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Spin-Boson model

3aJaua JaHHOrO CeMHUHApa — HA MUKPOCKONUYECKOM YPOBHE U3YYUTh JUHAMUKY OTKDPBITON CHCTEMbI, B3aUMOJCHCTBYIOMIEH ¢
OKpy»keHneM. M3ygarh eé Mbl OyeM Ha IpHMepe IIPOCTEHIel MOIean, KOTOPYIO MOXKHO IPUAYMAaTh — TaK HA3bIBAEMON CITUH-
Go30oHHOIT Moesn (spin-boson model). Cucrema (s, system) Gyer npeicTaBisTh COGOM BYXYPOBHEBYIO CUCTEMY (9TO MOXKET
ObITH cTMH-1/2 B MATHATHOM TI0JIE, 3TO MOXKET OBITh YACTHUIA B JABYXbIMHOM MOTEHIIUAJIE — JIETATN COBEPIIEHHO HE BAYKHBI),
KOTOPYIO MBI Oy/IeM OIMCHIBATH Ha s3bIKe crimHa-1/2 n marpur [laynn. B kauecTBe Mojean okpy»Katolei cpespl (e, environment;
TaK>Ke JacTo eé HasbiBaroT 6aHeil — bath) mMbl Bo3pMEM HAGOD TapMOHMYECKUX OCIMIUISITOPOB. 3aluIleM MaMUJIbTOHUAH BCeil
CHCTEMBI B CJICIyIONEM BUJE:
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Taxoit Bus B3anMomeiicTBrsi 00yCJIOBJIEH CJIELYIOIIIMEI TPOCTBIMEU COOOPaKeHUsIMA. BO-11€PBBIX, HUYEro CJIOXKHee IeM KaKasi-
TO JIMHEeHAsT KoMOnHaIus MaTputl [laymu ajist 1By XypOBHEBOI CUCTEMBI IPEJTIOKUTH HEJIb3sT; TO9TOMY B3aUMOJIeHCTBIE JIMHEITHO
1o & (6e3 orpaHUYEeHMst OGIILHOCTI/E MOXKHO YCTPOHUTB B3aUMOJIEHCTBIE NMEHHO TIOCPEJICTBOM G ). BO-BTOPBIX, MBI OyjieM Tpes-
[oJIaraTh, 9TO OTKJIOHEHUS OCIUJLISITOPOB OT ITOJIOYKEHUs] PABHOBECHUsSI OYIYT B KAKOM-TO CMBICJIE MaJIbl, U IO3TOMY <CHJIa3> Pac-
KJIQIbIBACTCS] JINHEHHO 10 OTKJIOHEHHSIM X .

B npunmume, Best cucteMa s+-€ sIBJISIETCS 3aMKHYTOM U JIOMyCKAaeT OMUCAHUE Ha sI3bIKe BOJHOBBIX (hyHKIuA. OHAKO HHTEpe-
€OBaTHCsI MBI OyJeM UMEHHO JIMHAMUKON JIBYXYPOBHEBOM CUCTEMBI, JIJIsl OMMMCAHUSI KOTOPOM HEOOXOMMO BBECTH PEIYIIUPOBAHHYIO
maTpuily wioTHOCTH Ps(t) = Tre.p(t), rue p(t) — MaTpuIa IIOTHOCTH BCel CHCTEMBI, a onepanus 1T, TMoapasyMeBaer B3sTHe ua-
CTHYHOI'O CJIEJIa [0 CTEIEHsIM CBODOIBI OKpYKatoIieil cpeipbl. [lo/ryyeH bl B pe3y/bTaTe TaKoii onepaun 00beKT — 3TO MaTpPUIa
2 x 2.

Cpasy o6cy M, 9TO BEJIMIUHBL A, OYIyT IPEIIoIaraTbCs B KAKOM-TO CMbIC/Ie MaJleHbKuMu (ipubiinzkenue cjaaboil cBsa3u),

7 JIAJIbITIEe MBI OyJIeM HCCJIEIOBATD 33/[a9y B PAMKAX TEOPUN BO3MYIIEHHUN 110 B3anMOeicTBuio V.

IIpencraBiienne B3aumo/ieiicTBus

Pa6oraTn MbI OyzeM B onepaTopHoM (opMaIu3Me, UCIIOIb3Ysl MPEICTaABICHNEe B3aNMOIEHCTBUS IO OTHONIEHWIO K HEBO3MYIITEH-
nomy ramuiabTonuany H. + Hg u ¢ Boamymenuem V. Jlapaiite BoimuineM opMysibl, KAK YCTPOEHBI OIIEPATOPHI B IIPE/ICTABICHUN
B3aMMOJIEICTBUS B HaIllel 3ajiade:

da A T, L . Y R o
d—tn = i[He, ay) = z[wnalban, Qn) = —iwnay = anp(t) = ape”“nt, ail(t) = al:e“""t (2)
Mot marpur [ayau ymobno BBecTn KOMOMHAIIAN 6% = 6% + i6Y; HeC/I03KHO yOeIUTHCS B CJEIYIONINX COOTHOIICHUSIX:
dé* . . do
—p = ilH,, 6] = FAGE = 65 (1) = oFe T, —E =02 607(t) =67 (3)
TToxoMIoHEHTHO:
) ) 0 eiAt
6:(t) =1(6TeD +67e A =G, cos At — G, sin At = it g
) ) 0 _Z'eiAt (4)
6y(t) = £ (6Te™ —67e ") = 6, sin At + 6, cos At = iomit 0

Takast «TpuBHAIbHAS> HEBO3MYIIEHHAS IBOJIONNST TEM CAMBIM OIHCHIBAET MIPOCTO IMIPEIECCHIO CIIMHA, C YIJIOBONW CKOPOCTHIO
A BOKDYT HaIIpaBJIEHUs] <MATHUTHOTO MOJIsT> 2. KC/IM 2Ke MBI TOBOPUM, K IIPUMEDPY, O YACTHUIE B ABYXbIMHOM HOTEHITUAJIE — TO

10cb z B manHoilt 3a1a4e ABITETCS BBIJIEJIEHHOM, HO B3aMMO/IEICTBUE BU/Ia G, X B KAKOM-TO CMBICJIE TPUBUAJIBHO — OHO COXPAHSIET &, U HE IIPUBOJIUT
K pesnakcaruu. [logpobree — cM. JIOMAIIHIOI 3a/[a4y K 9TOMY CEMHHAPY



Takas KOT€PEeHTHAas MPEIECCHs MPeICTaBasgeT coboit ocimuianun Pabu. B konTekcre cinHOB min KyOUTOB, TaKOe ITPECTABICHNE
TaKKe YaCTO HA3bIBAIOT NMPUOJIMKEeHNeM Bparaomieiicss BoJHbI (rotating wave approximation); 1o ¢Bsi3aHO ¢ TeM, 9TO
B KAKOM-TO CMBICJIE OHO 9KBHBAJIEHTHO IIEPEXO/Iy BO BPAIIAIONLYIOCS CUCTEMY OTCUYETA.

IIpubaunkenne BopHa-MapkoBa

Ioymas MaTpHUIIa IIJIOTHOCTHU B IIPEeACTaBJICHUN B3aI/IMO,ZLeI7ICTBI/I${ YAOBJIETBOPSET CIeAyoneMy ypaBHEHUIO:

ap(t)

= ilp(t), V(#)] (5)

Mer uHTEpECyeMes CIIeLyIOMel IOCTaHOBKOM 3a1aun. B HavaibHbIN MOMeHT BpeMeHn ¢ = 0 GaHs HAXOAWIACH B PABHOBECHU
¢ Temmeparypoit T', 1 m09TOMY ommchIBaTack cBoeil Marpuneii miotaoctn pe(0) = +ePHe; a cucrema Gputa npurorosiena co
cBoeil MaTpunei maoTHocTH jg(0) (KOTOpast MOKET COOTBETCTBOBATH YHCTOMY COCTOSTHHUIO |1g) ()g|, MM OMUCHIBATH CMEIIAHHOE
COCTOSIHIE — CefftIac 9TO He OUeHDb BayKHO); I H3HATAIBHO MBI IIPEIIOJIAaraeM, IT0 OaHs I CHCTeMa HUKAK He B3anMOZIeiCTBOBAIN,
p(0) = pe(0) ® ps(0). B pesyabraTe BpeMeHHOII SBOJIIONNY, IIPOUCXOAUT 3AILyTHIBAHIE W MATPHUIA INIOTHOCTH GOJIbIINe He IIpe-
craBisieT co0oil IPOCTOE TEH30PHOE IIPOU3BEAEHNE; [IOITOMY, BOOOIIE IOBOPsl, HE OUeHb HOHSATHO, KaK OpaTh YaCTHYHBL Ciei B
npapoit wactn ypasnerus (3.

IIpegaraercs cuesaTh HECKOILKO mpubimkenuit. Ilepsoe mpubIIHKeHIe 3aKIIIOUAETCS B TOM, ITO €CJIH CHCTEMA JOCTATOTHO
MaJIeHbKasl, & CpPelia — JOCTATOUHO OOJIbINAsi (ITO MMEeT MECTO BCEIZa), TO Pa3yMHBIM IIPEeAIOJOKeHIeM GymeT CUUTaTh, TTO
MATPHIA IVIOTHOCTH CPEJIbl HE MEHSETCs ¢ TE€IEHHEM BPEMEHH. ECJHM MBI, OJHAKO, HPEJIIOI0KAM, ITO MATPULA IUIOTHOCTU B
IPOU3BOJIBHBIN MOMEHT BpeMeHN BBINVISAIUT KakK P(t) = pe ® ps(t), ¥ BO3bMEM B ypaBHEHHH YACTUYHBL Cile, Mbl HEMeJ-
JIEHHO TIOJIY9MM HOJIb B IIPABOil YACTH; I CBA3AHHO 9TO C TeM, ur0 Tre(pe X, (1)) = (X, (t)) = 0; mosromy sesarh Takoe Takoe
IPUOJIMKEHIE HANBHO HEJb3sl.

MosKHO, OHAKO, OBOHTH 9Ty TPYIHOCTb, CIEJIAB CEPHIO TOXKIECTBEHHBIX Ipeobpasosanuil 5 ypasuennu (5)): crepsa Mbr ero
NPOMHTErPUPYEM OT KAKOIO-TO NPOU3BOJILHOTO MOMEHTa BPEMEHH fo JIO T, & 3aTeM MOJIyIeHHOE BBIPAYKEHNE IOJICTABAM OISATH B

[IPaByIO 9aCTb YpPaBHEHU

t ~ t
. . ) . - dp(t) .. - . . .
) = ptta) +1 [ o). V() = B~ ifptea). V(o) - [ a [[pe). V)] V0) (6)
t() tO
B srom yYpaBHeHnuun yzkKe MOXKHO B34Tb JaCTUIHBIN CJIe, IIPEAIIOJIO?KUB MaTPUILy IIJIOTHOCTH B TaKOM BHJIE. I/I,ILG‘OIIOI‘I/ILIGCKI/I
TO YTO OBLIO CEHYAC IPOJIETAHO — ITO BTOPOII HOPSIIOK TEOPHH BO3MYIIeHUit 110 V, 1 clieslanHoe npuOInyKeHrne HOCUT HAa3BaHUe

BopHoBckoro npubsuxkenns. beps yacTHUHBIA cyielL ¢/ieBa U CIIpaBa, U Mepexois K T =t — t', Mbl moJIydae:

e [ e ([190 - e - V0] )

Crenytomee nmpubJimzkeHne, KOTOPOoe MOXKHO CJIeJIaTh B 9TOM yPAaBHEHWHM W3 CAMBIX OOIMX coobpaxKeHuii, cieytomiee. Orne-
PaTop BO3MYIIEHUS UMEET CJIEIYIOIUA BU/I:

V(t)=6.X, X=) \X, (8)

Kak MbI IpOIEMOHCTPUPYEM JaJiee SBHO, B PE3YJIbTATE B3ATHs YACTHIHOTO CJIEIa BOSHUKHYT KOPPEIANUOHHBIE (DYHKIUU BAIA
Sit—t)= <X ()X (")) (HecaokHO BUIETH, OHU 3aBUCAT TOJIHKO OT Pa3HOCTU BpeMéH). Takue aBTOKOPPEIAUOHHbIE (DYHKIUN

OTIPENIEJISAIOTCS TUHAMUAKOM CPebl, U KAK MIPABUJIO, OHU OBICTPO CHAMAIOT 0 HyJIs HA OY€Hb MAaJIbIX MACIITA0AX BPEMEHU — €CJIN
OKPY2KAIOIIast CPeJa COAEPXKUAT OrPOMHOE KOJIMIECTBO CTEIeHel CBOOOIbI, TO O KOPPEJSIUAX HA CKOJIb JTUOO IMPOIOIKAUTETbHBIX
BpEMEHAX TOBOPHUTH HE MPUXOJUTCSA. DTO MPUOJKEHIEe HOCUT Ha3BaHne MapKOBCKOrO IIPUGJIMXKEHUSI, U CBOJUTCS OHO K
craeyoneMy (bU3nIeCKOMY CBOHCTBY OKPYKAIOIEH Cpeibl — KaK MPABUIIO, CPEJIa He 00.4a0aem namsmovio.

Eciin ipeinoioKuTh, 94To 9T0T MacmTab BpeMEeHN MHOI'O MEHbIIle MaclITaba BpeMeHU, Ha KOTOPOM MEHSIeTCsl camMa MaTPHUIA
IJIOTHOCTH, TO MOXKHO 3aMeHUTh ps(t — 7) — ps(t), a TakKe B CUJIy CXOAMMOCTH MHTErpaJja, 3aMEHUTL €ro BePXHUN IIPeest 10
GeckOHEIHOCTH. B pe3ysbrare Mbl II0JydaeM clleflyoliee KBAHTOBOE KMHETUYEeCKoe ypaBHeHue (master equation):

B —— [Tt (19,00, Ve - 1) V0)]) 0

B Takom Bujie 510 — cucrema JIMHEHHBIX (D DEPEHITUABHBIX YPABHEHUN C IOCTOSHHBIME KO3(MDMUIMEHTAMU HA KOMIIOHEHThI
MaTPHUIBI TIJIOTHOCTH Pg.
Ecin okpyxkaromas cpeia He 00/1agaeT maMsaTbio, TO caMblil 00Nl BU KBAHTOBOIO KMHETHIECKOTO YPABHEHUS MMEET BUL
ypaBHeuusi JIuu6aam,
dps(t)

7 = Z[fas (t)’ }AIS] + ‘C/as(t) (10)

20TMeruM, YTO B TAKOM BUJE 9TO IIOKA TOXKIECTBEHHOE IpeobpasoBaHme!
30TMeTHM, YTO OHO 3AIMCHLIBAETCS B IMpeacTaBaeHnn 11Ipéaunarepa, MOITOMY J06ABISETCS YIEH, ONUCHIBAIONINA COGCTBEHHYO UHAMUKY C TaMU/Ib-
ToHuaHoM H.




B mpapoit wacTtu cTouT cymeporepaTrop — JHHEHHBIN orepaTop, AHCTBYIONNN HA MPOCTPAHCTBE JUHEHHBIX OIIEPATOPOB —
HOCAINM Ha3BaHue oreparopa JInHOMATa; OH MMEeT CMBICJI aHAJIOTa MHTErpajia CTOJKHOBEHUIN B OOBIMHOM KUHETUIECKOM
ypasaeruu. OnepaTop 3TOT He MOXKeT ObITh ITPOU3BOJILHBIM — JayKe IIPU B3aUMOIENCTBUU ¢ OKPYKAIOIIEH cpeIoii, Takoe ypaBHe-
HUE JOJKHO COXPAHATH HOPMUPOBKY Trpj,(t) = 1 1 NOJOKATENLHYIO OIPEIeIEHHOCTD MATPUIBL Ps. 1O 9TO MBI cefiuac moJryIuin
— 9TO gBHBII Buj oneparopa Jluubiaama B npubiankennn bopra-Mapkosa.

Brikaangka

Bo-1epBbix, 9T0OBI IPOJIBUHYTHCS JAJIbIIE, JaBAUTe [IO/ICTABUM SBHBIN BUJ[ BO3MYIIEHHS U PACKPOEM KOMMYTATODBI:

ddis =— / h drTr, (ﬁs(t)ﬁefrm(t — D)Xt —7)6,()X(t) — 62t — T)X(t — 7)ps(t) peda(t) X (t)—
0

[MoguépKHYThI OLEPATOPBI, KOTOPBIE NEHCTBYIOT HA CTEHEeHU CBODOBI OKPYzKaomieil cpepl (1 KOTOpble, COOCTBEHHO, yUacT-
BYIOT B Ollepalluy B3aTHU cjela). [Ipu B3gTum ciea MbL:

® MOXKeM KaK yTOJHO MEHATb MeCTaMU IOJUEPKHYThle U He IOTIEPKHYTBIE OIIepATOPHl — Be/lb OHU JIEMCTBYIOT Ha Da3HbIe
cTerneHn cBOOOJIbI, U TIOTOMY KOMMYTUPYIOT.

® He MOXKEM MEHSITHh OTHOCHUTEJIbHBIN IIOPA 0K HO,H‘IépKHyTbIX OoIrepaTopoB (aHa.HOI‘I/I‘IHO u C He HOA‘IépKHyTI)II\,H/I) — HX KOM-
MyTaTop B O6H_[€1V[ CiIy4dae OTJIMYEeH OT HYJId.

® MOXKEM IUKJINYIECKHU IIepeCTaB/IATH HO,IL‘{épKHyTbIe OII€epaTOPHhI KaK XOTHUM — HW3-3a OIlepallui B3ATHH CJIeIa

PyKOBOJCTBYSICh STHME HPABUIAME, H BBEIs Koppesmuonnyio byukmmo S(t — ') = Tr.(p. X ()X (') = <X Xt )>7 MBI

MOXKeM H30aBUTHCS OT YaCTUIHOTO caenas::

dff T /Ooo dr (S(=7)ps(1)62(t = T)62 (1) = S(T)5(t = T)Pps ()52(8) = S(=7)52(8)ps(1)65(t = 7) + S(7)60 (D)5 (t — 7)ps (1))
(12)

KoppeasimnmoHabie OyHKIUN CPeIbl

Ham H606XO,ILI/IMO HAYYIUTHCA BBITUCIATD:
S = (XOX(0)) = > At (Xa()X,n(0)) (13)

JocTaToqHO 0YEeBUIHO, KOPPEJISIMOHHAS (DYHKIIAST OTJIUYIHA OT HYJIsl TOJIBKO IIPU N = M — B IPOTUBHOM CJIyYae CpelHee
pacmagaercsa. [losromy:

W) = SN Su, (0, S, () = (K (D)X (0)) = ((ane™™" + ") (an + af)) (14)
n
OTMmeTuM, 9TO MaTPUIA ILIOTHOCTH OTJIEILHOIO OCHUILISTOPA JIMArOHAIbHA B IPEICTABICHUN YHCeJ 3aIl0JIHeHHs:
1 1 &
P = e Pninin = oo ST R) (k| e (15)
Zn Zn
k=0
U [O3TOMY CpefiHue BUAA (ydn) = <d;fl&}:> = 0. OTinuHbIe OT HyJIs CPEJHUE — CJIELYIOIIIe:
ity - S iy Wperent S gpeter 1 as)
n-n ZEO:O e*ﬁwnk - Z;O:O efﬁwnk n; = eﬂwn -1
(ryT BosHukaer Bozesckas dbyHkius pacnpepenenus, ng(w) — KOTOpasg U OIPENENsieTcs KaK CpeHee YuCjIo BO30Yy¥KICHUH
ocrmiusiTopa npu remueparype T'). Bropoe cpennee <€Ln&IL> =ng(wy) + 1. ITosToMmy:
S, (1) = np(wn)e™mt + (np(w,) + 1)e~“nt (17)

Hakomer, Bcro nadopMaIiuio o pacupeejeHn 9acTOT OCIMJLIATOPOB U KOHCTAHT CBS3U A, MOYKHO COOpPaTh B OJIHY (DYHKIIHAIO
— CHEKTPAJIbHYIO IJIOTHOCTH CPE/bI:



Jw)=m Z N 5(w —wy) (18)

KonTunyanabHbIil Ipeies 1iist cpejibl Kak pas3 Oyer IpeacTaBiaTh coboil 3aMeny J(w) Ha HEKOTODYIO HEIPEPLIBHYIO (DYHKIIUIO
9aCTOTHI; €€ sIBHBII BUJL MBI OOCY/IUM TI032Ke, a MOKa IIEPEeIHIeM KOPPEJSIUOHHYI0 (DYHKIUIO CPeJibl B CJEIYIONEM BUJIE:

st = (X0x) = [ Frws.o = [ % Jw) s (@) + (np(w) + e ] (19)

s s

VYpaBuenus Bioxa

B npunnune, gaibiine MOXKHO OBLIO OBbI TIOJICTABUTH SIBHBIN Byl MaTpull [laymu B mpejicTaBieHIN B3auMOICHCTBHUS, U MOy IUTh
cucreMmy u3 4 ypaBHeHUII Ha 4 KOMIIOHEHTHI MaTpuilbl toTHOCTH. OIHAKO, OOJIee HAIJISTHBIM SBJISIETCs MIpeJicTaBjienne bioxa,
KOTOpOE ITapaMeTPU3yeT MATPUILY IIJIOTHOCTU IIPOU3BOJILHOI JBYXYPOBHEBOI CHCTEMBI IIPU IIOMOINY BEKTOPA 71 COIVIACHO:

1 - 1/ 14n, n_edt

() = i) o) =3 (L T,

2 \nye 1—n,

) L nlt) = Te(pu(0)5 (1) = (1), (20)

(y BekTOpa HarIaIHbIH (DU3NUECKUil CMBICT — OH IpeZCcTaBisgeT coboil BEKTOp moJsipusanun). Hanurem ypaBHeHUsT Ha KOMIIO-
HEHTBI BEKTOpa m:

d%t) =h <dil1(tt)[’3(t)> +1r <&(f)di‘;t(t)> =i < [Hs,&(t)} >s +Tr <&(t)d’3;t(t)> (21)

[lepBeiit wien TpuBHAajeH, OH OIMCHIBAET KOT€PEHTHYIO MIPEIECCHIO B OTCYTCTBUM B3AMMOJIEHCTBUA U UMEeT CJIEIYIOIINil BU;

dnt? dnél) dnt!
= — ny, _— = Anl, == 0 (22)
dt dt dt
O9TOMY MbI C(POKyCcHUpyeMcsl Ha BTOPOM djieHe, mojcrasuB B Hero ((12)), a Takke Bce oneparopbl B UPEICTABICHUN B3aUMOJIEii-
(2)
CTBHUS; HCCIIElyeM UTO HOJIy YMIIOCH TIOKOMIIOHEHTHO. Cpasy OTMETHM, 4TO ypAaBHEHNE Ha Z-KOMIOHEHTY TPUBHAIBHO — —#— =
CBsI3aHO 3TO ¢ TeM, UITO [F, V] = (0 — u MO9TOMY TOYHOE ypPABHEHUE UMEET BUJL:
dn(t)
= —An,(t
Z-xomrmioHeHTa llofcTaBisis u ympornast, Moy daem:
dnt? (t) > . .
— = -2 dr n.(t) (S(1) + S(—7)) cos AT + i (S(7) — S(—7)) sin A7] (23)
0

Crosiiue TyT HHTErpaJibl CBOJIATCS K peobpasoBanuio Oypwe:

oo

/OOO dr(S(1) + S(—7)) cos AT = / drS(r) cos A =

(eiA'r + efiA'r) _

N | =

= [m dT/ d%.](w) [nB(w)eiwr + (’I’LB(Q,)) 4 1)671_“”]

= / dwJ (w)(2n5(w) + 1)(0(w + A) + §(w — A)) = J(A) coth @A

(24)

i/oo dr(S(r) = S(—7))sin At = i/oo drS(r)sin AT =
0 —00

_ / T (0)(3(w — A) = 5w + A)) = J(A) (25)

(ormernm, uto 2ng(w)+1 = coth %"; a KPOMe TOT0, MbI IIPEJIIIONIAraeM Jist KOHKpeTHocTH, 9To A > 0; a BesmunHa J(w < 0) =0
— OCHUJLISTOPOB C OTPUIATEJLHON 9acToTol He ObiBaer). IloaToOMy MBI lIepenuineM ypaBHEHUE Ha z-KOMIOHEHTY B CJIE/LyIOIIEM
BUJIE:



dn(t) n.(t) — n{? 1 BA BA
2= Z — —=2J(A h== (eq) — _ tanh == 9
o ] ) J(A) cot 5 M tan 5 (26)

DT0 ypaBHEHUE OIMCLIBAET MPOIECcChl pesiakcaruu. [[pon3BosibHOE HAYaJbHOE 3HAYEHNE HAMATHUYEHHOCTH OyJeT pesiak-

(eq)

cupoBaTh 3a BpeMs 1) (KOTOpoe HOCHT Ha3BaHHe BPEMEHH DeJIaKCAllMM) K CBOEMY DABHOBECHOMY 3HAYEHHIO My  II0 3aKOHY
n,(t) = ni? + (n,(0)— ngeq))e_t/ T, Ormerny, 1ro Bemanma ns? coBIasaeT co cpeIHeil <HAMATHIMEHHOCTBIOS , €I CHCTEMA,
OIICBIBACMAs TAMHIIBTOHHAHOM H g, GyeT HAXOIUTCA B TEPMOIMHAMITIECKOM PABHOBECHH ¢ TEMIIEPATYPOil, KOTOPAs COBIALAECT
¢ Temmeparypoii 6anu T'. Tem cambiM, 3a Bpems 1] MPOUCXOIUT TEPMAJIN3AINN — YCTAHABIUBACTCS PABHOBECHE.

Ormerum, 9TO JjIsi TEPMAJIU3AIUH HEOOXOUMO, ITOOBI IIPOMCXO/INIIN PEAbHBIE MPOIECCHI TEPEBOPOTA CIMHA — IPU ITOM
cucTeMa JI0JKHA 3a0upaTth n3 6aHu (niam oTiaBaTh Tyja) sHepruo A. [Tosromy ToT GakT, 9T0 CKOPOCTH PETaKCAIMN OKA3aIACh
nporopionasbha J(A) — He yJIUBUTEIBLHO; BeJlb €CJIM B OKPY?KAIOIIEN cpeJie, CKaXKeM, OCIHIIISITOPHI ¢ 4acToToi A 0TCyTCTBO-
BaJsi ObI, TO OBLIO OBl HEBO3MOYKHO JMCCUIUPOBATH B Heé KBAHT sHepruu A.

Y-koMmoHeHTa AHAJIOrUYIHO, IyTEM MPSIMBIX BBIYUCICHUH MBI [TOJTYIA€M:

dn? (1)

el /OOO dr(S(7) + S(—7))(ny(t) cos AT — ny(t) sin A7) (27)

[TepBoiit wien yke OB COCUMTAH paHee, & BOT BTOPON OTJIMYAETCS — OH He CBOAUTCH K mnpeobpasoBanmio Oypbe u mjis
€ro BBIUUCIeHNUsT TpebyeTcs peryispusanust ¢~ €7 — KOTopasi, MOocje UCIoib30Banus (hopmyiabl COXOIKOro, TOBOPUT HAM, UTO
OCTABIINNCS UHTErpaJl [0 9aCTOTe HYKHO OpaTh B CMBICJIE IVIABHOI'O 3HAYEHUS:

/ dr(S(t) + S(—7))sin AT = / dT/ d—wJ(w)(2nB(w) + 1) coswT sin AT = —v.p. / d—wJ(w)(QnB(w) + 1)227AA2 (28)
0 0 ™ s W —
OKOHYATENIBHO, cOOUpast BCE BMECTE, YDABHEHUE HA Y-KOMIIOHEHTY BBIIVISHAT CJIEYIOMIM 00pasoM:

dn, 1y, (1) 1 BA / dw Bw 2A

o ( d)n(t) R T J(A) cot 5 d=wv.p - J(w) cot 5 2 AP (29)

Buibop mBoek B 9TOM ypaBHEHHUH MOTHBHUPOBAH CJEIYIONINM coobpaxkenmeMm. llomyuernnas cucrema JUHERHBIX AuddepeHIn-
AJIbHBIX yPaBHEHUIl OIMCBHIBAETCA CJICAYIOe MaTpUIei:
d (ny 0 A Ny

dt \n,) ~\Aa-25 2/Tx) \n, (30)

KOTOpast MMeeT COOCTBEHHBIE YacTOThI w2 ~ £(A —J) — T% IosTomy Bemmdanua § — 9TO HMOIpaBKa K 9acToTe A, a 3aTyXaHne
BCeX pelennii mpoucxoauT Kak e /12,

Bkuag § Hocur Hazsanue JIamBoBckoro c,zuanraﬁ OH OTBEYAET 38 MEPEHOPMUPOBKY YaCTOThI <Ipereccuis A, CBI3aHHYIO
€O B3aMMOJIEHCTBUEM C OKpyKaroreil cpesoit. Ecim 661 MbI UMETH J€0 ¢ JBYXbsAMHBIM MTOTEHITHAIOM, TO A UMes OBl CMBICT
TYHHEJILHOIO MATPUIHOTO 3JIEMEHTa; TOT (PaKT, 9T0  yMeHbImaeT 3(hdEKTUBHYIO BGJIH‘{I/IH})H A, sBJIsIeTCsl IEeMOHCTpaIueil Toro,
KaK B3anMO/IEHICTBUE ¢ OKPYKAIOMIeH cpeioil oaBisier TyHHeIMPOBaHue. XOTs YPABHEHUsI ObLIM HAIMCAHBI B pAMKaX TEOPUN
BOBMYIIIEHNH, MOXKHO TOKa3aTh, UYTO B JAHHON MOJEIN MMEEeTCs KBAHTOBBLIN (pa30BBIf Mepexoji — IpHU JOCTATOYHO CUJIHLHOM
B3aMMOJIEHCTBUAN CO CPEJIOl, TYHHEJINPOBAHUE HOJABIISIETCS JI0 HYJIS.

Haxonern, anen T, nocutr HazBanue aedasupoBKH, OH HOJABJISET ONEPEIHYI0 KOMIOHEHTY Ny o, (t) TAK, ITO OHH HATHHAIOT
saTyxarh Kak e /72, Ha s13pIKe JBYXDbSMHOTO [OTEHIIHANA, K IPUMEPY, KOTePEHTHAS IIPEIeCCHsT BOKPYT OCH Z — 9TO OCIAIISIIIII
Pabu, ux HajmumMe CBUJETENHCTBYET O KOPEPEHTHOM TYHHEJIUPOBAHUN MEXKJy COCTOSTHUSIMU JIBYXYPOBHEBOI cucrembl. Mmeercs
HAIVIATHBLA criocob npejcTaBuTh cebe nedasupoeky. Jasaiite paccMorpuM aHcaM6iib CIITHOB, BPAILIAIOIIMXCA Ko2epermuo (cuh-
asno) BOKPYT ocu z ¢ oauHakoBoii yacroroit A. OnHaKo, U3-3a B3aUMOJEHCTBHSI € <IIIyMOM>, HHJIyIIMPOBAHHBIM OKDYKAIOIIei
CpeJIoit, 1acTOTa KaXKJIOTO U3 9TUX CIUHOB UYTh < IPOXKUT>, N3-3a Uero KarXK/Iblil 3 HUX HAUWHAET BPAIATHCS C Iy Th N3MEHEHHOMN
9acTOTOM. XO0Ts Ha MAJIbIX BpEMEHAX Ta MONpaBKa Oy/eT He3aMeTHA, U JUHAMUKA OyJIeT OCTaBATHLCA KOMePEHTHONW — OJIHAKO CITy-
CTsI KAKOe-TO BPEMSsI CIIMHBI OKAYKYTCsT COBEPIIEHHO CJIyIaifHbIM 06pa30M pa3dpoCcaHbl B IJIOCKOCTH, U CPeJIHee 3HAYEHNE TIPOEKITNN
CIUHA Ha IJIOCKOCTD XY BBIET HA HYJEBOe 3HAYECHUE.

4Boo611e roBOpSI, Bl HABEPHSIKA YK€ CJIBIIAIN HPO JIaMBOBCKMII CIABHUT, HO B JAPYroM KOHTEKCTe. VICXOIHO TakK HA3BIBAETCS PACIICILUICHHE MEKILY
251 /2 | 2Pl /2 YPOBHSIMH SHEPTUM aTOMa BOJOPOZA, KOTOPOE HMEET IIOP:I0K ao? (a0 &= 1/137 — nocrosiHHAsI TOHKOH CTPYKTYpPBbI) U BBI3BAHHOE DEJIsi-
TUBUCTCKUME dpdeKkTaMu — nerieBbiMu monpaskamu K/, 3a c4éT paccMOTpeHMsI BUPTYAJIbHBIX IIPOLECCOB POXKIEHUS U yHUYTOXKEHUsI (POTOHOB B
CTApIINX MMOPSIKAX TEOPUM BO3MYIIEHUN.

MOoXHO Ha 9TO CMOTPETH U C TOYKH 3PEHUs NMHAMUKU OTKDPBITBIX cucTeM: JISMOOBCKMII CIBUI' BO3HHMKAET 3a CYET B3AMMOJEICTBUS C HYJIEBBIMHU
KosiebanusiMu GpoToHHOU <banu>. [losaTomy, Kak 310 HU crpanHo, JIsmboBckuit casur B KO/I u B Hamer 3aaue UMEIOT BECbMa CXOXKYIO IIPUPOJLY.

Tor dakT, 9TO OH OmperesIseTCs HE TOJIBKO CTEIEeHsIMHU CBOOOABI GaHU, UTO HAXOLATCS B PE30HAHCE — Ha YacTore A — a MHTErpajoM IO BCEM
9acTOTaM, TOBOPHT O TOM, UTO OH MMEET IPHUPOY IONPAaBKH, CBA3AHHON ¢ BUPTyaJabHbIMU nponeccamu. Ckopee Bcero, sty dopmyny (ckaxkeMm, npu
T = 0) MOKHO TIOJIy9UTh UCXOZS U3 CTAHAAPTHONW (pOPMYJIBI [JIsi BTOPOTO HOPSIIKA TEOPUU BO3MYIIEHUH.

5OCHOBHOI BKJIaJ, B HHTErPaJs, KaK MPABUIIO, IPUXOIUT OT YACTOT w > A, U IOSTOMY BEJIUUUHA § MOTOXKUTEIHLHA



ITogaepkuém, uTo busndecku waeHbl 17 u T5 MUMEIOT COBEPINEHHO PA3HYIO MPUPOJY, U OTBEYAIOT 32 PA3JIUIHbIE (PU3UTECKIe
[POIECCHI (XOTsI B PAMKaX TPUBUAJBHON TEOPUU BO3MYIIEHUI U IOJYIMIIOCh, UTO OHM OTJIMIAIOTCS BCEro JIMIIb B JBA Pas3a —
B PEaIbHOM YKU3HU OHU MOTYT ObITh COBEPIIEHHO pa3judHbiMu). [py6o rosops, Bpemsa To — 3TO BpeMsi, B T€UYEHHE KOTOPOTO B
HaIllell KBAHTOMEXaHUIeCKON CUCTEME EITE MOTYT HAOIOAATHCHA KAKNEe-JIM00 KOTepEeHTHbIE KBAHTOBBIE (P (DEKTHI, U TIOCIE€ KOTOPOTO
cucreMa BeleT cebst B OOJIBIION Mepe KiaccudaecKu. Bpemst 1] »Ke rOBOpHUT HaM, KOIJia M3MepsieMble 3HAUEHUsS HaOJI0IaeMbIX
[IEPECTAaHyT 3aBUCETH OT BPEMEHH (pa3yMeercs, YCPEIHUB 110 ObICTPHIM KBAHTOBBIM OCIUJLISIIIUSIM ).

O cnekTpaJIbHOI MJIOTHOCTHU

Bero nHDOpMAIUIO 0 CTPYKTYpe OKPYZKAOIMIEH CPelbl Mbl <CIPATAM> B CleKTpaabHyto GyHKImo J(w). C apyroit cTopoHsbl,
MBI TI0K& HUYEro He TOBOPUJIM O TOM, Kak J(w) ycrpoeHa. OHa 3aBUCHT OT KOHCTAHT CBsI3U U OT IUIOTHOCTH COCTOSIHUI B GaHe;
KaK IIPABUJIO, TIOCJIEIHss PACTET KaK KAKAs-TO CTEIEeHb YACTOTHI; KaK CJEJICTBHE, TUIMIHOE HoBejgenue — 310 J(w) o« w?. C
JIpYTOIi CTOPOHBI, KaK MPABUJIO B OKPYIKAIOIIEH Cpejie HeJTb3sl HATH MOJIBI CO CKOJIb YTOIHO GOJIBITNMHI YaCTOTAMU — Y (OYHKITHH
J(w) MoxkeT uMeTbes 06pe3Ka Ha KAKOU-TO IOCTATOYHO GOJIBIION qaCTOTeﬁ We, BbIIE KOTOPOiil J(w) BGBICTPO CHALAET 0 HYJIs.
Hanwmanme Takoit oOpe3kn MoKeT OBITH CYIIECTBEHHO IS HEKOTOPBHIX 3(DHEKTOB, KOTOPBIE MPOUCKOIAT OT YIbTPADUOIETOBBIX
creneneil cBo6ozbl 6aHu (K IpPUMEDY, IIPH UCCIeA0BaHIN JISMOOBCKOTO C/IBUTA).
ITo moBemenuto ckopocTu pesakcanuu mpu A — (), BBIIETSIIOT HECKOJIBKO CIIyIaeB:

e Omuyeckas Gaust: s = 1, J(w) = mawl(w. — w). IIpu srom ﬁ — const npu A — 0. Haubosee wacto BeTpeuaembiii u

MIPOCTOI TUTT <OaHMI>.

e Cy6-omuueckas Gaus: s < 1, —— — 0o mpu A — 0.
Ty 2

e Cynep-ommnyeckad 6aHsa: s > 1, ﬁ — 0 mpu A — 0.

SEcu 6ams obecrevena (DOHOHHBIMU CTENEHIME CBOGOIBI, TO W — 3TO wacrora Jebast, Beime koTopoit ¢horonos Her. Ecmu s10 dbepyuonnas Gams
(koTopasi, KOHEYHO, TpeGyeT OT/EILHOIO PACCMOTPEHNS), TO B POJIM OOPE3KH MOXKET BhICTynaTh dHeprus Pepmu.



