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BBEAJEHUWE

B pa6orte [1] BEIUKMCIIEHBI OTOKY YHEPIUU MEXKITY
TepMocTaTaMM, C KOTOPbIMU B3aUMOJEUCTBYIOT J1Ba
HEPE30HAHCHO CBSI3aHHBIX MeXIY COOOM KBAHTOBBIX
ocumsgtopa (puc. 1). Ilpu ompeneneHHBIX 3HayYe-
HUSIX YaCTOT OCUHWUISITOPOB U NPYTUX Mapamerpax
3a7a4u ObLUIO YCTaBJICHO, YTO OT 0oJjiee XOJOIHOTO
TepMocTaTa yepe3 CUCTEMY HEPEe30HAaHCHO CBSI3aH-
HBIX OCLIMJIISTOPOB UIET MOTOK K 0O0Jiee ropsiyeMy
TePMOCTAaTy, TaK UTO aBTOPHI MPOBO3IIACWIN Hapy-
IIeHWe BTOPOro Hayajla TEpMOAMHAMUKU B TEOPUU
OTKPBITBIX CUCTEM MTPU PACCMOTPEHUU OTKPBITOM CU-
CTeMbl B MPUOIVKEHUN Bpalllalolieiicsl BOJIHBI. AB-
TOPBI TAKXKe PACCMOTpPENU 3aavy O TTOTOKAaX, BbITIOJ-
HUB JWaroHaau3aliiio raMUJIbTOHUAHA U HUKAKOTO
HapyllleHUsI BTOPOTo Hauajla TEpMOJAMHAMUKU HE 00-
Hapyxwiu. C Tex Iop ¢ IIoaayy aBTOpOB paboThI [2]
B TEOPUU OTKPBITHIX KBAHTOBBIX CUCTEM CTaIU pa3-
JINYaTh JIOKAJIbHBII U MIOOANTBHBINA MOIXOAbI, TTPU-
YyeM JIOKaJIbHBIM TOAXOMA CTaJl Ka3aTbCsl HE COBCEM
KOPPEKTHBIM, B HEKOTOPOM POJi€, BBUIY MOAOOHBIX
MPOTHUBOpeUunii (0 MPOTUBOPEUMSIX TaKXKe TOBOPHU-
JIoCh U B pabotax [3—5]).

B naHHoli paboTe B paMKax JJOKaJbHOTO MOaX01a
peleHa Ta ke 3amayda, uto 1 B padote [1]. [Tokazano,
YTO HUKAKOro HapyllIeHUsI BTOPOro Havajaa TepMO-
IUHaAMUKU HeT. [Ipy 3ToM Oblia mMpuMeHeHa ajireo-
pauueckasi Teopuss Bo3mylleHuid. I[loguepkHyTO

pasaue MeXIy MCIOJb30BaHHBIM B [1] mpubnm-
KEHHEM Bpalllalolleiicss BOJIHBI 1 ajredpandeckKoii
Teopueil BO3MYIIEHMI1, a TAK:Ke HEOOXOIMMOCTD aJI-
re6panvyeckoi TeOprur BO3MYIIICHWI B 3a7a4ax N3y-
YyeHUs1 OUHAMUKHU OTKPHITOM KBaHTOBOM OINTHUYE-
CKOIl CHUCTEeMBI NpHM HCIOIb30BAHMU MapKOBCKOTO
IPUOJIVKEHUS].

Heob6xonnmo caenaTh cienyolie 3aMmedyaHus mo
MapKOBCKOM TEOPUU OTKPBITOM OITUYECKON KBAH-
TOBOM CHCTEMBl W TIPUOJIMKEHWIO Bpararoiieiics
BOJIHBI. OOHO U3 YCJIOBUIT MApKOBOCTH IIpeAriosara-
€T, UTO OKPYXXEHUE OTKPHITOI CUCTEMEI OITMChIBACT -
¢ JenbTa-KOppeJMpOBaHHBIM TponeccoM. Dop-
MajibHO, YTOOBI BpeMsI KOPPESIIUU MOXHO OBLIO
IOJIOKUTh PaBHEIM HYJIIO, XapaKTepHbIE BpeMeHa OT-
KPBITOM CHUCTEMBI IOOJDKHBI OBITh OOJIBIIMMU, IIO
CPaBHEHUIO C BDEMEHEM KOPPEJSIIIUU OKpYKeHUsl. B
ONTUYECKUX CUCTeMaxX 3TO He TaK. B oneparope B3a-
MMOJICUCTBUS OTKPBITOM ONTUYECKOM CUCTEMBI C
OKPYXEHUEM €CTh OBICTPOMEHSIIOIINECS BO BDEMEHU
cJlaracMble: Majloe BpeMsI CyTh 0OpaTHas 4acToTa Xa-
pakTepHOTro KBaHTOBOro mnepexoga [6]. ITostomy
MpeXIe, YeM IMPUMEHSITh MapKOBCKOE TTPUOJIMEKEHUE
HeoOXoauMO M30aBUTLCSI OT COOTBETCTBYIOIIMX
OBICTPO MEHSIOIINXCSI BO BDEMEHH CJIaraeMbIX B OTIe-
patope B3auMoaeiucTBus. OOBIYHO 3TO JOCTUTACTCS
MIpYMeHeHEeM IIPUOIKEeHS Bpalllaloleiicss BOJIHEI,
Kak B [1]. I1pu aTOM HeT perienTa ygera OTOpOIIeHHBIX
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Puc. 1. 'eomeTpus 3agauu. JIBa rapMOHMYECKUX OCLMJLISITOPA C CYLIECTBEHHO PA3IMYHBIMU YaCTOTaMU 2. U ), HEpe30HaHC-

HO CBS3aHBblL APYT C APYTOM U KaXX[blii pe30HAHCHO B3aUMOIEICTBYET CO “CBOUM”~ TEPMOCTATOM IIpu Temmneparypax 7, u 7,..
OCUMJUISITOPBI CXeMaTUYHO U300paXkeHbl KaK pe30HATOPbI, B3aUMOJEHCTBUE MEXKIY KOTOPBIMU OCYILIECTBIISIETCS] HA 3epKajie.

ciaraeMbix. MIckilroueHre ObICTPOMEHSIIOIINXCS Clla-
raeMbIx oIlepaTopa B3aMMOICHCTBUS B ajreOpamye-
CKOIT TeoprM BO3MYIIIeHU [7, 8] mMpoBOIUTCS Ha OCc-
HOBE YHUTApHOII CUMMETPUU KBAHTOBOM TEOPUU, UTO
yIOOHO MPOBOOWUTH B IIPEACTABICHUM B3auMMOMEii-
ctBus. TpeboBaHMEe OTCYTCTBUS OBICTPOMEHSIOIIIMXCS
cjlaraeMbIx orpeaensieT 3(pheKTUBHBINA raMUIBTOHU -
aH ¥ OTJIMYAeT caMy aJireOpandecKyro TEOPUIO BO3-
MYIIEHUN OT OPYruX, OCHOBAHHBLIX Ha YHUTapHOM
npeobpazoBaHuu [8].

CrnenyeT Takke OTMETUTh HEIIOCIeIOBATEIbHOCTD
padoT 10 NPUMEHEHMUIO IJTO0AJILHOTO MOAX0aa K TEO-
PYM OTKPBITHIX ONITUYECKUX CUCTEM. 3a4acTyio, OHU
HUCIIONB3YI0O B KayeCcTBE MCXOIHOIO0 TaMWJIbTOHMAHA
raMWJIbTOHMAH, 3allMCaHHbIA B MIPUOIVIKEHUN Bpa-
maromeiics BoiaHEI [9, 10]. MckmodyeHreM SIBISTIOTCS
pabotsr [11—13].

Hwuxe MBI IponeMOHCTpUpyeM IIPUMEHEHUE ajl-
redpanyeckoil Teopur BO3MYIIIEHUI K 3amade, pac-
CcMOTpeHHOI B [1] 1 mpencTaBiaeHHOM Ha puc. 1. Cie-
JIyET OTMETUTb, UTO IJISI KaXKIOro HOBOIO YCJIOBUS
B3aUMOJICHICTBUS aJreOpandyeckKyro TEOPUIO BO3MY-
IIeHWIA HY>KHO IIPUMEHSTh 3aHOBO, ITOCKOJIbKY HO-
BO€ B3anIMOIeiiCTBIE 00YCIaBIMBAeT HOBBIE KAHAIIBI
pelakcaluMu U HaKauyKW OTKPBITOM ONTUYECKOMU CHU-
cTeMbl. B HallleM ciiydae KaxXXIblii 13 paccMaTpUBae-
MBIX OCUMJUISTOPOB OTKPBITOM CHCTeMbl HAaUYMHACT
B3aMMOJICMCTBOBATL C “Yy:KMM” TEPMOCTAaTOM. DTO
3¢ dexT caeayolIero nopsaka MajJoCTU IO CpaBHE-
HUIO C B3aUMOJEHCTBHEM CO “CBOMM”~ TEPMOCTATOM.
A10oT 3P PeKT oTCyTCTBYET B padote [1]. BerBom pado-
ThI [ 1] MO MPOTUBOPEYNIO CO BTOPBIM HAYaJIOM TEPMO -
IMHAMWKM OCHOBAaH Ha WHCIIOJIb30BAHUM 3HAYCHUIA
napaMeTpoB, KOTOpPbIE HE OTBEYAIOT COOTBETCTBYIO-
MM OTPAaHWYCHUSIM, HaKJIadbIBa€MbIM ajredopanye-
CKOI1 TEOpHM BO3MYIIIEHWI Ha claraeMble TIPUOIKe-
HU$ BpalllalolIeiicsl BOJIHBI.
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B nanHoIi paboTe mocpeacTBOM MeToa ajaredpa-
MYECKOM TeOpPHUH BO3MYIIEHWI MBI IIOCTPOMIN 3(-
(bEeKTUBHBIIA TaMUJIBTOHMAH 3adadyu OO0 CJIaraeMbIX
BTOPOTO MOpsIJIKa Mo KOHCTaHTaM ¢Bs3u. IToka3aHo,
YTO 3THU CJIaraeMble IMIPOAYLUAPYIOT YAaCTOTHBIE CABUTH
COOCTBEHHBIX YACTOT CAMUX OCLMJLISITOPOB U TEPMO-
CTaToOB, OIMMCHIBAIOIINE KaK UX IPMOOBCKHUE CIBUTU B
IIMPOKOMNOJIOCHBIX BAKYYMHBIX MOJISIX, TaK U IITap-
KOBCKHE CABUTH, OOYCIOBJICHHBIC B3aUMOACHCTBU-
€M C CUCTEMaMM B BO30YXKIECHHBIX COCTOSIHUSIX. Kpo-
M€ 3TOro, MOJyYEeHHbIEC CJaracMbl€ OIMCHIBAIOT W
BO3AeHCTBHE OCLHUISITOPA HA B3aMMOAEHCTBYIOLLIU I
C HUM “4yKOi” TepMOCTaT, 3TU cliaraéMble OTKPhI-
BalOT HOBBIM KaHal pelakcaluyd OCHWIISITOpa,
OTIpeneJIEHHbII COBMECTHBIM JIEMCTBUEM HEJIUHET-
HOTO B3aMMOAEUCTBUS OCLIMJLISITOPOB MEXITY COOOM
U KOPPEKTHBIM YYE€TOM B aiaredpandeckoil Teopuu
BO3MYILLIEHUI pE30HAHCHOIO XapaKTepa B3auMOIe -
CTBUSI OCLHMJIISITOPA COCEla CO CBOUM TEPMOCTATOM.
ITonydeHO HOBOE KMHETUYECKOE YpaBHEHUE IJIsI OT-
KPbITOI CUCTEMBI, OITpeAesIiollee HE3aBUCUMBIii Xa-
pakTep peJiakcalliy OCLUISITOPOB B pacCMaTpuBae-
MOW 3az1aye.

ITOCTAHOBKA 3AJAYUN

bynem mnpennonaraTh CAEAYIOUIYIO MOCTAHOBKY
3agauu. [TycTb cyliecTByIOT ABa GO30HHBIX OCIUILIS -
TOpa C CYLECTBEHHO pa3HbIMM yacToTamu Q. u ),
KaXIblii M3 KOTOPBIX OMNHUCHIBAaETCSI OO30HHBIMU

.
KOMMYTAaIITMOHHBIMHU COOTHOIIIEHUSMU [, O | = 1 OT-

BEUAIOLIMMHU OIIePAaTOpaM POXICHUS ¢, r' M YHU-
YTOXEHUSI ¢, ¥ COOTBETCTBYIOIIETO OCLIMJIISATOpA.
Bymem cuutaTh, YTO YKa3aHHBIE OCHULISITOPHI B3au-
MOJEMCTBYIOT MEXAY CO00IT HEPE3OHAHCHO, MHBIMU
CJIOBaMU, B KpbUIE TUHUY MOMIOILIEHUSI KAKOTO-JIM0O0
W3 HUX WU B JUCTIEPCUOHHOM Tipenene. Kpome Toro,
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KaXXIbIiA U3 OCHUJIIIATOPOB BBaI/IMO,I[CfICTByeT TECPMO-

cratamu A u B c temneparypamu 1, u T,. bynem cuu-
TaTh, ITOCKOJBKY YacCTOThl OCUMJUIITOPOB CHJIBHO
pa3auyaloTcs, YTo TepMocTaT A BO3AeHCTBYET Ha OC-
LLISTOP ¢ KBa3UPE30OHAHCHO, a €r0 BO3IECHCTBHE HA
ocLWJUIATOP (2, ONpenesieTcsi KOPPEKTHBIM YYeTOM
PE30HAHCHOTO B3aMMOJCHCTBUS, T.€. CIaracMbIMMU,
KOTOPBIMU IIPeHEeOperaoT B NpuOJIMXKEHUU Bpalllalo-
1ieiicsa BOJHLBI. s TepMocTaTa B mpednosaraercs
aHaJJOTMYHAasI CUTyalus, OH OyJeT KBa3Mpe30HaHC-
HBIM 00pa30M BO3ACHCTBOBATh HA OCUMJIISTOD r, U
OITOCPENOBAaHO C OCLIWJLIATOPOM YacToToit €2, . Kax-
IbIA U3 TEPMOCTATOB WJIM CUCTEMBI, OOJIagarolInX
OOJIBIIIM YMCJIOM CTeIIeHeil cBOOOIBI, TAKKE OIH-
CBhIBAETCSI TeH3eHOEProBEIMM KOMMYTAIIMOHHBIMU
COOTHOLICHUSIMU, XapaKTepPHbIMM JIsI OO30HHBIX
cucteM. Orepatopbl POXIEHUS W YHUYTOXECHUS
MepBOr0 M3 TEPMOCTATOB Ha YAaCTOTe (D O0O3HAYUM

. b, b =39
KaK a,, 4y, & BTOPOTO KaK by, by, | dy,dq | = Oy >

+ o
[bm-,bw] = 0, o Ilon B3aMMOIECTBMEM TepMOCTaTa

C OCLIJIISITOPOM 3JIECh IIPEATI0JIaraloTcsl BHIITOJIHEH -
HBEIMU OOBIYHBIEC YCJIOBUS CIaO0OT0 B3aMMOIECHCTBUSI
MOJACUCTEMBI B ILIMPOKOM MOJIOCE B3aMMOAEHCTBUS C
TEPMOIMHAMUNYECKU PaBHOBECHBIM COCTOSAHUEM
OKpYXeHHUsI, KOIJa COOCTBEHHO OOpaTHBIM BO3eli-
CTBMEM CHCTEMBI Ha TEpMOCTAT MOXHO ITpeHeOpeYb,
YTO ABJIACTCA CTaHAAPTHBIM YCIIOBUEM OJISA ITOCTPOC-
HMsI KWHETUYECKOTo ypaBHeHUs1. Halinem KuHeTn4e-
CKO€ ypaBHEHHE, ONNCHIBAOIIECEe TMHAMUKY OTKPHI-
TOM CUCTEMBI, B JAHHOM CJIydae ABYX OCLUIISITOPOB.

Kak 6bu10 TpogeMoHCTpUpoBaHO B pabdoTe [14],
€CJIV BTOPOU OCIWJIISITOP OTKPBITOM CUCTEMBI U30JTH -
POBAHHBINI, UJI UTHOPUPOBAHO IMIPUCYTCTBUE BTOPOTO
TEpMOCTaTa, TO pacCMaTPUBAEMbIA BUI B3aMMOJCH-
CTBUSI TIPUBOJIUT K €ro HEOOpaTUMOI pejlakcalluu B
TEPMOCTAT MEPBOTO OCUWJUISITOPA, HO Ha YACTOTE U B
M0JIOCE YAaCTOT, CYIIECTBEHHO OTJIMYHOM OT TOH, B KO-
TOPYIO AVCCUTIMPYET MEPBbII ocuIITOop. Jist mep-
BOTO OCLWJIISITOPA OCYIIECTBIISIETCSI PE30HAHCHOE
B3aMMOJCHCTBUE B OKPECTHOCTU COOCTBEHHOI 4Ya-
cToThl {2, . [Ipy 3TOM BBUIY HEPE3OHAHCHOTO XapaK-
Tepa B3aMMOIECUCTBUS BTOPOIl OCHWILISITOP TaKXe
OyJeT B3aMMOJIEMCTBOBATh C 3TUM K€ TEPMOCTATOM,
HO Ha CBOEl COOCTBEHHOM yacToTe €2, U B CBOEH IO-
JIOCe 4acToT. OTa JUCCUNALMs ONUCchIBaeTcs o dek-
TOM BTOPOTO TIOpsIIKa U OOYCIOBJIEHAa BOBHUKHOBE-
HHEM KBaHTOBOIO MHTEepP(EepeHIIMOHHOIo KaHala,
00pa30BaHHOIO PE30HAHCHBIM B3aUMOJEUCTBUEM
MEPBOTO OCLHWJUISITOPAa C TEPMOCTATOM WU HEPE30-
HAHCHBIM B3aUMONECUCTBUEM OCUMWIIISITOPOB MEXIY
co6oii. [Tonocel gacToT 3(PPEKTUBHOTO B3aMMOICH -
CTBUSI OCHUJIJIITOPOB C TEPMOCTATOM, COCTOSTHUAE KO-
TOPOTO CYUTAETCSI TEPMOAWHAMUYECKU PABHOBEC-
HbBIM C 3aJaHHOI TeMIlepaTypoii, ONpPeaessIIOTCSI

N3BECTHUA PAH. CEPUA OUBNYECKAA

AJIEKCAIIHWH u np.

CKOPOCTBIO pacnamoB Kaxkaoro nu3 Hux. KpomMe Toro B
BBUIY BbBIOOpa MOAECIN AeJIbTa-KOPPEIMPOBAHHOIO
TepMOCTaTa B3aUMOIEHCTBIE KaxKIOro U3 OCILIMJIIS-
TOPOB OCYIIIECTBIISIETCS B TTOJIOCE, B KOTOPOM OTKIIO-
HEHHME YacTOThl OT LICHTpaJlbHOM, 3aJaHHOI c00-
CTBEHHOI 4acTOTOM OCLWISATOpa, OOJKHO ObITh
MHOI'0 MEHBIIIUM CaMOM COOCTBEHHOI €My COOTBET-

CTBYIOLIEH YaCTOThI |03 — Qa| <Q,0=cr.

BrIBOO KWHETUUECKOTO YPaBHEHUS OJIsl MATPULIBI
IUIOTHOCTU OTKPBITOM CUCTEMBI — ABYX OCLIMJIISITO-
pOB — MIPOBEAEM Ha OCHOBE aJire0pandecKoit Teopun
Bo3MmylleHUi. Ee OCHOBHOI mapaaurMoii siBiasieTCs
nojydyeHue 3(pPEeKTUBHOIO TaMUJIbTOHMAHA B3aUMO -
JIEMICTBUSI, KOTOPBIIA HE COACPKUT OBICTPOMEHSIIO-
IIIMXCS BO BpeMeHU cliaraeMbIx. IMeHHO mmonydeHune
Takoro 3((HeKTUBHOTO raMWJIbTOHUAHA 3a0a4M U T10-
clienylolliee BBeAeHME MapKOBCKOIO MHPUOIMKEHUS
IUIST TIPEACTaBIACHUSI OKPYXKEHUSI O€IbIM IIIyMOM,
obOecrneuynBaeT MOCTPOSHNE KOPPEKTHOIO YpaBHEHUS
IUIST MaTpUIbl IUIOTHOCTU Ioncuctembl. Ilpm aTom
WCTOYHUKM IIIYMOB PAaBHOBECHOIO T€pMOCTaTa BBO-
ISITCSI, MOMACTIUPYIOTCSI, OIPENEIISIIOTCS KaK AeiabTa
KOppeIrpOBaHHbIE BO BDEMEHU CJIydaiiHbIE ITPOIIeC-
ChbI, YTO 1 0OecneYnBaeT KOPPEKTHBII BHIBOI MCKO-
MOIO ypaBHEHUSI B MapKOBCKOM IPUOIVKEHUM.
DTOT paKT onpeacssiecT 0COOEHHOCTh IIPUMEHSIEMOIO
METOJIa, MOCKOJIbKY TPagWIIMOHHOE BBEIEHHE pa3-
JIMYHBIX METOJOB ycpenHeHus, Harpumep Kpbuio-
Ba—boroaw6oBa—MUTPONOABCKOTO, OOBIYHO HpPU-
MEHsIeTCSI K (DeHOMEHOJOTNYECKIM KMHETUYECKUM
ypaBHeHUsAM. CienyeT, OMHAKO, OTMETUTh, YTO MPU-
MEHEeHHe MapKOBCKHUX YCJIOBU K 3((PEeKTUBHOMY ra-
MIWJIbTAaHMAHY M BOJHOBOMY BEKTOPY CHUCTEMbI B
IpeajgaraeMoM MeTO/Ie, IIPUBOIUT K MaTeMaTUYCCKU
HeoIpeneaeHHOMY cTtatycy ypaBHeHus L pénunrepa
IUIsT omepaTopa 3BoioLuu cucteMbl. IlocienHee
OKAa3bIBaeTCsI KOPPEKTHBIM M OIIPeAesIsieTcs KakK
KBaHTOBOE CTOXaCTUYECKOE YpaBHEHUE, €CJIU BBECTU
MOPOXOAOIINNA, YHUUTOXAOIINNA U CUYUTHIBAIOIIA
cllydaiiHble TPOIIECCHl M OIPEASUTh CTOXaCTHUYe-
ckue uHTerpaisl Uto. Ucnmonb3lyemast 31ech MEeTOAN -
Ka He IPUBOOUT K KaKMM-HUOYAb CYIIECTBEHHBIM
Gu3NYECKUM IIPOTUBOPEYMSIM, apagoKcaM WU ap-
TepakTaM B M3BECTHBIX aBTOpaM 3aJadax.

3arnmiemM cBOOOIHBINM raMIJTBTOHUAH cUcTeMbl H
1 B3aMMOJIEHCTBHE €€ YacTeil, KOTOpOe CYMTaeM HOCHT
BJIEKTPOIUTIONBHBIN XapakTep. CBOOOTHBII TaMILTETO-
HHUaH ONpenesieTcsl TaMIIBTOHMaHAMU TepMOCTAaTOB

+ +
H,, = thmamam, Hyp = Zlmho)bwb(D Y OCIWJLISTO-
+ + .
poB H,. = hQ.c.c., H,, = hQ,c,c,. Bzaumoneiicteue
OCLIWJUTSITOPOB MEXJIy COOOM OMUIIIEM OIepaTopoM

B3aumorneiictBusa V, . = g(c' +¢)(r" + r), tae g oTBe-
yaeT ImapaMeTpy B3aMMOIEHCTBUS (KOHCTAHTE CBSI3H).
Ne 10
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BzanMongeiicTBre KaxKmoro mu3 TEPMOCTATOB C OCIMJI-
JIATOpaMM 3altMII€EM B CJIICAYIOLIEM BUEC

Vi =Yeu ) (@ +a,)(c" +0)+
+ Y Y (@ +a, )" + 1),
Ve =Ys ), (by +bo)(r" + 1)+

+ Yoz ) (by +B,)(e" +0),

TA€ KOHCTAHTBI Y., Y.z OINPEAEIAIOT TMapaMeTphl
CBSI3U B3aUMMOJICUMCTBUI TepMOCTaTa C COOTBETCTBY-
IOIIMM OCHWIUISITOPOM, KOTOpPbie Mbl O0O3HaYaeM
HUXKXKHUMU MHIACKCaAMU. le/l 3allCHU 9TUX BbIpaXe-
HUI IIpenrojiaracTcsi, 4YTO 3HAYEHUSI YKa3aHHBIX
KOHCTAHT B3aUMOIEHCTBUI BhIOpaHbBI Ha LICHTPAJIb-
HOM 94aCTOTE COOTBETCTBYIOIIETO OCHIILISITOPA 1 OHU
HEU3MEHHBI BHYTPU BCeil LIMPOKOM MOJOCHI YaCTOT
B3aMMOJICUCTBUI TEpMOCTAaTa C HTAHHBIM OCLIMJLISITO-
poM. DTO MPEAIOoNI0oKEeHUE YXKe SIBIISIETCS OTHUM M3
MNpOSIBJIEHUII MapKOBCKOTO XapakTepa B3amMoAeli-
CTBUSI CUCTEMBI C I POKOIIOJIOCHBIM OKPYXXKEHUEM U
SIBSIETCSl TPAOAULIMOHHBIM 11 3aa4 BbIBOJA KUHE-
TUYECKOIO YPaBHEHUS IJIsI OTKPBHITOM cUCTeMEl. OT-
METUM, 4YTO TEPMOCTAT A B3aUMOJICUCTBYET C OCLII-

JIITOPOM Ha 4yacToTe ), pe30HaHCHBIM 00pas3oM, U
9TOT K€ TEPMOCTAT BO3ACUCTBYET Ha OCUWJIISITOP Ha
yacToTe (), CYLIECTBEHHO Hepe30HaHCHO. JIs Tep-
MocTaTa B cuTyalusl OKa3bIBaeTCSI B TOUHOCTHU 0O0-
paTHOIi. YKa3aHHBIC B3aMOICHCTBUSI UMEHHO TaK U
posBATCs B 3(pHEKTUBHOM raMWJIbTOHUAHE 3a1a4H,
YTO MbI MPOAEMOHCTpUpPYeM HMKe. OTMETUM, UTO
MIpUBEACHHEIE 30eCh B3aUMOACHCTBUS 003€BCKUX OC-
LUISSTOPOB B MPEACTaBJICHHOM BUIEC B HACTOsIIIIEe
BpeMsi TPaIUIIUOHHKI IJISI 3aJa49 KBAHTOBOI OIITUKM.

DODOEKTUBHbIM TAMUJIBTOHUAH

Jnsg moctpoeHns 3pHEeKTUBHOTO TaMMIJILTOHHNA -
Ha BOCHOJIb3yeMCsI YHUTApHOII CUMMeTpueil KBaH-
TOBO# MeXaHUKWU. [1J1s1 3TOTrO JJisI BOJTHOBOTO BEKTO-

pa cuctemsl | \¥) 1 IOIHOTO raMIJIBTOHMAHA 3a1a4N
H=H,+V._, +V,+V; nepeiinem B xaptuHy Hu-
paka 1o cBoOOOJHOMY raMwibTOHUAaHy H,, 4TO OYy-
JIeM OTpaxaThb SIBHbIM HaIllMCaHUEM apryMeHTa f
onepaTopo3HaYHbIX GYHKIIUI U BEIpaKeHUWM. 3amu-
meM ypaBHeHue IllpémuHrepa B MCIIONb3yeMoO
KapTUHe

%| (1)) = ~ihH()|'P(©0)), M
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rne H(@) =V__.(t) + V() + V() u onipeneneH cieny-

TOIIIUMU STBHBIMU BBIPaXKEHUSIMHU

[/c—r(t) — g(ce—iQCt n c+eiQCt)(re—iQ,t + r+eiQ,t)
Va@) =Vo_4() +V,_ @),

V. () = Yc—AZ (ce™™ + c*e™) g™
(0]

Via® =Y, (re™™ 17 ) @™ +ae™), (2)
(0]

V&) = Vo) +V,5(0),
I/CfB(t) = 'YC,BZ(Ce_iQ”t + C+ei9ct)(b+eiu)t
(O]

Vg () = Y,op ), (re™™

>

+ ae

—imt)’

+be ™),

7!'0)1).

+ e )b e™ + be

anIlCTaBIICHHbIe BbBIpa>kK€HUSA OIIPpEACJI€CHbI B TOM
YHUCJIIE MHOXUTCIIAMU COACpXKaAIllMMM  aHTUBpalia-
TCJIBbHBIC CJIaraCMbIC, ITPEACTABJIAIOIIINC c00O0I1 BKCITO-

HEHUMAIbHbIE MHOXWUTEIU Buaa exp(xi(wx Q. )f),

exp(Fi(Q2, £ Q,)t). B ocHoBe MeTona anrebpanyeckoi
TEOPUU BO3MYIIECHUI JIEKUT BO3MOXHOCTb MOCTpPOE-
HUSI TAMWILTOHMAHA TAaKOro BUIA, KOTOPLIA HE CO-
JEePXUT OBICTPOMEHSIOIINXCSI, AHTHBPAIIAIOIINX
cllaraeMbIX. YKaxkeM, 4TO OOBIYHO MPU MTOCTPOCHUH
KWHETUYECKUX YPABHEHU I OTKPBITOM CUCTEMBI, 3TU
cllaraeMble UTHOPHUPYIOTCSI, TTIONPOCTY OTOpachiBa-
I0OTCS yXXe Ha 3TOM 3Tare HamucaHusl B3auMOIei-
cTBUs B cucteme. I[Ipu 3TOM IpM HUCHOJIb30BaHUU
TPAOULIMOHHBIX METOAOB IMOCTPOSHUST UICKOMOTO YpaB-
HEHUsI, €CJIM TAKOe UTHOPUPOBAHUE, MOKET ObITh, XOTh
KaK TO OIIpaBIaHO B YCJIIOBUSIX PE30HAHCHOIO U KBa-
3MPE30HAHCHOTO B3aMMOIEHCTBUIL, TO TIPU HEPE3O-
HAHCHBIX B3aMMOJCHCTBUSIX OHO OKa3bIBaeTCs He-
omnpaBgaHO HUYeM. bosee Toro mpu mcclienoBaHUU
MHOTOYACTUUHBIX cucTeM [14] cymecTByeT psn 3¢-
¢dexToB, KaK HaIlpUMEpP TOMOIHUTEIbHBIN CIBUT OC-
HOBHOI YacCTOThl 1 3aMOpaXXWBaHUE CKOPOCTU pe-
JIaKCalluM CUCTEMbI, KOTOpPbIe OOYCIOBICHBI YYEeTOM
MMEHHO aHTUBPAILAIOIINX CJlaraeMBbIX.

HMcnonab3yeM yHUTApHYIO CUMMETPHUIO M COBEp-
IIIMM YHUTapHOE Npeo0pa3oBaHe NICXOTHOIO BEKTO-
pa COCTOSIHUSI, MIEPeXoast K HOBOMY IIPEICTABIICHUIO
|‘P(t)> = exp(—iS)| W(#)), mocpencTBom reHeparopa
S'. B HoBOM mipencrasiennn ypaBHeHue LpéquHre-
pa MMeeT TOT 3Ke caMblif BUII, 4TO 1 ucxomHoe (1), on-
HAKO BCE COOTHOILLEHUS MbI Oy/IeM IToMe4aTh 3HAKOM
TuibAa. Pasiaoxum Tenepb reHepaTop npeodpaszona-
HUS U IIpeoOpa3oBaHHBIN K HOBOMY MPEACTaBICHUIO
raMUJIBTOHUAH 3aa4U B PSIIbI IO KOHCTAHTAM B3au-
MOIEHCTBUN

S@) = S0 + S0 + SO0 +
+ S0 + ..,
Ay = B0 + ™) + A" @) +
+ A% + ...
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JIeBBIiT MHIEKC KaXKION TPONKM BEPXHUX WHICKCOB
ONMCHIBAET MOPSIJIOK CJIAaraeMoro Mo KOHCTaHTE CBSI-
31 MEXIY KBaHTOBAaHHBIMM OCHMJIJISITOpaMHU, a
ocCTaBIlIasICs ITapa UHAEKCOB — MOPSIAOK 110 KOHCTaH-
T€ CBSI3U MOACUCTEM C OKPY>KEHUEM — TEPMOCTAaTOM
An B, coorBeTcTBEHHO. BaxkHO OTMETUTH, UTO €CJIU
B3aMOACHCTBE MEXKIY OCHWIIITOpaMM HEPE30-
HAHCHO M HAYMHAET IPOSBISITHCSI TOJHBKO BTOPOM
NopsiaKe MO 3TOMY B3aMMOAEHCTBUIO, TO B3AUMOIEH -
CTBUSI C TEPMOCTATOM HOCST KaK PE30HAHCHBIN Xxa-
pakTep, OTBEYAIOILIUIA caaracMbIM IEPBOIO MOpPsIAKa,
TaK ¥ HEPE30HAHCHBIE COCTABJISIOIINE B3aUMOICI-
CTBMIA, KOTOPHIN IIPOSIBSITCS BO-BTOPBIX ITOPSIIKAX
COOTBETCTBYIOIIMX KOHCTaHT. Kak MBI ImpomeMoH-
CTpUpYyEM, TIOCIEeOIHUE OOYCIOBJIEHBI KaK BTOPBLIM
MMOPSIIKOM COOTBETCTBYIOLLIUX KOHCTAHT, TakK U OU-
JUHEWHBIMU KOMOMHALIUIMU KOHCTAHT B3aUMOJEH-
CTBMIA TEPMOCTATOB U BBIICACHHEIX B 3a7a4e MO,

Bocmone3yemcst teneps ¢dopmynoit  bekkepa—
Kemnbemma—Xaycnopda #m IIOAyduM CIIEAYIOIINE
ypaBHEHMUSI

A0 = in s + V.0,

010 (1) = ih d 5(0,1.0)(1) +V,(0),

dt
ﬁ(0,0,l)(t) _ ih%S(o’o’l)(t) +Vy(0),
A1) = ind 511 — L[5 v, ()] -
dt 2
é[S(I,O,O)(t),ﬁ(O,l,O)(t)] _ é[S(O’l’O)(f),Vc—r(t)] —

=280, A @), A6 =

o d o000 I 1 o(1,0,0)
=ih—S H—=[S 1),Vg()]—
AR R URZIO)
- S8M0 0, AP 01 = SIS 0 Ve, 0= )
LS00, A 01, A6 =

= ind g - é[s“”“”(t), Va(t)] -

dt
- é[sw""”(t), A0 (p)] - é[s<°’°">(t), V(0] -
- 12'[S<°*°")<r>,H““’O’(r)], A0 =
= in L5000 - L[4 0), ¥, 1)) -
dt 2
_ é'[S(l,O,O)(t)’ﬁ(l,O,O)(t)]’ ﬁ(l,l,O)(t) _ ih%S(l,l,O) %
X (1) = SIS0, V401 = 180, A (1),
B mnpenmonoxenun ammabaTUYECKOro BKITIOYECHUS
HOHeﬁ OTCYTCTBHME B BbIBOOMMOM B(I)Q)GKTI/IBHOM ra-

MUWJIBTOHMAHE TOJIbKO MEMJICHHO MECHAIOIIIMXCA BO BPE-
MCEHU cjiara€MbIX OOJHO3HAYHO OIIPCACIIACT BEJIMYMHDBI

N3BECTHUA PAH. CEPUA OUBNYECKAA

AJIEKCAIIHWH u np.

S/ 9 Y HakJIanBIBAET OrpaHUYEHUE HA CIIEKTP MOLI 1LY -
POKOITOJIOCHBIX TTOJIEI. DTO 06CTOSATELCTBO IPUBOIUT
K TOMY, YTO BEJIMYMHbI S ’k)(t) orpeesieHbl ObICTPO
M3MEHSIIOIINMICS. BO BpDEMEHU CJIaraéMbIMU.
Hepe3oHaHCHBIIA XapakTep B3auMMOIEHCTBUS
MEXIY OCLIISATOPAMU, MPUBOAUT K €ro OTCYT-
CTBUIO B MEPBOM IOPSIIKE MO 3TOMY B3aUMOAEii-

cruio H (1’0’0)(1) =0, u BBIpaXEHUE I S(I’O’O)(t)
IPpHY 3TOM coTJIacHO (3) MMeeT CaemyIoInii BU

oo Q) QAR

S(”)(t)zcr.g —c+r+.g +
inQ, +Q,) inQ, +Q,) 4
—i(Q,~Q,)1 IO A 4

-
lh(gc - Qr) lh(gc - Qr)

CJ'ICIIYIOH_[I/IC BbIpa>kK€HUs r€HEPATOPOB AJIsd B3aNMO-
IEeNCTBUS TEPMOCTATOB C OCIIWJIIIATOPpaAMU

0,1,0 0,1,0 0,1,0
SOy = SO0 + S0,
0,1,0
Sty =

+ cr

i(Q.+w)t
el( +0)

—i(Q+ )
=, cay————cay——| (5
v AQE%C)[ inQ, + ) inQ, + w)j )

SOLO o HrON + o+
r (t)_’YrAZ rag - _rawx
0=(Q,) lh(Qr + (!))
i(Q,+w)t i(Q,—w)t
xt gy —ra,——
in(Q, + ) inQ, —w) inQ, —w)
OTIPEICHSIOT B TIEPBOM MOPSIIKE OTIMYHBIMHU OT HYJIST

oo

. 7~(0,1,0)
TOJIBKO KBa3UPE30OHAHCHBIE B3aUMOACUCTBUS H 0,

~(0,0,1
a7 ’)(t) TEPMOCTATOB C COOTBETCTBYIOLLIMMM OCLIWJI-
asitopaMu. CyMMUpOBaHUE BEAETCSI 110 YACTOTHBIM ITO-
JiocaM BOJT31 YKa3aHHOM BHI3Y 3HaKa CyMMBI. Beipaske-

HME 1)1 TeHepaTopa S(O‘O’”(t) caenyeT u3 popmyinl (5)
3ameHaMU A — B,a, > b,uc < r.
IIpencraBaeHHbIE BbIpaxKeHUS IIOIHOCTBHIO Ope-
IEJISI0T IMHAMUKY CUCTEMBI B IEPBOM ITOPSIKE aJl-
rebpandeckoil TeOpUM BO3MYIICHWI KaK KBa3upe-
30HAHCHOE B3aMMOJEUCTBUE OABYX HE3aBUCUMBbIX
OCLUMJIJISITOPOB, KaXXKIbliA M3 KOTOPbIX B3aWMOAECH-
CTBYET TOJIbKO CO CBOUM TE€PMOCTATOM B MOJIOCE Ya-
CTOT BOJIM3M YKa3aHHOM LIEHTPAJIbHOM YacTOThI. DTa
moJioca oIpeaeaeHa U He IIPeBOCXOAUT COOTBETCTBY-

FOIIIYIO KOHCTAHTY B3aMONEUCTBUSA Y, 4 U Y, 5. TaKUM
o0Opa3oM 3(GeKTUBHBINA TaMIWIBTOHHAH B IIEPBOM
TIOPSIKE OTpenesieH BhIpaXkKeHUSIMU

I:I(Eff)’(l)(t) — H(O,I,O)(t) + H(O,O,l)(t) —

=Y [ Z (cage ™" 4 c+awei(g‘_w)’j + (6)

@=(€2,)

—i(Q.— i(Q —

+ 7,3( Z (rboe Qo r+bwe’( - m)’].
e(Q,)

HetpynHo BMAETh, YTO B OKOHYATEIHHBIX BEIpaXKe-

HUSX (6) BEIUUYUH NPUBEICHHOTO MOPSIIKA, OCTAIOT-

Ne 10
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JIOKAJIbHBIN TTOAX0A K TEOPMU OTKPBITBIX ONITUYECKMX KBAHTOBBLIX CUCTEM

CS TOJIBKO MEIIJIEHHO MEHSIOIIMECS BO BDEMEHMU CJla-
raeMble, 4TO SIBJISIETCSI OOHUM U3 KpUTEpUEB IIpa-
BUJIbHOCTU MPEACTABICHHOIO BhIBOAA.

DD PEeKTUBHBIN TaMUJIBTOHMAH BO BTOPOM IIO-
psiIKe TEOpUU BO3MYIIEHUM OIpenesisieTcsl ciarae-
MBIMH IBYX TUIIOB. Bo-11epBbIX, COOCTBEHHO BTOPHIM
TMOPSIAKOM IO KOHCTaHTaM B3aMMOMNEHCTBUI MoJieit

A0 0, H (0’2’0)(t), H (0’0’2)(1‘) U, BO-BTOPBIX, OMJIU-
HEeWHBIMU KOMOWHALIMSMU 3TUX KOHCTAHT B3aUMO-
nevictBus. Ilocnegame o0ycaaBIMBAIOT ITOSIBICHUC
KBaHTOBOI MHTep(hEepeHIIMU Pa3IMYHbIX YacTeit uc-
clienyeMoii cucteMbl. SIBHBIN BUJ claraeMbIX pac-
CMaTpUBAaEMbIX BbIPAXKEHUIi, KOTOPbIE OMUCHIBAIOT
TOJILKO MEIJIEHHYI0 TUHAMMKY CUCTEMBbI, ClieayeT
U3 pelleHus IpuBeaeHHoM cucteMsl (3). [IpuBeneMm
OKOHYaTeJbHbIE BbIpAXKEHUS, ONpeAeIOIIe BTO-
po¥i MopsiIOK B3aUMOAECHCTBUIA

2

H>™ @) = —" eIl (R,) — r Il (R, _g—’
0 @) =r'ri1, @) -2 E s
g 1 1
HC Qc = - ) 7
() AMQ.+Q, Q —-Q, @
SR 1
n,Q,) =% + ,
Q. +Q Q-9
H* () = —ﬁ(ﬁc +1) 1,
h V&E(—QE)QC +® 2h
+ —i(0—m")t
% Ay dy _ ﬁ x
Voor-a,) 210 2n
+ —i(0'-w)t
x M — ﬁr+r x
Voor-a) 210 h
2
x ) = I VN C)

vorco) S T O v Q. —0) h

+ —i(0—')t
-y B Wl Yy
Vo) T O Myedyia) & to 20
+ i(0—')t
% A
Voo &+t 2k
+ (-0 + —i(0—m")t
Voor©) 2 —0 2h ywom@,) L —O

I1pu BEIBOIE 3TOTO BHIPAXKEHWSI MBI YYUTBIBAIN TOT
¢daKT, 9TO0 00JACTH B3aMMOICHCTBUSI TEpMOCTaTa C
MOJISIMUY OCLHMJIISITOPOB ITPOMCXOIST B pa3HBIX, HEIle-
peceKarIImxcsl 001acTIX YacTOT, LIEHTPhI KOTOPHIX
oIpeaeaeHbl COOCTBEHHBIMU YaCTOTAMU OCIIUILISITO-

poB. Berpaxenue mis H (0’0’2)(1) nostyyaetcs us dop-
Myabl  (8) TmocinenoBatelibHO 3aMeHoOUl A — B,

a, — b, n ¢ <> r. Kak MOXHO yBUIETb, ClaracMble
MOJIYYEHHBIX BBIpaXXEHUM MPUBOASIT K CIBUTY COO-
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CTBEHHBIX YACTOT CUCTEMBI, 3TO JISMOOBCKUE CABUTH
M BBICOKOYACTOTHBIE INTapKOBCKUE cABUTU. OHHU,
KOHEYHO, CO3Jal0T HabIogaeMblil (pu3muecKuit a¢d-
¢dexT, HO B OKOHYATEJIbHBIX YPABHEHUSIX ITOJydeH-
HBIE B3aUMOIEUCTBUS MOTYT OBbITh CHSITHI TTOCIIEI0-
BaTeJIbHBIMU ITPUMEHEHUSIMU K BOJTHOBOMY BEKTOPY
00I1eif CUCTEMBI COOTBETCTBYIOIINX YHUTAPHBIX IIpe-
0o0pa3oBaHUIA.

BununeitHble KOMOMHALIMK TIPOU3BENEHUI KOH-
CTAHT CBSI3U Pa3HbIX B3aUMOICUCTBUI OMPEACISIOT
a(ddeKThl, CBI3aHHBIE C MPOSBIEHNEM KBAaHTOBOI
WHTep(epeHINN Pa3HbIX KAHAJIOB pellakcanuu. Boi-
OUIIEM SBHBII BHI CJIaraeéMoro, OIIpeneIsieMOro
MEPBBLIM MTOPSIAKOM B3aUMOIEUCTBUS OCLUIIISTOPOB
MeXIy cO00If I KOHCTAHThI B3aUMOIECTBUS TEPMO-
crata A

_chA X

A0y =
0=-=

X 1 + 2 + 1 X
VC\E(*QC) QC + (O] QC - Qr QC + Qr

X (agrte O 4 alpe ) - 8l s 9)
2h
% ( 1 n 1 + 1 _ 1 )x
voeloao) 2, + 0 Q. -0 Q +Q, Q -Q,
X (amc+e7"(m79")’ + a:)cei(mfgc)t).

IIpencraBiaeHHOE claraeMoe OITMCHIBAacT HETPUBU-
aJIbHYIO CBSI3b OCIWJUTATOPOB C TEPMOCTATOM A, OTBe-
YaIOIIETO CBSI31 HEPEe30HAHCHOTO B3aIMOIECMCTBHS OC-
MWITSITOPOB MEXIYy COOOM M BIIMSTHUE BO3ICHCTBUS
TEpMOCTaTa OTHOTO OCIHWIISITOpa Ha COCETHUIA, YTO
HaIISIIHO BUIHO KaK 3alUCh ITPOU3BEICHMUST COOTBET-
CTBYIOIIEI KOHCTAHTHI B3aMOIEHCTBISI Ha OTIepPaTOPHI
POXICHS T YHUITOXEHUS OIIepaTopa APyroro OCIIMI-
JisiTopa (MpUHAJIeXKallero Ipyroii 4acToTHOI ToJjioce,
HO BBIIEJIEHHOTO TepMocTaTa). EcTecTBeHHO, aHao-
TUYHBIM 00pa30M OITMCHIBACTCS M B3aMMOICUCTBHE

(10,1

a% )(t) JIPYTOTO TEPMOCTATa B HA OTKPBITYIO CACTE-
My U3 ABYX OCUWIISTOPOB, IJISI YETO HEOOXOOMMO B
MpeacTaBieHHOM BblpakeHun (9) caenaTb COOTBET-

CTBYIOLLIME aleKBaTHbIE 3aMeHbl A — B, a, — b, 1
¢ <> r BO BCEX IPUBEIEHHBIX caraeMbiX. IlomydeH-
HBIE BBIDAKEHUS KaK pa3 U ONMUCHIBAIOT JUHAMUYE-
CKYIO CBI3b OCIUJUIATOPOB C TEPMOCTATAMU U IIPU-
BEIYT, KaK MBI IIPOIEMOHCTPUPYEM B NAIBHEMIIIEM K
HOBOMY KMHETHYECKOMY YPaBHEHMUIO.

HakoHel ipuBeneM cliaraeMoe BTOPOTo ITOpsiaKa
OIMMCHIBAIONIEe OUHAMUYCCKYIO CBSI3b, BO3HHMKAIO-
IIYI0 MEXAy U3HAYAJIbHO HE3aBUCUMBIMU TEPMOCTA-
TaMM. DTO BhIpaKeHUE SIBJISIETCS pellleHUueM MPEeaIio-
CJIEMHEro ypaBHEHMs cUCTeMBbl (3) W oIpedeieHOo
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KBaHTOBOI MHTepdepeHIel KaHAJIOB B3aMOICH -
CTBUSI OTKPBITOI CUCTEMBI B 3TOM MOPSIIKE

z Z(agbm.ei(m_m')’ +

) = _Yea¥rs
2h Voz-Q,AQ, o

+a b+ve_i(°°_wv)’) 2 + !
Q-0 Q+o0

(Oad0)]
+ Z Z(b;amrei(m_w)t + bma;e_i(w_m)f) 1
Voe—Q. o Q +o
Wz " r (10)

_ Yea¥rp Z (b;;am-el(m_w ) + b®a+~e_l(m_m )t) %
2n \veeoina, S

% 1 + 2 + Z Z (a(; bm‘ei((n—u) oy
Qc +® Qc Y Vog-Q, o
+ amb;ve_i(m_m)t) 1
Q +o

3aMeThM, 4TO MOJydYeHHAsI CBSI3b TEPMOCTATOB MEXK-
Iy coboil mpemonpenesieHa B3aUMOACHCTBUEM pas3-
HBIX TEPMOCTATOB, HO BHYTPM OJHMX M TeX K€ Ya-
CTOTHBIX ITOJIOC.

Taxkmm obpazoM MBI TTOIyUnan 3PGEKTUBHBIN Ta-
MUWJIETOHMAH 3aa4i BO BTOPOM MOPSIIKE 10 paccMar-
puBaeMBIM B3aumoneicTBusiM. OH IpencTaBisieT co-
00i1 CyMMYy BCEX MOJYUYCHHBIX BBIPpAXKEHMW, 3aaHHBIX
dopmynamu (6)—(10). Dta cymMMa OMUCHIBAET PE30O-

o 7 (E] 1
HaHcHoe B3ammMoneiictsue A )¢ )(t) JIBYX OCLMJUIA-
TOPOB CO CBOMMU TEPMOCTaTaM1 B COOTBETCTBYIOIIUX
WX COOCTBEHHBIM 4YacTOTaM OOJIacTsSIX, YaCTOTHbIE

r7(2,0,0
CIBWTM OCLUWJIIATOPOB H @0 )(t) U 4aCTOT TEPMOCTATOB

A%, H*"(@t), ob6ycnoBieHHbIe BaKyyMHBIME
GayKTyalusiMu TepMOCTaTOB (JISMOOBCKUE CABUTH), a
Tak>Ke U BbICOKOYACTOTHbIE CABWTHU, OTBEYAIOIIIME 1111~
POKOIOJIOCHBIM TOJISIM B BO30YKIEHHBIX COCTOSTHUSIX

(IUTapkoBCKUe  cOBuru). Belpaxenust H (1’1’0)(1),

H (1‘0’1)(1) OIPENEIAIOT HETPUBUAIILHBIE KaHAbI B3an-
MOJEIHCTBHIA, OTBEYAOIINE KBAHTOBBEIM MHTepdepeH-
LIMOHHBIM 3(deKTaM, OHU TIPUBOIAT K BOZHUKHOBE-
HUIO KaHAJIOB pellakCallud OCHWUISITOPOB B JPYTYIO
HEPE30HAHCHYIO MCXOMHOM YacTOTe OCLWUISITOpa 00-
JIaCTb B3aMMOAEHCTBUS ¢ TepMocTaroM. HakoHel cia-

raemoe H (0’1’1)(1) BBIABJISIET BO3HUKAIOILYIO CBA3b TEP-
MOCTATOB, MPOSIBJSIIOLLYIOCS B OMJIMHEMHOM B3aUMO-
JIECTBMMA B COOTBETCTBYIOLIMX YAaCTOTHBIX IOJ0CaX
pPa3HbIX TEPMOCTATOB U3-3a BO3HUKatolero sdhdek-
TUBHOTO B3aUMOJEHCTBUS YEPE3 ONUH U TOT XK€ OCLIAJI-
Jiarop. B 3akimoueHune naparpada oTMETUM, 4TO MBI CO-
IaCHO TPeOOBaHUSM aJIre0panvyeckoil TeOpur BO3My-
LIEHWUI1 TPUBOJMM TOJIBKO MELIEHHO U3MEHSIIOLIUECS
BEJIMYMHBI B BBIBOAMMBIX B3aUMOJIEUCTBUSX, TTOAPa3y-
MeBasl TIPU 3TOM, UTO TEPMOCTAThI HAXOASTCS B TEILIO-
BOM PaBHOBECHOM KJIACCUYECKOM COCTOSIHUU U 3(P-

N3BECTHUA PAH. CEPUA OUBNYECKAA

AJIEKCAIIHWH u np.

CDCKI‘LI, CBSI3aHHBIE C KaKOTO-JIM0O BHUIIOM KBAHTOBBIX
HavyaJIbHbIX COCTOSTHUIA TEPMOCTATOB, TUIIA CXKATbIX
TEPMOCTATOB, U3HAYAJIBHO ITOJIHOCTBIO MCKIIIOYCHBI.

KUHETHUYECKOE YPABHEHHME

IMonyueHHBII 2(HEKTUBHBIN rAMUITETOHUAH 3a1a-
YW, Te IpeHedperaeTcst BceMu OBICTPOMEHSIOIIMMMUCST
cjaraeMbIMU, SIBJISIETCSI OCHOBOM TMOJTyYeHUS KWUHETH-
YeCKOTr0 YPaBHEHUS [JISI OTKPHITON CUCTEMBI. 311€Ch MbI
HCIIOJIb3YEM CTAaHIApPTHYIO METONMKY €r0 BBEIBOIA, MC-
MOJIb30BAHHYIO paHee Kak ISl CIydasi pe30HaHCHOTO
B3aMMOJIEUCTBUS OCLIMJUIATOPOB, TAK I B HEPE30HAHC-
HOM CJTy4yae B3aMMOIECTBUS N30JIMPOBAHHOIO OCIIMII-
JgTopa. Takke 3Ta METOOMKA IIMPOKO TPUMEHSIACH
JIJISI pACCMOTPEHUS B3aUMOJEUCTBUSI OO30HHOTO Tep-
MocTaTa 1 ¢ aTOMHBIMU crucTeMamu. OCHOBaHHMEM I10-
JIy4EHUST KWHETUYECKOTO YPaBHEHUS 1JIsI TTIOINCUCTEMBI
SIBIISIETCA TTOJIydeHUE KBAaHTOBOIO CTOXAaCTUYECKOTO
ypaBHEHUSI, SIBHBIM OOpa30OM CJICAYIOIIEIO 13 Ipel-
CTaBJICHHOTO 3(P(PEeKTUBHOTO TaMIIBTOHMAHA.

OTMeTHUM, YTO B pacCMaTpMBaeMOIi CUTYall MBI
OrpaHMYMMCS TOJIBKO TaK Ha3bIBaeéMOil BUHEPOB-
CKOIl TMHAMUKOM CHUCTEMBI. DTO O3HAYaeT, YTO MBI
OyIoeM paccMaTpuBaTh B KayeCTBE OOpa3yIOIIUX ajl-
reOpbl UHKPEMEHTOB CITy4yaifHbIX MPOLIECCOB TOJBKO
MX pear3alio IIOCPEICTBOM MOPOXKAAIOIIETO U YHU -
YTOXKAIOIIETO IIPOoliecca, OTBeYalolleli MCIOoIb30Ba-
Huto anreopel IapauHepa—Koitert [15]. OTt™MeTuM,
YTO OPYroil BUI OOpa3ylOIMX BKIIOYACT MOMNOJIHM-
TeJIbHO Y CYUTHIBAIOIINIA ITPOLIECC, IIOPOXIast anreopy
Xangcona—Ilaptpacaparu [16], KoTopast OMMCHIBAET U
HEBMHEPOBCKYIO IMHAMUKY B3aMMOIEHCTBUSI, HO MO-
KET OBITh IPUMEHEHHOM TOJILKO IIJIST OUCAHUS TTOJICi
B BaKyyMHOM COCTOSIHUM. [IposiBjeHre Takoil fuHa-
MUKH CBOIMTCS K MacIITaOMPOBAHUIO KOHCTAHTHI
peiakcanuy paclajga CUCTeMbI B 0030HHEBI BAKYyM
JIOTIOJTHUTEJIbHBIM MHOXMTEJIEM OCLUWUISIIIMOHHOTO
THUIIA, 3aBHUCSIIEM OT 4YMCJIa M3JIydaresieii CUCTEeMBI.
I1pu onpeneaeHHOM Yuce OCASTHUX 3TOT KO3 du-
LIMEHT MOXET MOJHOCTBIO OOHYIUTH 3(PPEKTUBHYIO
KOJUUIEKTUBHYIO CKOPOCTb pacmaga CUCTEMBI M, Ha-
IIpUMeEP, COXPAHSITh €€ UCXOTHOE BO30YKIEHHOE CO-
CTOsTHUE, nejiasi ero MHANG@OEPEHTHBIM K KOJJIeK-
TUBHOI pelaKcauu.

CnaraemMble BTOpPOIro Imopsdaka ITO KOHCTaHTaM
CBA3M OCHUJIJIATOPOB U OCHUIJIATOPOB M TEPMOCTA-

ToB H (2’0’0)(t), H (0’2’0)(t), H (0’0’2)(t), KaK MBI Y€ OT-
Mevasu BhIIe, MOXXHO UCKIIOUUTD IMTOCPEACTBOM CO-
OTBETCTBYIOIIETO  JOMOJHUTEIBHOTO YHUTAPHOTO
npeobpazoBanus(uit). @U3NYEeCKN 3TU cjaracMble
OIMMCBIBAIOT JTOMOJHUTEIbHBIE CIBUTA COOCTBEHHBIX
4acTOT OCUHWUISITOPOB M Mojieii TepMocTaTtoB. Mc-
MoJIb3yeM Jajiee MapKOBCKOE MpUOJMXEeHUE, 3amMe-
HUM CYMMBbI COOTBETCTBYIOIIMMU WHTErpajiamMu IO
OECKOHEUHBbIM O0JIaCTSIM YacTOT Y MpeAcTaBUM WUH-
TEepECYIOILINE B JATbHENIIIEM cllaraeMble Kak MOpoXxK-
Ne 10
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MAOIIKA Y1 YHUUYTOXAIOIIWI CIydaiiHbI€ ITPOILIECCHI.
He orpanmumnBast 00IIHOCTH, CUMTAEM JaJIee BBIIIOJI-

HEHHBIM ycaoBue 2, > (), Torna umeeM

A O@ydt =y, (cdA™ (1) + " dAW)) + Y, (rd BT () +

+ rrdB@)), H""O@®)dr = —%(fdA'(t) +

c

+ rdA” (1)) - %(HdA(t) + cdA™ (1)), (11)

A wydr = _%(C+d3'(f) +cdB™ (1)) -

I3

_ 8YeB +
FCL (B + rdB' (1),

c

31mech MTHKPEMEHTHI IIOPOXIAIOIINX U YHUYTOXAK0-
IIUX CIyYalHBIX IIPOLECCOB MOIMOJIHUTEIILHO pa3-
OMTBHI Ha COOTBETCTBYIOIIME HEMNepeceKalolIrecs
o0ylacTu, OTBEYAIOIIME CYIIECTBEHHO Pa3HbIM LICH-
TpaJIbHBIM 49acTOTaM, BOJIM3M KOTOPBIX U IIPOKUCXO-
JIUT UHTETPUPOBaHUE, pa3Mep KOTOPHIX (pOpMaJIbHO
cunTaeTcsl 0ECKOHEYHBIM. YKa3aHHOE OOCTOSITEIIb-
CTBO MOMEUYEHO B (hopMyJiax ciaraeéMbIMHU, COJIepKa-
IIMMH BEpXHUE ITPUXU U UX OTCYyTcTBHUE. CltaraeMoe
CO IITPUXOM OTBeYaeT MHTETPUPOBAHUIO IO YACTOT-
HOIl oOJlacTM TepMocTaTa He SBISIOLIEHCS pe3o-
HaAHCHOM, AJIs1 p€30HAHCHO B3aMMOJIEMCTBYIOILETO C
HUM OCHWIISTOpPa. DTO CIOelaHO COINIACHO Teopeme
Jlakca, rme KaxXaplil CTOXacTUYECKUM MCTOYHUK Ha
OoIpeaeJIeHHOM 4acTOTe SIBASICTCS] HE3aBUCUMBIM OT
IPYroro UCTOYHMWKA, OTBEYAIOILIEr0 APYroil 4acToTe.
OnuchiBaeMble THKPEMEHTHI BBEACHBI CASAYIOIIMM
COOTHOIIICHUSIMU

dA() = At + df) — A(t), A(t) = j dta(t"),

—i(0—Q, )t
(7))

a(t)—ﬁfd
dA(t) = A'(t + dr) — A'(t),

A’(t) :'[dt "), a'@®) = \/7 J‘ doe —i(0-Q, )t '
0

dB(t) = B(t + df) — B(t), B(t)= j drb(t"),

—l((D—Q )rb

b(t)—ﬁjd

dB(t) = B'(t + df) — B'(2),
, _r gy N T —i(@-Q) 1!
B(t)—l[dtb(t), b(t)—EJ;dme b
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JInddepeHInanmsl BBEIEHHBIX KBAaHTOBBIX CITydaii-
HBIX TIPOLIECCOB POXACHUS U YHUYTOXEHUS OTBEeYa-
10T anredpe Uto

dA(dAT (1) = (n]' +1)dt,
dA'(t)dA™ (1) = (n]' +1)dt,
dB(t)dB' (t) = (n” +1)dt, dB'(1)dB(t) = n’dt,
dB'(1)dB" () = (n® + )dt, dB"(t)dB'(r) = n’dt, (12)
dA()dA(t) = dA(t)dA'(t) = dA(H)dA™ (t) =
= dA(t)dB(t) = dA*(1)dB(t) = dA*(1)dB(t) =

= dB(t)dB'(t) = dB" (t)dB'(t) = dB()dB(t) = 0
Hecmotpst Ha (hopMmaibHOE MHTETPUPOBAHUE B IIU-
POKOIi IIOJIOCE YacTOT, BhIpaxkeHUs1 (12) oTpaxkaioT
dakT ygera meiicTBUif TEPMOCTATOB TOJHKO BOJIM3H
COOTBETCTBYIOIIMX OO0JIACTEll COOCTBEHHBIX YacTOT
OCHUJLISITOPOB, KOTOPBIE CUMTAEM HeTlepeceKaro-
MUCSI, @ COOTBETCTBYIOIII€ UM CTOXaCTUYECKUE UC-
TOYHUKMW HE3aBUCUMBIMU. [lelicTBUE TepMOCTaTOB
MIPOSIBIISIETCS B 3TUX BBHIPAXKEHUSIX KaK COOTBETCTBY-

IOHIMe IMJIOTHOCTHU YHUCiia (bOTOHOB i’lg , IpUXOOAII X~

csl HA eIMHUYHBINA MHTEpPBaJ YacTOT, COOTBETCTBYIO-
UM pa3HbIM TepMmocTataM Q = A, B U UX pa3HbIM
YaCTOTHBIM O0JIaCTSIM, ONpPEeAeIeHHBIM OCIHUJIISTO-
pamMu o = ¢, r.

Emmre omHa cToxacThdecKast BeJIMIMHA, CBSI3aHHAs
C B3aMMOIEUCTBUEM ABYX TEPMOCTATOB, M ONICHIBA-

dAT(1)dA(r) = nl'dr,
dA" (1)dA'(r) = nl'dt,

eMas cjaracMbIM ﬁ(o’l"l)(t), 3aBUCUT TOJIbKO OT OMJIU -
HEeWHBIX KOMOMHAIIMI OTIEpATOPOB POXKIACHUS U YHU -
YTOKCHHA TEPMOCTATOB, ITO COCTOAHUIO KOTOPLIX B
KWHETUYECKOM YPaBHEHUU OTKPBITOM CUCTEMBI ITPO-
U3BOAUTCSl TMochenywliee ycpenHeHue. CpemnHue
dA(t) = dB(t) = dA'(t) = dB'(t) = 0, 1 1106ble KOMOU-
Halli, B KOTOPbIE 3TWU BEJIUYUHBI BXOIST TOJIBKO
MepBoil cTeneHblo, TakXKe paBHBI HYJO. Torma He-
TPYAHO BHUIETb, YTO MPUBEIEHHOE CcJlaraeMoe B
OKOHYATEeJIbHOE KUHETUYECKOE YPaBHEHUE IBYX Bbl-
JIeJIEHHBIX OCLMJIJISITOPOB BKJ1aa HE JaeT.

[J1st BbIBOJIa KWHETUYECKOTO YPaBHEHMS TOCPE -
CTBOM CTOXacCTUYECKUX AuddepeHIIMaTbHBIX YpaB-
HEHUI yT0OHO BBECTH Oe3pasMepHoOe BpeMs T = 1L,
U cliefytoliine 6e3pa3MepHble TapaMeTphl

Y’ 275'YZA( _ &Y Jz YB 275723[ _ 8V jz
‘ h Q 'YcAhQr ' h Q YrBth ’
8mg’y. _ 8mg’y,
v = h4QY42A v = h4§22£g'

Crnenys cTaHIapTHOMY BBIBONY KMHETHYECKOTO
ypaBHeHUsl, npeactaBum nuddeperumnan Mto dU(T)
oreparopa 3BOJIIOLUM BCcel cucTeMbl. B paccmaTpu-
BaeMoii CUTyallMy 3TO OKa3blBaeTcsl HauboJiee mpo-
CTO, MOCKOJIbKY 2((PEeKTUBHBIN TaMUIBTOHUAH, SB-
JISTIONITUIACST CYMMOM TpeX ciiaraeMbIX BRIpaxkeHUs (6),
OIpeAesIeH TOJbKO YEPe3 UHKPEMEHTHI MOPOXIAI0-
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IIMX U YHUYTOXAIOLIUX CTOXaCTUYECKUX TIPOLIECCOB.
Torna nmeem

dU(T) = —{i\/g(ch+ (1) + ¢ dA®)) + i YE(rd BT (1) +

+ 1 dB@) - WY/ (rdA™ (1) + r+dA'(t)) -
- ’\/Z(Cd3'+(t)+c dB'(1)) + v, nl 41 .

~——~ccdt+
! B (13)
~cc'dt +YB +1+d1¢+”ccd‘t+
2 2 2
B B
+'yf Ll +1r+d‘c+ ~rrtdt |+
2 2
A
yf n +1r+rd’l:+ Zprtdt||.
2 2

BeipasuMm Ternepb M3MeHEHHE MATPUIIbI TUIOTHO-
ctu dp(t) = p(T + dt) — p(T) BCeit CUCTEMBI C TTOMO-
IIBIO OMEePaTOpa SBOTIOIUU

dp(t+dr) =| P(t+ dv) (P (t + dv)| =
= U(t+d)|Y(0)) (Y(0)|U" (t + dv),
Urt+dt)=UM+dU, dp(t) =
= dU@|P0)(PO)|U (1) +
+ U()|¥(0)) (¥(0)[aU " (1) +
+ dU ()| P(0)) (¥(0)|aU " (v),

IIOJIYYUM B ABHOM BHIC

dp(t) = —[i@(ch*(t) + cTdA(Y)) +

+ iYP(rdB () + FdB() — YA rd A (8) +
+ rTdA'(f) - z\/@ (cdB” (1) + c'dB'(t)) +

n°
Z Q(n +1(x odTt + gococ dtﬂp(r)—

— p(1) [—i@(cdf(z) + T dA(D)) —

— Y2 (rdB () + FdB()) -
— Y (rdAT (1) + A (1) +
+ A/E (cdB* () + ¢'dB (1)) +

0
Z ofng +lococd‘t+2ococdr +

+ [J_ (cdA™ () + ¢"dA()) +

+ Y (rdBT (1) + rdB()) — Y (rdA™ (1) +
+ rTdA'(1)) - \/F (cdB™ (1) + c*dB'(t))J p(T) X

x [J? (cdA™ () + ¢ dAG)) + Y2 (rdB™ () +

+ K AB()) — Y (rd AT () + KA () -
— JyE(cdB () + c+dB'(t))J.

N3BECTHUA PAH. CEPUA OUBNYECKAA

AJIEKCAIIHWH u np.

YCDCZ[HHH ITOCJICAHEC BBLIPAXKCHUE I1IO PaBHOBEC-
HOMY COCTOSAHUIO TEPMOCTATOB, AJIsd MaTpUIbI ITJIOT-
HOCTU TTOACHUCTEMbBI M3 ABYX OCHMJIJIATOPOB MMEECM
HNCKOMOE€ KMHETNYCCKOC YPABHCHUEC, KOTOPOC IIPECI-
CTaBUM B BUIC

dp’(V) _ ras
dt (14)
I =r/+1/,

re = —ya[n o plo+ (1l + Dop’al J+

+ 72 [(5 2 +ofap® + ngococ+p5) + (15)

+ (% 2 +p’ato+ nOQ(pSocoﬁ”,

rne Q = A, B 0603HauYeHNE COOTBETCTBYIOIIETO TEP-
MOCTaTa, WHIAEKC O, = ¢, OTBEYAET COOTBETCTBYIO-
1IeMy OCLUMJUISITOPY OTKPBITON cuctembl. HeTpynHo
BUIETh, YTO UICKOMOE KMHETUYeCKOe ypaBHeHUe (14)
VMEET U3BECTHBIN BU PEIAKCAIIMOHHOTO YPABHEHUS
Jluan6nama. OHO xapaKTepu3yeT pa3Hble KaHaJbI pe-
JlaKkcalliy CUCTEMBbI, B TOM 4YMCJIe U 0Opa3oBaHHbIE
CYIIIECTBEHHOM KBAaHTOBOM MHTep(epeHIINeil OMHO-
ro OCLHWJUIATOPA B TEPMOCTAT APYTOro OCLUUILIATOPA,
MPOUCXOASIIEE 32 CYET HEPE3OHAHCHOTO XapaKTepa
B3aUMOIEUCTBUS MEXIY HUMU.

OBCYXIEHHUNE
B PAMKAX ITPOCTOI'O ITPUMEPA

VYpaBHenue (14) ommchiBaeT peakKcaldio OBYX
OCLWJUISITOPOB, CBSI3aHHBIX HEPE30HAHCHBIM B3au-
MoJleficTBUEM C ABYMsI TepMOCTaTaMU, B KOTOPBIX
OIpeaeseHbl COOTBETCTBYIOILIIUE CIIEKTpalibHbIe 00-
JIACTU, B KOTOPBIX M IIPOUCXOIUT UX d(PPEKTUBHOE
BO30yxneHue. Kaxnplii U3 OCHUIISITOPOB BO30YXK-
JlaeTcsl Pe30HAHCHBIM 0Opa3oM TOJBLKO CBOUM TEp-
MOCTAaTOM, a B3aUMOJIEIICTBHE C TEPMOCTATOM COCEJl-
HEro OCHWLISITOpPa, €CTeCTBEHHO HEpPEe30HAHCHOE.
OTMeTUM, YTO MPOSIBJIEHWE BTOr0 B3aMMOAEHCTBUS
clieyeT CABUTM COOCTBEHHBIX YacTOT KaXXIOTo WX
OCHMJUISITOPOB CUCTeMbI. [IponeMoHCTpupyeM mpo-
CTYIO IMHAMMKY CUCTEMBI B YCIOBMSIX, KOTJIa TEPMO-
cTaT B onpenesieH Kak BaKyyMHbIi1 U UM€EeT HYJIEBYIO
TeMIlepaTypy, €CTeCTBEHHO IJisl Hero Bo Bcei obJia-

B
CTU YyacToT #, = 0.

B aToMm cirydae u3 monydeHHoro ypaBHeHuUs (14)
CJIemyIoIe YpaBHEHUsI OIPENesIsSIioT CpenHrue 3Ha-
YeHUsT BO3OYXXIEHUI OCLUIUISITOPOB

@ = niy! =t D (),
W)ttt o).
Ne 10

TOM 87 2023



JIOKAJIbHBIN TTOAX0A K TEOPMU OTKPBITBIX ONITUYECKMX KBAHTOBBLIX CUCTEM

OTKy,Z[a O4YCBUIHA HE3aBUCHUMad IMHAMMKa Ka>XX101ro
N3 OCHUJIJIATOPOB, CO CTAaIMOHAPHbBIMU CPECAHUMU

P R i
< >S Yf*‘YCB’< >s Y:"'Yf’

a BIMSTHYE KaXXKI0T0 13 OCHIWUISITOPOB Ha TEPMOCTAT
JIPYroro OCUWLISITOPA MPOSIBIISIETCS TOJBKO COOTBET-
CTBYIOIIIEM KOHCTaHTO# penakcalmuu. DTH XKe CKO-
POCTHBIE KOHCTAHTHI OIPENESISIIOT U BBIXOI Ha CTa-
LIMOHAPHBIN peXrUM

<c+c> "= <c+c>S (1 - e_(ygl”f)t) + <c+c>0 e_(Y:Wf)t,
<r+r> ()= <r+r>s (1 - e_(ﬁﬂf)tj + <r+r>0 e_(waf)t,

I11€ HAXXKHU MHIEKC HOJIb OTBEYAET HavyaJIbHOMY CO-
CTOSAHUNIO COOTBETCTBYIOLLECTO OCLMJIJIATOPA.

HenocpenctBeHHO BUOHO, YTO HU MPH KaKUX 00-
CTOSITEJILCTBAX HE MOXKET OBITh OCYILIECTBJICH ITOTOK OT
0oJ1ee XOIOMHOIO TepMOCTaTa K 00Jjiee TopsTueMy 1 BTO-
poe HayaJlo TepMOAVUHAMUKU €CTECTBEHHO BHITIOIHE-
Ho. PeanusyeTcst TOJIbKO BO30YKIEHUE OCLIWLISITOPOB
TOPSTYUM TEPMOCTATOM U MX PeJIAKCALIMOHHAST TUHAMU -
Ka KaK B O[IUH, TaK U APYroit TepMocTaThl. OCylleCTBUM
MOJIHOE BHIKJIIOYEHYE B3aUMOACHCTBYS C TEPMOCTATOM

B _ B
B. I1010X1M KOHCTaHTBI 7, , Y, PaBHBIMU HYJIIO U KPO-
Me TOTO CYMTAEM, YTO IUIOTHOCTb (POTOHOB TEpMOCTaTa
B otBeyarolLero 3a B3aMMOJEHCTBUE ¢ OCLWLISITOPOM

TOXE paBHA HYJTIO n,A = 0. B aToM ciyyae u3oamMpoBaH-
HbIii OCUWJUIATOP HAUMHAET B3aMMOEiiCTBOBATh C TEP-
MOCTaTOM A COCemHEro, B3aMMOACCTBYIOIIEIO C HUM
OCLIJIISITOPA TIOCPEACTBOM HEPE3OHAHCHOTO B3aMO-
JIEMCTBUSI, UTO IIOJTHOCTBIO COIVIACyeTCs C pe3y/ibTara-
MU Haileii paGoTsl [ 14].

CrnenyeT OTMETUTb, YTO HECMOTpPSI Ha yCTAHOB-
JICHHBII OOILIMiII BUI KUHETUYECKOTO YpaBHEHMS B
MapKOBCKOM IpubarmkeHnn — ¢opMma JInHnbirana —
JI0 CUX ITOp KOHKPETHBIC BUI oriepaTopoB JInHabOIana
1 BO3MOXKHBIE ITOIPAaBKA MHTEHCUBHO HCCIIEIYIOTCS
[17—24]. VNHTEepecHO OTMETUTh, YTO Pe3yIbTaThl pa3-
JIMYHBIX MOIXONOB, OTBEYAIOIINE C/TaraéMbIM TTEPBOTO
nopsiaKa Io nmapamMeTpy CBSI3M OTKPBITOM ONTUYECKOM
CHCTEMBI C OKpY:KEHHEM, B MapKOBCKOM ITpUOJIVIKE-
HUM COIIACyIOTCst APYT ¢ apyrom. [1pu aToM moaxon Ha
OCHOBE aJITeOpanyecKoi TEOpUM BO3MYIICHUI TIpelI-
cTaBiIsIeTcsl OoJjiee HAIISIAHBIM M (PU3UYECKUM, I10-
CKOJIbKY WS WCKIIOYEHUS OBICTPOMEHSIIOIINXCS
cllaraeMbIX U mojiydeHre 3(p@GEeKTUBHOTO TaMMJIBTO-
HUaHa OTBEYAaeT caMOil CyTM MapKOBCKOIO IIPUOJIM-
xeHus. Ilpu 3TOM CcTporue orpaHUYEeHUs Ha Cylle-
CTBEHHBIE B 33J1a4€ XapaKTePHBIE YaCTOTHI ITO3BOJISIIOT
n30eXaTh IPOTUBOPEUYMBEIX BHIBOJIOB I OOHAPYXKUTh
HOBbIE KaHaJIbl pejaKkcalluy, 4YTO YacTo ocTaeTcs 6e3
BHUMAaHUSI.
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Being correctly calculated, energy flows between thermostats into which nonresonantly coupled quantum
harmonic oscillators decay, there is no violation of the second law of thermodynamics in using the local ap-
proach reported earlier.
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