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J .. BeeoeHue 

· · ·· · B HaCTO.JI~ee speM.JI cymecTsyeT xopomo pa3pa6oTaHHa.JI 

TeOpH.JI OTKJIHKa paBHOBeCHOH CHCTeMLI Ha BHeWHee MeXaHH· 

qecKoe B03MymeHHe. 3aMKHYTOe BLipa:>KeHHe )J;JI.JI JIHHeHHLIX 

a,IJ;MHTTaHcos, nonyqeHHOe Ky6o /It, MO:>KHO CB.JI3aTb c KoM

MyTaTOPHLIMH ciiYHKUH.JIMH rpHHa ;2,3 /. 3TO ,IJ;aeT B03.:. 

MO>KHOCTb ITOJib30BaTbC.JI.MeTO,IJ;aMH KBaHTOBO~ TeOpHH ITOJI.JI 

.. npH . IT()CTpoeHHH pa3JIO:>KeHHH a,IJ;MHTTaHCa no TOMY HJIH 

HHOMY ManoMy napaMeTpy. H3secTHO, o,IJ;HaKo, ql-o :na 

TeXHHKa. OITHCbiBaeT peaKUHIO CHCTeMLI, .H30JIHpOBaHHOH OT 

TepMOCTaTa. Il03TOMY, B qaCTHOCTH, Bbipa:>KeHH.JI J\,JI.JI CTa· 
c . 
TH~eCKHX a,IJ;MHTTaHCOB; nonyqeHHbie B 3TOH TeOpHH, OTJIH· 

qalOTC.JI OT TeX, KOTOpbie MO>KHO ITOJiyqHTb MeTO,IJ;aMH paBHO• 

BeCHOH CTaTifCTHqeCKOH TepMO,IJ;HHaMHKH /
4
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B HacTo.Jimeii pa6oTe MLI nocTpOHJIH TeopHID JIHHeiiHoro 

OTKJIHKa )J;JI.JI CHCTeM, HaXO)J;.JIJUHXC.JI B TepMOCTaTe. 3TOT 

O!KJIHK aBTOMaTHqeCKH yqHTLIBaeT BKJia,IJ; HH.I\YUHPOBaHHLIX 

BHeWHHM noneM TepMHqeCKHX B03MYllleHHH, H B KBa3HCTa· 

THqeCKOH 06JiaCTH nepeXO)J;HT B BLipa:>KeHHe )J;JI.JI CTaTHqeCKO· 

ro H30TepMHqecKoro oTKJIHKa; MaTeMaTHqecKoe pa3JIHq:He 

Me>K.I\Y 3THMH MO.I\HciiHKaUH.JIMH TeopHH JIHHeiiHoro oTKJIHKa 

o6ycJIOBJieHO pa3JIHqHeM B rpaHHqHLIX YCJIOBH.JIX )J;JI.JI HepaBHO· 

BeCHOrO CTaTHCTHqecKoro on epa TOpa /HCO/, KOTOpLie HMe

lOT MeCTO B H30JIHpOBaHHOH. CHCTeMe H CHCTeMe B Tep:Mo·. 

CTaTe. IlpHH.JITbiH B TeOpHH ciiYHKUHH rpHHa MeTO,IJ; qaCTHq· 

HOrO .. CYMMHpOBaHH.JI p.JI,D;OB TeOpHH B03MYllleHJ:iii /MeTO,IJ; 

M'accosoro onepaTopa/ ciiH:KcHpyeT anre6paHqecKyro cTpyK

TYPY .· ciiYHKninl rpHHa HJI~ .IIHHeiiHoro a,IJ;MHTTaiica. 3Ta 

CTpyKTypa ile .JIBJijleTC.JI e,IJ;HHCTBeHHO B03MO:>KHOH, a B:P.JI,IJ;e 
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cnyqaes ue cornacyeTcJI c .c)euoMeuonoruqecKoii C~PYKTY~ ., 
poii: a~MBTTauca. llo3TOMY B pa3~ene 4 pa6oTLI pa3BBT -~ 
HOBLIH anropBTM BLI'IBCneHBJI a~MBTTaHCOB, BCllOnL3YroiiUIH · .:_' 
o;enO'IKB ypaBHeHBH MJI cneD;BanLHOH pa3HOBJmHOCTB c)yHKD;BH · . .c· -

rpBHa. 3TOT anropBTM. npBMeHBM· KaK K B30nBpOBaHHLIM 
· CBCTeMaM, TaK B K CHCTeMaM B TepMOCTaTe, B OCHOrulH 
Ha pa3~enLHOM BLI'IBCneHBB CTaTB'IeCKOH B ~HaMB'IeCKOH 
'laCTB OTKnBKa. TaKBM nyTeM MO)KHO nony'IHTL npaBBnLHyro 
anre6pauqecKyiO CTPYKTYPY a~MBTTauca B Tex cnyqaJix, 
Kor~a 3TO He y~aeTcJI c~enaTL c noMOID;LIO KOMMyTaTOP~f:LIX 
c)yHKD;BH rpuua. MeTO~ BninoCTpBpyeTCJI Ha npBMepe. BLI
'IBCneHBJI npo~OnLHOH B nonepe'IHOHKOMllOHeHT MarHBTHOH 

. . . ' ' . ~ ) . ' - ' . ~ 
BOCllpBBM'IBBOCTH CBCTeMLI-. CllBHOB B 3neKTponpOBO~HOCTH 
B nepeMeHHOM 3neKTpB'IeCKOM none. 

2. 06o6111eHHaJ1 ,PopMyAupoaKa. 3aoa~u AUHeiiHozo 
01/IKAUKa HQ MeXaHU~eCKOe 603MYUieHUe 

llycTL ua clicTeMy c raMBnLTOHBaHoM H HaKna~LIBaeTcJI 
MexaHB'IecKoe B03MyiD;eHBe Hr(t)=-A.~(t), r.ne A- He
KoTopLI:ii OnepaTOp, a 5.- HanpJIX<eHHOCTL llOnJI BHelliHHX 
CBll * .. ITO~ BnBJIHBeM 3TOrO B03MYIIJ;eHBJI B03HHKaeT HepaB:
HOBeCHOe · cocTOJIHHe CHCTeMLI, KoTopoe onBCLIBaeTcJI HCO p(t). 
Boo6ID;e rOBOpJI, MeXaHB'IeCKOe B03MyiD;eHBe_. CBCTeMLI HH~y
D;BpyeT B Heii· B03MyiD;eHBJI TepMB'IeCKOrO THna, COOTBeT
CTBYIOID;He HeJIBHOH 3aBHCHMOCTH p (t) OT ~ ( t) qe.P.e3 

. . t 
HeKOTOpLI:ii Ha6op MaKpOCKOllB'IeCKHX nepeMeHHLIX <P> _; 
; Sp P p ( t) · .. B 3TOM cnyqae MaKpocKonu'lecKoe co~TOJIHHe 
CHCTeMLI MO)KHO OD;eHH~L C llOMOID;LIO KBa3HpaBHOBeCHOro 
pacnpe~eneHHJI 

-cil-P 
P (t)=e . F( t) 
q 

, . ti> = fu S e -PF(i) 
. p /2.1/ 

* ,lJ;nJI . ynpoiiJ;eHHJI c)OpMyn MLI He BLillBCLIBaeM B JIBHOM 
BH~e BeKTOpHLie H MaTpH'IHLie HH~eKCLI. B 06ID;eM cnyqae 
·A~ ecTL iipoH3Be~eHHe ~Byx Ha6opoB senH'IHH, o6pa3yro
ID;HX, • COOTBeTCTBeHHO, BeKTOp- CTpOKy H BeK',I'Op- CTOn6eo;. · 
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r~e. . F ( t) - TepMO~HHaMH'IeCKHe cunLI, conpJDKeHHLie t . . . 
nepe~eHHLIM .<P> = Sp P p (t)=SpPpq(t). CornacHoMeTo~y 

. HCO 10- 12/,BLipa)l(eHHe MJI p (t), Y'IHTLIBaiOID;ero HH~yu;upo-. 
BaHHLie TepMH'IeCKHe B03MYIIJ;eHHJI, npe~CTaBnJieT co6oii: 
'laCTHOe pemeHHe · ypaBHeHHJI JIHYBHnnJI C rpaHH'IHLIM ycno- .· 
BHeM co:Bna~eHHJI onepa-ropos p(t) H Pq(t) B. 6ecKoHe'IHO 
y~aneHHOM npomnoM /3ana3~LIBaiOID;ee pemeHHe/ unu 6ec
KOHe'IHO y~aneHHOM 6y~yiD;eM /onepe)l(aiOIIJ;ee peme:u;ue/. 
3~eCL MLI 6y~eM paCCMaTpHBaTL TOnLKO pemeHHJI 3ana3~LI.; 
BaiOID;ero Tuna. YKa;JaHHoe rpaHH'IHoe ycnosue MO)KHO 3anu

caTL B pa3nH'IHLIX 3KBHBaneHTHLIX c)opMaX /ll-l3/. ,lJ;nJI 

Hamux neneii y~o6Ho npe~cTaBHTL ero B BH~e 

. itt L • 
e (p(t+t 1)- p (t+t 1)). ·--- 0, 

q tl->-00 /2.2/ 

r~e L=L(t)- Lc ( t) - onepaTop JluysunnJI cso6o~Hoii cuc
TeMLI, npH'IeM ~nJI npoH3BOnLHoro onepaTopa B 

iLB=(ih)-_1 [B,H] = B; iL(t)B;.,(ih)_.
1 

[B,H+Hr(t)]; 

iL ft)B = (ih)-l [B,Hf(t)]. . . . . 
IIycTL · B03MyiD;eHHe H f JIBn.HeTC.SJ ManLIM; Tor~a p(t) Mano 
oTnuqaeTCJI oT paBHOBecuoro pacnpe~eneHH.SJ Po npu TeM
nepaTypel_ ;. 

(3 {3 <0 -H +11N) ·. -So 
p =e · = e , 

0 ·: 
/2.3/ 

r~e 11 - XHMH'Ie':'KHii noTeunuan, a N - · onepaTop 'IRena qac
THD;. Jiy~eM HCKaTL BLipa)l(eHHe ~n.SJ nHiieii:HOrO OTKnHKa 

t t :?f ' 
~<B > =<B> -<B>0 , < ... >

0 
= Sp(p0 ... ) , Y'IHTLIBaiOID;ero BKna~ 

HH~yu;uposaHHLIX TepMH'IeCKHX B03MyiD;eHHii. Cornacuo Me
To~y HCO 112(y'leT rpaHH'IHLIX ycnosuii /2.2/ K ypasueHHIO 
JIHyBHllllJI 3KBHBaneHTeH pelli~HHIO ypaBHeHHJI JIHyBHnn.SJ 
C 6eCKOHe1mo MallLIMH HCTO'IHHKaMH 

a . 
(-+iL(t))p(t)""-f(p(t)-p (t)), f·->+0, at q 

i2.4/ 

KOTOpLIH MO)KHO HHTepnpeTHpOBaTL KaK HHTerpan CTOnKHO
BeHHH BLI~eneuuoii cucTeMLI c ee oKpy)KeuueM. TaKHM 
o6pa3oM, B oTnH'IHe oT i-eopuil Ky6d

1
/, H3naraeMaa Teopu.s~ 

OTKllHKa COO"I:BeTCTByeT CHCTeMaM, HaXO~.SIIUHMC.SI B KOHTaK
Te C TepMOCTaTOM .. 3TOT KOHTaKT Y'IHTLIBaeTC.SI H~eanu-
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3HpoaaHHhlM, ycnoBHhlM o6pa30M. B3aHMo~eiicTBHe c Tep
MOCTaToM cqHTaCTCJI HC<Ie3aiOllte. MaJibl~ /t:-++0; npHqeM · 
3TOT · npe~eJI BblqHCJIJICTC.JI nocne TCpMO)::UIHaMHqeCKOrO npe
~ena B Bhlpa:>KeHHJIX · ~ns. cpe.n;HHX/. 3Toro .n;ocTaToquo MJI 
nonyqeHHJI . HC06paTHMbiX· BO · BpCMCHH ypaBHCHHH H. yqeia 
XaOTH3HPYIOIQero BJIHJIHHJI TepMOCTa Ta Ha CHCTCMY. )J;eii
CTBHTCJILHO, 6eCKOHequo MaJibiH HCTOqHHK B /2.4/ HCHHBa
pHaHTCH no OTHOWCHHIO K HHBCpCHH BpCMCHH, a H3. CTpyK
Typhl · :noro 'HcToquHKa · cne.n;yeT, qTo p (t) Mo~o 

> ' " q 
paCCMaTpHBaTL KaK pacnpe~CJICHHC, K KOTOpOMY CTpCMHTCJI 

. HCO p(t) · 3a cqeT KOHTaKTa c TepMocTaToM. 
, B pa6oTe /ll/ 6hlno noKa3auo, qTo /2.4/ MO:>KHO npeo6-. 
·' "' 

pa30BaTL B HHTerpaJILHOC ypaBHCHHC CJIC~YIOIQCrO B~a; 

0 ni itiL ,. . . 

p(t)=p 0(t)-~£diie e L1 (t+ti)p(t+ti),t:-++0. ; 2 .51 
0 fti 

·p 0 (t) =t:.f dtie 
-oo 

itiL .. 
e pq(t+ti) =pq(t)~ 

0 - f dt ef 1 I itiL 
-oo I . e . ( j_ +.iL)p (t+t I)' at · q · · 

r~e 
i tH .. itH 

/2.6/ itL n-- ---
. e · ·A =e A e h • " , .. 
Hawa 3a,uaqa - nonyqHTL peweuHe ypaBHeHHJI /2.5/, JIHHeii
uoe no S:(t). ,LJ;ns :noro nHueapH3ye:M: onepaTop p 0 (t) /?-;6/. 

no oTKJIOHCHHJIM oF ( t) = F( t)- F 0 TepMo~HHaMH:ecKHX CHJI 
OT HX paBHOBCCHhlX 3HaqeHHH H Haii~eM JIHHCHHYIO CBJI3L 
MC:>K.IJ;Y o F(t) H. BHCWHCH CHJIO:ii S:(t). Cor naCHO /2.1/, HMCCM 

_;_fup (t)=~ +o<I>+Po F(t)=So +APoF(t), q . 
. . . . 

AP = P- <~:0 , S
0

=f3 (H- flN-::f!) ;. /2 .. 7/ 

3~CCL Mbl HCnOJIL30BaJIH COOTHOWCHHC o<l>= "'-<P>
0 

oF( t). 
,JJ;anee, : I I-r . 

p (t)=p -f dr pTL\P oF(t)P. + ... . /2.8/ 
q .oo 0 .. 0 

YqHTLIBas, qTo, cornacuo «iJopMyne /2.3/, 
r .. A -r = -1if3rL A :....A(-~~ ). Po Po - e - Iupr , 

HMCCM · 
I 

p =p -fdrAP.Ufi.,Br)oF(t)p + .... 
q 0 ~0 0 ·.: 
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TtmepL onepaTop p0 (t) /2.6/ npHHHMaeT BH~ 
......... ~ . . 

' 1 '. . 
pJ(t) =Po -JdrAP(ihf3r)o F(t)p0 + 

0 
·' 

0 t:t1 I 
~£ dt

1 
e ~ dd .A P( t 1 +.ihf3r) o F(t+t 1) + 

+AP(t
1

+ihf3r)o F{t+t~)}p 0 + ..• 
/2.10/.· 

HaKouen, 3aMeqas,_ qTo aTopoii qneu <lJopMyJihl /2.5/ co~ep- . 
:>KHT. none j= (t) JIHHCHHO H, 3aMCHHB B HCM p(t+t 1) Ha 
p 

0
, iionyqaeM JIHHCHHYIO nonpaBKY K HCO B BH~e 

1 
L\p( t) =p( t)-p 

0 
=- f drAP(ihf3r )oF( t)p0 + 

0 . 
0 ft1 1 . . 

+ fdt1e f dr!AP (t1+ihf3r) oF(t+t1) +AP(t1+ihf3r) X 
-oo 0 · 

xoF(~+t 1 )+AA(t 1 +ihf3r)f3S:(t+t 1Hr. 0 :·. /2.11/ 

Ilocne~uee cnaraeMoe B <l!Hrypuoii CKQ6Ke /2.11/'nonyqeuo 
H3 nHueiiuoii qacTH HHTerpanLiioro qneua <lJopMyJILI /2.5/ 
.cne~yKnnHM o6pa3oM: · · 

0 · n 
1 

ii'
1 

L . · 0 t:"t 1 it1L ~~: · . 
-i fdt

1
e e 'Lr(t+t 1)p

0 
=fdt1e e ~[A,p~]s:{t+t 1 ) 

-oo .-oo lh 

0 Lt 1 ,; . ~ 1 •. . ., ' :h .. ~ 
=-f-dt1e f drf3AA(t 1 +Ihf3r)5(t+t1)p0 {1•• 

-oo 0 ., . . 
r~e Mhl npHMCHHJIH To~ecTBO Ky6o /

1
/ 

1 . 
[A; p0] =-ihf3 f drA(ih,Br )p 

. . 0 • 0 

Bae~eM KoppensnHoHHhle «lJynK:UHH 

1 
(B,A) = f dr < B,A(ihf3r ).:.. <A >0 >0 = 

·o 

/2.12/ 

/2.13/ 

1 1 
=fdr<AB,AA(ihf3r)> ::fdr(<BA(ihf3r)1, ..;<B>0 <A>0 ). 
0 . 0 0 ·. .· .. ... . . 

~ . .; ~ 
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B TepMuHax 3TUX;I<:oppen.H~UOHHLIX IPYH~uii OTI<:nUKa ~<P> = 
= SpP~p(t) UMeeT BU.D; . 

~<P>t ,;,spP~p(t):SpP{p (t)-p )=-(P,P)oF(t), /2.14/ 
q 0 

r.ue BMeCTO IPYHIC~H~ oF( t) Hy)I(Ho no,ZJ;cTaBUTL ux BLipiDKe
Hue qepe3 BHemHroro cuny j= (t). YKa3aHHa.H CBS3L oF( t) u 
j= (t) HeMe.D;neHHO nonyqaeTc.H, ecnu _ycpe.IJ;HUTL onepaTop 
P"no pacnpe.ueneHuiO /2.11/ u yqecTL. lbopMyny /2.14/. 
liMe eM 

0 £ti 
I dti e 

-oo . 
. . . 

!(P,P(ti))oF(t+ti )+(P,P(ti))oF(t+ti) + 

+(P,A(t
1

)),8 j= (t+ti)I =0. 

/2.15/ 

Pa3no~uM Bee Benu'IUHLI B UHTerpanLI cl>ypLe no BpeMeHU, 
HanpuMep 

CI -too dw . iwt 
J (t) = r -e CI t -too d iwt W 

J (w), L\<P> =I ._QL_e L\<P>. 
-oo drr . , 

Tor.D;a U3 /2.15/ nonyqaeM 
-«> 2rr 

oF(w)=-,8[Gpp( -w)+i w GoPP (- w) ]-I GPA (-w)j=(w)y'2.16/ 

r.D;e G BA(w) - clJypLe- o6pa3hl BpeMeHHhiX Koppemi~HOHHhiX 
IPYHIC~uii, UMero~ue BU.D; · 

0 t(E'-iw) 
GBA (w)=I dte (B,A(t)), E" -++0. /2.17/ 

-oo 

HcnonL3Y.H lbopMyny /2.11/, 3anuweM TenepL BLipa~eHue 
w . 

.D;n.H nHHeiiHoro OTI<:nui<:a ~< B> , cooTBeTCTByro~ero npo-
H3BonLHOMY onepaTopy B, He coBna,ZJ;aro~eMy c p. 

~<B>w =-[(B,P)-G • (-w)- iwG (-w)]oF(cu)+ 
BP BP 

+ ,8 G B A ( "':"W) j= ( w) . /2.18/. 
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IIo.D;cTaBn.H.H cro,ZJ;a BLipa:iKeHue f?-.16/, Haxo,llHM OICOH'IaTti:nL

HO 

-~<B>w=X (~w)S:(w), /2.19/; 
BA 

~- -
r.ue X piw) - o6o~meHHLIH nuHeiiHLIH a,llMUTTaHC, Y'IUTLI
BaiO~U BI<:na,ll nHHeUHLIX no. BHeWHeMy nonro TepMU'IeCICUX 

OB03My~eHUH: :.•,_; 

X (w) =,8[(B,P)~G • (w) +iwG (w)] x 
· BA . . BP BP 

x[GPP(w)-iwGPP(w)]-IOGPA (w) +,8G~A(w) 
/2.020/ 

unu 
0 0 . -I 0, 

0 

x
8

A(w) =,BE":GBP(w) [(P,P? ~GPP(w)] · · GPA (w)+,8GBA(w).j2.20a/ 
J 0 

,D;n.H n;onyqeHU.H a.D;MUTTaHca :npu B=P HY~Ho iio.D;cTaBUTL 
0 /2.16/ B lbopMyny /2.14/, 'ITO .uaeT . . 

. - .. · -I 
X (w) =,8(P,P)[G • (w)-iwG (w)] G .(w) 

. PA . PP PP ,pA 
/2.21/ 

_o, unu 

x (w) =,8 (P,P)[(P .~)....: ( ~P (w)]-I G . (c.l).~;. 
·n . · ~ r 

0 • ••• • 0 "' 

. ./2.21a/ 

-I . 
=,8E"Gpp (w) [(P,P)-E"~p(w)] GPA (w) +,8GPA <cu ). 

IIpu 3anucu lbopMyn /2.20a/ uj2.2la/ MLI npoBenuuHTer- · 
pupoBaHue IPYHIC~uii Tuna G .(w) no qacT.HM · · 

0 

· .. 
0 

0. 
0 OBA 

0 . 0 t(E'-iw) d 0 

• ; ; 

GBA (w) = Joo dt e _ dt(B,A(t))=(B,A~-(E"-lw)GB~{w)./2.22/ 

lb 3Tirx lbopMyn BU.D;HO, ~TO ~eCMOTp.H Ha pa3nuque B cno
co6e BLIBOO,ZJ;a· lbopMyn nHHeHHOrO OTI<:mii<:a npu B,;,;p U Bf P , 
o_6y~noBn~mH!le oco6oii ponLIO onepaToi>oB P B u~naraeMoii 

.. 
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TeOpHH, OKOH'IaTeJILHlde pe3yJILTaTld OKa3ldBaiOTCH O,IUIHaKO
BldMH no cTpyKType B · o6oux cnyqagx. TaKHM o6pa3oM, 
BLI'IHCJieHHe 06o6~eHHOrO a,I:tMHTTaHCa CBO,I:tHTCH K Bld'IHC
JieHHIO pg.z:ta KoppemiU;HOHHldX ciiYHKUHH THna /2.13/ H/2.17/, 
npH'IeM nocne BLI'IHCJieHHH umypoB HY)KHO B3HTL npe.z:ten 
XoA {ill) npu c:-+ +0. B CBH3H c 3THM noKa)KeM, 'ITO ciiYHKIJ;HH 

G8A(ill), Boo6~e roBopg, HMeiOT oco6eHHOCT:b npu ill=O • 
. )J;JIH 3TOrO paCCMOTpHM 

o t<c:-iw > 
firn c: G (ill) =firn c: 

0 BA .
0 c:-++ f-++ 

I dte ·X 
-oo 

I 
xi dri<BA{t+.ihf3r)>

0 
-<B>0 <A>o 1. 

0 

Pa3o6LeM onepaTopLI B H A ua cyMMY B0+B ',A 0+A' , r.z:te 
B 0

, A 0 
- imBapuaHTHLie qacTH onepaTo~oB B H A no 

OTHoweHHIO K noJIHOMY raMHJILTOHuauy H 4/ • HMeeM, ua
npuMep, .z:tJIH onepaTopa A 

itL 
e A0 = A o, <A> =<A o > , <A ' > =<B 0 A'> = 0. /2.23/ 

' 0 0 0 0 

Tor.z:ta 

1 G ((LJ)=-. 
BA c:- t (L) 

0 i(f -iill) I . 
(B0,A 0

)- I dte Idr<B',A'(t+ihf3r)> -/2.24/ 
-oo 0 0 

Ilo TeopeMe A6eng 

0 st • 
fim s I dte (B ',A '(t)) =fim(B',A '(t))=<B'><A'>

0
=0. /2.25/ 

s-++0 -oo t->- oo 0 · 

3.z:teCL MLI BOCnOJIL30BaJIHCL npHHUHnOM OCJia6JieHHH KOppe
JI.HIJ;HH H COOTHOWeHHHMH /2;23/ .. TenepL H3 /2.24/ nonyqaeM 

(Bo,Ao), (LJ,;,o 

fim ~: G (ill) = 
BA 

f->+0 

/2.26/ 

0 . illrbO. 
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H3 cllopMyJI /2.24/, /2.26/ BH,I:tHO; 'ITO ciiYHKUHH <isA((LJ) HMeeT 
OC06eHHOCT.L THna 1/ f npH · W = 0. 3Ta OC06eHHOCTL HrpaeT . 
u;eHTpaJILHYIO pOJIL .B Hameii TeOpHH H. onpe,I:teJIHeT .pa3JIH'IHe 
Me)K.z:ty MO.z:tuclJuxau;HHMH TeopHHJIHHeiiuorooTKJIHKa. Cy~ecT
BoBaHue 3Toii oco6eu:HocTH oTMe'lanocL B pa6oTe/5/, Taxo
ro )Ke THna oco6eHHOCTL HMeeTCH y cneKTpaJILHOH nJIOTHOCTH 
aHTHKOMMyTaTOpHldX ciiYHKUHH r:puua·, B TO BpeMH KaK;KOM:
MyTaTOpHlde clJyHKIJ;HH aHaJIHTH'IHld ,npH ill,;O. ·0TMeTHM, 'ITO 
eCJIH . onepaTop B H:e HMeeT ,I:tHaroHaJILHOH .'laCTH, cT.e~ 
Be =<H0 >0· = 0, To· ciiYHKIJ;HHcG 8 iill):He uMeeT oco6euuocTH 
npH ill=0;• B 3TOM CJiyqae a,I:tMHTTaHC /?~20/ HJIH /2.21/ 
coBna.z:taeT c a.z:tMHTTauco:M Teopuu Ky6o· 1/ npu :Be ex ill.~ : 

3. Teo puR Ky6o u KOMMymamopHble ¢YHKijuu T_pu_~a 

TeopHH .iiuueiiuoro OTKJIHKa Ky6o /I/ nonyqaeTCH H3 
06~e:ii TeOpHH n. 2, eCJIH onepaTOpp (t) /2.1/ 3aMeHHTL' Ha q, 
paBHOBeCHOe p~cnpe.z:teJieHHe Po • IlpH 3TOM. HCTO'IHHK B ypaB-
HeHHH llHyBHJIJIH /2.4/'npHHHMaeT BH.z:t .. _ 

~-· 

. -c:( p(t)- Po)' c: ... +0·· /3.1/ 

BLIHCHHM ciiH3H'IeCKHH CMldCJI 3TOrO HCTO'IHHKa. CorJiaCHO 
n.2, napaMeTp c: ecTL .o6paTHoe BpeMH· penaxcau;uu,cucT;e-

. . I 

MLI npH .B3aHMO,I:teHCTBHH .. C TepMOCTaTOM •. CJie,IJ;OBaTeJILHO, 
npe.z:teny c:-+ +0 cooTBeTcTByeT npou;ecc. oix.ino'leHHH T.epMo
cTaTa OT. CHCTeMLI, npH'IeM B CJiyqae j2.4/j' TaKOe OTKJIIO
qeHHe npoH3BO.z:tHTCH He · cpa3y nocne H:anmK.eu:HH BHemuero 
nOJIH, a TOr,I:ta, KOr.z:ta .. B CHCTeMe nO.z:t ,I:teHCTBHeM nOJIH 
H B3aHMO,I:teHCTBHH 'c 'TepMOCTaTOM cclJopMHpyeTCH Hepa:B-' 
HOBeCHOe -COCTOHHHe·, onpe,I:teJIHeMoe' ua6opoM Mai<pocxonu-

t . 
. 'le~KHX nepeMeHHLIX <P> .B CJIY'I~_e /3.1/ OTKJIIO'IeHHe Tep-
MOCTa Ta npOHCXO,I:tHT, . .!!Q T.oro, KaK, ·B.·~ CHCTeMe , ycneiOT 
pa3BHTLCH HH.z:tYIJ;HpOBaHHLie TepMH'IeCKHe B03My~eHHH, H 
cilaKTH'IeCKH Mid HMeeM ,I:teJIO C .neHCTBHeM nOJIH Ha H30JIH
poBaHHYIO OT TepMOCTaTa CHCTeMy. rpaHH'IHOe YCJIOBHe 
TeOpHH Ky6o COCTOHT. B TOM, 'ITO npH t~ -oo CHCTeMa C'IH-
TaeTCH paBllOBeCHOH : . •·· . . . . 

. iqL ( ). 
1
. e · p t+t I -> p 0 . 
t~->-DO 

:· II 



,. . 

•· 
~ 

• 

H H30liHpOBaHHOH OT TepMOCTaTa. fi03TOMy O,ZUill H Te )l(e 
4lopMyJILl ,ltJUI a,Z:tMHTTaHCOB .Ky6o MO)IQIO rrOny'IHTL .z:tBYM.S:. 
llYT.S:MH: B(}·rrepBLIX, C llOMOIItLIO ypaBHeHH.S: JIHyBHJIJIJI /2~4/ 
C HCTO'IHHKOM /3.1/, H, BO-BTOpLIX, C ITOMOIItLIO TO'IH(}rO 
06paTHMOrO BO BpeMeHH ypaBHeHH.S: nHyBHJIJI.S: ,!:tn.S: H3onx-< 
poBaHHOH CHCTeMLI rrpH a,ltHa6aTH'IeCKH Me,~:tneHHOM B~
'IeHHH BHemHero non.a:. no BTopoMy cnoco6y nocTpoeua 
3Ta Teopx.a: B pa6oTax caM oro Ky6o /I .4/ :H B 6onLDmHCTBe 
ee H3JIO)I(eHHH y ,~:tpyrHX aBTOPOB. C :UeJILIO .z:tanLHeiimHx 
o6c~eHHH .MLI KpaTKO H3JIO)IQIM 3TY TeOpHIO, ITOJIL3Y.S:CL 
ypaBHeHHeM /2.4/ C HCTO'IHHKOM /3.1/. flpH 3TOM B HH

TerpaJILHOM ypaBHeHHH /2.5/ p 0 (t} :p , a BMeCTO /2.11/ 
nonyqaeM O 

0 fti 1 . . 
p(t)-p0 =-Idtie .ih[A(ti),p

0
]S:(t+ti) /3.2/ 

-co 

HJIH, C HCITOJIL30BaHHeM TO)K.z:teCTBa /2.12/, 
0 · f ti I • ·. 

p(t)-p0 =I dtie I drA{ti+ih,Br),B S: (t+t
1
) _ 

-co 0 

0 . fli I • _ . 
= I dtie I dr~A(ti+ ih,Br),BS: (t+t

1 
). 

-co 0 

/3.3/ 

. Ycpe,IJ;HHH no pacnpe.z:teneHHJIM /3.2/, /3.3/ onepaTop B H 

. nepexo,IJ;.a: K q,ypLe ~ npe.z:tcTaBneHHIO BO BpeMeHH, nony'IaeM 

w 
~<B> =v K {-w) S: (w) , 

ABA - . . 
. K 

r.z:te a,IJ;MHTTaHc TeopHH Ky6o x BA (w), cooTBeTCTBeHHo, 
B cnyqagx /3.2/ H /3.3/ 3allHCLIBaeTCJI B BH,IJ;e 

K 1 0 t(£-iw) 
XBA {w) =- -:--h f dt e . <[B,A{t)]> 

11 -.co - 0 
/3.5/ 

K 0 t(£-iru) • 
XBA {w) =.B I dt e · (B,A( t)) =.BG •(w)=,B(B,A) + 

--.~ BA 

+iru,BGBA (w) -£,8GBA(w). . /3.6/ 
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t 

A.z:t¥HTTaHc,_ f:3.5/MO)KHO_ CB.S:3aTL·C ciiYPL_e-96pa3o~ §
8
iw).: 

,IJ;BYXBpeMeHHOH. 3ana3,IJ;LIBaiOllleH . KOMMyTaTOpHOH .·ciiYHKU;HH 
r.PHHa /2/ .. . . ........ _ .. ,. " 

'"'-

· § -.. (t) ;,(J(.i.t)ef 1 :L<'(rf,A(t.)J>·· ::[ dw eiw-t 
BA · · · . ·· th . · 0 --oo 2rr 

§ . (w) :.'/3.7/: 
B_A 

~. . . . . '. ·-, ... 
npH'IeM, .cornaCHO ·/3.5/ H /3.7/ ,_MLI HMeeM 

·' . . . . 

__ o 't(f__:i~)( -:';.·._,·K _.-
-~ · (w) ;, f dt e -. _<[B,A(t)]>

0 
=-x (w). .. , /3.8/ 

BA _
00

' • ·· th · . · BA 

- . ' .. . .~ : 

3TO COOTHOWeliHe ~aeT B03MO)KH0CTL .BLI~HCJIHT~a:UM'H~rTaHC 
npH. llOMO~H TeOpHH B03MyllleHHH ,IJ;JIH ciiYHK:UHH I'pHHa. · 
. )l;nH ,IJ;aJILHeiimero ; aHaJIH3a, npHBeAeM llPH!4ep-:BLJ1·IHC-

neHHH § ~A-(w) :B 3a.z:ta'Ie. ·co cna6LIM,~B3aH~o.z:teiic:rBHeM~ 
IlycTL H""Ho+V-, L""Lo+Ly, npHiie~ iLoA.""iwot\ . , iLvA' ~ k(vr, 
r,IJ;e w0 - HeKOTOpaH llOCTOHHHaH 'IaC;TOTaJ-1. 0- raMHJILTOHHaH 
-OCHOBHoro cocTOHHHH, a V- Manoe _B3aHMO,IJ;eiicTBHe. Tor,IJ;a 
cilop:ManLHOe pemeHHe , :ueiTO'IKH ypaB~~HHH ):(JIH: ciiYHK:UHH 
rpHmi /3.B/ MO)KHO 3aiTHCaTL B BH,IJ;e . . ·: 

. · K 1· · . :•,: -1 . -
· §· · (w) ""-X (w)=-:-Uli ·(w)H...:.-i(w.:.:.w

0
)] <[B,A]>,/3.9/ · 

BA . . BA · 1 h · BA · ·.~ . · · 0 
f->+0 -

. ""' (c) (I) {.i -I . .· . . 
r,IJ;e JJIBA (w)"" ~ BA (w) ~- BA (w) - MaCCOBLIH onepaTop ,IJ;JIH 

, HCXO,IJ;HOH ciiYHK:UHH rp:HHa /3.8/, a:. _(I) (w)- CJie,IJ;yiOlllaH . 
ciiYHK:UHH rpHHa . BA 

(I) . 0 tk-iw) 1 . ' ' • . .·' . 
BA (w) == ~ dte Th<[B_'A(V)(t)]=ij . /3.10/ 

"·. 

.MaccoBLiii onepaTop .MO:>KHo pa3no:>KHTL B pi.z:t no ·aJaHMo
.rieiicTBHIO C llOMO~LIO XOpOWO -H3BeCTHOI:O a.iiropHTMa/3/ _-· 

Ilo. OTHOWeHHIO K a,IJ;MHTTaHCY Xn~ (Cf) , , 3_T,~ npo:ue~ypa 
COOTBeTCTByeT, _HeKOTOpOMY BLI6opO'lHOMY CYMMHpOBaHHIO. 
6eCKOHe'IHOrO. p~,D;a "I:tfopHH B03MYllleHHH~ npH'IeM anropHTM 
3T0!.'0 cyM~HpOBaHHH. onpe,D;enaeT.CH. anr~6paH'leCKOH CTpyx-
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Typoii . Bld~SJiCeHHJI /3:9/. Haii.zteM: TenepL cTaTH'ieciOiii 
npe.zten XBA (O) · ·.. '"a.ztMiiTTa:Hca. Ky6o. 1Ionara11 B /3.6/ 
cu={) H Y'DITidBaJI COOTHOWeHHJI /2,26/, nOJI}"IaeM 

. XK (O) =~{ (B,A)-: fim £ GBA (0) }==~{(B,A)~B0,.A 0)1 = 
BA K £~+0 . • /3.11/ 

=~(B,A) , 

K .. . . /1/ 
(B,A) - xoppenJIJJ;HOHHide ci>YHKJJ;HH Ky6o 
. ' K 1 .. · • 
(B,A)· = f dr<B,A(ih~r)-A0 >I,;_ 

0 0 

. r,zte 

1 . < 1. . . ·.·. . f3.12/ 
= fdr <B-B0,A(ih~r )-A 0 > = fdd<BA(ih~r)>. -<B0 A0 > } • 
. 0 ,. . ... 0 0 0 0 . 

B' oTnH':IHe· OT xoppenJIJJ;HOHHidX ci>ylixJJ;Hii (B,A),r.zte.·H3 
xaxmoro· 'oriepaTopa Bld':IHTaiOTCJI B:x paBHoBeCHide cpeJulile 

. 3H~':IeHHJI, B. /3.12/ Bld':IHTaiOTCJI ~~roHanLHide ':laCTH one
_paTQ.POB. PaBeHCTBO (B,A) =(B;A) / 4/ . HMeeT MeCTO nHWL 
B cny1:1ae, xor.zta <B 0 A 0 ::0 =<B>0 <A>0 • · ·.' . · . , v 

. 0TMeTHM, ':ITO B TepMHHaX KoppenJIJJ;HOHHidX ci>YHKIJ;HH 
/3.12/ a,ztMHTTaHc Ky6o l•Hl)KJIO 3anHcaTL B BH.Ite 

K.. . . ·K .. K · · ··.· 
X (w)·=~(B,A) +tw~GBA (w), 
.. BA 

. /3.13/ 

.;,: 

.•. 0 . . .· .. 

G!A (w} ='J.dt e t(£-iw > (B,A{t))~ 
. - -oo 

. /3.14/ 

·,·• K 
. I 

·· npH':IeM eim £ G (w) .;, 0 npH Be ex w • 
£~+0 BA . . 

·,: 

cl»op'M:yna . /3·.11/ onpe,ztenJieT CTaTH':IeCKHH a,ztMHTTaHC 
H30JIHpo'BaHHoii •cHcTeMw. CTaTHl{ecxHii H3oTepMH':IeCKHii 
a,ztMHTTaHC 'XBA (w) ' ):VIJI CHCTeMid, HaXO,ItJiuteiicJI B Tep- ·. 
.MOCTaTe~. MO)KJIO nony':IHTL; C':IHTaJI, ':ITO npH BKJIIO':IeHHH 

' . . . . . ' . . .. , -· '~ . . ... , . . . - '. 

CTaTH':IeCKOrO B03MymeHHJI.CHCTeMa HaXO,ItHTCJI B paBHOBe- · 
CHH __ BO BHemHeM none AS: .Tor,zta· paBHOBeCHOe pacnpe,D;ene

.. HHe Po (S: ) · 3aBHCHT oT noJIHoro · · raMHnLTOiiHaHa ·cHcTeMid 
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H":":"A 5 ~ np~':leM p( :f =:Of= p0 , , · -r.zte p 0 ecTL _pa:BHoBecHoe 
pacnpe.tteJ:!:eHHe TeopHH ,Ky6~. HMeeM, o':leBH.ttHo, 

8 1 . 
XBA (0),=[

8
j=SpBp0 (~f)]~:o=~ Jdr<B,llA(ih~r)~ :;~,A)./3.15/ 

· TaKHM o6pa3oM, cTaTll':leCKHii H30TepMH':IecKH.ii: a.D;MHTTaHc 
Bldpa>Kae.TCJI. 1:1epe3 xoppen~HOHHide ci>YHKJJ;HH ./2.13/, H, 
Boo6me roBopJI, OTJIH':IaeTCJI. oT a,ttMHTTaHca Ky6o. Cor nacHo·· 
i)opMynaM /3.11/ B: /3.15/, 

K· 
X (O)=x (0)- fun £~GBi0)=x8A(O)- ~ (B

0 ,A 0 ). 
BA . BA . f ~+0 · . · · · · /3.16/ 

• : ~ . • • -- ! ' • 

113 3TOH ci>opMyJihl BH,IJ;HO, ':ITO yKa3aHHOe pa3nH':IHe CTaTH
':IeCKHX a,IJ;MHTTaHCOB WOpManLHO o6ycnoBneHO OC06eHHOCTLIO 

,. cl>YHKJJ;HH GiJiw) npH_w=O. Co~THomeHHe /3:16LaHaJIH3Hpo
. _BanocL B pJI,tte pa6oT /S-9/, .npH':IeM 6hiJio_ noxa3aHO, ':ITO 

·· X BA(O) ~- X fA {0) •·. «<»ai(TH':IeCKOii npH':IHHOH 3Toro pa3J1H':IHJI 
JIBnJieTCJI pa3nH':IHe B rpaHH':IHidX' .ycnOBHJIX . ,ttJIJI CTaTHCTH-. . - " . .. ' 

1:1ec_xoro one~aTopa, npH KOTOpldx nony':leHid a.tt!.f:HT;t'aHCid 
XBA(O)· .H.XBA{O). . ... · ,· · · . ·: · · 

06cy,ttHM TenepL HeKOTOplde acneKTid !1TOH .. TeOpHH. . 
· .. 1. JIBnJIIOTCJI JIH peanHcTH':IecxHM:H rpaHH.WJ.le ycnoBHJI 

TeopHH Ky6o'? no HameMy MHeHHIO, OTKJIIO':IeHHe KOHTaKTa 
· c TepM:ocTaToM He JIBnJieTCJI WH3H':Ie(£xi o6ocHoBaHHoii one
pau;Heii, H ecnH OHO He06XO,ttHMO no MaTeMaTH':IeCKHM coo6·-

• • • 'J". 

pa>KeHHJIM, ero MO)KJIO .npOBO,ttHTL TOJILKO nocne TOrO, KaK 
ccl>opMHpyeTCJI MaKpOCKOnH':IeCKOe HepaBHC)BeCHOe COCTOJIHHe 
cHCTeMid. Ilo:noMy MO)KJIO ,ttyMaTL, ':ITO rpaHH':IHide ycnoBHJI 
/2.2/, COOTBeTCTBYIQlJJ;He · HCTO':IHHKaM /2.4/, OKa>KyTCJI. B 
ny':IWeM COOTBeTCTBHH C KapTHHOH 3BOJIIOJJ;HH CHCTeMid BO 

\ • • < ' ·-

BHeWHeM none. 
.2., ECJIH HaC HHTepecyeT peaKJJ;HJI Ha BHeWHee B03Myme

,~-HHe 'CHCTeMid, HaXO,ttJiuteHCJI B TepMOCTaTe,, TO ,B, o6naCTH 
KBa3HCTaTH':IeCKHX, ,npou;ec_COB Mid MO>KeM nonL30BaTLCJI 
TepMO,ttHHaMH':IeCKHMH COOTHOWeHHJIMH_ THna /3.15/. B-. TO 

. >Ke · BpeMJI ,n·o ,, CTaH.JiapTHOH TeOpHH nHHeHHOrO. OTKJIHKa Mid 
MO>KeM HaHTH · ,lJ;HHaMH':IeCKHH a,IJ;MHTTaHC f3.1~.(, 3Ha-.ieHHe 
xoToporo . B,. KBa3HcTaTH~ecxoii. o6nacTH He cornacyeTCJI 
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c :repMO,IJ;HHaMH'IeCKHM paccMoTpeHHeM To:H :>Ke CHCTeMLI 
/3.f6/~ .. : .. .. . . . 

3. Oco6eHHo une•uii-mno~M .Hamu~Tc.H cl!yqa:H, · Kor.n;a 
onepaTop A,· 3a,n;aroDUI:H MexaliH'IeCKoe B03MYJileHHe, .HBJI.H-. 

·eTC!I HHTerpaJIOM ;,IJ;BH:>KeHH11, :T.e. iLA'""O •. Tor,n;a OTKJIHK 
TeOpHH Ky6o,- cornac:Ho liJopMynaM -/3.5/, /3.6/, ;To~ecT
BeHHO o6pa~qaeTC11 B Hym.; B TO :>Ke- BpeM.H H30TepMH'IeC~ 
KHH _oTKJIHK oTnH'IeH oT. Hyn.H • 

. 4. 3~nHCb ~-ypLe-o6pa3a_liJYHK~HH rpHHa B BH,IJ;e 13.9/ 
3KBHBaJieHTHa HeKOTOpOMY onpe,n;eneHHOMY anropHTMY CYM!'" 
MHpOBaH~ll p11,n;a TeOpHH B03MYJileHHH. QqeBH,IJ;HO, 'ITO Cll0C06 
cyMMHpoaaHH.H, 3a.n;auaeMhlii anre6paaqecKo:H · cTpyKTypo:H 
liJopMynLI /3.9/, He :11BJI.ReTC11 e,IJ;HHCTBeHHO BOJMO:>KHhlM, a 
B p.a,n;e cnyqaeB npHBO,IJ;HT K MaTeMaTH'IeCKHM 3aTpy,n;HeHHJiM~ 
Xopomo; H3BecTHLIH .npHMep 3aTpy,n;HeHHii .;:raKoro po.n;a " 
Bbi'IHCneHHe a,IJ;MHTTaHca qepe3•: KOMMyTaTOpHbie· lPYHK~HH · 

'rpHHa B cnyqae,·Kor.n;a:onepaTophl A H B a/3.91 KOMMYTH-
pyroT /xot.a 6LI B · cpe.n;HeM/ <[A,'B]> =0. Ta~o:H cnyqa:H 
B03HHKaeT, Hanp'HMep, . IIpH Bbi'IHCJieHHH IIpO,D;OllbHOH Mar~ 

_HHTHOH BOCllpHHM'IHBOCTH Xzz (w) /!4/.' . · . : , 
' :~5. MaccoBhlH onepaTop :ln8 icu) :; KOMMyTaTopHhlX lPYHK.:.·: 
~HH TpHHa CB113biBaeTC.R o6hi'IHO . C KOMIIneKCHOH illHpHHOH 
JIHHIIH· pe30HaHca /ptboHaHC B6nH3H -'laCTOTbl cu () :a •liJop

. Myne /3.9/ /_;- HeTPYAHO :y6e,IiHTbC.R B ·TOM, 'ITO TaKa.R HH..: 
! TepnpeTa~H.R 'Mo:>KeT oKa3aTbCH HeKoppeKTHOH~ )J;eiiCTBH-
\ TeJILHO, Han.pHMep; B liJ(nioMeHOnOrHilt!CKOHTeOpHHllapa:Mar
; HHTHOrO .pe30HaHCa B cnyqae npOCTOH nopeH~eBOH nHHHH 

IIOrJIOiqeHH.R H aKCHaJILHOH CHMMeTpHH CHCTeMbl KO~IIOHeHTbl 
MarHHTHOH BOCIIpHHM'IHBOCTH ,D;aiOTC11 Bbipa:>KeHH.RMH - · 

. - . ·. 

xz(~)~x~z(o)_ 111 .- ,x+~{cu)=x+-(o) v~ ~iw() ·, /3.171' 
· v .,.. leu _ · v - 1 (cu -cu ) · 

I· - · 2 0 

r.n;e v.l ,v
2 

- -~po.n;onLHa.R H rrorrepeqHa.R qacTOTLI penaKca~HH> 
AHanorH'IHLie· dJopMynhi B03HHKaroT rrpH paccMoTpeHHH MHO!" 
rHX ,n;pyrHX 3dJdJeKTOB B nepeMeHHbiX IIO.i:I.HX. 0'1eBH,IJ;HO, 'ITO 
ai\:re6paH'IeCKa.R -C.;pyKTypa- 3THX dJopMyn He -COrnacyeTC1i 
c · Bblpa:>KeHHeM /3.9 I · .n;n.a a,n;MHTTaHca. 3To o6cTo.HTeJIL-

-CTBO. oTMe<lanocL 'a- 'P.R,IJ;e .pa6oT·!15•16( .. IIo3ToMy penaKca-

16 -

. 

IUIOHHLie qacTOTLI vi 2 B 13.17 I HenL311 oToxc,u;ecTBBTL 
CO 3Ha'leHB11lolB, ICOTOpLie npBHBMaeT BeJIB'IBHa ~(cu) B ~op
WYJiaX TBna 13.91. llocne,IJ;Bee cTaHOBHTC.H oco6eH:Ho oqe
BB,IJ;BLIM, eCJIH yqeCTL, 'ITO CTaTH'IeCICHH npe,n;en MaCCOBOrO 
onepaTopa ~ BA (0) 11BnJieTCJI -COCTaBHOH 'laCTLIO TO'IHOrO 

· CTaTH'Iecxoro a.QMBTTaHca x~ (0). To'IHoe 3Ha'leHHe 3Toro 
. npe,n;ena MO:>KHO Bbi'IHCJIHTL B3· WOpMy.iJ 13.91 H. 13.111 

K · - K -I · /3.181 x _ (0) =tHB,A) =-Gru
0 

+"' (0)} .L<[B,A]> = -
BA . . BA ih - 0 

-I • K 
... p[i~o+"'BA(O)] (B,A) 

K K • K 
; (B,A) = iru

0
(B,A) +(B,A (V) ) , 

OTKy.Qa 

• K . ' .K -I 
~BA (O)=(B,A(V) ) [(B,AJ ·] • 13.19/ 

C .n;pyro:H CTopoHbl~ B liJopMynax /3.17 I BeJIB'IBHLI vI H v2 
He BHOCJIT HBKaKoro BKJia.Qa- B CTaTH'IeCICHe 3Ha'leHH11 BOC
IIpHHM'IBBOCTe:H • 

B cne.n;yro~qeM pa3,n;ene 6y.n;eT noKa3aHo, 'ITO yqeT 
KOHTaKTa C TepMOCTaTOM B rpaHH'IHLIX ycnOBH.RX IIO CXeMe 
n. 2 npHBO,IJ;HT K cornacoaaHHIO'Mexc,u;y onHcaHHeM .QHHaMHKH 

f 

CHCTeMbl B nepeMeHHOM none H TepMO,IJ;BHaMH'IeCKHM OIIH-
CaHHeM TOH :>Ke CHCTeMhl B KBa3HCTaT:u;'leCK0M~ none. llpH 
3TOM OTKJIHK OKa3LIBaeTC.R OTJIH'IeH OT _Hyn.H KaK B cnyqae; 
xor.n;a onepaTop A ecTL HHTerpan ,IJ;BH:>KeHHJI, TaKHB cnyqae, 
KOr,n;a [B,A) = 0. )J;anee, MLI IlpO,IJ;eMOHCTpHpyeM HOBwH 
npocTo:H cnoco6 Bhi'IHCneHH.H a.n;MHTTaHcou IKaK XBAlru) , 
TaK H xB~ (cu) I, KOTopw:H .n;aeT B03MO:>KHOCTL nony'IHTL 
CTpyKTypy /3.171 .QJI.H KBHeTH'IeCKHX K03WWHIUieHTOB THna 
MarHHTHOH BOCIIPHHM'IHBOCTH. 

4. ,lfUHQMU'IeCKUU U3o•epMU'IeCKUU o•K/IUK 

B n. 2 MLI BLIBeJIH o6~qee- BLipa:>KeHBe 12.201 .QJI.H a.n;
MHTTaHca CHCTeMLI, HaXO.Q.RiqeHC!I B KOHTaKTe C TepMO..: 
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eTa ToM·. Ha nepaLiii . B3rnJI,n xa)KeTcJI, 'ITO ero ueao3MO>KHO 
BLI'IHCniiT:b npaKTH'ICCKH; nocxom.xy uenb3JI .JIBHO yqecT~ 
BCC Bo3MO)KHLIC THULl HH,Zl;ynHpOBaHHLIX TepMH'ICCKHX B03-
MY~CliHH, T.e. yxa3aTb, KaKHC HMCHHO onepaTOpLI PpeanbHO 
BXO,Zl;JIT.B q,opMyny /2.20/. Ceii'laCMLillOKa)KCM, o.!iHaKO, 'ITO 
a,nMHTTaHC /2.20/ JIBnJICTCJI BnOnHC CTporo H O,nH03Ha'IHO 
onpe.neneHHLIM, ecnH 3a,ZJ;aTb, xax H B TeopBH Ky6o,.TonbKO • 
onepaTopLI B H A. ,D;mi :noro yqTeM, 'ITO Ha6op onepaTo
po.B p BCCr,ZJ;a MO)KHO C'IHTaTb nonHLIM B TOM CMLICne, 'ITO 
no OTHOWCHHIO K HCKOTOpOMY BLI6opy c·xanJipHOrO npOH3BC
.neHHg onepaTopLI B H A MO)KHO pa3nO)KHTb no onepaTopaM 
p/I7~ )J;eiicTBHTenbHO, nro6oii Ha6op onepaTopoa P,axo.ng~ii 
B TeOpHIO n.2 · qepe3 KBa3HpaBHOBCCHOC pacnpe,ZJ;eneHHC 
/2.1/, acer.na MO)KHO pacWHpHTb .no nonuoro B yxa3aHHOM 
CMLicne, ecnH TepMO,ZJ;HHaMH'Iecxue CHnLI F(t) ,cooTBeT
CTByro~e ,ZJ;OnOnHgro~eMy Ha6opy, C'IHTaTb paBHLIMH Hymo. 

Onpe.nenHM cxangpHoe npoH3Be.neHHe onepaTopoa B H 
A xax (B,A); Tor;na B cuny nonHOTLI Ha6opa 

-1 . -I 
(B, .•• )= (B,P)(P,P) . (P, •.. }; ( .. ~?A)(P,P) (P,A). /4.1/ 

C yqeTOM 3THX COOTHOWCHHH a,ZJ;MHTTaHC XBicu) . /2.20/ 

3anHWCTCjl B BH,Zl;C 

· ·· -I · · -I 
XBA (w) =(B,P)(P,P) XPP(w)(P,P) (P,A), 

/4.2/ 

~ x'· (w)=[(P,P):-G • (w)+fwG (w)HG • (w)-iwG (w)]-Ix 
t-' .- PP .·. PP . PP . . PP. . . pp 

·. /4:3/ 
x G .( w) + G • (w) • 

pp pp 
BLipa)KeHHe /4.3/ To)K,Zl;ecT~eHHLIMH hpeo6pa3o~aHHjJ:MH. c · 
yqeT~M q,opMynLI /2.22/ npHBO,Il;HTCjl K BHi:J;y ·. . , . 

1_ Xpp (w) = c: ,_~)- + iwGPP (w) +_ 
{3 . ... ' . ,,_ ... . . . • .. 

/4.4/ 
. . . ' •. ,. . . -I . .. . . . 

+i(wG (w)[(P,P)-EG . (w)]. G' ({,j·), £->+0 .• 
. pp ·· · · PP .. · · _ ··. PP .,, 

.18 

PaccMOTPHM npe.nen npH £-++ 0 nocne.n:u;ero qneHa 3Toii 
I}JopMynLI.· 0'1CBH,Zl;HO, 'ITO npH cu f 0 3TOT . npe,ZJ;en paBeH 
Hynro no COOTHOWCHHIO /2.26/.' H:i /2.24/ HaXO,Zl;HM, 'ITO npH 
cu-+0 3TOT npe.nen T~K)Ke paaeH Hynro npa nro6oM nopg.nxe 
BLI'IHcneHHg npe.nenoa. 

fun fim i£w G. (w)[(P,P)- £G (w)]-
1 

G (w) =:0. /4.5/ 
£->+0 cu->0 pp PP pp , 

Cne.noaaTenLHo, nocne,ZJ;HHii qneH a npaaoii qacTH l}lopMynLI 
/4:4/'B npe,ZJ;ene.£->+0 TO)K,Zl;CCTBCHHO paBeH Hynro ,ZJ;ng 

BCexw. Tenepb, no,ZJ;CTaangg /4.4/ B I}JopMyny /4.2/H nonL-
3ygcb pa3nO)KCHHjJ:MH /4.1/, nonyqaeM OKOH'IaTenLHO 

X ( w) = f3 ( B , A)+ iw f3 G ( w ) • 
BA BA /4.6/. 

3TO - TO'IHag I}JopMyna ,ZJ;ng ,Zl;HHaMH'ICCKOrO H30TCPMH'ICC· 
KOrO a,ZJ;MHTTaHCa. 0TMCTHM, 'ITO I}JopMa]lbHO a,ZJ;MHTTaHC 
/4.6/ coana.naeT c a,ZJ;MHTTaHCOM Ky6o' /3.13/, ecnanocne.n
HHii 3ariucaTb qepe3 xoppeng~HOHHLie l}lyHK~HH /3.12/. ITo 
CYII\CCTBY >Ke 3TH a,ZJ;MHTTaHCbl pa3nH'IHLI; OHH COBna,ZJ;alOT 
Me)K,Zl;y co6oii numb Tor.na, xor.na <B 0 A 0 >~ =:<B>o<A>o-B 3TOM 
'laCTHOM cnyqae nHHCHHaJI peaKD;HH H30nHpOBaHHOH CHCTCMLI 
coana.naeT. c peaxu;aeii CHCTeMLI B TepMocTaTe. CpaBHimaH 
/4.6/ c a,ZJ;MHTTaHCOM Ky6o /3.6/, Haxo,ZJ;HM · 

K -; 
x ( w) = ~ (w) - f3 fun £ G (cu). 

BA A £->+O . BA ,: . /4.7/ 
3Ta >Ke I}JopMyna CBH3biBaeT H30TepMH'ICCKHH-. H H30nHpO
BaHHbiH a,ZJ;MHTTaHCbl B CTaTH'IeCKOH06n.aCTH/3.16/. 0TCIO,ZJ;a 
cne,ZJ;yeT, 'ITO a,ZJ;MHTTaHChl /3.6/ H /4.6/ pa3HH'IaiOTC.II 
TOnbKO B TO'IKe. cu=0.8 TO >Ke BpeMH H3 /3.16/ BbiTeKaeT, 
'ITO CaMH no ce6e ,Zl;HHaMH'IeCKHe 'laCTH 3THX a,ZJ;MHTTa~COB 
He coana.naroT, nocKonLKY, aoo6ID;e roaopH, GBA (w) =I G BA(w) · 
npH. BCeX CtJ • )J;pyrHMH CnOBaMH, npH CtJ =f 0 a,ZJ;MHTTaHCbl 
/3.13/ H /4.6/ coana.naroT no aenH'IHHe, HO pa:lnaqaroTCH 
no anre6pauqecxoii CTPYKType.B o611\eM cnyqae a,ZJ;MHTTaHCLI 
Bbl'IHCnHIOTCJI C nOMOID;biO TCOpHH B03MyiD;eHHH C HCnOnb30-
BaHHeM HeKOTOpoii npo~e,ZJ;ypbl Bbi60pO'IHOrO · CYMMHpOBaHHJI. 
llpH 3TOM pa3nH'IHe B anre6paaqecxoii CTPYKType a,nMHT
TaHcoa nopo)K,Zl;aeT pa3nH'IHH B anropHTMe 3Toro cyMMHpo-
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Bauux; B uTore, ~enax o~aKOBhle · npuoniDKeuux npu Bhi-
'IHcneuuu GBA B</4.6/ H GNA B /3.i3/, MW nonyqaeM, Bo-

. 061I.le rOBOpH, · pa3nH'IHble Bblpa)KeHHH ~g a~MHTTaHCOB 
/4.6/ .u /3.13/ npH Bcex w. Mhl B~HM,. TaKHM o6pa30M, 
'ITO y'leT KOHTaKTa. CHCTeMhl C TepMOCTaTOM npHBO~T K 
yc_TpaueHHIO Bxna~8: oco6euuocTH 4lyuKJJ;HH· Gai(<}> npu(<}=O 
B a~MHTTaHce l(y6o /3.6/. IlpH 3TOM CYII.leCTBeHHO MeHHIOT• 
CH CBOHCTBa a~MHTTaHCa. 

. a/ B oTnu~ue oT Teopuu Ky6o npu (<}=0 xBA((<)) npauu- · 
. MaeT Toquoe 3Haqeuue ·,a(B,A) cTaTuqecxoro H30TepMuqec
xoro a~MHTT8,HCa. TaKHM o6pa30M, B !llopMyne /4.6/ ~ocnl
raeTCH cornacoBauue BblCOKoqaCTOTHoro•/~uaMuqecKoro/ 
u . KBa3HCTaTuqecKoro /TepMo~uuaMuqecKoro/ onucaHHH . 
CHCTeMbl. 

6/ Bo BpeMeHHOM npe~cTaBneuuu a~MHTTaucy /4.6/ 
COOTBeTC~ByeT.OTKnHK 

t 0 f ti • 
L\<B> =,B(B;A) S:(t)- fdti e ·S:(t+ti)(B,A(ti )). /4.8/ 

-oo 

B cnyqae, ecnu A =A 0 ecTL HHTerpan ~BH)KeHHH, TaK qTo 
A(t);;.A, /4.8/ npuuuMaeT BH~ · 

L\<B>i =,B(B,A) S: =,8 {B 0 ,A0
) .S: , · /4.9/ 

- 0 fti . r~e S: = fun f f dt e S:(t+t I )=S: (-:- "") - cpe~uee no BpeMeHH · 
· f ->+0 -oo I 

3uaqeuue Buewueii CHnhl. B oTnuque. OT Teopuu Ky6o OTKnHK 
/4.9/ ue o6paii.laeTCH B uym>~ 

PaccMoTpHM TenepL 6onee ~eTanLHO rpauuq11oe ycnoBue .. 
. H3oTepwuqecKoro OTKnHKa /2.2/. Cornacuo !llopMynaM: 
/2.16/ H /4.1/, HMeeM . 

-I . -1 
L\PBF((<}) =-,BL\P[G • (-(<})+i(<}G (-(<})] G .(-(<})(P,P). X PP PP pp . 

x(P,A) S:.((<}) = -,BL\P { 1-i(<}[(P,P)- fG (-(<})]-I G (-(<}) l x 
. pp .. pp 

X (P ,Pfi (P ,A) s: ((<}). 

20 

0TCIO~a cne~yeT, qTo npu (<} = 0 

L\PBF. =-,BL\ P{P,P)-I (P,A) 5 {(<}) =-,BL\AS: 

a npH (<}->oo nonyqaeM L\P8F{(<}) -oO, ecnu,S: {(<}) KOHe'!uo· 
npu (<}->oo. Ilocne~uee YTBep~euue. cTaHOBHTCH oqeBu:nHblM, 
ecnu · yqecTL, qTo, cornacuo /2.26/ H TeopeMe · A6enx 

£irn £irn i(<}[{P,P)- cG (-(<})ri GPP {-(<}) = 
f-++-0 (<}-> oo PP . 

'I . . . 
= {P,P)- f'"llD £irn i(<} G ("')= 

f-o+O (<}->oc PP 

-I . . . 0 icu t fl . 
=(P,P) £irn firn 1(<} fdte {e (P,P{t))} =1. 

f. .... + 0 (<}->00 -oo 

TaKHM o6pa3oM, npu HH~KHX qacToTax BHyTpeuuee uepaB
HOBecuoe none 8 F.. CBO~HTCH npOCTO K non10 BHeiDHHX CHn 
BF =-,B'J, a onepaTopbl. P · coBna~aiOT c. A; npu BblCOKHX 
qacToTax BF o6paii.laeTcx B nynL. Bo BpeMeuiioM npe~cTaB-
neuuu OTCIO~a nonyqaeM · 

-S -L\P8F(t) -SO +,BL\AS: o e. 
pq(t) =e ..... ~ 

e -Sq, Po 

npH KBa3HCTaTHqeCKOM 
B03MYilleHHH 

B nepeMeHHOM none 
C qacTOTO.~- (<}-ooo. 

B HeKOTOpbiX cnyqagx !llopMyny /4.6/ MO)KHO nonyqHTb c'no
MOII.lbiO npocTeiimux annpoxcuMauuii ~nx KBa3upaBuoBecuoro 
pacnpe~eneuux. HanpuMep, ecnu B HHTerpanLHOM ypaBue
HHH /2~5/ nonO)KHTb 

( ) -So + {3L\A j= (t) 
p t =e /4.10/ 
q 

. I cornacno rpauuqHblM ycnoBHHM ~nH nco /2.2/' 3TO 03-. 
uaqaeT, qTo cucTeMa npu t .... - oo uaxo~unacL B cocTOHHHH 
noKanLuoro paBHOBecux BO BHemue:M none/, TO pemeuue 
ypaBHeHHH /2.5/, nHHeiiuoe no j=, 3anumeTCH B BH~e 
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. 1_ -. 0 fl 

. p(t)~ p
0 

= f3 I drAA(ih{3r)S: (t)p
0 

- {3_ I dt
1
e 

1 

0 -~ 

X 

/4.11/ 1 . • 
xJdr~A(ti +ih{3r)S: (H-t 1)p0 

OTKy,na HeMe,nneHHO nonyqaeTCJI OTKnHK /4.8/ H a,nMHTTaHC -
/4.6/. ToT :>Ke pe3ynLTaT ,nng XfJA(w) ,naeT 6onee xoppexT
naJI annpoxcnMaiUIJI, xor.na·~ (t} B /4.10/ coBna,naeT .. c 
Bnemneii cnnoii, a npe,ncTaBnJieT co6oii nepaBHOBecnblii, 
MaKpOCKOnH'IeCKHH napaMeTp, KOTOpbiH cne,nyeT BWpa3HTb 
qepe3 ~ ( t) no cxeMe n.2. 

Ilepeii,neM Tenepb _ K Bbl'lncnennro a,nMHTTanca /4.6/ 
no Teopnn B03My~ennii. PaccMoTpHM 3a,naqy co cna6biM 
B3anMo,neii<:TBHeM: H =H 0 + V , A = iw0 A +A (V) , B = 
= -iw0B +B(V) • Y.no6no BBeCTH HOBYIO pa3HOBH.I\HOCTb 
lilYHK~HH rpnna 

. · 0 -teo d iwt 
G

8
A(t)=0(-t) e (B,A(t}}= I ~e G (w), 

-oo 277 BA 
/4.12/ 

0 tk-iw) 
G (w)=Idte (B,A(t}}. 

BA . 
. -oo 

Cornacno /4.6/, qepe3 3TH /H30TepMH'IecKne/ lilYHKUHH 
rpnna Bblpa)KaeTCJI ,I\HHaMH'IeCKaJI 'laCTb a,nMHTTaHCa. Il03-
TOMY Bae,nenne 3THX dlYHK~nii cooTBeTCTByeT nnoMy, 'leM 
B cnyqae KOMMyTa Topliblx dlynKUHii /3.7 I, npnn~uny Bhl~IHcne
nnx a,nMHTTanca. B TepMnnax BLI6opo'1Horo cyMMnpoBann.n 
3TO 03HaqaeT, 'ITO Mbl pa3,nenbHO CYMMHpye¥-6eCKOHe'IHble 
pJI,nbi ,nnJI cTaTnqecKoii n ,nnnaMH'IeCKOii: qacTeii a,nMHTTan-

. ca. An<Pdlepen~npyg /4~12/ no t, . nonyqaeM o6bi'IHbiM o6-: 
pa30M ~enO'IKY ypaBHeHHH 

( .2_- £ - i w
0 

)G = .:..o( t)(B,A)+G 1 at . 
/4.13/ 

(L-£-iw )G =-o(t)(B,A<v> )_:G 2 at o 1 . 
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Et • 

G(t)=GBA(t), G 1(t)=0(-t)e· (B,A(V)(t)}, 
c /4~14/ 

E' t • • - . 
G 2 (t)=0(-t)e (B(V) ,A(V)(t)). 

Cl>opManbnoe pemen:He ~erio'IKH /4.13/ HMeeT BH,n 

. -I 
G

8
A(w)=[M

8
A(w)+ E -i(w-w

0
)] (B,A), /4.15/ 

r.ne M(w)=G 1 G -I - MaccoBblii onepaTop ,nng IPYHKUHH rpnna 
· /4.12/. AnannTH'IecKne cBoiicTBa, cBoiicTBa _CHMMeTpnn, 

CTPYKTypa . ~enoqeK n Teopnn B03My~ennii ,nng. lilYHK~nii 
rpnna coBepmenno ananorn'IHbi · TaKOBbiM ,nng ·· o6bi'IHbiX 
rpnH.OBCKHX IPYHK~Hii /3/. IIo.ncnl.BnJIJI /4.15/ B /4.6/, riony
qaeM 

- -I 
X (w) = [M A(w) +i-.iw -w

0
- )] · [M · (w}+£+ iw ] x (0) 

BA B . BA OBA · 

ABA (O) .;{3(B,A). /4.16/ 

MaccoBbiH onepaTop B /4.16/ cne,nyeT, Bbi'IHCnJITb no Teo
pnn B03Myuie:Hnii c noMo~biO ~eno'IKH ypaBnennil /4.13/. 
H3 /4.16/ oco6eHHO JICHO BH,I\HO, 'ITO no cpa~_~im:Hro c)3.9/ 
Mbl npnmnH K COBepmeHHO ,npyrOMY np.HH~Hny 'laCTH'IHOrO 
cyMMnpoBaHHJI pg,na TeopnnB03My~ennii. Benn'IHHbl x

8
A(O) 

n M BA (w) Bbi'IHCnJIIOTCJI pa3,nenLno, npnqeM -~ nro6oM 
npn6nn:>Kennn .Teopnn B03My~ennii ,nng M . cTaTn'lecKoe 
3Ha'leHHe a,nMHTTaHCa He MeHJieTCJI. QqeBH,I\HO TaK)Ke; '-ITO 
anre6panqecKaJI CTPYKTypa /4.16/ cornacyeTCJI, HanpHM.ep, .· 
c dlopMynaMn . <Peno:M:enonornqecKoii · Teopnn MarlinTnoro 
pe3QHanca /3.17/, TaK 'ITO penaKCa~HOHHLie_·qacTOTbi.V1 2 

. MO)KHO CBJI3aTb c MaccoBbiM on epa Topo:M nma M
8

A"OTMeTn'M, 
'ITO . TaKoii cnoco6 Bbi'Incnenn:S: npnro,nen n nng a,nMHTTanca 
Ky6o B dlopMe /3.13/, _ecn:H dlYHK~HH G

8
;(w) 3aMeHHTb na 

K 
G (w). 

BA · 

f •. ' 
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Y CTaHOBHM Ha 3TOM 'laCTHOM npHMepe CB113b Me>K,ny - . 
MaCCOBLIMH onepaTopaMH KOMMyTaTOpHLIX H H30TepMH'IeC-
KHX lii~HKIUiii rpHHa. ITo onpe.neneumo /3.9/, 

0 . t(£-iw) • . 0. t(£-iCLI) -I 
mBA(w)= ~L dt e . <[ B,A<v> (t)]{, ]~ dte <[B,A(t)]>0]= 

. . . -I 
=[iw G (w)-G (w)][.iw G(w) +G (w)] • 

· 0 I 2 0 I 
. /4.17/ 

3_nech MLI npHMeHHJIH TO>K,neCTBO Ky6o /2.12/ H onpe,nene
HH11 /4.14/. Pa3nara11 BenH'IHHLI m H M no cTeneH11M 
B3aHMO,neiiCTBH11: m = m, + m, + -... , M = M, +M "+ ... , HaXO,nHM 

. -I -I • -I -I 
M '= (B,A(V) )(B,A) ; M "=G2~,A) +(B,A(V) )(B,A) (B,A) G I; 

-I I · 2 · -I 
:lJl '=M '; :lJl "= M" -G

2 
G ( iw 

0
)- +(B,A(V) )(B,A) (B, A (V) )(iwo> • 

/4.18/ 

3.necb Bee liiYHKUHH rpHHa G ' G I' G 2 Bbl'IHCJI1110TC11 B He
HC'Ie3aroiUeM npH6nH:>KeHHH no B3aHMo.neiicTBHIO. B nepBOM 
nop11,nKe no B3aHMO,neHCTBHIO MaCCOBbie onepaTOpbl :lJlBiw) H 
MBA (w) cosna.naroT; BO BTopoM nop11,nxe cosna.neHH11 y:>Ke 

. HeT, XOT11 pa3HOCTb :lJl" -M': 6nH3Ka no CTpyKType K 'IJieHaM 
BToporo nop11,nKa B pa3no:>KeHHH Macc_osoro onepaTopa M. 

IIpHMeHHM lilopMyny H3oTepMH'IecKoro a,nMHTTaHca/4.6/ 
K Bbl'IHCJieHHIO MaqiHTHOH BOCnpHHM'IHBOCTH X ik (w) ,nn11 

l . z . 
CHCTeMLI cnHHOB S . · c raMHJibTOHHaHOM H=-hw0S + V J . 

i. i i i . 
Hr(t)=-gfL

0
S H (t) , S = ~ S. ; g , fLo - lllaKTop cneKTpo-

. J J 

CKOnH'IeCKOrO paciUenneHHH H MarHeTOH liopa; CyMMHpo
BaHHe npOH3BO,nHTC11 no BCeM CnHHaM. ,l.(n11 nocTpoeHH11 
X ik (w) Hy)irno BLI'IHC~HTb OTKnHK onepaT<)pa MarHHTHOrO 
MOMeHTa CHCTeMLI Sf-LoS 1 

• liy,neM C'IHTaTb, 'ITO B3aHMO,neii
CTBHe V HHBapHaHTHO no OTHOWeHHIO K BpaiUeHH11M BOKpyr 
OCH Z. B 3TOM cnyqae lilopMyJihl /4.6/ H /4.16/ ,naiOT 
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. 2 ·· z z . - . ·' v I"(w) c ·· 
X (w) =(gp.0 ) ,8 { (S ,S ) +twG z z (w) I= x (0) ( ) . 

zz S S .zz v w -lw 
.I 

~ (gp.f ,BI(s+,s~;+iwG s+s-x (w) - · 2 - · · +--
v. (w). +two 

. (0) 2 ' 
(w) l.=x+- v (w)+i(w -._w) · 

.2 : . 0 
2 

x .,;.o> = (gp.0 )
2 ,a cs~s z). x +..;; co>~ _<~J ,a cs-:,s-), /4.19/ 

rae. 

vi (w)= Gszs(V>(w) 
G. . 

S zs z (w) 

G . 
' v2 (wf= . s+s·(;,) (cu) 

-G . s+s- (w) 

/4.20/ 
. 

- MaccoBhie onepaTopLI .nn11 npo.noni>Hoiiu nonepe'IHoii cnu
HOBLix H30TepMH'IeCKHX liiYHKUHii TpHHa. Qqesu.nHo, _'ITO 
BLipa:>KeHH11. I 4.19/ coxpaH11IOT CTPYKTYPY llleHoMeHonorH'Iec-
KHX socnpHHM'IHBOCTeii /3.17 I. . 

,l.(anee, B OTJIH'IHe OT CJiyqag KOMMyTaTOJ>HbiX liiYHKUHH 
rpHHa,· BLI'IHCJieHHe npo,nOJibHOH BOCnpHHM'IHBOCTH Xzz(w) He 
Bhi3LIBaeT HHKaKHX 3aTpy,nHeHHH. HHTepeCHO cpaBHHTh no
nepe'IHYIO BOCnpHHM'IJIBOCTL C BOCllpHHM'IHBOCThiO, nonyqae

MOH C nOMOIUhiO KOMMyTaTopHOH liiYHKUHH rpHHa /3.9/ 

2 + . . 2 .-;. 
K (l!Jl.c) <[S- ,S -]>0 (gfLo) . < S z>o - . 

X (w) =- -.- . . = -. - · /4.21/ 
+-. 2lh m+_ (w)+i(wo -w) th m+_ (w)+i(wo-w} 

KaK 6Lino noKa3aHO BbiWe, m +Jw)=v2 (w) c TO'IHOCTbiO .no 
'IJieHoB nepsoro nop11.nKa no V. · O.nHaKo B uenoM lii<'>PMYJihi 
/4;21/ H /4.19/ COBna_naroT TOJibKO B HyJieBOM nop11,nKe JIO 
V.IIpH 3TOM 

z 
+ - 2<5 >. 

v =:lll =0, (S ,S )=:.:.::...:D. a 2 +- . , 
,8hw0 

2 

x+jw)= (gfLJ <S z>o 
h~o-. 

wo 
w .;.w 
·0 
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B o6oux cjcyqagx. B CB!l3H c 3THM 3aMeTHM, 'ITO lllopMynLI 
/3.17/ HrlH /4.19/ B lileHOMeHonorH'IeCKOH TeOpHH COOTBeT· 
CTBYIOT penaKCaiUIH HepaBHOBeCHOrO MarHHTHOrO MOMeHTa 
CHCTeMLI K MrHOBeHHOMY 3Ha'leHHIO noKanLHOrO MarHHTHOrO 
nonll. Hallie paccMoTpeHHe noxa3LIBaeT, 'ITO 3TOT pe3yri:b~ 
TaT. lilaKTH'IeCKH . COOTBeTCTByeT ropa3~0 6onee o6~eMy 
cnyqaro, xor~a 3TO noxanLHoe none He CBO~TC!l npoc~o 
K reoMeTpH'IeCKOH CYMMe Hanp!l:>KeHHOCTeHBHeWHHX nepe
MeHHOrO. H IIOCTO!lHHOrO ·MarHHTHLIX. noneii, a CO~ep:>KHT 
BKna~LI BCeX HH~ynHpOBaHHLIX B CHCTeMe CIIHHOBTepMH'IeC· 
KHX B03My~eHHH. Il03TOMY lilopMynLI /4:19/ llBlllliOTC!l 
CTpOrHMH ~nll CHCTeMLI CIIHHOB B TepMOCTa Te •. ~ ~pyroii 

CTOpOHLI, CTpyKTypa /4.21/ Mll nonepe'IHOH BOCIIpHHM'IH· 
BOCTH MO:>KeT 6LITL nony'leHa B llleHOMeHOllOtH'IeCKOH TeOpHH;. 
ecnH npe~IIOllO:>KHTLl 'ITO HaMarHH'IeHHOCTL CHCTeMLI penaK
CHpyeT K paBHOBeCHOMY 3Ha'leHHIO MarHH,THOrO MOMeHTa. 
HexoppeKTHOCTL Taxoro npe~nono:>KeHH!l no~qepKHBanacL 

B pg~e pa6oT/CM., HanpHMep, ~ 15 • 16/ ·/ •. 
PacCMOTpHM BLI'IHCneHHe 3neKTponpoBO~HOCTH axx((JJ) 

. . p 2 . 

~nll CHCTeMLI 3~eKTPOHOB c raMHnLTOHHaHOM H =~ rm+ v ' 
i i . . . . . J . . 

Hr=-eE x , x• = fxj . Pj ,xj ···HMnynLc H xoop~HHaTa 
j -ro 3neKTpoHa, m , e - ero Macca H. 3apg~ E- Hanp!l:>KeH-

. • 1 . . 

HOCTL. 3neKTPH'Ie.cxoro.nonll ·p~ ,= ~ pj - nonHLiii HMnynLc 
. . J 

. - . . . . . : .- i . . i. ..•. . . 
3neKTpoHOB. B 3TOM cnyqae < P >0 = 0, ( x ) 0 = 0 , H OTKnHK 
/4.6/ coBna~aeT c OTKnHKOM Ky6o. Tor~a. cornacHo 4lop~ 
MynaM /4.7/,/3.6/ · 

a ((JJ) = ~ G ( )- e2 {3 (px,px) 
XX · 2 X X (JJ - - "'""':'""'-,---

ffi P P. m2 v((JJ)-i(JJ ' 
/4.22/ 

av((JJ)- MaCCOBLIH onepaTop BH~a 

v((JJ)= 

G x"x ((JJ) 
. p. P(V) . 

G ((JJ) 
X X· p p . 
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mn 
.D;anee, (px,px)= T ,. r~e n 0 - KOHI~eHTpanHll 3neKTPOHOB. 
0KOH'IaTen~HO 

2 
~e 1 ~ 

a ((JJ)= -- . . "/4.23/ 
XX~ : • .·: r .m.. · · . V ( (JJ )1',-:: l(JJ · :, ,(:_,.' _:. 

IlpH v((JJY,"'-v =dnst-'· M~~~onyqaeM H3~eCTHYIOiilo;~~nyJileHo
MeHonorH'Iecxoii TeopB:if;.;'B~HH3m:Hx nopi,liKax.no V. Macco
BLie onepaTOpLI 4lopMyn /4~l9/~ /4.22/nerKO BLI~HClllliOTCH 
C IIOMO~LIO ·· pa3,1Iq~~l{Hii· /4_; 18/ • ~ 3TQi··~aeT•:Bq:i'M'o3KHOCTL 
HaRTH yumpeHJie'u C~BBr pe3'oHaHcHLix'.riuiuiii:"o6ycnoaneHHLie 

B3aHMO~eiic:n~~e¥-:Y·;, ,lJ;nll;',Cll}''la_ll; napf:l¥.~:fHH;T~O):'O. _H KOM-
6aHHpoBaHHOro' pe3~>HaHcolt TaKHe'BhllfHCiieit:H;t 'npoBo~nHCL 
B pa6oTax 1~8 • 191~ · . . . . c- · 

·, ·~ -~~- ~··""~' 
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