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BCTVII

AxkTyanapHicTh TeMmu. KBaHTOBI OararodacTUHKOBI CHCTEMH I1OCija-
I0Th BayKJIMBE MiCIle B CydacHiil eKcliepuMeHTa IbHiil 1 TeopeTudHiii izuii.
O iHuM i3 HAIPSIMKIB € BUBYEHHSI MAKPOCKOINYHUX KBAHTOBUX SBHIIL, JI0
AKUX HaJIEXKaTh, 30KpeMa, HaJIIIJINHHICTh, HA/IIIPOBLJIHICTD, & TaKOXK KBaH-
tosuii ecpext [ojuta [1-3]. PosBuTok excriepiuMenTabHIX METOJB JOCATHE-
HH¢ HQJHU3bKUX TEMIIEPATYpP 1 TEXHIKN KepyBaHHS HeNTpaIbHUMU aToOMa-
MU JIO3BOJIUB 3PEMITO0 oTpuMaT B 1995 poril HOBUil cTan MaTepil — KOH-
nercat Bose-AiliHImTaliHa — B JIA3€PHO-OXOJIO/ZKEHIX PO3PIJZKEHIX ra3ax
JyKHIX MeTasis [4, 5.

[likaBUM TTOKA3HIUKOM IIOIYJIIPHOCTI TIEBHOI TEMaTUKN MOYKE OyTH KiJlb-
KiCTb OIyOJ/IiKOBaHUX Tpallb. MoyKHa IPOC/IiIKYyBaTH, HAIIPUKJIAJ, Y BUIa-
HHsiX AMepukanchbKoro ¢dizmanoro tosapuctsa (cepist Physical Review),
mo 70 cepeaunn 1990-x poxiB B aHOTalisIX TepMiHM ‘G03e-KOHjeHcaT ,
‘Do3e-KoHlencallis’ Tparisdancs 1-2 pa3u Ha KOXKHY TUCATY cTaTel, y JIpy-
riit nosioBuni 1990-x pokiB 1eil oKa3HUX Mailzke JOCIATHYB 3HAUYEeHHH 8, a
micst 2000 poky cTabiibHO TpUMAEThCst B Mexkax 15—17 crareit ma 1000.

[leprmmumu cucremMaMi, B TKIX €KCIIEPUMEHTAIBHO JIOCATIIN CTany 0o3e-
Konercaii, cramu izorormn STRb 4], 2Na [5] Ta “Li [6]. 3rogom nepesix
PO3IMIUPUBCS IHITUMU JIYKHUMU # JIY2KHO3eMEeJTbHUMU 130TOIaMu, JIaHTa-
HOITAMU Ta JeIKUMI IHIIMHI efleMerTamu |7, 1 choromui BijoMo mpo 603e-
KOH/JIEHCAIIlI0 B CUCTEMI aTOMIB KaJlllo, 1e3110, KaJIbIlI0, XpOMY, CTPOHIIIIO,
iTepbito, AUCIPO3ito, epbifo, a TAKOXK Y CHIH-TIOJISIPU30BAHOIO aTOMapPHOIO
BOIHIO [8].

ExcriepuMenTa bai yemixu B JOCTIIZKEHH] THOI0 MAKPOCKOIIIYHOTO KBaH-
TOBOTO sIBUIINA JIAJ T HOBUI TOMTOBX 3yCUJLIAM, CIIPAMOBAHUM Ha TOOYI0-
BY TEOPETUIHUX Mojeseit omucy 6o3e-cucreM |9]. Jlist BuBuenHst ciabko-

B3aEMO/IIF0UNX 003€e-CUCTEM 3aCTOCOBYIOTH METOJI KBAHTOBOI TEOPil 1M0JIs,



sIKl TI0B’sI3aHI 3 BUKOPHUCTAHHSIM (DOPMAaJIi3My OIepaToOpiB MOPOZKEHHSI—
suniends [10-12|, a Takoyk — HabaraTo Mmmpine — 3 HeJHIHHIM PiBHSTH-
nam HIprojtinrepa (Bigomum sik pisnsmns [pocca-Ilitaescsroro [13]), mop.
[14, 15]. AkruBHO 3acTOCOBYIOTH 1 UncI0Bi Metoju [16, 17].

Cruta/iHICTD 1 BIJIMOBIIHO BUCOKA BApPTICTh €KCIIEPUMEHTAJLHIX YCTAHO-
BOK JIJIsl JIOCJIIJI2KeHHs KoHJeHcalil bose—AfHmTaiina CHpUIMHIIN 3alli-
KaBJIeHHs1 603e-CUCTEMAaMK B HUZKYUX PO3MIPHOCTSAX — JIBO- i OJTHOBUMIp-
rnx [17-19]. B okpemuii HAITPSIMOK TAKOZK MOZKHA BH/JINTH BUBYIEHHS JIBO-
komronenTnux [20-22] i 6ararokommonenTHux |23, 24| 603e-KoH/IeHCATIB.
BukopucTtanus X cUCTeM MoOKe OYTH 30KpeMa MOB’d3aHe 3 KBAaHTOBUMMU
obuncsienuamu [25].

2ZKBaBuit iHTepec dK eKCIIepuMEHTATOPIB, TaK 1 TEOPETUKIB PI3HUX JO-
CTTHATIBKUX TPy HUHI BUKJIMKAIOTH JIOCTIIZKEHHST KBAHTOBUX BUXOPIB Y
KoHjieHcaTax [21, 24, 26, 27|, a Takoxk IHIIMX HEJTIHIHUX SIBUIL, HAIPU-
KJIaJ[, KBAHTOBOI TypOyserTHocTi [27-29).

MoxKauBiCTH TOTO, MO Yy JABOBUMIPHOMY IPOCTOPI YACTUHKHU MOXKYTh
HiJUIATaTH CTATUCTUIN, BIIMIHHIN Bij 0030HHOT 9 (bepMiOHHOI, OYJIO TIPO-
nemoHcTpoBano 1977 poky [30|. BusiByisteTbest, 1m0 3aBIstKi TOMOIOTTIHITM
0COOJIMBOCTSAM JIBOBUMIPHOTO PYXY IE€PECTAHOBKA JIBOX YaCTUHOK MOXKE
CHPUYNHATU 3MiHY (Pa30BOr0 MHOXKHUKA XBUJILOBOI (PYHKIII, BIAMIHHY
Big £1: (wg,21) = €™Y(x1,32), Je o — JOBiIbHE 4mcio. 3Bigcu i
MOXO/IUTh TePMiH enionu (aHrI. anyon, Bix any — ‘Oyab-sikuii’) [31].

[IpoTsiroM ocTaHHIX JECATHIITH JIO MOHATT JPOOOBOI CTATHUCTUKU JIIs
OMUCY KBAHTOBUX CHCTEM BHKOPHUCTOBYIOTH Iy HU3KY Miaxoiis |32, 33].
Cucremn 3 JIpoOOBOIO CTATUCTHKOI HAOYBAIOTh IIOPa3 IIUPIIOro 3aCTOCY-
BaHHs K ePEKTUBHI MOJIe/i B PIZHUX Taay3dX (Pi3UKHU, Bijl BUCOKOTEMIIE-
paTypHOl Ha posigHOCTI [34] 10 Kocmosoril [35]. Takuit mepestik 30kpema,
BKJIIOUAE JipoboBuii kBauToBuil edpext Losia [36], xomonui aromui rasu 37,

siiepHy Marepito [38] 1 HaBiTh Mojesi Temuol marepii [39]. Ilikaso, 1o Ta-
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KOYK ICHYIOTB IIpalli, Jie TEMHY MaTepito pO3IJIAIaloTh SIK 003e-KOHIEHCATH
piznroro tuimy [40-42].

Tak 3BaHy BUKJIOUHY CTATHCTUKY (aHTI. exclusion statistics) MOyKHA
OB’SI32TH 13 B3a€MOJIISIME B OJJHOBUMIDHUX crcTeMax [43|, jjis onucy yiib-
TPaxoJIOJIHUX T'a3iB BUKOPUCTOBYIOTH €HIOHHO-(bepMioHHe BijoOpaKeHHst
[44]. Haitrosimi joctizkeHHsT B rajiy3i eHIOHHOI Ta JIPOOOBOT CTATUCTU-
KN BKJIIOYAIOTH BUBUCHH:S TaK 3BaHNX HeabeseBnx enioniB [45-47], saxi e
aHaJIoraMu ImapacTaTuCTUKN fpiHa 48], a TakoXK 3aCTOCYBAHHST BUKJIFOUHOT
craructukn 10 pisaux cucrem [49, 50]. B okpemy riiKy MoKHA BUILTATH
HECKCTEHCHBHI y3arajbHeHHs CTATHCTHIHOT MexaHiku [51, 52].

Busuenns apoOOBUX CTATUCTUK, OKPIM CAMOCTIITHOIO TE€OPETHIHOrO 1H-
Tepecy, Ma€ TaKOXK BayKJIMBe NMpaKTUIHE 3HaueHHsd. TaKi CTaTUCTUKH JI0-
3BOJIAIOTH OIMCYBATU KBAaHTOBI 003e- Ta hepMi-CcHCTEMH 13 PI3HUME THUIIA~
MU B3a€MOJIiil Ha JIOCUTH MPOCTOMY MaremaTudHoMy piBHi. Cami 2K Taxi
KBaHTOBI CHCTEMU BiJUTIPAIOTH BayKJIUBY pPOJIb B Tajy3i cydacHUX iH(Op-
Mariiftanx Texnosoriit [53]. 3okpema, Ha maHWUil Yac iICHYIOTH MPOMO3UIIT
IOJ10 peastizaliii KBAaHTOBIX 00YNC/IeHD 3a oroMoroto eHionis [54, 55]. Ce-
peJi MaiibyTHIX TeXHOJIOTiH 3anucy iH(OopMAaIlil TaKoXK pO3TJisdIaloTh 603e-
KOHJIEHCATH, Y KX (PpaKTHIHO Ha MAKPOCKOIIYHOMY PIiBHI MPOSBJIAIOTHCS
KBaHTOBI BJIACTUBOCTI. TakKoyK BarKJMBOIO JILIAHKOIO 3aCTOCyBaHHs 003e-
KOHJIEHCATIB € BUCOKOTOUHA iHTepdepomerpis [56, 57|, sika BUSIBIISIETHCSI
Ha JIBa MOPsJKA TOYHIIIOK 3a TPaJUIIiHI ONITUYHI METO/N.

BaykKImBOIO PUCOIO CyUYaCHOI HAyKH € MIXKTUCITUILTIHAPHUI XapakTep Oa-
rarbox 11 rajyseit. i3uwvani MeToan — HacaMIlepe, PO3BUHYTI B MeKax
CTATUCTUIHOI (PI3UKM — AKTUBHO 3aCTOCOBYIOTL HE JIAIIE B MATEMAaTHII
[58—60] un mpupomHEYNX Haykax, 30Kpema B Oiosoril [61-63|, ane it ms
BCTAHOBJICHHST 3aKOHOMIDHOCTEf TIeBHUX SIBUIN, Y TyMaHiTapHux [64-67] i
cycribHEX Haykax [68-71].

[Ipormecu, gKi € peMeTOM ONMHUCY TYMaHITAPHUX 1 CYCILILHUX HayK, 1
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MaKpPOCKOIIIYHI KBAHTOBI ABUIA, OKPIM MOXKJUBUX CILIBHUX I1JIXO/IB Ha
MaTeMaTU4YHOMY PiBHI, ITO€JIHYE TaKOXK Te, 1110 BCl BOHU € IIPOSIBOM eMep-
JKeHTHOCTI (Bij aHrI. emergence ‘BunukHenHs' ). Ile TOHSTTS HaIeKNTH
JIO Teopil cucTeM 1 O3Ha4Ya€ ICHYBaHHs B IIEBHOI CUCTEMU HOBUX BJIACTUBO-
cTell, MO He XapaKTepHI JIJIsd 11 OKpeMIX eJIEMeHTIB.

3B’da30K podoTM 3 HAYKOBHMHU IIporpamMamm, ILJIaHAMM,
temamu. /[luceprariitna pobora BukoHana y JIbBIBCbKOMY HaIioHAJIb-
HOMY yHiBepcuTeri imeni IBana ®PpaHKa Ta 3TiJHO JEPKOIOIZKETHUX TEM
DP-150D “PozpodKa HOBIX MATEMATUIHIX METOIB JOC/I1[?KEHHS KBAHTO-
Bux cucrem” (2003-2005 pp., Homep jepzkpeectpariii 0100U001446), D d-
55®@ “Teoperuuni jmocstipKerHst HOBIX KBaHToBuX crucrem’” (2006-2008 pp.,
Homep Jiepzkpeectpariii 0106U001294), @b-14D “Hosi meTogu gocize-
HHsI KBAHTOBUX CHCTEM JIEKLIHKOX 1 OaraThox dacturok’ (2009-2011 pp.,
Homep sepxkpeectpariii 0109U002096), @h-110D “Hosi edextn y KBAHTO-
BUX PiAWHAX 1 razax Ta cucreMmax 3 jedopmoBaHoo ajaredporo Laitzenbep-
ra’ (2012-2014 pp., nomep nepkpeecrparii 0112U001275), mpoext DD/
®64 “KmacmuHi Ta KBAHTOBI CHCTEMH 3a MeEyKAMH CTaHIAPTHUX IIiIXO-
miB” (2015-16 pp., HOMepu gepxxpeectpariil 01150004838, 0116U005055);
DOP-30D “Kracnani i KBAaHTOBI CUCTEMU 3 HECTAHIaPTHIMI KOMY TaIiiiHN-
MU criBBigHOmeHHAME 1 cTratuctukamu’ (2016 p., HOMep JepKpeecTpa-
il 0116U001539), gacTuny MK IUCIUILTIHADHUX JOC/IZKEHb 3PO0JIEHO
3a mpoekToM M/6-2009 “CrBopeHHsi 30a/1aHCOBAHOTO TEKCTOBOTO OAHKY
maHnx ykpalncbkol wmosu”  (2009-2010 pp., HOMep jepKpeecTpariii
0109U001786) B MezKax mporpamu MizKHAPOHOTO HAYKOBO-TEXHITHOTO CITiB-
pobiTHHIITBA MiK YKpalHowo Ta ABcrpiiickkoo Pecrybitikoro.

Mera i 3aza4i gociigzKeHHd. MeToio jaucepTaliiiinol poboTn € po3-
pobOKa, HOBUX IIiJIXOJIB JIO BUBYEHHS CUCTEM OO30HIB Ta CUCTEM i3 Pi3HUMUI
TUTIAMU JTPOOOBOI CTATUCTUKMU, JOC/IJIKEHHs BILINBY B3aE€MO/Iil Ha SBUIIE

003e-KOHIeHCAaIlil, BCTAHOBJIEHHSI BiJIIOBITHOCTEN 3B’ 13Ky MIXK IIapaMeTpa-
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MU CTATUCTHKHU Ta XapaKTepUCTUKAMHU 003e-cucTeM Jijisd e(peKTUBHOTO BHU-
BUYEHHSI OCTaHHIX.

OcHOBHUMU 3aBJaHHSIMI BUBYEHHSI CUCTEM i3 JIPOOOBOIO CTATUCTUKOIO
OyJ10 CTBOPEHHs Teopil, Ha IIiJICTaBl sIKOI MOYKHA, JIOCJIIXKyBaTH IIPOCTIIIN-
MU MeTojaMi edeKTn B DO30HHUX CHUCTEMAaX, OB d3aHi 13 MIXKYaCTHUHKO-
BOIO B3AE€MO/IIEIO, BITMBOM CKIHYEHHOCTI KIJTbKOCTI YaCTUHOK Ta e(PeKTUB-
HOI 3MIHU BUMIPHOCTI IIPOCTOPY BHACJ/IJIOK BILIMBY 30BHIIIHBOIO IOJISI.

06’exmom docaidotcensb € KBAaHTOBI OaraTro4acTUHKOBI CUCTEMU 3 Pi-
3HIMHI THIIAMI B3a€MO/Iiil Ta craructuku. IIpedmemom docaidocens €
TepMOJIMHAMIUHI (PYHKINI Ta €HEepreTHYHUil CreKTp 0araTob030HHUX CH-
cTeM, TepMOJMHAMIYHI (PYHKINI cUcTeM i3 JIpOOOBOIO CTATHCTUKOIO, BJIa-
CTUBOCTI CKJIQJIHMX CUCTEM, AKi MOYKHA BUBYATH (DI3UIHUMEU METOJ/IaMU.

Jns nocarHeHHs 3a3HAavYenol METH BUKOPUCTAHO TaKi MeTOJIN JIOCJIi-
JIKeHB: Y MeyKaX KBAHTOBOI Teopil Mot — MeToJ (PyHKIII fpiHa Ta Ha-
OJKeHe BTOPUHHE KBaHTYBAHHS, JIJIsi BUBUEHHSI BJIACTHBOCTEll cucTeMm 3
PISHUMU TUIIAMU CTATUCTUKN — TE€PMOIMHAMITHNIM 1T11X11, BipiaJjbHe 1 KJia-
cTepHe PO3BUHEHHS, JIJI aHaJ i3y CyMIKHUX 3a/lad Teopil yuces Ta KJIacu-
dikalil cKJIaJHIX CUCTEM 3aCTOCOBAHO AHAJIONIIO 3 BiANOBIAHUME (Di3u-
YHUMU CUCTEMAaMIU.

HaykoBa HOBU3HA OTpUMaHUX Pe3yJbTaTiB. Y Juceprarliiiniii po-
60TI OTPUMAHO HU3KY HOBUX PE3yJILTATIB, MO CTOCYIOThCS KBAHTOBUX Oa-
raTo4aCcTUHKOBUX CHUCTEM 3 PI3HUMU TUIIAMHU CTATUCTUKU Ta KIJIbKOX CY-
MiYKHUX 33J1a4, JIJIs AKUX MOKe OyTH BCTAHOBJIEHA aHAJIOTIA 3 (PIBMIHUMA
CHUCTEMAaMM.

[171s1 6030HIB 31 CHJIBHOIO MI?KYACTUHKOBOIO B3aEMOJIIEI0 3aIIPOIIOHOBAHO
HOBI CITOCOOM PO3PaXyHKY CIIEKTPa eJIeMeHTapHUX 30Yy/I2KeHb, 30KpeMa. T10-
Ka3aHO MOXKJ/IMBICTH KOPEKTHOI'O BIJITBOPEHHS (POHOHHOI JIJIAHKH CIIEKTPA
piaKoro rejiro-4 6e3 3acToCyBaHHS MOHATTS e(EKTUBHOI MACH.

MGTO,D; HaOJINKEHOT'O BTOPUMHHOI'O KBaHTyBaHH{A 3aCTOCOBaHO OJId CU-
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creMru 0O30HIB y mnacTii. Brepiie 3alpolioHOBAHO IIPOLELYPY OOYI0BI
eeKTUBHOIO TaMiJIbTOHIAHA Y BUIJIsAII KBaJAPATUIHOI POPMH, SIKY JIEI'KO
JliaroHaJi3yBaT CTaHJIapTHUMU criocobamu. llpu 1mpomy BHeCKH Bij| J10-
JIAHKIB, BUIIUX 3a KBaJPATUUHI, BPaX0OBaHO 3a JOIIOMOI'0OI0 HAOJINKEHD i3
BUKOPUCTAHHSIM YUCE] 3all0BHEHHS.

Buepme pozpaxoBano TepMogmHaMivuHi PYHKIT cJIa0KOB3AEMOIIIOUNX
PapMOHIYHIX OCIUJISITOPIB, IO TH/ISIraloTh ApoboBiil (mpomizkHiil) craTu-
cruii JIkentine. Takoxk Brepie BJaI0Csd BCTAHOBUTHU BiIIMOBIIHICTH MizK
CUCTEeMOIO 31 craTucTuKo0 JIxkeHTise 1 603e-cucTeMoro 31 CKIHYeHHOIO Kijlhb-
KICTIO YaCTUHOK.

Brepiiie BcTaHOBJIEHO 3B’I30K KOMILJIEKCHOI'O ITapaMeTpa JIpodOBOI cTa-
tuctukn [losixpoHakoca 3 JIMCUIIATUBHOIO YaCTUHOIO CIIEKTPa Ta PO3IJIs-
HYTO CUCTEMU OCIUIATOPIB, IO MiIKOPAIOTHCA Takiil cratuctuii. s nmx
yIepIne po3paxoBaHO TEPMOAMHAMIUHI (PYHKIII, TepedadeHo iCHyBaHHd
dazoBux MEpexojiB 3poOJIEHO AHATITHIHI Ta YNCIOBI OIIHKU KPUTHIHUX
TeMIlepaTyp Ta OIIHKHU ITPO MOKJIMBICTH €KCIIEPUMEHTAJIBHOIO BUMIpIOBa-
HH¢ IlepegdadeHnx CTPUOKIB TeILIOEMHOCTI.

JIBontapaMeTpuvHi JPOOOBI CTATUCTUKHU BIEPIIE BUKOPUCTAHO JIJIT MO-
JIeJTIOBAHHS CJIAOKOB3AEMO/IIIOUMX Ta CKIHYEHHUX 003e-CHCTEeM, a TaKOXK
171eaJIbHOTO Ta3y eHioHiB. EKBIBaJEHTHOCTI CTATUCTUK JIOCATHYTO 3 TOYHI-
CTIO JI0 TPETHOI'O BipiaJIbHOr0O KoedillieHTa.

Y Mexkax MIZKIUCIUILIIHAPHIX 3aCTOCYBaHb Mojiesieil Ha OCHOBI cTaTH-
CTUKN Bo3e yTOYHEeHO TOJIOBHY aCUMITOTHUKY KILIHKOCTI OJHOBUMIPHUX Ta
BIIEpIlle OTPUMAHO BUPa3 I KIJIBKOCTI IJIOCKUX PO30OUTTIB HATYpPaIbHUX
quces1 3 00MEeKEHOIO KiJIBKICTIO YacTHH.

Ha mijicrasi anaioril MizK paHI'OBO-9aCTOTHIM PO3IOLIOM (Ha TPUKJIa-
i TekeTiB) 1 posnoisiom Bose 3anpornoroBano HOBHIA TTIXIT [T aHAJIZY

1 Kjacudikalil CKIaJIHIX CHUCTEM.
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IIpakTuvse 3HaYeHHs OJ/iep2KaHUX pe3yJabTaTiB. Bukonani gociii-
JIZKEHHsI MaloTh (DyHIaMEHTaJIbHII XapaKTep.

PesyibraT po3paxyHKIB CIIEKTpa eJleMeHTapHUX 30y/2KeHb 0030HHUX
CUCTEM MOXKYTb OYTH BUKOPHCTaHI JIJIsi 1HTepIIpeTallil eKCIIepUMEHTIB B
rajysi GisuKy KoHjieHcOBaHUX cucteM. OTpuMaHi aHAJITHYHI Ta IUCIIO-
Bl pe3yabTaTi MO0 BJIACTUBOCTEN CJIA0KOB3aEMOJIIOUNX CUCTEM MalOTh
MEPCIIEKTUBU 3aCTOCYBaHHS 30KpeMa B JIOC/IZKEHHAX 003e-KOHJICHCATIB Y
IacTKax.

PesyibraTu, 1o crocyiorbed JpoboBol cratucTuku Ilosixponakoca 3
KOMILJIEKCHUM I1apaMeTpOM, MOXKHa BUKOPUCTATU JIJIsl 1OsICHEHHS €KCIle-
PUMEHTIB Y cucTeMax 3 MaJol0 JIMCUIATUBHOIO YACTUHOIO CIIEKTpa efie-
MeHTapHuX 30y/2KeHb. /IBormapameTpuaHi JpoOOBI CTATUCTUKY JIAI0TH 3MO-
Iy BUBYATH KBAHTOBI CUCTEMM 3 PI3HUMHU THUIIAMHU B3ae€MOJIiil Ha IJCTa-
Bl IPOCTHUX MATEeMATHIHUX MoJiesieil. SHAXOKeHHsT KBAHTOBOMEXaHITHOTO
300parkeHHs BiJIMOBIIHOT HAOJMKEHOI MOJIeJi eHIOHIB MOyKe OyTH KOpH-
CHUM Y TaJIy3i KBaHTOBOI 1H(POPMATHKN Ta KBAHTOBUX OOUNC/IEHD.

Po3pobiieni MizKIUCIUIIIIHAPHI 3aCTOCYBaHHA CTATUCTUKO-MEXaHIYHIX
I1JIXO/IIB € BayKJIMBUMU B JOCJIJI?KEHHAX CKJIQJIHUX CUCTEM 3 IOy Iie-
peJidadeHHs X TOBEJIIHKN 91 KJaacuikallil 3a meBHIMHI o3Hakamu. Tak, Ha
JlaHNT MOMEHT Yy HacC € MeBHI MolepeHi HalpalioBaHHs 1010 MOYKJINBOCTI
KJlacudikalii JiarHo3iB Ha MiJICTaBl YaCTOTHUX XapaKTEPUCTHK €JIEKTPO-
Kap/iorpam, siki, OJHaK, Ile BEMAaraloTh J0JaTKOBOI'O aHAJI3Y. 3PO3yMiJIO,
IO PE3Y/ILTATH B TAKUX JLITHKAX MOXKYTh MATH He JINIIE HAyKOBUil epeKT,
aJie if BayKjuBe MpakTUYHEe 3HAYEHHS.

Ocobuctnit BHecok 3/100yBava. Bci BukjajeHi B juceprallil opu-
riHaJIbHI Pe3y/IbTaTH OTPUMAHO aBTOPOM CAMOCTiiiHO abo 3a itoro 6e3ro-
cepeiHbOl yuacti. Y crarTi [72] aBrop 0OroBopioBaB pe3ysibTaTh Ta iX iH-
TeplpeTariioo, a TaKoXK 311iCHIOBaB KOHCYJILTYBAHHS I0JI0 YUCETHLHUX PO3-

paxyHkKiB. Y pemTi CHiJIbHUX IyOJiKalliii aBTOPOBI JUCEPTAIlil HAJEXKUTH
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MOCTAHOBKA 3aJ1ad Ta BHOID METOJIB JOCTiKeHHA. Takox y crarrsx [73—
76| aBTOp 3/ificHIOBAB TIEPEBIPKY AHAJITUIHNX 1 YUCJTOBUX PO3PAXYHKIB, &
y crarTax |77, 78] BukonyBaB po3paxyHKH Ta OpaB ydacTh B iHTepIpeTarii
pesysbTaTiB. Pemty mpaiis Hammcano 0e3 CIIiBaBTOPIB.

Anpobarig pe3ynbratiB auceptartii. OCHOBHI pe3yJsibTaTi Jiucep-
Tamiitnol poboTn aBTOpP OCOOUCTO JIOTOBIIAB HA TAKNX KOH(EPEHIisX 1 ce-
MiHapax:

e Kondepenrist mosiojux ydenux Ta aciipantis IED’2003, 10-12 Bepe-

cust 2003 p. (Vzkropon);
e QFS2004: International Symposium on Quantum Fluids and Solids,
5-10 July 2004 (Trento, Italy);

e Statistical Physics 2005: Modern Problems and New Applications.
Annual Conference in Ukraine. 28-30 August 2005 (Lviv);

e Piznpani guckycii 2006, 4-5 cians 2006 p. (/IbBiB);

e (QFS2006: International Symposium on Quantum Fluids and Solids,
1-6 August 2006 (Kyoto, Japan);

e QFS2007: International Symposium on Quantum Fluids and Solids,
1-6 August 2007 (Kazan, Russia);

e Pisnpani muckycii 2008, 4-5 ciang 2008 p. (/IbsiB);

e 4th International Conference “Physics of Liquid Matter: Modern Prob-

lems”, 23-26 May 2008 (Kyiv);
o IV Jlitng mkosia “KBanrtoBa indopmarisa’, 7-8 depus 2008 p.
(cmt. Bepxue Cunbosune JIbBiBCbKOI 0041.);

e Workshop on Theoretical Physics, 5-8 July 2009 (Lviv);

e Workshop on Current Problems in Physics: Zielona Géra — Lviv, 19—
21 October 2009 (Zielona Goéra, Poland);

e Piznpani guckycii 2010, 9-10 cigns 2010 p. (JIbBiB);

e 3rd Workshop on Current Problems in Physics, 5-9 July 2010 (Lviv);

e (QF'S2010: International Symposium on Quantum Fluids and Solids,

1-7 August 2010 (Grenoble, France);
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e [LT26: The 26th International Conference on Low Temperature Phy-
sics, 10-17 August 2011 (Beijing, China);

e Seminarium Instytutu Badan Fizykomedycznych (Puszczykowo /
Poznan), 18-20 wrzesnia 2011 r.;

e 4th Workshop on Current Problems in Physics: Zielona Géra — Lviv,
24-26 October 2011 (Zielona Goéra, Poland);

o XII Bceykpainchbka mkoja-ceminap i Konkypce mosonnx BUeHUX 3i
crarucTiaHOl (bisnuKn Ta Teopil KoHIeHcoBaHOl pedoBrHu (30 TpaBHsI
2012 p.), 3amporlieHa JIeKIiis;

e 5th Workshop on Current Problems in Physics, 10-11 July 2012 (Lviv);

e (QF'S2012: International Conference on Quantum Fluids and Solids,
15-21 August 2012 (Lancaster University, United Kingdom);

e Piznpani guckycii 2013, 3-4 ciuns 2013 p. (/IbBiB);

e 6th Workshop on Current Problems in Physics: Zielona Goéra — Lviv,
23-25 September 2013 (Zielona Gdéra, Poland);

e VI International Conference “Physics of Disordered Systems”, 14-16
October 2013 (Lviv);

e Pisjpani quckycii 2014, JIssis, 9-10 ciuns 2014 p. (J/IbsiB);

e Cewminap JlabopaTopil ctarucTuaHOl (DI3UKU CKJIQJHUX CUCTeM [HCTH-
TyTy bisukn Kougencoparux cucreM HAHY (15 ciung 2014 p., JIbsiB);

e 7th Workshop on Current Problems in Physics, 8-9 July 2014 (Lviv);

e Arithmetic Methods in Mathematical Physics and Biology, 3-8 August
2014 (Banach Center, Bedlewo, Poland);

e International School and Workshop “Anyon Physics of Ultracold Atomic
Gases”, 12-15 December 2014 (Technische Universitit Kaiserslautern,
Germany ), 3aIpoIIieHi JIeKIIT;

e Piznpsani auckycit 2015, JIbsis, 12-13 ciuna 2015 p. (/IbBiB);

e 20th International Conference on Control Systems and Computer Sci-

ence CSCS 2015, 27-29 May 2015 (Bucharest, Romania);
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e 8th Workshop on Current Problems in Physics: Zielona Géra — Lviv,
19-22 October 2015 (Zielona Géra, Poland);
e Seminarium Instytutu Fizyki Uniwersytetu Zielonogorskiego,

12 kwietnia 2016 r.;
e 3gitHa KoHepentist JITHY (2003-2015).

Pesynbrarn Oyin Temamu cemiHapiB kKadejpu TeopeTndHol di3ukn
JIpBiBCHKOTO HaTiOHAJIBHOTO yHIBepcuTeTy iMeHi [Bana @parka (2003-2016).

IIyonikariii. OcHoBHI pe3yabTaTn gucepTarllil omyb/iikoBaHi B podoTax
[72-99]. Leit crimcok pobiT, stKuilt MICTUTH OCHOBHI TIOJIOZKEHHST JICepTAIlil,
Hasriuye 27 crareil Ta 1 npenpuHT, i3 9KkuX 23 — y paxoBUX *KypHaJax 3a
(bizuKo-MaTEMATHIHIM HAIPSIMKOM [72-94], a perura BigoOpazkaioTh pe-
3yJIbTATH MIiXKJIUCIUILIHAPHUX JOCJIIZKEeHb. 1acTKOBO MaTepiaJii BHUCBI-
TJIEHUX y poOOTI JOC/iIzKeHb YBIMIILIN TaKOXK JI0 aBTOPCHKOI'O IOCIOHIN-
Ka “@iznka 6oze-cucrem” [100]. Sasznauenuit nepesik myOsikariit BKIodae
17 crareii, ingekcoannx y Web of Science [75-77, 80-84, 86, 88-94, 96],
Ta J10aTKOBO 6, iHjeKcoBaHuX y Scopus |[72-74, 78, 87, 98|. Bubpani re3n

nasejiero B [101].

Bukaj, Marepiajy B JucepTalliiiniii poboTi Mae TaKy CTPYKTYPY.
Y pozaiai 1 mogaHO ICTOPUYHMIT OIVISIT CTAHOBJIEHHS JOC/IIIYKEeHb KBaH-
TOBUX CHUCTEM 3 PI3HUMU TUIIAMU CTATUCTUKHU, & TAKOYXK OKPECJIEHO CydacH]
HAIIPAMKE Y 1t rajysi. OcobuBy yBary TyT HPHUJIJICHO came JPOOOBUM
cratucTrkaMm (87|, 3Bazkaoun Ha Te, 110 OO30HHI CHCTEMI HAJIEYKATH HA3a~
raJi JIo BiJIoMiIux (pismIHuX 00’ €KTIB.

Y po3iii 2 MeTo I KBAHTOBOI TeOpil 110JIsl 3aCTOCOBAHO JIJId aHa i3y Oa-
raTo0030HHUX CUCTEM. 30KpeMa, 3HailJIeHO eHepreTUIHN CIIeKTP e/leMeH-
TapHUX 30y/2KeHb, OTPUMAHO BUPA3U JIJIsi OOUUCCHHS TEePMOIMHAMITHIX
dyHKIII Ta po3paxoBaHo KOHIeHCATHY (PpaKIliio Moje b0l cucteMu. Ta-

KOZK JIOCJILJIZKEeHO 003e-Ta3 31 cJabKOoI0 MIXKYaCTHHKOBOIO B3aE€MOJIIEIO.



18

Poszain 3 micTuTh anasi3 BjacTUBOCTEH 003e-cucTeMn 31 CJIa0KOIO B3ae-
MOJIIEIO Y TIACTTIl 3a JOTIOMOTOI0 METOIY HabJIMZKEHOTO BTOPUHHOTO KBaH-
TyBaHHdA. TaK0oXK TYT ITOJIAHO JIOKJIa/IHE BUBEJICHHST TEPMOIMHAMITHUX (DY H-
KIIIii HEB3a€MOJIII0YOro 003e-ra3y Jijis [POCTOPY JOBLIBHOI BUMIpPHOCTI
(30KpeMa, JIpo6OBOT, STKOKO MOYKHA MOJIEJIOBATH TIOPUCTE CEPEJIOBUIIIE), OTPH-
MaHO Pe3YJIbTaTH JIJIsl TEPMONHAMIKI CJIa0KOB3a€MOJIII0U0T CUCTEMHT 3 JTPO-
60BOIO CTATUCTUKOIO JI2KEeHTiie B OCIMIATOPHINH MACTII].

Y po3iiii 4 3amporioHOBaHO y3araJibHeHHsl J1poboBol ctaTucTuku Ilo-
JIXPOHAKOCA 3 BUKOPUCTAHHSM KOMILIEKCHOI'O IapaMeTpa, PO3paxoBaHO
TepMoOJInHaMIUHI (DYHKIIIT CUCTEMHU TAPMOHIYHUX OCIIJISTOPIB 3 TAKOIO CTa~
THCTUKOIO Ta IepeidadeHo icHyBaHHs (ha30BUX I1EPEXO/IiB, MTOB A3aHUX 13
KOMILJIEKCHO3HAYHICTIO I[HOT'O ITapaMeTpa.

Y po3ii 5 3alponoHOBaHO HU3KY JIBOITApAMETPUIHUX JPOOOBUX CTa-
TUCTUK, 3a JOTOMOIOI0 SJKUX MOXKHA HAOJIUKEHO MOJIETIOBATH 1/1eabHy
eHionny cucremy. [Tapamerpn ojHi€el 3 TaKUX CTATUCTUK IOB’si3aHi 3 ede-
KTaMHU B3a€MOJIII Ta CKIHUYEHHOIO KIJIBKICTIO JaCTUHOK Yy 0Oo03e-cucTeMi 3i
CJIADKOIO B3a€MOIIEIO.

Pozainu 6 1 7 npucBsgueno MixKJIUCIUILIIHAPHUM 3aCTOCYBAHHIAM METO-
JIB JIOC/IJIZKeHHsT 603e-cucrteM. 30KpeMa, y po3jiii 6 Ha mijcTaBi aHaso-
il MizK KUIBKICTIO MIKPOCTaHIB KBAHTOBOI 003€-CUCTEMU 1 MaTeMaTUIHOIO
3aJladero Mpo TaK 3BaHl po30OUTTd HATYPAJLHUX HYHUCEJ OTPUMAHO OIIHKN
KIJIbKOCTI JIEIKUX TUITB PO3OUTTIB 3 (DI3NIHNX MIPpKyBaHb. TaKoxXK aHaso-
rifo MiK po3noiioM bo3e 1 9acTOTHIM PO3MOJILIOM Y TEKCTaX BUKOPUCTA-
HO B PO3/ILI 7 JIJIsI BUBUEHHSI MOXKJINBOCTI KyIacupiKaIlil CKJIaIHIX CHCTEM.

3aBepIyeThcs podoTa 3araJJbHIMI BUCHOBKAMHU, Y SIKUX CTHCJIO ITiJICY-
MOBaHO OCHOBHI Pe3yJIbTaTU Ta KOPOTKO BKa3aHO MOXKJIMBOCTI 1X 3aCTOCY-

BaHHS 1 MOJAJIBIIIOTO PO3BUTKY BIJIIIOBIJIHUX HAIPSIMKIB JIOCJI1/I?KEHD.
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PO3/ILI 1

CTAHOBJIEHHS I CYYACHUIT CTAH
JOCJILIYKEHD

1.1. Beryn

OcHOBHI Cy4aCHOI CTaTUCTUIHOT hi3uKu OyJI0 3aK/I1a€HO [IePEBaYKHO Y JIPY-
riit mosioBuni XIX cromitra y npangx Pymonbda Kiaysiyca, [Ixkeiimca
Ktepka Maxcsesna, Jliosira Bosbivana, Jzkocal Biutapaa ['i66ca ta in.
[Iporsirom 1850-x—1860-x pp. Kiaysiyc chopmy/toBaB MOHITTS eHTPOIIII,
yBiBIm cam Tepmin 1865 p. [102]. Posmogia mMosiekysr 3a MIBHIKOCTSAME B
iieasibHOMY ra3i orpumas Maxcsesun [103], pesy/ibraru siKOro y3araabHUB
Bosbnman [104, 105]. Brogom Bosbivan 3anpornonyBas coci6 pospaxyH-
Ky KijibkocTi MikpocTtaniB [106], dpakrudno MOB’s13aBINM 3 HUM €HTPOIIO,
npote BijjoMuii Bupa3 S = klog W ynepine sisuo 3'sBuBcs y npari Makca
[Lranka 1901 p. [107]. Ha napajoke, sikuit oB’st3aHuii i3 mi3HINmMM KBAHTO-
BOMEXaHITHUM ITPUHITUIIOM TOTOXKHOCTI YACTUHOK, yIIEPIIe YBary 3BepHYB,
Ma6yTh, I i66¢ [108], oMy K HaJIEXKATH YBEJIECHHSI MOHATTS CTATUCTUKOME-
XaHIYHIX aHcaMOJIiB 1 BUBEJIEHHST (DOPMYJIHN JIJIsi PO3IOILIY fIMOBIpHOCTEI
[109], o cTamoBUTH OCHOBY KiacwuHoi craTncTukn Bobmvama-T i66ca.
[cTopist KBAaHTOBUX PO3IOILIIB Oepe 1movyaToK y npargax Car’eHjipaHara
Bosze [110] it Anbbepra Afinmraiina [111, 112], mo 3'sBumucs y 1924-25
pokax. Boze 3acrocyBaB KOMOIHATOPHMIT IIiIXi/1 10 KBAaHTIB CBIT/Ia if 34, if0-
ro jorroMoroio BuBiB posnoiii [linanka. o igeto Aftammraiin y3arajibHUB

Ha Y9aCTHHKH 3 HEHYJ/IbOBOIO MacCoOlo, BHaCJIi,ZLOK q0ro Hepeﬂ6a‘{I/IB ABUIIE
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HaKOIINYEeHHsI MaKPOCKOIIIYHOI KIJIbKOCTI YACTUHOK y CTaHl 3 HYJIbOBUM 1M-
IyJIbCOM — SIBUIIE, sIKe Ha3MBalOTh KoHjleHcallieio bose—Aiinimraiina.

1925 poky Bosabsdranr Ilaysi 3 MeToI0 TOSICHEHHS TTPaBUIa, 3aIIOBHEHHS
eJIEKTPOHHUX 060JIOHOK aTOMIB XiMIUHIX ejleMeHTiB yBiB npasuio |113], Bi-
JIOMe 3apa3 K IPUHINI 3a00POHN, Ha3BaHMil fioro imeneMm. Pokom mizHime
Enpiko ®@epwmi [114] ta [Toas Hipax [115] orpumarn dyHKIIO po3momity
JUUTsl 9aCTHHOK, STK1 I JIKOPAIOTHCA TPUHIAIIOB] 3a0oponu [layiii, 1m0 Bijmo-
BiJIa€ AHTUCUMETPUIHUM XBIJIHOBUM (DYHKIIISIM.

Lnes ITayni conykaJsia 10 BBeJeHHsT HOBOI'O KBAHTOBOI'O UNCJIA, STKE Ha-
3aJin crinom [116, 117]. Mapkyc ®ipir [118] cdopmyitoBas y 1939 p. Tep-
JIZKEHHsI, BiJloMe sIK Teopema PO 3B’sI30K CIIHY 31 ctaTucTukor. Crucrema-
TUYHII X 10 [BOTO THTaHHs Oysio jano y mparsx [laymi [119] i
FOniana [sinrepa [120]. Y cuporieHoMy BHIVIsiI TeOpeMa 3BYUUTH TaK:
XBIJIbOBA (PYHKIIS CUCTEMHU TOTOXKHUX YACTUHOK 13 IJIUM CIIIHOM CHMe-
TPUYHA I10JI0 IX I1ePeCTaHOBOK, a /i1l YACTUHOK 13 MIBILJIUM CIIIHOM XBH-
JIboBa, (DYHKIlisSI € aHTUCUMETPUIHOIO IIOJIO I[IePEecTaHOBOK. JaCcTHHKHU i3
IIJIIM CIIIHOM OIMCYE cTaTucTuKa Bose—AfiHinTaiina, BiImoBiHO X HA3U-
BalOThb 0030HaMU; I YACTUHOK 13 MIBIIJIUM CIIIHOM CIIPaBeJINBa CTATHU-
cruka @epmi—/lipaka, ToMy 1X Ha3UBaIOTh PEPMIOHAMU.

Srajani JBa TUIM YaCTHHOK BUYEPIYIOTh MOXKJIMBI BapiaHTH sIK 3Ha-
YeHb CIIHY, TaK 1 CTATUCTUKN KBAaHTOBUX YaCTUHOK. JlmxoToMist MizK 0030-
HaMU 1 pepmioHaMu, K OyJie CKa3aHO HIXKYeE, TOPYIIYEThCs JIMIIE B pasi
nepexoy BiJi Tpu- JI0 JABOBUMIpHOTO mpocTopy. He mozbasienum cency €
il IPUIIYIIeHHS PO Te, IO B PeajlbHUX OararovyacTUHKOBUX CHCTEeMaX Bijl-
XUJICHHSI BiJI II€T IUXOTOMIT MOXKJIUBE SIK e(DeKTUBHUI HAC/III0K B3a€MO/IIl.
Taxi MipkyBaHHS JAIOTh MiJICTABU PO3TJIAIATH MTE€BHI y3arajJbHeHHS KBaH-
TOBUX CTaTUCTUK boze 1 Oepmi.

CrupoleHo MOyKHa, BUJIIINTH JIBa MIJIXOAN JI0 TAKUX y3arajbHeHb: IIep-
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U 'PYHTYETHCS II€PEBayKHO Ha KBAHTOBOMEXAHIYHOMY PO3IJIsijii, TOOTO
aHaJIi3l BJIACTUBOCTE XBUJILOBOI (PYHKINT, KOMYTAIITHUX CITIBBIJIHOIIEHD
TOIIO, & JAPYIruil — HOB’si3aHuil 3 MeTojaMi CTATUCTUIHOI (Di3UKU, TOOTO
I1IPaxyHKOM K1JIbKOCTI MIKPOCTaHIB, y3araJbHEHHSM ITOHSTTS €HTPOIII Ta
in. T'peba BiA3HAUMTH, IO TAKUil TOMII € JJOCUTH YMOBHUM, OCKIJIBKI MixK
oboMa TIXOIaMi iCHy€e JT0BOJI TicHUI 3B s130K [87].

[lepmy Bijgomy cupoOy y3araJibHeHHsI CTATUCTHKU 3poduB JI:koBaHHI
Jkentine (mou1.) y 1940 p. [121]. Bin 3ampornonyBas mpoMixKHY CTaTH-
CTUKY, Y sIKili MaKCHUMaJIbHO JIO3BOJIEHE 3allOBHEHHS PiBHA OyJI0 0OMErKe-
He jedakuM guciaoM d. Takoxk [I»keHTine Ta itoro Kojeru 3poduim cupody
3aCTOCYBATH II0 CTATUCTUKY JJIA MOACHEHHS AEIKNX BJIACTHBOCTEH pigKO-
ro rejqifo [122], quB. Takoxk [123] 1 mokmku TaM. AHAJI3 TPYAHOIIB, SKi
BUHUKAIOTH 13 KBAHTOBOMEXaHIUYHUM IIiIXOA0M JI0 CTaTHCTHKHU JIxKeHTise,
MOYKHA 3HaiiTn y mpari Bopcesrino [124].

[likaso, mo Jleon Bpimmoen y cBoiit kuusi [125, auB. 0cobimBo pos-
ain VI| HaBoguTh 3araibHUil BUpas st KIIBKOCTI MIKPOCTAHIB y PI3HUX
KBaHTOBHUX CTATHCTUKAX, OOMEXKYIOUHNChH OJIHAK aHAJI30M JIUIIE TPaJIAILii-
HUX 3HaYeHb MEeBHOTO IMapameTpa, IO BiINOBIIAIOTL cTaTUCTUKaM bose,
Depwi, i Bosbimana (3 ypaxyBaHHIM TOTOXKHOCTI YaCTHHOK; Y TEPMIHOJIO-
rii Bprosumioena — craructuka [lnanka). 3HadHo misHime JoBiIbHE 3HAUCH-
H¢ ITapaMeTpa CTATUCTUKN y TAKOMY »K BUpasl JUId KIJIbKOCTI MIKPOCTaHIB
nomycrus Austekcioc [losixporaxoc [126].

I'epbepr Cuni fpiH 3arporionyBas 1953 p. yzarajbHeHHd, BijJloMe SK
nmapacrarnctuka [48|. IleBui moudikarii KOMyTAIIHIX CIIIBBIIHONICHD
MI2K ollepaTopaMu MOPOJZKEHHSI—3HUIIEHHS JT03BOJSIOTH PO3IJIAIATH CHU-
Tyallil, KoJin XBUJIKOBI (PyHKINT k& > 1 mapabo30HIB € aHTUCUMETPUIHIME
IIpU IIepeCcTaHoBI He Oi/Ibllle k YacTHUHOK, 1 BiANOBiIHO k mapadepMioHiB

3aJIUIIAIOTHCST CUMETPUYHIME 3a TaKuX repectanoBok [127, T 4]
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[ista HU3Ka Moudikaliii ajredpu onepaTopiB MOPOIKEHHA—3HUIIEHHST
IPUBOJUTH JI0 PISHOMAHITHUX TPOMIZKHUX CTATUCTHUK, JuB. [128] 1 nokiu-
KI TaM. JacTo BUKOPUCTOBYIOTH TaK 3BaHi ¢-JedopMOBaHi KOMYTaTOPH
abo g-myrtaropu [a,al], = aa’ — qa'a, nopien. [129-131]. [pu npomy s
poboTH HeOOX1IHMIT BiATIOBLIHUIT MaTeMAaTHIHNIT altapaT, SKIil Ha3uBaloTh
q-uucaennam abo Keanmosum ananizom [132]. Bapro BiagmatunTn Taxox
BUBYEHHsI TEPMOJMHAMIKN Yy IPOCTOPax i3 JeOPMOBAHUME KOMYTaIliii-
HUMHI CIIBBIJIHOIIEHHSIMU JIJIsI OIIEPATOPIB KOOPJMHATHA Ta, IMIIYJIbCY, 110
IPUBOJSATE JIO ICHYBaHHs MiHIMa/IbHOT JoBXKuHE [133].

1977 poxy Mon Manme Jlaitnoc i du Mipraiim [30] moxazamm, mo y
JIBOBUMIPHIii cucreMi paza XBUIbOBOI (DYHKIIIT IIPU [I€PECTAHOBII JIBOX Ya-
CTUHOK MOYKe HaDyBaTH JIOBLILHUX 3HaUYEHb, Ha BIJIMIHY BiJl TPUBUMIPHOTO
BunaKy. Jk yuxke srajgysasocs y Beryni, @penk Birdek y 1982 p. [31]
3allPOTIOHYBAB J/I TAaKUX YacTUHOK Ha3BYy enionu. ¥ 1975 p. Gyso Teope-
TryaHO nepejdadeno [134], a 1980 ekcriepumenTaibho BijkpuTo [135] KBan-
ToBuii ecpexT ['oyta — SBUIE KBAHTYBAHHS 38 HI3HKUX TEeMIIEpaTyp y JIBO-
BUMIPHOMY €JIEKTPOHHOMY I'a3i ToJLIiBCHKOT IpoBiHocTi o = ve? /h, je v
— tijie yucyo. [licna BiakpurTa y 1982 p. ApoOOBOro KBAHTOBOTO eeKTy
losta (v — parionasbauii 1pi6) [136] Oys10 3aIpOOHOBAHO KLJIBKA TEOPiit
IIbOT'O ABUINA, SAKI I'PYHTYBAJIUCA Ha MOJIENAX 30Y/XKEeHb 13 JIpOOOBUM 3a-
pstiom [137-140]. BusiBuiocst, mio BioBiqai KBa3iqacTHHKE MOXKYTh Oy TH
enionamu 138, 140].

Hankan osyeiin y 1991 p. BBIB y3aranibuennsd npunnuiry 3aboponn [1a-
yJIi, 3aIIPOIIOHYBaBIIN IHTEPIOJIAIIITHIIT MizK O030HHOIO 1 (PepMIOHHOIO I'pa-
HUIEAME BUPa3 Jisl MJIpaXyHKy KijibKocTi MikpocTanis [141]. Mon-111i By
y 1994 p. orpumas dyHKIiO posnoaity y miil cratuctui [142], mo orpu-
MaJia Ha3BY dpob06oi eukaounoi cmamucmuky (auri. fractional exclusion

statistics). BustBiiocst, mo Taxi K BUPA3M Jjisi TEPMOAMHAMITHOTO TIOTEH-
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1iaJiy 1 piBHsHHS CTaHy BIJIIIOBLIAIOTH 3a/1a4l TPO €HIOHN Ha HAWHUKYIOMY
pisui Jlangay [143]. Ojnak, He3Barkaro4du Ha Iell pe3y/bTar 1 Ha Te, 10
mijaxia losgeitHa € ajabTepHATHBHOK MOJIEJLIIO JIJIs OIIICY JIPOOOBOIO KBAH-
ToBoro edexty losta, H6e3mocepeHLOIO 3B’I3KY MizK €HIOHHOIO 1 JIp00o-
BOIO BHUKJIIOUHOIO cTarnctukoro Hemae |33, Chap. 5|. Ienyiors Takoxk imrmi
CI10COOU 3AITMCY KIJIBKOCTI MiKPOCTaHIB CUCTEM i3 JIpOOOBOIO CTATUCTHKOIO
[126, 144|, opun i3 sikux Oyjie IpoaHasi30BaHO JIeTAJIbHIIIIE.

B okpemy rayiy3b MOXKHA BUJILIMTH T1/IX0JIH, [TOB’si3aHi 3 y3arajabHeHHs-
M O3HaYeHHs €HTPOITil, 3al09aTKOBAHE Y MMPAIIX, TPUCBAIEHUX MOHITTIO
incopmaliiiinol enrporii, 30kpema Asibdpena Penbi [145] ta Soarana [la-
pori [146]. Koucranrino [amtic y 1988 p. samporonyBaB HeEKCTEHCUBHY
craructuky [147|, ska, 3a 3alyMOM, MOYKe CTOCYBATUCSI CUCTEM 13 Hea -
TUBHOIO €HTPOIIEI0, TOOTO TAKUX, JIe CYTTEBO IPOSIBIAETHCA JTAJIECKOJIIs,
crocTepirarTbest epekT ‘maM’siTi’, CyTTeBO HEMapPKiBChKI IPOIECH TOIIO
[148]. Possurok 1ux ijeit Bijobpazkeno y nparsx Kypago i Hastica [149)],
Hasutica ma in. [150], Bamxkiposa [151], Omemckoro ma in. |51, 152].

3po3yMiJIo, 110 HABITH Y JIOCUTH 00’ €MHOMY OTJISIJII HEMOXKJIMBO PO3TJIsi-
HYyTH BCl crocoOM y3arajbHEHHS KBAHTOBOI CTATUCTUKN. Y HACTYITHOMY
iJIPO3/1iJ1i KOPOTKO IIPOAHAJI30BaHO JIesiKi HaiOILIbII TOMYJIsIPHI KBAHTO-
BOMEXaHIUHI HiJxoau 10 nboro nuranHs. Ilinposnia 1.3 npucssiueno je-
TaJIbHOMY aHaJI30Bl KLJIBKOX CTATUCTUKO-MEXaHIYHUX BaplaHTIB yBeJeHHS
JpoboBoi crarucTuku. OKpemo B miapo3/aiai 1.4 po3rIsHyTO HeeKCTEeHCHB-
Hy craTucTuky llasica Ta mos’sg3aHi 3 HEIO aHAJOIM KBAHTOBUX PO3IIO/II-
giB. [Tizposais 1.5 mpucBsgdeno KOPOTKOMY aHaJi30B1 CyJacHUX HAIPIMKIB

JIOCJLIZKEeHHST DO30HHIX CHUCTEM.



24

1.2. KBanTOBOMEXaHIYHMIT H1X1JT

1.2.1. Enioan. IcuyBaHHS JinIIe JJBOX MOXKJIUBOCTEN JIJIsT XBUJIBOBOI (DY H-
KIIiT crucTeMn 0araTboX YaCTUHOK — CUMETPUUIHOI ab0 aHTUCUMETPUIHOI —
OB sI3aHe 3 BJIACTUBICTIO orepaTopa mepecTaHoBKU P. Posrisgnbmo s
IPOCTOTH XBUJIbOBY (DYHKIIO j1BoX (ToTOoykHMX!) wactunok t(1,2), sika
pu 3aMiHi iX MICIEIMU BHACIIOK Jiil omniepaTopa Py HabyBa€ J0AATKOBOI

dazu:
Piog(1,2) = (2,1) = e™(1,2). (1.1)

[ToBTropHa mis oneparopa Py 1ae

P122¢(17 2) — einaw(l’ 2) - w(ln 2)7 (12>

3Bijiki orpumyeMo o = 0 abo 1, 1m0 Binosijae cumerpuaniii (6030H1) ab0
anTucumerpuyHiit (pepmionn) xsuibosiii dyukiii. Heit dakr moB’s3ammii
i3 THM, IO TO/[BiiiHA MepecTaHOBKA 3BOJUTHCS JO TOTOXKHOI (OJMHIIHOT)
onepanii, P4 = I. BuasisieTbes, oHaK, 1110 TaKa BJIaCTUBICTD XapaKTepHa
JIJIsT TPUBUMIPHOIO IIPOCTOPY, aJjie MOPYIIYEThCs y ABOBUMIPHUX 3ajadax
133, 153]. CripaBii, sIKIIO ySIBUTH OIEPAIIIO MePECTAHOBKE SIK MEePEMINeHHs
O/IHi€T YACTUHKN HABKOJIO 1HIOI, TO 3aMKHEHUI MIJIAX MOXKHA HETIEPEPBHO
CTUCHYTHU B TOYKY JIMIIE Y IIPOCTOPI 3 PO3MIPHICTIO 3, & Ha IJIOIIUHI IIHOT'O
3poOUTH He MOYKHA, 3BAyKAIOUN Ha TBEP/LYy CEpPIEBUHY (JACTHHKHU HE MO-
KyTh [IPOCTO MPOHUKATH OJIHA Yepe3 OjiHY ), JuB. puc. 1.1

OTzxe, y IBOBUMIPHOMY BHIAJKY HOJBifiHA mepectanoska P # I i ne
icHye oOMerkeHHsI Ha (ha3y XBUIbOBOI (DYHKINI 7. 3BifcH, siK y2Ke OyJI0
3rajilano y Beryi, it moxoanTh Ha3Ba TaKUX YaCTUHOK — €HIOHM.

AKIo y TpUBUMIPHOMY TPOCTOPI MAEMO CIIPaBY i3 I'PYIOI0 IepecTa-
HOBOK Sy, TO BIJIIIOBIIHUKOM Yy JIBOBUMIpHOMY Oyie TakK 3BaHa 2pyna Kic

(amrt. ‘braid group’) By [33, 153|. [Heski Ti BaacTuBocTi, siki BUSIBJISTIO-
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Puc. 1.1. Tloxsiitna nepecraHoBKa y JBOBUMIPHOMY IPOCTOPi (JIBOPYY) HE 3BOIUTHCS
JI0 OJIMHUYHOI OTlepariil, sik y TpUBUMipHOMY TpocTopi (mpaBopyd). lmrocTpariito kiacu-
YHUX TPAEKTOPI MOXKHA 1TepeOpMY/TIOBATH HA KBAHTOBUI BUIIA/IOK IILISTXOM TIEPEXOTY
J10 iHTerpaJjiiB 3a TPAEKTOPIAMU.

ThCd OaraTIIMMU MOPIBHAHO 31 3BUYAITHOIO IPYIIOI0 TIEPECTAHOBOK, MOXKHA
IPOLIIOCTPYBATH 38 JOIOMOI'OI0 TaKOro rpadidHoro 300parKeHHs. Tere-
paTopaMu T'PyIn Kic € orepatopu o;. IloctaBuBim y BiANMOBIAHICTE ¢-Tiit
JACTUHII CmpyHy, 1O 3’€JIHYE 1-T1 TOYKHU, PO3TAIIOBaHIi Ha JIBOX BIOPS/I-
KOBAHIX MHOXKHHAX (MPSMIEX), 300pasuMo JIil0 ollepaTopa 0;, siK MoKas3a-
HO Ha puc. 1.2. Takuii onepaTop BiJIIOBiIae ITepecTaHOBI YacTUHOK 1 1 2
(B3araJii KaxKy4u, y BU3HAYEHOMY HAIPSIMKY — HAIPUKJIaJl, IPOTU TOJ[IH-

HIKOBOI CTPIJIKM).

Puc. 1.2. [lig onepatopa o;. CTpyHa, 10 BUXOJUTH i3 TOYKH, 110 Bi/IIIOBIa€ YACTUHII
1 Ha HMKHIT TpsMiil, 10 TOYKH, IO BiAIIOBiTae YaCTUHIN 2 HA BEPXHI, MPOJIArae Had

inrmoro [33, 154].

Ax mami moxkazanHo Ha puc. 1.3, IOBTOpHA isl 07 HE Ja€ MOYaTKOBOI

Kondiryparnii — koca “zarmmitaeTbes”, To6TO TomOMOTIUHO 0% # oy toy = 1.

feHepaTopM IPYIN KiC 0; 33/I0BOJBHAIOTE TaKi BJIACTUBOCTI (CI1iBBIIHO-

mennst Aprina, Artin relations) [33, 154, 155]:

0i0i410; = 0410041, (1.3)
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Puc. 1.3. Iloasiiina nepectaHOBKa HE 3BOJUTHCS JI0 OJUHUYHOI omepariii — Jiisd onepa-

Topa 0f # oy 'oy = 1.
oi0; = 0,03, JKIo | — j| > 2. (1.4)

Bignosijni rpadivuni 300parkeHHs HaBejieHO Ha puc. 1.4 1 1.5.

Lo 5

= .

Puc. 1.4. I'padiune 300parkeHHsi BJIACTUBOCTI OIEPATOPIB TI'PyHU KiC 0;0,110; =

0;4+10;0;+1 [33, 155]

e e

~ <

Puc. 1.5. I'padiune 300pazkenns BIAaCTUBOCTI OIepaTOPiB I'PYIH Kic 0;0; = 004, |1 —

il>2.

Moxkna TakoXkK HaBeCTH MIPKyBaHHS PO Te, IO CINH y JIBOBUMIpHIi
3aJ1a4i MOXKe Ha0yBaTH JOBLILHUX 3HAYECHD, & He JIMIIE IIJINX ad0 MiBIIINX

(B oguuutsix h). KBanTyBanHs criHy y TPUBIMIDHOMY IIPOCTOPI OB’ 13aHe
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3 HEKOMYTaTHBHOIO aJiredbporo CIIiHOBUX OllepaTopiB
[Sj,Sk] = z’hejlel, j,k,l = 1,2,3, (1.5)

e € — cumsoit Jlesi-Hisitn [33, Chap. 2|, aus. Takox [156, Posa. VI|. Y
JIBOBUMIPHOMY ITPOCTOPI BiJINMOBIIHA aJiredbpa cTae TPUBIaIbHOIO, OCKLILKH
3BOJIUTHCSI 10 JIMIIE OJHOTO oreparopa (Hanpuk/iaj, S3, sKuil BiImoBiiae
obepTaHHIO HABKOJIO 0Ci z). OueBHIHO, IO OJMH OMEPATOP KOMYTYE CaM
i3 cobot0, 0TkKe, i3 caMux HOro KOMyTalliifHUX BJIACTUBOCTEIl He BUILIN-
Ba€ KBAHTYBaHHS HOT0O BJIACHUX 3HAYEHb — JIJIs 1X 3HAXOJ/?KEHHS TTOTPIOHO
BpaxyBaTU 'PAHUYIHI YMOBH, sIKi 38/I0BOJIbHsI€ XBIIboBa MyHKILs. [Ipu 11e-
PeCTaHOBIIl JIBOX YaCTUHOK, 1110 BIJIIIOBI/Ia€ J1il ollepaTopa MOBOPOTY, BOHA

nabysae dazn e?™*

, Jle 1t 3nHadennd s = 0,+£1,... BU3HA4alOTh cuMe-
TPUIHY XBUIbOBY (yHKIiO (6030HN), a miBrim s = +1/2,£3/2,... —
aaTucuMerpudny (depmionn). OckiabKN y 1BOBUMIpHOMY TpocTOpi dasa
2ms, sIKa, M0B’si3aHa, 13 BJACHUME 3HAYECHHSIMU OIlEPaTOpa MOBOPOTY, MOYKE
OyTH JOBIJIBHOIO, TO 11 MOYKHA OTOTOXKHUTH 3 JIOBLILHUM CITIHOM.
XpusboBy (yHKIoo N enionis MoxkHa 3anucaru y surisi [157, Chap. 4]:
Yz, an) = [ (2= 2)%(21, - 2w), (1.6)
i<j
Jle TIOJIoXKeHHs k-0l YacTUHKHM Ha TJIOMWHI 3 KOOPAUHATAMU Tk, Yi 3PY-
YHO OIIMCYBATU KOMILJIEKCHOI KOOPJUHATOIO 2) = Xk + 1Yk, & ¢ — OJIHO-
3HAYHA [EBHUM YMHOM cuMmeTpusoBaHa (yHkIliss. Cama DyHKIS 1) BKe
Oyze 6araTo3HauHOIO, 11 He BJAETHCs 3aIICATH SIK JJOOYTOK OJIHOYACTUHKO-
BUX XBUJIbOBUX (DYHKIIII: HABITH JIJIs1 11€a/IbHOIO Ta3y €HIOHIB XapaKTepHa
CBOEPIIHA JIAJEKOCIKHA B3a€MO/Iisdd, OB d3aHa 3 TOIOJIOTIEI0 TPAEKTOPIiit
B3aeMHOTO pyxy dactuHok [31]. Ile, 30kpema, mokasye, 10 po3B’s3yBaHHSI
3ajia4i N ijeaJbHIX €HIOHIB He 3BOJIUTLCSI JIO BiJIIOBIIHOI OJJHOYACTUHKO-

BOT 3a1a4i [158, 159]. Takoxk He € IPOCTUM IepexiJi 10 BTOPUHHOTO KBAHTY-

BaHHsI JIJIsi €HIOHIB: 3 II€I0 METOI0 3aCTOCOBYIOTh, HAIIPUKJIA, (popMaJIi3zm
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Tak 3BaHnx BusHauHukiB Cierepa [160] abo BeprmuHi oneparopu Mosei
Kasomxkepo [161].

[epry dizuany Mojerb, sKa BiJIITOBI/Iae eHioHaM, 3aIpononyBaB Bij-
YeK y BUIVIS/Il KOMIIO3UTIB MAarHITHOI'O IIOTOKY 1 3apsi/IKeHOI YaCTUHKU
[162]. TIpo crnocrepeskentst iHTepdQEpPEHIIHHOT KapTUHH, sTKa BiMOBi1aia
nadIiHIBCHKIM KBa3idacTHHKAM (eJIeMeHTapHUM 30Y/[KeHHAM i3 1po0o-
BUM 3apsjIoM, XapaKTepHUM It JPOoOOBOro KBaHTOBOro edekty [osra,
SIKi BBAYKAIOTh OJJHUMU 3 KaHU/IATIB Ha eHioHn ), nosigomuin y 2005 p. Ka-
Mino ma . [163]. Takoxk ekcriepuMeHTaIbHI peastizallil eHioHiB y cucremi,
10 CKJIa/Ia€ThCS 13 Ha IITPOBLJIHOI ILJIIBKK, BUPOIIEHOI Ha HAITIBIPOBITHUKO-
BOMY r'eTepoIiepexo/ii, sampomonysajn Bike ma in. [164], a B omHOBIMIpHIX

ONTHYHKX I'paTkax — Kaitibman ma in. [165].

1.2.2. g-nedopmarrii. Ik Oy/10 3a3Hadeno y Berymi, KomyTariiitHi criiB-
BIJIHOIIEHHS] MizK OIepATOpaMU IIOPOJKEHHs 3HUIIEHHS ¢, ¢ MOXKHA iH-
TEepIOJIIOBATH MizK (bepMioHaMU (aHTHKOMYTATOP) 1 6030HAMMY (3BUYARHMIT
KOMYTATOD), yBIiBIIN ¢-1edopMoBani KomyTaTopu abo g-myTtatopu. Haii-
IPOCTIIINM y3arajbHeHHsIM Oyjie Tak 3BaHa KyoHHa (aHrjI. ‘quon’) airebpa

[166-168):

laj,al], = aja} — qala; = o, (1.7)

ne —1 < g < 1 3abesrievuye HelepepBHY IHTEPHOJIANI0 MiK ¢ = —1, 1110
Bim0BITae dpepmionam, i ¢ = 1 — OGo30HAMU.

Axmo BBecTm omeparop “KIIbKOCTI dYacTUHOK N, JIONOBHIOIOYN
@-MyTaTOp BIJIIIOBITHUMU CITiBBITHOIIIEHHAMN, TO MOYKHA OTPHUMATH TaKy

anrebpy g-60o3onHuX ornepartopis [129, 169|:

aal —gala =1, [a,a) = [a',a] =0, (1.8)
[N,a'] = a, [N,a] = —a. (1.9)
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OpToHOpPMOBaHy CHCTEMY BJIACHUX CTaHIB ornepaTopa /N 3allliCyl0Th TakK:

n) = [n]gahnu», al0) =0, (1.10)

ne g-axrTopia
[n]g! = [nfgln—1];... 1], (1.11)
= ("' g+ D)@ g+ D) (P g+ D) (g DT
[O]q! = 1
O3HA4YeHO Yepe3 TaK 3BaHl g-uyuciia, Kl [Mepexo/isdTh y 3BUYaiiHl yucjia B

0030HHIIT rpaHuIi ¢ = 1:

[n]q = ) [n]; = n. (1.12)

JlitoThb 111 omepaTopiB Ha BJIACHI CTAHU TaK:

alln) = /In+ 1], |n + 1), (1.13)
aln) =1/ [n]gIn — 1), (1.14)
N|n) = n|n), (1.15)
IPITYOMY
a'a =[N],,  aa' =[N +1], (1.16)

a Jurd oneparopa N dpopMaIbHO 3aIIUIIEMO:

N = ﬁln (1+ (g —ala). (1.17)

MozkHa TakozK I[IOKa3aTu, 110 Y BEJINKOMY KaHOHquOMy arcamMOJ11 JJIA 91—

CceJt 3aI0BHEHHSI §-TOT0O PIiBHS 3 eHeprieio g; maTumemo |169]:

=1, Bei _
7%—$Lm(if——i>, (1.18)

In g z-lefei — ¢
e, sIK 3BHYaiiHO, z = e’* — aKTHBHICTD, (4 — XIMIYHHUIT HOTeHIlaJ, a
f = 1/T — obepuena Temmeparypa. Bapto 3BepHyTH yBary, mo Tyr i gaJi

craja Bosbivana jgopiBrioe ojaunnii, kg = 1.
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[ToibHO 10 OIIMCAHOIO BUIIE, JEKiIbKa PI3HIX aJIreop Jijist ¢-pepMiOHHIX
orepatopis posrstaysn Asria [170, 171], Anria i Cenait [172].

P.-Mowureitpo ma in. [173] posrisiayin Taky ¢-6030HHY ajaredpy:

aa' — qa'a = ¢V,

[N,a'] = d, [N,a] = —a, (1.19)
1 JI71s1 TaMLIbTOHIaHA,
H = hwATA, Al = atg™?, A = ¢, (1.20)

y TPaHUIll ¢ — 00 oTpuMaJin (PePMIOHOIOIIOHIIT BUpa3 JIJId YKUCeJT 3aII0B-
HEHHS:

1+ 2¢Twid®
(N) = 1+ ehwh  e~hwie®”

(1.21)

Yam i Yenp [174] y mexax anredpu (1.19) ais g-nedopmoBanux 603e-

OCHIJIATOPIB 13 TaM1JIBTOHIAHOM
T, T T
H = Ek 5 (akak +akak) (1.22)

3a JIOTIOMOT0I0 (DYHKITIi fpiHa OTpUMaJIN TakKuil (hopMaJbLHUN pe3yabTar
JUTst PYHKINT PO3IOJILIY:

_ -1
n(e) = {exp hwﬁ(qNHQ—l— ") — 1} : (1.23)

Posrisgators Takok Tak 3BaHi (p, q)-medopmarii [175, 176], nampu-

KJIa I,

[N,a] = a, [N,a] = —a, (1.24)

IIPUUOMY 3BHYANHUIT KOMYTATOP MizK ONEPaTOPaMU @, a' 3BOAUTHCS JI0

P —q"

[a,aT] = [N+ 1]pq — [Npg, pe  [zlpg = 1—g

(1.25)
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MoxkuBi TakoK 1 OararonapaMeTpUyHi y3arajJbHeHHSA IO/I0HOTO THUILY
1176].

Ha 3aBepiiens 1boro myHKTY BiI3HAYUMO ITe Bl aaredpu, y ssKux aB-
TOPU pO3IJIAJAIN  KOMILIEKCHUN IapaMeTp ¢ Ha OJUHUYIHOMY KOJIi
lg = 1.V mpani dyrra ma in. [177] 6pasu criBBiHOIIEHHST MiXK OTle-

paTopaMy IMOPOJIXKeHHA—3HUIIEHHS ¢-PEePMIOHIB Y BUIVISAI]:

foff v @2 fif, = 2, (1.26)
(Ng, fld = —=fo N S =11 (1.27)

B inmiit npaii Au ma in. [178] 3anpononysasi Takuii Bapiast:

aqag - qagaq =1, aq*ag* — q*ag*aq* = 1. ag = (afl*)T, (1.28)

e2mi/(s+1) (s + 1)-uit kopiub i3 opuHUIY, a 3ipoUKa MO3HAUAE

e q =
KOMILJIEKCHE CIIPAZKCHHSI.
IToxi6mno 1o oneparopis f, i3 [177], MoxKHa 1n0Ka3aTH, 10 i OLEPATOPH

BOJIO/IIOTH TAKOIO BJIACTUBICTIO HIJIBIIOTEHTHOCTI:

(ag)" = (ag)" = (Cl:;)n = (CLZ*)” =0, gkmon>s+ 1. (1.29)

Om:xke, Taka aaredbpa BiJIIOBiIae 0OMEKEHHIO Ha 3all0BHEHHsI OJJHOI'0 KBaH-
TOBOIO CTaHy He OijibIie 3a s, To6To craructuii xenrine [121], npo saky

HTUMETbCsl Y HACTYITHOMY PO3/ILII.

1.3. CraTucTuko-MexXaHidHl y3arajJibHeHHS

Y Mexkax cTaTUCTHIHOT (bizuKu JApoboBi (IPOMIZKHI) CTATHCTHKE MOYKHA
OTpUMAaTH, TPYHTYIOUNCH Ha BHUpas3ax Jjid KiJbkocTi Mikpoctanis W;, 1o

3a0e311edyBATUMY Th 1HTEPIOoIsAIi0 MizK 6o3oHamu (B) 1 depmionamu (F):

g (Gi+N;—1)! . Gi!
WQ_NMQ—M’ L%_NMQ—MW

(1.30)
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ne (G; — cTyliHb BUPOJIZKEHHs ¢-TOr0 PiBHs, a [V; — KiJIbKICTbh 4aCTHHOK
Ha 1[bOMY PIBHI.

st sHaxo/KenHst ynces sanosuenns n; = N;/G; (GyHKIT po3noiny),
IO BIAIIOBIIAIOTH IEBHIN CTATUCTHUIN, MOXKHA CKOPUCTATUCS TaKUM METO-
JoM. ExnTporist cucremu S 1oB’si3aHa 3 KibKicTio MiKpocTaniB W BijjoMum

CHIBBIJIHOIIIEHHIM:
S=WW, jge W=]]WiV). (1.31)

Bupasz 1715 n; oTpuMyeMO BHACIIJIOK 3HAXO/I2KEHHS €KCTPEMYMY IIbOTO (DyH-
KITIOHAJIA 38 JIOJJATKOBUX YMOB, MO (PIKCYIOTH KIJIHKICTH YACTUHOK Y CUCTe-

Ml

N=>) N, (1.32)
Ta MOBHY €HEepIiio

E=) &N (1.33)

Jle €; — €eHeprid 1-TOro piBHS.

Takum 9uHOM, TOTPIOHO PO3B’A3aTH 33841y Ha YMOBHUI €KCTPEMYM:
0S4+ adN — BOFE = 0, (1.34)

Jle Bapiarito bepemo 3a N;, a MHOKHUKE JlarpaH:Ka I1oB’d3aHi 3 TemMIiepa-
typorto T 1 ximivaum norenmniaiom p: o = p/T, f = 1/T, B oMy Jierko re-

peKoHaTucsd Ha IMiJIcTaBl CTaHAAPTHUX TEePMOJNHAMIYHNAX CITIBBIIHOIIEHD.

1.3.1. Crarucrtuka /I>KenTtijie. MokHa [OCTY/IIOBATH MTEBHUI ITPOMi-
JKHUN pO3TOLTI, Y TKOMY MaKCUMaJIbHA 3aCe/IeHICTh PiBH:A OyJie 0OMeXKena,
SIKUMOCBH 9uCJIoM d. BiloBijiHA CTATUCTUKA MA€ Ha3BY CTaTUCTUKN JIyKeH-
tiste [121]. 3posymiso, 1o mpu d = 1 MaTuMeMo MpaHUYHEUN BUIA0K PO3-

noity @epwmi, a d = oo BijnoBigae posnoaiaosi bosze.
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Bupas gy qncest 3amoBHeHHd y ctaTuctuil /»kenTisie MoxkHa oTpuMa-
TH, BUXOJISYN 3 BUPa3y JJIsd KIJILKOCTI CITIOCOOIB pO3IOJILIY YacTUHOK 3a
BCiMa MOXKJIMBUMU €HEePIreTUYHUMU PIBHSIMU:

G,!

e
G =3 mi(j) (1.35)

— BaroBHil MHOKHUK ¢-TOT'O CTaHYy, KIJIbKICTb YaCTUHOK Ha ¢-TOMY PIBHI

oye
d
N; =Y jnilj). (1.36)
j=0

Brac/iiok 1mporo orpuMyemo Bapiariiiny 3ajgady (1.34), je KijabKicTh 4da-
CTUHOK Ta eHeprito 3ajano Bupasamu (1.32) i (1.33), muB., HATpUKIAI,
[127, T'n. 3, 4]. 3 11 pos3s’s13kiB OyeMO MaTH YHC/Ia 3aII0BHEHHS:

1 d+1
G _ _
nig = Z—leei/T -1 Z_(d+1)6(d+1)5i/T -1’ (1'37)

ne z = T — axrusnicTs. Heckianmo [IepEeKOHATHUCs, 110 cipaBii d = 1
nae posnojais Pepmi, a d = oo — posnoxin bosze.

[likaBoro pucoio craTucTuku />KerTije € Te, Mo BHCOKOTEMIIEpaTypHA
MOBEJIIHKA CUCTEMU B Hill HAOJMKAETHCS JI0 PE3Y/IbTaTiB CTATUCTUKN Bo-
3e, TO/Il 1K B HU3bKOTeMIIepaTyPHiil IpaHUIll CIIOCTePIraloTh IPOsiBU, Xapa-

KTepHi jiyisd cratucTukn Pepmi. 30Kpema, i3 caMoro 03HaUeHHsT CTATUCTH-
G

KU BUILIUBa€ icnyBanHsg anaJjora pisusg @epwmi eg: npu T = 0 pynkuia n;
Ma€ CXOJIMHKOIOMIOHY (popMy, TOOTO BCi YaCTHHKHU IepedyBaloTh Y CTaHaX
3 eHeprielo, MeHIolo 3a £¢.

PiBuannga crany ineaabnoro D-uMipHOro razy N 4acTUHOK 3 JIUCIIEDP-

Cl€I0 €, = ap®, AKIl MIJIKOPAIOTLCA CTATUCTUI [I?KeHTine, MoyKHa 3ammcaTu
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Tax [33, p. 160-161]:

pv 00 N 7—1 a
N7 = 2 < AD’SVTD/8> b7 (1.38)

j=1
J1e craJia
Ay — 20"/ T'(D/s)
 (4rh2)P12sT(D/2)

(1.39)

a BipiaJibHI KoedillieHTn b]G BU3HAYAIOTHCA BIJIIIOBLJIHUMU BiplaJibHUMU KO-
. . . . B bB
edilienTaM TaKOl K CUCTEMH 31 cTaTucTuKo Bose Ix
G _ 1B .
b;' =07, saxmo j<d,
d

bc(l}—kl = by + (d+—1)D/S’

(1.40)

TB. Takox [177].
Y BHCOKOTEMIIEPATYPHIH TPAHUI TeIIOEMHICTh Takoi cucremu Cy Ta-

KOZK TOB'fi3aHa 3 TeIIOEMHICTIO Binosignoro 6oze-razy CF [33, 177]:

B 1 Dd (D N I
Cv _Cv_ GPd_ N (N oL (1.41)
N N (d+1)DP/s s s Ap VTP/s

Xoua iznyna peaJizallid cTaTUCTUKK /[2KeHTijie B peaJlbHUX CUCTEMAaX

€ JIOCUTH CYMHIBHOIO, 1151 MOJI€JIb CTAHOBUTD He JIUIIE aKa/JJeMiuHuil IHTepec
[179]. 3Bakatoun Ha BITHOCHY MPOCTOTY BUPA3Y JIJIsS THCEJ 3allOBHEHHS
1 MPO30PICTL IHTEpIpeTallii mapaMerpa d, cTaTucTUKy /JlxKenTtine 3pydHO
BUKOPUCTOBYBATHU $K TeBHE y3araJbHEHHS 3 IMOJAJBITIM IIEPEX0IOM 10
6o30HHOT it pepmionnoi rpanuip [180, 181]. 1o craructuky 6y/0 3acTo-
COBAHO JIO PO3B’sI3yBaHHs 3aJ1a4i PO 00MEYKeHI PO3OUTTS B Teopil dnce
[182]. Morkna Takoxk MOKa3aTH, 1Mo BiAMOBIHAI Tiabip mapaMeTpa cTaTu-
cTuKd d JIO3BOJISIE MOJIEJIIOBATH CKiHYeHHY Oo3e-cuctemy [83].

Ak mokazamm [lait i Ce [183], misg orpumanns posmnofiny Boze—Aiin-
mTaiiHa TPaHWIHUN Tepexij; 3a mapaMeTpoMm craTucTuku J>kKeHTtine
d — 00 MOTPIOHO BUKOHYBATH I€PE]] TEPMOJNHAMIYHUM TPAHUIHUM TIe-

PEXOI0M 3a KUIBKICTIO YacTuHOK N — 00. OcobmBOCTI TEPMOIUHAMIK,
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30KpeMa TeMIlepaTypHY IMOBEJIIHKY TeIJIOEMHOCTI Ta XIMIYHOI'O MOTEHIlia-
JIy, CUCTEMU CJIAOKOB3AEMO/IIIOUNX OTHOBUMIPHUX OCIUIATOPIB 3 €0 CTa~
THCTHKOIO Oysi0 mpoanasizoBano y mpami |74]. [ens ma in. [184] mocui-
JIZKYBaJIA 3B’SI30K Mi»K CTATUCTUKOIO JIyKeHTisie it eHIOHHOIO0 CTaTHCTUKOIO
Ta BUBHAYNIN, 33 KX YMOB Mi?K HIUMHI MOXKHA BCTAHOBUTH I1€BHY (HEIOB-
Hy) ekBiBasieHTHICTH. Takoxk Mexki 3acTtocoBHOCTI crarncTukn JlxKenTite
JI0 3aJ1ad, OB’ s13aHnX 31 crarucTukoio ['oneitna—By, obrosoprosain Ban
ma in. [185], 3a3Havar0OUN MaTeMATHYHY MPOCTOTY BUPa3y i (DYHKILI

PO3IOJILIY B TIEPIIIiii.

1.3.2. Crarucruka longeiina—By. [osgeiin [141] sanpononysas 1o-

HSITTs TIapaMeTpa CmamucmusHoi 63aemodii

_dysan —dy

N (1.42)

g:

Jie dy — PO3MIPHICTH IIPOCTOPY OJHOYACTHHKOBUX CTaHIB cuctemu N da-
CTUHOK 3a yMOBH, IO KoopjuHaTtu pemtu N — 1 JacTuHOK (hiKCOBaHI.
3posymisio, mo g = 1 g depmioHis (JojaBaHHs OJHIET YACTUHKE 3a-
Oupae ojuH cTaH, BianosigHo jo npunimny [laymi) i g = 0 st 6030HiB
(1epes BijcyTHICTH OOMeXKeHHsT Ha 3alloBHEeHHs1 craHiB). Ha mapamerp g
HaKJIaJIEHO JIUIIe o4YeBUIHe oOMexKennsd g > (), HATOMICTH CTATUCTUKN 3
g > 1, mo BuxomdTh 3a MeXi iHTepnossmiiHoro iHTepBany g € [0;1],
IIJIKOM MOXKHa po3ridgarn. PakTuyuHo, nponosuiiid Losjelina mosirae B
MOCTYJTIOBAHHI JeJKOro y3arajabHeHoro npunnuiy [laymi, axmit moxe cTo-
CyBaTHUCs HE OJIHOIO, a JIEKIJIbKOX CTaHIB.

g kiapKocTi MikpocTaniB ctauiB W, y akux MoxkyThb nepedysatu V;
IIEHTUIHIX JaCTUHOK, 110 3aiiMatoTh (G; CTaHiB, MOYKHA BUKOPUCTATH TaKy
KOMOIHATOPHY iHTepHoIAIiiiny dopmyy [142]:

[Gi+ (N; = 1)(1 — g)]!
Ni! [Gi — gN; — (1 — g)]!

W; = (1.43)
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dka y rpanungx g = 01 g = 1 nepexojiuTh y CTaHJapPTHI BUPa3u JlJis
603onis WP i depmionis W} simnosinno (1.30).

Cepejtai unciia 3anosHensst n; = N; /G BUPaKAOThCS TaK:

1
HW
! w (e(Ei—M)/T) + g’ ( )

ne byHKIsS w(r) 3a/10BOJIbHSIE TPAHCIICH/ICHTHE DIBHSTHHST

w(z) [1+w(x)]' ™ =z =eE /T (1.45)

Jlerko nepekonatucs, mo npu g = 0 orpumaemo w(x) = x — 1 — 106TO
posmoin Bose, a pu g = 1 6yzemo matn w(x) = x, TOOTO PO3MOILT
@epmi. 3a3HAUMO, 1110 TAKUT BUPA3 JIJIsl YUCET 3all0BHEHHSI Y ITPOMIXKHI
CTATUCTUI OyJIO OTPUMAHO ¥ paHilre, 30KpeMa, Horo MoxKHa 3HAHTH Yy

npari Kamypa [186].

Y rpanuii x — 00 po3s’s3koM pisasiaHs (1.45) Gyie w(z) ~ x, mo jJae
n; = e~ E=W/T (1.46)

— posnoait bosbiMana, gkuit, 9K 6adnMo, He 3aJeKUTh BiJl TapaMerpa
CTATUCTHUKU ¢, JOro it Tpeda OysI0 OUiKyBaTH.
3 roro, mo z y piBaanHI (1.45) 3aBXK/1 10/aTHE, BUILINBAE, M0 TAKOK

w > 0, oTKe
niW < 1/g. (1.47)

Ax mecknamano nepekonarucsd, npn 1 = 0 moBejinKa duces 3alOBHEHHS

Oyse HarajlyBaT craTuctTuky depmi:

1/g, axmo &; < g,
LW _ /g 101, Ko (1.48)

0, sgkmo g; > po,

ne iy — aHaJjor eneprii @epwi.
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Pipusinus (1.45) MokHA PO3B’SI3aTH AHAJITHIHO JIJIS JICSTKUX 3HAYCHD
g, MO BLIPIBHAIOTHCA Biji (pepMioHHOT 1 O030HHOI I'DaHUIlbL, & caMe: g =
%, 2, %, 3, }1,4. Haiinpocrimmuii pe3yabraT OTpuMaeMo I TaK 3BaHUX ce-
mionie (aHri. semion) i3 g = 1/2:
1
n;, = .
V1/4 + e2lei=m)/T

3araJjiom, Jijisi YaCTUHOK, 110 HiJAKOPSIOThCs craTucTuill Loseiina—By, Bu-

(1.49)

KOPHCTOBYIOTH HAa3BU excKA030n (aHri. excluson) abo g-oH.

Ax sragysBaiocd y Berymi, npoboBa craTucTuka MoyKe BUHUKATH ede-
KTHBHO Y CUCTEMAaX i3 B3a€MOJII€I0. BUSBIISI€THCS, 1110 B3aEMO/Ii104i hepMio-
uu B Mojeni Kanokepo—Casepiienia [187-190] 3 raminbronianom (A =
m=1)

10> 1 A glg—1)
H = T 2% E ( - N= 2
. + —wx; | + 2. (7= a:j)Q’ 5 ,

=1 1<i<j<N

BUIIOBIIAIOTE 11ea/ibHOMY ra30Bi ekck/t030HIB (1.44) [191]. Takox mieto
CTATUCTUKOIO MOYKHA OIMCYBATH JIBOBUMIPHUIT €JIeKTPOHHUIT Ta3 i3 KOPOT-
KOCSIZKHUME B3aeMo/iisimur [192], xoda TyT inenTudikaris mapamerpa cra-
TUCTUKHN 4epe3 3HadeHHs: piBas Pepwmi jomyckae it inmn BapianTn (cra-
tuctuka [xxentise, [omixporakoca). IlikaBo, 1Mo TpuIacTHHKOBA MOJIETH
Kamomkepo 3 —1/4 < A < 0 103BOJIsIE eMYJIIOBATH €HIOHHY CTATHCTHUKY
[193].

PospaxyHok TepMmojmHaMivHIX (PYHKIH cHCTeMU YaCTUHOK 31 CTaTH-
crukoro ['oseitna—By MoxkHa 1poBecTn cranjapTHUM criocobom. Hikue
HaBeJIeHO pe3yJibTaT JJIs PIBHAHHSA CTaHy JBOBHMIPHOIO 1€aJbHOTO Ta-
3y N uacTunox 3 pucnepcieio €, = h2k%/2m y rpanumi eMT < 1, xonn

dbyuknig w(x) =z + g — 1 [142]:

p 29 — 2
— = 14+ ———poA 1.50
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ne p — tuck, T — Temneparypa py = N/Va — nsoBumipra rycruna. Llei
BUpa3, AKUil (GaKTUYHO € BipiaJIbHUM PO3KJIAJIOM, OyJjile BUKOPUCTAHO B
po31iii 5.3 JI BCTAHOBJIEHHS 3B 13Ky MiXK PI3HUMHU THIIAMU CTATHCTHK.
4K Jierko 3ayBazKuTH, “‘CTATUCTUIHA B3a€MOJIid” € BIJIINTOBXYBAJILHOIO TIPU
g > 1/2 i npursransaoto npu g < 1/2 [142].

Heckajino orpmmaTn BUCOKOTEMIIEpATYPHUIT PO3KJIAJ] TEMJIOEMHOCTI
D-BumipHOTO i/1€aJIbHOTO Ta3y €KCKJII030HIB 13 jucnepcieio €, = ap® [33,
p. 154]:

Cy D 9—1/2  pp D
—=—11 1—— - 1.51
N s + 2D/s  Ap JTP/s s + ’ (151)

1e pp — D-sumipna rycruna, Ap s — koncranta (1.39).

TepMmonmHaMiKy iJleasbHOTO Ta3y 3i craTuctukoio Loseiina—By Bupda-
J pisHi rpynu, 30kpeMa lcakoB ma in. [194], xoiic ma in. [195]. Aost-
Ma [196], posruisiiatodn MoJiesb CHIIBHOTO 3B’s13Ky Ha rparii (tight-binding
model), mokasas, 110 TEIJIOEMHICTD BIJIIIOBIIHOTO JIBOBUMIPHOIO I'a3y Xapa-
KTE€PUBYETHCA MMEBHIUMEI OCOOJTMBOCTSAMM, Ha, BIIMIHY BiJI 3BUYaiiHOl cucTe-
MU, B dKiil He ITPOSBIIETHCS 3aJIEXKHICTD BiJl TapaMeTpa cTaTuCTUK. [[iHb
i Yens [197] anasisyBa/iu mBUIKICTH 3BYKY 1 CTUCIUBICTD Ta3y €KCKJII030-
HIB y rapMoHiuHill macTii. Aurens ma in. |38] 3acrocyBasn 1pobOBY BH-
KJIIOUHY CTATUCTUKY JIJIsI PO3PAXYHKY TEPMOJUHAMIYHUX XapaKTePUCTUK
PeIATUBICTCHKOI SJIepHOI MaTepil.

Craructuka l'osjieiina—By TakoK BusiBusiacss KOPUCHOIO Y MaTeMaTH-
YHUX 3aJa49ax: 30KpeMa, 3 11 J0IOMOroi OyJI0 OTPUMaHO JIedKi CIIBBIIHO-

IMeHHs JIJTs1 Tak 3BaHoro jutorapudma Pomxepca [198].

1.3.3. Crarucrtuka IMosixponakoca. Y 1996 pori [osrixponakoc [126]
3allPOTIOHYBaB TaKy peaJsizalliio JpoOOBOI CTATHCTUKHU: HeXall Tepiia Ja-

CTUHKA B CHCTeMI MOKe 3aiinaTu onauH i3 (G cTaHiB, apyra BxKe Mae€ Ha
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BuGip (G — ) cramis, tTperss — (G — 2v) cranis i 1. 1. [loBHy KinbKicTh Mi-
KPOCTaHIB, [0 KOMOIHATOPHO BIJIIIOBi/Ia€ KIJILKOCTI CIIOCODIB PO3MIIICHHSI

N; vactuaok 1o (G; craHax, MOKHA 3aIUCATH TaK:

Gi(Gi —7)(Gi —2y) ... (Gi = (Ni = 1)7)
W = || N : (1.52)
[lepenncasmmu KimbkicTs MiKpocTaniB y Burisii [126]
Gi/7)!
P 1.53
T NGy — N (1.53)

Jie i (pakTopiaJioM HEIJIOro 4mcjia MaloTh Ha yBa3i y3araJibHeHHS depes
ramma-dyskiio x! = I'(x + 1), MoxKHa cTaHJIAPTHUM CIIOCOOOM MOKA3aTH,
110 cepe/iai dncia 3amouents n; = N; /G y 1l CTATUCTHIN BUPAXKAIOTHCST

IIPOCTHUM CIIIBBITHOIIICHHSIM:

1
P _
M Wi (1.54)

Bokpema, Auap’st i Hapasina Csami [199] posrisiasu 1eii Bupas sik mpo-
cTuii BapiaHT CTATUCTUKOMEXaHIYHOTO OIMCY €HIOHIB 3 KOPEKTHOIO I'pa-
HUYHOIO ITOBEJIIHKOIO B 0030HHIN 1 (pepMioHHill Tpanungx. Jlerko daunTu,
10 MpaHnYHi 3HaueHHs v = +1 Bupasy s Kiapkocti Mikpocrasis (1.52)
BiimoBi a0tk posnoiiam @epmi ta Bosze (1.30).

3Barkaiovn Ha MaTeMaTuIHy nojibHicTs Bupasy (1.54) 1o dyHKIii pos-
mo/1iy y crarnctukax bose—Aitnmraiina i @epmi—/lipaka, Heck1aHO OTpH-
MaTH PIBHSIHHS CTAHY Ta PE3yJILTATHU JIJIs BipiaJbHUX KOeIIIEHTIB 1/1ea/1hb-
Horo D-BuMmipHoro ragy 3 Jucuepcieio €, = ap® y crarucruii [Tosixpona-

Koca [33, p. 163]:

P\ [~i—17B
b; (v) = [vP 05, gxmo 7y < 0,

p i—1,F
b; (v) =~"""b;, Koy > 0, (1.55)

B.F L .. . . ) . .
Ae b, — j-uil BiplanbHuil KoedlrienT 603e- abo hepMi-crcTeMu BiJIIOBII-

HO, JTUB. TakoxkK [199].
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Ak iy craructuni xenrine, dyukiis posmnosiny (1.54) mMoxke BHHE-
KaTu B KOHTeKCTi g-jiechopmosanux ajredbp [200]. Crarucruky Ilosixpo-
HaKoca TaKOXK HeOIHOPAa30BO aHaJI3yBaJI OJHOYACHO 3 JIEAKUMM 1HIIHU-
MU BUJIaMHU JIPOOOBUX CTATUCTHUK, HacaAMIIEPE]] 1€ CTOCYEThCs y3arajJbHeHb
Ixentise it Tonpeitna—By [33, 201, 202].

Mipsza i Morammvaszase [202] BuBuain Tak 3BaHy TEPMOMHAMITHY T€O-
meTpito [203] KiIbKOX TUIIB JpoOOBOT cTarncTuku. 30Kpema, OyJio BUsiB/ie-
HO “BHIIE, 110/1i0He J10 603e-KOHeHcallll B i/leaJlbHOMY T'a3i 31 CTaTUCTIKOIO
[Tosixponakoca. 3ape ma in. [204] posrisann 603e-ra3 Ha PO3TITHYTOMY
ropu3onTi wopnux Jip [IBapmminbma i Keppa, BUKOPUCTOBYIOUN CTaTH-
ctuky Ilomixponakoca gy MOAETIOBAHHS B3a€MOJIl Y ra3i I'paBiTOHIB.

[LraBuuit mepexif y piBusinui (1.54) mixk depmi- i 603e-CTaTHCTHKOIO,
MUHAIOUN TAaK 3BaHy KBAHTOBY cTaTucTuky BosbimMana (o = 0), MOXKHa
3a0e31eYnT BUOOPOM IapamMeTpa 7y Y BUIVIsSIII KOMILJIEKCHOTO YHC/Ia, Y =
e™. v = 0 = 1. Buasnsgerncsa, Mo 30KpeMa y OO30HHIil IpaHnIli Taxa
cucreMa OyJjie BinosijiaTu 603e-ra30Bi 3 eHepI'eTUYHUM CIEKTPOM €, AKUii
MICTHTB MaJly PO3CiioBasIbHy (YABHY) YaCTHHY €, = £,+1¢,, sIKa I10B’I3aHa

3 IApaMeTPOM CTATHCTUKN V: 3, ~ w1 [86]. OcobmuBocti oHoBIMIPHOT

CHCTEMH OCIIIJIATOPIB 13 TAKOIO CTATHCTUKOIO ITpoaHasizoBano B [88].

1.4. HeekcTeHCUBHA CTATUCTUKA

Tpajuiiitno eHTpoIiio BBOJATE 9K JiorapudM KiJIbKOCTI MiKPOCTaHIB:
S=InW, (1.56)

IpUYOMYy 3BijIcU MaiizKe aBTOMATUYHO BUILIMBAE aJINTUBHICTD €HTPOIIIL:

S(A+ B) = S(A) + S(B), (1.57)
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ne A1 B nosHagaioTh mijcucTeMu, a jorapudm 100yTKY IX iMOBIpHOCTEI
(o Bipmosigae cucremi A + B) 3BOJUTBCST JI0 CyME JIOTapudMiB.
ITio enTporio, BigoMy sk entporist Bosbimara I 166ca, Moxma mepe-

ucaTH yepes IMOBIPHOCTI p; peaJisallil j-ro cTany BIJOMUM CIOCOOOM:
S = —ijlnpj. (1.58)
J

Buspisgerbes, 1o aJuTUBHICTL €HTPOINI, sKa € MaliKe 1HTYITHBHOIO,
MOKe TOPYIIYBaTHUCS JIJIs PI3HOMAHITHUX CHUCTEM, 110 MalOTh II€BHI OCO-
OsinBoCTi. 30KpeMa, JI0 TaKIX 0COOJIMBUX HaJIexKaTh (ppakTajbHi CTPYKTY-
pU Ta CHCTEMH, B sIKHX MPHUCYTHs JATEKO/I0Ya B3aeMo/is (y OlabImocTi
“TpajinniitHux’ 00’ €KTIB y B3a€MOJIisIX 6€pyTh OE310CEPE/IHIO YIACTD JIUIIIE
O/m3bKI cyciau). [HIMM TPUKIIAIOM MOXKYTh OYyTH CyTTEBO HEMAPKIBCHKI
nporecu (cucremn 3 “nam’sTTio”). OKpiM cyTo BI3UIHUX SIBUIN, BUKJIaJIe-
Huit Huzkde migxin [148, Chap. 1| moxke 6yTu 3acToCOBaHUil i B CyCHiIbHIX
mucnuiiinax (Mozesti (hiHaHCOBUX PUHKIB, JIHTBICTUYIHI 3aKOHE TOIIO).

Tax 3BaHa HEeKCTEHCUBHA CTATUCTHUKA, OIKCAaHa B IIbOMY PO3JILIi, CTO-
iTh JIeno 0CiOHO MOPIBHSIHO 3 HaBEJACHUMU B IonepeiHiX. B3araii kaxKyyn,
icHy€ IIOoHaliMeHIIe 30 JIBa JIeCITKU CIIOCODIB y3araJlbHUTH O3HAYEHHS €H-
tporii Bosbivana-T 166ca (1.58). Omun i3 Hux, stkuit 3amnpornonysas as-
mic [147], posriagHemo HIKIE.

Mozkna BBeCcTH y3arajbHeHy eHTPOIIIO CIIBBIIHONIEHHIM

1 w w
qum 1—219% , anzl, g€ R (1.59)
n=1 n=1

Hecknajno nepekonaTucs, 1Mo B I'padulll ¢ — 1 OTpUMaeMO 3BUYHY €H-

Tpomiio Bosbimana-Ti66ca (1.58). Crpasi,

?;1 _ e(q—l)lnpn ~ 14 (q — 1) lnpn
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it enTporlis HAOYBaE BUTJIALY

W
S q_l(l—ZPn) ---:_anlnpna
n=1

110 30iraeThes 3 ovikyBanuM Bupasom (1.58).
3aMicTb yYMOBH aIUTUBHOCTI (€KCTEHCUBHOCTI ), 3a1aH01 hopmyiioio (1.57),

errporis (1.59) 3a70BoJIbHsIE CIIBBIIHONICHHS
Sy(A + B) = 5(A) + 5¢(B) + (1 = 9)5,(A)S,(B), (1.60)

TOOTO € HEeEeKCTEHCUBHOIO BeqmunHOo0. [Ipn mbomy iHjmekc ¢ € pakTUuIHO
MIPOIO HEEKCTEHCUBHOCTI.

7Ix 1 3BHUaiina enTporid, S, Jocdarac MakKCUMyMy 3a YMOBU PIBHUX iMoO-
BipHocreit p, = 1/W Vn (1.38. npunmun Jlamraca):
Wwi-a—1

Sq = 4

(1.61)

Y rpanuili ¢ — 1 3Bijgcu oTpuUMAaEMO BijoMe CIIiBBimHOIIeHHsT bosbiivana
S=InW.
Bsogstun g-siorapudm
l—q _
T 1
In,z = N Inyx =Inwz, (1.62)
—dq

MOXKHa 3alcaTu entporito [amtica y dosbiiManonoioniit dpopmi
Sq=In, W. (1.63)
Jlerko nmokaszaru, 1o obepHenoio 10 g-Jorapudma Oyjie Taka g-eKCIOHeHTa:
exp, () = [1+ (1 — q)a] /0, (1.64)

dKa y TpaHuil ¢ — 1 mepexonuTh y 3BUUYalily eKCIOHEHTY.
Bapto 3BepuyTH yBary, mo g-ekcnonenTa [asrica Binpi3HsaeThesd B g-

€KCIIOHEHT, IO BUHUKAIOTh B AE€AKHNX 1HIITNX 3aJladax, 30KpeMa [IOB sI3aHUX
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i3 q-j1ecbopMOBAHUMU KOMYTaTOPAMU:

N = i 2
exp, T = €5 = T, Exp,z = E; = qu(] /2 m, (1.65)
=0 Wla j=0 Jlq

1e g-dakropian 3agano gopmysioo (1.11). 3po3ymiso, 1o
el = B =¢" (1.66)

Jlns 3naxojiKenHd fIMOBIpHOCTEN P, CKOPUCTAEMOCS CTaHIapTHAM Me-

TOZI0OM MHOKHUKIB Jlarpanzxka. Excrpemym entporii S, BusHAYNIMO 3 yMOBH

1 w w
5{9—12( pn _azpn_ﬁzgnpn}oy
n=1
w
Jie OJIMHUINIO B O3HAYEHHI S, PO3IHCAHO AK 1 = an. OTpumaemo ocra-
TOYHO =l
1
1—(¢g—1 n) ]!
pn—{ (4 )(O‘+55)} . (1.67)
q

3a JIONOMOroIo y3arajabHeHol CTATUCTUYHOI CyMI

Z, = {1_(q_1)@};17 (1.68)

q

3 AKOIO BLJIbHA €Hepris MOB d3aHa CIIBBIHOIIEHHIM

q 1
F=—InZ,=—-(14+a)=, (1.69)
gt 5
BU3HAYNMO TEMIIEPaTypy K
1—(¢g—1 1 1
r-l=l=Da_ a—— (1.70)
5 Z& B
Tenep iMOBIpHICTB p,, HAOYBA€ 3BUYIHOIO “TiOOCIBCHKOr0” BUTJISILY:
1 En
b= o, (—?) . (1.71)

Honarkosuit koedimient y 38’s130k (1.70) mizxxk T 1 [ nHacupasii yckia-

JIHIOE OIINC CHCTEM 3a joroMoroto enrporrii [asrica. 3 MeTo0 yHUKHEHH
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BIIIIOBIIHUX 1IPO0JIeM OYyJI0 3allpOIIOHOBAHO HU3KY MOJAUdIKalliil ornmcaHo-
ro mijxosy, Bijomux sk crarucruku (Ilamtica—)Mengeca—ILnacrino [150],
Kypasno(-asrica) [149], Bamkiposa [151] Ta im.

[caytoTh TakoXk @-yzaraiabHennd posnojiiiB Pepmi—/lipaka it boze-
Aitamrraiina [205-207]:
B 1 B 1
(-0 — )T 1 expy[Blei —p)] £ T

Moudikariito Bupasy Jijisi eHTpornil 3acTocyBaB Ban 31 criBaBTOpamn
[207-209] mu1st OOy MOBU CTATHCTUKO-MEXaHIIHIX y3araJbHeHb Ha MiICTaBi
TaK 3BaHOl HENoBHOI iHdopMmarliiitnol Teopil. Hampukia, nermoBHa ymMoBa

HOPMYBaHHS

Zpg =1 (1.73)

1 BIJINIOBIJIHO YTBOpeHa y3arajbHeHa eHTPOIlis

W
S = — ZP? In p; (1.74)
i=1

JIal0Th 3MOI'Y OTPHUMATH BHUPA3 I YUCE 3allOBHEHHs 003e- abo depMi-
oIOHIX 30y/7KeHb Y TaK 3BaHill eKCTeHCUBHIN HermoBHif crarucTuil (ex-
tensive incomplete statistics) [208|:

1
edei—w)/T 4 1°

(1.75)

n;, =

Heekcrencusni ananoru [207, 209| MoxKHa yTBOPUTH HOIIOHO 10 PO3IIO-
miniB @epwmi ta Bose y cratucruni Hammica (1.72):
1 1
ni —_= 7 =
{1+ (q=1)BE—p))T+1  explaBle; —p)] £1

(1.76)

3arajioM, HEeKCTEHCUBHA CTATHCTHUKA, JIOIyCKae i 6araTo iHIINX y3araJib-
HEHb KBAHTOBUX PO3IOMALIIB, a IX JeTajJbHUl aHaJi3 moTpedye OKPEeMOro

POBIIUPEHOTO OIVISILY, 1110 BUXOJIUTD Jla/IeKO 3a MeyKl TeMaTUKN i€l 1palil.



45

1.5. Cucremu 0030HIB

Y pO3TJIAHYTHUX JaJjii B Iiif mpalll IijIxojax ocod/IMBe Miclie 3aiiMae cTa-
TcTuKa bose—AfiHmraiina: came Ha 11 OCHOBI, 30Kpema, 100yI0BaHO y3a-
rajibHeHHs JipoboBol craructuku Ilosixponakoca B po3iiiax 4 1 5. Ha ana-
JIOTISIX 3 PO31OoILIoM bo3e IpyHTYIOTHCS AX0AU 10 PO3B’si3yBaHHS 3a/1a4
Teopil uuces y po3aiai 6 Ta JIHIBicTHKEU y posjiai 7. [arepec 10 bararo-
OO30HHIX CUCTEM TIOB’SI3aHMIT HacaMIlepel i3 TUM, 10 B HUX Ha MaKPOCKO-
[IYHOMY PIBHI HPOSBJIAETHCA KBAHTOBOMEXAHIYHUI MPUHIIAI TOTOKHOCTIL
YaCTUHOK — gBUIIEC KOHJleHcalll Bbose—Ailinmraiina.

3Baskaloun Ha BeJUKEe PO3MaITTsl HAIPSIMKIB JIOCIPKeHH O030HHUX
CUCTEM, TYT KOPOTKO PO3IJISTHEMO JIUIIE Ti TeMH, dKi MaioTh Oe3rocepe-
JIHIIT CTOCYHOK JI0 POOOTH, & TaKOXK JIesIKi OCHOBHI HaflIliKaBiIli cydacHi
EKCIIEPUMEHTH 3 003e-KOHIeHCATAMHI.

OjHie0 3 KJIaCUYHUX 3aJa9 (PI3UKKM HU3BKUX TeMIepaTyp 1 30Kpema
Teopil O03e-cucTeM € PO3paxyHOK CIIEKTPa eJIeMEeHTapHUX 30Y/I7KEHb, STKUi
CTaB BaXK/IMBUM CKJIQJTHIKOM y (DOPMYJIIOBaHHI Teopil HAIIJIMHHOCTI Pijl-
Koro resiio-4. @enomenosoritno crnocrynpoBanuii Jlammay (210, 211], meit
CHEKTP TaKOXK OYJI0 pO3PAxXOBAHO 3 MIKPOCKOIIYHUX MIPKYBaHb y ITPAIAX
Beitng [212], Borosobosa [10], @aiinmana i Koena [213, 214]. [Iporsarom
HACTYIHUX JIECATUIITD 3’ BUJINCA YUCJAEHHI TIpalll Ha I[I0 TeMy, MOPiBH.
[215-224]. 3asBuuail y Takux TEOpisxX BUKOPUCTOBYIOTH MApaMeTpu JIJis
MiJIPOHKHM, HATIPUKJIaJ, y ctarTi [219] 106poro y3roKeHHs 3 eKCIepuMeH-
TOM JIOCATHYTO JjIsi 0OME:KeHOl 00J1acTl HABKOJIO POTOHHOI'O MiHIMyMY, a
B [220] criekTp 6y710 700pe MiIrHAHO 32 JIOMOMOTOIO JBOX ITapaMeTpiB.

Busuenns 06araTo0O30HHUX CHCTEM OTPUMAJIO HOBHIl ITOIITOBX IICJIst
eKCIIepIMeHTaIbHOro BiAKpuTTs y 1995 pori kKongeHcaril Boze—Aitaimraiina

B y/IbTPAXOJIOIHIX PO3PIIzKeHNX ra3ax JyKHnX MeTamis & Rb i 2Na 4, 5],
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a 3rojioM 1 B inmmx pedoBuHax 7). Lle BiAKpmIO MuIsX mOIIyKy TeopeTH-
YHUX METOJIIB, 3a JOIOMOI'OI0 SIKUX MOKHA IepeJadadnuT BiJIIIOBIAHI sIBU-
ma. 30Kpema, Maiizke Bijpady 3'dBUINCA Tpalli, B SKUX JOC/IIZKYBaIH
MUTAHHS KOJCKTHBHUX 30y/KEHb y TAKNX cHcTeMax |225-227|.

Bose-konaencariito miji BIJIMBOM 30BHIIIHBOI'O MAPMOHIYHOIO ITOTEHIII-
asy (mactku) obrosopioBain B [228-230|, KBa310HOBUMIDHIM CHCTEMAM
npucsstuero mpairo [231]. Orysiu, 1Mo cToCyThCsl BIIIOBIIHUX KBAHTO-
BUX 0araTo4aCTHHKOBUX SIBUII sIK 3 €KCIEPUMEHTAJILHOIO, TaK 1 3 Teope-
THYHOTO GOKY, MOXKHA 3HANTH B HU3KU aBTOPIB |7, 14, 232, 233].

[ikaBuM 00’ €KTOM JOCTII?KEHb MOYXKYTh OyTH JIBO- Ta, OaraTOKOMIIOHEH-
THI Oo3e-cyMil, gKi He JIMIIe XapaKTepus3ylThCss 0araTcTBOM (Di3MUHUX
SIBUIIL, aJie il Oe31ocepeIHbO 0B si3aHl 3 TeXHOJIONISIMU, PO IO JIOKJIa IHi-
11e cKa3aHo TPoXH JaJii. Briepiie Taky cyMilr 0y/10 OTpUMAaHoO i3 JIBOX CTaHIB
8TRb, mo BigpizHsIMCA HAITOHKOI CTPYKTYpoio [234], 3rojoM — 3 pizHux
izoronis ®Rb i 8"Rb [235] Ta 3 pisnux ximiunux ejementis [236, 237].
BigzHaunMo TakoK eKCIePUMEHTH 3 iTepOi€BUMU CyMIillaMu, 0 MOXKYTh
CKJIaJIaTHCs K 13 (pepMioHiB 1 O030HIB, TaK 1 3 caMuX OO30HHUX 130TOIIIB
[238]. Bigmosigni TeopeTndHi MeTOM JOC/IZKEHD IepeOyBaoTh Ha CTalil
PO3POOKI.

Ormnnc 30y12KeHb y D030HHUX CHUCTEMAX, 0 11epedyBaloTh y MacTKaxX, 3a-
pa3 He MOYKHa BBayKaTH ITOBHICTIO PO3B’sI3aHOI0 IIPOOJIEMOIO, KOJIN H1eThCst
PO BUXiJ] 3a MexKi HaOJIMKEHHS CEePEeJIHbOIO TOJId UM PiBHSHHS fpocca—
[Tiraeecbkoro (239, 240|. Hanpukiiaj, crekTpu ejeMeHTapHUX 30y 12KeHb
y HU3BKOPO3MIpPHUX 003e-crcTeMax 3a Jomomoror Teopil Jliba—Jlinirepa
[241, 242] Busuanu y [243, 244]. Jlist anasizy 603e-KOHJIEHCATIB YB OIITH-
YHUX IPATKaX 9aCTO 3aCTOCOBYIOTH Mojieib boze—Tabbapa [245-247|. Ma-
TeMaTH4Hl acrekTn HabykenHs Borosobosa [10]| st criekTpa ereMeH-

TapHUX 30y/2KeHb OO30HIB 31 CJIAOKOI0 MIXKIaCTHHKOBOIO B3AEMOJIIEI0 0OT0-
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BoptoBasn y mparisx [248, 249|. Teopernunuii onnc 36y/xeHb tuiry Boro-
060Ba B €KCHTOHHO-TIOJIIPUTOHHIX KOHJIeHCATaxX 1mojano B [250).

[ToBitOMJIEHHS IIPO eKCIIepUMeHTa IbHE CIIoCTepesKeHHsI 30y12KeHb O0Io-
JIIOOIBCHKOI'O TUITY B €KCUTOHHO-TIOJIAPUTOHHUX 003€e-KOHIeHcaTaxX 3po0nin
Yuonomist ma . [251]. Taki cucremu [252, 253| €, mopyd i3 po3pijxKe-
HUMM Ta3aM# JIy?KHIX METaJIiB, JOOPUMU 00'€KTaMM JIJIsi CIIOCTEePErKEHHsI
Ko leHcarlii bose—Aiinmraiina [9]. locurs cBOEpi/IHI eKClIepUMEHTH 3 Tak
3BaHOl HEPIBHOBaKHOI 003e-KOH IeHcallll €eKCUTOHIB-ITOISIPUTOHIB Y TOJIiMe-
pi 3a KIMHATHOT TeMIIepaTypu ONncano B mpari [254].

B oxpemuit HAITPSIMOK MOKHa, BUJILIATH JTOCTIJIZKEHHs 003e-KOHIeHCATIB,
1o obepraioThes [255]. BinnosinHi ekcrepuMeHTH 30KpeMa 3a0e31MedyioTh
BUBYEHHsI TaK 3BAaHOI KBAaHTOBOI TYpOYJEHTHOCTI, dKa IIOJISATAE€ B ITOABI
KBaHTOBUX BUXopiB [256-258|. Hezparkatouu Ha KBAHTOBY IIPUPO/LY, 1€ sIBH-
e BJIAETbCsI OIUCYBATU 38 JOIIOMOI'OI0 JOCUTH MPOCTUX MaTEeMAaTUIHUX
MOJIeJIel, a OTKe HOTo MOYKHA PO3IJISIATH SIK CBOEPIINY J1ab0paTOpito /st
aHAJII3Y KJIacuIHOl TypOyJeHTHOCTI [258; 259] — BazK/MBOrO CKJIa IHUKA,
riJIpo- Ta aepo/IMHaMIKHN.

Boze-cuctemn 3i CKIHYEHHOTIO KIJILKICTIO YACTUHOK N CTaju MpeMeToM
HU3KH TeopeTudHnx mpaib [260-262|, y akux Oysio 3HafigeHo BijmosiHi
MOTTPABKHU JI0 TEePMOJIMHAMIYHUX (DYHKIII, CIIpUYNHEH] CKiHYeHHicTIO V.
[Ie ogHIM BakKJIMBUM 00 €KTOM JIOC/IIIZKEHb € DO30HHI CUCTEMU B IIOPU-
CTOMY CEPEJIOBUII, 30KpeMa, BJACTUBOCTI Tesiio-4 B MOPUCTUX CTEKJIax
[263], aeporeni [264, 265, nanonopucromy ckii Gelsil [266, 267| abo Baii-
kopi (Vycor) [268, 269]. Onun i3 MOKINBUX MAXOMIB 0 aHATI3y OO30HIB
MOJIATAE B MOJIETIOBAHHI TIOPUCTOTO CEPEJIOBUIIA, ITPOCTOPOM 13 ppaKTasib-
Hoto BuMipHicTio [270, 271].

3 ekcrepuMeHTaMu HaJi TejiieM-4 y BaiiKopi OB sI3aHa IiKaBa eroIest:

y 2004 p. Kim 1 Yan [272] 3pobusin mOBiIOMJIEHHST TPO MOXKJIUBI ebeKTr
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HAJIIUINHHOCTI Yy TBepjoMmy reiii-4 (BIANOBiHWI CcTaH HA3WBAIOTH
supersolid). Kispka pokiB moIyKiB miTBepzKeHHsT TAKOT 0COOIIBOT TOBe-
JIIHKU He IIPUHEC/IN YCIIXiB KO/IHI 3 eKcliepuMeHTaIbHUX rpyi, 1 2012 po-
Ky YaH BU3HAB, 10 CIIOCTEPEXKEHHST OYJI0 MOMIIKOBUM [273].

o nemo mecrnoliBAaHNX €KCIIEPUMEHTIB HAJEKUTh JIOCATHEHHSA CTaHy
bo3e-konaeHcalll (oTonis [274]. 3posymisno, 1o Yepe3 BiACYyTHICTb B HUX
MaCH CIIOKOIO CIIOCTEPEKEHHs IIbOI'0 sBUINA MOXKJIUBE JIMIIE 3a IEeBHUX
YMOB — HalPUKJIaJ], Y MIKPOIIOPOKHUHAX 13 J3ePKaJbHUMU CTIHKAMU, 1110
3a0e31e9yI0Th CKiHIeHHY (HEHYJIbOBY) Macy CIIOKOI0 [275].

Konnencarn Boze-AiinimTaiina 3acTOCOBYIOTH JIjIs MOJICJIIOBAHHS Pi-
3HUX (PI3UYHUX cucTeM 1 sBuil. Hampukiaj, KBAHTOBI CUMYJIsIl 3 BH-
KOPUCTaHHSIM YJILTPaxoIoaHux (epMioHis i 6030HIB ormcano B |54, 276).
Mojei 3 603e-KoHIeHCATaMII HaJIeXKaTh JI0 KBAHTOBUX aHAJIOIB I'paBiTa-
uii [277]. Hemonasro B 603e-Konencati ' Rb 3a 1010MOI0OK0 TOMOIOM YHIX
JlepeKTIB OYy/10 3eMyTHOBAHO OTPUMAHHS 130/Ib0BAHUX MArHiTHUX MOHOIIO-
miB [278].

[TocTynoBo HaOyBalOTh MOMIUPEHHST TEXHOJIOTIT 3 BUKOPUCTAHHAM 003€-
konjiencaTiB. [lepenbadeno 1X 3acTocyBaHHS Yy KBAHTOBUX OOUNCIEHHAX,
meTpoJiorii, inrepdepomerpii. Hanpukiasm, y mparii [25] 3anpororosato pe-
aJl3allllo KBAHTOBUX aJIrOPUTMIB Ha II1/ICTaBl KOJEKTUBHUX CTaHIB JBOKOM-
IMOHEHTHUX KOHJeHcaTiB. ['OpuHI IPUCTPOI JJIs ONpPaIOBAHHS KBAHTOBOI
iH(OpMallil 3 BUKOPUCTaHHAM YJIBTPaX0JIOHUX aTOMIB, sKi 11epedyBaloTh
B ONTUYHUX MIKPOIOPOXKHMHAX HA MarHiTHi{ i, onucano B [279]. ¥V
nparti [280] mokasaHO MOXKJIMBICTH KBAHTOBOI TeJIEMOPTAIlil KOT€PEHTHOTO
CIIHOBOTO CTaHy 3a JOIOMOI'0I0 003e-KOH IeHCATIB.

CxeMU 3 BHKOPHUCTAHHSIM YJIBTPAXOJIOJHUX aToMiB 1esio [281] ta py-
oimito |282| 3acrocoBano y KBaHTOBIiil Merposorii [283|. Inrepdepomerp

Maxa—Ilenznepa Ha 0603e-KoHIeHCATI aToMiB py0inifo-87 B yMoBax MIKPO-
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rpasiTariil CKOHCTpYIOBaJIa eKCIepuMeHTaibHa rpyna y bpemeni [56]. Bu-
COKOI KOHTPACTHOCT1 BJIAJIOCS JIOCATTH 1HIIII IPyIl 3a JOIOMOIOI0 1HTEpP-
dbepomerpa Pewmci, Takoxk na pybdimieBomy kongencari [57]. Tak 3pammit
KOHTpacTHHI inTepdepoMeTp 3 BUKOPUCTAHHAM 003e-KOHJICHCATY 130TO-
niB itep6ito 1“Yb ' i€l

pbito JIA€ TEePCIIEKTUBY BUCOKOTOYHUX BUMIPIOBAHDL J0 OJHI€]

TACTHHN Ha MUIbApI [284].

Y po3zainax 6 Ta 7 pO3IJITHYTO MOYKJIMBOCTI 3aCTOCYBaHHSI METO/IIB, SAKi
I'PYHTYIOCS Ha BHKOPHUCTAHHI cTaTUCTUKN Boze i 1poboBUX CTaTHCTHK, 10
PO3B’sI3yBaHHSI JESIKIUX IIPO0JIEeM i3 cyMixKHUX Tajiy3eil Hayku. Hacamie-
peJi, 1ie TeOPEeTUKO-UNCJIOBI 3ajadi Ipo pO30OUTTs HATYPAJbHUX UHCEN, a

TaKOXK NHUTAHHS KJIacudikalil CKIaTHUX CUCTEM.
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PO3/ILIT 2

O/THOPITHI BO3E-CUCTEMN
31 B3AEMO/IIEIO

2.1. Bctyn

l'aminbronian cucremu N 003e-4aCTHMHOK MACOIO 1M 3 KOOpJUHATAMU T'j B

o0’emi V' 3 ypaxyBaHHAM 0araTouyacTUHKOBIX B3AE€MOJIIIT Mae BUTJISI/I:

ZA + ) By —m)+ Y Bs(rjmrg) ..., (2)

1<j<I<N 1<j<l<s<N
ae A; — oneparop Jlammaca momo j-i koopaumarn, P(r; — ro)
i ®3(ry,ro,1r3) = P3(ry —ro,r9 —Ir3,r3 — 1) — HAPHUIT I TPUIACTUHKOBHUIT
MOTEHIlaJIM BLJIITOBIIHO, a KPaIlKU BLJMOBIIAIOTH JOJaHKaM 3 HYOTHPUYa-
CTUHKOBUMH I BUIIIUMHI B3a€MO/IISIMHI B IOTEHIAJIbLHIN eneprii.
Y 300pakeHH] KOJTEKTUBHIX 3MIHHUX [285]

1 0
S —ikr; = — k 2.2
N Z_:e ’ Ok Ipx.’ e k70, (22)

SIKITIO BpaxyBaTH TPUIACTHHKOBI B3aeMo/Iil [81], maTumemo:

N N
H = Z{&k (pké_k—ﬁkﬁ_ )+—Vkpkp k} +

k#O 2V
h2
+ Z > { KQ prsqO-x0_q +
k;«éO q#0
k+q#0

N2

+ 6172 VS(k + q, k7 _q)pk+qpk:0q} ) (23)
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e €, — EHePreTHYHN{l CIeKTD BLIbHOI YacTHHKU £, = h’k? /2m, a v, Ta
v3(k + q, —k, —q) — dyp’e-300pazkeHHst Bi/IIOBIIHO JIBO- 1 TPHIACTHHKO-

BOT'O TIOTEHIIIATY, IO 3a/IeXKaTh BiJl XBUILOBUX BeKTOpiB K, q, mpu 1ibomy

. N 1
Vi, :Vk+vy3(k7 —k,O) _qu#oy3(k+q7 _ka _q) (24>

Hasati Bci Bupasu 3anmucano y HaOJMKEHHI, HACTYITHOMY ITiC/Id XaO0TH-
ganx a3 (RPA). Ile Bianosinae 1BoM cymam 3a XBHJIBLOBUM BEKTOPOM Y
ramiJIbTOHIaH1 1, BIJIIIOBIJIHO, OJIHII cyMl y BUpa3ax Jisg ollepaTopiB, sAKl B
HBOT'O BXOJIATh.

1t ob9mMCIenHsl eHepreTUIHOTO CIIEKTPY 3aCTOCYEMO METOT (DAKTOpU-
3allil raMiJIbTOHIaHa B3a€MOJIiI04u0l bararobo3oHHOl cucremu. [l1oaiOHI pe-
3yJIBTATH OYJI0 OTPUMAHO TAKOXK Y Tparii [286] MIsIXoM yBeIeHHsT TOHSITTSI
ebeKTUBHOI Mach i BUKOPUCTAHHSA TEXHIKH JBOYACOBUX TEMIIEPATyPHUX
dbyukiiit [pina. Pesyiabrarn mporo posainy omy6/iKoBaHO y CTATTSIX 73,

79-81, 93].
2.2. Eneprerndnnii cneKTp B3a€MO/I110901 603e-cucTeMn

2.2.1. ®akropusallig raMiJIbTOHiaHa. [aMijbToHIaH 603€-CHCTEMU MO-
JKHA 3alUcaTi Yepe3 KOJeKTUBHI 3MiHHi (py, Ok) abo (px, 7x) [80], 1e Ko-

JIEKTUBHUIT ‘TIOTIK’

OB sI3aHU 3 o1epaTopoM Oy TAKUM THHOM:

1. 1 h?
ek = §7Tk + \/—N ; %kq Pk+q0—q-

k+q#0

Y 1UX CIIBBIJHOIIEHHAX Pj — IMIIYJIbC j-0I YaCTHHKU.
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Hmxkue Mu mokazkemo, 10 raMiJIbTOHIAH CHCTEMU MOXKHA ITepernucaTn

A

3a JIOIIOMOTI'OIO CIIPSIZKEHUX OIlepaTopiB /Alq i A(Tl:
H=> AlAq+AH, (2.5)

q#0
Jle HeJlaroHaJibHa JacTHHa, AH 1e060B’13K0B0 JIOPIBHIOE HYJIEBI. [i mo-
siBa, CIIpUYMHEHA THM, 10 BUXIAHUI raminbronian (2.3) € HeepMiTOBHM
(3 OMHUYIHOK BaroBOK (QYHKINE; 10 TPOOJIeMy MOYKHA OOIHTH, BHKO-
PUCTOBYIOUH OIIEPATOPH pg, Tq 3aMICTh pq, Oy, aje OCTaHHI 3pydHImi

JJTsT aHAJITHIHIX T1€PEeTBOPEHD). Y HaOJIMKeHHI, sike MU BHKOPUCTOBYE-

Mo, AH = 0.

Crpo0Oyiimo mrykaTn oneparop Aq y TakoMy BUIVIAL:

A

Aq = g pq + V4 0q + Z (Wq'.q Pa+aP—a + Yo.a Pa+aO-a],  (2.6)
q'70
q'+q#0

Je KOeDIIIENTN Uy, Vg, Wy q 1 Yq'.q — AliicHi dynkuii. Oneparop, crpszxKe-

Huil 10 Oq, y HabsnmzKenni, nacrynnomy miciaa RPA, sammmerses:

1
8(;:,0_(1 a—q+ E qq Pq —aPq’-
/7&0
q’'+q#0

MozkHa 1mokasaru, 110 CIPsIzKEeHHI orepaTop Ail 3a/Ia€ThCI BUPA30M

A

Ajl = Ug p-q+ Vg 0q+ Z Wy .q P-a—aPa + Yeot.a P-a—aOq']

q'#0
q'+q#0
e
~ - R, vy,
Ya'.a = —Yd' ,q; Wq,q = Wq',q + Yq',q + 7= qaq—.
VN 2m Eq

Enepreruynnii crieKTp OTPUMAEMO 3 KOMYTATOPA
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Omneparop Eq CKJIQJIAETHCS 3 HEOIIEPATOPHOI YACTUHN Eéo) (sika MTPUBOJUTH
JI0 3BUYAHOTO, GOroJiobiBCHKOr0, CIEKTPY) IJIOC JIOJAHKH OlepaTopHOI
LPUPOJIN.

[TopisHtotoun Bupasu (2.5) 1 (2.3), MOKHA OTPUMATH TAKHUl PE3yJIbTAT

nuist kKoedirienTin y (2.6):

2N v,
(Oéq—l), UC]:\/‘S_C]7 A€ Qg = 1+__q,
\/ Vg,

*[%
LS}

Uq =
1R, 1
yq’,q - \/N 2mq q2\/8—q7
1 1 N? ) , R, (g —1)
Wq',q = \/N qu\/% [6V2V3(q +q7 _q7_q) - quq 4 .

Y TepMmopmHaMiuHiil rpannili N — 00 KOMyTaTop HAOYBa€ BUTJISALY

Je

W(qla ) = Y-q-qq [w—q’—q,q + W_q—qq T Wq,q + {Eq’,q] 3
Y(Cl/7Q) = —2Y-q—qq¥d.q-

2.2.2. Obunciiennsa conekrpa. Oueparopn KOJEKTUBHUX 3MIHHUX 111
CYMOIO 32 XBHJILOBIM BEKTOPOM MOYKHA M0OJIaTH 4epes onepatopu Ag, Al

3alCaHl B HAOJIMKeHH] XaoTUIHUX das:

A

Aq = Ugpq + v40q, Aiq = (Uq + Uq)Pq — U0y
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[Ticsist HeckIagHUX ajiredpaldHuX IePeTBOPEHb OTPUMAEMO TaKi BUpa3u:

1 A N
- f
Pq ay/Eq [Aq + A—q} (2.8)

1 1 - 1 .
0g = — ||—+1)A — — 1) AT 2.9
b \/Fq{(aq—i_ ) q+<aq ) q] (29)
OT2xe, raMiJIBTOHIAH JIOPIBHIOE
H=>Y"AlA, (2.10)
K40

a KOMYTaIlifiHl CIIIBBIJIHOIIIEHHS MalOTh BUIJIS/L:

Ak, Al = 5k’,k{E15;0> +% Z [B(k;Q) (Aqul—q + ATqu> +
rao

+ Ok, q) (Aiq,flig + Ainl) } } (2.11)

A, Aw] = 0,  [AL Al] = o. (2.12)

Takum 9UHOM, MaE€MO JOCUTH CKJIaJIHy HesiHiiiny aaredpy. KoedimienTni
dbyuknii B(k,q) i C(k,q) MOBHICTIO BU3HAYAIOTHCS MIZKATOMHUMHI B3a-
emojisiMu. Bupasu st Hux Jjierko Bigpreoputu 3 (2.7)—(2.9). Oganm 3i
c110cobiB TX 3aCTOCYBaHHs € PO3IINPEHHs IiJIX0/Ty gedopMoBaHOl ajaredpn
Jyist 6araToBUMIipHOTO Buliaiky (mopisH. [287]).

Haiimpocrinmim miisixoM 3acTocyBatHst KoMyTaTopa (2.7) BHIAETbCs yce-
peJIHEHHSI BIJITIOBIIHUX BUPa3iB 3 METOIO 11epeXo/ly Bl OllepaTopiB J0 3BU-
gaiinux GyHkiiit y npasiit yacruni. Tomy mpomnonyemo neperucaru (2.7) y

HabJ/ImKeHiin dpopmi:

PR 1
A Al =BY + = Y (@) Sy +Y(d.a)Dy] (213)
q'#0
qa'+q#0, ¢'<Q
3 TaKUMU ITOSHAYCHHAMU JIJIA Cepe,ZLHiXZ

1 1 /1
Sq = (pPap-qa) = o Dy = (pg0-q) = B <_ - 1> :

q Qq
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BepxHst Mexka () cymMu 38 XBIJIBOBUM BEKTOPOM BU3HAYAETHCS 3 YMOBH, 110

KIJIbKICTh CTYIIEHIB BUILHOCTI B cucreMi jopiBhioe 3V, nopisa. [288]:

N /3
3N= > 1 Q:(l&#v) :

q'70, ¢'<Q
OCTaHHE CITIBBLJIHOIIIEHHS BIJIIMOBIIAE II€PEXOJIOBI BlJI IIJICYMOBYBaHHS JI0
iHTerpyBanms 3a cTangaprTHIM npasmiom yo, — V[ dq/(27)? i macrym-
HOMY BUKOPUCTAHHIO C(OEPUIHUX KOODIUHAT.
[TonibHUit BUpas MOXKHA OTPUMATH 3a JOIMOMOroI0 (opmasiizMy QyH-
kuifi Ipina. A came, sIKIo B piBHsAHHI pyXy st QyHKIII <(12111 \flk» po3-
mermrn GyHKIET (pgp—qAll |Ak) Tax: (pp_q) (Af]AL) i 1. 1. Crexrp

BU3HAYAETHCS K MOJIOCH PYHKIT fpiHa.

2.2.3. Pe3ynbTaTu it ooroBopeHHs. Eneprerudnuii crieKTp B3a€MOJTi-

104901 003e-CUCTeMU MaTUMe BUIJISII:

1_aq/

+Y(d,q) (2.14)

Oéq/ 20éq/

1
E,=E)+~ ) {W(q’, q)
q'#0
q'+q#0, ¢'<Q

Ha puc. 2.1 306pazkeno pesyabTaTi po3paxyHKis s piaxoro ‘He. Bu-
JIHO, 1110 IIOIIPABKA, JI0 E(go) (mpyruit gomanok y (2.14)) cyrTeBo moKpariye
CIEKTP, OCOOJMBO B OKOJII TaK 3BAHOTO “POTOHHOTO MIHIMyMY .

Mu TakoXK OIHWIN BHECOK TPUIACTHUHKOBUX B3aeMOJIiil. Y rpybomy

KOHBOJIIOIIHOMY Hab/iKeHH] Jyist v3 (juB. [81]) criocrepiraerbest omycka-

HHA KpI/IBOI B HalIpAMKY 0O €KCIIEPpUMCHTAJIbHUX SHAYCHDb.

[ikaBo, 10 BpaxyBaHHsS TPUIACTUHKOBUX e(DEKTIB TaKOXK YTOIHIOE pe-
3YJBTATU PO3PAXYHKIB CTPYKTYPHUX (PYHKIIIN, 1110 MOXKHA ITPOLTIOCTPYBa-

TH Ha IIPUKJIAJIl MapHol (pyHKIIT po3mojiiiy Ha puc. 2.2.



o6

— T T 7

E o 1

rdq

---------- 2

....... 3

0.;’/’"\\ . Sl - 4
20 .;/ N -1

/ A\ te. .-
/’ \\ o © oo
y N
4 N [e]
000°%0%0, o o
o ° ° ©
o o
o © 50
(e}
—1
g, A
0 1 1 N N N

0 1 2 3

Puc. 2.1. Enepreruunuii ciextp ‘He. 1 — excrnepumenTaibhi snadenns [289]; 2 — na-
. 0

osmKeHHs xaoTuIHUX haz, abo O6Oro/odiBChbKe, pe3y/ibraT E(g ); 3 — 1 pobora, 6e3

BpaxyBaHHsI TPUIACTUHKOBHUX B3a€MOJIiil; 4 — 1151 poboTa, 3 ypaxyBaHHIM TPUIACTUH-

KOBUX B3a€MO/Iiil (sIKiCHUIT pe3y/IbTar).

14

1.2

0.0
0

Puc. 2.2. Ilapna dynxmig posnominy ‘He: 1 — excrnepuMenTanbii snadenns npu 1.38 K
[290]; 2 — BpaxyBaHHs JHIIIe IBOYACTUHKOBIX B3a€MO/Iiil; 3 — BpaxyBaHHS TPUIACTUH-

KOBHUX B3aeMo/iil [81].
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2.3. Po3paxyHok crneKTpa 603e-cucremMu

B JIOBIOXBUIJILOBIII I'pPaHUIIL]

Y IBOMY IMIJAPO3Iial PO3IJVISTHEMO B3aEMOJIII0UY 003e-CUCTEMY 38 JIOIIOMO-
IOl0 JBOYACOBUX TeMIlepaTypHuX (OyHKIL fpiHa Ha, KOJIEKTUBHUX 3MiH-
HuX. Byje npoanaJ/izoBaHo JiBi cucTtemu: pijakuil reiit-4 i 6o3e-pijuHa 3

norentiajom FOkaBu, 1o Mozke CJIyryBaTu MOJIE/LIIO si/iepHol MaTepil [93].

2.3.1. PiBuannsg pyxy mia dyskuiit Ipina. s oneparopis A Ta B
y 300pazkenHi [aiizenbepra jiBouacoBi TemieparypHi (yHKINT BU3HAYAIOTH

Tax [291]:
(A@IB()) = i0(t — 1) ([AQ®), B{E]) , (2.15)

ne 60(t) — onmanana cxoaunka [esicaiina, a [+, +] mo3Hadae KoMyTaTOp.

PiBugnnsg pyxXy y 9acTOTHOMY 300payKeHnHi 3alUCYIOTh Y BUTJIA I

hw({A|B)) = %([A, BJ) + (A, H]|B)), (2.16)

3BLJKN IICJIs HECKJIQIHUX ITI€PEeTBOPEHb, BUKOPUCTOBYIOUM TaMiJIbTOHIAH

(2.3), oTpuMaEMO Taky CHCTEMY:

hw(pxlp-1) = —exllpxlp—x) + 2ex (O] p-1))

2 n
— \/—N Z %kq«pl@rqa—quk»?
q#0

k+q=£0
! (2.17)

o{(Bklp-1) = 5+ exOido) + moallolp i)

2

1 h? n
i g 5ka((Ohcrad-alp-1) = Svalk, a) (picrap-gl o)

k+q#0

Binkuaioun tpuoneparopi dbyuxii Ipina, To6ro v mabmmkenti RPA,
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OTPUMAEMO TAKUil BUPA3 JJist OJIHOTO 3 pO3B’si3KiB cucremu (2.17):

{olp—x) = i—k(m)Q 1_ Eped (2.18)

110 Bijpasy Jae CIeKTp borosodoBa i3 moJirociB GpyHKIIT fpiHa 11010 hw:
E,? = Lo, e oy = (1+ 2n1/k/sk)1/2. (2.19)

MorkHa TakoXK 3ammcaTu pPiBHSAHHS pPYyXy Il TPUOIEPATOPHUX (yH-
KIIiiT, OJIHAK 13 IX PO3B’I3KIB HE BJACTHCA OTPUMATHU BUPaA3y JJIsl CIIEKTPa
eJleMeHTapHUX 30y I2KeHb Y 3aMKHEHOMY BUTJIsi/Il. ToMY y HACTYITHOMY ITYH-
KT1 MU PO3IVISHEMO 1HIINI CIIOCIO PO3PaxXyHKY, AKHUIl BUSIBJISETHCA JIEIIO

IIPOCTIIINM.

2.3.2. Posmemenns ¢yskiniii Ipina i cHeKTp eJieMeHTApHHX
36ymxkenn. Ockinmbkn dynxnii Ipina tuny (AB|C)) BEKOPHCTOBYIOTE
JJTsT PO3PAXYHKY CepejiHixX Bij 100yTKY Tphox omepatopis (C'AB), To Mo-

ZKHa 3allpOIIOHYyBaTHU PO3IIECIIJICHHA

(A1 Ba|C3)) = A(L,2){A142]C3)) + (1, 2) (Br12|C5)) (2.20)

3 TaKUMU KOEDIII€HTAME:

(C3A1By) (C3A1By)
Y 17 2 - Y

(C3A142) wll,2) =1 (C3B142)

Jie 3nHadennsd napamerpa 1 = 0 = 1 Bubepemo 3rojom. Hucaamn 1,23 s

A1,2) = (1—1n) (2.21)

CKOpPOYEHHS TI03HaYeHO XBUJILOBI BekTOpHu K1, ko, k3 BijtmosiiHo.
Y poboTi OyJsi0 IIpoaHaIi30BaHO JIBa HAOJIMKEHHS JIJI CePEeJIHIX:

(C3A1Bg)s = é((C’Ah{CB}z(AB)g + cumeTp. 3a iH,ZLeK(ZaMI/I) (2.22)

i3 micThMa JTOJIAHKAMH B JIyKKaX, 3BIIKN i MOXOIUTH Mmo3HadeHHs “s” (Bif

aHIJI. SiT), Ta
(C5ABy); — ﬂ(<AB>1<CA>2+<AB>2<0A>1)<OB>3+ (2.23)
+ ((AB)(CB)2 + (AB)2(CB))(CA)|
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3 9OTHpMa JIOJIaHKAMI B Jy’KKax (1mo3uadents  f” — Bijg anri. four).
o6 posmmenuru (yHKIl, sKi BXOJAATH y piBHsAHHs (2.17), morpibHO

3HATHU TakKl cepeHi:

(P—xPr+aP-a)s.t = J%<p—qpq> (P—k—aPkt+a) (P—kPK), (2.24)

110 BiJIIIOBIJIa€ TaK 3BAHOMY KOHBOJIIOIIITHOMY HAOJINKEHHIO 1 € OJIHAKOBUM

JIJIT 000X THUINB PO3IIEIJICHHS, 3a3HaYCHUX BUIIIE,

(pesprsad-a)s = s (p-apa) e )+ (225)

+ (P-a0q) (P-1-aPicta) (P-xkOk) + (P-a0a) (P-1-aOktq) (P-KPK));

(psdhcsad-a)s = S =(0-a0) Pt + (220)

+ (0-q0q) (O-k-qOk+q) (P—kOk) + (P-q0q) (P—k—qOk+q) (O-k0k)),

a TaKO>K

(P—xPrt+q0-q) f = (2.27)

_ ﬁ«p_qp@ (P-e-aDicsa) (P-h) + (p-aDa) (P-c—aPicra) (P-1Dhe)),

(P-kOk1q0-q) s = (2.28)

2\}—(<8—q ) {P—k—qOkrq) {P—xOk) + (P—qOq) (O—x—qOk+q) {P-KOk))-

[Tapui cepejni Jierko pospaxysaru B HaOamzkenHi RPA 3a jonomororo

BiIOBITHIX po3B’s3KiB cucremn (2.17) [286):

(P-xpK) = oaik’ (P—kOk) = ! <i - 1) :

2 Q.

(0 40) = <i - ak> | (2.29)

40ék

BacrocoBytoun posirerients B (2.17), oTpuMaeMo Taky cucremy pib-

HAHb PYXY:

ool o) = —e (ol pic) + 2687 (Ol p-ic)
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(2.30)
1 3 *
heo(Okloi) = 5+ & (ko + o Gowdl o,
e
(1) 2 n
e =et+—— Y —kqX(k q), (2.31)
VN q70 2m
k+q#0
51(3) :é?k—l—L Z h—quY(k q) (2.32)
VN q70 2m
k+qg#0
(3) 2 n
VN q70 2m
k+qg#0
0 .1
v = e > sk, q)T(k, q). (2.34)
q#0
k+q#0
TyT BukopucTano Taxi mo3HadeHHs:
(P—kPriq0—q) (P—xPr1q0—q)
X k, = (1 — y Y k, - )
(e, q) = {1 =) (P—xpx) (. 9) {(p—10k)
(2.35)

_ (P—x0k+q0—q) _ (P—kPrtaP—q)
Zloa) = (p—xOk) Tka) = {p—kcprc)

CrekTp esieMeHTapHUX 30y/12KeHb Terep Oyjie Po3B’sI3KOM OiKBaIpaTHO-

IO PIBHAHHS:

1 2 2 i
B, = {5(3) — 8? + \/[5,&1)} + [5,&3)} + 25,(:)523) + 85,&2)711/,2 )} . (2.36)

2

Aximo y mpoMy Bupasi BIAKUHYTH JOJaHKHU, IO MICTITH CYMY 32 XBUJIHO-
BIM BEKTOPOM, TO OTpIUMaEMO pe3y/ibrar borosobosa (2.19), K i TOBHHHO

OyTH.
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2.3.3. Pe3syabpratnm po3paxyHkiB. ClekTp ejleMeHTapHUX 30y/2KeHb
OyJ10 po3paxoBaHO JJId JIBOX DO3e-cucTeM: PiJIKoro reiito-4 ta 603e-pijanHu
3 norexiiagoM FOKaBu, 110 MOXKe CJIYIyBaTH MOJEJIIO siJIEpHOI MaTepil.
OcCKUIBKN JIaHUX PO TPUYACTHHKOBI B3a€MO/Il Y IHUX CHCTEMaX JIOCUTH
mauio, BHecok Bijt v3(k, q) He BpaxoBaHo. Sk OyJ10 CKa3aHO y MOMEPETHBOMY
IPO3/ILIL, Y BUAJKY PIJIKOTO rejiito-4 Takuii 1mijxiji He BILIUBAE CYTTEBO
Ha JIOBIOXBUJILOBY JILIAHKY ciiekTpa [80].

VY 4ncesibHUX PO3PaxyHKaX I1iICYMOBYBAHHSI 38 XBUJIbOBUM BEKTOPOM Y

dbopmyax (2.31)—(2.33) 3py9HO 3aMiHUTH HA IHTEIDYBaHHS 3a PABUIOM

%%:...:%(2‘;)3/dq.... (2.37)

BHpa31/1, dK1 MOYKHa, 663HOC6p6,ZLHbO BUKOpHUCTaTH AJIsI 9YMCEJIbHUX PO3-

PaxXyHKIB, MalOTb TaKHW BUIJIAL:

1 S —1 1 1
1 Odq, 1 9 ’ 1 4<1 Sl>’ A€ q ‘qlv
1 Sy —1 1 1
So = —. Lo= Do==-1{S, — — — |k :
2 P~ 2 5 2 4<2 52), ne p=|k+ql;
1 Sy —1 1 1
Sy =—, L3= Dy =-[55— — k= |k|. (2.38
i= o L= 20 D= (Si- g ). ek =IK 239

Jlns po3meniennd S-TUIy:

(1) _ (1-n)1n Ja (K S1LoLg+ L1S2L3 + Ly L2S3
R O . q(kq) 35, :
(2) n 1 h? da (k SlLQLg + L152L3 + L1L253 9
=tp— o 39
6]€ €k (27T)3 nom q ( q) 3L3 ’ ( )
C) N 1 1n dq (k )D1L2L3 + L1DoL3 + L1LoDs
L (2m)3n2m ER 3L4 '
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st posmienienns f-Tuiy:

() _ A-mim dq (k) (S1 Ly + L1Sy) 22
“k St o (2m)3 nm a(ka)(SiLa + Ly 2)253
(2) 77 1 h2 dq (kq S1Lo 4+ L1 Sy
— 2.40
(3) _ 1 1R da (k DLy + LDy
=t Gy | daka) > '

[HTerpyBants y nux popMmysiax 3pydHO MPOBOIUTH Y CHEPUIHUX KOOP/IU-
HaTax.
JI1s1 po3paxyHKiB CIIEKTpa PiIKOTO Teflito-4 BUKOPUCTAHO TaKi 3HAUCHHS

napaMeTpiB:
m=4.0026 a.m.u., n=002185 A . (2.41)

Jlani mpo Mik9acTHHKOBUIT moTeHIian v B3saTo 3 mpaii [292]. Tpeba 3a-
YBayKNUTH, 1110 TOYHI IapHl MOTEHIal, IKI IPYHTYIOThCS Ha KBAHTOBOMeE-
XaHIuHUX ab0 HallBh)EHOMEHOJIONYHNX po3paxyHkax [293-295|, He jyxe
n00pe MIXoasTh it HAImX obuncienb. [lorenmian i3 mpami [292] 6Gysio
OTPUMAHO CaMOY3TOPKEHIM CIIOCOOOM Yy TiJIXOJII KOJIEKTUBHUX 3MIHHUX, 1
BiH € B IIEBHOMY CEHCI epeKTUBHUM IIapPHUM IIOTEHIIAJIOM, SIKIIT BPaxoBYe
TaKO»K BHECKHU Bij| ODaraTodacTHHKOBHUX B3aeMoiil. Ile ymoaioHioe iforo 1o
po3rsinyToro HikKde norenmianay FOkaBu, sikimit MOyKHa TPAKTYBATH sIK
eKpaHOBaHUI KYJIOHIBCbKUIT TIOTEHIIIAI.

PesyibraTu jiis clieKTpa ejleMeHTapHIX 30y/KeHb I'efiito-4, siki Bijio-
BijlatoTh piBHstHHIO (2.36), MOKas’aHo Ha puc. 2.3 y NOPIBHsIHHI 3 HaOJIH-
JKeHHSAM xaoTnvHnx ¢as (crexrpom BorosoboBa) Ta ekcriepiMeHTaIbHI-
Mu jganumu. [lapamerp 1) B3gTO 17 = 1, OCKUIBKHN JIJIsT MEHINNX 3HAYCHB
nonpaska 10 RPA BusiBisieThCsI HEIOCTATHBOIO, 1IOOU IIPABUILHO BiJITBO-

putn Haxua ¢pononHol rinku (iniitnol y rpanuni & — 0). Ile o3nauae,
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o Gyuxiis (pk+rq0—qlp—x) = p(k, q)(Ok|p—x)), a BriIOUeHHS J0jaHKa

3 ((pk|p—x)) mpuBOANTH 110 HEOGAaYKAHOT B3AEMHOT KOMITEHCATIT BiAMOBIIHIX

MIOIIPABOK.

30

Ey K]

15

10

0.0

6K +

12 ¢ I

0 I I I I I
0.0 0.1 0.2 0.3 0.4 0.5 0.6

Puc. 2.3. Cuextp enementapanx 30y/2keHb pijikoro refiio-4. Ha amxkaboMy rpadiky y
301IbIIIEHOMY BUTJIsIJII 300pazKeHO BUJILICHY MPIMOKYTHY 00JIACTbh BEPXHBOI'O I'padika.
Cyminbaa siinist — pesyabrar RPA (ciekrp Borosobosa); mrpuxosa — crekrp (2.36)
i3 po3IIeIIeHHsAM S-THILy, 1 = 1; yHKTUpHA — ciekTp (2.36) i3 posiuenienHsmM f-Tuiry,

n = 1. kpyxeukn (3 “Bycamu’) — eKcrepuMeHTasIbHI Jani [289).
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Tabaung 2.1. CrekTp egemeHTapHUX 30y/12KE€Hb PijIKOro refito-4. O0unc/ieni 3HaueHHs

y Habmzkenni Borosiobosa EP Ta 3 BUKOpuCTaHHSAM JBOX TUIIB posmierienns (s i f)

[OJIAHO y MOPIBHSAHHI 3 eKCIeprMeHTaIbHuME JaHuMu [289]. OuHuIs BUMIpIOBAHHS

eHeprii — KeJbBiHU.

k, A=t BB prtre plttee pes AE},
02 421 379 369 370 + 05
03 631 560 544 565 + 0.20
04 853 748 721 740 + 020
05 1084 937 897 915 + 0.20
06 1327 11.32 1075 10.75 + 0.20
07 1580 1331 1252 11.75 + 0.20
08 1826 1522 1417 1265 =+ 0.20
0.9 2047 1690 1560 1315 + 0.20
1.0 2214 1813 1659 1355 + 0.25
12 2355  19.09 1729 13.75 + 0.25
14 2283 1878 1717 1295 + 020
1.6 2045 17.89  17.05 1120 + 0.20
1.8 1823 1812 1843 925 + 0.20
20 1957 2123 2220 895 + 020

A s-, Tak 1 f-Tunm posiierieHb MOXKHA 3aCTOCOBYBATU JJIsI OIUCY

JIOBI'OXBIJIBOBOI ITOBEJIIHKH CIIEKTPA I'e1iio-4, He BUKOPUCTOBYIOUM TTOHATTS

edexTuBHOI MacH, sika HeoOxijgHa B RPA| nopisu. [286]. 3 inmmoro 6oky,

3allPOTIOHOBAHUIT METO/T 1 HaJlaIl He JIa€ JJOOpUX pe3y/IbTaTiB Mpu OLIBIIIX

3HAUYEHHAX XBUJBOBOT'O BEKTOPA, 1 BApTO IIYKATH MOJAJIBIN MoAudiKalil

HJId KOPEKTHOTI'O BiﬂTBOpeHHﬂ TaK 3BaHUX MaKCOHHOI Ta pOTOHHO'l' rZLiJI?[HOK.

[likaBUM TaKOXK BUJIAETHCA aHaJII3 sJIepHOI MaTepil, y sKiil nepejadada-

I0TH ICHYBaHHsI Pi3HUX TUIIB 603e-KoHpeHcaril [296, 297|. fAxepHy marepito

MOYKHa MojiesoBaTn norentiaiom FOkasu [298]

O(r) =€

e

r

—r/o
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Horo dbyp’e-306parKkenns Mae surs [299]

v = l‘f—;; (2.42)
fnepHiit MmaTepil BifmosigaoTh Taki 3HaveHHs mapamerpis [298]:
€ =5725 MeV, o =0244 fm ™', (2.43)
a TAKOXK:
A= 2T 1.08, n=0.16fm (2.44)

1000
800 | £

600 | 7 .

.............

200 | < ]
Kk fm™

0 2 4 6 8 10 12 14

Puc. 2.4. Cnexkrp eneMenTapuux 30yKeHb 6oze-piauan 3 mnorenmiagoM HOkasu; ma-
pameTpu BimoBinaorh sjepuiil Marepil. Cymiapaa sinist — pesyabrar RPA (criekTp
Boromobosa); mrpuxosa — criektp (2.36) i3 posiiernientsm s-tuiry, 77 = 0; MyHKTHPHA
— crekTp (2.36) i3 posuieriennsiv f-runy, n = 0; mTpuxnyHkTupaa — crektp (2.36)

i3 posmierienusm f-ruiy, 1 = 0.1.

PesyiibraTt po3paxyHKiB CIIEKTpa eJeMeHTapHuX 30y/IKeHb TaKol CH-
creMn HaeJleHO Ha puc. 2.4. Orpumana mnonpabka o HabkenHs RPA
3MiHIO€ opMy Kpupoi Fj, 110 jae jgobpe sIKicHe y3roJIKEeHHs 3 1HIIIMUI
marumu [299, 300|. [TorpibHo 3a3HaMUTH, 110 Y TIBOMY BHIAJKY 3HAUEHHS
mapamerpa 7 OJIn3bKi JI0 HyJisl, OCKIJIBKY, TTounHadn Bifg 1 2> 0.2, BUHU-

KatoTh Hediznuni posdixknocTi B obaacti Minimymy (k=4 <+ 6 fm™1).
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2.3.4. O6roBopenns. IlijicymMoBy0OUH pe3yJIbTATH IIHOIO 1 IPO3/ILIY, BiI-
3HAYMMO, 1110 OYJI0 3aIIPOIIOHOBAHO II1JIX1/1 JI0 BUBYEHHS B3a€MO/III0UIX D03e-
cucTeM, AKUil Jae 100pHii ONNC ClIeKTPa eJIeMeHTapHUX 30Y/XKEHb Y JIOBIO-
XBIJIBOBIH rpanutii. [Ipn npoMy KopeKTHMiT onuc (POHOHHOI JIJISHKH CIIe-
KTpa PiAKOro reiio-4 oTpuMaHo 0e3 3acTOCYBaHHS IMOHATTS eEeKTHUBHOI
MacH. fIK mokasye mpoBegeHUit aHai3, ¥ JIBOX PO3TJIAHYTHX MOJIEIAX I10-
TpiOHO OpaTw pi3HI 3HAUYEHHS INapameTpa po3IielieHHd 7): 1 = 1 jis
pijikoro remiro-4 it 7 = 0 J1g 10KaBiBCbKOI Oo3e-pijmau. Bubip napamerpa
3aJIe2KUTh BLJI TUILY B3a€MO/I1il: y BUIIaJIKy KOPOTKOCSI?KHOI'O IIOTEHITla 18 B
reJjiiil BizOyBaeThest ebeKTUBHA 3MiHa J0JIaHKa, BiJAIOBIIAJILHOIO 3 B3aE€MO-

. (2) : . . .
IO €,V Y BUpasl (2.36), a BigHOCHO mMasekocsiKHEi ToTertian FOxkasu

(1,3)

BUMAarae 3MiHHM “KiHeTUYHUX JIOJAHKIB &,

2.4. MixaTOMHI IIOTEHI[iaJId PO3PiIa2KEeHO1

0araro0030HHO] cCUCTEeMHn

Xoua B OaraThox BUIAIKaX JjI BCTAHOBJIEHHS BJIACTUBOCTEN PO3PiIzKEeHOT
CUCTEMU JIOCTaTHBO 3aJlaTU JIMIIE OCHOBHI IapaMeTpu MIXKaTOMHOI B3ae-
MOJIiT, Taki, HAIPUKJIA, sIK pajiyc (MpU MOJIETIOBAHHI TBEDIUMU KY/ThKa-
MI), BCe K 3'sICyBaHHsI JleTasieil MOTeHIaJbHOT KPUBOI CTAHOBUTH iHTeE-
pec 3 OorJisijly Ha IepPCHEKTUBY TOUYHIIINX PO3PaXyHKIB TePMOJIUHAMIYHUX
1 CTPYKTYPHUX (PYHKIIIN, a TakoxK KoHJeHcaTHol (paxiil. Jlocikenns
[APHOro MOTEHIIaJIy, HOoro 3B’s3Ky 31 CTPYKTYPOIO, TTPOBOJIMJIOCS JIJIst Pi-
3HUX pedoBuH. OCKIIbKN PO3paxyHKN 3jificHeHo jiyid py6inio-87, To 1ri-
KaBO 3a3HAYNTH JedKi Mpalli, 10 CTOCYIOThCA IHOTO rasy. B OCHOBHOMY
TaKl JOCJIJ?KEHHs BUKOHYBAJIHU 3a CYTTEBO IHIIUX YMOB IOPIBHAHO 3 TH-
Mu, 110 BinosinaoTs 6oze-kougencartii [301-303]. Ckaximo, y mpari [301]

sHadents Temmeparypu cranosuth 1900 K, a B [303] — 185 K. ®axTnuano
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fijerbest po pijkuil pydijiil, a Hac I[iKaBUTHME Ta3 IIPU TeMIepaTypax
~ 1 K. 3Bazkatoun Ha 1OPiBHSIHY HOBU3HY B I[bOMY ITUTAHHI, BiIIIOBIIHIX
eKCIIePUMEHTAIbHIX 1 TEOPeTUIHUX JTaHUX JIJIsI IIOPIBHSIHHSI OpaKye.

Ha mijcraBi oTpuMaHux paHilie pe3yJsbTaTiB i OaraTo0030HHOI CH-
cremu Ha npukiaji reio-4 (292, 304, 305| sanumemo Bupasu s Mizxka-
TOMHOT'O TIOTEHIIaJy CHIbHO-PO3PIIzKeHol cucreMu. BifmnoBigne piBHAHHS
JUTs pyp’e-300parkKeHHs MTOTEHIATY Vi, OTPUMYETHCA B MexKaxX (pOpMaJIi3My

KOJIEKTHBHIX 3MiHHUX. Bono Mae Buriisiy [292, 304, 305]:

N 1
Tk + epas(k) —epai(k) — N Zeq as(q, —q, k, —k) +
q#0
+1Zh2(k )as(k,q,—k —q) =0 (2.45)
N qu q)as(K,q, q) =Y, :

q70
L . . ,
TYT € — €Heprisi BibHOI YyacTuHKU, N — KLJIBKICTb YaCTUHOK, V — 00'-
em cucremu. KoeditienTsi GpyHKIIT a3, a4 CKITHIM YMHOM BUParKalOThCsI
yepe3 CTPYKTYpHUT hakTop.

AKI10 y BCIX CIIBBIJIHOIIEHHAX 30€perTu JInie J0JIaHKK, JIHIHI 3a ry-
crunoto N/V (Take HAOJMXKEHHs € TLTKOM BHUITPABJIAHIM, 3BasKalodl Ha
1133
Tunose 3Hadenus rycrunu ~ 1071 AT [4]), To ana dyp’e-306paskenns

MI?KATOMHOTO TIOTeHIary V() y 3Hepo3MipeHiit (hopmi oTprmMaemo

1 [~ Ty v
v(z) = y(r) + —/ dy/ dp py @ X
L Jo |z—y]| p

x [%(1‘2 +p" =97 + %(xz +p 97|, (246)

IIPU IIHOMY, IOIIPH MO3ipHY PO30IXKHICTH, HACIIPAB/II I1eil iHTerpaJsl BUsIBJIs-
€ThCs 3012KHUM, 110 MOYKHA TTOKa3aTH 3a JIONOMOTOIO JIETATLHOIO aHaJIi3Y.

Y 1npoMy BHUpasi ojuHUIEI BUMiptoBaHHs Pyp’e-300parkeHHsT TOTEHIIATY
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pucrynae 4rh’a/m, a XBUILOBOTO BEKTOpa — 27/a, e a — TapaMeTp
JIOB2KUHI, 3MICT SIKOT'O 3’sicoBaHO HuxK4e. Taka dopMma 3allicy J103BOJIsIE
BlIpa3y OTpUMaTHU Pe3YJIbTaTU JIJIsl pI3HUX PEUOBUH, 1110 BIIIIOBI/Ia€ PI3HUM
3HAYEHHSM @ Ta M.

[TouarkoBe HabJMyKeHHsT it Vo(x) MOXKHA BHOPATH, BUXOJSYU 3 IO-
TeHriaay “maifizke TBepaux cdep” [306]. YV mamiit poboti 3 1i€r0 MeTOI0 BH-

KOPHUCTAaHO IIPOOHY yHKIIII0 Maepa y Burjsii

F(R) = exp [— (}%) ] 1, n=36 (2.47)
V unagky Rb®" Bzaro 3naudenns a = 58.2 A (JTOBXKUHA PO3CISTHHST

s-xsujii) [9]. Ilpu npomy, Buxozsiau 3 (HOPMHU KPUBOI, sIKA OTPUMYETHCSI
BHACJIJIOK iTepalliiiHOro pPo3B’si3yBaHHSI iHTEI PAJIbHOIO PIBHIHHSI, MOXKHA
cKaszaTH, 110 po3B’d30K 11 Dyp’e-300parKeHHsl MOTEHIAIY IapHOI B3ae-
MO/IiT TOTPIOHO MIYKATH Y BUIVIS CyNEpHo3nIlil pyHKINNH THITy

CcoS 2nTx sin 2nmx
x2m ’ me—l—l

13 JIeIKUM 3aracalounM MHOXKHUKOM. llomepesniit anasi3 Bkasye, 10 J10-
CTATHBO OOMEXKUTHCH 3HadeHHAMU m,n < 4. OjHaK, depe3 CKIaIHICTD
aHAJITUIHUX BUKJIAJI0K, & TaKOXK Uepe3 HeMOKJIMBICTL OTPUMATH aHaJIi-
TUYHI Pe3y/IbTaTH HABITH Ha MPOMIKHUX €TallaxX PO3B I3YBAHHA PIBHIHHSI
(2.46) (me moB’sr3amH0 3 fioro HeMHIAHICTIO), GYII0 3aCTOCOBAHO ITEpAItHy
poIe/ypy, anajoriany jo [292].

(0)

[TouaTrkoBe HAOINIKEHHS Vg = BUPAKAEThCS Yepe3 CTPYKTYPHUI (haKTop

Sy TaK [292]:

R vV o[1
o_ eV oLl 2.48
‘o T omaN\s2 T ) (2.48)

TYT BKUTO PO3MIPHI BEJIMYNHU.
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Ob6MeXKyI0UnCh JINIIE JTOAAaHKAMM, JIHIHHUME 3& T'YCTHHOIO, MOYKHA I10-

Ka3aTH, 1110

v\ = _4r ;—2 q / CURR f(R) singR, (2.49)
m-Jo
ne f(R) — dyuxiis Maepa (2.47) (mus., nanpuknan, [307|, ne nasemeno
BUPA3 /I MapHOl (DYHKIIT O30Ty Y BUIISIL PSILy 38 IYCTUHOIO).
OobuncienHs MPOBEIEMO, TICTABISIOUN B IHTEI PAIbHUN TOAaHOK Y hop-
myJi (2.46) wa mictie v(y) 1 v(p) mouaTkoBe HAOJIMKEHHS, BIAOBIHO, 1 (Y)
i vy(p). TlepeiimoBiiu MOTIM 710 KOOPJAUHATHOTO TIPOCTOPY
O(R) = % > ey, (2.50)
q

st notentiany ®(R) maTmMemo KpuBy, 300pazkeny Ha puc. 2.5.

500 ————
PR .

0 2 ma —>| |
300t -

200}
100t
0
100} \
2001+ ¥ Rla ]

08 10 12 14 16 1.8 20

Puc. 2.5. Ilorenmnian B3aemomnil Mizk atomamu Rb%. 1 — mouarkose HabIIKeHHS, 2 —

nepiia irepariis.

Tpeba 3ayBazKuTH, 1110, HE3BAXKAIOYN HA CUJILHE BLIIITOBXYBAHHS Y MO-
JleJIi, TaKa, IIpoLeypa, HoB a3ana 3 Oyp’e-11epeTBOPEHHsIM, € KOPEKTHOIO —
3rajiaiiMo, HAIPUKJIAJ, ICeBIONOTeH Al it TBepux cdep [308]. 3azna-
YMO TI[e MizK HIIIIM, 1110 TI0YATKOBE HAOJIMKEeHHs 1V (x), OTpUMaHe B MOJIeI

TBepAuX cdep, He MOXKHa Oe311ocepeHb0 BUKOPUCTOBYBATH JIJIs iTepallii,
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OCKIJIbKH IHTerpaJbHuil 10/aHOK y piBHsAHHI (2.46) BUSIBIISIETHCS PO30i-
»kuuM. [Ipore 110 HE3pyUHICTH MOXKHA OOITH, BBOJIAYN EBHUI 00Pi3yIO-
YN MHOXKHUK — €KCIIOHEHTY 3 MaJIUM ITOKa3HUKOM. ZAK BUJIHO 3 puc. 2.5,
Ha TOTEHIAIbHIM KPUBIil 3'gBISETbCSI MIHIMYyM, 10 O3HAYA€ MPUTATAH-
Hg MK aromamu. Taka IoOBemiHKa IIOTEHIIAIy CBIIYUTH IPO Te, IO 3a-
CTOCOBaHE HAOJIMYKEHHSI € KPAIUM BiJl, CKaxKiMO, HaOJIM>KEeHHS 3BUYalHIX
TBEPAUX cdep, Y TKOMY IPUCYTHE TITHKH KOPOTKOCSXKHE BiJIINITOBXYBAH-
Hs. [1o crocyeThbest HYJILOBUX YU BiJI'€MHUX 3HAYCHB MOTEHIIATY HA MaJIuX
MI?KATOMHUX BLJLJIAJISX 1 MOYKJIMBOCTI KBAaHTOBOMEXaHIYHOI'O TYHEJIOBaH-
Hsl KPi3b MOTeHIIaIbHII Oap’ep, TO HMOBIPHICTL TaKoOl MOJIT MPU MaJIuX
TeMiepaTypax (HaHOKeJIbBIHOBHI JIAlla30H), KO CIOCTepiraeThest 6o3e-
KOHJIeHCalllsl, € HEXTOBHO MaJIolo.

BaiiicHennst TouHimoro (HeiTeparniitnoro) po3s’s3yBanHst piBHsHHsI (2.46)
MOzKe OYTH IPEJIMETOM OKPEMOTO JIOCJIJIXKEHHSI, TaK CaMO SK 1 BUBUEHHsI
BILTUBY ITapaMeTpiB MOJIe/I TOYaTKOBOTO HaOJIMKEHHS Ha PEe3YJILTATH PO3-
paxynkiB. Ha manomy ertami MOXKHa CTBEPXKYBATH, IO MOBEIIHKA MEPIIOl
iTepallil CTOCOBHO MOYATKOBOI sIKICHO BiJJoOpazkKae CIoCTepeyKyBaHUil paHi-
e epekT y BumaJIKy resio-4 [292|, mo jgae mijcraBu po3BUBATH 3AIPOIIO-

HOBaHY METOJIUKY.

2.5. BB cj1abKol B3aeEMo/Iil Ha BJIACTUBOCTI 003e-ra3y

Hespaxkarouu Ha Te, 1110 OLILIIICTD BiJJOMUX O03€-CHUCTEM € B3a€MOIII0UNM,
MOJIeJIb 1/leaJIbHOr0 003e-ra3y 4acTo MOXKHA BUKOPHUCTATU 9K 0a30BY JIJIsi
100y I0BM TeOPil, 0COOJIMBO, KON B3aEMOJIII0 MOYKHA, BBaKaTH CJIa0KO0. ¥
[IBOMY PO3JILJIL MU CIIOYATKY KOPOTKO HIJICYMYEMO OCHOBHI BIJIOMOCTI IIPO
TepMoJiMHaMIUHI PYHKIII i7ealbHOr0 003e-ra3y, po3rJisiHEMO BILJINB 30BHi-

IIHBOI'O ITOTEHINIA]y Ha BJIACTUBOCTI 1€l CUCTEMH, 1 3PENITOI0 PO3IJITHEMO
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BJIACTUBOCTI CJIAOKOB3AEMOJIIIOUOr0 003e-ra3y, y sAKOMY MiXKaTOMHWIT 10~
TeHIia/l BpaxoBaHO B MOJIeJII TBEPAUX cdep 3 BUKOPUCTAHHAM €HEpPIeTH-

aroro crekrpa Borosobosa [10].

2.5.1. IneanbHuit D-BuMipHuii 6o3e-ra3. PosriggarumeMo cucremy
N 0030HiB, sIKi MO}KYTbh 11epeOyBaTH y CTaHAX 3 EHEPIiAMU £g, €1,y .+« . , Eny v« + -
Toji, BpaxoByroun (BYHKIIO PO3MOJLIY y cTarucTuili Bose-Aitnmraiina,

SalluIIIeMO:

_ Gn
N=>" T (2.51)

[{s1 piBHICTD 3a/1a€ XIMIYHNIN TOTEHINAT 4 9K (DYHKINIO IUCTa YJACTHHOK N
1 Temnepatypu 1.

3 MipKyBaHb 3araJibHOCTI MOYKHA BBakaTH 1pocTip D-pumipaum. Pisni
3HAUEHHsI BUMIPHOCTI IIPOCTOPY MOYKYTh BHHUKATH y (DIBMUHUX 3ajadax
eeKTUBHO, HAITPUKJIA, YHACIIOK BpaXyBaHHA BILJIUBY 30BHIITHBOIO I0-
TeHmiaty. 3arajom, D Moxke OyTu it JpoOOBUM, 1110 BUKOPUCTOBYIOTH IIPH
MOJIEJTIOBAHHI IMOPUCTUX CEPEIOBUIN YU 3HOBY K TaKM JJIsi CUCTEM Yy 30B-
HiHBOMY HoTeHuiaji. Tomy jaji Oyae BUKOPUCTaHO BUpa3u y (popMi, 1110
JTal0Th 3MOIY y3araJbHIOBATH OTPUMAaHI Pe3yJIbTaTH Ha BUAI0K HellepepB-
HUX 3HadYeHb [, xo4 01 it 30BciM pOpMaJILHO.

Hexait gactunku nepedyBaioTh B 06’emi #p. IlijgcymoByBanHst 3a cTa-
HAMI MOYKHA 3aMIiHUTH CyMOI0 3a iMiysnbcamu p = (pi,...,pp) 1 crmi-

HAMM S, IPUYOMY €, = p°/2m, je m — maca 4acTHHKH; p = |p| =

= \/p?+ ...+ p%. Bpaxosyiouu, 1110 3a BeJUKOro 06’eéMy JUCKPETHICTIO

IMITYJIbCY MOKHa 3HEXTYBaTU, OTPUMAEMO BUPA3:
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_ Ip,s _ D (dp) _
N = Z e(gp_ﬂ)/T —1 o (20 T 1) (zﬂh)D / e(ep_,“)/T —1 -

bp,s

dr
= (20+1) / T T’ (2.52)
ne ¥p — D-umipauii 06’eM, a ejgemeHT (Has3oBOro 0ob’emy

_ (dp)(dq) _
"= 0= [0

(dp) = dp1 ... dpp, (dgq) = dqi . .. dqp.

Besnnauna (20 + 1) — 1ie MysIbTuIieTHicTb. st CIPOIEHHST y MO/ IaIbITIX
po3paxyHKax BBakaTuMemo 603oH1 Oescrinopumu, o = 0.

PiBricth (2.52) moxkHa 3anmcary, BBiBIIN (DYHKIIO TYCTHHH CTAHIB

g9(e):
N = /e(g(ﬂ_ (2.53)

e—p)/T _ 1
0

Bpaxosytoun, 10 eHepris 4aCTUHKHU €, 3aJIe;KUTb JIMIIE B1J MOJYJs M-
yJIbCY P, TicJist iepexoy B (2.52) 1o inTerpyBatus 3a (rinep-)cepunaHnmi
KoopauHaTaMu, dp; . ..dpp = pP?tdpdQp, ne Qp = QWD/Q/F(Q) — II0B-
HII TiecHuil TinepkyT y D-BUMIpHOMY ITPOCTOPi, MATIMEMO OCTATOTHO:

P2 2m)PP
96 = I L D) @y

(2.54)

Bak/imBuM pe3y/bTaToM TYT € TOKa3HUK CTENeHs TYCTUHW CTaHIB i/1easb-

Horo D-BumipHoro 603e-rasy:
g(e) ~ "7, (2.55)

KNI MOYKHa BUKOPUCTOBYBATH JIJIsI IHTepIpeTalil epeKTUBHOI BUMIPHOCTI

IIPOCTOPY B HU3IIL 3a/1a4.
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[Ticis meckaHUX TepeTBOpeHb Bupas (2.53) MpoKHA 3BECTH 10 BH-

LJIALY:

N D/ 1)/2]O -D/2- ldg 1
—1

n/T
¥,  T(D)2) 27rh = 30 Loy <€ ) (2.56)
0

e

9 h2 1/2
A= < :LT ) , (2.57)

— JIOBYKMHA TEILJIOBOI XBUJI Jie Bpoiiis, a Tak 3Banuii moJsisorapudm, adbo

dyHuKIist Bo3e, Bu3HAUaETHCsT PSIIOM:

oo n

Lio(z) = ) — (2.58)

Y rpaHmYHOMY BUIAJIKY z = 1 st PYHKIIS epexouTh y J3eTa~-DyHKIIiO
Pimana:
=1
((@) = — = Liy(1). (2.59)

nol
n=1

Veisim st Besimaubu N/ ¥p, sika 3a 3MICTOM € I'YCTHHO (4H, TOYHI-
1e, KOHIEHTPAIE), TTo3HavYeHHst pp = N/ ¥p, 3anuiieMo y KOMIAKTHiil
dopMi piBHSHHSH, 3 SIKOI'0 BU3HAYATHMEMO XIMIYHHUIl MOTEHIaJ AK (PyH-

KIIII0 TeMIlepaTypu 1 I'yCTUHU:
pp A" = Lip a(2). (2.60)

Ao mpm 3a/1aHiit TYCTUHI pp 3MEHITYBATH TeMIepaTypy rasy, TO Xi-
MIYHII MOTEHIHA [, 0 BCTAHOBJIIOEThCS 3 piBHOCTI (2.60), 3MeHITyBaTH-
MeTbCsl 3a MOJIYJIEM 1 jlocarHe 3HadeHHs (4 = () 3a KpUTUYHOI TeMIlepaTypH,
10 BU3HAYAETHCS BUPA30M

(D)_27TFL2 pD 2/D
W= (o) (261)
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IIpu T' < TC<D) piBHsIHHS iyt obumcyienuss N He Mae (PI3MYHUX PO3B’s3-
KiB — IIsT TOYKa BijmoBijae sBuily KoHjeHcarii bose—Aitamraiina (603e-
koHercartii). e oznavae, mo HaiiHmkImit ojHOoYacTUHKOBII cTad (¢ = 0)
cTa€ MaKpPOCKOITIYHO 3acesIeHNM i3 KilbKicTio dacTuHok Ng ~ N. Brecok
BiJI IILOT'O CTaHy MOTPIOHO BpaxXyBaTU SIBHO IIiJI Yac MEPexojy JIO0 I'YCTUHU

CTAHIB:

o

B g(e)de

0
ockinbku ipu D > 2 dyHKIsA g(£) He 1ae 3MOru BpaxyBaTH MaKPOCKOIT-
qHy 3aceseHictb crany € = 0, quB. (2.55). KiabKicTh 9acTUHOK y IIBOMY

crani (003e-KOHJIEHCAT) JIEPKO OTPUMATU Y BULJISII:

D
T 2
v i ()
7"

I[Ipu D = 2 B igeaysbHOMY OO3e-Ta3l 003e-KOHJICHCcAIll He BiIOyBae-

(2.63)

thest [309, 310]. Maremarudno e BummBae 3 Toro, 1o y supasi (2.61)

(-pyukiiisa gae po3OiXKHMIT BHECOK y BUTJIAI
-1 -

= (. He cnocrepiraerbes 603e-kKoHIeHcanis it npu D < 2.

3

(2)

a orzke 1p
O6unciusim p 3 (2.60), eneprito E i remnoemuicts Cy cucteMu pos-

pPaxyeMo 3a CIIIBBIJIHOIIEHHSM:
Endn [ egle)de _ [(OF
E = Z elen—p)/T _ _/Ov ma Cy = <8_T V. (264)

3okpema, 3asexHicts muromoi remioemuocti Cy /N Big T < T, moxHa

3alliCaTlu TakK:

Cy DD+2)¢(5+1)
N 4 ¢(3) <

: D)> , (2.65)
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a KJacuaHa rpanuis 1T — oo Oyie

Cy D
_Y 2.
N 2 (2.66)

[ToBeIiHKY K TEJIOEMHOCTI, 9K 1 eHepril, Mpu MPOMIXKHUX TeMIIepaTypax
(T > T,) Bxe He MOXKHA 3’ICYyBaTH Ha TIicTaBl MpocToro axnasizy. Ocobm-
BUIT iIHTEpec CTAaHOBUTDH Oe31ocepeHiil ok Kputuaaoi Touku 1° — T, + 0,
KW 1 cTaHe MPeJIMETOM TOJIAIBITOTO PO3TIISTY.

Pezynpratn po3paxyHnkiB TEMJIOEMHOCTI IS PI3HUX BUMIPHOCTEH TPO-
cropy HaBejieHo Ha puc. 2.6. JIpobose 3nauenns D = 1n20/1n3 = 2.726 . ..
BiJiNoBi1ae ppakTaabHiil BUMipHOCTI T. 3B. TYOKN Ceprincbkoro abo Me-

arepa (quB. puc. 2.7), sIKOIO MOXKHa MOJICTIOBATH, HAIPUKJIA, TOPUCTE

CepeIoBUIIIC.
2.0 . , , 1.6
14t
15} 1 1.2
~ ~
N K ST TEP PR 3 08}
© O sl
05 | 1 04|
02}
0.0 : : : 0.0 : : :
0.0 0.5 1.0 15 2.0 0.0 0.5 1.0 15 2.0
T/T, T/T,
5.0
20}
40} 1
T S R E
=2 = 30¢ 1
~N ~N
> 10 f >
@) Q ool fo T 3
051 10}
0.0 : : : 0.0 : : :
0.0 0.5 1.0 15 2.0 0.0 0.5 1.0 15 2.0
T/T, T/T,

Puc. 2.6. ITuroma rermoemuicts Cy /N imeanbHoro 603e-razy B D-BUMIpHOMY IPOCTOPI.
Bepxuiit siiBuit rpadik Bignosinae D = 2, Bepxwiit npasuit — D = In20/1n3 = 2.726.. ..

— BuMipHicTh TYOKH Menrepa; y HuzKHbOMY pdiy JjiBopyd D = 3 i npaBopyd D = 4.
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Puc. 2.7. T'ybka Menrepa (mxkepeso: http://commons.wikimedia.org/wiki/File:
Menger-Schwamm-einfarbig. jpg).

2.5.2. CrabkoB3aemMoairoumii ra3. s goc/1iKeHHs 003e-KOH IeHCAIIT
B PO3PIJIZKEHNX ra3axX MOyKHa BUKOPUCTATH CIIPOIIEHY TEOpilo ciiabKoB3a-
eMojIitouoro 6o3e-rasy, gkKa Oyjia BIepIlle PO3BUHEHA 31 CIIOJIBAHHSIM II0-
SICHITH BJIACTHBOCTI pisikoro resiro [10].

Hespazkaroun Ha 6araTo 3ycuib, TpodJieMa BU3HAUEHH 3a/1€2KHOCTI TeM-
nepaTypu 0603e-KOHIeHCaIlil cJIabKOB3aEMOIII090ro 603e-ra3y Bij B3aeMO/Iil
BCe IMie He 3Hafiia octatounol Bianosiai [311], mopisa. [312]. Bimomo, 1o
Temieparypa 1, nepexony B KOHJIEHCATHHUI CTaH, HECYTTEBO BiIPI3HIETHCS
BiJI TeMIlepaTypu, reperdadeHol s ijieajbHoro razy. Lle Bkaszye Ha Te, 1110
B3a€MO/I11 He3HAYHO 3MIHIOIOTH IPOTIKAHHS IHOIO SIBUIIIA. [xuiit BrMB HA
TeMIIepaTypy MePexoay CTAaHOBUTH JEKIIbKa BiJICOTKIB, TOMY TaKy CUCTEMY
JIy>Ke 9acTO MOYKHa TPaKTyBaTH dK ijieaJibHY B IOJIOBHOMY HaOJIMKEHHI.

Be3 Bzaemouil Bci N 9acTHMHOK CHCTEMH 3aCe/IsIIOTh CTaH 3 HYJIbOBOIO
eHeprieo Ta 3 HyJbOBUM IMITYJILCOM (JJIsT BUMIDHOCTI TpPOCTOPY OijbIiie
JBOX). ¥ I[LOMY BUIIAJIKY KIJIBKICTh KOHJIEHCOBAHIX YaCTHHOK Ny JOPIBHIOE

3arajbHiil KiJbKOCTI 9aCTHHOK. KO BMUKAETHCS B3a€MOJIis, YACTUHKU
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MOKYTh HMOKUHYTH KOHJIeHCAT, ToMy [Ny IPUPOTHO 3MeHInyeThest [311].

Y po3pijzKeHiil cucTeMi BpaxoByeEMO TIIbKH JIBOYACTHHKOBY B3a€MOJIIIO,
OCKIJIbKH fIMOBIPHICTH OaraTo4acTUHKOBUX 3ITKHEHD Mi3epHa. Po3risgabpMo
CJ1A0KOB3aEMO/IIIOUNIT Ta3 y HaOJIMXKeHHI TBepux cdep, MOTEHIa AKIX
HaMOL/IBIT MPUCTOCOBAHNIT /IO BUBUEHHS I'a3iB 13 HUBLKUMU I'YCTUHAMU de-
pe3 fioro dopmaibHy mpoctoTy [313].

[TosicHuTH TOBEIHKY ra3y TBepAnX cdep MOKHA, BUKOPUCTABIIN €Hep-

reruunuii ciektp Borosobosa st ciabkoneiieanbHoro razy [10]

2
p 200y
elp) = L 14 22 2.67
(p) 2m p?/2m (2.67)
e € — eHeprisg, p = |p| — abcosroTHE 3HAYEHHS IMITYJIbCY YACTUHKN;

o= N/V — rycruna cucremu, v, — Qyp’e-300parkeHust IOTeHIiary MixK-
aTOMHOI B3aeMOJlil, v, = 14 = const Jj1a Mojies1i TBepaux cdep.

[3 nucnepciitnoro criBsijgaorenHst (2.67) BUXOUTD, 110 B JIOBIOXBIIBO-
Biif Mexki O0ro/1I00IBChKI KBa319aCTHHKI ITOBOJISTHCS SIK (DOHOHIU 31 IIBU/I-
KICTIO 3BYKY € = \/% Ta IPU HU3BKIN TeMIiepaTypi TepMojinHaMika 603e-
KOHJIEHCOBAaHOI CHCTEMU BU3HA4YAEThCs 11 poHOHHUM criekTpoM. Ha mpo-
THBary IbOMY B KOPOTKOXBUJILOBIfT MexKi KBa3l4aCTHHKU IMOBOJATHCS K
BIJIbHI YACTUHKH 3 €HEeprieo p? /2m.

Posrsiparoun ciabkoB3aeMo/Iiounii ra3 TBepanx cdep, MU pO3BUHEMO
3a CTENEHSIMU Yy TYCTUHY CTaHIB, 10 MOYKe OyTH KOPUCHUM JIJIsl JTIOCTiJI7Ke-
HHS PO3PIKEHNX 6araTo0030HHIX CHUCTEM.

st onmcy cj1abKoB3aEMO/IiI0U01 crucTeMy O030HIB Yy 30BHIITHBOMY I10-
TEHITiaJIl 3aCTOCYEMO METO/I, KUl I'PYHTYEThLCS Ha Teopil ijieaabHOro 603e-
razy, omucaniit y mynkTi 2.5.1. 3B'930K MiXK €Heprieio Ta iMIyJIbCOM da-
CTUHKH MacoO 1M MOYKHa 3aITICaTH, BAKOPUCTOBYIOUN Pe3ysIbTaT boroJio-

OoBa JJIs CHEKTpa ejleMeHTapHUX 30y/?KeHb CJIa0KOB3aEMOII0Y0ro 0o3e-

razy (2.67).
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JIns KoHKpeTu3allil 3a/1a9i po3r/isdIaTuMeMO JIBOBUMIPHY CHCTEMY.
Y BUIIQJIKY TBepnX cdep HOTeHIial B3aeMOo/Iil Y OOpHIBCHKOMY HabJI1-

JKeHHI MOYKHA 3alncaT

O(r) = vd(r).

Buryian norentiaay B3aeMo/Iil BuU3Havae MiHiMaJbHe 3HAYEHHS eHepril

(2.67), TobTO eneprii ocHoBHOTO cTany. [Ipu p =0
1/2
p* [ 4mong\" oV
S =Pp )
2m p? m

5‘ =0.

p—0

O06unc/IMMO OCHOBHI TepMojiuHaMiTH] (DYHKIIIT.

['yeruna cranis

L (dp) fdV  QV

g(e)de = (2nh)? _(27rh)2pdp’

p(e) = ﬁ\/\/m%:z + m20*3 — mow,

p(e) dp = m2e(m?e® + m?o*v2) Y 2de.

Dyukiito g(&) 3amuiemMo, BAKOPUCTOBYIOUTH PO3KJIAJ 38 [apaMeTpOM B3a-

EMOJIIT 1:

9(5) = 90(5) + 1/091(8) + V§g2(g) I
SBazkaloun Ha Pi3Hi IITHKE 30i2KHOCTI (DYHKIIT p(g), PO3TJIIHBMO JIBa
BUTIAJIKI:
1) e < oy

Mozkna 3anucarn
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< (=) (2n =D e\
— <QV0> ]ds. (2.68)

KinpkicTs yacTnHoK Br3HadgaeMmo 3 (2.62):

N = NO_|_/OOM = NO_|_/QVO g€<QVo(5) de _|_/OO g€>guo(5) d€.
0 e 0 122 0 e—

e—p
e —1

T [—
3micr ingekcis 611 g(€) oueBnHMIL.

[Tepenumimo iHTErpaJs JJjis IepIioro BUMAJIKY Tak:

/ ? gecqn(e)de _ V. (m /9”0 s m [ Sde
o e —1 2mh2\ow )y e —1 200 Jy e —1
3m [ &de
80°15 Jo T —1 '

Posrnsgubmo okpemo iHTerpadt

/‘”’0 ede
e—pu -
o e1r —1

1 ovg—H ovg—H —u
= —§Q2V§ + Tovyln <1 —e T > + 77 |:L12 (e%> — Liy (eT)} :

Posmmcytoun nostisiorapudm (2.58), MaTumemo

(%) 1 () =35 (7 1) -
n
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2.2 i
oy —u o°vy €T
7 P ) T am

TyT BpaxoBano, 110

x©  n —n
e T —p —np er
E =—In(l—e7), eT = —

n —u

n=1 n=1

OcTaTovHO OTPUMAEMO 3HAYUEHHS iHTer paJsia

o ede 1 o
— _ O 3.3

AHajIoriTHO 00YNCIIOEMO HACTYIIHI IHTEI'PAJIH.

/QVOQKQVo( )d5: mV {1 oY _1.1&4_
) 1 22\ 2e—1/T-1 9 fe—n/T — 1
3 1 o 2 9
+5 g1 HOE ) (270

[Ticis epeTBOpeHb MOXKHA 3aIucaTi (3 TOYHICTIO J0 JHHITHIX TOaHKIB):

/9”0 Ge<on(€)de _ mV o i —1)"(2n — 1)
0 e —1 2mh2" e “/T—l c~ nl2 n(2n + 2)

- mV 1 1 = (=1)" 1 I(n+1/2)
B [ +Z n! /1T 2n+2

Hns € > ovy, BUKOPUCTOBYIOUN 3a3HAUYEHUIT BUIIE CIIOCIO, MOXKEMO 3a-

IImcatTu:
/oo g€>Egl/o<€) de _ mV - {Tle n(p—owo)/T __ lenu/TQl/o +
o €T —1 27 h? —~ | n 2
+ : ;enﬂ/TQVO — 15_6 . é nu/TQ + % ; nﬂ/TQV + ...+
+ 0 e } .



81

[Ticasa mepeTBOpEHDb, aHAJOTIIHNX BUKOHAHUM JIJIs TIEPIIOTO iHTerpaJa,

oV —1 2mh

+ Y e (1-v2). @m

27rh20 Oo—n/T 1

g po3paxyHKy XIMI9HOTO TTIOTEHIATY Ta KPUTHIHOI TEMIIEPATYPU 3a-

[ATIEMO TTOBHY KIJIBKICTh YaCTUHOK

N — NO + /QVO gE<QVO(€) d8 4+ /OO g€>QV0(€) d€
0 oo

E— E—N
e —1 e —1

mV
2mh?

_ np/T
—Tln(l—e T )+ZQV06 nln 220

— No+ =

(2.72)

[Ticsi mepeTBOpPEHH MaEMO

p—ovg

—Tln(l—e T

N =N, +

+—
) AT sh? 2’”‘

oo
1 . (2.73
QVODT] ( )

[le — piBHAHHS Jj1 BU3HAYEHHs XIMITHOIO IMOTEHIIAJY, dKe 3pyUHiIIe Ie-

pernucaT y BULJIS/IL

ovy 21 h?
T m

p—ovq

—Tln(l—e T

+ ———0*n ,
)4mm%go ¢

Jle BpaXoBaHO, IO MPHU HAOJIMZKEHHI J0 TOYKM 003e-KOH/IeHCallil ClpaBa
Ny = 0. Baunmo, mo npu g — 0 Apyruil J1o/1aHOK CTa€ PO3OIKHUM, IO,
30KpeMa, BKa3ye Ha iCHyBaHHS (ra30BOIO MEPEXOJLY.

st o1iHKy XIMIYHOTO TIOTEHTIaIy B JIHIHHOMY HAOIMKEHHI 3aITIIIEeMO

IOr0 TaK:

p=po + Ap.
Tyt po — xiMivaMiT TOTEHIIa ijleaJbHOrO Ta3y, a Al — JIOJAHOK, STKHil
BPaXOBYE B3aEMO/IiI0 B CUCTEeMi. 3HAXOAUMO HOro 3 PiBHAHHIA

—ov I

—T'In (1 —e 7 0) +o(prvy) = —=T'In (1 —eT) :
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Orxe, Ap = ovy:
p=po + Ap = po + ovp.

Tenep MokHa BU3HAUUTH 1, K TOUKY, B dKiil TOTEHIiaJ i1eaJbHOIO

0o3e-ra3y HabyBae 3HaueHHsT (— oV ):

gy 21
): ™. (2.74)

—T.ln (1 —e I
m

Orxke, g T, OTpUMaEMO TpaHCIEHICHTHE piBHAHHA. 15 Maaux vo:
2rh%0/m
o 2mwh?
In (1/0 / = )

110 36iraeTbes 3 T, = 0 I 1j1eaIbHOI0 JBOBUMIPHOIO 0D03e-rasy.

c —

— 0, (2.75)

Y Tabsmi 2.2 HaBeJIeHO TOPIBHAHHS YMCJIOBUX PO3PAXYHKIB KPUTUYHOI

TeMIiepaTypu 31 3HAYEHHSIM, sike jiae Bupas (2.75).

Tabnumg 2.2. Baie:KHiCTh KpUTUYIHOI TEMITEpATYPH OJTHOPITHOTO C/Ia0KOB3AEMO/II 000

Gosze-ra3y Bij mapameTpa B3aeMojil vy. 3HauenHs napamerpis: 2h?/m =1, o = 1.

Y Hucosnit pesysnbrar | Ominka (2.75)
1.0 0.95 00
0.5 0.74 1.44
0.25 0.58 0.72
0.125 0.47 0.48
0.0625 0.39 0.36
0.03125 0.32 0.29

Posrngubmo j1aji moBegiHKy cucTeMu y MpocTopi BumipHocTi D = 4.
AK M 1mobdaunMo B HACTYIHOMY O3/, e eeKTUBHO BiJIIOBIIAE ij1e-
AJIbHOMY JBOBUMIPHOMY I'a30Bl B 30BHIITHLOMY KBaJpaTUIHOMY ITOTEHITI-

asi. Y IbOMY BUNQJIKY MOKA3HUK € Yy T'YCTUHI CTAHIB 30LIBITYEThCS Ha 1,
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auB. (2.55). Jist € < ovy Haitnuzkui creneni — o213, To6To Heiniitni 3a

orvp.

3rijHo 3 MonepeaHiMu HaOIMKeHHSIMU,

00 x©  nu/T
e ov (€) dE 2 e 2.2
- =T E + O(0°v§ In o1y
/gyo e —1 =", n? ( : )

= T?Li, (e’f) + 0O (921/3 In o1p) - (2.76)

ToOro, y HabIMKEHHI, JIHITHOMY 3a Ly, XIMIiUHMI [TOTeHIa/l 30iraeTbcst
3 Pe3ysIbTAaTOM I ijeajbHOro 06o3e-razy. [lonpaBku MaTUMyTh HMOPSIIOK

0*v2 In gvy.

2.6. BucHoBku 1m0 po3miay 2

Y po3ziii npoaHaJ i30BaHO 003€-CUCTEMU 3 PISHUMU THIAMU MiXKYaCTUH-
KOBUX B3aeMO/Iiil. 11 BumaIKy ciuIibHIX B3a€MO/Iiil 3aCTOCOBAHO JIBa Pi3HI
IJIXO/HM JIO PO3PAXYHKY CIIEKTpPa eJIeMEeHTapHUX 30Y/I2KeHb, OJUH 13 SIKUX
Jla€ 100Ut onuc crekTpa ejaeMeHTapHuX 30y/12KeHb Y JIOBIOXBUJIbOBII I'pa-
HUI, a iHINiE — B 00J1acTi OLIBIINX 3HaYeHb XBUJILOBOIO BekTopa. Ilpn
IILOMY JIOCSATHYTO KOPEKTHOI'O ONUCY (POHOHHOI JIJISHKU CIIEKTPa PiIKO-
ro rejito-4 orpuMaHo 6e3 3acTOCYBaHHS MOHSTTA €PEeKTUBHOI MACH, & JIJIsi
cucreMu 6030HIB i3 rorenmiajgoM FOKaBn oTpuMano sikicHuit 36ir 3 pesyiib-
TaTaMU 1HIIUX aBTOPIB.

JleranpHimne BUBYEHHA TOYHUX KOMYTAIIIHHNIX CITIBBIHOIIEHD JIJIST Olle-
paTopis Aq, fl:fl, 3a JJOTIOMOT'0I0 IKIX PO3PaxoBaHo CIEKTP Y MiApo3iii 2.2,
MOXKe OYTH IIPeIMeTOM OKPEeMUX JI0C/Ii/IKeHb.

Mu odikyemo, 10 MOJAIbIIII PO3BUTOK OOYNCIEHb MiKATOMHUX IIO-
TeHIIa/IiB MOKPAIUTh pO3paxoBaHuil eHepreTudnuii criekTp. OTpruMani 3a-

rajibHi BUpa3ud MOYKHA 3aCTOCOBYBaTH O BUBYEHHSI 1HIUX O0O3e-CHCTEM,
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HacaMIiepesi Tux, jie Bijomi dyp’e-306pazKkents morenmiaiis (Hamp., po3pi-
JIzKeHl 603e-ra3u 3 MOTeHIIAI0OM Y BULJIsAIl 0-(PYHKINT Un 3apsijizKeHi 603e-
cucremu [314]). Jlyist mokpaiieHHs onucy pijIkoro reJito mo3a J0BrOXBIIBO-
BUM HaOJIMXKEHHSM TIOTPIOHO 30KpeMa BpaxOoBYyBaTH TPUYACTHHKOBI B3ae€-
MOJTIT Ta 3aCTOCOBYBATH 1HIIT CITOCOOM PO3IIEIIEHHS TPUOTIEPATOPHIX (PYH-
KII1i1.

J1s1 cyrabKoB3a€MO/1iI090r0 003€e-ra3y po3paxoBaHO ITOTEHIIA B3aEMO-
Jiit Mi2K aroMaMi py0ijito. ¥ MojesbHill cucreMi TBepauX cdep 00IncIeHo
I'YCTUHY CTaHIB, KIJIBKICTh YACTUHOK, KDUTUYHY TeMIIePaTypy Ta XIMIUHUI
MOTEHIIIaJI 13 BUKOPUCTAHHAM TeOpil JeaJbHOTO ra3y Ha I1JCTaBl CIEKTpa
Borosobosa. /11 1BOBIMIPHOTO Ta3y OTPUMAHO PO3KJIA/IN 38 TapaMeTPOM
B3aEMO/IIT 1y, AKI MOXKHa y3araJbHUTH JIJIsd JOBLIbHOI BuMipHocTi. [loka-
3aHO, 10 KpuTudHa Temieparypa T, ~ —1/1In vy it odikyBaHO IpsiMy€E 10
HyJIs1, a XIMIYHUI OTeHIlal ra3y B IAcTIl 3 TOYHICTIO JI0 JIHIHUX 3a 1
JIOJIAHKIB JIOPIBHIOE XIMIYHOMY IIOTEHIlIaJIOBI 1JeaJIbHOIO ra3y i BLIPI3HS-

€ThCs B1JI HHOT'O JIOJaHKAMU THUITY gzz/g In ovy.
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PO3/ILT 3

CUCTEMUN HACTNHOK
Y 3OBHIIITHBOMY ITOTEHIITAJII

3.1. Becryn

HasiBHiCcT 30BHINIHBOIO MOTEHIATY (MACTKU, BiJ aHJI. trap) 3abe3mnedye
CIPUATIINBL YMOBH JIJIsT KOHTPOJIIO 38 PO3PLIZKEHUMU OXOJIOJIZKEHUMU ra3a-
MU Ta JIOCTIIZKeHHs TXHiX BiacTuBocTeil. [ToBeninky 603e-cucrem Bu3Ha-
Jal0Th HE JIMIIEe ITPOCTOPOBa BUMIPHICTH Ta KiHEMATHUIHI XapaKTePUCTUKN
YaCTHHOK, ajie i (popma 30BHimHbOro nosst [315]. Came ToMy BazKJINBO
CIOYATKY MiJICYyMyBaTH JedKl 3arajbHi BIIOMOCTI MO iea bHi 003e-ra3n
B ITACTKaX.

PesysibraTu 1p0ro posity omybsikoBaHo y crartsx |74, 82, 84, 94].

3.1.1. IneanbHWiT Ta3 y 30BHINIHBOMY MOTeHIiaJl. Enepriio ua-
CTUHKHN Y D-BUMIPpHOMY TPOCTOPI MOYKHA TOJATH B TaKOMY 3arajbHOMY

BUTJISI]
i

(3.1)

X
a;

D
e=ap’ + Zbi
i=1

[l 7151 XapaKTepUCTUKN sIBUIIA KOHAeHcalil Bose—AifiHiaiina Jo1iIbHO BBe-

cru mapametp x [316]:
b + ED: ! > 1 (3.2)
X=— — > 1. :
B i1 'l

Bejmmunna (x — 1) — 1ie nmokasHuk crerenst y GyHKINT IYCTHHU CTaHiB (JIUB.

3okpema [100]), sika BijmoBiiae mpoanasizoBanoMy Jasi KBa3iK/IACHIHOMY

D/2-1

nabmkentio, g(g) ~ X~ nopisusano 3 g(e) ~ & JIST 171ea/IbHOTO
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D-suniproro rasy BiibHUX dacTuHOK. Jlumre 3a ymosu (3.2) y cucremi
MOKe BijIOyBaTncs 0o3e-KoHjleHcarlis. Jlerko 6aunTu, 1mo B O3HAYEHHSA Y
BXO/INTH HE TLIHKN BUMIPHICTH TpocTopy [ Ta KiHEMATHYHI XapaKTepu-
CTUKH YacTHHOK [ (jist imeasbHOro razy [ = 2), aje Takoxk i ¢opma
30BHINTHBOTO MOTEHTA/TY, 9Ky BU3HAYAIOTH TMOKA3HUKH 7);. [l1s 603e-rasy
3 D/B < 1 soBHimmiil moreHIfiag Mae BU3HAYATIBHY DOJIb JJIsT MOKJIN-
BOCTI II€pexojly cucTeMH y cTaH Oo3e-KoHaeHcaTy. Hampukia, y Hepels-
TUBICTCHKOMY JBOBUMIpHOMY 6o03e-rasi (D = 2, f = 2), srigHo 3 (3.2)
003e-KOHJIeHCallid BiJICYyTHS, AKIINO CUCTEMa BiIbHA; Iie 3a0e311eUyI0Th 3Ha~
YeHHs 7); — OO — IPAHMUI, K& BIINOBIIaE BepTuKaabHuM crinkam [309].
Ate gkio cucrema mOMIIEHa B 30BHINIHIA rapMOHIYHUN MOTEHIA, TO-
i n; = 2 1 6o3e-KoHjieH Al BigOyBaeThesi. Kpurepiit (3.2) mokasye, 1o
BUOOPOM TIOTPIOHOIO MOTEHIIATY MOXKHA, 3a0€3MeIUTH iCHYBAaHHs KOH/I€H-

canil Bose—AiinimTaiiia y mpocTopi J0BLIbHOT BuMipHOCTI. Kostu 30BHIITHIiT

MOTEHIIAT CUMETPUIHUIN, TOOTO 1)1 = 1)y = ... = 7N)p = 1, TO YMOBa CIIPO-
HLYEThCS:

D+D>1

5 '

Mozkna mokaszaTn, 1Mo TeJI0EMHICTL cucTeMu 1pu Temmepatrypi 1 < T,

3aJIe2KNTH Bt y Tak [315]:

Cx+1) (T\*
=N 1) >~ — .
a B 0Oe31ocepeIHbOMY OKOJII KPpUTUYHOI TeMIieparypu npu 1 > T, —
Cu+4)<T>X ()
Cr-r.=Nx(x+1) =] — X —7". 3.4
rn =M DT\ Yy B

AKIo 3a10BOJIbHSETHCsT KpuTepiit (3.2), To Terioemuicts y Touri 7T,
po3puBa€EThbcsi 1 BiOyBaeThbcsa hazoBuil mepexia. ZKIO x 3a10BOJIbHSIE
ymoBy 1 < x < 2, To TemyioeMHicTb B 1. Oyjie HemepepsHOoio. JIerko
bauntu, mo ko D /B < 2, caMe 30BHIIIHI{ TOTEHIIAT CUCTEME BU3HAUAE

IIOBEJIIHKY TeIJIOEMHOCT] CUCTEMU.
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3.1.2. Ilpukasa 3acTocyBaHHsS KBa3iKJIACUIHOTO HAOJIMYKEHHH.

BusB/isieThest, M0 cucTeMa B 30BHIMHBOMY I10J11 €(PEKTUBHO MOBOJIUTHCS

TaK, K Takuii camuii imeanpunit ra3 sumunx sumipuocreit [310]. Hassrictn

30BHIIIHBOT'O MMOTEHIIAIY He Ja€ 3MOI' IIPOCTO 3aMIHUTHU KOOP/IMHATHY Ya-

cruny 06’emy dazosoro npocropy (dq) B (2.52) Ha 06’em cucremu V. Y KBa-

3IKJIACHIHOMY TPAKTYBaHHI PYX BiIOYBAECTHCA MiXK KJIACHIHIMEI TOUKAMU

nosopoty [310], To6To Mexki R 1ipocTOpoBOro iHTerpyBaHHs BU3HAYAIOTHCSI

3 ymosu U(x) = €, nuB. cxemarnanuii puc. 3.1.

U(x)

i

R

Puc. 3.1. 3oBHimuiit moTeHI{ial i KJIacu4IHi TOYKHA MTOBOPOTY.

Posrngnbmo it npukialy ABOBUMIpHUI i/1ea bnnit Oo3e-ra3 y MacTIll

Ul y) = 2 (@2 + i),

Eneprig gacTUHKN BiAMOBIIHO JOPIBHIOBATIME
e(p) = p*/2m + Ul(a,y).

KijbKicTh 4aCcTHHOK

N /dx dy dp, dpy 571 '
27Th e — 1

Immysibe cucteMn

p=+2m(s—Ulz,y)),  dp,dp, = 2npdp,

/dxdy:S

[aTerpadt

(3.5)

(3.6)



38

IPOCTO 0OYINCITIOEMO 3 yMOBH p = 0 (MIzK KJIACHIHUMHI TOYKAMHU TIOBOPOTY )
m
_ _ 2,2 2,2
e =Ulw,y) = 5 (wpa” +wyy”).
Jlerko 6avunTu, 1Mo 1€ piBHAHHSA €JIiIca, TOMY

g_ 2Te

MWWy,
TOOTO B 3ajadl BUHHUKAE IIeBHa ebeKTUBHA IJIOMIA.

OTKe, KIJIBKICTh YaCTUHOK

1 & ede
N = . 3.9
<hwx><hwy>/o e m/T 1 (3.9

3ayBayKIMO TIpUHATIHO, 10 31 criBBijgHOMeHHs (2.62) TycTHHA CTAHIB

£
P = T
VY zarajipbHOMY BHIAJKY (2.55) p o £271 10610 TYT MaeMo epeKTHBHY
BuMipHicTE D = 4.
Kpurnuna Temieparypa JABOBUMIPHOIO ij1ealbHOro 603e-ra3y B [OTEH-
miasi 3aranaeaimoro suraany U(r) = Uy(r/a)", BcranoBieHa 3 yMOBH
p=¢eoupu T =T, 6yme [310]

2
2Nh2U02/77 n/(2+n)

[maQF(Q/n +1)¢(2/n+1)

Y D-BuMipHOMY IIPOCTOPI B TAKOMY 2K CTEIICHEBOMY IOTEHIIIa i HIXKYe BiJl

TP = (3.10)

KPUTUIHOT TeMIIepaTypH KiJIbKICTh 9acTUHOK Yy KoHjeHcaTi Ny # 0, aKIo
BIHKOHYETHCsT yMOBa (3.2), 1 TeMiepaTypHa 3aJ1€KHICTh [JTs1 KOHJIEHCATHOT

dbpakil mae Burs [317):

NO T D(n+2)/2n
(= .
v=1-(z)

s TapMOHITHOTO TOTEHIaTy 1) = 2, pe3yJbTaTu Jjid BIIbHOI CHCTEMU

(3.11)

(y CKpUHBII) OOIHCTIOTE, puiiMaodn 7 — 0o0. ko D = 2, To 603e-
KOHJICHCAIlisI B OCTAHHBOMY BHUIIAQJIKY He BiIOYBa€TbCs, OCKLIbKI 1. — 0 3

dopmysn (3.10) gepes (1) = oo.
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3.2. Bo3oHu B mopucToMy cepeaoBUIIL

111 BIIJINBOM 30BHIIITHBOI'O ITOJIA

Y 1IbOMY HiJIPO3JIiJi BILUIMB IIOPUCTOIO CEPEIOBHUINA BPaXOBAHO IILISIXOM

yBejieHHst 1poboBoi (dpaxTaabHOl) mpocTopoBol BuMmipHocTi [270, 271].

3.2.1. BaragbHa cxeMa pPo3paxyHKIiB. Jljisi po3paxyHKy TepMOJIIHA-
MigHUX (DYHKIIIH crucTeMu 0030HIB BUKOPUCTAEMO TaKy IIPOCTY cxemy. Kijib-
KicTb yacTuHOK /N TOB’s13aHa 3 aKTUBHICTIO 2 1 Temmeparypoto T’ criBBijI-

HOIICHHAM:

O
N=No+) =7 (3.12)
n=1

e Ny = z/(1 — z) — 3all0BHEHHSI HAHIZKYIONO €HEPIeTHIHOTO PiBHS, &,
— eHepreTUYHUil CIEeKTp OJIHOUYACTHHKOBUX 30y KeHb (rpudomy €y = 0),
a g, — BUPOJKEHHdA n-oro piBHA. Bennunna Ny € MAaKpPOCKOIIYHOIO JIUIIIE
TOJIl, KOJIU BiIOYBA€TbCsl O03€-KOHICHCAITisI.

PiBusinns (3.12) nesiBuo 3ajae 2z sk dyukiio N i T. Jani akTusHIiCTS

MOKHa BUKOPHUCTATHU JIJIsI PO3PaxXyHKY eHepril

N~ Enn
b= Z s=leen/T _ 17 (3-13>
n=1

Jle BpaxoBaHo, 110 €Hepris HaAHUKYIOTro piBHS JopiBHIOE HyJseBi. [loxigHa

eHeprii 3a TemiiepaTyporo jacthb remioemuicts C' = dFE /dT .

3.2.2. Cucrema ocomisitopiB y D Bumipax. Hexait 3ajano cucre-
My N rapMOHIYHHX OCIHJISITOPIB, IO IepedyBaloTh B 130TPOIHIA HaCTII.
O 1HOYACTUHKOBUI eHepreTuIHuil CIeKTp Takol cucreMu Oyie €, = hwn.
B oHOBUMIpHOMY TTPOCTOPI BUPO/PKEHHS PIBHIB JIOPIBHIOE ¢, = 1, y JIBO-

BUMipHOMY — g, = n+ 1, a y TpuBumipaomy g, = (n+1)(n+1)/2. TooTo
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y BullaJiky [) BUMIipiB iioro Bu3Hadae OiHOMiaJIbHUIT KoedillieHT

_ (n+ D —1)!
In = 711)+le1 - n'(D . 1)| : (3'14>
[IpuponnuM € Take y3arajabHEHHsSIM I[LOIO BUpa3y IJId HerepepsBHux D,
nopisx. [318]:
I'(n+ D)
n = . 3.15
I = (DT (n + 1) (3.15)
Orke, Bupas (3.12) nabysae BUIJIsILY

2 z ~=T(n+D) 1
N = : 3.16
1—z+F(D)ZF(n+1)emn/T—z (3.16)

n=1

[Tomibre criBBiIHOMIEHHST MOXKHA 3alHCATH TAKOXK Ji/ist eHepril (3.13).

3.2.3. HaniBkiaacuuamii miaxia. [lpu namiBkiaacmaHoMy Imijaxoji He-

XTYIOTh JIMCKPETHICTIO €HepreTUYHUX PIBHIB, a JOCTYIHUN JJIS JaCTUH-

KW y 30BHIIIHbOMY MOTEHI[aJ/l IPOCTIp BU3HAYAIOTh KJIACUYHI TOUYKU I10-

sopotry [310]. B ocrmisitopHiit 3amadi eHeprisi 4acTHHKU JIOPIBHIOE € =
2/2 2 2 2 L cees o L eeee

p°/2m + mw*q”/2, ne p — MOIysb 1T IMITYJIbCY, & ¢ — MOJYJIb 11 KOOD/Ti-

HaTHU.

[Ticytst HECKJIAHUX [IepeTBOPEHb oTpuMaeMo anaJor (3.12):

N =Ny + (%)D Lip(2), (3.17)

ne Lip(z) — momimorapudwm (2.58).
Kpuruuny remueparypy T, (TouKy, B sIKilf HOUMHAETHCsT 6036-KOH IeH-

cariist) BusHauaoTh jiBi ymoBu, Ng = 01 z = 1. I3 (3.17) orpumyemo

1/D

N

T. = hw [—} : (3.18)
¢(D)

3ayBarkMo, 10 Ieil pe3ysbTar clpaBeauBuii jauire st D > 1, a Takox,

0 HIIKMX O3HAK 003e-KOoHeHcallll B rapMoHiuHiil nmactmi npu D < 1 ne

CIIOCTEPITAETHCS.
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Konnencarna dpakiiist JIOpiBHIOE

Ny T\”
—=1—- = 3.19
v-1-(7) (319
a eHepris
T D+1
Ez%@(EJ Lip.i(z). (3.20)

IIpu T' < 1, TenIoeMHICTb MA€ BULJIA
7\?
C=DD+1) (%> C((D+1). (3.21)

3.2.4. Touni pesyabraru: 1/N-poskaaau. Ilepes tum, sik mepeiitu

JI0 TOYHHUX PO3PaxyHKIB 3a dopmysion (3.16), BapTo 3’scyBaT, sIKOIO €

TepMOMHAMIYHA TpaHuils v 1 3agaqi. [ligkasky gae dpopmyna (3.18): T,

3AUIHIIAETBCH cTasiol0, akio wN Y P = const. Taxy K yMOBY MOXKHA OTpH-

MaTH 3 iHmux MipkyBadb [14, 311|. /s cuporentst po3paxyHKiB 3pydHO

BUKOPUCTOBYBATU M SIK OJMHUIIIO eHepril it TeMiieparypu. TakoxK 1mo3Ha-
JUMO

BRE
Ty = [@] : (3.22)
Kpurtnuna temrieparypa cUCTeMU 3 JUCKPETHUM CIEKTPOM BU3HAYAE-

TbCAd 3 YMOBHU

0.9]

['(n+ D) 1
I'(n+1) e/l —1’

n:l

T.=TyNYP. (3.23)

[I106 itoro repeTBOpUTH, MOYKHa cKOopucTaTucd dpopmysior CripsiHra Jiist
['-bynknii it orpumaTu:

T(n+D) _ n4{1+1£K9;£l+,”}, (3.24)

Tntl) n 2

Leit Bupa3 € acUMITOTHIHUIM.
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Y rpanuti BesmuKuxX N TiJCyMOBYBaHHSI B IEpIIOMY JIOJIAaHKY MOXKHA

3pobuTn 3a dopmysion Eitrepa—Makiiopena:

o nD—l 00 xD—l dr 1
- =17P —+-T.+...=
Ze"/Tc—l C/ e? — 1 +2 +

n=1 1/T.
_ TCD/OOZUD—ldx_TCD/'l/Tcx,D—ldx—'_ch—'_.”:
0 et —1 0 et —1 2
— TPI(DY(D) 4+ T |5 — —— 4| +0o(T))
¢ 2 D-—1 ’

Jle KPAIIKH [T03HAYAI0ThH MaJIi IOIIPAaBKU 0 APYTOro Ta HACTYIHUX J0JIaHKIB
y dopmysti Eitnepa—Maxkiopena.

Hpyruit moganok y (3.24) nae Takuii BHECOK:

o

Zen/T —TZnD?’ = T.((3 — D) + o(T},).

n=1

Leit poskia € npaBuabHuM 1pu D < 2.

Pemry nomankis y (3.24) MoKHA PO3paxyBaT aHAJONITHO, IIPOTE BOHNU
JTaI0Th MaJIl MONPaBKNA I HUMW MOYKHA 3HEXTYBATH.

30upatoun po3paxoBaHi CyMHU, 3aIUIIIEMO PO3KJIAJL JIJIsi KDUTUIHOI TEM-
nepatrypu N-4acTUHKOBOI CUCTEMHU TC(N) = TO(N)N /D .

TW) _ L P 1 — B, NY/D-1 N1/D-1
) = [C(D)] {1- By +o(NVP L, (3.25)

Jie

[1 =2+ D(D ~1)((3 - D) +] (3.26)

3.2.5. UmcaoBi po3paxyHkn. UucjoBuii aHaJi3 IIpOBEIEHO JJIsl BU-
naJiky KuauMka CepriiHCbKOro, 06’ekTa i3 rayc/1opdiBChbKOI0 BUMIPHICTIO

D =1n8/In3 =1.892789.... Pesynsrarn naseeno na puc. 3.2 1 3.3.
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0.6

N=10"
Semiclassical

02F

0.0} -

Puc. 3.2. Konnencarna dpaxiiisg cucremu 6030HIB y TTPOCTOPi 3 APOOOBOIO BUMIPHICTIO
D = 1.892789..., mo Bianosimae dppakransosi “Kuaumok Ceprincbkoro’. CymibHOIO
JiHIEI0 MOKa3aHO pe3y/IbraTn HamiBkiIacmaHoro nabimkenns (3.19). Ha Bpismi moka-

3aHO OKiJT TeMmiepaTypu ¢aszoBoro nepexony 1.. Oauuuri BuMmiproBaHHsT 3adikcOBaHO

ymoBoro AwNVP = 1.

Semiclassical

0.8 1.0

Puc. 3.3. Tennoemuicts cucrtemu 6030HIB y MpocTopi 3 jipoboBo0 BuMipHicTio D =
1.892789 ..., mo Bignosimae dpakranaosi “KuanMok Ceprincbkoro”. CyIiJbHOIO JIiHi-
€10 TIOKA3aHO pe3ysbTaTn HamiBKaacmaHoro Habmmxenns (3.21). Ha spismi mokaszano

OKis1 Temuepatypu dazoBoro nepexoay 1.. Oaunuil BUMipioBaHHS 3adikKCOBAHO yMO-

Boo iwNY/P = 1.
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3.3. Metoa HabJIM>KEHOTO BTOPUHHOTO KBAaHTYBaHHSH

JJist O030HIB Yy MacTIli

Y IBOMY IAPO3/1iJ11 BUKJIAJIEHO METOJ, SIKUi € y3araJibHeHHsIM 111 1xo1y bo-
roJiroboBa [10] Ha BumaI0K ciabkoB3aeMoiiodoro D-BuMipHOTro 603e-rasy
y rapMOHIYHOMY 30BHIITHBOMY IOTEHIIiaJ . 3 €0 METO0 JI0 MaMiJIbTOHIa~
Ha BUXIJIHOI CHCTEMU 3aCTOCOBAHO METO HAOJIMKEHOIO BTOPUHHOTO KBaH-
TyBaHHS Ha BJACHUX (PYHKIIISIX [D-BUMIDHOIO rapMOHIYHOTO OCIHJISTOPA.
YHacII0K JiiaroHasiizarii raMiJibToOHIaHa OTPUMAHO CHCTEMY MATPUIHIX
PIBHSIHB, IO JIO3BOJIMJIO BPEIITI PO3paxyBaTu KOHJIEHCATHY (pPaKIiio Ta

eneprimo [82].

3.3.1. HiaronaJizalig ramijibToHiana. Pozrisjgarumemo D-BUMIpHY
cucremy N c1abKOB3a€MOJIIFOUNX DO30HIB MaCOI0 M KOXKEH, SKi 1epedyBa-
I0Th y TAPMOHIYHOMY 30BHIITHBOMY TTOTEHIiai ([acTrii)

m
V(zy,...,xp) = B) (wiaf + ... +wha)). (3.27)

[Torenmnian mikaromuol B3aemoii mae surian U(zy,...,xp) = gd(x),
SIKUI BiJIMOBI1a€ OOPHIBCHKOMY HAOJIMKEHHIO B MOJIEJI TBepux cdep, Jie
BeKTOp X = (X1,...,Tp), & g — MapamMerp B3aeMO/Iil.

[amisbroHIaH 334291 Ma€ BUIJISLT

N 2
. p’ X .
H = ' ﬁ + Vi(x;)| + g Uxj—x;)=Hy+U. (3.28)

Y oMy Bupasi pj — olepaTop iMILyJbcy j-0l YaCTHHKH, X; — 1T Koopu-
HaTa.

BropunHe KBaHTYBaHHSA MOYKHA ITOOY/yBATH 3 BUKOPUCTAHHSIM BJIACHUX
dbyuKIii n) = |nq,...,np) oneparopa Hy, 110 Bi/nosigae 3puaaitaomy D-

BUMIPHOMY TapMOHITHOMY OCIUIATOPOBI. I criporienns BuMaraTuMeMo,
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11100 BiJIHOIIEHHS 9aCTOT Wy, . . . , Wp He OYJI0 palioHATIbLHIM YHCIOM — UM
VHUKHEMO BUIIQJIKOBOI'O BUPOJZKEHHsI €HEPI'eTUIHUX PIBHIB.

Hexait @], G, — omepaTopy MOpoIyKeHHs 3HUIIeHHs cTany |n). Bimmo-
BijiHI eHeprernuni piBHi £y = h(wini +...+wpnp). Y Takomy 300pa-
JKenHi ramisbronian (3.28) mopiBHioe

A~ /‘T ~ 1 ! / /\'i' /\"‘ A A
H = g Enlinln + E (mn|U|m'n’)al,al Gyl . (3.29)
n m,m’,n,n’
OnepaTopn 3a/10BOJILHSIIOTH CTaHAAPTHI OO30HHI KOMYyTaIliiiHi CIIiBBIIHO-

IIIECHHA:
[, @] = Onu (3.30)

Bacrocyemo HabJIMyKeHe BTOPUHHE KBaHTYBaHHst BijiosijHo jo [10]. He-
xait Ny — KIJTbKICTh YaCTUHOK Ha HAWHUXKIOMY €HepreTHIHOMY PIBHI &.
OckiibKN B3aeMOJIisl cjiabka, TO I1OBejliHKa O030HIB He Oyjie CYyTTEBO BiJI-
pisHsITHCS BijT ijteaabHOl cucTteMu. ToOTO IpU HU3BKUX TEMIIEPaTypPax MoO-
’KHa OdiKyBaTn KoHzAeHcarlil bose—Aitamraiiia, a otke Ny — MaKpOCKO-
mivHa BeJndnHa. BpaxoByrodn, 110 BoHA € BJIACHUM 3HAYEHHSAM Oll€paTopa
dgdo, MOKEMO BBazKaTu dg 1 Qg c-aucjIaMu: &(T)do = Ny, &0&6 = No+1~~
No, dg ~ /Ny, agp ~ /Ny. 3 MeTo10 OTpIMaHHS 3arajbHIMmmX ¢i3n-
YHUX pe3yJIbTaTiB MU He nokjaagarumeMo Ng = N. 3ayBakMo I1e, 110 Ipu
D < 3 603e-KoH/IeH AT MOKJINBA Jinie B ractkax [310].

Hauti, 3a Boro/itoboBuM, 3HEXTYEMO JIOJIAHKAMH, 1110 MalOTh OLJIbIIe HizK
JIBa OIIepATOPU 3 HEHYThoBUM iHjieKcoM. OCKiIbKN BiiacH! byHKIIT [n) iii-
CHI, TO MATPUYHI €JIEMEHTH B IPYTOMY JI0JaHKOBI (3.29) mpu pisHux KOMOi-
HaIlis1X orepaTopis 36iraforbest: (mO|U|n0) = (mn|U|00) = (00|U|mn) =
g Cmn, /A€

D/2 D 1 , 1]
- ( mow ) H(_l)(3mj+nj)/2 r (m? T ) , (3.31)

2m2h mj! nj! 2

j=1
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AKIIO Mj + M NapHe JJid BCIX J 1 ¢mn = 0 B iHIoMy BunaJky. TyT Buko-

1
PUCTAHO MO3HAYEHHA W = (wy...wp)D.
Marpudni eseMeHTH 3 TphOMa HYJISME JIOPIBHIOIOTD

(n0|U[00) = gdy = g ( e )D/2 ﬁ(—l)”j/Z L p ("j il 1) , (3.32)

2
21m2h s n;! 2

SIKILO M IIapHe JJisd BCIX J.
lamismpronian (3.29) HabyBae BUIIISIILY

A~

H = const+ Z £l + gNg’/2 Z dn (dL + n) +

+y9 % > Con (4f,an + alyal, + Gmin) | (3.33)

m,n
Jle ‘const’ mosHadaEe JOJAHKU HEOIIepaTOPHOI'O THUILY, siKi MU JIaJji BiJIKH-
Hemo. [Iyst ckopouennst 3amucy ymoBy n # 0, m # 0 He BUIIMCAHO SIBHO.
BayBasKMO 10sIBY JIHIHHUX 10MaHKIB ~ G, ~ @, skux He 6ys10 y 60roJmo-
oicbkoMy Tixozi [10] depes 3akoH 36eperKeHHsT IMITYTbCY.

Hexait ingexcu m, n HyMepyIOTh yCi cTaHH, sKi I03HAYAJIM BEKTOPHI 1H-
nekcr m, n. Jljist oTpuMaHHst eHepreTHIHOro ClieKTpa raMijibroniana (3.33)
3aCTOCYEMO TIPOIIEYPY Jiaronasizaiii. /s nboro 306pasumo ramMijibTOHi-

an (3.33) y rakiit Mmarpuuniit popmi:
H =alga+2\/N, (ald +a’d) + ) (4a'Ca +alcal” + a’'ca), (3.34)
Je a ta d — BeKTOpU 0E3MeKHOT PO3MiPHOCTI:

al = (a1, a0 ...), af= (a{, al, ) AT = (dy, do, ...),
JiaroHaJjbHa MaTPUId

€1 0 0
5: 0 92 0o ... y



97

a ejgemenTamu Marpuill C' € KoeillieHTH C;,,. TaKOoXK JJIsi CKOPOUEHHSI
3allicy BBeJieHo nosnadenns g No/2 = .

[IIo6 oTpumaTu raMiJIbTOHIAH B JliarOHAJILHOMY BUTJISII
H=) edla,=a'¢a, (3.35)
n

ne € — miaroHaJbHa MaTpPUIlL 3 eJIeMEHTaMH €,, MOXKHa, 3aCTOCYBaTHU y3a-

rajbHeHHs BiJIOMUX u—v nepeTrBopeHb BorosiodoBa y Taxiit dopmi:
a=Xa+YaT+z a=ax+a'y+2l (3.36)

Tyr X 1a Y — kBajpaTHi marpuili 6e3MerKHOI pO3MIPHOCTI, BUMaraTu-
MeMO, MOON BOHU OYJIM €pMITOBUME (CHMETPUIHUME i JIHCHIMNT), & Z —
BEKTOD 3 JI{iCHIMI KOMIIOHEHTaMU. 3 KOMYyTalliifiHux criBsigaomess (3.30)

BUILINBAE, MO X Ta Y 3aJI0BOJLHSIIOTH TaKy YMOBY:
X2 -Yy?=1, (3.37)

ne I — oguHmYIHa MaTpPUIIs.

Jlerko nokasaru, 1o JiiHiitHi Jo1aHKu (BUPA3K B IEPIINX JIyKKaX) Y PiB-
HaHHI (3.34) CHPUUIUHSIIOTH JIKIIE 3CyB €HePI'eTHYHIX PIBHIB, HE 3MIHIOIOYN
BijicTani Mixk HUMHU. Tomy gaJii GpaTumeMo JI0 yBaru JIIle KBaJpaTHIHI
3a & i v JJOJAaHKU B FaMiJIbTOHIAH].

1106 3anyauTH JiHiH] 38 G YeHn B H , BEBKTOP Z MYCHUTb JIOPIBHIOBATH
z = —2\\/ Ny (€ + 67C)'d. (3.38)

Bumararoun BiJiIcyTHOCTI B raMmiJIbTOHIaHI YJIEHIB THUILY oAzInOAJL 1 i,

OTPUMAEMO TaKl MATPUYUHI PIBHSIHHS:

XEY +4AXCY + A\XCX + \YCY =0, (3.39)
YEX +4AYCX + AXCX + AYCY = 0. (3.40)
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Matpurg € nopiBHIOE
E=XEX+YEY +ANXCX +YCY) + 2\ XCY + YCX), (3.41)

a 11 BJIacHI 3HaUYeHHsI BU3HAYAIOTh IIYKAHUIT eHepreTuyHuit CreKTp.
fximo y cucreMi BUMKHYTH MikaTOMHY B3aeMoiifo (¢ = 0), To po3B’si3-
ki MaTuMyTh BUrIsta X = I, Y = 0. Tomy posknagemo marpumi X Ta Y

B psiJI 3a IapaMeTPOM A:

X=T+2X5%+..., Y =X+ o +... . (3.42)
Marpuri x, v, v; MoxKHa 3HaiiT 3 piBasAnb (3.37)—(3.40):

v =2x; x =—-&1C/2; v =4&71CETC. (3.43)

3 ToynicTio 10 A\? oTpuMaeMo g MaTpuii &:

)\2
e=c+mC+ 5 {(e710) e—sceTic—aeT i), (344)
a eHepreTHuHi piBHi €, = &, + 4A\cp, + O(N\?), 9K i Tpeba ouikyBaTn 3
(3.33).
Cucremy piBHsiHb (3.37)—(3.40) y 3arajbHOMY BHIAJKY PO3B’3yBaTH
CKJIAJIHO, OCKLIBKM BOHM € HEJIHIMHUMH I[0/I0 O0e3MEXKHUX MATPHIb. Ix

MOXKHa TPAKTYBaTU K CUCTEMY MATPUUHUX PIBHAHL Pikkari:

XAY + XBX +YBY =0, (3.45)
YAX + XBX +YBY =0, (3.46)
X2 _Y*_1=0, (3.47)

ne A =E+4XC, B = \C. Yucesbue (HemeprypbaTuBHe) pO3B’si3yBaHHs

TaKol 3a/a4l BUMarae crerjajibHux mijaxomais [319-321].
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3.3.2. Pe3yabraTu po3paxyHkiB. [Ipu 603e-konjaeHcalil XiMiqHuil 110-
TEHIaJl (4 CUCTEMN HaDJIMKAETHCA JIO HYJIsd, & IOBHE YUCJI0 YaCTUHOK BU-

SHa9a€TbCAd BUPA30M:

1
N =N, + , (3.48)
>

ne Ny — 3aloBHEHHsI HAHMYKIOrO eHepreTudHoro pisus. Tomy, snaroun
N rta eneprernunnii crektp €, = €,(\) = €,(gNy) 3 BracHux 3HAYECHD
(3.44), moxkua pospaxysatu Ny sik dyHkiio remmeparypu 1. Taknm qu-
HOM, IIPUXOJFMO JIO CAMOY3IOJZKEHOT 3a1a4i, pO3B’I3KH AKOI JaI0Th 3MOTY
po3paxyBaTi eHepriio

€n

E = FEy+ gﬁ P - (3.49)

Ta iHII TepMOJMHAMIUYHI (DYHKIIII.

Ha puc. 3.4 naBejieno TeMiiepaTypHi 3a/1€2KHOCTI KOHIEHCATHOT (DpaKIiil
No/N ta eneprii (F — Ey)/N st ogsoBumipHoro rasy. st mpocrorn
PO3paxXyHKN 3/IIHCHEHO JIIT MOJIETLHOI CUCTEMU 3 TAKUMU TTapaMeTPAMIE:

h=w=1, m=2r% N = 1000, g = 0.0002.

20 T T T T T T T T

0 20 40 _60 80 100

Puc. 3.4. (JliBopyu) — xoumencarna dpaxiiisa Ny /N sk dbyukiis remmneparypu 1'; (pa-
BOpYY) — eHepria sik dbyHkIis remneparypu. [Irpuxosa JiHis BiIOBIIaE B3aEMO/IiIO-

qiil cucreMmi, cyIijibHa — i7eaqbHOMY 003€e-Ta30Bi.
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OcKIJIBKHI ¢y, > 0, TO B3a€MOJIisI 3CYyBa€ €HEepPreTuyHi piBHI Bropy, IO
edbekTrBHO BijnoBigae Jermum dactunkam. Otrxke, Temieparypa 0o3e-
KoHJeHcaIlil 3pocTae. IIpore BapTo 3a3HAUYMTH, IO 3aIPOINOHOBAHUI IIi/I-
XiJl He € KOPEKTHUM JIJIsT BUIITUX TeMIIepaTyp — y IIbOMY BUITQJIKYy MOTPIOHO

BpaxoByBaTH OijbIle JIOJAHKIB y ramijibToHiani (3.33).

3.4. EdpexTuBHMII raMiJIbTOHIAH 1 CIIEKTp ejieMeHTap-

HIX 30ya>KeHb O030HIB y rapMOHIYHIN IIACTII]

['oJtoBHa iJ1es1 1IHOTO MIIPO3/ILTY MOJIATAE B TOMY, IIOOU 3aIIPOIIOHyBaTH Ma-
TEMaTHUYIHO ITPOCTe HAOIMXKEHH JIJIsl BpaxyBaHHsI TOIMPABOK BUIIIX MTOPSI-
KiB y raMiJIbTOHIaHi 0030HIB y rapMOHIvHIN nacTii. [{boro MoxkHa 10CATTH,
OB’ SI3aBIIN [IEBHUM (PEHOMEHOJIOTTIHIM CIIOCOOOM JIOOYTKHU OIEPaTOPiB
MOPOJIZKEHH—3HUIIEHHS 3 BIIIOBIIHUMY YUCJIAMU 3aII0BHEHHSI .

Ax mokazano B monepeHbOMY IIPO3iJl, TOJaHKN, JTIHIAHI 3a onepa-
TOpaMu @' un @, JAIOTH JIMIIe CTAJIMI 3CyB eHepreTH HIX PiBHiB [82], ToMmy
iX MOYKHa& He BPaXOBYBaTH B IMOJAJBIIOMY aHaji3l. Binknmaiounm TakoxK
HeOIlepaTOpHi J0aHKN, oTpuMaeMo 3 (3.29) Takuil raMiTbTOHIAH:

B o= Y egafiy+ 0 S eldafan + afal + igin) +

J#0 j,k#0
(3.50)

1/2 stata | oate - N DS P
+ N cpalalafan + alawdn) + 5 Y Cam 6] afdrim,
jakal#o j,k,l,m;éO

Jle, BpaxOBYIOUH JIHICHICTD BJIACHUX (PYHKIH TapMOHIYHOTO OCIMIIATOPA,
e = (jOJUIKO) = (jklU|00) = (00[U[jk),  (3.51)

ca = (JK|UN10) = (jo[U/kD), (3.52)
Ciklm — <Jk|U‘lm> (353)
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3.4.1. Ilpoueaypa aiaronadqizanii. [Ilo6 orpumarn 3 (3.50) kBapa-
Tuany HOpMy 3a olleparopaMu ', @, IPUUATHY Ul [OJAJBIION Jiaro-
HaJi3a1il, MOXKHA 3aCTOCYBATH TaKy LPOIepypy. UHUC/I0 3all0BHEHHS, 110

Bi/IMOBI1a€ cTaHoBI [j), MopiBHIOE
nj = (alag). (3.54)

Ha miit mijcTaBi mporonyeMo 3aMiHUTH OIIEPATOPH B JOJIaHKAX, 1110 MICTITH

,D;O6YTKI/I TPBOX 1 HOTUPBHOX CLT, Qa:

j S (3.55)

JIe TTapaMeTp T BU3HAYATHMEMO 3IOJIOM.
[Ticis 1iel nmporneypu OTPUMaEMO 3aJ1ady 1Ipo JilaroHaJisaliiio KBajpa-
TUYIHOT (POPMIU 3araIbLHOIO BULJISILY
> (Apala + Bualal + Bjasar) (3.56)
J.k
SIKY PO3IVIAIANN B JIesIKUX Tparsax [82, 322-324.
[TeBHOrO MATEMATHYHOTO CHPONIEHHSA BJIAETHLCS JOCSITH, 3aCTOCOBYIO-
91 HOJAJIBIN HAOJIUKEHH, & CaMe OB’ sI3YI0UN OIEPATOPU HOPOIZKEHH—

SHUINCHHS 3 PISHUMHU 1HJIEKCAMU 4epes3 JedKuil MHOMKHIIK,
= fighy,  af = fia] (3.57)
Bepyun 1o ysaru (3.55), oTpuMaemo:

1—x T

. c e . * .
OcCKIJIbKY 41c/1a 3all0BHEHHS ny — JAIMCHI 1 JOAaTHL, TO ka = ka 1 TOMY

x = 1/2. Jlng cuportiensst 6y1eMo a1l 3aCTOCOBYBATH TAKOXK MO3HAUEHHSI:

by =nf =/n;. (3.59)
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TpuonepaTopHi JoJaHKNA 3aMiHIMO TaK:

Cjkl <&jd;r{d1 + CALJTCALkCALl) — ‘gd ( h] + CL alhk + akalh )

CJkl

N

(aTakhl + G Tarhi + axaih; ) (3.60)
a JIJIsI YOTUPUOIIEPATOPHUX OYIEMO MATH BiIIOBIIHO
At At A A Ciklm [ ~+ ~ PN AT A
Ciklm ja;r{alam — % (aTathhm + aamhyhy + aTalhkhm +
+ by + aldnhshm + aamhadn ). (3,61

3BazKaloun Ha CUMeTPilo KoedilienTiB ¢k, Cjkl 1 Cjkim 32 BCiMa injeKca-
MU, TiCJId HECKJIAHUX TePEeTBOPEHDb, OMUCAHUX BUIIE, OTPUMAEMO edeK-

TUBHUI raMLJIbTOHIAH y BUIJISIIL:

[:Ieff = Z aT&J [gj + 2Ny Z fxiCk +

§0 k20
+ \/ NO Z fkjcjklhl + Py Z kaCJklmhlh :|
k,1£0 k, 1, m+#£0
ol 4 av Ny
+ 3 (ala] +agis) [513 ot
J#0 k0
1 1
+ 3V Ny Z Jxjcrh + 1 Z fijjklmhlhm] (3.62)
k120 k1m0

3amnporoHoBaHi epeTBOPEHHA 3PYTHO MPOLTIOCTPYBATH 38 JOMOMOT0IO
dopmasizmy yHKITIiT fpiHa. Posrigubmo piBHAHHSA PyXY /I JIBOYACOBUX

Temmepatypunx bynkuii pina (dq|al):

o i) = o=+ (laq, Al =
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BukopucroBytoun edexTuBHIit ramiibToHIaH (3.62) 0OTpUMaEMO HATOMICTh:

iofalil) = o= + (loa, Heallal)) =

+ cllaglal) + No > ca(2fualldalal)) + fiaablab) ) +
k40

2o 3 caa(2fuatalal) + Aamnablal) ) +

k,I£0

1

"2

1

+ 5 D caum fialih ((ablal) + (aqlal) ).
k,l,m=£0

OT2ke, mMpornonoBaHa 3aMiHa OTepaToOpPiB MPUBOINTH JI0 3aMKHEHOI CHCTe-
i piBusnb pyxy (nms (Gglal) i ((allal)) snacaigo Toro, mo saamocs
O30y TUCs 033 /liaroHaIbHIX (DYHKITIiT
> caaal) = (aqlal) Y caxfia = Gola)(aglal),
K£0 Kk£0
a TaKOoXK PO3MICHUTH (PYHKINT BUIINX TOPSIKIB
Y caal@alal) —  Gi(a)(aglal) + Ga(a)(aklal) romo,
K, 10
1e koedirientn G 9(q) nos’s3ami 3 fiq 1 Ay Ilepime 3 naBeienux crissigno-
IIIeHb MOYKHA JI0 TIEBHOI MipH OB SI3aTH 3 TaK 3BaAHOIO YMOBOIO 30€perKEHHS

KBAHTOBOrO “ncsa [325]

~

AT N A1
(Gyaq) = 5k,q<aqaq>7
TOMI sIK JApYyTe € HaOJMXKEHHAM THILY CcepeJIHboro moJid. [Tomibnmit 1miaxis
OYJ10 YCIIITHO 3aCTOCOBAHO JIJIsI MOJIEJIIOBAHHS CIIEKTPA CUJIHLHOB3aEMOIIIO-
q0i Go3e-cucTeMn y po3ii 2, nuB. TakoxK [93].
Hikue My BUKOpuUCTOBYBaTHMEMO TaKi IIO3HAUCHHSI:

N,
Vo= TOkajCjk; (3.63)
K40
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1
o= 3V No > fgcpahn; (3.64)

k,1£0
1
i T 1o Z JxiCikim M . (3.65)
k, 1 m=£0

['aminbTOHIAH BIIIOBIIHO 3AIIUIIEMO Y BULJISIII
Ao = > { (5 + 4Qy) afas + Qs (afa] + asas) |, (3.66)
J#0
ze

Q=5+ 05+ ¢ (3.67)

Jo miel kBajiparudHol popMu Jiajil 3aCTOCYEMO CTaHIAPTHE U~V IIEPETBO-
pennst borosrobosa.

OmnepaTropn KOzKHOT MOJIN (CTaHy) BUPA3UMO TaK:

aj; = uJ-I;j + UjBJT, AJT = u; ;r + U°*bj- (3.68)

3 6030HHOIO KOMYTATOPA
{aj,a}] _1, (3.69)

BUMaraloun BiJICyTHOCTI Ho3ajiaroHaabHux JoOyTKiB bjbj i b}b}t B OCTATO-
YHUX BUPa3ax, OTPUMAEMO T'aMiJIbTOHIAH Yy BULJIS I
A . /\_i_/\
Heg = g Ej; b; 0, (3.70)
j#0

Jle CIIeKTD eJIeMeHTapHUX 30Y/2KeHb

By = \/e} +8e5Q; +12G3- (3.71)

[TomasibIni po3paxyHKN He MOYKHA IPOBECTH 0€3 KOHKpPeTH3allil (pyHKITO-
HaJIbHUX 3aJiekHocreil fj 1 hy. 3 inmoro 6oky, koedinientn ¢ (Marpu4ni

eJIEMEHTH OIlepaTopa MOTEHIAIbHOT eHepril) MalTh BUTJIS:

Cik = Cjiky - - - Cipkp> Gkl = Cjikqly - - - Cipkplp>

Cjklm = Cjikilymy - - - Cipkplpmp (3.72)
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3aBJISIKI TOMY, 10 BJIaCHI pyHKIT D-BUMIPHOIO rapMOHIYHOI'O OCIIHJISITO-

pa paKTOPU3YIOTHCS Ha OJHOBUMIPHI.

3.4.2. OgHoBuUMIipHa 3a7adYa. SK NpHUKJIaJ PO3PaAXYHKIB i3 3alpoIo-
HOBAHUM €(PEKTUBHUM TaMiJIbTOHIAHOM PO3TJITHEMO OJIHOBUMIPHY 3a/Iady.
Bracui GpyHKITT TapMOHIYHOTO OCIIIATOPA 3 MACOIO 1M 1 9aCTOTOIO0 W Ma-

IOTh BUIJIA:

1 mw\ 1/4 5 mw
N — —mwst2hpr (22 ' =0,1,2,... .(3.73
|j> \/2]7]'<7Th> € j( h I’), .] b 7( )

ae H;(€) — noninomun Epwira.

BukopucToByroun NpupoaHy B Iiil 3aa4i OJMHUIIO JOBXKITHI

h
a/ho — ) (3.74)
mw

SKY 111€ HAa3UBAIOTh JIOBXKMHOIO FTAPMOHIYHOI'O OCIUJISTOPA, JIJ1sI MATPUUYHUX

eqemenTis (3.51)—(3.53) orpumaemo:

o _ L 17 ey _
g 1 (—1)<J'—k>/2r<j+k;+1>
ahoﬂ'\/i \/]'k' 2 '

(3.75)

Y ! L[7 ey _
i = e | O QS de =

g 1 1 F(j+k_l+1>P<j_k+l+1>x
e m2y/2 /TR 2 2

xr<k_j;”+1), (3.76)
9 1 L[ ey _
Chin = e | E O mA ) (€)=
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g 1 (_1)(k—j+m—l)/2 I (j+k+l2—m+1> T (j—k+12+m+1>

X
aho V2 /G I m!] F(W%H>
—j, =l kE—jtm=l+1,
x 3 Fy o)L 3
m—j—k—Il+1 k—j—l—-m+1,
2 ) 2 )

[aTerpyBanns X BUPa3iB y 3aMKHeHiiT (hopMi MOYKHa 3/1IHICHUTH, K ITOKa-

3aHO, HATIPHUKJIAJ, y Tparsx [227, 326-328]. ¥V nasemenux dopmyrtax ['(z)

— e ramma-byukiist Eitiepa, a 3Fy(aq, as, ag; by, be; 2) — rinepreomerpu-

yHa yHKIig. [[oTpibHO TaKOXK 3a3HAYUTH, 110 CYMH 1HJIEKCIB Yy KoedilieH-

Tax ¢ (10010 j+k, j+k+I1 ta j+k+I4+m) mycsaTs OyTH HAPHUME TUCTAMH,

1HaKIIle BIJIIMOBLHI IHTEI'PAJIN JIOPIBHIOIOTH HYJIEBI 3aBJISIKA BJIACTUBOCTSIM

noJiiHomiB EpwMiTa.

Mojiesi MHOXKHUKIB fjj 1 hj BHKOPUCTOBYIOTD YMCJIa 3AIIOBHEHHSA N
N (3.78)
nj
3araJjioMm, JJisi TapMOHIYHUX OCHUJIATOPIB

1
2z lehwi/T — 1’

(3.79)

TL]’:

a aKTUBHICTBH 2z MOKHA HaOJ/IMKEHO BBAXKATHU PIBHOIO OJUHUIN IPU MAJIUX
TeMIieparypax, 0 BiJIIIOBLIAIOTH PezKIMOBI 003e-KOHIeH callil.

Y rpanutni hw > T Marumemo
nj ~ e /T, (3.80)

HarowmicTh 61/1b1IICTD €KCIIEPUMEHTIB 13 XOJI0HUMEI aTOMHUME I'a3aMI BiJI-

OyBAIOTHCST 38 MPOTHIEXKHUX YMOB, hw < T, mus. [225, 329]. Tobro

T

~ — .81
g (3.81)

;
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Ha mijcraBl nux npocTux BUPa3iB 3pOOMMO YHUCJIOBI PO3paxyHKHU. 3aJie-

»KHOCTI fi; 1 hj HAOy/LyTh BUIVISALY:

' | T
fkji\/%, hj = Tl (3.82)

Ile oznavae 30KpeMa BIICYTHICTH TeMIepaTypHOI 3aJle2KHOCTI B 7y, IPOTe
IOIIPaBKH 1); Ta ; OyayTb mponopuiiinumu signosiano go V11T,
Y crani 003e-KOH/IeHCcallll 3all0BHEHHsI HaiflHMK4I0ro piBHg Ny Hab/Im-

JKaE€ThCA JI0 3arajbHOl KiJIbKoCTi yacTuHoK N, Tomy nokJajemo Ny = N

y BHUpasax Juisd y; 1 1);:

gN _
v = =%, (3.83)
Qho
g |NT _
L= 3.84
77,7 a/ho hw 77.77 ( )
_ 9T _
90.7 - a/ho m} ()0_]7 (385)

ae ¥j, 7 1 ¢j — 0e3posMipui KoedillleHTH, OTpUMaHl BHAC/ILJIOK IijcTa-
HoBKU (3.75)—(3.77) 3 frj 1 h; i3 (3.78) B onHOBHMIPHI anasorn piBHSHB
(3.63)(3.65).

Cruektp (3.71) B ogHOBEMIpHOMY BHIIAJIKY 3 €; = hwj Oy/e

2
: Vit e; Vit e
E,=hwjy /148 12 : 3.86
j J\/ M ( Fii (3.86)
Bsojstun 6e3po3mMipHi mapaMeTpu
gN 1 T
= — = — 3.87
X aho m? y th7 ( )
OTPUMAEMO
_ _ _ _ _ _ N2
+ 4 yP; + 4 YP;
E = hwj\/1+8 DRIV Y g (W VYT Wﬂ) (3.88)
J J

Hucsiosl 3Ha4YeHHd 7, 75, 1 ¢; HaBeleHo B TabJ1. 3.1. ajexkHocTi enepriit

IepInx TphoX PiBHIB 7 = 1,2, 3 BIJ] 3HaUeHb & Ta Y IOKa3aHO Ha pUc. 3.9.
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Tabsuns 3.1. Buavenns 6e3po3mipaux Koedirientis y piBusauuasx (3.83)—(3.85) zaie-

2KHO BiJT HOMepa pPIBHA j.

J 7 nj bj

1 0.074987  0.020906 0.041237
2 0.049719 0.047775 0.073939
3 —0.067169 0.045062 0.087680
4 —0.044015 —0.022696 0.081353
) 0.041606 —0.044378 0.056191
6 0.030211 0.005830 0.036522
7 —0.023169 0.030029 0.039952
8 —0.018589 0.000509 0.049381
9 0.012314 —0.017838 0.045257
10 0.010780 —0.001987 0.035160
11 —0.006394  0.009961 0.033071
12 —0.006034  0.001827 0.036096
13 0.003288 —0.005385 0.035395
14 0.003311 —0.001339 0.031684
15 —0.001702 0.002872  0.029970
16 —0.001815 0.000955 0.030215
17 0.000926 —0.001549 0.029776
18 0.001035 —0.000784 0.028471
19 —0.000590 0.000883 0.027376
20 —0.000678 0.000844 0.026641
25 0.000843 —0.000360 0.023545
30 0.001743 —0.004430 0.023388
20 0.007818 0.000009 0.025675
100 —0.000160 0.000125 0.000214
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Puc. 3.5. Eneprii nepmux tphox 30yizkenux pisuiB Ey, By, E3 (BeprukajibHa Bich, B
ojmHuIEX hw) 3 piBastHbg (3.88) sk dyukuil napamerpis x ta y (3.87). Yepsona mo-
BepxHs — F, 3emmena — Fy, cunst — Fs3. Cipi IUIOIMIMHA BiAIIOBIal0Th €HEPrisiM HeB3a-

€MOJIIIOYNX OCITUJISATOPIB €1, . . ., £4.

3ayBazkMo, M0 KOJIM X JIOCATae 3HAUYEHb MOHA)] 2, TO BUHUKAE MMEPETUH
enepriit Fy i E3. Iloaibna moBejiiHKa, MOXKJINBA JIJIsI JAESIKUX 1HIINX PIiBHIB,
OCKLJIbKM 7; 1 7)j MOXKYTb OyTH 4K JOJQTHUMM, TaK i BLJI'€MHUMU.

3po3yMiJIO, IO CIPaBEeJINBICTh HAOINKEHHST 3MEHIITYEThCA JIJIsT 10 IaH-
KiB, 1110 MICTATL 7); 1 1ie Olblne y BUNaJKy ;. e nos’a3ano 3 KijJbKicTio
3aCTOCOBAHUX CIIPOMICHD IIOPIBHSHO 3 JOAAHKAMU, SIKI MICTSITD ;.

bBinpmn mocimoBHMI MAXiT MOYKe MOJISITaTH B OTPUMAaHHI BUPa3iB s
hy Ta fyj, 10 BUMarae posp’asyBaHHd Bapialiiinoi 3ajadi Tuiy Ipocca
[TiTaeBcbKOIrO, OJHAK BHUIIOIO IOPsJIKY. Tak, omeparop a MOXKHa po30UTH
Ha CyMy HeolepaTopHOl YaCTHHH h 1 MaJol monpaBKu &, To0To a@ = h + &.
Bignosinnii anasiz cipuinHsge 3HaYHI MaTeMaTUIHI YCKIaIHEHHSA TTOPIB-
HSIHO 3 HaBEJIEHUM IIiJIXOJIOM, & OT?Ke CYIepeUnuThb IMOYaTKOBIil ijel ede-

KTUBHOI'O CIIPOIIEHHsI IIpoOIeMHU JliaroHaJii3alii.

3.4.3. JIBocopToBa 0603e-cymir. CiabkoB3aeMmo/Iiodi 6o3e-cymimi B
rapMOHIYHKX IIACTKAX IIPOTANOM OCTAHHBOI'O Yacy CTaJIU IIPeIMeTOM aKTUB-

HUX €eKCIIepPUMEHTAJIbHUX 1 TeOPeTUIHUX JIOCIIJIZKEHb, 30KpeMa, HaeThes
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mpo cymirmmi i3oromis iTTepbito (238, 330] abo pybifio 3 AedKIMI IHITIMHI
eaementamu [330, 331|, auB. Takoxk [332].

Hexait cucrema micTuth JiBa copTu 6030HIB, @ 1 b, IKi XapaKTepusyio-
ThCs IapaMeTpaMu B3aeMOIl Gq, Gy 1 Gap, IPUUOMY OCTAHHII BiJIIIOBIIa€
MizKCcOpTOBIit B3aemoil. OaHOIACTHHKOBI 3a4a4i Oy1yTh OJIHAKOBUMU JIJIsT

KOXKHOT'O COPTY:
Hyy=Hoy+ Uy Hy= Ho+ U, (3.89)
Jle HeB3aEMO/I11091 TaMLJIbTOHIaHN JIOPIBHIOIOTH
Hyo=K,+Vy;  Hy=K,+Vj (3.90)
13 IMOTeHIlaIaMI IT1acTOK

Vip(x) = —= (wiaf + ... + whah) . (3.91)

Honanku B3aeMo/Iil Oy 1y Th
Us=0.0(x);  Upy=g0(x);  Un = gurd(x). (3.92)
Y dopmaizMi dnces 3all0BHEHHST OTPUMAEMO:
H = Zﬁla+zﬁlb+ZUab:
= ) enl an, + Y enbh b, + U, (3.93)

Jle cyMH IIpo0iraloTh yci BijimoBiiHi yacTuHky, a U — [OBHA ITOTEHIa/JIbHA
eHepris cucremu. OT:ke, HAC 0COOJINBO MIKABUTUME TAKUil raMiIbTOHIAH:
7! At A 7t 7 At oA * Ao
H = g (Amnajnan + anbinbn + C’mna;fnaL + Camay +

mn

+ Dbl b+ D*bby + Fnal, b + F% by +

mn-m-—n

+ Gntil by + G7, B G ) . (3.94)
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Horo oTpumyemMo BIAKHIAHHAM TPU- 1 YOTUPUOTEPATOPHUX JTOIAHKIB, TK

[IOKA3aHO B IONEpeIHLOMY IMyHKTI. [liaronaiizoBanmii raMiJibToHIaH
H" =3 B =Y EWahan+) EP6S, (3.95)
.j m n

MOKHa OTPUMaTH, Oe310CePeIHbO 3aCTOCOBYIOUN IIPOIEAYPY JiaroHaJila-
11ii, mo/ibHy J10 onmcanol y npaiigx [82, 322-324|. Bona € jocuTh CKJ1aIHOIO
TEXHIYHO 1 BUMara€e po3B’ s3yBaHHSA HEJIHIHHUX PIBHAHL JJId O€3MeXKHIX
MaTpPHUIlb; JI00POI0 aJIbTePHATUBOIO MOyKe OyTH HepTypOaTUBHUI pO3B’si-
30K.

3 iHII0r0 OOKY, MOYKHA, 3aCTOCYBATHU OIMCAHY BUIIE IIPOLELYPY i OTpu-

MaTHu I'aMiJIbTOHIAH Yy BULJIS I
H" = "hy, (3.96)
J

Jie JiaronaJiizallig KBaaparninol hbopMu y KozxKuiil Mozl h; IpocTo 3B0/11-
ThC JI0 PO3B’d3yBaHHsA OIKBaIPATHOTO PIBHAHHSI.

J1st crrporieHoro 0JIHOMOJIOBOTO BUPA3y

A~

h = e,dla+ b+

+ No(4d'a + atal + aa) + Ny (400 + b1bT 4 bb) +

+ Ap(aTD + abdh), (3.97)
JIe Ag, Ap Ta Ay TOB’d3aHi 3 ITapaMeTpaMi B3a€MOIIT Gy, Gp TA Jqp 1 TAKOXK

MICTATDH TIeBHI e(DeKTUBHI BHECKH, TTOB’S3aHl 31 CIPOIIEHHAMEI BUXITHOTO

ramiJibTOHIaHa, MOXKHa OTPUMATH TaKl JIBl TJIKM CIEKTpa eJleMeHTapHUX

2
g — /P P 3.98
5 s (3.98)

p=(ca+4N)* + (p +4N)% — A2 — A7 +2)2, (3.99)

30Y/7KEHD:

Je
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q = (a4 4N)%(e0 +40,)* —
— Mgy 4+ 4N)% = Mo(eq +400)* — N2XN2 —
— 22, (e +4Xa) (80 + 4N) — 20 XA — AL (3.100)

a

3.5. OgHOBUMIpPHI CJIAOKOB3a€MO/I1I09]l TapMOHIYHI

OCITJIATOPH 31 cTaTUCTUKOIO JI>KeHTije

Y 1IbOMY TiJIPO3ILT POTIAAATAMEMO OJHOBUMIPHY CHCTEMY TapMOHIUHIX
ocuysATopiB 31 crarncrukoro xxentise [121], nus. myukr 1.3.1 Ha cTop. 32.
s Hel € XxapakTepHuM ocobJINBE 3alIOBHEHHS eHePTeTUIHNX PIBHIB: KiTb-
KiCTh YACTUHOK Ha [I€BHOMY €HEepIr'eTUIHOMY PiBHI 0OOMeKeHa JIesIKUM CKiH-
JeHHuM qucjom M, dKe Ha3uBaIlOTh MOPSJIKOM CTATUCTUKU. BUsBIsSETHCS,
30KpeMa, 110 MOYKHA IMOKAa3aTH 3B’ 30K MiK BJIACTUBOCTIMU TAKOI CHCTEMU
Ta CKiHYeHHOI cucreMu 6030HIB [83].

Amnastiz mpoBoTHMEMO 3a OJIU3BKOI JI0 HYJIsl TeMiiepaTypu. [nrepec 10
CUCTEMU TapMOHIYHUX OCIUJIATOPIB MOB’d3aHUil 30KpeMa 3 THUM, IO Te-
1ep JOCUTh aKTUBHO BUBYAIOTH BJIACTUBOCTI OO30HIB y 30BHIITHBOMY ITOJI1
(Tax 3Bama rapmoniuna nactka) [9]. BukopmcroByioun 3B’s130Kk byHKILI
PO3IIOJILJIY YACTUHOK 13 TePMOJIMHAMIYHUMU BeJIUUYMHAMU, JTOCJIIUMO TeP-
MOJITHAMIKY CUCTEMMU JIJIs 1/1eaTbHOT0 BUIIAJIKY Ta MPU BKJIOYEHH] CJIa0KOl

M1>KYaCTIHKOBOI B3a€MO/TII.

3.5.1. Buxignai Bupa3u. Bupas jjid 4dncen 3alOBHEHHSA y CTATUCTHIL

Ixentine mae surisiy |33, 121, 127):

For (o gt) = 1 B M+1
M \&i, ) = elei—w)/T — 1  oM+1)(ei—p)/T _ 1’

(3.101)
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Jle €; — €Hepris ¢-To piBHH, u — XIMIYHUI moTeHtiaa, 1 — TemmepaTypa
cucrteMu. flK ckazaHo BUIIE, Ha KOYKHOMY PiBHI MOyKe mepedyBaTu He Oib-
me Hixk M gactunok. Jlerko mokazaTu, 1mo B rpaHnaanx Bunajgkax M = 1
ta M — oo Bi nepexouth y dbyHKIl posnoainy Pepmi—/lipaka frp(e, 1)
ta Bose-Afinmraiina fpg(e, 1) BiATOBIIHO:

fep (8,p), M =1

fM(ghu): fBE(é,[IJ), M—)OO

(3.102)

[likaBo BimsmaunTn moBeAiHKYy GyuKIil fy, (€, p) y rpaHugx
(e = w)/T — 0raT — 0. VY nepiomy BHIAJIKY OJEPKYEMO CITiBBiJI-

HOIIICHH:

lim fy (e, 1) = M. (3.103)

st npyroi rpanuii 1T' — 0 micjig HECKJIaJHUX IIEPETBOPEHb MAEMO:

M7 € < Ho

lim fa (g5, ) = (3.104)

T—0 07 £ > L .

s “cxoauHKa’ PO3MUBAETHCS 3 IIABUINEHHSIM TeMIEpaTypH I01i0HO JI0

dbyuxii posnogity @epmi—/lipaka. [Ipu Husekux Temmeparypax (10— 0)

XIMIYHUI TTOTEHIIa ] (4 TPAKTUYHO JOPIBHIOE eHepTil Ly, fdKa BIJAIrpae poJib
anaJjiora piBas Pepmi.

JaJii 1mokaxkemo, siKk MOYKHa BpaxyBaTH CJIaOKy B3a€MOJII0 B CHCTeMI

ociusiTopiB. Hexail noreniiias B3aeMoiil Ma€ BUIJISLT
U(x) = go (z), (3.105)

Jle T — KOOp/IMHATa YACTUHKN B OJJHOBUMIPHOMY ITPOCTOPI, a ¢ — IapaMeTp
B3aeMo/Iil; 1ipu g = 0 B3aeMO/1isd BIJICYTHSI.
Toui 3amnumemMo BuUpas3 Jijis TaMiJIbTOHIaHa, HAIIIOI CUCTEMU:
N . N
H =Y [ﬁ + @w%?.] + > Ul(wy—x)=Hy+U, (3.106)

_ 2m 2 J :
7=1 1<j<I<N
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Jie pj — IMILyJIbC j-01 YaCTUHKHU, 1M — Maca OJIHiel YaCTUHKU, W — YacToTa
OCHMJIAIIN, 1110 BI/IIIOBIJIa€ 30BHIITHHOMY IIOTEHIIAJY TaCTKH. F[o — 1Ie ra-
MLIBTOHIAH 1J1eaJIbHOI CUCTEMU 3a BIJACYTHOCTI MiKYaCTUHKOBOI B3a€MO/IiT,
alU — oIepaTop B3aE€MOIII.

Eneprerndnuii cieKTp cucTeMu £, TaKuii:
en = hwn + Acy, (3.107)

TYT N — HOMep eHepreTudyHoro pisus, h — craja Ilnanka, A — mapamerp
B3a€MO/IiT, IPOIOPIITHUIL /10 ¢, a mapameTp ¢, — (MYHKIIis CKJIaJIHOI CTPY-
krypu [82] (nus. puc. 3.6). BigpaxoBysarumenmo pisai Bij hw/2 Ta mok.ia-
JaeMo fw piBaum ojunuii. o6 sHaiiT eHepreTmyHuil CleKTp CUCTEMH,

MOXKHa TAKOXK CKOPHCTATHUCA 3BUYANHOIO CTAIllOHAPHOIO TEOpi€lo 30ypEHb.

Puc. 3.6. Enepreruannii ciexkrp (3.107) mpu A = 0.5.

Koedinient ¢, nopiBHIOE

1 1
[Ipu Besukux n, BukopucroBytodn dhopmysny CripJiara, MarumMeMo:
1
Cp — — n — oo. (3.109)

NG



115

Bijznaamo, 1Mo 71 CUCTeM 13 IPOOOBOIO CTATHCTUKOIO MOYKJINBHIT JIETIO
IHINI T11JIX1J1 JI0 PO3PaxXyHKY €HEPI'eTUYHOI0 ClIeKTpa Ha I11/ICTaBl KBAHTO-
BOMEXaHIYHIX MipKyBaHb [333]. ABTOpHU Ti€l mparii po3rsaiaim rapMOHi-
YHUN OCIUIATOP K CUCTEMY, TAaMIJTHTOHIAH TKOI € KBaIPATHIHOIO (POPMOTO

A~ ~

H= [&TZS e/ MED BT 1 bl 4 &2/ (Mg

~

3a OIEPATOPAMH HOPOJKeHHs (' 1 3HUIIEHH: b, 110 38/[0BOJIBHSIIOTH TaKe

KOMYTallifiHe CITiBBIIHOIIEHHS:

b,a'],, = bat — 2™/ (M+1afp = 1.

Y HaBeJileHUX Bupasax 30eperkeHo mo3HadeHHs M Jjisd MOPsIIKY CTaTH-
ctuku. Bupasm jijigd eHepreTudHUX PiBHIB MaTUMYTh JIOCUTH I'POMIBJIKHI
BUTJIsi]T, IPOTE YMCIOBI PO3PAXyHKH, 3pO0JIeH] B HaIIiil Tpalll, HeCKIaIHO

IIPOBECTH 1 JIJIst 1HIIOT PYHKITIOHAIBHOI (POPMHE CIIEKTPA.

3.5.2. Po3paxynok TepmoamHaMivyanX yHKMIi. [loBHY KiJIBKICTDH

YaCTUHOK y CHUCTEMI 3aJ1a€ CIIIBBIIHOIIEHHS:
N=>"fulenn), (3.110)
n
a eneprisi cucremu 1os’st3ana 3 fyr (€5, 1) TaK:

E =Y cufu(enn). (3.111)

[3 bopmysmm (3.110) MoxkHA OTpUMATH 3aJI€KHICTH XIMITHOTO TOTEHIHAJTY
BijT TemmiepaTypu 1’ Ta B KITbKOCTI YACTUHOK y cucTeMi V.

PosriissHbMO HE3bKOTEMIIEpaTypHY Tpanuiiio Bupady (3.110) st cu-
CTeMU HEB3aE€MO/III0UNX TapPMOHIYHUX OCHUJISITOPIB, eHepIreTUIHU CIIeKTP

sikol €, = n. o0 cupocTuTu aHasis, 3py4HO IEepeiTH BiJ JUCKPETHOI
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cyMmu Jio iHTerpyBanus 3a dopmyJioro Eitiepa—MakiiopeHa

> fn) =~

F(t)dt+ 5 [ () + f ()] +

S — .

Boy,

T2 o

WE

FE )~ D (@), (3112

B
I

1
ne By, — uncia Bepuymii; By =1/6, By = —1/30, ... .

Y pesyibraTi HeCKJIaJHUX 00UMCIeHb MaTuMeMo st N

1 — e_ﬂ/T
N = M,LL —TIn 1 e—,u(M—i—l)/T +
! L M +1
2 <6—M/T 1 e—mM+1))T _ 1> .. (3.113)

30KpeMa, y IpaHulll HU3bKUX TeMIlepaTyp Oyjie Takuil 3B’ s30K:
N=Mp+M/2+...,

a npu 1T = 0 1e HAOIMIKEHHST A€

(T = 0) = %—% (3.114)

Ham posragHbMO TEPMOAUHAMIYHI BEJIUYNHN CUCTEMH TapMOHIUYHUX
OCIIIJIATOPIB 31 CJ1aOKOI0 Mi?KYaCTUHKOBOIO B3a€MOJIi€r0. Po3paxyiiMo mep-
Il TTONIpaBKM 3a TapaMeTPOM B3aeMOJIl A Y BUpasax JId TepPMOJITHAMI-

JHUX QYHKIA. 3 Ii€l0 MeTO 300pa3suMo XiMIYHUI ITOTEHIa y BULJISII
= pia + Ap, (3.115)

e [hiq — XIMIYHUIT TOTeHIiaI CHCTeME HEB3AaEMOII0INX OCIIIISATOPIB, a A
— TIOTIPaBKa, CIIPUYINHEHa B3aeMOo/Iiei0. BUKOPUCTOBYIOUN PO3KJIad B P/l
3a BemImHAMI A\ 1 Ap, OTPUMAEMO /I KiJTHKOCTI YACTUHOK Y IHEPIIOMY

MOPSAJIKY 3a IMOIPaBKaMMU:

1 M+1
N=2 L(n—uid)/T 1 e — 1| T (3.116)
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(n—pia)/T 1 +1 2 M (n—piq)/T

€ €

3 (A = Aen) | - Mrle 2
- T (e(”_ﬂld)/T — 1) (e(M+1)(n—M1d)/T — 1)

TYT BUpPA3 IIiJI TEPIIO0 CyMOIO — He IO iHIe, K (DYHKIs PO3MOILIY 3
eHeprier0 HEeB3aEMOJIII0UYNX OCIIIATOPIB £, = n (A = 0)

1 M+1

id .
ar(n, ) = c—m/T — 1 oM+ (n—p)/T _ 1’ (3.117)

TOMY 3PO3YMILJIO, IO TePHInii JojlaHoK y TpaBiii yacTuni jopisHioe N i
BIJINOBIJIHI BEJIMUNHN 3HUIIYIOTHCA. 3PYYHO BBECTH MO3HAYEHHS JIJIsT MHO-
JKHUKaA Y JAPYyTiil cyMmi:

1 (M + 1)°eMn—ma)/T

ha(n) = e Hia)/T — . (3.118
m(n) (e(”—uid)/T — 1)2 (e(M‘H)(n—Mid)/T — 1)2 ( )

Toxi mompaska Ay (y mepiomy HaOJINKEHH]) MATHMe BUTJIST;

Z cnhar(n)
=\ n
> ha(n)

st ominky 3HaveHHa A MOXKHA, B3araji KaKydn, 3HEXTYBaTH JIPYTHUM

(3.119)

no/IaHKOM v Bupasi (3.118).

s enepril mic/isg aHAJIOTTIHUX TIEPETBOPEHDL MATUMEMO:

E = ZnMn,u +Ach{Mn,u —%hM(n)}+...:
_ ld+>\ch[Mnu —th(n)]+.... (3.120)

PospaxysaBim enepriio, MoyKHa OOYUCIUTH i 1HIT TepMOIUHAMITHI PyH-

KIIi1, HAIIPUKJIa/l, TeILJIOEMHICTh CUCTEMMU:

dE
= —. 121
C o (3.121)

3.5.3. Ximiunwmit moreutiajg npu 1 = 0. I[IpoanasizyiiMo 3HaUEHHS
fo XiMmigaoro motenmianxy npu 1° = 0. Posrngubmo jaBa BUMIAJIKU, KOJIN

En > o Ta €, < .
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1) e, > o, DOCTITIMO

g B 1 M+1
M(En’ Iu) - e(gn_lu)/T —_— 1 B €(M+1)(€"_M)/T - 1

Tojii MOKa3HUKM E€KCIIOHEHT Yy 3HaMEHHUKY JIOPIBHIOBATUMYThH +00, a
caM BUpa3 — HYJIEBI.

Haranaiimo, 1m0 emepreTudaunii piBeHb €, MOJEJIHHOI CUCTEMH JOPIBHIOE
En = M + Acp, TOXK MOXKEMO 3pOOUTH BUCHOBOK, IO HPU M, SKI 3aJ10-
BOJIBHSITUMYTh YMOBY 1.+ ACp, > g, BUpa3 mija cymoro y dhopmyai (3.110)
JIOPIBHIOBATUME HYJIEBI.

2) e, <[40, 38 TAKOT yMOBHU €KCIIOHEHTH MATUMYTh MOKA3HUK — 00, TOK

BOHU JIOPIBHIOBATUMYTH HYJIEBI, OTKe:

y B 1 M+1 _
u(En i) = e T ST 1
M+1
_ J; M (3.122)

TobTo st BCIX 3HAYEHB M, TAKUX, MO N + Ac, < [y BUPA3 IiJI CYMOIO Y
opmyi (3.110) mopismioe M.
Mozkna nokazartn [74], mo 6e3 yBiMknenust Bzaemosil (A = 0) ximiaunii

noTeHtiag o (anasor pisas @epmi) MaTHIMe BUTIISII:

N 1+ N 0
== — — T _ =
Ko M ) M
(3.123)
N N
Ho = [M] +, {M}#Ov
aex < 1, qyxkn |. . .| nosnadators 1y, a {...} — 1poboBy YacTHHE YHCIA

BIAIIOBITHO. ZIKINO 3arajbHa KiJIbKICTh YacTHHOK y cucTeMi N TiINThCs Ha,
M 6e3 ocradi, Tooto {N/M} = 0, To uncaoBuil anaJi3 MOBEIIHKY [ TTPH
T — 0 gae nia igeansrol cucremu x = 1/2. IlikaBo, 10 Take 3HAUYEHHSI
T TOYHO OTPUMYEMO, {KIIO B pO3paxyHKaxX 3aMIHUTHU CyMYy Ha 1HTerpaJ i

3actocyBaTu popmyiy Eitiepa—Makiopena.
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3.5.4. Pe3ynbTaTnn YncjioBuX po3paxyHkKiB. BukopncroByioun 3B s-
30K (DYHKIIT PO3IOJLIY 3 TMOBHUM YHCIOM YACTHHOK y cuctemi N (nuB.
dopmymy (3.110)), Mu pospaxyBain XiMIYHUI MOTEHIHAT [ K (DYHKIIIO
TeMIepaTypu.

Y mamiit 3aja4i BiACYTHIN Takuii mapamMeTp, gK 00’€M, TOMY 3BUUYHY
yMOBY TepMmojmHamivdHOl rpanuii N/V = const 3acrocyBaTn He MOYKHA.
s cucremn D-BUMIDHUX OCIUISITOPIB POJIb TEPMOAUHAMIYHOI T'DaHMUILL
suxonye ymosa NP = const. It moxma orpuvarn na migcrasi pisHux
MipkyBatb [83, 311]. Tomy Taxi BesmannNm, sIK €Heprisi 41 TeMIEpaTypa, B
OJIHOBUMIPHOMY BUIIAJIKY 3PYYHO HOPMYyBaTu 3 MHOKHUKOM 1/N.

Yucosi pospaxyuaku it N = 100, M =201 A = 0.1 ta 0.5 HaBegeHO
Ha puc. 3.7-3.10. Cy1ipHOO JIiHIE0 TOKa3aHO 3aJIeXKHICTD JJIsT 1/1€aIbHOTO

razy (A = 0). Jani, 3a sskumu nobygoBano rpadiku, mogaHo y tabi. 3.2.

L | ——A=0.0 (ipeanbHwi ras)
4| = A=0.1 "
— )

0.0 0.1 0.2 0.3 04 35
TIN

Puc. 3.7. Temneparypsi 3asexxuocti ximiunoro norenriany p aisg A = 0.1 (kBaaparu-

ku) A = 0.5 (myskrupsa jinisg) Ta A = 0 (cyninbHa JiHis).

Ak baunmo, 3 rpadika BaXKKO sIKICHO CYJIUTH PO BIJIMIHHOCTI B IIO-
BEJIHII [t 3 TeMIIepaTypolo JIJIs BUNAJKIB 1JleaJIbHOI'O ra3y Ta HasgBHOCTI
B3aemoyil. I'padivuno BigMiHHICTE MiXK JIBOMa KPUBUMK HATOMICTH MOXKHA,

nmobaduTH JmIe Ha MaciraboBaHiii 3amexkHocTi (puc. 3.8), /e BKIIOUEHO
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JIMITEe HU3BKOTeMIepaTypHy o0JacThb. [Ipore it TyT 9iTKO He BWIHO 0COD-

JINBOCTI, sIKa, IIPOCTEXKYETHCsI 38 TaOJIMIHUMU JTAHUMIU.

Tabsmng 3.2. 3ayekHiCTh XIMIYHOTO MOTEHINATY [t Bl TeMIIepaTypu.

T/N A=0 A=0.1 A=0.5
0.000 4.50000 | 4.54604 | 4.73021
0.005 4.49995 | 4.54619 | 4.73107
0.007 4.49981 | 4.54626 | 4.73184
0.008 4.49969 4.54622 | 4.73217
0.009 4.49951 4.54609 | 4.73240
0.010 4.49927 4.54585 | 4.73249
0.012 4.49830 4.54502 4.73225
0.015 4.49596 4.54285 4.73083
0.020 4.48962 4.53677 4.72588
0.050 4.38206 4.43113 4.62871
0.100 3.99287 4.04626 4.26267
0.200 2.60124 2.66193 2.90680
0.300 0.32952 0.39042 0.63345
0.310 0.04907 0.10968 0.35133
0.320 | —0.24153 | —0.18126 0.05886
0.350 | —1.17535 | —1.11633 | —0.88161
0.400 | —2.94485 | —2.88847 | —2.66472
0.500 | —7.32411 | —7.27408 | —7.07579
1.000 | —46.3626 | —46.3354 | —46.2273

3 Tabsuii 3.2 BUJHO, IO Ui i7eaJbHOI0 Ta3y MU MaeMO CHaIHY (QyH-

KIIi10, a Jurd 3HadeHb A = 0.1, 0.5 — He3HauHe BIAXUJICHH, a caMe, 3POCTa-

HHST [¢ JIJTsT MAJTAX TeMiepaTyp (BUIIIEHO KUPHUM MIPUMTOM y TabJIHIL ).
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465 | A = 0.0 (ipeanbHwnin ras) |

m B r=0.1 ]

.......... }\‘ = 05
4.60 i
455 b e -
a0 T N
4.45 1 1 1 1 1 1 1 1 1 1 1
0.000 0.005 0.010 0.015 0.020 0.025 0.030

TIN

Puc. 3.8. Temneparypsi 3aie:kaocTi XiMignoro norenriany g jaiasg A = 0.1 (mrpuxosa

muig) A = 0.5 (mynkrupra Jinig) ta A = 0 (cynigpHa Jinisg) B 00acTi HU3BKUX
TeMIepaTyp.
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Puc. 3.9. TemneparypHa 3aje:KHICTh ITOBHOI e€HEpril cucTreMu CJIaOKOB3AEMOJIIOUNX
OJTHOBUMIPHIX TAPMOHIYHUX OCITHJISITOPIB 31 cTaTHCTHKOIO [[2KeHTine (KpyKedaKaMu mo-

3HAYEHO B3aEMOJIIIOUY CUCTEMY, CYIIBHOIO JIHIEI0 — i/IeallbHy CHCTEMY ).
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Hacrymanm Kpokom 0yB po3paxyHOK eHepril cucremu 3a Bupaszom (3.111).

TemuepaTypHy 3a/1€:KHICTDH €HEPril cucTeMU CJIa0KOB3AEMOIIIOUNX OJTHOBHU-

MIPpHIX TAPMOHIYHIX OCIIIJIATOPIB 3& CTATUCTUKOIO /[2KenTisie mokaszaHno Ha

puc. 3.9 1 B Tabs1. 3.3.

Tabmung 3.3. 3aekHicTb eHeprii it TeIJIOEMHOCTI BiJI TeMIlepaTypH.

T| FEaqa | E(A=0.1) Ca | C(A=0.1)|C(A=0.5)

0.0 | 200.00 208.71 0.0000 0.0000 0.0000
0.05 | 200.00 208.72 0.0098 0.0102 0.0119
0.1 | 200.01 208.73 0.3469 0.3520 0.3733
0.2 | 200.09 208.82 1.2850 1.2925 1.3229
0.3 | 200.25 208.98 1.9756 1.9859 2.0289
0.4 | 200.49 209.21 2.6349 2.6497 2.7133
0.5 | 200.78 209.51 3.2907 3.3111 3.4018
0.7 | 201.57 210.30 4.5732 4.6059 4.7516
0.8 | 202.06 210.79 5.1859 5.2234 2.3885
0.9 | 202.60 211.34 D.7723 0.8132 5.9907
1.0 | 203.21 211.95 6.3298 6.3728 6.5565
2.0 | 211.82 220.60 10.549 10.583 10.717
5.0 | 257.00 265.87 19.363 19.391 19.506
10.0 | 387.24 396.27 32.452 32.486 32.619
20.0 | 822.87 832.01 53.586 53.565 53.450
30.0 | 1439.7 1448.4 68.949 68.875 68.568
40.0 | 2186.8 2194.6 79.795 79.701 79.330
50.0 | 3023.4 3030.2 86.983 86.890 86.528
100.0 97.266 97.234 97.105
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PospaxysaBIiu eHeprito, MoyKeMo OTPUMATH I'padik TeMIepaTypHOI 110-
BEJIIHKI TEIJIOEMHOCTI, /TSt I[HOTO OepeMo moxijany y Bupasi (3.121) pizau-
[IEBUM METOJ0M, TOOTO

_dE _ E(T +AT) - E(T)

¢ dT AT

npu Masiomy 3uaderri AT, AHaIITHIHO poOUTH Il pO3PaXyHKN HEMA€E CeH-
Cy, OCKLJIbKM 3aJI€2KHICTh XIMIYHOI'O TIOTEHITIaJIy (4 BLJ TeMIlepaTypu MOXKHa,
oJlepyKaTu JIUIIe Ynce/ibHO. PesynbraTn HaejaeHo Ha puc. 3.10.

[Ipn Besmkux Temieparypax rpadik (pyHKIT TEIJI0eMHOCT] CJIabKOB-
3a€MOJ[II0UKMX ocluIATopiB Mae acumnrory C'/N = 1, nug npukiaiy, D-
BUMIpHUIT i7eabHuit ra3 Mae acumnrory D /2 (B 0JJHOBUMIDHOMY BUITAJIKY
matumemo 1/2). Taka ocobmBicTh BUHUKAE BHAC/IIOK PI3HOT KiJTbKOCTI
CTYIIEHIB BUILHOCTI B CHUCTEMAaX; CUCTEMa TapMOHIYHUX OCHUJIATOPIB Mae
BJIBiUl OlJIbIlIe CTYIIEHIB BIJILHOCTI, HI>K CHUCTeMa, 1/1eaJIbHOI'0 Ta3y, TOXK JIJIsi
cucteMu D-BUMIPpHUX TapMOHIYHUX OCHUIATOPIB npu 1T' — 0O TEII0EM-
wicth cucremu C'/N nopisatoe D. Enepris cucremu mpu BeJUKUX TeMIIe-

paTypax € JIiHIfiHOI0 (DYHKIIIE€I0 TeMIIepaTypu.

1.0 —C/'N

A = 0.0 (ineanbHwnii ras)

= A=0.1
04 o =05 §
0.2 4
T/N]
OO 7 N N 1 N 1 N 1 N
0.0 0.2 0.4 0.6 0.8 1.0

Puc. 3.10. TemmneparypHa MOBeiHKA TEIJIOEMHOCTI B CHCTEMi C1aOKOB3AEMOIIOUNX

OJ/IHOBUMIPHHX TAPMOHIYHUX OCITUJISITOPIB 31 craTucTukoio JIykenTie.
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1.0 ' B ' o
cC/N
0.8 ax 1
—— N=100
0.6 /. —— N= 1000 |
/. ——— N = 10000
N N = 100; M= 20
044 4 | e N=100;M= 50 |1
------ N = 100; M = 100
0.24 4 |
T/N |
0'0 r T N 1 i I ¥ T i
0.0 0.2 0.4 0.6 0.8 1.0

Puc. 3.11. TemneparypHa MmoBejiiHKa TEILJIOEMHOCTI CUCTEMU HEB3AEMOJIIOUNX OJHOBH-

MipHUX TapPMOHIYHHUX OCIIUJIATOPIB 3 PI3HUMH IapaMeTPaMU.

Ha puc. 3.11 naBeneno /s iocTpaliil pe3yIbTaTi PO3PaxyHKy TeILIo-
€MHOCTI 1JleaJIbHOI CUCTEMU OCIIUISTOPIB, IO MIANOPIKOBYIOThCS CTaTHU-
cruni Bosze (cyniabai Jiinil) ta apobosiit crarucruni Ixxentise (mrpuxosi

JTiHIT) npu pisHnx 3HadeHHstx N Ta M.

3.6. BucHOBKH 710 po3aia1y 3

[Tinxin Hab/mKeHoro BTOPUMHHOIO KBaHTyBaHHsI boroJroboBa y3arajbHe-
HO Ha BUMIAJIOK CJIAOKOB3AEMOJII0UOro 603e razy B IapMOHIUHIH MACTII.
Bracaiok mporo 3ajiady Ipo iiaroHa i3alliio raMiJbToHiaHa 3BE/IEHO JI0
CUCTEeMU HEJIHIITHIX MaTPUIHUX PiBHAHD Ty PikkaTi. Po3s a3k j/1s Mo-
JIeJTHHOT OJTHOBUMIPHOT CHCTEMU OTPUMAHO MEePTYPOATHBHUM CITIOCOOOM Ta,
YHCeJIbHO PO3PAaX0OBaHO TeMIlepaTypPHI 3a/1exKHOCTI KOHJIeHCaTHOI (ppaKIiil
it eHeprii.

3ampoIroHoBaHO CIIOCIO oTpuMaHHdA e()eKTUBHOIO raMijJbToHiaHa 0o3e-
CUCTEeMU B rapMOHIUHIH nacTii. Habmmkenns, 1mo noJidrae B 3aMini Hetia-

rOHAJIbHUX JIOOYTKIB OIIEPATOPIB MOPO/IXKEeHHI—3HUIICHHSI, dej — fkjd;dj
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TOIIO, JIaJI0 3MOTI'y JllaroHaJIi3yBaTH T'aMiJbTOHIAH NMPOCTUMHU MaTeMaTu-
YHUMU CIIOCODAMU Ta po3paxyBaTH CIEKTP eJleMeHTapHuX 30y 2KeHb. [Ipn
IbOMY MHOXKHHUKH fij OyJI0 HOB’S3aHO 3 4HCIaMU 3aloBHeHHdA. HC/I0BI
PO3paxyHKHN ITPOJIEMOHCTPOBAHO Ha MPUKJIA/Il OJIHOBUMIpHOI cucTemu. Ta-
KOK TIOKa3aHO, {K IIPOIOHOBAHUI IiJIX1] MOXKHA 3aCTOCYBATHU JIO JIBOCOP-
TOBUX OO30HHUX CyMiIIIei.

Hocnigzkeno TepMojnHaMidHl (pyHKIIT ieabHOr0 003e-ra3y B rapMo-
HIYHOMY TOTEHIal Y 3arajJbHOMY BUHaJIKY [D-BUMIpHOTO TPOCTOpY i3
JgpobosuMm 1 < D < 2, 1m0 MOXKe BiJIIIOBIIaTH TTOPUCTOMY CEPEJIOBHUIILY.
BceTanosieHo MoBeiHKY TEIJIOEMHOCTI B OKOJII KPUTHIHOI TEMIIEPATYyPH,
30KpeMa BHUBYEHO BILIMB JIMCKPETHOCTI CIIEKTPa Ta CKIHYEHHOCT! KLIbKO-
CTi YaCTUHOK y cucTemi. YncsioBi po3paxyHKU ITPOBEJICHO JIJIsT BUMIPHOCTI
D =1In8/1n 3, sika BianoBiae Tak 3BaHOMY KUJTUMKOBI CepIiHCHKOTO,

PosryisinyTo cucreMy OJHOBUMIPDHIX CJIA0KOB3aEMOIIIOUNX TaPMOHIYHIX
OCHIISITOPIB 31 craTncTukoo IxkenTie. AHAJIITHYIHO IPOAHAJIIZ0BAHO HU3b-
KOTeMIIepaTypHy I'PAHUII0 XiMITHOI'O MOTEHIIaIy Ta IOIpPaBKM, OB si3a-
Hi 31 B3aeMo/iiero. HucebHO poO3paxoBaHO TeMIepaTypHI 3aJIe?KHOCTI Xi-
MIYHOI'O TIOTEHIllaJly, eHepril Ta TeIJIOEMHOCTI 17€aJbHOI CUCTEMU Ta CHU-
cTeMn 31 clabKOIO B3aeMojieo. BusaBieHo Hesnadne 3pocTaHHs TeMIlepa-
TYPHOI 3aJIe?KHOCTI XIMIYHOTO TTOTEHIay B 001aCTI HU3HKUX TEeMIIEPATyP
38 HasIBHOCTI CcJIa0KOI MiXKYaCTHHKOBOI B3aeMoil. BimoBiaHi pesysibraTn
MOKHa 3aCTOCOBYBATH IIPU aHaJi31 (DIBUYHUX CUCTEM, JIJIsd IKUX JIpoOOBa
cratuctuka /I>kenTiie BUHNKae e(peKTUBHO, 30KpeMa BHACJIIJIOK CKIHYEeH-

HOI KiJIbKOCTI 9acTnHOK [83] ab0 BpaxyBaHHsa MiKIaCTHHKOBIX B3a€MOJIIil.
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PO3/ILIT 4

CTATUCTUKA ITIOJIIXPOHAKOCA
3 KOMIIJIEKCHUM ITAPAMETPOM

4.1. Beryn

[Iporsirom ocTanHiX JeCATUITH OYJI0 3AIPOIIOHOBAHO HU3KY MOAUMIKAIiit
3BUYAinnX craTucTuk bose-Aitnmraiina ta ®epmi—ipaka. KpanToBome-
XaHIuHI y3arajibHeHHs BKJI09aoTh edionn |31, 334, 335, a TakoxK Tak 3BaHi
q-nedopmosani anredpu [129, 336]. [ligxoau, Mo rPyHTYIOTHCS Ha CTATH-
CTUYHIN MexaHiIli, mpeJcTaB/IeHo, HalpuKJIa i, y nparsx [141, 142, 337|.
Y 1IbOMY PO3JiJi PO3IVISHYTO y3arajbHeHHsi ctaTuctuku Ilosixpona-
koca [126, 202, 204|. ITapamerp cTATHCTUKI BBAYKATUMEMO KOMILIEKCHUM
ancjiom [86]. Bzarasi kaxkydn, KOMILJIEKCHO3HAYHI (DI3UYHI BEJIMUUHU MO-
JKyTh eeKTUBHO BUHUKATH B PisHUX (DIZUUHUX CHUCTEMAax, HacaMiepes y
3B’{13KY 3 JUCUIIATUBHUMHI ITPOIECAMHU, 110 HAfKpalle JIeMOHCTPYE KOMILIe-
KCHUI TTOKA3HWK 3aJ0MJIeHHS y KaacwaHiit dizumi. [lonarTa komiiekcHo-
ro XiMIiTHOTO MOTEHIagy BUHUK/IO B KBAHTOBIH XpoMouHamirg [338, 339]
i 3rojioM 6yJi0 3aCTOCOBAHE TAKOXK B JiessKuX iHIMmX obactax [340, 341,
30KpeMa JIJTs1 BUBUeHHsT po3na Ly 6o3e-konjencary [342]. [Tousarrsa komiue-
KCHOI TeMIlepaTypy BUKOPHCTOBYBaJM B Tpalgax [343, 344|, a neski acre-
KTU 3aCTOCYBaHHS KOMILJIEKCHO3HAUHOT eHepril Binobpazkeno B [345, 346].
3a JIONOMOIr0ol0 KOMILJIEKCHOT'O 30BHIIIHBOI'O ITOTEHIIAIY MOXKHA OIIICYBa-
TH B3a€MOJIIIO JIa3ePHOI'O CBITJIa 3 aTOMaMM, sKl PyXaloThCd B KpHCTaJIl

[347, 348|, TakoK KOMILJIEKCHI MOTEHIIAJN BUKOPUCTOBYIOTh JIJisl aHAJI3Y
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nopytenast PT-cumerpii [349]. ¥V mpami [350] Gysi0 BEKOpHCTAHO yABHI
JIOJIAHKN B JINCKpeTHOMY HesiHiftnomy piBasguHI [Hpnojinrepa s orm-
cy 003e-KOHJICHCATY B ONTHYHUX I'PaTKaX 3 BUTIKaHHAM. ABTOpPHU Ipari
[351], BuBuaroun gedopmoBaHuil ra3 p, ¢-0030HIB, 3aPOMOHYBAJN MOB’sI-
3aTU KOMILIEKCHI ImapameTpn jedopMarliil 3 MiKUYaCTUHKOBUME B3a€MOTi-
samu. [lepeBarkHo came mapamMeTpn JpoOOBUX CTATHCTHK, MTOB sI3aHUX i3 -
nedopMoBaHME ajrebpami, MoK/iaaTh kKomitekcanmu [170, 200, 352].
3a meBHHX YMOB Taki crarucTukn [178] Gesmocepenibo moB’st3ami 31 cra-
tuctukoto Jxkenrine [121], B skiit dmcsia 3amoBHEHHST OOMEKEHI JIeSTKUM
ckingeHHUM dncjaom d > 1. OTxke, po3MaiTTs pealbHIUX CUCTEM, JIJIsT STKUX
BUKOPUCTOBYIOTH KOMILIEKCHO3HAYHI (DI3UUHI BEeJIMINHH, JIA€ II1JICTaBU PO3-
BUBATHU 1 1HII II1IXO/IN.

Jlo3BOIUBITIN TTApAMETPOBI CTATUCTUKHN BUHTH 3a MeyKl JHCHUX 3Ha-
YeHb, MU CYTTEBO 30araTuMO PO3MaITTs sIBUIN y TaKWX cucremax. Llg 3a-
Jlada Ma€ He JIMIIe JUCTO aKaJeMIidHMi 91 MaTeMaTudHuil intepec. 3a 11
JIOTIOMOTOIO JIJIsT OIHCY CKJIAHUX (PI3UYHUX TTPOIECIB MOYKHA 3aCTOCOBY-
BaTU JIOCHTH IIPOCTI MaTeMaTHIHI MeToau. 30Kpema, IepejadadeHi Kiib-
Ka (Pa30BUX MEPEXOJIIB MOXKYTH OYTH MATEMATUIHOIO MOJIEJITIO KAaCKaTHITX
azoBux nepexois [353-355] abo aBOX haz0BUX MEPEXOJIIB y PiAKOMY el
[356].

Y HACTYIHHUX I11po3/iaax Oyiae po3paxoBaHO TepMOoJAMHaAMITHI (DYHKILT
cucreMu D-BUMIpHUX 130TPOITHUX FAPMOHIUYHIX OCIUIATOPIB, SIKi T TKOPSI-
10Thed crarucTull [Toixponakoca 3 KOMILJIEKCHIM TTaAPaMeTPOM, Ta JIOKJIa-
JIHO IIpOAHaJIi30BaHO OCOOJIMBOCTI 1X MOBEJIHKN B PI3HUX TeMIIepaTypPHUX
00J1aCTX.

Pesysbraru 1poro posiny omybsikoBano y crartax |86, 88, 89).
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4.2. Buxignai Bupa3n

Y crarucruri [ogixporakoca [126, 202| Bupas jijist qucest 3amoBHEHHST j-T0

PIBHS 3 €HEPIIeIo €; Mae BULJIsL]]

1
Z—leé‘j/T —

n; =

: (4.1)

Jle z — aKTUBHICTb, a T’ — Temmeparypa cucreMu. Bapro 3ayBaxkuTu, 1o
TaKy »K (DOPMY JIJIs 9rces1 3aIllOBHEHHS @ Priori 3alporoHyBain Adap’st Ta
Hapastna Ceami jijist onucy enionis [199).

3 MeToI0 y3araJbHEeHHS IapaMeTp CTaTHCTHKI o = e = o + i
BBayKaTHMEMO KOMILJICKCHIM YHCIOM. 3MiHA B Jliana3oHi 3Hadensb v = 01
3abe3reuye IyIaJIKuil nepexiji Mizk 6030HHOIO Ta (PEPMIOHHOIO I'PAHUIISAMII,
BO/IHOYAC JIO3BOJISIOUN YHUKHYTH TOUYKN « = (), 1110 BIJIIIOBIIA€ KJIACUYHIi

crarucruii Bosbivana, jqus. puc. 4.1 [86].

14

o a-plane
inv
e
a/
-1 (Boltzmann) +1
Fermi Bose

Puc. 4.1. ImocTpariig 3Ha4eHb KOMILJIEKCHOTO TapaMeTpa CTATUCTUKH.

3po3yMiJsIo, Mo 3araJbHINMM OyB OU MiJIXiJ, y SKOMY KOMILJIEKCHUI T1a-
paMeTp CTaTHCTHKN Mae BUDIsi « = a + ib (nopisa. [170, 352]), npore
caMe OJIMHUYHE KOJIO € 3PYUYHUM CIIOCOOOM 300pazkeHHst (DI3UIHO IIKABUX
rpanuilb o — +1, gki BiAmoBiIalOThL cTarucTUKaM bose—Aiinmraiina i
@epmi—/ipaka. /lo Toro x, 1me cKkopouye KUILKICTH TTapaMeTPiB 10 OJIHOTO
V 3aMiCTh apu a, b.

OcobmBy yBary B IOJAJBIINX PO3paxyHKax IpHjijieHo “‘0030HHIiT"
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cropoHi 3Hadenb mapamerpa cratuctukn 0 < v < 1/2 Ta 30kpema rpa-
nuni v — 0, sika Bijgnosigae craructuii bose—Alinmraiina.

Pospaxynknu 3pob/eHo 3a TaKOIO MPOCTOI0 CXEMOIO.

Bupas g xiibkocTi 9acTuHOK /N Ma€ BULJISA,

. o 9j
N = g gjn; = g T (4.2)
j

J

Jie T11JICyMOBYBaHHs BIJIOyBa€ThCsl 3a BCIMa eHepreTnYHuME PIBHAMHU, a ¢;
— BHUPOJRKeHHs j-ro piBHs. CHeKTp esleMeHTapHUX 30y/KeHb £; BBaKa-
tumemo gificauM. Ockimbkn N — takox gificae quciao (Im N = 0), o
AKTUBHICTL 2 = 2/ + 12" MycuTh O6yTH KOMILIEKCHOIO.

Enepriro 3agan0 Bupasom

I ST R
J

— »—Legi/T —
j

y gkomy z = z(N,T) BusHauaeTbCsi siK po3B’st30K piBHstHHA (4.2). Tlo-
TPIOHO 3ayBarKUTH, IO JIMIIE TaKl 3HAUCHHS apaMeTpa CTATHCTUKU U Ta,
IHIMMX BEJUYUH MaloTh (PIi3UUHUil ceHe, KoM BUKOHYeThesa ymosa [ < .
B iHIIOMYy BHIAQJKY CHCTEMA CTA€ CyTTEBO HEPIBHOBAYKHOIO, IO POOUTD
VBECh MOJAJIBLIINN PO3IISIT HEKOPEKTHIIM.

Mificna it yaBHA YaCTUHU TEIJIOEMHOCTI JIOPIBHIOIOTE:

d€ dr
C==, O=— (4.4)

OcobJinBocTi TeMIIepaTypHOI MOBEIIHKK (DI3UYHUX BEJIMYNH SICKPaBIIIe BU-
pazKeHi Ha KPUBUX IIUTOMOI TEILIOEMHOCTI, TOMY caMe Ha Hel B I10/Ia/IbIIIOMY

3BEpHEMO OCODJINBY yBary.

4.3. bozonna i ¢dpepmioHHa TpaHMIL

Bozonny rpanuiio susznadae ymoBa v — (0, orke, a = e =

= 1+imv+... . Hexall jyis BUBHAYEHOCTI CIIEKTD € € JUICHUM 1 XIMIYHUT
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norenrian = p +ap”, ne @',y € R.Y rpanunsx, siki M po3riisijiae-
MO, ysiBHA JacTuHa (1 — MaJjia BeJimdrHa. 3ayBazkKMo, 1110 HePeTBOPEHH Y
[IbOMY I1/IPO3/11/11 3Py YHillle MPOBOJUTHU 3 XIMIYHUM IOTEHIIAJIOM L 3aMICTh
aktupHOCT 2 = et/T .

Poskiagaoun Bupas (4.2) js KijabKoceTi 9acturok Ny psiJl 38 MaJIUMU

BesinauHaMu v Ta p )y meprioMy MopsaKy OTPUMAEMO:

12

_ 9i : 9i K (o= T
N zj:e(eﬂ'“/)/T —1 ! ZJ: (e(ej—u’)/T — 1)2 ™ T c (45)

Bigkumaoun ysaBHy 4acTUHY, JIEIKO 3ayBaxKUTH, 10 4 — I Hilo iHIIe SK

ximiunuit norennias cucremMu N 6030HIB 31 CIEKTPOM €, TOOTO {1t = [UBose;

e

o g;
N = Z o —tmose)/ T _ 1 (4.6)
J

[Ticaa meckyaanmx po3paxyHkiB 3 ymMou Im N = 0 orpuMaeMo Takmii

Bupas i u':

S S % g
a N+p ©FP ;(e@-—mm_ﬁ (4.7)

ZIKIO 2K CHeKTp € KOMILIEKCHUM, €; = € + 1, a JaCTUHKH IIiJ[KOps-
I0TbCA 3BMYaliniil crarucTunl bose, To Majy JUCHUIIATUBHY IIONPABKY
MOXKHA, OTPUMATHU IMOMIOHUM JI0 BHUKJaJIeHOro Buile crocoboMm. Crpasii,
MPUPIBHIOIOYH €HEPIito 003e-CUCTEeMU 3 KOMILIEKCHIM CIIEKTPOM JI0 €Hepril
CUCTEeMH, sKa, II1JIKOPSIEThCS BU3HAYEHIN JPO0O0BIii CTATUCTHIN, JIJIST JOCTa-

THBO BEJMKHUX 3HAYEHD j OTPUMAEMO:
v ~ T (4.8)

DepMioHHY TPAaHUITIO Bu3Havae ymoBa v — 1. Hexait v = 1 — 1, T0O-

1-D)

10 @ = €' = —1+inv+.... [loganbmii nmeperBOpeHHs 30iraroThcs 31

3pobJieHnME Y 6030HHI I'PaHUI 3 TOYHICTIO JI0 3aMiHK v Ha . Kpim Toro,
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3PO3YyMiJIO, IO 3aMiCTh XIMITHOI'O TIOTEHIay 003e-CUCTEeMHU JificHa JacTH-

Ha ' IPUPOIHO BU3HAYATUMETHLCS HOr0 aHajoroM s (hepMi-po3no/iy,

,UJ/ = UFermi, 1€

N Z — HFermi /T + 1 (49)

a 3HaK B O3HAYEHHI1 BEJIMUYUHU P BIJIIOBLJIHO 3MIHUTHCS:
p= Z
/ VT4 1)*

Bapro 3ayBakuTu, 1o mnepexiji Mizk 0030HHOIO 1 (DepMIOHHOIO I'DAaHU-

ISIMI MOYKHA, POOMTH 1 B HMKHIH miBitonuai Im o < 0, npu nbomy dep-
MioHHa I'paHuilsd Oyje v — —1. /I Bu3HAYEHOCTI, OJIHAK, B TOJIAIbIIOMY
pPO3IVIsiIi Oe3 BTpaTH 3arajbHOCTI 0OMEXKYyBaTUMEMOCH MPOaHAI30BAHIM

BuiaikoM Im o > 0.

4.4. CucreMa JBOBUMIPHUX OCHUJIATOPIB

3 HeIKCOBAHOIO KiJIbKICTIO YaCTUHOK

AKIIO KIJIBKICTh YaCTUHOK y CHUCTEMi He 30epiraeTbCs, IO, HalpUKJIAI,
BIJITIOBIJIa€ €/IeMeHTapHUM 30Y/IPKEHHSIM, SIKI MOXKYTh BLIHHO TTOPOJIKYBa~
THCg ab0 3HUIMYBATHUCS, TO XIMIYHWIT TOTEHIasl JopiBHIOE HYyJeBi. s
KOMILJICKCHO3HAYHOI'O XIMIYHOI'O TIOTEHITIATY 3MOIUMIKYEMO 1110 YMOBY TaK:
Re i = 0. Take crporenHs JO3BOJIAE BiJIpa3y 3aCTOCYBATU CXEMY pO3pa-
XYHKIiB, onucany puiie. Hacamiieper, 3 piBHsIHHSI, sIKe II0OB 3Y€ KiJIbKiCTb

gacrunok N 1 ximiunnii norenmian p = ip”, Maemo

_ - _ 9j
N=ReN+ilmN = Z el&i=")/T — (cos v + isinwv)’ (4.10)

Jie mapaMerp CTATUCTUKU 3allMCaHo sSBHO y Bulisai o = o + ia” =

cos v + 1sinwr. Bumaraioun, gk 3asznadeno pamimie, Im N = 0, orpn-
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MaEMO CITIBBIJIHOIIIEHHS MizK YSIBHOIO YaCTHHOIO XiMiuHOro moreHriasy pu
1 TapaMeTpOM CTATUCTUKU V.

[Tokm 110 BCi BUpa3W OTPUMAHO B 3arajJbHOMY BUIVISIL, 0€3 KOHKPETHU-
3aliil iznanol cucremu. JlaJii pesyabraTn obdmncaeHb Oy/ie MpoaeMOHCTPO-
BaHO Ha IPUKJIQJIl JIBOBUMIPHOI CUCTEMU 130TPOIHUX TapMOHIYHUX OCIHU-
JIATOPiB. be3 BTpaTn 3arajJbHOCTI B IMiit 3aa49 MOXKHA 3HEXTYBaTH JUCKPE-
THICTIO €HePI'eTUYHUX PIBHIB 1 3aMIHUTH I11JICYMOBYBaHHs 3a PIBHSAMU Ha
IHTerpyBaHHs, BBIBIIN BAOBIIHY T'yCTUHY cTaHiB. /g anasizoBanol cu-
cremu rycruHa craHiB g(€) o €. Ilicast HecK/IaiHIX EPETBOPEHB 3 YMOBH

Im N = 0 orpumaemo:

0 (eE/T sin “TN + sin 7TV) ede
/ . . 1" 77 — O (411)
o e2/T 4 2es/T (sm Ty sin G — cos mv cos MT) +1

Po3p’a3ku 115010 piBHAHHA 3pyUHO 300pa3uTn rpadidno, aus. puc. 4.2.

1.0

05r-

-1.0 0.5 - 0.5 1.0

-10 -

Puc. 4.2. T'padiune poss’ssyBanns pisugnus (4.11). Beauunna Im N (BeprukaibHa
. . . /J/l . _ bl

Bich) 300pazkena aK (ynkig sin £ (ropusonTansua Bics) qis v = 0.02. [IBa po3s’a3Ku
. . . " .

Bi/IIOBIIATOTH TBOM DISHUM MOYK/TMBUM 3HAKAM BEJTMIMHE COS & 3aJ1€7KHO BiJl 3HATeHHSA

Temirepatrypu 1.
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Hificna gactuna £ eneprii £ = £ + I', sky B 3araJibHOMY BHIJIsi]Ii

BusHadae Gopmyna (4.3), y HAIOMY BUIAJKY CTAE TAKOIO:

00 (eE/T cos “TH — COS 7ru> e2de
£ = / I — . (412)
o e2/T 4 9ee/T (sm Ty sin &= — cos v cos MT) +1

Jl1s1 crpolieHHsl 3a OJMHUINO eHepril i TemmepaTypu B3sTo hw, e w —

YaCcTOTa, OCIMJIATOPA, a HACTYITHUM KPOKOM IOKJajieHo hw = 1.
TemueparypHy 3ajexKHicTh eHeprii £ 300paxkeHo Ha puc. 4.3 y HOpiB-

HsIHHI 3 depMi- Ta Oo3e-cucTeMaMi 3 THMU CAMUMU 3HAYEHHSIMU I1apaMe-

TPIB.

0.30

0.25

0.20

0.15

0.10

0.05

0.00 [ | | | |
0.1 0.2 0.3 04

o
a1

Puc. 4.3. Enepria (4.12) (Beprukasnbha Bich) gk dyHKIig Temmeparypu T (ropuson-
TaJIbHa BiCh) JJIsl PI3HUX 3HAYEHD [IapaMeTpa CTATUCTUKY V. BifmosigHicTs siniit (3ropu
Jlonusy): 6o3e-cucrema (YopHa MTPUXOBA, TOHKA); ¥ = 0.2 (cuHs CyIJIbHA, TOBCTA);
v = 0.5 (vopna cymiabHa, ToBcTa); ¥ = 0.7 (3es1eHa MTPUXOBa, TOBCTa); (pepMi-cucrema

(uepBoHa cyriabHa, ToHKA). OJMUHUIG YMOBHI.

Ax 6aunmo 3 puc. 4.3, po3paxoBaHa eHEpPIris MOAECIbHOI JBOBUMIPHOL
CHUCTEMU 130TPOITHUX TAPMOHIYHUX OCIUJIATOPIB JIa€ MiJICTaBU CTBEPIKY-
BaTH, 1110 3alIPOIIOHOBaHa cTtaTucTuka IlogixpoHakoca 3 KOMILJIEKCHUM II1a-
paMeTpoM 3abe3ledye ILJIaBHY iHTEpIIOJIsIii0 MiXK cTaTHCTHKamMu boze—

Aiinmraiina 1 @epmi—/lipaxa.



134

4.5. OgHOBUMIpPHI TapPMOHIYHI OCIIAJISTOPH

Y IboMy P03/ pO3IIIJIATUMEMO CUCTEMY OJIHOBUMIPHUX TapMOHi-
YHUX OCITUJISITOPIB 3 9aCTOTOIO W. BUpojizKenns j-T0 piBHA JOPIBHIOE OJ1-

nuti, g; = 1. CrekTp ejleMenTapHux 30y/2KeHb OyJie
gj = hwy, 7=0,1,2,3,.... (4.13)

Ak 1 panimre, BeMUnHY W BUKOPHCTOBYBATHUMEMO TAKOXK SK OJIMHUITIO
TeMIlepaTypH.

OJIHOBUMIpPHI CHCTEMU OCIIJIATOPIB MOKHA (DI3UYHO peasiizyBaTh Y CUJIb-
HO aHI30TPOIHIX rapMOHIUHUX TTacTKax [14] abo B onTnanmx rparkax [357,
358].

3 MeTO0 OTpHUMAaHHsI Pe3Y/IbTATIB YB aHAJITUIHOMY BUIVIAJI 3aMiHU-
MO B piBHsHHsIX (4.2)—(4.3) cymy Ha iHTerpas, yBiBIN (GQYHKIIO I'YCTHHN

crafiB g(e): g — / de g(g). TounicTs Takoro HAOJIMZKEHHST 3pOCTAE,
J

SKIIO KLIBKICTh YaCTUHOK Y CUCTEMI € BEJINKOIO 1 SIKIIO TeMIlepaTypa 3Ha-
YHO I[IEPEBUIIYE BiJIcTaHb MixK piBHAME, 1T’ > hw. HUncejbHe NOPiBHAHHS
pe3yJIbTaTiB, OTPUMAaHUX 3 BUKOPUCTAHHSIM TOYHOIO I1JICYMOBYBaHHS, 3
pe3yJbTaTaMi IHTerPyBaHHs BKa3ye Ha JIyzKe JI00pe Y3TOKeHHS BXKe Tpu
KisbkocTi yactuaoK N = 1000.

1151 OTHOBUMIPHOT CUCTEMH TapMOHITHUX OCIUJISITOPIB I'yCTUHA CTAHIB
g(€) = const, ToMy BOHa eKBiBAJIEHTHA, HAIPUKJIA]], JO CHCTEMHU BLIHLHUX
YaCTUHOK B 30BHINTHBOMY OJHOBMMIDHOMY TapMOHIYHOMY mMoTeHIia il (y
HariBKIacuaHOMy HaOsmkenHi [310]) abo 1o JBOBUMIDHOI cucTeMn Bijib-
HIX YaCTUHOK Y CKPUHBIII.

B anamizoBanomy Bunajky ¢(e) = 1/hw. KiibkicTh 9acTuHOK TOM J10-
PIBHIOE

o de T
N =— = — In(1 — 4.14
hw /0 2 les/T — o hwa n(1 = za), (4.14)
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IO JIJId aKTUBHOCTI JIA€

z =

(1 - e’WNa/T) . (4.15)

SHES

Enepria jpopisHioe

T2
b= hw/ 1es/T o = Fug 1270) =

— %Ll? (l—e MNWT), (4.16)

ne Lig(x) — mominorapudwm (2.58):

Lig(x i

k=1
[le oznavenns y BUTVIAMI Py CHpaBeIINBE I BCIX KOMILIEKCHUX S i
KOMILJIEKCHUX T 3 || < 1; Jyist IHIINX 3HAYEHb T BUKOPUCTOBYIOTH IIE€BHE
aHAJIITIIHE IPOJIOBXKEHHS.

3a JIOIOMOT0I0 OYEBH/IHOI BJIACTUBOCTI

dLig(x) 1 _.
L) 24,
dx z (@)
i 6epyun mo yBarm, o Lij(z) = —In(1—2), 1/ TemioeMHoCTi OTPUMAEMO
dE _ hwNa/T o Nyt
C+Z@_d_T_N1—eTa/T+NWLI2(1_e > (417)

AK 1 Tpeba ouikyBaTu Juist ekcTeHcuBHUX BeqndnH, F o¢ N1 C oc N, 110 He
€ oueBmIHNM i3 Bupasis (4.16) ta (4.17). 11106 3abe3neanTi eKCTEHCUBHICTD
eHeprii Ta TEerJI0EMHOCTI, MOTPIOHO B3ATU JIO yBArW TEPMOJMHAMIUHY T'Pa-
HuIro. BianosigHa yMoBa JIJ1s CUCTEMHU OJIHOBUMIPDHUX MapMOHIYHIX OCITH-
JATOpiB Mae BuUTA wlN = const. Takuit pesysbTrar MoXKHA OTpUMAaTH
pisanmu criocobamu |14, 83|, muB. Takoxk [311]. Haitmpocrima inteprpe-
Talis i€l YMOBH JJId TepMOJuHaMiuHOl rpanuti Taka. [ns D-umipHOl
CUCTEMU B 30BHIITHbOMY FapMOHIYHOMY IOTEHIa/i 3 YaCTOTOI W KJIaCHu-

YHI TOYKHU OBOPOTY YTPUMYIOTh YaCTUHKHU B MerKaX IIeBHOI XapaKTepPHOI
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noBxuHn 7 X 1/w. 11106 3abe3nednTn cTamicTh cepeHbol KOHIEHTPAII
N/rP | norpibno zabesneuntn sukonanus ymosn Nw?” = const.

Tomy B aHA/I30BAaHOMY BUTIAIKY

E_ NT B NT _ th_const
hw  hwN  const’ T T

orxke, ymoBu F o« N ta C' « N BUKOHAHO.

4.5.1. KputuuHa teMnepaTrypa i HOBeIiHKa TEPMOJIMHAMIYHUX
dyuxkiriii. Ha pospaxoBanux TemiiepaTypHUX 3aJ€KHOCTSIX €Hepril Ta
TEIJIOEMHOCT] OyJ10 BUsiBjIeHO pospusi. Bouu mos’ssani 3 Lis(zar), ko
ysBHA JaCTUHA apryMeHTa (PyHKII 3MIHIOE 3HAK.

Crpapii, pu 00YNCICHH] IHTEr'pasa HATPAIIIEMO Ha CUHIYJISPHICTD

Bty “1/07, kosm:

T — 2a=0=¢/T — 14 WN/T
(4.18)
/T g (cos hWNo/’ — ¢sin FMNO/I> :
SIKIIO
@a” =mn ta cosmn = (—1)" <O0.

Takum YMHOM, MHOKMHa 3Ha4Y€Hb KPUTHUYHUX TEMIICPATYP BHU3HAYa€THCA

TaK:

2

k) — poN—
¢ (2k + D)7’

k=0,1,2,3,..., (4.19)
muB. puc. 4.4. JIjist cipotiieHHst B OJIAJIbIINX [IepeTBOpeHHsIX iHekcr (k)"
He OyJie BUIIMCAHO.

[I1o6 omiHMTH BHECOK CHHIYJISPHOCTI B T€PMOJMHAMIYUHI (PYHKIIII, MO-
JKHa, 3aCTOCYBATH TaKy Iporeaypy. Hexail cmHTYISpHICTD BiIOBIIaE Ta-

60/T

Kiil eHepril €¢, /118 KOl BUKOHYETHCS YMOBa € = za. Topai eneprito E
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10 C/N

08 f |
06 | |
0.4 | .
02 f |
yd

T/ hwN

OO 1 1 1 1 1 1
0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40

Puc. 4.4. Hiiicna gactuna nuromol rertoemuocti C/N npu v = 0.25. Beprukaabaumn

JIHIAMU TIOKa3aHO KPUTHYHI TeMiieparypu. Kpaitnsa npasa Jiinig Bianosigae k = 0.

MOKHa, 1I0JIaTU Y BULJISJIL:

00 c0—A
z ede _Z ede ede
T — 2o hw /T — za hw elT — za
0 0 go+A
(4.20)
eo+A
z ede
+ % €€/T _ eEo/T’
Eo—A

e A — madte gogarHe uncsio. Y rpannmi A — 0 mepiri aBa J0JaHKHI Jal0Th
rIaaKy PYHKIIIO TeMieparypu Fgnooth, @ OCTaHHIM JIOJAHOK JOCTATHLO

BUIIMCATH JIMIIE B MEPIIOMY TTOPSJIKY 3a (€ — €p):

T co+A p

z e ae

E — Esmoo T - _€O/T / . 4.21

(1) + h © € —€o (4:21)
Eo—A

Suauennst g jificae B Touri 1T = 1., aje crae KOMILIEKCHUM, I0iiHO T’

BIIXMJISIETHCS BiJI KDUTUYHOI TOYKN. SHAK YSIBHOI YaCTUHU BU3HAYAE BUPA3



138

sin %o/’ , muB. (4.18). Takum qrHOM, 3HAMEHHUK (€ —€() TTOTPIOHO 3aMIHUTH

Ha (e —eg Fin) wia T = T, + 0, ne n — +0. Ba jgonomorow Gopmy.
Coxorpkoro [359, p. 75-76] orpmvaenmo
1 1

—_— =V.
E—¢g)Fm P

. +md(e — 4.22
—— = ind(e — <), (422

ne “v.p.” mo3Hauae roJoBHE 3HaUYCHHsI, a 0(€ — ¢) — 1e jesbra~-dyHKIsA

ipaka.

OT2xe, B OKOJII KPpUTUYHUX TOYOK €Heprisi JOpiBHIOBATUME:
. TC —eo/T.
E(T.+0) = Esnootn(T) £ maz(TC)eoe 0/ e, (4.23)

J11st mificHOT YacTUHE MaTHMEMO

T,
AE(T) =&E(T.+0) - E(T. —0) = —QWECZ"(TC)sOe_s(J/TC. (4.24)

Bepyun 110 yBaru o3HadeHssi Kpurudaol Temieparypu (4.19) i sammcy-
1041 IapaMeTpP CTaTUCTUKU y BULVIAl (v = COS TV 1 SIN 7TV, TICJIs ITPOCTUX
IIepETBOPEHDL OTPUMAEMO TaKi BUpa3y JJIsi CTPUOKIB 3HAYEHDb TIHCHIX da-

CTUH eHepril 1 TelJI0eMHOCTI:

1 AE(T,) 2 sin® v _
L ¢) _ ] (1 (2k—|—1)ﬂ'cot7r1/) 4.95
N hwN 2kt 1)er T . (42)
1 4 sin® v
_AC Tc - " ] (1 —(2k+1)7 cot 7TI/> ) 4.26
yool) = Gapnite (4.26)
Y 6030nHI#l rpaHuni ¥ — 0 MaTHMEMO:
iAg(TC) — 277-21/3 e—(2k‘—|—1)/1/ (4 27)
N hwN (2k + 1)? ’ '
1 A?y?
—AC(T,) = ——— e /Y, 4.28
yACT) = g e (4.28)

i crpubkum — ckinvyeHHi Juid Bcix v > (0, oJHaK HaBUPa3HIIIIM € TOIf,

skoMy Bijnosigae k£ = 0, a HacTyIHI 3HAYEHHSI JIy?Ke IIBUJIKO CIIaJIal0Th
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upu k > 0, 9k nokaszano B Tabs1. 4.1. Bapro 3asnaqdnrn, mo mis v 2 0.35
ocumysarii gyl C'(T) B HEU3bKOTeMIIepaTypHiii obsacti 3pocTaroTh i

CHPUYIUHSIOTH TOABY HEMIZUIHUX PE3YJIbTATIB 3 BiJI'€MHOIO TEIJIOEMHICTIO.

Tabmumg 4.1. Crpubku nuromol rerioemuocti C'/N 1pu KPUTUIHUX TeMIIEpaTypax.
3posymino, mo snadenns 10714 i menmi He MoxKHa cHocTepiraTé eKcIepuMeHTAILHO,
OJIHAK BOHHW HaBeJeHI 3 MEeTOI0 JeMOHCTpalil jyxke mBuakoro cuagauas AC, Koam

v — 01i/abo k 3pocrae.

v k= k=1 k=2
001 15x107% 7.5x10713* 6.6 x 10722
0.05 24x10719 47x107%® 1.7x10™%
0.10 24x107° 32x107" 7.7x107%
0.15 1.7x107% 26x107? 6.7x 107"
020 1.8x1072 1.1x10% 1.1x10°%
025 85x1072 54x10° 6.0x10°8
0.30 25x107t 93x107* 58x107°
034 50x10"! 57x10% 1.1x10™*

Husbko- 1 BucokoTeMIepaTypHi I'PaHUIll TEIJIOEMHOCTI JIETKO PO3paxy-
BATH, BUKOPUCTOBYIOUYH po3Kjajn y dhopmynax (4.16) abo (4.17). Crocre-
pexkyBaHa Ha puc. 4.5 Ta 4.6 B HU3bKOTEMIIEpaTyPHiil 00J1acTi JriHiiiHa 3a-

aexxHictb C' o< T' € Takoro:

C+i® 2T
N hwN

T 2

= (4.29)

cos T — isinwv),

— Li(1)

Jle BUKOPUCTAaHO 3B’sI30K MixK roJiijiorapudmoM i j3era-pyHkilieo Pimana:
Liy(1) = ¢(2) = 7?/6.

Pizne npsimyBanHst 0 acuMmnrorudsoro sHadenns C'/N — 1 (3Husy
npu v < 1/4 1 sropu npu v > 1/4) BusHAYAETHCS TAKOK TDAHUTHOIO

HOBeﬂiHKOIO [MUTOMOI TEIJIOEMHOCTI:

C’+i@_1_00827w hwN 2_ésin27w FiwN \ 2 (4.30)
N 36 T 36 T ’ '
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Jie 3aJIe’KHUI Bl TeMIlepaTypu JIOJIaHOK Y JIificHIT YacTHHI 3MIHIOE 3HAK Y
Tourni v = 1/4, a ysiBHA YacTHHA 3aHUIIAETHC BIJI'EMHOIO JIJIsT BCIX V, $IK
nokazaHo Ha puc. 4.5 1 4.6.

[Tpu v = 1/4 BigxuaeHss IifiCHOT YaCTHHE TEILJIOEMHOCTI BiJl ACHMITTO-

THUYHOI'O 3HaYCHHA Ma€ BULJIAT:

(4.31)

0.0 ' ' ' ' ' '

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7

Puc. 4.5. [diiicaa yacruna nutomol remtoemuocti C'/N st pisHUX 3HAYEHb TapaMeTpa
crarucruku: v = 0.0 (wopua, —); 0.1 (uepBona, ———); 0.2 (3esena, ---); 0.25 (cuns,

—-—); 0.3 (6yskoBa, -- --); 0.34 GakuTHa, — - —).

4.5.2. MoXKJINBOCTiI eKCIepuMeHTAJIbHOI IepeBipku. OcKiJIbKH BXKe

eHepris 9K (GyHKIlIsT TeMIIepaTy P Ma€ PO3PUBU, TO MOXKHA CTBEPIXKYBATH,
) : :

mo Toukn 1, BiamoBigaoTh (hasoBuM mepexojam mepiioro poay. Llika-

BO OIIHUTH IIPUHIIUIIOBY MOXKJIUBICTH €KCIIEPUMEHTAJIBHOI IIEPEBIPKU 1IHOT'O

edexTy.
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0.0

Lo, R L ey |
-0.1 N el i
T el caemmnT P

-0.2 ¢ \‘ x ,f:fﬁ./f"‘ h

-0.3

-04 ;_.:‘ “ e o _

-0.5

-0.6
-0.7

T/ howN
_08 1 1 1 1 1 1
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7

Puc. 4.6. Vasua yactuna nuromoi rerioemuocti C/N it pisHUX 3HAYEHb [IapaMerpa
crarucruku: v = 0.0 (wopua, —); 0.1 (uepBona, ———); 0.2 (3esena, ---); 0.25 (cuns,

—-—); 0.3 (6yskoBa, -- --); 0.34 (6akurHa, — - —).

Ax BxKe 3rajgyBasiocd B migposgiaax 4.1 1 4.2, KOMIJIEKCHUI TapaMeTp
CTATUCTUKU MOXKHA OTPUMATHU BHACJIIJIOK 30BHINTHBOTO BILIUBY Ha, CUCTEMY
JlazepoM abo depes3 epeKTUBHE BpaxyBaHHA JUCHIIAINI eJIeMEeHTapHIX 30Y-
JzkeHb. [le o3Hagae, 1110 BapTO OUIKyBaTH MaJllX 3Ha4YeHb v, ToOTO vV K 1.
Omxke, sinine HafiOLIbIIA KPUTHUIHA TeMIlepaTypa, mo Biamnosinae k = 0,

T. = hwN2 (4.32)
s

BUABJISIETHCA PEJIEBAHTHOIO JII aHaJIi3y, OCKIJIbKH CTPUOKN TEIIOEMHO-
CTI CTAIOTHh €KCIIEPUMEHTAJIbHO HECIOCTEepe:KyBaHUMU, AKIO k > 1, 1uB.
Tads. 4.1.

Bigrsopiotoun crany Bosbimana kg, mob orpumary 3HavdeHHsS 1. B
KeJIbBIHAX,

kpT, = hwN 22 (4.33)

/i



142

MOXKHa TaKHM CII0OCOOOM 3pOOHUTH IIPOCTY OIHKY. IIpuiycrumo, 1o Tou-
HICTH €KCIEPUMEHTAILHOIO BUMIpIOBaHH:A TerioeMuocti cranosuthb 0.01%,
mo Bignosimae v = 0.10 = 0.15 (xus. Tabs. 4.1). Hexait Takoxk [acto-
Ta 30BHIMIHLOIO TAPMOHIYHOIO MOTEHIATY-TIACTKN JIOpiBHIOE w = 1 kI,
a KisbKicTh wactuHok N = 10%. 3a Taxkmx mapamerpiB oTpHMaeMoO Kpu-
tiany temneparypy 1. ~ 107° K. Ile o3nauae, 1o Bimosinxmii edexT
MOXKHa OyJIe CIIOCTepIiraTu eKCIepuMeHTaIbHO, MOWHO BIACThCA TPUTOTY-
BaTU CUCTEMY, TKYy MOXKHa, OyJ10 O onmcyBaTu crarucTukoio [logixponakoca
3 KOMILJIEKCHUM TTapaMeTPOM.

[likxaBo 3 HaBeJeHUX BUINE PE3Y/IbTaTiB OTPUMATH TEBHI OIIHKHU 1010
OJTHOPIAHOI JBOBUMIpHOI cucTtemu. [Ijas 9acTUHOK 3 HYJILOBUM CIIIHOM i
MaCcoI0 M Ha IIOII S TYCTHHY CTaHiB JIEMKO PO3paxyBaTh y BUNIA (&) =
mS/2mh? = const, 1110 MOKHA HOPIBHSTH 3 PE3Y/ILTATOM JJIsl OCIIIATOPIB

g(e) = 1/hw i, gk HACIIOK, BCTAHOBUTH TaKy eeKTUBHY BiAIOBIIHICTD:

B 2mh mN

Orpumannii Bupas Jjisi KPUTHIHOI TEeMIEPATYPH, SIK BHUABJISIETHCSI, Mag
CTPYKTYPY, HOJIOHY /10 TeMiiepaTypu repexoty KocrepJina-Tayneca Tkt
[360]:

kpT. = 7T 02 il IIOPIBHSAHO 3 kplxT = - pas, (4.35)
2m2 T 2m?

ne po = mN/S — qBOBUMIpHA TYCTHHA, & Pog — I'YCTHHA HAJIIMHHOT KOM-

B . . S 8.1018 _2
HOHEHTH. BpaxoByroun 3HaueHHsI JBOBUMIPHOT KOHIIEHTPAIIIT 2~ M7,
sdKe BiJIIOBi/lae HOpMasIbHiil rycTuni o6’emuoro resio 0.146 r/em® [361],
st kKputuanol temiepatypu marumemo T, < 1 K. Tpeba 3aznaduTu, 1o
151 OIIHKA CIIpaBeJ/InBa I 1/1eajIbHOIO OJHOPIHOrO 0o3e-ra3y 3 Iapa-

MeTpaMu pijnkoro rejito-4. [1lo06 3acTocyBaTm ommcaHmit mijaxiji g0 pea-

JICTUIHUX IIJIaHaAPpHUX CUCTEM, HOTpi6HO BUXOINUTHU 3 BUBYCHHA (i)OHOHiB7
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T0OTO 30y I2KEeHb 3 JIiHiitHOIO juciiepcieto. [le o3Havae HEOOXiIHICTH BUBYeE-
HH$I JIBOBUMIPHOI OCHUJISITOPHOI 3a/ia4l, & B HIUPIIOMY ceHCl — i1 3aj1a4l B
IIPOCTOPI 3 JOBLILHOIO BUMipHicTIO D > 1, Tpo 110 JleTaabHilTe HTUMeTbCs

B HACTYITHUX II1IPO3/Il/Iax.

4.6. TepmoamaaMiuHi PYyHKITIL

D-BuUMIpHIX OCHHIJISITOPIB

Y 1bOMY 1 HACTYIIHUX MiJIPO3/Ii/1aX PO3TJIAHEMO CUCTeMY [D-BUMIpHUX 130-
TPOIHUX TaPMOHIYHUX OCHIJISITOPIB, sIKi MIIKOPAIOTHCs cTaTucTuii Iloi-
XPOHAKOCa 3 KOMILJIEKCHUM TapaMeTpoM. K i paHilre, aKTUBHICTb 2 BU-

3HAYAETHCA KITBKICTIO 9acTUHOK N 3 pIBHSIHHSA

o o 9j
N = Zgjnj = Z T o (4.36)
j j

J€e g; — BUpOjKeHHst j-ro piBudA. Orpumany 3sanexuicte z = z(1, N)

MOKHa JaJli BUKOPUCTATH JIJIsT PO3PAXYHKY eHepril

Z—1€€j/T —

E(TN) = giem; =Y 07 (4.3
J J
Ta IHIUX TePMOJINHAMIYHIX (PYHKITII.

s cucteMn 130TPONMHUX TAPMOHITHUX OCIHUIATOPIB Y [D-BUMIpHOMY
[IPOCTOPI BUPOJZKEHHsI j-I'0 €HepreTnvyHoro pishs oyue (84, 318:

I'(j+ D)
I'(j+1H)I(D)’

e, =hwj, g = 7=0,1,2,3,..., (4.38)

Jle BUMIPHICTL 1pocTopy D 3 MipKyBaHb 3arajbHOCTI MOxKe OyTu Jpo0o-
BOIO. 30KpeMa, siK yrKe 3a3HadaJjiocst, APo0OBI BUMIPHOCTI 3aCTOCOBYIOTH
JJTsT MOJIEJTIOBAHHs OpUCTHX cepeonui [270, 271, 362|, Born Takoxk ede-

KTUBHO BUHUKAIOTH BHAC/IIOK BpaxyBaHHs 30BHIIMHIX moTeHiamis [310].
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106 crpoctutu anasis, 3py<aHo 3aMinnTn B piBHsHHAX (4.36) 1 (4.37)

I1i/ICYMOBYBaHHSI Ha {HTEIDyBaHHsI, BBIBIIN I'YCTUHY CTaHIB g(€):

[T gle)de
N = /0 AR (4.39)

2 leg/T — o

* eg(e)de
0 2 et —a
Yucesbre poss’s3ysanns piBusgub (4.36)—(4.37) ta (4.39)—(4.40) nokasye,
[0 TaKa 3aMiHa MPUBOJUTL JIUIIE JO HE3HAYHOT'O TeMIIepaTypPHOrO 3CYBY
IIEBHUX XapaKTEPHUX TOYOK TEPMOJMHAMIYHUX (DYHKIIIH, a sIKICHO IIOBe-
JIIHKa He 3aJ1e2KUTh Bl TOr0, KUl 111/1X1)i BAKOPUCTAHO — JIMCKPETHUIl 4n
HellepepBHUIA.

[Tepexojistun B cyM JI0 IHTEr'paJIiB, BayKJIMBO BUOKPEMUTH BHECOK BiJI
OCHOBHOIO cTany € = 0 B SIBHOMY BUIVISIJI, IIOJIOHO JIO CTAHIAPTHOI'O aHa-
JIi3y sBuIa 603e-KoHAeH Al y TpUBUMIpHOMY ijteajbHoMY rasi. Crpasi,
JUTs BUMipHOCTI TipocTopy D > 1 (yHKIlS TYCTHHU CTaHiB

g(e) = F(lD) (hi)D eP! (4.41)

3HnKa€e B Toull € = 0, To/1l K BiAIOBIIHUN JOJAHOK y CyMi — CKIHUYEHHNI:

z
Ny = )
0 1 —za

(4.42)

BapTo 3ayBaxkuTu, 1110 Taka IIpole1ypa He OyJia MoTpidHa B OJHOBUMIPHO-
My BHUIIAJIKY, PO3IJISHYTOMY B HOMEPEIHIX IMIPO3/IiIax, JAnB. TakoxK [8§].

[nrerpanu B (4.39)—(4.40) MoxKHa BUPA3UTH 38 JOIOMOI'OIO TIOJIIOTapH-

dma:

NoE o LT (za) (4.43)
= — | — i .
l—za o \hw D),

D T D+1
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JudepeHIiirooun eHeprito 3a TeMIepaTryporo, OTPUMAEMO TEILIOEMHICTD
y TaKOMY BULJIsIJIL:

C:gz

S

(4.45)

D
_ D (L) [MTDH Lip(za) + (D + 1)TP Lip 1 (2)
o \ hw z

Lle piBHsSIHHS MOXKHa Iepenucaru depe3 N Ta E:

0z DT £
C= a_TT(N — No) + (D + 1)? (4.46)

3BIJIKM OaYUMO, [0 KPUTHYHA TOBEJIHKA MOYKE OYTHU I10B’d3aHa 3 TeMIIe-
paTypHUMHU 3aJI€2KHOCTAMU K eHepril, TaK 1 aKTUBHOCTI.
Ax 1 panimme, BUKOPUCTOBYBATUMEMO TaKi MO3HAUEHHA JJIs JIHCHOI i

ySBHOI YaCTUH €Hepril Ta TelJIOEMHOCTI:
& =FE+1l; C=C+10, (4.47)

a TaKO?K MaTHUMEMO Ha yBa3i YMOBY, IO BU3Ha4Ya€ TepMOrZLI/IHaMiQHy I'pa-

HUITIO JIJTA cHCTeMn D-BUMIDHUX TapMOHIYHUX ociuisiTopis [14, 83]:
wP N = const, (4.48)

3 K01 Bijipasy BujHO, mo Bupasu (4.44), (4.45) BU3HAYAIOTH €KCTEHCHBHI

Besmunnn £,C o< N, gk i Tpeba Oy/10 odiKyBaTH.

4.6.1. BucokoremnieparypHa rpaaung. Ockijbku npu 1T — oo 3Ha-
denHst [Ny HEXTOBHO MaJie, a apryMeHT noJjiijiorapudma B (4.43) 3a/10B0.b-

Hsie YMOBY |za| < 1, TO

N = é <%)DL1D(Z’&) — é <%)D (za + <Z;;>2 4. ) . (4.49)
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Bepyun mo yBarum Jjmime mepriuit g01aHOK psiry, MOXKHa JIETKO OTPUMaTH

BUCOKOTEMIIEPATYPHY IOBEIIHKY aKTUBHOCTI Y TaKOMY BULJISJIL:

z=N (%‘")D (4.50)

s Bestmauna — jificna. Jls 3’gcyBaHHs epIioro He3HNKAIYOr0 BHECKY
BiJl yABHOI YaCTHHU aKTHUBHOCTI MOTPIOHO B3ATU JIBa JOJAHKH B PsAJIi s
nostiyiorapudma B (4.49), 1o JacThb y pe3yJibTari:

o hw Ak
"—_—— |IN|[—= ) 4.51
- 2D (T) (4.51)

3 BHCOKOTEMIIEpATypHOI oBeIiHKN akTuBHOCTI (4.50) Bijipasy oTpuMa-

€MO eHeprilo Ta TEIJIOEMHICTH Y Iiif rpaHuIli:
E=FE=DNT, C=C=DN. (4.52)

[le — xJyracuaHl BUpasn JJIsd eHepril i TeImIoeMHOCTI crucTeMu [-BUMIpHIX
rapMOHIUYHIX OCHUIATOPIB. fAK i Tpeba Oy/10 o9iKyBaTH, y KJIacU4Hiil rpa-
HUII] BIJICYTHIN BIJIUB CTATUCTUKU.

[eprry monpaBKy 70 KJIACHIHIX Pe3yJIbTaTiB MOXKHA 3HANTH, 0bepTato-
au psit Jist oJiitorapudma, auB. hopmyity (4.61) B HACTYNHUX PO3JIiIax.

Bracigok mporo orpuMaemMo

hw\” i\ "]’
za:Noz(?> — 2P Noz(?> +.... (4.53)

[TigcraBusiiu 1eit Bupas y (4.44), mic/is HeCK/JIaJHUX [IEPETBOPEHb MaTH-

MEMO:

D
& =DNT [1 — 2—D—1aN(TLD) + .. ] : (4.54)

[eit psaj1 € anajgoroM BipiaJabHOTO po3kay. [lopiBHioioun iforo 3 BiimoBi/I-

HUME Pe3yJIbTaTaMi JIjisl JIesIKUX 1HIMUX TUTHB JApoboBoil cratucTuku |33,
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MOYKHA BCTAHOBUTHU HAOJ/IMZKEHY BITOBLTHICTD MizK aHAI30BAHIM y3araJib-
HeHHsIM cTaTucTuku llosixponakoca Ta, HalpUKJIal, eHloHAMI abo cTaTH-
crukoto Losgeitna—By (nuB. Takox Hacrynuuit po3sin). Hampukmasn, Ge-
pyun /10 yBaru Jiaiie JificHy JacTUHy eHepril F JBOBUMIpHOI cucTeMu i
31CTaB/IAIOYN 11 3 pe3yabTaTaMu JJis 171eaJbHOr0 eHIOHHOTO a3y, JpYyTHil
BipianbHuil koedinient skoro by = —(1 — 4n + 2n?)/4, ne n € [0;1] —
mapaMeTp cTaTucTuku, abo 3 razom losjeitna—By 3 by = (29 — 1)/4, ne g

— JapaMerp CTaTHUCTUKU, OAUNMO TaKi CIIBBIIHOIIEHHSI:

. 2 . .
(m0)? 1 —4n+ 2n° nna eniowis
2

o =cosmr~1—

(4.55)
1 —2g nna craructukn Losjeitna—By
[Tomibni 3B’sI3KKM MOYXKHA, BCTAHOBUTHU 1 JJIA JIEIKHX 1HIINX JPOOOBUX CTa-

TUCTHUK, BKJIIOTHO 3 KIJIbKOMa MOJEIAME ¢-ocimisiTopis [351, 363-365.

4.6.2. Ob6macts ¢dazoBoro mnepexonay. Kpurtumuna temriiepaTrypa.
Ax mpogeMoHCTpyBaB OJIHOBUMIPHUI BUTIAJIOK, B aHaJ i30BaHil 3a/1a4i BiJI-
OyBaloThbCs (pa30Bl TEPEXOIH, OB d3aHi 3 KOMILJIEKCHOZHATHICTIO TTapaMe-
Tpa crarncTuku [88]. 3 MATEMATHIHOrO HOTJISILY Tie TTIOB’SI3aHO 3 CHHI'YJIsAP-
HICTIO B 3HAMEHHUKY iHTerpasiB y dopmynax (4.39), (4.40), aximo ysiBHa

YaCTUHA BEJIUYUHU Z(v JIOPIBHIOE HYJIEBI:
Im(za)) = 0. (4.56)

JLst TemiepaTyp JOCTATHHO BiJIIa/IeHUX BiJ aOCOIIOTHOIO HYJIsI BHECOK

OCHOBHOTO CTaHy CTa€ HECYTTEBUM 1 piBHsAHH:A (4.43) 3BOUTHCH /10 BUIJIsI-

AY:
Na = (%) " Lip(z0). (4.57)

Voro po3B’sa3ku MozKHa (hOPMaIBHO 3allUCaTH Yepe3 00epHEHY JI0 TT0JILIO-
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rapudma dyukiio invLip(w). g aktuBrocTi Bijipasy oTpuMaeMo:
hw D
zao = invLip [aN (T) ] : (4.58)

Otxke, yMOBa, 3 sIKOI BUBHAYAETHCsI KPUTUIHA TeMIlepaTypa Tc( ) (B3arasi
KazKydn, 11e MoxKe OyTHu Habip, a He JIUIIe OjJHe 3HaYeHHsI — sIK B OJIHOBH-
MIpDHOMY BUIAJKY) HaOyBa€ TAKOTO BUIJISIILY:
D
: : hw
IminvLip |aN | —/= = 0. (4.59)
(k)
Tc
Ha xaJjb, ji/1st o0epHeHoro moJiiorapudgma He iCHYe BUpasy depes ejie-
MEHTapHI Y1 BiJIOMI cleliaj bHi PYHKIT, TOMY €JIMHIM HaJIIITHIM CII0COO0M
aHaJ I3y Iiel 3a/a4i 3a/IuIIaeThCsl ducesbHe po3B’s3yBanis. OHak 3a 10-
IOMOT'OT0 JIeAKIX HaOJIMKeHnx Bupasis [yist invLip (w) BraeTbest orpuMaT
JI00P1 OLIHKN KPUTUIHOI TEMIIEPATyPH, sIK IT0KA3aHO HUXKUE.

Hexait obepuenuit nostigorapudm invLip(w) BU3HAYEHO TaK:
Lip(z) =w = invLip(w) = =z. (4.60)

B okosi Toukn x = 0 HalNpOCTINM CIIOCOOOM € 00epTaHHSI CTeleHe-

BOrO psifty [366] muist mosiorapudma, 1o J1ae:
invLit (w) = w — 27 Pw? + (2122 — 37Dy 4. (4.61)

B okoJti Toukn x = 1 po3KJa/ii B psiJi BUTJIAIAIOTH MTO-PISHOMY 3aJI€2KHO

Bl D:
Lip(z) = ¢((D)+T(1—-D)(1—-2)P14+..., 1<D<2 (462
Lisg(z) = (2)—(z—1)In(1 —2)+..., (4.63)

Lip(x) = ¢(D)+(xz—-1)¢(D—-1)+..., D>2. (4.64)
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Posp’si3ku 3 TounicTIO 710 Tiepiioro micsst ((D) mopanka OyIyTh TaKIMMI:

( 1/(D-1)
1—r}§(1 1<D<?2

" (1 D)
invLij’ (w) = < (4.65)
\1+%éé%% D>2.

Y Bunajky DD = 2 noTpibHO BUKOPHCTOBYBaTH Tak 3BaHy W -dyHKIIiIO
Jlambepra, 1110 Oy/1e 3po0JIeHO TPOXHU Al

st nimmx n icmytors poskiaan npu |x| > 1 [367]:

- _ (=)
Lln( o : Z nl"]

02 e

ne Ligj(—1) = (2% —1)((2j). lIpu n = 2 neit psag HaGyBae mPOCTOL

dopmu:

SBLILKI/I 3 YpaxyBaHHAM IIEPIINX JTBOX 1JIeHIB MaTHUMEMO:

inVLi§3} (w) = —eV ~2lw+e(2)] (4.68)

Bupa3 111 n = 3 TakoK Ma€ 3aMKHEHY aHaJiTHIHy (popMy, IIPOTE BOHA
JLy2Ke TPOMI3JIKA.

Obepuennii rostijiorapudm MOXKHa TAKOXK 3amnucari depe3 W-dyHkiiio
JlambGepra [368], ska € GararosHadHO (DYHKINE0, 3a JOMOMOTOM0 KOl

PO3B’S3YIOThH TaKe PIBHSIHHSI:

W (2)e"® = 2, z e C. (4.69)
[Ipu wiaux n psg s Li, (z) B okosi Toukn @ = 1 mae Buris [367], aus.
Takoxk 369, p. 30]:

Lin(z) = ((n) + 2RO+ D) £7 )

(n—1)!

T -+
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+ Y ¢n—J) ] Ind (4.70)
7=1
J#n—2
1e ¥(n) — momiramva-byskiis, a vy = 0.57721... — ne crana Eiepa—

Mackeponi. fAkmo n = 2, To 1eit BUpa3 CHpOILyETHCA 10
Lis(z) = ((2) —InzIn[—In(z)] + Inz + ..., (4.71)
3BLJIKM OTPUMYEMO
inVLigl}(w) = exp {—eW’“( (2)+w)+1i| , (4.72)

IPUYOMY 3HaYeHHs k MOTPIOHO BMOMpATH Ha IiJICTaBl JOJATKOBUX Mip-
KyBaHb. Apropu npaii [368|, nanpukiaj, 3amnpononysaiun k = —1 s
i1eaIbHOTO 4-BUMIpHOTO O03€e-Tasy.

Yepes dyukiiro Jlambepra TakoK MOXKHA 3aIlCaTH PO3B’ 130K PiBHSIH-

i (4.63):

invLil™ (w) = 1 — exp [Wi(w — ¢(2))] . (4.73)

Buxopucropyioun poskiaj (4.61) 3 TounicTio 10 w? BKIOYHO, Hic/st

HECKJIaIHUX TIePEeTBOPEHb OTPUMAEMO TaKuii Bupas3 s 1.

(2N cos )Y/ P
5 :

T. = fiw (4.74)

Axio B3aTH pag 10 w3, TO BUiijie JOCUTL I'POMI3IKNIT TaKuii BUpas:

(3

27 Psin 27y — /272D sin® 2w — 4 (2120 — 3-D) sin 7w sin 3w (4.75)
B 2 (212D — 3-D) gin 37w T

[ToTpibHO ckazaTu, 10 3a JIeIKUX 3HaYeHb IapaMeTpa CTaTUCTUKH U 3Bi/I-
CH OTPUMYEMO KOMILJIEKCHI 3HAUYEHHsI KPUTUYIHOI Temreparypu 1y, K 1o-

KazaHo B Ta0J1. 4.3—4.4. e, ojiHaK, € BUKJIIOUYHO HACJIIIKOM BUKOPHUCTAHOTO
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HaOJIMZKEHHsT — y 3aJadl, SIKy MU PO3TJIsIa€MO, KOMILJIEKCHI TeMIIepaTypu
He BUKOPHUCTOBYIOTHCS.

3 piBustas (4.68) /11 KPUTHIHOT TeMIIEPATYPH OTPUMYEMO BUPa3:

Aw 2 2 5 2
N|{—=) == 7; \/M —cosTv | . (4.76)
T. sin“ v 6

[H111i HaBeieH1 Bullle HAOJIMKEHHS 00epHEHOro 1oJIiiorapudMa He Bliae-

ThCsI 3BECTHU JI0 3aMKHEHOI'O BUPA3y JIisl KpUTHIHOT Temieparypu. 3 ¢op-
mydt (4.65), (4.73) po3B’sI30K piBHSHHS

D
IminvLit [N (%) ~0 (4.77)

Cc

icaye Jame i D < 2. ZJKIo BUMIpHICTB TTPOCTOPY MOXKHA TIOJATH Y
Burai D = 1+ 1/n, ne n — narypasbie qncio (n > 1), to (4.77) €
anarebpaidHuM piBHAHHAM N-To HOpAAKy Biznocno 1/TP. Boxpema, s
D = 3/2 kpurtnuna temmepatypa T, 36iraetsest (4.97).

Hapermri, me ojne 3navenns 7, MoXKHa OTPUMATH BHACJIIOK UNCEThb-

HOT'O PO3B’st3yBaiust piBHsAnns (4.72):

2
Im invLil" |aN (%) = 0. (4.78)

c

[TopiBHsiHHSA 3HAUEHb KPUTUYIHOI TEMIIEPATYPH, OTPUMAHNX 3 PI3HUX Ha-
OJIMKEHb, 13 TOUHUMU pe3yJibTaTaMi, pO3PaXOBAHIUMU YNCE/IbHO, HaBEICHO
B Tabs. 4.2-4.5.

AK nerko 3ayBaxkuT, g D = 2 KijibKa HaOJIMZKEHb JIal0Th 38I0BLILHY
OIIIHKY 3a PI3HUX 3HaUYeHb IlapaMeTpa CTaTUCTUKU. MorKHa BUKOPHUCTOBY-
BATH HaBITH HafipocTimmil Burisi, 3aganuii opmysoro (4.74).

Hng 1 < D < 2 piBastans (4.77) BUIAETbCS HAWOLIBINT MPUAHATHOIO
OIIHKOIO KPUTUYHOI TeMmeparypu. g Bumipnocreit npoctopy D > 2 mo-

JKHA BUKOpHCTOBYBaTH Bupasu (4.74)—(4.75).
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Tabnung 4.2. OmiHKy KPUTHIHOI TeMIIepaTypu 3 PISHUX HAOJIUKEHb JIJIsi 0OEPHEHOT0

nostiyiorapudma, D = 2. 3uadenns nogano st N = 1000 B ojguamigx hw.

v | rouno p-usa (4.74) (4.75) (4.77) (4.76) (4.78) (4.97)
0.05 | 22.5 22.2 19.8 17.4 23.0 224 24.5
0.10 | 20.9 21.8 19.5 17.1 22.0 20.8 24.0
0.20 | 18.2 20.1 18.4 16.3 20.1 17.8 22.2
0.25 | 17.0 18.8 17.6 15.7 19.1 16.4 20.7
0.30 | 15.8 17.1 16.6 15.0 18.0 15.0 18.9
0.40 | 13.5 12.4 14.1 13.2 15.4 11.9 13.7
0.50 | 11.2 0 10.9 11.1 12.2 8.9 0

Tabmumg 4.3. OniHKr KPUTHIHOT TEMIIEPATYPH 3 PI3HUX HAOJIMZKEHDb I 0OEPHEHOTO

nositorapudma, D = 1.1. Baadenns nomano aig N = 1000 B oguansgx hw.

v | rouno p-ua (4.74) (4.75) (4.77) (4.97)
0.16 | 142 444 eC 136 55.4
0.20 | 152 413 eC 150 51.5
0.30 | 175 309 246 174 38.5
0.40 | 186 172 268 181 21.5
0.50 | 183 0 216 174 0

Tabmurg 4.4. OniHKE KPUTHIHOT TEMIIEPATYPH 3 PI3HUX HAOJIMZKEHDb I 0OEPHEHOTO

nostisiorapudma, D = 1.5. 3nadenns nogano i N = 1000 B oquHungx hw.

v | rouno p-usa (4.74) (4.75) (4.77) abo (4.97)
0.10 | 52.7 76.8 eC 51.0
0.20 | 50.2 68.9 eC 45.8
0.30 | 46.8 95.7 50.0 37.0
0.40 | 42.3 36.3 47.5 24.1
0.50 | 36.8 0 38.6 0
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Tabaung 4.5. OmiHKy KPUTHIHOT TeMIIepaTypu 3 PisHUX HAOJIUKEHb JIJIsi 00EPHEHOT0

nostisiorapudma, D = 3. 3uadenns nogano st N = 1000 B ojpuamigx hw.

v | touno p-us (4.74) (4.75) (4.97)
0.05 | 7.63 6.27 6.71 9.37
0.10 | 6.83 6.20 6.62  9.25
0.20 | 5.65 5.87 6.22 8.76
0.30 | 4.73 2.28 0.44 7.88
0.40 | 3.91 4.26 eC 6.36
0.50 | 3.19 0 eC 0

4.6.3. KputuyHe 3HaUeHHs IMapaMeTpa CTaTuCTukKu. Moxkna mo-
Kas3aTH, 10 y IPaHUIl MaJNX ¥ ysBHA dacTuHa Im(zq) 3ammmmaersbes J1o-
JIATHOIO JIJIsT BCIX 3HAYEHb TEMIIEpaTypHu, TOOTO HE CIIOCTEepiraeMo HisiKOl
KpuTuaHOl ToUKN T, B 1[boMy pasi. Poss’s3ku piBasiHHs (4.43) BKa3yoTh
Ha ICHYBaHH$ II€BHOIO KPUTUYHOI'O 3HAYEHHs CTATUCTUYHOIO IapaMeTpa
Ve, TAKOTO, 110 TIpu v < V. He icHye 1., HATOMICTb JJIsd V > U, MOXKHa
sHaiiTu Temmeparypy, npu skiii Im(za) meperBoproeTbes B Hysb. KO
napamMeTp CTaTUCTUKHU MEHINN 3a V., TO eHeprid i TelJI0OEMHICTD 3a/IiIIIa-
I0TbCsl HEIEPEePBHUMM 38 YMOBH CKiHUeHHOCTI /N, a BHIIE 3a U, ICHYIOThb
pPO3PUBH, SIKI BiJIIOBIIalOTH 38 (a30Bi IIePEeXO/I.

3a hikcoBaHOI BUMIPHOCTI IpOCTOPY [ 3HAUCHHS V. HPSIMYE JIO HYJIS,
KOJII KiJIbKicTh dacTuHOK N 3pocTae. 3 iHIIOro 00Ky, 3a gikcoBanoro N
3HAYEHH U, 301IbIIYEThCs 31 3MeHIeHHaM [, 1uB. Tads. 4.6.

SHaYeHHsI KPUTUIHOI'O TapaMeTpa CTATUCTUKU OyJI0 OTPpUMAaHO Ha IIiI-
cTaBl YMCeJIbHUX POo3paxyHKiB. HaiimpocTimiow ¢opMysion, sikolo MOXKHA

OoIMcaTHu Il JIaHl, € CTelleHeBa 3a/1e2KHICTh:
v. = aN. (4.79)

O0uncsenHs JijIst pi3HUX 3HAYEHb BUMIPHOCTI IPOCTOPY B Jialla30Hi 3HAa-



154

Tabnung 4.6. Kputnyni 3Ha9eHHs TapaMeTpa CTaTUCTUKH U, JIJIsd Pi3HOT KIJIBKOCTI da-

ctuaoK N Ta BUMIpHOCTI mipocTopy D.

D | N=10®) N=10® N=10* N=10° N =10°
3.0 | 0.07355 0.02340 0.007241 0.001510 0.0002819
2.0 | 0.1013 0.03592 0.01256  0.004326 0.001471
1.5 | 0.1508 0.06674 0.03026  0.01389  0.006413
1.4 | 0.1687 0.07994 0.03936  0.01982  0.01012
1.3 | 0.1912 0.09781 0.05279  0.02947  0.01680
1.2 | 0.2199 0.1223  0.07280  0.04538  0.02915
1.1 | 0.2566 0.1560 0.1028 0.07171  0.05198
venb N = 10% = 10° gamm taxi pesyabrarn:

D=11 = (0.60 £ 0.04) N~ 192001
D=15 = (0.76 & 0.01) [y~ 1-35=£0-003,
D =20 = (0.81 £ 0.01) N 04520002,
D =3.0 = (0.75 £ 0.03) N 050001,

Orpumani 3Havenns MOKa3HUKa b MOXKYTh BKa3yBaTH Ha CKJIAIHINTY 3aJe-

JKHICTH V. BiJ] KIJIbKOCTI 9aCTHHOK MOPIBHSIHO 3 TPOCTOI0 Mojiesuiio (4.79),

nanpukiaag N In N abo it inmi koMOiHaILl.

Hespaxkaroun Ha Te, M0 MOKHW He BJIAJIOCA 3HANTH aHAJITUIHO BUPa3y

HJIA Ve, BUABJIAETHCA MOXKJINBHUM HpoaHaﬂiSYBaTI/I 3allpOIIOHOBaHy CTaTH-

CTUKY B O030HHII I'DpaHUIl MaJIUX ¥ 3 METOIO IEePEBIPKHU TBEPJXKEHHS I1PO

HEINIEPEPBHICTD TEPMOJAMHAMITHUX (DYHKITI.

Pipusinus (4.43), mo MOB’si3ye aKTUBHICTH, TEMIEPATYPY 1 KUIBKICTB

YaCTUHOK, Y IOJIOBHOMY TOPSJIKY JIa€

Na =

ZQ

= () o

(4.84)

Y rpanuni v — 0 mapameTp CTaTHCTHKHU JOPiBHIOE o ~ 1 + 7wy, a
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HU3BbKOTEMIICDATYPHY 3aJ1€2KHICTh aKTUBHOCTI MOXKHA II0JJaTN 4K

z=1+Az=1+A2 +iAzZ" Az <0, (4.85)

e Az 1 Az" — maui nonpasku j0 JiiicHOl #i ySIBHOT YaCTUH Z BIJIOBIIHO.
Orxe,

za =1+ A2 4+ iA2" +invy, (4.86)

0 ! (4.87)

1—za A2 +i(A +7v)

st mificuol it ysiBHOI yacTuH piBHstHHA Eq. (4.84) orpumaemo:

T\" Az
N — <ﬂ) (D) = —(AZ/)2 4+ (AZ”+7TV)27 (4.88)

AZ" + v
N = . 4.
v (AZ/)Q + (AZ” + ﬂ.y)Z ( 89)

Posp’a3kn maroTh BULJISIT:
, 1
A = — _ . (4.90)
N = (L) D) + oy [N = (£)
AZ"+ v = - N 5 = Im(za). (4.91)
[N — (L) g(D)} + (7vN)?

[TopiBHAHHS TTUX BUPA3iB i3 TOYHUME pO3paxXyHKaMU MOKa3aHo Ha puc. 4.7,
Jie BUJTHO JTy2Ke J00pe y3To/KeHHsI B HU3bKOTeMIIepaTypHiil 00J1acTi.

K MOykHA 3ayBaykKnUTH, Y bOMY HaOJIMKeHH] ysiBHA dacTuHa Im(za)
3aJINIIAETHCA JIOJIATHOIO, 0T Ke, HITKOl KpUTUIHOI TeMIIepaTypu B O030HHI
rpanuni ¥ — 0 #emae. Ile miaTBepKyIOTh 1 9UCEIbHI PO3PAXyHKH, SKi
JIAI0Th TUIAJIKI 3aJIE2KHOCTI TepMOJAMHAMITHUX (DYHKIINH BijJ TeMIlepaTypu

npn v < v,.
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Puc. 4.7. Re z (Bropi) ta Im z (BHH3Y) 1BOBUMIPHOI CHCTEMH TIOPIBHAHO 3 HaOJIMKEH-
mamu (4.90) 1 (4.91). Hani pospaxosano miaa N = 1000, v = 0.01 (3eseni kpyzkeuxn) i
v = 0.02 (uepsoni KBajpaTuky). HabimKeHHs TOKA3aHO 3€JI€HO0 Ta YePBOHOIO JIiHis-

MH, BiJITIOBIIHO.

4.6.4. lloBeninka tepmoamHamidyaux dpysKIii. Ha puc. 4.8 noka-
3aHO TeMIlepaTypHl 3aJIe?KHOCTI ySIBHOI 1 JIIfiICHOI YaCTUH BEJIMYUHU 2 B
OKOJTI TOUKU TTepeXo/Iy /I 3HadeHb [apaMeTpa CTaTUCTHKHI Oe3110cepe/THbO
HIUZKYE 1 BUIIE KPUTUIHUM U, Y JIBOBUMIPHOMY IpocTopi. PesyiabraTn jijist
JIesIKIX 1HITIX TPOCTOPOBUX BUMIpHOCTeH HaBegeHo Ha puc. 4.9. [ikaso 3a-
YBayKHUTH, 110 OOYUCICHHS 3 AUCKPETHUM I1ijicyMoByBanHsiM (4.36), (4.37)

3aMICThb HEIIePEPBHOIO MIJIXO/MY 3 IHTEI'DYBAHHAM IIPUBOJIAT JIUIIE JIO 3CY-
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BY TeMIIepaTypHUX 3aJIe2KHOCTell, 30epiraloun siKicHO TaKy caMy KapTHHY.
Leit 3cyB nponopitiiiauii 10 N -1/D , 1IOp. aHaJIi3 Jijist 603e-cucTeM y Ipali

[370).
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Puc. 4.8. Yasua (Bropi) i gificna (BHH3Y) YacTHHH 2z« IS JBOBUMIPHOI CHCTEMH
3 N = 1000 nmpu 3HaYEHHSAX HapaMeTpa CTaTHUCTUKUA V, OJU3bKHUX JI0 KPUTHIHOTO
v, = 0.035917... . Temneparypy 1" nogano B ommauigx hw. IlTpuxosi inii Bijgmo-
BiIAIOTh JUCKPETHUM ITiJICYMOBYBaHHSIM. BepTUKAIbHUMU JIHIAMU TO3HAYEHO TeMIIe-
paTypu 603e-KoHIeH callil 6e3 ypaxyBaHHs CKIHUeHHOCT] KibKocTi yacTuHOK (1"~ 24.7)
Ta 3 11 BpaxyBanuaMm (T ~ 23.6). Bianosignicrs kosbopis: 3esennit — v = 0.03; uepBo-
Huit — v — v, — 0; cuniit — v — v, + 0; 6y3koBuit — v = 0.037; gopuuit — v = 0.04.
TyT i gayi BepTUKaJIBHI JIiHIT, MO 3’€IHYIOTh Pi3HI TiJKK rpadikiB TPU KPUTUIHUX

TeMIlepaTypax, oKa3aHo I Kparol BizyaJTi3arlil.
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B okouii T, MO>KHa BUKOPUCTATH Take HaOJIMKEHHS:

zao =14+ x + 1y, (4.92)
Tax 1o
o T .Y
=—-1- 4.93
1 —za .7:2—|—y2+lx2—|—y2’ (4.93)

ne x,y — Mauti Beanannu. [logibamm criocobom Jijisd nostiiorapudgma oTpu-

MaEMO:

Lip(za) = Lip(1 + z +iy) = {(D) + A" + A", (4.94)
e A, A" nosnavarors MaJsii moupaBku J10 JiiicHol i ysIBHOT YacTHH, Bijilo-
Bigno; A, A" oc 2P~ ago A’ o xInz g D = 2.

IIpu T" — T, nonpaska y — (0, ToMy B IIbOMY BUIQJIKy 3 PIBHIHHSI

(4.43), BiKmIAI0YM HEXTOBHO MaJty ojnHuIio B (4.93), oTpuMaemo:

No/+ 2= (L ’ ¢(D), No'=2 (4.95)
x how ’ x? '
Otke, B rosioBHOMY HabJIMKeHH] JiificHa yactuHa Re(za) Oye
1
Re(za) =14+2z=1+ 7 : (4.96)
(7z) <(D) = Nof
ol gk Im(za) = y saiuiaeTbest MaJIOK0 JIOJATHOI BesmauHowo. Lleit

PO3B’SI30K MPABUIBLHO BiJITBOPIOE CIIOCTEPEZKYBAaHY 3MiHY 3HAKA ITOIPABKN
x, nuB. puc. 4.10. Takoxk 3Bijicn 6a4rMO, 110 JjIsT KPUTUIHOT TeMIIepaTypu
MOYKHA B3dTH rpyde HAOJIMKEHHs Y BUTJISI/TI:
Na' \ VP
)

OueBu/THO, 10 PO3B’SI30K, sIKIil BU3HAYAECTbCA piBHsAHHSIM (4.96), mae jo-

T, = hw ( (4.97)

Ope HAbIMKeHHs JIUIIe I TEMIEPATyp, 10 3a/I0BOJILHIIOTH YMOBY

(%) " D) - Nel| > 1. (4.98)
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Puc. 4.9. Besmunna Im(za) aya D = 1.1 (sropi), D = 1.5 (nocepeuni), ta D = 3
(BHU3Y) IIpM 3HAYEHHSX [apaMeTpa CTATHUCTUKHU I, OJIU3bKHUX 10 KPUTUIHOTO V. Kisb-
Kictb yactuHoK N = 1000. BigmoBizxicTh KOIBOpPIB: 3ejieHuili — v < V., YepBOHUMN
— v — v, — 0; cuniit — v — v, + 0; O6y3koBuit —v > v,.. Beprukanabui jiinii, 1mo He

36iraloTbcs 3 CITKOIO, O3HAYAIOTH TEMIIEPATypu 003e-KOH/IeHCAIil.
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Puc. 4.10. Beamunna Re(za) B 0koJ1i KpUTHIHOTO ITapaMeTrpa CTATUCTHKN YV, ipu D = 2

IOPIBHSIHO 3 aHAJITUYHUM HaOJIMKeHHAM 3 piBHsHHs (4.96) [1opHi neHKTHpHI JIiHil].
[rmmi kosmbopu — 4K Ha puc. 4.8.

6.0
CIN
5.0
\
4.0 -
—
//m \
3.0 \E
2.0 :
T
1.0
21 22 23 24 25 26 27

Puc. 4.11. Miiicaa gactuna muromol teroemuocti C'/N niast D = 2 npu 3HAYEHHSIX

CTATUCTUIHOIO MapaMeTpa v OJIM3bKHUX JI0 KPUTUIHOTO V.. BiloOBiIHICTH KOJIBOPIB AK
Ha puc. 4.8.

Pospus dyHKIIT 2 NTPUBOJAUTD JIO PO3PUBY Ha TeMIIEPaTyPHIiil 3a/1e2KHO-

CTi eHeprii, 3BJIKH MagMO HATAK Ha KPUTUIHY TOUKY, IO BiJIOBI/1ae da-
30BOMY II€PEXO/1Y IIEPIIOrO POJLY.

A BuHO 3 puc. 4.8, NIpr KpUTUIHOMY 3HAUEHHI TTapaMeTpa CTATUCTUKI
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V. Ha TeMmIepaTypHiil 3ajge;kaocTi Im(zar) € mik npu neBHii Temmeparypi
1, > T,. Bin nosunen sijinosijiaTu iHmomy ¢asoBoMy I1€PeX0JI0Bi, 1[LOro
pa3y B¥Ke Jpyroro pojuy, guB. puc. 4.11.

Tpeba TakoK B3sITH JIO yBaru, o TpaHiydHa 603e-cucrema (v = 0) mae
equHnit pazoBuit mepexij — 0603e-KoHIeHcaIio — y rpanuii N — oo mpn

TeMIlepaTypi

Tgrc = hw <%> I/D, (4.99)

ne D > 1. Ilpore, smume gist D > 3/2, mo signosigae ymosi D > 3
y BHUIAJIKY OJHOPITHOI cucremu, crocrepiraemo po3pus Ha Kpusiit C'(T)

(mix mpu D = 3), nopisu. puc. 4.12-4.13.

2
>
-

1.4

74

1.0 /
0.8

0.6
//
0.4 /
0.2 5
T/NY
0.0
0.0 0.2 0.4 0.6 0.8 1.0

Puc. 4.12. [Iuroma TenmoemMHuicTh 603e-CUCTEMU OCIUIATOPIB Y MPOCTOPAX BUMIPHOCTI
D = 1.3 3 piznoio kinbkicTio gactunok N. Yopwi mginii — N = 10?; gepsoni — N = 103,

sereni — N = 10%, cuni — N = 10°, 6yskoBi — N = 10°.

Otke, 710 BUMipHOCTel ipoctopy [) > 1 1noBUHHA iCHYBATH Il Tpe-
Tsl TOYKa, [TePEXO/1y, OCKIJILKU B O3HaUeHIil JPOOOBIit CTATUCTUIN Y TPAHUII
N — oo kputnununii napamerp v, — 0. Lls npobisiema 1ie BumMarae okpe-
MOTO JIeTaIbHOTO anasizy. [likaBo 3ayBaKuTH, 1110 TIPO aHAJIOT KOHJIeHCallil
Bose-Aiinmraiina y cucremax 3i 3Bu4aiiHoto craructukoro [lomixporakoca

(3 mificHuM mapameTpoM) moBigoMsn y mpari [202].
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Puc. 4.13. Tlutoma TemnmoeMHicTh 003€-CUCTEME OCIUISATOPIB y IMPOCTOpaxX Pi3HOI BU-
miprocti D 3 pisnoro kinbkictio gactunok N: D = 3/2 (sropi), D = 2 (mocepeui),
D = 3 (Bum3y). g nBox ocraHHiX BUIAJKIB y rpaHuri N — 00 MaeMO PO3DHB 3
Clr_r—o > Cly_yg, 1o JopHi minii — N = 10?; gepsoni — N = 10%, seeni — N = 10%,

cuni — N = 10°, 6yskosi — N = 106,
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4.6.5. HuspkoremneparypHa obJiacTh i y3arajJbHEeHHS pe3yJibTa-
TiB. B HusbkoreMneparypHiit 06/iacTi aKTUBHICTH 3aJUIIAETHCS MalizKe
CTAJIOI0, MMPUIOMY 2« OJIM3BbKE JI0 OJIMHUII, & MOJILIorapudM MOXKHa, 3aMi-

HUTH Ha J3eTa-PyHKI0 PiMana
Lip(za) ~ ((D) (4.100)

3 TOYHICTIO JI0 MOMPaBOK mopsiaky 1/N y miiicHiil i ysiBHI# d9acTmHi.

Tomy eHeprist 3 100pOK0 TOUHICTIO HAOY/IE BULJISIILY:

E=(a —id"YhwD | — (D), (4.101)

a OyIb-sIKi CyTTEBI BIJIXMJIEHHSI BiJl 1[bOI'0 HAOJIMKEHHsI MOXKJIUBI JIMIIIE B
6e31ocepeTHHOMY OKOJII KPUTHIHOI TeMITePaTyPH.

HusbkoTemnepaTypHaa MoBe/liHKa TEIJIOEMHOCTI aHaJI30BaHOI CUCTEMU
BIITBOPIOE Pe3Y/IbTaTH JJisi [D-BUMIPHOTO iJleaITbHOTO 003e-ra3y rapMOHi-

YHUX OCIUJIATOPIB 3 TOUYHICTIO JI0 MHOXKHUKA,

C = (o —ia")D(D + 1) %) (D). (4.102)

Ha puc. 4.14 nokazano JificHy YaCTUHY TUTOMOI TEIJIOEMHOCTI JIJIst
D =2 N = 1000 y mupokoMy mialtazoHi TeMIepaTyp, BKJIIOYHO 3 BUCO-
KOTeMIIepaTypHO 06/1acTio (Buile Bij TeMiepaTypu Gha3oBOro Mepexo;y )
1 00/1aCTI0 HU3BKUX TeMIIepaTyp. YsSBHY YaCTHHY IIUTOMOI TEIJIOEMHOCTI
HaBeJsieHo Ha puc. 4.15. PesynbpraTn jijist AesIKUX IHIINX BUMipHOCTEl IIPO-

cTopy nokaszaHo Ha puc. 4.16.
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Puc. 4.14. Miiicaa gacruna muromol remtoemuocti C'/N aBoBumiproi cucremu, N =
1000, nyia pisaux 3Ha4YeHb HapaMmeTpa cratuctuku. JYopua jminiga — v = 0.0; yepBona —
v = 0.1; cBiTmo-3enena — v = 0.2; cung — v = 0.3; omakuraa — v = 0.5. [Iynkrupni
JHIT BiANOBLIa0TE 3HaYeHHsIM, 6Jn3bkuM 10 ve: v = 0.03591 < v, (remuo-3esiena) i

v = 0.03592 > v, (6y3koBa).

15
O/N

1.0

0.5

0.0 —

-1.0

-15

Puc. 4.15. Vapua wactuna tmromol rermtoemHocti C'/N neoBumipaol cuctemu, N =

1000, ns pisHUX 3HAYEHDb TapaMeTpa cTaTUCTUKH. Kombopu gk Ha puc. 4.14.
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Puc. 4.16. [iiicna gactuna nuromoi Tertoemuocti C'/N D-umipuol cucremu, N =
1000, s pisHMX 3HA4YEHb IapaMerpa cTaTucTuku. Bepxwiit rpadik — D = 1.1, ce-
peaniit — D = 1.5, amxkwniit — D = 3. Yopua Jjiniga — v = 0.0; wepBona — v = 0.1;
cBiTo-3enena — v = 0.2; cung — v = 0.3; 6irakurna — v = 0.5. [Iyakrupni jinii Bij-

[OBIIAIOTH 3HAYEHHAM, OIM3BKUM JI0 V.. V =< U, (TeMHO-3eJIeHa) 1 v > v, (6y3KoBa).
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3pos3yMmijio, 10 (i3MIHO HIKABUME € JIMIIEe Ti CHCTEMH, Jie ysIBHaA da-
CTHUHa& eHepril MaJjia, a OT»Ke PO3CIIOBaHHS BCe Il J03BOJIsSI€ TPpaKTyBaTh
cucreMy sk Maiizke piBHOBaxkHy. 3 piBHsiaHst (4.101) BujHO, 1110 y HU3BKO-
TeMiepaTypHiit obsacti BignosinHa ymosa |I'/ E| < 1 BUKOHY€TBCsI, SKIIO
v K 1, ToJl 9K JUId BUCOKUX TeMIlepaTyp YsBHA YacTUHA eHepril mpsi-
My€ 110 Hyasd, auB. miapo3ain 4.6.1. Ak gemoncrpye puc. 4.17, BigHormen-
ua |['/E| mactipaB/ii KOHTPOJIIOETHCST HU3BKOTEMITEPATYPHOIO MOBEIIHKOIO

eneprii, nopisu. Bupas (4.101), orxe,

(4.103)

re
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0.0 20.0 40.0 60.0 80.0 100.0

Puc. 4.17. Binnomenns ysBrHOi yacTuu eHepril jgo aificaol I'/E npu D = 1.8 misa
PI3HUX 3HAYEHDb MapaMeTpa CTATUCTUKE. BiImoBimHiCTh KOMbOPIB (JiHIT BIIOPSIKOBAHO
sropu JIoHu3y ): yepsonnii — v = 0.05, 3estenuit — v = 0.1, cuniit — v = 0.15, 6y3koBuit

— v = 0.2, bnakutHunit — v = 0.25.

4.7. BucHoBku o po3aiay 4

Y IbOMY PO3JIiJ11 3p00JIECHO JIOKJIATHUI aHa i3 TePMOINHAMIUYHAX BJIACTH-
BoCcTell cucTeMn [D-BUMIDHUX 130TPOIMHUX TAPMOHITHUX OCIUIATOPIB, SKi

i IKOPAIOThCs cTaTucTuill Ilosmixporakoca 3 KOMIIIEKCHIM ITapaMeTpPOM.
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OKpeMo JI0C/TIIZKEeHO 3aJiady B OJHOBHMIPHOMY IIPOCTOPI, B sIKiii yci pe-
3yJIbTaTH MOYKHA OTPUMATH aHaJiTUYIHO, Ta BUIaJO0K [ > 1, je moTpibHo
poOOUTH YHCeIbHI PO3PaxyHKH.

Y BHCOKOTEMIIepaTypHiil rpaHulli, sik 1 MOTPIOHO OYiKyBaTH, OTPUMAa-
HO KJIACUYHI Pe3yJIbTaTH, sKi He 3aJieXKaTh BiJl TapaMeTpa CTaTUCTUKU V.
31 BHUKEHHsIM TeMIIepaTypu B CUCTEMI IepedadeHo icHyBaHHS (Hha30BOI0O
[Iepexojly IMepIIoro pojy 3a TeMmiepaTypu 1., MO BU3HAYAETHCI 3 YMOBU
Im(za) = 0. B omHoBUMIpHOMY BHIIAJIKY i€ IPUBOAUTE JI0 MHOYKUHE 3HA-
JeHb KPpUTUIHUX TeMIepaTyp 1 c(k), 3 dKWX JiIe HaitBuia 7 0(0) BIIIIOBITa€
dazoBoMy TTepexoty, IKUil y MPUHITUII MOXKHA CIOCTEPITaTH eKCIePUMeH-
TaJILHO B MEXKaX JIOCSYKHUX TOYHOCTEf BuMiproBamb [88].

Y npocropi 3 D > 1 Bijnosiianit ga30Buil rmepexiji BiIOYBAETHCS JIAIIIE
TOJIi, KOJIN 3HAYEHHs v OLIbINE 3a Jiesike KPUTHIHE V., 10 BU3HAYAETHCS
KLJIBKICTIO 9aCTUHOK 1 BUMIPHICTIO TPOCTOPY. © TaKUX CUCTeMaX KPUTUIHA
TemiiepaTypa 1. 3MEHIIYeThCs 31 3POCTAHHAM 3HAUEHHS [TapaMeTpa CTaTu-
CTUKH V JIJIsi OLJIBIIOCTI IIpoaHa/i30BaHuX BUMipHOCcTeil mpocTopy. e criiB-
BITHOIIEHHST 3MIHIOEThCsT Jininie 3 HabsmykeHHsiM 10 D = 1 (y po3paxyHKax
D = 1.1). Bignosigni aHaiiTH4Hi ONIHKK MOYKHA 3pOOUTH Ha MiJCTaBl PiB-
astanst (4.77).

Ao v = v,., To 3 HeaHAJITUIHOCTI TeMIIepaTypPHOI MTOBEIIHKI aKTHB-
HOCTI MOXKH& 3pOOMTH BUCHOBOK IIPO ICHYBaHH IIIe OJHOIO (pa30BOIrO IIe-
pexojty (jpyroro pojy) upu remueparypi 1, > Tr.

Y HEU3bKOTEMIIepaTyPHiil FpaHuIll criocTepiraeMo 0603e-1101i0Hy IOBEIiH-
Ky TepMOIUHAMIYHIX DYHKINH 3 TOYHICTIO 0 MHOKHIKa o = e ™. Ha
MJCTaBI 1€l IpaHMIl MOYXKHA TaKOxK BCTAHOBUTHU YMOBY 3aCTOCOBHOCTI 3a-
IIPOITOHOBAHOI CTATUCTUKYN y BUNIsI Y K 1, sdka 3abe3medye MaJii 3Ha-
YeHHS ySIBHOI YaCTUHU €Hepril CUuCTeMHU.

Jesiki nuTaHHA Ha JAHUI MOMEHT 3a/IUINAI0OTbCs BIIKPUTUMEI. 30KpPe-



168

Ma, JI0 HUX HaJIe?KUTh MOC/IJ0OBHE aHAJITUYHE BUBUYEHHS] KPUTUYHOI'O 3HA-
YeHHs MTapaMeTpa CTATUCTUKK Ta MOBEIIHKK TEePMOJIMHAMITHUX (DYHKITIT
B OKOJII TOUKH (ha30BOr0 IMepexojly. 3 MepiinM 6e3MmocepeHbLO OB’ 3aHe
O3Ha4YeHHA KpUTUYHOI TemiiepaTypu 1), epej16a4eHoro nepexojy 3a THIIOM
603e-konIeHcalil. Cdme 3'sgcyBaHHs aHAJITHIHUX BJIACTUBOCTEl V. J103BO-
JINTh HPOSICHUTHU JeTaJi Iboro ¢gaz3oBoro mnepexoay. OKpiM TOro, yTOIHEeH-
Hsl TIOBEJIIHKN TePMOJIMHAMITHIX (PYHKINH 1100113y T, BUMarae TOYHIINX
BUpa3iB JjIsT 00EPHEHOro ToJiiorapudma.

MozkJIMBOCTI eKcliepruMeHTaIbHOI IEPEBIPKU SIBUIIL, ITepei0adeHnX y it
pPOOOTI, BINPAIOTHCSA B ITPOOJIEMY MPUTOTYBAHHA PeabHOl (DI3UYHOI cucTe-
MHI, Ky MOXKe OIHICYBaTH 3allpolloHOBaHa cTaTncTuka Ilosmixponakoca 3
KOMILJIEKCHUM TIapaMeTPOM.

Ax yzxe Oys10 3a3Ha4€HO, sIBUIA, OIUCAHI B IIbOMY PO3/IiJi, MAaIOTh CTO-
CYHOK JI0O peaJibHUX (DI3UYHUX CHCTEM 3 MaJioro jucurianiero. Hacamie-
peJi, 1e MOXKYTh OyTH 0030HM B 30BHINIHLOMY MOTEHIIA, (popMa AKOTO
Bu3Havae edekTuBHy BUMipHicTh TpocTopy D [310]: 6o3e-cucrema 3 KBa-
JPATUIHUM CIEKTPOM B S-BUMIpHOMY IIPOCTOPI, IMOMIiIlleHa B 30BHIITHIil
norentian V(r) o r'; uepes (pyHKIIIO T'YCTHHI CTAHIB €KBiBaJI€HTHA JI0
CUCTEMH TaPMOHIYHUX OCIIJISTOPIB Y MPOCTOPi 3 e(peKTUBHOI BUMIPHICTIO
D = 5(142/n)/2. B ekciepumenTax HaifdacTiiie 3aCTOCOBYIOTH MrapMOHi-
gHi macTku (n = 2), orxke D = S| i ToMmy HafibLIbIIIIT IHTEpEC CTAHOBIISITS
punaiku D = 3 ta ocobmso D = 2.

o Taxoi xk ymoBu D = S HIpUBOIATH 1 CUCTEMHU 3 JIHHITHUM CIIEKTPOM,
SIKII BIJIIIOBI1a€, HAIPpUKJIal, (POHOHHIN Tl CIIEKTPY eJIeMeHTapHIX 30Y-
JIKeHb pigkoro remito-4. Ha gomarok, 3miny 3HadeHHs 2 < D < 3 MoxKHA
PO3IVISLIATH sK IIJIABHUI Mepexisi MizK IJIOCKOIO i 00’€MHOIO TeOMeTPisgMu
JIJIs1 MOJEJIIOBAHHS ILJIIBOK PI3HOI TOBIIMHUA 3 METOI0 BUBYEHHS ITPOIECIB

Ta KPUTUYHUX $IBUII Y reieBux 1iiBkax [263, 361, 371] abo nmoBepxHeBux
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eJIEKTPOHHUX cncreMax [372].

Jpobosa mpocropoBa BuMipHicTh 2 < S < 3 TaKOXK CJIYIye€ SIK MO-
JeJTh TOPUCTOTo cepejioBuiia [271], a Tomy 6030HHI cucTeMu 3 KBapaTH-
YHUM eHepreTUYHUM CIIEKTPOM BIJIIIOBIIAIOTH TaPMOHIYHUM OCIUJIATOPaM
31 <D <3/2.

OKpiM TOTO, BUABJISIETHCA MOYKJMBUM BCTAHOBUTHU HAOJIMKEHY BIJIIIO-
BIJIHICTH MIYK 3allpOIIOHOBAHOIO CTATUCTUKOIO Ta JIEIKUMU 1HIITUMU THUIIa-
MU CTATUCTUK, 30KpeMa 3 eHloHaMu, craTucTukoo [omreitna— By, a Takox

g-iedbopMoBaHIMEI OO30HAMIU.
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PO3/IIII 5

JABOITAPAMETPUYHI IPOBOBI
CTATUCTUKUN

5.1. Beryn

[Ticsst BikpuTTst ipoboBoro keaunToBoro edexty Losta [136], mis nosicHe-
HHsI IIbOI'O sIBHIIA OYJI0 3aIPOIIOHOBAHO HU3KY Teopiil. 30Kpema, MOoJIeJi
30y/12KeHb 13 JipoboBIM 3apsiioM posriisiaasi Jladiin [137], Tammnepin [138],
Aposac ma in. [140]. Enionn BBaxKkaim 3a MOKJINBUX KaHJAUJATIB Y Taki
kBaziuacTunku [138,; 140].

Yaarajbuennii npunin [ayi, 3anpononosanuii losieitnom [141], 1 mo-
JlaJiblle BUBEJIeHHsT (DYHKIIIT pO3IO/IiIY B TaKiil HOBiil cTaTHCTHI, sIKe 31111~
cuug By [142], 3anouarkyBajin BUBYEHHsI TaK 3BaHOI dpo0060i BUKAOUHOT
cmamucmuku (ABC; anrm. fractional exclusion statistics — FES). Busiu-
JIOCsT, TI0 BOHA OIWCYE eHioHW Ha HajiHmxdomy pisai Jlammay [143], mpore
oBHOI BignosigHocTi M2k JIBC Ta eHiOHHOIO CTaATHCTUKOIO BCTAHOBUTH HE
BJIAE€THCS.

Omnuc enioHiB B MexKax CTATUCTUYHOI MEXaHIKU IIOKH 1[0 He MOYKHa BBa-
JKaTH MOBHUM. TpPYIHOII BUHHKAIOTH HABITH Y CHCTEMI HEB3AEMOJIIOUNX
eHIOHIB Yepe3 MPHUCYTHICTH cTarncTuvHol B3aeMoil [373|. [lutanus 3maxo-
JKeHHs BUpa3y g PYHKINT pO3MOJILTY B €HIOHHIM CTATUCTUIN 3a/InIa-
€TbCsl BIKPUTHUM: BJAETHCS BCTAHOBUTH II€BHY HaOJIMXKEHY BiIIOBIIHICTH
3 KiJIbKOMa BIJJOMUMH THUIIAMHU JIPO0O0OBOI CTATUCTUKM Ha IIJICTaBl BUPa3y

JIJIsL IPYTOro BipiasbHOro KoedillieHTa, aJjie BCi BOHU He Jal0Th KOPEKTHOI'O
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pe3yJIbTaTy BKe Ha piBHI TpeThoro BipiasibHoro Koedimienta [33, Chap. 5.
Tomy jiBorapamMeTpudHa CTATUCTHKA BUJIAETHCS JO00POIO aJbTepHATHBOIO
JIIsT TIOOY/IOBM TOYHIIIO! CTATUCTUKO-MeXaHIuHOI Mojiesti. Bapro 3ayBazku-
TH, IO JABONAapaMETPUYH] y3araJbHeHHs CTATUCTUKHI HEIOCTATHRO ITHPOKO
BijjoOpazkeni B JiiTepaTypi. [lepeBakino BOHU I'DYHTYIOTHCA Ha TaK 3Ba-
HUX @-JedopMallisix KOMYTaliiiHIX CIIiBBIJIHOIIEHb MiK OllepaTopaMu I0-
pOJKeHHsI 1 3HuIeHHs, 1opiBH. [351, 374-378|. Jesiki ys3arajbHeHH:, 1110
MalOTh CIILJIBHI PUCH 13 3alTPOIIOHOBAHUMHU B IILOMY PO3/ILI1l, KOPOTKO IIPO-
anasizyBas Kaniamakic [379], mpore Ha mijcrasi Jermo iHIMX MipKyBaHb.

PosrnsgnyTy B IbOMYy pO3IiIl TBOAKY MOJNMIKAINIO CTATUCTUKI OTPU-
MYIOTH Tak. Hacammepe, 10 MiapaxyHKy KiJTbKOCTI MIKPOCTaHIB BUKOPH-
crano migxoman [omixporakoca [126] ta JIBC Tomgeitna—By [141, 142]. 1le
HPUBOJUTD JI0 3MiHU hopMU (PYHKIIT PO3MOJIIY MOPIBHAHO 31 CTATUCTHU-
kKoo bosze abo @epwmi 1 jae oauH napamerp Mogesi. HacrymauM Kpokom
BUKOHAHO JiechopMalliio ribOCIBCHKOI0 MHOXKHUKA, 110 3abe3Iedye JIpyruit
napaMeTp CTaTUCTHKU. 3 II€I0 METOK MOXKHA BUKOPUCTATH (-€KCIIOHEHTY
[Masmica. Crpasii, HeekcTeHcuBHY crarnctudny Mexaniky [lammica [147]
3aCTOCOBYIOTH 30KPEMa JI0 CHCTEM i3 JAeKOCSyKHIMI B3aeMolisamu |148]
— a caMe Taka CTATHCTHYHA B3a€MO/Iisl MPUCYTHS B cncreMi emionis [31].
BayBaxkMo, OJHaK, 10 JedopMalliss eKCIOHEHTH TYyT (HheHOMEHOJIOTidHa, 1
Ha JIOJIATOK TAKOXK PO3IJISTHYTO TaK 3BaHy HeroBHy craructuky [208, 209).

Tak 3BaHI HEEKCTEHCHBHI y3arajbHEHHsI cTaTUCTHK DBose—Aitamraiina
ta @epmi—/ipaka Bijiomi jgocuts jgasao (205, 206, 380, 381|. IIpore Tyt
BapTO 3BEPHYTU yBary Ha TpuBaJie TePMIHOJOIIYHE HEIOPO3yMIHH 111010
HEEKCTEeHCHBHOCTI Ta HeaUTUBHOCTI, TIPO sIKe JIeTaJbHO CKasaHo B [382].
Bokuaroun Hajasi TepMiH “HEeKCTEHCHUBHICTH' Ta IOXiJHI BiJl HHOTO Ma-
TUMEMO Ha yBa3i IepeBaykKHO HeaUTHBHY IPUPOJY E€HTPOINI i 1MoB da3aHi

3 HEIO ¢-C€KCIIOHECHTHU L[anﬂica. Ha 3araJi, oaHak, TepMiHI/I HeerCmeHcueHa
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CAMUCTNUKG Ta, HeadUMUEHA CMAMUCMUKG, TTPOJOBKYIOTH CIIBICHYBaTH
y HayKOBIil JlitepaTypi ik B3aeMo3aminHi, nopish. [383].

Pesysbraru 1p0ro possity omybsikoBano y crartsx [72, 76, 87, 90, 91].

5.2. BipiajpHe 1 KjlacTepHe PO3BHMHEHHH

st 3py9IHOCT] BUKJIaIy BapTO HaraJlaTh 3B’SI30K MiXK BipiaJbHUM 1 KJIa-
CTepPHUM PO3BUHEHHSMU Yy CTATUCTUYHIN MeXaHIIl Jjisi KOHKPETHOI'O0 BU-
[a/IKy JIBOBUMIPHOI CUCTEMHU.

PiBugnng crany ABOBUMIPHOI CHCTEMHU Y TPAHUIN MaJUX T'YCTUH 1 BUCO-
KX TeMIIepaTyp MOKHA 3allMCATA y BUIJISIl TAaKOT'O BIpiaJbHOT'O PO3BUHE-

HHA:

% = P2 [1 + bg pg)\Q + bg (p2>\2)2 + .. ] X (51)

ne p — tuck, T — abcosorHa Temieparypa, po = N/Vo — nsoBumipHa

rycrusa (KOHIEHTpallis) cucreMu, mpudomy TyT N — KiJIbKICTh 9aCTHHOK,
Y

a Vo — mtomia, gKa BUCTyTae aHajgorom od’emy. Bennmanna

2mh? 1/2

mT

\ =

— JIOBXKWHA TEIJIOBOI XBUJI Jie Bpoiiis qacTuaku 3 Macoro m. MHOKHUKN
b; — 3HEpo3MipeHi j-Ti BiplajabHi KOeDIIIEHTH.

3 ixrmmoro 60Ky, BeJINKY CTATUCTUIHY CYMY = MOYKHA 3aIllUCATH Y BUTJIAI
KJIACTEPHOTO PO3BHHEHH:, TOOTO psaiy 3a aktmshictio z = e! | e p —

ximiarmit morenmian |33, Ch. 4]:

(1]

1 o0
GInE= ;Bgzg. (5.2)

Koeditientn poskiaty By Ha3suBaoTh KJIaCTEPHUMU iHTerpaJiaMu. 3a iX
JIOTIOMOTOI0 MOYKH& pO3paxyBaTH BipiaJibHI KOeMIIieHTNn 3aBIIKI TEePMO-

JIMHAMIYHIM CIIBBIJIHOIIIEHHSIM, 110 TIOB’SI3YIOTHh TUCK 1 T'YCTUHY 3 BEJIUKOIO
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CTaTUCTUYHOIO CYMOIO, a CaMe:

p_ 1. _
—=—InZ=(z, V5, T 5.3
T Vs n (Zv 2, )7 ( )
1
N 0 (1
= —=z2— | —1InZ= i 5.4
== (=), (5.4)
BacrocoByioun KjacrepHe pospunenHst (5.2) 1o piBasiHHs ctany (5.3),
OTPUMAEMO:
> Bt = (Z ezs’g,zf) 1+ by A (Z asy%) +.. (5.5)
=1 =1 =1
3BijicH Bipasy MaeMo 3B’s130K:
B,
boA? = —— 5.6

1 JIJIsT BUIMX BiplaJibHUX KOeMIMieHTiB MOYKHA aHAJOITIHO OTPUMATH Pe-

3yJIBTATH, TTPUPIBHIOIOTN KOEDIMIEHTH TP OJIHAKOBUX CTeleHsX z |384]:

By B

bsAt = -2 442 (5.7)
B} B
B B.B B3

b\ = —3B—;j + 18% - 205—%, (5.8)

106 3HaiiTn Bupas Jist (DYHKIHT PO3IO/ILIY (dHceT 3all0BHEHHST ) €HIOHIB

N, TaKUN 110
N=> gmn; (5.9)
J

Jle cyMa Impodirae 3a BCiMa MOYKJINBUMU PIBHAMUI €Heprii 3 BUPOJIZKEHHIMU

g, TIEPeINIIeMO e PIBHAHHA Y BUIJISIL:

N 1
J
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Ockiibku dyHKIOHaIbHA 3aJIe2KHICTDh nj BiJl enepril piBHgA €; HeBijoMa,
MU PO3IVISIATUMEMO KiTbKa MOJIMMIKAIIN CTaTUCTUKU, TIEPEBIPSAIOUN TIPHU-
JIATHICTBL MOJIEJI JIJIsl OIIUCY €HIOHIB Ha I1ICTaBl BUPa3iB Jijisl APYTOro 1 Tpe-
THOI'O BipiaJibHUX KoedirieHTiB. [lepe 1uMm, oHaK, IpoaHai3yeMo OJTHO-

napamMeTpuyHi Ipo0oBl CTATHUCTUKMA.

5.3. 3B’A30K Mi»XK PI3HUMU TUIIAMMU

Apo0OBOI CTATHUCTUKUA

5.3.1. BipiagbHe po3BUHeHHsI AJd eHIOHIB. /[l 10JaJIbIIOro Bu-
KJIaJIy KOPUCHO NPUTraJiaTh BiplaJbHE PO3BUHEHHS 1J1€aJIbHOI'O JIBOBUMIP-

HOTO Ta3y 3i crarucTukorn Pepmi abo bBosze:

1
%:m <1ﬂ:1p2)\2+...>, (5.11)

Jle BepXHiil 3HaK BiIIOBiIae dpepMioHaM, a HIXKHiT — Oo30HAM, TOOTO JAPYTi
BipiabHi KoedinienTn OyayTh BiOBIIHO:

1 1
5 =+ [ — (5.12)

b
4’ 4

300pa3uBII BEJUKY CTATUCTUYHY CYMYy 4epe3 CTATUCTUUHI CyMHu 2y

cucreMu N 4aCTUHOK

0
==Y Ny, Zy=1, (5.13)
N=0
i3 KJIaCTepHOro po3BUHEHHS (5.2) MaTUMEeMO:
A 27y — 72
By = —, By = —, ce 5.14
=2 = (.14
Jle BpaxoBaHo poskJajl jorapudma In(l + z) = z — 2?/2 & ..., abo s
JIpyroro BipiaJibHOro KoedilieHTa:
Vo 272y — 73
by = — 22722 71 (5.15)

A2 272
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LieanbHuil eHIOHHNIT ra3 MOXKHA PO3IVISLIATH sIK B3a€MO/Ii04nii 603e-ras.
3BazKaloun Ha, Te, [0 OJJHOYACTHHKOBA CTATUCTUYIHA CYMa /41 HE 3aJIe2KUTh

BiJI CTATUCTUKU, TIEPENUIIEMO by y BUTJIS/II:
B EZQ(O() — Z5(0)
N7z

1e bo(0), Z5(0) BimmosimaoTs ineambHOMY 003e-ra30Bi, a mapamerp a €

[0; 1]. Bapro 3a3HaunTu, 1110 yci 11i BUpasu MalOTh CEHC JIUIIE B TEPMOJIH-
HamivHiil rpanuii Vo — oo.

Bajiauy Jaii 3pyvHO PO3LJISIATH, MOMICTHBIIN CUCTEMY B OCIISITOD-
HU#i TOTEHIia 13 4acTOTOI0 W 9K peryiaarop. OIHOYACTUHKOBY CTATHCTH-
YHY CyMy JIETKO PaxXyeMo, 3Baykaioun Ha crektp F, = (n+ 1)hw, npuaomy
BUPOJI?KEHHSI N-T'0 PIBHS JOPIBHIOE N + 1:

> 1

Z1 = Z(TL + 1)67(n+1)ﬂm = w (517)
2

—o 4 sin

Y IBOYACTHHKOBIi 3a/1a4l IepeiiieMo 10 CUCTeMU IEeHTPa MaC, 3aIllCaBIIN

30BHINTHIN ITOTEHITIAJT SIK
2

w
w?(r? +13) = 2w*R? + ?rQ, (5.18)
1e pajiyc-BekTop nentpa mac R = (r; +11)/2, ar = ry — r; — BigHOCHA
Bl 1aJIb.

Y IBOYACTUHKOBINT CTATUCTUUHI CyMi MOXKHA BUJILJIUTH BHECOK IEHTPA

MacC:
Zy = 712y, (5.19)

IpUIoMy Zq TYT y2Ke BIIINOBiJa€ OJHOYACTUHKOBIHI 3a/adi 3 9acTOTOIO

2

w2 = 2w?, mus. (5.18). 3pazkalouu Ha Te, 10 eHepreTHuHUI CIeKTD 3a-

Jdadl JBOX €HIOHIB Ma€ /Bl I'lIIKH,

EW

n

(2n 4+ 14 a)hw 3 Bupojzkerusim 1 + 1,
E® = (2n+1—a)hw 3 supomkenusm n, te n = 0,1,2,3..., (5.20)

n
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OTPUMAEMO CTATUCTUYHY CYMY:

e.¢]

Zy = Y. [(n 1) Crilaliie | - (ntl-a)dhe

n=0

h(1 — hew
= = ( 2&)5 : (5.21)
2 sinh® Bhw
Bupaz (5.16) MoxkHa Tenep MepercaT Tak:
Vo Zy(r) — Z5(0
bo(ar) = bo(0) — 2 2200) = 22(0) (5.22)

A2 1
Jami gjas cupolleHHs IepeijgeMo 10 TepMOJAMHAMIYHOI I'paHuUIll, 10 BiJ-
noBijgae w — 0. BpaxoByroun, 1mo 3 0JHOIACTUHKOBOI 3a/1a9i MOXKHa BCTa-

9 . . 2 . .
HOBHUTHU 3B’$130K MIZK CTATHCTUIHOIO CYyMOIO Z1 = Vo/A® i 9acToTOI0 30BHI-

ITHBOTO TOTEHIaTy, MaTuMeMo 3 (5.17):

Vs 1 2
N PR T B A (5-23)

Jle 9epe3 /1 BKe MO3HaIeHO BIAMOBIIHUK y JBOYACTUHKOBIHN 3aa4il. Tpe-
6a 3a3HAYNTH, 10 BHACJIIOK PEry/aspu3aliil oCIMJIATOPHIM ITOTEHIIaI0M
y KJacrepHux koedimientax morpibno pobutu nepexin B, — (B, [33,
Chap. 4.

[Ticsis eemenTapHUX IepeTBOPEHb, Oepyun 0 yBaru Jpyruil Bipiajb-
Hnit Koedirient ineanproro 6oze-razy (5.12) by(0) = —1/4, ocrarotano

MaTUMEMO JIJIsl JIPYToro 1J1eaJbHOTI0 €HIOHHOT'O ra3y:

bo(ar) = —%(1 — da + 207). (5.24)

[likaBo, 1o /st & = 1 oTpuMyeMo npaBuibHy depmionny rpaxuiiio (5.12)
bo(1) = +1/4.

st Bummmx BipiaJibHUX KOeMIIEHTIB aHaJiTUIHI Pe3yIbTaT He BijoMi
depe3 ckiaajHicTs 3agadi N > 3 ewnionis [385|. Bapro Bigsmauntn, Ha-

NIPUKJIaJl, TaKe TOYHE CIIBBIJIHOIIEHHS CUMETPIl /111 TPETHOI'0 BipiaJbHOTO
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koedirienta 33, 386, 387]:
bg(Oé) = bg(l - Oé). (525)

Orpumani Bupasu Jijis BipiaJbHIX KOeIIiEHTIB MOYKHA BUKOPUCTATH 3
MEeTOIO BCTAHOBJIEHHSI BIJIIIOBIJIHOCTI MIK €HIOHHOIO CTATUCTUKOIO Ta 1HIIN-
MI BUJIAMH JPOOOBUX CTATUCTUK. BUAB/IAETHCsI, IO »KOJHE 13 OIMCAHUX
y3araJbHEeHb KBaHTOBOI CTATUCTUKU He Jia€ TOYHOI Bijmosigrocti [33], i
BJIAETHCA 31CTABUTH JIUIIE JEeAKl BUJIU CTATUCTUK 3 IIEBHOIO TOYHICTIO.

Hampuknan, ineajabpanii JBOBUMIpHHEIT ra3, M0 M1 IKOPSIETHCI CTATHCTHIN

Jxkenrisie 3 d > 2, mae japyruii Bipiasbuuii koedimient (1.40), (5.12)

by = by = —i, (5.26)
10 HiSIK HE BIAETHCS 3icTaBUTH 3 BipiasbHuM KoedinienTom enionis (5.24)
bo(a) = —1(1 — 4o + 2a?), 3a BuHATKOM Xi6a 1110 TPHBIAILHONO 3HAUCHHSI
a = 0.

3 piBustang (1.50) apyruit Bipiagbauii KoedirienT i1eaJbHOTO JTBOBH-

MipHOTO Ta3y 3i cratucrukoio [oeitna—By j1opiBHIOE:

1
bW — 7(29—1). (5.27)

[TopiBHIoOUN iforo 3 apyrum BipiagbHuM KoedimienTom enionis (5.24),

OTPUMAEMO 3B’I130K MIZK T1apaMeTpaMi CTATUCTHK ¢ Ta (v:
g=2a—a’. (5.28)

[TomibHO 110 1BOTO, 3iCTaBJIAIOYN BipiaJbHUIT PO3KJIaJL €HIOHIB i3 pe3yJibTa-

ToM Jijts1 cratuctukn [losixponakoca (1.55)
1

Jle B3ATO JI0 yBarum 0030HOMOIIOHUN TUIT cTaTuCTUKN 3 ¥ < 0, oTpuMaemMo

3B’5130K MiK IapaMerpamu ¥ it a:

v =4a —2a* — 1. (5.30)
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[Ipote naBeseni pe3yabTaT He JAIOTH 3MOTH MMOBHICTIO OTOTOKHUTH CTa-
TUCTUKY €HIOHIB Hi 31 craructukoio ['oseitna—By, Hi 31 ctaTucTuxoio Ilo-
JIIXpOHAKOCA: ByKe TpeTiil BipiaabHuil KoedilienT y Hux He Oyjie 30iraTucs
|33, Chap. 5.

TakoxK He BJAETHCA 3HAWTH MOBHY AHAJIOTIIO CTATUCTHUK, OIMUCAHUX Y
pozaini 1.3. Tak, y BucokoTeMIepaTypHiil TpaHuIll PiBHAHHA CTaHy y CTa-
tuctuni J[>kenTtise mae Juine 6030HOIOMIOHY ITONPABKY, Ha BIJIMIHY BiJI
cratuctuk Lomeiina-By un [Tosixponakoca [201]. Habnmxeno moxkma 3i-
CTaBJISITU CTATUCTUKN Ha IiJIcTaBl 3HadYeHb aHaJjiora piBHa Pepwmi, mo He
3a0e31edye BiJIMOBIIHOCTI B yChOMY TeMIlepaTypHoMy iHTepBasi. [likaso,
0 B [IEBHOMY HAOJIMXKEHHI BCE »K MOYKHA 3HANTH BiJIIOBIIHICTDb CTATUCTH-
kn lonjeiina—By 1 cratncruku /»KeHTisie Ha MiJICTaBl MOBEJIIHKU YNCET

3aroBHeHHs [185).

5.3.2. Po3kJjia/iu 3a mapaMeTpoM CTATUCTUKU. 3B 30K MixK Pi3HU-
MU TUIIAMU APOOOBOI CTATUCTUKHU MOYKHA BCTAHOBUTH, JIOC/IIIZKYIOUH MaJIi
BiJIXUJIeHHST BiJI 1IeBHOI Tpajuiiiiinoi cratuctukn (Boze abo @epwmi). st
BU3HAYCHOCTI JaJii BiAIMTOBXyBaTuMeMocs Bijn crarucruknu bosze. Hexait
aHaJII30BaHa CUCTEMa XapaKTEPU3YEThCs OJHOYACTUHKOBHM CIEKTPOM €,
a G o3Havae BUPOJZKEHHd j-ro piBHA. XiMiunuii morenriaJ BignosigHol
603e-cucTeMu g MOB’si3aHmil 3 KIJIbKICTIO YacTUHOK N 1 TeMiiepaTypoio T’

TaK:

G
N= Z ele—ms)/T — 1 (5:31)
J

Posrisitnbmo jauti cucreMy, 1o MKOpsieTbes cratucTuili Ilomixponako-
ca (1.54), y akiit napamerp v = a — 1, e a — 0. XiMiuHuit moTEHIIAT

TaKOl CUCTEMHU [p BU3HAYAE PIBHAHHA

G,
N = Z Vi (5.32)
J
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1 loro MOKHa 3a1ucaTH, YBIBIIN MaJie BIJIXUJIeHHS Bl XIMIYHOI'O TIOTEHITI-

aJIy 003e-CUCTEeMU:

Poskiaaoun naii Bupas mijg cymoro B piBHstHHI (5.32) B sl 38 MaJuMu

BeJIMYNHAMEI @ Ta App 3 TOYHICTIO JO JIHIAHIX ITOIPABOK, OTPIMAEMO:

G,
N = Ze(fj_#P)/T—1-|—a -
j

_ G;
= 2wt

J
& App (ci—pp)/T }
+ mm)/T _ g 4 5.34
zj: [Q@MB)/TQQ{ T ° ¢ (5:34)

3Bijcu, 3 ypaxysauusim (5.31), MaTumemo:

A,up P Gj
=a : e P= , 5.35
T N+ P a ; [e(é‘j*us)/T — 1}2 ( )

JMB. TakoxK [86].
[TonibHuM crIoco60M MOZKHA BCTAHOBUTHU MONPABKY JI0 XIMIYHOI'O TIOTEH-

iajly cucTeMu 3 aHaJoroM Oo3e-crarucTuku B 1miaxoi Hammica (1.72):
G
N = Z e(Ej—MTs)/T -1 -
i q
= X e -
elei—ue)/T _ 1

J

Gje(gj_.uB)/T A,LLTS 5]- — UB 2 q— 1
— 5.36
! Z]: [eCmm)/T —1]* | T T 7 (+(5-30)

e g — 1, a XiMiyHuil moreHmiall

pirs = piB + Apirs. (5.37)

Taki cami po3KIaM MOXKHA 3alUcaTU Jjis 003e-CUCTEMU 31 CIEKTPOM

ej + Agj, ne mana nonpaska Aeg; MoxKe OyTH, HAIPUKIIAJ, CIPHIIHCHA
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B3aeMoIi€r0. Bianosiauit XiMidamit moTeHIiaa (4 Oyae MaJjo BiIPI3HATHC

BIJ| (B!
1= pp + A, (5.38)

IPUIOMY
G
N = Z ole B /T —_ 1
J

G@ —ne)/T A/L—Aéj
= 2 MB/T +Z i_1? T - (539

J

Bepyun 0 yBarm octanfiii pe3yabTaT i MOPIBHIOIOUN HOT0 3 BUpa3aMu
(5.34) i (5.36), MoyKHA TOBOPHUTH TIPO Te, IO B3AEMO/II0Ui H0o3e-crcTeMi
3 IIEBHOIO TOYHICTIO BJIAE€THCs ITOCTABUTHU Y BIJIOBIIHICTL CUCTEMHU 13 JIPO-
OOBMMU CTATUCTUKAME, TIapaMeTPU sIKUX IT0B’sI3aHl 3 MONPABKOIO JIO CIIe-
krpa Aeg;. g oTpuMannd IbOro 3B’A3KY, BUMaraTHMeMo, HallpHKJIa,
1106 eneprii pisHUX cHCTeM, PO3paxoBaHi depe3 ducJla 3allOBHEHHSA N Y

BIJIIIOBIJTHUX CTATUCTUKAX, 301raJIics:
E = E ejGjnj = EB + AE, (540)
J
Je B — eneprisa 6ose-cucreMu 31 CIIEKTPOM €

_ ;G

J

€; — OJHOYACTHHKOBHUI CIeKTD (Y PO3IVISIHYTHX BHIAJKaX BiH JOpIBHIOE
npocto €; abo €; + Ag;), a AE — mue it Oyue nomnpaska, BHPasd JiJIsd
SIKOT TIOTPIOHO 3icTaBaATH. Hepe3 rpoMizJIKICTh OCTATOYHI PE3YILTATH TYT
He HaBeJIeHO, OJIHaK OIMCaHUil JIAHIIO?KOK MIpKYBaHb € JOCTATHIM JIJIsl 1X

OTPUMaHHS, & TaKOXK JIJIs IOIMIUPEHHd Ha JiedKl 1HII TUIIN CTATUCTHUK.
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5.4. /IBomapameTrpuyHi MoudikaIiil cTaTUCTUKNI

Posrissnatumemo moandikariii Jpob0OBOI CTATHCTUKU Ha IIJICTAaBI TAKUX
JIBOX 3araJibHUX BUpasiB. lleprmnii,

P - 1
72X (g) + Y

n (5.42)

y3arajbHIOE CcrTaHjapTHy craructuky bosze (Pepwmi), sika BH3HAYAETHCS
X(gj) =e/T1Y = -1 (Y = +1), a Takox apoGosy cratncTuky Ilogi-
XpoHakoca 3 Y = —v = const # =+1.

Hpyry Mmogudikariiio orpuMaeMo Ha TijcTasi cratuctuku [oseitna—By:

1
N X Y o4

Jie pyHKIIig w(f ) € PO3B’I3KOM TAaKOI'O0 TPAHCIEHIEHTHOIO PiBHSIHHS:
wI(14w) 9 = ¢, (5.44)

sIK€ OTPUMYIOTDH 3 BUpa3y J/Isi KLJIbKOCTI MIKPOCTaHIB KBAHTOBOI bararova-
CTHUHKOBOI CUCTEMHU, IO € IPOCTOI0 IHTEPIIOJISIIIEI0 Mi2K O0o30HaMu 1 dep-
mionamu [142].

Ha momarox mo mapamerpa « y crarucruii [lomixponakoca (5.42) Ta
napamerpa g y crarucruri Lojeiina—By (5.43) npyruit mapamerp mojei
MOXKHa BBECTHU, JeOPMYIOUN €KCIIOHEHTY Y 3ajeKHOCTi X B PIBHSHHAX
(5.42)—(5.43). Posrusmaruvenmo Bl Taki gedopmaril: g-ekcrionenta as-
Jica € 3aMmicTh 3BHYANHOLl e (fK y HeeKCTeHCUBHif/HeauTHBHIi cTaTu-
cruri) i 3amina e’ Ha e’ Bioma B Henowiit crarucrumi [208, 209).

Xoua, siK y2Ke O0yJ10 ckazaHo, cama Jedopmaliist ri00ciBCbKOro MHOXKHU-
ka X = e5/T 3a jmomomoroo mapamerpa ¢ TYT € (hEHOMEHOJIOITHOIO,
MOKHa HaBecTu 1eBHe dizmdHe oOrpyHTYBaHH: Ii€l nporeaypu. Crpas-
i, JAJEKOCSYKHA CTATHCTHYHA B3a€MOJisl B cucremi eHioHiB [31] moxke

CIPUINHATH HEaJIUTHUBHICTD, 9Ky BPaxXoBYIOTh B Merkax miaxosy Ilasmi-
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ca [147, 382, 388|; 3 inmoro 60Ky, Mixk crarucrukoio [lasica i HemoBHOIO
CTATUCTUKOIO MOXKHA BCTAHOBUTH II€BHY BijioBiHicTs [389).

g-excrionenTa [la/utica BusHauaeThest Bupasom [388):

= [14 (1 — ¢q)a]¥/-9 g 1+ (1—¢q)z >0 (5.45)

: :
1 e, =0 BIHIIOMY BHIAJIKY.

BuractuBocTi 1€l Ta iHIuX cropijiHeHnX MYyHKIL J00pe olncaHo B palsix
[206, 390, 391].
Y HeNoBHiil CcTATUCTUINl HOPMYBAHHSA HIMOBIPHOCTEIT p; 3aIMCYIOTh Y BU-

rs (208, 209

Zpg =1 3aMiCTh sz- = 1. (5.46)

Jlerko 6aunTu, 10 001Ba BUIAIKN MOAUMIKAIIil 3BOASITHCS 10 CTaHIap-
THUX €KCIIOHEHT, sIKIIo q = 1.

[Ipu masmx z poskiaan piBHsHb (5.42) i (5.43) MAOTH BUTJIS:

> Y-l 1 Y Y2,
P _ /-1 l_ 2
n; = ;( 1) A s +ﬁ S, (5.47)
SHW zoo: ['[g(m + 1)] Zm _
J — m'F[g m+ 1) — m] Xm+!
1 (29-1) , (39—2)(3g—1)
= %7 e 22+ 513 2., (548

ne Juist pyHKIil w y craructuil Losgeiina—By BUKopucTaHo Po3KIa u 3
[392].

3 meToro crporreHnst 3aMianmo B piBHsHHAX (5.9)—(5.10) migcymoByBa-
HH¢ 3a PIBHAME Ha iHTEIPyBaHH« 3a €HePrisgMU, BBIBIIN PYHKINIO I'YCTUHI
crauiB G(€), sKa i TBOBUMIPHOTO 1/1eaJIbHOTO Ta3y YaCTHHOK 3 MAacCOo

m nopisnioe G(g) = mVy/2mh? = const:

Z...:/oodsG(e).... (5.49)
- 0



183

BukopucroByroun pisHi Bupaszu it GyHKIHT X, MoxKHa 0e310cepeIHbO
pospaxyBaTu KjacrepHi interpasm By 3 poskiais (5.47)—(5.48), 1m0 cBo€Io

Tgeproro jae BipiasabHi KoedirienTn na migcrasi crissigaomens (5.6)-(5.8).

5.4.1. HenoBHa cratuctuka Iloaixponakoca. /[l nporo Tuiy cra-
THCTUKH, sIKy MO3HAYaTHMeMO ckopodenusiM IPS (Big amrt. incomplete
Polychronakos statistics), semmuuna X (¢) = e/ Y = —~ nae s kia-

CTEPHUX IHTEI'PaJIiB:

1 v 05
BN == BXN=-L  BXN=1 (5.50)
q 4q 9q
a JIpyruil Ta TpeTiii BipiaJibHi KoedilieHTn JJOPiBHIOIOTh:
2.2
pps — 9 pes _ T4 5.51

5.4.2. HeagntuBua craructuka llosixpoHakoca. [l 1miel moju-

dikaril BukopucroByBaTuMemo ckopodertsi NAPS (Bin anri. nonadditive
e/T

Polychronakos statistics). Y miit cratuctuni X (e) = e/, Y = —, mo
Jla€ KJIacTepHl 1HTerpaJin:
1 g 7’
BN == BXN=—"—"" BXN=— .., (5.52)
q 2(1+4q) 3(24q)
3BIJIKM JIPYTUil 1 TpeTiit BipiaJibHi KOedilieHTH JOPIBHIOIOTD:
2 1 1
pNaps _ 4 ’ pNAPS — 244 _ . (5.53)
i 2(1+q) ’ (1+q)? 3q(2+q)

3azHaunMo, 10 TaKy CTATUCTUKY Y I'PAHUIX CJIA0KOT HeaUTUBHOCTI ¢ —
1 i~ — 1 MoxkHa 3aCTOCYBATH /I MOJIENIOBAHHSA CKIHYEHHOI CJIaOKOB-
3aemMojiitouol 6o3e-cucremu [90], siky Oyje MpoaHATI30BaHO B HACTYITHUX

po3IiIax.

5.4.3. HenoBHa ctatuctuka lonaeitna—By. /[lna mniel craructukm

BUKOpHCcTOBYBaTnMeMmo ckopodetts IHWS (Bin anrit. incomplete Haldane—
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Wu statistics). Y uiit craructini X (€) = e%/T | 3pigkn orpumyeMo Kiia-
CTEpHI 1IHTerpaJn

(29 — 1) (39 —2)(3g — 1)

1
BN ==, B\ =-— , B\ = , .o, (554
Ty 7 2! 2¢ ’ 3! 3¢ (5:54)
a JIpyruil Ta TpeTiii BipiaJbHi KOedIimienTn JOPIBHIOIOTh:
29 — 1)q ¢

4 ’ 36°

5.4.4. HeaautuBua craructuka l'onaeiitna—By. [lna miel craTucru-

K1 BukopucroByBarnmemo ckopodenast NAHWS (Big anri. nonadditive

e/T

Haldane-Wu statistics). ¥ miii cratucturi X (e) = e, 3BIIKH MaeMo

KJIACTEePHl 1HTer pajin

1 (29 — 1)
B\ =~ B =22 2
! q’ ? 2(1+q)
39— 2)(3g — 1)
B)\2:( 5.56
3 6(2‘|—Q) 9 ) ( )

a JIpyruil Ta TpeTiii BipiaJbHI KOedilieHTn JOPIBHIOIOTh:

pYAHWS _ 29—1 ¢

2 1+¢q
pNAHWS _ 4 (29 — 1)° _ (39 —2)(3g — 1)
’ (1+q)? 3¢(2 + q)

5.4.5. 3B’30K i3 €eHiOHHOIO cTaTUCTUKOIO. [1[00 BusHaunTu JpodoBy
CTATUCTHUKY, Y dKiil (DYHKIS pO3MOJILITY HallKpare IMiJIXOUTh JIJId OIICY
CHIOHIB, MOPIBHAEMO OTPUMAaHI BUIIE Yy KOXKHIl CTATUCTUIN BUPa3u s by
i b3, 1[0 MICTATH JIBa IapaMeTpH, i3 BiIOBIIHUMU BipiaJbHIMU Koedilri-
€HTAMU CHCTEMU €HIOHIB, Yy pPe3yJIbTaTi 90ro OYJeMO MaTH CUCTEMU JBOX
PIBHAHB. IX PO3B'SI3KH JI03BOJIATH 3 dCYBATH, SKa 3 3allPONOHOBAHNX HO-

TUPBHOX MoJiesiell € HalOLIbIT TPUHHATHOTO.
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Jpyrwuii 1 Tperiit BipiajabHi KoedillieHTH i/1eaJbHOI0 €HIOHHOI'O a3y J10-
piBHIOIOTD [385]:

1 sin? Ta

1
B = — (1L —da+20), BN = o+

36 Tﬂ'Q + C3 Sin4 TQ,

(5.57)
c3 = —(1.652 £ 0.012) - 107°,

ne cratuctudanii mapamerp a € [0; 1] 3abesnedye iHTeprnoAIio MixK cTa-
TicTkoio Boze (o = 0) i cratucrukoo @epmi (o = 1). Hasepennii Ty

BUPA3 JJisl JIPYroro BipiaJbHOTO KOeMbIliEHTa € TOUHUM, TOJL K y by

6 7o Tomo).

BIJIKHHYTO BUIII TapMOHIKE (Sin
JI1s1 HafpoCTimIol 3 PO3IIAHYTUX MoJesell, HermoBHOI cTaructuku Io-

JIIXPOHAKOCA, PO3B’SI3KN CHUCTEMU

IPS __ janyon IPS _ janyon
pIS = pamvon - pIPS — g

ICHYIOTB JiuIle y TpuBlajbHuX Buitajikax o = 0, 1, gkl BIIIOBLJIal0OTH CTa-
TuctTukaMm boze ta Mepwmi.

[Mwupmmuit giana3oH 3HaYEeHb HapaMeTpa v, OJHAK He IJIMI BiIPI3oK
[0; 1], BraeTbest BIATBOPUTH 3a JIONOMOTOK0 HEaJUTUBHOI craTucTuku [lo-
JixpoHakoca. 3 piBHsHHs (5.53), pO3IISIIAI0YN TPAHUIIO ¢ — 0O, MOYKHA
OTPUMATHU YMOBY, 1110 BU3HAUYAE HEJIOCSAZKHI 3HAUEHHSI €HIOHHOT'O CTaTUCTHU-

GHOrO Tapamerpa a € ((q; (rp) Y TAKOMY BUIJISIJI:

bgnyon(oél’Z) 4

—— = —. (5.58)
b5 ()] 3
YucoBl 3Ha4YeHHs KiHIIB IILOIO BiJIpi3Ka JOPIBHIOIOTH
a; = 0.109...; ar =0.584... . (5.59)

Ot2ke, HEAUTUBHY cTATUCTUKY [losixpoHakoca MOYKHA BUKOPUCTOBYBaTH

JUIsT MOJIEJIIOBaHHs €HIOHIB 3 OozoHHOrO 00Ky, 0 < a < @1, a TakoXK i3
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depmionHoro 60Ky, s < a < 1. BijnosijiHicTh MizK IapamMeTpaMu v, ¢ Ta
o HaBejeHo B TabJs1. H.1.

BusapseTbest, 1Mo 3amporoHoBaHi Moudikarii cratucTuk L'osieiira
By kpaile miaxomdThb I MOJIeJIOBAHHSA €HIOHIB, TMOPIBHAHO 3 IpoaHa-
JlizoBaHMMHU BuIe MoaudikalisiMu craructuku Ilosixponakoca. @iznuna
HPUYIMHA OO MOXKe OYTH IIOB’sI3aHa 3 TUM, IO JJIsI OIUCY JIeSTKUX €HIOH-
HIUX CHCTeM MOYKHa 3acTocoByBaTh came (Hemomndikosany) ABC, sk 6yi1o
cKa3aHo y Beryri J10 mhoro po3Jiiy.

Y wenoBHiit Moudikarii craructuku Loseitna—By, qus. (5.55), crmis-
BIJIHOIIIEHHS MiK CTATUCTUIHUMU ITapaMeTpaMu ¢ Ta ¢ i eHIOHHUM I1apa-
METPOM (¢ JIOCUTH ITPOCTI:

5 1/2
q = (1 + = sin’ Ta + 36¢3 sin? 7ra> ,
T

(5.60)

1
1-29 = ~(1—4a+2a%).
q

Y weajuTuBHii Mogndikarii, quB. (5.57), aHaiTUIHI BUpa3U BUIBJIs-
I0THCA TPOMIBJIKUMU, TTPOTE 3B 30K MiXK ¢, ¢ Ta (v JIETKO BCTAHOBUTU Ha
iIcTaBl YnCceNbHIX PO3PaxXyHKiB, AuB. puc. 5.1, 5.2. BiamosiamicTs mizxk
3HAUYEHHSMU [TapaMeTpiB ¢, q Ta & B 00MJIBOX MOJIUMIKAIIAX CTATUCTUKN

Tonneitna—By nasejeno B Tabut. 5.1.

TounicTh 3aIIPOIIOHOBAHNX MOJIEIel MOYXKHA, OIIHUTH, BUKOPUCTOBYIOUN

geTBepTHii Bipiasbuuii koedimient. st enionis Bin fgopismioe [393)]:

4

. 9
o In(v/3 + 2 .
anyon _ SHL TQ n(\/_+ ) + cosma | + (¢4 + dycosma) sin® ma,

b
4 1672 V3

¢y = —0.0053 £ 0.0003; dy = —0.0048 £ 0.0009.

3HaYeHHs 1IbOTO BipiaJbHOTO KOe(Ili€HTa JJOCUTH MaJii: BOHU JIE)KATh Y

aianazoni —0.0006 < bj™" < 0.0025.
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10} 9

0.6 r ]

0.2 r ]

0.0 ‘ ‘ ‘ ‘
0 0.2 0.4 0.6 0.8 1

Puc. 5.1. ITapamerp ¢ HeajuTupHOI craructuku Loseitna—By (Kpyzkedku) Ta Bijmo-
. . . 6 . . . .. _ 2
BijiHe mosTiHOMiasIbHE Hab/MKeHHs (CyIibHa Jinist) v Burasam: f(a) = aja + asa® +
aza® + (1 — ay — as — az)a’ 3 Takumu 3HadenusMu koedimientis: a; = 2.21 + 0.01,

ay = —2.26 = 0.05, az = 1.88 == 0.09.

1.10

1.08

1.06

1.04

1.02

1.00

Puc. 5.2. [lapamerp ¢ neagutusnol craructuku Lozeitra—By (kpy»kedkn) Ta BiamoBiT-
He Hab/KeH s (CyTiabHa JiHis ), po3paxoBaHe 3a JaHuME Ha Biapisky a € [0;0.5] y Bu-
rai f(a) = 1+bsin®(7ra®) 3 Takuvm sHadenHsyvu mapameTpis: b = 0.09096 4-0.00009,
s =0.820 £ 0.001, k£ = 3.18 = 0.02.

THWS
by

B nenosniii cratuctumni l'onneiina—By = (0 jij1s1 BCIX 3HAYEHD CTa-

THCTHYHNX TapaMeTpis. Y HeaauTupHiil Mogudikamii —0.0003 < HyATWS <

0.0014, To6To Takox € majumu. OJIHAK, [TOBE/IIHKA YeTBEPTOrO BipiabHO-
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Tabmuma 5.1. 3ajexuicrsh mapaMerpiB HeaauTuBHOI craTucTuku Ilomixponakoca
(NAPS), menosroi (IHWS) rta neamurusnoi (NAHWS) crarucruk [omeitna-By Bix

€HIOHHOTO TapaMeTpa Q.

NAPS [HWS NAHWS
g q g q g q
0.00  1.00000  1.00000 0.00000 1.00000 0.00000 1.00000
0.01 091469 1.03299 0.01997 1.00015 0.01994 1.00006
0.05 0.56672  1.26962 0.09899 1.00371 0.09847 1.00161
0.10 0.11697  3.42415 0.19440 1.01441 0.19349 1.00758

0.20 — — 0.36681 1.05116 0.36709 1.03536
0.30 — — 0.50913 1.09485 0.50903 1.07051
0.40 — — 0.62401 1.12892 0.62325 1.08934
0.45 — — 0.67349 1.13840 0.67369 1.09008
0.50 — — 0.71898 1.14165 0.72115 1.08580
0.55 — — 0.76133 1.13840 0.76612 1.07765

0.60 —0.10436 4.06034 0.80117 1.12892 0.80869 1.06690
0.65 —0.30776 1.87929 0.83888 1.11397 0.84859 1.05479
0.70 —0.48484 1.43495 0.87448 1.09485 0.88532 1.04241
0.80 —0.76642 1.13091 0.93761 1.05116 0.94643 1.02020
0.90 —0.94088 1.02760 0.98304 1.01441 0.98618 1.00524
0.95 —0.98517 1.00664 0.99566 1.00371 0.99652 1.00132
0.99 —-0.99941 1.00026 0.99983 1.00015 0.99986 1.00005
1.00 —1.00000 1.00000 1.00000 1.00000 1.00000 1.00000

ro Koedimienta MixK 0030HHOIO 1 (PepMIOHHOIO IPDAHUILAME Yy IUX CTaTH-
CTUKaX HEKOPEKTHO BiJATBOpIOE eHioHHMit by, jauB. puc. 5.3. lle o3nauae,
11O BIJIMOBLIHICTD MizK IpOaHa/I30BaAaHUMHI JBOIAPAMETPUIHUME JIPOOOBH-
MI CTATUCTUKAMW Ta €HIOHHOIO CTATHUCTUKOIO 3aJIUMIAETHCSA HAOIMKEHOIO,
X04a, i1 13 BUIIOIO TOYHICTIO MOPIBHAHO 3 OJHOIIApAMETPUIHUM BHUIIAIKOM.

s TBOBUMIPHOTO ijleajIbHOTO Ta3y CIpaBeJJINBe TaKe TepPMOJIITHAMI-

YHEe CIIBBIJHOIIEHHS Mi»K BHYTPIIIIHBOIO €HEpIi€l, THCKOM Ta 00’ €MOM:
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0.004

0.002

0.000

-0.002

-0.004

a
0 0.2 0.4 0.6 0.8 1

Puc. 5.3. Yersepruii Bipiajbuuil KoedillieHT BIILHUX eHIOHIB (CyIiIbHA JIiHisT) TOPIB-

HSHO 3 HeauTUBHUME Mojudikarisymu ctaructuk [logixporakoca (IITPUX-1TyHKTUPHA
ninist) Ta Lospeitna—By (mrpuxosa siHis).

E = PVj;, nopisn. [33]. 3Bijcu Bispasy oTpuUMyeEMO MUTOMY TEIJIOEMHICTb
IIpU CTAJIOMY 00’€Mi y BUIJISIIL:

Cv_i 3_E . > . n -1
W_N<3T>V_;(2 f)be(m)\) '

[TonpaBka, 1oB’si3aHa 3 4YeTBEepPTUM BipiaJbHUM KoedillienToM, Oy/1e
(4)
CTV — —2by (p2A?)°.

3 puc. 5.3 BUJIHO, 1110 PI3HUIS MiXK €HIOHHUM by Ta flOro BiJIIOBITHUKOM Yy
HeauTUBHIN craructuni longeiina—By cranosurs Aby < 0.003 mst Beix
3HAYCHB MapamMerpa (v, 3BIJIKH MaeMo AC"(/4 ) /N < 0.006 <p2)\2>3. 3Bazka-
1091 Ha Te, IO BiplaJbHe PO3BUHEHHS CIIPaBEIINBE IPU (pz)\2) < 1, crae
3PO3YMIJIO, O PIZHUIA MiXK PO3PAXOBAHUMU MUTOMUME TEIJIOEMHOCTSIMUI
€ 3Ha4H0 MeHmon 3a 1%, a orxke nepedyBae Ha MeKi TOYHOCTI €KCIIe-
PUMEHTAILHIX BUMipIoBanb, 1opisH. [394, p. 408]. Ockinpku bHWS = 0,

TO TakKa OIIHKA 3aJUIIAETHCA TAKOXK CIPABEINBOIO Y BUIAJIKY HEITOBHOI
cratuctTuku [oseitna—By.
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5.4.6. Bozonna rpanurig craructuku longeitna—By 3 g-ekcmno-
HeHTOIo. ¢k 3rajiyBajiocsg B po3iiiai 1, y 3ajadax, OB d3aHUX 13 Tak
3BaHNMH ¢-JedopmoBannMu komyTaropami (A, B], = AB—qBA, Bunuka-
10Tb JiledpOpMOBaHI €KCIIOHEHTH, 1110 BiAPI3HAIOTHCA Bij ekcrioHenTu Ilami-
ca, quB. (1.65). 11106 yHUKHYTH [Ty TAHUHN, JIJI OJHIET 3 IUX ¢-€KCTIOHEHT

BUKOPUCTOBYBATUMEMO TIO3HAYEHHSI:
=
Z = (5.61)
ij

ne g-hakropian Ta g-auncia 3agano gopmyaamu (1.11)-(1.12). Barajbhuii

BUTJIA]] PO3KJIALY G-€KCIIOHEeHTH B psf [132]:

(¢—1)"
El‘ == ZL’n —
’ ; (" =g '=1)...(¢—1)
= —1 ¢—1 —1q¢—1
D D (5.62)
—~ "=l -1 ¢ —-1g-1

Takum qunoM, ] MOXKHa 3alucaTu SK

- 1
Er = x" :
e Z 14+...+¢HA+...4¢2)...(1+g)1
Y rpanuni ¢ — 1 s00pasumo dyskitio Fyy BN psiy:
Er = fo(x)+ (= 1) (@) + (g — 1) folz) + ... . (5.63)

[TligcraBusim ¢ = 1, orpumaemo Bupas st fo(z):

f: ni _ (5.64)

Mozkna TakoxK MmokasaTu, IO HACTYIHI WIEHH PO3KIaILy JaJyTh Taki

KoedilieHTHI PYHKILI:

filz) = ——¢", (5.65)
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17
o) = —\1l+—2+ 0"+ Z2"+ 2" +
fal) P+

2 1T 59, 3
8 9% 36" 36 @ 54

AT . 83
). 5.66
50" Tt T ) (5.66)

Habmmzkenna gynkuil £ y BUDI/L TEPIIMX TPHOX HJIEHIB PO3KIIALY,
Er ~ "+ (q—1)fi(x) + (¢ — 1)* f2(), BusIBIAETHCS JOCHTD TOYHUM TPH

x < 1, mo jobpe jgeMoHcTpye uB. puc. 5.4.

20 T T T T T . 20

q

X K X
E Eq

Puc. 5.4. Toune snauenns g-excronentu Fj (cynisbHa Kpuba) HOPIBHSHO 3 Hab/MzKe-
uuam e + (¢ — 1) fi(x) + (¢ — 1)%fo(x) (nyskrupua kpusa). J[1s HAOUHOCTI TaKoXK
300pazkeHo 3BUYAiiHy eKCIOHeHTY e” (ImTpux-IyHKTupHa Kpuea). JliBopya — ¢ = 1.1,

npaBopyd — q = 1.2.

Binxunenust B nianmasoni aprymenta x € [0;2] He nepeBurinye Tpbox
BIJICOTKIB HABITh 33 TAKUX BEJMKUX 3HAYEHb, sIK ¢ = 1.2, quB. puc. 5.5(a).
AKIo ¢ MasI0 BiAPI3HSIETHCS BiJI OJUHUIN, TO TOYHICTH HAOJIMKEHHSI € IIe

BUIIOIO, $IK 1O0Ka3ye puc. 5.5(6).

MomndikoBany 3 Ii€I0 €KCIIOHEHTOIO0 cTaTuCcTuKy [osiieitna—By Bu3Ha-

YUMO TaK:

1
qHW
g w[z—lEgj/T] +g

Kiactepni iHTerpan B Iiif CTATUCTUIN TIC/IA PO3KIATLY 38 MaJUM Ta-

paMeTpoM ¢ Ta MaJIIM BiXuiaeHHsIM § = ¢ — 1 MOKHa OTpUMAaTH y BULJISITI
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1.030 ‘ ‘ ‘ — ‘ 1.035
1.025 + i 1.030 +
1.025 t

1.020

1.020
1.015
1.015

1.010
1.010

1.005 r

1.005 |

v_y_y_,.»"" _____________________ /
1.000 = :

1.0 12 14 16 18 2.0

1.000
0.0 0.5

Puc. 5.5. Bigpowrenns [¢® + (¢ — 1) fi(x) + (¢ — 1)* fo(x)] / EZ. JliBopyH (a) — 3HauemHms
g = 1.1 (cyninbHa KpuBa), ¢ = 1.2 (mrpuxoBa kpusa). IIpaBopyd (6) — 3a1eKHICTH
Big mapamerpa ¢ npu x = 0.2 cyminbHa Kpusa), = 0.5 (myskrupHa kpusa), z = 1.0

(IMITPUX-TIyHKTHPHA KPHUBA).

TaKUX PsAIiB:

4
BN =1+ =7 — 109945 0%, (5.68)
1/1 o gf 6
2=_(z—-g+— L +—— —0.181866 6* .
B 2<2 9+ 57— 35 + Togg — 0-1818666° ), (5.69)

1/1 3g 30 27¢0 3¢° 9
(2o — 0.0604558 6 5.70
3 (3 2 7250 500 2 - B0

1 1lg 6 116
N=(Z— 40 — 0.0284194 6% ) . (5.71
B, (4 6 108 T 1eg T — 0028419 > (5.71)

3BijicK 3 TAKOIO »K TOUYHICTIO MaTUMEMO BipiaJibHi KoedilieHTn

1
pIW — 2 4 g +0.00144676 0 — 0.00289352 g6 — 0.459052 62, (5.72)

4
gHW 1 2
by " = 36 + 0.00145216 0 — 0.00798148 g6 + 0.225433 6~. (5.73)
[IpupisHioroun ix /10 BipiagbHnx KoedilienTis enionis 3 TounicTio 10 o2,
- 1 a? - 1 a?
poeries _ _ poeries _ _— - 74
2 17973 A T (5.74)
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OTPUMAEMO 3B SI30K MizK I1apOIo IlapaMeTpiB ¢, € Ta o. BojgHodac MaTuMeMo

JIUIsT 9€TBEPTOrO BipiaJibHOTO KoedilieHTa Takuil Bupas:
bZHW — —0.0003015056 — 0.00111458 gf — 0.0481931 #°. (5.75)

[TopiBHAHHS pe3yabTaTy B Il CTATUCTUII] 3 €HIOHHUM, SKUl Y pO3TJIAHY Tiit

rpaHNIll € KBQJIPATUIHUM 38 €HIOHHUM ITapaMeTPOM,
b = 0.110021602, (5.76)

[okazaHo Ha puc. 5.0.

0.0olo T T T T T T T T
b4

0.0008

0.0006

0.0004

0.0002

0.0000

_00002 1 1 1 1 1 1 1 1
0.00 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09

Puc. 5.6. YerBeprnii Bipiayibuuii koedirient y craructuni lomgeitna-By 3 ¢-
ekcrionerToro (5.61). CyriibHa JiiHist — pe3yabTar Jyis eHIOHIB, MyHKTHPHA JiHig —

KBaJ[paTHvIHe HAOJMKEeHHS 3a ¢, 0.

Ax mokaszye puc. 5.6, 1 B ocTaHHill aHa/JII30BaHiil CTATUCTHUIN YeTBEPTUI
.. . .. . . anyon

BipiasbHuil KoedilieHT Mae 3HaK, IPOTUJIEXKHUIT j10 enionnoro by . He-

3BaKalouM Ha 1€, TaKi pe3y/IbTaTu, MOAIOHO IO OTPUMAHUX Y TOIEepPeIHIX

myHKTaX (uB. TakoK |91]), 3ab6e311e1yioTh BiITBOPEHHST TePMOIMHAMITHIX
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QYHKIII{l eHIOHIB 3 TOUYHICTIO, siKa IEPEBUIILYE JOCTYIIHI eKCIIepUMEHTAJIbHI
BUMipIoBaHHs [394].

[{ikaBo BiJI3HAYNUTH, MO B JIHIHHOMY 3a MaJUMU TONpaBKaMKI HAOJIU-
JKeHH] BinoBiHi pesysbrarn 36iratotbest. Crpasi, 3 piBastab (5.72)—(5.75)

Bijpas3y Oaummo, 110 B Takiii rpanuii 0 = 0, Toxi g = 2«, a

HW i
b?} — bzerles — 0

AK MOXKHa 3ayBazKUTU 3 pHC. H.3-5.6 mpu OJUKIOMY PO3LJIsiIi 00JacTi
a — 0, 11o/1i0HOI0 TTOBEJIIHKOIO XapaKTepU3yeThCs i HeaIuTHBHA, MOII]I-

Kallisg cratuctuku [osieitna—By.

5.5. CiabkoHeaMTNBHA

cratuctuka Ilomixponakoca

Y npoMy # HACTYIHUX IAPO3/ILIax PO3MVIIIATHUMEMO JIBOITapAMETPUIHY
MOJI€JIb JIPOOOBOI CTATUCTUKU, OB’ sI3aHy 3 OIUCOM B3aE€MOJIiil Ta edeKTiB
CKIHYEHHOI KLJILKOCTI YaCTUHOK y cucTeMi 0030HIB. Bianosiany ieajibHy
603e-cucTeMy BBarKaTMMEMO 3a BUXI/IHY, Ha 1T T/ ff TPOBOIUTUMEMO PO3-
paxyuku. Ocob/inBuil iHTEpec CTAHOBJSITL CJIAOKOB3aEMOJIII0Yl CKiHYEHH]
cucremu 6030HIB (332, 395-398|, KpimM TOrO, BAPTO TAKOXK 3rajaTh JesKi
iHIIT criocoOm BpaxyBaHHsT BILINBY B3aemosiit [399-401].

st ana1i3y obepeMo MoJIeIb, 110 I'PYHTYEThC Ha cTarucTuii [Tosixpo-
Hakoca [126, 202|, y skiit 3Budaiiny ekcronenTy B rib6ciBecbkoMy haxTopi
3aMiHeHo Ha g-excrionenty [lasica. fk i B Mojesi eHiOHIB, Taka 3aMiHa
— gncto (penomenosoriuna. Ilpn nbomy, xoda it epeKTH B3aeMOJIiil MOKHa,
BpPaXoOBYBaTH Uepe3 HeeKCTeHCHBHICTD/Hea nTuBHICTL [148], a mapamerp
craructuku [loixpoHakoca MoB’si3aHmii 31 ClI0ocOOOM O0UNCICHHS KiJTHKO-

CTi MIKpOCTaHiB, He MOTPIOHO OUIKyBaTH, 10 ePEeKTH B3AEMOJIINl Ta CKiH-
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YEHHOCTI CHCTeMU MOXKHa Oyjle JIErKO PO3JIJIUTH, BIJIHICIIN TX JIO PI3HUX
Mojindikariil craTucTuku. 30KpeMa, siK MOKa3aHO B MOIEPEIHBOMY PO3/Ii-
Jii, came y ctatuctutl [lomixpornakoca MaJta ysBHA YacTUHa TapaMeTpa J1a€
3MOTY MOJIEJTIOBATH CJIAOKY JUCUTIATHBHY YACTUHY CHEKTpa 003e-CHCTeMU
[88, 89]. Pisnomanithi cdernomenosioriani acextn craructuku [aica ta-
KoK Bigomi [402-404].

OT2xe, JIUIsT IUCes 3all0BHEHHS J-T'0 PiBHSI CUCTEMH 31 CIIEKTPOM eJIeMeH-

TapHUX 30y/2KeHb €; MaTUMEMO BUDa3

1

Ej/T )

(5.77)
e =

n; =

nie T' — remmepatypa, a 2 — aKTHBHICTD; €; To3Hadae g-eKcronenTy Llas-
mica (5.45).
Hajasi posrisigaruvemo Masi BixuieHHsT BiJ po3nojiay Bose, Tomy

300pa3UMO IaPAMETPU ¢ Ta Y Y BULJISIIL:
g=1-10; v=1+a, (5.78)

Jie a Ta b — mauti monpaBku. BilmoBiiHy CTATHCTUKY HA3UBATUMEMO CAGO-
roneadumuenoro cmamucmuroro Ilosizponaroca (CHACIL).
Xoua i1 OLIBIIT TPUPOJTHOIO BUIAETHCS JiebopMallis eKCIIOHEHTH y BU-
. (ej—p)/T . —1 &/T . . .
LA €q 3aMICTh 2~ €;'" 13 BUKOpUCTAHHAM XIMIYHOI'O HOTEHIaJLy
i, opisa. [205, 380|, mpoTe Bupasn 3 aKTUBHICTIO 2 BUSIBJISTIOTHCS MaTeMa-

TUYHO MPOCTIINUME JIJIST TIOJIAJIBIIION0 aHasIi3y. ¥ IpaHuIl cjabKol Hea -

TUBHOCTI ¢ — 1

_ T~ e
eégj /T _ eZJ/Teq p/T (1 +(1- @%) , (5.79)

OCKLTBKN He icHye mpoctol (akTopusarii g-ekcrionent [lammica [390]. Or-

JKe, aKTUBHICTB y piBnsnui (5.77) MokHa HabJIMZKEHO TOB's3aTH 3 XiMi-

YHUM ITOTEHIIAJI0M TaKIM CIIOCOOOM:

_ _ £
2o e T 1+(1—q)<T# : (5.80)
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Jle 3aJIeZKHOCTL BLJL J y HpaBlil CTOPOHI BJAJIOCA YHUKHYTH 3aMIHOIO €; Ha

eHeprifo BUXijHOT cucreMu (JnB. HIZKYE) Ha OJHY JacTHHKY (£) = E/N.
Hexaitl Buxinnoro 603e-cucTeMolo € iJieaJbHuil ras 31 CIeKTPOM €; 1 BU-

POJIZKEHHAM j-ro piBHA ¢j. AKTHBHICTb 2B = et/ T ne Up — XIMIYHMI

HOTeHLLia.H, BU3HA4Ya€ThCA 3 YMOBHU:

N = Z WT - (5.81)

dKY PO3YMITUMEMO B T€PpMOJMHAMIUHII I'paHUIl].

PospaxyHok TepMojuHaMiuHIX (DYHKIIIH IIPOBEIEMO BXKe TPaInIiiTHIM
crocoboM, ommcaHnM padimie. Hacammepes, BU3HaAYNMO aKTHUBHICTD 2 SK

dynkiito Temreparypu 1’ 1 KiTbKOCTI YacTUHOK N 13 piBHAHHSA
N=> gmn; (5.82)
J

3rojoM IijicTaBuMoO i1y BUpas Jijid eHeprii

E = Z €5jg;ny, (583)
J
3 fdIKOI'0 TEIJIOEMHICTh MOYKHA PO3PaxyBaTH fK IOXIJIHY 3a TeMIIePaTyporo:
dE
C = 5.84
o7 (5.84)

5.5.1. Po3kiaan 3a maaumMu monpaBKamu. OCKIJIbKEI MU PO3TJisi-
JIaEMO MaJli BIJIXMJIEHHS BiJI BUXIJIHOI 17eabHOl 003e-CUCTeMU, TO MOXKHA

PO3KJIACTH aKTUBHOCTI B psiji B oKoi 2p. Hexait

z=zp+ Az (5.85)
JIUIsl CJIA0KOHEaIUTUBHOI CTATUCTUKHY 1

z =2+ Az (5.86)

JIJIs1 CJIADKOB3aEMOIII090] CKIHYEHHOI 003e-CUCTeMN.



197

Y JliHIHOMY 38 MaJUMH TOMpaBKaAMU HAOIMKEHHI 9HC/1a 3all0BHEHHS

y CHACII 6yyTh Takumu:

1

(2 + Az) e = (1+a)

2 1 e
= L +a ! T B s
e/t —1 [zgle%‘/T — 1}2 21" [zgle@‘/T — 1]2

Az 25 Lesi/T

+ 2B [Z]glegj/T_l}2.

Ix MOXKHa 31CTABUTH 3 YNCIaMHU 3allOBHEHHS 003e-CHUCTEeMH 31 B3AEMOJIIEIO:

1

nj = (ZB i Az)fle(strAsj)/T -1 - <5'88)
B 1 Ae;  zglesi/T N Az zglesi/T
- Zglesj/T -1 T [Zlg esil T — 1}2 2B [Z]glesj/T _ 1]2'

[TopisHioroun goganku 3 by pisusnni (5.87) 13 Aeg; B (5.88), MmoxxHa
MPUITYCTHTH, IO CaMe MapaMeTp HeaJUTUBHOCTI b € (B OCHOBHOMY) BiJIIO-
BiJIaJIbHUM 3a e(pEeKTUBHE BpaxXyBaHHs MIXKYaCTHHKOBUX B3a€MOJIiil.

Hapeneni Buie po3kaaau 3alumeMo B “MaKpPOCKOIIUHIN dpopmi, BUKO-

PUCTOBYIOYM CIIIBBIJIHOIIIEHHS

g]
S 50

Ta JIONOMIXKHE TO3HAYEeHHS

gj
Q= , (5.90)
Ej: (ot e=s/T = 1]
TAKUM YUTHOM:
Az 1 e€ilT
N=N+aQ + —B(N +Q) + 57 Zg] —1€5j/T T (5.91)
1
Az 1 2olesilT

“B j (25 ess/T —1]"
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3 iHmoro 60Ky, jjst eHeprii c/1abKoB3aeMO/Ii10401 003e-CUCTEMI MAEMO

E = Z(&:j—i—Agj)gjnj = (593)
J
Az zges/T(1 —g;/T) — 1
= FEp+ —(Ep+ Dp) + Acg; J :
B B( B B) Zg] j [Z ng/T_l]g
J B
e
gi€j
Ep = Zsjg]nj Z - egj/z{ T (5.94)

D=3 —% (5.95)

7 [T 1)
Eneprito cucremn 31 CHACII Busnauae Bupas:
E = Zsjgjnj = (596)

€j/T

—1ng/T 1]2'

Az
= EB"‘QDB"‘E(EB‘FDB QTQZQJ

[11o6 moB’si3aTu mapamerpu a,b 3 BeIUYHHAME, SKI XapaKTepPU3YIOTh
CKiHUYeHHY cJabKoB3aeMoJIifouy 6o3e-cucreMy (a came, 3 MOMPABKOI 10
ciektpa Ag; 1 IOIPABKOIO J10 aKTHBHOCTI Az), MOXKHA CKOPUCTATUCS Ta-

KOIO CUCTEMOIO DIBHSHD!

1 b (€ 2 ztesi/T B
(i) Q+X(N+Q)+§zj:gj (T) [Z Loe,/T 1]2 =0,
Az 1 zotesilT
(11) g(N Q) B T zj:nggj [ _16€j/T 1}2 =0

A 2
(iii) aDp + —(EB -I-DB —|— zgjsj (8]) [ _ZB e —
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Az sresi/T(1—g;)T) — 1

Z
= —Z(Eg+ Dg) + § Ag; B
2B ( B B) - g] J [Z]glegj/T . 1}2

Pipnsinus (ii) mpocro 703B0JIsi€ OB st3aTh onpaBky Az 6€3110cepeHbO
3 Ag; y niniitHoMy HaOsmkenni. Tomy Hacpas/ii HOTPIOHO 3HANTH 1Ile OHE
piBHsIHHS, OCKiJabKM momnpaBka 10 aktuBHOocTi Az y CHACII € Tperim
HEBIJIOMUM TTapaMeTPOM.

[Tepes TuM, sik nepeiTu J0 pO3PaxyHKIB TePMOJUHAMIUHUX (DYHKILT
cucrem 31 CHACII, BapTo ONiHUTH 3HAYEHHSI [TapaMeTpiB a, b JjIsT JessKuX

MOJIETBHUX a00 peabHnX (PI3UIHUX CUCTEM.

5.5.2. TpuBumipHi rapMoHidHI ocrimjsaTopu. Jlami po3rigaemMo cu-
cTeMy TPUBUMIPHUX 130TPOIHUX TAPMOHIYHUX OCHHUJIATOPIB 3 YACTOTOIO W.
Taka Moesb onncye YaCTUHKKM B 30BHIMTHBOMY 130TPOITHOMY FapMOHIYHO-
My norentiiasi. s 3pydnocTi nepeiiieMo BiJ miIcy MOBYBaHHS 3a CTaHAMUI

JIO IHTeIPYBaHHS 3a MPaBUIOM

Zgj...:/ooodsg(s)...,

Jie TYCTUHA CTaHIB

1 &2
(hw)3 2

g(e) = (5.98)

Ockinbku g(0) = 0, To BHECOK Biji ocHOBHOTO crany j = 0 OTpiGHO BUIIH-
caTy SIBHO JJI TEeMIIEPaTyp, M0 BiAnoBigaloTh dhasi 603e-KoHieHcary.
Bupas (5.89) meperBopuThesi Ha

/Ooo g S2 no + (%)Smg (25). (5.99)

=1 _ /T
zBe/ 1

N =
n()‘|— (hw)3

Enepris (5.94) nopismioe

Ep = hw <%)4Li4 (28), (5.100)
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[IPUYOMY YMOBA, 1110 BU3HAYAE TEPMOJIMHAMIYHY I'DAHUIO JIJIS TPUBUMIP-

HOT CHCTeMU MapMOHIYHUX OCIUJIATOPIB, Mae Burs [405]:
wN'/? = const. (5.101)

[TorpaBKy 10 CIIEKTPY 38 paxyHOK MiKIaCTHHKOBIX B3a€MOJIifi 3 J1esIbTa-
nofiGuum norentiaiom ®(r) = M(r), ge A = 4wh’as/m — Koucranta
3B’SI3KY, & M — Maca aToMa, MOYKHA OIIHUTH 3BEPXy TAKUM BUPa3oM (Io-
piBu. [82] i pozin 3):

gl
Ae; = hwN—— 5.102
J1e
4  ag

= —— —. 5.103
K vV 2T Qho ( )

Y HaBeJleHUX BHUIIE PIBHAHHSIX (g — IIe JOBXKIUHA PO3CISIHHS S-XBIJI, a

anho = v/ h/mw.

Bukonytoun inrerpyBatts B (5.97), MOXKHa 3BeCTH PIBHSAHHSI JI0 TAKOTO

BUTJILAY

A
a[Lis (25) — Lis (25)] + —— Liy () + 6bLiy (25) = 0,

ZB
(5.104)
. . AZl . .
a[Liz (z) — Liy (2B)] + . Lis (28) 4+ 10bLis (28) =
A AL (-9 -1
o b (ZB)+/0 “ETT [25tet —1]°
IPUYOMY
Az 1 > Ae(€)  zples
_ de €* k : :
2z Lis (2B) /0 <& T [zglef — 1}2 (5-105)

3BijICK OTPUMAEMO

aA(z, T) + bB(2p, T) = (%) N%[X(ZB,T)—FY(ZB,T)], (5.106)
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e
o Lig (ZB) Li4 (ZB)
A(zg, T) = Lol Do)’ (5.107)
B(es,T) = 102208) _ Lis (o) (5.108)
B Lis (z28)  Lis (28)’ ‘
215165
X (2T L12 / g€+ M/T e (5.109)
zgret(1 =€) —1
¥z T) L13 ) / §f+ hW/T (25" ef — 1]2 - (G119

TakuM 9uHOM, TApaAMETPH G, b BUABISIOTHLCS 3aJI€XKHIME BiJ TeMIepa-
typu. Oprak koedirientai Gyukiii B (5.106) gocTaTHbo TIaAKi, TOMY JisI
PO3paxyHKIB y MEBHOMY TeMIepaTypHOMY iHTepBaJi 3HadeHHd 1 MOXKHA
3aikcyBaTH, SIK IOKAa3aHO B HACTYITHOMY IIiIPO3IiJI.

3 inmoro 60Ky, BAAETbCs O€310CePe/IHbO TIOKA3aTH, 1110 Y Ipanuty 1" —

00 aKTHUBHICTH IpdaMye 40 HYJIA AdK

hw\®
=N|{|—] . 0.111
ZB’T—ﬂ)o ( T ) ( )
Koedirienrni dyuxiil A(zp,T) ta B(zp,T) y 1iii TpaHuili J0piBHIOIOTH
1
A(ZB, T) = —1—62]3, B(ZB, T) = 4, (5112)

a st X (zp,T) ta Y(2p,T) maemo

X(z5,T),Y (2B, T) — const. (5.113)
Tomy 3 piBasiaas (5.106) 3po3ymiso, 1o
1 hw\ 1
——alN | — 4b X — 5.114
16" (T)+ el (5.114)
TOOTO y BUCOKOTEMIIEpATYPHIil TpaHUIll TOBE/IIHKA TapaMeTpiB a Ta b Taka:
1
axT" nev <0, bocﬁ, (5.115)

a oTxKe Tpu 1° — 00 MOTPIOHO OUIKYyBaTH KJIACUTHUX PE3YIbTATIB, 10 He

BIIIYBAIOTH HISKOI'O BILIUBY JedopMaliil CTaTUCTUKH.
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5.5.3. KputnyHa temrepaTrypa TpuUBHUMIipHOI cucteMu. PiBHsiH-
He, sike O jronoBHoBasio cucremy (5.106), MOKHa 3HARTH, HATIPUKJIAT, 3
O3HaYeHHsI KPUTUYHOI TeMIIepaTypu CKIHIEHHOI CJIabKOB3ae€MO/1i101901 0036~
CUCTEMI.

Y TepmojuHaMivuHiil rpaHUIll KpUTHUYIHA TemIileparypa 1. cucreMn 3i
CHACII, sika Bigmosinae ha3soBOMY IIEPEXOY, aHAJIOTTIHOMY 10 003e-KOH-
JleHcallil, BUBHAYAE€TbCs YMOBOIO, sIKa Y TPUBUMIPHOMY BHUIIQJIKY MAa€ BU-

LIS

M= <%>3 /OOO (1+ a)eg_Qb/Q— (1+a) %, (5.116)

JIe B34TO JI0 yBarn KpUTU4IHEe 3HAYCHHA aKTUBHOCTI 2, ' = 1+a. 3 rounicrio

110 JiiHifiHEX nonpaBok piBHsHHs (5.116) cramne:

N = (%)2(3) ll—a—l—big(—g))], (5.117)

ne ((s) — mzera~-dynkuig Pimana, ((s) = Lig(1). Kpuruuana remneparypa

BUXIiJIHOI 1/1ea/IbHOI D03e-CUCTeMU JIOPIBHIOE

N\ 3
TP = hw (—) : 5.118
"6 (5-118)
Tomy it T, JIETKO OTPUMYEMO:
2¢(4)
T.=TB {1+g—b—]. 5.119
370 (5-119)

3cyB KpUTHYHOI TeMIlepaTypu CKiHdeHHOI 0o3e-cucrtemu N YaCTUHOK

BU3HAUaE Brpas 329, 370]:

AT 1 ((2) g
T _—EWN , (5.120)

a3CyB, CIIPUYNHEHNU{T BILTHBOM Mi>KUACTHHKOBIX B3a€MO/Iiii, TopiBHioE [329)]:

ATint .
c _ 1332 NVS, (5.121)

TCB ho
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7e, §K 1 BUIIE, JTOBYKIHA TAPMOHITHOTO OCIUISITOPA Gpe = / h/Mw, a as —

JIOBYKIHA PO3CISIHHS S-XBUJII. 3a3HAUMO, 1110 B TEPMOINHAMIUHI{ rpaHuIi

1/2
s N6 (le/?’) = const (5.122)
Qho

He 3aJIe;KUTh Bl KIJIBKOCTI YaCTUHOK [V.
[Topimiotoun pisnsmus (5.119)—(5.121), orpumaemo Take CriBBigHOIIE-

HHs, 1110 TIOB’SI3y€ BEJIMIUHU @, b 3 TapaMeTpaMu CUCTEMU:

@ X4 _ 1 @)

I 7 NS VE Qs ar1/6
; B - 2[6(3)]2/3]\7 1'33ahoN . (5.123)

g cucremu 5000 artomis Rb-87 [329] sinnomenns a,/ay, ~ 2.6 -1073.
[Ipunycrusmim, 1o mapamMeTp @ MOBHICTIO BiIMOBIa/IbHIIT 38 e(heKTH CKiH-
YEeHHOCT1 KIJIbKOCTI YACTUHOK, a IapaMeTp b — 3a BILIUB MiKUaCTHHKOBUX

B3aeMO/Iiii, 3 Bupa3y (5.123) OyjgeMo MaTh Taki 3HAYEHHS:
a=-013,  b=0.022. (5.124)

3 inmmoro 60Ky, po3s’a3ytoun cucremy (5.106) pasom 3 (5.123), orpuma-

€MO JIeIIO 1HI 3HAYEeHHSI:
a = —0.16, b= 0.0027. (5.125)

Pesynbratn pospaxynki muromoi remmoemuocti C'/N  cucremu 3i
CHACII 3 napamerpamu, 1o Bianosinaors (5.125), mokazano Ha puc. 5.7.

[ToTpibHO cKazaTH, MO TJIAJAKY TOBEIIHKY MUTOMOI TEIJIOEMHOCTI B OKO-
JIl KpUTUYHOI TEMIIEPATYPU Y BUIAJIKY CKIHUEHHOI 003€-CUCTeMH Y 3aIpo-
IIOHOBAHOMY TIiJIXOJIi HE BJAETHCS 3MOJIE/IIOBATH MPaBUIbHO. MOoOKINBIM
PO3B’sI3KOM 1i€l Ipobsiemu € posriisia ckindernnol cucremu 31 CHACII, mo
o1 3a0e31evn/I0 BiJIIOBIIHY 3aJI€XKHICTD.

KilbKicTh 9acTUHOK Ny B OCHOBHOMY cTaHi, gkuii y cucremi 31 CHACII
€ aHaJIoroM 003e-KOHJIeHCATY, MOXKHA JIOCUTDH MPOCTO PO3PAXyBaTH K

no 1 1 (T 3/°° €2/2
V- = - S g 5.126
N Nl—l—a(hw) 0 e, —1 : ( )
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10.0 C/N

8.0 r
6.0 r

40

20

O 02 04 06 08 1 12 14 16 1.8

0.0

Puc. 5.7. I[lutoma TerioeMHicTh ijileasbHOrO 603e-ra3y TPUBUMIPHUX FAPMOHITHUX OCITU-
JIATOPIB (CyIiJIbHA JIiHIsT — TepMOJMHAMIYHA TPAHUIls, MyHKTHpHA Jiinis — N = 5000)
nopiBasHO 3 cucteMoio 31 CHACII (mrpux-myHKTHpHA JiHIS) y TepMOIMHAMIYHIN Ipa-
Huri 3 napamerpamu (5.125). V tepmomunamiuniii rpanuri va kpusux C'/N y KpuTu-
YHI TOYIN € PO3PUBH, aJjie BIJIMOBIIHI 3HAYCHHS 3'€THAHO JIHIAME JJIsi KpaIol Bidya-

Jrizanil.

Bukopucrosytoun napamerpu 3 (5.125), orpuMaeMo Taky TemieparypHy
zaJiezkHicTb 111 N = 5000:

145 /T \°
% —1-—=2 (E) . (5.127)

Ha puc. 5.8 nmokazano mopiBHSIHHS ITHOT'O PE3YJIbTATy 3 BUXIITHOIO OO3e-

cucremoro. Popma 3as1ezKHOCTEl [Ty 7Ke TOII0HA 10 OTPUMAaHKX y mparii [329,

406].

5.5.4. Tennoemuictb moaeabuux cucrem 31 CHACII. Maroun orin-
Ky 3HaUYeHb [IapaMeTPiB CTATUCTUKU @ Ta b, MOXKHa IepeiiTi 10 po3paxyH-

KiB TepmommHamiuanx ¢yHkiin mogeapanx cucreM 31 CITACIL [dami B
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1.0

0.8 r

0.6

04 r

0.2

0.0 1 1 1 1 3~
0 0.2 0.4 0.6 0.8 1

Puc. 5.8. Hacrka Konjiencary ng/N ijgeanbHol 603e-CucTeMy TPUBUMIDHUX TAPMOHITHIX
OCIMIATOPIB (CyIIbHA JIiHIsI — TepMOJMHAMIYHA TDAHUIIS, MyHKTUPHA JiiHist — N =
5000) nopiBasiro 3 cucremoro 31 CHACII (mrpux-nyHKTrpHA JTiHis1) y TepMOanHaMiTHii

IpaHuIl 3 mapaMerpami, 3agarumu dhopmynown (5.125).

IILOMY ITiJIPO3JILIL MpoaHai30BaHo JIBI MoaudIiKalil craTucTuku. y mnep-
it mapamerpu a, b He 3a/1e:KaTh Bij| TeMIepaTypu. ¥ Jpyriil mapaMerp a
— cramii, ongHak b = 20T /hw, Tak o 10 aHKu, siki MiCTATb b B PIBHSAHHI
(5.87) i Ae; B piBusnHi (5.88) craroTh HOAIGHIMHE 38 CTPYKTYPOIO.
CrpaBii, sIKIIO MH IIPUITYCTUMO, 110 BUKOHYETHCSI JIPyTa MOUQIKaIisd

CTATUCTUKU, TO 3CYB CIIEKTPa JIOPIBHIOE

2 2
Ag.——ﬁ——i——mg (5.128)

[likaBo, 1110 TaKa 3aJIe?KHICTb BIJIIIOBI A€ 3a1aUaM B MexKax i IxXoy gedop-
MoBaHUX aJyiredp [aitzenbepra. A came, TapMOHIYHIIT OCIIIIATOD 3 KOMYTa~

HIIHUME CIIIBBIIHONIEHHAMM MI?K KOOPJIMHATOIO Ta IMITYJIbCOM y BUIJII]

(&, ] = ih(1 + Bp?) (5.129)
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mae crekTp [407, 408
= hwj B 5.130
gj = j—f—§j + const, (5.130)

Jle (0 mosHadae reBHy KoHctaunty, j = 0,1,2,.... OgHak, yepe3 Ha/I3BU-
gaiiHO MaJIi OIIHKY 3Ha4YeHb [ BILJIMB HA TEPMOJAMHAMIUHI BJIACTUBOCTI Oy1e

HECIIoCTEPEKYBaHUM.

18.0 r
16.0 |
140
12.0
10.0
8.0

6.0

4.0

2.0

0.0
0 0.5 1 15 2

Puc. 5.9. IIutoma rermnoemuicts moaeabnol cucremu 31 CHACII npu b = const y Tepmo-
JIMTHAMIYHIN TpPaHUI JId PI3HUX 3HAYEHb nmapaMerpiB cratuctuku. HITpux-nmyakTupHi
giail — b = 0.1; cymiabhi ainil — b = 0.05; mrpuxosi jginii — b = 0.01. BignosignicTs
KOJIbOPiB: uepBouuit — a = —0.1, 3enmenuit — a = +0.05, cuniit — a = +0.1. Cyrminbaa

JOpHa JIiHidA BiJIOBiIae i1eaabHiit 603e-cucremi.

Pesynbratn po3paxyHKIB TEIJIOEMHOCTI MOKa3ano Ha puc. 5.9-5.10 y
IOPIBHSIHHI 3 BUXIJHOO 1/1eaIbHOI0 003e-CUCTEMOI0. SHAUEHHSI [TapaMeTpPiB
CTATUCTUKU BUOPAHO BIIMOBIJIHO JIO OIHOK, 3pPOOJIEHUX Y IOIEePeTHbO-
My MJIPO3JILI. 3ayBaxkKMo, 10 Mojedb 3 b o 1’ cupaBejmBa JuIie B
00MeKEHOMY TeMIIepaTypHOMY IHTEpBaJll, OCKLJILKI CHCTEMa, IepecTae 0y-

TH CJLCL6%0H€&ILI/ITI/IBHOIO, ko 1" — 00.
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Bonmrougac mikaBo 3a3Ha4nTH, 110 [IOBEIIHKA TEILJIOEMHOCTI, HaBeJIeHa Ha,
puc. 5.10 (Tobro B Mogesi b o< T'), sIKiCHO BiJIIIOBi/Ia€ pe3y/IbTaTaM OTPH-
MaHUM pasirie y npari [72] ms restio-4. e € 1me ogauM migTBepKeH M
MOXKJIMBOCTI BHUKOPHCTAHHSI 3aIIPOIIOHOBAHOI MOJEJI JIJIs BUBYEHHsT OO3e-

CUCTEM 31 B3aE€MO/IIEIO.

C/N ;
12.0 | ' :

10.0

8.0 |

4.0

0.0

Puc. 5.10. ITuroma remnoemuicts mogenbrol cucremu 31 CHACIL npu b = 20T/ hw
y TepMOJMHAMIYHIN T'DaHUI JjId PI3HUX 3HAYEHbL MapaMeTpiB CTATUCTUKU. 1epBOHA
mTpux-myHKTupHa JiHiga — a = 0,7 = 0.0005; 3enena nyaktupaa — a = —0.05,n =
0.001; cunsg mrpuxoBa — a = —0.01,7 = 0.0025. CymispHa JopHa JiHIA BiAIOBITaE

iteaibHil O03e-cucTeMi.

Y Mogzesii 3 b = const acuMNTOTHYHE 3HAYEHHS MTUTOMOI TEIJIOEMHOCTI
upu T — 00 MOXKHa BU3HAIUTU TaK. AKTUBHICTb IPSIMY€ JI0 HYJIA Y il
rpaHuIii, Tomy piBHstHH:A (5.99) vy BUIAAKY 38129l PO rapMOHITHI OCIIUIIsI-
TOPH, AKY MU PO3IJIAIAEMO, CIPOILYETHC JI0 BUTJISLY:

TNz [™ 2

€1-b
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3acrocoBytoun criBsignorments [390]

[ef(x)]p — epf(x) (5132>

q 1—(1=q)/p’

neit inTerpaj MoXKHa po3paxyBaTH 3a JOTOMOTOIO

% o V(b — K)D(K)
e b e s, = . 5.133
/() g‘g €1+b F(]_/b) ( )
Enepris B 1iii rpanuili J0piBHIOBATUME
T\"'z [~ 3
E=hw|—) = d§ ——. 5.134
o(ao) 3 i (5.134)

[Ticsist HeckIaIHUX TTIePEeTBOPEHD JIJIA 2 OTPUMAEMO

Fw\ 2 (1 — 6b + 110 — 6b3
sy (Be) (=6 ). (5.135)
T 2
a BHUpa3 JJIsI TEILJIOEMHOCTI Oyie
C 3
hl -2 5.136
N, ,. 1—4b ( )

TOOTO TIapaMeTp a He BXOJIUTh Y BUCOKOTEMIIEPATYPHY I'PAHUITO TEILJIOEM-

HOCTI.

5.6. BucHOBKH 710 po3aLIy 5

Y 1IbOMY pO3JIiIi OYJI0 PO3IVITHYTO JBOIApAMETPUYIHI MOJIe/Ti IpOOOBOI CTa-
tuctuku. OHUM i3 X 3aCTOCYBaHb € BU3HaUEHHST (DYHKIIOHAIBbHOT (hopMu
BUpAa3y JJId JUCes] 3alloBHEeHHs BlIbHUX eHioHiB. [lokazamno, mo madmxke-
HY BIJIITOBIJTHICTD 13 €HIOHHOIO CTATUCTUKOIO MOYKHA BCTAHOBUTH Y BUTIAJIKY
HeaIMTUBHOI cTaTucTuku Ilorixponakoca Ta HeaUTUBHOI i HEIIOBHOI CTa~
tuctuk l'onpeitna—By. ¥V mux Bumajaxkax JIOCATHYTO TPABUILHOI TOBEIIHKI
JIpYTOTo i TPeThOro BipiaJIbHOIO KOEMIIi€HTIB, a PI3HUI B YeTBEPTOMY Bi-

plagbHoMy KOoedilieHTi cIpuinise He3HaUHy MONPaBKy B PIBHAHHI CTamHy.
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st obuaBox mojudikartiit cratucruku [osijieitna—By 3B’s130K MixK Iapa-
MeTpaMU ¢, ¢ Ta €HIOHHUM IlapaMeTPOM (v ICHY€E B YCbOMY JI1alIa30H1 3MIHU
ocranaboro « € [0; 1], na Biaminy Bij HeamuTusHO! craructuku Ilosmixpo-
HakKoca.

OT2Ke, BUJIAETHCS CAYIIHAM IYyKATH BUPA3U JIJIsl €HIOHHOT (PYHKIIIT po3-
oty cepen mojudikarniii craructuku [oseiina—By. Cepenn MoxKInmBIX
y3arajbHeHb — PI3HOMaHITHI BUpasu jiisd g-ekcriorerT [409| ta se-nedop-
moBani excriorentn [379, 410]. Ananiz ¢-gedopmoBanux cratuctuk bBose
ta @epmi [172, 411] i3 BOpoBa KEHHSIM JIOJIATKOBUX MApaMETPIB TAKOXK
BUTJISIJIAE€ MOYKJIMBUM.

OckiJIbKI BipiaJIbHUI PO3KJIaJ CIPaBeJINBUIl 3a BUCOKHX TeMIIepa-
TYp / MaJinxX TYCTHH, MeBHUI iHTepec TaKOyK CTAHOBUTDH aHAJI3 CIIIBBIIHO-
IIeHb MK 3alIPOIIOHOBAHUMMU JIBOIIapAMETPUUHUMU MOJIEJISIMU CTATUCTUKI
Ta eHIOHaAMU B HU3bKOTEMIIepaTypHiil 00J1acTi 3a JI0IMOMOIOI0 1HIINUX ITi/1X0-
JIiB, IO BUMAarae JI0JaTKOBUX JIOCJIJIKEHb.

JBonapamerpudny Mojudikaiiito craructuku Ilogixponakoca y rpaHu-
i ciabkol HeagntusrOCTI (CHACII) Takoxk 6y/10 3acTOCOBAHO 0 MOJIETIO-
BaHHSI CJ1aOKOB3a€EMO/IiI0401 CKiHUYeHHOl Oo3e-cucremu. Ilokazano, 1o ma-
paMeTpH TakKol CTaTUCTUKU MOYKHA IOB’SI3aTH 3 edeKTaMi B3aeMOJIil Ta
IolpaBKaMi Ha CKIHUYEHHICTh KIJIbKOCT1 YaCTUHOK.

Cruporeny moznenb CHACII 6yso BUKOpHCTAHO I OIUCY CHCTEMI
5000 aromi Rb-87 y TpuBumipsiit rapmoniuniii nactii. ITutomy rerio-
emuicts C'/N cucreMn TPUBIMIPHIX TApMOHIUHUX OCIUJIATOPIB OYJIO Ta-
KOYK PO3PaxoBaHO 3a PI3HUX 3HaUYEeHb [TapaMeTPiB CTATUCTUKH @, b 3 METOIO
JeMoHCTpaIlil TeMiepaTtypHol 3ayiexkuocti C'/N B TemieparypHiit obtacti,
110 BKJIFOYAE TOUKY (Hhaz0BOI0 IIepexo/1y, aHaJIOTITHOIO JI0 003e-KOHIeHCAIII].

Moxkna ouikysaru, mo CHACII ciayryBaTume ajbTepHATHBHOIO MaTe-

MaTHYHOIO MOJEJIII0 003e-CucTeM 31 CJIa0KIMH MIXKYACTUHKOBUMH B3aEMO-
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TisAME Ta/abo CKIHIeHHOI KIJBKICTIO JaCcTHHOK. KOpeKTHe BiITBOpEHH:
KPUTUYHOI IHOBEJIHKK B OKOJII TOYKK (PA30BOI0O IIEPEXOJy BUMAra€ JIoJIaT-
KOBOI TIepeBIpKM Ha TMiJCTaBl eKCIepUMEHTAJLHUX crocTepekenb. [lics
HE3HAUYHUX MOJudiKalliil 3aIpolIOHOBaHY MOJIe/Ib MOXKHA BUKOPHUCTOBYBa-
TH JJId €PEKTUBHOIO OIMCY IHININX CIOPIJIHEHUX CUCTEM, 30KPEeMa OCITUJIsI-
TOPIB Y HUKYMX ITPOCTOPOBUX PO3MIPHOCTAX, 1110 BI/IIIOBIIA€ CUCTEMAM Y
JIBO- Ta OJHOBUMIPHHIX IACTKaX.

Cepey iHINX (QIBUIHUX CHCTEM, JJIsI SIKIX 3aCTOCOBHOIO BUIVISIAE PO3-
IJITHYTa JiBOlIapaMeTpuyHa CTATUCTUKA, — YaCTUHKHU y IpocTopax 3 Mi-
HIMaJILHOIO JIOBXKMHOIO, IO BiJIIIOBIAAIOTEL AedopMoBaHiil aaredpi ['aiizen-
Oepra. KpiMm Toro, MoxkHa 0o4iKyBaTu e(peKTUBHOI'O OIICY CUCTEM i3 JiaJie-
KOCSIZKHUMM B3a€MO/IIsIMHU Ta, 1HIIIOI0 CKJIAIHOIO ITOBEIIHKOIO, II0B’ SI3aHO0 3

HeaUTUBHICTIO €HTPOIIII.
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PO3/ILT 6

IIIXIT CTATUCTUYHOT MEXAHIKI
J10 3AJIAYI TTIPO PO3BUTTA
HATYPAJILHUX YUCEJI

6.1. Becryn

Bajiada 11po PO3OUTTS IIINX UHCeI, sIKa IOXOIUTh Ie 3 poobit JIsitonina
[412] it Eitnepa [413], 3naitnuia 3acTocyBatHs He JUIIE B MATEMATHI, aJie
it y pizHUX rajay3gax Qizuku. ¥ MaTeMaTHIli — Iie, 30KpeMa, KOMOiHATO-
pUKa Ta Teopid fMOBIpHOCTEl, B TOH dac AK y (i3UIll BIAMOBIIHI 3a1a41
HaJlexKaTh 10 Teopll KPUCTaJIiB, Teopil MePKOJIAIl, KBAHTOBOI CTATUCTUKHI
ToIo, JuB. [414| Ta nocunanHsa TaM.

PozbuTTsM HaTypaJIbHOIO YKC/Ia N HA3WBAIOTH CIIOCIO HOro 3aImcy sk
CyMH HATYpaJbHIUX dnces (X HaA3MBAIOTh YaCTUHAMMT), e MOPSIJIOK JI0/IaH-
KiB HecyTTeBuil. KijIbKicTh po30OUTTIB HA3UBAIOTh (PYHKULEN po3bummas i
noznadaiors p(n) [415, Ch. 1.

Hanpukmia, posrisgaemo ducia Big 1 10 5. IX MoOKHa 1oJaTH Tax:

1 o1,

2 2=1+1,

3 3=24+1=1+1+1,

4 4=3+1=24+2=24+1+1=1+1+1+1,

5 5=44+1=34+2=34+1+1=24+2+1=2+14+1+4+1=

=1+1+1+1+1.
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Orxe, p(1) = 1, p(2) = 2, p(3) = 3, p(4) = 5, p(5) = 7. Hacrpas-
i, dyukiisg p(n) msuigko spocrae: p(10) = 42, p(100) = 190569292, a
p(200) = 3972999 029 388 [366, p. 836].

Omnncani po30UTTsT HA3UBAIOTH NPOCNUMU, 00HOBUMIPHUMU DO ALHIT-
wumu. Y 1917 pori Tappi i Pamanyzkan [416, 417] naBesin acuMIToTuaHy

OIIHKY KIJTbKOCTI pO30UTTIB HATYPAJTbLHUX THCET TPU BEJTUKUX 1 Y BUTISIIL:

1 2n
p(n) = 4\/§nexp {77\/;} : (6.1)

[li aBTOpU TaKOXK OTPUMAJIN ACUMITOTUIHU{ o3k GyHKIil p(n). He-

pe3 IBaJIATh poKiB Pajlemaxep BuBiB 30ixkuuit psiy st p(n) [418).
Ao HaTypasbHe YnC/I0 N 3alCyBaTH 9K CyMYy S-THUX CTEIeHIB HaTY-

paJIbHUX YUCE]T, HAIIPUKJIA/L,
5=22+12=1+124+1>+1*+ 1%,
TO y3arajbHeHHaM BBejeHol dbynxiii p(n) Gyae medxa p*(n): p?(5) = 2.

p(n) = p'(n).

Xoua MOpsiJIoK JIOJAHKIB Y CyMi He Ma€ 3HAUeHHsI (IepecTaHOBKa He
Ja€ HOBOTO PO3OUTTS), Jisi 3PYYHOCTI iX 3aIHCYIOTH Y HE3POCTAIOTOMY
HOPSIIKY, SK 1 IIOKa3aHO Y HaBeJIEHUX IIPUKJIajlax.

PozristayTi po30uTTs MiINX drce1 Ha3uBaloTh Heoomestcenumu. OIHaK,
Ha YACTHHHU PO30UTTSA MOXKHA HAKJIAIaTH Pi3HI 0OMEKEHHS: BUMAraTH, 100
BOHI OyJiM MAPHUMI/HEApHUME, TlepeOyBaji B TIEBHOMY IHTEpBaJIi 3Ha-
yeHb Tomo. HadimpocTimmum € oOMe:KeHHd Ha KLJIbKICTb JacTuH < [V, i
came Taki oOmeorceni pozbumms MI JlaJi o3HadaTHMeMo py(n).

Acumnrornaanit Bupa3 g KiJIbKOCTI po30UTTIB 4Unc/Ia n Ha MIOHA-

oinbie N gactun Brepine orpuMasu Epjvorn i Jlenep [419] y Burssi:

In pa(n) __vbn e ™NIVon

p(n) 0

(6.2)
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[ToHsaTTs PO3OUTTIB MOXKHA y3araJbHUTH Ha OaraTOBUMIpPHI BHUIIAJIKH,
IIPO IO JeTajbHille Oy/e cKa3aHo y BiAIOBIIHUX 1Ii1po3iiax. Pesyabrarn

bOTO PO3/ILTY ommyOJikoBaHo y mparax [75, 83, 85, 92, 99].

6.2. ®izuvyHa aHAJOTIS Ta METO/] PO3PaxXyHKY

Ha 3B’g30Kk MixK }izndHOI0 3a/a9ei0 1 po30UTTIMU HATYPAJbHUX YNCET
Brepiie Brazain bop i Kanbkap y 1937 pori [420], posrisigatodu pospa-
XYHOK I'YCTHHHU €HepreTUIHUX PIBHIB BayKKUX sjep. Toro »k poky Bam Jlip
1 Vienbek 3ayBarKW/IN 3B’s130K Mi2K OOUMCICHHSM KiJTHKOCTI MIKPOCTaHIB
603e- Ta pepmi-cucreM i Jestkumu 3a1adamu po posourts [421]. docuts
I'PYHTOBHY 0ibJtiorpadito 1npo criBBiIHOIIEHHST (DISUYHNX 3324 1 po30uT-
TIB MOXKH& 3HaliTH 3a aJpecoio http://empslocal.ex.ac.uk/people/staff/
mrvatkin//zeta/partitioning.htm. KopoTKuii orjisi MiCTUTH TaKOXK IIpalld
[422].

Busuenns po30NTTIB HATYpaIbHUX YUCES 13 BUKOPUCTAHHSIM IT1TXO0JIIB
CTATUCTUYHOI MEXAHIKN JI0 aHcaMOJIB KBAHTOBUX YACTUHOK 3/1MCHIOBAJIN
Ouak 1 Korapi [423|, Temmnepsi [424], Hanma [425], dyrtra [426, 427| Ta
barato inmmx. OcTaHHIM YacoM OCOOJIMBY yBary 3BepTasn Ha (JIIOKTYya-
il y KBAHTOBUX aHCaMOJIAX Ta BIUIMB CKiHYeHHOCTI cucremn [58-60, 83|,
JMB. TAKOK cepilo npaipb I pocemana i Tosbrayca [428-430]. ILiocki pos-
OUTTs 1TOB’sI3aH1 3 3a/la9aMi TeOPil KPpUCTAJIiB, BUITAIKOBUMI OJIyKAHHSIMI
Ha TPaTIi Ta PI3HUMU 3ajadaMu cTaTucTuIHol (isuku [414].

Bukopucranuit TyT mIxij mepeBazkHO IPyHTYEThCs Ha mpari [58]. [o-
JIOBHA, 1J1esl TOJIITa€ B aHAJIOTl MIXK MIJIpaXyYHKOM KIJIbKOCTI MIKPOCTaHIB
KBAHTOBOI CUCTEMU DO30HHUX FapPMOHIUYHUX OCIMJIATOPIB 1 KIIbKICTIO PO3-

OUTTIB HATYPAJbHUX YHCEJI, SKa € JOCHUTb IPO30pO0I0. PO3IJISTHbMO JIJIst
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IPOCTOTHU TEPIINIl HeTPUBIAJIBLHII BUIIAJI0K PO3OUTTS dKciIa N = 3:
3, 241, 1+1+1.

Otke, sk 3a3Hadeno y Berymi, p(3) = 3.

Jlai po3riasgneMo cucTeMy OJHOBIMIPHIX KBAHTOBUX FAPMOHIUHIX OCITU-
JISITOPIB 3 YaCTOTOIO W, sIKi IMIKOPsAt0Thest crtatuctuili Bose. Cripobyiimo
iJIpaxyBaTH, CKIJIbKOMa CII0cOOaMU MOKHA, PO3IOJLINTH eHeprito B =
3hw y miit cucremi. Koxken ocrimisiTop Mozke riepebyBaTi Ha eHepreTHIHIX
piBusix €; = hw(j + 1/2), ge 1/2 Bix ocHoBHOrO cTany MOKHA BIIKHHYTH

JIJIS 3PYYHOCTI:
gj = hwy, 7=0,1,2,3.... (6.3)
€ raki MOKJIMBOCTI oTpuMmaTu F = 3hw:

® IIePEBECTU OJIHY YaCTUHKY Y 30y/KeHWl cTaH i3 j = 3;

® [lepeBeCcTU OJIHY YACTUHKY y CTaH 13 j = 2, a JIpyry — y cTaH i3 j = 1.

3ayBarkMO, 110 KBAHTOBI YaCTHHKHI HEPO3PI3HIOBAJILHI!

® [lepeBecTU yCl TPU YaCTUHKHU y CTaHu 3 j = 1.

Pemrra qacTunok cucreMu nepedyBaTuMe B ocHOBHOMY cTaHi 3 7 = 0. Mo-
JKJIMBICTH TOT'O, IO JEKiJIbKa YaCTHHOK I1epedyBaloTh B OJHOMY CTaHi, 3a-

besneuye crarucruka Bose. i MipkyBaHHs NpoitocTpoBano Ha puc. 6.1.

J= T @i s
]= D e e S
J= Y L NP N
= ( seereeens Q@@ @ i @ @@ errereessesneens o0

Puc. 6.1. ¥Yci moxkuBi peastizarii crany 3 eneprieio E = 3hw B cuctemi rapMOHIYHIX

OCITIJISITOPIB.

TakuM YUHOM, JIOBLJILHICTD MOPSIJIKY JIOJIAHKIB Y pO3OUTTI eKBiBaJIeHTHA

HEPO3PI3HIOBAJILHOCTI KBAHTOBUX YaCcTUHOK. KiJIbKiCTh OTHAKOBUX YACTHH
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MOYKe JIOCATATH JIOBLILHOTO 3HAYEHH, STK 1 3aIlIOBHEHHST KBAHTOBOI'O CTaHY
B O03e-crarucTuili. bijbin Toro, 04eBMIHOIO € BIIIOBIIHICTL MizXK HEoOMe-
JKEHUMU PO30UTTAMHE 1 603e-CHCTEMOIO 3 6€3MEKHOIO KITBKICTIO YACTUHOK,
a TaKOXK MizK OOMEsKEHUMHI PO3OUTTAME (3 0OMEYKEHOI0 KiIbKICTIO JaCcTHH)
1 CKIHYEHHOIO CUCTEMOIO DO30HIB.

Jesiki iHmi Tunm po30UTTIB TAKOXK MOXKHA IIOB sI3aTU 3 (DISMIHUME 3a-
nadaMu. 30KpeMa, po3OuTTs Ha HEMOBTOPIoBaHi Jgojanku (anes. distinct
partitions) BignosinaoTs Gepmi-cucremam. [Ipukias Takoro po3ouTTs du-

cJa o:
5 : b=4+4+1=3+2.

AKImo Bcl YacTUHN HE TEePEBUIILYIOTH JIESIKOTO S, TO TaKi po30UTTS Bi/I-
noBiaroTh crcreMi 3i craructukoro [xkentise [83]. Tlpukan aist ancia 5

HaBeJIeHO HUZKYe:
5) 14+ 1+14+141=24+141+1=
=34+14+1=4+1=2+2+1=3+2=5 I s = 3.
Mokna TakoK po3IIsgaaTi Po30UTTS Ha CTeleHi HATypaJbHUX TUCeT,
CKasKIMO TaK:
5 1P4+124+124+124+12=22+12
1110 BiJINOBiJa€e cucreMi BIIbHUX O030HIB, OCKIJIBKH TOAI CIHEKTD €; 0C 52
[[Tobu 1oB’sI3aTH CTATHCTUKO-MEXaHIUHY 3a/1ady 3 11 BIJIIIOBIJHUKOM Yy
Teopil 4uces, BUKOPUCTOBYBaTUMEMO Takuii meroy. CraTucTHdHa cyMma

Z () Bupazkaerbes depes3 KimbKicTb Mikpoctauis ['(E) gk mepeTBopeHHs

Jlammaca |58, 429, 431]:

26)= [ reye e

I'(E)= i /_ o Z(B) e’ dg, (6.4)

271 ico
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ne 8 =1/T — obeprena Temieparypa.
[Ticsia HUBKY IEpeTBOPEHD, BUKOPUCTOBYIOYH METOJL IIEPEBAJLY, JIJIsT KiJlb-

KOCT1 MIiKPOCTaHIB OTPUMAEMO
I'FE)=——= (6.5)
Jle eHTPOIIis JIOPIBHIOE

S(B)=FBE+InZ(5), (6.6)

a [y — cramionapHa TOYKa,

S'(By) = 0. (6.7)

[3 1100 BUpa3y MOXKHa OTPUMATH OIIHKY KiJIBKOCTI PO30OUTTIB HATY-
PAJIBHOTO YHCIa 1, PO3IVISIAI0YN CTATUCTUIHI CyMU BiJIIIOBLIHOT (pi3udHOl

CUCTEMHU 3 TOJIAJIBINOI0 3aMiHOIO0 eHepril £ #a n:
E —n, I'(E) — p(n). (6.8)

Y HaCTYIHUX IAPO3aiaax meil miixin Oy1e 3acTocoBaHO J0 JIHIHIX 1 11710~
CKUX PO30UTTIB, sIK HEOOMEXKEHUX, TaK 1 OOMeXKeHUX, a TaKOK JIJIsI OIIHKI

ACUMIITOTUKH KiJIBKOCTI OararoBUMIpHUX PO3OUTTIB.

6.3. HeobmexkeHl po36uTT4

6.3.1. OgHoBUMIipHUIT BUMAJOK. Y BUIAJKY OJHOBUMIDHUX TIapMO-
HIYHUX OCHUJIATOPIB 31 CTATUCTUKOIO Do3e cTaTucTmdna cyma CHCTEMU 3
6e3MeXKHOI0 KLIBKICTIO YaCTHHOK JIOPIBHIOE

20) =1+ (6.9)

Jj=1
JI1st mpocTOTH Hata Il BBayKaTUMEMO OJMHUII0 BUMIPIOBAHHS €HEPIil 1 TeM-

nepatypu hw = 1.
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EnTporis miel cucremu Oyie

e.¢]

S(B)=BE+WmZ(B)=BE-> In(1-e ). (6.10)

j=1

3a gomomoroto dopmyin Eiitepa—Makiopena [366, p. 16]

S = [ swars B rme e

j=1
orpuMaemo y rpanuili § — 0 (came BoHa HAC IIKABUTD, OCKIJIBKI MU CIIO-
JIIBAEMOCs 3HAUTU aCUMITOTUYHUIT BUpa3 JIsl BEJUKUX 3HAUYeHb eHeprii

E > 1 abo, BigrBoptooan oguaniy, £ > hw):

2
S(ﬁ)zg—ﬁ+11nﬁ—-1n2w+(E——>5+ (6.12)

Bapro BijgsuaunTu nosiBy 1/24 6inst eneprii: Taka jipiOHa mompaBKa BUHI-
Kae y GopMyJIi, Mo yTodHIOE roI0BHY acumiTotuky (417, 418]. V rpanmumi
BesinKuxX E (abo eKBiBaJIeHTHO — BeJMKHUX 1) 11 MOXKHA BITKUHYTH.

CramnionapHa To4Ka, 1110 3a10BoJsibHsie yMoBy S’(5y) = 0, jpopiBHioe

s
= —. 6.13
2
Orxe, 3a gonomororo S”(fy) = \/_ES/ 2 OTPUMAEMO:
1 m\/2F /3 : 1 m/2n/3
I'(E)=——=—¢ ,  sBlakm  p(n) = e , (6.14)

43 E 4v/3n

[0 TOYHO BiaTBOpIOE pe3yibrar ['apai i Pamanymkana.

6.3.2. /IBoBuMipHUii BUIIAA0K. Y JIBOBUMIpHIil 3a1a4i BUBEJIEHHS JIU-
e He3HAYHO BiJpi3HdAeThed Bij opnoBuMipHoro. Ilorpibno posrigigatn
JIBOBUMIPHY CHCTEMY 130TPONHNX TapMOHITHUX OCIMJIATOPIB. I3 BpaxyBa-

HHAM KpaTHOCTi BUPOAZKEHHI j—OFO eHepfeTI/I‘{HOFO piBHH OTpuUMaeMO JIJIA
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eHTpoil
S(B) = BE+InZ(B)=BE—) jin(l—e )=
j=1

:ﬁE+%+i15_1+.... (6.15)

Y IOMY BHUIIQJIKY CTallloOHAPHA TOYKAa JIOPIBHIOE

Bo = (%@)1/3, (6.16)

ne ((x) — m3era-dyukiisa Pimana.
3

[2¢(3)]'/

Bpaxosytoun, mo S”(3y) = EY3. orpumaeno KinbKicTs Mi-

KPOCTaHIB:

7/36
I'’®(E) = %E—%/% exp {;[2((3)]1/3E2/3 — é} . (617)

Otxe,
2¢(3)]7/36 3 1
pQD(n) — [ C( )] n—25/36 eXp {5[2<(3)]1/3n2/3 _ 6} ) (618)
[leit pesybrar jemo BijpisHseThes i dhopmysn Paiita [432]:

) = O ey oo ch (o

J1e
1
c=("(—1)=-0.165421 ... nopisusiHo 3 — 6= —0.166666 . .. . (6.20)

[I1o6 BiTBOPUTH NpaBUJIbHE 3HAYEHHS C, IIOTPIOHO ITiICYMYBATH acUM-

nrotudHuit psiyy dopmysi Eitepa-Makmopena [433]:

00 00 kmax
S f0) :/ f(z)d +——Z B% S LR, (621)
1 k:l

j=1
ne Bo, — uncna Bepnymi, a R — 3anumkoBuit wien. g 3pydHocTi y

IIbOMY BUpa3i BIIKMHYTO JIOJAHKM, Ki BIJIIOBIIAIOTH 3HAUYEHHAM (DYHKII]
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Tabnumg 6.1. 3nadeHHd J10/IaHKIB ACUMIITOTHYHOTO Psi/ly /I IBOBUMIPDHUX PO3OUTTIB.

3HAYEHHS
—0.0013889
+0.0001984
—0.0000992
-+0.0001052
—0.0001918

S Ot xR W N

f(z) 111 moxignux Ha 6e3MeXKHOCTI, OCKIJIBKI BOHH JIOPIBHIOIOTH HYJIEBI B
aHaJII30BAaHOMY BUIIQ/IKY.

IlizcymoBytoUn 3HAKO3MIHHNN aCUMITOTUYHUN PsIJ, JOCTATHHO 3yIIHU-
HUTHCST Ha JIOJAHKY 3 HaiiMeHInM abcosoTHUM 3HadeHHSIM (K = 4y
tabs1. 6.1). Orke, 3 TouHiCTIO /10 WieHiB i3 Bg i By, oTpuMaeMo 3aMicTh

—1/6 Taxi pe3yabTaTy JI KOHCTAHTH C:

139
——— = —0.165476 . ..
840
nopiBuano 3 ¢ = (' (—1) = —0.165421 . . . .
1667
—— = —0.1 .
10020 0.165377

Hacnpassi, Tounoro suadennst ¢ = ('(—1) MOXKHA JOCATTH B MeyKax
MO/IEJI JBOBUMIPHIX TaPMOHIUYHIX OCHUJIATOPIB, OAHAK II€ BUMAra€ BUKO-

PUCTAHHST 3HAYHO CKJIAJIHINIONO MiIXO/Y, K mokasas Hana [425].

6.3.3. IlonpaBKa /10 TOJIOBHOI aCUMOTOTUKA. BpaxoByrodn Ha OJ1H

JIOJTAHOK Ol/IbITIe B PO3KJIAl eHTPOTIil

S(8) = S(60) + ;8" (Bo)(8 — fol? + 558" (Ba) (B — B, (622
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OTPUMAEMO JIJIsI KIJIbKOCTI MIKPOCTAHIB 3a JIOIIOMOT'OI0 MeTO/y IlepeBaJly
Takuit pesyabrar [75]:
I(E) =

_ S 28" [ 18"(B) 5" (Bo)]
Co2m V/31S7(Bo))] p{sw"'wo)] }K13<3[S’”(ﬁo)]

ne K, (x) — dyukiig Maknonania (monndikosana dyukiiisa Beccenst apy-

)  (6.23)

rOro PojLy).

OT2Ke, yTOUHEHA ACUMIITOTUKA, JIHIFTHIX pO30UTTIB Oy/ie TaKoIo:

FVEK ( 2") . (6.24)

Deorr (M) =

18\/6 n3/4 27"\ 3

[Topisusizo 3 acummrorukoo [apsi i Pamanykena (6.1), Bkasamuit Bupas
y KOMIIAKTHOMY BUTJIsI 3abe31edye Kpalily oKy (3 BiaxumientsM < 1%)

HaBITh JIJIg MaJux 3Hadenb n > 20, auB. puc. 6.2.

0.05 T T T r
1
1
1
1
1
0.04 ‘\‘ .
=
N’ \Y
Q 0.03F} \ -
~~ ‘\
— \
S
S 002¢ \ -
J
001 B \\xs T

10° 10* 10° 10°

Puc. 6.2. IlopiBHsIHHS BiIHOCHUX IMOXUOOK PI3HUX OIIHOK KiJTBKOCTI OJHOBUMIPDHUX PO3-

ourrie. CyriibHa KpuBa — pesyabrar (6.24), mTpuxoBa KpUBa — roJIOBHA ACUMIITOTHKA

(6.1).
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Y JIBOBUMIPHOMY BHUIIQJIKY BiJITIOBI/IHA TOITPaBKa JIO TOJOBHOI aCUMIITO-

tuka Paiita (6.19) st iockux po3ouTTiB HAOY/Ie BUTIISITY

pro(n) =

26N s macoprerie g (REBIERN oo
437 e 16 o

OpnHak, Ha BiJIMIHY BiJ OJHOBHMIPHOI 3ajadi, Igd IONpaBKa Ja€ TOYHIIII

OIIHKMU JIMIIEe 3a MaJuX 3HadeHb n < 17. Bimgnocma moxubka s n =
50 cranosuth +1.81% g rosmosrol acumnroruku (6.19) 1 —2.72% s
nonpaBku (6.25), mias n = 100 Bigmosigai noxubku cranoBisits +1.13%

i —1.98%, mg n = 1000 — +0.24% 1 —0.54% Tomo. ObaacTs MaInx

3Ha4YeHb 71 IPOLIIOCTPOBAHO Ha puc. 6.3.

0.20 . . : .
B Wright's ——1
0.15 - 1st corr. ]
—~ 0.10 { 1
S
o AU fihi |
2 e - HULLLLLLILONDOONDART
c
S -0.05 | :
Q
< -0.10 .
-0.15 | .
-0.20 ' ' : :
5 10 15 20
n

Puc. 6.3. IlopiBHSIHHS BiIHOCHUX ITOXUOOK Pi3HUX OIIHOK KiJIBKOCTI ILJIOCKUX PO3OUTTIB.
CymibHIMI KOHTYPaM# 3 JIOJIATHUMU 3HAYEHHAMH ITOKA3aHO I'OJIOBHY aCHUMIITOTUKY

Paiira (6.19), mrrpuxoBi 3 Bij'eMHUMEI — TIOTIpaBKa, 3ajana (opmysiown (6.25).

3ayBazKMo, 110 BUKOPUCTAHHS METOJY IepeBasy He J03BOJIsAE OTpUMa-

TH TOJIAJIbII YTOUHEHHS KiJTbKOCTI po36uTTiB. [le moB’sg3aH0 3 acCUMIITOTH-
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YHUX XaPAKTEPOM BIJIIOBITHUX PsJIiB: y2Ke JoMaHKn ~ (3 —50)4 IIPUBOASATD

710 po30iKHEX iHTerpasiB y pospaxynkax ' (£).

6.4. /IBoBuUMipHi po30UTTS MIJINX YHCEJ 3 00MeXKEeHOIO

KIJIBKICTIO YaCTUH

Tax 3BaHi JBOBUMipHI 200 IIJIOCKI PO3OUTTs — Iie 0COOJIMBUIL THII PO3OUTTIB
miinx gucest. ILmockuM po3duTTsIM HATYPAJIbHOIO 1 HA3UBAKOTH JIBOBUMIP-
Huil MacuB HeBiJ' eMHUX HIINX 75, 110 3a/10BOJILHAIOTH YMOBY HE3POCTaHHS

3a pAdKaMn 1 CTOBIIIIAMM:
n= Z Tijs A€ My j, > Tisjs (626)

JJIst TOBUIBHEX 11 < i9, j1 < jo [415, p. 176|. Hanpukias, yei 13 miocknx
po36uTTIB uncia 4 MaoTh BUIA [434]:

1
2 111 t 1
2 21 11
4, 31, 3, 2 2, , 211, , 1, 1111, , , 1, .
1 2 1 1 11 1
1 1
1

HynpoBux ejleMeHTIB 3a3BUYaii He MUIIYTh, & PENITY HEHY/JIhOBUX Ha3WBa-
10Th JyacTunaMu. KibKiCTh Pi3HUX IJIOCKUX PO3OUTTIB YUCIA N TO3HAYA-
tumenmo p?P(n), Tobro p*P(4) = 13.

[Toai6ro J10 3aja4i PO O JHOBUMIDHI (3BHYAiiHI, JiHiiiHI) po3duTTs [58,
423, 425, 429], 3aj1a1a po3paxyHKy KiJTbKOCTI IJIOCKIX PO3OUTTIB MOXKe Oy-
TH 1T0B’s13aHa 3 iJIPaxXyHKOM KiJIbKOCTI MiKPOCTaHIB CUCTEMH JIBOBUMIPHUX
KBaHTOBUX IapMOHIYHUX OCHMJIATOPIB 31 craructukoio boze-AiftHiiraiina
|75, 425].

Ha po3buttsa miaux [dmces MOXKHaA HaKJIaJlaTH Pi3HI 0OMEYKEHHS 11010

KIJTbKOCT1 UM 3HAaYeHb YaCTHH, & Y BUMAJKY OaraToBUMIipHUX — Iie it dpop-
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vu [415, 435, 436]. Lle Bignosinae BuBueHHO 1pOOOBOI CTATHCTUKI U1 aHA-
JII30BI BILJIUBY CKIHYEHHOCT] KIJIBKOCTI YACTUHOK Y KBAHTOBUX aHCAMOJISX
[83, 182, 429]. IlikaBo, 1110 3a1a9a PO MIOCKI PO3OUTTS 3 €IMHIM 0OMesKe-
HHsIM Ha KIJIbKICTh YaCTUH He 3HalilLIa BijjoopaskeHHs B jriTepaTypi. OuH

3 MOXKJIMBUX IIIJIXOJIB 0 Hel BUKJIAJIEHO HUXKUE.

6.4.1. 3araJgbHiI pe3yabTaTu [IJisd CKiH9YeHHOl cucremMm N
qacTuHOK. (Craructnyna cymMa Zy CKiHdeHHOI cuctemu N 0O030HHUX

rapMOHIYHUX OCIUJISITOPIB 38/10BOJIbHSIE TaKe pEKyPEHTHE CIIIBBIIHOIIEHHS

429, 437]:

Il
—_

Zy(z) = %Z Bi(2)Zy_p(x),  Zo(z)=1, (6.27)

k=1
ne x = e P B — obeprena TeMiepaTypa, a W — YACTOTA OCHUIIATODA. Y
D-BumipHoMy mpocTopi

Bu(x) = ﬁ (6.28)

Y 3aMKHEHOMY BUIJISI/II BUpa3 JUId Zpy ICHYE JIUIIE B OJHOBUMIDHOMY BH-
aJIKy:
N

Zy (@) =] L (6.29)

1 —xF
=1

[{um pe3ysibTaToM MOXKHA CKOPUCTATHCS JIJIs MEPEBIPKH MPOIIOHOBAHOIO
METO]TY.

Posp’si3atu piBusnus (6.27) MoKHA 3a JOMOMOIOI0 iHTErDATBHOTO Tie-
perBopennst. 11100 yHUKHYTH TPOOJIEM, TTOB I3aHIX 13 MTePEeX0JI0OM BiJT ITijI-
CYMOBYBaHHs JI0 IHTer pyBaHHs, Hal3pyIHIIIe CKOPUCTATUCT AKUMOCH JINC-
KPETHUM [1E€PETBOPEHHSIM.

3acrocyeMo Tak 3BaHe Z-mepeTBopeHts, BusHauene jist pyHkiii f(V)
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tax [438, Chap. 13]:

=3 fm)s™ = f(s). (6.30)

Bono € auckpernum aHaJjiorom neperBopenHs Jlarmaca. Po3s’sizyBaHHst

piBustHHsT (6.27) BuUMaraTuMe BUKOPUCTAHHS TAKUX BJIACTHBOCTEl Z-Tiepe-

TBOpeHHH:
3[NF(N)] = —sdj;(j), (6.31)
3UF(N) = g(N)] = f(5)3(s), (6.32)
Jie KOHBOJIIOIIIO BU3HAUCHO SIK
FIN)xg(N) =" f(n)g(N —n). (6.33)
n=0

3pyuHoro s 6e3MocepeHOrN0 3aCTOCYBaHHs Z-TIePETBOPEHHSA Oyiie

Taka (popmMa piBHSAHHSI (6 27):
NZx(z Z Bi(2)Zy_i(z Bo(z) ©o. (6.34)

[Tpu 1bOMY BUSIBJISIETHCS POCTIIINM PO3TJIALATH HOIPABKY JI0 CTATH-
CTHYHOT CYMH TTOPIBHSIHO 3 OE3MEKHOIO CHCTEMOIO Zoo ()
Zn(x) = Zoo(x)yn(2), (6.35)
ne byHKIsS Yy () Mae 0UeBHIHY MPAHUITO:
]&13(1)0 yn(z) = 1. (6.36)

JIns1 mepeTBOpENHS IIi€l TOMMPaBKU JIETKO OTPUMATH:

—sdgi ) _ B(sla)i(sl), (6.37)

y(slz) = Cexp {— / %‘f/)ds’} , (6.38)

ne crajy inrerpysanisg C' MoxKHa 3HaiiTn 3 (6.36).

abo0
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6.4.2. IlepeBipKa MiaXxo/ly B OJHOBUMIPHOMY HPOCTOpi. Yci pe-
3yJIBTATU JIJIs OJIHOBUMIPHOI 3a/1a4i 11ipo po30urTst jo6pe Bijgomi [58, 429,
439]. Huzkde orpumaemMo iX Ha TMiCTaBl 3a1pOMIOHOBAHOTO ITiIXO/TY.

[TizcymoByBanHs y miepeTBopeHHi By () Jierko 3pobuTH y mepIioMmy mo-

PAJIKY 3a T
~ - -k - —2x + sx
BP(sjr) =Y o o S s R (1 42ty = 6.39
) =3 T = st = P (639)
k=1 k=1
3BLJIKI
1D s*
=C 6.40
1 J1aJ1i 3HaxXo/IMMO obepHeHe MepeTBOPEHHS:
2 N+1
1D -1 S T —1
= C =C— 6.41
un (v) =3 { (5—1)(3—:1:)] x—1 (6.41)

3 piBusinns (6.36) crasna inrerpyBannsg C' = 1 — x, 1m0 J1a€ B TOJIOBHOMY

HAOIMZKEeHHI:
Y (z) =1 — 2V, (6.42)

[leit pe3sybrar npaBmibHO BijrBoptoe Tounuii Bupas (6.29). Cupas,

N 00
1 1
1D/,
Zoo (¥) = H 1 _ oF H 1= 7 (6.43)
k=1 k=N-+1
TOOTO
Yy (z) = H (1—2") =exp Z In(1—2z"). (6.44)
k=N+1 k=N-+1

3HOBY 2K y IOJIOBHOMY HaOJIM»KeHHi, Oepyun jo yBaru, mo x < 1 i N —

BEJIMKE, OTPUMAEMO:
yv (z) =exp (=) =1 -2V 1 (6.45)

[Ipurajzaemo TyT, Mo KiabKicTh oaHoBuMipanx posourtis ptP(n) = p(n)

HATYpPaJIBHOIO YUCIa 1 JOPIBHIOE KibKoCTI MikpocTtauis ['(E) cucremn 3
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enepriero £ = hwn. Bizbmemo 110 yBaru Bupas (6.5) i Bpaxyemo, 1o Jijist
cKiHueHHoi cucremu N 9aCTHHOK, sTKa BIJIIOBI/Ia€ PO3OUTTAM 31 CKiHUYEH-
HOIO KIJBKICTIO 9acTWH, eHTpomis popisHioe Sy = SE + InZy + Inyy.

Toni 3 piBasiaug (6.35) MaTHMEMO

pn(n) = p(n)yn(e™™), (6.46)

ne crarionapHa Touka [y = w/v/6n [58, 75|. Ockinbku n Benuke, T0 By —
MaJia BeJIMYNHA, I apryMeHT T = e P Grm3pKumii o ommHuIl, ajge r < 1.
Tomy migcymoByBanust y dopmyii (6.44) Tpeba BUKOHYBATH TOUHIIIeE, a

CcaMe:
N—|—1

Zlnl—x Zaj —

k=N+1 k=N+1

[Ipu N > 1 orpumaemo Taxuii nompasenuii Bupas (6.45):
N N
1D x x
r)=exp| — ~exp|——]. 6.47
o) = exp (1) e (-2 (6.47)
Tobro, rosoBHA MOMpPaBKa J0 KUIBKOCTI 0OMeKeHnX po3ouTTiB Gyie [58,

423]

pn(n) = p(n) exp YO e (6.48)
i

10 PABUIBHO BIITBOPIOE Kiiacuvnuii pesysibrar Eppomia i Jlenepa [419]
PO aCUMIITOTUYHY IMOBEIIHKY KiJTHKOCTI PO3OUTTIB HATYpPaJbLHOIO 1 Ha
monaiibispire N yacTuH.

et migxia Mu jgajii TOMUPUMO Ha BUIII PO3MIpHOCTI mpocTopy. Bap-
TO 3ayBaxKuTH, mo Bupas 1 §'0(s) MoKHa OTpEMATH GE3I0CePEHBO Y
rpanuni ¥ — 1, aje B:ke obepuene nepersopenns 3P (s)] anamniTu-
JHO 3pobuTn He BraeThcd. Came 1eit pakT i BuMarap J101aTKOBUX KPOKIB,

OIIMCaHNX BHIIIC.
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6.4.3. Pe3yabTaTu /1j1s MJIOCKUX PO30OUTTIB. VY JIBOBUMIPHOMY IIPO-

cropi BiP(z) nopisHioe:

1
B (x) = L (6.49)
3BIJIKM HAB/IMKEHO MATHMEMO
~ - — 3x + 25w
BP(sla) ~ " s7H(1 4 228) = 2 . 6.50
o) = 37K 20 = (6.50)
Posp’s30k pisasians (6.37) Oye
2D s’
M = C 6.51
726le) = C (651
a fioro obepHene Z-1epeTBOPeHHs:
1~ N+ 1)zV 2 — (N +2)2M +1
RP(e) = 37 [P oke) - o U L
ne C = (x — 1), mo B rpanumi sesmkux N i Maux o jae:
3P () =1 — NV (6.53)

[Tonibnwmit BUpa3 MoxKHa OTpuMaTh Jiisd cucteMu [N i30TPOIHUX JTBOBU-

MIPpHUX OCHUJISTOPIB, 3aIUCYIOUN CTATUCTUYHY CYMY Y BULJISIJIL:
N
InZ3P(x) = =Y kIn(l —2"), (6.54)
k=1

Jle B3ATO JI0 yBaru k-KpaTHe BUpOKeHHs k-ro piBad. [Ipsmyioun Bepx-
HIO ME¥XKY J10 Oe3MeXKHOCT1, BiATBOpUMO TBipHY dyHKII0 MakMarona jist

I0CKUX po3ouTTiB [440]:

i PP (n)a" = ﬁ L (6.55)
(1—an)
n=0 n=1

[Topisatotoun piBusuHs (6.53)—(6.54) 1 Aifovun 3a aHAJIOTIEO 3 OJHOBU-

MipHUM BHUIIQJIKOM, 1100 1epeiitn o rpanuii S — 0, MOXKeMO OTpuUMaTH
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st Y32 (@):

Z/JQVD(x) = exp Z klnl—x Nexp( Z kaz)

k=N+1 k=N+1

(6.56)

VTN — ) + 1]

(1—=)?
st NGy > 1 MmaTumeMo Taky aCUMITOTHKY:
NaN Nz
2D

= — ~ — 6.57
) =exp (~ ) e (75 ), (657

Jle cTallloHapHa TOYKa

5 (2@(3)>1/3. (6.58)

n

OTke, 119 OOMEXKEHUX IIJIOCKIX PO30OUTTIB Oy/1eMO MaTH TaKy acCHM-

NTOTUYHY OBEJIHKY:

Nn1/3 _ nll/3
Py (n) = p*°(n) exp {—We N/ } - (6.59)

[leit Bupa3 € OJIHMM i3 IOJIOBHUX pEe3yJIbTaTiB POOOTU B I[LOMY PO3JIiIi.
Bin mae ominKy KIJbKOCTI TJIOCKMX PO3OUTTIB UMCJa N Ha MOHANKOLIbIIE
N 4gactuH.

YMOBY 1 KiabKocTi dacTuH N 0e3mocepe/iHbO0 OTPUMYEMO TIiJT dac

BUBEJIEHHS Y BUTJIS/IL:

0.75n'3 < N < n, (6.60)

ne 0.75 e mabomxenum snadenam [2¢(3)] 713,
Pesynbratn jesknx obuncienb 3a J10HOMOroro piBHsaHHs (6.59) Hae-
jgeHo B tabsmmii 6.2. Touni 3HaveHHST HEOOMEXKEHUX ILJIOCKUX PO30UTTIB

p?P(n) Moxkna snaiiTi B [442|, ToAi AK ACHMITOTHYHA 3aICKHICTDL Bijg n

mae Buruisiy [432, 443

7/
p*P(n) = [2§\(/6)_]7T " n~2°/36 exp {;[2C(3)]1/3n2/3 + c} , (6.61)
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Tabung 6.2. KigbKicTb 00MeXKeHUX IIJIOCKUX PO3OUTTIB.

o N () P3P (n) BiJHOCHA
TOYHO ObOumea. 1 obumen. 2 obunmen. 3 noxubka, %
n=10, N= 9 500 458 474 498 497 3.5 88 87
n=15 N=14 6879 6703 6791 7082 7073 1.3 5.7 5.5
n=20, N=19 75278 74651 75003 77574 77478 0.5 39 38
N =18 74161 74898 77435 77339 1.0 44 43

Touni 3navenns B3aTo 3 [441]. Komonka ‘o6unci. 17 Bijnosinae Tounomy p?P(n) 3 [442];
3HAUeHHs B KOJIOHKaX ‘06umncit. 2’ i ‘obuumcit. 3’ orpumano Ha nigcrasi p?P(n) 3 (6.61),

Jie KOHCTAITH ¢ B34ATO 3 |75] 1 [432, 443|, Bianosizmo.

e ¢ = ('(—=1) = —0.165421 ... . ¥V npami |75 Mu oTpnmasn 3HaYMCHHS
c=—1/6 =—0.166666 . .., sike jae Kpairi pesyabratu st n < 7573, aje
He 3a0e31euye MpaBUJIbHOI TTOBEJIIHKN TIPU N — OO.

Ak BupHO 3 Tab/anIl 6.2, 151 0OOMEXKEHUX ILJIOCKUX PO30UTTIB OIiH-
K1 3a Bupazom (6.59) marorb 7100py TOUHICTH, MpUHANMHI B iama3oHi
n = 10+ 20. Hero 6ibii 3Hadenns noxubox (4-9%) B 0CHOBHOMY 1OB’si-
3aHl 3 MOXNOKOI acuMITOTHYIHOrO Bupasy (6.61) mis igpkocti HeoOMe-
JKEHUX IIJIOCKUX PO30UTTIB. AK 1 BapTO OYJI0 OUIKYBATH, CIOCTEPITaETHCA
MOHOTOHHE CIIaJIAaHHA BIJTHOCHOI TTOXMOKHU 31 3POCTAHHSAM N, IMOHANMEHIIIE

nutst criBsigHomennst N/n = 9/10.

6.4.4. YucioBa omiHKa KIJIbKOCTi 0OMeXKeHIX IJIOCKUX PO30UTTIiB

23, Yuesosuit anasi3 peKypeHTHOTO

JJid IIPOMIKHUX 3Ha4YeHb N ~ n
criBBigHomenust (6.27) miasg Zy(x) y JBOBEMIPHOMY BUIAJKY OYJIO 3pO-
6ueno it n = 100 <+ 10000. Ba 3HadeHHS apryMeHTa B3SITO T = e 0
31 CTAIIOHAPHOI0 TOUKOIO, sIKa BiANOBizae wiilt sanaui, Gy = [2¢(3)/n]Y?.

PesynbraTn jiesikux o04nc/ieHb HaBejieHo B TabJ1. 6.3.
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Tabsunst 6.3. Pos3e’sisku pekypentaoro pisasinnst (6.27) s In Zy y jaBoBUMIpHOMY

BUIIQJIKY.

100 200 500 1000 2000 5000 10000

10 | 13.50490 17.20871 22.46359 26.62624  30.90153  36.67638  41.11207
20 | 17.11408 23.66709 33.53210 41.58209  49.96198  61.38032  70.19437
30 | 18.09474 26.52429 40.27325 ©51.91522  64.22143  81.14853  94.28280
o0 | 18.30640 28.02642 47.03409 64.86995  84.45795 111.98343 133.58019

100 28.13457 49.79461 75.97533 109.82935 161.18825 202.85769
200 49.81234 76.99794 119.32409 203.58562 280.20762
300 76.99798 119.40093 213.60298 316.40845
500 214.27879 334.40026

N —n | 18.30884 28.13458 49.81234 76.99798 119.40094 214.27879 334.64773

AK Jlerko 3ayBakuTH, 3HAUEHHs Zn HMIBUIKO HAOJIMKAIOTHCA JI0 aCUM-
ITOTUYHUX pPE3yJbTarTiB, IO BijanoBigaioTs rpanuili N — n. e cyrreBo
VCKJIQTHIOE YUCIOBHUIT aHAJI3 PEKYPEHTHOTO criBBiHOMeHHs (6.27) v BU-
[aJIKy, PO3IVISHYTOMY B IOIEPETHBOMY ITYHKTI.

Orpumani pe3ysibTaTi MOYKHa [IEPEHECTH Ha, [IPOOJIeMY IiIPaxyHKY I1JI0-
CKUX po30uTTiB. BusiBisiernbest, 110 3 J100p0o0 TOYHICTIO OTPUMAaHI JIaHl 3a

2/3

IPOMI>KHIX 3HadYeHb [N ~ n/° onmcye dpopmyJia;

2D
In pN_(n) = —An?BPN"Bexp {—kN3/2/n +bn'31n N} . (6.62)
p*P(n)

Koncrantu A, b ta k 6ys10 po3paxoBaHo sIK ITapaMeTpH I JNOHKN Y BUTJIS/IL:
A=1.0754+0.008, b=0.00604+0.0002, k=2.264+0.2. (6.63)

[likaso, mo obumcsene 3nadenus k 6imsbke 10 k = 2¢(3) = 2.40411. . .,
3BIJIKM BIIOBITHIIT MHOYKHUK MOXKHA MOJaTH Y BULIsiI k/n = ﬁg’ .

OT:Ke, MU OTPUMAJIH JIPYTY ACUMITOTUKY KIJIHKOCTI OOMEXKEHUX I1J10-
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CKIX pO30UTTIB

2D 2\ 1/3 3/2
Py (1) n 2¢(3)N
| ~— | — — 6.64
o~ () el (664
TSt Kinbkoeti gactun N ~ n/3.

6.5. 3B’A30K Mi>K Ap0O0OBOIO CTATHUCTUKOIO
1 cKiHYeHHOI0 003e-CICTEMOIO

B OJIHOBUMiIpHOMY BUIIaJAKY

Y IBOMY IiAPO3iJ1l 3aIIPOIIOHOBAHO OIIIC OO30HHOI CUCTEM 31 CKIHYEHHOIO
KLIBKICTIO YaCTUHOK 3a JIOIIOMOIOI0 MOJE/, dKa € MaTeMaTHIHO IPOCTi-
moro. /o meBHOI Mipn Takmil MiaXiJ Ma€ CHiJIBHI PUCU 31 3HAXOIZKEHHSIM
6030HHO-hepMIOHHOT eKBiBaJIeHTHOCTI imeasbHnx ras3is [444] abo B rasi
Tonkca—2Kipapo [|445], sikuit ekcriepumenTanbHo orpumano y 2004 pori
446, 447|. Enionno-cdbepMionHa BiAMOBIIHICTD TaKOXK 3aCTOCOBYETHCS JI0
AHAJII3Y YJIBTPAXOJIOAHIX ras3is [44].

BacTocoByBaTHMEMO APOOOBY cTarucTuky JlxKeHTine, y skiii mMakcu-
MaJIbHEe 3allOBHEHHsI €HEePreTHIHOI0 PiBHSI oOMexKeHe JessKuM ducjom M
[33, 121, 127|. fkuto BcTaHOBUTH BIAMOBIIHICTE MiK KITBKICTIO 9aCTUHOK
N B peaJibHiit 603e-cucremi Ta napamerpom M y Mojie/ibHIi, TO IIOCTaB/Ie-
HY 3a/la1y MOXKHa BBasKaTu PO3B’sI3aHOIO.

s cporentss po3r/isgjaTuMeMo OTHOBUMIpHY cucTemy. Dizudno 1e
Bi/IIIOBIIa€ OO30HAM Yy BUCOKOACHMETPUUHI rapMonivHiil mactii. Jlo 1mi-
€l 7K CICTeMH 3aCTOCOBAHO IIIX1/] KAHOHIYHOTO Ta BEJINKOIO KaHOHIYHOTO
aHcaMOJII0, a 3T0JI0M Yy3araJlbHEHO OTPUMAHI Pe3yJIbTaTu JJIsl CUCTeMH 3i

CTelleHEBUM eHEPI'eTUYHUM CIEKTPOM &, X m°.
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6.5.1. MikpokaHOHIiYHMII mmiaxix. 3amuieMo BuUpas3 I KiJbKOCTI
MIKPOCTaHIB CUCTEMU OJIHOBUMIPHUX OCHUIJIATOPIB 3 eHeprieio F = hwn

(6.14), BiTHOBUBIIM PO3MIPHICTB:

I'(E) SN NCEN oI (6.65)

T A3 E/hw
) 1 as
Bukopucropytoun enrporito S = In I' 3 o3HaYeHHsT TeMIIEpaTypu T= 1%
OTPUMAEMO TaKe PIBHAHHS CTaHY:
2 T 2
EFE=—hw|—]| . 6.66
i ( ,w) (6.66)

Ockisibku eHepris F € ekcreHcuBHOIO BesqimanHow, F o< N, ne N — Kijib-
KICTh YaCTHHOK, TO TepMOAUHaMIUHa rpaHulid wlN = const Bipas3y BUILIN-
Ba€ 3 HaBeJIEHOI'O BUIIle piBHsIHHS. [leit pe3ysibTaT TaKoK MOYKHA OTPUMATH
Ha TijcTaBi iHIMX MipKyBaHb |14].

Bupas 1 ckindennoi cucteMu [N 9aCTUHOK OTPUMYEMO Ha, TiJICTaBI 3a-
nadi po obMezkeHi po36uTTs Ha moHaiibiIbIe N 101aHKiB [58|, KiTbKIiCTh

SKUX aCHMIITOTHIHO jopisHioe [419], mopisa. cTop. 226:

Fﬁn(E) _ ;671'\/2/3\/13/7%1 >
43 E [ hw

y exp{@ JE e
T

Pesysibrar, 10 9KOTO 3BOJUTLCS JPOOOBa CTaTHCTHKA, po3risnyB CpiBa-

Vi } . (6.67)

tcan Ta in. [182]. Bin Bimmosinae kisbkKocTi pos6uTTiB Tmca N, Je KoXkKeH

JIOJAHOK TPAILISIEThCS 1oHali0LIbIe M pasis:

_ ;ew\/w_?’\/%(lf%w)lﬂ B L 1/2
43 E/hw o (1 m) . (6.68)

Jlerko Gauntu, mo I'(F) 3 Bupasy (6.65) € roJOBHUM MHOKHUKOM i B

Ffrac(E>

piusangx (6.67) Ta (6.68). Bigmosiani entporii 1opiBHIOIOTH

Sin=Inlg, =Inl" + ASh, 1 Stac = In Iae = In I + AShac.
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[Topisuiooun monpaBkn ASe, Ta A Stac, MOYKHA BCTAHOBUTH YMOBY €KBiBa-
JIBHTHOCT1, sIKa II0B’sI3y€ IapaMeTp MaKCUMaJIbHOIO 3aroBHeHHst M 1 Kijib-

KICTb 4aCcTUHOK [V:

M ~ exp (6.69)

s N

V6 /E/hw
6.5.2. Ilinxin KaHOHIYHOTO 1 BEJIMKOro KaHOHIYHOIo aHCaMOJIiB.
BesmocepeniMmn BUKJIaIKAMHI JIEFKO [TOKA3aTH, 110 y BUIIAJIKY BU3HAUE-
HOI Jpo0oBOI cTraTucTuky J[»KeHTijie 3all0BHEHHS €HEePIr'eTUYIHOIO PIBHSI €
nopisrioe (33, 121, 127]

1 M+1
fale, p, T) = /T 1 G(Mi)e—m/T _ 1’

(6.70)

Jle (4 — XiMiuHuit norenmiag, a ' — TemmepaTypa.

Ximiunnit norenmiaj i KijabkicTb yacTunok N 0B ’d3aHi CHiBBIHOIICH-

HSMU:
N: ZfM(gjmuvT)a (671>
j=0
a eneprig E jopiBHIOE
E=Y ¢cifulemT). (6.72)
§=0

OHak, y BUMAJKY CKIHUYEHHOI CUCTEMM 3HAYHO ITPOCTIIIE 3aCTOCYBaTH
KaHOHITHMIT ancamb/ib. fK yxKe ckazaHo pamile, craTucTudna cyma N

HEPO3PIZHIOBAIBHIUX OJJHOBUMIDHUX OCIIUJIATOPIB JOpiBHIOE [429)]:

Iy = ﬂ (1 - ehwf/T) o (6.73)

J=1
3BIJIKM MOYKHA& pO3paxyBaTh eHepriio cuctemu Fy. Y rpanutl Bequknx N

FOJIOBHUI JI0/IaHOK 3a/1a€ThCS BUPA30M

Ne—hwN/T

EN - EBose ~ MW;

(6.74)
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ne Bpose — eHeprist 6e3aMezkHol O030HHOI CHCTEMI.
st Bunajgky apoboBOl CTATUCTUKM BUKOPUCTOBYBATHUMEMO BEJIUKIIA
KaHOHIUHU{T ancamO/b. AxkrusHicTs 2 = et/ 300Pa3UMO K Z = ZBgse + A2
JI€ 2Bose 3aJ0BOJIBHSAE PIBHSIHHI

1
N=Y ——7— (6.75)

i “Bose

. 1 :
Y rpanuii Besukux M pomaHoK Az ~ U 3BIJIKM BUILJINBAE OITPaBKa JI0

eneprii 3 piBastaus (6.72):

1

EM - EBose ~ M (676>

[TopiBHIOIOUM Bupasu (6.74) Ta (6.76), orpuMaeMo Takuii 3B’ 430K MixK I1a-
p p , OTP

pamerpamu M Ta N:
1
M ~ NeM/T. (6.77)

B ekcnonenTi Temneparypa 1', 1oB’si3aHa 3 eHeprieio E depes dopmyiry
(6.66). Takum anrOM, pedysabrar (6.77) BiATBOPIOE MIKPOKAHOHIUYHUN BH-
pa3 (6.69) 3 TouHiCTL JI0 HEXTIBHO MaJoro MHOXKHEKa 1/N — morpibHO
Opatu [0 yBaru, mo B jorapudumax Big (6.67) i (6.68) 36epexkeno e

I'OJIOBHI JIOJIQHK.

6.5.3. CreneneBuili eHepreTwdHmii cunektp. Jlaai posrigHeMo 3a-
raJIbHIN CTereHeBuit eneprerudauii cekrp € = am® (s > 0). Bigmnosigaum
BHOOPOM €HEPreTUIHUX OJIMHUIIL, MOXKHA JIOCATHYTH 3HadeHHst a = 1. Ha-
CHpaB/il, JUId peaJbHUX (PISUIHUX CHCTEM peasi3yIoThCd JIUIIEe BUIAKN
s =1ma s =2 |[182|, ogHak inrmii 3HaUEHHST MOXKYTh eDEKTUBHO 3’ sIBUTHUCST
B JICSIKIX €K30TUYHIX MOJIEJIBHUX CUCTeMaX abo B I'yCTHHI CTaHIB cUCTEMUI

B 30BHIIITHbOMY IIOTEHINaI B MexKax HaO/mxKkennss WKDB.
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JI1s1 eHepreTudHoro CreKTpa £, = M’ CTAaTUCTUYHA CyMa

z(B) =T @—e?)". (6.78)

m=1
Enrpornia S(F) micas 3actocyBanus hopmysu Eiiiepa—Makiopena nady/ie

BUTJIALY

S(8) = BE+WZ(8) =

= PBFE — i In(1—e ") =pE+ Cls)
m=1

51/5

1

e

C(s)=T (1 + é) ¢ (1 + %) , (6.80)

['(z) 1 {(z) — me, BimnosinHo, ramma-dyHKIiisa Eitrepa i a3era-dbyHKItis
Pimana.
CranioHapHa TOYKa (3 JOPIBHIOE

() */ 5D )
By = ( 8(E)> = \E /D), (6.81)

Otxke, JJIsd KIJIBKOCTI MIKPOCTaHIB MaTUMEMO

/\s S _?>§7+} 1
I'E) = COICE \ /S = 1E G+ exp [)\3(3 +1)Es+1|. (6.82)

Saminoooun E Ha n MOXKHa oTpumaTn Joope Binomy dopmysy [api—

Pamanymkana [417] mis KibKocTi po30UTTIB 1I7I0T0 1 HA CyMy S-THX CTe-
IICHIB.

Axio KiibKicTh 9acTUHOK N y CHUCTEMI € CKIHYEHOIO, TO JIO0 HaBeJIeHO!
BuIie GpopMy/Il HOTPIOHO 3HANTH HMONPABKY. Y I[BOMY BHIIQJKY CTATHCTU-
YHa CyMa JIOPIBHIOE

N

InZy(B) ==Y In(1—e "), (6.83)

m=1
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1 JIJIsT €eHTPOITIT MaeMo

N

Sin(B) =BE =) In(1—e ). (6.84)

m=1

[Ticsig mpocTux MepeTBOpenb, OTPUMAEMO:

Siul8) = 5(8) ~ T (5.68°). (6.85)
ne I'(a, ) — ne nenosua I'-dyukiisa. Orxke,
() = (E)exp [— (G Mﬂ . (6.86)
0

3acrocoBytoun acumitornauuit poskiaas ['(a,z) [366, piBasuus 6.5.32],

OCTATOYHO OYyJIEMO MATH:

It (E) = I'(E) exp [—S—lﬁoleeﬂoNS] . (6.87)

SaMiHoOun F Ha N, OTPUMAEMO PE3YIbTAT JIJIsi 0OMEYKEHUX PO3OUTTIB

1

[n(n) = I'(n)exp [—/\—SS

n5/<5+1>N1—5e‘ASNS"S/(SH)]a (6.88)

. Takoxk (17) 3 [431]. st miel dyHKIil TpauiiiiHo BUKOPUCTOBYIOTH
no3HadeHHs Py (n), opHak Tpeba 3a3HATUTH, 0 I 33141l PO3OUTTIB Iii-
JIIX YUCEJI 3HAYEHHs § HOBUHHO OyTu miauM. s s = 1 orpumanuii Bupas
3BOJIUTHCs 10 pesysbrary Epmapomia i Jlenepa [419], muB. Takox (6.67).

Bupas st 1poboBol crarucTuki BizbMeMo Ge3nocepeinbo 3 [182]:

As s 1 e
Ffrac(n) — (27T)(s+1)/2 \E (1 a W) :

3s+1

X n 2D X (6.89)

1 s/(s+1) N
X exp )\S (1 — W) (S + l)nerl

00 oTpuMaTH 3B’ 930K MizK mmapamerpamu M ta N, MOKHA 3HOBY DO3-
p )

IJITHYTH €HTPOIIT Stae = 1IN Tae 1 San = In Thy:
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1

Sfrac -5 = __Nl_se_BONsa
sBo
As
Sin — S = —1‘: M (6.90)

ne S=Inl.

Bi,HKI/I,HaIOLH/I KOHCTaHTH, OTPUMaEMO:

MY* ~ nﬁstleXp{/\Sn*ﬁst}. (6.91)
Y 1IbOMY 3araibHOMY BHIIQJIKY I[IKABO 3HAWTHU 3B’SI30K MixK eHeprieo F
1 dS
Ta TeMIieparyporo 1’ 3 o3HadYeHHsg — — —:
paryp T~ 4E
1 s s
T = \NE 1 = Eis = \T. (6.92)

OT:ke, TOJIOBHUIT BHECOK JIACTD

NS
M ~ exp (ST ) , (6.93)

10 He CyNepednTh YacTKOBOMY pesysbrary (6.77).

6.6. BaraToBuMipHI po30UTT MIJINX YHUCEJI

115t O3HAUYEHHs 6AraTOBUMIDHIX PO3OUTTIB BIMOTa PO HE3POCTAIOUMIA 110-
PAIOK B YCIX HAIPSMKAX CTA€ BayK/IMBOIO. Y D-BHMIDHOMY BUIIAJKY Ha-
TypaJibHe YUC/I0 N 300PasKalOTh K CyMy HATYDPAIbHUX 1, i,
n = Z Niyoips (6.94)
i1 rrin>0
ae Ny, > My, g, Wopasy, Ko 41 < ji, ia < Jo, ..., ip < jp [415,

p. 179].
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CxopucraBiimch (hi3UIHOI0 aHAJIONIE0 MiXK KiJIbKICTIO MIKpOCTaHiB Oa-
raTo0030HHOI CHCTEMH 1 KIJIbKICTIO PO30OUTTIB HATYypaJIbHUX YHUCETI, PO3-
rIsgAaTuMeMO [D-BUMIPHY CHUCTeMY OO30HIB 3 €HEepPreTUIHUM CIEKTPOM Y

TaKOMY BULJIsI:
5(m1,...,mD):mi1—|—...—|—msDD. (695)

Pisni crereni MOXKyTh BIIIOBIIATH TIEBHUM T'€OMETPIsSIM 30BHIITHIX MTOTEH-
MIAJIB, HAITPUKJIA]], YACTHHKA, [0 PYXaeThCsl BLIBHO B3JI0BXK 0Ci 2 (83 = 2),
nepedyBalovy IPHU IIbOMY Y JIBOBUMIDHIil OCIUJIATOPHIN ITACTI B HAIIPSIM-
Kax T Tta y (51 = s = 1).

106 orpumatu I'(E), CKOPUCTAEMOCS TI1IXOIOM, BUKJIAJICHIM Y TOTIe-
pejiHiX mijposiiax, BijmnosiaHo 1o npaip [58, 83|.

st eneprernanoro crektpa (6.95) craructuana cyma

Z(8) = [I -’

all the energies
s1 s -1
_ H H [1—6 (m} +-~-+mDD>} . (6.96)
mi= 1

Ak i panime, mrs kigpkocri mikpocranis ['(F) 3 (6.4) maTmvemo:

explS(B)]
QWS’/(ﬁQ)

Enrpornisa S(8) = fE+In Z(F) nics 3actocyBanus hopmysn Eitiepa—

['(E) = (6.97)

Maxopena HaOy1e BUIJISILY

S(B) = BE - Z Zln[ B!+t >}:

mi= 1 mp= 1
C 1
- 5E+W+2_Dln5+"" (6.98)

Jle  OCTaHHE TMEepeTBOpeHHsT 3pobseno B rpanuni (S — 0. Tyt

C = C(s1,...,Sp) — KOHCTaHTa 31 CKJIAJIHOIO 3aJI€KHICTIO BiJi CTEIeHin
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S1,...,8p. s Hammx omiHok 11 siBHUIT BurJsi He Oyje cyrreBuM. Ilapa-

METPp 0 BU3HAYACTLCA TaK:

1 1 1
=4 —. (6.99)
o S1 SD

[osiBa Muozkunka 1/2P nos’asana 3 D-sunmipauM ysaraabaenasM hopmy-
JIN TICYyMOBYBaHHs, OCKLJILKH 00/IACTbL 3MIiHW 1HJIEKCIB € TMPAMOKYTHOIO,
muB. [366, p. 892|, a BHECOK y IepIily MOMPaBKY JI0 IHTErPaJIbHOIO JT0AHKA
JTa€ JaIe HaffHM»K49a Todka mi = ... = mp = 1.

st crarionapuol Touku [y, S’(5y) = 0, orpumMaemo

O\ o/
Bo = (—E> = \E~/o), (6.100)
o

Otxke, KiJIbKICTh MIKpOCTaHIB OyJIe
[(E) ~ B-7(31@27740) o [)\(J + 1)Eoi1] . (6.101)
Saminooun F Ha n, MaTUMeMO BUpa3 JJIA KiJIbKOCTI pO3OUTTIB:

oD~ ) i 4 ]

(6.102)
(1 1 )(_1)
oc=|—4+...+— .
S1 SD

TakuM — 9MHOM,  IIOBEJIHKY  TOJIOBHOI — ACUMITOTHUKUA  (DYHKIT
p(s1,...,$p; D|n) noswicTio Bu3HAauae mapamerp o. fkimo Bci s; piBHi,

§1=...=8p =S, TO
og=s/D.

3okpeMa, JJIst TPOCTHX HGaraToBUMIpHIX po30uTTiB (s = 1) oTpuMaeMo:

p(D|n) ~ n o (54277H) oy {const nDD+1} : (6.103)
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Piusnus (6.103) mpaBuIbHO BIITBOPIOE MOJIOBHY ACHUMIITOTUKY B €KC-
nonenTi [448|. Ockimbku 1wiocki (jBoBumiphi, D = 2) po36urTsi BUBYeHi
OLIBIT JIeTAJIbHO TIOPIBHAHO 3 BUIMMU BHIIAIKAMK, TO IIKABO IMOPIBHATH
BIJIOMI pe3yJibTaTu 3 OTPUMaHUMU TYT.

3 piugnns (6.103) maemo:
p(2In) ~ n~¥exp (const n2/3) : (6.104)
[IpaBusibHa noseiaKa, BianosigaHo 10 Paiita [432, 449):
p(2|n) ~ n /30 exp (const n2/3> : (6.105)

BOHa BIJIPI3HAETHCA BiJl HAIIOIO Pe3yJbTaTy JIAIIE IepeleKCIOHEeHTHIM
MHOKHUKOM. Bupas (6.104) nae 6Ju3bKy OIMHKY Uit KIJTBKOCTI TJIOCKIX

PO3OUTTIB:

n=34 = 0TS n25/36 _ ) —0.694...

TOJI K

st rpuBuMipnux posouttiB (D = 3) [450] ominka (6.103) € Takox

[IPaBUJILHOIO, IPUHAIMHI B FOJIOBHOMY HaOJIM KEHH].

6.7. BucnoBkmu 1m0 po3mainy 6

Ha migcrasi amajioril MizK miJpaxyHKOM KLIBKOCTI MIKPOCTaHIB KBaHTO-
BOI 6araTovacTUHKOBOI CHCTEMHU 1 3aJjiadero Mpo po3OUTTS B TeOpil |m-
ceJl OTPUMAaHO HUBKY Pe3yJibTaTiB. 30KpeMa, BCTAHOBJICHO eKBiBaJICHTHICTD
MIZK OJIHOBUMIPHOIO 003€-CHCTEMOIO 31 CKIHUEHHOIO KIJIbKICTIO YaCTUHOK i
CUCTEMOIO, 110 OIHUCYEThCsI JIPpOOOBOI0 cTaTucTuKO0 JIxKenTine. 3pobeHo
y3araJijbHEHHsI Ha BUIIQJIOK CTEIIEHEBOI'O €HEPI'eTUYHOI0 CIEKTPA.
KBaHTOBO-CTATUCTUYHUN IIiJIXiJI BUKOPUCTAHO JIjIsI OIIHKHM KIJIBKOCTI
OOMEKEeHNX IIJIOCKUX PO30UTTIB HATYPAJHHOTO UNCIa 70 33 YMOBH, IO

KUJIBKICTh YaCTUH He TEePeBUIye Jesdkoro ckindennoro N. Binmmosinna
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TEOPETUKO-YHIC/I0BA 3a/1a4a OB sI3aHa 3 11 IpaXyHKOM MIKPOCTaHIB ijealib-
HOTI'O JIBOBUMipHOTO 003e-rasy. OTpuManuii BUpas3 Jijist KiJIbKOCTI oOMezKe-
HUX IIJIOCKUX PO3OUTTIB JIa€ JI0Ope Y3ro/ZKEeHHS MizK PO3PAXOBAHUMU 1 TO-
YHUMM 3HadYeHHAMU npu n = 10 + 20.

TaxkoxK BCTAHOBJIEHO BUPA3W /I OAraTOBUMIPDHUX PO3OUTTIB ILINX UN-
cesl B 3araJJbHOMY BUNAJIKY pi3HUX cTeneHis. [IpuraiiMai y rosoBHOMY Ha-
OJIMKEHHI Pe3y/bTaTh 30iraloThCd 3 BIJIOMUMU aCUMIITOTUKAMU, PO3PaXO0-

BaHUMU 3a JIONIOMOI'0I0 PI3HUX METOJIIB Teopil duce.
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PO3/ILIT 7

CTATUCTUKA BO3E B 3AJIAUI
KJIACU®BIKAIIIT CKJIAJTHUX CUCTEM

7.1. Beryn

s mosicHeHHS eMIIPUYHAX 3aKOHIB Y CYCHIJIBHUX Ta I'yMaHITAPDHUX Hay-
kax [lapero [451], Ectyn [452], Lind [453, 454] Ta inmi Bueni Bukopucto-
ByBa i1 0a30BI MPUHIUIIK [TOBEIIHKHU JIIOJUHU, JIUB. 30KpeMa iCTOPUIHUI
orssizt [455]. 1o TaknxX MOHATH HAJIEZKUTH MPUHITUIT HAFMEHIIIOTO 3YCUILIA
(aurs. principle of least effort), sixuit y dopmysosanni [linda [454] mae
OYeBU/IHI a/TI0311 Ha TPUHIUIT HaliMeHInol il y (pi3uti.

CaMi miIXo/In CTaTUCTUIHOI (PI3SUKKM MOXKHA 3aCTOCOBYBATH JIJIsl PI3HUX
CUCTEM, IO Ha3araJj CKJIaJIaloThed 3 HaraTbox OJUHUIIL, TOMY TEKCTU JIJIst
TAKIX JIOCTIPKeHb BUABJISIOTHC JTI0OpUM MaTepiaioMm. Bukopucranns ¢i-
SUIHUX METOJIIB JIOCUThH MoImpene y jinrsicruri 64, 65, 456-458|, ix Ta-
KOYK YCIHIIIHO 3aCTOCOBYIOTH Y PI3HUX TaJly3sX CYCHIJIbHUX HAyK, HAIPU-
KJIaJ[, Y BUBYCHHI TPAHCIIOPTHUX Mepesk [459], posmomity MicbKuX TepuTo-
piit [460, 461|, i HaBITH Y MOJIE/IAX TIPOSIBY HACHILCTBA [462)].

KinpkicHuit ana1i3 BeJIMKUX 3a 00CSITOM TEKCTIB JI03BOJINB BUSIBUTHU I1€B-
Hi 3aKOHOMIPHOCTI Pi3HIX TEKCTOBUX IapaMeTpiB. BecTaHoBaeH TaKIM 9u-
HOM eMIIpUYHi CIiBBIIHOIIEHHS, 30KpeMa, 3akon Llinda, cripaBemsi Ta-
KOJK B IHINX IaTy3sX. [X BUABIJIM [P BUBYEHHI PO3IOMLTY HYKJICOTH/IIB
y PeHOMI Ta IHInX 3aja4ax oiosorii [61-63, 463|, a Takox, K 1m0iiHO OyJI0

3a3HavYeHO, B CycHIbHIX Haykax [68—-70, 460-462, 464].
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Y pOMY PO3JLIL MU aHAJI3yBATUMEMO KLIBKICHY ITOBEIHKY TEKCTiB
Ha IIiJIcTaBl BUSIBJIEHOI aHaJIoril 3 003e-CUCTEMOIO B IIJIXO/l BEJIUKOIO Ka-
HOHIYHOrO aHcaM0J110. Byse ImpoieMOHCTPOBAHO MOXKJINBICTH ITPUCBOEHHSI
TEKCTOBI IIEBHOI'O HOBOI'O HabOPY IapaMeTpiB, sKi XapaKTepu3yITh HOTo
YAaCTOTHY CTPYKTYPY, IPUIOMY OJIMH i3 HUX MOKHA YMOBHO Ha3BaTHU ‘TeM-
1epaTypor’.

o moHgaTTS “TemiepaTrypa TeKCTy 3BepTaIucsd Pi3Hi aBTOPU 3 PI3HUX
noruisiziie. Tak, Maugens6por [465] 3anpornonysas Tepmin “‘iHdopmariiina
TeMmIepaTypa TEeKCTIB JiId IlapaMeTpa B PaHI'OBO-4aCTOTHOMY PO3IIOIiII
(Bisomomy 3apas sk 3akoH Llinda-Manmensopora). Takuit mapamerp cTo-
CYEThCs “100poro” um “rmoraHoro”’ BXKUBAHHSI CJIiB, 0COOJIMBO PIAKICHUX JIJIsT
eBHOTO TekeTy [466]. “Temmeparypy” siK Mipy KOMYHIKATUBHOI 3/1aTHOCTI
yBiB Kocwmizic [467]. Hemmonasno, Misyizkiva i fmamoro [468| Bukopucrasm
KJIACHYIHUI po31oia BoJibiiMaHa it BU3HAUEHHS “TeMIlepaTypyu TeKCTY
Ha ITiJICTaBl YacTOTHOI iH(OpMAaIlil Tpo HaHOLIBINT YaCTOTHI CJIOBA.

Y IIbOMY PO3/IiJI1 3aIPOIOHOBAHO HOBMIT I /IX1JT, IO MOJISITAE Y BBEICHH]
HU3KH [TapaMeTpiB, 38 SKUMH MOYKHA IPOBOIUTH KJAaCHMIKaIllo TEeKCTIB.
Bokpema, Bij Metonukn [468] BiH BipI3HAETHCS BUKOPUCTAHHSM JIJIsT aHa-
JII3y HU3bKOYACTOTHOI JIEKCUKHU, CTPYKTYpa fKOI, B3araJil KaxKy4n, BlJI3Ha-
YAETHCSI CTaOLILHINIOI TOBEJIIHKOIO.

Pesysbraru 1poro posiiy omybsikoBano y mparigx |77, 78, 95-98|.

7.2. PaHTOBO-4aCTOTHUIII PO3MOA1I

AmnajizyBaruMeMo TeKCTH Ha piBHI cjioBa. OCKIIbKY caMe TOHSTTS “‘CJI0BO”
He Ma€ OJIHO3HAUHOI jiebininil, mopisH. [469], Mu 0OMEKUMOCS TAK 3BAHUM
" : N : : :

opdorpadidyHuM cJI0BOM’, siKe € OYKBEHO-IIIN(MPOBOIO MOC/II0CHICTIO MixK

JIBOMa IpobiiamMn abo pos/iiyioBuMn 3HaKamu. Pi3Hi cjioBodopME, HAITPH-
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KJIaJ, ‘pyka’ 1 ‘pykn’, ‘nmcarn’ 1 ‘mucaja’ TOIIO BBaXKATHUMEMO JIJIsi CIIPO-
IIeHHs PI3HUMU CJIOBaMMU.

[I106 oTpuMaTi PAHI'OBO-4aCTOTHUI PO3IIO/ILI, HIOTPIOHO CIIOYATKY YKJIa-
CTU 9aCTOTHHUII CIMCOK 13 3ajaHol Bubipku (Tekcry). Jlasi, cioBo i3 Haii-
O1/IBIIIOI0 YACTOTOI0 OTPUMY€E PAHI 1, HACTYIHE 3a YaCTOTOI0 — PaHI 2
i Tak jgaji. CjoBaMm i3 OJHAKOBUMU YaCTOTAMU IIPUCBOIOIOTH IIOCJIIOBHI
3HAYEHHSI PAHIiB, Y MexKax SIKUX YIIOPSAIKYBaHHS MOKEe OyTHU JOBLILHIM.

Bupdenns: paHroBo-4acTOTHUX PO3MOJLIIB OyJI0 3al109aTKOBAHO B aHa-
JII31 TEKCTIB, 1 X04a, 1OJI0HI 3aKOHOMIPHOCTI BUSBU/IN 3TOJIOM Y PI3HUX T'a-
JIY39X, TEKCTH i HaJia 1l 3aJUIaloThcd HailIOCTYIIHIIINIM MaTepiajaoM, 110
XapaKTEePU3YETHCA BUCOKIM PO3MAITTAM.

TunoBuit paHroBo-4acTOTHUI pO3MOJILJI Mae (opMy, 300parkeHy Ha

puc. 7.1.

10000

1000 |

100 +

1 I I I
1 10 100 1000 10000

Puc. 7.1. TunoBuit parroBo-dacToTHUil po3moaij. AGCOTIOTHI JacToTH f MOKA3aHO K
dyukiio Bij panry r s opdorpadivnux cais na marepiaiai pomany Isana ®@panka
“ITepexpecHi crexkku”. [lani oTpuMaHo i 9ac MOMEPeIHBOT CTAIl YKIaIaHHS TacTO-

THOTO CJIOBHUKA 11bOro pomany [470].

TopuszoHTa/bHi 1aTO B 00J1ACTI BEJIMKUX PAHTIB / MaJnX 4acToOT O3HA-

JaloTh BEJUKY KIJIBKICTH CJIiB, gKi MaloTh OJHAKOBI dacToTu. Haitgosie
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m1aro Binosigae gacrori 1. Taxi cjioBa BijtoMmi sik 2anakc aesomena (hapax
legomena) — tieit TepMiH TOXOAUTH i3 JoC/izKeHb Bioril,

Tanaxc aes'omena — 1e MHOXKIHA JABHBOIPEIILKOTO TEPMIHA 2anakc je-
Jomenor (Gmol AeYOUEVOV), 10 NPHOIN3HO MEPEKIAJAEThCA AK ‘[moch|
ckazane |sme| ogun pas’. Tobro, 1eit Tepmin BijoBiiae ciioBam, siki Tpa-
MJIUCA B JOCJILIZKYBAHOMY TEKCTI JIUIIE Pas.

[puknagu 3 Bioail sriaouators [471]: 1295 ‘Jliir’ (ci0Bo HEsICHOrO
3HadeHHst) abo 791-°3Y ‘aepeBo rodep’ (i3 mporo Oyao 30ymoBano Hois
koBuer). [Hmmi gacro 3rajyBani npukiam: avtdyvoy, BUI IIyTa (3 mMoeMn
Teciona "Epya kai "Huépar “Poborn i ani”, 433); honorificabilitudinitati-
bus ‘cran 6yTu B 3M03i fgocsartu nodecreit’ (Ilexerip, Loves Labours Lost
“Mapwi 3ycunis Koxauus’, jgist 5, criena 1 [472, p. 372|).

st BeJIMKIX TeKCTOBUX BUOIpOK mnpub/nsno Bix 40 mo 60 BigcoTkis
CJIIB € rarakcamu, Iisl IPOIOPIlA 3aJIeKUTh Bl 06csry Tekety [473, p. 72].
BinnocHa KiJIBKICTb 2anakc A€SOMEHG HE3HAYHO 3POCTAE 31 301/bIIEeHHSIM
JIOBYKUHU TEKCTY. 3aJIEZKHICTh OaraTboxX BEJTUINH Biji 0bcary Tekery N J1o-
Ope ormcye cTeneHeBnit 3akon [474], 10 HIX 30KpeMa HAJIeKUTD 1 KiJTbKICTh
rarakcis,

b

[ToTpiOHO 3ayBaKuTH, OJHAK, IO JJIsI CTATUCTUIHIX JOC/IiI2KEHb TeKC-
TH MaloTh OYTHU JOCTATHBO JOBI'UMI.

Cnpaesdi, Hasims Yy MaKomy 00820MY PeEUeHHI, ULO CKAAJAE-
mucesa 3 08adUAMU YOMUPHLOT CALB, YCi 60HU — 2aANAKCU, 30 BU-
HAMKOM CAMO20 mepmina “2anaxcu’”, axulli mpanasemscs mym

daiusi.
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7.3. PizyuyHa aHAJIOTLY

PaHroBo-4acTOTHI 3aJI€?KHOCTI MalOTh PUCH, JIy»Ke IOJI0HI 0 PO3IOIiITY
Bose y crarucruaniit dizumni [77, 78]. o6 mpogemoncTpyBaTh 11e, 3icTas-
MO HOMEp €HEepPreTUYHOTO PIBHA j 3 aOCOJIIOTHOIO YaCTOTOI0 Y TMEBHOMY
crineky. Tobro eementu (cyioBa) 3 9acToro0 1 3afiMaTUMyTh HepInii pi-
BeHb J = 1, 3 9acToTOI0 2 — JPYTHil piBeHb jJ = 2 1 T. JI. 3aceJCHICTb PiBHS
N; 6yje BianoBigaT KiIbKOCTI PI3HUX OAMHMIB i3 YacToTolo j. OcKijib-
KU TakKe 9hc/Io MOzKe HabyBaTh Oyib-sIKUX 3HaUeHb (30KpeMa K 3aBlOJIHO
BEJINKHUX ), TO MOXKJIUBIAM BHJIAETHCSI BUKOPUCTAHHS [IJIsi OINCY BiIOBII-
HOT YacTOTHOI CTPYKTypHu (byHKIT posnogiay boze. Haitnukunii enepre-
TUYHUI PIBEeHb BIIIIOBI/IAE 2anaKkc A€ OMEHA — eJIEMEeHTaM, 110 TPAITUJINC
B JIOCJIPKYBaHOMY MaTepiaJji Jiuiie oJuH pa3. Y Takiit cxemi BOHU € aHa-

JIOI'OM 603€—KOH,H€HC&TY.

7.3.1. OyHKIIig pOo30OAiaYy if eHepreTuIHnil cneKTp. PDyHKIlis PO3-

nojity bose, 1110 Bu3Havae yucsia 3allOBHEHHS j-TO PiBH:A, Mae BUTJIST

1
2 lesi/T — 17

N; = (7.1)

Jie 2 — aKTHBHICTb, €; — eHeprid j-ro pisug, 1 — TemnepaTypa.
SIK rmokaszaJi Halll JOC/IiJI>KEeHH, JIJIsI OIIICY HU3bKOYACTOTHOI CTPYKTY-
pu (ToOTO piBHIB 3 MaJMMU 3HAYEHHSAME j) J00pe MiIXOJUTh CTeleHeBuil

CIIEKTP

gj=(j—1~ (7.2)

O imHuIo BiIHIMAEMO 3 MipKYBaHb 3PYUHOCTI, 3a0€31edyI0Ur HYJIbOBE 3Ha~
JeHHd eHepril Mepiioro piBHs.

3Bazkaroun Ha IIPUPOIY JaCTOTHUX PO3IOILIIB, JIJIs BUCOKUX €HEePIreTH-

YHUX PIBHIB BHJAETHCSI 3aCTOCOBHOIO IIPOCTa MOJIEJb JIyKe CJIadKOIro 3po-

crannd, €; o< Inln j npu 7 > 1, nopisn. puc. 7.13. Oxnnak, Takuit crexTp
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BHM&F&€O6M€X«HHHIMaKCHMaﬂbHOFOSHaquHHIﬁBHHSHGﬂMOCbSHaquHHM

Jmax 3 MeTOIO 3abe3iedennst 30izknocTi Bupazy y | N;.
J

7.3.2. ITapamerpu po3nomiiy bo3ze. Ilapamerpu dyHKIIiT po3moiay
(7.1) BU3HAYATHIMEMO 38 TAKUM JIBOKPOKOBUM ajaropurMom. CriouaTky 06-
YUC/I0EMO TIapaMeTp 2, SIKUil € aHaJIOrOM aKTUBHOCTI Y (i3ulll, BUXOSIIN
3 YUCJIa 3all0BHEHHs HaffHUK4YOro piBHg j = 1, TOOTO 3 KIJIBKOCTI 2anakc

ANeS OMERQ:

Nhapax = Nl — (73)

10000

1000

100

10

1 10 100 1000

Puc. 7.2. 3icTraBienns TeoOpeTUTIHOT MOJIE 31 CIIOCTEPEKYBAHNM 3HATIEHHSIM 3aIllOBHEH-
H¢ PiBHIB. XPECTUKHU BIITOBIIAIOTH JJAHUM, OTPUMAHUM Ha ITiicTaBi meprux 40 po3iris
pomany IBana @panka “Ilepexpecti crexku” (yecboro B pomani 60 poszminis). Cyriibaa

minig — dyukiig (7.4), pospaxoBana 3a meprmmmu 20 3HAYCHHSIMA YHCEJT 3aITOBHEHHST

N;.

“Temneparypy” T i nmokasHuK creneHs « y piBHsgHHI (7.2) gami 00-
TUCJIOEMO OJIHOYACHO, 3ICTAB/IAIOYN PO3PAXOBAHi I PEAbHOI CUCTEMME

sHadennsd N;j 3 7 > 1 3 TeOpeTHYHOIO MOJEJLIIIO

1
»=le(i=1)*/T _ 1

N; = (7.4)
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3a JIBOMa napamerpamu, « Ta 1. [Ipukiiaj pe3yabTaTiB TakKux Po3paxyH-
KiB HaBejieHo Ha puc. 7.2. i obuumcaeHHs, a Takox IMOMIOHI TOIAbIIII,
3po0JIEHO 3a JIOTIOMOTOI0 MeTO/ly HalMeHINX KBa/IpaTiB 3 BUKOPUCTAH-
HsIM HeJliHiiTHOrO aJiropuTMy MapkBapira—/leBenbepra, siknii peaJsizoBaHO
y nporeaypi fit cepenosuma GnuPlot, Bepcis 4.6.

Bapro 3a3HaunTu, 110 B HaIIOMY BHIIQJIKYy Hapamerp 1' — 6e3po3Mip-
Huil, gk 1 enepril €;. Tak oszHa4deHl BeJIMUUMHU BIJIPI3HAIOTLCH, HAIIPUKIIAIL,
BiJI BUKOpHUCTAHUX Y TIparii [468], e po3Iojiia neBHOro CTaHapTHOIO TEKC-
TY B34TO 3 METOIO BCTAHOBJIEHHS TOUYKHU BIJIJIIKY TeMIIEpaTyPH B KeJIbBIHAX.

Cran 31 3nauennsMm 1 = 0 BigmoBijae cuTyariil, KO BCi 4aCTOTU JIO-
PIBHIOIOTH OJIMHUIIL, TOOTO HIJINI TEKCT CKJIAIAETHCS 31 CAMUX JIAIIE 2aNnaKc
aes'omena. e moxke OyTHn Jiyzke KOpOTKHIT TEKCT, 00CcsroMm ojiHe abo KijibKa
pedenb, K JeMOHCTPYE TPUK/Ia] HAIPUKIHIT TiIPO3ILTy 7.2.

s po3paxyHKiB mapaMeTpiB po3mnoiay bose BUKOpucTaHo 3HAUEHHS
yuces 3ar10BHeHHd 1epmunx 10-20 piBHIB, OCKLIBKH, K y2Ke 3a3HavdaJliocs,
crereneBuii criekTp (7.2) mpu BEJIMKNX 3HAYEHHSX J MOTPIOHO MOJH(bIKO-
ByBaTH, 100 KOPEKTHO BiJIOOPA3UTH YaCTOTHY CTPYKTYPY Ha CepeJIHIX 1
BEJINKUX dacToTax (auB. puc. 7.2). JlerasbHilie mpo BEPXHIO MEXKY HOMe-
pa PiBH4 j ITUMETbhCS B HACTYIIHUX 1JIPO3/1i/Iax.

Orpumannit TakuM criocobom napamerp 1’ jiy»Ke TOUHO MaCHITabyeThes
gk NP (B < 1). lla BracTusicTb Moxe GyTH T0B’sA3aHa 3 O3HAMCHHAM
“repMoauHaMivuHOl rpaHuili’ B aHaJi30BaHiil 3a1a4di. Ilpuragaiimo, 1o s
cucrtemu N 6030HIB y D-BUMIpHOMY TapMOHIYHOMY TOTEHITIA 3 YaCTOTOIO
W TePMOJIMHAMIUHA IPAHMI BH3HAYAETHCs yMoBoro wNY/P = const mpn
N — oo,w — 0 [311]. Ockinbkn w (abo fw, skmio crany Ilnanka A He
BBAKATHU PIBHOIO OJINHUIL) € IPUPO/THOIO OJAUHUIICIO eHEepril OCIUIATOPa, TO
CTENEeHEeBOTO MACIITA0YBAHHS BEJIMUINH, TIOB’ T3aHIX 3& 3MICTOM 3 €HEPIi€Io,

MOYKHa, OYIKYBaTU 1 JJIsT CUCTEM 31 CTEIIEHEBUM CIIEKTPOM.
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BusiBsieTbest, 110 17151 JOCTATHBO JIOBIUX TEKCTIB BijHomenHs In 7'/ In N,
e N — JIOBXKWMHA TEKCTY (3arajibHa KUIbKICTH CJIB), HECYTTEBO 3MIiHIOE-
Thed 31 3minoo N. Heit hakT 103B0JIsSIE BUKOPUCTOBYBATH IIapaMeTp 7T =

1

In7T/In N jjs1 mOpiBHATIBHUX JHHIBICTHYIHUX JIOCTII7KEHb.

7.4. Ilepni pe3yjabTaTn

Ha nmogarkoBoMy erarii, 11o0ou 1mepeBipuTH, K Mpallioe 3aporoHoBaHa MO-
1eJTh, OYJI0 TIPOAHAJII30BAHO KLJIbKA TEKCTIB aHJIHCHKOIO (repMaHChKa MO-
Ba), YKPAIHCHKOIO (CJIOB’STHCHKA MOBA), & TAKOXK I'BIHEICHKOI0 MaHIHKE (111~
CEeMHICTIO HKO; MOBa pojuHu Manje, 3axigna Adpuka). Take posmairts
1oB’si3aHe 3 MOTPedOI0 3'dCcyBaTH Ha IIiJICTaBi CYTTEBO PI3HOIO MOBHOI'O
MareplaJly, Kl pucH y MOBEJIIHII IapaMeTpIB € YHIBepCAJbHUMU, a IKI —
HABIAKI, MOYXKYTh JIOMOMOITH y Kjacu(ikallil TeKCTiB (Iu y mepCreKTusi
— IHINX CKJIaJIHUX CHCTEM).

Ha puc. 7.3 300parkeno noBeiinKy “‘TemMiepaTypn’ aHTIiiCHKOTO TEKCTY
(“Mob6i lix” T'epmana Mensinta) 1 nBox ykpaiacekux (“IlepexpecHi crex-
ku” IBana @panka i “Cobop” Ouiecs Tonuapa).

Y Tabuii 7.1 mokazaHo 9uC/I0BI 3HAUEHHS TapamMeTpa 1', po3paxoBaHO-
r'o Ha II1JICTaBl 3pOCTal04u0l YACTKHU PO3/L/IIB Bl HOYATKY KOXKHOI'O TEKCTY.
Jani po crarTio 3 rBiHeiichKol razern “ Yélén 7 (“Ceitio”) HaBemeHo s
MTOPIBHAHHS.

3Bazkaloun Ha BEJIMKUIT 00CST KOXKHOI'O 3 TEKCTIB, 3HAYCHHS IIapaMeTpa
2 B YCIX BUMQJIKAX BUSABIAECTHCA OJM3LKIM JI0 OMWHUIL. JI 15T 61161 HAOUHO-

ro pO3LJIEHHS 3a II€I0 XapaKTePUCTUKOIO MOXKHA, BBECTHU 1HININI ITapaMeTp

! Bzarami karxy«m, IpaBHILHIM MOBO3HABTIM TEPMIHOM TYT 6yIe “KOHTPACTHBHUIT, a “HOpPIBHSIb-
HUH’ CTOCYETHCS PAJIIe JOCTIIKEeHHS JIHTBICTUYIHUX SBUIN 3 MOTJIALY 1X 3MIiHU B 9aci, iCTOpUIHUX
3B’$I3KiB, OJIHAK I TEPMIHOJIOTIYHI HIOAHCH HE MalOTh 0E3II0CEPeHBOIO BILIUBY HA JOCJIIXKYyBaHY 3a-

Jady Ta OMHICaHI TYT Pe3yJIbTaTH.
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4, 38 aHAJIOTIEI0 3 XIMIYHUM IIOTEHIIaJIOM, 3a JIOIIOMOT'OO CIIIBBIJIHOIIIEHHS

2 =elT,

fit MD ——
T fit PS
fit SO oo
dataMD o

data PS
10000 | ase o

1000

100

N

10 L ‘ ‘ ‘
100 1000 10000 100000

Puc. 7.3. [loBexinka “remreparypu’ 3i 3poctanaam oocary Tekcty. MD — “Mobi /lik”,
PS — “IlepexpecHi crexxku”, So — “Cobop”. [IpsiMmumu 300parkeHO pe3yabTaTh JIHIHHOT

IMJITOHKH JTaHUX, 9Ki IO3HAUYEHO BiAIIOBIIHIMH CUMBOJIAMH B JICTECH/II.

Po3paxyHku BKa3yOTh Ha IOBLIbHE CIaJaHHs 3HAUEHb IOKA3HUKA, (v 31
30L/IbIIEHHSIM 00CATY aHasi3oBaHol cucteMu. Taky MOBEJIIHKY MOYKHA iH-
TepIpPEeTYBaTH 3a JIONIOMOI'OI0 aHaJIOrIT 3 BILIMBOM Ha CUCTEMY 30BHIITHbO-
ro norentiany. Crpasi, y kBasikiacuanomy Hadmkenti [310] smenien-
Hsl 3HAUEHb IIOKA3HUKA B CTEIIEHEBOMY €HEPI'eTUIHOMY CIIEKTPi epeKTUBHO
BIJIIIOBI1a€ 110CIa0IHHIO “KPYTOCTi MOTeHIiaabHOl KpuBOol. TaxuM dmHoM,
SKITO JIOBYKNHA TEKCTY 3POCTa€, TO BIIMB 30BHINIHIX YNHHUKIB Ha HHOTO
CTa€ CJIADIINM.

B oxnoBuMipHOMY BUIIaJKY CTEIICHEBOMY €HEePI'e€TUYHOMY CIIEKTPOBI €,

p® BIJIIIOBIIa€ TyCTUHA CTaHIB
g(e) ocea L, (7.5)

3 iHmoro 60Ky, cucTeMa HEB3aEMO/II0UNX YaCTUHOK Y 30BHIITHBOMY CTe-

nereBoMy morentiani U(z) o< 2" y kBasiksmacnanomy wabszkendi [310]
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Tabmung 7.1. [Tapamerpu “eHepreTwdHOro crieKTpa’ i “remrieparypu’ TEKCTiB.

N o« T WT/LN  T/N
Moby-Dick (ENG)

0942 197 4704 0.708 0.0792
39363 1.60 1773.3 0.707 0.0451
66916 1.56 2639.7 0.709 0.0394

107503 1.48 3622.3 0.707 0.0337
132968 1.48 4207.3 0.707 0.0316
165746 1.48 4968.4 0.708 0.0300
191040 1.47 5476.5 0.708 0.0287
215270 1.45 5791.3 0.706 0.0269

Hepexpeci cmeoicku (UKR)
343 1.57 26.6 0.562 0.0774
1052 2.03  119.1 0.687 0.1132
12949 1.68 812.0 0.708 0.0627
28010 1.73 1610.1 0.721 0.0575
40811 1.72 2270.7 0.728 0.0556
54361 1.70 2964.3 0.733 0.0545
70330 1.64 3597.4 0.734 0.0512
96083 1.57 4561.4 0.734 0.0475
odos Yélén' (Ceimao), onna crarrs (NKO)
429 1.42 45.2 0.629 0.1053

Ma€ TYCTUHY CTaHIB
g(e) x en 3, (7.6)

3ayBaykKUMO TaKOXK, IO CHCTEMi Y CKPUHBII 3 BEPTUKAJHLHUMU CTiHKAMU
BUIIIOBIJIA€ 1) = 0O.
Octrarouno, sictasigiouan (7.5) i (7.6), orpumaemo Takuil 38’ s30K:
2n
a= 1 (7.7)
n+2

3BiJIKN BUILIHBAE 30KpeMa « = 3/2 mign =61 a =1 mian = 2.
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3 orpumMaHux napamerpiB 1’ Ta o MOYKHa 3pOOUTH IOIEPEIHINl BHCHO-
BOK ITPO Te, 10 1X 3HaUeHHsI KOPEJIIOIOTh 31 CTylleHeM aHaJITHIHOCT] MOBH.
A came, MeHII 3HAYEHHsT BiIMOBIIAIOTH BUIOMY CTYIIEHIO AHAITHIHOCTI
(MeHIITa CJIOBO3MIHA), ITI0 3aCBiIIy€e POTUCTABJICHHST AHIVIIICHKOT Ta yKpa-
iHCBbKOT (06UBI HasIeXKATh J10 iH10€eBpOIeiicbkix MOB). Ha nogaTok, masie
3HaUYeHHS IMOKa3HUKa (¢ B MAHIHKAHCHKOMY TEKCTI1 JIa€ I1JICTaBU OUIKYBaTH
BUCOKOI'O CTYIIeHsI aHaJITUYHOCTI II€] MOBH, 110 BIJIIIOBLJIAa€ J1IICHOCTI.

Ha zaBeprienns 1nporo miaposaiy Ha puc. 7.4 300parKeHo pesyJibTa-
TH PO3PaAXYHKY ‘TemiepaTypu’ JiJisi HI3KH KOPOTKMX YKPalHCHbKUX TEKCTiB
pisHux Kaupis [475]. Bin3bki 3HavMEHHS BKA3yIOTh HA CITaOKY 3aJIe’KHICTD
IILOr0 TapaMeTpa BiJl :KaHpy um cTmiio. Jlokmasminie ToC/TiIKeHHs MO-
JKJIMBOCTI »KaHpPOBOI aTpuOyIlil BUMarae 3acTOCYBaHHSI OaraTOBUMIPHOIO
JIMCKPUMIHAHTHOIO aHaJ/I13y I BUXOJIUTH 3& PAMKU OYIKYBaHOI'O ITPOCTOI'O

3aCTOCYBaHHs HAIIOl MO/Iei.

0.80 : : : .
OPEN LETTERS +
INT /InN

0751 PRIVATE LETTERS |

' SERMONS %
0.70} * E . y ]

* b3 X
X X *Xx ¥ +
* S XX+ X X
0.65 | +>K+*¥¥**>K%>K * KK i
+ + X v
X 4 % Z‘Z + + ¥
060} . 7% |
x + ¥
+ <.
055} x * i
; =+
050F + ]
+
N
0.45 ' ' ' '
500 1000 1500 2000 2500

Puc. 7.4. Tloseninka napamerpa InT/In N misg yKpalHCHKUX TEKCTIB PI3HUX KAHPIB:

BisikpuTi Jictu (open letters), npusarui et (private letters) i mpomosiai (sermons).
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7.5. BriyiuB JOB2KMHU TEKCTY Ha 3HAUEHHS ITapaMeTpiB

Bapro Biji3HaunTu, 1o po3Mip BUOIpKM 3aJIMIIAETHCS TPOOJIEMOIO, TKY da-
CTO ITHOPYIOTH B JIOCJIJZKEHHSAX TEKCTIB, Xo4a B JIEIKUX IPalsdX MOXKHA
HATpAIUTH Ha BiIHOBiIHUI anamis [476-478|. 3po3ymiso, 1mo Ha iiHICTh
po3paxoBaHUX IIapaMeTpiB Oy/e HUXKUYOI JIJId MEHIINX BUOIPOK, 1 came
Ha IiJICTaBl IILOIO MOKHA 3allPpOIIOHYBATHU IIeBHY “HaiBHY (i3udHy aHa-
JIOTiI0, sIKa IIOB’sI3aHa 31 CIIBBIIHOIIEHHIM HEeBU3HaUYeHOCTel. 1K BiIOMO,
et mpuHI@ 3anpononysas [aitzenbepr y 1927 pori [479], a v Burism
BiJIoMOT HepiBHOCTI jiJist HeBH3HAUYeHOCTe KoopauHatn Ag = ¢ — (q) Ta

imiynsey Ap = p — (p)

h2
(D)) ((Ap)*) = (7.8)
BiH yrepiie 3’sBuscst y npaii Kennapsa [480]. Bukopucrosytouu crporiene
dopmymoBants, “U0 3 6IALULOIO MOYHICTIIO MU MOIHCEMO GUMIPATU KOOD-
1 Hasnaxy’, 3aIPOIIOHYEMO JIaJjIi 38 aHAJIOTIEI0 MAXi 10 3a/1a9 1HIIIONO TH-
Iy, TPUITYCKAIOUN, IO JOBXKIHA TeKCTy [N Bifirpae posb OIHI€l 3 BeJTNINH
y criBsignomenHi (7.8).

JI1s1 3pydHOCTI NPHUITYCTUMO, IO -THil TEKCT XapaKTePU3yeThCd IIapa-
METPOM ;. ¥3arajbHeHHsI Ha, Ol/IbIITY KiJIbKICTH TapaMeTpiB JIEIKO 3p0OUTH
oesnocepeabo. Hexail TakoxK icHye 1eBHe “ijieajibHe’ 3HAYEHHS 1IBOIO I1a-
pamerpa xg. ChHopMy/II0eEMO TaKy rinoTe3y, HaBisHY HaIBHOIO aHAJIOTIEI0
3 MPUHIMIIOM HEBU3HAUYEHOCTI: 6idcmans 6id x; 00 10eanvHo20 3HaueHMA

napamempa xo mootce 6ymu OiALW0I0 OAA KOPOMAUUT MEKCMIG T HABNAKU

|95]. Maremaruvnuii 3ammuc MaTHMe BUTJISII:
(25 — 20)*f(N;) < (7.9)

je N; — obcsr ¢-Toi BUOIpKHU, BeJMYNHA @ — IIeBHA KOHCTaHTa. 3araJjbHi
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BrracTuBocti Gynkiii f(n) Taxi:

e f(n — 00) = oo (blibima Bubipka moBuHHA HEpeOyBATH OJIMKIE JI0

LEHTDY);

e f(1) = 0 (T06TO TeKCT, MO MICTUTH JIAIIE OJHE CJIOBO, MOXKE MaTH

JOBLIbHE 3HAYEHHST [IApaMeTPa);

e f(n) € MOHOTOHHOIO (DYHKIIIEIO CBOTO apr'yMeHTa.

Hage/ieHi BjiacTHBOCTI HAIITOBXYIOTH Ha JyMKY, 1110 f(n) ~ Inn abo skach
110/1i0Ha. BusBiisieThbes, 1m0 cam Jjorapudm Jlae ay»Ke cjiabKy 3a/IeyKHICTh
BiJT 00cATY BHOIpKM, TOMY 3yIUHUMOCS Ha (DYHKIIT KOMOIHATOPHOTO THUILY,

f(n) ~Inn! ~ nlnn. Orxe, Hexait

1 JIJIs1 CIIPOIIEHHS JTOCLIMMO JiaJil BUIa oK v = 1.

OuinuMo 3HaYCHHS @ Ta T( TaK:
(21— 0 < 2 (5 — ) <
x; — )" < = T; — X §a<
f(NG)
II0B’s13aHa, 3 JIUCIIEPCIEI0 T;:
1 ~1
2 2 2 2
oy = ((z; — x) = a =0 < > : (7.11)
< ) en

Orepaliito ycepeIHEHHS TOTPIOHO ITPOBOJIMTH 3 IIEBHOIO BAroBOIO (PYHKIIED

T06TO G2

w;. HiakoM npupojHo obparTu i1y BUTJISI

TOOTO TeKCT 00csiroM kN jaBaTuMe BHECOK K k TekcTiB oocsirom N . OTixe,

((.)) = le > (7.13)

Posrnsgnemo 3ampornonoBaHuit mijIxij] Ha TPUKIAI *KaHPOBOI aTpuOyIIil

HAYKOBUX cTaTell 3 pi3HUX TraJjy3eil. ¥ jgBomapaMeTpuyHiil 3a/1a4ui 00/1acTh,
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110 BiJITIOBiJIa€ NIEBHOMY »KAHPOBI, OyJie esIincom

(x _ x0>2 + (y _ y0>2 <1 (714)

2a2/f(No) = 202/ f(No) =

ne Ny — meBHa XapaKTepHa JIOBXKUHA TEKCTY (y HABEJEHOMY MPHUKJIaJI

Ny = N /2, npuaomy N — cepeHs JOBKIUHA 32 BUOIPKOIO).
Ha puc. 7.5 nokasano pesyabTaTu JjIs HAyKOBUX cTaTeil 3 rymaHiTap-
HUX 1 HpupogHuunx HaykK. ATpuOylilo BUKOHAHO 32 HapaMeTpoM d =

ma/(my — 1), e my — cepejiHst JOBXKUHA CJIOBA Y CKJIQJIax, a My — T. 3B.

1
JPYIuil HeHTpaIbHIi MOMEHT, 1My = N g (z; — my)?, Ta "acTKOIO YOTU-

1

PUCKJIaJIOBUX CJIiB py [481, 482].

0.35 , , . -
+
P4 Philosophy  x
Philology — *
Law O
0.30 - Math’ejr;]%t:gz ; i
Physics - JPS .
Chemistry 4
Biology =+
0.25 + N
0.20 + N
A
0.15 + . N
0.10 + N
0.05 d
1.0 1.5 2.0 2.5 3.0

Puc. 7.5. Posmimenns na miontusi (d; py) HAYKOBUX cTaTeil 3 PI3HUX JUCIUILIIH, BKIIO-
varoun diznani rekcru 3 “2Kyprany disnanux mocmimxkens” (JPS), f(N;) = (N; In N;).
Ientpu enincie nosnaderno H (humanities, rymanitapui) Ta S (sciences, npupossunti),

ix koopauuaru Bignosinno H (1.471; 0.1734), S (2.008; 0.1679).

4K rnokasye puc. 7.5, 3alIpoIOHOBaHA IiIoTe3a 100pe HiITBEePIKYEThCS.
[likaBo BiA3HAYNTH, 30KpeMa, IO (DI3UYHI TEKCTH, SIKi MOTPAIII B “Ty-
MaHiTapHuit” eJjilc, € HacupaB/i IIepCOHATISIMU, a He BjacHe (DI3MIHIMUI

CTaTTAMMU.
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7.6. HoBena Antyana je Cenr-Ex3ronepi

Hacrymaum marepiajioM j1octijizKeHb 0ys10 0OpaHo repekjia/um HoBein AH-
N4 . 99 . .
tyana jie Cenr-Ek3tonepi “MaJjienbkuii nmpuniy’ pisnuMu MoBamu. Kinbka

NPUKJIAJIIB PAHTOBO-4ACTOTHUX 3aJIE?KHOCTEN JIJI 1IbOT'O TEKCTY OKa3aHO

Ha puc. 7.6.
1000 | ) ]
; *ii;%%
100 | xx’%&% 1
10 | .
1+ T r -
1 10 100 1000 10000

Puc. 7.6. [Ipukiam paHroBO-9acTOTHAX PO3IOILIIB HepekaaiB “MajeHbKoro mpuHia’

KUTAfCbKOI0 (), aHIIHCHKOIO (%) Ta yKPATHCHKOIO (X ) MOBAMU.

“Masenbkuit ipusil’ ((paniry3bka opurinaibaa Haszsa Le Petit Prince)
— BijloMa HOBeJsa~Kaska, dKy Antyan je Cenr-Ekstonepi nanmcan 1943
poky. Bin wacy nepiol mybsrikariii 1eit TBip nepekJiajn JBOMa COTHSIMUI
MOB, HallpMKJaJl, Ha cailTi http://www.patoche.org/lepetitprince/
gallima.htm nogano nepesik 6;in3bK0 240 pi3HUX MOB, BKJIIOYHO 3 JI€SIKHU-
MU JTiaJIeKTaMI Ta Ty THIMU MOBaMH (1aHi HaBeieHo ctanoM Ha 2013 pik).
Hacmpas;ii, MoxKHa 3HAWTH JTy2Ke MaJIO TEKCTIB, JIJI AKUX ICHYE TaKe POo3-
MAITTsl TIePeKIa/IiB, IPUIOMY 3HATHA YaCTKa 3 HUX (DIryPye B €JICKTPOHHO-

My BUTJIsIJI B MepexKi [HTepHeTr. 3p0o3yMijio, 110 3HAYHO OlJIbITY KiJIBKICTh
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nepekIa B MaeMo jiyist biosii (an rouwnirre, Hosoro 3amosity) abo mist 3a-
raJibHOT JleK/Iapariii mpas Jiounn (http://unicode.org/udhr/). I xoua
i JiBa, TEKCTU JOCUTDH CliennivuHi 3a CTHIeM, IX TaKOyK MOXKHA PO3IJIsiIa-
TH K NOTeHINHNI MaTepias Jj1sd HOJAJLIINX JOCIXKEHD, K 30KpeMa
IIOKa3aHo B IiApo3aia 7.9.

[HikaBo Bijg3Ha4uTH, 110 HOBesa ‘MaJjieHbKIil IPUHI] 3aBIIKI BEJIUKIM
KIJILKOCTI JIiaJIOriB HAOJIMXKAEThCs 38, YaCTOTHOIO IIOBEJIIHKOIO JIO PO3MOB-
HOT'O CTUJIIO. 30KPeMa, HaIll IiJIpaxyHKN IIOKa3yIOTh, 110 3aiiMEHHUK ‘si’
BUABJISIETHCA HANWOILIBIIT YaCTOTHUM y (pPaHIly3bKOMY OPUTiHAJI Ta B yKpa-
THCBKOMY IepeKJiaJii, JIpyruM 3a dacroroto (micist ‘the’) B anriificbkomy,
TAKOXK JIDYTEM — y OaMaHCbKOMY [483], 1110 € prcoio, XapaKTepHOIO caMme
JJIsT PO3MOBHOT'O TEKCTY, TTOpiBH. [484].

3 MeToI0 aHaJIi3y HOBeJIN MU 00paJjii COPOK MOB, HaMaral4ncCh, 3 OIHO-
ro OOKY, BKJIFOUUTH 110 JEKiJIbKa IPeJICTaBHUKIB 3 OJHIE] MOBHOI POJIMHI,
a 3 1HIIOr0 — OXOIUTHU Pi3HI pojuHu. TakoyK BUOIp BU3HAYABCS JIOCTYITHI-
CTIO €JIEKTPOHHUX TEKCTIB Iepekaay. Hikde momano anasizoBaHi MOBU
B aJipaBITHOMY TOPSJIKY: aszepbaiizkaHcbKa, aHIVIificbKa, apabcbhka, Oa-
MaHa, 6ackebka (eyckapa), 6iopycbka, O0Jirapcbka, B’ €THaMCbKa, BipMeH-
CbKa, I'H/Il, I'PellbKa, I'Py3UHChKA, ecliepaHTO, ECTOHChKa, 1BPUT, 1CITaHChKa,
iTasiiicbKa, KaTaJoHChbKa, KUTalichbKa, KOpeiichKa, JIaTBiiicbKa, JUTOBCHKA,
JI0’K0aH, MOHIOJIBCbKA, MOPIChEH (MaBPUKIifichKa KPeOJIbChKa), HiMEIbKA,
OJIbChKA, MMOPTYTraJbChKa, pOociiichbKa, pyMyHChKa, cepOChKa, TalichKa, Ty-
pelbKa, YIopchbKa, YKpalHcbKa, dapci, ppaHIily3bKa, XOpBaTChbKa, 4echbKa,
SATTOHCHKA.

>xepesiaMu €JIEKTPOHHUX TEKCTIB CTau Taki cailTu:
e http://www.odaha.com/antoine-de-saint-exupery/maly-princ
e http://www.petit-prince.at/links.htm

e http://ukrlib.com.ua/books-z1/
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e http://www.lib.ru/EKZUPERY/
e http://olddreamz.com/bookshelf/prince/littleprince.html

e http://www.xiaowangzi.org.
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Puc. 7.7. Ilonoxkenus pisanx MoB Ha momuui (o; 7). Mosn nosmadeno xkomamu ISO
(SIKIO JIBOOYKBEHW KOJi He BU3HAYEHO, TO BHUKOPUCTAHO HANO/IMKUe 3a 3BYUaHHSIM
nosunadenns): AR — apabebka, AZ — asepbaiimkancbka, BM — 6amana, BE — 6im0-
pycbka, BG — 6osrapceka, CA — karasoncbka, CS — gecbka, DE — nimernpka, EN —
anriiicbka, ES — icnanceka, EU — 6ackebka (eyckapa), FA — dapci, FR — dpaniyss-
ka, EL. — rpenbka, EO — ecriepanro, ET — ecronchka, HE — iput, HI — risgi, HR —
xopBarcbka, HU — yropcoka, HY — Bipmencoka, I'T — itasiiicbka, JP — sanoncbka, KA
— rpysuncbka, KO — kopeiicbka, LLJ — jgoxban, LV — marsiiiceka, LT — smmroBchbKa,
MC — wmaBpukiiicbka Kpeosibebka (Mopichket), MN — monrobsebka, PL — mosbebka,
PT — mopryrasbebka, RO — pymyncebka, RU — pociiicbka, SR — cepocbka, TH —

taiicbka, TR — typenpka, UK — ykpaincbka, VI — B’erHamcbka, ZH — kuraiicbka.

Pesynbratn obumcsiens mijcymMoBano Ha puc. 7.7 1 B Taba. 7.2. Ilokn
0 MU He OyIeMO BPaXOBYBATH B aHaJi3] aHajora akKTUBHOCTI 2, OCKLJILKH
3HAUEHHs IbOTI'O IapaMeTpa OJU3bKI JI0 OJUHUIN 3aBJISIKN JIOCTATHHO Be-
JINKIM o0csiraM TekcTiB N, a, oTzKe, il BeJIMKOI0 Oy/e KiJbKiCTb rallaKcis,

dJepes siKi BU3HAYAETHCsS 2, MOpiBH. (7.3).
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AK y2Ke 3ra 1yBaocs B MoepeHbOMY TIPO3/IiI1, TOIepeIHI JOCTiIzKe-
HHs1 [77| BKasyBaJin Ha Te, 10 3HAUYEHHSI IapaMeTPiB TeMIEPaTypH 1 ToKa-
3HUKA CTEIeHs (v y CIIEKTPl KOPEJIIOIOTh 31 CTylleHeM aHAJITUYHOCTI MOBH.
e criocTeperkeHts BAAJIOC MITBEPINTH 1 Ha JTOC/IKYyBAHOMY MaTepiaJi.

3 puc. 7.7 MOyKHa 3ayBayKUTH IPYIIyBaHHsI MOB Y KIJIbKOX JIIJISTHKAX ILIO-
muan (o InT'/In N) (nani mpo TaiicbKuii mepek/iaj 10 yBarun He Gepemo,

JIB. JIOKJIaHiIe TpuMiTKy 710 Tabst. 7.2). OTxKe, BIA€ThCS BUILINTH TaKi
IpyIIN:

e OamaHa, B’€THaAMCbhbKa, KUTaiicbKa, JIO2KOaH, MOPICHEH 1 AIOHCHKA,

e aHIIiiichbKa, TiHji, iTajificbKa, HiMeIbKa, MOpPTyrajbCbKa Ta (paH-
Ily3bKa;

e icllaHChKa, MOHIOJIbChKa, PYMYHCBKa, cepbcbKa, (apci, XopBaTchbKa,
JechbKa,

e OLIOpyCbKa, IMOJIbCbKa, pociiichbka, yKpaiHCbKa, JiaTBifichbKa, JUTOB-
ChbKa, KaTaJIOHChKa, apabCchKa, aszepOaiiizKaHChKa, I'PYy3UHChKa, IBPUT,
yropcbKa, KopefichbKa Ta TypellbKa (MOYKHA TAKOXK 3ayBazKUTH IMEBHI

MiJrPYI B MeyKax i€l OLIbInol rpyin).

Jle1io oKkpeMo CTosATh TaKi MOBU: 6aCKChKa, €CTOHChKA, BIDMEHChKa, I'Pe-
bKa, ecriepanTo i bosrapebka (y 1iit cI0B’sIHCBKiiT MOBI CJIOBO3MiHA CyT-
TEBO 301 HEHA MOPIBHAHO 3 1HIIUMU, IO I, 0YEBUJIHO, CTAJIO0 HNPUIHMHOO 11
BHOKPEMJICHHST 3 0UiKyBaHUX rpyT). Cami ¢JIOB’STHCHKI MOBH PO3JILIAIOTHCS
Ha JiBi rpynu. OJiHa 3 HUX BKJIOYAE OIJIOPYCHKY, MOJIbCHKY, POCIICHKY Ta,
YKPaTHChKY MOBH, 1HIIIa, CKJIAJIAETHCS 3 XOPBATCHKOI, CepOCHKOI 1 — IEBHOIO
MipOIO0 HEOUiKyBaHO — dechbKol. [[ikaBo, 1Mo KaTaJoHChKa MOBa MOTPAITIIA
B 00JIaCTb, sSIKa BIJIPI3HSIETbCS Bij TOI, 110 BUILIMBAE 3 11 MeHeaJOridYHUX

3B SI3KIB.
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Tabmumng 7.2. [lapamMeTpu eHEepreTUIHOrO CIEKTPa i TeMIIepaTypu TEKCTIB

Moga Opurinajibia Ha3Ba, N Nhapax @ T 7=InT/InN
[Tonbcbka Maty ksiaze 11272 2025 1.58 814 0.718
JIuTtoBchKa Mazasis princas 10899 2105 1.62 784 0.717
Pociiicbka Manenbkumit nipunn, 12547 1915 1.55 831 0.712
Bipmencoka ®npphYy hopuwlip 13794 1727 1.49 885 0.712
AzepbaiiKaHchbKa Balaca Sahzads 12557 2667 1.8 820 0.711
['pysuncbka 30Hodo ggwobgmo 10822 2519  1.60 741 0.711
Kopeiicbka JER=p ] 11282 3048 1.55 748 0.709
Binopycbka Manenbki nperan 12391 1989 1.55 785 0.707
JlaTBiiicbKa Magzais princis 11527 1957 1.56 740 0.706
IBpuT UPn 70T 12105 3454 1.63 742 0.703
Karanoncnbka El Petit Princep 13954 1811 1.9 808 0.701
Yropcbka Kis herceg 12041 2476 1.56 725 0.701
Apabebka Jseall Yl 1001 3367 1.62 607 0.696
Backcbka Printze Txikia 11760 1957 1.50 683 0.696
YKpaincbka Manenbkumit puan;, 11553 2205 1.55 673 0.696
Typenpka Kiigiik prens 11697 3173 1.65 673 0.695
Bosrapchka MaJtkus mpuHIL 12066 1609 1.39 625 0.685
Icrrancbka El Principito 13735 1479 147 669 0.683
Papci JsasS el 14214 2127 145 679 0.682
Yecbka Maly princ 11398 2158 1.48 581 0.681
Cepbcbka Mali Princ 12217 1945 1.52 599 0.680
Ecronceka Viike prints 11901 2056 1.41 587 0.679
XopBaTchbKa Mali Princ 12095 1958 1.49 587 0.678
I'peribka O wxpodc mplyxamog 14447 1742 1.58 653 0.677
Pywmyncbka Micul prin 13188 1708 1.50 603 0.675
MonroJibcbKa Banxan xyn raitzk -~ 11819 2029  1.46 585 0.669
[raniiicbka Il Piccolo Principe 12429 1734 1.45 528 0.665
[Topryranabcbka O Pequeno Principe 12646 1591 1.47 531 0.664
EcnepanTo La Eta Princo 11808 1555 1.55 505 0.664
OpaHIry3bKa Le Petit Prince 13926 1684 1.44 546 0.661
Himernbka Der Kleine Prinz 14077 1554 1.49 bH44 0.659
s Tegl WSTHHTT 14014 1129 1.38 518 0.655
Amnrmiiceka The Little Prince 16905 1030 1.43 579 0.653
Mopicber Zistoir Ti-Prins 12553 747 1.24 375 0.628
fAnoncopka* bDOLEDEFL 19923 938 1.36 496 0.627
B’eTnamcbka Hoang Tt Bé 17694 535 1.15 410 0.615
Kuraiichka™ INETF 22806 420 1.24 458 0.611
Jloxkban le cmalu noltru 17482 581  1.18 360 0.603
Bamana Masadennin 16269 852 1.32 314 0.593
Taiicoka™* R RHIGH 2656 2241 147 50 0.497

* JI71s1 CJTOBOTIOITY SITOHCHKOTO TEKCTY BUKOpHCTaHO miporpamui 3acobu UniDic, MeCab

ta ChaSen.

*x Jlani 1010 KUTaCHKOIO MepeKJIajy BiIITOBiIal0Th 9acToTaM i€poraidis, a He CJIiB.

VY TaiicbKUX TEKCTax MpobijiaMu pO3JiISioTh pedeHts abo ix vactunu. Tomy Bijo-
BIJIHI JlaHl 3afiMalOTh OKpeMe TOJIOXKEeHHS i HaBeJIeH] JJIsd MOJaIbIINX y3araJbHEeHb.
JTHL T,
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OTrpumani gaHl MOXKHA BBasKaTH 1€ OJHUM IiJITBePIKEeHHSIM TilIoTe31
PO 3B’S30K MiXK 3HAUYEHHSMU HapaMeTpiB « it T’ Ta cTylneHeM aHaJiTH-
YHOCT1 MOBU.

[likaBo 3ayBazKUTH, 1110 JBI IMITYYHI MOBH, a caMe eCIIepaHTO 1 JIoXKOaH,
3aiiMaroTh JyKe pisHi mosioykeHHst Ha twiomusi (a; 7). e mos’szano 3
IiTX0/TaMU JIO CTBOPEHHS ITUX MOB. ZIKIO JIOXKOAH TPYHTYETHCA Ha, IIPeJIu-
KaTHUBHI JIOTII 1 € BUCOKO aHAJIITUIHOIO, HABITH OJIN3BHKOIO JI0 “MAaITIMHHOI
MOBOIO, TO €CIIEPAHTO — MOBa [1IepeBayKHO arIlOTUHATUBHA, sIKa Ma€ CILIb-
HI pUCH 3 TPUPOJIHUMIU.

[ToTpibno migkpec T, MO OJU3BKI TMOJOKEHHS MOB Ha, pHUC. 7.7 B ¥KO-
JTHOMY pa3i He 03HavaloTh OJIM3BKOI cropignenocti. HatomicTs y Takiii cu-
Tyallil MOYKHa CTBEP/ZKYBaTH PO MOIOHICTD YaCTOTHOI CTPYKTYPU TEKCTiB

Ha PIBHI CJIiB, IO i IOB’SI3aHO 3 aHAJITUYHICTIO YU CHHTETUYIHICTIO MOBH.

7.7. TpaekTopil TEKCTIB

[Ile ogHUM TEKCTOM, JJIsI IKOTO BJIAJIOCS 3HANTH HU3KY IepeKJIa/IiB Pi3HNU-
MU MoBaMu, Oyja HoBesa-Kaska JIbioica Keppouta “Astica B Kpaini uymec”
(Alice’s Adventures in Wonderland).

Jlns po3paxyHKIB IapaMeTpiB PO3IOILIY MH OOMEXKUJINCT PIBHIMU
Jmax = 10y Bunajky “MaJjieHbKoOro npusia’ Ta Jmax = 19 s “Agticu. .. "
Taxi BepxHI MexKi MOyKHa, OOI'DYHTYBATH Ha I1iJCTaBl BUBYEHHSI YaCTOTHUX
pOo310111iB ¢J1iB. BijoBiaHi 3HaYeHHSsI BUSBJIAIOTHCSI OJIM3LKIM JI0 TaK 3Ba-
Hol k-Touku [485] myst amasizoBanux TyT TekctiB. Camy k-TOUKy BH3HA-
JaloTh MOJI0HO 10 iHjekca ['ipmia, aje B iHIIOMY “mpocTopi’ 3MIHHUX, a
came: k-Touxa € po3B’sa3koM piBHsHHS N; = j (3 HEBHUM JIOO3HAUEHHSIM,
gkmo neperun N; 1 j He Bipnosinae nimomy dncity j). Beaxaiors, 1o

sl TOYKa, PO3JILIA€ PI3HI TUIN JIEKCUKHU: BUCOKOYACTOTHI (DYHKIIOHAJBHI
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(moromizkni) croBa Ta Hu3bKOUacToTHi noHo3HadHi [469]. Take posmiten-
Hsl, OJIHAK, JlocuTh po3Mute [486|. Tabuuui 7.3, 7.4 gar0rTh 3MOry OIIHUTH,
HACKILJIbKI 00paHi 3HAYEHHSI Jax OJIM3BKI 10 k-TOYOK.

Tabmmma 7.3. CrnocreperkyBani Beamannu N Jyid Pi3HAX IepeKiaIiB nosemn “Masenn-

kit puHIl . Haitbymmkgi 10 k-TOY0K 3HAYEHHS PiBHIB J BUJIJIEHO HAIIIBXKUPHUM KyP-
CHBOM Ta 3aTiHEHO CipUM KOJIHOPOM.

J | KuT.  JjokOaH aHrI.  paHi. IOJ. Poc. YKP.
1 | 420 582 1032 1578 2025 1916 2207
2 | 213 221 359 399 574 571 513
3 | 140 124 206 176 261 271 216
4 92 84 115 107 122 146 115
5 78 69 65 71 95 96 81
6 43 45 39 44 52 39 o4
7 51 53 37 40 37 38 27
8 41 25 27 28 33 43 28
9 20 21 22 18 24 24 18
10 20 23 19 Dz 15 18 19
11 23 27 20 10 8 11 12
12 17 17 18 12 15 11 11
13 17 16 12 14 10 7 10
14 18 19 13 3 15 8 14
151 15 6 7 12 3 6 5
16 11 10 7 7 9 4 4
17 10 7 6 4 6 7 6
18 16 ) 6 9 4 6 9
19 9 9 6 5 6 4 3
20 8 6 4 4 2 6 4

st BUBUEHHS 3a/I1€2KHOCTI TTapaMeTpiB «v it 7 BiJI JIOBXKUHEU TeKcTy [V
OyJIO OTPUMAHO TaK 3BaHI TPAEKTOPIl TEKCTIB JIJIs KOYKHOTO TEPEKJIaLy:
3HAUEHHs JIBOX HapaMeTpiB (bikcye TOUYKY Ha IJIONINHI, a IX 3MiHa 31 3po-
cranagM N BuU3Hada€e MEBHY JIHIIO, 9Ky HA3UBATUMEMO TPAEKTOPIEIO.

BusiBuiiocs, 1o crabiJibHOCTI y 3HAYEHHSIX IIapaMeTpPiB He BIAEThCA J10-
CATTH Bijipa3y, IMOKN JIOBXKNHA TEKCTY JOCUTh MaJja. Hazaras, gk mokasye
HpaKTUKa, JJIsI JOC/IyKeHb 0azKaHo MaTH TEKCTH, Y AKUX KiJbKICTb CJIB
IEePEBUIIYE KiJibKa THUCAY, 1 nepekaan “Majienbkoro npunia’ rnepedyBa-

IOTH JIOCUTH OJIN3bKO JI0 TAKOI HIZKHBOT Mexki [78].
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Tabmnma 7.4. CrnocrepexxyBani Beamauau N; I Pi3HEX IepeKJIaJIiB Hoeau ‘Atica
B Kpaiui aynec”. Haitbnukudi 10 k-TOYOK 3HAYEHHS PIBHIB j BUJIJICHO HAIiBXKUPHUM
KYPCUBOM Ta 3aTIHEHO CIPUM KOJBOPOM.

J | KuT. Jok0aH aHr.  paHi. I[OJ. Poc. YKP.
1 | 460 939 1456 2070 3141 2709 3328
2 | 241 294 558 615 1000 1051 1142
3 | 146 172 312 305 468 474 524
4 86 118 187 183 225 292 243
5 97 91 117 110 127 171 140
6 72 60 71 84 98 110 7
7 57 57 55 57 65 59 67
8 32 37 59 52 59 52 40
9 30 29 29 32 40 27 32
10 37 36 46 34 27 30 34
11 32 31 27 20 20 26 29
12 36 25 33 23 17 17 18
13 22 23 17 22 18 18 6
14 25 22 18 20 | 14 16 11
151 19 19 16 17 11 6 12
16 | 11 16 9 20 11 7 6
17 18 7 12 8 11 9 5
18 16 15 9 3 6 11 8
19 15 12 8 8 10 4 7
20 12 12 8 7 5 3 9

Ha puc. 7.8 300pazkeHo TpaeKTOpil TEKCTIB JI/Isd KIJTBKOX ITePeKJIaIiB Po-
CIfICbKOIO MOBOIO, SKi BJIAJIOCT 3HAMTH B €JIeKTPOHHOMY BUTJIAL: JBa “Ma-
JeHbKoro mpuHIEa Ta Tpu “AJicu B Kpalni gaygec’. Crocrepiraemo sKicHy
MOIIOHICTE Y hbopMax MUX TPAEKTOPIl, X04a ICHYIOTH BIAMIHHOCTI Y YNCJIO-
BUX 3HaYEHHAX BIAMOBIIHUX IMapaMeTpiB g pizHux TekcTis. Lle miarsep-
JIZKY€E JYMKY TIPO BILIUB YKaHPY Ha BEJIMUUHU (v I T HABITH y MeKaxX OJIHOl
MOBH.

BosHouac moBejiinKa TpaeKkTOpiii BKa3ye, IO BIUINB IHepek/aagada (sK
aABTOpA) HA 3HAYCHHS MAPAMETPIB € CyTTEBO MEHIINM, HiXK BILUIUB XKAHDY.
Li cocTepekenns OyyTh KOPUCHUMHU B TOJAIBIINX JOC/IIIZKEHHIX MO-

JKJIMBOCTell aTpuOyIil 3a o it 7 9 CHOPIAHEHUMHU BeJIUINHAMIA.
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0.76 . . . .

0.74 +
0.72 ¢
0.70
0.68 |
0.66 |
0.64 r

0.62 r
0.60 r 1

0-58 1 1 1 1
1.0 1.2 1.4 1.6 1.8 2.0

Puc. 7.8. Tpaekropii pociiicbkux nepeknaiis “Masenbkoro npusnng”’ (3Haku +, X) Ta
“Auticu B kpaini uygec” (3uaku [, B ta >). [lepma Touka Bignosimgae nepmiit 1000 ciiis,

a KOKHa HaCTYyITHa po3paxoBaHa 3 KpokoMm Taxoxk 1000.

7.8. Moneni 3 Apob60BOIO BUMiIPHICTIO IIPOCTOPY

i TPOOOBOIO CTATHCTUKOIO

AK mokazaHo B TOTEPEHIX PO3Jijax, JjIsd HU3KA MOB, IO XapaKTepHu3y-
FOTbCSl BUCOKKMM DPIBHEM aHAJITHYHOCTI (HANPUKJAJ, B €THAMCHKA, TaBaii-
CbKa, KUTaflcbKa, MOPIChEH, IITYyYHA MOBA JIOXKOAH) MOKA3HUK CTEIeHs Y
cuekTpi a = 1.1 = 1.3, TobT0o Gim3bKuit g0 oaunuii. Ile HamToBXYye Ha
JIYMKY IIPO Te, 10 MOKHa, BUKOPHUCTATHU K MO/IeIb CUCTEMY TapMOHIYHUX
OCIIMJIATOPIB 31 CIIEKTPOM € = J — 1, BUKOpHUCTABIIN B POJIL JIPYrOro napa-
MeTpa BUMIpHICTH mpocTopy. ToOTO 3aMicTh JIOC/IIIZKEHOIO B IIOIEPEIHIX
miiposisax Bupasy (7.4) Oymemo aHasizyBaTu (byHKIIO

I'(j—1+4 D) 1
Ni= ' ~ 715
IS TG+ D) = Tei-D/T 1’ (7.15)

e BpaxoBaHO BUPOJKEHHsT j-0ro piBHs (3.15).
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PezynpraTtn pospaxynkiB HaBegeno Ha puc. 7.9-7.11. AxicTb miaronkn
MOXKHA IIePEBIPUTH 3a JOIOMOI'OI0 TaK 3BAHOI0 KoedillleHTa JeTepMiHalil

R? axuii BusnauaeThest Tax [487]:
X 2
Zj (Nje ' - Nj)
ex exp\ )2
25 (NJ = (New))

Y pomy Bupasi (N®P) — 1ie cepejie 3HAUEHHST CIIOCTEPEKYBAHUX BEJIN-

R*=1- (7.16)

exp . . . .
aud N, Y HAIOMy BHHAJIKY [1JCyMOBYBaHHs BiiOyBa€eTbest BIX j = 2,
ocKkiTbkN § = 1 3adikcoBaHO depes z.

10000 : : ‘ 10000

1000 1000 [

100 | 100

10 + 10

1+t © 00 CUIEIEC B, @0 ODOOMO @D o/mf 1+ fe’e) oﬂmoojas

1 10 100 1000 1 10 100 1000

Puc. 7.9. Pesynbrarn s nepekstais “Asticu B Kpaini aymec” moBoto jioxkban (J1iBopy)
i raBaiicbkoro (mpaBopyd). Kpyzkeukamu 1moka3aHo CIIOCTEPEXKyBaH] 3HAYEHHS, a JIiHis

Biamosigae dynkuii (7.15).

10000 T T T 10000

1000 | ] 1000 |

100

100

10 10 F

EP00 @ © O .I’

1 10 100 1000 1 10 100 1000

Puc. 7.10. Pesynbraru s nepeksiaais “MajieHbKOro mpuHIia’ MOBOIO JIoxKOaH (J1iBo-
py4) i B’eTHaMCbKOIO (paBopyd). KpyzKedukamu MOKa3aHO CIIOCTEPEKYBaHi 3HAUCHHS,

a Jiinisg Bimosigae Gynkmii (7.15).
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O6uncieni 3uadeHHs K2 BUABISIOTHCA Ty7Ke OJU3bKIME JI0 OAMHUIL
(zazBuyaii, R? > 0.9 BBaxkaloTh 3a npuitnarny uigronky [487]). Hampu-
KJIaJ1, TIepeKIal “Amicn. . .” KnTaiichbKoo Ta MOBOIO J0xkOan gae R? > 0.98
. 2 . . . .

i R > 0.99, Bignosigno. /lemo HUXKYI 3HAYEHHS CIIOCTEPIraeMo JJId aH-
riiiicekoro (R? > 0.97) i rasaiicbkoro (R? > 0.96) mepexjajis 1b0ro
. 2 . .
TekcTy. B ykpalncbkoro nepexknany R > 0.94, i Take MOpiBHAHO HU3BKE
3HAUYEHHsT MOYKHa JIETKO 3ayBarKUTHU 3a IOBEJIHKOI0 KpuBOI Ha puc. 7.11
npasopy4. [Ipuunna nossrae B ToMy, 0 JIJIs MOB i3 OLJIbIT CHHTETUYHOTO
IpaMaTHKOIO [OKA3HUK (v y CIeKTPi € = (7 — 1) 3HAYHO BiAXU/ISIE€THCS Bij
onuuuti |77, 78, 96|, a oTKe MOJIe/Ib FAPMOHIYHUX OCI[IJISTOPIB JIa€ Tipimii
OTINC, TIOPIBH. Pe3yJIbTaTU JJIS aHTJIIICHKOrO Ta YKPalHCHKOI'O TEKCTIB Ha

puc. 7.11. Mogesnb (7.15) morano BiITBOpIOE MPOMIZKHI 3HAUYEHHS j 2 5.

10000 ; . . 10000

1000 1000

100 r 100 r

10 | 10 ¢

@00 0 @ j,

1 10 100 1000

Puc. 7.11. Pesynbratu st nepeksiaais “Asicn B Kpaiui aymec” anriiiicbkoro (J1iBo-
pyd) Ta yKpalHChKOIO (mpaBopyd) MoBamu. KpysKedkamu IOKa3aHO CIIOCTeperKyBaHi

3HAYeHHsl, a JiiHist Bijnosigae dyukiii (7.15).

PospaxoBani IpocTOpPOBI BUMIPHOCTI ITi/ICYMOBAHO B TadJI. 7.5.

Taxum arHOM, 1€ OJTHA 3AIIPOIIOHOBAHA MOJIEIb OIUCY YaCTOTHOI CTPY-
KTYpH TEKCTIB, 10 I'PYHTYEThCA Ha po3mnojii bose maig cucremun rapmo-
HIYHUX OCHIJIATOPIB Y IpocTOpi 3 jpoboBoto BumipHicTio D = 0.5 = 0.7
J100pe MiAXOAUTh JJIsi MOB 13 BUCOKUM CTYyIIeHEeM aHaJliTudHocTi. Bapto

TAKOXK 3a3HAYUTHU, M0 PO3paxoBaHi 3HadeHHs [ cj1abKo 3MIHIOIOTHCS 3a-
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Tabmumg 7.5. 3HaveHHs IpoOOBOI BUMIPHOCTI MPOCTOPY JI/Isi PI3HUX TEKCTiB. Pe3yiib-

TaTH OTpUMaHO B inTepBaJsi D + AD.

Mosga TekcT D AD

anrmiicbka  “Agtica B Kpafui aygec” 0.557 0.143

“MasenbKuii puHIr’ 0.530 0.165

B’eTHaMCbKa “MaJieHbKMiT TpUHIT 0.595 0.088

raBaiicbKa “Atica B Kpaiui aymnec” 0.699 0.127

kuTtaiicbkka  “Autica B Kpaiui aymec” 0.699 0.081

“Manenbkuit mpunIr’ 0.677 0.102

JIO2KOaH “Anica B Kpaiui aygec” 0.649 0.028

“MautenbKuit ipuir’ 0.563 0.080

MOPIChEH “Mautenbkuit npunir’ 0.513 0.097

ykpaincbka — “Autica B Kpaini aymec” 0.501  0.303

“MasenbKuit puHIr’ 0.416 0.195

JIEZKHO BiJI pO3MIPY TEKCTY, 1110 POOUTH Ieil mapaMeTp J0O0pUM IOKA3HIKOM
JJTsT JTOCTKeHb [98].

JI1s1 ormmcy 9acTOTHUX JAHUX MOXKHA TaKOXK 3aCTOCYBaTH BHPAa3U 3 I10-
JIIOHOO 710 OOB0HHOI ITOBEJIHKOIO MPH MAJHMX j, IO PYHTYIOTbCS Ha, JIPO-

OOBHUX CTATUCTUKAX, HApukia, crarucruri [Tosixponakoca [126, 202]

g
Ni= (7.17)

Je AKTHBHICTH 2 BU3HAYAETHCSI YMOBOIO:

1
—1
— oy, 7.18
2 7+N1 (7.18)

Mondikytoun jaJi 1o pyHKI0 PO3IOJILTY 3a JOIMOMOI0I0 ¢-€KCIIOHEHTN
[astica (5.45), MOzKHa JIOCSTHYTH CTEIlleHeBOl 3aJ1e2KHOCTI TIPH BEJINKUX J,

sIKa JaCTO BUHUKAE B JOCJIXKEHH] CKJIQHIX CHUCTEM.
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Binmosinanit anaii3 6ys10 mpoBeIeHo s yKPalHCHKOTO Iepeka Ly Auri-

cu B Kpaini uyjiec” i3 QpyHKITI€O
1

oD

N, = (7.19)

Ha puc. 7.12 nokaszano pesy/ibrari po3paxyHkiB. Q0ducseHHst 3p0obJIeHO
npu gikcoBanomy ¢ = 1.5 depes MiINOHKY 3a JBOMa TapaMeTrpamu, 1 Ta a.
Morkna 3ayBazKuTH, MO /I BETUKIX j CIOCTEPITAa€MO MeBHE MOJIIIIEHHST
OIICY YaCTOTHUX JIAHUX TOPIBHSHO 3 (opHOBHUMIpHOO) dyHKIieo (7.1) 3i

CTEIIEHEBUM CIEKTPOM €, = (j — 1)%.

10000 - - .

1000

100

10

1000

Puc. 7.12. PesyabraTn miaronkn jjs yKpalHcbKoro mepeksany “Asmicn y Kpalni aye-
¢”. Hlrpuxosa jinisz — dyukris (7.1) 31 crenenesum crektpoM £; = (j — 1)%, cyIiin-
Ha Jiinis — yskuig (7.19) npu ¢ = 1.5. B 060x Bumajkax mapamerpu JIOPiBHIOIOTH

T =1787+£22, a =1.74+0.02.

3aJIe’kKHO BiJ| 3aCTOCOBAaHUX HAOJIMYKEHb Ta BiJI 3HAYEHb IapaMeTpiB,
mogiest, 3asani Bupasamu (7.15) ta (7.19) BUSBISIOTHCS y3araabHEeHHIME

inmmmx Bigomux nabsmmxens jyust Nj [469, 488], a cawme
N;=Aj" i Nj=Ajle,

napamverpu akux (A, b, ¢) mos’si3ani 3 z, D ta T.
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7.9. MoxKJnBoOCTi JOCJIIJI2)KEHHSI €BOJIIOIIII MOB

[IuTanHs eBoJIIOIIT MOB € Jiy:Ke Pi3HOOIYHMM, HOr0 BUBYAIOTH PI3HUMUI
METOJaMU: JIHIBICTUYHUMM, 1ICTOPUYHUMHU, KYJILTYPHUMU, COIIOJIOTIYHU-
v Toro [489-492]. Takoxk 3acTOCOBYIOTH MiJIXOJN TPUPOJHIINX HAYK,
BKJIIOUAIOUN eBoJIoniitHy Giosorito [493] 1 disuky [467, 494, 495, a Takox
MIKIHCIUILTIHAPH] TocizkenHs [496-498].

Ax Bxke OyJIo 3a3HAYEHO y BCTYII, MOPIBHAHO 3 OLIBIIICTIO TOIIOHIX
JOCJTJIZKeHb, JUB. 30KpeMa [468|, posrisiay Trit TyT IijIXi] I'PYHTYETHCST Ha
aHaJ I3l HU3bKOYACTOTHOI JIEKCUKM, KPIM TOIO, JI0 yBaru OepyTbCs JIMIIEe
YaCTOTH CJIB, a He caMi ¢JIoBa i 1X OCHOBH, TOpiBH. [499).

VY 1bOMY MiAPO3/1iji 3po0JIeHO IPOCTHUI aHa i3, MeTa TKOI'o — II0Ka3aTH,
JK TIEeBHI ITapaMeTpu TEKCTY 3MIHIOIOThCd 3 9acoM. Hazaras 3naiiTu Bijmmo-
BIIHUIT MaTepiaJ HelmpocTo: MOTPideH Toil caMuii TEKCT, HAIUCAHUI Ti€o
CaMOI0 MOBOIO 3 BEJIMKMM YaCOBHUM iHTepBaJIOM, OayKaHO JIeKiJIbKa CTOJITh.
HajiBinmoBigHimmMy BUSIBJISIIOTHCS PEJITIHI TEKCTH, 30KpeMa TYT MU J10-
capKyBaTuMeMo €BaHrestie Bij IBana. 3Bakaoun Ha crieludivaHmii XKaHp,
BapTO O4IKyBaTHU IIJITBEP/I?KEHH 3ara/ibHUX TEHJIEHIIIN y TTOBE/IIHIII I1apa-
MEeTPIB, TOJl fK 1X 3HAUYEHHs MOXKYTb BIJIPI3HATHUCS Bl pO3pPaxXOBaHUX Ha
XYJI0XKHIX TeKCcTax, IIpoaHaJ i30BaHUX y IOIEPEHIX MIPO3/IiIax.

s po3paxyHKiB B3gTO Jimiie piBHi 3 7 = 2 + 10. Bepxuio mexy 10
BUOpAHO I TTPOCTOTH, OJIHAK 11 BOHO TAKOYXK BUAB/ILAETHCA OJIU3LKUM JI0
k-Touxn (uB. OMEpeHii TIPO3/IiT) /I YCiX aHaIi30BaHUX TYT TEKCTIB.

Bszarasi kaxyan, MoxkHa BBecTH pisHi “craii Bosbimana” (abo koedi-
MIEHTH MPOIOPIIIHOCTI y CIEKTPi esleMeHTapHuX 30Y/KeHb) JIJIs PI3HUX
MOB 200 MOBHIX pojurH. OIHaK, BILJINB BiJl IIbOI'O CTA€ HEXTOBHO MAaJIIM 34

YMOBH BEJIMKUX 00CATIB TeKCTy: 3amina 1’ Ha kT IpuBOIUTE JI0 IapaMeTpa
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1000

100 |
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1 10 100

Puc. 7.13. Pospaxyuku 3a piBHsgHHsM (7.4), 1110 BiAMOBIAIOTH YACTOTHUM JAHUM aH-

IJIOCAKCOHCHKOTO Tepek/iary €Banretia Bij [Bana
'y BUIJISI
a=InkT/InN=InT/InN +1Ink/InN,

i ocTaHHIN JI0JJAHOK MPsSIMYy€E JI0 HyJIsl, Kojiu N — BeJuke.

Pozpaxynku 6yJi0 3pobJieHo i iepekia/iiB €Banretis Bij IBana Tpu/i-
IIsTbMa MOBaMU 3 PI3HUX poauH. KjeKTpoHHI Bepcil mepeBarkHO B3STO 3
http://unbound.biola.edu Ta http://gospelgo.com/bibles.htm.
BpaxoBano Jniiie mepiri jie’sitb po3aiiie (i3 21), ocKiIbKH came CTijib-
KN JIOCTYIIHO B €JIGKTPOHHOMY BHIVIS/II 3 AHIVIOCAKCOHCHKOTO IePeKJIa Ly
http://wordhord.org/nasb/john.html. Pesynbrarn obunciensb nokasa-
HO Ha puc. 7.14 i B Tabsmi 7.6. MoxkHa 3ayBayKuTH, 1110, 5K 1 B pobori |78],
Ha TIOMIIHI (v} T) MOBHU 3aiiMAIOTh IEPEBAYKHO CMYTY MizK JIIBOIO HUZKHBOIO
(Masti @ — mauti 7) 1 TpaBoIO0 BEpXHBOIO 00IACTAMIE (BEJIMKI (v — BEJIHKI T).

Ha puc. 7.14 xoxxkHy MOBY 300parKeHO TOUKOIO Ha IJIONINHI —T, BiJIIIO-

BiJIHI 3HAYEHHS MIapaMETPIB PO3pPaxoBaHO 3a Mepek/ajaMu CBaHreis Bij
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[Bana (pozsimm 1-9). CrpiikaMn MOKa3aHO 3B’A3KM MiK MOBaMH, CIOPI-
JIHEHUMU 1CTOPUYHO, OJIHAK 1X He MOXKHA PO3IJIIATU sIK IIPAM1 €BOJIIOIIITHI

3B 93K

0.70

0.68

0.66

0.64

0.62

0.60

0.58 1

Puc. 7.14. Mosu na mrontwsi (a; 7). CTpiiiku BKa3yoTh HAIPSM €BOJIOIT MOB. [Ipsi-
Ma IIYHKTUPHA JIiHig Bijnosimae Jiiniitnomy 3akoHoBi 7 = (0.180 o 4+ 0.384. Komm moB

posiindpoBaHo B Tadbui 7.6

PosmaiTTst mpoaHa/i30BaHIX MOB 0B si3aHe 3 HaMipaMu 3aJIyYUTH Pi3Hi
I10/10 3HAYEHDb (v 1 7 TUIIN IPAMATUKN: 130J11010491, (PJIEKTUBHI, TIOJTICEHTETH-
JHi ab0 1HKOPHOopyoUul MOBU. BKIIIOYEHHs KIJTHBKOX T'PYIT CIOPIJIHEHUX MOB
3a0e31edye JlaHi JIJId BUBUYCHHS 1X €BOJIIOIII.

7K 1moKasyoTh TolepeHi criocTepexkents |77, 78|, Menii 3HaveHHsT T
i @ BIMOBIIAIOTH BUITIOMY CTYTIEHIO aHAJITHIHOCTI (MeHIii cJIoBO3MIHi),
1o J100pe JIEMOHCTPYE PO3MIIEHHsT CJIOB'THCHKUX (3 6araTtorn CJI0BO3Mi-

HOIO) T& TepPMAHCHKNX (OLIBIT aHAJITUIHIX) MOB. 3BIICH MOXKHA IIPHILY-
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CTUTH, IO €BOJIIOIIST BiJIOYBaE€ThCs Bijl 00J1aCTi “BeJIMKI (v — BEJIMKI T~ JI0
obJiacti “masi o — maJgi 7. Ils1 Mojesb € jiy»Ke CIPOIIEHOIO 1 1oTpedye
JIOJTATKOBUX MaTepiaJiiB JiJIsd yTOUHEHHsS B MaiiOy THHOMY.

Maiizke nipstMa JIiHig 3’€JIHY€ CTapOIePKOBHOCIOB SHCHKY MOBY 3 00JI-
rapCchbKolo, MPOXOJIAYN MIZK POCIICBKOIO Ta YKPalHChKOIO — I1€ BLJIIOBLIa€
JIOCATDH CKJAAJHIIl TpaMaThIll JaBHLOI MOBU IOPIBHSHO 31 3HAYHO CIIPOIIE-
HOIO B OoJrapebkiil (Hamp., BijcyTHiCT BinMminoBaHHs iMeHHUKIB). [Tosi-
OHUM YMHOM, aJjie Tij OLIBIINM KyTOM, MOYKHA MPOBECTHU JIHIIO MiXK Jia-
TUHCBHKOIO, (DPAHITY3bKOIO, ITaIIiCHbKOI0 Ta iCIIaHChKOK MOBAaMU. 3 1HIIIOTO
OOKy, JIiHisT MiZK aHTJIOCAKCOHCHKOIO (CTapOAHIJIICbKOI0) Ta 00JIACTIO PaH-
HBOI CydJacHOI Ta cydacHOI aHTUIIIChKOI MOB Ma€ MPOTUIeKHnit Haxui. [le
MOXKHa PO3IJISJIATH K BKa3iBKY Ha CKJaJIHI ICTOPUYHI 3B’SI3KN MIXK IH-
MU CTaIisIMI aHTJIIHCHKOT, HAIIPUKJIAJL, 3CYB J0 OLIBINX 3HAUCHb (v MOYKE
OyTu 1oB’s3aHmii i3 HOpMaHCHKNUM ((paHIly3bKIM) BILTHBOM Ha CydacHY
MOBY TOPIBHAHO 3 KeJBTCHKUM B aHIJIOCAKCOHCHKIM. [[ikaBo 3a3naunT,
[0 3MEHINEHHS 7 9K MipU CUHTETUYHOCTI MOBHU KOPEJIIOE€ 3 KiJIbKICHUMUI
oninkamu JIzk. . Ipinbepra (1960) [500].

Y Tabaumi 7.7 1moaHO pe3yJbTAaTH PO3PaXyHKIB, MO TPYHTYIOTHCI HA
MOBHOMY TeKcTi €Banresid Bin IBana. Moxkna 3ayBakuTu, 1o ‘remmepa-

Typa’ T IOCUTH TOYHO MACIITAOYETHCA 3a 3aKOHOM:
T =tN”, (7.20)

e N — KIJbKICTh CJIIB BiJI TOYATKY JIO IIeBHOI TOUKM TeKcTy. [lomionnmii

BUpa3 BijoMuii g hapar legomena:
Ny = aN". (7.21)

[3 npupoaHOT BHMOTH TIPO EKCTEHCHBHICTH BlibHOT eHeprii I i66ca
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Tabsuns 7.6. [lapamerpu nepekiajis €anrenis Bix IBana pisaumu moBamu (mepii

JIeB’SITh PO3/ILIIB).

Kon Moga N Ny « T T
ang AnriocakcoHcbka (crapoanriificbka) 8200 768 1.324+0.04 286+ 9 0.628
aym Aitmapa 5841 1710 1.54+0.05 389+ 9 0.688
bre Bperoncbka 9341 616 1.43+0.06 336+14 0.671
bul  Bosarapcbka 7577 841 1.37+0.07 322+17 0.646
chu  CraporepkoBHOCIOB STHCBKA 6774 910 1.70+0.07 471+18 0.698
crx  Keppiep 9510 1170 1.66+0.06 387+ 11 0.651
dan [lamcbka 8498 487 1.33+0.04 261+ 9 0.615
deu Hiwmerpka 8724 621 1.35+0.04 293+ 9 0.626
ell I'penbka 8314 817 1.36+0.07 352417 0.650
eme Panmns Hopoanriiicbka 9007 371 1.354+0.07 249+14 0.606
eng Anrmificbka 8889 390 1.44+0.06 270+11 0.616
epo Ecnepanrto 8319 611 1.38+0.06 266411 0.618
fra  @pamiysbka 8694 668 1.36+0.05 311+11 0.633
hun VYropcoka 7631 1184 1.54+0.03 379+ 6 0.661
glv  TebcbKa MEHCHKA 9513 495 1.33+£0.11 276+25 0.620
ice  Icnamucobka 7929 795 1.344+0.06 3224+13 0.630
ita  Iramiiicbka 8531 712 1.39+0.03 331+ 8 0.646
lat  Jlarmachbka 6816 842 1.474+0.05 358+ 12 0.666
lav  Jlarsiiicbka 6975 925 1.54+0.06 387414 0.666
lit  JluroBchka 6366 1117 1.514+0.04 367+ 9 0.667
mao Maopiiicbka 12007 215 1.05+0.07 132+ 9 0.520
pol  Tlosbchka 7129 904 1.414+0.05 384+13 0.673
rus Pociitcbka 6901 954 1.414+0.10 355+24 0.662
spa Icmancbka 8166 687 1.23+0.11 2524+21 0.626
swa  Cyarii 6554 1081 1.46=+0.07 3124+12 0.638
tag  Taramor 9500 592 1.37+0.05 289411 0.645
ukr  YkpalHcbka 7445 903 1.56 £0.04 422410 0.660
vie B’ermamcbka 10162 269 1.154+0.07 191+£14 0.589
xho Kéca 5739 1651 1.59+0.03 386+ 5 0.646
zhs  Kwuraiicoka* 12072 231 1.13+0.07 2224+18 0.624
* Yepes BiJiCyTHICTH Oy Ha CJI0BA y KUTAWCHKOMY MHUCHMi OyJIO ITPOAHAJII30BAHO

JaCTOTy OKpeMUX ieportidis, a He CIIiB.
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(7.22)

3Bijcu orpumaemo ymoBy B = b. fk mokasye tabsniist 7.7, 1e CIiBBiIHO-

IE€HHs1 BUKOHYETLCA JOCUTDH ﬂo6pe.

Tabsuns 7.7. [apamerp 7 = InT/In N i nokasuuku MaciirabyBaHHsl “remieparypu’

(8) 1 kismpkocTi ramakcis (b).

Kox Mosa T 15} b
eng Amnrmificeka  0.616  0.406 +0.021 0.436 £+ 0.015
epo EcnepanTo 0.618 0.613£0.030 0.566 £ 0.015
fra  @pammyspka 0.633 0.487 +0.015 0.607 £+ 0.013
ita  Iraniiicpka 0.646 0.550 £0.009 0.607 £0.011
lat  Jlaruncbka 0.666 0.691 £0.015 0.598 £ 0.013
mao Maopi 0.520 0.331 £0.023 0.412 4+ 0.018
pol Ilombcbka 0.673 0.650 £0.020 0.555 £0.015
rus  Pociiicpka 0.662 0.690 = 0.025 0.567 £ 0.012
spa Icmancepka 0.626 0.585£0.013 0.597 £ 0.005
ukr VYkpalaceka  0.660 0.660 £ 0.033 0.605 £ 0.022
vie B’ermamcpka 0.589 0.408 £0.024 0.335+0.017
xho Koca 0.646 0.809 £0.014 0.730 £ 0.006
zhs  Kuwuraitceka  0.624 0.259 £0.018 0.288 +0.018

Xova 3a/IeKHICTh MiK 3HAUEHHSAMW MMapaMeTpiB & 1 7 Ta TUIIOM TI'pa-

MaTHKI BUJIAETHCs JIOCUTH OYEBHU/IHOIO, 3aJIUIIAIOTHCS JIesiKi He3 sICOBaHi

rutanist. Hacammepe, Moxkuaa 0ysio 6 odiKyBaTH, M0 1301101091 MOBH (B’e-

THaAMCbKa, KHTaiicbka, Maopi) OyayThb IPOTHCTABJEHI MOJICHHTETHIHUM

abo iHKopropytounM (afiMapa i Keppiep), MpoTe 3 Ii€l CXeMI BUITQJIA€ CTa~

POIIEPKOBHOC/IOB siHCbKa. KpiM TOro, B 3alIPOIIOHOBaHI{ cxeMi HeMae 3Moru

PO3pi3HUTH (DJIEKTHUBHI Ta arTFOTUHATHBHI MOBH (IIPUKJIQIAMEI OCTAHHIX €
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ecriepaHTo, Cyariji, Tarajor, yropcbka Ta Koca), siki XapaKTepHu3yThCsI

[IPOMIKHUMU 3HAYEHHSIMU TIapaMeTpiB v 1 T.

7.10. BucunoBku 110 po3aiay 7

Y poMy PO3.ijl Ha MiAcTaBl aHAJJIOrT MiXK YACTOTHUM PO3IOIIIOM CJIiB Y
TEKCTI Ta po31o/iijaoMm Bose 3amporoHoBaHo HOBUiT HaOIp HnapamMerpiB st
OINCY TOBEJIHKK YacTOT CJiB. 30KpeMa, 3 II€I0 METOI0 BBEJECHO IOHSIT-
Ts1 “remieparypu’ TekcTy 1. 3a pesysbTaTaMi PO3PaXYHKIB JIJIg TaKUX
MOB, K aHIJIICbKa, YKpalHCbKa, a TaKOoxK I'BiHelicbKa MaHIHKa, BCTAHOB-
JIEHO KODPEJISATIII0 MiZK THIIOM TPaMATHKHN (PIBHEM aHAJITHIHOCTI) MOBH Ta
3aIIPOIIOHOBAHUMU TapaMeTpaMu.

O6uncsiennst OyJsio TOMIMPEHO Ha JiestKi i Tekcru. [IpoanaJsizoBaHo
nepeksiaaan kaskun Anrtyana e Cenr-Exsionepi “Majenbknii npunin’ 9o-
TUPMa JIECATKAMU MOB 13 PI3HUX MOBHHUX poJjiiH. Bubip mporo TBOpY I0-
B's3aHUIl 13 TUM, 110 BiH € OJHUM i3 HalO1LIbIIE TTepeKJIaJIeHuX CEKY/IAPHIX
TekcTiB. OTpuMani JaHi TATBEPANIN MTOYATKOBY TiITOTE3Y PO iCHyBaHHSI
3B’A3KY MK THIIOM I'PAMATUKN MEBHOI MOBHU 1 3alIpOTIOHOBAHUMH I1apaMe-
Tpamu. BigzHaumMo TakoxK, 10 OKPEMOl yBaru rnorpedye aHali3 3a1eKHO-
cri mapamerpis Bijg posmipy cucremu N [95]. [l KoKHOTO Tepex/iary
pO3paxoBaHO Iapamerp, MoB s3anuii i3 Temmeparypoo 7 = In7'/In N, ra
MMOKA3HUK CIEKTPa (v MO/IEJI.

O6unciennst, 3pobseni st “‘MajieHbKOro IpuHIa’, JOIOBHEHO Iepe-
kaagamn kasku JIbroica Kepposta “Astica B Kpaini aymec”. Busueno mnose-
JIHKY Bequndud 1’ Ta « BIPOJOBXK MPOJYKYBAHHS TEKCTY Ta Ha IiACTaBi
PIBHSIHb TEPMOJIMHAMIKIA TEOPETUYHO BCTAHOBJIEHO 3aKOHOMIPHOCTI BiJIIIO-
BIJIHIX CTEIIEHEBUX 3aJIe’KHOCTEN, siKi IMATBePIKYIOThCSA B OLIBIIOCTI BH-

najaKiB. BusBieHo TakoxK, 10 HapaMeTpu TEKCTIB Y MexKaxX OJHIEl MOBU
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[IOKa3yI0Th 3HAYHO MEHIIy Bapiallllo CTOCOBHO IlepekJjiajiada, HizK CTOCOB-
Ho »kKanpy. Ha januit MoMeHT 111e HeMae MOXKJIMBOCTI 3/11CHIOBATH aTPUOy-
1[I0 TEKCTIB 3a MOBOIO Ha IIJICTaBi 3alIPOIIOHOBAHOIO HAOOPY IapaMeTpis,
OCKIJIbKI »KaHPOBI 0COOJIMBOCTI MOTPEOYIOTH J0JIATKOBOTO BUBUYCHHSI.

[Tokazano MOXK/JIMBICTH BUKOPUCTAHHS 3aIPOIOHOBAHOTO METOMY JIJIst
JIOCJTIJIZKEeHHsI eBOJIIOIIT MOB. 3 00YNC/IEHUX IIapaMeTpiB nepekJiajay C©BaH-
rejiist Bijg IBaHa 1711 KiJIbKOX MOBHUX POJIOBOJIIB UiTKO IPOC/IIJIKOBYETbHCSI
CIPOIIEHHSA IPAMATUKN 3 YaCOM. ¥ I[bOMY HAIIPSIMKY TaKOXK IepeadadeHo
OJIaJIBII JIOC/IIJIZKEHHS 13 3aJIyYeHHAM OLIbIIO0T KiJIbKOCTI TEKCTIB. 30Kpe-
Ma, JIjIg MOPIBHSHDL MOYKHA BUKOPUCTOBYBATHU JIATUHCHKI TMEpeKIajIun Jie-
SIKIX CYyY9aCHUX aBTOPIiB, siki 3’saBuincs npotsarom XX—XXI cTomiTh.

J1J1s1 MOB 13 BHCOKIM CTyTIeHEM aHATITUIHOCTI (B’€THAMCBKA, TaBafiCbKa,
KUTAfiChbKa, JIOKOAH, MOPICHEH) 3alIPOIOHOBAHO AJbTEPHATUBHUI ONMUC i3
BUKOPUCTAHHSIM MOJIEJI TapMOHIUYHIX OCIIUJISITOPIB Y IIPOCTOPI 3 JIpOOOBOIO
BuMipHicTIO. /logaTKOBO /10 TEMIlepaTypu MmapaMeTpoM € BUMIPHICTH TPO-
CTOpPY, dKa BHABUIACSI MEHINIOIO 3a OJMHHUINO. TyT KpiM posmnomaiiy boze
TAKOXK IPOAHAII30BaHO JIedKi MOJIE/, 10 I'PYHTYIOThCS Ha JPO0OBIiil cTa-
TUCTUIIL.

YII0CKOHAJIEHHSI OITICaHOTO METO/LY OB’ d3aHe He JIUIIIE 3 TOTPed0I0 Po3-
MIUPEHHS “‘eKCIIepUMEHTAIbHOI 0a3u” (TeKCTIB PI3HUX ABTOPIB PI3HUMEI MO-
BaMM), ajie i i3 mornbIeHHSIM OKpeMuX fioro jeraseii. 30KpemMa, moTpioHe
yTOUHeHHsl POPMHU CIIEKTPa eJleMeHTapHUX 30y/I?KeHb € JJId BeJIMKIX 3Ha-
YeHb PiBHA § > 1, gKe Ou 3abe3redyBajo IpaBUIbHUI OIUC BiAIOBITHIX
qnces1 3armoBHeHHst. [IoTpiOHO TaKoXK JOCIIINTH MOXKJIUBOCTI PO3PAXyHKY
HIUX TTApaMeTpiB y MekaX ‘“TepMOMHAMITHOrO Tixomay” (HAIpUK/IA,
AHAJIOTIB eHepril, TemoeMHocTi Ta im., mopisu. [467]).

[osoBHuME 3aBIaHHAMU, SKi BApTO OYIKYyBaTH BiJl 3allPOITOHOBAHOIO

IiJIXO/Ty, € aBTOMATUYHA aTPUOYIIiS TEKCTIB, BayKJINBa JIJIT aBTOMATUIHO-
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'O OTpAIIOBAHHs MOBH. Y MaifiOyTHLOMY MOKJINBI 3aCTOCYBAHHS MMO/IIOHIX
MEeTOJIIB 1 B IHIIUX TaJly3sX, 30KpeMa B I'€HEeTHUIll Ta CYCHIJIbHUX HayKax.
Hampukia/, monepeaniil anasiz BKa3ye Ha MOXKJINBICTD Kaacudikarii j1ia-

FHO3IB 3a [MEBHUMM YaCTOTHUMU XapaKTEePUCTUKAMU eJIEKTPOKap/lilorpaM.
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B CHOBKUA

[ostoBHI pe3yibTaTt POOOTH MOXKHA MIJICYyMYBATH Y BUTJISA TAKIX TE3.

[Tokazano, K eHepreTUIHU CIIEKTP CUJILHOB3aEMO/III0401 H03e-cucTeMn
MOYKHa OTPHUMATH 3a JOIOMOIOI0 JiaroHaJsrizallil ramijibroHiana. Ha mif-
cTaBl popMasizMy JBOYACOBUX TeMIepaTypHUX (DyHKIIIH fpiHa y JIOBIO-
XBUJIBOBIN TpAHUI JIJIg TeTifo-4 OTPUMAHO MPaBUIbHUI HAXUT POHOHHOT
riikn 0e3 3acTocyBaHHs MOHSATTA eeKTUBHOI Macu. BianosinHi aHasiTu-
YHI BUpa3U MOKHa 3aCTOCOBYBATH HacaMIlepesl Jijisd CUCTEM 13 BlLJIOMUM
dyp’e-300parkKeHHAM IOTEHIAJIy MiXKATOMHUX B3a€MO/1iii

Y BHIAJKY CJIa0KOB3AEMOIIF0U0I0 603e-Ta3y OTPUMaHO BUPa3U JIJIsl Iap-
HOT'O Mi?KIaCTHHKOBOT'O MOTEHIIIAJY, 110 YTOUHIOIOTH O-TI0/II0HY 3a/Ie?KHICTh
y OOPHIBCHKOMY HAOJIMZKEHHI Teopil po3cisiHHsA. Y Mojiesi TBepux cep 00-
YUCJIEHO TYCTUHY CTaHiB, KPUTUUYHY TeMIlepaTypy Ta XIMIYHUIT MOTeHIial
13 BUKOPUCTaHHAM Teopil iJleaJbHOr0O ra3y Ha MiJcTaBl clleKTpa borosio-
6oBa. 3a JIOIOMOIOI0 PO3KJIAJY JII JIBOBUMIPHOIO ra3y 3a IIapaMeTpoM
B3a€MO/II1 /) OTPUMAHO Pe3yJIbTaTH, 1K1 MOXKHA y3araJbHUTHU JJIsd JTOBLIb-
Hol BuMmipHocti. [lokasano, mo kpurudana temmeparypa T, o< —1/Iny,
1 IpAMY€ JIO HYJId, & XIMIYHUI TTOTeHIla/l ra3y B MacTIl 3 TOYHICTIO JI0 Ji-
HINHNX 32 1 JIOJAHKIB JIOPIBHIOE XIMIYHOMY ITOTEHITIAJI0BI 1/1eaJIbHOTO Ta3y
i1 BIIPI3HSETHCS Bl HHOT'O JIOJJAaHKAMU TUILY QQV§ In ovy.

Ineto BorosroboBa 11po HabJIM2KeHe BTOPUHHE KBaAaHTYBAHHS y3araJjibHe-
HO Ha BUIIQJIOK CJIA0KOB3a€MOJIiI0U0ro 603e-rasy B rapMOHIUHIil macTii. ¥
pe3yJIbTaTi IbOI0 OTPUMAHO CUCTEMY PiBHSAHB, 110 JIAI0OTH 3MOI'y JliaroHa-
JIiI3yBaTH TaMiJbTOHIAaH 1 po3paxyBaTH CIIEKTD eJleMEeHTapHUX 30V/KeHb.
3acTocoBytoun nepTypdaTUBHII PO3B’sA30K, 00UNC/I€HO KOHIeHcaTHY (dpa-
KIIIO Ta eHepriio MOAeIbHOI cucTeMn fK (DYHKINI TeMIepaTypH, IO ITijI-

TBEPJIZKYE 3aCTOCOBHICTH PO3BUHYTOTO MiIXO/y. Briepine 3amporonoBano
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HpOIeAYPY MOOYI0BU eEeKTUBHOIO raMijibTOHIaHa Ii€l 3a/1a4i, 10 JI03BO-
JIIE 3JIMICHUTH MIPOCTY JlaroHaJ i3alIllo.

st 6o3e-cucTeMu y mpocTopi 3 ApoboBoto BUMIpHicTIO (1110 Bi/oBiae
IOPUCTOMY CEPEJIOBHUIILY ) MPOAHAIZ0BAHO BiIXUIEHHS BiJI HAITIBKJIACHIHO-
ro IiJIXO/MY Ta 3HaiiJIeHO IOIPaBKHU, OB’ s3aHl 3 JUCKPETHICTIO €HepIreTH-
YHUX PIBHIB. 3HaiiJeHl aHAJITHYHI 3aJIe2KHOCTI KPUTUIHOI TeMIlepaTypu
KOPHUCHI JIJIsT BUBYEHHS BIUIMBY CKIHUEHHOCT] KIJIBKOCTI YacTHMHOK Ha ]i-
3UYHI BJIACTUBOCTI DO30HHOI cucTeMu. Yuc/jioBuil aHasIi3 IMoKa3ye, 110 JIIC-
KPETHICTb €HEePr'eTUYHNX PiBHIB Tpeba BpaxoByBaTH, aHAJI3YyI0dHN OE3110ce-
peliHiil TeMIepaTypHHil OKiJT TOUKKM 003e-KOHIeHC ATl

PosryigaryTo cucremy oqHOBUMIPHIX TAPMOHIYHIX OCITUIATOPIB, IO ITiI-
HOPSAIKOBYIOThCsI JIpo0oBiii crarucTuil JKentise. 3 BUKOPUCTAHHSIM Bi-
JIoMOT (PYHKINT PO3IOILILY JJIsi MOJEIbHOI CHCTEMU 3i CJ1aOKOI0 B3a€MOJIi-
€10 BIIEpIIIe PO3PaX0OBaHO TeMIIEPATYPHI 3a/Ie2KHOCT1 XIMIYHOT'O IIOTEHITIAJY,
eneprii Ta TemaoemHocTi. [IpoanaJsizoBaHo TakoyK BILIMB Ha HUX 3HAUYEHb
MaKCHMaJIbHOTO 3aIllOBHEHHs PIBHA — IapaMeTpa, 1110 XapaKTepu3ye cTa-
TUCTUKY.

JpoboBy craructuxky IlomixpoHakoca BIeple y3araJbHEHO 3 BUKOPH-
CTAHHSIM KOMILJIEKCHO3HAUHOI'O IapamMmeTpa, dKuil y 06030HHi{ Ta dpepMioH-
Hili TpaHUIl MOXKHA IIOB’SI3aTU 3 JIMCHIIATUBHOIO T1JIKOIO €HEePIr'eTHUIHOI'O
cuexkTpa. 1 omHOBUMIPHOI CHCTEMH FapMOHIYHUX OCIMJIATOPIB y Takiit
CTATUCTHIN PO3PAXOBAHO TEPMOIMHAMIUHI (DYHKIIT, TIepebadeHo iIcCHyBaH-
Hs1 (pa30BOTO MEPEXO/TY Ta 3pOOJIEHO OIIHKU PO MOKJIMBICTEH €KCIIEPUMEH-
TaJIbHOI'O0 BUMIPIOBAaHHA CTPHUOKIB TEIJIOEMHOCTI. Y BUNAAKY [D-BUMipHOI
CUCTEMU 3’sSICOBAHO IMPUPOAY (Pas30BUX IEPEXOIIB 1 3p00IeHO aHAJITUIHI Ta,
YUCJIOBI OIIHKU KPUTUYHUX TeMIIEPATYP.

JIBonapaMeTpuvHi JPOOOBI CTATUCTUKHU BIEPIIE BUKOPUCTAHO JIJIT MO-

JIeJIIOBAHHS 17eabHOl cucTeMu eHioHiB. [lokazaHo, 110 3a JOIIOMOI0OI0 MO-
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nudikariit craructuku osiieitna—By MoXKHa BiJITBOPUTH PIBHSIHHSA CTAHY
€HIOHIB 3 TOYHICTIO JIO TPETHOI'O BipiaJbHOTO KOeiIieHTa BKJIIOYHO B YChO-
My iHTepBaJi 3HadYeHb eHIOHHOTO mapamerpa « € [0; 1], Toxi sk Momanbi-
kartiil craructukn [osmixporakoca J103BOJISIOTH KOPEKTHUI OIUC JIUITTE Ha
obMerKeHnX BijIpi3kax 3 60Ky 0030HHOI1 1 pepmionHol rpanuilb. Ha mijgcrasi
[IPOBEJICHOT'O aHAJI13y 3aIIPOIIOHOBAHO IPOJIOBXKUTH TIOITYKHU MOoJeJsielt eHio-
HiB cepes momudikariii cratucruku [ogeiina—By. 3a momomoroio cirabko-
HeaIUTUBHOI JIpoOOBOI cTaTucTuKy [losiixponakoca TakoyK BIEpIIe BJAJIO-
cs1 BpaxyBaTH BILINB MI?KHaCTUHKOBOI B3a€MO/I11 Ta CKIHYEHHOCT] KLJIbKOCT1
JACTUHOK Y OO30HHUX CHUCTEeMaxX Ha TePMOJAMHAMIUHI (PYHKINI Ta 30KpeMa
Ha 3HAYEHHS KPUTUYHOI TeMIepaTypHu.

Meroum anatizy OO30HHUX CHCTEM TIONIMPEHO Ha CYMiXKHI 3ajadi, 1110
BIIKPUJIO MIJIAX JIO MiKIMCHUILIIHAPHUX JIOCIIZKEHb. 30KpeMa, PO3IJIs-
HYTO TEOPETUKO-YUCJIOBI 3a/1a4i, BiJIoOMi SIK pO30OUTTsI HATYPAJIbHUX ULCEI.
MikpokanoHiuHuii po3riisj; 003e-CUCTeMM 31 CTeleHEBUM CIIEKTPOM JIaB
3MOTY OIIHUTHU KLJIBKICTH O0AraTOBUMIPpHUX PO3OUTTIB HA CYyMY JIOBLIHHUX
CTEIeHIB, IPUYOMY OTPUMaHI OIIHKHN 30irafoThCs 3 BIIOMUMU aCHUMIITOTH-
KaM#, PO3paxXOBaHUMU PIZHUMU MeTojaMu Teopil dauces. [is ognoBuMip-
HUX PO3OUTTIB OTPUMAHO y MPOCTOMY KOMIAKTHOMY BUIJIAJ TTOMPABKY
JIo Tos1oBHOI acuMnToTuKu [apmi—Pamanykana. Takox Brepie orfine-
HO KLJIBKICTH OOMEKEeHUX JIBOBUMIPHUX (ILJIOCKHX) PO3OUTTIB HATYPATbHIX
quces1 31 CKIHNYeHHOIO KIJILKICTIO YaCTHUH.

Brepirie Baiocsi BCTAaHOBUTH BiJIIIOBIHICTH MizK JIPOOOBOIO (TIPOMIZK-
HOI0) cTaTuCTHKO JIxKeHTine 1 603e-cucreMoro 3i CKiHU€HHOI KiJBKICTIO
JaCTUHOK Y BUITQ/IKY OJJHOBUMIPHOI FapMOHITHOT TACTKU. 3allPOIIOHOBAHMI
M1 J1X1J] PO3IINPEHO Ha 3arajbHUil cTerieHeBUil eHepreTudHuil CreKkTp.

Ha migcraBi anamorii Mi>K paHr'OBO-9aCTOTHHM PO3MOMLIOM (HA IMpH-

KJI3JIl TeKCTiB) 1 byHKIIi€o posnojiny y cratuctuii boze-Aifinmraitna 3a-
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IIPOIIOHOBAHO IAXiJ JjIst aHa i3y 1 Kiacudikallll CKJIaJHUX CUCTEM. 3a-
[IPOIIOHOBAHO HOBI IapaMeTpH Jijisl JIOCJLJIZKEHHST TEKCTIB Ta BCTaHOBJIEHO
iX CIIBBIJHOIIEHHs 3 IeBHUMH XapaKTepucTuKaMu MoB. Takuit HaOip Ia-
paMeTpiB Mae TaKOXK MEePCIeKTHBU 3aCTOCYBaHHs B 6ioJoril (HAIpUKIIA,
[pU BUBYEHHI N€HOMIB) Ta CYCILILHUX HAYKAX Y 334X, siki JO3BOJIAIOTh

KLJIBbKICHUN aHaJl3.

PesynpraT poboTu Ta moaJsibIin JTOC/IiIXKEHHs Y BiAIOBITHUX HAIIPSIM-
KaxX BaykKJIMBI JIJIsl IHTEpIIpeTallil eKCIepuMeHTIB y raJjy3i (pi3ukun KOHJIeH-
COBAHMX CHUCTEM, PO3POOKN HOBHUX TEXHOJIOTIH 3aImcy iHdopmallii Ta BH-
COKOTOYHUX BUMIPIOBaHb, & TaKOXK JIjIs OTPUMAaHHS HOBUX MaTeMaTU4YHO
IIPOCTUX CII0CcO0IB onncy 603e- Ta pepMi-CUCTeM 13 PI3HUME TUIIAMHU B3a€-
MOJIifi, SIKi € TIpeJIMETOM IHTEHCUBHUX €KCIIEPUMEHTAJIbLHUX 1 TEOPETUIHUX
JIOCJIJIZKEeHb, K1 ITPOBOJISITH Y CYYaCHUX CBITOBUX HAyKOBUX IIEHTpax 1 Jia-

bopaTopisx.
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