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Jexuyusn 1

1. Beepenue

Jocturuys, kasajsocb Obl, H3BECTHOH CTENEHH 3aBePHIEHHOCTH,
B HacTofllllee BPeMd ONTHKA MEPEeXHBAET IEepHOoJ] BechbMa ObICTPHIX
H PEeBONIIOLMOHHBIX H3MEHEHWH. DTH H3MEHCHHS CBSI3aHBI C (haKTaMH,
KOTOpble B HPHHIMIE U3BECTHB YKe AaBHO. OHAKO BIJIOTh J0 MOCAE]-
HHX JIeT MacluTalbl NDUMEHEHHS 3THX 3HAHUA HAa NpPaKTHKEe OBLIH
upe3BbIYaHHO OrPAaHHUCHHBIMH. TakK, HANpUMep, 5JEKTPOMATHHUTHAA
IIPHPOAA CBETOBHIX BOJIH CTaja IOHSATHA €lle C INPOLLJIOrO CTOJETHS.
C Tex mnop ObLIM CO3AAHBI IIOJHASI TEOPHsl SJEKTPOMATHHTHBIX BOJIH
¥ METOJIbI X FeHepalyiy, OfHAKO haKTHUECKH BCE 3TO OTHOCHJ/IOCH JIHIIb
K 3JIeKTPOMATHHTHBIM IOJSM paauopuamnasona. Kouedno, CBETOBbIE
BOJIHBI HMEIOT TY K€ CAMYIO 3JIEKTPOMATHHTHYIO IPHPOAY, UTO U pajHo-
BOJIHBI; HO TAK K4K M3BECTHBIE B HPOLIJIOM CHOCOOBI MOJYYEHUsi CBeTa
OblIM  HCKJIOUUTENBHO TNPUMHUTHBHHIMH (B CMBIC/]E, KOTOPBIH HHXKe
MBI 00CYAUM HECKONBKO NOAPOOHEE), TO BIJIOTH A0 HEAABHErO BPEMEHH
HMeJIHCh 4YPe3BbIYaHHO MaJjble BO3MOMXKHOCTH NDHMEHEHHS B ONTHKE
Pe3yJbTaTOB TEOPHH, DAa3BUTOH s pagHOYaCTOTHOrO AWANA30HA.

Kak Mbl yBHAMM HHXKe, npocTast pU3HYecKasi HPUUHHA ITOrO 3aKJO-
YaeTcd B CJAEAYIOIEM. BCe CYIIECTBOBABIIHE THIBl HCTOUHHKOB CBETA
NPeACTaBJASAH coOOH YCTPOHCTBA, KOTOPble DPagHOMHKEHEPH OGBIUHO
HA3LIBAIOT reHepaToOpPaMH 1iyMa, H BCE TOHKHE M OPHUTHHAJBHBIE METO/bI
ONTHYECKHX H3MEPEHHH HMeH JeJio 10 CYMIECTBY C HCIOJb30BAHHEM
wyMa. M3obpeTenne onTHdecKOro Masepa cpasy e ONPOKHHYJO 3TOT
Oapbep. ITo NO3BOJSET HAAEATHCS, YTO B GyAYIIEM MBI CMOXKEM yIIpaB-
JIATb 3JIEKTPOMATHHTHBLIMH MOJISIMH, T€HEDHPYEMBIMH HA ONTHUYECKHX
u Oosiee BLICOKMX YacTOTaX, C TOH e caMOfi TOYHOCTBIO M C TEM XKe
pasHOOOpasHeM METOJOB, KOTODBle CTAaJjid OOBIYHBIMH B PagHOTEXHHKE.

JpyruM HeJaBHUM JOCTHXKEHHEM sIBJIsIeTCsS CO3HAHHE JETEKTOPOB,
KOTOpble PearupyioT Ha KaxIblH OTAe/bHBIH KBaHT cBerta. OHU 1O3BO-
JISIOT MCCJAEAOBATH KOPIYCKYASPHBIA XapakTep ONTHUECKHX MOJeH.
Bce 00bI4HbBIe ONITHYECKHE SKCIIEPUMEHTSH He TOJIBKO HMEJH JeJI0 C HCKJTIO-
YUTEJbHO «rPyOBIMU» HCTOYHUKAMH CBETa, HO U YAEASJIH Majo BHHMa-
HHA PEruCTPALUH OTHE/NbHBIX CBETOBBIX KBAHTOB, HETEKTOPHI OBLIH
YYBCTBUTEJAbHBl TOJbKO K JIOBOJbHO 3HAUHTEABHOMY YHCIY (POTOHOB
H o0/1afany 3HAYUTENbHOH HHEPIHOHHOCTBIO, TaK YTO H3MepsIHCh
JIHIIb MHTEHCHBHOCTH, YyCpeJHEHHBIE [0 CPaBHHTEJIBHO O0JIBIIOMY



MPOMEXYTKY BpeMeHH. HoBble IETEKTOPH CBETA MO3BOJSIOT NMOJYYHTH
Gojiee TOHKHE XapaKTEPHCTHKH: MOXKHO, HalPUMEP, CTaBHTb BONMPOC
O cuere OTHEJbHBIX KBAHTOB; MOXKHO NPOU3BOIUTH U3MEPEHHS BEpOSIT-
HOCTH HAXOXJEHWs KBAHTOB B J1000H COBOKYMHOCTH TOYEK NPOCTPaH-
¢TBa B TNPOU3BOJbHBEIE MOMEHTHI BPeMeHH.

Hapsiny ¢ GBICTPEIM Pa3BHTHEM TeXHHUECKHX CPENCTB HCCJENOBAHHUS
CBOMCTB (DOTOHOB ONTHUECKOro JManasona OoJblide YCcleXH B 3TOM
HanpaBJIeHHH UMEIOTCS B NIOCJAENHHIE OBl ¥ B PafuouanasoHe. JHeprus
(OTOHOB pajyoMana3soHa MCKJIOYHTENbHO Maja, HaMHOro MeHblle,
4eM TenJIoBble (JIYKTYalHH SHEPTHH, PABHLIE IO NOPSAKY BeaHdUuHbl BT
(T — wrymoBasi TeMmiepatypa; B OOJDBUIHHCTBE YCHJIUTeJeH oHa NpH-
HHMaeTcst paBHOH KoMHaTHOH Temmepartype). CieloBaTesbHO, [0 CHX
Nop B pajHOTEXHHKe He Obljo OoJblUoH HeOOXONMMOCTH YYHTBIBATH
KOPNYCKYJAsipHYIO CTPYKTypy noasi. OaHako HelaBHee H300peTeHHe
MaJIOLI yMSIIUX YCUJIUTENEH, HCNOMb3YIOIMUX ABJECHUS NapaMarHUTHOIO
pesoHatca, N0 TaKOH CTeneHH CHH3MJIO LIYMOBYIO TeMIepaTypy peru-
CTPUPYIOMHX YCTPOHCTB, UTO MPH JajbHeHIIeM HX COBEPLIEHCTBOBAHHIL
OKa3ETCs1 BIIOJIHE BO3MOXHOH peructTpanus oTaenbHuX GoToHoB. TakuM
oOpasoM, gnaxke B jguanasoHe CBUY npuxonurcs B Hacrodllee BpeMmst
VUUTBIBATh KOPMYCKYJSIPHYIO CTPYKTYpY noas. MccaenoBanue Kopiy-
CKYASIPHOA NPUPOXb! 5JEKTPOMATHUTHBIX MMOJEH NPEICTaBJsIeT HHTEpEC
ellle ¥ IOTOMY, 9TO OHA CTABUT NPHUHHMIHAJNbHbIE OTPAHHYEHHS TIPH
nepefade HHPOPMAIMH C IIOMOIIBIO 3THX nojed. B Janubix nekuusax
MBI He GymeM KacaTbCsi BONPOCOB TEOPHH HMH(OPMALHH, HO CHeJaeM
HEKOTODbIe 3aMeuantsi, OTHOCSIMUECS K TeopuH yMoB. Teopus myMoB
sIBJiAETCS KaaccHuecKoH (OpMOH TeopUH (PIYKTyauHdil 37€KTPOMArHHT-
HOIO IOJS H, BIIOJIHE €CTECTBEHHO, CBfI3aHA C TeopHeHdl KBaHTOBBIX
daykTyauuii siaexrpoMarHuTHOro Inoas. Bce nepeuncrieHHbie Bbillle
BOMPOCH! COCTAaBJSIOT OJUH OOIUH pasjen, KOTOPbIH MOXHO HasBaTh
CTAaTUCTHKOM ¢oTonoB. B Hero BXOJMT TaKkKe TeOpHsi KOTE€PEHTHOCTH,
KOTOpasi CTABUT CBeel LEJbi0 HAXOXKJEHHE YIOOHBIX crnocofoB KiaccH-
(UKalUH CTATHCTUYECKOTO IOBEJCHMS MOJeH.

3ajmauefi HacTOsIEro Kypca sIBJASIETCsT BO3MOXKHO Gosee cTporoe
H ofmee H3oXeHHue npobaeM CTaTHCTHKY (oTonoB. Her HeoGxoaumocTH
JeaTh NPH 3TOM CYILECTBEHHOE DAasJjMyMe MEXKAY DPaguodacTOTHBIMH
M ONTHYECKUMH NOJAAMH (MM MEXKIY STHMH IOJSIMH H PEHTTE€HOBCKUMH
Jyuamu). Yacte ¢opMain3Ma, KOTOPBIA CBSA3AH C ONpeleeHUeM INOHA-
THSI KOT€PEHTHOCTH, (haKTHUECKH IpelJjaraercs Kak CPEACTBO YHHDH-
KalUy JIOBOJIBHO Pa3/UYHBIX KOHLENMIUH KOrePeHTHOCTH, CYIIeCTBOBAB-
LINX paHee. :

MsI yxxe 0TMeYasH, YTO ONTHYECKHE SKCIEPUMEHTH! JIMILD B PelKHX
c/lydasx HMeu HeJ0 ¢ OTAeJbHBIMH (oToHamu. IloutH To Xe caMoe
MOXKHO CKa3aTb U OTHOCHTENBHO TEOPHH ONTHUeCKHMX siBjenuid. Tor
(GakT, 4TO (JOTOH OCTABAJCS COBEPILEHHO UYXK[BIM ONTHYECKOH TEOPHH,
OGBSICHSIETCS OTYACTH YCHEXOM INIPOCTBIX BOJHOBBIX MOJEJEH, KOTophle



HCNOJIb30BAMUCh NPH aHAJU3€ ONTHYECKUX 3KclepHMeHTOB. OOBIYHO
rOBOpSIT, YTO TaKHe MOJEJH HMEIOT KJaccHYecKHil XapaKrep, TaK Kak
OHH HCXOJSAT U3 ONPENEJICHHOTO poja aHa/Ioruf ¢ KJacCHYEeCKOH 3JeK-
TPOMAarHMTHOH TeopHed H YUYHTHLIBAIOT KOPIYCKYJSIPHYIO NPHPORY
H3JIyueHHsl JHMb HACTOJbKO, HACKOJbKO 3TO IO3BOJISIOT YCJOBHS
3KCHEepHUMEHTa.

Ilpu TakoM mojxojie OOBIUHO TOBOPSIT O CBOErO POJA «ONTHUECKORH
BO3Mylnamome (YHKUUH», INpeinoJjarasi, 4YTO OHA YIOBJETBOPSIET
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HEKOTOPOMY BOJIHOBOMY YDABHEHMIO H HHOrZA TAKXKe ONpeNe]eHHbIM
rpaHHYHbLIM YCJOBHAM. DTa QYHKINS MOXKET IPEACTaBAATL KaK KOMIIO-
HEHTHl 3JIEKTPUYECKOTO BEKTOpa, TaK H JPYyrue KOJIHMYECTBEHHEIE
XapaKTePHUCTUKHU MOJis, TaKHe, KaK BEKTOPHBIH NOTEHIHaa HAM Hanps-
JKEHHOCTb MarsHMTHOTO nHoJs. PakTHYECKH BO MHOTHX UPUMEHEHHSX
HeT HEeOOXOAYMOCTH TOYHO OmNpelesisiTb, YTO HMEHHO MNpPEACTaBJIsAeT
aTa (PYHKIHUS.

Ias tToro yToGbl NPOMITIOCTPHPOBATL TaKOH NOAXOM, PACCMOTPUM
unreppepomerp lOura (¢ur. 1). Ilaockasi KBa3NMOHOXpOMaTHYeCKasl
BOJHA OT TOYEYHOro HCTOUHMKA O MajaeT Ha 3KpaH X ¢ ABYMs mapaJ-
JNenbHbIMH ImensiMu Py um P, JIBe BOJHEBI, pacnpocTpaHSIOIHECS OT
mesef, JaloT Ha 3KpaHe 3" HHTeP(EPEHIUOHHYIO KapTHHY, KOTOPYIO
YacTo MOXHO Hal/II0JIaTh HEBOOPY:KEHHBIM I/1a3oM. UTobbl npefickasaTh
UHTepGhEPEeHIHOHHYIO KaPTUHY, MOXKHO, IpeHeOperas BEKTOPHBIM XapakK-
TEPOM 3JIEKTPOMArHUTHOIO IO/, BBECTH CKAJSPHOE NOJE , ONMHUCHI-
Bapolllee «onTudeckoe Bo3Mymenue». [lonbiTaeMcss Teneps HaiiTh
GYHKUHIO @, YIOBJETBOPSAIOIIYIO BOJHOBOMY YDABHEHHIO W FPaHUYHBIM
yCJIOBHSAIM, YUMTHIBAIOLIMM BJIHsiHHe 3KpaHa X. Halitu Tounoe pemenue
TaKo# 3azauu B o0leM ciydae oyeHb TPYAHO, MOITOMY OOLIUHO JeNaioT
Go/blUOe YHCJIO YMNPOWAIMIAX NPEANOJOKEHHH; HaUpUMep, CHJABHO
YHOpOWAIOT I'PaHUYHBIE YCJIOBMSI M MCHOJB3YIOT NpUHOUN [lojireHca.
Torza moaydaioT npocrToe BbIpaxeHHEe IJs paclpeleneHUst Mnoas @
Ha sKpane X',

PasyMmeercsi, ecsiH- HeoOXOIMMO NPEJCKa3aTh BHJ HHTEP(EPEHIHOH~
HOH KapTHHBI, TO .Ha ONPEJEJEHHOM 3Tane NPHIETCS CTOJKHYThCS



¢ ¢usuueckoli UHTepuperanuedl mons ¢. HauGosee usBecTHbI MeTOR
3aKJjoyaeTcss B ToM, 4yToObl paccMaTpuBath @ (r, f) Xak peajibHoe moJe
H OTOXJAECTBJSTH €ro, HAUPUMEep, C OXHOA M3 KOMIIOHEHT BEKTOPa
3J€KTPUYECKOr0 10JIsi. XOPOIIO H3BECTHO, YTO SKCIEPUMEHTAIbHO
Ha6/II01aeMyI0 KApPTHHY MOXKHO TpPEACKa3aThb JAOBOJBHO TOYHO, €CJ/H
HHTEHCHBHOCTb CBETA Ha SKpaHe cBs3aTh ¢ ¢ 3TO ONPaBJAHO C TOUKU
spenusi Kaaccudeckofl Teopuu, n6o Bekrop IloHinTHHra, paBHbIA IOTOKY
SHEPryuHd, KBaJpaTHueH IO HANpPSKEHHOCTH noJs. Takoe OToXKAEeCTBJIe-
HHe He SIBJSeTCs, OJHAKO, eIMHCTBEHHBIM. KpoMe TOro, Tako#l NoJXoA
MOYTH He YUYHUTHIBAET CIOCO0 PETrUCTPAILMH CBeTa.

[Ipeano/sio:KUM, YTO HUHTEHCHBHOCTb CBeTa H3MEPSAIOT € IOMOIIbIO
CueTUMKAa (OTOHOB, PACNOJONKEHHOro Ha MecTe SKpaHa. 3afafuMcs
BONPOCOM, KaK NpeAcKasaThb CHIHAJ CUETYHKA B 3aBUCHMOCTH OT €ro
HOJIOXKEHHUsT Ha UHTep(ePeHIIMOHHOH KapTHHe. B TO BpeMsi Kak MCIOJb-
30BAHME BOJHOBOTO YPABHEHHUs /sl HAXOXKAEHHS aMIVIMTYIBI IOJSA ¢
He NPUBOJUT K KaKUM-JTHOO0 PasjiHIusIM MeXAY KIacCHYeCcKHM U KBAaHTO-
BBIM IOJXO/IOM K 3aJiaue 0 AU(PaKIHHU, HCIONb30BAHHE CUETYHKA (POTOHOB
B KauecTBe PEruCTPHPYIOLIEr0 YCTPOHCTBA BHOCUT TaKoe pasjudie.
Cuerutik (POTOHOB 110 CaMOH cBOEl CYLIHOCTH SIBIAETCA KBAHTOBOMEXaHU-
yeckuM npHGopoM. Ero BBIXOJHOH CHIHAJ MOXKHO NPEAcKasaTh TOJIbKO
¢ TIOMOIIBIO CTATUCTHYECKMX CPEAHUX 3HAUEHMH Naxke B TeX caydasx,
KOTJa COCTOsiHME TIOJsi OmpeAensieTcss TouHo. Ecau MBI XOTHM Tpen-
CKa3aTh 9TOT CPEJHHUH pe3yJ/bTaT, TO HOJLKHBEI 6ojiee TOUHO ONPENSTHTD
rosie, HA KOTOPOE pearupyer CUETUYUK, U PACCMOTPeTb NpoLEece peru-
CTpaluH KBAHTOBOMeXaHHYeCKHM myTeM. IIp¥ TakoM mozixole OKasbl-
BaeTcs Gojiee NPABHU/bHBIM CBSI3BIBATH PeEAKIMIO CYeTINKAa HE C Jei-
CTBHUTEJbHBIM IIOJEM @, a ¢ KOMILIEKCHBIM @*, T. €. CYHMTATh .CHTHAJ
NpONOPUHOHAJbHEIM He @%, a | @* [%. (D10 pasnuune (DU3UYECKH HE
TPUBHAJILHO, TaK KaK A MOHOXPOMATHYECKOTO IOJIS BeJHYHHA @
6BICTPO OCHUJLIUPYET, TorAa Kak | ¢* |? ocraercst nocrosinnol.) [1punss
TAKYI0 KOHIEMIHIO, MBI MOXKEM MHCIOJ/b30BaTh ee B KauecTse rpyGoro
npaBuaa st TOro, 4robel o6oHTHCh Oe3 AeTANbHOrO aHajM3a Mexa-
HH3Ma PErHCTPAlHMH B JiIOOOM KOHKDETHOM ciyuae.

Vcnonb3oBanrie TaKUX IIPHEMOB, KOTOPbIE MO3BOJSIOT U30ekaTb
IPUMEHEHHST CIOXKHBIX KBAHTOBOMEXaHHYECKHX PAcyeToB,B CBOE BpeMs
6bI10 Ha3BaHO <«IoJyKJaccuueckum» npubamkenneM. Hecmorpa Ha
TO, YTO NPH TAaKOM HOAXOAE INOSIBJIsiETCS HEOOXOAUMOCTL B ONpPENEJIEH-
HOTO Pojia TMPaBHJe, YCTPAHSIOUIEM NPOTHBOPEYHE MEXKNY ONHCAHUSMH
BOJIHOBBIX ¥ KOPIYCKYJISIPHEIX CBOHCTB (POTOHOB, OH OCTA€TCsi KOPPEKT-
HBIM B KBAHTOBOMEXAHHYECKOM CMBIC/IE, €C/H TAKOe NMPABHJO BBHIOPAHO
MIPaBHJBHO.

Tor ¢akTt, 4T0 B pAAe CJAyyaeB TaKHe <«IIpaBHJIa» MNPUBOLHJIH
B <«NOJYKJACCHYeCKOM» IPUOMKEHHH K HEBEDHHIM Ppe3yJbTaTaM,
ABJISIETCS XOPOIIMM JOKAa3aTeJbCTBOM TOLO, YTO KBAHTOBOMEXaHHYe-
CKOrO PAacCMOTPEHHsI HeJb3sl MOJHOCTbIO H30exKaThb.



Tlpu Hcnonb3oPaHUH «HOJAYKIACCUYECKUX» HPUOMKEHUA npuxo-
JUTCS MMETh JIeJI0 ¢ OOBIUHBIMY YHCAAMH U QYHKIUSIMH, DTO [03BOJISET
U36eKaTh HCIOJb30OBAHUS AlNapara HEKOMMYTHDYIOMIHX ONEPaTopoOB,
KOTODBIH, I0-BUAUMOMY, Bcerja HeoOXomuM npu mo6oM (opManbHOM
KBAHTOBOMEXAHHUECKOM ONHCAHUHM 1oJs. HuXe Mbl nokaKeM, UTO
IJIS HEeKOTOPOro Kjacca MNoJed BO3MOXKHO CTATHCTHYECKOE OIHUCAHUE,
B KOTOPOM HCHOJBb3YIOTCS OOBIYHbIE (DYHKIHH, SIBJSIOUIHECS PellleHHAMH
BOJIHOBOTO YPaBHeHHs, DTH MO MOXKHO ONHUCBIBATh CIOCOO0M, KOTOPBIH
AHAJIOMYEeH HCHOJIB3YEMOMY B KJaccHdecKoH TeopHH wyMmoB. Tawm, rie
TaKOe OnucaHHe IPHIoAHO, HEeT HeOOXOJAUMOCTH BBOAWTL TEPMUHB
«KJIACCHYECKOe» WM <KIOJYKJACCHUECKOe» PacCMOTPEeHHe, TaK Kak
5TH ONpENeJeHHsT MOryT NPHBECTH K HeJOPA3yMEHHSM,.

CylecTByeT MHeHUe, YTO BBILEYIOMSAHYTbIH K/Iacc COCTOAHUH oM,
/1. KOTOPOrO NMPHUTOAHO IIPOCTOE CTAaTUCTHYECKOE ONHcaHhe, BKJIOUAET
B ce0si Bce COCTOSTHUSA MOJIST U YTO, CJAefloBaTeNbHO, KBAaHTOBAsi U KJac-
cHYECKasp» TEOpUH Beerja OyAyT JaBaTh SKBHBAJIEHTHBIE Pe3YJbTaTHL.
B sTux JekuHsX MBI ellle BEPHEMCS K 3TOMY BOIpocy, Korga Gynem
Jydllie NOATOTOBJEHBI K €ro 0O0CYXKAeHHI0, ceHuac e OrpaHHuHMCS
3aMeuaHHeM, YTO 3TO YTBEPKIAEHHE HOCHT, NO-BUIUMOMY, CYObeKTUBHBIH
XapakTep M MaTeMaTHYeCKH HEKOPPeKTHO. TOJbKO KBaHTOBasi TEOPHSs
JIAET TOJHYIO U JIOTHYECKH CTPOHHYIO KaDTHHY TOJIEBHIX SIBJCHHH.

Wrak, oCcHOBHBIM cojep:KaHUEM JNAHHBIX JEKUHH OyAer KBAHTOBAs
3JEeKTPOJUHAMUKA, KOTOpas K HACTOSIEMY BPeMeHH npeBpaTHjach
B Xopouo pa3paboTaHHYIO TeopHio. XOTs JaBHO OBLIO SICHO, YTO KJac-
cHYecKasi 3J1eKTPOJANHAMHKA BJSETCSA NMPeNe/bHbIM CIy4aeM KBAHTOBOH
3JEKTPOAUHAMHUKH npu h — 0, ofHaKo He OblJIO KAKUX-AHOO0 AOCTATOUHO
HAAEXKHBIX METOHOB, NPUIOAHBIX JJisi OOCYKIEHHUS 3/eKTpOJUHAMUUE-
CKHX npo0JeM BOJH3H KaaccHU4ecKoro npesena.

Hcropudeckn CcaOXKHIOCH TaK, UYTO KBAHTOBO-3JEKTPOAHHAMUYE-
CKHE pacueThl CTPOMWJIHChL HAa OCHOBE CTALMOHAPHBEIX COCTOSIHUE | 1)
raMH/JIbTOHHAHA OIS &, DTU CTALHUOHAPHBIE COCTOSHUS COOTBETCTB VIOT
HAJHYHIO 1eJ0r0 YHcjaa 7 KBAHTOB, T. €. VIOBJIETBOPSIOT YPAaBHEHHIO

gt |my=(n+y ) ho|ny; (1.1)

N-KBaHTOBLIE COCTOSIHHMSI 0OOpasyloT 3aMKHYTYIO CHCTEMY, KOTOPYIO
OOBITHO PACCMATPHBAIOT KaK 0asHC 1Jisi pas3joXKeHHs BCEX COCTOSTHHH
nons. Tak kKax (DaKTHUECKH BCE 3JIEKTPOJHHAMUUYECKHE PACUeThl ObLH
[POBENEHBl NMYTEM PAa3JIOXKEHUS MO CTENEHsIM HalpsiKEHHOCTeH Mo,
TO (PUrypUPOBaABIINE B pacyeTax UHcsa (pOTOHOB OOBIYHO NPEACTaBJISIH
coboll BecbMa MaJible nedbie yucaa. C Ipyroi CTOPOHbI, B KJIaCCHYECKOM
npeaesbHOM CJyuyae KBaHTOBOH 3JIeKTPOJUHAMHKH KBAHTOBBIE YHCJ/A
Ype3BhIYAHHO BEJHKH; NPHIEM OHU He TOJBKO BEIHKH, HO M BeCchbMa
HeonpeneaeHusl. Hanpumep, ecid rapMOHHYeCKHH OCHUIAATOP KoJsel-
JIETCS B COCTOSIHUH C OTHOCUTEJBHO TOUHO ONpPefeneHHoH (asol, To 3TO



COCTOSIHME JIOJDKHO COOTBETCTBOBATH OOJIBLIOMY KBAHTOBOMY 4YHCJY,
KoTOpoe TOUHO He ompeneneHo (An Ag >=1). Korma xe npuxogurcs
HUMETh JEJNO C KBAHTOBbIMHM COCTOSIHHUSIMH 3JIEKTPOMArHUTHOrO IOJs,
I KOTOpPOTO (paza NOJsd OmnpefenseTcss TOYHO, TO 3TH COCTOSTHUSA
ABJSIOTCS COCTOSTHUSIMU C IPHHIHUIHAJBHO HEONpele/eHHBIM UUCJIOM
3aXI0/HeHNs 1. BoluncieHne OXUJAEMBIX 3HAYEHHUH C NOMOIIBIO f-KBaH-
TOBBIX COCTOSIHHE CTAHOBUTCS B TAKHX C/y4Yasx BecbMa 3aTPYIHHTENb-
HBIM U HESCHBIM.

OpuH 13 MaTeMaTHYECKUX NMPHEMOB, MPUMEHEHHBIX B 3THX JIEKIHAX,
npexcraBiasieT cob0i HCHOJb3OBAHUE COBOKYIHOCTH KBAHTOBBIX COCTOS-
HUH, ¢ MOMOIIBI0 KOTOPHIX yI0OHEe OMHCHIBATH NePEeMEHHbIE aMIIJINTY bl
U (asbl, 4eM C [OMOMBbIO 7-KBAHTOBBIX cocTosiHuH. Takod mnoaxox
JeJTaeT 3HauuTeNbHO BoJlee SICHON CBSA3b MEXKY K/aCCHYECKHM H KBAHTO-
BOMEXAHHYECKUM (hOPMaTU3MOM.

2. Kaaccuyeckas Teopusa HU3JyYeHUs

J1st Toro 4toBhl NOHATH TECHYIO CBsI3b MEXKAY KJIaCCUUECKOH H KBAH-
TOBOI TEOPUSIMH, PACCMOTPHM BHAUaJje BKpaTIle K/IaCCHYECKYIO TEOPHUIO
u3Jydenusi. ByleM onuchBaTh KJ1acCHYECKOE MOJe € IIOMOLLbIO OOBIYHBIX
BEKTOPOB 3jeKkTpuueckoro noasi E (r, £) u MarautHoro mnoas B (r, f),
KOTOpbie YJIOBJETBOPSIIOT YpaBHeHHsiM MakcBeqsia Jns  noJedl 6e3

HUCTOUHHUKOB.:
1 0B
V-E=0, VXE=-—-50

(1.2)
V-B=0, VxB—Ll9E,
c 0t

Ilpu sTOM MBI HpEANOsNaraeM, YTO HCTOYHHK, U3NYYHB OFHAXKIBI 3TH
nogsi, Gosblle HX He H3Jyvaer.
Tak Kax Hamid JeTeKTOPbl OObIYHO PearHpYIOT Ha 3JeKTpUdecKHe,
a He Ha MAarHMUTHBIE IOJIA, TO OTpaHHUKMcs paccMoTpenueM noas E (r, 7).
Bo MHOrMX KJacCHYeCKHX pacueTax JJisi BbIAeNEHH 3aBHCHMOCTH
HATIP SDKEHHOCTH MOJSi OT BPEMeHH HCIOJB3YIOT DSl MJIH HHTerpaJf
Dyphe; HANPKEHHOCTb N0/ paciafaeTcs TOTAA Ha JBa KOMIJIEKCHBIX
c/laraeMslx
E(r, ) =E (r, ) + ET (1, 1). (1.3)

[Tepseiit u3 a1ux 4ienos E(H), kotoperil Mer 6y1eM Ha3blBaTh KOMIIOHEH-
TOH C MOJIOXKHTENBHOH YacTOTOH, COREPIKUT BCE aMILIMTYJbl HAlPsKEH-
HOCTH moJ¢d, MeHsolHecsi Kak e i mggg o > 0. [pyro#l unen —
KOMIOHEHTa C OTPHIIATENBHOH YacTOTOH — COLEPIKUT BCE AMIJIHTYAB,
MeHsOmHUecs Kak ei®. Oba ujieHa ABJSIOTCA KOMIJIEKCHO-COIIP SIXKEH-
HLIMH O OTHOIIEHHIO APYT K APYTY

E() — ED* \ (1.4)



M coiepKaT SKBUBANEHTHYIO (uU3ndecKyio HHpopManuo. OuH dYacto
HCHOJb3YIOTCSI B KJAACCHYECKHX DacueTax H HashiBaloTcd JuO0 KOMII-
JIEKCHOH HANpPSKEHHOCTBIO MoJis, JHO0 KOMILIEKCHBEIM —CHCHAJIOM,
Hcnonb3oBaHne KOMIIJIEKCHBIX NOJ€H CHYXKHUT JHIIL YAOOHBIM Mate-
MaTHYeCcKUM IPHEMOM H He siBjsgercss (U3ndecKol HeoOXoAuMOCThHIO,
TaK KaK KJaCCHYecKHe H3MepHTeJbHble MPUOOPHI OOBIYHO PEardpyioT
TOJBKO Ha peanpHoe note E =2 Re E&),

KsaHToBOMeXxaHHUYeCKHe NETEKTOPB, KaK yXKe OTMEYaJoch BhIlIE,
BellyT ce0si MHaue, 4eM KJacCHYeCKHe, U PasfesieHHe NOJs Ha KOMIIO-
HEHTHl C NOJIOXKHUTEJBHOH M OTPHLATENLHOH 4acTOTaMH B 9TOM c/aydae
uMeer rJyOoKuil cMbicii. Kak Mbl yBHAUM nosxKe, HIeaJbHBIH CYETUHK
(OTOHOB (CUeTYMK, HMEIOMMH HyJeBble pa3Mepsl U OJHHAKOBYIO UyB-
CTBUTEJbHOCTb KO BCEM 4acTOTaM) PearHpyeT Ha NPOU3BeJeHHE

ET(r, HED(r, t)=|ED(r, 1) .

Bo BcsikoM cuydae 3Ty BeJHUHMHY H3MepHJ OBl NETEKTOP, € Obl Mbi
MOIJIH CO3JaThb IOJ€ CO CTPOro (hMKCUPOBAHHOH HaIiPSKEHHOCTIO.
OpHako peasbHO MBI HE B COCTOSIHMH YNPAaBJSITh JIBHXKEHHEM 3apsI0B
B HCTOUHHKAX MOJsl C IPOU3BOJALHO BOJBIIOH TOYHOCTHIO, IIpakTHUECKH
BCe MOJIsI U3JYYalOTCsl 3apsjaMHU, NOBENeHHe KOTOPHIX B 3HAYHTEJbHOMH
CTENEHU HE OMNPEAETEHO; I[OITOMY NOJSI, CO3JAaBaeMble HMH, TaKiKe
ABJISIOTCA  CTATUCTHYECKH HeolpefleeHHbIMU. Bce, 4TO MBI MOMKeM
cliesiaTh — JaTh Crocod MaTeMaTH4ecKOro ONUCAHHSI 3ToH Heomnpe-
JIeI€HHOCTH.

Tlpn ananmse cay4yalHbIX noJied ynoOHee UMETh JEJO C JUCKPETHLIM
HaOOPOM IepeMeHHBIX, YeM ¢ HelnpepbiBHBIM. 1103TOMYy MBI HONBITAEMCS
ONHCATb IOJIE B HEKOTOPOM 00beMe NPOCTPAHCTBA € MOMOIIBIO JUCKPET-
HOro Hafopa OpTOroHaJbHBIX coOCTBeHHBIX (yHKIHA, B  KauecTse
TaKuX OYHKHUHA BhiOepeM CHCTeMY BEKTOPHBIX (yHKiui {uy (r)},
VAOBJETBOPSIIOIIUX BOJHOBBIM YPaBHEHUSIM

(VH—-?:*E> (1) =0 (1.5)

H COOTBETCTIBYIOlUIEMY HA0OpY IPAaHUYHBIX YCJAOBHUI; NPH BHIIOJHEHHHU
JIONOJHUTENBHEIX YCJI0BUA

Voup (r) =0 (1.6)

ypaBHenus (1.5) onpelesioT COBOKYNHOCTb 4acToT {wx}. Ecau stu
(GyHKIMH 00Da3yIOT B paccMaTpHBaeMoM OOBbEME NOJHYIO OPTOHOPMH-
POBaHHYIO CHCTEMY

»

) ui’i (l‘)-uk' (r) dl‘=6kk', (17)



TO BEKTOP 3JEKTPUYECKOI'O INMOJSA MOXKHO BHIPA3UTH Yepe3 3TH (HyHKLHUU
caepyiomuM o0pasom:

E(r, )= ; Cruy, (r) e~ "' ; Ciui (r) ', (1.8)

IBe cymMBl B npaBofl YacTH HPEACTaBJSIIOT COGOH COOTBETCTBEHHO
E(+) " E(—)'

Tlpu pasjoxeHHH 10 OPTOrOHaJbHBIM MOZAM MOJE€, OYeBHIHO,
TOJIHOCTBIO ompenensieTcsi HaOOPOM KOMIJIEKCHBIX (ypbe-aMIINTYA
{Cy}. Ilpn onncanun ciydalHblX noaedl 3TH KO3(hOHIHEHTh! ABJAIOTCH,
8000I1le TOBOPS, CayYafiHBIMU IePEMEHHBIMH ¢ HEKOTOPLIM pacipefeJie-
nueM BepositHoctell p ({Cr}) = p (Cy, Co, Cs3, . . .). Torma npu uame-
pennn Hexoropo#l ¢pyukuuu oT E unn E(¥) Mul B sryuiieM ciydae MoxeM
NpefcKasaTh ee CPefHee 3HaueHUe; Tak, Hanpumep, s F (EY) umeem

FED)={ pUCHF EPD (G [[dC (19)
k

rje sJeMEeHT INJoWail OHNpeAe/seTCs BbIpaXKE€HUEM
d2C;, = d (Re Cy) d (Im Cy).

BakHO NOMHHTB, YTO 9TO CpelHee sIBJSETCA CPEAHMM IO aHCaMOJIIo.
B npunugne gjsi €ro U3MePeHHs Mbl JOJAKHLI [JOBTOPHTH SKCIEPHUMEHT
MHOTO pa3, KaXuplii pa3 cosjaBas IoJe HACHTHYHBIM oOpasoM. TakoH
MeTOJ, He CJMIIKOM yAOOeH C SKCIepUMEHTANbHON TOYKH 3PEHHS, OJHAKO
HIMEHHO TAKOH CMBIC 3a/03KeH B cooTHoweHuH (1.9). PaccMaTpuBaeMsle
HAMH II0Jiss MOTYT H3MEHSITbCS CO BPEMeHeM COBEpIIeHHO CJy4YaiHbIM
obpasoM. [IpuMepoM MOMKET CJIYXKHTb MoJe pajxonepefaTiHKa, NOChl-
JIAIOero  HEKOTOPOE NPOU3BOJbHOe coollleHne. IloatoMy, 6oo6uie
2080psl, HeJb3si 3aMEHHTDH CPEJHee M0 aHcaMOJIO CPENHHM IO BPEMEHH.
Teoprio HeCTALMOHAPHBIX CTATHCTHYECKHX SIBJIEHHH MOXHO NOCTPOUTH
JILIb C JIOMOIIBIO BEJUYHH, YCPEIHEHHBIX N0 aHCcaMOJIo.

Peinenne npo6seM B CTATHCTHUECKOH TePMOZMHAMHKE HPHYUYHJIO
HAc K MBICJIH, YTO CTATHCTHYECKHE (QNYKTYAIUH CPefHEro o aHcaMOJIo
BecbMa MaJbl. TakuM 00pa3oM, Mbl CKJIOHHB! 3a0bIBATb O HeOOXOZHMO-
CTH B NPHHLHIE NPOBOAHTL aHCaMOJb TEPMOAHHAMUYECKHX H3MepeHUH
¥ CPAaBHMBATH JHIIb OJHO H3MePEHHE C MNPEACKA3aHHBIM CPEJHHM IO
aHcaMOu0. U eeqi B TepMOJRHAMHUKE TaKoe yrpolueHne 6oabllel 4acThio
CHpaBelJMBO, TO OHO HE BCErja IOAMTCSI B CTATHCTHUECKOH OMNTHKeE.
Huxe npu ofcykueHUH HHTEPhEPEHIMOHHbIX KapTHH, NOJYYEHHbBIX
B pe3yJbTaTe CYIePHO3UIUM CBeTa OT HE3aBUCHMbIX HUCTOYHHKOB, MbI
YBHJIEM, YTO OTHEJbHbIEe U3MEPEHHS JAl0T COBEPIUEHHO HHbIE Pe3yJ/IbTaTHI,
yeM cpenuue no ancambmo. TakuMm o0pasoM, pasiHule MEXKAY OTAENb-
HBIMU H3MEPEHHSIMH ¥ HUX CPeIHHUMHU 3HAueHHSAMH MOXKeT ObITb BecbMa
CYLIECTBEHHBIM. ' .



Jdexuyusn 2

UHTepdepeHumoHHbie onbIThl

OpHUM H3 KJACCHUECKUX IKCIEPHMEHTOB, KOTODBIH JEMOHCTPHPYET
KOTepeHTHBble CBOHCTBA cBeTa, sApjsiercss onbiT IOHra (dur. 2). Ilone
B TOUKe P B MOMEHT { MOXKHO NPEJCTABUTL B BUIE JHHEHHOH KOMOHHAHH
HoJiel, CylleCTBOBABIIKX B IBYX OTBEPCTUSIX aKpaHa 2, B GoJee paHHUE
MOMEHTBI BPeMeHH,

ED (r, )y =MED (1, 1)+ MED (1, 1), (2.1)
rie BPeMsl ONPENENSeTCs] COOTHOWIEHHEM fy 5 = t — Sy ao/c. Koaddu-

HMEHTDl Ag, Ao 3aBHCAT OT I'eOMETPHH, HO NPEANOJaraloTcsi He 3aBHCS-
LIKMH OT CBOHCTB MOJS.

| i
l %
o pzf
zZ £,
dur., 2

J151 Hadasta OPennoJIoKHUM, UYTO PACHOJIOKEHHBIH B TouKe P aeTek-
TOp MOJSI U3MepsieT KBaApaT abCoJOTHOrO 3HAUEHUsT HEKOTOPOH KOMIIO-
HEHTHl KOMIJIEKCHOH HaNPsKEHHOCTH NoJisg (I033Ke Mbl JAETAaNBHO
00CYAHM CHPaBENIHBOCTE 3TOrO npeanoqaoxenus), llycrs naMepseMas
KOMIIOHEeHTa noJsi ecTb EY (r, f), Torna

JED (v, y2=E 7 (r, ) ED (v, ) = [MPED (ry, 1) D (1ry, 1)+

A Ag PEC (rg, £) ETP (1g, t5) +2 Re [MAET) (14, 1) ET (rg, 1))
(2.2)

Tax kKak NpH HCOOMbL3OBAHKE OOBIYHOTO HCTOYHHKA CBeTa KoauiueH-
Tl @ypbe Cp ocratorcsi 6oablIeH 4acTbio HEOUPENENEHHBIMH, TO M/
NOJy4eHHsl He ¢iaydyafiHOro pesyJsbTaTa MBI JOJIKHBI [OBTOPUTL 3KCIie-
PHMEHT MHOI'O pas ¥ 3aTeM B3SiTb cpefHee. EAHHCTBEHHON BeJHYMHOH,



KOTOpPYi0 MBI MOMKEM BBIUHCJHUTBH, SBJSETCS CPefHee 10 aHcambJio
snauenne | EY (r, ?) [?, B3siToe 1O COBOKYNHOCTH CIyYalHBIX KOS(-
odunuentos {C},

ED (0, B =M P ED (r, 1) B | Ao P ED (ray 1) )+

+2Re Ay (BT (14, ) ET) (1y, ). (2.3)
Ec/in BBecTH KOppelsHHOHHYIO (QyHKIHIO NEpBOro Nopsaxa
GV (rt, vty =(ET ety EP (r't'y, (2.4)

TO COOTHOWIeHHKE (2.3) NPUMET BUA
(| EWD (r, )P =M ¢ (rafy, raly) A 2 " (rals, raty) -+
A+ 2Re[MAGY (rity, rat)]. (2.5)

Mbl onmycTH/IM BEKTOPHbIE M TeH30pHBIE 0G03HAYEHHS Y MOJeH H Koppe-
JSGUUOHHBIX (YHKIMH, TaK KaK BEKTOPHBIE CBOHCTBAa MoJjell B 3THX
3KCIePUMEHTaX HECYIIeCTBEHHBI. BeKTOpHBIH XapaKTep mnosed Heol-
XomuMo OblJIo 6Bl YUHTBIBATBH, €CJIH Obl OTBEPCTHE BbI3HIBAJIO BpalleHHe
IJIOCKOCTH INOJIAPU3ALMN MM ecjd Obl MOJsipU3an¥si Urpana B HalleM
ONLITE CYLIECTBEHHYIO POJIb.

Hanbonee xapaktepHBIM ISt KJIaCCHUECKOH ONTHKU SIBASIETCS CIy-
4afl, KOrja majamllee IoJe CTANHOHAPHO. TepMUH «CTanHOHADPHBIY
BOBCE HE 03HA4aeT, YTO IOJI€ HE 3aBUCUT OT BPeMeHH; HaobopoT, moJe
00bIyHO BechbMa OBICTPO OCHHANMPYeT. DTO 03HAYACT JiMIlb, YTO HAaliH
CBeJIEHUS O NoJe He U3MEeHSIoTCst co BpeMeHeM. [Toj CTalHOHAPHOCTBIO
Mbl MOHMMa€M HHBADHUAHTHOCTb CTATUCTHUECKOrO OMUCAHHSI CBETOBOTO
nyyKa OTHOCHMTENILHO c/ABHra Bo BpeMeHH. KoppensuHoHHasi GyHKIMS
G 11 TaKHX MoJefl MOXKET 3aBHCEThb JHIUIb OT PasHOCTH [ — 1’

GV, y=6" 1t —r). (2.6)

3ameTHM, 4TO, BBEAS JHULIL OZHH THI KOPPEJSILHOHHOH (DYHKLHH, Mbl
yKashlBaeM TOJbKO HEOOXOLUMOE, HO He JOCTATOYHOE YCJOBHE CTalyo-
HapHOCTH. Bce cpelHHe XapaKTePUCTHKH CTALHOHAPHOrO MOJS JOJMKHBI
0CTaBaTbCsl HEU3MEHHBLIMH TNPH C/ABHUTE BO BPEMEHH,

Korga ciyualinble KjaccHUecKHe MOJST MPEACTABJSIOT ¢ IIOMOLLbIO
CTAlHOHAPHBIX CTOXACTHYECKHX IIPOHECCOB, HCIOAb3yEMble MOJENH
00bIYHO 06s1aaloT CBOHCTBOM aproguusocti. OHO o3HayaeT, 4To (GyHK-
uusg GV (¢ — t'), KOTOpYIO OUPenensioT KaK cpefHee Mo aHcaMOJIo,
HMeeT TO XKe caMoe 3HaueHHe, YTO U yCpeAHeHHAs no BPeMeHH Koppessi-
uuoHHast ¢yukmus I'V (# — ¢),

G(“(ri, Ts, T)=I‘“)(r1, ry, T)==
T

T—o0

= lim .- S EC (11, t 1) ED (1, 1) dt,. 2.7
0



CpoiicTBa yCpeHEHHBIX O BPEMEHH KOPPENSLHOHHBIX (QYHKUH# AJis
KJlacCHUeCKHX IoJiell moapobHo obcyxaarotest B kuure Bopua u Bossdat).

Ilpu paccMoTpeHHH 3THX BOIPOCOB B JEKUHAX yroOHee HMEThb
B BHIY HEKOTOPBHIE KOHKDPETHBbIE HHTep(epeHIIUOHHbe onbITH. Pac-
CMOTPHM BKpPaTIe OJMH H3 OCHOBHBIX CJy4aeB HHTepP(epeHnuH, KOria
noJe, najarollee Ha JETEKTOP, BJSETCS CyNepIOsHIiued IBYX MIOCKHX
Bosad. bysem npemnosararth, 4TO BOJIHOBBIE BEKTOPHI ABYX MJIOCKHX
BOJIH JIMINL HE3HAYUTENbHO OTJIMYAIOTCSt APYr oT apyra. (B xauectse
TAKOTO MPHUMEPAa MOMKHO PAcCMATPUBATL HHTeP(EpeHIHI0 MOHOXpOMa-
THYECKOI'0 CBeTa OT JABYX COCTABJSIOUINX JABOHHOH 3Besnwl.) [lycThb
qacTtoTel 00eHX BOJH PaBHH, TOrAa

E (r, ) = Aei (k-r—0t) | Bei (K -1~0t), (2.8)

Cnpocum Tenepb, KaKOro pojia M3MEPEHHSIMH MOXKHO Y3HATb, UYTO Mbl
[IPUHHUMAEM H3JydeHHEe OT ABYX HCTOYHHMKOB, 4 HE OT OZHOIO?

Tlpexae 4eM OTBETHTh HA 3TOT BOIPOC, HABAHTE TOYHO BBISICHHM
CTaTHCTHYECKHH XapaKrep Koathguiuuentos A u B, KOTOpBIe SIBJISIOTCH,
KOHEYHO, YaCcTHBIM CJy4aeM BBeNEHHBIX BhIle Ko3pduuuentos Cj.
IIpeanonioxuM, 4TO 5TH KOS(DOHUIMEHTH UMEIOT HE3aBUCHUMBIE paclipe-
AeJIEHUs BEPOSITHOCTH; 3TO 3HAYMT, YTO (DYHKUHUS BeposiTHOCTH p (A, B)
pacnajgaercd Ha MHOXHUTENU

p(A, B)=pi(4) p2(B). (2.9)

[lpennonoxum jasee, YTO paclHpPeNeNeHHs p; H P2 TaKOBH, YTO (hasbi
KOMIJIEKCHBIX aMIIMTYX A W B cayuafinbl, B TakoM caydae (A) =
= (B) = 0. DBoJee Toro, cpegHue 3HaueHHS PA3JHUHBIX CcTeleHEH
aMIJUTYA ¥ HX KOMIVIEKCHO CONpSKEHHBIX 3HaueHui, T. e. (AB*),
(| A PA*B) u 1. a. Takke paBHbl Hymo. OHAKO cpPeIHHE 3HAYEHHUS
HPOU3BeJIeHHsT aMIJIUTYX HAa HX KOMILJIEKCHO CONpPSKEHHbIE 3HAYEHHs
MOJIOXKHUTEIbHBI

([AP" 50, (|BPf"=£0, n=1,2.... (2.10)

ITpuGopoM, KOTOPBIA MOXKET JaTh OTBET Ha INOCTABJEHHBIH Bompoc,
sIBJIsleTCsl 3Be3AHBIH uHTepepoMerp Maiikenbcona (jur. 3). B camom
Jlene, 1noje B Touke P B MOMeHT ! mpejcTaBisieT coGOH CyMMy IBYX
noJied, najaomKx Ha 3epkana My U My B OfMH U TOT K€ MOMEHT Bpe-
MenH ¢’ (ecau onrtudeckue nytd M P u MyP pasnbl). Kaxkaoe U3 atux
JIBYX NOJEd MOXHO 3anMcaTb B TOYKax r; U rp B Buje (2.8), mostoMy
CPenHssi HHTEHCHBHOCTb B TOodKe P Oyjmer pasHa

(ED (r, ) ED (r, 1)) =2Re {(| AP+ B2+
+ <I A l2> eik- (ry—rg) + (’ B |2> e—ik’- (rl—rz)}, (2 1 1)

) Born M., Wolf E., Principles of Optics, London, 1959, Ch. 10.



8J€Ch Mbl BOCIIOJL30BAJUCh YCJAOBHEM
(AB*y = (A) (B*) = 0.
Ecsu BBecTH QyHKUHIO KoppeJsiund Buja (2.4)
G (ryt’, 1ot ) = (ET (1,0") EP (ryt")y = (| A2y e=ik (r1rs) .
+ (| B?) e~k +(ri=r2), (2.12)
TO HUHTEHCHUBHOCTHL MOXKHO 3amnucarthb B Bujae
ET (0, HETD (1, 1) =2Re{( AP+ BH+CV (1, 1ot} (2.13)

Koppeasinuontas — QyHKIHs,  ONMCBIBAIOWAS  MHTeP(EpEeHIHOHHBIH
3(hpeKT, He 3aBHCHT OT BPEMEHH M3-32 CTAlMOHAPHOrO XapaKTepa pac-
CMaTPHBAEMOro HOJIS.

K1 [k k' |k
i x
‘\ \
fo “g===== —T f——— 7 ™
M, | | My
|

P
dur., 3

U3 coornouwenns (2.12) BuAHO, YTO KODPPETAUHOHHAS (YHKLHS
COAEPXKHT [Ba UJeHA, OCUU/IHPYIONHX NPH H3MEHEHHH KOOPAHHAT.
CMmemenus or T04KH P, mpH KOTOPBIX 3TH JBa W/JeHA MOT'YT yCHJHBATH
UK ocaalbmsaTe APYT JAPYra, 3aBHCAT OT PasHOCTH Iy — rs. Ecan
(I A Py = (I B*), 10 3 Bupaxenus (2.11) HOJTyYaeM

(ED (r, ) ED (r, tYy =4 (| A12) {1 - cos [%(kﬁ—k’) %
X (ry=-rs) | cos [%(k—k’)-(ri—rz)]}. (2.14)

Taknm ofpasoMm, uuTepepeHUHOHHAsT KapTHHA B (DOKyCe TeqecKorna
NpeacTaBasieT co00H cHCTeMy mapasIebHbX Koden. He octanaBiupasich



Ha NoAPOOHOM pacueTe 3TOH CHCTEMbI, YKayKeM JHIIb Ha ONHO Xapak-
TEPHOE CBOHCTBO HHTePgePeHIIUOHHOH KapTHHBI, ClefyIollee U3 BbIpaxKe-
HUA (2.14): oHA NOJHOCTBIO HCUE3AET, €C/IH PA3HOCTh I'y — TI'y TAKOBA, UTO

cos[—é—(k—-—k')-(ri-—rz)] —0. (2.15)

Ha6aronast KoJblia, MOXKHO 3aKJIOYHTh, YTO MMeeM IeJ0 He ¢ OZHHM,
a C IByMsi HCTOYHHKAMH; 3HAYE€HHs PA3HOCTH Ty — Iy, [PH KOTOPOI
KOJIbla HCUEe3aI0T, ONIpefessieT YITIOBOE PACCTOS HAE MEXK Y HCTOUHHKAMH.

Kk Kk
7 g .
—7 v, K ,{/gbﬁ
POMoINEMEHMbI
P, P,
rt ryi

Nurus
YmHomumens 3006pwKy

(M) “nmezpamap
dur, 4

Hurepdepomerp MaiikesbcoHa AeHCTBUTENBHO HCIOAB30BAJCS JIJist
H3MEpPEHHSI YIJIOBOTO PACCTOSHUS MeXIy ABOHHBIMH 3Be3[iaMH, 4 TaKXKe
IJ1s1 M3MepeHHsl YIJIOBLIX aHaMeTPoB 3Besi. OJHAKO BCJEICTBHE TPYA-
HocTell, npucymux pabote ¢ GOJBIINM HHTEPHEPOMETPOM, ITHM CIOCO-
6oM ObLIO H3MEpPEHO JHIIb HEOOJBLIOE YHCJIO 3BE3JHBIX JHAMETPOB.
OdeBuIHO, YTO AJs1 TaKOH CHCTEMBI Tpefyercs o4eHb GoJblliasi MEXaHu-
YyecKas TOYHOCTb; KPOMe TOro, HHTeDhEPEeHHHOHHYIO KAPTHHY JErko
MOryT CMasaTh CJyyaHHble H3MEHeHHs KO03(pQPUIHEHTa NPeTOMJIEHHA
BIOJIb ONTHYECKOTO MYTH.

[IpuGopsl, nosHocThIO NOAOOHBIE 3BE3NHOMY HHTEPdepoMeTpy Maii-
KeJbCOHa, OblIH HCIOJL30BaHLI B Pagu0acTPOHOMHH AJs ONPeAeTeHHs
VIJIOBBIX pa3MepoB 3BE3JHBIX MCTOUHHKOB paauousaydeHusi. Ouu
COCTOSIJIH H3 JABYX PAasJieJbHBIX AHTEHH, CHIHAJBl KOTOPBIX MOAABAJIHCH
Ha oOIyI0 DErHCTPHPYIOMYIO CHCTEMY. B 3TOM ciydae Takxke TPYIHO
YBE&JHYHTb PACCTOSIHHE MEXKAY AHTEHHAMH, He BHOCS CJIYYaHHOH pas-
HOCTH (a3 Ha NyTH OT AHTEHHBl JO JAETEKTOpA.

Urtobe! 060HTH 3TY TPYAHOCTE, X3uOepu bpayn u TeHcC npelIoKHIN
Ipyroit Bua paguounrepgpepomerpa (dur. 4). CUrHasbl aHTeHH JETEKTH-
PYIOTCSI B 9TOM CJy4dae He3aBUCHMO; BBIXOJHBIE CHUI'HAJIBI JETEKTOPOB Ha



3HayUTeNbHO 00Jlee HU3KOH YacTOTe IOCTYNAIOT B OOIIMHA KOpPesTop,
rfie UX IPOHU3BEAEHHE YCPEIHSIETCS.

Yraoeble pasMepbl HCTOYHHKA ONPEAENdAIOT, aHAJAH3Upys, Kak
H3MEHAETCST KOppeasn¥oHHas (YHKHUS HHTEHCHUBHOCTH (JIyKTyauui
CHTHAJIOB NIPH Pa3lBHKEHHH aHTEHH. AHAJOTHYHOE YCTPOHCTBO MOXKHO
HCIOJb30BaTh H JJ51 BUAUMOIO CBETA.

Cymnocte npreMa, HcnoJsb3oBaHHoro Xsubepu bBpaymom u Tsuc-
COM, 3aKJIFOYAETCsT B TOM, YTOOBI IPOAETEKTHPOBATD IPUXOLSIIEe U3JY-
HeHHe M nepefiaTh HA IEHTPAJNbHBIA HAOMIONATENbHBIH NYHKT JIHIIb
BEJHYUHY (IYKTyalud HHTEHCHBHOCTEH, NONAJAIOLIMX B NPHEMHHKH.
Tak kak cUrHajbl IETEKTOPOB SIBJSIOTCS OTHOCHTE/IBLHO HHM3KOYaCTOT-
HBIMM, HX JIerKo nepejaTb 0e3 HCKaXEHMH HA DacCTOsHHE, ropasfo
Go/ibliee, 4eM npenesbHble pasMepbl HHTepGepoMerpa MaiikenbcoHa.
OTOT 3KCHEPHMEHT 1O CBOEH NPHUPOLE COBEPIIEHHO OTJHMYEH OT ONH-
CAHHOTO BEIi€ HHTEpP(EPEHIIUOHHOrO OnbTa, MO0 HMEeT JeN0 Co
CPEIHHM OT INpPOU3BENEHUS JBYX CJydalHBIX HMHTEHCUBHOCTEH, a He
C ORHOM. '

Jlerko BHAeTb, YTO B CpemHEM OT IPOHM3BEAEHHS JABYX CHUIHAJIOB
nMeeTcs UHTepdEepeHIINOHHBIN YJI€H, MO3BOJISIOMMUN Pa3fennTh IBe NpPHU-
Xogsipe BOJHEL. lIpexne Bcero saMeTHM, YTO CHIHaJ KBaJPAaTHYHOIO
JIeTEKTOPa, PACIOJIOKEHHOro0 B TOUKe P, IPONOpIHOHANEH BeJHUYHUHE

|E®) (1y, £)P=| AP | B2+ AB* ¢ (x=K)-r1f A*Be=i (k=k))-r1, (2,16)

DTOT cuUrHan yxKe He COAEPKUT OBLICTPBIX OCHMMISHUH NUpUXO;AILel
BOJIHBI, OJHAKO cpeJHee OT TaKoro npeoOpa3soBaHHOIO CHrHaja He
COEPXKUT UHTEPDEPEHIUOHHOrO 4ieHa (Tak Kak (AB*) = 0). Xaubepu
Bpayx u TBucc nepemuoxuin oba npeoOpa3oBaHHBIX CUTHAJA, & MOAbKO
nocie 3meeo U3MEPHJH CTaTHCTHYecKoe cpefHee. CpefHee OT MpouU3Be-
JeHUd JBYX UHTeHCHBHOCTeH BHZa (2.16) MOXKHO 3anucaTh B BHe

(ED (rd) pIED (raf) Py = (| A2+ | B -+
+2( AR|B[cos[(k—K)-(r;—r)l, (2.17)

rje Mbl BocHoJbsoBajuck TeM, uto (| A [PA*BY =0 u 1. 1. Unen
¢ KOCHHYCOM, OYEBHIHO, COOTBETCTBYET UHTEP(EPEHIINIOHHOMY PdeKTy.
Habmonasi sa noBejeHHeM 3TOrO YJeHA NPH H3MEHEHHH Ty — ry, MBI
MOXKeM pasfiesuTh ABa HCTOYHHKA. BaXHO 3aMeTUTb, UTO HUHTEpQepeH-
[UOHHBIH 3(heKT NoABASAETCA HPU YCPEIHEHUU BEJUUHHEI, NPONOPIHO-
Ha/IbHOH YeTBEPTOH CTemeHM aMIVIUTYJ IHOJsi, TOrja Kak B ciydae
untepdepoMerpa Malikenbcona oH KBaJpaTHYeH IO HOJIO.

Xors uHTephepeHIUOHHbIE OBITH HHTEPNPETHPOBAJNCH C MOMOLLBIO
CPeJHHX 10 aHcaMOJIIo, SICHO, YTO B 3THX OIBITAX IIPOBOAUTCS yCpeIHe-
Hue 1o BpeMend. OmHAKO YCpelHEHHE IO BpeMeHH OOBIYHO TPYIHEE
BBINOJIHUTD, YeM ycpelHeHHe no aHcaMb.o. 1Ipy paccMoTpeHuH pesyb-



TATOB UHTEP(HEPOMETPHYECKUX H3MEPEHHH, YCpPENHEHHBIX [0 BPEMEHH,
HeoOXOJUMO yYecTh, UTO MJIOCKHE BOJIHBI B 06IIIeM clydae He SIBJSIIOTCS
abCOMIOTHO MOHOXPOMATHUHBIMH. DTO 3HAYHUT, UYTO Ko3(punuentsl A
U B Ha caMoM jiesle U3MEHSIOTCA BO BPEMEHH, NOITOMY Mbl JOJIKHBI CUH-
TaTh A (f) U B (f) cToxacTHYecKUMH (QyHKIMIMH BpeMenn. Huxe 6yger
N0K43aHO, YTO B cJy4ae OOLIUHBIX HCTOYHHKOB CBeTa AJS ONHCAHUS
aMIIUTYA MOXKHO HCIOJb30BAaTb IayCCOBCKHUH 3aKOH pacnpeieseHHs.
A rtax Kak mpotecchl, ONHUCHBAEMBIE TAKUM pacnpeeneHneM, o61afaoT
CBOMCTBOM 3PrOAMYHOCTH, TO MBI BIIPaBe OTOXKIECTBUTL CPERHEE IO
BPeMEHH CO CPEJHHM IO aHcaMObJIIo.



Jexkuyusn 3

BeeneHve B KBOHTOBYIO TEOPMIO

TIlpy KBaHTOBOMEXAHHYECKOM OIHCAHHMH 3JCKTPOMATHHUTHOIO MOJIH
MBI JIO/DKHBI cauTaTh BeKTOpH nodisi E u B onepatopamu, yaosaeTsopsiio-
MUAMH ypaBHeHHsM MaxkcBenna. CocTOSHHS |) (M cONPSKEHHBIE ¢ HUMHU
cocrosimusi {|), Ha KOTOpbIE JeHCTBYIOT 3TH ONEpaToOpH!, COZEpKaT
uHpoOpMaLHIo, onpefensiomyio nose. IIpu usMepennu QusHyeckoH
BEJHUHMHBI, COOTBETCIBYIOMEH omepatopy O, Mbl, Booflle roBopsd, He
OXKHJaeM, UTO KaxkIpli pas O6yaeM Nosy4aTb OfHH U TOT XK€ Pe3yJbTaT.
HisMepennbie BeJTHUUHBL QIYKTYHPYIOT OKOJIO CPEIHEro 3HaYeHHs, onpe-
JesaseMoro npousBegeHueM (| Of). dayKryauMud OTCYTCTBYIOT TOJbKO
B TOM cjlydae, KOrja COCTOsIHHE |) OKa3bIBaeTcsl COOCTBEHHBIM COCTOS-
uuem O, T. e. ecau

Op=0"), 3.1)

rge O’ ectb 0OObIUHOE YMC/IO, a He omepaTop. B 3ToM ciyudae ypobHO
noJb30BaThest 3anuchio Jupaka: O obozHauaeT coOCTBEHHOe 3HAUeHHE
COCTOSIHMS, 3amHCaHHOro B BHAe |O").

Tak e, Kak U B KJAaCCHUECKOH 3JEKTPOMArHUTHOH TeopHH, yAo0HO
pasaenuts oneparop nodsi E (r, ¢) (ABAsIOMMIACS, €CTECTBEHHO, 3PMUTO-
BbIM) HA JIBE€ YACTH ¢ NOJOXKHTEJIbHOH M OTPUIATENBLHOH YacTOTAMH:

E(r, ) =E™ (r, H+E (1, ). (3.2)

Kak MBI yxe OTMEYaJaH, 3TH YACTH NPEACTABJ/AIOT KOMIJEKCHBIE, a He
peasibHBIE T0JIs, 103TOMy omnepatopsl E(*) He aBasoTCS 3pMHTOBBIMH,
HO 3PMHTOBO COMPSIKEHBl IO OTHOLICHHIO APYr K APYrY:

EC (r, ) =[ET (r, O] (3.3)

B To BpeMsi Kak B KJaccuueckoil teopuu noisg E® u E© umeror
OJIHAKOBOE 3HAUEHHE, B KBAHTOBOH TEODUH OHH OOBIYHO HIDAIOT Cylle-
cTBeHHO pasubie posu. Onepatop E‘+’ onuceiBaer ynuuToxKenue GoTona,
Torfa Kak E‘” — ero poxJenne. 3ra HAeHTUGDMKALHUA ONEpaToOpOs
eCTb (paKTHYECKH €IMHCTBEHHBIA (DaKT, KOTOPBIH Mbl JOJIKHBI M03AHM-
cTBOBaTh M3 GoJjiee (OPMATHHOrO aniiapaTa KBaHTOBOH TEOPHM IOJs.

Mbl go/mKHBI TBEPAO NOMHHTB, YTO BCE H3MEPEHHS NPOU3BOAATCI
C 3JIEKTPHUECKHM NOJEM, OTMChIBAEMbIM 3PMUTOBEIM oneparopom E (r, £}
B BuJe (3.2). B KimaccHueckoM Ipefie/bHOM cilydde KOMIJIEKCHBIE TT0JsT



E“ n E pator o6bUHO ONHHAKOBBIH BKJaj B HAUIM H3MEPEHHS.
C KBAaHTOBOMEXaHHMUECKOI TOUKH 3DEHHST 9TO MPOUCXOAUT HOTOMY, UYTO
B KJACCHUECKOM IIPEAEJBHOM CJIydae SHEPTHsl KBaHTA CTOJb Maja
{h® —0), uro npoOHBIA 3apAA HCNYCKAaeT KBAHTBI C TOH XK€ BEPOST-
HOCTBIO, ¢ KoTOpo# norvomaer ux. C Ipyrofl CTOPOHBI, B KBAHTOBOH
TEOPHH CcJefyeT oxuiarth, 4ro mnoist E u E nanyr cymecrsenno
pasHble BKJajAbl B H3MepsieMble HAMH BeJIMUKHBI, HallPUMeP B aMIJIUTY A5l
BEPOATHOCTEH NEPEXOHOB.

EcsH B KauecTBe npoOHBIX CUCTEM /151 JMEKTPUUECKUX HOJel HCIob-
30BaTh ATOMHBIE CHCTEMBI B OCHOBHBIX COCTOSIHHAX, TO TaKHE ATOMBI
MOTYT JIMIIb HOIVIOMIATh KBAHTHl, TAK KAaK Y HHUX HeT H30BITKA SHEPIHH
JJst d3gaydeHust ¢oronHos. B cayuae ofpiuHOrO QoTomeTeKTOpa mNpH
ONpejeJeHUH aMIJHUTYJA BEPOATHOCTEH MEepeXOfOB CYIIECTBEHHYIO POJb
UTpaeT JULIbL onepaTop anuuruasuuu E. Tounee roBops, ecau mpo-
BECTH PacyeT aMIJIHUTYAbl BEPOATHOCTH NEPEXOfa, HCHOJb3ys NePBbIH
NOPAJOK TEOPHH BO3MYINEHHH, TO J€rko MNOJNy4YHTb, YTO ONEpPaTop
poxaenus E cootBercTByeT Takoll MaJjioH aMIJIMTyHe BEPOSITHOCTH
(koTopasi, K TOMy ke, OBICTPO MEHSIETCSl BO BPEMEHH), YTO OHa BooOILe
He H3MeHsieT HabjiofiaeMoro addekra. OnepaTtop pOXKIAEHHA MOXKET
JaTh CYLIECTBEHHBIH BKJAJ TOJABKO B TOM C/aydae, eclH JETEKTOpP COAEp-
JKAT BO30YXKJeHHble aTOMBI. (DHEPrUs TENJOBBIX (WIYKTyaldil CIHIIKOM
MaJia, YyTOoObl BO3OYAHTb aTOMBI IO SHEPIHH ONTHUECKHX NEPEXOHOB, HO
na CBY stor sdpdekr urorja HeoOXOAUMO NPHHHMATh BO BHHMaHUe.)

B TperbeM u Gosee BBICOKHX MOPsiKaX TEOPHUH BO3MYIIEHUH, OMHCHI-
Barolledl Npolecchl NOIJIOUIEHHS, ONEPATOD POMKJCHHS HrpaeT BechMa
Maayio poab. OH JaeT Tak HasblBAeMyl0 PafHallHOHHYIO IMONPABKY
K IIeDPBOMY INODSAAKY BEPOSATHOCTH MNOIJVIOUIEHHS, KOTOpas MO BCEM
OIICHKaM OuYeHb MaJia.

Wrtag, npu paccMOTPeHMH Ipolecca PerucTpaluy KBAHTOB aTOMHBIM
{OTORETEKTOPOM C JOBOJLHO XOPOUIEH TOUHOCTBIO MOXKHO NPUHHMATH
B pacueT ToqbKo nose E‘Y n npenebpeus nosieMm E~. Xots o310 yTBEpK-
JIeHHe, OYEeBUAHO, ABJAAETCS JHUIIbL NPUOJIUKEHHBIM, TEM HE MEHEE OHO
BAXHO, TaK KaK HO03BoJseT chOpPMYyJHPOBATL TEOPUIO C IIOMOIIBIO
HEeIPMHUTOBBIX omnepatopoB. Kak Mbel yBuauM, Takas (GopMy/JHPOBKA
BEChbMa IePCHEKTHBHA [AJd AaHaJau3a KJAcCHYECKOro IPEefebHOrO
caydas.

Jns JaapHeHIero BBIACHEHHS CYIHOCTH HEKOTOPHIX BEJHUHH,
M3MEPAEMbIX B ONBITAX MO CYETY (POTOHOB, PACCMOTPHUM POJIb, KOTOPYIO
HrpaeT oONeparop IoJas NPH pacieTe COOTBETCTBYIOMIUX BePOATHOCTEH
nepexoza. (B caexpyiomell neKHuH Mbl NOAPOOHO yKa)KeM, KaK paccyu-
THIBAIOT 3TH BEPOATHOCTH, YYUTHIBAS ATOMHYI NPHUPOAY HAETEKTOpPA.)
IIpy 3TOM MBI Ha HEKOTOPOE BPEMsS OTBJIeYeMCSi OT KOHKDETHOro THIA
cYeTYHKa (POTOHOB U HPEANON0KHM [IPOCTO, UTO OH IPEACTABSIET COOOH
uieaJbHBIH NpuOOp, YYBCTBHTENbHBIN K nomio EY (r, {) B ognoli-enns-
CTBEHHOH TOUKe HPOCTPAHCTBA r B KaXKJBIH MOMEeHT Bpemenu f. DygaeM



CYUTATh, YTO BEPOSAITHOCTbL II€PEX0oJa ¢ MOrJIOIieHNEM (bOTOHa H3 noJ4d
B TOUKE I B MOMEHT ¢ nponopHHoHaJJ bHa BEJIUTHHE

@iy =[FIED (r, 1)) 2, (3.4)

rpe | i) — HavaJIbHOE COCTOSIHHE MOJisk Nepeh IIPOLeccoM pEerucTpanu,
a | [) — KoHeuHOe cOCTOsIHHE IoJisi nocne storo npowecca. Ha ombite
MBI He MOXKEM H3MEepUTh KOHEYHOE COCTOSIHHE NO0JIs; €IHHCTBEHHast BEJH-
YHHA, KOTOPYIO MOXKHO H3MEpPHTh,— CKOpPOCTb cuera. UtolObl ee pac-
CYMTATh, HEOOXOAVMO NPOCYMMHPOBATb IpaBble dacTH (3.4) mo BceMm
BO3MOKHBIM KOHEUHBIM COCTOSIHHSIM HoJisi Hocae nornouwenust. Iloay-
YeHHYI0O CYMMy MOXHO pPas/OXHTb II0 INOJHOMY Ha0opy KOHEYHbBIX
cocrosinuii. Te cOCTOsIHHS, KOTOpble He peaju3yiorcs [HanpuMep,
cocrostnus | f), oTamyaromuecs or | i) ma gBa uad Gosee ¢oroHal,
He AafyT B Hee BKJaja, TAK KaK OHHM OPTOTOHAJBHBI COCTOSHHUIO

ED (r0)]i).

B pesynbrate cyMMHUPOBaHHA IO KOHEYHBIM COCTOSTHHSIM CKOPOCThL
cyeTa INOJy4YaeTcs PaBHOH

w_—_f21<f;5+(r, D1y =G| ET (v, ) EX(r, )] 1); (3.5)

3/1€Ch 6BI10 HCIIOMIH30BAHO yCJOBHE IIOJHOTDI

2Indi=1

CKOpOCTb CYeTa @ MPONOPUHOHAIbHA BEPOSTHOCTH (B €AMHHUILY BPEMEHH)
nepexoa, NPHU KOTOPOM HAealbHbIH cUETIHK (DOTOHOB, PACHO/IOKEHHDIH
B TOYKE T, HOIJOmAeT (GOTOH U3 NOJIsi B MOMEHT BpeMeHHU f. DTa BEpPOsT-
HOCTb, corjiacHo (3.5), pPaBHa OXHjaeMOMYy 3HAUYEHHIO INOJIOXKUTEIbHO
onpeneneHHoro 3pMHToBa omnepatopa L (r, ) E (r, f), B3saroro
B cocrosnuu | i). Coornouienne (3.5) ACHO moKasblBaeT, YTO UyBCTBH-
TEJBHOCTh CYETUMKA NPOMOPIHOHAJNBHA He KBAapaTy HanpIKeHHOCTH
peasbHOro MO (KaK 3TO MPEANOJarajoch BO MHOTHX «HCTyKJaacchye-
CKHX» pacuerax), a OXKHIaeMOMY 3HAYEHHIO OmepaTOpa, COOTBETCTBYIO-
Iero Kpaapary abCOMIOTHOH BEJHUYMHbI KOMIIEKCHOH HANpsKeHHO-
CTH MOJISA.

Jlo cux mop Ml IoJarajH, YTo 3HaeM cocrosHHe moad |i). Pasy-
MeeTcs, 3TO He O3HAUAET, UTO MbI MOKEM NPEACKa3aTh PE3ybTAT OTAEND-
HOrO M3MepeHHsi, CIEJAaHHOrO HAalIUM cueTddukoM. Eciu INOBTOPHTDL
u3MepeHHe, TO, BeCbMa BEPOSITHO, INOJYYMTCS JAPYrOil Pe3yJbTaT;
paBeHCTBO (3.5) JaeT TOMBKO CpejiHee 3HAUEHHE 3THX H3MePeHHI.
TakuM 06pa3oM, KBAHTOBASi MEXaHHUKa BEIHYXKJAeT HAC FTOBOPUTH O CPel-
HUX 3HAYeHHAX No ancaMmOJI0 JaXe TOTAd, KOrja COCTOsiHUE MOJst TOUHO
H3BECTHO.

B geficTBHTENIbHOCTH MBI MOYTH HUKOrAA He 3HaeM COCTOSIHHS S
JOCTATOYHO TOUHO. VICTOUHHMKH H3JyYeHHUst SIBJASIOTCSE OOBIYHO CJIOXKHBIMH



CHCTEMaMH CO MHOTMMH CTelleHsIMH cBOOOJBI, TaK YTO COCTOSIHME | i)
3aBHCHT, KaK IPaBMJO, OT MHOIMX HEKOHTPOJHPYEMBIX IIapaMETPOB.
Tak KakK TOUHOE COCTOSIHHE IOJISL He HM3BECTHO, TO HeoOXONUMO INpH-
GErHyTh K €ro CTATHCTHYECKOMY ONMHCAHUIO, KOTOPOE JaeT HaM CBeeHH st
0 moJie TyTEM YCpPenHeHHs IO HEH3BECTHHIM mapamerpam. Ilpexackasa-
HHs{, MOJy4aeMble PH TAKOM MOAXO0JXE, HEoOXOIUMO CPaBHHBATh C KC-
nepUMeHTaJILHBIMH 3HAYEHHSIMH CPEeIHUX 110 aHcaMOmo. TakuM o6pasoM,
JUIs1 NOJTy4eHUsT CKOPOCTH c4eTa KaK CPeAHero 1o aHcaMOJIo HeoGX0aHMO
npoBecTH B paBeHcTBe (3.5) ycpexHeHHMe IO BceM c/aydaHHbIM mepe-
MEHHBLIM, BXOJASIIUM B COCTOsiHHe | (),

w={([E7 (t, ) EP (v, 1) }ep. o - (3.6)

Beogst onepatop maotHOcTH Q= {|i) ({|}ep. moi, MONKHO 3aNHCaTh
3T0 cpejHee claepylomuM c6pasoM:

w=Sp {QE7 (r, t) E (r, 1)}. (3.7)

Omnepatop NJIOTHOCTH IpeicTaBaseT co0OH cpejHee M3 ONEpaTopoB
MPOEKUMI [0 HAYaJbHBIM COCTOSHMAM noJs. OueBHAHO, 4YTO OH
5PMHTOB, Q¥ =@, H, KpOME€ TOr0, NOJOXKHTEJbLHO ONpeneleH

(Jlelp=>0

n1st moboro cocrosnus | j). CTOMT MOAUEPKHYTh, YTO B COOTHOLIE-
unu (3.7) noapasymesaercsl ApofiHoe ycpenaHeHue. To 00CTOSTENBCTBO,
YTO MBI JOJ/IKHBI YCPEIHHTh H3MEPEHHsI, CAEJNAHHbIE C YHCTHIM COCTOs-
HHeM, sBJfgeTcs TpeGoBaHMEM, NPHCYLIMM HMMEHHO KBAaHTOBOM Mexa-
HHKE, OHO He MMeeT KJaCCHYeCKOH aHajoruu. B oTuimude oT 3TOrO
cpesanee Mo ancaMOJTI0 HA4YaJbHBIX COCTOSHHH AHAJOTHUHO YCPERHEHHUIO 10
COBOKYIHOCTH cilydaliubix koadduuuentos {Cp} KnaccHueckoll TeopHH.

Us soipaxenus (3.7) BHAHO, YTO CKOPOCTb cyeTa HAEANbHOrO CUer-
uHKa (POTOHOB MOXKHO 3alHCaTh € IIOMOIIbIO KBaHTOBOMEXaHHUYECKOH
(YHKUHH KOPpPeasuH

GP (x, x)=Sp[eE™ (x) EP (x)1, x={r, 1}, (3.8)

KOTOpas aHaJIOTHYHa (DYHKIHH KOPPEIALHUH, BBEJICHHOU NPH ONUCAHHH
KJIaCCHUECKHX HHTEPpEPEeHIHOHHBIX 3KcnepuMenTos. s onHcaHus
6oJlee CAOXKHBIX ONBITOB, HallpUMep 3kcrepuMenta X35HOepu DBpayna
-u TBHcca, moaesno onpeaeyauts 6ojee oOMHUA HabOp KOPpesHOHHBIX
¢GbyHRIHH

G™ (%40« Xn, Xnsae s Xon) =Sp [0E7 (xy). . .

v oo ETY () ED (pag) o o ECD (201 (3.9)

®yukuuo G™ GyneM HasbiBaTh PYyHKUHEH KOPPESILHH A-TO NopsiakKa.
AnaJMTHuecKHe cBoiictea 2Toro Habopa QyHKUMH W HX CBS3b C 3KCIe-
PUMEHTAJbHLIMU H3MepeHHsIMH OyIyT 0GCy»XJeHBI MO3JHEe.



Il TaKOTO ONpEJeJEeHHs] MOMXKHO, KOHEYHO, BbIOpaTh M Oosee
IHPOKUH Kjaace GyHKuui, yem G, oOpaTHMBIUHCh K CPEJAHHM 3Haye-
pusaM tuna Sp [eE E®E®YES ], copep¥kalluM HEOIHHAKOBOE KOJH-
4eCTBO OIIEPATOPOB PONKJEHHS M yHHUTOxeHHS. OnHaKo Mbl He OyneM
JaBaTh TaKHM CpeIHHM Kakoe-THGo crnenHajdpHoe Oo0O3HaYeHHe, Tak
KaK OHH He COOTBETCTBYIOT BeJIMYHHAM, H3MePseMbIM B OOLIUHLIX ONLITAX
1o cyery ¢oToHOB. B npuHIHMIIE TAKOTO poja cpeJHHE 3HaueHUsd MOTYT
H3MepPSThCS B SKCIEpHMEHTaX APYroro poja, OAHaKO OHH BCerja PaBHLI
HYJIO B CTANUOHADHBIX COCTOSIHHSIX TOJIsl, a TaKKe H B 3HaYHTENbHO
Gosee obieM caydae, Korja dassl moefl caydaiinb. [locrenusis curya-
U5 JIOBOJBHO XapaKTepHa JJIsi ONTHYECKHX H JPYTHX Ype3BHYaitHo
BBICOKOUACTOTHBIX HOJEH,



Jdexuyun 4

OgHoaToMHbIN peTekTOop ¢hOTOHOB

PaccMoTpuM mporece otoperdcTpallii HECKOJIbKO 6oJee noapobHo.
ByaeM npeamoJsarate, 4To Hall CUETYHK (POTOHOB MPEACTABJSIET COBOH
Hjealu3HpoBaHnLId npHOOp, MMEHUHA B KauecTBe UYBCTBUTEALHOTO
3JIEMEHTa OJMH aTOM, KOTOPHIH MOXKET MEHsITb COCTOSIHHE HPH MOTJoLLe-
HUU (POTOHOB, KaK 3TO MMeeT MecTo npHu dotosddekre. [Tpegnonoxum,
4TO aTOM 3KPaHHPOBAH OT IOJst, TAK UYTO MBI MOXKEM C [TOMOLILID HEKO-
TOPOr0 pOJa 3aTBOPa BKJIOYaTh CUETYMK B MOMEHT BPEMEHH f, H CHOBA
3aKpbiBaThb B MOMEHT BpeMeHH f. Haruia sajnada — paccuutaTh BepOST-
HOCTh TOTC, YTO MOIVIOLIEHHE (POTOHA IIPOH30UJET HMEHHC B TeueHHe
3TOTC MHTEpBaJa.

byneM npeanosarath Takxke, YTO IETEKTOP JAOCTATOYHO YJAalJeH
OT HCTOYHMKA H3JYYEHHUS, TaK 4YTO TI0JIe MOXKHO CUHTATh CBOOOHHBIM.
F'aMHJIbTOHHAH CHCTEMBl IOJIE — JETEKTOP MOKHO 3alHCAaTh B BHJE

@o{g:@olgo__{_@o(gl, %02%0,3T+(%0,F7

rae &, — cyMMa raMHWJIbTOHHaHOB cBOOOJHOTO mOJist M atoMa. B mpeg-
cTaBjendH llIpenunrepa raMUJIbTOHHAH B3aUMOJEHCTBUS S#; HE 3aBU-
CHT OT BPEMEHH, B INpEeACTABJIEHHU K€ B3aHMOAECHCTBHS — 3aBHCHT.
B aunosbHOM npHOMMKEHUH (SIBJISIOLHMCS BEChbMa TOUHBIM JIsi OIITH-
YECKHX YacTOT) MOXKHO IPEICTABUTb 3aBUCAIIUHA OT BPEMEHH TaMHJILTO-
HHAH B3aUMOJEUCTBHS B BHJE

wozg1=ei/no7ﬁot@qgle—i/ﬁo°f€of= _e;qv (6)-E(r, ), (4.1)

T r—pajuyC-BEKTOP AaTOMHBIX siiep, a (,— ONepaTop NOJIOKEHHS
Y-TO 3JIEKTPOHA OTHOCHTEJNBHO SAEp; ONEePaTOP HaNPHMKEHHOCTH NOJA
E(r, f) onuchiBaeT 3aBHCHMOCTH OT BpEMeHH CBOOOJHOTO MOJIS,
He BO3MYHIEHHOTO NPHCYTCTBHEM aTOMa.

Ypaenenne Hlpepunrepa ajsi CHCTEMBI MOJe — aTOM B MpeACTaB-
JIEHHH B3aUMOJIEACTBUSI HUMEET BHJ

i 21ty = 5 ()| ). (4.2)

Ero ofmee pelieHue MOXHO 3alHCAThb B BHAE



rge U (¢, {p) ecTb YHHTapHBIH Oneparop H3MEHEHHS BO BPEMEHH,
OIHCHIBAIOMH MyTh, 1O KOTOPOMYy IIPOMCXOJMT HM3MeHeHHe Hayalb-
HOTO COCTOSIHHA mOj JeficTBHeM BO3MylleHud. B IepBoM mopsajke
TEOPHH BO3MYVIEHHH pellileHue MMeeT XOpPOIUO 3HAKOMBIH BHJ

14
=145 §otr@)ar} . (4.3)

Hpe}IHOJXO}KHM Tenepb, 4YTO HCXOAHOE COCTOAHHE CHCTEMBI €CTh

lgi) =1g)|)»
TAe |[)— HEeKOTOpoe H3BeCTHOE COCTOsSHHE TmoJsd, a | gy —ocHOBHOE
coctosinue aroma. Hac mHTepecyeT BeposiTHOCTH TOTO, UTO CHCTEMA
K MOMEHTY BpeMeHH [ mepedaeT B TOYHO OINpPEJeJCHHOE COCTOSIHHE

lafy=|a)f),

riae |a) — Bo30yxKIeHHOE COCTOSIHHE aToMa, a |f)—KOHeuHoe COCTOsi-
Hge moJiA. DTa BEPOATHOCTH ONpejelstercs] KBaJpaToM abcOMOTHOTO
3HAYeHHUS! MATPHUHOTO 2JIEMEHTA

1

(@f |U (¢, to)| gi) =%~ \ (af| 51 (t') | gi) dt'. (4.4)

Pagd B R

[Usnen mynesoro mnopsinka or U (¢, #)) B Bblpaxenun (4.3) He gnaer
BKJaJla H3-32 OPTOTOHAJBHOCTH 3JIEKTPOHHBIX COCTOAHUE |a) H |g).]
Tlopcraniss cloga onepatop p3anMojedcTsHs (4.1), MOXKHO pa3ienuTs
MATPHUHBIA 3JIeMEHT Ha JABEe YaCTH: MATPHYHBLIH 3JeMeHT LJIA aToMa
H MATPUUHBIA 3JIeMEHT MJIs MOJA

@ Ut to) | giy =2 \ @lay (@)@ (|E(x, #) |y dt'. (4.5)
¥
UToO6El OlLlEHUTh ATOMHBEIA MAaTPUUHBIA 5JIEMEHT, BCIIOMHHM, 4TO

qy (') = e/BFat'q (0) e~ /h FoV — ¢/h o, ar’'q, (0) e~ /h o, ar"’;

S

5TO CIpaBeJJHBO B CHJy TOrO, 4YTO TaMHJAbLTOHHAH TNOaAs &#o,
KOMMYTHUPYET KaK C aTOMHEIM TaMHJILTOHHAHOM &g, 50, TAK H € KOOP-
JuHAaTOH 37JeKTpoHa (4 (0). ATOMHEIH MaTDHUHBIH 3JE€MEHT MOXKHO
3anucaTh Telepb B BHAE
’ iw
(@] 2qy ()] g) = Mage™as’,
v
rje
My =(a| 2144 (0) | 8),
Y

Tl(Dag = Ea—“Eg-



Takum o6pazoM, MaTpHUHBIH 3JeMeHT Mg, He 3aBHCHT OT BPEMEHH
H SIBJISETCH IIPOCTO KOI(P@PHUMEHTOM B BBIPAXKEHHH JJIs aMIVIUTY bl
BEPOATHOCTH IIepexozna

t
@f [U (4 1) | gi) =5 | ®os" Mag (F| E(r, ) [t (4.6)

to

3amenum E (r, #') B 3TOM BBIpaXKeHHH Ha CyMMY IBYX ONEpaTOpOB
E® (r, ) mw EX (r,{). Onepatop pomaenus E (r, {) cogepHT
TOJIbKO OTPHLATEIbHbIE YacTOTHl, T. €. 3aBUCHMOCTb €ro OT BpeMeHH
BBIPAXKAETCHA 3KCIOHeHTOH € naa o > 0. Murerpaiel mo Bpemenu
OT YJIEHOB C TaKOH BpeMeHHOH 3aBHCHMOCTBIO OBICTPO OCHHJLIMDYIOT
IpH H3MEHEHHH [ M BecbMa MaJbl 10 aMIJIUTYJE 1O CPABHEHHIO ¢ yJjiena-
MH, NOJyYarolHMHCA 3a CYeT onepaTopa yHHUTOxeHHs E“ (r, 7).
®akrtuueckd OyayT HMETb MECTO JHIIb T€ NEPeXOnbl, I KOTOPBIX
BBIIIOIHAETCH 3aKOH COXpaHeHHsi 3HepTHH. UTtoOnl ybeIuThcf B TOM,
YTO IIPH aTOMHBIX IlepeXOfaX 3HePrHsl KBAHTOB NOJS COXPAaHSIETCS
¢ To4HOCTBIO 0 AE = i A®, HEOOXOAHMO OCTaBHTH HAlll 3aTBOP OTKPHI-
THIM B TeUeHHE BpeMeHH ¢ — f, > 1/Aw. IIpaktHuecku sarsop Bcerja
OTKDBIT B TeU€HHE MHOTHX IIEPHOJOB KoJeOaHMH (A®m < w,4) H, clIelo-
BaTeJbHO, BKJaJ PpagHanHOHHOro ujeHa E7 (r, f) npeHeGpexuMO
Mag. (Tax xe Kak H B IpemblAylledl JeKUUH NpeAnoJaraercsi, 4To
JETEKTOP HAXOAWUTCS IPH OTHOCHTEJIBbHO HH3KOH TeMieparype.)

Tenepb MBI JOIKHBI TPOCYMMHDOBATh KBaAPaThl MOAyJEH aMIIHTY-
Ibl (4.6) O BceM KOHEYHLIM COCTOSIHHSIM | f) mosist, Tak Kak He mpo-
H3BOJMTCH HHMKaKHX HaOMoOJeHUH /I ONpEeeNeHHs 3THX COCTOSHHI.
OnHO M3 NPEeNMyUIeCTB HCIIOJIL30BAHHS BhIpaxKenus (4.6) s ammiury-
ALl 3aKJII04aeTcs B TOM, YTO NIPH CYMMHPOBAHHH [0 KOHEUHBIM COCTOSI-
HUAM MOMKHO CYMMHDOBATb IO 6CeM COCTOSIHHSIM IIOJHOH CHCTEMBI.
Te KoHeuHble cOCTOSIHHS, B KOTOpble (U3HUECKH NOJE NEPeHTH He
MOXeT, NMPUCYTCTBYIOT B CyMMe, HO He BHOCSAT BKJaja H3-3a paBeHCTBA
HyJio JH0O CaMHX MaTPHYHHIX 3JIEMEHTOB COOTBETCTBYIOIAX 3THM
COCTOSIHMAM, JHGO MHTErpPajoB IO BPeMEHH OT HHX. Takum obpasom,
OrpaHHYeHHe, HAKMIAJbIBAEMOE 3aKOHOM COXDAHEHHsI SHEPIHH, YUHThI-
BaeTcsl caMO#l CTPYKTYPOH BpeMeHHGH 3aBHCHMOCTH HHTErPaJoB, BXOS-
IHX B CYMMY KBaJpaTOB aMINIHTYH:

S Kaf|U (¢, t)| giy 2=
f

it
_ <%>2 S S dt’ dtueiu)ag(t”_t’) 2 M;g’ uMag, v X
0 W v '

to 1o

XL ER (r ) EP (1, 27) |, . (4.7)



KOTOpasl MOJIyueHa NIPH HCIIOMb30OBAHHHM COOTHOMIEHHUS
(FIE® iy = |ET[])
M YCJOBHSI IIOJHOTHI

Zfllf><fl=1-

Mu yxe ofcyxaanu HeoOXONHMOCTb YCPEAHEHMs TAKHX Bbipa-
KeHui, Kak (4.7), no aHcamb/i0 HaYaNbHBIX COCTOSHHUM | i), IOCKOJIDb-
Ky Ha IMpaKTHKe Hauya/JbHOe COCTOSIHME pPelKO OblBaeT H3BECTHO
Touno. TakuM o6pa3oMm, BepOATHOCTb I1€PEX0ja paBHA

pasalt) = { D 1(af U (4 101002}
t 1
e 2
=) 20
M, v o o
X Mig, uMag, v Sp{QE (r, t') E3" (r, 1)} =
t ot
=<%>2 3 {{ dvdrreta ™M, yMag, GIR (08, 1t). (4.8)
u, v ip !to

Onpefenelust onepatopa MJIOTHOCTH Q M (YHKUHH KOpPpeasiluu
TiepBoro nopsiaka G Gblid JaHel B NpeAbUAYMEHd JeKIHH.
[pu BuiBOAE cooTHOMmeHHS (4.8) Mbl npeanoJarait, YT0 aToM COBEp-
IIaeT nepexoj B TOYHO oIpeleseHHoe cocTosiHue | @). CUeTUHKH HOTOHOB
nofo6HOro THHa GLIIH HeIaBHO IPeAJIoxKe-
C b uel BaomGeprenom u BebepoM (dur. 5).
wp ITose ¢ uacTOTOH ® MEPEeBOAUT aTOM Ha
@ yposeHb a, a NOJe HAKaUKH C YaCTOTOH @p
IIePEBOJUT €ro Ha ypoBeHb b. Hanyuenune
(OTOHA C CYMMapHOH YaCTOTOH 05 = ® -~ Op
g O3HauaeT norJomenne GOTOHA U3 BHEIIHEro
noJst .
Qur. 5 OnHakKo B HCIIOJb3YEMbIX B HacTosee
BpPeMsl JETEKTOPaX KOHEUHbIe COCTOSHHUS
| @) oOpasyloT TecHyl0 IpYINy YypoBHeH MJIH Jaxe KOHTHHYYM
(nanpumep, npyu HoHH3anmH). [letekTop nOJd, OCHOBAHHHBIH Ha
perucTpanuy (hOTO3JEKTPOHOB, HE BCerJa CMOCOOEH PasIMuUTh KOHed-
HBle ATOMHbBIE COCTOSTHHSA, HalPHUMep KOHEUHbIe COCTOHHSI C Pa3InYHbLIMH
uMmyabcaMi. [103TOMy IIpH OLEHKe BEPOATHOCTH PETHCTPALKH (OTOHOB
TAKHM CUETUHKOM HEOOXOIMMO [pPOCYMMHPOBATH BEPOSITHOCTH, JaBae-
Mble (opMmyaoii (4.8), MO KOHTHHYYMY KOHEYHBIX COCTOSIHHE |a).
OzHako He Bee HCNYIIEHHbIE (POTOIJIEKTPOHB! MOKHO 3aPErHCTPUPOBATE.
Yactb HX IOIVIOUIAETCA B BelecTBe (POTOKATOJA HJIM BHUIETACT H3 HETO
[Of, TAKUMH YIJIaMH, uYTO He NONafaeT Ha KOJJeKTop. B mpuHIMme

cp. mo i

dt' dt" g™
;




MOXKHO, KOHEYHO, MOCTPOUTb TaKoH npubop, Koropeli OyaeT criocobeH
COpPTHPOBATL (HOTORMEKTPOHBI IO SHEPTHAM NepeJl perucrpanuei.

Mzi He 6ymem mompo6HO O6GCyXIaTh J€Tadd YCTPOHCTB, HCIIOAb3Ye-
MBIX JAJS perucTpaniy (OTO3JEKTPOHOB; MNPEANONIOKUM IIPOCTO, UYTO
BEPOATHOCTD perucTpalii 3JeKTPOHA IIOC/Ie IONVIOMEHHs1 (pOTOHA
onpejeasiercss HeKOTopoll GpyHkuued R (a). 3akoH, 1o koropomy R (a)
U3MEHAeTCst B 3aBHCHMOCTH OT KOHEUHOTO COCTOSIHHSI | @) CHCTEMEB
3JIEKTPOH — HOH, Oyger, BooOHmie TOBOPS, 3aBHCETH OT IeOMeTpuue-
CKHX H (pH3HUECKHX CBOMCTB KOHKpeTHOTO mpHobopa.

Ecan npocymmupoBaTh Tenepb BepOSTHOCTH, JaBaeMble BbIpaxe-
nueM (4.8) M0 KOHEUHBIM cOCTOAHHAM | a), Hcnoab3ysa R (@) B KauecTBe
BECOBOH (DYHKUMH, TO AJIsi BEPOSATHOCTH DETHCTPANUH M IOTVIONICHHS
(hOTOHa HAIHM OXHOATOMHBIM JETEKTOPOM HAXOAHUM

p® (t) = ZR Pg-m(t)_< ) Zgidt’di"x

u, v i fp

X 2 R(a) Mig, uMag, v&' 28" 70GE (vt vty (4.9)
a

PazobbeM Temepb cyMMy 110 KOHEUHBIM COCTOSIHHMSIM Ha JBE 4acTH:
Ha CyMMy II0 KOHEUHBIM SHEPTHSM 2JIEKTPOHA ¥ CYMMY 110 BCEM IIPOYHM
IepeMeHHbIM (HalpaBJeHHst MMITYJIbCOB, CIIHH H T. 1.). JI/g 3TOTO BBejleM
(YHKUHIO YYBCTBHTENLHOCTH

son(@) =20 (£ )* 3\ R (@) Mag, »Mig, w0 —00),  (4.10)

KOTOpasi COAEPXKHUT BKJAABl TOJBLKO OT IE€PEXOJOB ¢ (PMKCHPOBaHHOH
nepeaueil sSHepTUH ho. (3aMETHM, UTO XOTS BEJIHUUHA Sy, (©) U 3aIHCHI-
BaeTcA KaK cyMMa O-GpyHKuu#, Ha caMoM Jejie ajsl pPacCMaTpHBAEMOro
ciayuasl OHa ABJAETCS IVIaJKOH ¢yHKiHeH, TaK KaK CyMMa IO COCTOSA-
HHAM |@) nmpejcTaBJIsieT MO CYLIECTBY HHTETPHPOBAHHE IO COCTOSIHHSM
C HeIpephIBHBIM 3SHEPTETHYECKHM CIIEKTPOM.)
Hcnoapsyst GpyHKIHIO YYBCTBUTEILHOCTH U CBOHCTBA cofiepsKanieics
B He# O-(yHKuMM, MOXKEM 3anHcaThb BEPOSTHOCTh perucrpanuu (4.9)
B BHJE
4 4
PO (t) = 5 S dr’ S dt” S do S sy, (0) €0E—IGE, (et 18); (4.11)
to to ~-00 u, v
HHTErPHPOBAHHE 10 ® IPOBOAUTCA B Ipejenax OT — oo g0 - oo,
TaK KakK Sy, (0)=0 npu o< 0. Hcnonssys ¢ypbe-npeobpasoBanue
JUIsi GYHKIHH YYBCTBUTEJIbHOCTH ,

o0

S () = 5= S sun (00) €tot do, (4.12)



OKOHYATEJAbHO MNOJy4YaeM
t t

P (f) = S dt’ Q A" S\ S (" — ) GR (et 18" (4.13)

1o .to v
Bripaxenne (4.13) npencraBiasier cof0fi NOMHY©O BEPOSITHOCTL meEpe-
X0fa, KOrja 3atBOp OTKDPHIT OT fy, 10 f. UT0OB NOAYYUTH CKOPOCThH
perucTpanyy, HeO6XOAUMO NPOAH(pQePEHIINPOBATh 5TO BEIPAKEHHE 110 1.

B ofuiem carydae nporecc NOTVIOMIEHHS He JIOKA/IH30BaH BO BPEMEHH.
Henbsa ckasatb, 4TO (OTOH NOTJIOMIAETCSI B TEYEHHE NAHHOIO BPEMEH-
HOTO HHTepBaJa, MaJOro O CPaBHEHHIO CO BpEMEHEM, B TEUEHHE KOTO-
poro 3aTBOp OblA OTKDBIT. [leficTBHTENBHO, €CH NPEANOJONKUTL, YTO
(YHKIUS YYBCTBHTEJIBHOCTH Sy () HMEET pe3KHH MaKCHMYM ¢ MaJoi
HpUHOH Aw, hypbe-06pas ee Sy, (1" — t') Gyner uMeTh HeHcuesaoLige
3HaYeHHE IPU ‘

1

Ao

KOTOpHIA npu Ma/oM A® MOXKeT ObITb CKOJIb yrogHO GospiiniM. CreneHb
HEONPEJeJIeHHOCTH BO BPEMeHH, rpy0o roBops, 00PaTHO NPONOPIHO-
HaJbHA NOJOCEe YYBCTBHTEJBHOCTH Hallero npuGopa. Ecaum nosoca
y3Kaf, TO CUETUHK H3MepseT cpefHee 3HaueHHe Beauuunsl GV (rt’, rt"),
rle {' CyllecTBEHHO OTJMYHO OT £’. B onTHYeckHx skcrepHMeHTax
YUYBCTBUTENBHOCTb B Y3KOH IOJIOCE TOJYYAIOT € HOMOLIbIO Y3KOMOJIOC-
HOTO CBeTO(HJBTPA, MOMEHICHHOTO INepe] MIHPOKOMOJOCHBIM CUeTHH-
KOM, T. €. «DUABTPYIOT> (GYHKIUIO Koppeasuun G, a He «cOpTUPYIOTY
$oT037€KTPOHLL. [105TOMY INHPOKOIOJOCHEIE CUETYHKH B 9TOM CMBIC/E
HECKOJIBKO 0osiee YHHBEPCAJbHBI, YEM Y3KOMOJIOCHBIE,

B npegenbHoM cirydae oueHb WIHPOKOH 110I0CH! TPOITYCcKaHU S IPOLIECC
PerucTpaniy cTaHOBHTCS MTOUTH JIOKaJAHN30BAHHBIM BO BpeMeHU. MBI yike
YIOMHHAIH B HOpPeIbIAyIled JekuuH o6 HjpeaJbHOM (HOTONETEKTOPE;
NPEINOJIOKUM TElePhb, YTO TAKOH JETEKTOp HMeeT (BYHKIMIO UyBCTBH-
TEJBHOCTH, OJHHAKOBYIO HJd BCeX 4acToT. UToObl jlerue MmOHATh CMBICI
3TOrO NPEIIOJIOKEH S, 3aMETHM, UTO KOJb CKOPO (YHKIHS YyBCTBH-
TeJIbHOCTH IIOCTOAAHHA, TO paBeHCTBO (4.12) cBOAUTCS K BBHIpameHHIO

Sua (1) =5 (8). (4.14)
IMpouecc morsomenust GoToHa B 3TOM CJydae CTAHOBHMTCA JOKAJIH30-

BaHHLIM BO BPEMEHH, a BEPOSATHOCTb IEPEXOfOB, HaBaeMast (hOpMy-
Joi (4.13), npuHEMaeT BUJ

ltl/__lu[<

14
P ()= s, S GO (rt', rt') dt'. (4.15)
M,V to

Ilpennonoxenyue o He3aBUCHMOCTH YYBCTBUTEJILHOCTH OT YaCTOTHI
He peanusyercs: faxe npH o > 0. Ec/u ke yuuThIBaTH OTpHIATENbHEIE



3HAaYEeHHS ©, TO 3TO YCJAOBHE BOOOLE HEBBIIOJHUMO, TaK KaK Sy, (©) =0
npy © < 0.

YKasaHHble TPYAHOCTH HE NPENATCTBYIOT, OHAKO, CO3JaHHIO peaJlb-
HBIX npuOOpPOB, CKOJIb YrOJAHO OMM3KHX 110 CBOHUM CBOHCTBAM K HJeasb-
HOMY JIeTEKTOpPY, €c/JH HCHOJNb30BaTh UX AJIA PErHCTPALUM NOJeH H3Jy-
YeHHs ¢ OrpaHMYeHHOH moJocol uactoT. Ecau npeanosoxurs, 4TO
H3MepseMoe NOJ€ HMeeT KOHEUHYI0 MOJOCY 4YacToT, TO JAOCTATOYHO
norpe6oBaTh, 4TOGB YYBCTBHTEIBHOCTB JETEKTOpa ObiIa NOCTOAHHA
TOJBKO B 3TOH noJoce. Jlerektop pafoTaeT TOorja Kak HAeaJbHBIH,
HE3aBHCHMO OT TOT0, KaK H3MEHSIeTCs] €0 UYBCTBHTEAbHOCTD BHE MOJIOCH
4acTOT 10JIst BO3OYKIeHHS.

[TokaxeM Tenepb, YTO 3TO ASHCTBUTENLHO TaK. PacCMOTPUM HECKOJIb-
Ko moapoGuee Bblpaxenue (4.11) pnst BepostHOCTH nepexoga. Ilpen-
cTaBHM cefe, UTO HHTepBaJ BpeMeHH [ — [, HEOrPaHMYEHHO BEJHUK,
T. €. II0JIOKHM, 4TO { — oo, fy — — oo. SIcHo, uto dypbe-obpas Koppe-
JSAUHOHHON (yHKuMH K,y (0)

Koy (0) = S dt’ \ dtretow—GE (vt 11"y (4.16)

]86/.:8

paBeH Hymo AN YacTOT ©, JeXKalHX BHE I10J0Chl BO30YyXKAEHUS
[T. e. gnaronasnbHble MaTpHUHbIE 3JeMeHTbl Ky (®) MPOCTO NPOIOPLHO-
HaJbHB CNEKTPaJbHOH IIOTHOCTH 3HEPTHH TpPeX KOMIOHEHT moJs l.
Hcnonbays Boipaxkenue aist Ky, (o), nepenuiueM Bbipaxenue (4.11)
cIefyomuM 00pasoM:

oo

PO (1) = o g B $en (0) Ky (0) do, (4.17)

—o0 UV

Hanee, MOCKOAbKY UYYBCTBUTENLHOCTb Sy, (®) MOCTOAHHA BO BCeH
noJsioce Bo3OyxAEHHS (IPH 3TOM HE BaXKHO, KaK OHa BeJeT ce0s BHe
9TOH MOJIOCH]), TO ee MOMKHO BBIHECTH H3-IIOJ 3HaKa HHTerpaja

oo
1 _\ ! —
pU(t) =D\ swgr S Ky (0) do =
uv

—00

v (rt’, rt'yde’. (4.18)

g

—

= D\ s
TR

Broipaxkenue (4.18) cHOBa yKasbiBaeT Ha JIOKAJH3alMi0O BO BPEMEHH
nporecca IHOTJOmeHHs (HoToHA [UTO MBI yiKe OTMeUasH BHIIIE B CBS3H
¢ gopmy.ioi (4.15) ]; apyrumu cioBamu, 06a apryMeHTa KOppesiiiHOHHOM
(GYHKIHME B TOABIHTErpaJbHOM BbIPAXKEHHH HMEWT OJHO H TO Xe 3Ha-
YeHue.



Yro0bl MOJYYUTH 3TOT PE3yJbTaT, Mbl IPEANOJArait, YTo HHTEpPBA
BpeMeHH ¢ — f, OeCKOHEUHO BeaHK. JIJis1 TOro 4To0Bl yuecTh KOHEUHOCTD
5TOTO BPEMEHHOr0 HHTEpBaJja, BBeleM (YHKIHMIO 1 (1), onpenenseMyio
cJeqyomuM ofpaszoM:

( 0 mpu ¢ <ty
n(t’):i 1 mpn f<t'<{,
0 mpu ¢ >t

Ecnu yMHOXKHTH (QYHKIHIO KOPPEJSIHH B IOIBHTEIPAJbHOM BbIpaxe-
Huu Ha M (¢') M (¢"), TO mpenenbl HHTEIPHPOBAHHUS 110 BPEMEHH B COOT-
Howenuu (4.11) moxHO OyJET paclIupUTh OT —o0 A0 co. DTO paclIKpe-
Hie 06JacTH MHTETPHPOBAHUs MO BPEMEHH O3HAYAEeT, YTO MBI elle pas
BOCHOJTb30BAJMUCh TEM YCJIOBHEM, KOTOpOe NpPHBEJO HAc K BhIpaxke-
HHio (4.18). Ilocnexnuii cnyvaft oraMyaercsl, OXHAKO, TeM, YTO (PYyHK-
uno Ky (@) clelyer Temepb paccMaTpuBaTh KakK mnpeoGpasoBaHHe
@ypbe BHJA ‘

Ky (0) = S dt’ § dt"et = (¢) GR (rt, ") n (7). (4.19)

[Mosoca wactor 3T0#l ByHKIMH, BOOOIIE TOBOPS, OTIHYAETCH OT MOJOCH
npuxomsimiero uanydeHdst. OJHAKO pasHHLA CYUIIECTBEHHA TOJBKO
B TOM cCJy4yae, KOTJa IepHOA BPEMEHH, B TeueHHe KOTOPOr0 OTKPHIT
3aTBOp, UPE3BLIUAHHO MaJl.

[peanosiouM, YTO INMPHHA ITOJOCHl YACTOT NPHXOISIIET0 H3Jjyye-
HusA, T. €. pyuxkuuu koppeasuuu GV papna dw. [Tonoca, cBsizaHHas
¢ (DYHKIHSMH 1), HMeeT LIHpHHY nopsigka (¢ — fo)~*. IIupuna nosocst
yacTor GyHRIMH Ky, (®) UMeeT nopsimok OGoJbiledl M3 3THX JABYX
BesquuuH. Eciau npeamosioxuTh Jajee, 4TO (QYHKIHUS YYBCTBHTENBHOCTH
HAulero JEeTeKTopa 3aMeTHO H3MeHseTcs JIMIUL B Mpeaenax HHTepBaJja
A®, TO JJig BEPOSTHOCTH IIepexofa IOJy4aeM BbIpaykeHHe, KOTopoe
cBoauTcs K BHay (4.15) mpH ABYX YCJOBHAX:

Ao > bo, Ao > (f—1ty)™.

BTopoe M3 3THX COOTHOLIEHHII ONpejelsieT HHKHIOK TPAHHUIY BeJHYH-
Hbl 1/A®, paBHO# BpeMeHH, B TeueHHe KOTOPOrO MOMKET OBITb OTKPBIT
Halll 3aTBOP, IIPU YCJIOBHH, YTO CUETUHMK BeJeT ce0si, KaK HleasbHBIM.

Juppepennrpyst paBeHcTBO (4.15) mo BpemenH, moJydyaeM CKoO-
pPOCTh cueTa

w® (¢) = dp( )(t) st & (1, rt). (4.20)

TeH30pHBIE HHAECKCH (BYHKIHMH UYBCTBUTEJILHOCTH H KOPpeasltH ObuIH
HYHBL /s WJTIOCTPALMH POJIH 3THX (DYHKUHH B ONpele/eHHH BEPOAT-



HOCTH nepexoja. Temepb Mbl HX OTOpOCHM, mpelmoJiarasi, 4YTo IIOJe
obnajaeT CTPOro OmpeleleHHOH mnoaspusauuedl é. Ha npaxtike 3710
OCYLIECTBJIAACTCA C TNOMOIbIO IIOJASPH3ALHOHHOTO (UJILTPA Nepes
CUETYHKOM.

Eciau BBectn 0603Hauenus

E (r, t)=e-E“ (r, 1),
E® (r, t)=e*-E™ (r, 1),
G (rt, £'t'y=Sp [QE™ (r, t) EP (1, t')],

S= D) eySyull,
uv

(4.21)

TO Bbipaxkenne (4.20) MOXKHO mepenucaTth CJAEAYIOIHM 06pasoM:
w® (¢) = sG¥ (rt, rt). (4.22)

Taxum o6pasoM, MBI JOKasalu CHpaBeJHBOCTb CIEMAHHOrO paHee
NPEINOJNOKEHHST O TOM, YTO HJEAJbHBLIA CYCTYHK (POTOHOB MOKHO
NOCTPOMTDL TaK, YTO OH OyJeT pearupoBaTh HA I10JI€ B JAHHBIH MOMEHT
BpeMeHH. CKOPOCTh cYeTa TaKOro Npubopa NPONOPIHOHAJIbLHA KOPPes-
IMOHHON (QYHKIMH NepBOro NOpsAKa, 3aJaHHOH B OXHOH TOUKE B OfHH
MOMEHT BpEMeHH.

[Ipu BLIBOJE MpHBENEHHBIX BBILE PE3YJbTATOB MBI BOCHONb30BAJHChH
npUOJIKEHNEM 3/IEKTPHUECKOTO IUI0JbHOTO B3auMoaehcTBHs. Menoman-
30BaHHEe 9TOr0 npub/IMKeHUs OblI0 00YCIOBIEHO CKOpee coolpaKeHH -
MH yno6cTBa, 4eM HeoOXOIUMOCThI0. MBI MOT/IH Obl HCIIOJIB30BATD TaKKe
o0lyio CBSI3b MEXIy HMITYJbCaMH aTOMHBIX 3JEKTPOHOB H BEKTOPHHIM
norennHasoM. B 3T0M ciyyae HaM npHinioch Obl BBOAHTH (DYHKLUH
KOppeJsiliH JJisi BEKTOPHOIO INOTeHuHana, a He JJIsl 3JeKTPHUECKOTOo
nossi. EjvHcTBenHOE pas/HyHe B pacyeTaX 3aKJodyasoch Obl B ydere
KOHEUHBIX Pa3MepoB aToMa. BMecTo MaTpHYHBIX 3JEMEHTOB, MMEIOLIHX
BUJ IIOCTOSHHBIX MHOMXKHTeJeHd B BEPOSATHOCTSAX NEPEXOJI0B, IPHIILIOCEH
Obl HHTETPHPOBATDL ITPOU3BEEHH ST ATOMHBIX BOJHOBBEIX (DYHKUMH U (pyHK-
IHH KOppesnAuuH. [[pyrHMH CJIOBaMH, BEPOSITHOCTH MEPEXOJ0B ObLIH
Obl HHTETPajaMi, KOTOPhIE BKJIOUAJIH B ce0si QYHKIHMH KOPPEIALHH As
KOHEUHBIX NPOCTPAHCTBEHHBIX H BPEMEHHEIX HHTEPBaJoOB. K cuacThio,
TaKHe YCJHOXKHEHHS He 00f3aTelbHB! JJf KOJHYECTBEHHHIX ONEHOK Ha
OINTHYECKHX H 0ojiee HU3KHX YaCTOTaX.



Jdexyusn 5

HetekTop hOTOHOB, cOCTOAWMI M3 I ATOMOB

UyBCTBUTEJBHEIH 3JIEMEHT CcUeTYHKa (POTOHOB, KOTOPBIE MbI pac-
CMATpPHUBAIU JO CHX MOpP, COCTOAJ] H3 OJHOTO-eIHHCTBEHHOTO aToMa.
ITocKoAbKY TAKYI0 KOHCTPYKIHIO CUETYHKA BPSA JIH BO3MOXKHO OCyIIe-
CTBHTb HA NPAKTHKE, HaM Heo0xoAHMO 0000mKUTE MOTyYEHHDBIE PE3YJib-
TaThl Ha CJIydail CKOAb yTORHO GOJBIIOrO. 4HC/a aTOMOB.

M&r ocyimecTBHM 3TO B jBa 3Tana. B HacroAuwled JIeKIMH MBI pac-
CMOTPHM JIETEKTODHI, COCTOSIIHE H3 OTHOCHTEIbHO HEGOJBLILOro uHc/a
aTOMOB, ¥ IOKaXKeM, KaK 3TH pe3yJanTaThl MOXKHO HCIIOJNb30BATH JIJIS
HCCJIENOBAHUS KOPPENsIUOHHBIX CBOHCTB Oojiee BHICOKMX IOPSAAKOB.
Donee metanbHblll aHa M3 9KCMEPHMEHTOB IO cUeTy (pOTOHOB MEI OTJIO-
XKHM JIO TMOc/e[Hell JIeKIUH, TaK KaK cHadaja I0Je3HO O6CyAHTh Kore-
peHTHBIE CBOHCTBA moJel.

Kak MHI y:Xe BueNU, H3MEpPeHHsI C MOMOMIb0 OXHOATOMHBIX JeTeK-
TOPOB (DOTOHOB NPHBOAAT K (YHKUHH KODPPEISLHH II€PBOrO IOPSA-
ka GV, OpHako cyuecTBYoT H GoJee ofllie KoppeaslHOHHbIe CBOH-
CTBA I10JI€H; HEKOTOpLIE U3 HUX CBSI3aHBI, HANIPHMED, C SKCNepHMEHTaMH,
B KOTODHIX pErHCTPHUPYIOTCA COBMAJieHHSA TIIPOLECCOB IOTJIOUIEHHS
(hOTOHOB B pa3JIMYHEIX TOYKAX IPOCTPAHCTBA M BpeMeHH. Tako# sKcnepH-
MEHT BBHIIOJIHHAH, HanmpuMep, XsHOepu DBpayH m TBucc; Mbl o6cyAuM
€0 HECKOJIBKO 1OApo0Hee B MOCASAYIOMHX JICKIHUAX.

[IpenionoKuM, UTO 72 HIEHTHUHBIX ATOMOB PAcCIiOJIOXKEHL! B PA3HBIX
TOUKaX TOJS 4y, Ty, ..., Ip U OOpPa3ylOT UYBCTBUTEJIbHBIH 3JEMEHT
HEKOTOPOro (OTOHHOI'O CuUeTYHKa. [lepen BceMH aTOMaMH HMEIOTCS
3aTBOPBI, OTKPHIBAOIHECS Ha BpeMst oT {4 10 . Hac untepecyer Beposr-
HOCTb TOT'0, YTO B T€UeHHe 3TOr0 HHTEpBaJa BpeMeHH Ka:KAblH H3 aTOMOB
HOIVIOTHT (hOTOH. XOTs 3Ta 3ajauya HOCHT HECKOJBKO HCKYCCTBEHHBIH
XapakTep, ee pellleHHe CYIlecTBeHHO JJis foqee ofiel 3ajau, KOTopyio
MBI PacCMOTDHM IO3Hee.

Jlast pacueTa BepOSITHOCTH IOTJIOMIEHHS 72 (POTOHOB HYIKHO BOCIOJIb-
30BaThCsl, CTPOrO FOBOPS, A-M IIOPSIKOM TeOPHH BosMymieHuid. [Ipu
5TOM MOXKHO, KOHEYHO, CIelaTh 0ojblioe 4HCI0 yhporieHud. UToOb
pemmTs ypasHeHue I[lpepunrepa B NpeJCTaBJCHHH B3aMMOJEHCTBHA

2|ty = 88 (1) | ), (.1)



Mbl BBEJH BBl YHHTAPHBIH ONEPaTOp M3MEHEHHs BO BpeMeHH, KOTO-
pulii npeobpasyeT COCTOSIHHSI MO CXeMe

B =U{(t, to) | o).

dopmanpHoe pemenue Aas U (¢, {)) MOXKHO 3anmHcath B BHIE

t
—i/h§ Sty ar

Ut ty)={e } (5.2a)
0 4 1 n
Uty t) = 3117 —T‘)"g NS s ) T
n=0 o to p=1
(5.26)

rre cumson { }; O3HayaeT ONepanuio ynopaJou4eHHs IO BPEMEHH Hajl
BCEMH ONepaTopaMH BHYTPH 3THX CKOOOK, Iocje KOTOpOH Ipoussefe-
HHE OTlepaTOPOB 3aMUCHLIBAJIOCH TaK, UTOOHI UX BPEMEHHbIe apryMeHTb
yBeTHUHBAJMICh cleBa Hanpaso. [IpencraBaenus (5.2a) u (5.26) MOXKHO,
[O-BUAUMOMY, JOBOJBHO JIETKO IOJNYUYHTH, 3allUChiBas ypaBHeHHE
Hlpenunrepa (5.1) B uHTerpadbHON (popMe U pemiasl NOJTyYeHHOE HHTe-
rpajibHOE yPaBHEHHE C IOMOINBIO CTENEHHBIX PSJOB.

[aMuabTOHMAH B3aUMOAEHCTBAS F0; (f) A1 n aTOMOB, B3aUMOAEH-
CTBYIOIIUX C IIOJIEM, HMEET BHJ

510)= 3 1,5 0) 63)

rie & ,;(t) npelcrap/sieT B3aUMOJAEHCTBHeE C N0JIeM j-T0 aToma. Kaxmbii
U3 THX UJIEHOB HMeEeT BHJ

Hr, i ()= -—ff;qjv (#)-E (r;), (5.4)

KOTOPHIA MBI yxe obcyxganu. Jdast mpocToThl IPENNooxKuM, UTO aTo-
MBI JMHAMHYECKH Ha 3aBHUCAT APYT OT Apyra, T. €. HX raMHJIbTOHHAHEBL
HYJIEBOTC NOPSAKA Pa3felsiioTCs U KOMMYTHPYIOT IPYT € JAPYTOM.

B nannusmeMm mopsaxe TEOPHH BO3MYIIEHHMH TpONECC f-KPaTHOTO
HOTJIOLIEHUs] OHCHIBaeTcs waeHom U™ (¢, ¢y), T. e. Ul€HOM 1-r0 MOpsiji-
Ka B pasaoxenud (5.26). lloacraBasia ramuiabtonunan B Buie (5.3)
B (5.20), noanyuaem st U™ (¢, to) Boipaxkenue, coaeprkaiiee 1" 4IeHOB,
KOTOpLIe TPEACTaBJASIOT cOOOH BCe BO3MOMKHBIE CIOCOOBI, KOTOPHIMH 1
aTOMOB MOTYT IPHHSITH y4acTHE B IpolLecce n-To nopsiaka. Muorue us
9THX WIEHOB SIBJSIIOTCS, OAHAKO, JHIIHHMH, TaK KaK Mbl TpeOyeM, UTOGEI
KaxKJblfi aTOM yYacTBOBaJ/ B IPOLECCe OAUH M TOJIbKO OAHH pa3. Uiensl,
B KOTOPHIX TaMHJbTOHHAH VISl ZAHHOTO AaTOMAa IIOBTOPSIETCS, OMHCHIBA-
IOT TIPOLECCHl, KOTOPHE HAC He HHTEepecyloT. Bkiaj Ke B BEpOATHOCTD
Iiepexofa AAIOT UYJEHbI, B KOTOPBIX S#r.; COTEPKUTCS JHUL OJUH pas.



Beero uMmeercst 7! TakuxX YIEHOB, M BCe OHHM JAIOT OJAHHAKOBHIE BRJAJ,
TaKk KakK ckoOka { }+ $SIBJseTCS CUMMETPHUHOH (yHKUHEH cojepxa-
muxcsa B He# omeparopos. [lostomy umen U™ (f, #,) cBomurca
K BBIPQXKEHHIO

4 t n
<:ﬁl—>ntg S {561, 1(t) 1 2(ts) ... Sr,n(t))y [] dtp (5.5)

fo Pt

Tak Kak HH OZMH aTOM HE MOXKeT HCIYCTHTb (OTOH (KamAblH u3
HHX [EePBOHAYaJbHO HAXOJAUTCS B OCHOBHOM COCTOSAHHH), TO BKJaj
B aMINIMTYAy BepOSITHOCTH INepexofa OyleT AaBaTh JIHLIb Ta Yacrb
oneparopa &#; ;, KOTOPOH COOTBETCTBYET II0JIe C MONIOKHUTENbHOM vac-
TOTOH. 3aMeHHM oliepaTop siaekTpuyeckoro noJs B (5.4) na E(*) (r;, ?)
B 0603HAYMM NONYUYHBLIMEACS B PE3Y/AbTATE TaMHILTOHHAH Yepes & ).
Oneparopsl " KOMMYTHPYIOT APYT ¢ APYroM, TaK KaK aTOMbl IHHA-
MHYECKH He3aBHcHMbI, a noasi EY (r;, f) kommytupytor. [lostomy Mot
MOXKEM ONycTHTb CKOOKY { }+ B ¢opmyse (5.5) M 3amucaTe HHTEPECYIO-
myto Hac yacte U™ (¢, fy) KaK n-KpaTHoe IIPOH3BEJeHHE HHTErpaJsoB

n

(=)' Stc%‘rf’j () dt. (5.6)

s

j=1tp

B pesyabTare mosydaeM, 4ToO ONepaTop, COOTBETCTBYIOIHH HHTEpe-
CYIOILMM Hac IepexoiaM, ecTb IIPOCTO IIPOU3BeJeHHE OIEpPaTOPOB, Kax-
Iblfi U3 KOTODPHIX OIHCHIBAE€T NPOIECC IOMVIOMEHHs OAHOro (oToHA.
DTo He O3HAyaeT, OJHAKO, UTO MATpHla oneparopa nepexoia (akTo-
pH30BaHa.

[Tpu oueHKe MaTPUYHOTO 3J€MeHTa oflepaTopa nepexofia (5.6) mexny
ABYMS COCTOSIHUSIMH BCEH CHCTEMBI Mbl JIOJIKHBI OTMETHTb, UTO OTAEJb-
HblE aTOMBI, HAXOJSIHEcs [E€PBOHAYAJbHO B OXHOM H TOM K€ OCHOBHOM
COCoAHul, MOTYT COBEpINATh NEPEXOAbl B KOHEUHble COCTOSIHHSA, pas-
Hble 1151 pa3HbiX aToMOB. Ecau 0603HauMTb 3TH HayajlbHbie H KOHed-
HbIE€ COCTOSIHHSI aTOMOB Kak | {g}) H | {a;}) ¥ BOCIOJNb30BATHCSA CHMBO-
anamu | i, {g}) u |f, {a;}) AnA HauaJIbHBIX H KOHEUHBIX COCTOSIHHI BCEH
CHCTEMBI, TO MaTPHUHBIH 3JeMeHT onepatopa (5.6) lunensr U™ (¢, to)]
IIPHHEMAET BHJ

(Fr{a UM, L) |i, {ghy =

t

:<%>n§ S exp <izﬁ)ajgtj> (FIEF (tpy ) v
fo 7

o

o ED (g, 8) D) ] Mage [] dtor (5.7)

i=1 p=1



rie o603HaueHHs A1 ATOMHBIX MATPHYHBEIX 3/IEMEHTOB M YacTOT aHa-
JIOTHYHB! O0O3HAYEHHSIM MpPeIbILYIEH JIEKIUH, a TEeH30PHbE HHAEKCHI
ONYIIEHBl B CHJIY TOroO, YTO IIOJI€ MMEeT OAHY-€IMHCTBEHHYIO NOJSIpH-
3anguio [kak B dopmyne (4.21)].

Teneps ¢ amnauTynol (5.7) HeoOXOAMMO NPOZEATh YIKEe H3BECTHHIE
onepaunuy BO3BEJEHHUS B KBaAPaT, CyYMMHPOBAHHS 110 KOHEYHBIM H yCpel-
HEHHsl 10 HayaJbHBIM COCTOAHHSAM I0df. B pesysabrate noayuum
BEpOSITHOCTL Iepexola KaXKIOro H3 aTOMOB B TOYHO ONPEAEIEHHOE
KOHEeUHOe COCTOSHME |@a;). Tak Kak Kamaoe U3 9THX KOHEUHBIX COCTOf-
Huil ABJsETcS B OOLIEM cJaydyae 4acTbio KOHTHHYYMA, TO Mbl JOJI¥KHbI
CYMMHPOBaTh JOJYYEHHYIO BEPOSATHOCTh 110 BCEM KOHEUHBIM aTOMHBIM
COCTOSTHHUSIM.

[Tpeanosoxum cHOBa, YTO Hall perucTpupyomui npubop (nerexktop)
OTMEUaeT BCE 3TH KOHEYHble COCTOAHMSA C Ppa3JHYHOH BEPOATHOCTBIO
M XapaKTepudyeTcsl ONPeleeHHOH BeposiTHOCTHIO R (a@;) perucrpainiu
JaHHOTO npouecca HorJomeHus. s IpOCTOTH NPEINOIOKHM, YTO
5Ta BEPOATHOCTb PErucTpalyu IIPEACTaBJseT co0oil ONHY H Ty XKe
GYHKINIO 1JA KaXkAOro M3 n aToMoB Jerekropa. CyMMHpOBaHHE I10
KOHEYHBIM COCTOSIHHSM 7. aTOMOB MOXKHO NPOH3BECTH, BBOAS TaKyIlO XKe
(GyHKUHIO UYBCTBUTEJILHOCTH, KaK H B COOTHOUWeHHAAX (4.10) u (4.12)
npensiayme gekuuu. [1ponenas sTH NpocThie Onepanui CyMMHPOBAHUA
U YCpEIHEHHs, JJIf BEePOATHOCTH PErHCTPal{y HOJydaeM

1 t n

pm (z‘):S X TT S@—8)G™ (1] ... tati, oty ...

to tp j=1

n
coordy) x [ de;dts. (5.8)
=t
B s1oM Bhipaxenun G osHauaeT GYHKUHMIO KOPPEISIIHHA 1-TO TOPsAKA
ISl TIOJIs, ONPENEeNSIEMY0 COOTHOIIEHHEM
G® (Xg oo X2n) =SP[QE) (x1) .. . EC) (%) ED (Xp54) v .
v EGP (x2n)], xj:{r,-, f}

s WHUPOKOIIONOCHOrO  JeTeKTopa BhlpameHHe (5.8) ymnpomaercs
t t n

p<n>(¢)=sng S G (ryty .. tatay tatae v, ) [ dtie (5.9)
to to j=1

TakuM 06pasoM, CUETUHK H3 1. aTOMOB H3MEpsieT HHTErpaj Mo BpPeMEHH
OT (PYHKUHH KOPPEJNsLHH f-ro MHOPSIKA.

Hlo cux nop Mbl paccMaTpHBA/H 7 aTOMOB, NOIVIOWIAKIHX (hOTOHEL,
KaK 4acTb OJHOro Jerektopa. Ho cKOHCTpyHpOBaHHBIH TakuM 06pasoM
AETEKTOp [0 CYWIECTBY HE OTIMYAeTcs OT FPYNNBl AETEKTOPOB OJHO-



aTOMHOrO THIIA, PacCMOTPEHHHIX B npelbimymel mexuuu. Ecau pac-
cMaTpUBaTh 7i aTOMOB KaK UYYBCTBHTeNbHBIC 3JIEMEHTHl IPyIOBl H3 11
HEe33aBHCHMBIX IETEKTOPOB, TO Y€ HCCAENOBaHHLIHA MPOIECC n-KpaTHOIro
MOTJIONIEHHST (DOTOHOB IMO3BOJHUT NPOAHATH3HPOBATH CcUeT (HOTOHOB IO
METOLy n-KPaTHBIX COBNAJEHHH.

DTy METOAHKY MOXHO HEMHOTO YJYYIIHTb, €CJH NpelcTaBHTh, 4TO
nepef KaxIbM OZHOATOMHBIM JE€TEKTOPOM CTOUT OTAENbHBIN 3aTBOP H UTO
BCE 3aTBODPLI OTKPHIBAIOTCS B OJAHO U TO e BpeMA f;, HO MOMEHTHI
3aKpbITHS BCeX 3aTBOPOB pasiuuHbl. [lycTb MOMEHT 3aKpEITHA j-TO
3aTBopa ectb f;. Torza j-H aroM «BHIMUT» IIOJE C MOMEHTa fy 10 f;.
Jas onucanust TaKoH CHTyauuu BBEJeM CTYNEHYaTylo (pyHKIHIO

0 mpu <O,

0(f) = 5.10

?) 1 mpu (>0 ( )
U 3anuieM a(peKTHBHbLIH TaMUJAbLTOHHAH B3aHMOREHCTBHA (T. €. FaMWJIb-
TOHHAH, YYUTHIBAIOLIHI 3aKPHITHE BCEX 3aTBOPOB) B BHJE

(%)I(t):jgi 0(t;—1) 1,5 (D). (5.11)

PacyeT BepOATHOCTH MOTJIOMIEHHS (DOTOHA B KAKAOM AeTeKTope IJd
ramussToHHaHa (5.11) o cymecTBy TOT XKe, YTO H pacyer, ONMCAHHBIA
Bellle. ENUHCTBEHHOE peallbHOe pas3jiHude, KPOMe pas/iHyus B HHTEp-
IpeTalyy, 3aK/a0YaeTCs B TOM, YTO MOJIHAS BEPOATHOCTL OOHAPYKEHHSA
npelcTaBiseT Tenepb 7-KPAaTHLIH HHTErpal IO BpEMEHH, B KOTOPOM
BEPXHHUMH IpefenaMi HHTErPUPOBAHUS ABJASIOTCS BpeMeHa f; B cay-
uyae, KOrja YyBCTBHTEJBHOCTb HE 3aBUCHT OT YACTOTHI IOJSI, HMEEM

t1 t
P (... t,) =" \ dt; . At GO (148, . . . Tot, Tntn ... TiL)).

S

SR
o,
(=)

(5.12)

BpemeHa ¢, ..., MOTYT H3MEHATbCS HE3aBHUCHMO, MOITOMY CKOPOCTb
PerucTpallid N-KPaTHbIX COBMAJEHHH, T. €. CKOPOCTh-CYeTa B €lIH-
HUIy BPEMEHH, BO3BEJEHHYIO B 1-10 CTeleHb, paBHA

W™ (t,, ... n)_———"———pm)(z‘i...zn)i

= sn(G(n) (ritl e rntn, rntn e riti). (5.13)
ot pe3yabTaT LOKAa3bIBA€T BBLILENPHBEACHHOE YTBEDKACHHE O TOM,
UYTO OIBITHI IIO PETHCTpanMH COBHa}IeHHﬁ, BBINTOJIHEHHEIE ¢ HA€AaJdbHBIMH
AeTEKTOpaMu, CBsA3aHbl C H3MEPEHHAMH (byHKL[HI';I KOppeJaauuH BhIC-
IIHX IIOPAILKOB.



Crnefyer mnoAYepKHYTb, YTO paccMaTpHBaeMble HAMH IIPOLIECCHI

H3MepeHUA OTIMYAlOTCd KaK II0 MeTOLY, TaK U IO COREPIKAaHHIO OT
IPOIECCOB, KOTOphie OOGBIYHO 0OOCYXIATCs B (GOPMajJbHOM KBAHTOBO-
MexaHuueckoil Teopun. PopmanbHas TeOpHS H3MEpeHHi Obla MOJAE3HA
IpH YCTAHOBJEHHHU (DH3HUECKOH HHTEpIpeTaUyl KBaHTOBOMEXaHHUe-
CKHX Bplpaxenuii. Ho Tak Kax HeoOXoAuMble MPEANOJOKEHHA STOH
TEOPHH BHIIOJHAIOTCA JHIIL B He-
MHOTHX cJay4asix, To cdhepa ee npH- hw i
JIOKEHHUSI B HacTosillee Bpemsl JH0- | _—> ¢
BOJNILHO OTpPaHHUeHaA.

PaccMoTpennble BEILLE CIOCOOH

!

M3MEpPEeHHS MOMs HOCST SIBHO IpH- hw A
6auxenHbli  XapakTep. Bepodar- .
HOCTH NIEPEXO/I0B PACCUUTHIBAIHCD p

B CAMOM HH3KOM HOpSAKe TEOpPUH

BO3MymieHud. B To BpeMms Kak 310 Qur. 6

npubanzkeHye oObIYHO HE MPHBOJUT

K GOJIBIINM TPYLHOCTSIM IIPH pacyeTe BEPOATHOCTH OTASNLHBIX aTOMHBIX
NEPEXOJIOB, B MHOIOATOMHBIX JeTeKTopax 3ddeKTh OoJiee BBICOKOrO
NOPALKA HMEIOT JOBOJbHO CJAOKHYIO MaTeMaTHYECKYIO (JOpMYyJTHDPOBKY.

B ucrmonb3oBaHHOM HaMU TIPUONHMKEHHH HE YUHTBIBAJIOCH 3JEKTPO-
MarHuTHOE BJIMSIHHE OJHOrO atoMa Ha JApyroii (paBHO, Kak M Jpyrue
Bo3jelictBus). J[leficTBuTebHO, Bce omepaTopsl E,  Bxoasmue
B (yHkuuu xoppeasauuu G, koMMmyTuHpylor. CKOpOCTh Nepexona
(56.13), nanpumep, He 3aBHCHT OT BBIOOpA IOC/IELOBATEIbHOCTH MOMEH-
TOB BPEMEHH 1, . . . Iy, JaXKe e€CJIH MEXKAY TOUKAMH f; f; UMeeTcs Bpe-
MEHHASI KOppeJAIHUs, a JeKTPOMAarHHUTHBIE BO3MYLIECHHS MOTYT Ilepe-
MellaTbCsl OT OAHOH TOYKH K APYTroil.

ATOMBI MOTYT OKasbIBaTh APYr Ha ApYyra 2JeKTPOMarHHTHOE BO3ZLeH-
CTBHE IO KaHajlaM, KOTOpHIE HE YUHTLIBAIOTCSl HAUIMMU NPUOIMKEHUs-
MH. DTH BJIHSHHUS OOBIYHO HCK/IIOUHTENBHO MaJsbl, H HX MOXKHO HHOrZA
YCTPaHUTh SKCIEPHMeHTanbHO. I1peAnonoKuM, HanpuMep, 4TO BMECTO
06bIYHOr0 Hpolecca NOIoueHHst GoroHa B aToMe [ IPOHCXOZHUT KOM-
OuHANMOHHOE paccessHHe, B pe3yJbTaTe KOTOPOTO Hapsiy ¢ ¢OTo-
3JEKTPOHOM HCIycKaeTcst Apyroil ¢oToH (dur. 6); HenymeHHBIE (GOTOH
MOXKeT INOTVIOTHTLCS aTOMOM 2, B pe3yJbTare Yero pOkKAAEeTCs BTODOH
dotoanekTpoH. Tako#i mponecc UMEET UCKMIOUHTENbHO MAJIOe CEUueHUe;
€r0 MOXKHO TIOJHOCTbIO YCTPAHHTb, €CJHH BbIOPATbH PErHCTPHPYIOLLHE
aTOMBl C HOHH3ALMOHHLIM MOTEHI(HAJOM, OOJBLIIHM 4YeM !/, ho.

Mzl yniomsinyiu 06 2J1eKTPOMATHUTHOM B3aUMOJIEHCTBHE aTOMOB JJist
HJIIOCTpanMd NpHOMIKEHHOCTH Hauled TeopHH u3MepeHui. TeM He
MeHee HHOTJa OHAa OKa3biBAeTCS TOUHOH M BeCbMa IOJIE3HOH,



Jdexuyus 6

1. CeoiicTBa KOppeasiiHOHHBIX (YHKUHMH

Koppensinponnywo (GyHKIUIO n-TO TMOPSAKAa Mbl ONPENeNHIN Kak
OKHIAEMOE 3HaYeHHe

G™ (xy ... x20) =SPLRET (xy) ... T (%) EM) () - ..
o B () (6.1)

Yepenuenue, MpoBeleHHOE HAMH AJISI BBIYHCJICHHS 3TOTO BLIDAMKEHHUS,
ABJISETCS KBAHTOBOMEXAaHMYECKHM aHAJOrOM KJACCHUECKOH METOIHKH,
BBeflenHOH B Jjekuu#u 1. Tam Mbl roBopu/aH 06 yCpeIHEHHH IO COBO-
KYTHOCTH CIy4YadHBIX KoaddunuentoB @ypbe. CXOACTBO MEXKIY ITHMH
IBYMsl MeTofaMu GYLeT CTAHOBHThCS OoJiee HAIVIAJHBIM IO Mepe TOro,
Kak Mbl GyleM NPONOJIIKATb Hallle pPacCMOTPEHHE.

B xauectBe nepBoro CBOficTBa KOpPPETSUUOHHBIX (DYHKIHMH OTMETHM,
YTO IPU OTPAHHUYEHHOM CBepXy umcie ¢oToHoB pyHkuus G™ = 0 pusa
BCEeX NOPSANKOB, 00jiee BBHICOKHX, ueM (HKCHDOBAHHBIH mNOpaiok M.
ATO CBOKCTBO mposiBasieTca Gojiee OTUETIHBO, €CJH | ) €CTh N-KBaHTO-
BOe COCTOSIHHE, & ONepaTop IIOTHOCTH 3aIIHCHIBAETCHA B BHIE

p= 2 Com|n)(m]. (6.2)

m,n

Torga eciu Cpm=0, T0 Ana n>M uin m>M u3 cBoficTB onepa-
TOPOB YHHYTOKeHHs (HOTOHOB EM CJIELYET, UTO

EM () ... EM (x,)0=0 npu p>M. (6.3)
ConpskeHHOE COOTHOLIEHHE
pET () ... ET (x,) =0 (6.4)

TaKkxKe Bhlmoausercss aaa p >M. Orcioga ciaexyeT, 4To :
G =0 nmpn p>M. (6.5)

370 cBOHCTBO KOPPENALHOHHEIX (PYHKIHHA JOBOJLHO CTPAHHO C TOUKH
3peHHs KJaaccHueckol Teopud. B Hell KoppelsiiHOHHBblE (DYHKUHH
IpeJCTaBAAT cobOH HO CYIIECTBY CYMMbI MOMEHTOB paclpelesleHHs
BEPOATHOCTH 111 KoadbHuuentoB Pypbe, H JOBOJIBHO TPYAHO INpex-



cTaBUTb cefe cayuafl, KOria MOMEHTHI BbILle ONpPEeAEJEeHHOro MOpAAKa
TOXJECTBEHHO paBHHI Hy/o. BBeAs B paccMOTpeH¥le BepXHIOK IpaHHLY
VI YHCJIa HMEIomuXcsi (POTOHOB, MBI CO3JalH COCTOSHHS, KOTOpPHIE He
HMEIOT KJIdCCHUECKOr0 aHaslora. JTOMY HE CJIeAYeT YIUBAATbCS, TaK
KaKk B TNpeleJbHOM ciaydyae h — O 3TH COCTOSIHHSL TAaKOBEIL, YTO HX
[OJIHAsl PHEPTUsl CTPEMHUTCH K HYJIO.

Craenyoriee CBOUCTBO KOPPEIALHOHHBIX (DYHKUMH MOXKHO BBEIBECTH
U3 OOIIero COOTHOLIEHHS

Sp (Af) = (Sp 4)*, (6.6)

KOTODOE BBUIOJHSIETCST AJs BCeX JHHeHHBIX onmepaTtopoB A. ITpumenss
3T0 TOXAECTBO K KOppensuHoHHoH ¢yHkuuu (6.1), Haxopum

[G™ (x1 ... Xan)* =Sp [ET (x20) ++« ET (%) E () . ..
s EP () 1= Sp [0ET (X20) -+ v ) (nin) EP (1) ... .
e EP ()] =G (Xop ... xp). (6.7)

31ech Mbl BOCIHOJNB30BaJHCh 3PMUTOBOCTBIO OIlepaTopa Q H HHBapHaHT-
HOCTBIO IINypa OT NPOM3BEIEHUS ONEPATOPOB OTHOCHTENBHO IIHKJIHUe-
CKOIf NEepecTaHOBKH.

KommyTauuonnsle csofictea £ u E 1103BOJSIOT NPOH3BOJBHO
[epecTaBJsITh apTyMEHTHl (X; . .. Xp) H (Xp4q4 . . . X2p), HE H3MeHAR
sHaueHust GyHkuuun G™ (X1 . .. Xp, Xpi1 . . . Xon). Headnp3s, oanako,
MEHATb MECTaMH KakoH-I100 M3 NMEePBBIX 7 apPryMeHTOB C JMIOOBIM H3 1
ocraBinxcsi 0e3 J00aBjenust COOTBETCTBYIOIMX UJIEHOB, TaK KakK
COOTBETCTBYIOIIIHE OLEPATOPHl HE KOMMYTHPYVIOT.

Hurepecuble HepaBeHCTBA MOXKHO IIOJIYYHTb M3 COOTHOUIEHHS

Sp [@ATA] >0, (6.8)

KOTOPO€ BBHIMIOJHSIETCST 1JIs1 M000To JHHeHHOro oneparopa A, MOCKOJIb-
KY 3aKJIIOYeHHBIH B CKOOKH OIEpaTep ABJASETCS MOJOXKHTENBHO OIpe-
JeneHaniM. UTo6bl foKasarh HepaBeHCTBO (6.8), 3ameruM, uTO oOIle-

paTtop @ 2pPMUTOB H ITIO3TOMY €ro MOXKHO AHaroHa/Ju3npoBaTh; B HEKOTO-
poM mnpeAcTaBJA€HHH OH HMEET BHJI

(klolm)=dymps. (6.9)
U3 onpenenenus oneparopa MJIOTHOCTH HENOCPEACTBEHHO CJIELYET, UTO
pr="klp|ky={k|i) G [R)}ep={|(i1R)P}ep>0.  (6.10)
Kpome Toro, Tak Kak
Spe= ; pr=1,



He BCe py PaBHH HYJIO. HOJIBSYHCB yCJIOBUEM IOJIHOTHI, IMOJAYYaEM

Sp [eAt A -_—;pm[A’fA[k):

= X pu Dk | Allm) (m | AlR) =X pa 2| (m| A TR) =0
(6.11)
JTo 3HaueHHe IUNMypa He 3aBHCHT, KOHEYHO, OT KOHKDETHOTO BHIA
HCIOJAb3YEMOTO IIPEACTABJIEHHS, C/EIOBATEIbHO, HEPaBEeHCTBO (6.8)

JOKa3aHo.
U3 o6umero HepaBeHcTBa (6.8) ¢ NMOMOIbIO PAa3JHUHBIX ITOACTAHOBOK
MOKHO IIOJYYHUTD ellle PsJl CBOUCTB KoppensiuioHHol pyHkuun. Hanpu-

Mep, Buibupas A = E® (x), cpa3y Xe NoxyyaeMm

bt

G" (x, x) > 0. (6.12)
Amasnormuno noxcranoska A= E™M (1) ... EP (x,) maer
G™ (X1« Xny Xn oo . X1) >0 (6.13)

STH JBa COOTHOLIEHHS TaKKe SBHO CJELYIOT 3 (PH3HUeCKOro CMbIC/Ia
«auaroHaabHOro» Bufa G™. Takoii Bui G™ caeflyeT HHTEPIIPETHPOBATH
COOTBETCTBEHHO KaK HHTEHCHBHOCTH (DOTOHOB M CKOPOCTH COBNAAEHHH,
KOTOpBIE SIBJIAIOTCA CYMIECTBEHHO IIOMOXKHUTEILHEIMH.

DTH  Bee NOCIeYIOUHe Pe3ybTaTh MOXHO HEMOCPEACTBEHHO 0606-
WHTh Ha CTydail BekTOpHBIX moaelt E}° (x). HyXHO TONbKO CBASATH
BeKTODHBIH HHIEKC [; C COOTBETCTBYIOIIEH KOOpAMHATOH x; H paccMa-
TPHBAaTb X; KaK COKDAIEHHYK 3alicbh COBOKYIHOCTH INEPEMCHHBIX
{r;, t;, n;} BMeCTO COBOKYNIHOCTH {r;, t).

Jpyroe BO3MOXHOE NpeJCTaB/IeHUe onepaTopa A HMeeT BHA

3

=2 ME® (x), (6.14)

7

I

rze A;— HaGop TMPOH3BOMBHBIX KOMILIEKCHBIX ynced. s aToro cayyas
nepaseHctBo (6.8) maer

ZJ MG (2, x5) > 0. (6.15)

TakuM 06pa3oM, COBOKYITHOCTb KOPPEJIAIHOHHBIX (PYHKIHE G?Y (x;, x;)
o6pasyer MaTpHLy KO3(pHIHEHTOB MOJOKHTENLHO onpesieleHHON KBal-
partuunoil popMbl. Pasymeercsi, Takas MaTpULA UMEET TIOJIOKUTENbHBIH

JeTepMHUHAHT
det[G? (x;, x;)]>0. (6.16)

Ipu n=1 310 npocro coorHomenue (6.2), npu n=2
G (xy, x1) G (K2, %2) > |G (1, x2) 2 (6.17)



4TO ABJIAETCS NPOCTHIM 0606ienHeM HepaBencTsa llIBapua. I1pononmxkas
nonoGHEIM 06pa3oM, MOXKHO MNONYUHTL OECKOHEUHYIO MOCIeNoBaTeNb-
HOCTb HepaseHcTB. I1puBeleM JIMIIL OJHO HEPaBEHCTBO VISt KOPPesIIH-
OHHBIX (QYHKOHH GoJee BHICOKOTO mopsika. Tak kak cdopma

A=MEP (x) ... E™ (1) + AE® (x01) +. o EP (x57) (6.18)
SIBJISICTCA TOJIOKHTENBHO ONpefeieHHOH, TO

G™ (%1 oo Xny Xn oo X1) G™ (Xt -+ v Xony Xan + oo Xnp) >
S1G™ (X4 ... Xny Xnit - .. Xon) [P (6.19)

2. MpocTpancTBeHHasd W BpeMeHHAA 3aBUCHMOCTH
KOppeJsLMOHHBbIX (hYyHKLMIA

[Tockonbky onepartops E(£) (r, f) NOAYMHSIOTCS YpaBHeHHAM Make-
BeJIJIa M YIOBJIETBOPAOT OOBIUHBIM TPAHHYHBIM YCJIOBHAM NS BEKTO-
pa 3JeKTPHUECKOTO MNOJsi (HanpuMep, IEepPHOAUYECKHM TIpPaHHYHBIM
YCJIOBHSIM HJM YCJIOBHSIM Ha IpPOBOASIIKX CTEHKAX), TO (YHKUHH
G™ (x;. . . X2n) TAKKE YIOBJETBOPSIOT CHCTEME H3 211 BOJHOBBIX YpaB-
HEHHHA M 21 rpaHHYHBIM YCJIOBHSM.

PacemorpuM tenepns dynknuio GV 1Jjf cTalHOHAPHHIX nojeit. JIyy-
IIHM KPHUTePHeM CTAaLHOHAPHOCTH B KBAHTOBOH MeXaHHKE SIBJISIETCS
Tpe6oBaHHe TOro, 4YTOGH OMNepaTOpP IVIOTHOCTH Q@ KOMMYTHPOBAJ
C TaMWIBTOHHAHOM. DTO SKBHBAJIEHTHO YTBEPKIEHHIO, YTO ONEPATOp Q
HEe 3aBHCHT OT BpemeHH B npencrasienuy lllpenmnrepa (B npexcrabie-
nun lefisen6epra onepaTop NJIOTHOCTH IJIA H3OJMPOBAHHOK CHCTEMBI
BCerjia He 3aBHCHT OT Bpemen). Ecaim Bocnonp3oBathes STHM ONpesiee-
HHEM ¥ MHTEPIPeTHPOBATh [aMHJIBLTOHHAH Kak ONepaTtop COBUra BO
BpEMEHH, TO

SPIQE ™ (x1) . .. E™ (xt5)] = Sp [e?F¥W/PQET (xy) ...
cor E®) (xy) e 17 ) —
= Sp [eie%w/hQe_iw'/hei‘%’”hE(-) (1) et E/R

=Sp[eE T (ry, ty+1) ... E) (Fany tan+ 7)1,

rjiie T—IPOM3BOJBLHHHA OTPE30K BpeMmeHH. Takum 06pa3oM MOKa3aHO,
YTO I/ CTANHOHAPHBIX HOJeH KOppesNHOHHHE (QYHKUMH YIOBJETBO-
PAIOT TOXKAECTBY

G™ (ryy #y .o Tony bon) =G™ (rgy 47 ... Fonton 1), (6.20)

T. €. OHH HE M3MEHSIOTCS NPH OJHOBPEMEHHOM CMEILIEHVH BO BPeMEHH
BCeX apryMeHToB. B pesyjbTaTe MOXKHO cumTaTb, yTo G™ 3aBHCHT

. ei%"‘/hE(‘*‘) (x2n) e—io%?‘f/h] —



TOJIBKO OT (2n—1) BpeMeHHEIX nepeMeHHbIX. Te Xe camble cooGpaxe-
HHSA CHpaBelJIMBLI U /IS IPOCTPaHCTBEHHBIX cMemenui. Ecan oneparop
IVIOTHOCTH KOMMYTHPYET ¢ KOMIOHEHTaMH HMIyJbca INOJisf, TO KOP-
peNALHONHEE (YHKIHH HHBADHAHTHHL OTHOCHTENBHO CMELIEHHS IIpO-
CTPAHCTBEHHHIX KOOPARHAT B COOTBETCTBYIOMIHX HANPABJIEHUAX.
CaenyoluM MaTeMaTHYeCKHM CBOMCTBOM KOPPENSIMHOHHBIX (YHK-
LM# ABJASETCH NOCAEN0BATeNbHOCT CHOCOGOB, KOTOPHIMH OHH 06pasy-
I0TCA H3 KOMIIOHEHT IOJIfi € IOJOXKHTENbHBIMH H OTPHIATENBHLIMH

yactoramd. COrJlacHO HamiemMy YcaoBuio, ¢yekmus G™ (¢ ... 4,
tars - . . lap) TAKOBA, YTO COAEPIKHT TOJBKO NOJOXKUTEJIbHBIE YACTOTEHI
IJISt IEDEMEHHBIX fry 1 . .. fgp U TOJB-
Im¢" KO OoTpuliaTeqbHble — I fy . . . fn;
e Halpyumep, MOXKHO HamnucaTth (IPOCT-
/iL PAHCTBEHHYI0 3aBHCHMOCTL HE VyH-
\ TEIBaeM)

W Jrer (1) 0 jp—i0,t

R G (t, tl)z gckk’e k'te () ,
¢ (6.21)

w, " >0,

Eciu teneps paccmaTpusath GV (¢, t)
dur 7 Kak GYHKIHIO IBYX KOMIJIEKCHBIX Me-

pemMeHHHIX t M {’, TO fICHO, YTO OHa
SBJISETC] aHaJUTHYECKOH (yHKIHUeH
¢’ B monymiockoctd Im ¢ <0 n amanntuueckofi Qynkuuedt ¢ B moay-
nnockoctd Im £ 0. CreoBaTennbHO, MOXKHO BOCHOJNBL3OBATBCH Teope-
Moil Komwn u3 Teopu# GyHKUHH KOMIJIEKCHOTO HEPeMEHHOTO H 3a-
HHCaThb TOXKIECTBO

GO (¢, #)= - S GO gp (6.22)

2mi " —t
C

rie C — KOHTYD B KOMIWIEKCHOH IIOCKOCTH ¢ ”, moKasaHHbIH Ha dur. 7.

U3 orpannyennocTd K03OHIHEHTOB cpy B (6.21) ciienyer, uTo yacthb
KOHTYPa B BHE NOJNYOKPY KHOCTH B HUXKHEH NOJYIIOCKOCTH ¢ R — 0o He
JlaeT BKJIaja B HHTErpaJ. 3aMeTHM jJajiee, YTo BKAaj GECKOHEYHO MaJIoro
NOJYKPYra B BEpXHEH MOJMYIJIOCKOCTH PaBeH BHIYETY B IOJIOCE, YMHO-
X)enHoMmy Ha (—wni). Takum o6pasom,

o

i I @€ t t”
GVt ty=Lp { GO gy (6.23)
fa t—t
-00
rie HHTerHpOBaHHe BBITIOJTHEHO BJAOJIb }leﬁCTBHTeﬂbHOﬁ OCH, a P—cum-
BOJ Opr}KHOCTH JIABHOT'O 3HAYeHHU A HHTerpaJla. Bepﬂ IlEI:'ICTBHTeJ'IbHYEO



¥ MHHMYIO YacTH paBeHcTBa (6.23), noaydaeM QBa COOTHOIUEHHS

o<

mG® @, )= P § SgZ i ar, (6.2

—_00

o0

. "
ReG(t, t)=—LP | Im O gy, (6.25)
—00
OTH COOTHOILEHHS IO3BOJSIOT B NPHHLHINE HaHTH MHHMYIO 4acTbh KOp-
PEJSNUOHHOA (DYHKIMH, €CJHH H3BeCTHA JEHCTBHTENbHASl €€ 4YacTh,
H HaoGOopoT.

TpanchopManyoHHEE cOOTHOHIeHHst ['mab6Gepra nogoGHOrO THIA
npuBJieKadu K cefe GoJblioe BHUMaHHE B (PU3HKe M 3JEKTPOTEXHHKe
B CBA3H C aHAMH30M IPHYHHHOCTH IOBEIEHHS JHUHEHHBIX CHCTEM.
Oznaxo coorsomenus (6.24) u (6.25) ne UMeIOT ¢ HUMH HHYero o6uero.
ST COOTHOIIEHHS €CThb HPOCTO CNOCO6 OnpelesieHHs 3THX (QyHKUHH.



Jexuyun 7

1. Mudpakuus u unrephepeHLus

C maTeMaTHyeCKOH TOUKH 3pEHH A KBAaHTOBOMEXaHHIECKOE PaccMoTpe-
Hye 3agay AudpaknUU He CIHIIKOM CHIBHO OTVIMYAeTCH OT KJacCHue-
CKOTO, TaK Kak Oneparopbl HOJMH ROJNXKHH YIOBIETBODATH TEM XKe
caMbiM JIHHeAHbIM Au(depeHnIHalbHEM YpPaBHEHHAM H TI'DaHHYHBIM
VCJIOBHSAM, YTO H KJacCHUecKHe noJis. 3afada HOCTPOEHHA TakHX one-
pPaTopoB CBOIUTCS K HaXOXICHHIO NOAXOAAILeH CHCTEMBI COGCTBEHHBIX
GyHRUHUH, N0 KOTOPEIM MOXKHO HX Pa3JOXHTh (T. €. CHCTeMbl QyHKUHH,
YIOBJIETBOPSAIOLIE BONHOBOMY YPaBHEHHIO BMECTE ¢ COOTBETCTBYIOIIUMH
TPaHHYHLIMH YCTIOBHSIMM Ha JoGofl JaHHOH moepxHocTtH). [lns Haxo-
KIeHust co6CTReHHON QYHKIUH MBI, €CTeCTBeHHO, NpuberaeM K H3BecT-
HBIM METOZaM KJACCHYECKOH TEeOpDHH pellleHHs TpaHHYHHX 3aznad,
T. €. 3Ta 3ajlaya BooGlUe He SIBJISETCS KBaHTOBOXHMHaMHudeckol. C Apyroi
CTOPOHHI, TOT (aKT, YTO TaKoe pelleHHe NpeacTaBser co6oi XOpoo
HCCJIEIOBAHHYIO (KJIacCUYecKylo» 3aj4ady, He o3HayaeT, KaK H3BECTHO,
4TO OHa 06si3aTeNbHO OyHeT HpPOCTOH.

Bepuemcsi, Hanpumep, K onbity IOHra (dur. 2). Korza Mel roBopHIIH,
YTO MOJIe Ha 3KpaHe X, ecThb NPOCTO JHHeHHass KOMOHHALHUA NOJe# oT
aBYX otBepctuli Py u P,, onpefeneHHas B COOTBETCTBYIOUIHE MOMEHTLI
BPEMEHH, TO 3TO He 3HAYHT, YTO Mbl TOYHO PELIHJIH IHPPaKIHOHHYIO
3aiaqy, Hao6opOT, MBI CHeJAJH B 3TOM cJydae PAJ yNPOWAOIHX HH3H-
yeckHX npubmuxkenui. OLHO M3 HHX 3aK/JIIOYaNOCh, HalpHMEP, B TOM,
YTO HE YYHUTHIBANCH AHCINEPCHOHHHIH XapakTep HPOXOXKIEHHS CBeTa
yepe3 oTBepCTHA (3TOT 3hdeKT MOKeT ObITh JOBOJBHO MaJl, €C/IH HoJIoca
YacTOT Hajalolllero M3JyYeHHs He CJIHIKoM HInpoka). IIpubrukenwus,
nog0GHbIE 3TOMY, HOCAT KNaccHYecKHil XapakTep. Mul fenaeM HX OPOCTO
MOTOMY, YTO Hac He HHTepecyeT GoJjiee TOYHOE pelleHHe KJacCHYEeCKOH
nuppaKUHOHHOH NPOGJIEeMEL.

Pacemorpum Tenmepb onblT IOHra neJqHKOM KBaHTOBOMEXAHHYECKH.
Tax xe Kax # B KJIacCHYeCKOH TeopHH, JacTb OepaTopa noJisi Ha KpaHe
3, ¢ noJaoxHuTeNbHOH yacroTol E (r, {) Gymer onmpenensTbes JHHEH-
HOH KomOunaumell mosmell £V or ABYX oTBepcTHi, umetomed Bun (2.1).
EnuvHCTBeHHOE pa3/iuu¥ie 3aK/II0YaeTcss B TOM, YTO Tenepb mons E®
ABASIOTCS onepatopaMmi. IlpexnonoxuMm, uyto 06a OTBEPCTHA MaJbl IO
CPaBHEHHIO ¢ PaCCTOSIHMSMH MeXJAY HMMH H paBHHI 10 BeJIHYHHE; TOTAa
B COOTHOWIEHNH (2.1) MOXKHO TNOJOXKHUTL Ay = Ay = A. Ecau Habmo-



NeHHsi MHTepdePEHIHOHHON KapTHHBI HAa SKpaHe NPOH3BOIATCS € NMOMO-
b0 HIEAJbHOro LeTeKTopa (POTOHOB, TO CKOPOCTh cueTa ero GyneT
nponopnuonanpbia GV (rf, rf). Jpyrumu ciaoBamu, HaG/ofaemast
HHTEHCHBHOCTb GyHeT nponopuyoHalbHa

I=Sp[eE” (rt) EP (rt)] =

=Sp{o|APIET (x) +EX () EDP (x) -+ E (x2)1}, (7.1)

rie x; 06o3HauaeT COBOKYNHOCTb (rj, f;). DTy HHTEHCHBHOCTb MOXKHO
BEIPA3HTh Yyepe3 KOppensiiHOHHbE (QYyHKIMH HepBOro MOpsilka, pasja-
rasi npousBelenHe B (7.1); B pesaysnbTaTe HaXOIUM

I=|APIGM (x4, %) +GY (xz, x5) +-2Re G (x4, x2)].  (7.2)

[lepBble gBa ujieHa B NPaBOH YacTH COOTBETCTBYIOT HHTEHCHBHOCTSM,
KOTOpbIE€ CO3LAIOTCS1 KaXAbIM H3 OTBEPCTHH B OTCYTCTBHE APYToro.
CoryiacHO CcJleIaHHEIM NPEATNONOXKEHUsIM, 3TH UJIEHBl IPeACTaBJAIOT
co60fi ZOBOMLHO MEAJEHHO MeHsiompecs GYHKUHH x; H Xp. Kaxk Mb
yXe OTMeuYaJH HPH KJIACCHYECKOM DPacCMOTPeHHH, TpeTui uwien (7.2)
sBAsieTcsi  MHTepdepeHIHOHHBIM. KoppensnuonHas GyHKUHSA 0OpH
Xy = xXo €CTb B oOlleM cJyuae KOMIIEKCHas BEIMYHHA; €CJIH 3allH-
caTh ee Kak

G (x4, x2) =] GM (x4, x2) | €t (@1 22,
TO BHPaXKeHHe JJI MHTEHCHBHOCTH NPHOGpETaeT BHJA

I=| AP 1GNP (xq, x) + G (x2, 25) +2| GV (x4, X2) | cOS @ (%1, %],
(7.3)
OTKYZa BHAHO, YTO NPHYHHON BO3HHKHOBEHHS MHTepP(hePeHIHOHHBIX
KoOJIel ABJACTCHA OCHHJ'IJIprIOI_I_[Hﬁ KOCHHYCOH}.IaJIbeIﬁ YyJIeH.

2. Hekoropbie o6iuye 3aMeyanuss o6 unrepdepeHuuu

[TpoBenennoe paccmorpenne omwbrta IOHTa crosip GAH3KO K KJac-
CHYECKOMY aHa/JH3y, UYTO MOXKET [I0Ka3aThbCSl HESICHBIM, IOYEMY sIBJICHHE
HHTepdepeHIHH NpeAcTaB/iser co0oll KBaHTOBOMeXaHH4YecKHH 3¢dekxT.
[Tostomy mpexcraB/isiercs nenecooGpasHBIM CAeJIATh HEKOTOpHE obuiue
3aMeyaHusi O KBaHTOBOMEeXaHH4YeCKOH HHTepIpeTanuH HHTephepeHLHH.
XapakrepHble HHTep(EPEHIHOHHbIE SBJEHHS HMEIOT MECTO B KBAHTOBOH
MeXaHHKe B TeX c/lydasx, Korja amIUIHTY/[a BePOATHOCTH Nepexolla H3
I@aHHOTO HavaJbHOTO B JaHHOE KOHEYHOe COCTOSIHUE NpejcTaBiaseT co6oi
CYMMY IBVX HJIH Gosee HapHHaJbHBEIX aMIIUTY], UMEIHMX I0CTaTOYHO
TOYHO OmnpefeneHHble (asoBble cOCTOAHUA. OTaeNbHblE NaprHaabHbIE
aMIVIUTYJE OGYCMOBJEHEl OCBIYHO pasJuudeM IyTefi, MO KOTOPHIM
CHCTEMa MOXKET MepelTH H3 CBOETro HavaJbHOTO COCTOSIHHA B KOHEUHOE.

Omnwit IOHTa Jaer npocTyio HIJIOCTPAIHIO 3THX OOMHUX NOJOXKEHHH.
HavanbHeiM COCTOSTHHEM CUCTEMBI MOXKHO CYHTATh COCTOSIHHE, B KOTOPOM



BOJTHOBOI aKeT, NpeiCTaBIAIONHA OTAeNbHBI Nafarimuil (OTOH,
pacroJoKeH cleBa OT ePBOro 3KpaHa O ((ur. 2) ¢ OTHAM OTBEPCTHEM.
IIpenmosoxuM, UYTO IePBOHAYAJbHO BCE AaTOMbl HaHIETO JEeTeKTOpa
HAXOAATCS B OCHOBHOM COCTOSIHMH. B KauecTBe KOHEUHOTO COCTOSTHHSA
CHCTeMBl BO3bMEM COCTOSIHME, B KOTOPOM (DOTOH NOTVIOILEH U COOTBET-
CTBEHHO OfMH H3 aTOMOB CuUeTYdKa BO36yxkKnaeH. AMINIHTYZa BEepOSITHO-
CTH NIepexola B 3TO KOHEYHOE COCTOSHHE paBHA CyMMe IBYX aMILIHTYI,
Kaxjas U3 KOTOPHIX CBfi3aHa € NpOXOoxJeHueM (OTOHA uepe3 OLHO H3
IBYX OTBEpCTHH B 3KpaHe ;. L

HUnTepecHO OTMETHTb, UYTO CYyLIeCTBOBaHHE HHTepdhepeHLHOHHOTO
s¢derTa CYLIECTBEHHO CBSI3aHO ¢ HEBO3MOXKHOCTBIO CKasaTb, KaKOH H3
BO3MOXKHBIX nyTeil (akruuecku BeiGpan ¢oron. Huabe Bop mokasad,
UTO BCSIKAsi NOMBITKA ONpPENeJHTb, [0 KAKOMY H3 IBYX NyTeH npoluesn
¢oTOH, yHMUTOXKaeT HHTephepeHNHOHHble Kojabna. OfHAa H3 TaKHX
HONBITOK 3aKJAIOYaeTC B H3MEPEHHH peakIHH 3KpaHa X, KOTA4 OH
otkaouseT ¢oToH. POTOH MOXKET nHepejnaTbh 3KpaHY JIOG0H HMIOYJLC.
OnHako ec/Id MBI NpofienaeM H0CTaTOYHO TOYHBIE H3MEPEHHS HMIYyJ/bca
3KpaHa, TO HHYero He CMOXKEM CKa3aTh O NOJOXKEHHH (oToHa B MpO-
CTPaHCTBE, H eC/TH Noc/aei0BaTeNbHO NOBTOPATh SKCNEPHMEHT, TO HHKa-
KHX KOJICIl He BO3HHKHeT.

DtoT pesynbTaT MOXKHO 0GOGIIUTL Ha BCE ONMHCAHHbIE paHee KBaHTO-
BOMeXaHHUYeCKHe paccMoTpenHs. Pasianuue myTtell, MO KOTOPBHIM MOXKeET
HATH CHCTEMa, NPHBOAUT K aMIJIUTYIaM C TOYHO ONpeleNeHHBIMH (a30-
BHIMH COOTHOIUEHHSIMM JIMIIb TOTJa, KOrJa y Hac HeT cnocoba y3HaTb,
KaKoi H3 nyTell (akTHYecKH peanusyercsa. Korga Mel IpOH3BOAMM
HaOJIIOAEHHS € IEAbI0 ONPEIEeNHTb 3TOT NYTh, MBI CYIIECTBEHHO H3MEHs-
eM cucreMy, Zenasi (assl NapoMaJdbHBX AMIVIUTY[ CIy49aiHBIMH IO
OTHOIUIEHHIO APYT K JpYyry, T. €. JHUKBHIUPYEM B CpelHeM BCAKYIO
uaTep(dEepeHIHI0 aMIIUTY L.

Pasnuynble myTH, 0 KOTOPBIX Mbl TOBOPHM, ABJSAIOTCS NYTAMH pas-
BHTHSI CHCTEMBH HJIM ee <«IpelblcTOpHsiMH». [ OXHOH 9acTHLBL HX
MOXKHO OTOXJIECTBHTb € INPOCTPAHCTBEHHBIMH TPA€KTOPHSAMH, HO IId
CHCTEM CO MHOTHMHM YacTHIAMH MJH [epPeMeHHBIM YHCJIOM YacCTHIL
npo6ieMa HOCHT 3HaUHTeJbHO OGosiee CJIOXKHBIA Xapakrep. Baxmuo
TOUEPKHYTh, UTO BeJHYHHBI, KOTOPHIE MOI'YT HHTepdepHpOBaThL B KBaH-
TOBOfi MeXaHHKe, NPeACTaBJAsioT co60i aMIVIMTYARI, CBSI3aHHBIE C YACT-
HBIMH (IpegplcTOpusiMH»y. Mcnoab3oBaHHe OOGBIYHOH TePMHHOJIOTHH
HHOIJa NPHBOAMT K HENOPasyMEHHSM N0 3TOMY IOBOLY.

[TpumepoMm, KOTOPHIH YacTO HUTHPYIOT H KOTOPOMY HHOTIA JAioT
HENPaBHJBLHYIO HHTepIpeTanyio, MABJAAETCH YTBEPXKIEHHE, CIENaHHOE
IInpakom B ra. 1 ero kiaaccuyeckoro Tpyza l).

LyDirac P. A. M., The Principlies of Quantum Mechanics, 3rd ed.,
Oxford, 1947. (Umeercs nepeson: Il. A. M. I n p a k, [IpHHUMIE KBaHTOBOK
Mexanuku, M., 1960.)



Iupaxk oTmeuaer, 4To HHTephEPEHLHIO IBYX NYYKOB B HHTEpdepo-
MeTpe MafikeJibCOHA HeJb3s HHTEPHPETHPOBaTb TaK, CJOBHO OH& HMe-
€T MEeCTO H3-3a TOro, 4T0 HHOrZa GOTOHH ONHOTO NMYYKa YHHUTOXKAKOT
¢oTOHBl IpYroro, a HHorga KOMGHHHPYIOTCA Tak, 4TOGBl 1aTh YeThipe
($OTOHA. «ITO NpPOTHBOpeunso Obl 3aKOHY COXpaHeHHs Hepruu. Hopas
TEOpHsI, KOTOPasl CBSI3LIBAET BOIHOBYIO (PYHKIHIO C BEPOATHOCTAMH /s
OfHOTrO (hOTOHA, IPEOJONEBAET 3Ty TPYAHOCTb, CYHTasA, 4TO KakKMIbli
(GOTOH BXOIHT OTYACTH B KAXKAYIO M3 ABYX KOMHNOHEHT. Toraa Kaxibli
¢doton unTephepHpyeT JHIIL ¢ caMHM coGoil. MuTtepbepennus Mexny
JIBYMSI pa3MHUYHLIMH (POTOHAMH HHUKOTAA HE NPOUCXOAUT».

ITH 3aMevanusi HMEJTH LEJbI0 YKa3aTb HA SKCHEPHMEHTEHI, NOA00HbIE
onwity IOura, B KOTOpoM MHTepdepeHIHOHHas KapTHHA O6GHApYKHBaeT-
¢Sl NPH pErHCTPalHH OTHeNbHBIX (OTOHOB. [lombiTKa HCIONb30BATH
3ameyanusi Jlupaka B KauecTBe oOuiefi NOKTPHHBEL AJsi BCceX APYTHX
HHTepQEepPEHIHOHHbIX ONBITOB MOXeT, KaK MBI BCKOpe YBHIHM, IpH-
BECTH K HPOTHBOPEYHAM.',

3. KorepeHTHOCTL mepBoro mopsajaka

TepMHUH «KOT€PEHTHOCTb» HCIOMb3YIOT HE TOMBKO B ONTHKE, HO TaKXKe
H BO BCSKOTO pOJa JHUTEpaType IO KBAHTOBOH MEXaHHKE H TeOpHH
cBsa3u. He Gyzem nepeuuciIsiTh BceX 3HAUEHHH TePMHHA <KKOTE€PEHTHOCTDY;
BMECTO 3TOT'C MBI NOMBITaeMCSI JaTh €My TOYHBIH CMBICJA NPHMEHHTENIbHO
K 3/JIEKTPOMArHHUTHBIM HOJMSIM. 3HaueHHe, KOTOpPOE€ MH NpHMEM, thakTH-
YeCKH CBSI)KeT BOEIMHO STH pa3lTHYHbBlE 3HAYEHHS. e et

M3BecTHYI0 BceM KOHUEMIHIO ONTHYECKOH KOFEPEHTHOCTH OGLIYHO
CBSI3BIBAIOT C BO3MOMKHOCTBIO IIOJIyYeHHs HHTepdepeHIHOHHBIX MNOJIOC
IpH HAJOXKEHUH JBYX mnonedl. BeprHemcss K Buipaxkenuio (7.3) ans
HHTEHCHBHOCTH, Habmogaemoll B onbite IOnra. Ecin KoppensinnoHHas
dyukuus G (xy, x,) paBHA HYJIO, TO HUKAKHX KOJIEL[ HET H MBI MOXKEM
CKa3aTb, YTO NOJA B TOYKaX Xy H X» HeKOorepeHTHHl. C APYrof CTOPOHHI,
MaKCHMAaJIbHYIO CTeNeHb KOTePEHTHOCTH €CTECTBEHHO CBf3aTb C IOJIEM,
JaomuM Haubosee pe3kHe HHTepdepeHIHOHHEIE KOJMbla. B mpeaeiny-
mel Jeknud OblIo mojydeHo ofllee nepaseHcTBO (6.17), yTBepkiaio-
mee, YTO

) 1) 1
|G (xy, %) |<<IGY (g, 20) GP) (0 22)]72
Ecau Bennuunst GV (xy, x;) 1 GV (xp, x) CyMTaTh NOCTOSIHHBIMH, TO
caMblfi pe3KHH KOHTPACT B HHTEHCHBHOCTH KOJEll, KOTOPHIH TOJNBKO

BO3MOXKEH, COOTBETCTBYeT 3HAKY paBeHCTBa B 3TOM COOTHOLUEHHH.
Taknum o6pa3oM, Heo6X0QUMOE YCHOBHE KOTEPEHTHOCTH HMeeT BHI

|G (xy, x2)|=1G™ (x4, x1) GV (2, x)]"2. (7.4)



EcJIH BBECTH HOPMHPOBaHHYIO KOPPeJALHOHHYIO (YHKIHIO
G (x4, X2) (7.5)

GD (x4, x1) GO (xg, xx)]'/2 "

g(i) (xh x2) :‘[
1O ycaosue (7.4) npuHUMaeT BHJ,
| gD (xy, x2)|=1, (7.6)
UK, APYTHMH CJIOBaMH,
g(i) (%1, Xx3) = £i® (=1, *2),

TlogcraHoBKa 3TOrO COOTHOIIEHHMsI B BhpaxeHHe (7.3) AJA MHTEH-
cuBHOCTH B onmite IOnra paer

(A2 =G (xy, %) +GM (xs, x2)+
+ 216 (x4, £) G (2, 22)1"2cO8 @ (x4, Xz) =
=| [G(i) (x4, xi)]l/zeiq’ (1, x2) |- [G(i) (%, xz)]l/2 2. (7.7)

Dra UHTEHCHBHOCTH H3MEHSETCS MeXJy IABYMSI NpeleJIbHbIMH 3Hade-
HUSAMH

Luwn = {[G (21, 2)17* —[GD (33, 2)12}2, (7.8)
Twawe = {[G(i) (%4, xi)ll/z + [G(i) (%2 xz)ll/z}z' (7-9)

[Tapamerp, koTOpHIl OOBLMHO HAa3BIBAOT BHAHOCTLIO KOJEIl, Onpene-
JISIETCA BHIpaKEHHEM

o Inaxe= T _ 2IGD (51, %)) GD (x3, x)] 2 (7.10)
Ivane - Tvman G (xg, x9) +GD (xg, x2) ° )

Ecnn noJas, najaromue Ha ABa OTBEPCTHsA, HMEIOT paBHble HHTCHCHB-
HOCTH, T. €. €CJIH

G(”(xu x1)=GU)(x2, X2),

TO HUHTEHCHBHOCTb H3MEHsIETCsl MeX1y HynaeM H 4GV (v, x;), a BHA-
HOCTb 0 == ]

Ycaosue (7.4) cBA3BIBaET aMILTHTY A NOJEH JMHIUb B JBYX NpPOCTpaH-
CTBEHHO-BPEMEHHEIX TOYKaX X; H Xz. EcaM 3To yc/IOBHE BHITIONHAETCS,
TO MOXKHO TOBODUTb O B3aMMHOH KOTEPEHTHOCTH MOJell B 3THX IBYX
Toukax. AHasoruuneifi mogxon Obl1 ucnosab3oBaH boprom u Boabdom
IpH PacCMOTPEHHH KJIACCHUECKNX MoJjeH Ha OCHOBE YCPEIHEHHHIX MO
BPEMEHH KOPPeJSIHHOHHHIX (YHKIHH.

Ins1 RKBaHTOBOH MeXaHHKH XapakTepHO pAaCCMOTPEHHE MNOJs Kak
IvHamuueckoii cucrembl. IlosToMy 6BLIO OBl 3HAUHTENLHO YAOOHEH
KaK C aHaJHMTH4eCKOH, TaK U CTaTHCTHYECKOH TOYEK 3peHHs HpeacTa-
BHTb KOTEPEHTHOCTb KaK WIeaIH3HPOBAHHOE CBOHCTBO NOJEH B LEJIOM.



Takoe cBOACTBO MOMHO ONHCHIBATb ¢ MOMOILIBIO yesioBUs (7.4), OLHAKO
3KBHBAaJIEHTHOe M MaTeMaTHyecKH Oojee yao6HOe ONMHCaHHe MOXKHO
nony4uts M3 TpeGoBanus (HaKTOPH3AUUH KOPPESNHOHHOA QyHKUHH
NepBorc nopsiiKa.

[Tycts dynxuua GP (x;, x) npeacTaBUMa B BHIE NPOH3BEEHHS
JByx oyHgruui A (x)) 1 B (xy) '

G (x4, x2) = A (x1) B (x2). (7.11)

Hcnonpsys cBoiictBo cummerpuu (6.7), mnofdyuaem, uto (yHKIHH
A u B yn0BIeTBOPSIIOT TOXKIECTBY

A (x2) B (x;) = A (x1) B* (x2),
Uau

Alx) A% ()
B (v — Blm) ° (7.12)

Tax kak B nocienHeM COOTHOIIEHWH GYHKUMS OT ¥; paBHA (QYHKUHH
OT X3, TO 00e (pYHKIHH ROMKHBEI GbITh NOCTOSIHHBIMH. Ta NOCTOSHHASA,
KOTOpYIO Mbl 0G03HauuM OYKBOH [, HOMKHA OHITh [AEACTBUTEbHLIM
YHCJIOM, B ueM MOXKHO yGelMTbcsi, NoJjlaras X; H X, PaBHBIMHM. TaKum
o6pasom,

A (x) = pB* (x). . (7.13)

Tak xak ¢ynruus G (x, X) NONOXHUTeNbHa, TO BENHYHHA | TaKXKe
nonoxurenbHa. CleqoBaTe/bHO, €C/HH BBECTH (DYHKIHIO

& ()= VBB (x), (7.14)

TO KOppeJANHOHHAs (yHKUHS NepBOro nopsjgka INpHHHMaeT ¢akTo-
PU30OBAHHBIA BHJ

G (2 x5) = &* (11) & (%) (7.15)

Orcrona sicHo, 4TO ecaim (hakTOpU3aLHs BO3MOKHA, To GyHKuMs & (X)
HOUTH TMOJHOCTBIO onpefeneHa. Ocraercss HEOZHO3HAUHBIM TOJBKO
TIOCTOSIHHEIH (Da30BBI MHOXKHUTEND.

Hmxe Mel y6enumest, uto cBoficTBO (akTopHsyemoct# (7.15) BecbMa
YOOOHO B KayecTBe ONpEJeNeHHsI ONTHYECKOH KOrepeHTHOCTH, HJIH
KOTepPEeHTHOCTH NepBoro nopsika. OYeBHAHO, YTO 3TO YCJOBHE MOJpa-
3yMeBaeT ycnosus (7.4) u (7.6) nias aGCOMOTHBIX 3HAYEeHUH KOPpesiIi-
OHHEIX (PYHKIMH, H, HAOGOPOT, NPH BHINONHEHHH ycaoBuil (7.4) u (7.6)
BO BCEX TOUYKaX HOJs ycaoBHe (aKTOPH3AlHH TaKikKe CHPaBEIVIHBO BO
BcexX ToyKax noss. OGCyIMB HEKOTOPHE NPHMEPH KOTEPEHTHBIX IOJeH,
MBI TOKaxeM, 49t0o 06a crnocoba paccCMOTpEeHHsI KOTeDEHTHOCTH 3KBH-
BaJIEeHTHEI.



CaMbIM 3JieMEHTapHBIM NPHMEPOM NOJA ¢ (HDAKTOpH30BaHHOU (PyHK-
nuelt GV aeaserca Jso6oe KaacCHUecKoe NoJie, A KOTOPOro TOYHO
onpezetenbl Koadbuunentsl @ypre Cp, T. €. J060E Mose, 15 KOTOPOro
pacnpenenene BeposTHocTeli P ({Cp}) CBOAMTCA K HPOHU3BEIEHHIO
O-byuxuuil. B aToM ciryuae yHKIHs & (x) ecTh caMo KaaccHyeckoe noje
E (x). 3pech MBI BHepBble 3amMeuaeM TeCHYIO CBfi3b, KOTOpas CylIecT-
BYeT MeXJY KOTePEHTHOCTLIO H OTCYTCTBHEM LUYMOB,— CBf3b, KOTOPYIO
MBI BCKOpe o6cyiuM noipoGHee. OTCYTCTBHe CHyYyaHHOCTH HJH IIyMa
B omnpefieneHuy Koapduuuentos Pypbe N0Jaroe BpeMs CIAYKHIO B TeX-
HHKE CBSI3H KPUTEPHEM «KOTePEHTHOCTH» CHTHanla.

Jpyrum npumepoM KOTe€peHTHOCTH MOXKET CAYyXHTb ONMH H3 NyTel
ocymiecTsienus: onbita IOHra (xoTs, no-BMAMMOMY, H He caMblii yn06-
HbIfl), 3aKMOYalOMMHACA B PaccMOTPeHHH OAHO(OTOHHOTO BOJHOBOIC
nakera, najamoLiero Ha oteepcrHe B 3kpaHne o. Toraa, ecau nponenath
SKCHEPUMEHT MHOIO Pa3, B TOYHOCTH IOBTOPSis BOJHOBOH NakKeT, TO
HHTep(hepeHnHOHHEIE KOJbIA I[POSIBATCS B BHAE CTATHCTHYECKOTO
pacnpeneneHuss (OTOHOB, NONaBMIHX Ha 3KpaH X, Takue UYHCTHE
COCTOSIHHS JJ1s1 OTAEAbHBIX (DOTOHOB Bceraa 6yAyT NPUBOAHTE K KOIbIaM
B TAaKOM CTATHCTHYECKOM CMBICJIE, B UeM MOXKHO YOEIMTBbCs, HCCJAenys
KOppEJNsSINUOHHYI0 (YHKUMIO mnepBoro nopsaiaxa. IIpexamosoxum, 4To
HOJIe HAXOLUTCS B HEKOTOPOM YHCTOM OLHO(DOTOHHOM COCTOSIHMH,
KoTopoe o6osHauuMm cumsodoMm |1 ot ). Torma omepatop NIOTHOCTH
IJsi [0S paBeH

e=|1 dor) (1 dor, (7.16)
a KOppeNaIHOHHAas QYHKLHS NEPBOTC HOPAAKA CBOAUTCH K BBIPAXKEHHIO

GV (xy, x2)=(1 dor|ET (x) E (x5)]1 doT).  (7.17)

Tak kak E‘ ectb omneparop YHHMUTOXEHHS ()OTOHA, TO COCTOSIHHE
E® (xp) |1 ¢oT ) MOXKHO YMHOXKHTD TOJBKO Ha BAKYYMHOE COCTOSTHHE,
KoTOpoe Mbl 0Go3HauuM uepes | 0). [Tostomy mexay oneparopamu E<
u E B (7.17) MOXHO BCTaBHTbL ONepaTop NPOEKIHH IO BAKyYMHBIM
cocrostuuaM | 0 ) (0|, He HM3MeHAA NPH 3TOM 3HAUEHUS KOPDEJSILHOH-
HOH (YHKIHUH:

G (x4, %) =(1 ot |E (x1)|0) (O] E® (x2) 1 om).  (7.18)

Boipaxenne (7.18) mnpexncrasiasier coGofi (akTOpH30BaHHYIO (dopMy
GV, ypoBaeTBopsOlILyio cooTHomenuw (7.15). CnexosarensHo, moboe
YHCTOE COCTOSIHME, B KOTOPOM IIOJie NPEACTaBNIeHO OLHHM (OTOHOM,
o6/1afaeT KOrepeHTHOCTbIO NepBoro mopsiaka. (Takum o6pas3om, ONTH-
yeckoe OIpeje/ieHHe KOTePEHTHOCTH CBSI3aHO C OJHHM M3 BO3MOMKHEIX
KBaHTOBOMEXaHHUYECKUX ONpefeseHHi, a HMEHHO TeM, KOTOpOe CBA3aHO
C YHCTHIMH COCTOSSHHUSIMH.)

Pasymeercsi, MBI JOKa3sajd TOJBKO TO, UYTO 4ucmoe OLHOGMOTOHHOE
COCTOsIHHE KorepeHTHO. Ec/H Hall rHIOTETHUECKHH ONBLIT, HalpHMEp,



HOBTOPHTDL, HE HCINOJB3Ys KaXKIBIH pa3 OLHH U TOT e BOJHOBOH IaKeT
(r. e. paccMartpuBasi cMece YHCTBIX COCTOsIHMIT), To, BooOlue rosops,
Mbl He MOJY4YHUM HHTepdepeHIHOHHBIX KOJel C MaKCHMAJIbHOH KOHTpa-
cTHOCTBIO. OHAKO HEKOTOpasi OlpeseneHHasi cMech (OTOHHBIX COCTOSI-
HHH MOKeT COXPaHHTb CBOHCTBA (DAKTOPH30BAHHOCTH KOppeaAlHOHHOH
dbyHgRuua (7.15) H TeM caMBIM COXPAHHTb CBOACTBO KOTEPEHTHOCTH; He
cJefyeT AYyMaTb, YTO TOJBKO YHCTBlE COCTOSIHHSI NPHUBOLAT K KOTEPEHT-
HOCTH,

[Tpexnomnoxum, HanpuMep, YTO BO3GYKAAETCS TOABKO OfHA k-1 MOZAa
noasa. Tak KaK Bce OCTaNbHEIE MOJIBI OCTAIOTCS B OCHOBHHIX COCTOSIHHSAX,
TO HX MOXKHO He YUHTHIBATb [PH pacyeTe KOPPeTSAIHOHHOH QYHKIHH.
Ecanu onepatop miotHocTH misl k- MOAEI NpEACTaBHTL B 0OOIIEM BHiE

e=n§ncn,m|n> (m|, (7.19)

rie |n) ecTb N-KBAHTOBOE COCTOSHHE AJST MOZBI, TO KOPPE/SIHOHHYIO
(YHKIUIO NMepBOTO NOpsifiKa MOXKHO 3amucaTh B BHJE

¢ (ryty, rafy) =

1 . i t1—t
= hay DV Cum (m| afan | ny uf (ry) up (rs) €% (7P =
n, m
= C2u (ry) e'°r"Muy, (ry) e 08" (7.20)

8 NEpBOM H3 3THX BHIpamKeHHH Mbl NPHMEHH/IH HEKOTOpHIE H3 0603Ha-
qeHHH cooTHomeHHs (8.21), a BO BTOpPOM HCIOMb30BaIH OGO3HAUEHHE

1
C* =5 h@p D) NCnn. (7.21)
k

OueBHjHO, UTO H3 BO3IMOKHOCTH 3anucu & (r, /) B BHzE
g (r, t)= Cuy (r) e %' (7.22)

CJELyeT, uTO KOppeNsinHOHHAs q)ym{mm (7.20) npunumaer ¢axkTOpH-
30BaHHyI0O ¢opmy (7.15).

Hrtak, Bo36yX/[eHHe OTIeNbHON MOJLI HE3aBHCHMO OT TOTO, SIBJISAET-
¢l JIH OHa YHUCTHIM COCTOSTHHEM HJIM TNPOU3BONLHOH CMEChI0 TaKHX
COCTOSIHH#, NPHMBOAHT K NOJSAM C KOTePEHTHOCTBIO NEPBOro MOpPsiiKa.

XoT MBI M CMOIVIH JaTh HEKOQTOpble IpOCTbie NpHMEpH moJsed
€ KOTepEeHTHOCTBIO MepBOro NOpPsSiAKa, clIelyeT 3aMeTHTb, UTO YCIOBHE
daxropusanuu (7.15) sBaserca NOBOJLHO OrpaHHYeHHHIM. OHO, HanpH-
Mep, He BBLINOJHSETCS B OOIIEM Claydae LIS YHCTHIX COCTOSIHHH, B yeM
MOXHO Jerko YyOeIuTbCs, PacCUHUTHIBAs KOPPEJANHOHHYIO (YHKIHIO
I/ COCTOSIHHSL, B KOTOPOM JBa MJIH Gojee (DOTOHOB HAXOAATCS B pas-
JHYHHIX MOaXx. Takue HauaJbHBIE COCTOSHHSA MOTYT HPHBECTH K KOJIb-
uam B onuite IOHra, ogHako Koabla, Kak OpaBHJIO, He GYyLYyT yZOBJe-



TBOPATb YCJOBHIO MaKCHMaAbHOro Konrpacra. Hecmorps na T0, 4TO
yC/IOBHE KOTEPEHTHOCTH fABJSETCS OrpaHHYeHHeM, MBI TOKaXeM, UYTO
CYIIECTBYET 3HAYHTEILHO Go/Iee IMHPOKKE KJIacc COCTOSHUA, YAOBJIETBO-
PAIOIIMX 3TOMY YCJAOBHIO COCTOSIHHH, YeM paccMarpuBaBLIHHCA HaMH
IO CHX TMop.

3aMeTHM, B YACTHOCTH, 4TO Mbl He Tpe(OBaJH MOHOXPOMATHYHOCTH
Iasi KorepeHTHHIX Noselt. [lons, ynosmersopsmomitie yCAOBHIO (akTo-
pusauuy (7.15) WM yCI0BHIO, IPH KOTOPOM IOJNyYaeTcsi MaKCUMaJIbHAs
MIHOBEHHasl KOHTPACTHOCTL KOJIEN, MOTYT NPOH3BOJILHO 3aBHUCETh OT
Bpement. CiefoBatenbHo, GyHKnuuM € (r, f), Onpenensiomue Kop-
pensHuOHHble QYHKIUH, MOTYT HMeTh ool cnektp ®ypre. B cpasu
C 3TUM" YTBEpXKAeHHEM JIOOONBITHO OTMETHTb, YTO JJIsi HOJNYYEHHS
MaKCHMaJbHO KOTEPEHTHBIX IYYKOB CBeTa INHTAJHCh HCHNOJAb30BaTh
MaKCHMa/JbHO MOHOXpoMaTHueckMil cBer. IIpuumua storo 6buia B TOM,
4TO OGBIYHO KMENH €0 ¢ HCNOJAb30BaHHEM CTAMOHAPHBIX HCTOYHHKOB
cBeTa. Tague MCTOYHHKH JalOT NOJs, AJ8 KOTOPHX KOppEeaSlHOHHAs
dYHKIHA NEPBOro NOpsiKa 3aBHCHT TOJIBKO OT Pa3HOCTH ABYX BpeMeH

G (ty, ) =G (t,—t). (7.23)

Ecau Takue MNOJsi KOrepeHTHBI, TO KOpPeJsLHOHHAS QYHKIUS AOMKHA
6uITh (DaKTOpH30BaHA CJACLYIOLIHM 00pasoM:

G (¢, —ty) = &* (1) & (1) (7.24)

Onnaxko (7.24) ectb (YHKIOMOHAJbHOE YypaBHEHHe, KOTOpOe HMeeT
TOMBKO 3KCINOHEHIMANbHbIe pelueHHs. Tak Kak saBucuMmocts GV oT
nepemMeHHO! f; MOXKET COJepXkKaTh JIMIUL INOJOXKHTe/bHblE YacTOTHI, TO
& (f) ~ e~ i1 © > 0. Jpyrumu cloBaMH, KOTepeHTHOE CTalHOHap-
HOe MoJie MoXeT GBITh TOABKO MOHOXPOMaTHYECKHM,

Crenyer 106GaBUTh, YTO NaHHOE OMpeJeNeHHe KOTePEeHTHOCTH NepBoro
nopsiKa SABJASETCS NOBOJMBHO MAEANH3HPOBAHHEIM, KaK H NOYTH BCAKOE
ycoBHe, Ha/laraeMoe Ha KBaHTOBOMeXaHHYecKHe cocrosiHus. Heanas
OXKHJIaTh, YTO AJS KOPPESIMHOHHBIX QYHKIUHA peaJbHHIX NOJIeH yeIo-
pre Qakropusanuu (7.15) GymerT BHIIONHATBCS B HEOTPaHHYCHHOMH
06/1aCTH 3HaueHHI NMEepPeMEHHBIX Xy M X [IpakTHueckH s onpenede-
HHMS IHAla30HOB H3MEHEHHsI NPOCTPAHCTBEHHHIX H BPEMEHHEIX mepeMeH-
HBIX, IJSi KOTOPHIX BO3MOXHa (akTopHu3anHsi, Mbl BBeleM MHOHATHS
BpEeMeHH KOPepeHTHOCTH H IJIHHbI KOT€PEeHTHOCTH.

4. KoHTpacTHOCTb KoJel, M (hakTopusauus

B npenpiylieM pasjieie Mbl CBs3ajH IOHSATHe KOrEPEHTHOCTH CO
CBOHCTBOM (haKTOPH3aIHH KOPPEeTSIHOHHOA PYHKIMH [IaBHLIM 06pasoM
3 cooGpakeHH#l MaTeMaTHUECKOro YA0GCTBA. 3aTeM Mbl NOKasajH, yTo
CBOHCTBO (haKTOPH3ALUH TpeANoJaraeT BHIONHeHHe ycaoBHs (7.4) nns



aGCOMIOTHOrO 3HAYeHHsI KOPPENSILHOHHOH (DYHKLHMH, T. €. YCIOBHS

MaKCHMaJIbHOH KOHTpacTHOCTH KoJel. [IokaxkeM Tenmepb, YTO BHINOJ-

HEeHHE MNOocJeIHero YCJIOBHS [JAs1 BCeX INPOCTPaHCTBEHHO-BPEMEHHEIX

TOYeK npexpnoJaraer pakTopHusanuio. (JJokazaTenbcTBo B3SATO U3 CTAaThH

Turynvepa u ['may6epa, Koropas GyZer onmy6IHKOBaHa.)
CooTtHolIeHHE

|GN (xyy x) 2=GN (xy, x1) G (2, %) (7.25)

HaKJajblBaeT CEPbe3Hble OrpaHHUYEHHs Ha omepaTop MNJIOTHOCTH JJIs
noasi. DTH OrpaHUUeHHs] MOXKHO HailTH, €CJH 3aMeTHTb, 4T0 (7.25)
O3HauaeT CyIIeCTBOBaHHe onepartopa A, Taxkoro, 4To

Sp (eAA4) =0. (7.26)

Yro6bl NMOJMYYUTL STOT ONEpaTOpP B AIBHOM BHAE, BhIGEPEM NPOHU3BOJDL-
HYI0 NPOCTPAHCTBEHHO-BPEMEHHYIO TOUYKY X, B KOTOPOH HHTEHCHB-

HOCTbL HOJs He PaBHa HYJIO, G (%, %)== 0; myctb

G s
A:E(+) (X)—W)C:,;)%E(_i—) (XO), (727)
OTCIOfIa CJIEAYET, UTO
G (xg, x) |2
Sp (@4%4) =G (x, x0) — gt E (7.28)

AJ1a Bcex Touek x. OnepaTop NJIOTHOCTH @ MOXKHO 3andcaTb B BHIE
CpefHero OT IPOH3BefeHHs BEKTOPOB COCTOSHHS CHCTEMEI

e=21pi| D ls (7.29)

rge BCe BEPOSTHOCTH p; TNOJOXKHUTEJNbHEL. PaBeHCTBO HYJMIO HINYpa
(7.26) osnaugaet, uTO

ipi(i| ATA i)y =0. (7.30)

Tak KaK Bce YJeHbl, BXOAsIIHE B CYMMY, CYLIECTBEHHO NOJOXKHTEJb-
HEBl, TO

(i|A*]iy=0 (7.31)

IJsi BceX COCTOAHMEA |i), 1 KoTophlix p; %=0. B cBoO0 ouepenb
cooTHouexue (7.31) O3HayaeT, YTO COCTOSHMSA |I) SABJsOTCS COOCT-
BEHHBIMH COCTOSIHHSMH omeparopa A ¢ HyJeBbIM COGCTBEHHBIM 3Ha-

YyeHHeM
A|iy=0. (7.32)

Wrtak Mbl mogasajiu, 9TO paBeHCTBO HYMo mmypa (7.26) osnauaer
BHINOJIHEHHE CJAENYIOMUX JBYX COOTHOHIEHHH [IJIsi ONepaTopoB:

Ag=0A"=0. (7.33)



Tak Kak 3TH COOTHOLIEHHSA BHIMOJNHSIOTCH, Korja omepatop A npu-
HHMaeT 3HayeHHe (7.27), TO omepatop NJOTHOCTH AOJIKEH YIOBJe-
TBOPSATh JBYM TOXKJECTBaM:

G (x,,

E™M (x)e =GZ1—,§’,§g—,,’f—$E‘+’ (%0) Qs (7.34)
- GO (x, _

QE™ (x) =G<;—>((%QE( ) (%0). (7.35)

OTH TOXKAECTBA MOXKHO HCIOJNB30BaTh JIJs CMEIEHHsI apryMeHTOB

KOppemsuMOHHBIX (yHKHHE K o0uell HauajJbHOH TOYKe X,. Ecau

B IIEPBOM H3 5THX TOXJECTB IIOJOXHTb X = X3, 4 BO BTOPOM IOJOXHTb
X =X, TO NOJyuaeM COOTHOIIEHHE

(-) -+ _ GO (x4, x9)

Sp [QE (xi) E (x2)] — G (x07 Xo)

G (xg, x3)

X SpIRE™ (o) ET (x0)] gy oy »

KOTOpOC MOXKHO 3aIllHCaTh Kak q)yHKHHOHaJIbHOG TOXKILECTBO
GD (x4, x9) GD
G(i)(xi, x2)= (%1, x0) (%0, X3)

GD (xg, xq)
Tenepp ocTaetcst TONBKO 3anucaTh GYHKIHIO & (X) B BHIE
g(x)=—J2t0 ) (7.36)

[GD (xp, x)]'/2

4yTOOkl yOenuThesd, YTO KOPpeNsiiHOHHast (YHKuHsI NEepPBOro MNOpsiiKa
NIPHHEMAET (PaKTOPDH30BAHHLIN BHJ

G (x4, %) = E* (x1) & (x2)- (7.37)

Mbl He 6GyzeM NOBTOPSITb AOKA3aTeJNbCTBO LISl HE IOTHOCTHIO HOJSIPH-
30BaHHBIX NOJeH, KOria KOppeNsiiHOHHbe QYHKIHH HMEIOT TEH30PHYIO
¢dopmy. JIna foKasaTenbCTBa B TOM Clydae cJelyeT JHIIb CYHTATh Bpe-
MS H KaXIyl NPOCTPAHCTBEHHYIO KOOPAHHATY OTHEJBHBLIM TEH30PHBIM
HHIEKCOM.



Jdexyuna 8

{. HHTepnpeTanus onbiTOB ¢ HHTEHCHUBHOCTHbBIMH
HHTepdhepomeTpamMu

B mpenbiayuieit JIGKNMH MBL paccMoTpenH onelt HOHra xax THIHY-
HBIH NpuMep HHTephEepeHIUOHHBIX OMBITOB, B OCHOBE KOTOPBHIX JIEKHT
H3MepeHHe KOppeNsUHOHHOH (GYHKUMH NEpBOTO MOpsifKa. AHaloruy-
HBli XapakTep MMEIT BCe MNpeXHHe HHTeppEPEHIMOHHEE OIBITHL.
B nekuuu 2 MBI paccMOTPeNH HEKOTOPble HOBBIE SKCIEPUMEHTH IIPHHIU-
MHaJbHO JPYroro THOZ, a HMEHHO HHTepdepOMETPHYECKHE OIbITH
X3u6epu bpayna u TsHcca, B KOTODHIX H3MEpPS/Iach KOPpeNsIHOHHAS
GbyHKUMS NOJs BTOPOro Hopsiika. Mbl JaJH NpOCTOH KJacCHUECKHH
aHa/ i3 NPHYHH NOABJEHHS HHTepdEPEHIMOHHBIX KOJel B HHTepdepo-
MeTpe, KOrAa INoJie BOSHHKAET OT IBYX HCTOYHHKOB C MAJBIM YIVIOBHIM
paccrosuuem. IlpencraBiser HHTepec HCCIENOBaTh NPOHCXOXKIEHHE
TeX K€ KoJiell METOXaMH KBaHTOBOU MeXaHHKH,

-HanomauM, 4to uHTepbhepomerp Xanbepn Bpayna u Teucca pern-
CTPHPYET nojaiollee NOJe JBYMS PasJIHUHbIMH NpHeMHHKamu. CirenoBa-
TeJBHO, (hOTOHBI LO/IKHH YUacTBOBATb B HHTepdepeHIHOHHOM ahdekTe
napaMH, T. €. CHTHal Ha BHIXOJe BO3HHKaeT TOJNBKO TOTAa, KOria
passnuyHble POTOHB! MONajalOT Ha KaXAblH H3 ABYX JIEeTeKTOPOB NpHUMEp-
HO B OJIHO H TO Xe BpeMms. VIMeHHO 37leCb BO3HHKaeT cepbesnast JuieMma:
clefyeT JIM CYMTaTb NpPaBUJBHBIM yTBepxkKieHue Ilupaka o ToM, YTO
«uHTepepeHHa MeXIYy IBYMsl pPa3/MHYHBIMH (DOTOHAMH HHKOTIA He
HOPOHCXOIHT».

O6une cooGpaxenuss 06 HHTephEPEHIHH, H3JI0KEHHEIE B JIEKIHH 7,
SICHO NOKAa3LIBAKOT, YTO HUKAKOH AHJIEMMEl B 3TOM ClydYae He CylecT-
ByeT. (OGBeKTH, KOTOpHEe HeO0XOIMMO paccMaTpHBaTh KaK HHTep-
depupywomye uaM HeHHTepdepHpyIOLIIHEe, CTPOro TOBOPsi, INpPELCTAB-
JA10T Co00H He (OTOHB, a aNbTePHATHBHBIE IIPEALICTOPHH® CHCTEMBI
Kak IeJNoro.

IlpennomoxuM, 49TO HAYaJbHLIM COCTOSTHHEM CHCTEMBI sIBJseTCS
COCTOSIHME, B KOTOPOM HMeeTcsi JBa (BoobIe roBopsl, NepeKphBalolIuX-
¢f) ONHOQOTOHHLIX BOJHOBBIX IIaKeTa, a arToMbl IBYX JETEKTOPOB
(HanpuMep, CUETYHUKOB (POTOHOB) HaXOAATCA B OCHOBHOM COCTOSTHMH.
B xoHeyHOM cOCTOSHHH 06a (OTOHA MOTVIOTHJAHCH, B pe3y/abTaTe 4ero
B KaXXJIOM U3 CUETYHKOB BO306YyZUIOCh IO OfHOMY aroMy. Ecmu o6o3na-
9uTh oToHBI nudpamu I U 2, a cueTYHKH — GYKBaMH a H b, To, Kak
HeTPYAHO BHJETb, HMeeTcd JBa DAasJIHYHBIX chocoGa peasu3aniH



KOHEYHOTO COCTOsIHHS: JMHG0 cueTuwk @ noraomiaer ¢orton I, a cyer-
yik b — oton 2; nu60 cuerynk b noryomaeT ¢GOTOH /, a CUETUHK
a — ¢oton 2 (¢ur. 8).

Ecnu Obl nakeTs! HMeJH pasHble CPEIHHE BOJHOBbIE BEKTODHI, TO

YKa3aHHbIE BBIE Pa3Hble CIOCOGb MOXKHO GbIO Ohl Pa3JHUHTE € IIOMO-

IIBIO THIATENEHLIX H3MEpPEHHH KO-

] m————~————""—"""" 00 HeuHHX cocTosiHUMH. OfHaKO yCJO-

BH$I, [IPH KOTOPBEIX MOMKXHO Habuo-

o IaTb KoJabLa, KaK pa3 TaKOBHI,

2 = """ °b 410 BOAHOBLIE NAKETH HKMEIOT OYTH

OIMHAKOBbIE BOJHOBBIE BEKTOPHI

1 ® g (Hampumep, _aKeTsl ¢ ORHOH H TOH

e 9acTOTOH HpH MajoM YIVIOBOM

PacCTOSTHUH MEKIY HCTOUHHKAMH).

2 *b JIpyrumu cJIOBaMH, KOJbLA NOSB-

JISIIOTCST JIMEIb TOFZ@, KOTJAAa alib-

Qur. 38 TEPHATHBHBLIE «IPELBICTOPHH» CH-

CTEMBl CTAHOBAITCS Hepa3JHUHMEL-

MHu. V3-3a uHTepdepeHnHH aMIVIUTYJ BEPOSITHOCTEH [IBYX Pas/IMYHBIX

IIePeXoJOB He HMeeT CMEICTAa CIpaHidBaTh, KOTOPBIH H3 CYETYHKOB
TIOTJIOTH JAHHBIH (OTOH.

2. KorepeHTHOCTh BBICIIHX MOPSAKOB H PErHCTPALUS
coBnajenvii ¢oTOHOB

B nexuun 2 Ml yxKe FOBOPHJH, YTO HHTEHCHBHOCTHBIA HHTepdepo-
MeTp H3MepsieT KOPPeNTsAUHOHHYIO (YHKIHIO BTOpPOro mnopsiaxka. Iloss,
H3JTyYyaeMble eCTECTBEHHBIMH HCTOYHHKAMM, HOCAT XaOTHYECKHH Xapak-
TEP, ¥ HX KOpPeJsSILHOHHLIE CBOHCTBA BIIOJNHE ONpEAeNsnTcs QyHKIueH
KOPPEeKIHH NepBOTro NopsaiKa. ITO HecnpaBeluBO, BOOOILE TOBOPS, LIf
H3/TyYeHHsI HCKYCCTBEHHHIX MCTOYHHMKOB, TaKHX, KaK Jas3ep HIH pajuo-
nepenaryuk. [Toas, reHepHpyemble 3THMH HCTOYHHKAMM, MOFYT HMETh
3HAYUTENTbHO OOJBINYIO pery/asipHocTb, YeM Ta, KOTOPYI0 MOXKHO
HOJYYUTb OT €CTECTBEHHBIX HCTOUHHKOB. 1103TOMY MBI YTOUHHM MOHSATHE
KOreDeHTHOCTH, ONpefeNHB ee GoJiee BBICOKHE MOPSIIKH.

Haunem cHoBa ¢ onpefesenust aGCOMIOTHRIX 3HAYEHHHE KOP PEISALHOH-
HBIX (QyHKOMH. B KauecTBe yCIOBHSA MONHOH KOTEPEHTHOCTH NMOTpeGyeM,
yTOGhI HOPMHPOBaHHAs KOppeNsiiHoHHasi DYHKIUS #-TO NOpALKa

g(n) (X1 . Xop) = znG(n) (x4...%9n) (8.1)

[ 160 (x5, xp)'

=1
6bLTa 110 MOAYJIIO paBHA eJMHMIE IJs BceX 7 ¥ BceX KoMGHHanufl apry-
MeHTOB X. Ecam 310 YCJIOBHE BBINOJHAETCS TOJbBKO A4 n<M, TO
6yzneM TOBOPHTb O KOTePeHTHOCTH M-ro mopsiika.



IlonsTue xorepentHoCTH M-ro NOpsIAKa MOMXKHO HHTEPNPETHPOBATh
M3 aHaNM3a ONBITOB MO DPETHCTPALMH /1-KPATHBIX 3alepXKaHHHIX COBIA-
HeHud. Mel 3naeM, uto G™ (xq ... Xn, X . . . X4) €CTH CPeIHsifi CKO-
POCTL CYeTa n-KPaTHBIX COBNAEHHH- L5l HIEaJbHEIX (OTOIETEKTOPOB,
HaXONAUIHXCA B TOYKAX Xy . . . X,. TaK Kak dyuknua G™ peficrBurens-
Ha H NOJIOXHATENbHE, TO ycaosde | g™ | = | npu n<< M osnayaer, uro

M (X1, v oXpy Koo xq)=1

s n<M. CnepopatenbHo, 1O onpenejaenuio GyHrmuu g, nis
nojiefi ¢ KOTepeHTHOCTbI0 M -ro mopsanxa

n

G (x1. . Xny K. oxy)= 1L G (x;, x7) (8.2

j=1

s n<< M. C TOYKH 3pEHHsI SKCIEPHMEHTA, 3TO 03HAYAET, YTO CKOPOCTb
cueTa n-KPaTHHIX COBNAJAEHHH paBHA IPOH3BENEHHIO CKOpoCTeil cuera,

Lo

dur. 9

KOTOPYIO naBaJ Obl KaXJbH H3 CYETYHKOB B OTCYTCTBHE OCTANbHBIX.
Taknm 06pa3oM, CTaTHCTHUECKOH KOPPENSNMH cYeTa YOTOHOB, NO-BHIH-
Momy, HeT. [lJ1s1 [osist ¢ KOrepeHTHOCThIO mopsifka M > n n GOTOHHBIX
CYUETYHKOB JAIOT CTATHCTHYECKH HE3aBHCHMBLIE OTCUETHI,

B Teuyenue nocielHHX HECKONBKHX JI€T GBI BHIMONHEH Psaj KCIe-
PHMEHTOB IO HCCJIEIOBAHHIO CBETOBBIX IIyYKOB HyTeM CueTa (OTOHOB
no merony cosnagenni. Ilepsbii M3 TakHX ONBITOB, B KOTOpPOM HpO-
SIBUJIaCh CTaTHCTHYECKast KOPPENslHS BPEMeH PETHCTPaluH (POTOHOB,
Gewn Bemosnen XsuGepu Bpaynom u Teuccom [1, 2]. B stom skenepu-
MEeHTe CBEeT OT HCTOYHHKa S (dur. 9) mpoxXomun yepes TouedyHoE OTBEp-
crie P M nonajan Ha NoJynpo3payHoe cepeGpsiHoe 3ePKAJIo M1, KOTOpOoe
pasnensno ero Ha jpa nyuka. [erexroper D; u D, pacmonarannchk
CHMMETPHYHO OTHOCHTENbHO 3epKana m. B koppeasitope C GoTOTOKH
LETeKTOPOB IE€PEMHOXKAMUCh, YCPEAHAJHCh BO BPEMEHH H DPErHCTPHU-
posaiuce. Ilo cymecTBy nomynpospauHoe 3epKasio MOXKHO paccMaTpH-



BaTh KakK INpPHOOp, NO3BOJSIOMHH NOMECTHTb IBa pasyIHYHHIX (OTO-
IETEKTOpa B OJHOM H TOM 3Xe MecTe NyyKa.

Bckope nocne mosBinenust pabothl XsuGepu bpayna um Tsucca
aHaJOrHuHble SKCIepUMenTHl nponenanu Pe6ra u [Tayna [3], koropoie
¢ nomoibio koppensiropa C perHcTPHPOBANH 3aJlepXKaHHble 110 BpeMeHH
COBTAJiCHHsI OT CYETYHKOB OTAENbHBIX (oToHOB D; H D,. Ilpn stoM
H3Mepsiach CpefHsIl CKOPOCTh COBNAleHHH Kak (YyHKIHS BpEMEHH
3aJePXKKH, a CUCTUHKH 3aKpeiIsNUch CHMMETPHYHO OTHOCHTEJBHO

A cropocmy cognadenut
LAY CPEOHUY PomOmoK
Koppensyuy

N N

Lo

0 Bpems 30136,0;/(1)

®dur. 10

sepxana. Jlaxe B TOM caydae, KOrla NY4YKH (POTOHOB, NajalomiHe Ha
06a CueTuMKa, ObLIH CTATHCTHYECKH HE3aBHCHMHI, HMEJICS HEKOTOpHIH
(oH CKOPOCTH CYETa, 06YC/MOB/IEHHBIN CAYYalHEIME COBHNAJCHHAMH; 3Ta
CKOPOCTb CdYeTa He 3aBHCHJIa OT BPeMEHH 3alepKKH. Takum o6pasom,
3aBHCHMOCTb CKODOCTH CY€Ta OT BPEMEHH 3alepXKKH YKasbiBaeT Ha
CTATHCTHYECKYIO CBA3b MEXAY (HOTOHAMH.

Pe3yJ/bTaThl 5KCIIEPAMEHTOB Nokasanbl Ha GHT. 10. Ecin 661 curnasns
CUETYHKOB ObLIH CTATHCTHYECKH HE3aBHCHMBI, TO CKOPOCTb COBNAJeHHUH
He 3apucHJa Obl OT BpeMeHH 3ajepxkH. HeGosblol «Bemieck» Ha
5KCIIePHMEHTANbHON KPHBOH MOKa3HIBAET, YTO (POTOHBI HMEIOT ONpene-
JEHHYIO TeHJEHIMIO PerHCTPHPOBAThCs MapaMH. XOTs 3TOT ekt
BHayajge GbLIO TPYAHO HaOMonaTh, OH (KaK Mbl IOKaXeM) He Bcerja
aBasiercsi MaJbpIM. MaJiasi BeJIHUHHA «BCIJECKa» H €ro KOHKpeTHas dop-
Ma B 3THX 3KCIHEpPHMEHTaX ONPENeNsIHCh B OCHOBHOM OTHOCHTEJIbHO
6OMBIIOR MHEPIHMOHHOCTBIO CYETYHKOB.

OTMeTHM, YTO €CIH CUYEeTYHKH pachojaraipres CHMMETDHYHO IO
OTHOIIEHHIO K 3epKany, TO AeHACTBYWILHe Ha HUX IOJS OTIHYAITCA
APYT OT Ipyra TOJAbKO NMOCTOSSHHBIM MHOXHTeNeM. OTCIOLa caenyer, uTo
€CJH ry; ¥ ry NpPEICTaBASIOT cOO0H 3€pKalJbHO CHMMETPHUHBIE TOYKH



HaOMIONeHHs, TO
lgW (ryt, rot)|=1, (8.3)

T. €. IoJIs, najaiomue Ha o6a JeTeKTopa, B IePBOM IOPsIAKE MOJHOCTHIO
KorepeHTHEl. C Apyro#f cTopoHbl, HaOMIOJeHHEe NOMOXKHTENBHOH KOppe-
JSIMMHM B CKOPOCTH CYeTa COBNAJEHHH O3Ha4yaeT, YTO NOJAS HEKOrepeHT-
Hbl BO BTOpPOM Nopsiake. Huxe MBI OKaXeM, 4TO 3TOT pe3yJbTaT THIH-
YeH IS BCEX IKCIEPHMEHTOB, BHIIOJHSEMBIX C €CTECTBEHHHIMH HCTOY-
HHKaMH cBeTa. [long 0T 3THX HCTOUHHKOB HMEIOT CyyalHEIA Xapakrep,
YTO HapyHIaeT KOTePeHTHOCTb BTOPOI'O MOpSIAKA.

3. JNanbHeHmuMil aHanM3 KOTEPEHTHOCTH BBICIUUX NOPSJAKOB

BepreMcs K onpefefeHHI0 KOrepeHTHOCTH GoJiee BLICOKOrO MopsaikKa.
ITo analOruH ¢ KOTepeHTHOCTHIO MEPBOTO HOPSAKA KOMepPEeHTHOCTh
M-ro nopsizka OnpesiesiuM B BHLIE YCIOBHSA

2n

|G® (%100 x20) P= 1] G (x5, 15), (8.4)

j=1

HanmaraemMoro Ha aGCOJIIOTHBIE 3Ha4YeHHS KOpPpeIsNHOHHBIX (hyHKIHUH
npu n<{M. B 3tom cayuae eue yio6Hee BEIPa3HTb YCJIOBHE KOrepeHT-
HOCTH B BHJE CBOHCTBA (PAKTOPH3ALHH KOPPENANHOHHOH (YHKLIHH.
B gauectBe TaKoro ycJOBHsSI Mbl BHIIBHHeM TpeGoBaHHe, 4TOGH HMeJach
eIMHCTBEHHAasT KOMIJIEKCHAs q)yHKLmﬂ & (x), Takas, uTo

G\v
(%1 0o on) = H 8* (%)) H g (x;) (8.5)
i i=n+41
s Beex n< M. Ecau rakas q)aKTopnsaunﬂ BBINOMHSIETCS /I BCEX
n, TO 6y11eM FOBOPHTb O IOJHOH KOrepeHTHOCTH.
3ameTum, uTO H3 ycjIOBHs (8.5) cielyer COOTHOMIEHHE

GV (x, x)=|8 (¥ 2, (8.6)

KOTOpOE O3HayaeT, YTO KODPEJISNHOHHAs (YHKIHA YIOBJIETBOPSET
yciiosusm (8.4). C npyron CTOPOHEI, MOXKHO NOKa3aTh, 4TO YCIOBHS 8.4)
TaK¥Ke CBA3aHbI CO CBOACTBOM (DaKTOPH3ALHMH. 3ameTHM, yto M-ii nops-
JOK KOTEeDEHTHOCTH BCerja IOApa3yMeBaeT KOlEPEHTHOCTb B IEPBOM
nopsanke. I1o3ToMy MOMXHO NONB30BATHCS COOTHOIUEHHSIMH, KOTOpBIE
SIBJISIOTCS  CE[CTBHSIMH KOT@PEHTHOCTH MEepBOr0 HOpsiiKa (CM JeK-
umo 7). B uactHOCTH, BBHAY TOTO, YTO Bce omepatopbl E© (x;) mpu

=1...n KOMMyTPIleOT APYT ¢ IPYrOM TakK e, Kak U ONepaTopsl
E‘+’ (x;) mpu j=n+1 . 2n, MOXHO HCIOJb30BATL JOGOE U3
IBYX Tomnecm (7.34) u (7.35) n pas, 4TO6Bl CMECTHTb BCE apTyYMEHTHI
KOPPeNANHOHHOH (YHKIMH £-TO HOPSAKAa B JAHHYIO HAyaJbHYIO



TOYKY X
Sp [QET (%1) ... EV (Xn) EP (¥p41) - - EV ()] =

TG (5 ]
=TT G 22 Sp 0B (30) - .. B (x0) B (30) E (10)] X
=1

% H G (x0, x])

G (xg, x0)
j=n-+1

H3 3TOr0 TOXKIECTBA CJaeAYyeT, 4UTO

GM™ (xg ... x0)

G™ (xq ... x2n)=m

X

2n

H 6m (e, x0) 1] G0 (xg, x)

J==1 j=n+1 .
X [GD (x5, x0)I”

Ecan BBectn ¢ynxuuio &€ (x), ompegenaseMyro BbipaxkeHueM (7.37),
U HCIOJIb30BATb HOPMHUPOBAHHYIO (PYHKLHIO, TO MOCACAHEE COOTHOMIE-
HHE NpPHHHMaeT BHJ

2n

G™ (x; ... Xon)=g™ (X% - .. Xp) H &* (x;) H 1% (x;).  (8.7)
j=n-t

Kak 6BLIO NOKAa3aHO BEBINE, IIPOM3BOJBHOCTH BHIOOpa HauaJdbHOH
TOYKH X NPHUBOINT JIHIIL K MOSIBJAEHHIO ¥ & (x) MOCTOSTHHOTO $a3oBOro
MHOXHTeNs. Tak Kak 3T0T (pa30BbIH MHOXKHUTENL HE BXOAUT B IIPOH3Bele-
HHe, cojepxauieecs B (8.7), To, ciexoBaTelbHO, A NOJEH, KOrepeHT-
HbIX B NEPBOM mopsiike, GyHKIMH g™ (xo . . . Xo) HE 3aBHCAT OT X,.
JIpyTHMH cJlOBaMH, ONHOTO JIMIIL YCJAOBHS KOTEPEHTHOCTH HEPBOTO
HOpSifKa AOCTATOYHO, 4TOOBEl NPHBECTH K (DaKTOPH3OBAHHOMY BHIY BCe
KOppeJIsiiHOHHBIE (PYHKIMA BBICIIMX NOPSAKOB. OpHaKo (akTopH3alnHu
KODPENSIUOHHON (YHKIHUH, BOOOLIe TOBOPs, elle He NGCTATOYHO AJIs
KorepeHTHOCTH GoJlee BBICOKOrO nopsiika. eno B ToM, 4to (opmyna
(8.7) comep:KHUT TOCTOSHHBIE MHOXHTETH g™ (xy ... Xo), KOTOpEHIE
B CJay4ae KOTE€PEHTHOCTH O0ojiee BBICOKOTO MNOPSAKa IOJNMKHBI ObITh
pPaBHbl eNUHHIE. YCJOBHS KOTEPEHTHOCTH BEHICHIEro nopaaka (8.4)
TpebyIOT, YTOGE 5TH Ko3(pQUIHEHTh Mo MOLYJI0 ObLIH PAaBHBI €IUHULE
npr n<{M. Ho tak xak Beaduuusl g™ (xy ... Xo) AOMKHBI GHITH
NeHCTBUTENIbHEL H MOMOXKHTEJABHEl, TO 3TO YCJOBHE BBHINOMHSIETCH.
Taxkum o6pasom, H3 ycaosus (8.4) cienyeT BEIIONHEHHE YCAOBUS (DAKTO-
pHusanuy (8.5).



4, Yuer NPOM3BOJBHBIX HOJSAPHU3ALMI

C MaTeMaTHYecKOH TOYKH 3peHHsT HeOOXOAMMO JMIIb HEMHOI'O
J06aBHTh K HALIMM [PEXHHUM PacCyKJeHHAM, 9ToOb IPOAHAIU3HPOBATD
mojie ¢ IMpOM3BOJLHOH mHossipusaurell. Kak mbr yxe ormeyand, utoGbl
yuecTb OOGUIMH, TEH30PHLIH XapaKTeD KOPPENSIUMOHHbX (YHKUHH,
HYXKHO B MOJyYeHHHX HamMi (OpMyJax CBsi3aTb BPeMsi U KaXKIYIO H3
KOOPAHMHAT C TeH30pHHIM HHAekcoM. Hanpumep, cooTnomenus (6.7)
npu n = 1 u (6.17) MOKHO OGOGUIHTL B BHJE

(G (x40 X2)]* = GV (X2, X4), (8.8)
|G (10 x2) [P G (X15 %1) G (X2, X2). (8.9)

OtMmeTuM, uTO Bcsl HHGOPMAIHMST O MOJSIPH3ALMH IO/ CONEPAKHUTCS
B KOppessiMOoHHOM TeH3ope Gy (x, X); 0603HAYNM ero uepes G.
Tensop G,y sBjsieTcss 5pMATOBOH MaTpHuel, T. e. Gy = Fy,. Ecin

B ofliee HepaBeHCTBO Sp[eAtA] > 0 moxcrasutb
3
A= D) MES (x),
v=1
TO Ha#hjgeM

3
M ARG,y > 0. (8.10)
uw, v=1
Takum o6pa3oM, G, €cTb TaKkKe MOJOKHUTENBHO ONpPE/e/]eHHasA BeJH-
yuHa. BBHAY 5pDMHTOBOCTH TEH30D Hyuy MOXKHO JAHArOHAJIH3HPOBATD.
IT0 03HAYaeT, YTO MMEETCH TPH NEHCTBHUTENLHBIX M MOJONKHUTENBHBIX
COGCTBEHHBIX 3HAYEHHsI A, U TPH (BOOGLIE TIOBOPS, KOMIUIEKCHBIX)
COGCTBEHHBIX BeKTOpa é°°, TakUX, YTO

G.o* = h 6®*, oG = he®). (8.11)

3aMeTHM, UTO B COOTBETCTBHH C OIpEJe/NeHHeM TeH30pa G, BEJIHYH-
HB Ay B 7 3aBHCAT B OOLIEM cJydYae OT NPOCTPAHCTBEHHO-BPEMEHHOH

TOYKH X.
CoGcTBeHHbIE BEKTOPHI 7’ 160 0KA3LIBAIOTCS B3aUMHO OPTOrOHAb-

HBIMH, €CJH COOGCTBEHHbIE UHCJIA A He BBIPOXKJEHBI, JHOO MOTYT ObITh
BHIGDAHBl B3aMMHO OPTOTOHAJbHLIMH, €CJIH OHH BBIPOXKIEHBI; CJEN0-
BaTeNbHO,

e . e@* = § (8.12)

pq-
Tak kKak TeH30pHOe NPOU3BEJECHHE
o). G e@* =8, (8.13)

onpefieisieT KOPPENSIHIO KOMIOHEHT NOJs B Hanpasienusx &7’ u &0,
TO HMeeTCsl TPH HAIpaBJeHHs» (KOMIJIEKCHBIX HAlPaBJIEHHsI), B KOTO-



PBIX KOMIIOHEHTH MOJsi B3aHMHO He Koppeaupobanbl. Takum obpa-
30M, Ji06oe MOJe MOXKHO paccMaTpHBaThb KakK CYNePIO3HIHI0 TpeX
TIepNEHANKYASAPHO MONSAPH3OBAHHBIX NOJAEH, aMIIUTYALl  KOTOPBIX
(B K&Kk MOMEHT) HE KOPPeJHPOBAHEL.

CoGcrBerinbie 3Hauenust AP’ mpencraBisior co60i MHTEHCHBHOCTH,
COOTBETCTBYIOLINE TpeM noJspusanuaM. O6L1ad HATeHCHBHOCTb JaeTcs
BbIpaXKeHHeM

Spg =, (8.14)
P

COBOKYIHOCTh HOPMHPOBAHHBLIX HHTEHCHUBHOCTEH MOXKHO OIPENENHUTh
cJeyiomuM 06pa3oM:
A
Ip — ._3_p_ p= 1,2, 3.

DA
j=1

ITH BeNMYUHEI MOXKHO PACCMaTPUBATh KaK TOYHOE OTpeLeneHHe Crelletn
nonsipusanuud noas. Has H30TponHoro noas I, =1%; p=1, 2, 3.
Ecau nose craunonapso, T. e. lo, /] = 0, To Tensop G e 3aBHCHT OT
BpPEMEHH; B 3TOM cJydae BENHUYHUHBL &P, kp n I, cranoBsitcst PUKCH-
POBaHHBIMH B JI0GOH TOUKE MPOCTPAHCTBA f.

Ecax bl paccmaTpuBaeM Ny4oK, PACNpPOCTpaHSIOWHUACH B OJHOM
HalpaB/ieHud %, T0, OdYeBHAHO, uTo k- § =9 - k=0 (TaK Kax
CBeT IpejcTaBsier co6oil monepeynyio sonny). Cle0BaTebHO, BEKTOP 2
ectb COGCTBEHHBIHI BEKTOP TeH30pa 4, COOTBETCTBYIOLIMH COGCTBEH-
HOMY 3Hayenuio A = 0; TorJa oCTaeTcsi TOMbKO ABa COOCTBEHHBLIX 3Haye-
HHA Ap, COOTBETCTBYOIUX p = 1, 2. CyMMapHyIO NOsAPH3AIHI0 TTYUKa
OOBIYHO ONPERE/SIIOT PABEHCTBOM l ILi— Iy = M —As |/ (A Ao
O6a HanpaBsjenus mnosasipusauuu éP), p = 1, 2 nexar, OYEBHIHO,
B IJIOCKOCTH, NEPHEHAUKYIASPHOR BeKTOPYy K.

KoppensauuonHni TeH30p BhICIIEro MNOPsAKa ONPEAeIHM Clelyio-
wuM ofpasom:

Gy (X1 e e Xon) =
=SplEL (t1) + .. ES) (5a) EY) (Xnw) .. ELD (xan)). (8.15)

Yc/i0BHe KOCEPEHTHOCTH JJS moJell Jio6of moaspusaluyd  MOXKHO
NOJAy4YUTh NYyTeM BHAOH3MeHeHHs ycnaosust (8.5) Takum o6pa3oM,
yTOGHl CyLIecTBOBajJa BeKTOpHast (pyHKuust &, (X), AJasg KOTOPOH

2n
Gy,.. u2n<x1...x2n>—H CINED) Higu,m) (8.16)
; L

opd n<< M.



B xauectse nocJae Hero 3aMedaHusi O MoJsipusanyyd OTMETHM, 4YTO
KOrepeHTHOCTb INIEPBOTO MOPsiiKa INpeanoJaraeT MoJHYIO IOJspU3a-
o4 noJd, T. €. e€CJu

GO (X, %) = Guw = 83 (1) &y (), (8.17)
TO BeKTOp &), (¥) siBIsiercst COGCTBEHHBLIM BeKTOPOM. COOTBETCTBYIOLIAN
3

HHTEHCHBHOCTb HMeeT BHA 2, | &, (x) | 2 ¥ mpencTaBasieT coGoii mos-
p=1
HYI0 HHTEHCHBHOCTb ITOJIS.

5. [MoHATNSA O KOrepeHTHBIX COCTOSIHUAX MOJS

INonbiTaemcst Teneps 06pa3oBaTh COCTOSIHHSI, B KOTOPBIX NOJSA IOJ-
HOCTBIO KOT€PEHTHEL, T. €. COCTOSIHHS, B KOTODBHIX BCe KOppeJIsiHOHHEIe
byuxkuun G pakTOpH30BaHbI B COOTBETCTBHH C COOTHOWeHHeM (8.5)
unmy (8.16). Ecau 6nl cymiectBoBanu 06miye cOGCTBEHHBIE COCTOSIHHUS
onepatopoB E’ u E“’, To Takue cOGCTBEHHBIE COCTOSIHHSA, OUEBHIHO,
npubsesnd 6b K KelaeMoH dakropuzanuu. OfHAKO BBHILY TOrO, 4TO
E®> p E” He KOMMYTHPYIOT (HX KOMMYTarop €CTb YHCJO), TO Takue
COOCTBEHHbIE COCTOSIHHSI He CYIIeCTBYIOT. MOXKHO CMSITYUTh HAaILUH
TpeGOBaHUsl, TOCKOJABKY B KOPPENSIMMOHHBIX (PYHKUHAX OIEPaTOpHI
HoJIs1 Bcerha cofep:xarcd B HopMadbHoM mnopsiike 1). Ilostomy njs
ofecrieyeHHsl KOTePEHTHOCTH JOCTATOYHO, YTOOBI COCTOSIHHE NOJS Npef-
CTaBJAJIo COOOH HpPOCTO COOCTBEHHOE COCTOsiHHe omeparopa £(%)
B TOM CMBICJE, UTO

EP (x)])=&u(x)]); (8.18)
BMeCTe C CONPSIKEHHBIM COOTHOLICHHEM
(|EW (x)=8&L(x)(l; (8.19)

3TO NPHUBOJHMT K XesaaeMol (aKTOpH3alMH KOPPENANHOHHBIX (yHKIHH,
Tak xax oneparop E(*) He ABJsieTCSs HH 3PMHTOBBIM, HH HOpPMAaJb-
HBLIM (T. €. He KOMMYTHPYET C 3DMHTOBO CONPSIKEHHBIM MY OIIepaTOpPOM),
TO HEJIb3S CKa3aTh alpPHOpPH, CYLIECTBYIOT JIH COGCTBEHHBIE COCTOSIHHUSI
nofgo6Horo BHAa. B camom jese, JierKo mokasaTth, UTO ypaBHEHHE

([E® (x) =& (x)(] (8.20)

BooOuie HE MOXeT HMeTb HOpMaju3yeMoro petuenusi. Camblfi mpocToi
OyTh J0Kas3aTb, 4T0 ypaBHeHHe (8.18) umeer peiuenue,— nopo6parhb
cooTBeTCTByIomee pelieHHe. Eciu xakoe-nu6o pellieHHe ypaBHe-
Hua (8.18) cymectyer, 1o OyHKuMA &, (r) JOMKHA YAOBJIETBOPHATH
TOMY € CaMOMYy BOJIHOBOMY YPaBHEHHIO U TPAHHYHBEIM YCJIOBUSIM, YTO
u,_onepatop Ef’ (x), A1 KOTOPOrO MOMKHO 3alHCATb pa3JIOKEHHE

1) Cm. dopmyay (3.21) mexumit 9—I11.— Hpum. ped.



Pypbe B BHIE
0, ()= — 25 =i 3 (M55 ) Pam e (8.21)
B

c Ot

3}1er He 3aBHCALIME OT BpeMeHH oNnepaTophl dp [OJHOCTHIO Onpene-
JIAI0TCA € NIOMOULIBbIO CBOHX KOMMYTAUHOHHBIX COOTHOIIIEHHH

[ak, ak’] = [aL az'] = Ov

8.22
[ar, ai.]= Oun. (8.22)
CooTsercTByOLlee pasJoxenue aas & (r, {) uMeeT BHJ
. i 1/ —i
B =i 3 (F5h) (), (8.23)
kR

rie KOI(pHUIHEHTH ¢ MPEACTABISAIOT CO00H COBOKYITHOCTD YHCEJ, MOTY -
IIMX NPHHEMATH JIOOble KOMILIEKCHble 3HadeHHs. IloacraBass pasio-
xenusi (8.21) u (8.23) B ypaBHeHHe, oOnpefensollee COOCTBEHHbIE
COCTOSIHHSI, M NPUpPABHHUBAsi KOSMOUIHEHTH NP KaKJOH cOGCTBEHHOH
(yHKOHH, [OJyYaeM, YTO COGCTBEHHDLIE COCTOSIHMS JOJIZKHBI YJOBJET-
BOPSITH YCJOBHSIM

aply=o0agl) (8.24)

J/1si BceX MOZ k.

Koa(pHuuenTsl ¢p COOTBETCTBYIOT KJIACCHYECKHM KO (HHUIHEHTaM
dypre C,, KOTOpBE Mbl BBeNH B Jekuud 1. Ecau cpaBHUTH ypaBHe-
aus (1.8) u (8.23), To moONyUHM, UTO

Ch—i <l§£>l/2 . (8.25)

DTO0 COOTHOLIEHHE [OKA3BIBAET, YTO IPH OIHCAHHH KJACCHYUECKHX
noJiefl TapaMeTpH! Gy BEJMKH 1O aGCOMOTHOMY 3HAUeHHIO: NpH A —> 0
0 YBEJHUMBAETCs Kak h—'/2.

[TocTpoeHre HCKOMOTO COGCTBEHHOTI'O COCTOSIHHS HAYHEM C IIOCTPOe-
HHA COCTOSIHHSA | dp)y AJS OTAEJbHOH MOJLI

Qp | Up)p = Op | On)k. (8.26)

ITocsie 5TOro cOCTOsIHHE BCEH CHCTEMBI onpepesuTCss COOTHOIUEHHEM

=11l aw. (8.27)

kR
Mbl 6yjeM Has3bBaTbh 9TH COCTOSIHHSI KO2epeHmHbiMi. Tak Kak ¢ Tod-
HOCTBIO IO MOCTOSIHHOTO MHOXKHUTEJISI OHH OCTalOTC HEH3MEHHBIMH NpPH
BO3JEHCTBHH OMepaTopa YHHUTOXKEHHA @i, TO, CJIEOBATEJNbHO, OHH HE
MOT'YT GBbITh COGCTBEHHBIMH COCTOSIHHSIMH OllepaTopa uuc/ia (HOTOHOB.



B mnossiTHe KOrepeHTHOCTH, OlpejeasieMoe cooTHoureHueM (8.27),
BXONHT, Pa3yMeeTCsi, U ONTHYECKAs] KOIePEeHTHOCTb (3TH COOTHOLIECHHS
o6ecneunBalOT (PAKTOPH3AIHMI0 KOPPENSLHOHHOH (GYHKUHH IEepBOro
nopsiaka). Ho onu Tax:ke BK/IIOUAIOT B cebsl U IOHSITHE KOTEPEHTHOCTH,
HCNIONb3YEMOE B TEOPHH CBSI3H, O UeM Mbl YIOMHHaJH panee. KorepeHrt-
HbIH CHTHAJ B TEOPHH CBSI3H SBJSIETCS HJEAJbHBIM (He CONEPIKALINM
[yMa) ¢ TOYHO onpelesneHHEIM Ha6opoM KosdduunentoB Pypre C,. Ho
5TO UMEHHO TOT THIl NOJIS, O KOTOPOM MBI T'OBODHJIH IIPH KBaHTOBO-
MeXaHHYecKoM moaxojne. TouHasi oOmnpeleTeHHOCTh KoO3((HIIHEHTOB
Pypoe ap, Kak GyIeT NOKA3aHO, O3HAUAET, YTO CHUTHAJ He HMeeT IIyMa
HACKOJIBKO 3T0 BO3MOKHO. ONHAKO M3 3TOr0 BOBCE He CJELyeT, YTO
mwyMa Hetr BooGule. Henpenckasyemble QUIyKTYHPYIOLIHE TIOJISI HMEIOTCS
Jaxe B BakKyyMe. Hamm JeTekTOph! OTMeUalOT OTAeNbHBE (DPOTOHEL,
a QoTOHBI MPHXOAAT cayyaiiHo. Jlaxke B TOM caydae, KOTLa MoJe olpe-
JieJIeHO TOYHO, CHI'HAJ CUETYHKA MOXKHO IIPe/icKa3aTh TOJbKO CTATHUCTH-
YeCcKH; MO3TOMY HeH30eXKHO MMEEeT MECTO IIYM, a KOT€PEHTHOE COCTOsIHHE
[OJISi JIUIIb CBOAHT 3TOT LIYM K MHUHHMYMY.
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Jdexuyuun 9—I11°)

KorepeHTHble U HEKOrepeHTHble COCTOSIHUS
nonst U3ny4yeHus

1. Bsenenne

JIuilb HeMHOTHe 3alayy (PUSHKHU NPHUBJEKATH B NPOILIOM GoJbliee
BHHMaHHe, ueM 3ajaud, IOCTaBJCHHBIE KOPNYCKYJIAPHO-BOJHOBBIM
Iyanu3sMoM cBera. FIcTopHa pellleHHst 3THX 3afau oONIEH3BECTHA.
KyabMHHANHOHHEIM MOMEHTOM ee SIBUJIOCh IOCTPOEHHE KBAHTOBOIM
TEOpPUH 3JMEKTPOMATHUTHOTO Nojist. ONHAKO MO HEKOTOPBIM MpPHUUHAM,
KOTOpble YacTHYHO HMEIOT MaTeMaTHYeCKHH XapakTep, a YacTHUYHO
CBsi3aHbl, MO-BUAUMOMY, CO CAYyYyaHHOCTSIMH HCTOPHH, B KBAHTOBOH
3JeKTPOAUHAMUKE PacCMaTpUBAJOCh OYeHb MaJO BOIPOCOB, MMEIOLIHNX
OTHOLIEHHe K Npo6neMaM ONTHKH. Tak, Halpumep, CTaTUCTHYECKUE
cBoiicTBa NMyyKa (POTOHOB RO CHX IO OMUCHIBAJHCH HOYTH HCKAIOYUTENb-
HO KJIACCHYECKHMH MJH HoAyKaaccHyeckuMH MertofaMd. Ilpu takom
OTHCAHMM MOXHO, KOHEUHO, NOJYUYHTh HEKOTOPYX HHGOPMAIHIO, HO
Hen36exKHO OCTAIOTCH OTKPLITHIMU Cephe3Hble BONPOCH HENPOTHBOPEYH-
BOCTH TEOPHH, a TaK¥kKe MOMKHO BBHIIYCTHTb H3 IIOJIA 3DEHUSI KBAHTOBbLIE
SIBJIEHUsI, KOTODhHle He HMEIOT KJACCHYeCKMX aHaJoTHi. B KauyecTBe
npUMepa MOXKHO yKa3aTb Ha KOPNYCKYJIsSipHO-BOJHOBO! Ayasiu3M CBETa,
KOTOPEIH JIOMKeH ObITh [EeHTPaJbHBIM BOIPOCOM JIOGOH Teopum, mpa-
BHJIBHO OMUCHIBAKOIIEH CTAaTUCTHKY (POTOHOB, U KOTOPHIH HCYesaer NpH
nepexofie K KJaccuyeckoMy npeneny. HeobxonuMocTs B Gosee nocaeno-
BaTeJIbHOH TEOPHUH NMPHBOJUT HAC K pa3paboTKe KBAHTOBOMEXaHHYECKOTO
HOoAX0Aa K npobieMaM CTAaTHCTHKH (DOTOHOB. HekoTophle pesysabTaThl
TAKOro mojxofia HsaoxeHsl B crathe [1]. Hacrosmas pa6ora Gymer
HOCBALIEHA JIETATLHOMY aHaJU3y NPEANOCHIIOK, Ha OCHOBAHUH KOTOPHIX
HOJyYeHbl pe3yabTaTel paGotel [1].

Jo cux nop MareMaTHYeckoe IOCTPOEHHe KBAaHTOBOMH 3JIeKTPONHHA-
MHKHU HCXOJHJIO U3 ONpeleIeHHOr0 Habopa KBAHTOBLIX COCTOSIHHHE ITOJIS.
TaxkuMu COCTOSIHUSIMH fABJISIIOTCS CTAalHOHAPHLIE COCTOSIHUS HEB3aUMO-

1) Iocae BBefeHHS TMOHSTHS O KOTEPEHTHHIX COCTOSIHHAX B Jexuusax 9—I1
6b710 NMOKa3aHO, KaK MOXHO 3TH COCTOSHHSA HCIOJNb30BaTh B KayecTse 6Gasuca
JJ1sT PasjiOXKEeHHS INPOH3BOJbHBIX COCTOSSHHH H OIepaTopoB, B 4acTHOCTH, AJs
npejcTaBJdeHHs] olleparopa MaTPHIH MJOTHOCTH. BBHAY TOro, YTo coxepXkaHnue
9THX JeKUHH nepexprBaeTca ¢ onyGJIHKoBanHOH HeXaBHO cTaTbell aBTopa [Phys.
Rev., 131, 2766 (1963)], To HHXKe 3Ta cTaThs NPHBOAMUTCA LENHKOM. Yurarenio,
H3yYHBIIeMYy NepBhle 8 JNeknu#, clenyer YUTaTb Aajee pasjpenn 3—9. Jlexuus
12 HaumHaeTcs ¢ MaTepHasa, COOTBETCTBYIOIEro paszedy 9 cTaTbH, H HECKOJb-
Ko ero yrayGJaser.



IeHCTBYIOIErO MOJsI, KOTOpble COOTBETCTBYIOT NPHCYTCTBHIO TOYHO
onpeneneHHoro yucna Gorosos. HeoGXoiHMOCTh HCIONB3OBAHUS STHX
COCTOSIHHEl Kasajach IIOYTH aKCHOMAaTHYECKOH, NOCKOJNLKY O60abliasi
9actTh BLIYMCIACHHMH B KBaHTOBOH 3JEKTPOAMHAMHKe IPOU3BOJHIACH
MeTojaMH TeOpHH BO3MyuLleHHH. OCOGEHHOCTL 3JIEKTPOAMHAMHYECKOH
TEOpHH BOSMYLIEHHH COCTOHT B TOM, UTO B KaXKIOM MOCJAENYIOLeM
npuGTHKEHHH OHA OIHUCHIBAET NMPOLECCH ¢ YBENHUECHHEM HJIH yMEHbILle-
HHeM yKcja GOTOHOB Ha eMHMIY. BLIYHC/AeHHs, BBIIOJHEHHBE TAKHMH
MeTOLaMH, HMEIOT JeJI0 OJHOBPEMEHHO ¢ HeOOJIBIIMM YHcIOM (OTOHOB.
C Opyroft CTOPOHHI, OMNHCAaHHE ONTHYECKOrO CBETOBOTO IIy4Ka MOXKET
noTpe6oBaTh PACCMOTPEHHSI COCTOSIHMH, B KOTOPHIX YHCJIO (OTOHOB
BEJIMKO M HeompefeneHHO. JlaBuo ObLIO SICHO, YTO HCHO/Ib30OBaHHE
B KauecTBe 6asmca OGBIYHOrO HaGopa COCTOSHUE (POTOHOB B JIyYILEM
cyyae RaeT HeyXOOHBIH METOX PelleHHsi TaKUX mpoGijeM.

MBIl BHISICHHJIH, YTO HCTIOJIb30BaHHE HabOpa COCTOSHHH, BO3HHKAIO-
IUX €eCTeCTBEHHBIM o00pa3oM IIpH PAacCMOTPEHHH KOpPpensHOHHBIX
M KOrepeHTHbIX [2, 3] cBoficTB IosTel, MO3BOJSIET 3HAYUTENBHO TTyGke
MOHATb POJIb, KOTOPYIO HUTpaloT (J)OTOHBLI NPH ONHCAHHH CBETOBBIX IyY-
koB. COCTOSAHMSI TaKOr0O THIIA, HA3BAHHBIE HAMM KOTE€PEHTHBHIMH, IaBHO
yIKe HCMOJB3YIOTCA LJIsI ONHCAHUS MOBeJEHHS BO BPEMEHH rapMOHHYe-
ckux ocuuansaTopos. Ho mnockosbKy OHH He 06/1aJal0T CBOHCTBOM
OPTOrOHAJLHOCTH, TO HX HE HCIOJIb30BAH B KauyecTse Habopa GasuCHBIX
COCTOAHMH sl onucaHus mosefl, MOXHO II0KasaTb, OJHAKO, YTO 3TH
COCTOSIHHSI, XOTS1 U He SIBJISIIOTCS OPTOTOHATLHBIMH, 06Pa3yroT MOJHBIN
HaGop, U C INOMOLIBIO 3THX COCTOSAHHH MOXKHO MPOCTO ¥ OJHO3HAYHO
npencTaBUThb J060e cocTosinke noas. O6o6ias METOAb, HCIO/b3YeMble
IJI Pa3jIOKEHUs] NMPOU3BOJBHLIX COCTOSHHH [0 KOTE€PEHTHHIM COCTOfA-
HHSIM, MOXKHO BEIPa3UTh IIPOU3BOJIbHBIE ONIePAaTOPH! Yepe3 NPOH3BEeACHUS
COOTBETCTBYIOUIUX BEKTOPOB KOT'€pPEHTHBIX cocTosIHUA. OcobenHO yA00HO
¢ MOMOINBIO TAKOTO PA3JIOXKEHHsT BBIPA3UTD ONEPaTOP IJIOTHOCTH IOJISL.
ITH pasnoxKeHUs 001aNal0T TeM CBOHCTBOM, YTO €C/IH [10JIe MMEET KJIAC-
CHYECKHH Opejes, TO OHH OYEBHIHLI, XOTfA IPH ITOM ONWCAHHE MOJIS
OCTAeTCst CYLIeCTBEHHO KBAHTOBOMEXaHHYeCKHM.

[epBrie pasnenbr JaHHOH PaGoOTHl MOCBSILIEHH HOAPOGHOMY OINHCa-
HHIO KOT€pPEHTHBIX COCTOSIHHA H H3YYEHHI0O HEKOTOPHIX HX CBOHCTB.
B pasnenax 4 u 5 jaercs pasyioxKeHHe INPOU3BOJLHEIX COCTOSIHHE
U OMepaTopoB II0 KOTE€PEHTHBIM cocTosiHusAM. Pasfien 6 mocesieH pac-
CMOTPEHHIO HEKOTOPLIX CBOHCTB ONEpPaTOpPOB IVIOTHOCTH H TOMY, Kak
5TH CBOWCTBA YYMTHIBAIOTCH HOBBIM MeToJoM. [IpuMeHeHHe PasBHTOrO
¢opmanusMa K (HU3UYECKUM 3ajauaM HauyMHaeTcs B pasjene 7, Tie
BBOJHUTCS ONpENETIEHHBIH BUJ ONepatopa IJIOTHOCTH, KOTOPHIH, NO-BH-
IUMOMY, HauGoJsiee MOAXOAUT A ONHCAHHS U3JIYYEHHS MAaKPOCKONIHYe-
CKHX HCTOUHHKOB. Takaa ¢opMa oneparopa INIOTHOCTH IIPHBOAMT
K 0COGEHHO NPOCTOMY CIIOCOOY ONHCAHUA CYNepIO3HIMH MoJeH Hsiyye-
uusa. lanee B paspesne 8 paccMaTpuBaeTcs oneparop MJAOTHOCTH, KOTO-



PBifi COOTBETCTBYET HanGo/Iee YaCTO BCTPEYAIOMEMyCsi THIIY HEKOTepeHT-
HOCTH, M IOKa3aHO, YTO 3TOT ONEpaTop TeCHO CBf3aH C ONEPaTOpoOM
IUIOTHOCTH JJI1 H3Jy4eHHst YepHOro Teja. B paszene 9 oGobuiaiotcs
pe3y/abTaThl, NOJNYYEHHDbIE NPH ONMCAHUH OTAENLHBIX MOJ IOJS H3Jyye-
HHSl Ha C/1y4ai Beero moasi. IloxasaHo, uto nosisi, co3gaBaeMble IpOM3-
BOJIbHBIMH  PaclpelleJIEHUsIME  KJIACCHIECKHX TOKOB, OCOGEHHO HPOCTO
OMNHKCBIBAIOTCS KOTEPEHTHBIMH COCTOsIHUSIMH. Haxkownen, B pasgete 10
paspaGoTaHHble METONbl W/LTIOCTPUPYIOTCS HA IPHUMEPe KOHKPETHBIX
TUIIOB KOT€PEHTHBIX U HEKOTEPEHTHBIX NONEH, HX CNEKTPOB H KOppes-
LHOHHBIX (QyHKIUH,

2. TeopeTHko-moJieBoe CGOCHOBaHME

B cratbe [3] GbL10 paccMOTpeHO pasieieHHE onepaTopa 3JeKTPH-
yeckoro nosst E (rf) na mnonoxurennHo-yactotHylo uacts E@ (rf)
U OTPHUATEJNBHO-9ACTOTHYIO dacth E'~ (rf). 3areM 3TH mons Owuiu
HCIIOJIb30BAHB! VISl ONpENe/IeHUsT MOCJeL0BATENLHOCTH KODPeJsHOH-
HBIX (yHKnuA G, npocredliasi U3 KOTOPHIX HMEeT BHJ

wv (rt, 1ty =Sp {oE’ (rt) ES” (r't")}, (2.1

Tle Q eCTb OnepaTOp IUIOTHOCTH, KOTOPBIHl ONHCHIBAET II0JI€, a CUMBOJI
Sp o6o3Hauaer cymMMy IHATOHAJLHLIX 3JeMeHTOB. IIpu paccmoTpenuu
3THX (QYHKUMH OLIO OTMEYEHO, YTO CYLIECTBYIOT KBAaHTOBOMEXaHHUe-
CKHE COCTOSIHHSI, KOTOpble SIBJISIIOTCS COGCTBEHHBIMH COCTOSIHHSIMH
HOJIOXKHTEJbHO- H OTPULATENbHO-YACTOTHBIX YacTell mosist. DTH COCTOSI-
HHSI ONpPEJNeJSIIOTCS ypaBHEHHUSMH

EQ (rt) [y =&, (rf) | ), (2.2)
(1EW (rt) =& (rt) (|, (2.3)

B KOTOPBIX (yHKUHH &, (rf) UrpaloT poab COGCTBEHHLIX 3HAUeHHH.
B03MOXHO, Kak Mbl OTMETHM II03/IHee, HANTH TaKKHE COGCTBEHHbIE COCTOS -
HHSA | ), KOTOPLEIE COOTBETCTBYIOT IPOM3BOJILHOMY BHIGOPY COGCTBEHHBIX
sHayeHull &, (rf) [npu ycnosuu, uto &, (rt) MOUHHAIOTCS YPABHEHHSM
MaxcBe/ia, KOTOPLIM TakKe YIOBJeTBOpsieT omepatop noas E, (rf)]
U COJEP!KAT TOJLKO IOJOXKHTENLHO-YACTOTHLIE YJIEHHI B pPasJioxKe-
uun Pypoe.

BaxHOCTh COGCTBEHHBIX COCTOSIHHH, ONpejessieMblX ypaBHEHUSIMH
(2.2) u (2.3), 3axkmoyaeTcss B TOM, YTO OHH IPHUBOAAT K (haKTOpH3aNHH
KoppeasiuMOHHLIX (yHKuu#. Eciu none Haxoaurtcss B COOGCTBEHHOM

COCTOSIHHH TAKOro THNA, TO Q = | ) ( | H KOppPeJNsIHHOHHAsT (YHKIUA
[ePBOr0 NOPsiiKa INPUBOJUTCH K BHULY
Gy (rt, £ty =&} (rt) &, (r'Y'). (2.4)

s KoppensinuoHHOH QYHKIHH £1-TO HOPSiKA HMEET MECTO aHaJOTHY-
HOe pasjeneHHe Ha IpousBenieHHe 2n coMmHOXuTenell. [Ipencrasienue



KOppEeJsiIHOHHBIX PYHKIKHA B (PAKTOPHU30BaHHOM BHJE Ml HCIIO/Ib30BAJH
JIsi OTIpeJIEIEHHs OJHOCTHIO KOrepeHTHRX nodgeil. IToatoMmy cobeTBen-
Hbl€ COCTOSIHHMSA | ), KOTOphIe 00JIaJaloT MHOTHMMH HMHTEPECHBIMH CBOH-
CTBaMH H GYAyT JA€TaNbHO H3yuYeHb!, OBLITH HA3BAHBI KOI'EPEHTHBIMH
COCTOSIHAAIMH. [[J1si M3yJyeHus: CBOHCTB TaKUX COCTOSIHUHA HOJIE3HO H3JI0-
JKUTb HEKOTOPBIE 3JIEMEHTLI KBAHTOBOH 3JIEKTPOLHMHAMHKH, Helocpel-
CTBEHHO OTHOCSIIIMECST K JaHHOMY BONPOCY.

Ouepartopnl aJekTpudeckoro u MaruutaHoro mnoiei E (rf) u B (rf)
MOXKHO IIOJIYYHTb M3 OIepaTopa BEKTOPHOrO IoTeHnHana A (rf)
C MOMOIILK COOTHOIIEHHH

E=—1%  B-vxa (2.5)
[Ipu paccMOTpeHHH KBAHTOBBIX COCTOSIHHH IOJsi ylIoOHee ONMHMCLIBATH
noJje He HEeNPEPLIBHHIMU NePEMEHHBIMH, a € IOMOMIBIO JHCKPETHOH
NIOCJIENIOBATENbHOCTH JUHAMUUECKHX NTepeMeHHbIX. [1peanosoxum nmosro-
My, YTO paccCMaTpUBaemMoe IIOJ€ 3aKAIOYEHO B INPOCTPAHCTBEHHOM
00heMe KOHEUHOTO pPasMepa, U PasJoKUM BeKTOPHEIH NOTeHIHAN BHYTPHU
sTOro ofbeMa IO COOTBETCTBYIOIIEMY HAG0py BEKTOPHBIX (yHKIHHA
COGCTBEHHBIX COCTOSIHMEH, WIH MOA. AMILIMTY/bl, CBSI3aHHbE ¢ TAKUMH
rosneGaHUsAMH, 06pa3yloT NUCKPEeTHBIH HaGop NepeMeHHLIX, JAHHaMHYe-
CKOe IIOBEJEHHE KOTOPBEIX PacCMOTPeTb BechbMa IIPOCTO.

Bri6op naGopa MOZ uy (r) OOBIYHO ONpefensieTCsi H3 (PU3UYECKUX
coo6paxkenul, KOTOpPLE HENOCPEJICTBEHHO He HMEIOT OTHOIIEHHs K pac-
CMaTpHBaeMOMY Bonpocy. B yactHocTH, HeT HeO6XOABMOCTH ONPENLIATh
NPHPOAY TPaHUYHBIX YCIOBHH B JaHHOM oGbeMe; PaHHYHLIE YCIOBUs
MOT'YT ObITh KaK NEPHOAHYECKUMH, YTO NPHBOAMT K OEryIHM BOJHAM,
TaK YU COOTBETCTBYIOLIUMH OTPAXKAIOLIAME IOBEDXHOCTSM, YTO IPUBOLUT
K CTOSIYHM BOJIHaM. Eciu o6beM He COAEPIKUT NPETOMSIONIHX cpel, TO
MOXKHO CYHTATh, YTO BO BHYTPEHHHX TOUKax 00beMa PYHKIHU MOA Uy (r),
COOTBETCTBYIONIUE YACTOTAM ), YAOBJIETBOPSAIOT BOJIHOBOMY YPaBHEHHUIO

2y, 1 Ok
VU -ty = 0. (2.6)

B nauGosee obmiem cayuae, oTBjeKasch OT BHJa BOJHOBOIO ypaBHEHHS
HJIM TPaHHUYHBIX YCJIOBHH, MBI GyJieM Ipeinosnaratb, 4To Halli¥ (OyHKIHH
06pasyoT INOJHBIH HaGop, KOTOPHIH yAOBJAETBOPAET YCJOBHIO OPTO-
HOPMHPOBaHHOCTH

S uf (r) -, (r) dr = 84y (2.7)
U YCJIOBHIO IONEPeYHOCTH
Veup (r)=0. (2.8)

Co6creennble (yHKUHM B BHJE IIOCKHX BOJH, COOTBETCTBYIOLIHE
KyGuueckoMy o6beMy ¢ pe6poM L, MOXKHO 3amHcaTh CJELYIOWHUM



obpasoMm:
u (r)= L™%2gMgix-r, (2.9)

rje &M ecTb eNHHHUYHBIH BEKTOp mNoJasipusaH¥d. Ha atoM mnpumepe
BHJHO, YTO HHIEKCOM MOJK 2 MOXHO 3aMEHHThL HECKOJBKO JUCKDPETHHIX
nepeMeHHbIX, T. €. B JAHHOM cjaydae HHIAEKC Dodspusanun (A = 1, 2)
M TDPH JeKapToBble KOMIIOHEHThbI BeKTopa pacnpocrpaHenust k. Ho
IJI1 3TOro HeoGXOMHMMO, YTOGHI BEKTOP moJsipusanud &M 6bul neprnen-
IUKyJAsiped BekTopy k corsiacHo yciaosuio (2.8), a jomycTumble 3Haye-
Hus K onpenensiiuch 661 OGBIYHLIM 06Pa30M C IOMOLILIO MEPHOJHYECKUX
FPaHUYHBIX YCJIOBHH.

I BeKTOPHOTO NOTEHIHAaka HCHOJAL3YeTCsl cJefyiollee pasJo-
KeHue:

A(rt)=c Z <2—Z{>1/2 [apuy, (rye "% 1 afuf () e**"], (2.10)
k

rlie HOPDMHDOBOYHLIH MHOXKHUTENb BLIOpAH TaK, YTOOBl KOMIIEKCHO-

CONpSIKEeHHBIE aMIVIUTYIBI Qp H a} GeTH GespasMepHEIMH. B Kiaccuue-
CKOI 3JIEKTPOMATHHUTHOH TeOPHH TaKHe (ypbe-aMIVIMTY/Ab SBASIOTCH
KOMIUIEKCHBIMH YHCJIaMH, KOTOPLHe BLIGHPAIOTCS NPOH3BOJLHLEIM 06pa-
30M, HO TaX, 4TOGbl OHH OCTABAJHChL NOCTOSIHHBIMU BO BPEMEHH B OTCYT-
CTBHE 3apfilOB M TOKOB. B KBaHTOBOH e 3JeKTDOAHHAMHKE 3TH
AMIIUTYJIBl JOMKHBL PaccMaTpPUBATBCA KaK B3aHMHO CONPAXKEHHDbIe
onepatopsl. OnepaTopsl aMILIUTY /I, ONpeleneHHble cooTHOmeHreM (2.10),
TakKe OYIyT OCTABATbCS IIOCTOSIHHBIMM BO BPEMEHH IPU OTCYTCTBHH
B H3yyaeMOH CHCTEMe HCTOUHUKOB IOJA.

JlunaMmuueckoe NoBejeHHE aMIUIUTYZ HOJS ONHCHIBAETCA IaMUJIBTO-
HHAHOM, KOTOPHIHl B panpoHasusnpoBanuofl cucreMe enunun CH nmeer
cJeAYIoUHH BUI:

H:%Smu$ﬂm. (2.11)

Hcnonbsys ypasrenust (2.7) u (2.8) ¥ COOTBETCTByIOLINE I'DAHHYHbIE
YCJIOBHA ISt QYHKUME MOJ, 3TOT T'aMHJIbTOHHAH MOXHO IPHBECTH
K BHAY

H =43 hoy (ajar-+ ana)). (2.12)
3

DTO0 BbIpakeHHe MOCTYMKHIO HCTOYHHKOM JUiSl M3BECTHOH M HCKIKOYH-
TeJbHO IJI00TBOPHOM aHANOTHH MeXIy aMINIUTYaMU MOJ, [0/l H KOOp-
JMHATAMH COBOKYIHOCTH OJHOMEPHBIX TI'apMOHHYECKHX OCHHJIISTOPOB.
KBaHTOBOMEXaHHUECKHe CBOMACTBA ONEPATOPOB @y H Gl ONPEIENSIOTCH
IOJIHOCTBIO, €CJIH MPHHSATD JJISI HUX COOTHOLIEHHS] KOMMYTAlMH, aHajo-
TUYHBIE COOTHOIMIEHHSIM JJIsi HE3aBHCHMBIX TaPMOHHYECKHX OCLHJJIA-



TOPOB:
[akv ah'] - [az’ azr] = 01 (2. 133)

[an, a}:,] = Opp. (2.136)

ITocsie TOro Kak npousBeleHo pasjiesenue AHHAMHYECKMX NepPeMeHHBIX,
OIHKCBIBAIOLUINX PA3JMHUHbIE MOJbI, MOXKHO NPHCTYNHTb K PACCMOTPEHHIO
KBAHTOBBIX COCTOSIHMH JaHHOH MOIbI HE3aBHCHMO OT NPYTHX MO,
Cocrosinne KaxKI0H MOABI MOXKHO OIHCBIBATHL BEKTOPOM COCTOSIHHS | )p
B TWJIbGEPTOBOM IIPOCTPAHCTBE, COOTBETCTBYIONIEM JaHHOK Mofe. Torna
COCTOSIHHSL BCErO MOJsl ONPEleNSIFOTCS B IPOCTPAHCTBE, SIBASAIOIIEMCS
IpOM3BEIEHHeM T'HILOEPTOBLIX NPOCTPAHCTE BCEX MOJ.

Jlisi paccMOTPEHHs] KBAHTOBBIX COCTOSIHHH OTJAENBbHBIX MOJ J0CTa-
TOYHO GBITh 3HAKOMBIM C 3JIeMEHTapPHbIM ONMCAHHEM OTJAEJIBHOrO rapMo-
HHYECKOTO OCLMJIsATOpa. [aMuibrTOHHaH

1 1
5 hoy (ajar + ara})

MMeeT cOOCTBeHHbe 3HaueHHs! hwy (ng + 1/5), Tle n, ecTb uesoe
qucno (np = 0, 1, 2. . ). BeKTOp OCHOBHOrO COCTOSIHHS OCHHJLIATOPA
OyaeM 3aluChIBATL CHMBOJIOM | ), NPHYEM OH ONpeneJsieTcs ciaelyko-
IHM YCJOBHEM:

ak|0)k:0. R (2.14)

BekTOpbl BO3GYKIEHHLIX COCTOSIHHH OCHMJIATOPA MOXKHO NONYYHTDH
myTeM TMOCJeIOBATENLHONO IpPHMEHEHHs OIpaTopa @i K BEKTOpY
| 0 ). B HOpMUPOBAHHOM BHJIE 3TH COCTOSIHHS 3aMHCHIBAIOTCS KAK
G U 0, 1,2 2.15

Ny = —— e ng= cel). .

[ nan (nk.’)l/2l o (ne=0,1, ) (2.15)
HeiicTBre omepaTopoB @, M af HA 3TH COCTOSIHHS SICHO H3 CJefyio-
LIUX COOTHOLIEHHH:

aklﬂk)kzt’t:ﬁ]ﬂh——-l)m (2.16)
ak| np) = (na+1)"* |+ Ly, (2.17)
a;ak \ Ng) =ng ] neg). (2 18)

3akoHUMB HeGOJIBIIOE BCTYI/IEHHE, MBI MOXKEM TENEPh NepeliTu K Gomee
JIETaJIbHOMY PaCCMOTPEHHIO KOTEPEHTHHIX COCTOSSHHH modas, [loJioxu-
TEIbHO-4aCTOTHAST YacTh Pa3JIOKEHHs1 BEKTOPHOro moteHmuana (2.10)
SIBISIETCSL CYMMO#, cOflepKaulell OnepaTophl YHUYTOXKEHHsI (POTOHOB a1y,
B TO BpeMsl KaK OTPHIATENLHO-YACTOTHAS YACTh BRJKYAET B ce6s ome-

N
paToph! poxjenus GOTOHOB ai- TakuM 06pas3oM, MOJOKHTEILHO-4ACTOT-
Has YacTh ONMEPATOPa 3/JIEKTPUYECKOrO IOJst B COOTBETCTBHH ¢ (2.10)



JaeTcsd CJAeLYIOIHM Bb]pa}KeHHeM:
E® (1) =i D) (%mhy“ ay, (r) e 98, (2.19)
R

QOueBHIHO, UTO cOGCTBEHHBIE 3HaueHHsi & (rf), onpelessieMble ypaBHe-
uueM (2.2), Tak XKe kak u oneparop E “ (rf), no/XHE YAOBJIETBOPATH
ypasuenusim Makcseana. [TosToMy HX MOXKHO PassOXHTb [0 HOPMalib-
HeIM MofaM Buaa (2.19). J[pyrHMH CJIOBaMH, MOXHO BBECTH HaGop
K03(hpuineHToB Pyphe oy, ABJSIOUEXCA C-UYHCJIaMH, KOTOPbHIE [I03BOJIA -
10T Iepenucate coOCTBEHHBIE 3HAYEHHA B BHJE

g(t)=i>) (g mh)’/z aptis (1) e O, (2.20)
k

Tax xak ¢yHKuoud Mon uy (r) o6pasyloT OpPTOroHasbHbIA Habop, TO
OTCIOfla CJIefyeT, 4TO COGCTBEHHOE COCTOSIHHE TOJSt | ) 1Sl BceX MO &
noAYuHseTCs cJIeiywooilell 6eCKOHEUHOH [OC/AeIOBATENBHOCTH COOT-
HOLIEHHH:

arl)y=oaxl). (2.21)
Jas HaXOXKAEHHST COCTOSIHHH, KOTOpPble YAOBJETBOPSIOT 3THM COOTHO-
HIEHUSM, HeOOXOAUMO HAiTH TAKHE COCTOSIHHUS OTIEJbHBIX MOJL | ap )g,
KOTOphie NOIYUHSIOTCS COOTHOLICHHSM

Qn | op)y = 0p | g (2.22)

Torma, Kak JIETKO BHJeTh, KOI'epeHTHLIe COCTOSIHHS noasi | ), pac-
CMaTPHBAEMOTO KaK LeJoe, IPECTABASIOT co00i NpOoU3BeJeH e OTAelb-

HBIX COCTOSIHHH | ap )
y=]]los)s (2.23)

3

3. KorepenrtHble COCTOSIHHSI ORHOH MOABI

HeckoabKO CaeAyIOIHX pasaenos OyIeT MOCBSIIEHO ONKCAHHIO
OJIHOMOJOBOT'O OCHHANATOPA. [109TOMY MBI MOXKeM YIPOCTHTL CHCTEMY
0603HaYeHHUA, ONYCTHB HHAEKC MOIL Y BEKTOPA COCTOSAIHHS, aMIVIHTYA-
HLIX NapaMeTpoB W OoNepatopoB. /st HAXOMXKIEHHS COCTOSIHUS OCIIMJI-
JATOpa | &), KOTOpOe YJOBJETBOPSET yPaBHEHHIO

ajay=ala), (3.1)
YMHOXKHM CKaJsIPHO 00e €r0 YacTH Ha 7-¢ BO3OYXKIEHHOE COCTOsIHHE
(n |. Hcronabn3osaB 3aTeM 3PMUTOBO-CONPSIKEHHYIO (OPMY COOTHOILLE-
pus (2.17) anst ckajJsipHOrO NMPOUSBENEHHA (N | a), HAXOLUM Clelyio-
Ilee pPeKyppeHTHOe COOTHOIIEHHE: )

(n+1)"(n+1]a)=a(nla). (3-2)



M3 s1oro cooTHOmEHHsI cpa3y ke MOMyyaeMm

an
nlay=——-=—«0la. 3.3
(nla) =T Ol (3-3)
OTH CKaJSIPHbIE [POM3BENEHHS SIBJASIOTCA KOA(DQHUIHEHTAMH PasJjoKe-
HUSL COCTOSIHMSL |@) 10 TOJHOMY OPTOHOPMUPOBaHHOMY Habopy
cocroanuii {n) (n=0, 1, 2 ...). Takum o6pasoMm, uEMeeM

1a>=2ln><nla>=<0la>2(—n%ln>- (3.4)

CnepoBaresnbHO, KBajpaT AJHHBI BEKTOpAa |G) paBeH

(@ fay=]0fay N LU 0] aypeen, (3.5)

nl
n

Ecin cocrosnue |o) HOpMHpOBaHO Ha eguHHUy (T. e. (a]a)=1),
TO ero (asy MOXKHO ONpene]UTb CJAeAYIOIUM 00pa3oM:

(0]ay= e=1/al0i2, (3.6)
ITosToMy KOTrepeHTHBIE COCTOSIHHS OCUMJIISTOPA NPHHUMAIOT BHJ
n
oy = oot B i [ (3.7)
n
"
*\1
(o] = e=alei? Z ((:')2/2 {n]. (3.8)

DTU BbIPaXKeHHUS! NOKA3bIBAIOT, YTO CPEJHEE YHCJAO 3aroJHEHHs A-TO
COCTOSIHUA jaercs pacnpejenendeM Ilyaccona co cpennum 3naue-
HueM | o |2
n
o) p =12 e, (3.9)
M3 HHX TakkKe CJIENYeT, YTO KOT€DEHTHOE COCTOSIHHE | G), COOTBETCTBY-
ollee « = 0, SIBJSETCS €IHHCTBEHHBIM OCHOBHBLIM COCTOSIHHEM OCIIHJI-
JSITOpa, T. €. COCTOSIHHEM | n) aast n = Q.
B jaubnefimiem GyjeT upesBLIYafHO INOJME3eH H APYrofl MOAXON
K KOT€PEHTHBIM COCTOSIHHSIM, KOTOPBIM MBI TOXeE GYAeM IIOJL30BAThLCH.
st 3TOrO NPEANOJIOKHM, YTO CYIIECTBYET YHHTADHBIA omepatop D,
KOTOPBIA NEHCTBYET KaK OlEPaTOp CMEIleHHsl HA aMIVIUTYABl af U a.
HonyctuM, uto D sABisieTca (QyHKUIHeH KOMINIEKCHOrO napamerpa P,
u norpebyeM, uToGhl AeACTBHE 3TOrO OmepaTopa Ha ONEPaTOphi aMILIH-
TYA CBOJUJIOCH K CJAELYIOWEMY:

Dt (B)aD (B) =a-+ B, (3.10)
D1 (B) a'D (B) = at -+ B*. (3.11)



Torxa ecau | @) nogunssieTest ypasHenuio (3.1), 7o D™ (B) | a) sBJIgeTcs
COGCTBEHHBIM COCTOSHHEM @, COOTBETCTBYIOUMM COOGCTBEHHOMY 3Haye-
HHIO o — P!

aD™ (B} |@) = (e —B) D (B) | @). (3.12)
B uactHOCTH, ecqu BHOPaTh f=a, TO MOJyYHM
aD™ (a)ay=0.

Tak Kak OCHOBHOE COCTOSIHME OCHHJJISTOpPa OLHO3HAUHO OIpejeNsieTcs
cooTHowmenueM (2.14), To orciofa caenyeT, uro D! (a) | ) sBasercs
KaK pas3 OCHOBHBIM coctostHueM | 0). JIpyruMH CJOBaMH, KOT'€PEHTHbLIC
COCTOSTHHST TIPEICTABJSIOT CO60H KaK Pas OCHOBHOE COCTOSIHHE OCLUJI-
JSITOpa, Ha KOTOpPOE MOJEHCTBOBA/IM OINEPATOPOM CIABHIA,

la) =D (a)|0). (3.13)

UTo6n HalTH sIBHLIH BWj onepaTopa cisura D (a), paccMOTpPHM
GeCKOHEYHO MaJjible cABUrH B okpecTHOCTH D (0) = 1. [In1s npoH3BOJbL-
HBIX CJABHIOB d, KaK JETKO BHJETh U3 KOMMYTAIHOHHLIX COOTHOILE-
Hufl (2.13), D (da), ¢ TOYHOCTBIO 1O NEPBOrO MOPsAAKa MO do MOXKHO
NpeLCTABUTL B BHJE .
D (do)=1+atda—ada®. (3.14)

st BuiBoAa Au(pepeHLUHAJbHOIO YPAaBHEHHsi NEPBOrO NOpPsiiKa LJIs
HEH3BECTHOT'O OIEpPAToOpa PaccMOTPHM INpHpalleHHe o B Buie da =
= ad), rie A — JeHcTBUTesnbHBIA mapamerp. Torza, ecau npeAnoJo-
KUTb, uTo omepaTop D o6/1afaer CJaelykoiuM CBOHCTBOM TI'DYIIIOBOTO
YMHOKEHHS:

Do (h 4-dAY] = D (a dh) D (ah), (3.15)
TO Mul nosyuuM auddepeHIHaNbHOe ypaBHEHHE
. 4 D(ah)=(aat—a%a) D (ah), (3.16)

pertieHHeM KOTOPOI'O, BBIYHC/ICHHBIM [1JI51 A=1, saBasieTcsl YHUTApHBI
oreparop )

D (a) = e %%, (3.17)
[TosToMy KOrepeHTHble COCTOSHHS | @) MOXKHO 3amucarb B BHJE
lay = ™ = | 0y, (3.18)

Tak kax D (a) siBjsieTcsl YHUTApPHHIM ONEPATOPOM, TO 3TH COCTOSAHHSA
YJIOBJIETBOPSIIOT TPEOYEMBIM YCJIOBHSIM HODMHPOBKH.

ViHTepecHo paccMOTPeTh CBSI3b MEXKIY JABYMSA IOTYYEHHLIMH HaMH.
BhIPQXKEHHSAMH JJISI KOTePeHTHHX cocrosHuil. s 3TOro BCIOMHHM
IPOCTYI0 TeopeMy 06 YMHOXKEHHH 3KCIOHEHUHMAJILHBIX (YHKUHEA OT



onepatopoB. Ecaun & u % — NpPOU3BOJLHBIE ONEPATOPH, KOMMYTa-
TOP KOTOPHIX [, %] KOMMYTHPYET ¢ KaXKIbIM H3 HHX

((#, Bl Hl=[#, Fl, F1=0, (3.19)
TO MOXKHOQ IOKa3arb [4], 4TO
eFeB — e A+ B+l H, B], (3.20)

Ecau nosnoxute #=at 1 H =a, TO Ha OCHOBAHHH 3TOH TEOPEMBI
5KCTMOHEHIHAIbHOe Boipakenue (3.17) mass D(a) MOXHO PasyOoxHUThb
Ha MHOXHTENH :

D () = e~ /2lalguate—ava, (3.21)

Mer GyzeM T'OBOpHUTb, YTO IIPOM3BEJEHHE TAKOTO THIIA, B KOTOPOM
OnepaToOphl YHHUYTOXKEHHsT CTOAT CLIpaBa OT ONEpaTOPOB POXKAEHHS,
3aMUCAHO B HOPMAaJbLHOM BHjE. ¥ 100CTBO TaKOH 3alHCH 3aKJIIOYAETCs
B TOM, YTO NPHMEHEHHEe KCIOHEHIHAJLHOrO BbIpaXeHHs exp (—a *a)
K OCHOBHOMY COCTOsiHHIO | O) 9KBHBAJEHTHO NMPHMEHEHHIO €IHHHYHOTO
onepaTopa, Tak KaK 3KCHOHEHLHAJNbHOE BEipamKeHHEe MOXKHO Pa3JIOoXKUTh
B PSL U HCIIONB30BATh ONPEJE/EHHEe OCHOBHOTO COCTOSIHHA B BUJe (2.14),
[I03TOMY

e=9*a|0)=]0). (3.22)

OTC!O}la CJeNyeT, YTO KOrepeHTHbie COCTOAHHUA MOXKHO 3anycaTtb B BHJE
|ay =D (a) | 0) = e—Yeloigaa’ | 0y, (3.23)

[ (1) — g—1/2l0]2 Z (ai:)n I O)_ (3.24)

N n
A Tak Kax BO36YXkKJIEHHBIE COCTOSIHUSI OCLHJIATOPA €CTh
-1
|y = (n))"" ()" | 0),
TO CHOBA IOJyuaeM Bhipaxkenue (3.7)

| ay = e—1/2lal? 2 -(%%| ny.

f

n

C noMOLIbIO 3TOr0 BBHIPAXKEHHS MOMKHO HATJALHO NPEACTABHUTL KOre-
peHTHBIE COCTOAHHS, paccMaTPHBAs HX B KOOPJAHHATHOM IIPOCTPAHCTBE
U B IPOCTPAHCTBE MMIYJbCOB. [JIs1 KOOPAUHATEI OJHOMOJOBOIO OCHHJI-
JATOpa U €ro UMIYJbca BBEJEM COOTBETCTBEHHO IIapy 3PMHTOBBIX OIle-
paTopoB ¢ H p. IDTH ONEPATOPbl, KOTOPHIE NOJKHBI YIOBAETBOPATDH
KaHOHHUUYECKHUM NpaBWiIaM KOMMYTauvu [q, p] = (k, MOKHO ONPEJENHUTD
OGLIYHBIM CHOCOGOM

g= (%)1/2 (@t a), (3.25a)

p=i (—"‘-29’-) 7 (at—a). (3.256)



UTo6pl HAlTH 03KHIAeMblE 3HAYEHNS ¢ H p B KOTePEHTHLIX COCTOSIHHUSAX,
JOCTATOYHO BOCHOJL30BATLCA ypaBHeHHeM (3.1), KOTOpoe onpejesser
5TH COCTOSIHMS, U €ro 3PMHTOBO-conpsixkenuoit gopmoit. Ilocse storo
noJsyyaem

@lgla)=(2-)"Rea, (3.26a)
(@|p|ay=(2r0)"*Ima. (3.266)

UTo6bl HAHTH BOJMHOBLIE (DYHKIHH KOTEPEHTHBIX COCTOSIHMH, 3amH-
iweM onpexessiouiee ypasnenue (3.1) B Buue

(210) ™2 (0g +ip)| @) =a| ) (3.27)

H YMHOXKHM CKajJsipHO O0e €ro 4acTH Ha CONPSIKEHHOE COCTOSIHHE
(¢" |, KOTOpOE COOTBETCTBYET COGCTBEHHOMY 3HaueHHIO ¢' JIs ¢. Tak
KaK MMITYJIbC MOXKHO NPeICTaBHTh AH(bepeHHalbHEIM OIEPATOPOM, T. €

’ . d ’
<q !pz_lhdq/ <q |7

TO OTCIOJId NOJNyYaeM, YTO BOJHOBAs (DYHKIHS B KOOPAHHATHOM IpPO-
crpaHcTBe (¢’ | o) noguuHseTcsl AHbQepeHIHaJbHOMY YPaBHEHHIO

d , ., o \Vep /o \e , ,

a9 o= —2<§g> [(2—;1) q —a] ¢ |w). (3.28)
IlanHoe ypaBHEHHe MOMKHO IIPOMHTEIPHPOBATb H TOJYYHTH peEIleHHe
JAJIsi BOJHOBOH (YHKUHH, KOTOpass B HOPMHDOBAaHHOM BHJEe JaeTcs
CJeYIOIIUM BhIparKeHHEM:

<q,1a> _ <%>1/4 e_[(m/gh)l/zq'_a]z. (3'29)

AHAJOrHYHO MOXKHO IIOJYYHTH M BOJHOBYIO OYHKIHIO B IPOCTPAaHCTBE
uMiyabcoB. Ecnu ofe yactu ypaBHeHHs (3.27) YMHOXKHTL CKAISIPHO Ha
COGCTBEHHOE COCTOSIHHE HMIyJbca {(p’ | H BOCIOJb30BaTbCS COOTHO-
HIeHHEM

‘ ., 0 P
p l‘]=1h67,/<P ly

TO NoJayyuM AudxpepeHIHAILHOE ypaBHeHHe, HOPMHPOBAHHOE peEllleHHe
KOTOPOTO HMeeT BHJ

(' | oy = (ho) Ve—l@ho) 2ptio]2, (3.30)

O6Ge BOJIHOBBIE (DYHKOHH IPEACTaBJASIOT COGOH BOJHOBYIO (DYHKIHIO
OCHOBHOTO COCTOSIHHMSI OCHHJLISITOPA, HAa KOTOPYIO MOAEHCTBOBAIH
oneparopoM ciasura. [TapaMerpst (h/@)'/2 1 (h)'/2 COOTBETCTBYIOT aMILIH-
TYyAaM HYJeBHIX (QUIYKTyauuH 'KOOPAHMHATH H HMIYJbCa OCHHJLJIATOPA
efuHUYHOH Maccul. He ciefyer yAUBAATLCS TOMY, YTO BOJHOBLIE QYHK-



[IMH KOTEPEHTHBIX COCTOSIHHH HMEIT TaKylo IPOCTYI0 CTPYKTYpY,
IOCKOJILKY OHH HOJY4eHb U3 ypaBHeHHs (3.13) ¢ momomibio caBHra
B KOMILTEKCHOH «-IJIOCKOCTH.

He saBucsiipe OT BpPeMEHH COCTOSIHHS | @), KOTOphLle paccMaTpu-
BaJKCh O CHX [OpP. SBJSIOTCH XapaKTEPHLIMH COCTOSIHUSIMHM IS
refi3en6eproBCcKOro NpeiCcTaBaeHUsI KBAHTOBOH MeXaHHKH. J{Jis1 LIpeuH-
TePOBCKOTO K€ MpeJcTaBjieHusl, Hao60pOT, HeOOXOJAHMO HCIONb30BATh
3aBHCAIME OT BpeMeHH cocrosiHus exp (—iHt/k) {a). Ecau us raMunb-
TOHHAHA OCIHAATOPA HCKIIOYHTh SHEPTHIO HYJEBHX KOJeOaHHH [0S
(!/9)ho u 3anucath ero B BHAe H = hwa'a, TO, Kak Jerko BHAETL U3
pasioxkenuss (3.7) 1as [ @), COOTBETCTBYIOLIHE MIPEIHHIePOBCKHE
COCTOSIHHMSI NPUHHMAIOT TAKOH XKe BUJ, €CJAH ¢ 3aMeHUTb Ha ae ¢,
CrnenopatesibHO, IIPEIUHTEDPOBCKOE COCTOSIHME MOXKHO 3amucaTh Kak
| ae—to!y, 3amensin B cOOTHONeHHAX (3.26a) u (3.266) o Ha we—iof
MoJy4YaeM, YTO OXKUJAeMble 3HAUEHHUs! KOODJAMHATHI U UMITyJbCa FapMo-
HHYECKH KOJeOJIOTCsi, HPUYEM aMIMIMTYJAa KoJeGaHMH KOOpAHHATHI
paBHa (2h/®)Y2| o|. AHanoruyHast 3aMeHa B BOJHOBHIX QyHKuusX (3.29)
 (3.30) moxasniBaer, YTO rayccoBa IJIOTHOCTbL BEPOSITHOCTH, XapakTep-
Has JJIS OCHOBHOIO COCTOSIHHSI OCHHJLISITOpA, Tak:Ke obsanaeT Kosaeba-
TeJIbHBIM XapaKTepoM JBHKEHHS, KaK U OXHjaeMble 3HayeHus. Taxue
BOJIHOBBIE IAKETHbI, KOHEYHO, JABHO H3BECTHDLI; ellle Ha 3ape pasBUTHS
KBAHTOBOH MeXaHHKH ouu ObL1H BBegeHsl [lpennurepom [5, 6] n uacro
HCIOJIB30BANUCH JJIs1 WIOCTPAIMU NPENEJbHOrO Nepexona OT KBaHTO-
BOTO OCHHJLISATOPA K KJACCHYECKOMY.

Bosnnosnle nakerst (3.29) u (3.30) B IPOLLIOM paccMaTpUBAJUCh
TaKxe B CBSA3H C TeM, UYTO OHH 0COOLIM 06pa3oM JIOKaJAH3YIOT KOODAHHA-
TY ¢ u wMmnyabc p’. KoHEUHO, MOXHO MNOCTPOHTL TaKHe BOJHOBLIE
HAKeThl, KOTOPHIE 3HAYHTENBHO CHJbHEE JIOKAJMU3YIOT JI06yI0 H3 nepe-
MEHHBIX, HO TOJBKO 33 CHUeT YMEHbIUEHHWs! JIOKAJH3alMH APyrod nepe-
MexHo#i. BosHoBbie xe nakeTsl (3.29) u (3.30) B HEKOTOPOM CMEIC]IE
NPEACTABJSIIOT CBOEOGPA3HEIA KOMIIPOMHCC; IPOU3BEEHHE HEONpefeeH-
HOCTefl mepeMeHHBX ¢’ U p’ B 9TUX BOJHOBBIX TAKETAX MMeeT MUHHMAJIb-
HOe 3Hayenue. Ecau oxunaeMbie 3HAYEHHsI NPEACTABUTL € ITOMOLIBIO
YIVIOBBIX CKOOOK { ) W ONPENeaUTh AHCIePCHH

(Ag)* = (g*) —(q)* (3.31a)
(Ap)? = (p*) — (p)*, (3.316)
TO MPH HCHOJb30BAHUH BOJHOBLIX (yHruui (3.29) u (3.30) naiizem,
YTO INPOHU3BEJEHHE 3THX IUCIEPCHH PaBHO
1
(Ap)? (Ag) = 1.

B coorBetcTBHH ¢ NPAHUHUIIOM HEONPENECJEHHOCTH 3TO €CTh MHHHMAJIb-
HO€ 3HaYeHHEe, KOTOPOEe MOXKET HMMETh JaHHOE IIPOHU3BEIECHHE [7].Takum
06pa30M, B OIIpeeJeHHOM CMBICJIE OMHCAHHE OCHUJIATOpPA ¢ MOMOUILIO



BoIHOBHIX (pyHKUHH (3.29) ¥ (3.30) mpexcTaBiser HauGojee GJIH3KOE
H3 BO3MOXKHBIX OpHOMHMKEHHE K KJACCHYCCKOH JOKaJH3alWH Iepe-
MEHHBIX.

Hcnonb3oBaHHe KOT€PEHTHBIX COCTOSIHHH B KBAHTOBOH 3JIEKTPO-
JI¥HAMHKe (AKTHYeCKH He TpelyeT SBHOrO BBEJEHHS NEPEMEHHBIX
KOOPIMHATH K uMOyJsbca. [TosToMy Mbl mepecMoTpesd OCLIEH3BECTHEIE
IpeicTaBJIeHyst KOTEPEHTHBIX COCTOSIHHH C NMOMOUIBIO 9THX NEPEMEHHBIX,
Hajesicb, YTO OHH MOTYT OKa3aTh HEKOTOPYIO IOMOIUL B IIOHHMAaHHH
PasJHYHLIX NPHMEHEHHH KOTEPEHTHHIX COCTOSIHMA, K PacCMOTPEHHUIO
KOTOPEIX MBI BCKOpe MepefjieM.

OJHO H3 CBOHCTB KOI'€PEHTHBIX COCTOSIHMH | @), KOTOpOe CTaHo-
BHUTCS OYEBHAHEIM INpPH HCIOJL30BAHHH YKa3aHHOTO IPEACTABJIEHHS
BOJIHOBLIX (DYHKIHME, 3aK/A04aeTcss B TOM, UTO JBa TAKHX COCTOSHHSI
B 0O6LIEM CJlyyae He OpPTOroHaJbHB. EciH, Hanpumep, Mbl PacCMOTPUM
BOJIHOBbIE (pyHKUMH (¢’ | a) U -(¢’ | a') naa sHaueHuil o, GIH3KHX
K O, TO OUEBMAHO, YTO 9TH (PYHKUMH aHAJOTHYHBE! 10 (OPME H 3HAUHU-
TeNIbHO HepeKphiBaloTest Apyr ¢ apyroM. OnHako Ansi 3HaYeHHH o' U a,
JOCTATOYHO OTJMYAIOUIUXCsT APYr OT ApYyra, HepPeKphiTHe BOJHOBBLIX
GbyHRUMH B y4lieM cydae BecbMa Maio. [103TOMy MOXKHO 0OXHUAATD, UTO
CKaNApHOEe Mpou3BejeHue (a | a’), KOTOpoe paBHO eIUHHLE INPU ¢ =
= ¢, 6yJeT yMeHbIATbcsl 1O AGCOJIOTHOH BEJHYHHE [0 Mepe yjaJe-
HUs1 o OT 0. B KOMIUIEKCHOH MJOCKOCTH. ECJIH NPHMEHHTDb NpejcTaBle-
uusg (3.7) u (3.8), To 3TO CKaJNsApHOE NPOH3BENEHHE MOXKHO BBIYHUCIUTDL
GoJee MPOCTO, YeM IPH HCNOJIb30BAHHH BOJNHOBLIX (yHKUHH. B sTOM
ciyyae NOJy4aeM BblpaXKeHHe

(| B) = e-VValor=z ipiz ) ——*EGT)TEY/Z (n|m,
nin.

4
KOTOpOE HM3-32 OPTOHOPMHPOBAHHOCTH COCTOsIHHIL | ) CBOJMTCS K CJie-
LYIOIEMY:
(0| By = ea*B—1a la2=1/2 132, (3.32)

A6commoTHoe 3HaueHHe CKaJsApHOI'o HpOI/ISBeﬂeHI/Iﬂ Jae TCqd BbIpa:KeHHEM
(o |B)[2 = eio—blt (3.33)

KOTOpOE MOKa3biBAET, YTO KOTEPEHTHbIE COCTOSIHHSA CTAHOBSTCS MPH-
61M3UTENbHO OPTOrOHANBHBIMA JJIS1 1OCTAaTOYHO PasjHYaloMMUXCs 3Haye-
Hull @ 1 B. TOT (akT, 4TO ST COCTOSIHUS JAaxe NPHOIH3HTENbHO He
OPTOrOHANbHBI NpH 3HaYeHHAX |o — P | HOpsifka EIMHHMILI, MOXKHO
paccMaTpHBAaTh KakK pPe3ysbTaT IEPEKPLITHS BOJHOBBIX (YHKUHH,
BbI3BAHHOIO HAJHYHEM HYJEBBIX (QJIYKTyaluh.

[TocKOJBbKY KOTepeHTHbIe COCTOSIHHSI He 06DasyloT OpTOrOHa/ILHOTO
HaGopa (pyHKUMI, OHH IIPUBJIEKAJIH MaJ/IO BHUMAaHHUsI B KauecTBE BO3MOXK-
HOH CHCTeMB! 0GasHCHBIX BEKTODPOB JJIS DPA3JIOKEHHS NPOH3BOJNbHBLIX

~



coctosiHui 1). OnHako B CJAENYIOLIEM pasfene NOKa3bBaeTcsl, YTO MOMKHO
JIETKO TOJYUYHTbL TAaKHE PA3/IOKEHHS, U [PUTOM OJHO3Ha4HbLE, H YTO
OHH 06J1alal0T HCKJIOYHTEIbHO IOJEe3HBIMH cBOHCTBamH. B mocaeny-
IOLUX pasjenax, 0600mass METOLHKY Ha OHJHHeHHbE KOMOMHAUHH
cocTosuuil | o) 1 (P |, MBI HOMTYyYUM TaKKe aHAJOTHYHBIE PA3JIOKEHHUS
Ins1 onepaTtopos [l].

4. Pa3joxeHHe NPON3BOJBHBIX COCTOSTHHH
N0 KOT€PEHTHBbIM COCTOSIHUSIM

X0Ts1 OpTOroHaNbHOCTh HA60Pa Ga3HCHBIX COCTOSIHHH OYeHb yA06HOe
CBOWCTBO, OJIHAKO OHO He siBJseTcsi HeoOXOAUMBbIM. CyllecTBEHHOE Ke
CBOHCTBO Taxkoro Habopa 3ak/aouaeTcsl B ero nojaHore. HeTpynno noka-
3aTb, 4TO HAGOp KOTEPEHTHBIX COCTOSIHHH | a) OXHOMOZOBOTO OCLIHJI-
JSTOPA SIBASIETCSI MOJHBIM. JIJIst 10Ka3aTeabcTBa HEOOXOAUMO TOJbKO
NI0KasaTh, YTO €IMHHYHBIH ONepaTop MOXKHO BBIPA3HTL depe3 COOTBET-
CTBYIOILYI0 CYMMY WJIH HHTETPaJ IO KOMIWIEKCHOH G-IJIOCKOCTH IPOEK-
IHOHHBIX ONepaTopoB THHA | a) (« |. JIJs onucaHus TaKHX HHTErpasos
BBelleM Jud@epeHNHaJbHBIH 3JeMEHT IJIOWALH B O-IJIOCKOCTH

d’a=d(Rea)d(Ima) 4.1)

(a71eMeHT d?u peficrBuTeseH). Ecau 3anucarh o =|a|e’®, To MoxHO
JErkKo N0Kas3aTh HHTeTrPajlbHOe TOMKAECTBO

o0 2
| (@ramerion da={ o " Herlor d | || o =m0 d0—qtn! Sy, (4.2)
0 0

B KOTOPOM HHTEIPHPOBaHHE MPOU3BOANTCH MO BCeli KOMIIEKCHOH
naockocTd. C [OMOIBIO 3TOTO TOXKAECTBA U pasJoxeHuH (3.7) u (3.8)
JIJISL KOTEPEeHTHEIX COCTOSIHHH Cpas3y e MOXKHO I0Ka3aTb, 4TO

X la)(a!d%:nZ]n)(n

M3BecTHO, 4TO n-KBaHTOBLIE COCTOSIHHSI OGPa3yloOT NOJHBH OPTOHOP-
MHPOBaHHLIA HA00p (MYHKUHUH, 03TOMY yKa3aHHasi CyMMa I10 1 IPOCTO
paBHa epuHHYHOMY oreparopy. CuaeposaTenbHo [1],

1

?S lay (o | d2a =1, (4.3)

YTO SABJAAETCHA COOTHOIIEHHUEM ITOJHOTHI JJisi KOI€pPEeHTHBIX COCTO{IHHP’I.

1) Onnako 3TH coCTOSHHS HcMonb3oBaluch IlIBHHTepoM B KauecTBe Mpo-
H3BOAAILeH (YHKIUMM [ n-KBaHTOBHX cocrosuuil [8].



[Ipon3BoJibHOE COCTOSIHHE OCHUJIATOPA JOKHO 06JanaTh passio-
JKeHHEeM II0 A-KBAHTOBBIM COCTOSIHHSIM cneny}omero BHJA:

Dﬁzcnlfw—zcn ')1/2 O>a (44)

rae Elcn |2=1. Pag B BbIpaxKeHuH (4.4) MOXKHO HCIOJBL30BATh MLJIs
onpejeneHdss QYHKUMA [ KOMIJIEKCHOTO [EPEMEHHOIO 2

F@=3 en s (4.5)

M3 ycjaoBusi HOPMUPOBKH ¢, SICHO, YTO 3TOT Psiji CXOLHTCSI AJsl BCeX
KOHEUYHBIX Z H, CAeloBaTe/NbHO, NpeicTaB/ser (YHKIHIO, aHaJUTHYe-
CKYIO B KOHEUHOH 06/1acTH KOMILIeKCHOU 1y10cKOCTH, P yHRIHH [ (2), A1
KOTOpeIX 2 |¢, [> =1, Mul GyZeM Ha3biBaTh HaGOPDOM HOPMHPOBAH-
HBIX ueabx GyHkuuit. O4eBuno, 4yT0 MEXKLY TAKHMH IeJALIMH DYHKIUSA-
MH H COCTOSIHHSIMH OCHHJJISTOPa CYHIECTBYET B3aHMHO OJHO3HA4HOE
cootBercTBHe. ONMH U3 METOJIOB OMHCAHUA OCHHJLIATOPA 3aKJAIOYAETCsI
B TOM, YTO caMHU ¢yHKUUHU [ (2) paccMaTPHBAIOTCS KAK 3JeMEHTHl I'HJlb-
OepTtoBa npocrpancrsa. CBOHCTBA 3TOrO NMPOCTPAHCTBA U IPOBOJHUMBIX
B HEM PasJIOXKEHUH JieTaqbHOo H3yyanuch B paGorax Cerana [9] u Bapr-
ManHa [10]. Jas pasnomxeHus NpoH3BOJNLHBIX COCTOSIHHI MO KOTEPEHT-
HBIM COCTOSIHHSIM Mbl OYAeM HCHOJBb30BaThb METOJ, KOTOPHIH SIBJSETCH
IPOCTBIM 0600nIeHHeM OGBLIYHOTO MeTofa NpeoGpasoBaHust Ga3sHCHBIX
COCTOSIHHH B KBaHTOBOH MexaHHKe. OUeBHIHO, YTO 3TO 3KBHBAJIEHTHO
OJHOMY H3 pa3/OXKEHHH, INOJYyUeHHBIX DBaprMaHHoM.

Ecnu 1pousBosibHOE COCTOSIHHE, KOTOPOMY COOTBETCTBYET (DYHKIHMS
f (2), o603nauuth uepes |f), To ypaBueHue (4.4) MOKHO IEpENUCATDL
B CJENYIOUIEM BHJE:

|/y=T(a")]0). (4.6)

Jasi nosyyeHust pasfoXKeHHS | [ ) 1O COCTOSHUSAM [a) YMHONKHM
cocrosiane | fy Ha e}lI/IHI/ILIHHﬂ omeparop B npejcrasiaeHud (4.3):

D= |10 @|f(@h)|0da

ITockonbky (a|f(at)=(a|f(a*), 5TO BhpaKeHHe CBOAUTCA K CJAeAYIO-
meMy:

h=—§ 1w f (%) emraior dr, (4.7)

KOTOpOE H SIBJASIETCS DPas3JIOKEHHEeM KeJaeMOro THIIA.

Crenyer OTMETHTb, UTO pasnioxkeHue (4.7) Jerko oOpaTHTb U NOJY-
YUTL SIBHOE BhIpaXKeHWe Jis QYHKUHUH [ (o *), KOTOpasi COOTBETCTBYET
IPOU3BOJLHOMY BeKTOPY | ). IlJIst 2TOro yMHOXKHM CKasnsipHO 06e 4acTH
paBeHcTBa (4.7) ua xorepenTHoe coctosinve (B | U Hcrosb3yeM Bbipa-



Kenue (3.32) A BHLIUMCNEHHS CKanspHoro mnpouspenenus (B | a);
(ﬁ | = % e—1/2 1BI2 S gB*a—lan(a*) d%a. (4.8)

ITockoabky dyHKIHIO f(0*) MOXKHO pa3jIOXUTb B CXOAAUIMHACS CTe-
NEeHHOH DPsJ, TO UMEEeT MeCTO COOTHOUIeHUE

+- | ebramiatz () ga = (B, (4.9)
13 KOTOpOro mnoJyvyaercsd 6onee oémee TOXKeCTBO
1 #
< S Bra—Iaf2 f (g¥) 42a=f(ﬁ*). (4.10)
Iloncrapnsa mociepHee TOXKIEeCTBO B ypaBHeHHe (4.8), HaxoauM, 4TO
[(p*)=e'21B2(B] ). (4.11)

Taxkum ofpaszom, uMeercsi OJHO3HAYHOE COOTBETCTBHE MeXAy (YHK-
ouAMH [ (a*), KOTOpble HIpaloT podb KO3(MPHIHEHTOB pa3JIOXKEHHS
B (4.7), u BeKTOpaM# |[), OMHCHIBAIOUMMH COCTOSIHHS OCIMJLIATOPA.

Ja1q BeXTOpOB CoOnpsKeHHbIX COCTOfHMH TaKiKe CYLIECTBYET pa3s-
JIoKeHue, aHajgorudHoe (4.7). Ecan g {(o*) ectb nenas QyHKmus a*,
TO JJIA COCTOSIHUA (g | MOXHO NOCTPOUTH PAa3JIOKeHue

@l=5 | 1g @1 B|e-vaipr azp. (4.12)

Orciona cka/nspHOe Npou3BefeHHe COCTOAHHH (g| u |f) pasHO
@l =2 1g (B f () esraion—ior g a3,

Brnosnas 3gece WHTErpHpoBaHHE MO MepeMeHHOW ¢ C NOMOLIbIO
toxkaectsa (4.10), momyyaem

@h = | 1g @ () e . (4.13)

Jlannoe BbIpaxkeHHe JJIA CKaJSPHOrO NMPOU3BEIEHUS NBYX BEKTOPOB IO
CYIIECTBY fABJAJOCh HCXOAHBIM TPH paccMorpenuy DBaprmanxom 1)
runbpbeproBa InpocTpancTBa GYHKUHE [ (2).

C MaTeMaTHYeCKOH TOUYKH 3DEHHS WHTEPECHO, YTO KOTEePEHTHBIE
COCTOSAHHUS | ) HE ABISIOTCS JHHEHHO HE3aBHCHUMBIMH, KaK 3TO HMEeT
MEeCTO IJIsl YJeHOB IOJHOTO OPTOroHasbuoro Habopa. Tak, nampumep,
passioxeHue (4.7) MOXKHO HCNOJB30BaTh AJsi BhIpameHus J06oro Aau-
HOTO KOTEPEHTHOIO COCTOSTHHS Yepe3 JAUHEeHHYI KOMOUHAIMIO OCTa/Ib-

1) Hekotopuie H3 nokasarenncTs BaprmanHa o6o6menst IllseGepom [11],
KOTODHH HCIOAb30Bad HX B cBSI3H ¢ GOopMyJanpoBKofl KBAaHTOBOH MeXaHHMKH
C NoMOubio peliHMaHOBCKUX aMIJAHTYH.



HBIX, T. €. Ha OcHoBaHuM Buipaxkenuit (4.11) u (3.32) MoxHO 3anucath

1 ;
Loy = — \ B*a—1/3 lal2—1/2 [BI2 20, 4.1
CyliecTByeT TaKKe MHOTO JPYTHX THIOB JIMHEHHOH 3aBHCIMOCTH
MexJy cocTosHuaMH |a). OTMeTHM, HanpuMmep, COOTHOLLIEHHE

S | o) ame—1/z1el? g2 =0, (4.15)

KOTOPOE CIIPaBEMJIMBO AJ5 BCeX ueselx n > 0. M3 mocieqHux pesyJb-
TATOB SICHO, YTO €CJIM Obl MBI HCIOJIb30BANH B KauecTse KO(D(UIHEHTOB
pasnoxenus B (4.7) Gosee ofmue ¢yHKuuH, uyem [ (a*), cKaxeMm
¢ynkuuu F (a, a¥), TO AONONHHTENbHO MOABHJIOCH Obl MHOIO APYTHX
croco00B  PasNOXKEHHSI MPOH3BOJBHOIO COCTOSHHSI MO KOI€PEHTHBIM
cocToAHMAM. HO HMEHHO HEsBHOe OTpaHuyeHHe, HaKJajblBaeMoe Ha
pasnoxenue (4.7) (pasnaraeMas GYHKuMA JOMKHA aHATHTHYECKH
3aBHCETh OT INepeMeHHOH «*), NPHBOIHMT K TOMY, YTO pasjokKeHHe
ABJAETCS OfHO3HAYHBIM. [[OCTOHHCTBO K€ pas/OKeHH:A C OAHO3HAYHO
onpesenaeMbIME KOa(hUIIHeHTaMH oyeBHAHO. Kpome Toro, mosBisgercs
BO3MOMKHOCTb C TIOMOIIBIO oOpalleHusl pasjioxkeHHd [Kak mpu mojyde-
HuM (4.11)] mocTpouTs siBHOE pellleHHe Uil KOS(QPHIHEHTOB passoxe-
HHs TPOHU3BOJLHOrO COCTOSIHHS, HE3aBHCHMO OT TOrO, B KaKOM Ipen-
CTaBJIEHHHY OHO OBbLIO JIaHO MNEePBOHAYaJIbLHO.

5. Pasaoxenue onepatopoB MO BEKTOPaM KOrepeHTHBIX
COCTOAHUI

Hamm 3panuss 0 cOOCTBEHHBIX COCTOSIHMAX OCHHJNATOPA HPAKTH-
yecKH peiaxo ObIBAIOT JOCTATOYHBIMH JJIS TOTrO, YTOOBI MOXHO OBLJIO
OTPENETUTh er0 KBAHTOBOE COCTOSAHHE. BMECTO 3TOr0 Mbl JOJIXKHBI OITHCHI-
BAThb KX C [OMOIIBIO CYNEPNO3HIMH COCTOSIHHH, KOTOPbIE BhIpaXKalTCs
yepes oneparop IVIOTHOCTH. Te Xe camble MPUYHHBI, KOTOPBIE MPHBEIH
Hac K HeoOXOIMMOCTH PAasJIOXKeHHs IIPOH3BOJNBHEIX COCTOAHHE MO
KOTepPEHTHBIM COCTOSHHUAM, Je1al0T HEOOXOAUMBIM MOJTYYEHHE PasjioxKe-
HUsl OmNepaTopa IWIOTHOCTH IO 3THM COCTOAHMAM. B 31OM paspeie
Hcc/leloBaHNe HAYHHAETCS C PAcCMOTPEHHA JOBOJILHO OOIEro KJjacca
ONEepaTopoB, a B CJEAYIOUEM — GYAeT paccMOTpeH YaCTHBIA ciydait
omeparopa IJIOTHOCTH. '

KBearTtoBoMexanuyeckuii oneparop T B o6lueM clydae MOKHO BbIpa-
3MTb Yepe3 ero MaTpPUUHbLIE 3JIEMEHTHl, CBA3LIBAIOLIME COCTOSIHUS C (PHK-
CHPOBAHHBIM YHCAOM KBAHTOB:

T= 2 | Tam(ml, (5.1)
T = Tom (n1m!)™2 (at)*| 0) (0 | a™ (5.2)



Ecau 3To BBIpaxkeHWe WCMOJIb30BATH [JS1 BBIYHCJIEHHS MATPHYHBIX
3JIEMEHTOB, CBS3BIBAIOIMX JBa KOTepeHTHHIX cocTostHus (o] u (B,
TO NOJYYUM

(@[T [B)= 3 Tum (alml) ™ (@*)"p" (@[ 0 OB).  (5.3)

Jas ynpoinerus 3anucu yno6Ho BBecTH ¢yHKuuw 7 (a*, ), ompe-
JeJIsieMyI0 COOTHOLIEHHEM

T (@ B)= 21 Tum (nbm!) ™" (@)™, (5.4)

B xBantoBofi MeXaHHKE 4acTO BCTPEYAIOTCH HEOrPaHHUEHHLIE ONEpaTo-
pBI; IPUMEPOM TaKHX ONEPATOPOB MOT'YT CJAYKHUTL ONEpPaTOPH, Onpese-
Jsfemble cooTHOIeHUAMH (2.16)—(2.18). Taxkue onepaTopel, a Takke
HEKOTOpBIE APYTHE, KOTOPEIE HaM, BEPOATHO, BCTPETATCS, 0G/1a/IaloT TeM
CBONCTBOM, YTO 3HAYEHHH HX MATPHIHBIX 37EMEHTOB Trm MaxKOpHUPY-
1oTcs  BhipaxkenuweM tHnoa Mn'm" pasi Hekorophbix cpHKchOBaHHblx
NOJOXKHUTENbHBIX 3Hauenuit M, j u k. B aToM ciydae nBoiinod pan (5.4)
CXOIUTCH B KOHEUHBIX O6JacTaXx IJIocKocTed of u f u npencraBiasier
coboil nenyw GhYHKIUIO 06eUX NepeMeHHBIX.

Hns nonyduenus pasnoxeHus oneparopa 7 N0 KOTE€PEHTHBIM COCTO-
AAHUSIM MOXKHO HCIOJb30BAaTh IPeJCTaBjcHHE eJUHHYHOrO oleparopa
B Buje (4.3), dro naer

T=z {10 @|TIp) Bl dad, | (5.5)
T*I Slaw(a B) (B (w|0) (0|B) d?a 2 —
{07 (@ p)Ble-temi-iebida g (5.6)

[Tonpaysdck TeM Ke METOAOM, KOTOPBHIM OBLJIO MOJYYEHO COOTHOLIE-
HHe (4.11) u3 (4.7), MOXKHO HalTH oOpalleHHe 3TOrO PAa3JIOKeHHsd,
UM pelieHHe OTHOCHTeNbHO J (¥, f):

T (@* B)=(@| T|B) eV eis+1/a 2, (5.7)

Orcrofa BHAHO, YTO pAa3jIOXKEHHWE ONEpPaTOPOB, a Takke M IPOH3-
BOJIBHbIX ~ KBAHTOBEIX COCTOSIHHH [0  KOrepEeHTHBIM COCTOSIHHSIM
ABJAFETCS OJHO3HAYHBIM.

C momotpio ¢(yHKUHE J JIErKO DOJNYYHTh 33KOH YMHOXKEHHS
onepatopos. Ecan T=T Ty, a 94 0 . 2— OYHKIUH, COOTBETCTBYIO-

mue omneparopaM 7y u Ty, TO MOXHO 3allUCaTh
(@|T|p)=(a|TT:|p) =

=%S @[Ty]v) v | Taf B) . (5.8)



[Toaromy ¢yHKIMS 9, KOTOpas NPeCTaB/IsieT NPOH3BEAEHUE ONEPaTo-
POB, [AETCs BHIPAXKEHHEM

1 ¢ * — a2
T (@ B)=- | Taleh ) T (v Pehitdy. (5.9)

OyHKuMS pasjoxKenus ajs oneparopa ¥, 3pMHTOBO-COMpSKeEH-
Horo ¢ T, moJayuaercsi u3 BblpaxkeHus (5.4) nyreM 3amMeHb B HeM
Twm #a Th, (1. e. oHa pasna [J (B* a)]*). Eciu onepartop T
SBJSETCH SPMHUTOBBLIM, TO ¢GYHKIHS J  JOMKHA VAOBJETBOPATH
COOTHOUIEHUIO

T (a*, B) =17 (% &)I% (5.10)

TaK Kak pasjoxenus onepatopos 7' u TV ofHO3HAYHLL.

Kaxk crnenyer uz (5.7) u (3.32), ¢yuxkuuu 7 (o *, B), KoTopble
NpPeACTaBAAIOT HOPMaJbHEIE TNPOM3BEAEHHS ONEpaToOpoB af W a BHAA
(@)™, BRIpAXKAIOTCH CJAENYIOMHM 06pa3oM:

T (07, ) = (a*)" p"e". (5.11)

B wactHocTH, M5 efimHMYHOrO omneparopa n = m = 0.

Crenyer OTMETHTB, YTO GOJNBIIRHCTBO NPelbAyIuX GOpMYJ MOXKHO
HECKOJIBKO VIIPOCTHTh, NPUHAB A KOTEPEHTHBIX COCTOAHHEH HOpPMH-
POBKY, OTJIHYHYIO OT o0wenpuHATOH. Ecad LA cocTOSHMH, HOPMHPO-
BaHHBEIX HOBLIM CNOCOGOM, BBECTH O0O3HayeHWe || &) H ONpEAeNHTDb
UX KaK

| @y =]a) et/aie?, (5.12)

TO CKaJIsiPHOE MPOU3BEJEeHHE JBYX TAKHX COCTOSIHMY 3amuliercsd B BHIE
(a || B). Ha ocnoBanuu Bbipaxenusa (3.32) 370 CKaJsipHOE NMPOH3BENe-
HUEe DaBHO

(af|p)=-es*B, (5.13)

Ianee, caepysa Baprmamny [10], MOXHO BBeCTH 3JieMeHT Mephl dl (),
onpegessaeMbll COOTHOLIEHHEM

\ du (o =——e—“2d2 (5.14)
w(a)

[Mocse Taxux H3MEHEHHH H3 MPEIbIAYIHX (GOPMYJ BEIIAJAIOT BCe rayc-
cOBBI QYHKUMM U YHUCJIO Tt. HaanMep, Boipaxenus (5.6) u (5.7) 3amu-
CHIBAIOTCSI B TaKOH COKpallleHHOH dopme:

7= {07, §) Blldp (@) du(p) (5.15)

I (a*, B)=(alIT||P). (5.16)

Haubonee BakHOe CBONCTBO TaKMX COCTOSHHH | a) 3ak/Ioyaercs



B TOM, 4YTO OHH JaroTcs pPas/jOXKeHHEM

o= (n?—;/zsn> (5.17)

n

u HO':?'TOMy NOAUYNHSIOTCA COOTHOLICHHUIO
. Jd |
a*lla):aﬂa). (5.18)

XoTa 0 cBolicTBAX HOPMHPOBAHHBIX TaKUM o0pa3oM coCTSHMM || o) He
caenyer 3abpIBaTh, OAHAKO B JlaHHOH padoTe MBI He OyJeM MOoNb30BATHCS
9TOH HOPMHMPOBKOH IjIsi TOrO, YTOGHl COXpPaHHTh OOILENPHHATYIO HHTEP-
NpeTauiio CKaNSIPHBIX [IPOU3BEJEHHH KaK aMijIuTyl BepOATHOCTH.
[TpenmyiecTa xe, BriTeKaomue w3 cootHowenus (5.18), He apasoOTCsS
oueHnb OOJIBUINMH, TaK KaKk BCE OllepaTopbl, C KOTOPBIMH MBI OYIeM
UMeThb JeJ0, WIH YKe HMEIOT HOPMAJbHO YINOPAAOYEHHYIO (hOpMY, HJIH
JIETKO K He#l TNPUBOLATCH.

6. OOwue cBoiiCTBa onepaTopa MIAOTHOCTH

PaszpaGorapubifi B JBYX NpelblAYLIUX pasfenaX ¢opmanusM Haer
BO3MOXKHOCTb BBIPa3UTh COOCTBEHHBIE 3HAYeHHUs OllepaTopa IJIOTHOCTH
yepe3 BEKTOpbl KOTepeHTHbIX cocTosgHuf. C MaTeMaTHYECKOH TOUKH
3PEeHUsl MCHOJBb30BaHHE BEKTOPOB KOIepEHTHBIX COCTOSIHHE MPHBOIMT
K 3HAYMTEJIbHOMY YNPOLIEHUIO IIPH BBHIYHC/JIEHHH CTAaTHCTHUECKHX Cpel-
Hux. Tax Kak KorepeHTHBIE COCTOSHUSA ABJSIOTCH COGCTBEHHBIMH COCTOSI-
HMSAMH NOJieBbIX onepatopoB E() (rf), To HOpMatbpHO YNOpANOYEHHEIE
Npou3BeJeHHs NOJNEBBIX OLEPATOPOB MOXKHO 3aMEHHTL NPH YCPEAHEHUH
Ha NpPOU3BENIeHUs] UX COOGCTBEHHLIX 3HAYEHHUH, T. €. paccMaTpUBaTh HX
He KakK onepatopel, a kak yucia. KoppensuyoHHele (GYyHKIHH IOJS
Buja GV, onpenesnsieMble ypaBHeHHeM (2.1), ecTb cpellHHE MMEHHO OT
TaKUX NPOW3BENCHU onepaTopoB. X MOXKHO NOBOJNBHO JIETKO BbIYHC-
JUTh TPH HCHOAb30BAHHH IPEJCTABJEHHH, KOTOPble MBI PaccMOTDUM
HHXKeE.

JItoGoii onepatop MJIOTHOCTH Q MOXKHO B COOTBETCTBHM C Pe3yJbTa-
TaMH DpelplfyIero pasfena OAHO3HAYHO TMIPEICTaBHTb € NOMOLIbIG
¢GYHKIMHY ABYX KOMIWIEKCHBIX nepeMeHHbIX R (a*, ), xoropas aHa-
JINTHYHA B KOHEYHBIX ofsactax miockocrelt o* u P. Ha ocHOBa-
vy (5.7) aBHOE BhIpaxkeHWe A18 (PYHKuuH R ecTb

R(a*, B)={(a|o|PB) evzwir+i2B, (6.1)

OnHaKOo ec/IM HaM M3BECTHO MaTpHUYHOE IpejcTaB/cHHe oneparopa Q no
N-KBAHTOBLIM COCTOSIHMSIM, TO OUEBHJHO, 4TO (PYHKUHMA R Jjaercs
BhIpaxKeHHEM

. R(a* B)= D) (n|e|m)(nlm!)=1/2 (o) B". (6.2)

n, m



Ecay e MaTpuuHbIe 3JeMEHTHI (1 | @ | m) HEU3BECTHH], TO KX MOXHO
IOBOJILHO JIerKO Ha#iTH, 3Has R (a *, f). OnvH U3 MOAXOJALIMX 1JIs
9TOH 1eJH METOAOB 3akjioyaercd B TOM, 4TO Mbl paccMaTpHBaeM
R (a*, f) xak npoHsBoudAllylo GOYHKUHIO H OTOXKIECTBJIAAEM €€ pPsil
Teinopa ¢ pagoM (6.2). B KayecTBe BTOPOTrO METOJA MOXKHO OTMETHTDH
caenyiommii. Ecim  Beipaxenuwe (6.2) ymuoxute Ha - ab (B *)
exp [— (Ja 2 + | P I?) ] 1 npornTErpHpOBATH 10 BCeM IJIOCKOCTAM O H B,
TO B MPABOH YaCTH HCYE3AIOT BCE YJIEHBI CyMMbl, KPOME T€X, y KOTOPBIX
n =1, m==j, ¥ MH IDOJyYaeMm

leliy =5 | R(@*, B)(1iN"2ai (B*) e=(4*+B" da &2p. (6.3)

Taxum o6pasoM, 3Has ¢pynknuio R (a *, B), oneparop njaoTHOCTH MOXK-
HO 3amycaTh B BHJE

o= ([0 R @, B Bleaartsmaadp.  (6.4)
Crartucriyeckoe cpeisee oneparopa 7' JaeTcs IIMYPOM IPOH3BENEHUS
o7. Eciu npy BBIYHC/IEHWH 3TOrO CpelHero Jis Q HUCNOJNL30BaTh Hpex-
craBienue (6.4), To HeoOXOOMMO OTMETHTb, YTO LINYP BhIPAXKEHUSH
|a) (B | T, paccmaTpHBaeMOro Kak Ofeparop, paBeH MaTPUYHOMY
asementy (P | T |a). Torma ecaum MarpHuHEIH 3JeMEHT BhLIPA3HThH
¢ nomollelo ¢pynkuuu 7 (a *, B), onpenensieMofi BeipaxenueMm (5.7),
TO Ha#geM, 4To

I

Splel) =y | R(@, B) T (B, w)e-om-P2adp.  (6.5)

Ecau T ectb oneparop tuna (at)*a™, to ero npexcrasiende .7 (B*, a)
naetcs coornoienueM (5.11). B wactHoctd, npu n=m=0 umeeMm
enuHuuHbE omeparop T =1, nas koroporo 7 (B*, a)=exp (f*a).
CJleoBaTENbHO, LINYP €aMOro OnepaTopa Q, KOTOPHIH AOMKEH OBITh
HOPMHMPOBaH Ha €JMHULIY, paBeH .

Spo=1=oy { R(a?, p)erro—ies-ip2 d2a a2,

Tax kak R (o*, B) Aejagercs ueaoil dyakunel a*, TO MOXKHO, HCIOJIb-
3ys (4.10), nposectH HHTerpupoBaHHe no Bcel a-nyockoctu. Otcrona
noJiyyaeM ycJOBHe HODMHPOBKH 174 R:

L{RE, perrap—1. (6.6)

OmepaTop IVIOTHOCTH fIBJSETCSI IPMUTOBBIM ONEPATOPOM H, CJelo-
BaTEJbHO, HMeeT AEHCTBUTE/NbHBIE cOOCTBEHHBIE 3HAUYeHHd. DTH CoOCT-
BEHHEBIE 3HAUEHUA MOXKHO HHTEPIIPETHPOBATE KAK BEPOATHOCTH, H M0O3TO-
MY OHM JIOMKHBI GBITh NOJIOKHTENbHEIMH yncaaMil. Tak Kak @ ABJseTca
MOJIOKHTENbHO-ONPEIE/IEHHBIM ONIEPAaTOPOM, TO €Tr0 OXHJaeMoe 3Haye-



HUe B J1I000M COCTOSIHHM, HanpuMep B cocroanmu | f ), ompelense-
MOM (4.6), NOAXKHO GbiTh HE OTPHUATEILHBIM

(flel/>0. (6.7)

Ecnu B kauectBe cocTosHHs |f) BeIOpaTh, HalpHMep, KOT€peHTHOE
COCTOSIHUE | @), TO NOJNYYHM, 4TO (PYHKuHS R, olpenesnsemas BeIpaxe-
nueM (6.1), yaoBieTBopsieT CAEAVIONIEMY HEPABEHCTBY:

R (a* a)>0. (6.8)

Ecnu xe cuutats, uto cocrosinue |f) onpefenserca uenod ¢pyHxuued
f(o*), kak B (4.7), To u3 nepamencrsa (6.7) maxoaum 6onece obiee
YCJAOBHE MOJOXKHUTEIBHON OINpPEAe/€HHOCTH

{ 170 @) R (@, p)emer-paraarp>o, (6.9)

KOTOPOE JOJKHO GBITh CIPABEAJIMBO VISl BCeX uENBIX GYHKIHE f.

Bo MHOrux u3HyecKHX 3KCNepHMEHTaX, ocOOEHHO B SKCNIEPUMEHTAX
C MoJIAMU OYEHb BLICOKOH UacTOTHl, HEJb3s CKa3aTh, UTO HMeercsd
Kaxkas-HUGyAb anpuopHas HH(GOpPMaNHs O HNapaMmerpax, 3aBHCAILHX OT
BpeMerH. [105TOMy BEIBOJABI, K KOTOPBIM MBI IPHXOAHMM B 3THX CAyyasx,
HE U3MEHSIOTCs NpH c/iBUre cofbITHA BO BpeMeHH. FX MOMXKHO MOJyYHTh,
HCXOAd U3 CTAallUOHAPHOTO onepaTopa IUIOTHOCTH, T. €. oleparopa,
KOTOPBI KOMMYTHPYET C FaMHJbTOHHAHOM, WJIHM NPOLlE ¢ ONepaTopoM
a‘ta. HeoGxouMoe H JOCTATOYHOE YCIOBHE TOro, 4To hyuKuMsa R (a *, B)
COOTBETCTBYET CTAalMOHAPHOMY ONEPaTOpy IWMIOTHOCTH, GOCTOHT B TOM,
YTO OHa [O/KHA 3aBHCETh TOJBKO OT MPOU3BEJEHHS CBOHX INEepeMeH-
Heix o ¥ B, JIpyrumu cjoBamH, NOJXKHA CYLIECTBOBATH aHAJHTHYECKas!
tdysruusa o, Takad, 41O

R (a*, B) = (a*p). (6.10)

To, 4T0 3TO YCJIOBHe AOCTAaTOYHO, SICHO M3 HHBApHaHTHOCTH R oTHOCH-
TEJbHO YMHOXKEHWS Kak o, Tak 4 P Ha (a3oBelfi MHOXHTENb €%,
Heo6xouMOCTs Ke €ro HENOCPEACTBEHHO cielyeT U3 ofpalleHHs
B HYJIb KOMMYTaTopa oriepaTtopoB @ U ata. JIpyroii H, Bo3mMoxkHO, Gojlee
npoctofi MyTh jAOKa3aTenbcTBa cooTHoileHHA (6.10) ocHoBaH Ha TOM,
YTO CTAuWOHAPHBIH onepatop Q siBAsdercsa (yHKuHEH raMHJbTOHHaHa
TOJIBKO JJ/151 OHON MOJbI, WM afa. [T03TOMY OH IuaroHa/eH B NpeiCcTaB-
JIeHUH N-KBAHTOBBIX COCTOAHHHU, T. €. {(n [0 |m) =dni{n|o|n).
Uccnenopanue pazna (6.2) Aaa R 110KasbiBaer, YTO OH CBOAUTCS B 5TOM
chayyae k Beipaxenuio (6.10).

7. P-npeicraBjeHde ONepaTopa IVIOTHOCTH

B npeapinymux pasgenax 6uis1a NPOJEMOHCTPHPOBAHA IPUMEHUMOCTD
KOTEPEHTHBLIX COCTOsSIHHH B KayecTBe Oa3HvCHBIX BeKTOpoB. OfHaKo He
BCe moad TpeGYIOT A CBOEro ONUCAHUA ONEePaTOPOB IIOTHOCTH TaKOTO



ofuiero Buja. JleficTBUTENBHO, AN HIHPOKOro Kiacca Iosel uajiydyenus,
KOTOpHBI BKJIOUAeT, KakK Oyaer MOKa3aHO HUXKe, (haKTHYECKH Bce 1oJs,
H3ydyaeMmble B OIITHKe, MOABIAETCS BO3MOXHOCTh NPHBECTH oONEpaTop
IJIOTHOCTH K 3HAuUHMTeNbHO Gojiee mpoctoMy BuAy. Taxko#t BHA onepato-
pa IJOTHOCTH TNPOJIMBAeT CBET HA MHOTHE aHAJOTHMH MEX]Y COOTBET-
CTBYIOIIUMH BBHIUMCIEHUAMH B KBAaHTOBOH 3JEKTpOAMHAMMKE W B KJjac-
cuueckoii teopuH. Ero Hcrosnb3oBaHMe MO3BOJeT TayGXKe INOHATD,
[OYEMY HEKOTOPble H3 OCHOBHBIX 3aKOHOB ONTHKH, TaKHe, KakK cymep-
HO3HsA [oJell U BRIUUCJIEHWE Pe3YJALTHPYIOLHX HHTEHCHBHOCTEH Jaxke
IPH MaJIOM 4YHc/le KBAHTOB, COBIANAlOT C 3aKOHAMM KJacCHYeCKOH Teo-
puH. B nanpHeliieM MBI IOKa MO-mpeXkHeMY OyaeM OrPpaHHUYMBATHCS
paccMoTpeHreM OXHOR MOJbI NOJS.

Koneuno scHo, uyro HauboqbllHH HHTEPEC NPeACTaBaAsfeT MJIST HAC
KOT'EPEHTHOE COCTOsIHHE ocuuisaTopa. /1 4HCTOro COCTOSIHHS | Q)
ONePaTopoOM IUIOTHOCTH #BJseTCs NPOEKNUMOHHEIH onepaTop

e=|a){al. (7.1)

Onnosnaydoe TpeicTaBjieHHe 3TOrO oneparopa depes (GyHKIHIO
R (B*, v), Kak Jerko BuAeTb H3 Bpipaxenus (6.1), HMeeT BHA

R, y)= ebtavat—ioz, (7.2)

Hpyrue ¢yuruun R (B*, y), KoTopele YIOBJIETBOPSIOT TPeCOBaHHAM
AHAJUTHYHOCTH, HEOOXOAMMBIM IJA MpelcTaBlIeHHd OlepaTopoB IJIOT-
HOCTH, MOXKHO IIOJIYYHTh C IIOMOIIBIO JHHEHHOH KOMOMHAUUH 3KCIIO-
HeHLHUaJbHBIX BhIpaxkeHuii Ttuna (7.2) ¢ pasjHYHLIMH 3HAYEHHAMH
KOMIIJIEKCcHOro napamerpa a. [Tonyuaemble TakuM o6pasoM GyHKUHH R
MpeACTaBJsIOT CMelIaHHbBle KOTePeHTHEIE COocTOosiHEA. B HauGoisee o6meM
BHJE TaKyl (GYHKUHIO R MOXKHO 3anucaTh CJENYIOHM o6pasoM:

R(E* v)= | P (o) eprotvor—iaz g, (7.3)
~

rae P (a) ectb BecoBass (YHKIHA, ONpeleleHHass BO BceX TOYKax
KOMILIEKCHOH o-mtocKocT. Tak kak ¢yuxkuusa R (B*, y) nosaxkua
VIOBJETBOPATH ycjioBHIO spMuToBOCcTH [eM. (5.10)], TO MBI HOTpEGyem,
yTo6hl BecoBas (yHKHus Oblia JAeficTBuTenbHOH, T. e. [P (a)]* =
= P (a). Ona He 00543aTeNbHO ROJKHA YAOBJETBOPATL YCJIOBHIM pery-
JIAPHOCTH, HO €e CHHT'YJSPHOCTH JNOJ/DKHBI OBITH HHTETPUPYEMBbIMH 1).
Y 106HO NPeanoNoKHTb, YT0 P (0) UMeeT CHHIY/JIAPHOCTb THNa O-hyHK-
LIMH, TOrJa MpelcTaBJeHHe YUCTOrO KOTePEHTHOIO COCTOSIHHS MOXKHO
paccMaTpUBaTh KaK CHenuansHbIi ciaydad BoipakeHus (7.3). B atom
cnyyae NeHCTBUTENbHYIO IBYXMEPHYIO O-(pYHKIMIO MOXHO ONpPEIeNUTDb

- 1) Ecan P (o) o6nafaeT CHHTYJASPHOCTAMH Ooflee CHAbHEIMH, ueM J-yHK-
MMA, HanpHMep THNa NpPou3BofHOH OT O-QyHKUHMH, TO NpejcTaBaseMble IOJS
ne OYAyT UMeThb KJacCHYeCKOro aHaslora.



PaBeHCTBOM

& (a)=0(Rea)d(Ima). (7.4)
Torpa uncroe korepentHoe |f) onucbiBaercsi GyHKuueH
P(a)=6% (a—p), (7.5)

a OCHOBHOMY COCTOSIHHIO OCUMJAJAATOpPa cooTBeTcTByeT P = 0.
@yskuuu (7.3) COOTBETCTBYeT ONEparop IJIOTHOCTH Q, KOTOPBIH
ABJIAETCA CYNeprno3uiyuel NPOeKHHOHHBIX omnepaTtopoB (7.1):

0= S P(a)|a){a|d?a. (7.6)

K onepatopy Takoro THna MOXHO NPUHATH, €CAH H3BeCTHO, YTO OCIHHUJ-
JSATOP HAaXOHUTCH B KOTePEHTHOM COCTOSHHH, KOTOPOMY COOTBETCTBYET
HeH3BecTHOe coOCTBeHHOe 3HayeHHe a. CliefoBaTeIbHO, MOXKHO CUHTATh,
uto pyukiusa L (o) urpaeT podb, aHAAOTUYHYIO NJAOTHOCTH BEPOATHOCTH
IAS pacnpesieleHUst 3HaUeHHH 0 10 KOMIJIEKCHOH mockocti ). Jlanbue
MBI YBHAMM, YTO HHOrZa TAKYI0 HHTEPIPETAIHI0 MOXKHO 0GOCHOBATb.
Onuako B ofumieM ciaywae ¢byHKuuio P (o) Heab3s TOCAEIOBATENbHO
MHTEPIPETHPOBATh KaK pacnpesieieHHe BepOATHOCTH, INOCKOJBKY MPo-
€KLHOHHbIE OMepaTophl, C KOTOPHMH OHa CBsI3aHa, He OPTOrOHAJbHBL
Ipyr Apyry mOpH pasjauyselX 3HaueHusx o. [lpaBiza, B HekoTOopOoM
CMEIC/IE MOXKHO CKa3aTh, YTO COCTOSHMA | o) ¥ | a’) cTaHOBATCA npu-
O/UBHTENbHO OPTOTOHANbHBIME NpH | o — a' [»]1 [uTo oTMeyasoch
B cBsA3H ¢ (3.33) ], T. e. Korna ux BosiHOBHE nakets (3.29) unu (3.30) ne
[epeKpblBaloTcAd 3aMeTHBIM ofpasoM. Ecnu XKe ¢ynkiusa P (a) Majgo
H3MeHsAeTca BO Beeil 06acTi 3HaUeHUH nmapamerpa o, TO HEOPTOrOHAb--
HOCTb KOTepeHTHBIX COCTOSIHHHA OKashBaeT HeBoJIblIoe BAUsIHKE U QYHK--
nuw P (a) MOXKHO OPUGAMXKEHHO HHTEPHPEeTHPOBATh KAK ILJIOTHOCTh-
BEPOATHOCTH. MeyieHHO MeHsomyecs QyHkuun P (o) obpuno GYAyT
CBA3BLIBATBCS C CUABHLIMHM IMONSIMH, KOTOpDble HPUOGAHXKEHHO MOXKHO-
OMHUChIBAaTh C HOMOLIBIO KJAACCHUECKOH TEOPHH.

Bripaxenue (7.6) mns omepatopa IWIOTHOCTH MBI GYieM Ha3LIBAThb:
P-npencrasnenneM, 4ro6bl OTIHYATh €ro OT fosee O6LIEro BhIpaXKeHHT
yepes pyHKUHIO R, KoTOpoe paccMarpuBasioch Bhille. F3 HOpMHPOBKH
omepaTopa IJIOTHOCTH BbiTekaer, uto P (o) HOMXKHA INOAYMHATHCH
CTIeRYIOUIEMY HOPMUPOBOYHOMY YCAOBHIO:

Spo= S P(o)dPa=1. (7.7)

HuTepecHo Takxke paccMOTPeTb OrpaHHYeHHS, KOTOPhIE HAKJajbBaeT
Ha P(a) nonoxuTenbHas oOnpepeneHHocTb Q. Ecam X dyHRmum

1) Ha cymecTBoBaHHe 0NepaTopa IVIOTHOCTH B TAKOM BHJe YKasHBa® TaKke
Cymapman [12]. Ero sameuannst Kparko o6CyXpaloTcs B KOHHe pasgena 10.



R (B*, v), nasHoii BblpaxkeHHeM (7.3), NpUMEHHTb HepaBeHCTBO (6.9),
TO MONAYYHM

S [F (B*)1*  (v*) P (a) eb*atva*—jaiz—ipi2—ivi2 d2¢, f?B d?y > 0. (7.8)

VIHTerpupoBaHre Mo y MOXKHO NMPOBECTH, YYHTbIBAst cooTHowwerue (4.10),
a mo P ¢ [OMOImBIO COOTHOLIEHHS, KOMILIEKCHO-CONPSKEHHOro
¢ (4.10). Tlocne aToro mosy4uM cJa€AyIOUlEEe HEPABEHCTBO:

S |F (0*) 2 P (a) e=19* d?a > 0, (7.9)

KOTOpPOE JOJIKHO GBITb CIPaBEJJHBBLIM JIJs BCeX LeJblX (yHKUHM.
B vacrwoctd, ecaH BHIGpaTh

f (a%) = epar-1vap,

“TO NPUXOJUM K IPOCTOMY YCJOBHIO, KOTOpPOe HOJIKHO OBITh Crpa-
BEJJUBO /19 BCEX KOMIWIEKCHBIX 3HaueHui f,

S P () e-1o-BI2 ¢2%0, > 0. (7.10)

D10 ycaosue coorBercTByer TpeGoBanuio (Bl e | f)>0. Ecau Obl
¢dynkuusa P (o) mpeacraBissia MJIOTHOCTb BEPOSATHOCTH, TO OHA GOblIa
GBI [IOJIOKUTELHON U TOJyYeHHble HePaBeHCTBA BBINOIHANNCH OBl aBTO-
Matayeckd. OJIHAKO 3TH HepaBEHCTBA He ABASIOTCA AOCTATOYHO CTPOrH-
MH, YTOOBI HCKJIOUKMTE A P (o) BO3MOXHOCTD PYHUMATDL OTPHUATEN b-
Hble 3HayeHHs B HEKOTOPOH OrpaHH4eHHOH COOTBETCTBYIOIUM 00pasoM
06J1aCTH MIOCKOCTH ). DTOT pesyabTaT MOKa3biBaeT, 4To B 001IEM clyvae
BecoByI0 ¢yHKRuMIO P (o) Henb3ss HHTEPOPETHPOBATL KaK IVIOTHOCTD
BEpOSATHOCTH?).

Ecau omeparop NMOTHOCTH 3ajaH B P-mpejcTaBleHHH, TO ero
MaTpHYHbEIE 3JIEMEHTHl ONPEIeNAIOTCs BblpaXKeHHeM

nlelm={P@@lo@mae (711

CxansdpHble NpOW3BeJeHUs B INOABIHTEIPATBHOM BHIPAXKEHHH MOXKHO
BLIUMCAUTL ¢ moMompio (3.3) u (3.6). B aToM ciiyyae mosyyaem

(n|o|my = (nlm)=Y S P(a)am(a*)"e-wi2 d2a.  (7.12)

1y TIpumep Becosoit ¢yHrufiu P (@), XKoTopas NpHHHMAaET OTPHUATeNbHbIE
3HAYeHHUS, HO NPHBOEHT K IOJOXHTENbHO-ONPeleIeHHOMY OMNepaTopy MIOTHO-
cTH, naercs BHpaxentem P () = (1 + A) (rn) ~le— 1@ B/m __ A8@ (M) pas n >0
# 0 < A< n-l. Bugxo, 4TO MaTpHUHOE NpeJCTaBjeHNe COOTBETCTBYIONErO Olle-
paTopa NJIOTHOCTH, OnpejeldsieMoe BhipaxkenwueM (7.12), JuaronaieHo H HMmeer
TONILKO IOJOXHTENbHEE COGCTBEHHBIE 3HAaueHHA.

2) TIpumepom Tako# (QYHKUHH, KOTOPash MIpaeT Poib, aHAJOTHYHYIO NJOT-
HOCTM BEPOSATHOCTH, HO MOXKET NPHHHMAarb OTPHHATEJbHbE 3HAUEHHs B KBaH-
TOBOMEXAaHHUECKOM CMbic/e, siBAdeTca QyHKuus pacnupefenenns Buruepa [13].



MaTpuna nJaoTHOCTH B TAKOM BHJE [AeT OCHOBHBIE CBOHCTBa moueil,
KoTopble HamGoJee yno6HO ONUchIBaTh B P-npejcraBienuu. Ecam
P (0) — BecoBasg (pYHKUUS, CHHTYJSIPHOCTH KOTOPOH HE CHJbHee
cuHryasiprocte O-pyHKuuH, TO B o6leM cayyae oHa GyjaerT o6Jaanarthb
HEeHCUe3alolUMH KOMILJIEKCHBIME MOMEHTaMH IPOH3BOJABHO BBICOKOTO
nopsinka. [EnuHCTBeHHOe HCKJIOYEHHE cocTaBJasger ¢yHKuusa P (o) =
= 8% (n), KoTOpasi COOTBETCTBYET OCHOBHOMY COCTOSIHHIO MOMABI. ]
U3 aroro cnenyer, 4To IHAroHaJbHBIE MaTpUUHBIE 3JEMEHTH {1 || n),
KOTOpble NPEACTABJIAIT BEPOATHOCTL HAXOXKIEHHS n (OTOHOB B MOJE,
HMEIOT HEHYJIEBble 3HAyeHUs IAd NPOH3BOMBHO Goabiux n. Takum
oGpasoM, ecnu pyHKuuA P (a) Beper ce6s1 AOCTAaTOYHO XOPOLIO B yKa-
3aHHOM BBILIE CMBICE, TO HET OrpaHHYEHUs] CBEPXY Ha uucao (GOTOHOB,
HUMEIOIUXCA B Moje 1).

B P-npejicTaBneHuH cTalu#oHapHbLIE OMepaTOPhbl IJIOTHOCTH COOTBET-
CTBYIOT (pyHKuMAM P (0), KOTOpBle 3aBUCST TOJABKO OT | o [. D10 cae-
IyeT u3 BhpaxeHud (7.2), Koropoe MOKa3biBaeT, YTO TakKHe (YHKIUH
P (o) npuBoiat K ¢oyukuuaM R (B*, y), He H3MeHSAIOMUMCH NMPH H3Me-
HeHuH obuiedt ¢assl P u y. DTO TakKe XOPOIIO BUAHO U H3 COOTHOIIE-
Hus (7.12), Kotopoe mokaskiBaeT, YTo {(n | Q | m) UpUBOJUTCHA K JAHa-
rOHaJbHOMY BUAY, KOIa BecoBas (PYHKIUsS HE 3aBUCHUT OT (asbl.

Hexoropoe MOHATHE O NPAKTHUECKOM 3HAUYEHUH P-npeicraBieHud
IJd ollepaTopa IJIOTHOCTH MOXHO NOJYYHTh, paccMaTrpuBas cylepno-
3ULMIO TIONeH, CO3JaBaeMbIX pAa3MYHBIMH HCTOYHHKaMmH. [lockosnbky
Hac HHTepecyeT NOKa MoBelJeHHe TOJLKO OAHOH MOABI NOJS, TO MBI
6yneM HMeTb [eJO JHUIIb C OTAEJbHBIMH acHeKTaMH TNOJHOH 3ajayl,
XOTA AHAJOTHYHBIM 06Pa3oM MOXHO HCCJIENOBATH W MOBEIEHHE BCEX
mon. PaccMoTpuM cynepnosvuuio moJjefl oT ABYX PasfiHYHLIX HEYCTaHO-
BUBUIMXCS HCTOYHHKOB H3JYUYeHHA, CBABAHHKX C MOJOH MOJS, KOTOPBIE
MOTYT BKJIOYaTbCAd H BHIKJIIOYAaTbCA pasfenbHo. lIpepmosoxum, dYTO
B MOMEHT BPeMEHH f; BKJIIOYAeTcs NMEPBLIH MCTOYHHK, KOTOPLIH nepeBo-
JUT OCUMJAASATOP NOJS U3 €ro OCHOBHOTO cocTosAnus | 0) B KOrepeHTHOE
cocrosiHue | oq). Ecd X MOMEHTY BPEMEHH f; ITOT HCTOUHHK TE€PECTaeT
U3JyyaTh, TO A Bcex GoJiee NO3JHHX MOMEHTOB BPeMeHH IO/ OCTaer-
¢Sl B COCTOSHHH | 04). C paBHBEIM yCIEXOM MOXKHO CYHTaTh, YTO NEPBHIH
HUCTOUHHUK OCTaeTCs BHIKJIOYEHHEIM, a B MOMEHT BPeMeHH tp BKJIOYAeTCA
BTOpo¥ HcTOYHHK. [asee, npennosoxuM, yto BTOPOH HCTOYHHK Mepe-
BOJHMT OCUHJIJIATOP H3 €0 OCHOBHOI'O COCTOSIHHS B KOTrePeHTHOe COCTOS -
HHe | 0y). Bo3HUKaeT Bompoc, B KaKOE COCTOsIHHE IepefleT OCHIAIATOD

1) Onepartop naoTHoCTH A MOJEl, ¥ KOTOPHX MaKCHMATbHOE YHCIO (OTO-
HOB B MoJe orpanndeso uucaom N, npexcTaBasiercad ¢ymkuusmu R (B*, y), KoTo-
pble fABJAAOTCH mnojduHoMaMHM N-fi cremedd mno B* H vy. M3 noselenus TakHX
NOMHHOMOB NpH Gonswux | | H |y | cenyer, uro ao6as Becosas Gyukuua P (a),
KoTopad Ha ocHoBauuu (7.2) cooTsercTByer R (f*, y), Ronxkua o6iaagaTe CHH-
TYAApHOCTAMH Gollee CHILHLIMH, UeM CHHTyJdspHocTh O-QyHkuHH. Takue noas,
BEPOSATHO, HauGoJsee yZo6HO ONHCHBATE € NOMOIbIO R-yHKuMil.



noJs, ecJH JONYCTHTh, YTO JBa HCTOYHMKA HAYMHAIOT AefCTBOBATb
oc/eoBaTeIbHO: MEPBHEA B MOMEHT f;, a BTOPOH B MOMEHT {».

OtBer Ha BOIPOC B 3TOM MPOCTOM CJy4Yae MOXKHO IOJAYYHTb, He
Jesasi HUKAKMX [ETaJbHBIX BBIYHCJAEHUH, a M0Jb3YyACh YHHTapHBEIM
OIepaTOpOM CIBHMIa, PACCMOTPEHHBIM B pasfene 2. JleficTBHe NepBOro
HCTOYHHKA TNpeACTaBJAsETCs YHUTAPHHIM omepatopoM D (a;), KOTOpbhIH
OCYILECTBJISIE€T CABHI COCTOAHHUSA OCUMJ/IATOPA U3 OCHOBHOI'O B KOr€pPeHT-
noe | ay) = D (oy) | 0). HeilictBie XKe BTOPOr0 HCTOYHHKA NPENCTAB-
JigeTcs oneparopoM capura D (ay), TaK YTO MPH BRJIIOYEHHH €r0 IOC/Te
NepBOr0 KCTOYHHKA OH MNEPEBOJHT OCHHJIATOP B CYNEPHO3HIHOHHOE
COCTOsIHHE

| ) =D (a2) D (ay)[0) (7.13)

[TocKOJIBKY 9TH OMEPATOpbl CJABHIA MMEIOT 3KCIOHEHIHAaJbHYIO
dopmy (3.17), To 3aKoH MX YMHOXKeHHs paeTcs BopaxenueM (3.20):

D (as) D (ay) = D (ay + ag) /202050300, (7.14)

DKCIOHEHIMANbHOEe BhIpaXKeHue, BbinesieHHoe B (7.14), HMeeT YHUCTO
MHHMBIfl apIyMeHT H, C/1eJoBaTe/IbHO, COOTBETCTBYET (PAa30BOMY MHOXKH-
temo. JIpyruMu cioBamH, CYHeprnosHiuonHoe cocTosinue (7.13) sBaser-
c Kak pa3 KOrepeHTHBIM COCTOAHHEM | a; + agp), YMHOXeHHBIM Ha
(asoBplit MHOMKHUTENb. OnHAaKO (ha30Bbii MHOXHTEIb HE BJMAET Ha
onepaTop IVIOTHOCTH JJI CyNEePIO3HUIHOHHOIO COCTOAHHSA, KOTO-
pHIfl paBeH

e =|ay+ o) (ay+az | (7.15)

ITpu uaMeHEHHH CrOCO6a BKIIOYEHUS OMUCHIBAEMBIX HCTOYHHKOB B MbIC-
JIEHHOM 3KCMIepUMeHTe (HalpuMep, IPH BKJIOUYEHHH HX B APYTHe MOMEH-
THI BpEMeHHU WJH B 00PaTHOM MOPSALKE) KOHEYHOE COCTOSTHHE OTJIHYAeTCs
TOJBKO (ha30BbHIM MHOXKHTEJNEM H, CJIEIOBATENbHO, MPHBOIUT K TOMY XKe
caMOMy OIepaTopy IVIOTHOCTH. AMIUIUTYZbl MOC/TEJ0BATEIbHBIX KOre-
PEHTHBIX BO3GYXIEHHH OCHMINATOPA NOJIS CK/IANBIBAIOTCA B KBaHTOBOH
TeOpHH NMOJOGHO KOMINIEKCHEIM YHC/IaM, TaK JKe KaK H B KJaccuye-
CKOH TEOpHH.

I[TpennosioXkum Tenephb, YTO B TAKOM XK€ SKCIIePHMEHTe HCIOMb3YI0TCs
HECKOJbKO MeHee HieaibHble UCTOUHHKY H YTO OHH MEPEBOJAAT OCURIIA-
TOP HE B YHCThle COCTOSIHHSA, @ B COCTOSIHHsI, ONUCHIBAEMbIE CYNEPIIOSH-
LHell KOTepeHTHHIX cocTosinuii Tima (7.6). Bynem cuurtath, yto NpH
ZIeHCTBHM OLHOIO TOJIBKO NEPBOT0 HCTOYHHKA IOJI€ NEPEXORUT B COCTOA-

-HHe, OMUChIBAEMOe OIEPaTOPOM IJOTHOCTH

Q= S Py (ay) | ay) (o | dPay. (7.16)



CocTostHHE O NpH JEHCTBHH TOJMBKO BTOPOrO HCTOYHHKA Hpel-
CTARJSAETCH CJIEIYIOUIMM OIepaTOpoOM:

o= { Pa(a2) @z (0] dPaz= | Pa(@) D(2)]0) (0| D7 (ag) .

Ecau BTOpOﬁ HCTOYHHUK BKJIIOUAETCH NOCJE MNEPBOro, TO OH IEpeBOAUT
1fi0JlIe B COCTOdHHE, OMUCHIBaeMOe ONepaTopoM IIVIOTHOCTH

o= P2(a2) D (az) @D (a) dPa =

= S P2 (Ctz) P1 ((11) | 07} + (12> <a1 + Oo i d2a1 d2(l2. (7.17)
Dr0T ommepaTop MOXKHO 3alucartbh B 06UJ,eM BHzE

o= S P (a)|a){a|da,

€C/IM CUHTATb, YTO IPH IOCJTELOBATENLHOM BO30YMKIEHHH BeCOBas
$yBxuust P(a) paBHa

P(a)= S 62 (0 — oy — 0) Py (@) Po (00) %0y d?ay,  (7.18)
P(a)= S Py(a—a')Py(a’)d? . (7.19)

HenocpencrBenno u3 (7.18) BuaHo, 4TO £ MMeeT NPABHJIBHYIO HOPMH-
POBKY, €CJIH COOTBETCTBYIOIUM 06pa3oM HopMuposaubl Py u Py. Ilpo-
CTOH 3aKOH CBEPTKH BECOBHIX (PyHKLHMH SABJASETCS OJHUM 3 BaXKHBIX
CBOHCTB OnHcaHuA noJel ¢ noMoulplo P-mpencrasienns. OH NOJTHOCTBIO
aHAJIOTMUeH 3aKOHY, KOTOPHIH MBI HCIOJb30BalH Obl B KJIaCCHYECKOH
TEOPHH JUIs ONWCAHUA pachpele/iendsi BEPOSATHOCTH CyMMBl JBYX
HeonpeleNeHHbIX Qyphbe-aMIIATY] OCHRJIATOPa MOJA.

TeopeMy 0 cBepTKe (pYyHKLUHMH 4acTO MOXKHO HCHOJB30BaTh VIA pas-
JIOMKEHHS Tosefi Ha COCTaBHBIE YacTH ¢ Gosiee MPOCTBIME CBOHCTBAMH.
ITpennosioxuM, YToO Hallle NOJe OMHChIBaeTcs BecoBol dyHkuued P (o),
LIS KOTOpOH cpeliHee 3HAUYEHHE O ONpefesiercs CJICAYIOUUM 00pasoM:

a= S P (a) d2a. (7.20)

Torna u3 (7.19) cnexyer, 4to J06oe MoJe TAaKOro THIIA MOXHO pac-
CMaTpHBaTh KaK CyMMy YHCTOrO KOT€PEHTHOrO MOJIsi, KOTOPOe COOTBeT-
ctByer BecoBoii ¢ynkuuM 0% (@ — a), W mosisA, MNPEACTaBIAEMOro
¢dynxuueii P (a + @), AJs KOTOPOH cpejHee 3HAYEHHe 0. PaBHO HYJIO.
[Tonst ¢ Hy/eBbiM cpefHMM 3HaueHHeM o Oynem HasblBaTh Hehasupo-
BAHHBIMH HOJSIMH. '
VcrnoapsoBanue P-npefcTaBieHHs oneparopa IVIOTHOCTH B TOH
06JIacTH, THe OH HE HABJSETCH CJOUIIKOM CHHIYJSPHBIM, NPHUBOAHT



K YTIPOLIEHHIO BEIYRCIEHUH CTATHCTHYUECKHX CPEIHAX, KOTOPhle HECKOJIb-
KO OIJIHYaloTC OT pacCMOTPEHHBIX B NpeiblayiieM pasiene. Tak,
HalpuMep, CTaTHCTHUYeCKOe cpefHee JiofOTO HOPMANBHO YNOPSOYEH-
HOTO IPOH3BEREHMs] ONEepPaTOpPOB POXKAEHHSA W YHHUTOXKEeHHs (POTOHOB
THHa (a")"@™ cBomuTcs K InpocToMy cpeasemy oT (o*)*a™, B3gTOMY
OTHOCHTeNBHO BecorOH (yukuuu P (a), T. €. paBHo

Spe(ana”}= | P(a)(al(@)ra” o) da = { P(a) (@) o di.

(7.21)

[IpakTHyeck® 3TO TOXKJECTBO O3HAYaeT, YTO MHOrHe KBAHTOBOMeXaHH-
YyeCKHEe pacyeThl MOKHO IPOH3BOJUTL CIOCOGAMH, KOTOPLIE aHAMOTHUHB
ye H3BeCTHBIM M3 KJacCHYecKofl TeopHH.

Cpennee 9Hc10 (POTOHOB B MOJE fABJsIETCsl Haubo/ee MPoCcTOi Mepoi
HHTEHCHBHOCTH ee B030yxJenusi. OnepaTop, NPEACTaB/AIOLIHMHA UHCIO
aMetonpxcs (oToHOB, KakK BUAHO u3 ypaBHenus1 (2.18), paBeH a a.
[Tostomy cpenmee unciao (GoTOHOB {n) Naercsi BLipaKeHHeM

(n)=Sp {oata}. - (7.22)
Torpa na ocHoBanuu (7.21) nogayvuaem
<m=SPmHMW%, (7.23)

T. €. cpenHee uucjio (GOTOHOB PaABHO CPeAHEMY OT KBajpara alCoMoT-
HOTO 3HAYECHUS aMIIUTYAbl a. [Ipu cynmepnosuuuy ABYX nosefl, onucH-
BaeMblX pacupefeneHuaMu Py u P,, pesyJabTHPYIOLUIHE HHTEHCHBHOCTH
NOJYYaloTcs ¢ TNOMOLIBI0 [PAaBMJ, KOTOPHIMH BCeria MOJIb30BalHch
B KJaCCHYECKOIl 3JeKTPOMAarHUTHOH Teopud. [usd HedasnpoBaHHBIX
noJiefl HHTEHCHBHOCTH CKJIaAbIBAOTCS «HEKOI'€PEHTHO»; IJIs KOrepeHT-
HBIX COCTOSIHHMH AMIJIUTYIB! CKJAJBIBAIOTCS «KOTEPEHTHOY,

Hcnonb3oBanue P-npefcTaBieHHs oneparopa MJIOTHOCTH /ISt OIH-
caHus ToJefl NpUBOJHT MHOTHE DPEe3YJIbTaThl KBAHTOBOH 3JIEKTPONH-
HAMHKH K BMJIY, aHaJOTHYHOMY pe3y/jbTaTaM KJAaCCHYECKOH TEOpHU.
XoTa B 3THX aHAJIOTUSAX OCOOEHHO HAIVIANHO MNPOSIBJSIETCA NPHHLHII
COOTBETCTBHS, OMHAKO Ha 3TOM OCHOBAHHH HEJIb351 CYMTATDh, UTO KJIACCH-
yecKasl TeOpHUsl ABJISETCS CKOJIbKO-HHOYIb afleKBATHOH 3aMeHOH KBaH-
TOBOW Teopuu. Becosble pyHKuMH P (a), HCOONB3YIOUKECS B TEOPHH,
HEJb35 CTPOrO HHTEPNPETHPOBATh KaK PACHPENeCHHsT BEPOATHOCTH.
OHH Takke He BLIBOAATCS, KaK IPaBUJIO, U3 KJAcCHYECKOrO ONHUCAHHU:A
HCTOUHUKOB H3iyueHusl. C MOMOIIBIO K/IACCHYECKOTO HJIH MOJYKIACCH-
YeCKOro anajusa Boollle Helb3sl NMOHATh HX 3aBUCHMOCTH OT MOCTOSH-
noit [lranka.

[TockonbKY B NpPOLUIOM MeJbifi PAN BHIYMC/ICHHH, CBSI3aHHBIX CO
CTaTHCTHKOH (POTOHOB, OB IPOM3BEIEH CYUIECTBEHHO KJACCHYECKUMH
METOJJAMH, TO, BEPOSATHO, TOJE3HO HECKOJBKO IVy6XKe paccMOTpeThb



CBA3b MeXJy P-npefcTapieHyeM U KJlaccHuecKoi TeopHeil. B uactaoctu,
ClelyeT OTMETHTb, YTO ONpelesieHHe aMINIMTYABl o KaK cOGCTBEHHOIG:
3HAYEHHUs OMepaTopa aHHUTH/IALUHH NPUCYINE TOJIBKO KBAHTOBOH MeXa-
HUKe. EC/IH MBI XOTHM NPEACTABUTH aMIVIUTYAY MOJABI JAHHOTO KJAACCH-'
YECKOro MoJist KaK cOOCTBEHHOe 3HaueHue, To u3 (2.20) mojyuaeM, 4TO
BEJUYRHA COOTBETCTBYIOMETO 3HAYEHHS O INPONOPHUOHANbHA hi—Y/2,
Ilpu wucnosb3oBanuH Ge3pasMepHBIX BEJHYMH, C IOMOLIbIO KOTOPBIX
U OonpeflesieHa BeJIMYHHA O, KJIACCHYECKOe OMHCAHHE MOJBI NPUMEHHMO
TONBKO B TOH 00JIacCTH KOMIUIEKCHOH a-IUIOCKOCTH, Thae |a | > 1,
T. €. K aMIUIHTYJaM Kojiebanui, GOJIBLINM 1O CPABHEHHIO ¢ HYJIEBLIMH
ayxTyanusmMu, BXOAAMMMH B BOJHOBble makets! (3.29) H (3.30).
ITosromy xnaccudyeckast Teopusi B NPUHIMIIE MOXKET 1aTh HAM TOJBKO
camoe rpyGoe mpeicrasjienue O BecoBolt pyHKuuu P (a). Korma apry-
MEHT BECOBOH (YHKUAM SABHO MONafaeT B KJACCHYECKYID 06/1acTh
KOMIIVIEKCHOH IUIOCKOCTH, TO, IPyGO TOBOPSI, H3 KJ1aCCHYECKOH TEOpHH.
MOXKHO NOJIYYHTh TOJBKO cpefHee 3HaueHue ynxkuuu P (o) Ha mio-
many, pasMmepsl Kotopofi | Aa | mopsiaka enMHULE Hiau Gosbuie. Takue
Cpeinue 3HaueHHs, KakK BUAHO M3 HepaseHcrBa (7.10), GyAyT Bceria
NOJIOKUTE/NLHBIMH; C/I€[0BATe/IbHO, B KIaCCHYECKOM MIpelesie UX BCETAa
MOXHO UHTEPIPETHPOBAThL KaK BEPOATHOCTH.

8. TayccoB onepaTop mIOTHOCTH

FayccoBa ¢ymKuMA ABIAETCA CTATHCTHYECKHM paclpefie/IeHHeM,
HaBHO M3BECTHBIM H3 KJACCHYECKOH CTaTHCTHKH. B naHHOM paspene
GYyZeT NOKa3aHo, YTO 3TO PaclpelesieHHe UCTIONb3YeTCs TAKKE U B KBAH-
TOBOH TEOPHH O/, IJie OHO €CTECTBEHHBIM 06Pa3oM OMHCHIBAET HAHGO-
Jlee 4acTo BCTPEYAIOIHUIACSA THII HEKOrepeHTHoCTH [1].

Ilpeanonoxum, yro u3yuyaemas MOJa MOJS CBA3aHA C LEBIM PSIIOM
HCTOYHHKOB, KOTOpPHIE B OCHOBHOM MOJOGHBI, HO BENyT ce0s CTATHCTH-
YECKH He3aBUCHMO. [IpakTHyecKy TaKUMH HCTOYHHKAMHU MOTYT ABAATHCH
pasHble YacTH OLHOTrO GOJBLIOFO HCTOYHHKA. ECAH BKJA4L OT KaxIOro
ucroynuka (j = 1 ... N) B Bo3GyXKJeHUE MOJBI MOXKHO HPEeICTaBUTH
BecOBOM pyHKIME! p (a;), TO C NOMOLIBI0 0G0GIEHHOH TEOPEMEL O CBEPTKE
QYHKUHH MOXKHO MOCTPOMTH BeCOBYIO (hyHKIuMIO P (a), KOTOpast ONHCHI-
BAET CYNEPHO3HIHOHHOE MoJie

P(a)= S 5@ (a—-zN} aj> ﬁ p () d2a;. 8.1y
=1 i=1

Iockonbky BecoBble QYHKLHM, BXOAAINHE B 3TO BHIpaXeHue, Ael-
CTBHTEJIbHBI, TO WHOrAa YAOOHO pacCMaTpHUBATbL aMIUTUTYIBI 0. He Kak
KOMIIJIEKCHbIE YHCJd, a KaK ABYMepHble JAeCTBUTENbHblE BEKTOPH @
(r. e. ay = Re a, a, = Im a). Torfa eciu A — Npou3BOJILHOE KOMII-
JIEKCHOE YMCJIO, MPENCTaB/aseMOe BEKTOPOM A, TO /s COKpalileHHs



3allHCH MOXKHO HCIOJb30BaTh [BYMEPHOE CKaNSPHOE INPOH3BENEeHHE
ReARea+ImAlma=a-A. (8.2)

Hcnoabsys 31y cucremy ofo3HaueHufl, ABymepHoe (ypbe-npeofpaso-
BaHue BecOBOH (GYHKUHMH p(®) MOXKHO OIPELENUTL CJeNYIONHM
06pa3oM:

E(h) = S eihap () d2. (8.3)

W3 3axona cyneprnosuuuu (8.1) ciaeayer, uto ¢ypbe-npeodpasoBaHue
(yEKUuu P (@) gaercs BolpaKeHHEM

E(A) = S eih-a P (a) d?a = [£ (A)]. (8.4)

Ecau oThesnbHble WCTOYHHKH CTAUHOHAPHBI, TO HX BECOBble (YHK-
uuK p (o) 3aBUCAT To/1bKO OT | & |. [TosTomy ¢yHKIMIO TpeoGpasoBaHus
£ (M) Dpu MaiblX 3HaueHHAX | A | MOXHO aNNPOKCHMHPOBATH BbIPa-
KeHHeM

E()=1— mg lafp(@)da=1——pr(jap).  (8.5)

TIpu Z0CTaTOYHO MaJbIX 3HAaueHHAX | A | (T. e. npu [A 2 << N-"2(la[>)™?)
upeoGpazoBanue B s CyHEepHO3SUIMOHHOIO NOJS MOXKHO anlpoKCH-
MHPOBaTb CHEAYIOMUM 06pa3oM:

B (M) & e~ l/areN<ia® (8.6)

Onuako BecoBasa (pyHKuHSA p (@) MOXKET NPHHMMATh M OTPHIATeJNbHbIE
3HayeHusd, MO3TOMY 3/iech HeoOXOAUMO YIOCTOBEPHUTBCS B TOM, 4UTO
MOMEHT BTOpPOro mopsaika (| @ [*) spasercs nojoxurenbHeM. F3 Boipa-
xkenul (7.22) u (7.23) Buano, 4to BeauyuHa (| @ [*) paBHA cpefHeMy
guC1y (POTOHOB, KOTOpble H3aydan Obl KaX[Iblii WCTOYHHK IIPH OTCYT-
CTBHH OCTa/IbHBIX, NMOTOMY MOMEHT BTOPOTO NOPAAKA JEHCTBUTEIbHO
SIBJISIETCA [OJIONUTENbHOH BelHunHOM. CriefoBaTeNbno, A GOJIbIIHX
3uauenuii N npeo6pasopanue Z (A) GoicTpo yObiBaeT o mepe pocra | A |.
Tak Kak 31a QyHKUHS CTAHOBUTCS HMcUe3aloule Majoi NPH 3HAYeHHAX
{ A |, Mexamux BHe o6/1acTH, Ijie ONpPeNe/eHbl YKasaHHble IPUbIKe-
HHUs, TO BhIpaxenue (8.6) MOXKHO HCNOJb30BaTh B OOLIEM ciaydae Kak
acuMOToTHYECKOe MpubauKenue wist 2 (&) npu Gonpumux V. [Moabsysics
5THM acUMNOTOTHYECKHM BbIpaxkeHueM Mg Z (M), mojyyaem
— —_—dae A 1 —2 '2

P (a) = (2m) S e=ia AT (1) d?h = g e N (8.7
Jlna Takoii Becopoii (GYHKUME cpepHee 3HaueHue | @ [*, OYeBHAHO,
ectb N (] o |?), HO Ha ocHoBanuu ofulell Teopembl [cM. (7.23)] 3T0
cpejlHee 3HaueHHe KaK pa3 PaBHO CPeJHeMY 3HAUeHHIO OOIIEro 4xc/a
KBaHTOB, HMelomuxcs B Moje. Eciu 310 cpenHee 3HaueHHe 0603HAYUTD



yepes (n) U BHOBb BOCHNOJbL30BAThCS KOMIIEKCHOH cUcTeMoil 0603Haye-
HUH VIS NepeMeHHOH «, TO BECOBYIO (yHKHMIO (8.7) MOMKHO 3amHCaTh
clenyiomuM o6pasom:

P(a)=

—ql2
a @ i@i2/en>, (8.8)
BecoBaa ¢yHxkuusa P (o) nosoxkurtelbHA NPH JIOOBIX 3HAYEHHAX
aprymMeHTa W HMeeT TaKOH e BHJ, KaK M pachpejeseHue BepOATHOCTH
/11 [IOJIHOFO OTKJIOHEHHs, OOYCJOBJIECHHOTO clayuyalfiHbiM pasbpocom
B KOMIUIEKCHOH miockocTH. OJHAKO H3-32 TOrO, YTO KOT€pPEeHTHbIE
COCTOSIHHA | a) He 00pas3yloT OPTOrOHAJNBHOrO HaGopa, P (0) MOXKHO
TOYHO HHTEPNPETHPOBATL KaK pacnpelesieHHe BEPOSITHOCTH TOJBKO
npu (n) > 1. OrMeTHM Taxxe, 4TO /IS NMOJY4YeHHs] cooTHOUIeHUS (8.8)
He 00s3aTe/IbHO NpeAno/ararb, 4yTo BECOBblE DYHKIHMH, COOTBETCTBYIO-
LiMe OTJeJbHBIM HCTOYHHKAM, Bce oJWHaKoBhe. Heo6XomuMo TOJBKO,
YTOObI MOMEHTBI OTJAENbHBIX (PYHKuMH ObLIM CPaBHUMBI IO BEJHUHHE.
B stom Gomee ofmem ciyuae cpeaHeKBaipaTHUYHOE 3HayeHHe | a |
Jaercs He 3HAYEHMEM, HCNOJIL30BAHHBIM B BhIpaxkeHuH (8.7), a cyMMoii

2 (I a; [*), HO OHO MO-TIpeXKHEMY PABHO CPENHEMY UHCHY KBaHTOB
J

B MOJie, yTO caenyer u3 (8.8).

M3 camoro BbIBOAA SCHO, YTO rayccoBo pacupenenenue P (o) nis
BO30YXKIeHHS MOJbl 0O6/MafaeT HCKJOUHTEIBHO LIHPOKOH 06JaCThIO
npumenumoctd. Clyd4aliHOe HJIH XaOTHYECKOE BO30YKJIEHHE, KOTOPOE
OHO OIHCHIBAET, XapaKTepHO, MO-BUAUMOMY, IJIsi GOJIBLIMHCTBA H3Be-
CTHBIX THIIOB HEKOT€DEHTHBIX MaKPOCKOMHYECKHX CBETOBBIX HCTOYHH-
KOB, TaKHX, Kak ras3oBbll pa3psl, UCTOUHWKH HAKAJMBAHHMA H T. 1.

I'ayccoB omepaTop NVIOTHOCTH TakXKe NpPHHHMAeT OYeHb NPOCTOI
BHJ, €C/TH B KayecTBe 6a3uca NMOJb30BATHCH YHCIaMH (DOTOHOB

1
0= g e~102/<n> | q) (a | d¥a. (8.9)

HeficTBUTENBHO, NOACTABUM B PaBeHCTBO (8.9) pas/oxeHHs KOrepeHT-
HBIX cocroaHufl (3.7) u (3.8) U BOCIOJIB3YEMCS] TOXKIECTBOM

'l ([!m!)—l/z ‘B e—Claizgl (a*)m d2a = 6lmc—(m+1)’

cnpaseuBbiM npy C>0. Ecau teneps 3amucats C= (1 --(n))/{(n),
TO TNOJYUHM

1 (n) m
Q=l+(n)§ {1—:(n) | m) (m]. (8.10)

JlpyruMu cJoBaMM, YHMCAO KBAHTOB B MOJE pacnpeiesisieTcsi cOOTBer-
CTBEHHO creneHsaMm napamerpa (n)/(l + (n)). Pacnpenenenne ITnanka
ISl U3JyYyeHHs 4YEPHOrO Teja JAaeT NpUMep OHepatopa INIOTHOCTH,
KOTOPBIH, Kak JaBHO u3BecTHO, uMeeT BuA (8.10). TensnoBoe Bo36yXje-



HHE, NPHBOJdAILee K pacnpejeseHHI0, COOTBETCTBYIOIIEMY H3JyYeHHIO
YEPHOrO TeJja, ABJfeTCs HJeaNbHBIM NPHMEPOM XAOTHYECKOrO HCTOY-
HHMKa, KOTOpbIH Obli omHcaH panee. [loatoMy He yIMBHUTENbHO, UTO
pacnpefeneHre, COOTBETCTBYIOIEE H3JYUYEHUIO UYEPHOrO Teja, OTHO-
cUTCSl K MOJIyYeHHOMY HaMH KJaccy paclpefenenyit. B uacThocTy,
cJelyeT OTMETHTb, YTO XOTA pacnpeflenenve I[lranka XapakrepHo
TOJBKO AJIA TEeIUIOBOTO PaBHOBECHs, OJHAKO B ONEpaTope IJIOTHOCTH
obmero Buzaa (8.9) Takue orpaHuYeHUs] He COAEPXKATCA. DTOT ONEPATOP
[IPUMEHHM BCerfa, Korja Bo30yXKAeHHEe HMeeT JOCTATOYHO XaOTHUECKHit
XapakTep He3aBUCHMO OT TOr0, HacKOJBKO H3JyyaTte/b Jajlek OT TellJio-
BOr0 PaBHOBECHS.

I'ayccoBa ¢yHKuMS pacnpeleienus exp [— |a [?/(n)] 3aBucuT
TOJIBKO OT KBaHTOBOMEXaHHUeCKuX nepemenHuix. I1py nepexone x kjaac-
cuyeckoMy mosiio | o [* W cpensee KBaHTOBOE YHMCAO (1) CTPeMATCS
K 6eCKOHEYHOCTH Kak A1, HO TaK, yTO X OTHOLIEHHE, KOTOPOe AB/IseTCH
apryMeHTOM rayccoBod (YHKIMH, OCTaeTed CTPOro ONpPeNe/eHHBIM.
B knaccudeckoM mpeflesie BRA pacupeliesienns ofniensBecTed. McTopH-
YecKH OAHOI U3 NPUYMH MOCTAHOBKH 33/laUH O Xa0THYECKOM IBHKEHUH
ABHJIOCh PacCMOTPEHHE TOBeleHHs KJ/ACCHYeCcKOr0 TI'apMOHHYECKOro
OCHMJIIIATOPA, MOABEPHKEHHOTO XaOTHYECKOMY BosCyxuenuio [14, 15].
Takue ocHuIAATOPE 061afal0T KOMIJIEKCHEIMH aMIIUTYAaM#, KOTOpble
NpH CaMbiX OOIIMX YCJOBHAX ONHCHIBAIOTCSA TayCCOBHIM pacmpenene-
guem. Ecau 6b MBI He 3HAJH KBaHTOBOMEXaHHYECKOTO aHalusa, TO
BIOJIHE MOIVIH OBl IPEANOJOXKHUTb, UTO rayccoBO pacnpefiesneHue, N0y~
YeHHOE TaKHM CIOCOGOM H3 KJIACEHYECKOH TeOpHH, MOXeT OIHCHIBATh
pacnpenenenue $hotoHOB. UToOb NOKa3aTh OLIMGOYHOCTb TAKOTO 3aKJII0-
YyeHusl, Heo0X0AUMO 6oJiee TIATEIbHO H3YUHTh PUPOAY napaMerpa (1),
KOTOPBIf B KOHEYHOM cuyeTe SIBJAAETCA eIHHCTBEHHBIM (PH3HUECKUM
nmapaMeTpoM, cofiepiKalluMca B pacnpefesieHdd. B KayecTse mpocTOro
npUMepa MOXKHO pacCMOTPEeTb TelJIoBoe BO30GYIEHHe NpH TeMmnepa-
type 7. Toraa cpeanee 4ucao GoToHOB paBHo (n) = [exp (hw/RT)—I1]71,
(A — nocrosnuas Bosnbumana), a pacnpenesaenre P (o) B 3TOM cayyae
IPUHUMAET BHJ

P (a) = -1 (" — 1] exp [— (e"*T — 1) |a]2]. 8.11)
w ( | (

Jns mosyueHusi KJIaCCHYECKOr0 aHa/iora 3TOro paclpefeleHHs MEbl
JOJIZKHBEI IIPEJINIOJNOKUTE, UTO SHEPrusl KJaCcCHUeCcKOro IoJsd B MOJe

H=y | B+ BYdr

pacmpeliesieHa C BepOATHOCTBIO, mpornopuuoHanvHoit e—H/AT, Torpa
JJA aMIVTUTYABl 0 DOAYYaeTcsl ciefylollee paenpefeseHue:

Pyn (@) = <?"—"E“}—> g~ hOIGR/RT (8.12)



KOTOPOe, KaK BU/IHO, SBJAeTCs IEPBLIM UYJEHOM pasJoKeHHs IIpa-
BHJIBHOTO paclipefesnenus no crenensam k. (IIpu atom ciaenyer OMHHTD,
YTO BEJHYMHA h | @ |* JOMKHA pacCMaTpPUBAThC KaK KJAaCCHYECKHH
napamerp.) Pacnpenenenne Pyxy (o) cnpaBeAsnBo TOJNBKO B KjaccHue-
CKOH o6JsiacTH H3MeHeHMs BE&JWYMHBL O, | o ] » l; chegosaTesbHO,
JIOCTAaTOYHO MHTEHCHBHO BO30YXKAAMTCA TOJBKO HU3KOYACTOTHEIE MOJBI,
y KOTopblX ho/kT & 1; UMEHHO 5TH MOJBI TOYHO OMUCHIBAIOTCA KJIACCH-
geckoli teopuelt. [lnsi Gosee BBHICOKHX YacTOT 3TH JBa paclpeleieHus,
SIBJIASICh TAYCCOBBIMY, 3HAUUTENbHO PA3/IHYAKTCH O CBOEMY XapaKTepy.
Korna t @ cranoButca Gosbuie 27, pagHycC KJIacCHUYECKOrO paclpesese-
HUS B O-INIOCKOCTH OCTAeTCsl CJHIIKOM OOJBUIMM, B TO BpeMs Kak
paiuyc NPaBUNBHOILO paclpele/eHus OueHb ObICTPO yMeHbLIaeTcs 1).
310 pacxoxkieHHe (aKTHUeCKH YCTpaHSAeT yJbTpaHoJETOBYIO Kara-
CcTpoy KJacCHUecKod TeopHd u3JyueHHs. MBI paccMOTpesd, KOHEUHO,
9J/IEMEHTapHEIH NpUMEpP, HO OH NOAYEPKHBAET HEKOTOpble NOJIOXKEHUH,
OTMEUYeHHble B MNpeApAylieM pasfene, OTHOCHTEABHO OrpaHHUYEHHOH
o6JacTd NMPUMEHeHHUsT KJaccuuecKoll GyHRIMH pacnpeleseHus.

Bripaxxenue 11 onepatopa IJIOTHOCTH, COOTBETCTBYIOUIETO TEILIO-
BOMY BO30YXKAEHHIO OCIMIIATOpPA, Yepe3 KOrepEHTHBIE KBAHTOBbLIE
COCTOAHMSA AaeT HOBBIH U INIOJAOTBOPHEBIN NOAXOM KO MHOTMM HM3BECTHBIM
npobnemam. Hanpumep, oHO MO3BoJIFET HaM MPOCTHIM MyTEM IO1Y4YaTh
CpejlHHEe OT 3KCHOHEHHHAJbHBIX (YHKUHH onepaTopoB a K af NpH
TeIJI0BOM Bo36yxnenuu. s wiimocTpaiuy HalileM cpelHee oT omnepa-
topa D (B), onpenersiemoro pasencrsoM (3.17). OHO paBHO

SP{eD (B} =iy | €710 | D (B) | @y . (8.13)

B sToM cayuae oxupaeMoe 3HadeHHe omneparopa D (f) B nopbHTEr-
pajibHOM BLIDAXXEHHH HMEeT BUJ
@|D(B)|a)=(0]D*(a) D(B) D ()| 0)=
=exp [pa*—B*a] (0] D () [0) =
=exp [fa* —B*a] (O|p) =

=exp [ por—pra—5 B ] . (8.14)

[Ipu BLIYHCAEHUH 3TOrO BBHIPAXKEHHS HCNOJB30BAMHCh CBOHCTBA oOIe-
patopa D (a), siBaswomerocs onepatopoM cisura. Ilocie Boyuc/enus
uHterpana B (8.13) momyuaem

Sp(eD (B} =exp [ —IBI (m+7 ) ] (8.15)

Ly Ilas uacToT, MeXamuX B cepelHHe BHIMMOIO CIEKTpa, M JJs TeMIepa-
Typ nmxke 3000° K xBanToBOMeXauHuecKoe pacnpegpenenne (8.11) nmeer pagmyec,
cooTBeTcTBYWOIHA | 0 |2 € 1073, T. e. pacnpejesienye Rajeko OT KJAACCHYECKOTO.
Pacnpejeneyus ANsl HeTEMVIOBHIX HEKOTePEHTHHIX HCTOUHHKOB XapaKTepH3yloTcH
pagMycamMH, CPaBHHMBIMH MO BeJHUHHE C YKa3aHHBIM,




KOTOpoe siBJsieTcsl cJeficTBHeM Teopembl bnoxa o dyHKIME pacnpefe-
JeHHusl KOOpAMHATH ocuuiasatopa [16] u dbacro ucmombayerca Ha
NpakTHKE.

9. Omeparop NJAOTHOCTH AAS MOJASI

Bce peaysbtartel, nonyueHHsle B pasjenax 3—§8, OTHOCHJIHCH K Onuca-
HHIO KBAaHTOBOTO COCTOSIHHSI OJHOH MOJBI 3/EKTPOMATHUTHOIO MOJS.
Hns onvcanus NOJIA Kax LEJOro Heo0XOAMMbI aHaJOrHYHbIE METOJHI,
KOTOpble cpa3y OBl yYHTBIBasu Bce ero MoAbl. C 3TOH uE/ABIO BBEJEM
6asucHbIl HAGOp KOTepeHTHBIX COCTOSIHUH [JJ19 BCEro IMoJs

Kar}| =T | ai)ss (9.1)

Rk

rie cHMBOJ {aj }, KOTOPHI OyJeT HCIOIb30BaThCA H AN APYTUX Lened,
obosHayaer HabOp BCeX aMIMIUTY[ 0z. 1Oraa W3 pe3yJpTaToB paszfena 4
C/Ie[yeT, YTO NPOU3BOJBHOE COCTOSIHHE MO/l OJHO3HAYHO OINpejenser
¢yukuuio f ({ak}), Kotopas sBasierca nenmoit QyHKuueHd KaxIo# mepe-
mennol of. EciH u3BecTeH BeKTOP B T'HABOEPTOBOM NPOCTPAHCTBE
(o6o3uauum ero | f)), npeAcTaBAsAOWUE 9TO COCTOsIHUE, TO GYHKUUA |
JaeTcsl BBIPAXKEeHHEM.

F (o)) = o Prexp (5 D el ) (9.2)
k

KOTOpPOe SIBJISIETCS HEMOCPEACTBEHHEIM 0Co6lieHueM paBeHcTBa (4.11).
Torza pasjoxeHHe cOCTOAHUHA |f) 1O KOrepeHTHHIM COCTOSHHAM,
KoTopoe o0o0maer paBeHCTBO (4.7), uUMeeT caelylOLIMH BHI:

1P = Houd) F (o)) TT wte™ 2" P, (9.3)

Bce onepaTopsl, BeTpedalomuyecss B TEOPUH M0JIA, MOKHO Pa3joKHTh
no BektopaM | {0z} | U uX conpsixeHHbM 3HayeHusaM. Iloctpoenue
TaKUX TpeNCTaBIeHHH ABIAETCA NPOCThIM ofobiienrueM GopMy., Moay-
YeHHBIX B pasfene 5, Ha cjyyali GecKOHEYHOro Habopa aMIIHTYIHBIX
nepemeHHBIX. [ToaTOMy MBI Cpasy ke nepeiiieM K pacCMOTPeHHIO onepa-
Topa MJIOTHOCTH. [lJIfi MpoM3BOLHOIO oneparopa IJIOTHOCTH Q MOXHO
onpenesuts oysxuuio R ({ak}, {Bx}), KoTopas sBiasercs nenok QyHk-
nMell KaxIoi H3 TepeMeHHBIX of M Pp mis Bcex mon k. Kak BuaHO
us (6.1), ara dbyHRUHA JaeTcs BhIpameHueM

R({o}, {Br))= (an} Q] {Ba})
xexp 5 NwP+BP]. (94



Orciofia COOTBETCTBYIOIEE TNPEJCTABJIEHHE OrnepaTopa IJIOTHOCTH
UMeeT BHJ

o= { Ko R (a2}, (Be)) (B} | T[ 772 %

w e~ 2aRPH B g2, 2B, (9.5)

Ecan aas oGosHauennst OOBIYHBIX CTAUMOHAPHBIX COCTOSHHA C A
doronamu B k-ii Moje HCIONb30BaTL HAbOp Hedblx uucea {nx}, 10 R
MOKHO paccMaTpHBaTh KakK MPOM3BOAAILYI0 GYHKHUIO AJIS MATPHYHBIX
5JIEMEHTOB @, CBSI3BIBAIOIMX 3TH COCTOSAHHUs; 0000L1as COOTHOLIEHHE

(6.2), noayuyaem

R({at}, Bs))=_ 2 }({nh}le|{mk})><

'(nk}! {mk

X TT (ra! mal)™" (at)™sgI". (9.6}
Rk

B craunonaproM 6asuce MaTpuUuHLIE 3JEMEHTH Q ONpPeleslorcs cJe-
IylomyM o6pasom:

({na} e {ma}) =
= | R({ot}, {Ba) T =~ (nal mal)™ 5 (B0)™ x

% e—(‘.akl2+lﬂhf2) d2ay dzm. (9.7)

Slcno, uto ¢ynknus R ofnanaeT npH 3TOM ciaepyoulel HOPMHPOBKO:
S R({B1}, (Br)) J[ v PA" d2pp = 1. (9.8)
R

YenoBue nosnoxurensHofi onpeflenenHoctH (6.9) TakKe MOXKHO 0606
IUTh HA Cy4yaldl NOJHOTO Hafopa aMILIUTYIHBIX MepeMeHHHIX.

B kauecTBe mpOCTOH HMJWIOCTPANUH NPEABIAYIIHX (OPMYJ MOAE3HO-
paccMOTPeTb HpEACTaBJIEHHE OAHO(GOTOHHOrO BOJHOBOTO makera. s
COCTOfIHHSA, B KOTOPOM HET (OTOHOB, HCUE3aOT BCE AMIVIHTYIBI .
Ecnu 310 cocrosinme OGO3HAYHTH uepes | vac), TO Haubonee obliee

01HO(OTOHHOE COCTOAHHE MOXKHO 3amucath B BHAe ) ¢ (k) ab | vac),
R

rie ¢ (k) — amnupryia nakera. TorAa ¢bysKuusa f, npeicrasJsiomwas,
3TO COCTOfIHHME, ONpefesieTcst CAeAyIoUHM o6pasoM:

f({ai}) =2 q (k) o, (9.9)



a cooTBeTcTBYlolas PyHKUHA R, onpejesiomas onepaTop MIOTHOCTH,
HMeeT BHJI

R({of}, (Ba))=2q (k)0 2" (K) Bu- (9.10)
Ycnosne HopmupoBkH (9.8) cooTBeTcTBYeT TpeOOBaHHIO

2lqkp=1.

Ho mockosbKy paccMaTpUBaeMoe COCTOsIHHE fBJISeTCS YUCTBIM, PyHK-
uust R pacmajaercss Ha NpOM3BeleHHe JBYX (yHKuMH, NpHYEM OJHA
H3 HHX HMeeT BHI [, a Apyras — ee KOMIJIEKCHO-CONPsKeHHOH (yHK-
nud. Tak Kak O6BYHO aMIIHTYABl Hakera ¢ (k) SBIAIOTCA B HEKOTOPOU
CTEeNEHH HeONpPeJeNeHHbIMH, TO NAKET He MOXKET IPEJCTABJIAThCS YHCThIM
cocrosinneM. Torla Qyurn#s R paBHsieTc cpellHeMy, B3ATOMY MO pac-
npeleNenuio aMIIuTyn ¢ (£), H, cleioBaTenbHo, B OOUleM ciyvae He
pacnajaetcss Ha TpOHU3BeleHHe COMHOXKHTeNed. Bcerfa, Koria ecTb
OTDAaHHYEHHE CBepXy HA YHCJIO HMEIoUHXc B MOJe (DOTOHOB, T. €.
Koria tpefyercs, 4to6bl 4Hca0 (OTOHOB OBLIO MeHbIlle HJIH PABHO
HEKOTOpOMY IeoMy uncay N, Mel onydaeM, 4to GyHKuHs R sBJIsieTcs
NOIMHOMOM CTeNeHH He Bbimie N 10 mepeMeHHbIM {a}} M [0 NEPEeMeH-
HbIM {fr}.

Cy1ecTByeT, KOHEUHO, MHOI'O THIIOB BO30YyXKIEHHs, JJst KOTOPbIX
4yHcI0 (HOTOHOB B MOJe HeorpanHueHo. K HuM, B 4aCTHOCTH, OTHOCATCHA
TaKHMe THNB BO30YXKIEHHS, KOTOpble HaHOonee yHOOHO ONHCHIBATH
06001eHHBIM P-pacrpeaenienyeM, T. €. A/ HHX CyIEecTByeT AeHCTBH-
tesbHas QyHKuusg P ({ax}) ¢ JOCTaTOYHO XOPOLIHM IOBEJEHHEM,
Takas, 4ro ‘

R(BE) {vih) = | P (o))
xexp [ 3} (Blan+viat—|as P) | [T do. (9.11)
R 3

Korga R ofnamaer npejpcTaBJeHHEM 3TOrO THIA, ONEpaTop IJIOT-
HOCTH (9.5) MOMHO NPHBECTH ¢ ITOMOIIBIO BeIpaxkeHud (4.14) u emy
KOMIIJIGKCHO-COTPSZKEHHOTO K NPOCTOMY BHAY

0= S P ({an}) | {on) Qx| T d2an, (9.12)

'KOTOpBIl ABJIAETCS MHOrOMOJOBBIM aHAJoroM P-NpeACTaBJeHHs, onpe-
nensemoro (7.6).. ®yuxkuua P poykHA YAOBIETBOPATH YCJIOBHIO IOJIO-
JKHTEJIBHOH ONpefeneHHOCTH AJs mobbix Hensx ¢ynkuud  f({af})

{17 (arh P (fan)) T] e dPas 0. (9:13)
R



Marpuurpe 37eMeHTH omepaTopa IVIOTHOCTH B NPEACTABJIEHHH, OCHO-
BAHHOM Ha A-(OTOHHBIX COCTOSIHHSIX, DPAaBHBI
?

{na}lel{ma)y =) P ({ox}) X

T (nal mad) ™2 (o)™ e~ 1% d2ay. (9.14)
R

CranuonapHble OnepaTtopsl MJIOTHOCTH, T. €. ONEPATOpbl, KOMMYTHpY-
IOlHe C TaMHJbTOHHAHOM, COOTBEeTCTBYIOT (yHKuuAM P ({ax}), KOTO-
DHIE 3aBHCAT TOMbKO OT MOAY/ST AMIVIHTYRHBIX TepeMeHHbX {|ax|}.

Cyneprosuuus ABYX Mojel, Tak e KaK H B ¢JIydae OJHOH MOJHI,
ONHCHIBAETCS MHTErpasoM cBepTKH GyHKUHH pacnpepenenus. Craeno-
BaTeJIbHO, €CJHH CKJajblBaeMble I0JI  OMHCHBAIOTCS  (PYHKIHAMH
P,({Br}) u Ps({yr}) COOTBETCTBEHHO, TO pe€3yJ/bTHPYIOLlCE MO/
uMeeT (YHKUHUIO pacnpejeeHus

P ({asp) = § TT 8® (e —Bu— i)
k
X Py ({Br}) P2 ({va}) ]] d*Br d®va. (9.15)
R

Jlnsa moJsied, npelcTaBAsieMbIX omepaTopoM mioTHOCTH (9.12), Bce
CpeHHE OT HOPMAJbHO YNOPAAOYEHHBIX TNPOM3BENEHHH ONEPATOPOB
MOMKHO BHIUHCJATL 10 (GopMysaM, KOTOpHE, KaK H B ciaydae OQHOH
MOJIBI, OUEHb MOXO0XKH Ha (HOpMYJIbI KJIaccHUeCKOH TeopHH. Tak, B 3THX
BHIUHCTIEHHIX NApaMerpel {0} HrPalOT NOYTH TaKylo XKe pOjib, KaK
ciydaiible Qypbe-aMIVIMTYAbBl NOJS B H3BECTHOH K/IACCHYECKOH TeO-
pun CBY mymos {17]. BecoBas ¢byukumua P ({ap}) Hrpaer npu sTom
POJIb, AHAJIOTHUHYIO PACTpENe/IeHUIO BEPOATHOCTH Wi (ypbe-aMIjIH-
TyA. XOTA 3TO CXOICTBO OKasbiBaeTcsi BeCbMa MNOJE3HBIM NPH BBIYKC-
JEHHAX, 4 TaK¥Ke I[IOMOraer pasobpaThcsl B IDHMEHEHHH MNDHHIMNA
COOTBETCTBHSA, He C/eNyer 3abbiBaThb O TOM, 4TO B o0LeM ciaydae (pyHK-
uus P ({oy)}) sBIseTcst KBaHTOBOMEXaHHYeckod BenHuHHOH. Ona
MOKET NMPHHUMATh OTPHLATENbHbIE 3HAYEHHS H TOYHO HE HHTEPIpETH-
pyercs Kak pacnpefie/ieHHe BeDOSTHOCTH, 3a HCKJ/IIOYEHHEM KJaccHYe-
CKOTO TPENeNbHOrO C/Iy4as CHJIbHO BO3OYKIEHHBIX HJIM HH3KOYACTOT-
HBEIX TOJEH.

Bpilite Mbl TIpeAnoJiaraii, YyTo ONeparop IUIOTHOCTH, ONHCHIBAIOMHH
noJie, H3BECTEH, H IOTOMY €ro MOXKHO BBIPA3HTb KakK B NpEICTaBJe-
HuH (9.5), Tak u B P-npeacrasnenHd (9.12). Jlna HEKOTOPHIX THIIOB
HEKOTEPEHTHBIX HCTOUHHKOB, DAaCCMOTPEHHBIX B pasjiese 8 (K KOTOpPHIM
MBI CHOBA BepueMcst B pasjene 10), mocTpoenHne sIBHOTO BHAA OIlepaTopa
NJOTHOCTH He TNpeicraBiaser TpyaHocTe#r. Opuako, uto0bl MONYYHTbH
TOYHOE BbIpaXKEHHE ONepaTopa IVIOTHOCTH MJIfl JAPYTHX THIOB HCTOY-



HHKOB, BKJIOYaf HeJaBHO pa3paloTaHHble KOTEDEHTHHIE HCTOUHHKH,
norpebyercst Gonbliiast puanueckas HaTynnus. OOuas 3aladya KBaHTOBO-
MEXaHHUYECKOIO ONHCAHHA B3aHMOJECHCTBHA MHOrCATOMHOTO HCTOYHHKA
KaK C 1OoJIeM H3JMy4YeHHsl, TAK H C ONPEIeJeHHBIM MEXaHH3MOM BO30YK-
JieHHs sIBJIsteTca CJIOXKHOH. HecomHenHo, 4ro ee celyeT annpoKCHMU-
POBaTh C MOMOLIBIO CYUIECTBEHHO yIPOLIEHHBIX MOJENEI.

O6 omepaTope IUIOTHOCTH /IS TOJEH H3JIyYeHHs HMEeTCsl O4eHb
MaJsio cBelleHHH. OIHAKO HEKOTOpOeE NpejiCTaBIeHHe O HEM MOXKHO MOJY-
YUTh, H3yyas BUJA, KOTOPHIH OH NPHHHUMAeT B OAHOH H3 HECKOJBKHX
TNOJTHOCTBIO DeLIaeMbIX 3a/lau KBAHTOBOH 3JeKTpojiHHaMHUKH. Paccmo-
TpHM Tosie (DOTOHOB, H3JIy4aeMbIX HEKOTOPBIM CYLIECTBEHHO KJacCHYe-
CKHM pacnpefie/ieHHeM 3JIeKTPHYeCKOro TOKa, KOTOPBIH NPaKTHYECKH
He HCILITHIBAET 0OpaTHOil peakuuH nojis usjaydenuss. Toria Haiydaro-
WK TOK MOXHO NpeICTABHTb BeKTOPHOH QyHKUHEHd KOOpIMHAT H Bpe-
menu j (r, {). TaMHJIBTOHHAH, ONMCHIBAIOIINA CBf3p KBAHTOBAHHOTO
3JE€KTPOMATrHHTHOTO MOJISA ¢ TOKOM, NPUHHUMAET BHA

Hy(t)= —— S j(r, )-A(r, t)dr. (9.16)

BBejieHHe fBHO 3aBHCALIEr0 OT BpeMEHH B3aHMOJECHCTBHA O3HAYAET,
YTO BEKTOP COCTOSIHHS MOJIS |), KOTOPHIH paHblile Obl1 GUKCHPOBAHHBIM
(uTo coeTBETCTBYET IpejicTaBienuio ['efisentepra), HaYHET H3MEHATHCH
BO BPeMeHH coryiacHo ypasHenuio IIpenunrepa, KOTOpoe COOTBETCTBYET
IIPEJICTABNEHHIO B3aHMOJEHCTBUSA

). (9.17)

in gy = Hi (8

Jlerko nmonyuuth petenne Takoro ypasnenus [18]. [Ipeanonoxkum, uro
B HAYaJIbHOM COCTOSIHHH M0/ B MOMEHT { = — oo (hoToHOB HeT. Torza
COCTOSIHHE TOJISt B MOMEHT BPEMEHH { MOXKHO 3allHCaTh B BHIE

i
£y =exp {n—la S dt'g j(r, £)-A(r, t’)dr+icp(t)} Ivac),  (9.18)

— 00

npuueM GyHKuHs @ (f) ecTb AeficTBHTeNbHAS (PasoBast QyHKUHSA (c-yHC-
J10). DT0 BhIpa)KeHHe JIETKO BHIUHCASETCS, HO MOCKOJIbKY NPOH3BEICHHE
| ¢) (¢ |oKa3bIBa€TCS PABHBIM HYJIIO, OHO HE HMEET OTHOLLIEHHS K NOCTpOe-
HHIO ONepaTopa MJOTHOCTH. DKCNOHEHIHMaNbHbIl oneparop B (9.18)
OYeHb NPOCTO BHIPAXKAETCH Yepe3 OMepaTopbl CABHra, PaccMOTPeHHbIE
B pasjene 3. [lis 3T0r0 ONpeiesuM onepaTop CABHIA Dy nns k-i mojpl

a'l'-— *tl
D (Br) = 2P, (9.19)

Toraa, €cJH yuecTb DAasjlokeHHe BeKTOPHOro noresunaza (2.10),



MOXHO Hanmucathb cJjeaylollee COOTHOIIECHHE:

i
exp {Tz—lc S dt’ \ j(r, £')-A(r, t’)dr} l;[Dk [ax ()], (9.20)

—00

B KOTOpPOM 3aBHCSIIHE OT BPEMCHH AMIUIHTYJAH ap(f) naiorcst Beipa-
JKeHHeM
4
_ i 7 F .1 ’ it
@ ()= oo K dt Sdruk(r) j(r, ') eior”. (9.21)

—00

[TosTomMy omepaTep MJIOTHOCTH B MOMEHT BPEMEHH ! MOMXKHO 3allHCATb
B BHJe

18y (¢ | = I D lox (91| vac) (vac | [] D& [ax (4)] (9.22)
h k

L) <t =Ko () o ()} - (9.23)

JIpYyTUMH CcJI0BaMH, H3JlydeHME NPOH3BOJLHOTO DaclpelelicHHsT TOKA
Bcerja NPHUBCAUT K YHCTOMY KOTE€PEHTHOMY COCTOSIHHUIO.

Teneps npelnonoKuM, 4TO pacnpele/ieHne Toxa j (r, f) He siBasercs
IOJTHOCTBIO  OIPefeIeHHBIM (3TO BCEro JHIIb Heboublioe 0000IIeHde
TOJIbKO YTO PACCMOTPEHHOM MoJenH). B atom ciyyae ammiutyns ay (1),
onpejenseMble Boipakenwem (9.21), cranoBaTcs cayyaHHBIMH Tepe-
MEHHBIMH, KOTOPbl€ ONHCHIBAIOTCH (DYHKIMEH pacnpeie/ieHHs BepOsT-
Hoct [oGosnauum ee p ({ax}, £)]. Oneparop nsnotHoctd ana moss,
CO3J1aBaEMOTr0 TAKHM XaOTHYeCKHM TOKOM, NPHHHUMAET BHJ

()= p(ta} ) {on) (o} I oo (9.24)
R

Orcioa MOXHO BHJETb, YTO ONEPaTop MJIOTHOCTH AJS MOJAf, H3/ydae-
MOTO X4a0THYECKHM TOKOM, KOTODHIH HE HCHBITHIBAeT 00paTHOM peakLHH
U3Jy4eHHs, BCerjia umeer BuA P-npencranenus (9.12). B stom ciyuae
BeCOBYI0 (DYyHKUHIO JEHCTBHTENEHO MOXKHO HHTEPNPETHPOBATh KaK pac-
npejie/ieHHe BEPOATHOCTH; OHA MMEET KJACCHYECKYIO CTPYKTYDY, Hemo-
CPEeJICTBEHHO CBS3aHHYIO CO CBOHCTBAMH H3JIYYAIOIEr0 TOKA, 4 HE
C JaHHBIMH (HEOPTOrOHA/IBLHBIMH) COCTOSHMSIMH mnonsa. Jdonymenwue,
KOTOpPOE Mol BBE&JIH NPH ONpeAe/IeHHH JAHHOH Mojenu (HeT o6parTHoi
peaknyy IMoJisl U3JyYeHHs), SABIAETCH BeCbMa CHIIbHLIM, HO OHO JIOBOJIb-
HO XOpOIIO BHINOJHSETCS IS H3JYYAIOLIHX CHCTEM paJHOAHANa30HA
u CBU. Ilons, cozgaBaeMblie TAKHMH CHCTEMAMH, JOJIKHEL TOUHO OIHCHI-
BATbCSI ONEpPaToOpoM IJIOTHOCTH (9.24).



10. KoppeasinuoHHble H KOTePeHTHbie CBOHCTBA Iosst

JlioGoe coGcTBenHoe 3uaudenue @ (rf), KOTOpPOe YIOBJETBOPSIET
COOTBETCTBYIOIIUM YPaBHEHHUSM IOJs H COAEPKHT TOJABKO IIOJIOXKH-
TeJIbHO-YACTOTHEE UWIEHB, OXHO3HAYHO OmpefenseT HAGOp AMIVIHTYI
{az} ans maunoit Mozl [em. (2.20)]. HaGop e 3THX aMIUIHTYA ompe-
JiefifieT KOTEPEHTHOE COCTosiHMe noaa [{a,}) Tak, 4To

E (rt) | {an)y = & (r1) | {os)). (10.1)

Jlst paceMOTpeHust o0luero BHAa, KOTOPbIH GYHKIMH KOPPeaALHH HOJs
TIPHHUMAIOT B TAKUX COCTOSIHHSIX, YAOOHO 3aMEHHTb HAOOp KOOpAMHAT
(r;,¥¢;) onnum cumBo/IOM x;. Toraa ¢hyHKIHsS KOPPENSUHH 1-TO NOpAAKa
ONpeNesuTCes caeAyomuM obpasom [31:

G an (X1 + o« Xan) = SP{QET (x1) - ..
CEGD) (40) ESD (Hng) - -« EShr (x2n)}. (10.2)

Orneparop, NIOTHOCTH AJIS KOT€PEHTHOrO COCTOSIHHS, OMPEIessaeMoro
ypasHenueM (10.1), ecTb NPOEKIHOHHBLIA ONEpaTop

e =|{az}) {ar}!. (10.3)

Jlns sroro omeparopa u3 ypaBHenus (10.1) u emy spmuTOBO-CONpS-
JKEHHOI'O BBLITEKAeT, UTO KOPpeNslHOHHBIe (QYHKUHH NPHBOAATCA
K (akTOpU30BAHHOMY BHIY

n 2n
G (it o) = JT 8w T &, (0. (10.4)
=t l=n+1

JIpyruMH ciioBaMH, nodge, o6/ajaioliee COCTOAHHAMH [{ar} ), B coot-
BETCTBUH C JaHHHIM paHee onpejieneHneM [3] yIOBIeTBOPAET yCHAOBHSAM
NOAHOH KOrePeHTHOCTH.

ClieiyeT OTMETHTb, 4TO K KoppeaanuoHueM ¢ynkuousM (10.4)
NPHBOAAT HE TOBKO cOCTOAHHS [{ap}). [leHCTBHTENbHO, PACCMOTPHUM
COCTOsIHHE ¢ HAB0pOM aMIIHTY A {€i%a }, KOTOPOE OTVIMYAETCS OT HCMOJIb-
30BaHHOTO paHee ofliuM (Hha3oBbIM MHOXKHTeNEM ((pasa @ AeficTBHTE/bHA
U He 3aBHCMT OT k). Toria coOTBEeTCTByIOIHE COOCTBEHHBIE 3HAYEHHS
mepexofAT B €% (rf), HO KoppeasnHoHHas ¢yskuus (10.4) mpw
3TOM He H3MeHseTcs. M3 JaHHOrO cBOiicTBA HHBADHAHTHOCTH KOppenf-
[(MOHHHIX (GYHKUMH SICHO CJIeAyeT, 4TO HEKOTOpasi CyNeprno3HLHA Kore-
PEHTHBIX COCTOSIHHI NPHBOJAHT K TOMY K€ CamMOMy HaGopy GyHKuHL.
TakuM o6pasoMm, e€caH cocrosHue [{a,}) ONpelensercs ypasHe-
nuem (10.1) u £ () ABIAETCA IIPOHM3BO/ILHOH JEHCTBHUTENBHOH (YHK-

nHell ¢ ¢ HOPMHPOBKO#H
27

S Z (9)de=1, (10.5)
0



TO OIepaTop NJOTHOCTH HMeeT BH[I

2n

0= S Z () {eiPar}) {e®os} | do (10.6)
0

H npH /o6oM BoiGope £ () NPHBOAHT K KOPPE/ISIHOHHBIM (YHK-
uuaMm (10.4). Dror onepaTop MIIOTHOCTH, KOHEYHO, €CTb YACTHBIH Caydail
oneparopa obuiero BHAa (9.12), koropbiil COOTBETCTBYeT MOJHOH Heo-
npeneneHHocTd B (ase {ay}. OObyno BwibHpaoTr £ (¢) = (2m)~1
(T. e. moswocThio npenebperaiot $azoil), YTO COOTBETCTBYET Hallled HH-
(hopManHH 0 BEICOKOYACTOTHBIX NOJIAX. FIMEHHO 03TOMY MBI OIIPee/ HITH
KOTEDEHTHOCTb Yepe3 Halop KODPEJNSLHOHHBIX (QYHKIMH, KOTOpHE
He 3aBUCAT OT (hasml.

[TockonbKy MHOTHE THNB HeCTANHOHADHBIX TOJEH MOXKHO Ipencra-
BHTb C MOMOIIbIO (DYHKIHA COOCTBEHHBIX 3HAYEHHH, TO NOCTPOEHHE
COOTBETCTBYIOIMX KBAHTOBBHIX COCTOSIHHHA He BBI3bIBA€T 3aTPyJAHEHHI.
B kayecrtBe mpuMepa MOKHO pacCMOTPETb AMIVIUTYAHO-MOAYJIHPOBAHHYIO
TJIOCKYIO BOIHY. JlJIst 3TOH 1efH HCTNO/Nb3yeM KOHKpeTHbIH Habop (yHK-
i MOJ, onmpejensieMblX BEpaxKenuem (2.9). Toraa, ecnd Hecylias IMeeT
YacToOTy ®, a MOAYJSIMs SABJseTCHd nepHoauyeckoil ¢ vacroroit {o,
rie 0 << { << 1, TO COOTBETCTBYIOUYIO (PYHKIHIO COGCTBEHHOrO 3Haye-
HHA MOXKHO 3anHcarh B BHJE

JURHE RO
X {14+ Mcos[§ (k-r— of) — 8]} eitk-r—ot), (10.7)

[Ipn pasnoxenHH 3TOrO BbIpPAXKEHHS MO MJIOCKHM BOJHAM MNOJyYaeTcs
TOJBKO TPH OTJIHYHBIX OT HYJs YJeHa: OAMH C aMIVINTyHOH a, H JBa
6GOKOBBIX C aAMILIUTYJaMH

Ch(1—) = ‘;‘ M (1 —t)™2eiday,
gy (10.8)
arty =5 M(1--5)7 e~ 0.

3Has 3TH aMIVIHTYJbl, MOXHO CPa3y e NOCTPOHTb KOTEPEHTHOE COCTOS-
HHEe JJ11 MOAYJAHPOBAHHOH BOJMHBEL. OIHAKO B JEHCTBHTEJIBHOCTH Mbl
4acTo He 3HaeM a3y oy, H IO3TOMY BOJHY NPUXOAHTCS NMpPEACTaBJSATH
HE OTJEJBHBIM KOTeDEHTHHIM COCTOSIHHEM, a HX cyneprnosunuedl Tuna
(10.6). AnanOruyHO MOXKHO TAaK¥Ke MOJNYYHTb H APYTHE THIB NpeACcTaB-
JIEHUH MOAYJIHPOBAHHLIX BOJIH.

HexorepenTnele mosis, T. €. IIHPOKHH KJjacc Mofeil, Ansi KOTOPBIX
(YHKUHH KOpDpeNsIHH He PAclajaloTcs Ha MHOXKHUTENH (He (aKTOpH30-
BaHHl), CJelyeT ONHCHIBATH ONEPATOpPaMH IJIOTHOCTH OoJiee oO6LIEro
Buaa, 4eM (10.3) unu (10.6). Uro6bl moxasath, Kakylo GopMy NPHHH-



MaloT KOppeNsinHOHHbE (QYHKIHH B 9TOM C/ydae, NPEANONOXKHM, UTO
HoJle OMUCHIBAGTCS ONEPATOPOM IUIOTHOCTH B P-npencrasienud. Torla
KOppeJsiuHoHHAaA (YHKUHA I@epPBOro TNOpsAJKa MAAeTcAd BhIPaKeHHEM

G (rt, ') S (o)) D) +1 (@0) 7 x

R, R’

X uifu (1') Ur'y (rl) aiak,e“‘”t—‘”'t') H dz(ll. (109)
1
Ecnun P-mpeacraBnende 067ajaeT 3HAYHTEAbHOH CHHIYJISPHOCTHIO,
TO, KaK OTMEYaJjoch BBILLIE, MOJe BCErJa MOXKHO ONHCATHL aHAJIHTHYe-
ckumu dyuxnuamud R ({af}, {Bx}) u COOTBETCTBYIOLIHMH OlepaTopaMH
nioTHocTH BuAa (9.5). Ilpu BhIUHCIEHHM € NMOMOLIBIO 3THX ONEPATOPOB
KOPPeANHOHHOH (DYHKIHH NEPBOTO nopﬂm{a noJyyaem

R ety ve)={ Rty Ba) D) 51 x

R’, B”
< (m/wn)l/zuzlu (r) Uy (rl) ﬁd}:’ak” <

% i@’ t—w"t) H P dp (a;) du (B:)s (10.10)
!

e auddepennpans dp(a;) u du(f,) onpenensiorca BbipaxenHem (5.14).
Koppensuuounsie GyHKuHH Gosiee BbICOKOrO NOPAAKA 3aJal0TCs HHTe-
rpanamu, asanornuueiMH (10.9) u (10.10). Tonbko B 3TOM ciyuae
NOJBIHTErPANIbHOE BbIPAaXKEHHE COIEPKHT TMOJHUHOM CTeNeHH 2n 1o
aMIUVINTYIHBIM TIEpEMEHHBIM @, H Pf, a He KBajpaTHuHyl0 GOpMY, KaK
5TO HMeeT MecTO Jjist QYHKIMH NepBOro HOPSAKA.

3uasi KOppensuHoHHYI0 (QYHKIHIO TepBOro NOPAJKaA, JErko Nomay-
UHTb SHEPreTHYECKHI CHEeKTp noJis usnyuenus. Ecn BepHYThCa K pas-
JIOXKEHHIO OMepaTopa IOJIOKHTENbHO-YaCTOTHOH dwacTH moas (2.19),
a JJIA OTPHUIIATe/IbHO-YACTOTHOH YacTH IOJIsS HCNOIb30BATh BhIPaXKeHHe,
3PMHUTOBO-conpaKenHoe (2.19), To MOXHO BHJETb, YTO 3TH ONEPATOPHI
YIOBJIETBOPSIIOT TOXKJAECTBY ‘

2 \ E (e ED (rt') dr = ! hwaf ageiot-1), (10.11)
| (
R

BaaB cratucTHueckoe cpefHee OT ofenx YacTeH 3TOro pABEHCTBA,
OJLyYuM

> S Gl (rt, tt)dr= 5 3 ko (me) €001, (10.12)
un Rk
rie (ny) ectb cpeanee yHcao ¢GoronoB B k-# moje. Ilostomy dypbe-
npeoGpasoBanie 0GBEMHOIO HHTErpPaJa OT Z G{}), onpefiesnisieT SHepreTU-

YECKHH CHEKTp h® (n,) B camoM OOIEM CJIytxae



[Tonyuenne sHepreTHyeckoro CIEKTpa H3 KOPPEISAUHMOHHOH (yHK-
IHH /I MoJsiefl, NPeACTaBIgeMbIX CTAHOHAPHBIMH ONEpaTOpamH MJIOT-
HocTH, eme npome. [na Takux nosneidt BecoBaa (yHKuuA P ({ox}))
3aBHCHT TOJILKO OT aOCOJIIOTHBIX 3HAUEHHH «j, TAK 4TO

{ P (e b [T doar=

4
= (| ap’ %) Bpenr = (npe) Sprpo. (10.13)

Fcnonp3ay 9 npH BHUYHCTIEHHH KODPeNANHOHHOH (YHKIHMH BbIpaxke-
HHe (10.9) u orpanHumBasich ciyyaeM IJIOCKHX BOJIH, NMOJIy4aeM COOT-
HOLIIeHHE, B KOTOPOM fIBHO NOKA3aHA POJIb HHJEKCA NOJAPH3ALUH A:

DGRty 1) =4 LY ho (g, )y eioti=00, (10.14)
u B, A

Ecn obwem, copepxxaiuuii mosie, AOCTATOYHO BEJNHMK MO CPABHEHHIO
C JUIMHAMH BOJH BO30yXKJaeMblX MOA, To B paBeHctBe (10.14) cymmy
N0 MojgaM MOXKHO 3aMEHHTb Ha HHTerpan no k-mpoctpaHcTBy

S S L3 (2m)8 dk.
kR

Onpepensiss 3HePreTHUECKHH CIIEKTP KBAHTOB (T. €. SHEPTHIO HA eMHHY-~
HBIA CIeKTpaJbHBLIA HHTEpPBAN) Kak

w (@) = @021 3 | (s, ) 2, (10.15)
A

rae dQ, ecTb 3JeMEHT TeJNeCHOro yria B k-mpocTpaHcTBe, paBeH-
ctBo (10.14) MoxHO nepenucatb B BHjE

> G (rt, 1) = S w (@) 0t—1) dep., (10.16)
u 0

ITockoneky w(w)=0 npu w<C0, TO HHTErpHpPOBaHHE MO ® MOXKHO
IPOH3BOJAHUTL OT — oo 0 oo. flcHo, uro coorHourenne (10.16) moxkHO
B 3TOM CJydae oOparHTh, YTOObl BHIDA3HTb SHEPTETHUECKUH CHEKTP
KaK ¢ypbe-npeobpasoBaHHe KOPPEJNAIHOHHON (YHKIMH, 3aBHCsINEH
OT BpEMEHH:

o0

w () =~ K DGR (10, rt) etot dt. (10.17)

I
—o0 WU
Coorrollenns, ananoruyuble pasercrsaM (10.16) u (10.17) (Bmecre
HX HasblBAIOT TeopeMoll Bunepa — X HHumMHA), yXKe JaBHO HCHOJb3YIOT-

\



csl B KJACCHUecKOil TeopHH caydvaiubix nogel !). Ilonyuennele Hamu
COOTHOILIEHHSI B HEKOTOPOM CMBIC/Ie SBJISIIOTCH €CTeCTBEHHbIM KBaHTOBO-
MeXaHHYeCKHM o6o0menHeM TeopeMbl Buuepa — Xuuunna. Hamu
HCIOIb30BA/IOCh TONBKO IPEAINOJIOKEHHe, YTO II0JIE ONMHCHIBAETCSA CTa-
nuonapHoil hopMoii oneparopa MJIOTHOCTH B P-npencraBiieHHH. PaKTH-
4eCcKH [T J0OKAa3aTe/lbCTBAa He 0053aTe/bHO HCNOJB30BaTh P-mpel-
CTaBJIEHHE, TOCKOJIbKY aHAJOTHYHBI pe3yJbTaT MOXKHO IIOJYYHUTb
U ¢ moMoinbto Gostee o6Iero npeicTaBieHls oneparopa MIOTHOCTH (9.5).
CranHoHapHble TOJISL NPeAcTaBJsoTcst, coryacHo (6.10), wenbiMu
byskuuamMu R = o ({0fiPr}), T. e. (QYHKUHAMH, KOTOpHle 3aBUCAT
TOJIBKO OT TpousBenennil affy. Toraa Ans TakHX noaedl HHTErpan
[ucnonsayemuiit B (10.10) ] mo mmockocram o U f UMeeT BHJ

(Brrax) = { & (01Ba)) Broowe [[ €% dp () dpn B).  (10.18)
15

ITockonbky o6nacTe HHTErpHPOBAHHS [0 KaXKAOH H3 NEPEMEHHBIX @
U P pacnpocrpaHsiercss Ha BCIO KOMIVIEKCHYIO NJIOCKOCTb, TO 3TOT
HHTErpajl He MOXKeT H3MEHUTbCH INIPH H3MEHEHHH 3HAKOB J00oH u3
nepemeHHbiX. Eciin, 0fHaKo, 3aMeHHTb JaHHbE NEepPEMEHHbIE Oy H Pir
Ha —0z H —fs», TO HHTErpaJ MEHSET 3HAK, €CJHH TOJBKO He BHINOJ-
HSIETCS PaBEHCTBO

(Br-ar-) = Oprpr (Blran:). (10.19)

Ha ocuoBannu (5.11) u (6.5) MOXHO 3aMeTHTb, 4TO CDejiHee 3HAUeHHe
(Pfaz) TOUHO paBHO CPeAHEMY YHCJAY KBAHTOB B k-H Moje

(Bfax) = Sp {oak ar} = (ny). (10.20)

Takum 06pasom, Mbl MOKa3aJ/i, YTO KOPpelanloHHast QyHKIHA NepPBOro
nopsiika B o6uem Bufe (10.10) Bcerna yiaosaersopaer pasencrsy (10.14),
KOTa IIojie OIHCHIBAeTCsl CTALHOHADHBIM ONEPATOPOM IIJIOTHOCTH.
Bhipa)kenus, CBS3bIBAIONINE SHEpPTeTHUECKHHl CIEKTD ¢ 3aBHCALUEH OT
BpeMeHH KOppeisnHOHHOH ¢yHKuHe#, HaxolsaTca, KakK H paHblIe.

Camplit mpoctoii 1 Hau6osee OOWMH NPUMEP HEKOTEPEeHTHOTO MO ~—-
noJie, co3jiaBaeMoe CyneprnosHnyeH H3JydyeHHH CTalHOHAPHBIX HCTOY-
HHKOB. B paszene 8 Mbl NOAPOGHO NMOKA3a/H, YTO IO MEPE YBeJHUEHHS
YHC/Ia WCTOYHHKOB, KOTOPBIE JAI0T BKJIAJA B BO3GYK/eHHE ONHOU MOIHI,
onepaTop IVIOTHOCTH MOJBI NMPHHHMAaEeT rayccoB BHI B P-mpelcrasie-
HuM. HerpyaHo HONyYHTb aHaJOTHUHBIE Dpe3yJabTaT H MJIst cilyudas,
KOTJla HCTOYHHMKM BO3GyxIaloT cpady MHoro Moi. [IpeanmomoxuM, uto

1) B reopeMe Buuepa — XHHuUMHA Ipeo6pa3oBaHHe OCHIYHO BBHINOJIHSAETCH
¢ MOMOIUIBbI0 KOCHHYCOB, NOCKOJBKY AJAS Kiaaccuueckoro mois E Koppengunosn-
Hast QYHKUMA sABJAdeTcsd AeHCTBHTEJNbHOH BelMHYHHOM, a8 He KOMINIEKCHOH, Kak
145 nojeit E(+). [I/ig KBaHTOBOMeXaHHUYeCKHX nedell 3HAUUTEeAbHO y1o6Hee HCIIOA b~
30BaTh KOMILIEKCHBle KoppedsnHoHuble ¢ynkuus [3].



ucroundkd (j = 1 ... N) B OCHOBHOM HIEHTHYHbl ¥ 4TO HX BRJABI
B BO30yK/eHHe omHchiBaloTcs BecoBoit pynkunedl p ({o jz}). Torna Ha
OCHOBAHMH TeOpeMEl O cBepTke (Qynkumi BecoBas PyHkuua P ({ax}),
OIHCHIBAIOLIAA CYNEPIO3UIHOHHOE II0JIE, NAETCs BBIPAXKEHHEM

N N
Py = T18® (ax— X an ) IT » o) I] dem. (1021)
2 =1 j=1 k

Tak Kak INIPeAno/araercsi, 4To OTAeIbHble MCTOYHHKHM CTalHOHAPHBI,
10 bynkuHs p ({a;z}) 6yAeT 3aBHCETb TOJBKO OT a6COUOTHOrO 3HAYEHHs
NEPEMEHHBIX Ojx, T. €. OT | ajxl.

BbIBOJI aCHMIITOTHYECKO# rayccosoit gpopmsl 1ist P ({a,}) us (10.21)
HACTOJILKO aHAJNOTHUeH BhIBoAy BbipaxeHust (8.8) us (8.1), yro Her
HeoGXOIHMOCTH 3/iech NMOAPOGHO NMOBTOPATH ero eme pas. [Ipu fokasa-
TeJIbCTBE HCNOJb3YIOTCST MOMEHTHI BTOPOTO HOPsAJKAa QYHKIHH p, KOTO-
pble (ynotpelisis TaKHe XKe BEKTOpPHble 0G03HAYEHHH, KaK H paHble)
MOXKHO 3allHcarh B CIelylollieM BHIE:

(war) = | asonp (o) IT 2. (10.22)

Cranuonapublii XapakTep (GyHKIHH p O3HAYaeT, YTO TAKHE MOMEHTBI
paBHBl HYJI0 OPH R 7 k. MOXHO NOBTODHTb Hallld PaCCyXkIEeHHs
H MOKa3aTh, YTO MHOromepHoe ¢ypbe-npeobpasoBaHue P HMeeT BHI
npousBejienHa rayccoBslX (yHKuHH BHAa (8.6), COOTBETCTBYIOUIHX
kaxioii mome. OTclofa cpasy Xe c/eiyeT, 4To BecoBasd (QyHKuus P
BCEro MO0J/Ist JAeTCsl NPOU3BEJeHHeM TrayCcCOBBIX MHOXKHTeJNeH BHJA (8.8):

P ({oa) = [[ mons €1, (10.23)

nngd
B

rae (n,) ecrb cpelHee YHCJIO (GOTOHOB B k-H MOJe TIIPH MOJHOH Cymep-
nosunun noseil. ONHO U3 3aMedaTelbHBIX CBOHCTB 5TOH BECOBOH (DyHK-
UMM 8aK/JOUaeTcs B TOM, 4TO OHa HMeeT (HaKTOPH30BaHHYIO (opMy.
VIHTepecHo HAMOMHHTD [O3TOMY, YTO He JIeNaI0Ch HIKAKHX NPEATo/okKe-
HUl 0 PAaKTOPH30BAHHOCTH BECOBBIX (OYyHKIHUH p, ONMHCHIBAIOIHMX OTAC/b-
Hble MCTOYHHKH. IlpaBlia, y 9THX HCTOYHHKOB pa3JjiMyHble aMIIHTYIbI
MOJ MOT'YT ObITb CHJIbHO CBfi3aHbl MO BeJMyHHE. Ho MMEHHO CBOHCTBO
CTALMOHAPHOCTH HCTOYHHKOB TNPHBOAHMT BC/IEJACTBHE HCYE3HOBEHHS
MoMentos (10.22) npu k s k' X (akTOpPH3OBAaHHOMY BHLY BECOBOM
byukuun (10.23).

Onepartop MJIOTHOCTH, COOTBETCTBYIOMUH rayccoBoi BecoBOH (yHK-
wir (10.23), onmHCHBAET HAeaIbHO XaOTHUYeCKHH THIl BO3OYKICHHA MOJ
noss. Mel He 6e3 OCHOBaHMil MOXKeM NPEANOJIOXKHTh, YTO 3TOT onepaTop
(o Kpaiinefl Mepe KaK Xopollee NPHOJHKEHHE) NPHMEHHM Jjis OIHUca-
HH$ BCeX M3BECTHBIX BHJOB HEKOT€PEHTHBIX HCTOUHHKOB, HCIIOJAb3YEMbIX



B naboparopusix. B yacTHocTH, U3 pe3yabTAaTOB pasiena 7 cAelyer, 4T
rayccoBa BecoBast (DyHKLHS IIPABUJIBHO ONUCHLIBAET TEIJIOBBIE HCTOU-
nukd. [Iloncranoska B (10.23) pacnpenenenus Ilnamka (n) =
= lexp (hw,/kT) — 1]~' npuBoAUT K ONepaTopy IVIOTHOCTH, COOTBET-
CTBYIOILIEMY MO0 H3JyYEHHst TEIUIOBOrO NPOMCXOXKIAEHHA. Tak Kaxk
rayccoBa BecoBaf ¢yuknHs (10.23) MoxeT OmHCHIBATH H3JIyyeHHe
LieJIOTO psAjJia HEKOTEPEHTHBIX HCTOYHHKOB, TO 3TO NMPHBOIAHT K Ompeje-
JIEHHBIM TJIyOOKHM aHANOTHAM ¢ (DOTOHHBLIMH IOJISIMH, T€HEPHpPYEMbIMH
STHMH HCTOYHUKAMH. HanpHmep, MOXKHO CUHTATh, YTO BCE STH HCTOUHHKH
HANOMHHAIOT TEIVIOBBIE, OTVIHYAACh OT HHX TOJNBKO CIEKTPAIbHBEIM pac-
npejeJieHHeM BBIXOAHOIO M3JyveHHs. B KayecTBe WNIOCTPALMH 3THX
AHAJOTHH MOXHO MBICIEHHO DAacCMOTPETb INPOXOXKAEHHE H3/ydYeHHs
YEepHOTO TeJa yepes TakOoH (HILTP, BBEIXOAHOE CIEKTpaJjbHOe pacmpe-
JeJeHHe KOToporo o6JajaeT JaHHBIM KOHTYPOM JHHHHA. MBI MOKeM
nonoGpaTh 3TOT HCKYCCTBEHHBIl KOHTYP JHHHH TaKHM 00pasoM, 4ToGH
OH COBNajall ¢ KOHTYpOM JAEHCTBHTE/NDBHO H3JydaeMo# JHHUH, CKaKeM
paspaasoil TpyOkH. Torjia BO3HHKAaeT BONMPOC, MOXKHO JH MO H3Mepe-
HHAM (OTOHHOTO TNOJMA OTMMUHTH HCTOUHUK, HEHCTBHTENBHO HCIYCKAIO-
[IHH JIMHHIO, OT UCKYCCTBEHHOrO. EciH uanyyenHe paspAnHol TpyOKH,
KaKk Mbl 1l0JIaraeM, OIIHCbIBAETCH FayccoBOH BecoBoil (GyHKuued, To
sICHO, UTO C TOYKH 3DEHHS SKCIEPHMEHTOB, B KOTOPHIX CYHTAIOTCH (POTO-
Hbl, 3TH JIBA HCTOUHHKA Hepasiauuumbl. OHY SBJISIOTCHS 9KBHBAJIEHTHBIMH
Y3KONOJOCHEIMH KBAaHTOBOMEXaHHUECKHMH TEHepaTopaMH IIyMa.

[Tonyyenne GbyHKumMil KoppeasiuMu AJst HEKOTepeHTHbIX mosefl [2],
ONHChIBAEMBIX TayccoBoil BecoBoit ¢pyuknueit (10.23), He npeacrasiser
TpyAa. Ecim sty BecoBywo ¢yuxnuio nojcrasuth B Beipaxenue (10.9)
JJIst KOPPENANYOHHOR (DYHKIHH NePBOro MOpsika, TO NOJAYYUM

Gty 18) = D hoouty () gy () (na) eio=1), (10.24)
Rk

Ecin dysrunu mox uy (r) ABASIOTCA MJIOCKHMH BosiHami (2.9), a o6bem
CHCTEMBI JOCTAaTOYHO BeNHK, TO (HYHKUHIO KODPENsiiHH MOXKHO Mpef-
CTaBUTb B BHJE HHTerpana

G (rt, r't) = 2(23)3 S Z e e (np, a0 b X

><exp{—L[k-(r—r)——co(t——t’)]}dk, (10.25)

B KOTODOM HHJEKC A NO-TIpexHeMy 0603HauaeT HanpapJieHHe IOJspH-
3auuH. UTo6H HAalTH QYyHKIHIO KOPPEISIIHH BTOPOro NMOPALKA, ONpee-
JseMyio BhipaxesueM (10.2), MoXKHO 3anmucaTh €€ aHaJOTHUHBLIM 006pa-
30M B BHJe pas/okeHHs Mo QyHKuHAM moA. IIpH aTOM enMHCTBEHHBIE
HOBBI€ MOMEHTHI BECOBOH (PYHKIIHH, KOTOPLie He0OXOAUMO 3HATH, AAlOTCH
BhIpaxkenueM (| ap [*) = 2 (| a [*)? = 2 (ny)%. Toraa monayyaem, 4To



GYHKIHIO KOppeJNANHH BTOPOTO NOPsJAKAa MOXHO BHIPA3HTh Yepes
(GYHKIHIO KOppeasinHH NepBoro Nopaika

2 « 1
G:u)uzuam (X4X2, XaX,) = Gm)us (%1, X3) Ghz)m (x25 x4)+
1) 1 ’

+ Gliug (1, %) Glighs (%2, x5).  (10.26)

Jlerko nokasare, 4to Bce GyHKIHH Koppenasuuu 6oJiee BBICOKOTO NOPSA-
Ka TaKXKe CBOAATCSA K CyMMaM NpOHM3BeleHHH (OYHKIHUH NepBoro nopai-
ka. Tax, QyHKHMIO KOppeJsiiHH A-TO MOPS/Ka MOXKHO INpPEJCTaBHThb
B BHIE

G gn (%1 <o Xy Xy - %2) = D) [] G, (v y), (10.27)

j=1

rle HHAEKCH V; W KOOPAMHATHL y; NpH [ = 1 ... n aABAgIOTCA Nepe-
CTAaHOBKAMH H3 ABYX HAOOPOB Mnp4q . . . Won H Xpig . . . Xzp COOTBET-
CTBEHHO, a CyMMHPOBaHHE NPOH3BOAHTCA NO BCeM n! NepecTaHOBKAaM.
Bce mnosisi, npeicrasisieMble BecoBod (yukuued (10.23), xapakrepu-
3YIOTCSt TEM, YTO MX CBOHCTBA MOXKHO MOJHOCTbIO ONHCATh, 3HAS KOPpE-
JSLHOHAY (YHKLIHIO NMEPBOTO MOPsLAKA.

[losns, 06BIYHO Ha3bIBAEMBIE TI0 ONTHYECKOH TEPMUHOJIOIHH KOTepEHT-
HBIMH, JEFKO ONHCAaTh KOPPEeNANHOHHOH (QyHKLUHeH mepBoro nopsika
(10.25). ITockoJabKY B TaKHX MNOJIAX CBET TLIATEJNbHO KOJJIHMHDPYETCH
H SIBJISIETCSl NPUOJIM3HTEIEHO MOHOXDOMATHYECKHM, TO CPEIHHE YHCIa
3alI0JIHEHUsT (fy, 5) OOpalaoTCa B HyJ/b BHe Manoro odbema B k-mpo-
crpanctBe. KpHTepuem TOYHOH KOTE€PEHTHOCTH OOBIYHO CUHTAETCSt
MaJIOCTh JIHHEHHBIX Pa3MepoB 3TOH 006JacTH N0 CPAaBHEHUIO C BEJIHYH-
soil k. Jlerko JokaszaTh, YTO €C/IH II0Jle MOJHOCTBIO NOJISPH3OBAHO,
a jase ToukH (r, {) u (r’, ') He CJMILIKOM yJasleHsl Apyr OT Apyra, TO
¢yukuus Koppensinud (10.25) npHONTHSHTENbHO NPHHUMAET (GAKTOPH30-
Banubiil Bul (2.4). IpyruMu cjaoBaMH, IOJIsT ONUCHIBAEMOTO THIA MIDH-
6JIM3HTENbHO YAOBJIETBOPSIIOT YCIOBHIO KOT@PEHTHOCTH MepBOro Nopsij-
Ka [3]. Omsako H3 CTPYKTYpH KOppPeNsuHOHHBIX GyHKIUH Gonee
BBICOKOTO IOpSI/KA JIEFKO BHIETb, YTO 3TH MOJ HHKOTAA He HMEIOT
KOTE€PEHTHOCTH BTOPOro HJIH GoJee BHICOKOTO NOpPsjiKa. JLeACTBHTENBHO,
ecJH BBIUHCIAHTL (ynkuuio G™, onpenensiemyio Beipaxkenuem (10.27),
JJ1f KOHKPETHOTO CJlyyaf, KOTJa BCe KOOPAMHATHI M HWHIAEKCHl PaBHbI
(T. €. Xy = ... =Xon =X, @ Yy = ... = gy = ), TO TNONYUHM

G L ... %, x .. x)=n! [GE) (x, 0] (10.28)

Hannune B 5TOM BBIpaXKEHHH MHOXKHTENSt n! HECOBMECTHMO C YC/IOBHEM
¢dakropusanuu (10.4) ans GyHKUHH KOppPenAUMH A-TO NOPAAKA NpH 7,
GosplieM efdHHlbL. TakuM 06pa3oM, OTCYTCTBHE KOr€PEHTHOCTH BTOPOTo
1 GoJiee BBICOKOTO NOPsAKa ABJAseTca OOLIMM CBOHCTBOM CTAIHOHAPHBIX
roseii, OMHCHIBAEMEIX rayccoBoil BecoBoit pynkuunet (10.23). HIpyrumu



CJIOBaMH, CYIIECTBYeT OIpeJeJeHHe, COTJacHO KOTODOMY 5TH MoJs
OCTAIOTCA HEKOT€PEHTHHIMH HEe3aBHCHMO OT TOTO, HACKOJBKO OHH MOHO-
XPOMATHYHBl HJH TIATENILHO KOJIHMHpOBaHbl. C JApyro# CTOPOHBHI,
CYILECTBYIOT MOJS (FeHepHpyemble, HANpHMep, pajlHonepelaTyHKaMH
WM MasepaMH), KOTOpble MOTyT 0OJajaTh KOP€PEeHTHOCTBIO CKOJIb
YTOIHO BBICOKOrO TOPAJKaA.

Bo Bpemst oKOoHUaHHSI JaHHO# paborbl mosiBuiach 3amerka Cyzaap-
mana [12], rae paccmarpHBa/sHCh HEKOTOpPbIE BONPOCH CTaTHCTHKH
thoToHOB, KoTOpble HecienoBaHsl 3jech 1), Cylapiian Takke MOAYYHJI
P-npeicraBiense oneparopa INIOTHOCTH H YCTAHOBHJI €r0 CBSI3b C IPEf-
CTABJIEHHEM, OCHOBAHHBIM Ha A-KBAHTOBBIX COCTOAHHAX. UTO Kacaercs
9THX pe3yJIbTaTOB e€ro paGoThl, TO OHM COIJIACYIOTCA C HAUIMMH (pasje-
abt 7 1 9 Hacrosuuei crateH). OIHAKO OH CAenal Lesblil Psi yTBepKie-
uuii, KOTOpble, MO-BHAMMOMY, NPHAAIOT JAPYTyl0 HHTEpPNPETanHio
P-npejcraBnenyio. B 4acTHOCTH, OH paccMaTpPHBaeT CYLIECTBOBAHHE
P-npejcraBieHHs KaK INOATBEPIKICHHE «IIOJHOH 3KBHBAJIEHTHOCTH»—
KJIACCHUECKOr0 H KBAHTOBOMEXaHHYeCKOTO IOJAXOI0B K CTAaTHCTHKE
¢doronoB. OH yTBEpKIaeT Jajee, YTO HMEETCH «OINHO3HAYHOE COOTBET-
CTBHE» MEIKAY BeCOBBIMH (pyHKIMAMHU P 1 pacnpeleseHHsIMH BepOSITHOCTH
JJ18 aMIVIMTYA N0ASL B KJacCHYECKOH TeOpHH.

Cesa3b Mexny P-npeicraBjieHHEM H KJIACCHUECKOH TeOpHeH yXKe
obcyxkianachk B paszienax 7—9. Tam Mb nokasanu, uro BecoBas (yHK-
uusa P (o) aBasieTca B o0LieM caydyae CYLIeCTBEHHO KBAHTOBOMeXaHHue-
CKOHl BeJIMYHHOH H He BEIBOAUTCH M3 KJacCHUeCcKoHd TeopHH. B mpelnesne
npH & — 0, KOTOpHIl COOTBETCTBYET GOJBIIMM AMIVIHTYAaM BO30yXKIe-
HH$ MOJ, BeCOBHIEe QYHKIHH P (@) MOTYT npHOIMKATECA K KJIACCHYECKHM
(YHKIHAM BEPOATHOCTH, KAK K CBOEMY ACHMITOTHUECKOMY 3HAYEHHIO.
[TockoabKY GECKOHEUHO MHOTO KBAHTOBBIX COCTOSSHHH II0JI MOXKET
npuGTHKATbCS K OfHOMY ¥ TOMY 2Ke acCHMNTOTHUECKOMY BHAY, TO fCHO,
YTO COOTBETCTBHE MEXKAY BECOBHIMH (HYHKIHAMH P (a) U KJ1acCHUECKHMHU
pacrpelielleHHIMH BePOSTHOCTH He SIBJISI€TCSH NOJIHOCTBIO OJHO3HaUHbBIM.

JHTEPATYPA

1. Glauber R.J., Phys. Rev. Lett., 10, 84 (1963).

2. Glauber R.J., Quantum Electronics, Proceedings of the Third Inter-
national Congress, ed. Dunod, Vol. I, Paris, New York, 1964, p. 111.

3. Giauber R.J., Phys. Rev., 130, 2529 (1963).

4. Messiah A., Mécanique Quantique, Paris, 1959.

5. Schrodinger E., Naturwissenschaften, 14, 664 (1926).

6. Schiff L. I, Quantum Mechanics, 2nd ed., New York, 1955, p. 67.
(Umeercst pycekuit nepesoxs JI. Il u ¢ ¢, Keanrosas mexanuxa, MJI, 1959.)

1) B ceoeli samerke Mangea u Boapd [19] samumiaoT xiaccuueckuil mox-
X0J4 K BoIpocaM cTaTHcTHKH ¢GoToHoB. HekoTopele BO3MOXHOCTH H INPHHUUIH-
afbHBle OTpaHUYEHHUS TAKOTO NOAX0J4a JOJXKHB GHTH OYEBHAHB M3 Hauel Golee
paHHell pa6oTe. MOXKHO OTMETHTBb, YTO «BBIBOJ», KOTOPBHIH OHM NOJYUHJIH H3
[1], Henb3st 0GoCHOBAHHO BHIBECTH H3 5TOH CTATBH NPH JIOGOM ee YTEHHH.



.Heisenberg W., The Physical Principles of the Quantum Theory,

New York, 1930, p. 16. (HMmeercst pycckuit nepesox: B. Teftsenbepr,
duzyyecKHe NPUHIHUIN KBaHTOBOH Teopuu, M.-JI1., 1932))

.Schwinger J., Phys. Rev., 91, 728 (1953).

o Segal 1. E., lllinois Journ. Math., 6, 520 (1962).
0.
11.
12.
13.
14.

15,

16.
17.

18.
19.

Bargmann V., Commun. Pure and Appl. Math., 14, 187 (1961).
Schweber S., Journ. Math. Phys., 3, 831 (1962).

Sudarshan E. C. G, Phys. Rev. Lett.,, 10, 277 (1963).
Wigner E. P., Phys. Rev., 40, 749 (1932).

R ayleigh, The Theory of Sound, 2nd ed., Vol. 1, London, 1894, p. 35.
(Mmeercst pycckuil nepeson: P eun e i, Teopus ssyka, M., 1955.)

R ayleigh, Scientific Papers Cambridge University Press (Cambridge,
England, 1899—1920), Vol. I, p.~91; Vol. IV, p. 370.

Bloch F., Zs. Phys., 74, 295 (1932).

Lawson J., Uhlenbeck C. E., Threshold Noise Signais, New
York, 1950, p. 33.

Glauber R.J., Phys. Rev., 84, 395 (1951).

Mandel L., Wolf E., Phys. Rev. Lett., 10, 276 (1963).



Jdexuyus 12

Nanyyenrme npu 3040HHOM
pacnpegeneHun Toxa

B KBaHTOBO#l 3/MEKTPOAMHAMHKE HE TaK MHOMO 3ajay, KOTOphie
¥Mesu OB TOYHOE DeElLIEHHe B IOJHOM cMblcse 3Toro cjosa. Cyuie-
CTBYET, OJHAKO, NpPHMeP NPOCTOH INOJHOCTBIO PaspeliuMoi 3ajauH,
NpeJCTaB/sioell K TOMY XK€ 3HAUHTeJbHbIH (DH3UUECKHH HHTEpecC.
Aro npobieMa HaXOXKAeHHs (POTOHHOTO MOJSsI, H3/y4aeMOro CHCTEMOH,
pacnpejie/ienHe 31eKTPHYECKHX TOKOB B KOTOPOH MOXKHO CUHTaTh Kiac-
cHYeCKHM. TEepMHH «K/J1acCHUeCKoe» O3HauaeT B 3TOM CJIydyae, YTO TOK
MOXKHO TPEICTAaBHTb BEKTODHOH (yHKLHEH KOODAHHAT H BpEMEHH
j (r, {). Slcuo, uTo TaKas MOJENb HE MOXKET ONHCHIBATD [IPOLIECC H3MyYe-
HHS OTHEJAbHBIX ATOMOB, MNOCKOJIBKY OOpaTHOE BIIHAHHE H3JIYYEHHS
Ha pacrpejiesiense aTOMapHBIX TOKOB Y4YeCTb B CYIIHOCTH He yIaeTcd.
Ata MOIeNb MOXKET, OJHAKO, CJYKHTb NPEBOCXOAHBIM NPHONHKECHHEM
B TOM CJIyyae, KOT/la MMEOT JeJI0 ¢ H3Jy4EeHHEM JOCTaTOYHO GOMBIIOTO
qycia aTOMOB, JJisi KOTOPBHIX NOBeleHHe BEKTOPa IOJIHOI0 TOKA MOXKHO
npe/icKasaTh CTATHCTHYECKH. 3aMeTHM, 4TO, FOBOPS 3TO, MBI BOBCE HE
HTHODHpDYeM ofpaTHyIo peakuHio Ipouecca H3/JyyeHHs Ha TOKH. Bce,
4TO MBI TpPeGyeM,— 3TO BO3MOXKHOCTb, MO KpaidHei mepe B NpHHIHIE,
npeicKasaTh TAKYIO peakIMIo, Kakol Obl oHa HU Obl1a (Kak, HalpHMeD,
B TEODHH aHTEHH €€ YUHTHIBAET CONPOTHBJIEHHE H3JIyUEHHs aHTEHHEI).
[1py fOmyILIEHHH CTATHCTHYECKHX HEONpelleleHHOCTel B pacnpe/iesieHnH
TOKAa 3Ta MoOjeThb J4CT, [O-BUAHMOMY, TOUHBIH pe3yJibTaT NIPH pacuere
QOTOHHBIX MOJIEH, TeHepHpYyeMBIX OOJBIIMHCTBOM MAaKPOCKOMMYECKHX
HCTOYHHKOB.

CaMHIBTOHHAH B3aHMOJEHCTBHS, KOTOPBIH CBA3LIBAET KBAaHTOBaH-
HOE 3JIEKTPOMArHHTHOE II0Jieé C pACHpeleseHHeM TOKOB, HMeeT BHI

Sor ()= { it 0-A(r, Hdr. (12.1)

c

B npeicTaBNEHHH B3aHMOJEHCTBHA H3MEHEHHE BEKTOPA COCTOSHHA
noJIst CO BpeMeHeM mnojunHseTcs ypaeHenuio Ilpenunrepa

.. 0
zhﬁlt):agl]t). (12.2)
Beejem nJs KpatkocTH oneparop B (f), onpejelsieMblil COOTHOIIEHHEM

Bm=%gmwAmom (12.3)



onepatop B(f) ecTh mpocTo JHHEHHAss KOMOHHAIMS 3HAUEHHH BEKTOD-
HOrO NOTEHIMAJa M, TaKUM 00pa3oM, NMOJUHHSETCA TeM XKe OOuuM
KOMMYTAllMOHHEIM COOTHOLIEHHSM, YTO M BEKTOPHBI notennuan. B o6-
meM cayvae KomMmytarop [B(f), B(¢’)] oTnnueH ot Hyssd, HO OH Bcerjaa
€CcTb NPOCTO YHCJIO.

Ypasuenne Ulpeaunrepa (12.2) MoxHO mnepenucarb Tenepb
B BHJe

¢
—|H=B@®)|1. (12.4)

BeJlencTBue onmepaTopHOro xapakrepa BeJMYHHBI B (f) pelueHne 3TOro

yPaBHEHHS! He DPaBHO
i

exp { S B(t’)dt’} | to), (12.5)

to
Tak Kak B (f) ve ectb uncs0. OfHAKO H3-32 NPOCTOTH KOMMYTAHOHHBIX
COOTHOILIEHHH, KOTOpbIM MOAUHHsEeTcs onepartop B (f), 3To BbIpaxkeHHe
He CTOIb OIIMOG0YHO, KaK MOXKHO OBLIO OBl HPEANOJIOXKUTh.

B(t)

1o t = 4t = {n
dur. 11
HaBectHo, 4TO COCTOsIHHE | {) B MOMEHT BPEMEHH { MOXKHO BbIPa3HUThL

HOCPEeACTBOM yHHTapHOTO onepatopa U (f, ¢,), IpHMeHEeHHOTO K COCTOSI~
HHIO | ty) B MOMEHT BPeMEHH {,

1y =U (2, bo) | to). (12.6)
OueBujino, uto oneparop U (f, f,) yAOBJeTBOPSeT ypaBHEHHIO
LUt t)=BO)U (t t) (12.7)

¢ HavasabubiM ycoBHeM U (2, £o) = 1.

Uto6u HalTH onepatop U, pasjgennM BpeMeHHOH HHTepBad (fo — 1)
Ha Gojlee MeJKHe HHTepBalbl Af, 3aKJIOUeHHble MEXK1Y MOMEHTAMH
Bpemenu t; = to+ jAf{, roe j— menoe uucio. Pewenue ypaBHe-
gus (12.7) MOXKHO TOJYYHTb C IOMOLLLIO NPEAENBLHOr0 MEpexofa.
[Ipennonoxum, uto onepatop B (f) UMeeT NOCTOAHHOE 3HAYEHHE BHYTPH
KaXJOro HHTEpBaja BpeMend Af M 1peTepneBaeT H3MEHEHHE TOJIBKO
B MOMEHT BpemeHH f; (pur. 11).



[Tockonbky onepaTop B mocTosiHeH B KaxkJIOM MajioM HHTepBalle,
Mbl MOXKEM JIETKO MNPOUHTErpHpoBaTh JAH(dEpeHIHa]bHOe YpaBHe-
ane (12.7) mis kaxjaoro Takoro uureppana. Ecnu B (f) npuHumaer
3HauenHe B; B HHTepBajie Ot {;—; J0 [, TO

U(ty, tj_y) =", (12.8)

CJle10BaTE/IbHO, ONEpaTop NpeobpasoBaHusl, COOTBETCTBYIOWHIH noCae-
JOBATeJIbHOCTH MaJIbIX HHTEPBaJOB, OyJeT MMETb BH]L

U (tnr to) = PnBlePnaitt | oB1AY (12.9)

Uro6bl OLEHHTH 3TO TPOM3BEJIEHHE, Mbl MOXKEM HCIOJIb30BATH H3BECT-
Hylo Teopemy 06 ymuoxenuu skcnonedt (C3.20)!). [ag n=2,
HampHMep, HMeeM

U (ty, 1) = eP2dleF1at — exp {(31+Bz) A+ 4 (B, Bl](At)Z} . (12.10)

[ToBTOpsifi 3Ty onepaunHio, nojayyaem

ULy, fo) = exp { S\ BAt+ 4 D) 1By, Bil (At)z} . (12.11)

j=1 i>h

D710 BHIpPaXKEHHE €CThb TOYHOE pellleHHe, ecqu B (f) ABnAeTCs, Kak Mbl
NPEeANONOKHIIIH, Pa3spHIBHOH QyHKOHEH BPEMEHH.

Cnyuaii, korja oneparop B (f) uameHsercs co BpeMeHeM HenpephiB-
HO, MOXHO PacCMOTPETh, NMepexois K npeeny npu Af— 0, T. e. mpex-
nosarasi, 4to f, = t ocraercsi QUKCHPOBAHHBIM, a 1 — co. B pesymb-
Tare TAKOTO INpee/IbHOTO Nepexofa MoJyuaeM TOYHOe pelIeHHe

4 t t
1
U (¢, to) = exp {S B(t'ydt' + S dt’ S dt" [B(t), B(t”)]} . (12.12)
o to to
CpaBuuBasi 3T0 pelleHHe ¢ BolpaxkeHuem (12.5), xoropoe moJiyyeHo
B Ipeamnosokenuu, uto B(f) He dABJsETCs ONEpaTopoOM, BHAHM, YTO
pasHHIA CBOAHTCS K 100aBJEHHIO B IIOKAa3aresie 3KCIIOHEHTH YJ/eHa
3 t’
1
- K dr’ g dt" (B (¢'), B(#")]. (12.13)
1o to
KomMyTaTop B 3TOM HHTErpase ecTh MpocTO KO3(Q@HUUHEHT (BeJHUHHA
yucTo MHUMas). TakuM o6pasom, pemenue (12.12) orauyaerca ot

(12.5) numb 3a8BHCAIMM OT BpeMeHH (asoBbM MHOkHTeneM. OGosHa-
yas ugurerpan (12.13) uepes ig(f), 3anumeMm onepatop npeoGpaso-

1y Byxksoit C yca0BHO BHgelleHs! (GOpMYJNBl H3 CTaTbH aBTOpa, BKJOYEH-
#oll B HacTosmu#l Kypc B KayectBe Jdekuuit 9—11.— [lpus. ped.



BaHUs B BHJE

U(t, t)) =exp { i B(t')dt' +ip (t)} =
ot

— exp {#g i(r, £')-A(r, t’)dt’dr+i(p(t)}. (12.14)
to
Xorsa dasoBas QyHKuHA ¢ (f) MMEET HEKOTOPbIH (PH3HUECKHH CMBICH
(oHa comepxHT, K npuMepy, HHGOPMAIHIO OTHOCHTENBHO SHEPTHH
B3aHMOJIEHICTBHSl TOKa M TMOJIA), OHA He BJHSIET HA BhlpaXkeHHe IS
ONepaTopoB IVIOTHOCTH NOJIA, T. €. €C/IH Hada/bHOE 3HAUEHHE orepaTopa
IVIOTHOCTH €CTb @ (fo), TO €ro 3HayeHHe B MOMEHT BpPeMeHH { PaBHO

() =U (¢, to) @ (L) U™ (4, t,); (12.15)

KaK Mbl BHIHM, (DAa30BEHIl MHOXKHTENb JAEHCTBHTENLHO HCUE3AET,
B uacTHOCTH, ec/H HayaJbHOE COCTOSIHHE €CThb BaKyyM

[1oy =] vac), (12.16)

TO B MOMEHT BpeMeHH ! UMeeM
ot
. i .
e~ | {) = exp {% S i(r, ¢)-A(r, ') dr dt’} |vac). (12.17)
to
Ecin BBeCcTH Tenmepb pasioxeHHe olepatopa A 1O HOpPMAaJbHBIM
THOAM KoJjebauuii uaH Moaam [cooTHomenue (C2.10)], To craHer
BHAHO, 4YTO YHHTApHBIH oOnepaTop, JEHCTBYIOUIMH Ha BaKyyMHOe
COCTOfIHHE cnpaBa B BblpaxkenHu (12.17), ecTh mpocro mpousseneHne
ONEpaTopoB CMeELIeHHsI: :

Dy, (ap) = exp [araf — azas]. (12.18)

Tounee, ecnu Mbl ompeje/MM CHCTEMY 3aBUCAIMX OT BpeMeHH
aMILTHTY [
t

a () = i(r, ¢)-uf(r, )% drdt’,  (12.19)

i\
(2hop)*?

to
TO cooTHowenue (12.17) MoXHO mepenmucath B BHIe

e=i90) |ty = [[ Dy (0 (1)) | vac). (12.20)
Rk

Orciona SICHO, HYTO H3/JYyUeHHE 3aJJaHHOT'0 pacnpelie/ieHuss TOKOB
B BaKyyM Bcer/Jia IIpHBOAUT K KOI€¢PEeHTHOMY COCTOSTHHIO IO/ U3 YUeHH .

e=100 | £y = [ {a (H)}). : (12.21)



Boo6lue, ec/IH 110J1e BHAYaJ e HAaXOAUTCA B IIPOM3BOJIBHOM KOIepEHTHOM
COCTOSIHHM, TO HOJI JEHACTBHEM H3JyyeHHs pacrpeie/eHHHd TOKOB ero
COCTOSIHME OCTAeTCH KOTePEHTHBIM.

HaiienHoe peruenye 3ajayu o6 H3AY4eHHH 3aJaHHOTO pacmpejese-
HHSI TOKOB TOYHO YYHTHIBAeT KBAHTOBOMEXaHHYeCKHe CBOHCTBa IOJA.
OznHaKO OHO TPOCTO CBSI3aHO C PellleHHeM COOTBETCTBYIOLIEH KJaccuye-
ckoil samaud. CoorHouweHusaMHu (8.22) ammnutyael oy (f) cBs3aHbl
C 3aBHCHIIMMH OT BPEMEHH aMIIHTYIaMH MOJ JUIst KJIacCHYECKOTro Nojs
H3NyYeHHS.

B MoOMeHT BpeMEHH { oNepaTop MJIOTHOCTH, KOTOPbIH COOTBETCTBYET
KorepeHTHOMY cocrosinuio (12.21), pasen

0()=| {an (O} aa (O} (12.22)
@ MOxeT OHITH MepenucaH B P-NpegcTaBieHHH CHEAYIOHINM 06pasoM:
o (6)={ P((Bu)) 1 (Bsh Bl TT 4B (12.23)
R
rne
P({px)) =11 8% (Br—as (1) (12.24)
3

ecTh P-pyHKUuA.
B npoBejeHHBX pacyeTax Mbl OllepUPOBAJIH C 3alaHHBIM pacrperesne-

HHUEM TOKa, T. €. C TAKHM paclpejieeHneM, NOBeleHHe KOTOPOro MOXKHO
8 npunyune npeickasarb. OHAKO B 1eACTBUTENBHOCTH MOXKET 0Ka3aThbCsl
TaK, UTO ¥ HaC HEJOCTATOYHO MH(OPMAIHH LJIsi TAKOTO NpPeICKasaHnus,
B Mbl IOJKHBI INPHGETHYTb K CTATHCTHYECKOMY ONMCAHHIO TIOBEIEHHS
toka. Ilockosbky TOKH j (r, {) B mo6oil 3aaHHHIi MOMEHT BPEMEHH
B 5TOM C/lyyae HEH3BECTHbl, 3aMHCaTb TOYHbe 3HAYEHHS] AMIVIUTYX
az (f) B BHJe cootHomtenus (12.19) cranoBuTCA HEBOBMOXKHBIM. [losTOMY
Mbl IPEANONOKHM, YTO KO3(QOHUIHMEHTH! 0 HMEIOT B MOMEHT BpeMeHH ¢
HEKOTOpOE pacnpenieieHne BeposaTHOCTH p ({ax}, f) ¢ 3aaHHOH Aucnep-
cueii. Torna omepaTtop TJIOTHOCTH MOXKHO 3amHcath B hopme

o= X p{arh &) {owh) {ar}| I] 2o, (12.25)

KOTOpasi ABafeTcs OOlieH 1if P-TpeicTaB/eHus, HO B KOTOPOH QyHK-
mus P, oueBHAHO, BCerha INOJOKHTENbHA.

OnepaTop NJIOTHOCTH B BHJle COOTHOLIenHst (12.25) ¢ nosoKuTeNbHOH
seauunHoit p ({ay}, f) MOXKET HCHOAB30BATbCH I8 OMNHCAHHSA IOJEH
H3/yueHHs [eJOro Psfila HCTOYHHKOB, HANpHMEp TeMJIOBBIX H3Jyyare-
Jeit, paspsiiHbIX TPYOOK M T. . B CBfA3H ¢ 5TUM HHTEPECHO 3aMETHTb, YTO
MBI BCerja MOXKEM NOCTPOHTb B 3THX C/Iy4YasX TaKoe KJacCHYEcKoe
pacrpelie/ienne CiyyafiHbIX TOKOB, YTO OHO GyZeT NPHBORHTH K TOMY
3Ke camMoMy MOJIo, T. €. TOMY K€ CaMOMYy ONleparopy IJIOTHOCTH.
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1. Monstue 0 $a3oBoM MpPoCTPAHCTBE AJIS MOJS

B kaaccuueckoil MexaHHKe MBI MOXEM ONDENENHTh COCTOSIHHE
CHCTEMBI 3aJaHIEM MIHOBEHHBIX 3HAUeHHH BCeX KOOPAUHAT U HMIYJAbCOB.
Torna sBomonMs CHCTeMbl €JHHCTBEHHBIM 00pa3oM ONHCHIBaeTCs ypas-
HEHHSIMH IBIDKeHHs. [IJ1s1 HarJsgHOCTH n KOOPAMHAT H A HMITYJbCOB
CHCTEMBbl MOXKHO NpeJCTaBHTb KaK KOOPJHHAaTbl TOUKH B 2n-MepHOM
(dbasoBom) npocTpanctBe. Touka, KOTOpas NPeACTABASET CHCTEMY B 3TOM
HOPOCTPAHCTBE, IBIKETCS N0 ONpeleNeHHOH TPaeKTOPHH.

STy KOHIENIHIO JerKo o00OLHUTh Ha caydyall KnacCHUecKo# craT-
cTHuecKO# MexaHukH. OIHAKO BBHIY TOTO, UTO B 3TOM CJyuae HayaJb-
Hble KOOPAHHATBI M HMIYJBCH CHCT€MBbl HEONPeLeNeHHBl, MBI MOXKEM
yKasaTb TOJNBKO pachpeleseHHss BePOATHOCTH Pyx (py - . . Pn, Gr - . .
. .. Qn) LS 3THX IlepeMeHHbIX. BmecTo TOrO, UTOGH! C/IELHTD 32 ABHIKE-
HHeM OTZAeJbHOH TOUKH B (Pa30BOM NPOCTPAHCTBE, Mbl HOJIKHBI CJIEIUTh
3a IBHXKEHHEM LeJoro «of/Jakas TOUEK, IPeLCTaBJSIOLIUX aHcaM6Jb
cucreM. Oxunaemoe 3HaueHHe JI060H QYHKIUE BEHUHH p; U §; MOXKHO
BBIUHCJIMTD TOTAa NYTEM HHTErPHPOBAaHHUS NPOU3BELEHHs 3TOH PYyHKIHH
Ha BepOATHOCTL Pyy N0 BceMy (a3soBOMY f1pOCTPaHCTBY.

B nepsole xe rofpl cyniecTBOBaHHS KBaHTOBOH MeXaHHKH JeJalIHCh
TNOMNBITKH HCNO0Jb30BaTh TaKOH MOAXOZL AJIsi ONHCAHHS KBAaHTOBOMEXaHH-
4eCcKoll HeollpeesleHHOCTH. MH He OyleM 31ech 0OCYXAaTh STOT NOLAXOL
Gosee MoApOGHO, MOCKOJBKY HAllH HHTEPeChl OTrPaHHYEHH H3yuYeHHeM
3JIeKTPOMarHuTHOrO IOJS.

C TOUKH 3peHHS JHHAMHMKM KOJeGaHHs NOJsi B KaXKIOH MOJIE eCTb
KoJie6anHsl rapMOHHMYECKOro ocuuiiAropa. s mpocToTel pacecMorpe-
HHs OrpaHHYHMCS OAHOH MOAoH. B sToM ciyuae Kiaccuueckoe dasoBoe
[POCTPAHCTBO HMeeT TOJbKO JABa HM3MepeHHS, COOTBETCTBYIOLIHE Iepe-
MeHHBIM p’ H ¢'. PasoBas Touka IJs MOLbI ¢ SHepruell E IBHIKeTCS
[0 3JJHICY

P2+ w2q'? =2F

(Macca B3siTa DaBHOH ejNHHHIE).
JI1o60My KOMIJIEKCHOMY COGCTBEHHOMY 3HAUEHHIO OIepaTtopa

a=(2r0)""* (0g + ip) (13.1)

GyaeT COOTBETCTBOBAaTb KOTEPEHTHOE COCTOsIHHE. AMIJIATYAY «,



-COOTBETCTBYIOLLYIO COCTOSIHHIO |a@), MOXKHO 3allHCaTh B BHAE
a=(2ho) "2 (0g’ +ip’), (13.2)

rae ¢’ u p’ — neficTBHTENbHBlE YHCJA.

Kak nokasano B pasjese 3 cTaTbH aBTOpa, BKJIIOYEHHOH B HACTOs-
mui Kypc B KauecTBe Jekuuit 9—11, cocrosinue | @) MOKHO ONHUcaTh
BOJIHOBLIM NAKETOM ¢ MHHHMAJbHOH HeoNpeneJeHHOCThIO, HMEIOIIHM
CpelHHe 3HAYEHHS KOOPLHHATBI §' M HMIyJbca p’.

Ecnu ucnonb3oBath jajee npencrasienue lIpenwnrepa u mpocie-
IHTh M3MEHEHHE COCTOSIHHS BO BpPEMEHH, TO Mbl YBHIHM, YTO COCTOSHHE
OCTAeTCsi KOTEPEHTHBIM, a 3aBUCHMOCTb €ro aMILUIHTYIbl OT BpPeMEHH
HMeeT BHI oe 0!, J[BUKEHHE BEKTOpa aMIVIUTYIbl B KOMIVIEKCHOH
IJIOCKOCTH TIPOMCXOIHUT IO OKPYMKHOCTH | @ | = const, koTopas B mjo-
CKOCTH p’ ¥ ¢’ COOTBETCTBYET YIOMSIHYTOMY BBIIE 3JUTHIICY.

SIcHO, UTO KOMIVIEKCHaS G-IIJIOCKOCTh €CTh NPOCTO BHIOH3MEHEHHe
JIByMepHOro (asoBoro npocrpancrsa. Kasanoch Obl, 4TO ¢ 3TOH TOYKH
3pEHHs] BOJHOBBIE AKETH KOTE€PEHTHBIX COCTOSHHH MOXKHO IPELCTaBHTD
cebe Kak «o6jaKa» BEPOSITHOCTH, IEHTPLl KOTOPEIX ABHKYTCS M0 KPyTo-
BeiM nyTsiM. OIHAKO Takoe IpeACTaBjeHHe SBJAETCA B CYLUIHOCTH
KaaccuueckUM. B KBaHTOBOH MexaHHKe HaOJIOfaeMble BeIHUHHBL p H ¢
He MOTYT H3MepSATbCS ONHOBPEMEHHO ¢ [IPOH3BOJBLHOH CTeNeHbio TOY-
HOCTH, H, CJ€I0BaTeJIbHO, OTYACTH TePseT CMBICJA NONLITKA [OBOPHUTH
06 ofmeM paclpeleseHHH BEPOSITHOCTH LJIs1 NepeMeHHhXx p’ H (.
YuuTHIBas 3TH OrpaHHYEHHs, MOXHO, KOHEUHO, FOBODHTb O pacnpene-
JICHHH BepOSITHOCTe! JJisi OGEHX IepeMeHHHX, OJHaKo OoJee YAOGHBIM
ABJsIeTC APYrod NOAXOX.

BpelenHoe Bhillle P-nipeficTaBiende ollepaTtopa MJIOTHOCTH (CM. JIeK-
uud 9—11) MOXHO paccMaTpHBaTh KakK ONpelesieHHe NOHITHS, aleKBaT-
HOrO HOHATHIO pacnpelefieHHsl BEPOSITHOCTH B (asoBOM NPOCTPaHCTBE.
KoMmiekcHasi o-MaoCKOCTh, HAa KOTOPOi ompeleneHa P-QyHKuUHs, eCTb
BHIOH3MeHeHHe MNOHATHs (pa30BOro mpocrpaHcTa. bojee Toro, Kak
Mbl yXe OTMedaJsu, P-pyHKIHA HMeeT psili CBOHCTB, OOmMX C pacnpene-
JIeHHeM BePOSTHOCTH; OLHAKO 3Ta (PyHKIHS MOXKET HMeThb OTpHIaTeNbHOe
3HaUeHHUe U CHHTYJSIPHOCTH, UTO He CBOHCTBEHHO (QYHKIHH NJIOTHOCTH
BeposiTHOCTH. Takoe mnoBeieHHe P-QyHKIMH He JOJKHO Kas3arbed
CTPaHHBIM, NOCKONBKY OHA B IIPOTHBOINOJOXKHOCTb pacllpeleseHHIo
IJIOTHOCTH BEPOSTHOCTH He SIBJSIETCS HEINOCPEACTBEHHO H3MepsieMoi
(hu3uUeCKOH BeJIHYHHOH.

Benuunna P (o) no onpenesenuio o6janaer psaoM cBOUCTB QyHKIHH
pacnpeliesieHdsi IIOTHOCTH BepPOSITHOCTH B (Das0BOM INPOCTPAHCTBE,
OIHAKO OHA He ToXJecTBeHHa e, ITosnuee Mbl OOCyAUM HEKOTOPLIE
IpyrHe UpHUMepbl TakKHX (yHKUMH (KOTOpBlE, IO-BHIUMOMY, Jy4lle
BCEro HashiBaTh IVIOTHOCTAIMH KBa3HBEPOSITHOCTH) H NOKaXeM HX CBS3b
¢ P-npexncrasnenueM. CHauaja, OXHAKO, BepHEMCH K BOIpPOCY O NpH-
MEHHUMOCTH P-TIpeicTaBsieHHs1 BOOGIIE.



2. P-npencrasiesue H upobaeMa MOMEHTOB

U3 npumepa, nannoro B cratbe (1eknMu 9—11), sicro, yto P-npeg-
CTaBJIeHHE OMepaTopa IVIOTHOCTH MOXKHO C YCIEeXOM HCHOJIb30oBaTh I
ONHcaHHA BecbMa HIHPOKOrO KJjacca noJeH, ORHaKO JO CHX MOp 3TOT
BOIPOC IO KOHIZ JeTaJpHO He HccnaefoBaH. Cynapian ') ykasbiBan
B KODOTKOH 3aMeTKe, YTO AHaroHa/bHOe MNpeACTaBJeHHE OrepaTopa
MJIOTHOCTH ¢ TIOMOIIBI) KOT€PEHTHBIX COCTOSIHHE MOMXKHO HCIIOJAb30BaTh
JJIs1 TipeAcTaBJIeHHsi POM3BoabHOTrO noss. OH Jaj TOYHOe BEIpaKeHHe
IJ1s1 BecoBOH (DYHKIMH TaKOTO IpeACTaBJeHHs B BHIE HeOrpaHHUEHHOM
CYMMBI TIPOH3BOJHBIX IIPOH3BOJIBHO BEHICOKOTO NMOPSIAKA OT O-QPYHKIHH.
OH ykasaJ, 4TO IPH TaKOH 3amHCH OHepaTopa NJOTHOCTH «ONHCAHHE
CTaTHCTHYECKUX COCTOSIHHA KBaHTOBOMEXaHHMUECKOH CHCTEMBl... IOJ-
HOCTBIO IKBHBaJEHTHO ONHCAHHIO ¢ IOMOIIBIO KJAacCHYeCKHX pachpe-
IeJleHHH BepOSITHOCTHY.

Cnoco6, KOTOpHIM MOXKHO NOJYYHTb Bhipaxkenue CyfnapilaHa Onis
tdynkuun P (a), 3akimodaercs B caefywomeM. PaccmarpuBaem MaTpuy-
HBIl 3/IEMEHT oneparopa NJIOTHOCTH IJSA f-T'O KBaHTOBOIO COCTOSIHHS.
CornacHo ypaBHenHio (C 7.12), 3Ty MaTpHUHbIE 3JIEMEHTHl €CTh KOMIIEKC-
Hble MOMEHTH! :

nle|m=(nlmy™" { P (@) (@) a"d’a

BecoBoil ¢yukuuu P (a). B ofem cinyyae HaM HeOoOXOIHUMO pewlaTh
HOJIHYIO CHCTEMY TaKuX ypaBHeHHM 1Jis BCceX n ¥ m, T. €. HAaUTH MaTpH-
Iy, 3JeMeHTHl KOTOpPOH HaloT MaTpuiy MoMmeHTOB. Takum o6pasoM,
B ofleM BHZe 3Ta 3ajaua TPyAHO paspemuma. Pemenne Cyzapuiana
OCHOBAHO Ha HCIOJAL30BaHHU HEKOTOPHIX 3aMeuaTesbHbIX CBOHCTB
O0-QYHKIHH H ee NPOHU3BOAHBIX. PaccMOTpHM mJis HPOCTOTHI CHadana
OJlHOMepHBLIA cayyail.

TIpenmo/noKUM, UYTO HaM HYXKHO HalfiTh ¢yHrRuHO f(x), onpene-
JEHHYI0 B HHTepBaje — oo < x<C 0o, IO 3ajaHHOMy HaCopy ee
MOMeHTOB M,

(o)

S f)ade=M,  n=0,1,2, .... (13.3)

—00

Ecan j-10 npousBOAHYIO 8-pyHKIHH 3aluCcaTh B BHIE
. di
( ) _
8 (x) - 6 (x), (13.4)

TO MOMEHTH O-QyHKuMM OYAYT HMETb BHJ

S ©8P (x) dx = (— 1)’ j! 8. (13.5)

1y Sudarshan E.C.G., Phys. Rev. Lett., 10, 277 (1963).



Ipyrumu ciaoBaMu, Kakjias npou3BogHas O-OYHKIHH HMeeT OJHH
H TOJALKO OIHH OTJAHYHBLIH OT HyJas MoMmeHT. Hcmomesya (13.3)
n (13.5), MOxHO 3amucath

Fo) =" (:ﬁ}l’ M,d™ (). (13.6)
n=0

Teneps HeOGXOAMMO TPOBEPHTH, HMEET JIH TaKOe pellleHHe KaKOH-JIHO0
CMEICS UJIH HET.

MartemaTHKH yXKe JaBHO JOKa3anH, 4To O-QyHKIHsS ¥ ee NPOH3BOA-
HbIe He ABJSIOTCH, CTPOrO FOBOPS, NOJMHOUEHHEIME GyHKIHAMH. CoBCeM
HeaBHO pa3BHTa TeOpUsi pacnpeleneHuil (HaH TeopHs OGOCHIEHHBIX
dYHKIHH), B KOTOPOH yKasaHBI IIpefebl IPUMEHHMOCTH npeobpasoBa-
Huit tuna (13.6).

B reopun pacnpenenennii ypasuenusm (13.4) u (13.5) npunaiot
BIIOJIHE OTIPeleJIeHHbIHl CMBICH, OJHAKO HY¥KHO HMeTb B BHAY, 4TO 31€Ch
MBI CTaJKHBaeMcsl, Boo6lle TOBOPS, He ¢ OOBLIYHBIM 3HaYeHHEM, KOTOpoe
MOXHO TIPHIATh, HanpuMep, GeCKOHeuHOH cymMe B ypaBnenud (13.6).

«Penrenner Cypapulana AJs JABYMeDHOrO pacnpeje/eHHs HMeeT
BH]

0 ntm
X{("‘“a;aJ 6(1&!)}, (13.7)
rae o = | a | ¢i®. Xonugeir u Ceiizx ') Ha mpocTOM NPHMEPE MOKA3AJIH,

YTO 5TO BHpamKeHHe HeAb3s paccMaTpuBath Kak pacnpefenense (060C-
LIEHHYIO (hYHKIHIO) MPOH3BONBHOTO BHAA. B KauecTBe npumMepa HCHOMb-
30BaJICsl OMepaTop TeMIoBOH MOTHOCTH. OHHU IOKa3aslH, 4TO HHTErpas
oT mpousBenenus psa (13.7) ma npenesbHO XOPOWO BelyLiyio cebs
npo6HyIo GyHKUHIO (KOTOPasi paBHa HYJIIO BHE Kpyra KOHeUHOTO paliny-
ca B O-MUIOCKOCTH) pacxoiutcsl. Kaxmma ) mokasas HeNaBHO, UTO LJISA
GeckoneuHoOro uucia KBauToB pax (13.7) ne ynaercss HHTEPIPETHPOBATD
Kak 0G06HIeHHYIO (DYHKIHIO.

[TocKonbKYy 5TH pe3yJbTaThl YKasblBalOT Ha TO, YTO NpeLCTaBJeHHE,
npeinoxkennoe CylapLiaHoM, He sIBJSETCS, BOOGLIE rOBOPs, KOPPEKT-
HBIM, BeCbMa BaxKHEIH BOPOC 06 OGIHOCTH P-NpeicTaBleHHsl 0CTaeTCs
otkpuithiM. Opnako Kecrmep u I'mayGep ?) nokasaid HENaBHO, HTO
P-npelcTaB/ienye He HacTOMbKO 00mO, YTOGH OMHCATh BCE COCTOSIHHS.
On4 noKasaju, B 4aCTHOCTH, YTO CYIIECTBYIOT TaKHe KBAaHTOBEIE COCTOSA-
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HHA NO0Js, AJs KOTOPBIX HEBO3MOXKHO HaiiTe ¢yHkuumo P (a), gBJis0-
HYIOCA pacnpejesieHdeM. DTO O3HauYaeT, 4TO BCe Pe3yJabTaThl, INOJY-
YeHHble C HCIOJb30BaHHEM P-NPelICTaBAeHHs, CHPaBELIHBHl TOMBKO
B TOM cJydae, KOrfa NpeACTaBJEHHE CYHIECTBYeT.

3. HoaoxuTenpHo-onpejeieHHasi «IJIOTHOCTh COCTOSIHHIA
B (pa30BOM TMpPOCTPAHCTBE»

PaccMoTpHM Tenepb HeKOTOpPHE ApYrue NpHUMepbl (GYHKIHH KBa3H-
BEPOSITHOCTH, KOTOpbie MOTYT OhITh HHOTAAa HojAe3HbiMH. OpHONl H3
TaKHX QYHKIUA ABJAseTCH IHaroHaJbHEI 27ieMeHT {(a | @ | a) onepaTopa
IVIOTHOCTH. $ICHO, uTO 3/1eMeHT (a | @ | a) ABJsIETCA He OTPHUIIATENbHBIM
H BIIOJIHe onpeleneHHOH dyHKuued a s Bcex . CnenoBaTelbHO, N0
CBOEMY XapaKTepy OH O/IMKe K IOHSATHIO NJIOTHOCTH COCTOSIHHE B (aso-
BOM NpOCTpaHcTBe, yeM yHkuus P (a).

M3 ofbmero Bulpaxennss a1 R (a*, B), onmpenensiemoro paseH-
ctBoMm (C6.1),

R@* B)=(ale|pexp {5 (lal+[pP}
JIeTKO ITOJIy4aeM, 4To
(a]o|a)=R (a*, a)elo?, (13.8)
Takum o6pasom, corsacuo (C6.6), yciaoBHe HOPMHDPOBKH AJIs (a|Q|a)

3allMChiBa€TCsA B BHAE

?‘L-S (alola)dia=— S R (a*, a)e-'a? d?q = 1. (13.9)
Ecau s omepaTopa IJIOTHOCTH Q P-IpeicTaBieHHe CYLIECTBYET
H HMeeT BecoByl ¢yukumo P(f), To

@leloy={ P(B)l<a|p)a%p—
=S P () e~1o—5i2 42, (13.10)

PaccmaTpuBaemasi GyHKIHSI e€CTb NPOCTO CBEPTKA P-QyHKIHA.
DyHKIHIO (& | Q | @) MOXKHO HCNOAB30BaTb [Jis1 BLIUHCAEHHS CPel-
HHUX 3HA4YeHHI NPOU3BeNeHHH ONepaTopoB, KOTOPble B aHTHHOPMaJbHOM
NOpsIiIKe YCPEIHSIOTCA NOCPEICTBOM P-NpeicTaBieHHs TaK ke, Kak
H NPOH3BELEHHS B HOPMAJIbLHOM TOPSIKe.
PaccMoTtpuM 1711 mpuMepa cpenHee

Sp{eJ (a) K (at)},

rie J u K mMoryT ObiTh JIIOGBIMH (YyHKIHAME ONEPaTOPOB YHHUTOXKEHHUS
H POXKIEHHs COOTBETCTBEHHO. MBI MOXKeM 3anucaTh 3T0 CpeliHee cefylo-



muM o6pasom:

Sp{K (') oJ (@)}=+ | Sp{lo)(a|K (a") o] (a)} dPo.=

= { @a| K@ e @0 =% [ @le|aK (@) (@) d%.

(13.11)

K coxanenuio, ucciefoBaTesIl He CJAHIIKOM 4acTO HHTepecyIOTcs OleH-
KON OMXHIaeMbIX BeJHUHH NPOHM3BENEHHH ONepaTtopoB NOJS B aHTH-
HOpMaJIbHOM mopsiake. [1yis1 NojHOM cHcTeMBl MOJ MOJISA Takasi OXujae-
Masl B&IHYHHA COLEPIKHT pacXonsliuecs COCTaBJAILIHE OT BAKYYMHBIX
(paykTyanuii.

Ona n-ro Bo3GYXAEHHOTO COCTOSIHHS OCHMJIATOPAa (YHKIHUS
(¢ | 0 | @) nmpumuMaer HHTepeCHYIO topmy:

o =|m(n|=—(a")"|0)(0]a", (13.12)

1 [@]2® a2
<alQIa>=n—,!<aln>l2=—,e al, (13.13)
DT0 HCKJIOYHTENBHO «Xopouasy (YHKIHSA, OCOOeHHO B CPaBHEHHH
C aHaJOTHYHBIM BHID@XKEHHEeM B P-NpeicTaBJieHHH, KOTOPOe CONEepKHT
2n-10 npousBoHyo O-pynkuuu. Ilpu x = n dyskuua x"e ™ gocruraer
MaKCHMYyMa, KOTOPBIH NpH GOJNBLIHX 3HAUEHHAX . HMEET BHJ OCTPOTO
nuka. Yro6n noayuuth pesyabtat (13.13) B BHEe pacnpepnee-
HHsl B (a30BOM mNpOCTpaHCTBe, HeOOXOLHMO 3aMCHHTb 0O BhIpake-
nuem (13.2)

1 2 242\ '2 2 .
(@]olwy =g CoESE exp { SRS L (13.19)

Sra (I)YHKU,HH HMeeT CBOE€ MaKCHMaJbHOE 3HayeHHE Ha 3JAHIICe
1 ’
& (p*+a*g?)=nho,

T. e. Ha KJaccHueckoil op6uTe B (pasoBom mpocrpaHcTBe. OHa crajaer
K HyJMO ¢ 0GEHX CTOPOH OT KJacCHYeCKOH OpOHUTHI, OCTaBasiCh BCIOAY
MIOJIOXKHTEJ bHOH.

JIpyraM IpHMepoM, Al KOTOPOrO MOXKHO JIETKO 3alHcaTh «IVIOT-
HOCTb B (Pa30BOM HpOCTPaHCTBe», SIBASIETCS FayccoB ONepaTop IIOT-
HocTd. st aTOro ciydas Mbl HMeeM

R(a* B)= | P(v)expfory +pv* —|v [} dy=

:——_n!tn) Sexp{ '(Yni +a*y+ By* —lle}dzy-— (13.15)

[ exp {—lvp tpamy+py | v,

n (n)



IMoxcranoskoi
§=Y{1+(n) 1/

(n)
HHTErpajJ CBOJHTCA K CTaHnapTHdﬁ tpopme
* 1 1
T R R S S
_ 1 (ny 4
= it &P T @ B} - (13.16)

TakuM 06pa3oM, MH HaXOLHUM
|a 2

* —[al2 __ 1 _ X
(@]e]a)=R(a* a)eid ————n(l+(n))exp{ o S(ER )

EcaH {n) CTpeMHTCs K HYJIO, 3TO BhIpaXKEHHE NEPeXOJHUT B rayCccoBY
dyukuuo (1/m)exp(—|af?). B stom xe ciyuae BecoBasi (QyHKUHA
P(a) nomxHa Owrth O-pyHkumell B Hauaje KoopaunaT. Ecam (n)
CcTpeMUTCS K GecKOHeYHOCTH, TO

(alofa)y =~ e=1el/ x P (a). (13.18)

n(n)
B sToM npegene aieMeHT (@ | Q | @) cTaHOBHTCS paBHEIM P-pacnpele-
JIEHHIO, TIOTOMY 4TO Npefiesl GOJBIIOrO (f) €CThb NONPOCTY KAACCHUECKUH
npenen. CiaeloBaTebHO, B 3TOM ciydae P (@) NEHCTBHTENBHO MOXHO
MHTEpPIPETHPOBAaTh KaK KJIAacCHYECKYI0 IUIOTHOCTb B (a3s0BOM Ipo-
CTPaHCTBE M pasjHuHe MeX]y HOPMaJbHO M aHTHHOPMAJbHO YIOPsIAO-
YeHHBIMHM OllepaTOpaMH TaKKe Hcue3aeT BCJENCTBHE NPHHIMNA COOT-
BETCTBHUS.

4. «$PaszoBan MWIOTHOCTb» Burnepa

Burnepoeckoe pacnpefefeHHe MOXKHO CUHTATbh <«IPEIKOM» BCeX
HawuX (YHKOHH KBasuBepoATHOCTH. OHO CYHIECTBYeT H ABJSETCH
«xopoieit» GyHKIHeH 11 BceX KBaHTOBEIX COCTOSIHHI, HO, KaK OKa3bl-
BaeTcsi, MOXKeT NPHHMMATh M OTpHuaTesfbHble 3HaueHHs. [las onpere-
JIeHHSI BHT'HEPOBCKOTO paclpelesieHHsi Mbl HCIOJb3yeM NPHOMHKEeHHE,
npensioxkenHoe Moitanoum 1).

Haunem ¢ o6cyIeHHsi Pa3HOBHAHOCTH XapaKTePHCTHYECKHX (YHK-
IHH, onpelensieMblX COOTHOILEHHEM

X (l", V) — (ei(up-l-VQ)), (13. 19)

rie p u g— onepatopsl. Mcrnoab3ys Teopemy 06 YMHOMXKEHHH 3KCIIO-
Hent (C3.20), MOXHO 3amucaTbh 3TO BhIpa)KeHHe B BHJE

X (n, v)==Sp {geirr/2eiviginr/2}, (13.20)
1) Moyalld. E., Proc. Cambr, Phil. Soc., 45, 99 (1948).



Ecau orpaHHUHTbCS DPACCMOTPEHHEM YHMCTBIX COCTOSIHHH, HCHOJb-
30BaTh KOOPJAHHATHOE INpEICTaBJAEHHE H BCIIOMHHTb HHTEPIPeTalHio
3KCIOHEHIHANbHEIX QGYHKIHHA MOMEHTOB Kak oneparopoB KOOPAHHATHOTO
cMellendsi, To paBeHCTBO (13. 20) MOXKHO IepelnucaTh B-BHIAE

X (p, v)= S p* <q ewq%p <q"+ bR > dg",  (13.21)

rZe ¢ (¢') ecTb BOJHOBas «byHKmm yucroro cocrosnus. PyHkuus
Buruepa ectb mnpeoGpasoBanne Pypbe 3TOH XapaKTepPHCTHUECKOH

bYHKIHH
v 1
W(qu)=(2—,mge><p{ [ (wp"+vg' )} X (1, v) dpdv=

(2;15 S exp {—-i (up' +vq )}S $* (q -———> eiva” X
xp (g5 ) dg" dpdv=

e §o () s (7
= S ¥ (‘7 ) e~y (q LA } dy. (13.22)

Ecau B noc/ielHeM BhIpaxKeHWH IMOJOXKHTb Y= —ph, TO NPHXOLHM
K (opMe, mosydeHHOH BriepBble Buruepom:

W', )= (00 (¢ 5 ) ervmp(q—4)dy.  (13.23)

OueBHIIHO, 4YTO U3 J1060H BOJMHOBOH GYHKIHH MOXKHO BBIBECTH
BHTHEpOBcKoe pacnpepesenne. Takum o6pasoM, pacnpeneneHde Bceria
CYIIECTBYET, XOTSl OHO H He BCerja IOJIOXKHTeNbHO. SICHO, 4TO B Clyyae
CMeILIaHHOTO COCTOSIHHSI HeOOXOMMMO INpoH3BecTH ycpennenue (13.23)

IIO BCeM 32HSITBIM COCTOSIHHSAM. ¥ CJIOBHE HOPMHDOBKH, HaJjaraeMoe Ha
W (¢', p'), umeer BHJ

X W (g, p')dp dg = 3 8 (1) 8 (v) X (w, v) dpdv =X (0,0)=1. (13.24)

UroGbl cpaBHHTL BHTHEPOBCKOE paclpejesieHHe ¢ TeMH, KOTOpbie
06CyK[aJuCh BhIllle, NOJE€3HO BEIPA3HTb €0 Yepe3 ONePATOpPHl YHH-
uyTOXKeHHsT M poxneHHs a H af. Torma, ompejensss KOMIUIEKCHYIO
nepeMeHHYIO Npeo6pasoBaHHsa Pyppe COOTHOIIEHAEM

Fiw \1/2 . o \1/2
——u(—;) +iv (‘%) , (13.25)
MOZXHO 3allucaTtb onepaTop B IIoKasareJie XapaKTepHCTPI‘-IeCKOﬁ CI)yHK-

KA CJaeaYyIOLHM 06pa30M:
— i (up - vg)=Aat —*a, (13.26)



a caMa xapakTepucTHueckas (yHKUHS NPHHHMaeT BHJ
X (p, v) = (erat—rsa) =
= Sp {geraTe—ra} e=1alME =
— Sp {ge—Maghal} g¥alM2, (13.27)

MBI MOKeM Teneph HCNOMb30BAaTh HOPMAJBHO YIOPSIOUEHHYIO HOpMY,
yTOGHl 3amHcaTh BHTHEPOBCKYIO (QyHKIHIO B P-npencraBiendd. Ecan
NPHHATb, YTO OIepaTop IJIOTHOCTH HMeeT P-NpeicTaBjeHne, To
XapakTepHCTHYeCKasi (QyHKHHA JaeTcs BblpaXKeHHeM

X v)= X P (B)(B|erate—nrra|p) 1ot d2B =
= S P(p)exp {xﬁ*_x*ﬁ_%lx‘z} dp.  (13.28)

[Tpu BuuucaeHun npeobpasoBanus Pypre or X, T. €. BHIHEPOB-
cKOH (yHKIMH, YJAOOHee HCIOJB30BaTh B MOKasarTele JHHEHHYIO
KOMGHHALMI0O o H «F, ueM KOMOHMHALMIO KJacCHYECKHX NePeMEHHBIX
n’ 1 ¢'. TlosToMy MBI 3anHieM

i (up' +vq') = ho* — A*a. (13.29)

dp dv =2 d?. (13.30)
Torna npeoGpasoBanne Pypbe NPHHHMAET BUJ

’ ’ 1 -k —A¥(a— —_ 2
W(g' P) = g SSp{QeMa* @) =M=} g=1/alM? 2 f2), =

1 1
=g S P (B)exp {K(ﬁ*_a*)_x* (B—a) — | A Iz} a2 d?B. (13.31)
3amenolt E=A/}/ 2 >TOT HHTerpaJ CBOAHTCS K CTaHJapTHOH (opme

W (', )= | P (B)exp (V25 (B*—a)— 28" (B—a)— |5 }de B =
~ L\ P®esp(—2ip—ap) . (13.32)

YiobHee cpasy paccMaTpHBaTh (yHKIMIO BHraepa Kak GyHKUHIO
KOMIJIEKCHO!l NepeMEHHOH ¢ H COOTBETCTBEHHO M3MEHHTh €e HOPMH-
poBry. Bcrnomnum, uro

1 o \Ye ,, ., dpdg
dza:W<_2_h_ dp' dg' = T (13.33)

U onpefenuM (GYHKIHIO
W(a)=2tW(p’, '), (13.34)



TdK YTO
S W (a) d?a = 1. (13.35)

Torpa ¢yukuus Buruepa kxomnnekcHoro aprymenta GyjaeT HMeTb BHL
W ()= S P (B) e-2iB—0l2 g2p. (13.36)
CpaBHuBasi 3TO BhIpa)KeHHe C BBIBEJEHHLIM B MpeAbiyILeM pasjesie
(gl ay={ P(B)e-ib-uiaep, (13.37)

Mbl BHIHM, 4TO 00a OHH SBJSIOTCS IPOCTO rayccoBoil cBepTKo# P-pac-
npeneneHds (Koria nocjelHee cymecTsyer). CBOACTBO NpHHHMATH
MeCTaMH OTDHIIaTeJbHbIE 3HaYeHHS, KOTOPOe siBAsercss ofmHM JJIs
BHIHEPOBCKOTO pacnpeliesieHusi # P-pacnpenenienns, CBS3aHO, M0-BH-
IHMOMY, € TeM, UTO yCpelHeHHe, BbIpaxkeHHoe paBencteoMm (13.36),
IPOM3BOLHTCS B pamuyce, Kotopblii B 1/)/2 pas meHbmre panuyca
B BeIpaxenuu (13.37).

B kauecTBe npuMepa pacCMOTPHM BHIHEPOBCKOE pachpeieleHHe
IJ1 TNOJIsi, ONMHCBIBAEMOT'0 FaycCOBBIM ONepaTopoM MJAOTHOCTH. B sTom
caydae, corJacHo paBeHcTBY (13.36), nMeem

W (@) =gy [ exp { gy —2Ip—ap} =
=2 Ve { R (218 +2@atap)} ap.
(13.38)

Hcnonbaysi moacTanoBry

14-2¢ny | V2
IY { (ﬂ) ﬁ’

CBOJMM HHTerpal K CTaHAapTHOH ¢opMme

2|af2
V(@)= miwmrr § o {—1vE+2{ger ] (ratary) dy =

=n2(+n>+1> eXp{ lY 2{251&1 1/2“12}‘12”

4(m
X exp {[ 2<n>n—|-1 2] 10‘]2} . (13.39)
Orciona HeHOCpeJlCTBeHHO cJefyerT, uTo
Vie)= mmexp { T T lalz} (13.40)

TaxuM 06pasoM, BHTHEPOBCKOE paclpefieieHHe TaKiKe HMeeT rayc—
coBy ¢opMy. PaccMOTpHM OnsTbh [Ba HpefefbHHX cayuas: (n)=0



Korja

W (@) =2 e-2lo, (13.41)
" (n)—> o0, AJs KOTOPOro
W (@) & 5 €~19%® = P (a), (13.42)

YTO H CJEOBaJO OXKHAATh B 3TOM HNpELeSbHOM CJayuae.

Ilpocras rayccoBa ¢opma, omnpenensiemass paseHcTBoMm (13.40),
MOKeT OBbITb HCIIOJIb30BaHA [Jis BBIBOAA HNOJHOH CHCTEMBI BUTHEPOBCKHX
pacripeliefieHHH JJI51 KBAHTOBLIX COCTOSIHHH ¢ HHIEKCOM f1. STO BO3MOMKHO
noromy, uto ¢yukummo (13.40) MOXKHO paccMaTpHBaTb KaK MPOH3BOIA-
My GYHKIHIO JJ1s BHTHEPOBCKOTO pacnpeleneHHs. PaccMorpHM
OOIIHHA caydall omepaTopa IJIOTHOCTH, KOTOPBI MOMHO 3aIHCaThb
B (opme

[+~]

. g=(1——x)n§0xn|n><n|, (13.43)

rje X —mNpOH3BOJbHBIA napamerp. Ecam cumrath, uyto W, (a) ecTh
BUT'HEPOBCcKasi (QYHKIHA 1J 7n-TO KBAaHTOBOTO COCTOSIHHS, TO Kak
cJencTBre JHHelHOCTH W no @ GyjeM HMeEThb

W(a)=(1—x) ioonn (). (13.44)

Ecan BBecTu Temepbh oGosHauenue x = (n)/(1 4+ (n)), T0 H3 ypas-
HeHus (C8.10) craner sicHO, YTO omepaTop @, ONpefessieMblii COOTHO-
menueM (13.43), ecTb mpocTo rayccop onepaTtop miaorHocTH. Crenosa-
TeJbHO, HCIOMb3Ysi NePeMeHHYIO X, MOXKHO 3anucarth paBeHcTBO (13.40)

B BH]JE )
- 2022 e { -2 (1)1} -

2(1
_n((1+x) exp{1+ 4la|2}EXp{ 2|(I|2} (13.45)

Ho sta 0BOMBHO CJIOXKHAsi SKCIIOHEHTa €CTh HPOM3BOAsAmAA (YHK-
Mg aas noaunomoB Jlareppa L,. B GoJsee oObHBIX 0603HaYeHHAX
npoH3Boasulas HYHKHHS HMeeT BHI

exp{ 1‘”} 2 Lu(@“ . (13.46)

Takum ofGpasoM, paBeHCTBO (13.45) HMeeT CJAeAyloliee pasJioKeHHe:

oo

W(@=(1-nZ3 » Sl L @aperer.  (13.47)

n=0




DyHKIHIO
1
!

Wo(0)=2 L, (4] afp) oot

MOXXHO OTOXKJECTBHTb C BHTHEPOBCKOH (GYHKHHEH nJsi n-ro BO3OYHK-
JIEHHOTO COCTOSIHHS OCHHJIATOpA. ODTH (YHKIHH HMEIOT [O0BOJILHO
CJIOKHOE IIOBeJeHHe B KOMIIIEKCHOH (ha30BOH IJIOCKOCTH; (DYyHKIHA

Wy (la)

®nur, 12

C MHIEKCOM N HMeeT Y3Jbl Ha N KOHIEHTPHYECKHX OKPYIKHOCTAX.
7t mepBBIX ABYX COCTOSIHHH HMeeM

Wy (o) = 2 e=20 = 2 exp {—22—;%} , - (13.48)
W, (0)=—(4]afp—1)e-2ek, (13.49)

®yuxuns W, (a) u3obpaxkena Ha ¢ur. 12. Ee MakcuMa/bHOe 3Hade-

HHe JeXKHT Ha OKPYKHOCTH ¢ pajuycoM a =}/ 3/2.

Kaxnas u3 paccMoTpeHHBIX (YHKIHHA (P-QyHKOHs, QyHKIHA
(a | @ | @) U BUTHEPOBCKOE paclpelie/ieHie) HMeeT CBOH IPEHMYIecTBa.
W3 npenpinymeil AHCKYCCHH AOMXKHO OBITB SICHO, OLHAKO, UTQ MBI
MOXKeM NMOCTPOMTh MHOTO TaKHX (MYHKuUHH, KaXlas H3 KOTOPBIX Oyler
06J1a1aTh CBOMMH JOCTOHHCTBaMH. Bcem TakHM paccMOTPeHHAM ¢aso-
BOTO pachpefie/ieHHs1 NPHCYI] 3J€MeHT NPOU3BOJIbHOCTH.

3ameuanue. B nenasuem npenpunte Knayznep, Mak-Kenna u Kiopn
MOLTBEPAHJIHE BBIBOA O TOM, YTO IJIs IPOU3BOJIBHBIX OHEPaTOPOB IVIOT-
HOCTH CyIIeCTBOBaHHE BecOBOf QYHKIUHH P He BJfeTcss HeOOXOIHMEIM.
YTo6el NpeofoJeTb 3Ty TPYIHOCTb, OHH BhIPAsSHJIH MaTpPHUHbIE 3Jie-
MeHTBI OIepaTopa IIOTHOCTH C INOMOINBIO NPeNebHON MOC/AeN0BaTe b
HOCTH GecKOHEYHOIO 4Hc/a onepaTopoB B P-npencrasiesd. OnHaKo:
IpH 3ToH mpoueaype TepsieTcss HauboJee NOJE3HOE CBOHCTBO P-mpen-
CTaBJICHHS] — BO3MOMKHOCTD CBEJIEHHS CTaTHCTHYECKOTO CPENHEro K npo-
CTBIM HHTErpaJiaM [0 KOMIJIEKCHOH a-[IJIOCKOCTH.



Jdexuynsn 14

1. PyHKUHH KOPpeJsiuMM ¥ pacnpejeseHHe KBasHBEPOSATHOCTH

B sT0#l B corenyromuX JeKIHAX Mbl HAUHEM OOGCYKIeHHe IPHMEHeHH
pasBUTOro (opmajH3Ma K HEKOTODHIM 0oJee KOHKPETHLIM 3ajauaM.
B kauecTBe mepBoro mara B 3TOM HalpaBAeHHH Mbl 00CYLHM HEKOTOPEHIE
MOMENThI M3 pasfiena 10 BhlleNpHBEJEHHOH CTaTbH aBTOpA.

[TpeamnosioxKuM, YTO 3J€KTPOMAarHHTHOE MOJe HAXOLHUTCSH B UHCTO
KOT€DEHTHOM COCTOSIHHH, KOTOPOe Mbl OGO3HauMM CcHMBOJOM [{az}).
Cocrosine |[{az}) ecTb coGCTBEHHOE COCTOsIHHE omeparopa E

ED (r, 1) [{ax}y =& (r, t {ar}) [{on}), (14.1)

H COOTBeTCTBYIOUasi (yHKHUS COGCTBEHHOTO 3HaueHHs & ecThb
JIMHe#Has KOMOHHAUUS NepeMeHHbIX {az}

g(r, t{on)) =i <"—‘;ﬁ>1’2 wp (F) e~ Okl (14.2)
h

CooTBeTcTBYyIONIEE [OMIE HAXONUTCS B MOJHOCTBIO KOT€PEHTHOM COCTOS-
HHM, TaK KaK (yHKHOHH KOpDeNsilHH BCeX N NMOPSIAKOB (akTopH3O-
BaHH:

n 2n
Gl gy (X1 - Xon) = &ty TT &sxigand). (14.3)

=1 j=n+1

Mbl yxe oTMmeuass, YTO TePMHH <«KOTePEHTHOCTB» YAaCTO HCIOJb-
3yercsl OpH OOCYXIEHHH KBaHTOBOMEXaHHUECKHX NpoGaeM caMoro
pasjauuHoro xapakrtepa. IlocKoJabKy 3TOT TepMHH OCLIYHO TIpel-
nojaraeT BO3MOXHOCTb UHTeP(hEPeHIHH, OH JOMKEeH HaHTH mOpH-
MeHeHHe [PH aHaJH3€ YHCTHIX KBAHTOBOMEXAaHHUYECKHX COCTOSIHHA.
OnHako BO3MOXKHOCTH HaGMONeHHs HHTep(EepPeHIHH HUKOUM 06pasom.
He HCUePIIBIBACTCS YHCTBIMH COCTOSIHHAMH. JIJis GOMBIIHHCTBA KBAHTOBO-
MEXaHHYECKHX CHCTEM CYIHIECTBYIOT HEKOTODHIE CTATHCTHUECKHE CMeCH
COCTOSIHHH, AJsI KOTOPBIX COXPaHSAIOTCA B CYUIHOCTH Te Xe SBJEHHsA
HHTepdePeHIHH, YTO U HalJeHHBIC IJis1 UHCTHIX cOCTOSIHME. IIpumepnt
TaKHX CMeMIaHHBEIX COCTOSIHHH JIerKo HafTH AJs1 3JeKTPOMarHHTHOro-
N0JI1; HeTPYAHO NOKa3aTb, YTO OHH MOTYT COOTBETCTBOBATb IOJSM,
KOTODHIE TTOIHOCTbIO KOTEPEHTHRI B CMBIC/]e paBeHcTBa (14.3).



BMecTo 110J1s1, KOTOPOE COOTBETCTBYET CHCTEME aMIUVIUTYZ {&p}, MBI
PaccMOTpUM IIoNe, COOTBETCTBYIOlee cHcTeMe {@r}, KOTOpPOe HOJY-
yaeTcss YMHOMKeEHHEM KaXIOoro M3 Ko3(P(hHIHEHTOB o Ha ¢as3oBHI
MHOXKHTEJb €'®, ONHHAKOBBEIH I/s1 Bcex mon. Ecau

o = e'Pay, (14.4)

TO B CHJY JHHEHHOCTH (QYHKIHUH COGCTBEHHOIO 3HauYeHHS & AOJIKHO
HUMeTb MeCTO COOTHOIIeHHe

&u(r, t{a;z}) = eiq)gu (r, ¢ {Gk}). (14.5)

Taxk kKak NpH HAXOXKICHHH (YHKHHH KOPPensauuH ¢$asopble MHOKHTENH
UCYE3aloT, TO H3MeHeHHOe COCTOsIHHEe IoJsA BeleT K TOH XKe cucreMe
KoppensuuonHbix yHkuui (14.3), 4TOo M HCXOXHOE COCTOsIHHe, ITO
CBOHCTBO MHBAPHAHTHOCTH, KOTOPOe BBITEKAaeT H3 HAIETO ONpeleseHHs
yHRIMHA KOPpeJsiiHH, O3HayaeT, YTO MBI COXpaHSAeM Te XKe caMble
KOPpeNsiiiOHHble QYHKIHH HE TOJNBKO IJIs UHCTHIX COCTOSIHHH, COOT-
BETCTBYIOIIHX Das/HYHBIM 3HaueHHsM askl @, HO TaK¥Ke H JJIs Hpo-
H3BOJMLHON CMeCcH TaKHX COCTOSTHHH.

[Ipennonoxum, uro £ (¢) — QyHKIHSA, YAOBAETBOPSIOMIAS YCAOBHIO
HOPMHPOBKH

2n
| £ (@ dep=1. (14.6)
0
[Toctpoum omepaTop NJIOTHOCTH
2
o= £ @){@me) aen) | de, (14.7)

0

KOTOPHIH NpeAcTaB/sieT cO60H CMech COCTOSHHE C Pa3HYHBIMH 3Haye-
HUSIMH NOJHOMA ¢asbl ¢. [3ameruM, uTo £ () ZOTKHO TaK¥Ke yIoBJe-
TBOPATb YCJOBHIO TOJIOXKHTENLHOH ONPENeJeHHOCTH, aHaJOTHYHOMY
pasenctsy (C7.9).1 3tu cmecu [npm soGom BhiGope £ (@)1 Bexyr
K CHCTeMe KoppeasinHouHHX Oynknuii (14.3), crenoBaTesbHO, Bce
TaKHe CMelllaHHble COCTOSIHMSI COOTBETCTBYIOT IIOJTHOCTBIO KOTEPEHT-
HBIM IIOJISIM.

C npakTHUeCcKO! TOUKH 3DEHHs BecbMa Ba)KHO TO, YTO HAIUH ONpeje-
JIeHHs] BKJAIOYAlOT B cebs CMellaHHBlE COCTOSIHHSA, COOTBETCTBYIOLIHE
KorepeHTHBIM noasm. Haille anpuoproe 3HaHHe COCTOAHHS BBICOKOYACTOT-
HBIX nioJieii OGBIYHO He COIEPIKHUT HHpopManuH o noaHoH dase ¢. [Tostomy
aHcaMGJb 3KCIEPHMEHTOB, NPOBEJeHHBIX € TaKHMH INOJAMH, HOJKEH
ONHCHIBATbCS € MOMOLIBIO oOmepaTopa IVIOTHOCTH B dopme (14.7) co
cHenHaNbHEIM BBIGOpOM £ (§):

L (9) =g (14.8)



KOTOpBHIH OTpaxkaeT Hallle IOJHOe He3HaHMe asel. HeonpenenenHocThb
3TOH (ha3pl He OKa3blBaeT BJHSHHS Ha MHTEHCHBHOCTH HH B ONHOM H3
ONBITOB 10 HHTepepeHIHH, KOTOpbie Mbl OOCyXKAand J0 CHX TOP.
CrenoBaTesbHO, OHA He JOJXKHA HMETb OTHOIUEHHe K KOrepeHTHBIM
cBOHcTBaM moJiAg. Hallle ompeleseHHe KOT€DEHTHOCTH eiBa JH OyLeT
HOJIE3HBIM C (PU3HUECKOH TOUKH 3peHHsA, €CIH OHO He 6yleT AONYcKaThb
KOT€pEHTHOCTb CMEIIaHHBIX COCTOSIHM, TaK 3Ke KaK H YHCTBIX COCTOSTHHH.

2. OYHKUHUA KOppeJsiiMHd NepBoro Nopsijaka
JIJsl CTALHOHAPHBIX MOJei

®akTHUeCKH BCe H3BeCTHble JKCIEepHMEHTH B ONTHKE MOT'YT OBITh
ONnHcaHbl € HOMOLIBIO (DYHKIHMH KOPPe/sIHHHU HepBOro MNOpsfiKa IS
CTalMOHapHBEIX JyueHd cBeTa. Haunem BbluMC/IeHHe Takof GYHKIUH
KODpeJqsIHH, HCIOJAb3yd pas/okeHHe II0 HOPMaJbHHIM KoseGaHHSIM
AJsI OHepaTopoB HOJS:

w (rt, 'ty = % Z h (cokcohf)l/2 Sp {QaZak/} X
k, R’

X U () trery (1) ORI 7OR ), (14.9)

[Tpexkze ueM oneHHBaTh cTaTHCTHYECKHe cpennue Sp {oakay }, 3aMeTuM,
4yTO OHH OYAYT PaBHBI HYJIO BCerja, KOTAa MOl 2 ¥ R’ He BHIPOXKIEHBI.
s IokasaresqbCTBa HYKHO BCIIOMHHTb, YTO AJIsl CTAUHOHAPHEIX HoJgel

OIepaTop Q KOMMYTHPYET C FaMHJIbTOHHAHOM N0JIs ¢# g Takum o6pasom,
Mbl HMeeM, HampuMep,

i i
—~ = Fot — FHot
o=¢ 7 Tgen 7" (14.10)
IJs BceX 3HaueHuH napamerpa f. EcJau MOACTaBUTb II0OCJEHIOI

thopMy And onepaTOpa B BHIPAXKEHHME OJs HCKOMOroO LINypa, TO
HaligeMm, 4To

Sp {oahaxr} = Sp {ee™ Q%?Otazahfe— F%not} =

= Sp {oa} ay) ' Crr!, (14.11)
[Tockonbky WINyp He 3aBHCHT OT NlapameTpa f, OH JO/MKeH HCYe3aThb
BCETa, KOTJa 0y 7 Op.

C npyroft cTOpoHBI, RISl CAyyYas JBYX Pas3/HUHbIX, HO BBIPOMXKICH-
HEIX KoseGamnii £ M k' Benmuuna Sp (Qajax) He JOMKHA HCUe3ATh,
Ecan wnmeercss N BHIPOXKIEHHBIX KoJeGaHHIH, TC COOTBETCTBYIOIHE
cpentme Sp (0akay) MOMHO paccMaTpHBaTh Kak (OPMHDYIOIUE 3Je-
MeHTBI 3pMHTOBOH N X N-MarpHUBL, He sBAswomelica, BooOUe roBops,

IuaronanbHo#l. OJHAKO 3Ty MaTpUIy BCerja MOXKHO AHarOHaJH30BaThb
¢ NOMOLILI0 JHHeAHOro HpeoOpasoBaHuA, INPEeNCTaBASIIOMETO IPOCTO



nepeonpeneseHHe CHCTeMBI BLIDOKIEeHHBIX MOAOBBIX PYyHKIHA. [l pyruMu
CJIOBaMH, AJIs JIOOOro CTanHOHAPHOTO COCTOSIHUS MOJSI, NpejcTaBJeH-
HOTo OnepaToOpoM IUIOTHOCTH @, OyZeT cylIecTBOBaTh Takoi nHaGop
GyHKIHEA ug (r), TO MaTpHIA CBOAHTCS K AHAaroHaJbHOH Qopme, T. e.

Sp (eakaw) = (nr) S, (14.12)

rie (ng) €cTb CpejHee YHC/IO 3aNOJHEHHs k-H MOIbI,

Y 1006CTBO HCIOJb30BAHHS TaKHX BHIAEJEHHBIX HaGOPOB BBIPOKIEH-
HBIX MOZLOBBLIX (PYHKIMH JIETKO MPOH/IIOCTPHPOBATH Ha IIPHMEpPe MOJst-
PH3aIMOHHBIX CBOHCTB CBETOBBLIX Jyued. [ss a060H IIIOCKOH BOJHEI
B Jyye HMEIOTCS JBe BLIPOXK/IEHHBIE NOJISAPH3ANHOHHbIE MOALI, KOTODbIe
opToroHaJbHbl. Ec/n Gbl B KauecTBe 6a3nca Mbl BHIGpAJIH napy MJIOCKO
T0JIPH30BAHHHIX COCTOSIHHA H ONHCBIBAJIH Obl, HAIPHMED, JYY ¢ KPyro-
Bofi moisApH3auiell, TO BeaquudHa Sp (Q@har) NpHHANA Gl QOpMY
2X 2-mMaTpHIlbl ¢ 4 HEHCUe3aloMHUMH KomnoneHTaMH. He ynuBHTEnbHO
03TOMY, 4TO GOslee yNOGHEIM LJIsl 3TOTO caydasi siBJAsieTcss HaGop MOJo-
BBIX (YHKIHH H3 JBYX OPTOTOHAJALHEIX KPYrOBHX MoJspH3auuil. 1o
BHIOOD TPHMBOIHT MATPHIY K BHAY, B KOTOPOM OHA HMEET BCEro OAHY
HEHCUEe3aMoIyI0 KOMIIOHEHTY.

Bepuemcs Teneps K pacuery GyHKIHH KOPPESIMH NEPBOro MOpsiaka
118 cranuoHapuHX nogeil. M3 paBencts (14.12) u (14.9) Mbt BUgHM, 4TO
IpH NOAXOAALIeM BhlOOpe GasHCHBIX (DYHKIMI Bceria MOXKHO 3allHCaTh
(GYHKIHIO KOPpesalud B (opMe Pas3jOKeHHs BHAa

@ (r1, 01 =5 ) hoop (1) Ul (F) o (1) %5979, (14.13)
h

KOTOpPOe OHpeleJIeHO IIPOCTO CHCTEeMOR CpelHHX YHCeJT 3aNoJHeHH:
(ny). PasioxeHnse 3TOrO THIA, YacTO OKa3bIBAIOLIEECs TOJNE3HBIM,
OCHOBaHO Ha CHCTeME MOJ, HMEIIHX (OpMY IJIOCKHX BOJH B GOJBLIOM
KyGHueckoM ofbeme co CTopoHod L. OtH Mombl [QyHKUHH KOTOPBHIX
uy (r) onpernensirorest pasercTBoM (C2.9) | npu GoJIbIIOM 0GbEMe CHCTEMBI -
Tak IUVIOTHO paclpelleJieHbl B NPOCTPAHCTBE BEKTOPOB pacHpocTpaHe-
Hus K, 4TO CyMMy IO BCEeM COCTOSHHSAM B paBeHcTBe (14.13) moxHO

3aMeHHTb HHTerpaaoM (L /23)35 dk .... Toraa pasnoxenune QyHKIHH
KOppeJSHK 3alHIIeTcss B BHJE -
GV (rt, r'l) = 555 (7‘;;)3 S e (nn, k<
A=t, 2
xexp{—i[k-(r—r")—ap(t—1')]} dk, (14.14)
rie HHIEKC A OTMeyaeT NOJMSPH3ALHH, CBSI3aHHBIE C BEKTOPOM pac-

IpOCTPaHEHH .
JlorycTuM, YTO TIOJIe IPeCTaBJ/sieT XOPOLUIO KOVIHMHPOBAHHbIH CBe-

TOBOH J1yu, GJH3KHA K MOHOXPOMATHYECKOMY H TIOJHOCTBIO IIQJISIPH30-



BanHblii. Torna cpennee yuca0O 3amoNHEHHA (Mg, ») OyLeT NPHHUMATh
He HyJieBble 3HaueHHs] TONLKO B OYeHb MaJoH siueiike k-HpOCTpaHCTBa
H, HanpHmep, NpH A =1. Ilpu >ToM, ecau BeAHYyHHB [T — 1’ |
u | t— ¢’ | ocTaloTcs MaJbIMH 10 CPaBHEHHIO ¢ 06paTHHIMH pa3MepaMH
00beMa, B KOTOPOM YHCJIO (fip, ) OTIIHUHO OT HYJSl, TO CTAHOBHTCA
BO3MOXHBIM yHpocTHTh MHTerpan (14.14), mpeneGperass u3MeHeHHeM
3KCIIOHEHTHl B IOZBIHTETPAJbHOM BbIpaKeHHH. Eciu uepes ko H g
0003HaYHTb CPelHHEe 3HaueHHs] BEKTOPa DPacCIPOCTPAHEHHsS H YacTOTH
Jyya, TO NOJyYHM

m (rt, 't ~ 2 T Ne(l)*e(l)e_i[kon(r—r’)-—wo(t——t')]’ (14.15)
rae

= S (n, 1) dk. (14.16)

Onucanubll cBeToBOH Jyd4 HamboJee YacTO HCIONB3yeTCs B HHTEP-
pepeHIHOHHBIX 3KcnepuMmeHTax. OH npexcraBasger coGofl TOT THN
Jdyueli, KOTOPBII YacTO Ha3BIBAIOT «KOT€PeHTHBIM» MO TPaiHIMOHHOM
ONTHUYECKOH TEPMHHOJOrHH. Tenepb ICHO, 4TO, ONpefedss moJe CoOoT-
HOIIeHHeM

8mﬂ={7%F}NW%WW”WL (14.17)

Mbl MOXeM 3amucath BheipaxeHHe (14.15) nas QyHKUHH KOppeasuHu
B (akTOpH30BaHHOH (opme

G (rt, v't’) ~ & (rt) & (r'L'). (14.18)

Takum 06pasoM, paccMaTpHBaeMoe Iojie NeHCTBUTENBHO YIOBJIETBOPSET
YCJIOBHIO KOTEPEHTHOCTH IepBOro nopsika. Bakno noxuepkHyTh,.
OJIHAKO, YTO 3aHHCh GYHKIMH KOPPEeNsnUH B BHIe npousBeneHua (14.18)
npuGauxKeHHa, IPHYEM OHa TeM TOUHee, ueM GJIHKe TOUKH 1, £ K TouKam
r, f. HeaGcoMOTHOCTE KOJJIHMHDPOBAHHOCTH H MOHOXPOMATHUHOCTH
Jlyya OrpaHHYHBaeT HHTEPBaJbl NePeMeHHBIX T — 1’ ¥ ¢ — ', BHYTpH
KOTOPHIX BHIIOJHEHO YCJOBHe (DaKTOpH3auMH, T. €. OonpefelseT Ipo-
CTPaHCTBEHHBIH M BPeMEHHOH MHTePBaJ KOTepPeHTHOCTH. B npuunune
5TH HHTEpBaJbl MOXHO CIeNaTbh KaK YIOZHO OOJBIIMMH, YJyulias
yKasaHuble IapaMeTpH Jyua.

DTOT NpHMEP IOKa3biBaeT, B KAaKOM HAeaJH3HPOBAHHOM CMBIC/E
HeoGXOHMO pPaccMaTpHBATh YCJIOBHSI KOTEDEeHTHOCTH. MBI He MOKeM
OXHJaTh, UTO KOPPEJSHHOHHBIC CBOHCTBA NOJeH, H3TydaeMble peasib-
HbIMH HCTOUHHKAMH, OyIyT TONYHHATBCH YCJAOBHSM KOT€PEHTHOCTH
B HeOrpaHHYeHHOH# 06JacTH NpoCTpaHcTBa (XOTA IJs NOJEH Jasepos
9TH YCJOBHA BHIMOJAHSIOTCH, KaK H3BECTHO, Ha NPOTSAXKEHHH JIeCﬂTKOB
THICAY KHJIOMETPOB).



3. dyHKUMH KOPPEJSUMH AJISI XaOTHYECKHX MOJieH

BaxkHpl#l Knace cTallMOHAapHLIX NoJel, BOSHHKAIOUUMX Bcerla, Korjia
HCTOYHHK IO IpHpOLE CBoell XaoTHYeH, IPENCTaBAAIOT HOAd, AAS
KOTODHIX BecoBasi (YHKHHSI B P-NpeiCcTaBleHHH €CTh I[POH3BENeHHE
rayccoBblx GyHKIHHA 10 OAHOH Ha KaxAaylo Mony. OnepaTop MJIOTHOCTH
npeacraBiseTca A5 3TOTO cjyyasi B BHAE

1 oy
P({a)) =11 7005e agl®/my> (14.19)
h

a Bce CTaTHCTHUECKHe CBOHCTBaA TIOJS ONMPEenesIsIoTCsl CHCTEMOH CpefHHX
gucesl 3anonHeHusi (np). C JApyrofl CTOPOHBI, 3HaHWE 3TOH CHCTEMBI
qHceJ 5KBHBaJeHTHO, COIJIacCHO paBeHcTBY (14.13), sHaHHIO OYHKIHH
KOppeJNsnyH NepBoro IMopsika Ojs noifA. 3Zecb NPOSBJASETCH TO
¢yHIaMeHTalbHOe 06CTOATENBCTBO, YTO (PYHKIHA KOpPeJadanuH NepPBOTo
HopsijKa COIEepXKHT BClO HHGpOPMAIHIO, HEOOXOLHMYIO I/l OMHCAHUA
NoJIel ¢ TayCCOBHIMHM BeCOBBLIMH YHKIHAMH. JTO CBOHCTBO, YIPOIIAO-
Iee paccMOTpeHHe, MOXHO J0Ka3aTh, II0Ka3aB, uTo Bce PYHKIIHH Koppe-
Jsuuy Gojiee BHICOKOTO HOPSIAKA JJIS TaKHX IOJeHl MOMKHO BHIPa3HTh
Kak CyMMy IpOH3BeleHHH OQYHKUHH KOppelsiuiH IepBOro NOpsaKa.

UTo6bl LOKa3aTb 3Ty TEOPeMY, Mbl YCTAHOBHM BHJ NPOH3BOLSIIETO
{PpyHKIHOHANA /151 cHCTeMbl BeeX GYHKIUE KOppensinuu Nogsi. BaxHeM
HHCTPYMEHTOM B 3ToM OyzaeT ornepauds (YHKUHMOHAAbHOro auddepeH-
mupoBanng. Ecmn F [§ (v)] ectp dynkumonan { (x), T. e. OyHKmus
Habopa 3HaueHuil { (x) oJs BCeX X, TO €ro QYHKIHOHATBHYIO NPOHU3BOI-
HYIO 10 § (xo) OHpeNeNsiioT COOTHOIIEHHEM

OF

g —am S {FIL () o8 (x—xo)] — F[L (0]}, (14.20)

rie 8’ ecTh yeThIpexMepHas (NIPOCTPAHCTBEHHO-BpeMeHHAs) §-hyHK-
uusA. Ecim B KayecTBe HJMIIOCTPAlMKM NPHMEHHTb 3TO OIpejieeHue
K HHTerpaJbHOMY OIepaTopy

F={ (0 E (x) dix, (14.21)
TO HaWjeM, YTO
OF ) i
8 (XO)ZS 6<4>(x—-—x0)E( )(x)d4x=E( )(XO)- (14‘22)

[TpousBogsimpit HyHKIMOHAJM ONPENesHM BEIPAXKEHHEM

x) B (x)ddx x”)EST) (& )dax ’
B[ (x), n(x)] = Sp {ged FOT @ SUEIEDEBL Ty oy

B KOTOPOM OH 3aBHCHT OT IBYX He3aBHCHMbIX OYHKUIHHA {{x) U m(x)
H ABJsSETCS LITyPOM HOPMa/JbHO YHNOPAAOYEHHOTO IPOH3BEIECHHS.



Orciona BuAHO, 4TO (yHKUHOHAJBHEIE NMPOH3BOAHEIE STOTO BEIpaxe-
HHSl, BBIYHCJEHHBIE A8 [(X)=mn(x)=0, sBISIOTCA KOPPeJAIHOH-
HBIMH (QYHKUHSMH MOJsI, T. €.

o2 = = - -
G o) & g=n=o_sp {QE (x4) E® (x2)} =G (x4, x3), (14.24)

HJIH B Gosiee oOINEM BHze
dan -
00 (X1) -+ O (xp) 81 (xpgy) --. OM (xon) ~le=m=0
=G(n) (X1 coo Xno an e xzn). (14.25)
[ TensopHele HHIEKCH, KOTOPHIE€ ONYIIEHH B 3THX BHIPAXKEHHSX, MOMKHO

OBIIO BOCCTAHOBHTb, €C/IH y4eCTb, 4TO KaX/ias KOOPIMHATa X Ompele-
JSIeT W NOJIOXKEHHe, H BpeMs; HanpuMmep, GyHkuus § (x) ecTb dakTHUe-

CKH_Habop yeThipex GyHKuui &, (r, £) ana p =1 ... 4.]
B a10M MecTe y106HO BBECTH cOKpallenHOe 0603HAYEHHE
e(x, b)=i ( ok )1/2 uy (r) e~ (14.26)

C INOMOIIBI0 KOTOPOTO pa3dfaoxenue omepatopa E nmo wmonoBeiM
(hyHKIUAM 3amHCBIBAETCS B BHJe

E® (x):% e(x, k) ax. (14.27)

Hcrnonbsys P-nmpencTaB/ienns AJs Onepatopa IJIOTHOCTH € raycCOBOMH
BecoBoit ¢ynxumeri (14.19), npousBomsmmit Qyuxumonan (14.23)
MOKHO 3alHCaTb B BH[E

Ezg exp{ ~ > '?:kl)z exp {Z S C(x)e*(xk)a’;ﬁcﬂx} X
k k

X exp {%} \n()ewmand } T[S0, (14.28)

OTOT MHOTOKPATHBIH HHTerpaj ofpauiaeTcs B NPOH3BeJEHHE HHTe-
TrpaJioB MO OJHOMY AJS KaKJIOh Moabl k. EcJu BBecTH 1Ba KOM-
TJIEKCHBIX NapaMeTpa

ﬁkzg L (x) e* (x, k) d'x,
Yo = S n(x'ye(x’', k) d4’,

TO HHTETPANbHBIH MHOXKUTEIb AJS MOJbLl C WHEKCOM Kk TIpUMeT 3Ha-
KOMYIO (opMy

(14.29)

dz(lk

S exp { _Jop? + Brat 4 Ykak} Ty = SXP {Bryr (nn)}. (14.30)

(ng)




CrenoBaTesbHO, NPOM3BOAAIAH (YHKIHOHAN NaeTcs NPOH3BeJCHHEM

8 = [T exp {Bry (na)} =
)3
— exp { S L(x) S e* (x, k)e(x', k) (naym (x) dix d4x'} . (14.31)
Rk

Coraacao paBenctsaM (14.13) u (14.26), dyHKOuA KoppesslHH Iep-
BOTO NOpsAKa AJsi MoJs

GV (x, x')=§ e* (x, k)e (x', k) (na), (14.32)

ecThb Kak pa3 Ta cyMma, KoTopas (urypHpyeT B IOKasaTelbHOH
¢yukuun B BupameHun (14.31). Takum o6pasoM, nNpoH3BOAALIMR
GyHKIMOHAA AJs1 (QYHKIMA KOPPeJSALUH BCeX NOPSIKOB MOXKHO BbIpa-
3HTb Yepe3 (PYHKIHIO KOPPeJUHH IepPBOro Iopsiaka

215 (), n(@l=exp { { LG (x, ) m@x)dixaie} . (14.33)

Mpbl MOXeM Tenepb BBIBECTH TOYHOE BhIpaxKeHHe /11 (QyHKUHRA
KoppeJsAnuH Gosee BBICOKHX IIOPAJKOB, BBIUHC/AS COOTBETCTBYIOLIHE
NPOU3BOAHbIe (PYHKUMOHANA. B uyacTHOCTH, n-10 NPOH3BOAHYIO 1O
MOXHO 3anucaTbh B BHJeE

n -
on = 1) X ’ ’ 4,7 )
TR {g § 600 () di ) 2 (1430

Yro6el HalTH QYHKIHIO KOPPEJISHHH f-TO NOPAlKa, Mbl JOJKHEI Jajee

nuddepennuposars n pas no ¢yskmuu n. Ilockoabky £ (x), B KoHIE

KOHHOB, J0/3KHa OHITh MOJNOXKEHA PaBHO HYJIO, TO JIEFKO BHIETb, YTO

BCE UJIeHBbI, KOTODble MOSABATCS OT AH(PepeHIHMPOBAHHS MO 1) MHOXKH-

Tensi B B npasoft yacty (14.34), B KOHEUHOM HTOre HCYESHYT, [O3TOMY
o2n

T0e) ~-- 8 (6) 01 (ing) - 0N Gizm) l§=8=

n
- on @) 3 ’ ' 1,
T oM (xngp) <o - 6N (xon) = S GP (x5, x')n (x") dix

n
=2 [I G (xjs Xpinta)s . (14.35)
P j=1
T. €. IIpOH3BOJHAsA €CTb CyMMma, B3sTas 1o n! BO3MOXKHBIM crniocobam

IepecTaHOBKH Hafopa KOODAMHAT Xpiq - -. Xzne 1a@K KAk BBIYHCJIEH-
€as NpPOM3BOAHasd, COrMacHO paBeHCTBY (14.25), ecTb ¢yHkuus Kop-



peJisiiUd n-TO 1OpsiiKa, TO OKOHUATEJNBbHO HMEeM

am™ (Xi e Xns Xntg oo xZn) = ; ]]___Ii Go (xij(n+j))- (1436)

OYHKIHSA KOppediul A-r0 NOpsijKa AJsA TayCCoBLIX IoJeil ecTb CHM-
MeTpHUHasi CyMMa [pOH3BeAeHHH (YHKUHA KOppeJsAudH IepBOro
nopsjka.

Uro0sl MPOWJIIIOCTPHPOBATH 3TOT Pe3yJbTaT, 3anHiieM (QyHKIHIO
KOppeJasiiiid BTOPOro Nopsiixa

G® (x1%5, Xx3%,) =GV (xx3) GP (x2%,) + GV (x4%,) GV (x2x3).  (14.37)

Ecan paccMatpuBaeMoe noje 06714JaeT KOT€PEHTHOCTBI) MEPBOrO
NIOpsIKa, TO (PYHKIHIO KOPPEIANU NEepBOro Mopsijika MOXKHO 3amnucaTh
B (aktopusosanHoil ¢opme (7.15). Cnaraemple B (14.37) paBHBHI,
M03TOMY

G (xyx3, x3%,) = 28* (x1) &* (x2) & (x3) & (x4). (14.38)

DYHKIHS KOPPEJISiHH BTOPOro nopsiaka (akTopudyercs, HO Tak Kak
HOSIBHJCS MHOMXKHTENb 2, TO MOJe HEe MOXKeT HMETh KOTEePeHTHOCTh
BTOpPOro unu Gosee BLicOKOro mopsigka. OdeBHjHO, 4TO (QYHKUHA
KOppeJsiiiy 7-TO MOpsiiKa AJs TaKUX ToJeil jaercsi (opMyJIoi

n 2n
G™ (xy ... %on)=nl ]1311 &* (x;) j=1;[+1 & (x,). (14.39)

4. PacnpejeseHHe KBA3UBEPOSTHOCTH [JI51 aMIVIUTY[bl MOJS

Korna onepatop MIOTHOCTH AJIst IO MOKHO ONPENETHTH C IOMOMIBIO
P-npenacrasienust, GyHkuHs P ({ay}) HrpaeT poJb, aHATOTHYHYIO POJIH
MJIOTHOCTH BEepPOATHOCTH AJsl OTAeNBHBEIX aMIMIATYA oy. KoHeuxo,
JJIs1 CBETOBOTO J1y4a MBI OGBIYHO H3MePSIeM He OTAeIbHbIe aMITUTYABL Oy,
a cpenuHe 3HAYEHHUs Pa3MUYHBIX QYHKIHH KOMIIJIEKCHOIO COOCTBEHHOTO
3HAYeHHS HaNpSKEHHOCTH noast & (r, f), KoTopoe npejcTasisier coboi
HEKOTOPYIO JHHEHHYID CYMMY aMILIHTYJ OTIEIbHBIX MOJ,

g(x{ak})=k2e(x, k) as. (14.40)
Uro6bl onHcaTh BCe pa3HOOOpasHe TAKUX H3MEPEHHH, KOTOpPhle MOXKHO
TIPOHU3BECTH B OJHOl NPOCTPAHCTBEHHO-BpEMEHHOH Touke x == (r, f),
YIOOHO HCIOJMb30BATH PAa3HOBHAHOCTH MPHUBEAEHHOrO paclpeleneHus
KBAa3HUBEPOATHOCTH AJIsI KOMILIEKCHOH aMmMmauTyAnl noast & (x {oz}),
KOTOpYI0 MOxKHO BbiBecTH M3 P ({a}). Dra dyHKuHS pacrpeleneHus
IJIs1 aMITATY Ob! o151 6yAeT BechMa NoJe3Ha NPHU O6CYKAHHH NPUYHHBL
BO3HHKHOBEHHs1 3(deKTra Koppeasuud (DOTOHOB, OTKPHITOTO X3HGepu
Bpaynom u TeHccoMm.



Jas domocTpanuy BHAA CPEIHHX BETHUYHH, C KOTOPBIMH HaM YacTo
IPHALTCS CTAJKHBATLCS, 3aMETHM, 4TO CPEAHSAS HHTEHCHBHOCTB MOJIS
B TOYKE X pPaBHA

Q2

GV (x, x)=\ P({x}) | € (x {a)? [[ on,  (14.41)

a CPelHIOI0 YacCTOTY CcOBMageHHit MJIS YaCTHOTO cjlyuas, KOraa jABa
cueTyMKa MoMmellieHbI B OAHOH M TOH e TOUKe U 001analoT OAMHAKO-
BOH 3aBHCHMOCTBIO UYBCTBUTEABHOCTH OT BPeMeHH, MOXKHO NPEACTaBHTb
B BHJE

GY (xx, xx) = S P({a})| € (e {a) |* I dPan.  (14.42)

DTo NpHUMEpH OBIIEro KJjacca CPefHHX, MMeIoLHX GopMy

\ P ({an)) F (& (x {ou})) [] doan, (14.43)

rae F—mogxoasumum o6Gpasom onpejeneHHble (yHKiHH. Tenepb
yA0OHO pa3AesuTb MHOI'OMEPHOe MHTErPHPOBAHHE MO KOMIIJIEKCHBIM
napaMerpaM aMmIIMTyIbl Ha OBe CTAiHH: HHTEIDHPOBAHHE IO MOA-
IPOCTPAHCTBY NapaMerpoB Oy, B KOTOPOM JHHeHHas KOMOWHaUUA

£ (o) =Y e (x, By

OCTaeTcsl NMOCTOSIHHOM, W 3aTeM MO BCeM 3HAYEHHsSIM, KOTODbIE MOXKeT
npunuMaTh 3ta cymma. OGosnauas uepes W (&, x) ¢yukuuio, moay-
YaIOLYIOCS B Pe3y/bTaTe MePBOro HHTErPHPOBAHHUSA

W (&, x)= SP({ak}) 5@ (g—Z e (x, k) ak> [T d2an, (14.44)
kR 3

MOXKHO 3amucath nonaublii uurterpa’t (14.43) B dopwme

P () F 8 () IT o=
=11P({a})6(2) &E— De(x, R)ap ) X
}§ Pl s (5-3 2
% F (%’) H d?oa, d2E = S W(%’, x)F(g) a2, (14.45)
)3

rae d’6 = d (Re &) d (Im &) ecrp JeACTBHTENbHBIH 3JEMEHT IJIO-
IMajd B KOMIVIEKCHOH IWIOCKOCTH aMIVIMTYIBI 1oJadA. SlcHO, 4To (PyHK-
s W (&, x), onpenenennass paseHcTsoM (14.44), urpaer poab, aHa-
JIOTHYHYIO POJIH paclpeleseHHs BEPOATHOCTH ATl KOMILJIEKCHOH aMIIH-



TYIbI NOJS B IPOCTPAHCTBEHHO-BPEMEHHOH Touke x. [1oCKOMLKYy 3TOT
pesyJbTaT NMOJYYEH C MOMOLUILI0 (PYHKUHH P, aBJstomencs ToAbKO pac-
npefeJeHHeM KBa3HBEPOSTHOCTH, TO Ha HErO pPaclpocTPaHSIOTCS Bce
Te OrpaHH4yeHHsi, O KOTOPHIX YIOMHHAJOCH ‘B TpeiblayuieH JeKiHH;
T JKe caMple OrDaHHYeHUsl C/IeAyeT HMeTb B BHAY W HpH (usnuecKoi
uatepnperanun Qynkuun W (€, x). Hanpumep, oma Takxke MOXKeT
NPUHUMATh OTPHUIIATEIbHBIC 3HAYCHHS.

Oyuxkuua W ofecrmeunBaeT 0coOeHHO MPOCTOE OMHCaHue MO,
COZepXKallero MHOIO HE3aBHCHMO BO30YKAEHHBIX THOOB KoJebaHUil
(mon). IlockonbKy B 5TOM c/ydae HOMHASI aMIUIHTyAa Noasd &€ ecTb
cymMma OOJMBIUOTO YHCJA HE3aBHCHMO PAaCHpPENeNEHHBIX KOMILTEKCHBLIX
aMILTHUTYZ, TPONOPIHOHANBHEIX O, PACIpPefeNeHUe aMILTHTY bl & OyneT
COOTBETCTBOBATb PacHpeNesICHHIO KOHEYHBIX TOYEK TPAEKTOpHH CJay-
qafHbIX OJyXAaHHH B KOMIIeKcHON mnaockocTi. HesaBHcuMmo oT
HHIHBHAYAJALHOTO pacnpefenenisl aMIVIHTYA B KaKJA0H MOAe 3TO pac-
npejejieHHe IPHHHMAaeT rayccoBy ¢opMmy, Koria YHC/IO THIOB KoJjefa-
HHH, JaONIHX BKJal, Beauko. C MaTeMaTHYecKOH TOYKH 3peHHsd, 5TO-
YTBEPAKICHHE eABa JIH OTJIMYACTCS] OT TEOPEMBI O TP e/ IbHOM 3HAYeHHUH,
ofcyKIaeMoli B pasjene 8 BbIICNIPHUBEIEHHOR CTaTbH aBTOPa, T. €. Pa-
BeHCTBO (14.44) cTaHOBHTCA NO CBOEH CTPYKType HOAOOHBIM DaBEeHCIBY
(C8.1), xorna pyuxuuto P ({a}) MOXKHO peACTABHTH B BHAE NPOU3BEE-
Hust | | Pp (ap). B nopsinke oGo0iiensst Mbl MOXKEM CYUHTATDh BOSCYKICHUS

k

OTAEJIbHBIX MOJA HECTanMOHAPHBIMU CO CPEIHHMHU aMIIUTYAaMH

S Py () oy d2ay, = (ap). (14.46)
Torpa, npumensisi TeopeMy O MpeAeJbHOM 3HAUeHHH, Mbl HaXOLHM
1
W (&, x)= e
& x)=- e (x, k) 2 {( o [2)—| ap) 2}
k
( |€—Delx, w2 )
R
X expy — . 14.47)
p{L S e(x, k) 2 {(] a [B—] @) |2}J} ( )
k

Ecau cpeanue aMmIuTyAbl (0p) HCUE3AIOT, KAaK 3TO MNPOHCXOJHT,
HanpuMmep, B cJaydyae CTAUHOHAPHLIX NOJeH, TO

_ 1 1€ 2
W (87 x)‘ T zle(x, k) ‘2 (nh> eXp _— Z je(x, k)‘2 (nk> }:
3 R

1 _ 2 (1)(x’ x)
= om ¢ [&?/G ) (14.48)

Aasg  nasrocTpanuH  NOME3HOCTH HAHJEHHOTO BHIPAXKeHHA s
W (&, x) noicuntaem QyHKIHIO KOPPEIAIHH 7-T0 NOPsAKA DU paBeH-



CTBe BeeX ee apryMenToB. [osaras F (§) = | € [** B pasenctse (14.45),
HaxoIuM

Gm (x...x)zg W (&, x)| &2 d2€. (14.49)

Jns rayccosoit fopmpt dyukmuu W, nannoét paBenctBoMm (14.48),
noc/JAeIHHA HHTEerpad eCTh NMPOCTO

G (x ... x)=nl{G® (x, x)}™ (14.50)

Baxubllt Knacc nosel, NOAYHHAIOIMUXCS YCJAOBHAM pasieneHus, KOTo-

Dole MBI OpeanoJarajJd BBIINOJHEHHBIMH IIPU BBIBOAE 3THX pe3yJb-
TaToB, MNPEACTABJSIOT IOJS, ONpele/ieHHBIe TayCCOBLIMU OMNepaTopaMH

W/l g, x)

dur., 13

fJIOTHOCTH, o6CyKAaBImuMucs panee. sl aTuxX nosei pasescTso (14.50)
cienyer npamo #3 (14.36). Ho nockoaeky npu BeiBode opmyd (14.48)
u (14.50) Mel He npexanojarai#, yto GYHRuuH Pp (ap) ABJASIOTCA IO
<popMe TayCCOBBIMH, 3TH pe3yJ/bTATHl OCTAIOTCS CIPaBeAJHBLIMH H IJ4
3HAYUTENbHO OGoJiee MIHPOKOTO MHOXKECTBA BO3OYKJAeHHH MOJs.
Ackus GyHKIME rayccoBa pacnpefienenus W (g, x) nas Ha dur. 13.
ITockonbKy posib 3TOH (PYHKIHH POACTBEHHA C POJLIO pachpeeneHHst
BEPOSITHOCTH /sl KOMILIEKCHOH aMIUIHTYAsl moas &, TOo siCHO, 4TO
a0co/IIOTHOE 3HAaYeHHe NOJA MoABepXkKeHo (DIYKTyauusaMm CyIIEeCTBeHHOH
BenHuuHbl. TakuMm o0pasoM, B TO BpeMs KaK HaHOoJee BepOsITHOE
3HaYEHHE aMIVIUTYABl Nojs ectb & = 0, amnauTyaa OyjAeT BpeMs OT
BPeMeHH NONajath B Te 00JACTH KOMIUIEKCHOH INIOCKOCTH, KOTODHIM



COOTBETCTBYIOT «XBOCTEI» TAyCCOBOTO pacrpejeleduss H TPOU3BOJLHO
cunbhbie mogas. Coorsonienue (14.50) Mexny 3HaueHusMu GYHKIMH
KOPpeIsIMH MOXKHO NpeCTaBUThL B BHJE

(€2 =nt{(JE )" (14.51)
Mexay cpenHuMH MomeHnTamd (| & |P) dyuxkuun W. UpesBbluaiino
6LicTpoe yBenHuEHHe ¢ pocToM £ orHowends (| & [2)/{(| & [2)},

wig, x)

Re & Im §
dur. 14

KOTOpOE JaeT TrayccoBO pacnpejlesieHue, 0OyC/IOBIeHO XapaKTepPHBIMH
Il HEero MJIHHHBIMH «XBOCTAMH?.

Xors rayccona dopma Jis dyuruud W (€, x) moutTd yHuUBepcanbHa
IS ONHCAHHS H3JYYEeHHH eCTeCTBEHHBIX HCTOYHHKOB, XAOTHYECKHX
flo cBoell mpHpoje, AT ONHCAHUS H3JyYyeHUH Da3/JHYHLIX HCKYCCTBeH-
HBIX HCTOYHHUKOB MOTYT MOTPEeGOBATLCS COBEpIIEHHO HHBIE paclpeneJe-
HHs. PakTHUECKH OAHOH M3 TVIaBHBIX 3ajad BLICOKOYACTOTHOH TEXHUKH
SIBJISIETCSL yCTPaHEHHe TMoJied, KOTOphle HMEIOT pe3KOo BhiPaXKeHHBIH
clydafiHblil MM LIYMOBO# XapaKrep, onuchiBaeMblil dyukuneit W (&, x)
rayccoBoli opmbl. OAHHM H3 NEPBBIX JOCTHKEHHH 5TOH TeXHHKH OBLIIO
CO3/laHNe T'eHEpaTOPOB MOJS C HPEeJeNbHO CTaCHJIbHOH AaMIUIHTYJOH,
a HMEHHO TeHepaToPOB HEeCYIIHX BOJH AJs pajHoBeuiaHus. DTH TreHe-
paTopel ABJISIOTCS HeNMHHEHHBIMH YCTPOHCTBaMH, M BKJalbl aMINIHTYA
pasIHYHLIX MOA B ofluee NoJjie pacnpefieseHbl HE He3aBHCHMO, KaK 3TO
HMeET MECTO B CJIydae rayccoBoro pacnpefenenus. [lis CTalHOHapHOTO
noJisl, TeHepUPYEeMOro TAKHM HCTOYHHKOM, MOXHO HaHTH (YyHKUHIO
|\4 (3 x), mopoGHy no ¢opMe NOKa3aHHOH Ha ¢ur. 14, T. e. HMeeTcd



JUIIb OYeHb Majasl BepOSTHOCTb TOTO, YTO MOAYJAL moast | & | Gyzer
3aMeTHO OTJIHYATbCSl OT KOPHSI H3 CBOEro CpelHeKBaApaTHYHOro 3Ha-
yenus {(| & [*)}"e.

Dopma dyukuun W (&, x) mossosdsieT NOHATH NPHYHHBEL 3(hdexTa
Koppensiuun  (poroHoB, oTkphTOro XsHOepn bpaynmom u Tauccom
B 3KCIIePHMEHTAaX, OMHCAHHAIX B JeKuuu 8. PaccMOTPHM CKOPOCTh cueTa
IBYKDaTHBIX coBnajfenuiét ¢Qoronos, koraa jerektopst Dy u D,
(cM. dur. 9) pacnosioKeHbl TOYHO CHMMETPHYHO OTHOCHTENBHO IOJY-
NIPO3payHOro 3epkaja H pPeTHCTPHPYIOT COBHajeHUsT 0e3 BpPeMeHHOH
3afepkkH. ITOCKOAbKY B TaKOM YCTPONCTBE CYETUHKH 3aHHMAIOT IO
CYLIECTBY OZHO H TO K€ NOJOXKeHHe H COCOOHB! PerHcTpHPOBaTh B OZHO
H TO e BpeMsl, CKOPOCTb COBMaAeHHN naercsd QYHKuHEH KOoppeasiiHu
B dopme

G® (xx, xx)= (| & (x) Y. (14.52)

CoraacHo dopmynam (14.50) u (14.51), a9 BceX XaOTHUECKHX
HCTOYHHKOB CBeTa

(&) [H=2(&x) P)2=2{GY (x, x)} (14.53)

Pasnocte Mexay G P(xx, xx) u {G"(xx)}* ectb Mepa pery/asipHOR
PEerucTpanyy ORHOBPEMEHHO ABYX (POTOHOB, T. €. Mepa BLICOTHI «TopOa»
Ha KPUBOI CKOPOCTH cueTta coBnajenuii na ¢ur. 10. ITockonbky cKOpOCTDb
cyeTa COBMafeHHH MNPH HYJeBOH BpeMeHHOH 3ajiepXkKKe BABOe OoJblile
(hOHOBOH CKOPOCTH cyeTa COBNAjAeHHIH HJH CKOPOCTH cueTa CJIydaiHbIX
coBnafennii, spdexT Koppeasiud He sasiasercd maabiM. ([lepronadannb-
Hoe HaOgonenHe spdeKTa 3aTpyAHSIOCH OOMBIINM BPeMeHeM 3aJepKKH
OTK/IHKA CYHTAIOUIEH CHCTEMBI MO CPaBHEHHIO CO BPEMEHEeM, B TeueHHe
KOTOPOTO CYIIECTBYeT KOppessuHsi.)

Yro0nl NOHATL NPUPOAY 3PdeKTa KOpPpeasiHu (POTOHOB A APYTHX
THIIOB pacnpenenennd W (&, x), 3aMeTHM, 4YTO OH IPONOPUHOHAJTIEH
BeJTHYHHE

G (xx, xx)—{GV (x, )P = (&) |H—(|EX) )=
=g W (&, x){| &P — (| &) d%. (14.54)

OnH0 H3 MOGONBITHEIX KBAHTOBOMEXAHHYECKUX CBOHCTB 5TOr0 BbIPazKe-
'HHS 3aKJIIO4aeTcsi B TOM, YTO, XOTSl OHO W HANOMHHAET CTaTHCTHYEeCKOe
OTKJIOHEHHE BeJHYHHH! | & |, TeM He MeHee MOXKET ObiTb KaK MOJOKH-
TeNbHLIM, TaK H OTPHIATeNbHLIM. JTO AONYCTHMO, MOCKOJILKY (YHK-
uua W (€, x), Kak MBl yKe OTMeYasH, He SBJISIETCS, CTPOTO rOBOPS,
pacnpefienenueM BeposTHOCTH. Herpyano HalTH COCTOAHHS MNOJA,
4151 KoTopeix ¢yHKiMS W npHHHMaeT OTpHUATENbHOE 3HA4YeHHe (MO
KpaltHell Mepe JoKaabHO) H A5l KOTOpHIX cpefHee (14.54) Oyaer, caeno-
BaTebHO, OTPULIATENLHBIM. KOTAa mo/ie HaXoAuTCsl B TAKOM COCTOSTHHH,
CKOpOCThL cuera coBnafleHuss (otoHoB OyJeT MeHblle, 4eM (poHOBAA



CKOpocTh cyeTa B annapartype XsuOepu Bpayna — Tsucca,— sddexr,
oOpaTHbI Hab/il01aeMOMY C €CTECTBEHHBIMH HCTOYHHKAMH H3JIYyYeHHS.
Korza mome renepupyercst K1accH4eCKHM HCTOYHHKOM, T. €. HCTOY-
HHKOM C NpeJonpese’eHHbIM [OBEJCHHEM, BCEr1a MOXKHO (KaK Mbl YKe
BHAeAH B JeKUHH 12) nocTpouTh P-npeiacraBnende sl onepaTtopa
IVIOTHOCTH C HEOTPHUATENbHOH BecoBoH ¢ynkuuedr P ({a,}). Torzaa
¢yuxus W (&, x), onpenenennasi pasencTBoum (14.44), taxxke He Gyzer
NpHHHEMAThL OTPHIATEIbHBIX 3HaueHHH. TakuM o6pa3oM, MOXKHO cesaTh
BBHIBOA, YTO AJsl BeceX HoJell, reHepUPyeMBIX KJaCCHUYECKHMH UCTOYHH-
KaMH, Koppeasuus XsHOepu bpayna — TBHcca monoxuTenbHa

G® (xx, xx)—{GP (x, x)}*>0. (14.55)

Ecnu xKoppensiuHoHHBIH 3(h¢eKT st noseifl 5TOrO THNA HCYE3aerT,
TO AN Beex &

W (€ D) {Er—(&npR=0. (14.56)

CnenoBatesnpno, dyukuus W (€, x) MOXKeT NPHHHMATL HEHCUE3AIOlIHe
3HaYCHHA TOJbKO B TOUKaX, JeXKalluX Ha OrkpyxuoctH | & |2 =
= (] & |*). Hpyrumu caosamu, ecnn pyuxunst W (&, x) umeer popmy,
KOTOpasl He JIOMyCKaeT aMIVIHTYIHOH MOAYJISNHH MOJAsl, TO 3S(QeKT
KoppeasinuH OyaeT HcyesaTb, H HaoGopoT. IIpH 5TOM OrpaHuyeHHH MBI
nMeeM GoJiee ObLiee PABEHCTBO

GW (x ... x)=(&]2") = (BB ={GD (v, x)}*,  (14.57)

H BCe 9KCIEePHMEHTHI 110 PerHcTPaiiH n-KpaTHhIX COBMAieHHH MOKAa3bl-
BalOT OTCYTCTBHE KaKOH-AHOO TeHAEHUHH K CTATHCTHYECKHM KOppe-
JISLIH M.

B pane ny6muxkauu#l spbdert XsH6epr Bpayna — Tsucca o6bsc-
HSAETCA TeM, YTO (POTOHHI ABASIOTCS 603e-4acTHHAMH H, CJIEAOBATEJNbHO,
HMEIOT HEKOTODPYIO TeHIAEHHHI0 K acconHanud. OueBHAHO, YTO TAKOE
00bsICHEHHE JaJNeKo He MOJHO, BBHAY TOTO YTO KBAaHTOBOMEXaHHUECKAs
¢opma spdexTa MokKeT UMeTh 06a 3HAKA: OHA MOMKET COOTBETCTBOBATh
AHTHKODPENANHH, HIH «OTTAJKHBAHHIO», 4 He MOJIOKHTEJbHOR KOppe-
JALHY, HIH «TPYNNHPOBKe». Jlanee, TOT HaKT, YTO KJIaCCHYECKHE MOJS
HMEIOT TOJBKO TIOJOXKHTEIbHBIA KOpPeasAnHOHHbIH 5(dheKT, ecTh SCHLIH
MOKa3aTesib TOTO, YTO CPeJHHE BEJUYHHBI, KOTOPble MOXKHO BhIYHCJIHTD
NOCPEeACTBOM KOPPeNsINHOHHLIX (YHKUHH (Zaxe KOrja CylecTBYyeT
P-npencTaBienne), He BCer1a SKBUBANEHTHL B KBAHTOBOH H KJaccHYe-
CKO# TeopHH. MHOXKeCTBO Pa3HYHLIX NOMeH, BCTPEUalONIHXC B KBaH-
TOBOH TEOPHH, ropas3io 0o/blle MHOKECTBA KJIaCCHUECKHX IOJIEH.

Slcuo, uto usmepenus sddexra Koppensinux (GOTOHOB, o KpafiHeH
Mepe IIPH HYJIEBOM BPeMeHH 3a/epKKH, AAI0T NPOCTO Mepy BeJHUMHEL
cayyalHoH aMIVIMTYAHOH MOAYJSNHH, NPHCYTCTBYIOIEH B MOJSAX
¢ nosoxutenpHoll pynkumeit W (€, x). 310T 3(heKT NomKeH NpakTH-
YeCKH OTCYTCTBOBATh y MOJNA XOPOIIO CTaOH/IH3HPOBAHHOTO TeHepa-



Topa. B uacTHOCTH, rasoBbIl Jlasep B peXHMe TeHepauuu siBJseTcd,
0-BHAHMOMY, BeCbMa CTaOHJIbHBIM TeHEpaToOpoM H Koppeasuus XoH-
G6epn bpayna — TBucca, H3MepeHHasi IJs ero Jyda, OAOMKHA OLITh
OueHb MaJoH.

To o6CcToATeNBCTBO, UTO SKCHEPHMEHT N0 KOPPEJIANHH (OTOHOB HJR
€ro aHaJor B palHo4acToTHOH 00/acTH — KCHEPHMEHT 0 KOPPesiiHi
B HHTEHCHBHOCTH,— IPeJCTaBJsIeT [IPOCTOA CIoco0 pasIHYeHHA IoJeR
OT €CTeCTBEHHBEIX M HCKYCCTBEHHBIX HCTOUHHKOB, MOXKeT HMeTh HeKOTO-
phble HHTepecHbIe CIENCTBUS /sl acTPOHOMHHU. Ec/i pasyMHble cyliecTsa
apyroit nuBHIH3auHH [ajJakTHKH 3axoTeJH Obl CBSI3aThCsl C HAMH, TO
PE3OHHO NPEANONOKHTb, YTO OHH JOJKHH OblM Obl HCIOMb30BaTh
B KauecTBe H3/1ydarTeldsl KaKOH-HHUOYAb aMIUIUTYLHO-CTaGHIH3HPOBAH-
Hblli reHepatop. B aToM ciyyae HX cHMrHa/lbl, KaK MBIl YK€ BHIENIH,
uMesH Obl Ge30MIHG0YHO OTAHUHMBIN XapaxkTep, Aake ecjaH Obl He mepe-
JaBaJjloch HHKAKOr0 COOOITeHHs], TOTOMY 4TO HEMOAY/JIHPOBAHHLIH CHTHAJ
Jerde OTJIHUHTL OT IHIYMOBOro (oHa, 4eM MOAYJHPOBAHHLIA CHTHAJ.

8. Pacnpejienenne KBa3UBEPOSTHOCTH JJS AMILIMTY] NOJs
B JBYX NPOCTPAaHCTBEHHO-BPEMEHHLIX TOYKAX

P xoppenanHouHeX QyHKUMI H APYTHE CTAaTHCTHYECKHE XapaKTe-
PHCTHKH, KOTOPBIE HAC HHTEPECYIOT, 3aBHCAT OT NoJed B ABYX pas/uy-
HBEIX TIPOCTPaHCTBEHHO-BPEMEHHEIX TOYKaX Xy H Xp. ECAH cyllecTByerT
P-Tipe/icTaBJeHHe, TO 5TH CPEIHHE MOXKHO BbIPa3HTb B oOmell dopme

S P ({ax}) F (& (xs{as}), &(x2{an}) ][ dan,  (14.58)
3

rae GyHKiHg F COOTBETCTBYIOLIHM 00pa3soM onpenensieTcst As KaxIoro
caydasi. JlBa M3BEeCTHBIX NpHMEpa TaKHX CPEIHHX MPEACTaBJAIOT
KOppeIsnHonHast GpyHKuuUs nepBoro nopsaka G¥ (xy, xg), sl KOTOPOH
MBI BeIOEpeM

F=&*(x;{an}) € (x2 {ar})s (14.59)

H CKODOCTh CueTa 3aJepXKaHHbIX coBnafeHuit G (xixy, Xoxy), AIR
KOTOPO#H

F=|&(x;{or}) 2| & (x2{an}) P (14.60)

Teneps, ecu QyHKiuio pacnpepetenns W (&,xy, Exxz) A1 KOMILIEKC-
HBIX AMILJIHTYJ NOJs B ABYX TOYKAX ONPEJeJHTb COOTHOIIEHHEM

W (Byxr, Eara) = | P ({an)) 8 (61— 8 (1s {an})) X
X 8 (8, — & (x5 {ar))) [] d?0x, (14.61)
3



TO cpenHee 3Hauenue B dopmyJsie (14.58) naercs wnTerpajoMm
S W (&x1, Eoxo) F (&1, &) d28, d2&s. (14.62)

Oyuruus W (€,x1, E245) 1O CYWECTBY eCTh pacrpeleleHHe KBa3H-
BEPOATHOCTH, KOTOPOe HrpaeT B ycpeaHeHHH DYHKUMH IBYX IpocTpaH-
CTBEHHO-BPEMEHHEIX NePeMeHHbIX Ty e POJb, 4TO H 06CYXkKAABINAsCT
Boime ¢yHkiHg W (€, x) B ycpeiHeHHH OYHKUMH, 3aBHCAIMX OT
ONHOH NPOCTPAHCTBEHHO-BPeMEHHOH ToukH. PaxkTHyeckKH QyHKIHIO
W (€, x) MOXHO NONYYHTb H3 «ABYXTOYEYHOH» (DYHKIHH HHTETPHPO-
BaHHEM IO NepeMeHHBIM NOJs JJIs OZHOH H3 TOUYeK

W(E, x)=\ W (&, &x')d& = S W(g'x, Ex)d2&. (14.63)

Korna dyukuns P ({a,}) npeacraBiMa B BHJe NPOU3BEICHHS HE3a-
BHCHMHIX BeCOBBIX (DyHKIHH N0 OJHOH Ha KaXJAyl0 MOLY, a YHCIO0 BO3-
Oy AeHHBIX MOJ BeMHKO, JIETKO N0Ka3aTh, HCIOAb3Ysl METO/, NOAOCHLI:
TOMY, KOTOpLIH OB NMPHMEHeH B pa3jese 8 BLIUENPHBEICHHOH CTaThbi:
aBTopa, u4to ¢yukuus W (E.xy, &,x,) NPUHHMAET rayccoBy GopMy no
ABYM NepeMeHHBIM KOMIVIEKCHLIM aMIiaTyiaM &; u &, Jlaa Jokasa-
TEJNLCTBA Mbl IIPOCTO IIOKAaXKeM, UYTO ABOIHOe mpeobpasoBanne Pypoe
byukuun W (&,x,, &,x;) 1Mo TNepeMeHHBIM aMIMIHTYAaMm &y M &, ecTb
acHMIIToTHUecKas (opMa rayccoBa pacnpefefeHusi st GeCKOHEYHOTO
uncaa Bo3OyxJAeHHBIX MOA. Toraa ofpaTHoe nmpeoGpa3oBaHHe MPHBEAET
K pesyJbTaTy, KOTOpHIH ANA caAydas CTAllHOHAPHBIX IOJed MOXKHQ
3anucaTh B BHJAE

1

W (Eres, €%2) = 36 (e GO0 (i) T— T G
L€ |2 [& 2 _9Re E165g D) (xy%9)
G (xlxi) G (x2x2) {G(l) (x1x1) G (Xz)Cz)}l/2
1—| g (xyx) 12

X exp — , (14.643
rie g — HopmupoBanHas (QyHKUHS KOPPENSHH TepPBOTo NOPSIKA,
onpelenennasi pasencTsoM (7.5). B KauectBe mpoCToil MPOBEPKH ITOrO.
pesyJsibTaTa JIeTKO yOeAMThCS, 4TO CpenHee 3HaueHHe QyHrRuuu (14.59)
€CThb

{GV (x121) G® (x9%5)} 12 g0 (x15%5) = GV (xy, X5) (14.65)

H uTO cpeiHee 3HaueHHe dyHKuMH (14.60) ecTe AefiCTBHTENBHO
GP (x4, %3) GP (%25 22) | GP (%1, X2) 2 =GP (x1%2, X2%y). (14.66)
Oynkunsa W (€.xy, Exxz) HWrpaeT B TEOPHH POJb, AHAJIOTHUHYIO
[JIOTHOCTH BePOSITHOCTH AJIAA CBSI3aHHBIX COOBITHH, T. €. BEpOSTHOCTH

HaXoXAeHHS nos &, B Touke xy = (ty, f3), a 1oaA &, B TOUKE Xy =
= (rp, tp). Onepupysa ¢ TaKUMH CBSI3aHHBIMH COOLITHSIMH, B TEOPHH



BEPOSITHOCTH 4YacTO BBLIYHCASIOT BEPOATHOCTh IMOJIHOrO  CBSI3aHHOTO
CcoOBLITHA, MPeNnoaarasi, YTo IepBasi 4acTb COOHITHSl yKe HMeTa MecTo.
J1JIst TAaKOro ¢ay4asi GyHKUHIO BEPOSITHOCTH MOXHO ONPEAeaHTL nocpel-
CTBOM COOTHOIIEHHS
W (61| o) = LU B0 (14.67)

rne W (&x,) omnpenensiercs  pasenctBoM  (14.44).  ®ynxnus
W (&.x,| &2x2) €CTh aHAJIOT IUIOTHOCTH BePOSITHOCTH TOCO, UTO aMILIH-
TyAa TOJsl B TOUKE Xp = (I, p) OyAeT HMeTh 3Ha4YeHHe B OKPECTHO-
cTH &s, KOTJa H3BECTHO, 4TO B TOYKe x; = (ry, f;) OHA HMeeT 3HAue-
e &,. Mpl 6yzeM HasbiBaTh 3TY (DYHKIHIO IVIOTHOCTBIO YCJAOBHOH
KBa3HBEPOSITHOCTH; CTPOrO rOBOPSA, 3TO €IHHCTBEHHAsA BeJHYHHA, H3Me-
pHMas Kak IVIOTHOCTb BEPOATHOCTH B KJACCHYECKOM TMpejene, HJH
B Ipejee CHILHOTO MOJSs.

Bruncassi orHowenHs (yHKuME, AaHHBIX paBeHcTBaMH (14.64)
U (14.48), AJas IUVIOTHOCTH YCJIOBHOH BEPOSITHOCTH MOJYydYaeM

1 1
W (G| 62%2) = = G Gy T—T 2™ G )

& B | )
G g (G0 (728 G002 | 14.68)
=g (x1xp) |2 )

JpyruMu cjosami, Hojte &, HMEET TayCcCOBO pacrpefeseHHe OKOJIO
CPENHero 3HaYeHHs

3
Xexp | —

GO (xax

(gz>=$1aﬁgx—ijj—; (14.69)
¢ amcrepcuedi, mpomopiHoHadbHOH G @ (x2x2) {1 — | gY (xsx2) [P},
KoTopasi HcuesaeT, KOTZa TOYKa ¥p OnM3Ka K X;, M npHO/HKaercs
K G ® (xyxs), KOTZA TOUKA Xy yHansercss oT x;. Mel Heclenyem atH
BLIPAXKEHHs IOAPOOHEe IPH pacueTe GyHKIHHA KOppessinHil, OT KOTOPhIX

OHH 3aBHUCHT.



Jdexuyusn 15

1. dnemeHTapHasi mMojesnb CBETOBOTO Jyua

Tax xak 10 cux mop HalH pe3yabTaThl POPMYIHPOBATHCH B BECEMa
obuiell popMe, TO OAHH-ABA HATISAAHBIX NpHMepa GYAYT O4eHb MOAE3HEL.
PaccMoTpuM, B 4acTHOCTH, NPOCTOH NPHMEp CTaHOHAPHOTO CBETOBOLO
Jy4ya, KOTOPbIH MOXHO NpPEICTaBHTL B BHAE IVIOCKOH BOJHEHI, paclpo-
CTPaHAOMENACH B MOJOXKHTEILHOM HANPABICHHH OCH y. Mbl AONYCTHM,
YTO JIYY HMeeT NPOU3BOJBHYIO MOJOCY YacTOT, HO ONPEneNeHHyH Nod-
pusanuio & PyHKUHIO KOPPEJISHH NepPBOro NOpsAaka JiA NEePBOro
Jy4a MOXKHO BLIYHCIAHTL IPH IOMOMH paBeHcTBa (14.13) Kak cymmy
Ho GYHKuHMAM MOJ, HMEIOIHM BHA IVIOCKHX BoJH. B kauecTBe uHiekca
GyHKUHE MOI MOXKHO B3AThb B 3TOM cC/yd4ae k,, T. €. y-KOMIOHEHTY
BOJIHOBOIO BEKTOpa (Apyrue KOMNOHEHTBI PaBHbI HYJI0). ITockosmbKy
3HAueHHsl R, paclnpefeseHn! NJIOTHO, KOrAa pasMephi oGbeMa KBaHTO-
BaHHA L BeJIHKH, CyMMHPOBaHHE IO R, 3KBHBAJEHTHO OAHOMePHOMY

HHTETPUPOBAHHIO
L
Z —> o S dky e
kR
Yy

[Toacrasasia ¢dyuxunn Mop, AanHbie dopmydaoit (C2.9), B pasen-
cTBO (14.13) H 3aMmeHsId CyMMy HHTErpasjoM, HaxOLHUM
x>
he ¢ () 4 —i [k, (y1—ye)— -
® — y1—y2)— oy (t1—1g)
G (yit1, yola) = i 5 o ke™ My p =l gp o (15.1)
0
rae, Kak 4 B paBeHcTse (4.21), GV ectb OyHKuHA Koppensmsd L7
KOMIIOHENT NoJas B HampasieHHd €. ITOCKONbKY Jyd He cOfepMHT
BCTPEYHBIX BOJIH (COOTBETCTBYIOIIMX OTPHIATENbHBIM 3HAYEHHSM k),
MBIl MOXKEM 3daMEHHTb MEPEMEHHYH) MHTerDHPOBAHHS k, Ha YacTOTHYIO
nepeMennylo ®, = cky. Toraa, ecaH mnpocTpaHCTBEHHO-BPeMEHHOH
HHTEPBaJl, BXOAAMHUA B apryMentT, 0603HaYHTH yepe3

1
s=th—t+—(y—Ys), (15.2)

TO MOXKHO 3allHCaThb
oo

A 1 k 104
GV (st yolo) =5 S ﬂz—zﬁ e'%* doy,. (15.3)

0



Bruipaxenue (1) hop, QUrypHupyiouiee B NOABHTETPAJLHOM BbIpa-
>keHuH B paseHcTse (15.3), ecTp cpeaHss sHeprus Bo30OyXKae-
uusi k- moanl. IlpumeM, HanmpuMmep, uTO HAll Jy4 HMEET JIOPEHIEBY
(bopMy CIeKTpaNbHOH JHHHH

(np) hoy _ 2y (15 4)

clL? (0 —0)% + 2 )
3nech ®, — HEHTpaJbHAfA YacToTa, Y — MOJAYUIHPHHA JHHHK H 10-
croanHasgs U — Mepa umTeHcHBHOCTH Jyua. [TockoJibKy d4acroTa o,
O6LIYHO MHOTO OoJblile, yeM Y, TO OyIeT CAeNaHa JHIIb OYeHb Masasi
YHC/IeHHasl OMIMOKA MPH HHTErPUPOBAHHH MO CIEKTPY, €CAH HUKHHH

npefen ® = 0 B pasencTse (15.3) 3amenuth HAa @ = — oco. B 3TOM
NpUOIHKEHHH Mbl HaxoluM (© = o — ®g)
w Y i 3 elo” ’
G (st Yalz) =5 Ueioos X oy de’ (15.5)

- 00

CHHryJIsIpHBIE TOYKH (DYHKIHH

1 1 1 1

m:ﬂ{w’—iv—w”ﬂv} (15.6)
CyTb napa INPOCTBIX IOJIOCOB iy B KOMILIEKCHOH ®'-IJIOCKOCTH.
Hnterpan B ¢opmyne (15.5) MOxkHO 3amucaTh Kak KOHTYPHBIA M0
3aMKHYTOMY ITYTH B ©’-IJIOCKOCTH, IpHYeM BLIGOp NyTH HHTErPHPOBAHHUSA
3aBHCHT OT 3Haka nepeMenHoil s. I1pu s > 0 KOHTyp MOXKHO 3aMKHYTb
¢ NOMOIILI0 GECKOHEUHOH MOMYOKPYKHOCTH B BEPXHEH MOJYINIOCKOCTH
Im o’ >0; npu s<0 ero MOXHOC 3aMKHYTb NOJYOKDYXKHOCTBLIO
B HHKHEH NOJAYIIOocKoCcTH. [TockonbKy HHTerpaini no oGeHM nonay-
OKDYKHOCTSIM HCU€3al0T, TO, MNPHMEeHssA TeopeMy BBIYETOB, HAXOAHM

(v, s>0,

0o 1 1 1 . . 21'Y
= ——— — ) etos dp=2mn( (15.7)
_Sm iy <m-—zv m+zv> i %Y evs, s<0.

Coraacho dopmysae (15.5), ¢yHKIMs Koppessiiud MepBOTO IOPsiAKa
paBHa

GV (y1t19 y2t2) = "% Ugioos—vIsl, (158)

MHTeHCHBHOCTL IO HAaXOJUTCH B TPEANOCJOKEHHH Y =Y>
Hfy =1, JIJAs1 5THX 3HAa4eHHI KOOpAHHAT, COOTBETCTBYIOIIMX s=0,
UMeeM

1
G (ysty, aty) =5 U. (15.9)

ATo He 4TO HHOE, KAK cpelHee 3HaYeHHe KBaJApaTa BeJIHYHHbI KOMIJIEKC-
Horo noas E™). EcaH BCIOMHHUTBH QOPMYJIBI JEMEHTaPHOM 3JEKTPOIHU-



HaMMKH, TO JIETKO BHIETh, YTO napamerp U paBeH NosHOM cpeaHei
NIOTHOCTH 3JIEKTPHYECKOH M MArHHTHOH 3Hepruii moJs.

DyHKuHs KOppeasiuuH, JaHHas paseHcrtBoM (15.8), mokasbiBaer,
YTO paccMaTpHBaeMblfl CBETOBOH Jyd NpUOIUXKEHHO o6/aajaeT Kore-
PEHTHOCTBIO NIEPBOTO NOPANKA, KOTHAa ero IMoJ0oca YacToT AOCTAaTOYHO
Mmana. Taxum oOpasoM, Korza

| 1
;_>>‘31: ti—to——(n—y2) |, (15.10)

MHOXKHTeNIb e” V!¢l B paBencrBe (15.8) MOXHO aNNPOKCHMHPOBATH €IH-
HULEH ¥ OCTaBLIeecs BBHIpAXKEHHE IV (PYHKUHH KOPPEJSIUH MOMKHO
npuGIHKEHHO 3anHcaTh B (JaKTOPH30BaHHOH (hopMe. Paccyxnast unaue,
MBI TaK3Ke OOHapyXKHM KOrepPeHTHOCTb NePBOTO MOPSIAKA, ECTH 3aMEeTHM,
YTO HOPMHMPOBAHHAsl KOPpeNsinHOHHAs (YHKIHS paBHa

GO (g4, yals)
{GD (yity, yyty) GO (yals, Yals)}'/

AGconmoTHas BeqvuHHA 3TOW QYHKIUH NEHCTBHTENLHO GJIH3KA K €AHHH-
e, Korjla BeJIMYHHA Y| s | AocTaTouHo MaJa.

[Tpo6reme cospaHusi MCTOUHMKOB CBETA C Y3KOH IOJOCOH B SKCIe-
pHMEHTAIbHOM MJlaHe O0paillajock MHOTO BHHMaHHS. B Haumyumiem
M3 TaKHX HCTOYHHKOB — OOLIY4HOM Ta30BOM pa3psile — BeJHYHMHA Y
uMeeT nopsiaok 10° ey. ¥ oObIYHBIX J1aGOPaTOPHBIX HCTOYHHKOB Y Y4acTO
nopsigka 10" ey u Gosbute. COOTBETCTBYIOLIHE HHTEPBAMLI KOT€DEHTHO-
cTH cocraBasior 30 1 0,3 cm.

XoTsl Mbl yKe OGCYIHJIH YCIOBHS, KOTAAa MOHOXPOMATHYHOCTE TIpes-
noJiaraeT KOT€PEHTHOCTh, OFHAKO MOJE3HO HAMOMHHTBL, YTO OHA HE
ABJSETCST HEOOXONMMBIM yCJOBHEM Jake ISl KOT€PEHTHOCTH MepBOro
nopsiika. Kak Mpl sametmin B ¢Bsi3u ¢ paBencTBoM (7.24), ycjoBue
KOTePeHTHOCTH TOJBKO TOrJa CIHBAeTCs ¢ TPeGoBaHHEM MOHOXPOMATHY-
HOCTH, KOTJa MBI OTPAHMYMBAEM Hallle PACCMOTPEHHE CTALHOHAPHBIMH
noJIsiMH. I/l CTallMOHAPHBIX JIa3epHEIX Jyuel 06J1acTh KOTePeHTHOCTH
NepPBOro NopsiKa ONpelensieTcs CNeKTPaNbHOH IIHPUHOH MoJoCckl Tak
e, KaK H Ui OObIYHBIX HCTOYHHKOB. B ciyyae rasosbix Jlasepos Ges
OCOOBIX TPYAHOCTEH MOXKHO CBECTH MIHPHHY NOJOCH K 3HAYEHHIO MOPSiJ-
Ka 10° ey U, N0-BUIMMOMY, BO3MOXKHO JOCTHYL YaCTOTHOH CTAGHIH3AIHH
B ripefleniaX okoJo 10 ey B TeueHHe KOPOTKHX HHTEPBanoB. MHTepBasbl
' KOTEPEHTHOCTH TIPH TaKMX mojocax passel 300 u 30 000 .

Ilpexze uem BbIUHCAATD (DYHKUHH KOppeasnuu BTOPOro H Gosee
BLICOKOTO NOPSiiKa JJIsl HCCAeNyeMOTo CBeTOBOTO JYy4a, HeOGXOAHMO
HECKOJILKO TVIYGXKEe H3YYHTb €r0 CTATHCTHYECKYH npHpoxy. Onucanue
Jyyel, TeHePHPYEMBIX €CTeCTBEHHBLIMH HCTOUHHKAMH, H Jyueil, reHepHu-
PyeMBIX KOTePEHTHbIMH HCTOYHHKAMH, CTAHOBHTCSI C 3TOTO MOMEHTA
Ka4yeCTBEHHO Pas3JNyHbIM. JIONYyCTHM, YTO HALl HCTOYHHK SIBJASETCA O6bIY-
HbIM XaOTHYECKHM HCTOYHHKOM. Kak Buiano u3 pasencrsa (14.36),

gV (yits, yotz) = == gloos=vlsl,  (15.11)



KOppessLHOHHbIe PYHKIHH BLICOKOTO MOPSJKA MOXKHO 3allHcaTh B 3TOM
cayyae Kak CyMMy NpOH3BenenHH (YHKUUA KOppelsiiuH TMepBOoro
nopsigika. JPyrHMH cloBaMH, QyHKIHS CIOEKTPadbHOR I[JIOTHOCTH
Hallero Jy4a, COCTOAIIEr0 H3 IJIOCKHX BOJH, HOJHOCTBIO ONpenesaser
CTATHCTHYECKHE CBOHCTBa MNoJs. B wacTHocTH, cCKOpOCTh cyeTa 3anep-
JKaHHLIX COBMNaJleHH# map (pOTOHOB JaeTcsl BhlPaxKeHHEM

G(2> (%tu y2t27 y2t27 yiti) =
=GV (yyt1, yit1) GV (Yata, Yola) + |GV (gity, yola) 2 ==
=GV (yits, yity) GP (gats, yota) [1+ |8V (Uits, Yot2) P =

=<éu>2(1+e—2“31). (15.12)

IMpucyTcTBHe usleHa e 2V $| B 3TOM BblpaKeHHH MOKa3biBAeT, 4TO JyY
HHKOT]Ia He MOXKeT 06/1aiaTh KOrepeHTHOCTbIO BToporo nopaaka. Haaee,

(2))7,2
__‘/2 N 8
,\\
0
]
S=ti—tz = Ty~ Y)

dur. 15

U3 rpa(pHKa 3aBHCHMOCTH YacTOThbl COBNafeHHH OT s (¢pur. 15) BHAHO,
4TO 3TOT WJeH co3jaeT «ropO» Ha KpuBol koppensuuH XsubepH bpay-
Ha — TBHcca, T. €. OTKJOHEHHE KPHBOH OT YacTOThl CAY4aHHBIX HJIH
GoHOBLIX cOBNajeHHi. DKCNePHMeHTa/lbHasl KPUBasi, MOKasaHHas Ha
¢ur. 10, Gyner cooTBeTCTBOBAaTL (JOpMe KPHBOH, NPUBENEHHOH 37eCh,
noc/e yyera paspellaloiliX CBOHCTB CHCTEMbI CUETYHKOB.

Mgl yxe 3aMeTHNIH B IOCJAeNHEH JIEKUHMH, YTO NPHYHHA KOPpessd-
LUOHHOTO 3(eKTa JeKHUT B cAydalHOH aMIVIUTY IHOH MOAY/ISILHH CBETO-
BOrO Jiyya. TakuMm o6pa3oM, MHOXKHTeIb n!, KOTOPHIM 4acCTOTa f-Kpat-
HBIX coBnajenuil (IpH HYJEBOM BpeMeHH 33JePKKHM) OTIHYAETCsl OT
YacTOTHl C/AYYaiiHBIX COBNAIeHHH, Jerko OOBACHSeTCS B TEPMHHAX
MOMEHTOB FaycCOBOTO pacipenefedsss amniutyanl W (&, x), namnoro
pasenctBoM (14.48). Urtobbl NOHATH TOBEAEHHE KOPPeNsLHOHHOIO
3(eKTa NpH HEHYJEBOM BPEMEHH 3aiePKKH M O0bACHUTH, HalPHMED,
noueMy s(pxpekT Hcuesaer npu | s | > 1/2y, M MOXKeM HCNOJNB30BaTh
pacrpeniefieHdsl KBa3HBEPOATHOCTH I ABYX 3HAYeHHH AaMILTHTYHbI



noJis, HallfeHHbIX B nocaennell nekuuu. [loacrasass sHayedusi, JaHHbIE
paBencteamMH (15.8) m (15.11) mna kKoppensauHoHHBLIX QyHKUHH,
B Boipaxenue (14.65) ana (GyHKUHH yC/IOBHOH KBa3HBEPOSITHOCTH
W (&1x1| &2xs), HAXOAHM

w (81%1‘1 \ Ealols) = i
2

1
X
aU (1 —e=2visly

> — imos—y |sf
cop[ Bt |

P (15.13)

Ity GYHKUHIO ClefyeT WHTEpPIPEeTHPOBaTb KaK paclpeleleHHe BeH-
YHHBI aMIIMTYAbl 1079 &, B TOuke (Y2, {3) MPH YCJAOBHH, YTO B TOY-
ke (41, {4) ammIuTyAa npHuHHMaeT 3Hauenue &,. Korma mapametrp s

Im SZ

dur. 16.

Hcue3aeT, CpeJHHMH pagHyC rayccoBa NHKa B 5TOM BHIPAXKEHHH cTpe-
MHTCSl K HYJIO ¥ pacnpeesieHne cBOAHTCHE K yHkuuH 62 (&, — &)).
Koraa | s | yBennuuBaercss ot Hyas, cpefHee 3HaueHHe &, BhIpaXKeH-
Hoe B BHue &l s—v!s! onucbiBaeT B KOMIJIEKCHOH &o-TIIOCKOCTH
SKCIOHEHIHAJIbHYI0 CIHpaNb, CTACHBaONIyIocs K Hymo. Cnupadnb,
COOTBeTCTBYIONAs § << (), NOKa3aHa B HECKOJbKO YTPUPOBAHHOM BUJE
Ha ¢ur. 16. B To xe camoe BpeMsl cpellHEKBaJpaTHYHLIH pajJHyc raycco-
Ba NHKA B paclnpeieeHHH ACHMIITOTHYECKH CTPEMHTCH K 3HAUYeHHIO
1/,U. g 3Hauenuit | s |, ropasao Gonbliux, ueM 1/y, yciaosHoe pac-
npefenenre (15.13) npunumaer GpopMy NHKaA C LEHTPOM B HayaJje KOOp-



AMHAT U COBNAfiaeT ¢ HEYCJOBHLIM pacnpelenenneM W (&,, yat»),
BbIpaxKeHHbIM paBeHcTBOM (14.48). Bpems 1/y ectb Bpema penaxcaiiHu
IJIsl pacrlpejeieHHil aMIIUTY bl 1104151, BesquunHa & mepecraeT BJIHATH
Ha pacnpejenedHe &, npu |s | > l/y. He yAHBUTeNILHO NOITOMY,
4TO JJIs1 MHTePBAJIOB, IPH KOTOPHIX | s | > 1/y, 4acToTa ABYX(OTOHHBIX
COBNaJleHHH

G® (yst1yats, Yolaynts) = g W (&1yit1, Exypnts) | E11%| 22 X

X A8y 28y = \ W (Euysts) W (Eutisty | Eayol) X

X817 & 81 A€ (15.14)
cBopuTcsl K (akTopu3oBaHHON (dopme
G® (ystiyats, Yataysls) = GP (ks yits) GP (yats, Yats). (15.15)

JIpyrUMH cJIOBaMH, TEHAEHIHS K (DOTOHHBIM COBMNAZEHHAM HCYE3aeT,
Korja HHTepBal § = fy — {3 — ¢™1 (Y4 — y;) CTAHOBHTCS NOCTATOYHO
GoJbLUIMM, TaK Kak aMmmiautyasl nonst & (yg) u & (yaf;) nepecraior
ObITb CTATHCTHYECKH KOPPeTHPOBAHHBIMH.

Yro6hl noxasaTh, Kak MOMHAS BpPeMeHHAA 3aBHCHMOCTb YacTOThI
coBNajleHMil BLITeKAaeT U3 HHTerpana (15.14), Mbl 3ameTdM, 4YTO, KOT/Ja
GYHKUHA YCJIOBHOTO pacmlpeliesenns AaHa paseHcTBoM (15.13), cpelnee
3HaueHue |&, |> npu pHKCHPOBaHHOM &; PaBHO

U W (Butts | Bags) | 62 08, = | 84 o2V U (1 — =2V ). (15.16)

YMHOXas 3To BuipaxKenue Ha | &;|® ¥ ycpeiHsia €ro, KAK U B PaBeH-
ctee (15.14), no rayccosoit dopme aast W (€1y1f;), Haxogum

G® (yst1s Yoba, Yola, Ysly) = <-;— U>2 (e~ I 41 —e=2vis) =
=(3U)" (14e2ve, (15.17)

4TO MOATBEPKJAAaeT 3HayeHMe YacTOTHl COBNAJAEHHH, HaiJleHHOe DaHee
B Bufie pasencrsa (15.12).

Bce Hamm pacdyeTsl KOPPedSUHOHHBIX (GYHKUHH ObUIH OCHOBAHBI
Ha NpPeANOJONKEHHH, YTO JHEePreTHYeCKHH CHEKTP CBEeTOBOro Jyya
umeer JoperneBy dopmy. COOTBETCTBYIOILHE PE3YAbTAThl JIETKO BLIBECTH
H U1 OPYTHX CHEKTPOB, IJisl KOTOPHIX M3BECTHO (ypbe-npeobpasosa-
Hue. s JmoGoit Apyroft mpocrod M ryaakod (pOPMBI CNEKTPaJbHOMH
JIMHHM TIOJYYHM Pe3yJIbTaThl, Ka4eCTBEHHO MONOOHBIE TeM, K KOTOPBIM
MBI TPHOLIH I8 JOPeHeBoH GopMbl JUHHH.

Tak kak s¢ekT Koppensanuu HOTOHOB PACHPOCTPAHSIETCsI HA Bpe-
MeHa 3a/IePKKHU NopsiaKa o6paTHOH IIHUPUHE! NIOJIOCK! Y, TO MOXKET IOKa-
34TbCH, 4TO 3TO BpeMsl MOXKHO pacTsiHYThb B MHJUIMOH H (oJjee pas,



HCIOJL3Ysl 4Ype3BLYaliHO MOHOXPOMATHYECKHH CBeT Ja3epa BMECTO
CBeTa €CTeCTBEHHBIX HCTOYHHKOB. OMHGOYHOCTL TAKOTO BHIBOAA 3aKJIO-
YyaeTcsl B TOM, 4TO CTATHCTHYeCKHe CBOHCTBa JasepHOro Jyua coBep-
LI€HHO OTJHYHBI OT CBOACTB XaOTHYECKHU T€HEPHPYEMBIX JIyueH, KOTOPhie
obcyxpanuch Bbime. Jlasepbl, paboTamlomipe B MOHOXPOMATHYECKOM
pexuMe, TEHePHPYIOT JY4YH C O4EHb MaNoil aMILIHTYIHOH MOAYJSIHEH,
U /Il HUX, KaK Mbl BHAeIH B NPeApIAYINel JeKIHH, BooOIie He AOMKHO
OLITb 3(peKTa KOppessiiiiH (OTOHOB.

2. Mojienb pJisl MleanbHBIX Ja3epHbIX MOJeH

Has nonefi, reHepHpyeMblX XaOoTHYeCKHMH HCTOYHHKAMH, AOCTATOY-
HO 3HATb CpeJHHEe YHCJIa 3alloJHEHHSA (f1y ), YTOOB! ONpeleIUTh ONiepaTop
IVIOTHOCTH Q H M3 HETr0 Bce CTaTHCTHYecKHe cBoficTBa nossd. OnHaKo
€CJIH HCTOYHHK IO NPHPOJE HE XaOTHYeCKHH, TO Mbl He MOXKeM Hpeso-
JKHTb KaKOH-IHO0 YHHBEpCaJbHBIH MYThb HAXOXKJAEHHS olepatopa NJOT-
HOCTH AAf NOJAsA, KOTOpPOe OH reHepHpyeT, 0e3 aHa/lH3a HEKOTOPBIX
JeTanell MeXaHM3Ma H3nydeHHs. EIHHCTBEHHBII HaleXKHBIA Crocob
HAaXOXKJAEHHA oIeparopa IUVIOTHOCTH 3akJjwodaercs, Boollie TroBOpS,
B NOCTPOCHHH TEOPETHUYECKOH MOIENH H3ydyaeMOH CHCTEMBI H HHTETrpH-
POBaHHH COOTBeTcTByIOLIero ypaBuenus lllpeiHHrepa, umH, 4TO KBH-
BAJEHTHO, B PelLIEHUH YDaBHEHHs ABIKEHUS AJS onepaTopa MIOTHOCTH.
IIpumMeHHTENBbHO K JIa3€PHOMY OCHMJASTOPY 3TH 3afauH HeoOLYaiHo
TPYAHBI M TOKa He PelleHbl 40 KOHIA B paMKaX KBAaHTOBOH MeXaHHKH.
Han6oabimas TpyAHOCTh 3akjJOUeHAa B MaTEMaTHYECKOH CJIOMKHOCTH,
CBSI3aHHOH ¢ HeMMHEeHHOCTBIO yeTPOoHCTB. HenuneiHoeTh UrpaeT BaxHYIO
ponb B cTabuau3anyy mogeil, reHepupyeMux aasepoM. CrenoBaTelbHo,
IOKa B 3TUX Bompocax He OyaeT AOCTHTHYT JanbHEHIIHH Nporpecc,
Mbl HE CMOKEM JaTh MOCIeI0BATENbHOE KBAaHTOBOMEXaHHUECKOe 00BscC-
HeHHe HIHPHHBI YacTOTHOH NOJockl (PJAYyKTyauH#l H3JgydeHHs Ja3epa.

Ecnu HckmouuTh Ha BpeMsi mpoGieMbl HIYMOB H IIHPHHBLI [HOJIOCH
¥ OTPAHHYHTHCHA cJIyuyaeM HAeaJbHO MOHOXPOMATHYECKOTO Ja3epa, TO
HeTPY/AHO HAATH IpejCTaBJeHHe [JAs oleparopa MNJIOTHOCTH Jyda
nasepa. Ilose usnydeHua CBSI3aHO € 3JIEKTPHYECKHM JHIOJBLHBIMH
BEKTOPAMH BCeX aTOMOB aKTUBHOH cpeinl Jjasepa. DTH aTOMbl HMEOT
10/ PH3AIHI0, KOTOPAast OCIHJIHDPYET BMecTe C NOJIEM U B TO JKe BpeMs
usjayyaeT B Hero sHepruio. Ecau akTHBHYIO Cpeiy paccMaTpHBATh Kak
esioe, TO OHA HMeeT OCHHIMHPYIOLIYIO IJIOTHOCTh IIOJSIPU3AIUH
B MaKPOCKOIHYECKOM Macllitabe, T. €. BCe COCeAHHe aTOMBI IalT OJHHa-
KOBDIH BKJ/IAJ B NOJHYIO IVIOTHOCTD NoJsipu3anui. Tak Kak NIpoH3BOAHAs
JUIOTHOCTH NOJAPU3aLMH N0 BPEMEHH €CThb pachpeleseHde ToKa, To
MOXKHO CYHTATh, YTO I[OJe H3Jy4aeTcsl OCIHUIJHPYIOMIHMH TOKaMH.
Korza nasep paboraer B pexXuMe reHepauMH, paclpeleneHHe TOKa
M3BECTHO: OHO HMeeT KJaCCHUeCKYH BeJMHuHHy. [lanee, ecau Jasep,
KaK Mbl NPEANoJOXKHAH, HAeaJbHO CTaOHJAH3HPOBAH, TO TOK MNPOCTO



CTaIHOHAPHO OCUMJIJIHPYET BIOJHE NpeAcKasyeMbiM o6pa3oM. pyrumu
CJI0BaMH, CBfI3aHHbIE TOKM B aKTHBHOH CpeJe MOXKHO C XOPOIIHM MpPH-
OJIIKEHUeM OIMicaTh B ¢-yhe/Iax.

O6uas npobjema HAXOXKAEHHs! MOJel, U3nyyaeMblX 3afaHHBIM pac-
npejelenHeM Toka, Oblla pentena B JekiuH 12. HaunGosnee BaxkHOe
CBOJICTBO 3TOTO DeMIeHHs! COCTOHT B TOM, YTO HU3/JIy4eHHe IIPH H3BECTHOM
pacrpefeseHHH TOKa BCeria NMPHBOIHT K IOJI0 B KOT€PEHTHOM COCTOS-
HHH (B MPEANOJOMKEHHH, YTO B Hayaje He Oblio Apyrux nouel). Ecau
TOK OCHMJUTHPYeT ¢ OJHOH uacToTol, TO OyAeT BO3GYXKAATHCH TOJNBKO
Ta MOZA NOJAsA, KOTOpas HMeeT B TOYHOCTH Ty ke uyacrory. Ilpumem
JUIs. TPOCTOTH, YTO TeoMeTpHsl Halle#l cHcTeMbl OaaronpHsiTCTBYeT
BO30YXACHHIO TOJAbKO OZHOH Moxs! noiad. Torza omepaTtop NJIOTHOCTH
IJ151 3TOrO TOJST MOXKHO 3aNHcaTh B BHAE

e=|a)(a], (15.18)

rIe | &) eCThb KOrepeHTHOe COCTOsSIHHE /151 BO30YKAeHHOH MOJIBI, a aMILIH-
Tyza a jAaerca uuterpaiom (12.20), B3ATLIM MO pacnpefeNeHHI0 CBA-
3aHHOTO TOKa.

3anuleM KOMIUICKCHOe COOCTBEHHOe 3HaueHue MoJsA, KOTopoe
COOTBeTCTBYET aMIIHTYJe O, B BHJE

E(r, =i (%")y/zu(r) g—iot g, (15.19)

Torza, nockonbky onepaTop mroTHOcTH (15.18) cooTBETCTBYeT YHCTOMY
KOTE€PEHTHOMY COCTOSIHHIO, KODPeJsIMOHHBIE (PYHKIIHH BCeX NOPAAKOB
takropu3oBansl B popme pasencrsa (8.5), T. e. ay4 obnajgaeT NnoaHoH
KorepeHTHoCcThI0. OTCIOfa cleAyeT, YTO yacToTa 3ajepKaHHBIX 71-KpaT-
HBIX COBNAJCHHH TakXe (paKTOPH30BAHA

G® (X o« Xy Xp oo Xy)= ]Hl G (x5, x;) (15.20)

U HUKaKHX KOppelsuuid (DOTOHHBIX COBNajleHHH JOOOTo NOopsjKa
B HJea/JbHOM JIa3epHOM Jiyue 0OHAPYKHTb HeJb3s.

[Tpumenenne omepatopa naotHoctd (15.18) nas sasepuoro Jyda
OCHOBAHO Ha MNPENNOJIOKEHHUH, 4TO paclpefeieHyHe OCHH/MIHPYIOEro
TOK4 B TOUHOCTH H3BECTHO, T. €. YTO MBI 3HaeM U (pa3y ero KoJeGaHHS,
H amivuTyay. TlpakTHyecky ke Halle 3HAHHE OCIMJIMDYIOIHX BeJH-
YHH HA MNpPeJeTbHO BBICOKHX YacTOTaX DPEAKO BKIIOYAeT KaKylo-THOO
uropManHo 06 HX a6coMOTHOH (ase. (IT0 0OBACHSIETCA CKOPee OTCYT-
CTBHeM MOAXOAFIIHX YacoB, KOTOPhIE MOXHO Obl10 6Bl HCNOJbB30BATD
KaK OHODPHHI CTaHiapT, 4eM KaKUMH-JHO0 NPHHIHUNHAJLHBIMH TPYA-~
HOCTSIMH ONpejeNenusl HJIH H3MepeHHs (asbl TAKHX B CYIIHOCTH KJacCH-
YecKHX BEJHYMH, KaK CBsSI3aHHbIE TOKH B Jasepe.) Korza mbl HHYero
He 3HaeM o (ase KojebaHHH TOKa, ONepParop IUIOTHOCTH MOXKHO 3amH-
cath B (opMe pamencrBa (12.30). $fcHo, uTO 3Ta dopMa ecTb NPOCTO



Beipaxkenue (15.8) nns1 omepatopa NJIOTHOCTH, ycpelnenHoe no ¢ase
KOMIIJIEKCHOH aMILIMTYIHl o, T. €.

25
o={ flefe) (ale® |2 =
0

= by 80BI—laiB Bl ap. (15.21)

ITH BbIpaXKEHHA ONepaTopa IVIOTHOCTH 3aBHCAT TOJIbKO OT aGCOMIOTHOrO
3HAYEeHHS o H, CJAeI0BaTeNbHO, MPeICTaBJAAIT CTAIHOHAPHbIE NOJA.
OHH COOTBETCTBYIOT CMELI4HHBIM, 4 HE UHCTHIM COCTOSTHHSIM IOJs, HO,
KaK Mbl 3aMeTHJIH B OpebIayIliel MeKIHH, cMelllaHHble COCTOSIHHS, COOT-
BETCTBYIOIIHE YCPeAHEHHIO [0 BceM ()a30BEIM [IePeMeHHBIM, He H3MeHSAIOT
KOTePEHTHLIX CBOHCTB noJjisi. Jlerko ybeauthes, uTo GYHKUMH KOppessi-
MM, KOTOPhI€ BBIBEIEHBI H3 Omepartopa IJIOTHOCTH (15.21), HAeHTHUYHB
TeM, KOTOphI€ BbIBeieHhl H3 Bhipamenus (15.18).

Tounoe nocrpoenue onepaTopa IJIOTHOCTH A HOEaJbHOTO Jasep-
HOTo Jy4a MOKasblBaeT, 4TO (POTOHHAA KOPPEeAsiHs B TaKOM Jy4Ye He
Jo/KHA oGHapyxuBatbesl. IIpHUHHA OTCYTCTBHS TakOH KOPPENAIHH
OYeBHJHA H3 aHAJNU3a, IPOBEJCHHOTO B NpeAbiAyiiell JekuuH. PyHKuus
kBasusepositnoctd W (€, x), KoTOpasi COOTBETCTBYET CTALHOHAPHOMY
onepatopy miaotHocTH (15.21), HemocpeACTBEHHO BLIBOAUTCS H3 PABEHCTB
(14.44) u (15.19):

V(& x)= -
o2n <E2£)>1/'2]u (na

drta QyHKuHs HCuesaeT Be3Je B KOMIIEKCHOH &-IJIOCKOCTH, MCKIIHOYast
OKPYKHOCTL, Te O-QYyHKUHS HMeeT CHHryJdspHocTb. OHa ONHCHIBAET
1noJe, KOTOPOE COBEpILIEHHO He MOABEPKEHO aMILIHTYAHOH MOAYJISLHUH,
H 3TO OCHOBHAf MPUYHHA OTCYTCTBHA KOPpeJsinuy (GOTOHOB B HIeaJbHOM
JIa3ePHOM JYyHe.

Hcnonb3ysl NPUHIHI COOTBETCTBHSA, MOXKHO 0o/1€e IPAMO NOKas3aTh
BO3HHKHOBEHHE 3TOr0 CBOHCTBA KOFE€PEHTHO H3JydaeMblxX Jyyeid. Mo
YIPOCTHM Hally KapTHHY Jas3epa, paccMaTpHBas ero Kak pacmnpepele-
HHe OCHHJIJIHPYIONEro 3apsiaa, KOTOPBIH U3JydaeT HanogoGHe aHTEHHE.
3apsiz, 1o HalleMy MNPEANONOKEHHIO, UMeeT TOJbKO OAMH THI KoJeba-
HHS, aMIUTHTYa KOTOPOTO TaKas Xe, KaK y FapPMOHHYECKOTO OCHHJIA-
topa. [TockoabKy asekTpudeckas MOJAPH3ANHA 3TOMO OCHHILIATOPa
SIBJISIETCS MAKPOCKOITMYECKOH, TO Mbl JOJ/IKHBI PaccMaTpUBaTh KOOPIH-
HATy OCIMJLISATOpA KaK CYIIECTBEHHO KJACCHYECKYIO BEJHYHHY, T. €.
CYHTATB, YTO OCUU/ISATOP HAXOIHTCS B CHJIBHO BO30OYXIEHHOM KBaHTO-
BOM COCTOSIHHH, KOTOpOe HMeeT Ype3Bbl4aHHO OOJbLIOH KBAHTOBLIK
HOMep.

6({8|—<"2—“’>”2]u(r)a!). (15.22)



Korna ocuuaasTop otneseH OT KAKHX-THOO HCTOUBMKOB BO3GyXKie-
HHS YU H3JyyaeT CIIOHTAHHO, aMIIMTYJA ero KoJeGaHHH yMeHbIIaeTcs
BecbMa MeJJIEHHO MO cpPaBHeHHI0 ¢ nepuofiom KosneGauuil. ITockoabky
OCUHJJATOP BeZeT cebs MO CYIIeCTBY KJ/AaCCHUECKH, TOK, CO31aBaeMbIi
€ro IBHXKYLIUMHUCSA 3apsilaMH, BroJjHe npexackasyem. Kak Mobl yxe
OTMeuaJH, H3Jy4YeHHE TaKOro TOKa MPHBOJAMT I[0Je B KOrepeHTHOe
coctostHHe. C pyroi CTOPOHB, C KBAaHTOBOMEXaHHUECKOH TOUKH 3pe-
HUS Mbl CYHTaeM, YTO OCHHUJMATOP cOBeplLIaer Nepexoisl BHH3 110 3Hep-
reTHYeCKOH 1lIKaJse, LIar 3a LIaroM NPOXOIs Yepe3 COCTOSHHS C KBaHTO-
BBIMH uHCHamMH n, n — 1, n— 2..., tae n > 1. IlponofxKuTensHOCTDb
BpeMeHH, KOTOpOe OCIHJIASITOP MPOBOIHT B KaxKAOM H3 3THX COCTOfI-
HUH, pacmpefieneHa MO 3KCHOHEHNHAJbHOMY 3aKOHY, H MOCKOJALKY h
BeJIHKO, CpeHHMEe BpeMeHa XKH3HH COCTOSHMI He M3MeHAIOTCS 3Ha4H-
TeJILHO OT JJAHHOTO COCTOSIHHSA K caeayomeMy. Kaxabiil nepexos conpo-
BOXKJaeTcsl HellycKaHueM ¢oToHa. He yauBHTe/bHO MO3TOMY, 4TO KOTJa
(OTOHBI JETEeKTHPYIOTCH CUETYHKOM, HHTepBaJbl BpeMeHH MeXIy HX
NOC/AENOBATENLHEIMH  PETHCTPAIMAMH  pacmpeflesleHbl 10 JKCIOHEH-
UHaJbHOMY 3aKOHY. IDKCIIOHEHI[HaJbHOE paclpefiesieHne BpPeMeHHBIX
WHTEpBA/IOB yKasblBaeT HA OTCYTCTBHE TEeHJASHIMH K NMapHOH Koppensd-
IIHH WJIH KOppelsinud OoJlee BBLICOKOTO NOPAAKA. JTO XapakTepHoe
pacnpefenende AAd HHTEPBANOB MEXAY MOJHOCTBIO HEKOPDEIHPYIO-
IIUMH COOBITHSIMH, KOTOpBle NPOHCXOAAT C (PMKCHPOBAHHOH cpenHel
4acTOTOH. $ICHO, YTO IpPH HCIOJB30BAHHH JIBYX HJH 0ojlee CUETIHKOB
He OyjeT HabmoAaTbCA 3aBHCSIIER OT BPeMEHH KOPPedAHH HX BBIXO.-
HBIX CHTHAJIOB.

3. Mogeap J1a3epHOTO NOJSI ¢ KOHEYHOH IUUPHMHOH II0JOCHI

B oTsinune OT HAEAJILHOTO Jyda, KOTOPLIH MBI TOJBKO YTO OOCYAHIIH,
peasbHBIH J1a3epHBIH JyY HHROTKA He OyzeT aGCOMIOTHO MOHOXpOMaTH-
yeckuM. Ero gacrora Bcerfa H3meHsietca GoJiee WIH MeHee CaAyYaHHbBIM
ofpa3om B y3kOoH o6sacT#, YTO BLI3bIBAeTCs BO3MYLIEHHSMH, HMeIo-
LIMMH MeCTO KaK BHYTDH, TaK H BHe Jasepa. Mu OyieM CTPOHTb IIPO-
CTYI) MOJe]b JIa3epHOro MoJisl ¢ KOHEYHOH WIMPHHOH IIOJIOCH YacToT,
npeanoJaras, 4To MeXaHH3M, BO3MYIIAOUMH Jas3ep, CYIIECTBEHHO
CTOXaCTHYEH 10 NPHPOIE.

[lpuMeM 17151 NPOCTOTEHI, YTO Na3ep BO3OYKIEH B €IHHCTBEHHOH MoJe
3JIEKTPOMATHUTHOTO NOJSA ¢ HacToToH ®,. Torda ramMuJAbLTOHHAH MOJA
AJIs1 3TOH MOJBI PaBeH

Ho = hwyg a"‘a,

a4 3aBHUCHILIHE OT BPeMeHH omepaTophl a(t} # ai(f) 3ajgalorcsi B OTCYT-
CTBHE BO3MYIIEHHH dYepe3 He 3aBHCANME OT BPEMEHH ONEPaTOPhl



a 1 a' BblpaXKeHHsIMH
a (t) = ae—ioot,

ai () = at eton, (15.23)

[onnocteio rapMoHHYecKoe NOBeleHHe OCHUJJIHPYIOMEro noas Gyaer
HapylaTbCi Pa3/MUYHBIMU B3aUMOJCHCTBHAMH HNOJA C JPYTUMU CHCTe-
MaMu. Mer GyneM npepnosiaraTh, 4TO BJIHSIHHE 3THX B3aUMOJAeHCTBHE
MOXHO ydecTb Jo0aBJeHHeM K TaMHJbTOHHAHY NOJAA YJeHa, 3aBHCS-
llero oT OfHOH unH Gosee cayuailHblx GyHKUud BpemeHH [ (£). O6o-
3Hayasl 3TOT CTOXACTHYeCKHH 700aBOK K raMu/bTOHHAHY depe3 H; (i),
/151 NOJHOTO raMHJbTOHHAHA NOoJs NOoJydaeM

H=Ho+ H; (1). (15.24)

UTto6bl BJAHAHHE CTOXACTHYECKOTO 4YJeHa TPOABHJIOCH HauboJiee
SICHO, Mbl OyaeM pemiath ypaBHenue [Hpenunrepa B npepcTaB/eHHH
B3auMoOaeHCcTBHA. [aMHNIBTOHHAH B3aUMOAEHCTBUA BBIPA3UTCH TOTAA
CHeAYIOUHM 06pasoM:

H; () = et/ Hat H ; (£) g=(i/m) Hot, (15.25)

OnpenenuM yuutapubiii oneparop Uy (£, ¢') Kak pellleHHe ypaBHEHHS
Ilpeaunrepa

i~ Us(t, ) = Hy () U; (1, 1), (15.26)

KOTOpOe MOAYHHACTC HAYaJbHOMY YCJOBHIO
Up(t', t'y=1. (15.27)

Torpa, ecan 0603HAYHTE BEKTOP COCTOSIHHUS MOJSI B MOMEHT BPEMEHH !
CHMBOJIOM |#), TO OH OyaeT H3MEHATbCST COIVIACHO NpeoOpa3oBaHHIO

|y =Us(t, ') 117,

YpaBHeHue [BUMKEHHA [/ OIlepaTopa NJIOTHOCTH B TpejacTaBJeHHH
B3auUMOJeHACTBUA Q; (f) UMeeT BHJ

in g 0 (O) = [H7 (), 0 () (15.28)

Ero pemenue, omuchiBamollee H3MeHeHHE oIlepaTopa IJIOTHOCTH BO
BpPEMEHH, MOXHO 3alHcaTh ¢ IOMOILbIO YHHTapHOro omneparopa Uy:

o () =Us(t, )@ (¢)UF (8, ). (15.29)

Bce Bplpaxkendss s (DYHKUHE KOppensiluH nOJsA, KOTOPbie Mbi
o6cyKaaau Bolitie, GbLIH IOCTPOEHBI COIVIACHO Tefi3eHOEproBCKOH Kap-
THHE KBAHTOBOH MeXaHHKH, B KOTOPOH BEKTODHI COCTOSIHHA H oIlepa-
TOP NJIOTHOCTH HE 3aBHCAT OT BpeMeHH. Korzaa e OHH H3MEHAHOTCH
CO BpeMeHeM, KaK 3TO HMeeT MecTO B NpejicTaBJIeHHH B3aHMOAEHCTBHS,



HeOGXONHUMble BEMHYHHBI JOJKHBI GbITb MOCTPOEHBI HECKOJbKO HHaue.
TpeGyemble BhIpaXKeHHSi MOXHO HaHTH, ec/IH HauaTb ¢ (GOPMyJ AJs
CPeJHHX BeJHUUHH, B35ITHIX B refiseH6eproBCKOM NpPeACTaBJAEHHH, U NPH-
MEHHTb 3aTeM YHHTapHoe npeo0pasoBaHHe K NPEICTaBJEHHIO B3aHMO-
JedcTBHS.

. PaccMoTpuM 1Ba npOM3BOJIBHBIX ONEPATOPA, 3aBHCSIIUX OT BPEMEHH
L (t) u M (f) B reiizenGeproBckom npencrapaenyu. [lpumepom craT-
CTHYECKUX CpelHHX, KOTOpble HCHOJB3YIOTCS NpH pacyeTe (YHK-
LUH KOppeNdluH, MOMXKET CJAYXHTb YCPEeIHEHHOe HPOH3BENCHHE
(L () M (¥'))s. unekc y cpenHero o3HauaeT, YTO OHO NMOACUHTAHO LI
HEKOTOPOH YacTHOH peanusaunuyu cayyaduo#l ¢byHkuuy [ (f), OT .KOTO-
pOH 3aBUCHT CTOXACTHUECKHH ramuibToHHaH. CpelHee, BBIYHCIsiEMOE
B refi3eHOeproBCKOM NpeJCTaBAeHUH, €CThb

(L () M()y=Sp{L (1) M(t) ¢}, (15.30)

rlle Q eCcTb He 3aBUCALUUH OT BpeMeHHU reiiseHOeproBcKu# omepaTop
TJIOTHOCTH.

Onun u3 cnocoGoB onpeaeseHHs rad3eH6epPrOBCKOrO IpeacTasJe-
HHSl (YHHTapPHO 3KBUBAJIEHTHOTO BCeM APYTHM clocofaM) 3akJ/ioyaercs
B TOM, UTO (PUKCHPOBAHHLIH refd3eHOeproBCKHE BEKTOP COCTOSIHUSA s
cHCTeMBl HpeanosaraeTcss HAEHTHUHBIM BEKTODY COCTOSIHHSI B Ipel-
CTaBJIeHUH B3aUMOJEHCTBHS B HEKOTOPOH MOMEHT BpeMeHH fo. Toraa
COOTHOILICHHE

[y =Uy (t, to) | o (15.31)
BbIpaxKaeT YHUTapHOe mpeoOpa3oBaHHe OT rei3eHOEPrOBCKHX COCTOSA-
HU# |{)) K COCTOAHMSAM |f) B IpelcTaBieHHd B3aumoaehcTeusi. CoOTBeT-
cTBytomue npeoGpasoBanusi onepatropoB L, M M @ NpHHHMAIOT BUX

Li(t)=U,(t, &) L (1) UF*(t, to),
M; (8)=Us (¢, L) M () UF (L, to), (15.32)
0i (1) =Uy (¢, to) QU7* (¢, o),
re uHjiekchl { 0603HauanT (hJopMy ONepaToOpOB B MPeACTaBJACHHH B3aHMO-

neficteus. HMcnonbays cooTHOLeHUs1, o6paTHble cooTHOmeHHsM (15.32),
JIJIs1 TOTO 4TOOBI BEIPa3uTh onepaTophl B paBercTse (15.30), Mbl HaX0AUM

(L(t)y, M (t")ys=Sp{U7(t, to) L; (£) Us (¢, to) UF* (', to)
X M (¢) @i (¢") Uy (', o)} (15.33)
ITockosbKy omepaTop BpeMeHHOro cMelueHust Uy MOXYHHACTCSA MYJIbTH-
NJIMKATHBHOMY 33aKOHY
Uy (t, YUt to) =Us (2, to), (15.34)
TO BBIpaXEHUA AJa4 CPeJHHX MOXKHO 3anucartb B q)opme
(LOYME ;= Sp{Li (OUs(t, ') My (') @i () UF (8, £')}. (15.35)



Onepatop U; B 3TOM BhIpaXKeHHH YUYHTHIBaeT JIeHCTBHE BO3MYLIEHHS
IO/ B TedeHHe HHTepBaJja MeX1y ' u f. BosmylieHue npeanojaraerca
caydaiinbiM, H cpensee (15.35) oueHHBaeTcsi 1Jisi HEKOTOPHIX YaCTHBIX
BAPDHAHTOB €ro INOBEIeHHS, T. €. A ONpeleNeHHOH caydalHOH (yHK-
uuH f (¢). Lo Toro, Kak cpenHee MOXHO ObLIO CPaBHHBATb C pe3yJb-
TaTaMH 5KCIEPHMEHTOB, OHO HOJIKHO OBIThH ellle pas yCpelHeHO IO
NoAXOAAImeMy aHcamGaio caydalHbIX GyHKUME f (f). Tlocnennuit mpo-
LHecc YCpeIHEHHs yNpomaerca NPH HCNOJb30BAHHH MpPEICTABJIEHHS
B3auMOJeHCTBUSA.

Tak kak npousmeneHue LM, KoTOpoe Hac HHTepecyeT, HMeeT HOp-
MaJbHO YNOPSJOYeHHYIO (OpMy, OHO HauOoJiee YJAOOHO IJIsI HCHOJb-
30BaHMA P-npeiacTaBieHHsi onepaTopa MJIOTHOCTH. BcesenctBue 3toro
MH OyfeM paccMaTpuBaTh TOJIBKO TOT KJacC CTOXaCTHYECKHX TaMHJb-
TOHHAHOB, KOTOpDHIE COXPaHAIOT BO3MOXHOCTb BBIPAXKeHHd oOllepaTopa
IUIOTHOCTH C TOMOINbI0 P-TipefcTabiaeHusi. JIpyTUMY cJIOBaMH, Mbl NPH-
HHMaeM, YTO omeparop @; (f) MOXHO 3amnucaTth B (opme

0; (t)=S P(a, t)| o) (a| d%a (15.36)

A5 BCeX MOMEHTOB BpEMEHH.
Ecnu omeparop nnotHOCTH B MOMEHT f' COOTBETCTBYET YHCTOMY
KOTepEHTHOMY COCTOAHHIO |a), T. €.

0: (') =|a)(al, (15.37)

cornacHo (15.29), B /06Goit MOMEHT ¢ oH GyjeT BbIpaXKaThCsi CJe[yio-
UM 00pasoM:

i (t)=Us(t, )i (Y UF (¢, 1) =
=U;(t, ') | @) (| U (£, t'). (15.38)

Cornacuo cootHowenuio (15.36), »TOT omeparop Takke GyReT
UMeTh P-mpejcraBieHue, AJf KOTOPOrO MOXKHO BBECTH cHeliHaJbHOe
o6o3nauenye

o (=" P (at’ B B (B| . (15.39)

Oyuruus P (af'|pf) ectb, oueBHAHO, (YHKIHS YCJIOBHOH KBa3HBe-
posiTHOcTH. OHa COOTBETCTBYeT B KJIACCHUECKOM Mpeflesie paclrpelese-
HHUIO BePOSITHOCTH JJIsi KOMIIEKCHOH aMIiuTyabl ff B MOMEHT f, KOraa
H3BECTHO, UTO B MOMEHT {' OHa uMeJsa (dau OyIeT uMeTb) 3HAUeHUE d.

YUTo6El NPOMJIIIOCTPHPOBATD HCNOJIb30BAHHE 3THX COOTHOIICHUH MpPHU
BBIYUC/IEHHH CTAaTHCTHYECKHX CPEINHUX, pacCMOTPHM CpelHee OT
npoussenenus at (f) a (¢'), xoropoe (HrypHPyeT B BbIPAXKEHUH /s
GYHKIUM KOppeJauud Inepsoro nopaiaka. Ecau noacraButh L (f) =
=at () u M (f) = a(f) B (15.35), 10, yuurthiBast paseHcTBO (15.23),



Haxolum
@ @)at')yy=
= Sp {ate ™'V, (¢, ') ae ™™™ g, (") Us* (¢, t')}.  (15.40)

HcnonwayeM pajnee paseHcTBo (15.36) nast omeparopa MNJIOTHOCTH
H ToT GakKT, yTo |0) ecTh cOGCTBEHHOE COCTOsIHHE onepaTopa a, Toria

@ (tya ()=
—Sp {Uf ¢ 1) 3 P(at)a|a) (a|daUF (¢, 1) a+} (=1 (15.41)

Tenepy ¢ mnomompo (15.39) MOXHO BBINOJHHTH YHHTapHOE Npeo-
pasoBaHHe BHYTPH CKOOOK, 4TO NO3BOJSIET BEHIPA3HTh ONepaTop IWIOT-
Hocru (15.38),

@ B)yat'));=
= sp{ | P(at)aP (at'|B1)| B) (B B* d’a d?B | x
x e = (' P (at’) P (at’ | Bt) af* d?a d2Be™™"".  (15.42)

o

[Tocnennee BeIpa)KeHHe JJISl CpelHEro BecbhbMa CXOHO ¢ TeMH (opMy-
JlaMy, KOTOpBIE BCTPeYalTcs B KJACCHYECKOH TeOpHH HeNpepbIBHBbIX
nponieccoB Mapkosa. HanoMmMHEM, 4TO cpelHHe, KOTOPble MbI BBIYHC-
JISIIM, COOTBETCTBYIOT HEKOTOPOMY YaCTHOMY IIOBE€ACHHIO CTOXacTHye-
CKOT0 TaMHJbTOHMaHa. YTOOH TOJYYHTH BeJUYHHBL, CONOCTaBUMbIE
C 3KCNepHMEHTOM, HeoOXORHMO, KaK YK€ IOBODHJIOCH BBHIILE, IIPOBECTH
yCcpelHeHHe 1o noiaXojslleMy aHcaMmOmio ciydaliHeiX GyHkuui | (f).
Mbl MOXKeM 3anucaTh 3TO cpenHee Kak

(@ (tya(t'))=
=S (P (at’) P (at’ | Bt)ep. mo jap* d?a d2Be =), (15.43)

BriBelleHHBIE COOTHOIIEHHS JalOT BecbMa 00ILyl0 cXeMy OOCYKACHHS
BJMSHUSA CAYYafHBIX BO3MYILEHHH HA OCHMJVIALHH NOJs. MBI MCHO/b-
3yeM 3TOT (hopMaJu3M A/l CO3JaHHUS MPOCTOH MOIENH JIa3epHOTOo Jyda
C KOHEYHOH LIMPHHOM IMOJIOCHL. )

Ilpocrefimui cnoco6 NOAYYHTH OCUMJHAPYIOIHE MOJB TIOJ S ¢ KOHEY-
HOH LIMPUHOH NOJOCHI 4aCTOT COCTOHT, NO-BHAMMOMY, B TPEANOJOXKe-
HHH, UTO HX YacToTa eCcTh cayyaiiHasi (pYHKUHS BPeMeHH. JTO MOXKHO
npojenarh, 3alHchiBasi NOJHBIN raMuiabToHHan noas (15.24) B Buze

H=hn[oy+f(t)}ata, (15.44)

rae f(f) ectp Takaa cayyalHaa (yHKLUHA, AJA KOTOPOH cpeaHee
no auncambio (f(f)) paBHO HY.JIO.



Tak kak croxacTHyeckufi raMUJIBTOHMAH, OYEBHIHO, PABEH
Hi(t)=nf(t)at a (15.45)
U KOMMyTupyer ¢ Hy=hwala, TO raMUJIbTOHHAH B3aUMOJEHCTBHS,

corjacuo paseHcTBy (15.25), ectb mpocto Hj.
Ypasuenue Ulpenunrepa (15.26) npunumaer Torna BHI

P2 Ut 1) = (f) ataUy (¢, 1), (15.46)

Ero pemreHust ecTh NpoCTO 3KCNOHEHLMAJbHasA (MYHKLUHS BHAA
Us (t, t') = e—idafaoitt), (15.47)
rie @ omnpenenaeHo BbIpaXKE€HHEM
t

o(tt)=\ F(")dt". (15.48)

.

Hro6bl BLIABHTh BJAMSIHME NpeobGpasoBanusi U; Ha COCTOSHUA MmO,
NPeANOJIOKHM, YTO TNOJE HAXOAUTCS B KOTEDEHTHOM COCTOSIHHH | o)
B MoMmeHT BpeMenu ¢'. Torza B MOMEHT BpeMeHH { 3T0 COCTOSHHE
6yner

[ty =Us(t, t') [ o) = e=tafavttt) | q) =
. ’ o "
= e=/slafe—iataottt) B {(:—)1/2—} |n)y=
n=0

= elai2 3 (0";/2 e=ineUt) | ) = | ae=i90t)).  (15.49)
n!

YHacTHblll cTOXacTHYeCKHHA raMHJBTOHHAH, KOTOPBIH MBI NPHHSJIH, KakK
pa3 nmpeoGpasyer ONHO KOrepeHTHOE COCTOSIHHE B JPYTO€ KOTe€PEeHTHOe
COCTOSIHHE, IJIl KOTOPOrO AaMIVIMTYIHBIH NapameTp OTJIHMYAETCH OT
HCXOJHOrO (ha3oBBIM MHOXKHTesIeM. SICHO, 4TO B 3TOH MOJeNH CoBep-
HIEHHO OTCYTCTBYeT aMIJIUTYAHAs MOIYJSLHSA.

Hcnonesys Beipaxenne (15.46) mnsi omepatopa IVIOTHOCTH, mpel-
craBjieHHOTO paBeHcrBaMH (15.38) u (15.39), maxomum

|ae=te0) (ae=ie)| — { P (at’ 1) B) BB,  (15.50)

OTKyJa BHAHO, YTO IJIOTHOCTH YCJIOBHOH KBa3sUBEPOSTHOCTH MOXKHO
B3ATh MPOCTO B Bujae O-pyHKUHH
P (at’ |ty =62 (p— ae—iotit), (15.51)
Ecny BBecTH (asbl aMIIMTYX o U f
a=|ale®, B=|p]e®, (15.52)



10 AByMepHylo O-pynkumio (15.51) MoxHO 3anucaTbh Kak NpoH3Be-
JeHHe OJHOMEpHBIX, T. €.

P(at'|Bt)=—o78 (|Bl—|a)) 8 (0—0y+o ().  (15.53)

Dra (QYHKLHS ONUCHIBAET 3BOJIOLHIO COCTOAHHS MOJISA U3 KOT€PEHTHOrO
COCTOsIHHA | @) B MOMEHT !, KOrja Mbl 3ajaeMcs JioOOH YaCTHOM cJay-
yafiHoli (yHKumel f(f). UTo6bl HaATH cocTosiHHE B MOMEHT ¢, KOTOPOE
THIHYHO JAJis1 Ha60pa BO3MOMKHBIX cJydaHHHIX QyHKUMH, HEOOXOAHMO
ycpeRuuTh paBeHcTBO (15.53) no ancambumo dpynkuuit f (£). Mbl MoxxeM
3amHcaTh 3T0 cpejHee Kak

Pep (at' | Bt) =57 8 (|BI—1a|) (8O0 —Bo-+ @ Vep. mor.  (15.54)

Ecay BcomHHTb Ternepb, 4To ¢yHRUHA O (0) HMeeT passoXxeHHe
B pax Pypee

8O =5 D e, (15.55)

m=—o0

T0 ycpenusemylo O-byukumio B papenctse (15.54) Moxuo 3anucarthb

caenyIuM o0pasoM:
t
im S F(tmyde

6(6)=2_1n- Z eim(®—00) (p ¥’ Dep. mo #* (15.56)

OcTaeTcsi BBLISICHHTb ellle HEKOTOpble CBOHACTBA CJay4yaHHbIX (QyHKUMH
f (1), npexxne yeM MOXHO OyleT YCPEIHHTb 110 HHM SKCIOHEHLHaJbHbIE
¢yHkuuE B paseHcTse (15.56). .
Pasnoo6pasuble (pu3HUecKHe NPOouecchl, KOTOPbie MOryT BO3MYIUATh
YacToOTy Hallero OCUHANATOpA NoAsi, TpeGyioT, UTOOhl Mbl OGCYIHJIH
pas/HuHbIe BHAbI CIyualHbIX GYHKUHEA f({). 3dech Mbl PaccMOTpHM,
ONHAKO, TOJBbKO OIMH U3 NPOCTEHIIMX THIOB CJHY4aHHBIX (YHKUHH.
[lpumem, 9TO f (f) €CThb CTalHOHAPHBIA IaycCOB CTOXACTHUECKHH IPO-
ece, T. €. YTO B JioGoe Bpemsi | aHcaMOub 3HaueHHH [ (f) uMeeT (UK-
CHpOBaHHOE T'ayccoBO pacnpenesnende. Toraa HETPYAHO MOKasaThb, 4TO
ycpelneHHble SKCIOHeHTH B paBeHcTBe (15.56) GyayT AaBaTbcst BhIpaKe-

HHEM .

t
<exp {im tg’ (") dt”}>cp, mot
t

=exp{ ~%m2§ S aaniamydar dt”’}, (15.57)

.
2

[N



rie cpegHee mo ancamé6mo (f (") f (£”)) ecTb MpoCTO aBTOKOPPENSALHOH-
Hasg QyHKuus caydaiiHoro mnpouecca f(£).

B xayecTBe W/JIOCTpAlHM PacCMOTPHM cayuail, Korja (GyHKUHA
f(f) daykTyupyer tak ObiCTpO, 4TO ee (YHKLHIO aBTOKOPPEJALHH
MOXHO B3fiTb B BHJE

(FE) ") =286 (¢"—1"), (15.58)

rae { ecTb MOJOXKUTe/NbHAs KOHCTaHTa. Toraa ycpeAHeHHble 3KCIO-
HeHTH B paBeHcTBe (15.57) ceepyTes K

Y

<exp {im > F(n dt”}>cp' oy = CXP {—m|t—1t"|}, (15.59)

a ycpeaHennasi 0-QyHkius B paBeHctBe (15.56) cranosuTcs paBHOU

oo

(8(0—00-+@ (2 ep. noy =5 ) mO-0=mL 1=, (15.60)

Mm=—o0

HHTepecHO 3aMeTHTL, 4TO 3Ta (YHKOHUS €CThb B CyIIHOCTH (GYHKUUSA
'puHa nuddepenUHanbHOrO ypaBHeHHs aas AU(dY3uH Temsa B KOJb-
eBoH 00JacTH, T. €. YIOBJAETBOPSIET yPaBHEHHIO

(5 =S ) BO—8y+g))ey=0

aast ¢ > t' u ceoputes K 8 (6 — O) mas £ = ¢'. CraHOBUTCS SICHO, YTO
(hyHKLUHS ycJaOBHOH KBasupeposiTHOCTH (15.54), KoTopylo MOXKHO 3amu-
caTb Kak

Pep (at'|Bt) =gz 17 (1B —] ] S| etn-t-me—i, (15.61)

m=—=—o0

ONHCHIBACT TAKyl0 CIyuaiHylo ()asoBylo MOIYJSLHIO, B KOTOpPOH haso-
Basi nepeMeHHass 0 = arg P «iudpyHIEPYET» OT ee NEePBOHAYAILHOIO
3HayeHusa 0,.

BenyuuHa, oOpaTtHas aH(dy3HOHHOMH KOHCTaHTe §, ompegeaser
BpeMs peJakcalud An4a $asoBoll nepemeHHOH. [I/1s1 HHTepBaJa BpeMeHH
{ — t', 3HauuTeNbHO npeBpimatomero 1/§, pacnpenenenue (15.61)
CBOJMTCS K NMOCTOAHHOMY pacnpejieqeHHI0 ¢ KPYroBoi cummerpuei; dasa
0 craHOBUTCA MOJHOCTBIO CJayYailHOH.

BepueMcss Tenepb K BHIUHCJEHHIO (DYHKIMHM KOpPeNsildH NepBOTO
nopsinka ans noss. CornacHo paBeHcTBY (15.43), MBI MOXKEM HOCTPOHTD
3Ty (YHKIHIO, KaK TOJIbKO BBIYHCAUM CPefHee

(P(a,t")P(at’|Bt))ep. no - (15.62)
ITpeanomnoxkuMm, 4TO Mbl He 3HaeM HCXOAHOH (hasbl OCLUMIAUMEA MOJS.

INockonbry cayuaiinple BO3MYLIEHHS NOJS TOJMBKO CHBHTAOT (asy,
To ¢asa ocTaeTcsi OXHOPONHO paclpeleleHHOH Bce BpeMs, T. e. MBI



HHKorza He 3HaeM o (hase Goapiie, yeM BHauatde. CieloBaresbHO,
omepaTop TJIOTHOCTH, KOTOPHIH IpeiCTaB/JsieT IoJe, CTalHOHapeH.
®yukuua P (a, {) B paBencree (15.36) 3aBUCHT TOMBKO OT abCOMIOTHOTO
3HAUEHHA O U He 3aBHCHT OT f, Tak Ke KaK H OT NoBeleHHs (QyHKIUH
f(f). B stom HauGolee wuwacTo BCTpevawollleMcs cAyyae (QYHKIHIO
P (o, ') MoxHO 3anucaTh Kak P (|a]) ¥ BbHecTH U3 CKOOOK, O3Hauaio-
MUX ycpenHenue, B BbIpameHHu (15.62):

P(lal) Pep(at" | ); (15.63)
3Jecb BTOPOH COMHOXHTEJb AaeTcsl paBeHcTBoM (15.61).

Hs papeHcrea (15.61) sicHo, yTO

Spwwfman%:

2n

2nmlgaﬂﬁllaDWPdWl§rwx

X 2 eim(8-60)—m2L | t~1"| 0 —
=|a|e=P0-TIt—t'| = gre-CIt=t'], (15.64)

IMopcrasass Bruipaxenue (15.63) B KOPPEJISIHOHHY IO (DYHKLHIO (15.43)
H HCIOJb3YS TOJBKO YTO BBIYUCJEHHBIH HHTerpal, HaxozmM

@ Bya(t'))=
= S P(la])|a [ daeiwot—)=C1t=¥ | =
= (| 2y eioolt=t)=Cl 1=t (15.65)

rae cumBoioM {Ja|?) oOo3HaueHa cpeiHeKBalpaTHYHasl AaMIIUTYAA
BO30YXAEHUS, UM, UYTO SKBHBAJIEHTHO, CPeJIHee UHCI0 HOTOHOB B MOJE.
Ecnu npuHATh, yTo (PYHKIMSA MOAM u (r) IJs DOJNA He MeHseTcs
B pe3y/abTaTe BO3MYILEHHs, TO HOJHYI0 NPOCTPAHCTBEHHO-BPEMEHHYIO
3aBHCHMOCTb KOPPEJSIIHOHHOH (YHKIHMH NepBOro IOpsiiKa MOMKHO
HallTH yMHOXKeHHWeM Bbipaxenus (15.65) Ha mnpoHsBeneHue Buza
u* (r) u (r’). Cornacuo paBenctBy (C10.17), KoTopoe sIBsIeTCS KBAHTOBO-
MexaHHueckol dopmoii TeopeMbl BuHepa — XHHUMHA, SHepreTHYeCKHH
CMEKTP NOJST NPONOPLUHOHANEeH (ypbe-npeo6pasoBaHHIO KOPPesIUOH-
noit dyuxkuuu (15.65). Brinonnas sTo npeobpa3oBaHde, HaXOLUM

S (@t (0) a(t')) eiot’ dt’ =

— 00

=(ap \ elo-or-tirigy =

éc_/ag

=<lalz>((.0—(.02—oc)2—l———€_2. (15.66)



TaxuM ob6pasom, Hala Monesnb AU(PY3HH a3kl HMeeT IHEPreTHUeCKH it
CHeKTp JiopeHueBoH ¢opmMel, X AudDY3HOHHASI KOHCTAHTA [ ecTh €ro
NOJMyHIHpHHa.

C TOYKH 3peHHsI CIIEKTPOCKOIMHUH ONHCHIBAEMOE IIOJI€ Heslb3sl OTJIHd-
YHTh OT Xa0THYECKH TeHePHPYEMOro MoJis C JIOPEHLeBOH (pOpMOB NHHUH,
KOTOpOe Mbl OGCYIMJIH BhIlle, €CIH OKaxKeTcs, uto § = y. OyHaameH-
TaJIbHOE pasjyyHe NPHPOIL THX ABYX NoJell HauayuylluM oGpa3oMm
BBIp@XKAETCS] TOCPEACTBOM HX KODDPEISLHOHHBIX (DYHKLUHE BBICUIHX
HOPAAKOB. DTH (DYHKUHH MOXHO BBIYHMCIHTb AN MoAend «auddy3ux
(hasbly ¢ TOMOLIBIO MPOCTOrO PacHpPOCTPaHEHHS TeX METOLOB, KOTOphe
MBI yiKe pasBU/IH, HO MBI He OyZeM 3jech Aenath 3Toro. OIuH J0BOJLHO
O4eBHJHLIN Pe3yNbTaT 3aCIyXKHBaeT, OJHAKO, YIOMHHAHUS. [ToCKONBKY
caydyaliHast ¢asoBast MOAYJSIHS, KOTOPYIO Mbl OIHCAaH, He BeleT
K aMIJIHTYIHOH MOAYJSLIMH, OHA HE BBI3bIBaeT KaKOoH-JHG0 Koppeds-
IMH (OTOHHBIX COBNAJEHHM.

Hmeetca psan cnoco60B, KOTOPBIMH NPEACTABJIEHHYIO HAMH B KauecTBe
HJLTIOCTPalMU Mojienb AuGDy3uH ¢dasbl MOKHO 0GOOCIIUTE H MPHOJU3HTD
K pealbHOCTH. MbI MOXKeM, HampHMep, JIErKO OTKa3aThCsl OT HpeJro-
JIOXKEHHS, UTO CTOXaCTHUecKHH mpouecc f (f) uMéeT Hcuesarolle MaJjoe
BpeMs pesnakcauuH. lanee MOXKHO paccMOTpPETh OTJHYHBIE OT T'ayccoBa
THIILL CTOX4CTHYECKHX nporeccoB. HaKoHell, MBI MOXeM paccMOTpeTb
JIpyTHe BHIABI CTOXAcCTHYECKOrO raMHJIbTOHHAHA, OTJHUHBIE oT (15.45),
H TONBbITaTbCA PacCYUTaTh 3THM CNMOCOOOM HEKOTOpble 3(peKThl cay-
YalHOH aMITUTYIHOUE H (ha30BOM MORYJSIIHH.



Jdexuyusn 16

MuTepdepeHums He3aBUCUMBIX
CBETOBbIX ny4en

OnHuM M3 BONPOCOB, CBA3aHHBIX C KOTePEHTHOCTbIO, SIBJSETCS
BONpPOC 06 HHTepGhePEHIIMH MEX Y He3aBHCHMBIMH JTy4aMH CBeTd, KOTO-
pbiit BBI3Ba] B HEJaBHEM IIPOLLIOM OXMBJEHHYIO JHCKYCCHIO H JaXe
HEKOTOpYI0 NyTaHHLy. To, YTO TakHe HHTep(epeHLHUOHHbIE fABJCHHS
MOTYT CYyILIeCTBOBATh, He SIBJSETCS OOJbIIOH HEOXHAAHHOCTBIO; OHH

HaOTIOfaNuch yXKe JaBHO C palHoBOJ-
£ Hamu UKCHPOBAHHOH YACTOTHI, H €CJH

0 HellaBHHX NOP ') He Gbl10 COOOMIEeHHH

—_— 0 HaGJoleHUH TaKHX SBJEHHH B OMNTH-
@ T YeCKOM JMalasoHe, TO 3ajepkkKa 00b-
‘:::,Q::’ SICHSETCS HCKJIOUHTENBbHO 3KCIEePHUMEH-

@: ————-—: TaJbHBIMH TPYIHOCTAMH.
-0 IMpo6nema, KoTOpas BO3SHHUKJ/IA IIPH

06CyKIEHHH 3TUX HHTepdepeHIHOHHBIX
sIBJIeHHH, Kacanach TOYHOTO crnocoba HX
00BSICHEHHSI K ONHCaHHs. TPyaHO CKa-
®ur. 17 3aTh, KaK MHOro B TeX 3a0JyXIeHHAX,
KOTOpbI€ BO3HUKAJH B NpoIecce AHCKYC-
CHH, YHCTO CEMaHTHYECKOTO N0 NpHpoJAe, H KaK MHOTO ITyOOKO MpHH-
UMnHaabHOro. HanmpuMmep, B HuTepdepeHHH He3aBHCHMEIX Jydelf HeT
HHYEro COGCTBEHHO KBaHTOBOMeXaHHueckoro. OAHAKO TOT (akT, 4To
COBepIIEHHO Ppa3jHyHble HaGophl KBAHTOB JOJKHBI KaKHM-TO oOpa-
30M wuHTepepupoBaTh IPYT € APYFrOM, BHec 3HAaYHTeJbHBIH BKJaX
B nyrtauuny. Mel He OyaeM BOCIDOM3BOAMTL 3/€Ch HCTODHIO 3TOTO
BOMpoOCca, a JiHiIb 0OCyAHM HaHuboJee NPOCThIE NPHMEpPbl HHTEP(depeH-
[{HOHHBIX SIBJAEHHH.

IMpocTefIni# THI 3KCNEPUMEHTAJbHOFO YCTpoHcTBa IMOKas3aH Ha
¢ur. 17. JIBa He3aBHCHMBIX Ja3epPHBIX HCTOYHHKa (Mo, ObITb MOXKeET,
JApYTHE THIBl HCTOYHUKOB) Ly H L, MpOEKTHPYIOT CBOH JIYYH B HANpas-
JeHHsix, OMU3KUX K Napa/yleJbHOCTH, HO ClerKa cXopsuuxcs. Jlyuy
[10TIaA4I0T Ha NepeKphIBaloltecs MJAoMaIKy 3kpana 2. Ecau unTeHCHB-
HOCTH CBeTa JOCTATOYHO BeJHMKH HJIH e BO3MOXKHA pPerucTpauus 3a
OPOIONKHTENbHEIH NEPHOJ, TO MBI MOXEM HCIOJAb30BaTb B KauecTBe

1 Magyar G, Mandel L., Nature, 198, 255 (1963).



JeTeKTopa (OTOMIEHKY B MJIOCKOCTH 2. EciH yc/ioBHs He GJaronpHsT-
CTBYIOT (hoTOrpacuy, TO MOXKHO HCTIOAb30BATh MO3AHKY (POTOHHBIX CUET-
YHKOB B NJAOCKOCTH X. B j11060M ciyuae B 067acTH NepeKpHITHS Jydel
O6ynyT HabmopaTbcsl HHTep(EPEHLIHOHHbIE MOJIOCH.

JlonycTuMm, 4TO I10Je, KOTOpPoe BO30YyKAaeT KaxkAbH HCTOYHHK
CBETa, MOXHO ONHCaTb B P-NpeicTaBj]eHHH € MOMOUbIO (YHKLHH
Py({a}) u Py({os:}). Enunas P-pyHKuMS, KOTOPAsl ONUCHIBACT Cymep-
MO3HUMIO INOJeH, jaeTcsi TOrAa, corsacHo paseHcTBy (C7.18) num
(C9.15), BeIpaXkeHueM

P (o) = | Pi({ou}) P2 ({om}) X
X J] 8% (an — ayp— ags) d?ay, d?ozs. (16.1)

k

Cpenusiss HHTEHCHBHOCTb CYMMBI ToJsieli B JI000H NPOCTPaHCTBEHHO-
BpeMeHHOH TOuKe x jaercs (PyHKIHel KOppeJsidH IepBOro nopsjika:

GO (x, x) = S P({as}) | € (%, {an)) P[] dPan=
k
= Pi({an) Pe(on) | € (5, {on+aud) [ [ o dPon. (16.2)
k

Ilpu nonyyeHun BTOPOTO U3 3THX BEHIPaXKEHHH MBI HCIIOJAb30BAJNH PaBeH-
ctBo (16.1) ¥ mpoBesy UHTETpUPOBaHMe MO NepeMeHHbIM {0j}. 3aMe-
TUM Tenepb, YTO COOCTBeHHOe 3HaueHue noast & (v, {ax}) JHHEHHO
3aBHCHT OT aMILIHTYH O, TaK 4TO

& (x, {ar+ o)) =& (x, {a}) 1+ & (¥, {02}), (16.3)

T. €. CIpaBelJIHBO COOTHOLIEHHE, COOTBETCTBYIOLEe KJACCHYECKOMY
NpHHUMNY cyneprno3uuuy. Eciau noacraButh 3T0 COOTHOLIEHHE B PaBeH-
cTBO (16.2) u 0603uaunThb uepes {GV (x, x)};, j = 1, 2, HHTEHCHBHOCTD,
CO31aBaEMYI0 KaXKJblM HCTOYHHKOM B OTCYTCTBHE ADYIOrO, TO IOJHAas
HHTEHCHBHOCTb 3aMHUIIeTCs CJEAYIOMHM 06pasoM:

GY (x, x) = {G‘l’ (%, x)}1 + {G(l) (x, X)}z—l—
+2Re { § Pu ({an)) 8 (x (@) T dan
3

X S Py ({02r}) € (x {02n}) IhI dzazk} : (16.4)

Tperuii uneH B 3TOR cyMMe eCTh, OUEBUIHO, WHTeP(EPEHIHOHHbIH YJIeH.
MbI 0TKHBI Tenepb BHIACHHTb, KOTJa OH JaeT BKJAajA B Halsiolaembie
HHTEHCHBHOCTH H KOTJa He Jaer.

B paspene 7 BrimenpuBeleHHO#l CTaThU aBTOpPa OTMEYasoch, YTO
MoGOH CcBETOBOH J1yd, ONHCAHHBIH B P-mpejcTaBIeHHH, MOXHO pac-



CMaTpPHBaThb KaK CyNepro3UIHIO ABYX M0oJeH, OXHO H3 KOTOPBIX COOTBET-
CTBYeT YHMCTO KOTEPEHTHOMY COCTOSIHHIO, a Jpyroe HmeeT Hedasupo-
BaHHYIO (JOPMY, T. €. er0o OXHJaeMoe 3HaueHHe Hcuesaer A/t KOMIJIEKC-
HOH HanpsiKkeHHOCTH nosist. Korza kaxoe U3 3THX nofeil reHepHpyeTcs
OOOHUMH HCCJICLyeMBIMH HMCTOUHHKAMH, He(asHpOBaHHASI KOMIOHEHTA
noJisl He OyJeT AaBath BK/aja B HHTep(EPeHIMOHHbIH YJieH B PaBeHCTRe
(16.4). UnrepdepeHunonnblil wieH GyIeT MOMHOCTbIO HCue3aThb Beeria,
3a HCKJIOYeHHeM Caydas, KOTAA IoJie, TeHepHpyeMoe KaxKAbIM U3 IBYX
HCTOYHHKOB, CONEPXKHUT HE DaBHYI0 HYJIO KOTEPEHTHYIO KOMIIOHEHTY.

HauGosee snemeHTapHBIH npHMep, B KOTOPOM HHTep(epeHIHOHHBIH
YjieH OTJIHYeH OT HyJisf, COCTOMT B TOM, 4TO JBa ACHCTBYIOLIHX He3a-
BHCHMO HCTOUHHKA NPHBOUSAT HOJe B KOTEPEHTHOE COCTOSIHHE, ONHCHI-
BaeMoe BBHIpaKeHHSIMH

Py (o)) = [ 8% (s —Bus),

k

(16.5)
P ({az}) = H 8 (agn — Por)-
B

Torpa wuuTepdepeHUHOHHET uieH B paBeHcTBe (16.4) cBoguTCcs K
2 Re {&* (x, {Psr}) € (x, {B2r})}- (16.6)

AHamnu3 3Toro ujeHa MOXHO YNIPOCTUTb, Npeinonaras, 4to ABa HCTOY-
HUKa CyTh HJeajbHble Ja3ephl NOLOOHOH KOHCTPYKUHH, KaXKIbli H3
KOTOPHIX B030yKIaeT TOMbKO OLHY MOAY IIOCKHX BOAH. [Be mimockue
BOJIHBL Oy YT TOT[la HE KAEHTHYHBI, IIOCKOJABKY HX BEKTOPH! PacrpocTpa-
HEHHs He BIOJIHE NapalljiesnbHbl, HO OYAYT HMeTb OJHY H Ty Xe YacToTy.
Ilpu stux ycnoBuAx wuHTepdepeHUHOHHBIH uneH (16.6) omuchBaer
NOJIOCH!  CTALMOHAPHOH HHTEHCHBHOCTH, KOTOpDble BHIHEI Ha 3KpaHe
B 00J1aCTH NepeKphiTHS ABYX ayueil. [ToJockl nepneHAHKYASPHBI LIOCKO-
CTH, KOTOpasl CONEPKHT ABa BEKTOPa PacHnpoCTpaHeHHs, ¥ MOTYT GHITh
CleNaHBl Y3KHMH WM INHPDOKHMH YBeJHUEHHEM HJH YMeHbIeHHeM
yIyia MeXIy Jy4yaMH.

ITpenmonoxumM, uro Moaa, BO3CyxKZaeMash HCTOUHHKOM 1, HMeer
aMnauTyay Bi, a BosOyxaaemast HCTOUHHKOM 2 -— aMmIHTyRy P». Torna
IIOCKOJIbKY (DYHKLHUS TNJAOCKOH BOJIHBI NPEACTaBjsder coO0H KOMIIEeKc-
HYIO BeJIHUHHY, TO NOJOKEHHE CHCTEMBl IIOJIOC HA KpaHe X (T. e. HX
CMeHleHHe B HaNpaB/JeHHH, NePIeHINKYJAsIPHOM nosocaMm) OyJer 3apH-
CeTh OT Pa3HOCTH (ha3 KOMIJIEKCHBIX aMIATYL Py u Po. Ecnn reomerpus
3KCIepHUMEHTa J0CTATOYHO XOPOLIO OnpesiesieHa, TO HabMoileHHe CHCTEMBI
[oJIoC AaeT HaM Mepy PasHOCTH ¢as.

ITpoenenne SKCIEPEMEHTOB ONIHCAHHOTO BhIIIE THIIA C IBYMsI J1a3ep-
HbIMM JIy4aMH He BCTpedaeT IIPHHUUNHAJBHEIX TpyAHOocTe#. OpHako
Ha MpPaKTHKe Mbl HUKOTAa He 3HaeM JIOCTaTOYHO MOJHO aMIIMTYHbI BO3-
OyXJIeHHsl, KOTOphle Mbl IPEANOJaTald K3BECTHBIMH, COCTaBJaSA,



HanpuMep, pasencrsa (16.5) u (16.6). Kak Mbl yXe HeOIHOKPAaTHO
OTMeuaJu BBlille, H4M IIOYTH BCETJa HEH3BEeCTHbl MOJHBIE (ha3oBbIE
napamerphl. [Tosromy Mbl He 3HaeM (hasbl OCUMJISLHN B HalIMX Jase-
paX, ¥ €IHHCTBEHHBIH Croco0, KOTOPHIM MbI MOXKeM MpejCTaBUTh onepa-
TOP TUIOTHOCTH JJisi BO3GYKAEHHBIX MOJ, €CTh HCIOIb30BaHUe (DyHKLUM

Py()=gzigy 0(as|—=IBsD  i=12. (167

OTH QYHKIHH TNPeACTaBISIOT CTALHOHAPHBIE ONEPATOPH IJIOTHOCTH,
KOTOpble ToayuyeHbl [Kak u B paBenctBe (15.21)] ycpenmenuem xore-
PEHTHBLIX cOcTOsTHHE Mo (ase. Ho P-dyHkuuu (16.7) oTHocATes K Heda-
3UPOBAHHOH PASHOBHAHOCTH; OHH COOTBETCTBYIOT KOMIIEKCHBIM IOJISM,
ycpenHeHde KOTOPHX JaeT HyJb. JpYrHMH c0BaMH, KOTAA. HCTOUHHKH
CTAllHOHAPHBI, HHTep(epeHIHOHHbIH YjieH B paBeHcTBe (16.4) Toxne-
CTBEHHO paBeH HYJIO,

Ecny 3710T pesyabTar paccMaTpUBaThb B TOM CMEIC/E, YTO HHTepde-
PEHIIHOHHbIE NOJOCH He Hal/arojaeMbl Ha 3KpaHe, Hallle He3HaHHE (ha3o-
BbIX [apaMeTPOB NepecTaeT HMeTh 3HaueHHe. UTOObI 3a0CTPHTH BHH-
MaHHe Ha NapajoKCalbHOCTH 3TOTO BHIBOAA, MOXKHO BO3DasdTh, 4TO
KaXbll U3 HaINX Ja3epHbIX HCTOYHHKOB HMEET MO CYIIECTBY KJac-
CHYeCKYIO IPUPOAY H B IeHCTBUTENbHOCTH HMeeT BIIOJHE ONpPENe/IeHHYIO
¢asy xonebanuil. CjenoBatejbHO, MOJOCH JOMKHE HaGaOfaTbes Ha
3KpaHe OJHHAKOBBIM 00pPa30M KaK TeMH, KTO 3HaeT (a3y, Tak M TeMH,
KTO ee He 3HaeT.

UT06bl MOKA3aTh, YTO MBI HE CTANKHBaeMCs 31ech ¢ KaKOH-IH00 GpyH-
JaMeHTaJIbHOM JH/IeMMOH, HeoOXOIUMO BCTIOMHHUTD, YTO ONEPaTOPhl MJIOT-
HOCTH MOCTPOEHBI C LEIbI0 ONHCAHUS aHcambAA KBAHTOBOMEeXaHHYeCKHUX
aKcnepuMeHTOB. HeoOXoauMOCTb NMOBTOPEHUS IKCIEPHMEHTOB HA MHO-
THX TOJOGHBEIM 006pa3oM NPHIOTOBJEHHBIX CHCTeMaX BO3HHKaeT IO MPH-
yMHaM, JeXKallUM B OCHOBe KBAHTOBOH MeXaHHKH. 3mepeHHble Besu-
upHel BoOOmEe (IYKTyHPYIOT HenpeackasyembiM 0o0pa3oM OT OZHOMH
CHCTeMBl K JPYroif jaxke TOrAa, KOTJa BCE CHCTeMBI IIPHIOTOBJIEHHI
B OJIHOM H TOM e KBaHTOBOM COCTOsTHHHM. Korza e camo KBaHTOBOe
COCTOSIHME CaydyafiHO, TO OCHOBaHHA JJIs1 TPOBEJEHHS 3KCIEePHMEHTOB
Ha GOJIBIIIOM YHCJIEe CHCTeM H YCpeJHEHHS HX pe3yJIbTaTOB CTAHOBATCHA
ele 0oJiee BeCKHMH.

[Mycrb nBe P-dpyHkuuH B paBeHcTBax (16.5) mpexcrapJsior, HanpH-
Mep, UHCTBIE COCTOSIHHSI Hogfl. B j11060M OZHOKDAaTHOM 3KCIHepHMEHTe,
NPOBENIEHHOM C JBYMS HCTOYHHKaMH, I/ KOTOPHIX BCe aMIVIUTYIH
# (ba3bl BO3GYKIEHHST H3BECTHBI, Mbl OOHapyXkHM, MO-BHAHMOMY, GoJee
HJH MeHee IIYMOBYIO dopMy KHTep(hepEeHLHOHHOH KapTHHbBI, KOTOPYIO
MBI o6cyKaanu. MintepdepeHIHOHHas KapTHHA IPUMET IVIaAKyio GopMy,
JaHHY© paBeHcTBoM (16.6), TOMBbKO mMoOC/e YCPeAHEHHs] 1O MHOTHM
SKCIEPHMEHTaM, BHIMOJHEHHBIM C HIEHTHYHO NPHUTOTOBJEHHbIMH KCTOY-
HHKaMH.



Korpa mbl He 3HaeM (a3bl KoneGaHuit 060UX J1a3epoB, Hall ¢opma-
JIN3M OTHCHIBAeT aHCcaMOJb SKCIEePHMEHTOB, B KOTOPHIX (hasbl pacnpene-
JIeHbl COBepileHHO cayd4afiHbIM o6pa3oM. SICHO, 4TO BKJaJd HHTepde-
PEHIHOHHOro 5¢QheKTa B CPe[HIOI HHTEHCHBHOCTD I/IS1 3TOTO0 aHcaMOJs
obparaercs B Hy/1b. OHaKO U3 00palleHusi B HyJb CPelHero no ancamo6-
JI0 Hesb35l 3aKJI0YaTh, UTO NOJOCH He 6ynyT HaGao4aThCs B OTANL-
HBIX KCIIEPUMEHTaX. DTH SKCIIeDUMEHTHI TAKOBBI, YTO 3JIeMeHThb aHcaMOb-
Js1 B OTJAeNbHOCTH COBEpUIEHHO He MOXO0XKU Ha cpejHee IO BCEMY
ancambuio. B xaxnoMm M3 3TuUX onpTOB OyAeT HaGmonathesi cTaluoHap-
Hasi HHTepdepeHIHONHAs KapTHHa Ha SKpaHe TOYHO TaK, KakK eciy (assl
KoJie6aHui GblTH Gl M3BecTHBI. Ho, MOCKOMBKY (ha3pl caydaiiHbl, cMe-
IeHHe KapTHHB! OyjeT caydafHbiM o6pa3oM H3MEHATbCS OT AaHHOTO
SKcIepUMeHTa K ciaeaymooieMy. Torna ycpennenne OyjnerT yHHYTOXKATh
MOJIOCHl B cpeflHeM Mo aHcaMBJo.

Bomnpoc, KoTopslff MOXKHO Tenepb 3ajaTh, COCTOMT B TOM, KaK e
BOOOIIe HCNOMB30BATh (hOPMaIU3M OlepaTopa MJIOTHOCTH, 4TOOLI NOJY-
YHTb CBEJEHHSI OTHOCHTEJNbHO WHTep(EepeHLHOHHOH KapTHHbL Ecau
HCTOYHHUKH CTallHOHAPHBI, TO Mbl HE MOMEM CKa3aTb HHUYEro, KpOMe
TOrO, 4TO CpPefHAS MO aHcaMOJI0 HHTCHCHBHOCTb, BbiparkaeMmasi HHTep-
(bepeHIHOHHLIM UJIEHOM, HCYe3aeT B KaxIoH Touke skpana. IIpencra-
BUM cefe, YTO Mbl TpOJAeJaNHd 3SKCHepHMEHT C Iapod J1asepos,
OpPEACTAaBJASAIOIMMUX  CO00H  BHIOPAHHBIA 3JIEMEHT PaccMATPHUBAEMOTO
aHcaMOas cayuadinbix (as. UToObl onpepenuTb, KakoBa B ACHCTBH-
TeJIbHOCTH HWHTephepeHUHOHHAasA KapTHHA Ha 3SKpaHe, Mbl JOJDKHEBE
H3MEPUTb HHTEHCHBHOCTb B 3HAUHTENbHOM YHCJE TOYEK Ha 3IKpaHe.
MBI He NPHIOTABJHBAEM CHCTEMY 3aHOBO AJIs KaXJIOTO M3 ITHX SKC-
[ePUMEHTOB; OHH MPOBOAATCA C OXHAMXKABI NPUTOTOBJEHHOH CHCTEMOH
JasepoB. C nepBbIM H3 H3MePeHHi HHTEHCHBHOCTH B M3BECTHOH TOUKe
5KpaHa TOJBKO HayHHaeTcsl NpoLelypa ONpeleJeHHst PasHOCTH (a3
nByx JsasepoB. OHO omnpejensieT JHHEHHYI0O KOMOHHaLHUIO CHHYCA
H KOCHHYyca pasHOcTH (a3 aMIianTyl B, H P, KOTOpasi orpaHHYHBaeT
pasHoCTh (a3 MoGHM H3 JABYX NHCKPETHBIX 3HaueHHi. HMsmepenue
HHTEHCHUBHOCTH B IPYTO#l TOUKE OKOHUATEJNbHO ONpeesieT pa3sHOCTb (as.

Hcnonb30BaB u3MepeHHs] HHTEHCHBHOCTH B Mape TOYEK AJsl omnpe-
JeleHHs] pasHocTH (a3, Mbl MOMXeM IpejcKasaTb BHJI HHTep(epen-
LMOHHOM KapTHHBI B CMBIC/IE CpefiHero no ancam6/mo. Koneuno, ancam6/1b
COZEPXHUT B 3TOM CJIYy4ae TOJNLKO OJHH OMNBIT, ¢ KOTOPOrO MBI Ha4aJH,
ecH YCJOBHS OcTaloTcA cranHoHapHbiMM. Hally HavanbHble H3Mmepe-
HHSl HWHTeHCHBHOCTH CHaGiunyd Hac HHPOpMauued, CcOKpamaolel
pasmepsl HCXONHOTO aHcambiisi, B pe3ysbTaTe Yero B HeM OCTaloTCs
TONILKO T€ SKCIEPUMEHTHI, B KOTOPBIX PasHOCTb (a3 GaM3Ka K H3Me-
peHHOH. DTOT COKpalleHHbIH aHcamMOnb OyJeT OMHUChIBATbCS CTalHO-
HAPDHBIM OMNEPaTOPOM IJIOTHOCTH, HOCKOJbKY (Da30BBIi MHOKHTEb,
obmuit ana ammiuTyx P; # P, mapel BHIPOXKIEHHBIX MOJ, OCTaercs
COBepIIeHHO cayyaiiHbiM. JIOMycTHM, YTO Mbl HallIH pPasHOCTh (a3



ABYX Jydeil

arg py —arg f, = 6. (16.8)
Torna npouecc or6opa, ¢ NOMOILIO KOTOPOTO MBI COKPATH/IH aHCaMOJb
JO ONHOTO uJ/IeHd, COOTBETCTBYIOUIErO 3KCIEPUMEHTY ¢ (DPHKCHPOBaH-
HOH 0, MOXKHO MpeACTaBUTb BBeJeHHEM MHOXHTeNs

o 8 (arg ay —arg a; —6) (16.9)

B TNOABIHTErpasibHOe BhipaxeHHe P-pyHxruuu (16.1). Kak ToJMbKO MbI
JIOKAJIM30BaJH TOJIOCH HHTep(hePeHUHOHHOH KapTHHBI 3KCIEpHMEH-
Ta/JbHbIM ONpPENeNeHHEeM HX HeNpPeACKa3yeMOTO MOJNOXKEeHHUsI, HaM YkKe
HeTPpYyAHO TMOJYYUThb CTAlHOHApPHBIA Oneparop IJIOTHOCTH, KOTOPBIH
npefcKas3biBaeT CPeJHION HHTEHCHBHOCTb HHTep(hePeHIMOHHOR KapTHHEI.

Hpnesa cokpaiuenusi pasaMepoB Hamlero ancamGisi, KOTopasi OTpaxaer
npyobpeTeHye HHGOPMALMH O CHCTeME, He SBJSETCS COBEPIIEHHO
HoBo#H. Hanpumep, npu MHOrOKpaTHBIX GpOCaHHAX MOHETHl BEPOSITHO-
CTH «OpJla» H «PellIKH» BHayaJe PaBHbI, HO H3MEHSIOTCS M0 Mepe TOTo,
KakK BHINOJNHAIOTCA OpocaHuss. BHayasle BepOATHOCTb «pelIKH» MOA-
CUHTBLIBAETCA NYTEM MCHOJIb30BAHHA HOJHOTO aHCaMOssi BO3MOMXHEBIX
cly4yaeB, HO Ha NOCJAeAYIOUHX CTaAUMsX OHa HOACYMTBHIBAETCA TOJBKO
€ MCTOJIb30BAHUEM COKPAIIEeHHOr0 aHcaM6Jis, COOTBETCTBYIONEro HH(OP-
MaLuH, KOTopada Oblia MOJyYeHa IPH MPeALIeCTBYIOMIUX GpOcaHusX.

K HeckoJbKO OTIHYHOMY CHOCOOY HCHOJb30OBAHUS CTAlHOHAPHOIO
OMepaTopa IVIOTHOCTH /IS NIOJYYCHUA HH(POPMALIMY O ciayuadiHbiM o6pa-
30M PacroJIOXKeHHOH# HHTephepeHIHOHHON KapTHHEe MOXKHO NPUHTH IPH
o6cyxaeHuH (DyHKIOUH KOppeNsdIHd BTOPOTO Nopsaka. JIerko BHIETh,
4TO CKOPOCTb cHeTa JABYKPATHHIX COBNaiEHUH

G (rtr't’, v't'rl) = S P ({an)) | & (rt {ax)) I %
|8 ('t o) P[] dan (16.10)
k

COJEP:KHUT UJ/IeH, KOTODBIY OCHMNHPYeT KaK (PYHKIHMS INOJOXKEHHS
# r’ Ha 3KpaHe. DTOT TUN HHTep(ePEeHIHOHHOTO YJIeHa MOXHO BEIBECTH,
HCNONB3Ys M0 CYIIECTBY TO 3Ke OO0CHOBaHHE, K KOTOPOMY MBI MpPHILIJIH
NpH OOCYXJIeHHH 3KCIepUMEHTOB N0 HHTepdepeHIHH WHTEHCHBHOCTH
B neKuud 2. OcuuMisiu¥d B (QYHKUHH KOPPEJSIHY WHTEHCHBHOCTH
JOJIKHBI, OYEBHIHO, OTPaxaTb OCHUU/JNALMH CaMOfl HHTEHCHBHOCTH.
Hanee, MOCKONBKY HeH3BecTHble (asoBble YIaL Py U Py He BXOEAT
B KOPPeJSIUMOHHYI0 (DYHKUHIO BTOPOTO TOPSAKa, OHU BooOHie He
TpebyloTest /sl ee BHIYUCAEHHSA.

OnHako mpocTble H3MEepPEeHHs HHTEHCHBHOCTH cjydaiiHo# uHTepde-
PEHUMOHHOH KapTHHHI (CKaXkeM, H3ydeHHeM (OTOrpadHu) 5T0 He TO XKe
camoe, 4To H3MepeHue G, U MBI He yMeeM, BooGLIe TOBOPS, MO H3BeCT-
Ho#l BequuuHe GYHKIUK G nejaTh 3aK/IIOYeHHE OTHOCHTENBLHO TOTO;
KakoBa OyJleT KapTHHa HHTEHCHBHOCTH CJIyYaWHOH CHCTEMBI MOJMOC.



Takum o6pasoM, XoTsa dyukuus G u gpyrue QYHKIHH KOPpPesILHH
YeTHOT'O NOPsIIKa MoJe3Hbl caMH 1o cebe, OHH He MOTYT OBbITh HCIOMb-
30BaHbl IJs ONpeleJeHHs HHTEHCHBHOCTH mnoJoc. Ecay MBl XoTHM
HOJTYYHTh 5TH HHTEHCHBHOCTH, TO MBI AOJIKHBI BHIBECTH HX H3 ONE€PaToOpOB
IJIOTHOCTH JIJISI COOTBETCTBYIOMHUM 00pPa3oM COKpAIIEHHOTO aHcaMOJIs.

J10 3TOr0 MOMeHTa MBI IPeAnoara/y, 4yTo Hallld HCTOYHHKH SIBJSAIOTCS
HeajbHbIMH, HEMIYMSIIUMH Ja3epaMH. BHIACHHM Tenepb, K 4eMy NpH-
BOAUT y4eT ciaydaidHofi Mopyasuuu ycrpoiicta. Ilockosbky HamGosee
BaXXHBIM NapaMeTPoM, ONpPEeNesSIOHM KapTHHY HHTepdepeHuHH ABYX
Jayueft, ABasercs hasa OCUMAIALHUA B Ja3zepe, TO OyAeT BIOJTHE YMECTHO
/151 ONIMCAHUSA J1a3ePHbIX Jaydell HCrnoab30BaTh MOJe/b «1udhy3HH (hashi».
CorstacHO 3TOH Moaend, (pasa JiazepHOro Jiyya 3aMeTHO ONyxjaeT 3a
WHTePBaJ BpeMeHH, GOJbIIHE O CpaBHEHHIO CO BpEMeHeM pellaKcalHH
1/C, ¥ ocTaeTcsi OTHOCHTEJbHO HEH3MEHHOH B TeueHHME 3HAUUTEJbHO
6oJsiee KOPOTKUX BPeMEHHEIX HHTePBaJOB.

Korzaa nBa /nasepHbIX J1y4a NpefcTaB/eHEl TAKUMH MOJAENSIMH, HHTEH-
CHBHOCTH CBeTa, 3apeTUCTPHpPOBAHHELIE- HA 5KpaHe, OylyT 3aBHCeTh OT
NPOAOIKHTENBHOCTH, KOTOpass HaMm mnoTpebyercs, 4TOOH NPOBECTH
H3MepeHUAl. Ecad HHTEHCHBHOCTH JOCTATOYHO BEJIHKH, TaK 4TO Mbl
MOMKEM 3aperucTpHpoBaTh HX 3a BpPeMeHa, KOPOTKHe IO CPaBHEHHIO
< BeauunHo# 1/, To 1Ba Myya GynyT cOXpaHATH (a3bl BOIH3H HX HaYaJlb-
HLIX 3HaYeHH!, NOKa NPOBOAATCS H3MepeHHdA. B sToM ciyuae BO3HH-
KaeT clayualHasi HHTepdepeHIOHHasd KapTHHA, KOTopas yxke Oblia
06cy®aeHa Boiue. IlonoGHoe ke H3MepeHHe, clelaHHOe, CKaxkeM, Ha
NOJIOBHHY BpeMeHH pefaKcaludH no3jHee, OOHapyXHUT HHaue paclio-
JIOKEHHYIO CHCTEMY MOJOC, COOTBETCTBYIOILYIO HMMEBHIEH MecTo (PayK-
TyaldH pasHOCTH (a3 ABYX Jyueil.

Ecu 6bl Ml MOIVIH NIPOC/ENTL HHTEHCHBHOCTb HOJOC KaK (yHK-
{0 BpeMeHH, TO YBHIeAH OBl cHCTEMY MNapaJjuielbHbIX IOJIOC, COBEp-
UAI0LLYI0 Xa0THYECKHM 00pa3oM OMy:KIaHusi BIEPe] H Hasa] IO 3KpaHy.
Ecsau Obl MBI perHCTpHPOBANH HHTEHCHBHOCTH Ha 5KPaHe KHTerpHpoBa-
HHEeM WX 3a TepHol, MHOIO OGOJNBUINH, YeM BpeMsl penaKcalUH, TO Mbl
Halmad Obl, uTo HHTep(hepeHIHOHHbIE IOJOCH IOJHOCTHI) Pa3MBIThHL
# 0oCTaNach TOJbKO OAHOPOAHAs HMHTEHCHBHOCTD.

JlasepHble HCTOUHHKY YIOGHBI AJ151 TAKHX ABYXJIYUYeBBHIX 3KCIIEpHMEH-
‘TOB, TMOCKOJNbKY OHH MHTEHCHBHBI, JOCTATOYHO MOHOXPOMATHYHBI
¥ UMeIOT OTHOCHTeNbHO GOJblloe BpeMsl pedakcauud. B npunuune
TaKye ONbITHI BO3MOXKHBI ¥ C JydyaMH OObIYHBIX XaOTHYECKHX HCTOY-
aukoB. CilyuailHasi aMILIUTYAHAsT MOAYJSILMS STHUX Jydyed Oyner mpH-
BOJHUTb K TOMY, YTO KOHTPACTHOCTb I0JOC OyneT (PayKTYyHpoBaTh TaK
e, KaK H HX pacrnojiokenue. Bpemsi pesakcalluu LJsl 3THX BapHaluil
Oyaer 00paTHO NPONOPLHOHANBHO IHUPUHE TIOJOCH YACTOT UCTOYHHKOB.
Ecau Takue HHTEP(hEPEHI[HOHHbIE KAPTHHEI He ObIIH J0 CHX mop cdoTo-
TpadHpOBaHbl, TO TOJbKO H3-3a TOFO, YTO HEOOXOIHUMOE JJs1 3TOr0 BPEMsL
DKCIO3HLUHH Kopoue, yeM 10710 cex,



Jexyun 17

OnbiTbl no cuety hoTOHOB

Uncno GOTOHOB, KOTOpOE CYETUHK PerucTpHpyeT B JIOGOH HHTEp-
BaJ BpeMeHH, QIyKTyHpyer ciaydadHeIM o6pasoM. B kauectse npocroro
3KCNepUMEeHTa IO CUeTy (POTOHOB MBI PACCMOTPHM OIBIT, KOT[A CYETUHK
SKCIIOHUPYETCA B NOJIe B TeueHHe PUKCHPOBAHHOTO HHTEPBaJIa BPEMEHH f.
Torna, mosTOpsIsA KCHEDHMEHT MHOTO pas, Mbl MOXKEM HaiTH (YHK-
LHIO pachnpelesieHHs1 IJs OTCYETOB, MOJYUYEHHBIX 32 3TOT HHTEPBAJ.
XoT4 yacTo HaM JOCTAaTOYHO 3HATh CPEIHHH OTCYeT, MOHSTb XapaKTep
¢dayKTyaun# oTcueTa OKOJIO CBOETO CPEJHEro 3HAYEHU MBI CMOXKeM MOJI-
HOCTBbIO TOJILKO TOTAd, Korda OyjeM 3HaTh (DYHKLHIO paclipefeseHHs
H ee MOMeHTH. B 3Tolt nexuuM Mbl 06CyauM CrocoGbl HpencKasaHus
(YHKUMY pacnpelefeHHs H COOTHOWIEHUs Mexny ¢opMoH pacrpene-
JIeHUSI ¥ KOTEPEHTHOCTbIO IIOJIA.

BcenomuuM HekoTophle pe3y/bTaThl JMeKUHH 5. Mel mojpcuurtanu tam
BEPOSITHOCTb TOFO, YTO B HHTEpBale OT fy IO { BCe A aTOMOB T'HIIOTETH-
4eCKOro 71-aTOMHOTO (POTONETEKTOPE COBepIIaT NepeXoibl € IIOIJIO-
IeHHeM (HOTOHOB, UTO M PerucTpupyercss Kak cueT ¢oToHoB. Ecau Mel
ONyCTHM TEH30DHBIe HHJEKChl, NpeAnoJarasi, 4ro HoJe TMOJHOCTBIO
MOJNSIPH3OBAHO, TO NOJAYYMM 3TY BEPOATHOCTb C IIOMOLIBIO (DOPMYJIbI
(5.8)

i

t n
p<n>(t)=g S I S —15) G™ (v . . . tatny Tal ... 1)) X
0 0 j=t

x [ dt;dt;, (17.1)
j=1

rie ¢YHKuMs 4YyBCTBUTENBHOCTH S ompejleseHa paBeHcTBamH (4.12)
 (4.10) n, kpoMe TOTO, NONOXKEHO £y = 0. Ec/u namm gerexTop siBAsIeTCS
IIHPOKOTIOJIOCHEIM, TO PABEHCTBO (4. 14) MOXHO HCIONBL30BATD AJs1 yMeHb-
IeHHs] 4HcjJa HMHTerpPHPOBAHUH 1O BpeMEHH B 3TOM HHTepBaJje ¢ 2n
JO n, HO 3TO He siBJAsieTCS HeOOXONHMMBIM IJIsi MOCJeLYIOMKX BLIBOLOB.

Mel noMKHBL paccMOTpeTh Tenepb Gosee pealuCTHYECKYIO MOAENb
CYeTYHKa, COlepKalllero THraHTCKOe YKC/IO aToMOB, cKaxeM N ~ 1020,
KOTOpbI€ CIIOCOOHBI JeTeKTHPOoBaTh (HOTOHHI ¢ NMOMOLIbIO mpomecca (oTo-
nornaouesssa. HManuiine roBopyTs, uTO paKTHYECKH HHKOT/A He ObiBaeT



yToGhl Bce N 5THX aTOMOB COBepIIajH NpOLece NOIVIONEHHS B moGoi
OrpaHMYeHHBHI HHTepBaJ BpemeHH. [TosHOe YHC/IO (OTONOIVIOWIEHHH,
KaK NPaBHJIO, MHOTO MEHblIe, H Mbl NONbITaeMCs HCNOAb30BaTh (17.1),
yToObl HAHTH 3aKOH HX paclpeleseHHud.

IMonnoe 4uca0 (POTOHOB, 3aPerHCTPHPOBAHHOE B JIIOGOH HHTepBas
BPeMeHH, MOXHO PaccMaTpUBaTbh KaK CyMMYy c/yYafHbIX TepeMeHHBIX
Mo OAHOH Ha KaXIufl atoM JeTteKtopa. UTo6bl COCTABHTb €€, BBEIEM
cayyalinylo TepeMeHHYIO Z; JJIs j-TO aToMa, KOoTopasi paBHa

( 0, eciy ansA j-ro aToMa mnponecc (OTONOrONIe-
HHs He 3aperucTPHPOBaH,

2= .
7 i 1, eciu aJas j-ro aToma mpomuecc (GOTONOTJOLILe-
HHS 3aperdcTPUPOBaH.

(17.2)

Torna ciyyaiiHas nepeMeHHasl, KOTOpas NpeJcTaBiseT NOJHbIH OTCYeT,
3anuiieTcs B BHJE

n
C= D z. (17.3)

j=1
BeposiTHOCTb K&XKI0T0 KOHEUHOFO COCTOSIHHS CHCTeMBI, T. €. Habopa
3HayeHH# 2, ... 2y, OyAeT onuchBaTbcsd (DyHKLHEH BEPOSITHOCTH
& (2, ... zy, t). CratucTHUECKOE cpenHee JIOOOH QYHKUUH MepeMeH-

HbIX 2; HaXOIUTCS yCpeAHeHHeM (DYyHKUUH IO paclpele/eHHI0 BepoaT-
Hoctd. Hanpumep, cpenHuil oTcuer aaercst (hopmyJIon

N
<C> = Z Z Zjﬂ‘ (21 oo ZNy t)’ (17.4)
{2]-2(1)}721
rje OKOHuaTeNbHOe CyMMHPOBaHHe BefeTcst HO 3HadeHusaMm 0 w 1 paa
NOJIHOrO Habopa NepeMeHHBIX Z;. Mbl OyjeM mucarh TakHe CYMMBbI
B JajbHeiilueM Kak cymMbl no {z;}. BpeieM pasee mNpHBEAEHHYIO
(YHKUHIO BEPOSTHOCTH JJs [-TO aToMa, KOTOPYIO ONPENeJHM COOT-
HOHIEHHEM
pizi = 2 &(... 7, 1) (17.5)
(2h’ h#7)
Cpegunii OTCuET MOXHO 3amHcaTh C IIOMOUIbIO TPHBEJEHHOM
BEPOSITHOCTH p; Kak

N N

©r =2 2 zp;(z; )= 2 p;(1, 0. (17.6)
{7} i=1 j=1

OueBHHO, UTO BeposTHOCTb pj(l, ), KoTOpast NOSIB/IAETCS B NOC/]eN-

HeM BHIPaXKeHWH, PaBHA BePOSITHOCTH Oj{HOaTOMHOro mepexoxa p) (¢),

BHIUHCJCHHOH JAJs j-TO aToMa. DTa BePOATHOCTb JAeTCs PaBEHCT-

BoM (17.1) nmpu n=1 H ry=r;; Mbl GyAeM 3aNHUCHIBATL ee Kak sV ().



Takum o6pasom, cpeRHH# OTCUET paBeH
N
©) =]§1 pit (2). (17.7)

Bgenem nmpoussogsimyto (hyHKIHIO, KOTOPAsi 1acT HaM BO3MOMXHOCTh
pelluTh 331a4y OAHOBPEMEeHHO AJIA HeH3BECTHOrO pacnpeneneHHs oTcye-
TOB ()OTOHOB M ISl e€ro MOMeHTOB. Mbl Morsu OB, KOHEYHO, HaHTH
MOMEHTRHI HEIIOCPENCTBEHHO 06061menHeM cnocoba, KOTOPLIM OO HOJY-
yeno (C), HO HACTOAIMH METOA HMeeT HPEHMYIUIECTBO B TOM, YTO JaeT
HaM BO3MOXHOCTb IOJYYHTb BCE HHTEpeCyIOILHe HAC BeIUYHHbI U3 OJHOH
TOJNBKO (yHKUMH. B KauecTBe NpPOU3BOAALIEH MBI BHIGHpaeM (pyHKLHIO

QA t)=¢((1—1)"), (17.8)
rie C ectb cyMMa ciydafiHEIX NePeMeHHBIX, JaHHas paBeHcTBoM (17.3);
CKOGKH 03HayaloT ycpelHeHHe 1O aHcaMOJI0, a NepeMeHHass A ecTb
NpOCTO NOJE3HbIH Hapamerp.
Ecsiu 3anucath @ Kak CyMMy 10 LeJIbIM 3HAYEHHSAM, KOTOPbIE MOXKET
npunuMath C, 10 GyneM HMeTb c/epylollee pas3sokKeHHe:

N
Q (A, t)=m§0<1 — W)™ p(m, t), (17.9)

rie p (m, t) — BepOATHOCTBb TOTO, YTO CUETYHK 3aperHCTpHPYeT M (hoTo-
HOB 3a BpeMms £. Slcno, uTo ecad pynkuus Q (A, f) H3BeCTHa, TO BepOSIT-
HOCTb p (m, t) MOXHO NOJYYHTH AH(phepPeHIHpPOBaHHEM

pm, =202 T2 Q00 0], (17.10)

TIOCKOJILKY paBeHCTBO (17.9) MOXKHO paccMaTpuBaTh Kak DPasJioKeHHe
Tefinopa an1a dyukuun Q B6ausu A= 1.

Ecau, ¢ npyro#t cropounl, pasmoxuTs Q (A, f) B cTeneHHOH psix
BO/M3u A =0, To GyneM uMeTb

N
AT dn
Q(, H= 20 [WQ(?», t)]h=0. (17.11)
n=0
Ilpousponnbie, KOTOPHIE BCTPEYalOTCs B Pas/OXEeHHH, BHIPAKAOTCH
caeayomuM o6pasom:

n [ d" N Cl ~ _
(=1 [ HmQ t)]x=0—<(—c_n,!>—
= (C(C—1) ... (C—n+1). (17.12)
Cpennue B NpaBoll yacTH 5TOr0 PaBeHCTBA U3BECTHBI KaK (PaKTOPHAJb-

Hble MOMeHTHl. OHH SIBAAIOTCS NPOCTOH MHHEeHHOH KoMOWHalHe#l o6bIu-
HBIX MOMeHTOB (C™) pacnpenejaeHHs 0TcueToB GpoToHOB. M3 sTHX cooTHO-



LIeHHH SICHO, 9TO 3HaHHE NPOU3BORAIEH (YHKIHH JaeT Ham
BO3MOXKHOCTb HalTH H pacnpejesNeHHe BePOSTHOCTH, H €r0 MOMEHTHI.
Teneps HeOOGXONMMO NOKa3aTh, KAK MOXKHO BBIUHC/AHUTbL IPOH3BOAS-
nyilo QYHKIHIO C NOMOMIBbIO BeposiTHocTel ¢ortomorsomenus p™ ().
CHauasa 3ametuM, uto ¢yHKuuo Q (A, f) MOXHO 3amHcaTh Kak

N
DIRE
Qr, )= 2 55(21 vee 2y ) (1-—l)j=1
{zp}

= P ... 1) ﬁ (1— 2y, (17.13)
{7} J=1

[Tocnenniolo GopMyy MOMXKHO YIPOCTHTh, HCHOJB3YH TOXKIECTBO
(1—a)7=1—2z4, (17.14)

KOTOpOE BHIMOJIHACTCA NMOTOMY, YTO Z; MPUHHMAET TOJAbKO 3HaueHHs O
uay 1. Tlocie storo ynpoieHusi. papeHcTBo (17.13) mpuHHMaeTr BHL

Q(A, t)—_—{z}é‘(zi... Zy, b) ﬁi(l—xz,-). (17.15)

Ecqu N-kpaTHOe Npou3BeJeHHe B 3TOM BHIPAXKEHHH DasjOXKUTb B Psill
1O CTENeHAM A, TO NOJMYYHM
N

QM B)= 2 (—A)" Sz e 25,82 - zd), (17.16)

n="0 {zj} n-KpaTHbIE
KoMOUHanum
rie nepsas cymma OepeTcsi IO BceM crocobam BhiGOpa 7 aTOMOB
13 Habopa N.
Eciay MH ONpejesdM Tenepb BePOATHOCTh CJOXKHOIQ A-KPaTHOTO

COGHLITHS, a HMMEHHO BEPOSITHOCTH TOrO, YTO BCE ATOMBI ji ... Jn
TI0JBEpraloTcs nporeccy (OTONOIOMEHHS, KaK
(n) _
Pii...in (t) = {E} Zig e Zjng: (zi e oe Znl)s (17'17)
z
k

TO Mbl CMOXKeM 3allHCaThb MPOH3BOJAALLYI0 (GYHKLHIO B ¢opme

N

QM =2 (=0 X () (17.18)
n=0 n-KpaTHbie
KOMONHEAOUYA

3nech BesJHUHHA p(ff) jn (f) onpeneneHa Kak BepOSITHOCTb TOFO, YTO
KaxKJblil H3 BBIIEJIEHHOrO HaGopa n aToMOB NOIVIOWiaeT (OTOH, He3aBH-
CHMO OT BCeX APYTHX aTOMOB. DTa BEPOSTHOCTD €CTh NPOCTO BhIPAXKEHHE
p™ (#), nanHoe paBercrsoM (17.1) u BhUMCTeHHOE JJIsi BBIACTEHHBIX
aTOMOB ji . . . jp. TakuM 0o6pasoM, Ml 3HaeM BCe WIEHH PaBeHCTBA



(17.18) m mpoGnemMa cBojuTCs NPOCTO K HX cymmHpoBanHi. (Pak-
THYECKH XK€ Mbl COBEPIIHM He CyMMHPOBaHHE [0 aTOMaM, a HHTerpHpo-
Bande 1o o0BeMy.

Tak kak BeposTHOCTH p™ (f) BENHKH TOJBKO IIpH 3HAYEHHAX 1,
ype3BbIYafiHO MaJbiX 1O CpaBHeHHIO ¢ N, TO CYMMH 1O n-KpaTHBIM
KOMOHHALHAM MOXKHO arIl'IpOKCPIMPIpOBaTb Bmpameﬂnem

1
D~ 2 2 2 (17.19)
n-KpaTHHEe j1=1 ja=1 in=t

KoMOuHaUN
Torza cyMMupoOBaHHe [0 OTJEJNbHBIM aTOMaM MOXHO BHITOJHHUTBL Kak
IPOCTPAHCTBEHHOE HHTErpPUpPOBaHHE, [10Jaras, 4YTO YHCJIO aTOMOB
B exuHHIle o6beMa PaBHO O (r):
: N

2

=1

Ilo cymectBy MBI HMeeM Jiesio ¢ nipesiesiom N — co. [loxcraBiss BeposT-
HOCTH, AaHHble paBenctBoM (17.1), B Bripaxkenue (17.18) anas mpowus-
BofAuleH ¢ynkuMH H 1npeobpasys cyMMy nO KOMCHHaUHUsIM aTOMOB
coorBercTBenno (17.19), HaXOJ.IPIM

T Y S T

- S dro(ry) ... . (17.20)

n={ 1o to o6BeM "' ofmem
meTexkTopa meTexTopa
G™(rf, ... oty Thtn ... EE)X
n
x I o (r5) S (t;—t;) dr; dt; dt;. (17.21)
j=t

Uro6bl HEMHOrO COKPaTHTb 5TO BHIPAXEHHE, ONpeleJHM (YHKIHIO
VX', xYy=0(r)8(r'—1")S(¢"—1"), (17.22)

T€ X OJHOBPEMEHHO YKasbiBaeT IoOjoXKenue r u Bpems f. Torzga
BLIpaXKeHHe AJIS NMPOM3BOAAUICH (DYHKUUH CBEAETCH K BHAY

- ——9\,"‘ n, ’, ’ " " '
Q(h, ty=>) LTLS SG()(xl e X K o )X
n=1
x TT V (x5 dox; dexs. (17.23)

Tak Kax 3TO BbIpaXKeHHe CYTb Pa3jiOoKeHHe B CTeNeHHOH paj BOJIH3H
A =0, To daxTOpHaJbHbEIE MOMEHTH AOJIKHBI BHIPAXKAaThCsl B COOTBET-



ctBul ¢ (7.11) u (7.12) ¢opmynoi

Ct ), , ) .
<m>=g P SG()(xl voe Xny Xn oo xl)x

X H V (xx]) dix; dxj, (17.24)
j_

rJle HHTEerpHpoBaHHe MPOBOAWTCA MO o0BeMYy CUYETUHKAa, KOTOPHIH
COJNIEPKHUT aTOMBl, CoBepiaioniie (QOTONOrIOUWEHHEe, U 110 HHTEPBaIy
ppemenn or 0 jo .

ITonesHOCTb NONYYEHHBIX Pe3y/bTATOB NPOLEMOHCTPHPYEM HA TIPH-
Mepe NOJHOCTHIO KOTEPEHTHOrO MOJIA. Jlas Takoro moJis MMeeT MeCTO

(baKTopnsauHH
n

GV (x; ooty w2 =11 GV (G, 1), (17.25)

Tak uTo psAx Aasa Q(A, £) MOXKHO IPOCYMMHPOBATH

_7“( SG(i) (2’5 &)V (x’x”) dda’ ddx”

Qh, t)y=e (17.26)
Opnuako u3 (17.24) Mbl BUAMM, YTO CPeAHHH OTCUET €cTh KaK pas
© =16V, vV xdw ar, (17.27)

TaK 4TO NPOH3BOAAULYI0 (YHKIHIO MOXKHO 3alHcaTbh Kak
Q (M, t)=e—MO0, (17.28)

Hanee, wucnosnbsys paBeHctBo (17.12), mosmyuaeMm ¢akTopuanbHble
MOMEHTDI

€ C!
(€ —n)'/

H HCOOJb3Y#, HakoHel, paBenctBo (17.10), maxonuMm pacnpepeneHHe
BEPOSITHOCTH

— ()", (17.29)

pim, 1)y==" o>, (17.30)

TaxkuM 06pa3oM, Korja noJie MOJHOCTbIO KOrePEHTHO, MBI BCeTa HMeeM
st oTcuetoB pacnpefenenue Ilyaccoua.

Korzia none ne o6najaeT moJiHOH KOT'EPEHTHOCTBIO, MBI MOKeM
HCNO/b30BAaTh KOTEPEHTHBIE COCTOSIHHA KaK 0asic JJad ONHCaHHA
nons. YUTo6bl NpOHJIIOCTPHPOBATh (POPMY CTATHCTHYECKHX pPacyeToB,
MBI HCHO/Mb3yeM P-mpeicTaB/ieHHe [/ oleparopa MJOTHOCTH IIOJS.
MoXHO TakKe HCIOAL30BaTh M Gosee obmee R-npejicrasienue.



B P-mpeacraBnennn ¢ynruusa G™ paercs HHTErpajoM

G (o) = | P (o)) T] 8% (s {a)) x

Jj=1

X H & (%, {ax)) H day. (17.31)

j=n-}+1

Ecnn 310 Bhipaxkenue mnoactaButh B psp (17.23), 1o B pesyabrare
CYMMHDOBAHHSI OH npuobpeTaeT CJENYIOUIYI0 3aMKHYTYIO dopMmy:

Q(h, 1) S P ({az)) €24 [T doau, (17.32)
3

rle
Q ({an)) = S & (¢ ())& (" {ax)) V (¥, ") dx’ dix". (17.33)

Hanee, n3 paBeHctsa (17.12) BuaHO, 4TO (GAaKTOPHANBHLIE MOMEHTHI
paBHbl

<(c Cln): )= S P({as}) Q" ({as)) Hd%h, (17.34)

a us ¢opmyan (17.10) caegyer, uTo pacnpejesiendHe BEPOSITHOCTH
JLaeTcs BhIpaXKeHHEM

p(m, )= P({ay)) T5D ‘Q‘{“k’)nd%k. (17.35)

BeposTHocTh perucrpanu m (DOTOHOB €CThb, 'OUEBHAHO, Pe3YJbTAT
YCpelHEeHH: 10 COOTBETCTBYIOLIMM BePOATHOCTAM AJsi ancamOis pac-
npenenenni Ilyaccona. Her Hy»XJel NOAuepKHBATh, YTO HpoOLiecC ycpel-
HEeHHs SBJISIETCS HE KJACCHYECKHM IpoueccoM H yto QyHKUHS KBasHBe-
POATHOCTH P MOXeT NPHHHUMATb OTPHIATEJNbHbIE 3HAUEHHUS .

B KkauecTBe cienyolell HIMIOCTPALHE NMPHMEHEHHS MeTOJO0B, KOTO-
pbie Mbl ofcyXjaeM, paccMOTpUM OOIIMHA c/ydyaidl XaoTHYeCKH TeHepH-
pyemeix nosiell. OnepaTopel IJIOTHOCTH AJS TAKHX IoJell MOXKHO Npes-
CTaBUTb MOCPEACTBOM rayccoBo# (hyHKIHH

P({ap)) = H L mimlny (17.36)

T{ng)

Torna, nockonbKy yHKIHS £ ecTh KBajpaTHUHAs (HOpMa NePEMeHHbIX
ay, uaTerpan (17.32) ans npousBonsiiell GyHKUHH MOXKHO BBIUHCJHTDH
B 00ILeM BHJIE.

Onnako mnpexne Mbl BBeleM OJHO IoJe3Hoe o0o3HaueHHe, Mol
MOXKeM BBIPa3HTb dyukumio & (x, {0;}) Kax guuelinyio ¢dopmy nepe-



MEHHBIX O C IIOMOWILIO DAa3JIOXKEHHA II0 HODMaJbHbBIM MOJAaM

& (x, {arn))=De(x, k)ay, (17.37)

3

rne gyukuuu e paiotcsi paBeHcTBoM (14.26). Ecam BBectn panee
MaTpULy

Buwr= S et (k) V ('x") e (x"R") dix’ dix”, (17.38)

TO KBajparuuHylo ¢opMy £ MOXHO 3anucaTh Kak

Q{as}) = X al:Bu ape. (17.39)

R’k

IlopcraBasis 3t0 Bhlpaxenue s €2 u rayccoBy ¢opmy gaa P
B paBeHcTBO (17.32), AJs NpOH3BOAAINEH (DYHKUHMH IMOJyuYaeM

Qe 0= § oo { =BG B ebburar} TGS
k

R7h” R

Ecan BBecTn nepemenHnie
L
R P (17.40)
U OlpPeleUTb MATPHLY
My = {(ruer)} '® Bowo {(nian)} 7, (17.41)

TO HHTErpas AJs NMPOH3BOAALIeH (YHKUHM MOXKHO CBECTH K CJelylo-
uedl dopme:

Q0= {. fep { =D pup—2 3 pudtentie } TI52

R'R" k

(17.42)

Tenepr Mbl MOXKEM paccMOTpeTb Habop yHces [, KakK COBOKYII-
HOCTb KOMIIOHEHT KoMIlekcHoro Bektopa f. Torza ecau JOnycTHTb,
yro M npencraBaseT MaTPHIy, KOMIIOHEHTHl KOTODOH JaHbl PaBeH-
crBoM (17.41), TO 3KCHOHEHTY B MOIBIHTEIPAJbLHOM BhIDAXKEHHH
paBeHcTBa (17.42) MOXKHO 3anucaTh Kak NPOHU3BEJEHHE

— Bt (1 +AM)B.

Tak Kak Marpunia M siBiseTcs 3PMHTOBOH, €€ MOXKHO NHArOHAJH30-
BaTh NMyTeM YHHTapHOro npeoGpasopanus BekTopa f. Torzpa, oGosua-
yasg coGCTBeHHble 3HaueHust M uyepe3 off;, a mnpeoOpasOBaHHbIE KOM-
IJIEKCHble KOOPAMHATHL Yepe3 Y;, Mbl MOXKeM CBECTH HHTerpas ajs



Npou3BOAAMIeld (DYHKIIMH K 3JEeMEHTAPHOMY BHALY

Q= § e { =B 00 vt} TS = by

(17.43a)
1

3amernM, uro MaTpuua M JOMKHA OLITE THONOXKHTENBLHO ONpeje-
JIeHHOH, IIOCKOJIbKY KBaJpaTHunas ¢opma £, JaHHAsd paBeHCTBOM
(17.33) nan (17.39), ectp cpelnee uHCI0 (DOTOHOB, HOACUMTAHHBIX
B HEKOTOPOM KorepeHTHoM noje. Taxum o6pasoM, coGCcTBeHHBIE 3HA-
YeHUS of/; IONOKHUTEJIbHBl, M CHHTYJISIPHOCTH NPOM3BOAALIElH (DYHK-
IUM JieXKaT Ha OTPHUIIATENLHOH YacTH HeHCTBUTENTbHOH OCH Iepe-
meHHOH A. IlockosmbKy ¢yHKIMS Q aHAJIWTHYHA B IOJYIJIOCKOCTH
Re A2 >0, Mbl BHIMM, YTO €CJIH Pa3/oXKUTh (YHKIHIO Q B CrereHHble
palel okoao ToukH A =0 HaH A =1, TO 3TH pas3jOKeHHS
B psjbl B JDYTHX TOYKAX MOXKHO BBIUHCJAHTH B MPHHIIHIIE METONOM aHa-
JIHTHYECKOTO IIPOJOIKeHHs. D10 coofpaKenHe MOKas3biBaeT, UTo HCHOJIb-
30BaHHAsi HAMH [poOleAypPa BBIUWUCTEHHS TNPOH3BOASAIEH (YHKIMHA
NOCPENCTBOM €€ pasjoKeHHs B Touke A = ( JeHCTBUTENILHO BEJAET
K €AMHCTBEHHOMY Pe3yJbTaTy LISl pacupenesieHHst BepOATHOCTH.

ITockonpKy Matpuua M umeer, BooGuie roBops, HeolpeneseHHbIH
PaHT, HEMOCPEACTBEHHO BHIUMC/INTDL Bhipawenus (17.43) ueserko. 3ame-
THM, ofHako, uto det (1 + A M) MoxKHO 3anucarb Kak

LL(1+ ety = exp {2 In (1 -+ ott)).

Ipu [A | < (Hmare) ™, THE offyane €CTH HauboJblIee COGCTBEHHOE 3HA-
uyeHne off;, JorapudM B NMoKasaTeje MOXKHO Pa3JIOKHTb B CXONALIHHCS
cTenenHo#t pAj, Toria

det (1 4+AM) = exp {2 (mi—gwﬂﬂ .. )} -

— exp {Sp (xM-,-gmer...)}:

=exp {Sp In (1 + AM)}. (17.44)

Hcnonpsyst 3T0 paBeHCTBO, Mbl MOXEM BBLIPAa3HTb NPOU3BOJSILY IO
(PyHKLHUIO B BUOe

Q (A, t)=e~SpIn(1+AM), (17.45)

18*



Passarag Jiorapucm mo crenessiM A, HMeeM
o0 __A »
Q (A, )= exp {Z (=4 1,} , (17.46)
r=1

rae [, onpeneseHo Kak

I, =Sp{M’}. (17.47)

Ecan Mbl BcnoMHUM onpefesleHHe Martpuubn M, padHoe paBeHCT-
Bamu (17.41) u (17.38), To yBuauMm, uro AJst r=1

¢ ’ ” L ” ’ ”
I = S \ % e*(x'k)e(x"k) (ny)V (x', x")d* d**".

Cymma no k nop uHTerpasowm, corjacso (14.32), ects mpocto GyHK-
IIHS KOpPeJALHH NEePBOro MOpsifKa, HO3TOMY

I, = S S Gy x)V (x'x") d* d*x". (17.48)

CpaBunBast paBeHCTBO (17.46) c paBenctBamu (14.27) n (14.28), Mul
BHIHM, UTO 3TOT WieH (r = 1) HMeeT Ty Xe camylo ¢opMy, UTO H IOKa-
3aTenb NPOM3BOAAIEH (DYHKIMH AJasi caydast NOJHOCTBIO KOT€peHT-
HOTO moJsfA. YTpaTa KOTePEeHTHOCTH B TaycCOBOM cJiyyae OTpaxKeHa
NPUCYTCTBHEM B 3SKCIOHeHTe H00aBOYHOTO ujeHa c¢ r > 2. Hcnonbays
nanee Marpuny M, Mbl MOXeM IOKa3aTb, yTo ofinee BhIpaKeHHe JJIs
[, ecrb IHKJHUECKMEt HHTerpas

r
1,=S T G (x5, %5400 V (x5, %) dix; dix), (17.49)
i=1
B KOTOPOM KOODAHHATY X,1 i HYXHO HHTepPNPETHPOBaTh Kak X,. Jljs
IIMPOKONOJIOCHLIX IeTEKTOPOB onpeneaenus (17.22) u (4.14) no3sogsor
YHOPOCTHTH 3TOT HHTErpasnt:

i i
I=s| S dt; XS [I G (i85, tipitipr)o(rfdr;.  (17.50)
0 0 j i

J

Uto6bl BEIUHCJIATL 3TH HHTETPAJIbl; NPEANOJOXKHM, UTO Halle IoJe
COCTOHT M3 IIJIOCKHX BOJH, MAYUHX B HOJOXHUTENLHOM HaNpaB/JeHHH
OCH Y, TaK 4to (PYHKIHMA KODPeAsAIHH [ePBOro NMOPSAKa AAeTCsA paBeH-
ctBoM (15.1). Ora ¢ynKuMSA, eCTeCTBEHHO, 3aBHCHT TO/JBKO OT KOOP-
anHatel y. [lpumem nanee, wro ofiracTh UyBCTBUTE/NbHOCTH CUETYHKA, .
T. €. ero (oToKaTroja, €cTb OUeHb TOHKHH CJIOf aTOMOB, JeXauMx
B IUIOCKOCTH, NEePNEHIHKYJIAPHOH OCH Yy, T. €. 4T0 (QYHKIHUA o (r)
ecTb 1O cyuecrBy 8-byHkuus roopauuatsl y. IIpH s1HX npennosoxe-
HHSAIX, 4acTO ONpaBABIBAIOLIMXCA HA NPAKTHKe, IPOCTPAHCTBEHHOE HHTe-



rpupoBanue B paBencTBe (17.50) cranoBHTCS TpHBHAJbHBLIM. PYHKIHH
G™ He 3aBHCAT OT IIPOCTPAHCTBEHHLIX KOODAMHAT BO BCeX TOUKaX,
rie GyHKUHSA O (r) OT/IMYHA OT HYJS.

Bpemennrie uuTerpannl B Boipaxennu (17.50) smauntenbHo MeHee
TPHBHAJIbHBI, HO MBI MOXeM OOCYMWTb (GOPMbI, KOTODHIE OHH NPHHH-
MaioT 3a KOPOTKOe€ H NpPOJOoMKHTeNbHOe Bpems. Eciy f MHOrO Menbie
o6paTHO¥ INMPUHLI IOJOCH YACTOT NOJIS H3JIYYeHHs, TO QyHKuuH GV
HpaKTHUecKs He GYAYT H3MeHSThCs Bo BceM uHTepBase ot O Jo £. Has
TaKMX BpeMeH MHTerpan [, HZO/KeH OBIThb OPOCTO MPONOPIHOHAJIEH {'.
Ecny Mbl 3anuieM /; Kaxk @?, rie @ — Ko3GUIHEHT NPOHOPIHOHAN -
HOCTH, TO 3JIEMEHTAPHbIH XapakTep NMPOCTPAHCTBEHHBIX HHTErPHPOBa-
HU# 103BOJISIET IIOKA3aTh, YTO OOMIHH Pe3ysbTaT JOJKeH BhIPaXkaTbCs
B BHIE

I, = (wt). (17.51)

Ecam 3T0T pesysbrar nopcTaBuTh B paBeHcTBO (17.46), TO Mul Hafilem
4TO NPOM3BOAAIIAsA DYHKIUA I MaJblX 3HayeHHuH ¢ ecTb

Q(h f)=exp{—In(l +Acot)}=,T‘m7 . (17.52)

PacnpeneneHye BepoATHOCTH [/ YHC/JAa CUYETOB JAeTCs, COIJIACHO
paserncTBy (17.10), BrpaxeHueM

tm
p(m, t)=(1ﬁv~—;—)m—ﬂ. (17.53)

Pacnpeznenenne nisi KOpoTKHX BpeMeH JlaeTcsd, TAKHM 06PasoM, CTeleH-
HBIM 3aKOHOM, He OTJIHYaloIuMcsi OoT pacmpefenenus I[lmanka. Cpen-
Hee UHCJIO CUETOB €CTb w{f, TAK YTO W SABJSAETCHA IPOCTO CPellHel CKOpo-
CTBIO CYeTa.

Inst BpemeH £, KOTOphle 3HAUHTETHHO IIPEBOCXOAAT OOPATHYIO LIMPH-
HY IOJOCHI YacTOT INOJS H3Jy4YeHHA, TaK¥Ke BO3MOKHO YIPOUICHHE
uHTerpana /,. B 3TOM ciyuae ero 3HayeHHs YYBCTBHTEbHBHI, OLHAKO,
K M3MEHEHHIO CIIeKTPaNbHOTQ pacnpelle/lends SHePruH, 3aKJIOYeHHOH
B noje. IlpuMeM B KauecTBe HpHUMepa, UTO UYACTOTHLIA CIEKTP HMeeT

JIopeHlEeBY opmy

<nh> h@kzza% . (1754)

Bpemennas 3aBHCHMOCTD hYHKIKH KOPPENSIHHE IePBOTO NOPAAKA 1aeTCs
B 3ToM cayyae paBeHcTBoM (15.8). Eciau 3Ty (QYHKIMIO NOJACTaBHTH
B unrerpa’ (17.50), ToO MOXKHO BHAETb, UTO BBHAY LUKJIHYECKOH CTPYK-
TypHl NONBIHTErPAJbHOIO BHIPAXKEHHA Bce HHTerpasinl /. 6yAyT BO3pa-
CTaThb JHHEHHO cO BpeMeHeM npH ¢ > y~!. Mul CHOBa MOXEM OIIpeNe/NUTh
CPEIHIOI0 CKOpPOCTb CueTa w, 3amMchbiBas MHTerpan I, kak wi. Ilocne
3TOr0 HETPYAHO IOKa3aTh, YTO NOMHBLIA HaGop HHTErpatoB I, MOXKHO



3amucarb B BHJe
L (2yw) 1 dN\™1
=52 (—may) 5 (17.55)
opu ¢ >yl .
Mmest oty 3nauenus Ans I,, MOXHO IPOBECTH CYMMHDOBAHHE Dsja
B nokasaTesie B pasencte (17.46). BhimosHsAs ero Jjs npOH3BOASALIEH
(hYHKIUH, HaXOIUM

Q(h, H)—exp{— [(y'+2yeh) 2 —yIt}).  (17.56)

Ecau cxopocth cueTa @ MaJja M0 CPaBHEHMIO C INMPHHOH MOJOCH
. YacroT, T. €. W < Y, TO BbIPa)KeHHe B SKCIOHEHTe MOXHO Da3JIOXKHTh,
1 Mbl HAXOAMM, YTO B HaMHH3IIEM NPHOIHKEHHH POH3BOAALAA QYHK-
¥ CBOAHTCA K 3KCNOHEHTE

Q (A, 1) =e—vt, (17.57)

Sra hyHKuHs, KaK MBI YXKe BUAETH, BefleT K pacnpesenenuto [Iyaccona.
10 pacnpefiesieHte U JOMKHO UMETb MECTO, €CJIH OTCYTCTBYET TeHACH-
uusi s GOTOHOB NpPHOLIBATL KOPPEJHPOBAHHBIMH rPyNNaMHd, a Ajisd
aMIVIMTYAbL Nosist GJIYKTyHPOBaTh CIyyaiHLIM 0GpasoM.

Uto6bel 06CyAHTh pacnpefieleHHe H MOMEHTHI, KOTOpBIE CJAEYIOT H3
npoussofsimeil pyskuun (17.5), 1moae3Ho BBECTH NOCAELOBATENbHOCTH
TIOJTHHOMOB

$o(8)=s1(8) =1,
=141, (17.58)

3 3
ss(B) =143+
6 , 15,15
Nanbeefiline YJeHH NOCJAEJOBATENLHOCTH JalOTCs PEKYPPEHTHOH -
dhopmyJioi
Snrt (B) = ~s'n(§)+<1+%> 5 (E)- (17.59)

DTH IOJHHOMB XODOLIO H3BECTHH B Teopnu Gynkuuil beccess.
Hx MOXKHO TaKKe MOJYYHTb U3 BLIPAXKEHHS

5, (5) =8 (%)"2Kn_1/2(§), (17.60)

rpe Kn_1, ecTb BupousmenenHad ¢yskuus XaHKess HOJYIeNOro
nopsjka.

Ec/ii Mbl Pa3JIOKHM Tenepb nPou3sojsiLylo gpyukuuo (17.56) B cre-
NeHHO AN OKONO TOUKH A = | U ONpefiesHM ero KO3(pHIHEeHTHI,



TO HaHJeM, UTO BEPOATHOCTb NOJNYUEHHS OTCYEeTa /11 38 BPEMA ! ecTb

p(m, )= %)msm(rt)e—wv)t, (17.61)
rge
T = (y2 -+ 2wy)'"2. ' (17.62)

Pacnpegenenne (17.61) umeer To Xe camoe cpejfHee 3HAYEHHe W,
4TO W pacnpelenende IlyaccoHa, koTopoe cileayeT u3 IpousBoislie
¢dyukuun (17.57). OxHako nucnepcHsi Bcerja MHoro GoJiblle, YeM B pac-
npenenaenun Ilyaccona Beumy agibexra cuemnennst GoTOHOB.

Pasnoxenne nponssonsiinelt dyuruny (17.56) B crenenuoit psix BOJIH-
31 TOYKH A = 0 uUMeeT BHI

o0 ——}b n
Q=3 % (yoy. (17.63)
n=0
Orciofa 3akmouaeM, uTo (GaKTOPUANbHBIE MOMEHTH! PaclpeeeHUs
(17.61) natorcs (popMyJIoﬁ
/ C!
{ n),/_(wt)"sn(yt)_w(c-—1) . A(C—n-1)). (17.64)

Ina pacnpenenennst Ilyaccona stH MomeHnth GynyT mpocto (wi)”.
[To dopmyae (17.64) nepBbie nBa MOMeHTa PaBHBI

(C)=wit, (17.65)
€ (C—1)=(uty (1+;) (17.66)
) - .
Iucnepensi yucsa cueToB €CTh, TaKUM 0GpasoM,
(€ —(C)2=(C) {1 +<C> . (17.67)

Unen (C)?/yt ecTb JONOJHEHHE K JHCIEDCHH, BLISBAHHOE TEM, UYTO
BpeMeHa NPHOLITHS (POTOHOB HE SIBJSIOTCS CTATHCTHYECKH HE3aBHCH-
MBIMH OHO OT IpPYroro.



