ITucema B 2KOTD, Tom 118, BBII. 7, €. 538 —545

(© 2023r. 10 oxTs6ps

unddy3nonabie MOJIbI ABYyX30HHBIX (DEPMHOHOB B yCJIOBUSIX

JAUCCUIIATUBHON NUHAMUKM, COXPAHIAIOIIEN YUCJI0 YaCTUI]

A. A. Tw6muckas™™*, 1. C. Bypmucrpos™+x1)

+ Uucruryr Teopermueckoii pusuxm um. JI. 1. Jlanmay, 142432 Ueproronoska, Poccus

* MockoBckuii ¢pusnko-rexaudeckuii uacrutyT, 141700 MockBa, Poccust

X JlabopaTopusi (pM3uKH KOHAEHCHPOBAHHOTO cocTosiHHs, HamuoHnaabHbIH Hcc/Ieq0BaTe/IbCKHIT YHUBEPCUTET
Berciras mkoga sxkonomuku, 101000 MockBa, Poccust

Iloctynuna B pemaknuio 12 aBrycra 2023 r.
TTocsie mepepaborku 27 asrycra 2023 r.
IIpunaara x nybaukanuu 28 asrycra 2023 r.

pra.BJIHeMbIe JAUCCUIIATUBHBIC CUCTEMbI MHTEPECHbI BOSMO2KHOCTBIO CO3IaHUs KOHTPOJIMPYEMbIX HETPUBU-

AJIBHBIX KBAHTOBO-KOPPEJINPOBaAHHBIX MHOI'OYaCTUYIHBIX cocrostunii. OCODHAKOM CTOAT JAUCCHUIIaTUBHBIC MOJE-

JI, COXpaHdgonue 9uCcja0 9aCTuIl. Kaxk M3BECTHO, B KBAHTOBBIX CUCTEMax C yHHTapHOfI I[HHaMHKOﬁ COXpaHeHHne

YpCciIa JACTUIL U CIIydaifHOe pacCesiHue MPUBOAAT K JuddY3NOHHOMY IIOBEIEHUIO JBYXYACTUIHBIX BO30YK-
nennit (nuddysonos u kyneponos). CymecrBoBanue audPy3MOHHBIX MO B COXPAHSIIOIIEH UHCJIO YaCTHIL
JIVCCUIIATUBHON JUHAMUKE €eIlle HEIOCTATOYHO M3ydueHO. B nanHOil paboTe MBI sIBHO JEMOHCTPUPYEM CyIIe-

CTBOBaHHE ,HH(i)(i)ySOHOB B ,HByX3OHHOI7I MoOJeJin C ﬂHCCHHaTHBHOﬁ ﬂHHaMHKOﬁ, HaHpaBJIeHHOﬁ Ha 3allOJTHEHUEe

onHOM PepMUOHHOM 30HBI 3a CUeT OomycTolrenus apyroit. Uccaemyemas momenns sBisieTcss 0600meHnneM MoIesiu,
npegoxkennoit B F. Tonielli, J. C. Budich, A. Altland, and S. Diehl, Phys. Rev. Lett. 124, 240404 (2020). B

paboTe mosyueHa 3aBUCUMOCTh Koddduimenta 1udOy3un OT mapaMeTpoB MOJAEIN U CKOPOCTU IUCCHUIIAIINAM.

CymecrBoBanue quddy3nOHHBIX MOJI YCJIOXKHAET TPOEKTUPOBAHNE MAKPOCKOIIMIECKUX MHOTOYACTUIHBIX KOD-

PeIupOBAHHBIX COCTOAHUMN.

DOI: 10.31857/S1234567823190114, EDN: xrxesz

B nocnenmee Bpemst qUCCUNTATHBHAS JIUHAMUKA OT-
KPBITBIX MHOIOYACTUYHBIX KBAHTOBBIX CHCTEM BbBI3bI-
BaeT Goubmioii mHTEepec [1-5], MOCKOJIBKY MO3BOJIS-
€T M3y4aTh HEPABHOBECHBIE COCTOSHUS MATEPUU KaK
reoperndecku [6-10], Tak u skcmepumenTanabHO [11].
Ora 0b6JacTh nccilefoBanuii 6oraTa HeTPUBUAJILHBIME 1
HEMHTYUTUBHBIMU PE3y/JIbTATAMH, BKJIIOTAST, HATPAMED,
HepaBHOBecHbIe dha30Bble 1epexoipl [12—18]. Yupasise-
MbI€ JUCCUIIATUBHBIE CUCTEMbI IIO3BOJIIOT KOHTPOJIUPY-
eMBbIM 00pa30M CO3JaBaTh KBAHTOBBIE MHOMOYACTUIHbIE
KOPPETUPOBAHHBIE CTAIMOHAPHBIE COCTOSTHHS, HE MMEIO-
Iye aHAJIOra B FAMUJIBTOHOBOM JuHaMuKe [19-44].

OmauMm  un3 maumbosree
JINTUIECKIX

PACIIPOCTPAHEHHBIX — aHA-
METOJIOB I OIMCAHUS MOJeJieil ¢
BHEIIHUM WCTOYHUKOM JIMCCUIIAIMK SIBJISIETCS yPaB-
menne [opunun—Koccakoscku-Cymaprana—Jluaabnama
(TKCJI) [45, 46]. B aroM ypaBHEHHH JMHAMUKA MaT-
PHUIIBI IJIOTHOCTH SIBHO pa3jlejieHa Ha yHUTAPHYIO U
JIMCCUIIATUBHYI0 YaCTHU, OIIPeJe/isieMble TaMUJIbTOHU-
AHOM M IPBIKKOBBIMH OIEPATOPAMU COOTBETCTBEHHO.
B memaBHux Teopermuecknx paboTax ObLaa paspado-

De-mail: burmi@itp.ac.ru

TaHa mnporeaypa mepexoma or ypasuenms ['KCJI
OIMCAHUIO CUCTEM B paMKaxX KBaHTOBON TEOPHUH IIOJIsI
HA KeJIJIBIIIIEBCKOM BPEMEHHOM KOHTYpe (CM. 0030pBI
11, 5]).

Kak m3BecTHO, cCHMMeTpPHH W 3aKOHBI COXPAHEHUS
SIBJISTEOTCSI OCHOBOITOJIOTAOIUMY IIPUHIUIIAMA B KBaH-
TOBOIl TEOPUU T10JIsi. B TaMUJIBTOHOBBIX CUCTEMAX COXPa-
HEHUE YUCJA JACTHUI] B COYETAHUU CO CJIyIaflHBIM pac-
cestHreM TIpUBOIUT K Juddy3uonnoit guHamuke. Tak-
xKe uddy3ust MOXKET MOSIBUThCSI U3-3a COOsl KBAHTOBOI
KOT€PEHTHOCTH, BbIZBAHHOU B3aMMOJICICTBUEM C BHEII-
Heil cpesoit B Bujie Teruiosoit 6anu [47-50]. Bosnukaer
BOIIPOC: IIPUBEJIET JIU COXPAHEHUE YUCJIa YaCTUIl K Jaud-
dys3uu B auccunaTuBHbIX Mofesasx! OOmmit oTBeT Ha
HETo JI0 cuX mop He ycranosjeH. OMHO U3 MPEnsTCTBUL
B OTBETE HA HEro 3aKJII0YaeTCs B TOM, YTO YIIpaBJisie-
MBbI€ JUCCHUMIATUBHBIE CUCTEMBI KOHCTPYUPYIOTCS TAKUM
00pa3oM, 9TOOBI M30eKaTh CIAYIalHOCTH B yPaBHEHUU
I'KCJI.

B »s1o0it pabore MBI paccMaTpuBaeM OOIIUiT BOIIPOC O
cymecrBoBannn udPy3NOHHBIX PEKUMOB B OIKACHIBA~
embix ypaBuennem ['KCJI cucremax ¢ guccumaTwBHOM
JIMHAMUKOM, coxpaHsoieil duciao dacrtuil. CyriecTBy-
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o7 au audHY3nOHHBIE IBYXIaCTUYHbIE BO30YKICHUS
(muddy30HBI M KynepoHBI), IMUPOKO HM3YUIEHHBIE JIsI
HEYITOPSIOYEHHBIX TAMUJIBTOHUAHOB, B TAKIX MOJIEJIAX !
B pabore MBI TOKa3bIBaeM, 9TO B ITUPOKOM KJIACCE JTUC-
CUTIATUBHBIX CUCTEM C COXPAHSIONIIMCS YUCJIOM TaCTHUI]
nuddy3usi BOSHUKAET eCTECTBEHHBIM 00Pa30M, KaK 3TO
[IPOUCXOJIUT MPU YHUTAPHON IBOJIIOIIH.

Ms1 paccmaTpuBaeM 00600IIIEHNE MOEH, U3y IaeMO
B paborax [35, 51]. Mojenb onuchIBaeT JBYX30HHBIE
depMUOHBI, KOTOPBIE PACCEUBAIOTCS CIYYalHBIMU JTH-
HAMUYIECKUMU OO30HHBIMU IOJISIMHU, BBICTYMAIONAMHA B
poJIn KBAHTOBOTO IiiyMa. B orimame ot pabor [35, 51],
paccMaTpuBaeMasi 0OOIIEHHAST MOJIEJIb JOILyCKAeT HeJIo-
KaJIbHOE paccesiHue. YCpeIHEeHre M0 KBAHTOBOMY IIIyMy
[PUBOJIUT K JUCCUIIATUBHONW IUHAMUKE CHCTEMBI, OIIU-
coiBaemoii B pamkax ypaBHeHusi ' KCJI ¢ npbIzKKOBBI-
MU OTIEPATOPAMH, MEPEBOAAIUMU (DEPMUOHBI U3 BEPX-
Hell 30HBI CIEKTpA B HUXKHIOW (M HAOBOPOT) CO CKO-
POCTBIO, OIpejlesisieMOil paccesiHuEM Ha OO30HHBIX I10-
JisiX. Bpraucyienue cyMMbl JuarpamMm JIECTHUIHOTO THUIIA
(muddysoHa) ¢ JUHAAME B3aUMOIEHCTBUS, MHIY PO~
BAHHBIMH JIUCCUTIAIMEH, TPUBOJUT K BhIpaxkeHuio (21) ¢
i PY3UOHHBIM IIOJIFOCOM KaHOHMYecKoro Buia. Coor-
BercrByomumii kKoadduiment quddysun (22) 3aBucur
OT IIApaMETPOB MOJIEJIH.

Mopenb. PaccMoTpum ClIeIyIONIYIO CTATUCTHYIE-
CKYIO CYMMY Ha KeJIJIBIIIIEBCKOM KOHTYDE:

2[®, ) = / D, ips] ciSo+i5. (1)

OHa 3aBUCUT OT BCIIOMOTaTe/IbHBIX OO30HHBIX HoJiell P 1
®. Bnech Yy = {P1,4, 24} m by = {9y 4,y 1} 0bo-
3Ha4al0T (PePMUOHHDIE HOJIsl CO CIUHOM § = 1/2, coor-
BETCTBYIOIIIE OIEPATOPAM YHUUYTOXKEHUsI ¥ POXKJIEHUsI
Ha upamoit (“+7) u obparnoit (“—") BeTBsX KOHTYyDA.
Kunernyeckass 9acTh JefCTBUS OINUCBIBAET a3 ¢BOOOI-
HBIX 3JIEKTPOHOB,

502/ Z Tth - (1) (10 — Ho(q)) g, (1), (2)
at T=%

rie q — 3T0 d-MepHBIi UMILyJIbC, H UCIIOIb3YETCA COKpa-
— d d
menmoe obosnatenne [, , = [dt [d'q/(2m)?. Tamms-
rounan Hy(q) npeacrasisier coboit Mmarpuily 2X 2 u jiefi-
CTBYEeT B CIIMHOBOM IpocTpaHcTBe. [Ipeosmokum, 9ro
Hy(q) MoxKeT GbITD JIMATOHAJIN30BAH YHUTAPHONH MATPU-
neit Uq (Takske 2 X 2), takoii uro Hy(q) = §quazUé.
3necy o, = diag{l,—1} o6osnauaer marpumy Ilay-
Jm. YI00HO BBeCTH BTODPOH HAOOD (DEPMUOHHBIX ITOJIEi
cq = {Cqu, Cqa} = Ujtq 1 Cq = {CquCad} = ¥qUa.
Otu HepMUOHHBIE OJIA COOTBETCTBYIOT YHUITOXKEHUIO
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U POKIeHNIO (hepMUOHOB B BepxHelt (¢ smeprueil +,) u
HroKHel (¢ sHeprueit —,) 30HaxX, T.e.

$0= [ 3 ariotar)earh O

q,t

CBobomuble (hepMUOHBI PACCEUBAIOTCS CJLY IATHBIMEI
JUHaAMUIeCKUMU 110JisiMA P 1 @, KOTOpPbIE OIUCHIBAIOTCSI
JIOKAJIbHBIM 110 KOODJIMHATE M BPEMEHH JefiCTBIEeM

S¢:/ Z Z ZT{Zaﬂ—(X,t—(SIT)637a,T(X,t)

a=1,2a=u,d7==%
Xt 7 (X, tfé'Tfe;T)+EQ7T(x, t—8'T)Pa 0.7 (X, t)
*lar (X, tf(s'Tfe;T)}. (4)

Buech ucnonbsyercs: obosuavenme: [, = [dt [dx.

Takke MbI BBesH erie oauH HAOOP (DEPMUOHHBIX II0-
*

q
M GYHKIMAMHA UMITYThCa Uq. Paccednme dhepMHOHOB

Ha GO30HHBIX I0JISX, ONUChIBaEMOe ypaBHeHueM (4), sB-

Jaeit lqa = ViCqa U lga = VqCq,a C BCIIOMOTATEJLHBI-

JISTETCSL HEOOBIYHBIM, IIOCKOJIbKY B XOJIE 9TOI0 PACCEsTHUST
depmuonbl nepexongaT u3 omHoro Gasuca B Apyroii. B
CHUJTy COOTHOIIEHUA lq = qu:;z/Jq, paccesHuEe CTAHOBUT-
¢t 9(pHEKTUBHO HEJIOKAJIBHBIM B IIPOCTPAHCTEE, OJHA-
KO JyIsl 3aJaHHON Marpuipbl Uy 9TO MOXKHO HCIPABUTDH
IPaBHJILHBIM BEIOOPOM Ug. XOTs B paborax [35, 51| pac-
CMATPHUBAJIACh UMEHHO TAKasd CUTYAIWs, KAK MBI ITOKa-
JKeM HHUZKe, 9TO He sBJISeTCS HeOOXOIUMBIM JIJIs ITOAB-
sennst quddysun. [logaepkaem, 9T0 paccesinue B ypas-
HeHnu (4) coxpamsier o0Iree IUCI0 TACTHIL.
CuyJaitable auHaMIYecKne 6030HHbIe 1071t ® n @ B
ypaBHeHuH (4) IPeIIIoJIaraioTcs rayCCOBbIMU, HEKOPPEe-
JIMPOBAHHBIMHU B IMTPOCTPAHCTEE U BPEMEHHU U C HYJIEBBIM
cpeanuM 3HadenreM. Cpeu IMapHBIX KOPPeIAIuOHHBIX
GyHKIUHE HEHYJIEBBIMU SBJISIOTCS TOJBKO TAKHUE:

(D0t (X, )P 01 (X, 1)) = D5 (x—%")6(t—t'£5,),
(Pa o,m (X, t)@a,%_ﬂ_' (X', t')) = ’yg’)é(x — X')[é(t—t'—i—&a)
+0(t—t'—0,)], (5)

rae T4 = 1, a ’y&a)

depMIOHOM B COCTOSTHUU C IPOEKImeil crmaa o = 1,2

€CTh CKOPOCTh PAaCCEsHUS MEXKIY

u dbepmuoHoM B 30He a = u,d. B ypasmenusax (4) u
(5) MBI BB Psifi OJHOBPEMEHHBIX PErYJISTOPOR, €, =
—€), = —€'>0mu d, = —dq = 0" > 0, yOOBIIETBOPSIONINK
HepaseHcTBy & > 6”7 > ¢ > 0. B KoHIE BbIYUC/IEHUI
OHM BCe JIOJZKHBI OBITh MPUPABHEHBI K HYJIIO.

CTouT OTMETHTB, UTO TOCTE KEJIBIIEBCKOTO MOBO-
pora [52| nmapuas KoppesasnuoHHas (QyHKIUsA GOZ0HOB
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nproOpeTaeT CTAHJAPTHYIO MATPUIHYIO CTPYKTYPY B
KEJIJIBIIIIEBCKOM IIPOCTPAHCTBE:

Dk,a,a(w) = _i<q)a,a,cl/q(xa t)aa,a,cl/q(xla tl»k,w
—2s, 1E
_ (a) a w 6
Z )
Yo 14 o (6)
_ _ R/A
rae s, = —Sq4 = 1. Unneke R/A obozuagaer, 910 1y,

coorsercreyer 6(t F 07) mocie npeobpazosanus Dy-
pbe BO BPEMEHHOE IIpeicTaBjenne. Kpome Toro, ypas-
nenue (6) ykasbBaer, 4TO cirydaiinble GO30HHBIE MOJIsS
UMeIoT (QYHKIIUIO pACIpeesieHnsi, PABHYIO —s,. Cireo-
BaTEJIbHO, GO30HHBIE 1OJIsI (B MHTEPECYIOIIEM HAC JHa-
HAa30HE YaCTOT) COOTBETCTBYIOT PABHOBECHOM TEILIOBOIL
6ame ipu T = 0.

Kenapiiesckoe geicrBue B TepMuHax c-dep-
muoHoB. Cratuctudeckas cymma (1) nmpejcrasisier co-
00it CciIy9IaiiHy0 BEeJUYIUHY ¢ HEKOTOPOI (byHKIMel pac-
[IPEJIEJIEHNs], BBIMACICHIE KOTOPOIl SIBISETCS MHTEPEC-
HOil 3agaqeil. B mannoii paboTe MbI OrpaHUYMMCS U3Y-
YEHHUEM TOJIHKO €€ CPEJTHEro,

(20, s = [ DTS5, S, = 2 (Shha. (1)

HeiicrBue S; MOXKHO #BHO 3ammcarb B 0Oa3uce c-
depMUOHOB KaK

SL = *Z'(QW)d/ 5(p1—P2+Ps—P1) D > V(a)

Pt a=u,d o=1,2

(a,@)

x |:Ep11* (t)zpfmcpmf (tF)epa 4 (t — 5)£Ss7gjcp4,+(t;*5)

- T —(a,a) —
—Cpi,r (t )£ ; cpzﬂ'(t)cpsﬂ'(t -

P1P2 P3P4

(8)

3jech Tak»Ke BBEIEHBbI OJIHOBPEMEHHBIE PErYJISATOPbI
t;t =txe ud, = 70, TaKHE UTO €, = —€q = —€ U
6 > € > 0. YernIpe MaTpPHILI £(2:2) JENCTBYIOT B IIPO-
cTpaHcTBe U/d U OIpesIesIsIIoTCsl CAeYIOmUM 06pa3oM:

L8y = vg[Ul]aabbu, L5537 ]ab = —5[Uqlabbad;
—(a,a) a,a
Lpq = [£<(1p If. (9)

HeitcrBue Sy+ ST, MHBAPUAHTHO OTHOCUTEILHO IJ100a/Ib-
upix U(1) x U(1) mpeobpazoBaunit, ¢+ — e Xy u
cy — eX*tcy ¢ xi # X_. DTa cuIbHAsg CHMMETPUS
O3HAYaeT COXpaHeHHe OOIIEero YMUcja YaCTUIl B MOJIEe-
sm. TlomuepkHeM, 9TO HE CyMeCTBYeT HU CUJIBHOMN, HU
cnaboit U(1)-cummerpun aeficTBusi, KOTOpasi MOTJIa Obl
OBITH CBsi3aHA C COXpaHeHHeM U- miu d-pepMUOHOB 10
oTmenbHOCTH. T PaHCIATMOHHAS NHBAPUAHTHOCTD SBJISI-
ercs ciaaboit cummerpueit momesu [1,53, 54|, nockosnb-
Ky ST, MHBAPUAHTHO TOJILKO OTHOCUTEJLHO TPAHCJIAIHI

5T)£(a’a)cp477(t§—67)} :

Cq+ — e‘iq"iéqi I Cqt — eiq"icqﬁi cn, =n_,
T.€. JIEHCTBYIONNX OJMHAKOBO Ha IPsSMOil U 0OpaTHOM
BeTBsAX KOHTypa Kejabima. 3aMerum, 9To ecu Ob1 60-
30HHBIE TOJI OBLIN PEAJbHBIM CJIyIaiHBIM IIOTEHINA~
JIOM, TO OTCYyTCTBOBaJIa Obl Jaxke cJyiabast CHUMMEeTPUs
JUIsT TPAHCJ/IAIMOHHON MHBapuaHTHOCTH. TeMm He MeHee
OTCYTCTBUE CUJIBHOW CUMMETPHUU I TPAHCIAIMOHHON
MHBAPUAHTHOCTH TO3BOJISIET c-(PepMUOHAM II€pEIaBaTh
HE TOJIbKO HEPIU0, HO U PEJIAKCUPOBATH 110 UMITYJIBCY
[IPU PaCcCesTHUM Ha OO30HHBIX IOJISIX.

VYpasaenue I'KCJI. Ormerum, 9T0 ycpeaHeHHAs
crarucTraeckas cymma (Z[®, ®])g cooTBeTCTBYET MaT-
pulle ILJIOTHOCTH p, JUHAMHKA KOTOPO OIpeiessieTcst
ypasuernunem I'KCJI

ai= [ (il 32 3 o0

a=u,d a=1,2

2La apL
(L} oL p})). (10)

C IPBDKKOBBIMHU oOllepaTopaMu Ly o Pl (%)ly(x) m
Lyo = o (x)lz (x). Takum 06pa3oM, CKOPOCTH pacce-
AHNS fy&a

B cay4aae nmosioBurnOTO 3anosHenus ypasuenune ['KCJI

, IO CyTH, OIIPEJIEJIAIOT CKOPOCTD JIMCCUIIAITIN.

UMeeT CTAIMOHAPHOE DEIlleHNe — TEMHOBOE COCTOSIHUE,
p = |D){(D|, B koTopoM d-30Ha IOJHOCTBHIO 3aHSTA, &
U-30HA IIyCTa.

, ~ 1
’ g A I
’ ‘

> —_——

Puc. 1. Iuarpammer tuna @oka n XapTpu st cobCTBEH-
HOI SHEPIWH B CaMOCOIVIACOBAHHOM OGOPHOBCKOM ITpHOJIV-
>xeHnn. CIUIONIHBIE JIMHUHE OOO3HAYAIOT CaMOCOIVIACOBAH-
uble byHkiwy ['prHa, a MTPpUXOBaHHBIE TOKA3bIBAIOT B3a-
uMojeiicTBre, MHyUUpOBaHHOe guccunanueil (byHKmun
I'puna 603088 Dp a0 (w))

CamocorsiacoBaHHOe GOPHOBCKOE MHPUOJIMKe-
Hue. TeMHOBOE COCTOSHIE MOYKHO TIOJIyYNTh U3 aHAIU3a,
KeJIIBIIIEBCKOTO JeiictBus So+S1,. Emy coorBercrByer
CaMOCOIJIACOBaHHOE pelleHne ypasHenus Jlaiicona, 3a-
[UCAHHOE JIJIs OJHOYACTUIHON dpyHkiuu ['puna B HU3-
IIeM IIOPSIAKE 110 CUJIe JIUCCUIIAIAN ’y&a) (cm. puc. 1) [35].

CamocoriacoBannuble QYHKINHN | prHa 1raroHabHbI
B u/d-upocrpancrse u uMerorT Bu, (IOAPOOHOCTH CM. B
51])
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-1
GEAE) = e = &usa t ialug?]

Gas(e) = 52|98, (5) — G (2).

e Y, = fp[UT’y(a)U Jaa. 3/1eCh BBeneHA JBYMepHasi

marpura 4 = dlag{’y(a),fy;)} 3ameTum, 9TO MHO-
KUATENIb S;==+1 omnpejesnsier HYHKINIO PACIPEIE/TeHUs

(11)

(kak (1—s,)/2) c-bepmuoHOB B BepxHeil u HUXKHEN 30-
nax. Cienosaresbro, ypasuenue (11) neiicrBuresnbHo
OIIMCBHIBAET TEMHOBOE COCTOSIHHE C HOJHOCTHIO 3aHATOM
d-30H0It ¥ MOJIHOCTBIO ITYyCTON U-30HOIA.

JlectTHuuHOe cymMmMmupoBaHue Aga auddy3oHa.
Kak usBectHo, quddysun gacTul] B HEYIIOPSIOYEHHBIX
cUCTeMaxX COOTBETCTBYET AuMdy30H, IPEICTABIISIONTUI
€000t IaCTHUIHO-IABIPOIHOE BO30YXKIEHNE, OMMCHIBAE-
MO€e JIECTHUYHBIMH JIHarpaMMaMy IIPUMECHOIO paccesi-
Hust [55]. TIockosbKy B paccMaTpuBaeMoil MOJIEN uMe-
€T MeCTO peJIaKCallysl UMITYJIbCa, ECTECTBEHHO OXKUJIATD,
YTO JIECTHUYIHBIE JTUAIPAMMBI C JINCCUTATHBHBIMU JIMHU-
simu (6030HHAsT KOppeJisiinonHasi dbyHkus (5)) Morin
6b1 mpuBOIUTH K juddy3uonnomy mosirocy. Paccmor-
PUM JIBYXYACTUIHOE HEIIPUBOIUMOE CPEJIHEE

{(cpyan(t)ep_bulty) - cq_ b (t2)Cqy a0 (2))), (12)

e p+ =p+q/2, q=q+q/2,av,,pup =1,2 -
HHJEKCBI B upocTpancTtBe Kesiplma 1ociie  1mMOBO-
pora. Takoe JByX4YacTUIHOE HEIPUBOIUMOE CPE/I-
HEe  COOTBETCTBYET  KOPPEJSIMOHHON  (DYHKIUH
IUIOTHOCTB-IIJIOTHOCTh M B OTCYTCTBHE JIUCCHUIIA-
MU, Ha YPOBHE CAMOCOTJIACOBAHHOIO OGOPHOBCKOTO
HpI/I6J'II/I}KeHI/IH JaeT  IPOM3BEJeHHe JBYX PyHKIITIH
I'puna, gp+ 2(e4) gﬁb(e_)éaazébbfé(p—q) (nocsie npe-
obpazoBanusg Dypbe ©u3 BPEMEHHOTO IPEICTABJICHUS
B 9acTOTHOE), Ije €4 = ¢ £ /2. Bamernm, 9T0 MBI
HE paccMaTpUBaeM JIECTHUILY [l KyIEPOHA, KOTOpas
HOPOKIAeTCsT KOPPeJIsnonHol dyHKIwmedt uga (12), B
KoTOpOii ¢(t1) 3ameneno Ha c(t1), a c¢(t2) 3aMeHeHO Ha
¢(t2). U3-3a TOrO, 9TO IUCCUNATHBHOE B3AMMOJIEHCTBHSI
MIHOBEHHOE B ST, KYIIEDOHHAs JIECTHUIA 3aHYJISIETCs
n3-33 TPUIUHHOCTH.

Y106b! pacCMATPUBATE JIBYXIACTUIHYIO KOPPEJISIIT-
onny dyHkuuo (12) 3a paMKamMu caMOCOIJIACOBAHHO-
ro OOPHOBCKOTO TPHUOJIMKEHNUS, YIIOOHO CIIEIATH KEJIIbI-
IIEBCKUIl TIOBOPOT B JieficTBUHU ST,. 3aMETHM, UTO JIJIsi
BBIYUCJICHNUS] JIECCTHUIIBI HE HYKHO CJIEJUTD 33 OIIHOBPE-
MEeHHO# peryispu3anueil. Torga Mbl moIydaemMm

SL:%7(2W)d/5(p1*p2+pafp4) Z Z Z

pj,t a=u,d «=1,2 v,4=0,1
)

X P (D70 L), (1) Ty (8)7

P1p2 Cp.

L2 “)cm (t).

P3P4 (13)
31ech 7o U 7| €CTh eAUHUIHAS MATPUIIA M CTAHIAPTHA
marpuna [laynu 7, coorBercrBenHo. OHU JeCTBYIOT B
IIucema B 2K9TD
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KEJIIBIIIEBCKOM ITPOCTPAHCTBE. TaKKe MbI BBEJIN 2 X 2-

MaTpHUILy P CO CJIeIYIOIUMU MaTPUYIHBIMU 3JIEMEHTaMU:
Po=2,Ppr=—Pio=1u P11 =0.

P& kl, EH k2+ E2+ k(nfl)Jr E‘("*UJr q.®
R H : H : : R

A : : : : : A
pE k. E_ k, E, km 1y E(n ne 4-©

Puc. 2. Jlectanunast quarpamma st muddysona. Crutorm-
Hble JIMHUKA ODO3HAYAIOT CAMOCOIJIACOBaHHbIE (DYHKIUN
I'puna, a IITPUXOBAaHHBIE MOKA3BIBAIOT B3aUMOJEHCTBUE,
uHymposanHoe juccunanpeil (pysakiuun I'puna 6030Ha
Dp.a,a(w))

Kpome Toro, gns pacdera JIECTHUYHBIX TUATPAMM
caMocorIacoBanuyo pyuknuio ['puna ynobHo 3amnucars

B Buge Gpa(e) = gga(a)AQ” + gg{a(s)AS*) c

A 1 s, A§;>— 0 —s;

, = . 14
2 0 0 0 1 (14)

Marpurpsr A& sgpisiorcss OpTOroHAIBHBIME POEKTO-
panair, ACDA) = ACIAH — 0 1 [AG)]2 = A,

PaccMOTpEM JIECTHUYHYIO J@arpaMMy 71-TO MOPSJI-
Ka 110 7&3), nokazanuyio Ha puc. 2. CooTBeTCTByIOIMit
BKJIQJ B JBYXYACTUIHYIO KOPPEJIAIUOHHYIO (DyHKITUIO
(12) oupenessiercs CJIELYOMUM BEIPAZKEHIEM:

DD ID I RHACINBAGHN =) | DD
o= pjv; a]ab]kj j=1lcj,0
(c5)
Yoo —(cj,aj) (cjay)
X 2] By k<;71])+kj+]aiflaj[ kj]iiu—l)f]bjbjfl

+P,,, [E(Cjaj) Jaj_1a; [E(cjaj)k(j—l)—]bjbj,l

kG—n+ki+

n—1

x |:gp+7a (5+)T#1 H (A(UJ)TMH) gﬂpma/ (er)} VV/
j=1

’

X [ggl’b({i,)’ryl nl:[l ([A;%‘)]Tﬂ%l) ggﬂb, (w,)} o .
- (15)

3aech BBeseHbl 0603HavYeHus wy = w + /2 u ag = a,
a, =a’, by =b, b, =b, kg = p, k, = q, a Taxxe
omnpeJiesieHbl PYHKITUU

V0 = [ G L(BOGE u(E-),

(16)
- /E G (B )GE L (E.).
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[Toguepkuem, aro s pacuera quddy3HOM JIECTHATIBI B
paccMaTpuBaeMoil 3ajiaue HeOOXOIMMO WHTErPUPOBATH
10 [IPOMEXKYTOYHBIM SHEPTUsIM, B TO BPEMsI KaK B CJIy-
Jae HeYIOPSIOIEeHHBIX (PEePMUOHOB B 9TOM HET HEOOXO-
JIUMOCTH, TaK KAaK SHEPrusi COXPAHSAETCs TPU pacces-
HUU Ha IPUMECHOM IIOTeHInaJje. TakKe OTMETUM JIpy-
roe omare ypasuenus (15) or nuddy3Hoit gecTHUIBI
JUTsl TIPUMECHOTO paccesiHust. B mepBoMm ciydae pacce-
siHMe Ha OO30HHOM II0JI€ MMeeT HETPUBHUAJIBHYI MAaT-
PUYHYIO CTPYKTYpPY B IipocTpancTBe Kejpiia, Tak 910
muddy3Has JeCTHUIA IyBCTBUTEIbHA K (DYHKIUN Pac-
npejiesieHns. B ciiydyae MpUMeCHOTO PACCesTHUST TIPUIIMH-
HOCTb (yHKIUU ['prHa COXpaHSETCS M KeJIIbIIIEBCKAs
KOMIIOHeHTa, (pyHKnn ['prHa He ydIacTBYeT.

Wcmonb3yst cTPYKTYpy MPOEKTOPOB AS,"), MaTPUIIBI
P, marpur £ u £, MOYKHO OGHAPYKUTh, UTO BEIPAYKEHIE
(15) 3HAYUTENHHO YIPOIIAETCI U OKA3BIBAETCS HEHYJIe-
BBIM TOJIBKO st @ = a' = b = b’. Taxum obpasowm,
[IOJIy IaeM

2ng§+ ,a (€+ )gé, a (5— )gcll%+ ,a (w-i' )gé, ,a (w— ) (Az(a+) )w’,

X (A n / Y () . Y5 (k)

x H ,Uk(jfl)Jr’Ult(j,l), [Ulij+’§/(a) Ukj,]aa- (17)
=1

Broimonusist cyMmmupoBaHue MO BCEM JIECTHUYIHBIM JTHA-
rpaMMaM OT . = 1 10 m = 00, MOJIydaeM CJeXyIONTuit
pe3yabTat:

20p, v G (61)Gh (e )UL, APV 12aGE L (wy)
1

1*fa(qaﬂ), (18)

a

XG4 2w ) (ML) (AL
riue
fala @) =2 [ Y W vi (UL AV Jane (19)
k

(+)

Berancoss Yaa' ' (k) ¢ momompio (11), Haxomum

a = [ gl
a2y = J Qsaic s+ (o P [2)
(20)

IMonarast g = Q = 0, nonygaem f,(0,0) = 1, Te. y
JIBYXYACTUIHON KOPPEJIATUOHHON (DYHKIUN B JIECTHUY-
HOM IpUOJIMKEHUU eCTh MoJioc. Hajmdaue Takoro mo-
JIFOCa 03HAYAET, YTO COOTBETCTBYIOIINE JIBYXIaCTUIHbBIE
BO30OYK/IEHUS PACIIPOCTPAHSAIOTCS HA OOJIBIIIHE PACCTO-
staust. Pasnaras dyakuuo f,(q, ) mo q u Q, HAxXoqmMM

1 ~ 2’73/ fk([Uli’AY(a)Uk]aa”UkP)
1-fa(q, Q) DYQ,Qi —i0

(21)

Marpuma koaddunuenTos auddy3nn Dﬁ) B o0ImemM
cIydae 3aJ1aeTCsl IPOMO3JIKAM BBIDAsKEHUEM. 3aMeTHUM,
410 corsacHo yp. (20), koaddurment quddysun 3any-
JISIeTCsI JJIsl TPUBUAJIBHBIX MOJeJieii, B KOTOpbIX &k, Uk
u vk He 3aBucAT or k. Ecim xe ogHa n3 sTHxX BeamunH
3aBucur otT k, koapdunuenT quddy3un CTaHOBUTCS OT-
JIMYHBIM OT HYJIS.

B sroit pabore mbl mpezicraBiseMm GoOpMyITy JUIst
Dﬁ), [OJIyYeHHYIO TIPH CJIeAyIoImuX yrupomenusx: (i)
dbyHsKIms vy BerecTBeHHA U 3aBucuT ToJIbKO oT [K|; (ii)
matprma ) = (7, /n)diag{1, 1}, rae n = [, - nommas
IWIOTHOCTD 4Yactuly; (iil) HeabGesieB BEKTOPHBIH TOTEHIH-
ajl B UMILYJIbCHOM IPOCTPaHCTBe (CBsi3HOCTH Beppwm),
A = iU;iakj Uk, ynosnersopsier ycaosmio [, A; = 0.
ITpu Takux npesmnonokennsax kodddurmeHTs! auddy-
30U IIPUHUMAIOT BT

(@) _ 1 i [(Vir)? o (Vievr)®
P = 2f|vk|2/k Yad [ o |4 2 v?
k
(A A AAY) = %5 (A A 60)]
k aa

(22)

Ciietyer oTMeTHTD, 9TO HEHYJIEBOI KoadduimeHT aud-
dy3un X7, MOABILIETCS JaKe B CJIyIasdX ILIOCKOI 30HBI
¢4 = const maM B OTCYTCTBHE TraMmIbTOHMaHa {; = 0.
OTmMeTM, 9TO IIEPBBIH YIEeH B IPaBoit YacTu yp. (22) co-
OTBETCTBYET CTAHIAPTHOMY CII€HAPHUIO, KOTIa KO3 dhn-
nueHT auddy3un OIpeIessieTcss KPUBU3HON CIIEKTpA.
Bropoii usen B mpaBoii yactu yp. (22) onuchBaeT BKIAJI
B KO3 dunmenT auddy3un 0T JUCIHEPCHH [TapaMeTpa
Uk, KOHTPOJIUPYIOIIEr0 HEJIOKAJIBHOCTD paccesaus. T pe-
TU# BKJIaJT B D?l COJIEP>KUT HeabeJleB BEKTOPHBII ITOTeH-
uaJjl B KOMOMHAIINY, [IOX0XKEel Ha KBaAHTOBBINA MeTpude-
CKUI TEeH30p.

IIpumep. [Ina wmmoctparun obmero pesyabrara
(22) nupuMeHHM ero K MOJEJH JBYX30HHOIO H30JISTO-
pa Yepna c umcioom Yepna, paBHbBIM —1, mpejiozKeH-
HOit B pabGore [35]. Tamuipronman 3Toil Momenn pa-
sen Ho(q) = dqg-o, rae dq = {2mqy, 2mqy, ¢>—m?}.
CraenoBarenpHo, HaXOmUM &g = dq:q2+m2 nUq =
(gz—igyo.—imoy)/ \/@ . Kpome Toro, mMp1 BeIOMpaem
Vg = \/@, YTO JIeJIaeT CBS3b MEXKJIy (hepMHOHHBIMU
oJisiMu [, 1 1), JTOKaJbHOU B mpocTpancTse. Tora, nc-
103y (22), MbI IOJIy4aeM D§?) = D,dj;, rue

2 [ k*/dz
a = Tifk /4 + Ya-
dYa [ 1/dy

st 4, = 74 IpUBEJIEHHOE BBIIIE BbIpakeHue ObLIIO Tep-

(23)

BOHAYAJIBHO IOJIy4YeHO B padore [51].
OGcyxaenue. Pesyabrar  camMocorsiacoBaHHO-
ro GOPHOBCKOTO NPUOJIMMKEHUs JJIsl OJHOYACTUIHOM
ITucoma B 2KOTO

ToMm 118 BoII.7—-8 2023
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dbyuknun ['puHa mpesnosaraer, 9To peJeBaAHTHBIN Bpe-
MeHHOI MacmTab [ BO30y:KIeHWIl B HaIlleil crucTeMe
mveer mopanok 1/(5,m?). Ommako, Kak W B HeyTo-
PSIJIOUEHHBIX CHUCTEMAaX, CYIIeCTBYeT ropasio OoJibIinee
BpPEMsl, OIPEJIEJISIONIee PACIIBIBAHUE IIJIOTHOCTU Yac-
Tuil. JefcTBUTE/IBHO, ABYXYaCTHIHAS KOPPEJIAIMOHHAS
dbynsxmst (12) MoxKeT paccMaTpUBaThCs Kak (DOyHKIHUS
[Mpuna j1s1 IUHEHHOTO ypaBHEHMsI, OMUCHIBAIOIIETO BPe-
MEHHYIO U MPOCTPAHCTBEHHYIO JIMHAMUKY OTKJIOHEHUSI
IUIOTHOCTH 9AaCTHI] 0Na(X,t) OT TEMHOBOTO COCTOSHHSE
cng = 1—mn, = n (cm [51]). I3 mamero pesyib-
TaTa Cjaeiyer, 9ro 0n,(X,t) MOIIMHSIETCs yDPABHEHUIO
muddysun. I[lockonbKy ypaBHeHust auddysun s
onu(x,t) u dng(x,t) mesasucumbl, auddysus MoKer
[IPOCTPAHCTBEHHO MEPEPACIPEIE/UTh U- U d-J9acTuIlbl B
pejiesiax 3aJI[aHHoi 30HbI. B WacTHOCTH, eciin co37aTh
BO3MYIIEHHE IIJIOTHOCTEH YACTHIl, OHU DPACIPEJEIATC
no cucreme pasmepa L 3a Bpems ~L2/D,. Omnako
CYIIECTBYET PEKOMOMHAIUST MEXKJY U-YaCTUIAMH U
d-gpIpKaMu, TPUBOJLAIMIAT K HEJTUHEHHOMY  HJIEHY,
xdn,0ng, KOTOPbI CBA3LIBAET ypaBHeHus AudQPy3uu.
Toumblit BBIBOJA PEKOMOMHAIIMOHHOIO BKJIAAA  JIJIsT
paccMaTpuBaeMoil 00Ieil MOJieJin BBIXOJIUT 38 PaMKU
Hatreir paborbl. OTMETHM TOJIBKO, YTO PEKOMOUHAIMS
IIPUBOJUT K CTEIEHHOMY 3aTyXaHUIO BO3MYIIEHUS
IJIOTHOCTU OT TEMHOBOI'O COCTOsIHHS (IIOAPOOHOCTH
cM. B pabore [51]). OdeBumHO, YTO TaKoe Me/JIEHHOE
3aTyXaHHe MOXKET YCJIOXKHUTH [OCTPOEHUE Kejae-
MOIO TEMHOBOI'O COCTOSIHHUSI B PEAJIbHON YCIOBUSAX
9KCIIEPUMEHTA.

Hpyrum 3¢ deKToM, TaKzKe BBIXOIIIINM 33 PAaMKH
HAIllell CTATbU, SIBJISIETCS HEYCTONYMBOCTH TEMHOBOIO
COCTOSIHUSI M3-33a HAKAYKU YaCTUI[ B U-30HY, IpPEICKa-
sanHas B pabore [51] mias momenu u3 crarsu [35]. B
HAIlleM IIOJXOJle TaKasl HEYCTOWYUBOCTH TEMHOBOI'O CO-
CTOSIHUS JIOJIZKHA TPOSBUTHCA KaK MOAUMUKAINS 3HA-
MeHaTeas (21) mocsie BKIIOYEHUS A@arpaMM COOCTBEH-
HO#1 sHeprun B qudDy3UOHHYIO JECTHUILY, D§?)Qle —
iQ%DJ(»?)Qle — Z'Q+1/T(§)a). Henynesasi ckopocTh je-
dazupopku aud@y30Ha BO3MOMKHA, IIOCKOJBKY ud-
Y3UOHHBIN TTOJIIOC HE 3AIUINEH COXPAHEHUEM U- MJIN
d-depmuonos no oraesbHOCTH. OTPUIATENILHBINA 3HAK
ckopoctu pacdasuposk, 1/74 < 0, Mor Gbl HAPYUIUTH
[PUIUHHO-CJIEJICTBEHHYIO CBSI3b M yKa3aTh Ha HECTa-
OUILHOCTH TEMHOBOTO COCTOSTHUS.

Tlomumo mosiBiieHUST cKOpocTH J1eha3UPOBKHU, MOT-
Jit Obl BOBHUKHYTH MOIPABKU (THUIA €J1abo0ii JOKaIn3a-
nuu) K Koadduimenty quddysnu, HailieHHOMY B pam-
KaX JIECTHUYHOTO NpUO/IKeHusi. VICTOYHMKOM TaKMX
[IONPABOK SIBJISIETCSI 3aBUCHMOCTB COOCTBEHHOMN 3HEp-
run guddysona or uMmiyiabca. Hekoropble m3 coot-

IIucema B 2KOTP Tom 118 Bpm.7-8 2023

BETCTBYIOIIUX JINATPAMM MOLYT OBITH MPEJCTABJIEHBI B
BHJIE B3aMMOJEHCTBUsST HeCKOIbKuX muddy3onos. Kak
U3BECTHO U3 PACCMOTPEHUs HEYIOPSIOYEHHBIX CHCTEM,
Takue IuarpaMMbl yJI00HO CyMMHUPOBATH C IIOMOIIBIO
HeJIMHEHON curMa-Momesn. Jist Mojen 6ecClImHOBBIX
(0/1HO30HHBIX) (DEPMHUOHOB, NOABEPIHY THIX CJIyIaiHBIM
U3MEPEHUSIM, TaKue HeJIMHeHble CUIMa-MOJen ObLIN
HEJIABHO IOJIyYeHbl B paborax [56-58]. Moxkuo Takxke
U3yInTh (DYHKIHIO pacipeaeaenus Z|[®, ®] ¢ momompio
HeJIMHeHOH curma-mozenn [58]. Takoit BbIBO HesTHEH-
HOI CUrMa-MOJIe/I I 0OOOIIEHHON MOIe I, paccMaT-
pHUBaeMO# B 3TOH CTaThbe, ABJIACTCA HHTEPECHOI U CIIOXK-
ot 3ajateit. Takke ObLIO ObI MHTEPECHO PACIIUPUTH
HAIIy MOJIEJIb, JOOABUB YIIPYroe PaccesiHie B MaMUJIb-
rounan Hy. Torga Tak ke, kak B paore [59], MoxkHO
OBLIO OBl U3YYUTh B3AUMHOE BJIUSIHUE YIIPYIOTO U JIUC-
CUTIATUBHOTO paccednuii Ha KoddduiueHt auddysumn.

Hakomnerr, Mbl OTMETHM, YTO HAIIKA PE3YJILTATHI OT-
JIMIAIOTCSL OT pe3ysbraros pador [47-50] mo ciemyro-
muM npuanHaM: (1) Hallle paccMOTpeHHe He OrpaHude-
HO OJIHOMEPHBIMU MOJIeJisiMU; (ii) MBI [IOKA3bIBAEM, YTO
nuddy3ust TOABIAETCS JIaXKe B OTCYTCTBUE TUCIEPCUN
crekrpa; (iil) Mbl SBHO IOKa3bIBaeM, 4TO (DU3UUECcKas
npuunHa quddy3un — 3TO KOPPEJIUPOBAHHOE PACIIPO-
CTpPaHEHHUE JIEKTPOH-JBIPOYHBIX AP B KAXKJIOH U3 30H.

BeiBoapl. Takum 00pa30M, MBI HCCIIEIOBAJH BO3-
HUKHOBeHNEe Iud@Y3HBIX BO3OYXKICHUN B IUHAMUKE
00O0DIIEHHOW MOJIEIN JBYX30HHOM JUCCUTIATUBHON MHO-
roYacTUYHON KBAHTOBOIM CHCTEMBI C COXpaHEHHEeM O0-
mero aucia dacruil. [loydyeHo obiee BbIpaxkeHue Jijist
ko3 dunmenrta auddysun, onpeensroiero auddy3u-
OHHBII T0JIFOC B M DY3HOI JIECTHUIIE JIJIsi BHYTPU30H-
HBIX YaCTUIHO-IBIPOYHBIX BO30yKaeHuit. [Ipu mamnann
30HHOU JucIepcun U npu |¥,| < 1, koadduiment aud-
dy3un 0O6paTHO TPOIOPIMOHATIEH CKOPOCTH PACCEsTHUST
(muccumanmn), Kak U OXKHUJAJIOCh. B cilydae IUIOCKOI
30HBI WA [IPH OTCYTCTBUU I'aMUJIBTOHOBOIl YacTU JIu-
HaMUKH KO3 dunueHT auddy3un mo-mpekHeMy OTJIN-
YeH OT HyJIsL U [IPOIOPIIMOHAJIEH CKOPOCTH JUCCHUIIAIIUH.
Takum 06pa3oM, HAIIl aHAJIU3 [TOKA3BIBAET, YTO BHYTPHU-
30HHAst audPy3usi BO3HUKAET €CTECTBEHHBIM 00Pa3oM
B JUCCUMTATUBHON IMHAMUKE, COXPAHSIONIEH ob1ee amc-
J10 gactur u onucbiBaeMmoit ypasuenunem ['KCJI. Hampo-
THUB, MEXK30HHBIE JBYXIACTUIHBIE BO3DYKIEHUS HE SB-
sstiorest uddysnonabivu. OHE PACHaIaoTCs 38 Bpe-
Msl, OIpPEIEITeMOe CKOPOCTBIO OHOYACTUIHOTO PACIa-
na Ya&,. PesynpraTs! Halmelt paboThl OTKPBIBAIOT MHO-
2KECTBO HaIlIpaBJICHUN HAJIbHEHINNX UCCJIeJOBAHUA.

Asroper  6uaromapust A, Anrnangy, C. duito,
M. I'mazosy, U.Ilo6oiiko u 1. CMupHOBY 3a MOJIE3HBIE
obcyxeansi. OuH U3 aBTOPOB BBIpaXkaeT OJjiaromap-
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mocts M. lommmreitny, I1. HocoBy m 1. Ilamupo 3a
COTPY/IHUYIECTBO B JIPYTOM IIPOEKTE ITOU TEMATHUKHU.
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