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YIK 539.12

IMpo6reMa »MeMeHTapHLIX YACTHI OTHOCHTCH K YHCJAY HauGojee
aK1yaJbHLIX B cospemeHnoll ¢uanke. 3T1a 061acTL GH3UKH passl-
BaeTCs B HacToslllee BpeMst OcOGeHHO HHTEHCHBHO, HMEHHO 3/eCh
AeJaI0TCA BCe HOBBIC W HOBBIE OTKPBITHS.

Hacrosuias KkHura HanHcaHa H3BeCTHBIM (H3UKOM-TEOPETHKOM
K. HumHIKMMOA HA  OCHOBE JEKIHOHHOTO Kypca AJst CTYAEHTOB
Hannunoiicekoro ynusepcurera (CIHA).

B 3710fi KHHre cuUCTEMaTHUECKH H3JO0MKEHB COBPCMEHHBIE METOMbl
TEOPEeTHUECKOTO ONHUCABUSE CBOHCTB 3JMeMeHTapHBIX 4YacTHI B dopMe
JIOCTATOYHO MPOCTOH, uTOObI HE TOMbKG YACHUTH (H3HUECKHE NpPHH-
ILMNB H OCBOMTb MaTeMaTHyeckHil anmapaT, HO M HAYUHTbCH NpHMeE-
HATB Ero.

Hopefinine poctumenys, cBa3aHHbie ¢ HCTNOJb30BAHHEM H DasBH-
THeM KIell YHHTAPHOH CUMMETPHH, KPaTKO OCBEILEHH B NPEIACIOBHH
penakropa nepeBoda u B ofzopHom gokiage A, Canama «Cummet-
PHS CHJBHBIX B3auMojeficTBHil» Ha MexayHapoaHol KoHdepeHUnH
no dusnke BhiCOKHX sHepruit 5 JyGHe e aprycte 1964 r., koTopbii
iIoMelleH B kOHIE KHHMFH B KauyecTBe NONCJHEHHS.

KHHra paccyHTaHa Ha WIHPOKHH KPVF (DH3UKOB H MAaTeMAaTHKOB,
HHTepecyioluxcst npobaenroll ajJeMEHTAPHBIX YacTHI, U MOMKET cCay-
KHUTb MOCOOHEM NJIS ACMHPAHTOB M CTYJAEHTOB CTaplUHX KYPCOB, Ciie-
LHAJH3UPYIOLWHXCA B 06JacT QH3MKH 3JdeMEHTAPHBIX YACTHIL H AAED-
HOH GH3HKH,

Pedakyus aureparypet no uguxe



OT PENAKTOPA NMEPEBOIA

[TpeanaraeMas COBETCKOMY YHTATeNI0 KHMTA H3BECTHOTO aMe-
puKalickoro ¢usnka-reopernka K. Hummjoxkumbl npeacrabfiser co- .
Gofi nepepaGoTanHbll ¥ paclUpPeHHBIl KYpC JeKIHH, NpouHTaHHBIA
apTopoM B HiiuHolicckom yHuepcutere B 1961/62 r. mis cryneH-
TOB CTAPIUIHX KYPCOB W ACIHPAHTOB.

HuwugkuMa MHOTO U MJIOLOTBOpHO pabortan B obuactu ¢u-
3MKI 3JeMeHTapHbiXx vactull, C ero uMeHeM CBsi3aHO OTKPRITHE HO-
BOTO KBalTOBOT'O UHCJ4 — CTPAHHOCTH, DTO OTKPHITHE H OCHOBaH-
Hasi HAa HEM CHCTeMaTHKa sJeMeHTapHbX yactull [ean-Manna —
HuwuIKuMe O3HAMEHOBAJM HOBBLIH 3aMeuaTelbHbIt 3Tam pasBu-
Tus 3ToN o6nactu ¢usuku. Dosbmiofl Bkaaj BHec Huwimaxuma B
pa3BdTHe TeOopPHH CAabGbIX B3aMMOJEHCTBHH, B YAaCTHOCTH €ro pa-
GOTHl 10 TEODHUH YETHIPEXKOMIIOHEHTHOTQ HEHTPUHO BO MHOTNM
cnoco6eTBOBani Gosee rayGoOKOMY IMOHHMAHHIO CBOICTB 3TOH YIH-
BHTEJbHOH 4YaCTHIHL. -

B sT0fl KHUre aBTOp CTaBHJ nepef coboll [Be 3azaud: BO-Nep-
BBIX, NOKa3aTh UYUTATENI0, KaK B 006JacTH (PU3HKH 3JeMeHTapHHIX
YacTHI{ B MPOLECce HCTOPHUECKOTO Pa3BHTHHA APOUCXOAHNO B3aAHUM-
HOe oforaienue TEOPHH M SKCNepHMEeHTa, H, BO-BTOphbIX, O3HAKO-
MUTb uMTaTeJsl ¢ pPacueTHBIM AannapaToM TEeOpHU U HAaY4YUThb €ro
noJaL30BaThCA 3TUM annapartoM. XOTS AaBTOP OPUEHTHpoBAJCH 1ia
yliTaTeNst, B OOLIMX ueprax 3HAKOMOIO C OCHOBAMH TEODHUH I0J,
(paxrruecku BOJbINYIO YAaCTb U3JI0XKEHHOIO Matepuasa MOMKHO MO-
HATL B 0e3 3Hauusi Teopuw nojs. Kak Ham kaxercs, aBTOpy yAa-
JOCh yCMelWHo COPaBAThCS C NOCTABJAECHHBIMH 3ajayaMd. DTOMY
B HeMaJOfl CTereHd cnocoGeTBOBAIM THIATENbHBIA 0T60p MaTepuafia
M TO He3aypsiiHOe I€1arornyeckoe MacrepcrBo, ¢ Kotopbhim Hu-
IInkuMa wusfaraer cBoii kypc. IIpy 3TOM OH yacTo noJb3yercs
IBPHCTHYECKHMH COOOPAXKEHUSIMH 1 HarIAJHBIMH (H3HYECKUMH
paccyxaenuamu, Korjga Aelo Kacaercss HeKOTOpPHIX o6Imux Bomnpo-
COB TeOpuy, CTPOroe H3JOXKeHHe KOTOPBIX NPembsBJASA0 OBl CaAULL-
KOM cepnwe3dble TpefoBaHUS K YPOBHIO [OATOTOBKH YUTATENSl H
HerlomepHo yBeauuuBaao Obl 0O6beM KHurh. C APYrod CTOpPOHHI, B
KHATe yMeerTcss TOAPOGHHIA BBIBOJA GOJBIIMHCTBA pPe3yJbTATOB,
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NPEeACTaBJSIOIIHX HElOCPeACTBEHHBIH NpaKTUyecKuil UHTepec ¢ TOY-
KU 3peHHUst TTPUITOXKEHHH.

[Tocne okonuaHusi aBTOPCKOM paboTHl Haj KHUrofl s o6JacTu
3J1eMeHTApPHLIX YacTHU OblJI0 CAEN8HO HECKOJNBKO (yHIaMeHTasb-
HbIX OTKpPHITHN. MbI XOTHM 31ech yKasaTb XOTsl Ohl ABa U3 HUX. ITO,
BO-TIePBHIX, OMBITHI MO pacrnaly HedTpadbHbiXx K-Me30HOB, B pe3yJib-
TaTe KOTOPHIX Y[AaJ0Ch A0Ka3aTh, yToO HAPSAY C XOPOINO H3BECTHbIM

0 o
TPeXNHOHHBLIM pacnajgom K-Me30H MOxeT pacnagartbes (¢ MaJjoi

BEPOATHOCTLIO) M HA ABa n-Me30Ha [1, 2], u, BO-BTOpbIX, SKCIEPHMEH-
TAJAbHOE OTKpbiTHe Q7 -uacTuunl [3], cBoiicTBAa KOTOpOH, KakK oKasa-
JIOCh, TONHOCTBIO COOTBETCTBYIOT NPENCKA3aHUSAM TEOpHH YHHTapHOH
CHUMMETpPHH 3JIeMeHTapHBIX yacTun [4, 5].

[TepBoe u3 Hux O3Hayaer, YTO KOMOHHHUPOBAHHAS UYETHOCTDb
(CP-npecGpazoBanue) MoxeT u He coxpanatbes. Cefiuac TpyaHo
npeickasaTh, K KAKHM CJAeJCTBUAM MPUBE/ET 3TO OTKPbITHE B AaJbL-
HefimeM. Bo BeAKOM caydae, mocje OTKPHITHS HECOXpaHeHHs Yet-
HOCTH ellle pa3 NpHUAETCS BepPHYTbCH K BOMpocy O npoGieMe CHM-
MEeTpUH MeXy IPaBbIM H JIEBBIM, TOCKOJABKY 3TOT pe3yJbTaT OYyXeT
IpOTHBOPEUYHTL KOMGHHMPOBAHHOA YeTHOCTH, T. €. rumorese Jlu—
fAura u Jlangay, nodyyeHHoRl MMU Ha OCHOBE aHAJHM3A IBYXKOMIIO-
HEHTHOTO YypaBHeHus HedATpuno (cM. [6]).

HesaBucuMo OT 3THX 3KCMEPUMEHTOB HaMu ObLIM BLICKA3aHbI
KPUTHYECKHE 3aMeyaHus 1O BOMPOCY 00 MHBAPUAHTHOCTH YpaBHe-
HUf HeATPUHO OTHOCHTENbHO KOMOGHHHMpOBaHHoO# uHBepcuu [7]. Ecau
[J1 OTIUCAHMsI HEHTPHHO HCHOJIb30BATH YETHIPEXKOMIOHEHTHYIO TEeO-
PHIO ¥ MPeANoNOXHTh, YTO Macca MOKOS HEeHTPUHO paBHA HYJIO, Ta
MOXKHO C(POPMYJHUPOBATb TEOPUIO TAKUM 06pPa30M, UTO BMECTO KOM-
OGMHMPOBAHHON UHBEPCHH, KOTOPAS MOXET M HE COXPaHSIThCH, BOJ-
HOBBIe YpaBHeHMs OyAYT MHBapUaHTHBH OTHOcHTedbHO CT-npeobpa-
30BaHuf, a Takxke P-npeo6pasoBaHus, UTo He GVaeT NPOTHBOPEUHTD
reopeme Jlionepca — [laynmu (CPT-uuBapuantHocTs) [8].

B 370l cBA3M cieqyeT o6paTuTb BHHMaHHE TAKXKe HA THIOTE3Y
. Viranenko u 1. ®. Kyparenaunse [9, 10], ykasaBunx, uto pac-
wupeHne BceneHHOR BbigensieT onpeneneHHOe HANpaBJeHUE Bpeme-
HU U TEM CAMBIM, BO3MOXHO, IPHBOAUT K HECOXPaHEHHIO BpeMeHHO!
M BMECTe ¢ Tem KOMGHHUDOBAHHOW YeTHOCTH. BuusiHMe 3THX oueHb
c1a6bIX, HATJISLHO TOBOPH, «KOCMOJOTHUCCKHUX CHJI» MOXET Mpo-
SIBUTBCS B YKa3aHHBIX aHOMAaJbHHX pacrnagax K3-Mesonos. C Apy-
roil croponsl, JIu, Ka66u6o u Bepuereitn [11] npeanonoskuiu nami-
yye HEKOTOPOTO HOBOTO MO/, AEHACTBYIOLIEr0 CO CTOPOHBI Hallel
Tanaktnku no-pasiomy na K°- u K°-Mesonbl. T'anaktuka obaapgaer
OrpOMHBIM GapuOHHbIM uucaoM ~ 10% u nostomy Goablumm ru-
nep3apsiioM; ¢ APYrofl CTOPOHB, CTPAHHOCTH W THnep3apsiasl KO-
H K°-Me30HOB pasnuualotcss 3Hakamu. [IOCKO/IBKY, OmHAKO, cJje-
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1yeT Yue€CTb TaKXe BAUAHHE APYTHX (IpUTOM pasderalouinxcs)
rajlakTHK, TO 3Ta HAed okaspiBaerca GJM3KOH K TOJABKO YTO YyKa-
3aHHON KOCMOJIOrHUecKOol TOUYKe 3peHud.

Bropoe — OTKpHITHE Q7-44CTUUH — CBA3aHO C HOCIEJHUMH JI0-
CTHXEHUAMU B OOJACTH CHUCTEMATHKH 3JEMEHTAPHBIX uacTHU. Xo-
pOLIO M3BECTHO, UTO (PU3HYECKHE BAKOHBI COXpAHEHHS MOXHO pac-
CcMAaTPHUBATb KaK CAEACTBHE HHBAPUAHTHOCTH TEOPHU 1O OTHOLIEHHIO
K TOH umau HHOH rpynne npeoGpasoBanuil. [losTomMy BnoJHe ecre-
CTBEHHO, 4TO nocje OTKpurTHA [emn-MauuoM u Hummmxumoi 3a-
KOHA COXPAHEHHS CTPAHHOCTH CTaJdd TNPEANIPHHUMATBHCA NONBITKH
pacLIUPHTb I'PYNNY H30TORHYECKOrO CIHMHA C 1eM, YTOObl BKJAIOUHMTD
CTPanHOCTb B anmapart teopuu. B mociegnee Bpems Takue NOMbIT-
KH HAKOHeIll YBEHUa/JHChb HeCOMHeHHbIM yclexom. Heeman [4] u He-
3aBucuMo [enn-MadH [B] npeasoxmiy MOJenb VHHUTApHOH cHMMe-
TpuM JEMEHTapPHHIX YacTHL, COIVIACHO KOTOPOH COXpaHeHHe CTpaH-
HOCTH (TO4YHee, TFuMep3apsia. NpescTaBJfAiONlero caboit cymMmy
CTpaHHOCTH H GapHOHHOTQ YHcaa) chaeiyeT cBsizaTh ¢ rpynmoil SUs.
dra rpynna cocTOMT H3 BCeX YHMTAPHBIX M YHUMOAYJSIPHHIX Tpe-
o6pa3oBaHuii B TpPeXMEepHOM KOMIJIEKCHOM npocrpanctBe, MHdu-
HUTH3eMaJbHble oneparopbl rpynnbl SU; usoMopdHbB 3PMHUTOBHIM
3X3-marpullaMm cO cJael0M, DaBHBIM HYJIIO, N03TOMY asnrebpa 3TOH
TPYNIBl COMEPMKHUT BOCEMb 3JEMEHTOB, /BA H3 KOTOPbIX KOMMYTH-
pyloT Mexay cofoil (pauT rpynnbl paBeH ABYM) W MX MOXHO CONO-
CTaBUTb TPeTbell KOMIIOHeHTe H3ocnuHa [3 u runepsapsaay Y. Jdasb-
Hefiline cemenuss o rpynne SU; u 06 ocoBGeHHOCTHX cBs3aHHOH ¢
Hefl TeH30pPHON aareGpbl yuTaTedb CMOXET HaHTH, HanmpuMep, B
o63ope A. A. Cmopomunckoro [12]. Oas Hac Xe 3gech CYUIECTBEHHO,
YTO B paMKaxX YHHUTApHOA MoJeny BOJHOBhE (PYHKIHM 3JeMeHTap-
HBHIX YaCTHIl, 00/MagaloUMX OJHHAKOBHIMH CHMHAMM H UETHOCTSIMH,
HO pasiuyalouldecs H30COHHAMU M THIEP3apsAgaMH, HOJKHBL IIpe-
06pa30BbIBAaTLCA 10 HENPOBOAUMBIM NpejacTaBienusMm rpynnbl SUs.
B coorserctBuu ¢ 3THM TpeGoBaHHMeM OOJBIIMHCTBO M3BECTHHIX B
HACTOslllee BpeMs YaCTHI[ M PE30HAHCOB (PE30HOHOB) OKa3asioch
BO3MOMKHHM paclpefe/NuTh MEXAY TPEMSA OKTEeTaMU ([Ba Me30HHHIX
H OfluH 6AapUOHHBINA) H OMHUM JIeKallJeTOM, B KOTODBIH HApAay ¢ Je-
BATbIO GapUOHHBIMH pe30HAHCAMH BXOAUT i 3HaAMeHuTas Q-4acTu:
ua (/=0, Y=—2, J=3/,, uerHocThb nojsoxurenbna, M=1672 Mas).

Ecnu 6Bl yHHTapHAast cHMMeTpus BBINOJHSJAACH CTPOrO, BCe 4a-
CTHLBI, BXOASIUIME B NAHHBIA CBEpXMYyJbTHIJET, o6naganu Obl OfU-
HakoBbiMu Maccamu. OnHAaKo HAa caMOM Jele HMeeT MecTo Hapy-
wenne SUs-cummerpun. PaccMarpuBasi 5TO HApYIHEHHE B KauyecTBe
MaJioro BO3MYLIEHHS, MOXKHO pacCYHTATb pacnpemesNieHHe YacTHL
Mo mMaccaM BHYTPH [NAaHHOTO CBEpXMYJbTHIIETA, Hanogobue Toro,
Kak B OGblYHON KBAHTOBOH MeXaHHKE pACCUMTBHIBAETCS pacuienJe-
HHe arOMHBIX YypoBHe#l BO BHelwiHem nose. Omun u3 naubosee
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Opa3UTENbHBIX YCIIEXOB YHHTAPHOII MOAENH COCTONT B TOM, YTO OJTY-
yeHHble TAKHM OGpAa30OM COOTHOLIEHHS MEXIYy MacCaMy 4acCTHl OKa-
3a/Kch B OUeHb XOPOLIEM COIVIACHHM C AaHHBIMU 3KCTlepHMenTa (174
GapHOHHbIX MYJbTUIIETOB pasauyue ue npeswiwaer 0,5%, aas Me-
30HHBIX OKTETOB COIVIACHE HECKOJBKO XYyMe — C TOYHOCTbIo 10 5% ).

Cnenyer, 0lHAKO, OTMETHTb, YTO B TEOPUH YHHTAPHOH CHMMe-
TpHH MMEETCs CYIIECTBEHHAss TDYAHOCThb, MOCKOJbKY B NpPHPOLE,
No-BUAHMOMY, He CYLIECTBYET 4aCTHL, KOTOpble MOXHO Obilj0 Gbl CO-
MOCTAaBUTb ITIPEACTABICHHIO MHHUMAaAbHON pa3MepHOCTH (TpeXKoMm-
noHentHbi cnunop) rpynnst SU;. Ecau, caeays Tean-Manny [13] u
Ligeiiry [14], Bce e NpeanosoXuTb CyLIECTBOBAHHE TAKMX YACTHIL,
TO QKa3bLiBaeTcd HX AOMKHO ObiTh Tpu !). JlAs HUX HCHOJB3YIOTCSA
o6o3Hauenusn: p*, n*, A¥*. DTH yacTHUbl T0/KHB 061aAaTh HEOObIUHBI-
MH XapaKTepUCTHKaMHU, KOTODble IPUBOAATCS B caedyomieii Tabanme:

‘ I, ’ Y ' a=1, +—; Y
p* 1/2 1/3 2/3
n* —1/2 1/3 —1/3
A 0 —9/3 —1/3

He TpyaHo 3aMeTuTb, YTO 3TH 4YacTHLUH (HX Ha3bIBAIOT KBap-
Kamu) MNpeacTaBasioT coboil «CABHHYTHI®» Ha —!/5 tpunaer Ca-
katel (p, n, A). [lepBble mONMHITKY OGHApYXHTb KBApKu 3IKClepu-
MEHTaJbHO NpUBEJ]H K OTPULATENbHBIM pe3yabTaTam. IlpeanpuHn-
MaloTcsl TakXKe NonbiTKM 0GOHTHch Ge3 BBeAeHUs ApoGHOTO 3apsiaa
LJ KBAPKOB, MJf 4Yero IMpeNJOKEeHO BBECTH HOBOE KBAHTOBOE
ypcio C, KOTOpoe [O/KHO XapaKTepH30BAThb COXPAHSIOILYIOCH Be-
1HunHy — «ouapoBanues ?). Torma, o6obuwas dopmyay Tenn-Man-
ia — HuwmaKuMbl Ha THIOTETHUECKHe KBapKH (4% Kotophix C pas-
HO | min —2), MOXKHO 3anucaTh AJsl 3JEKTPHYECKOTO 3apsiia KBap-
KOB BLIpaXKeHue

1 1
9=5L+35Y + 5C,

U3 KOTOPOro cleiyer, yTo 3apsif Aast 3agaHHbiX [; U Y ocraercs
‘LEJBIM.

B cBsi3n ¢ HOBBIM KBAHTOBBIM YHCJIOM BHHMAHHE TEOPETHKOB Ha-
YHHAIOT MPHUBJEKATh APYrue TPYIIb, paur KOTOpbx 6Goabmie 2, 8
‘ocobennoctu rpynna SUs, nossosaiomas yuecTb eme CIUHOBHE
cBoiictBa yacTuil. JIpuBenyT /g mApeanpuHUMAEeMble B 5TOM Hanpa-

1) Unu, ec!n yyecTb COOTBETCTBYIOUIHE HUM aHTHYaCTHUbL, — LICCTh,
2) O6GoanaueHue C M TePMHH <«OYaPOBAHHE» NPOUCXOAAT OT Ha3pahus charm,
npenJioxkenHoro CajaaMOM JJisi HOBOTO KBAHTOBOrO 4ucJa.
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I
puicliil yCUIHA K HOBBIM YCriexam, cefiyac CyauTh elle pano; uto
;e Kacaercsi MOfefH YHATAPHOH CHMMETDHHM, TO oHa yxe ceiiuac
januMaeT 3aMETHOe MECTO B apceHalse (PM3HKOB-TEOPETHKOB, pa-
GoTalowlnX B OGJACTH CHCTEMATHKH 3JIEMEHTApPHBIX YaCTHIL.
CneayeT TakKe 3aMeTHTb, 4TO Pa3BUBaeMble HOBble TEODHH CH-
creMaTHKH 3J1eMeHTapHbIX YacTHIl OTHOCATCHA K CHJbHO B3auMOojeil-
CTBYIOUIHM UaCTHUAM H TIOKA YTO OCTABJSIOT B CTOPOHE CHCTeMa-
THKY JENTOHOB (JEKTPOHOB, MIO-ME€30HOB, HEfITPUHO H (OTOHOB).
VKaszauuble HOBHE HCCIAEeJOBAHUSA B HACTOfllee BpeMs eule Aa-
gexyd or 3apepivenus. OgHako, ytToOBl YUTATE b MOT NOJYYHTH O HHX
npeacTaBiciine, Mbl HAULIH LeNee006pPa3HBIM BKAIOUHTD B PYCCKOE
w3jaHne B KauecTBe MPHJIOKeHus 06G30pHBIA goknaax A. Canama
«CHMMeTpHsi CHJIBHBIX . B3aUMO1eHCTBHMY Ha MexXnyHaponHo#l KOH-
qeperiun 10 Gu3nke BbICOKHX 3Hepruit B [ly6ue (asrycr 1964 r.).
Kunra K. HumlMZXKuMbBl MOXeT CAYXKHTb yyeGHBIM mocobueM
IS CTYLEeHTOB (DU3UKOB, CMEeMaNU3UpYIOUHUXCcst B objactd smep-
joil PU3MKH H 3JeMeHTapHBIX uyaCTUl; OHA OYyIeT TakXke HoJe3Ha
HaynHaoWpM (U3UKAM-TEOPETHKAM H 3KCIepUMEHTaTopaMm, Oco-
Bentio paboralomuM B 061acTH (DU3UKH yacTHU GOJbLIMX HEPTHIL
OrMetuMm B 3akjaloueHHe, uto npod. Hummpgxuma npoasumn
6oJbINONH HIITEPEC K PYCCKOMY U3IAHUI0 CBOEH KHHIHU, Hamucald K
neMy NpeaNCJaOBHE M CAeJas psAi HONpaBOK B GopMyJax M B Tek-
cTe, 38 YTO MH CUHTAe€M CBOUM IPHUSTHBIM [OJIOM BLIPA3HTHL €My
GnaroaapiocTb.
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NPEAUCIOBHUE ABTOPA
K PYCCKOMY U3JAHHIO

Bo Bpems nawefl BcTpeun Ha Mex/AyHapoaHo# KoH(epeHHun no
¢dusuke BbicOKMX 3Hepru#l B [yGHe npodeccop Mockosckora rocy-
gapcreeHHoro yHuepcutera A, A. COkO/M0B JMi06e3HO NpeavoxH
MHe HamucaTh MPeJUCTOBHE K PYCCKOMY H3JaHMIO MoeH KHHUTH
«PyHaaMeHTadbHble YaCTHIBI», H S C OTPOMHBIM Y/OBOJbLCTBHEM
NOJIb3YIOCh NPeNOCTaBJICHHON MHe BO3MOXHOCTbIO. [Ina mMeHs Goab-
IIASl 4eCTh, UTO MOS CKPOMHAS KHHTA BEIXOJHT B PYCCKOM MEPeBOJE
H CMOXeT OKa3aThCsi MOJE3HON MOMM PYCCKHM KOJJeram,

Beungy O6rwlcTpOTrOo nporpecca paccmarpuBaemoi obsaactd  ¢u-
3UKH, MO-BHAMMOMY, HeH30eXKHO, yTO NOJOGHBIN yueOHHK OKaxercs
yCTapeBUIMM 4Yepe3 HeCKOJbKO JeT. [JeflcTBUTeNbHO, KAaK 9 W npel-
BUjIEN, MPUMEPHO uepe3 [0 INOCAe BbIXOJAa B CBET aHIVIHIACKOTO
H3[aHHs f MOYYBCTBOBAJ HEOOXOAUMOCTb BHECTH B KHHTY DS H3-
MeHeHuH u g100aBuThb Koe-uto HOBoe. OgHAKO § He Gyay mbiTaThCs
BBIIOJHUTE 3TY HENOCHJBHYIO 3ajauy B pycckom maganun. [loaro-
TaB/IMBAas PYKOMHCb KHHUTH, 9 cTapasjcd oTobpaTb TONBKO TOT MaTe-
puaJji, KoTopblil Obl AOCTATOYHO XOPOLIO YCTAHOBJIEH, TAK YTO MOMXKHO
610 paccuMThIBaTh, 4TO B Oyayllem OH He NPETEPHHT CYHIECTBeH-
HBIX U3MEHEHUH, NI03TOMY 1 HAJEI0Ch, YTO 3TA KHHra el(e CMOXKeT
0Ka3aThCsl MOJIE3HOH B KauecTBe OCHOBBHI JJISi MOHMMAaHHUS TEKYIUIHX
BOMpPOCOB (M3HKH 3/1eMEHTADHBIX YACTHIL.

K. HHITH )KHMA

Ypbana, Harunoiie
Centabpe 1964 e,



NPEOUCIHOBHE

B ocHoBy 3TOfi KHWTH NOJOMXEHbl JMeKIHH N0 (QH3HKe 3JeMeH-
TapHbIX UYACTHU, YUTaHIbBe MHOIO B TeYeHHEe OCEHHErd CeMecTpa
1961/62 yuebuoro roga B Haaunoficckom yHuBepcntete. Kpome
TOro, f BBEJ] HEKOTOpble A00aB/eHUs, MUMEIOUIHE IHesbl0 OTPa3UThL
joBefilmye AOCTHXeHHUS B 3ToH o6Jsactu. OcHOBHAst UeNb KHHIH —
03HAKOMUTb CTYJEHTOB HCTOPHYECKH NOC/AeZOBATEIbHO C Pa3BUTHEM
(GU3MKK 37eMEHTapHBIX YacTHll, MOKa3aB, KaK NYTEM NPOBEPKH 3KC-
nepHMEHTOM TIPOHCXOJMJO CTaHOBJeHUe Teopun. PaGoras HaaKuu-
roH, & Npeanosaras y YuTaTe/ss 3HaHHE OCHOB TeOpUH Moas, mo-
CKOJIbKY 3Ta Teopust SBJASETCS eJUHCTBEHHBIM AJE€KBATHBIM S3BIKOM
/8 OMHCaHus CBOHCTB 3JeMeHTAPHHIX yacTul. TeM He MeHee s Ha-
jetoch, uto GOMbIIAS 4ACTb MaTepuaJa, U3JOKeHHOro B KHHIeE, HC-
KJTI0Yas BTOPYIO MOJOBHHY aBbl 4 u ry1aBy b, Oyner NMoHsTHA u 6e3
aToro. 1 He cTpeMuJsICs NPEANOCaaTh OCHOBHOMY H3/O0XKEHHIO KaKoe-
nu60 BBeJeHHE B TEOpHIO 1oJd, U60 MO 3TOMY INpeaMeTy cYHIecT-
BYIOT MHOTOYMCJ/IEHHble poctynHble yueGuuku., OIHAKO A yaenul
ocofoe BHUMaHHE MOAPOOHOMY H3JMQXKEHHIO pAacueToB, HeTadu
KOTOpPBIX B  OpDUFMHAJbHBIX  HCC/IENOBAHHAX HEPEJKO Ony-
-CKalorcsl.

B raaBe 1 s cTpemmiics pats 0630p paGotThl, MPOBEAEHHON MHO-
HepaMu Me30HHON (M3UKH N0 NPENCKAa3aHUI0 CBOACTB ME30HOB Ha
OCHOBE M3BECTHbIX B TO BPeM$l CBOHCTB Si/e€pPHBIX CUJ, & TAKXKE pac-
CKa3aTb O NYTH, KOTOPbIfi NPUBEJ JKCHEPHMEHTATOPOB K OTKPHITUIO
NMH-Me30HOB H MIO-ME30HOB B KOCMUYeCKHX Jayyax. Koraa B nafopa-
TOPUSIX TNOSIBMJIMCh HCKYCCTBEHHO CO3JaHHble NH-MEe30HB (HAYHMHAs
C 3TOr0 MOMeHTa, Mbl GyjeM Bcerfa Has3biBaTh MX NHOHAMH), 3KCIe-
pumenT npenomans (PU3HKAM-TEOPETUKAM [OPbKUIl YPOK, HIpPOIEMOH-
CTPUPOBAB (ecnose3HOCTb COMOCTABAEHUSA INPEACKA3AHHUA TEOPHU
BO3MYIEHHUA C 3IKCIePUMEHTANbHBIMH HaHHBIMH. TeopeTuku ckKopo
O0CO3HaNH BaXXHOCTb COOOpaKeHHH, He OMUPAIOIUXCA TOJNBKO HA Te
WM HHble yacTHble NpubauxeHus. Ilepen amuom 3Toft Heo6xomu-
MOCTH OHH OOpaTH/MCh K HM3YYEHHIO PA3JHUHBIX [PUHIUUIIOB HHBA-
PHAHTHOCTH, NPHMEHHB WX 3aTeM K OnpefeneHuto TpaHchopma-
IIMOHHBIX CBOHCTB NHOHOB, ueMYy MOCBAWIEHA TJiaBa 2. DTH IpUH-
UHNBL  HHBapuaHTHOCTH OblIM NepecMOTPeHbl elle pas Mnosxke
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B CBfI3H C OTKPHITHEM HECOXPAaHEHHS YeTHOCTH B CJ1abLIX B3aHMO-
JefcTBUAX.

B u3BecTHOM Mepe He3aBHCUMO OT Pa3BUTHSI NMHOHHOH (H3UKH
¢$U3MKU-a1epIUMKH, paboTaBmue B O6GJIACTH HH3KHX 3IHEPTUH, 3KI-
NePHMEHTAJBHO YCT2HOBHJIHM OMpeLeJeHHYI0 CHMMETPHIO MeXAY
IPOTOHOM M HeATPOHOM H cQOPMYJIUPOBAAM NPHHIUHI 3apsi0BOW
cuMMeTpHH. B paJsbHefilieM B CBA3H C HCTONKOBaHMEM MYJbTH-
IJIETHON CTPYKTYDPHI CNEeKTPa JIETKUX sigep 3TOT MPHHLUMI TpeTepr
obobuleHue, CTaB NPHHLHIOM 3apSI0BOH He3aBHCHMOCTH, YCTaHO-
BJEHHDbI CHayasa B fAAepPHOH (Qu3uKe HU3KUX Hepruil, ox GBLI 3a-
TeM YyHacjdegomaH (u3HKoll nuoHos. [locsepyioiline 3KcnepuMeHTs
MOATBEpPANIH, UTO TPHHIUN 3aps/A0BOM HE3aBHCHMOCTH Je€fCTBU-
TeJbHO cobaI0gaeTca B (Pu3HKe NH-Me30HOB C TOYHOCTHIO [0 He-
CKOJbKUX TIPOLEHTOB, u cefiuac OH mnpe/]cTaBiser cob60f OAWH H3
HauboJ/lee MOJIE3HBIX HHCTPYMEHTOB HCCJEZOBaHUA CHJAbHBIX B3au-
MojeficTBiil. DTOT NPUHLMI DacCMOTpPEH B IJaBe 3.

Jlo cuX mop Mbl KacaJucb B OCHOBHOM [IDMHIUNOB HHBapHaHT-
HOCTH; OfHaKO AJA Toro, utoObi AeMaTh KOJMUECTBEHHHE MpelacKa-
3aHus, Mbl JOJIKHDBI 10BEPUTbCA ONpeAeTeHHbIM NPUOAHKEHHBIM Me-
TojaM. B KadecTBe TMpOCTefillIero, XOTsl, BO3MOXHO, W He CaMOro
esiecoo6pa3Horo NpHOJHKEHHs,, Mbl NDEX/Je BCEro BBOAUM KOBa-
PUAHTHYI TEOPHIO BO3MVIIEHMH, a 3aTeM, Kak ecTeCTBeHHoe 0606-
lienHe MOCAeAHeHd, CTOJMb MOJAHYIO AHMCMEPCHOHHYIO TeOopHio. IT1a
nporpaMMa oCylleeTBJieHa B rIiase 4.

JunaMuyeckue CBOACTBA MHOH-HYKJIGHHOTQ B3aHMOJEHCTBHS
ONMHCaHbl Ha s3biKe NUCIEPCHOHHBIX CooTHOmIeHu#t B rnaBe 5. Ilpw
9TOM OCHOBHOE BHMMAHHUE YAEJeHO aHaJu3y HYKJIOHHHX dopMbak-
TOPOB, M3 KOTOPOTO CJAEAYIOT ONpefesNeHHnie NMPeacKa3aHus OTHO-
CHTEJNbHO CYIEeCTBOBAHUS BEKTOPHBIX Me30HOB.

CrpanHbie YacTuilbl BBOAATCA B TNMaBe 6. B oTsauuMe OT NMHOHOB
OHH SIBHJINCh B HEKOTOPOM poOje He3BaHLIMH rOCTAMH, MOCKONBKY 00
HX CVILeCTBOBaHHH HE MOJ03peBaJu A0 TOr0 MOMeHTa, Kak ux 006-
HapYXUJA 3KCrnepHMeHT. Decnopsjok, BHECEHHBIH 3THMH HOBBIMII
YyneHaMy ceMeficTBa Je€MEHTaPHHIX 4acTuil, OB TMOCTENeHHO mpe-
0f0JIeH, & C UeJdbl0 NPaBHJILHOTO YCTPOHCTBA HOBHIX UJE€HOB Ha
COOTBETCTBYIOWIHX MecTaX Obll BBeJeH HOBbIH HPHHUUN yHops-
JOYeHHs, OCHOBAHHBIN Ha TUINOTE3€ 3apsSA0BOil  He3aBHCHMO-
CTH. ‘

Cpeau MHorux npoGaeM QU3HKH CTPaHHBIX YacTHIl OCOGEHHO
o3ajgauka (U3MKOB Tay — TeTa-NapajoKC, KOTOPbill BMecTe ¢ TeM
gajd KJaiod K Gosee rayGOKOMY MOHMMAaHHIO NMPUPOALI crabbiX B3a-
UMoJeHCTBHHA. DTOT napajokce nobyaua Jlu v SlHra ycoMuuTbCcs B
CNpaBeAJMBOCTH 32KOHA COXpaHeHMs YeTHOCTH B CAalbiX B3auMo-
nedicreuax. Tlocje Toro Kak HapylleHue 4eTHOCTH npu Gera-pac-
najge OBLUIO TMOATBEPKAEHO 9SKCNeDUMEHTaJabHO, NOABH/AACh HOBas
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peTBb (U3HKH 3JIEMEHTaPHbIX 4YaCTHI[; B CBeT€ HOBOIO OTKPHITHA
ABLIM  [EPecMOTPeHbl pas3jnubble [PUHUMNBI HHBAPHAlITHOCTH W
Gblia BBLABHHYTA TEOPHS [ABYXKOMMOHEHTHOTo HedTpuHo. B 3aksio-
yuTeJbHOH TJaBe 7 00CYXAaloTCA CBUAETENLCTBA B TOJL3Y 3ara-
JOUHOH YHHBepCaJbHOCTH B3auMofeficTBusi PepMu, a TakkKe BO-
npochl HapylleHHs YeTHOCTH B MMeDPOHIbIX pacmafax.
Mue XorteJjochk Obl BHIPa3uTbL NpPH3HaTenbHOCTh Pobepry Koyan
u Dasapny Mak-KiumeHTy 3a uTeHHe KOppeKTypH; 6e3 HMX no-
MOLUH 3Ta KHUTa He Obiia Gbl 3aKoHYena,
K. HHIDH ] )KHMA

Ypbana, Harunotic
HAusaps 1963 e.
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HCTOPHUYECKHH OB30P

Hauano Qu3uky ajieMeHTapHBIX YacTHll, NpeaCTaBJAsIOlLEN ecTe-
cTBeHHOe yray6/eHue aTOMHOA (PU3HKH ¥ (PU3HUKH AAPE, MONOKHIH
HCCIeAOBaHIA Me30HOB — 4acTuil, 06eCneynBalOIUX CBA3b MeXAY
HykaoHamu B sape. ITostomy MBI HayHeM u3JOXKeHHe KPaTKHM HC-
TOpHUYeCKHM 0030pOM CTapoif Me30HHOH TeOpHH.

§ 1. ,Taoceavie ksanmot“ HOxasol

B 1935 r. IOkaBa [I] ana o6bsicHeHus CBOMCTB sAePHBIX CHJ
BLIABHHYJ THNOTE3Y O TsXkeJIOM KBaHTe. SICHO, uTO CBOHCTBA sAgep-
HbIX CHJ HEBO3MOXi0 OGDBACHHTH C MOMOLULbIO 3JeKTPOMarHUTHBIX
B3aUMOMAEHCTBUH, TaK KakK W3BECTHO, YTO 3TH CHJB AeHCTBYIOT
TOJAbKO Ha MaJjblX DacCTOAHHSX U, KPOMe TOro, OHH CYLIECTBYIOT
Jaxe MexXy HeHTpaJibHbIMM HEeHTPOHaMW M NpoToHaMu. Xopoulo
U3BECTHO, YTO KYJOHOBCKasA CuJla BO3HHKaeT B pe3y/bTaTe o6MeHa
CKaJIaPHBIM 1 NPOAOJAbLHLIM (GOTOHAMH MEXNY ABYMSl 3apsKeHHBIMU
yactuuamu. EcrecTBeHHBM 06061lieHHeM 3TO# uIed IPUMeHUTeNbHO
K npoOjeMe AAepPHbIX CHJ SBJASieTCS NPeANOOXKeHHe O CYLlecTBO-
BaHMH HOBOTO TMOJS, KOTOpPOoe u OOYCJOBAMBaeT SAEPHbIA MOTeH-
nuan.

1. Ecau B HauaJe KOOpAHUHAT HMeeTCs 3apsl, TO KYJOHOBCKHH
NoTeHIMan yHOBJETBOpsier YpaBHenuio Jlamaaca:

Ap=0 Bcloay, KpoMe Haya/la KOOpPAMHAT. (1.1

MoXHO TaKxe UCKaTh CTaTHUecKoe cepHuecKd CHMMETpPUYHOe pe-
lmenue ypaBHeHHS

dep==0 Bcloay, KpoMe Hauajaa KOOPIHHAT. (1.2)

Penlenne ero gaeTcs XOpPOomo U3BECTHHBIM KYJOHOBCKUM IMOTeHIHa-
JIOM

Pt (1.3)

UTo6bl noayuuTh KOPOTKOAelicTByMOIMe cuanl, IOkaBa sugousme-
HUJ mpefwiAylllee YpaBHeHHe, NPHHAB, 4YTO

9 — #*¢ =0 BcioAy, kpoMe Hauanaa xoopauHar. (1.4)
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Cratuueckoe cepHyeCKn CHMMETpPHUHOe pelleHue Tenepb HMeeT
BHJ KODOTKOAEHCTBYIOUIEro NOTeHIuaa:
-Nr

o~ | (1.5)

r

ITo 3KCNepUMEHTAJbHBIM JaHHBIM O fAJePHBIX CHJIaX MOXHO Olle-
HHUTb NOPAAOK BeJHYHUHDLI #:

n~5-1012 cut, (1.6)

TakoBa kmaccuyeckas Teopus flepHuX cua. OAHAKO B KBAaHTOBOM
TEOpUH NoJie @ JOMKHO OHTb mpokBautoBano. IIpu sToM MBL mpu-
XOOUM K KBaHTaM HOBOH Pa3HOBH/HOCTH, CONOCTaB/fs HX NOJIO .
Takne KBaHTBl B TPOTHBOMOJNOXKHOCTL (DOTOHAM — «JIETKHM KBaH-
TaM» — GBJIM Ha3BaHbl «TAXKEJbIMH KBaHTaMH». JHeprus U HM-
MyJbC THKENOrO KBaHTa Y/OBJETBOPAIOT IUHIITEHHOBCKOMY COOT-
HOIICHH IO

Er— pc?= (uc?)?, (1.7)

Tge | — Macca NOKOAILErocs KBauTa. YDaBHEHHME MOJsS ¢ MOJay-
YaeTcsi M3 3TOTO COOTHOUIEHHS TPU 3aMeHe

E—>—=— —>h—a—-
- Px —Z:axHT.}l.

Takun 06pa3om, BOTHOBOe YpaBHeHHE B OTCYTCTBUE MHCTOUHHKOB
UMeeT BUj

2
[~ (5/Je=0 a9
Ecau renepb otoxaectButh ypabuenue (1.8) ¢ (1.4), To
h
w=12, um =22, (1.9

3TO IIocJseaHee COOTHOUIeHUEe TNO3BOJACT BLIYHCJ/JAUTD Maccy KBaHTAa:
B ~ 200m,, (1.10)

rJe M, — Macca NOKos JeKTPOoHaA.

2. Boimre Mbl BBIYUCIHJIN Maccy YaCTHILB, OTNPaBJASSCh OT Kaac-
chyeckoro moqs. Temeph HaM MPeACTOUT, ONUPAACH Ha KOPNYCKY-
JsSpHBE CBOHCTEA Me30HA, YCTAHOBHTb KOPGTKOACHCTBYIOIMH Xa-
pakTep agepHbIX cui, PaccMOTpUM HYKJOH-HYKJOHHOE paccesHue,
o6ycyoBiennoe OGMeHOM TSXEeJHM KB2HTOM 5t (B COBPEMEHHOM
o603HaueHun)

Ny~ Ny—> Ny—+n +Ng— Ny + Na.
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HeonpeAeJeHHOCTb B IHEPTUH TIPOMEXYTOYHBIX BHPTYaJ/IbHBIX CO-
cTosilufl JlaeTcs HeDaBeHCTBOM

AE> nc?

gpu YCGIOBHH, YTO Mbl mpeneGperaeM oTaadei TAAKEAbIX HYKJOHOB.
PaccrodHMe &, NpoiileHHOe KBaHTOM, CBSi3aHO C BpPEMEHeM XKH3HiH
BHPTYaJbHOTO cOCTOoAHUS Al COOTHOUIeHUEM

At~2Z,
v

ri1e v — CKoOpocTh Me3oHa. Hakownel, coOTrolleHHe HeONpeaeteHHo-
cTedl rJjacur:
AE At ~ h.

KoMOHHHPYS 3TH TpH CBA3BIBAIOWIHE NMOPSAAKH BeJHYII COOTHOIIS-
Hud, HalaeM:
vh vh h
aN’UAt’\"E SW SW:% L,

Orciofa MOXKHO CcAelaTh BBIBOI, YTO ME30H, YYaCTBYIOUIMA B BHD-
TyaabHOM oOmeHe, He MoxXeT, rpybo roBopsi, NMPOXOAUTb PacCTOs-
Hud, TMpEeBHINAlOUiMe KOMITOHOBCKYIO JJIHHY BOJHBI TAKeEJOro
KBaHTa, OTKyja MNpsAMO CJaelyeT KODOTKOAEHCTBYIOIMI XapakTep
SAepHHX cua. DT coobpaxkeHus npuHamiaexat Buky [2].

3. IOxaBa MpeaMmoNOKHA, UTO BIaUMOJEHCTBHE MEXIY TAKENbIM
KBAHTOM H HYKJOHOM BO3HHKaeT B De3ynbraTe KOMOHHAIMH Bup-
TyaJbHBIX TPOIECCOB BH/A

NN+,
HJH, CHMBOJMUECKH, _

HthNNn’ (111)
rie H;,, o3Hauaer raMujabToHHAH B3auMomeiictBua. CBA3b TaKoOro
pona nasmBaloT cBaA3blo Tuna IOkapnl. Eciu npuusath npeamnono-
xkenue IOkaBb 6e3 g0Ka3aTeqbCTBa, TO M3 3aKOoHa COXPaHEeHHs Mo-
MeHTa 6yAeT CJe40BaTh, UTO CIHH THAXKEJNOTO KBaHTA N0JXKeH GbITh
IenbiM, U, TakKuM 06pa3oM, B CiJAY B3aMMOCBS3H MEXKAY CIHHOM M
CTAaTHCTHKOH TsXKeJbifi KBaHT eCThb 603e-yacTuila.

4. Creagylomuil BONpoc, KOTOPHI HYX)HO 00CYauTh, 3TO BONPOC
0 3apsme TsKeaoro keaura. Uto6e pa3obpaTbcsid B HeM, HaM MpH-
aercs ob6paTtuTbcsl K (QEHOMEHONIOrHYeCKOoH TeOpHU ANepHHIX CH.T.
B To Bpems, korpa Gbiia BbIBUHYTa TUIIOTe3a IOxaBwl, B agepHoit
bu3suke Gbiiy M3BECTHBI 110 MeHBIIEH Mepe YeTHhipe Pas3JfHYHBIX THNA
B3auMmogpeiictBus. IBYXHYKAOHHBEIA noTeHunana (eHOMeHOJOrH4ecKiu
MOXIIQO BBIPAa3UTh Yepe3 3TH B3aHMOAEHCTBHS CJeAYIOIUM 06pasoM:

V(ry=Vw(r) 4+ Vu(r) Px+ Vu(r) PxPs+ V5 (r) Ps. (1.12)

> T 7 SN S D
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31ech mocsegoBaTebHBIE CJaraeMble Onpeae/IfioT COOTBETCTBEHHO
TaK Ha3biBaembie cusibt Burnepa, Maiiopansl, TeiizenGepra u Bapr-
Jeta. B yactHocry, cunel Mafiopanbl HeoGXonuMbl aJi 06bACHEHHS
SIBEHHS HaCHIIIEHMs SAAEPHBIX CHJ, PaccMoTpuM cucreMy nporoH—
Hefitpon. CuJibl, BO3HHKAIOUIHE B pe3yabTaTe B3auMHOro o6MeHa
NOJIOKEHHAMU, HeO06XO0AUMO HHTEepPNpeTHPOBATL Ha fA3biKke oOMeHa
TAXKENBIM KB&HTOM.

n p
%
. <_7r+
T n —
p 7

p n
dur. 1. Jnarpamma ¢ ur. 2. O6bacHenue
Pefinmana aaa  deuo- cun MaHopansl Mex 1y
MEHOJNOTHYECKHX  06- MPOTOHOM U HEHTpO-
MeHHbIX cHa Maiiopa- HOM [0 Me30}HOH Teo-
Hbl MEXLY OPOTOHOM H pHH.

HEHTPOHOM.

Korpa neficTBYyIOT TH CHJ/Bl, TPOTOH M HEATPOH OOMEHHBAIOTCH
MPOCTPAHCTBEHHBIMH KOODAMHATaMHM, Kak NMoKa3dano Ha ¢ur. 1. Ta-
KoBa (PeHOMEHOJNIOTHYeCKas KapTHHA; Hallla Xe 3a/aua — HHTeprpe-
THPOBaTb ee B TepPMHHAX Me30HHOH Teopuu. Ilpocrefimyio Ttakyio
uHTepnperanuio Aaer avarpamma Pefinmana, uzobpaxeHHas Ha
dwur. 2, fcuo, yTo ¢ TOYKM 3peHus oOMeHHHX cul Majiopaun oJ-
®KHBl CYLL[eCTBOBaTb ME30HH €AHHHYHOrO MOJ0KHUTEJIbHOTO WJIH OT-
puuaTeJqbHOro 3apajga. Bo3Hukaer ectecTBeHHBIH BOMpoC: cylle-
CTBYET Ju HeliTpa/JbHBIH Me30H? UTOOH OTBeTUTH Ha Hero, Mel 00-
pailiaeMcsl K TaK Ha3blBaeMOH 3apA/10BOH HE3aBHCHMOCTH SIAEDHBIX
cus, 3akJouamoueiics B TOM, UTO 175 OJHOTO H TOTO e COCTOAHHA

Vo=V =V (1.13)

(3aMeTuM, uto, HampuMep, K cocTosinuIo 'S 3TO cooTHOWeHHe Npu-
MEHHMO, HO mJis S-COCTOSHHA OHO TepsAeT CMLICJ, [OCKOJbKY MpH!-
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uun [layau HCK/KOYaeT BO3MOXKHOCTb HAXOKAEHHs ABYX OJHHAKO-
gbiX HYKJOHOB B ®S-COCTOSIHHH.)

PykOBOACTBYSICb MPHHUHIOM 3apAA0BOH# He3aBHCHMOCTH, MOXKHO
npuiiTH K BHIBOAY O CYWIECTBOBAHHM HEATPANbHOIO Me30Ha myTeM
caenytouero paccyxjenus. Ilpeamonoxum, uto B npupopse HeT
jedTpaJbHBIX ME30HOB; TOTAa NPOCTEHIINM MPOLECCOM, Bbi3bIBalo-
MM [POTOH-TIPOTOHHOE B3aUMOAEHCTBHe, OY/JET MpOiecc, OMUCLI-
paeMblfl auarpammoir ¢ur. 3. He BgaBasce B geTanu, MOXKHO, Cle-

\ A \

dur. 3. PeiinmManos-
CKafl jMarpaMsa HH3-
nrero nopsiika, OMH-
CHIBAIOLIAS CHIY MEXAY
IByMSl TPOTOHaMH B
OTCYTCTBHE HeHTpaJb-
HOTO ME30Ha.

dur. 4 Pednmanos-
CKasl jpHarpaMma Hus-
HIero mopsjiKa, ONUCHI-
BaIOWIAs CHJBI MeXIy
JBYMf IPOTOHAMH NpDH
HAJMYUH HeHTPaabHOrO
MEe30Ha.

Ayst Buky, 3ak/1I04HTh, YTO pamMyc ReHCTBUS CHJI MeXay ABYMA
ONHHAKOBBIMH HYKJOHaMM NMPUMEePHO BJBO€ MeHblile pajuyca Cud,
RefiCTBYIOIIMX MeXAy ABYMS pa3jHYHbIMH HYKJOHaMd. IDTO MPOTH-
BOpPEUMT THIOTE3e O 3apsaoBofl He3aBucuMocTtH. Ecam xe cyue-
CTBYeT HeHTpa/bHbIi Me30H, TO BO3MOXKEH MPOLecC, NOKa3aHHbIH
#a ¢ur. 4. ITogpoGubie pacuersl Oblau BhinoaHenh [OkaBoit u Ca-
Kato#t [3], a takxke ®péauxom, [afitnepom u Kemmepom [4]1).
Hrak, Mbl 3aKk/a1049aeM, 4To 3apsiJ Me30HOB MOXeT GbiTb PaBHBIM
+e, 0 u —e. Me30OHHYIO TeOpUIO, NO3BOASIOUIYIO OOGBICHUTE 3apsi-
JOBYIO He3aBHCHMOCTb sifepHbiX cuJ, npeinoxua Kemmep [B]. Ira
10 CHX nOp MoOJHas TEODPHA Ha3BIBAETCH cUMMETpU4HOU Teopued.
Ecan cnun mesona pasen an6o 0, aubo 1, TO BO3MOXKHbI yeTbipe

') B pa6ore [3] mocTpoena ckansipHas, a B pabote [4] — BekTOopHam MesoH-
Has Teopua AJEPHBIX CHJL.

2*
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BapHaHTa Me30HHOH TeopuM — CKassipHasi, BEeKTOPHas, nCeB1OBeK-
TOpHas W TNCeBAOCKanspHad. Breppble Ha BORMOXKHOCTH CYLECTBO-
BaHUA TICEBAOCKAaNAPHHX Me30HOB ykazaa Kemmep [5]

§ 2. Ypasuenus me30HHbIX noOAel

[Ipeanosnaraercs, 4ro 4uTaTelb 3HAKOM C KBRHTOBOH 3JEKTPO-
OWHAMUKON, ONHaKo MbI onulileM 0606UIeHHEe METONa KBAHTOBAaHUA
9JIEKTPOMErHUTHOrO TOJS Ha CAyYai 3TOTO HOBOTO MOJS.

1. MoJje co cnMHOM Hyab (CKanfapHOe WM MCEBAOCKAISAPHOE).
Pasnuune Mexay ABYMS BapHaHTaMu, CKaJsapHHIM M TCEBAOCKA-
JAspHBEIM, o6HapyKHUBaeTcs JHIIb NPY yyeTe B3auUMOAeiCTBHI: MOKa
Ke peub OyaeT uaTH O cBOGOAHBIX MOJAX, HET HYMKB WX Pa3TPaHH-
yuBath. [In0THOCTL Jarpanxkuada cBOGOJIHOTO MO CHNHHE HYJb
JaeTcsl BhIparKeHHeM

ogt o )
' — ——(P——(L—}—%Q(p*(p /I8 3apsAKEHHOTO [OJA,
1 0x; 0x; ,
& =

| —

e o (1.14)
7[(—0;;) —}~%2(p2] AJs1 HEHTPANbHOTO MOJs.

CooTBeTCcTBYIOUIEE YpaBHeHue Ditiepa ecTb ypaBhenue Kiefina —
Fopnoua
' O —x%p =0. (1.15)

[InoTHOCTH raMuJbTOHHAHA npu 3TOM HUMeeT BHJ

[ atn—+ VotV + %%9*@ nus 3apskeHHoOro moJs,

H = (1.16)

i_;_[nz+(vcp)2 _I._%?(p?] A HEHTpAadbHOTO MOJS,

rae n=¢, a af = g7,
B teopuu mnojs YaoGHO MO/Ib30BATHCH €CTECTBEHHBLIMH e HHH«
Hamu
h=c=1. (1.17)

B Tako#l cucTeMe Kakjpas BelMUYHHZ HMeEET PasMepHOCTb, PaBHYIO
onpejejieHHON cTeneHu eNUHUIBI AJHHbI; TakK, HalpuMep,
ne

%==S=—> U 0OpaTHBIX JAUH.

KBaHToBaHue CKaJspPHOTO Me30HHOro noJjs paccmorpeau Ilayaum u
Baiickon [6], a Takxke HOkasa u Cakara [3] B cBasu ¢ npobaemofi
anepublx cui. [lepecTaHoBOuHbBlE COOTHOIIEHHSI MEXAY ONepaTos
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paM” noJag UMEIOT BH]

[q (), ¢F (D] =D (x —y),

[¢ () =" (x), o" (W] =
[y (), @ (]=iA(x—y) AR HeHTPanbHBIX UaCTHI.

Aas 3apsikerHblX vyacrul, (1.18)

3aech A — nepecraHoBounas @ynkuusa LUIBunrepa, cBsizsannas ¢ -
gapuantHoil D-dynxunedt Hopnana u Ilaynn coornomenuem

1 A3k gy
Ax)=—D(x), D(x)= @) w e sin (kyt),  (1.19)
rae ko= (k2+u2)"

2. MoJe co ciuHOM eauHKLA (BEKTOPHOE WJK TICEBOBEKTOPHOE),
Mbt 06CyAMM 3[€Chb TOJBKO CJAYYai 3apsAKeHHOTro Mo/d, NOCKOABKY
49 Tlepexoaa K HeATpanbHOMY ROJI0 HYXKHO JIMIIb YMHOXHTBD Ha
1/, BHIpaXKeHus pie & U Ay 3aMeHuTb BCOAY ¢* Ha ¢. s 3apa-
KeHoro BEKTOPHOTO TOJIS MJOTHOCTb JarpaHxuaHa ecTb

1 d(p;}; O(P:, O(Pv d(pu
1% —_— J— i 90t
o [? <0xu 7x, J\Tx, o, ) TS| (120
rae Mol TOJOKHM @, = i@, ¥ ¢} = i¢}, Tpebys, utobul ¢f, ¢}, @}

¥ @} ObIM 5DMHTOBO CONPSKEHHBIMH K @1, @2, @3 H Qo. YpaBHeHHs

noJig MOJAYYMM C [OMOWIbIO BapHalMOHHOTO MPHHUHME, KOTOPELil
JaeT:

0 o
(=) 0y — 55 (gx—z)ZO. (1.21)
Hanee, auddepenunpya obe uactu (1.21) no x,, Haxogum:
0 npn %0, ©(1.22)
i
C/1€10BaTebHO,
(O0—=)e,=0. (1.23)

nepeCTﬂHOBOl{HbIe COOTHOIUeHUusA B 3TOM CJYyyae TaKOBbDI:
R 1
[, (0, 0} )] =1 (dv— 5 W)A(x e
[0, (), @, ()] =9} (%), 95 (¥)]=0

KpantoBanue noas co cnunoM 1 obcyxkpanock psaoM aBTopoB
4, 7, 8.

3. Moue IliTokkeabOepra. IIpuMepoM BEKTOPHOrO TNOJIS MOXKET
CAYXKHTH /IeKTDOMarHuTHOE IoJ€, HO NMPH 3TOM BO3HUKAIOT HEKO-

(1.24)
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TOphlE OTJIMUYMS OT H3JI0KEHHON BbIlle BEKTOPION TeopuH: MOTEH-
114aJbl VAOBJAETBODPAIT GoJee NPOCTHIM NePecTaHOBOYHBIM COOTHO-
IIEHUSM M, KPOMe TOro, HeoOXO/HMO B KauyecTBe NOHOJHUTEJbHOTO
ycaoBus BBectu yciaoBue Jlopenna, O6a 3Tu omuuus ABASIOTCA
CJIe/ICTBYEM TOTO, UTO (POTOH He HMeeT Macchl [OKOs. XOTsy TEOPHIO
BEKTOPHOTO 11018 MOXKHO c(hOPMYJUPOBATH B OCHOBHOM TaKHUM Ke
o6pa3oM, Kak 3TO aejaeTcd B KBaHTOBOH 3gaekTpomuHamuke, LTiok-
keabbepr [9]') B3sa JarpaHKuaH

+
04y 0A,
().xu d.xu

. dB" 9B
+x%ALA, + o Tx, + MQB+B] . (1.25)

o]

rie A — BekTopHOoe, a B — ckanspHoe mone. CkaaspHoe B-noje
BBOAUTCA AJAS TOTO, 4TOOH u30eXaThb 3aTPYAHCHUH C OTPULATENb-
HOH 3Heprueil, NOABUBIINKXCS Obl, €A 3TO moJe He BBeCTH. ¥ paBHe-
HUS MOJs 3aNUCHIBAIOTCA NPOCTO Kak

(O —#)Ay=0, (O—=)B=0. (1.26)

ECJ"/I BBECTH BCIIOMOraTeJibHOE YCJIOBHE
014u
(W+“B)”’:O’ (1.27)

KOTOPOE COOTBETCTBYET YcJOBHIO JIopeHLla B KBaHTOBOM 3JIEKTPO-
IHHAMUKE, TO MOXKHO I10Ka3aTh, YTO cPejHee 3HAUEHHE TJdMHUJBTO-
HMAHA N0 COCTOSIHMAM, YIOBJeTBOpsiolMM yeaosuio (1.27), Bcerna
MOJIOKUTENbHO., DTa TEOPHS UHBAPHAHTHA OTHOCHTENBHO Kaaubpo-
BOUHBIX mpeobpa3oBaHuii BTOPOro pona
' A—>A+L g B _a (1.28)
n T Bx ) .

i

rie A ecTb c-4ucsaoBasi (YHKIUR, YAOBJAETBOPSIONIAsl yDaBHEHHIO
(0 — %) A=0.

DksuBanentHocth Teopuu LUTiokkenbbepra W MakCBeNJOBCKOU
reopun npu »x—0 nokaszan I'mayGep [11].

§ 3. Anomanonble MAZHUMHAHbBIE MOMEHMbE HYKAOHOB

B § 1 sroii rmaBel B 1eHTpe BHUMAaHUA Oblia mpobsieMa HHTep-
nperanud siiePHBIX CHJ C TOMOIIbIO ME3OHHON TeopuH. DTa Teopusi,
OfHaKo, MHTepecHa W B CBSI3W ¢ npobseMofi HHTepmpeTalud aHo-
MaJbHBIX MArHUTHBIX MOMEHTOB HYKJ/OHOB.

1) Cm, takxe pabory Musamoro [10].
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Jlupaky ynajoch BHUHCAUTL C MOMOILbIO CBOSTO yPaBHEHUS Mar-
yuTHHA MoMeHT 3jekTpona. On onpenensieTcss BhIDakeHHeM

he=— o (0= e]). (1.29)

Eciu Ob teopua [lnpaka Gblia npuMeHuMa K HYKJOHAM, MarHuT-
yple MOMEHTH NDOTOHA M HefiTpoHa omnpeaenasiuch Obl BHpaXe-

HUAMHU

=2y =0 (1.30)

Hp = 2mpye
OnHako UX 5KcrepUMeHTalbHble 3HAYeHHs PaBHbI

B,=2,78uy, p,=-—1,93u,, (1.31)

rZ€ Un — SOEpHbI MarCHeTOH, PaBHBIH eh/2myc.

OTkJiOHeHHEe OT JHPAKOBCKOTO 3HAUEHHA MATHHTHOTO MOMEHTA
Ha3bIBAIOT AHOMAJbHBIM MAarHHTHLIM MOMEHTOM; KAaueCTBEHHO €ro
MOXHO OODBACHHUTH C NMOMOMBIO Me30HHOI Teopuu. [Ipeamonoxuw,
YTO NPOTOH BHPTYAJbHO <«AHCCOLUUDYET» HA HeHTDOH U DNOJOKH-
TeNbHBIl Me30H:

pant-nt. (1.32)

[Tyers, magnee, m*-Me30H HCHIYycKaeTcsd, Hanpumep, B P-cocTosiHUM;
TOrJa MarHUTHBIH MOMeEHT cUcTeMH n-+m* Oyner paBeH

eh
”=27nc— L, (1.33)

rne L — opOuraibnbiit MoMeHT m*-Me3osa. Ecanm npunsate m_ ~
~ 200 e, TO MarHUTHBIE MOMEHT CHCTeMbl n+m* Oyaer 1o mopsid-
Ky BeauuuHsl paBeH 9uy. Torma HabaropaeMblii MarHUTHBI MoO-
MeHT mpoToHa 0yjneT cocTaBJATb

H, = piy 9 (1 — p) iy,

rjie p €CTh BEPOSATHOCTb HAHTH (u3HuecKUNl MPOTOH B TOJOM MNpo-
TOHHOM COCTOSIHUM, a (|l — p) — BepoSATHOCTb OOHAPYKUTb MpPOTOH
B IHCCOIMHPOBAHHOM (/14 7+)-COCTOSIHUH. DKCIePHMEHTAJbHOE 3Ha-
YeHHe MACHUTHOTO MOMEHTA IIPOTOHA [OJYYAeTCs, €CAH MOJOMKHUTbL
p~0,8 Ecan coun Me3ona pased 1, To cjeayeT YYHUTHIBATL Kak
CoGCTBEHHBIH, TaK U OPOUTAJbHBIE MOMEHTHl, U PaCCMOTPEeHHe cTa-
HOBUTCA Topas3no OoJiee CHAOXKHBLIM, YeM B cJaydae Me30Ha C Hy-
JIEBEIM CITHHOM.

Oxujaercss, 4TO Me30HHAA TEOPHS MOXKET, MO KpailHed mepe
KayecTBEHHO, OGBSICHUTb NMPOUCXOXKAEHHE AHOMAJBHBIX MAarHKTHBIX
MOMEHTOB HYKJOHOB [4, 7]
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§ 4. Omrpoimue p-me30H08

[Tonrsepxpaenue runotessl HOKaBbl TpeGOBasO 3KCMEPHMEUTAN -
HBIX HaOmomeHuil poxkaesus mesonoB, OQHAaKo B To BpeMs 3Kcre-
DHMEHTATOPbl He pacrnoJarajii HYXKHbBIMU [Js1 9TOTO yCKOPUTeIaMH
BBICOKHX 3HEpPrHH, NOITOMY Ha paHHMX CTagMaX HCcJenoBaHUM
Me3OHBl HCKaJH B KOCMHYeCKHX Jyuax. YacTuua ¢ maccoil, npome-
KYTOUHOH MEXJAY MaccaMi 3JeKTPOHa W HYKJIOHA, Oblaa 0o6Hapy-
JKeHa B KocMmuueckux ayuax AmnjepconoMm u Hepnepmeiiepom [12],
a takxke Crpurom u Cruserconom [13]. Dta uyactuua Tenepn uzBe-
CTHAa KakK p-Me30H, KocMHuecKoe H3/JyuyeHHe pa3jealOT Ha aBe
KOMIOHEHTBI, KEeCTKYI H MATKYI0, COOTBETCTBEHHO TOMYV, MOKET
JH OHO NPOHHKHYTb CKBO3b 10-cCanTUMETPOBYIO CBHHIOBYIO' mnaa-
CTHHKY WJH 3a]epxKuBaeTcs el0. MsaArkas KOMMOHEHTA COCTOHT B
OCHOBHOM M3 3JIEKTPOHOB M (POTOHOB.

[Ipoxoas cKBO3b BeilecTBO, 3apDsyKeHHAsh YaCcTHIA TepsieT JHep-
FHI0 TAaBHBIM 00pa3oM BCAEACTBHE JIBYX NPOIECCOB:

a) mepefaeT 3HEPTHIO HENOCPEACTBEHHO aTCMY, Bo30VKaas Hid
HORK3UPYSA ero (Heynpyroe CTOJKHOBEHHE),

6) npeTepneBaeT OTKJOHEHHE B MOJe aTOMa, HCNycKas 3JeK-
TPOMArdUTHOE H3JyueHHe (TOPMO3HOE H3JAYueHHe).

HonuzalnoHuble NOTepH 3JeKTPoHA naroTcs Gopmyaoi

_(d_E\ _ 2metN [m _vaT
212 (1 —$2)

dx [on mu?
—In{2@VT=F—14+p)) +1—p2], (1.39)

rae E —HavanbHas 3HEPTHA 3/€KTPOHa, M — ero Macca, T — pens-
TUBHCTCKAs KHHETHUYECKasl SHEPrust 3JeKTPOHa, I — CpeaHuii uoHu-
3aIUOHHBI MOTeHUHas aToMoB norjorutens, R — uucao sxexrpo-
HoB B enuHule obbeMma. MoHU3alHOHHBIE MOTEPU TAXKENBIX UYACTUII
onuchBaOTCA PopMyaoH

dE’ 412204NR ( 9mu?
B (Ez)mm: n;:; ‘ []ﬂ{[ T(1m_v|32) }_‘32] ’ (1.35)

rae ze—s3apsi TsKeaofl yacTnubl, [Ipu BBICOKMX 3Heprusx Gojee
CYLLeCTBEHHbIMH [10 CPAaBHEHUIO C HOHU3AUHOHHBIMH CTAHOBATCH pa-
nualioHHbEe MOTepH: .
dE Z2 [ e? \2 2F 4
— () () EN{4mm =3} (136)

dx )pax =TT \ e 3

3nech Z — aTOMHbI HOMeD, N — uHC/IO aTOMOB B efpHuue o0beMa,
a u-— Macca najawoniedl yactultbl. Eciu 3apsan najgawolell 4acTHIsl
<e. TO NPHBEEHHYIO Bblille GOPMYaY CleayeT YMHOXKUTb Ha 2z [14].
M&l BUIUM, YTO paiHALHOHHBIE NOTEPH MOUTH O6PATHO MPOMOPIUO-
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jaJbibl KBaJPaTy MAacChl YacTHUbl, JHepreTHyeckHe NOTepH 3jeK-
TPOHOB B KOCMHYECKHX Jy4aX MOKHO H3MEDHTb SKCiepHMeNnTasIbio
i1 pesy/bTaThl H3MepeHuil cpaBHUTH ¢ Teopueil. Bnjork 10 sneprufi
400 mc? Teopusi XOpPOUIO coOTJjacyerca ¢ 3KCIEPHMEHTOM, OJaKo
npil Gosee BBICOKHX 3HEPrusX {10TePH CTAHOBSTCS BHE3aMHO OUeHb
\aAGIMH 110 CPaBHEHHIO ¢ TeM, 4TO fpeAcKasbiBaer Teopus. Ya-
CTHIE, CTOAb M&aJoO TepAUlHe IHEePrHio, He MOTYT ObiThb 3JeKTDO-
naMi. DBLTO ycTaHOBJEHO, uTO Macca TaKMX 4acTHLU paBHa MNpH-
gauxento 210 m.

§ & Cydvba p-me30H08

1. Ha6aonerus npoueccoB MPOHUKHOBEHUS pP-ME30HOB CKBO3b
BEL[ECTBO MOKA3aJaH, YTO -ME30HBl PacnaganTtcs. JTOT BHIBOA

Couno6on
nAacmuHKaG

dur. 5 Tunuunas kapTuHa pacnaia
[-Me30Ha, TNoJyuaeMas ¢ TOMOIIbIO
kamepnl Buancona.

BHITEKAeT W3 CJefVIOILero paccyXKaeHus: yMeHblleHHe UHTEHCHBHO-
CTH WU-ME30HHOH KOMIOHEHTH B INyuKe, MPOXoAsilleM CKBO3b Belle-:
CTBO, 3aBHCHT He TOJbKO OT HJOTHOCTH MOCJENHero, Ho U OT MPOH-
JIeHHOTO B HEM NyTH. DTO 3HAYUT, YTO yMeHblIeHHe HHTeHCHBHOCTH
06yc/MOBAEHO He TOJMBKO B3auMojeicTBueM c BeiiecTsoM. pyrumu
C/10BaMH, UHTEHCHBHOCTb U-ME30HHOH KOMIOHEHTBbl yMeHbIaJ ach Obl
J1axe W B OTCYTCTBHe BCSKHUX B3aUMONEHCTBUIl ¢ BeUECTBOM, OT-
KVaa cAelyeT, UTO |-Me30Hbl pacnajaatorcs cuontatto [15). Tpamoe
H pellluTeNbHOe MOATBEpPKJAeHHe 2TOr0 TOJNKOBAHHA ObLIO MOAYUEHO
B pesyabraTe HabuiogeHull mpolecca

pu—-J1erkas 3apsKeHHas yacTula (BO3MOHKHO, 3JeKTPOH) +...

B Kamepe BuJabcona, noMmeuteHHoil B NOCTOSIHHOE MAariuTHOE [oJe
[16] (¢dwur. 5). U3 usMepennil KPUBH3HBI TPAEKTOPHH YACTHILI ObIIO
HalileHo 3HayeHue ee uMnyanca: p~ 70235 Mas/c; us usmepenuit
NPOU3BOAMMON HOHU3AUHMH Obl1a BBIYMCIEHA CKOPOCTh MNDOAYKTOB
pacnajga: ona okasajach NpubIH3UTENBHO DABHOH CKOPOCTH CBeETa,
cneposatenbHo E~ pc~50 Mas.
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2. Kak TOJBKO yCTaHOBJ/IEHO, UTO U-ME30H pacnajaercsi, CTaHo-
BUTCS Ba)KHBIM OfNpejefeHle ero BpPeMeHH KH3HH. BpeMs Xu3HH
OblJIO U3MEPEHO METOJOM COBNANEHWH W  0KAasajochb pPaBHLIM
1~2,15.10"% c¢ex. CorsacHo 0oJjee N0O3AHUM AaHHBIM, BpeMsd
JKHU3HH |-Me30HA HMeeT HecKOJbKO HHOe 3Hauenue: 1= (2,212%
+0,001) - 10-% cex (cm., Hanpumep, [17]).

3. Ciayana Ka3a/Jolb, YTO OTKDBITHE p-Me30Ha NOATBepXKIaeT
npeackasanue KOkaBb, 011HaKO mo3/Hee OOHAPYKHMJIOCH CEPbe3HOE
BO3pakeHue, He [103BOJINBIIEE OTOXAECTBHTb [-ME30H C THAXKEeAbM
KkBaHTOM IOKaBHI. _

Ecau p-Me30Hbl npeacTaBasor coboil Tsaxkenvle kBaHThl HOKaBH,
TO OHH JOJIXKHBl O6YC/I0BAMBATL ANePHbIE CHAbl H, C/I€A0BATEIBHD,
CHAbHO B3aHMOAEHCTBOBATH € ATOMHBIMU sigpaMu. PaccMoTpum
3TOT BOMpoC NoApobHee.

Mennennblii Me30H GyaeT TepATb HePTUI0 BeJaelCcTBHe HOHH3A-
IIMOHHBIX MOTEPb U B KOHHE KOHHOB ocTaHoBuTcA. [locje 3TOTO OH
A160 J0JXKEH CHOHTAHHO pacnacTtbes, Jubo OyneT 3aXxBavueH SIPOM.
st nosoxuTeNbHO 3apsi)KEHHBIX Me30HOB BepPOSITHOCTb 3axBara H
[OIVIOIEHUs TrOPa3go MeHblie BBHAY TOTO, YTO S[PO OTTA/JKUBAET
noJoxuTenbhble 3apsanb [18]. OTpurartenbhele xe Me30Hbl IPUTATH-
BalOTCA K AAPY, II0O3TOMY Takoil Me30H Oyner 3axBaueH Ha Kakyio-
an6o u3 60pOBCKUX OpOUT U 3aTeM, ONYCKasCh NYTeM pagHalHOH-
HbIX NepexonoB uau nepexonoB Oxe Ha Oojee HU3KHME YPOBHI,
gocturheT K-oGosouku. [lockoabky paaunyc nepsoil 60poBckoii op-
6utel Maa (~ hQ/mueQZ), Me30H Ha Takoil 000JoUKe 3HAUHTEBHYIO

yacTh BpeMeHu OymeT NpPOBOAMTb BHYTPH siapa, MO3TOMY BeposAT-
HocThb morjoweHuss GyaeT Besuka. TakuM o6pa3oM, Aas OTpPHHA-
TeJbHbIX ME30HOB CHOHTAHHBIA pacrnam ¥ NorJolleHue SAPOM INpen-
CTAaBAAIOT cO000OH KOoHKypupyiomue mponecchl, ToT Qakt, uyto
{L-ME30HBI, 3aXBauyeHHbIe TBEPAbIM TeJO0M, Nepel pacmnajoM B3aHMO-
JeHCTBYIOT C aTOMHBIMH siIPaMH, 3KCIEPUMEHTAJbHO NOATBEDAMJIH
Kousepcu, [Manuuuu u [Muudonn [19], nucnonb3ys TeXHHKY coBmaie-
HUfi ¢ 3aMa3ablBAHHEM W OTHAe/]ss IOJIOKUTEeJbHbie Me30HEI OT OT-
PULATEJBHBIX C MOMOUIbI0 MarHUTHOFO MOJs.

JkcnepuMeHT 110 3aXBaTy Me30HOB B JKeJe3e I0Kasaj, uTo
w-Me30HBl, KaK U OXHJAaJ0Ch, DPACNANAOTCs, HO W™-ME3OHBI uCUe-
3410T, He MCNycKas 3JeKTpPOHOB pacmajfa. AHanornuHbie 3Kcnepu-
MEHTBI ObIJIM BBINOJHEHH C ADYTUMH BelleCTBaMH, HMEIOIUMY MEHb-
wnit atoMablfl HoMep. [1pu 3TOoM G6BLIO YyCTAHOBJIEHO, YTO, HANIDUMED,
B yraepoge, GOJablIas uacTb p~-ME30HOB pacnanaercs, HCmy-
CKAasi 3JeKTPOHbl. DTH pe3yJbTarsl, Kak Mbl ceiluac ybenumcs, mno-
3BOJIAIOT CAeAaThb BHIBOJ, YTO | -M€30H W Tsxkenbl#l kBaHT Oka-
Bbl — pasuble yactHmpl. [Ipexxpe Bcero c/efyeT OUEHHTb Bpems,
HeoBXOm1HMOe AAS 3aMejJieHHs U~ -ME30HA C 3Hepruell nopsanka He-
ckonbKux M38 n0 3Hepruil, cOOTBETCTBYIOIUMX CBA3aHHOMY COCTOA-
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yuio Ha opbute. Ecam nponecc 3amensneHuss nporekaer oueHb Obl-
cTPO, TO HEOGXOAMMO JHLIb OHEHUTb KOHKYDUDPYIOLIHE MEXAY coboi
npoliecchl CNMOHTAHHOTO pacnaja p -Me30HOB H HX 3axBaTa aTOM-
upiMu aapaMu. Bonpocsl, cBA3aHHBlEe ¢ 3aMelJeHHEM | -Me30HOB,
nayuanu Pepmu, Tennep u Baiickond [20], a Takxe Pepmu u Tea-
aep [21]

Bech npolecc pazjaensieTcs Ha TDH CTaIHH, COOTBETCTBYIOLIHE
TPEM Da3JHUHBIM 3SHepPreTHYeCKHM HHTepBasnaM: a) o6sacTb Hop-
MaJ/JbHOH HOHH3alUMH — OT HecKoJabkKuX M36 10 Heckonbkux Kaa,
T. €. JO 3HepTHil, CPAaBHUMBIX MO NOPAAKY BEeAHUYHUHBl ¢ SHepruei

vf

vf—v

dur. 6. Bupoxneunnit ras Pepmu.
B cuay npunuuna Ilayau p-mesoust
MOTYT B3auMOIEHICTBOBATh TOJLKO C Te-
MH 9JEKTPOHAMH, CKOPOCTH KOTOPBIX
JeaT B 3alUTPUXOBaHHOH obaacru.

BaJIeHTHBIX 3JIEKTPOHOB; 6) OT HecKoabkKux K58 no HyJs; B) OT HY-
JIEBOI 3HEPTHH A0 OTPHUNATEJbHON 3SHEPrHy¥ OCHOBHOTO COCTOSHHSA
MezoatoMa. Hcnoae3ysa oOo3HaueHus npepblayuntero naparpada,
HOHM3AUHOHHBEIE [10TEPH Me30Ha MOXKHO BBHIPA3uTb (opmynoil

dE 4ne'NZ 2muv?
= (T8 o= ) (1-37)
Ecan mosoxurs
dR=7vdt, (1.38)

TO orcioma cieayer AuddepeHuUasbHOE YpaBHEHHE A U Kak
¢yukunu BpeMeHu. CoriacHo 3TOMY ypaBHEHMIO, BpeMs 3aMelJe-
HUsl |~-Me30HOB C 3Heprueét 5 Masé B yraepone oKasblBaercs
pPaBHEIM

t,=1,5-10"" cex.

B obuweM ke cayuae f, ecTb yOuiBawoias pynkuus Z. 3amennenne
Me3ona B ciefpylomiell snepretnueckoll obsactu «6» 06YCa0BJAEHO
€ro B3auMOAeficTBHEM C 3/EKTPOHaMH, KOTOPhIE MOKHO PaccMaTpu-
BATL KaK BbIPOXKAeHHBI! hepmu-ras. MescH, umMennuil ckopocTs o,
B3aUMOAEHACTBYET C 3/J€KTPOHAMHM, CKOPOCTH KOTOPHIX JeXKAaT B HH-
TepBase OT Us — U JIO Uy, Kak N0Ka3aHo Ha ¢ur. 6. Dueprernue-
CKue MOTepH B 3TOHl 06JacTH JaloTcA BhIpaXKeHUEM

daT

“dt
rie T -— KuHeTuuecKasi HePrus U -Me3oHa, fi-— UHUCIO 3JEKTPOHOB
B enuHuume oObeMa, KOTOpbie MOTYT CTOJKHYTbCA C W -Me30HOM,

= novw, (1.39)
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0 — ceueHHe paccesiHisd Me30HOB Ha 3JeKTpoHaX B ofJjacTi 00.b-
PX yr0oB, a @ — cpelHsas nepenaBaemas 3neprud. Ilonarad, 4To
npubJxeiHo

mivgv
n~—5,
o (ez ?
~ 3
mevf)
u
W~ m, v, (1.40)
HMeeM:
daT T
T (1.41)
No3TOMY
h3
ty=—E_ = 5.10"" cex. (1.42)
mee

B uacrHoCTK, A5 n~-Me30HOB ¢ aHeprHeit 2 Kag speMs 3aMejisieHus
70 HyJseBoil 3Hepruu coctapisieT 5,4/, B rpadure u 4,5f, B xemese.

HakoHeln, paccMOTpUM KacKajHble ONTHYECKHE NEPEXOJEl, B pe-
3y/AbTaTe KOTOPBIX p~-Me30H nonapgaer Ha K-oGosouky. Bpems me-
pexojia M3 COCTOSIHUS ¢ HYJIEeBOH 3HepTHefl B COCTOsIHWE C 3Hepruefl
—Zery, rHe r0=h2/Zmue2, Hanpumep, B Tpadure cocraBasgeT

13,54, a B xenese 8,04, Takum o6pa3oM, 10JHOE BpeMs 3amejse-
HUA 10 NMOPAAKY BesnunHbl paBHo 10713 cex. [Tonae Ha K-06040uKy,
p--Me30H aubo pacnajaercs, Aubo 3axsathiBaerca anpoM. Kak Ml
yXke BUAENH, Npollecc 3axBata mpeobJajnaer B Kejese, B TO BPeMs
KaK B yraepoje GoJsiee BEpOSITeH CNOHTaHHBIR pacnaji. IDTO I10KA3HI-
BaeT, yTO 00a npoliecca npoucxoaaT ¢ Gosee HAU Mellee O/UHAKO-
Boil BepoaTHOCThIO. Ecaum Obl p~-Mesod Obla uacruneil K)kasbl, on
JoJxeH Oblid Obl CHJABHO B3aiMOMEfiCTBOBATb ¢ ATOMHBIMH fAApaMu
1 BpeMs, HEOOXOAUMOe N/l €ro NOrJolleHHs, CCCTaBjsno Obl NpH-
6nusutenndo 10-1% cex., DkenepuMeHTHl Ke OKa3blBAlOT, YTO 110
MOpAAKY Beauunnbl 370 BpeMs pasHo 106 cex. Takoe cuabHoe pac-
XO0XKJeHHE HCK/II0uaeT BO3MOMKHOCTb OTOXKHECTBJEHUS {\"-ME30HA ¢
yacTuuei, npenckasansoi IOkaBoit. bBosee Toro, oHo cBumeTesb-
CTBYET O TOM, YTO MEXIY {1-Me30HaMU H AApaMi UMeeT MecTo JIHIIb
cnaboe B3auMojgencTBye.

4. B 3akaouenHe KpaTKO OOCYAHUM, KAk 3aBHCST BepPOATHOCTH
CNIONTAHHOTO pacnajfa u p-3axsata oT Z. PaccmoTpum mpoxoxpe-
HHe NTyYKa |-MEe30HOB CKBO3b BellleCTBO: yObiBaHue wucna pt-meso-
HOB OynerT oOyCJAOBJEHO JIHIIb CIIOHTAHHBIM DacnanoM, MO3TOMY
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ppeMs HX XKH3HH B BelllecTBe Oy/eT Kak pa3 PaBHO NepHOLY pac-

naja:
T4 == Tpaee (1.43)

C 1pyrofl cTOPOHBI, YHCAO P -Me30HOB OYyAeT VyObIBaTh Takxke H
peaeCTBHe p-3axBaTa, Mo3ToMy

1 1 1
T—: = ‘_:‘ +—T; ) (1 44)
31eChb T— — BpeMsl MH3HM U -Me30HOB B BelIEeCTBe, a T, — BEPOAT-
HOCTb |L-3aXBaTa, OTHECEHHAS K €I1HIHIe BPEMEeHH.
B oxpecTHocTn Hayasa KOOPAHHAT (M B CaMOM nauaje) KBa-
ApaT BOJIHOBOH (YHKUHH p~-Me30Ha, Haxonsulerocs Ha K-oGoaouke,
uporiopunonaned Z3 Ha dur. 7 nsobpaxkena

06s12CTh NEPEKPBITHA AApa H BOJHOBOH (QYHK- Bunoaas
unn u-mesona. Takum o6pasoM, ecau npu pynryus
M- ME3OHA

|-3aXBaTe pU~-ME30H MNOIJIOWAeTCs MPOTOHAMH
A1pa, TO BEPOATHOCTH IOTJOWEHUS JOJKHA
OLITh NPOINOPUUHOHAAbHA Z% N MBI MOXEM 3a-
nucaTb Aop0

1 1 , ( Z 4 4
T T [1 an 'Z‘o‘) J (1.45)  @ur. 7. O6aacts me-
PEKpBITHA BOJIHOBO#H
(yHKUHMM p-Me30HA W

3aech Zo=10,2, nostomy (Z=2Z,) BepOATHOCTH AIpa.

o6oiX npoueccoB 6ausky; npw Z>Z, (Hanpu-
Mep, B xKeJae3e) npeobaajaer w-3axsart,
a npu Z<Z, (HanpuMep, B YIJepoje) ONpeleasiolylo poib Urpaer
CHOHTAHHBIN pachnal.

Has Gonbmux 3uavyeHu#l Z NpuUBefeHHYIO Bbille (HOPMYAY cJe-
JyeT yTouHuTb [22]:

1 1 4 dd \4
?T:?;[l+( 7 )]» (1.46)
rae
7z )1,54]~1/1,54 {Z Lns Madawlx Z,

Zopp=2]1 +(Iﬁ7 7 (147)

37 Aasn Goabliux

5. Ecau pu-Me30HBl B3aUMORENACTBYIOT € siJIpaMH JIMIOb [OCPen-
CTBOM cJ1aBOro B3aHMO/IEHCTBUSI, TO OUeHb TPYAHO IOHATb, MOYEMY
OHH pOXHATCH B GOJABUIMX KOJHYECTBaX. ITa TPYAHOCTb HemNo-
CPeACTBEHHO MPUBOAUT K JBYXMe30HHON Teopuu [23—25].

HByxMe30HHas TeopuUS ONMUPAETCH Ha MPEANOJNOMNKEHHE O TOM,
UTO CYIIECTBYIOT ABE DPAa3HOBMAHOCTH ME30HOB: JT-Me30HBI, OcCYlle-
CTBJISIIONIHE CHJABHOE S/IeDPHOE B3aUMONENCTBHE, W |-ME30HB, ¢Jabo
B3alIMONEHCTBYIONIHE C ATOMHBIMH siipaMu, YToOB OOBSCHUTH
O0usibloe POXKJAEHHE |-Me30HOB, GBJIO BHABHHYTO NDPENON0KEHHUS,

L]
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4YTO BO3HHKAaKOUHE B OONbIINX KOJHYECTBAX JT-ME30HEL pacnanarmnTtcia
3aTeM Ha U -MeE30OHbI:

N—>N +mxn CHJIbHOE B3auMoJelcTBHe,
n—>u-+ ... cgaboe B3aumoleHCTBUE,

CymiecTBoBaHHe Me30HOB ABYX BHIOB BCKOpe ORBIIO NOATBEPIK/1EHO
’KcnepuMenTadbio rpynmo#t Ilaysana.

§ 6. Omkpounue =-Me30H08

K stomy Bpemenu Hadopa usroToBus 1jis AgepHHIX HCCAeL0-
BaHU! OUeHb YYBCTBHTeJbHBle (oronaacTuHku. B dorosmyascuu

- ot

\./ |
[t

/—- at
Manas ciopocmi

®ur. 8. Tunuynas gororpadus x~-Me- dur. 9. TunuuHas
30Ha MaJOH 3Hepruy, HCNYyHMIEHHOrO B KapTHHa NOCJAEKOBa-
pesyabTaTe pacHICIVieHUs AAPA H 3aTeM TEJBHOT'O  pacmaja
DOIVIOLICHHOTO  APYTMM SIpOM  snep- a+t->ut >et B

HOH (OTOIMYJIbCHH. AePHOM AMYJbCHH.

TaKUX IJIACTHHOK, MOABEPTHYTHIX NeHCTBHIO KOCMHYECKHX Jydyed Ha
GobLINX BBICOTAX HAJ YPOBHEM MOpPS, i ObLIH O0HApYMKEHBI TpeKH
3apsiKEeHHBIX Me30HoB [26, 27].

1. bonbuinHCTBO TPEKOB NpuHagdexkanao u-Me3oHaM. Onxako
okasazioch, uTo 109% Me30HOB BBHI3BIBAIOT Dacmajl aTOMHHIX sjlep, 2
BCJAeld 3a Te€M BhiAcHMJOCh, yTo elle 10% Me30HOB wucmyckaroT
nocse OCTaHOBKM BTopuudble Me3oHH. Dosee Toro, mpoGer Bropuu-
HBIX ME30HOB, €CJH OTBJAeYbCs OT CTAaTHCTHYECKHX (AyKTyauul,
0Ka3aJcsl NI0CTOSTHHBIM. DTOT pe3yibTaT ObiJ HCTOJIKOBAH K4K yKa-
3aHuHe Ha MPOUECC BHAA

Mesou — Meson - ?° (1.48)

Pacuwennenue siipa Bbl3biBaeTcsl [OTJIOLIEHHEM m~-Me30Ha. ITO
3agaoyende Obl0 MOATBEPXKAEHO HAOJIOJEHUEM «3Be3l» CXEMaTH-
yecKH u3oGpaxeHHBIX Ha ¢ur. 8.

[Ipn panbuefimieM wu3ayueHuu npoilecca pacnajga 6oLy obHaApy-
JKeHH cAydyaH pacrnaja Tuna usoOpaxeHiblx Ha ¢ur. 9. 1o no-
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CIYKHAO [IOATBEPXKAEHHEM TOro, uTO pacraj HOCHT HMEHHO TOT
xapakTep, KOTOpHIH npeinonaraJjcs B ABYXMe30HHO# Teopuu. B pac-
npe/leNeniy Npo6eros BTOPUUHBIX (1¥-Me30110B Gblsl OOHAPYIKEH MUK
pGausn cpenHero 3nauenus 612 mx. M3 ¢akra nocrosucrsa mpo-
GeroB BTODHUUYHBIX ME3OHOB CJELYeT, uTO N*-Me30H paciiajdeTcs ia
[Be HaCTHUHL:

t > pt 20, (1.49)

SaMeﬂJIeHI/Ie u+‘M630HOB OﬂpeﬂeﬂﬂeTCﬂ I/IOHH33-HHOIH“11MH ﬂoTepﬂMI/l,
dE) £ (dE) .
— = , WA — == =f(v). 1.5
(%), =1B) TR oy =10 (1.50)

JlnvHa Tpeka 3apsKeHHOH 4acTHIBl OT MOMEHTa, KOT/Ja ee CKO-
pOCTb PaBHA Up, NO OCTAHOBKH JNaeTcs BHpaxeHHeM

R=[ _dE R:Mf;’(—‘:f)’zx’lflg(fvo). (1.51)
0 0

1y (HOPMYJYy HA3BIBAIOT COOTHOIIEHLEM MNpoOer — 3HEePTrHsi».

2. UTo6H ompenequTb MAacchl 3apsEHHBIX YACTHH, MB HCIOJb-
3yeM pa3JuuHble KOMOUHAUMU CJACAYIOLIUX H3MepeHHH: a) uU3Mepe-
HHe HOHH3ALHOHHBIX MOTepb; 0) HM3MepeHHe KPUBH3HLI TPEKa B Mari-
HUTHOM mnoJde (cp. mv/e=pH); B) u3MepeHUe MNJIOTHOCTH 3epcH
(oHa 3aBHCHT OT 3apsANa M CKOPOCTH YacTHUH); T') ONMBITH N0 MHO-

TOKPATHOMY KYJIOHOBCKOMY paccesiHHIo (U3 o — CpelHero YraoBoro
OTKJIOHEHHS, OTHECEHHOr0 K eJMHUUEe NJUHBI nmpobera yacTullbl, Ha-
xomar pp).

Macchl yacTun TakoBwl (cM., Hampumep, [17]):

mE: 139,59 =+ 0,06 Mas,
wE: 105,655 = 0,010 Mas,
ex: 0,510976 £ 0,000007 Mas.

3. Caenyomull Bonpoc Kacaercss NMPUPOAB HERTPAJbHON 4YacTi-
ILbl, HCycKaeMofl NMpW pacnapge m~-Me30HoB; ero usydasa O'Cuanefr
[28]. Ecau npennosoxuth, uTo 3Ta HelTpanbHas dacTHLa — opHa
13 U3BECTHHIX YacCTHl, TO 3TO JAHOO (OoTOH Y, M1ubO0 HeliTpuHo v. [1pen-
NON0XKHM, 4TO 3T0 (DOTOH; B TAKOM cJydae OH HMeeT 3HEePrHio Mmo-
psinka 30 Mas. B doTtonsacTuHKax, 4yBCTBUTENBHBIX K 3J€KTPOHAM,
CpelHee 3HaueHHe cBOGOAHOTO NPo6era Mo OTHOWIEHHUIO K pokieccy ¢o-
Topoxaenua nap (AaumHEa Konsepcuu) cocrasaseT 6,5 cu (¢ur. 10).

'Cuanell  npennpuHsaa TOUCKM nap JAs TPEKOB C IJAHHOI
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nopaaka 38 cm 1 He ofHapyxua Hu oaHol napbl. Ecau 6w B
pacnaje [AeHCTBUTeJbHO HcnycKadcss (OTOH, TO BePOATHOCTb He
0o6HapyXuTh HU OJHOH napul Obl.1a Obl Menbiue 0,005, [Tosromy Gnia

+

i

(

e+

3U(I — et e e e s e s ',U"'

Y
e ~30 M3s

$ur. 10. Oxugaembli Byt doTorpaduu rufno-
TETHYECKOrO pacmaja m ' -»u+ 4 y.

cienaH BbIBOA, 4TO Haubosee npaBponogoGHbIil THI pacnaga m*-me-

30Ha — 3TO pacnaj
at —ut 4w, (1.52)

H, CJ1e0BATe/JIbHO, |I-Me30H, BepOsSTHO, ()epMUOH.
4. Bpemsa Xu3HH m-Me30Ha pasuc (cM., nanpumep, [17])

T(n*)==(2,55 £ 0,03)- 10~° cex.
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NPHHUHIIBI HHBAPHAHTHOCTU H ONPENEJEHUE
THNIA MTHOHOB

Urobbl onpegenuTh, K KaKOMY THNY 4acTHL OTHOCATCS f-Me30-
Hbl, KOTOpble BCIOAY B JanbHellleM GyAyT Ha3blBaThCs MHOHAMH,
Mbl BOCIO/Ib3yeMcs NpPHHUHNAMH HHBapuaHtHoctH. B orcytersie
TEOPHH, 3aCAYKUBAIOWEH NOBEpHst B KOJAMYECTBEHHOM OTHOLIEHHH,
HeoB6X0AUMO OrpaHHYHTECA HauboJee CTPOrHMH NMPUHUMNAMH HHBA-
puanTHoCcTH. B 3TO# rnaBe Mu o6cyauM Tpu Bompoca: 1) .ofpatie-
HHe BpeMeHH, 2) 4yeTHOCTb ¥ 3) 3apsigoBoe conpsikeliye.

§ 1. O6pawenune spemenn 8 Kaaccuneckoi meopuu

M3 nepeuncieHHBIX Bbille NPHHIHNOB HHBApHAHTHOCTH TONBKO
ofpallteHHe BPEMEHH MOXHO PacCMOTpeTb B paMKaX KJacCHuecKoli
TeopHn. B ofuiem ciyyae NpHHUMN CHMMETPHH, HAH 3aKOH COXpaHe-
HHsl, ABJSeTCA CJeACTBHEM HHBAaPHAHTHOCTU TE€OPHHU OTHOCHTEJIbHO
KaKkoi-A1u60 rpynnbl npeoGpa3oBaHuil. Bor HexoTopbie npuMepH
CBOHCTB HHBAPUAHTHOCTH CHCTEMbl M BHITEKaloliue U3 HUX 3aKOHBI
COXpaHeHHus: '

Ipynna npeobpasosanuii 3akon coxpanennsn
Tpancasuun Bo BpeMmeHH DHeprus
[TpocTpaHCTBEHHBIE TPAHC/ALKH Umnyase
[ToBopoTtH MomenT uMnyanca

Hackonbko u3BecTHO aBTOpy, o0palleHue BpeMeHU — eJUHCTBeH-
HOe JHCcKpeTHOoe npeoGpasoBaHHe, NOABAAIONIEECH B KJAACCHUECKOH
reopuu. Ilpexne Bcero maaum abcTpakTHoe onpefesieHUe HHBApU-
aHTHOCTH OTHOCHTE/IbHO oOpallleHus BpeMeHH.

Paccmorpum coBokynHocTs S IMHaMHUeCKHX NepeMeHHBIX, ApY-
TUMH CJIOBAaMH, TOuky B (ha30BOM NPOCTPAHCTBE, KOTOpas M0J-
HOCTBIO onpede/isieT COCTOsHWEe JHHaMuuecko#l cucteMbl. Ecau cu-
CTEMAa COCTOHT M3 OAHOM YaCTHUH, TO TOYKA S 3agaercs KOOpPAHHA-
TO# U UMNYAbCOM YaCTHIH:

S=5(x, p). @2.1)

[lycTs B HauaabHBI# MOMEHT BpeMEHM CHCTeMa HaXxoAHaach B
coctosiiun S;{X;, p;), @ Mo MpOLIeCTBUH Nepu)ia BpeMelu T mepe-
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U

urna B coctosinue Sy(Xs, py):

S, - S, (2.2)

[oBOpAT, UTO cucTeMa obpaTuMa, ecnd Ha MHOMKECTBE COCTOSHHA S
MOXXHO onpelenuTh MpeoGpa3oBaHHe R, Takoe, 4TO KaXKIOMy cCo-
CTOSIHUIO 8 CTaBUTCS B COOTBETCTBHE OJHO H TOABKO OZHO COCTOSI- -

Hue SE, npuyem
SR 1, SR (2.3)

TakuM o6pa3om, scHO, 4TO0 npeobpasoBanue R ocymectsaser oro-
6pamxenue $a3oBoro MPocTpPaHCTBA CHUCTEMBI CaMoOro Ha cefs, Kax
370 uaaoctpupyercs ¢dur. 11,

X Si

Sf X

//

R ™~

S¢ \ X
R
Si

dur. 11. Ortobpamenve ¢asoBoro

npoctpauctea S > SR B caywae obpa-
THMOH CHCTEMBL.

Ecin e raxoro npeo6pazoBanus R He CyltecTByeT, To FOBOpAT,
4TO cucTeMa HeoOpaTuma,

[lycts, kK npumepy, mMan, GpolieHHb# U3 Touku A, yepes Bpems
T nanaer B touky B. Ilpn npaBuabHOM noxbope HaYalbHBIX yCJIO-
BHil Msy, GpollleHHbl U3 Touku B, uepes Bpems T ynajer B Touky A,
KaKk BUAHO W u3 ¢ur. 12. CumBoaHuecKH 3TOT (aKT MOXKHO H306pa-
3UTb cheayooiluM ob6pasom:

S (x4 1) > S;(xz D))

Sf Xz —p) —> §f (X4 —1)- (2.4

3*
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[TIpeoGpasoBanue R, Ha3biBaeMoe ofpalleHHeM BpeMeHH, onpeje-
JSIeTCs COOTHOHUIEHHSIMA

X—>XR=x, p—>p?=—p. (2.5)

Huxxe Mbl gafiuM PSiA npaBuJ, KacalollUXCsl ITOTO npeobpa3oBaHUsl.

a. QuzuyecKkue BeJIMYHHBIL, He ABASIOUIHECH JUHAMWYECKUMHU Me-
peMenHbIMH (HanpuMep, Macca, 33psl d T. A.), He HU3MEHSIIOTCH
npu npeoGpazoBaHuu R.

8
A B A R
R S¢
Si S¢ Si
dur. 12, [Ba xBuXeHWs MatepHaJbHONH TOUKM B rpaBiTa-
UMOHHOM THOJe, CBsi3aHHBIE Mpeo6pasoBaHueM oOpameHust
BPEMEHH.

6. Tlycts I — dyukuus nunamuuecknx nepeMeHHbx A, B,...;

TOr ;4
F(A, B, ... R=F (AR, BR, ...). (2.6)

6. I'aMuJIbTOHHAH 1 NPOCTPAHCTBEHHbIE KOOPAMHATHI WHBapHAH-
THl OTHOCHTEJLHO Npeobpa3soBanus R:

HR=H, xR==x. 2.7)

OcHoBbiBasich Ha 3TUX IIpaBHIaX, MBI MOCTPOUM TeOpuio obpa-
lleHus BpPEeMeHH B KJaccHuYeCKoH (u3MKe.

Teopema 2.1. [lycte Q — npou3sBOJbHAs AMHAMHYecKas mnepe-

MEeHHas; TOrAa
(Q, H)R+(QR, H)=0, (2.8)
rae ( )— ckob6ku Ilyaccona,

(. @):2(_02._0_”__01_0"’_).

dqr dp,  Op, 0q,

Jorxazameavcmso. HauneM ¢ coorHomeHnuit
dQ_E(OQ dqr oQ dpr)z
datr oq, dt op, di

r

0Q 0H  0Q oH\ _
= X (G e — 5oy a,) = (@ )
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§ 1. Obpauwjerue 8pemenu 8 KAACCUYECKOG Teopuu

Orclona BUAHO, uTO 3a GEecKOHeuHO MaJblii MHTEepBaJ BpEeMeHH
df BequunHa Q U3MEHHUTCH CAelylolUM oOpa3oM:
dt — N

Q —> Q+(Q, H)ydt=Q".

M4BapHaAHTHOCTb OTHOCUTE/JbHO of6palieHus BpeMeHu Tpebyer, uro-

6o Q'R uepes Bpems df nepeuwio B QF,
Q/R _it_> QR-

C nOMOIIbI0O KAHOHHUECKHUX ypaBHeHUH moayuaeMm

QR 25 QR4 (QF H)dt=
=(QR+(Q, HRdty4-(Q'?, H)dt=
= QR +[(Q, H)R 4+ (QR, H)|dt+ 0 (d?).

Ho nocaennee BbIpaXkeHue JOMKHO paBHaTbes QF, 4TO M J10KA3bI-

BaeT Hauly TeopeMy,
(2.9)

Pasenctso (2.8) 39KBMBAJEeHTHO TPeGOBAHHIO HHBAPHAHTHOCTH
OTHOCHTE/IbHO OOpalleHusi BpeMeHH.

= —p_

Teopema 2.2, pF
Jlokasateascrgo. TlonoxuMm B coorHowreHin (2.8) Q=x, torma
(%, f{)R+(xR’ H)':(JC, H)R"*_(x’ H):O,

HJ/IN
( oH )R o oH
0py 0py”

oH .
opR op,

— .
(2.10)

C noMolupio npaBuaa «6» MoavUaeM:
oH

n, CjaenoBareqabHo, py

Teopema 2.3. (F, G)R=—(FB, GR).
loka3aresscrgo. Dta Teopema siBssercs oGobiieHueM Teope-

Mbl 2.1, Mmeem
aF 0a oF 0G \R
R —— e ————— e
(7, G) _Z(dxr opr op, dxr)
.
oFR 0GR gFR 9GR\
apR oxR

- <0xf opR
o Z(OFR oGR  aFR 0GR
- 0x, Op, dp, 0x,
r

)= — (FR, GR).
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Teopema 2.4, (dQ/dt)R = —dQR/dt. (2.11)
Horxasameascmaso, _
R
(G2)" =@ HR=—(Qr H)=—“2-.

Teopema 2.5. LR=L, rge L — narpanxuaH CHCTEMH.
Lorasameascmso.

LR =(Z pg,—H| = Z plef —H" =L.

Paccyxpnenusa, orHOcAlMecs K MeXaHuKe TOYEYHBIX YacCTHI,
MOJKHO pacnpocTPaHHTb Ha KJAACCHYECKYIO TeOPHIO MO/t — KaaccH-
YeCKyIo 3J1eKTPOJAHHAMUKY;

[Tycts raMunbTOHHAH 3apsKEHHONH HACTHUH B OTCYTCTBHE BHell-
Hero noas paseH Ho(p, X); raMu/JbTOHHAH TOfl Xe€ YaCTHUH B 3J€K-
TPQMAarHUTHOM [oJie GyAeT MMeTb BHI

H=H,(p—eA(x), X)+ep(x), (2.12)

rae A ¥ ¢ — BEKTOPHHIAl U CKaJApPHBIA NOTEHNUUAABl 3JeKTPOMATHUT-
Horo noas. Mel norpeGyeM, utoOnl He ToiAbKO Hy, HO ¥ nOJHHIE ra-
MuibToHHal H Opiim Obl MHBApHAHTH OTHOCHTENBHO OOpalleHHs
spemenH. Tak Kak H§ = Hj, a pR=—-p, 10 H Gyzer nuBapuantoM,
ecay

AR=—A, o¢R=q. 2.13)

ITu COOTHOMIEHHS COCTABJSIOT OCHOBHOE MPaBM/IO MpeoOpasoBaHua
noseli npu obpaileHun BpeMenn. HenocpencrseHHHM c/ieacTBHEM
ero sIBJAIOTCA COOTHOILLEHHA

ER=E, HR=—H. ©2.14)

[Tocnennuii pe3ynbTaT npeicTaBisfieTcs BHOJHE eCTeCTBEHHLIM: Mar-
HATHOE ToJie NOpOXHAeTcss 3MeKTPHUECKHMM TOKOM, a TOK MnpH
R-npeoGpa3oBanun MeHnsier uanpasaende. Cuaa Jlopenua, nefi-
CTBYIOWAs HA yacTUny 3apsna e, paBHa

=e(E+xXH) (3aecs c=1) (2.15)
# npeacrasaser cobofi MHBapHAHT
FR=F. (2.16)

-Bexkrop Ywmosa — [lofintunra S, nponopumonanbueii EXH, npu
R-npeo6pa3oBaHHH MeHseT 3HaK: :

SF=—8§. 2.17)
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{Ipt oOpalieHHd BpereHH HanpaB/iedHe pacnpocTpaHeHUsi 3JeK-
rpOMArHUTHOH BOJIHBI MEHSIETCSt HA MPOTHBONOJOXHOE, HO ee MoJs-
pu3allus OCTAeTCs HEH3MEeHHOH, D10 obobulenHe TeopeMh 2.2 Ha
31eKTPOANHaMuKy. YpaBHeHua MakcBeasla B ecTeCTBEHHBIX e€JXUHH-
pax UMEIOT BHJ

JE JH
rotH— =7 ==4nj, rotE+4 =0, (2.18)
div E = 4np, divH=0.
STH ypaBHEHUsl TaKXKe WHBAPUAHTBHI MpPH YCJIOBHH, UTO
R=_—j, pR=p. (2.19)

Jlns TOYEUuHOro 3apsija MJIOTHOCTb TOKA M MJAOTHOCTb 3apfjia AaloT-
c5 BHIPAXKEHUSAMH

§ () =expb(x — Xp),

(2.20)
p(X)=ed(x —xp),

rie Xp — KOOPJAKHHATA YaCTHIHI.

Ecan ypaBHenue He HHBapHAHTHO OTHOCHTENbHO OOpallleHHs Bpe-
MeHM, TO COOTBETCTBYIOLLAafA cHcTeMa HeobOpatuMa, 3akon Oma paer
TOMY NpOCTOH npuMep:

j=cE (cp. R=—j, ER=E), (2.21)

rae ¢ — NPOBOAMMOCTb. B 3TOM cayuae u3-3a paccesinusi AXKOy./eBa
Tensa cucteMa HeoOpaTuMa,

§ 2. O6pawenue spemenn 8 K8aHMOBOL Mexanuxe')

Eciu B kmaccHyeckofi TeOPHH COCTOsSIHHE CHCTEMBI XapaKTepH-
3yercss TOUKOH B (pa3oBOM MPOCTpaHCTBe, TO B KBAHTOBOH TeOpHu
XapaKkTepUCTHKONH COCTOSIHHS! IBAAETCS BEKTOP COCTOSIHHH B THJb-
Geproom npoctpancTBe. TakuM o06pasoM, B KBAHTOBOH MexaHuKe
MHBAPHAHTHOCTb Npu obpallenun Bpemenu (B npexcrasiennu Llpe-
Aunrepa) o3HauyderT, 4To

yE L wR (2.22)

v, -Lw, (2.23)

B knaccuyeckoit Teopuu R-npeofpa3oBanue ocyliecTBasieT orobpa-
XeHie ¢a3oBoro npocTpaHcTBa HA ce0f, B KBAaHTOBOH TEOPHU OHO
OcyulecrBasier oroOpaiKeHHe FHJAbGEPTOBA NPOCTPAHCTBA Ha cebs.
————————

') Cm. paGora [I—6]. CywecrByer GoMbluOe UYHCAO PA3MHYMHX BapHAHTOB

TPaKTOBKN BOMPOCOB, CBA3AHMBIX C HHBAPHAHTHOCTBIO NPH OGPAIUEHHH BpeMemH.

bl ccpitaeMest JIKIML HAa HKaunGoJgee pauHue paGothl. Manoxedue B 3TOH KHMre
6auxe Beero k Toakosanmio LlBuurepa,

ecan
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OTtuocurenbHo npeofpa3oBaHust R Mbl nmpuMeM ciaeaywollde [10-
CTYJ1ATHI:
a. Eciy W — BexTop COCTOSIHUSA CUCTEMBI, TO

YR —= [JTW*, . (2.24a)
rne U — yHurapubil omepatop, uHAekc I O3HayaeT onepanuio
TPaHCNOHUPOBAHUSA, @ «*» — ONePalnio KOMIJIEKCHOTO CONpsKeNus,

6. [pu paccMOTpeHMH AMHAMUYECKHX MepeMeHHBbIX Mbl Gymem
OnupaTrbCcs Ha MPHHIUN COOTBETCTBUSA:

(YR, QUR)=¢, (¥, QY), (2.246)

Q& =¢eqQux (eq=%£1). (2.25)
Teopema 2.6. H=UHTU"' "(uau UH*U*, no Burnepy).

,ZZOKaBaTE’/leTBO\ ECJIH
¥, =iy,

rae

TO ;
—iHt
SRR

dTo ectb TpeGoBaHMe OOpPATHMOCTH CHCTEMBl C TOYKM 3peHHs
UIPeJIMHTEPOBCKOTO  MpeJCTaBJeHHsi. YUUTBBAsi MOCTYJAaT  «a»,

HaljeM:
—iHt {, ~iHtg \R
l{f’i? = (e ‘yi) y

UT‘I’: —_ (e-—_lHt) UT (e—th\I;i)* — (e- th) UT (etli*t) ‘P':;

D10 COOTHOINEHHE HOJIKHO ObiThb CMpAaBE[JHBBIM MNPH MPOH3BO/Ib-
Hom ¥;; caenoBaTesnbHoO,

UT = (e~ H) UT (el’HTl)’ eiHt — (Ur) ettt (UT)‘I'

HJIH

HJIH ;
H=U"H"(UN " =U"HU)";
Mo3TOMY ,
H =U"'HU w-H=UHU"

Teopema 2.7. Beesenm onpegencune Q°=UQ U™ roraa
(TR, QIR) = (D, QRY). (2.26)
Jokasameabcmaso. ’
(TR, QDR)= (¥*, U*QUT<D*)—-((D (U QUTY W)=
=(@, UQ'U'Y).
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— —_—

Ha ocHoBauuu mocryjara «b» nojydaeM B COOTBETCTBHM C KJac-
CHUECKHM cooTHolIeHueM (2.25)

QR =eoQ. (2.27)
M3 Te0opemsl 2.6 caeayer, 41O
HR=H. (2.28)

TakoBO Heo6X0[HMOe YCM0BHe OOPAaTHMOCTH CHCTEMBI; OJHAKO CH-
ctema Oyner HaBepHSKa oOOpaTtuMOH, TOJNBKO eCad MOMKHO HafTH
ynurapuyro matpuny U, yaoBn1eTBOpsIONLyI0 COOTHOMIEHUIO

UQ'U ' =¢\Q. (2.29)

Tecnass CBf3b C KJacCHUeCKOR Teopueli shiaesdsiercs 6osgee ort-
yeTJUBO, ey R-npeobpa3oBaHue CHCTEMbl 3anHChIBATh uepe3 ore-
paTopbl (PH3MUECKHX BeNHYUH, & He yepe3 BEKTOPHl cocTosmuil. Bo-
Jlee TOTO, B NPOTHBONOJOXKHOCTE R-npeoGpa3oBaHHIO BEKTOPOB CO-
CTOSIHKE BCe OmepaTopHbie COOTHOLIEHHS OCTAlOTCA B CuUJle He3aBH-
ciMO OT BmiOOpa MpeacTaBJeHUs.

1. Ceoiictea R-npeo6pasosanus.
1. IIpeo6pasoBanue R ecTb JHHEHHBIH orepaTop:

(¢,Q,+ CQQQ)R = lef + cQQf, (2.30)
TNe ¢; U Cp CyTb C-4HCJA.
2. (QiQ)° = QF QL. (2.31)
3. Ecom Q — nabmonaemas, To
QM =eQ=0Q. (2.32)

Teopema 2.8. UT=cU, rge ¢ ecTb C-uKCAO, MOAYJb KOTOPOrD

paBeH eJMHUILE.
Hokasareascrso.

QR=UWQU Y U =UTUT QU =Q

Taxkum o6pazom, UTU-! xoMMmyThpyeT ¢ npou3BOJbHON Habualojiae-
MOH H, c/iefOBaTeJbHO, HOMKHO OHITH C-YHCJIOM:

Uvu'=
Hakonen, nockonbky U — yHuTapumii onepatop, moayas |c|=1.

Teopema 2.9. [F, G}JE=—[FE GR].

fdokasareascréo. ta TeopeMa HENOCDPEACTBEHHO CJAEAYET W3
CBolicTa 2 R-npeo6pasoBaHHA U COOTBETCTBYeT TeopeMe 2.3
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KnaccHueckoil Teopuu. [Ipeo6paszosanue R He H3MeHsieT KaHOHHue-
CKHX TepeCcTaHOBOYHBIX COOTHOLIEHHH:

[*: pX]Rz—[xR’ sl=—x —p]=[x p}

KaK H J0JKHO ObiTh BBHAY TOro (paKkTa, 4TO KOMMYTaTop MpencTa-
BAsieT coBoOH C-uuCjO.

2. Mocrpoenne onepatopa U. Kak 6bio yXe OoTMeueHo, Ml
JOMKHBI HalTH yHHTapHbli omepaTop U, KOTOpHIil ymoBJeTBOpsieT
COOTHOLLEHHIO '

Trr=—-1
UQ U™ =¢yQ,
rae Q — npousBosbHas HabJogaeMas.

a. Koopounarot 6eccnunosod wacruyer, Hawa 3zagaya — ycra- -
HOBUTb cyllecTBOBaHHe omepartopa U B KakoM-n1nGo ompepesieHHOM
npeAcTaBjaeHHH. Bo3bMeM KOOpAHHATHOE HpeACTaBJeHHe, B KOTOPOM

x'=x"T=ux. (2.33)
B sTOM mpexcTaBleHHH omepaTop HMMyJabCa py UMeeT BHA
1 0
Pr=T73%" (2.34)
Kak usBecrtho,
oNT 0 . )
(W =T 9x WM Py="1Pp
cjaeloBatenbHo, BuGpas U =1, MH noay4yum
KR=Ux"U"'=x n p?=UplU'=—p.. (2.35)

6. Momenr umnysoca. OpOuTaibHbIl MOMEHT ONpefedsieTCst CO-
OTHOIlIeHHEM

L=xXp
H TnpH o6palleHHH BpeMeHH mnpeolpasyercs CAEAYIOUWIHM 06pazoM:
LR=—L. (2.36)
[ToaHbli MOMEHT 4acTHIBl CO CHMHOM !/ paBen
1
J=L+'7°',
a W3 TMPUHLMIA COOTBETCTBHS CJelyeT, 4TO
JR=—1] u, caenoBateabso, oR = —g, (2.37)

Takum oGpasom, uckoMuii onepatop U pomkeH yaoBJeTBOPATH
COOTHOILEHHIO

Us'U'= —a, (2.38)
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Ecau maTpuubl ¢ B3siThb B fipeactaBaeduu Ilay.an:

: 01 0 —i 1 0
R (e

U=uao,. (2.40)

O6patum BHuMaHue, uro 3lecs UT=-—U (cp. ¢ Teopemoii 2.8).

TO

Teopema 2.10. ITycte @ — cobcTBeHHBIH BeKTOp HaGaonaenmch Q,
TaK 4To

QD=¢g® (¢ —cob6crBeHHOE 3HAUEHHE); (2.41)
TOoraa
QDR =g ,qDR. (2 42)
Hokasareavcréo. V3 cootHotuenusi (2.41) caepyer:
(QD)*=go*.

C npyrofi croposH,
QDR = UT (QD) = UTQ*(UT)™ UTd* =
=UTQ" (U") 'O =(U™'QU)’ @R = ¢ ,Q~.
Tem cambiM cnpaseaanBocTh (opmyant (2.42) ycrTaHoBjeHa.
B kauecTBe mpuMepa yKaxkeM COOTHOLIEHHe
(@p, )R =D_,, g, (2.43)

crnpaseniuBoe € TOYHOCTbIO A0 BO3MOXKHOIO q)aSOBOFO MHOXuUTeJid.
Tounee rosopsi, HMeeT MeCTO cJjedylollas Teopema:

Teopema 2.11.
(@ o) =2, (2.44)

rie MW — yn-cocronuue, a OO — ayr-cocroanue !}, MuTyutusnmii
CMBICT 3THX COCTOSIHHE MOXKHO ycMoOTpeTb u3 ¢ur. 13 u 14,

Hokasaresrvbcrso. DTy TeopeMy MOMKHO [A0Ka3aTb, MCAOMB3YS
Teopuio paccesHuss B Gopmyanposke JlunMana — llBunrepa. Ypan-
HeHue JlunMana — llIBuHrepa umeer BuA

(+)__ 1 )
(I)a+ == (Da + m V(I)(a+. ) (2.45)

rie @, o3HauaeT COCTOSIHHe mMNajaionled IJIOCKOH BOJMHH, a HH-
LeKC a CTOHT BMECTO HHAEKCOB HMIYyJbCa H CNHHA Hajaloileil ua-

'} Bextopnl coctoanufi @ u M(-) npeacraBisioT coGoll He3aBHCUMBIE De-
WeHUs 3a/laud paccesdHHd, YAOBJETBOPSAIOIIHE ACHMINTOTHYECKHM YCJHOBHAM JJifl
Pacxoasweiics H cxoasueiics cdepuveckolt BoJiHb cooTBeTcTBeHHO. Ilonpo6Ho o6
STOM cmM., HanpuMep, B Kypce C. IliBeGepa [24*], crp. 300. — MMpun. ped.
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cTuubl, a=(p,o). [lpuMensss k ypaBuenuto (2.45) npeodpa3zoBa-
HHe R, HafineMm:
(+N\R __ HR T 1 N
(@) =R+ U (m va,) =

—~@f +UT(————~1 - V*)(UT)“UT(cDg,“)*:

E.a—Hf).—'is
i T A R
=@ e DY =
"a+U(Ea—'Hg—-iav)(U) (@57)
1 ,
=P+ g—p=w V(O (2.46)

Ho 570 ecTb B TOYHOCTH ypaBHeHHe, KOTOPOMY yrosJaersopsier ®),
rie —a o3Hauaer (—p, —g). CnenoBarTesbHO, MBl MOJYyYaeM:

@) = U (@) =— 0y (D7) =03, 5. (2.47)

\ | |
-~
- ———— —_—— ) .
. - ————

$ur. 13. [lpuxoadmas naockas BOJHA H Pacxols-

masnca paccesHHan cdepuuecKasi BoAHA, COOTBETCTBYIO-

mpe cocrogumio alt) .

3aeck  Mbl CHOBA OTBJEKAJHUCh OT BO3MOXHBIX YCJAOXKHEHHII, CBH-
3aHHBIX C (a30BbiM MHOMXuUTegeM. [IpuBefqeHHoe Boblille ypaBHEHHE
B of0llleM cJyyae COPaBEAJHBO C TOYHOCTbIO JHIIb JO HEKOTO-
poro ¢a3oBOr0 MHOXHTE/s, Korja 3TOT NoCAeAHUHR B KaKoH-au6D
mepe cywmecrBeH, Takum o6pa3oMmM, HeT HeOOXOAHMOCTH pemaTh
ypaBreHde masi @O, ecau uapectHo O, PopmanuaM Jiunmana —
HiBunrepa Mul BHoBb 06cyaum B I, 4, 3nech xe GyneT noyynTedb-
HO MpPUBECTH APYroe N0Ka3aTeJsCTBO TEOPEMBbl, onupaiolleecs le-
AocpeAcTBeHHO Ha ypasHenue llipeauHrepa.
IMonwiTaemcs- HaiiTH pelienne ypasHenus [llpepunrepa
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COOTBETCTBYIOIEE pacCcesiHUIO nmafawoulelt BoJHbL, [1ycTh @ 03Hauaer
MajaiouLyio TJIOCKYI0 BOAHY H yLOBJETBOPSieT YPaBHEHHIO

Hyp, = Eq,;

Torfa BoJaHoBas (GyeKuus Pt), COOTBETCTBVIOHIAs pacXoasieicH
chepuyeckoit Bonne (cM. ¢ur. 13), 6yser noguHHATHCA HHTErpalib-
HOMY YDPaBHEHHIO

=0, 00— [ @ S VR (x0), (249)

rae E=Fk/2m.
C npyro#i cTOpOHBI, MOXIIO HaHTH pelieHHe, copepHxallee ¢XO-
asaulyiocd cepuyeckylo BOIHY, u306pa>KeHHy}o na ¢ur.14;

Y () =1, (x) — 5 [ @' * V(X)w( (x'). (2.50)

<——'\/
= — ()
N AN

dur. 14 Cxoasulasca cdeprueckas BoJHA U yXoas-
mas NEocKas BOJHA, COOTBETCTBYIOMME COCTosnHuIo al™)

[IpumenuM Temepb K ypaBHeHHIo (2. 49) npeoﬁpasoBaHue R:

-x'

(45 0)F = i, 0 — - U [ [ o ey
— @ (R — 2 [ o —'k;'— UTV* () (4 (X)) =

v )] =

3! gtk x=x"1]
=@_,(x)— fa’ lX VX)W (xR (2.51)
U3 cpaBhenus cootHowenuit (2.50) u (2.51) iICHO, UTO
(5P (%) )F =) (x)- (2.52)

B npakruueckom cMbiciie HaumGosiee mnosesHoll oKa3biBaeTcs cile-
Ayowas teopeMma:



46 Trasa 2. Hpunyunet unsapuanTHoCTU

Teopema 2.12. SR=S, rpe S —Marpuua paccesHus.

Hoxa3zaresbcrso. CylleCTBYeT HECKOJIbKO CIOCOGOB 3amuCH MaT-
puLBl paccesiHusi; 34ecb MH Bo3bMeM S-Matpuuy B ¢opme Jlun-
MaHa — LlIBuHrepa

Spa=(@7, @). (2.53)
W3 cootHomenns (2.26) cpasy ke moayuaeM
Sba=(q)$1+)R' 5 R),
Bocnosab3zosaBuivce Tenepb TeopeMoit 2.11, HaxoauM
Spe = (D), ®H)=S_,, -». (2.54)

Ora QopMyna CAYKHT OCHOBOH AMs NPHHIMNA AETaJbHOTO PABHO-
Becus. 3amHilieM Tenepb jeMeHT S-MaTpuiubl C NOMOLUbLIO MIOCKHUX

BOJIH:
Spe = (@,, SD,). (2.55)
KoMGunupysi nanee coorHoumenus (2.54) u (2.55), moayuum:
(®@,, SO,) = (D_,, SO_,)=(DF, S©;) =(,, S*D,).

-a

§ 3. llpunyun demasrvnoz0 pasnosecusn

PaccmMorpum peaknuio
a+4+AZB+b. (2.56)

[Tpenmonoxum, uto ee aupdepenuuanbHoe ceuenne do(—)/dQ us-
BectHo. Torma, eciu najamouiye YacTHIB HE MOJSPU3OBAHH, Mbl
MoxeM HalTh JdudpdepeHuHaJbHOe CeueHHe OOPATHON peakUHH.
PaccmoTpuM 3Ty 3ajauy B CHCTEMe IIEHTPa HHepuuu, 06o3HauMB OT-
HOCHTEe/TbHBIE HMITYJbCH YaCTHUH B HAaYaJAbHOM H KOHEUHOM COCTOS-
HUSIX uepe3 P; U p; coorBercTBeHHO. M3 dopmysn (2.54) umeem

Py 9,18 Pis 3y =(—Ps, — 9, |S| — pp. —03p). (2.57)

rie Mbl HamHCalH @; BMECTO @, M 04 2 0,BMecTO 9, B g5 Cym-

MuposBasue MO HavyaJbHbIM H KOHEYHBIM CIHHHOBBLIM COCTOSIHHUSM
xaet

2Py 3]SI P ) 1P= B K—pi— 91| —ppy —3 % (258)

310 BbIpaXeHue B CUJYy e€ro HHBAPHAHTHOCTH OTHOCHTENBHO MOBO-

POTOB JO/IKHO OHITh (DYHKUueH CKaJApHBIX MpoM3BeNeHHil ps. P- H
Pi-P;, MO3TOMY ero MPaByl0 YaCTb MOXKHO MepemHcaTbh CJAeLYIOLIHM



§ 4 Onpedenenue cnuna sapaxcenn020 nuoua £

obpasom:
CELI(P;, —g; ISI Py _—af>12=c§ﬂl(pb gy ISI Py cf)l2‘ (2.99)

(31ecb MBl BOCMOAB30BAJUChL TEM, YTO CIHHOBHIE HHAEKCH B 3TOH
cymMMme uemble.) CoenoBaTesbHO, Ta 4acCTh BEPOSITHOCTH Mepexona,
KOTOpas 3aBUCHT OT AMHAaMHKH Ipollecca, OKa3LIBAeTCH OAMHAKOBO{
st apsiMoii B o6paTHOH peakuuii, Tak uto pas3auyde B guddepeH-
UHAJIbHBIX CEYeHHAX MOSABAAETCS TOJNbKO 32 CYeT KMHEMAaTHUeCKOro
MEOXHUTeNSA, B clyyae wenoasapu3zosarneix ny4xos

SIS

do (->) 2n\2 ( py crin
a9 =(7) (7,‘) @S, 0@, 1) (2.602)
pARICOIE
27 \2
ﬂ’_“:lz_.(i) P\ ___com , (2.606)
pTs) v \7,] &, +H@,+ 1)

rne W — monnas sHeprus cucTeMul. IDTH (OPMYJb BHIBOAATCH B
ra. 4, TaM XKe o6Cy:KaaeTcsi BONPOC O HOPMHPOBKe aMmIHTYR S(—)
u S(<). Hcnoab3yss paBeHcTBO BeposiTHOCTell nepexoda (2.58) u
(2.59), MPHXOAUM K COOTHOHIEHHIO

do(=>)/dQ  ( pr\? (25,4 1)(2S5+1)
do («)/dQ — (7»7) @S, FO(ES,+1)"’

KOTOPOE HA3BLIBAIOT MPUHIHIOM JAETaJbHOTO PAaBHOBECHS.

[Tpunoxenus sToit hopMyanl B sipepHON (PuU3HKe BechMa MHOrO-
YUCJTEHHBl, HO MBI OTPAaHHUMMCH 3[eCb JIUIIb ee NPHMeHeHHeM K
OnpeneseHHI0 CMHHA MHOHOB,

(2.61)

§ 4. Onpedenrenue cnuna 3apANCEHHOZ0 NUOHA

B 1951 r. Mapwak [7] u Uecrou [8] npennoxuau Ads omnpese-
JEHHsI CIHHA 3apSIKEHHBIX MHOHOB MPHUMEHUTb MPUHIMUN AETaNbHOTO
paBHOBeCHS K peaKLHH

at+dZp+p. (2.62)
[Tockonbky cnuHbl MPOTOHA M AEHTPOHA YKe M3BECTHHI, TO dhopMy-
f1a (2.61) B cayuae 5TOH peakuuH JHaer:

do(>)d2 _ 4 p
do(«)d2~ 3 ¢ (2SF1)° (2.63)

Tle p U g — MMMYJbCH MPOTOHA W NMUOHA B CHCTEME [EHTPa HHEP-
MY, a S — Heu3BeCTHLIA CMHH MHOHA. 3aMETHM, OIHAKO, YTO BCAEN-
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CTBYE HEPa3JHUYUMOCTH YaCTHI B KOHEUYHOM JBYXMPOTOHHOM COCTOf-
HHU [O75 TOJHBIX CeUeHHd hUMeeT MECTO COOTHOIIEHHE

o(=>) __2 4
o(«) 3 ¢ESFH”

(2.64)

C npyrofi ctoponbl, K 3ToMy Bpemend Kaprpair, Puuman, Yahrxen
H YHJKOKC M3MepH/IM ceueHne peakuuu do(<)/dQ ans npoToHoB
c Hava/abHOH 3Heprueir 340 Mas B nabo-
3 paTopHO# cucTeme, MOPOXKAABIIMX Aeil-

TPOH W MHOH C 3Heprueir 21 Mas B cu-
cTeMe LleHTpa HHepLHH. TakuM o6pasom,
nosoxus S=0 uau 1, MoxHO 6HJIO pac-
cuutath do(—-)/dQ v HaHecTH na rpa-
dux (dur. 15). dypGun, Jlosp. u Crefin-
Oeprep [9] BbIMOMHMAM TpsMOe H3Mepe-
Hue do(—>)/dQ; wux pesyabTatel oOHa-
pyxuan coraacue c Bapuantom S=0.
Iasi cpaBHeHHa pe3y/abTaThl 3THX U3Me-

—
(=]
T

(9,
T
e

10°%%em*/cmepad

0 30°

dur. 15. Onddepernpann-
HOE ceueHue peaKuuu
a*+ 4+ d > p -+ p. Touxu, pac-
cuutanibie B [peinoJoxe-
HMH, 4Tt0 CcnuH  At-Me-
sona paser 0 uam 1, 06o-
3HaueHn COOTBeTCTBeHHO [ ]
1 Q; 3Haukamu X o06o03Ha-
4eHbl TOUKH, MNOJyYEeHHBIE B
uamepenuax Jyp6una, Jlospa
. u Creitn6eprepa.

peHuit Takxke npuBogstcd Ha dur. 15.
Anajorgunble U3MepeHHss ObLTH BBINOJ-
nenbl KuaapkoMm, Po6eptcom u Buanco-
som [10].

§ 5. O6pawenue spesenu
8 meopuun noas

B Mexauuke MaTepHaJbHBIX TOUEK
poJb ONEepPaToOpOB UIPald X, Py U T. A
B Teopuu mosis Mbl HMeeM [e/10 ¢ TpaHc-
bopMalMOHHbBIMH CBOHCTBAMH OMepaTo<

poB pa3JuuHbIX mosiell. PaccMorpuM B3auMmopeicTBylowue noas I,

2, ...,
BeJleHHEM

U=U1><U2><U3>< o ><US’

s. Torna omepatop U Gyner npeiacTaB/ieH NPsAMBbIM TPOHU3-

(2.65)

rre U, — ynurapubiil onepaTtop, OCymecTBisiomni o6paiienne Bpe«

MeHu OJifg IOJA S.

Hauynewm ¢ XOpOLIO H3BECTHOrO Clyuyas 3JEKTPOMArdHuTHOroO InoJis:

E(x)?=UE(x) U '=E(x),

Hx)?R=UH(x) U™ = —H(x).

(2.66)
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Paznoxum HanpsKenHocTd nojell B psaanl Pypobe:
' — . , .
— —-kla k’e ike __ ot , —th’
E(;c)_k_}_e VoI e-kla(k, e)e at (k, e) e~

' — ) (2.67)
H(x)= k}i m eXk [a (k, e) etkx — gt (K, e) e-—:kx],

rie € — BeKTOp I0Jis pu3alluy 3JeKTpoMaruuTHoro nojs, a at(k,e) —
onepaTop poxAaeHust ¢ortoHa ¢ umnyibcoM Kk M nomspusauuein e,
YAOBJETBOPSAIOLIHI MePeCTAHOBOYHBIM COOTHOIIEHHAM

1, ecin k=k’, e=¢e’,

+ ! V4 —
la (k. e), a* (K', &)] [ 0 B oCTaJbHBIX CayyasXx. (2.68)

Mu  OyneM nosib3oBaTbesl CJAeAYIOIIHM IpefcTaBJAeHHEM oOnepa-
Topa a:
1

0
0 V2
0

o O O

ak, )=1%X1%X ... X X oo X 1. (2.69)

(]
Feoe

. . . . “es

Onepartop a(k,e) gmeficteyer B run0epTOoBOM mpoCTpaHCTBe, obpa-
3yeMOM B CBOIO Ouepeih NPAMBIM MPOH3BEIEHHEM CUETHOrO MHOXe-
CTBa THALGEPTOBLIX TNPOCTPAHCTB, COOTBETCTBYIOIUHX PasjiHUHOMY
BeI6opy k u e. IlpeacTaBneHne 3Toro omepatopa OTJIHYHO OT e.U-
HHUHOH MAaTpUUBl TOJABKO B TOM TH/IbOEPTOBOM MPOCTPAHCTBE, KOTO-
poe coOTBEeTCTBYeT NAaHHBLIM 3HaueHusaM K u e. 3aMeTHM, UTO B 3TOM
npeacraBaenun matpuusl @ u at— peficteurenbibie. C moMoLLbIO
dopmyanl (2.66) HaxoguMm
a(k, e)R=—af(—Kk, e), 2.70)
at(k, e)R=—a(—Kk,.e). '
O6pawenne BpeMmenu npeoGpasyeT omepaTop YyHHUTOXeHHs ¢o-
Tona a(k,e) B onepatop poxieHust dotona at(—Kk,e). Tenepr Mbl
nonxnbl Hality Matpuuy U, KoTopas B BoIOPaHHOM npeicTaBJeHHH
ynoBJeTBOpsieT COOTHOUIEHHM
-1

Ua'k, e U '=—a"(—Kk, e), @71

Ua(k, e)U '=—a(—K, e).

4 K. Humumpxuma
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Pemenue sTHX ypaBHeHmii Haetcsi BhpasKeHHeM
U=exp[{7n(a+(k, e)+at(—k, e))(a(k, e)+a(—Kk, e))]_—.
=U (k, e). (2.72)

Takum ob6pasoM, B cayuae 3/eKTPOMarHHTHOTO 1oJs MaTpuna U
UMeeT BHJ

m%=ﬂum@, (2.73)

npuyeM B cuay roro, ytro U(k,e)=U(—k, e), 310 npousBenenue
OXBaTHIBAT TOJbKO MOJMYNPOCTPAHCTBO HMNyJbcoB Kk, Hampumep
MoJAynpocTpaHcTBo £x>0. 3aMeTum rtakxke, 4TO B 3TOM MNpEACTaB-
aenun UT=U (cp. c reopemoit 2.8).

lNepeiinemM Temepp K NHPAKOBCKOMY Momio. B 3ToM cayuae Mbl
npocto OyneM mpeanoJaraTh CyiieCTBOBaHHE YHHTApHOIO omnepa-
Topa ofpaiieHHsi BpeMeHH, He NMbITasiChb ONpedeNUTh ero siBHLH BUI.

B kiaccHueckoll 3/ eKTPOXHHAMHMKE HMeENH MeCTO paBeHCTBa
(2.19); cooTBeTCTBEHHO AJs1 AUPAKOBCKOrO MOJS LOKHLI BHIMOJ-
HATbCSA COOTHOLIEHUS

(' ap)® = —pray,

2.74
(")° =™y 279

anMeM B KauecCTBEe NMPCANOJNIOXKCHHA, YTO
V=V Ry V=R 0, (2.75)

[lepecTaHOBOUYHBIE COOTHOIICHHS HE MEHAIOTCA MpPH 3TOM Mpe-
o6Gpa3oBaHuH ):

[, (), W] (X)) = [ ()%, b, (1)} =
=Ry, (b, (), b (X))} Ry, =08,,0(X’ —X).  (2.76)

HerpynHo mokasaTh, 4TO M TaMHJIbTOHHAH CBOGOAHOrO Mo,
UMelyil BHI

H= [ d@x[¥ ®app(0+mi’ 0poxl,  @77)

rae p=(1/i) V, TakKe HHBapuaHTeH OTHOCHTENbHO 3TOro mpeoGpa-

30BaHUs.
Mpbl go/xHB NOKa3aTh, UTO CyLUECTBYeT MaTpuua R, uMerolias
npapuabHbBle TpaHcHOPMALHOHHEE CBOHACTBA.

1) B coorHomennn (2.76) oneparopnl Y, (X) u ‘I’E(X') OTHOCATCR K OAHOMY
MoMenTy BpeMen ¢ = ¢, — Ilpum. ped,
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M3 paseHcTBa

Wrop =v"RO'R™y (2.78)
cJIepyerT, 4Tto

T -1 T -1
Ry R =—a, Rp R =5 (2.79)
PeiueHne 3THX ypaBHeHuH (C TOYHOCTBHIO A0 (PA30BOrO MHOMKHUTENS)
MOMHO MPeACTaBuThL B BHIeE
R=1yC, (2.80)
rie C —omepaTop 3apsta0BOTO COMPSXKeHUs, YLOBJETBOPSIOLIMI
COOTHOLUEHHIO

Cy,C ' =—y,. (2.81)

(CeoiicTBa onepaTopa 3apsfoBoro conps:xerus C Mbl o6cyauM He-
CKO/MbKO Mmo33Ke B 3710 Iyase.) Ilpu BriBome nochemnux ¢opmyn
ObLIM yuTeHbl COOTHOLIEHHUS

o =1iv, (k=1,23) n p=1,

B ta6a. 1 mu nosoxuan (PpOP)f=g(ypOy) u 3arabyaupopanu
snayenus ¢ nas Beex 16 marpun Iupaka. Yucro n B 31o#t Tabauue
NIOKa3bIBaeT, CKOJNILKO pa3 MOsIBASETCs HHAEKC 4.

Tabauya 1
Tpancopmanuosnbie cBofictBa MaTpuy Jupaka
0 1 Y [V ) Vs, ¥
(ckanap) (BeKTOp) (Tersop) (akcuaapunit Bextop)l (ncenzockanqap)
e 1 (DX D EDX D] (DX DT L

Mbt paccMotpesyn obpaileHHe BpeMeHH, NOJb3YACh NpeacTaB/ie-
duem [llpenunrepa, 0AHAKO HETPYAHO PacHpOCTPAHUTh MOJYUYEHHRBIE
pesyabraThl Ha caydal npepacTaBienus [efisenGepra. Onepatopwt
B mpeacraBneHun [efisenbepra u B npeacrasaesun llpenunrepa
CBA3aHbl COOTHOLIEHHEM

O(x, t)=e"0 (x) e~ (2.82)

Takum o6pasoM, Ana omepatopa B npenacrasieHnH [efizenGepra,
o6palleHHe BPeMeHH AaeT

O (x, R=e~HRQ (x)R iRt =¢,0 (X, — #) (2.83)

Mpu ycaosuu, yto O (x)R=¢go0(x). M3z coortHoutenus (2.82) scho,
uto ¢opmyna (2.83) cnpaBeanHBa JHIUL B CAy4ae, KOraa MOJHAs

4*
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SHEPTUsi CHCTEMEI coXpaHsieTcsi. B mpoTuBHOM cayuae peayabTatr
onepaiuu obpauieHuss BpeMeHu OyAeT 3aBHCeTb OT Hayajla OT-
CYEeTa BPEMEHU.

Bonpoc 06 o6pauieHud BO BpeMeHH renseﬂéeproscxnx omepa-
TOpOB MBI 06cyauMm B Ti1. 6 B cBAsn ¢ CPT-teopemoil.

B cayuae onepaTopoB, 3aBHCHALINX OT BPeMeHH,.10Ka3aTelbCTBO
TeopeMbl 2.12 CTaHOBHTCH TOpasfo Harddiuee. B npesacrasienun
B3aUMOJe/iCTBHs TaMuJbTOHHAH B3anMopeiictBus V(f) yaoBiaerBo-
psieT COOTHOLIEHHIO

V(R =V (—#), (2.84)
M S-MaTpully MOXHO 3amucaTh CJAeAyIOIHM o6pa3om: .

oo <] 2]
S=1+(—i) [dtV(t)+(—ip [an [ a6V E) Vit .. . (2.85)
Cue joBaTebHO,

SR=1+4(—1) [at,V(—t)+

o) t
+(—ip [at, [dV(—t)V(—t)+ ...=S.
§ 6. Yemnocmo

TToHATHe YETHOCTH TEPBOHAYA/JIBHO OHLIO BBEAEHO B KBAHTOBOM
Mmexanuke. PaccmoTpum THiiM4HOe ypaBHeHue IlIpemunrepa

Hy = EY, (2.86)
rae
N
2 +) Viry, (2.87)

a ry=|x;,— x;l.
Beegem omnepatop mpoctpaHcTBerHoro orpaxenus IL:
If (X5 Xy «o)=f(—X3» —Xgs +..). (2.88)
Ho ramuabtoHnad H ecTb yetHad PYHKUUS X4, Xa, ..., NOITOMY
IL(Hb) = H(ITy),
1L, H]=0. (2.89)

HJIH
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W3 onpenenerust (2.88) HeMedeHHO BHITEKaeT, YTO
=1, (2.90)

H, C/lefoBaTe ] bHO, COOCTBeHHbIe 3HavyeHuss oneparopa II paBebl + 1
g —1. DTu coBcTBeHHblE 3HAUEHHS U HA3LIBAIOT YETHOCTLIO COCTOS-

HUA.
Onepatop I1 He KOMMYTHpPYeT HH C X, HA C P; OH AHTUKOMMY-
THPYET C HUMHU:

p=—pll, lx=-—xIL (2.91)

Orciona caeayet, yTo Il aHTUKOMMYTHPYET C MOJHBIM HMMYJAbCOM
cTemn P: :

. PIL— — IIP. (2.92)

Do o3HayaeT, 4To deTHocTh Il MOXKHO AHMAroHaAH3HPOBATH TOJBKO
B ciicteMe LeHTpa uHepiuH. ONHAKO BechbMa CYLIeCTBeHHO, uto II
KOMMYTUPYeT ¢ omepaTopoM MomeHra L:

lnv L] == O’ (2-93)
rae
N
L =i§1 X; X pi-

Myctb Yim (0, @) — cobcrBennas QyHkuus oneparopos L? u L, oT-
Beualouass COGCTBEHHBIM 3HaueHHsMm [(/+1) u m; Toria

Y1 (8, @)=Y (1 —0, o+1)=(—=1)'V (6, ¥).  (2.94)

BuyTpeHHsis yeTHocTb. JlO CHX mOp Mbl pacCMaTPUBAJH TOJBKO
Ty 4aCTb YETHOCTH, KOTOpAas He 3aBHCHUT OT BHAA YacTHI; OJHAKO
€CJIH YUCAO YACTHI MOXKET MEHSITbCs, TO Ka)KJ0oH 4acruile HeolXo-
JAMMO MPHIUCATH BHYTPEHHIOI UYETHOCTh. 3TO HEBO3MOXHO B KJac-
CUYECKOH TeopuHu, B KOTOPOH OTCYTCTBYET MPEACTABJEHHE O POXKIe-
HHY M YHHUTOXKeHuH uacTull. [lo3ToMy B Hell U He paccmMaTpuBaercs
nmonsitne verHoctu, CooTHollenus (2.91) npeacraBisioT euie OfUH
apryMeHT NPOTHB MCHOJb30BAHHSI YETHOCTH B KJIACCHYECKOH TEOPHH.

BosnoBas ¢yHkuug cucTeMBl WM Kako#-1u6o ee yactu, co-
crosilei M3 Yacrtul a, b, ..., paercs BBIpaxKeHHEM YPgp..(Xq,
Xp, ...), W JdefiCTBHE OmepaTopa YeTHOCTH OHpeJesercsd COOTHO-
lIeHHEM

My (Ko Xpp - ) =858 - Vpp (—Xpp —Xpy o) (2.95)

rae eq, &y, ... — BHyTpeHHHe YETHOCTH, BBI6paHHble TaKuM oBpa3om,
utobsl I komMMyTupoBan ¢ H.

B HekoTOpHIX C/IyYasx HEBO3MOXKHO YKa3aTb TaKOH HaGop BHY-
TPeHHux yeTHocTefl, uto6bt BeauunHa Il coxpawusiiack; B 3TuX
ClIy4asix TOBOPAT O HapylIEHHH 34KOHA COXpPaHEHHUS UYETHOCTH
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(HecoxpaHeHue 4eTHOCTH). Mbl 06CyAuM 3TOT BOMPOC NMO3JHEE, B
CBA3H o c1abuiMu B3auMmoaelictBuAMuU. B 3Toil Xke riaBe Gyner npes-
1oJ1araThbCsi, YTO YETHOCTH BcerAa coxpansiercsd. OgHako gaxe H B
3TOM CJyyae BHYTPEHHHE UYETHOCTH HE YJaeTCsd ONpeRes]uTb OIHO-
3HayHeIM 006pa3oM; OGLIUHO NPHAEPXKUBAIOTCH HEKOTOPOro corJaa-
mieHns Ha 3TOT cyer. OnpepenenHe BHYTPEHHHX YETHOCTeH yacTul
HEepa3PBIBHO CBSI33aHO ¢ BO3MOXHOCTBIO POXKAEHHS WJ¥ YHHUTOXe-
HHS UYACTHIl; B MPOTHBHOM CJyuyae INOHATHE BHYTPEHHell UYETHOCTH
CTaHOBHUTCSl Gecrosie3HbIM.

§ 7. Yemnocmo 8 Hepeasmusucmckol s0eproi gu3uxe

B HepenATUBUCTCKOR fAncpHOil (u3uKe pOXKJEHHE H VHHYTOXKe-
HHE HYKJOHOB OTCYTCTBYIOT, [IO3TOMY HeT He0OXOAMMOCTH MPUIH-
CHIBATb HYKJIOHAM BHYTPEHHIOW YETHOCTb. EIHHCTBEHHOE HCKJIO-
YeHHE — PeaKLuH C yyactHeM (OTOHOB, B KOTOPHIX NPOHCXOAHT PO-
XaeHue HaM yHuutoxehue ¢ortona. [Tostomy ymobro paccmartpu-
BaTb BHYTPEHHIOIO YeTHOCTb (OTOHA.

BsauMojeficTBHe 3apAXKEHHOH YacCTHLbI C 3/JEKTPOMATHHTHBIM
noseM BBOAMTCA C MOMOLIBIO noAcTanoBku Jlupaka:

p—p—eA(X). (2.96)

BBuay TOTO 4YTO P H X MOAUHHAKTCA cooTHOLleHusam (2.91), ansa
coxpanexus yeTHocTn II Heob6xogumo, uTOoObl OHa YyIO0BJAETBOPSIA
COOTHOMLIEHHIO

HA ()T = —A(—X), (2.97)

T. e. A(X) Q0JMXKeH HMeTb OTPHLATENbHYIO ueTHocTb. OTciofa noay-
yaeM 1
MH(x)T'=H(—x), IEE)I'=—E(—x). (2.98)
PaccmoTpuM, HanphMep, peakud ¢ GOTOHAMH Ma/blX 3HEPruil B
MAarHATHOM [HIOJBHOM HPHOIMXEHHH, B KOTOPOM
H (x) — H (0). (2.99)
B 31OM cilyyae 4ETHOCTb CHCTEMBbl HYKJOHOB JOJIXHA COXDPaHATHCH,

MO03TOMY, HANPHMED,
y+d—>n+p.
38 1S

§ 8. Hemnocmeo nuoros

CBeneHus O UETHOCTH TT"-ME30HA MOXHO MNOJYYHTb, aHAMUZHPYS
pe3yabTarthl onbiToB Ilanosckoro, Aamoara u Xaau [11] no norjo-
IeHHIO T-ME30HOB B BOJAOpOAe M AefTepuH. B 3THX Xe 3Kcnmepu-
MEeHTax 6bl1a OINpeleneHa H YETHOCTh ni’-ME30HOB.
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DKcnepyMeHTaJbHBIM  J0OKa3aTeAbCTBOM  CYIIECTBOBAHUSA HEM-
TpaJbHBIX MHOHOB, 3aJ0Jr0 N0 TOTO HPEACKA3aHHHIX TEOPETHUYECKH
(0 yeM yxKe ymoMuHaJgoch B M. 1), nocayxuno nabaionenue ¢oro-
HOB, POXIAOINUXCA B ANEPHBIX PeaKHWsIX NPH BHICOKHX SHEPTUsX
(¢ur. 16) ). HauuHas c HEKOTOPOTO 3HAYEHHS SHEPLHH, POXIeHHE
$OTOHOB NMPOHCXOIHT 3HAYHTEJIbHO HHTEHCHBHee, ueM MpelcKashbi-
BAIOT JEKTPOJHHAMHUYECKHE PacUeTH. DTO 3HAUEHHE IHEPTHH MOYTH
paBHO TOPOLY POX/IEHHs 3apsiXKeHHHX [HOHOB. Bouaee Toro, smep-

Cuemvitie
INCHTIIOH-
TIO3UTDPOHHUIX

nap

Konnumupyrousas
uens

Nyuox npomotos
¢ anepauel 340 Mas

P ur. 16. CxeMa skcnepuMeHTa no oGHapyxeHulo Hefi-
TPaJbHOrO NHOHA. .

reTuueckul ciekTp (HOTOHOB, BBHIIETAIOIUX B 3aJaHHOM HamnpasbJe-
HHH, HMEET XOPOHIO 3aMeTHbI MAKCUMyM. DTH HabJIOleHHS MO3BO-
AAI0T cAedaTh BhIBOI, YTO B SIEPHBIX peaKIHAX NPH BHICOKHX 3HEp-
rusx (HayuHas ¢ HEKOTOPOro MOPOTOBOFO 3HAYEHHA 3HEPTHH) TPO-
UCXOIUT poXIeHHe HelTPaJbHOro MHOHA, HMemllero Maccy, GJu3-
KYI0O K Macce 3aps:KeHHHIX NMHOHOB, H BCJeJ 3a POXKAEHHEM HeMe[-
JeHHO pacnajalouierocs Ha ABa (OTOHA.

1. TManoeckuit, Aamoar u Xsgau [11] nccaenoeananm cnekrp ¢o-
TOHOB, BO3HMKAIOIHX MNDH TMOLJIOUIEHHH OTPHUATENBHBIX MHOHOB B
Bogopofe. MCTOYHHKOM y-KBAHTOB MOTYT CJAYXHTb CJAeLyIOLIHe

peakuuu:
n" 4 p—o>n-ty, (2.100)
NApont @.101) °
—s Qv
"+ p—s>n+2. (2.102)

1) Cwm., nanpumep, paboty [12],
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Habnopapumiicss sHepreTHuecKUil CNeKTP Yy-KBAHTOB NpHBedeH HA
tur. 17.

a. ITux, obycarosaennoii o00unHounbimu vy-KeantTamu. Vamepss
SHEeprui0 Yy-KBaHTOB, o6pasyouuxcg B peakuuu (2.100), MoxHO
VCTAHOBHTH Maccy i -Me3oHa.

T

40 130 Mas

dur. 17. Duepretwueckuffi CHEKTp Yy-KBAHTOB,

00pasylouHxcs Opu 3aXBaTe f™-ME30HOB B BO-

IOpOJIE; cepefinHa CNEKTPOrPaMMbl COOTBETCTBYET
anepruu BG6Ju3n 130 Mas.

6. IlTux 8 obracru Huskux suepeuii. Viamepsigs noJokeHHe HU3-
KOPHEPreTHYeCKOT0 TMHKa B CHEKTPe y-KBAaHTOB, BO3HUKAIOUIMX B
peakunu (2.101), MoxHo onpenejuTb pas’HOCTb Macc ™~ U ml-Me-
30HOB.

8. Ornowenue [lanosckoeo. OTnOCUTENbHAS YaCTOTa peakiuit
(2.101) u (2.100) okasanacb paBHOH

@~ +p>ntad)

@ F >ty =0,94 * 0,20. (2.103)
DTo oTHOIIeHHe Ha3blBaloT OTHowenneM I[laxHoBckoro. Ilo cospe-
MeHHBIM JaHHBIM, OHO coctaBiager 1,5+ 1,6, T. e, HecKONBKO 60JIb-
lle, 4eM yKa3aHO BHILIE,

2. ToT Xe KCNEPHMEHT MOXHO NpoBecTH, 3ameHuB Hy Ha D,
Tlpu 3ToM m~-Me30H MOIJIOLIAETCA B pesy/bTaTe CJAEAYIOLIUX MpPo-
IECCOB:

a~+d-—2n, (2.104)
n”—+d-—>2n+v, (2.105)

n -d —>2n 470, (2.106)



§ 8. YetnocTo nuonce 57

Habaopasmuiics 3HepreTH4yecKUi CNEKTP y-KBAUTOB IIpUBedeH Ha
¢ur. 18. OrHocHTenbHAA 4aCTOTAa YKAa3aHHHIX TpeX peaKuuil, pas-
nas, KaKk okasanaoch, 2:1:0, BecbMa BaxHa ¢ (DH3HUYECKOU TOUKH
3peHus. DKCHepPHMEHTHl 110 MOTJIOUEHHIO M™-Me30HOB B AefTepHH U
BOJOPOJE BBHIIOJHAAKCE NMPH OJMHAKOBHX Yc/oBUAX. CrexoBarens-
HO, MOXHO rojaaraTb, 4T0 B OOOHX CJydYafXx B eIHHHLY BpeMeHH
{10TJIOLLAJIOCh OJHHAKOBOE UYHCJO 11™-Me30HOB. DTO CYULeCTBellHO AJs
onpeneneHus CKOpocTH mnepsoro mnpouecca. Onniako HeoBXOAUMO
IPOSIBUTb OCTOPOKHOCTb, YTOOHEI HE CNYTATb MOTJIOUIEHHE N~-Me30-
HOB, 06e3 MCIYyCKaHHH y-KBAHTOB, C MPOLECCOM pacnaga s —»p +v.

90 130 Mas

® ur. 18. Jnepretuueckuit CnexTp y-KBaH-
TOB, O6pasyloIMXca NPH 3aXBaTe L~ -Me30-
HOB B JiefiTepuy; cepellnHa CIEKTPOrpaMMBbi
COOTBETCTBYeT 3Hepriu BOausn 130 Mas.

Uto6ul NMOKa3aTh, YTO BepOATHOCTb pacnajfa mafna, B KCHEPUMEHTe
MeHsJ10Ch AaBileHue fefiTepusi. Bulso noATBepKAEHO, YTO HHTEHCHB-
HOCTb Y-KBAHTOB TNPONOPIHOHAJNBHA TABJEHHIO, €CJ1H NPeIHOJNOXKHTb,
YTO BpeM$ 3aMejlelusd fw™-Me30Ha B Pe3yJbTaTe CTOJNKHOBEHHH 3Ha-
yuTeJbHO MeHblIe BpeMeHH (m — p)-pacnaja.

Brnocaencreun CrefinGeprep u Yunosckuii, a Takke Kpoy u
Vlopk HemocpeJCTBEHHBIM 3KCHEPHMEHTOM MOATBEPIWAN CYLIeCTBO-
BaHue npouecca (2.104).

3. OnucanHEie BHIIE 3KCIEPUMEHTHI MOKA3a/H, UTO {~-Me30H
1epsieT SHEPrUI0 32 BpPEMs, O4eHb KOPOTKOE NO CPABHEHHIO C Ie-
puojom mnoaypacnaga. Yafirmen [13], ¢ Apyroit cTopoHm, mokasad,
YTo BpeMs 3axsara m -Me30Ha Ha K-060J10UKy Me30BOIOpOLA HJH
Me30/efiTepHst Upe3BbIYAHHO MaJIo, O3TOMY BIOJAHE MOXHO Ipearo-
JMOXKHUTb, YTO JT"-ME€30H, [ONABLIKIT B pe3yJabTaTe 3JeKTPOMATHHTHBIX
B3aumoneficTBuil Ha K-060JIOUKY, TOIJIONIAeTCH HAPOM, HCIYCKas B
OonbIunCTBe c/lydaeB ABa HelTpoHA:

" +4+d-sn-+n,
8§ 1§, 3P, 1D, ... (coCTosiHHA, pa3pelueHHbie (2.107)
npuntunom flayan).
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DuKkcHpyeM BHYTPEHHHE UYETHOCTH HEATPOHA U NPOTOHA, MNOJIOXKHB
Ep=¢, =~1. (2.108)

Tak Kak m~-Me30H molJiomaercd u3 S-coCTOsHHHA, YeTHOCTb Haya/b-
HOI0 COCTOSIHHS €cCThb
I, =¢@n™), ' (2.109)

rae e(m~) — BHYTPEHHSIl UETHOCTb s -Me30Ha. UeTHOCTb XKe KOHey-
HOro COCTOAHUA paBHa
= (1), (2.110)

rae [ — OTHOCHTE/IbHEI MOMEHT ABYX HeHTponoB. Ecau Gl m~-Mme-
30HBl HMeJHW HyJeBO#l CNHH H MOJOXKHTENBHYIO YETHOCTb, TO pac-
cMaTpuBaeMBIM npollecc, Kak Mbl celiuac rnmokaxem, 6wl Obt 3amnpe-
wen. Bymem paccyxpate caeaywomum obpasom: ILi=+1; Ji=1;
¢ Apyro#t CTopoHbl, H3 yc10BHA Il;=1 BHITEKaeT, 4TO B KOHEYHOM
coctogHuu [ UYeTHO H, CJef0BATeNbHO, CIHHOBOE COCTOSIHHE [BYX
HeHTPOHOB SABJISETCS CHHIJIETHHIM, a mo3ToMmy J; Takxe uerHo. Ta-
KHM 06pa3oM, t™-Me30H He MoxeT ObiTb CKaafpHOfi yacTuueit [14].
VInBapuaHTHOCTb OTHOCHTENBHO 3apAJ0BOrO CONpPSXKEHHH, KO-
TOPYIO MBl DACCMOTPHM ellle B 3TOA FJaBe, HO HECKOJbBKO MO3XKeE,
rapasTHPyeT, UTO CHHHBl H YeTHOCTH JT*- W 7 -ME30HOB OJHHAKOBHI
ConocraBasas BHIBOAB § 4 ¢ BBICKA3aHHBIMH COOOpaXeHUSMH, M
3aK/1I04aeM, YTO 3apAXKEeHHble MHOHBl ABJSIOTCH 11CEBIOCKA/APHBIMH
YyacTHLAMH, T. €. HMEIOT CIHH HyJb H OTPULATENbHYIO YETHOCTb.
UTto KacaeTcd YeTHOCTH m%-Me30Ha, TO Mbl OTMETHM JHIIb Cje-
Ayiouiee: ecau n0-Me30H — TakXKe NCEBAOCKA/JgpHAs yYacTHua, TO

npouecc
A 4d—>2n 40 @.111)
s 8 P p

pofxen OHTb CHIABHO 3anpellled Gaarozaps sdbderram, o6ycios-
JEHHBIM [eHTpoOeXHbBIM OapbepoM. 31ech MajeHbKHMH GYKBaMu
0603HaueH MOMEHT NHOHA OTHOCHTENLHO HYKJIOHOB B HAuYaJbHOM H
KOHEYHOM COCTOSHHAX, a4 INPONHCHBIMH — OTHOCHTE/BHBIH MOMEHT
JIBYXHYKJOHHOH CHCTeMbl B KOHEYHOM M HAYa/JbHOM COCTOSHHAX.

Tipouecc (2.111) B 3KCnepuMeHTax IO NOIVIOLIEHHIO 7T -ME30HOB
He Habaiopancs.

§ 9. Uemnocmeo 8 meopuu nors

K omeparopy 4eTHOCTH NpeAbABJAAIOTCA cJaexyiollie - TpeGoBa-
ausa; a) oneparop II poaKen ObITh YHHTAPHEIM u 6) OH [JOJKEeH
KOMMYTHPOBaTb C TFaMH/IbTOHHAHOM,
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B Tteopun noss Heob6xoauMMo paccMaTpuBath TpaHchoOpMaUHOH-
Hbie CBOHCTBA ONEPATOPOB DA3JHUHBIX NMOJEeH NMPH NpOCTPAHCTBEH-
HBIX oTpaxenusix. [lepBoe 13 yKa3anHbIX Bhille TPeGOBaHHIT MoO-
s)KeT OBITb YAOBJETBOPEHO, €CJH TaKHe npeoOpa30BaHuA He BJAHSAIOT
Ha TNepecTaHOBOYHbIE COOTHomieHHsi. BTopoe TpeGoBaHMe CBSi3aHO
C 3aKOHOM COXpaHeHHH 4YeTHOCTH. MBI PaccMOTPHM BOHPOC O mpe-
o6pa3oBaHHU ONEPATOPOB Pas3JHUHLIX TMoJefl B NpeACTaBJeHHH
Ipenunrepa.

B naparpade, nocBsuieHHOM HEPeJATHBUCTCKOA sAfepHoit Gu-
3uKe, Mbl BHISICHHJH, YTO 1Jd (OTOHA CnpaBelJuBbl COOTHOLICHHS

NAX) I '=—A(—x),
Ty () 17" = ¢ (— x).

Yro6bl BBIACHHTb TPaHC(HOPMAlHOHHBIE CBOHCTBA (hepMHOHOB, pac-
CMOTPHM T'aMH/AbTOHHAH 3JIEKTPOMArHHTHOTO B3aHMOACHCTBHSA

Hyy=— ie [ a2 (x) v, (x) A, (x), (2.113)

rae p=vyty,=y*p. TpaHchopmaluOHHBle CBOCTBA MOTEHIUAJIOB
NPUBOAAT K COOTHOLIEHHIO

—P(—X) P H(—x) amm p=1,2,3,
+\—|?(——X)V,}IJ(—X) o p=4.

(2.112)

I (% (x) v, () 17} =
(2.114)
CJIEJlOBaTeJIbHO, MOXKHO IIOJOXHUTDb

Iy, (x) 17! =S, (—x), (2.115)

rac S — ynutapras Mmarpuna Jlupaka. Ilepexomss B 3TOM paBeH-
CTB€ K 3PMHTOBO CONPSXEHHBIM Be€JIHYHHAM, 3aNHIIEM

! ()T~ = St (—x) =] (—x) S (2.116)

[TogcraBasigs HafimeHHble 3aKOHBI NMpeoOpPa30BAHNA B BbIPAXKEHHE
4151 ToKa, y6exmaeMcs, YTo Marpuua S [A0/IXKHA YIOBJAETBOPHATh
COOTHOLLEHHAM

STNNS=—vy, A w=1,23,

2.117
S” 1Y4vp,S = Yﬁu Rag u=4. ( )

[Mocnepnee H3 HUX YAOBJETBOPAETCS TOXKAECTBEHHO, NMEPBOE Ke
MOXHO Mepenucarbh cjaeaylouluM o6pasoM:

S 'aS = —a. (2.118)
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Uto6bl BHISICHHTb [JaJbHeillHe OTpaHHueHusi, HaK/ajbiBAeMbie HA
_MaTtpuny S, HcCleAyeM TraMHJIbTOHHAH cBoGogHoro moas (2.77).
[lpumenus x nemy onepatrop II, monydum:

NN = [ d' [q;’f (—X) S 'S = Vip (— x) +
+-mp* (—x) STBSH (—x)| = H

IPH YCJAOBHH, UYTO
S7BS =p. (2.119)

Takum o6pazom, uMeeM:

! —y, Am p=I,2 3,

{ Y, A4 p=4 (2.120)

S—lyuS:

Haubosee 00IIUM pellleHHeM 3THX YDaBHEHHil ABJsSeTCsl MaTpuIla
S =eloy,, (2.121)

rae e'® — npou3BOJbHbIA Moka (asoBBII MHOXHTE/Ib, KOTOPHIA Mbi
B jpafbHefilleM BhiOepeM, uMesi B BHLY yno6CTBa MOCAEAYIOIIETO H3-
J0XKeHHsA Teopuu. B HMHBApHAHTHOCTH MepeCTaHOBOUYHBIX COOTHOIIE-
HHil HeTpyAHO YOGeAHThCSl HENmOCPeICTBEHHO MNpoBepkoit'):

IL (%, (x), ¥ ()} 117 =
= (T, (x) 17", Ty} (y) T} =
= Sy {0y (—X), W} (—¥)} S5 =88 (x —y)-

D;JIH OnepaTopoB, 3aBHCALIMX OT BpDEMeHH, HMeeM:

—Au(—x, 8 aas p=1, 2, 3,
-1_ u
A, (x, $ 11 ._{ A(—% ) aan p—4 (2.122)
H
My, (x, HI7' = (v (—x, 1)),
(2.123)

! (x, HIT ' = e~ “(p" (— x, £)vy),-

MoxHo paccMOTpeTh W npeoGpa3oOBaHUE MOJEH C HYJeBbIM CIH-
HOM:

Oox, HII7'= £ o(—x, o). (2.124)

Ecad npuHATb, UYTO YETHOCTH COXPAHSETCs, TO 3HAK CJAEAYeT
BbIGpATL TaK, 4TOOBl B3aMMOJEHCTBHE OKa3aJOChb HHBAPHAHTHEHIM,

) Cwm. npumeuatue K c1p. 50. — [ pun. peo.
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Hanpumep,
E‘W‘ — +1 (cxamp),

— (2.125)
ipypy — —1  (nceBnpockansp).

HerpynHo Taxxe yOequTbest, 4to ecaum P(X, ) [uau ¢(x,?)] ymro-
BjerBopsier ypaBuenuto [Jupaxka (Kneitua — Fopmona), 1o w
M (x, £) ! [uau Ie(x, {) 117!} yaoBaeTBopsieT TOMY e YpaBHEHHIO.
HakoHel, MOXHO 10Ka3aTh, 4To II? KOMMYTHPYET CO BCEMH Omepa-
TOpAMH KBAHTOBAHHBIX NoJed, ecau e?@=1, mostomy II? cyTh
C-4HCJ0. YIOMUHABUIMECH AO CHX MOD YCJIOBUS He r03BOJISIOT BhI-
6patb I exuucTBeHHbIM 06pa3oM. Boabmieft onpenenenHocTH MOX-
Ho AOOUTbCS, MPHHAB NOMOJNHHTENbHOe TpeboBanHe, 4To6H I[12=1
(unn 4yT06Ht omepatop Il 6bl1 3DMUTOBBIM) H YTOOBI BAKyyM ObLI
COGCTBEHHBIM COCTOsIHHEM omepartopa [I, oTBeuawuuM coGCTBeH-
HoMy 3HayeHHio +1.

C yueroM 3THX orpanuuenufl pewenne (2.121) npunuMaeT Bun

S=*y, (2.126)

§ 10. 3apsadosoe conpsncenuel)

HupaxkoBckas Teopus 3JE€KTPOHA INpejCKa3blBAET [Jis HEro cy-
1leCTBOBAHUE AHTHYACTHIBl — IIO3HTPOHA, HMEIOLEro OJMHAKOBLIE
C 3JEKTPOHOM Maccy H CIHH, HO HeCYIEro MHpOTHBONOJOXKHBIA 3a-
pan. Hanuuue anTHUacTUNB XapaKTePHO He TOJMNLKO 145 3JEKTPOHA,
HO W JJ5 BCeX 3JeMEHTApHBIX YACTHIl, ONHCHIBAEMEIX C MOMOLIbIO
TEopHUH NoJs. ‘

Tak kak xBaHTOBafd 3/ME€KTPOAMHAMHKA MOJHOCTHIO CHMMETPHYHA
MO0 OTHOHIEHHIO K 3JIEKTPOHAM W NO3HTPOHAM, MBI MPUMeEM, YTO H B
o6ieM cllyuae CYuUIecTBYeT CHUMMETPHsSi MO OTHOLIEHHIO K YaCTHIAM
n antHyactTHuaMm. Tak e Kak JA/]s1 YeTHOCTH, NPEANOJ0KHIM, YTO CY-
UleCTBYeT YHUTADHBEI OmepaTop €O CJAeAYIOUIMMH CBOHCTBAMA:
a) omepatop € npeoGpasyeT YaCTHHY B AHTHYACTHLY C TeM XKe
HMIYJBCOM U TeM Xe CIHHOM, 6) onepaTtop € KOMMYTHUPYET C ra-
MUJBTOHHAHOM H, CJIe10BaTe/bHO, NMPEACTABISAET COXPaHAIOLIVIOCH
BEJNHUUHY.

Haunem ¢ ypaBHeHuss Jlupaka aas 3JeKTpPOHa

[v, (On—ieAy)+m}b=0, (2.127)

Tle e — 3apsig 31eKkTpoHa. Tak kak GYC ~! onuceiBaeT onepartop
MO3HTPOHHOrO 1O/, OH AOJKEH YLOBAETBOPSTH YPaBHEHHIO

[V, (3, +ieA,)+m] cpe ™ =0. (2.128)

') Cm. pabothi [15~16].
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M3 cpaBHeHHs 3TUX ABYX ypaBHeHHH cpasy XKe C/JelyeT, YTo
-1
@(eAu)@ =—eA,,,
HJIH TIoCJIEe JdeNleHHA Ha e
CALC ' =—A,. (2.129)
B pamkax sropmuHoro KBaHTOBaHUA P (HIH E) OMUCEIBAET YHUYTO-

MKeHHe JIEKTpPOHA (IIO3HTPOHA) UM POXKAEHHE MO3UTPOHA (s.neK-
TPOHA)* NO3TOMY MHI [OCTYJAHPYEM, uTO

Gll)ae‘l = Ca;,ll’;,v (2' 1 30)

rae C — yuurapuas matpuua Jdupaka. Mul onpenenum C, BoCnodib-

3oBaBIluCh TeM, 4To Copbs YROBJIETBOpsieT ypasHeHuio Jupaxa
(2.127): .

[Yu (0, — ieA)+ m]Chp=0. (2.131)
VpaBHeHHe, KOTOPOMY MONYHHSETCA 1, UMEeT BUI
[Vnrx (au + ieA,)— mlp=0. (2.132)
Ymuoxas (2.131) cneBa na C-i, nonyuaem
C']qu = — vﬁ, HJH CyﬂC'l =1, (2.133)

rjie YIT‘— MaTpulia, TPaAHCNOHUPOBAHHAA MO OTHOHIEHHWIO K MAaTpHIle
Y,
Tak kak MaTpHUIbl ’Vu H Y'TL MOAUHHAIOTCHA OAHMHAKOBBLIM IlepecTa-

HOBOYHHIM COOTHOLIeHUsIM, MaTtpuny C MOXHO BHIOPATh HECKOJb=
KHMH PasJuuHBMH cnocob6amu. IlyreM mociieqoBaTenbHOro npuMe-
HeHus1 paseHcrsa (2.133) nHafimem, uTO

—y,=C (€)== e(C) =—(CTcTy, (cTcT)
Orcbna BEITEKAET, UTO A
CTC™' = c-uncao. (2.134)

DT0 ¢-uxC0 He 3aBUCHT OT BHGOpa npexpcrasieHus. Hefictsurens-
HO, MYCThb MATPHUUB y Npeobpa3yroTes OT OJHOTO NpelcTaBJeHHS K
LpYyroMy C MOMOLIBIO COOTHOLUEHHs! '

v, =Sv,S7h (2.135)

torna matpunia C 3ameHsiercss Ha martpuuy C’,
C’'=S8CS§7, (2.136)
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npuueM cootHowenne (2.133) ocraerca B cusme. Herpymno yGe-
AUTbCH, 4TO

¢’ =C"c. (2.137)

CJaleq0BaTesibHO, C-4HC/I0, (PUTYPHDPYIOlLiee B NMPaBoOH YacCTH COOTHO-
wennsa (2.134), nze 3asucur ot BblfOpa mnpexactasaeHus. UToOH
onpee/uTh 3TO C-4HCJA0, BO3BMEM, Hanpumep, npeacras/enue
[Mayau:

Y =00p V4==P;3-

B sTOM NpeACTaBAECHHH MATPUUBI Yy H Y; — CUMMETPHUHBIE, & Y1 H
Ys — AHTUCHMMeTpUUHBIE!
V= Y, A p=2, 4,
# — =1,3

Y, am p=1,3,
H, C1e0BaTeJbHO, KaK OTHO M3 BO3MOXHBLIX PelIeHHH MOXHO B3ATb
C=vzy:. B 3TOM npencrasiesuu

C'C'=—1, wmm C'=—C. (2.138)

Tax kak npaBas uacTb pasencTsa /2.134) He 3asucur oT BhIGOpa
npeactasieHus, cootHomenne (2.138) cnpasepsiuBo B MOGOM npen-

CTaBJIeHHHU.
Ucnonbays cBoiictea matpuuel C, u3 (2.130) MOXHO BHBecTH

COOTHOLIEeHUE A
CH,C ™ =Cg . (2.139)

Hrak, tpaHcopmaunonHble cBOHCTBA onepaTopos, GUTYPHPYIOUIHX
B KBAHTOBOH 3JEKTPOAMHAMHKE, YCTAHOBJCHHI.

Hceaenyem tenepr Bonpoc o6 HHBAPUAHTHOCTH HepecTaHOBOY-
HbIX COOTHOLIEHHH npu Npeo6pPa3oBaHUK 3apAAOBOTO CONPSAKEHUd
B npejicTaBieHHH B3aumojedictsusn. Hwmeem:

(ev, (e b, () €' =C,Chl ¥, (%), ¥, (9)) =
| = — iCaCiSun (y — %)= £ [CT'S (5 — x) C,.
Tak kaxk S(x)=(yd —m)A(x), 10

C'S(x)C=—S(—x . (2.140)
Cnenosaresnho, aHTHKOMMYyTaTop OyZaer paseH
— E8 (% — Pgs = (0 (%): b, ®)}- (2.141)

Kpome Toro,
[CAL(x) &7, CAV(y) €Y =[— Au (%), — Av(1)] = [Au (%), Av()].
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HuBapuanTHOCTb NepecTaHOBOUHBIX COOTHOUIEHUH rapaHTHPYeT YHH-
TapHOCTb BLIOPAHHOTO HaMH onepatopa (. Herpyano BHpasutb
onepatop ( Yepe3 omepaTopbl POXK/JAEHHS U YHHUTOXKEHHH, KaK 3TO
OBLIO CAeJaHO B CJyuae o6pallleHus BpeMeHH.

MuBapuanTHOCTb S-MaTpHUBL [IPU 3apAJ0BOM COMPSAKEHHH MOXK-
HO J0Ka3aTb 6e3 ocoObiX 3aTpyaveHHH, eCJH YYecTb COOTHOLIeHHE

@(%783 (x) @ﬁl = C%gg (x)’ (2.142)

rae & ps(¥) — NMAOTHOCTE TaMMJABTOHRAHA B3auMogelcrBus. Boc-
noJb30BaBIIKMCh BhipaxcenueM Ilaficona mna S-mMaTtpuub (cM.ra.4),
cpa3y noJyyaem

eSe 1=(9[Texp (—ifd“x%’w(x))]e "=

=T exp (— i fd%v@@“’{,’as (x) @") =3S.

3ajaya HuXKecaeayouero paccyKieHHs — YCTAHOBUTb CrpaBeai-
BOCTb cOooTHOureHus: (2.142) B KBauTOBOI 3/1eKTPOIHHAMHUKE. Csroit
UeMbl0 PaccMOTPUM  TPaHCHOPMAUUOHHBIE CBOHCTBA GUIMHEHHDBIX -

Bupaxenult Buga (x)Og(x), roe O — marpuua [upaka, Wi,
60Jee CTPOro, BeIpaxeHul BHaa

[V (x), O%(x)].
C[¥, (%), Oy (x)] e =
=0,leh. (e, e e =
=C’10 ’Cﬁu [, (x), 1|J ()] =
= Cr3 04Cou [¥, (), ¥, (x)]=
=[¥x), (CT'OC) p(x))

Hmeem

(€'0C) =CTO" (¢ =COTC™ = ¢0 (2.143)

‘ Ta6ruya 2
lIpeobpasoBanue matpuu Jdupaxa

1(s) ‘ Vo @ (Vo Y] 03]

stu (@) ' Y5 ()

|
e T
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(3HaueHus e g5 BceX Matpuu [lupaka npuBegensi B Tada. 2). Ilo-
3TOMY
- . _
@[w» Yu‘lp]@ =—‘[1|7» ’YMIPL
YTO ¥ J0Ka3biBaeT CIpaBelJHBOCTb cooTHollleHus (2.142) B kBau-
TOBOH 3JIEeKTPOAMHAMHUKE, rae ¥, (¥) onpenesnsercs BblpaxKeHHEM

Hoy () = — i3 [T (), v, ()] A, (%). (2.144)

HaxkoHell, MOXHO MokasaTb, u4T0 (2 KOMMYTHPYeT CO BCEMH
ornepaTopaMi KBaHTOBOH 3/JeKTPOJAHHAMUKH, Tak uTO onepartop (?
aoaxen 6bITb c-ynucsaoM. Bui6op oneparopa ¢ He ojHO3HAYeH; UTO-
6Hl YCTPaHHTh HEONHO3HAYHOCTb, MOMKHO BBECTH JIOMOJHHTEJbHOE
orpanuuenne, npuuaB C? =1 u norpe6oBas, yToGbl BakyyM Obla
COOCTBEHHBIM COCTOSIHHEM omepatopa (3, oTBedalonM cobcTBel-
HOMY 3HaueHuoo +1.

1. Yerdocth anTHuacTuu. [IpeanonoxuM, uTo BakyyMm mnpejcra-
B/IsieT co6oi HeBHIpOXKAEHHOEe COCTOsRHME; TOTAAa BaKYyMHOE COCTOs-
nue @ Ho/MxKHO OHTH cobcTBeHHBIM cocTosiHUeM onepartopos 11

e
11D, = eo, = D,. (2.145)

Uccnegyem cTpoenye Tpynnbl, NOPOXAAeMOH STHMH ONepPaTopami,
B NPEAMOJIOXKEHUH, YTO
Mm=e*=1.

Mycts P (x) — onepatop AUPaKOBCKOro foJs B NpeACTaBAEHHH B3a-
HMOJEeHCTBIif; TOrAa

Ch(x) ™' = C(x),
ey (x, HC I =Ch(—x% §V,=CYP(~~x, ).

Anasoruygso _
CIY (x, HTI'C™" =y,Ch(—x, ?).

Ho, xak mbl 3naem, y,C=—Cy]; nosromy
Cy(x) ' ' =—T1ep(x) e 'n, - (2.146)

CITY (x) Dy = — TICY (x) Dy,
CITY (x) ®, = — [ICY (x) V.

Orciona, Kak Mbl YBHAUM HHXe, CJeyeT, 4TO eClH 4acTHUB H aH-
THYACTHIBl MOAYMHAITCA ypaBHenuio Jlupaka, TO uX BHYTPeHHHE
YEeTHOCTH NPOTHBOMOJOKHEIL.

niag

(2.147)

5 K. HuwHAxuMa
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UTob6bl BLIACHUTb BONPOC O BHYTpPEHHe#l 4eTHOCTH, nepeigeM K
CHCTeMe, B KOTOPOH 4acTHIA NMOKOHTCH:

Y (p = 0) Dy = e (p = 0) D,

rae & — BHYTPeHHAR YETHOCTDb pachanuBaeMoﬁ llldpaKOBC-KOIU{ qa-

crulel, a P(p=0) — oneparop poxaelus nOKOsilelics UYaCTHIbL.
M3 cootHowenus (2.147) nonyuaem

I (CY (p = 0) D) = — £ (C (p = 0) D).

Takum 06pa3oM, BHYTPeHHSAS YETHOCTb aHTUUACTHILl AEHCTBHUTENb-
HO TMPOTHBOMOJMIOXKHA YETHOCTH YACTHUIHL.
Ecnu 3anmncath 3TO COOTHoweHue B Gosee obleM BHje

CllY (xy) -« b (x,) Dy=(=1)"TICH (%) ... P(x,) Dy, (2.148)
TO
ein=ne-1n", wm ¢ ' 'Ca= (1", (2.149)

rape N — uneao GepMuOHOB.

Eciiu cuuTaTh, 4TO BO3MOXHA auccouuanns 0O30HOB Ha 4eTHOE
yicsao GepMUOHOB, H NPeAnonoxuTb, uto ¢ u Il uHBapuaHTHH no-
PO3Hb, TO MOXHO [OKa3aTh, UuTo 6030H H ero aHTHYACTHHA AOMKHH
o6sagath 00UHAKOBHIMU YETHOCTAMH.

Martpuua 3apaa0BOro CONPsXKeHUs OnpegeneHa ¢ TOYHOCTHIO 10
MYJbTUIJIMKATUBHOA KOHCTAHTHI, MO3TOMY [As PasjiMyHbIX mnoJeil
Mbl GyjgeM Hcnosib30BaTh pasiuunbie Matpuusl C. DT10T npoussod
ABJSETCA CJEeACTBHEM HeOnpe/eNeHHOCTH (a3bl MOJMEBBIX ONepaTo-
poB. :

§ 11. 3apaoosoe conpsncenue n npazusra ombopa’)

Kak 6bL10 nokasaHo, €@ KoMMyTupyer ¢ S, clejgoBarenbHo, €
NOMKHO COXPaHATHCS.

Teopema 2.13 (veopema Pappu). Eciu CDu=¢,d, u CD, =
=g,®D;, TO Nepexos a->b 3anpelien BO BCeX cAyYasix, KpoMe Cayuas,
KOTA2 €q= E&p.

Npumep 2.1. Pacnad 70— 2y. Kax mel Bugean, CAu(x)e '=
=—Au(x), TaK 4TO (HOTOH OTHOCUTENbHO 3aPRAOBOFO COMPSIKEHHUS
siBasieTca  HeueTHBIM. CJ/le0BaTeNbHO, ABYX(OTOHHOE COCTOAHME
®y, uerHoO,

CDyy = Dy, (2.150)

Orciona caeayer, uTo
COpe = Dyo. (2.181)

1) Cm. paborsr [17—20],
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Ho nockosbky
@(DJ\‘ = (_] )" (DIIV) (2- 152)

To pacnaj 7n°-Me30Ha Ha HevyeTHOE YHC/I0 (POTOHOB 3ampereH:
° % 3y, Sy u T. A.

Npumep 2.2. Ilapa n*+n- 8 cucTeme yenrpa unepyuu. Tlycts
X — OTHOCHUTe/IbHAA KOOpJAHHATa Me30HOB, TOrjga BEKTOp COCTOAHMM
5TOH CHCTEMBI JBYX YacCTUL MOXKHO 3amucaTh CJAeAVIOLMM o6pa3oM:

O=g (-;—) ot (— g) @,, (2.153)

rae ¢ H @' — omepatopbl POXKAEHHA - H W*-ME30HA COOTBETCTBEH-
Ho. CllegoBaTe bHO,

ov=er (30 ()0 0= (3] F)3-
=9 (_ %) ot (-’Q‘-) @, =110, (2.154)
MPpHYEM Mbl BOCHOJ/Ib30BaJiiCh COOTHOLIEHUSIMU
Co(x)C ' = £ ¢ (x),
Co' (X)€@ = L @(x).

PapencrBa (2.154) cnpasennuBbl A5 cocTosiHui, ob6pa3yeMbix JH-
HeiiHoi cynepnosulien cocrosanufi Bupa (2.153). Takum obpasom,
ec/lM OTHOCHUTENIbHBI MOMEHT JBYX NHOHOB 4eTeH (HedueTeH), TO
C =1 (—1). Bonee toro, u3 (2.154) umeem:

CIO = (2.156)

6e30THOCUTENBHO K 3HAYEHUI0 MOMEHTA.

Mpumep 2.3. Hozurponuii ('S u 3S). HeTHocTh NO3UTPOHHS olpe-
JdejigeTcd COOTHOLIeHHEM

IO =(—1)e(e")e(e™) D = (—1)'""'D,

(2.155)

rhe e(e”) u e(e*) 03HA4alOT BHYTPEHHUE YEeTHOCTH 3/eKTPOHA U NO-
3UTpoHA CoOTBeTCTBEHHO (Kak jpokazano B § 10, ele”)e(e*) = —1),
a8 | — OTHOCHTE/NbHBII MOMEHT 3JEKTPOHA H MO3HTPOHA B CBA3AHHOM
coctosnuy 38 wuan 1S. CienoBarenbHO,

P = — O, (2.157)

Takum o6pa3oM, 06a cOoCTOsHUsA NO3UTpoHHsds — U 'S, u 3S — Heuer-
Hbl. YroGbt BbiACHUTb mosedenne @ npu 3apsa0BOM CONPsKEHUH,

o%’-
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3aMeTUM, YTO
Ca(p, o, fe)C '=a(p, o, Te),

2.158
Ca'(p, o, )T =a"(p, 5, Fe), )

rge ¢ U @t — onepaTopsl YHUUTOXKEHHS U POXIEHUS COOTBETCTBEH-
Ho. HUmeem:

+
Ca'(p, o, +e)a’ @', o, — )=
=a'(p, o, —e)a’(p, o/, +e) D=
+
=—a'(p, o', +-e)a’ (p, 3, —e) Dy,
npuueM 3Jecb 6bisia  UCNOJb30BaHa AHTHKOMMYTATHBHOCTL Napbl

onepatopoB a’. Ilia coCTOSIHMI NO3UTPOHHS MPUBEACHHOE Bbille
COOTHOLIEHHE MOXHO 3amucaTb cJaeAylomuM obpa3oM:

CO = — PxPy, (2.159)

rne Px u Py — onepatopsl, ocyllecTB/sioliie 06MeH NPOCTPaH-
CTBEHHBIX M CIHMHOBBIX KOOpAMHAT cooTBeTcTBeHHO (cp. § 1 ra. 1)
Hanee Px =1 pns ob6oux S-cocrosuuil, a Pg =1 niaa TpunieTHoro
U —1 A/is CHHIVIETHOTO COCTOSIHHSA; C/IeJ0BaTe/bHO,

CD (S) = — D (S),
CD(1S) = O(S). (2.160)
Otciona caegyer, uto

nosutponunt (35)— 3y,

nosutporuil (1S)—2y. (2.161)

§ 12. Cnun HelimpaaroHr020 nuoua

Kak cBuaeTenbcTByeT 3KCIEPUMEHT, HeHTpa/ibHBIl NHOH pac-
nagaercss Ha napy (oTOHOB:

0> 2y. (2.162)

HNuarpamma ®eflHMaHa, COOTBETCTBYIOILAs 3TOMY NpOIEcCY B HH3-
‘WweM NOPSIIKE TEOpUH BO3MYylleHul, mpuseneHa Ha ¢ur. 19. Tor
¢dakr, uro n’-Me3on pacnajaercs no cxeme (2.162), mossosser
3aKJIOUHTh, YTO €ro CNHH He MOXeT OblTb paBed |, H60 B TakoM
ciyuae npouece (2.162) 6bl1 6bl nosHocthio sanpeuign. Crporoe
JOKa3aTe;ibeTBO 3Toro arra gan SHr [21]. Spech mbl gokaxeM ary
Teopemy MHBIM COCOGOM.
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DseMeHT S-MaTPUHBI, COOTBETCTBYMOUIMi npolieccy (2.162),
UMeEeT BHJ
~cuv (B, R Au(R) Ay (B9 (k%) (cnun 0),

S0 —>2 { , Py , 2.163

(>N <o, (o BYA (B A, (B, (1 1) (e 1), (109)
KospduluerT ¢, onpejeidlolluil aMIHTYLy pacnajga, sBjagercd
¢pyHKUHeH R u £’ n B cuy J0peHI-MHBAPHAHTHOCTH HOJXKEH BECTH
cebs KaK TeH30D.

1. Cayuyait cnuna 0 npu NONOXKHTENbHONW YETHOCTH (CKaJsApHas
yactuua). B (2.163) A npexncrasasier onepatop poxjeHus GpoTCGHOB.
[Ipex e Bcero 3aMeTuM, 4TO

a kA, (R)=0. (2.164)
OT0 DaBEHCTBO Bhipaxaer ycaoBue JlopeHla, KOTOPOMY AOJXKHBI

yI0BJETBOPATb (PU3UYECKH OCYLLECTBHMBIE COCTOSHHS, €CJH HCIOJb-
30BaTh JIOPeHLEBY Kaju6poBKY. IIpH KyaoHOB-

CKOH KaJaubpoBKe 3TO YCJAOBHE NMPOCTO 03Hauyaer, V 4
uro ke=0 [22]. \ ’
B cayuae ckansproro nl-meaoHa c,, J10J- \ /

XKHO cogepXkaTth kB u k', aBassich, sBoobuie roso-
pe, JuHeHHOH KoMOHHauued BuIpaKeHUH
4 ., kukv, kR kukv, kukv. (2.165)

ny uwv?

Onnako ¢ yueroM YCJOBHS @ NOAXOASILIAMH
OKa3biBAIOTCS JHIIb BhIpaXkeHHs

Sy Kk (2.166) 0

Pur. 19, [Ipo-

CrnenosartenibHo, HauGosiee oO6Iasi KOMOWUHALUSI  crefimas Auarpam-

HMeeT BUJI ma Pelinmana, onu-

, . cblBaomas  ABYX-

Cpy =00, + bk k.. (2.167)  gorounyio auuurs-

JSUHI0 HEUTPAJbHO~
o Inowna.

uv*

6. Teopus moaxHa yAoBaeTBOpATHL TpeboBa-
HUAM Ka/JuGpOBOYHOH HHBAPHAHTHOCTH, B yacT-
HOoCTH S-MaTpuua f0/KHA ObITb HHBADUAHTHOH OTHOCHTEJNBHO Mpe-
o6pasoBaHus

A, (k) — Au (k)4 Ak, (2.168)

Bocnonp3osaBmucy 3TUM yCI0BUEM NMPUMEHKTEbHO K BHPAKEHHIO
(2.163), naiigem;

ek, =c, k. =0. (2.169) -

WV R wvv
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C yuerom 3TOro cootHolleHus U3 (2.167) BbiTekaer, yTo

a-+b(k-k)=0, (2.170)
H, C/EJOBATE/NbHO, €, MOXHO 3amucaTb B BHAe
Cpy=—b (KD, — ki), 2.171)

rpe b — nocroanuas BenanuuHa. Takum o6pasoM, B cayuyae cKajasip-
noro m’-Me30Ha

S (a0 —>2y)~ b (kR'S,, — k k) A, () A (o (k4 k)~

~Fuv (k) Fuy (R @ (R F). (2.172)
B stom Bulpaxenuu Fyuy (k) — TeH30p >5M1eKTPOMArHUTHOrO NOJS B
UMITYJIbCHOM [POCTPAHCTBE.

2. Cnyuaii cniuHa 0 npu OTPHLATENBHOH YE€THOCTM (NCeBJHOCKa-
asipHas vactuna). B stom ciyuae Tewsop ¢, aonxen GblTh iyalb-

HbIM TeH3opoM. FIMeeTcsi eiMHCTBeHHBII HHBApWAHT, YAOBJETBO-
PSIOLINY YCAOBUSIM a U O, UMEHHO

c,..=be  kk (2.173)

uv uves o p?
rae
1, ecan (uvap) — yeTHast nepecranoska (1 2 3 4),

guvas =1 —1, ecau (uvap)—HeuertHas nepecranoska (1 234), (2.174)
0 Bo Bcex Apyrux cayuasx.

CJIEJIOBaTEJIbHO, B 3TOM cJjyuae

S (10 > 2v) ~ Fuy (&) Fys (') ¢ (k =+ F), (2.175)
rne _
Fuv="1seu4v03F a3

3. Cayuait cnuna 1. B 3TOM ciyyae uMeeTcq JOMOJHUTESbHOE
yclioBHe

8. 7,9, (9)=0. (2.176)
Toraa c;,, ROMKHO ObiTb JMHEHHOH KOMOHHAUMeH BbIpakKeHUH
Ry oo B R\RE, - (2.177)

Hs ycioBus JlopeHua ciepyer, uTo ¢,,,  He MOXET 3aBUCeTb OT
k, w k. Bonee Toro, B cuay ycaosus 6 seauunnnl k, ¥ k, He He-
3aBUCUMBI, H0O

(b + &) (F+E)= 0.
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TaknM o6pasom, B clyuae BEKTOPHOFO Me30HA Mbl HMeeM CJIEAY0-
y(He He3aBUCHMble UHBADUAHTHI:

(fr,— k)0, (R —£y) kukv, kO, kS, (2.178)
O1naKo nuBapuauThl, cojepxkauine (k, —k;), nenaor S-matpuity
aHTHCUMMETPHYHOH MO OTHOLIEHHIO K mepecTaHoBKe ABYX (HOTOHOB,
4TO NIPOTHBOPeuyHT 6G030HHON mpupone ¢oroHoB. CielgosarelbHo, B
nanboJsiee obuieM ciyyae

€y = 0, . 4 bD, . (2.179)

(S AT
Ho B cuay KanubpOBOYHOH HHBAPUAHTHOCTH
kucmv =ad,  (kk")+ bk, k,=0,
k;%w =ak, k- béhu (kE')=0.

[Tosoxkus 3pece A=v WM A=y H NPOCYMMHUDOBAB 1O X, NOJYyYaeM:
a=b=0. (2.180)

CanenoBaTe/bHO, BEKTOPDHBI Me30H He MOXKET pacrnajaTbes Ha /Ba
¢dorona. AsanornuynbiM 06pa3oM MOXKHO NOKa3aTh, 4TO H JJIs Ices-
LOBEKTOPHOTO Me30HA 3TOT pacnaj HeBo3MoXeH. TakuM o6pazoM,
HMeeM CJ1elYIOWYI0 TeopeMmy:

Teopema 2.14. Meson co cnuHOM 1 He MOXeT pacrnajartbcst Ha
IBa ¢oTtoua.
[TonobueiM ke 06pa3oM MOXKHO NOKa3aTb, UTO 3anpelleH npo-
uecc
Cnun 0 — Cnun 0+ ®oton (2.181)

[rak HasniBaemniét «(0—0)-nepexoa»].

4. Noaapusauus $hoToOHOB, BO3HUKAIOWUX NpH pacrage m°-Me30-
HOB. Bynem nosib3oBathest KyJIOHOBCKOH KanuGpoBkoil; Torga Alle,
Elle, HllkXe. AMnauryna, cOOTBETCTBYIOLIAN pacrajgy CKajspHOTO
nd-Me30Ha, NPOMOPUHOHANbHA BeJHYHHE

(e - &), (2.182)
TOorjga Kak aJisa nceBILOCKAJSIPHOTO n%-Me30Ha OHa NpoNnopuHOHAaJ/bHA
(e‘ >< eg) i k- (2183)

31ech e XapakTepuayeT HanpaBJenHe 3JeKTPHUECKOTO Noas ¢o-
ToHa. 3aMeTHM, YTO B BelleCTBe npollecc npespaiueHus (HoToHa B
Napy npoucXOAMT TaKuM 06pa3oM, yTO 3JeKTPOH H MO3UTPOH BhLIC-
Tai0T B NPOTHBONOJIOKHBIX HAMpaBJAeHHAX 10 OTHOLIEHUIO K BEKTODY €.
Ecan ofe maockoct popesus mnap B cpeaHeM MapasiesbHEL
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(310T cayyai nokaszan Ha ¢ur. 20), to nl-Me30H mpeacTasaseT
co6ofi CKaJAPHYI0 UacTUIY, €CJH JKe OHM NepleHAHKYJSAPHDI,
T0 r0-Me30H — IICeBAOCKaMsIpHAs uwacTima. B JneHCTBHTEJbHOCTH,
KaK [MOKa3blBalOT KCIEepUMeHTh, OCYLIECTBJSETCS BTOpash BO3MOXK-
HocTb (cM., HampuMep, pabory [23]).

P ur. 20. [Asyxdoronnas aHHuruafuua Heii-
TPaJbHOTO IHOHA H mocjefyomee o06paso-
BaHHe 3JCKTPOH-NIOSUTPOHHBIX Hap.

[lycrs ock 2 nampasjena BAOAL uMmynabca nepsoro ¢otoHa k;
TOrjga B caydae cKajasipHOro ml-mMe3ona

(€1 - €)= 5 [(e1x—+ iery) (€s — iery)+
+ (e, — iey) (€g +i€9y)] == P+ Dy, (2.184)

fosToMy nHGo 06a (oTOHa HMeEoT mpasylo, aH6o o6a — JeBylO0 Kpy-
ropylo noasipuszauuio. Jas mceBjockansipHoro m-Me3oHa Mbl No-
ayuuny 6l Dpp — @®pr. IIpH mpocTpaHCTBEHHOM OTPaMeHHH R M
L nepexomst Apyr B mpyra; clegoBaTe/]bHO,

H( RR x (DLL) :(DLL - CDRR_ ((DRR - (DLL) (2-185)
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Tsa6a 3

3APAAOBAS CUMMETPHSA WU 3APANOBAS
HE3ABHCHMOCTD

Bce mpuHuMnbE HHBAPHAHTHOCTH, DACCMOTDeHHble B TJ. 2, B
Gosbleil WlW MeHbUIeH Mepe CBA3aHB! C JOPeHU-HHBAPHAHTHOCTDIO,
H HX CyulecTBoBaHHe OblIO NpelcKa3aHo Teoperuwuecku. Hamporus,
NPHHIIHD 3aps/J0BOL CHMMETpHM W NDUHLMI 3apANOBOL He3aBHCH-
MOCTH ObIIM YCTAaHOBJIEHB Ha OCHOBE JAHHbLIX 3KCIEpHMeHTa, H C
€aMoOro Hayvaja 6bw10 H3BECTHO, YTO OHH HOCAT NpUOMMKeHHBIH Xa-
pakrep.

§ 1. 3apadosas cammempusn 8 adeproi ¢u3ure

IlepBoHauanbHO hakT 3apsamoBOH CHMMeTpHH OB O0HAPYXKeH
B AxepHOft du3NKe, B YACTHOCTH B sAlepHoN (HU3uMKe HU3KHX 3Hep-
rufi. ITOT NpPUHUUN ONpefenseT CBOUCTBA CHMMETPHM, CYHIECTBYIO-
el Mexny HeATPOHOM H NPOTOHOM; Ha f2blKe MOTEHIMAJ0B OH
BblpaXKaeTcs PaBEHCTBOM

Vpp =Vt ny.'lon' (3 1)

BBiay HeBO3MOXKHOCTH NPSIMOTO HCCJleOBAHHS HEHTPOH-HeHTpPOH-
HOTO paccessHud CHABL, JeACTBYIOLMe MeX/y HeliTpoHaMu, u3dyda-
JUCh NYTeM aHalu3a 3HepTuit CBA3X Jerkux sijgep. Hampumep, suep-

U CBA3H f1€p
H3 = (nnp)—> B = 8,492 Mss,

Hed3=(ppn)—>B=7,728 Mae.

Ecnyn npeanonoxuts, uto Vyp= Vagn, TO pasinuie B 3Heprusix cai-
3¥ 3THX ABYX fA/ep clenyeT OTHeCTH K 3(QeKTy KYJIOHOBCKOTO OT-
TajJKuBaHus. KyJoHoBCKaa 3Heprus rpy6o ompejensiercsi Bbipaxke-
HHeM

$Z(Z 1) 5-% (R~145A"-10% cu),  (32)

e2
R
YTO YAOBJETBODUTENbHO OGBACHSET yKa3aHHOe pasauume. Cume-
TPHSL MeXAY HeHTPOHOM U NPOTOHOM, OUEBHJIHO, HAPYILUAETCA, BO-
nepBbIX, B pe3yabTaTe KYJOHOBCKUX 3G (heKTOB U, BO-BTOPHIX, BeJen-
CTBHE Pa3JHuHd MeXJy MaccaMu HeHTPOHa u npoToHa. OpHaKo Ky-
JIOHOBCKHE CHJBl CYlI[eCTBEHHO cjaalee siiepHBIX, a pa3HOCTb Mace
NPOTOHa H HEHATPOHA 3HAYMTE/ILHO MeHblle MacChl HYKJIOHA, 110
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3TOMY HapylleHHe 3apsiaoBoil cuMMeTpud MaJjo. Hasg Jerkux sanep
OHO COCTABJSIeT HECKOJNbKO NMPOLEHTOB.

finpa, KoTopee MOXHO npeobpa3oBaTb OJHO B JAPYroe ¢ Io-
MOLIbIO 3aMeHbl p<==n, Ha3bIBAIOTCH 3epKadbHHMHU. [lepBrniM yKa3a-
HUEM Ha CYLleCTBOBaHMWE 3apslOBON CHMMeTPHH ABJseTCs NPUOIU-
)KeHHOe DABeHCTBO 3HepTuil CBA3U 3epPKAJBbHHIX f1ep; BTOpLIM, 60-
Jee HaJeXHbIM CBRAETEJbCTBOM €€ CJAYXKHT nojodne CTPYKTYDH
34epreTuyecknX yposHeil Taxux agmep. OnuH U3 NPHMePOB TaKOro

616 _— 640
5.03 477
446 4,23

185

—_— 2,

/

B': 1,98
BH Cl\
®ur. 21. Crpykrypa lgpom{eﬂ maphl 3epKaNbHBIX
agep Bit u Ci.,

poma mnpuBened Ha ¢ur. 21. Haubosee mpocto 310 nogobue B
CTPYKTYpPe YpOBHelt 0OBACHSIETCA CHMMeTPHeH MeX1y HeHTPoHOM
M NPOTOHOM.

[TpoTon u HEHATPOH B CUAY CHMMeTPHU MeXay HHMHM Yao6HO pac-
cMaTpuBaTh KakK ABa pPas3JMYHbIX COCTOSIHMS OAHOM 1 TOH e 4a-
CTHIBI — HYKJOHA, BoJHOBYI0 (DYHKUHIO HYKJIOHA MOXHO TpeicTa-
BHUTb B JBYXKOMMOHEeHTHO!l (popMe TaK e, KaK BOJHOBYIO (YHK-
UHIO YaCTHIIBL CO CIHHOM:

w=(g) wm (o): 6.9

\ U

N

ITepBast dbynKuus npeacTasisieT IPOTOHHOE COCTOSIHUe, a BTOpas —
HefirpoHHoe. OHH COOTBETCTBYIOT COCTOSIHMAM CO COMHOM, Hafpas-
JEHHBIM «BBEpPX», ¥ CO CIHMHOM, HanpaBJeHHbIM «BHH3». [lo aHaJgo-
THH ¢ o6GbIYHLIM CAMHOM BBeleM TPH MaTpulbl, CBA3bIBAlOUINE HEH-
TPOHHOe M APOTOHHOE COCTOSIHMS H Ha3blBaeMbie MaTpHIAMM H30-
TONMHYeCcKOTO CnuHa (M30CHUHA):

0 1 0 —i 1 0N
Tl=<1 O)' r2=<i O)’ r3=<0 _1). (3.4)
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Huns npoctoth 6ymeM ncnoan3oBaTh o603HadyeHHe

p=<(1)>, n=<$>; (3.5)

ApH 3TOM p U n GYyRyT COOCTBEHHBIMH COCTOSHHAMII Ty
Lp=p TH=—*n (3.6)

B anepuoil ¢bu3uke HH3KHX 3HEPTH{l MPHHATO NojaraTb

=) o= ()

YTO MO3BOJSIET MPUMUCATb HEHTPOHHOMY HM3OBITKY MNO/JOMXKUTENbHBIH
3nak. OpHaKo B 3TO{ KHHre Mbl Bciogy OyaeM NpHIEpPXKHBAThHCS
o6o3Hauenuit (3.5).

Beemnem oneparop 3apsioBoOil CUMMeETDHUH, OCYLUeCTBJAMOLIUHN
3aMeHY He#TPOHOB Ha NPOTOHBl, a NPOTOHOB Ha HEATPOHH. DTOT
onepatop (of6o3Hauum ero T) goJxeH GBITb YHUTAPHOH Marpuilelt
C HYJAMM Ha rj1aBHo#i auaronasnu. M3 pasnnuHbIX BO3MOXKHBIX CIO-
co60B BbiGOpa T Mbl OCTAHOBUMCA Ha CJelVIOLLEM:

0 1
T=<_1 O>—_—i12. (3.7)

HeonHosnauxocTs BbiGopa T COOTBETCTBYET NPOU3BOJY B Bhifope
(ha3pl BOJHOBOH (YHKIHH.

Bosbmem cuctemy, cocrosiiyio 3 A HYKJIOHOB, W NDPEeLNoJo-
XKHM, 4TO

H= e Y P2+ V. (3.8)

[Ipn 3tomM TpeboBanue 3apANOBOH CHMMETDPHH JaeT

T'VT =V, (3.9)
rae T — npousBeleHrHe ONepaToOPoOB 3apsamoBOH cuMMeTpun Bcex A
HYKJIOHOB:
T=T,...T, (3.10)
OnepaTop NOJHOro 3apsiia CHCTEMbl PaBeH
A _(5)
T 1
q=e(2—3——2i— , (3.11)

\§=1
MpHYeM 3aKOH coXpaHeHus 3apsaia Tpebyer, urobbr
[V, q]=0. , (3.12)
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YpaBuenus (3.9) H (3.12) onpenensioT ycaoBusl, KOTOPHIM JOJXeH
IOAYUHATbCSA SIAEPHBI MOTeHUHA] B CHJY 3aKOHA COXpaHeHHs 3a-
pAajAa ¥ MPHHLMNA 3aps0BOil CUMMeTPHU. Ecnu npeanonoxuTe, 4to
V ecTb cyMMa ABYXYaCTHYHBIX NOTEHIKAJOB, TO

V=2V, (3.13)
i>]

BblicHUM Tenmepb H30TOMMYECKYIO 3aBHCHMOCTb NOTEHUMana sgep-
HBIX CHJI, JeHCTBYIOUIHX MeXIY ABYM#A HYKJAOHaMu / 1 2 ¥ yHoB.Ie-
tpopsifoux orpakuyenusiM (3.9) u (3.12). HauGonee o6umiag dop-
Ma JABYXYacCTHYHOTO MOTeHUMUANA NDPU (PHHSITBIX HAMH NPEANOJO-
MEHUSIX TAaKOBA:

V=) Vo () + Vo (r) -+ Ve () (3.14)

371ech r— paccTosnMe MeXay HykiaoHamu, 1) — BeKTOp u3ocnHHa
HykJaoHa /, a (t . 1) — ckanspHoe npou3BeleHHe ABYX BEKTOPOB
3 [POCTPAHCTBE K30CIHHA HJH, APYTHMH CJOBaMH, B 3apsiJ0BOM
pOCTpaHCTBe, ~

OnpenenuM BeKTOD H30TOMUYECKOTO CNMHHA cucTeMbl [ COOTHO-
mIeHueM

A
= 1 ~s
7 =§2 T, (3.15)

Torpa omepatop 3apsAn0BO/l CHMMeTPHM MOXHO 3anHCaTh Kak
A A A in
T=T[® =T[exv| 7 ®}=cxpa).  (3.16)
s=1 s=1 .

BBuny cxoacTtsa MaTeMaTHYeCKOH CTPYKTYPbl T ¥ G ONEpaTop
T MoXHO HHTepNpeTHPOBATb Kak onepatop mnosopoTta Ha 180° Bo-
KPYr OCH «2» B 3apf/l0BOM [POCTPAHCTBe, KAK 3TO NOKA3aHO Ha
pur. 22 Hepgcmnosoqm:re COOTHOLIEHUS, KOTOPBIM (IOAUMHSAIOTCSA
KOMMOHEHTH [, HMEIOT TOYHO TaKol Xe BHJ, KaK NMepeCcTAHOBOUHBIE
COOTHOMIEHHs A5l KOMIIOHEHT ONepaTopa MOMeHTa:

[/, I)]==1il; w umkanueckue nepecranosku 1, 2, 3. (3.17)

Tak kak pas pagbHeiiiero Heo6X0AMMO AMATOHAJNU3UPOBATH ¢, &
ClefoBaTeNbHo, M I3, YCTAaHOBMM NepecTaHOBOYHbIE COOTHOHIEHUS
Mexay T u Iy

Tly=—I,T,. (3.18)

Beuny antukoMmyratuHocTH oneparopos T u I3 X OxHOBpeMeH-
Has puaroHajuMsanksi BO3MOXHA JHlWib B TOM cJayuyae, Korpa
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co6CTBeHHOE 3HAueHHe [3 PaBHO HYMIO:
LY =0. (3.19)

DTo 03Hayaer, YTO paccMaTpHUBaecMble HAMHU siApa JOJXKHBL COmep-
KaTbh OAMHAKOBOE YHCJAO NPOTOHOB M HEHTPOHOB (CaMoOCONpsXKeH-
Hble aapa). Ilns rtakux sanep A uyeTHo, mo3TOMy [, HMeeT wenbie

3" COGCTBEHHH@ 3HaueHHust U, CJen0BaTeNbHO,

”\ T =exp(@nily) =1, (3.20)
: " TaK 410
nl TW =T, (3.21)
/\’/ MoxHO mnokasaTtb, 410 AJS [OPOH3BOJIb-
Horo A
T?=(—1) (3.22)

2 I"
our. 9. THocos " 4 urto (3.20) ecTb uacTHbIl cayyalt cooT-
ur. 22. Tpeo6pasosa- -
Hue 3apanosoil cuumerpuy  HOWIEHUS (3.22). B paccmatpuBaeMoM cay
T xak mosopor Ha 180° Yae, Kak 3TO chedyer u3 ¢opmyan (3.21),
BOKDYT OCH «2» B 3apan0- JJsi COGCTBeHHBIX 3HaueHuil onepartopa T
BOM TIIPOCTPaHCTBE. noJyyaeMm

70 = £V, (3.23)

Co6crBeHnoe 3HaueHne T Ha3bIBAlOT «3apsij0BOil YeTHOCTbIO® pac-
CMaTpPUBAeMOro ajapa. 3apsijaoBas YeTHOCTb COXPaHseTCs, eCau Teo-
pUsi MHBapHAaHTHA OTHOCHTe/JbHO Npeo6pa30BaHUS 3apALOBOi CHUM-
MeTpuH. DTHM MOXHO BOCIOJbL30BATbCS AJISl MOJYYEHHS] MpaBuJ
or6opa.

Ecnin npusaTte O6ojee CUIbHOE NPeRNoNONKeHHe, UMEHHO Mpen-
MOJIOXKHTb 3aPSL0BYI0 HE3aBHUCHMOCTb, TO 3apAn0Basg YeTHOCTb Oy-
IeT ONpPEeReNATbCS H30CMHHOM CHCTEMHI

T=(—1). (3.24)

IlokasateabcTBo 3TOH TeopeMb Gymer OaHO B ChefyiolleM mnapa-
rpade.
lIpumepsl npasua otdéopa. Peakuus

d+0%> N 4 ¢
(2,3 Mas) (3.25)
r+~ + -  +

OKa3blBaeTCs 3anpelleHHON, TaK KaK 3apsiioBasi YeTHOCTb CHCTEMbi
npu 3TON peakUWH He coxpaHsieTcs. AA3Hp yTBepKjaJd, uTo 31a
peakilis 3anpeiliena Ju60 3aKOHOM COXDaHeHHsi HM30CHHHa, JH50
B cuy 3apsigoBoi HedaBucuMocTH [l]. Omrako Kpoaa u Qonnu [2]
OTMETHJ/IH, YTO OHa OKa3biBaeTcsl 3anpellleHHOi H npu 6Gojee cia-
6oM npeAnoJoXeHHH O 3apanosoll cuMMeTpuu. KiMexHo B 3Tofl cBs-
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3u Kpoan u @onjgu BBeqn NOHATHe 3apsOBONH YeTHOCTH. DTOT MpH-
MEP MOXeT CJIYXHTb ellle OflHUM apryMeHTOM (JHHAMHYECKHM [0
xapakTepy) B NOJb3Y 3apaA0BOH CHMMETPHM, MOMUMO Coo0paxe-
nui, ONUPAIOLMXCSA HA aHaNAu3 3HepTufl CBSI3W U CTPYKTYpH ypos-
Heil 3epkanbHbX sinep. IlpuBeneM eme NpuMepbl peaKuuii, 3ampe-
I[EHHBIX B CUY 3aPALO0BON CHMMETPHM:

B*° _9{ut+m
(4,5 Mas; 6,5 Mas) |Be®4-d. (3.26)
T ~ +

B pomosnHeHue K npasusiaM otr6opa, o6yC/a0BJAEHHEIM 3apsa0Boil
CHMMeTpHeil, MOXHO BHIBECTH DsJ PaBEHCTB, CBA3HLIBAIOINUX OMpe-
JeJeHHbie Napbl aMIVIATYA NepexofoB. 3 3apanosoit cuMMerpuu
CleyerT, 4To

Aunauryna (¥, — %)= Aunanryna (7%, >T¥). (3.27)
B uacrtuocty, npu T W;=W,; nonyuaem
AMnauryna (¥, > ¥) = Amnauryna (¥;,—T%,. (3.28)

B kauectBe nmpuMepa npuMeHeHus ¢dopmynbl (3.28) ykaxem peak-
KK

Om"{- p (lpf)!

. 3.29
F+n (TY). (3:29)

(¥) d+0"->

[TyTeM Takux paccyKaeHuil 4acToO yhaaercst YCTAHOBHTb 3apsiiOBYIO
4eTHOCTb COCTOsIHMA. HanmpuMep, 3Hasi, 4TO 1IMEeT MeCTO pe30HAHC

d+ 612 > N*l4__> C13+p’

(3.30)
(4.0 5,0; 5,5; ... Mag)
MOXHO 3aKJIOUMTH, YTO yKa3aHHble BO3GYyXJeHHHIe cocrosiHug N4
HMeIOT NOJIOXKHTENBHYI0 3aPALOBYI0 UeTHOCTh. B ciayuyae Tamennix
Afep cooGpa)keHUS! THNA ADHBEJEHHBIX BHILE TepAIOT CHJAY H3-34
KyiaonoBckuX 3¢ ¢dektoB. B snepHoil ¢u3kKe KYyJIOHOBCKHE CHJILI
Onpefe/siOTC BbIPaXKeHHEM
-[(l)-[(J)

Heyon= 3, €2~ (3.31)

>

rne 1= (1+13)/2 — onepartop NpOeKTUPOBAHMS AJAST NMPOTOHA. Ta-
KuM o6pasoM, Hyyron He KOMMyTHPYeT ¢ T, m 3apsigoBasi cuMMe-
Tpusi, Aomyckaloilas Jauuib caabble HapylLIeHWs B cjayuae Jerkux
Alep, B TsAXKeJAHX 51/1Pax OKA3blBAeTCs MOJHOCTbIO HAapyLIEHHO,
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DJeKTPOMATHUTHO® B3auMOfmeficTBHe B oOllem cJyyae Hapywaer
3apANA0BYI0 CUMMETPHIO.

B 3axknioueHue mpuBeleM npuMep npuMeHenusi dopMmyan (3.27)
K peakuudM C YYyaCTHEM I[IHOHOB:

ot +d—>d-+nt)=23831%3,1 u6,
o(n”+d—->d-+n")=2328%3,1 u6
IpH HayaJbuol 3Hepruu nuoHos 58 Mss B snaBopaTopHoil cucreme,

[Tpunnun 3apanosoi cumMerpuu TpebyeT, uro6bl 06a 3TH CcedyeHHH
6eutn paBHb [3).

§ 2. Bapaodosas He3asucumocms 8 adepHOi ghu3uke

B npeabinyuwiem naparpacge Mbl Hauadau oOcViKIeHHe 3apsioBoOil
CHMMETPHH C NPUOJIHXKEHHOrO paBeHCTBA

Vi = Ve (3.32)

Tenepb Mbl HaJOXUM JaJbHellllee OFpaHHYEHHe HA XapakTep saep-
HHIX CHJ, NPeANoJOXKHUB, YTO

Vop= Vyp AN OJHHAKOBHX COCTOSHHH. (3.33)

KoM6uHauust 3TUX ABYX COOTHOUIEHHH gaer
Vop =V, = V,, 119 OIHHAKOBHIX COCTOAHHIH. (3.34)

IMoarsepxaenue dopmynn (3.34) BHITEKAaeT H3 3KCIEPHMEHTOB MO
paccesinuio [4]. Mel npuBezeM 3jechb mapaMeTpbl HYKJIOH-HYKJOH-
HOTO pacCessHMst MPHM HU3KUX 3Heprusix [5]:

np:  reg=11,70410,028)- 107" cx }35
a,=(5,39£0,03)- 107" cu ’
Fos=(2,670£0,023) - 107 ¢xn !1
a,=(—23,74£0,09)- 107 ca j

pp: ros=277-10"" cu }1
a=—17,77-10% cn |

TIe a U rop— JJuHA paccesHust U 3PdeKTUBHBIA paguyc paccesHds
COOTBETCTEEHHO, OUTYPHPYIOUIHE B TEOPETHUECKOM ONHCAHHH HY-
KJIOH-HYK/JIOHHOIO paccesaHusl NPH HU3KHUX DHEPTHUSX:

hetgd=—1 12 rp. (3.35)

3nech 6 — basa paccesnus S-BoaHbEL, a k — BOJHOBOe yncao. dop-
mysa (3.35) cnpaBeiiuBa ANA SHeprui, He npessimapoux 10 Mas,
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Tor ¢$akT, 4TO AJAMHBL Ap- U pp-PaccessHUsl 3aMETHO Pas/inyaloTcd,
mor Obl BbI3BATh 0eCMOKOfICTBO, OAHAKO CJAelyeT YYeCTb, YTO AJHHA
paccesiHusl OueHb YyBCTBHTEJbHA K W3MeHeHUsM rmoTeHnnasa. Beero
JUUIb TPEeXMpPOLEHTHOro H3MeHeHIsl rayOHHBI MOTEHUHAJbHOR SIMBI
HOCTATOYHO, uTOOBI BbI3BATb TaKOe pasauuie JJAHH pacCesHus.
[103TOMY MPUMEHUTENbHO K MOTEHUHaNy PaszyMHO NPeaNoJ0KUTh,
yto Adsa 1S-cocrosnus cootnomenne (3.33) melCTBUTeNbHO HMeeT
mecto. M3oTonuueckas Yactb BOJHOBOH (GYHKUMM CHCTeMbl ABYX
HYKJ/IOHOB B 'S-COCTOSIHMM HMeeT BHA

pp: aa,

. aptpa
I 3.36)
nn: g,

rpe

(1) 1=(2)=

3TH cocTosiHUs mpeobpa3yioTcst OAHO B APYroe npu MOBOPOTAX
B 3apsJ0OBOM NPOCTPAHCTBe. PaBeHCTBO MOTEHIHAJNOB BO BCeX 3a-
PSIOBHIX COCTOSIHHAX, HA3LIBAEMOE <«3apSAJ0BOH HEe3aBUCHMOCThIO»
A1epHbIX CHJI, 3KBHBAJEHTHO, TakuM 006pa3oM, HHBAPUAHTHOCTH
SJepHBIX CHJ OTHOCHTENDbHO MOBOPOTOB B 3apAA0BOM NpPOCTPaHCTBE,

l'eneparopoM GeCKOHEYHO MaJiblX BpalleHu# B 3apANOBOM mpo-
CTPAHCTBE CJYKHT BEKTOP M30cmuHa /. 3apsjoBasi CUMMeTpHS Tpe-
OyeT WHBAPUAHTHOCTH TEODHH OTHOCHTEJIbHO MOBOPOTA HA yroa mt
BOKPYT OCH «2»:

T =exp (inly),

a 3apsigoBas He3aBUCUMOCTb TpeGyeT WHBAPHAHTHOCTH TEOPUH OT-
HOCHTEJbHO BCEBO3MOXKHLIX MOBOPOTOB. DTO 03HAYAET, YTO

[V, I]=0. (3.37)

BosBpamasice kK Bonpocy 06 H30TOmMuecKOH 3aBUCHMOCTH SIIEPHOTO
NOTeHUaNa, Mbl BUAUM, YTO NBYXUACTHYHBIH MOTeHIMasa Haubojee
ofiero Buma, COBMeCTHMBbIN ¢ TpeGOBaHHeM 3apa10BOH He3aBUCH-
MOCTH, MOKHO 3amnHcaTb Kak-

V=001V, (") V() (3.38)
V,(r)=0. (3.39)

IT0T pesysbTaT cefyeT cpaBHHTh ¢ dopMvaoi (3.14).
CJIQJICTBI/IH THNOTE3bI 3apﬂILOBOIjI He3aBHCUMOCTH MOXKHO mnpose-

PUTH, m3yuas Jerkue Aapa, B KOTOPHIX KYJOHOBCKHe 3()deKTH He
CIIUKOM BeJIHKH, )

6 K. HumumkuMma
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1. Ctpykrypa ypoBHeii. PaccMoTpiiM npexjie Bcero CTaTHuecKHe
cBolicTBa JerrRuUX sinep. Bo-nepBrix, Zas nerkux snep [ — xopoluee

KBAaHTOBOE HYHCJO, TaK uTo [2 u I3 MOXKHO JHaroHaJH3HpoBaThb O[-
HoBpeMeHHo. B cuny matemaruueckoro nmogoOusi H30CHHHA H OObI-

HOTO MOMEHTa coGCTBeHHble 3HaueHHs /2 W I3 HMelOT BHI

P=1({-+1), (3.40)
ly=—1I, —I+1, ..., I—1, 1. (3.41)

Ias paHHOTO fApa KBAaHTOBOE 4HCJO /3 paBHO
ly=%(Z—N), (3.42)

rie Z—uncjao nporoHoB, a N —uHucio HelitponoB B saxpe. Ka-
XKnoMy 3Hauenuto [ coorBerctByeT 2/4-1 pa3iHuHbIX 3apsAOBHIX

8 18 18
§0' of e e 8.0
I=1 5,6 ——¢— 5'5
I=1 . e 5‘0
=1 " e
~~~~ ——0
=0 4.0 .
—e—
2,3
" ,
= - = I, =1
[3 ] IS 0 3 014 N' o't
®ur, 23, Tunuunas tpuaga O3, dur. 24. Crpykrypa  yposHeil
F18, Nels, tpuagu C'4, N4, Ol4

COCTOAHHR C OJHOR W TOM e 3Hepruell (mpasjia, ecAH FOBOPHTb
6oJiee TOUHO, YPOBHU 3apfAJOBOTO MYJbTHIJIETa paclleneHsl 6ma-
rofapsi KyJOHOBCKHM CHJIAM).

B cayusae /=1 ™Mbl noayyaeMm TDH COCTOSIHHS, NPHHAMJIEKAUINX
OJIHOMY H TOMY JXe 3HepreTHuYecKOMY YPOBHIO; NoJlo6Hble TPHUIJIETHI
Ha3wIBAIOT TpHajaMu. IIpuBefieM B KauecTBe NpPUMepa HECKOJBKO
TpHAX:

HeS, Li® BeS,
Li%, Be?, BS
Belo’ BIO’ CIO,
B12’ C12, NIQ‘
C‘[l! N14’ 014!
NIG’ 016, FIG,
/9=_ 1, 0 + 1
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B sroit TabaduKke uJeHH CPeJHed KOJOHNKH MOTYT HMeTb, Kpome
toro, cocrosinusi ¢ [=0, Tak uyTo OHM cojmepxaT OGoJiblllee YHUCIO
ypOBHEH, ueM JpyrHe ujenbl TpHnjera. TunuuHbie NpHMepH mpHBe-
neHbl Ha ¢ur. 23 u 24,

2. Teopema Kpoanat— ®onau. JoxkaxeM clelyiollyio Teopemy,
Ha3biBaeMyio Teopemoil Kpoasma — doagu:
J_IJ]H JIeTKUX #AA€ep, colepxKalHX OIHHAKOBOe 4YHCIO NPOTOHOB
¥ HeHTPOHOB, 3apsA/loBasi YETHOCTb ONpeje]sieTcsl H30CNHHOM
T=(—1. (3.43)
Hokasareasvcrso. Iycrs (D,' ;. — H30TONHYeCKasi 4acTb BOJHO-
'3

Boll YHKIHH paccMaTpPHBAEMOro SIAPA, YAOBMETBOPSIOMIAA COOTHO-
HIEHHSAM

P — 4

/(DI,’ 1;—[ 1) (DI’,I:;’

s
13(131', 1;=[3(D’/, léo

(3.44)

Teopema yTBEpXAAET, YTO
ey o=(—1Y"®p . (3.45)

Jlns noka3aTenbCTBAa 3TOrO paBeHCTBA JOCTATOYHO YGeIWThCS B
CHpaBeJJIHBOCTH COOTHOLIEHHSI

™Y, o=(—1'Y,, (3.46)

TaK KaK OHO MaTeMaTHYeCKH 3KBHBaJeHTHO paBeHcTBY (3.45).
Onepauusa exp(inl,) o3HayaeT NMoBOpPOT Ha yroJ 1 BOKPYF OCH
Y; NP TakoM nOBOpPOTE

X—>—X,
Uind’}
2—>—2z

H, CJeJ10BaTeJbLHO,
cos 0 — —cos0.

Takum o6pasom, nmoayuaem
e'™yP, (cos 8) = P, (— cos 8) = (— 1) P, (cos 6),
uau
€Y o= (=1)Y 10
‘(lgcilgxsnaa.nenmo cooTHoweHuo (3.45) H, HakoHel, COOTHOILEHH

3. Slnepubie peaxkuun. Mbl paccMOTpenM Te C/AEACTBHS THIOTE3H
33P§ﬂosoﬁ HE3aBHCHUMOCTH, KOTOopble  KacaloTCfi  CTaTHYeCKHUX
CBOHcTB serkux fgep. IlepeiizieM Tenepb K HEKOTOPBIM THHAMHYECKHM

6*
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acnektaM Bomnpoca. BBugy TpymHocTeil, BHITEKAIOUIMX H3 AAJbHO-
JIECTBYIOLIEr0 Xapakrepa KYJOHOBCKHX CHJ, HeJb3sl X/J1aTh, 4TO
B 3TOM cJydae V/aCTCSl NMOJYYHTL 0oJee HafeXHoe NoATBeDKIeHHe
THNOTE3Bl 3aPSAOBOH HE3aBUCUMOCTH, YeM [aJj0 H3yueHHe CTaTH-
yecKHMX CBOMCTB JIETKHX sfjep.

Mbl  npuBejeM THOMYHBIE NPUMEDBI COOTHOLUEHHH, KOTOpHE
HeJb3sl MOJNYYHTb, OCHOBBIBASiCh JHIIb HAa TPeOOBAHHH 3apsi/IOBOH
CHMMETPHH,

OTHoIIeHusT ceueHHH peakKUHil

o(d+ Be®> B 4n)fo(d+Be®—> Be® 4 p)
(1,7 Mb3es)
I=+ [I=1 =1

o (p—+ Be®— Li** 4 a)/o (n + Be? - HeS - a)
(3,58 Mas)
=1 =1
JIOJXKHBI OBITH PaBHBL !/p, €C/M KYJOHOBCKHMH CHJIAMH MOXHO mpe-
He6peus [1]. DTH OTHOLIEHHA MOXHO DACCUHTATL C NOMOLIBID KO3(-
¢uuuentoB Kaebwa — I'opaana. TlepBasi peakuus OnucbiBaeTcs co-

OTHOLIeHUAMH

[t=1.  nL=0+(1=3, h=—3)
1
7

U=1, L=—1)+(I=
3anucaB Teneps [6], YTo

934]-]- ZJ 2 CJJ , M; mm")Y ju (V)Y jrme (2), (3.47)

m=—j m'=—
i nojoxus B 3tofi dopmyae J=1y M=—1/; j=1;, m=0,
—1; j/=1/gs m' = F/, HaliseM, uTO aMOJHTYyJA Nepexona AJs

peaKluH
d+Be®—>B"+n

fnponopuHoHa sHa KOIpPHIHEHTY

1 1 1y 1
Cy, v, (—2— g —5)—7-3—.
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B TO BpeMs KakK JAs PeaKIHH
d+Be®—>Be+p

1 1 1 Pl
Coulgr —5i =1, 7)=*l/3-

TakuM o6pa3oM, OTHOLUEHHe BePOSTHOCTEH INepexola PaBHO

a3 1

—V2@3)? 2

Y nerkux sagep ¢ Z<10 KyJOHOBCKHe 3 deKTh, TaK Xe Kak U
pa3HHLla B Maccax NpPOTOHA H HEHTPoHA, HE TIPHUBOJAT K CYIIECTBEH-
HBIM HapyLIEHUsIM 3apsiioBON He3aBucuMocTH [7].

MBI HaBjem

4, dorosgepHbie peakiud. Koraa yuuThIBalOTCA 3/€KTPOMAarHur-
Hble B3aHMOIEHCTBHS, H3OTONMHUYECKHH CIHH nepecTaer OHITh CoXpa-
Hewoulefics BeJMUYHHON; OJHAKO MOXKHO PACCMOTPETb HEKOTophie
npaBuaa oréopa ans usmeHenuit I (T. e. Al) B pajgHaUHOHHBIX
nepexofax. DJIeKTPOMATHHTHOe B3aHMOAEACTBHE CHCTEMbI HYKJOHOB
ONHCHIBAETCS BBIPAXKEHUHEM

A

A
H, ., == 2 0p, A (X)— (1,7 +u,7) X
s=1

s=1
A
Xa, rotA(x)+M 2 wWA2(x). (3.48)

Huke Mbl paccMOTPHM JMILL NpPOuecchl NepBOTO NMOPsAAKA, NO3TOMY
nocienHuil uled B GopMyae (3.48) moxdo onycTuth. IlepenuuieM
(3.48) B Buze

Hs.-M. - H0+ Hl’ (349)
rae

% Mo in X
Hy=— oo 3P, A(x)— 252 Y g, 10t A (x,), (3.50)

s=1 s=1

A Hy—N A

Hi=— 5 Y p, - A(x) — 25— N 190, - rotA(x). (3.51)
s=1 s=1 .

[lepBhii unen MHBapHAHTEH OTHOCHTE/JbHO NMOBOPOTOB B 3apAL0BOM
npoCTpaucTBe, a BTOPOH mpeo6Gpasyercs NpH NOBOPOTAX KAaK TPeTLA
KoMnonenta Bektopa. CiemoBaTesbHO, AJ8 pPaiHaUHOHHBIX MPo-
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LeCCOB MNEPBOro nopsiaka Mel 6yneM HMeTb
Al=1,—1;=0 st H, (3.52)
Al=1,—~1,=0, *1 nna H,. (3.53)

Takosb npasusa ot6opa. [IpeionoKUM, B 4aCTHOCTH, YTO SAPOM
norJjouiaercs ¢GOTOH HH3KOH 3HEPrHH; TOTJAa MOXHO YCTAHOBHTh
npasuao oTbopa a5 3JEKTPHYECKUX [IUNOJbHBIX MEpeXojoB.

Qomon

Adpo
paduyca R

®ur, 25. O6aacTb nepexpHITHA BOJAHOBOH YHKRUU do-
TOHa HH3KOH SHEPrHH H sxpa paauyca R.

[Monaras ER<« 1, kak nokasaHo Ha ¢ur. 25, nepeitnem K M-
NOJMbHOMY npubJaHKeHHIO elhR;

EHR =14 ikR+ ... =1+ O(kR) ~ 1.

Db dekTUBHEIT FaMHJIbTOHHAH 3JeKTPHYECKHX IHNOJBHBIX [epexo-
JOB B npeHeGpexeHHY MarHUTHHMH JHNIOABHBIMI mepexogaMH
UMeeT BHJ

A A

H(E - 1)~_ﬁ(2 p,+A0)-+ Y wp, - A (0)). (3.54)
s=1 s=1

HMcnonb3ys 3toT raMunbToHMal, KoKaxeM clelyiouylo teopeMy [8]:

Teopema 3.1. Eciu camoconpsixeHHoe siipo B pesyJabTaTe fH-
NoOJABHOro nepexoja nor/aoulaer GOTOH HU3KOH 3HEPTHH, TO 3apsav-
Basg YETHOCTb HYKJOHHOH CHMCTEMB AOJKHA H3MEHHThCS.

Hokasareascrso. PaccMoTpuM peakinio

Y- aapo — Bo30yKIAEHHOE COCTOfIHHE. (3.55)

Has amnautyasl nepexona u3 gopmyanst (3.54) umeem

A A
Su i (1B ) O B n] ) o @9
s=1 §=
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[lepBhift 4neH o6pallaeTca B HYJb, TaK Kak
A
N . o .
(1 20| )= (F1Pusal iy =P, (1 y=0.
JlokaxeM, 4To BTOPOH MATDHUHBIN 3JeMEeHT He Hcde3aeT JHLIb B
caydae, Korpa )
T,=—T, (3.57)

rne T; u T;-—3apsajoBele YeTHOCTH HAYAJbHOTO H KOHEYHOro co-
crosuuil. Umeem:

{i i & pe| )= (| 77T i_q,l @ pT T | i) =

=(rj|T é:&”m“‘n):
=7,7(|T <§‘,1 r?f’m) T i) =

A
=—T,7.(| PR

CaegoBaTte/bto, YTOOb MATPHUYHBIA 3JeMEeHT OB OTIAHUYEH OT HYJIA,
ileo6xoMMo 4TOOR BRINOMHAIOCL YeaoBHe (3.57). Kom6uHupys co-
ornomenua (3.53) u (3.57), noayuaem npa-

B0 oT6opa Al==1, TaKk Kak B paccMarpu- n P

BaeMoM cayuae T=(—I)% O
doropacuienyieHne LeATPOHA MOXeT Cay-

MUTb NPOCTEAINM NPHMEPOM ClpaBelHBO- @
CTH YKa3aHHOH TeopeMBbl:

v+4-d —>n—+p,
(E1)3S 3P, Al=1, O @

(M1)38 >1S, Af=1. O D

O6paTumcsi Tenepb K peakuusiM (Y,7) H  @yur. 926 Sapo ¢ wer-
(v, ) na nergux saapax [9]. Paccmorpum cra- puu Nu Z=N-—1,
Ounbuble aapa ¢ N=Z+1. dru siApa, uMero- noaseprayroe  ¢oro-
Line O/HH W3OHLITOUHBIH HEHTPOH, HeEYETHHL. Pacme"-"‘*““‘:““e"g;
B ocHOBHBIX cOCTOAHHMSIX Takue sipa umelor POSCEAt  S3PTIOB

1 €3aBHCHMOCTH.
3ocaun /=%, a B BO36YXIEHHHX COCTOf-
uax ¢ sueprusmd nopsinka 10 Mas (Ha-
npuMep, Egposg~ 11,5 Mas nas A=15; 17 u Epess~7,7 Mas pas
A=19; 23) usocnun pasen [=3/,, Paccmorpum cayuaii, usobpa-
Xeunwit Ha ¢ur. 26, korza N verno, Z mneuetHo u A=4n+3

i) (3.58)
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(nanpumep, Li7, B!}, N u 1. 1.). OcHoBHOe cOCTOsIHHE HMeeT H3o0-
cnuH, paBHbIl !/>. PaccMoTpuM doropaciuenseHde Takoro syipa:

v+ (N uernoe, Z uHeuerHoe)— (N uernoe, Z Heuernoe) *. (3.59)

lz—;- l*z% HJH %
B cuny npaBun ot6opa (3.52) u (3.53) u30cnuH BO3GYMKIEHHOTO

COCTOSIHUS JIOJKEH ObiTh paBeH JHGO !/, nH60 3/,

Cayuai 1. I'*=1/,, VicnycTuB HeHTPOH WMJM AAPO TPHTHS, HCXO-
HOoe B030YKjeHHOe AAPO NepexoJuT B coctosidne ¢ [;=0 wuau 1.
Ocratounoe fpo B CJAyyae 5MHCCHH HEHTPOHA HeEUETHO-HEUETHO,
a B cJydae HCNYCKaHUA Aapa& TPUTHH UYeTHO-ueTHo, Tak uto [;=0.
TakuM obpasom,

y-{-(4er.-Heuer.) > (ueT.-HeueT.)' — (Heyer.-Heuer.) | 7,

1 1 1

! - 5 0 nau 1 5
v+ (uer.-Heyer.) —> (ueT.-Heuert.)* — (4eT.-4eT.) 4 £.
1 1 1
! 7 7 0 pl

Cayuaii 2. I*=3/,. 130cnuH 0CTATOYHOrO siipa MOXeT GBITb pa-
Ben Jqulip /;=1. D1OT ypoBeHb ¢ [;=1 OTCYyTCTByeT y ueTHO-4eT-
HOTO OCTaTOUHOTO AAPA, €CJH 3Heprust Bo30yXienHs He IpeBhlliaer
15 Mass. CneloBaresibHO, B 3TOM cJdydyae 3MHCCHA fApa TPHTHA
zanpenieHa. TakuM o6pa3oM, Mbl NPHXOAHM K 3aKJIOUEHHIO, uTO
npu [*=1/; o6e pearkuunu (y,n) u (y,f) paspeweHn, a npu [*=3/,
pa3pemieHa JHlIb peakuus (y,n).

YKkasanuoe Bhlllle NpaBuno ot6opa MOXHO HCNONB30BaTh AJS
onpejle/leHHst HM30CMHHA BO3OYXKIEHHBIX COCTOAHHN. DTO NPaBHJIO,
OYEBH/IHO, HEJb3s BHIBECTH, OCHOBBIBASICh TOJBKO Ha 3apsgoBol
cummerpud. B KauecTBe npumepa paccMOTpUM BO36YXK/EHHBIE CO-
ctosinug Li71):

(v, n)-pe3oHaHCH:
9,6; 10,8; 12,4; 14; 17,5 (Mas);
(v, t)-pesoHanch:
9,3; ...; 16,7; 21,5; 23,5 (Mas).

'} Haknble no peakuuu (y, {) moayuyeHbl MeToAOM ¢OTO3MYyJbCHIl, AaHHbe Q
peaknuu (y, n) MOXHO HafiTn B pabore [10]. : :
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Hcxons #3 Hab.110/1aBUHIMXCS PE30HAHCOB, BO3GYKJACHHBIM COCTOS-
HHfIM NPHNMCBIBAIOTCA CJAeAYIoUlHe 3HAYeHHS M30CHHHA:

1.

[=5: ~95......... ~17,
3, ‘

1_—5. o108 L0014 L0

3amerdM, UTO 3TO npaBUn0 OTGOpa HeJMb3st NPUMEHATb K COCTO1-
HMSAM, SHEPTUsl KOTOPBIX NpeBbIIIaeT SHePTrHi0 BO3GYKAeHHOTO YPOB-
g /=1 yeTHO-ueTHOTO fAApa.

[IpiBeneHHOE BhHILE PACCMOTPEHHE HENPUMEHHMO K sigpaM ¢
A=4n+1. [lefictBuTenbHO, B cayuae (y,n)-peakiliu, eCad 3Heprus
Bo30ykaeHuss Menbiie 15 Mas, ocTaTodHOe AP0 UYETHO-YETHO U
numeer [;=0; ¢ apyroil cTepoHsl, npu (v, {)-peakuuu y oCTaTOYHOrO
HeyeTHO-HeYeTHOro siipa BO3MOXKHH 00a 3HaueHHsi H3ocnuHa, [;=0
u [;=1. DHeprernyecKHe NOPOTH 3THX pPeaKUHH DaBHHI

~6 Mss npna (v, n,
~24 Mag pna (v, ).

TakuM obpa3oM, HET HHTepBaJa 3HepTuil, B KOTOPOM MOXHO GhLTO
Obl MPUMEHUTb Hailie NpaBua0 oT6Opa, Tak Kak NPH 3HEPTUsiX, Ape-
splLAIONMX Nopor (y,{), OHO, OYEBHJHO, YK€ HENpPHTOJHO.

§ 3. Bapadosas He3asucumocms 8 (fu3uxKe RUOHOB

YcraHoBneHHBI B silepHOH (u3HKe NPUHUMN 3apsi/0BOil He3a-
BHCHMOCTH MOXHO PacnpoCTPaHUTb Ha [ApyrHe o6JacTw, HanpUMep
Ha ¢u3HKY nuoHoB. Tak e Kak B nepBOHauaJjbHOlN runorese KOka-
Bbl, mpejpnoJsiaraercs, 4yTo siaepHbie CHAbl OOYC/JAOBAEHBI NHOH-HY-
KJIOHHBIM B32MMOAEHCTBYEM; NOITOMY M3 HHBAPHAHTHOCTH SAEPHHIX
CHJ OTHOCHTENbHO NOBOPOTOB B 3apANOBOM NPOCTPaHCTBe C Heol-
XOJ¥MOCTBIO BHTEKAaeT TaKasg WHBAPHAHTHOCTb il JII8 [THOH-HYKJIOH-
HOro B3auMojefictBusl. B atom naparpade Mmbl 0BcyauM caencTBuf
H BO3MOMXHY!0 MPOBEPKY THNOTE3bl 32PN 0BOH HE3aBUCUMOCTH MpPH-
MEHHTe/JbHO K (pH3HKe NHOHOB.

1. Bpamenue B 3apsaposom npocrpaucrse. Jlwo6oit nosopor B
TPeXMepHOM 3apS/J0BOM NPOCTPAHCTBE MOXHO 3a1aTh, YKa3aB Bek-
TOp d, HanpaBJieHHBIH B/loJIb OCH BpalleHUs, KaK 3TO NOKA3aHO Ha
dur. 27. Tlo ananoruu ¢ OGLIUHBIM CHHHOM NPeodPasoBaHue ABYX-
KOMNOHEHTHOR BOJHOBOH (YHKUMH HYK/JIOHZ MOXHO NpENCTaBUTh
B Buje

$-> Ryb=rexp (a5 ) p=exp(ia]) . (3.60)



90 Taasa 3. 3apadosasn cummerpus u 3apado8as He3A8UCUMOCTD

B yacTHOCTH, IOBOPOT Ha YroJ st BOKPYT OcH «Z» npejcTaBiasieT cO-
G6oii npeobpa3oBaHyie 3apPAAOBOH CHMMeTPHH, a BpalleHHe BOKPYT
OCH «3» TeCHO cBfi3aHo C KaJuOPOBOYHLIM NpeoOpasoBaiueM (asul.
ITionni obpasylor Tpunjer z*, n’, m”, nostomy ux usocnnn [=1.
Onepatop nuoHHOro nojs ob6o3Hayaercs uepe3 ¢; B 3aPsiIOBOM
npocTpancTBe oll npeofGpasyercsi Kak BeKTOp. Ilockoabky HYKA0H-
Hasi BOJHOBas (QYHKUHS B 3apA0OBOM npocTpaHctBe npeoGpa-
3yeTcst Kak CIIHHOD, Beauuuiia Y1y ecTb BEKTOP.

Qs

S

3
2

P ur. 27. TloBopor B TpeXMEpHOM
3apANOBOM NPOCTPAHCTBE XapaKTepH-

3y€TCHd BEKTOPOM 4.

[Ipocrefimee B3aumopeificrBHe Ttuna IOKaBH, OnHChiBalolee
CBA3b MEX/Y NMUOHHBIM M HYKJOHHBIM NOJSAMU, HMEET BHA

iGYTYY - . (3.61)

St0 BhIpaXeHHe OCTaeTCcd UHBAPDHAHTHBIM NPH BCEeBO3MOXKHBIX Bpd-
HIEHUAX B 3apAN0BOM [MPOCTPaHCTBe, TAK KaK OHO MNpeJcTaB/sier

coboit ckaasipioe npoussegenue. [Ipu nosopore R none ¢ npeodH-

pasyeTca yKasaHuHbIM Bhblllle 06pa3oM, MO3TOMY Yt NePeXoxuT NpH
3TOM B

Pe-i @ Tel @ ?)mp_

Ecau, kpome TOro. 4 -— vuH(pUHUTE3UMAJIbHHIN BeKTOP, TO BhIIIC-
NpuBeIEeHHOe BhIpaXKelile CBOAUTCA K

Y(T—aX 1.
Bsaumoneiicrsve tvna OkaBnt (3.61) 6yner uusapHauTHbiM, ecid
¢ npeobpasyercsi Mo 3aKOHY '

» ~ ~ o~

¢>¢—axe (3.62)
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1as GeckOHeyHo Majblx d. D10 ke npeobpazoBaHHe MOXKHO 3anu-
caTh C NMOMOUIbIO MATPHIL:

o> ¢+i(@ag (3.63)
B COOTBETCTBHH C npeobpa3oBaHHeM
vpti(ag) v (3.64)
3nech
00 0- 0 0 i 0 —i 0
wl=[0 0 —i|, o= 0 0 0}, oi=[i O 0}, (3.65
0i 0 —i 00 0 0 0

npuieM KOMIIOHEHTHI ol YAOBJMETBOPAIOT COOTHOHMICHHAM

[0}, ©)] =i} u uukandeckue nepecranosku 1, 2, 3. (3.66)

Jo cux nop Mbl obcyxpanau TpaucgopMalHoHHBIE CBOACTBA He-
KBAHTOBAHHBIX NoJiei, T. e. ¢ U ¢ OblIu c-yucaaMu. J1Jas TeopeTHKO-
noJeBOH TPAKTOBKM 3apsA0BOH He3aBHCUMOCTH nortpebyercs Hafitu
Tpynny YHHTApPHBIX nNpeo6pa3oBaHMil, NOPOXKAAIOMYIO ONHCAHHLIE
Bhillle MOBOPOTHI B 3apfi/I0OBOM MpocTpaHCcTBe. IlpennosoxuM, uro
cyiecTByer ynutapHoe npeo6pasosanue U(d), HHAYLHDYIOLEE MO-
gopoT d. B cayuae GeckoHeyHo Manoro 4 uMmeeMm:

PO > +iI(E )P =U@ WD U@,  @67)
@) > ¢(x)+i@0)ex)=U@) 'p(x)U@). (3.68)

KpoMe Toro, npennosoxum, 4to AJs NPOU3BOJALHOTO 4 omepartod
U(d) moxHO cBfA3aTh ¢ OnepaTopoM HHAOUHUTE3HMAJIbHBIX OBOPO-
TOB COOTHOLIEHHEM

U (@)= exp (ia]). (3.69)

Torna pasenctBa (3.67) u (3.68) MoXHO nepemucaTtb CJAEAYIOMIUM
o6pasom:

[V (), al]— @0P(x), (3.70)
[¢ (x), al] = (@") ¢ (x). (3.71)

Orciona B cuy npou3BOJBLHOCTH d lHoayuaem
[ (x), 7] =5 (x), (3.72)

o (x), 7] = 0% (x). (3.73)
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B Gomee ToOuHON 3amHCH 3THX PaBEHCTB, HaNpHMep, PaBEHCTRO
(3.73) umeso OHl BHJX

[(pa ()C), ]a] = (@g)a,, Py ()C), (373/)

rae (), — IeMeHT MaTpulibl ) ¢ HHAekcamu a u b.

Tenepb MBI MOXeM HaiiTH ABHBIH BUA oneparopa I, ymoBJaeTBo-
patoulero coorHolwenuam (3.72) u (3. 73)-

=lfll?Yu21Pd‘7u f‘PX d“u—

=i f [Eyu -;— P — cpwo ]dou (3.74)

3nech ¢ — NpPoOU3BOJbHASA MPOCTPAHCTBEHHONOA00HAS TFHIEPIOBEPX-
HOCTb, a do, ONPEene/seTcs BhPaXKeHneM

do, = 347" (B wacTHoCTH, d0,=— id3x). (3.75)
w

Korna B KaueCTBe NOBEPXHOCTH ¢ 6epeTca nJI0CcKOoCTh ¢==const,
7:” +3 = b+ X S ]de (3.76)
Bce Tpu KOMIOHEHTH Ollepatopa c} 3PMUTOBHl H YHOBJETBOPAIOT
nepecTaHOBOYHBLIM COOTHOIIEHHAM
[9a (X, £, @ (X'y )] = 0y (x — X). (3.77)

Jlerko oKa3aTh, UTo B cJdyyae BTOPHYHO-KBAHTOBAHHBIX II0Je Olle-
patopsl /g yIOBJAETBOPSIOT COOTHOLIEHHAM

[/, 1] =il; u uuxanueckue mepecraHosku 1, 2, 3. (3.78)

B § 1 artoit raaBbl onepatop / Gbl1 NpHBeNeH B CEUHANbHOM BHIE,
noJayyaeMoM MpDH TNPOEKTHPOBAHUM ero Ha KoHburypaumio A Hy-

KJA0HOB. MBI He nenaeMm pasnivuus B CMpicjae oneparopa [ Mexny
KBAHTOBAHHON W HeKBAHTOBAHHON TEOPHSAMHU I0JH, TaK Kak 5TO le
BelleT K HeJOpa3yMeHHsM.

2, dusHyeckas HHTepPNpeTalyst Oneparopa nois ¢. Bpilie MBI

BBeJHM BEKTOD ¢, HO HE YTOUHUIU €ro (bI/ISI/ILIeCKOI'O CMBICJIA; BbBIAC-
HUM Tenepb 3TOT BONPOC:

%CTJ = T (@1t i) +TH (P — ig) + T35 =
= V2 (v¢* + vt0) + 10 (3.79)
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rac
o= —in), et=m@tie)  (380)

00 01
1:%(1,—;’12):(1 0>, T -_—<0 O>' (3.81)

C/aenoBaTe]bHO, ABHHA BUA B3auMojeHcTBud tuna IOKkasel maercd
BLHIpaXKeHHeM

GOy - 0 = iG [V'Z Wrvsl - 9 4 priysd - @)+
”‘f"ll)ra\’slp : (Ps] =0 [V— 1Pn\?s% - @f +‘~_PpY5‘Pn < Q)+
+1_PpY5¢p * Py — ‘Ean‘Pn : (P3]' (3.82)

[TepBuiii 4YleH B 3TOM BBIPAXKEHHH OIHCLIBAET P >N nepexonbl,
[I03TOMY M3 3aKOHA COXpaHeHWs 3apsifa ciaenyer, uro onepartop ¢f
noaxked Owith JuUGO onepaToOpoM poxIeHUA m*, aubO oneparopoM
YHUYTOXKEHHA n~. AHaJOruuHO ¢ — AUGO OmepaTtop pOXKAEHHA 7,
aubo onepartop yHI/l‘{TO}KEHI/Iﬂ nt, a omepaTop ¢ JAuG0O NopoXKiaer,
A160 yHuuroxaer nl,

3. Huaronanusauusi onepartopos /2 u I3 Tak kak onepatop /3
TECHO CBSI3aH C 3aPALOM CHCTEMBI, COCTOsILIEH M3 HYKIOHOB H MHO-
HOB, YAOOHO NPHBECTH 3TOT ONEPaTop K AHArOHAaJIbHOMY Buiy. Be-
JuuuHa 3 CBA3aHA C 3apsAnOM COOTHOLIEHHEM

Q=e(+%) (3.83)

~ 3nech Q — KBAHTOBAHHBIA 3apAJ NHOH-HYKJOHHOH cHCTeMH, a N —
TaK Ha3blBaeMOe HYKJOHHOe, WM OGapHOHHOE, THCIO,

N= [ (65 +win) ’x. (3.84)

HMcnoansys cootnowenue (3.83), MOXHO aias JM060ro 3agaHHOrO
COCTOAHHA BLIMUCAUTL COOGCTBEHHOE 3HaueHUe [;, ecau HW3BecTHO Oa-
PHOHHOe uyMcJ/IO W NOJHBIE 3apAl cucrembl. Hanpumep,

BlA=zla) A=t 1is .
h|ry=—3|m)) 1wy =01) 85)
Llny=—1|xn").

Takum o6pasom, cobeTBeHHHe cocTosHHA onepatopa I3 HaxomATed
Oes Tpyna, OnHako »TH COCTOSHHS ONpeNesteHs ¢ TOYHOCTBIO O
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(ha30BOrO MHOMKUTENAS, KOTOPH COBEPIIEHHO NPOU3BOJeH, MBI Bhl-
fepeM ero TakuM o6pa3oM, uToObl MOMKHO OBLIO 110/1b30BaTbCH Tab-
auliet Koapdpuunertos Krnebwa — [opnana. M3 nepecTaHOBOUHBIX
cootHollennt aas I, noaydaem

(1ily L] =—(+ily), (3.86)
[/y-—ily I]|=1,—il,. (3.87)
IMpennonoxum, uto @l—-COﬁCTBEHHaSI ¢dyHRUus omneparopa [,

oTBeuamwlras COGCTBeHHOMy 3Ha4YeHu1o ]3; TOria K3 nepecraHoBOY-
HBIX COOTHOLIEHHN CJIenyer, uTo

I [(11 + il D ] = (/54 1) [(11+ i) @, ] (3.88)
I3 [(11 —ih)®, ] =(l3—1) [(11 —ily) (Dlg} (3.89)

HOpyrumu cnoamu, [ =I1+il, (I_=I;— il;) yBennuuBaer (yMeHb-
maet) coO6CTBEHHOe 3HaueHue [3 Ha eAUHHUIY, OCTaBAsAsA coGCTBEH-
HOe 3HaueHue /? HeM3MEHHBIM, NMOCKOABKY

(72, 1,]1=[, I_]=0. (3.90)

Eciu ®@j, ., — obmas cobcTBeHnas ¢yHkuua onepatopoB I? u [,
oTBeuatol(as coOCTBEHHBIM 3HAYEHHAM | H M COOTBETCTBEHHO, TO
ypaBHeHH$

[iQp =V (—m)(+m+1) Q) 1, (3.91)
1©, ,=V({i+m(—m+1)0; (3.92)
onpenensior ee, obecneunpas NPU 3TOM NOAXOAALMH BEIGODP a3,

Hepr,’lHO BHOETb, 9TO KOJb CKOPO NPUHATO 3TO COrAamieHue O Bhi-

Gope a3 a/s BCex HENPUBOAUMBIX NpeiacTaBJaeHHii onepartopa J,
T0 Matpuilel [y u I3 OyRyT HeficTBUTebHBIMY, a Martpuua J, — yu-
CTO MHHMOH; APYTrUMH CJOBaMHy,

N=10, L=—1h Ii=I, (3.93)

3nech Bepxuuit uHuekc T o3Hauaer TpaHcnouuporanue. [lo3gHee,
BBoxs (-CONpfXKEHHE, MBl BOCMOAb3yeMcsl 3TUM CBOHCTBOM.

4. Onpepnenenne 6a3ucHuix coctosnmil. Mccaenyem siBuoe npen-
cTaB/enue «cepuueckux rapMoHuk» @Dj , AN Pa3AHUHBIX YaCTUH.
B o6uieM ciyuae Bce rapMoOHUKH @j ., MOXKHO MOCTPOHTb, OTNPaB-
JAssch OT HUXKHeN KOMIoHeHTH @ _;.

TTockonbKy B BakyyMe HeT peajbHBIX YACTHL, CAeLYeT MOJOKUTL

710y =0. ‘ (3.94)
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a. Hyxaon. Hauuem ¢ HHXKHEro CoCroanus |22) ~ Dy, _y,:
(i) | my ~ (I + i) 6| 0) =
= [+ il Wi} 0) =

=5|0)~| p). (3.95)

rae v, wf,—-onepampbl poxjieHus HEHATPOHA W MpPoTOHA COOT-
BeTcTBeHHO. Takum 00pa3om, G6as3ucCHbIE COCTOAHHA HYKJOHHOIO
ay6JaeTa HMEIOT BHJ,

(D'/'z: = 'p>’ (D'/z, =1, == ' fl>. (396)
6. [Muon. 3aech Caenyet Ha4aTh C COCTOAHUA | '), MOCKOALKY
U3BECTHO, YTO OHO ABJAETCA COGCTBEHHHIM COCTOSIHMEM OMEpa-
topa /3
(1t il ) [70) ~ (I, il) 93] 0) =
=l il @3] ] 0) =
= — (ipy;+ ) [0y =
=—V2¢*0)~

(; "‘”2”“%’”(‘ i9y—+ ;)| 0) =

=V2¢|0)~

~V2|a). (3.98)
CanesnoBare/bHo, CpeprUyecKue TapMOHUKH AJA MHOHOB HMEIOT BUA
D, =—|a"), @,,=|a0, @, _;=[a"). (3-99)

Caenyer ofpartutb BHUMaHHE Ha 3HAK «MuHYC» nepex m*. MmeH:o
6jarogaps eMy BO3MOXKHO HCIONb30BanHe Kosdduuuentos Kied-
wa — lopnana.

8. Z-eunepoH.
O, =—|2%), @ ,=|Z), O _,=|Z7) (3.100)

Hans onpenenennss 6asuCHBIX BEKTOPOB dHTHYACTHI[ MBI HCMOJL-
3yeMm (-compsikeHue, KOoTopoe OYAeT pPacCMOTPEHO B CJAEAYIOUIEM
naparpade.

[Mo-BuauMoMYy, MOJNE3HO NPUBECTH MATPHUUbl H30CHHHA AMAS [IHO-
HOB B TOM MpE/ACTaBJEHUH, B KOTOPOM ofepaTop [; quaronajesd; s
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3TOro cCaeAyeT ONpeneduTh @ COOTHOLIeHHEM

— [n*) —Jaty
7 ]n°>\)-__{0( [0y . (3.101)
[/ volaT)
Otciona as MaTpul o, ®, U 0, NoJdyuyaem
' 1 01 O 1 0 —i 0
o=—=10 1], oy=amli 0 —i],
v 010 vz 0 i 0
10 0
o, ={0 0 0 (3.102)
00 —1 :

010
m+=m,+im2=1/7\o 0 1],
' 000

000
o=, —io,=)2{1 0 0]. (3.1u3)

010
OTH MATPHUB NOLYUHAIOTCA NePEeCTaHOBOUHBIM COOTHOUIEHHSAM
[0, ) =iw; u uukauyeckue nepecraHoeku 1, 2, 3. (3.104)

Teneps, ycranoBuB Buft Ga3UCHBIX BEKTOPOB /A DA3JAHUHLIX 3/e-
MEHTapHREIX YaCTHL, pacCMOTPHM INpHMeHeHHs Ko3PpOHulliieHTOB
Knebuma — ['opnana K NHOHHBIM peakKIUaM,

B >T0ll CBfI3U NOJIE3HO NPHBECTH cAeAVIOWYI0 GOopMy.y:

- < oY~
=35+ Y e, (3.105)
rne D — BEKTOP COCTOHHI/II‘:! HHOH‘HyKJIOHHOﬁ CHCTeMBl.

5. duaronanuzauus S-marpuubl. [las toro 4tolul NMPoOBEpUTH
CrpaBeIuBOCTL NPUHLKNA 3apAAOBON He3aBUCUMOETH B (u3uke
MAOHOB, MBl JO/MKHH Ha#TH B3aUMOCBA3b MEXKIAY DasqnYHLIMH p2-
aknuamu. TagKoro poda COOTHOUIEHHS BNEPBBbie GBLIM BHIBEIEHLI
Tafitaepom [11]; Hanpumep,

o(n + p—>n-+n)+20(n°4 p—> p+4n0) =
=d(@n' 4+ p>pta’)to@ +p—>p4na7). (3.106)
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K coxanesulo, ceyeHue BTOPO# M3 3THX peaKUufi HEBO3MOXKHO H3-
MEPHTb, U MEl BBIHYXKIEHBl OIPAHUUHTBLCA NPOBEPKON HepaBeHCTB.
M3 3akoHa coxpaheHHsd M30COHHA CJELYET, 4TO

[S, T]=0. (3.107)

CaenoBatenbHo, 12, I3 u S MOXHO AHAroHaNM3MPoOBaTh ONHOBpE-
meHHO. Tak xagk S KOMMyTHpYeT He TOMbKo ¢ [3 HO ¢ [y u [y TO
AHaroHajdbHble MAaTPUYHBIE 3JeMeHTH S-MaTpuUbl He 3aBHCAT OT [j:

S= Spe . . (3.108)

\

Ecan onpeneauts MaTtpuuy R cootHomenueM R=8 — 1, ee Ma-
TPUUHBIE 3JeMeHThl OyayT aMIVIUTYAAMH NEPEXOAOB Pa3JHUHBIX
npoteccoB. PaccyXaeHus ¥ BBIKIA[KH, UMEOUIHE LEAbI0 BBIBOJ
C/eACTBHE M3 MNpHHLHNA 3apAAOCBOH HE3aBHCHMOCTH, MBI pasbsc-
UMM Ha THNHUYHKX NpHMeEpax.

6. NuoH-Hyk/TOHHOe paccesaHHe. [TONHLI H30CNHH CHCTEMBI, CO-
cTOfIllel M3 NMHOHA M HYKJIOHA, paBen au6o 3/y, aubo . O6uiue
co6cTBeHHble GyHKUMU onepaTopoB [? m I3 mogydaloTcst ¢ NOMoubIO
dopmya (3.47), (3.96) u (3.99). OHu uMeOT BUA

2, 1, (WN);

Li=3: —l|a*p),
Suy ¥ l/% |70y — ‘/%ln*n), (3.109)

T T
=—%z l/%— [n~p) + 1/3 | n0n,
- %z |n—n)
54
Dy, 1. (N);
L=4 = ‘/3 1299y —1/ Zlatny, (3110)

_— —21—: - ‘/r_%—ln_p> + ‘/-%_ |n°n).

7 K. HummuzknMma
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OTH paBeHCTBA MOXHO OGDaTHUTh:
— |mt p) = (D‘.'z, 32

2 T
|n’p) = ‘/—3- s, y, — ]/'3' Dy, 1z,
} To T
lﬂ: p> = V _3_ 3 = — g Ys, —1ss

: T /T
—_]ﬂ n> = ‘/ K) (D"r'h Y + ‘/ ?q)l/m Yoo

1wy =}/ % Oy pt | & P
[~ n) =Dy, _s,
PaccmotpuM remnepn HabalofaeMble MpoueccH paccesHud,
nt4+p>ptnat R,
a+pop+aTi R,
a~ 4 p-—>n—4a' R,

(3.111)

(3.112)

Bripasum amnautynel pacceanua R,, R_ n K, uepes ammiuty au
peakuuii B kananax ¢ [/ =3/, u /=1,. Tak kak " p ectb unucroe

CoCTOsAHME € H30CHHHOM [ =73/, TO

. R+ = Ra/z‘
Jlanee umeem:

- T 7
ln=p)= ‘/-3- Dy, _y, — ‘/3 @y,

Bupaxenue n/8 pacCesiHHOM BOJHB HMEET BHUI
Rl py— 1/ T ROy — V2RO, =
‘/ Ra,,cp% _y, — ‘/ Ry, Dy, _y =
V3RV 510 +Y 3 In°n>)~—
—V/ ZRi(— zln-,v>+1/l_1:rc°n>)=

(3.113)

(3.114)

( Ry, +3 Rl/z) |7~ p) —f—( Ry, — V32_ Rl/,)]ﬂofl).

CaepnoBarteJbHO,

R_ = % (R3/2 =+ 2R‘/2)1 RU V2 (R"/z R'/z)'

(3.115)
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Kak caenyer u3 ¢opmya (3.113) u (3.115), Tpu aMnautyns Ha-
6/101aeMbIX TPOIECCOB CBA3aHbl OAHUM JHHEHHBIM COOTHOIUEHHEM,
npencTaBasoUM co6ofl cleacTBHe 3apPANOBON He3aBHCHMOCTH:

R. +V2R=R,. (3.116)

Kak Mbl yBHOMM B CAeAyiOwell Iiiape, 3T0 COOTHOIIEHHE MOMKHO Hc-
[0/Mb30BaTh [OJ51 NPOBEPKU COCTOSATENBHOCTH MPUHUUNA 3apsanoBOH
He3aBUCHMOCTH. D PeKTHBHOE CeyeHHe NaeTcsl BhIPAXKEHHEM

o = KunemaTtuueckuit muoxutean X |R 2 (3.117)

Eciau onpeneluTb CeyeHHe
o (3 +p)=0(" + p—> p+ )+ o+ p—>nf-),

TO MOXHO BBIBECTH BHIpAaKEHHE s TUnoTeTHyeckoro sddekTns-
HOTO CeueHHss paccesiHisg B UHCTOM COCTOSHHH ¢ [=1/p:

o =%)=%[30(n'+p)—~o(n+—4—p)], (3.118)
rae

o(nt +p)=0 (" + p—>p+at) =0 (I =3).

[Tpu suepruu E=M+nu+159 Mas (B cucreMe LeHTPa HHEpLUH)
MMeeTCsl pe30HaHC

A-+N—->N"—-N+n. (3.119)
M3BectHo, uTo BOJHM3M pe3oHaHca CeyeHus Tpex peakunii (3.112)
NpUGJIHKEHHO OTHOCATCA Kak

0,:0,:0_~9:2:1. (3.120)
D10 roBopur o TOM, uto O(/=3/3) >0 (/="/;), noatomy paccma-
TPHBAeMBbIil PEe30HAHCHBIY YPOBEHb NPUHANIEKHUT 3HaueHHO [=3/.

7. CTONKHOBeHHe HYKJIOHOB ¢ 00pa3oBaHueM nUOHOB. M nccie-
JyeM OTHOIIeHHe ceyeHWH IBYX peakuuil:

a) p+p—>d+nt; (3.121)
6) n+4 p—>d-ad. (3.122)

Takx kak I(d)=0 u I(mw)=1, TO H30CNIUH KOHEUHOrO COCTOSAHUA
paBex

1,=1. (3.123)

B cuay 3apaaoBoii He3aBUCHMOCTH BKJaj B CeueHHe [aeT JHWb Ta
KOMIIOHEHTa HA4adbHOIO cocrosuud, nasg roropoit [;=1. TlosTomy
Pa3ioxuM BOMHOBYIO (QYHKUUIO HaYaJbHOTO COCTOSIHMSI 1O COGCT=

™
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BEHHBIM prHKI.II/IHM H30TOIIUYECKOI'o CNHHAa.
88— 818, 8.8, — 818
%3 vV

Dta BoaHOBas (QYHKUHSA aHTHCHMMETPUYHA BCJIAEACTBHE HepasJHuu-
MOCTH YaCTHL, 4 & U g’ 3aBHCAT OT MPOCTPAHCTBEHHBIX U CMHHOBHIX

a) W =pp, =, ,(2N) (3.124)

KOOPIHHAT:
=g, X)), &=28(5p X, (3.125)
31ech g u g’ oproroHanbHel npyr apyry, a @ (2N) umeer Bug
@y, (2N)= p\p,- (3-126)
dta QyHKUHMA yKe sBAeTcA co6CTBeHHOM byHkLued I2
6) W= —*(plnzglg2 n,p:818) =
1 [Pxnz-”xl’2 £i82+ 818 | hat L8 8i% |
Ve Ve Ve . ) V2 o
1 218+ 818, £,8,— 8,8,
_ — (I) N (D _— . -
V'2 [ 0,0(2 ) V— + 1,0(2N) V2 ] (3 127)

Banarogaps coxpaHeHHIO H30CMHHHA TOALKO BTOPO ujleH B 3TOM Bhbi-
pakenuW naetr BrJan B peakuuio (3.122). Tenépr cobepem Bce
koMnoHeHTH RWY; ortBeuatomue cocroaunio (d-+m):

(@ +d|R| p+ py~ D}, 1 (nd) RDy, 1 (2N),
(@ 4d| R|n+ py~ Dy, o (nd) Ry, 0 2N)/ V2

H, CJAEeJO0BaTEJbHO,

(n*+d|RIp+p)=V2 (°+d|RIn+p)  (3.128)
nostomy

do(ptp>dtat) g di(ntp>difnd)
-3 =2 e (3.129)

b, o

3amewanue. Oyukmus ¥ nonxma Owbith AHTHCHMMETPHYHOI,

TaK Kak Yn H Pp AHTHKOMMYTHPYIOT. DTO CBOHCTBO OBLIO YIKE HC-

NOJb30BAHO NIPY BBHIBOLE NepPecTaHOBOYHBIX COOTHOMWIEHUN Mexny [ u

onepaTopaMu MUOHHOFO M HYKJOHHOTO noaeit [cm. gopmyay (3.72)].
AHasiornynbiM 06pa3oM HETPYAHO MOKa3aTh, YTO

do(p+d£H3+n+)_ 9 do(p—}'—d;;Hea—{—:E") (3_130)
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Ucnonb3ya aumib nNpUHUKN 33aPsAOBOH HE3aBUCHUMOCTH, MOXKHO
BBINKCATb LeNbH P COOTHOLIEHHHA TaKOro poaa.

DKcnepuMeHTAIbHYIO TPOBepKYy OrHOWIeHHs (3.129) ocywmiect-
eua 'napebpann {12]. Ou usmepun ceuenue pearuuu n+p—d-+a’
M TNPOBEPHI YKa3aHHOE OTHOLIEHWE, MOCKOJBLKY ceyeHue peaKUuH
p+p—d+at O6b10 K TOMy BpeMenu yxkKe wusBectHo. Ceuenue
peakuun  (3.122)  nokasaHo Ha
tdur. 28.

3anavya 3.1. Ilokasarts, uto yrJo-
BOE pacnpenejeHue OA  peaknuu
n+p—>d+n® CUMMETPHYHO OTHOCH-
TeJbHO HaNpaB/eHHs Biepes— Ha-
3al.

§ 4. G-conpsancenue

Hu onepatop C, Hu onepatop T %
HelMb3d  [HArOHAJU3MPOBAaTh, €CJH
oneparop I3 puaroHajeH; nefcTBH- %

TeJbHO,
Cly = — I,C, (3.131) \V
Tly=—1I,T. (3.132)

PaccMOTpHM, HanpUMep, M30CHUH HYy- (° 90° 180°
KJAOHHOIO noJs. YuuTHIBad, 4TO

| dur. 28. ¥raoBoe pacnpene-
5 +20 3 JERMe HEeHTPaABHEIX THONOB,
1-7 f‘p wd'x, (3.133) o6paayloutuxca B peaKuuu

i n+p—>d+n’ no ZaHHBIM
Haunem Tuaze6pania, Haua bH1g IHEP-

ele ' — __;_ f Ty s (3.134) rus ne#itponos 340 Mas.

rne TT—ManI/Ilel TpaHCNOHUDOBAHHBIE MO OTHOIIEHHIO K MaTpH-

uaM 1. Jlna BbIOPAHHOrO HaMH MPEACTABJAEHHS CNPaBeTHBO CooT-
Howenue (3.93), nostomy

Cle ' =—1, CLC'=I, CLR2'=—1I, (3.135

C ppyro#t CTOPOHH, H3BECTHO, YTO _
TIT'=—1, TLT '=k TLT '=—1I, (3.136)
Onpenenum onepatop U, nasuiBaemsit onepatopom G- -conps-

HeHus )
G = @T = Qe (3.137)

') Wnoria G-conpsxcHHe HA3bBAOT 0GOGUIEHHBIM 32pAA0BHIM COHpH)KeHHCM
(cm., Hanpumep, kuury 1. Matbioca [17*]). — Ipun. nepes.
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Hetpyauo Buiets, uto
GIG™' =], (3.138)

noatoMy oneparop G KOMMyTHpYeT C OIepaTOPOM H3OCIUHA.
TpaucpopMauuoHHEle CBOHCTBA ONepaTOPOB PAa3jIMUHBIX [OJel 1o
OTHOMWIEHUIO K (-CONpPSIXKEHHI0 MOXHO HafTH, 3Has, Kak npeobpa-
3yloTcsi 3TH omeparopsl npu € - u T-npeo6pasosannsix. Tak, Ha-
npuMep, A4J1s1 MUOHHOTO NOJS UMeeM

~

GG ' =—q. (3.139)

[lpu G-conpsixenuu BCAKUH 3apsAOBHI MYJbTHIIET Npeobpasyer-.
csl B COOTBETCTBYIOLMH Myabtumier aurmdactuu. Ecan @y . —
* 13
co6cTBenHass GyHKuust oneparopa /5 orBeuaioumias COOGCTBEHHOMY

!
3nauexuto 3 T. e.

TO SICHO, UTO B CHIY KoMMyrtaTuBHOcTH G u [/
’
1, (GCDI,’ 1;)):13 <GCD1:, 13)
STUM CBOMCTBOM MOMHO BOCHOJb30BAaTbCs JJsI MOCTPOEHUS <«cde-
pHYECKHX TapMOHMK» AHTHYACTHL MO U3BECTHBIM TdPMOHHMKAM ua-
cTHIl. Baxno OTMeTHTh, 4TO COOTHOUIeHHE

G, *il)G '=1I,*il, (3.140)

ofecreunBaeT NPABUJBHBIA (B CMBIC/IC HCNOAL30BaHUS KO3(hdHU-
uvenToB KneOma — J'oppana) BriGop a3 y «cdepHueckux rap-
MOHHK» AHTHYACTHLl, [OCTPOEHHHIX € MNOMoOLLbI0 (-conpsKeHus.
B aroil cBs3u HamoMuuM ypasuenus (3.91) u (3.92), onpeaensio-
wye «cepuyeckue rapMOHUKH.

BriBog npaBui ot6Opa MOXKET CAYXHTb APYTUM NPUMEPOM He-
IocpeAcTBeHHOTO npuioxenus G-coupsikenust, Hanpumep, nepe-
XOJBl MEX/JY COCTOHUSIMY C UETHHIM K HEUETHHIM UYHCJAOM ITHOHOB
HEBO3MOXHEL. JleficTBUTENbHO, /1 CHCTEMBHL C YETHBIM YHCJIOM IHO-
nos G=1, a 1as cucTeMbl ¢ HEUETHHM HX uHcaoM (G=—1, nosromy
npu Takux nepexogax G He MOXer coxpaHsTbes').

) Tlpasuaa or6opa Takoro pona Bhepebie BBeleHbl B paGoTax ®yKyln H
Mussmoro [13]. B rteopun Bosmywmenuit G-conpsizeHue paceMoTpesa Hummpmu-
ma [14], a nokasartejbcTBOM npaBHa or6opa 6e3 NpHMEHEHHs! TeOpHH BO3MYLIEHHH
Mol oBsizann [laitcy u Hocry [18). Mcenoabsosanse G-MHBapHaHTHOCTH NpPHMEHH-
TeALHO K CHCTEME HYKJCH - QHTHHYKJOH npunamaexur fAury u Jlu [16].
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B 3akjaiouende mnpuBegeM IpUMeEp MNOCTpCceHUsT «cpepuueckux
rapMOHHK» AJIS1 aHTHYaCTHIL:

(=5 om

He chaeayeT ynyckaTb K3 BHAY 3HakK «MHHYC» mepel p.

3apaua 3.2. Mccaenyitte TpaHcdopMalHOHHBIE CBONCTBA CAE1YIO-
muxX OUJAMHEeHHBIX KOMOHHAlU#A OnepaTopoB HYKJAOHHOTO NOJS mpi
G-conpsixKeHuH:

W abyp abyb Aby, v Yo,
DT ApvsTh AT by, v T Th.



UPHJIO’KEHHE

Kosgppuyuenmor Kaebwa — Fopoana

B 3ToM npmioxeHuu npuBefeHBl Haubojee cyuecTBennue dop-
MYJABl, Kacaomuecss KoadouuuestoB Kae6uria — Fopnana; mnpu
3TOM MBbl NOJIb3yeMcsi 0003HAYEHUSIMH, KOTOopble npuHstel Baarrom
" BancxomboM [6]. I/ITaK,

y = 5‘ 2. Cij (e My my m)Y 1y ()Y o (2. (3T1L1)
ji = —1 m'=-
DTO paBeHCTBO onpeﬂenﬂeT ko3bhduuuentol Kaebwa — [oppana;
cMbicsl 0603HaueHnit caMooueBuaeH. Hawn kosdduumentor C cB4-
3aHBEl ¢ COOTBETCTBYWILUMH Ko3d¢uuueHtamu Kougona u LHoprau
paBeHCTBaMU BH/Ia

Cjj(Jo My m, m'y=(jj/mm"| jj'IM). (3r1.2)
Kosdpduuuenrst Krae6ura — lopaana He o06s3aTesqnbHo cUMMe-
TPUUHBE [0 OTHOLIEHHIO K [EPECTAHOBKE [BYX [ap HHIEKCOB [, m
uj, m: B ,
C]]' (.]9 M; m, m/)=(‘"—1)l-j—1 C]'j (j) M1 m,) ”l). (3“-3)
J MoXeT NPUHHMATL 3HAYEHHS

J=j4jj+7 =1 .. lj=Jl (3I1.4)
O6pamenune popmyas (3I1. l) HMeeT BUJL
jxj
VimWY )@= % MV_ Cpyr 1 Mim, )y} . (315)

Koabduuuentnt Kiaebma — FopraHa sBasiOTCS MaTPUYHBIMH
JieMeHTaMU JIefCTBUTENbHO] opToronaanoﬁ MAaTpHLIBI, [O3TOMY
oun y,EOB.HETBopH}OT LeJOMY DSy YCJIOBHH OPTOTOHAJBHOCTH:

j
}J Sﬂj ii (.1 M m, m )ij (.] M' m,m )=6.J,/'(3Mm', (3“6)
J
, |7§J"| MEJC”'(J, M; m, m,)ij'(J, M; m”, m”/)=6mm”6m’m"”
=| j—j =-
(3I1.7)
J Jj°
Y X Cir U M5 ) Cprpr s My, =

=t L0

2j + 1 mm’ . (3“-8)
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B rta6a. 3 u 4 3arabyauposaust Kosbduuuenrs Knebura —
Fopraua ans cayuas j =1, u j//==1.
' Ta6auya 3

Koadduuueurst Knebma — lopaana aas cayuas jJ’ =%

m’ == l m’ o= — _1.
= =
1 7% [ 1 74
1 1+M+7}‘ j—mi L]
I=ity %1 TR
. K . 1 7%
. 1—M+7]2 (H—Mﬁ—;h
I=i—y | TmFT | o FT
Tasruya 4
Koadbduuuenro Knebma — Fopnana aas caydas j =1
m'=1 m!'=0 m!'=~1
J—j 41 [(j+M)(J'+M+1) Ve [(1—M+n(j+M+n]‘/z (i—M)(f—M+1>]’/z
- 2/ +1) (2] +2) @/+DG+D @j+D@Ei+2
J=J _ [<j+Mw—M+n]‘/z M ]‘/z [(J'—,M)(J'+M+ 1 ]’/z
- 2j(J+D JU+D 2j(j+1)
J=j—1 <1—M)<j—M+1)]‘/z | (f—M><1+M>]‘/z (f+M+1><1+M)]’/=
2j2j+ D j@i+1n 2j2j+1
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TEOPUY NMUOHOB

Kunemaruyeckue cBoficTBa NMHOHOB OBIIH paccMOTPEHbI B NpPeX- -
LIeCTBYOLIUX raaBax. YW3joxkeHue IUHAMHUECKOH TeOpHU ITHOHOB
tpebyer, oxHako, Gonee nOAPOOHHX BHKAaM0K. OGbeM KHHUTH HE
MO3BOJSET NPEACTABUTh TAKOTO POJA BBIUMCAEHHUS BO Beelt HOJHOTE,
[O3TOMY B HAcToslled IJiaBe MB OIDAHHUHUMCS JHIIB 3JeMeHTap-
HBIMH acrneKTaMH TeOpHH.

§ 1. Boi60op nuon-nwyKAOHHO020 83aumoleiicmsusn

®dopMy, KOTOPYIO NPUHUMAET IHOH-HYKJOHHOE B3aHMOLEHCTBHE,
MOXHO ONpEAE]HTb, HCXOAS U3 IKCIEPHUMEHTAJBbHBIX CBOHCTB MHO-
HOB # c000pa3ysich ¢ MPUHIMIAMH HHBAapHAHTHOCTH.

Bo-nepBHIX, NHOH-HYKJIOHHOE B3auMOJAeHcCTBHE 3apsi0BO-HEe3a-
BHCHMO H MO3TOMY JOJXKHO OBITh MHBaDHAHTHBIM NpH BPALUEHUSX
B 3apsinoBoM npoctpascTee. HykjioH uMeeT aBa 3aps/OBBIX COCTOS-
HMs, P 4 N, H, CleI0BaTelbHO, MOpeofpasyeTcss B 3apsI0BOM Mpo-
crpaucTBe Kak cnuHop., [IMOH uMeer TPy 3apsOBBIX COCTOSIHHS,
wt, 1% ¥ -, ¥ BegeT cebGst MO3TOMY Kak BeKtop. M3 npunuuna sapa-
JIOBOl HEe3aBHCHMOCTH. BBLITCKAET, YTO TaMH/JIbTOHHAH JIOJXKEH OHIThH
B 3apsiloBOM NPOCTPAHCTBe CKaisipoM. Bei6paB omneparopsl MHOH-
HOro MoJs1 cienyiouHM obpasom:

@ YHUUTOXaeT ;* UM poXKaaer -,
¢tyruyroxkaer s~ uau poxaaer mt,

@3 yuuutoxaer n® unu poxnaer n,
JarpauXuan cBOGOIHOTO MHOHHOTO MOJS MOXHO 3alHcaTh B BHAE

_ 09" dg 1 [ dps  0gs
=[S | — g [4ES e]. (1)

Ipu smawem BEIGOpE ONEpPATOPOB MUOHHOTO MOJA TOALKO ONepaTop
¢3 5PMHUTOB, NOSTOMY B leJdsiX Yno0cTBA MOJE3HO BBECTH 3PMHUTOBLI

ONepaTopH @y U (s, CBA3AHHEIE C ¢ H @' COOTHOWIERHAMH

p=rr—ie) =gt ). (42)
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3 .
pa—
2 Z

3ameTuM, 4T0 nepBbiil crnoco6 BHEOpPA ONEPaTOPOB AOMYCKAeT Npo-
CTYI0 GHU3uYeCKYI HHTepnpeTauyi, B TO BpeMs Kak NpH pacuerax
yrobuee BTOpPOi crocob.

Bo-BTOpHIX, M3 3KCNepuMeHTa H3BECTHO, YTO NPH B3auMojel-
CTBHSIX C HYK/JOHAMU NHOHBI BeAyT cebsl Kak nceBJOCKaJspPHBLE ua-
ctuupl. Takum o6pa3oMm, 3apsAI0OBO-HE3aBHCHMble B3aUMOAEHCTBHA
tuna HOKaBwl, KOTOpHE, KpoMe TOrQ, BeLyT cels Kak CKajasipbl npH
Jopenu-npeob6pa3oBaHusiX, HMEIOT BHA

) + u?%] (4.3)

— L= iGE’Ys%u’ : §> (4-4)
B cjy4ae [CEBAOCKAJSIPHON CBS3W H
JF =~ ~
— L= T W, T 0@ (4.5)

B CJy4ae NCeBIOBeKTOpHOM cBsA3u. [locaeauuit Tull CBA3M He MO-
3BOJISIET NIOCTPOMThL NEPEHOPMHUPYEMYIO TEOPHIO, MOITOMY MEI €ro He
Oynem paccmarpuBarth. Jlaxe B nmepeoM cayuae ([ceBLOCKasPHOI
CBfA3H) A/ OCTPOEHUS NEPEHOPMUPYEMOH TeOPHH HEOoOGXOAHMO AO-
6aBuTH NMHOH-NHOHHOE B3aUMOMEHCTBHE, TAK YTO MOJHOE B3aUMOJIEH-
cTBue OyJIeT HMEeTb BMJI

— Pt = Hin = iGPY;T) - ¢ +'} (@ - QP (4.6)

910 B3auMojieiicTBue O06/ajlaeT Takke CAEAYIOLYMH HHBapHAHT-
HBIMH CBOHCTBAMH:

1) HHBAPHAHTHOCTb OTHOCHTE/LHO NPOCTPAHCTBEHHBIX OTpaxe-
HUH, B CHJY KOTODOH COXpaHAeTCs YeTHOCTh;

2) HHBADHAHTHOCTL OTHOCHTEABHO 3aPSAOBOTO COMNPSKEHUS H
G-conpsixkenusi. B nepeMenHHIX @ u @' B3auMoJeficTBHe (44) wmo-
XHo 3amucaTh Kak

iGlTJ'vﬁll? . 6 = 0 [V? (‘T’Vsﬂp -ot 4 ‘BY:;"""I’ . cP)—,‘ ‘T’Vsra‘l’ . (Pal- (4.7)

Has cpaBHenus o6Cy/M B3aHUMOJEHCTBHE CKAJIAPHOTO U BEKTOD+
Horo moneil ¢ HyKaouamu. BaaumopeficTBue CKafApHOro moas H
HYKJ/IOHOB OIUCHIBAETCS] BHIDAXKEHHEM

= G T - 9+ 1By, 07 - 0,0, (48)

97O BbIpaXKeHHe HE HHBAPHAHTHO HH OTHOCHTENbHO (3 -CONpPSXKEHHH,
HH OTHOCHTeNbHO (-conpsiKeHHs, UCKilouas ciayyait FG=0. B ca«
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MOM JeJe, W3 BuZa mepsoro useua caeayer, uro GG l=—gq,
TOrZa Kak [Js HHBAPHAHTHOCTH Heo6XOAUMO, UToOB BTOPOH u4/eH

nasan GoG-'=¢@. CBs3b CKaNSPHBIX HEHATPAbHHIX ME30HOB C HY-
KJIOHAMH MOXHO MNOJY4YHUTb INOCPEACTBOM 3aMeHbi t@-—>(p. AHajo-

F'MUYHO MOXKHO 3allMcaTtb JarpaHxxXuax B3aUMOJleHCTRHUA BEKTOPHOTO
n0Jisi ¥ HYKJOHOB:

— Phe= 0B, T - @, + - Fory ¥ - 0,3, (4.9)

Hu nepBBifi, HU BTOpPOHl Y/NeHBl B BBIPAXXEHHH BEKTOPHOI'O B3aHMO-
JefCTBUS He JOMyCcKalOT [ePeHOPMUPOBKH, HO € TOMKH 3peHid
G-uHBapHAHTHOCTH TIpHeMJaeMB 00a, TaK KaK JJs KaXXAOTO W3 HUN

GG =

HefiTpanbHblll BEeKTOPHBIH Me30H MOMKHO ONUCATh C NOMOLUbIO TON
K€ 3aMeHbl, YTO U B CJydyae CKa/aspHoro me3oHa. Ilpu 3tom uazH
C BEKTOPDHOH CBA3bI0 CTAaHOBHTCS IlepeHOPMHUpYeMblM, a C- H
G-npeo6pasoBaHusi AAIOT:

@(P;L@_l=_(l7p G%Gq:_%'

§ 2. denomenosozuneckas meopus RUOK-KYKAOHHOZO
pacceanus

Tpu pasjuuHBIX Mpouecca PAacCcesiHHs NMUOHOB HAa HYKJOHAX MOM-
JIaloTCs 3KCIEePUMCHTANbHOMY HCCAeJ0BaAHHUIO:
l. i++p >p-+at onuchbiBaeTcs aMIINTYAOH paccCesHHA

R, =Ry, (4.10)

2. n° +4 p—> p-+n~ ONUCHIBAETCH AMIJIHTYAOKR
R_ =5 (Ry,+2Ry); (4.11)

3. i~ -+ p—>n—+n® onucuiBaeTcss aMNAUTY AOH
Ry=YL (Ry,— Ry). (4.12)

AMnauryasl Rs, W Ry, InaroHaibHbl [0 H30CHHHY H ONHKCHIBAIOT
paccesye B uMcThix /=3[y u [=!/; coCTOSIHUSIX COOTBETCTBEHHO.
3amerum, uyro stp-paccesiHHe IMPOHCXOIHT TOJNBKO B UYHCTOM CO-
crosuun /=3[, OrpaHuyumMcsi 1OKa TOJIBKO 3THM MpPOLECCOM.
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O603HauuB OTHOCHTEJBHHIH MOMEHT NHoHA ¥ HYKJIOHa uepe3 I, co-
GepeM HU3UIHE BO3MOXHBIE COCTOSIHMA B caegyiouyio Tabauuy:

Tabauya 5

CocTosHHds, COOTBETCTBYIONHE pPa3aHYHBIM
3HAYEHUSIM MOMEHTAa NPH NHOH-HYKJIOHHOM

paccesHdH
OTpuuarenbHas 9€THOCTb Sy, ds;, ds,,
[loaoxureabnas veTHOCTL Py, Py, S,
J L1313
2 2 2

Korga J2, J,, II nuaronadsHel, S-MaTpuila TakXe AHaroHajbHa.
. *
O6o3nauum ee cobcTBenHble 3HaueHus adsi j=[=1/; yepe3s Si. To-
rpa coGCTBEHHBIE 3HAYEHHSl, COOTBETCTBYIOLIME COGCTBEHHBIM CO-
CTOSIHHSIM, nepeuHcjieHHbIM B Taba. 5, 6yAyT paBHH

Sg’ S2-| S;‘l oo ey
Sr. St S5, ..

PaccmoTpuM mpolecc paccesiHus B cHcTeMe LeHTpa uHepuuu. [1ycerb
k — nauanbHbiil umMnyasc nuona. Beibupas ock 2 B wanpasienuu Kk,
IJiS HAYAJNbHOTO COCTOsiHUS OyIeM HMeTb MJIOCKYI0 Boiany eikz Ee
pasJjoKeHye MO NapUHaJbHBIM BOJHAM HMEET BHL

etz =2V 2}0 i VAFTY ()], (kr), (4.13)
rie .
irkry=/ oy, tr) (.19
H
Yooy =1/ 2L 221 py(cos 0). (4.15)

Acumnroraka dyuxkuun j,(kr) 8 oOnactu GoAbIIHX Rr UMEET BHJI
j,(kr)~—2%— [exp{i (kr —é- n)}—exp{—i (kr— ‘—5-:1) }] (4.16)

[lepBhifl uleH B 3TOM BHIpaXKeHHUM MPeACTaBAsieT PAaCXOXAHLYIOCH
cepHUecKyI0 BOMHY, 4 BTOPOH ~— CXOAALLYIOCS chepUUEecKYI0 BOMHY.
B 3ajmave nUOH-HYKJOHHOro paccesiHus HeoOXOAUMO YUHTHIBATH
TakKXe CNHUH HYKJIOHA, MO3TOMY B AaCHUMITOTHYECKOM BHIpAXKEHAH
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BOJIHOBO/l GYHKUMHM cJaraeMoe, KOTOPOe COOTBETCTBYeT pacXops-
ureficst BOJIHe, c/elyeT 3amucaTh B BHJe

Pacxogsmascs BoJHA Ni ]{E E Vo—1Y7(0) 0'(i %)} ei:r '
=0
(4.17)

rae o(Y/:) =a u o(—!/3) =p— CcOCTOSAHUA CO CIHHOM «BBEpPX» U CO
CIIMHOM «BHM3» COOTBETCTBEeHHO. IIpouecc paccesHus He BAMsieT Ha
CXOASILYIOCA 4acTh HAYAJbHOM BOJHB, MO3TOMY aMMJIMTYLy pac-

1
cesinusi f(0, @,%5) MOXKHO HOJYUHTb, NPOCTO MpUMEHsI ONepaTop

R=S—1 x pacxoasiefics uyactTy HauajibHOH BoJHblL Ilosmyuaio-
umiicss B peayabTate KoaddulueHT npH e*’[r ectb amMmauMTyja pac-
cesiHHsI; ¢ CEYEHUEM paccesiHHsl OHA CBsI3dHA COOTHOUIEHHEM

= tlrfon B Hrfo o 3] e

Ias toro uToO6Hl oneparop K MOXHO OLIJIO MPHMEHHTb K Bbipaxke-
Huo (4.17), ero ciaefyer mpeaBapHTENbHO PA3JAOKHTL MO COOCTBEH-
nbiM yuxuusm J u II. TIpn HyKNOHHOM cliMHe, paBHOM /o, 1 mpo-
M3BOJBIOM OPOHTAIbHOM MoMenTe [ MOMHBII MOMEHT paBeH j=1I[%1/y,
[I09TOMY CJI€AYET HCIOoAb30BaTh COOCTBEHHBIC (PYHKIHH ONEpaTOPOB
j u L. C 37Ol Leablo MOXHO 6bl10 6Bl 06paTUThest K KO3(hdULMEHTaM
Kne6ma — 'opraHa, ogHako B AaHHOM cjydae MPOILE BOCMOAb30-
BaThCcA OllepaTOpaMy NMPOEKTHPOBAHUS ')

p I414(L <)
J=leh =T T
H
{—(L:2)

Pj:[_l/z =——~21+1 .

0 )
[IpuMenense 3Tux omepatopos K Y o(E1/;) jpaer B pesyabraTe
co6ersennbie ynkuuu j u [ Takum obpasoM, pasnoxenue R 3a-
nuueTcss Kak

O [414(L-2) I —(L-0)

rae &, —onepatop MPOEKTHPOBAHHA HA COCTOSIHHE C opOHTalb-
HBIM MoMeHTOM [. ¥YuuThBas jpajee, 4TO

(L-a) P O)0(t5)=VITTD V'@, oo (T -é-) (4.20)

1) Otsuka M., Yamaguchi Y., He omy6iuxosato.
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B Ye€M HETPYAHO yOEAUTHLCS C MOMOUILIO COOTHOLIEHUS
1
L-e= 7(L+0_ +L_o,)+ Lo, (4.21)
Hafiiem:
R (pacxoasulasacs BOJHA)=
VR [N\ CHDR HIRT
=4 | X

Vol vi @+ 3)+

< (R — RP) , _1y] e
+%7%ﬁ?VW+DHWwNﬁ7”7ﬂ(Mm

3/eck nepBHIH YjleH MPeACTaB/sieT aMIUIMTYRAY paccesHus 6e3 mepe-
BODOTA CIIHHA, @ BTOPOl 4JeH-—C H3MeHeHHeM HalpaBlISHHA CIH-
Ha Ha mpoTuBonoJoxuoe. CpaBuuBas (4.18) n (4.22), Hahigem anaa
nuddepennalbHOTO Ce4eHHsi BHpakeHHe

do_ n | C+FORF IRy [
T"FE e |+
2
+H2VM4Vm+nwa> (4.23)

ITonydyennele HaMu pe3y/bTaThl MOMKHO BHIPa3HTb yepe3 a3 pac-
cesiHus, onpefe/sieMble COOTHOLIEHHEM
Sf =1+ R = exp (2idf). (4.24)

Mul paccMarpuBaiau amnautyny R, OOHAKO Bce NOJyYeHHBIe
pe3yJbTaThl OCTalOTCH CNPaBeNJMBBHIMH H MJIa aMIVIATYH R_ H Ry,
€CJIH NPOH3BECTH 3aMeHy

R (n”+p—>p4—ﬂ_)=L[R’ﬂt (/=%)+2R’i (1:%)]

Ri(v +p—onta)= [R, (1=3) =R (1=5)]-

SIBHOe BEIpaXKeHHe zm(b(pepenuuanbnoro cegeHHsl yepe3 yroa 0 n
HMIYJbC £ MOXKHO 3amHcaThb, BOCIOJbL30BABUIHCH COTJIALIEHHEeM OT-

HOCHTEJIBHO Q)as Y= (1"7") u dopmyramu

Y8= ‘/—- cos 9, Vo= ‘/-‘m 2cos”-)——%)..
_ —Y}=‘/8—n sin 8 - efe, —Y5=‘/g;sine cosB-ele, . .



§ 2 denomenono2uueCKAR TEOPUS MUOH-HYKAOHHO20 PACCEAHUA 113

[TpH cpaBHUTENbIIO HEBLICOKHX SHEPTUAX CYLIECTBEHHBI JHIUb BKjAa-
Abl S- ¥ P-BOJH, MOSTOMY HEOOXOAUMO YUHMTHIBAThb TOJBKO a3kl pac-
cestHusl, yKa3aHHHe B Ta6J. 6. B xauectse npumMepa nmpuseseM aud-
(epenuyabHoe cedeHue paccesinus AIf caydas mtp:

Tabauya 6

OGo3HayeHusn (a3 paccesHHs NMHOHOB
Ha HYKJOHax

sl/z p‘/z p’/z
1
[= 5 a oy O3
3
[ = —2-' (/2 (1 291 [ 27
d0+ (eQIa, o 1) ‘/-_-
2 2i0ay 21a
+ ( ll)/-—;—- () p— l) ‘/-_3_ Ccos e, +
2{0q; __ 200 3 2
14 e e .
R R TS sing [, @.25)
HJTYH '

k2 do . . o - .
Jo— = sin?ag~} {sin® oy 4 sin® ay -+ 4 sin oy, sin oy X

X €08 (a3, — Og5)} €Os? 042 {2 sin ay sin agg cos (a3 — 0g5) -
-+ sin o4 sin oy, oS (a3 — 05,)} cos 0 -+ sin? (o, — 45) Sin? 0. (4.26)

ATa dopMyna no3BoOJKET HCCJAELOBAaTb YIJIOBOE paclpepesieHue s
COCTOSIHMH ¢ pa3nuyHbiMu MomeHTaMu., M3 (4.26) BuaHO, 4TO yideH
C cos?@ xapakTepeH IJsa p-paccesiHHs, a uJjeH ¢ cos O obycraosieH
uHTepdepeHnnell Mexny s- 4 p-BoaHamy. Uaen, comepxauiuit sin2 0,
onpefensieT BKJaj pPaccesiHhsi, COMPOBOKLAIOILETOCH H3MEHEHUHeM
OpHeHTauuu cnouHa. B ciywae, Korga He Mcue3aeT BKJaA JMIlb
KakoH-mn60 ofHON W3 mapuuHaJbHbIX BOJIH, AUddepennualbHoe ce-

YeHUe uMeeT BUJ
. sin?ay
iyt Bz

. sin? a,
Py

. sin? a3 (1 4 3 cos? 9)
p'/z' k?

8 K. Humuaxuma
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Buipaxkenus cevyenuii do_/dQ u doo/dQ eme Gouee I‘pCMO311KI/I Tak
KaK 5TH peakuUHH HAyT uyepe3 o6a kanama /=1, u I=3/,. B cuay
OPTOrOHaJbHOCTH CQepuyeckHX (QYHKIUH noJHble 3(h@EKTHBHbIE
CEyYeHHs BBIMISIASIT HECKOJIBKO MpOIIe:

0, = % 2‘ {l sin?8y” +({4+1) sin26?+}, (4.27)
l=0
o _—;% %“l {1(sin] "4 sin®0} 44 sin &} sind} ~ cos (6" — o} 7))+
=0

+ (I4-1)(sin’8} "+ 4 sin’d;* -4 sin 07 * sin 8} cos (87 —8} 7)), (4.28)

/8

o 20
- k2

5 {sin® (8] — 81 )+ (I+1)sin” (6} —8*)).  (4.29)

1=

(=1

3peck mHaekcH 3 u 1 npu ¢dasax paccesHHs OTHOCATCA COOTBET-
CTBEHHO K KaHagaaM ¢ [=3/, u I=1/,.

®a3zoBbill aHalH3 NPOBOAAT JJ/8 He CJAHIIKOM BBICOKHX 3HEPrHH
Tak, YTo6bBl JOCTATOYHO GBLIO OTPAHHUYHTBCS S- H P-BOJHEMH, H Tak,
uyToOH AH(PepeHnHalbHOe ceyeHHe pPacCesiHUsl HMeJO BHJ

do
B2l — a0, o) bis, 0, -) €08 B4y, o, - COS? 0. (4.30)

Bxoasimiue B (4.30) neBsitb K03pdHuMeHTOB @, b M ¢ BBIpa)KaloTCcs
yepe3 wWecTh (a3 paccesinus, nepeuucJerHbx B Tabj. 6. ®asb pac-
CesiHHS ONMpeNensiloTC 3KCIepHMEHTANAbHO NYTEM H3MepeHUs 3TUX
neatn Kospduumentos. B pesyabTaTe mnosayyaercs aeBaThb ypas-
HEeHH! SIS Onpeje/eHHs lIecTH (a3 paccesHHs, 03TOMY HENPOTH-
BOPe4yHBOE pellleHHe MOXHO HAUTH TOJBKO B TOM cCJydae, KOrAa
MMeeT MecCTO 3apsijoBas He3aBHCHMOCTb., [li1s d-BOJHBL Bce (ha3bl
paccesinusl mpejnoJarawoTcsi MaJdbiMH (mopsiaka 1° uam 2° BIAOTDH
no 300 Mas), nosTomy BHmienpuBe/eHHble GOPMYJH OKa3bIBAIOTCA
BMOJIHE TOYHBIMU NpH 3Hepruax uimxe 300 Mas.

HenpoTuBopeunsble pellleHHs B NPEeANOJNOXKEHHU 3apsi0BOH He-
3aBHCHMOCTH [HOH-HYKJOHHOTO B3aUMOJAEHCTBHA JeHCTBUTEIbHO
Onin nafigennl. Pemenne ®epMu, okasaBiieecsi KaYeCTBEHHO BIOJ-
He NpaBHJBHLIM, NpuBeaeHo B Taba. 7. Peulenne ypaBreuuil daso-
BOro aHaJH3a BCerjia CBA3aHO C OJAHOH HeOMpesneJeHHOCThIO, HMEHHO
HeonpefeJeHHOCTRIO B 3Hake (a3; 3HaK (UKCHPYWOT, noJaras
o33 >0, yTo HampamuBaeTcs BBHAY HAJHMuHs pe3oHaHca B 3TOM cO-
croghun. CyliecTByeT ellie D[l HEACHOCTEH; oOCYyXjeHHe 3THX BO-
npocoB MOXHO HaiiTn B kKHure Bere n Todmana [1]1).

Iy B sTofi KHHI'e Takxe BecbMa IIOAPOGHO onucay (asoBblil aHAJHS.
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Tabaruya 7
Pemenune ®depmn aas a3 paccesHus
kine EJlaé’ Mae g [ 218 1219 O3t Oy
0,98 78 13° -3
1,24 120 —15,2° 9,0° 29,6° 3,9° 1,8° —2,8°
1,33 135 —14,0° 10,3° 37.9° 2,0° 5.4° —4,6°

Hpyroit HaGop peweHnuil ypaBHeHu#l ha30BOTO aHaJjdW3a Halled
SInr; ero peuleHme, oT/uuaiolileecss OT pemieHUs DepMHU HEKOTOPHIM
3aKOHOMepHEIM OOpasom, mpuBegeno B Tala. 8. Uucro kuueMatn-

Tabruya 8

Pemenne SlHra ans a3 paccesuus
EJlaG’ Mas Oy a O3 [+ Og1 ' y
120 —154° 9,1° 12,9° —14° 38,6° 3,8°
135 —14,2° 10,4° 17,2° —2,9° 49,3° 5,6°

yeckpe cooGpakeHHs HeNOCTAaTOYHH, 4TOGH YCTAaHOBHTb, KaKoe H3
9TuX pelieHH#l OoJiee NPABHJbHO; AJS BHISICHEHHS 3TOrO BOmNpoca

HeoOXOAUMO OGPATUTBCH K JHCNEPCHOHHBIM COOTHOIIEHHSM.

B cBssu ¢ hazoBHIM aHaJH30M BCTaeT BaXHBIH BONpoOC O pe3o-
HaHCaX, KOTOphle Obiid OGHapy»KeHBl NpU aHajuM3e MAHHBIX MO
MHOH-HYKJIOHHOMY paccesinnio., Haubonaee cuabHBIH ¥ paHee JApYrux
YCTAHOBJIEHHBII W3 pE30HAHCOB — 3TO PE30HaHC B COCTOSIHHM C
[=3)y, w J=3/,, nasmBaemblit (3,3)-pe3onancom. IIpexnonoxenue

Tabaruya 9
da3bl paccesiHdsi B pe3oHaHCHOH 0GNacTH

Enad’ Mss Uy ay Oz O3y O3 Oy
120 —12° 8° 30° 6° 2° —4°
144 —13 14° 46° 5° 3 —5°
169 —4° 7° 64° 3° —1° 7°
194 —13° —14° 90° —16° 0° 5°
217 —20° —4° 107° —14° _7° -7°
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O CYIIeCTBOBaHWH TOrO pe3OHaHca Bhickasaan Pymxumoro H Mus»
3aBa [2], a Takxe Bpakuep u Kens [3).

HauGonee pemuTenbHble [OBOAB B MOJb3y CYyleCTBOBaHHSA
3TOro pesoHaHca 1aioT pesyabTaThl (daszoBoro amnajusa. B taba. 9
npuBefeHbl HaHHble ¢$a30BOro aHaaH3a JJst HHTEPBAJa 3HeprHil,

240

200 ,ﬁ%
| g/é

160 -

'S

! L 1 L
0 60 160 240 320 400
En, Maa

o, mOaph
~
(=]
1

o]

dur. 29. TIloanoe 3ddexTUBHOE CeueHHe pPaCCEAHAH
a+t 4+ p— p+ nt+. Cnnomuas Kkpubas, NOCTPOCHHAS MO OJHO-
pesoHaHcHo#t ¢dopmyne Dpaxuepa, npekpacHo coraacyercs
€ SKCMEPHMEHTANbHEIMH JAHHHIME Pa3JHYHbIX IPYNN aBTOPOB.

BKJIIOYAIOLIET0 Pe30HaHCHYI0 TOuKYy. Pe3oHaHc uMeeT MecTo BOJN3H
194 Mss B cocrosuuu ¢ [=3/,, J=3/,, 3nauenne /=3/, npunuco-
BalOT 3TOMY PE30HAHCY Ha TOM OCHOBaHWM, YTO OH MOSABASIETCS B
ntp-paccesiHid W 4YTO 04 :0p:0-=9:2:1 BOAH3M pe3oHaHca, KakK
H cJeqoBajo OW OXHAATh JAJA paccesiHus B YHCTOM COCTOSIHHH
=3/, 3nauenne J=3/» nHalileHo U3 aHaJHM3a YIJOBOrO pacnpeje-
Jenns. Bpakdep npeanoxua maf o OAHOpPe3CHAHCHYIO dopMyny

25 2

rie wHpuHa ' naercs BHpaxenuem

__ 2(ka)®
Pesonanc HMeeT ciaefyoliHe NapaMeTphl:
E =159 Mag — pe3onaHcHas 3Heprus B CHCTEME I€HTPa HHEPIHH,
y: =58 Mass — npusesenHas miMpHHa, (4.33)

0,884
ue

— apdexTHBHEI pajnyc B3anMOAEHACTBHUS.
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[Tponopunonanbrocts I' Bennuune (ka)® ciaeayer us npexpmosoxe-
HHSA, YTO Pe3OHAHC MOSABJSETCS B P-COCTOSHHM, I paduK, npuBeeH-
ublfi Ha ¢ur. 29, noka3nBaeT, 4yTO OfAHOpe30HaHcHas (OpMyna Xo-
pOILIO corJyiacyeTcs ¢ 3KCIEePHMEHTAJbHBIMH JaHHbIMH O 3HEpreTH-
yecKOH 3aBUCHMOCTU 3P PEeKTHBHOTO CeyeHUs.

220
200

1 I - 1 1 L
0 200 400 600 800 1000 1200 1400 1600
E,, Mse

1 ~J

®dur. 30. IMomnie adpdexTnBHBIE CeyeHHA paccesHUN IONOWKHU-
TEJbHHX W OTPUUATEJBHEIX IIHOHOB HA HYKJOHaX IO RAHHBIM
9KCNEPUMEHTOB.

B o6GmactH HH3KMX 3Heprufl, mokasaHuo#l Ha dur. 29, ocHoBHad
yacTh 3¢gpeKTHBHOTO ceueHHs obycnoBieda (3, 3)-pesonancom. [pu
sHeprusx Menbie 120 Mas B naGopaTtopHoii cucTeMe ¢ashl paccesi-
HHs1 TIpHOJUKEHHO UMeloT BuRr [4]:

k
0 =0y (5] (s-Ppasa) : (4.34)
i
£ \3
Oy, 97 == Cor, 27 (-u_c-) (p-dasza), (4.35)
rae
(,'1 == 0,205 i 0,%5,
¢y=—0,115 % 0,003 (4.36)
1
o= 0,02,
Ci3=—— 0,07, 37
Cqp = — 0,04, (4' )

033 == 0,22-
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HepmasHo B neuaTH nosBuJHCh COOOILEHEA O APYTHX pe3oHaH-
Cax NMPH BHICOKHX SHeprusix. TH pe3oHaHCH nNpuBefeHH B Taba. 10,
a Ha ¢ur. 30 nokasana sHepreTHyeckasi 3aBHCHMOCTb HOJIHBIX ceye-
Hufi paccesiHusi NHOHOB Ha NPOTOHaX B IIHPOKOM HHTepBaJe
SHeprHi.

Tabauya 10
PesonaHchl B paccefsHHH HHOHOB Ha HYKJIOHAaX
J 1 Hor%’m/x;xlgzna Macca, Mas
Pyp 3, 45 1238
dyp s 30 1510
fsp 1, 50 1680
? 3/, 100 1900

AnajsornuHblM cnoco60M MOXHO NPOaHaJU3HPOBATH INpouece
$OTOPOXKAEHNS TMHOHOB, OJIHAKO H3-32 HE paBeHCTBAa HYJIO ClHHa
doToHa TaKOH ailanu3 3HauUTeJabHO cjoxHee. [Io 2Tol npHuuHe MbI
He OyjneM 3nechb HM3JaraTb 3TOT BOIPOC, OrPaHUYUBHIHCH CCHIIKOH
Ha pa6ory I'eqsi-Manna u Bartcona [5).

$§ 3. Noaspu3ayus HYKA0HOS
AMnuTyaa [HOH-HYKJOHHOTO paccesHus f(8) 3aBUCHT OT
opHeHTalUun cnuHOB. B o6mieM ciysae aMniauTyna
ks X K; .
FO)=F+iGs- L =F+iGa-(e,Xe)  (4.39)

yRoBJETBOpsieT BceM TpeGoBaHHAM HuBapuantHoctd (F u G 8-
JKI0TCA CKaasApHbIMU GOYHKUHAMH B B cos ). PaccMoTpum ciaenyio-
pe cayyau:

1. Hus nepBoHayaJbHO HEMOJSAPU3OBAHHOTO NMyYKa ceyeHue pac-
ceanua npu k;=ke—k;=ke; U onpeneneHHoll OpHEHTallUH CNH-
Ha §; AaeTcs BLIPaXKeHHeM

=2 Nl F O sy =
=3 (I — i (e, ) (F+ iGa - (¢, X &) | Fy =
— LGIIFP41G P sin? 042 1m (FGY)a - (e, X &) | [y =
=3 (FP+|GPsin?04-21m(FA)(Flo 1) - (e, X ). (4:39)
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Takum obpasom, eciu FG* nMeeT HeHCYe3alOUIYI0 MHUMYIO YacTb,
TO paccesiHHbIE HYKJOHBEI OKa3blBalOTcA NOJASIPU3OBAHHBIMH NEpIeH-
AMKYJAAPHO MJOCKOCTH pacCesHus.

2. Ecnu mepBUyHBIE MYYOK MOJSIpU30OBaH, TO CEUEHHE PACCESHHS,
MpOCYMMHPOBAHHOE NO KOHEYHOH OpUEHTAlM¥ CMHHA, AAaeTCAd BHI-
paxeHueM

2 —|FP+|GPsin? 0+ 21m (FG*){i|a i) - (e, X e). (4.40)

3To 03H3auaeT, 4TO B JaHHOM cJayuae GyAeT cCyllecTBOBaTb JeBO-
npaBas aCHMMeTpHs B YIJIOBOM paclpeleJeHUH paccesHHBIX ua-

z{o)

Jlesas

—>z (k)

lpagas

P ur. 31. [lonepeunas ‘nmoOJNApPU3ALUA HY-
KJIOMOB OTJA4H B INOH-HYKJIOHHOM pac-
CEesiHUH.

ctui. Ytobwn yGenutbes B 3TOM, oOparuMcsa K dur. 31, na xoropoit
HayaJbHBI nyuyok obJajmaeT NMonepeyHON NoJsipH3alHell B Hampa-
BJIEHHH OCH 2, NepNeHJHKYJSAPHOH NJOCKOCTH paccesiHHsl, a MM-
nyabc k; HanmpaBJjeHn BAOJb ocd Xx. [[Ag 9acTuu, paccedHHBIX BJAEBO
(Bnpaso), umMeeM

o { —(i]0,|£ysin0 (BaeBo),
(leld) (e, X &)= (ilo,liysin® (Bupago). (4.41)

KonuuecTBeHHO acuMMeTpusi onpelensieTcs BeJUYHHOM

(do/dQ),— (dojdQ), . . 2Im(FG*)-sind
@ = @oja®) , F (@ojdD), =(i]o.| ) [FEETGFsmre - (442)

Ara acUMMeTpHA NoAB/JaAETCA, HECMOTPA Ha COXpPaHeHHe YeTHOCTH.

3apava 4.1. Bwupazute F u G yepe3 dhasbl NHOH-HYKJIOHHOTO
paccessus.
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§ 4. Teopusn so3mywenuni

o cux nop MH paccMaTpHBaJu TOJABKO KMHEMaTHYECKHe acrlek-
TH TEOPHH, He CBSI3aHHBIE C OCOOEHHOCTAMH ee CTPYKTypbl. Jlas
MONYYEeHHst KOJHYECTBEHHBIX PE3YJbTAaTOB HYKHO 0OpaTHTBCA K Je-
TaJbHEIM OCOGEHHOCTSIM B3aUMOJIENCTBHS MeXAY IHOHHBIM H HY-
KJOHHBIM noJasiMy. IIpu 2TOM MBl BOCHOJB3VEMCS FaMHJAbTOHHAHOM,
paccMoTpentHbIM B § 1; oH GymeT HYXeH /1A BBIYUUCIEHUS ceyeHHH
pas3ayyHHIX NpOIleccOB, BPEMeHH KH3HM HeCTaGH/IbHBIX YacTull
HT A

Tlpexne Bcero BBeAEM TeOpPUIO BO3MYILeHHH, KoTopas, GYAyud
npocrefilidM ¥ HanboJ/lee 3JeMEHTAPHLIM NOAXOJOM, TEM He MeHee
BeécbMa [OJe3Ha IpY pelleHHY MHOTUX JUHAMHYEeCKUX 3ajad,

Paccmortpum ypaBrenne Illpenunrepa

IO — gy e, (4.43)

rae
H=H,+ Ha. (4.44)

3necy M, onucbiBaeT c¢BOGOIHBE YACTHILI WIH CBOOOAHME noJdd, a
Hynt npencraBasier no6aBKy, 0GYCAOBAEHHYI0 HX B3aHMOJEHCTBHEM
Mexnay coboit. B Boipaxerun (4.44) Bce onepaTopbl 3amHcaHH B
npexcraBiednu lllpennurepa H, clefoBaTeqbHO, He 3aBHCAT OT
BpeMeHH. '

BBepem Tenmepb KaHOHHYeCKOe NpeoOpa3oBaHue

O () = e (1), (4.45)

C nomouipto ¢ynkuuu @(f) ypasHenne llpemunrepa (4.43) s3a-
nuuIeTcss B BHOE

RO = Hu (D (#), |  (@49)

rie ME TOJOKHIH, MO ONpeReeHH,
H i (8) = e'"HoHyy e~ i1H, (4.47)

XapakTepHas 0coGeHHOCTb 3TOTO HOBOTO INpeACTaBJeHHs, BBELEH-
#Horo Tomonaroft u IllIBuHrepoM M Ha3bIBaeMOro MmpencraBJeHHEM
B3aUMOAeHCTBHS, 3aK/JIIOYaeTcs B TOM, YTO B OTCYTCTBHE B3auUMO-
nebictBus @ ocTaeTcd nocrosHuo#. Ecay ramunbronuan B3auMogen-
CTBHA 3a4aH Kak (YHKUHS Nap KaHOHHYECKHX HepeMeHHbIX Pr
qr TO

Hyo (8) = H,, (P, (t) q,(8)) (4.48)

rape .
pr(f)=2eFop.e=itFh, g, (t)=e!tiog e~ itth, (4.49)
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Ecnn 3agano 3nauenpe @ aas BpeMenu f,, To dopManbHoe pe-
wenne ypaBHenusi Llpeannrepa ans dyuxuuu @ (f) mMoxHO npen-
CTaBUTb B Buje

D) =U(t, t)D(t,), (4.50)
cne
i3 Ut ty=HuO Ut ) (4.51)
U
Uty t))=1. (4.52)

Kom6uunpys yciaoBus (4.51) u (4.52), MOXKHO NONYYUTH HHTETPAJIb-
Hoe ypaBHenue Aaa U(t, ty):

t
Ut ty=1—i [dtHu(O Ut t). (4.53)
ty

Oneparop U, naspiBaeMblil TpanchopmupyoIUM dGyHKIHOHAMOM 1),
uMeeT MpocTON (H3UUeCKHN CMBICJA: €CAH MPEeJANOJNOXKHTL, YTO B
MOMEHT BpeMeHHU fp CHCTeMa Haxomuiachk B cocTosHuu (O;, To Be-
pPOATHOCTb OGHApYKEHHS CHCTeMBl B MOMEHT BpPEeMeHH { B COCTOHA-
Huy @y naercs BHIpaXKeHHEM

(@, U(t, t)DYP=|{f|U(t t5)]i)P. (4.54)

B uacrtaocty, BelpaxkeHue (f|U -— 1|i) pmaer amnamTymy nepexofa
Mexay coctosuusMu i u f. Ecaum nonoxute fy——o0, To 310 Gyner
03HauaTh, YTO NYYOK BKJIOYEH MOCTOSTHHO, @ PAaCCESIHHblE YaCTUIIb)
BblJIETAIOT HenpepelBHO. ‘BeposiTHocTh nepexoga B emuHHLY Bpe-
MeHU AaeTcs BhHIpaMeHHeM '

1
'wzmo—l U(t, tO)fL 12- (455)

Boo6iue rosops, (4.55) — BecbMa caoxkuasi GVHKUuA ! H fy, HO
0 mMepe TOro Kak f-—f{;—oo, OHa CTPEeMHTC K ONpefie]eHHOMY
npegeny. Ha npaxtuke BenuuuHa w Habaiojaercss B TeyeHHE TaKHX
UHTepBaJOB BpeMeHH £ — fp, KOTOpble 3HAUYMTEJbHO IPEBHIIIAIOT
NepHOAN IEPHBIX HWJIH 3JIEKTPOHHBIX JABUXKEHHUH, MO3TOMY W MOXKHO
OnpeAe/iuTh COOTHOIIEHHEM

. 1
w=lim g [U(T, =T (4.56)

') 31oT onepaTop Yaille Ha3BIBAIOT ONEPATOPOM BPEMEHHOrO CIABHra (CM., Ha-
npumep, kype Ulse6epa [33*]) — Mpun. nepes.
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Beauundny U MOXHO onpeaenuTh, peliass METOAOM HTEpalUy HHTe-
rpajbHoe ypaBHeHHe (4.53):

t
Uty —oo)=1—i f dt' Hine (£) -

t t
+(—ip f dat’ f dt" Ho(#) Ho ()4 . . . . (4.57)

Hac 6ynyt mHTepecoBaTh ABa crielldaJbHbIX BHAA pelUeHHA.

1. Peuienne B dopme Jlunmana — Llgunrepa [6]. Bynem, nauu-
Hasi ¢ 3TOTO MOMEHTa, Bcerja nucaTh BMecto Hi npocro H. Ma-
TpUYHBIH 37eMeHT (fi) onmepatopa (4.57) maercsl BbIpa)keHuHeM

H
U(t, —o0),=8,—Ii fdt’H-(t’)ﬁ—i—

’ t ¢
+(—ip [at [de" Y HUE)H (Y4 ... (4.58)

B KoTopoM F1(f);; 3aBHCHT OT BpeMeHu CJEAYIOLIMM 06pa3oM:
H ) = {fle"MoHe o) iy = "1 H o™ "Fi= " Cr-FD H,.  (4.59)

B npeablayliuX BbIKJAajiKaX Mbl NPEANOJAraju, uto o6a COCTOSHHA
i n [ aBasgoTCS COOCTBEHHBIMH COCTOSIHUAMH CBOGONHOTO TraMMJb-
tonnaHa H,. [loacraBasis (4.59) B BbipaxkeHue (4.58), Habigem:

t
U(t, —o0), =0, —i fdt'e”' (E/_Ei)Hﬁ_{_

t t
+(—ip [ar | de’ e CrE Y CE) HUH, 4L (4.60)

Y106l BHIMONHUTL HHTETPDHPOBaHME MO £, HYXHO OLEHHUTh HHTE-
rpaJsl B2

t
f at’ et (Er=Ep,

KOTOpble Iie SIBAsOTCs onpeneneHHbiMd. CTaHaapTHblE crnocol npe-
ONOJNICHHS! TOTO 3aTPYAHEHNST COCTOWT B HCHOJNB30BaHUM ofGpe3alo-
Llero MHOXKHUTENs1 €8, e & — NoJOXHTedbHas OecKoHeyHo Manas
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seauuuna. [Ipu 3ToM uHTerpanabl GyRYT onpejeseHbl:

! t
f dtlelt’ (Ef—Ei) _ lim dt/eit' (E/_El)+8t' —

e>0 _

it (Ep=Ep; 1
=& (f ‘)lmm. (4.61)

Kom6unupys (4.60) u (4.61), moayuaem
. Hi
U (t, —_ OO)ﬂ- ES éfl + e” (Ef_Ei) lim [—E_—:ﬁﬁ— +

e=>0
Hnl

H
In
+2 E,——E,+2ia E,—E, L ie +

Hﬂﬂ Hﬂl
+22 Et—‘Ef—*—3la Ei_E +21£ Ei—E +t£ + * '.:,'

Ecau B 5TOM BLIPa)X€HHH OCTaBHTb TOJbKO KOHEYHBIe 4JEeHbl, TO
MOXHO &, 2¢, 3e,... 3aMeHUTb MPOCTO Ha €; Torjaa

ot (ErmEp) HppHpy
U(t’_oo)/i=6/‘+E—E,+ta ( /l+2 Ej— E,,+zs+ )
(4.62)

B Teopus BO3MYHIeHM# S-MaTpHIA ONPENENAETCH COOTHOIIEHHEM
S=U (o0, —oo)=1lim U (¢, — o). (4.63)
f>o

Uro6bl BHINOJIHHTE Tpeje/bHbIfi Mepexol, BOCHOAL3YeMCs PaBeH-

CTBOM
lt(E-E.) £ 0 (8,-E)
llm-——=—i fdt'e”'(f" i),
e>0 Ei—Ep+ie Y

Tenepp npenes HETPYAHO HaWTH, MOCKOJABKY

¢ Er ) . it (E,—E
lim lim —————=—ilim [ d¢'e’ Er~E) =
t>c0 g0 Ei— E/+‘s tro J

—_—— fdt'e“'(ff‘ 1) —

= — b (E,; — E)). . (4.64)
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Takum oGpasom, nas S moJaydyaeM

HynH
S,y= 8, — 2mid (E;— E)<H,,+2m+...>, (4.65)
Sy =y, —2id (E,—E) T (4.66)

JlunMan u [lIBunrep naau matpuny I B NpoCToii omnepartopHoi
dopme, Beejs onepatop f), cJIe 1Yo UM o6pasom:

HppH y;
T/i:H'+E E,—E,+tic E+ze T

=(leli)+2<’llmlﬂxfl”lﬂ) (n|H|D) ... =

= (11 | H =y M| 1)+ -
=({| H+ H g H+
+ HEl—I{lo+is HE;‘-Iiﬂ,—{—ia HJF . ~ll> ‘(4.67)

10 ecTh Tak Ha3nBaeMas Qopmynaa Jlunmana —IIsunrepa.
BeposaTHOCTh nmepexojia B €IMHHILY BPEMEHH paBHa

. 1
= lim o |U(T, =Tl =

s 1 i .
= @ lim 57 O (E,—EJP|Tal? _ (1 #D.
KBanpaT 8-DYHKUHH HHTepIpeTHpYercs cienyiomum obpasom:

1 ' 218 (0) 5
o o D(E, — EPp =20 8 (E, — E) =

T
=57 [ evanE,~E)->
LT
—8(E,—E)).
Taxum obpasoM, .
2. ®opmyaa Haiicona ans S-marpuus [7, 8]. Ilpu kosapuaHT-
Hoii opMyaupoBKe Teopuu noas dopmyna Jlunmana — Lisunrepa

He BnoaHe yrobHa pmasi pacueroB. Opuaxo, cneays [Haificony, Mul
tioayyuM ags S-MaTpuibl ¢opMyay, 3aMeTHo obJeryawoulyio pac-
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yeThl. B cBA3u ¢ 3THM BBeJeM TaK Ha3bIBAeMBIA XPOHOJNOTHYECKHH
CHMBOJI, UJM ONEPATOpP YHOPAAOYEHHs IO BpeMeHH T:

A(t)B(ty) upn &>ty
r@aws (‘2))2{ Bt)At) npn 6> 1,
H ero oGobweHune
TA@)B(L) ... Z(t))=
=A(t)B(t) ... Z(¢,) nmpu £, >6,> ... >f, 0T A

Buipamenue T (f(4) ... f(t,)) nupeacraBisaer CHMMETPHYHYIO
QYHKIUIO TEePEeMEHHBIX fy, fy, ..., L, H 3MEMeHTapHas (opmy.a

b * *p—1
fdx1 f dxy ... f dx,f(x; ... x,)==
a a a

b b b
=or [dx [dx, ... [defen ... 5,
a a a

cnpaBejumBasg B Cjaydae CHMMETpHUHOM OyHKUHH [(Xy ... X,),
N03BOJIAET NOJYYHTh PABEHCTBO

tll—l

t 1
[at [ dt, ... [ atHt) ... Ht)=

t t t .
:71!. f at, [at, ... f dt, T(H(E) ... H(t,)), (4.69)

TaK Kak NepBoe MNoAblHTerpa/tbHOe Bhipaxkenue pasHo T (H (%) .
..H(ty)). Takum o6pa30M 11Jl$| U- ManHubI noxyuaeM

Ut ——oo)—-l—I—Z( iy fdtl... fdtnT(H(tl)...H(tn))z

_—_T[exp(——ifdtﬂ(t)”, o (4.70)

u, CJelloBaTe]bHO, B mIpejeJe ¢ -—>oo

[ms)

_1+E( i fdtl... [ at,TH@) ... Ht))=

-0

=T[exp(—-—i fdtH(t))J. : ' T 4.7
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Oto u ectb ¢opMyna [aiicona nns S-Matpuusl. B rteopuu mnoas
raMuJbTOHHAH B3aMMOAEHCTBUS eCTb TpexXMepHLIi HHTerpas oT
naoTHOocTH yHKuuu [aMuabToHa, omuchiBawIledi 3TO B3auMojeil-
CTBHeE:

H(t)= [ d*x3¢ (x, )= [ @255 (x). (4.72)
[TpuBeneM B kauecTBe npuMepa naoTHoctH (ynkuuu Iamunabrona

JUIA pa3JUyYHBIX THOOB B3aMMOJEHCTBHS:
a. KBaHToBas 3/eKTpPOJAHHAMUKA:

H (x) = —iebyuy - Ay (4.73)
6. [luon-uyxnoHHas CHCTeMa:
5 (x) = iGhvsTb - 9+ (@ - B (4.74)

[Tocsie BBeJeHHs NJIOTHOCTH FaMuJbTOHuaHa dopmyaa Haficona
NpUHUMAaeT BHUJ

_1—;—2 =L fdx, ... [@x,T (& (x) ... H(x))=

= T[exp (— i [ aixse (x))]. (4.75)

dra dopMmyaa, Oyayyu MOJHOCTbIO KOBapHaHTHOH, BeckMa moJesHa
NpH pacyerax peasiTUBUCTCKUX 3 PEKTOB U A/ KOBAPHAHTHHIX Bbl-
yycieHUA 3Q(QeKTHUBHBEIX CeYeHHil pas3JjMyHHIX NPOLECCOB NPHU BHICO-
KHX SHepTHusX.

S-matpuna objagaer IENbBIM pSIAOM BaXKHHIX CBOHMCTB, a Tak
KaKk BCe 3KCHepUMeHTa/lbHO HabgmwjaeMble BEIHYHHB JOMYCKAlOT
BripaxKeHHe uepe3 S-MaTpHily, 3ajaya BhIBOJA CJAEICTBHH H 3aKiO-
YeHHH M3 TEOPUH CBOAHUTCSI MO CYTH Je]a K BBIYHCJAEHHIO 3J1eMEeHTOB
atoit MaTpHiel [9—13].

§ 5. Csoiicmsa S-mampuybt u fopmyaa Méarepa

CsoficTBa S-MaTpHIBE MOXHO pa30uTh HAa HECKOIBKO KaTeropHii:

1) cBoficTBa WHBAapHAHTHOCTH, MJH 3aKOHBI COXPaHEHHS;

2) YHUTApHOCTb;

3) amanuTHYecKHe CBOHCTBA.

1. Ceoiictea uaBapuantTHocTH. CBOAICTBa, KOTOpHle Mbl yXKe pac-
cMoTpenu B Iil. 2 u 3, OTHOCATCH K fePBOA KaTeropuu. Ecau Benu-
yyaa Q ecTb HHTerpasn JBHXKeHHH, TO

[S, Q]=0. (4.76)
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B xauecTBe npuMepa NpPUBENEM COOTHOLIEHHS
[S, J]=0, [S, P.=0, 4.77)

rae J — NOJIHBII MOMEHT, a Py — NOJHBIN 4-UMNYJAbC CHCTEMBL,
Kpome Toro, S-marTpuiua HHBapHaHTHa OTHOCHTENbHO mnpeolpa-
3oBanuil Jlopenna. B uyactHoctH, dopmyan (4.77) ecTs crexpcTBHe
MHBAPHAHTHOCTH MO OTHONIEHMIO K BPAIIEEMSAM H TPaHCIAAILHUAM.
S-MaTpula HHBApHAHTHA TaKXe OTHOCHTENbHO HEKOTOPhIX jH-
CKPEeTHBIX npeoOpa3osanuil. Tak, B /1. 2 MBI BujeaH, YTo npu obGpa-

ILeHUH BPeMeEHH
SR =S§. (4.78)

Ecnu roBoputh TONBKO O CH/IBHBIX B3aHMOAEHCTBHAX, TO S-Ma-
TPHLAa HHBapHAHTHA TaKXe OTHOCHTEJNBHO ONepauuii 3apsgoBOroO
CONMPSIKEHHs] ¥ MPOCTPAHCTBEHHOTO OTPAXKEHHA:

CSC™'=S, wm [S, C]=0; (4.79)
OST'=S, wm [S, IT]=0. (4.80)

B oTcyrcTBue 3J€KTPOMArHUTHHIX B3aWMOJENCTBMI CHJIbHble B3au-
MOAEHCTBUSl 3aps/lOB HE3ABHCHUMEI, NO3TOMY H30CnHni I B CHABHBIX
B3aUMO/JIEACTBUSIX SIBJSIETCSl COXPaHSAIOIUeHcss BeNHYUHOHN, HHaue
roBopH, .

[S, /]=0. (4.81)

2. yHHTapHOCTb. YcaoBue YHHUTApHOCTH CBsI3aHO C COXpPaHEHHEM
BEPOATHOCTH W BBIPAXKAETCsl COOTHOUMIEHHEM

S'S=85"=1. (4.82)

CyliecTByeT psig pasiH4HBIX crnOCO00B AUKA3aTENbCTB 3TOTO OYEHBb
3a)KHOro CBOHCTBA S-MaTpullbl; HANpUMEP, €ro MOKHO [10Ka3aThb,
Hcxoaa u3 gopMmyasl Jlunmana — Ulsunrepa uiu u3 gopmyan Jat-
coHa. Mhbl npuBegeM [0Ka3aTe/lbCTBO, OCHOBaHHOe Ha ¢opMyae
Haiicona

S=T[exp (— i [ dxioe (x))], (4.75)
OTKyna, eciau ¢ (X) aPMHTOB, CJAEAYeT, YTO
St— T[exp (i [awxse (x))]. (4.75')

3nech T — aHTHXPOHOMOTHUECKHH CHMBOJ, MOSBJEHHE KOTODPOTO
o6bsAcHsieTcs TeM (DAaKTOM, YTO ONepalsi SPMUTOBA COMPSIKEHUS

TI# (%) ... F X =T[FH(x) ... H(x,)]

cOpailiaer MOPANOK COMHOXKHTe/e#l B NMPOM3BeJeHHH, B pe3yJbTaTe
uero T 3amensiercs Ha T.
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[Ipu moxaszarenbcTBe YHHTApHOCTH S-MaTpullbl BecbMa MOJE3HO
anrebpanueckoe TOXAECTBO

D) TIT[H(x) - I (5] X
X T[S (%4,) - F (=) =0  (n>0), (483

rue (x;, Cee x,'l)—- Kakas-To nepecTaHoBKa (Xi,...,Xn), 8 CyMMiu-
poBaHHE OXBaThIBaeT Bce KOMOMHALMM NEPECTAHOBOK, KOTOPble pas-
6MBaIOT Xy, ...,X, Ha JABe rpynubl: oAy, RXogsiuylo nod 3Hak T,

H ApYyTyio, BXogsiuyio nop 3Hak T.
Tak, nanpuMep, npu n=1 1 n=2 umeem

iT |9 (x)] — iT [ (x)] = iH (x) — i (x)=0  (n=1);
2T (%)) F ()| + 1 (— DT [ (<)) T [5F ()] + (6, 2 5,)) +
4 (— P T [ (x) 2 (x;)] =
= (& (x1), F (x5)) — T [ (x,) 5 (x,)] — T [ (x7) 9 (x,)] =0
(n=2).

Toxnectso (4.83) MoxHo aokasaTe W B ofluem c/aydae (MBl Ha
3TOM OCTaHaBAMBAaTbCA He Oynem). Mmeem: .

§'S=T [exp (i fd"x%’ (x))] : T[exp (— ifd"x%’ (x))} =
- % ; TS ’_)"k)f [dix, ... dx, %

~

TIH (%)) ... (x| TIFH(xp00) ... FA(x,)]

C noMmoIueo anre6pamecxoro ToxgecTsa (4.83) MOXHO MOKa3aTh,
4T0

! . i i
2 kg(,,n_.k)T Lk(—t) kfd4x1 oo dix, X
)

X T[%(xl) v F(x)] T (Kp4y) o0 F(x)] =0 (n>0)
CpaBuuBas 3TO BHIpAXKEHHE C Bbpaxennem Aas SS', HAXOMHM,

4T0 +
§§" =1.

AnasoryuHeIM 06pa3oM MOXHO A0Ka3aTh, 4TO
S*S=1.

3. AHaaMTHYeCKHe cBojicTBa. AHa/JuTHYECKHe . CBOficTBA S-Ma-
TPHIB HCIOJB3YIOTCST IIABHBIM 00pa3oM B HCNEPCHOHHOH Teopuy,
KOoTopyio MBl Oersio obcyum noszaHee. Oanako naxe Ha paHHeH
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cTajfny Pa3BUTHA TEOPHH S-MATPULBI Gbi1a sICHA BaXXHOCTh €€ aHa-
JANTHYECKUX CBOACTB B CBA3W C 3aJlayell O CBsI3aHHBIX COCTOSIHHSIX.
Mpl OpOMAJIOCTpPHpPYEM CHJAY aHa/JUTHUECKOTO noAxona, o6cyaus
OJIMH MPOCTOH BOMNpOC.

Paccmorpum ypaBreHue lllpeauHrepa anas 4acTHiB C MpuBeaeH-
HOM Maccoft m

1
(-—%-A + U(r)) p = Ep. (4.84)
Ecau nonowurs V=2mU, k2=2mE, TO 3TO ypaBHeHHe MOKHO
3a14caTh B BUAe
Ay +(R—V(r))p=0. (4.85)

[Tosoxus rtenepb P (r)=u(r)/r, n1a cayuaa [=0 (s-Boaua) no-
JY4HM [pPOCTO

L+ ku= V. (4.86)

Pemterue, yROBAeTBOpsIOUIee NMOAXONAIIUM TPAaHUYHLIM YCJOBHSIM,
HanpuMep u=0 npu r=0, HMeeT B aCUMNTOTHKE BHJ

u(r)~e-tr — S(k)err, (4.87)

rae mepBeIfl 4ieH OnuChIBaeT Najgatollylo, a BTOPOH — paccesHHYIO
Bosubl. BennuuHa S(k) ectb coOcTBeHHoe 3HaueHHe S-MaTpHIlBl B
s-coctoshud. [losoxus

S (k) = e2id®), (4.88)

MBI TeM caMbiM onpejeauM ¢asy paccesinusi 6(R) A S-COCTOSAHHA.
®aza paccesiHus S-BOJIHBI SIB/ISIETCS] HEYETHOH (QYHKLHed £,

d(— k)= — b (k). (4.89)

DTO COOTHOLIEHHE MO3BOAAET NPOLOAKHTh S(R) Ha OoTpulaTe/NbHLIe
3HaueHHus k:

S(— k=S (4.90)

s 3navennit k=—Iix npu x>0 acumnroruyeckas dopmyna (4.87)
BHIIVIAAHT CJAeAYIOIHM 00pa3oM:

e~* — S (— in)e*. (4.91)

Hycty teneps E=-—x2/2m cOOTBeTCTBYeT 3HEPTUHM CBA3aHHOTO CO-
CTOSIHUA; TOTAa IPHBEIEIIHOe BhILIE Bbipa)kKeHHe [OJXKHO AaBath ¢
TOUHOCTBIO [0 HOPMHPYIOLLEr0 MHOMHTEJNs aCHMNTOTHUECKHH BHA
BOJIHOBOH (YHKUHH CBA3aHHOTO cOCTOsIHUA. CBsidaHuble COCTOAHMA
M COCTOSIHHA, OpHHajJexaluue HenpepLIBHOMY CHEeKTPY, HMeT,

9 K. Huumaxuma
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KOHEUHO, pPa3/HYHYIO HOPMUPOBKY. [/ CBA3aHHOrO COCTOSIHHA Tpe-
Oyercsi OTCYTCTBHE HEOTPaHHUEHHO BO3pAacTaloLlero c/aaraeMoro B
BbipaxkeHuu (4.91), nosroMy AOMKHO ObITb

S(— i) =0. | (4.92)
Torna u3 coorHourenus (4.90) caenyer, 4to
S (in) = co. (4.93)

ST0 COOTHOWIEHHE MOXHO paccMaTpUBaTb Kak ypaBHeHHe, onpele-
JAsiolllee 3HEPrHI0 CBSI3aHHOTO COCTOSIHMS, €CJH aHaJHuTHYeCKHH
Bux ¢ynkuun S(k) cuurath u3BecTHHM. Hanpusmep, orpanuuus-
UIHCh TAK Ha3blBAeMBIM MPUOIUKEHUEM, HE 3aBUCSIUUM OT (OPMEI
norenuuaaa» [14], Gynem umersb

ketgdm — 42t = —at L, (4.94)

PaccmoTpuM paccesiHue HefiTpoHa Ha npoToHe B 3S-COCTOSIHHH,
Toraa cooTHollleHue

S(—iy)=0 (4.95}

Jdaet ypaBHeHHe [/ - OnpejejeHus 3HEPTUM CBSI3M JefATPOHa
B=v?/2m, rge, KaK ¥ panblle, M —— PUBeJEHHAA Macca; no3ToMy
b HalueM cjayyae Macca HYKJOHa paBHa 2m. Ecau s npocToThl
NIOJIOXKHUTh

PR cgd i Ectgdik
S(k) == g + cig + ,
e ctgd—i kcigd—ik

To u3 cooTHolleHus (4.95) HemocpeAcTBEHHO cJaepyer, uto
1
Y —0— 5 eyt =0. (4.96)
Ecau Tenepr npeneGpeub unenoM, conepxaiiuM 3pdeKTHBHBIA pa-

AHYC B3aUMOJEHCTBHA, TO NOAYYHTCS CJAeAYIOlLee NPHOMMKEeHHOe
BBIpAXKEHHUE: :

V= o, (4.97)
C/1eloBaTe/bHO, IHEPTUs CBA3M B eCTECTBEHHBIX e[MHMIAX paBHa
2 1
o .
mN mNa ( )

Bsons ciona focrosiHubie & B ¢, 4TOGH 3a(uKCHPOBaTH pasMepHoO-
CTH, TOJdyYaeM:

- 9 ho\? 21,1071y
B myc (mNca) =938 Mas X (—————-—5'4.10_13 =1,4 Mas.
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Dra BeMYHHA HE COBMNAJNAET C SKCMNEPHMEHTANbHEIM 3HAYEHHEM 3HEp-
I'HW CBs3H, paBHBIM 2,2 Msze. Takum obGpaszoMm, npuO/uKeHHe HY-
JIeBOTO pajHycCa B3auMOAENCTBHA OKa3blBaeTCq CJAHMKOM TpPYOBIM,
yTOOB JaTh KOJKYECTBEHHOE COTJIaCHE ¢ 3KChepuMeHTOM. Hcnosb«
3ys 3Hauedue napaMetpoB a=>54-10"13 cu u ro=17-10"1% cnu,
MOXHO NOJYYMTB C M[OMOLIbIO cOOTHOoweHHA (4.96) npaBuibHOE
3HayeHHe 3HEpPTHH CBA3H. '

4. ®opmyna Méanepa naa addektupHbix ceyeHuil. Panee Ml
BHBeIH (OPMYJY, BhIPaXKaIOULYI0 BEpOSITHOCTh Mepexoja B elIHH-
CTBEHHOE KOHEYHOe COCTOSIHHE uepe3 3JeMeHTH S-MaTpuilbl, 3anu-
canHoii B ¢opme (4.66). BepoaTnocTs mepexoga B KOHeyHOe CO-
cTosiHde [, cogepikalllee n YaCTHL C UMMY/bCaMH, 3aK/IIOUEHHBIMH
B uHTepBasnax d°py 445 nepsBoft 4acTHIbl, d3ps Oasl BTOPOH W T. I,
naeTcsl BhIpaXKeHHeM

|4 |4
dwy, =2 d3.p1) (o @) 8 (B, — EDIT % (4.99)
rie Npou3BeaeHHe KPYILJABIX CKOOOK B COBOKYMHOCTH CJAYXKHT Aud-
depenunanom ¢aszosoro obnrema. Tak xak 3btheKTuBHOe ceueHue
€CTh BEPOSITHOCTDL NepeXoja, OTHeCeHHasl K eJMHHYHOMY NOTOKY ma-
AKX YacCTHI, TO OHO CBA3aHD C @ COOTHONICHHEM

14

Vorn

dw,;. (4.100)

d()'fi—._—_

3nech Vop=|Vy— Vy| — OTHOCHTE/bHAs CKOPOCTb CTaJKHBAlO-
IUUXCSA yacTul, a V — HOPMUpPOBOUHBII 06beM Bcefi cucremnl. Hes
noab3oBaHHe 3¢ (EeKTHBHOTO CedyeHHs, a He BEPOSITHOCTH Mepexoja
OKasbiBaeTcst GoJee IMpeANOYTHTENBHBIM BCJIEACTBHE ABYX 0GCTOSI«
TeancTB: 1) 3ddekruBHOE CeueHHe He 3aBHCHT OT HOPMHPOBOUYHOTO
o6bema V B mpepene Goabmiux V H 2) addekTuBHOe ceyeHue eCTh
JOpEHI-HHBapUaHTHAs Be/JHUYHHa,

[Loka3aTe/bCTBO COPaBENJIMBOCTH NEPBOTO YTBEPXKIEHHS MBI
HauHeM co cayuasi KoHeynoro o6beMa V. Muoxutens & (E;— E;) 8
dopmyae miast S-MaTpunsi!) BolpaxaeT 3aKOH COXpaHEHHS SHEPTHM,
B cuay yero 3ta ¢opmy/aa ChipaBemJuBa AJs KOHCEPBATHBHBIX €H-
CTeM, a Takxe [ CHCTEM, HaXOJSLUHXCH B CTATHUECKHX BHEINHHX
noasx. Ho eciu orpaHuyuThCs cJAydaeM 3aMKHYTHIX CHCTEM B OT-
CYTCTBHe BHEHIHUX moJjed, TO COXpaHseTcs He TOJMbKO 3HEpPTHSA CH-
cTeMBl, HO u ee uMnyaec. [Toatomy npenrionoxnm, yro S-MaTpuia
[151 3TOTO CJyyasi HUMeeT BUJ

(F1SIy =8y — id* (P, —P)) ¢, (4.101)

Insa Toro uto6H HaiiTH BEpPOATHOCTH MEPexoja, HeOGX0IHMO BhIYHC-
JIUTh KBajgpaT &-pyHKUMH. DTH BHKJALKH MH MpoBeleM TOYHO TEM

1) Cm. ¢opmyay (4.66). — lIpum. nepea,
9*
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Xe CcrnocoGoM, Kak npu noaydyeHuu gopmysin (4.68):
2n)* [P (P, —P)? = (27)*0%(0) - 8* (P, — P,) =
= [ dxel>x (P, —P)=

rie O — Hyab-BekTop. [Tostomy
ltg12 V
lTﬂI (Qf;’)z (2311)3 (Pf - P,) (4102)

[NMoacraBasis 3TO BLHIpAaXKEHHE B tpopmyny (4.99), naiinem, utO

1 |14
dwji =% ('(Q_ﬂ)a’ d3p ) ((Qﬂ)a ) pn) (Qn)sé (P Pi)ltﬂP’ (4.103)
a 3¢ deKTHBHOE CedeHHe BBIPA3UTCH Tenepb Kak

42 14
doy=o (@ 1) - - .

(o @pa) (P — Pl t* () - (4:100)

3aech MBI KacaeMcs TOJbKO 3aBHCHMOCTH MATPHYHOrO 3JIEMEHTa
t;; OT HOpPMHPOBOYHOro 06’beMa, a NoApoGHoe OBCYXAeHHe ero CTPYK-
Typbl ocTaBa1fieM Ha Oyayllee. Jla6ol ybeAuThCs B TOM, YTO HOp-
MHpOBOYHBI 06beM V cokpaumlaercs, 3anuiueM B GoJiee pasBep-
HyToM BuJe (f{)-saeMeHT f-MATpHLLl J/a cayuas, Korjla B KOHeu-
HOM COCTOSIHHH HMEeTCS 1 4aCTHIL

b= Py e DalEI D0 1D)- (4.105)

PaccMoTpuM Tenepb BOJHOBble (DYHKIHMH HAYaJbHOTO M KOHEUHOrO
cocrofinni. Haf nagalouux M yXOAsAWMUX GeCCOHHOBBLIX YaCTHL Mb
HUMeeM COOTBETCTBEHHO BOJHOBHIE (YHKUUH

eipx e—ipx.
<Ol<p(x)lp>=75—7—7, (plw(x)10>=m, (4.106)

a COOTBETCTBYIOILKE BOJHOBble (DYHKLHH UACTHI[ CO CITHHOM !/2 ByAyT
MMeTh BUL

0] (x u(ﬁ)e T(0)]0) = 2B omtpe (4,107
Olv@Ir =27 (PIv()|0) =77 (4.107)
3mech 4 — NUPAKOBCKHE CNHHOPbl, HOPMUPOBAHHBlE Ha €LMHHULY:
u*(p)u(p)=1. Hrak, 3aBuCHMOCTL MaTPHYHOIO 3J€MeHTa OT HOp+
MrpOBouHoro o6bema V uMeeT BuA

1 \n+2
by~ (7—V-) \ (4.108)
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nosToMy ceuenue doy; He 3aBuCHT OT V. B dopmyaax pasa sddek-
THBHOTO CeYeHUs MBI BOCMOJbL30BAJNHCh TeM OOCTOATEILCTBOM, YTO
V Besnko, B CUJYy UYero CyMMHUPOBaHHE NO KOHEUHBIM COCTOSHHAM
3aMeHHJO0Ch MHTETPHPOBAHHEM, KaK HA TO YKa3blBaeT NPUCYTCTBHE
B 3TuX ¢opmynax dsp.

Tenepr ciaeayer noka3artb, 4TO MnojHOoe 3(PGEKTHBHOE CeueHHe
JNopeHil-nHBapuaHTHO. C 3Toli Ienbio MpOBeleM YCpeNHEeHHe no Ha-
yaJbHBIM 0 CYMMHPOBAHHE N0 KOHEYHHIM OpMeHTalusaM counos. ITo-
CKOJIBKY 0 He 3aBHCHT OT HOPMHDPOBOYHOro obbheMa, nMOJOXKHM Mnpo-
cro V= (2:11)3 Torjaa

8 (P — Py
3
P - 8P s ST 2|t,,.|2, (4.109)
Si Sf

doﬂ =

rie Sy u S;— CIHMHB CTAJAKHBAIOUUXCH YACTHI B HAYaJbHOM CO-
crofinun. Tak Kak B (4.109) comepX)urcs CyMMHpOBaHHe MO CIH-
HaM, MH HanoMHUM Meron Kasumupa:

N i, (9, 3) %y (py 9= L

2po
CNHUH

(4.110)

Dra dopMyaa cnpaBeAduBa Aaa Yactull. [a18 aHTHYACTHL BOJHO-
Bhie (PYHKIUH HMEIOT BHJI

(0|1T>(x)|p>=1—’,,(—"7’e””‘.(pltp(x)|0>=%e—w, (4.111)

NO3TOMy CYMMHpPOBaHHe IO CNHHAM Jaer

p ipy + m),
N 2a(ps 9) 3, (, c)=-—(—;—;o—)3. (4.112)
CnuHophl # M U YAOBJAETBOPAIOT ypPaBHEHHAM
i m)u(p)="u(p)(i m) =0,
(ipy+m) u(p)=u(p)(ipy+m) (.113)

(—ipy+m)v(p)=v(p)(— ipy+m)=0

B xauecTBe caeAymero miara onpeaendM HHBADHAHTHYIO Ma-

Tpuny M
M, =V, - Vet V) VE), (‘114
Uy Gosee TOUHO
Po oo BJRIPY PY=V(2),(2), - -~ (£)y X
XKpy o PlE1 YV (A, () (4115)
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CoraacHo TOMY ompeaenernio, matpuia M neficTBUTEILHO JODeHIL:
nHBapuantHa. Bo3oHHble BoJHOBble (PYHKIHH BXOAAT B MaTPUUHBIi

snement B Buge €P*[Y2(2n)P, a (epMuoHHBle BOJHOBblE (BYHR-

wnn — B Bune Vpou(p)e'?*[V(2n), rak uro omepatop Kaammpa
CTAHOBHTCSH HHBAPHAHTHEIM:

i -
2V b, (00 0) VB 24 (P o= T (4,11_6)

CIRH

[ToaTomy mnonnoe 9q)q)eKTnBHoe ceueHHe, BbiPAaXKEHHOE, uepe3 Ma-
Tpuny M, 3anniercs Kak

An? d*p, dép,
0= : ... 8 P —p X
Yoru (p(l) o(pg)o f (pl)o f ( n)O ( )
X (231—}—1)(232_;_1) ZE (M2 4. 117)

f
Bxonsaimne B 3710 Bblpameuue nmerpanbx TaKk Xe KK H nonbn-rre-
rpanbHble BblpaKeHHsl, JIOPEHI-HHBAPUAHTHBI, IIO9TOMY €IHHCTBEH-
HOe, YTO HaM OCTaJOCh CHenaTh, YTOGH YCTAHOBHTL JOPEHI-HHBa-
PHAHTHOCTL O, 3TO HCC/JAed0BaTh TPaHC(HOpMALKOHHbBlE CBOHCTBA
nepsoro MHoxuTesst B (4.117). Kak B cucreMe LeHTpa HHEPIIUH, TaK
W B Ja00pAaTOPHOH CHCTEME OTHOCHTEJbHas CKOpOCTb Vory Jaercs
Bpra)KeHI/IeM

Voryg = lvl'—'v2l = ]pl , lgil ’ o (4.118)

rae E,=(p), n E,=(pY), crenoBatesbHO,
v, EE,=E |p°|—5—E]p
I/IMeeTCH MHBapHAHTHOE 0606meHue 3TOH BEJHMHHBI:
B=V[0E,—pE [ — [ X P[] =
V(R =,

UTak, MbH NPHXOANM K CAelyIOWEMY HHBAPHAHTHOMY BHIPaXKEHHIO
JJIA MOJHOrO 9q)q)eKTHBHoro CeueHusl, U33eCTHOMY MO Ha3BaHUeM
dopmynnl Ménaepa:

4?2 odipy dPpn x4 _ L
o="F | Gor [ oot ® P")X .

X @S, +1)(2$2+1) ZEI%,P (4. 120)

__Korma. B xoneunom COCTOHHPIPI uMeloTCs TO}K,ZleCTBeHHble ua-
CTHLH, dopmyna Me;mlepa He ‘BepHa, TAaK KaK OMHH K Te Xe

(4.119)
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COCTOSIHHS YUHTHIBAIOTCS MO HEeCKOAbKY pa3s. [lostoMmy, ckaxem, B
cayyae N TOX/eCTBeHHBIX UaCTUIl MPHBEJEHHOE BLILUE BLIPAXKEHHE
caegyet pasjenautb Ha N!. [IpuMepH, rae Hcnoab3yercs (bopmy.na
Méanaepa, OyAyT ZlaHbl MO3Xe.

Mur BoiBenu H o6cynnan gopmyay Ménnepa B ee nauGonee 06-
ueM BHIe. B cayuae XKe, KOria B KOHEYHOM COCTOSIHHH HMEIOTCH
TONBKO JBE YACTHIH, €€ MOXHO 3HauHTeAbHO ynpocTutb. Beungy
NPaKTHYECKON BaXXHOCTH 3TOro cJydafd PacCMOTPHM €ro 60J1ee no-
npobHo.

[Ipexne Bcero cneayeT BBIYHCAUTD HHTErpaJ

_ dép, a3 p, 4 __p.
= (P1)o (P2)o y ( f pl). Tt

D10 MOXHO NpOAEJaTh B CHCTEME LEHTPA HHEPHHH, KOr1a

pE=p=—0p
¥ [03TOMY

- [__f d3 N ) E:
m [(plo—l"(Pz)o s

rae E; — nonHas sHeprus CHCTEMbl B HAYa/JbHOM COCTOAHWH. BBods
NoOJMIAPHBIE KOODJAWHATHL, 3anuiliem

2
pfdpjd Py -
(p1)o (Pz)o [(p1)0+(p2)0 £l =ff,—dgf e

Cile10BaTéNbHO, LI nncpq)epex-xuuanbﬂoro 5 PeKTHBHOTO CeueHHs
noayyaeTca BhipaXeHue

] 1 L
E%=_(p/)(28.+1>(252+1>ZZ'%P (4.120)

rne W=FE;=FE;— noanaa sHeprud CHCTEMHL. Mm yXXe ronb3oBa-
JHUChL 3Tol GOPMYJOH paHbluie NpPH O0CYXAEHHH NPHHLANA AeTalb-
HOro paBHOBeCHS, I'le MBI NHCAAH AJf: amnnmvw nepexosa S(—>)
smecto M.

Tak kak B cucTeMme ueHTpa nHepuuu B=p;W, To

:; (z;) (pf> (35, +1)1(232+1) 2}.’ (4.122)

10 BHIpaMeHHe FBINETCA OCHOBHOI Q)opmynoﬁ NPH BLIBOAE NDHH-
IHna [eTajJbHOrO paBHOBECHS. Mbl 3HaeM, 4TO s YNPYyroro pac-
cesHun

=

2o =11 O 4123
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M03TOMY
2
1F(0)] = 351D ).

[ToapobHoe uccrenoBaHue NMOKa3pBaeT, 4TO B OODHOBCKOM MPH-
61uxeHHH

f(9)=—f—é°—ﬂkﬁ- (4.124)

DTUM cooTHOlIeHHeM (HKCHpyeTcsa oTHocHTedbHas dasa M, u f(0).

5. dopmyna BpeMeHH XH3HU. B KauecTBe CJelymolllero 1iara Msl
BbiBefieM (OpMY/aYy BpPeMeHH KH3HH, BOCIO/Ab30BABIUHCH IS 3TOTO
3040ThiM npasuioM. HMcxonst u3 ¢opmyanl (4.103), Mbl MOXKeM mO-
Ka3aTh, uTO dwy; He 3aBHCHT OT HOPMHPOBOUHOro 06meMa V, mno-
CKOJIbKY B JAHHOM C/ayuyae HAayaJbHOE COCTOSHHUE COJEPIKHT TOJAbKO
onny uactuny. CHosa nonaras V= (2r)? u BBoga marpuuy IM, no-
JyyaeMm Temepb

1 &p APy 5y 2
deo = g GG - g 8 Py =PIl

Yepennsas naznee no HauaJbHHIM M CYMMHPYA 1O KOHEUHBIM CIHHHO-
BbIM COCTOSAHHAM, HalIeM, UTO

(4.125)

_L__w____ 1 1 aip, dép,
T OTESFY W@y J W) ) ke
X ot (P,—P) ¥, NI M2 (4.126)
Sj Si

B sToM BhIpa)keHuu HHTErpas JOpeHL-HHBADHAHTEH, NO3TOMY BpeMms
XHU3HW T npeobpasyerca TaK Xe, Kak 3Heprua (P;)e, u, caenosa-
TeJbHO,

T— TfTT—O—W (4.127)

rape to— BpeMAa 2KH3HH YaCTullbl B CHCTeMe IIOKOM. B cayuae pac-
naga Ha JABe YaCTHIbl BbIIUHCNIDHBEAEHHbLIE HHTErpaJdbl B CHCTEMe,
rije rnepBoHaya bHasd 4YacTHLa TMOKOUTCHd, galoT

1 1

Pf _
=on @S, 10 MT 4"22|mﬂ'2—'

(2st+1> o Ezl‘mn (4.128)

K stoit ¢opmyne Mol eile BepHeMcs. Bennuuna M npencraBaser
Maccy MoKOA paccMaTpuBaeMoll HecTaGuAbHOH YacCTHIH,
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Korpa OAHOBPEMEHHO BO3MOXKHBI HeCKOJbKO Pa3JaUYHBIX THIOB
pacnaja, BpeMs KH3HH paBHO

1 : 1 1
?=w=wa+wb+ e =?a-+Tb-+ ceey (4129)

rie T, — napuuanbHoe BpeMs XKH3HH IO OTHOLICHHIO K pacnany s
KaHaJe a, Ty — napuuajbHOe BpeMA 2KH3HH /4 KaHaJja bum A.

§ 6. Onmuueckan meopema

PaccMOTpUM CTOJNKHOBEHHE MeXJAY ABYMsa uacTuuamu a u b.
B ofleM cayyae MOXKeT OKa3aThCsl BO3MOXHBIM OO/bIIOE YHCAO
pa3iuYHBIX KOHEYHBIX COCTOSIHWH, HampHMep

At p—>ptat,
- p+at

—>n-nt 4nt
H T. A.

OnaHaKo MeXNIy MOJMHLIM CEueHHEeM pacCesiHus H aMIIUTYHol pac-
cestHHsl BTepes B YNPYroM KaHajle CyLIecTBYeT onpefle/eHHOe COOT-
HOLUEeHHe, 4 UMEHHO

1M £ (0) = ~p= Onon (4.130)

ITO COOTHOLEHHE ABJAETCS CAeICTBHEM YC/IOBHSI YHUTAPHOCTH U Ha-
3niBaeTcs ontuueckofi Teopemoii. ITpexkne Bcero Mbl NPOHMJIIOCTPH-
pyeM o0OCHOBAaHHOCThL €ro Ha IMpPOCTOM IpuMepe pacceanus Oec-
CMMHOBLIX 4YacTHLU. B 3TOM cayuae aMIJIUTyna paccesitHHsT MOXKeT
ObiTh pa3joxeHa MO NMapluajbHbIM BOJAHAM CJAEAYIOWHM o6pa3om:
1 oo
2ib
f(9)=—2k (21+1)(e‘l—1)P,(cose)=

=1 Y @+ 1)e" sind,Py (cos b). (4.131)
Mostomy =
Im [ (0)= ¢ ¥, (2/+1)sin?3,, (4.132)
=0

rae Ob10 yureHo, 4ro P;(1)=1. Teneps

Spom = [ If 9)l2d9——§(21+1)sm2a,, (4.133)
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cpaBHeHue Qopmya (4.132) wu (4.133) HeMelseHHO OPHUBOAHT K
HCKOMOMY cooTHowmenno (4.130). Mul npeanosaranu, 4TO OTKpPHIT
TONILKO YNPYTHH KaHaJ peaklMH, HO [a)ke MPH HAaJH4YHH Heympy-
FHX KaHAJ0B: MOXHO 0B0BIIHTL 5TO A0Ka3aTenbCTBO, BOCIOAb30BAB-
IIHCh YCAOBHEM YHHTAPHOCTH.

M3 yHuTapHocTH S-MaTpHLbL! MOXKHO BHIBECTH Np¥ yCJAOBHH, YTO
P,= Py, cooTHollleHHE

_;(t~t+),m=—§ tZ,,64(P,,—Pa) twee . (4.134)

DTO eCTh YCAOBHE YHHTAPHOCTH, BHIPAXKEHHOe uepe3 Martpuiy f.
Ecan b=a, 10

2Im taa‘=— ;64 (Pn —‘Pa)!tnali" (4135)

[Tonaras Ttenmepr 'V =(2n)}, MOXHO mNpuBeCTd MpaByI0 4YaCTh
K BUAY :

— [ d2p, dpy 4 (P — Pl P,lt]a)]2 —

— [ @3p dp, d3py 8 (P, — Py, Py Pyltla)|2—

= s e

YMHoXan pajee o6e uwactn paBencrBa (4.135) na 4n?/vgry, Ha-
X04UM
. 831;2

Yorn

lm taa#—ﬁ(g)—0(3)— -~ oo === Opony. (4136)

aa _ () B .
Npunss o Bunmatnne, uto M, = (7)), (1)), {4, ML MOAYUHM OM=
THUYECKYIO TeOPeMY B OKOHYaTeNbHOH JOpeHI-HHBApHAHTHOH dopMe

8n2

ImM,, = — 6,0, (@). (4.137)

UroGH NPOBEPHTb 3TO COOTHOLIIEHHe B MpocTeiileM cayuae ynpy<
rOTO paccestHHd, colljeMcs Ha paBeHcTBo (4.124)

2

L

f(e)— Evtﬂ nJan f(0)=—- aa*

HO Tak Kak B cucTeMe UeHTpa HHepuuun B=kW, To oTcioga npamo
caenyer paBenctBo (4.130). Takum oO6pa3om, MB npuxolium K 0G6-
1IEMY 3aKJIOUEHHIO, YTO NnoJHoe 3h(HeKTUBHOE CeyeHHe MOMKHO Bhl-
‘Pa3uTh uepPe3 MHEMYIO 4acTb aMIVIHTYABl pacCesinusi Brepen. OTQ
B eCTb ONTHUECKas TeopeMa B HauGonee obWEH ¢opume,
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ARnajoruyHbBle apryMeHTBl OCTAlOTCA B cuje u s 3anay, cps-
3aHHBHIX C pacnajoM:

1. '
?=%—264(Pﬂ—{)a”tnal2=
n .

=— 1 10 o (413)

§ 7. Teopema Buxa

.Mu ob6cynunn obmue cBORCTBA S-MaTpuusl, a Takke cnoco6
pacueTa C ee moMoubio 3P(PEeKTHBHHX CeUeHHH M BPeMeH MXH3HH.
Tenepb npHBefileM HECKOJbKO NPHMEPOB M3 TEOPHH BO3MYIeHuil;
06/eruaioluX YCBOEHHE NOJNYYEHHBIX BHILE (GOPMYJ.

Ecan B3arb 3a ocHoBy dopmyany HalicoHa, TO BHUHC/EHHe 3Jie-
MEHTOB Sma'rpnnbl CBOAMTCA K OLEHKEe MATPHUHLIX 3JEMEeHTOB

BHJa

| GITIH (%), - ..o S EIEY. (4.139)
Teopema Buka maer mpocToe npaBuJo, KOTOpoe NO3BOJsET 3TO Cle-
Jaarb,

1. CeoficTBa MOJEBLIX ONMEPaTOPOB B NpPEACTABIEHHH B3aHMOAeH-
cteua. Onepatophl B [peACTaBJCHHH B3aHMOJEHCTBHA Oblin BBe-
JeHH cJeAylolluM 06pa3oM: o .

q, (t)=8“H°q,€"“H°, Dr (t)=e””op,e—”ﬂo; (4140)

0ueBHAHO, YTO B OTCYTCTBHE B3aUMOJEHCTBHS 3TH ONEPaTOPH VA0+
BJETBOPAIOT KaHOHHUecKuM ypaBHeHHaM. CjenoBatenbHo, moJje-
Bhle ONEpaTopbl YJOBJETBOPAIOT YpaBHeHHAM CBOOGOJHBIX mnoJel,
Hanpumep

K, $(x)=(Dx—u2)$(x)=0 (nnonHOe moJE),
(YoM p(x)= ("0 — M)y (x)—- (HyKJOHHOE noJe).

B npeacraBaenun B3aHMOllePICTBHH T1ePeCTanoBOUHbIe COOTHOLIEHHS
TaKHe XKe, KaK ¥ B cjyuae c¢BobOAHOro MoJs:

[@o () @y ()] = 0352 (x —7),
(e (*) By () =i (— VO + M) A (x'— ),

(4.141)

(4.149)
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rae

Ax)= M nas nmykaoua,

(4.143)

1 f d3p
@y J VPPt m?

Jinsa BeIYHC/EHHs 3MeMEeHTOB S-MaTpUlsl Heo6X0AUMO 3HATh Cpe-
HHEC BaKYyMHBLIE 3HAUCHHA XPOHOJOrHUECKHX I‘IpoH3B€lIEHHﬂ one-
paTopoB pasnuuHHX Mogae#

<0 | r [cpa (%), P (_l/)] I O) = 6GBAF (x—uy),
<O l T [(pa (x)' ‘_pp (y)] l O) = SF (x —-y)a3 —

sin(px), m=
(px) {p JAJis HOHA.

7}
= (._ YT + M)G.BAF (x — ), (4.144)
rae
A () ==t [ dtp =i 4.145
r(x)—-wf P Tm—i" (4.145)

B cayuae conHopHmix mnoaefi T-mpou3BeleHHe ONpelenfeTcs Hes
CKOJIbKO HHaue:

TIo(x), B ()= [ PEOBE) (o> Yo

— P @) (Yo > Xo)-

dTo onpejeneHre okKasnlBaercsi Gosiee YIOOHBIM H3-32 AaHTHKOMMY+
TAaTUBHOCTH OMNepaTopoB CNUHOPHBIX nojell. B KadecTBe mpumepa,
WITIOCTPUPYIOIEro MpeAnoYTUTeAbHOCTh HMEHHO 3TOro BhlGopa,
NpuBeJieM ciefyioliiee COOTHOMIEHHE:

T b (x), ()] =px) P (H)=—"p) ¥ ),
nockoanky {P(x), ¥ (y)} =0.

2, ®dakropuszauua T-npoussenesus. B mnpencraBieHHH B3aHMO-
ACHCTBHSA OMepaTOpbl Pas/iuyHbIX moJell JHOO KOMMYTHPYIOT, JuHOO
aHTHKOMMYTHPYIOT Mexay cofoil, mo3ToMy BCerma BO3MOMXKHO npes-
CTaBHTh [AHHOE XPOHOJOTHYECKOe INpPOM3BeleHUe B8 BHAE MPOU3-
BelleHHA TAKHX COMHOXHTeNeH, KaXABA H3 KOTOPHIX COAEPKHT
roa 3uakoMm T omepaTopnl KaKoro-HuGyab ojanoro noas. Hampumep,
I/ THOH-HYKJIOHHOTO B3aWMOJERCTBHA

T[5 (x), S (y)) =T [iG ¥ () 579 (%) @ (%), G (y) vsT¥ (1) @ ()} =
= (iG)*T [l_l) (%) Y57, ¥ (x), 1_13 &) V5Ts¥ wIT [(Pa (%), ' (y)]
TaKHM 06pa30M, 3ajnauya CBOAUTCHA K BBIUHCICHUIO Manl/I'-IHle 3J1e-

MeHToB T-npou3BeicHHS ONEpaToOpOB MOJAS KaKOro-HHOYAb OLHOrO
BUAA,

(4.146)
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3. Teopema Buka. ITocse 3Tux npenBapuTeabHBIX 3aMedaH il M
Terneps TOTOBH K 0OcyxpaeHHI0 TeopeMnl Buxa [15]. Crenaem 310
JJs NWOHHOro noJsi. B KauecTBe mpumepa paccMoTpHM, npenebpe-
rast M30TONHYECKHMH HHIEKCaMH, BHIpaxKeHHe

PAT o (Ve e @ o @Dlp b # by

B 3TOM MaTpH4yHOM 3jeMeHTe OQMH H3 ONepaTopoB AOJMXKeH ObiTh
ONepaTopoM YHHUTOXKEHHS NHOHA C UMIYJbCOM p;, a APYroi —
olepaTopoM DOXIEeHHs NMuoHa ¢ MUMOyabcoM p;. [IBa ocrasuinxcs
onepaTopa LOJMXKHEI NOPOXKAATh UM YHHUTOXKATh BUPTYAJbHLIHA THOH.
* TlonoxuM paa onpeleleHHOCTH, 4To @(4) VHHUTOXKAeT MHOH
C UMIYJAbLCOM p;, a ¢(l) MOpOXAAeT NMHOH ¢ HMIYJALCOM py; TOTAa
©(2) n @(3) AOMKHBLI NOPOXKAATh H YHHUTOXKATH BHPTYaJbHBIN
nuoH. Kakoll M3 9THX onepaTopoB ecTb ONepaToOp poXAeHu#A, a Ka-
KOH — YHHUYTOXeHHsl, 3aBHCHT OT COOTBETCTBYIOIUUX BpPEeMEHHEBIX
APTYMEHTOB.

[Tycrs, nanpumep, r>t5; Toria ¢(3) AoMkeH MOPOXAaTh BHP-
TyaJbHBI MHOH, a @(2) — YHHUTOXKAaTb €ro, MOCKOJbKY MPHHIHI
IIPHYHHHOCTH Tpe6yeT uTOObl pOXK/IeHHe NpeflecTBOBAN0 YHHUTO-
Kenuio. Takum o6pa3oM, MaTPHUHLIH 3jeMeHT Oyler paBeH

(Ao (D0 O0le (29 {qleB)0) Olo (Dl p;) Ras £y >t
# aHaJoOruuHo
(p/le (1)10) 019 (3)9) (q19 (2)I0Y Ole Dp,) nag &> £,

3nech ¢ ecTb 4-BeKTOpP 3HEPTUH-HMMYJbCa BHPTYaJdbHOIO MHOHA.
Bkaagbl, ofycjaoB/ieHHEE BHPTYANbHBIM [MHOHOM, MOXHO 3amHcaThb
B cJelylolleM KOMNaKTHOM BHJe:

243 (019 (2)[)<q (3)]0) 8 (£,— 144010 (3)9) (1@ (D) 0) O (£3—1,)} =
={0]9(2) 9 (3)10) 0 (£, — ) +Olw (3) @ (2)0) O (£, — £) =
=0IT[e (29 B0y =Ar(2—3),

rae 0(f) =1 mas t>0 u 8(f)=0 maa {<0. CnenoBaTeianHO, Mpo-
uecc pOXKAEHHS M NOCAEIYIOLIer0 YHHUTOXKEHHA BHPTVaJlbHOrO
nuoHa Kak pa3 M paer GQynkuuio Ap(2—3). Dty PyHKumio Ha-
3bBalOT (QyHKNHeH pacnpocTpaHeHHMs MM CBepTKoi. Hrak, Ha-

X0/AHM
PAT oM@ o B e @] p)=
= 2 (p/l0(1)/0) 81 (2 — 3)(0lo (4)| p. (4.147)

Mbi paccMoTpeny MaTpuuHBIE 3JEMEHT YaCTHOTO BHJA; TeopeMa
Xe Buka naer (B omepaTopHoit QopMe) NpaBuAO, NPHMEHHMOE B
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ofwem cayuae. Ecau onepatopn B8 T-npoussesenun pasjeseHs Ha
JABe TPYNNB — ONepaTOPOB POXK/JAEHHUS M YHUUTOKEHUA pPeasbHBIX
MTHOHOB M OMNEPaTOPOB DOXKAEHHS M YHUUTOMKEHHUST BUPTYAJBHBIX
NHOHOB, TO T-Npou3BefeHue MOXKHO 3amMucaTh ciaeAyiouM o6pa3om:

Tle(Me@)e@ oe@= ()o@ e4): +
+28:(1—2) @) e +
+ DA (1 —2)Ap (3—4). (4.148)

3xecb BCe omepaTophbl, CTOsILiHE BHYTPH ABOETOUMH, OTHOCATCH K
pealbsHBIM nmMHOHAM M o0pa3yloT Tak Ha3blBaeMoe HOPMaJjbHOe mpo-
n3penenHe. HanporuB, ¢yHKUHA Ar OTHOCHTCA K BHUPTYaJbHBIM
MHOHAM.

Ham BbiBog HOCHJI CKOpee HHTYMTHBHLII XapakTep; MaTeMaTu-
YeCKH CTPOroe pAas/OXeHHe XPOHOJOTHUECKOTO NpPOM3BeJeHHA Ha
HOpMaJIbHBe MPOM3BEAEHHS MOJAYYaloT CjeaylouuM obGpasom.

Ilpexne Bcero MOJIOXKMM, 4TO

¢ (x) =0 (x) + 9 (x), (4.149)

rae ¢ (x) — noJoXHUTENbHO-YACTOTHAS 4YaCTh, COOTBETCTBYIOLLAS
YHHUTOXKeHHIO, a8 @) (X) — oTpuLaTeJbHO-4aCTOTHASE uacTb, COOT-
BeTCTBYIOIAasl POXKAEHWIO MHOHA. llosb3ysch NepecTaHOBOUHBIMU
COOTHOIIEHHSAMH, TEPerpynnupyeM COMHOXKHTeNH Tak, uTobb @)
OKasasauch cieBa, a ¢f) —cnpaBa. Tak Kak ¢ u ¢Y) He KOMMYTH-
pYIOT, TO CJienyeT yuecTb, UTO

o) (x) 97 () = 07 (1) ) (X) + [0 (%), 7 (W),

rae BTOpOI:I ujIeH B npaBoﬁ HYaCTH ABJgEeTCA C-UHCIOM. J.IaHHO@
Nnpou3Bejienne BCerja BO3MOXKNO NepeyHoPsI0UYHTb YKa3aHHBIM 06+
pa3oM. HpPl 3TOM IOJydYaeMoe HPOU3BEeAEHHE€ OTHOCHTCS TOJNABKO K
peaJdbHBIM IMHOHAM, TaK KaK B BbIpa)xKeHHH

oM7) L., oMt |,

YaCTHIE CHAuaja YHHUYTOXAKOTCH, a 3aTeM poxjaiorcs. BupTyaib-
HHIH 3Ke THOH JOJIKEH CHauaJja POXAaThCs, a 3aTeM YHHUTOMKAThCH,
H, CJef0OBaTe/JbHO, NMOPSNOK COMHOXKMTede#l JoMxeH OHITb THNA
¢We). HaMm ymanoch u36aBHTbCH OT TakKOH KOMOHHAIMM: B OKOH-=
yaTe/IbHOM BHIPaXKeHWH ee CYLIeCTBOBaHHe CKa3blBaeTcst JHLIb B
nospjaennn GyHKUHH Ap, aBiasouefics c-udciaoM. [lpoussenenue
0l1epaToOPOB, YNOPSIAOUEHHBIX YKa3aHHBIM 06pa3oM, Ha3bIBAIOT XO-
pomlo YMOpSAAOYEHHEIM, HJIM HOPMaJbHHM, TMpPOH3BejeHHEM H

c6o3Hayalor
()o@ eB) eM):.
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MMeeTcs MHOrO pasjiMYHBIX CHOCOOOB CNapHBaHHsl ONEepPATOpPOB, CO-
OTBETCTBYIOUIMX DOMXKIEHUIO H YHHUTOMKEGHHIO BHPTYaJbHBIX IHOHOB;
06a crapuBaeMBbIX OnepaTopa NMOMeYaloTCsl TOYKaMH BBePXy CIpasa.
Janunoe T-npousBefenre pa3iaraloT Ha HOpMaJibHble npPOU3BEREHUSA
creaylomuM obpasom;

T(ABC)== :ABC:+ :A'B'C: + :A'BC": 4 :ABC": ==
== :ABC: 4-(0|T (AB)|0)C +(0|T (AC)|0) B +
4-(0| T (BC)|0Y A. (4.150)

[MpaBuno pasioxenus T-mpousBeneHus B CYMMY HOPMAaJIbHRIX npo-
U3BEJEHHN U HasbBaloT TeopeMoii Buka. Xorss B Teopuu mnoas
3Ta TeopeMa noayuuaa noapobHoe J0OKa3aTeJbCTBO, MBI YIOBOJb-
CTBYeMCSl H3/I0XKEeHHBIM BhIllle MHTYHTHBHLIM BLIBOAOM.

KamxaoMy ufieHy B pasfoxedud [-MpoU3BefieHHs COOTBETCTBYeT
oana anarpamma @eiinmana [16, 17]. INpeanonaraerca, uro uwra-
TeJIb YKe 3HaKOM ¢ auarpammaMu definma-

Ha; TaK WM HHaue MpUMepH, koTophie 6y-  p(p’)
AyT J[JaHH, MOTYT TMOCAYXHTb J0OCTAaTOou- \ ot
HBIM BBeJleHHEeM B JHATPAMMHYIO TEXHMKY. 7(q')

§ 8. ITpumepor pacuemos no
meopun 803myuie Huii

" " n
B KayecTBe NpOCTeHIIHX TpUMeHeHUH
TeopeMH DBHKa MBl ‘paccudTaeM ceueHMe
paccesitHus JAMs Npolecca
nt < p—>pat (4.1581) (q)
H BpeMs XH3HU nt-Me30Ha NpH pacnaje p(p)
Tt >t v (4.152) ‘®ur. 32. deiinmanoB-
CKas AuarpaMma HuU3IEro
B HHU3IIEM TNOPsAKe TEOPHH BO3MYINEHUI. nopsika i paccesanui
P P Y at + p—>p+-at. Hy-

1. PaccesinHe NOJOXHTEJLHOr0 MMHOHA  KioHHAd JHHHA mOpAMad,
Ha mporone. Juarpamma QefiuMana yusme.  MESCHHAA — BOMHHCTA.
ro nopsaaka ndas npolecca (4.151) npusene-

Ha Ha ¢ur. 32. M3 T-npousBeaenus IJIOTHOCTeHl [aMHU/IbTOHHAHE
B ypaBHeuuu (4.75) Mbl Ko/XKHB 0TOGpaTh Ya€HH C HOPMAaJbHBIMH

npousBeJeHHsIMH BHAA PpY@P:, TAK KaK B HalleM c/lyyae uMeercs 10
OJHOMY NajalouleMy HYK/JOHY M INHOHY H TO OAHOMY YXOJsIEMY.
[Tockobky kaxjpasn dynkuus & (x) aunefina no @, HeoOXOAHMO
HMeTh no KpafiHeil Mepe JABe TaKue (QYHKUMH, B CHJAY Yero HauHHU3-
UMM MOPAAKOM, AAlOUIMM BKJaj B paccMaTpHBaeMblfi mponecc, 0y-
JleT BTOPO/ TNOPAAOK Teopuu BosMyllenud. IlnoTHoCTb TraMH/IBbTO-
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nuana &¢ naetcst gpopmynoft (4.7):
G = iG |V 2 (B,¥50:9 + s, 0+ FvsTabes]-

JJas onucanus Hailero npouecca Mbl AOJXKHLI B3Tb ciaelyouimue
YJEeHBL:

=i V2 G, v5b,9,
Hy=i V2 G, v:0,9"
‘J.Heﬂ C @3 HE JaeT BKJaga, TaKk KakK Mbl HMeéeM TOJbKO t-Me30H.

Marpuunbii 34eMeHT S-MaTpHUB BTOPOrO INOpPsiAKa AaeTcs Bbipa-
KEeHHEM

FIS| =" [a@ix [ay(f (T[98 (), S ) iy=
=(—ip [ d'x [ dy([IT[5:(x), 9, W) D)=
=(—ip [d'x [ @y (iG V2 X

XAFIT [, (%) Vstbn ()@ (£), ¥ (1) V¥, () 9F ()] 4

B paccmaTpuBaeMoM mponecce HeHTPOH NpeacTaB/sieT BUPTYyalb-
HyIO 4acTHIY, NO3TOMY, CBEPHYB HEH{TPOHHBIE ONEePaTOPHl, MTONY YHM

(1S18y=2G" [ d'x [ dy(f| : %, (%) vsSr (x —g) vsb, (8) X
X0 ()@t () 1) =20" [ dix [ayyx
X (P %, ()] 0Yv5Sr (x — ) ¥5 {0 |9, ()] £)0 |0 ()] 9)4q" |9 ()] O)-

(4.153)
OpHoYacCTHUHBIE BOJHOBHIE (PYyHKUHH MMEIOT BHA
1%, O p) =7 V‘ u(p)eirs, (pf m,,(x)10>__u(pf)e-fp'x
H
1 1 .
Olex)| @y =—=—=re"" (¢'|e"(y)| O)=—=—=e""7",
VQ‘IOV V?qOV

a (yHKIHUS PaCHPOCTPaHEHHS JaeTCsl BBIPAXKEHHEM

tkv+M

Splx — (231)“ f M —

el,z (X~ y)d4k
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ToxcraBus 3TOT pesyastar B Gopmyny (4.153), Mbl mpexne Bcerc
BbINIOJIHUM HHTErpHpOBaHHe MO X H Y:

fd4x fd4yeipy—itl'y-fP'x+iqx+ik(x—y)=

@t (g +k—p)o0(p—q — k)=
@npot(k—p+ g0 (p+9—q —p)=
=22 d* (k — p+4-q')8' (P, — P)).

MurerpupoBanve MNO £ ycTpaHsiercs cpyHKuHeu 64(k—-p +q) upu
YCJOBHH, UTO BCIOAY £ 3aMeHseTcs Ha p’ — q p— q’. loatomy

(FIS]i)y=—i"(P,— —P) 26?20 — ——2 X
V2 V4qoqo

in - — M
X (p) v =D v (). (4154

I

I

Mo onmpenenexuio {-MaTpuIbl, HMEEM:

GrEmt 1 —iy(p— qH—M
tp=—""  _u(p)y vste ( 4.155
s - V‘Io‘lo )Y (— gVt s (p). ( )

Hcnonbsys ypaBuenwe J[Ilupaka B HMIYJbCHOM INPOCTPaHCTBe
(4.113) u cBoNcrBa y-MaTpHIl, MOXHO YIPOCTHTB 3TO BhIpaXkeHHe
H NIPHBECTH €ro K BHAY

G2 (2n)* 1
tﬁ_:-(—”)

1
u(p)ivg'u (p)———.  (4.156)
V2 Vawe 2pq’ +p?

INonaras V = (2n)3, BBeileM HHBApHAHTHYIO AMILIUTYAY M,
G? — TN — 1 .
W= oy Vo u(p')ivg'u(p) VPOW’ (4.157)
npumeHsa Tenepn dopMyay Méanepa Mis ABYXYaCTHUHOLO KOHeY-

Horo cocrostndst (4.122), nofyuaem caepywoulee auddepennnanbioe
CeueHMe DacCesHUs B CHCTeMe LEeHTpPa HHEPLHH:

&=%) ey DX =
Si Sf

=) ] e 2 X X E ) vu (Pl o (158

51 S,

10 K. Huwuzxuma
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B cucreme ueHTpa HHepuHH 4-HMAYJ/bChl HMEIOT 3HAYEHUS
lql = |q'| = |pl = [p'| =¢
p=(—q VE&F M), p=(—q, V@Z+m)
g=(q V@+w) ¢ =, VZ&+1)
MO3TOMY
p=—q¢ —V@F+MV@+p=
=—(g?cos 0+ V @+ I+ V@ + ).

C nomomuisio onepaTopoB Ka3HMPlpa M6XXHO BbLINMNOJHUTL CYMMHpOBaA-
HHUE MO CIHHOBBLIM COCTOSAHHAM:

1 - .y ,
5 2 212 (p) ivg'w (p)I? popy =
.S'i Sf

H

1 —hp'+M . s —lptM '
——S - —
5 oP [ % tyq %, g ] PobPo==

= & Spl(— ivp' + Myivg' (— ivp+ My ivg'| =
= -;—[(p’q’) @2pg)+ 12 (pp’+ M) =(*+ VP+ MV @ F ) —
~q2(q“’+ Vae+ MY+ u?-}-"—;) (1 — cos 0).

[IpH HM3KMX 3HEPrHsiX BeJHUMHON ¢? MOXHO npeneGpeyb MO CpaB-
HEHHIO C P2, MO3TOMY B 06JACTH HH3KHX HEepPrHil

do 1 G __omw
dQ 7 (M +p)? 8n2 M —p)Pp?
M 2 Gt 1 G2 \2
‘("‘M+"u) T O —py (4nM) . (4.159)
ECJIH BOCIIONB30BATHCSH 9KCHepHMeHTaﬂbe1M 3HauyeHUeM KOHCTAaH-
THI ﬂHOH-HyKJIOHHOFO BSaHMOﬂeﬁCTBHﬂ
GZ

=15, (4.160)

To 3thdeKTHBHOe CeueHHe, PacCCUHTAHHOe 110 TEOPUH BO3MYLIEeHUH,
6yAer paBHO

o=dngs ~12-107 eof. (4.161)
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CpaBHUM 3TOT pe3yJIbTaT C SKCIePUMEeHTANbHbIM 3HAUEHHEM CeYeHHs
o =4n|a,|?,
rae @, — AJHHA PaccesHHst AJIs S-BOJHBL B COCTOSHHH C I=3/,. U3
cooTHotlenuit (4.34) u (4.36) naxoaum:
_ \ )
o =41 (—0,115 % 0,003)? ({C—) ~3-107% cu’=3 u6. (4.162)

DTO Ha TPH MOPsifiKa MeHblIe, yeM c/edyeT U3 cOOTHOoIeHHs (4.161),

2, (n— p)-pacnaa. Mayuus ua npexbiay-
uleM TpuMepe 3ajxady paccesiHusi, mepeiifem
Temepb K HCCJAEJOBAHMIO Cjaydyas pacHaja.
BaaumopaeficTBHe, OTBeTCTBEHHOE 3a N — K-
pacnaj, o6uuno GepeTcss B BHAE

g = O
H = r b (1 ¥s) P, Tx, -+ 9pm. conp.
(4.163)

MaTpuuHblil 37€MeHT nmepBoOro mopsijaka, coor- t(p)
BeTCTB uii auarpaMme Qeiinmana, npuse- .
ere uy}om A 33p BBID 23K .H,Plelg ¢ ur. 33 deiiumanos-
JeHHON Ha ¢ur. 33, Kaercs Bblpaxe cKas AMatpaMMa pac-

(F151 i>=—ifd4x§’6’ (x)= maga nt —>p+ 4w

(u"(P) v(q)

p

u,
— 104
=— i (P, P,) (2:rt) V_ (1 —I—y5) VV Virw ! (4 164)
rie P,.=P eCTb HauaabHHA 4-uMnyabc nuoua. [asee,
ig 1
tfi=(2n) V_ lPA,YA (1 +Y5) VV V?P V (4165)

Hcnonbsys tenepr ypasuenne [upaka ans v, H uv, a Takxe pa-
BeHCTBO P=p+¢ U 1mosIoXKuB, Kak o6bluno, V= (27)3, nonryuum uH-
BapuaHTHYIO aMnJmT‘yzly pacmajna

- My = V4n 'm_quu iPy(l1+vy)7, V‘——‘
— W’F—<Z—:> Vo a, (1 —v) 9, V7o (4.166)

Tax Kak MBl paccMaTpHUBaeM ABYXYaCTHUHBIA pacmaj, BpeMs »KH3-
HH NOKOsLLerocst MMOHA JaeTcsl BhPaXKeHHeM

1 _ 2 M. (2
o _”’?rgl nl*

10*
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O6paTtumcst onsiTh K nomoiln onepatopos Kasumupa. CymmupoBa-
HHE IO CIIHHOBHIM COCTOSIHMAM JaeT

g [ my \? — gy —ipy—m
El%ﬁl?:z;—n(_”i) Sp [T(l—vs)T”(l+v5)]=
°f

g (m g (M e o
= (7) (—2p9)=3% (mn (e — m3)-
W3 3akona COXPaHeHHs 2HEPruu iIeayerT, UYTo

p+Vm+p=m,
03TOMY .
2p= M ™"

My

Takum o6pa3oM, OKOHUaTeNbHO BpeMs XKH3HH nt-Me30Ha DaBHO

1 m \? m, 272 g2

3nas BpeMs KHU3HM mn*-Me3oHa, to=2,56-10"% cex, u ero maccy, a
TaK¥Xe Maccy p*-Me3oHa, ONpeeNUM KONUCTAHTy B3aHMOAeHCTBUS:

g2 -15 ”
m--—l,76-10 . (4.168)

[lpeanonarasg, uro ans pacnaga
at—>et 4w (4.169)

raMu/IbTOHHAH B3aMMOJEHCTBHSI MMeeT TOT XKe caMbifi BuA (4.163),
HafifleM, 4TO OTHOLIeHWEe BEePOSITHOCTEA pacnaja mn*-Me30Ha Ha
e*+v u Ha u*+v paBHO

+ + 2/ mE—m2\?
wat>etty)  me 2= e ) —1,29-107%,  (4.170)
w (t >pt4-v) Mu/ \Ma ™My

D10 oTHOWEHHE GBIIO 3KCNEPUMEHTANbHO ONpeleneHo B nabopato-
pusix CERN’a [18] (cum. takxke [19]) n okazanock paBubiM ~ 1,3+ 104,
4TO YKa3biBAa€T HA PaBEHCTBO KOHCTAHT B3aUMOAEHCTBHS B m—y- H
7 — e-pacnagax. Ecaun npeanonoxutb, uTO pacnajHoe B3aHMO-
neficrBue ans mnpoueccos (4.152) u (4.169) He coaep:kKuUT npous-
BO/JHBIX, TO B YKa3aHHOM OTHOIIEHHH OTCYTCTBOBaJ] 6bl MHOMKHTENb
(me/m,)? u oHO paBHANOCH 6Bl ~ 5,53,
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3. Pacnap p-me3oHa Ha aBa nMHoHa. liMes B BUAY HHTEpec, Ko-
TOPHI{l B HACTOsil[€€ BPEMS BBI3BIBAIOT BEKTOPHbIE ME30OHBI, JOOABUM
K CKa3aHHOMY elie TIPUMep pachaja BEKTOPHOIO Me30Ha

p—> 2. 4.171)

Meson p mpeacraBasier co60fl BEKTOPHBIA H OJHOBPEMEHHO H30BEK-
TOPHBIH Me30H, MO3TOMY Mbl BO3bMEM TaMHJBTOHHAH B3auMoOgefcT-
BUs1 AJaa pacnafa (4.171) B Buge

S = go, (¢ X 0,9). (4.172)

Tak kak Bce TPM KOMIOHeHTb H3oTpHmsera p*, p~ u p® Gaaromaps
3apA10BOH HE3aBHCHMOCTH HMEIOT OJHO H TO e BpeMs JKH3HH, MbI
orpaHMuYMMCst paccMoTpeHueM pacnaga p-mesona. B aTom cayuae
pacrnajHoe B3aUMOAefCTBHE CBOAMTCS K BBIPaXKEHHIO

gp(){ (cpla;\,(pg - (PQOA(PI),
H Mbl moJiydyaem

R . £ —ip lP
F1S]iy=— i (P;— P) (2" g 2 Rl
Very Vorgv Vapy
HJIH ) ) (4.173)
@y oo & Be(p'—p")
r=ysar ¢ BT TR T
rie g, o603HauaeT BEKTOP MOJIsAPH3AlMH BEKTOPHOTO Me30Ha. B cu-
cTeMe LEHTPa HHEPUMH HMOYJbChl 0GOMX NHOHOB HMEIOT OAHHAKO-
BYI0O BeqHuuHy p. Tak Kak BpeMs KH3HH 3THX ME30HOB BecbMa He-
Be/IHMKO, IPUMEHHTENbHO K HUM OOBIUHO TOBOPSIT HE O BPEMEHH XKU3-
HH, a o wHupune I

1
w=T=34r Elfmw (4.174)
W3 coornoienus (4. 173) HaXOJIPlM, 4To
2 M= — ), (0 — P), Y, Euty. (4.175)

coud

Kpome toro, B cucreMe MOKOst BEKTODHOTO Me30HA

duy Ana u, v=1, 2, 3,
Eeue\,_—.{o v d (4.176)

cnud

OrcyTcTBHE CKaJAsAPHOH TONsipH3auMH BASieTCst CeACTBHEM ypas-
HeHus
0PA

5 =0. 4.177)
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O6Go6uienre cooriowenuii (4.176) na cnyuaii npOM3BONBHO ABUIKY-
nieficst cUCTeMbl HMeeT BUJX

P P, .

N ewer =0+ . (4.178)

CIIHH

Torpa pasenctBo (4.175) mpeoGpasyercss K BHAY

g2 1 7 17 7/
MM P =5 (7 — P, (P —p”)v(é
1

2 ! 2 2 2 2
g (p—p)Y g M-—dm

rae Meul BOCIOJAb30OBAJNAHCH TEM, UTO
P —p )=+ —p)=(—m)—(—mi)=

HMMnysasC p B cuCTeMe LEHTpa HHEPUHH MOXHO OIpeAeJHUTh

H3 PABEHCTBA
‘ M=2V p+m2,

M103TOMY
M2 4m?

OKoRUaTEeNbHO HMeeM:

1 ) ) g2) p3 1 <g2) (M2_4m:‘21)3/z
—13;=1=§<iﬁ =g =)o (4180)

Tak Kak pacnaj p-Me30Ha OCYyILecTB/AAeTCst YePe3 CHAbHOE B3aMMO-
JelficTBHe, ero BPeMs JKM3HHM YPe3BhlualiHO MaJo, H Mbl HE MOXeM
H3MepHTb ero HemocpeacTBeHHO. OHAKO MOXHO H3MEPHTb IUHPUHY
pesonaHca I'. BasB, wanpumep, anas M n I' 3Hauenus

M’~29mi, I‘~mn,
MBl NOJIyYHM:
g"‘ 12 1229 29

W= 1m o 28

OTKyjAa BHUIHO, YTO pacraj AeACTBHTENBHO BHI3BAH CHJABHLIM B3aH-
mogefictBieM. [To-BHAMMOMY, UMEETCS TEHJEHUHS K YMEeHbIIeHHIO |
[0 Mepe TOro, KaK yJyulllaeTcs pa3pelualouasi crnocobHOCTh dKcIe-
puMeHnTOB. 31ech Mbl He 6yjeM BraBaTbCs B fasbHeiiliee o6cyx ie-
HHe 3TOro BONMPOca, HOCKOJABLKY Hala neab Gbla JUIIb AaTh HJTIO
CTpPalMIO PacyeTOB, OCHOBAHHBIX Ha TEODHH BO3MYIEHMH.

1) B paGore [20] npuBoasaTcs aHaveHns M~750 Mss u I'~150—200 M3s,
a b pabore [21] — snavyerus M? ~29 mﬂ p [ ~ 130 Maa,



§ 9. Hucnepcuonnsie cooTnoutenus 0aa nuon-nykaonnozo pacceanua 161

§ 9. Jucnepcuonusie coomnowenusn
045 NUOH-HYKAOHHO20 PACCERHUS

Teopus BO3MylneHHH, NpHUBJAeKaTeNlbHasd CBOeH NPOCTOTOH, He B
COCTOSIHHH, OfHAKO, ONIUCATb CUJIbHO B3aUMOAEHCTBYIOLIHE CUCTEMHI,
103TOMy o6/acTs €e NpPHMEHEHHss MOKa OrpaHHYHUBaeTcsl TOJBKO
KBaHTOBOH 3JeKTPoJAHHaMuKo#i. BBuay sToro Mbl BKpaTile paccMoT-
pUM GoJjiee MOLLHblE MeTOAbl JHCNepCHOHHO! Teopun. BuiBoa u o6o-
CHOBaHME [MCIEPCHOHHBIX COOTHOLIEHMH — OTHIOAb He mpocTas 3a-
fgaua, MO3TOMY. Hallle H3/0XenHe OyJeT HOCHTb 3BDHUCTHUYECKHH Xa-
pakrep.

1. MNpeaBapurennHsie 3aMeuanuss. Ilycto f(X) — HempepbiBHAas
(yHKuHst BOJIM3H JeACTBHTENBbHOA OCH KOMIVIEKCHOH X-MJOCKOCTH;
TOr'ia

. - f(x)ydx 3 f(x)ydx |
ll_)n(l, x — g + x-+ie |
oco—ie P , ccd-ie , . ,
= lim Iedmar o [ [=iad g8
€20 _o-te —odie

dTo o3Hauaer, 4TO AJf YyCTPaHeHHs ONACHOTO 3HaMeHaTelss X B
OKpecTHOCTH ToukH x=0 Mu 6epeM cpeiHee 3HaueHHe ABYX HHTe-
rpajioB, B3ATHX 1O KOHTYDPaM, OZMH M3 KOTODHIX MPOXOZHT He-
CKOJIBKO BhIIlE, & LPYrodl — HECKOJNbKO HUXKe JeHCTBUTEJbHOH OCH.
Ho 3t0 ecTb B TOUHOCTH onpegeseHue IJ1aBHOMO 3HAYeHHs HHTerpa-
Ja, Mo3TOMY

tim [ [LASE 4 (IO _op [LB ge. (4.189)

e->0 X —ie x - ie

Tak kak f(x) npouzBoabHa, TO _
1 1 p
—r x T ie =27

(4.183)

B kauectse CACAYIOWICTO WWara OueHHM Pa3HOCThb

lim | [ LD f"‘)""]=§f§:‘) dx = 2mif (0). (4.184)

20 X—ic x —+ie

3aech mocaegHUi UHTErpaJ NpeACTaBJAAeT co60f KOHTYPHHIH HHTer-
PaJ o OKpYXXHOCTH C pafiiycoM & H 1eHTpoM B Touke x=0. Onarb-
Tak{l B CHJY NPOM3BOJIBHOCTH [(X) HMeeM

1 1 )
F—Fk T xFR = 2nid (x). (4.185)
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KoMmGunupys pasenctsa (4.183) u (4.185), naiizem mas pgeiicTeu-
TeJbHBIX 3HAYEHHH X
1 P _ .
Yt — x F ind (X). (4186)
ItH QOPMYJE  SBJIAIOTCS OCHOBHBIMM B JIHCMEPCHOHHON TeOpHH.
[NpeanonoxuM Tenepb, uto QyHKUUA f(Z) KOMMJIEKCHOro mnepemeH-
HOTO 2 aHaJUTHYHA B BepXHefl MOJYMJIOCKOCTH, H BO3bMEM
HHTerpal
[(z)az (4.187)

Z2—a

N0 KOHTYpY, NMOKa3aHHOMY Ha ¢ur. 34.

ﬂeﬁcmauinenw
Has acb
¢ ur. 34. KoHTyp HHTErpHpOBaHHs, HC-
NOMb3YEMBbIi TIpDH BHIBOJAE INCIEPCHOHHOTO
COOTHOINeHus Jjas QYHKUHH f (2).

Ecin a JexurT B BepxHell MNOJYMJIOCKOCTH, TO, MO TeopeMe
Kowu, s10T MuTerpan Gyaer paseH 2mif(a). Ecau xe, kpoMe Toro,
byHkuna f(2) nocTaTouHO OLICTPO yObLIBAeT HA GECKOHEYHOCTH, TaK
YTO BKJAal OT WHTETPHPOBAHHS IO MOJYOKDYXKHOCTH HEOTPaHHYEH-
HOTO pajHyca Hcue3aeT, TO Mbl NOJYYHM JaJjee

(o]

onif(@)= [ %L ax.
3amenuB Tenepb & Ha Z, UMeeM:
onif ()= [ LEL ax. (4.188)

Ecaun nogoxute Imz=-¢, rge e&—O0ecKOHEUYHO MaJasf BeJu-
4HHa, TO ©

. , F(xydx’
l‘;‘gf(x*‘”’)—mm_{om—

=%[Pff—§:%)f,—+inf(x)].
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HJINu

o0
f(x')dx’
X' —x

Fr)=— P . (4.189)

-0

[lonarasi, HaKoHel,
f(x)=Ref(x)+ilmf(x)

B Gepsi NefCTBHTe/bLHYIO YacTb BbILIENPHBEJEHHOTO HHTErpafa, Mbl
MPUXOJAHM K TaK Ha3biBAEMOMY <«AHCIEPCHOHHOMY COOTHOLIEHHIO»:

Ref(x)=2 [ 12L& gy, (4.190)

Bemuuunel Ref u Imf Ha3blBaloT cOOTBETCTBEHHO AMCIIEPCHBHOM
# a6copGuHOHHOH yacTsaMH GyHKuHM . Bo MHOTHX cayyassx aMmJin-
TYIH paccesiHUs, ecJAH HX paccMaTpuBaTh Kak (YHKLHM [MOJHOH
SHEPrHH CHCTeMbl, MNepefayn HMIyJabca ¥ T. A., YIOBJIETBOPSIOT
AHCIEPCHOHHBIM  COOTHouleHHsIM. [lo-BHAHMOMY, J0Ka3aTelbCTBO
AHAJUTHYHOCTH aAMILIMTYI JOJIKHO CYLIeCTBEHHBIM o6pa3zom omu-
paTbcs Ha yc/10BHe NMPHYHHHOCTH, JAPY-
FHMH CJIOBaMH, aHaJHUTHYECKHe CBOH-
cTBa (DUBHYECKHX aMILIATY] W ycaoBue A A
APHYAHHOCTH TeCHO CBf3AHBI MEXIY
co6oii. -

2. Kpoccunr-cummeTpust ajs 6oso-
HoB. BosbmeM (efiHMaHOBCKYIO 1H-
arpamMMy paccessHHs Me30Ha Ha HYy-
KJIOHE M [OMEHseM MecTaMu JHHHH
Nanapouiero H pacceAsHHOrO ME30HOB, <& yr, 35. Iise deiiumMaHOBCKNE
KaK 3TO nokasaHo Ha ¢wur. 35. B pe- auarpaMmsl Hu3Iero mopsika
3yJbrare nojayyaercs guarpamma, Ko- ﬁﬂf:{ gg“ﬂ%*;ﬂgggo:ﬂggg a;’:;;:::
TOpasg CHOBa ONWCHIBAET paccesiHHe o KPOCCHHF_&MM&W&
Me3oHa Ha Hykjaose. CienoBaTtesbHO,
€c/H YKA3aHHYI0 3aMeHy NPOH3BECTH
B pajae Bcex amarpamm PellHMaHa, TO psan He H3MeHHTCH. IJToT
¢akrt npeacrasaser coGofi HeKOTOPOro poja MPHHUMI CHMMETPHH,
KOTOpOMY JO/IKHbl YJIOBJETBOPATh MaTpHuHble 37aeMeHTH. Ha
A3bIKE MaTPHYHBIX 3JIeMEHTOB ONHMCaHHas fepecTaHOBKa MpencTas-
Jsercs 3aMeHOH BHaa

't e~ " (4.191)

B O/IHOMe30OHHHIX BOJHOBHX OGyuruusax. Jlpyrumu caosami,
g, = —9 (4.192)
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[1pu yuete 3apsL0OBbIX HHIEKCOB Hallla nepecTaHOBKa o6o6liaercd:
-—
(91 ) (—9q, B)- (4.193)
D710 CBOHCTBO CHMMETPHH M Ha3BIBAETCA KPOCCHHTr-cMMMeTpueil. Io-
Bops 6GoJee TOYHO, MaTpHuHblil 371eMeHT My, BLIPAKeHHBIH uepes
Pi Ps, gi M Gy, LOJNKEH YAOBJETBOPSATH COOTHOLIEHHIO

M(p:, pr 91 & 95 BY=W|(p;, Py —qp By —q;» v). (4.199)

Mel BEIBeTH 3TO cOOTHOLIEHHe M3 Fpaduueckux cooGpaxeHuil, HO B
HAEHCTBHTENLHOCTH OHO MMeeT Gosee IMyGOKHfi (Qu3HUecKHfI CMBICI.
Uto6m y6efuThess B 3TOM, PacCMOTPUM CHCTeMy, BKJIOUAIOILYIO 7

AMOHOB: (g1, ¢4), ... (qn, Gn). MaTpuuHbll 3jeMeHT mepexojga U3
3TOTO COCTOSIHHS B HeKOTOpOE ApPYyroe cocTositHHE — 0603HAYHM €ero
kak M (f; g1, @1 ,..., Gn, 0n) — HONKEH ObITH CHMMETPHUHON (YHK-

uvet (qy, o), (g2, 02), HOCKOABKY THOHBEI MOJYMHSAIOTCA CTATHCTHKE
bBoze. [lpuMenum 3ary ugeio xk Gojee o6leMy cayyailo, HMEHHO K
peakuuu BHIa

(91 @)+ (g2 a3) —> (g3, @3) + (g4 ©4)

(npennonaraercs, 4To OHa BO3MOXHa). O603HAYNM COOTBETCTRBYIO-
LYo MaTpHUy mepexoja uepes

M (g3 03 go s 15 By G Go)

Ara martpuna AO/MKHA GbITh CHMMETpHYHOH nmo uHgekcam (I, 2) u
(3, 4). Tlonofizem Temepsb K BOTIPOCY C HECKOJbKO MHOH TOUYKH 3pe-
HH$l, NPENINOJIOKHB, UTO Hava/lbHOe COCTOSIHHe COIEPXKHT, KpoMe
ABYX OOGBIYHBIX Me30HOB | H 2, eule OAHH HEOOBIYHBIH Me30H 3, ABH-
XKYWHiica BCNATh BO BpeMeHH. BO3MOXKHOCTL Takoll HHTeprperauun
BOCXOIUT K B3rasaay PeffHMaHa Ha MO3NTPOH: MO3UTPOH €CTb JIEK-
TPOH, ABHXKYILUHIcA BchsiTh BO BpeMeHu». [Ipuuss Ge3 pokasaTedb-
CTBa TAKYIO TOYKY 3PEHHsl, MBI HalLeM, UTO HAuajJbHOe COCTOSIHME
COIEPKHT TPH Me3QHA ¢ HMTYJbcaMu

(g @)y (@2 @)y (— g3 0p)

Kak 3To HW3o6pakeHo Ha ¢wur. 36.

B cuny cratucrukm Bose matpuna I cummerpuusa mo mepe-
YHCJIEHHBIM Bbllle TMEePEeMEeHHHM HJH B OoJee obLieM cayyae mo He-
PEMEHHEBIM

Qv @)y (g2 @)y (— G O3),  (— gy ).

Takum 06pa3oM, KPOCCHHT-CHMMETPUS €CTh [IPOCTO CJIEACTBHE
06061enHol cTaTHcTUKH Bose. OrpannunMmcs 3ameyaHueM, 4To Cy-
HIeCTBYeT CTPOrMfi MaTeMaTHYeCKHH BHIBOA 3TOro pesyabTaTa. Ha
¢ur, 37 rpaduueckn H306pa’keH OKOHYATEJbHbl BBIBOA M3 3THX
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P

paccyxaenufi. CynectByeT, KOHEUHO, BO3MOXKHOCTb PacnpoCTPaHHTb
KPOCCHHI-CHMMETPHIO Ha q)epMHOHI:I nyTeM COOTBETCTBYIOLIETO

3. 4 4

)

1 2 2
a [

Pur. 36, PeilumManoBckasg jAHarpamMMa IHOH-

MIOHHOTO paccesuus (a) K paccesuue THOHOB

Ha NMHOHaX, KOI'Ja OJHH U3 HUX JIBMKETCH BCIATH
BO BpeMeHH (0).

D6odwentan
CMAMUCTIUKA
Bose uau
Kpoccutie-
-cuUmMMempun

dur. 37. Kpoccunr-cuMmeTpust v o6oGuienne cra-
TucTHKH DBo3e Ha caywaft OAHHAKOBHIX WaCTHN,
ABHXYIWIUXCH B OGOHX HANMpABJACHHAX BO BpeMEHH.

\
N

Crmamucmuka —m
boze

Cmemucmuka __,
bosze

06061ienAs craTHCTHKH PepMH, OfHAKO 31ech Mbl 3THM BONPOCOM
3aHuMaTbCsl He Gymem!).

B 3akniouenwe 3amerHM, yTO 4-HMNYJbC ME30HA, ABHXKYIIErocs
BCTISITH BO BPeMEHH, JOJKeH ObiTh paBeH — ¢, a He ¢, AJIsa TOro 4TO-
Obl COXpAHAJNCh SHEPIHsi H HMIYJbC; APYrHMH CJIOBAMH, DaBEHCTBO

- 1t 9:=q31+ 44

) ITo moBoady KpPOCCHHI- cummerpﬂu Aasd Tpouecca (OTOPOXKACHHA MNHOHOR
€M. cTaThio [22), @ TaKuKe [23, 24].
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npefnonaraer, 4To

g1+ g+ (— q3) =g

3. JlucnepcMOHHOe COOTHOWIEHHe AJsi NpocToil Mopeau. Pac-
CMOTpHM paccesHMe MHOHA Ha HYKJIOHe, OGO3HAYUB HMIYJbCHI

=pi, Pr=p2 Gi=¢1 U gy=¢>. 3aKOH COXpaHeHHs 4-UMMyJbca B
smax 0603HaUYEHHAX UMEeT BH]

P+ q1=p2+q,. (4.195)
Kpome TOro, yurem yc/iosHe Ha NOBEPXHOCTH Mace

PAM=pt M=gt@2=g4u2=0. (4.19)

Takum o6pa3zom, U3 veTbipex 4-UMOYJALCOB P1, P2, G4, §2 MOXKHO 06-
pa3oBaTh TOJNBKO 1Ba HE3aBHCHMRLIX CKaJIsipHbIX mpon3BegeHus. Cae-
nys Uy, ToanGeprepy, JIoy u HamGy [25], BBegem B KayecTse He-
33aBHCHMBIX CKaJ/IsipHBIX MTEPEMeHHBIX BeJHUYHHbI

v=—=20 y (4.197)
rae NpHHATH 0603HaYeHHs
P=t(m+p) Q=v@+a) *=-@—q) (4.19)
MoxHO TaKkxe ONpene/uTbh BEJHUHHY
o=v+2, (4.199)

KOTOpasi MMeeT CMBIC/I Haya/lbHOH 3HeprHU NHOHA B Jab6opaTOpHOH
CHCTEME,

[Mpexxae ueM 0GpaTUTLCA K paccesHHi0 peaJbHEIX MHOHOB Ha
HYKJOHAX, PacCMOTPHM yNpOLIEHHYI0 MOAE/]b, HMEHHO, B3aHMOAEil-
CTBHEe MeX]Jy CKaJsapHHM HefTpaJbHBIM MHOHOM H CKaJspPHLHIM HY-
kaodoM. B atoii mMopmenu

S == g0*Dy. (4.200)

Uto6sl Haitd o6O3HaveHHs] Obin GJaMKe K 00O3HAaUEHHSIM, NIPHHSA-
TBIM B OPHTHHAJbHBIX CTaThsX, ONpefeJHM aMIIHTYLYy pacCesHHA
HECKOJIBKO HHaue, yeM 3TO [€Jaj0Ch HaMH paHblle:
S|iy=06,—i@n)d*(P; —P)) ——r——r""
(fl I ) fi ( ) ( f L) V'le V2‘92 VQEl VQEz

Ecau, xpoMe TOTO, NOJIOXHTE HOPMHPOBOUHHIK ofbeM V=1, TO
CBA3b MEXJAY MaTpHYHEMU 3jemeHtamu 1, u £, Oyaner onpe-
JeISAThCH COOTHOLIEHHEM

@ T = V10 Bty (V =1), (4.202)

(4.201)
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rje
=0y 9=(9)e Ei=(p)y E;=(ps)o (4.203)

Hcno/ib3ayd NPHHATYI0O HOPMHPOBKY V=1, 1js MaTpu4HOro 3Je-
MEHTa BTOPOTO NOpsijKa MoJydaeM:

e—tq,x e—ipgx

G159 iy (= ipgt [ dix [ty [ S A e — g M)XK

elry gl plax  p—ipt 0 elry =it
e —————A —_y, M) — ——n-| =
X V2El V?ﬁ)l VQ(JJ] V?Eg F(x y ) QE] VQ(DZ ]
O
= - 4 '64 P —_— —_—, .
(2n)! 04 (P —Py) Tesr (4.204)

[TpoucxoxaeHue ABYX Cnafaembx B Qopmyne (4.204) wenocpen-
creeHHO sacHo u3 ¢ur. 38. Caeno- Py
BaTENLHO, P

1 A q; } %
Q) e 2 =
10 =—g| Gy + / z
1
+ (p '—‘12)2'{‘M2]' (4'205) z

3amichiBas 3TO BhIPAXKeHHe yepe3

vaBapHanTh (4.197), nainem Y v
2 1 1
(L) 4
r®= QM[‘VB—‘V__l_VB-{—‘V]' P % s
]
(4.206) ’
rie . ®ur. 38. PefinMaHOBCKHE AUArpaM-
2 MBI /LIS PACCESHHS NMMOMOB HA HYK-
Vp=— _QMW — —?W- . (4.207)  nomax B 60OPHOBCKOM NMPHOMMKCHHH.

[Tpexpae Bcero MpoBepHM, BBINMOJHsETCS JH KPOCCHHF-CHMMETDHS.
Amnautyna T@ ponx#aa GHTh HHBAPHAHTHOH OTHOCHTE/NILHO mpe-

o6pa3oBaHUs
h1 & — 9 (4.208)
KOoTopoe BJjieveT 3a cobofi mpeobpasoBanue
PP, Q—>—Q, n—>xn (4.209)
H, CJeNO0BATEJbHO,
vV —v, %n->nl (4.210)

Bripaxkenne (4.206), HeCOMHEHHO, siBAsieTCs uyeTHOH (yHKUHeH v,
TaK yTO KPOCCHHF-CHMMETpHsi NefiCTBHTENbHO HMeeT MecTo. PyHK-
wig T ecth aHanuTHYeCKass QYHKUHS vV B MIOCKQCTH C Pa3pe3oM H
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YIOBJETBOPSIET AHCIEPCHOHHOMY COOTHOLIEHHIO

‘Re T (v, u2)=-—7;4—( 1 -+ szi-v)+

+§-J‘MHmﬂ%WWVLV+VLJ.GmU

n-(w*/M)

M3 storo coornouwenus sacuo, uto T — uyerHas ¢yHKumsa v. 37echb
noa g chaelyer NMOHHWMATh NEPEHOPMHPOBAHHYIO KOHCTAHTY CBA3H.

) P
p; + M =0 A
9,
}k 1
2
a’+ p = q .
3
4
) q;
2 _
pp+M=0 P
$ur. 39. Peiiumanosckan $ur. 40. Tunuunas
AdarpamMma,  COOTBETCTBYIO- IuarpaMMa 4eTBepToro
mas IHOH-HYKIOHHOR Bep- nopsiika Ajs pacces-
mvue. [lepeHopMHpOBaHHas HUSl TIHOHOB Ha HYKJO-
- KOHCTauTa CBA3H paBHa 3Ha- Hax.

YeHHI0 BEPHIHHHOM (YHKUHH,
KOrja BCe YacTHUbl B3ATH
Ha MOBEPXHOCTH MAcc.

B nmucnepcuoHHO#l Teopunm g onpefesiseTcs KaK 3HaueHHe BeplIMH-
HOH yacTH, KOTopas MOKa3aHa Ha ¢wur. 39, npu ycnosuu, uTo Bce
YaCTHUH B3sITEI Ha NMOBepPXHOCTH Macc. lokasaTedbCTBO STOrO JHC-
NepPCHOHHOTO COOTHOLIEHHs Ja/leKO He [POCTO; YAOBJETBOPHMCSA
TeM, YTO NPOBepHM €ro cnpapelJIMBOCTb [Jsi THHHYHON AHATPAMMEL
yetTBepToro mopsaaka (¢ur. 40). Bxkaag 3Toll amarpamMe B
S-MaTpHlly Haercsi BbpaXKeHHeM

(g [t .t (S22 A — 1) Ay (1, 2) X

eip,)a ) e—“hx" e"hv\’a

Kb e =535 ) Voo Ve

MW%WWMW



$ 9. Hucnepcuonnsie CooTHOMERUA O NUON-RYKAOHHO20 pacteanus 159

rne Ar # Dp— QyHKUNE pacnpOocTpaHeHHs 18 HYKJAOHA B JJ4
nuona cooTeerctrenHo. [loacraBass B (4.212) dypbe-o6passl sTHX
byHKuui, HalgeMm

igt
N AT (e Ly DN (L e D (e ey e
(4.213)

roe W=pi+qi=p:+g>— nonnnit 4-umnyabc cucteMmb. Jlokasa-
Te/BCTBO TOIO, UTO 3TA AMIVIHTYA YAOBJETBOPAET AHCHEPCHOHHOMY
COOTHOUIEHHIO, He TOTPEOYET BLIMOJHEHHS HHTErPHPOBAHHUS B SIBHOM
pufe. s BhlUMCIeHHs MHTErpasja Mbl HCHOJIb3yeM aBe (OpPMYJH.
[TepBass M3 HUX BHIMJAAUT CJAEAYIOUHM oGpa3oM:

*n-2

X
=(n-——1)!fdx1 fldx2°°' f dxn—lx
0 0 0
1

1

a; ... Qp

X [2n%n—1+ Gn-t Fn-s—Xn-1) + «or +a@ (0 =2’ (4.214)
uJau .,
1 1
1 — G(X—in)
—————a.a" —(n——l)léfa’xl Ofa’x,, ey (4219)

dta dopMmyaa cnpameiqHBa BCIOLY, T/€ 3HaMeHaTelb MHOJBIHTE-
rpaJbHOrO BHIpaXKeHHs He o6palnaerca B Hyab. [IpoBepHTL ee MOXK-
HO MyTEM HenoCPeJCTBEHHOTO HHTEIPHPOBAHHS.

Bropas nHeo6xoaumas dopmyJsia uMeeT BH[

d‘p _ in? i
f T A=E)y 2A—i)’ (4.216)

rie A — gefictBuTeabHaa Begaudusa. [as mokasatenbcrBa 3TOH
GbopmyJbl pacCMOTPUM COOTHOLIEHUE

=) ’ o
fe'i“dx::lim e-tiare)r gp— L
o e>04 i
Orciona s a=p?+ A nafizem
[etesarrdy — pT-f-:AiTz‘s" (4.217)
0
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HJIM TIOCJIe JBYXKPaTHOro AH(¢epeHnnpoBaHus no A

fe )

fx?e‘i(!’”‘\)"dx-—:m%_ﬁy,-. (4.218)
0

Ecan npouHTerpuposaTh o6e YacTH MOCJAEIHEr0 PaBEHCTBA MO Py,
Py Pz U Py, TO CJeBa MOJYYHTCA NMPOH3BEJEHHE TayCCOBHIX HHTE-
rpaJioB, TaK 4TO, BOCIOJNbL30BABIIHCh POPMYJIOH

f e-itx dip="I2 (x>0), (4.219)
MBI TOJYYHM
. R dt
—m20fe‘“\"dx= 20 f?pﬂTAL:is—)S"

YTO M JOKasbiBaeT clpaBelJHBOCTh GopMmyanl (4.216).
C nomousio q)OpMym:I (4 214) MOXHO moKasaTb, 4TO

féf; f ax, f dxzf dxy [d'q = (A . (4.220)

rie (C y4eToM YCJOBHS Ha MOBEPXHOCTH Macc)
A= qg> 4 X0 —2q [(x, — %3) py + (61 — X)) ;2 +

(1 —x) W4 (1 —x) (W2 M), (4.221)
Uro6ul yCTPaHHTL 4JeH, JuHefHn#l no ¢, BBeaeM nMpeobpasoBaHue

g = q —[(xs — %) pi+ (6, — %) p+ (1 — %)) W].
B atux nepeMeHHbIX
A=q" 4 x4 (1 — x,) (W2 M?) —
— [(%p — %3) pr+ (61— x3) po -+ (1 — ) W]

WuTterpuposanue mo ¢ MOXKHO BBIMOJHUTE, HCNOAB3YsA GOPMYJY, KO-
Topasi nmoayuaercss 3 (4.216) mocne guddepenunposanus mno A.
B pesyabrare naiizeM, 4ro

i X Xz
T=-7(-§_;_)4-fdxl fdx2fdx3m—_l—fg)7, (4.222)
FrAe ’ ’ ’
A= g2 4 (1 — ) (W2 M) —
— [t — X3) oy (X, — x2) py - (1 — ) WP (4.223)
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Mcnoab3yss yCJAOBHS Ha MOBEPXHOCTA Macc, a Takxe QopMyant
W?=(P + Qf = — (M’ + - 2Mo),
W = p,W = — (M + Ma),
pipy=— (M? 4227,

BhIPaXKeHHE sl A MOXKHO NPHBECTH K BHAY
A= x5 — (1 — )] 2+ (1 — x)P M-
+ 4 (xy — x3) (] — x) w0 — 2x, (1 —x)) Mo, (4.224)

Caejl0BaTeqbHO, NPH QHKCHPOBAHHOM %? BelMunHy T MOXKHO Tpel-
CTaBHTb CJAEAYIOIHM 06pa3oM:

T:f O, w)do’ (4.2925)

(0" — o — ie)?

B sTOM BRIpaXeHUH

1 X Xg
N o Ty ¥
0o/, %) =— g [ dx, [ @ [ dx prr—symp X
0 0 0

s (s —x (L= 1)) p2 4 (1 — xg)2iM? 1 4 (x5 — Xg) (%) — %) %2
Xé[m_ : l l Qxa(ls"xl)M 2 = J'

(4.226)

4 HWKHWIA npefes UHTEFPHPOBAHHA @ €CTh MHHHMAaJbHOE 3HAUEHHE
BeJHUHHBI . SCHO, uTo ¢ — HeHCTBUTE/bHAA BEJAHUWHA, JaJjee, 13
(4.225) caeayert, uto T aHanWTHYHA B BEPXHeil MOJYNJIOCKOCTH KOM-
MJIEKCHOrO MEePEMEHHOr0 @ W TO3TOMY Y/AOBJIETBOPSET AHCIEPCHOH-
1IOMY COOTHOLIEHHIO

Im T (o, #2). (4.227)

[ee]

7

ReT(m’ x?):_:i f m’di)—m
a

Taxum o6pa3oM, 3afiaua CBOAMTCSA K ONpeIENeHHI0 HHXKHEro mpeje-
Ja HHTerpupoBaHus. Mbl nokameM, uTo a=Min o’ =p. Uro6b MH-
HHMH3NPOBATh ®, HYXKHO NMOJOXKUTb x*==0, MOCKO/JbKY W3 aHaJ/H3a
aprymenta 8-pyHkumuu, sxoasuefi B (4.226), acHo, uto o’ — BO3pa-
cratomas dynxkuns % Hrak,

L [(xs—x (L —x))u2 (1 — x3)® M2
a = Min [ o= C o2l =5 | @

11 K. Haumaxnma
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NpHYeM MHHUMYM cJelyer HcKaTb B obaactd I > X, > x3; >0
(dur. 41). HerpyaHo BHAETh, 4TO MHHMMAJbLHOE 3HAYEHHE €rO Jeii-
CTBUTEJ/IbHO pPaBHO W H OOCTHTaeTcCd MpHy

(4.229)

x1=xs=—m.

Takum o6pasom, mbl nosyuaem:

Re T (o, M2)=_§ fd('),l—m‘g/(—i‘,};l-
n

z, (4.230)

[Mepexons B 2TOM BLIpaxeHHW K me-
pemenHO# v, TpHBeseM ero K BHLY

M 1
M+yu

Pur. 41. Tpeyroavnaa o6-
JACTb ~ WUHTErPHPOBAHHA HO ’ .
napamerpam Peiinmana x; u Re T (v, #?) = il av’ M,
x3 opH x2 =0, H TOuKa, CO- n . vi—v
OTBETCTBYIOIIAs MUHUMYMY @. (/M) (4.231)

rae Im T (v/, #?) onpenesnena yxe Tonbko npu v/ >p — (x2/M).

Ecau teneps, BBeCTH AuarpaMMy, NepPeKPeCTHYIO N0 OTHOLIEHHIO
kK auarpamme ¢ur. 40, To ee BKJAAL B [JUCIEPCHOHHBIH HHTErpaJ
MOXHO NOJYYHTb M3 NpeABIAYllero BbIpaKeHus, cAe/laB B HEM 3a-
Meny v—>—v. Cie1oBaTe/NbHO, CyMMa BKJIAAOB nNpsaMoli U mepekpect-
HOW AHarpaMM JlaeTcs BbIPa’KeHHeEM

ReT(v, W)=2 [ avImT(, ) (v—‘_—v 1+ 7%) (4.232)
®YM '

n—( )

TeM caMblM [10Ka3aHO, YTO aAMIJIHTYAbl, COOTBETCTBYIOLIME THMHY-
HbLIM JIHarpaMMaM uYe1BepTOro NOpsiiKa, AeldcTBHTeNbHO YROBJETBO-
PAIOT LHCTEPCHOHHbIM CcoOTHoWeuusiM. Hapsay ¢ auarpammamuy,
pacCMOTDCHHBIMH BbILLE, CYWECTBYIOT H ADYTrHe AHArpaMMbl uerT-
BEepPTOro MOPS/JKA; BKJIAaZ HX B aMIUIHTYLy paccesHUs Mbl M3YUHM
B § 12 270t rsaBel B CBSI3M C nepenopMupOBKOf. 3alerasi Blepeln,
XoTesoch Obl OTMETUTH TOT akT, YTO PAaCcXOLHMOCTH, BHYTpeHHE
npucyiiue teopun Pelinmana — Jlalicona, He NOSBISIOTCA NPH IHC-
ePCHOHHOM NOAXOZe; B § 12 Mbl H3YuuM TOT TOHKHH MEXaHH3M,
KOTOPHIH YCTPaHSET PacXOLHWMOCTH B AHCHNEPCHOHHOH TeOpHH.

4. JiMcniepcvoHtble COOTHOWIEHHS [Js NHOH-HYKJOHHOrO pac-
cestHust. Mbl 104kHb 0000IHTE AMCNEPCHOHHOE COOTHOLIeHue, pac-
CMOTpeHIioe BbIlIEe, Ha cnyqaﬁ pacce;muﬁ peanbﬂux [MTAOHOB H HYy-
'KJIOHOB C YUeTOM KMHEMAaTHUECKHX YCJAOKHEHHH, Bbi3BAHHLIX CIIHHOM
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HYKJIOHa H H3O0CIHHOM. DTO Henaercs Ha OCHOBe cjeymouiero ornpe-
neJieHuss MaTpHIb! T kak MaTpPHUIbl B COIMHOPHOM MNPOCTPaAHCTBE:

) = ()4 o4 (P, — P,y e T (p)
(FIS|iy==08,—i(2n)'6*(P,—P) e e (4.233)
rfe U — IHPAKOBCKHA CIMHOD € HOpMHUpOBKo#H u*(p)u(p)=1. Uy,
ToaaGeprep, Jloy u Ham8y [25] ncrnonb3oBann ApPyryio HOpMHPOB-
Ky, a(p)u(p)=1, ogHako panu coxXpaHeHHs efHHOOBpasus c mpe-
IObIAYILAMH BBIUHCJAEHHMH MBI He OyjeMm nepexoautb K Heil. YUro
Ke KacaeTCsl BbIPAXKeHHs NJis MaTpulbl T, TO OHO B TOUHOCTH COB-
najgaeT C NPHHATHIM YKa3aHHbIMH aBTopaMu. PasjoXuMm MaTpuuy

T Ha CyMMY HHBApHaHTOB B OOBIYHOM MPOCTPAHCTBE:

T—=—A+iQ-B, (4.234)
a 3aTeM B 3apsi/lOBOM NMPOCTPAHCTBE: .
Tow =03 T -3 [t 7, T (4.235)

rae a U ﬁ—-I/I3OCﬂI/IHOBbIe HHIAEKCHl Majarmoulero u paccesgHHOrn
[NHOHOB COOTBETCTBEHHO. CnenosaTeano, BCEero HUMeETCHA UeTbIpe
HHBapUaHTHbIE aMIIIUTYIbI:

AM, A9, B, B (4.236)
[Ip# KpOCCHHI-CHMMETPHH
WQ—>—ivQ,  [vp T]>— [t ) (4.237)
103TOMY CHMMeTpHs MaTpulel T Bjeder 3a coGoH CHMMETDHIO
A A A(_)—>——A(—),
’ (4.238)

BH)—)—BH), B(—)__)B(—)_

CaenoBarteabno, aMmmautyasl A® u BO) cytb ueTHble QyHKUHH v, a
aMnauTyas AC) u B® — HeueTHble (QYHKLIUH v.

JLUCepPCHOHHBIE COSTHOLICHHS /IS 3THX UeThIPeX aMILIUTY/
HMEIOT BUJ

[ee)

Re A™(v, %2)2—5— f av'im A* (v, %) X

b= (%3 M) !
X(v — —m)_. (4.239)
(= y G2 1 _ 1
Re 5 )(V’M)—_W<VB———V + v3+v)+
+§— f av' Im B (v, %2)(\7 — F -;r_lﬁ) (4.240)

n— (M)

1
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Mbl npuBoauM ux Ge3 noKa3aTe/ibcTBa. Hanuuue GOPHOBCKOTO uie-
wa') y B® u ero orcyrcrsue y A& cornacyiorcs ¢ pesyJbTaTaMH
Teopuu BoaMyuleHHil. Hakonell, npuseneM COOTHoHIeliHe, CBA3bIBAIO-
wee ammautyas 7 u M B atom cayuae. [Ipexne Bcero umeem

) — 1) — 1 E(1”2) Tu(p) — 67 — (977)3

(V= 1) = (@ ST 91, (V = (2)
My, = V(’)l(’)ZE £y £y (V= (2n)),

109TOMY

1 —_— o—— ——
My = PIva VE, VE,u(py) Tu(py)- (4.241)

WMuorga Bmecro amnautyx A u B ynoGHee paccmMaTpuBaTh cJe-
AyoUylo uXx KoMOuHAIlHIO:

CH (v, 8= A® (v, %) 4 vBE ) (v, #). (4.242)

[Ipeanonaras, uro ammautyga C ucue3aeT Ha OeCKOHEYHOCTH,
nHafinem

G2 1 1
Re €0 ) =gy (=% * w39V F
) 2M \ v, —v + Vv

+§ fdv'lmC(*)(V/' %2)(v’ivi71T;).

(4.243)
n-— (M)

OnHako Tenepb NHCNEPCHOHHBIN HHTErpad MOXeET oKasaTbcs pac-
XOAAUIAMCS H3-32a HaJTHUHA MHOXKHTeAs v B (4.242); uroOm npu-
RaTb TPHBeAEHHOMY BbLIPAXKEHHIO CMBbICJA, HEOOXOAUMO HCIO/b30-
BaTb MpOIEAYDPY «BbIUHTAHHA», T. €. 3anucaTb AUCIEPCHOHHbIE CO-
OTHOLIEHMS /s pa3JHYHbIX 3HAaYeHHH v, CKaXKeM vy U v, a 3aTeM
B3ATb HX pasHocTb., CxoNUMOCTb NUCIEPCHOHHOTO HHTErpana s
pasHocTH

Re C'=)(v,, #%) —Re C'*'(vy, «%)

OKa3bIBAETCH YAYullleHHOH. DTOT BONPOC Mbl 0OCYAHM B CleNYIOLIEM
naparpade.

§ 10. Cpagrenue Oucnepcuonnbix cOOMHOWEHIE
C 3KCNEePUMEHMOM

B npenbinyuieM naparpadpe Mbl MOJYYHJIH HHCMNEPCHOHHBlE CO-
OTHOLIEHHS A/ MHOH-HYKJOHHOTO paccesiHusl; Tenepb HaM mpej-
CTOMT 3aHATbCS BOMPOCOM CpPaBHEHHS IHCHEPCHOHHLIX COOTHOLIE-
HUA ¢ 9KCIIEPUMEHTOM.

1) Yawe ero Ha3bIBAKT «UIOMOCHHIM uieHom». — llpum. nepes.



§ 10. Cpasnenue OucnepCuoHHbLX COOTHOULEHUI € IKCHMEPUMEHTOM 165

1. Hedusuueckas o6nactb, M3 KHHeMaTHKH paccesiHHUst NHOHOB
Ha HYKJ/IOHaX BblTeKaeT, 4TO

- M(@—p) "
q? W oMa (4.244)
wt == qt 22050 (4.245)

rie q — UMIYJAbC [HOHA, a O — yroa paccesHus B CHCTeMe ([eH«
tpa Macc. M3 HepaBsenctBa q?2>x? umeem

M2 (02 — 2

i (4.246)
DTOMY YCJAOBHIO AOJKEH YNOBJNETBOPATh pPealbHblil mpollecc pac-
cesTHHs NHOHOB Ha HYKAoHax. HO W3 nucnepcHoHHBIX HHTerpafos
B coorHoulenusx (4.239) u (4.240) BuxHO, yTO HEOGXOLMMO 3HATH
aMOJIHTYABl TakXe W B 00JacTd, Toe 3TO YCJAOBHE He BbINOJHEHO.
DTou ecTh Tak Ha3biBaeMas Hedusuueckas obnacts. Hanpumep, Hyx-
HO 3HATh MHUMYIO Y4acTb aMIJIMTYAL s 3HAueHui vzp — (x2/M)
WK 02|, HO ecan ®2>0, To m=y yxe nonanaer B HedH3HYECKYHO
06/1aCTh.

IMockoabky #? — dbuxkcHpoBaHHBII napametp, nojtoxum x2=0,
tak utoObl unedusnueckas obaactb orcyrcrBoBana. Ho npu %?=0
okasbiBaeTcst 0=0, u Mbl, TakuiM oOpa3oM, MoJyuyaeM paccesHHe
Bllepen, NMPHUEM 3HAUCHHS V>U WJIH @ >U COOTBETCTBYIOT (Qu3Hue-
CKOMY pacCesHHIO.

2. JlucnepcHoHHble COOTHOLIEHMS AJsi paccesiHus Bnepen. Eciu
nonoxuth u2=0, TO NHCNEPCHOHHBIE COOTHOUIEHHS IJS aMIIHTYL
C#) npUHHAMAIOT BHI

Re C"”(V)-—'QG—/;V(———1 T ——VO_IH)—F

Vo — v

+’§ fdvllm Cc*=(v) (v,_l_v + v,—_l{_v-) —+ «Burunranue», (4.247)
; ‘

rne vo=-—u2/2M. llpu »?*=0 BenuuuHa v=w Mnpeacras/isger sHep-
ruto nuona B jgabopatopHoil cucreme. B coortnowrennu (4.247) mul
Npou3BeneM BBIUHTAHHE aMIUIUTYAbI, COOTBETCTBYIOWell nopory pac-
CesTHUS ®==I. DTO JaeT:

Re C'*(0) —Re C¥' () =
P e 1 2(m2
W G T QY +

X J do/ —2 lmC”’(u)') @-.248)
_m

—n2
u)X

(0 —0?) (" —u2) "
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rae [=(u/2M) G — tak nasbiBaeMas KOHCTAHTa MCeBIOBEKTOPHO!
cBsizy. C ouubOKoii ne GoJiee OJHOrO NPOUEHTA NMOCAENHHI MHOXH-
TeJb B OOPHOBCKOM YJieHe MOXHO MOJIOXHTb PAaBHBIM eqHHUIE:

1~ .

Yrto6bl MONYYHTH RUCNEPCHOHHOE COOTHOIUEHHE IASl aMIJIUTYMAbI
CO), HeoGxomuMbl HeGOJbIIME H3MEHEHHs: HMeHHO, BMecto CO)(w)
Mbl paccmorpuM BenndHHy CO)(w)/®, 4eTHYIO MO ® H KOHEYHYIO
npu ©=0. Ias 270l BeJHUHHB AHCNEPCHOHHOE COOTHOLIeHYe Oe3
BBIYUTAHUH HMeeT BHI

Re C-) (@) 2f2 2 - , Im ) (@)
® T (ur2M)? — e + n fdﬁ) —w? (4.249)

ITpu onHOM BHIUHTaHHM TOJYUHM

Re C" (@) — T"j— Re C)(w) =

— of2 ® (02 —n?
o e —Garmy e — Gy +

—uny e 1 C) (@
e [ @) (4.950)
w

(0" — o) (@ —pu2)

[ocaennuit MHoxuteab B GOPHOBCKOM u/ieHE CHOBA MOXHO amnpo-
KCHMHPOBaTD:
2 \2 2
2 [ —_ 2 u ~
k ”‘(QM) =Hu [1 —(2M\) ]“’“2‘

3. IlpuMeHenne onTHyeckoil Teopembl. 3abymeM cHauasna o6
H30CNHHOBOH 3aBUCHMOCTH H paCCMOTpHM npouece 70— p—> p- o,
octasus toabko ammantyny C™. Torsma us onrtuueckoit Teopemsl
BBITEKAET, YTO

8 . E-
Onoan = — - Im My =— 2 2 (p)(m T)z(p),  (4.251)

rne E= p,— 3Heprus HykJoHa-Mullend. B ciyuae Henoaspu-
30BaHHOTO HYKJOHa CJACAYEeT YCpeNHWTb MO OPUEHTALUSIM CHHAHa:

lz(P)(—A-l-in-B)u(p)—»-;—Sp[( A+ivQ - 3)( lpv+M)]‘_
= (—AM4pQ - B)=—FA+B)=—4C. (425)



§ 10. Cpasnernue OucnepcuoONHbIX COOTHOWEHUD € IKCNEPUMENTOM 167

Orciona
M
Onoan = B Im C. (4253)
B naGoparopHoit cuctreme B=*~kM, rie k — umnyibnc nuona (B Jna-
Gopatoprofi cucTeme); uHaue roBops, w?=p2+ k% U, crenoBaTesLHO,

1.
Opoms = 7 M C. (4.254)
CpaBuuBasi 310 C BblpaXeHHEM
Ouomn = - Im [ (0), (4.255)
MOXCHO OTOMAECTBHTD
C=in % £ (0), (4.256)

rge g — MUMOyJbCc MHOHZ B CHCTEMe TleHTpa HHepluuH. B 3Tom, Ko-
HEUHO, W COCTOMT MPHYHHA TOTO, YTO MPUXOLMTCS PaCCMATPUBATS
amnautyay C.

4. Pasznoxxende amnautyj no usocnuny. OnupelenuM HOBble aM-
nauTyasl C.(®w) paBeHcTBaMu

CP (@)= [C_ (©) +C, @), (4.257)
¢ @ =73[C- @ —C, @) (4.258)
3mech C- n Cy — COOTBETCTBEHHO aMIJIHTYABl MPOIECCOB
T A-p>p+aT
H
ntt+p—>ptat.
C noMoulbIO ONTHUECKOH TeopeMbl NOJNydyaeM
Im C*) (0) = 5 [0 (0) 40, @), (4.259)
Im € (0) =% [o_ (0) — o, (@], (4.260)
a u3 coortuomenus (4.256) BuiTexaer, uTo
Rec<+>(<o)=2n£ Re[f_ (@) +1, @] (4.961)
ReC"” ’(m)—Qn—Re [f- (@ —f, @)] (4.262)

3nech f_(w) u [+(®) — aMIIIHTYAbLl paccesiHHs Brepel COOTBET-
CTBEHHO /18 ®~- W 7W*-Me30HOB Ha mpoTone p (B n1abOPaTOPHOU CH-
CTeMe), H MX MOXHO BbIPa3HuTb yepe3 (a3bl paccesHus.
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Caenys TonnGeprepy, Mussase u Dme [26], o6o3nauum
D. ((0)274—1; ReC. (m):%Re [+ (o). (4.263)

Torna u3 coorwomenuit (4.249), (4.250) u (4.259)—(4.262) nah-
neMm:

2D @+ D, @] —5[D. 4D, (w]=

[£9]

SRR 0o @) b (o)

— an M m2_(“2/2/”)2 + 42 ('!. dk u)’2 o (4264)
1 1
5 [D_(©) =D, @] =35 [D-W—D, (W=

=2 4n pl @2 — (u2/2M)? + 452 ; o’ o — o2 . (4.265)

rfe GBLIO HCHONbL30BAHO PABEHCTBO k' dk = o do'.

KomOunupys mnocCjiefnue paBa paBeHCTBa, noayuyaem OoJee
ynoGubifi A5 CPaBHEHHS C KCMEpPUMEHToM Habop JAHCmepCHOH-
HbBIX COOTHOIIEHHH

D, @=%(1+2)D. W+ (1 —%)D_w+

b () ot e [ [ D] (g6p)

D_(@=%(1+2)D-w—5(1—2)D.w-

b2

- (Bt + [ SR+ 22
u

5. CpaBHenHe c aKCNMepHMeHTOM. B npuBeneHHbIX BhIlIe AMCHEP-
CHOHHBIX COOTHOLIeHUAX 3(QQeKTUBHBIC CeYeHHS 04 H O_ — IKCIEpU-
MEHTaJIbHO H3MepsieMble BeJHUYHMHBL, @ aMILIUTYAbl Do (@) MOXKHO BbI-
pasuth uepe3 ¢aspl paccegHusi. Urtolbl 06/1erYuTb 3TY ONEpanuio,
BEIpa3uM mnpeaBaputeabHo Dy u D_ uyepe3 aMIVIUTYAb paccesHusl
B COCTOSHHAX C 3a/laHHBIM H30CIHHOM: ‘

D, (@ =D (), (4.268)
D_ (0) =+ (2D; (0)+ Ds (0)), (4.269)
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rune
D, (0) = 5’32- (sin 20— 2 sin Qg+ sin Qa4 ...),  (4.270)

D, (0) =

npUYeM IS BHIYHCJAEHHs NpPaBbiX dacTeifl MOCAeNHHX PAaBeHCTB OBLIH
B3AThl JEHCTBUTEJNbHbIE YAaCTH aMIWVIUTVA paccesHus Brepen. UtoObi
BLIUMCJHTL KOHCTAHTH BBHIUMTAHHS, HYXKHO, KPOME TOrO, BOCIOJb30-
BATbCS COOTHOUIEHHSIMH

llm——1+M, lim aq"’ ——cﬂ(h\)

D (4.271)

k>0 q g->0 ue

B pesyabraTe nosyuaem
D, w={Z) (1 + %) e (4.272)
D. (u)——( )(1+M>(%cl—{~%c3). (4.273)

Anpepcon, IsBugon 11 Kpyse [27] npoaHanusupoBany KCrepuMeH-
TaJbHbie JAHHbIE W CPABHUJIH Pe3yAbTAThl aHAIH3a C JUCIEPCHOH-
HbIMH COOTHOIIEeHUAMHU, [Ipu 3TOM IJg AJHH paccesiHUs OHH BoOC-
noJab3osanuch nanHbeiMu Opupa [28]:

ey=—0,11, ¢,=0,16, (4.274)

a A KOHCTAHTH [2 B3sAJMW 3HAUeHHe, CAelyoOllee U3 aHAJTH3a [THOH-
HYKJOHHOTO paccesiHus U (UTOPOXKIEHUS [HOHOB:

L ~o0s. (4.275)

Db dekTHBHbIC CeYeHHST NpPU BBICOKHX 3HEPrHsX OblIH NPHHATH TMO-
cTosHHBIMA U paBHbiMu 30 M6. 3HaveHus amiIuTyn D, mpencka-
3aHHbIE JMCTIEPCHOHHBIMU COOTHOLIEHHSIMH, U pe3yJbTaTh (pa3oBoTro
aHa/in3a, KaK OKasblBaeTcs, OTJHUYHO COBMAjNaloT, ecau Aasa ¢a3
paccesanus B3aTb Habop ¢a3z Pepmu man yaydmenHoidt nabop ¢as
ne Todmana, Merponoauca, Anefis n Bere [29]. Takum obGpasom,
C TIOMOLIBIO JMCMEPCHOHHBIX COOTHOLIEHHH OBbLIO YCTaHOBJEHO CY-
uwecteoBanue (3, 3)-pe3oHaHca u Obl1 OTK/JIOHEH KaK HEMpaBUIbHbIN
nHabop ¢as fAura.

§ 11. Teopus S-mampuubt u OucnepcuoHHble
COOMHOULEHUS

Yenex AMCHEpPCHOHHOTO MOAXOJAa K MHOH-HYKJIOHHOMY pacces-
IO MOBJeK 3a cofoil Gosee cMenble npepnpustus. Ilpexae Bcero
NUCIePCHOHHbIE COOTHOLIEHHs ObI/IM HCMOJb30BaHbI M1 [POBEPKH,
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C OJHOH CTODOHBI, BHYTPEHHEH HeNMPOTHBOPEUHBOCTH 3KCIEPHMEHTOB,
a ¢ JpYrol — HeNPOTHBOPEUUBOCTH OCHOBHBLIX [OCBIIOK TEOPHIL
nossg. [To3nHee BO3HHKJ/A MBICAb BbISICHHTBb, HE/b3s JH HCIOAb30-
BaTb JHCNEPCHOHHbIE COOTHOLIEHHS AJS ONpejeleHus aMIIHTYIL
‘paccesiHusi, MHAue TOBOPS, BbISICHUTb, JOMYCKAaeT JH JAHCIEpCHOH-
Hasi TeOpUs HAHHAMHYECKYIO TPAKTOBKY. DTy HJEI0 Jerue BCEro Io-
HSThb B PaMKax TeODHH BO3MYLIEHHI, MO3TOMY HH)Ke Mbl Oylem
OMHPAaTbCH HA 3Ty TEOPHIO.

1. Ycaosue yHurapHoctd. [lsis mojiHoro omnpejesedus S-matpu-
Ubl OOHUX MJHUCHEPCHOHHBIX COOTHOUIEHHH HENOCTATOUHO, HYXHO
BOCNO/Ab30BAaTbC APYIMMH e€e CBofiCTBaMH, HAaNpUMep YHHUTap-
HOCTbIO. YCJIOBHE YHHTAPHOCTH, BBbIPAXKEHHOE C MNOMOLIbI0 MAaTpH-
Ibl f, TJ1ACHT:

letbaz—gt;}nél;(l)n“’[)a) tnm Pa"——_Pb (4276)

[cm. dopmyny (4.134)]. 3mecy Im ¢ npencraBasier aHTU3PMUTOBY
yacTb MaTpuubl f. M3 coobOpakeHuil npocToTel Mbl Oynem paccMa-
TPUBATb TOJbKO YNPYTHH KaHaJs paccesinus. Torpa ecian { H3BeCTHO
IO n-ro nopsamka no KoHcraute cBsisn G2 (¢ ToyHocTbio mo (2%),
yclA0BHe YHHUTApHOCTH onpelenser Imi¢ no nopsaka Gr+h, g
JUCNEePCHOHHOE COOTHOLUEHHE JAaeT BO3MOXHOCTb nNo Imf{ BbIuMc-
Jutb Re! B ToM ke mopsake G2n+D uro u nopspok Im ¢ Takum
ofpa3oM, ecan { M3BECTHO B HaWHH3IIeM MNOPsIAKEe HJAH €CaH H3-
BecTHO GopHOBCKoe npubaMKeHHe O {, TO Mbl MOXeM [OCJe0-
BATEJNbHO BOCCTAHOBHTb BCE WYJEHBbl BBHICHIHX NOPsiaAKoB. [lpouiio-
CTPHpYeM 3TY HIeEI0 HAa yXKe pacCMATPUBABLIEHCS PaHee YIIPOIIEHHOT
MOJeJH IHOH-HYKJOHHOH CHCTEMbI, HMEHHO Ha B3aUMOLEHCTBHU
3apsIKEHHOTO CKAaJsipHOTO HYKJIOHA M HEHTPaJbHOTO CKAaJsIpHOTO
Me30Ha,

Ecau nonoxuts V=1, To B npubinxKeHnu ynpyroro paccesHus
YCJIOBHE YHMTAPDHOCTH AJII MaTpHibl ! MPHHUMAET BUJ

3 3
1m tyy = — [ Ela [ L0 (P, — Py bty (4277)

npuueM P,=P,. B kavecTBe c/lenymoollero mara BBeleM, Kak U pa-
nee [cp. ¢ (4.202)], martpuuy T:

@)t T, =V 160,0,E E, £, (4.278)
H 3andilleM AJ9 HEE YCJIOBHE YHHTAPHOCTH
1 d? a? i
Im Ty = — s f = f m;’" 8 (Py—Pi)T},Twi. (4.279)

B srofi nmpocroii monenu
Tia=Tuw u Th="Tsn (4.280)
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3aMeTuM, 4TO [Jisl PeaJbHOH MNMOH-HYKJIOHHOH CHCTeMBl YCJOBHE
YHHTAPHOCTH IJ1aCHT:

1 dép, diq, .
Im Tft = T 3n? f EI: f G)Z 64 (Pn ”“Pi) T}ﬂ (_ IPaY +M) Tnl’
(4.281)

roe Im T=—ImA-+4ivQImB, a Goaee TOUHO CJAEAOBANO Ohl
sanucats Im7 u T'T kak

Im T ~ TP o7,
Im 76 ~ T(—)*T(+)+ T(+)*T(—)+ T(—)*T(—)’

npuyeM 37ech BBINOMHEHO DPa3joXKeHHe NO H3ocnuHy. Beanuunn
TH42TC) u TH — TO) npepcTaBAsiOT aMIVIMTYABI PAacCestHUsi B €O-
crosHusx ¢ I=1y, u I=3/y coorsercreenno. Caenosano Obl 3amnmu-
CaTb ABa Pa3/IMYHBIX YCJAOBHS YHUTApPHOCTH AJS1 9THX aMIAHTY], HO
B JHCHEPCHOHHBIX COOTHOLIEHHSIX OHH BC€ PaBHO CBS3aHbBl JAPYT
C APYrom.

OGpamasicc CHOBa K paccMaTpuBaeMoil MoOneau, 32MeTHM, UTD
Halla 3ajaua — CBA3aTb YCJAOBHE YHUTapPHOCTH ansi T-marpuusl ¢
LHUCMEPCHOHHBIM cooTHouleHueM. Ilycrb 3To ynanoch chenatb, DTo
Oyner 03HauaTb, YTO TMOJYYEHO HHTErPajbHOE YDaBHEHHE [/ aM-
MIHTYObl paccesiHusi T JMIIb M3 OCHOBHBIX CBOIICTB S-MaTPHILbL,
TaKuX, KaK 1) JopeHI-HHBAapHAHTHOCTb, 2) YHHTapHOCTb, 3) KpOC-
CUHT-cUMMeTpHus ¥ 4)  aHaautuyHOoCcTh, OTClOfa ClelyeT BHIBOX, 4TO
Mepeyuc/IeHHbIX Bbllle KHHEMATHYECKUX CBOMCTB S-MaTpulpl ROCTa-
TOYHO, MO KpaiHel# Mepe B NPHOJMKEHUH YNPYFOro paccesHus, 014
onpefesieHHs ee [OUHAMHuecKOil cTpyKryphll. .Kak naneko MOXKHO
Ob1/10 Obl NPOIBHHYTHCS HA 3TOM MYTH ONUPeseaeHUs NHHAMHUUECKOIi
CTPYKTYpHl S-Matpuusl? 10T BOomMpoc Mbl obcynum nosxe, B § 13.

2. MonudHKauus yC/IOBHS YHHTAPHOCTH H BbIBOL YyPaBHEHHS
paccesHusi. B ycJoBHM YHUTApPHOCTH 15 T-MaTpuubl COLepXKUTCH
TpexMepHOe HHTErPHPOBAHHUE N0 §=(n H pP=Dpn, OAHAKO yLOOHEe Ie-
peiiTH K HHTEPHPOBAHHIO MO MepeMeHHBIM %% W v, TaK Kak T 3aBu-
CHT MMEHHO OT 3THX NepeMeHHbIX. HuXKe Mbl 6ynem paccmatpuBaTh
T kak ¢yukuuo o=v+ (»*/M) u %2 Jlucrnepcuonnoe COOTHOIIEHHE
ans T umeer BUX

—_ 2z 1 1
Re T'(0, )=~ o (—gmm =+ —gamm=zceamTa) +

P 1 1 ,
+— | do (m,_m+m,+m_2w/m>lm T(o, %). (4.282)
u
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3anuch AHCMEPCHOHHOTO COOTHOUIEHHS uepe3 NepeMeHHYI0 o HMeeT
TO NMPEUMYLIEeCTBO, YTO NPH ITOM HHXKHUH Npeaes HHTErPUPOBAHUA
6yaer KOHCTAHTOH, a He GYHKIHeH »2.

Ecan He yunTeiBaTh HHAEKC 7, TO BXOAALLNE B YCJIOBHe YHUTaD-
HOCTH HMHTErpaJjbl HMEIT BHA

d°p ( dq
Mpbl npepctaBuM 3TOT uHTErpas B opme
4 [a'p [ digd(p>+ M)O(g*+12) 0 (E)O (o) - . .

CaenoBatenbHO, HHTETPaAJ, KOTODHIH MHB ROMMKHB BHIYUCAUTH, MOXK-
HO npeo6Gpa3oBaTh CIeAYOUHM ob6pa3oMm:

f%sb—{’f%"—é“ P+ ai—p—q) TpaTui=

= [ atp [ @rgd(p+ M?)3(g*+ 1?) 0 (E)B (@) (W — p — ) TroTri==
= [ d'pd (p>+ MBS (W — P+ 1) Tyn (0, %) Tui (0, %), (4.283)
rae W=pi+q: ectb noaublii 4-umnysabc, a mMuoXuteab 0(E)0(w)

MOXKHO onmycTuThb, ecau Wo>0. Tak Kak o cBsizana C [OJHON dHEp-
rueldl COOTHOIUEHHEM

— W2= M2+ 2+ 2Mo,

TO B NpoUECCe pacCestHUs oHa ocTaercsd NoCTOosHHOl BeanunHol. [To+
cleguufi WHTerpaJj, OYeBMAHO, MOXKHO NEPeNnHCcaTb B BHIE

fdAr‘} f dNT (0, AD) T (0, ADX
X [ asps [P A7l [ 2= 2 Al

X 8(p2+ M2 (W — py* + 1. | (4.284)
Hcenoapsays manee COOTHOWIEHHSA
P = Pl'é’l’z , Q= ‘h'é“h , x— ‘h;‘h —_ Pz;PI ,

nepBble [Ba MHOXHTEJS B MHOJABIHTErPaJbHOM BLIP2)XKEHHH MOXKHO
3anucaTh B nepeMeHHnlx P U %

6[—-pu-gp_M2 _Ag]é[zzﬂ:%’:_@i_g}__:

=20[ - pr 4 A —AF] 8 [pP 4 M+ Al 4 A} .
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Kpome TOro, samerum, 4to
W (W— p)’ = —2Mo+ 2(A1+ A) —2pQ.
CaenoBatenbHo, NS HHTerpasa fo p B (4.284) umeeM
[ d'pd[— pe—+ 87— A7)0 pP + M+ AT+ A7) X
X 8(p" + M*)8[ pQ+ Mo — (A7 + AF)].

[TepeiiieM Tenepb B 9TOM HHTerpaje OT NMEPEMEHHBLIX Py, Ps, P3 H Po
K TnepeMeHHbIM uHuterpupoBanus pP, pQ, px u p? [as coorser-
CTBYIOLLETO siKOOHaHa uMeeM

9 (pu, P2 Do PD) | _ 2' 0. PpQpxp) ™' 1 (4 085
d(p% Pp. Qp. %p) d(p1. P2 Ps Po) )

rle MHOXKUTEIb 2 YUHTHIBART yABOEHHe 06/aCTH HHTEIPHPOBAHHA, A
P pP pQ px

_|\Pp P2 PQ Px

Qe QP Q@ Qx|
xp uP xQ %2

D (4.286)

npudeM B (4.286) Bce cxajsipHble NPOM3BEJEHHS BbIpaXKeHbl yepe3s
BeJHuKHbl, He comepxKamye p. CTOMT HATOMHMTH, 4TO xQ=xP =0,

Tak Kak 3HaueHHe YETHIPEXMEPHOIO MHTErpasa no p AaeTcs BbI-
paxennem (4.285), To Mbl BBeaem o06o3HaueHHe

V—l—lj =Ko, ¥, A%, AD). (4.987)

Torga ycnoBye YHHTApHOCTH NPUMET BHUJ, ‘
Im T (0, %) =— g [dA aNSK (o, ', AL ADT (0, A7) T (o, A),
(4.288)

KoMm6Guuupyss nociaeiHee paBeHCTBO C JUCMEPCHOHHBIM COOTHOLUIE-
HueM, NoJayuyaeM

1 1 \

T (o, ®?)= £ ( + —
' oM \oFwoM T R HdyeM—o )

' —_(QJItT f dm/fdA%dAi(m’-—:n—ie_*_ m’+mléu2/M)X
»

XK@, & AL ANT (o, AT (0, AD) (0>0). (4.289)
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3710 U eCTb AMHAMUYECKOE ypaBHEHHe AJs OnpeaeseHua aMIHTYAbI
paccesiust. QueBHIHO, YTO OHO YNOBJIETBODSIET tpeGoBanusam 1} j10-
peHI-UHBAPHAHTHOCTH, 2) YHHTapHOCTH, 3) KpOCCHHT-CHMMETpPHH,
4) auanutuuynocTH. bBoJee Toro,
4 OHO CBOOONHO OT pPacxoAuMo-
f cTel, BHYTPEHHE MPUCYLUMX Teo-
puu  Pehumana — aiicona. B
IBYX chaenymomux naparpadax
MBI H3y4YMM CBOHCTBAa  3TOro
ypaBueuus. IlopoGuoe ypasue-
HHe (Temepb TakHe YypaBHEHHA
HasHLBaOT ypaBueHusmu Uy —
Jloy) BnepBble OBLIO BbiBEJEHO
Yy u Jloy [30, 31] mas cayuas
42 DeanbHOM NHOH-HYKJIOHHOH CH-
L. cremd B npubamxeaun oukcu-
poBaHHOTO HcTOYHHKA. Pensitd-
BUCTCKHI cayuaéi Onli Hcciaeno-
Ban Uy, TI'onnbeprepom, Jloy u
Ham6y [22, 25] neckonbKO HHHM
nyteM, 4eM 3T10 OymeT cienaHo
3/1ech.

0

dur. 42. O6nactb u3MeHeHHA Inepe-
mennbix A u A%, COOTBETCTBYIOIAS

GH3HIECKHM TNPOMEWYTOUHHIM COCTOS-
HHAM B YCJOBHM YHHTapHOCTH.

3. Crpyxrypa sapa K unTterpanbHoro ypaeHeHust, [1/is uccaeso-
BaHHUSA MHTErpajbHOro ypaeHeHusa (4.289) Heo6xoawmo HaHTH d8-
HBIM BuA ero aapa K, uau, 4To TO K€ CaMoe, BLIpaXKeHHs

— M —(ML-AIH-A]) —Mo Al A} NI—A)
. ——(M?~{—A?+A3) —(M* 43 — Mo % 0
=Moo A4 A} —Mo-+% —(W %% 0

A7 — 47 0 0 w

(4.290)

. Beops o6o3nauenne ¢=|q|, rie q — UMOYJbC NHOHA B CHCTEMeE

IleHTpa MHepIHU, enpeneneHHblfl cooTHolleHneM (4.244), paa D no-
Jydaem

— D = (M?4-u? 4 2Me) #?q? (9 — »?) X :
: A2 A2 — g) A2 AZ)2
X [1 - q2(q2/~u2)) ! iqwf) ] (+.29)
Tak kak K= (—D)~", Tto muterpupoBath no A; u A} cnenyer

TOABKO B npenenax obmacty, rae —D>0. B dusuyeckoit obnactu
U3MEHEHHST MepeMEHHBIX

e>u, w20, ¢>—x >0,
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no3roMy obnactb —D2>0 npeacrasasier coboil 3JJHNC, 3aLITPUXO-
paudnifl Ha dur. 42. MuTterpuposaHne no 3srtoit 06aacTH cooTBer-
CTBYET CYMMUPOBAHHIO MO AONYCTHMBIM MPOMEXYTOUHBIM COCTOS-
HHAM C YYeTOM YCJOBHHA YHHTapHOCTH. ClefoBaTefibHO, IAS AAHHOIN
sHepru# 00/acTb MHTETPUPOBAHHS Bcerga OyNeT KOHeuHOH,

§ 12. llepenopmupo8ra 8 OucnepCcuonHOi meopuu

¥Ypasuenue paccesinus, BhIBEJEHHOe B NPelbllyllleM naparpade,
o6/1ajaeT NpUMeyaTeJbHbIM CBOHCTBOM: B HEM OTCYTCTBYIOT pac-

P, % \
J
!
2
3
4
p,\
g,
a é

®ur. 43. PeilnmanoBckHE JHArPaMMBI

9eTBEPTOrO NMOPAAKA JJsi THOH-HYKJNOHHOTO

paccesinusi, BKJIOYAIOIKE IIONPABKH, CBS-
3aHHBe ¢ COGCTBEHHOH 3aHeprueii.

XomuMocTy, npucyuise teopun Peiinmana — Jlalicona. Urobm ayu-
lle NOHATb, B 4eM 3Jech HeJo, BepHeMcs K Teopuu Pefinmana —
Jaiicona, B 4acTtHoCTH, K comepiKaluefics B HeH mnporpaMmMe nepe-
HOPMHUPOBOK.

1. INepeHOpMHpPOBKA- MacChl AJil AHArpaMM coGCTBeHHO-31lepre-
THYecKoro tuna. [lpexne Bcero paccmotpum auarpammbl PeliHma-
Ha, npuBefenuble Ha ¢ur. 43 (Mbl MoKa OrpaHUuyMMcs JuIIb AHA-
rpaMmmoil a). B ckanapHoii Teopuu Takoit AuarpaMme COOTBETCTBYeT
MaTPUYHBIH JeMEHT

—ipoty —lgox,

Se==(—ifig* [dix, .. dbey S o Bty — ) A (53— 2D X

PUZE I

X Ap(x3— %) Dp (X9 — X3) == ViR Vor ! (4.292)






