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BBEAEHME 

J\nR H3y4eHHR Heo6paTMMWX npoueccoe B HepaBHOBeCHOM TepMOAM
HaMHKe MCXOAHT M3 ypaeHeHMM 6anaHca. J\JlH CMCTeMW 3apR•eHHWX 
4aCTMU B 3fleKTPOMarHMTHOM none 3TH ypaeHeHMR nOCTpOeHY C no
MOIJtbKl ypaBHeHHM HaKceenna 1 1•2 1• B KHHeTM4eCKOH TeOpHH HeKOTO
pye ypaeHeHMH 6anaHca TaKOM CMCTeMW onpeAeflffKlTCR e npM6nM•e
HMM caMocornacoeaHHoro nonR /cM., HanpMMep/3: /. Ao CMX nop, 
no HaweMy MHeHMKl, et11e He AaHO CTaTMCTM4eCKOH OCHOBW TO4HWX 
ypaeHeHMM 6anaHca AflR CMCTeMW aapR•eHHWX 4aCTMU. B AaHHOH 
CTaTbe nony4eHW ypaeHeHHff 6anaHca AflR 3TOH CMCTeMW Ha OCHOBe 
MeTOAa npOM3BOAHOM no napaMeTpy 14 1 • 

1. 06mME ~OPHYJl,I AIU! CPEAHEro 3HA4EHMff 

nycTb raMHflbTOHMaH HepaBHOBeCHOH CMCTeMY MMeeT BMA 

H = H 0 +Ht= H 0 - ~ ai f i(t )Q i -a~f' (t)Q '. /1/ 
I 

rAe ai - napaMeTpw, fi(t), f(t) - (!)yHK(tMM, 3aBMCH!qMe OT epeMe
ttM; Qj,Q' - COOTBeTCTBeHHO onepaTOPY o6<>6titeHHWX KOOPAMHaT. 

npeAnOflO*HM, 4TO CHCTeMa HaXOAMTCH B paBHOBeCHOM COCTOffHMM 

B MOMeHT t = - "". 
AM<M>epeHUHPYR no napaMeTpy a 1 onepaTop 

/2/ 

rAe U(t)- onepaTop 3BonK>itMM no epeMeHM, M cneAYR nyTeM, paapa-
6oraHHWM e pa6oTe l◄ I , nony4aeM clK>pMyny_ 

l 

~ - ~(t) = - -
1- f dt 1 f (t ')[ F(t). Q ( t ')J ~ 2a f'(t ){ F t) .Q ·(t ")J l. 

a ., · b t t - t a 1 aa 1 I -co /3/ 
TaKHM o6paaoM, cpeAHee 3tta4eHMe BenM4KHY F pa&t!O 

a i iJF ai ret 
< F (t) > ~ <F > + ~ f da . <--(t} > - i. J d:t.: f dl *f. (t ')GFQ (t .t ")-

a O i O l da - a i O I I i Ii. 
al "" l / ~/ 

-2fda'a· f f'(t 1G18t(lt ')dt• 
O 1 l_,,, FQ• ' ' 

B KOTOPOM ·c;~t (t, t') eCTb .:yt{Kqff.R rpt1Ha l 4 t 

cret (t t 'h q(t-t ')-1- <( F(t) Q (t ')l :), •11(14 .. )~U F(t) ,Q{t A}]L "°'f./'!if 
J'Q ' ib • - a ib. 

HMeeT BHA 121. 
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<l>opMyna /4/ RBnReTCR T04HOH AnR cpeAHero 3Ha4eHHR. C no
MOlllblO 3ToA <1>opMym1 onpeAenHM ypaeHeHHR 6anaHca AnR CHCTeMbl 
3apRmeHHWX 4aCTH4 B 3neKTpOMarHHTHOM none. 

faMHnbTOHHaH CHCTeMw 3apRmeHHWX 4aCTH4 HMeeT BHA 
1 h ea1 ➔ ➔ 2 ➔ ➔ 

H=-fif,+(~{-:- - -A(x,t)) if,(x)dx + 
2m l e 

➔ + ➔ ➔ ➔ 

+ f ea2 ¢>(x,t) if, (x) if,(x) dx +Hint, 
/6/ 

➔ ➔ ➔ 

rAe a1A(x, t) - BeKTOPHblH noTeH4Han, a2ef>(x, t) - CKanRpHblH 
noTeH4Han, H AnR npoCTOTbl pacCMOTPHM nHWb OAHH COPT 4aCTH4. 

BwpameHHe /6/ MOmHO sanHCaTb a APYrOM BHAe 

a ➔ ➔ .... ➔ ➔ ➔ .... .... ea 2 ➔2 ➔ ➔ .... 

H=H0 --1 fA(x,t)j ,{x)dx+a2fef>(x,t)p (x)dx+-1- 2fA (x,t)p
0

(x)dx,/7/ 
e oe e 2me 

,rAe Ho - raMHnbTOHHaH CHCTeMbl B OTCYTCTBHe 3neKTPOMarHHTHOro 
nonR 

h 2 ... 2 ➔ ... 
H = -- fif,+(x)V if,{x) dx+ H I t 

O 2m n 
➔ ➔ 

j Oil (x) - onepaTOP nnoTHOCTH TOKa B OTCYTCTBHe nonR 

...... h +-> ➔ +-> ➔ 

J• (x) ~-e-l·'· (x)V if,(x)-Vif, (x)if,(x)l, 
oe 2mi 'f' 

p (i) - onepaTOP nnoTHOCTH 3aPRAa e 
➔ + ➔ ➔ 

p 
0

( x) =e•if, (x) if,(x). 

/8/ 

/9/ 

/10/ 

KaK H3BeCTHO, onepaTop nnoTHOCTH TOKa B 3neKTpOMarHHTHOM 
none paeeH 

2 
... ➔ ... ... e a1 ... ... + ➔ ➔ . 
j (x) = j (x) - --A(x, t) rjJ (x)if,(x). 

e oe me 
/11/ 

➔ ➔ 

TaKHM o6pa3oM, onepaTOP_ j e<x) RBHO 3aBHCHT OT napaMeTpa a 1· 
CneAOBaTenbHO, HCnonb3YR ct>opMyny /4/, HMeeM TO4HOe BblpameHHe 
AnR nnoTHOCTH TOKa 
➔➔ ➔➔ al· ➔ a1 oo ➔➔➔ 

<j (x,t)>=- eA(x,t) f da(p (x,t)>-!..J daif dt'(dx'A(x',t'}G.!0
~ 

e a me O e a e 
O 

_
00 

• leJ oe 

➔ ➔ 

(x,t;x~ t')+ 

a2 . 00 ➔ ➔ ret ➔ ➔ 
+ f da 2 f dt 'fdx'ef>(x',t')G,.. (x, t; x~t•) + 
o --oo lePe 

/12/ 

al oo ➔ ➔ ➔ -.. ➔ 
+~ fda1a1 fdt' fdx'A2 (x',t')G~et (x,t;x',t'). 

mc2 o -00 lePe 

AHanorH4HO, TO4HaR ct>opMyna AnR nnOTHOCTH 3apRAa HMeeT BHA 

2 

al ➔ 1 00 ➔ ➔ ➔ ret ➔ ➔ 
<p (x,t)> =<p >

0 
-- f da

1 
fdt' fdx' A(x',t')G ➔ (x,t;x',t')+ 

e a e e PJ o -cc e oe 

a2 
+ f da 

0 

+-e
me2 

00 ➔ ➔ ret ➔ ➔ f dt' fdx'ef>(x' t')'G (x t·x' t ')+ 
-oo ' PePe ' ' ' 

a1 oo · ➔ ➔ _,. 

f a~da; f dt' fdx'A 2 (x', t')'G ret 
o -oo P0 P0 

➔ ➔ 
(X, t; X ', t ') , 

/13/ 

MomeM e111e onpeAenHTb npHfinHmeHHOe Bb1pameHHe AnR cPeAHero 
3Ha4eHHR. TaK, HanpHMep, HaAAeM Tenepb ewpameHHR nnoTHOCTeA 
TOKa H sapRAa a nepBOM HenHHeAHOM npH6nHmeHHH. PasnaraR 
➔ ➔ ➔ /4/ 

<j
0

(x,t)>a H <p
0

(x,t)>a no napaMeTpaM a 1 H a2 , nony4aeM 
B~pameHHe AnR nnOTHOCTH TOKa 

<f<~.t)>=1· ·+T , e a JlllH • tteJI. 

➔ . ➔ ➔ ➔ a 00 ➔ ➔ ➔ et ➔ ➔ 
j =-~<p (x)> a A(x,t)--1-fdt'fdx'A(x',t')G: I!. (x,t;x',t')+ 

JillH • me e o 1 e oo · · j j oe oe 

00 

+ a
2 

f dt' f d'i' </> (i ', t ') G~
0 

t 0 

-oo loeP e 
(i.t;x', t'), 

➔ 

j 
neJI. 

2 ➔ ➔ ➔ ➔ 
00 ... ea

1
A(x,t)A(x',t') ret 0 ... ... ') 

f dt' f dx'l-=------'G ,.. (x,t;x', t + 
me 2 Pe Joe 

-00 

+ eajA2(x',t') .
0

~t0 (x, t;x',t')- ea1a2A(x,t)ef>(x~t') ,0 reto (x,t;x', t')l + 
2me 2 Jo p e me pep a 

00 2 ➔ 
+ _[[ dt 'dt,, ff di' d;" I a 1A(x ', t ') A(x ", t ") 

2c 2 

rd ➔ ➔ ➔ 
[r➔ ~ ... (x,t;x'~t";x~t')+ 

joe- -bej oe 

ret ... +ti,,.."'" o ➔ (x t·°i' t'· ... x" t")] ata2A(x',t')¢(x'~ t") 
J 1 j • , , , ' - ----;:----------
oeoe oe 2c x 

3 



4 

ret ➔ ➔ ➔ ret ➔ ➔ ➔ 
x[r➔ 0

.,. (x,t;x':t";x:t')+~ ➔ ~ (x,t;x:t';x",t")+ 
joef>ejoe joeloePe 

.., ret 0 +1➔ ➔ 

Joe Joe Pe 

➔ ➔ ➔ ret0 ➔ ➔ -+ 
(x t· x' t'· x" t") + ~ ➔ ➔ (x t· x" t"· x' t')] + 

' ' ' • ' joeJJe j oe ' ' ' ' ' 

a: ¢(x',t')¢(x",t'?r!eto (i,t;i"", t"; ;,, t') + 
+ 2 joeP e p e 

ret 0 ➔ ➔ ➔ 
+A➔ (x t • x' t'· x'' t")] I 

joePeP e • • ' • ' 

11 Bb1pameH11e AJ1fl nJ10THOCTl1 3apHAa 

<p (i,t)> =p +p 
e . a Jll1H. Hell. 

➔ a 1 oo ➔ .... .... ret 
p =<p(x) > - - f dt' Jdx'A(x:t')'G JI 

Jll1H. o c -oo Pej oe 

➔ ➔ . 

(x, t;x', t') + 

.
00 

... ➔ · ret ... ➔ 
+a J dt' Jdx'¢(x' t')'G O (x t·x' t') 

2-oo • PeP e • • ' • 

00 2 

PHM = 12 ff dt 'dt "Jf dx'dx"I a i A(i ', t ') A (x ", t ") x 
-oo C 

ret 0 ➔ ➔ ➔ ret 0 ➔ ➔ ➔ 
x[r ➔ ➔ (xt·x"t"·x't')+~ .... ➔ (xt·x't'·x"t"}}-

PeJoejoe '' ' ' ' . Pejoej oe '' ' ' ' 

a1 a2 ➔ .... .... ret O ➔ ➔ .... 
---A(x' t')¢(x" t")[r .... (xt·x"t"·x' t')+ 

C ' ' PeP e J_oe ' ' ' ' ' 

n ret0 +.,.,. ➔ 

Pe JoeP e 

r 
ret

0 + ➔ 
PejoePe 

(i,t;i',t';i", t'')+ 

(➔ ➔, , ... ,, '') n reto ➔ ➔n ,, ➔, ')] x,t;x ,t ;x ,t +,,_,. ➔ (x,t;x ,t ;x ,t + 
PePejoe 

2 ➔, , ➔,, ,, re to ➔ ... ,.. ,, ➔, , 
+a 2 ¢(x,t)¢(x ,t )[rp PP. (x,t;x ,t ;x,t )+ 

e e e 

/15/ 

/16/ 

ret o /17/ 

+ ~ P
0

PePe 

➔ ➔ ➔ 

(X, t; X ', t '; X ", t "))'1, 

G 
ret o r ret o TT ret 0 

r Ae :-+ , :+ ➔ :-+ , f--11 ➔ :-" 
Peloe loeloeloe loeloePe 

- paBHOBeCHble 

~YHK~1111 rp11Ha. TaK, Hanp11Mep, 

rAe 

ret 0 ➔ ➔ 1 ➔ -+ -+ 
'G ,. (x,t;x',t')=7J(t-t')-.-<[p 0 (x,t),j 0 (x',t')] > , 

P
8 

J-
08 

: .. • 1h e oe - o 

ret 0 r ........ ➔ 
joej oe j oe 

(i t· i" t"· i· t')-' , ' , ' -
1 ➔ ➔ ➔➔ ➔➔ 

=7](t-t'')7](t-t')--<[[j0 (x,t),j 0 (x",t")]j 0 (x',t')]> , 
(ih)2 oe oe _oe _o 

ret 0 
~ .... ➔ 

joej oeP e 
(i,t;"i: t';i'',t"') = 

=7] (t-t') T/ (t '-t ")_!_<[ 
(ih) 2 

➔ ➔ ➔ ➔ ➔ 

j 0 (x, t)(j 0 (x: t'),p 0 (x", t")] ] > , 
oe oe , e - - o 

p:(x, t) = eiH 0 t/h 

7:/;, t) = e iH0 t/h 

➔ 

Pe (x') e -IH otlh 

➔ 

j oe <ib e -iHot/h 

/18/ 

/19/ 

/20/ 

Jl11Hei::iHble 4J1eHbl j l1 , p cosnaAalOT C pe3VJ1bTaTaMl1 Teop1111 003-
/5/ JI H. Jll1H • · u ~ 

MYU1eHi-1i::i, ' HO: BblP,alKeH~fl HeJ111Hel1Hbl~ 4J1eHOB jHe,ll-' PHe.n. flBJ1fllOTCfl 60-
nee noJ1Hb1M11 no cpasHeH1110 c Teop11e11 so3MYU1eH111-1 ; 4/. . 

2. YPABHEHHE COXPAHEHHR 3APRAA 

npelKAe scero Han11weM ypasHeH11e AB11meH11fl onepaTopa t/1(;, 
;i,,.,-:, h 2 2 ➔ .... ➔ ➔ .... ➔ ➔ ➔ 

ih~=--V iµ(x)+J<ll(x-x')n(x')iµ(x) dx'+ea
2

¢(x,t)iµ(x)-
at . 2m 

h 2 2 e a 1 .... ➔ .... • e a 1 2 ..... ➔ 
- --. -A(x, t) V iµ(x) + ---A(x, t) iµ(x), 

mm 2mc2 
/21/ 
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r,qe ,Mbl 1-1cnonb3oean1-1 e1-1,q onepaTop_a noTeH1..11-1anbHOH 3Hepr1-11-1 e3a1-1-
Mo,qei1cTe1-1S1 

1 ➔➔ +-+ ➔) ➔➔ ➔ H. =-f<I>(x-x')tf, (x)n(x' tf,(x)dx'dx 
lDt 2 ➔ 

1-1 nepecTaHOB04HWe COOTHOWeHHfl ,qnfl onepaTopoe tf,(~. a TaKme -+ 
ycnoe1-1e div A-= O. 

Tor,qa ypaeHeH1-1e coxpaHeHHfl 3apS1,qoe e onepaTopHoi:::i $opMyne 
HMeeT !'lHA 

ap (x) -+ -+ 
__!!__ + div j (x) = 0. /22/ 

at e 

J:IH$$epeHL1HPYfl BblpameHHe /13/ no epeMeHH C 3aMe4aHHeM 

al -+-+ al 
1 -+ ,.. ➔ 1 .... -+ ➔ eA(x, t) ... - ,- f da 1f dx'A (x: t)-<[p (x,t), j (x: t)] > =--- f da

1 
<p (x,t)> 

c O · ih e o e - a me 
O 

e a 

1-1 1-1cnonb3Yfl /12/, /22/, Haxo,q1-1M ypaeHeH1-1e coxpaHeHHfl 3apfl,qoe 
a<pe(x, t)>a ➔ ➔ 
---+ div<j ( X, t)> = 0. /23/ at e a 

3. YPABHEHHE ,llBHmEHHR CHCTEMW 4ACTHU 

H3 ewpameHHfl /9/ MomeM eweecTH ypaeHeH1-1e ,qnfl onepaTopa nnoT-
-+ 1 ➔ ➔ 

HOC TH TOKa 4aCTHI..I j(x) = 6 j 08 (x) 

aj (i) h 2 -+ .... + -+ -+ 1 -+ 
_a_+ IVRl-2[vR tfr+(x)v tf,(x)+v tf, (x) V~tf,(x)--2 v;; n(x)]-at f3 ,., 2m ,., a · a ,-, ,.,a 

eha 1 

2m 2ci 

+ ➔ ➔ + ➔ ➔ + ➔ ➔ + ➔ ➔ 
[,A/3(tf, (x)Vatf,(x)-Vatf, (x)tf,(x))+Aa(tf, (x)V/3tf,(x)-V/3tf,(•x)tf,(x))]I= 

1 ➔ ➔ + ... -+ ... ➔ m -+ a 1 aA (x, t) 
=--JV <I>(x-x')tf, (x)n(x')tf,(x)dx'--[a V cp(x,t)+- a ]-

ma m 2a Cat 

6 

eha
1 

2m 2ci 

➔ ➔ + ➔ ➔ + ➔ ➔ 
I(V A13(x,t)-VRA (x,t))(V/3!/J (x)tf,(x)-tf, (x)V tf,(x)) -
f3 a t-' a f3 

el?ar ~ 2 ➔ -+ s;; -+ ·-> , ·' 
--[ V - Af3(x,t)n(x) + 2- A,J(x,t)!\ (x.t) "t,11txd. 

2m 2c 2 a f3 fJ t-' u ' 
u,{3=1.2,3. 

/2lf/ 

no,qo6Ho151 ,nepewi1 4neH npaeoi1 4aCTH /24/ M6mHo npeo6pa3oeaTb 
K BH~Y AHBepreHL1HH, BTopOH 4neH 3an1-1cweaeTCfl B BH,qe 

e ➔ a 1 aAa ci. t) ➔ 0 ➔ ➔ 
- -[a V ¢(x,t)+...j_ ----]n( x)-=-D (x,t)n(x), 

m 2 a C at m a 

r,qe D - eeKTop 3neKTPH4ecKOH HHAYKI..IHH 
➔ ➔ 

5 =-a V ¢(; t)- ...::!.- aA(x, t) 
2 ' C at /25/ 

TpeTHH 4neH paeeH 

eh a1 + + ) 1 (~ -+B) 
---I(V A/3-Vf3A )(V13!/J ·!/J-tf, V13!/J .. - J 08 x a' 

2m2ei /3 a a me 

r,qe B - eeKTop MarHHTHOH HHAYKI..IHH 

B =· a
1
rotA. /26/ 

A nocne,qHHH MOmHo 3an1-1caTb e e1-1,qe 

e2 a2 e2a2 . 
1 [V IA/32 n(i)+2IARA V/3n(;)]=- 1 V A2 n(~) -

2m2e2 a /3 f3 t-' a 2m2c2 a 

e2ar -+ e2arn (i) 
-- I V (A A n(x)) + _ _,__ __ I (A/3· V/3)A • 
m2e 2 /3 /3 /3 a m2e 2 /3 a 

TaKHM o6pa3oM, ypaBHeHHe ABHmeHHfl CHCTeMbl 3an1-1caHO Bone
paTOPHOH $OpMe 

a;rit) -+ .... -+ 1 -+ -+ -+ 
~..l&.. + DivT(x) = eDn(x) + -j (x)xB. at · e 8 

Anfl BblBO,qa /27 / Mbl npHMeHHnH H3BeCTHOe COOTHOWeHHe 

➔ ➔ 1 2 ➔ ➔ 
Ax V x A = - VA - (A. V ) A. 

2 

/27/ 

OnepaTOP TeH30pa HanpflmeHl-111 CHCTeMW 3apflmeHHWX 4aCTHLI paeeH 

.... ... a1 ... ... eaf · ~ 
T/3 (x) -= T0/3 (x) - -[ AR j (x) +.A j f3 (x)] + --A,A p (XJ. /28/ 

a a e ,., oea a oe me p a e 

B /28/T8 (~ eCTb onepaTop TeH30pa HanpflmeHHH CHCTeMW B oT-,.,a · 2 

cyTCTBHe 3neKTPOMarHHTHOro nonfl 151• TpeTl-111 4neH eal ArA p (i) 
me2 p a e • 

COOTBeTCTBYeT KOHBeKTHBHOMY ABHmeHH~ 4aCTHI..I B MarHHTHOM none. 
8 TOM cny4ae, Kor,qa CHCTeMa Haxo,qHTCfl B cna6oM 3neKTPOMarHHT
HOM none, MOmHO C4HTaTb Tf3a(it> "'T~ (it), KaK 3TO npe,qnonaraeTCfl 
e HepaBHOBeCHOH TepMOAHHaMHKe111 • a . 

npaeafl 4aCTb ypaBHeHHfl /27/ eCTb ·onepaTop nnoTHOCTH 3neKTpo
MarHHTHOH c1-1nw /c1-1na nopeH1..1a/. 

CornaCHO /4/, HCXOAfl 1-13 /28/, nony4aeM T04Hy~ $OpMyny ,qnfl 
TeH30pa HanpflmeHHfl CHCTeMW 
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➔ ➔ a1 1 ➔ . • ➔ 
<T(x,t)> =<T(x)> - I J da{l-(A <j /3(x,t)> +:A/3<J (x,t)> I -

a o a,{3 
0 

e a oe a oea a 

2ea' ... a1 00 ~ ➔ ...... 
- --1-:AAA <p (x, t)> 1-1. J da; J dt 'J dx 'A (x; t ')'G ret 

O 1 
(x,t;x: t ') + 

me p a e a e 
O 

--oo T-T , 
0 8 

a2 oo ➔ ➔ ➔ ➔ 
+ J da J dt' J dx'¢(x' t')'Gret (x t·x' t') + 

o 2--oo ' Tpe ' ' ' 
/29/ 

a1 oo 

+~ Ja1da1 J dt' Jclx'A2 (x', t')•a;~t (x,t;x', t'), 
me o -oo . e 

CneAOBaTenbHO, Hcnonb3YR /12/, /13/, /27/, /29/, HaXOAHM ypas
HeHHe ABHmeHHR CHCTeMW 

a<p(i, t)> · ... ➔ • ... 1 ➔ ➔ ... 

a a +Div<T(x,t)> = eD<n(x,t)> +-<j (x,t)> x B. t a a e e a 
/30/ 

EcnH CHCTeMa COCTOHT H3 MHOrHX COPTOB 4aCTH4, TO HeTPYAHO 0606-
~HTb ypaBHeHHe /30/ AnR nony4eHHR ypaBHeHHR ABHmeHHR 

a<p(i,t)> ➔ ➔ ➔ e. ➔ ➔ ➔ 
. a +Div<T(x,t)> =Ie.D<n.(x,t)> +I-.-1 <j.(x,t)> xB, at ' a i I I a i e I a 

<p(x, t)> = I <pi (x,t)>. , <T(x, t)> = I <Ti,(x, t)> a. 
· a i a a i 

/31/ 

BBeAeM CKOPOCTb 4eHTpa Maccw 
• .. ➔ 

I<p.(x,t)> 
➔ ➔ i I a 
v(x,t)= ... 7 mi<ni (x, t)> a 

v<<e /32/ 

H onepaTop AH$$y3Horo noToKa 
➔ ➔ ➔ ➔ ➔ ➔ 

J i ( X, t) = mi [ j i ( X, t) - n i ( X , t) V] • /33/ 

TorAa ypasHeHHe 6anaHca HMnynbca /31/ npHBOAHTCR K SHAY 
➔ 

➔ dv ➔ 
<p(x, t)> - + Div<P(x, t)> = 

a dt a 
/34/ 

➔ ➔ e1 ➔ ➔ ..... 

=I e.D<n. (x,t)> + I-<j.(x,t)>ax B, 
i I I a ie I 

8 

; 

,i! 
I, 

' 

\ 
i 

l ,, 

' 
I, 

J 
:~ 

<Pei. t)> = <Tex. t)> - <p(x, t)> vv. 13s1 • a a a 
Ha /34/ HaHAeM ypasHeHHe 6anaHca AnR KHHeTH4eCKOH 3HeprHH ABH
meHHR 4eHTpa Maccw 

a1... 1... ... ... 
-· -(-<p(x,t)> v2) + div{[-<p(x,t)>a v 2+<P(x,t)>a]vl"' at 2 a 2 

... ... ➔ ei ➔ ➔ ... ... ... /36/ 
= I e. D<n (x, t)> v- I -- <J. (x, t)> -vx B + <P(x, t)>a :'Gradv, 

• 1 i a ·me 1 a 
l l i 

➔ ➔ 

rAe <Ji(x,t)>a - AH$$Y3HOHHblH nOTOK 
... ➔ 

~<Ji (x,t)>a =0. 
l 

4. YPABHEHHE 6AnAHCA 3HEPrHH 

HCXOAR H3 Bblp.ameHHR AnR Ho(x) H HCnonb3YR /21/. HaXOAHM 
ypaBHeHHe, onHcwsa~~ee H3MeHeHHe 3HeprHH: 

➔ 2 2 aH o (x) ... .. ... ... e a 1 2 ... ... 
-~-'--+divj (x),.,-ea grad¢•j (x)--gradA -j (x), at Ho 2 o 2me 2 o 

·1371 

rAe 
... ... h 3 + 2 2 + 1 ... ... + ... ... ... ... ... 
jH (x) =~(Vtf, V tf,-V tf, Vtf,)+-J<l>(x-x')tf, (x')j (x)tf,(x')dx'+ 

0 4nr i 2 ° 

+.!. I (-l)n Vn-t Jdx'(x-x')nV<l>(x-x')ltf,+(it')j(x)tf,(x')+ 
4 n:::_1 n! 

➔ ... ... ... eh"'a 1 ... + 
+tf,+(x)j(x')tf,(x)I- --A Vtf, Vtf, 

2m 2 e 

- onepaTop noTOKa 3HeprHH. 

/38/ 

. 3TOT onepaTOP 3aBHCHT OT napaMeTpa at, nO3TOMy, cornaCHO 
/4/, ero cpeAHee 3Ha4eHHe pasHO 

... ... a1 eh2 ➔ ➔ ... 

<j (x,t')> =-J da 1--A<Vtf,+(x,t)Vtf,(x,t)> + 
;_ Ho a o 1 2m2c z 

l (-lt n-1 ➔ ... ... ... ... ➔ + ... ➔ ... 
+-~ I -- V J(x-x')n V <l>(x-x')[A(x, t)<tf, (x', t)n(x,t)tf,(x', t)> a+ 

4 me n:::_1 n! · 

9 



➔➔ + ➔ ➔ ➔ ➔ 
+ A(x', t) <t/1 (x, t)n(x', t)t/J(x, t)> ] dx I -

a 

1 a 1 "" ➔ .,. ➔ ret ➔ . ... a2 :"' ➔ ➔ 
- - f da; f dt 'f dx 'A ( x ', t ') G :> ~ ( x, t; x ', t ') + f da 2 J dt ' f dx 'c;'> ( x ', t ')x 

C 
O 

-oo l H0 l oe O -"" 

a1 "" 

G 
ret (➔ ... , ') e f 'd , fd 'fd ... , 2 ( ... , ')Gret ( ...... , ') x :+ X, t; X ,t +-- al a

1 
t X A X, t j p X.t ;x, t • 

lH
0

Pe mc 2 
0 -oo H0 e 

/39/ 

Cpe,QHRR 3Hepnrn <H 0(x', t)>a 1-1MeeT Bl-1,Q 

➔ ➔ 1 al "" ➔ ... · ... 

<H (x,t)> "'<H (x)> - - fda1 f dt' Jdx'A(x', t')G~et_, <x.t:i·. t')+ 
o a o a c o -oo o Joe 

/40/ 
a2 00 ➔ ➔ ret ➔ ➔ 

+ f d¾ f dt'Jdx'¢(x',t')GH (x,t;x',t') + 
o -oo oPe 

a1 oo ➔ ➔ . ➔ _. 

+-6- J a'da' f dt' Jdx'A2 (x',t')Gret (x,t;x~t'). 
mc2 o 1 1-oo HoPe 

Cne,QoBaTenbHO, aHanor1-14HO npe,Q~,Qy~eMy, nonj4aeM ypaBHeH1-1e 6a
naHca 3Hepr1-11-1 

a<H
0
(x, t)> a ... ➔ ➔ ... 

----- + div< j H (x, t) > =- ea2grad¢ • < j 0 (x, t) > a at O a 

. e2 a21 . 2 ... ... 
.,. -gradA -<j 0 ( x,t)>a • 

2mc2 

/41/ 

AnR C"1CTeMbl, COCTOR~eH "13 MHOr"1X copTOB 4aCT"1~, ypaBHeH1-1e "1Me
eT 8"1,Q 

a<H (;,t)> ... ... ... ... 
0 a +div<jH (x,t)> =-~e.a 2grad¢<ji0 (x,t)>a at O a l I 

e2a2 ... ... 
-I _i_l gradA2<j1o(x,t)>a, 

2m.c2 
l 

➔ ➔ 

<H (x,t)> = I<H. (x,t)> , 
o a i 10 a 

<jH (;;,t)> = ~<jH· (;;,t)>a. 
o a I 10 

B 3TOM cny4ae onepaTop j8 . (,0 paseH 
10 

/42/ 

➔ ➔ h 3 . 1 ➔ ➔ ➔ ➔ ➔ ➔ ➔ 
j H. (x) = --1 V tjJ+_ v' 2t/J. - V 2tjJ: v' tjJ . I+ - I J<t>k. (x-x')r//k (x')j. (x)t/Jk(x')dx'• 

10 4m ~ i l l l I 2 k I 10 

l 

10 

+..!.. I 
8 k 

2 (-1t v' n-1 J(x-i')n v'<t>ki(x-x')ltjJ:(i')ji(x)iflk(x')+ 
n ~ 1 n! 

+ ➔--,. ➔ ➔ + ➔ ➔ ➔ ➔ + ➔ ➔ ➔ ➔ 
+ t/J 1 (x)J k(x')r/J 1 (x) + if! i (x')j k (x) t/J

1 
(x')+iflk (x)j i (x')iflk (x)ldx' -

e2ih2a1 A v' if!: v' if! i • 
2m 2c 

/43/ 

i 

5. YPABHEHHE 6AnAHCA 3HTPOnHH 

nepeXO,QR K C"1CTeMe KOOp,Q"1HaT, ,QB"1my~eHCR co CKOPOCTb~ 
v( X, t) , . aHanor"14HO 151, "1MeeM 

n / x, t) = n; (x, t) , 

➔ ➔ ➔ ➔ ➔ ➔ 

p 1(x,t)=pi(x,t)+p
1
(x,t)v, 

/44/ 
➔ , ➔ ➔➔, ➔ 1 ➔ 2 

H
10 

(x, t) = Hio (x, t) + vp
10 

(x, t) + 2 r1 (x, t) v , 

r,Qe cornacHo /11/ 

... ... ➔ ... ei at ... ... 
p 1 (x,t)=p 10 (x,t)- -c-An

1 
(x,t) /45/ 

Ecn1-1 C"1CTeMa KOOP,Q"1HaT ,QB"1meTCR co CKOpOCTb~ 
Bb1pameH"1eM /32/, TO ee "1MnynbC paseH HYfl~ 

➔ u 

v, onpe,QeneHHOl-1 

<p'(i,t)> =I<p;(x",t)> =O, 
a i a T.e, 

➔ ➔ ... ... ei a 1 ... ... 
<p'(x,t)> =2<p.'(x,t)> =2~.A<n

1
(x,t)>. 

O a 1 10 a 1 c a /46/ 

Tor,qa 1,13 /44/ BblBO,Q"1M 
... ... e. ... ... ... 1 ... 2 

<H (x t)> =<H'(x,t)> +I --1-a 1A<p.(x,t)> v+-<p(x,t)>a v ·, 
o' a o a i me 1 a 2 

i 
Hcnonb3YR /11/ 1-1 /31/, MOmeM Han1-1caTb cne,Qy~~ee ypasHeH1-1e 

➔ a ei ➔ ... ➔ 6 1 aA ➔ ➔ 
--[ I--a A<p.(x,t)> v]=I--a --[m.<j. (x,t)> -
cJt i m . C l 1 a i m . C 1 at . 1 10 a 

I l 

II 



ei a
1 

➔ ➔ e. ➔ ➔ 
---A<n.(x,t)> ]+I-1-a

1
·A[-Div<T.(x,t)> + 

c l a i mic l a 
/47/ 

➔ ➔ et ➔ ➔ .... 

+ ei D<n /x, t)> a+ c<j i (x, t)>a x B ] , 

nocKOilbKY a 1A RBnReTCR nonepe4HblM seKTopoM, a D 11 =-a 2grad¢ -
npO,QOilb HblM, TO HMeeM 

e2a2 ➔ aK ➔ e2a ...... ➔ 
- I ...:.c..LA--<n.(x,t)> +I ..:J..:..1...AD<ni (x,t)> 

m C 2 at 1 a i m . C a 
i l 

➔ ➔ e~ ... 
= 2D .L a 

1
:A I --1 

- < n . ( x, t) > , 
i m C l & 

/48/ 

➔ a al. 1 
r ,Qe D .L = - ? _ "at, - nonepe4HOe none. 

KpoMe Toro, MomeM npeo6pa3osaTb 

➔ ➔ ➔ ➔ ➔ ➔ ➔ ➔ al ➔ ➔ 2 
:A,(<j, (x,t)> xB)=-a

1
<j (x,t)> (AxVxA)=--2 <j.(x,t)> VP\ + 1 a i a 1-a 

/49/ 
.... ➔ ➔ .... at .... .... 2 .... ➔ ➔ .... 

+a <j.(x,t)> (AV )A=--<j. (x,t)> VA +a 1 <j. (x,t)>Div(AA), 
11 a 210 a 1 a 

B KOTOPOM Mbl 1,1cnonb3OBa111,1 cooTHOWeHHe div A =0 1,1 CBOHCTBO npo

,QOilbHOCTH nonR gradA2 . 
no,QcTasnRR /48/ 1,1 /49/ s /47/, nony4aeM ypasHeHHe 6anaHca 

e .... .... .... 
,QilR seilH4HHbl I _:,J__a

1
A<pi (x, t)> v: 

i mi c a 
a e. ➔ :. ' e. ... ➔ 
·-[ I --1 -a

1 
A <p. (x, t)> v l+ div I [--1-a1 A<T1 (x, t)> a -at i mi C 1 a i mi C 

e2a2 ➔ .... ➔ ➔ .... ~ ➔ .... ~ ➔ 
-..:L.l...A1A<j (x,t)> l=-D.Liei<Ji (x,t)> -2D.t<J

8
.L(x,t)>a + 

m c 2 i a i o a /50/ 
i 

2 ➔➔ ' 2 ei ... a 1 ... .a1AA-: e 1. ... ... 
+I-<T.(x,t)> :-GradA ---: I~'Grad<j1 (x,t)> -

i m
1 

1 a c c2 i mi a 

e2 a2 ... ... . 2 
-, I _L.1.. <j ( x, t)> grad:A , 

i 2m c2 1 a . i 

r,Qe 

... ... e~a ➔ ... 

<j (x,t)> -=-I..:::.i:l.A<n.(x,t)>a 
e.L a i mic l 

/51/ 

- nqnepe4HaR 4aCTb 3JleKTPH4eCKoro TOKa. 

12 

TaKHM o6pa3oM, cornacHo
161, ypasHeHHe 6anaHca 3HTpon1,11,1 Haxo

AHTCR "13 swpameHHR 

as(x,t)=.!.__a_l<H'(x,t)> _ 2 /lo<n'(X:t)> 1, 
at T at · o a i i i a 

T, e, "13 

as(x, t) =.!..L1<H (x,t)> -I _e_i_a A<p. (x,t)> v 
at T at O a i m . C 1 l a 

l 

_.!_<p(x,t)> v2-I/l?<n.(;,t)>a t. 
/52/ 

2 a i 1 l 

r,Qe 3aMe4aeM, 4TO MW paccMaTpHBaeM CHCTeMy IlHWb B OTCYTCTBHe 

TepMH4eCKoro BO3My~eHHR. 

noACTaBnRR /36/, /42/, /47/ B /52/, ypasHeHHe 6anaHca 3H

Tpon1,11,1 3an1,1cwsaeM s BH,Qe 

➔• ➔ ➔ 
a s(x, t) + divj (x, t) = a(x, t), 

at s /53/ 

➔➔ 1 ➔ ... 1 ... ... ➔ ... 

j (x,t)=-I[<j (x,t)> --<p.(x,t)> v 2v-<P.(x,t)> v -
s T i H io a 2 1 a 1 a: 

e ... ... e2a 2 ... ... :+ ... :+ ... /54/ 
- ..:.....:..i_a 1A<T. (x,t)> + 1 1 AA<Ji(x,t)> -/l 0i<J. (x,t)> ], 

m .c 1 a m. c 2 a 1 a 
l 1 

a(x,t)=.!.12l<J. (x,t)> (D+.!.vxB)-<P(x,t)> :'Gradv -
T i mi 1 a c a 

e ➔ at ➔ 
- I ...:.i... <T (x, t)> : -Grad A + /55/ 

i mi i a c 

+ a2fA 
c2 

e2 ... ... ... ... 
: I - 1-·arad<j (x, t)> - <j (x, t)> gradfl 0 I 

i m. i a i a i 
1 

11TaK, nony4eHw TO4Hble BWpameHHR ,QilR nnOTHOCTeH nOTOKa 1,1 

npoH3BO,QCTBa 3HTpon1,11,1. Bee 4IleHW B /55/ paBHbl npOH3Be,QeHHRM 

noTOKOB 1,1 conpRmeHHWX CHil. TpeTHH 1,1 4eTBepTWH 4JleHw - /55/ 
CBR3aHbl C RBileHHeM MarHHTHOH BR3KOCTH, KOTOPble OTCYTCTBYIOT 

B H3BeCTHblX pa6oTax no HepaBHOBeCHOH TepMO,QHHaMHKe. B cny4ae 
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cna6oro 3neKTPOMarHHTHOro nonR MOmHO npeHe6pe4b 3THMH 4neHaMH 
H nony4HM o6W4HWe pe3ynbTaTW TePMOAHHaMHKH 11 :: 

➔ ➔ 1 ➔ ➔ 1 ➔ 2 ➔ ➔ ➔ 
j (xt)=-l[<j (x,t)> --<p (x,t)> v v-<P.(x,t)> v 

s ' T i H io a 2 i a 1 a 

/56/ 
eaA ➔ ➔ ➔ ] 
_i_r_-<T 0 (x t) > -µ 0 <j.(x,t)> , 
me i • a l , a 

i 

➔ 1 ei ➔➔ ➔ f ➔ ... 
a(x, t) = -1 l ----<J. (x, t) > (D ·+ -v x B) 
' T i mi 1 a c 

-<P(i, t)> :'Grad~ -<7,(i, t)> gradµ
0 
\. 

a 1 a i 

/57/ 

~ 3aKn~4eHHe HCKpeHHe 6~aroAap~ npo$eccopoe fl.n;Tepne4Koro 
H B.K.~eARHHHa 3a HHTepec K pa6oTe H 6onbwy~ noMO~b npH ee 
ewnonHeHHH. 
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