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B npownoii cepun...

V1BepxaeHnue. YpasHenne Hakaxumol-LisaHuura (Nakajima,
1958; Zwanzig, 1960):

d t
appt = /\PEtht + thto + lCzpsds

to

KL= NPLGIQLP, T, = XPLGL O,

“ t
Gt = Texp ()\/ QL'TdT> , Gi=1
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JlokanbHoe no BPEMEHN YpPaBHEHUNE

d
i ALipy.
Toraa
d
roe @ =1-7P,

d
K(t) = (ﬁpufy) (Pug,P)Y,
d
I(t) = @tho Q — K(t)PU},Q,

to __
rage th — peluerne 3agaqv Kowwm dtl/{t = )\EtUtO,Z/{tO =1, npn
JIOCTaTOYHO MasbIX t UM \.
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JlokanbHoe no BPEMEHN YpPaBHEHUNE

NceBopoobpaTHbIi

Bbl6|/|paeTCF| TakK, 4TO

AV A=p, AV =AY =0,
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JlokanbHoe no BPEMEHN YpPaBHEHUNE

HokazatenbcTtBo.
pt = Ufopto,
raoe Z/{tt0 — pewexue 3agadmn Kowwm
Lot = e 0=
dt to — tty ut() -
d d d
dtputo dtPZ/{tOP+ 7 PZ/{tOQ
d _ d
( dtPUtOP) (PU, P)YIPUL P + —PU;LQ

= (dtPufOP> (PU, P)=VPUL
Loyt p) (put PYDput < put O
dt to ( to ) to Q + % to Q
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JlokanbHoe no BPEMEHN YpPaBHEHUNE

[lpn X — 0 BbINOAHEHO CAegyroLjee aCUMITOTUHECKOE PAa3/IOXKEHNE

K:(t) = i )‘nICn(t)a
n=1

n—1

Kn(t) = Z(—l)q Z Mo ()M (B) - .. M, (D),

q=0 kj=nk;>1
tk 1
Mg (t) = / dty .. / dtyPLy, ... Ly, P,
to to

M (t) = %Mk(t)
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I
JNemma. Mpn A — 0

<I+§:)\k,4k> ZA”ZH: > Ay - A,

k=1 - q= 0 Z?:l kj:n,k]->1

HokazatenbcrBo.
00 -1 00 00 q
(I +) /\’“Ak> => (-1 <Z )\’“Ak>
q=0 k=1
Z MY Ay A

k=1
oo
q:0 ?:1 k]-:n,k:j>1
(o]
n
= E A E (—1)%A, ----Akq- L]
n=0 ;]-:1 k‘jiﬂ,k’j}l
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JlokanbHoe no BPEMEHN YpPaBHEHUNE

[JokasaTtenbcTBO TeoOpeMbl.

o0 t te—1
ufO—ZAk/ dtl.../t dtpLy, ... L,
0

K(t) = PUtOP (Put P) Y

(-1)
_ZAkMk <Z)\m/\/l )

:i AP M (2) Z)\"Z ST My (1) Mg, (1)
k=0

qul kj=n,k;>1

[e'e) n—1
=> A (-1 > Mg ()M () ... My, (t). O
n=0 q=0 3:0 kj=nk;>1
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JlokanbHoe no BPEMEHN YpPaBHEHUNE

[lpn A — 0 BbINONIHEHO CAEAYIOLIEE ACUMATOTUHECKOE PA3JIOKEHUE

I(t) =Y N L (1),
T, (1) =M(?)

+ni(—1)q Z Mko(t)Mkl(t)...qufl(t)./\;lkq(t),

3o kj=n.k;>1

5 t lg—1 2 d -~
Mi(t) = / dtr ... / APLy - L0, @, Mu(t) = 2 M(1).
to to
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JlokanbHoe no BPEMEHN YpPaBHEHUNE

HokazatenbcTtBo.
I(t)=>_ A" M (t)
k=1
[ee] n—1
—[DoAD DT > M (M (1) My, (1)
n=0 q=0 Z?:o kj=nk;>1
. (Z Awk(t)>
k=1
=3 A (Mn(t)
k=1

n—1
+Y =D ) Mko(t)j\/lkl(t)...qu_l(t)/\;tkq(t))D
=1 34 kj=nk;>1
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JlokanbHoe no BPEMEHN YpPaBHEHUNE

MNepBble YneHsbl

./Vlo(t) =P,
t

Ml(t):/ dtlpﬁtlp,
t
Ot t1

Ma(t) = / it / dtyP Ly, L0, P,
to to
t t1 to

Mg(t) :/ dtl/ dtg/ dt37)£t1£t2£t3737
to t to

0

t t1 to t3
My(t) = / dt, / dts / dts / Q43P Ly, Loy Loy Loy P
to to to to
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JlokanbHoe no BPEMEHN YpPaBHEHUNE

n = 1. Komnosnuwnnu: 1
Ki(t) = My(t) = PLP
n = 2. Komnosununn: 2 =1+1
o (t) = Ma(t) — My ()M (t)

t t
_ / A PLL,P —PLP | dinLy,P
to to
t

= [ dty(PLLL,P —PLPL,P)

to
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JlokanbHoe no BPEMEHN YpPaBHEHUNE

n=3. Komnosnuun: 3 =2+1=14+2=1+1+1
Ks(t) = Ms(t)—Ma(t) My () =My (t) Mo (t)+ M (£) M1 (t) M (t)

n=4. Komnosnumn: 4 =3+1=24+2=1+3=2+1+1=
1+241=14+14+2=14+14+1+1

Ka(t) =My(t) — Ms(t)M1(t) — Ma(t)Ma(t) — My (t)Ms(t)+
+ Mo(t) My ()M () + M (t)
+ M ()M () Ma(t) — My (t) (M (t))?
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JlokanbHoe no BPEMEHN YpPaBHEHUNE

B cnyyae obHynenus Heu€THbix kombunaunii PLi Ly, ... Ly P =0

4(t) 2(t)

/ dty / dty / dtsPLiLy, L1y L1, P
to to to

to
- / Aty PLLy, P ity / dtsPLy, L1, P
to to t
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JlokanbHoe no BPEMEHN YpPaBHEHUNE

VnopsagoveHme NHTErpasoB No BpeMEHN

t
/dtl/ dtg/ dtsf tl,tg,tg) / dtydtedts f(t1,te,t3)
to to to

t>t1>to
t>ta>2t32>t0
= / dtydtadts f(ty,t2,t3) + / dtydtadts f(t1,t2,t3)
t=2t1 2t >2t3>t0 t=2to>t1 2t32t0
+ / dydtodts (b, to,ts)

t>2to>tz >t >t0

= / dtidtadts(f(t1,ta,ts) + f(ta,t1,t3) + f(t3,t1,t2))

t=t1 2t >2t3>to
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JlokanbHoe no BPEMEHN YpPaBHEHUNE

t t1 to
Ka(t) = / dt, / dt / dts-
to to to

: (Pﬁ(t)ﬁ(tl)ﬁ(tg)ﬁ(tg)P — PLE)L(t)PL(t)L(ts)P

— PL({)L(t2)PL(t1)L(t3)P — Pﬁ(t)ﬁ(tg)Pﬁ(tl)ﬁ(tg)P>
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JlokanbHoe no BPEMEHN KNHETUHECKOE YPaBHEHNE

3ameTumM, 4TO MexXay npoektTopamu P npoussegeHus
ynopsigodeHsl no spemenn. OkasbiBaeTcs, 4To B 0bliem caydae
BepHa cpopmyna

tn 2
KM (t / dt, / dts . . / dtp 1kpo(LiLlsy ... Lo, ),
to to

rae Kp.o (LiLy, ... Ly, ) — 4aCTUHHO YNOpPsZOHEHHbIE KYMY/ISHTbI
(Kybo - Ban Kamnena). ([nst koMnakTHOCTN AanbHelwmnx popmyn
nepeobosHauum L; = L(t).)
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JlokanbHoe no BPEMEHN KNHETUHECKOE YPaBHEHNE

O [Muwem cTpouky PL...LP.

© Ha e€ ocHoBe nuweM Bce BO3SMOXHbIE CTPOYKU, BCTaBASS
onepaTopbl P Tak, 4TODbI MoNy4YMBLIAsi CTPOYKA COAepKana
X0Tsl Obl oguH cumBon L Mexay ABymsi onepatopamu P u
ctasum 3Hak (—1)77, rge #P — KonMYeCTBO BCTaBAEHHBIX
onepatopos P.

© [obasnsiem k nepsomy cumeony L vHAEKC ¢, a K OCTasbHbIM
WHAEKCHI ¢ Tak, 4Tobbl Mexay Ntoboii napoit cyneponepaTopos
P uHgekcbl ty, bbinm ynopsifoyeHbl Mo BO3POCTAHUIO MHAEKCA
k. Ecnun Takmx cnocoboB HeCKONbKO, TO BbIMUCHIBAEM BCE
BO3MOXXHbIE CMOCODbI, COXPaHsA 3HaK, NOAYHUBLUMIACA Ha
NpeablayLLEM Liare.

0 CKﬂaAblBaeM noNy4uUBLUNECA YNeEHbl C y‘-IéTOM 3HAKOB.
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JlokanbHoe no BPEMEHN KNHETUHECKOE YPaBHEHNE

Kp.o(LiLyy) -7

Q@ PLLP.

@ PLLP, —PLPLP.

© PLLyP, —PL/PLyP

Q kpo(LiLy) =PLLyP —PLPL,P

OcHoBbl Teopuun oTKpbITbIX kBaHTOBbIX cuctem |l. Jlekunsi 10 TepeT€nkoe AnekcaHap



JlokanbHoe no BPEMEHN KNHETUHECKOE YPaBHEHNE

KRp.o. (£t£t1 Etg ‘Ctg ) -7

Q@ PLLLLP.

Q@ PLLLLP, —PLPLLLP, —PLLPLLP,

—PLLLPLP PLLPLPLP PLPLLPLP PLPLPLLP,
—PLPLPLPLP.

©@ —PLLPLLP —
—PLLyPLY, L, P, —PLLY,PLy Lty P, —PLL,PL L4y, P
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JlokanbHoe no BPEMEHN KNHETUHECKOE YPaBHEHNE

Kpo.(LeLay Loy Lay) = PLLe, Loy Loy P—
~PLPLy LiyLiyP — PLL,PLyy Loy P — PLL,PLy LiyP—
—PLLeyPLy Lty P — PLLt, Loy PLiP — PLLe, Loy PL1yP — PLiLuy Loy P Lty P
FPLPLYPLy L1, P + PLPLy,PLy Loy P+ PLPLy,PLy, Loy P+
FPLPLy LiyPLeP + PLPLyy LigPLyP + PLPL, Loy PLey P+
FPLL,PL,PL,P + PLL:,PL,PLy,P + PLLy,PLy PL, P+
FPLLy,PLPLLP + PLLyyPLyPLyP + PLLiyPLy PLy,P—
—PLPLyPL,PLy,P — PLPLy,PLyPLy,P — PLPLy,PLy, PLyP—
—PLPLy,PLyPLyP — PLPLyPLyPL,P — PLPLyPLyPLP
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JlokanbHoe no BPEMEHN KNHETUHECKOE YPaBHEHNE

Heckonbko bonee komnakthblii Bug (Chaturvedi, Shibata, 1979)

Ki(t) = PLP
t
Kao(t) = | diPL.OL,P

to

t t1
Ks(t) = / ity / dto(PLOLs, QL P — PLiOL,PLYP)
to to

t t1 to
Kat) = / dty / dts / dt3(PLQL, OLy, QL1 P—
to to to

—PL; Q£t1 QﬁtSPEtQP —PL; Q£t2 Q£t3 Pﬁtl P+
+PLOL,PL, Lty P —PLQL, PLy, QL P—
—PLOL,PLY QLY P — PLQL:,PL:, QL P)
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JlokanbHoe no BPEMEHN KNHETUHECKOE YPaBHEHNE

Ananorunyno (Chang, Skinner, 1993)
Ti(t) = PLQ
t
IQ(t) :/ dtlpﬁtQﬁtlQ
t

0
t t1
I3(t) = / dty / dto(PLQL QL Q — PLIQLL,PL, Q)
to to

t t1 to
10— [Can [ des [ dn(@6,0£, 00,0610
to to to

— PLQLy, QL PL1, Q — PLQLY, QL PLy, Q+
+PLOLY,PLLHQ —PLOAL,PL QLY Q—
— PLQLyPLy, QL Q — PLQL,PLY, QLy, Q)
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C? @ F(L*(R))
HRWA /wkl®bzbkdk+ﬁa+a_®l+/ (g};a_ ® bL + groy ® bk> dk.

ﬁé%?\’/IA(t) _ / (ei(wkfﬂ)tgzo._ ® b; + gkefi(wkfﬂ)to__‘_ Q bk) dk

Li(p) = —i[HSET (t).p]

Pp =Trpp ® |vac)(vac|
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[Mpumep

YT1BepxaeHue.
LiLyor @ pp=—Gi(t —t1)ot @ pp,

rae
pB = |vac){vac|

Gr(t) = [ ke -0

Kpowme Toro,
Por ®@pp =04+ ®@pB
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Loy(04 ® pp) = —i[HET (1), 04 @ Jvac) (vac]] =

= —i/ei(”kmtlg};a_mr ® bzlvac> (vac|dk
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Le,(04+ @ pp) = —i[HET (1), 04 ® [vac) (vac]] =
= —i/ei(”kmtlg};a_mr ® bzlvac> (vac|dk
LiLy, (04 ® pB) =

o [f%%&f*a), / ! Dglo_o, © bl fvac) {vacldk| =
= —/gk/e_i(wk’_mt/ei(w’“_mtlg,ﬁmra0’+ ®bk/b;r€|vac><vac\dk:dk:’ =
= - /Qk'ei(wk'Q)t/ei(w’“mtlg,imr ® §(k — k') |vac) (vac|dkdk’ =

= —/dke"(wk_ﬂ)(t_tl)\gk|20+ ® |vac)(vac| =
= -Gt —t1)o4 ® |vac)(vac| [



(PLLLy, L1, Loy P — PLULY P Ly Loy P—
—PLULYPLY L1y P — PLL,PLy, L1, P)os @ pp =
= —(L4Loy Ly, Loy + LoLy, L1, L1,)01 @ p =
= — (Gt — t2)Gr(ts — t3) + G(t — t3)Gr(ty — t2))o4 ® p

OcHoBbl Teopuun oTKpbITbIX kBaHTOBbIX cuctem |l. Jlekunsi 10 TepeT€nkoe AnekcaHap



PaHee bbin0

%x(t) — a2 /O dsGr(t — $)a(s),  2(0) =1
o4 — 10_+U*p(t) - P(t)0+0>7

Mpw (1) # 0)
d .
70 = ilas000- 2 (0) (- pl0i —
rﬂ'e 4 J
B 7x(t) - Zx(t)
v(t) = —2Re dx(t) , Ae(t) =—1 dx(t) .
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[Mpumep

OTkyma sicHo, 4TO
Ki(p® pB) =

= <—i[A8(t)U+U_,p] +7(t) (U—P0’+ - ;{(MO’—»P})) ® pB
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[Mpumep

OTkyma sicHo, 4TO
Ki(p® pB) =

= <—i[A8(t)U+U_,p] +7(t) (U—P0’+ - ;{(MO’—»P})) ® pB

Ki(o4 ® pi) = — (z’Ae(t) T 7;”) (04 pp)
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OTkyma sicHo, 4TO
Ki(p® pB) =

= <—i[A8(t)U+U_,p] +7(t) (U—P0’+ - ;{(MO’—»P})) ® pB

Ki(o4 ® pi) = — (z’Ae(t) T 7;”) (04 pp)
(2) t
iNeP (1) + 722“) = /0 dt,Gr(t —t1)
iAW () + 7(4;@) =

t t1 to
:/ dtl/ dtg/ dts(Gr(t — )Gt —ts) + Gt — t5)Cr(t1 — 1)
0 0 0
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B YCNOBUAX pE30HAHCA:

Gr(t) = g267%t
42
() m(l—e%th:%, e@(t) =0
2
@y = (VY 3 @) () —
O == (sh t 2t> e@(t) = 0
Ki(p® pB) =

= (#9200 + X990 + 00%) (-p(010s = o p(0)} ) &0
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[Mpumep

V HaC COKPaTUJINCb YJI€EHbI BNAA
PLLy, L1yLi,P = PLLy,PLyyLy, P

P£t£t1£t2£t3pa+ & pB = G[(t — tl)G](tQ — t3)0+ ® pB

B cnyuae Gy(t) = g2e~ 2

t t1 to 4g4 -
/ dty / dtsy dtgG[(t—tl)G[(tQ—tg) = ?(—4—|—’yt—|—6_5t(4—|—’7t))
0 0 0

— 400 npun t = +o00.
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