UMM nm.M.B.Kenabiwwa PAH < 9nekTpoHHasa 6ubnuorteka

MNpenpuHtbl UMM -« MpenpunTt Ne 16 3a 2019 r.

ISSN 2071-2898 (Print)
ISSN 2071-2901 (Online)

KonecHu4yeHko A.B.

K noctpoeHuto

TepMOANHAMNKN KBAHTOBbIX
HE3KCTEHCMBHbLIX CUCTEM B
paMKax CTaTUCTUKKN Tcannuca

PexomeHOyemasi ¢popma 6ubnuozpagpuyeckoli ccoiiku. KonecHuueHko A.B. K noctpoeHuto
TEPMOONHAMMKN KBAHTOBbLIX HESKCTEHCMBHbIX CUCTEM B pamMkax cTatuctuku Tcannuca // MpenpuHTbl
UMM um. M.B.Kengbiwa. 2019. Ne 16. 44 c. doi:10.20948/prepr-2019-16

URL: http://library.keldysh.ru/preprint.asp?id=2019-16



http://keldysh.ru/
http://keldysh.ru/
http://keldysh.ru/
http://keldysh.ru/
http://keldysh.ru/
http://keldysh.ru/
http://keldysh.ru/
http://keldysh.ru/
http://keldysh.ru/
http://keldysh.ru/
http://keldysh.ru/
http://keldysh.ru/
http://library.keldysh.ru/
http://library.keldysh.ru/
http://library.keldysh.ru/
http://library.keldysh.ru/preprints/
http://library.keldysh.ru/preprints/
http://library.keldysh.ru/preprints/
http://library.keldysh.ru/preprint.asp?id=2019-16
http://library.keldysh.ru/preprint.asp?id=2019-16
http://library.keldysh.ru/preprint.asp?id=2019-16
http://library.keldysh.ru/preprint.asp?id=2019-16
http://library.keldysh.ru/preprint.asp?id=2019-16
http://library.keldysh.ru/preprint.asp?id=2019-16
http://library.keldysh.ru/preprint.asp?id=2019-16
http://library.keldysh.ru/preprint.asp?id=2019-16
http://library.keldysh.ru/author_page.asp?aid=1262
http://library.keldysh.ru/author_page.asp?aid=1262
http://library.keldysh.ru/author_page.asp?aid=1262
http://library.keldysh.ru/author_page.asp?aid=1262
http://library.keldysh.ru/author_page.asp?aid=1262
http://library.keldysh.ru/author_page.asp?aid=1262
http://doi.org/10.20948/prepr-2019-16
http://library.keldysh.ru/preprint.asp?id=2019-16

Opnanena JlenuHna
WHCTUTYT ONPUKJATHONU MATEMATHKH

nMmenu M.B. Keaabima

PoccuiickoM aKajJeMuUHu HaYyK

A.B. KoJiecCHUYeHKO

K nmocrpoeHuro
TePMOAMHAMUKHA KBAHTOBBIX
HEIKCTEHCUBHbIX CUCTEM B paMKax
cratuctTuku Tcaaiauca

MockBa — 2019



Kosecuuyenko Asiekcanap Biaagumuposuy

K nmoctpoeHnto TepMOAMHAMUKN KBAHTOBBIX HEIKCTECHCUBHBIX CUCTEM B paMKaX CTaTH-
ctuku Tcammuca.

B pamkax KBaHTOBOW CTAaTUCTHKM Tcajuinca, OCHOBAHHOW Ha MapaMeTPUUYECKOW Heal-
JUTUBHOW SHTPOMNMUU, CBSI3aHHOW C MaTpULEH MJIOTHOCTH, MOJYYEHBbl TEPMOJUHAMHYECKUE
paBeHCTBA I OOJIBIIOI0 KAHOHUYECKOTO KBaHTOBOro ancamoOis. [lonydeHo 00o01eHne Hy-
JIEBOTO 3aKOHA TEPMOJMHAMUKHU JIJIi HE3aBUCUMBIX KBAaHTOBO-MEXAHUYECKUX CUCTEM IPU UX
TEIJIOBOM KOHTAKTE, BBOJAIIECE B PACCMOTPEHHUE TaK Ha3bIBAEMYyIO (PU3UYECCKYIO TEMIIepaTy-
Py, OTIMYHYIO OT uHBepcuu MHOxuTens Jlarpamxka . C ydeToM 0000MIEHHOTO IEPBOTO 3a-

KOHA TEPMOJWHAMHKHN M TIpeoOpa3oBanus JlexaHapa MpoBeAcH aHaAIN3 MOAUPUIIMPOBAHHBIX
TEPMOJIMHAMUYECKUX COOTHOIIIEHUM B ctaTucTuke Tcammca. Ha ocHOBe CBOMCTBA BBHIMYKJIO-
ctu pasznuuarome mHdopmanuu Patbe—Kannamana, 0000IIEHHON Ha KBAHTOBBIA Ciy4aw,
00CyXaeTcsi BTOPOM 3aKOH TePMOJMHAMHUKU. MI3yueHbl CIOHTaHHBIE MEPEXO0Ibl MEXKAY CTa-
[IUOHAPHBIMU COCTOSIHUSIMH CJIO)KHOW KBAaHTOBO-MEXAHUYECKOW CHCTEMbl M J0KazaHa H-
TeopeMa bonbimana.

Pa3BuThIil moaxo4 MpeAmnoiaraeT WCHOJb30BAHUE HEIKCTEHCHUBHOW KBAaHTOBOUW TEPMO-
JMHAMUKHU B Pa3JIMYHBIX KOHTEKCTaX, KaCaroIIUXCs, B YaCTHOCTU, MOJEIUPOBAHUS KBAHTO-
BBIX TEIUIOBBIX 3(PPEKTOB B HAHOYCTPOUCTBAX, B MaTepUaJIOBEICHUN, OWOMEIUIIMHE U JAPY-
T'MX KBAHTOBBIX TEXHOJIOTHSIX.

KiarueBble cjioBa: KBaHTOBAs HEIKCTCHCHUBHAS CTaTUCTHKA, CTCIICHHOM 3aKOH pac-
npeaAcICHUA MaTpUlbl IJIOTHOCTH, PAaBHOBCCHBIC TCPMOANHAMUYCCKUEC COOTHOIICHUA.

Aleksandr Vladimirovich Kolesnichenko

To the construction of the thermodynamics of quantum nonextensive systems in the
framework of the statistics of Tsallis.

Within the framework of quantum statistics of Tsallis, based on parametric non-additive
entropy associated with the density matrix, thermodynamic equations for a large canonical
quantum-mechanical ensemble are obtained. A generalization of the zero law of thermody-
namics for independent quantum systems at their thermal contact is obtained, which intro-
duces the so-called physical temperature different from the inversion of Lagrange multiplier
. Taking into account the generalized first law of thermodynamics and Legendre transfor-

mation, the modified thermodynamic relations in Tsallis statistics are considered. The second
law of thermodynamics is discussed on the basis of the convexity property of
Ratier—Kannappan discrimination information generalized to the quantum case. Spontaneous
transitions between stationary states of a complex guantum-mechanical system are studied
and Boltzmann's H-theorem is proved.

The developed approach involves the use of nonextensive quantum thermodynamics in
various contexts, in particular, concerning the simulation of quantum thermal effects in nano-
electronic devices, in materials science, biomedicine and other quantum technologies.

Key words: nonextensive quantum statistics, a power-law distribution ma the density
matrix, equilibrium thermodynamic relationships.



BBenenune

Kak Temepr cTasio MOHATHO, cTaTUCTHYecKass mexaHuka bombpimana—I'n66ca u
CTaHJAapTHAas TEPMOJMHAMMKA HE SIBJISIOTCS BIIOJIHE YHUBEPCAJIbHBIMU TEOPHUSIMHU, I10-
CKOJIbKY OHM UMEIOT OrPAHMYEHHBIE 00JIACTH MPUMEHUMOCTH. JTO CBA3aHO, B YACTHO-
CTH, C TEM, YTO B OCHOBE CTATUCTHKU bosbiimMana—I'nb0ca JexuT mocTyaaT 0 MOJTHOM
NEepEeMEIINBAaHUMN TIOTOKA «(pa30BbIX TOUEK» B (Da30BOM MPOCTPAHCTBE (TUIOTE3a MO-
JIEKYJISIPHOTO Xaoca). A 3TO 03HAYaeT, B CBOKO OYEPE/Ib, YTO (Pa30BOE MPOCTPAHCTBO HE
COJICP)KUT 3aIPEIIEHHBIX COCTOSHUI U 00J1ajaeT OOBIYHBIMU CBOMCTBaAMH HETIPEPBIB-
HOCTH, TJAJKOCTH, €BKIMAOBOCTH. [Ipyn 3TOM rumores3a nepeMemmBaHus, JONOJIHEH-
Hasl IPEIOJIOKEHUEM O OECKOHEUHOM YHCIIe CTeNeHeN cBOOO/bI, MPUBOAUT K SKCIO-
HEHIMAJIbHOMY PaCIPEIEICHUIO BEPOSATHOCTH COCTOSIHUM CUCTEMBI (M3 KOTOPOTO Clie-
NyeT, B YaCTHOCTH, CBOMCTBO aJAUTUBHOCTH SKCTEHCUBHBIX TEPMOJUHAMUYECKUX Te-
PEMEHHBIX) WIH, B Cllydae KUHETHYECKOW TEOPUU I'a30B, K MAKCBEJUIOBCKOMY paclipe-
neneHuto ckopocteil. KpoMme 3Toro, B OCHOBE ATHX HAyK JISKUT (PyHIIaMEHTaJIbHOE
MPEANOJIOKEHNE O MAJIOCTH PaJANyCa B3aWMOJCUCTBUS MEKIY OTAEIbHBIMU DJIEMEH-
TaMU CHUCTEMBI 110 CPAaBHEHUIO C pa3MepaMu caMoil cuctemsl. [IockosibKy B OOJIBLINH-
CTBE OOBIYHBIX CUCTEM CHJIbI MEXKIY OTACIBHBIMU €€ YacTSIMU KOPOTKOJIECUCTBYIOIIHE,
TO KaXKJasi «MOJIEKYJIa» YyBCTBYET JIMIIb HECKOJBKO Okaiimux coceneit. Takum 06-
pa3oM, aJAUTUBHOCTb SHTPOIMHA M APYTHX TEPMOAMHAMUYECKUX MNapamMeTpoB IS
PABHOBECHBIX WM OJU3KUX K PABHOBECHIO CHCTEM YacTO SBJIAETCS CIEACTBUEM JIO-
KQJIbHOTO B3aUMOJIEUCTBUS MEXIY OTIEIbHBIMHU 3JIEMEHTAMU CUCTEMBI.

BmecTe ¢ TeM CylmIECTBYEeT IIMPOKUI KIacC MAJIBIX U CIIOXKHBIX CHUCTEM, 3JIEMEH-
Thl KOTOPBIX B3aUMOJCHCTBYIOT TJI00AJILHO, YEMY MPEAIIECTBYET CHUKEHUE CUMMET-
pPHUH CHUCTEMBI, CBA3aHHOE ¢ (POPMHUPOBAHUEM KOJUIEKTUBHBIX MOJ] MHTEHCUBHBIX TEpe-
MEHHBIX. B Qu3nke n B Apyrux €CTECTBEHHBIX HayKaX, UCHOJb3YIOIIMX METOJbl CTa-
TUCTUYECKON MEXaHUKH, W3BECTHBI MHOTOYMCIEHHBIC MPUMEPHI MOJOOHBIX CHCTEM,

IIOBCACHUC U CBOMCTBA KOTOPBIX ABJIHOTCA aHOMAJIbHBIMU C TOYKH 3PCHHUA KJIACCHUYC-
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cKkoi cTtaTUCTUKU. CylIeCTBYET MHOKECTBO CHCTEM, B KOTOPBIX UMEKOTCS HEJIOKalb-
HbIE KOpPEJSAILNU, CHUIbHBIE B3aMMO3aBUCUMOCTH MEXIY OTIEIbHBIMU (BCEMHU) dJie-
MeHTaMu cucTeMbl. ClI0XKHask MPOCTPAHCTBEHHO-BPEMEHHAs CTPYKTYpa MOJA0OHBIX CH-
CTEM MPHUBOJUT K HAPYIICHUIO MPUHIIUNA aAJAUTUBHOCTHU ISl TAKUX BaXXHEUIIIHUX TEP-
MOJMHAMHUYECKUX BEIUYMH, KaK SHTPOIUS WU BHYTPEHHsIS 3Heprus. B yactHocTH, K
UX YHCILY OTHOCSITCA CUCTEMBI, KOTOPBIE IOMHST CBOE MPOILIOE, MOCKOJIBbKY ABUKECHHS
OT/ICJIbHBIX YaCTHUI[ TAKUX CUCTEMax SIBIISIOTCS B3aUMOOOYCIOBICHHBIMU (T.€. CUIBHO
KOPPETUPOBAHHBIMH ).

JIOBOJIBHO MIMPOKUHM KJIAcC MOJAOOHBIX CUCTEM (XOTS JaJIeKO HE BCEX) aJIeKBAaTHO
OTUCHIBAETCSI HEIKCTEHCUBHOM (HEAJIUTUBHOM) CTATUCTUUECKON MEXAHMKOM, OCHO-
BaHHOM Ha KakoW-1n00 mapameTpuieckoit sutponuu (cM. Havrda, Charvat, 1967; Da-
roczy, 1970; Tsallis, 1988) u Penwu (Renyi, 1961, 1970), kotopkie, 0JTHAKO, COXpaHs-
I0OT THOCEOJIOTUYECKYIO0 CTPYKTYPY (JIOTMYECKYIO CXEMY MOCTPOCHHUS) KIACCUUECKOM
cratuctuku (cm., Hampumep, Curado, Tsallis, 1991; Beck, Schlogl, 1993; Borges,
Roditi, 1998; Tsallis u op., 1998; Tsallis, 2009; Plastino and Plastino, 1997; Tirnakli,
Torres, 2000; Lenzi, Mendes, 2001; Abe, 2001; 3apunos, 2002, 2010, Gell-Mann,
Tsallis, 2004; Wada, Scarfone, 2005; Scarfone, Wada, 2007; Hanel u op., 2009).
BakHbIM IPEeMMYIIECTBOM HEIKCTCHCHUBHBIX CTATUCTUK IO CPaBHEHUIO C KJlaccUue-
ckoi ctatuctukor bonbimana—I u66ca sBiIsIeTCs] aCUMITOTUYECKHUN crmeneHHol 3aKOH
pacrpeieneHyss BeposSTHOCTEH (MTPOSBIISIONIUNACA MPU MAaKCUMHU3AIUA COOTBETCTBYIO-
X NapaMETPUUYECKUX SHTPOMUI), KOTOPHIA HE 3aBUCUT OT SKCIOHEHIIMAIBHOTO MO-
BeJIeHUs, 00YCIIOBIIGHHOTO pacnpeeneHuem [ ndoca.

Bwmecte ¢ Tem cieayer 3aMeTUTh, YTO HEIKCTEHCUBHBIE CTATUCTUKU (HAMpUMeED,
cratuctiku Tcammica U PeHbr) mpeacTaBiseT coboi Be€ ke 0000IIeHHe, a He allb-
TEPHATUBY KJIaCCHYECKOM ctatucTuke bosbiiMana—I160ca, MOCKOJIBKY OHU pPacmlpo-
CTPaHSIOT 00JacCTh MPUMEHUMOCTU CTaHAAPTHOM CTAaTUCTUYECKOM TEOpPUHU Ha HEIKC-
TEHCHUBHBIC CUCTEMBI TOJIBKO IyTEM PACIIUPEHUS MATEMATUIECKON (POPMBI HX SHTPO-

nuitHoro GyHkunonana (cm., Hanpumep, Korecnuuenxo, 2018 a-d).


http://adsabs.harvard.edu/cgi-bin/author_form?author=Scarfone,+A&fullauthor=Scarfone,%20A.%20M.&charset=UTF-8&db_key=PHY
http://adsabs.harvard.edu/cgi-bin/author_form?author=Wada,+T&fullauthor=Wada,%20T.&charset=UTF-8&db_key=PHY
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B Hacrosiee BpeMs TEOpUM HEIKCTEHCUBHBIX CIIOKHBIX CHUCTEM CYIIECTBEHHO
pPa3BUBAIOTCS B YCKOPEHHOM PUTME, IIPU KOTOPOM MOSIBISIFOTCS HOBBIE UJEH, MO3BO-
JSIOIIME TIIyOXKe MOHATh UX MPUPOJY, BO3MOKHOCTH M orpaHudenus (cMm. bubimo-

rpadwuto, npencraBieHHyo Ha caiite http:/tsallis. -cat.cbpf.br/biblio.htm, xoTopast mo-

CTOSTHHO OoOHOBIIsIeTcs). Kakmas Teopusi MMeeT MIMPOKUN CIIEKTP BaXKHBIX MPHIIOKE-
HUH, CBA3aHHBIX ¢ (U3UKON CTATUCTHYECKHUX CHUCTEM, BEPOSTHOCTHBIC CBOMCTBA KOTO-
PBIX OMKCBIBAIOTCS HE TMOOCOBBIMU (HE rayCCOBBIMHM), @ CTETICHHBIMU paclpe/eiIeHu-
sMA. B dYacTHOCTH,  HEIKCTCHCHMBHAas  cTaTucTuka  Tcammuca  (XaBp-
na—YapsaTt—/lapoin) yCrenHo MPUMEHSIETCS KO MHOTUM CJIOKHBIM CHCTEMaM, Hadu-
Has OT HeMMHEHHBIX Au(dy3uoHHBIX ypaBHeHHH (Plastino u dp., 2000), 060061eHHbIX
KuHeTH4Yeckux ypaBHenuii (Boghosian, 1999; Kolesnichenko, Chetverushkin, 2013),
cuctem dokkepa-Ilnanka (Frank, Daffertshofer, 2001b), H-reopemsr bonsimana (Ma-
riz, 1992; Ramshaw, 1993a,b; Shiino, 1998; Frank, Daffertshofer, 2001a, 3apunos,
2002,2010), ymenpHOH TEMIOEMKOCTH TrapMoHHuYeckoro ocimmistopa (Ito, Tsallis,
1989), kBanroBoii cratuctuku (Biiyiikkilic u op., 1995), 10 u3ydeHuss KOCMUYECKHX
CHCTEM C JaJbHMM CHIIOBBIM B3ammojciictBuem (Chavanis, Delfini, 2009; Konecru-
yenxo, 2016), Mex3Be3qHON TypOyJeHTHOCTH M Teopuu ¢paktanoB (Esquivel, Laza-
rian, 2010; Konecnuuenxo, 2018C), 3Boironuu actpodusndeckux auckoB (Kole-
snichenko, Marov, 2013, 2014; Konecnuuenxo, 2015, 2017, 2019), CKOpOCTH COJHEY-
Horo 3Byka (Du, 2006), penakcanuu cruHoBoro crekmna (Pickup u mp., 2009), ropo-
ckoit TpancmoptHoii cuctembl (Kolesnichenko, 2014), 6uodu3uku, 3KOHOMHUKH,
HEHPOPU3UKN U MHOTOE JIPYTOE.

Cpenn MHOXKECTBA MaJjIbIX CHCTEM OCOOYIO Ba)KHOCTh MMCIOT MaJibic KBAHTOBBIC
CHCTEMBI, OCHOBAaHHbICE Ha HEAJIUTHBHOM MapaMETPUUECKOW HHTponuu Tcamnuca

Sq(P), ceasanmoii ¢ MaTpuLel MIOTHOCTH (0, OMHCHIBAIOIEH Pa3THYHbIE KBAHTOBbIE

coctosiaus. [Ipu mM3ydeHnn MOAOOHBIX CHCTEM BO3HUKAIOT MHOTOYHCIICHHBIE HOBBIC
MaTeMaTh4yeckue MmpoosieMbl, TpeOyrolme cBoero peuieHus. B ux uucie, onHoll u3
3HAUUTENBHBIX, SBISIETCA MpoOjieMa TOCTPOCHUS TEPMOIMHAMUKH KBAaHTOBO-

MEXaHUYECKUX aHcamOJiel B paMKaX HEAKCTCHCUBHOW CTaTUCTUKH Tcaiuca.
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B manHoit paboTe sl onrcaHus KBaHTOBOW (PU3MUECKON CHCTEMBI MBI BOCIIOJb-
3yeMcs (HhOpMaNM3MOM MATpHIBI (OlepaTropa) IUIOTHOCTH, C TOMOIIBI0 KOTOPOTO
Hanboee yJ00HO ONMMCHIBATh CUCTEMBI, KBAHTOBBIE COCTOSHUSI KOTOPBIX U3BECTHHI HE
MOJIHOCTRIO (cM. Jlanoay, Jlugpuwuy, 2006; ¢pon Hetiman, 1964; Hunvcon, Yane, 2006,
Kynux u op., 2008). Kpome astoro, cienys ¢hon Heitmany (1964, (cmp. 266)), Oynem
UCTIONIb30BaTh OOBIYHBIA (QopManmn3M (HEeHOMEHOIOTUIECKOW TEPMOIUHAMUKH, TPH
9TOM POJIb KBAHTOBOM MEXaHUKH CBEIETCS JIUIIL K TOMY, YTO Hallle pacCMOTPEHHE 0Y-
JIET OTHOCHUTHCSI K KBAHTOBO-MEXaHHUECKUM O0BEKTaM — MPABHIBLHOCTD JK€ 00OUX OC-
HOBHBIX Hadall TepMOJUHAMUKH Tipenmnonaraercsa. C ydeToM 3Toro Oyaer moka3aHo,
KaK MOYKHO TOJIyYHUTh PAaBHOBECHYIO CTATHCTHUYCCKYIO TEPMOJUHAMHUKY HEIKCTCHCHB-
HBIX CHCTEM U ONPEJICIIUTh €€ CBOMCTBA HA OCHOBE JIBYX (D)YHKITMOHAJIOB — KBAaHTOBOM

napameTpueckoil suTpormn Teammica S (P) u 06OOWEHHON KBAHTOBOW OTHOCH-

TEJILHOW SHTPONUHU (KBaHTOBOM pasziuuaromiedi uHbopMaiuu Pathe—KanHammaHa).
D710 uccienoBaHue OyaeT 0a3upoBaThCs HA CMEneHHOM PABHOBECHOM PACHpeOeleHUU

MaTpuibl IMJIOTHOCTH, ITOJYYCHHOM H3 YCIIOBHA a0COJIIOTHOTO 9KCTpEMYMaA SHTPOIINU

Sq (P) npu 3amaHHOCTH CpemHEH DHEPTMU M CPEIHETO YMCNA YAaCTHIL JUI aHcamOJIs

KBAHTOBBIX CHUCTEM, a TAK)K€ HAa OCPEIHEHUHU €T0 CIyYailHbIX TMHAMUYECKUX MapameT-
poB (HaOIIOaEMBIX) O ICKOPTHOMY pacmpeneiieHuto. byner momxydeno o6o0mieHue
Ha KBAaHTOBBIM CiIydail HYJIEBOIO 3aKOHA TEPMOJWHAMHUKU JJIsl JABYX HE3aBHUCUMBIX
MOJICUCTEM TIPU UX TEIUIOBOM KOHTAKTE M BBEJCHA TAaK Ha3biBacMas (u3HUecKasi TeM-

nepaTypa, OTJHYHas OT MHBepcuu MHOuTest Jlarpamka 3. [lpu e€ ucrmonbs30BaHuw,

C TIpUBIICYCHHEM OOOOIIEHHOTO MEPBOTO 3aKOHA TEPMOJAMHAMUKH M MPEOOpa30BaHUS
Jlexxanapa, OyayT HalieHbl MOJIM(ULIIMPOBAHHbBIE TEPMOIMHAMUYECKIE COOTHOIICHHUS,
OTJIMYHBIC OT BBIBEJIEHHBIX «OOBIUHBIMY» JUIsI CTATUCTUKU criocoOoM. U, HakoHel, Ha
OCHOBE (pyHKIIMOHAJIa JJIsi KBAHTOBOM OTHOCHUTEJIBHOW HTPOIHUM, 0OOOIIEHHOI0 Ha
HEIKCTEHCUBHBIE CHCTEMBbI, OyJeT 00CYXIaThCsl BTOPOW 3aKOH TEPMOJUHAMHKH, OY-

AYT HCCICAOBAHbI CIIOHTAHHBIC IICPEXOAbl MCKAY IIPOHU3BOJIbBHBIMH COCTOSHHUAMU
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CIIO’KHOM KBAQHTOBOM CHUCTEMBI U JOKa3aHa H—TeopeMa BOJ'II)IIMaHa B paMKaX HCIKC-

TEHCUBHOW KBAHTOBOU CTATUCTHUKHU.

1. OcHoBHBIE ONIpeieIeHUsI M CTATHCTHYECKHE CBOIICTBA
KBAaHTOBOM 3HTponnM Tcamiuca 1 HeAKCTEHCUBHBIX CHCTEM

[Ipuctynum Tenepb K OCHOBHOM 1€/ JaHHON pabOThl — KOHCTPYUPOBAHUIO PaB-
HOBECHON TEPMOJMHAMHKMA KBAHTOBO-MEXaHUYECKUX aHcaMmOJel, OCHOBAaHHON Ha
00001IEHHON HEIKCTEHCUBHOM ctathcTke Tcammuca. B 0OCHOBY M3ydeHHs pa3iMYHbIX
CTAaTHCTUYECKUX KBAHTOBBIX aHCaMOJell HEIKCTEHCHUBHBIX CHCTEM MOYKHO TOJOKUTh
HKCTpPEMaJIbHBIE CBOMCTBA KBAHTOBOM MH(OPMAIIMOHHOMN SHTPONUH (BBEIECHHOW BIEp-
Beie B padote (Wehrl, 1978)) u ucrions30BaTh WX ISt HAXOXKICHHSI Pa3IMYHBIX MATPHUI]
IUIOTHOCTHU (3aMEHSIIOIMX (YHKIUIO pacHpe/ielieHUs BEPOSITHOCTEN B KJIACCHUECKOMN
cratuctrke). OTMETHM, KCTaTH, YTO Ipu 0000mmeHnn aHcamOsieir ['mO0ca Ha ciydai

KBaHTOBOW CTAaTUCTUKH (poH HelimaH MCXOAMI MMEHHO U3 AKCTPEMAJIbHBIX CBOMCTB

BBeJIeHHOH MM HTpormK KBauToBoro coctostans S(P) =—Sp(pInp) (cm. gon Heii-

man, 1964), Tne p — matpuna (onepaTop*)) MJIOTHOCTH MHKPOCUCTEMBI, IIPU MOMOITU

dopManr3mMa KoTopoi, corimacHo Tteopeme [nmcona (Gleason, 1957), omwmceiBaercs
Ar00ast KBAaHTOBO-MEXaHHYECKas cucTema (cM. Taxxke, Jlanoay, JTuguuy, 20006).

B KBaHTOBOM HEAKCTEHCUBHOW CTATHUCTUKE MPHU BEPOSITHOCTHOM HOPMHUPOBKE
SpA(x,x) =1, 1)
A *
MaTpunbl IIOTHOCTH  P(X, X') = ZrWr‘Vr (X)w,(X') (B mMaTpuyHOM X -TIpe/CTaB-

nenun (cM. Tpunokenue)), OMKMCHIBAIOIICH CMEIIaHHbBIC KBAHTOBBIC COCTOSIHHS, KBaH-

ToBast mH(opmaumonnas surpormst Tcammca Sy (p) samaércs cnenyromum 0606-

IICHHBIM (DYHKIIMOHAJIOM OT oreparopa riotHoctu (cMm. Daroczy, 1970; Wehrl, 1978;
Tsallis, 1988):

Sq(p) =g P[5~ @

*.
) Hanee oneparopsl 6yaem 0003HaUaTh OyKBOW CO «IUIAMKOI HaJl HEH.
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31ech PHTPONMUHBIN HHAEKC ( (ImapaMmeTp AedopMaLuu) IpeAcTaBiseT coOol Belle-
CTBEHHOE 4HCIO (MpHHaIexamee obnactuctu g € R), xoTopoe xapakrepusyer He-

HKCTEHCUBHYIO OCOOCHHOCTH (HEaJAMTUBHOCTH) KBAHTOBOW CHUCTEMBI. 3aMETUM, UYTO
mrmypoBast ( -trace) ctpykTypa omnpesneneHus: SHTporuu (2) BakHA TEM, UTO JIEJIAET dH-
TPOMHUIO (PYHKIIMOHATIBHO HE3aBUCHMOM OT YHHTAPHBIX MPEOOpPa30BaHUI B MPOCTPAH-
CTBE COCTOSIHUM, T.e. 3Ta (OpMyJia CIIpaBeUIMBa IPH JIIOOOM MPEICTABICHUH Olepa-
TOpa P, a He TONBKO HPHU €r0 MATPUYHOM X -TIpeCTaBIeHUH (CM., Haripumep, 3ybapes
u op., 2002).

MOXHO TMoKa3aTh, YTO MapaMeTpuyecKkas KBaHTOBAsE SHTPONHS (2) MOXKET OBITh

NpCaACTaBJICHA TAKKC B CIICAYIOIINUX 9KBUBAJICHTHBIX CI)OpMaXi

*.

Sq() =—Sp(p"Ing ) =-Sp(pLNgp)=—(Lngp),. @)
31ech
. AFA_ . Al_q A
Ing A= ! anAzA 1:Aq_1lnqA 3)
1-¢ g-1

— Tak HasbiBacMbIe JnedopmupoBanHbie jJorapudmer (Tsallis, 1999, 2009), obianaro-

IMe, KaK JIETKO YOeIMUThCs, CIeIyIOIUM cBoicTBOM: mpu 4 —> 1, Inq A—InA,

Lng A= InA. ITpu ero ncnonbzosannu sutponus Teammca Sq(p) = —Sp(p" Ing p)
IEPEXOAUT B KIACCMYECKYK  KBaHTOByK  OHrTponmioo  ¢on  Heiimana
S1(p) =—Sp(pInp), sBusomyiocs, B cBOK 0Yepesib, KBAHTOBBIM 0GOOIICHHEM dH-

TPOIINHN I'n606ca B KJ1aCCHYECKOM CTaTUCTUYECKON MEXaHHUKE.

B 00bI4HOM KBAaHTOBOM CTATUCTUKE JIO0OM CIydyallHON NUHAMUYECKOW TIEpeMeH-

HOM A cTaBHTCS B COOTBETCTBHE dpMUTOB oreparop A (cm. ¢hon Hetiman, 1964) Taxk,

4TO CPpCOAHCC 3HAUCHUC ITOU HepeMeHHOﬁ B COCTOAHUU MUKPOCUCTEMBI, OITMCBIBACMOM

MaTpHIel TIIOTHOCTH P, BEIYUCIISETCS TI0 dopmyie: (A); = SP(PA) . B HearcTeHCHB-

HOW KBAaHTOBOW CTaTUCTUKE Tcamnmmca 1l BBIYUCIIEHUS] CPETHETO 3HAYCHUS <A>q -



HAMHYECKOW mepeMenHor A u eé daykryanuu AqA MOJKHO HWCIOJIb30BaTh Pa3jiHy-

Hele GopmyaupoBku (cM., Hanpumep, Tsallis, 2009). [lanee MbI BOCHOIB3yeMCS Clie-

AYXOIIMM HX OIIPCACIICHUCM.

. ~ ~ Sp(pYA N a A A .
<A>qzsp(qu)=M, AqgA=A—(Ry,, Sp(pAqA)=0, (4)

Spp*
rIe
P, (X) p (5)
X) = ,
T sp(pY)

— TaK Ha3bIBAEMOEC HOPMHPOBAHHOE ICKOpPTHOE pacnpeneicuue (Abe, 2000¢), mis ko-
Toporo Sp(Fy) =1.
HeagautuBHocTh 4-3HTpOonMHu Tcannuca 1Jisi He3aBUCHMBIX CHCTeM. DHTPO-

nus (2) UMeeT MHOTO MOJIE3HBIX CBOMCTB. [lokaxkeM cHauana, 4To JJisi HE3aBUCHUMBIX
KBAHTOBBIX (DU3UUECKUX CUCTEM OHA HEAJIUTUBHA. [[eCTBUTEIBHO, MYCTh COCTOSIHUE

CHCTCMEI, COCTO?IHJ;eﬁ N3 ABYX IIOACHUCTCM, OIIMCBIBACTCA COBMCCTHBIM MYJIbTHUILIMKA-

5(12) = 5D 5(2)

~(1 ~(2
TUBHBIM CTaTUCTUYECKUM OINEPATOPOM P , TIe p( ) u p( ) - ornepa-

TOPBI TUIOTHOCTH OTACNIBHBIX IMOJCUCTEM (37eCh M Jajee CUMBOJIOM & 0003HAYEHO
MaTpUYHOE MPOU3BEICHKE). Torma SHTPOIMHU OTICIBHBIX IMOJICUCTEM U 00IIas YHTPO-

U CUCTEMBI 3a1a0TCs CICAYIOIMMHU BBIPAXKCHUSIMMU.

sh=s ( ()) qi {1 Sp( (1))}
S ( (2)) qi {1 Sp( (2))}

s12-g. [ (1)®A<2>} ﬁ{l Sp( , 2)) } qll{l Sp( (1)®p(2) } )

IPU YCIOBUU HOPMUPOBKH

Sp(ﬁ(l,z)) p( (1)) p( (2))
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Ucnonb3ys (*), HOIYYUM, C y4ETOM COOTHOIICHUSI Sp(;{ ® é) = Sp(A)Sp(lA?), cie-

AYIOIICC BBIPAKCHHUC

(9- 1)5(1)5(2 = 1{1 Sp( ())} {1 Sp( (2))}

R R

q-1 q-1 q-1
_ ), o) _c12)
—Sq +Sq Sq )

OTCIOI[a ciaenyer CBOUCMBO Hea)OUMUBHOCU OHmponuu ABYX HE3aBHUCHUMbIX CHCTCM

B KBAaHTOBOM CTaTHUCTHKE Tcaiuiuca
Sq (15(1)@) 5(2)) _ Sq ( (1))+ S ( (2))+ (1- 6])5 ( (U)Sq (ﬁ(z))_ (6)

Takum oOpa3oM, HeaJIUTUBHAS KBAHTOBAs YHTPOIHS Sq ([3(1)® [3(2)) SIBIISIETCS

CyOIKCTCHCUBHBIM (CymepIKcTeHCHBHBIM) (yHkuuoHanom mpu 4 >1 (g<1) n sxe-

TCHCHUBHBIM (I)YHKHI/IOHEU'IOM TOJIBKO B IIPCALCIIC CJ1a00H CBS3H ABYX IIOACHUCTCM, KOI'la

qg—1.

3amMeTuM, OJIHAKO, YTO PCKOPTHOE OCPEIHEHHE MPUBOJUT K CBOMCTBY aJlIUTHUB-

HOCTH JUJI1 OCPENHEHHOW SHEPTUM COBOKYITHOM KBAHTOBOW CUCTEMBI

UED=UP +UP rae Ug=(H)q =Sp(BH).

YciaoBHasi KBAHTOBasI OHTPOIIHUA AJHA HEIKCTCHCUBHBIX CHUCTEM. HYCTI) HnMCEe-

1,2
€TCA KBAHTOBas CHUCTCMaA, KOTOpas OIMCBIBACTCA OIICPATOPOM INIIOTHOCTHU p( ) . A

MYCTh TENEPhb 3Ta CUCTEMA COCTOUT M3 JABYX 3aBHCHUMBIX mojacucteM « 1» u «2». Co-
IJIACHO OCHOBHBIM aKCHOMaM, 00OOCHOBBIBABIIIMM €IUHCTBEHHOCTh HTponuu Tcaiu-
ca JuIsl KBaHTOBO-MexaHudeckoro ciydas (cm. Abe, 2000a), mais ABYX 3aBUCHUMBIX

KBaHTOBBIX CUCTEM « 1 » 1 «2» nMeeM clieayrolee COOTHOIICHHE JIJIsl SHTPOITHUT
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8,(1,2)=5,(1)+5,(2[1)) + (1= )S,(1)S,(2[1) =
= sq(2)+sq(1\2) + (1—q)sq(2)sq(1\2),

*,

(6)

TJIC YCIIOBHASL IHMPONUSL Sq (2‘ 1)= Sq ([3(2)‘;5(1)) C pacmpeziesicHHeM orepaTopa IioT-
HOCTH ﬁ(l’z) ompenaensercs ciemyronmM obpaszom (Abe, 2002a; Abe, Rajagopal,
2000a,b)

S (1,2)—S (1)

s,(21) = 6
q(‘)1+(1 7S, )

() _

A(LIT) _

Spy P = Sppt) = spppt") =1. (6™)

B dopmynax (6 ) u (6 ) BBeIEHBI HIDKECIICIYIOLINE 0003HAUCHHS

5,(1,2)=5 ( (12>), 5,()=S5 ( <1>) 512 — 50 @52

riue [A)(l) = szf)(l’z) u f)(l’z) =5p; f)(l’z) ® Sp, f)(l’z) — MaTPHIIBI IUIOTHOCTH TIO/ICH-
~(1,2)

crembl «1» (3meCch CUMBOI sz p O3HayaeT YaCTUYHBIA CJIel MaTPHUIlbI TJIOTHO-

~(1,2
CTH p( ) 1o KBAHTOBHIM YHCIaM, XapaKTePU3YIOIIUM TOJCUCTEMY «2») U COBOKYII-

HOH MaTpHULbI INIOTHOCTH COOTBCTCTBCHHO, X MCIIOJIB3YCTCA N3BCCTHOC CBOMCTBO MaT-

PHIIBI IUIOTHOCTH COCTaBHOM cructemsl (¢hon Heviman, 1964)
Sp(*?) = Spy (3p2(6")) = S5 (51162

IIpu g=1 cootHomenne (6 ) coBmazaer ¢ COOTBETCTBYIOLIMM PABEHCTBOM B

KJIACCUYECKOM CTAaTUCTHYECKOM MexaHuke bonbinMana—Iud0ca (cMm. 3akupos,

2002,2010).

3KCTpeMaJIbHOCTb 00JILIIOT0 KAHOHHYECKOI0 pacupeacacausa JJsd HEIKC-
TCEHCHUBHBIX KBAHTOBbBIX CHCTEM. Hpexcz{e BCCro, OTMCTUM, YTO pPa3JIMYHBIC CTAaTH-
CTHMYECKHE aHCAMOJIM KBAHTOBBIX CHCTEM (KaK u KJ'IaCCI/I‘-IeCKI/IX) 9KBUBAJICHTHLI B TCP-

MOJNMHAMHYECCKOM OTHOIICHMH, YTO CBA3aHO, B YACTHOCTH, C MAJIOCTBIO (I)JIyKTyaHI/IfI
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OHEPrUH, YUCia 4YacTull U o0béma (cMm. 3ybapes, 1971). [lanee mMbl BOCHOIb3yeMCS
HanOoJiee yIOOHBIM TSl HAIUX TIeJIed OOJBITUM KaHOHWYECKUM aHCcaMmOJieM KBaHTO-
BBIX CHCTEM, OMHMCHIBAIOIINM KOHTAKT C TEPMOCTATOM M PE3epByapOM YaCTHII M OTpe-
JESIEMBIM 3aJaHUEM CPETHEH YHEPTUU U CPETHETO YMCIa YaCTHII.

PaccMmoTpum aHcaMOiIb CHCTEM C TIOCTOSTHHBIM 00BEMOM, HAXOSAIITUXCS B TETLIO-

BOM U MATCPHUAJIBHOM KOHTAKTC C OKPYXCHHCM. Torna MaTpuna paBHOBeCHOﬁ IIJ10T-

HocTH P(X) (CTATUCTHYECKHI OIMEepaTop PaBHOBECHOTO PACIIPEICICHHS) MOXKET ObITh

ompeseneHa U3 aOCOMIOTHOTO KCTPEeMyMa KBAaHTOBOW HH(GOPMAIIMOHHON SHTPOIUU

Tcammca (2) npu BHIMOJHEHUH CIISTYIONUX JOMOTHUTEIBHBIX YCIOBUIA:
(H)q=Uq =Sp(PyH )=const, (N)q=Ng=Sp(P,N)=const, (7)
T.C. IIPHU 3aIaHHOCTHU OCpe,ZIHéHHBIX OIICPATOPOB INNIOTHOCTHU SHCPIUHU I:I(.X') H IIOJIHOT'O

upcia yactull N(X) u nmpu coxpaHeHn: HOpMUpoBKH (1).

CornacHo BapuanunonHomy mnpuHimmny J[Dxetinca (Jaynes, 1963), paBHOBecHas
MaTpHIa TUIOTHOCTH P, «IKCTPEMHU3UpYoIIas» sHTponuio Tcamrica Sq pHu yKa3aH-

HBIX OTPpaHUYCHUAX, OMPCACIIACTCA U3 YCIIOBUS PABCHCTBA HYIIIO HCpBOfI Bapualuu 110

Q CIEAyIOIIETo JarpaHkruaHa

NI AN
L()=-Sp(p an@)—swwuw—xsm ®)
31ech q q
cq=5p(p") (©)

— Tak HasbpiBaeMbIi kodddunuent Tcammuca; B, (BY) u A — onpenensiembie U3 ypas-

Hennii (1) u (7) marpamkeBbl MHOXKHTEIH, KOTOpBIE CBS3aHBI C OTPAaHMYCHHEM Ha
OCpEIHEHHBIE ONMEPaTOPhl MIOTHOCTU DHEPTHHM M TMOJHOTO YHUCJIA YacTHI[ KBAaHTOBOM
CHUCTEMBbI B HEAJIIMTUBHOMN cTaTucTHKEe Tcannuca; mpy 3TOM BeIWYMHA mapamerpa W
HMMEET CMBICJI XUMHUYECKOTO MOTEHIIHAIa KBAHTOBBIX YACTHII.

Omnpenensst  aOCOMIOTHBIM ~ dKCTpeMyM  QyHknuoHama (8) w3  ycioBus

SL(p)/ 8p =0, HaxoauMm Ul HEPKCTEHCHBHBIX KBAHTOBLIX CHUCTEM CIIELYIOIIEE BbI-
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paXeHUe I 0000ueHHO020 D0IbUL020 KAHOHUYECKO20 pachpeodesieHuss onepamopa

nioOmHOCMU f)(X,Bq) :

p(XBg) = 1(B) {1—(1—q)Bq[(Fl(x)—Uq)—u(N(x)— N”qﬂ}ll(l_q) -
q
:Zalequ {—Bq [(H(x)—ﬂq)—p(N(x)— Nq)]}, (10)
rac
Zq(Bq):Sp{equ |:_Bq ((I:l _Uq)_lfl(l\Al _Nq))]} (11)

— 0000IIeHHAasl CTATUCTUYECKAsE CyMMa COCTOSIHMM JUIsl OOJIbIIOr0 KBAHTOBOT'O AHCAM-

01151, onpenernsieMast U3 yclioBus HopMupoBku (1); mapametp Bq =03/ Cq aBisieTcs (Kak

OyJeT MoKa3aHO HWXKe) oOpaTHOW (PU3MUECKOW TeMIEepaTypoill paBHOBECHOW KBAaHTO-

BOW CHCTEMBI, Tp =1/ Bq;

i . - N L
6q =Sp(P?) = Sp{expq[ B ((H-Ug) -u(N-Ng)) | 1Z)*  @2)
— 3HaueHue kod(ddummenta Tcamarca B paBHOBECHOM CiIydae; 3HAK THIBIBI «~)»

34CCh U JaJICC HaJ OCPCAHCHHBIMU JHMHAMHUYCCKHUMU IICPCMCHHBIMU A O3Ha4acT, 4To

OCpeIHEeHHE MTPOBEICHO C MTOMOIIBI0 paBHOBeCHOTO pactpeneneHus (10).

OkcnoHenra Tcammmuca u nedpopmupoBanubiii Jorapudpm. B dopmyne (10)
UCTIONB3YeTCs TaKk Ha3biBaeMas AeopMupoBaHHas SkcrioneHTa Tcammica

A {[1+ (1- q)A]ll(l—q) , ecm Spec [1+ (1- q)A] >0:

expg A= (13)

0, B apyrux ciyuasx,
IpUYEeM HEPaBCHCTBO Spec [1+ (1-0q) A] > (0 o3HayaeT, YTO CYIIECTBYET €CTCCTBEH-

HOC «OTKIIIOYCHHUC), KOraa CIICKTp OIcparopa B CKOOKax MMeeT OTPULATCIILHBIC 3HA-
YCHUsA, CBA3AaHHBIC C HeﬁCTBHTeHBHOCTBIO ciacaa.

Jlerko npoBeputs, uto B npeaene g — 1 dyuxuus (12) npuHnMaet cTaHaapTHBINA

BUA:
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expy A= lim expg A= lim expg A=expA (Vx). (14)
g—1+0 g—1-0
Ncnonsiys onpenenenus (3) u (12), MOXXHO YyOEIUTHCS, YTO UMEIOT MECTO Clie-

IYIOIIHE COOTHOIICHUS ISt Ae(OpMHUPOBAaHHOW 3KCIIOHEHTHI (cM., Hampumep, Tsallis,

2009):

expg(Ing A) =Ing(expg A)= A (Vx;Vq), (15)
(expq A)(expq B) =exp, [A+ B+(1- q)AIﬁ] , (16)
9 expg A= (expg A)°
@equ = (expg A)". (17)

CooTBeTCTBEHHO MJ1s1 Ae(h)OPMHUPOBAHHOIO Jorapupma Inq A umeem:

Ing(AB) =Ing A+Ing B+ (1-q)(Ing A)(Iny B), (18)
A-1_ A1y, A s A1y _ AO- 5 A
Ing At =-A%"Ing A, Ing(BA™) =A% (Iny B-Ing A), (19)
ilnqu 1 . (20)
dA A

Otu hopmyssl OyayT UCTIOJIB30BAHBI JajIee.
HexoTopble cBOiicCTBA paBHOBECHOTO pacnpenenenus. 13 pacrpenenenus (10)

CJICaAyCeT COOTHOUMICHHC
2= \1-q n A
(qu) =1-(1-)Bg[ AgH —1AgN |. (1)
Ecnu ymHOXuTH (21) Ha f)q Y 3aTE€M B3STh LIIYP, TO MOJIYYUM PABEHCTBO
5 \1- 2 2 A ~ 2
(Z)5p(5) = S {9 1~ (L @) (AqH —nAgN) [} = 5p(6%), (22

u3 kotoporo, nipu yuere (1) u (7), cneayer BaxXHOE NpeICTABIEHUE JIJISl «PABHOBECHO-

ro» koapdunuenta Tcamnuca
€q =SP(pT) =(Z)' ™" =1+(1-0)S,. (23)

Hcnomnw3ys (23) u BeiTekaromiee u3 Gopmysisl (10) BeipakeHue
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~ 2 5 \— N ~\NY
&, = Sp(3Y) = (Zy) qu{equ [—q (8P —quN)]} , (24)
MOJIYYHM €II€ OJHO MPEACTABICHUE 0000MEHHON CTATUCTUYECKONW CYyMMBI
~ ~ ~\ )4
Zq (B,p)=Sp {equ |:_Bq (Aq H - HAq N ):|} - (25)
Jlaniee KBaHTOBO-MeXaHU4YECKash (QIIyKTyarlus Aq A PAHOBECHOTO 3HAYECHMS IIE-

peMenHoii (Habmromaemoii) A Oyzer 3a1aBaThCsl COOTHOLIEHUEM

O

A A

AgA

A—Sp(PyA), (26)

A
~

IA¢ PaBHOBCCHOC 3KCKOPTHOC PACIIPCACICHUC Pq OIpCACIIICTCA, KAaK JICTKO MOXXHO

yoenutbcsi, popmyIioi

Py (%, By 1) :{equ [_Bq (AqH _“AQN)}}OI 1Zq(Bo:1). &0
rae

Zq (Bg.1)=Sp {equ [_Bq (AqFI B “AQN )}} B

=Sp {equ [—Bq (Aqﬁ —pAgN )]}q .

Haxkower, mpu ucosib30BaHuK pacupeaencHus (27) u opmyisl (25) MOXHO 10-

~

JYYUTh CIAEAYIONIYI0 (hOpMY 3allKCU AJIsi CPEIHEro 3HAYCHUS Aq = Sp(lf’q A) 000i

HabsromaeMoii A B paBHOBECHOM KBAHTOBOM CHCTEME

) Sp{[equ (—BquH +(uBq)AgN )]q A}
A= -

Zq

Sp{A[equ (—Bqu H + (uBg)AgN )}q }
— . (28)
Sp[equ (—Bqu H + (uBq)AgN )}q
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IKCTPEMAJIBLHOCTH 0OJILIIOT0 KAHOHUYECKOT0 pacmpeesieHusi IJsi HeIKC-
TEHCHBHBIX KBAHTOBBIX CHCTeM. 3aMETHM, 4YTO JKCTpEeMajbHBbIC CBOMCTBA BCEX
KBAaHTOBBIX HEIKCTCHCHBHBIX aHCaMOJell MOXXHO MOJYYUTh W3 CIEAYIONUX Hepa-

BCHCTB.

s\ >0 >0;
Gj anA 2V, eciu ( , (29)

Sp[& Lng 6}— Sp| 6| —
p <0, eciu <0,
rie P 1 G — IPOM3BOIBHBIE CTATUCTHYECKHE OTIEPATOPHI.

JIeiCTBUTENILHO, MIOCKOJIBKY /I uncia >0 uMeeM (cM. Teopemy Ned2 B MOHO-
rpaduu (Xapou u op., 1948))

q-1_4
Lngr= >1——, ecmu (>0,

g-1
1

=1-—, ecm =0, (30)
r
1

<1-—, ecmuqg<0,
r

A /\—]_ ) A
To, monctaBisis B (30) ¥ =c6p ~ (Toe P U G — MOJIOKHUTEIBHO OIPE/ICIICHHBIC OTepa-

TOpBI) M YCPEIHSAS TONYYEHHOE BBLIPAXKEHHE 0 PACIPEAEICHNIO G , OJTyYUM, HAlPH-

mep, st > 0 HepaBeHCTBO

Sp 6an[%] > Sp 6[1—?} =1-1=0, (31)

o)

Tak Kak 00a omeparopa P U G HOPMHUPOBAHBI HA €IUHUILY M OIEPATOPHI MO 3HAKOM
HITypa IepecTaHoBOYHbBI. Bocmonbs3oBasiucsk Gpopmysoit (19), 6yaem nmeth

A A q_l A A q_].
o o ) .g-1 N " . (O n
Ln | —|=| = In|—=|=6"7"(In 6-In_p)=Ln G—[T] Ln _p. (32)
‘{p} (p] ”’(pj 7 7 T \p 1

[ToacTaBisis Temeph 3TO COOTHOIICHUE B HEPaBEHCTBO (31), MOMyYHM «BEpXHEE» He-
paBeHCTBO (29).

HCHOHLBy}I AHAJIOTUYHBIN MCTOM, JICTKO Y6€,Z[I/ITI>CH B TOM, 4TO IIpHU 6] <0 umeer

MECTO «HIKHEe» HepaBeHCTBO (29).
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MakcumyMm (MUHMMYM) paBHOBecHOM 3HTponuM Tcasutuca. Jlokaxkem Teneps,

YTO B CJlydae KBAaHTOBOW HEIKCTEHCUBHON CTaTUCTHKHU dKCTpeMyM GyHKIHoHamna (8),

T.¢. GOJBIIOE KAHOHUYECKOE PACIpPEEIEHHE P, COOTBETCTBYET MAKCUMyMy (MHHH-
MyMy) KBaHTOBOM dHTponuH Tcajmca Sq(p) = —Sp(p Ln ] p) COOTBETCTBEHHO IPH

g>0 (g<0) cpenu Bcex BEPOSITHOCTHBIX PACIPEACTICHUN C OJMHAKOBBIMHU CPEIHEH
SHEPTHEH U CPEHEM YHCIIOM YaCTHUII.
[Tycte P — GONBIIOE KAHOHMYECKOE paclpelesieHde, a 6 — HOPMHUPOBAHHBIN

CTaTUCTUYECKUU OTIEPaToOp, COOMBEMCMEYIOWULL MOU dHce CPeOHell IHepUL U CpeoHe-

my yucny wacmuy, kak u (10), a B ocTtanbHOM — Npou3BOJIbHBINA. [Ipu moacTaHoBke

g-1
] anp

JIeCTBUTENBHO, MOCKOJBKY an A= Aq—lmq A, TO, ¢ yueroM (15) u (19), Oynem

(10) B HepaBeHCTBO (29), MOXKHO MOIYIHUTh

>

194

5,(8)= —sp(esan 6) <-Sp 8[ <8,()- (33)

2|

HUMCTb

et L ]|
q

= Lngexpy{.}- (equ{ }) 1‘q Ln, Z,

~ (expgf}) 3= (expgf )T InZg = (expgt )" [{--}—Sq(é)]

OTKyJa CIeAyeT

~\g-1
~Sp 6[§jq Ln,p =—Sp{6‘781‘7(equ{..})q_l[{..}—sq(éﬂ}:

p

3
—-5p|[1.1-5,0) ]| 20" =5,

Takum oOpaszom, Oombiioe kKaHoHUuYeckoe pacnpeneneHue (10) cooTBeTCTBYET

MaKCUMyMy KBaHTOBOU nH(popMannonHoi surpornu Tcammca mpu g > 0 cpenu Bcex
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BEPOSATHOCTHBIX PaCHpE/ICICHU ¢ OJJUHAKOBBIMUA CpPEIHEH YHEPTHEH U CPEeIHEM HHC-
JoM yacTull. VIcrmoab3ysl aHAIOTUYHBIA METO/I, JIETKO YOSAUTHCS B TOM, YTO MPH TO/I-
cranoBke (10) B HepaBeHcTBo (29) momydaercsi, uro pachpeneiacuue (10) cooTBer-

cTByeT MUHUMYMY 3HTponun Tcamumca mpu g < 0.

bouabmoe kKaHOHHYECKOE pacnpeacicHne KBaHTOBbIX CUCTEM U TEPMOJANHA-
MHUYCCKHE COOTHOIICHUA B q-CTaTI/ICTI/IKe. I[O CHX IIOP MBI paCCMaTpHUBAJIA KBAHTO-

BbIE HEAKCTCHCHUBHBIC CHCTEMBI, COCTOSIIUE JIMIIb U3 OJHOTO cOpTa 4acTull. Jlerko
0000mmTh O0JBIIOEe KaHOHWYECKOE pactpeaeneane (10) Ha CHCTEMBI, COCTOSIITNE U3

HCCKOJIBKUX COPTOB YaCTHI] N J , 4 TAKIKC CCJIK 3aJaHbl CPCAHNC 3HAYCHUA KaKux-J1100

APYIrux IMHAMHUYCCKUX BCIIMYHNH Ak )

(Ak(x»q = Sp(ﬁqzzlk) = Aqk =const, (k=1,2,...,R). (35)

MosxHO npeacTaBuTh cede, 4TO CUCTEMa HAaXOUTCS B TEIJIOBOM M MaTepuaib-
HOM KoHTakTe ¢ M Gombimmu pesepByapaMu 9acTHI[ Pa3sHBIX COPTOB M SHEPTHUH C
MIOMOIIBIO TOTYIPOHUIIAEMBIX MTEPETOPOAOK, POMYCKAIOMINX JUIIH OJUH COPT MOJIe-
kyn. Mcmons3ys (7) u (7°), Jerko mokasaTh, 9TO CTATHCTHYECKHI OMEPATOp TAKOTO
KBAHTOBOTO aHCaMOJ1st Oy1eT UMETh BUJL

R M
ﬁ(Xan):Zalequ _Bq Aql_AI(X) _ZakAqu(X)_ZHquNj(X) . (36)
i k=1 =1

rac

R M
Zq(Bq;akaj)ESp €XPq _Bq AqH(X)_ZakAqu(X)_Z“quNj(X)
k=1 =1

3nech U j — XUMHYECKHE MOTEHIHANbl YaCTHIl COPTa J; A — HOBBIC TEPMOAUHAMHU-

YeCKHe MmapaMeTphl, onpeaessieMbie U3 yciaoBwui (7).
[Moacrasnsas pacnpenenenune (10) B (2), moayuum, Mpu UCTONb30BaHuH (23), ciie-

Jytolllee BbIpaKEHHUE JJI1 paBHOBECHOW 3HTponuu Tcammmca ais O0NbIIOr0o KaHOHU-
YECKOTO aHCaMOJIsl KBAHTOBBIX CHCTEM:

X 1-9p(p%) 1o, (Zgt-1

— = ~\_ _ q
S Sp(anqp)— e T iq i 0 Zq-
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OnpenenuMm Tenepb J1eGOpMUPOBAHHBIA OOJIBIION TEPMOJAMHAMUYECKUN TOTEH-

A1 B KBAHTOBOM CTaTHCTUKE Tcaimca ClieAyIoIUM COOTHOIIEHUEM:

1) L
[Tpu nuddepeHpoBaHUH SHTPOTHH §q 1o L]q B pe3ysbTare OyJeM UMETh
oS, oln.Z
d - 99_5 (39)

JlelicTBUTENBbHO, UCTIOIB3Ys Gopmyibl (17) u (20), a Takke cootHomreHus (11) u (25),

MOJTyYUM

8Sq :5|nq Zq an 50 an 5-dg aequ{..}a{_,}:

~ ~ ~ — q —= = q ~
o, aZy dU, U, o{.} oy,
_5-q AA-}_ 5198 _
=7 Sp{equ{..}} ¥ =7 C__B'
q g
AHQJIOTUYHBIM TYTEM MOITYYUM
0Sq/oNg =By, (a=1..,M). (40)

B wutore, crpaBeuuBhl cienyronme 0000IIEHHBIE COOTHOIIEHUS PaBHOBECHOU

TEPMOANHAMUKHU KBAHTOBBIX HCOKCTCHCHUBHBIX CUCTCM

- - - ~ 1 - -
S;=In,Z,, quuq—gsq—qu, (41)
oS 5 N oS

9 =% (n.7)=p, —d__ 42
aUq aUq( q q) B aNq Pu, (42)
9 30,)=Uq, —2—(BOy)=-N (43)
5/ I G (¢ TT) I i

31ech, OHAKO, CIIEAYET MOAYEPKHYTh, YTO BeaudnHa Z g XAPAKTEPU3YETCH MUK-

A

pockonmueckumu sHeprueir H(X) u umcinom wactui Nq , BBIYUCJICHHBIMA OTHOCH-
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TEJIbHO CPEIHEN SHEPIHH Uq U CPEIHEro Yucia YacTHIL Nq COOTBETCTBEHHO. Ecnu

*

BBECTU HOBYIO CTAaTUCTUYECKYI0 CYMMY Zq, KOTOpast ONPENEIAETC MUKPOCKOIINYE-

ckumu BenmuuHamu H(X) u Nq OTHOCHUTEJIBHO HYJIEBOW TOUYKH, COTIACHO PopMyIie

*\1— 5 \1- T \
(Zg) ™9 =(Zg)" I -BL-a)(Ug—nNg) (44)
U TIEPEONPEACIUTh KBAHTOBBIN OOJIBIIION MOTEHIIAJI BBIPAXKEHUEM
~ % -1 *
Qq=—B"Ing Zg, (45)

T0 cooTHomeHus (41)-(43) paBHOBECHOW KBaHTOBOH TEPMOJMHAMUKH MPUHUMAIOT

MOYTH KJIACCUYECKYI0 (popmMy

Sq =B(Uq —1Ng - 0g). (46)
aplna28)=~55(6%) =04 “
O (1 Vo O (A x
5o "9 %)= 5 (%) = N “
P4 _g, Ba__g, (49)
U, = N,

[ToguepkHEéM, YTO BBEAEHHBIE BBIIIE COOTHOLIEHUS OOYCIIOBJIEHBI CTaHIAPTHOM
IIPOLIEAYPON HAXOXKIECHHsI PABHOBECHOI'O PACIpPEIEICHUs MATPULIBI IIJIOTHOCTH HA OC-
HOB€ IpuHIMIIA JDKenHca dKCTpeMyMa KBaHTOBOW ITapaMeTpUYeCKor dHTponuu Tcai-
JYCa U MOTOMY NPUMEHUMBI Uil BECbMA LIMPOKOTO KpPyra KBAHTOBBIX aHOMAaJIbHBIX

SIBJICHUN, ONHUCHIBAEMbBIX HEQUIMTUBHOM CTAaTUCTUYESCKON MEXaHUKOM.

2. MonnpuuupoBaHHAS CTATHCTHYECKAS TEPMOAUHAMHKA
HEIKCTEHCUBHBIX CUCTEM B KBAHTOBOM craTucTUke Tcaniuca

[IpyHuMas BO BHUMaHUE TOT (PAKT, YTO CTPYKTYypa OCHOBHBIX COOTHOIIEHH CTa-
TUCTUYECKON TepMOAMHAMUKU ['nOG6ca cylecTBEeHHO 3aBUCHUT OT aJIUTUBHOCTU KJlac-
CHUYECKOHN IHTPOINUH, KpallHE Ba)KHO BBISICHUTH, KAKUM 00pa3oM, B CIIy4yae UCIOJIb30-
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BaHUsl (PU3UYECKON TeMIiepaTyphl Tph MOTYT OBITH MOAM(PHUIMPOBAHBI aHATIOTUYHBIC

cootHomieHus (40)-(43) B HeagnuTHBHOM cratucTuke Tcauca.

Tepmoannamuveckoe paBHOBecHe JBYX He3aBHCHMBIX cucTeM. Paccmorpum

JUIL DTOTO0 TEPMOAMHAMUYECKOE PABHOBECHE JIBYX HE3aBUCHUMBIX HEIKCTEHCHBHBIX
KBAHTOBBIX CHCTEM ¢ SHTpomusmu Tcamiuca Sél) =S4 (;3(1)) u Séz) =S4 (ﬁ(z)),

MpCaACTaBJLAOIINX cobou O6Hly1-0 3dMKHYTYIO CUCTCMY C IIOCTOSHHBIMH 3HAYCHHUSIMU

(1.2)
q

COBOKYITHOM DJHTpPONMHH S =3y (ﬁ(l’z))zconst U COBOKYITHOH OCpEIHCHHOU

sHeprun cucteMbl U ((11’2): U C(‘l) +U éz) = const .

CornacHo cBOMCTBY (6) HEaJUINTMBHOCTH ¢ -dHTponuH Tcaimca, COBOKYITHYIO

9HTPOIIUIO KBAHTOBOM CHCTEMBI MOKHO 3amucaTh B CJIeaAyromcM BUAC

12) _sO[14 65 T4 5@ 1450 - es®s
5§ =5 1+e8{) |+ 5{7 | 168 |-esPsP, (50)

rae € =(1-g). Bapbuposanue 88&1’2)

51 SUél’z) JUISL TIOJTHOM 3aMKHYTOM CHCTEMBI C

)

MTOCTOSTHHBIMU 3HAYEHUSMHU SHTPOIUHU Sc(]l’2 Y DHEPrUHU Uél’z) IIPUBOJUT K PABEHCTBY

85((11’2) =0= 88((11) [l+ ‘C’SC(JZ) J + 88&2) [1+ 85((11):| IISL  DHTPOIMH W PaBEHCTBY

SUC(]LZ) =0= SUél) +8U((]2) st cpeaneit sHeprun. OObeNUHSSI UX, B UTOTE TOJY-
YUM ypaBHCHHE

55§ 15U 8s{P 18U

= , (51)
1+ SSC(II) 1+ SSéZ)

i, ¢ yuétom (37) u (49),

p _ p _B
1+1-q)s 1+@1-9)sP ¢

=By (52)

OTHollIeHHE YKBUBAJIEHTHOCTH (52) ompeessieT YCIOBUE TEIJIOBOr0 PaBHOBECHS

IBYX KBAaHTOBBIX ¢ -CHCTEM M SBIIIETCA OOOOLICHUEM H)1€6020 3AKOHA MEpMOOUHA-
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MuKu Ha HCAAAUTHBHBIC KBAHTOBO-MCXAaHUYCCKHUC CHCTCMEI. Ono ITOKa3bIBacCT, 4TO B

OTIIMYKME OT KJIACCHYECKOro ksatoBoro ciydas (§—>1) ¢usuueckas temmeparypa

< o -1
Tph HE SBIIIETCSI 00paTHOM BenmmunHOW MHOXwHTENs Jlarpanxka, 3, HO

C _
1 _fa_[141295

=—-= T=c
By B kg

o7 (53)

OLIGBI/IIIHO, YTO KBAHTOBas1 (1)H3H‘-I€CK3H TCMIICpaTypa Tph’ OTJIMYHAasA OT MHBCP-

cuu MHOkuTeNst Jlarpamka [3, oTBedaeT 3a «rii00abHbINY YHEPTETUUECKHUN (TErio-
BOH) OaslaHC MEXly pa3IMYHbIMU YaCTSIMH HEaIUTHBHOW KBaHTOBOI CHCTEMBI, KOTO-
pPBI CHJIBHO OTIMYAE€TCS OT JIOKAJIBHOIO TEIUIOBOro OanaHca. JIOKanbHBINM OanaHC

MOYKHO OXapaKTepu30BaTh obmieit Temmeparypoit T =1/, nsmepsemoii Tepmomer-

pOM, HO JIt000€ M3MEpeHHE (PU3NYECKON TEMIIEpaTyphl Tph CBSA3aHO C HEOOXOAUMO-

CTBIO BhIYMCIEHHs Kod(duuuenta Tcammca €, 3aBUCSAILIETO OT apaMeTpa Hea | I1-

q°
TUBHOCTH (] .

Takum o0OpazoMm, oTirune (HU3MYECKONW TeMIEpaTyphl OT WHBEPCUU MHOKHUTEIS
Jlarpamka [ ¢ HEM3OEKHOCTHIO MPUBOAUT K HEOOXOAMMOCTH BUIOM3MEHEHHUS IMOJIY-
YCHHBIX BBIIIE TEePMOJAMHAMUYeckux cooTHomeHui (40)-(43) mis HeaaTuTHBHBIX
KBaHTOBBIX cucteM. B pabote (Abe, Okamoto, 2001) B kaduecTBE OCHOBHBIX IMPEIIO-
CBIJIOK, B3STHIX 34 MCXOIHBIN MYHKT MOCTPOEHUS MAaKPOCKOIMMYECKONW TEPMOINHAMHUKH
Cc (u3nuecKord TEeMIepaTypou, NpENIararoTcsi MEepBbIA 3aKOH TEPMOJIUHAMUKH U

CTpYKTypa npeoOpazoBanus Jlexxanapa.
HeopMupoBaHHbIE TePMOJIMHAMUYECKHE PABEHCTBA IS KAHOHHYECKOTO
KBAHTOBOI0 aHcam0.si. AHAJIOTMYHO BBEAEHHOU BBINIE (DU3UYECKON TemIepaType

Tph KBaHTOBOI CHCTEMbI MOXHO OTpPEAEIUTh KBAHTOBOE (PU3MUECKOE JaBIICHUE Pq

HYTéM HCCJICAOBAHUA MCXaHHMYCCKOI'O0 PaBHOBCCHA BYX HC3aBUCHUMBLIX ( -CHCTCM. B

9TOM CJIy4dac SHTPOIIUA COBOKyHHOﬁ KBAaHTOBOW CHCTEMBbI AOJDKHAa MaKCUMHU3UPOBATh-
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cs ¢ ukcanueir obiiero oobpéMa V2= y@= const. B pe3ynbrate Oyaem
MMETh

stV sVl ssPjsvi®  p,
1y 2
1+¢S," 1+est? Ty,

, (54)

rac Pph — KBAHTOBOC (1)I/ISI/I‘I€CKOC HaBJICHUC, KOTOPOC OIIPCACIIACTCA COOTHOICHHUCM

» T, 8, T,3S,
\ -

P14 (1-q)S, 8V ¢, 8V

(55)

O4eBUIHO, YTO ONpPEACIEHHBIE TAKUM 00pa30M KBaHTOBbIE (hU3MUECKasi TeMIleparypa
U (pu3MUYecKoe JaBieHUE 00s3aTeNbHO JOJKHBI IPUBECTU K MOJIUMUKAIIUU OTpeeie-

HHUS TEPMOAMHAMUYECKOM sHTponmu Kinaysuyca.
IIpeodpazoBanus Jle:xkauapa. Ypasucuue (25) ([3 =05 / GUq) yKa3bpIBaeT Ha
TO, 4TO HapameTpbl  u Uq =Uq(Sq, Poh ,N) o6pasyror nmapy nepemennsix Jle-

XKaHJpa. DTO MPUBOIUT K CIEAYIOIIEMY OIpPEACICHUIO OOJBIIIOr0 TePMOIUHAMUYE-

ckoro norenimana (cm.(38)):

Q(T.V 1) =Uq —TSq —tiNg =Uq ~T Ing| ¢ | N,
(B aTOM paziene 3HaK «THJIBABY OyJIeM OMyCKaTh). DTO BBIpaXKECHUE, OJTHAKO, SIBJISCT-
Cs HEYIOBJIETBOPUTEIBHBIM, TTOCKOJIbKY OHO HE HAMHCAHO C TOYKU 3peHUs (u3nye-
CKOM TeMImepaTypbl: TEPMOJAMHAMUYECKUHN MOTEHITUAT JOJIKEH OBITh (QyHKIIUEH Tph’ a
HE 3aBHCETh OT a0COIIOTHOU Temrepatypsl 1 .

[To anamoruu ¢ padotoit (Abe, 2000b), koTopoii MBI Janee BOCIOJIb3yeMCs, Tie-

peonpeneiuM OoJIbIION TepMOMHaAMUYecKuii moteHman (38) ciemyromum 00pazom:

Qq(TonV o) =Ug ~Ton In[ca/(l_q)J—qu. (56)
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[Tpu yuére cootnomenuii (23), (43) u (53) MoxHO yOeAUTHCS, YTO BeauunHa 2 g Ha

camoM Jiene sBiseTcs QyHKIuen Tph' Bapeupys dpynkmnuro g» B PE3YJIBTaTE MOIY-

UM

Incq

Ton
0T ph ———05q —HONg —Ngdp. (57)

8Qq =0Uq -
(1-q) Cq

q
Ecnu Teneps ucnonap30BaTh NEPBBIN 3aKOH TEPMOJAMHAMUKHU B popmynupoBke Kapa-
teonopu (Minster, 1969)
SQq:6Uq+6Wq=6Uq+Pph8V—u6Nq, (58)

e S'Qq 7 S'Wq — MaJible U3MEHEHUS KOJIMYECTBA TEIIOTHI (TaK HAa3bIBAEMON HEKOM-

MEHCUPOBAHHOM TEIJIOTHI), MOJIBOJIUMON K g -CHCTEME HJIM OTBOAMMOM OT HEE, | pa-

0OTBI, KOTOpbIE OIpeneasioTcs Boipakenusmu (Jarzynski, 1997, 2011; Abe,
Rajagopal, 2003; Abe, 2006; Jarzynski, Wojcik, 2004)

Sp| 5p(H -Uy) o Sp(pYsH
5'Qq = [ X J §Wy =—(8H)q = - p(pAq ) (s9)
Spp Spp
TO (57) MOXHO TepenucaTh B BUJIE
, Incyg Ton

OTtcrona cineayeT, YTo OMpeAesieHUEe TePMOJMHAMUYECKON anmponuu Knaysuyca mo-

AuQUIAPYETCS I HEAINTUBHBIX KBAHTOBBIX CHCTEM CIIEAYIOIUM 00pa3oM:
!
BBeném Temepb B PACCMOTPEHHE CIICAYIOIIUE XApAKTEPUCTUYECKHE (DYHKIMU

KBAHTOBOH cucTeMbl: 0606mEnnyto sutanbnumio Hq(Sq,Pon,Ng) =Uq +PppV , Bo-
Gonmyto snepruto empmrombua Fo(T,V, Ny ) =Uq =Ty [In Ca/(l_q)] 1 CBOOOJIHYIO

sHepruio ['nboca Gq (T, Pph’ N,)= Fq + PphV . 3aMeTHM, YTO BCE XapaKTEPUCTUYEC-
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ckre QyHKIHMHU 00JaJatoT CICTYIOINIMM CBOMCTBOM: eCau U38eCMmHA XapaKkmepucmuye-
CKasl QOYHKYUSA, BbIPAdNCEHHAs uepe3 COOmEemcmeaywue (Ceou 0 Kax*COOU Xapak-
mepucmudecKou yHKyuu) nepemeHuble, mo u3 Heé MONCHO BbIYUCIUMD JI00YI0 mep-
MOOUHAMUYECKYIO 8ETUUUHY.

B stom HeTpyaHo yoenuthes. 13 ypaBHeHUI

h
8Uq = %ssq — PphdV +udNg, (62)
Ton
SHq = Easq +V 8Py + 1N, (63)
Inc
SF, = e q) 8T ph — PpndV +pdNg, (64)
_Inc
8Gy =— = 8T pn +V 8Py +1dNg, (65)
i Inc,
SQq =— (1 q) 6Tph — phSV N 6“ (66)
cIeAyroT 0000IIEHHBIE TEPMOAMHAMUYECKUE COOTHOILICHUS
(au, /av)sq’Na - (an EY; )Tph,Na: ~Poh, (67)
(auy /asq)V =(0Hq /0S4) ph,Na:Tph /cq, (68)
(eH, /aPph)Sq’Naz (6Gq / P )Tph,NfV , (69)
(o, IGTph)V,Nq ~(0g /Ty ), =-Incq/@-a). (70

YpaBHeHue ISl KBAHTOBBIX TeIIOEMKOCTel. Kak M3BECTHO, B TEPMOIMHAMU-

K€ TETIOEMKOCTh BEIECTBA B HanboJiee 00IIeM BUAE OMPEIENAETCs CIEAYIOMUM 00-

pasom: C, =T (8S/0T )z‘ 3mecs C,— TEmIOEMKOCTh B TAKOM MpOIIECcce, B KOTOPOM

COXPAaHACTCA IIOCTOAHHBIM IIapaMECTp zZ, I'IC Z— JIIOOBIC 0606IHéHHBIe KOOpAHWHATHI.
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Haubonee pacnpocTpaHEHHBIMU SIBISIOTCS M300apHas TEIUIOEMKOCTh M M30XOpHAas

TEIUIOEMKOCTD:

T T
__ph _Iph
Cop = E(asq /0Ty, )Pph . Coy = q(aSq /0Tpn ), (71)

(YY) () [ou) "
Tak kak B cOOTBeTCTBUHU ¢ dopmyson | — | =| — — | (cmpaBemIMBOM
ox), \ou),\ ox ),

JUIA CiIy4dasi IByX IIEPEMEHHBIX, Koraa Y = y(x, Z) uu= u(x, Z)) HMEEM
(asq] [as ] (qu] H(asq} :[asqj (aqu @)
OTph - Hq N O ph - Tpn ), \@Yq ), | OTpn ),

054 Cq 0Sy Cq
a u3 (68) u (70) cnemyert, uto | ——— = : = ——, TO COOTHOIIICHHS
oH Ton ouU Toh
q/p p q p

ph

(71) MosxHO 3amucaTh B BUJC

Cop =(0Hq 10Ty )ph, Cqv =(0Uq /0T ), - (73)

YpaBHEHHE, YCTAaHABIMBAIOILIEE CBA3b MEXKAY TEIUIOEMKOCTSIMHU CP u CV, MO-

KeT OBITh TOJYYEeHO CIenyonuM o0pa3oM. B COOTBETCTBUHM C COOTHOIIECHUEM (CM.

CI)I‘-IGB, 1991)
(82) (82] (8xj (82)} (8yj | (74)
omJj,  \oxJy\om/, oy ),\om),

SBJIIIOIIMMCSL CIEACTBUEM BBIpAXEHUS Il MOJHOro auddepeHimana Q(yHKUUN

z=2z(X,Y), MOXKHO 3anucarh (rosnaras 1 =X)

os os os
{_Q] :[_qJ +£_Q] ( v ] | 75)
Ton Jp \Ton ), LV Ton Jo,

Orcrozia, ucrnob3ys ypaBuenne Maxcseiuia (0S q/GV)Tph: (GPph/T ph)V’ TOJTyIUM
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Cp—Gy =—5(oPoy 10Ty, (0 10T, )Pph . (76)

9T0 BBIPAKCHUC MOXHO HIPCACTABUTL B APYIrOM BHJC, CCJIUM HCIIOJIB30BATb C6A3KY

Mpéx NpousBoOHvIX % a—x a_y =—1 (cnexctBue cootHomenus (74) mpu
ox ) \oy ) \ 0z
y z x
m=x, n=z (Coiues, 1991), n3 KOTOpOIi ciemyer
(0Pph /0Tpn ), =—(0V 1T p )Pph (6Pgn 10V )Tph . (77)
C yu€tom (/7) CBSI3b MEXY TEINIOEMKOCTSIMU MIPUOOPETAET KIACCUUESCKUN BUI:
T 2
___ph
Cp-Gy = —C—Z(aV /0T )Pph /(v 1 8Py, )Tph . (78)
q

Takum oOpazom, ctangapTHas opma TEPMOJIMHAMUYECKUX COOTHOIIEHUH (68) u
(73) nns ypaBHEHHUS COCTOSIHMSI M TCIUIOEMKOCTH IO3BOJIICT 3aKIIIOYUTh, YTO OHHM

OCTAar0TCA MHBAPHAHTHBIMU OTHOCHTCIIBHO HeaI[I[I/ITI/IBHOﬁ MOI[I/I(bI/IKaI_II/II/I HnX KJIaCCH-

YecKMX aHanoroB. IlogdyepkHeM BakHbI (akT, uto Temmepatypsl | =1/ wu
Tph =1/ Bq HE 3aBUCAT OT BHIOOpA HYJIsS DHEPIHH, M MOITOMY OHHU JOIYCKAOT (H3H-

YECKYI0 MHTEPNPETALNI0. 3aMETUM, UYTO B JIONOJHEHUE K CTpyKType Jlexkanmpa pas-
JIMYHBIC OPYIrU€ BaXHBLIC TCOPCMBI U CBOMCTBaA OCTAalOTCS q-I/IHBapI/IaHTHBIMI/I (CM.
Tsallis, 2009).

3. KBaHTOBas1 0OTHOCHTE/IbHASI SHTPONHUS B CTATHCTHKE
Tcanamca. O6o00mennas H-teopema boasumana

. 1 XA
Hapsiny ¢ xBanTOBOI mapameTpudeckoil sntpommedt Sg(p) = 1 Sp (p - pq)

000011IéHHAs KBAHTOBAasi OTHOCHUTENIbHAS SHTPOIHUS (KBaHTOBas HH(DOPMAITUS pa3Iudmns

Parbe—Kannanmana (cMm. Abe, Rajagopal, 2003;Abe, 2004))
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A A 1 R
Kq(p:6)=r=—|1-Sp(p%%) | =

= 5p| ping (65 7] | = Sp[ 3%(Ingp—Ing ) |=~Sp(p9Ing6) -S4 () (79

OTHOCHUTCSI K Han0OoJee CyleCTBEHHBIM CTATUCTUYECKUM XapaKTePUCTUKaM KBaHTOBO-
MEXAHUYECKOH g-CHCTEeMBI. SIBIAACH (YHKIMOHAIOM, OHA XapaKTEpU3yeT IEePEXOj
CHCTEMBI OT COCTOSHHS C MaTpUIlell IIOTHOCTU P B COCTOSIHUE C MaTpHIlell G , Koraa
CTAaTMCTUYECKUE HAOIIOEHHS BETyTCS OTHOCUTEILHO COCTOSHHUS P .

Jlerko mnokasartb, 4To B Hpezele ciaboii cazu g — 1 Bemmunna K q (f) : 6) nepe-

XOIMT B TPAAUIMOHHYIO KBAHTOBYIO OTHOCHUTEILHYIO SHTPOIMUIO MATPUIEI G II0 OT-
HOIIEHUIO K MaTpulie P (MIM B KBaHTOBYIO pasiuyaiontyio uHdopmamuio Kynnba-
ka—JletiOnepa)

;EKq(@:é):Kl(ﬁzé):

5 (80)
= Sp{ﬁ[lngﬂ =-Sp| pIn& |- S, (p).

JelicTBuTeNBHO, B penerne g — 1 umeem

_ A . N A q_l_ ~

- qu{p[l expIn(p/6) } (81)
]. Val Ve VaN VaY N Vay

= ESP{PD _1—(01—1)1n(P / G)]} - SP{P{IH H} =K (p : G)'

Borinyk/10cTh 00001IEHHOW KBAHTOBOW OTHOCHTEJbHOHW JHTpomuM. [loka-

oo

JKEM, 9TO SHTPOTIHS Kq (;3 : 6)sIBn51eTcs1 BCIIECTBEHHBIM, BBITYKJIBIM M TIOJIOKHUTEIb-
HbIM (OTpHLATEIbHBIM) (GYHKIHOHAIOM ¢ MHHHMYMOM (Makcumymom) mpu g >0
(q < O). DTO MOXKHO CHeNaTh, WCIOIb3yS KBAHTOBYIO OTHOCUTEIBHYIO SHTPOIHIO

(79), npeoOpa3zoBaHHYIO K BUIY
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A R VN _ A A _ A B A
Kq(p.c)—Sp(anqp) Sp|p p anc
U HepaBeHcTBa (29), 3anmrcaHHbIe B BHJIE

A

Ln_o
7710, ecaug<O.

9-1 >0, ecaug>0;
SP(anqp)—Sp p 7

Q> |

B pesynbprare nonyunm
K, (p:6)20, (920); K (p:6)<0, (q<0). (82)
Takum oOpa3om, 00001IEHHAsS KBAHTOBAasi OTHOCHUTEIbHAsI SHTPOIUS HEOTpHIla-

TeNbHA, T.e. QyHKIMoHan K q (8 : ﬁ) npu g >0 ynoBnerBopsieT TakoMy ke 0000IIEH-

HOMy Hepaeserncmey Kneiina K ([3 : 6) > (0 (sBysromEeMycsi KBAaHTOBBIM aHAJIOTOM He-
paBeHcTBa ['n60ca st undgopmaruu paznuuns Kynpbaka—Jleitbnepa (cm., Hampumep,
Konecuuuenko, 2018a)), kak u keanmosas omuocumenvHas s3umponusi pon Hetimana

(K4 (;3 : 6) > (), a HOTOMY MOKET UCIOIB30BATLCS IS TeX ke 1eieit. OmHako B pac-

CMaTpUBAEMOM ClIydae HMMeEeTcs cBoOoja BbIOOpa mapaMeTpa JedopMaluu g, 49To
TIO3BOJISET aICKBATHO MCCIICIOBATh HEAKCTCHCUBHYIO KBAHTOBYIO CHCTEMY.

[Ipy P=G uMeeM paBEHCTBO Kq ([3 ﬁ) =(. Takum 06pa3oM, KBAHTOBAas MH-
dbopmanus pazmuuusa Parbe—Kannanmana siBisieTCS 3HAKOOMpeAeNEHHON (QyHKIMEH
JlanyHoBa.

HBZII[}II/ITI/IBHOCTI) KBAHTOBOM OTHOCHUTEJIbHOM IHTPOIIUH IJIA HE3ABUCUMBbIX

cucreM. [lycts cocrosinre (HU3MIECKOl KBAHTOBOM CHUCTEMBI OMTUCHIBAETCS HOPMHUPO-
BaHHBIMH COBMECTHBIMU PACIPEACICHUSIMHU ONIEPATOPOB MIOTHOCTH [3(1 2) = ;31 2y ;32
u G(15) =01 ® Gy HpU CTATHCTHYECKOH HE3aBUCHMOCTHU ABYX (PH3HYECKHMX CHCTEM.

KBaHTOBBIE OTHOCUTEIBbHBIC OHTPOIINU OJII HCOKCTCHCUBHBIX COBOKynHOﬁ Hn OTAC/Ib-

HBIX CUCTEM OIIPCACIIAIOTCS BbIPAKCHUAMUA
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1

_ap(ad a1
1_q[1 Sp(p(l,z)cs(l'z))] (83)

Ka(Pa2):16a2))=

. 1 gl . 1 gL
Kq(pl:cl)sl—[l—Sp(pfci q)] Kq(p2 :Gz)sfq[l—Sp(pgcé q)}, (84)

Trac yCJIOBI/ISI HOpMI/IpOBKH NMCIOT BHU/
SpPP(1,2) =SPP1=5PP2. SPS(1 2 =SPS1=5pG;. (85)
OTcroza cieyeT, 4To KBaHToBas UH(popManus pasnuuus Parbe—Kannannana o6mana-

CT CJIICAYIOIINM CBOﬁCTBOM IICCBAOAAANTHUBHOCTU AJIA HE3AaBUCHUMbBIX CUCTEM
Kq(Pa2)1602))=
= Kq ([51 . 61)4- Kq (f)z . 62)4‘ (q —1)Kq ([51 . 61) Kq ([52 . 62) (86)

IIpu g=1 u3 (86) cieayer CBOWCTBO anAUTUBHOCTH M KBAaHTOBOH MH(OpMa-
wust pasnuans KynsOaka—Jleitonepa K (ﬁ:&)ESp[ﬁln(ﬁé_lﬂ B KJIACCHYECKOM

Mojenu ¢ mepoi pon Heiimana.

(I)OpMyJIa nmepexoaa CHCTEMBI 0T IPOU3BOJILHOTO B PABHOBECHOE€ COCTOSTHME.
HYCTB pPaBHOBCCHAsA HCAAAWTHUBHASA KBAHTOBAA CHUCTEMA HAXOAUTCSA B TCPMOCTATC C

Temnepatypoii 1/[B. Jlns ompemeneHuss paBHOBECHOTO OIEPATOpa IUIOTHOCTH O

HAXO0JIUM O€3yCJIOBHBIN AKCTPEMYM JIarpaH>kKHuaHa
S ( qH)
L(6)=-Sp(6Lng6)—-B———=—-ASpé, mme ¢q=Sps.
Cq
B pesynbprate mojgyduM CHEAyrOIIEe KaHOHUYECKOE PACHPENECICHHUE IS HOPMHUPO-

BAHHOM MaTpPULbI IDIOTHOCTH B KBAHTOBOM cTaTUCTUKE Tcaiuca:

S0 Ba) =5 i A-B[(A00-U) | . e

(B)

rIe

Uq=5p[éqH(x)]/Sp8q, By =B/, &q=Sp&Y, (88)
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Zvq (ﬁq) = Sp {equ |:_Bq (I:I (X) _Uq ):|} (89)
— CTaTUCTHUYCCKAA CyMMa.

Hcnonp3ys kaHOHUYECKOe pacnpeneneHue (87) s TepMocTara ¢ TeMIepaTypoi

1/B MO0XHO HalTH COOTBETCTBYIOIME 3HAYEHHUS SHTPOIUH S Inq Zq, SHEPTUu

L]q =Sp(69H)/Sp&Y u croBoxHoii sHEpruu Ifq zqu —Balgq JUIE KBaHTOBOM
CHCTEMBI, HAaXOJSAIIEHCS B PaBHOBECHOM coCTOsHUH. JluddepeHiupys BhIpakeHHE

~ ~

Sq =In q Zq, MOKHO TOJIYYHTh MOJHYIO CUCTEMY TEPMOAMHAMUYECKUX PABEHCTB IS

3aMKHYTOW CHUCTEMBI, 000OIIAOIIYIO KIACCUYECKUE KBAHTOBbIE COOTHOIICHHS HA PaB-

HOBECHBIE KBAHTOBBIE g -CHCTeMbI (cp. ¢ popmynamu (41)-(43)):
=pdU,, d(BFy)=Uydp. (90)

PaccMoTpuM Tenepp CIIOHTaHHBINA MEPEXOJ MEKIY IMPOU3BOJIBHBIM COCTOSIHUEM

CHCTCMBI C ManI/I]_IeI\(JI IUIOTHOCTH P M €ro paBHOBCCHBIMM COCTOSHHEM C ManHHeﬁ

wiotHocTH G . [loacrasnss (87) B BeIpakeHHe CqKyq (8: ﬁ), B pe3yJbTare MOJYYHM

HEPABEHCTBO
CqKq (f’ é) - 1q [éq - Cqu(ﬁqél_q )J B
&y Sp{p?[1- - g ((H 0 -Ug) ]}
= 1—q =
Cy—Cqt Cq(l-mByUq-Uq)  1-¢, L 1=c - -
_Cq=Cqt G = qq"Yq) _ e q) . q) CeBqUg-Ug) = (91)

=8-S+ o (Ug-Uq) =54 -5, +Bq8p[ﬁq<|:|(X)—U~q)]

COBIIaJAOIICC IIPH q :l C HU3BCCTHBIM TCPMOAMHAMHYCCKHUM HCPABCHCTBOM AJIA

nHpopmarun pasmnuns Kyns6aka—Jleiibaepa /st aIJUTHBHBIX KBAHTOBBIX CHCTEM.
Hepagencreo Kaaysuyca. Bapbupys omeparop CqKg ([3 : 6) OTHOCHTENIHHO

MAaTpMIIBI TIIOTHOCTU P, T.€. cuutas, 4to P —> P+ 8P u Sp(8p) =0, nomyuum
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6dKq(p:P)=- ssq(@)+[§q5p[5f>q G (x)—Uq)]. (92)

3,ZIGCI> HCIIOJIB30BaHO HpCO6p&30BaHI/IC

. Sp(p—p Sp(5 -5 Sp(6—0%) -~ i
S4(5) = p(o—p") , SP(P—P") SP(p p):SquSSq(p).
q-1 q-1 q-1

VuuTteiBas Teneph BuipaxkeHue (59) s Bapuayuy KOJMYECTBa TEIUIOTH, OCTY-
HAOIIEro B CUCTEMY S'Qq = Sp[Sﬁq (H - Uq)} / Cq ., mepenuiuem Bbipaxenue (88)

CISAYIOIIUM 00pa3omM
€43Kq (P :5)=BQq 354 (p). (93)

Vcrionb3ys Teneph TOJNOKHUTENBHOE YHUTAIbHOE oToOpaxkenne p—> P+ dp=A(p)

(IIOJTHOCTBIO COXPAHSIOIIEE CJIE), MPEACTABUM BapHALHIO 8Kq (6 : A) B BHJIC:
5K (,5 : 5) = 5K, (A(@) : 5)—5Kq (@ : 5). (94)

B pa6ote (Abe, Rajagopsal, 2003), 661510 MOKa3aHO, YTO TOJBKO €CIIU MapaMeTp Jie-

dopmarun g nexwur B untepsane ( € (0,2), To cripaBeUIHBO cieyIoLIee HepaBeH-

CTBO
5K (A(ﬁ) : 5)—5Kq (f) : 5) <0. (95)

CnenoBarenbHo, npu yuéte (87)-(89) MokHO MoyduTh Cieayroiiee (GpyHIaMeHTalb-
HOe HepaBeHCTBO Kiaysnyca

' ~N
Bo'Qq <3854(P), de(0,2), (96)
CBSI3BIBAIOLIEE SHTPONUIO 3aMKHYTOM KBAHTOBOW CUCTEMBI C TEIUIOTOW U TEMIIEpaTy-
pOH.
Takum oOpa3zoMm, BTopoii 3akoH TepmoguHamMuky (90) B KBaHTOBOW TepMOJIMHA-

muke Tcannmca Takxke CIIpaBCaAJIUB, YTO COINIaCy€TCsda C IIPHUHIUIIOM TCPMOAWMHAMUKU

B KJIAaCCHUYECKON KBAaHTOBOW TepMoauHaMuke (cM. ¢pon Heviman, 1964). OaHako B 0T-
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JINYUC OT HOCHGHHGP'I, OH CIIpaBCIJINB TOJIBKO IJIA 3HAYCHUM 3HTpOHHI>iHOFO HNHJCKCA,

orpanudeHoro natepsanom g € (0,2), a 11 KBAHTOBBIX CHCTEM € § > 2 OH Hapyla-

ercsi. OTMETHM €€ OJTHO 0OCTOATENBCTBO. B Kiaccuyeckoil TepMOAMHAMUKE BTOPOM

3aKOH OIpEJIENsIeT HApPaBICHUE PeaJbHO OCYIIECTBIIONINXCS mporeccoB. CiemnoBa-
!’ 19
TeNBHO, anuabarnyeckue neodpatnmble npoueccsl (8'Qq = 0) B kBaHTOBOI TepMOAN-

Hamuke Tcamnuca, corjiacHo HepaBeHCTBY (90), MOryT IPOMCXOJUTHh B HANpPaBJICHUU

pocTa SHTPOITHH TOJBKO [T 3HaueHuit mapamerpa nedopmarmu( € (0,2).

H-teopeMa B kBaHTOBOM craTucTuke Tcamnmuca. CpaBHUM Tenepb 3HAYCHUS H-

tpormi Kitaysuyca st IByX COCTOSIHMM KBaHTOBO-MEXAHUUYECKOM CUCTEMBI C pacrpese-

JIEHUSIMU P ¥ P TipH ycroBuu [ uG0ca, T.e. PU 0JIMHAKOBOCTH CPEIHUX SHEPIHIA

Sp(AP,) = Sp(AP). ")

~

C yuérom ycnosus Cy = (Zq )1—q> O u cBoiicTBa BhIMyKIOCTH (82) MH(pOpPMAIMK pa3-
mnunsi Patee—Kannanmnana, u3 (85) momy4yum

Kq(p:p)=Sq()-Sq(6)20 q<(0.2) (98)

13 nepasencts (92) cnemyer o6oOméHHas Teopema I'mbOca: kBaHTOBas (-

SHTPOIHS PABHOBECHOI'O COCTOSIHUMAKCHMAJIbHA §q (6) 2 S (p?) mpu 0<g<2
13 (92) Takxke BBITEKAET, YTO MPH YBEIMUCHUU DHTPOTUN Sq(ﬁq) — gq(é), 1o-

JIOKUTCIIbHAsA MCpa HH(bOpMaHHH pasiiiansa YyMCHbIIACTCA, T.C. UMCCT MCCTO YMCHb-
IIICHUE CTaTUCTUYCCKOM YHOPAAOUYCHHOCTH B MUKPOCOCTOSHUAX KBAHTOBOM HEAKCTCH-

CUBHOU CUCTEMBI.
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CoriacHO CBOMCTBY BBITYKJIOCTH (82), KBaHTOBast MHPOpMAIHs pa3nuuuns Parbe—
Kannanmana siBisieTcst 3HakoornpeaeneHHon ¢ynkuueit JlsmyHoBa. UToOBI cocTOsTHUE

IIOJIHOT'O PaBHOBCCHA OBLIIO0 YCTOﬁqHBLIM H€06XOI[I/IMI>I CICOYIOIINC HepaBCHCTBaJr

%[EqKq GE ,3)} - —%[sq (%)-8, (5)} <0 mpn0<q<2.  (99)
Taxkum 06p2130M, IIpu CTPpCMIICHUNU CUCTCMbI K paBHOBCCHOMY COCTOAHHIO BO BPCMCH-
HOM 5BOJIIOIMK WH(OPMAIUsA pasinuus yMeHbiraercs. M3 (93) ciemyeT 3akoH Bo3pac-
TaHUS SHTPOIINHU Tcammuca co BpEMCHCM B KBAaHTOBOU HeaﬂﬂHTI/IBHOﬁ CTAaTUCTUYECKOU

MCXaHHKE

dSq p

———>0 mpu 0<Qg<2, (100)
dt

KOTODBIN CIPaBEUIMB TPH MPUOIMKEHHH K COCTOSHMIO IOJIHOIO CTaTHCTHYECKOIO

paBHoBecust (H -treopema bonbimana). Takum o00pazoM, MpPOUCXOIUT XaOTH3ALUS

MaKpOCKOHH‘ICCKOf/'I CHUCTCMBI ITPH CIIOHTAHHBIX IIEPEXOodax.

3aKJII0YeHue

O061acTh HEIKCTEHCUBHON (HEQAAUTUBHOM) CTATUCTUYECKON MEXaHUKU B HACTO-
Aiee BpeMs mepekuBaeT a3y WHTEHCUBHOTO pas3BuTHs. OOCyX maroTcs paziudHbIe
MOAXOJbl U UJIEH, B TOM YHCJIE METOJbl UCCIEAOBAHUS PAaBHOBECHBIX M HEPABHOBEC-
HBIX COCTOSIHUM, O0a3upyroIuecss Ha CTaTUCTUYECKUX MOJACISIX C MapaMeTPUUYECKUMHU
byHKIIMOHATIAMU JUTsl D)HTpOnui. B cilydae KBaHTOBBIX CHCTEM, OMUCHIBAEMBIX METO-
JIOM CTaTUCTUUYECKUX OMepaTopoB (MaTpUIlaMH TJIOTHOCTU) KOMIUIEKCOB YaCTHUIL, ObI-
JIY TIOJTy4eHbI 0000IIeHUS psisia STUX GYHKIIMOHAIOB i cTaTucTUK depmu—/{upaka u

boze—DuHinreiina.

2 HamomuuMm, uto ¢yHknuen JIsmyHoBa Ay TaHHOW CHCTEMBI Ha3bIBACTCSI 3HAKOOIPEACIIEH-
Hast (DyHKIUS, KOTOpas 0OpaiaeTcss B HyJlb B TOUKE paBHOBeCHsI CUCTEeMbl. COCTOSIHHE paBHOBECHS
SIBJISIETCSL ATTPAKTOPOM, KOT/Ia IIOU3BOHAS IO BpeMeHH OT (yHKINH JIsSmyHOBa MMEET 3HaK, MPOTH-
BOIIOJIOXKHBIN 3HAaKy caMoil (QyHKITHH.
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B nannHo#i pabote aiisi onMcaHus KBaHTOBO-MEXaHUYECKON HEIKCTEHCHUBHOW CH-
CTEMBI TaKXe MCIOJB30BaH (hOPMaIM3M MATPHUIIBI TUIOTHOCTH, OMMCHIBAIOIINNA CHUCTE-
MBI, KBAHTOBBIE COCTOSIHUSI KOTOPBIX M3BECTHBI HE MOJIHOCTHIO0. Kpome 3Toro, mmpoko
WCITOJIB30BaH OOBIYHBIN (hopMam3M (HEHOMEHOJIOTHYECKOW TePMOJIMHAMUKHI, TPUIEM
MPaBUILHOCTh OOOMX OCHOBHBIX Hayal TEPMOIWHAMUKH, Bcaed 3a ¢GoH Helimanowm,
noapazymeBaeTcs. C ydyeToM 3THX MPEANOJIOAKEHUN IMOIyYEeHAa PaBHOBECHAs CTaTHU-
CTUYECKAsT TEPMOJAMHAMHUKA KBAHTOBBIX HEAKCTEHCUBHBIX CHUCTEM W OINPEICIHECHBI €€
TepMOJUHaMHUeckue cBoicTBa. [IpoBereHHOE paccMoTpeHue Oazupyercs Ha JBYX
dbyHKIIMOHATaX — KBAaHTOBOM mapameTpuyeckoi sHTponuu Tcamiuca u 0000mEHHON
KBAaHTOBOM paznuyaronieid nHdopmanuu Parbe-Kannanmana. BeimonHeHHBIN aHanu3
KBaHTOBOM CUCTEMbI OCHOBBIBAETCS HA CTEIIEHHOM PaBHOBECHOM pACHPENECICHUU MaT-
PHIIBI TUIOTHOCTH, MOJTYYEHHOM U3 YCJIOBUS aOCOMIOTHOTO SKCTPEMyMa KBAaHTOBOM SH-
Tponuu Tcaiuca npy 3aJaHHOCTH CPEAHEN SHEPTHMU U CPENHETO YMCIIA YaCTHIL JJIS
aHcaMOJIsl KBAHTOBBIX CHCTEM, a TAKXKE HA OCPETHEHNN HAOIIOJAEMBIX 110 SCKOPTHOMY
pacnpenenieHuto. B pe3ynpTaTe nmojaydyeHo 0000IIeHMe Ha KBAHTOBBIN ciiydail HyJ€BO-
ro 3aKOHa TEPMOJAMHAMHUKHU JUIS JBYX HE3aBUCHUMBIX IOJCHCTEM IIPU UX TEMIOBOM
KOHTAKTE U BBEJICHA TaK Ha3biBacMas (puiznueckas Temreparypa, OTJIMYHasi OT UHBEP-

cun MHoxutens Jlarpamka 3. C npusiedeHreM 0600MIEHHOIO MEPBOTO 3aKOHA TEP-

MOJMHAMUKHU U peoOpazoBanus Jlesxxanapa HaieHbl MOIU(UIIUPOBAHHBIE TEPMO/IH-
HAMUYECKHE COOTHONIECHHSI HA OCHOBE BBEIEHHOM 3HTponuu Kiay3myca, KOTOpbIE OT-
JIMYHBI OT BBIBEJCHHBIX PAHEE TPATUIIMOHHBIM ISl CTATUCTUYECKON MEXAHUKH CIIOCO-
o6oM. C HCMOTB30BAaHMEM CBOMCTBA BBIMYKJIOCTH paszinyaromieid nHpopmamnnu Patbe-
Kannamnmnana (000OIIEHHON Ha KBaHTOBBIM Cliydai) 00CYKIaeTcsl BTOPOM 3aKOH Tep-
MOJIMHAMUKN KBAHTOBBIX CHCTEM. M3ydeHbl TakKe CIIOHTAHHBIE MEPEXOJbl MEXKIY
CTAlMOHAPHBIMH COCTOSIHUSIMU CJI0KHOM KBAHTOBO-MEXaHMYECKOW CHCTEMBI U JOKa-
3aHa H-teopeMa bosibiiMaHa.

Pa3BuThli moaxoja Mpeanosiaraet MCIOJb30BAHUME HEIKCTEHCHUBHOW KBAaHTOBOU
TEPMOJIMHAMHUKH B PA3JIMYHBIX KBAHTOBBIX TEXHOJIOTHAX, CBSI3aHHBIX, B UaCTHOCTH, C

MOJCINPOBAHNEM TCILJIOBBIX KBAHTOBBIX 3(1)(1)CKTOB B PA3JIMYHBIX H&HOYCTpOfICTBaX.



36

Hpunoxkenne: CTaTuCTHYECCKHE ONIEPATOPHI KBAHTOBBIX CHCTEM

HarmoMHHUM HEKOTOpbIE MOHSATHS CTATHCTHYECKONW MEXAHWKH KBAaHTOBBIX CHCTEM
B TOM Mepe, HACKOJIBKO 3TO TpeOyeTCs IS MOHUMAaHUS JalbHEHIIero (CM., Halpumep,
3ybapes, 1971, ¢hon Hetiman, 1064)

Yucrhie KBAHTOBbIE COCTOSIHMSA. B oT/IMYMe OT KIaCCMYECKOW CTaTUCTHYECKOM
MEXaHUKH, B KOTOPOH MHKPOCKOIMYECKOE COCTOSIHUE CHCTEMBI OMUCBIBAETCS TOYKOM

n,n
r={x"p"}={xy,...x,;p{,....p,} B 6n-MepHOM (Ha30BOM MPOCTPAHCTBE, a FBOIIO-
1Msl COCTOSIHHSL BO BPEMEHM — YpaBHEHUAMHU [ aMMJIbTOHA, B KBAHTOBOM MEXAHUKE CO-

CTOSTHUE TUHAMUYECKOW CHCTEMBI ONKMCHIBACTCS BOJHOBOW (DYHKITHCH w(xl,..., xn,t)

(wm, kopoue,\(x,t), rie X — COBOKYIIHOCTH KOOPIHHAT X1,--sX,,), 3a/laHHON B

TMJILOEPTOBOM IPOCTPAHCTBE U 3aBUCHIIEH OT BPEMEHU M KOOpJAUHAT YAacTHULl, WIN OT
JIPYrof CUCTEMbI OJHOBPEMEHHO H3MEpPSIEMbIX (PU3NUYECKUX BEIMYMH. 3aMETHM, YTO
UCIIOJIb3yeMbl€ B KBAHTOBOM MEXAHUKE BOJIHOBbIE (DYHKIMHM B OOILIEM Clydae KOM-
IJIEKCHO3HAYHBI 1 HOPMHUPOBAHBI HA €AMHULLY:

(v B b)=1, (1)

I/ 3B€3/I0YKa O3HAYaeT OIEepaluio KOMIUIEKCHOTO comnpsbkeHus. CKOOKHM 03HayaroT
CKaJISIPHOE MPOU3BeeHNEe (PYHKIIUN B THIILOEPTOBOM MPOCTPAHCTBE COCTOSIHUIA, T.€.

(wi.w2)= [wiCwz(x,0dx. (11.2)

JInHaMU4YeCKre TEePEMEHHBIC B KBAHTOBOM MEXAHHWKE MPEACTABIISAIOTCA JIMHEU-

HBIMH CaMOCOMPS)KEHHBIMU  (SPMHUTOBBIMU ) onepaTopaMHi) A, neiicTByrommMHu B
TMJILOEPTOBOM NMPOCTPAHCTBE COCTOSHUN Ha BOJHOBBIE (DYHKIUHU Y (najee omeparo-

pbl OyzmeM 0003Ha4YaTh OYKBOW CO «IUIANKOM» Ham Heil). VX crekTp ompeaenser Bo3-
MO>KHBIC HaOJTI0/TaeMble 3HaUYCHUS (HU3NUecKuX BeananH. CpeaHee 3HaUeHUEe TUHAMH-
4eCKOM MmepeMeHHOM A B IPOM3BOJILHOM KBAaHTOBOM COCTOSIHHM \J/ OTIPEIENISIETCS BbI-

paxeHuem

A A

+ o
" HanomunM, 4To omepatop A" HasbIBaeTCs CONMPSIKEHHBIM oneparopy A, ecim s Kaxaoi

napbl yHKIHMA Y U |, UMEET MECTO COOTHOIIECHUE <\|Jl, A\|l2> = <A+\|11,\|12 > OpMUTOB (WITH

5 - PO
caMoCOMpPsKEHHBIN) oneparop A comamaer co cBouM conpsokeHHbM: A= A" . CoGCTBEHHbIE 3HA-
YEHUsI SPMUTOBBIX OMEPATOPOB SIBISIOTCS IEUCTBUTEIILHBIMUA YHCIIAMH.
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A * ~
(A)=(v" Ay). (I1.4)
9Ta (I)OpMy.TIa HacT TOJIBKO BCPOATHOCTHOC IIPCACKA3aAHHC O Ha6JIIOI[aeMBIX 3HAUYCHUAX
J'IIO6I)IX (1)PI3H‘I€CKI/IX CBEJIMYUH. JIMIIb B YaCTHOM clIydac, Koraa \|] CCThb CO6CTB€HH3}I

A

byHKIHMS omepaTopa A, dopmya (I1.4) maet TOYHOE 3HAUCHHE BEIUYUHBI A B COCTO-
SHUU .

CraTucTvYecKHe acleKThl KBAHTOBOM MEXaHUKU OIMCBIBAIOTCS C MOMOILBIO aH-
camOJIs1 HEB3aUMOJEHCTBYIOINX «KOIUIDY CUCTEMBI, HAXOJAIINXCS B OTHOM U TOM K€
KBAHTOBOM COCTOSIHUM \J/ . BBEIEHHBIN TaKMM CIIOCOOOM CTAaTUCTHYECKHI aHCaMOJIb

Ha3bIBAE€TCSI YUCTHIM KBAHTOBEIM aHCAMOJIEM.

CMemiaHHbIe KBAaHTOBBIE aHcaMO1u. B 6osee o61ieM ciryyae B KBaHTOBOH CTa-
TUCTHYECKON MEXaHHMKE BBOJSATCS TaK Ha3bIBa€MbI€ CMEIIaHHBIC aHCaMOJIU, KOTOphIE
OCHOBaHBI Ha HEMOJHOM Habope JaHHBIX O cucrteMme. PaccMoTpum aHcamOI1b, COCTOSI-
U U3 OOJIBIIIOTO YKCIIA TOXKIESCTBEHHBIX HEB3aUMOJICHCTBYIOIIUX KOMUM TaHHOM CH-
CTE€MBbI, KOTOPBIE MOTYT HAXOJAUTHCSI B HEKOTOPBIX PA3JIUYHBIX KBAHTOBBIX COCTOSHUSX

v, (r=1,2,.). Tlpu otom onpenenensl mumb BepostHocTH W, (W, >0,
Zr w, =1) o6HapyXnTh CHCTEMY B KaJOM U3 BO3MOXHBIX KBAHTOBBIX COCTOSHHUIA.

Torna cpennee 3HaUeHHUE 000N TUHAMUYECKOM BEIMYMHBI A B CMEIIaHHOM aH-
caMmOJie ompeIeIIsIeTCSl BRIpaKeHUEM

(A)=>we (wr. Ay ). (1L.5)
:

* A A
rae (\Vr’ A\pr) — KBAaHTOBO-MEXaHMYECKOE cpeHee oneparopa A B cocTosiHuu 7. B

Cily4ae YMCTOro aHcamOJIs BCE BEPOSITHOCTH T, PABHBI HYJIIO, KPOME OJIHOM, PaBHOM
CAUHULIE.

JInst u3y4yeHus CMEIIaHHBIX aHCaMOJell BBOJUTCS CTATUCTHUYECKUUN omepaTop P

CIIEIYIOIIUM CIT0co00M. JIJIst 3TOro 3amuIineM JHHEHHBIN onepatop A B MAaTPHYHOM X
-IIPEJCTaBJICHUH, ONIPEICIINB €r0 C MTOMOIIBI0 MATPUYHBIX SJIEMEHTOB

Ay(x) = I ACX, X )y(X) dX'. (I1.6)
[Toncrasinss (I1.7) B (I1.6), mosyuum
<A> = [ ACx, X)) p(x, X")dxdx' = Tr(Ap), (I1.7)

rac

A, XT) = D Wy (X) wry (X)) (T.8)
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— CTaTHUCTUYECKHI OIepaTop B MAaTPUYHOM X -IIPEICTABICHUMU, KOTOPBI HA3bIBACTCA
MmaTpuniedt motHocTH. Cratuctrueckuid oneparop (I1.8) 3aBucut otr 21 mepeMeHHBIX

/

s PR S . i

A

3aMCTI/IM, YTO CTAaTUCTHUYCCKHUM oreparop P ABIACTCA 3PMHUTOBBIM, OH IOJIOXKH-

TEJBHO OIpeNesieH, T.e. HE UMEET OTPHUIATEIbHBIX COOCTBEHHBIX 3HAYEHHM, U TIOTIH-
HSIETCS YCIOBHIO HOPMUPOBKH

Spp=1, (I1.9)

Tak Kak Spp = J. p(x,x)dx = Zwr (\V:,wr) =1. Kpome TOro, €ciu 4mciio 4acTuil B
r

KBAHTOBOI cHucTeMe He (PMKCHPOBAHO, TO 11 UTPAECT POJib JOMOJIHUTEIHLHOIO KBAHTO-
BOI'O YHCJIA, XapaKTEPU3YIOLIEr0 BO3MOXHBIE COCTOSIHMS, W CMEIIAHHBIA aHcamOJib
JOJIKEH BKIIFOYATh CUCTEMBI C PA3JIMYHBIMU YHCIIAMH YaCTHUL.

®opmyna (I1.7) ynoOHa Tem, 4TO WIMYyp MATPULIbI HHBAPHUAHTEH OTHOCUTEIBHO
YHUTapHBIX MpeoOpa3zoBanuil oneparopos. [loatomy ¢opmyna (I1.7) He 3aBUCHUT OT
IPEICTABIICHUS OIIEPaTOPOB Au p.

YpaBHenue JInyBULJIA B KBAHTOBOM cJiy4yae. PaccMOTpUM 3BOIIOLIUIO BO Bpe-
MEHHU CTaTUCTHYECKOrO omeparopa Jyuisi aHcaMOJIsl CUCTEM € TraMUJIbTOHUAHOM H , KO-
TOPBIA MOXKET 3aBUCETHh OT BpeMeHU. CTaTUCTHYECKUN ONEpaTop B MOMEHT BPEMEHHU

umeer Bux (I1.7), rone W, He 3aBHCAT OT f, TaK KaK OHU COOTBETCTBYIOT PacIpeerne-
Huto BepositHocTel nipu = 0. Oyukiun Y, (X, 1) — pemenns ypasuenus lpeaun-
repa (I1.5), ymOBIETBOPSIONINE HAYAILHOMY YCIOBHIO \|fr(X,t)|t=0 =y, (X), rae
WY (X)— HekoTOpas cucTeMa BOJHOBBIX (DYHKIIMiA, OTpPENENAIONMX CTATUCTAYECKUI

omepatop ipu £t =0

PO, X) = Y Wy (X) r(X). (11.10)

Cratuctuueckuii omeparop (I1.8) ymoBaeTBopsieT CleaylOMIEMy YpaBHCHHIO
JBYOKEHUS (KBAHTOBOMY ypaBHEHHIO JIMyBHILISL B oriepaTopHOit hopme)

., Op A A AT
zha—‘;’:[H,p}(Hp—pH), (T1.11)
rae I:I(x,x') — CaMOCOIPSDKIEHHBIN ornepaTop (raMUIbTOHHAH), NEHCTBYIOIIUNA B

I‘I/IJ'IB6CpTOBOM IPOCTPAHCTBC HA MaTpULy IIOTHOCTH P, /i — mocrosHHAs HJ'IaHKa;

zh[[ﬁl,ﬁ}zzh(ﬁf}—ﬁﬁ) — KBaHTOBBIE CKOOkM Ilyaccona. B wacTHOCTHOM ciyuae
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JJIs1 CUCTEMBI U3 71 OJUMHAKOBBIX OCCCITMHOBBIX qyacTul MaccChl 11, BSaHMOHGﬁCTBYIO-

IIAX MKy COOOH C IMOTSHIIHAIOM d)(‘x‘) , oneparop sHeprun H wumeer Bun:

R 2 n 2
e, vy =1 -2 a_ —Z@(‘ —xk‘) HS(x —xY). (I1.12)
Zm] =1 x] ]¢k ]

KOMMYT&TI/IBHOCTB OIICPATOpPOB P H H wnux OPMHUTOBOCTDH ITOKA3bIBAIOT, YTO OHU

UMEIOT OOLIYI0 CUCTEMY COOCTBEHHBIX (QyHKIMNA. [I03TOMY cTaTHCTUYECKHIA orepaTop
B Cllyyac CTAaTHCTHUYECKOTO paBHOBecusi MOxHO mpenctaButh B Buzae (I1.10), rae

W (X) — coberBennsie hynkuun rammisronnana Hy = Epy,.

3aMeTuM, 4TO B KBAaHTOBON MEXaHUKE HE BCE€ COOCTBEHHBbIE (DYHKLIHHU SBISIOTCA
JOTTYCTUMBIMU BOJIHOBBIMH (DYHKIUSIMU CUCTEMBI, a JIMILb T€ U3 HUX, KOTOPBIE YI0-
BJIETBOPSIIOT HEOOXOIMMBIM CBOICTBaAM CUMMETpUU. JIJI1 CUCTEMBI YaCTHUIl C HYJIEBBIM
WIN TEJIbIM, KPATHBIM 71, CIUHOM JOITyCTUMBI JIUIIb CHMMETPUYHBIE OTHOCHTEIHHO
OJIHOBPEMEHHOM NEPECTAHOBKM KOOPJWHAT U CIIMHOB YacCTHUI BOJHOBbIE (pyHKIMH. B
3TOM CJIy4ae rOBOPST, YTO YACTHULIBI TOAUYUHSIOTCS CTaTUCTHKE bo3se.

JIJIsl CHCTEMBI YacTHUI[ C MOJIYIEIbIM B €IUHUIAX /I CIIMHOM JOMYCTHUMBI JIHIIb
AHTUCHUMMETPUYHBIE OTHOCUTEIBHO NEPECTAHOBKM KOOPIMHAT U CIHMHOB BOJIHOBBIC
¢yHkuu. B 3TOM ciiyyae roBopsT, 4TO YaCTHIIbI HOJUMHSIIOTCS CTaTUCTHKE DepMu.

B Beipaxkenun (I1.10) ni1s craTucTHuecKkoro onepaTropa MpeanoiaracTcsi CyMMu-
POBaHKE HE MO BCEM, & JUIIb IO TOMYCTUMBIM KBAHTOBBIM COCTOSIHUSIM CHCTEMBI.

PaboTta BeimosHeHa npu yactuuHoi noaaepxxke [Iporpammer Ilpesnaguyma PAH
Ne 28 u rpanta PODU Ne 18-01-00064.
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