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)J;ao Bour )J;hiK, Hryeu Bau Xbey 

CKOPOCTb PACfiPOCTP AHEIOOI CHrHAJIA 

H METPHKA fiPOCTPAHCTBA-BPEMEHH · 
B HEJOOIERIIOR lliEKTPO.n;HHAMHKE 



§1. B Bene H rr e 

Paaml'IHble BaprraHTbl HennHeiiHOH KnaCCH'I9CKOH aneKTpOJlHHaMHKH H HX 

oco6eHHOCTH o5cvmnannch BO MHornx oa5oTax. Hcxong na ennaoro Barngna 
. 111 

aa nonS! n qacTHUht, Mn · npennomnn aennaeiiayro Teopnro aneKTpoMarHnT-

aoro nonSI, B KbTopoii Macca n aapgn qacTHUbi BhtpamaroTcSI qepea noTeH

unan ane.KTpocTaTH'IecKoro .nong naaaoii qacTHUhi. T.pynaocTh Teopnn Mn, CBSI

aaaaag c napymeaneM rpanneHTHoii HHBapnaHTHocTn, 5bma npeononeaa B pa-

6oTe Bopaa·n Ha~enhn~/2/, B KoTopoii narpaamnan aaancnT TOnhKO oT aa

npg'mennocTeii aneKTpoMarnnTnoro nonH. KBaHTOBbte' a¢~eKTht pomneHHSI n an

Hnrll:nSIUHH BHpTyanhHb!X 9n9KTPOHHO-n03HTpOHHhiX nap, o6ycnoBnHB810lllH9 pac

C9HHHe CBeTa CB9TOM B KB8HTOBOH aneKTpOJlHH8MHKe,. T8KlKe npHBOJlS!T. K Hann-

. 'IHIO aennHeiiaoro qnena B ypaBHeHHSIX aneKTpoMarHHTHoro nong BHe aapSIJlOB 

np~ oTcyTCTBHH cpetthx/3/ •. HennaeiiHbte ypaBHeHHSI BomioBhtX noneii nnn qac

. TI!Ubl C HeHyneBOH M8CCOH HnH CO cnHHOM T8Kme paCCMaTpHBI.WHCb B pa6o-
. !41 

Tax D.e BpoiinSI H Bnmbe , feii3eH5epra15/, HaanenKo/8/ u np. 
. /7 8/ .191 

· · . BnoxnnueB ' n CBnpcKnn anepBbte aaMeTnnn, 'ITO B nennneiinoii 

KnaCCH'I9CKOH Teopim nonS! CKOpOCTb pacnpOCTpaHeHHS!. cppoHTa BOnHhl 38BHCHT 

. OT BenH'IHHbl · nonst H MOlli9T OTnH'I8TbCS! OT CKOpOCTH CBeTa B BaKyyMe. KaK 

B rnnponKHaMnKe n raaonni'raMHKe anech ~poHThi BonHht npencTaan.SIIOT 

co5oii noBepxnocTn paaphlBa nponaBOJlHbiX BToporo nnn nepBoro nopnnKa nonn 

( cna6btii pa3pb!B) B 38BIJCHMOCTH OT TOrO, OnHCb!BaeTCS! none ypaBH9HH9M 

nnn cncTeMoii ypaBHennii BToporo nnn nepBoro nopSIJlKa. TaK KaK 9TH cjlpoiiTbi 
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BOnHbl B npHHUlme MOlKHO paCCM8TpHB8Tb K8K CllrHanbi1 TO H8 OCHOB9 pe3ynb

T8TOB EnoxiiHUeBa II npyriix/7-9/ Mbi saKmotiaeM, 'ITO. B penSITHBHCTCKOH 

- - •\ KnaCCH'I9CKOH. T90pHH nonSI C nenHH9liHhlMII ypaBH9HHSIMH CKOpOCTb pacnpo-

CTpaHeHIISI CIII'Hana 38BIICIIT OT BenH'IHHbl nonSI II MOlK9T npeBOCXOilHTb CKO-

pOCTb CB9Ta B BaKyyMe, 

PacnpocTpaHeHlle tflpoHTa BOnHbi1 a T8KlK9 B03HHKHOB9HII9 ynapHblX BOnH 

B HenHHeilnoii sneKTpOilHHaMHKe 6bmo H3y'IeHo EnoxHHUeBbiM II' OpnoBbiM/ 10/, 

B pa6oTax Eoiinhl/ 11/ npoBeneHbl cHcTeMaTII'IeCKIIe HccnenoBaHIISI MaTeMa-

. TH'I9CKOH CTpyKTypbl HemmefiHhiX ypaBH9HliH pacnpocTpaHeHHSI BOnHblo 0ne-

6aHCKIIH/ 12/ npennolKHn cnHHOpHbiH tflopManH3M HenHH9HHOH aneKTpOilliH8MHKII, 

PoseHOM/13/, '·.3acTaBeHKo/14/ II np. HsyqeHo · cymecTBOBaHIIe qacTIIue-no

no6HhlX pemeHHii HeKoTopblX HenHHeiiHbiX ypaBHeHHii cKanSipHoro nonSI. B pa-

6oTax neneTMIIHC.Koro II. np,/15,16/ paccMo,TpeH·h; cTpyKTypa oco6elmocTeii 

B aenHH9HHOH sneKTpOiliiH8MIIK9 li liX llBII)K9HliH 6es KOHKp9Tli38Ulili Blill8 nar

paHlKliaHa, B pa6oTe nyT3Kll II Toona117/ noKasaao, 'ITO B aemmeiiaoii sneKT..;. 

pOiliiH8MHK9 npii pacnpocTpaHeHIIII BHa'Iane' llOCT8TO'IHO rnallKliX BOnH MOI'YT 

B03HHKHyTb. pa3pb!Bblo MaKeHHa H nnauMaf¥11 8/ H3Y'Illnll pSIIl stfltfleKTOB Henii

HeiiHOH aneKTpOJliiH8MIIK11
1 

KOT0pb19 MOI'yT 6b!Tb o6Hapy)K9l!bl npii noMOI1111 

nasepoB, B. pSine pa6oT Eap6amoBa 11 l.fepH11KOBa/ 1,9,20/ 6bma peme'na non

HOCTbiO 38Jl8'l8 'pacceSII!HSI. llBYX nnoCKHX BOnH B nen~HeiiHOH TeOp1111 EopHa

l1atflenbll8o Hapo)!(Hblii/21/ 113Y'IH.JI pacnp~cTpanenne nnocKHX aneKTpoMaqi~T-
• Hb!X BOnH BO BH9IIIH9M none C Y'I~TOM nen11H9HHblX .atfltfleKTOB1 o6y.cnoBn11Bae

MblX pacceSIH119M tPOTOHa tPOTOHOM B KB8HTOBOH aneKTpOilHH8M11Ke, 

B· HaCTOSII11eii pa6oTe Mbl nepecMoTpiiM npo6neMy. pacnpocTpaneHIISI 

c11x:-nana B Hen11nell:Ho~ KnacciitiecKoii· sneKTpOil11HaMIIKe, BMeCTO ,tlJpoHTa Bon

Hhi, 113Y'IeHHoro EnoxHHUeBbiM II np., Mbl iicnonbsyeM B KatiecTBe c11rHanoB ..... ~ -. 
M8nb19 38BliCSII11H9 OT BpeMeH11 B03MYI119H11SI B' ll8HHOM BH9IIIH9M none, TaKHe 

C11rHanhi BnOf1H9 MO)KHO BOCnpliH11M8Tb npH nOMOI11H an~apl:\Typ.blo OCHOB8HHOfi 

na npiiHU11ne aneKTpoMarH11THOii: 11HilYKUII11. Mbl noKa)KeM, 'ITO B cuny nen11-

neiiHhlX atfltfleKTOB CKOpOCTb pacnpOCTpaHeHIISI C11I'H8nOB 38B11C11T OT Hanp~~ 

)K9HJIOCTeii Bli91IIH9rO nonS! n. MOlK9T npeBOCXOilliTb CKOpOCTb CBeTa B BaKyyMe, 

Eonee Toro, nnSI pSIJla cnytJaeB cKopocTb pacnpocTpaHeHHSI ST11X ManbiX B03-. 

MYI119HIIii: OK83biB89TCSI paBHOH CKOpOCT11 pacnpocTp8H9H11SI tflpoHTa BOnHh11 
' .,~·;: 

paccMoTpennoro Enox11HU9Bb!M 11 np. Panii yno6cTBa Mhl. 6yneM H:ashiBaTb 
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.. ~ .· . 

cnepxcneTOBhiMH cnrnanaMH Te curnanbi no BHell!HeM none, cKopocTb KoTo

PhiX 60Jiblll9 CKOpOCTH C~eTa 'B BaKyyMe. 

Ecmr CI:rpai3eitmiBbi o6WlHbi9 cpopMynbi npeo6paaoBaHnfi Jlopenua, TO 

cyme-cTnosanne csepxcseTonbiX- curnanon ·. nena6emno rrpHBOAHT i snyTpenne

My .·I1pOTHBOpeqmo T90pHII: I10pS!Jl~K (ITO Bp9M9HH )_ ll~I1YCK8HHH ll I1pHeMa 9THX 

CHI'H8JIOB 38BIICIIT OT CHCT9Mbl- OTC'!EiTa. 3Ta TpynHOCTb T90pllll 6y.UeT rrpeo..: 

none Ira, ecnu rrpe.nnonoxmTh 1 'ITO cjlopMynbi · rrpeo6paaosannfi Jlo,penua AnH 

npocTp81ICTB8-Bp9M9HH CO.Il9pX(8T H81IpHlli9HHOCTH · 9JI9KTpOM8I'HHTHOI'O I10JIH 1 ....... _.. ' . . 
T.e. 9CJIH BB9CTH 38BHCSiillYIO OT H8l!l!'ll!SI nonH MeTpllKY npoCTpaHCTBa-BpeMe-: 

nu; nnn npennonomnTh, _qTo ·ne · MoryT cymecTsosaTh nennneitnhie nonH c nar-
. . ·-. ~··· -· . . ....-;.~~..;··:-

panmnanoM, nonycKa!OuinM criepxcneToBbie cnrnanhi. 

Pa.nn 9cHocTn us nom~HHH Mbi paccMoTpHM cnaqana B · n.2 ynpome~Hhifi 
napnauT Teopnn - Teopn!O ciCanHpHoro rronH, B KoTopofi cocToHnne nonH 

B KB;>KJlOH TO'IK9 liOnJ!OCTbiO X8p8KT9pHayeTCH 4:-BCKTOpOM II8I1pHlli91IHOCTI! 

SIBJISI!Oilll!MCSI rpaAH9HTOM CK8l!SipHOI'O UOT9HUHana 

B CHny rpa.nneHT!IOH !tHnapl!aHTHOCTII narpanxmaH SIBIIO 38Bl!Cl!T TOJibKO OT 

F11 n· ne sanncnT OT ¢ . B ':•3 nsy'IHM nacTCHill!llfi napnaHT sneKTponn- _ 

naMnKn 1 B KOTopoM nanpH)KennocTii rronH npencTasnmoT co6ofi iUITHCHMMeT

pH'IHblti_ Tensop nToporo paHra F , o6pasyeMbifi nyT_ eM nmpcpepeiiunpona-
" . JlV 

unsi · 4-noTenunana All- • Ha ocnose aHannaa KOHKpeTHhiX. rrpnMepon Mhi 

npenno)jmM sa'I'eM B rr.4 nosMO)IWbiH nyTh rrpeononemm BHyTpeHuero rrpoTJmo

pe'lnH T90pHI! 1 38KnJ0tJ810Ul9I'OCH B TOM 1 'ITO JlJISI, 'cnepXCBCTOBb!X Cl!I'H8JIOB 

ponb rrepenaT'IHKa n npneMI!HKa aamicnT oT Ha6niOnaTenei1:: nneneM cpopMy

. nhi npeo6pasonaHni1 Jlopenua nnH npocTpaHCTBa-npeMeHH, conepxwmne narrpH

meHHOCTH UOJISI. 

B iramei1 pa6oTe neKTOpHbii1 nnneKc 11- ITpiiHl!M89T 3H8'19JlliSI 0,1,2,3. 

MeTpnKy npocTpa!ICTBa-npeMenii o6osnaqnM qepea 
P,'V • 

g n g p.v: goo =goo=l 

g IJ = g .,_ 8 · ITono)Kl!M r 
1 

=X , r 
2 

=Y 
II IJ r 3 ,z, r=lrl 

x 0 =- t , x 1 =r1 n, cnen?BaTenhno, Xo='t ·, CKopocTb 

cseTa n naKyyMe rrpunHMae_M ·aa enmmuy. 
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§2. TeopiiH cKtmHpHoro noaH c rpa,aneHTHoil HHBapnanruocTbJo 

ITpennonoJKHM. no ananorHH c aneKTponHH8MHKoi1 1 'ITO TeopnSJ rpanHeHT-
. . ' no- mmapHaHTHa. Torna narpaHJKHaH 38BHCHT TonhKO oT nanpmKennocTeil nonS!· 

. F . = 
ll. 

a$ 
axil. 

( 1) 

np}i'li!!M B CHny peJISITIIBHCTCKOH IIHB8pll8HTHOCTH nocnennne BXonsiT B narpaH

JKH8ll 'lepe3 KBanpaTH'illYIO Benn'IHHY 

1 flll' 
K=- ""1g 

a$ 
axil 

a~JJ 

axil 

YpaBHenne 3i1nepa-flarpaHJKa HMeeT BHn 

!.!:_ gllll' 

aK· 
a 2 Ill 

ax ll a X ll 

d2Q , , all> 
_.t._ llJl w_ 

dK 2 g g ·axil 

a TeH3op aHeprnn-nMnynhca ,paBen 

T
llv 

d f a<!l cJti> 
= -- ax (l ax v 

dK 
-gJW£, 

a Ill -a,r 

- .. ~ -. 
B '18CTHOCTH 1 nnoTHOCTh aneprnn nonn paBua 

- _..., 

Too ~(~)'J- f. 
d K cJ t 

nnn nro6oro noCTOSIHHOI'O nonSI ( cJijl I a t = 0) 

6 

.~;!(-~· 

( 2) 

a2<P 
' . ::.o axiL axv'- , 

( 3) 

(4) 

( 5) 

-.;~'; 

i.'f 

\. 



c =- s:. < .:. ~ F 2 >. (B) 

Pernem!SI ypannemm rrom1 ncerna nomKHbi ynonneTBOpSITh ycnonnro c ~ 0. · 

0TMeTUM rrpe~Kne ncero,· 'ITO nnH onnoponnoro rrocToSinnoro. nonH 

-F
0 

=0,_ F1 = con.St .. , n ypannenne ( 3) aBToMaTn'lecim ynonneTBOpHeTcH. U~HT-. '-~ . 
panhHO-CIIMMeTpll'lCCKOe ITOCTOSIIIIIOC none 

·- ; ... -· 
( 7) 

, F =-
dr 

llOmKHO YllOBnCTBOpHTh ypaBHCHliJO 

2 
1 d £ / df 2 4 

-(1+ (--- 1 --)F )dF 2 =- --dr. 
F 2 

· dK 2 . dK r ( 8) 

Cnenyn Eopny n Ha!)Jenhny, Mbi Bbi6epeM narpaHm!JaH 

£.= y1-K -1, 
( 9) 

,!lpll'lilM. H8 B03M~li(Jlb!e .pelliCIUISI yp8BIICIIIIS1 .. TIOnSI, H8Kn8/lb!B8CM ycnOBHC 1-K2!,0. 

nnn ITOCTOSIHJIOI'O rronn 

-1 ~ 0, 

n nnoTHOCTh aneprlln 6yneT neoTpimaTenbHofi. Pernan ypanneHHe (8) c nar

paH~JmaHoM ~ 9), Mhi rwn>''lllM 

2 -1/2 
F = ~(1 + __ a_) 

r2- ·2r4 ' 

7 
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rile a - HeKoTopasr KOHCT8HTa. Ycnosne 1 +K ~ 0 BbinOnHReTCR npH 

scex r. 

ITepeilJleM .Tenepb K nay'leHHIO pacnpocTpaHennsr cnr;tana B nai!HOM Bllew

neM none 4 c nanpmKeHnocTbiO ~ • 3To none ll!onxmo ynoaneTso

psrTb ypaBHeHIIIO (3). :ITpn nanH'IHH ManhiX soaMymeHnil noTeHunan II Hanpsr

mennocTb nonsr 6ynyT 

<I>,;+¢ "' 
FfL,FfL+ffL, 

( 11) 

npH'IeM f fl. II HX npOH3BO/lHbie BCef'Jl8 Manbl no Cp8BHeHHIO C .FJ! I! IIX 

npOII3BOJlHb!MIIo l-f3 ypaBHeHl!H ( 3) itnsr <l! l! a; . Mbl nony'IHM niiiiefi!lbJe 

ypaBHeHHR JlnR B03MyiiJeHHR cp B ll8HHOM BHeWHeM none ~ C TO'IHOCTbiO 

llO •meHa BbiCUJero nopRJlKa no f p. H l!X npOII3BOilHhlM: 

o ,Rgw 
dK 

d
2£ a$ 

a2 ¢ 

axfL a,f' 

d2 ~ 
- -- gtlfl' vv, a$ 

dKZ g · · 
a,f 

a$ 
ax II 

az(p 

axiL' ax'/ 

-di(2· a~ 
a~~. a¢ 2( d

2 £ 1111' w' a~ a 2 ~ ac~> 
--'--·--- --grr g --. ~ 

a~Jlaxv axv dK 2 axil al' axv a{ 

d3 ~ , vv' aa' rJP 
+--gW g g ·-- ---

dK3 ax0 axfL 

a~ 
.. 

a <I> 
--··· 
ax v 

a2 <i> a¢ 
a,f axv' axa' • 

PaccMoTpiiM cna'lana pacnpocTpaHeHne ciirHana B OllHopollHOM nocTo-... ~.,:~~ _,., .. __ 
sraaoM BHeUJHeM none FfL • · BbJ6epeM cucTeMy KoopniinaT TaK, 'ITo6bi na":' 

npsrmeHHOCTb F 6bma HanpasneHa no ocn Ox· YpaBH~HIIe pacnpocTpa-

HeHHR CHI'Hana II MeeT BIIJl·. 

[ 1 + ( . dz £ I _!!.!_ )Fz ] ~ + /¢ + a z ¢ - i ¢ "'0. 
dK2 dK · ax 2 a y 2 . a z 2 at 2 

( 13) 

;'.oJ; 

8 

' ·~··~ 

I 
~I 
.:j 
l 

r 
I 
·j 
·j 

~ ' 

1 ., 
\ 

I 
. ;.~, .. •. 

l 

j 
.I 
.I 

I 

.. , 
I 



Ecmr 

(14) 

To ·ypanHemre ( 13) npeacTanmreT co6oii rrmep6omrqecKoe ypaBHemre pacnpo

cTpanemrSI nonnhr,_ npn'leM cKopocT& pacnpocTpaneann crrrnana no ocn x 

panna 

( 15) 

a no ocTan&HhiM ocnM cKopocT& panna I. HeTpynno npoaepnT&, 'ITO ann 

nomr Eopna-l1n£flen&aa xcnonne ( 14) BhmomrSieTcn aaToMaTn'lecKn,· II Mhr 

.. ltMe~M V=(l-t_F2 ),;.Jf2; 

ITotta>KeM, 'ITO ecmr ycnonne ( 14) napyrnaeTcsr, T.e. ecnn 

( 16) 

To cnrnan nepeaaeTcsr no ocn x no•rTrr Mrnoaenno • .linn sToii uemr pac-

CMOTpHM. nnociylo nomry, pacnpocTpanmornytocsr no ocH x • Toraa ¢ 3aBn-

CHT TOJ1hKO OT X II n ynonneTaop5teT ·ammTir'lecKoMy ypaanenuro 

.. az¢ 
a~--+ 

.ax2 

a2 .rl. 
-'~-'-=0. 
ut 2 

( 17) 

HeiiyneBb!e tWMllO!l91IThl r 0 ' r I !Ianpn>Kelli!OCTH nonS! TaiOKe YAOBJleTBO

pst!OT ananorH'InoMy ypannennto. Pernenne 3aaa•m Kornir HMeeT nr£n (eM/ 22/, 
CTp. 592): I . 
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¢(x,t)~ at }"' ¢(~:0) 
TT -oo . , 2 (x -x) +az tz 

.. ~ ~ 

dx' • · 
) (18) 

0Tcrona cnenyeT, 'ITO napnautw nann hi X Konm B neKoTopoil TO 'IKe x' qepea 

IIOIWTOpbiH npoMe :ll{}'TOK BpeMOHJI t .j. 0 MO)I<OT OK838Tb Blii!SliiiiO Hll COC-

Tonnne nomihi. n nro6oil ·npyrofi TO 'IKe x I x' 1 KOTOpllH llllXOlli!TCH Cl<OllbKO 

yronno .nanmm OT TO'IKII x' (no nanpannemno ocn .x ) • I1naqe ronopn, 

nnn :mnnnTn•IecKoro ypannennn ( 17), KoTopoe cooTneTcTnyeT y~hTpnrn~e~-
6omPteciwMy ypannenmo n •IeTbipexMepnoM npocTpancTne-npeMenn, ciwpocTh 

cnrnana nnonh cooTneTcTnyromero nanpnnnemm ne orpallll'te!la. 

PaccMOTpHM Tenepb muiefinoe onnoponnoe nonuonoe ypnnnenue nToporo 

nopnnKa ( t"2) n ero o6meM nnne: 

·Apv ·· 0
2
¢ + 11 v_D_¢_= 0 Apv 

-d-x-f'_iJ_.X_V_ iJ X 1' ' 
A ~·Jl • {19) 

Ecnn aTo ypannenne runep6omPmo, npiPieM p~nb BhiJlenennoii nepeMennoii 

nrpaeT npeMsi, To cKopoCTb pacnpocTpnnemm curnnna f/l .. 110 MO)I(OT 

npeDOCXOAIITb CKOpOCTb• pacnpocTpllllOHIIH tjlpOIITil DOIII!bl - IJOBOpXIIOCTII paa

pb!Bll npOU3BOllHbiX BToporo nopHAKll OT ¢ 1 !<IlK 9TO ?IICllYOT 113 TOOpOMbl 

eniHICTDeHHOCTif peruemm 3a):lll'Ul Koum AnSI runep6oniPJeCKHX ypnnnennii 

( CMo/23/, CTp0 654) o C npyroii CTOp0HbJ 1 pa3pbiB npOII3DOll!ll~IX OT f 
• . . .·_.co_' . ·- .: ... -. . Jl 

( cna6biii paaphm) ·anonne MO)J<Uo· c•mTaTh cm·nal!o.~vi, TaK KllK ero n npnnunne 

MO)Jmo perncTpnponaTb aKcnepnMenTa.llbiiO. T aKnM o6paaoM 1 cKopoCTh tflpon- · 
. -~ . 

Tll DOllllbl Ami ypllDIIOIIIISI ( 19) !JPCllCTannSJeT co6oii MllKCI!MllllhHYIO. CKOpOCTb 

pacnpocTpanemm curnana n. nannoii TO'IKC nnemuero ·nonR no nannoMy nan

pannemno. Ona panna. cKopocTH tflponTa nonnhi 1 paccMoTpeunoro BnoxnuueBbiM 

JI np., TaK IHlK 'IIIOHbl c npouanoUUhiMII ni-oporo nopnni<a n ypanueunnx (3) · 

II { 12) o6nano1oT onHnMn 11 TeMn :>l<O Iw::xjlqlllunenTaMn, n nocnennne nonnocTbJO 
',·;';: 

onpenemiiOT CI<OpocTh tflpouTa nonllhJ. 
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fv\bl Terreph Bb!p83l!M C!WpOCTb !jlpoHTa BOilHbl 'Iepe3 3Tl! Kos!jl!jlmmenTbl, 
' • • t 

nycTb ljlpOHT BOllllbl IIpencTaBmteT COOOH nonepXHOCTb 

( 20) 

nonmna ynonneTnopnTb ypamreumo 

JLV ·a~ a~ 
A~ 

axJL _ax v 
o. ( 21} 

·- ... 

CrwpocTb cjlponTa nonH.hi onpenemwTcn cnenyroiUHMu ¢opMynaMn (cM.f24/, 

CTp. 42Q): 

.... ... .... 
v "'vn, n v~ 

--;v 
IV~! 

( 22) 

l13 ypannermii ( 12), ( 21) 11 ( 22) Mbi rrony'IIIM ypanuenne nmr MaKcnManhnoii ,.. .... 
CKopocTu pacnpocTpanennn cnrnana· no uarrprmnemuo n · B HOKOTOpOH TO'I-

KO BUCJIJI!Cl'O IIOJll1! 

d.£ d2 £ ~ ~ .. dZf , -·... ' .d.£ d:l,£ ...... 2 

(dK -""'d'i(TFo )v· +2 dK"F 0 Fnv-['""'di{+di{T(Fn) ]=0: (23) 

Ecnn nnemnee none nocTonun~, To Mhi HMeeM 

d 2 ,£ d f -· 9 % 
v=[t+ <-.. -/ --HFn)· 1. 

dK" dK 
( 24) 

113 3TOii ~OpMynhi II JI3 BhlpB>KOIIHi! ( 9), ( 10) cnenyeT, 'ITO pamtallbHUH 

CKopocTb pacnpocTpanemBr ccjlepi!'Iecr<oil nonnhr n uenTpanbi!OM CIIMMeTpU'I,

HOM none Eopna-Hn¢enbna panna 
2 ' 1/ . 

( 1 -
_a __ )/2 

\'= + 
2r 4 

11 



T.e. o11a ncerna 6onbme n "Heorpann•tenllo noapacTaeT npu r ... 0. 
; 

§3. , Heniureilru:ur sneKrpotuuwMJfKll 

nepeiineM Tenepb K II3Y'191lll!O nemmellllblX, ypaB~ICI!Uii :;meK}PO~ai'IlllT-

1101'0 nonst C 4-BeKTOpOM !'IOTeJIUIIana All II ai!TilCUMMCTpH'II_IhlM Ten3o-

poM nanpmKennocTn F lw 

F 
/LV 

aAv 

ax f! 

, a A 
1
1 

---v ax 

F 
1
w anToMaTnqecKil ynonneTnopSIIOT yp::mnenmo 

a r,LV 
'~+ ax 

aFvx 

"i;Ti 
af.'ft _ o. 
~--+-- v ax 

narpaHX<Jl811 HDHO 38BHCIIT· OT ABYX llllBtlpllaHTOll 

K - 1 J1ll w' 
' --4g . g F , F , , 

Ill' w 

I ,; - 1 pwp 8£ ' F pv 
F ap 

( 5) 

( 26) 

( 27) 

pvap , _ 
rne E - llOliiiOCTbJO 8HTI!CilMM9Tpli'-!HbiH TCII30p C IICIIYliCDOll KOM-

IlOH9ltTOli f 
0 

I 
2 3 

= l. nolJO>KI!M 

<ll 
/LV 

;. 

a£ 1 a£ pvaf3 
-F +---r , F fJ. .-----.. a K ' IIV 2 ai at' 

-Ypannenue 8ilnepa·-narpau>Ka nMeeT· BIHl 

.. . l 

.. -
·""?"'"i' 

g 
Jljl, a <ll flV 

ax ll' 
= 0, 

12 

( 28) 

( 28) 

':? ~· 



l 
J 

a TeH3op aHeprnn-nMrrynbca paBeH 

aa' 
T =-g «<' F - g £. llV llf1 1-17 , llV (30) 

B TpexMepubtX o6oaua•wmurx F 0 1 = E 1 F 11 -- £ IJkll k., !fl 01 = D 1 ' 

- «<> =-£ 8 , CHCTeMa ypaDUeHHU ( 26) H ( 29) ll COOTHOl!IeHHe · ( 28) HMeiOT 
. ll Ilk 'k '-· 
tlJfA. 

.. · "- ail .. 
rotE.:".---,.- div H .. :;O"-· (31) 

at 
.. .. ·an ... 

rotn --.-, divD .. O ( 32) at 

.. ... ... ... ... .... 
D =ME +Nil, n ,.MIJ-,.NE, (33) 

rne 
a£ a£ 

M .. -, N =--. 
aK a 1 (34) 

Ycnonue neoTpnuaTenbHOCTil rrnoTUOCTII sneprmr. 

T 00 = 6 E - £ ~ 0' (35) 

·' 

aoo6me ronopSI, MO>I<eT nar<nallbiB8Tb HeKOTOpbte orpaunqennSI na Bbt6op nar-

pan>Jmana. 
~ 

·· · nocTOSIIlHble onnopot:Uiuie nonSI E =cunst 
.... 
II , const 8BTOM8Tll'leCI<ll 

ynonneTBOpSIIOT ypaDHeiU!SlM ( 31) II ( 32) • llnSI UeHTpanbi!O-Cl!MMeTpii'IIIb!X 

anei<TpOCT8TH'IeCKIIX ~oneu (11 = 0) Mbi IIMeeM ypannenne, ananoriPIIIoe 

yp_anHelntiO ( 8): 

.· ·1·[11.( d:J£ /' df)E~]dE2 4 I 
- + -- -- • =--(r. 

E2 · dK2 dK r 
' (36) 

13 



B TeopHII BopHa-Hn¢enblla 

f "'1-y 1-K ....,}
2 (37) 

II peme1me ypanHeHIH! ( 36) nMeeT mm: 

E 
a :J ..Jt 

"'---z(1+ ___ a_) 12 

r 2r 4 ' 
( 38) 

a nnoTHOCTb <OllleprHII An51 moooro IIOCTO.IIHHOrO :aneKTpOCTllTII'!9CKOro. liOnS! 

panHa 

1 2 -% 
c=(1- 2 E ) -1~0. ( 39) 

PaccMOTPHM Terrepb pncrrpocTpaneHne ManhiX no3MYU!eimll, xnpaKTepn3 ye-
.... -. _, " 

MbiX B9nll'IIUillMII C , h , d , b 1 no nueiuneM rrone c neKTOpaMU narrp.11-
;;4 ;; ..... ;;..... .;; .... 

>KenuocTII 11 HHilYKUHII E , II , D , ll Tm< IWK ypaBIIOHII.II (31) II (32) nn-. . . . 

nellHbl 1 TO B03MYllJOHH.II C, h, d , b Tmorm yaonneTnop.HJOT ananornq-

HbiM ypaBHOHII.II":f ... ... 
rote = _ tli_ 

at ' 
... 

... 
div h = 0 

... ad: ..... 
rot b = -- , drv d = 0. at 

(40) 

( 41) 

·- .. ~ -. 
C TO'IHOCTbiO llO 'In9HOB Bb!CllJero HOpS!llKa ManocTH .COOTHOllJ9III!SI' Me>KllY ->e ,h ... . --"', . . . 
II d, b HM910T BIIIl 

d 1 = [ M o IJ + P E 1 E J + R ii Ji J + Q( E 111 J + 11 1 E J ) e J + 

.. < 
..... 1; 

~ :'!'!!': ~ ~ ~~ ~ ==s 

+[No 1;+Q(E1 El -11 1 11! )-PE 111l +RII 1El)h·l 

14 

__ ·._. -,.:. .. _ ----··--

(42.) 

,.. ~~ 

I 

1 
1 
j 

I 
:' l 
I 

·, l 
I 



~ ~ ='!II ~ 

b1 ,..[i\18 11 . -PIJ 1 11
1 

-HE 1E 1 
+'l(11 1 E

1 
+E·,JJ

1
)]h

1 
+ 

. ( 43) 

rne 

(44) 

ill il K 

·- ; .. -· 

B ltllnbJieiiuwM npennono/KilM, 'ITO nemPIIIIIbl P, Q 

mo, ecnn ~~- n lJ cTpeM~Tc~ K nymo. 

CTpeM~TCH K ny-

PaccMoTpnM n K£1'IOCTne npocToro npnMepa pacnpocTpauenno cHrunnon 
-+ _, ' 

n onnoponuoM aneKTpocTuTIJ'!eci<OM none II"' 0, E = mn!:!t • Bbionpmi ocb 
. Y't 

Ox no nanpannemuo neKTopn h. Mbi noJIY'IIIM cuc.TOMhi ypaanennii 

iJ2ox iJ2ox 
---~ ---+ 

.Jt 2 .Jx~ 

. ~I ( .J 2o, o 2e~-) 
., --., + .. , 

Mti'E" cJy" cJz" 

:'
2 1 ' 2 1 '1. 1'1' 2 12 1 -'' 2 11, ) _u_'-·-~ _v_'•-+~-=-~( ~+ v 

at 2 iJ x 
2 

" ay
2 a z 

2 

il z hy 1 'az hy 
---~---+ iJ t 2 iJx z_ 
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' 

YpanHeJmst pacnpocTpauemut nonn B nocTostHHOM o.nuop~.nnoM Mai:'IUITHOM 

. none nony'laJOTCSl H3 cucTeM· (45) u (46) 3aMenol'! p_, R , R-• P 1 E 
2
-->11

2
• 

YcnonHst I'llnep6omi'IHOcTri sTnx ypanneHnfr 3aKnro•JaroTC51 n TOM, 'ITO 

l+_f_E
2

>0 
l\1 - ' 

II 

1 H • 
+ -xr II" >_0, 

1- ~E2 > 0 
~I 

1-~112>.:...0. 

' ' 

( 47) 

(48) 

¥13 • nony'!eJIUbtX ypaBHemiil CllenyeT, '!To cKopocTb pacnpocTpanemrH curnanon. 

no narrpannemiJO ocu 0 z 

. . H t/ 
v =( 1- _ E z) 12 

M 

v = (1+ _f_Ez) Jj, 
M 

pan a a 

B 3nCKTpOCT8Til'ICCKOM ITOIIC 1 II 

. I' 2 % 
V=(1--IJ) . M 

v =(1.+ .E_11 z ) Jj, 
l\1 

B M UJ:'HIITHOM none. 

.... - .... 
ccnn h//Ox, c//Oy, 

(49) 

ecnn c'//Ox,h// Oy, 

ecnn h//Ox,~//Oy, 

(50) 

ecmr e//Ox,h//Oy 

B TeopHu Eop!ia-Mn¢enb"na -~~-~II'IllHbi (49) II _(SO)-~ aneKTpocTaTI!'lecKoM 

none paBHbi: 

. ,( 

·~··;--

V=(l-2E2)% 

2 

v =(1-..!. )% 
2 

16 

.......... 
..,. .. ...,. 2 

ecmr h//Ox,c//Oy,l-2E <!.0 
(51) 

_ecnn c .... //Ox,h .... //Oy·, 

~ : 

.· 



8 B nOCTO!UIHOM M8I'HIITHOM none p8BHbi: 

. ~i2 .Jh 
V={l+T) ecnu li II Ox, Iii I Oy, 

152) 

ecnu eiiOx,hiiOy. 

3aMeTHM1 "'TO nnR onnoponnoro aneKTpocTaTuqecKoro nonH Eopna-l1n£t>enbl:ia nMeeT 
- . . .1 Er~ 

MeCTO ycnOBIIe : -...._ ~ :._ 0 1 T8K K8K B IIpOTIIBHOM cny"'ae 3Hepi'IISI 

6yneT KOMnneKCHOH Benll"'IIHOH. B rrepBOH 113 !jlopMyn (51) Mbl noTpe6oaanH 1 

"'TOObl 
2. 

1-2E'~0. 

npu llOCT8TO"'HO CIInbHOM BHeiUHeM none 3TO ycnOB'He He BbiiiOnHReTCR II ypaB

HeHIIe pacnpocTpaHeHIIR BOnH c hI I 0 X ' e I I Oy no OCII Oz 6yneT annun-

TII"leCKHM ypaBHeHIIeM 1 CIII'Han MOllieT nepeAaBaTbCSI IIO"'TII MI'HOBeHHO. 

§4. MerpHKll. rrpocrpaHCTBa-BpeMeHJl 

npoaH8llll3llpOB8HHbie B npellblllYIUIIX naparpa!jlax npHMepb! nOK838llH
1 

T8KIIM 

00p830M 1 ."'TO l3 paMK8X penRTIIBIICTCKOH TeOpllll aneKTpOM8I'Hl!T.HOI'O nonS! 

C H9llllHeifHb!M ll8I'p8H)Kl!8HOM MOI'YT CylUeCTBOB8Tb CIII'H8nbi 1 KOTOpb!e pac-
, 

IlpOCTp8HRIDTCR BO BHeiUHeM none CO CKOpOCTbiD 1 npeBOCXOilRIUeif CKOpOCTb CBe-

. Ta B BaKyyMe. PaCCMOTpl!M paciipOCTpaHeHIIe CIII'Hana T8KOI'O. pOAa Me mAy 

nepenaT"ll!KOM II IIpl!9MHIIKOM1 H8XOASilUIIMIICH BO BHeiUHeM none II AOnyCTHM1 

KaK aTo o6bi"lHO nenaeTcH, "'TO cnpaBeAnHBbi o6hi"'Hbie !jlopMynbi npeo6pa3oaa

nnti flopeiiu~. Ta~ KaK A~a co6biTIIH ucnycKaHIIH II rrpiieMa pa3AenmoTc~ 
npOCTp8HCTBeHHO-nOAOOHbll't HHTepBanoM 1 TO CYlU~CTByeT CHCTeMa K00plll!H8T 1 

' ' . , ~ ' 

B KOTOpoif 3TH .nBa COOb!THSI l!M9IDT o6paTHbiH ITOpS!llOK no BpeM9HH~ YfHa"'e 

I'OBOpS11 llllR CHI'H8ll8 T8KOI'O pona. pollb npH9MHIIK8 II nepenaT"'IIKa 38BHCIIT OT 

CHCT9Mbl OTC"'~T~: IIpii rrepexoae l!3 OAHOH CIICT9Mbl K apyrofi nepei:H~T"'~K 
MOX\9T IIpeBpaTHTbCSI B npueMHHK 1 a npneMHHK - B rrepenaT"'llK 1 "'TO IIpOTIIBOpe

"'HT .snpaBOMy CMb!CllY ll npellCT8BllHeT COOOti: BHyTpeHHIDID H9COCTOSITellbHOCTb 

Teopllll •. BbiXOll. 113 3T.OH!CHTY8UIIII . MO:>K9T 38KlliD"18TbCH B OI'J?8Hll"19HHII BbiOOpOB 
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·. 

B03MO:llmhiX iienaiiefiHhiX narpamKHaHoa. HiJaqe roaopS1 1 napSillY c o5menpuHSIThi-
, ' . . ' ' 

MH llpHl!UHil8Mll narpall:llq!BH B HCJIHHCHl!OH TCOplll( nomKell Yll.OBJICTBOpSITh Cute.· 

O}:ll!OMY ycnOBHJO! B03MO~llbl TOJihKO TC TCOpliH C HC.niii;etlilbiMll narpa~>K~8JIBMU, 
a KoTophiX·. cnraanht acerna pacnpocTpal!~JOTCSI co cKopocThiO,· MCI!bmeii nnn 1 

paBHOH CKOpOCTH CBeTa B BaKyyMe. Cyut~CTBOBBIIHC TBKIIX narpa!DKIIBHOB 

5yneT uayqen? B npyroii cTaThe. 3aecb Mbi paccMaTpimaeM npyry101 5onee 

IIHTepecHyJO B03MO>KHOCTh npCOllOJICIIHSI Tpylll!OCTII1 CBSI38JIIIOH 'c HCJIHBBp!IallT

,llOCThiO xpi:>HOJI~f'II'ICCKOJ"O llOpSillKB C05b!TJIH IICilyCKBHJISI ll llpliCMa CBCpXCBC~ 

TOBbiX curaanoa. 

B Ka.!ecTBe HmiJOcTpHpyJOmero npuMepa paccMoTpnM cHa'lana 8 paMKax ·· 
. . ' . 

CKBJISipHOH TCOpUH ypaBHCHHC pacnpOCTpal!eliHSI. llJIOCKOH BOJII!bl .B O}:li!Opo'/:UIOM 
.. . . ~ 

nocToSIHHOM aaemneM none f!O · aanpaaneHuJO, napannenbnoMy nanpSimenHocTu F 

f'llC CKOpOCTb a 

a2 ¢{ x, t > __ t_ 

ax2 a2 

a2¢{x;t) 

at 2 
,:, o, 

3aBHCHT oT aanpSI:li{CHHOCTU F 

(53) 

(eM. ypaBHCHHC ( 13)) 

H MO)I{CT npeBOCXOllHTb ·CKOpOCTh CBCTB B' Bai{yyMe. nonyCTHM, 'ITO ypaB-

-' 
HCHHC 'P{x,t)=u(x.:...dt) onnChiBaeT pacnpocTpaHeuuc curuana ~a 

( 

paCCTOSIIIllll l!i.x a npoMemyToK apeMenu l!i. t > 0 ·• · Mhi nMeeM .. 

~X= a~t, 

a cnenoaaTenbuo 2 . . 2 
(M) -{~x) < 0, 

ecnn ·a> 1. 3To oaua'laeT, ·'ITO .nuTepaan I L\t, L\xl.. npocTpaHCTBeano-

ll0}:(05CH
1 

H B llOllXOllS1UlCM npeo6pa30BaH_llll nopenui:J: MCHSICTCSI XpOIIOJIOf'll'lCC-

KllH llOPS1llOK co6biTHH; CBSI38llllhiX MC>KllY co6oli 9TI!M Cllf'Hll!IOM. BMeCTO ape-

MCHII BBCllCM HOBYIO ·'nepeMCllllYJO t '=at 

MeHeM. TaK .KaK 

dt ' 2
- dx 2 =a· 2 dt 2 -dx 2 

TO no OTHOlliCHHIO K HOBOMY BpOMCHH t' 

cKopocTh!O caeTa, T.e. unTepaan I L\t~ L\x I 

, . .... 
18 

II 6yneM C'JHTaTh ee ape-

=o; 

cnruan pacnpocTpauSieTcst co 

B HOBOM llpOCTpaHCTBC-BpeMC:-



HII II30TporreH • .QorryCTIIM1 'ITO. ilp!! rrepeXOAe I< HOBOH CIICTeMe OTC'I~Ta IIMeiOT 

MeCTO 06bi'l!Hbi9 'cpopMynhi rrpeo6pa30B8lll!ll nopeHUa Ansi dt ' II dx , a He 

nmi dt II ·dx • TaK KaK HHTepnan I dt ', dx I . ne)Kl!T na cneToBoM KoHy

ce, TO dt ' coxpanSieT cnoif. 3HaK B aTux npeo6pa3o.BaHuSix. TaKUM o6pa-

30M1 npo~unopeque Teopnu MO)KUO H36e)KaTb1 ecnn npnnSITb ¢opM ynhi npe

o6pa3oBanni1 nopeHUa !{.'lSI dt' U d X. nonaraSI 3aTeM B 3Tl!X cpopMynax 

t '=at , Mbi rrony'IHM HOBbie I}JopMy.'Ibi rrpeo6pa30B8HUH ilpOCTp8HCTBeHHO-

BpeMeiiUbiX KOOPAHHaT, conep:»<amue HanpSI)KeHHOCTb nnell!Hero nonSI. l1aaqe 

ronopSI, xpoHonoru•tecKuli nopnnoK paccMaTpl!naeMbiX co6hiTHli ae 6yAeT 

MeHSITbCSI rrpu rrepeXOAe ·OT. _ OAHOH ~IICT.eMbl _ OTC'I~Ta K Apyroii, ecnu cPOpMy.'Ibi 

rrpeo6pa30B8UHSI conepmaT. H~ilpSI)KeHHOCTI)rronn ll IIHBapnaHTHOii Be.'IH'IHHOii 
:i 2 2 2 2 . 

6yneT ne dt -d x , a a dt -dx . Ona SIBnneTcSI qacTHbiM cnyqaeM KBanpa-

TII'l!Uoii nnnapnaHTnoii nenH'Il!Hhl nuna 

(54) 

OTO 03110'10eT1 'ITO TpyllHOCTb Teopi!H MO:»<HO ·npeO!{O.'IeTb rryTeM BBeneHIISI 

MeTpl!Kll ilpOCTp8HCTB8-BpeMeill!1 38Bl!CSI!Ueii OT HailpSI)KeHHOCTeii rronn. 

BepneMcn Tenepb K n3y'l!enmo ne.rinueiinbiX ypanueanii nonSI. Onn non:»<Hhl 

6b!Tb ypaBUeiiiiHMII BTOporo ilOpSIAK81 lllmapuaHTHblMII OTHOCIITenbHO npeo6-

p830B8UHii ilpOCTpOHCTBa-BpeMeHU1 ilpll KOTOpblX £!lopMa (54) OCTaeTCSI IIUBa

p1I8UTIIOii. npiiMepOM ypaBHellliii T8KOrO pona SIBnSieTCSI 
) . 

JW 
npn'I~M G 38BUCIIT OT 

0, . (55) 

J,f3 napuaunoHnoro npnnuHna cnenyeT, 'ITO ypanneime nonSI nMeeT Bllll 
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'. 

) 

Ouo 6yneT coBMeCTHMhiM c ypanueuneM DanaM6epa (55), ecnn BbrpaiKeHH.II . a - . . 
. JL B aTnx ypanueun.s~x nponopunouan~~hr. HeTf?YllHO no-
g_lf: . .. ' . '. . j ·. ' . . -

non auar<<?M 

r<a3aTh 1 'ITO r<oa¢¢nuuenT nponopunmranh~IOCTH paneu enumrue. Mbr nony'InM, 

TllKHM o6pa30M1 'cOOTHOUI9Hli9 

v-G 
l!IIII 

. a£ 
( -+ l)G JlV 
.. aK . 

a( v-"lf.£) = Gpv 

a( ..itL) 
r1 y IL 

a 6.1v- G a<ll - £ 
~-v.-· 

ax a( oil> 
axiL 

a <I! 
axv 

'· 

(57) 

.. , :, 

rne BM9CTO Bhipa>K9HHH ( 2) lliiH HHB~pHaHTHOA aenH'Illflhl K Mbl HM99M 

K=- _1_ G /LV a <I! a<ll .. 
2 . IL ---v • 

ax ax 
l58) 

. /LV 
CooTHOUJeune (.57) B npnuu_nne no3nonHeT onpenenuTb MeTpiiKY G . r<ar< 

¢yur<UIIIO uanpmKeuuocTn. nonH npn 3anauuoM narpamrmaue. 

PeUiemre ypaBuemHr (57) 6yneT H3y'IeHo a npyroA cTaTbe. B Ka'IeCTBe . . . . . ,w 
rurnrocTpauun paccMoTpHM 3ll9Cb cnyqaA cna6oro nonH n pa3no>KIIM £ . II G 

a <I) 
B pHllhi no -_ -a 

~ ax 

f=-K+gK 2 + G f1V ' iJV , =g 
a«V a«V 

+ f ----::-n --v+ 
.. ax_·--: .P_x 

J.'f3 COOTHOUI9HIIH (57) cnenyeT TOI'll8 1 'ITO 

f = 2g. 

.. 

. ........ 

JLV. B 38KIIIO'Ieune OTMeTHM1 'ITO BBeneHHaH 3necb .MeTpHKa G o.Tmrqa-

eTCH OT MeTpHKH 1 o6ycnOB1Il!B89MOA rpaBIIT8UHOIIHbiM s3aHMOll9ACTBl!OM. 

0CHOBI!bl9 Hll9l! H8CTOHIUeA pa6oTbl 6b!1IH clflopMy1IHpOB8Hbl BO Bp9MH 

pa6oThi aBTopoB B 06nenna'eaaoM HHCTHTyTe HnepHbiX nccnenonauiiA. 3a uea-- . ~ ' 

Hhl8 COB9Tbl Mbl BbipaiKaeM finaronap~OCTb npotjl. n.l1!E1IOXIIHUeBy. 3a lll!;.epec. 

K pa6oTe Mhr 6naronapnM npo¢. Ta Kyaur Ehry • 

. . 
;.--~~ 
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