe3HocThIO. Anrca Beerja MokeT yrajaaThb
¢yurnuio nocie L + 1 nonbiTok. Hauxyameit nnsa Hee okameTcH,
HampuMep, Takad cepud NOCIaHWil: Bce nepBble L U3 HUX cofep-
sat eguaunsl. Torga toabko (L + 1) — nepBoe mucbMO HO3BOIUT
clenaThb BbIOOD B MOAb3Y TOH WM UHON GyHKUMH. YKcao MONbITOR
YMEHBUIUIOCH He CIMIIKOM CHJIbHO: BCero B Ba pasa.

YToO6bl yNIyumuTh TojioxeHue Belleil, Anvca u bo6 pemunu
cHayala Npu6erHyTh K SKOHOMHYHOI NMO3UIMOHHOI cuUcTeMe 3a-
IUCH uucel, a 3aTeM o6paTUThcA K KBaHTOBOI MexaHUKe. 3HaA
OT 3HAKOMBIX MaTeMaTUKOB 00 ymo6CTBaX JBOMYHOU CHUCTEMBI,
OHU PEIINIIU 3alMChIBATh Ilellble YHCIa KaK CYyMMbI

z=0C2" 1+ Ci12" 2+ 2" 3 + ...+ Cp_1,

B KOTOpBIX Ka#imoe u3 uucen C; MomeT NPUHUMATL [Ba 3HaUe-
HuAg — 0 unu 1. [Ipu durcupoBaHHOM 3HAYEHUU 7, HAUMEHbIIIee
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U3 Takux uuced paBHo 0, a Haubonbilee — 2" — 1. 3pechb cy-
ecTBeHHO, 4To Ooibiioit Habop u3 N = 2™ yucea MOMKHO Te-
PEUYUCIUTDL 3HAYNTEIbHO 60jlee KOPOTKUMM I0C/IeJ0BAaTeIbHOCTA-
mu C = {Cy,...,Cph_1}.

RoneuHo, ecnu o6paimaTbcA ¢ 3TUMM MOCIEI0BATEIbHOCTA-
MM I103JeMEHTHO, KaK IpelNnuchbiBaeT KilaccuuyecKaa MaTeMaTHKa,
YHCJIO HeOOXOAMMBIX [IJIA yIpaBleHUd UMHU onepanuii GyaeT pac-
THU ¢ yBeJIMYeHUEM 7 3KCIOHEHI[UaNbHO, HO OT 3HAKOMBIX (PU3UKOB
Anuca u Bo6 y3Hanu, 4To KBaHTOBaA MeXaHHKa M03BojAeT pado-
TaTh C TAKUMH MOCIEA0BATEIbHOCTAMU KaKk C 3JeMeHTapHBIMU
06beKTaMi — Bellb B Hell UMEIOT (QU3UYECKUI CMBICH JIVMHEHHbIe
omnepaTopbl.

Crnenysa Xomy MbIciel 3TUX MOJOMABIX JIOJEi, IPeanoIOHKUM,
cHayvaja /A MPOCTOThI, YTO B pacnopsaxenud Anucel 1 Bo6a nme-
ercA (uU3MYeCKasa cucTeMa, MepeMeHHbIe KOTOPOil MOKHO OINU-
caTh Kak JUHeNHbIe OepaTopsl B IBYMEPHOM I'MiIbGEPTOBOM MPO-
cTpaHcTBe F5, U YTO UMEITCA Beckue (PU3MUYeCKHe OCHOBAHUA
IJIA IPeANoYTUTENbHOIo BhIGOpa OJHOr0 U3 BO3MOMHBIX 6Ga3KucoB
3TOro npocrpancTBa. MoHO 0603HAYUTL BEKTOPBI 3TOro 6asuca
cumBoiaamiu {|s), s =0, 1}, u conocraButh ¢ HUMHU yucna 0 u 1:

0) 0, [1) 1.

Tarkum o6pa3om, yucia 0 u 1 conmocTaBaAOTCA ¢ HOMEPaMU BeK-
TOPOB HEKOTOPOr'0 BIIOJHE Ollpe/leJeHHbIM 00pa3oM BbIOpPaHHOIO
6a3uca. ITOT 6a3uc UHOT A HA3bIBAlOT BBIYHCJIMTEIbBHBIM.

Honyuus B pacnopszenue aBe (He UAEHTUYHbIE) HUBNYECKIE
CHUCTEeMbl, Ka#yl0 U3 KOTOPLIX MOHO pealn30BaTh B IByMEPHOM
runs6epToBOM HpocTpaHCcTBe, Annca u bo6 MoryT o6beqUHUTH
3TU CUCTEMbl, @ BHIYMCIUTEIbHbIN 0asuc B 00beJUHEHHOM YeThl-
pexMepHOM r'uib6epTOBOM NPOCTPAHCTBe BbIOpaTh Tak, YTOOLI OH
COOTBETCTBOBAN NPAMOMY I[POU3BENEHUIO BbIUUCIUTEIbHBIX Oa-
3UCOB B Ka#JOM M3 MOJNPOCTPAHCTB. JTY MNpouelypy YIoOHO
npencTaBUTh GpopMyioit

H = 7(0)® #(1).

B stoii dopmyne cumBon £ o3HauyaeT ABYMEPHOe T'HIbLOEPTO-
BO IPOCTPAHCTBO, a apr'yMeHT y CUMBOJa yKa3blBaeT Ha HOMED
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coMHOoxkuTeNd. Takum 06pa30M, BBIUUCIUTENbHbIN 0a3uc B nmpo-
CTpaHCTBe H cocTtouT us BEKTOpPOB

10, 0) =10) ©10), [1,0) =[1) ®]0),
0, 1) =10} ® 1), [1,1)=[1) @]1).

Anuca u Bo6 comoctaBuiu 3TH BEKTOpPbI CHaya’/ia ¢ mocjieaoBa-
TeJIbHOCTAMHM, a IOTOM H C YUCIaMH:

|0,0) & {Co=0,C1 =0} & =0,
0,1) & {Co=0,C1 =1} & z=1,
[1,0) < {Co=1,C1 =0} < z=2,
1,1) & {Co=1,C1 =1} & z=3.

MOKHO HyMepoBaTh 3TH BEKTOPbI U OJHUM UHCIOM:
|Co, C1) = |2Cy + C1) = |x).

IlonyuynB B cBoe pacmopfi#eHue AB€ KBaHTOBbIE CHUCTEMBbI
U MOCTPOUB YETHIPEXMEPHOE T'MIbGEPTOBO MPOCTPAHCTBO, Anu-
ca 1 bo6 pemnnu nourpath B yragaiiky ¢ NpUMeHEHHUEM TOJILKO
YTO CO3[JaHHOr0 UMU MexaHusMa. [IpaBaa uM NpUILIOCh MOAYMAaTh
HaJ TeM, Kak 3a[aBaTh U Jle XPAaHUTh 3HayeHuA QyHruuu f(z),
HO BCKOpe 3TOT Bompoc paspemniuincA. Pa3 pyHkuua f npuHumaer
TONBKO J1Ba 3HAYEHUA, XPAHUTDb UX MOKHO B IBYMEPHOM Tr'uihGep-
TOBOM MpPOCTpaHCTBe J£. ITO 03HAYAET, YTO GA3UC B YEThIpEXMep-
HOM T'uJIb0EpTOBOM IPOCTPAHCTBE HYHO HyMepoBaTh Kak MpA-
MO€ POM3BEIeHNE BBIUNCIUTENbHBIX 6a31COB MOANPOCTPAHCTB —

lz) ® |s)x =0,1; s=0,1.

Ilockonbry enuHcTBeHHasA AocTynHasda Anuce u Bo6y omnepanus
B T'uib6epTOBOM NPOCTPAHCTBE — 3TO YHUTapHOe NpeoOpa3oBa-
HHe, TO 3aJaBaTh (QYHKUMIO f OHM PN C MOMOWbIO YHUTAP-
Horo onepaTopa Uy:

Uslz) ® |s) = |z) @ [s ® f(x)),
rie cuMBOI a @ b 03HAYAET CIIOHEHHUE M0 MOLYIIO 2:

a®0=a, a®l=1-a.
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B pesynbTaTe aeficTBUA omnepaTopa ﬁf Ha BEKTOD |z, s) Homdyda-
eTCA IPYyroii BEKTOP U3 BHIYMCIUTENbHOro Gasuca |z, s'). Takum
o6pasom, U ¢ — JelcTBUTENbHO YHUTapHbIN onepatop. HeTpyaHo
BBIAAICHUTH, KaK [IEMCTBYET 3TOT ONEpPATOP Ha BEKTOPhI HECKOIbKO
6onee obmero Buaa. [lyctn

|65) = 100 + [1)b1,  [bo|? + [ba]? =
TOorjaa
Uslz) ® |¢s) = |2) ® (| ())bo + 1 @ f(z))bs

Ecnu B3ATH BEKTOD

9 = (10 - 1) 75,

b Usla) ® |¢) = |z) ® |$)(~1)7*).
HeitctBuTensHo, ecan f(z) =0, To
[f (@) = 1® f(z)) = 10) = [1),
ecau we f(z) =1, To
|f(z)) = 1@ f(2)) = =(|0) — [1)).

MosHo B3ATHL U Gojlee OOWUIl BEKTOP B MEPBOM K3 MOAIPO-

crpaHcTB. Eciu
=Y |z)d(x),
€T

TO
Ur|®) ® |9) = [®5) @ [4),

rue
) =Y |e)d(w)(—1)7).

Ecmu dy = d; = %, TO B Ccllydae MOCTOAHHON QyHRuuu f(x)

(-1)7©@

25) = (10)+ 1) =7
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ecau #e f(xr) — cOanancupoBaHHaf QpyHKUUA, TO
(-1)7©@
V2

B zaBucumoctu ot Tuna ¢yHruuu f(x) Bekrop |®y) mpomopiuo-
HalleH OJIHOMY U3 BEKTOPOB

@) = (10) - 1))

@2) = (j0) £ 1)) L.

V2

dTH BeKTOPBI, Kak u mapa |0), 1), o6pasyer 6asuc. HeTpyaHo Haii-
TH ABHBII BUJ yHHTapHOro peobpasosanua H , KoTopoe CBA3LIBA-
eT 3Tu Gasucel (ero Ha3bIBAIOT npeodpasosanuem Adamapa v 060-
3HAYaOT CMMBOJIOM fI):

110y = (100 + 1) 75 = ) 1) = (10) = 1) = = x-)

Bripaskasn BEKTOPSI |x4) B TEDMHUHAX BEKTOPOB BBIUUCIUTEILHOTO
Gasuca, MONYYUM paBeHCTBa

Hix4) =10), Hlx-)=|1).

Ionesno npuBecTu Gollee KOMIIAKTHOE ONpeeneHne Ipeodpa3oBa-
HUA Apamapa:

Hl|z) = Z|s)%.

[Ipocaeaum ¢ HauboIbLIEH BO3MOMKHOI MOIHOTOM 3a MOCIe0-
BATeIbHOCTHIO feficTBUi Anuchl u Boba. UToGb! 3anucaTh 3Hade-
uuA gyHruun f(z), HysHo B3ATb cocroAnue |®o) = |0) ® |1). Ho
Kak ero noayuuts? Ilpesijie Bcero, HyHO yMeTh OTIMYAThL OJHO
COCTOfIHUE OT Apyroro. [lif 3TOro Hy#*HO 3aCTaBUTh UX pa3iny-
HBIM CII0COGOM pearupoBaTh Ha BHEIIHHME BO3JeACTBUA. ITO Npo-
U30HEeT, HAPUMEp, B TOM ClIy4Yae, eClld SHEPruu cocToAHuM |0)
u |1) cranyt pasnuunbiMU. [[1f ONpeIeleHHOCTH MPeNON0HUM,
4To monasune Kk Annce u Boby cucTeMbl — 3TO TAMeEIbIe YACTHIII
(MosteT GbITh BRIIOYEHHBIE B COCTAB 60lee CIOAHON CHCTEMbI) CO
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CIIMHOM S, pPaBHBIM % Onu o6sagaloT MarHUTHBIM MOMEHTOM n =

= uS, opueHTalHell KOTOPOrO MOH{HO YNPABIATH € HOMOLIbIO
BHeLIHero MaruuTHoro noad. Ecan HaxopAmueca B pacmopsse-
Huy Anucel 1 Bo6a yacTuue! 061a0al0T pa3nuyHbBIMU MarHUTHbI-
MM MOMEHTaMH, TO OHU CMOIYT PasiMyMTh U HaXONAIL[MECH B UX
pyKax MOAIpPOCTpaHCTBa, 06pasyroliye NPOCTPaHCTBO COCTOAHMUI
ux cucremsl. Urak, Anuca u Bo6 106bIBAIOT MarHuT, ¢ MOMOLIBIO
KOTOpOro fenaioT 3Hepruu cocroanuit |0) u |1) pasnuunbivu. Ec-
JU MarHUTHbIE MOMEHTBI 00€MX YacTHL OAUHAKOBO OPUEHTHPOBA-
HbI OTHOCUTEIbHO CBOUX CIHMHOB, TO COCTOAHMEM C HanMeHbIIeN
sHeprueil (KoTopoe u GyIeT HAYalbHBIM COCTOAHMEM CHCTEMBI)
OyZmeT cocTofHUe, B KOTOPOM 06a CIHHA OPHEHTHPOBAHbI OfHA-
KoBO. HTak, pesyabrar nepsoro aefictBua Anncel u Boba:
1. CucTema npuBeleHa B COCTOAHUE

@) = 10) ©10).

1A manbHelilero onucaHuA MOCTYNKOB HAIIUX MOJOJBIX JIOMeii
MoJIe3HO BBECTH cleljuaibHble TepMuHbl. Urpa Anucet u bob6a cBa-
3aHa ¢ o6MeHOM uHHopMmalueii. Hemenuman eqununa Kiaccuyec-
Koit uHpopMalu — GUT — BelUYHHA, IPUHUMAIOIadA JBa 3Haye-
HuA 0 u 1. EcTecTBeHHO cBA3aTh KBAaHTOBYIO eIMHUILY WH(pOpMa-
LMY — KBAHTOBBIN OUT uiu KyOUT c npocTeiilieii HeTpUBUalb-
HOIT KBaHTOBO# cucTeMoii. [lepeMeHHbIe B TaKoil cucTeMe — olle-
paTophl B JByMepHOM T'uiibG6epToBoM npocTpaHcTBe. [[pon3Bonb-
HbIil BEKTOP TAKOI'0 MPOCTPAHCTBA MO#HO NPEeACTaBUThL B hopme

) = [0)a + [1)b.

rae |0) u |1) — HOpMHUpPOBaHHbIE Ha €MHUILYy OPTOrOHANbHbIE BEK-
Topbl. Eciii BEKTOp 1) HOPMUPOBAH HA €IUHUIY, TO

%1% = lal® + [b]* = 1.

Takum obpasom, Ky6UT — 3TO NPOU3BOJbLHbII HOPMHPO-
BaHHbIII Ha eJHWHHLY BEKTOp ABYMepHOro ruibbepToBa
npocTpaHcTBa.

3Had clIoBO KyOUT, cliefylolee aeiicTBue Anuchkl u boba Mo-
HO onucaThb Tak:
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2. CocTofHMe MepBOro KybuTa He U3MEHAETCH, COCTOAHHE
BTOPOro Ky6HTa ¢ MOMOLILIO COOTBETCTBYIONIEN YHUTAapHOH ome-
pauuu mepeBoguTes B |1).

Tpetuii mar:

3. Kamablii u3 Ky6UTOB, HE3aBUCUMO OT APYroro, nogBepra-
ercd npeobpazoBannio Agamapa. JTa onepalnua BLITIAJUT TaK:

H® H|®) = [x1) ® [x-) = |®1).

4. Yrto6bl 3anucaTh ¢yurnuio f(xr), Anuca u bo6 mpubera-
0T K mpeo6pa3oBaHUI0 JBYX KyGHUTOB, KOTOpPOe He CBOAUTCA K
HpAMOMY MPOU3BEJEHUI0 MPeoOpa3oBaHuii:

|B1) = |@2) = Us|®1).

5. CoBepiiaeTcd npeobpasoBaHue, U3MeHAOIee COCTOAHUE
TOJNBKO NepBoro Ky6ura:

|®,) = |®3) = H @ E|®) = [¢) @ |x_).

IlepBblit KyOUT NMepexoAUT B cocTofHUe |{), KOTOpOe, B 3aBUCHU-
MOCTH OT TUNa QYHKIVH, COBIAJAET C OAHUM U3 BEKTOPOB BbIUHC-
aurtenbHoro 6asuca — |0) wau |1). UToGsI y3HaTh, KaKOil KMEHHO
9TO BEKTOp, HY#HO H3MepHThL HabmoaeMylo T, KoTopas onpefe-
AT BbIYMCTUTENbHbIN 6asuc. Eciu BeKTOpbI BHIUKCIUTENLHOTO
Gasyca COOTBETCTBYIOT, HalpUMep, COGCTBEHHBIM 3HaueHHAM T,
paBHBIM %1, TO MOIyUYeHHOE B pe3y/bTaTe U3MepeHHA 3HaueHue ¢
yKameT Ha TUI GYHKUNH.

Xota coBmecTHBIN Tpyn Anuchl 1 Boba mokasam, 4To s
KBAaHTOBOIl MeXaHHKU MO#HO HaliTH HECKOIbKO HEOKHUJaHHOE I10-
Jle AeATebHOCTH, TAKOE ee IPUMEHEHNE He KameTCA M0JIe3HbIM —
CIMIIKOM MHOTO AeficTBHiIi HEOGXOAMMO COBEPLIUTBH, YTOGBI pe-
IIUTh COBCEM NMPOCTYIO 3afadvy.

OpHako 3pPeKTUBHOCTb KKBAHTOBOI'O UTEHUA MbICIEil» HeBe-
POATHO Bo3pacTaeT NpU Nepexole K GOnbleil o6racTu onpepelne-
HUA QYyHRKIUU.

Ecnu Anuca u Bo6 063aBeayTcA n KBaHTOBBIMHU CHCTEMaMH,
paboTy KOTOPBIX MOHO ONUCATh B paMKax ABYMepHOro ruibbep-
TOBOT0 MPOCTPAHCTBA, TO, 06BEAUHAA STU CUCTEMbI, OHH CMOTYT
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nocTpouTb N = 2"-mepHoe ruib6epToBO MpocTpaHcTBO H ¢ BbI-
YHCAUTEIbHBIM 6a3ucom

) = |20) ® ... ® |Zn_1), = =2""lzo+2" 2z +...+ Ty 1.

Rak u npewm e, nnd pa6oTsl ¢ pyHKUMel f, npUHUMAaOIIEN TONbKO
nBa 3HaueHUA — 0 u 1 — HyHO 106aBUTH ellle OJHO JBYMepHOe
runs6epToOBO MPOCTPAHCTBO U MEPETH B IPOCTPAHCTBO ¢ 6a3ucoM

2, s) = &) ®[s), s=0, 1
C ¢yuruueit f(x) cHOBa cBA3bIBAETCH YHUTAPHBIN OlepaTop ﬁf:
Uslz, s) = |z) ® |s & f(z)).
RKak u panbiie, cnpaBeminuBa ¢hopmyna
Uylz) ® ) = |z) ® |¢)(-1)7@.

Ha BexTop

0) =) ®9), )= |e)C(z)

onepaTop U ¢ MefCcTBYeT ciledyIomuM o6pasom:
Ul o) = [25) @ |9), |®f) =Y |2)C(x)(~1)7).
.
B npoctpancTBe H MO#HO oNpeleluTh onepaTop, o6o6uaonuii
npeo6pasoBaHue Anamapa
H™|zg, 21,..., tn_1) = H|zo) @ H|21) ® ... ® H|wp_1).

[IpAmMoe BhIUKCIIeHUE NOKA3bIBAET, UTO JefiCTBHE 3TOr0 ONepaTopa
MOKHO IIPeJCTaBUTh (popMYyJIoit

N _1\zy
AWl =Y 1

rnre N =2", a

TY=ToYo P11 D ... D Tp_1Yn—1-
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I/Irpa Anucel u Bo6a cHOBa CBOAUTCA K MOC/IeI0BAaTEIbLHOCTH Jeii-
CTBUIi: BbIﬁepeM HaydallbHOe COCTOAHHE CUCTEMbI B q)opme

|®o) = (H ®|0;) ) ® [1).

JTOT BEKTOp IpeobpasyeTcA B

N-1
1) = Uy  (H" @ H)|Do) @ 1) = (Y [1)F (=, 1) @ [x-),
y=0
rue
F(z,y) = % 2 1)@,

HerpynHo mnokasath, uTo B ciydae MOCTOAHHON ¢yHruuu f(z)
noy4yaeTcd BeKTOp, NponopuuoHanbueii [0) ® [x—), a ecnu QyHK-
uus f(x) cbanancupoBana, To |®1) = |€) @ |x-), rae (£|0) = 0,
T.e. TIOTyYeHHbIIl BEKTOP OPTOrOHANeH YKa3aHHOMY BhIIIIe.

10 o3HauaeT, YTO eciu U3MepeHHe HaGmomnaemoii T, onpe-
mensooueit 6asuc |zg, T1,... ,Ln_1), AACT 3HaYEHHE to, TO PYHK-
uvA f(r) NocToAHHA, IPOTHBONONOHHbINH UCX0] U3MepeHus Oy 1eT
03HayaTh, YTO Bo6 mpuayMan c6araHCUpOBaHHYIO QYHKIMIO.

Jlerko 3aMeTHThb, 4TO BCe MCIOAb3oBaHHble Anucoil u Bo-
6oM mpeo6pa3oBaHUA CBOJATCHA K MOCIEI0BATEIbHOCTAM IPeos-
pa3oBaHuil B JBYMEPHBIX I'MIbOEPTOBLIX MPOCTPAHCTBAX (4YHMCIO
9TUX NpocTpaHcTB paBHO n + 1). Ecau cuntaTts Kammoe us stux
npeoOpa3oBaHUil HEKOTOPBIM 3JIEMEHTapHBIM Npeo6pasoBaHUeM,
TO KamjJoe U3 OOJbIIMX NMpeobpa3oBaHuii TpeGyeT MPUMEPHO 7
3NMeMeHTapHbIX mpeobpasoBanuii. Takum o6pasom, M — 4yucio
omnepanuii, KoTopble TpeGyeT KBaHTOBasA urpa Anucel U Boba —
BeJMYMHA [OPAIKa

M = O(n) = O(log,N).

IIpu noctarouno Gonpwux N 3Ta BeInYNHA 3HAUUTENLHO MEHbIIe
Ypcia onepanuii B KIaCCHYECKOR Urpe.

HerpynHo 3ameTuTh, uTo urpa Amucsl u Boba, HesaBucumo
OT YHcsa apryMeHTOB (pyHKUMH, HAYMHAETCA ¢ TOTO, YTO CHCTEMA
npuBoauTcA B coctosnue [0) @ |0) ® ... ® |0).
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ITocne 3Toro oHa HaNOMUHAET TaHell, B KOTOPOM MOBTOPAIOT-
CAl OfIHU U Te #e GUTYpBI:

Ka /bl U3 KyOHUTOB EPEBOAUTCA B TO UM UHOE COCTOAHUE
HE3aBUCHUMO OT APYTHUX,

nocieIoBaTelbHO POU3BOJATCA Ollepaluu ¢ BLIGPAHHOU na-
poit KyGUTOB.

ITocne MHOrOKPaTHOTO MOBTOPEHUA yKa3aHHBIX Olepaluil Ipous3-
BOJIUTCA U3MepeHHe HeKOTOPOil CBA3aHHOI ¢ chcTeMoil Habofa-
€MOIA.

Taras nociefoBaTeIbHOCTb AeHCTBHUIl ompejenseT paboTy
YCTPOHCTB, Ha3blBaeMbIX KBAHTOBBIMU KoMmibloTepamu. He
HYKHO IyMaTb, 4To HMeHHO Annca u Bo6 uso6penu stu ycrpoii-
crBa. CKopee Bcero, OHH 3aTeflll CBOIO UIPY IOCIe TOTO, Kak
MOJICTyLIaN Pa3roBOpPbI B3pocibiX. O BO3MOMKHOCTH M Heo6X01u-
MOCTH CO3JaHUA BHIYUCIUTENbHBIX MAIIHH, PaGOTaIOLUX IO 3aKO0-
HaM KBaHTOBOIl MeXaHHKH, GM3UKM U MaTeMaTUKU Havyald rOBO-
PUTb ellle B llecTHAecATbIe rofbl. OrpOMHOe BIUAHKe Ha Pa3BUTHeE
TeOpPUH KBAHTOBBIX BBIYMCIEHUI OKa3aly IPOBUAYECKHE PaGOThI
®eitnmana. O6mMpHaA JUTepaTypa IO 3THM BoIpocaM coGpaHa
B c6opHukax [KBaHTOBBIe Bhlumciaenuda I, IT 1999]. Oxnaxo
BCe 3TO HalpaBjeHHe J0Iroe BPeMA CUMTANOCh YUCTO aKajeMu-
YecKMM U JlalleKUM OT [IOBCeJHEBHOI KU3HHU, IOKa BAPYT He Cly-
4pIoch HellpelBHeHHOe.

KBAHTOBBLIN KOMIBIOTEP —
YyJI0 HJIN HOUYHOM KOIIIMAP?

34 2 1160 oun Ero Hag myTAMu de-
noBeka, 1 OH BUAUT BCe WIATH ero.
Kuura HoBa

Bce nHavanochb mocie Toro, kak Anuca u bo® obHapymuiaIu,
YTO UX MEPENUCKY YUTAeT MNOApyra ANUChl — 4YpEe3BbIYAIHO JIO-
GonbiTHaAa EBa u3 Jnema. XoTA B mucbMmax He GbLIO HUYETro, 4TO
HYy#HO ObLIO CKPbIBaTh, Anuca u Bo6 pemunyu ux koauposaTh. UM
GbLI0 U3BECTHO, YTO INIaBHOE B TallHONMMCU — HAJI€KHO XPaHUTH
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KJII0Y OT KOJa, a Kak ero crnpAdvelib oT Bce3Haiiku EBbi? OnHa-
KO, Ipy3bA MaTeMaTUKHU MOCOBETOBAIM UM IOJb30BaThCA JBYMA
KII0YaMU, a XPaHUTh TONbKO OfUH. JTO GyAeT yAoGHO ANA HUX
U ocTaBUT EBe He CIMIIKOM MHOTO HaJe#/J Ha PacKpbITHUE KOja.
Anuca u Bo6 pemnnu octanoBuTbes Ha RSA-Koze, npugyMaHnHOM
Pusecrom, Illamupom u Apnemanom [RSA 1978].

Pa6otaeT 3ToT KoJ ciemyiomum o6pasoM. Anrca U bo6 BbI-
GUpaloT JBa MPOCTHIX YUCIA P U ¢ U BHIUUCIAAIOT UX MPOU3Beie-
Hue N = pq. ATO He CIUIIKOM TPYIHO CAeIaThb Jaxe B TOM CIy-
yae, ecid 4yucia odeHb Goubinue. [lotom oHU oG3aBOAATCA elile
OJHOIl mapoit Yucea, MEHbUIMX 7: YMCIOM d, B3aUMHO MPOCThIM
¢ yucaoM (p — 1)(q¢ — 1), ¥ TakUM 4YHCIOM e, YTOOHI BBHIMONHA-
noch paBeHcTBO de = 1 mod (p — 1)(q — 1). Bee aT0 — Taksxe He
CIMIIKOM TpyAHble 3agaun. [locie sToro napa uucen {N, e} uu ot
KOr'0 He pAYeTCH, — MX MOMET 3HaTh Aaxe EBa — a napa {N, d}
XpaHUTCA Kak 3eHuna oka. [Ipeamonoxum, uto Bo6 3axoren Hamu-
caTh Anuce nucbMo. [lernaet oH 3To Tak: cHavyala MepPeBOJUT TEKCT
nuchbMa, T.e. NOoCcie0BaTelbHOCTh G6YyKB T, 3aMeHfAeT MOHpPABUB-
meiica eMy nociegoarenpHoctbio Ty = {n1,..., ng}, cocros-
meil u3 geavix uucen {1,..., N}. Ilocae storo Bo6 npuctynaer
K MUQPOBKe, 3aMeHAA KasJoe YHCcIo n; Ha Yyucio e; = nf mod V.
Nmentno Takoit Terct moinyuaer Anuca. OHa HeMeJIeHHO 3ame-
HAET Kamloe U3 yucen Tapabapckoro Tekcra uucioM el mod N
U nony4vaer 4uciaa n; (T.e. mocieaoBaTenbHOCTh Ty ), IOTOMY UYTO

ed mod N = n¢? mod N = n;.

Tenepb ocTaeTcA TOALKO NPEBPATUTHL IONYUYEHHYIO MOCIEN0Ba-
TeJbHOCTHb B nmucbMmo boba 1.

Rox Anucer u Bo6a ucnonb3yeT To 06CTOATENLCTBO, YTO TO-
CTOPOHHUM JOCTYINHO TOJNbKO 3Ha4YeHHe uucia N, a yucia p u q,
pealu3yiollKe ero pasjomeHne Ha MPOCThle COMHOMUTENH, OCTa-
I0OTCA [JA OKpy:amumux TaiiHoil. MomeT mokasaThbcA, uTo EBa
JIErKO HalJeT 3TU 4YKcia: Belb allOPUTM PasiioKeHUA HaTypalb-
HOr0 YHC/ia B IPOU3BeJeHHEe NMPOCTHIX YKcel ObLI U3BECTEH elle
EBrauny. Bee neno B Tom, uTo BpeMA (MponopuuoHaibHOE YUCILY
HeoGXOIMMbIX BIEeMEHTapHbIX Olepalluil), Hy#HOe A peanusa-
Uy aaroputMa EBKinga, ype3BbIyaiiHO GBICTPO pacTeT C yBelu-
yeHHeM 3HaueHuA yucaa. Jaxe caMble U30I[PEHHbIE YCOBEpIIEH-
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cTBOBaHUA aidroputma EBriauja gaioT Tarkylo olleHKY HeoOXo[u-
MOT0 BpeMeHU: ecli 1 — HauboNbLINil OKa3aTelb B JBOUUYHOM
pasnoskeHuu yuciaa N, To BpeMAa T, HeoGXoAUMoOe [IIA pas3ioke-
HuA N Ha npocThble COMHOMUTEN!N, — BeJlUUMHA NOpAAKa

T ~ Cexp(anl/S(ln(n))2/3).

Rorna Pusect, Illamup u Apneman B 1977 romy mnpugymanu
CBOIO CXeMY KOAMPOBKU, OHM ODOCHIU BBI3OB jKeIaIOUINM IpU-
HATb yyacTHe B COPeBHOBaHUM Ha camoe ObICTPOE pa3iloieHle Ha
MHOMUTeNU 129-3HAYHOTO YHWCIa, U3BECTHOTO Telmepb Kak YucC-
a0 RSA-129. BreisoB mpan menawomux 17 jger. 3a 3TO BpewmsA
ObicTpoMeiicTBUe KOMIbIOTEPOB Bo3pocio npuMepHo B 2000 pas.
Ho pame nocne storo ¢axropusauna RSA-129 norpe6oBana ycu-
auii 1600 06beIMHEHHBIX B C€Th KOMIbIOTEPOB.

Takum o6pasom, Anuca u Bo6, npubernys k RSA-rony, yxe
He olacajlych NMPOUCKOB Jio6onbiTHOI EBbI. Okasamoch, 4To oHU
paHo ycnokounuch. EBa, MHoro pa3 cabimabuiag oT Anucel 1 Bo-
6a 0 yyJecax KBaHTOBOU MeXaHUKH, PElINIa BbIACHUTD, He TIOMO-
#eT 1M 3Ta HayKa U eil. OHa MO3HAKOMMUIIACH C MOJOJBIM MaTeMa-
tukoM Illopom u mompocuia ero pemuTh 3agady o pasioKeHUU
HaTypalbHOI'0 YHcla Ha NMPOCThble COMHOMUTENN Ha KBaHTOBOM
romnbioTepe. Illop sty sagauy pemun [Shor 1974]. Ionxyuen-
Hble [IlopoM pe3yiabTaThl GyKBalbHO BBI3BAIU B3PHIB B TEOPUU
KBaHTOBBIX KOMIbIOTepoB. I3 uyucTO akajeMHUecKOro Halpas-
JeHNsA, Jeallero Ha cThlke GU3UKU U MaTeMaTHUKHU, OHa IIpe-
BpaTUIach B CAMOCTOATEIbHYIO GLICTPO Pa3BUBAIOIIYIOCA HAYKY,
NpHUBIEKAIOMYIO Bece Gonabiie Monojbix ydeHblXx. Anroputm Illo-
pa B HacToflllee BpeMA MOJpPOGHO OMKMCaH BO MHOTUX 0G30PHBIX
CTaThfIX, MHOTHe U3 KOTOPHIX BOLLIM B cGopHMKN [KBaHTOBBbIE
BolumciaeHud I, I1 1999]. 3Iechb MbI KOCHEMCA JHUIIb €ro KBaHTo-
BOI YacTU — 3aJayu 0 BbIUMCIEHNH nmepuona ¢yHruuu. Ee momx-
HO copMyIupoBaTh CleAYIOMUM o6pa3oM: MycTh U3BECTHO, YTO
oyuruua f(x) yaoBreTBopAeT COOTHOIEHUAM

fle+r) = flx).

Hy:kHo HaliTU yucio r — nepuon yHruuu. U3BecTHO, YTO 3d-
(eKTUBHBIM CPEACTBOM U3y UYEHUA CBOHCTB IepUOANUYECKUX PYHK-
nuit ABNAeTcA annapat npeo6pasoBaHuili dypre. EcTecTBeHHO
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BO3HMKaeT BONpPOC, a Helb3d U ONpelelUTh KBaHTOBOe Ipe-
o6pasoBanHre ®@ypne? IIpoiie Beero 310 caenats B rUIbGepTO-
BOM IPOCTpaHCTBe ., IOCTPOEHHOM HPAMBIM NPOU3BENAEHUEM T
IBYMePHBIX M'M1b6epTOBBIX MpocTpaHcTB. Onpesenan B 3TOM Ipo-
cTpaHcTBe Gasuc |z), rae

z=2""to, 1 +2" 20, o +...+x0,

onpenenum npeobpasoBanrie Pypbe ero BEKTOPOB:

N-1
e .yr 1
Flz) = ly) exp (271'2—) 1
Torpa npeoGpasoBanue Pypbe NPOU3BOILHOIO BEKTOpA Olpele-

nuTcA GopMyoit

POy =Y Fla)(z|D).
€T
OmnepaTtop ﬁ‘l cileqymoumum o6pa3oM [JelicTByeT Ha |1:)

Flz) = Z ly) exp( ZWZN)\/LN.

Uto6bl ompefenuTh KBaHTOBOe NpeoOpasoBaHue Pypre GyHK-
uuu f(x), NIepexoJAT K MPAMOMY NPOU3BENEHUIO THIbGEPTOBBIX
HPOCTPaHCTB S ® J¢ 11A TOro, 4To6bl BO BTOPOM MPOCTPaHCTBE
3anuchIBaTh 3HaueHud pyHruuit. Eciu onpenenuts BeKTOp

Tp) =D |a) ®|f(2))

U TIpou3BecTHU NpeobpazoBaHue Dypbe B IEPBOM MOAIPOCTPAHCT-
BE:

Flws) = Flz) @ |f(2)),

TO IIOJIYUYUTCH BbIpasieHue

FEs) = ZZw exp (2777 ) T 1) 2|y®|g
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B KoTOpoM ¢yHKIUA g(y) paBHa

— Py = 29)_L

) = F1(w) = 3 f(a) exp (2miy) -

Ilo cymecTBylomemy, o KpaiiHell Mepe, IBa CTOJIETUA OIpeeie-
HUIO 3TO U ecTh onpefeienue Pypre-o6pasa byHrnuu f.

HetpynHo chopMyiupoBaTh ajropuTM onpeaeleHUA
nepvoaa QyHRINU.

CHavana BbIGUpaeTcA T'UILOEpTOBO mHpocTpaHcTBo H =
= J0 ® H. llpocTpancTBo S — 2™-MepHOe THILOEPTOBO MPO-
CTPaHCTBO S = S5 Q. ..® S, B KoTopoM OyAyT 3amycaHbl 3Ha-
YeHUA apryMeHTa &, IPOCTPAHCTBO Jf5 — aHanoruyHoe 2"-mMep-
HOe TUILGEepTOBO MPOCTPAHCTBO, Ipe/JHAa3HAUEHHOE ANA 3allcH
3HaueHuit pyuruuu f(z).

ITocne aToro ciegyoT 4eThIpe mara airoputrMa.

1. CucTema npUBOOUTCA B COCTOAHUE
|o) = [0) @ [0).
2. Berrop |¥) npeobpasyerca B BEKTOp

1
Uy =) ® | f(2) —=-
vN
3. B mepBoMm mogmpocTpaHCTBe CHUCTEMBI IPOU3BOJUTCA Mpe-
o6pasoBanue Dypre:

Uy = Uy = |Fo) © |f(2))—=.

VN

4. B mpoctpanctBe H Bri6upaerca BekTop |¥(a, ¢)) = |a)®|c)
1 uaMepseTcs HabmonaeMas Py(,, ) B cocTosHnu Y3,

B pesyabTaTe nsmMepeHUA MoHO 6y/ieT y3HaTb Bepo-
ATHOCTh TOro, utro ¢yHxnuda F f npuHuMaeT 3HaudeHUe ¢
B TOUYKeE q.

JTa BepOATHOCTDb paBHA

W = |(¥(a, ¢)|T5)[2.
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IloncTaBnfas ABHbIE BbIpasieHuAd BXOOANIUX B CRaJIAPpHOE IIPpOH3Be-
OJeHrne BEeKTOPOB, MOJYYUM

= s (o) = 3 )

T)=c

Iycrs {21, Z2,..., Ty} — COBOKYIHOCTH KOPHeH ypaBHe-
uud f(z) = c¢. Toraa

1 [~ Tsa)\ |2
W= e (07|

Ilockonbry

2=2"tgp 1 +2" 2, o+ ...+ 221 + @0,
n—1 n—2
Y=2""Yn—1 + 2" "yp_2 + ...+ 2y1 + yo,
. . TY
TO MHOUTEIb IPHU 27 B 3KCIIOHEHTE eXP (27rz —n) COIEePHUT MHO-
r'o HeJIOYKCIeHHBIX cjlaraeMbIX, KOTOphIe He BHOCAT BKJaaa B DKC-
noHedTy. Ilone3Ho yganuTh 3TH cllaraeMble ¢ caMoro Havasna. [lpu
BBINMOJHEHUH 3TOM omepanuu ynaienue Gyaem o603HavYaThb CTPe-
Koit =. 3aMeTHM, 4TO
y
gn = Yn— 1203+ 2n 1T = Yn-— 12€E0+ 2n
IlepemenHas y,,_1 BXOJUT TOIbLKO B mepBoe ciaraemoe. lIpomon-
#afd 3TOT MPOIECC, MOKHO OCYNIECTBUTD MONHYIO peqyKIHUIO:

%: = Yn— lfn 1( )+yn—2fn—2($)+"‘+y0f0($)'

IIpu 3ToM GOYHEIUA fo 3aBUCUT OT BCeX MepeMeHHbIX x: fo(r) =

fo(Tn-1, Tn_2,...,T9), GyHKUUA f; TeprAeT 3aBHCHUMOCThb
oT Tp—1 — f1(x) = fi(®n—2,..., To). loTepa aprymMeHTOB mpo-
JOJ3KaeTCA ¢ yBeludeHHeM HoMepa QyHKIMH, Tak 4TO fr,—1(x) =
= fn-1(zo)-

Tenepb 5KCIOHEHTY MO#HO MpPEACTaBUThL B (opMe Mpou3Be-
IeHuA

exp(2m—) HGXP(2mykfk( ))s
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a cyneprno3uinio 6a3MCHbIX BEKTOPOB MPEBPATUThL B IIPAMOE MPO-
u3BeJeHue:

Zly exp(2m—) H ®Z| exp 27r\1/y_kfk( ))

HOCKOJIbe KamIoe U3 Yucel Yy NPUHUMAaeT JNUIIb 1Ba 3HayUe-
HUfA, TO HETPYJHO NMPEACTaBUThL pe3ylbTaT npeobpasoBanusa Py-
pbe B BUje 1 NPAMbBIX NPOU3BEIEHU

Fla) = (10) + [1)e*m—) % ® (|0} + |1ye2is—) % Q-

® (|0> + |1>e2"ifo) %

@OyHRUMY f; peaAcTaBIAIOT co60il JBOMYHbIE APOGU:

fn—l = %1170 = 0.z, fn 9 = 131 + 212 = 0.x1x0,...
f0=%03n—1+21203n 2 +. +2—n$0—0$n 1Tn—2 .- TQ,

Io3TOMY nepan‘/'I COMHOMUTEe]Ib B IPAMOM IIPOHU3BEAECHHUH paBE€H

1 1
(10 yezmise) L= (joy+ye=) T = (10 +1) (1)) -
V2 V2 V2
JTo, Kak ObLIO U3BecTHO y#e Anuce u Bo6y, — pe3ynbTaT mnpu-
MeHeHMA NpeoGpasoBanua Oypbe K BEKTOPY |Zo):

10) + [1)e?™Fn=1) = = H|xo).
ﬂ

BTOpOf/i COMHOMHUTeEIIb BbITVIAOUT IIOYTHU TaK He:

Tri:to

i 1 — 1
0) + [1)erm0erz0) L = (jo) 1) 2 (—1)=) L.
(l V2 V2
IIpeo6pasoBanue Axamapa NpuCyTCTBYET U B HEM, HO IIPUMEHAET-
CAl OHO He cPa3y K BEKTOpY |T1), a TONbKO Mocie HEKOTOPOro Mpe-
o6pa3oBaHif, 3aTparuBaollero JBa BeKTopa — |xg) U |z1):

(|0> + |1)e2m‘0.m1wo)% = ﬁlﬁ0,1|$0,331)~



216 Kax deaamsv nodapru

B Taxkoii ke (I)OpMe MOHO NpeACcTaBUTb U OCTal/IbHbIe COMHOM U~
TeJlu NPAMOIo Npou3BegeHu . BoT TunuuHbIii nmpuMep:

] 1
(lO) + |1)62ﬂ10~wk$k—1~-~£0) S S
V2

= HyRp p—1Ri k-2 ... Ry o|To,... , k).

Ka?ﬁ,ﬂblﬁ U3 COMHOMKUTENEeR nojay4vyaeTcAa B pe3dylibTaTe mocjieno-
BaTeJbHBIX OJHO- U ,HByXﬁI/ITHbIX npeoﬁpasoBaHMﬁ — JJiIeMeHTap-
HBIX onepaunﬁ, KOTOpLI€ BLINIOJHAET KBaHTOBBII KOMIIBIOTEP. He-
TPpYyAHO HalTU MOJHOE YKUCIO TaKUX onepaunﬁ:

M= Sy 2 20D

=0

Takum o6GpasoMm, OoiA mpeo6pasoBanua dypbe BerTOpa
13 N-MepHOro nNpocTpaHCcTBa KBAHTOBOMY KOMIIbIOTEpPY
Tpe6Gyerca Noy ~ (In N)? onepaumii.

KAR IEJATD IIOJAPRU

Munaa neBymka Anuca oG3aBenach HEKOTOPOH KBaHTOBOI
CHCTEMOIl B HEM3BECTHOM /A Hee COCTOAHUM |P). OHa XoueT mo-
HapuTh 3Ty cucreMy cBoeMy Apyry Bo6y. Ecan sta cuctema cmo-
cofHa K NepeMelleHNAM, NpPOlle BCero GblIo Gbl MPOCTO MOCIATH
ee B BoCTOH MOCBIIKOl, HO Aunca moyeMy-TO He MOKET 3TOrO
cienaTb. BmecTo 3TOro oHa MoO#eT HocIaTh BTOPYIO TaKyIO Hie
cuctemy. JTa gononHUTeNbHaA cucTeMa (ancilla) HaxoauTes B us-
BECTHOM COCTOAHHH |ag), HO HUKTO He 3HaeT, KaK CBA3aHbI HMe-
IOIlecA B pacnopAmeHny Anncel cocToAHuA. YTo6bI noMoub Ge-
Ie, Anica 3acTaBifeT CBOM CUCTEMbI B3aUMOIeiCTBOBAaTh MM Y
co6oii, mociie 4ero mepBoHayalbHafA CHCTEMa OKa3blBAaeTCA B W3-
BECTHOM COCTOHHUH |¢g), @ JOMOIHUTEIbHAA — B COCTOAHUH |a),
KOTOpPOE XOTAl 1 HEM3BECTHO, HO COfIEPKUT B cebe BCIo MHpOpMa-
uuio o cocrosHu |¢). llomyuus nocsuiky, Bo6 MoxeT moBTOPUTS
meiicTBUA Amichl B 0GpaTHOM IOpPALKE U NMOIYYUTH elaeMoe co-
CTOAIHME |P).
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Hpe,[[HOJIO}HI/IM, 4YTOo cucremMa, KOTOpOﬁ o63aBenach Annca —

9TO YacTula co CIIMHOM % nin (I)OTOH C onpegelleHHbBIM UMITYJIb-

coM. Ecau ocs OZ HanpaBuTh BAOAb UMIyIbca GOTOHA, TO OCTa-
IolyecA cTeneHu cBo6oabl GoToHa GyAyT CBA3aHBI ¢ ABYMA pas-
JIMYHBIMU TodApu3anuaAMu ¢otoHa. B no6om ciydae BeKTOp co-
CTOIHUA CHUCTEMbI MO#HO MpPeACTaBUThL B hopme

[¢) =1 DT+ HCW).

RKosdduuuentsr C(1, |) cBA3aHBI COOTHOIIIEHHEM

C* +ICP =1.
Ecanu |¢) — aT0 cocroanue porona, To Benuuuna |C(1, |)|? onpe-
HelfieT OTHOCUTEIbHYI0 BEPOATHOCTL TOr0, YTO (OTOH HpOiizeT
CKBO3b aHaIN3aTOP, KOTOPBII IPOMYCKAET TOIBKO Te KBAHTHI, KO-
TOpbIE HAXOLATCA B COCTOAHUAX | T, ).

B kauecTBe [OMONHUTENLHONW CHCTEMBI AnKMca MOKET BBI-
OpaTh CHCTEMY M3 ABYX YacCTHIl TOTO ke COpTa, KaKkaf yie eCTh
y Hee. OmepaTopsl, cBA3aHHbIE C NePEMEHHBIMH B TaKOW CHCTe-
Me, OIpefeleHbl B YeTHIPEXMEPHOM I'HIbGEPTOBOM IPOCTPAHCTBe.
0G6o3HauMM nepeMeHHble QYHKIUN B 3TOM IPOCTPAHCTBE CUMBO-
namu 2 ¥ 3 ¥ BbIGepeM B KadecTBe 0asuca Clefyloline BEKTOPI
(0BBIYHO UX HA3BIBAIOT (COCTOAHUAMM Bemnay):

[W35) = @ (I12)14s) £ [15)142))
|®5) = @ (o) I13) £ o) l4s))

U NIpUBeJleM Hallly NONOJHHUTENbHYIO cUcTeMy B cocToAHMe |Uys).
Bonbmas cucrema «1+2+3» B 3TOM ciiyuae GyaeT HaXOAUThCA
B COCTOAHUH

[W123) = [p1)|¥33) =
= 2(10R)I613) + [Wh)|62(3)) +

+ 193)1#3(3)) + [91)194(3)) )
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rie R
[¢1) == DC(M) - [NC{) = Ul4),
[62) =~ DC) + [ NCW) = Talg),
|6s) =+ CW) + | DO (1) = Ts|g),
|da) = = DCWU) + | HC(1) = Tal@).
IIpu ar060M cocToAnuu |P) cucrema «1 + 2» ¢ paBHOI Bepo-
ATHOCTBIO i HAXOAUTCA B KamaoM u3 cocrommuii |UE), |85).

Ecnu Anuca ¢ HOCTOBEpHOCTBHIO NMEpPEBefleT €€ B OJJHO U3 3TUX
COCTOAAHMUM, TO Bo6 ¢ NOCTOBEPHOCTHIO MONYYUT HEKOTOPOE CO-
crosanue U;|¢). Ecin Anuca coo6muT eMy HOMep CBOEro COCTO-
AHUA, TO B06 NPpUMEHUB K UMellleMyCcA y Hero BeKTOpy olle-
paruio U 1|¢), nomyuut caenok cocroanus |¢). lonesno Benom-
HUTb, YTO Asnca B pe3ylbTaTe ONMCAHHOI ollepaluy JHUIIUIACh
XOTb U HEU3BECTHOT0, HO, MOET ObITh, JOPOroro eifi COCTOAHUA.
JTO 00CTOATENBLCTBO OTpakaeT CYIECTBEHHOE OTINYUE KBAaHTO-
BOi HH(pOpMaUUu OT KIacCHUYeCKOoil: KBaHTOBOU HHGopManueit
MOKHO 00OMEeHAThCA, HO ee Hellb3A Ay0JIUpoBaTh.

3aMeTHM, UTO aBTOPbI MbICIEHHOI'0 SKCIIepUMeHTa CUUTAIOT,
YTo Hepefava Anucoii HoMepa ocTaBllerocs B ee pyKax cOCTOfl-
HUA MOMET CUYUTAThbCA YUCTO KJaccuyecKoil WH(popmauuei, mo-
3TOMY TelenopTauua TpeOyeT UCIOIb30BaHUA KaK KBaHTOBOIO,
TaK ¥ KJIacCU4YeCKOro KaHaloB MHPOPMaluH.

TPEXKROMIIOHEHTHBIE CUCTEMBI.
TEJIEIIOPTALINUA

Mb1 ye Bugenu, kak baysp u JloHgoH mpITanuch pemiuThb
npobieMy W3MeEPEHUil, JONOJHUB JBYXKOMIIOHEHTHYIO CHUCTEMY
«0BbeKT + mnpubopy» emle oJHUM OOBEKTOM C 0COOBIMU CBOMCT-
BaMU. ITO He CIUIIKOM MOMOTIIO ey, HO HaBeJo Ha MbICIb, YTO
B CHUCTEME, COCTOALIEN U3 TPeX paBHONPABHbBIX MOACUCTEM, MO#HO
O6yneT HabaOOaTh AOBOJbHO HeO#UJaHHbIe AIBIEHUA.

IIpennonomkuM AjA onpeaeleHHOCTH, YTO IKCIEPUMEHTATOP
MOET Te€M WIN UHBIM coco6oM 00 beIMHATb TPU UCXOAHBIE CHUC-
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TeMbl, X, ¢ = 1, 2, 3, nonyyvas, HanpuMep, CUCTEMBI
Ui =Y1UX U3

UIn
Uy =312 U3,

rjge cucremMa 212 HUMeeT CTOJbKO #e He3aBHUCUMbIX NIEePEMEHHBIX,
KaKk U o0bellHEHHEe MOACHUCTEM 1wu 2, HO OT/IM4YaeTCA OT Hero
cBoiictBamu. CNHCOK BO3MOMHBIX 06'be,£[I/IHeHHﬁ MOMHO IIPpOJOJI-
MUTH.

CocTogHus Kam [0l UX TaKUX CUCTEeM MOMHO oNucaTh C IO0-
MOIIIbIO MaTpulbl NJOTHOCTHU

p(z; '), z=(z1, T2, T3).

PasubiM cnoco6aM 06BeAMHEHUA COOTBETCTBYIOT Pa3HOr0 BHJA
Aapa p. R

Ilycts umeeTcda npoeKuUOHHBIN onepatop Pjs, ompenenes-
HbIl B 00BeAMHEHUU cucTeM 1 U 2, T.e. AZPO ITOrO omeparopa
nMeeT BUJ

Pra(w1, o235 Y1, y2) = (w1, T2)@* (Y1, Y2)-
HeTpynHo mokasaTb, UTO ollepaTop

TI‘(LZ) (ﬁlz(l, Z)ﬁ(la 2, 3))

R(3) = —
TI'(P12(17 2)/p\(1a 23 3))

¢ AIPOM

R(iL‘g, $l3) = C/q)*(y17 y2)p(y17 Y2, T35 21, 22, xIB)(I)(Zla 22) dde

npejacTaBifAeT co00ii HEKOTOPYIO MaTPHUIy MIOTHOCTH.

Ee ecTecTBeHHO HA3BaTh «YCIOBHOI MaTpHIlel MIOTHOCTH»
CHCTEeMBbI Y123 P YCIOBUH, YTO NOACHCTEMA Y12 HAXOAUTCA B CO-
crosHuu Piy. OcoOblil MHTepec NpecTaBIAET cllyYail, Korjaa 60ib-
mad cUcTeMa HaXOAUTCA B YHCTOM COCTOAHHMU:

pla; a') = U ()P ().
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CocTofAHUE CUCTEMBI 23 Torga Tak#e 6y11eT YUCTbhIM:

R(ws, z3) = u(ws)u*(z3), |[[u|* =1,
roe
’LL(LU3) = D/(I)*(.T,'l, 132)‘1’((131, T2, 1133) d:lfl d:l?z.

UpesBbIvuaifHo Ba#HO cieqyioliee 06CTOATEILCTBO: B COCTOAHUH
60MbII0N cUCTEeMBbI ¢ BOJHOBOU pyHKIuel ¥ moacucTemMa Y3 Mo-
#eT HaXoJUThCA B cMellaHHOM cocToAHUU. Takum obpa3oM, po-
1eypa MOCTPOEeHUA YCIOBHONU MaTpPHUIbI IOTHOCTHU MpPeACTaBIA-
eT co6oil «<KBaHTOBBII CIOCO0 OUUILEHUAY.

Ilycts ¢yuruua ¥ npencraBideTca B ¢dopme

‘IJ(CE]_, T2, 333) = f(ml)F(xZa 333),
Toraa

u(zs) = / dzy f(a:l)/ dzy D®* (21, ©2)F (22, x3).

Ecan BHyTPEHHI/Iﬁ HWHTerpaja CBOOUTCAH K 5-(1)yHI{I.II/II/I:
D/‘I)*(:L’l, 1172)F(£U2, 1133) d(l)z = (5(131 - 1133),

TO yCIOBHafA MaTpUIa INIOTHOCTH ONpPefielifieT Takoe (YUCTOe) co-
CTOAAHME CHUCTeMbI X3, B KOTOPOM [lepBOHaYalbHO HaXoaujaach cUc-
Tema Y;. Cucrema g B yc/IOBHOH MaTpule IIOTHOCTH 00beAnHe-
Ha C CUCTEMOIi Y5 B COCTOAHUU Pjo, T.€. ee cOCTOAHUE ABIAETCA
CMelIaHHBIM.

TakuM 06pa3oM, TOTBLKO YTO ONMUCAHHOE NMOCTPOEHUE yCIOB-
HOP MaTpHUIbl TNOTHOCTHU (€CIU OHO BO3MO#HO), OTIPEIeNAeT #e-
JaHHBIN BceM ¢aHTacTaM Ipoliecc TejelNopTalli: HEYTO, HaXo-
IOuBIleecA B 3aJlaHHOM MecTe, Hcue3aeT, NOABIAAChH HeMeaJleHHO
B IpyrOoM MecTe B TOM € caMOM COCTOAHUM, UTO U paHbIIe.

B cronb obmeit nmocTaHoBKe 3ajavya, pasdyMeeTcs, Hepas-
pemiiMa — HaM IIPOCTO He XBAaTUT GYHKIUi, YTOOLI IOCTPO-
uTh I-pyHknuio. OHAKO MO#HO paccMOTpeTh 3agauy Goliee orpa-
HUUYEHHYIO: PacCMOTPUM CHUCTEMBI, KOTOPbIE XapaKTepusylTcH
Kak HeNpepbIBHbIMHU, TaKk U OUCKPETHHIMHM NepeMeHHbIMU. Ilo-
cleJHHE MOTYT XapaKTepU30BaTh, HalpUMep, HEKOTOpPhIE BHYT-
peHHHe cTeleHU cBoOOAbI cucTeM. Mo#HO 11 TeleNopTUPOBATh
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CTPYKTYPbI, CBA3AHHbIE C ITUMHU AUCKPETHHIMHU IE€PEeMEHHbIMU?
[liA onpeneneHHOCTH PEAIOI0AUM, YTO Bee IepeMeHHbIe - UMe-
IOT OJMHAKOBYIO mpupony: € = (z, o) U 4TO

V(x1, x2, x3) = f(21)F (22, 3) = f(21, 01)F (22, 02; 23, 03),

NpUYeM HelpepbIBHBIE U ANCKPETHLIE IepeMeHHbIe B GyHKIUU F'
(parTOpU3YIOTCA:

F(22, 025 23, 03) = V(22, 23)v(02, 03).
TaruM #e cBOMCTBOM mycThb o6nafaeT U QyHKHUA P:
(1, T2) = P(21, 22)€(01, 02)-

B sTom cayuae
u(ee) = ulea, 00) = Y [ deafler, o)W (e, 290, o)
o1

rue

W(Zl, Z3) = Cl / d2’2 ¢*(Zl, Zz)V(Zz, 2’3),

X(o1, 03) = C2 Y v*(01, 02)€(03, 73).-

a2

IlockonbRy cyMMa COepUT JUIIbL KOHEYHOe YUCIO ciarae-
MBbIX, MOKHO PaclopAAUTbCA PYHKIUAMHU v U £ TaK, YTOOLI BbI-
MOJHAIOCH PABEHCTBO

X(01, 03) = 05104
Ecnu ¢yuknua f dpaxtopusyertcs:
f(2) = 8(2)s(0),
TO (parTopusyerca U GYHRUUA U:
u(z, o) = G(z)s(0).

Tarum 06pa30M, TOJILKO 4YTO IIOCTpOEHHaAd YCJIOBHaA MaTpula
IINIOTHOCTU IIO3BOJIAET TeJellOpTUPOBaTh OUCKPETHbIE CTEIleHU
cB0OOOBI CUCTEMBI.
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B kauecTBe mpumepa paccMOTpUM ciyuail, Koraa Bce TpPU
HO/ICUCTEMBI Y; MPEJCTaBIAIOT 060l HEPENATUBUCTCKUE YaCTH-

bl CO CIIMHOM % HepeMeHHbIe z 6y,Z[yT COCTaBJAKOIIMMU pagu-
yca-BEeKTOpa 4YaCTull: 2 = r, a ¢ — CIMHOBbBIMU II€DEMEHHBIMU,
IIPpUHUMAaKIIUMHU 3Ha‘{EHI/IH +1.

Hy(ZTb omnepaTtop P12 BblJleJAeT CUHIJIETHOEe CIIMHOBOE COCTO-

AHKE:
®(x1, x2) = ¢(r1, r2)Xx (01, 02),

rue

x(o1, 73) = - (xy (o)x_ 3 (72) = x3 (72)x_ 3 (o).

V2

(%JSX:I:%)(O’) = :I:%Xi%(g)_

1
2

IIycTh TakuM #e cBolicTBOM obnajgaeT U GyHKuud F:
F(z1, x3) = V(r1, r2)x(01, 02),

T. €. (pyHI{I.II/IH v coBnajgaer C x. HpHMOﬁ IoacyeT NnMoKas3bIBaeT, 4YTO

ZX(Ula UZ)X(”% 02) = 50‘10‘3‘
o2

Tarum 06pa30M, TejienopTaguAa 4YacTUllbl CO CIMHOM % BO3MOM-

Ha, XoTA 6bl B mpuHuune. Hy»HO TONIbKO BBIACHUTbH, KaK MO-
HO pealn3oBaTb COOTBETCTBYIOLINE COCTOAHUA. A BbIACHEHUA
3TUX BOIPOCOB MO0JIe3HO O0OCYyAUThL OJecTAMUI dKCIEPUMEHT Mo
Tenenopranuu GoToHa, ocymectBiaeHHbIil B NHCOpyKe B 1997 ro-
ny [Bouwmeester et al. 1997].

TEJEIIOPTAIINA ®O0TOHA

1. IIpuroroBiieHHe HA4YaJlbHOT0 COCTOAHUA. lmnynbe
yIbTpadHuoieTOBOr0 U3MYUYEeHUA NPOXOAUT CKBO3b HeIWHEHHBIi
KpuUcTall, mopoaaa napy ¢oroHoB 2 u 3. CocToAHUe MONApU-
3anuy 3TON maphbl onuchiBaeTca GyHKuuedr w(oq, o3). llpu atom
GYHRIUA w JoN#HA GbITh AHTUCUMMETPUYHA 10 CBOMM NEPEMEH-
HBIM, T.e. w = X. [locne oTpaskeHuA OT cToAIIEro 3a KPUCTAILIOM
3epKalia 3TOT #e UMILYIbC IIOPOKIAET elle oJHy napy ¢oToHOB 1
u 4. Ilocne Toro, kak ¢oToH 1 npoiigeT CKBO3b MOAAPU3ATOP, €TI0
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CIUHOBOE COCTOAHWE GymeT omuchiBaTheA pyHKuUeH v(op). Po-
TOH 4 BpeMeHHO BLIGbIBAaeT U3 UIPbl, HO He HaBceraa. Ero pe-
TUCTpAalKA N03/[Hee MO3BOIUT YCTAHOBUTD, UTO MOJAPU3AINUOHHOE
COCTOfIHUE ONMUChIBaeTcA GyHRIUEH

\I’(O'l, g2, 0'3) = ’U(O’l)X((fz, 0'3).
BbI,[le.TIEHI/Ie KRamaoro us Q)OTOHOB II03BOJIAET y4YeCThb 3aKOHbI CO-
XpaHeHUA IIPU PO IEHUHU Kam goun nmapsbl, T.e. B KOHEYHOM CcyYeTe,

06ecneunuT perucTpanuio HalpaBleHUA pacnpocTpaHeHUuA (oTo-
HOB.

2. IlocTpoeHue yci0BHOI MaTpuubl miaoTHocTH. [lpn-
BecTU (POTOHBI B cocTofiHne Pjs MO#HO clefyomumM 06pa3oM.
[Tocne coOTBETCTBYIOMUX OTpameHuil 3TU GOTOHBI MOMHO HaNpa-
BUTb Ha GOTONENNTENb TaK, YTOOBI OHU MOJONLIN K HEMY C Pa3HbIX
cropoH. IlycTb B 3KcmepuMeHTe perucTpupyeTrcd ciydaii, Korjaa
(hOTOHBI B KOHIlE SKCIIEPUMEHTA 0Ka3bIBAIOTCA MO pa3Hbie CTOPO-
HBI OT QoTojenuTena. AMIIIUTYla COOTBETCTBYIOINIEr0 Mpolecca
Gy/eT cynepmno3uiyeil aMILIUTY ]| pollecca, Ipu KoTopom ob6a do-
TOHA OTpamalTcA 0T HOTOAeNUTeNA, U Tpolecca, IPU KOTOPOM
Kam Iblil 13 POTOHOB MPOXOAUT CKBO3b oToaenuTenn. U3BecTHo,
YTO eClU NoJAApU3alMOHHaA QyHKINA GOTOHOB Nepe]] JOCTUHKEHH-
eM (oToJenuTeNA OKaMeTCA CUMMETPUYHOI 10 CBOMM IepeMeH-
HBIM, TO pe3yNbTUpPYIOIIafA aMIuTya 6yaeT paBHa Hymo. Takum
o6pa3oM, peructpanuf GOTOHOB MO pa3Hble CTOPOHBI (oToaENU-
TenA Gy/eT 03Ha4YaTh, YTO UCXOJHAA MONAPU3AUMOHHAA QYyHKIMA
COOTBETCTBYOIUX $HOTOHOB Gblia AHTUCUMMETPUYHOM, T. €.

Py = X(17 2) ® X(17 2)

3. Perucrtpamnua Tteaenopranuu. IlpuBeneHHble paHee
BBIKJIAJKH MO3BOJAIOT yTBEP#AATb, YTO OJIHOBPEMEHHAA PETUCT-
pauus ¢oToHoB 1, 2 1 3 IpH yclIoBUU, YTO POTOHBI 1 U 2 oOKamyTCA
[0 pa3Hble CTOPOHBI HOTOAETUTENA, OOHAPYHKUT, YTO GOTOH 3 MO-
JIApU30BaH, MpUYeM 3Ta NMOJApPU3alUA COBNAfaeT ¢ NepBOHAYAb-
Ho#l monsApusanueit dorona 1. YTo6bl 06HAPYHUTH MONAPUIALHUIO
¢doToHa 3, MO#HO 3aCTABUTH €ro MPOUTHU CKBO3b MOJAPU3ANUOH-
HbIll (hOTONENNTENb, T0-PA3HOMY MNpPOMYyCcKaomuii GOTOH B TOM
WM UHOM HalpaBleHUM, B 3aBUCUMOCTHU OT MOJApU3anuu GoToHa.

B NucOpyrckoM 3KcHepuMeHTe HY#HHble COOBITUA BbIJENA-
JUCh ¢ TIOMOIIbIO AeTeKTopoB doToHoB f1, 2, d1, d2. U3 coob-
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pasKeHuil TeXHUYeCKMX YN0OCTB 3TH [eTeKTOphI BbIJEJANU COB-
najeHuA UIu aHTucoBnajgeHuA cobpiTuil. CoBnageHue nokasaHuii
CUeTUYMKOB (T. €. UX OfHOBpeMeHHoe cpabaTeiBanue) f1 u f2 yra-
#eT Ha To, UTo (HOTOHBI 1 ¥ 2 HAXOJATCA B COCTOAHUU 1312.

HetexToph! d1 u d2, 6p1TU yCTAHOBIEHHI NOCHE MONAPU3AIY-
OHHOTO ¢OoTOoJenuTeNA, CKkBO3b KOTOPBIit IpoXoAua ¢GoToH 3. ATH
JeTeKTOPbl PErUCTPUPYIOT OPTOrOHaNbHbIE APYT K APYTY JHHEN-
Hble NoJApU3anuu GOTOHOB.

IIycTb nepBoHavyanbHbiil GoTOH 1 MoAAPU30BaH TUHENHO B He-
KOTOPOM M3BECTHOM 3KCIlepUMeHTaTopaM HallpaBlleHUH, U JeTeK-
Top dl BBIJeNAeT UMEHHO 3TO HampaBieHue noisApusanuu. Cos-
najgeHve nokasanuii cuetunroB (f1, f2, d1) u anTUCcOBmameHuUe
norasauuit (f1, f2, d2) ykaseT Ha TelenopTaHUIO MONAPU3ALUU
¢oTtoHa 1 K dpoToHy 3. IlepBoHavanbHO NONAPU3ALNOHHOE COCTOA-
HUe 3Toro oToHa ObLIO IOJHOCTHIO HEONPe/le/eHHbIM.

AnanoruyHsiM 06pa3oM MOkHO 3adUKCUPOBaTh TelenopTa-
LU0 (OTOHOB C KPYTOBOH MonApU3anuen.

TEJEIIOPTAIINA YACTHII
HEHYJIEBOI1 MACCBHI

NHCOPYKCKUT IKCNEPUMEHT MOMET NOCIYHUTh 00pasnoM
IUIA CXeM TelelopTalu YacTUIl ¢ HEeHYIeBol Maccoii nokod. Ina
npuMepa paccMOTPUM 3ajauy TelenopTaluu 3ieKTpoHa. lapa
«3NEKTPOH + MO3UTPOH» C PABHBIM HYIIIO MOJHBIM CIIHHOM €CTec-
TBEHHBIM 006pa30M BO3HMKaeT IPU pacnaie Napano3uTPOHUA —
OCHOBHOTO COCTOAHWA CBA3AHHBIX NEKTPOHA U MO3UTPOHA. BbI-
[elIUTh TAKYIO CHCTEMY He CIMIIKOM cioHo. Ecnu & 3Toil mape
100aBUTh MEKTPOH ¢ BONHOBOI ¢yHkuuei f(r)é(o), To BO3HUK-
HET TpexyacTUUYHafA CHCTeMa B COCTOAHUU

U(ry, 015 T2, 02; T3, 03) = u(r1)€&(01)up(r2)uc(rs)x (o2, 03).

IIycThb snekTpoH 1 U NO3UTPOH 2 HANPaBIAIOTCA HAaBCTPEUY JPYyT
IpPYyry TaK, YTO OHM MOryT o6pa3oBaThb NMapalo3UTPOHUIl C BOI-
HOBOH (pyHRIUeNH

<I)(I‘1, 015 I'a, 0'2) = F(I‘l, I‘Q)X(O'z, 0‘3).

8 KBaHTOBasA Tenenoptaunud
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CocTofiHME BNEKTPOHA 3 NpPU YCIOBUU, YTO BIEKTPOH 1 u mo-
3UTPOH 2 oGpa3oBanu Napano3uTpPOHUIL, ONPENeNAeTCA BOIHOBOM

byHELUeR v(r3, 03) = g(r3)é(o3).

TakuM 06pa3oM CIIMHOBOE COCTOAHUE 3JIEKTPOHA 1 TelenopTUpY-
eTcA K DJIEKTPOHY 3, KOTOpPBIil IepBOHAYAIbHO ObLI MOJHOCTHIO
HenoJlApu30BaH.

ITo Takomy e oGpa3iy MO#HO TeJIeNOPTHPOBATh COCTOAHUA,
CBfiI3aHHbIE ¢ NPOU3BOJNbLHBIM MOMEHTOM KOJNMYECTBA [BUMEHUA.
Ecau cucrtema cocTouT U3 yacTull 2 U 3, KamAaAd U3 KOTOPBIX
obj1agaeT MOMEHTOM KoJuuyecTBa [BUMEHHUA j, TO 4acTb €e BOJ-
HOBO# ¢GyHKLUM, CBA3AHHYIO C MOMEHTOM, MOHO NpeACTaBUTh
B (hopme

F((.U2, (.U3) '7 m¢m(w2)¢—m(w3)'

mz

Bpra}HeHI/Ie pIey¢ ;s HOCTpOBHHOI/I 0 NpUB€JEeHHBbIM BLIIIE 06pa3uaM
YCJIOBHOﬁ MaTpUulbl INIOTHOCTU COAEPHUT UHTErpal

[ Fon ) dor @) = S0 S v (o)

HpaBaﬂ YacThb paBeHCTBa C TOYHOCTLIO 10 MHOMUTEJA NIpeacTaB-
nfeT coboit AIPO €eAJUHUYHOI'O ollepaTopa B MIPOCTpaHCTBe, CBA3aH-
HOM C MOMEHTOM KoJu4YecTBa IBUMEHHA.

MO HO /I OBPATHTD
N3MEPEHUA?

.mpeanoxenue ornpaButh Kanta B Co-
JIOBKY He TOJNBKO He M0pa3uio HHOCTPAHIa,
HO Jlake TPUBEIO B BOCTOPT.

— HmMeHHO, UMeHHO, — 3aKpuyal OH —
eMmy Tam camoe mecto! Belb roBopun g emy
Torja 3a 3aBTparoM: «BeI, mpodeccop, Bo-
1A Ballla, YTO-TO HeCKIajgHoe mpuaymanu!
OHo, MO#e€eT, U YMHO, HO GOJLHO HENOHAT-
Ho. Han Bamu moTematbea Oy oy T».

M. A. ByarakoB
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EcTecTBeHHO, UTO OCHOBHBIM CTHUMYJIOM MOCTPOEHHUIl ¢oH
Heiimana 611 uncTo ¢usudeckue coobpamenus. IIpexae Bce-
r'o — 3TO ABHOE KeJaHUe COriIacoBaTh TEOPUIO U3MEPEHUIl C MPUH-
LUIOM [JONOJHUTEILHOCTU U yOe#eHre B TOM, YTO BCAKOE U3-
MepeHUe HeoOpaTUMO.

ITonpo6yem pasobpaTbcA B HEOGXOAUMOCTH IIEPBOrO U CIIpa-
BEIJIUBOCTU BTOPOIO.

OueBupHO, uTO Teopud ¢oH HeiimaHa He MMeeT HHKaKOro
OTHOLIEHUA K NPUHIUIY NONOJHUTENbHOCTH C €ero amneifanuei
K KIaccuueckoil ¢usuKe. ITO — caMOAOCTAaTOUYHAA KBaHTOBafd
cxema, OCHOBaHHAfA Ha aHalu3e CBOMCTB INHAMUUYECKUX NEPEMEH-
HbIX — JMHEeHHBbIX ONepaToOpoB B r'Mib6epTOBOM IPOCTPaHCTBE,
KOTOpble ONpeeNfloTcA CBOMMHU NepecTaHOBOYHBIMU COOTHOLIe-
Huavmu. OgHako ¢on HeiimMaH cuMTaer, YTO MPUHIHI AOMOIHU-
TeIbHOCTH He06X0JUM eMy AN 000CHOBaHUA HEOGXOJIUMOCTH 3a-
BepuieHUA Lienu uaMmepenuii «ab6erpaktHeiM fIy [Heliman 1964,
cTp. 308]:

Bop nepBrlii yKa3an Kak Ha TO, YTO BO3HUKIIYIO B pe3yib-

TaTe OTKPbITHA KBaHTOBOII MeXxaHUKHU ¢ ¢opManbHOI TOUKHU

3peHuA Heu3OeH HYIO NBONCTBEHHOCTh B OMUCAHUU MPHUPOIBI

MOKHO ONpaBAaTh M C TOUYKM 3PEHUA MPHUPOABI Belleil, Tark

U Ha CBA3b C NPUHLUIOM NcUX0pHU3NMUYeCKOro napaiiennsma.

CrathbA, Ha KoTopy1o ccbliaeTcA GoH Heliman — nyGaukanud
nornana bopa Ha oTkpeiTuM 18-ro CraHaUHaBcKOro cobpaHud ec-
tecTBoMcnbITaTeneit [Bop 1971, cTp. 62-71]. B unrepecytouieit
HAC YacTH JO0KJaja roBOPUIOCH:

He onacasch ObITE J10#HO IOHATLIM, GYATO A HAMEPEH BBECTH
HEKOTOPYIO MUCTURY, He MMEIOIY0 HUYero o61ero ¢ 1y Xom
HayKHU, X0Uy YKas3aThb 3/leCh Ha CBOeoOpa3HbIil Mapallienu3M,
CylLIecTBYIOMUIl MeIy BO30GHOBIEHHO!N AHMCKYcCUEN O pe-
albHOCTH NPUYMHHBIX 3aKOHOB M M3JaBHA NPOJOIKAIOIENHCA
JuckKyccueit o ceo6oe Bonu. B To Bpemsa Kak 4yBCTBO cB00OO-
IbI BOJIM TOCIIOACTBYET B Iy XOBHOI #U13HU, TpeGoBaHUe IPU-
YUHHOCTU JIeKUT B OCHOBe yrnopsAgoueHud omyuieHunit. Bmec-
Te ¢ TeM B 060UX cIydyadX UMeeM HEKOTOPYIO hjeanusalnuio,
eCTeCTBEeHHbIE TPaHUIIBI KOTOPOIl MOKHO U3YUYUTH Oolee Je-
TalbHO, U KOTOpad O3HayaeT, YTO YYBCTBO CB0OOIbI BOJIU
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u TpeﬁOBaHI/Ie NMPUYNHHOCTHU OJWHAKOBO He3aME€HUMBI B OT-
HOIIEHUAX Memay Cy6’beHTOM u Oﬁ’BeP{TOM; 9TO cocTaBi/AeT
Aapo l'[pOﬁJIeMbI IO3HaHUA.

BpocaeTca B rnasa, uto paccysjaeHus ¢on Heiimana o Bo3aMozk-
HBIX THIIaX 3BOJIOLUU B KBaHTOBOI1 MeXaHUKe colep:KaT He TOJb-
Ko GecclopHbIe pe3ynbTaThl, KOTOPble OCHOBAHLI Ha (opManusMe
1M300peTEeHHO UM cCaMHM MaTpulle INIOTHOCTU, HO U YTBeEpP#Ie-
HUA, BHYLIEHHble TeM, YTO MOHO Ha3BaTb «OOLIMM MHEHUEM),
B OCHOBE KOTOPBIX JIeKaT NMPEeANOChUIKY, He CBA3aHHbIE HENOCPe/-
CTBEHHO C «M€POi, YUCIOM U BECOM).

Ilo-BuanMOMYy, no 3Toit #e npuuruHe ¢oH HelimaHy cTanu co
BpeMeHeM IpUNNCHIBAaTh YTBeP#AEHUA, KOTOPbIX OH HUKOrJa He
Jenal, HapuMep, 0 Heo6X0JUMOM yUyacTHH B U3MepPEeHUAX MaKkpo-
Ten. MoHO JyMaTh, YTO 3TO IPOUCXOJUIO OT Toro, 4yto ¢poH Heii-
MaH CJIHIIKOM JOBEpAN coo6pa3suTelbHOCTH 4uTaTelA. BoT ero
OnecTAmUil aHanu3 u3MepeHud u3 MoHorpadpuu 1932 roma. Kar
HabaonaeMblii 06beKT, Tak u Habmogatensa (t.e. I u II) Gymer
JOCTaTOYHO OXapaKTepHU30BaTh OJHOI HeNpephIBHO Mpoberawieit
0T —00 JI0 400 NlepeMeHHOit ¢ Uy 7, T. €. Mbl 6yieM NpeJCcTaBIATh
UX Kak JuHeitHOo ABUTraomueca Touku. Ux BonHoBbIe pyHKIUU OY-
ayT umeThb Bug ¥ (q) u n(r). Mbl npuMeM, 4TO UX Macchl My U M2
CTONb BEJIUKH, YTO KUHETHYECKO! 3Heprueit

e

B ollepaTope 3HepPruu Mo#Ho GyneT npeHe6peun, u B H ocTaneTca
TONBbKO OTBETCTBEHHAaA 3a M3MepeHUe 3Heprud B3auMojefCcTBUA

YyacTb, AJIA KOTOPOIl MbI BbIOepeM clelqualbHyo GopMy —ihq%.

3aBucAlee 0T BpeMenu qud depennnanstoe ypasuenue [pe-
AWHTepa Ui BOMHOBOW ¢yHRUUU ¢; = 1¢(q, r) cucremsr I + 11
uMeeT BHUJ:

) )
zh&"/’t(% T) - thardjt(qa 7"),

(5 ) =0

Yi(q, r) = fg, 7 — tq).

4TO NpHUBedeT K
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Eciu pna t = 0 4o(q, ) = ®(q, r), To MbI monyuum f(q, r) =
= ®(q, r) u, cregoBaTeNbHO,

(g, ) = (g, r — tq).

Ecau, B yacTHOoCTH, HavyaldbHble cocToAnuA cucteM I u II mpen-
craBnaoTea ¢yuruuamu ¢(q) u &(r), To, B JyXe Halleil BbIYUC-
AUTENbHOI cxeMbl (eciu BbIOpaTh ydyacTBYIOIee B Heil BpeMd ¢
paBHbIM 1), 6yzmeT

(g, 1) = p()é(r), (g, ) = ¢1(q, v) = p(@)é(r — q).

ITokaskeM Temnepsb, YTO HaliAeHHbIE Pe3YALTAThI MOT'YT MOCIY-
MUTh 1A M3MEPEHUA KoopauHaThl cucteMsl I cucremoit II, T.e.
4TO KOOPJAMHATHI ¢ U T B3auMHo cBasaHsbl. (Ilockoabry ¢ u r obia-
[alOT HENPEPLIBHBIM CIIEKTPOM, T. €. TOIBKO CKOIb YTOLHO TOYHO,
HO He aGCOMIOTHO TOYHO M3MEPUMBI, TO 3TO MOMET yIacTCA TOMb-
KO NpHUOIUKEHHO. )

Tonmyctum anda aToit neau, 4yTo £(r) OTIMYHA O HYJIA TOIBKO
B OYeHb y3KOM HHTepBale —¢ < rg < € (T.e. YTO KOOpAMHATA T
HabII0aTelnA 10 U3MepeHUA M3BecTHA oYeHb TO4HO). Kpome To-
ro, £ JO/KHA, €CTECTBEHHO, ObITH HOPMUPOBAHHOI:

el =1, . / ()P dr = 1.

BepoATHOCTH TOro, 4TO ¢ J€HUT B MHTepBane qo —d < q < qo + 4,
ar — B uHTepBane 19 — d' < r < 19+ 0d’, Gyger Torjga cocTaBiATh

qo+0 ro+4’ qo+6 ro+0’
¥ (q, )| dgdr = / / $(@PIEr — q)f? dq dr.
qo—087o—0’ q0—01ro—35'

Ecnu gy u 79 oTIMYaIOTCA APYT OT Apyra 6oibiie, 4eM Ha +0'+¢,
TO OHa o6paTUTCA B HYlb, T.€. ¢ U T CBA3aHbI CTOIb CUJIbHO, UTO
X pa3HOCTh HUKOT[JA He MomeT cTaTh > 0 + &' + e. [lna cuy-

yafd #e Tg = (o OHA, ecid Mbl BbiGepeM &' > § + €, Oyner us-3a
qo+90

ponywenuit orHocutensto ¢ paBuatbea [ |¢(q)|? dg. Tak kag,
qo—9

OJIHAKO, MBI MO€EM BBIGPATh §, ' U € CKOJIb YTOIHO MalbIMU (OHU
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HOMHHBI GbITh TONbKO GOnblle HynAA!), TO 3TO 3HAUUT, UTO ¢ U T
CBA3aHbI CKOJIb YT'OJHO CUIBHO, 8 INIOTHOCTh BEPOATHOCTH UMeeT
TpebyeMoe KBaHTOBOIN MexaHHKoil 3Hauenue |p(q)|?.

flcHo, uTO Mpeanono#eHye 0 GOAbLIINX Maccax CUCTEMBI U al-
naparta GbLIN clelaHbl TOJbKO JUIA YIPOLIeHUA aHalu3a 1 He CBf-
3aHbI HU C KAKMMHU NPEANOIOHEHUAMU O MaKPOCKONUYHOCTH U3-
MepeHHA.

Ananus npoGieMbl U3MepeHUil, Hay YUBIINHA TOMY, YTO CHa-
yana clefyeT pacCMaTpUBaTh COCTABHYIO (3aMKHYTYIO) CHCTEMY
¢ yHUTapHOM 3BOMIOLHKEN, U I0OKa3aBIINil, YTO K SBOMIOLNN HEYHHU-
TapHO NPHBOJUT yAaleHHe BHELUIHUX I10 OTHOLIEHHIO K BbI/le/IEH-
HO cHCcTeMe NepeMeHHBIX, CTal 0CHOBOIl COBpeMEHHOro crnocoba
onucaHuA He3aMKHYTBIX cucTeM. Ilo riy6uHe M 3HaueHUIO NJA
pa3BUTHUA TEOPHH 3THU PabOThbl CTOAT PALOM C F€HHAIbHBIMU HC-
cinefoBaHuAMHU BoabliMaHa B 061aCTH KHHETHYECKHX ypPaBHEHUIA.

OjHaKo SKCTPanoNALMA KOHKPETHOTO MeXaHu3Ma HeyHUuTap-
HOI1 3BOJIIOLIUU

P =3 (nlppn) Plpn]

Ha NPOM3BOJNbHbIE TUNBI U3MepeHUl B MPOU3BOJNbHBIX CHCTeMax
MOKET OKa3aThCA IpeHIeBPEMEHHOI.

HeTpynHo npuBecTu npocToil mpuMep APYroro TUIMA 3BOMIO-
LUU.

B kBaHTOBOI1 ONTHKE paccMaTpPUBAIOTCA CUCTEMBI, MaTpULa
IUIOTHOCTU KOTOPBIX U3MEHAETCA CO BPEMEHEM II0 3aKOHY

d

_ o A fooin
S Pr(t) =Xatpa—4 (aa+pf + Pfaa+)'

JTo YpaBHeHUEe MeeT pellleHne
e A n
(6 T — 1) §+

prit+7)=>)

n=0

n!

rie
B, =a" exp (—%&ﬁ).

Mepexon p(t) B p(t + 7) Henb3a omucaTh U3BECTHBIMU HaM (op-
Mynamu. MoHO 0606muTh paccysaenns don Heiimana Ha Takoii
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cayuait [Helliwig, Kraus, 1969, 1970], [Kraus, 1971]: B Ha-
yanbHbI MOMeHT BpeMmeHu ¢ = 0 cuctema I (o6bekt) + II (anna-
paTr) HaXoOUTCA B COCTOAHUU

Po = po1 ® PoIr-
MaTrpuua mIoTHOCTH cucTeMbl I B 3TOM cilyyae paBHa
p = Tru po = por-

BsaumopeiicTBre MemIy MalbIMU CHCTEMaMU NPUBOJUT K MO-
MeHTY BpeMeHH T MaTpUIy MIOTHOCTHU OONbINOI CUCTEMBI K

ﬁT = §ﬁ0§+a

rae S — onepatop sBomonuu. Ilyctb B MomeHT Bpemenu T B cuc-
Teme I IpoN3BOAMTCA M3MepEHNe, KOTOPOE MOAHO ONHCATh He-
KOTOPBIM TPOEKIHOHHBIM omepaTopoM, Pyr. CocTosnme cuctemsr I
ToclIe 3TOr0 H3MepeHns Gy IeT OnpeNelAThCA yCIOBHOMH MaTpHeil
ILIOTHOCTH R

Trir(Pupr)

pr= —.
Tr(Pupr)

IIpeo6pasoBanue po;r — pr 0OBIYHO HA3bLIBAIOT KBAHTOBOM OIle-
paiueii. KBaHTOByIO onepanuio MO#HO onmucaTb BechbMa U3AII-
HOU dopMyoii:

pr=_E@po) =Y AipaA}.

Ilycts B nopcuctemax I u Il BbieneHbI 6a3UCH G U X o, TAK
YyTo ¢ omepaTopoM 1’ B Goiablloif cUcTeMe MOMHO CONOCTaBUTh
MaTpuLy R
TS Tmomﬂ'

IIycTh HaYanTLHOMY COCTOAHMIO CUCTEMBI Py COOTBETCTBYET MaT-
PHUIA PlmpPlIag, ONEPATOPY IBOMIOUUN — Spang. CocToAHME cHc-
TeMbl B MOMeHT T’ omnuchIBaeTCA MaTpHUlleit

PTmang = Z SmalyPlikP1lveS gk
lkyk
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Matpuny onepaTopa Pi; MO#HO NMpeicTaBUTh B GopMe
Paﬁ = E Ua,au;ﬁy E uaau;a = 6aba
a€EK a

rie K = (1, 2,..., N) HeKOTOpoe MHO#:ecTBO 1enbix uucen. Ilo-
sTomy omnepatopy Tri(Piipr) cooTBeTCTBYyeT MaTpHla

Pmn = Z Z Z Damippiriprigy Dginys

a Kkl B~

Damkﬂ = Z 'U»Zasmakﬂ°
@

rie

IockonbKy MaTpully MIOTHOCTH P11, MO#HO PEICTaBUTh B Gop-

e Prgy = D Weppewhy, Pe>0, D pe=1,
TO ¢ ¢

Pmn = chAacmkaklAaclna
rae e

Asemk = E DomraWea-
a

OctaeTcA 0GBEAMHUTH Mapbl UHAEKCOB (a, ¢) B OJUH HMHIEKC i,
onpefenuTh MaTPUIbI

Aimk = \/p_cAacmk:

U CONOCTaBMThb C ITHMMU MaTpHIAMHU omepaTopbl A; B MOIIpPO-
crpanctse I. B pesyibrare nonyuurcs obemannas Gpopmyiia KBaH-
ToBoIi onepanuu (dopmyna Kpayca):

= Z XiﬁOIA\?-'
i

YTo0b! M30eHaTh BOSMOMHBIX HelopasyMeHuH, noiesHo 3a-
HOMHHUTh, 4TO omepaTopel A;, Kak mpaBuiIo, He YHUTApPHbI U He
OPUBOAAT K pPa3loKeHUIO eINHUIIbI, M03TOMY B oblLieM clyuae
cnpaBejiiiBa dhopMyna

Y ArA < B

(2
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TakuMm obpasom, RameTcs, YTo Oolee TIIaTelbHbIN BBHIBOJ
¢opmyn ¢on HelimaHa moaTBep:kaeT 3akjIIOUYeHHE O HeoOpaTH-
MocTu usMmepenuii. Ilpasaa, raana Ha popmyny Kpayca, mozxHo
3aMeTHUTb, UTO eciu Gbl KamIblil U3 omepaTopoB A; Obll KpaTeH
HEKOTOPOMY YHUTapHOMY:

2¢=Ciﬁ, fj+ =fj_l, Z|Ci|2 =1,

7

TO Haydal/lbHaAd U KOHeYHad MaTpUlbl IIOTHOCTU CBA3bIBAJIUChH ObI
COOTHOIIEeHHueM

pi=UpaU*, UU*=E,

03HAYaloN[UM, YTO HAYalbHOE COCTOAHHE CHUCTEMbI OJHO3HAYHO
omnpefielifeTCA €€ KOHEYHBIM COCTOAHUEM.

PasymeeTrc, MO#HO MPUBECTU MHOMECTBO MPUMEPOB HU3Me-
peHuii, IPOTUBOpPeYAllNX BbICKA3aHHLIM mpeanoioxenuam. Cpe-
I¥ HUX — cHocob onpefelieHUA SHEPruu aToMa, Korja u3Mepu-
TelbHBIM alllapaToM CIY#UT LHeHTp Macc aTroma. OJHaKo HeTpy I-
HO 3aMeTUTb, YTO U3MepPEHUA, KaKk NpaBUJIO, OKA3bIBAIOTCA He-
06paTUMbIMK B CHIY CBOeil YHHBEpPCAThHOCTH — BO3MOMHOCTHU
HPUMEHUTDb UX K T1060i pusnyeckoit cucteme. MomeT ObITh, cie-
nyeT copMynupoBaTh 3a/lauy HECKOJNbKO HMHaye: MyCTh Olepa-
TOp po ONMCHIBAET HEKOTOPBI OrPaHUYEHHBIH KPYT COCTOAHUI.
ITH COCTOAHUA MOKHO BbLIENMTh, HANPUMeEp, TAKUM 06pa3oM:
nycTb Pps — NPOEKLUOHHBIN ONepaTop, BHIIEIAIONUNA HEKOTO-
poe MOANPOCTPAHCTBO M3 MPOCTPAHCTBA COCTOAHUI CUCTEMBI, 1 P
YIOBIETBOPAET COOTHOIIEHUIO:

o = PrpoPur.

B sTom cayuae meiticTBHe omepaTopoB A; B moAmnpocTpaHcTBe M
MO#HO CBECTU K YHUTapHBIM OllepaTopaM

APy = di0iPyy.

Ecnu onpenenuThb onepaTopbl

~ ~

P, = UiPy U},

3
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TO HETPYJHO YCTAaHOBUTH clle[lylollee: onepaTopbl P; — mpoeknu-
ounvle: P? = P;, a MaTpuiy p MO#HO IPeICTaBUTh B Gopme

p=>_ Pi(|d:|*TUspoU;")P;.
i

ITonyuennas popmyia yAMBUTENbHBIM 06pa30M HAalOMHUHAET CIIEK-
TpalbHOE pasioHeHye onepaTopa B CyMMy NONaPHO OPTOroOHalb-
HbIX omepaTopoB. IIpeanonoxum, uto onepatopsl P; Takxe obna-
AT 3TUM CBOWUCTBOM:

ﬁiﬁj = 51]ﬁz

Ecau ne OﬁpalllaTb BHUMAaHHUA Ha CJOMHOCTHU, CBA3aHHbIE C YUEeTOM
KOHEeUYHOCTH obJiacTeit onpenelieHuA, MOMHO IOJNYUYUTH (I)OpMaJIb-
HO€ paBeHCTBO A . -

P;ipP; = |d;[*U;poU;-
YT0661 060MTH TPYIHOCTH, 06yCIOBIEHHbIE KOHEUHOCTAMM 3TUX
obnacTeil, onpeeauM KBaHTOBYIO Ollepaluio

2P =Y U PipPiU; + QpQ,
J

rue

)

<

0-E-Y P,
J

[IpocThle BhIKIAKU NOKA3bIBAIOT, YTO IPOU3Be/IeHNE onepanuii &
U &% He U3MeHAET MaTpUIy po:

R ® E(po) = Po-

Takum 06pa3oM, 3Has pe3yIbTaT U3MepeHUs &, MOMKHO BOCCTaHO-
BUTb HaYalbHY0 MaTPULy INIOTHOCTH po. ITOT Pe3yAbTaT MOHHO
chopMyIMpoOBaTh TaKMM 00pas3oM: M3MepeHHe (T.e. KBaHTOBaA
omepanus) & o6paTMo Ha moanpocTpaHcTe M.

[IpaBna, B NpUBeIEeHHOM I0Ka3aTelbCTBE OCTANMCh HEKOTO-
peie npoGensl. Iloka ellle HeM3BECTHO, KOT/la NPOEKIMOHHbIE OTle-
patopsl P; nomapHo oproroHanbHbl. Bce Bompockl paspemaor-
cA, ecau chOPMyIMPOBATh KPUTEPHUil 06PAaTUMOCTH omepanuu &
[Bennet et all 1996]:
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KBaHTOBAad onepanuvuda & OﬁpaTl/lMa Ha NMoAnpocTpaHcTBe M
B TOM U TOJBKO B TOM cJjiyyae, €CJIi cripaBeJ/IMBbI COOT-
HOIIIeHUA N R

PMA:-AJPM = mijPM,
C MOJIOUTEJNIBbHO OHpeﬂeHeHHOﬁ ManHHeVI mi]’.

dTu COOTHOIJ.IAeHI/IH PaBHOCHUIIbHBI KaK YCJIOBUAM CYIIE€CTBOBAa-
HUA OIlepaTopoB Uj, Tak U NONapHOil OPTOrOHAJILHOCTU OllepaTo-
posB ﬁj.

IlonesHo NpUBeCTH YpaBHEHHe, ONHUChIBAIOIEe 3BOJIOLINIO
MaTpulbl IIJOTHOCTHU IIOACUCTEMBI. Ha [IepBbIil B3rIAL OHO BbITVIA-
JUT HECRKROJIBRKO HeOﬁbI‘{HO, HO 3Ta HeOObIYHOCTHL CBfi3aHa C ABHbIM
y4dyeToM BJIMAHUA O,E[HOVI noacucTeMbl Ha 3BOJJIOLNHIO ,I[pyl"OfI. Ec-
au cupaBeiuBa popmyna Kpayca, To MaTpulia IIOTHOCTH B MO-
MeHT ¢ JoJI#Ha Npe[CcTaBIATLCA BbIpameHueM

ﬁl(t) = Z A\z(t),b\OIA\:- (t)a

npu4eM

N AiAf(t) =E.

Haiimem u3MeHeHMe MaTpHIbI IJIOTHOCTU 3a GECKOHEYHO Maloe
BpeMHA dt:

dpr = Z §A;ipon A + Z Aipoard AT .

YcloBre HOPMUPOBKU CYMMbI ONEPaTOPOB A\i(t), KOoTOpoe OyneT
BBINIOJHATLCA B 10001 MOMEHT BpeMeHH, TpelOyeT coliioqeHuf
COOTHOILIIEHUuA R =R o~

D AF6A; + 047 A; =0.

2
Ina panbHeiimero ygoO6HO BBIJEIUTH CPeOV WHJEKCOB ¢ 3Haye-
uue 0, a octaBmmeca 0603HauaTh GykBamu {a, b, ... }. I3meHeHue
MaTpHIbI IOTHOCTY OyeT MPONOPLUOHAIbHO dt, eciu
Ao = E + By dt,
A, = LyVdt
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IIpu yCJI0BUU, UTO
BBt =Y IiL.
a

IIpencraBnsas BB ¢dbopme

B=K —iH,
noiayuuM ypasHeHnue Jundbaada:
dp ; *+ 17+7 12
df H, pl +Z( WLy = 5LiLap— 5PL; La )

~

Ecnu Bce onepatopel L, paBHBI HYIIO, TO ypaBHEHHE CBOJUT-
cA K OObIYHOMY YpPaBHEHHUIO IJIA MaTpuibl MIOTHOCTU. [lomon-
HUTeIbHbIE claraeMble ONMCHIBAIOT U3MEHEHHUA COCTOAHUA CUCTE-
Mbl I, BoI3bIBaeMble B3auMozelicTBUeM ¢ pesepByapoM. Onepamo-
pot Jundéaada L U omepaTop K KOTOPBIii onpeeideT CKOPOCTh
pacnaja COCTOAHUUN cUCTeMbl I, cCBA3aHBI COOTHOIIEHNEM

o~ 1 —~
K=-3) "L} L.
a

IETH U SUHIIITENH

63 ®...momnMHHO OHM Hapoxa Moii,
IeTHu, KOTopble He CONTYT. ..
Kuura npopora Hcauu.

Opnamabl Anvca nociana (KiaccMYecKoil MOYTOMN) B MOJapoK
Bo6y anb6om penpopykuuii cBoero semisika duepa [Esher 1971].
JlockoHaNbHO M3YUYUB NMPOU3BEJEHUA ITOr'0 CTPAHHOTO XYIOHHU-
Ka, bo6 BHUMaTelbHO MPOYUTAN ¥ OJIHY U3 HalleYaTaHHBIX B 3TOM
anbboMe cTaTell, MOCBALIEHHBIX TBOpuecTBY Juiepa. CtaThA ObI-
Jla HanucaHa U3BeCTHbIM MaTeMaTukoM Kokcetepom, u B Heil ro-
BOPHUIOCH 0 MATeMaTUUYECKUX MCTOKAX BIOXHOBEHUA XYMIOHHUKA.
Boiiu mpuBefeHbl clioBa caMoro Xy/IOKHUKA:

XoTA B 06JacTU TOYHBIX HayK A He Golee, 4YeM HEBHHHOE

JIUTH, 4aCTO KameTCA, YTO MaTeMaTUKU MHe Gliue, 4eM MOU

IpPY3bA XYIOHHUKH.
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Mébuycos auct I Mébuycos auct 11

KokceTep MOMHOCTHIO TMPUCOEAUHANCA K MHEHHIO Jiepa, CUu-
Tafd, Hanpumep, 4To rpaBlOpel «Mébuycos auct Iy u «MéGuycos
aucT IIy MOryT clysuTh 3aMedyaTelbHbIM BBEJEHUEM B 3leMeH-
TapHbIil Kypc Tononoruu. OnHaxo y Boba Bo3HUKIM coBceM MpYy-
rue accouuanuu. OH Hanucan Anuce, 4yTo auTorpadus «Bogonamny,
Ha KOTOpPOil He ObLIO MIATOHOBCKUX MHOTOI'DAaHHUKOB, a Mopaan
3pUTeNd MOTOK BOJAbI, KOTOPBINl HU3BEpralicA BHU3, YTOGBI IOTOM,
BONPEKU 3aKOHAM TATOTEHHA, eCTeCTBEHHEHNM 06pa3oM BHOBb
HOAHATBLCA K YCTYNy, NOYeMy-TO HAlOMHHIA €My O KBaHTOBON
MexaHUKe.

O6benuHUB cBoM ycunuf, Anuca u bo6 mpunuiu K 3ariaioye-
HUIO, YTO CTPaHHbIH mioa dpanTasuu Juiepa 3acraBifet boba ny-
MaTb 006 3MHIITEAHOBCKUX pacCy#J€HUAX MO MOBOJY KBaHTOBOI
peanbHOCTH, 1 oGy Temneph (Bompeku mepBoHavYalbLHO Bepe) Bee
yallle KaeTcA, YTO KBAHTOBYIO MEXaHUKY Helb3fl CBECTHU K Klac-
CUYeCKOH.
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Bogonan

Hleno B Tom, uto Bo6, mocie Toro Kak y Hero IpoILIo IO-
TpACeHHUE TOCJIe 3HAKOMCTBAa C COOTHOIIEHHEM HEeOINpeJeleHHOC-
Teil lalizenbepra, paccyaun cirenyiomuM obpaszom. Pa3 cooTHo-
IIeHUA HeolpeleleHHOCTell OTMEHUTb Helb3f, TO C 3TUM HUYe-
ro He nofenaemb. Ho, Mo#eT ObITb, MO#HO MOCTYNUTH CIEAYIO-
muUM o6pa3oM: BbIJEIUM U3 IlepeMeHHbIX CHCTEeMbl COBMECTUMbIE
Habi1ojaeMble, KOTOPHIM COOTBETCTBYIOT KOMMYTHpYIOIINe Olle-
paTopbl, U orpaHuuuMcA UMU. Bce 3TU nepemeHHble, Kak U MBI
3HaeM, Oy Iy T GYyHKIUAMU 0JHON HAOIIOJaeMOIi C YUCTO TUCKPET-
HBIM HEBBIPOK/JI€HHBIM ceKTpoM. Bo6 pemuni, 4To eMy HUYTO He
MOKET IMOMeIllaTh PacCMOTPETh KIAacCUUYECKYIO CUCTeMY (MOKET
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ObIThb ¢ 6OJABIIUM YUCIOM CTeleHeit CBOﬁOI[bI) U COCTOAHHUE KBaH-
TOBOW CHCTeMbI OIKACAThb C MOMOIIbIO KJIAaCCUYECKUX — «CRKPbI-
ThIX» IepEeMEeHHbIX. On yxe nonpoﬁoBan onucaTb 4YHUCTO KiacCH-

YeCKHU CHCTeMYy, I'le eJUHCTBE€HHAafd epeMeHHaAd — 3TO CIIMH %,

U Y HEero Bce MOIYyYHIoch (DTHU MCClIef0BaHUA ObLIM HaleyaTaHbl:
cm. [Kochen, Specker 1967]). Ho nanbiue feia NOUUIH Xy#e —
BMeCTO ACHBIX MbIcieil u1u ¢opmyn Ha Gymare MOABIANUCH Of-
HH TONBKO cTpaHHbIe GUrypsl. Bo6 cnpocun Anucy, He MokeT 11
OHa 4TOo-HHOY[b NMOCOBeTOBaThb. Alica, 6yayun HeByLIKoil paccy-
AMTeNbHOIl, MocoBeToBana Boby mblcauThb norudecku. Toraa Bob
CIIPOCHII: A UTO TaKoe KBaHTOBaf Joruka?’» Bekope Monogsle mio-
I¥ BbIACHUIY, UYTO KBaHTOBasA JoTruKa noasuiack B 1936 rogy, kor-
aa Buprrod u ¢on Heiiman onmy6auKoBany cTaThlo 0] Ha3BaHU-
em «Jloruka kBanTOBOI MexaHukm» [Birkhoff, Neumann 1936].
OnHako Ha BO3MOKHOCTb CyIleCTBOBaHUA 0c000if KBaHTOBOI JO-
ruu ¢oH HeitmaH, mo-BuIMMOMY BIepBble, 06paTUI BHUMaHUe
elle B cBoeii 3HaMeHUTO KHure [Neumann 1932]:
Hapsany ¢ ¢usudeckuMu BelMYHMHAMH & cyllecTBYeT ellle
HeuTo, ABIAIONleecH NpeAMeToM (U3UKU: MMEHHO albTep-
HaTHBHbIE CBONCTBA CHCTEMBI .. AIbTepHaTHBHBIM CBOICT-
BOM GyneT, HalpUMep, UTO HEKOTOpafA BelW4MHa % NPUHU-
MaeT olpejle/leHHOe 3HaUeHUe A, UM YTO 3HaUeHUe BeluuH-
HbI % TONOMUTENbHO, WX YTO 3HAYEeHHA IBYX OJHOBPEMEH-
HO U3MepUMBIX BelH4uH % U ./ paBHAIOTCA OJHOBPeMeH-
HO A U fi, WIN 4TO CyMMa KBaJpaTOB 3THX 3Ha4yeHHi 60Jb-
me 1 1 T. 1. BernunHaMm oTBeyaloT, Kak Mbl TOJBKO 4TO ycTa-
HOBHIIH, FMIlepMaKcHMallbHbIe 3PMUTOBBI ONlEpaToOphI («camo-
conpAeHHbIe ONepaTopbl B NPUHATONH Temepb TEPMHHOIO-
run) R, S,..., 4To #e OYyHeT COOTBETCTBOBAThH albTepHa-
THUBHBIM cBolicTBaM?

Mb1 MomieM cONOCTaBUTHL KamKIOMY albTepHATHBHOMY
cBOIcTBY ./ BelUUHHY, ONpeflellB ee Tak: Ka#joe U3Mepe-
HUe, pa3pellamoollee albTepHaTUBY HaIUUYHA UIU OTCYTCTBHA
cBoiicTBa ', paccMaTpUBaeTCA Kak M3MepeHHe 3TOH Belu-
YMHBI; IPU 5TOM ee 3HaueHUe paBHO 1, ec1u S UMeeT Mec-
TO, U HYJIIO B NPOTHBHOM ciydae. Bemwunny, koropas co-
OTBeTCTBYeT albTepHaTHBHOMY CBOHMCTBY S, GydeM Takrie
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o603HayaTh yepes S. Takue BeawuMHbBL OpPUHUMAIOT JHIIb
3HavyeHud 0 u 1, u o6paTHoO, 1106afd BelnuuHa %, NpUHUMA-
[ollan Julilb 3TU 3HAYEHWA, COOTBETCTBYET albTepHATUBHO-
MY CBOHCTBY ., KOTOpO€, 0YEBH/IHO, COCTOUT B ClIeJyIOLIeM:
«3HaueHue BeanuuHbl &% He paBHO O». IlosTomy nnA Beau-
4yuH &, COMOCTABIAEMbIX allbTePHATUBHBIM CBOHCTBaM, 3TOT
NpU3HAK ABIAETCA XapaKTEePHbIM.

To 06CTOATENLCTBO, 4TO & NMPUHUMAET JHUIllb 3HAYe-
HufA 0,1, MoseT ObITh cHOPMYJINPOBAHO TaK:Ke CleIyOUUM
o6pazom: ero moacraHoBka B moauHom F(\) = A — A% tom-
llecTBeHHO obpamaeT nociennuii B Hyab. Eciu Bennunne &
COOTBETCTBYeT OnepaTop S To BenuuuHe F' (S ) COOTBETCTBY-
eT onepaTop F(P) P - Pz, MO3TOMY Hallle yCJIOBHe TJa-
cut: P — P? wan P = P?. Uubivu cioBamu: orepaTop p
BelIUYNHbI &P — 3TO MPOEKIUOHHbIN 0MepaTop.

Utak, anbTepHAaTUBHBIM CBOfiCTBaM & CONOCTABIAIOT-
cA MPOEKIHOHHbIE onepaTopbl P uiu 3aMKHYTbIe THHEHHbIE
MHOroo6pasus ./, eciu_paccMaTpUBaTh HAPALY C MPOEKIH-
OHHbIMU omepaTopamu P = P, u npuHajiiexanivie UM -
HeliHble MHOTOOOpasua .

Ilocne aToro HEeTPYOHO OIlpeJe]UThb Jio2uieckue onepayuu.

HyCTb InepeMeHHbIM HEHOTOPOﬁ CUCTEeMbI COOTBETCTBYIOT

JIVHEWHbIE OIepaTopskl, JeiicTBYIOIINE B n-MEPHOM T'MIbOEPTOBOM
npoctpanctBe H.

Ecnu BhicKazpIBaHUAM P U q COOTBETCTBYIOT IIOAIIPOCTpPaH-

ctBa My, u My, To

1) moruuecrkoii onepauun «ANDy cooTBeTCTBYeT omepanud me-

peceueHuA NMOANPOCTPaAHCTB:

PAGE Mppng ={z |z € Mp,x € My};

2) noruueckoit onepanuu «OR» cooTBeTcTBYeT omepanusa 06b-

€JUHEeHUA NOANPOCTPAHCTB:

pVaq& Myyy=M,® M, =
={z|z=ya+z28,a,B€C,ye My, z€ My};
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3) noruueckoii onepanuu «<NOT» cooTBeTCTBYeT onmepanus me-
pexoja K OpTOroHallbHOMY HOANPOCTPAHCTBY:

ecmu p’ = NOT p, 1o
My ={z | (zly) =0, ye My}

4) ¢ TpuBHANIbHBIM yTBep:ijeHHeM 1, KOTopoe ecezda 6epHo,
COMOCTABIAETCA BCe T'UIbOEPTOBO MPOCTPAHCTBO F:

Mlzﬁ;

5) c abcypaHeiM yTBepsaeHueM 0, KOTopoe 6cezda Henpagu.nb-
HO, CONOCTaBlAeTCA HY/AeBOil BEeKTOP IpocTpaHCTBa:

My = 05

6) norudyeckas omepanufi UMNAUKAYUUU <—» COMNOCTABIAET-
CA C TEOPETUKO-MHO¥ECTBEHHbIM COOTHOILIEHUEM «BRJIOYE-
HUuA» C:

p—q& M, C M,

AnnTepHaTUBHbBIE CBOHCTBA He ABIAIOTCA creluduvecKoit
0cOGEHHOCTbIO KBaHTOBOW MeXaHMKH. B Kiaccuueckoil ¢usu-
Ke MO#HO ONpeJeluTh aHANOrWuYHble BelnuuHbl. OKa3biBaeTcA,
YTO MOCTPOEHHAaA TakUM 00pa3oM JOoruka Kiaccudeckoil busu-
KU OIpeJeNAeTCA COOTHOIIEHUAMU, XapaKkTePHbIMU 1A GyleBbIX
anre6p ¢ UX cBoiicTBaMU JUCTPUGY TUBHOCTHU:

an(bUc)=(anb)U (anc),
aUBnNe)=(aUb)N (aUec).

B kBaHTOBOI1 JorvKe 3aKoH AUCTPUOY TUBHOCTHU B ero obuieit gop-
Me oTcyTcTByeT. B 3ToM nerko y6eguTbcA Ha NpUMepe Ipoc-
Teiilllero JByXMepHOro ruinbeproBa npoctpancta J€. llycte M
u M| — ero B3auMHO OpTOTOHalbHbIE MOANPOCTPaHCcTBa, a N —
ellle 0JHO OJHOMEepHOe MOJINPOCTPAHCTBO, He cOBIajaiollee HU
cM,uuc M,. Torga

NN(MUM,)=Nn# =N,
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HO
NNM=0.

HegueTpnbyTHBHOCTh HcUMclIeHHA B KBaHTOBOI JIOTHKe
Oo3HauaeT, YTO 3aKOHbI KjaccuuecKoii PU3UKU He MOTYT
6bITh cIpaBedJMBbl B KBAHTOBOII MeXaHUKe.

OnHaKo CTOPOHHUKHU BceoOIlell clpaBeIIuBOCTU KiIaccuyec-
KUX 3aKOHOB MOT'YT TaKi#e coclaThbcA Ha CTPOTHUil MaTeMaTHUuec-
kUit part. JueTpubyTUBHOCTL oOmepanuii KBaHTOBOIi Jio-
THKM MOeT OKa3aThCA cIpaBeJJIHBOIl /A HEKOTOPbIX
BIIOJIHEe OMNpejejieHHbIX MHoOecTB. YToObl onmucaTh UX, IO-
JIe3HO 1aTh AONOIHUTeNbHble onpejeneHus. [lonnpocTpanctea M
u N Ha3bIBAIOT COBMECTMUMbLMU, ECITH BBITOIHAETCA COOTHOIIEHUE

(MNN)U(MNN,)=M.
N3 TonbKo 4TO IIpUBEeJEeHHOI'0 paBeHCTBa cjeayeT, 4YTo
(NNM)U(NNM,)=N.

Tarkum 06p830M, COOTHOIIeHrWe COBMECTHMOCTH CUMMETPHYHO,
IIo3TOMY ero 06b1UYHO 0603HAaYaIOT CUMBOJIOM

M < N.

MosHO chopMyaMpoOBaTh yA0GHbIN NpU3HAK coBMecTUMOCTH. [lia
3TOr0 BBOJAT NOHATHE paszdeaennocmu. llonnpoctpanctBa M u N
HasblBalOT pasjeleHHbIMU, ecid M € N, ,rne N| — opTOroHalb-
Hoe JiononHeHue Kk npocTpadcTBy V. 3 TonbKO 4TO MpUBEIEHHOTO
COOTHOIIIEHHA cliefiyeT cooTHomenne N € M, Tak YTO COOTHO-
HeHNe pa3leleHHOCTH cUMMeTpU4yHO. Ero o6puHO 0603HAYAIOT
cumBoioM M L N. IlycTh cylecTBYIOT TPU NONAapHO pasjeleH-
HbIX moamnpocTtpaHcTtBa M7, N1 u K. llognpoctpanctBa M u N
COBMECTHUMBI, €CJIH

M:M1UK, N=N1UK'

OKasbIBaeTCA, UTO [JIi COBMECTUMbBIX MMOJIPOCTPAHCTB JUCTPU-
Oy TUBHBII 3aKoH crpaBeniauB: eciu L, M u N momapHo coBMec-
TUMBI, TO

LN(MUN)=(LNM)U(LNN),
LUMNN)=(LUM)n(LUN).
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C Ha60p0M COBMECTUMBIX MNOAINPOCTPaAHCTB MOMHO CBA3aThb CO-
OTBETCTBYIOIlIMEe MPOCKIWOHHbIE ONepaTopbl U INMOCTPOUTHL HEKO-
Tophble HabmofaeMble. Bee oHU OyAyT NONapHO KOMMYTHPOBATh
U UX MOMHO 6y,[[eT npeacTaBUThb Kak (byHKU;I/II/I OOHOI'O U TOr'o Mme
omepaTopa: R R

T; = fi(R).

HHaue rosops, onepatopam f’, COOTBETCTBYIOT OJIHOBPEMEHHO U3-
MepfAeMble BeauuuHbl. IlocKONbKY onepanuu ¢ 3TUMM BelUUyUHa-
MM JUCTPUOYTHBHBI, TO MOMKHO MOAYyMaThb, UTO BCe MPOUCXOMA-
Ilee ¢ COBMECTUMbIMU BelIUUYMHAMU MO#HO CBECTU K OllepalUufaM
RiIaccuyeckoit ¢pusnku. Anuca u Bob cTanm uckaTh npocThle, HO
He coBceM TpHUBHalbHbIe HAG0PbI COBMECTUMbBIX BEIUUMH U Habpe-
U Ha npuMep, npugyMmanusbiii Kosnom u lllnekepom: paccMoTpum
chCTeMy, AMHAMUYeCKHe lepeMeHHbIe KOTOPOH NPeACTaBIAIoT Co-
6011 Tpu cocTaBIAOIINE MOMEHTa KOIUUYECTBA JBUKeHNA J,, o =
=1, 2, 3 u cucTemMa HaXOAUTCA B COCTOAHUU C KBAHTOBBIM YHUC-
aoM j = 1. B aTom ciyyae onepaTopbl MOMeHTa KOJIMYeCTBa [IBU-
#EeHUA CBA3aHbl COOTHOLIEHHEM

T2+ T2+ J2 =2l

KBaI{paTbI COCTaBJAIOIINX MOMEHTa RojJuyecTBa ABUMEHUA
B cllyyae, eclu uucio j = 1, obnagaioT 3aMedaTelbHbIM CBOHCT-
BOM: OHHU IIOIIAPHO KOMMYTHUDPYIOT:
2R _oF T2 2
Ji+Jdy+Jy =21 = [J,J5]=0.
JTto O3HayaeT, 4YTO KBaJApaThbl COCTaBJIAIOINIUX MOMHO IMpeacTa-
BUTHb Kak (pyHKIHNU HEKOTOpOI HabniofaeMoil ¢ HeBbIPOHAEHHBIM

CIIEKTPOM: =R
j:zx =F, (U)7

U T03TOMY OHU GyAyT cousmepumbl. TakuM oGpasom, cyIIecTBY-
0T COCTOAHNA, B KOTOPHIX Kan/afd U3 BeINUNH flz, Js u J5 umeer
TOYHOE 3HAYeHHWe, PUYEM [[Be U3 HUX NMPUHUMAIOT 3HavyeHue 1,
a Tpetha — 0. OTnoxuB B cTopoHy craTbio Kosuna u Illnekepa,
Anuca u Bo6 pemunu npeacTaBUTh BCe 3TO KaK MOMHO HarifAf-
Heit. OHu mpeAcTaBuin ceb6e TPU B3aMMHO OPTOrOHANbHBIX €Iu-
HUYHBIX BEKTOPa, BIUCAHHBIX B chepy eUHUYHOrO paaunyca. Kou-
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bl 6Ga3MCHLIX BEKTOPOB ONpENENAIOT Ha chepe TPU TOUKHU, pas-
IelleHHble YTiaMu, PaBHBIMU % C nByMA U3 3THX TOYEK MOHKHO

comocTaBUTh uuciaa 1, a ¢ ogHoit — 0. Anuca u Bo6 pemuau mno-
KpacuTh TOUKHU, COOTBETCTBYIONINE eJUHUIIAM, KPACHOI KpacKoii,
a TOUYKY, CBA3AHHYIO C HyjeM — 3ejleHoi. B manbueitmem Anuca
u Bo6 ynorpe6ianyu BeIpameHna He TOJIbKO «<KpacHafgy U «3ejIeHany
TOYKA, HO TaKe (KPaCHBIW» U «3eJIeHbI» BEKTOp. MomeT GbITh,
Hac 3To He 3amyTaeT. [IpogenaB Bce 3T0 Anuca u Bo6 yBumenu,
YTO MOMHO pHcOBaThb 4TO-TO a la Esher, sacTaBnsas ramayro 3e-
JEeHYIO0 TOYKY IIOPOMIaTh OKOJIO ce0A nBe KpacHble Touyku. [lia
3TOr0 HY#HO MbICJIEHHO MMOCTPOUTb OPTOTOHAJLHBIN pernep, 0JuH
BEKTOpP KOTOPOT0 — 3TO 3elleHblii BEKTOpP, COBIafaloNINii ¢ 3eie-
HbIM BEKTOPOM IIepPBOHAYAILHOr0 penepa, a KpacHble BEKTOPBI I0-
BEPHYTh Ha HEKOTOPLII Yol 110 CPABHEHUIO C IIepBOHAYAIbHBIMU.
TouHo TakuM e 06pa3oM MOMHO 3aCTaBUTh W KPACHYIO TOYKY
HOPOJUTH ABE TOYKH, TOJILKO Ha 3TOT pa3 KPAcHYIO U 3eJIeHYIO.
KBaHTOBasA #MMUBONKCH MOHPABUIACH MOJIOABIM JIOIAM.

OngHako BCKOpe OHM OOHapysUIH, YTO €CiM B HUX KapTH-
He HallyTcA [Be TOYKM Pa3HOTO I[BeTa, Yol MewAy KOTOPbIMU
MeHbiie, yeM arctg(0,5), To Bceria Mo#HO HalTH TaKyio MoCIen0-
BaTelIbHOCTh TOUYEK, KOTOPYIO Helb3f PACKPACUTh 110 IPUHATOMY
NpaBUIy: KHCTOYKA PaHO WM MO3QHO HATKHETCA HAa YiKe OKpa-
IIEHHYIO TOYRY, a MpaBujia packpackud NoTpeGyoT MOKpacuTh ee
B Ipyroii uBeT. MHOroKpaTHO CTaJKUBaACh C TAKOil OKasueii, Anu-
ca 1 bo6 pemmnnu paszo6paThCA BO BCeM NOCKOHAILHO M 00paTu-
auck K cratbe Mepmuuna [Mermin 1993)). Creays ero peuenrtam,
OHM BbIOpaU TPH MOMAapPHO OPTOTOHANBbHBIX BEKTOpa, 0603HAUYUIN
IBa KpacHbIX BEKTOpa Kak €; U €s, 3eJleHbIil BEKTOp Ha3Bald €3
U IPeANoIOMUIN, YTO CYIeCTBYeT KPacHbIii BEKTOP

a=eD + e3.
Iockonabky Aaucy u BobGa MHTepecoBalM TOJNbKO HampaBleHUA

BEKTOPOB, OHU Mallo 3a60TUNUCh 00 UX HOPMHUPOBKE.
ITocne aTOro OTKPBHITUA NMOCHINANUCL KAK M3 pora U300UIuA.

1. TlockonbKy He MOeT GbIThH ABYX NEPIEeHAUKYIAPHBIX 3ele-
HBbIX BEKTOPOB, TO I1000ii BEKTOp BUja

c=e;C +e;
KpacHBIii.
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2. IlockonbKy a U €; — KpacHble BEKTOPbI, TO BEKTOD

e
d=St_232a

~C D
KpacHBIii.

3. KpacHble BeKTOpEI ¢ ¥ d OPTOrOHANbHbBI, HO3TOMY JTr00af X
NVHeliHaAd KOMOUHANUA, B YaCTHOCTH,

g:c+d:(0+é>e1—%e3

KpacHBI BEKTOD.

1
C
10 D < 0.5, uTo BeKTOp g Gy/AeT NPONOPIHOHANEH Pa3HOCTHU

4. Mocroabry C + > 2, TO MOHO BhIOpaTb TaKoe YuUC-

g ~e; —es.

5. Eciu uamMeHuTh B IpeAblAyIlIUX paccyxaeHusax 3Hak C Ha
oGpaTHBI, TO MOKHO HaliTU ellle OJUH KPacHBI BEKTOp

h=—-e — €e3.

6. Jlro6asa nuHeitHaAa KoMOHMHAUA BEKTOPOB g U h, B Tom uncie

U BEKTOp 1 1

e3:—§ —ih

KpacHbIi BekTop. Ho KTO-TO, Anuica unu Bo6, y:#e BoIKkpa-
CHUI ero B 3eleHblii [BeT.

OcTtaeTcA TONBKO 3aMeTUTb, UTO KPAaCHbBI BEKTOp a, U3-3a
KOTOpPOr'0 U BO3HUKIM Bce HENPUATHOCTHU, 00pa3yeT C 3eleHbIM
BeKTOpoM e3 yroia § = tg~1(D). [losToMy 6onbIIOE OTOTHO MOH-
HO CO3/1aTh TOJbKO MPHU YCIOBHHU, UYTO B (2-3)-IIOCKOCTH HE OKa-
JKeTCA KpPacHBIX TOYeK, o6pasyomux ¢ ocklo OZ yroi, MeHbIIHii

T

uem ¢ < tg~=1(0.5). IlpunuMaa BTOpPYIO CTOPOHY yrila 3a Ho-

By10 ocb OZ u mpojonxasd MOKPacKy, MOKHO y6eOUThCA B TOM,
YTO OHA He 3aKOHUUTCA MpeIeBPEMEHHO0, eclid TolbKo ock OY
He OygeT Toro se mnBera, uto u ock OZ. Ilpononxan Te me ca-
Mble feiicTBUA B (1-2)-mI0CKOCTH, IPUAETCA NTOTPe6OBaTh, YTOGHI
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u ock OX orasanach 3enenoii. Ho Bce npoucxopsiiee cHOBa mpo-
TUBOPEYUT NpaBuiaM okpacku. TakuM o6pa3om, Ha cdepe Bcerja
MOHO HafiTM HEKOTOPYIO KOHQUTYDAlHIO TOUEK, KOTOPYIO HElb-
3A pacKpacuThb, NMOAb3yACh NPUHATHIMM INpaBUIaMHU: PaHO HUIH
[03[HO HaiifleTcA TOYKa, KOTopasa NoTpebyeT pa3HbIX IIBETOB.

Anuca u Bo6, xopoiieHbKo 06ayMaB Ipoucliefiiee, coo6-
munu EBe, 4To noKazanmu HeBO3MOKHOCTb BBeJeHUA B KBaHTO-
BYI0 MeXaHURY CHKPBLITBIX mapameTpoB, ogHako EBa u3 ux pac-
cKa3a Huuero He noHdana. [Ipumiaocs cHoBa obpaTuThbea Kk Kosny
u llInekepy. BoiAacHuIOCH, UTO Cynh6a KBAHTOBOI MEXaHUKU C pe-
3yJNbTaTOM pEIIeHUA TOJOBOJIOMKHU Oblia CBfi3aHA MMEHHO C HX
cratbeil [Kochen, Specker 1967]. Kosu u Illnekep paccys-
Jalnyu Tak: Ielblo ONpe/lelleHUA CKPBIThIX [apaMeTpOB ABJIAETCA
3aMeHa KBaHTOBOU JOTUKU 4eM-To JpyruM. [lif sToro, Kak Mu-
HUMYM, HYKHO ONpeJelUTb Ha MHOKECTBe 3JIeMeHTOB, o6pa3y-
IOIAX KBAHTOBYIO JIOTUKY (T.e. MOANPOCTPAHCTB I'UIbGEPTOBOTO
IPOCTPAHCTBA)

QL=1{A,B,... ,M,...}

HeKkoTopyto ¢yukuuio h(M), KoTopad coxpaHsaia Obl olepanuu
KBaHTOBOI1 JOTUKU:

h(M & N) = h(M) + h(N), k(M ® N) = h(M)h(N),

" MIpUHHUMaAJla BIIOJHE ollpeJe/IeHHbIe 3HaY€HHUA Ha HYJI€eBOM U €U~
HWUYHOM JdJIeMeHTax:

@DyHKIMIT ¢ TAKUMU CBONCTBaMU CYIIECTBYET CKOIBLKO YT'OJHO, HO
IUIfl YCTEIHOro Bo3BpaleHuA 6ayaHOTo chiHa (KBaHTOBOM Mexa-
HUKM) B JIOHO KJIACCUYECKUX TEOPHil HY#HO, YTOObI GYHRUUA h
npuHuMana 3HavyeHud 0 uau 1 Ha m060M snemeHTe QL. B aTom
ciyyae A3bIK KBAHTOBOM JOTMKKM MO#HO Oy /IeT MepeBecTH Ha A3bIK
KiacCMYecKUX Teopuit — OyieBy anreGpy.

RKosu u Illnekep mokasanu, 4TO 3TO HEBO3MOMHO, MPUBEIA
CBOI1 3HAMEHUTHIN HbIHE KOHTpnpumMmep. OHU paccMOTpeIH COBO-
KYMHOCTb MOJNPOCTPAHCTB TPEXMEPHOI0 eBRINI0BA IPOCTPAHCT-
Ba F3. B aToM ciyuae 1ocTaTOYHO U3y YU Th NOBeJeHne QyHRIUY h
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Ha TpeX IONapHO OPTOTOHAIbHBLIX HaNpaBieHUAX, S1, S, S3, T.e€.
CBECTH MHOMKECTBO 3/1eMeHTOB (QL K ToukaM Ha e[UHUYHOM cde-
pe. DyHruuaA h gonxuHa ob6iagaTh TaKUMHU CBONCTBaMM:

h(s1) Uh(s2) Uh(s3) = h(s1UsaUss) =h(FE3)=1.
h(sa) Nh(sg) = h(saNsg) =h(0) =0

g a % .
Takum o6pasom, ¢yuruusa h(s) npuHuMaeT 3HaveHue 1
B TOYHOCTHU Ha OJHOM U3 MONAPHO OPTOTOHANLHBIX HANpaBIEHUN.
BridacHuB 3TH cBolicTBa byHKIUU h,
Kosu u lInekep mpucTynuiau K mocTpo-
eHUIO CBOero 3HamenuToro rpada. Omu
CONOCTAaBUIN TOYKaM a Ha cdepe TOY-
KM u(a) Ha IUIOCKOCTH, MNpPHUYEM TOY- A
KM u(a), COOTBETCTBYIOI[HE OPTOrOHANL- @5
HbIM TOYKaM Ha cdepe COeIUHANM Ha >
rpade pebpamu. Kosn u [llnekep moctpo-
umn rpadp I's (puc. 7), cocroAmuii us
117 Tover. OH momyunica nocie o6benu- Puc. 6
Henua 15 rpados 'y (puc. 6) u oTom-
JeCTBIEHUA HEKOTOPHIX TOYEK B MONYUMBIIEHCA TMocie 00beau-
HeHUdA guarpaMMe. MoHO TOKa3aTh, YTO HE CYIIECTBYET QYHK-
uuu h, KoTopad mpunuchiBana Obl Toykam rpada 3HayeHus 0
unu 1. O6patuBmuck K rpagy I'y, MomHO ycTaHOBUTh, UTO pa-
BeHcTBO h(ag) = 1 osnauaer, yto U h(ag) = 1. Ilockoabry
TOYKH Pg, Go, 7o T'Ppada ['s pacmonoxensl B BepiinHaX OJHOTO Tpe-
yroibHUKA, TO 3HaUeHue GYHKIMY h B OMHON U3 3TUX TOUEK PaBHO
enunuue. [Iycts h(pg) = 1. B 3ToM ciayyae qon#HbI BBITOTHATHCA
paBeHcTBa h(go) = h(rg) = 0. Ilostomy h(p;) = 1. llepeasurasce
no rpady ['2, MO#HO yCTaHOBUTH paBeHCTBA

h(p2) = h(ps) = h(ps) = h(q) = 1.

[

Ho paBenctBa h(pg) = 1 1 h(qo) = 1 B3auMHO UCKIIOYAIOT APYT
apyra. IlonydenHoe mpoTUBOpeYMe TMOKA3bIBAET, YTO He CYIIecT-
ByeT ¢yHKIUM h, comocraBisAomeil ¢ Toukamu rpada ['s yncna 0
unu 1.



248 Hemu u Jidnwmerin

Puc. 7

Rosn u llInekep Hamiu KOHKPETHYIO QU3NYECKYIO CHCTEMY,
K KOTOPO¥ MO#HO HelNoCpeJCTBEHHO IPUMEHUTH TOJbKO YTO IIPU-
BefleHHbIe YHCTO MaTeMaTHUecKUe paccy#AeHUA. ITO — aToM
opTorenua B cocToAHuu 22S; — cOCTOAHME aToMa TeluA ¢ MoJ-
HBIM cniuHOM S = 1 ¢ HauMeHblleill BO3MO#HOI 3Heprueil. Op6u-
TajlbHbIil MOMEHT aToMa B 3TOM COCTOAHUM paBeH HYII0. AToM
B TaKOM COCTOAHUHU Memacmabu.eH, T.e. B NePBOM NpUOIUKe-
HUU MOMHO CUMTaTh, UTO OH }KMBET CKOIb yroaHo jgoiro. Ecau
[IOMEeCTUTb aToM Teinud B cilaboe aleRTpuyeckoe nojie F ¢ pom-
f6uyeckoii cuMMeTpueil, To 3pdeKTUBHbINM raMUJIbTOHUAH aToMa
puMeT BUJ L R

H = Hy+ Hg,

rle raMUIbTOHMAH CBOGOLHOr0 aToMa ﬁo He COJEePKUT CIIMHOBBIX
nepeMeHHbIX, a onepaTop Hg paBeH BbIpa#eHUIO

Hg = aS? +bS2 + ¢52,

B KOTOPOM uuciaa a, b, ¢ He paBHbI Apyr Apyry. CnekTp sToro
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ofepaTopa HeBbIPO#/eH (co6cTBeHHbIe 3Hauenusa Hg paBHbI a+ Db,
a2
b+c¢, c+a), u onepaTopsl Sm,y’ , MOXHO CUMTAThb ero QyHKIUAMHU.

~ ~

S2=(a—b)"Yc—a)" (Hs — (b+c)(Hs — 2a),
82 =(b—¢)" (a—b)"(Hs — (c+a)(Hs — 20),
S2=(c—a)" (b—¢) Y (Hs — (a+b)(Hs — 20¢).

N3mMepsas nonpaBKy K Hepriuy 0CHOBHOTO COCTOAHMA, MOAHO Haii-
TH COGCTBEHHbIe 3HAUEHWMA OMEPATOPOB KBaJPaTOB COCTABIAIO-
mux cnuna. Hanpumep, eciu AE = a + b, To 3navenua S2 u Sfl

paBHEI 1, a gf — Hymo. Y3HaB o pa6ote Kosna u [Ilnexkepa Anuca
u Bo6, o ux coBeTy, peuInau NoroBopuTh ¢ ¢pusuroMm X, He co-
MHeBaloIMMcA B TOM, UTO CKPbIThle IlepeMeHHble CYIeCTBYIOT,
U YTO OHU ONpEJeNAI0T 3HaUeHUA U3MePAEMbIX 3HaUeHUI1 BCeX Ha-
6mnrogaeMbix cuctembl. OHU BhIOpaiy HampaBleHHEe S — OIHO U3
117 nanpaBnenuit us rpapa Kosna u Illnerepa, u 3aganun X Bo-
npoc: «MoeT 11 cocTaBIAKIAA OMHOTO CIMHA OPTOrelud GbITh
paBHoit Hy 110 Bioab ocu s7» [locne yTBepauTenbHoro orBeta Anu-
ca u Bo6 coo6muan emy, YTo MMEHHO BIOJIb 3TOr'0 HaNpaBIeHUA
CIUH OpTOrelyA He MOKeT UMETh ONpeflelleHHOTr0 HalpaBleHuU .

Pa6oter Kosna u [llnekepa (Mbl JAuiieHbl BO3MOMHOCTH Clle-
1aTh KaKkoi-1160 0630p paGoT B 3TOM HANpPABIEHUU) BHECIU OKOH-
yaTelbHYIO ACHOCTD B NOHATUe dpusnyeckoit peanbHocTH. [lo mepe
NOHMMaHUA KBaHTOBOI TeOPUU ITO MOHATHE Bce Jalblle OTXOJUT
OT KJIacCUYECKUX MpeJicTaBlIeHUll, KOTOPbIE TaK CTPACTHO OTCTa-
uBan JiiHmTeliH. Moloable co3gaTenu KBaHTOBOI TeOpUM, B3AB
3a OCHOBHOU METOJ HCCJIeJOBaHUA OLEeHKY BCEro Mepoii, YHCIOM
U BecoM, NPUILINM K HEOKUJaHHOMY, HO BIIOJHE 000CHOBaHHOMY
BBIBOJY — CBOICTBa COCTOAHUA (PU3UUECKOI CHCTEMbI ONpefea-
IOTCA He TOJIbKO KOHKPETHHIMU 3HAUEHUAMHU CBA3AHHBIX C CHCTe-
Moil HabnioaeMbIX, HO U Bceil COBORYNHOCTbIO albTePHAaTUBHBIX
cBOiicTB cucTeMbl. KBaHTOBasA NOrMKa elle CTONbL Malo pa3pabo-
TaHa, YTO TPYJHO OIEHUTh BCe MOCIEeACTBUA HOBOT'O0 MbBINUIEHUA.
JTo GymeT colep;aHHEM WUrD MOJOMABIX JIOfell ClIelyIMUX Io-
rojenuii. Ho cronb 6l ganeko HU OTOIIIU MbI OT UCTOKA KBaH-
TOBOIl HayKU, OCTaHETCA HENpeNOo:KHbIM clelylollee: ee pa3BU-
Ballu He TONbKO reHuanbHble u3obpeteHud Ilaynu, 'aitzenGepra
u ¢oH HeiimaHa, HO U APOCTHBIN KPUTUIU3M JUHINTEHHA.
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