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1. BBEAEHHE 

B nocneAHee epeMR Ha6n~AancR 3Ha4MTenbHWA MHTepec K CMCTe
MaM, MCnWTWBa~~MM CTPYKTYPHWe ¢a30BWe nepeXOAW, AMHaMM4eCKOe 
noBeAeHMe KOTOpblX He onMCbll;laeJCR KnacCM4eCKOA TeopMeA MRrKoA 
$OHOHHOA MOAW /CM. o63opw 11•2 M 4MTMpyeMy~ TaM nMTepaTypy/. 
6wno noKa3aHO, 4TO B CMCTeMax TMna CMe~eHMR B KPMTM4eCKOA 06-
naCTM B03MOmHO nORBneHMe KnacTepoe, npeAWeCTBY~~MX B03HMKHOBe
HM~ HeCMMMeTpM4HOA /HM3KOTeMnepaTypHoA/ ¢a3bl. 8 pe3ynbTaTe, 
nOA06HO CMCTeMaM TMna "nopRAOK-6ecnopRAOK11

, MAeanbHble /6e3-
Ae¢eKTHWe/ CMCTeMW TMna CMe~eHMR xapaKTepM3Y~TCR ABYMR BMAaMM 
ABM>:<eHMA: "6blCTpblMM 11 

- KOne6aHMRMM 4aCTM4 OTHOCMTenbHO KBa3M
paBHOBeCHblX nonomeHMA BHYTPM KnacT·epoe M 11MeAneHHblMM 11 

- ABMme
HMRMM CTeHOK KnacTepoe. KpMTM4eCKOe 3aMeAneHMe o6ecne4MBaeTCR 
penaKca4MOHHOA AMHaMMKOA nocneAHMX, npMBOAR~eA K 4eHTpanbHOMY 
nMKY B cneKTpanbHOA ¢YHK4MM. Bo3MOmHoe noBeAeHMe MRrKoA MOAbl 
cneAyeT M3 paC4eTa MeTOAOM MoneKynRpHoA AMHaMMKM, npoBeAeHHOro 
B pa6oTe )3 ) AnR ABYXMepHoA MOAenM. npM yMeHbWeHMM TeMnepaTypw 
G B napa¢a3e 4aCTOTa MRrKoA MOAW yMeHbWaeTCR AO HeKOTOporo 

MMHMManbHOro 3Ha4eHMR npM 0 = 00 ( > 0 c), a 3aTeM Ha4MHaeT B03pac
TaTb M OCTaeTCR KOHe4HOA npM e =0c ,OAHaKO MMe~~MeCR B nMTepa
Type / l, 2/ o6cymAeHMR TeMnepaTypHoro noBeAeHMR MRrKoA MOAW 
M 4eHTpanbHOro nMKa npM HanM4MM KnacTepoe HOCRT Ka4eCTBeHHWA 
xapaKTep MnM OCHOBaHbl· Ha pe3ynbTaTax pac4eTOB MeTOAOM MOneKy
nRpHOA AMHaMMKM. AeTanbHOro KOnM4eCTBeHHOro MccneAOBaHMR npo
BeAeHO He 6b1no. 

B HaCTOR~eA pa6oTe 3Ta 3aAa4a paCCMOTpeHa AnR OAHOMepHOA 
MOAenM, KOrAa HenMHeAHwe 3¢¢eKTbl AOnycKa~T aHanMTM4eCKOe onM
caHMe. 

0AHOMepHaR MOAenb RBnReTCR cne4M¢M4eCKOA B TOM CMWCne, 4TO 
B HeA HeT ynopRA04eHHOA ¢a3w. B TO me epeMR e =0 MOmHO pac
CMaTpMBaTb KaK KPMTM4eCKY~ TeMnepaTypy' a o6naCTb e > 0 - KaK 
o6nacTb napa¢a3w. 

2. tOHOH~ B HEOAHOPOAHO~ CPEAE 

npocTeAweA MOAenb~ CTPYKTYPHOro ¢a3oeoro nepeXOAa RBnReTCR 
CMCTeMa CBR3aHHWX aHrapMOHM4eCKMX oc4MnnRTOPOB /peweT04HaR 
MOAenb"¢ 4 " / C raMMnbTOHMaHOM / 4 /: • 
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m A 2 B 4] 1 2 H = I [ - ,p~ - - ¢. + -¢. + - I C .. (¢. -¢.) , 
j 2 1 2 1 4 1 4 ij lJ 1 J /1/ 

r,qe ¢i - CMe~eHHe i -i:l 4aCTHLlbl C MaccoA m OTHOCHTellbHO no110-
meHHR paBHOBeCHR B CHMMeTpH4HOH /BblCOKOTeMnepaTypHOH/ ¢aae; 
A B > 0 - napaMeTpbl o,qH04acTH4HOro noTeH1.1Ha11a C ABYMR MHHHMy
M~MH c r11y6HHOH V = A2 /4B H pacCTORHHeM Mem,qy MHHHMyMaMH 

I ¢ I = ..;""Xlf3. Mo,qellb / 1 / onHCbtsaeT ¢aaoBble nepexo,qbl rnna cMe

~e~R, Kor,qa-3HeprHR CBR3H Mem,qy 4aCTHLlaMH ¢5Co> V/HllH Co= 
= ~ Cij > .A /. 

J 11MeR B BH,qy, 4TO npH HH3Kt-1X TeMnepaTypax 0?: 0 B Ct-1CTeMe soa-
HHKalOT K11acTepbl pa3HOH nOilRPH3al.lHH /2-4/, KOOp,qHHaTy 4aCTt-1Llbl 
¢iU) npe,qcTaBHM B BH,qe KBa3HpasHOBeCHblX no11omeHHH B K11acTepe 

·s. H MallblX /oTHOCt-1TeI1bHO ·s. / CMe~eHHH u.: 
1 1 1 

¢/t) = ·sJt) + ui(t). /2/ 

CMe~eHHR ·si (t) npHBO,qRT K soa6ym,qeHHRM THna COilHTOHHblX 80/lH 
/,qoMeHHaR CTeHKa t-1/lH KHHK/ ,- a CMe~eHHR ui (t) - K soa6ym,qeHHRM 
THna ¢oHOHOB / 4 ,5 /_ raMHilbTOHHaH /1/ C y4eTOM /2/ annpoKCHMHpyeM 

CYMMOH raMHilbTOHHaHOB,,qllR KOH¢Hrypa1.1HOHHOH H ¢0HOHHOH 4acTeH/6 I: 

H0 =HK+ H¢ , 

2 
H =I[_!L_ 

K i 2m 

h2 
H -I [- 2rr ~ i ' 

A 2 B 4 1 2 
a. - s. + - ·s_ ] + - IC .. (s. - s. ) , 

1 2 I 4 1 4 ij IJ I J 

a2 
au~ 

1 

A 2 1 2 -/1.. -u.]+- I C .. (u.-u.) . 
I 2 l 4 .ij IJ 1 J 

/3/ 

/3a/ 

/36/ 

3Ta annpoKCHMaL1t-1R OCHOBblBaeTCR Ha sapt-1a1.1t-10HHOM npHHLIHne 6oro
Ill06osa ,q11R cso6o,qHoi1 3HeprnH F: .F ~ F1 = -F O + <H -H0 > , r,qe 

.F O - CB060,qHaR 3HeprHR C raMHilbTOHHaHOM Ho. BapHal.lHOHHble napa

MeTpbl ai H /Ii. i , Y4t-1TblBalO~He B3aHMHOe ,Bllt-1RHHe ,qsyx no,qcHcTeM 
/KHHK-¢0HOHHOe B3aHMO,qeACTBHe/, onpe,qellRIOTCR H3 YCilOBHR CTa

LIHOHapHOCTH cso6o,qHOH 3HeprHH H HMelOT BH,q 

a_ = 1 - 3 l! < u~ > , 
l A I 

/1.. =3]! <S~> - a., 
I A I I /4/ 

CTaTHCTH4eCKHe cpe,qHHe < .... > Bb14HCI1RIOTCR C raMHilbTOHHaHOM Ho. 
3aM~THM, 4To nepeMeHHble s- U) H u-U) HMelOT paaHblH xapaK
TepHblH MaCWTa6 speMeH, 4T~ no3BOI1R~T nposeCTH paa,qelleHHe /3/. 

raMHilbTOHHaH /36/ co,qepmHT c11y4aHHblH o,qHOy3ellbHblH noTeHLIH~Il 
/1.i' 06yc11os11eHHblH HeynopR,q04eHHOCTblO CHcTeMbl B pe3YllbTaTe paa-

2 

i 
') 

\ 
j 

6HeHHR ee Ha KllaCTepbl. 4T06bl BBeCTH ¢0HOHbl, Heo6xo,qHMO npe,q
sapHTellbHO BblnOilHHTb CTPYKTYPHOe ycpe,qHeHHe, TO eCTb ycpe,qHe

HHe no pacnpe~e/leHHIO CTeHOK K11acTepos. OrpaHH4HMCR npocTeHWHM 
B TeopHH HeynopR,qo4eHHblX CHCTeM npH611HmeHHeM "cpe,qHero11 KpHc

Ta1111a, B KOTOpOM CllY4aHHblH OAJ-!04aCTH4HblH noTeHL1Ha11 3aMeHReTCR 
Ha cpe,qHHH noTeHL1Hall B03My~eHHR B 3¢¢eKTHBHOH TpaHCilRLIHOHHO
HHBapHaHTHOH peweTKe: 

_, B 2 
a= 1-3-x-<u >, 

- B 2 . 
/1. =· 3A,<si > - a. /5/ 

B /5/ 4epTa csepxy 03Ha4aeT ycpe,qHeHHe no KOH¢HrypaL1HRM.B 3TOM 
c11y4ae raMHilbTOHHaH /36/ onHCblBaeT KOI1e6aHHR B 3¢¢eKTHBHOH 
/

11 cpe,qHeH 11
/ peweTKe B nces,qorapf.\OHH4eCKOM npH611HmeHHH, B KOTO

pOM B3aHMo,qeHcTBH7 7em,qy ¢OHOHaMH Y4HTblBaeTCR B CaMocor11acosaH
HOM ¢0HOHHOM none 

7 
, a 4acTOTa KOI1e6aHHH H Koppe11RL1HOHHble ¢yHK

L1HH 11MallblX11 CMe~erlHH onHCblBalOTCR c11e,qy10~HMH ypaBHeHHRMH: 

2-2 A -, 
h w = -(/1. +f0 -fq), 

q m 
f = ..£.g = _1 _ I C .. e iq(Ri - R j) 

q A AN i~j lJ 

2 1 1 Wq 
<u>=-I-cth-. 

mN q 2- 20 
wq 

/6/ 

171 

11TaK, Mbl no11y4HI1H caMocor11acosaHHYIO CHCTeMY ypaBHeHHH /5/-/7/ 
,qllR onHCaHHR TeMnepaTypHoro nose,qeHHR $0HOHOB /MRrKOH MO,qbl/ 

B peweTKe npH Ha11H4HH KllaCTepoB C pa311H4HOH no11RpHaa1.1HeA KBa3H
paBHOBeCHblX no110meHHH 4aCTHLI. ,ll11R Toro 4T06bl 3aMKHYTb 3TY · cH
cTeMy ypasHeHHH, Heo6xo,qHMO Bbl4HCil!::1!.!a_CPe,qHHe KBa,qpaTH4Hble 3Ha-
4eHHR KBa3HpaBHOBeCHblX no11omeHHH < s~ > no pacnpe,qe11eHHIO CTeHOK 
KllaCTepos. 

3. KOPPEJl.RUHOHHblE ¢YHKU1111 KBA311COJ111TOHOB 

PacCMOTPHM raMHilbTOHHaH /3a/. npt-1 CH/lb HOH CBR3H (CO/ A» 1) 
B03MOmHO IlHWb n11aBHOe H3MeHeHHe 'oop,qHHaTbl S j, 4TO n038011ReT ne

peATH K KOHTHHyallbHOMY npe,qe11y / 4 : Sj = s (Xi), Xj =if =x, r,qe f -
noCTORHHaR peweTKH. raMHilbTOHHaH /3a/ B KOHTHHyanbHOM npe,qe11e 
OTilH4aeTCR OT o6bl4HO HCnOilb3YeMoro ¢4- raMHilbTOHHaHa HallH4HeM 
TeMnepaTypH03aBHCR~ero MHOmHTellR i, y4HTb1BalO~ero BllHRHHe ¢OHOH
HblX ¢11yKTya1.1HH Ha Me,q11eHHYIO no,qCHCTeMy. YpasHeHHR JlarpaHma-
3A11epa ,qllR raMHilbTOHHaHa /3a/ B HenpepblBHOM npe,qe11e HMelOT co
IlHTOHOno,qo6Hoe 4aCTHOe peweHHe , 4 •5/. 8 npe,qe11e Ma110A n110THOCTH 

KnacTepos ( I x 1 - x 2 1 >> 8 - WHPHHbl cTeHKH) npH611HmeHHoe 4aCTHoe 
peweHHe npH Ha11H4HH B CHCTeMe Nk CTeHOK HMeeT BH,q 
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IA _.Nk x-xoi±vi t 
s N (x,t; l x o·I. Iv. I> = ✓ :.;,,a _n th ™ . •. / 

k i i o i= 1 V 2 if I a 1 2 
/8/ 

rAe ~ = v ~ (c~-v2)- w11p11Ha cTeHKH 6e3 y4eTa <t>oHOHHOH nepeHopM11-
2 2 

POBKH; Co=C/ /2rr - CKOPOCTb 3ByKa, a TaKlKe npeAeJlbHaR CKo-
POCTb KBa3HCOJlHTOHa B CHCTeMe. noACTaBJlRR BblpalKeHHe /8/ npH 
Nk =1 B /3a/ 11 npoBOAR HHTerp11posaH11e B npeAene v<<c0 ,no11y4aeM 
AilR 3HeprHH H MaCCbl KBa3HCOJlHTOHa CJleAyID~He BblpameHHR: 

*v2 A2 .T7fc - ' - · 4 · 1 2A- 3 /2 
E =E + _rr:_. E = - ~(al/2_ a312). ir*=- rrv a /9/ 

O 2 ' O E f ' . 3 PBf
0 

' 

r Ae f O = c O v n: /A. 
Y4eT <!>OHOHHblX $IlYKTya411H npHBOAHT K yMeHbWeHHID BblCOTbl CTeH

KH KJlaCTepa 11 yBeJlH4eHHID ee WHPHHbl 0~ = 2~~ /a> 2ft, a TaKlKe K 
yMeHbWeHHID ee 3HeprHH, 4TO Ka4eCTBeH7O cornacyeTCR C pe3YilbTa
TaMH pa6oTbl /s/, B OiJlH4He OT pa60Tbl /s ,B HaWeM nOAXOAe Y4TeHbl 

<!>OHOHHble <!>J1YKTya41111 TaKlKe npH 0 f0 C noMO~bID ypasHeHH
0

R /7/ /CM. 
TaKlKe /g/ /. 

.l\IlR Toro 4T06bl Bbl4HCJlHTb KOppeJlRijHOHHble <l>YHKijHH KBa3HCOJlH
TOHOB, socnOilb3yeMCR <t>eHOMeHOJlOrH4eCKOH cTaTHCTH4eCKOH MeXaH11-
KOH 11HAeaJlbHOro" ra3a KBa3HCOJlHTOHOB /4.5~KOTOpaR MOlKeT 6b1Tb 

np11MeHeHa K MOAeJlH /1 / B 0611acTH TeMnepaTYP 0,« Eo. CTaTHCTH-
4eCKYID CYMMY ra3a KBa3HCOJlHTOHOB B 60JlbWOM KaHOHH4eCKOM aHCaM6-
ne npeACTaBHM B BHAe /4,5, 10/ . 

µNk 
"" -0- 1 dv dx0 

Zk= I e L N , L N = N I [ ff --
Nk k k "k B 

e 

2E + m*v 2 
0 

20 
] 

Nk 
/10/ 

rAe 8 - HOPMHPOB04HblH MHOlKHTeJlb B <t>a3OBOM npocTpaHCTBe 3Ha4e
HHH XO 11 V, HJlH nocne HHTe

0

rp11posaHHR: 
µ-Eo 

Z = exp IL ( 2 "~ )1/2 e-0- I. 
k m* s2 

/11/ 

11cnoJlb3YR BblpalKeHHe / 11 /, no11y4aeM nJlOTHOCTb CTeHOK KJlaCTepos 
B BHAe 

ii = ~ = !!__ _a_ Yn z = ( 2" 0 ) 
k L L aµ k m* 1'32 

-E /0 e o /12/ 

3To BblpameHHe OTJlH4aeTCR OT COOTBeTCTBYID~ero B pa60Te/4 / npeA-
3KCnOHeH411aJ1bHblM MHOlKHTeJleM H cosnaAaeT C nony4eHHblM ~ pa60-
Te/5/ np11 B =2h/ m* /h - nocTORHHaR nnaHKa/. 

4 

> 

CpeAHee 3Ha4eHHe KBa3HpaBHOBeCHOro nonolKeHHR < ·s (x, 0 )> B TO4-

Ke X B npoH3B0JlbHblH <!>HKCHPOBaHHblH MOMeHT speMeHH t nony4HM, 

ycpeAHRR peweHHe /8/ no noJlOlKeHHRM CTeHOK KJlaCTepoB XOi 11 CKo
pocTRM Vi C pacnpeAeJleHHeM /10/. Ha4aJlbHOe YCilOBHe 3aAaAHM 
TaKHM o6pa30M, 4TO npH 0 =0 o_§Qa3e4 nOilRPH3OBaH TaK, 4TO cy
~eCTByeT OAHH 'AOMeH C S(x,O)=yAa/8. npH TeMnepaTypax, OTJlH4-
HblX OT HYilR, B CHCTeMe Ha4HHaIDT noRBJlRTbCR KJlaCTepbl, TOrAa 

2Eo.:!:..m*v2 

20 <s(x,O)>= z:1 1,.;.Aa +ff dvdxo 
8 It 

-d d . 
1 dv1 dxo1 ff V2 Xo2 .8 (x O· x x v , v ) e 

+ - ff--- - 2 • • 01' 02 ' 1 2 
21 13 B ,o 

s
1 

(x,O;x
0

,v) e + 

4E + m*(v2+v2 ) o 1 2 

20 + ••• I. 
/13/ 

B TepMOAHHaMH4eCKOM npeAene ( L ➔ "") BKJlaAbl B /13/ COCTORHHH 
C OAHOH, ABYMR H 6oJlbWHM 4HCJlOM CTeHOK B cpeAHeM paBHbl HyilID, 

TaK KaK 

L/2 x-x 
f dx0 th -

0
-IL = o fn 

-L/2 

no3TOMY 

r:-
·B.·-- t -v·- <s(x,O) = ~ Va 

A 

L 
ch(- +x) /o 

..:..2. 
L 

ch(- -x) /o 
2 

-o 
L ➔ oo 

= I ya npH 0= 0 i 

0 npH 0>0, L ➔ oo, 

/14/ 

TaKHM o6pa30M, cpeAHee 3Ha4eHHe /TepMOAHHaMH4eCKOe H KOH<t>Hry
pa4HOHHOe/ nonolKeHHR paBHOBeCHR 4aCTHijbl B MOAeJlH /3/ paBHO 

HYilID npH nID60H OTJlH4HOH OT HYilR TeMnepaType. 
CpeAHeKBaApaTH4Hble 3Ha4eHHR KBa311paBHOBeCHblX nonolKeHHH Bbl-

4HCJlRIDTCR TaKHM lKe o6pa3oM: B BblpalKeHHR T11na /13/ HYlKHO noA
CTaBilRTb KBaApaTbl peweHHH /8/. 11cnOJlb3YR TO, 4TO AilR J1ID6oro 

KOHe4HOro X 

L/2 2 x-x f d x th ( ~ ) 
-L/2 0 o 

nony4aeM 

f~xo[ 1.
-L/2 

< s2 (x,O) > = ,A a exp(-2ii o0 ). 
8 k 

1 
X-X- l=L.;.2o+O(e-L/o 

ch2--,, ) 
0-

/15/ 

11cnoJlb30BaHHa~ npo4eAypa KOH<t>11rypa4HOHH6ro ycpeAHeHHR no3BOJlR
eT TaKlKe nony411Tb AHHaMH4eCKYID Koppe11R4HOHHYID <l>YHKijHID. np11 

3TOM noRBJlRIDTCR HHTerpanbl BHAa 
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L/2 Xo-x+vt xo x-vt fd¾th ....;;.. ___ th-= L-2(x-vt) cth-- , 
-L/2 o o o 

1-1 B pe3yilbTaTe 

< s(x,t) s(O,O) > = ~ a 
B 

- Eo oo m*v2 

exp I - 2e 8 f -.!!Y._ ( x - vt) cth .!=..Y!. e - --W-1 
-008 o . 

/16/ 

3aMeTl-1M, 4TO 3TO Bb1pameH1-1e cnpaBeA111-1so np1-1 cneAY~~1-1x orpaH1-14e
Hl-1RX: X < 1 /nk ; t< 1/Vnk ; V - cpeAHRR CKOpOCTb Kl-1HKa. 

CTaTl-14eCKaR KOppeI1R41-10HHaR ¢YHK41-1R, KOTOpaR nony4aeTCR 1-13 
/16/ np1-1 t =O, nocne l-1HTerp1-1poaaHl-1R no CKOPOCTRM 1-1Meer,B1-1A 

< s(x,O) s(0,0)> = A a exp l-2ii x cth ..!_ I. 
B k Bo 

11'71 

3To Bb1pameH1-1e np1-1 x ➔ o coanaAaeT c /15/, a np1-1 x»oo np1-1H1-1MaeT 
Bl-1A 

A < s (x,O) s (0,0) > = - 11 exp I - x / ( I , 
B C 

/18/ 

rAe ( =1 /2nk (0) - KOppeI1R41-10HHaR AI11-1Ha. np1-1 0 ➔ 0c ( =0) t;;"c ➔00 • 
8b1pam~H1-1e Bl-1Aa /18/ c MHOm1-1TeneM a =1 6b1110 nony4eHo a· pa6o_Te/4 / 

Ha OCHOBe T04HblX Bb141-1CileHl-1H MeTOAOM MaTPl-14bl nepexoAa. 

4. TEMnEPATYPHOE nOBEAEHHE cnEKTPA 8036YmAEHH~ 

8 3Kcnep1-1MeHTax no pacceRHl-1~ HeHTPOHOB 1-1111-1 CBeTa l-13MepReTCR 
¢YHK41-1R pacceRHl-1R, KOTopaR onl-1Cb1BaeT Al-1HaMl-14eCKl-1e CBOHGTBa 
Cl-1CTeMbl 1-1 BblpamaeTCR 4epe3· KoppeI1R41-10HHY~ ¢YHK41-1~: 

1 oo i(qx-wt) ( /'19/ S(q,w) = -- Jfdxdte <cf>(x,t) cf> 0,0)>. 
(211) 2 --oo 

B np1-16111-1meH1-11-1 /3/ ¢YHK41-1R pacceRHl-1R /19/ COCTOl-1T 1-13 Tpex pa3-
AeI1eHHblX n1-1KOB - ABYX O -o6pa3HblX 6oKOBblX np1-1 3Heprl-1RX ¢0HOHOB 
/6/ 1,1 4eHTpa11bHOro np1-1 w =0, 06yc11oaneHHOro Al-1HaMl-1KOH CTeHOK 
KnacTepoe. 

B AailbHeiiweM 6yAeM paccMaTp1-1aaTb ¢a30BblH nepeXOA ¢eppOAl-1C
TOpcKoro T1-1na, KOrAa MaKCl-1MYM ¢ypbe-06pa3a noTeH41-1a11a a3a1-1Mo
AeiicTBl-1R Cq AOCT1-1raeTcR np1-1 q =0. BaeAeM 6e3pa3MepHble nepe
MeHHble: 

-2 2 --n: = 1 ; T = -L; c = ~; M*= ~:Q..; r =S; A=~ A/m. 1201 
A/m A2 /B o A2 /B A2/B o A A2 /B 
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B nepeMeHHblX /20/ CBOHCTBa MOAeI11-1 onpeAeilR~TCR ABYMR napaMeT
paMl-1: OTHOCl-1TeI1bHOH Cl-1I10H CBR31-1 MemAY 4acT1-14aM1-1 f O 1-1 A -napa
MeTPOM °KBaHTOBOCTl-1. np1-1 nepexoAaX Tl-1na CMe~eHl-1Rfo>1. napaMeTp 
A 1-1rpaeT TaKy~ me ponb, KaK 1-1 TeMnepaTypa. Ec111-1 A>Ac,To ecTb 

ec111-1 3Hepr1-1R HyneBblX KOI1e6aHl-1H 6011bwe r11y61-1Hbl noTeH41-1aI1bHOro 
Ml-1Hl-1MyMa,To CMe~eHHOrO COCTORHl-1R He 803Hl-1KaeT Aame npl-1 HyileBOH 
TeMnepaType. BepxHeH 04eHKOH AilR Ac RBI1ReTCR Ac = 1 • 

Hcnoilb30BaHHaR B AaHHOH pa6oTe CTaTl-1CTl-14eCKaR MexaH1-1Ka ra3a 
KBa31-1COI11-1TOHOB MOmeT 6b1Tb np1-1MeHeHa npl-1 TeMnepaTypax T <<co. 
AnR MOAeI11-1 /1/ 1-1MeeTcR e~e OAHa xapaKTepHaR TeMnepaTypa. KaK 
no~a3bleaeT 41,1c11eHHoe MOAeI11-1poaaH1-1e /cM. 063op /11/ /, xapaK~ep 
B3al-1MOAeHCTBl-1R KBa31-1COI11-1TOHOB B MOAeill-1 /1/ 3ae1-1c1-1T OT l-1X CKO
POCTl-1, _a cneAOBa}"eilbHO, OT TeMnepaTYPbl /l l/: npl-1 0 <·01 = m* v/ 
/vkp=0,2 c 0 / .B03Hl-1Ka~T cBR3aHHble cocTORHMR Kaa31-1co111-1ToHoB, 
KOTOpble MoryT AaBaTb OCHOBHOH BKilaA B CTaTl-1CTl-1Ky. CneAOBaTenb
HO, CTaTl-1CTl-14eCKaR MexaH1-1Ka ra3a KBa31-1COI11-1TOHOB cnpaBeAI11-1Ba 
np1-1 0> Bi • 04eHKy AI1R TeMnepaTypbl T1 = 01 /(A2 /B) ,1-1cnOI1b3YR /9/' 
no11y4aeM a BHAe 'Ii= o,05v70 • TaK1-1M o6pa3oM, 0611acTb np1-1MeH1-1-
MocT1-1 1-1cno11b3yeMblX a AaHHOH pa6oTe np1-16111-1meH1-1H orpaH1-14eHa c11e
AY~~1-1M1-1 3Ha4eHl-1RMl-1 napaMeTpOB MOAeill-1 1-1 TeMnepaTypbl: 

r0 > 1; A0 «1; 0,05yfo <T «c O • /21 / 

3aMeTl-1M, 4TO aap1-1a41-10HHblH xapaKTep flOAXOAa coxpaHReT ¢1,131,14ec
Kl-1H CMblCil pe3YilbTaTOB /B l-1HTepnOI1Rijl-10HHOM CMblCile/ 1-1 Ha rpa
H1-14e AaHHblX 04eHOK. 

4. 1. MRrKaR ¢oHOHHaR MOAa 

TeMnepaTypHoe noaeAeH1-1e 3Hepr1-11-1 ¢oHoHoa onpeAenReTCR caMo
cornacoeaHHOH ~1-1cTeMoH ypaBHeHl-1H /5/-/7/, /15/. Ha p1-1c. 1 npeA
CTaeneHbl pe3YilbTaTbl peWeHl-1R 3TOH Cl-1CTeMbl ypaBHeHl-1H AI1R 4aCTOTbl 
MRrKOH MOAbl np1-1 q =O /~enb B cneKTPe MRrKl-1X ¢oHOHOB/ np1,1 3Ha-
4eHl-1RX napaMeTpoa r0 =10, A =0,1. Ha p1-1c. 1 noKa3aHa TaKme 
3aBl-1Cl-1MOCTb. 3H'epr1-11-1 1-1 MaCCbl KBa31-1COI11-1TOHa OT TeMnepaTYPbl, Kpec
Tl-1KaM1-1 :0603Ha4eHbl T04Kl-1, B KOTOpblX Hapy~aeTCR yc11oa1-1e caMocor
nacoeaHl-1R /7 I. np1-1 Bbmo11HeH1-11-1 pac4eToa HOPM1-1poaol.lHb1~ MHom1-1Te11b 
B nonaraeTcR paaHblM lhoo. CyMM1-1poaaH1-1e no q a /7/ npoBoA1-111ocb 

B npeAenax '-IT /f__:-q _511 ff , rAe y - nOCTORHHaR peweTKl-1. Pa3pblBHOe 
noaeAeH1-1e ¢1-131-14ecK1-1x ee111-141-1H· o3Ha4aeT ¢a30BblH nepexoA nepaoro 
POAa 1,1 RBilReTCR cneACTBl-1eM nceBAOrapMOHl-14eCKoro np1-16111-1meH1-1R 
AilR ¢0HOHOB. KaK Bl-1AHO 1-13 p1-1c. 1, np1-1 T < To("'0,7) MRrKaR MOAa 
BeAeT ce6R KaK B KilaCCl-14eCKOH TeOpl-11-1. np1-1 T "'To 11 BblCOKOTeMnepa
TypHble11 ¢0H0Hbl CTaHOBRTCR HeycTOH41-1BblMl-1, 4TO CBR3aHo C noRB11e
Hl-1eM KnacTepoa /KB~3~COI11-1TOHOB/. ¢oHOHbl np1-1 Haill-141-11-1 KI1acTepoB 
BeAYT ce6R aHanorl-14HO 11 Hl-13.KOTeMnepaTypHblM11 ¢OHOHaM /¢oHOHclM B 
¢eppo¢a3e/. OTMeT1-1M·, 4TO np1-1 T ➔ Tc /Tc=O B HaweM c11y4ae/ 4ac-
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Pttc. I • 3aBHCHMOCTb qaCTOTbl M.HrKOH 

MO,ll;bl, 3HeprHH H MaCCbl KBa3HCOnHTOHOB 

OT TeMnepaTypbl npH 3Ha'leHH.flX n"apaMeT

poB Mo,a;enn r0 =IO, .\ =O, I / B 6eapaa

MepHbIX nepeMeHHblX /20//. 

TOTa MRrKOH MOAW He y6weaeT, KaK 
B KnacCH4eCKOH Teop1,11,1, a B03pacTaeT. 
3TOT peaynbTaT nOATBepmAaeT Ka4ecT
BeHHYJO KapTHHy/2/ H cornacyeTCR C pe-
3YilbTaTaMH 4HCJleHHOro MOAenHpOBaHHR 
AilR ABYXMepHOH MOAen1,1/ 3/, 

3aBHCHMOCTb 3Hepr1,11,1 KBa3HC011HTOHOB OT TeMnepaTypw noKaawsa
eT' 4TO o6naCTb T< To nemHT B npeAenaX' /21 / npHMeHHMOCTH 1,1c
nonbayeMWX s AaHHOH pa6oTe np1-16n1-1meH1-1A. B o6nacTH T<T1 /:0,16/, 
aoo6~e rosopR, He06XOAHMO Y4HTWBaTb CBR3aHHWe COCTORHHR KBaa1,1-
COilHTOHOB. MomHO O)l{HAaTb, 4TO Ha noBeAeHHH <l>OHOHOB AeTanH AH
HaMHKH CTeHOK KnacTepos CKa3blBaJOTCR Hecy~eCTBeHHO, XOTR 3TOT 
sonpoc Tpe6yeT 6onee AeTanbHoro paccMoTpeHHR, 

4.2 UeHTpanbHWH n1-1K 

<l>yHK4HR pacceRHHR Ha KBa3HCOilHTOHaX C y4eTOM BblpameHHR AilR 
AHHaMH4eCKOH KoppenR4HOHHOH <l>YHK4HH /16/ HMeeT·BHA 

Sk(q,w) = _l_ Jfdxdtei(qx-wt)~a x 
(211)2 -oo B 

m*v2 

x exp I - 2e -Fu /O j ~ v e - 20 ( x - vt) 
-oo B 

cth x-vt 
Flt ;a1!2 

./22/ 
I. 

803MO)l{HW ABa npeAeilbHWX pemHMa noBeAeHHR raaa KBa3HCOI1HTO
HOB/12/: 6eCCTOhKHOBHTeJlbHWH H AH<l><l>Y3HOHHWH. a1-1<l><l>Y3HOHHWH pe
)l{HM cooTseTCTBY~T acHMnTOTHKe t ➔ oo s /22/. nonaraR, 4TO s npe~ 
Aenax KOppenR4HOHHOH AilHHW (c KoppenR4HOHHaR <l>YHK4HR He 3as1,1-
CHT OT KOOPAHHaTbl/4/: <s(x,t) s(O,O) = <s(O,t) s(0,0)>,. 
H npoBOAR HHTerpHpOBaHHe B /22/, nony4aeM 

Sk (q,w) = .A a u.\ (q) ___l;'.__ • Y = ~ e -Eo/0 ' 
B 2 2 -11 w +y m* B 

/23/ 

rAe u,\ (q) - np1,16n1-1meHHOe npocTpaHCTBeHHOe npeo6paaoeaHHe 
B npeAenax KOppenR4HOHHOH AilHHbl. TaKHM o6pa30M, B cny4ae npoc
TOH AH<l><l>Y3HH CTeHOK KnacTepos B Ce4eHHH pacceRHHR AOJl)KeH Ha6-
JllOAaTbCR 4eHTpanbHWH nHK 11opeH4eBCKOH <l>OPMbl c nonyw1,1p1,1HoA/w1,1-

8 

.. 

p1,1 HOH Ha n_o110BHHe BblCOTbl/ w0 -y ( w0 - v I ( , r Ae v - cpeAHRR cKo
pocTb CTeHoK; ' - cpeAHee paCCTORHHe MemAY HHMH/. np1-1 YMeHb
weHHH TeMnepaTypw BWCOTa 4eHTpanbHOrO nHKa ysen1,141,1saeTCR, a 
nonyWHPHHa yMeHbwaeTCR, B npeAene e ➔ o Sk(q,w) /23/ nepeXOAHT 
B 8 -<1>yHK4HJO. BwpameHHe /23/ C T04HOCTblO AO o663Ha4eHHH 1,1 
HOPMHPOBKH a coenaAaeT C COOTBeTCTBYJO~HM B pa60Te/4/. HeAOCTaT
KOM <l>OPMYJlW /23/ RBnReTCR TO' '4TO OHa He OTpamaeT RB HOH aas1-1-
CHMOCTH OT BOilHOBOro BeKTopa q /HMnynbca nepeAa4H np1,1 pacceR
HHH/. 3aBHCHMOCTb OT q HMeeT 3Ha4eHHe np1,1 H3y4eHHH KPHTH4eCKo
ro pacceRHHR np1,1 T ➔ Tc , KOTOpoe B c1,1ny 803pacTaHHR KOppenR4HoH
HOH AilHHbl / 18/ npOHCXOAHT npH q =0' TO eCTb RBnReTCR Kea31,1ynpy
r1-1M. 

6eCCTOJlKHOBHTenbHblH pe)l{HM - cso60AHOe ABH)l{eHHe KBa3HC011HTO
HOB cooTBeTcTsyeT n1-1HeAH0My no nrioTHocrn (iik «1/8) np1-16n1,1)1{eHHJO 
s /22/. Hcnonb3YR aaMeHy nepeMeHHblX y =(x-vt) /8, nony4aeM 
a 3TOM cny4ae 

Sk(q,w)..za8(q)8(w)+nkA f~( rrm*l/2 ...! 
B 2 20 I qj 

e 
- ~(~-)2 

20 q 

h
2 IT q fo 

s ---
2a 112 

, /24/ 

nepsoe cnaraeMoe a /24/ OTBe4aeT 4HCTO ynpyroMy pacceRHHJO 1,1 np1,1 
T ➔ Tc COOTBeTCTByeT KPHTH4eCKOMy pacceRHHJO Ha OAHOM KnacTepe 
Mai<pocKon1,14ecK1-1x paaMepos ( (c ➔ oo) • BTopoe cnaraeMoe, HMeJO~ee 
rayccoscKyJO <l>OPMY, np1,1 q~O on1-1cweaeT KBa31-1ynpyroe pacceRHHe Ha 
ceo6oAHO ABH)l{Y~HXCR CTeHKax KnacTepos. np1-1 T ➔ 0 HHTeHCHBHOCTb 
3TOro pacceRHHR y~eHbwaeTCR AO HYJlR. MepoA HHTeHCHBHOCTl,1 pac
CeRHHR cny)l{HT CTPYKTYPHWH <l>aKTOP, KO~opw1,1 AilR KBa3Hynpyroro 
pacceRHHR s /24/ nony4aeM s BHAe 

IT 
=ll a------

k 2sh2 rrqfo 
S (q) = fdwS (q,w) 

k k 
-00 

/25/ 

2a 1/2 
KaK BHAHO 1,13 3Toro ewpa)l{eHHR, MaKCHMYM pacceRHHR AOCTMraeTCR 
np1,1 q ➔ 0. · 

Ha p1-1c. 2 1-1 l npeACTasneHw peay11bTaTw BW4MCJleHHR <l>YHK4MH 
sk (q,w) B 3aBHCHMOCTH OT TeMnepaTypbl, nony4eHHble 4MCneHHWM HH
Terp1-1poBaHMeM Bb1pa)l{eHHR /22/ npH 3Ha4eHHRX napaMeTpOB MOAellM 
fo =10, .\o =0, 1. np1-1 q .j O I q/f =0,016, PHC. 2/ HHTeHCMBHOCTb 

4eHTpanbHOro n1-1Ka npH YMeHbWeHHH T OT To CHa4ana yeenH4HBaeT
CR, a 3aTeM Ha4HHaeT yMeHbWaTbCR npM T ➔ Q, nonywHpHHa yMeHbWaeT
CR npH yMeHbWeHHH TeMnepaTypw. np1-1 q =0 4eHTpanbHWH nMK HMeeT 
TaKyJO )Ke <l>OPMY, KaK Ha PHC. 2, HO MHTeHCHBHOCTb era npH T ➔ Tc 

/ =01 soapacraer, a no11yw1,1p1-1Ha yMeHbwae,cR. Ha p1,1c. 3 noKaaa
Ha TeMneparypHaR 3aBHCHMOCTb MHTeHCHBHOCTH H nonyWHPHHbl B 3TOM 
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PHc.2. TeMnepaTypHOe IlOBeAeHHe QeHT
paJibHOro IlHKa npH q =O, 016 / fo = . 
= I O, ,\ =O, I / . 

cny4ae. CAenaHHble s AaHHOM pasAene 
npH6nHmeHHR He nossonR~T 04eHHTb 
BKnaAa AH¢¢y3HH KBa3HCOnHTOHOB B 
¢YHK4H~ pacceRHHR /cp. c1121;, 4TO, 
OAHaKo, He MeHReT rnasHoro pesynb

TaTa. Hs nposeAeHHOro paCCMOTpeHHR cneAyeT, 4TO B HAeanbHOH 
/6e3Ae¢eKTHOH/ peweTKe B napa¢ase BKnaA ABHmy~HXCR CTeHOK Knac
Tepos s 4eHTpanbHblH nHK yMeHbWaeTCR npH T ➔ T.c/=0/. npH T ➔ 0 
HHTeHCHBHOCTb nHKa npH q ,/. 0 6yAeT CTpeMHTbCR K Hyn~ H npH y4e
Te CBR3aHHblX COCTORHHi'i KBa3HCOnHTOHOB' HaH6onee ycTOH4HBblMH 
H3 KOTOPblX RBnR~TCR 6HOHbl /tt/. HcXOAR H3 xapaKTepa noBeAeHHR 
6HOHOB, H3BeCTHoro H3 4HcneHHOro MOAenHpOBaHHR/ 11 ~ MOmHO npeA~ 
nonomHTb' 4TO npH T<T1 / = 0' 16 AnR Bbl6paHHblX napaMeTpos MOAe
nH/ CTPYKTypa 4eHTpanbHOro nHKa H3MeHHTCR: OH pacnaAaeTCR Ha 
ABa nHKa C MaKCHMyMaMH npH w, 6nH3KHMH K w=O H COOTBeTCTBy~
~HMH :meprHH 6HOHOB. C yMeHbWeHHeM TeMnepaTypbl 3TH n,HKH 6YAYT 
ABHraTbCR B CTOPOHY w ➔ v2a. H npH T ➔ o conb~TCR C <l>OHOHHblMH . no
xomaR KapTHHa Ha6n~Aanacb npH 4HcneHHOM /to?enHposaHHH B OAHo
MepHOH MOAenH /1/, npoBeAeHHOM s pa6oTe 13 .,rAe COOTBeTCTBY~~He 
B036ymAeHHR 6brnH Ha3BaHbl KnacTepHblMH BOnHaMH. 

B 3aKn~4eHHe KOPOTKO o6cyAHM sonpoc, B KaKOH CTeneHH pesynb
TaTbr' nony4eHHble AnR OAHOMepHOH MOAenH' MoryT 6b1Tb npHMeHeHbl 
K peanbHblM CHCTeMaM. B cny4ae CHnbHOaHH30TponHblX KBa3HOAHOMep
HblX CHCTeM o6o6~eHHe nony4eHHblX pesynbTaTOB 803MOmHo B AYXe 
pa6oTbl h4/.,l\nR CHCTeM c pasMePHOCTb~ d> 1 pacnpOCTPa.HeHHe Knac-

lg~(wl 
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w. 

0.025 

T 

TepHoH ¢eHOMeHonorHH 3aTPYAHe-
HO, noCKOnbKY B 3TOM cny4ae 
peweHHR COOTBeTCTBY~~HX ypasHe
HHH IlarpaHma-3Hnepa THna Knac
TepHbrx c7eHOK RBnR~TCR HeycToH-
4HBblMH 111 -OAHaKo Aame TaKHe ¢op-

PHC. 3. 3aBH,CHMOCTb OT TeMnepaTypbl 
HHTeHCHBHOCTH H IlOJIYIIIHPHHbl wo QeHT
paJibHoro nHKa npH q =O /f 0 =IQ,,\= 
=0,1/. . 

ManbHO HeycTOH4HBble o6pa30BaHHR MoryT npHBOAHTb K noBeAeHH~ 
CHCTeMbl, aHanorH4HOMy cny4a~ d =1' ecnH speMR HX mH3HH AOCTa
T04HO senHKohl. C APYrOH cTopoHbl, KaK noKasbrsaeT 4HcneHHoe 
MOAenHPOBaH1-1el11~8 CHCTeMax Cd =2,3 o6pa3Y~TCR YCTOH4HBble He
nHHeHHble B036ymAeHHR, COOTBeTCTBY~~He CBR3aHHblM COCTORHHRM. 
<l>opManH3M paCCMOTpeHHR <l>OHOHHblX aos6ymAeHHH' pa3BHTblH B AaHHOH 
pa6oTe, He orpaHH4eH OAHOMepHblMH CHCTeMaMH H, B np1-1H4Hne, nos
sonReT onHCblBaTb noBeAeHHe MRrKOH MOAbl, ecnH H3BeCTHbl cpeAHe
KBaApaT~4rbte KBa3HpaBHOBeCHble nonomeHHR<S~ > B /5/ /CM., Ha-
npHMep, 6 /. Ha cospeM·eHHOM YPOBHe TeOpHH 3Ta 3aAa4a MOmeT 
6b1Tb peweHa TOnbKO npH KOM6HHHPOBaHHH npeAnomeHHOro MeTOAa 
onHCaHHR <l>OHOHOB H 4HcneHHoro onHcaHHR HenHHeHHblX sos6ymAeHHH. 

,,;:: 
ABTOPbl Bbrpama~T 6naroAaPHOCTb s.r.MaxaHbKOBY H H.M.nnaKHAe 

sa none3Hbre o6cymAeHHR. 
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