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1. nep8~e non~TKH nOCTpOeHHA nopeH~-K08apHaHTHOH TCOPHH 
rpa8HTa~HH 80CXOAAT K A.nyaHKape / 1/ H r.HHHK08CKOMy l 2 .npe A
no~eHH~e nyaHKa pe ypa8HeHHA penATH8HCTCKOH 3aAa4H A8YX Ten 

HMe~T cneAY~HH BHA: 

d 2x l l = X _.!:.L I ..!..2. ~-_.!. ~(f ~ ~)~ , 
dr 2 1 13 3 C dr C dr 2 B3 C 

I I 2 /1/ 

dt 1 2 1 dx , 1 2 
npH 3TOM (--) - - ( - !1..!) = l.nOACHHM 0603Ha4eHHA: 

drt c2 dq 
i - TaR AeKaproaa KOOPAHHaTa H 8peMA k -TOH 4aCTH~bl, 

CT8eHHOe apeMA k-TOH 4aCTH~bl, i ., 1.2,3. k = 1,2. 

t = I t r/ c, 
1 2 

C - CKOPOCTb CBeTa. A. B, C - CJleAY~He nopeH~-HHBapHaHTHble 

KOM6HHa~HH, COCTa8neHH~e H3 OTHOCHTenbHbiX KOOPAHHaT H CKOpO
CTeH 4aCTH~: .. .. 

r v 1 A - ---'=---( r - --) c ' 
y 1 -/~~ 

c -
y l-/3~ y l - {J ~ 

r v 
2 B 2 --====( r - --) c ' 

- fJ ~ 

v 1 
fJ 1 - -c- • 

/2/ 

Bee 8enH4HH~, OTHOCA~HeCA K 4aCTH~e 1,6epyTCA 8 MOMCHT 8peMCHH 
tl = t , a K 4aCTH4e 2 - 8 MOMeHT t 2=t- ~ .f 1 H f 2 ,8XOAA~He 
8 /1/, - npOH380nbH~e ~yHK~HH HH 8apH aHT08 rpynnbl nyaHKape 
A, B,C. 3TH ~YHK~HH HMe~r cneAY~ee acHMnTOTH4ecKoe no8eAe HH e 
npH c .. no : r 2 - 0(1/c), f 2 - const~O(l/cl) Bblpa~eHHe /1/ CKOW 
CTPYHPOBaHO TaKHM o6pa30M, 4T06bl nony4HTb /c T04HOCTb~ 
AO 4!1eHoa nopAAKa 1/ c2 I Hb~TOH08~ ypa8HeHHA, onHc~8a~~He 
A8H~eHHC ABYX 4aCTH~, B3aHMOACHCT8Y~~HX no 3aKOHY 8CeMHpHOrO 
TArOTCHHA. B~pa~CHHC /1/ HCCKOnbKO OTnH4aeTCA OT Bblpa~eHHA, 
AaHHOro nyaHKape, KOrop~H paAH npocroT~ nono~HJ1 f = 0. E~e 
6onee cne~HanbHble CJ1y4aH paccMOTpeH~ r.HHHK08CKHM ~2/ H B.C.6pe~
He8~M 8 pa6ore 131 . B 3THX pa6orax, cneAYA 3neKTPOAHHaMH4eCKO~ 
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aHanor~~. C~n~ OnpeAenRn~Cb 4epe3 nOTCH~~an~ nbeHapa-B~xepTa. 
B 3TOM cny4ae r 2 .. 0, C 1 = consU1a AanbHel1wero ~-tanolKeH~R cneAy
er, 4TO paccMOrpeH~e HeypeaaHHoro e~palKeH~R 111 OKaa~eaer cR 

cy~ecreeHH~M np11 cpaeHeHI111 c 3Kcnepi1MCHTOM. B~palKeH~e 111 MO
lKCT 6~Tb o6o6~eHO Ha cny4al1 npo~-taeonbHOI1 aae~c~MOCTI1 c11n OT 
paCCTORHI1R. 

2. npelKAC 4CM 00CYAI1Tb np116n~lKCHH~e MCTOA~ peweH~R ypaBHe
HI1R 111, a TaKlKC 113BCCTH~C T04H~e 4aCTH~e peweH~R, paCCMOTp~M 
noreH~~-tanbHb•::1 npeAen IMacca eropol1 4acnn1~ M 2 _, ""I. B 3TOM 
cny4ae 4acT~4a 2 AB~-tlKeTCR np.RMon~Hei1Ho ~ paeHOMepHo, nepexOAR 
C nOM~b~ npeo6pa30BaHI1R nopeH~a B C~CTCMY KOOPA11HaT, rAe 
4aCT~~a 2 nOKO~T CR, nony4aeM BMCCTO 111 

d 2x 1 r 1 1 v 11 If! t 1 1 r 1 ( ... _, r 2 v ~ 
-- = X 1- +-f • , --=--XV) + --'./31 
dr12 r 3 c 

2 y' 1 -,9~ dr12 c2 r3 1 y' l- 1"{ ~ c 3 

nepeHACM 8 131 OT CODCTBeHHOro epeMeH~ f
1 

K KOOPA~HaTHOMy t
1

: 

d 2X I 2 f 1 1 dlt I --2 f I 
-- = (1-fl ) .[ x. ·-+--(C ·v' 1-/3 --

d ti 1 ~ r3 c dt1 2 1 r3 
rv 1 ll . 
c 

141 

CpasH~M 141 c T04H~M~ ypasHeH~flM~ AB~)I(eH~R npo6Horo rena s OTO 

Ia MeTpi-1Ke Weap~w~nbAa dsll =c 2 (1- ;'E)dt2-cti2-p(i.cti') 2 / : 

2 
d x i dx i ... ... 1 dp ... ... 2 2 me 2 2m 

- 2- = - - ·p(xv 1 ) -x i f -
2 

·-d (xv1) +!-!V 
1 
~--1-(1- - ). 151 

dt 1 dt 1 r r r 3 r 

3AeCb 

1-1 
2m 
--rs 

GM 2 

2 /
,m c ----..--

- m r c" • 

G- HbtOTOHoea rpaeHrauHOHHaR KOHcTaHTa. YpaeHeHI-1R AB~lKeHI-1R 
npo6Horo rena a nopeHu-~HeapHaHrHol1 reopHH H a OTO coenaAaiOT 
npH CnCAYIO~eM eA~HCTBeHHOM B~oope $YHI<U~H f: 

[ ~ ~ (r v ) 2 + /l • v 2 • r 3 +me 2 J, 
2 dr 1 1 

f _ 1 - 2m/ r 
I - -

1- tJ ~ !6! 

r 
2 
/t _ J.l 2 r t (tv ... ) PI ~ - 1 r 3 -c- + 

1-!(;v ... l) 
--=--·c. 

1 - f3 ~ 

nocraB~M cneAY~~H BOnpoc: 803MOIKHO n~ BOCCTaHOB~Tb ~3 ype3aH
H~X OAH04acr~4H~x ~YHKu~l1 16! nonH~e ABYX4aCT~4H~e ll>YHKU~H 
f 1( A, B,C) , r2(A.B,C), BXOAR~He a c~-tcTeMy ypa eHeHHH /1/? Bor OAHH 

~3 B03MOlKH~X pe~enTOB, 8 BblpalKeHHRX /6/ BMCCTO r , Vl-#J~ H (tv 
1

) 
cneAYeT nOACTaBHTb eenH4HH~ A, B, C no cneAY~CMY npae~ny: 

2 

rv·J 
(: 

_, B - ~ . r .. R . \~{l ~.., _!_ I ~m 2G (M 1 t M,, ) c ~· c· -- ·1 - ~ r c 213 

rAe aen~4~H~ A, 13, C 3a B11C1ll OT KOOPAI-1HaT ~ CI<OpOCTCi:1 ABYX 
4aC TI-1~ 1-1 OnPCAeneH~ COOTH0WCH I-1 RMI-1 121. TOrAa no peH~-KOBapl-1aHT

H~e ABYX4aCT~4H~e ypaBHCH~R Ill C onpeAeneHH~M~ Ta KI-1M oopa30M 
$yHI<~~RMI-1 f

1
(A.B,C) 1-1 f:_/A . FI .C) I-1MCIOT 8 I<Cl4CCTBC OAH'l4CICTI-14-

HOrO npeAena ypaaHeHI-1R AB~lK~H~R npooHoro rena a OTO. 

3. CosnaAeHI-1e 141 c ypaBHC HI-1RM~ AB~lKCHI1R npo 6Ho r o rena 
a OTO MOlKHO nony4~Tb raKlKe a pa MKax r a K t~aa~aa eMoro nonHo CT biO 
Koaapl-1aHTHoro $OpMan~3Ma ' 4 • B 3TOM nOAXOAe npeAnon a r ne rcn,4l O 
B AaHHOH nopeH~CBCI<OH CI-1 CTCMC BJa~MOAC~ClByiOT TOnbi<O l C 4n( lH 
TpaeKTOPHH 4aCTH~, KO TOp~e COOlBCTCTByiOl pa BH~M BPCMCHCIM. 
B 3TOM $QpMani-13Me ypaetleHI-1.R AB~lKeH~R HME:'IOT B1-1A 

w II' = (x, - y
1 
.v

1
,,) .f ~ (v

2
, -v

4 
. v

1
,) · £!. 

w =-(x -Y ·V ) .F .. (v - y ·V ) ·G 
2 V I ' 2 21 I t 4 21 lr = 1 ..... 4). 

~ACCb X/
1 
~ X lJI (t) - Xl!/l ( t ) ; V11 '-' 11 - 4- c KOpoC Tb 11 yCKOPCH~C 

1 -ro11 4acr~~~; y 1 =( xv
1
), y

2
-(xv.,). y., - (xx). v ~( v v) · • •• . 4 1 2 • 

C , ~ , F , G - $yHK~~~ 1-1Heap~aHTOB Y, Ycno e11e nopeH~-Koaap~aHT-
HOCT~ np~BCACHH~X ypaeHeH~H AB~lKeH~fl Ha KnaA~BaeT o r pa HI-14CH~R 

Ha $yHK~H~ f , g, F , G . 11MeHHO, oKaa~eaer cR 4 • 4To 3T~ <!>YHI<~~~ 
AOnlKH~ YAOBneTBOPRTb CHCTCMe 4CT~pex Heni-1Hei:1H~X AH~CPCH~~anb

H~X ypaBHeH~I1 . B noreH~~anbHOM npe Aene OAHa ~3 4acr~u /cKalKe M, 
BTOpaRI ABHlKCTCR C nOCTORHHOH C KOpOC Tb~. TorAa U ~ F 0. 1-1 yno
MRHyTa.R C~CTCMa ypaBHeHHH CBOAHT CR K cnCAYIO~CH nHHCHHOH CHCl e 
Me: D·f -0, D·~ ~ f=O, rAe D- A~$$epeHu~anbH~I1 onepa1op: 

D ~ y4 -:{L- t ;,~ ~2y 2 J . . 3TH ypaeHCHHR nerKo pew~Tb. Bor oraer: 
( y 1 <'J 2 VJ 3 

f MOlKCT 6~Tb npOH3BOnbHOH $yHKU1-1CH ABYX cneAYIO~HX KOMOI-1HaUI-1H 
~HBap~aHTOB: Y ~ - Y 3 ~ Y 1 - y 4 ·Y2 ; $yHK~~R g paSHa 

f( 2 y I 
~ = - y -y • y - y - y ) . - - ~ I! 

2 3 1 4 2 Y4 1 ' 

rAe g
1

- OnRTb-Tai<H npOH3BOnbHaR $YHKUHR ace TCX lKC HHBapHaHT
H~X KOMDHHau~l1. Hani-14He ABYX npoH3BOnbH~x ll>YHI<~~A no Json.ReT , 
KaK ~ paHee, nerKO eocnpoH3aecTH ypaeHeH~e, coenaAatO~ee c AB~

lKeH~eM npo6Hol1 4aCTHU~ a OTO. 

4. 11TaK, COBnaAaiOT rpo11KI-1 ypaBHeH~H, B KOTOP~X ~HBap~aHTH~H 
weapuw~nbAOBCK~H HHTepean e OTO ~ nopeHu-~Hsap~aHTH~I1 HHTepsan 
CTO e~pa*eH~ 4epea KOOPA~HaTHoe epeMR t. Me*AY reM rpaAHU~OHHOe 
on~caHHe rpex KnaccH4CCKHX on~roe e paMKax OTO OCHOBaHo Ha 
~CnOnb30BaHH~ KaK npOCTpaHCTBCHH~X, TaK H BPCMCHHDH KOMnOHCHT 
ypaBHCHH.R AB~lKeHH.R. ~OKa)I(CM, 4TO CHCTeMa ypaBHCH~H 151 AOCTa-
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T04Ha AnR on~caH~R ynOMRHYT~x 8~we on~T08. npe*~e 8cero 
8~4~cn~M ~HTerpan~ yrno8oro MOMeHTa. H3 /4/ ~n~ /51 cneAYeT 

d 2 
X I d 2x j d X I d X j . 

X ---X -- :. (X ---X. --) •JL•(X•X ), /7/ 
j dt 2 I dt 2 j dt 1 dt 

TO eCTb . . 
XIXJ-XjXI 

1 - 2m/r 
= L IJ - const. 

T04Ka Ha~ KOOPAHHaTaMH 03Ha4aeT A~~epeH~~posaHHe no Koop
AHHaTHOMY speMeH~. HHTerpan 3Hepr~~ paseH 

ciit> 2m + --
(1 -2m/ r)2 r S 

(x. x) 2 

( 1-2m/ r) S 

2me 2 

/8/ l. 

r( l -2m/ r) 

H3 /7/ cneAYeT, 4TO ASH*eH~e npoHCXOAHT s nnocKOCT~. nepenHweM 
171 , !81 s 6onee npocToi1 <!>OpMe /s nnocKOCTH XY /: 

; 2 2mc 2 
-~,;;.._- = ( . r 2¢ = L, r'2 + r 2¢2 + 2m 

1 - 2m/ r (1 - 2m/r) 2 r ( 1- 2m/ r) 3 r ( l - 2m/r) 
/9/ 

HcKn~4HB ~3 191 speMeHHY~ nepeMeHHY~ 
6HT~ np06HOi1 4aCT~~~: 

2 2 2mu 2 t 
u A. + (1 -2m u) u - -- (e -d + --

'f' L 2 L 2 

Al-11l>¢epeH~~pyeM I 10/ no ¢ : 

u ¢¢ + u =3m u 
2 

+ ~ 2 (c 
2

- t ) 

t, nony4aeH ypa8HeHHe op-

1 
(u = r). /10/ 

/11/ 

YpasHeH~e /11/ cosna~aeT c ypasHeH~eM AB~*eH~R npo6HoA 4aCT~~~ 
s OTO. no3TOMy cMe~eH~e nepHrenHR nnaHeT oKa3~saeTcR o~HHM 
~ TeM *e. Aanee, TaK KaK AnR ~OTOHa senH4HHa ( /3HeprHR Ha e~~
H~~Y Mace~/ pasHa e 2, TO I 11 I npHHHMaeT B~A u th¢ + u =3m u 2, 
4TO cosna~aeT c ypasHeHHeM pacnpo.cTpaHeHHR ny4a cseTa s OTO. 
TaK~M o6pa3oM, sen~4~Ha OTKnOHeHHR cseTa Ta *e, 4TO H s OTO. 
CTonb *e 3neMeHTapHo AOKa3~saeTc~ cosnaAeH~e speMeH 3a~eP*K~ 
pa~HonoKa~~OHH~x CHrHano8 s OTO /4eTsepT~A 3~eKT OTO/ ~ AaHHOH 
nopeH~-KosapHaHTHOi1 TeOpH~. AnR 3Toro AOCTaT04HO 3aHeT~Tb, 
4TO ypa8HeH~R /9/ o~HHaK08~ KaK 8 OTO, TaK ~ 8 ~aHHOi1 Teop~~
nepei1AeM K KpacHOMy cMe~eHH~. HAeHTH~H~HPYR nonycyMMY neps~x 
A8YX 4neH08 KaK KHHeTH4eCKY~ 3HeprH~ /4TO cneAYeT H3 HepenA
THB~CTCKOrO npeAena/ ~ npHpa8HHBaR ee K BenH4HHe 3HeprHH ¢QTO
Ha hv, nony4aeH npa8HnbHy~ senH4HHY KpacHoro cHe~eHHR v- GM/ r . 
HeKoTopaR ocTOPO*HOCTb, o~HaKo , Heo6xOA~Ha. Ypa8HeHHR /9/ o6-
pa3y~T nonHy~ CHCTeMy. no3TOMY HeB03MO*HO AnR ¢QTOHa ~ononHHTb 
/9/ ypasHeHHeM 

4 

' 

£2 +r2¢2 : e2, /12/ 

TaK KaK ypa8HeH~R /12/ ~ 191 oKa3~sa~TCR HecosMeCTH~M~. CooT
HOWeH~e /12/ 03Ha4aeT, 4TO CSeT He S3a~MO~e~CTSyeT C TRrOTe
H~CM. ToT ~aKT, 4TO OTCyTCTS~e TaKOrO S3a~MO~e~CTS~A se~eT 
K MHOr04~CneHH~M napaAOKCaM ~ HeCOSMeCT~MO C 3aKOHOM COXpa
HeH~A 3Hepr~~. B~n OTMe4eH A.3~HWTe~HOM e~e s 1911 rOAY ·s · 
no3TOMY AnA pacnpOCTpaHeH~A CSeTa M~ HC HaKnnA~SaeM ycnos~R 
/12/. BMeCTO 3Toro M~ paccMaTp~saeM AS~~eH~e ~TOHOS ~ npo6-
Hb1X Ten C eA~HOi1 T04K~ 3peH~A ~ onpeAenReM <!X>TOH KaK TaK~e 

npo6H~e 4aCT~~~. CKOPOCTb KOTOP~X paSHa C Ha 6eCKOHe4HOCT~ 
/~n~ S OTCyTCTB~e TRrOTeH~R/. TorAa ~3 COOTHOWeH~R /8/ cne
AYeT, 4TO 3HepreT~4eCKaR KOHCTaHTa t AnR ~TOHOB paSHa e2. 
(Ka3aHHOe S~e OTHOC~TCR TOnbKO K ypaSHeH~~ /9/ , KOTOpoe 6~0 
nony4eHo ~3 6onee o6~ero ypasHeH~R /4/ c nOM~b~ seCbMa cne~~
~H4eCKoro S~6opa ~YHK~H~ f 1 H f 2 /~MeBWero ~enb~ 8 T04HOCTH 
socnpOH3SeCTH ypasHeH~R AS~*eHHA OTO/. 

3neMeHTapH~e S~4HCneHHR nOKa3~Sa~T, 4TO ynpO~eHH~~ 3neKTpo
A~HaM~4eCK~~ sap~aHT ASYX4aCT~4H~x c~n, npeAnO*eHH~~ s 2,3 ' , 

AaeT 8 noTeH~~anbHOM npeAene Henpas~nbHOe 3Ha4eH~e cMe~eH~R 
nep~ren~R MepKyp~R /pasHOe OAHO~ wecToi1 Ha6n~AaeMOro Ha on~
Te/. 

5. M~ XOTHM yKa3aTb Ha CSR3b AaHHOrO nO~XOAa C pa6oTaM~ 
l\>t<.6~pKrO¢la ~ COTPYAH~KOS ' tV, S KOTOp~X paCCMaTp~san~Cb TP~ 
pewa~~~x on~Ta OTO s paMKax nnocKoro npocTpaHcTsa-speMeH~. 
YpasHeH~R, nony4eHH~e s 3THX pa6orax, RSnR~TCR 4aCTH~MH cny4aR
MH ypasHeH~R /3/ npH cneAyiOUieM s~6ope f 1 , r 2 : 

f =-me 2 
l 

2mv 2 

1 - f3 2 
"' -me 2-2mv 2, f = m(rv)c 

2 
m(;0e ./13/ 
-r3 

r a..; l -fJ2 

ABTOP~ ' S ' yT8eP*Aa~T, 4TO np~ TaKOM s~6ope ~yHK~HH f 1 , f 2 
8 nep80M nopR~Ke no l / e2 npas~nbHO socnpo~3SOARTCR cMe~eH~R 
nep~ren~A MepKyp~A, KpacHoe CMe~eH~e H OTKnoHeH~e ny4a cseTa 
s rpas~Ta~~OHHOM none . CpasHHM ~YHK~HH r 1 . f ~. OT8e4a~~He 
~aHHOMY paccMOTpeH~~ /6/ ~ MOAen~ 6~pKra$a /13/. npeHe6peraR 
4neHaM~ nopRAKa 6onee s~coKoro, 4eM l l e 2, nony4aeM 

2 2 3 -+. ... ~ 
r, ~ -mc 2(1--1!!. t 3-v- )~ ......!!!...2 ( rv ) 2 , r2 - mc3(rv), 

r c 2 r r 

f B =-me 2 -2mv 2, 
I f := f 2 • 

/6'/ 

/13'/ 

B 
(TOnb Cy~eCTSeHHOe OTnH4He f 1 H f l S~HY*AaeT HaC npOaHan~3~po-
8aTb CHTya~H~ 6onee ~eTanbHO. 6e3 orpaH~4eHHR 06~HOCTH MO*HO 
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C4HTaTb, 4TO ABH~eHHe npoHCXOAHT B nnocKOCTH XY. YpaeHeHH~ 

6HpKro¢a HMe~T BHA 

d2x = _ mc2x _ 2mx .v2 + m(;~) ·X 
dr 2 r 8 r 8 r8 

/ 3'/ 
J!.i = _ me 

2 
Y _ .1!!!L v 2 + ~. Y · dx · ..!!l_ 2 · 2 • 2 (X=-,y = ,v = X + Y ). 

dr2 r8 r 8 r3 d r d r 

H3 /3'/ H8XOAHM HHTerpan~ 3HeprHH H yrnOBOrO MOMeHTa: 

xy -yx 
e-mir 

•A, v2 + 2 c 2 
e 2m/r = c + f 

HcKn~4a~ co o c TeeHHOe epeMR r, nony4aeM ypaeHeHHe op6HT~: 

u ¢ + u 2 = e 2mu [ (c 2 + f ) e 2mu _ c 2 ] (u =..!. ) r • 

19'1 

/ 10 ' / 

npeHe6peraeM B /10'/ 4neH8MH 6onee B~COKOrO nopRAKa, 46M 1/ c 2: 

2 2 1 u _! + u 2[ 1 - -L(3c 2 + 4 t )] = --l t + 2mu(c 2+ 2€)] 
'I' 3>,2 ,\2 

PeweHHe 3Toro ypaeHeHHR HMeeT BHA 

r "" 
ro 

1 + p cos(~) /14/ 

rAe 

A2w 2 
r .. ) 
o n(c 2+ 2t 

2m2 
w 2 = 1- --(3c2+4d, 

,\2 
P =[ l + tA2w2 ~ J 

AnR ABH~eHHR nnaHeT t < 0, It I « c 2, 

A2 lc IA2 

m 2(c 2+2t~ 
H nQ3TOMY 

3m2c2 r0 .. -- , p .. 1 - , w .. 1 -
me 2 2G 2M2 A 2 

B 3TOM cny4ae TpaeKTOPHR npo6HoH 4aCTH~~ 6nHsKa K 3nnHnTH4ec
KOH . CMe~eHHe nepHrenHA nnaHeT~ sa OAHH o6opoT cocTasnAeT 

6" m 2c 2 
~ = 2 , 4TO B T04HOCTH COBnaAaeT C pesynbT8TOM, npeACKa-

A 
s~aaeMbiM OTO. 3cM>eKT KpacHOro cMe~eHHA, RBnRRCb cneACTSHeM 
SaKOHa COXpaHeHHR 3HeprHH, nerKO B~SOAHTCA H3 HHTerpana 3Hep
rHH / 9' / . PesynbTaT, KaK nerKo 6wno npeABHAeTb, cosnaAeT c pe
synbTaTOM OTO. 

nepeXOAHM K OTKnOHeHH~ ny4a CBeTa. B /9'/ y,Q06HO nepeHTH 
OT C06CTS6HHOro BPeMeHH r K KOOPAHHaTHOMy t. nocne HeCnO~HWX 
npeo6pasoaaHHH nony4aeM 

' 

1 

I I 
) 

-Y.!_ = 1 _ e -2m/r • _....;;1 __ 

c 2 1 +de 2 / 15/ 

nonwTaeMC~ nOA06paTb l B /14/ TaKHM 06pa30M, 4T06w nony4HTb 
npasHnbHOe 3KcnepHMeHTanbHOe SHa4eHHe 8 3Kc n. An~ yrna OTKno
HeHH~ CBeTOBOrO ny4a B6nH3H COnHe4HOrO AHCKa . 3TOMy ycnOSH~ 
YAOsneTaopReT cneAy~ee 3Ha4eHHe t: 

l = ~ 1 
2 8 3KCn'fMHH / 4m - 1 

/16/ 

SAeCb f MHH - HaHM6HbWee YAaneHHe CBeTOBOrO ny4a OT ~eHTpa 

8 3Kcn·rMHH npHTR~eHHR . PasnH4HWe 3KcnepHMeHT~ Aa~T An~ aenH4HHW 
4m 

~epenRTHBHCTCKOe 3Ha4eHHe 1 C T04HOCTb~ OT 2 AO 15% 111. 
0Tc~Aa nony4aeM cneAY~He o~eHKH AnR c : { > 3c 2 I 15%/; 
c > 25 c 2 /2%/ , npH4eM c = oo , ecnH yron OTKnOHeHHR ceeTa 
B T04HOCTH COSnaAaeT C 06~epenRTHBHCTCKHM 3Ha4eHHeM. 

Bw4HCnHM Tenepb apeMR sanaSAWBaHHA OTpa~eHHoro paAHOnoKa
~HOHHoro CHrHana. PaAH npocTOTW paccMOTPHM cny4aH, KOrAa 
paAHOCHrHan pacnpocTpaHReTcR a paAHanbHOM HanpasneHHH . TorAa 
H3 /15/ HaXOAHM AnR speMeHH 3aAeP~KH CHrHana 

B 2& c 2 2mc c 2 r " 6t = --h/1 + --1) + - v' 1 + -ln-L-, 
c c t t r 1 

/17/ 

OTO /a, cneAosaTenbHO, H AaHHaR nopeH~-KosapHaHTHaR TeopHR/ 
npeACKaswsaeT cneAy~ee apeMR saAeP*KH: 

/).t 4m r 2 -2m 
.. -ln---

c r 1 -2m 
4m r 2 

.. --ln--, 
c r 1 

/18/ 

KOTOpoe 3KCnepHMeHTanbHO nOAT BeP*AaeTCA C 6onbWoH T04HOCTb~. 
ao CHX nop ASH~eHHe CSeTa HH46M He OTnH48nOCb OT ASH*eHHR 
npo6HWX Ten. OnpeAenHM Tenepb CSeT K8K T8KHe npo6Hwe 48CTH~W, 
CKOPOCTb KOTOPWX paSHa C S OTCyTCTBHe TArOTeHHR (m = 0) HnH Ha 
6eCKOHe4HOM YAaneHHH (r = oo), TorAa H3 I 15/ CneAyeT, 4TO ( = 00. 

npH TaKOM 3Ha4eHHH l speMeHH8R 38AeP*Ka paAHOnOK8~HOHH~X CHr
HanOS pasHa Hyn~ . TaKHM o6pasoM , AaBaA npasHnbHWe pesynbTaT~ 
AnA Tpex H3aecTHWx onwToa OTO, TeOpHA 6HpKro¢a He MO*eT o6DRc
HHTb saAeP~KY paAHOnoKa~HOHHWX cHrHanoa . Cy~ecTeyeT, no-eH
AHMOMy, eAHHCTSeHHWH OnwT / ? / /ocy~eCTBneHHe KOTOporo HaMe4e
HO Ha 1980 r ./, AnR KOToporo noKasaHHA OTO H AaHHoH nopeH~
KoeapHaHTHOH TeOpHH pa3HRTCA. JTO - npe~eCCHA rHpOCKOna 
a rpaaHTa~HOHHOM none 3eMnH . Yron npe~eccHH rHpocKona, ycTa -
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HOBneHHOrO, HanpHMep, Ha HCKYCCTSeHHOM cnyTHHKe 3eMnH, COCTas-

1 • I 3nCM I 7 nGM nReT Ha o~HH op6HranbH~H o6opor 
2 

a OTO H -----
Rc Rc 2 

8 ~aHHOM sapHaHTe nopeH~-KOSapHaHTHO~ TeOpHH. 
OrMeTHM ~anee, 4TO non~TKH npoMo~enHposarb ypasHeHHR ~BH*e

HHR oro Ha OCHOBe sse~eHHR cne~HanbHO no~o6paHH~X CHn 8 CTO 
paHee npe~npHHHManHCb Heo~HoKpaTHO. YnoMRHeM, HanpHMep, ce
PI-110 HHTepCCH~X pa60T ' 8 ' , B KOTOp~X 6~no noKa3aHO, 4TO T04HOe 
MO~enHposaHHe s03MO*HO ronbKO a TOM cny4ae, ecnH CHna a CTO 
npe~crasnRer co6o~ nonHHOM 4ersepro~ creneHH or cKopoc r eH: 

dl!xa 

d T 2 

u dx fJ dx Y 
II ----
.fly d T d T 

dx u 

dr 

dx ~~ 
uf3yo~ 

dx Y dx fl --
dr dr 

/15'/ 

B paccMaTpHsaeMOM cny4ae n npe~crasnRIOT co60H pa3HOCTH K03~
~~-~~HeHTOB CBR3HOCTH nnocKoro 1-1 KpHsoro npocrpaHcrs. AoKa*eM , 
4TO 115'/ 3KSHSaneHTHO 1151. oy~eM HCnOnb30SaTb ~eKapTOB~ 
KOop~HHaT~. Tor~a K03¢¢H~HeHT~ csR3HOCTH Anfl nnocKoro npocr
paHcrsa paSH~ HyniO , a COOTHOWeHHe /15'/ CCTb ypasHeHHC ~BH*e
HHfl a MeTpHKe Wsap~wHnb~a, Koropoe cosna~aer c ypasHeHHeM /51, 
ecnH aa napaMeTp npHHRTb KOOPAHHaTHoe speMR t. 3ro 03Ha4aer, 
4TO rpo~HaR cyMMa a npa so~ 4acrH 115 ' / rpaHc~pMHposanacb a 
neps~~ 4neH npaso~ 4acrH 151. 

6. CHcTeMa ypasHeHH~ 111, onpe~enRK>~aR ~BH*eHHe 4aCTH~~ 1, 
~On*Ha 6~Tb ~OnOnHeHa CHCTCMO~ ypasHeHH~ AfiR ~BH*eHHR 4aCTH-
~~ 2. B~6op a I 1 I 3HaKa pa3HOCTH t 1 -t 2 ( = r,'c) orse4aer 3a
naa~~sa~eMy soa~e~crsHIO 4acrH~~ 2 Ha 4aCTH~Y 1. Bt>~6op t -t2 .. -!. 
OTBe4aeT Onepe*aiO~eMy B03~e~CTSHIO 4aCTH~bl 2 Ha 4aCTH~Y f IT.e . C 
Ae~CTBHe 4aCTH~~ 2 AOCTHraeT 4aCTH~~ 1 paHbWe, 4eM OHO nOKH
AaeT 4aCTH~Y 21. BMecro 11/ MO*HO 6~no ~ B3RTb nonycyMMY aa
naa~~>~BaK>~ero"' onepe*aiO~ero saaHMOAe~cTBH~. np~-1 3TOM AfiR aHa
nora 3neKTPOAHHaMH4ecKoro cny4aR, ynOMRHyroro a KOH~e n.2, 
MO*HO H(l~TH penflTHSHCTCKH-HHBapHaHTHbl~ narpaH*HaH ' 9 / 1-1, cne

AOBaTenbHO, nony4HTb B RSHOM SH~e senH4HH~ 3Hepri-IH, HMnynbCa, 
yrnOBOrO MOMCHTa. npH 3TOM Ha~~eHbl 4aCTH~e T04H~e pCWCHHfl pe
nRTHBHCTCKO~ ABYX4aCTH4HO~ aa~a4H ' IO ~npH 3TOM 4aCTH~~>~ spa~a
IOTCR no ~BYM KOH~eHTpH4eCKHM OKPY*HOCTflM C nOCTOflHHO~ yrnOBO~ 
CKOpOCTbiO. T04H~e peweHHfl, OTBe4a~He ~BH*eHHIO no KOH~CHTpH-
4eCKHM OKPY*HOCTRM, Cy~CCTBYIOT H Anfl cny4aR KOpOTKO~e~CTByiO
~HX ABYX4acrH4H~x saaHMo~e~crsH~ 11' . no~o6H~>~e *e ro4H~>~e pe
weHHR YAaeTCR nony4HTb H TOr~a, KOr~a B3aHMO~e~CTBHe 4aCTH~bl 1 
C 4aCTH~e~ 2 RBnReTCR aana3~sa~HM, a S3aHMO~e~CTSHe 4aCTH~bl 2 
C 4aCTH~eH 1 RBnReTCR onepe*a~HM lnpH 3TOM 4aCTH~bl 1 H 2 ne
*aT Ha O~HOM H TOM *C CseTOBOM KOHycel. B 3TOM Cny4ae, KPOMe 
ynOMRHYTOrO ~BH*eHHR nO KOH~CHTPH4CCKHM OKPY*HOCTRM, MO*HO 

• 

OTbiCKaTb T04HOe peweHHe, 0TSe4a~ee npRMOnHHe~HOMy ~BH*e-
HHIO 1 12( EcnH *e 3ana3~b1BaiOUIHMH RBnRIOTCR KaK B3aHMO~e~CTSHe 
4acTH~~ 1 c 2 , raK H 2 c 1, T04Hble peweHHR HeH3BeCTHbl. B 3TOM 
cny4ae AfiR MeAfiCHHbiX ~BH*eHH~ B 11/ MO*HO BblnOnHHTb pa3nO*e
HHC no CTeneHRM l i e 2. npH 3TOM I 1 I CBOAHTCR K CHCTeMe O&iKHO
BCHHbiX ~H¢¢epeH~HanbHbiX ypaBHeHH~ 6ea 3ana3Ab1BaHHR, C T04-
HOCTbiO ~0 4neHOB l l c2 BKni04HTenbHO HMCeM 

2 
~=- GM2[1+ 

1 2 ....... 

d t 2 r 3 
-.P _J 
c 2 1 c2 

3 GM 3 (~)2] -~-- Xi + 
2 r c2 2 r c 1191 

1 GM 2 ....... 
+ -(v .-v .){¢ +--(rv )] 

c 2 11 21 2 r 3 1 

r~e ~ nono*HnH 
1 1 t 1"'-cM2(1 + cr¢1>. r2= -c¢ 2. 

Bee 3Ha4eHHR KOOPAHHaT, CKOPOCTH, YCKOPCHHR B3RTbl B /19/ S 
o~HH H TOT *e MOMeHT speMeHH t. AsH*eHHe 4acTH~bl 2 no~4HHReTCR 
T04HO TaKoMy *e ypasHeHHK> /c 3aMeHo~ HH~eKcos 1 ~ 2/. CHcTeMa 
O&iKHOBeHHbiX ~HCW>epeH~HanbHbiX ypasHeHH~ 119/ MOlKeT 6b1Tb pewe
Ha CTaH~apTHbiMH MeTOAaMH, ecnH H3BeCTHbl Ha4anbHble nonO*eHHR 
H CKOPOCTH 4aCTH~. ~cnOnb3yR npo~eAYPY, OnHCaHHYIO B KOH~e n . 2, 
HaXOAHM rp I H ¢z C T04HOCTbiO AO 4neHOB nopRAKa 1/ c 2 HMeeM 

2 2·CXM1+M 2) ;.;2 GM 2 ................... 
¢ 1=3·V- -3(--), rp z-(r•V) (V=V -V) 

r r 2 rS 1 2 

noACTaBnRR ¢1 H rp2 B 1191 , y6e*AaeMCR, 4TO ypasHeHHR ABHlKCHHR 
114/ OTnH4aiOTCfl OT ypasHeHH~ ABHlKeHHfl 1 KOTOpble cneAyiOT H3 npH
finH*CHHOrO narpaH*HaHa 3~HwTe~Ha-~H~enbAa-ro~MaHa . TeM He Me
Hee nOTeH~HanbHbl~ npeAen 3TH X ypaBHCHH~ (M2 -+oo) 0AI-1H H TOT *e, 
3TO 4aCTI-14HO CBR3aHO C HeOAH03Ha4HOCTbiO SOCCTaHOBnCHI-iR AByX-
4aCTH4HbiX ~yHK~I-1~ 1-13 0AH04aCTH4HbiX. 

Ecn1-1 ABI-1*CHI-1C He RBnReTCR MeAneHH~M, HO OAHa 1-13 Mace cy
~eCTBCHHO npest>~WaeT APYrYIO, AnA peweHHA CHCTe~ /1/ MO*HO 
80Cnonb30BaTbCA MeTOAOM, npeAfiOlKeHHbiM a / l SI , ~MeHHO, B nepBOM 
npH6nH*eHI-11-1 C41-1TaeM ABI-1lKeHHe 6onbWO~ Maccbl M2 npAMOnHHe~H~>~M. 
npl-1 3aAaHHOM ABI-i*CHHH M2. nOnb3YRCb /1/, Bbi4HCnAeM ABH*e-
HHe M 1" noACTaBnRfl 8 YPliBHeHHA ABHlKeHHA AnA M 2 Ha~ACHHOe 
ABH*eHHe M 1 , cHosa nony4aeM ABIAlKeHHe M

2
, HO c nonpasKaMH no-

PRAKa M1/ M2 .3ToT npo~ecc npOAOnlKaeTCA AO nony4eHIAR Heo6xOAH 

MO~ T04HOCTH. B o6oHx npH6nHlKeHH~>~X cny4aAx 3aAaHHe Ha4anbHbiX 
nonolKeHH~ H CKOpOCTe~ nonHOCTbiO onpeAenReT AanbH~WYIO AHHaMHKy 
ABYX4aCTH4HO~ CIAcTe~. Ho AnA T04HoH CIACTe~ ypasHeHH~ /11 
/nniOC ypasHeHHA AfiA ABH*eHHA STOpa~ 4aCTH~bl/ H3- 3a KOHC4HO~ 
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CK0pOCH1 pacnpOCTpatiCHHR B3i'IHMOAeHCTBI-1R 3<1AaHHR nOf10liiCHH~ 
H CK0pOC1(>~ B KilK0~-10 MOMCH T BpCMt>H~ HCAOCTaT04HO: HCOBxo
AI-1MO 3aAa Tb Ha4af1bHbiC KOOPAHHaTbl 1-1 CKOPOCTI-1 Ha t<OHC4Hb1X y4aC 1 -
t<ax r paeKTOPH~ 4i'IC1HU Hfll-1 3aAaTb B AaHHbiH MOMCHT HC TOflbi<O 
t<OOPAHHilTU H Ct<OpOC TI-1, HO Tat<l!le BCC RbiCWMC npOM3BOAHbiC no 
opeMCHI-1 OT t<OOPAMH a T 14 .no3TOMY ynOMRHYTbiC npl-10f1HllleHHbiC pe
WCIII-1R COCT<1Bf1RI()T OeCbMa Mafly tO 4aC Tb MHOliiCCTBa T04Hb1X peWCHMi1. 
0AHI1M W1 nyH'I1 npE'OAOflCIII-11'1 3111X OCflO)ItWHI-111 1'10f1RCTCR BBCACHI-1 C 
nOAXOAniUl'l 0 3BPMC1 1-14CC t<OfO np1-1HUMf1il t :> . KOTOpbl~ n03B0f1Hfl rbl 
orpaHI14HT b ynnMRHyroc MIIW+<ec rao pewctu11t. KoHC4HO, ocraeTCR 
OTI<PbllbiM eonpOC 0 COOTHOWC'I iMM 3TI-1X npHHUI-1nOB C 3KCnt>pMMCHTa/1b
HbiMH fVlHHbiMI-1. 

B paCioH' t r, Cibtfl il nony4CHa OOlJiaR ¢opMa npi-iGfli-illlt>HHO-MHBap~>~aHT-
HOro I< 1 04HOf'TbtO 110 1 < <' I penR1MA11C:1Ct<oro narpaH)!(HCJHa. 
CpaaH~>~BaR ypaoHCHHI'1 ABH)!(CHI-1R 119/ c ypaaHt>HI-1RMI-1 ABI-i)!(CHI-11'1, abl 
ret<ai01411 MH lo13 nilrpaH)!(J1 aHa If; . nert<o aocc raHOBI-1Tb narpaH)!(Io1aH, 
COOTBCTCTBYIOlJII-1~ ypilBHCHHI'1M 1 19/. 3TO, B CBOIO 04epeAb, OnPCAC
flRCT nplo10f1HliiCHHbiC 1-itHer panbl A91-1)!(CHio1R, COOT BeT CT BYIOIJIMC lo1Mnynb
cy, 3Ht>prHio1 M yrflOBOMY MOMCHTy. 

7 . 0Gpa11o1 MCI'1 el!lc pa3 t< rpeM OAH04aCTio14HbiM ypa8HCH1o1RM 14/. 
npH 8bl6opc ¢YHKU1o1~ I I • f 2 c nOMOlJibiO ¢opMyf1 161 nony4aCTCR 
npa8Hf1bHOe onMca HI-1 e rpex pewaOlJIMX onbiTOB OTO. noct<Oflbt<Y ypae
HCHHR I 1, I o r HCc eHbl t< CH c TCMC not<OR 4ac. Tlo1Ubl 2, ecR KilR I-1H¢opMa
Uio1R 0 ABHl!ICHio11o1 3 1 0~ 4ilCTI-1Ubl OTCYTCTByeT. no3TOMY B ypa8HCHio1RX 
/41 OTCYTCTBy CT 1o1H¢>0PMilUio1R 0 ABMliiCHI-11-1 CI-1CTCMbl ABYX 4aCTio1U Kat< 
uenoro, a CflCAOBaTCflbHO , M 0 CBO~CTBax Clo1 MMCTpHM 3TOrO ABio1liiC
Hio1R. "Pa3 MOp031o1Tb" 3Ty crencHb cao60Abl MOl!IHO no-pa3HOMy. Molii
HO norpc 6oaaTb, Hanplo1MCp, 4T06bl nony4CHHbiC ABYX4a CTM4HbiC ypae
HCHI-1R 6blf1M nopeHu-t<oeapi-iaHTHbiMI-1. Kat< Mbl yt<a3bteanl-1 paHec, 
B 3TOM Cf1y4a e AflR OnPCACfleHMR f I , f 2 , BXOARlJII-1X B /11, MOliiHO 
BOCnOf1b30BaTb CI'1 peuenTOM, yt<a3aHHbiM B KOHUC n.2. ( APYrO~ CTO
pOHbl, MOliiHO nOTpeGo8aTb, 4T06bl ypaBHCHI-1R /41 6blf1M nOTCHUM a nb
HbiM npeAe flOM ranl-1f1CCBCKO-t<OBapMaHTHbiX ABYX4aCTio14HbiX ypaaHeHI-1~. 

nocflCAHMC BblrflRART CflCAYIOlJIMM 06pa30M: 

d2 X I I 

dt 2 
F' •X i F ·V 

I I 2 I /20/ 

( X t • X I i -X 21' V I "' V I I - V 21 ) ' 

3AeCb Fi, F~- ¢yHt<Uio11o1 rpex MH8aplo1aHroa rpynnbl ranMneR: r2,.,Ix2. 

v 2 ,. ~Vi , rv-Ix
1
v

1
.ECf11o1 Mb1 XOTio1M, 4T06bl B nOTCHUHaflbHOM I 

npCACfle ypa8HeHio1R 120/ COBnaAaf11o1 C ypaBHeHio1RMio1 A81o1llleHio1R npo6HO~ 
4acTMUbl a OTO /5/, TO Mbl AOflliiHbl cneAYIOUIHM o6pa3oM Bb16paTb ¢YHK

UMM F t · F 2 : 

10 

f 
" 

' 

I . 

F 1 * -{1- 2CM )[-1- _Qe_ .(r'v) 2 ~p· v 2 • mc
2
], F 

2 
=Jt(r . v), 

rc 2 2r dr r 3 /21/ 
CM 2 M 
~· 

2m 1 ---
r 3 1 - 2CM ' rc 2 

M I ~ M 2 Jl m 

nplo1 TClt<OM Bb16ope Fl. F2 eocnpOio1380ARTCR pe3ynbTaTbl pewaOlJIIo1X 
OnbiTOB OTO. nonbiTKH M0Aio1¢MKaUMio1 3aKOH08 HbiOTOHOBO~ MexaHMKM 
lo13BecTHbl AaBHo lraycc, PMMaH, Be6ep/. B paMKax TaKoro nOAXOAa 
eo3MOliiHOCTb npM6nMllleHHOro onHcaHMR ynOMRHYTblx onbiTOB OTO M3y-
4anacb TpeAepoM ' I7 :s ornM4Me o r 3TMX pa6or ypaeHeHMR /20/ 
c onpeAeneHHbiMM B 121/ ¢YHKUMRMM F1 . F2 e noTeHuMaf1bHOM npeAe
ne e T04HOCTM eocnpoH3BOART ypaeHeHMR ABMllleHHR OTO. HecocToR
renbHOCTb 3TMX nOnbiTOK nOCTpOeHMR ranMneeBCKO~ KOBapMaHTHOH 
TCOpMM leKnl04aR M Hawyl COCTOHT B TOM, 4TO, npaBMflbHO OnMCbiBaR 
6onbWMHCTBO 3¢¢eKTOB OTO, OHM He MOryr onHcaTb 3¢¢eKTOB CTO 
/COKpalJieHMC npOMClllyTKOB AnMHbl M 8peMC HM M T.A./. 

8. naHHbl~ nOAXOA 8 3Ha4MTenbHO~ CTeneHM RBnReTCR ¢eHOMeHO
f10rM4eCKHM. B caMOM Aene, HeM3BeCTHble ¢YHKUHM ¢Ht<cHpytOTCR n1o16o 
npM cpa8HeHMM c 3KcnepMMeHTOM, n1o160 c ypaaHeHMRMM ABM~eHHR 
OTO. BecbMa or4eTnMBO HeAOCTa TKM AaHHOro nOAXOAa BbiRBnROTCR 
npM cpaBHCHMM C 06l!le~ TeOpMe~ OTHOCHTenbHOCTM 3HHWTeHHa, rAe 
pacnpeAeneHMe MarepMM onpeAenRer rpaeHra~HOHHoe none 1-1 ABMllle
HMe a HeM. K COlllaneHMIO, e OTO HeT AO CHX nop cKonb-HM6YAb 
YAOBneTBOpMTenbHOro peweHMR 3aAa4M ABYX Ten. C APYrO~ CTOpOHbl, 
8 paMKax CTO CYlJICCTBytOT MHTepeCHble B03MOliiHOCTM peweHMR 3TO~ 
3aAa4M. 

Aeropbt eecbMa 5naroAaPHbl npo¢. H.A.4epHMK08y 1-1 H.C.WaaoxM
HO~ 3a none3Hble o6cy~AeHMR. 
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