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Bse n eHRe 

Uenbl<l HawHx n e KuHA SIBnReTcR BhiBo n ypaBHeHH II rRJl p OJl HHB.MHKH c sepxTeKy'ieA 

>KR.llKOCTH, HCXO.USI H3 yp aBH9HHH Ll BH>K9HHH CHCT9M bJ O.U RH8KOBbiX 6oae-qaCTHU, H n o n y 

'lB.HHe HB. aTOM nyTH "f'HJlpOllHHB.MH'!eCKOf'O Up116nR>K9HIHI " Jl nll <jJyHKUHA r pHHB.. 

JlnSI npOCTOTbl H3nO>K9HHR Mbl Of' p B.HH'IHMCH 3 Jl9Cb n pH6 nH >KeH H eM Hll98nbHOll >KHJl-

ICOCTH. 

PacCMOTpHM cHcTeMy o .aHHBKO~biX 5oae-ifacTuu c napHbiM ·B38HMon e HcTau:eM , ra

MHn&TOHHaH KOTOpOH B 1Ip8.ll CT 8 Bn e HHH BTOpHq HOrO KB8 HTOB8HHSI HM eeT BH Llx / 

H = -i-;J fTI/I+(t,r) \(1/J(t,r)dt->. ( </l+(t, r) </J(t,r)dt + 

+ 'h f <l> (r - r') 1/1 + ( t, r) </1 + ( t , r') </J( t, r'Jw (t , r ) d; d;' + 

+ fl'l(t,r)</J+(t,r)+'l*(t,r)l/l(t,r)+'!l(t , r) l/l+( t , r) l/l( t ,r) ldt . 

3necb >. -noc:rOSIHH8R; </J + (t, r) , </J(t, t} - 6oae-onepaTOpb1 B npeJlCTB.Bn9HHH rell· · 

3eH6epra C 06b!'IHb!MH nepeC TB.HOBO'l HbiMH COOTHOW9HHRMH. 

06paTHM cef!'IB.C BHHMB.HHe HB. TO, 'ITO B <jJopMy f'B.MHnbTOH HB.HB. Mb! BBenH, KpOMe 

06\,r:qHbiX qn9HOB , 9Ul9 .UO U O nHHT9nbHbl8 ttn9Hbi C • HCTO"'HH K8MH \.f8CTHU' fJ (t, t ) 1 

.,• ( t, r ) H C BHeWHHM non eM U (t, t ) 'I. 'I* . '!I -aa.aa HHbie C -<jJy Hl<l!HH 

t 
1 

t .Bae.neHR9 T8KHX "BH9WHHX HCTOlJHHKO B "' H8 M Hy>KHO 6y .Q9 T .anSI TOrO, l.IT06bi 

6pB.Tb UO OTHOW9HHIO I< HHM BB.pHB.UHH OT 06bl'lHb!X f'HJlp0JlHHB.MH'i9CKHX cpellHHX H Ta

KHM. 0 6pa30M nony'laTb Bblpa>KeHHH Jlfill <jJyHKUHll rpHHB.. 

D I . npensapHT9nbHbl9 TO >KJl9CTB8 

.[lng nony'le HHR ypaBH9HHA f'HJlp OJl HHB.MHKH HB.M nOTpe6yeTCR p!!ll !O>KJl9CTB, Bb!pa

>K810lllHX np"O H3BO.ll H bi8 UO Bp9M9HH cne.ayJOlUHX 'nOKBnb H bi X BenRqHH' : 

x/ M hi nonb3yeMC H CHCT 9MOl! 9JlHHHU, B KOTOpOl! fi = 1 • no n 3HB.KOM <jJyHICUHD -

HB.fibHOl! 38BHCHMOCTH ycnOBHMClt UHCB.Tb BM9CTO 1 npOCTO t . • 
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p(l , r) ~ < 1/J+ (t , r) o/J ( t , r) > , ¢ (t , r)~ < o/J (t , r )> , 

j (t , r) ~ L < a o/l+ (l, t) 1/J (t,r)- 1/1\ t , r) ao/l (t,r ) > , (a ~ J,2, 3 ) 
a 2 a~ a ~ 

p ( I , t) < (I , t) ~ - _1_ <( .II; •/1 + ( t , r)) 1/J (I, r) + 1/J + (I, r) ( !i 1/J ( I, r ) )> < 
4m 

+ 71 r rfJ ( t -- t ' ) < "'. ( t' r ) "' + ( t' r') "' ( t' t') "' ( t , t) > d-;' 

I ll 

npeJJ.c Ta ensuow a x c p e a H fOIO nnoT HOCTh t.t:K c na 'iB Ct'f'HU p - -t , Cp9.QHHH Il OT O K ] H Cp9.Q H fO }fl 

3HeprHJO H B O Ll. Hy 'IB C THUy f • 

C K o6K H < > B Bbrpa>+<e HH!! X / 1 / o 6oaHB'I8 10T cpen HHe, B3HT hr e c HeKoTop bJM , s o o 5 -

IU€ r O B O pH, H 9 p 8 BH O B 9C H bl M C T 8 TK CTJt 1.f 9 C KH M on e p BT O pOM. 

4 T0 6 bt H aHT H Il p 0 H3BO.O. H hl9 ITO Bp 9 M 9 HH O T B 9 JIHl.fHH / 1/ , M O>K HO BO Cil 0 llb 30 B8TbC H 

yp8BH9H HHMH itBH >K9 HHH, K O T O p bt e B p8CCM8TpHB89MOM Cnyqae rBMHllbT O HH8H8 .'l 
HM 9 JOT BH .Q : 

i~L 
at 

-A o/l ( t,r) - _A_o/l( l , t) + 
2 m 

+ (<ll(r-r ' ) o/l +(t,r ' ) o/J (t,r')dr 'o/J (I, r) + U(t,r)o/J(t,r) + T/(t, r) , 

~)_ ~ A 1/J+ (I,t) + ~1/J + (I,t)-
at 2 m 

- 1/J +(t , t ) ( <P(r-r')o/l + ( t , r ' ) o/J ( t,t ')d;'_U(t, r )o/J +(t,r)-TJ * (t,r). 

.L1H cJ:><!Je'1eHU Hp y l! / 1/, ITOIT J 'IHM: 

~ 
a t 

< a "'+ ( t' t ) "' ( t' r) + "' + ( t' t) a o/1( t ~. > ~ 
a t at 

~ _j_ < - ( !1 1/J + ( t , r)) 1/J ( t , t) + 1/J + ( t, t) ( !1 1/J ( t, t)) > + 
2 m 

/ 2 / 

+ ( Cf> ( T- t ' ) < 1/J + ( t , t) 1/J + ( t , t ' ) 1/J ( t, t ' ) 1/J ( t , t) - 1/J + ( t, r) 1/J + ( t , t ' ) 1/J ( t , t ' ) 1/J ( t, t) > dr' + 

+ i>7*(t,r)¢ (I, r)-i'1(t,t)¢*(t, t) . 

H 0 l: .!_ < a"'+ ( t,t) "' ( t ' r) - "'+ (t' t) a 1/l(l, tj > ~ < ( ll "'+ ( t , T)) "' ( t' t) -1/1 + ( t ' t ) ( !l "' ( t' t)) > 
a ara a ra a ra --

n .....~ ::t TOMy 0K OH1.J8 T 9 llbHO H M99M 

m !!'.J.!!.!.L t l: ~ ~ im['1*(t , r ) ¢ (t, t) -'1(t,r) ¢ *( t ,r)] . 
a r a · ara / 1.1 I 

4 

.J.--· 

T o'I K O 

tt HM: 

x/ 
T B K »<: e n o n yq H M .QJI H Il liO T HO C TU: T OKB · 

+ + 
'>l < r _! __ ; a</1_ 1 "'+ ~ i !J'_ -

ar a a t a r a a t 
a "'~ ti!__ - "'+ r _! __ ; ~ J > = 
at ara a ra a t 

!J._g_ 
a l 

i a A + a"'+ A • a"' + a 
- < ( --- u."' ) "' - -- ( ll"' ) - ( u"' ) - + "' ( __ ll"' )> -
4m a r a a r a "'a a ra 

- Y, < ( _ a_ ( <ll(r-r ')l/.r+ (t,r) if.r +(t, r ' ) </t(t , r' ) d?')•/t ( l , r)

a ra 

~ (Cf> (r- r') V' \ t, r ' ) if.r (l , r ' ) d;' .p (I, r) + 
a ra 

+ "' \ _ a_ (<ll (t- r ' J "'+ ( t, r ' Jv ( t, r ' ) d;' "' ( t , r)) -
ara 

- (<P(r- r ') if.r \t,r) •/l+ (t,r ' ) l/l (t , r')dr ' a l/l(t, r ) > + 
a ra 

a
_,_+ a • a 1/1 + a TJ + a u a + a "' + +If, < -"-'~!.- '1_ , _ '1_1/1 + >7 * -- - 1/1 ->- < 1/J 1/J> - + y, <( - A !/1 ) 1/1- --A!/1 -

a ra a ra a ra a ra a ra ara a r a 

+a"' + a . -AI/I-- + 1/1 ( - A'!')>. 
a ra a ra 

Vlcnonb 3 Y ll sseneHKble KBMH senH'lHHhi H npouason R He KoTopble y npome HHR, nony -

aJa ~ 
at 4m 

+ + 
_a - ll P - · _!_ l: < .li!.- .!.:L + ~ !!j:_ > -
a ra 2m f3 ara ar {3 a r f3 a ra 

. - r a<ll(r-r') < 1/J+( t,r) I/J+(t, r') I/J( t , r')I/J(t , r )>dt' + 

ara 

+ p _L_ (A-u 1 + 'M ~, + '!..!L ,*-·<P* .2!L- q, ~L J. 
_ A IJra ara ara ara ara 

Y n o 6Ho BBeCTH HOBYIO senH'IHHy D, (r, r- r '): 

< 1/J +(t, r)l/l+(t , r ' ) l/l (t , r ' )l/l(l,r)> = D1 (r,f'-r)- IJ,(r ', r- r ' ) • 

~ 1/2 { D, ( r,r - ·r') + D
1 

(r,r ' -r) I. 

C ITOMOlllblO :;>TOR BeltH'IHH bl ITOCite llHee COOTHOWeHHe MO>KeT 6b1Tb 38ITHC8HO, UOC/te 

nepexoaa K HOBOH nepeMeHHOA RHTerpHpOBBHHg 
R 1S -; _ .-; ' , B BH.a.e : 

ala 
at 

+ + 
_L_ J ll p - _1_ i __L < .2L .ti'.- + .li... _j_jJ_ > -

. f3 arf3 ara arf3 ar{3 a ra 4m ara 2m 

x/ B n aiTbHeiiweM apry MeHTbi t , r 

liCKn K> qeuBeM cnyqaes, Kor.aa aTo Mo>KeT 

y ,
1 

1/J , 1/J+ K T.a. 6ynyT 

n~Hsec~H K Hen o pa3y M e HHRM. 

'l 
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KpoM e T oro, f1>(r- r') o/1 + ( t, r )1/1 + ( t , r ' J o/J( t, r ' ) d-; ' !:. o/1 (t, r)-

- (<f> (r-r ' J(t'l.ofJ +( t , r ))o/1 +(I, r'l</1(1, r')d-;'<f, (t, r ) ~ 

"" ("' , -a ·) + + , , a 1/1 ( t, r 1 ~-<- "'( t-r) -_ .p ( t , r )o/J (t,r 11/J (I,r) - - ------ -
{3 arfJ a r fJ 

a.p + (t , rl ,,.+ , ·'· , 
1 

d .. , 
---'I' (t , r )'!'(t, r 1!/J(t, tl r ~ 

~~_a_ 

8 ar/3 

ar8 + 

(<I> (r - r'JI .p +(t, rJ .p + ( t , r' l o/J( t, r ' J ~- a.p (~r I </! 'rt, r 'J</J ( t,r'io/J(t,r JI d/'-
ar{J ar8 

~ a<fl(r- r ' l I + + · , , a.prt, r J a.:/r~rl + , , ! d .. ' - ·~ ( - ---=--- o/J (t,r i </J (I, r )o/J(t , r 1 ------- - - ·-- ofJ (t,r 1!/J(t, r )1/1( t, r) r . 
~ d t{J a r a r 
AH ~ nor H'IHO rr ony'IHM paaeHcTao f3 fJ 

( <11 ( r- r ' I o/J + ( t, r) { o/J + ( ~ r ' ) ( tl. 1/1( t, r ' ))- ( tl. o/J + ( t, r ' )) <b ( t , r ' ) I o/J ( t, r 1 d f'' ~ 

"" a'~>rr-r) + I + , a.p(t,r'J a.p+(t/1 _, 
~-<-(-----1/J (l, rl .p (l, tl - - --- - 1/J (I,r)dr . 

8 ar/3 ()r'/3 a r ~ 

no.ttC T B B!lllll llO!ly'leH Hbi e paBe H CTB8 B (* ) 
6yaeM HM9Tb O KOHl.I8T9nhHO : 

a (P•I ~ L tl. < r~'~ .P +1"' _ "'\~'~.P I >+ _i_ ~ _a_ 1 _ L < r~'~ .P + 1 .11!... _j}.jl_+r~'~wJ>+ 
a t 8m

2 
· 4m f3 a r /3 m a r{3 a r

13 

+ (<fl( r-r ' J< "'+( l ,r)"' + ( t, t ' l </! (t, r ') lli!?!}__ a.p +(l,tl "'+ (t, r'I </J( 1/1 o/J( I, t )>dt' I+ 
. ar/3 a r 8 

i a <11 r - t ' + + ' ' a.l.rt,t a.;/(~tl + ' ' + - ~ ( ~--1- < .p (t, t)I/J (t, r )o/J(t, r ) =.1.!?!1- ___ .. .p (t,r ) o/J(t,r ) 1/J( t,r) + 
4m 8 a r /3 ar/3 ar/3 

+ .p +(t,rJ[ .p+( t ,r'J ao/J( ~r'J_ aw+(~r 'I.P (t,r 'll.P (t , rl > dr'-
ar~ ar~ 

£. 'tj13 _ a_ (U-AI+ _i_(,1t'l.¢*-TJ*t'l.¢>+ ¢*t'l. TJ- ·¢I:.Y!*)+ 
m {3 ar/3 4m 

+ j__ (<fl(r-r'JI.,*(t,t)<ofJ+(t , t ' )I/J(t,r') <[J (t, r J>+n*(t : r' J<.p +(t,r)o/J(t,r') <f, (l,t)>-
2 

-TJ ( t , r ' ) <.p + ( t , t) o/J + ( t, r'l .p ( t , t J> - 17 ( t, r 1<1/J + ( t, r) .p + ( t, t ') ofJ ( t , r ' )> I di" 

EcnH aa e cTH aenH'IHHy \ 
(a) • + + 

G, (r,r'-rl= .L._<.p ( t, r')(.p (t,tl~~-
4m ara .i.r/l.i!.!).p (I, r))o/J(t, r ' l >11.31 

ara . J 

8 

8 He XOTOpbiX HHTerpanax 8B9CTH HOBYIO nepeMeHHYlO HHT erpHpOB8H H S1 R 0:::: '?'- r 
O nonyqeHH09 H8MK TO >KQ.9C TBO npHHHM89T BH.O.: 

a (p<! ~ _,_· - "'<r~'~.P + 1</1- o/J+(~</J J>+ 
at 8m , 

. + + a·'· r/3 > .. 
+~-a-1 -'-<.li-t'l.w-(l:.ofJ ) -'~'->+ (<fi (R )G

1
( r ,R)dRl+ 

{3 a r{J 4m
2 

ar /3 ar {3 

'I> ~f3 > rf3 > .. 
+~ ( Q...~l G 1 (r , -R) + G 1 (r-R , R)jdR -

{3 aR 13 
_ .L ~ i __ L ru - .>. J + ..L r 17 ~'~ ¢* - 7(6¢ + ¢*~'~'7- <1>~'~11* 1 + 

m fJ " ar{3 4 m 

+ L (<I> (r -1' '1[ 11 *(1 , t l < </J +( t , r ')</l (~r ' ) </1( t, r] >+ n *( t, r') <</I' ( t , r) o/J( t, r') </J (t , r) > -
2 I 1.4 I 

-
11

(t, r') < .p +(t,r)</J +(t,r')ljJ(t,r)>- 71 (t , r )<.p+ (t,r)</l+(t , t ' I I/J(t, r ')>]d r ' . 

§ 2. YpanHeHHSJ rH .ttpo .tt HHaMHKH .tt nll HOpMallbHOll >KH.ttKOCTR 

np!!CTYllHM Tene pb K BbiBOLlY ypaBHeHHll rH.QpO..UHH8MHKH .Q llSI cnyqag HOpMB!lbHOll 

HecaepxTeKy'!ell >K l!.QKOCTR . 

3aMeTRM, 'ITO 9TOT aonpoc y>Ke 6bl n HCc n e.ttO BBH B pa6oTBX K . n. rypoaa
111 

H Mbl HM 

3aecb 6y .tteM 3BHRMBTbCSI TO!lbKO a uenSJX .ttB !lbHellwero o6o6we HHSI na cnyqal! caep xTe -

Ky'!ell >K R .Q K OCTH. 

J1 ng llOCTBB!leHHOll B 9TOM naparpac?e u enH H.CTO'I HHKH 17 , 17 • HecyweCTBeHHbl, H 

Mbl noaToMy nono>KRM a .aech: 

17 = ., . = o. 

PaccMOTpRM, npe>K.a.e acero, cocTOSlHHe CTBTHCTHttecKoro paBHOBec H.R HOpMa nbHOA 

lK H.QKOCTH . 3TO COCTO IIHRe xapaKTepH3yeTCll 06b!'1Hb!MR napaMeTpBMH - !l!lOTH'OCTb !O 'IHC!l8 

'IBCTHU p , TeMnepaTy pol! () , CKOpOCTb!O V ll, BK>K 9HHR >K H .O. K OCTH K8K ueno ro . 

3BBHCHMOCTb OT CKOpOCTR V TpHBHB!lbHB. nocpe.ttCTBOM rrpeo 6p830B8HHSI O ll~p a-

TOp H b!X cPYHKUHl! : t/1 -+ elm-:: 

Mbi MO)K 8M B bip83HTb 3HaqeHHSI cpe.!I.HHX 

< ... >p,(),. 
'!epe3 3HB'IeHRll cpe.ttHHX: 

< ... > p, (), 0 

ll flH COCTORHHH CT 8 THCTH1.f8CKOrO paB.HOB8CHR llOKORW9 ACB >K HJlKOCTH . 

VIMeeM, HanpaM ep, 

0 ( = E 

.. . .. 
J=mpv, , , 

= E (p, (}) + .1!!Y_ 
2 

+ .l!.L 
2 

g 

12 .1 I 



r ne t(p,(J) 6yneT cpe n a eA 9HeprHeA , O T Hece HHO A Ha 0~ q a c THU y , Ll liH COCTOHHHH 

CTBTHCTHqeCKOrO p8BHO B9CHSl fl0 KOSI W9A CSI l.J:SCTRU bi . 

B n a nbHeAweM HaM npH n e TcH HMeT b ne n o c o cpen HHMH THna : 

'tJ = < r 5J 1 </J+(t,r))( 5) 2 </l (t, r))>p .O • • 

fB ~ < ( T!1 .p +(t , r))( T! 2 .p+ (t,r ' ))(T! 3 .p(t,r ' J(T
4

</J(I • tJJ > 
0 p, , ... 

T' Lle TJV nHHeH H ble K OM 6HHaU H H H3 nOC T O !II!HbJX H o nepaT Op O B Ll H rjJ¢ ep9HUHpO BaHH!l no 

npOCTpaHCTBeHH blM nepe MeH H bJM / e M . , HanpHMep, B blpa>KeHH!I LlnH tPYHKUHA i: I 
B § 1 / ; B qaCTHOCTH, TJ V MO>KeT 6 b!Tb np OCT O paBHa enHHH U e . 

H G (a ) , 

6naT'OLlapH HanHqHJO nonHOll n pO CTpaHCTBe HHOA OLlHOpoLlHOCT H COCTOSIH H S! CT aTIICTH-

1.J: 9 CK O r O pBBHOB 9HHH, H9Tpy .a Ha 38M9THTb , l.J:TO : 

'tl • 'll(p,(J,v), 

$. !B(p,(J,v/r-r'). 

3a M9THM, TSK>K e , 1.1TO ecnH KM99TCSI llOCTOSl HHOe BH9lliH99 none 

U(t,r} • Ua . oonst, 

TO HH 'IJ • HH ~ OT TaKOA UOCTOHHHOA u 3aBHCeTb He 6yLly T, nOCK OIIbKY 3aBHCII-

MOCTb OT u H CKnJOqaeTCS! T'panee HTHbiM npeo6pa30BaHHeM 

</J-+ e IUt </J 

HHBapHaHTHbl npH 3TH X npeo 6pa30BaHHS!X I . I a 'IJ H ~ 

n e p ellneM cel! qac K paCCMOTpeHHIO HayqaeMbiX B T'HLlp0LlHHaMHK9 HepaBHOBeCRb!X 

npO U9CCOB , Ll nH KOTOp biX H9p8BHOB9CH hie B e nH'fHHbi THUS 

'll (t , r} = < ( 5J1 </1 + (t , r))( T
2 

.p (~.r·)} > 
12.21 

~(t , r, r- r') = < (T! 1 <{I+ (t , r))(i: .p + (t, r ' ))(T! </J(t,r'))(~ l{!(t, r)]> , 
2 3 • 

a TaK>K e , paayMeeTcH, H BHewHe e n o ne U(t, r) MeHS! JOTC!I nocTaT O 'IHO M enn e nno npH 

BpeM e HHbJX H n p O CT paHC TBeHH blX Tpa HCnHUH!IX . 

N\bl n p e .ano n a raeM, qT Q OTKnOH9HHR OT CTBTHCTRqecKOro p8BHOB9CHSI B CRMUTOTRqe c 

KII 3 a T y X aJOT, TaK q T O M O >K HO o npe n e nHTb XOTH 6bl no nOpHLlKy a e nHqHHbl BpeMH p e naK 

cauH H T H n n H Hy cao 60LlHOT'O npo 6e r a e • M bl, CTano 6b!Tb. paccMaTpRaaeM Ta

KH 8 Hep a aHoae c H bJe npouecc bi, n nst K OT OpbiX a e nHqHH j l"21 H U(t, r) M9 H .RIOTCSI LlOC-

T8T01.fHO MBnO llpH TpBHCnSIUHSIX: 

t ... t+t 0 ; t ... r+r
0

, r-+ r '+ r~ ,· l t
0

l ..., T; lrol""' f , 
H B OKpeCTHOCTH K B >K llOA T Oq KH (t,1) HMeJOTCH nH W b MBn bte OTKIIOHeHHH OT 'noKanb-

HOrO CT8THCTH l.J:9 C KO r O p8BH OB9C HSI '. 

10 

roao pH 6 o n ee neT 8 1IbHO , M bl npen n o n a r aeM, qTO ae nHq H H bl THna 12. 2 / LlOCT8TOqHO 

ano o Tn H l.f.SIOT C SI OT COOTB9 T C TB Y!OllHfX p 8 B HO B9CHbiX BenH l..J: HH 

11 (p(t , r) , 0(t , r),v ( t , r)) , !B (p(t , r) , O(t , r) , v (t , r }/ r-r') 

T eM Me Hbwe , q eM M e Hb w e rpa n e e HThl p , () , v , U I , rne (J(t , r} 

/ 2.3 / 

-+ 
, v ( t , r) 

npe n e nH JOT C S! y p aa HeHH H MH / 2.1/, T.e. B blp 8>K 8 JOTCSI qepe 3 nOT OK l H c p eLl HIOIO 3Hep-

HJ0 t B .ll 8HHO A T Q qKe . 

3aMeT H M
1 

qT O np e.ll l10 1IO >Ke HH e 0 TOM, q T Q .nnst npouecCOB C .0.0 CT8TOliHO M 8nhiMH 

p 8.0 He HT8M H p () v U Mbl HM e eM B Ka >KnOil Mano A o6n aCTH npH6nH >Ke HHO 

n OKB1lb HOe CT 8 TH CTHqeCKOe p8BHO BeCH9, BeCbM8 CY LU9CTB9 HHO .ll nSI B 0 3M O>K HOCT H n e pe x o-

,0 8 K y p a B He HHS! M T'Hllp01lHH8MHKH. 

T aK, H8 llpHM 9 p , B0 3bM9M c n y qa fi , KOr.aa B H aw e fi .!l HH8MHl..J:e C KOA CMCTeM e B3 8 HMO 

e liCT BII e no nHO CTb iO OTC y T CTBy e T - CHCTeM a CO CT OHT H3 HeB3 8 HMOlleli C TB Y JO lllH X 6 o ae -

qaCT HU . 

T OT'llB M bl, KOHeqHO, MO>KeM paCCM8TpHB8Tb npoueCC bl CO C K O nb YT'O LlHO ManbiMH 

r pallHeHT8MH p • •• H <f:>opManbHO BBeCTH noKanbHble V H I) • TonbKO 

np H 9TO M s e nHqHHbl THn8 1 2.2 /, B006!lle T'OBOpH, He 6ynyT llB >K e npH6nH >K 9HHO Bblp.&-

8T b C R H X •l<B83 Hp8BHOBeCHbiM H • 3 Haq e HHS! M H 12.31. V1MeHHO B CHny T8KOT'O nono >K eHHSI 

T'Hll p 01lHH8MHKll H He 6 y llYT aepHbl Lln!l CHCTeM nonHOCTbiO '! e B38HMO llellCTBy-

3aMeTHM e w e , 'ITO 06blqHbl ll BbJBOLl ypaaHei!Hll T'Hllp01lHII8M HI<H / rHnb6e pTa-lfan

Me Ha-3HCKOT'O / ,anSI T'830B 113 y paBHeHHSI 6onbUM8H8 KBK pa3 0CHOB8H HB TOM , qTO 3TO 

y p8Bllll HHe HM eeT peW.,HHH, 6nH3KHe K noKalibHOMY paBHOBeCHOM y , llOnyCK8 10W~e paano-

>Ke HHSI flO C T 9 ll9 HSIM rp8!lH9HTOB. 

nocne cnenaHHhiX aaMeqaHe A aoaspaTliMCH K HawHM npenno no>KeHHH M o xapaKTepe 

p a ccMaTpHa a eM blX HepaBHOBeCHbJX npouecco s. 

lfT06bJ c<f:>opMynHpOB8Tb HX B BHlle, YLl 06HOM LlnH pacqeTOB, ueneco o 6pa3HO BBeCTH 

H e KOTOpb!l! M Bnbl ll napaMeTp ll 
, xapaKTepHayJOwHii cTeneHb M e nneHHOCTH npoue cca H 

oT (:TynneHHS! oT aaoTpOnHH . Cpe n He e THna 12.21 H aHewHee none 6yneM npe .ucTasnHTb 

B BHLle: 

U(t,r)= U(llt , p.r}~U(r,tJ, 

'tl(t,r) = 'fi(p. t , llr;ll) ='ii( r , .;;ll), 

~ ( t, r) = i ( p. t , p. r , r- r'; ll) = !B ( r, (, R ; p. } , 

p.t, i 

11 

-+ 
ll r 

-+ 
R = 1 t 

/ 2 .4/ 

..e 
:::::-



B qacTHOCTH, MO>+<eM HanHcaTb T8K >Ke 

p(t , r)3p(r , (), f( t, r)c f(r,.;J, <(t,r)m ;(r,f;). 

npeLtCTaeneHHll / 2.4 / Ocjx>pMOli iOT ~awe LtOnyiUeHHe 0 MeaneHHOCTH H3MeH eHHll BO epe 

M9HH H cna6oe OTCTynneHK 9 OT 1IOX81IbHOA H30TpOllHH. 

L{To 6b! Bb!p 83HTb Lto n y iUeHHe 0 C0860M OTKOOHeHHH OT OOK80bH Of'O CT 8 THCTH'IeCKOr 

paBHO B 9CHA, Hanswe.M: 

rae J II 

- (0) ~ ( l) 2 - (2) 

'U (r, .; ; II) 3 'IJ (r, () + II 'IJ (r, ( ) + ll 'U (.r • () + + • 

- .. (0) ,. (I) l!'f(:l) 
~(r,.;,R;,. ) ~ ~ (r,(, RI+ ll~ ( r ,(,R)+ ,. 2 l\ (r,(,RI++ , 

a (OJ 

'U (r,( )~'U(p ( r , (), O(r,( l, v(r ,/; ) ), 

~(O) ( r' .;' R) - ~ (p ( r ' (I ' 0( r' e I ' v ( r' e) I R ) ' 

. 
v orrp e.aene H bl COOTHOW9HHAMH: 

;: 1 :" 
v = -. I 

mp 

'" .. fd 2 
•=•(p,IJI+~ 

2 

/ 2.5 / 

/2.6/ 

Ltanee, 

/lH9HT8M p 

~(1) 

J 

i (l) 

v 
LtOO>KHbl 6b!Tb OHHeli H b!M H cjx>pMBMH no OTHOWeHHIO K r p 

U II T.Lt . 

TaKHM o6pa aoM, nonb3Yl1Cb / 2 .5 / , Mbi npell.non araeM, q T o a enHl.IHHbi THna 'U .~ 

MO>KHO p8308f'8Tb no rp8 LtHeHT8M p v e u 

¢aKTRli9CKH T8KO€ p831IO>K9HH9 Mbl ll01Iy ti HM, 9C1IH 6yaeM HM9Tb KHH9THli9CKOe 

ypaBHBHHB THna 6onbUM8H8, 

nepei!LteM Tenepb HBnOCpeLtCTBeHHO K YCT8HOBOBHH IO y paBHBHHII f'RLtpO Lt HH8MHKR , 

Mb! 6yaeM HMBTb aeno c rj:>y HKUHliMH ~. (r, Rl, G(a)(r, R1 , npHHaane>KaiUHMH K THny 
t 

~ • nonO>KHM no3TOM y 

HOH B 6o nee C0Kp8lUBHHOli 38nHCH: 

j) r ( r,R I = ~r ((,R;Ill ' 

Gra>(r,RI~ G;:'1((,R;,.I, 
r 

(a) 

~ 1 (r , Rl 
""(a-J 
~ r( ( , Rl, 

(a) =:~~(a 

G 
1 

(r , R) = G , ( ( ,RI. 

l2 

n e peliJlBM-+ B TO>KLteCTB8X npBLtblllYIUero naparpacpa OT nepeMeHHb!X (t ,; 

H bl M ( r , .; I · 

T orna K3 ypaeHeHHll / 1.1/, / 1.2/, 11.4 1 nony'IHM: 

-----.___ 

ala (r , ~ 

ar 

mEL 
ar 

2m 

J 

+ I. ! i B (r, ( I = 0 

f3 a .;,'3 
... a I 2 t.f 
.<. -- l }'; (3 :< -----"'---
(3 ae(3 a 2 

p(r, 0 - · 

K nepeMew 

/ 2.7 / 

- < at/!+ at/! 
ar(3 

+ at/l+~>
arf3 ara 

_J_f a~~~~r ((, - R J+~,((-,.R,RJidR-
21l a Ra ·ar a 

• a • 
- ·p (r , (I-- U(r, ( I• 

a.; a 

a r pl'J z .!L_t. < rt.t/I+Jt/1- · t/l+rt.t/JI>+ 
a r 8 m 2 .; 

12,8/ 

+ I. a 1 ; a_,_ + --- • ~ < "' t. + a-•· (3 a( (3 4m --;;;-- "'- r t.t/1 ) -"'- > +' 

~((3 ) .. 
r~ rR1c, re. R1dR 1 + 

+ - I_ :£ r 
ll (3 

(3 a r (3 

~~ t ar~l re . : R1 + ecf31 r.; -,.R , R1 !ciR 
aR f3 

u 

+ _LI.j a u 
Ill (3 (3~

(3 

/2 .9 / 

" 

3 aMeTHM, 'ITO e y pae H ~HHH / 2.8 / e xoa HT e enH'IHHB ~ ( .; - ·ll R , R 1 

B810lU H M npH y een!i'IB H HH I R I M HO>KH T e n eM a .P(R) /a Ra . 

C 6 biCTp0 y 6bi -

.{• 

Paan a r a ll ee n o cTeneH liM 

ypaBHB HHH / 2.8 /: 

llR 
, nonyq HM a nR cooTB eT CTBy JOwer o q neHa 

{ I' a__ r 
a~(RJ u • a~,( (, RI 

f--lg) ((,- R )+ j), ((, R)-Jli.R(3 + 
aR r f3 a( 

a (3 

2 
+!:__ I. RR 

2 (3,y a y 
~-z_( ~~ + O( ( ,.RI,) I dR 

ae f3a.;Y 

=-,.I. 
(3 

f a.P(RI Rf3~C£, ~~~-~_1 __ dR + or,., 1. 
aR a a((3 

!3 



'" 

~ 

M hl s oc n on b aosa nHcb a aec b TeM, ~To ~!, (.;, - R) + j) r ( .;, R J 

cPYHKuHell R , H, Kpo Me Toro, caM a D, ( t; , R J 
SJ BllRe T cH 1.feT HOA 

HBIIHe TCH ~eT HJ a cPY HKUKel! R c 
T01.JHOCTb~ ao BenHlJH H ll0pH .O K8 ll B peaynh7aTe , ocT aansu:r TOilbKO t.tneHbJ nop sr.o+ 

Ka 11 nony qHM y paBHeHa e 

H II H 

rae 

~ 

o ja + + 
~ _a_ I - < .!J.:L j_jJ___ + ~ _li_ > I + 

ar 2m {3 a t; [3 ora ar{3 ar{3 o ra 

a o<ll ( RJ ~ ~ ~ au +Y,~- {--- R8 :v, (,,RJdR - p _ 
{3 at;8 o Ra at; a 

oi a 

o r 

5' a ra8 = au 
~ -- -p ---

(:3 a .; {3 a,;a 

+ a.;, a.;, 
T (r, !;) = - _!__ < -- -- + 
af3 2m a r a a r {3 

a1> R ~ ~ 
+ Y, { __ (_ )_ R{3q)r ((. R ) dR 

oRa 

np 0 H3BO.Ost 8H8 1lOrH4HOe p831lO>KeHH e fl O 

+ 
a.;, !_j_>+ 
a r{3 a r a 

ll Ll iiH BenHqHH bl 

B YJl8 B HeHHI! / 2,9/, H8 XOLl K M C T O~HOCTb iO LlO ~ ne HOB 1IOpH!lK8 ll 

a r e<! 
a, 

3aecb sem<qHHa 

· + + ar 
-'---11/';.c < (/';. </J ) </!- </1 (/';. </!)> +~ __ fl. 
8m

2 ~ {3 a ,; {3 

au 
j - . 

a 

1 ~ 
--;;-8 8 at; f3 

.088 T CH Bblp8 >K 8 HH f'!M 

l 
a 

1 - - < 
4 m 2 

+ 
(/';. ./) _j_.p_ - _!_:!___ (/';. </1 ) >- {<P ( R ) G(UJ( .;' R) d-~ 

OTa i) r a . T 

/ 2. 10/ 

/ 2 ,11 / -

-({3) 
G,(( - 11 R,RJ 

BKnlOlJ HT 8 .1JbHO: 

/ 2.12/ 

a<P rRJ r8J ~ a 
-I.{--- R G ( !;,R)dR+ L I. __ 

{3 a R {3 a T 2 {3, y a.; y 
a<ll(R) R R ~($} ,; , R)dR . { --- a y T 

aRf3 

3 aMeTH M Tenepb, qTo cj:JopM bl Ta {3 , fa COCT8BileHbJ H3 B e iiHqHH THII8 

/ 2 , 2 /1 H IIOTOMy · B OC IIOIIb 3yeMCSI Ll iiH HHX pa31IO}I{eHHSIM H / 2.5/. 
1J ' !ll 

nonyqHM: (OJ (I J 
T a T (3+ 1lT {3+·· · a {3 a a 

(OJ ( l J 
1a + ll 1 a + / :l . 14 / l 

a 

14 

r .ae 

(OJ - 'l\ ~ (OJ • ~ 
T{3= Tf3 (p,t!,V}; l = l (p , (J, V}' 
a a a a 

/ 2.15 / 

npHqeM Ta8 (;i,e, v) l a(; , J, ;J nony 'la !OTCSI H3 Bbipa }l{eHHll / 2.11 I , / 2.13/ 

aaMeHOll HepaBHOBeCHb!X cpe!lHHX 

< '" > 
COOTBeTCTBYlOWHM H p8BHOB8CHbiMH cpe.ll. HHM H 

< '' ' > p, (}, v 
Y'leT qneHO B nops.a Ka 11 B 12.14 / c o o T B eTCT B yeT npH61IH >Ke HHIO BH3KOll >K HLlKOc-

TH. n o cKO IIbKY Mbl 3LleCb Orp8HHqHB8eMCSI IIHWb npH6rrH }I{e HHeM H!le81IbHOli lK H.llKOCTH, 

(OJ (OJ 

HBM aocTaToquo 6y aeT HM eTb aeno TOIIbKO c Taf3 H l a , 

npeo6paayeM cell'laC 3TH Bb! pa}l{eHHSI It 6o n ee yao 6HOMY BH!ly. Uenecoo6p a3HO 

npe}I{Lle scero Bbipa3HTb 

~epea 

< . > p , (},. 

< > p ,(} , 0 

Cosepw H M n oaT OMY npeo6paaoaaHw e : 

. ~~ 
. 1. fm -r~ 
"' ~ e 

HaxoauM: 

< a.;,+ .2:J'___ + a.;,+ a.;, 

a ra a r e a r s a ra 
> p ,(J, v = 

a.;,+ + a + + a 
- < ( -- -imv .;, J( __J!_ + im v{:J</J )+( a.;, _im v 8 .;, J(__J!_+i m v </! )> 

o ra a a r
8 

o r {:J or a a p,(J,O 

a + a .;, a.;,+ a.;, 2 
= < .,li_ -- + -- -- > + 2m v v p , 

ara a r f3 ar f3 a ra p,(J, o a {3 

T8K K8K 'l lle H hl, co a ep }I{B W H e T O IIbi<O OLl HY 1IpOH3BOLl HYIO , nponBLl 8 10T B paBHOBeCHOM 

COCTOSIHHH npB V = 0 H3-38 H HB8pH8HTHOCTH llpH 38M e He 

+ ~ 

)' .. - t 

Ta~tHM o6paaoM, ae MeqaSt, qTo npH v = 0 

HbiM TeH30pOM, nonyqHM: 

' Ta {3 
MO}I{eT 6b1Tb TOIIbKO H30Tpo n -

T {3 ( p , (}, v) = - · m v vf3 - /) {3 P ( p , (} ) , 
a p a a 

/ 2.161 

H 1IpH III060M a ,. 1, 2 , 3 

+ 
- p ( p' (} ) = - __1_ < .1:L !li!._ > (} + 

m ar a ar p, '
0 

a 
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rae 

a<PcRJ .. 
+~ ( --- Ra 'lJ(R i p,O)dR , 

a R a 

'l)(r- r 'l p,8) a < .p +(t)l/1 + (r ' ) l/l (r ' ) i/l(r)> " 
p,". 0 

12.17/ 

n ycTb F(p,8J 
6yaeT CB060L!HOA 9HeprHe l! Ha OL!Hy 'IBCTHUy. noKa>Ke M, 'ITO 

I N - 'lncno 'laCTHu /: 

aNFc!L , 0) 
2 

aF(p,O) v ____ = P __ _ 
, (p,O J·- -a¥ a p 

/ 2,1 8/ 

~.e. 'ITO Hawe ' 6 y LteT Ofibl'!Hb!M T epMOL! HHSMH'IeCKHM LlBB neHHeM. 

'-fT06b! YCTSH OBHT b 9TO COOTHOW e HHe , YLI06Ho n OLIBeprHy Tb 0 61oeM V 
nHHeliHOMy 

p8CWlfp0HH!O TOnbKO no OL!HOl!, HanpHMep, 
a -oil OC H KOOp liHHaT r -+ Lr ; 

a a 
' {3 .. ' fJ(a =I fJ ) 

n yCTb lf L 6y LeT COOTBeTCTBJ!O !J.lHM raMH/lbTOHHBHOM 'paCTRHJ T OI! CHCTe Mbi ' : 

H = 
L 

rae 2m (o/l+ (r )p 
2

ojl ( r)dr+ + ~ (<l>L(r- r ')l/1 +(r) l/l+ (r ' ) ojl(r ') l/l(r )d;d;' 
L 

H <flL( R) nony 'laeTcR 

T oraa 

2 
• 1 a p =--- - -
L L 2 a r~ 

H3 <fl( R) 3 8MeHol! 

- l: 
{3ia 

a• ---, 
ar/3 

R a .. L R a , R {3 .. R {3 (a ,.I j3 ) • 

aN F 

a v 
_1_ < ( aHL v ar:- JL =t > p , o, o 

HnH B3SJB RBH O B bip8 >K8HH8 

aNF 

a v .L < 1/!+ (r) ~l/l (r)>, + ~(a<l>(RJR 'lJ (R / p,OJdR 
m a r p,u,o aRa a 

a 

+ 
L < i'L ~> 
m ar a r p.O. o 

a a 

a<I> en .. 
+ ~ ( - - Ra ~(R /p,8)dR 

aR a 

'ITO· II .llO K83 b!B8eT Cllpase.nnRBOCTb COOTH O W e HHR / 2,18/, 

noliCTBBHB / 2,14/ , / 2.15 / , / 2.16 / B ypSBHeHKe / 2.10/, HBi!LteM: 

at a - - - m - - -a u _ a = - l: -(mp va vfJ + 8 "J (p,O))-p --
a r fJ ae/3 at' aea 

AHanorH'IHO MO>KHO npeo6paaosaTb y pasHeHR e aHeprHH / 2.12 / . 

3 BM9THM, Up8}K.Q.e BC8T'O, 'ITO 

16 

/ 2 .19/ 

raJ 
G ( r ,- r ' ! p I e, v J ., 

. + J,. + 
- '-<1/1 (r ' ) (l/1 (r)imv 1/!(r)+l/l (r)im .., 1/!(rJ]I/I(r') > O 
4m a a p, 'o 

_ ~ 'lJ(r -r lp,e) . 
2 a 

npeo6paayeM ewe nepB bll! 'tll8H B B bipa >KeHHH / 2 .13/ Li nii I 
0 

• Y'I HT b!B 8 ll, 'ITO a 
peUH88 6epe TCH UO COCTO HUHID CT BTHCTHq ecK OT'O paBHO B8 CHH , BHSnorRq HO TOMy, KBK S TO 

0 
M bi a e nanK, npeo6paao s brB a ll T afJ 

; ... a'"'+ arJ; a.p+ a'.p 
-- < ~ (---- - ---- --- ) > 
4 m {3 a r 2 a r a r a r {32 p, e. y {3 a a 

m v l: v 2 < ojJ + 1/1 > 
2 a {3 {3 p,O, o 

1-- }; 

2m {3 

+ + 
v<ft_li!_+~ft> + 

f3 ar ar ar a r p.O.o 
a fJ fJ a 

+ 
+ _ 1_ v l: _a_< _li!_"' + .P + ~>P - _!_ v i < L<L _liJ_ > ~ 

4m a {3 ar{3 ar fJ ar f3 .e,o 2m a fJ a r/3 a r{3 p,e. 0 

= - p v m v 
2 

- ~"- < a o/1 + a o/1 > - ......':a_ l: < .a.p + J!j_ :, 
a ----z ·m ara -rr;; p.e.o 2m fJ arfJ ar{3 p .e.o 

TaKKM o6paaoM, nony'IKM: 

mv2 v a.p+ a.p v a"'+ a"' 
l · (p,O,v)=-pv ---....a..<-- --> __ a l:<---> 
a a 2 m a ra a 'a p. e.o 2m fJ ar{3ar fJ p.e.o 

v 
- ......!L 

2 

.. v a <t> R .. 
(<l>(R)'lJ(RJip,O)dR+ _.!!...( __ (_) Ra'lJ(Rip,8)dR 

2 aRa 

Ho, c a pyrol! CTOpOHbl : "' a.p+ a"'> +" (<I>(R)'lJ(Rip , e)dR ~ 
...1 .. < _ _ ·- e " 
2;;, {3 ar{3 ar/3 p, '' 

aF(p , OJ I 
=p<(p,O)spiF(p,8)-0 C!O ' 

. II liOTOMy , npi!HHMB!I BO BHHMBHK e / 2.17/, nony 'IIIM : 

I ( p, e, v)=- v ip (<(p,e) + mv' J + P(p,e)l. 
a a 2 

TaKRM o6pa30M, 113 / 2 . 12 / B paccMaTpHsaeMoM npH6nK>KeHKK H a l! aeM: 

a s= r' u 
(pt) "' a - ~:;)('; .= = mv 2 

lll - ~ , "' .. au 
-- = - "'- -- v I /)r, ( P , e J + -- J + J ( p , 11 J I - ~- "'- 1 -

at a aea a "' 2 m a a aea 

llp ll '!eM !10 Orr pe,n e neHIIIO nOKBnbHOl! CKOpOCTK H TeMnepaTypbl HMeeM COOTHOWeHII!I / 2.6/. 

BseaeM 9HTpo neiO: a F(p, OJ 
S(p,eJ--

ae 
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T o r aa , KOM6HHHpy H p a!le e n o n y'leHHble ypaaneHHll, HeTpyaHo nun y'I HT b aMecTo / 2,20 / 

y p a 8 H9HH9 ansi 8 HTpOUHH: 

~+~v.E.L 
ar a aa.;a 

0 . 

/ 2 ,2 1 / 

B oa a pa'I'HMCH T e n ep b a n o n y'leHH b! X ypaBH9HlfllX / 2,7 /, / 2,19 / , / 2,21 / " nepa oHa'ianb-

H bl M n epeMeHHbJM t 
1 

t 

K a K BH.O Ho , a nH aToro aocTaTott Ho a aT Hx ypaaaea u: srx npoc To a aMe HHT b 

.; H8 t , f H CHSIT b 3H8 K C B XO.O R W H X B HH X B 8 n H 1.f HH. 

Mw n ps:xoas: M TBK HM o 6paaoM " 06bi<rHoA c Hc Te Me ypaaHe HH II eaeanbHOli >•< li.CKu c -

T H. 

3 . YpaBH9HHH r Kap oa HHBMHKH caepxTeKy 'l eii >K Ha KOCTH 

Ca epxT e Ky'l8ll )l{l! J:lKOCTb xapaKTe pea yeTCll HB J1H 'I H9M < "' ( t ' r J) a <I> (t , r JfOaa>K e 

npH HC'I 938 10Ul9 M BJlb!X HCTO'I HHKBX , f1 0 8TOMy HBp llay C ypBBH9 HHllMK L( Jlll BB9a9 HHb!X 118·~ 

M H p 8H99 JlOKBJlbH biX B9JlH'IHH H906xoaHMO TBK >Ke p 8CCM8T p H88Tb OT aenbH09 y p aBH9 HH9 

ann B9_llH'I HHbl </> • 3To y p aBH9HH e no n y q aeTcH o cpeaHe HeeM y p a aHe HH H a nH t/1 
H H M 88T B H .a,: 

j_rJ>j_t.!!L 
a t 

- >. ¢ (t, r) -~ ¢ ( t , r )+ 
2 m 

+ (<f> (r-r ' J < t/J+ (t , r ' Job (t , r 'Jt/J(t, r )>d; ' + U(t , r )<f> (t , r )+TI( t , r) 

B aTo M y pa aHe HHH ¢ HBnHeTcll KOMnneKc noli aene 'I HH otl, ilnH Hac 6ya eT y ao6Hee 

UOJlb '•OBBTb Cll ae il cTBHT9JlbHb!M H B9JlH'IH HBMH - ,Paaoli H MOa y n eM f/> T4e. M bl nona-
>KHM ¢ s a e:rp ( i X) • YpaaneHHH a nH aTex aene'!HH nony 'la iOTCH HenocpeacTBeH-

ROll noacTaHOBKOli 8 y paBH9HHe a nll ¢ 

h=>.+~- _ I _ _ ( j_!- ) (;*+( - · u ( t , t ) + --· 
a t 2m a 2m a r 2 a / 3. 1 / 

--( <I>(RJ!X ( r , '?J + X •t r,R Ji dR 
2 a 1 

' ' 

rae 

x t (r , r ' - r) = < t/J+ (t , r ' ) t/J( t,r ' J t/J( t , r) >,¢*( t , r) , 

( (t , r ) 11( 1 , r) e- l )( (t ,r) 

~ ') I_, c-

) - 1 8 ."X ~ 

' I 

H y paaii9HH9 .unH a(t,r): 

AA, j 1 "' ax a a I 
""-"- = - -! a !'. )( + 2- - - -- a + 
a t "' {3 a r[3 ar {3 

/ 3.2/ . ~ 

+ ( <I> (RJ[ X, (r, R)- X, ( r, R Jl dR + a( (- (* J . 

B nan bHetlw e M M bi 5yaeM '1 8CTO Hc non b3 0 BaTb cae pxT eKy'IyiO cKo pocTb 

v (a) 1 2x_ 
--;- ar a 

y paBHeHHe a n H KOT o po tl cor na c 11 o /3.1/ 5y aeT : 

m av~a) 
a~= 

a_. 1 
ar 

l'>a 

2m a a 

1 
m .!!._ - TJ - ( •+ ( 

2 2a 

1 

2a" 
( 'll(RJ[X, ( r ,RJ- x; (r ,RJ] dRI, 

/ 3 .3 / 

P a ccMOTpHM, npe>Kae ac er o , c n y qail cTaT HCTK'IecKoro paa Hoa e c HH caep x T e Ky 'leli 

>K HaKOC T H npH l V=O,T/ = 0 

B O TnP."liH 8 OT C1tY1.f8 SI CT 8TH C THll8C KOr O p8BHOB8CHR H Op M8flbH O A >K H .U K OC TH, KO T O pO e .. 
xapa xT e pKaosa no cb, KpO Me p IJ , n HW b OlJ. H Qi:\ C K Op OCT blO V I a a.ecb Mbi HMeeM 1 

B0061Ue f'OB O pH 1 COC T OHHHH C D. BY M SI C KO p O CTHMU, H8llpHM e p 1 CO C K O p O CTb iO D.B H >Ke HHSI 

JtOHLle H C 8T 8 v: H CO CKO p OCTb iO • H O pManbH Oit KOM n O HeH T bi • 
~ 

v 
n 

C p e aHee n nH T aKoro cocTo~HH~ c Ta TH CTH<r ecKoro paa Hoaec HH ycn o a HMC H o5oaHa-

1.{ 8 T b CHMBO n oM : 

< ... > 
"• • "n 

npH 8TOM L\ Jlll CO Kp8 1U9HHll 050 3H8 '1 9 HHil Mbl He 5yneM 8 HHa BKC8 X BblUHC b!B8Tb napaMeT-

phi p IJ Cpe aHHe yKaaaHHo r o T Hna HaM 5yaeT y a o5Ho awpa >K aTb q e pea cp en -

HH e: 

< ... > 
" • • 0 

... 
v . 

.. .. 
v - v . " 

COOTBeT C T By iOW He COCT OSIHHIO ~ , = 0 . .Q n R 9TOf'0 1 Q1.{8 8R .QH0 1 MO>K 8M BOCllOnb30B8Tb C R 

rannneeBcKH M npeo5 paaoaaHHeM o nep aTopoa 

t/J .. t/1 exp ( i m V:, i' ) 

Ha'IH9 M U08TOMY C paCCMOTpeHH ll COCTOHHHH p , IJ , V • , Y KOTOpOrO v" • 0. ilnH 

H e ro : v1 

a = const = a ( p , IJ , u ) F= F( p,IJ, u ); u = T-
XHMaqec JtH A. noT eHUHan TSK >K e H M eeT B HD.: 

a ( FN) = F + P E_ 
aN ap 

A (p, () , u J. 

B a e.a eM , KpOM e T a r o 1 n o ToK : 
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H UOIIO>KHM 

T8K qT O 

0<re i!R.llHO, P 
0

::; p 

a F aF (aJ 
i - P --'a) = P -a-- v. a av.\U.. u 

aF 
p -

a u 
= p 

j = m ·(a) 
a P. v • . 

m 

noxa >Ke'-!, 'ITO ja ) BBe ,lle HHOe T8KHM 0 5p83 0M 
1

COBIT8LI8eT C 05bl<tHbiM OIT p \!aene 

HHeM . Dn!l aToro yno5Ho nepellT H K CHCTeMe xoopaRHaT , LJ BH >Kylll ellc!l co cKop OCTb!O 

~., ITpH•reM OLI HOBpeMeHHO npH B b! 'tHCneHHH CpeLIHHX 5yneM p8C CM8T pHBdTb ycpenne· .. .. .. 
HH8 TOllbKO no COCTO SI HH SIM C V ..: 0 

1 
Vn = - · V 

8 

8 peaynbT8Te Cpe.llHHe He MeH!I IOTC!I . raMHITbTOHH8H B HOB O!! C HCT eMe XOOpLIH1!8T 

K 8 K cpy HICUH!I HOBb!X onepaTOpOB 1/J HMeeT BHLI : 

H 
+ 

___]_ __ ( r (~- - imv:a)o/1:)( §_jJ_ + imv~a)"' )d"l + 
2m a ara ara 

+ ( <t> (r - •r ' ) 1/J + (r) o/f + (r')o/f(r')o/f(r)dt dr'. 

8 bl<tHCITHM B aTOM npea CT a BneHHH aF 
p -a v (a) 

aF 
p av (a) 

_j_ < ~ > 
V a v ;aT o,- ~. 

2V 

a"' + . (a) + + a"' . (a) .. 
( < (---rmv 0 1/J )1/J-1/1 ( -- +rmv

0
i/J)> - · dr 

ara ara o . .•• 

+ 
- ( < _j_:f!_ "' 
2V ara 

+a"' > d; "' -- ~ .. ara • 

+ 
<..E.'f!_"'_"'+!J!.....> =i 

2 ara ara ~ ••• a 

M hl nony <tHnH Bblpa>Keaae, cosnaaa!Olllee c o5bl<tHbiM o npeae neaHeM j • 8 cocTO!IHHB 
a 

TepMO.llHHBMH'IecKoro pasaosecHH X = X (r- r ' / p, (}, V
0

) . Yla y paBHeHH!I / 3.1 I nony'IBM: 

1 • • m v:l __ r<t>rRJ t x rR 1 P, o, v ; + x rRI P, o. v. 1 1 dR = "(p, o, u 1- _ _ ._ 
2 8:1 • 2 

0TCIO.ll8, npHH!IB BO BHHM8HHe yp8BHeHHe /3.2/, Halla eM 

..L(<P(RJX(Rip , O,v JdR = .1,-(<P(R;X*(Rip,(},v )dR 
a 2 • a • 

=A(p,(},u)-!!!::!.1. 
2 

/3.4/ 

3allMeMcH Teneph Bbi<tacneHHeM Teaaopa Ta/3 B cocTO!IHHH pasaosecHR ( v
0 

, 0 ) . 

Yla o6lllHX coo6pa>KeHHll o TeHaopHOM xapaxTepe BeiTH<tHH cneayeT, <tTo, nocxo nhKY eaaac-

TB9HHbiM B bl.0.9 ll9HHbiM HanpaBll9HH9M SIBIIS19TCSI H8npaeneHH9 
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.. 
v , BeiTH<tHHa T a/3 

/. 

1 

,. ... 

HM99T BH.z:t : 

+ + 
v ) - - · _._ < ij_ ~ + .2:1!__ i!L > 

• 2m ara ar{3 ar/3 ara ~ ... 
Ta{3 ( P' (} • 

a <~>rR; 
+ y, ( -- Rf3 il (R I p' (J' v. ) d R 

aRa 

(a J (/3J 
Ta{3· A(p,(},u)v

0 
v. +Sa{3 B(p,(},u), 

+ 

r.lle A H B -cxan!lpH~ BenH'IHHbl. no .QOK838HHOMy paHee B a 2, BefiH'IHHa T 
aa 

pBBH8 npOH3BO .llHO ll 

v 
arNF J I 

L•r a L 

rae aaBHCHMOCTb F 

'a L paa'. 

OT L nonyqaeTc!l B peayn&TaTe pacT!I>KeHHR 

noaTOMY 
aF 

P ~I L•r • Taa = A (v~a~) :1 + B 

C apyrol! CTOpOHbi, 

P i!:-1 •-p:~aF -p _qF (v(aJ):~=- P(p,(J,u)- ·mp (v(a>f. 
aL L =r a p au • • • 

TaxaM o6paaoM, 

A=-mp•, Bs-P(p,(J,U), 

H, OKOHq8T9llbHO, 

T /3 = - m p v (a) v(/3)- S /3 P ( p, (}, u) . 
a • • • a 

nepel!aeM IC paCCMOTpeHHIO COCTO!IHHll C .llBJMll ClWpOCTliMH 

3aMeTHM, npe >Kae scero, <tTO Bbipa>KeHH!I 

X(r-r'lp,(}, v ,v ) = <1/1+ (r)I/J(r')o/f(r)> < 
• n •.•""n 

+ 
(r)> 

~(r-r'lp , (},v ,v) = < 1/J\r)o/f+(r')</l(r')o/l(r)> 
• n ~~ 

HHB8pH8HT bl npH rananeeBCICRX npeo6paaOB8HH!IX 

1/J .. 1/J exp (i m ~; ) , 

H fiOTOMY 

X(r-r'l p,O,v. ,vn) = X(r-rlp.O,v. -vn) , 

~(r- • r lp,O , V
0 

,vn) = 5l(r-r' l p , (}, v.- ·vn)· 

BoabMeM, .aanee, Bblpa>KeHHe ia • Y1MeeM 
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i = j_ < )J/L+"' - "'+li-> ~ 
a 2 a r a at a .,. .. "'n 

= _!_ < a o/1 + 
2 ( . -

a r a 
i m v (a) o/1 + } o/1 - o/1 + ( .i'J!_ + i m v(a ) o/1 )> 

n a ra n .,. - · 
a n , o 

(a ) (a ) (a) (a ) (a) 
= :nv

11 
p + m p

8
(v

8 
- v

11 
) "'" mp

8 
V

8 
+ m p n V

11 

M hi B Be n H a.aecb rr nOT HO CT b H OpManbH OA' KO M IIO He HTbl p n - p - p . • no.ac"''HT aeM 

Ten e pb T9H30p H 811pS!>K 9 HHI! 

a4>rRJ .. 
T {3 ( p 1 (} 1 v 1 v ) = 'h (-- R{3~(R \ p 1 () 1 v 1v ) d R-

a • n a R a • n 

1 a·'·+ (a ) + a"' ( {3 ) -- < (-"'- -imv o/1 }(-+im v n o/1}+ 
2m a ra r. a re 

81/1 + . r8J + iN . (a) 
+ ( - - zm v o/1 ) ( -· - + z mv o/1 } > 

iJr p n iJ ra n "'a."'n • O 

1 < N+ N + .2_1/i.:.H L> - + 'h(a4>(RJR8 ~r R \ p 1 01 v -v. 
2,;; -;;;:: a;-; ar {3 a ra •. - -:;·• aRa • 

; •• LaJ + ao/1 
+ .:.:JJ.!_ < "' -- -

a"'+ i v rf3J a"' ~ + a"' 
- -"' > - ·--"- < --- o/1 - "' -- > 

2 a r 8 a r · -· · · 2 a r a r ·-··· {3 • n a a • n 

(a) ( 8J m (a) ({3) 
- m pV 11 V 11 = - Sa8 J(p ,8, u) - =mp.v. v . -

3 aecb H a aanbH e iiweM 

- mp v(a) r8J 
n n V n 

!! = ~.:. 
2 

1 ' p e o6 p aay eM B bipa >Ke Hu e a nA c p ea Hell a H e pT"H H 

Pf(PI el v I V ) = •;, ('I>(R) ~(R\p,Oi v - v I O)dR-
• n • n 

JdR + 

:/.AP~ I·. f ; .( 

- ___!_ < [ ( ...£,.- - im v. J
2

t/J J o/1 + o/1 + [ ( ~:n;. J' o/1 ] > = 
4 m ar a r l · l .. . ... o 

\.., • n 
/ 3.6 / 

=p E( p , (} 1 u) + ~ 
2 

.. .. .. 
+ mp. (v. - V

11 
}V 11 

3 .aeCb 1 K SK H 06bi\.fHO , E( p ~ (}, u) = F- ()~ 
ae 

HaM n o Haao6HTCH T 8 K >Ke B e KT O p Ia 

K Q T'O p 8B HOB 9 CHSI n p H H 811HqHH 

3 aM9T HM, q T O 

.. 
v . .. 

H V n 

BWqHCI19HH WI! Ll ll SI CJly qaSI CT8T H CTHqec-

G( a) (r ' -r j p, () ~ v .~v.) = 
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J 
! 

J 

i + • + a o/lrt~ rJ ao/l+rt ~ tJ , 
-- < w (t 1r )l o/1 (t, r) ~- - ----<o/l(t ~ r)lo/1(1 1 t p 
4m a ra ara .... .. n 

j + ' + a o/l(~t) . (a) 
- -- <o/1 (l 1r)l o/l (t , r)( ---+z m v o/f ( l 1t ) )-
4m ara n 

+ 
-'( ao/1 ( t i t)-· im/a) "' +(I I t )) o/1 (II t) l"' (II r' ) > 

i}ta . n "a-~n'O 

(a ) ,raJ 
- G (r- ·r \ p 1(} 1v -v )- --"- ~(r' -t" \p 1 (1 1 v - ·v 

• n 2 a n 

illlH C8MOT'O B9KT0p8 Ia 6yaeM HM9Tb : 

· + a a + 
l a(p 1 (1 1 v . 1 v .) E - · -'-, < ({j.l/J ).2JL.-..£!l!....rfj.o/IJ> + 

4m iJ t a a ra ···"n 
raJ .. a <ll(R) r8J -+ 

+(4>( R )G ( R \ p 1 (1 1v 1 v ) d R -I (--:R 8G ( R \ p 1(1 1v 1 v J dR 
• " · 8 a R (3 • " 

i a . .. , + a ·'· . (a) a·'· + . (a) + a . .. , 
- - < [(- -t mv.) o/1 ](-"-"'- +zmv no/1)-•( -"-"'--l mno/1 )[(-+zm v ) o/f]> + 
4m 2 . a1 a ra a ra at n ·.-·.· · .. 

(a) R \ " -v ) dR - · +(4> (R )G ( p 1v 1V• n -+ 

~ a 4>(R) rf3J R \ 0 v -v ) d R + 
a) d R - !. -- RaG ( PI I • n 

--"- ( <ll ( R) ~(R \ p leI v, - v n J {3 a R(3 
2 

a 4>rR! rf3J 
+'J,!. r-- R a Vn ~(R \ p i O i v. 

f3 a R f3 

-v n 
JdR ... 

. + a ·1• a· '· + (a) .. 
- '- -< (/j.o/1 ) - = - -"'- ( /j.o/1!) + (ifi(R ) G ( R \ p 101v - v.JdR-
4 m ' iJ ta ara ...... n, o • 

({3 ) 
- !. f ·alfl (R) R a G ( R I pI e I v. 

f3 aR f3 

.. 
- V n J dR + 

1 (a) + + 8 + + + -- vn < (/j.o/1 Jo/1+ o/1 ( fj. o/f J > _ _ Li vr J< 2.!J!__ ao/I + .E_.}_li_> + 
4 m •• -•n•0 2 m 8 n a rf3 ar a r ar f3 • -· •• a a • n 

+!. v~)( Y, aifi(R) R., ~ (R \ p i O i v.- · v, )dR-
f3 a R a 

~J(ifi ( RJ ~ (R \ p 1 (1 1 v -v J dR 
2 • n 

- + 
i._ v (a) I vrf3J< ..£!1!....1/1 
2 n {3 n ar {3 

+ j_ v 2 
4 n 

< o/f+_li_ 

a r 
a 

mv 2 (a ) - rp vn 

+ a"' > + 
"' -a - • -· ·• t {3 • n 

+ > 
~ "' . - · . o a r a • n 

n o llb3Y S! Cb o npeae n eHli9M I a , q:,o p Myn oli / 3.6/, /3 ,5 / H onpea eneH a eM ia 

n o n y qHM : 
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r , 
(a) '<' !8J 

la (p,O, v , v )= I (p, (J,v -v , 0 )-v p E ( p ,(J,u )+.<. v T
8

(p,(J,v - v , 0)-
an a a n n {3 " a •n 

1 (a) !8 J ( r8J !8J) m :::._ ( raJ (a ) ) m v ~ (a) - 8 v, v , mp 1 v.- v, - -
2 

p
1 

v . -v , -
2

-- v P"" 

------.. . 
I ( p , (J , v - v , 0 ) - / a) [ p E + ~ p + P + m p ; (; - ; ) 

a an n 
2 1 n • n 

(a) (a) · • ... 
- m p • (v 1 - .v n ) ( v • v n 

v 
_2'!_ ) . 

----
J\1 bl flOilO >KHM: 

l a ( p , (J , v. vn , 0 ) = [-A ( p , (}, u ) p
0 

+ A (p, O ,u) ](<a)_v~a) ). 
/ 3 .8/ 

n o a>Ke Mbl !lOKa >KeM, 'IT O A = 0 

U = 0 . T e >Ke Bhrp a >KeHH 5l a n" X j 
a 

7
a8 

Ia 

Llo CHX no p M bl C 'IHTanH , 'IT O 

M hr n o n y 'IHnH 6br 11 a c n y q ae U = con st 1 IT OC KOnhKy BC9 3TH Be n H'-I HHW HHB8pH 8 HT-

Hhl no OTHO We HH ID K rpa a K eHT HOM y npeo6p a 3 0 B8HHID 

- iUt 
~ ~ e ~ 

n oc n e npeaBa pHT e nbHb!X npeo6pa3 0 B8HH fi p83flH'!H b! X B e nH'IH H !l fl5! CO CT0 5lH Hl\ C T 8TH C 

T H'I9CKOro p8BH OBe CH5l nep e l\a e M K B o npocy 0 n o n y'!e HHH y p a aHeH K l\ rH!lp O!lHH8MHKH 

CB9pXT B K y tteA >K. HllKOCTH , D. ll .R: '-19 P O B 0C fl 0 1lb3Y9MC SI, •c 9CT8CTB 9 H HbiM o6o6w eHH e M , c xe-

MO l!, H3flO>K eHHOl\ B § 2. 

Ba ea e M n apaMeTp p. , xapaKT epR3 YIDlllHll CTen e Hb ManoC TH 

.; = p. ? r = tl t . 
n o nO)!{ H M 

~ 

p ( t , r J = p(r , .; ; , Tc t , r) = j (r ,,; J, < (L r J = :=cr , .; J , 
a TS !DK e 

U(t,r) = CJ(r , f U 

~ a 
v . ( t , r )= i d r' < ~ (t,r) > 

m < ~ (t , r) > 
v . (r ,!; ) 

+ 
a (t,r) = J< ~ (t , tj > < ~ (t , r) > I < ~ (t , r PI= ;; (r , f ) .f 0 . 

no.aq e pKHeM, liT O .0.9 1l8R .ll 00Y lll9H H 9 0 T O M , tf T O 
~ 

v. SI 81ISI 8 TCR M8D. ll9HH O M9H SJIOll.l9 ACR 

cjly HKUH e l\ t , ; / a CB R3SHHO e C 3 THM Ll, OflYW 8HH 9 0 T O M , "'TO 3H ~M 9 HBT 9 1lb B Bbipa >Ke -

HH H .v. He o6pa maeTc5l B H y nh: a f 0 I, Mbi T eM c a M biM o rpaHH\.fHBa eMc sr paccMoT-

2 4 

p eHHeM 6 e aBHXpea oro c aepxTeKy'l e r o Te '!BHHH 
~ 

rotv. = o. 
Cnyqai! , Koraa < ~ ( t , r ;> Mo>K e T o 6 p a w a TbC5l 8 Hy nb, 6 hl n npea MeToM Hccn eao-

/ 2 / 
aaHBR a p a 6oT e G .B. Ho paaHc Koro • . 3 a MeT HM, 'ITO a n" n o n y 'IBHH5l 8hlpa>K eH Hll cjly HKUHll 

rpHR a R8M flOR 8 !l065lT C5l y pa8 H9HHS! rH!l p O!lHH8MHKH T Oflb KO 8 'SltyCTH'ieCKOM c nyqae ' , 

ltOr!lS BCQ BbiW8flp HB e .a, eHHhl9 B 8 nH 'IHH hi nHWb 6 eC K OHe t.{ H 0 Mana OTnH'I8lOTC SI OT CB OHX 

paBHOBeCH~X 3H8'1eH&ll. 

H o a aToM c ny q a e 

v 

e n o TOM Y 8cera a 

=- 8-;. 

~ 

- i s--
m < ~> .. . 

• n 

ro t v • :: 0 , 

<.2J!._ > 
at 

8 f. o. 

a=a
0

+0a 

TaKHM o 6pa30 M, anR 8hl'!HcneH HSl cjly HKU H H rpH Ha Y K838 HHOe orpa HH~ eHBe 8 B TOMa

TK'I9CXH B~DOnHB 9TC R . 

J a MeTHM a ane e , '<TO flOCKOnhKY rpa!l H B HT bl 
a 

at 
a 

--at 
OT p V • r • •• SIB-

fl ll iDT Cll 8e fl H'IHH 8 MH n e pBOrO no p S!!lK 8 M8flOCT H flO OTHOWI! RH ID K p. r M bl .a,on>KHbl cqH-

T8Tb B C HflY y pa8He HHA / 1 .1/ I) , HflH 'ITO T O )1(9 C 8M Oe ( , npo nopUHOH8 nbH b!M ll • 

n ono >K HM IT0 9 T OM Y ~ 

( (t , r ) ~ 11 ( ( r , f). 

Ll n5! C OK p a m eHHSl o603H a 'l e HHll yc n OB HMC5! C 9 T OrO M OMeHTa 6onee He 8hl flHChl88 T b 
~ 

B e pxHHll HH!leKC H8!l cjly HK U HS!M H OT f , UOC KOflb K Y 9TO He npH8 9!l9T Ha C 

" a e aop aayMeHH ID. 

Bee a e M ceJ!qac, HCX O!l R 83 B hl p a )!{ eHHll a n5l p (r, e). j (r • .; ) . l (r . e) . .;: (r. e ) • 
BBnH'iH H~ 0 ( f, f) , V n (r , /; ) , KOT0phl9 B MeCTe C p (r, () , -:. (r, f) xa-

p8KT 8 pH3yiDT ' nO K 8 nb H08 KB83H p 8 BHOB8CH08 COCT O H HHe' . 

B o abMeM cjlyHK UH H 

( {'p, 0 1 V • 1 V n P
0

( P,(J . , a) 

Pn ( p , (J , u) -

1 aF(p, (J, u ) 
:a - p ---- ; u 

m au 
p - p.(p , (J , u), 

(~ • 
2 

Bhlp8>K8!0lUH9 p. ' p 
!l fl5! CT 8THCTH'I 9CKOrO p8BH OB9CH5l, H O n peaenHM cjlyHK-

UHH .. / 3.9 / 
(J (r, 0, v n (r , f ) 

H3 COOTROWBHHll 

<( r , f ) = · •(p, O,v. , vn ) , 

~ 

= p.(p , O , p.J;. +p.(p,(J , u);n Ur , .; J /3.10 / 
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B seasr T8KHM o6pa3oM cpyHKUHH 13.91 , Mbi Mo>K eM TBK >Ke ssecTR P • (r,.; ) ' 

p n (r , ( ) /10/lO >K KB, /10 Ollp9Jl 9/l9 HHIO 

p • (r , ( ) = p • ( p , (} , ll) , pn ( T , ( ) = Pn ( p, (} , U ) 

C cp op~v~ y nRpyeM Tenepb Hawe npeanono>KeHRe o TOM, 'ITO ansr paccMaTpRBaeMoro 

H9p8BH OB9CHOro npOU9CC8 nOKBnbHOe COCTOHHHe nHWb Cna6o OTnHqaeTCH OT nOKBnbHO -

ro KB83Hp8BHOB9CHOrO COCTOHHRH. 

Cneaysr cxeMe § 2, HanR weM: 

a ( T, ( ) = a ( p , (}, U) + 1J. a(
1

) ( r , () + , .. , 

(1) 
Xr((,RJ=X(Rip,(},v. , v. )+llX (r ,( ) + . .. 

13. 11 I 

= Xc Rip ,(},v. -v. 
( 1) 

)+ llx (r,(J+ 

Tafl(r,() 
(1) 

) + ll Ta/3 (r , () + T a/3 ( P '(}' v 'v 
• n 

( 1) 

1 a ( r , () = 1 a ( p , (} , v • , v n ) + ll 1 a ( r, ( ) + . .. 

H /l0JlCT8BHM 3TH p83/lO>K9HH H BM9CT9 C 13.10 1 B ypaB H 91{HH 11.1 I, 11.21xl, 11. 4 1XI, 

I 3.3 I, npeo6paaoBaHHble K nepeMeHHhiM ( • OrpaHR'IHBaHcb npR6/lH>KeHReM Rae-

8/lbHOl! >K HJlKOCTH, 6yaeM npeHe6peraTb /l01lp8BO'IHbiMH 'IIl9H8MH ll0pHJlK8 1J. 

B oabMeM, HanpHMep, ypa B HeHHe 13.31. V!MeeM: 

~~ 

------ av . 
---- m a;- = a.; a 2a 

m v.2 
2~ 

ll 2ma 
u _ ,ll ,. +' ·' 

2 ;:....--

b (<l>( RJ[X ((, RJ + X* ((, RJ ] dR I, 
2a T T 

H OOT OM y B p 8 CCM8T pHB8 9MOM OpH 6 /lH>K 9 HHH 

a 
(U) 

m~ 
ar 

2 

.<!__ 1 m v. + V + 1 ( <l>(RJ[X ( Ri p,(}, v.- v. J + 
a e a 2 2a 2(p,(}, u) 

x* r R i p ,(}, v - v Jl dR 1 . 
• n 

0 T KYJ18 C /lOM OW b iO 13.41 /10 /lY 'I HM 0 KOH'I 8 T911bHO: 

a V (U) C m v 2 2 13 . 121 m _____._ = - -- I _ _ !.- - __!!!... ( v - v J + A ( p , o , u 1 + u I , 
2 • m 

aT a,;a 2 (v - V ) 2 
U =~ 

T a K RM >K e o6paaoM R3 11.1 1, 11.21 , 11.4 1 , 13.8 1 HallaeM : 
2 

xl Yp a BH9 HHH 11.2 1, 11.41 npe o6paayeM K BRay, aHanorH'IHoMy 12.101, 12 . 121. 

26 

a (p • v!a) + Pn v:a)) 
i!.!_ + :£ 
a r a a( a 

i a((* - ( ) , 13. 13 1 

_a_ (p v(Cl) + P .,;raJ) = :£ ara/3 (p , (}, v. ,v.) + im /a)((*-') a - pE___' 13.141 

a e /3 - · a e a ar a • n n {3 

a p< (p, (} ,v., v.J 

a.,. 
:£ 
f3 

a 1
8 
c P , o. v. , v. 1 ~ r {3) 

---JCl._a_.;_/3__::..__~· - ji ( p • v . + p n 

. * m 2 (v. - v. )
2 

+ ta(( -( )1-v + A(p,(},ll) - ---- m I . 
2 • 2 

rflJ au 
v. )-. -t 

a.;/3 13 . 151 

noJlCT8B/lS!H B ypaBH9HHS! 13. 14 1 , 13.15 1 Bblpa>K9HHS! 13 .51, 13,61, 13.11 , 13,81 

Jl /lH Ta/3 (p, (} , v. ,v., ) <( p , (},v. , v.) 1a(p,(},v.,v.J 

HM9Tb: (a) (a) 

ml acp.v.+p~ ) + :£ 
{3 

a(p. v(;) v~ip./:)v~j 

aP 
aea 

ar 

au . raJ • 
- p ii(- + Imav. (( · - () 

a 

a(a 

a 
--[pE(p,(},u) t 

mp v' .... -+ .... 
--

2
-•- + mp . (v•- Vn) V n] + 

ar 

a (/3) m v 
2 ~ ~ ~ 

+ :£ -- I v [ .L_ __ n - + p m v (v - v ) + pE + P ] + 
j9 a{/3 n 2 • n • n 

(/3) (/3) ~ ... 
+ ( v • - v n ) p • [A + m ( v • vn 

• Yn 
-rill+ 

... au <f3 J r/3) . A ... ~ 
+"'--(p v +p v ) - ta((* - (}[ +m(vv 

8 aefJ • • n n • n 

:£ _a_ (v'!1- v(/3)) A . 

8 a~ n 

2 

~Dl= 
2 

6yaeM 

13.161 

13 .111 

nepeJiaeM Tenepb B yp8BH9HK SIX 13.12 1 , 13 . 131, 13.161 , 13,171 OT BCOOMOr8T9/lb-
_, . ~ 

HbiX nepeM9HHbiX T , ( K nepBOH8'I8/lbHblM nepeMeHHbiM t , r , no/ly'IHM Ta-

KHM o6pa30M CHCT9My y paBH9HHJI rHJlp0JlHH8MHKH B BHJl9: 

a via) 
m "---"- + at 

a I v 2 - - m (v v - ~+A+ U I ar a • n 2 
0 • 

ap 

at 

r8J r8J 
+ :£ a(p.v + Pn vn) _ ia((*-·() = 0, 

/3 a':s 
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ar p v + p yea;) .., a (a) c/3; (a) 
• • n n + ~ --(p V V +p V 

ar {3 ar 8 • • • • • 
c/3; I 

v J + . ' /3 .18/ 

a'.f au 
+--+p ---

ar ar a a 

. ~'* J' (a) 1ma(._ -._)v. mO 

mpv 2 ... ... 
_a_ lpE +.--" + mp (V - v . J v. I+ 
at 2 • • • 

a {3 m v 2 
.. .. .. . 

· + I --lv . [~ + mp (v -v )v +pE + '.f[]+ 
f3 a r /3 " 2 • • • • 
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+ ( vc/3!_ , vc/3;)p [A + m (; ; 

• n • • 

• v
2
" JJI+ I(p vcf3;+p vcf3;J au 

f3•• nn --a '8 

----1 

-ia( t;* - ·0 fA+ m(;•;• 
v 2 

-i-8; - l: 
a c/3; c/3; A 
- (v 0 -v. ) . 

ar 8 

HanoMH HM, 'ITO a.necb 

l"ll6 6(t, r) 

a = a ( p , 0 , u ) , A = A .( p , 0 , u ) , u • ~ - · v a) 
2

, P 
2 s 

1 aF (p,O,u) 
• -p I 

m a u 

'.f p 

P. p - p. 
E = F(p, O, u)-O aF (p ,O ,u ) 

ao 

a F(p ,O,u ) 

ap 
, A=F(p,O,u) 

( ( t, r J = 11 ( t, r J 6 -•xct, r J. 

aF(p , O,u) 
+ p..:.........:.:.....-----= 

ap 
_,.,8 ' ,e 

- noTeHnHa n cxopocTeA caepxTexy'lero llBHlKeHHSI 

(a) 

v. 
a a 
ara 

YnpocTHM ceJiqac noc nellHee H3 y paBHeHHA / 3.18/, ll ltSI 'lero BBelleM 9HTporuno 

s = _ , aF. 
ao 

2 

_i_[pE + mpvn + mp (;• :. 

at 2 • 
.v .. : J] 

m v 1 -+ -+ 
._iL[p(F -OaF_ )-· .....P.......n. + mv.(p

0
V

0
+p 

at ao 2 
; Jl-

a F a ca; ca; 
~(F+pj_) -OL(p ,aF j+mp (veaL/a;) (v - · v , 
a t a P a ·t a o • • • a t 
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_ .1.1!_ mv. _ (p (a) a v~) a + p ) mv _ __ + _ 

n " a t a t 

raJ ca; (a) 
mvn (p•v• +o"V 11 ) 

at 2 

i! p A mv: a aF ca; ca; arvca;_ Ja; J 
= - ( - ---- ) - 0 - ( p -- ) + m p ( v - v ) "-'-

a t 2 a t a e • • n at 

2 ca; a p m v (a ) a v It a (a) (a) (a ) 
__ - - " - ( p + p J m v ----- + - m V n ( p V + p V J 
at 2 • n n at a t • • • • 

2.e.. ( A_ mv: 
at - 2-! 

a(v (a) - v (a) . . 
at 

0 J_ ( p £!.. ) + rn p ( /a) - v (a) 

a t a e • • 

- (p 
(a) a v (~) (a) (a ) 

+p )m v ---+(o V + p v ) m 
n n at • • n n 

(a) 

av • 

at 

- m /a)_!_ __ [ v (a) 

n a r 8 n 

dJ; 
( p• v• +p 

v c/3;) + vc8;(vca; 
n P • • • 

<a) J ] 

ra; aP a r - · ( p • + p J v (a) au + i m /a)v(a) a ( (* - · ( ) = 
- V n a n n _.___ a 'a n • 

rn v 2 a () F ca; ca; a v ca; 
_..lL ) - (J - ( p --) + m p ( v - v ) ____ _._ -

2 at ae • • '" at '!.E._ (A 
at 

(a) (a) a c8; d3; (a) c/3; c8J a v(a) 
-mv v - ( pv +p v ) - mv (p v +p v )--A---

" " arB • • "" " • • " " ar/3 

(a) (a) (a) a p . v. (a) c/3; a ( v - v J (a) a J I 
cab (a) (a) "' 

- mvn (v - v ) - mp v v • " - v _ _ 
• n ar {3 • n • a r8 n ara --(a) au ca; ca; a a F 

+iv v a((;*-(: ) =-(J-(p - -)-
-(p.+p . Jv . 

a ra " • at ae 

_ (A + mv; J[j!_ (p• 

2 ar8 

c8; c8; . (a) (a) a v (a) 
v + p v ) - 1 a ( C- ( ) ] + m p (v - v ) -'-

• n n • • n at 
(a) <l (a) 

(a) c8J av . (,..) (a) av. -
- mpn Vn Vn _a ___ - m p• V • V n -a-

Tp '8 

(a J ca; 
-mv" (v • 

a c8; (a) (a) 
(a) p v 

- •V ) - - • - •- +ima((:*-(: )( V 0 v . -v )-
• a r 

8 ca; a u 
( P • + Pn) V n dta • 

(a) a'.f 
- v --

BenH 'IHHa " a• /\ a B OOC Jt6A H6M y~SBH6HHH / 3.18/ MO lK6T 5b!Tb TSK lK6 npe-

o5paaoaaHa: 

cf3; 
~(v. pE) 

a P v cfJ; a v c8; a . c8; a F 
A~ - '.f ..:.....A-- (J~ (pv --)+ 

a r ar8 a r8 n a e 
{3 (a) ca; 

c8 !( (a ) (a) J arv - · v n J 
+ mp v v - v a 

• n • n t/3 
n epenaweM T en ep b neBy!O 'ISCTb OOC Jt6llH6!"0 y paBH6H HSI / 3.8/ , cpaay rpynnHpyA 

a a F a c8; aF 
-(J ~ (p -) -(J -(pv - - )+ 

a t ae ar8 n ae 
O.ll HOTH UHbl9 ti1l9Hhl 
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(a ) (« ) a v ~a) a -+ 
+p ( v - v )[ m --+--(A+ :n (v v-

• • n at a r a • , 

2 

~ )+ U ] 
2 

- [ p' (v,'ClJ -v(a ) ) au 
n -· - +(p + p ) v (a} _l!:!_ - (p v 

n n a ra • • 
+ /a)v(a) ) _£!!_ ) + 

+A [ l...e.. + 
at 

a'<t. 
apvrBJ ap (vr8; r8; ~.. • - vn ) 

ar 8 ar 8 

n n a r a 

-ia( <;* - (; ) ]+ 
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• • A ra J r a J 2 A raJ r a J v 2 

+ za( ( - (; ) [ " + :n ( v v - v )- " - :n(v v - _!!_ ) + 
· n a n • n 2 ~]-

2 

- ~ r8; 
v 

r8; r8J r8; r8; r8J 
2p• v . - p
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v n - p

8 
v n + 2 p
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Y

0 
+ p

8 
v . __}_ [ v r8;+ ar P . • pn 2 8 

rfJJ) (a ) (a) 
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a 

a rB 

( /3) 
[ p. v. -p. 

r8; rfJJ r8J 
vn - ·p,(v, - vn )} - · - p V

0 
-m V

0 

(a) 

- ·m av n [ p 
(.l r 8 

raJ r8J 
V V n + p• 

r8J (a ) (a) ) ( /3 ) (a) r8J (a) 
v"' {VS -v,., - p. v n vn - pnv n v n 

8 8 
(a) 

( ) (a) ~ ( ) (a ) l a v [ (a ) 
-p'M· V +~V V - m .....:.__a_ pV 

a n a a n n 'a rB a n 

r8J r8J( raJ raJ J 
v.- p •Vn v . -V 0 

r8J 
- P- v (a) / {3; ) + j_~ ri3J a P - P - v --

n a r /3 
(a) ({3) a v (a) a v(8) 

m pv v ( --' - ---'-)+ 
• " • a r f3 a• a 

a s a r f3J 
= e l 21£2-~ + _ _ r P v s J at ar s n 

a r {3 

e[ arpsJ 
at 

avr8J 
__:__.j1 = 
a r f3 

a r8; 
+ -- (pvn SJ)= 

a r8 

C IIB.llYIOW BM y ypa B HBHHIO .llll ll flii OTHOC TK 3 HTpOTI HH 

e [ J!.f.e__~J + ~ -~- r P v ri3Js J J a rf3J r8J 
~ ---- [ (v -v )A (p,O, u ) ]. 13 , {9 1 
{3 ar {3 • n (i t {3 ar{3 n 

fl0 11b3 Y R Cb fl O IJ y1.J9 H HblM H y p 8 B H9 H HSI M H, fl0 K8 >K 9M
1 

'"I T O 

A ( p,O ,u) = O . 13 .201 

L.i nSl S T Or.o paCC M O TpH M C 11y1.{8 A CT8TH C TH'i 9 CK O r O p 8 B HOB9 C H SI
1 

K O f' .U 8 8H 9W H 9 r O fl 0 1lSI 

a ry S! B IIli B T CS! .O aHHOll qoy HK U H B A 
-+ 

r 

U = 0 , (; ~ ( ( r ) , e = const. 

T or.t a H3 ypaB HBH H S! 13. 191 nonyqHM 

ri3J 

P = P ( r ) ' ; n = 0 ' :. 

v 
~ 

a 
Ll _! _ ) A(p,v, - 2 v 0. 

s are 
a H3 ypa BH B HH R He pa 3phl BHO CTH 13,1 81 -

., a rt3; 
- --- ( p v ) 
{3 a r f3 • 

ia(<;* - (; ). 
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; • ( r ) . 

13 ,2 1 I 

13 .22 1 

l 
l 

n e T , 

.:.-. 

K p oM e Toro , H3 13 .181 BMee M T aK >K e 

2 
v 

.,-L A r P , e . -+-J - o . 
a ra 

n p B H HMBB BO BHHMaHBB , 'ITO 
ae 

v , = -ar-

13 .231 

Mbl cpa 3y M O>K 9M 38 M eT HT b 1 
'<T O H B H3BBCTHWX <j"lyHXUBll y Ha C .ll B B , a y paBHB HB ll 

13 .21 I , 13 .22 1 , 13.231 .ll llll HX onpe .o eneHHll - 60 IIbWB . VfM B HHO 9 T O T qoaXT B fiS)I( BT B 

OCHOBB Hawer.O yTB9p )l( .£l9HHII 0 cnpaBB.lliiBBOCTH p a B B HCTBa 13,201. 

BoabMBM csaqana cny'<all, xor.oa 71 

'\!IIOTCII !5eCJtOB9'1HO MallbiMII. 

-+ , '$ R OTJtiiOHBHB9 p OT OOCT OIIBHOII RB-

0 Tor.oa, npeae!5pera• !5ecKOHB'<RO MallbiMR ~-ro nopR.OJta, 6y.oeM 

L~.::- ({3) 
av, 

~ -~-

a /{3) 
A(p, (), OJI ~-L- • O , 

{3 a rf3 {3 ar f3 

ia 
((;*-(;); 
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OTKY .oa R cne.oyeT, '<TO 
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PaccMoTpBM Tenepb 6onee o6wy10 cHTyanHIO , Kor.oa 

r .oe Sv 
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• S p 
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- 6eCKOHB'IHO M BIIbiB. 

; ~ 0 ' 
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f3 
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8 

a Sv !f3) rf3J a A as a A rYJ a s v(Y) 
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= i a((.* - (; ) . 

n y cTL 
-+ -+ 
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S G = const . (; ( r) ~ e S G ; 

Tor.aa, o q e BH .O. HO, M hl .aon )f{ HhJ n o n o>K HTh: 

r.oe 13 v sr 

.... ... ..... ... 
-+ l ( l: r)-+ · l(l::r) .... . 

S v, = e /)v + e /) v 

/jp e 
l (l-; ) /j [' + 

.. .. 
· I( k T) 

e l)I* 

- 6eCKO HettHO M Snbl e llOCTOSlHH bi e . 
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n poR3BOIIb H bll! B BKT O P k Bbi6epe M TaK , 'IT 0 6 bl 

... ; ; = 0 

n pH TaKOM B bl6o pe k 6y.OB M HM9Tb: 
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~ ( {:3 ) _2_£.e_ 
- w 
{3 a r[3 

},: w (/:3) -~~:~) 
8 a r {3 

0' 0 ' 

R ITOTOM y / 3.24 / rtpeaCT SBHTCR B BHae: 

A }.; 

8 
a/3v~8J= 0 

ar8 
P• L 

a a vrf3i 
a r8 

=ia((* - ( ), 

OTKyaa H cneayeT c rrpaseanRB OCTb C.:le naHHoro yTsep>KaeHHR 13.20 1 . 

M bl MO>~<eM Tenepb HanHcaTb BMecTo nocneaRero ypaBReHHR /3 .18/: 

a(pS) + L 
_ _ a_t_ 8 

a(pv(/:3) 5 

" ~ 0. 

ar8 

/3 .25 / 

Y!TaK, CRCTeMa ypaBH eHHJ! rHapoaH HSMHKH anR CBep x TeKy 'Iel! >K H a K OCT H /s pac

CMaTpHBSeMOM npHOrtH>KeHHH HaeartbHOJ! >KHaKOCTHf np eaC TSBHTCR y paBHeHHRMH / 3,18/ 

/ nepBble TpH/ H ypaBHeHHBMH / 3.25/. 

noaqepKHeM, 'ITO B cnyqae , K Oraa 

__ u = o , 11 = o, 
aTy cacTeMy snep!lble nonyqnn ll.JJ. Jlaaaay 

13 1 , 

COOOpa>KeHHII. 

HCXOaR 83 ¢eHOMeH0110rHqecKHX 

§ 4. YpaBHeHHR B BapH8UHRX H ¢YHKUHH rpHH8 

PaccMOTpHM Tenep.b c noMOlJ..lbJO nony'!eHH biX ypaBHeHHll / 3.18/, /3 .25 / cny'lal! 

6eCKOHe1.fHO Manoro OTKnOH9HHH OT fl0KO~W9 POCR COCTOHHH~ CT8THCTHqecKOrO paBHOBe-

CHH. 

nonO>KHM 

p =p •+l3p v :II< 5; . . v 
n 

~ 
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(a) i 
v (t , r) = ---= 

2m v p
0 

[3 t-LCte~ ¢ j pb8 - KOMIIOH 8 HT bl 

(a) -lwt+i t + l;:-; 
v ( t , r) e . 

a a ¢*( t, r) 

a ra 
(a) 

v. (.:!: k ) : 

<a) (k) + e 

aaq,(t, r ) 

ar 
a 

) . 

l w t + tt-lk: (a) 

v. (-k) 

a n~ K0 TOp wx 6 y neM HMeTb , cornac Ho awpameH H ~ a nH v <aJ H onp ene n eHH RM aq, 
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B aKyCTHKe , llO.llCTaBHTb Bb1p a>K 9HHSI 14.2 1 .Q USI 7) H 'I* B 14.1 I R HCitaTb p 9LU9HRSI, 
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ee HCTea / 4.7 / e HH3W9M UOpHllK9 no-npe>I<HeMy HM910T M9CTO . npHplleHH ea H K 0 9cPcPHUH -

9HTbl npH 'l k H 11 * H UOfib3YHCb / 4.7 / , nony 'IHM 0KOH'IHT9 fibH O: 
- k 

<< a i: ;a_Jc » 
8 

t.(E,Jc)p
0 

2,0 (k,E) 
, << a Jc ; a +k >> = -

8 

t.rE,k JPo 

2 rrfl(k , E) 
/ 4 . 15/ 

RcHo1 'ITO e opeaenbHbiX cnyqaax 6 ~ 0 H nH E ~ 0 OTCIOJla ebJT e Ka JOT paHee nony

'19HHbJe pe3yfibTHTbl. 

BHJlHM aanee, Hll OCHOeaHHII / 3.13/, 'ITO cj:>y HKURH rpHHil HM910T n O fi iOCa, COOTeeT

CTeyJOWH9 aeyM THnaM 9119M9HTilpHb!X e oaOy>KJl9HHll -

Eac
0

k Eac
1

k 

B nony'leHHbiX cj:>o p Mynax / 4 . 15 / He y'IT9Hbi acj:>cj:>eKThJ aaTyxaHHH, 'ITO o6ycnoeneHo 

paCCMaTpHeaew HMCH UpH011HlK9HR9M HJl9HfibHOll lKHJlKOCTH. 

E bJ,,o Obi HHTepecHo yny 'llllHTb acHMUTOTH'IecxyJO T O'IHOCT b / 4.16 /, paccM OTpee "npa-

6 nH >K9HHe eR3KOCTH >I< HJlKOCTH •, JlfiH 'lero Ha)lO DpHHHTb eo eHHMaHH e e y paeH9HHHX § 3 

0 TOpOUJ9HHbi9 TaM 'lfi9 Hbl "oOpHllKa 1L 

3Ta 3Blla'la cymecTe9HHO ynpowaeTCH TeM OOCTOHT9nbCTeOM, 'ITO llfiH fiOCTp09HHSI 

cj:>yHKUHA rpaHa. HllM HY>KHbl He nonHb!9 y paeHe H HSI rHJlp OJlHHBM HKH, a IIHlllb nHHeapB30eaH

Hb19 aKyCTB'19CKR9 ypaeH9HRH . 

M bi nony'IHnH O bi TllKBM oopaaOM yTO'IH9HHbl9 ebipa >K eHBH Jl nR cj:>yHKUHA rpaHa, co

a ep >Kawae 'lfi9Hbi 3HTyXIlHBR, COCTaeneHHbl9 83 KHH9TH'19CKRX K0 9cPcPHUH9HTOe / eR3KOCTH, 

T9U110UpOeO)lHOCT H H T.n. / . 

B aaK1110'19HHe MHe xOTenocb Obi ebipaaHTb 6 naroaapHOCT b C.B. Vl o p a aHC KOMY aa 

ero 0011bll!OA Tpyll no no.urOTOeK e 9THX fi9KUHA K ne'laTH. 
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