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NPUMEHEHHUE METO/I0OB KBAHTOBOW TEOPHH MOJII K CUCTEME
BO3E-YACTHLL

C. T. Beasies

ITokaszana BO3MOMKHOCTb NPHUMEHEHHs TeXHHKH KBaHTOBOH TEOPHH MOJS K CHCTEMe MHOTHX
6ose-yacrul. ChopmyauposaHo ypasHeHne [laficoHa 1jst ofHouacTHuHo#l ¢dyuknun ['puna. Pac-
CMOTPEHBI HEKOTODHIE CBOIICTBA KOHJEHCaTa B CHCTeMEe B3aMMOJENCTBYIOMHX 603e-4acTull.

1. BBegneHue

B mnocsennne roipl B KBAaHTOBOH TEOPUH IIOJeH, B YACTHOCTU B KBAHTOBOU
3JEKTPOAHHAMHKE, IHPOKO Ucrob3yioTes Gyukunu I'punal!], BBenenne KoTopouix
[I03BOJILJIO PA3BHBATh METOJBI, HE CBsSI3aHHBIE C OOBIYHON TeopHell BO3MYIIeHUH
(nanpumep, [%]). [Tokazana raxkke BO3MOXKHOCTb ITPHMEHEHU ST METOAUKH (DYHKIHH
[puna pns pemenus 3ajgau muorux tent t. Oxgnouactnunasi yuxuust I'puna nos-
BOJISIET HAaXOAUThb B TAKUX 3aJauaX CYIIeCTBEHHble XapaKTEPHCTHKH CHCTEMBL:
SHEpPreTUYeCKHi CIeKTp, paclpelieleHUe UYACTHI[ 110 UMITYJbCaM B OCHOBHOM CO-
crosinuu u Ap. [31.

B macrosimeil paGote pasBuBaercsi Metoinka GpyHkuuu I'puHa Aas CHCTEMBI,
cocrosiieli U3 GoJblIoro yucaa N B3auMoAeHcTBYIOMUX Gose-uactull. Ocoben-
HOCTBIO JAHHOTO CJyuas SIBJSIETCS HaJHude B OCHOBHOM COCTOSIHHHM GOJIBLIOH
IPYNIBL YaCTHIL ¢ UMITyJabcoM p = 0 (KOHAEHCAT), UTO He I03BOJsieT NPUMEHUTD
OOBIUHYIO TeXHHKY KBaHTOBOH Teopuu mosisti. OpHako npu GoJgbioM N OKasbl-
BaeTcsl BO3MOZKHBIM HCIIOJIb30BATH OOBIUHYIO TEXHUKY (PeHHMaHOBCKHX I'DadUKOB
JJIs1 4acTuIL ¢ p == 0, a KouJeHcaT (KaK II0Ka3aHo, OH He Hcye3deT NPH BKJIOUe-
HHM B3aWMOJIEUCTBHsI) paccMaTpUBaTh KaK HEKOTOPOE BHEIIHee IOJe.

Oynkuust puna Beipaxkaercs uepes TpH 3hQeKTHBHBIX MOTEHLHANA Yy, (HC-
IYCKAHUS U MOTJIOUIEHUsI Maphl B PACCESIHUST) H XUMHUECKHH NTOTEHLHAT CUCTEMbL
w (amasior ypaBuenust Jlaiicona B sqnektpomuHamuke [41]). [lyist HaxokaeHUS Xgp
U p Tpebyercsl onpelesennoe npuOJanKenHe. Boluucienne X MO TeOPHH BO3MY-
IIEHHI JaeT JJsi CNeKTpa KBA3WuaCTHI[ pe3yJbTar, NoJydeHHslli Dorouo-
6oBbM [°]. B caenyrommeit cratbe [6] B ¥ g BHIUMCISIIOTCS B IPUGIMKEHHH Ma-
JIOH MJIOTHOCTH.

2. TocraHoBka 3ajgauu. PeillHMaHOBCKHME rpaduxu

PaccmarpuBaercst cucreMa N GecCIMHOBLIX 6G03e-yacTHIl ¢ Maccoil m = 1,
3akJouennbix B 06beM V. Ipennonaraercs uto N, V—co, no N/V = n KoHeuHO.
Ilpu stoM cymMmHpOBaHHEe 110 AUCKPETHLIM HMIIYJbCaM 3aMeHsIeTCsl WHTErpPHpO-
BaHHeM:

3 (27:)'31/8 dp.
P
[amunbronnan cucremel umeer Bup H = H, -+ Hy, rie (h=1)

H, = %S V() VY (x)dx = Dtara; =2, (2-1)
p

1 Yacrroe coobuwenne A. B. Murgana.
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Hy =5 {0+ (0 W (x') U (x—x) ¥ (x) ¥ (x) dx dx’ =

1
— 2 o+
v Pl Uqapa.p,ap,_qap+q . (2.2)

3nech U (X —X') — NOTeHIMAN NApPHOTO B3aUMOJEHCTBHA  YaCTHIL, Uq =
= Se“qx U (x) dx — ero xomnonenta ®ypbe, a

R 4 7 B ¢ —_
(A o E 2 etpxap, wr /zze pra;_,
P P

rae a, ua’ — obbruHble GO3e-0NepaTophl C IPABUJIOM KOMMYTALHH [a,af]=5,,.
OpHouactnynast ¢yskuus I'puHa onpefensiercsi JBYMsI SKBHBAJIEHTHBIMH
BbIpaxKeHHsIMH ['], sn6o uepes omepaTopsl B IpejicTaBjenud [ afisenGepra:

iG (x —x') = <Dq, T {¥(x) V" (x)} DY, (2.3)

TZle cpenHee GepeTCH II0 OCHOBHOMY COCTOSIHUIO N B3aHMOlIEfICTByIOHlHX gacTtyn,
6o uepe3 OIlepaTopbl B IPEeACTABJIEHUU B3aUMONEHCTBHSA:

iG (x — x') = (T {¥ (x) T* (x') S}> / (S, (2.4)

31ech ycpelHeHHe NPOBOAMTCS MO OCHOBHOMY COCTOSIHHIO HeB3aUMO IeHCTBYIO-
WHX YacTHIl (BCe YacTHUbl B KOHJAEHCATE, T. €. UHCJA 3anojHeHds N .o = O;
Ny=N). S—wmarpuna B Hamem ciayuae HMeeT BHJ

S=T {exp (— Tigd4x1d4x2U (1 —2) W (1) ¥+ (2) ¥ (2) ¥ (1))} . (2.5)

rle Aasa ypoGersa BBefleHo o6osHavene U (1 —2) = U (x; — X,) 8 (t; — t,).
(3nech u B manbeefimem 1=x, ..., p— 4-BeKTOpBl, a px = px — p°x°.) On-
pefesenne (2.3) yaoOHO 1151 MONyueHHsl CBSA3H G ¢ (pH3MUECKUMH BeJHUHHAMH,
a (2.4) — 1Sl KOHKPETHBIX BBIYHCJICHHI.

Ecin B wucimrene (2.4) pasnoxuth S-Matpuny B P, TO KadK/bll UJeH
Oyzer comepxkaTh T -npousBefienne OT HeKoToporo umcaa ¥ u ¥. T-npous-
BeJIeHHe M3BEeCTHBIM 00pasoM [?] BhIpaXKaeTcsl uepe3 CyMMY HOPMAJbHBIX HPO-
H3BEJICHHH C DasJMUYHBIM YHCJOM CBepTOK Mexay ¥ m W+, B KkBaHTOBO#
SJCKTPOJIMHAMHKE TIOCJIe YCPeJHeHHs [0 BaKyyMy H3 3TOHl CyMMbI HCYE3aloT
BCE 4JIeHbl, COJepzKalllie MOJ 3HAKOM /N-NIPOH3BeJeHHsI HECBEPHYThIE ONePAaTOPLI
yuuyToKeHHst. OCTaBlIMMCS UJIeHaM, COJepiKalliM TOJbKo cepTkH ¥ u W,
COIIOCTABJIAIOTCA  ONpefieJieHHble  (hellHManoBCKHe rpaduku. B mamem cayuae
YCpelHeHHe IPOBOJUTCS IO COCTOSIHHIO, B KOTOPOM HPHCYTCTBYIOT N uYacTHIL
¢ umMnyspcoMm p = 0, nostomy cpefiHee oT N-IPOH3BEJEHHS, COJEPIKAIIETO a,,
He o0pallaercs B HyJb M OOBIUHBIA MeTOJ MOCTPORHHSI I'PAaUKOB OKa3bIBAETCSI
HeIIPUMEHHMbIM.

B cBsasu ¢ ocoGoit poupio cocrosinmii ¢ p = 0, yIOGHO BLIAEJNHTH OEPATOPHI
ay ¥ af us ¥ u ¥ nosoxus,

V=" +a,/VV; ¥r*=¥"4a VV. (2.6)

Qynkumio Ipuna (2.4) Taxixke pasoSbeM Ha ABe yacTH: (DYHKIHIO HAXKOH-
JIeHCATHBIX JaCTHIL

iG" (x—x') = (T (¥ (1) W' (¢') S}y <S> (2.7)
# ynkumo I'puna yacTui Komjencara (3aBHCSAILYIO TOJBKO OT f— (')

Gy (t =t') =T {ag (t)af (t') S} [V LS. (2.8)
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O6e (QyHKIHM HE ONpEeNsIOTCS HEe3aBUCHMO, TaK Kak S-MaTpulla, BXOJsd-
masi B ofe (GYHKLHH, COJEep:KHUT Kak onepatopel V', tak u a, Kax Gyger
II0OKA3aHO HMXKe, B cjaydae OGoabmoro N pajast ompefenerus G’ MoxHO chop-
MYJIIPOBaTb OCBLIYHBIA MeTOX- (PeHHMAHOBCKHX rpadyKOB, TNpHUEM KOHJEeHCAT
UrpaeT IpPH 3TOM POJIb BHEIIHEro IOJIS.

IIpepcraBum omepanuu 7' w0 {...)» B BHJe IBYX IOCJEOBATEJbHBIX OIle-
pauuii Tonpko Hag Y um ¥ uw ToNBKO HAM @y U aaL:

T=TT" <...0=LK{...50"%

rge 7% u {...)° peifictByor Ha a, u aqf. Torpa (2.7) MoxHO 3anucath
B cjaefylomeM BHAe (WTpHX y G’ B JasbielllieM ONycKaeM):

iG (x — ') = (T {6 (x — x')1° ] (S, (2.9)
rje

G (x — x') = T/ {¥" (x) T () S} (2.10)

Beipaxenne (2.10) umeer Ty 2Ke CTPYKTYPY, UTO H uHCJHTeJb B (2.7), HO
BXO/sIlHe B S ONEPaTOpBl @, @ UrpaloT 3J€Ch pOJb IapaMeTpoB. YcpejHe-
nue B (2.10) no ocHoBHOMY cocTOsIHMIO st omiepatopoB W/, W”'" sxpuBasienTHO
YCpPeJHEeHHIO IO BaKyyMy, TaK YTO IPH BBIUMCJEHHH & MOXKHO HCIIONB30BATH
OOBIUHBIA (hopMasn3M (elHMAHOBCKUX T'padHUKOB.

ComnocraBum motenuuany — iU (1 —2) nyHKTHpHYIO JIHHHIO Mexnay 1 u 2,
a ceepTke omepartopoB W (1) ¥+ (2) = iG” (1 — 2) — cnyowHyo JHHAIO C Ha-
npapjaendeM oT 2 x 1. M3 Buja ramMuibTOHHAHA B3auMOJAEHCTBHS (2.2) BHAHO,
4yTO JI0OOH Tpaduk, Bxoxaumi B (2.10), moJsyuaercss KOMOHHAlKEH BOCHMH
3JIeMeHTapHBIX Tpa(uKoB, H300pazKeHHBIX HA puUcC. 1. OHHM COOTBETCTBYIOT pas3-
JIMYHBIM 4JleHaM B (2.2), nosgyuarmoummmcs Iocje IojcTaHoBKd (2.6). Orcyt-

CTBYIOUIEH CIJIOIIHOA JIMHHH (CHENOJIHOH BeplldHe») COOTBeTCTBYeT a,/ )V

uni ag /VV. Ha puc. 2 wusobpaxeHn Aas TpuMepa OJHH U3 TpadHKOB, BXO-
asmux B & (x; — x,), COOTBETCTBYIONMHA HHTErpasy

My (%15 Xy) = 2 S G (1 —8) U (3—4) GV —5)6W (4 —8) U (h—6) X
X GO (6 —2) Vlaf (t,) a (ts) dixadix,dix,dix,. (2.11)

ITyere M (x; x") — Kaxo#-nu6o BxoAsmuii B (2.10) rpaduk, He coiepxka-
UMA HeCBA3AaHHBIX YacTel — BaKYYMHBIX IeTeJb. PacCMOTpUM HapSIIy C HHM
rpaury, oTaHvaolEecs oT JIU HaJIHYHeM JONOJHUTEJBHBIX BAKYYMHBIX TIETENb.
Besi coBOKyNHOCTE TakHX IpagUKOB, KakK H3BECTHO, JaeT I C JOTOJHHTENb-
HBIM MHOXKHTEJIEM, KOTODBIE HMeeT CMbBICJI CPeJHEro 10 BAKYYMY OT S-MaTpPHILbI,
T. €. B JJaHHOM cJy4ae (Korja ycpepusercs Ttojabko ¥ u W'*) (S)'. Taxkum
00pasoM, ydeT BaKyyMHBIX IeTesb npeoGpasyer I B

I 7Y ¢Sy (2.12)

B kBanTOBOIl 3JEKTpofHHAMEKE MHOXKHTeb <{S) COKpallaeTcsi CO 3HAMEHaTe-
JjeM B (2.4), mo3TOMYy TaM MOXHO HE YUHTHIBATb BaKyyMHbIE NETJH, oTGpa-
ChlRasl BMecTe C TeM 3HaMeHatesb B (2.4). B namewm ciyuae, Kak Gy/Jer BHIHO
HHKe, MHOXKHTeJsb {S)’ Urpaer CYLIECTBEHHYIO pOJib.

Bripaxenne (2.12) Boiizer B (2.9) B BHJC

KT M (x5 %) LSHO0 [ LS, (2.13)
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0 I
COJIEPKHUT 1M IIap ONePaTOpoB do, af, T. €. MeeT BHJ

rge omepatop T° jeficrByer Ha @, af, Bxopguue B JIU (S)'. Tlyers M

M (x; x') = V""SM(x; iyt b ) Qo (E) -

ay (t)ad (£ - .. ad () (@) (@),

torga (2.13) MOMKHO IpPEJCTaBUTb B BHJE

gMiGO (br ot oo Em) (dE) (@), (2.14)

rjae
iGo(tye . tms tr. . tm) =T {ay(ty)...ad (tm) S}>/V"LS)  (2.15)

SIBJISIETCS M-4acTHYHOR (ynkumeii I'puna nusi kojeHcara (cM. 2.8).

Taxum o6pasom, rpaduru st Gpyunxuun ['prna (2.9) coBnajaoT ¢ OIHCAHHbIMA
Bhile rpagukamMu Aas ©, HO B MHTerpasbl BMECTO COBOKYIHOCTH MHOXKHUTEJIeH
a,af/V Bxonut cooTBeTCTBYOMIASE PYHKIHs ['pHHEA IS KOHACHCATA. Tak, B unTe-
rpan (2.11) Bmecto af (1) ao(t5)/V Boiner iGy (t; — L4)- HecBsizaHnble 4acTh
rpaMKOB YUMTHIBATH HE CJeJyer, OHH yiKe yuTeHbl B (G,. 3ajauya CBOJHMTCS,
TakuM 00pasoM, K HaXOXKJEHHIO KOHJeHcaTHeIX (pyHKuuil I'puna G.

3. ®dyukuum puHa ana KonjpeHcara

3anumeM m-4acTHUHYIO KOHJeHCaTHYIO (yHKImIO (2.15) B BHAE

. 1

iGy(ty. . tm; by ..tm)=m<T0{ao(t1)...ao(tm)a: .4 -

e @ () KSYI : 3.1)

Besnnuuna <S)’ nosydyeHa CyMMHpPOBaHHEM BCEBOSMOXKHBIX BaKyYMHBIX HeTe/b.
Ecau 0603HaudTh Yepes A CyMMY DPasjMuHbIX KOMIAKTHBIX (T.€.OAHOCBSI3HBIX)
BAKYYMHBIX IleTeslb, TO HETPYJAHO BHJETb [®], UTO CyMMa BCeX UJEHOB C ABYM:
netsisiMd paBHa A%/2!, ctpems —A3/3! u T. 1. H, cjaejoBaresbHo, (S)’ = er.
B mamem ciyuae A siBisieTcst (DYHKIHOHATOM OT @,af. Jlerko BHAETb, YTO A
nmponopuuoHaibia o6bemy V (cumras a,af /V KoHeunoil BenuunHod). B srom
JIErKo yOe[IMuTbCsl [1JIsi NPOM3BOJBHOM BAaKyYMHOH IeTJIH, paccMaTpHBas CHa-
yajia COOTBETCTBYIOWIHI TIpaduK C ABYMS CBOGOJHBIMH KOHIAMH (C HMITYJb-
cami p 4 p’), KOTOpBIH mpomopuuoHajeH o (p—p’)=(27)2V3,p, a sareM
nosarast p=p’ = 0. OGosnauass A= Vs, rje o— KOHeUHbIH (YHKUHOHAN OT
ayaf [V, nonyunm

(SH = eve, (3.2)

HekommyraTtuBHOCTb @y U af (~ 1) Mana 1o CpaBHEHMIO C HX IIpOH3BE/e-
nueM (~ N) W Ha mepBBIH B3MJIsSLJ KaxeTcs, UTO MOPSIIOK ONEpaTopoB @y, (g

He CYIIECTBEHEH U II03TOMY 3HakK T-mpousBefieHHss B (3.1) MOXKHO ONYCTHTB.
Crenyer, oJHaKo, HMeTb B BHAY, uTO 3Hak 71° csssbiBaeT B (3.1) mpousse-
JIeHHE a, ...a(')l' C BeJIMUMHOH Ve, cojepskalel JioOple crerneHd 00beMa, KOTO-

pasi MOXKET KOMIIEHCHPOBAaTb MaJOCTb KOMMYTAaTopoB a, u af. Tospko nocnie
BBIIYTBIBAHHS» @ ... @ H3-10J T-IPOU3BEJIEHHsT MOXKHO NpeHeGpeyb HX HeKOM-
MYTaTHBHOCTbIO. OTMeTMM TakxKe, 4YTO ONepaTopbl @, @ KOMMYTHPYIOT

¢ H, (2.1) u nostoMy B IIpeJCTaBJEHUN B3aUMOJEHCTBHsS He 3aBUCAT OT Bpe-
MeHH. APryMeHTBI y @, (f) u af (£) B (3.1) wrpaioT Jump pOJb yHOPSJIOUU-
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BAIONHX CHMBOJIOB Aus omnepamnd T°. Tlocne mposenenust T'-yHopsilOUHBAHKST
MOJKHO CUMTATh G, H @ He 3aBHCALIMMA OT BPEMEHH.
«BbIyTHIBAHEEY Qg - - - ag* us-nioj T-1ponsBe/ieHusl IPOUSBOJUTCS C TIOMOILBIO

cJieytomed TeOPeMBbl.
Jlis1 mpousBosibHBIX (yHKIHOHANOB B (a.ay /V) 1 s (a,af /V) ¢ TOUHOCTBIO

70 wirenoB ~ 1/V (cumras a,a, /V KOHEUHBIMH BEJINUHHAMU) HMEeT MeCTO
cJefiyioniee IPaBUJIO «BBIIYThIBAHHAY:
T°{B (auaf |V)e""} =B (AA*) T? {eV°}. (3.3)

Beguunnbsl A u AT onpefensioTcss MHTETPaJbHBIMH yPaBHEHHAMU
A(t) = C (AA") + S ' 0 (t —1') 35 (AA") [ 3A* (t'), (3.4)
AF(t) = C* (AA") + Sdt’ 6(t' — 1) 33 (AA7) [BA(t),

rae 6(f —t') — cBepTKa OmepaTopos a, u af

, . . , 1 npu t >1¢
01— 1) = 4, (0 1) =1y ooy Dy (3.5)

4 He 3aBHcsillpe OT BpeMenu ¢yHkuHoHanel C u C* omnpefessioTcs M3 KBal-
paTHLIX ypaBHEHHH

5o (AAY) ,, @ So(AAY) ,  a4°
Cz+Cgmdt—7, C+2+C+S—8A—(Tdtﬂ—v—. (3.6)

JloKasartebeTBO chOPMYJIMPOBAHHOH TeopeMbl JaHo B [IpuioKeHHH.
Ipumensist (3.3) K (3.1), momyuum

iGy(ty.ooi...t)=CA(t)... A" (L))"

(3uamenartess B (3.1) cokparuncs ¢ {T° (SYH0=<(S>.) Ycpeanenue IpOHM3Be-
nenusi A...A* B mpeneOpexenud BejuunmHamH ~ 1/V cBomurcs K 3amene
BCeX OIEPATOpOB @,, @ Ha }/'N. OGosHauas BeJMUMHEL, NOJYYAIONUecs MpH
Takoii samene u3 A u A", coorBerctBenno uepes K u K*, momyunm

iGy(ty. . bmi ty ... 1) = K(t)...K({tn) K" (tl) s d (t;ﬂ), (3.7)
rie K u KV corsjacuo (3.4) yIOBJETBOPSIIOT yPaBHEHHAM
e ’ 4 8G(I(I{_'—)
K(t)_C—{—gdt@(t v ST 3.9

__ v g g 30 (KK#)
K+*(H)=C +gdt6(t ) R

a C u C* onpepesdAoTCs U3

=o | ~( 8 (KK*) ,, N = my (B0 (KKY) 4, N
C2+68Wdt_v—, c+2+c+g_Wdt_V—. (3.9)

Kax Bugno u3 (3.7), yuxuuu I'puna 1ja KomjJeHcara pacrajaiorcs Ha or-
JleTbHBIe MHOMKHATENM, KaXKIbIH U3 KOTOPBIX 3aBHCHUT TOJIBKO OT OJHOTO BPEMEH-
Horo aprymenta. ®u3nuecKUil CMBIC 3TOTO Pe3yJ/IbTaTa MOKHO IIOSCHUTD CJIEYI0-
IMMH KAueCTBEHHBIMH cOOOpaxkeHHsIMH. JIJisi IPOCTOTHI MBI OyeM UMeTb B BULY
JBYUACTHUHYIO (DYHKIHIO 1JIs HEB3aMMOJEHCTBYIOINX YaCTHIL GOt —t'). =
= {ay(t)a; (')/V. Oua omuceiBaeT mpouecc nepexoia YacTHIE! H3 ¢ Bt Ecau
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BHauaJje Obl1 BaKyyM, TO TaKOH IPOIECC MOMKET IIPOU3OHTH TOJBHKO nyTeM pOK-
J€HHST YaCTHIBI B MOMEHNT ', a 3aTeM ee IOIVIOIIeHHS B 6oJiee MO3AHHII MOMEHT 7,

4TO ONHCBIBAETCS CBEPTKOH oIepatopoB aya; = 8. CienoBatenbho, B 3TOM

cayuae G coBmagaer co CBepTKOH (UTO M HMeeT MECTO B 3JIeKTPOJANHAMHUKE).
Ecuin e mponece IpOMCXOUT B IPUCYTCTBHH N YACTHIL TOTO K€ THIIA, TO MOMKHO
POJHTE M NOIVIOTUTH PasHble YACTUILL. B 3TOM ciryyae mporece nepexojia YacTHI!
u3 [’ B ¢ COCTOMT H3 JBYX IIPOLECCOB: POXKJCHHUS JHIIHEH YacTHIBl B KOHJIEHCATe
B MOMEHT ¢’ M IOIJIOMIEHHST OJHOH YaCTHILI U3 KOHJeHcaTa B MoMmeHT £. Ilocite-
AOBaTeIbHOCTh 3THX ABYX IMPOLECCOB IPU GosblioM N CTaHOBUTCS Ge3pasiuy-
HOH (C TOUHOCTBIO 10 N7Y) U, c/leoBaTesIbHO, CaMH NMPOILECCH — HE3aBHCHMBIMH.,
OTH paccyxJenus CnpaBeJIMBEL U 1UIst TouHOH dynKiuu G,: OHA TaKkKe pasOU-
BaeTCs Ha JBa MHOXuTens1 K(¢) u K*(I'), onucslBarome [Ba He3aBUCHMBIX IIPO-
ecca HCNyCKAHHUS M TOIVIOLUIEHHS YACTHIEI B COOTBETCTBYIOUINE MOMEHTHI Bpe-
MeHH.
Paccmotpum Gostee JieTalbHO OJXHOUACTHUHYIO KOHAEHCATHYIO (DYHKIHIO

iGy(t—t') = K (t) K* (") (3.10)

3nechb cieBa — (QyHKIHs TOJBKO PasHOCTH f—1’, a chpaBa— IOpOHU3Be/eHHe
¢Gynxuuit or ¢ u t’; cnegoBarensHo, K (f) u K* () uMeroT BHJ SKCIOHEHTEHI

K(t)=Vn,eivt;  K*(t) =V nyeivt .11y
H T03TOMY
iGo (t — 1) = nye—int=1), (3.12)

HTo0bl BBISICHUTL (DU3HUYECKHI CMBICJ BEJIHYHH 7, © (., PACCMOTPHM JJIs G,
onpejenenye (2.3)

iGy(t — 1) = (O, T {a, (t) ai ()} DY> V. (3.13)
[Honaras B (3.13) ¢’ = ¢, Haiizem
iGy(0) = (DY, afa, D0y |V =N,/ V. (3.14)

Us cpaenennst (3.12) u (3.14) cruexyer, uto n,= N,/V ectb cpeauss mjor-
HOCTb YaCTHI[ KOHJEeHCATa.

[Tycrs Tenepnr mas ompefenennoctd ¢ >t', Torga (3.13) MOXHO 3amHcaTh.
B BHJe

. ; 1 ’
iGy (t— ') = -5 (DY, () OF T <O Haf (1) DY) +
1 / ,
+ 5 D (DY a, (£) O (O Fat (1) Db,

8+ 0

WJIK, BbIJeJIsIs BPEMEHHYIO 3aBUCHUMOCTb Y Faﬁ36H6epI‘OBCKHX oIepaTopos,

Gy (t— 1) = exp {—i (ESH — B3y (t — 1)} <) a, 0 Py <) Hgf )y +
1 . ,
+ o 2 exp {—i (B8 — E) (¢ — )} <00, @ Ty <0 Vot @y, (3.15)

§+0

Cpasuupast Tounoe Bepaxenue (3.15) ¢ (3.12), mosyueHHBIM B MpeHeGpeKeHHH
WICHAMH, HCUE3AIOUMH NP N—-00, MOMKHO CIeJaTh 3aKJI0UEHHe, UTO MOCTIe]l-
Huii wien B (3.15) ncuesaer npu N—>co. [pu cpaBHenny BpeMeHHOH 3aBHCHMOCTH
nepBoro wiena B (3.15) ¢ (3.12) menocpeiCcTBEHHO BHJHO, UTO BEJIMUUHA U HMEET
CMBICJI XHMHYECKOrO INOTeHIINAa]a CHCTEMbI

p = ENH1— EN ~ GEN/ON. (3.16)
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O6a napamerpa n, u @, Bxoaamue K K u K*, MOryT GbITh B IPHHIAIE OIpe-
JeseHbl U3 pelenus ypaBHenuii (3.8). OnHaKo NpakTHUECKH TO CI€aTh TPYAHO.
Jleso B TOM, UTO NpH BBIYUCTEHHH BaKYYMHBIX NeTeNlb, BXOAAMMUX B o, NPHXO-
AUTCS CHAvaJa MHTErPUPOBaTh MO BPeMeHHM B KOHeuHHX npenenax (— T; T),
TaKk 4T0 B ypaBHeHus (3.8) Bxomur napamerp 7. Ilepexonuts K npegeny T —>oco
MOKHO TOJIbKO B DeLIeHHAX, HO He B YPaBHEHHUSX, I[I09TOMY MOJACTABJAATbL B
o (KK*) pna K u K* nx npepenbhble Boipaxkenusi (3.11) Helbas, a He0GXOIHMO
HENOCPeJICTBEHHO pellaTh HesqUHelHble ypaBHeHHd (3.8). MOXKHO Bce e I10JY-
YATb U3 (3.8) OJHO COOTHOIIEHHE MEKAY 1o H (.

Huddepennnpys (3.8) mo ¢ u 3ameuast, uro di(t — ¢')/dt = 8(t — '), mMsI 10~
JyunM auddepeHnnanbHble YpaBHeHHd:

dK | dt = 3s (KK*) [3K* (t);  dK*/dt = —3s (KK*) /3K (f).  (3.17)

IIpepcTaBUM BesJHUHHY o B BHJE Psija

s(KK+):—iZ%SW/m(t;...t;1; to b K (2. ..

(W) '

K () K () -« K (t) (dE) (dt), (3.18)

rjle Kax/iblii 4JieH COOTBETCTBYET HEKOTOPOH BaKyyMHOH meTJie C /1 NapaMu
HENOJHBIX BEePIUMH, a CYMMHPOBAHHE BEJETCS IO DA3JHYHBIM NeTssM. «Baky-
yMHbIe aMmauTy sy W, (akTaueckH copep:Kar TOJBKO 2m — 1 aprymeHToB
(pasHoCTH BpeMeH), TIOTOMY IIpefiesibHble 3HaueHust aas K u K* mpu Gecko-
HEUHBbIX IIpejiesiaX HHTErpupoBanusi faioT B (3.18) Geckoneunoctb. Ilpu Bapua-
nu (3.18) mo K™ HcyesaeT OJHO MHTErPHPOBAHHE H DPe3YJbTAT OKA3LIBAETCS
KoHeunbiM. Hcnombsyst (3.11) u samuchiBasi (ypbe-KoMnoneHty W (¢'; t)
B BHJE

Won (0]« 0) B (Do — Do) = S W (1; 1) et —ioh) (df) (dt"),

HaieM

3¢ (KK* : B Mme— .
S = VR D A W e (319

Iopcrasnsaa (3.19) B (3.17) um ucmombsyst (3.11), mosmyuaem HCKOMOe COOT-
HOLIIEHHe

=2 T W), (3.20)
(W)

CymmApoBaHHe 3JleCh BeJeTCsI II0 PA3JHYHBIM BAKYYMHBIM IETJISM, BXOASIIUM
B BeJuunHy 85 /3K (f) ¢ Becom emumuua (cm. 3.19). Crenyer mmers B BHAY,
4TO IeTJIH, BXOAAmMe B 05 /O0KT (1), nmeror OJHY BBIJJEHHYIO HEIOJHYIO
BepIIMHY { (OOBEKT BapbHPOBAHHS), NOITOMY OHH CUMTAIOTCS PA3JIHUHLIMH He
TOJILKO TI0 I'eOMETPHUYECKOH CTPYKTYpe, HO M IO MECTY BBIJeJIEHHOH BepIIHHHI.

(3.20) moxkHO paccMaTpHBAaTh Kak ypaBHeHHe Ias 1. (n,). B paccmaTpupae-
MYIO 3aJia4y BXOJHUT OJIUH CBOGONHBIA ITapaMeTp — IOJIHOe YUC/I0 yactui, N (uiu
IJIOTHOCTD 11), IO3TOMY (4 U 7, JOJIZKHBI GbITh BhIpazKeHbl uepes n. Ho n nemocpes-
CTBEHHO B YDABHEHHS He BXOJHUT, MO3TOMY MOXKHO CUMTATh CBOGOJAHBIM Iapamer-
poM He 1, a ny ¥ BCe OCTa/bHble BEJIUUMHBI BHIPaxKaTh uepes 1,. CBs3b XKe 1,
C n MOxKeT OBITh HaiilleHa mocje pellleHHst 3ajaud. Ilpu Takom ycsosun (3.20)
NOJTHOCTBIO onipefiensier K u K* 1, cienoBaTesnbHO, Ji06YIO KOHIEHCATHYIO QYHK-
uuto I'puna. 3amernm, 4To MOMKHO peluarh 3ajady U C ABYMS CBOGOJHEIMH Iapa-
MeTpaMHu p M 7, U JIHIIb B KOHEYHOM pe3yJbTaTe yuecTb UX CBSI3b (cM. 6), 1o
B 3TOM CJyYae 3HAYHTEJbHO YBeJHUMBAIOTCS MaTeMaTHUECKHE TP YIHOCTH.
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4. HexoToprle cBOWCTBA KOHJEHCATa

W3 Buja KoujgeHcaTHbIX QyHKIUI Gy MOXKHO ClIesiaTh ONpe/ie/eHHble 3aKoue-
HHSI O XapakTepe KOHJeHCAaTa B CHCTeMe B3aUMOJEHCTBYIOIUX UaCTHIL.

[Ip1 oTcyTCTBHMH B3aUMOJEHCTBUSI DacHpefesieHye YacTHI[ II0 HMITyJbCam
B OCHOBHOM COCTOSIHHH HMeeT BHJ 0 (p) = (2x)3V3,,. Ilpum BKJ/IOUeHHH
B3aUMOJICHCTBHS paclpelesieHre pa3MbiBaeTcsl. [Ipy 3ToM B DPHHIIUIIE BO3MOKHEL
IBa cjyuasi: JuOO ujeH C O (p) HOJHOCTBIO HCUE3aeT ¥ paclpeiesieHre CTaHo-
BHTCSl HeIIPepLIBHBIM (HET KOHJeHcaTa), JiH6o dyeH c & (p) ocTaercs, Tak 4TO
cocrosinne ¢ p= 0 no-mpexHeMy BbJesieHO (ecTb KoHJencat). B mepsom
cIyuae Bce CpejiHUe UHCJA 3anoJHeHHst N, KoHeunsl, u N,—> N, npu p—0.
Bo BTOpoM cJiayuae NHO KOHeuHbl, HO N,~ V.

BosmoxkHOCTh TipeHebpexeHuss B (3. 15) [OCJICJIHUM YJIEHOM 3KBHBAJIEHTHO
yTBEpIKJCHHMIO, YTO JeliCTBHE @, Ha OCHOBHOe cocTosiHHe cHcteMmbl Bf He BO3-
OyKIaeT cucremy, T. €.

a, @y ~ (N,) " (4.1)

D10 yTBep:KJAeHHe Ha TEepPBbIH B3rJIAJ Ka)KeTCHd CTPAHHBIM: H3MEHEeHHe YHCJIa
gactei ¢ p= 0, Hapymas CTalHOHAPHOE COOTHOILUEHHE MeXXIy UHCJIaMH 3aloJ-
HEHHsT JIOJIKHO BO30YKJAaTb cHucTeMy. Ecau N, KOHeUYHO, TO H3MEHeHHe €ero
Ha eJWHHLNY JelCTBHTEJ]BHO CYIIECTBEHHO MeHsdeT COCTOaHHEe, HO ecyd N~V
TO TaKOe H3MeHeHHe IIPAKTHYeCKH He BO3MYTHT OCHOBHOE€ COCTOsiHHe. COOTHO-
mrenvie (4.1) roBopur B moJsb3y BTOporo cJydas. CJiefoBaTeNbHO, IPH BKJIO-
YeHHHM B3aWMOJIeHCTBHSI KOHJIEHCAT HHUKOTJAA IIOJHOCTHIO He HCYe3aeT.

Paccmotpum Temepb BOIPOC O (DIYKTYalUMH UHCJA YaCTHI[ B KOHJEHcare.
B cocrostann ®) Beqmumsa N, He HMeeT ONpeNeNeHHOTO 3HAUEHHs. Paso-
xuM O 1o co6CTBeHHBIM (DYHKIMAM COCTOSHME C ompejfeseHHbM N,. 310
pasJjioxKeHne MOXKHO IPeJCTaBUTb B BHIE

N
S\ Chom 90 " s (4.2)

rae Yo — QYHKUHA TOJBKO OT YHCEJ 3alloJIHeHHs KOHJeHcata, a ¥V saBucAT
OT OCTAJIbHBIX TEPEMEeHHBIX. 7~ ONHCHIBAET COCTOSIHHE /71 YACTHL, PA3Ma3aHHbIX
no BceM HMIyJbcaM p==0. [IpyrHMH cJOBaMH, OHA SBJSETCS CyNepPHO3HIHel

¢yuknuii or uuces sanosxenuss ¢ ps=0. Ot Bepxmero mmpekca N 3aBHCAT
KO3(h(UIMEHTH B 3TOH cymepnosunu. HopwmupoBka ans y wnveer BHJ

NN = Bmr-
Hcnonbayem (4.1) a5 BLIYUCJEHHST MATPHYHOTO SJIEMEHTA
(@) e, p’y Z VN —m (CNZhes)” Cl—n =17 (4.3)

(yutena OpTOroHAJLHOCTH oo u cpN" npy N, ;&NO) CNem ™ ¥ — nnaBHbIe
GyHRIEH N, 03TOMY MOXHO HAllMCaTh
CNTh 3 Oy — OCN [ ON = CN_n {1 4 O (N71)};
it g — g% JON = £ {1+ O (N1},
B pesyabrate (4.3) npuHEMaeT BHJ

N—1
(@) @0y = S\ VN —m| | CNe P {1 4 O (N1}

m=Q
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JIerKo BHJETH, UTO CTOSIIAS 3JecCh CyMMa ectb Ng*, Tak uTo
(@ a0 = N§{1+ 0 (N3, (4.4)

AHaJIOTHUHOe BhIpaXKeHHe IOJYuaeTcs, ecTecTBenHo, A ( Dy Tag @f>.
Ouennm cymmy B (3.15), mosoxuB B Hell ¢ =1'. Hcnompsys (3.14) u
(4.4), HaxoAuM

r — .2
3 (oNa, 0Ny o af @) =Ny — (N, (4.5)

s+0
OTKYJla BHJHO, YTO 3Ta CyMMa CBsi3aHa C BeJHYHHOU (UIyKTyallHH YHCJa Ya-

cTHl, B KoHjeHcaTte. K Toro ¢akra, uyro InpuH N — 00 3TOH CyMMOH MOXKHO
npeHebpeub, cJejpyeT

= —2, —-
[N, — (No*) 1/ Ny— oo npu N — o0, (4.6)
T. €. OTHOCUTeJIbHbIE q).nymyamm ypcJia 4acTull B KOHJEHCaTe MaJlibl.

5. ®ynkuua [puna pas yactuusl ¢ p==0

C yueToM NoJyyeHHOTO B pasjese 3 BbIpaXKeHHs [Jisl KOHAEHCATHBIX (QYHK-
UM MOXKHO cJaeJyiomuM o6pasoM nepedopMy/aHpOBaTk NPaBH/a NOCTPOEHHS
rpaduKoB, H3/OXKEeHHbe B pasjene 2.

a b 6‘] ad 7

R T Y

bt e e et T

Jlio6oii rpaduk mosydaercsi KOMOMHAIlMed BOCbMH 3JieMEHTApPHBIX TIpa-

¢ukoB (puc. 1). Kaxknoil HemosiHOH BepIIMHE CONOCTABJISIETCS MHOXKHTENb
K(t) = V nge—it uan K*({) =V nyei* COOTBETCTBEHHO JJisi OTCYTCTBYIOIIe
BXOASAIIEH WU BBHIXOIAIIEH CIJOMHOH JMHMM. HanuuMe TaKOro MHOKHTEJS
JIefCTBUH yyacTByeT (IOIJIOLLAeTCsI

MJIM HCIYCKAETCsI) YaCTHIA KOHJEH-

cata ¢ sHeprued w. Ecam Kaxnod

BXOJsALIEeH H BBIXOAALLEH YacTHLe

KOHJleHcaTa COMOCTAaBUTh HEKOTOPYIO

BCE 3TH JIHHHH GYAyT CBOGOXHBIMH. Puc. 3

[To aHaJIOrHH C KBAHTOBOH 3J€KTPO-

NUHAMHKOH MOXHO CKasaTb, 4TO

KOHJ/IeHCAaT MIrpPaeT pPOJib BHELIHEro MOJsi C 4YacTOTOH .

PaccMOTpHM OOILYIO CTPYKTYPY TpadHKOB, JAIOMHKX BKJAad B (QYHKIHIO
COCTOSIIIEr0 M3 OTHEJbHBIX HENPHBOAMMBIX 4acTel, CBSI3aHHBIX MexXJy COOOH
TOJBKO OJHOH CIJIOIIHOH JIMHHeH. Bcero BO3MOXKHBI TPH THIIA HENPHBOJHMBIX
yacTell (T. e. He COJAEPIKAIIUX BHYTPH ceGsl 3JIEMEHTOB, COEJMHEHHBIX TOJBKO
OJIHOH CIIJIOLIHOH JIMHHEH), OTJIHYAIOUNXCSl YHCJIOM BBIXOJOB M BXOJOB CIIJIOII-
HbIX JuHAE (puc. 3). ITonHEIE COBOKYIHOCTH COOTBETCTBYIOIINX HENPHBOLUMBIX

o3Hayaer, 4YTO B JAHHOM B3aHMO-
' "‘zaz
' TiZ,,
Z,
JHUHUIO (HANpUMEP BOJHHCTYIO), TO
I'puna (2.7). TlpousBosbHbIH rpaduk, BXOAAWHMHA B G, UMeeT BUJ OXKepebs,
11 KaTd, N 2
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yacrell HazoBeM — iXi11, — iYo2, — iX20. lIpomeccaMm c coxpaHeHnuHeMm umcia
YACTHUI[ HAJ] KOHJEHCATOM OTBeUdeT X;, TOTAA KAK Xgy H 29, COOTBETCTBYIOT
MOTJIOIIEHHIO H POXKJEeHHIO ABYX yacTHl. IIpu 3TOM, ecrecTBeHHO, POKIAIOTCS
HJIM HOTJIOMAIOTCS JiB€ YacCTHILBI KOHAEHCATa U MX SHEPrHio 2y ciaeiyeT yuH-
ThIBaTb. B HMIYJbCHOM INpEJCTaBIEHHH 3TO CKa3bIBAETCS B TOM, 4YTO
Y11 (P15 P2) CONEPHKHUT B (Dy— Ps), TOTAA KaK B Dgg(piPs) B Zpg(piPs) BXORHT
8(p1+ ps— 2p) 2. B nanpnefimem Mbl OyieM yYHUTBIBATH 3aKOHBI COXPAHEHHS
B aprymMeHTax X, OO0OO03Hauyasg KO3(DQUIHUEHTH NpH O-QYHKIHUSAX uepes

L (P P)=Zu(p); B (p +w—p + @) =Zp (0 + 1)
Zoo (P 4 t1o—p + W=Zy, (p + w). (5.1)

Benuuunbl L;; SIBJASIOTCS XapaKTepPUCTUKAMH B3aUMOJEHCTBHS UYACTHIL M HX
MOXHO HAa3BaTh 3(P(EKTUBHBIMH IOTEHIHAJaMH TApHOrO B3aHMOJEHCTBHS.
Beenem wmapsapy c ¢yuxkuued I'pu-

HA G BCIoMoOraTeJIbHYyIO BeJII/II{I/IHy
(G — COBOKYNHOCTb TPa(hUKOB, HMEIOIIHX o= H +
JiBa BXOJAIMIHX KOHIA (a He OJHH BXO- - .
pru
A .
G = = +
pre

PrE PR -prp TP PR -prp pru
Puc. 4 Puc. 5

IS ¥ OJMH BBIXOAAUMH, Kak B G). Ha puc. 4 npeacraB/ens! HeKoTopble

CTPYKTYpHble rpaduku, BXoiduue B G. Bennyuna (G onucbIBaeT mpolecc nepe-
XOJa JBYX uacTHI B KOHJEHcaT. B HMIyJbCHOM IpeACias/ieHHH, KOrja BXO-
ASLIAM KOHIAM COOTBETCTBYIOT 4-MMIYJbCH p + @ H — p -} p Oyjaem mucartsb

G (p+ ).

Hna G wm (G MOXKHO HANUCAaThb CHCTEMY JBYX YpaBHEHHI (anasor
ypaBHenus: JlaficoHa B 2JieKTpoJMHAMUKe [51]):

Gr+w=G0"p+w+0"(P+w)iu(+w)Gp+w+
+ G (p 4+ 1) Loy (p + 1) G (0 + 1), (5.2)
G (p+1) =G (—p4+)Z1u(—p+w)G(p + 1) + GV— p + W) Zu(p+w)G(p ).

CTpyKTypa 5THX ypaBHeHHil M300pakeHa rpapuueckdl Ha puc. 5 u He TpeGyeT
JanbHednX —nosichenuii. Paspemass cucremy  (5.2) ornocuresbHo G H
A

G, naigem
G(p—+up= (G(O)Fl m L ) {(G(O)—l — 5yy)" (G(O)_1 — Zy1)" — DpZga} Y,
G(p+uw) =2 {(G”" — )" (G — By)” — 5,8} T, (5.3)

rJie 3HAYKH —— O03HAYaloT apryMeHThl (4= p -+ u).

3amernM, uTo Bhipaxenue (5.3) gust G MOXKHO 3amucaTh B OGBUHON (op-
Me ypaBHeHHs [laficona

G =GY" -3,
E(p+u) =2u(p+p) + BB /[GV” (—p+w)—Zu(—p+wl (5.4)

? 1 3/lech 03HauaeT 4-BeKTOp . HMEIOIHIT TOJIBKO O/iHY YeTBEPTYIO KOMIOHEHTY.
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[Moxcrasnsisi B (5.3) siBHOe BhIpaxeHue Aasl GyHKuuM I'puHA CBOGOAHBIX
YacTHIL

GO (p) = p° — <% + i3; (5 =p?/2; 33— +0), (5.5)
noayunm gast G u G
po+ed+ I —p
[P° — (S, — Z) / 21— [% + (S 4+ Z5) /2 — w2+ BaoZg

» B
G - i . (5.7
P+ b) = e o [+ (S + =)/ 2 — 1P + a0 ®-

(5.6)

G(p+up)=

Bripaxenne (5.6) omnpenenser ¢yukuuio I'puna uepes s¢deKTUBHBIE NOTEH-
nuajbl Y;; W XUMHUECKHH MOTeHHHaJ cucTeMbl . Kakue-iu6o ypaBHeHUS AJd
caMHX X;; W p He MOTYT OBITh MOJIyueHbl B obuieM Buje. st ux onpejeJe-
HUSI HEOOXOAUMO TPUMEHSITh NPUGJMKEHHBIe MeTOJAbl CYMMHPOBAHHS I'PapHKOB.
B paspene 7 png BblUHCHEHHS Y;; U [ UCIOJb3YeTCS TEOPHUSI BO3MYILEHHH.
B caenyromefi cratee [] 6yaer paccMOTpeHO NPHUOJMIKEHHE, B KOTOPOM Ma-
JbIM NIapaMeTpoM SIBJISIETCSI [JIOTHOCTD.

6. Cea3p ¢ynkuuu [puna c mapamerpamMu CHUCTEMBI

OHeprusi OCHOBHOTO COCTOsIHHSI E, MoKeT ObITb HalijleHa yCpeJHEeHHeM ra-
vuibToHnana (2.1), (2.2) mo ®F

1 :
Ey=(DYH®Y ) = X\eh <agap) + A 2 Uq <5 afap—q@piqy.  (6.1)
P ppq

[Nocnenuunit unen B (6.1) MoxHO cBsizaTh ¢ (yukiuedl I'puna G. Paccmorpum
G B (p, !)-npercraByeHud (T. €. UMIYJAbCHOE NpPEACTABJEHHE TOJbKO JJIs MPO-

CTPaHCTBEeHHEIX TepeMeHHbIx). M3a (2.3) cnenyer (ycpeineHue Besje IO o+

iG(p; t—1)=(T{a,()ay ()},  (P+0), (6.2)
OTKYyJa JIETKO TIOJIYYHTDb )
(i0]0t—<3) G (p; t —t) =8 (t—1t')+R(p; t—1), (6.3)
rjae
Rmt4m=—§§UwH$M%WM%ﬂmﬁﬁw> (6.3)

Ymuoxkas (6.3) Ha eiP’~%) u uHTErpHpysl mo f, mojyuyaeM c yuetoM (5.5)

G (p) G (p) =1+ R (p),
OTKYJla COTJIaCHO ompejiesieHHIo (5.4) sl ¥ HENOCPeJCTBEHHO CJefyer
R(p) =2 (p) G (p), (p = 0). - (6.5)

C npyroi#t croporsl, u3 (6.4) BuaHO, uto BesuuuHa R (p; — 0) cBssana ¢ no-
caepHeit cymmoir B (6.1); a MMeHHO

1 o A
57 2 Uq <a;,"a;,*7ap'_qap+q D %ER (p;—0). - (6.6)

PP'q )
11*
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Beipaxkenue (6.5) mas R cmpaBeasnuso Tosbko aas p == 0. Ilpp p=~<0
nepsasg uyactb B (6.2) paBma corsacHo (3.13) iVG, (¢t —t’), Tak 4TO BMECTO
(6.3) B 3TOM CJIydae mosydaem

i%@o(t—w=%8(t—t')+%R(O; t—1). (6.7)

[IpeneOperasi usnesom c¢ 8-¢pyHxkuuedn (~V™') u ucnomesysa ais G, (3.12),
HAXOJNUM

R(0; —0) = i[—a% By (c)]TZ0 = — i (6.8)
C nomowpio (6.6) u (6.8) Bulpaxkenue ans £, (6.1) 3anuceiBaercs B BHjE
; [ 1
Ey=Dep{agay) + 5 2 R(p; —0) + 5w, (6.9)
P p+0

Mcnonbsysi cooTHOlIEHHE (HeNOCpeJCTBeHHO caeayiouee u3 (6.2))
N, =<afa,) = iG(p; —0) = ig G (p) dp°® | 2= (6.10)

4 nepexofss B (6.9) oT cyMMHMpPOBAaHHS K HMHTErpPHPOBAHHIO, HOJYUYHM C YUYETOM
(6.5) crmenyrolee BhIpaXKeHHe JJISI SHEPTHH OCHOBHOTO COCTOSHHSI Ej 3:

Eo/V = i1+ 152 (0)1G (p) dip ] (2r)* + iy /2 (6.11)

(unterpupopanue no p° C 3aMbIKaHHEM B BEPXHIOK IOJIYIJIOCKOCTS).
Besuunael £ # G cojepxar B KauecTBe [apaMeTpPOB p W 1, (€CJAU mpH
BBIUHCJICHUH HE HCHOJIb30Baoch (3.20) AN HCKIIOYEHHS OJHOTO H3 HHUX),
nostomy (6.11) MOXHO paccmaTpuBaTh Kak CBsi3b Mexay E,/V, w # n,.
Eme 1Ba CcOOTHOIIEHHS MeXAy 3THMH NapaMeTPaMH MOXKHO IOJNYUYHTb, eCJH
HCHOJIb30BaTh, BO-TNEPBBIX, OMpE/IeJIeHHe XHMHUYECKOro MOTeHIHaNa

_0E, 3 (E,
b= = () (6.12)
4 BO-BTOPbIX, yCJIOBHE COXpPaHEHHs YHCJA YacTHI, Kotopoe ¢ yuetoM (6.10)
MOXHO 3alHCaTh B CJENYIOWeM BHIe (JA eIHHHIB 00bema)

n=ny -+ iSG (p) d*p | (2r)". (6.13)

Boipaxennsi (6.11), (6.12) u (6.13) onpegessiior Ey/V, u u n, uepes
MJIOTHOCTb 7 (MM JoOble ApYrHe TPH BEJHYHMHBEI Yepes ueTBepTyIo). 3aMeTuM,
4TO NOJyYeHHoe paHee cooTHowenue (3.20) He SIBJSIETCS HOBBIM, HPH BHITIOJ-

Henuu (6.11), (6.12) n (6.13) oHO GyjeT y/[OBJETBOPSTHCS TOXKAECTBEHHO.

7. Tlpubnuxenue Teopuu BO3MYUIEHHH Aast Ly, U "

I'paduxamu nepporo npuéiiuKeHus: Teopuu BOSMYLIEHHH JJs L, SIBJISIIOT-
CA 3JIeMeHTapHble rpagukd puc. 1 (b, c—paa Iy, d— pis Lyer € — Jusd
Lyp), U3 PACCMOTPEHHSI KOTOPBIX HENOCPEeCTBEHHO cleflyeT:

£, =5, =nUs; = 1,(Uq + Up). (7.1)

3 O CcyuwecTsoBaHMH IO,

C MOGHOTO  COOTHOIIGHHA /st (epMH-CHCTEMBl MHE COOBIIH
B. M. Tanmukui.
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EfMHCTBeHHAS «BAKyyMHAs TIeTds» B TepPBOM TPpHOJIHAKEHHH — 3JIEMEHTaPHBI
rpaguk puc. 1, a, Tak uro corsacto (3.20) mas p nosydaem

w = noU,. | | (7.2)

[loxcrasisisi (7.1) um (7.2) B BHIpaxeHHe ,ILJIH (pyHKulm FpHHa (5.6),
HAXOJIUM

G(p+p) =p°+ ep + noUp / (002 — = —-2n0 & - 18) (7.3)

3navenne p°(p) B momoce ¢yHKumu [puna G (p -4 ) ompegensier sHEPruio
3JIeMEHTapHbIX BO30YXK/JEHUH B cucTeMe (KBasuyacTui) [3]. I/Is (7.3) HaxopuMm
IJIST SHEPTHM KBAa3HUaCTHI

ep = /0% + 2n,Uel. (7.4)

[oacraBasis (7.3) B (6.10), mafizem cpejnue umcaa 3aI0JIHEHHST B OCHOBHOM
COCTOSIHUM

Ny = (—ep+p 4+ nUp) [ 22 = (n0U)? [ 205 (e + &) + 1oUp).  (7.5)

Bripaxkenus: (7.4) u (7.5) coBmajaioT ¢ pe3yJbTaTaMH H3BECTHOH pPaGOThI
Boromnwo6osa [°]. ’ ‘

[P HJIOKEHHE

JlokazartenbcTBO Teopembl (3:.3)
[TpeoGpasyem T-mpousBejenue B (3.3) corsacHo npaeuay Buka, 3amncas
nocyensee B Bue [?] h
T {Be"®} = N {e*Be"°}, (I.1)

rjge A — omnepaTtop, 3aMeHSIIOUUH napy aoa[,F ux cBepTKoil (3.5):

1 ’ , 32 .

JIOKa3aTeIbCTBO TeopeMbl pa3CMBaeTCsl Ha JBA 3Tama: 1) «BbINYTHIBAHHE»
B us-nog omeparopa e* H 2) nocjefyiomee «paclyThiBanue» N-TPOH3BeJeHus.
1) Pesysnbrar nepBoii onepaunuu (GOpMyJHpYeTCs CJeLYIOMHUM 00pasoM.
C TOYHOCTBIO IO WIEHOB ~ V™! HMeeT MecTo paBeHCTBO ‘
A . + Vo, . p+ LA Vo ;
e {B(a; aN)e "}y =B(@E; B e {e "}, (I.3)

rjie B u B* onpenessioTcsi ypaBHEHUSIMH
B(t) =+ \dt'o (e —1')3s (B8 /38" (¢);
Br(t) = o+ \dt'6 (¢"— 1) 3 (B°) /3B (1).

HdoxaszateabctBo. Muoxurens V7!, coiepxamuiics B A, MOXKET KOM-
nencupoBatbcsi B JeBo# wactu (I1.3) TOJIbKO B TOM CJyuae, Korja XoTs Obl

OJIHUM BapbHPOBAHUEM 3aTParHBaeTCsd e’®. BamumeMm A = Ag + Ags+ Aos,
rjile MHJAEKChl IOKa3bIBAIOT 06’beKT BapbUpOBaHusl (IepBHIA HHAEKC MO «). Pe-

3yJbTaTt ,ZIBI/ICTBI/IS ~onepartopa e_ Aoo npeactaBuM B BUJE

(I1.4)

goo [e7) =" . (11.5)
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(xak Oyper nokasaHo Huxe, o’ He cojepxkutr V). C yuerom ([1.5) mosyuaem
e® {Be"} = exp (Aps -+ Aos) {Be"°}. (T1.6)
TlopefictByem omepatopom e"5° cnavana ma e'”. s (I1.2) noayuaem

Vo' 4 ’ n oo’ 3 . Ve
A = g Sdtdte(t—t)W[W]B:e D (IL.7)

[Tpu peficTBHE IOCJIEAYIOIUX OIEPAaTOPOB Ap, KOHEUHOE BhIpaXKeHHE OyeT
JaBaTb TOJbKO BapbHPOBAaHHE 3SKCIOHEHTHI, TaK YTO 13 IIOCJeJOBaTEJbHOTO

npuvenenusi (I1.7) caenyer (Ag)'e”™ =e" (Dg)*, orkyna
e = VP B, (I1.8)
Ws (I1.7) HemocpejiCTBeHHO BHAHO, uTO eB sBisieTcs OIIepaTOpPOM  «C/IBHUTa»
« () HAa BeJHYUHY
o (f) = Sdt’ﬁ (t —t') 33" [ 3ot ('),
1103TOMY

eBo (B (a; «*) "} =e""ePB B (a; «f) = "' B(a+ay; o).  (I1.9)

CoOBepIIeHHO aHAJIOTHYHBIE COOTHOLIEHHSI IOJNYYaloTCsl JIJIsi onepatopa elgg,
«casuraromero» ot (¢). OxkonuatespHo nosnydaem s (I1.6)

" (B (a; o)™} = B(B; B "™ =B @ pY)e e}, (I.10)
rje

B(f) = a4 Sdt’o (t— 1) 8’ [ 8ot (£'); B* (f) = o +- gdt’@(t’—t)as’/‘c‘)oc(t’);(ﬁ. 11)

(IT.10) cosmagaer c¢ (I1.3). Ocraerca ycraHoBurh TOXA2CTBeHHOCTL ([T.11)
u (I1.4). Bappupys o6e uactu (I1.5) mo «(f) H «* (), a 3areMm, HCHOJb3Ys
(I1.10), nomyuyum

80" (o) [ Bex (1) = B3 (BB") /3B (£); Ba” (aa”)/ Ba” (£)=33(BB7)/3B"(¢);  (I1.12)

(IT.12) cosmectno c¢ (I1.11) ompegensier o'. IToxcraBasa (I1.12) B (I1.11),
noryuum (I1.4).

2) Ha stom sTame MOXHO CUMTaThb &« H " IOCTOSIHHBIMH OIEpaTOpaMH
(cm. mavano 3), a o um B(83*) =B’ (aa*)-pyuxuuamu « u of, a He (yHK-
unoHanamu. CBsisb (yHKUHH o (xx*) ¢ ¢ MOMKHO MOJIYYHTH HMHTErPUPOBAHHEM
(I1.12) mo BpemeHnu:

3o (B3+) (3 (aat) ,, 95’ [ 3a(33%) __ 0c’
Vmo 4= \mn = V- @)

Jlis pasbHefIIero CymecTBeHHO, 4TOo o M B’ 3aBHCAT TOJNBKO OT v = ata.
B stom cayuae crpaBejsiHBO CJefyIOLIee MPABHJIO «BBIIYTHIBAHUSIY:

N{B' () "™ =B (W) N {"?, (I1.14)
rjae V_CBHSaHO C v COOTHOLIEHHEM:
v =y [l + 95" (v)/0v] =vX? (T1.15)

[Ipexje yem mepexoautb K jokasareabcrBy (I1.14), mnokaxem, uro wu3
(T.3) m (I1.14) caenyer cmpaBepiuBocTh TeopeMsl (3.3). I[locae oraenenus

v
GeCKOHEUHOI0 MHOKHTEJNST e ° HEKOMMYTATHBHOCTBIO o« H of MOMKHO mHpeHes-
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peub. DTO NO3BOJISIET Pa3OHTh MOJCTAHOBKY v—>v, KOTopasi IIPOM3BOJHTCS
B ([1.14), ma jBe IOACTAHOBKH «— o, o« — o, monaras Bmecro (I1.15)
« = aX u o = «*X HAM TOC/ie HEKOTOPHIX IIpeoO6pasoBaHMi

o2 = a? + ada’ (v) [0; o2 = o2 4 ot 0a’ (v) [ Ot (T1.16)

BeJiHunnbl, B KOTOpbIe IepexofaT B u B* mpu mojcramoeke a, o«f —«, «* Ha3o-
gem coorserctBenHo A u A*. VYpasuemus aas A m A" nonyumm us (I1.4)

3aMeHOl CBOGOAHBIX UJEHOB Ha « H o':

Alt) =+ Sdt’ﬁ (t —1') 83 (AA¥) [3AF (t');
- (I1.17)
A (t) = a* + gdt'e (t' —1) 33 (AA") [ BA(t),

WUs onpegenernss B’ (v) cienyer, uto B’ (v) = B (AA"), tak uro ([1.3)
(I1.14) pator (3.3). ust MOJHOTO JIOKA3aTEJbCTBA TEOPEMbl OCTaeTCsl yCTaHO-
Buth ToxjecTBennocts (I1.17) m (3.4). las oTOro mpousBeleM MNOACTAHOBKY

a, «t — o, oF B ([1.13), B pesyjbTaTe Uero INOJYYHM

9’ 3) _ ( 8s(AA%) . d0'() _ (3 (AAY)
=\ Saias S =\ (I1.18)

C yuetom (I1.18) ypasuennst aast « ot (I1.16) coenanaior ¢ (3.6), uem ycra-

HABJIMBAETCS] TOMKJECTBEHHOCTh «, a* ¢ C, C*, a TeM caMbiM H JIOKa3blBaeTCs
TeopeMa.

IlepeiineM K fokasatenbctBy (I1.14). Beemem Besuuuny L, CBSI3aHHYIO C o’
COOTHOILIEHHEM

N{™y=¢". (I1.19)

Huxe L Gyjer sIBHO BhbipaxkeHa uepe3 ¢, OTKyjJa OYAeT BHAHO, Y4TO OHA He
conepxur V. Ilycte ana B’ (v) umeem

B’ (v) = 2lbw, (11.20)
R
torga ¢ yuetoM (I1.19) mosyuum

N (B¢} = D buattN {eVe'} ab = D) batheViak, (I1.21)
kR R

Jlist TIPOM3BOJIbHOM (YHKIHH Y (V) CHIpaBeJJHBO COOTHOIIEHHE KOMMYTalHH
10
oy (v) = <y+ 76—5) o, IHOCJEeJ0BATEJbHO INPUMEHssT KOTOPOE, IOJyYduM

akey = exp {(1 -+ %»(%)k y} ok, (11.22)
BuiGupasi Tenepb y W3 PaBEHCTBA (1 + %;—v)ky= VL, noayunm us (I1.22)

NIPaBHJIO «IIPOTACKUBAHHU» " yepes e’
exp {VL}ak = ok exp {(1 + -a‘?v—)"‘ VL} ~ ak exp (—k g—f) exp{VL}. (I1.23)
[pumensis ([1.23) x (I1.21), naitnem
N (B¢} = Db, (e )" =B’ () e, (T1.24)
kR
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rjue
v = ve oM, (T1.25)

Inst onpenenenuss L puddepenuupyem nmo o obe yactu (I1.19).
B neBo#t wactu moJsyuum

19 Vet 9’ ve) _ aar [0 Vel
TV "y = N{G e} =N { - e}
WK TIOCJE HCTIONb30BAHHS (I1.24) u (T1.19)

1 0 Va' (___ +66’(;) VL. [1.26
_V__GFN{e }_-oc————(37 e ( )

Ilpu auddepenuupoBanuu no o npasoit yactu (I1.19) craexpyer umerb B BUAY,
uro 0L /O0x He xommytHpyeT ¢ L. 3ameuast, uyto 0L /Oa = a*0L /Ov u ucnoJb-
3ysi cooTHowenue Kommyrtauuu Lot = ot (L -+ %%) HETPYIHO TOJYUUTH
opmy.ry :

1 0 ,n 1 0L \k R
H3 KOTODOH Clejyer
1 0 vL__ 4+, 0Llov VL
7%3 = (e —l)e . (H.28)

Cpasnupas (I1.28) c (I1.26), naxomum ucKoMmylo CBsisb L ¢ o’:
95" () | v =eHov 1, (I1.29)
Us (T1.29) u (T1.25) cnenyer (I1.15), uro Bmecte ¢ (I1.24) u nokaswBaer (I1.14).
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APPLICATION OF QUANTUM FIELD THEORY METHODS TO A
SYSTEM OF BOSE-PARTICLES

S. T. Belyaev

The possibility of application of quantum field theory technique to a system of many
Bose- particles is demonstrated. Dyson’s equation for a single particle Green's function is

formulated.’ Some properties of the condensate in a system of interacting Bose-particles are
considered.



