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INPE/INCJIOBUE K TPETBEMY N3JAHWNIO

B nacrosriem nznanun « KBaHTOBOII 9/1EKTPOIUHAMUKI Y UCITPAB-
JIEHBI OMUOKYM U HETOYHOCTHU, OOHAPYKEHHBIE TIOC/IEe BBIX0/a BTOPOTO
U3JIaHUs, U BHECEHO HECKOJbKO YTOUYHSIONIUX TEKCT M00AB/IEHMUIA.

¢l mpuzHaTEIeH YUTATE/IsIM KHUTH, COODIIUBIINM MHE CBOU 3aMe-
ganus. B ocobernoctu g 6marogapen B. 1. Koramy, A. 1. Hukumosy
n B. 1. Purycy.

Centsi6pp 1988 T. JI. 1. [Tumaescruti

INPEJNCJIOBUAE KO BTOPOMY U3JAHUIO

[lepBoe uznanue npesnaraemoro roma Kypca reopernueckoit pu-
3uKHu ObLI0 OMyOJMKOBAHO B JBYX dacTgaX B 1968 u 1971 rr. mox Ha-
3BaHmEeM «PengaTuBucTckas KBaHTOBas Teopus». Kpome ocHOBHOTO —
KBAHTOBO3JIEKTPOANHAMUIECKOTO — MaTepraja 3TO U3ITaHUEe COIEP-
JKaJI0 TAKKe TIJIaBbl, IOCBLAIIEHHBIE CIa0BbIM B3aUMOJEHCTBUAM WU
HEKOTOPBIM BOIIPOCAM TEOPHUHU CUJIbHBIX B3ammojeiicteuii. Ceituac
BKJIIOUEHE 9TUX TJIAB MPEeJICTaBIgeTCS HAM HeCBOeBpeMeHHBIM. Teo-
pusi CUJBHBIX U CJIaObIX B3aWMOAENHCTBUIl OYpPHO PAa3BUBAETCS HA
OCHOBE HOBBIX (DUBUYECKUX HUJell, U CUTyalus B 9TOil objactu Me-
HSIETCS OYeHb OBICTPO, TAK YTO MOMEHT JIjid TOCIe0BATETLHOTO 13-
JIOXKEHWSI TEOPUU 3aBEJOMO ellle He HACTYyImI. BBuay 3T0r0 B HaCTO-
AIMEM W3JAHUA MBI OTPAHUYWINCH KBAHTOBOHN 3I€KTPOAMHAMUKOI,
9TO OTPayKeHO B W3MEHEHWN 3arJIaBUs KHUTH.

Hapsamy co 3HaYnTEILHBIM IUCIOM UCIPABIEHAN U METKIX M3Me-
HEHWI, B HACTOSIIEM W3IaHUU CHEIAH TAKXKe U Psiji 00ee KPYITHBIX
nobassiernii. I3 Hux oTMeTuM OmMepaTOpPHbBIi METO/ BHIUUCIEHUS Ce-
YeHU TOPMO3HOI'O M3J/IyYCHUs, BBIYUC/IEHUE BEPOSITHOCTU POXKICHUS
nap GOTOHOM U BEPOSATHOCTH paciajia (POTOHA B MATHUTHOM IIOJIE,
HCC/IE/IOBAHNE ACUMIITOTUYECKOTO MOBEIEHUsT aAMILIATY/I PACCETHUS
[IpU BBICOKWX YHEPrusX, 00CYyK/IeHIEe IPOIECCOB HEYIIPYTOr0 paccesi-
HU¢ JIEKTPOHOB aPOHAMHU U IIPEBPAIICHUS JIEKTPOH-TIO3UTPOHHBIX
nap B a/[POHBI.



10 U3 NPEAMCJIOBUSA K IIEPBOMY U3IAHUIO

Heckosnbko ciioB 06 o6o3nauvenusix. Mbl BepHY/IUCH B 9TOW KHU-
re K 0003HAYEHUIO ONEPATOPOB OyKBAMU CO <IILISAKONY — enuHO00-
Pa3HO C OCTAJIbHBIMU TOMaMu 3TOro Kypca. s npoussejenus ke
4-BekTOpa ¢ MaTpUYHBbIM BeKTOpoM Y (koTopoe 0603HaYANIOCH Oy-
KBOIl CO IMIIANKOJ B MEPBOM M3JAHUU KHUTH) CIIEIUAJBLHBIX 0003HAa~
YeHuil He BBOAUTCH. Takue Mpou3BeieHNs BBIUCHIBAIOTCS SBHO.

K coxanenuro, HaM NPUILIOCH TOTOBUTH TO W3/aHue 6e3 yda-
crust Baagumvupa Bopucosmua Bepecrernkoro, CKOHYABIIErocst B
1977 r. Ho wacrbs u3 yKazaHHBIX Bblile JobaBjeHnii Obljia cocraB-
JIEHA paHee BCEMU TPEMs aBTOPaAMU COBMECTHO.

Mpbr uckpenne 0/1aromapHbl BCEM HAIMAM YUTATEISAM, COOOIIUB-
UM HAM CBOM 3aMEYaHWS [0 MIEPBOMY W3JaHui0 KHuru. B ocoben-
nocru Mbl O1arogapum B. I1. Kpaitnosa, JI. B. Okynst, B. . Puryca,
M. U. Pazanosa u W. C. [Ilanupo.

Urons 1979 . E. M. Jlupwuy, JI. 1. I[Tumaescrud

n3 IIPE/INCJIOBUA K ITEPBOMY U3JAHNIO

B coorBercrBum ¢ o0IuM mIaHOM 3TOr0 KypCa HACTOAIIUN TOM
IIOCBAIIICH PENATUBUCTCKON KBAHTOBOU TEOPUH B IIMPOKOM CMBIC/IE
3TOr'0 CJI0BA: TEOPUU BCEX ABJIEHUN, CBA3AHHBIX C KOHEYHOCTBIO CKO-
pocTu CBeTa, B TOM YUC/Ie BCEIl TeOPpUU U3JIyYeHUS.

Kak wu3BecTHO, 3T YacTh TEOPETUYECKON (PUBUKU B HACTOSIIEE
BpeMd ellle JlajeKa OT CBOero 3aBeplleHUd JlaKe B OTHOIICHUU Jie-
JKAIUX B €e OCHOBE (PUBUYECKUX TPUHITUIOB. DTO OTHOCUTCHA B OCO-
OEeHHOCTU K TEOpUHU CUJIbHBIX U CIabbix BlauMmogeiicTeuii. Ho maxe
KBaHTOBad JIEKTPOAUHAMUKA, HECMOTPA Ha JOCTUTHYTLIC B Hell 3a
nocaemaue 20 jieT GecTsime yCrexu, BCe elle He Y/I0BIeTBOPUTE b-
Ha II0 CBOEH JIOPUYEeCKOH CTPYKTYpe.

[Ipu oTbope Marepuaa Jjist ITOM KHUTU MbI OTPDAHUYUBAJIUCH Te-
MU pe3yabraTaMy, KOTOPbIE IPEJCTaBIAITCA, C Pa3YMHON CTEeHbIO
YBEPEHHOCTH, JOCTATOTHO HAJIEXKHO YCTAHOBJIEHHBIMH. KcTecTBeHHO,
YTO IIPHU TAKOM II0JIX0/ie DOJIBIIYIO YaCTh KHUTY 3aHUMAET KBAHTOBAs
9MeKTpoanHAMIKA. MBI CTPEeMUINCH BECTH M3JI0YKEHUE C PEAICTHU-
YeCKOl TOUKM 3peHusd, MOAYePKUBas JIejaeMble B Teopuu u3nde-
CKHe TIPEJIO0I0XKEHUsI, HO HE B/IaBasiCh B 0D0CHOBaHMA, KOTOPHIE IIPH
COBPEMEHHOM COCTOSIHUU TEOPUU BCE PABHO UMEIOT YUCTO (pOpMasib-
HBII XapakTep.

IIpu paccMoTperrn KOHKPETHBIX TPUMEHEHMH TeOPUU MbI HE CTa-
BUJIM CBOEH 11€/1bI0 OXBATUTh BCE OI'POMHOE YUC/I0 OTHOCAIIUXCH CIOAA
3 PeKTOB 1 OrpaHUINBAJINCH JIUIITH OCHOBHBIMU U3 HUX, JaB IOMOJI-
HUATEIbHO HEKOTOPBIE CCHIJIKU HA OPUTMHAJIBHBIE PADOTHI, COIEPIKaA-
me Oostee erasibHbIE UCCIemoBanus. [Ipu mpoBeeHnn BeIauc/IeHumil,
OTJIMYAIONINXCS 3/1eCh OOBIYHO 3HAYUTEIHHON IPOMO3IKOCTHIO, MbI
9aCTO OIYCKAJIM HEKOTOPHIE MTPOMEXKYTOUYHbIE (DOPMYJIbI, HO BCErIa
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CTapaJinCh YKa3aThb BCE€ HUCHOJIb3YEMblE HETPUBUAJIBHBIE METOAMYE-
CKUE€ MOMEHTHI.

HO CPpaBHEHUIO C APYIYMMU TOMaMM ITOTO KypCa H3JIOZKCHUE B
9TOH KHUTE MpeJnoaraerT 00/iee BbICOKUN YPOBEHB MOJIOTOBKY UH-
Taresst. Mbl MCXOAWIN W3 TOTO, YTO YUTATE/H, KOTOPBIA B MPOIECCe
U3yUEHUsT TEOPETUIECKON (PU3MKHU JOCTUT KBAHTOBOW TEOPHUU IOJIs,
YK€ HE HYKAA€TCA B U3JIMIITHEM <«Pa32KEBbIBAHUN» MaTepUuaJia.

OTa KHUTA HAlMCaHa 0e3 HEMOCPEJCTBEHHOTO Y4YaCTHUs HAIIEro
yuantend JI. 1. Jlanmay. Ho MBI cTpeMuInch pyKOBOACTBOBATHCA TEM
JIyXOM U OTHOIIIEHUEM K TEOPETU4ecKoil (pu3nKe, KOTOPOMY OH BCe-
rj1a YU HAC W KOTOPOE OH MPOBOJUJ B JAPYTMX TOMAaxX 3TOTO Kyp-
ca. Mb1 gacto crnpamuBaju cebsi, Kak 061 oTHeccs Jlay K Tomy min
UHOMY BOIIPOCY, ¥ CTAPAJINCh OTBETUTH TAaK, KAK MOJICKA3bIBAIO0 HAM
MHOTOJIeTHee OOIIEeHNe C HUM.

Ms1 61aronapusl B. H. Baitepy, okazasiemy nam OOJIBIIYIO 1O-
Motk B coctasienuu § 90 u 97, B. W. Purycy 3a 60/1bI1yi0 moMoIs
B Hanucauuu § 101, B. 9. MeiiepoBudy 3a oMOIIb B HEKOTOPHIX BbI-
qncmennax. Mur 6maromapust Tak:xke A. C. Kommameiity, mpemocra-
BUBIIIEMY HAM CBOU 3aIUCH JIEKIINI 110 KBAHTOBOI SJIeKTPOUHAMUKE,
npountanubix JI. 1. Jlangay 8 MI'Y B 1959/60 yuebuoM romy.

B. B. Bepecmeukudi,
Wionp 1967 1. E. M. Jlupwuy, JI. 1. [Tumaesckud



HEKOTOPBIE OBO3HAYEHU {1

Yemuvipermeprvie 0603HaeHUA

YerwpexMepHble TEH30PHBIE WHIEKCH 0003HAYAIOTCSA IPEUECKU-
Mu OykBamu A, [, V, ... , npoberatommmu 3uagenus 0, 1, 2, 3.

[Tpunsara 4-merpuka ¢ curnarypoit (+———). Merpuueckuii TeH-
30p guv(8oo = 1, 811 = 822 = g33 = —1).

[Tepeuncnenune kommnonent 4-gekropa gaerca B Buge ot =(a”, a).

st ynpornerus 3anucu pOpMyJT HHIEKC KOMIOHEHT 4-BEeKTOPOB
gacro onyckaercs ) . [Ipu 3mom ckangpuble npousseenus 4-BeKTO-
POB 3alMCHIBAIOTCs IPocTo Kak (ab) wan ab: ab = a,b* = agby — ab.

4-pammyc-sextop ¥ = (t,r). Daement 4-o6bema dx

Omneparop muddepenipposanus o 4-koopauuaram: 0, = 0/0z*.

AHTHCHMMeTPUYIHLI e UHIYHbIH 4-Terszop e P mpuaem 0123 =
= —€0123 — +1

Yerpipexmepnas 0-bynxius: 64 (a) = d(ag)d(a).

0

Tpexmeprvie 0603HAUEHUA

TpexmepHbIe TEH30PHBIE WHAEKCHI 0D03HAYAIOTCS JATHHCKUME
oykBamu i, k, [, ... , IpoberaomuMn 3HAIEHAST T, Y, Z

TpexmepHbe BEKTOPHI 0003HATAIOTCA OYKBAMHI KUPHOTO MPAMO-
ro mpudra.

Tpexmepuelil s1emenT oobema, d°x

Onepamoput

OmnepaTopbl 0603HAYAIOTCST OYKBAME CO MLISNKON ~ 2) .
KoMMyTaTOphl WM aHTHKOMMYTATOPBI JBYX OIIEPATOPOB:

{f.g} =TFaxzr.
TpaHCIORUPOBAHHEIIL OIepaTop .
DPMUTOBO-CONPAKEHHbII omepaTop f .

Maompuunvie saemeHmol

Marpuamslii s7emeHT omeparopa F 1js mepexoia 13 HadaabHOTo
cocrosgHud i B Koneunoe f: Fp; unu (f|F|i).

1Y Taxoit cmocob 3ammen MMPOKO HCIONB3YeTcs B COBPEMEHHON JIHTEpaType.
9To TpebyeT, KOHEYHO, OT YUTATEsT 0COOOT0 BHUMAHUSI.

%) Inst yrpomesns 3ammcy pOPMYJT IMISIKA, OITyCKAETCs HAJL CIIMHOBBIMU Ma-
rpunavu. lnganka He numercd Tak:ke HaJ 0003HAYEHUAMU OIEPATOPOB B Ma-
TPUYIHBIX HTEMEHTAX.
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O6o3Havenue |i) ucrnonb3yercs Kak abCTPaKTHBIN CUMBOJI COCTO-
AHUA HE3aBUCHUMO OT KOHKPETHOT'O IpeJCTaB/JIEHUdA, B KOTOPOM MO-
Ker ObITh BbIpazkeHa ero BoiHoBast GyHkuus. Ob6oznavenue (f|—
CHMBOJI KOHETHOTO («KOMILTTEKCHO-COIPSIZKEHHOT0» ) COCTOSHUS ) .

Coorsercreento vepes (s | ) oboznadarorcs KoahduiueHTs pas-
JIOZKEHUST CUCTEMBI COCTOSIHUIT C KBAHTOBBIME YIHCJAME T B CyTIEPIIO-
3UITUIO COCTOSHUMN C KBAHTOBBIME THCTAME s: |1) = Y |s)(s|r).

IIpuBenennbie MaTPUYHBIE JIEMEHTHI CPEPUIECKUX TEH30POB:

(FIIE12)-

Ypasrenue /lupaka

Marpunsr dupaxa: v, npudem (v°)? = 1, (v1)? = (v?)? =
= (’)/3)2 = —1. Marpunpl o = 707, B = ’yo. Bripakenusa B cru-

HOPHOM ¥ CTaHJapTHOM npejcrasiaenusix: (21.3), (21.16), (21.20).

70 = =i’y (%) =1 (em. (22.18)).

ot = Ly (YHy™ —y"yH)  (em. (28.2)).
Jlupaxosckoe compsizkenue: 1 = ¢h*yY.
Marpunpr [laynu; o = (04, 0y,0,); onpejenenne Ha c. 97.

4-ciuHOpHBIE MHJEKCHL: @, B, ... u &, B, ... , npoberaomiyue 3Ha-
vyeansd 1,2 u 1, 2.
Bucnunopmble nHAEKCH: 4, k, [, ... , mpoberatomue 3HadeHus 1,
2,3,4
Y Y *

Pasaoorcenue Oypoe

TpexmMepHOE paszioKeHUe:

10 = [0 g 0 = [ s i

U QHAJIOTUYIHO [Jid 9E€TBIPEXMEPHOT'0 Cily4dasd.

Edunuuyw

Bezne, riue me oroBopeno 0cob0, UCIOIB3YIOTCA PEIATUBUCTCKIE
eIMHATBI, B KOTOPBIX i = 1, ¢ = 1. B sTux eguunmax KBagpaT
semMenTapHoro sapsiga €2 = 1/137.

Aromubie equaunpi: € = 1, A = 1, m = 1. B srux eaunumax

¢ = 137. ATomHbIe eJUHUILI JJTHHBI, BDEMEHU U 3Hepruu: fi2 /me?,
73 /me* u met /A2 (semmrammy Ry = me?/2h? maspisaior puabeprom).
O6blunble euHUIb — abcomoTHas (rayccoBa) CUCTeMa eINHHUL.

1) O6o3mauerms dupaka



14 HEKOTOPBIE OBO3BHAYEHUA

Iocmosannwve

Cxopocts ceera ¢ = 2,998 - 1019 cm/c.

DemenTapubiit 3apan ') |e| = 4,803 - 10710 ex. CI'CY.

Macca sexrpona m = 9,11 - 10728 .

[ocroannas ILnanka fi = 1,055 - 10727 spr - c.

I[locTogHHasg TOHKOI CTPYKTYpHI « = €2 /fic; 1/a = 137,04.
Boposckuit paauyc fi2/me? = 5,292 - 10~Y cm.

Kmaccmaeckuit pajmyc sneKTpona r. = e /me? = 2,818-10713 cu.
KowmmroroBckast iyiHa, BOJTHBI 9IEKTPOHA ﬁ/mc:3,862-10*11 CM.
Sueprus mokos srekTpona me? = 0,511 - 108 sB.

AromHast e IuHNIA SHEPIUT me4/ﬁ2: 4,360-10~1 spr = 27,21 5B.
Marneron Bopa |e|fi/2mc = 9,274 - 1072! spr - Tc™L.

Macca nporona m, = 1,673 - 10724 .

Kowmmronosckast f1mHa BOIHEL IpOTOHA fi/my,¢ = 2,103-10~™ cm.
Anepnbiit marneron |e|fi/2my,c = 5,051 - 10724 spr - [c~L.
OtHomIeHre Mace MIOOHA U 3/1eKTpoHa my,/m = 2,068 - 102.

Ceviaxu

CchlLIKY HA JPYTHE TOMA 3TOT0 KypPca CHaOKEeHbl PUMCKUMU TTud-
pamm: [ — «Mexanmkay», 1988; II — «Teopus mona», 1988; III—
«KBanroBag mexanumkar, 1989; VIII — «DyiekTpoguHaMuKa CILIOII-
HBIX cpeny, 1982; X — «Pusuueckas KuHerukay, 1979.

1Y B sroit kamre (Besme, kpome 1. XIV) o6o3madenne e mis 3apsaIa IaCTHIIB
BKJIIOYaeT B ce0sl ero 3HaK, TaK 4TO JJIsl JIEKTPOHA e = —|e|.



BBEJAEHUE

§ 1. CooTHoOIlIEHUS HEONPEEJTEHHOCTHU
B PeJIATUBUCTCKOIT obJsiacTu

Wsnoxkennas B T. III aToro Kypca KBaHTOBasg TeOPUd UMeeT CY-
IIECTBEHHO HEPEJIATUBUCTCKUN XapaKTep U HEIPUMEHUMa K SBJICHU-
sIM, COINPOBOK/IAIOIIIMMCS JIBUKEHUEM CO CKOPOCTAME, HE MaJIbIMU
[0 CPABHEHWIO CO CKOPOCTHIO cBeTa. Ha mepBbiit B3T/IsA] MOXKHO ObI-
JIO OBbI 02KW/IaTh, YTO MEPEXOJT K PEIITUBUCTCKON TEOpUU BO3MOYKEH
myTeM Oojiee M/ MeHEee HEemOCPEeICTBEHHOTO 0DODIIeHus armapara
HEPEJIATUBUCTCKOW KBAaHTOBON MeXaHWUKHU. BHUMATE/bHOE PacCMo-
TPEHUE, OJHAKO, TOKA3BIBAET, YTO MOCTPOCHUE JIOTUIECKH BaMKHY TOM
PEeJSTUBUCTCKOM Teopun Tpedyer MpUBJIEYEHNsT HOBBIX (DUBUIECKUX
[PUHIUTIOB.

Hamomuum mHekoTopbie (prsnvecKkre npeiCcTaB/IeHrs, JIEXKAIINE B
OCHOBe HepeaaTuBuCTCKON kBanToBoi Mexauuku (II1, § 1). Mbr Bue-
Jid, 970 (PyHJAMEHTAJBHYIO POJIb B HEWl UrDAeT MOHATHE U3MEPEHMUSI,
[0JT KOTOPBIM TIOHUMAETCsI POIECC B3aUMOJIEHCTBUS KBAHTOBOM CH-
CTEMBI C «KJIACCHMYECKHM OOBbEeKTOM» («11pubopom» ), B pesyiabrare
KOTOPOr0 KBAHTOBAs CUCTEMa TPUOOPETALT OTPEIe/IEHHbIE 3HAYEHU ST
TEX MJIM UHBIX JMHAMUYECKUX TIEPEMEHHBIX (KOOPIMHAT, CKOPOCTeil 1
T. 1.). MBI BUjien TakzKe, 9TO KBAHTOBAas MEXaHUKA CHJILHO OTPAHU-
YUBAET BO3MOXKHOCTH OJJHOBPEMEHHOTO CYIIECTBOBAHUS y 3JIEKTPO-
Ha ') Pa3IMUYHBIX JMHAMMYECKMX NEPEMEHHBbIX. TaK, HeolpemeseH-
Hoctu Aq u Ap, ¢ KOTOPBIME MOI'YT OJHOBPEMEHHO CYIIECTBOBATH
KOOD/IMHATA M MMILYJIbC, CBs3aHbl cooTHOmennem AgAp ~ h ?); ¢
geM OOJIBbIIIell TOYHOCTHIO U3MEPEHa OJHA U3 ITUX BEJUIWH, C TEM
MEHBIIEH TOYHOCTHIO MOXKET ObITH OJIHOBPEMEHHO U3MEPEHa, JIpyTas.

Cy11ecTBeHHO, OIHAKO, 9TO KaXK/ias U3 IMHAMUIECKUX [ePeMeH-
HBIX 3JIEKTPOHA, B OTJIEJIBHOCTH MOTJIa OBITh W3MEPEHaA CO CKOJIb YTOI-
HO DOJIBIION TOYHOCTBIO, IPUYEM B T€UEHUE CKOJIb YTOJHO KOPOTKOIO
[POMEXKYTKA BPEMEHU. DTO 00CTOSATEIbCTBO UIPALT (DYHIAMEHTA/Ib-

"YKak u B . ITI, § 1, MBI TOBOPUM /I KPATKOCTH 00 JIEKTPOHE, MMEs B BHLY
JII06Y10 KBAHTOBYIO CHCTEMY.

2) B stom maparpade mosib3yeMcss OOBIIHBIME €IMHUIIAME.
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HYIO POJIb [IJIsT BCEIl HEPEJIATUBUCTCKON KBAHTOBON MexaHuKu. 10/1b-
KO Os1arofapst eMy MOYKHO BBECTH IOHSITHE O BOJHOBON (byHKIIWW,
OCHOBHOEe B ammapare 31oit Teopuu. leiicrBurenbno, (pusmaeckmit
CMBIC/T BOJTHOBO# (hyHKIMIA 1)(q) 3aK/II09a€TCs B TOM, 9TO KBaJPAT €e
MOJLyJIsl OIIPEeJIe/IIeT BEPOSITHOCTH IOy U€HUsI, B PE3y/IbTaTE ITPOU3-
BEJIEHHOTO B JIAHHBIN MOMEHT BPEMEHW W3MEPEHUsl, TOTO WU WHOTO
BHAYEHNS KOOPAWHATHI JIEKTPOHA. fCHO, uTOo HeoOxXoammoit mpe-
MOCBLIKOMN JIjIsi BBEJIEHUsI HOHSITHS O TaKOW BEPOSTHOCTH SIBJISIETCS
[NPUHIUINATBHAST BO3MOKHOCTD OCYIIECTBJIEHUsI CKOJIb YTOJHO TOY-
HOTO U OBICTPOTO U3MEPEHUS KOOPAWHATHI; B IIPOTUBHOM CJIYYae 3TO
MOHATHE CTaJ0 Obl OeClpeMEeTHBIM U MOTEPsio Obl CBO¥ uzmye-
CKUH CMBICIIL.

CymuiecTBoBanue mpeebHOl CKOPOCTH (CKOPOCTH CBeTa c)
[MPUBOJAUT K HOBBIM MPUHIUNUAATHHBIM OTPDAHUIEHUAM BO3MOXKHO-
creit m3Mepenus pa3nndHbix dusnaeckux sequann (JI. JI. Jlanday,
R. Peierls, 1930).

B . III, § 44 6B110 TTOTy9IEeHO COOTHOTIEHUE

(v' —v)ApAt ~ i, (1.1)

CBSIBBIBAOIIEE HEONPEJIEJIEHHOCTh ApD U3MEPEHUs UMITYJIbCA JIeK-
TPOHA C MPOJOIKATEJIBHOCTHIO Al CaMOro mporecca W3MepeHust; U
u v\ — CKOpOCTM 3/eKTpOoHa [0 U 10CIe u3Mepenus. U3 3Toro co-
OTHOIIIEHUS CJIEIYET, 9TO JOOUTHCI JOCTATOYHO TOYHOIO M3MEPEHUs
UMITY/JIbCA B TEUEHHE JOCTATOYHO KOPOTKOIO BpPEMEHH (T. €. Maso-
ro Ap npu manom At) MOXKHO JHMIIb HEHOH JOCTATOYHO OGOJIBIIO-
0 U3MEHEHUs CKOPOCTU B PE3YJ/IHTATE CAMOI0O IPOIECCA N3MEPEHUS.
B mepenstuBucTckoit Teopum 3T0 00CTOSATETHCTBO €CTH ITPOSIBJICHUE
HEMOBTOPUMOCTH M3MEDPEHUSI UMITYJIbCA, 9€Pe3 KOPOTKUE TPOMEXKYT-
KU BPEMEHW, HO HU B KOEil Mepe He 3aTparuBaerT HPUHIUIUAJIBHON
BO3MOYKHOCTH CKOJIb YTOJJHO TOYHOTO OJHOKPATHOIO M3MEDPEHUSI WM-
IyJIbCA, IIOCKO/IbKY Pa3HOCTh v’ —v MOKeT ObITh C/elaHa CKOJIb Y0/l
HO OOJIBIIION.

Haymame ke mpenenbHON CKOPOCTH MEHSIET ITOJIOYKEHWE Bellei
KOpeHHbIM 00pasoM. Paznocrs v/ — v, Kak U camble CKOPOCTH, HE
MOZKET Ternepb npesbimarh ¢ (Tounee, 2¢). 3amenus B (1.1) v/ — v Ha
€, MBI TIOJIYIUM COOTHOIIEHUE

ApAt ~ fife, (1.2)

OTIPE/Ie/ISIONIee HAWIYYUIIYI0 TPUHIUNHAJIBHO JTOCTUXKUAMYIO TOU-
HOCTb U3MEPEHNA UMITYJIBCA IIPDKU ,HaHHOI;'I IPOJOIZKUTEIBHOCTU U3Me-
perust At. Takum 006pa3oM, B PEJSITHBUCTCKON TEOPUU OKA3BIBAET-
Ce ITPUHIUIINAJIBHO HEBO3MO2KHBIM CKOJIb yI'OJHO TOYHOE 1 6])ICTp0e
u3mMepenne umiysbca. Tounoe mamepenne nmmysabca (Ap — 0) Bos-
MOYKHO JIWIIb B Tpeeae DECKOHETHO OOIBINOi MPOIOIKATETLHOCTH
N3MEPEHUSI.

ECTI) OCHOBaHHA CUHUTATH, YTO IIpETEepIeBaCT M3MEHCHNIA TaKZKe
7 BOIIPOC 00 M3MEepUMOCTH KOOP/IMHATHI JIEKTPOHA caMoii o cebe. B



§1 COOTHOUIEHUS HEONIPEAEJEHHOCTHU 17

MaTEMATHYIECKOM CbOpMa.HI/ISMe TEOPUH ITO MPOABJIACTCA B HECOBME-
CTUMOCTHU TOYHOT'O U3MEPEHUA KOOPDANHATHI C YTBEPXKICHUEM O I10J10-
JKUTEJIBHOCTH SHEPIUU CBOOOAHOM yacTuiibl. Mbl yBu UM B JaJ/IbHET-
aieM, 9TO noJiHad CUCTeMa CO6CTB€HHI>IX beHKLH/Iﬁ PEeIATUBUCTCKOTO
BOJTHOBOTO yPaBHEHUsI CBOOOIHON YACTHUIIBI BKJIIOYAET B ceDs (Hapﬂ—
JIy C PEIICHUIMU C «IIPABIIBHON» 3aBHCHMOCTBIO OT BDEMEHM) TaK-
JKe PeIlleHus C «OTPUIATEJbHON 4acTOTOly. DTu (HYHKIUNA BOUIYT,
B 001IEM Cily4ae, U B PA3JI0KEHHUE BOJHOBOI'O MAKETA, OTBEYAIOIIEr0
JIEKTPOHY, JIOKAJIM30BAHHOMY B HEOOJIBIIIOM y4aCTKE [IPOCTPAHCTBA.

Bosinosbie yHKIMM «OTPUIIATENBHON YACTOTHIY CBI3AHBI, KaK
Oy/1eT MoKa3aHo, C CyNIIeCTBOBAHUEM QHTUYIACTHUIL — 103uTpoHOB. [lo-
ABJICHUE DTHUX d)yHKILI/IfI B Pa3J/I0O2KEHUN BOJJIHOBOT'O IIaKETa BbIPa-
JKaeT coboit memsbexkHoe B 00IIeM Ciydae 00pa3oBaHUE IIEKTPOH-
IIO3UTPOHHBIX IIap B IMPOLECCe U3MEPEeHUsd KOOPAUHAT 3JIEKTPOHA.
Hexonrpoaupyemoe camMum mpOIECCOM BO3HUKHOBEHWE HOBBIX dYa-
CTHUIL JIMITACT CMBIC/Ia U3MEPpEeHUd KOODAWHAT JICKTPOHA.

B CuCTeMe IMOKOdA JICKTPOHA MUHHMAaJIbHaA IMOTPEITHOCTH M3Me-
peHus ero KoopauHar

Aq ~ h/me. (1.3)

DroMy 3HAUEHMIO (€JIMHCTBEHHO JONMYCTHMOMY YK€ M3 COODpazke-
HI PA3MEPHOCTH) OTBEYAELT HEOIPEIeIEHHOCTh UMITYIbca Ap ~ mc,
KOTOpAasi, B CBOIO OY€PEb, COOTBETCTBYET MUHUMAJBHOI TOPOTOBOM
SHeprun 0O0pa30BaHUS MAPDI.

B cucreme orcuera, B KOTOPOit 3JIEKTPOH IBUXKETCS C dHEPrHeit
g, Bmecro (1.3) umeem

Aq ~ chfe. (1.4)

B wactHOCTH, B IpefebHOM yIBTPAPETIATHBACTCKOM CIytvae SHep-
rud CBgA3aHa C UMILYJILCOM COOTHOIIEHUEM € = Cp, U TOrJa

Ag ~ h/p, (1.5)

T. €. MOrpemuocTb Aq COBIaaer ¢ j1e0POIeBCKON JJINHON BOJIHBI
qacTuipl ')

st pOTOHOB BCErjia MMEET MECTO YJIbTPAPEJIATUBUCTCKUN CIIy-
vaii, Tak 4TO crnpaseauBo Boipaxkenue (1.5). D10 3HAUMT, UTO O
KOOpAuHATaX (POTOHA MMEET CMBIC FOBOPUTH TOJBKO B TEX CIyda-
4X, KOI'JlJa XapaKTepHble pa3Mepbl BeJIMKU 110 CPABHEHUIO C JJIMHON
BosiHbl. HO 9TO ecTh HE 4YTO WHOE, KAK «KJIACCUYECKWiT» IIPeIe/b-
HBI C1y4ail, COOTBETCIBYIOIUI IeOMeTPUYECKON OITUKe, B KOTOPOii

1) Peun mmer 06 n3MepeHusx, /1 KOTOPHIX U3 JII000r0 Pe3yJIbTaTa OIBITA, MOZK-
HO CIeJaTh 3aKJI0OYeHHe O COCTOAHHUH IEKTPOHA, T. €. MBI OTBJIEKaeMCHd OT H3-
MepeHHIl KOODAWHAT C IOMOINHIO CTOJIKHOBEHHII, KOIJa 32 BpeMsl HaOJIIOIeHus
Pe3yJIbTAT OCYLIECTBIISIETCS He C BepoaTHOCTHIO 1. Xora u3 (akTa OTKIIOHEHUS
YaCTHIBI B TAKOM CJIydae MOXKHO CAesIaTh 3aK/II0UeHne O MeCTOIOTOKEHNN JITeK-
TPOHA, U3 OTCYTCTBHUSI OTKJIOHEHUs BOOOIIE He/Ib3s CIeaTh HUKAKUX BBIBOJOB.
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MOXKHO T'OBOPUTH O PACHPOCTPAHEHUN CBETa BJOJb OIPEJICJICHHBIX
TpaekTopuit — jiydeii. B kBaHTOBOM 2Ke Cirydae, KOT/a, JIIMHA BOJTHBI
HE MOXKET PACCMaTPUBATHC KaK MaJias, MIOHITHE KOOPAUHAT (POTOHA,
cranoBuTca OGecipeamernbiM. Mbl yBuanm B gasnbreiinem (cm. § 4),
9TO B MATEMATUIECKOM (popMan3Me TEOPUr HEN3MEPUMOCTH KOOD-
muaaT (HOTOHA MPOLABJISIETCS YK€ B HEBO3MOXKHOCTH COCTABUTH U3
€ro BOJIHOBOI (DYHKIIUM BEJIUYUWHY, KOTOPadg MOTJIa Obl UTpaTh POJIb
[JIOTHOCTH BEPOSTHOCTHU, Y/IOBJIETBOPLIOIIEHl HEOOXOmuMbIiM TPebO-
BAHUAM PEJIATUBUCTCKON MHBAPUAHTHOCTH.

Ha ocrHoBanum Bcero CKa3aHHOIO €CTECTBEHHO JTyMaTh, 94TO OYIy-
as TEOPHs BOOOIIE OTKAYKETCS OT PACCMOTPEHUsT BPEMEHHOT'O X01a
IIPOIeCCOB BlammoaeiicTBus dactuil. OHa IMOKAXKET, YTO B 3TUX IIPO-
reccax He CYIIECTBYET TOYHO OMPEIEISIeMBbIX XapaKTepUCTHK (/1a-
XKe B mpejesnax OOBIYHON KBAHTOBOMEXAHUYECKONH TOYHOCTH), Tak
4TO OIMCAHUE IIPOLECCa BO BPEMEHM OKAXKETCH CTOJb 2Ke UJLII030D-
HBbIM, KaKUMH OKA3aJIMCh KJIACCUYECKUE TPACKTOPUU B HEPEJIATH-
BUCTCKOW KBAHTOBOIl MexaHWKe. EIMHCTBEHHBIMHU HAOIIOIAEMBIMA
BesImIMHAMY Oy/IyT SIBJAATHCA XaPAKTEPUCTHKU (MMITYJILCBI, MOJIs-
pu3anyn) CBOOOAHBIX YACTHI[ — HAYAJIBHBIX UACTHIl, BCTYITAIOIINX
BO B3aUMOJEHCTBHAE, M KOHEYHBIX YaCTUI], BO3HUKIINX B Pe3yJIbTa-
re npouecca (JI. /. Jlanday, R. Peierls, 1930).

XapakTepHas MOCTAHOBKA BOIIPOCA B PEISTHUBUCTCKON KBaHTO-
BOII TEOpUHM COCTOUT B ONPEAEJICHUU aMILIUTYJ] BEPOATHOCTU IIepe-
XOJI0B, CBSI3BIBAIOIIMX 3a/IaHHBbIE HAYAIbHBIE U KOHEYHbIE (T. €. Mpu
t — Foo) cocroguusg cucreMbl gactutl. COBOKYITHOCTH AMILIATY/T TIe-
PEeX0ZI0B MeXK/1y BCEeMU BO3MOXKHBIMU COCTOAHUAMU COCTABIACT M-
MPUYY PACCEAHUSA, WA S-Mampuyy. DTa MATPHUIA OyIeT HOCUTEIEM
BCeil nHMOPMAIUT O IPOIECCaX B3ANMOIEHCTBU TaCTUII, NMEIOIei
uabsrogaemerit husmaeckuii empicn (W. Heisenberg, 1938).

B macrosiee Bpems MOTHOI, IOTHYECKT 3aMKHYTON PEJIATUBUACT-
CKO#l KBAHTOBOI TE€OPHUH elre HeT. Mbl yBUIUM, YTO CYIIECTBYIOIIASI
Teopusl BHOCUT HOBbIE€ (pU3NIECKHE ACIEKTHI B XapaKTep OMNCAHUS
COCTOSIHUSI 9aCTHUIL, TPUOOPETAIONIEr0 HEKOTOPBIE Y€PThI TEOPUH 10~
ag (cm. § 10). Ona crpoutcst, 0HAKO, B 3HAYMTENLHOM Mepe 10 06-
Pa3Ily U C IOMOIIBIO MOHATHI OOBIYHOM KBAHTOBOW MEXaHUKHU. 1aKoe
IOCTPOEHUE TEOPWH MIPUBEJIO0 K YCIEXY B 00/1aCTU KBAHTOBOH 3J1€K-
rpoguHaMuku. OTCYyTCTBUE MTOJHOM JIOTHIECKOH 3aMKHYTOCTH B 9TOI
TEOPUU NPOABJIAECTCA B CyLIECTBOBAHUM PACXOAANINXCA BbIPaKeHUHR
IpA OPAMOM IPUMEHEHMU ee MaTeMaTHU4YeCKOro almnapara, HO JJid
YCTPAHEHUA 3TUX PACXOAUMOCTEH CyIIeCTBYIOT BIIOJIHE OJHO3HAYHBIC
crrocobbr. Tem He MeHee 9T CIocOObI B 3BHAUNTEIBHOM CTEEeHN COXPa-
HAIOT XapaKTeP MOJySMIMPUYCCKUX PELENTOB, U HAllla YBEPEHHOCTh
B IIPABUJIBHOCTYU MOy YaIOIUXCA TAKUM IIyTEM Pe3yJbTaTOB OCHOBA-
Ha B KOHEYHOM CUeTe Ha UX IPEKPACHOM COIVIACUU C OIIBITOM, & HE Ha
BHYTPEHHEH COIVIACOBAHHOCTU U JIOI'MYECKONM CTPOUHOCTU OCHOBHBIX
MPUHIUIIOB TEOPUU.



FITABA I

®OTOH

§ 2. KBanToBaHue CBOOOJHOIO 3JIEKTPOMATHUTHOT'O MOJIS

[TocraBuB CBOeil IEJIBI0 PACCMOTPETH IEKTPOMAIHUTHOE IIOJIE
KAK KBAHTOBBIN 00BEKT, YZ00HO HCXOJUTD U3 TAKOIO K/IACCHIECKOTO
OIMCAHUS TI0JIsA, B KOTOPOM OHO XapaKTepH3yeTcs XOTs U OecKomed-
HBIM, HO JUCKPETHBIM DSJIOM [IEPEMEHHBIX; TAKOe OIUCAHUE [O3BO-
JINT HEIIOCPEJCTBEHHO IIPUMEHUTH O6I)IquII>’I alrrrapar KBAHTOBOM Me-
xanuku. [Ipejcrasiienne e moJist ¢ HOMOIIBIO IOTEHIINAJIOB, 3a,/1aBa-
eMbIX B KayKJIOH TOYKe HPOCTPAHCTBA, €CTh 110 CYLIECTBY ONUCAHUE
C IIOMOIIBIO HEIPEPHIBHOIO MHOKECTBA, IEPEMEeHHbIX.

ITycrs A(r,t) — BEKTOpHBIIT OTEHIMA CBOOOIHOIO 31K TPOMAr-
HUTHOI'O TIOJIS, YIOBJETBOPSAIOMINI «YCIOBUIO TTOTIEPEYHOCTUY

divA =0. (2.1)
IIpu sTom ckangpubiit morennuan ® = 0, a mons E u H:
E=—-A, H=rotA. (2.2)
YpaBuenus MakcBeia CBOJAATCS K BOJIHOBOMY YpaBHEHUIO s A:
AA—ZA g (2.3)
ot?

Kak m3sectro (cm. II, § 52), B K/1acCH9IeCcKOil 37€KTPOIHHAMUKE
Mepexosi K OMUCAHUIO C MOMOIIBIO JTUCKPETHOTO Psa TMePEeMeHHBIX
OCYTIIECTBJISIETCS TIyTEM PACCMOTPEHUS TIOJIA B HEKOTOPOM OOJIBITIOM,
HO KOHEYHOM obbeme mpocrpancTsa V' !). HamomunMm, Kak 310 j1e-
JIaeTCs, OYCTUB JeTaJIV BbIYUCICHUMN.

ITone B xkoHeuHOM OOBEME MOXKET OBITH PA3JIOKEHO HA Deryiime
IJIOCKWE BOJIHBI, TAK 9TO €r0 MOTEHIINA N300PA3UTCs PSITOM BUIA

A = Z(akeikr + aje kr), (2.4)
k

re Ko OUIMEHTHI ax 3aBUCAT OT BPEMEHH I10 3aKOHY
ag ~e “W w=k| (2.5)

B cuny yenoBust (2.1) KOMIIEKCHBIE BEKTOPBI 8 OPTOTOHATIBHBI
COOTBETCTBYIOIIUM BOJTHOBBIM BekTopam: axk = 0.

1)Bo n30eKaHuU 3arpoOMOXKAeHNs (DOPMYJI JUMIHUME MHOXKUTEIAME OyI1eM
nonarate V = 1.
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Cymmuposanue B (2.4) 1ponsBoguTcs 10 6ECKOHETHOMY JUCKPET-
HOMY HabOpy 3HAYEHUIT BOTHOBOTO BEKTOPA (€0 TPeX KOMIIOHEHT Ky,

ky, k). Ilepexon K MHTErpUPOBAHUIO 110 HEIMPEPBIBHOMY pacIpejie-
JIEHUIO MOXKHO TIPOU3BECTU C MOMOIIBIO BhIPAYKEHUST

d*k/(2m)?
LTSl YUCJIa BO3MOXKHBIX 3HadYeHnit k, mpuxoagimmxcs Ha 31eMeHT 06b-
ema k-pocrpancrsa d3k = dkydkydk,.

SaamreM BEKTOPOB Ay TOJHOCTHIO OMPENEIIeTCs TT0JIe B JAHHOM
obbeme. Takum 06pazoM, 3TH BEIUYINHBI MOYKHO PACCMATPUBATEH KAK
JIMCKPETHBIN HADOP KJIACCHYECKUX <«IIEPEMEHHBbIX moJisty. [ljist BbI-
SICHEHMS CIIocoba Mmepexosia K KBAHTOBOI TEOpUU, OHAKO, CJEIyeT
[POM3BECTH €Ille HEKOTOpPOe IIPeoOpa30BaHUE STUX MEPEMEHHBIX, B
pe3yJibTaTe KOTOPOI'o ypaBHEHUs [0/Isi IPUOOPETAIOT B/, AHAJIOT Y-
HBIIl KAHOHWYIECKUM ypaBHEHUsM (ypaBHeHUAM [aMuabrona) Kiac-
cu4ecKoit Mexanuku. KaHoHuuecKkue nmepeMeHHbIe M0/ OTPE/IEITI0T-
Cs TTOCPEJICTBOM

Qi = ——(ax +a}),
vir . (2.6)
Py = _E(ak —a;) = Q

(oHu, 0YEBMIHO, BelIECTBEHHBI). BEKTOPHBIH TOTEHIMA BHIPAZKAET-
€A 9epe3 KAHOHMYECKHe MePEeMEHHBIEe COIVIACHO

A= \/Eg (Qk coskr — iPk sinkr) . (2.7)

Hna maxoxzgenus dyuknuu lamuaprona H HAI0 BBIYUCIUTDH
[IOJTHY IO DHEPTUIO OISt

8w

BBIpa3uB ee depe3 Beaumannsl Qy, Py. Ilpencrasus A B Bue pasio-
xkenus (2.7), seraucaus E w H cornmacno (2.2) u nmpoussens umre-
IPUPOBAHNE, HOJIYIHM

Hzég(Pi—i-wzQi).

L /(E2 +H?)d%s,

Kaxapiit 13 BekTopoB Py n Qi mepreHuKyasipeH BOTHOBOMY
BeKTOPY K, T. €. mMeeT 110 /1B He3aBUCUMble KOMIIOHEHTBI. Hampas-
JIEHUE 9TUX BEKTOPOB OIpejie/isieT HAlpaBIeHne MOJSAPU3aUn COOT-
BercTBYyIOIIEil BosiHbl. ODO0O3HAYMB /IBE KOMIIOHEHTHI BEKTOPOB Qy,
Py (B mrockoctu, meprnenaukyaspuoii k) mocpeactBoM Qxq, Pka
(a = 1,2), nepenumem dynknuio ['aMuabrona B Bue

H=3" 2 (P + Q) (2.8)
ka
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Takum obpazom, dyuknusa [aMuibTOHA paCIamaeTCd HA CyMMY
HE3ABUCUMBIX UJIEHOB, KAXKJbI W3 KOTOPBIX COIEPKUT TOJBKO II0
ojiHO¥ mape BeanInH Qyq, Pro. KaXk il Takoil WwieH cOOTBETCTBY-
er Geryreil BoJIHE C ONPE/EJIEHHBIMU BOJTHOBBIM BEKTOPOM W TIOJIsi-
pusanueit, npuuem umeer Buj GyHKIur [aMUIbTOHA OJHOMEPHOTO
TAPMOHUYECKOr0 OCHM/LIATOPa. 1109TOMYy O MOTydYeHHOM pa3JiozKe-
HUAW TOBOPAT KAK O PA3JIOKEHWUU II0JIsI HA, OCUUAAAMODDL.

Ilepeiimem Temeps K KBAHTOBAHWIO CBODOIHOTO 3IEKTPOMATHUT-
HOTO TI0JIs1. VI3/T02KEHHBI CITOCO0 KJIACCHIECKOT0 OIMCAHIUS IO [Te-
JIaeT OYEBUIHBIM IIYTh IIePeXo/1a K KBAHTOBON Teopun. MBbI TOTKHBI
pPacCMATpPUBATEL Teleph KAHOHUYIECKHE IIepeMeHHbIe — 0000IEeHHbIE
KOOPJUHATHI (Jio U 0O0OIIEHHBIE UMITYIBCHI Py, — KaK OlepaTopbl
C TIPABIJIOM KOMMY TAITHI

ﬁka@ka - Q\kaﬁka =—1 (29)

(omepaTophbl ke ¢ pasHbiMu Ko Bce KOMMYTATHBHBL JIPYT C JIPYTOM).
Buecre ¢ HUMU CTAHOBATCS OnepaTopamMu (3PMHUTOBBIME) TAKKe MO-
renrman A u, cormacuo (2.2), nanpszkensnoctn E u H.

[TocieoBaTenbHOE ONpeie/IeHne TaMUJIBTOHUAHA OJIs Tpedyer
BBIYUC/ICHUA WHTETrpaJia

= Si /(f}2 + H2)dPz, (2.10)
™

B kKoropom E um H BeIpakensl depe3 omepaTopbl Pio, Qrq- PakTh-
YeCKH, OJHAKO, HEKOMMYTATHUBHOCTH IMOCAEIHUX IPU STOM HE IMpO-
SIBJIFETCS, TaK KakK mpom3BemeHnsd QQxqPkq BXOIAT C MHOXKUTEIEM
cos kr - sin kr, obparatomumMcsd B HyJIb TP UHTETPUPOBAHUN 10 BCE-
My obbemy. [loaTomy B pe3ysibraTe /ijisi TaMUIBTOHUAHA, TTOJTYYaeTCs
BbIDasKeHUE

1 A ~
H=3"1 (P%m + wZQﬁa) . (2.11)
ka

B TOYHOCTHU COOTBETCTBYIOIIEe Kyaccuyaeckoit pyukmmu [avunbrona,
YTO W €CTECTBEHHO OBLIO 0XKUIATh.

Ornpeenierre COOCTBEHHBIX 3HAYEHUI 9TON0 MAMUJIBTOHUAHA HE
Tpebyer 0COOBIX BBIYUC/IEHUI, TaK KaK CBOJIUTCS K M3BECTHOMN 3a/1a-
4ye 00 ypOBHSIX dHEprum JuHEHHbIX ocuussaTopos (cm. III) § 23).
[TosTomy MBI MOXKEM Cpa3y HAIMCATbH JIJisi YPOBHEH SHEPTUU MOJIsT

=% (Nka n %) w, (2.12)
ka

e Ny, — Ieable 9ncia.
K obcyxmennto 1ot popmMyJ/ibl Mbl BEPHEMCs B CJIEIYIONIEM I1a-
parpade, a ceifuac BBIIHUIIEM MATPUIHBIE 3JIEMEHTHI BeJnanH Qyq,
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9TO MOXKHO CJE€JIATh HEIOCPEICTBEHHO C IIOMOIIBIO M3BECTHBIX (HOP-
MyJI JIJIsi MATPUYHBIX 3JIEMEHTOB Koopauuar ocumtsitopa (cm. I

§ 23). OmuuHbIe OT HYJIS MATPUIHBIE JIEMEHTHI DABHBI

Nka

<Nka|Qka|Nka - 1> = <Nka - 1|Qka|Nka> = % (213)

MarpudHbIe 31eMeHThl BeananH Py, = Qxq OTINIAIOTCSI OT MATPUU-
HBIX JIEMEHTOB Qi JIMIIb MHOXKUATEIEM i,

B nanbmelimux BbIYUCIEHUSX, OJHAKO, OymIer ymobHee MOIb30-
BaTbCsl BMECTO BeJUIUH (Quq, Pko WX JIMHEHHBIMU KOMOWHAIASIMU
wQia £ 1Pxq, KOTOPBIE UMEIOT MATPUYHBIE JIEMEHTHI TOJBKO JIJIst
nepexoioB Nk, — Nio = 1. CoOTBETCTBEHHO 3TOMY BBOJUM Ol€pa-

TOPBI
—~ 1 ~ . ~F 1 ~ .

Cka = ——(w + 1P ¢ = —(w — 1P 2.14

ka m ( Qka ka)a ko m ( Qka ka) ( )

(K1accHaecKue BEJIMIHHbL Ckq , Cpp o COBIAJIAIOT C TOYHOCTHIO /10 MHO-

KuTes /27 /w ¢ Ko unmenTaMu kg, 4y, B pasnoxenun (2.4))
MarpudHbie 3/IEeMEHTBI STUX OIEPATOPOB PABHbI

<Nka - 1|Cka|Nka> = <Nko¢|cl—:a|Nko¢ - 1> = v/ Nka- (2'15)
IIpaBuI0 KOMMYyTAIIME MEXKIY Ckq X /C\lta IOIYy9aeTcsa ¢ IOMOIIBIO
onpezenenns (2.14) u npasura (2.9):

Ckaly,, — Cp\Cka = 1. (2.16)

JLjist BEKTOPHOT'O MOTEHIINA/IA MbI BO3BPAIIAEMCs K PA3JI0ZKEHUTO
Buza (2.4), B KOTOPOM, OJHAKO, KOI(DMUINEHTHI ABISIIOTCA TEnephb
omeparopamvu. Hamuirem ero B Buze

A = (CkaAka + G ALa), (2.17)
ka
raoe (@)
Ay, = \/47r\‘;% etkr (2.18)

Mbr BBesn 0603naueHue el®) 18 € IMHUYHBIX BEKTOPOB, YKa3bIBAIO-

WX HallpaBJieHue MOJAPU3aUU OCHUIIATOPOB; BEKTOPHI el nep-
MEH/IUKYJISIPHBI BOJTHOBOMY BeKTOpy K, mpudem ajig kaxmoro k mme-
IOTCS JIBE HE3ABUCUMBIE IOISIPU3ALINN.

Anasornuno jys oneparopos E u H manumiem
E :Z(/C\kaEka +/C\I-I(—a T{a)a H :Z(/c\kaHka +/c\f<_aHT<a)7 (219)

ka ka
IpuIeM

Eka = z'wAka, Hka = [nEka] (n = k/w) (2.20)
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BekTopsr Ay, B3aMMHO OPTOTOHAJIBHBI B TOM CMBICIE, ITO
2
/AkaAik{/a/dzg:E = _5aa’6kk’- (2.21)
w

Heitcteurensno, ecmn Ay, 1 Ay, |, Pa3IMIAIOTCS BOJTHOBBIMU BEKTO-
N !

paM¥, TO UX IIPOU3BEIEHNE COTEPKUT MHOXKHUTETH ¢ilk—k )r, JTAFOTITI I

HYJIb IIPA THTETPUPOBAHAN 10 00bEMY; €C/IN 2Ke OHH Pa3InIAIOTCS

s nonspusanuami, 1o e(@el®)* = () Tak kak 1Ba HE3ABHCHMBIX
HAITPABJIEHNUS TIOISIPU3AIIYA B3aNMHO OPTOTOHAJIBLHBI. AHATOTHIHBIE
COOTHOIIIEHNS CIIPABeIINBLI /171 BEKTOPOB K, Hy,. Ix HOpMETPOB-
Ky yZ00HO 3alliCaTh B BUJIE

1 * *
o /(EkaEk’a’ + HkaHkla/)d3fL‘ = Wikk/ Oaq - (2.22)

[Moxcrasue oneparopsr (2.19) B (2.10) u npousse/s nHTErPUPOBA-
HI€ C TOMOIIBIO (2.22), MOy IrM raMUJIBTOHUAH MO, BBIPDAYKEHHBII
Jepe3 OIepaTopsl ¢, ¢

- 1~ ~
H=Y" 59(Caliq + G Cka)- (2.23)
ka

DTOT Oneparop B PacCMAaTPUBAEMOM IIPEJICTABJCHUN (MATPUIHBLIE
S7eMEHThI ONepaTopoB ¢, ¢ u3 (2.15)) muaroHasen, u ero cobCTBeH-
HblE 3HAYEHMs COBIIQJIAIOT, KOHEYHO, ¢ (2.12).

B ksraccuueckoit Teopun UMITYJIbC [0S OTPEAEISIETCI KaK WHTE-
rpai:

P=_" [[EHdAz.
4

IIpu mepexone k kBanTOBOM Teopuu 3aMeHseM E u H omeparopamun
(2.19) u 6e3 Tpyga HAXOIUM

A~ 1 ~ ~
P= Z E(Pﬁa + w?Qi,)n (2.24)
ka

— B COOTBETCTBUU C U3BECTHBLIM KJIACCHMYECKHM COOTHOIICHUEM MEXK-
Ay SHGPFI/Ieﬁ n UMITYyJIbCOM IIJIOCKUX BOJIH. CobcrBennble 3Ha9eHU

9TOr0 Oleparopa
1
P— ka (Meat3)- (2.25)
o

IIpecrasiienne OnepaTopoB, OCYIECTB/ISEMOE MATPUIHBIMU /16~
meHTamu (2.15), ecrb «IIPeJCTaBJIeHHe YUCeJs 3AIO0JHEHUSI», — OHO
OTBEYAET ONUCAHMIO COCTOSIHUSI CUCTeMbl ([0JIsi) IIyTeM 3aJlaHust
KBaHTOBBIX uncesr Ny, (wucaa sanoamnenus). B sToMm mpencrasie-
Huu oneparops! nosst (2.19) (a ¢ auvmu n ramvusbsronunad (2.11)) neii-
CTBYIOT Ha BOJIHOBYIO (DYHKIMIO CHCTEMbI, BEIDAKEHHYIO B (DYHKIUH
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ances Niq; 0603uauum ee P(Ny,,t). Oneparopsr mons (2.19) e 3a-
BUCST SBHO OT BPEMEHHU. DTO COOTBETCTBYET OOBIYHOMY B HEPEJISITH-
BUCTCKOII KBAHTOBOI MEXaHUKE IIPEJIUHI€POBCKOMY IIPEICTABICHUIO
011epaTOPOB. 3ABUCAIINM K& OT BPEMEHHU SIBJISIETCS [IPU 3TOM COCTO-
aune cucrembl P(Nyq,t), npudeM 3Ta 3aBUCUMOCTH ONPEIEISIeTCs
ypasuenuem IlIpeaunrepa
%% — fo.
ot

Taxoe onucanue 1MoJisd MO CYIIECTBY PEJISTUBUCTCKU WHBAPUAHT-
HO, TIOCKOJIBKY OHO 0a3upyercs Ha UHBAPUAHTHBIX ypaBHEHUSX Mak-
ceejia. Ho 9Ta MHBApMAHTHOCTH HE BBIABJIEHA SBHO, — IIPEXK/IE BCE-
ro MOTOMY, YTO TPOCTPAHCTBEHHbIE KOOPAUHATHI U BPEMS BXOIAT B
omrcaHue KpaifHe HECHMMETPUIHBIM 0Opa30M.

B pensgruBucrckoii Teopun 1esieco00pa3sHO MPUIATh OMUCAHUIO
BHEITHe 0oJjiee MHBAPWAHTHBIN BUA. [ljIs1 9TOMH mesm Hag0 BOCIO/Ib-
30BATHCST TaK HA3BIBAEMBIM Ieif3eHOEPrOBCKUM IIPEJICTABJIEHIEM, B
KOTOPOM siBHAsI BDEMEHHAsl 3aBUCUMOCTH [IEPEHECEHA HA CaMU OIle-
paropsr (cm. I, § 13). Torma Bpems u kKoopauHATHI OYIyT PABHO-
[MPAaBHBIM 00PA30M BXOJWTH B BBIPAXKEHUs JIJIsi OIIEPATOPOB IT0JIsl, &
cocrosinue cucrembl P Oymer dyHKIMEN TOJBKO OT YUCE 3aIOJIHE-
HUSI. R

Hns onmeparopa A mepexoi K Teii3eHOEPrOBCKOMY IpeCTaB/Ie-
HUIO CBOIUTCS K 3aMeHe B KaKJoM wieHe cymmbl B (2.17), (2.18)

muoxurens eX* mpa e/Kr9 1 e x ToMy, 4T06bl 1101 Ake HOHH-
MaTh 3aBUCAIINE OT BpeMEHN (OYHKITHH

(o3 .
A = VA &L gt tor) (2.26)
Vow
B sTOM Jlerko yOeauThCsi, 3aMETUB, YTO MATPUYHBIA 37€eMEHT reji-
3eHOEPrOBCKOTO onepaTopa JIjis Iepexojia ¢ — f IOJKeH COIepKATh
MHOKuUTENb exp{ —i(&; — Ef)t}, rae E; u By —sHeprun Ha4aIbHOTO
u Koueunoro cocrogumii (cm. III, § 13). na mepexoma ¢ yMeHbIe-
HEeM uan yBegundenueM Ny Ha 1 3TOT MHOXKUTEb CBOJUTCS COOT-
BercTBeHHO K e ! mwmm ¢!, Dro rpeboBanue Gyaer cobIroneHO B
pesy/ibrare yKa3aHHON 3aMeHbl.

B nanbreiimem (npu paccMOTPEHMN KAK 3JIEKTPOMArHUTHOTO MO-

JIsl, TaK W MOJIeii IacTuIl) MbI Beerga OyIeM Moapa3yMeBaTh reii3eH-
6eproBCcKoe MpeJICTaBIeHIe OlepaTOPOB.

§ 3. ®oToHbI

Ob6parumMcst K 00CYKICHUIO MOy IEHHBIX (POPMYJT KBAHTOBAHUS
OJISI.

[Tpexe Bcero, dopmyna (2.12) masg sneprum nos obHAPYKHU-
BaeT CaeAylomlyio TpyaHocTs. Haubosiee HU3KOMY yPOBHIO SHEPIUuU
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oJId COOTBETCTBYET PABEHCTBO HYJIIO KBAHTOBBIX YUNCEJT Nka BCeX OC-
ULIATOPOB (3TO COCTOSIHUE HA3BIBAIOT COCTOSTHUEM GAKYYMGE IAEK-
mpomazrummnozo noas). Ho maxe B 9T0M COCTOSHUM KazKIBIi OCITHLII-
JaATOp 00Js1a/1aeT OTJIMYHO OT HyJIsl «HY/1eBOil sHeprueiis w/2. Ipn
CYMMUDOBAHUU 2Ke€ 110 BCEMY 6eCKOHe‘{HOMy UGy OCHUJLIIATOPOB MbI
oIy 9uM 6eCKOHEUHbBIH pe3yabTaT. Takum 06pa30M, MbI CTATKHUBAEM-
Cd C OTHOHN M3 «pacXoguMOCTeil», K KOTOPBLIM IIPUBOJUT OTCYTCTBHUE
IIOJIHOM JIOPMYECKOI 3aMKHYTOCTU CYIIIECTBYIOIIEl Teopuu.

[Toka pedb uzer JuUIllb 0 COOCTBEHHBIX 3HAYEHUSX SHEPIUU TTOJIH,
MOXKHO YCTPaHUTDL 3Ty TPYJHOCTHL IIPOCTHIM BbIYE€PKHUBAHUEM 3SHEpP-
UM HYJIeBBIX KOIeDaHWIl, T. €. HAIWCAB JJIsl SHEPIUU U MMILYJIbCa

oyt ')
E = ZNkaw, P= Z Niok. (3.1)
ka ka

O1u HOPMYJIbl MTO3BOJISIIOT BBECTU OCHOBHOE JIJIsl BCEH KBAHTO-
BO# JIEKTPOJMHAMUKY TTOHATHE O C8EMOGHIL KEAHMAL, WA HOMO-
nax ?) . VIMEeHHO, MBI MOZKEM PACCMATPUBATH CBOOOHOE 3/1EKTPOMAT-
HUTHOE T10J1€ KaK COBOKYITHOCTH YaCTUILL, KazK/1asd U3 KOTOPbIX UMEET
sHepruio w(= fiw) u umnynsc k(= nhw/c). Coornomenne mexiy
SHeprueit u UMy IbCOM (POTOHA — TAKOE, KAKUM OHO IOJ?KHO OBbITH
B PEIATUBUCTCKON MeXaHUKe I YaCTHUIl C PaBHON HYJI0 MacCCOil
MIOKOSI, MBUZKYIIINXCS CO CKOPOCTBHIO cBeTa. dmcia 3amomHerns Nk,
npuoOpeTalT CMBICT Yuces (POTOHOB € NaHHBIMU uMITyJjabcamu k u

nonspusanusyvu e(® . CBoiicTBo mosgpu3anuu HOTOHA AHAJOTHIHO
NOHATHUIO CIIMHA, y Apyrux dactull (cnenuduaeckue ocobennocru ¢o-
TOHA B 9TOM OTHOIIEHUU OYIyT PACCMOTPEHBI HUXKE, B § 6).

Jlerko BUIeTh, YTO PA3BUTHIA B MPEABIIYINEM maparpade mare-
MaTuIecKuit (popMain3M HAXOIUTCSA B TIOJTHOM COOTBETCTBUU C TIPEJI-
cTaBjieHreM 00 JIEKTPOMATHUTHOM IT0JI€ KAK O COBOKYIHOCTH (hOTO-
HOB; 9TO €CTh HE YTO WHOE, KAK alnapaT TaK HA3bIBAEMOI'O0 BTOPHY-
HOTO KBaHTOBaHWs B IpUMeHeHHH K cucreme (hboToHOB *). B 3rom
meroge (cm. II1, § 64) poab HE3ABUCUMBIX TIEPEMEHHBIX UTPAIOT YHC-
Jla, 3aI0JHEHUST COCTOSIHUI, a OMepaTopbl JIEHCTBYIOT Ha (DyHKIUH
orux uuces. [Ipm 9TOM OCHOBHYIO POJIb UI'PAIOT OMEPATOPbBI «yHU-

1310 BBIMEpKUBaHTe MOXKHO Hpom3BeCTH (GOPMAIBHO HE MPOTHBOPETHMBEIM
00pa3oM, yCIOBUBIIACH IIOHUMATD np0H3Be/1eH1/m oneparopos B (2.10) kak «HOD-

MaJIbHBIE», T. €. TaKue, B KOTOPBIX OTIepaToOpBI ¢! PACIIONATAOTCS BCETIA JIeBee
OIepaToposB C. CDOpMyna (2.23) mpumer Torma Bz

H= E wcka/c\ka
ko

?) Ipencrapenue o boromax 6bLI0 BIepBbIe BBeAeHO Dinwmetinom (A. Bin-
stein, 1905).

%) MeTox BTOPHYHOr0 KBAHTOBAHKS B IPUMEHCHHH K TEODHE H3JIyUCHH GBLI
passur Jupaxom (P. A. M. Dirac, 1927).
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YTOXKEHUSY U «POXKIEHUST» IACTUIl, COOTBETCTBEHHO YMEHBIIAIOIIIE
WM YBEJINYUBAIOIINE HA eIWHUILY YUCIa 3anoanenus. VIMenHo taku-
MU OIEPATOPAME U ABJISIOTCH Ckq, Cpp ONEPATOP Ckq YHUUYTOKAET
doron B cocrossanm ka, a Ei'('a — poxkgaeT POTOH B 3TOM COCTOTHUM.

[Tpasuio kommyTanuu (2.16) COOTBETCTBYeT CIyvar0 HaCTHIIL,
NOUUHSIONNXCs craructuke Bo3e. Takum obpazom, poToHbI sBIIsI-
forcg 6030HAMU, KAK ITOrO M CJIEIOBAJIO OXKUIATH 3apaHee: IOITy-
cTuMO€e YuCa0 (POTOHOB B JIIOOOM COCTOSTHUM MOXKET OBbITh ITPOU3-
BOJIBHBIM (MBI BEDHEMCSI €I B § 5 K POJIM 3TOr0 00CTOATEHCTBA,).

[Tnockue Bomubl Ay, (2.26), durypupyomme B oneparope A
(2.17) B kauecTBe KOI(DOUINEHTOB MEPE ONEPATOPAMU YHUUTOKE-
Husg (DOTOHOB, MOXKHO TPAKTOBATH KAaK BOJHOBBIE (MYyHKIUU (HOTO-
HOB, 00J1aJAIOIIMX OIPe/Ie/IeHHBIMEU UMty ibcamu k u mossipuzanus-

vu el®) . Takas TpakToBKa COOTBETCTBYET PA3JIOKEHUIO 1P-0reparo-
pa B BUJIE PsI/Ia [10 BOJTHOBBIM (DYHKIMSM CTAIIMOHAPHBIX COCTOAHMUIT
JACTHUIBl B HEPEIATHBUCTCKOM AIIapaTe BTOPHIHOIO KBAHTOBAHUS
(B ommume OT MOC/EJHEro, OAHAKO, B pasioxkenue (2.17) Bxomar
KaK ONEPATOPHI YHUITOXKEHNsI, TAK U OIEePATOPBI POZKIEHNS IACTHUIL;
CMBICJI 9TOTO PA3JININs BBISACHUTCA B JajbHeiimem, cM. § 12).

Bonnosas dbynknus (2.26) HopMupoBana ycjIoBueMm
1
/E(|Eka|2 + [Hyo|*)d’s = w (3.2)

9T0 ecTh HOPMUPOBKA Ha onuH (oron B obbeme V = 1. [eiicTBu-
TeIBLHO, WHTErPAJ B JIEBON CTOPOHE PABEHCTBA MPECTABIAET COOOM
KBAHTOBOMEXaHWYIECKOE CpeIHee 3HAUeHNe dHepTrun (hOTOHA B COCTO-
SHUW C JaHHON BOMHOBOI (yHKuumeii ). B mpagoii e cTopoHe pa-
Bercrea (3.2) crour sHeprusi 0gHOro GoTOHA.

Posp «ypasuenus: lllpenuarepay g dorona urpaior ypaBHe-
nust Makcseta. B gannom ciydae (s norennmana A(r,t), yao-
BJIETBOPSIOIIEro ycioBuio (2.1)) 910 — BOSHOBOE ypaBHEHME

0°A
ot?
«BosnoBbie dyHKIHII» HOTOHA B 0OIIEM CIydae IMPON3BOILHBIX CTa-

[IMOHAPHBIX COCTOSHU TTPEICTABISIOT COO0N KOMILIEKCHBIE PEIIeHNS

9TOI'0 YpaBHEHUSA, 3aBUCAIIINE OT BpEMEHH IIOCPEACTBOM MHO2KUTEJIA
—iwt
(& .

—AA=0.

Toopst 0 BostHOBO# byHKIIMKM DOTOHA, TOTIECPKHEM JIUITHUN Pa3,
9TO ee OTHIOAb HEJIb3s PACCMATPUBATEH KAK AMILJIUTY/Iy BEPOSITHOCTH

'Y O6parum BumManme Ha TO, urTo Kodbbuument 1/(47) B unrerpare (3.2)

B aBa pasa Gosbwe o6branoro xosddunmenra 1/(87) B (2.10). dra pasuuna
CBS3aHA, B KOHEYHOM CUeTe, C KOMILIEKCHOCThIO BEKTOpOB By, , Hk,, B oTimamne

OT 3PMHUTOBBIX oneparopos nonga E, H.
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MPOCTPAHCTBEHHON JTOKAJIN3AINN (DOTOHA — B TTPOTUBOTIONIOKHOCTD
OCHOBHOMY CMBICTTy BOJTHOBOW (DYHKIIMH B HEPEJIATUBUCTCKON KBaH-
TOBOIT MexaHuKe. DTO CBA3AHO C TeM, 4To (Kak OblI0 ykazaHo B § 1)
MOHSATHE KoopamHaT (POTOHA BOOOIE HE MMeeT (PU3UIECKOTO CMBbI-
cra. K MmaremarndeckoMy acrmekTy 9TOH CUTYAIlnu Mbl BEDHEMCS €IT1e
B KOHIIE CJIeJyIolIero rnaparpada.

Kowmmnonentsr pasnoxenuns @ypoe dynkuun A(r,t) mo koopau-
HaTaMm 00pa3yioT BOJIHOBYIO (pyHKIMIO (DOTOHA B MMITYJILCHOM IIPEJI-
crapiennn; oboznaunm ee A(k,t) = A(k)e ™! Tak, as cocros-

HUS C OIPE/Ie/IeHHbIM UMIYIbcoM k i nomsapusanueii e(® ponnobas
bYHKINSA UMIYJIbCHOTO MPEICTABICHNSA JAETCS MPOCTO KO3 uIim-
€HTOM IIPU SKCIOHEHIHAJILHOM MHOKHTee B (2.26):

(@)
Ao (K, o) = \/47r\eﬁak,k5w,. (3.3)

B coorBercTBUM ¢ M3MEPUMOCTHIO MMITYJIbCA CBODOIHON YACTH-
bl BOJIHOBas (DYHKIMSA UMITYIHCHOTO IIPEJICTAB/IEHUs UMeeT Oojiee
rybokuit pusntueckuit CMbICT, YeM (PYHKIUsS KOOPJAUHATHOTO TPeJ-
CTaBJ/IEHUs: OHA JAET BO3MOYKHOCTH BBIUUCIUTH BEPOSATHOCTH Wkq
PA3/INYHBIX 3HAYEHWI MMITY/IbCA U MOJApU3anuu (pOTOHA, HAXOMIs-
merocst B 3agaHHoM coctosauu. CoryiacHO OOIMUM MpaBUIaM KBaH-
TOBOI MEXaHWKW Wk, JAETCSI KBaJApaTOM MOyJeil Ko3dduiineHTon
pazsoxenus dysxmuu A (k') mo BosmHOBBIM hyHKIUAM COCTOAHUIA C

ompenenenubivy k 1 e(®):
Wia o | > Afy (K, o)) A(K)
k/al
(k03 durenRT NpPOnOPIUOHATLHOCTH 3aBUCHT OT CIIOCO6A HOPMU-
posku dynkuuit). [loacrasus cioma (3.3), noxydanm
Wia o [ A(K)|?. (3.4)

ITocsie cymmupoBanust 110 JIBYM MOJIAPU3ALMAM Hal/IeM BEPOSATHOCTH
Toro, 4yro poToH umeer umnyJsc k:

wy o |A (k). (3.5)

2

§ 4. KaiinbpoBoyHass ”HBaApMAHTHOCThH

Kak u3zBecTHO, BEIOOD MOTEHIMAJIOB IO/ B KJIACCUYIECKON DJIeK-
TPOAMHAMUKE HEOJHO3HAYCH: KOMIIOHEHTHI 4—HOT€HHI/I3,.H& AN MOZK-

HO TIOJIBEPIHYTH MPOU3BOIBHOMY KaAubposouromy (Wi epaduenm-
HOMY) TPEOOPABOBAHMIO BU/IA

Ay — Ay +0ux, (4.1)

rje X — npousBoabHas PyHKnus Koopaunar u spemenu (cum. 11, § 18).
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JList TL7I0CKO# BOJIHBI, €CIM OIPAHUYUTHCA ITPEOOPA30BAHUIMU,
HE MCHAIOIIMNMU BUIA ITOTEHIMAJIA (ero OPOIIOPIMOHAJIBHOCTU MHO-
xureso exp(—ik,z")), HeOHO3HAYHOCTH CBOJAUTCH K BO3MOXKHOCTI
npubaB/ieHusT K aMILJIUTY/Ie BOJHBI JI0O0T0 4-BEeKTOpa, MpPOIOPIINO-
Ha/IbHOTO 4-BekTOpYy kM.

Heonno3uauHoCTh MOTEHITMAIA COXPAHIETCs, KOHEYHO, U B KBaH-
TOBO#l Teopuu — IPUMEHUTETHLHO K OIEepaTOpaM IOJid WX K BOJIHO-
BeIM yHKIuIM ¢doroHoB. He mpemperras cmocoba BbIOOpa IIOTEH-
[MaJI0B, HAJ0 TucaTh BMecTo (2.17) aHajormdHoe pasjoxkKeHue s
OTIEPATOPHOTO 4-TIOTEHITHATIA

AW — S Ak oF g
A“_-Ej(chy4ml+mhaAka), (4.2)
ko
r/ie BOJTHOBbIE (DYHKIIAU Aﬁ o — 4-BeKTOpBI BUJIA

et ik v
Al = Viig S—e kv ey el = —1,

V2w
WJIM B KPATKOM 3aIHCH, OIyCKas I€THIPEeXMEePHbIe BEKTOPHbIE MHJIEK-
ChI: e
Ag = \/47T\/?67Z v ee’ = —1. (4.3)
w

Bnech 4-nmnyise k, = (w, k) (Tak uro kx = wt —Kr), a e — equnny-
HbIil 4-BeKTOp nosgpuzanum ).

Ecin orpanmunthbca KaanOPOBOYHBIMEU TPEOOPABOBAHUSMU, HE
MensommMu 3asucumoctu dbyukimn (4.3) 0T KOOpAMHAT U BpeMe-
HU, TO OHU OY/IyT COCTOATH B 3aMeHe

ey — ey + Xky, (4.4)

rae x = x(k*) —mnpousBonbrasg dyukuus. [lomepednocts moaspu-
3alliy O3HAYAET, YTO BCErJa BO3MOXKHA TaKas KAJUOPOBKA, IPU KO-
TOPOil 4-BEKTOP € MMeeT B/

et =(0,e), ek =0 (4.5)
(Takyro KagubOpOBKY MbI OyZeM Ha3bIBATL MPETMEPHO NONEPewHoL).

B wHBapraHTHOM YeThIPDEXMEPHOM BHU/JIE€ 3TO TpebOBaHUE 3aMUCHIBA-
ercd B BUJIE YCJIOBUS 4emblpermepHot nonepesHocmu

ek = 0. (4.6)
ObparuM BHMMaHWE HA TO, YTO ITO yCa0BUE (KAK M HOPMHUPO-
BOUHOEe ycioBue ee* = —1) He Hapymaercs npeobpasoBanuem (4.4)

Y Beipasxerue (4.3) me mMeeT BIIOHE PesSTHBACTCKA-KOBAPHAHTHOTO (4-Bex-
TOPHOTO) BUJA, 9TO CBA3AHO C HEMHBAPWAHTHBIM XapAKTEPOM MPUHATON HAMA
HOPMUPOBKH Ha KOHE4YHbIH 00beM V' = 1. D10, oiHaKO, HE UMEeT IPUHIUIINAIb-
HOTO 3HAYEHWs U BIIOJHE KOMIIEHCHDYeTCsl yI00CTBAMH TaKOrO CIOC0Da HOPMHU-
poBku. MBI yBUIMM B JajbHEHIIEM, ITO UM 00ECIIEINBAETCS IIPOCTOE M ABTOMA-
':&)I/I“IGCKOQ IIOJIyYeHne peajJlbHbIX (I)I/I3I/I“IeCKI/IX BE€JINYHH B ,ILOJ'I)KHOI‘/JI I/IHBapI/IaHTHOﬁ

opMe.
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B cuiy Toro, uro k? = 0. C apyroii CrOPOHBI, PABEHCTBO HYJIIO KBa-
Jparta 4-UMITyJibCa YaCTUIBI O3HAYAET PABEHCTBO HYJIO €€ MaCChl.
Tem caMbIM BBISIBISIETCSI CBsI3b MEXK/Iy KaJuOPOBOYHON MHBapUAHT-
HOCTBIO M PABEHCTBOM HYJIIO MAcCChl (DOTOHA (JIpyrue acieKThl 3TOMH
cBa3m OyayT yKasaHsl B § 14).

Hukakve uzmepumble (pu3mdecKkue BEIUIUHBI HE JOJKHBI Me-
HATHCS MPU KAJUOPOBOYHOM IMpPEOOPA3OBAHUU BOJHOBBIX (DYHKIIHIL
dOTOHOB, yYaCTBYIOIIMUX B HpoIecce. 910 TpebOBaHUE KAAUOPOBOY-
1O UHBAPUAHMMHOCY UTPAET B KBAHTOBOI SJIEKTPOJIMHAMUKE TaZKe
OOJIBIIIYIO POJIh, Y€M B KJIACCUYIECKOH Teopuu. Mbl yBuIMM Ha MHOTO-
YUCIEHHBIX TPUMEPAX, YTO OHO SIBJISIETCS 311€Ch, HAPSIY C TpeboBa-
HUEM PeJIITUBUCTCKON WHBAPUAHTHOCTU, MOIIHBIM 3BPUCTAYECKUM
[PUHITUATIOM.

B ¢Bo10 0Yepenb kKaaubpOBOUHAS WMHBAPUAHTHOCTH TEOPUM TECHO
CBsI3aHA, C 3aKOHOM COXPAHEHWS JIEKTPUIECKOrO 3apsifia; MbI OCTa-
HOBUMCSI Ha, 9TOM ee acrekre B § 43.

MpbI yrioMuHa/ yKe B IpejplaylneM maparpade, 94ro KOOpiu-
HaTHAsd BOJHOBAA (pyHKIUS (POTOHA HE MOYKET OBITh MCTOTKOBAHA
KaK aMILIUTY/1a BEPOSITHOCTUA €ro MPOCTPAHCTBEHHONW JIOKAJIU3AIINN.
B maremarnueckoMm aciekTe 970 00CTOSTEIbCTBO MPOSIBJISIETCS B HE-
BO3MOYKHOCTH COCTABUTH C MOMOIIBIO BOJTHOBOI (DYHKIMW BeJIMYIN-
HY, KOTOpasi yKe X0Td ObI 110 cBOUM (hOpMaJbHBIM CBONCTBaM MOT-
Jia, UTPATh POJIb IJIOTHOCTH BEPOATHOCTH. Takas BeJUYUHA JIOJIZKHA
ObL1a OBl BBIPAXKATHCs CYIIECTBEHHO TOJIOKUTEIbHON OuaInHeiiHON
KoMOUHaImell 13 BOMHOBOH GyHKImE A, U ee KOMILIeKCHO-COIpS-
xennoit. Kpome toro, ona momkna ObLia Obl yJI0BIETBOPITH OIpe-
JIeJIEHHBIM TPEeOOBAHUSIM PEJISTUBUCTCKON KOBAPUAHTHOCTH — IIPE/I-
CTaBAATH CO0OI BpEMEHHYIO KOMIOHEHTY 4-BekTopa (1e/0 B TOM,
YTO YpaBHEHUE HENPEPBIBHOCTH, BBIPAXKAIOIIEE COXPAHEHUE YHC/IA
YACTHUIL], 3AMUCHIBAETCS B YeTHIPEXMEPHOM BUJIE KAK PABEHCTBO HYJIIO
JuBepreHiun 4-BeKTOpa TOKa; BpEMEHHGY KOMIIOHEHTOM! OC/IeIHEr0
U ABJISETCS B TAHHOM CJIy4ae IJIOTHOCTb BEPOSITHOCTHU JIOKAJIU3AIIUN
gacrurpl, cM. 11, § 29). C npyroit cToponsl, B iy TpebOBaHUS Ka-
MUOPOBOYHOII HHBAPUAHTHOCTH 4-BeKTOp A, MOT OBl BXOJUTL B TOK
JAIIL B BUJE aHTHCHMMETPHYHOrO TeHsopa F,, = 0,4, — 0,A, =
= —i(k,A, — k,A,). Takum 06pasom, 4-BeKTOpP TOKA JOZKEH ObLI
61 cocTaBnATLCA Oumuneiino u3 F,, n Fyj, (1 KOMIOHEHT 4-BeKTo-
pa k,). Ho Takoii 4-BekTop BoOOIIE HEBO3BMOKHO COCTABUTH: BCAKOE
BBIPDA’KEHNE, YJIOBJIETBOPAIONIEE MTOCTABJIEHHBIM YCIOBUAM (HAIpH-

Mep, k:)‘F;f,,F)\” ), OOpamaeTcs B HyJib B CHJLY YCJIOBHS MONEPEYIHOCTH
(k*F,) = 0), He ToBOps y2Ke 0 TOM, UTO OHO He GbLIO Obl CYIIeCTBEH-

HO IOJIOXKUTEIbHBIM (TaK KaK COAEPKUT HEeYETHbIE CTEIeHN KOMIIO-
HeHT k).
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§ 5. DurleKTpOMArHUTHOE MOJie B KBAHTOBOI TeOpUu

OHI/IC&HI/IG oJId KaK COBOKYITHOCTH CbOTOHOB €CTh €JUHCTBEHHOE
ONMCaHWe, BIOJHE 3JIeKBATHOE (DUBUIECKOMY CMBICIY 3JIEKTpPOMar-
HUTHOIO TOJIE B KBaHTOBO# Teopuu. OHO 3aMeHsIeT KJIACCHIECKOe
OIMCAHME C TOMOIIBIO Hanpsizkenunocreit mosist. [locneaune BoicTyIA-
IOT B MaTEMaTUIECKOM allllapaTe CbOTOHHOI‘/‘I KapTUHBI KaK OIIepaTo-
PBI BTOPDUYIHOT'O KBAHTOBAHMA.

Kak u3BecTHO, CBOWCTBA KBAHTOBOI CHUCTEMBI MPUOIMKAIOTCA K
KJIACCUYECKUM B TeX CAydasiX, KOI/Ja BEJUKU KBAHTOBBIE UHC/IA,
OTIpE e ISIONINE CTAIIMOHAPHbBIE COCTOsiHUs cucTeMbl. [ljs cBoboIHO-
ro 3J€KTPOMATHUTHOTO HOJist (B 3aJaHHOM O0BbEMe) 9TO O3HAYAET,
YTO JIOJKHBI ObITh BEJUKU KBAHTOBBIE YHC/IA OCIUJISITOPOB, T. €.
4qncia HoroHoB Ni,. B 3T0M cMmbIiciie riiybokoe 3HadeHUE UMEET TO
00CTOSITE/TLCTBO, UYTO (DOTOHBI MIOTIMHAIOTCA cTaTucTuke boze. B ma-
TeMaTudeckoM (hopMaJjin3Me TEOPUN CBsA3b CTATUCTUKY Bo3e co cBoii-
CTBaMU KJIACCUYECKOTO TIOJIS TIPOSIBJISIETCS B MPABUIAX KOMMYTAIIUN
OIIEPATOPOB Ckq, /c\;{“a. [Ipu 6oabmux Niq, KOT/IA BEIUKH MATPUIHBIE
9JIEMEHTBI ATUX OMTEPATOPOB, MOYKHO MMPeHeOPEYh eINHUIEH B TTPABOI
CTOPOHE [1ePecTaHOBOYHOIO coorHolteHus (2.16), B pesysibrare dero
IIOJLy YU TCH

Ckalyrqy = CxaCkas

T. €. 3TU OIlepaTOphbl IepeliyT B KOMMYTHUpPYIOIue IPYyr C JAPYTIoM
KJIaCCHYeCKHe BEIMUUHBI Ckq, g, , OTIPE/Ie/ISIoNIIe KIacCuIecKue Ha-
NPAXKEHHOCTU T10JIS.

YcoBre KBa3UKJIACCUYHOCTHU TI0JId TPEOYET, OJHAKO, elle yTOod-
HeHnd. Jleo B TOM, ITO eciu BeJWKH Bee 9ncia Nigq, TO IPU CyMMU-
poBaHUU TIO BCeM cocTosHusM ko sHeprus moss BO BCAKOM CiIydae
OKaxKeTcg OECKOHEUYHOI, TaK YTO YC/IOBUE CTAHOBUTCH OecrpeMer-
HBIM.

Qusnyuecky OCMBICTIEHHAS TOCTAHOBKA, BOIIPOCA 00 yC/IOBUAX KBa-
3UKJIACCUYHOCTH OCHOBAaHA HA PACCMOTPEHUN 3HAYEHU IO, yCPe/I-
HEHHBIX 10 HEKOTOPOMY HEDOJIBIIIOMY poMeXKyTKy Bpemenu At. FKc-
JIY TIPEJICTABUTH KJIACCUYECKOe teKkTpudeckoe noue E (nam marant-
uoe moje H) B Bujme pasimoxenus B unrterpas @ypbe mo BpeMeHH,
TO TIPU YCPETHEHWH €ro IO TPOMEXYTKY Bpemenum At 3aMeTHBINI

BKJIaJ B cpeanee 3uadenune E mpanyr Toabko Te n3 KomroneHT Dy-
pbe, 9acTOThl KOTOPBIX yJI0BJIETBOPsOT yciosuio wAt < 1; B mpo-

THUBHOM CJIy4ae OCIHU/IIUPYIOMINi MHOXKUTEb e " npn yCpeaHeHun
nouyTu obparuTcd B HyJib. [l09TOMY TIpM BBISCHEHWH YCIOBHUs KBa-
BUKJIACCUIHOCTU yCPEIHEHHOrO IOJIsi HAJA0 PACCMATPUBATH JIUIIb TE
U3 KBAHTOBBIX OCLUJLISITOPOB, 9acTOThl KOTOPbIX w < 1/At. Jocra-
TOYHO TIOTPEOOBATH, YTOOBI OBLIM BEIWKW KBAHTOBBIE UHMCIA ITUX
OCITHJLIISITOPOB.
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Hueio oCHMIUIATOPOB € 4aCcTOTaMU MeXKJy Hysem u w ~ 1/At
(orrecennoe K 06bemy V = 1) 1m0 HOpPsIIKY BEJTUIUHBI PABHO ')

()~ 61

[Tonmnasg sHeprug nonad B eguHUIHOM OObeme ~ E2. Pasmenus sty
BeIMINHY HA IUCIO OCIUIIATOPOB W Ha HEKOTOPYIO CPETHIO0 SHEp-
IUI0 OTAETBHOrO (hoTOHA (~ fiw), HANIEM MOPSIIOK BETMIUHBI THCET
doToHOB

E
Ny ~ .
k hw?
[TorpeboBas, 4TOOBI 3TO YUCIO OBLIO BEJTUKO, ITOJIYIUM HEPABEHCTBO
he
El>»—. 5.2
B> 52

DTO M ecTh UCKOMOE YCJIOBHE, JIOYCKAIOMIEE KJIACCUIECKOE Pac-
cMOTpeHne ycpeHeHaoro (1o npomexxyrkam spemenu At) nosst. Mbr
BUJIMM, 9TO TIOJIE€ JIOJIZKHO ObITH JOCTATOYHO CUJIHLHBIM — TeM 60/Ib-
MM, Y€M MEHbIEe uHTepBaJ ycpeanenus At. s nmepemenubix mo-
Jieil 9TOT MHTepBaj He JOJIKEeH, PAa3yMeeTCs, MPEeBBIMIATh MePUOIOB
BpEMEHH, B TeYeHHe KOTOPBIX TI0JIe 3aMeTHO MeHsiercs. Iloaromy 1o-
CTATOYHO CJIaDble MepeMeHHbIe II0Jisi BO BCAKOM CJlydae He MOTYT
OBITH KBA3WK/JIACCHIHBL. JIUIIb B CIydae CTATUIECKUX ([MOCTOSTHHBIX
BO BPEMEHHU) T0jell MOXKHO MOa0kuTh At — 00, TaK 4TO npasas
cTopoHa HepaBeHCTBa (5.2) obparmaercs B HYJb. DTO 3HAYUT, UTO
CTATHYIECKOE TIOJI€ BCETA KTACCUIHO.

YiKe OBLIO YKA3aHO, UTO KIACCHYECKNE BBIPAKEHUS IS TEK-
TPOMATHUTHOTO TIOJIST B BUJE CYTIEPIIO3UIIH TIOCKUX BOJIH JOJTXKHBI
paccMaTpUBaThCs B KBAHTOBOII TeOpUHU Kak OleparopHbie. Ousnde-
CKHUIil CMBICJT 9TUX OIIEPATOPOB, OJIHAKO, BeCbMa orpanuyeH. /leiicrBu-
TeIbHO, (PUBMIECKN OCMBICTEHHBIN OMEepaTop MO TOJKEH ObLI OB
NPUBOJAUTH K PABHBIM HYJII0 3HAYEHUAM MOJA B COCTOAHUU (DOTOH-
HOTO BakyyMma. Mexxy 