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r PaccMaTpJIBaeTcB B38HMo.aeicTBRe sans B uHnHH.llpH'Iec~oM eonsoeo.ae. B npR6naJKe,..~ 
HHH l'd&nbiX He_miH.eAHOCTel noxaaaHo, 'ITO B OTCYTCTBHe KOne6aHRA nnOTHOCTH H 
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ll-61 
B psr.ae pa6oT , nosrBHBWHXCSI ~e.aaBHO, BOilHOBhle npouecchl B HeorpaHH'IeHHol 

..;_ 

""\ nnaaMe paccMaTpHBanHCb B npa6na»<eHHH Manhlx · HenHHeiHocTel. Oxaaanocb, 'ITO o6ycnoB-

1 
,I 
I .. 
1 
I 
t 

I ., 
' 

neHHoe Hen&HeiHbiM xapaxTepoM nnaaMhl H nnaaMono.ao6HhiX cpe.a B38HMo.aelcTBBe paanaq

Horo TBna BOnH, ~ nHHeiHOM npH6nH»<9HHH pacnpOCTpliHHIOWBXCH He3aBHCHMO, MO»<eT Bhi3-

B8Tb K8K reHepHpOB8HHe o6epTOHOB1 T8K H B03HHKHOBeHHe HOBhiX no xapaxTepy BOnH. B '18CT-

~ 121 
HOCTH, B pa6oTe 6blnO nOX838H0 1 'ITO ecnH nOT9RilB8n neHrMIOpOBCKHX xone68HHA B XO-

no.aHOA nnaaMe He o6na.aaeT cct>epB'IecxoA CBMMeTpRel, To npo.aonbHhle ltone6aHHSI .aocTa

TO'IHO 6om.wol aMnnBTY .a hi npHBO.aSIT x B03HBKHOBeHBIO pa.aBallBB. Boa6y»<.aeaae anexTpoMar

HHTHhiX BOnH neHrMIOpOBCXBMB KOne6aHBHMB B HarpeTOI nn83Me 6blnO BnOcne.aCTBHB pac-

151 
CMOTpeRO B pa6oTe • reaepHpOB8HHe nonepe'IHhiX BOnH npO,aOII&HhiMH BOnH8MH B Cny'lae, 

161 
xor,aa 8HB30TpOnBH CRCTeMbl C03.Q8B8n8Cb ny'IKOM '18CTBI1, 6blnO p8CCMOTpeHO B pa60Te • 

18 41 
B pa6oTax ' MeTo.a ManhiX HenaaeA80CTeA npHMeHSinCH 1t nnaaMe, noMeweHROI B MarHHT-

Hoe none. 

BMeCTe C TeM, npH np8XTH'IeCKOM HCn011&30B8HBH nna3Mhl B K8'1eCTB9 BOnHOBO.QHOA cpe

.Qhl 06bi'IRO npBXO.QBTCSI BMeTb .aeno C IlHnHH.apR'19CKBMB nna3M9HRbiMB BOnHOBO.QliMH, BOn

HOBble npOileCChl B KOTOphiX cywecTB9HHO OTnR'I810TCH OT npoaeCCOB B Heorp8HR'I9HHhiX Cpe

.aax. XopOWO R3BeCTHO, 'ITO B OTCyTCTBHe BR9WHero M8rHRTHOro nons B BOJIROBO,ae MOryT 

pacnpocTpaHSITbCH E -BonRa I E • .f. 0 I B H -BonHa I E • -= 0 I, ReaaBHCBMhle 

171 
,apyr OT .apyra • B CBH3B C STBM npe,aCT8BJISieT BRTepec p8CCM0Tp9Tb B38BMO.aeiCTBRe 

_ _.,.. STHX BOnH npB .QOCT8TO'IHO 60nbWBX 8MnnHTy,aax. 

1. Hcxo.aHhle ypaBHeHHSI B naHeiHoe npJi6na»<eHHe 

PaccMoTpHM xono.aHyiO nnaaMy, nomtocTbiO aanonHSIIOWYIO BOnHoBo.a c a.aeanbHO npoeo-

• 181 
.QSIWHMR CTeHit8MH. JlBH»<eHHeM ROHOB 6y ,aeM npeHe6peraTb • J.1CXO.QH8H CHCT9M8 rB.apo-

.QHR8MH'IeCKRX yp8BHeHHA H ypa"BH9RHA MaKCBenna npBMeT TOr,aa BH,a: 

... ... -+ ... ... ... 

_H. + (V 'il ) V =- ~ (E + _L [ V H]) 
at m c 

aN -+ 
+ divNV = 0 

at 

-+ -+ -+ 
rotH= ..L aE + _h_j 

c at c 

Ill 
-+ 

divE = 411 ( p + p
0

) 

-+ -+ 

rotE _ _! a11 
c at 

-+ 
divH=Or 

r.ae 

p=- eN 121 
-+ -+ 
j =- eNV 

e -a6coniOTH8SI senH'IHHa aaps.aa anexTpoHa, m. - ero Macca, V - ra.apo.aH-

H8MH'19CK8SI CKOpOCTb, N - KOHU9HTp8UHSI, KOHU9HTp8UHSI IJOnO»<HTenbHOrO cPOH8, 

a H ff - H811pH:lK9HHOCTH aneKTpH'19CKOrO H MarHHTHOrO 110neil., C00TB9TCTB9HHO. 
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OrpaHHqHBaRch MBllbiMH HenHHeil:HOCTSIMH, see senHqHHbr 5yAeM HCKaTh B BHAe pa3no-

)KeHHH no HeKOTOpOMy rrapaMeTpy M8110CTH a , KOTOpbiH B KOHeqHbiX pe3y1IbT8T8X cne-

AyeT npHpaBHSITh eAHHHue: 

... ... 
v"' ~ 

n"'O 

... 
a" Vn 

... 00 ... 

E"'~a"En 
n"'O 

.,.; 

N "' ~ a" Nn 
n"'O 

... 00 ... 131 
II "' ~ a" !I 

n"'O 
n 

noAcTaBliSISI 13 I B 11 I c yqeToM /2 I, nerKo nonyqHTh ypaBHeHHSI n -oli cTyneHH HTTepa

UHOHHoli npoueAypbi, 

... 
avn + 
at 

-+ n 4--+-+ 

e En "' - ~ ( Vm V ) Vn-m 
m"'O m 

n 
aNn + ~ 
i}t" m"'O 

... 
div(Nm Vn-m) 0 

-+ -+ n -+ 

n .... -> 

- ~- ~ [ V m Hn- m) 
mcm"'O 

rot H , _L a En _ ~11 e ~ N y 
n C --;If c m "'0 m n - m 
... ... 

rotE n, - 1 a Hn ca( ... 
div En ~ - 411 e ( N n - N 0 ) 

... 
div Hn "' 0. 

141 

nonaraB n "'0 nerKO nposepHTb cyweCTBOB8HHe CT8UHOH8pHoro COCTOSIHHSI C 

np:~~ n "'1 

N0 f, 0, 
... ... ... 

V0 = 0 , E0 "'110 "' 0 

nonyqaeM ypaBH9HHe 1IHHeil:Horo rrpHOliH)KeHHSI 

... ... 
av, + ~ Ez 
at m 

0 

aN, 
... 

+ N 0 div V1 "' 0 
a t 

... 
rot H "' _!_ a E 1 

... 
- 4rreNo Vz 1 c at 

-> 

rot E = - 1. _i!iz 
c at 

-> 
div E 1 "'- 411e N1 

... 
div H1 "' 0. 

c 151 

PeweHHe CHCTeMbi 151 OyAeM HCK8Tb B BHAe 8KCH8JlhHO-CHMMeTpHqHbiX UHliHHAp!!qecKHX 

B01IH BHA8! 
-> -> 

vt ( r' t) 
-> -> l(k~·Wt) 
v t ( p ' z ' t } "' r vt ( p ' k ' w ) e d k d w ' 161 

qTQ rrpHBOAHT fiOClle HeOOJlhWHX npeo5pa30B8HHH K AHcpcpepeHUH8JlhHbiM ypaBHeHHSIM Ll1ISI 

aneKTpHqecKoro rronR 

~' E -~-. + Q 
2
(k, w ) E r 0 

~ 1~ 1~ 

{ 

(w 2 -0 2 )!~~ E:~+ Q
2

(k,w)E 1 ~l"'o 

aEz:z "' - i Q (k,w) Ezp 
ap k 

4 
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.ae paano

bTaTax ~ne-

131 

~H HTTepa-

14/ 

c 

X 

-

npH .aononHHTenbHOM ycnoBHH 

2 2 -+ 
( w. - 0 ) div E 1 -= 0 , 

/9/ 

rae 

i) 1 a 2 2 0 2 
2 fl.' - (p •.• Q (k,w)-= w - - k ..l ~ ~r ' ap p ap c 

2 

tl .1. 1 a a 0.2-= 4rre N0 

p dp(Pap··· 
m 

H rae npeanonaraeTCH, 'ITO aMnnHTY a a BOJIHbi c k "' 0 

EcnH nono»<HTb, 'ITO w 2-.f 0 2 , TO ypaaHeHHe /7/ H /8/ a a lOT perynsrpHble Ha OCH pewe-
~ 

HHSI 

E 
1
¢ = A ( k , w ) J 

1 
( ..j Q 2, p ) - H - BOJIHa /10/ 

{ 

E z. "' B (k, w) ]
0 
N7, p ) 

E - BOJIHS 

k -2-
E "' - i B ( k, w) ]

1 
( ..j Q , p ) • 

1p ..J? 

/11 I 

nocKOJibKY B aaJibHeilweM HSC 6yaeT HHTepeCOBSTb KS'I9CTB9HH8SI KapTHH8 B38HMOaell:-

CTBHSI E H [f -aOJIHbl, anSI npOCTOTbl BbJ'IHCJI9HHil 6yaeM C'IHT8Tb, 'ITO npH K01Ie6&HHSIX 

oTpb!Ba nnaaMbi OT cTeHOK aonHoaoaa He npoHcxoaHT. Toraa rpaHH'IHbJe ycnoBHH 

E 
1
¢ ( R)-= 0, 

npHBeayT K aHcnepCHOHHbJM COOTHOWeHHSIM 

E z. ( p) -= 0 

B CH1IY KOTOpbJX 0KOH'ISTe1IbHblil: BHa noneil: nepaoro npH61IH»<eHHSI 6yaeT 

E
1
,.(p,k,w)-= l: 

• 

/12/ 

/lSI 

114/ 

E
1
p(p,k,w)-=-il: l: kR + + /15/ 

B(k,w- (! kJ))]
1 
(~p)8(w-w 0-~kj)), a +,- oe R • 

rae 

5 



Cne.llyeT OTMeTHTb, 'ITO yKaaaHHble Bbillle peaynbTSTbi H3BeCTHbi H3 nHHelaoA TeopHH H npa

Be.lleHbl, rnaBHbiM o6pa30M, B U9llSIX CHCT9M8TH'!9CKOrO H3llO:>K9HHSI. 

--- ~-~ 

2. BaaHMO.llelcTBHe aona 

EcnH B 141 ·nono:>KHT& n = 2 nony'IHM ypaBH9HH9 BTOpOrO npH6llH:>K9HHSI: 

-+ av ... ... ... ... ... ... 
__ , + ~ E, = - ( V

1 
V ) V1 - ~ [ V

1 
H

1
], 

at m me 

-+ -+ 
aN, + N div V = - div -N 1 V1 , -- 0 2 at ... 

-+ 
rotE 

2 

-+ 
rotH 

2 

... 
1 aH, 

- ~ at 
-+ 

divE ,_4,eN 

' ' 
-+ .... ... ~ 

_1_ aE,_ 411eN
0
V- 411eN 1 V1 , divH,=O. 

e at e ' e 

1161 

Ha sTol cHcTeMbi nocne aecno>KHblX npeo6paaosaaal MO:>KHO nony'IHT& ypasaeHHe .llllSI sneK

TpH'19CKoro nonSI 

... ... ... ... a E... ' ... 
/'lE 2 - V(VE,J-1 ~-~E,= 

? at e 

4fleN 0 

~ 
... (; )' 4,e a N y . 
'V 1 - ~ at 1 ' 

/17/ 

KaK· H paHee
1 
aac 6y.llyT HHTepecosaTb aKcHanbHo-cHMMeTpH'IHbie pellleHHSI sToro ypasaeHHSI 

BH.lla 161. Tor.lla _L = 0 , H HeTpy.llHO BH.ll9Tb, 'ITO ecnH B nHaeiHoM npH6nH:>KeHHH 

ac~>. 6)'., 0 2 I T.e. N = 0 I J TO H - BOnHa nHHelaa. nepeXO.llSI onSITb K UHllHH.llPH'Iec-
1 

KHM KOOp.llHR8TaM
1 

nocne .llOBOllbHO rpOM03.llKHX Bbi'IHCll9HHI nony'IHM H3 1171: 

r.lle 

l'l~ E
2
¢+ Q'(q,p)E,¢= D¢ 

' l'll..E
2 

+ Q (q,p)E 
• 2• 

aE,. 
ap 

2 a , , 
i ~- l_ _ (pDp) + e Q D 

' ' a ' • p -0 p P p 2 - 0 

' . _ i Q (q,pJE,p+ .!_vp 
q q 

n :l dq' dp' e.. r -D=-~--,1'1 I 1 a E, . 'E') E l'l n - - p + lq 1 .A. _J:_ 

¢ me P P P ap 'P ''~-' p' 

1181 

1191 

I 20/ 

DP 
' l'l l'l 1'1, l'l 6 

eO __ ( dq'dL I E; a E1o + E;¢ i~_,_ck_ + iE;. (Q ) _ E1p + ( _! i_p E;P +iq'E;) E
1
P.J!.

7
1 

me 2 p'l'lp pap ap l'lq pap p 

o' a'a' l'l 1'1 1'1 1'1 ... 
D.=-~( ?AP li!'lq(E;.E,_+E~PE1p+ E;¢E1¢)+_E,E,_divE;l, 

me p up p 
121/ 

npa'leM E',;E(q',p'), l'l , ) E =E(q-q,p-p • 
l'l , , 

Q =Q(q-q,p-p). 
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H II lipH-

' 

(161 

• anex-

I f 
~~' I 

I r···· 8HRII 

> ,_ 

Orp~HH~BBEIHCb noKa cnyqaeM N1 = 0 , p8CCMOTpHM ypaB&eaae flQJ' C y"'eTOM rpaHH'IHOr'.O . 

YCIIOBHH 

Peweaae &MeeT sa.n: 

r:ne 

a T3"_ .. ', a xi>(p-(U -(U 01 )L(q,p,R,p)<IJ(q,q,p,(U ,R,p,v,v )+ 
~· - 1 o• • 1 

-- f3 " x8(p-(Ua -(J) )L (q,p,R,p)<IJ2(q,q',p,R,p,v
8

,v
1

), 
t• If 

A 

L (p,q,R,p) = 1
0 

(.[(Pp) t dpp N 
0 

(yQ2 p) + N 
0 

(-{"W p)! dpp 1 
0
(yQi_p)

p 

R :-;::--, 
f dpp 10 (yQ p ) 

~. ( , ' a - a f CQ~2R l (II 1 'II -
1 

q,q;p,R,p,v
8

,v
1

,(U
0
.)- .!L-LP<--- 0 ~p) 1 (+p)-

- p iJp v
1 

R ~' 

- q'R 6.qR1 (.X....p)LJ (~p)>]+ Q2(q,p)l1q X 
. v v 1 R iJp· 1 R . ' 

\ 

x < lo(!:.Lp)Jo(.!!!_p)- q'R 6.qR 1 (~p)J,(..!1_p)>l 
R - R v. v1 

1 R R 

Ha COOTHOW9HHA /28/ H /24./ cne.uyeT, 'ITO IIHHeiH8H E -BOIIH8 reuepapyeT 

1221 

/23/ 

124.1 

E -BOIIHY 

BToporo npa6na>KeH&H a, 'ITO 6onee cyruecTBeaao, ll -aonua BToporo npa6na>KeHHH soaHa-

K89T H npH B38HMO.UeicTBHH II&HeiHbiX H -aona. 3TH pe3yiibT8Tbl H8XO.USITCH B COOTBeTcT-

BHH C ailanorH'IHbiMH, fiOJ!p'19HHbiMI'i B pa6oTe 
/3/ 

npaMeHH:H K /23/ ¢opMyiibl o6paUl9HH51 4>yp&e-npeo6p830B8HHH, MO>KHO fiOIJY'IHTb KOOpJJ.H-

H8Taoe npe.ncTasneaae E -B'OIIRbi sToporo npa6na>KeHBH, 

4 , f(qa -pt) 
x L (p.'q' R, p)ff_}2 (q, q; p,R,p,fL

8
,p.

1
.')e_ . , (p "" 

7 

(Ua 
t• 

/25/ 
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CoOTHOW9HBH /23/ H /25/ rpOM03.QKH H Hey.ao6Hl!J .anSI Hccne.ao8aHHSI. noaTOMY B. / 

.aan&ReiWeM Mbl p8CCMOTpHM H9KOTOpbie IIpOCTble cny'laH. 

3. MosoxpoMaTH'IeCKHe 80nRhl 

nycTb 8 nBHeiHOM IIpH6nH>K9HHH HMeeTCH II -sonsa c BOnHOBbiM 'IHCnOM q 1 H 

tl8CTOTOI (U +(! q r J H E - sonaa c BOnHOBbiM 'IIICnOM q H '18CTOTOA (U + cf q I ). B 
10 I 0 DO 0 

csny peanbHOCTH qm3H'I9CKHX aenH'IHH' 8MIInHTy .Obi A ( q ' (U + ( t q ! ) ) ' A ( -q '-cu + ( f q r)) 
+ · + I 10 1 1 10 1 f 

D ( q0 · , cu00 (J q 0 f) ) H B (- q 0 , - cu
00 

(J q
0 

l.J) .aon>KHbl 6b1Tb OTnH'IHhl oT 

+ - + - ,. KynSI, IlpH'I9M, 0'19BH.QHO, - cu
10 

"' cu
10 

' - CU
00 

"' CU
00 

• 

JlerKO IIOX838Tb TOI".Oa, 'ITO B38HMO,aeACTBHe STHX BOnH BO BTOpOM IlpH6nH>K9HHH ,a.aeT 
x/ 

80nHhl 

+ 
E2•(p, 2qo' 2cuooJ 

2 • ]2 + 
_ • (-'J-)(e/m)O [D(q.,cu.,) 8(p-2cu,j8(q- 2q

0

)x 
=(-1}n2 2230'+4q2c2 .. + q, c 0 

(J (-./JOp};dppN p/30p) + N ('/30p)rdpp]. (VJ!!_p)-
o c p 0 c 0 c 0 c 

-1 cv3n o --c- p) 

N (.[30 _! -~c- p) 

lo(VfO P) 

R 

J dppJ,(:J%.l! p )I X 
c /26/ ...... 

2 ~ 
x ( 2qo i_ [p < ~ ]0 (~ p) ] 1 ( .!!..!..p) -( qoR lJ

1
( ~P )_1_ ]

1 
( !!..D_ p) > l + ( l-~~ }q

0 
< lC~p)-

P ap - R R R v R ap R c o 1< 

+ E
2

• (p, 2q, 2cu
10

} 

_ ( .!14!!._;2 1 2( ~ P J > L 
v t R · ·o 

2 + 2 + 
... ') (i)(e/m)O [A{q1 ,cu1 J] 8(p-2cu

10
)8(q -2q

1
)x = (-z 2 1 2 2 2 

n + q c 3 n + 4q c 
1 1 

/27/ 

~~~~ 

,;' cwoo:peTii 

-J: . 
'> ner&o 811 

r 
t 
·l~ 

\ .. 
I. 

\. 
' 

:\ 
---~ 

Dq,"" 

a c•nr 

nony'lae 

nyqae: 

o6pa 

' - R p N (,;{50 R ) \ 
xiJ (ill!p) (dppN (ll30p) + N nl%.Jlp) r dpp] (YIJlp)-J o!JJ~p) 0 -c- X ~ 

o c o c o c · o c o c .l->n 
P ]0 (~R) r-

c 

R 02 2 
x r dp pJ, ril!lp > 1. 1 l!l.t ~ [pJ c .P:.R_p >-~ J

1 
r hp n + .3 ---z- q 

1 
1

1 
r u p > 1. 

c p op 1 R ap R c R 

0TcyTCTBHe p930H8HCHblX 3HaMeHaTeneA B STHX Bblp8>K9HHSIX yK83biBaeT Ha Hepe30H8'HC

llb1A X8p8.KTep B38HMO,aeilcTBHSI. Ja.MeTHM, 'ITO Mbl OIIYCTHnH B /26/ H /27/ •meH, COOTBeT

CTBYIQJ.UHX aano>KeHHIO COilpSI>K9HHbiX B.MilnHTy,a, Tpe6yiOIUHA CII9UHB.nbHOI"O paccMOTp~HHSI. 

x/ 
3.aec& nono>Keso, 'ITO npa.KTH'IecKH 

~ 2 2 

a·»~ 
R 

onpaa.aaso, "'TO 

8 

2 2 2 
n » ~ 

R 

, 
~ 
I 

L 

·\ 
f 
~ 
l 
\ 

$,. 

j 
't 

t 

~ 
:~ 

'· 
~---

lip,! 

no 

.... ~ k;:, 
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4. Bo36y>K.ll9H&e aone xone6aHRHMR nelfrMIOpoacxoA "18CTOT&l 

Ecna "' = ± 0 , TO N 1 (p,k,c.>) apOR3Bom.eas <i>YHKUHH xoop.llHRaT. MeTepeceo pac-

CMO"I:oeT& &TOT cny111aA apHMeR&Tem.eo ·Jt B036Y>K.ll9RRJO H -aonehl • .LleAcTBH'rem.eo, K8Jt 

nerKO BH.ll9Tb, 8 9TOM cny"'89 

, (a) f3 p f3 (a) 
N1 (p,q;O )A(liq,ClJ Jl(-'!..p)8(p-c.> .:...O) 

t• . t R t• _ 
+ o- = .± o /28/ 

B cuny "'ero H3 /18/ c y"'eTOM rpaHR"'HOro ycnoaasr 

aony"'aeM 

~ :-;;"I --z -i 
x 1 N, rv Q p J r dp p 1, r v o p > - 1, rv Q p > r d p p N, rv Q p J 1 x 

/29/ 

N , - ()(a)) J ( IL • ) 
X t(p,q, I ---,rP 

B apocTeAw!i!M cnyqae N
1 
= N

1 
(q';O(a) J, a3· /29/ aocne apocToro HHTerpupoaaHHH, no-

nyqaeM 

X 

/30/ 

o6paweeue KoToporo naeT 

:z f3 (a) f3 
!l fc.>, n ·~qfJ + Q )A(~q,"' I (j~q!J 

E
2
.p(P, z, t) = I. f dqdq' -- • a f3 • 

af3. ,, No"'f.rl~q[J(!l.2+ 2fl()"'H+(!lq-q.2)c.2) 
X 

/31 I 

(a) f3 (a) 
x N

1 
( q', 11 ) ]

1 
( ~ p ) exp [ i ( q z- ("' + 0 ) t J]. 

R t• 

· B cnyqae MoeoxpoMaTH'I&CKoA ll -aonH&I HM&eM 

, n (a) 
I ((4 + 4 ) •- (c.>-- u _ ) f) 

J (J!Jlp)e o to 
I R 

rrony"'aeM 

+ (a) 
, '[J(n ••((lJ + Q ) t 

,0 10 rfU)/33/ J (~l!.p)e IV (z, •• ) 
I R l • 

KaK BH.llHM, reeepHpOB8HH9 1/ .- BOnHhl BO BTOOOM llpH5mOK9HHH IIpOHCXOllHT, Koraa· 
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