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CIIHCOK JTUTEPATYPDIeetcueusreressccsesscssssscssssssesssssssssssssssssssssssssssssssss. 103

IIpeaunciaoBue

[IpeobpazoBanue JlopeHIla BO3HHUKIO KakK CJEJACTBUE BOJIHOBBIX YpaBHCHUN
MakcBemia. Tlokakem, 4YTO 3BYKOBBIC BOJIHBI TOTYUHSIOTCS ypPaBHCHHSIM
MakxkcBesia. 3Ha4MT 711 HUX TOKE CIpaBeUIUBO npeodpasosanue Jlopenna. Ho B
AJICKTPOMArHUTHBIX BOJIHAX, CYMTACTCS YTO MMEETCS OJHA IMOCTOSTHHAs CKOPOCTH,
CKOPOCTb CBeTa B BakyyMe. Ho mpu onricaHuu niepexoaa 3JIeKTPOMarHuTHRIX BOJTH
U3 BaKyyMa B JUDJICKTPUK, METPHUYSCKHH WHTEpBAJ pPBETCA, TaK KakK OH
cnpaBeyUB Ui (a30BOM CKOPOCTH cBeTa. BO3HWKaeT wies, 4TO HAIO MUCATh
npeobpazoBanus JlopeHna ¢ ¢a3oBoii ckopocthio. Ho cymectByer ombit Ouso,
KOTOPBIN J0Ka3bIBaeT, 4TO (pa3oBasi CKOPOCTh CBETA 3aBHCUT OT CKOPOCTH CPEIbI.
[TosTomy Hamo mucath mpeobOpa3oBanue JlopeHma ¢ a3oBoil CKOPOCTBHIO CBETa,
pasHoil B pa3HBIX cucTeMax orcuera. [IpeoOpasoBanue JlopeHma st 3BYKOBBIX
BOJIH HaJ0 mHcath ¢ ¢$a3oBoil ckopocThio. Ho ¢azoBas ckopocTh He oOpa3syer
YEeThIpeX BEKTOpP, MMEETCS TOJbKO TPU KOMIIOHEHTHI (ha30BOM CKOpPOCTH. 3aTo
BOJTHOBOE YHCJIO 00pa3yeT BEKTOP, COCTOSAIIUA M3 OOPATHBIX BEJIWYHUH (Pa30BOM
cKkopocTH. MIMeeTcst 1 4eThIpeXx BEKTOp, BOJTHOBOE YMCIIO U YacToTa. J[aHHas KHHTra
NOCBAIIEHA  BhIBOAY  mpeoOpa3oBanuii  JlopeHma  uisi  3BYKOBBIX U

QJICKTPOMAaruuTHBIX BOJIH.
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I'nasa 1. IIpeoOpasoBanue JlopeHua B AU3JIEKTPUKAX

Ecnu oneiT MaiikenscoHa-Mopiy IpOU3BOAUTH B JUAJIEKTPUKE, TO IOIYYUM
3ama3/bIBaHME CUTHAJA B JIByX NEPNEHAUKYISPHBIX HanpaBieHUsAX. CuuraeM, 4To
CBETOBAsl BOJIHA PACIpPOCTPAHAETCS ¢ (pa30BONM CKOPOCTBIO CBETa IpU (opMyliax
CJIIOKEHHUSI CKOPOCTH, CO CKOPOCTBIO CBE€Ta B BaKyyMe. OTO 3alla3/IbIBaHHE
JoKa3bIBaeT, 4to (opmynsl JlopeHna B AMAJIEKTPUKAX HAAO MHCATh HE C
CKOPOCTBIO CBETA B BAKyyMe, a ¢ (pa30BOM CKOPOCTBIO. YPAaBHEHUSI METPUYECKOIO
UHTEpBaJia C (a30BOM CKOPOCTHIO HENPEPHIBHO B JUAJNIEKTPUKAX, U PBETCS B
CJlydae UCIOJIb30BaHUs CKOPOCTH CBETa B BakyyMe. [loaToMy HEOOXOIMMO BMECTO
CKOPOCTH CBE€Ta B BaKyyMe€, HCIOJb30BaTh ()a30BYyI0 CKOPOCTb CBETA, Pa3HYIO B

Pa3HBIX CUCTEMaX KOOPAUHAT.
1.1 OnbiT Maiikeabcona-MopJiu

[Tokaxem, 4YTO MCHOJIB30BaHHE M3BECTHBIX CYIIECTBYIOMIMX (opmy
CIIO)KEHHSI CKOPOCTEH, B BO3AyXe, KOTOPBIM SBISETCS OSCKOHEUYHOW OJHOPOIHOM
JIUDJIEKTPUYECKONH cpeloil B Macmrtabe artMochepsl 3emMild, TPUBOIUT K
3ala3/bIBAHUI0 BOJH B JBYX HAIpaBJICHHUSAX B omnbiTe MalikeabcoHa-Mopiu.
dopmyIel MpeoOdpa3oBaHUI U3 IBIKYIICHCS MTPUXOBAHHON CUCTEMBI KOOPJIHHAT
B HEIMOJABHXKHYIO CUCTEMY KOOPAMHAT, CIEAYIOLIHE, IIPU OTHOCUTEIBHONU CKOPOCTHU

JBYODKEHUS CUCTEMBI KoopauHaT V

VitV _VjV1- V2 c? v, 2 Vivi- v2 /el

“Taevvic? Y 1oV T 14V /2

(1.1.1)

WNness Takas, mMOACYMTATh IO CYHIECTBYIOIMIUM (QopMylaM  CIIOKEHUS

CKOpOCTEM 3aIa3blBaHuE MAPAJLICITBHOIO U MEPIEHAUKYIIAPHOTO Jy4a B CUCTEME
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onbiTa MaiikeabCcoOHa TUIA KPECT BO BTOPOM MOPSIKE B Clydae MUAIECKTPUUYECKOM

Cpenpbl.

IIpu pacnpocTpaHEHHH CKOPOCTH CUCTEMBI KOOPAMHAT BJIOJb IIyTH |, IIPH

Ha4YaJIbHOM I[CPHECHAUKYJLIDHOM YYAaCTKE JABWXXCHUHM CBCTa BAOJb HOYTH |,

IIOJIyYUM BpeMeEHa

t” :|_2+|_1+2_|1,t,\ :£+I_1

C C C c C

IJIe CO 3HaKOM IUTI0C 0003HaU€HA CKOPOCTh MO HAIMPABJICHUIO ABUKEHUS CUCTEMbI
KOOpJMHAT, CKOPOCTh CO 3HAaKOM MHUHYC, 3TO CKOPOCTb Jy4a, HMEIOLIEro
o0OpaTHYI0 OTPHIIATENIbHYIO CKOPOCTh OTHOCHUTEIBHO CKOPOCTH CHCTEMBI
KOOpJIMHAT, CKOpPOCTh cO 3HakoM 0, CKOpPOCTb MNEPHEHAMKYISIpHAs CKOPOCTH

CUCTCMBbI KOOpAWHAT.

®daszoBas ckopocTh cBeTa V), NEPNEHAMKYIAPHAS CKOPOCTH JIBUAKEHHS

. . C
CHUCTEMBI KOOPJMHAT, B JBUTAIOIIIECHCS CHCTEME KOOPJMHAT paBHA Vj= O;V)J = T
el

B sT0M1 1BUTaroniencs cucteMe KOOpAUHAT CKOPOCTh IUAJIEKTPUKA paBHA HYIIO. B

_cV1-V?/c?

HGHOI{BH)I(HOﬁ CUCTCMC KOOpPpJAHHAT paBHA Vy =——F—,V, =V COIl1aCHO

Jem

(1.1.1), B 3TO¥ HENMOJIBMKHOW CHCTEME KOOPJIWUHAT CKOPOCTH JHMIJICKTPHUKA PaBHA

c
V. Otkyna nmeeM ¢, =, V.2 +V/ :T\/1+V2(e Al)/C? , B BakyyMe DTa BEIUYUHA
em

COBIIAacT CO CKOPOCTBIO CBCTA. Paznocth BPCMCH HMCCT 3HAYCHHC

Dtlzt - ta :|—1+|—1' &
I c, C Co

3anazasiBaHue Ipu moBopoTe Ha 90 rpagycoB, paBHO



| 2l
th =2 4,72 _“1
c, C
CKJIaHBIBaH 9TH 3ala3JibIBaHus, IIOJTYUYUM
1.1 2
Dt, +Dt, = (I +1,)(—+—- —) =
c. C ¢

1+V /(c\/e . m 1-Vi(ce jn 2e
c/Je mv  clJe mv c

=—('1+'i)\/e_’{f1+w(c\/e_m1- Ve ht+Vie P +.)+

= (1, +1,X - ;’Cz (e A}

+[1- VI(cJe W1+V /e ht+V2e he?+..)- 2[1- Z—;(e A} =

_(u+1,) e mv?

. (€ A1)

T.€. MOJy4aeMm, 4YTo B omnbiTe Maiikenbcona-Mopiu B BO3ayXxe AOHKHO OBITh
3amasgplBaHue, KOTOPOrO B BaKyyMe€ HET. OTO 3ana3[blBaHHE B BO3IYXE,

ABJILAIOIIUMCA  TUIJICKTPUKOM C BEJIMYUHON e m1.00057, ABIACTCA BEJIMYMHOU

TPETHETO MOPSAKA MAJIOCTH U €T0 OYEHB CIOKHO 00HAPYX UTh. OHO COOTBETCTBYET
OTHOCUTENBbHONW omubke 1.8A0™ © COOTBETCTBYET OLIMOKE OIpeaesIeHUs
cKopocTtu cBeTa 0.24crmysec rpu TOYHOCTH MeToaa MalikenscoHa-Mopin 10°crm/sec.
B 2002 romy ObuT mpoW3BEIEH SKCIIEPUMEHT IO U3MEPEHHUI0 CKOPOCTH CBETa B
IBYX TIEPHEHAMKYJSIPHBIX HAmpaBieHUs B pe3oHaropax cm. [1]. Ommubxka
MU3MEpPEHHUsI CKOPOCTU CBETA B PE30HATOpPE cocTaBmia 1.7AA0*°, 4TO MO3BOJIMUIIO ObI
OTIPEJICTUTh OTHOCUTENBHYIO OMUOKY 1.8AA0 **, CBA3aHHYIO C ABMKCHHEM CHTHaja

B IUDJICKTPUKC, BO3YXC.

UTo ke 10Ka3bIBaeT CYUIECTBOBAHUE 3ala3/IbIBAHUS 3JIEKTPOMArHUTHON BOJIHBI
B ombiTe MaiikenbcoHa-MoOpiiM B pa3HBIX CHCTEMax KOOPJAWHAT B OECKOHEUYHBIX
ONHOPOJHBIX  JHUAJIEKTPUUECKUX  cpefnax?  DKCHepUMEHTaJbHbIE  JIaHHbBIC
MOATBEPKAAIOT, YTO B  KaXI0M HMHEPUHUAIbHOM  CUCTEME  KOOpIWHAT,
JJEKTPOMAarHuTHAas BOJHA JIBUKETCS CO CBOed (a3oBOMl  CKOPOCTBIO, U

3ala3ablBaHsA B pPa3HbIX CHCTCMAaX KOOpAMHAT HCT. ITo CymCCTBYIOIINM



(GopMysaM  CHOXEHUSI CKOPOCTeH Juisl  JAUDJIEKTPUYECKOM Cpeabl  Takoe
3ama3fplBaHUE €CTh. 3HAYMT, CYLIECTBYIOIIME (OPMYJIbl HAaA0 BUAOU3MEHUTH.
Hano 3amuceiBath mnpeoOpazoBanue JlopeHna c ¢a3oBoi CKOPOCTBIO BMECTO

CKOPOCTH CBETa B BAKyyMe

dxi1+fr1dtiX cj dt;j + Yyt
C C
dxt = d c,dt= d
J1-VZ2IcE J1-VZ2/ch
dyi=dy,dzi=dz
HOKa)KeM, qTo BOJIHOBOC€ YpPpaBHCHUC HWHBApPUAHTHO OTHOCHUTECIBHO

npeobpazoBanus JlopeHna c (a3zoBoil CKOpPOCTHIO, @ HE CO CKOPOCTHIO CBETa B
Bakyyme. BoiiHOBOe ypaBHEHME JIsi IBUXKYIIETOCS 3apsijia CO CKOPOCThIO V' BIOJIb
KOOpAMHATBI X, TIPU OCTAIBHBIX (PUKCHPOBAHHBIX KOOPJMHATAX, 3AIUIIETCS B

BHUJIE

2 2
LA U°A eV
4p a(x- x) .
Wt eyl 2/

Cnenaem npeobpa3zoBaHuEe KOOPAUHAT U BpEMEHH

(ux:) oA (““) :4pﬂ0’(Xi- Xi)
Cakti® Ca
p_{z(gi)z_ MY (““) = 4ped(xi- X))
X cgti®

YMHOKaeM BTOPOE YpPaBHECHHE Ha BEIUYUHY V/ Cqy W BBIYMTAEM U3 TIEPBOTO

YpPaBHEHUSI, IOJIYYUM

V. V.
WA- 7 W(A- /)
d__ d 1- V?/c?)=0.

Y10 3KBUBAJIEHTHO



WA A

=0.
IXi® - cuti®

VmuoxkaeM mepoe ypasrenne V /Cy i BBIYUTAEM U3 BTOPOTO, MOTYIHM

.V .V
W - A w2y - A
( -4 —9)1- V?/ci) =4pe(l- VZIci)d(xi- xj).
MXi CyHti
qTO OKBHUBAJICHTHO ypaBHeHI/IIO
2; . 2; .
/1 /0 L
- =4ped(Xi- Xj),
Xi® i’
rac HCITIOJIB30BaJINn HpCO6p330BaHI/IC IIOTCHIOHUAJIOB
A-Y j-Ya
Cq Cq

Ai=

J1-V2/ci / ':1/1- V2/cs

QJICKTPOHOB paBHA HYJIIO, IIPpaBasd 4YaCTb BOJIHOBOI'O YPABHCHHA paBHA HYJIIO JJIA

. Tak kak B HITpPIXOBaHHOﬁ CUCTEMC CKOPOCTb

BEKTOPHOTO TMOTeHIMana. J[[1s WHBapUaHTHOCTH YpaBHEHUH, HEOOXOAUMO B
npeobpazoBanuu JIopeHiia BMECTO CKOPOCTH cBeTa B Bakyyme C mucath (pa3zoByro

CKOpPOCTb.

1.2 CBoiicTBO METPHYECKOT0 HHTEPBAJIA B CJIyuyae IMIJIeKTPUYECKOH cpeabl

Metpudeckuii ~ HMHTEPBAJ,  PaBHBIA  HYJIK UL PacIpOCTPAHEHUS
AIEKTPOMAarHUTHOW  BOJHBI, B  OJHOPOJAHOM OECKOHEYHOM  JIUIJICKTPHUKE

3aIIMCBhIBACTCA B BUAC

ds® =c%dt’/e mox?- dy*- dZ=0.  (1.2.1)
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OTO CBA3aHO C TEM, YTO CKOPOCTH JEKTPOMArHUTHON BOJIHBI B JUAJIEKTPUYECKOU
cpene C/\€ i U 3HAYUT, METPUUECKUN WHTEPBAJ WHBAPUAHTEH MNPH IBUKCHHUH

AJICKTPOMArHUTHOW BOJIHBI B JUAJICKTpUKaxX TOJIbKO B Buae (1.2.1). Ecau cnenathb
MPENO0JIOKEHNE, UYTO B CHUCTEME KOOpPJAMHAT, TJ€ IUAJICKTPUK HEMOJABUKEH,
CIIpaBe/IJIUB CTAaHJAPTHBINM METPUUYECKUN WHTEPBAJ CO CKOPOCTHIO CBETAa, PABHOM
CKOPOCTH CBETa B BaKyyMe, ATOT METPUYECKUI MHTEPBAJ B BaKyyMe paBeH HYJIO,
3HAYUT U B JAUDJICKTPUKE OH PaBEH HYJIIO, TO MOJIy4YuM, ucnoin3ys (1.2.1), uto oH

paBeH
ds? =c?dt? - dx? - dy? - dz? = c?dt?’(1- 1/ e = O.

Takoit MeTprYeCKHil HHTEPBAI HE MOXKET PaBHATHCSA HYINIO. Hago oTMETUTH, 4TO
orucaHue mpoiecca ¢ nmomoinsio Gopmyn (1.2.1) u onpeneneHne METPUIECKOTO
MHTEpPBaJIa C MOMOIIBIO CKOPOCTH CBETa B BaKyyMe, OIUCBHIBAIOT OJUH M TOT XKE
IpoIlecC paclpOCTpaHSHHsI CUTHANA, ¥, CJIEOBATEIbHO, KOOPAMHATHI U BPEMs Y

9THUX IMMPOUCCCOB OJMHAKOBEI.

Ecnau BBecTn HOBYIO IICPEMECHHYIO Y| =X +/€ i, TO CKOPOCTH B HE PCIIATUBHUCTCKOM

IPUOIMKEHUH OYTyT CKIIAJIbIBAThCS 110 hopMmyJie

ViJe mViije mV
YTO HEMPABUILHO, 3HAYUT HAJI0 BBOJUTH JIPyrue GOpMYJIbI.

1.3 CBoiicTBa MeTPpUYECKOI0 HHTEPBAJIA HA TPAHULIE C TUIIEKTPUKOM

“Optical metric”

I[J'IH OIIMCaHUsg PaCIIpPOCTPaHCHUA CBCTAa B ABHXXYIICMCA OUOJICKTPHKE

UCIIONIb3YETCSI METPUKA, Ha3bIBaeMas “‘optical metric” ¢ METPHUECKUM TEH30POM

gmn: gmn+ (1' e )nnpna (131)

rne Uy KxoBapuaHTHasi KOMIIOHEHTa 4-MEPHOM CKOPOCTH, BelIu4uHa Jpp,



10

METPUYECKUHA TEH30p TPAaBUTALMOHHOIO IIOJIA, CM. [2]. DTa METpHKa TaKxke

ucnons3yercs B [3].

ComtacHo  9TOH  Qopmyne Uil  HENOABM)KHOTO  JUAJIEKTpUKa  0e3

rpaBUTAaIUOHHOIO IOJI BEJIMYHMHA METPUUYCCKOTO HHTCpPBAJla paBHA

UTo npuUBOAUT K HE UMEOIIEMY (PU3UIECKOTO CMBICIIAa MHBAPUAHTHOMY UHTEPBAITY
CO CKOPOCTBIO Cy/2- € i, BMECTO CKOpPOCTH cBeTa B AudiekTpuke. Ilpu mepexone

CUTHAJIa U3 BAKyyMa B JUIJICKTPUK, BCIIMUYMHA MCTPHUYCCKOI'O HMHTCpPBAJIA 6YI[CT

paBHA HYJIIO, 4 B I[I/I3J'I€KTPH‘I€CKOI>1 CpCac paBCH HYIIO MeTpI/I‘{eCKI/Iﬁ HHTCPBAJI CO

CKOPOCThIO, paBHOW C/,/€ i, a METPUUYECKHd HHTEpPBAJI CO CKOPOCTHIO, PaBHOM

C./ 2- e ue PaBCH HYIIIO. HOJ’Iy‘IaGTCH, qTo MeTpI/I‘ICCKI/Iﬁ HHTCPBAJI IIPpU IICPEXOAC

4epe3 TpaHUly MOUIJICKTPUK BAKYYM H3MCHUTCA, 4YTO HCBO3MOXHO. Kak xe

HONpaBUTh 3Ty Gopmyiy? Jljist 3TOro ee Hallo 3anucarh B BUIE

Torzxa JJIs1 HCITOABHKHOI'O 0e3 I'paBUTAIUOHHOI'O IIOJIA AHUIJICKTPHKA IIOJYYUM

IPaBUIBHYIO (GOPMYITY

Uto6el monyuuTh GOpMyay B JABHXKYIIEHCS cpene HEoOXOIUMO 3amucarh

METPUYECKUN TEH30P B BUJE

Bemnunnra Cy 310 BenmnumHa (ha30BOM CKOPOCTH, KOTOPYIO HAI0 OINPEIASIUTH W3

YpaBHEHUs DJHKOHAJIA, KaK Yy [JBWXKYIIETOCs, TaK W HEMOJIBHXXHOIO TEIa,
OTHOCUTEIIBHO HEMOABWKHOW cpenbl. Da3zoBasg CKOPOCTb CpeAbl OT CHCTEMBI
KOOPIMHAT HE 3aBUCHUT. A (a30Basi CKOPOCTh JIBIIKYIIETOCS Tela 3aBUCHUT OT €T0

ckopocTH. Torma MeTpudeCKuii UHTEpBaJ 3aUIIETCS B BUAE
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['me BOCHONB30BaNMCh PAaBEHCTBOM ds=cdt1- VZ/c3 . B caydae oTcyrcTBus

rpaBUTAIUOHHOIO ITOJIAA YPAaBHCHUA UMCIOT BU/L

2 2 2 2
d? =9 22 - dxt” - a” - o =c3dt- dxt” - - o
C

4. IIpeoOpa3oBaHue JHEPIUH NIPH Nepexo/ie Yepes3 rPaHully cpeabl

PaccMOTpUM  3JIEKTPOMAarHUTHYIO BOJIHY, NaJaloulyl0 U3 BakyymMa Ha
MOJYIPOCTPAHCTBO C IUIOCKOHM rpaHuiieit ¢ (a3oBoit ckopoctero C/. /€ 1. Jlis

BCKTOpPa [loliHTHHra B CIUIOIIHBIX cpeaax HCIOJIB3YIOTCA HAIIPAKCHHOCTU

AIEKTPOMArHUTHOTO 1ot cM. [4]. TloTok sHepruu paBeH
Cc
—[E,H].
4p[ ]

Ho Ttax kak B  gwdnekTpuke (¢das3oBas CKOPOCTh  PACHPOCTPAHEHUS
AIIEKTPOMATHUTHOM BOJIHBI paBHAa C/+/€ i/, ¥ KpOME TOTO, MOJIe B AMANIECKTPUKE TIPH

HOpMAJIbHOM TIIaACHHUHW YMCHBIIACTCA B COOTBCTCTBHH C KOB(b(l)I/IHI/IeHTOM

2clJem, , 2

IMMPOXOKIACHUA OSHCPIUA BHGKTPOMaPHHTHOﬁ BOJIHBI ( -

c/Je m1 (J?ml) ’

nonydaerca  Qopmyna sl TUIOTHOCTH ~ DHEPTHU  PACIPOCTPAHEHUS

BHGKTpOMaFHI/ITHOﬁ BOJIHBI

C 4E,H]

4p (Je mJe m1)’

DHeprus 31eKTPOMAarHUTHOTO TOJI paBHA

¢ 4EH]  _rch. _ 4e HEH]| _|[D.B]|
4p (Je ml)(Je ml) em 4p(Je m1?  4p
rc?
Fne BCIIMUHMHA E OHCPIUusd CAWHHUIBI O6’beMa QJICKTPOMAIrduTHOIO M3JTYy4YCHUSI,
i

T.€. IUIOTHOCTh DHEPTHM DJIEKTPOMAarHUTHOro moisi, C  ckopocth cBera, [
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HAMpAaBJICHUE PACOPOCTPAHEHUS] JIIEKTPOMATHUTHOM BOJHBL. JTH MapaMeTpPhl
BBIYMCIICHBI U3 AJIEKTPOJUHAMUYECKUX COOTHOomeHu. [Ipennmaraemas MmioTHOCTb

SHEPrur MaKpOTEI B IUAIEKTPUKE OMpeesieTcs no Gopmyie

dE _ rc? rc? N rv?

dVv e(ﬁ_\/zem2_em 2

AHAJIOTMYHBIM CITIOCOOOM pemacTCs 3aaava il ABUTAOINIUXCA TCJI, OMPCACIIUTCA

+...

(1)a30Ba51 CKOPOCTH CBCTA B 3aBUCUMOCTHU OT CBOMCTB U CKOpPOCTH BCCX TCJI.

Ho unmeercs OJHa HpO6HCMa. Ha camom nene JAUBJICKTPHUUICCKAA TMPOHUIIACMOCTD
HUMCCT 3aBUCUMOCTL OT YaCTOTHI 3JICKTPOMATHUTHOTO IIOJIA. ®da3oBas CKOpPOCThb
CBCTA 3aBHCUT OT YACTOTHI IJICKTPOMAI'HUTHOTO IIOJIA. HOBTOMy Hp€06pa3OBaHI/I€

HaJ0 JieNaTh CJIOXKHBIM o0Opa3oM. JlomycTum, TOJYyY€HO pelieHue B He
HITPUXOBAHHOW WHEPUHUAIBHON CHUCTEME KOOpPJIMHAT f(r,t). Bobiuucnum ero B
IPYyrOM HMHEPUHUAIBbHOM CHUCTEME KOOPAMHAT Ha OJHOW dyactore. I[lomyunm

olriti,Cy (W)] . Beramcmum nrterpan

G(riti,w,V) = tri“ig[ri,u,cd(l/t/),V]equm,u)du.

-o

Torma nmpeoOpazoBaHHOE peIIeHHE B APYrod WHEPIMAIbHONW CHUCTEME KOOpPJIMHAT

ompenenures mo Gpopmye

F(riti,V) = [yG(riti,w,V)exp(inti)dw/ 2p .

-a

Takum oOpa3om, 3Hasl pelIeHHEe B OJHON WHEPIUAIBHOW CUCTEME KOOPIUHAT
f(r,t) MOXHO ONpPEACIUTh PELIEHWE, B JPYyrol HHEPLHUATBHOU CHCTEME

KOOpJMHAT F(ri,ti,V), JIBUTAIOIIECHCS C TMOCTOSIHHOW CKOPOCTBIO OTHOCHUTEIIBHO

MEePBOM CUCTEMBI KOOpJAWHAT, paBHOW BemmumHe V. OTMeTHM, 4TO 0OpaTHOE

npeoOpa3oBaHUE HE CYIIECTBYET, BEpHEE OHO OTIMWYACTCS OT 3HAYCHUS TEPBOTO
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pemenusa. HeoGpatuMocTh npeoOpa3zoBaHmil CBA3aHA C UX YAaCTOTHOM, a 3HAYUT U

BPEMEHHOU 3aBUCUMOCTBIO.

du3nyeckue 3aKOHbI B Pa3sHbIX  OUIBJICKTPHUKAX  OTIUYAIOTCA CKOPOCTBLIO
pacopoCTpaHCHsA BO3MYIICHUA, W IIOHATHC OAHOBPEMCHHOCTHM B Pa3HbBIX

IUAJIEKTpUKaX He mpuMeHUMO B paMmkax CTO.

Tak pBUrarommecss B OJHOM CHUCTEME KOOPAMHAT MapajulelIbHO C
OJVMHAKOBBIMHU CKOPOCTSIMH T€JIa B Pa3HbIX CPEAax B JAPYrod HHEPUUAIBHOU
CHUCTEME KOOPJUHAT JABUTAIOTCA C PA3HBIMH CKOPOCTSAMH. DTO CBSI3aHO C TE€M, UTO
3aMEJIECHUE BPEMEHM W YMEHBIICHHE PACCTOSSHUM B JIBUTAIOLIECHCS CHUCTEME
KOOpPJIMHAT B Pa3HbIX AUAJIEKTPUKAX Pa3HOE, W TMOHATHUS OJHOBPEMEHHOCTH B
pPa3HBIX cCHUCTeMaxX KOopJauHAT HeT. Ho mmeeTcs wHBapuaHTHas BeauduHa. OOmias
IUIS Pa3HBIX JUDJIEKTPUKOB BEJIMYMHA, 3TO BEJIMYMHA METPUYECKOT O MHTEpPBAia, U
€ClIi paccMaTpvBaTh B PAa3HbIX JHUAIEKTPUKAX JIBUTAIOLICECS C OJIMHAKOBOU
CKOPOCTBIO TEJIO, TO BpeMsl JUIsl 3TUX TN B PA3HBIX IUAIEKTPUKaX OyAeT Tedb MO-

pazHOMY

ds? =dt? =[c/Jem +V(1- 1 em)?dt® - V2dt? =
=[c/Je,m +V(1- 1/ e,m)]?dt? - V2t '

3HAYMT, TOHATHE OJTHOBPEMEHHOCTH COOBITHH IS IBYX Pa3HBIX JUAJICKTPUKOB HE
CYIIECTBYET, TaK KaK JBUTAIOIIMECS C OJMHAKOBOW CKOPOCTBIO Tejla HMMEIOT
Kaxk70e cBoe Bpems. [ToHATHE OJTHOBPEMEHHOCTH COOBITUM MMEET CMBICI B OHOM

JURIIEKTPUKE TIPU OJWHAKOBOM Temrie BpemMeHH. COOCTBEHHOE BpeMs B Pa3HBIX

IOUBJIEKTPUKAX ONUHAKOBO, U3MEHAETCA TONIBKO Bpems {1,

I'naBa 2. CBoiicTBa INIJIEKTPUKOB

Haiinem BenmuuHy (ha30BOM CKOPOCTH B aHW30TPOITHOM JWDJICKTPUKE, NJIST YETO

3amuIIeM  CTaHAapTHOE mpeoOpa3zoBaHue JlopeHna s  aHU30TPOIHOTO
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TUAEKTpUKa cM. [4] (aHM30TPOMHUSI COCTOUT B Pa3HBIX MPOEKIUAX BOJHOBOIO

quclia, Wi OOpaTHOW BETMYMHBI KOMIIOHEHTHI (Pa30BOM CKOPOCTH)

w=Wi+kM)g,g=1/1- V?/c?

Y
k= (ki + WV 1c*) gk, = ki kg = ki

Boruncium ga3zoByro CKOpOCTh B HE IITPUXOBAHHON CUCTEME KOOPUHAT

k? _ ki +k5 +k3 _ (ki +wiV/c?)? s kj? s kji®
w* w* Wi+kV)®  (M+kV)°g"  (Wi+kV)*g®

[lepenuiiem 3Ty popMyity B BHIE

1 _Wci+vich)® Ue® | Ucy N
cZ  (@+Vic)?  @+Vic)g @+Vic)ig o ¢ o

[Tomyuaem penstuBucTckue GOpMyJibl CI0KEHUS (Ha30BON CKOPOCTHU

- G+vV
“ 1+Vcj/c?
C; =ci(1+V/ci)g

Otu GopMyIBEI HE COBIAMAIOT ¢ (POpMyIamMu CIOKECHHS PEIATHBUCTCKUX (ha30BBIX

CKOPOCTEH, KOTOPBIE BRITJISAAT CICTYIONIMM 00pa3zoM

Cl:&'c = Ci ) = C:k
1+Vq/c2’2 (1+Vq/c2)g’% 1+Vcj/c®)g’

3HauuT MOHATHE «(ha30Basi CKOPOCTHY HE SBISETCS CKOPOCTHIO C MHBAPUAHTHBIM
npeoOpazoBanueM Jlopenma. [lonsTre TpexMepHas CKOPOCTh 00pa3yroT 0OpaTHbIE
BEJIMYMHBI KOMIIOHEHT «(})a30BOM CKOpPOCTH». DTO M TOHATHO, Belb «(pazoBas
CKOPOCTH» B COOTBETCTBHH C MPHUHIUIIOM [IOWreHca pacmpocTpaHseTCss BO BCE
CTOPOHBI C TIOCTOSTHHBIM 3HAYCHWEM, PaBHBIM «(ha3oBoi CKopocTu». Tonpko B
OJTHOMEPHOM CJy4ae SBJISETCS TOJHOIICHHOW CKOPOCTBIO, YTO M OTPAXKEHO B

Q)opMynax, a B ClIyda€ HaJIWM4YMd BCCX TPCXMCPHBIX KOMIIOHCHT HC ABJIACTCA
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BCKTOPOM CKOPOCTH, TaK KaK BCKTOPOM CKOPOCTHU ABJIAIOTCA O6paTHBIe

KOMITIOHCHTHI.

Ora Qopmyna 3anumiercss Uisi MPOU3BOJBHOTO OJHOMEPHOTO HAINpaBIEHUS C

TOYHOCTBIO IICPBOTO MOPsAAKA 11O CKOPOCTH CPCAbI

= =[Uc? + 2V (cic?) + 1 +1/ c?)(L- Z\//q)-—2+2\//(qc) 2”2\/
c§ :

=" e v ey - Y
2[+ (n’ci) Ci]

Otkyna nnst a3oBoil CKOPOCTH UMEEM BBIPAKEHUE

g
JUci? +1/cf +1/cf?

cV 1 1
c- =¢/n+—(1- =)=c/n+Vcoxy(l- =),coxy=
F nq ( n2) 87( n2) 37

N3 a10ii popMymel mosrydaemM IpuOIMKEHHOE BhIpaKEHHE ISt (Pa30BOM CKOPOCTHU
c 1 Ve
Ce =—+Vcox(l- =) +0(—=).
n n c

DTO 3HAYCHUE <<(1)a3OBOfI CKOpPOCTH» COBIAAACT C 3KCIICPUMCHTOM, TAK KAaK BOJIHA

pacnpocTpaHsieTcsl BIOJIb OJHOTO HarpaBieHus 0X

2

C 1 \%
c: =—+(V,DA- =) +0(—)-
n n C
I'ne BennunHa | eqMHUYHBIA BEKTOP HANPABJIEHUS PACIPOCTPAHSIOMICHCS BOJIHEI,
V CKOpOCTH Tena.

[Ipennaraetcst dopmyna amus nmpeodpaszoBanus JlopeHiia mucaTh B BUIE

Vit
Cq

vz

dxi* +fgdtiv /c, Cadti +

J1-V2ic:

dyi=dy,dzi=dz

dx' =

.cdt=
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rje BelnyuHbl Gy (a3oBasi CKOPOCTh B ABUTAIOIICICS CUCTEMBI CO CKOPOCTBIO V.

Jlis  nokaszatenbcTBa MpeasiaraeMbix (OpMys, OCYIIECTBHM IpPeoOpa3oBaHHE
JlopeH1ia, HO ¢ HEU3BECTHOM CKOPOCTHIO Cj, BMECTO CKOPOCTH CBETa B BaKyyMe B

npeoOpazoBanuu JlopeHia

wlC = (wmlCi+kV ICi)g,g=1~1- V2/C
k.= (ki + WV ICP)gK, =Kitks =ki

Breraucium (1)3,30By10 CKOpPOCTH B HC HITpHXOBaHHOﬁ CUCTEMC KOOpAWHAT

k? k7 +kZ+k? 1. 1 1
WIC? 1W2/2C2 FE1=CH G5+ 5)=
Cl CZ C3
. .2\ 2 .2 .2
_opkirmVICr)” | K KL

+
(WitkV)?  (mi+kM)?g®  Wi+kV)’g’
[Mepenuiiem 3Ty GOpMYITy B BUIE

1 _(Uci+VICi®)? +1/cf(1- VZ/Ci%) +1/c5;,2(1- VZ/ICi?)
Ci? 1+V/cj)? 1+V/cj)? (1+V/cj)?

OTkyna mojiydyaeM KBaJpaTHOE ypaBHEHHUE, CBS3bIBAIOIIEE CKOPOCTh, CTOSIIYIO B
npeoOpazoBanuu JlopeHIla U ee MPOCKIUKM B JIBUTAIOIIEHCS CHCTEME KOOPIAWHAT.
KBagpaTHOoe ypaBHEHHE UMEET BUT

v o1 V2 V2 vi. 1 1 1

— - _(1+—+—+—)+—+—+—2:0_

.2

C i4 C i2 C_‘[ C£2 Ciz qZ Ciz C:k

OTO ypaBHEHHUE UMEET JIBa KOPHS

é:[(“ K)/2° \J@+K)?/4- k]/V2
|

vz v? o y?
.2+ .2+ 2
G C G

k =

OTH KOPHHU PaBHBI
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1 _1_1 1 1
et e Y

T G G G G
[lonyuyunoce, uyto B mnpeoOpazoBanuu JlopeHna B JOHUPJIEKTPUKAX HYKHO

HCIIO0JIb30BaTh (ha30BYI0 CKOPOCTh CBETA Ci=ct.

BennuuHa ckopocTH, KOTOPYIO HYKHO MOJCTaBIAThH B mpeoOpa3zoBanuu JlopeHua B

HC HlTpHXOBaHHOﬁ CUCTCMC KOOPpAHHAT, paBHA C = C|: .

Bekrop o0paszyer BomHOBOE umCiO, a HE «(}a3oBas CKOPOCTH», IO3TOMY
HEOOXOMMO ONpEACTSATh CBsI3b MEXKAY MapaMeTpaMH B Pas3HBIX CHUCTEMax
KOOPIMHAT OTHOCHUTEIHHO BOJHOBOrO umcia. «Pa3oBas CKOpPOCTB», 3TO HE
MHBapUAHTHOE MOHATHE, TAK KaK HE COACPKUT 4 KOMIIOHEHTHI. BOJHOBOE YMCIIO B
Pa3HBIX CHCTeMax KOOPJIMHAT CBSI3aHO 1o bopmye
k, = (kj + MV /c®) gk, = Kij; ks =kj, rae Ki BomHOBOE umciio B cucTeme kKoOpauHaT,
IJe cpelae paclpoCTpaHEHUs HJICKTPOMAarHUTHOW BOJHBI HEMOJBIKHA. B

IIBHFa}OHIGﬁCH CUCTCMC KOOpAWHAT BOJIHOBOM BCKTOP 06pa3yeT BCKTOD.

OnpezxeneHa «(1)33013351 CKOpOCTH» B HBHFammeﬁCH CUCTCMC KOOpAWHAT U B

1 1 1 1
+

HETIOZIBIKHOI cHCTeMe KOOpAMHAT, paBHble ——, =, T~ t—, n Takoe xe
G G &G G
COOTHOIIEHHE [UIi HE IITPUXOBAaHHOH CHCTEMBI KOOPAMHAT, KOMIIOHEHTHI

1

—,1=1..3 00pa3yroT BEKTOP, KaK B IITPUXOBAHHOM, TaK U HE B IITPUXOBAHHOMU

Ci

CUCTCMC KOOPpIAHHAT.
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oy 1 — — } Y/
"N b—17— ]
Z u 1 Z
Ky fj[ Z 7
7
Puc.1 Puc2.

da3oBas CKOpOCTh B OmbITe MaiikenbcoHa puc.l cuurtanace B IBYX HalpaBICHUSAX

BOJIHEBI C O}IHOﬁ CKOPOCTBIO CPCAbI

1 1 1
—2:[(—+—) (—-—) 2+ e
Ci° Ci 23)
-1 V_2+i 1 |
C:!2 C4 C£2 %2

B ombite ®uzo Puc.2 ompenensiorcs aBe pasHble (a30BbIe CKOPOCTH, TaK Kak

HMMEETCS IBE€ CKOPOCTH CPEABI Y IBYX PA3HECEHHBIX TEI

V 1 1 1 1

_( 2)2+ 2T 27 +( ) t—ot 3
C#l c Cp Ci's Ci Cic Ct C . (2.4)

1 1 \% 1 1 _1 vV V., 1 1

—_(—-—) t— = )+ =+ =

.2 .2

.2 2 .2
ci; ¢ c ci ¢ ¢ cic® ¢ Ch

B3aumoneicTBrE BOJHOBOIO YHCIIA CO CKOPOCThIO HOCHUT HEJIIMHEWHBIA XapaKTep.
s oOpazoBanus WHTEP(PEPEHIIMOHHON KApTUHBI HY)XHBI OJWHAKOBHIE IYTH,
OTJIMYAIOIINECSE CBOMCTBAMHU CPEJIbI, MO3TOMY BO3MOXHBI TOJBKO MapalijieibHbIC
WJIU aHTUIApAIUJIEIbHBIE CKOPOCTH CPeAbl U BOJIHBI. ECIU CKOPOCTh Cpeabl UMEET
TOJILKO OJTHO 3HAYCHUE, TO CKJIabIBAIOTCs Moaysu (popmyna (2.3)), umeercs oaHa

dazoBasi CKOpOCTb U 00pa30BaTh MHTEP(HEPEHIMOHHYIO KAPTUHY HEBO3MOXKHO.
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Ecnu umerotcst 1Be pasHble CKOPOCTU Cpenbl, TO oOpasyercs 1Be (ha30Bble
ckopoctu (popmyna (2.4)), paBHbIE CyMMe MOJYJCH BOJHOBBIX YHCEN ILTIOC
YABOCHHOE IIPOM3BEICHUE IIPOCKIMU HAa OJHO HampasiieHHuE. Mexay aByMs
(a30BBIMU CKOpPOCTSIMHM BO3MOKHA HHTepdEepeHIus, OolpeaeseMas pa3HOCThIO

CKOPOCTH CpPE/I.

B o0uiem cnyuae, eciu uMeeTcs OJlHa CKOPOCTh CPe/ibl, TO CYUTATH HAAO MO
dopmyiie (2.3). B cinyuyae 6ojblIero KoJIM4YecTBa CKOPOCTEH Cpejl WM B Cilydae

HCTIPCPBIBHOT'O UBMCHCHUA CKOPOCTU CPCAbI, CHUTATh HAJIO 110 q)OpMyJIC

1 i Vk2+i i i 2Vk +(\iz+i+i'k:1’__N
R, G ¢ o o ¢ ¢c ¢ oo o

Ecnu umeercs ollHa CKOpOCTh Cpelibl, TO MOXHO JTOOUTHCS H30TPOMHOTO
IpOCTpaHCTBA B OJHOM cucteMe KkoopauHat. OHO OyaeT HU30TPONHBIM B
HE3aBHUCUMOCTH OT 3HAYEHHMS ITOU CKOPOCTHU, TaK KAK OJHY U30TPOIHYIO CUCTEMY
KOOpJMHAT ONpEeNeIUTh HEBO3MOXHO. Ilpu OOHYJIEeHUM OFHOW CKOPOCTH
OCTaJibHbIE CKOPOCTU OYIyT HE HYJIEBbIE U MMEETCS BO3MOXHOCTH OINPEIEIHUTh
OTHOCUTEJNIBHBIE CKOpOCTH. Tak B omnbite @PU30 MOXKHO  ONPEACIUTH

OTHOCHUTEJIBHYIO CKOPOCTh ABYX CpELl.

B mpeobOpazoBanuu JlopeHma HajIo WCHOJB30BaTh MOJIYJb OOpPaTHOM
BEeTUYUHBI «($a30Boii ckopoctu». B ombite ®du3o wucmonas3yercss IBE pasHbBIC
CKOPOCTH TIOTOKA, U, CIIEJIOBATEIIbHO, JIBE pa3Hble «(ha30Bble CKOPOCTU». B ombiTe
MaiikenbcoHa HCMOIB3YETCS OJHA «(a3oBasi CKOPOCTH», COOTBETCTBYIOIIAS

CKOPOCTH 3eMIIH.

BennyuHa ckopocTH, KOTOPYIO HYKHO MOJICTaBIAThH B MpeoOpazoBanuu JlopeHiia B

He ITPUXOBAHHON chcTeMe koopauHart, papaa C =Cp .

CymectByeT W apyroit cmoco0® BeluncieHus «}a3oBoi ckopoctuy». Jlis
BBIYUCIICHUS «(}a30BOM CKOPOCTH» B  JIBIDKYIIEMCS JUAJICKTPUKE  HAJIO

BOCIIOJIL30BATHECS PEISITUBUCTCKOM CBSI3BIO MEXIY WHAYKIUEN u
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HaIpsDKEHHOCThIO, TMOJACTaBUTh €€ B YypaBHEHHEe MakcBemaa, M MOJIYYUTh
ypaBHEHHE OJWKOHaNa, C TMpaBOd 4YacThblO, OOpaTHOM BEJIMYMHOW KBajpaTa
«pazoBoit ckopoctu». OTmedy, uYTO @OpMyJbl € «(pa30BOH CKOPOCTHIO»
npeoOpa3zoBanus JIopeHia cipaBeIsIuBbI JUIsl JUAJIEKTPUKOB, a JJI JIEMEHTAPHBIX
YaCTHIL TUIIEKTPUUECKasi U MarHUTHasi IPOHULIAEMOCTh COOTBETCTBYET CBOMCTBAM
BaKyyMa, TaK KakK 3JIEeMEHTApHbIE YACTUIbl «Pa3Ma3aHbl» M0 NPOCTPAHCTBY, U IS
HUX CHPaBEIJUBO 3HaueHUE «()a30BOM CKOPOCTH», COBMAAANOIIEH C «pa3oBoi

CKOPOCTBIOY» CBETa B BaKyyMe.
I'naBa 3. Onpenesienne ¢Ga3oBoil CKOPOCTH B ABUTAIOIIEMCS THIJIEKTPUKE
AHHOTAUA
JYftejHjdzvjlsmw W OLBoOW MEtstetsmlis:! ) Ho d)
WOLtsoOW MEBmis! B MEtsdz] ydets?2 Mmtej v . (
f stewWHGCJ BO zsMmis d SlsdzsmdlIsj dz! dets tsilsdatsh § «
Me stcAdesp.Ov ME stetsmis! LOadMmdls Bls MEtstets
Hdt1 dzd Sstedyd MEse s s dzO, sO¢ d BJ MEBdz]
B npennaraemoii cratbe BeiBeieHa Ghopmyda it onpeaeneHus (a3oBoi CKOPOCTH

Ci 1 Tema KOHEUHBIX pasMepoB H g OeckoHeuHoW cpenbl. Jlms

IPOMEXYTOYHOTO CIIy4asi MPe/I0KEeHa HHTEPIOSAIUOHHAs (hopmyIa.

c ,1+V.e it exp( | (1/FmV/c)R

€a = FnﬁW(cfz)n ka? )+
1-Ve e . (UJe mVIOR,  (31)
(e mi(n vyt &Pt | o Dk

1-

cJe m

MakcumanbHasi CKOPOCTh JBUKEHHUS TeJIa B TUDJICKTPUKE OMPEACINUTCS U3 PABEHCTBA
=V =c/./e i. B cnydae e ml noaydaeM MaKCUMyM CKOPOCTH, BBIYHCICHHBIH 110

aTol (popmyIte, ompenensieMblit mpu ycioBuu V =C.
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['me Benmuunna R ompenensier pasmep cpeapl, @ pasMep JUIIECKTPHUECKOTO
Tella ¢ MOCTOSHHBIMU CBOWCTBAMH, B ClIy4ae COBHajeHus Tena u cpenst R=a, N
HAaIPABJICHUE PACIPOCTPAHEHUS DJICKTPOMArHUTHON BOJIHBI, V CKOpPOCTH Te€jla WUIIU
cpeapl, &, /7 NUDIIEKTPUYECKAass U MAarHuTHas IPOHULIAEMOCThb Tejla, BelnunHa K
MOJYJb BOJIHOBOTO BEKTOpa 3JEKTPOMAarHUTHONW BoiHBL. Benuumna C ¢asoBas
CKOpPOCTb CpEIBl, €CIM paccMarpuBaeM Telo B cpene. Ecam Teno umm cpena
NOMEILIEHbl B BakyyM, TO C CKOpOCTb CBETa B BakKyyMe W ompenensieM (a3oBYIO
CKOpOCTb TeJjla Win cpenbl. Bece aTH mapaMmerpsl OepyTcsl B HEMOABM)KHOW CUCTEME

KOOp/AMHAT.

HOI[C‘II/ITaeM AUDBJICKTPHUYCCKYIO TIPOHUINACMOCTDb JJICMCHTAPHBIX YACTHII,
O6pa3OBaHHI)IX IMOJIAPHBIMHU qacTuuamMu BaKyyMa. I[I/ISJICKTPI/I‘IGCKEUI

MPOHUIIAEMOCTh TeJa, 00Pa30BaHHOIO MOJISPHBIMU YaCTUIIAMU paBHA cM. [11]

2 212 2.4
14 4pnps 14 4p e, 14 4p €1,

3KT 3mZc? 3e’

e

rac n KOHICHTpallMs 4YaCTUIl BaKyyMa, P, :elg IMOJIAPHBIM MOMCHT YaCTHUIIbI

| a2
=~ _r? OTHOIICHHE TUIeYa TUIONS K

Bakyyma, M, Macca 4acTHIbl BaKyyma, P
9

3 |
O

ero macce, cm. [13] c1p.67, r, oOpasyromas uactui Bakyyma. Temmeparypa

YaCTUL] BaKyyma OIPEIEISIETCS CPEAHEU UYETBIPEXMEPHOM CKOPOCTBIO JIBMKECHUS

YacTHUI] BaKyyMa, CKOPOCTBIO cBeTa KT = mgcz. TpexmepHast CKOPOCTh IBUKECHUS
V/ic=u/v1+u? =1//2.

Paccmorpum nmannyro GopmMyny s cBOOOJHOrO 3JieKTpoHa. BenmnunHa

4p r;/S:me, r1e B cioydae CBOOOJHOTO D3JIEKTpOHA oOpasyromias paBHA H

3HAYEHUE  JUDJICKTPUUYECKONW  MIPOHHUIIAEMOCTH CBOAMTCA K  dopmyre

2

2
e=1+ me;: <r>4+ mezc isfk 25" =1+ikl ;kl, < 4 cm. [12] crp. 263 nus
e e

BBIBOJIA CPEIHEN KOOPAUHATHI, TAE€ BEJIMYHUHA sfk , 9TO JUCIIEPCUST KOOPAUHATHI



22

2 _
YaCTUI[ BAaKyyMma, W HPUOMIDKCHHO paBHA Sy =l,r,, T.C. JHDICKIpHYCCKAs

IPOHULAEMOCTh ONIM3KA K €IUHUIE. 3HaY€HHE KOHCTAHTHI | g oM. [13] ctp. 67

dopmyna (2.1.6). Utoro mosiyyaeM, 4TO IUAJEKTpUUYECKash MPOHUIIAEMOCTh
CBOOOJHOTO 3JIEKTPOHA, AUMOIL KOTOPOro (MM yYacTUla Bakyyma) oOpa3oBaH
BJIEKTPOHOM M TO3UTPOHOM, paBHa e =1+ia. TakoBa ke IUIIEKTpUUECKAS
MPOHUIIAEMOCTh CBOOOJHOM YacTHUIIBI, 0OpPa30BAHHON AWIIOIIEM W3 YaCTHIIBI H

AHTU4YaCTHIIBI.

Omnuniem QJICKTPOMArouTHOC T1IOJI€C B JABWIKYHICMCA  OUIJICKTPUKE.
AHTI/ICI/IMMeTpI/IIlHBIfl quBIpeXMepHBIﬁ TCH30p OJCKTPOMATHUTHOTO TIOJIA

BTOPOI'0O paHra UMECT BUJ

rn
o
1

© w
w

YPaBHeHI/I}I Makcaenna 3aIlIMIIYTCA B BUIC

F
p'l:/ﬂm_l_i'l '7"+“F'jn/:0
e X X
I[J'IH HOCTpOGHI/Iﬂ I/IHBapI/IaHTHOFO pCHIGHI/IH B I[BPI)Kym@ﬁCﬂ cpez[e BBCIECM T€H30p

(cm. [4] §76).

Bropas napa ypaBHeHunii MakcBeiia UMeeT BUJ

uH/m__ 4M/

px’ c

CBs3b MCXKIOY BCINYHHAMHU HHOYKIOWH U HAIPpAKCHHOCTH D,E, B HHCPIHUAJIBHBIX

CUCTCMAX KOOpAMUHAT oOecrieunBaeTCs



23

H' U =&'"T,. (3.2)

Benuunna U, detsipexmepHas ckopocTh Tena. Ecim B dopmyne (3.2) B3saTh
HYJIEBYIO TPEXMEPHYIO CKOPOCTb Te€jia, TO MOJYy4YMM JUJIsl Tejla COOTHOIICHHE
D=, T.e. popmyna (3.2) npu HYJICBOW CKOPOCTH MEPEXOIUT B CTaHIAPTHOE

COOTHOLIEHNE MEXY MHAYKIIMEN U HAIIPSKEHHOCTHIO.

KpOMC TOr'o, CIIPaBCAJIMBO YCTBIPCXMCPHOC PABCHCTBO
F/ /}rln+FmM/ +Fn}“|m:”(H//,7jn+Hm/p/ +Hn“m); (33)

sBIISTIONEecs] 00001IeHreM CBsi3u Mexy B,H . Ecnu xoTs Obl mapa WHIIEKCOB
/,mn COBMOajaeT, TO 23Ta ¢opmyla oOpamaercs B HOJIb, B CHIY
AHTUCUMMETPUYHOCTH TEH30pOB. [loaTOMy MMeeTcs 4 HE3aBUCHMBIX PAaBEHCTB
(3.3).

Otu nBa ypaBHenus (3.2) u (3.3) MOKHO paciucaTh B BUJIE

D+1V H] =&E+ [V, B])
C C

B+1[E, V] = nfH +2[D.V])
C C
3amuieM CBA3b MEXKIY MHIYKIMEH M HAIpsSIKEHHOCTBIO, B CIydae €CIH
OKpy)Kalolleil cpefoil sBIseTcs IUANEKTPHK, HAPUMEP BO3AYX OrpaHHYEHHOIO
00beMa, TO TMOAYYHUM CBA3b B BHJE, TIJ€ HHIEKCY, DPaBHOMY €IMHUIE
COOTBETCTBYET JBMKYLIMHCS BO3IYX, a UHIEKCY 2 COOTBETCTBYET ABHMIKYILEECS

TCIIO0

D, + X[V, Hy] = (E, + S[V1.Bil): Dy + L[V, Hyl = 6,(E; + L1V, B,])
C C C C

1 1 1 1 '
B, +E[E1’V1] =m(H, +E[D1’V1]); B, +E[E2’V2] =m(H, +E[D2’V2])

Cpez:a H BO3QYyX HMCCT I'paHMIIbI, CJIICOAOBATCIBHO, IIapaMCTpbl CPCAbl M TCJa

onpenensatcs. [lapamerpsl BakyyMa uMerot asa 3Hauenus £, u Eo, Hyu Hy,
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KOTOpBIC, MOTYT COBMAaJaTh B OJHOW CHCTEME OTCYeTa, HO B JAPYrod CHUCTEME
oTcueTa OTIMYarTcs. Eciu ke ompenesnsaTh 3HAYCHHUE TMOJIS IS Tella, HCIOIb3YsI
npeoOpa3oBanue JlopeHna ¢ ($Ha3oBoil CKOPOCTHIO BO31yXa, a TIOTOM OMPEICIATh

CBOICTBa BO3/lyXa CO CKOPOCTBIO CBETA B BAKYyM€, TO IPOTUBOPEUHSI CHUMAIOTCS.

IlepeneceM BEKTOpPHI MAarHUTHOU U JIEKTPUYECKOW UHIYKLUU B OJHY CTOPOHY,
a BEKTOPBI HAIIPSKEHHOCTH I10JI B APYT'YIO, ITOJIYy4YUM
e 1
D- _[\/’ B] =ee- _[\/!H]
c c

(3.4)
?[V,D]+B:nb-l +%[\/,E]

[lepeiinst B cucteMy KOOpAMHAT, B KOTOPOW MMEEM CIIEAYIOIIee MpeICcTaBlIeHre

CKOpoCTH V =(V,0,0) IIpA OCTaJIbHBIX IIPOHU3BOJIBHBIX 3HAUCHHAX JPYIUX

BCKTOPHBIX BCIIMYKNH, UCIIOJIB3Y:

i ]k
[V,B]=|V 0 0f=-jVB;+kVB,
B B, Bs

Pacnuimem nepBoe paBeHCTBO (3.4) M0 KOOpAUHATAM

D, = €5,
D2+ﬂ33=eE2+\iH3. (3.5)
C C
eV Y

Dy- ——B,=6E5- —H
3 c 2 3 c 2

Pacrumiiem Bropoe paBeHcTBO (3.4)

B, =M,
_%D3+BZ:,7H2-%53. (3.6)
m/ \%
—D =mH,+—E
o P2*Bs st B
['pymmupyem BTOpoe ypaBHeHue (3.5) u Tperbe ypaBHenue (3.6). Ilomyunm

CUCTEMY JINHEWHBIX YPABHEHUM BTOPOTO MOPSAIKA



25

1 ﬂ e +\1H
c [IP2 278
. el <l (3.7)
= 1 nHy+—E,
c C

Pemast 3T0 ypaBHEeHUE, MOTYyIUM

€, (1- V2/c®)+H,y(l- e W /c

D, =
2 1- e W /c? (39
B = M, (1- V2 /c?) +E,(1- e W /c '
1- e W /c?

Bynem umccnenoBaTh 3TO BBIpa)KEHUE IPU YCIOBUU € W /c? =1, T.e. Ipu MOJYyJIE

CKOpOCTHU TCJIA, COBHaZIaIOHIGﬁ C CKOPOCTBIO C/w/e /. HOCKOHBKy BHCUIHEC IIOJIC

IPOU3BOJIBHO, TO B O3TOM ClIy4yae »JJIEKTpUYecKass M MAarHuTHas WHIYKIIHS
cTpeMsTcs K OeckoHeyHOCTH. Mccnmeayem ciyyaid, Korja HanpsiyKEHHOCTH TOJIs
TakoBbI, 4To uyucautenu (3.8) paBHbl Hymwo0. [ 3TOro0 MpUpaBHIEM YHUCITHTEIH

ATOTO BBIPAXKEHUS HYJIIO, MOJIYYUM CUCTEMY YpaBHEHUN

e, (1- V?/c®)+H,y(l- e W /c=0
E,(1- e )W /c+nH,1- V2/c?) =0

I[J'IH CymcCTBOBaHUA OTJIMYHOT'O OT HYJIS PCIICHUA HGO6XOI[I/IMO BBITTIOJIHCHHUC
2, 2v2_V?
e (- V?/c?)?=—(1- e ). (3.9)
C

H3BJICKAA KOPCHb U3 3TOI'0 YPpAaBHCHHUA, IIOJYYUM KBAJIPATHOC YPABHCHHUC

V& Vle/_nlo

2 cJem

910 YPaBHCHHUC UMCCT [IBa I[GﬁCTBPITGJIBHBIX KOPHA, PaBHBIC

Voo L Vo @le.

C e nc
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AHaNnoOrMyYHbIC BBIKIAJKH MOXHO TPOBECTU ISl TpeThero ypaBHeHus (3.5) u

BTOpOrO ypaBHeHus (3.6).

vV .1

3HAUUT IIPU CKOPOCTH ABWKEHHS, PABHOU — = T II0JIy4a€M COOTHOILECHHE
el

MEXKI1Y MAarHUTHOU U JIEKTPUUYECKON HANPSKEHHOCTHIO

o | M _ m
E, = \/;Hz,Ez = ngg. (3.10)

T.. 00pa3yloT IIOCKYI0 BOJIHY, 3HaK KOTOPOW 3aBUCUT OT 3HAaKa YacTOThI
AJIEKTPOMArHUTHOTO TIOJIS B BBIPAXKEHUU ISl PEHICHUS BOJHOBOTO YpaBHEHUS

OTHOCUTCJIbBHO BPpEMCHU

E=° \/Z:[n, H],n=(1,0,0). (3.11)

Takas nuHEWHass CBs3b SBIISIETCS G,III/IHCTBGHHOﬁ CBA3bI0 MCIKAY IOJIAPHBIM H
dKCHAJIbHBIM BCKTOPOM. Bemnuuna N moxer umers IMPOU3BOJIBHBIC 3HAYCHUAI.

Wcnonw3ys monyuernbie cBsizu (3.10) Bemuuuna [ ompemenutcs 0gHO3HAYHO.

Honyunm Bemmunnoit £ =0,D; =0,  cuny (3.11) u nepsoro ypaeaerus (3.5).

H = %E[n’ E],n=(10,0)
m

Berauciss kodpdurment N, momyanm yemosme H; =0,B,=0 B cuny coitcts

Hcnone3yst paBeHCTBO

BEKTOPHOTO TMpow3BeJAcHUs © TepBod  ¢opmynsr  (3.6). MarHutHas w

QJICKTPHUYICCKAA MHAYKIHWA KMCIOT KOHCYHOC 3HAYCHUC.

NHayknuy 37€KTPOMAarHWTHOTO MOJISI B CIIyda€ PABEHCTBA HYIIO YHUCIIWTEN,
KOTOPBIM COOTBETCTBYET IUIOCKOMY OECKOHEUYHOMY IIPOCTPAHCTBY, 3aHATOMY
JTUBJICKTPUKOM, C TUIOCKOW BOJIHOW, PaBHBI BeMYWHAM (OepeM IMOJIOKHTEIbHBIN

3HAK Y CBSI3M BEKTOPOB E,H )



27

«/ e h,(1- V?/c®)+H;1- e Wic 1- e wic)( e mV/c)
=H,
1- e W /c? 1- e W#/c?
—E e e mVic
=, - Y =

ml+.Je yhic

m
. mH4(1- V2/c?) + Hg\ﬁ(l- e Wlc o \/E7(J?mV/c)(1- Jewnc) _
3\ o -

1- e Wit/ c? 1- e Wit /c?

_H(FWV/C
1+.Je Wic

I/IHI[yKI_[I/II/I QJICKTPOMATrHUTHOI'O IIOJIA PaBHBI BCIIMYMUHAM, T.C. KOHCYHBI, (6epeM

OTPUIIATCIILHBIA 3HAK Y CBS3M BEKTOPOB E,H ). AHAJIOTUYHBIC (HOPMYJIbI

nonyyarores u st Benmand Dy, B, .

Takoe KOHEYHOE 3HAYCHUEC QJICKTPOMATHUTHOI'O ITIOJIA OOCTHUIACTCA IIPU

pacnpocTpassoleics B 06CKOHEYHOU cpefie TIIOCKON BOJTHE.

B ciydae npou3BOJIILHOTO TeJa 3JIEKTPOMarHUTHOE TI0JIe BHYTPH Tella UMeeT 0oJiee
CJIOKHBIN BUJI B CITydae JBHUTAIOMIETOCS ¢ pa30BOM CKOPOCTHIO TEJA, YTO TPUBOIUT
K OCCKOHEYHOMY 3HAYCHUIO WHAYKIIMH SJICKTPOMArHUTHOTO IIOJIA, TaK KakK B
bopmynax (3.8) uncauTens He paBeH HYJIIO, a 3HAMEHATEIIb PaBeH HY/Ir0. Tak Kak
TaKO€ 3HAYCHHE OIS HEBO3MOXKHO, 3HAYUT, CKOPOCTH JIBFKCHHUS Teja, paBHAs
($a30BOI CKOPOCTH AJIEKTPOMATHUTHOW BOJIHBI B HETIOJBHKHOM TEJI€ TIPUBOAMT K

OCCKOHEYHOCTH AJICKTPUICCKON M MAarHUTHON MHIYKITHH.

C moMompi0 ypaBHEHHs diKOHama omnpeaenauM ¢(a3oBYyI0 CKOPOCTh CBETa
JBUTAIOIIETOCA Tejla MPU IOCTOSHHOW CKOPOCTHU JBHXKEHUs Tena. /s 3toro
3alUIIEM CBSI3b MEXAY MHAYKIUMEH | HaNpsHKEHHOCTHIO TIPU  MOCTOSTHHOM

CKOPOCTH Tejla, KOTOpas IoJiydaeTcss npH paspemeHud (3.2) OTHOCHTEIBHO

WHIYKIHUH (HY>KHO BBIOpaTh CUCTEMY KOOPAUHAT, B KOTOPO V= (V,O,O))
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1- V?/c? e ml
D=akE+glV,Hl,a=e 9=
av.H 1-ve i’ c(l- VZe fe?)
1- V?/c?
B=bH+gE,V],6=mm——— , 3.12
q= V] 1- Ve he? (3:12)
D, =e5,B, =nH,

rac BEKTOpeI D,B HUMCHOT HHACKC 2,3, T.C. CIIPABCIJIMBBI IJIs IIOCKOU BOJIHBI,

pacrpocTpanstomeiics Baoyib opta €. [loactaBum 3HaueHHEe UHAYKIIUUA B TIEPBOE

U TpEThe YpaBHEHHE MakcBeuia JJisl IIOCKOW BOJTHBI, TOJTYYUM

rotH ———(aE + gV ,H]),rotE =- ——(bH +gE,V]). (3.13)

Bo3bMeM ormepaiiuio poTop OT BTOPOro W3 BbIMUMCaHHBIX ypaBHeHH# (3.13) u
MOJICTAaBUM 3HAYEHUSI pOTOPA HAIMPSKEHHOCTH JJI DJIEKTPUYECKOT0 U MarHUTHOTO

nojst u3 (3.13), monyunm

rotrot = - ——(brotH +g[rotE,V]) =
(3.14)
_ by aE+g[V H] Q[HZbH + gV, E] V]
o2 2 it '

BbaucnuM  TpaguieHT JUBEPreHIMH HANPSHKCHHOCTH DJIGKTPUYECKOTO  TIOJI,
HOJICTABIISAA 3HaUeHue HanpsbkeHHocTd u3 (3.12). Umeem cootromenus (3.14), rae

€AVHUYHBIN BEKTOP n ONPEAEISECT HAIIPABICHUE PACIIPOCTPAHSIOIIECICS BOJIHBI
graddie =- graddiv[gv, H]= grac(gv, rotH) = grade—gl,%) . (3.15)
a a ca

HNmeem cBsI3b MEXy HANPSXKEHHOCTAMU MOJISL B TUIOCKOM BOJIHE, TAE €IUHUYHBIN

Bektop 11 ompenmenser  HampaBieHHWE — PaCHpPOCTPAHSIOMIEHCS — BOJIHBI

H =[n,E]c/(cyb)- glE, V]I b.

[Moxcrasmsis cootHomeHus (3.14) u BbIpakeHUE I HAPSHKEHHOCTH MarHUTHOTO

noJisi B ypaBHeHue (3.13), moyryunM ypaBHEHHE
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~pe=? 2”%/ b) - ¢*[V,[E,V]]/ b) -
(3.16)
- ingrad 5(/ E)- Wz[[n Elc/c, - dE,V] + 4V, E],V]
3aHI/IH_ICM BBIpa)KeHI/IC I BHGKTpOMaFHI/ITHOFO I10J14
o] 3
Ep(t,X, y,Z):é, a. eXp{iW{t- f(X, ylz)]}gpb3
k=0 b=0
{AL(X Y, (W )/ (W §)+ B, (%, Y, D /(iw )" [1- / (w {)I} - (3.17)
expt wt})

[ (w§)= exp W2[§) +exp[- l/(szg)]

W3 storo ypaBHeHHsS MMeeM ypaBHEHHUE diiKoHaa, nmojactariss B (3.16) dhopmyny
(3.17) u ocTaBiisAs TOJIBKO KBAPATHUHBIC MO YACTOTE KOAPPHUIIMEHTHI U YMHOXKAS
ypaBHEHHE  CKaJSIpHO Ha  BedWuMHy €  HampaBieHUE  MOJSpHU3alUU

BHGKTpOMaFHI/ITHOﬁ BOJIHBI

- £4v.9ep) = J{a +gelV.inaDelc,b)- F*EIVIE. V] £}
- ZAn.V)el ey - gelVIE, V) +gle V. e, V]) :%{[a- oV, mjeh(cob)} +

: C—%{(n,V)c/cd V- (V.97 = 5.

Cq

Tax kak HampaBlieHHE pPACHPOCTPAHEHUS HJIIEKTPOMArHUTHOW BOJHBI D¢
OPTOTOHAJIbHBI BEJIMYMHE HAIPSKEHHOCTH B HYJIEBOM MOPSAKE, YTO CIEAYET U3

HYJIEBOT'O YWICHA PA3JIOKECHUS ypaBHEHN MakcBeilia, UMeeM YpaBHEHUE

(Br)? ""—”—i{ZF e m,V)/c, +dV?- (V,&72]/c) =

_ em

T c2(1- Ve m?)?

2(e a)(n,V)(1- Ve m?)/c,+(e a)’[V?- (V,e)?/c?]} _ 1

) 2(1- V2e fe?)? T2

[SENIV)
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[Tonyuaem kBajipaTHOE ypaBHEHHUE MO onpejeraeHuto gpazoBoii ckopoctu Cy.

OTKyJa HMeeM BeIpaKeHHe A (a3oBoii CKOpocTH, rie ucmonssosan V =V,

. - c(l- Ve fe?)
=
Je (e may @ T8’ -10 (e sl Vi) -
3.18
__ c(1-V’e )
Jem (e ml)én,vlel)

HmeeM pasenctBo B mockoit Bomae (V, €)% +(n,V)? =V2. dopmyna npaBHiIbHO

onuchiBaeT onblT Puzo. B ganpHelmem OyaeM mpeanonaratb COBIAJICHHUE

HaIpaBJICHUA CKOPOCTU TCJIa U BHGKTPOMaFHHTHOﬁ BOJIHBI. HpI/I CKOpOCTH TCJia,

paBHOM HYJIIO, TTOJydaeTcs (pazoBasi CKOpOCTh C/ /€ 1.

OHpGIIGJII/IM (1)330By10 CKOpPOCTh B CJiydac, CCJIIM OUIJICKTPUKOM ABJISICTCA

OeCKOHEUYHOE IMPOCTPAHCTBO U PACIIPOCTPAHACTCH IJIIOCKAA BOJIHA.

o= E\/irmV/c _y \/7\/»/79V/c (3.19)
ml+.Je Yhic’ 1+.Je Yl c

Ot hopmynbl monydeHsl u3 Gopmyin (3.4), UCHOAB3YS 3HAYCHHE CKOPOCTH Tela
BHOIb ocu OX;. IlogcraBuM 3Ha4YeHWE WHAYKIMHA B IIEPBOC U TPEThE ypaBHEHUE

Makcsemna, noJy4ynm

o= 1HE e Je mVic o=, LM, m+/e mVic

3.20
cut \ mi+.Je wic’ cut Vel+. e wic (3.20)

Bo3bpMeM ormepanuio poTop OT BTOPOro M3 BhIMUCAHHBIX ypaBHeHHE (3.20) n
MOJICTAaBUM 3HAYEHUS POTOPA HAMPSHKEHHOCTH TSI DJIEKTPUYECKOTO U MATHUTHOTO

noJist u3 (3.20), momydnm

rotrote = - EErotH \/EM =- [rmV/c] (3.21)
C ut el+. /e lc cut 1+./e Wlc
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Otkyna cienyet onpeneneHue Gpa3oBoit ckopocTu

. = c/Je mV
T 1+Vvic/e ¥

B nnockoi BoHE HMCEM, IPOAOJIbHBIC KOMIIOHCHTBI 3JICKTPOMArHUTHOI'O IT0JIA

PaBHBI HYJIO.

Ho »t0 ¢dopmyna, coBmanawomas ¢ (QopMyaoil CIOXKEHHUS PEeIssTUBUCTCKUX
CKOpOCTEM, TMOJy4eHa B  NPEANOIOXKEHUH, YTO JIUDJIEKTPUK  SIBISETCS
OCCKOHEUHBIM MPOCTPAHCTBOM C PaCHpPOCTpPaHSIONIEHCs TIIIOCKOW BoOJHOW. B

cllydae KOHEYHOTO TeJia HY)KHO IPUMEHSITh Gpopmyiy (3.18).

[lo mnonydenHomy 3HadyeHuro (Ha3oBoi ckopocth Cy cTpouM peuieHue

3

W._1
ypaBHEHUS dMKOHAJIA a (— ) ==
=1 IJX Cq

OHp@IIGJII/ITC}I HaIIPaBJICHUC 3KCTpEMaAIN

(s—)-—(—)—o

/ 3

S s
4 (e @

k=1

u 3HAYUT MOXHO I[IOJIYYUTb  YPABHCHHC

I _ .
IKCTpeMaii X =X (S§), KOTOpOoe COBMajaeT C HampaBiCcHHEM JIyueH, T.e.

3aBUCHMOCTh 3HAYCHUN KOOPJMHAT OT JJIMHBI orubaromieir. meem Iifl = Wt Iisl .
X PSS pX
HNmeem
3 3 3
v Mo t _1
a (=3 Py a (g )(“5) =My =2
2 X o ps |1 US G

Metpuuecknili UHTEpBaJ PaBEeH
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1 Wt s
ds’ =cgds® - ds® =cidt® - (dX)?, 5 =(T7)* +(T5)* + (- 5)*
Co X MX UX
Bosnukaer unes 3anuckiBaTh npeodOpazoBanue JlopeHna ¢ ($a3oBoil CKOPOCTHIO

JaHHOTO TCJIa.

MoxHO moay4yuTh npeodpazoBanue JlopeHa U3 MHBAPUAHTHOCTH METPUUECKOTO
MHTEpBaJa CJIeys BbIBOY npeodpazoBanuii Jlopenna B [14]. OTMeTHM OCHOBHBIC
MOMEHTBI 3TOTO BbIBOAA. MHBapuaHTEH MeETpUYECKHMH HHTepBaid ¢ (a3oBoii
CKOPOCTBIO 3BYKa WJIM JIEKTPOMAarHUTHON BOJIHBL. B ciiydae 371€KTpOMarHUTHOM

NI BBYKOBOﬁ BOJIHBI OH PABCH HYJIIO

ds? =c2dt? - (dx)? - (dX)2 - ()% =
=c2dt 2 - (dxih)? - (dxi?)? - (dx®)®

Otmeuy uTo (a3oBasi CKOPOCTh DJIEMEHTAapHBIX YACTHI[ COBIAJAET CO
CKOPOCTBIO CBETa B BaKyyMe€, TaK YTO IMPOTUBOPEYUS C SKCIEPUMEHTAIbHBIM
MaTepuajgoM O [BW)KEHHM DJJIEMEHTAapHBIX 4YacTULl B yckoputensx HeT. [lpu
JIBUKEHUU TEJ PENIATUBUCTCKOTO 3HamMeHaTeNs ¢ (a30BOiMl CKOPOCThIO 3ByKa HET.
Ho mpu omucannu mpucoeauHEHHONW MAacChl B THApPOJAMHAMUKE U d(PdekThuBHOMN
Macchl B (DM3UKE TBEPJOrO Teja PEISTUBUCTCKUM 3HaMeHatenb ¢ (a3oBoii
CKOPOCTBIO 3BYKa €CTh. JTO MPOUCXOJUT MOTOMY 4YTO Cpela OIUCHIBACTCS
npeobpazoBanuem Jlopenna ¢ (a30BOi CKOPOCTHIO 3BYKa, a SKCTPAIOJAIMHA Ha

MaTCpUaJIbHBIC TCJIa HC ITPOXOAUT.

HpI/I 9TOM CBiA3b MCKAY MTPUXOBAHHBIMU MW HC MTPUXOBAHHBIMH

KOOpJMHATaMU AaeTcsi GopMyIon
dx' = dxij*costy +cjdtisinhy  c,dt =dxi'sinhy +cjdticoshy .

dx® = dxi?, dx® = dx;®

1 _
Paccmorpu seuxenue npu yeaosun OXi =0, mmeem
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dx' = cjdtisinhy  Cydt =cjdtjcosly .

Jlenum 5TH Ba ypaBHEHHUSI, UMEEM

I'me V,C4y ckopocTm He IITPHXOBAaHHOW CHCTEMBI KOOPAHHAT, OTHOCHUTENBHO

H.ITpHXOBElHHOﬁ. Tor):[a Hp606p330BaHI/I€ KOOpAWHAT 3aIIUIICTCA B BUJIC

dx = (dxi + cjati) g9 =
Cq V2
1- 2
Cq

cydt= (dxilcl +cydt)g. (3.22)

d

I'me ckopocts Cy ompemensieTcst Ajs IBHUTAIOMIEHCS Cpedbl, a CKOPOCTh Cj s
HenoABWKHON. Dopmyna JlopeHna it KOOpAWMHAT U BPEMEHHU OTJIMYAETCS OT

(1)OpMy.HLI HopeHua OTHOCHUTCIBHO YaCTOThI 1 BOJIHOBOI'O YHMCJIA.

Jist  mokaszarenbCcTBa MpeajaraeMbix (QopMyll, OCYIIECTBUM NpeoOpa3zoBaHuE
JlopeHna 11l 4acTOTHI M BOJIHOBOTO YHMCJAa, HO C HEU3BECTHOM CKOpPOCThIO Ci,

BMECTO CKOPOCTH CBETa B BakyyMe B npeoOpa3zoBanuu JlopeHnia

wlC = (wmlCi+kV ICi)g,g=1~1- V2/C?
k = (ki + MV ICA)gK, =kjiks =kj

Beruucium ga3zoByro CKOPOCTh B HE MITPUXOBAHHON CUCTEME KOOPUHAT

2 2 2 2
L =ratle et Lt
w?IC w?IC ¢ ¢ c
= C'Z[(kli + WN/CiZ)Z + ki.z ka ]

+
(WitkV)?  (mi+kM)?g®  Wi+kV)’g’
[Mepenwuiiem 3ty hopmMyiy B BUE

1 _(Uci+VICi®)? +1/c;_,2(1- VZ/Ci%) +1/c5;,2(1- VZ/ICi?)
Ci? 1+V/gj)? (1+V/gj)? 1+V/ig)®
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Otkyna mojiyyaeM KBaJIpaTHOE YPaBHEHHE, CBA3BIBAIOLIECE CKOPOCTh, CTOSIIYIO B
npeobpazoBanuu JlopeHna U ee MPOEKIMU B JBUTAIONIECHCS CUCTEME KOOPIUHAT.
KBangpaTHOE ypaBHEHME NMEET BUL

V2 o1 V2 V2 vi. 1 1 1

—_— e Tt —F+—+ )+ -+ + =0
ci Ciz( cf Cf Ciz) Ci.2 Cf cf

DTO ypaBHEHUE UMEET JIBA KOPHSI

é:[(u K)/2° J@+K)?/4- K]IV?
|

V2 v? v?
2 + 2 + 2
G C G

k =

OTH KOpPHH paBHbI

[lonyuyunocs, uyto B mpeoOpazoBanuu JlopeHlla B JOHUPJIEKTPUKAX HYKHO

HICTIONB30BaTh (ha3oByro ckopocts ceeta Ci=Cf .

wiC =W/ Ci+k)M /Ci)g,g=1~1- V?/C{?

(3.23)
k, = (ki + WV ICi*) gk, = kjsks =Kj

Yroosr dopmynsr (3.22) u (3.23) uMmenu OAMHAKOBBIA 3HAMEHATENIb, HAI0

nepenucath popmyny (3.23) B Buze (3.24)
WilCj =(WIC, - kVIC,)gg=1/\1- V2IC? (3.24)

ki=(k, - WIC)gk, =kij;k; =kj

HITpuxoBaHHYI0O  CHUCTEMY  KOOpAMHAT  OyaeM  TO-TIpeKHEMY  CUYUTaTh

HGHOI[BH)KHOﬁ, U CBOMCTBa BPCMCHHU M YAaCTOTHI IIPOTHUBOIIOJIOXKHBIC, IIPHYCM

npomssenenne M- KX spisercs maBapmanTOM.
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Ecnau B popmyne (3.22) dhazoBas cKopoCTh omnpeiesieHa sl ABUTaroencs
HEe ITPUXOBAHHOW cucTeMe KoopauHaT, To B hopmyie (3.23) dha3oBas cKopocTh
ompeieneHa U1 HENOABWIKHOW  IUTPUXOBAHHOM  CUCTEMBI  KOOpAMHAT.
ITpuxoBaHHas cucteMa KOOpAHHAT B popmyne (3.22) sBisieTcsl HEMOABUKHON B
cuity mpeoOpa3zoBanusa lamwness r =rj+Vt, a He WITPUXOBAaHHAs JIBUKETCS B
ciyuae Qopmyasl (3.22). Bpemss B HE IITPUXOBAHHOW, JBIIKYILEHCS CHCTEME
KOOpJUHAT  OoJibllle, YTO COOTBETCTBYET OOJBUIEMY BpPEMEHU  KU3HU

QJICMCHTAPHBIX 9YaCTHUIL B ﬂBH)KymeﬁCH CUCTCMC KOOpAWHAT.

B dopmyne (3.23) B pelsITUBUCTCKOM 3HaMEHATENE MCIOJIb3yeTcs (opmyna
IITPUXOBAHHOW CHCTEMBbl KoopAuHAT. MMET OJWHAKOBBIA 3HAMEHATEh
dopmybl (3.22) u (3.24). 3HAUUT U YACTOTA B IITPUXOBAHHON CUCTEME KOOPIUHAT
yBEJIMUMBACTCS, T.€. TEMII BPEMEHU WJIM YacTOTa B HE IITPUXOBAHHOM CHCTEME

KOOpAWHAT YMCHbIIACTCH.

B nTore numeeM cooTHOIIEHHE IIpH YCJIOBHUHU k, =xj =0

ut/~1- V2 /C? =ugtil1- V2 /C?

CymiecTBOBaHME JAHHOTO HMHBApHUAaHTA, YYWUTHIBAIOUIETO JIBA BPEMEHHBIX
dakTopa - 4acTOTy W BpeMsi, yKa3blBaeT Ha TO, YTO JKU3Hb OpPraHM3Ma B Pa3HBIX
MHEPUUAJIbHBIX CUCTEMAaX OTCUETa TEYET OJIMHAKOBO. JTO CBSI3aHO C TEM, YTO

METPUUYECKH I MHTEPBAJI JUIsl YaCTOTHI M BOJIHOBOT'O YMCJIA PABEH
d/? =du?/c - (dk')? - (dk®)? - (dk®)?.
OH CyIIEeCTBEHHO OTANYACTCS OT METPUYECKOTO MHTEpBaIa KOOPIUHAT U BPEMEHU
ds® =cZdt? - (dx")? - (dx?)? - (dx®)?.

[IpeoGpazoBanue Jlopenma st pa3HbIX (Da30BBIX CKOPOCTEH y YacTOTHI U
BOJIHOBOTO YHWCJa OTIWYAETCS OT TpeoOpasoBanusi JlopeHna y KoOpAMHAT |

BPCMCHH JAXKC B CJIIYH4AC SJICKTPOMArouTHOI'O I10JIA.
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HeunsmeHHO B pa3HbIX COOCTBEHHBIX CUCTEMAaX OTCUETA MPOU3BE/ICHUE BPEMEHH Ha
4acTOTy, KOTOpPbIE€ SIBISIOTCSI MCTUHHBIM OHOJIOIMYECKHUM (PAKTOPOM CTapeHHs
opraHn3ma. I3MmepeHHble BpeMs M 4YacTOTa C IIOMOINBIO 3BYKOBBIX H
AJIEKTPOMArHUTHBIX BOJIH B JIBUTAIOLIUXCA CUCTEMAaxX OTCYETA HMEIOT Pa3HOE
3HaueHue. Hem3aMeHHO cOOCTBEHHOE BpeMs M 4YacTOTa B Pa3HbIX MHEPLHAIbHBIX
cucTeMax orcyera. Tak Kak HMHBApUAHT B pa3HbIX HMHEPHHUAIBHBIX CHCTEMAX
oTcyeTa OJAWH, OHOJOTMYECKOE HWCTUHHOE BpeMsl TOXE OJHO U PaBHO
cOOCTBEHHOMY BpeMeHH. V3MepeHHoe BpeMsi M 4YacToTa B pa3HbIX CHCTeMax

OTCUCTA HA10 IICPCCUHUTHIBATH B CO6CTB6HHOC BpCMs 1 9aCTOTY.
B O6H.I€M ClIy4ac MHBAPHUAHTHO IMPOU3BCACHUC IBYX YCTHIPCX-BCKTOPOB
1 Q0T 1 Q00wQo T 1 o6 (3.25)
HpI/IMeHSISI 9TO COOTHOIICHHUC K JKXHNBOMY OpraHU3MYy IIO0JIYy4acM IIPOU3BCIACHUC
YaCTOTHI ITyJbCAa OpraHW3Ma Ha HNPHPAIICHUC BPCMCHU KHU3HU ndt. Bennuuna

kidX paBHa BonHOBOMY uMCIy Ha IpHUpalieHHe MyTH KpoBU. KpoMe Toro, nmeem

HWHBAPUAHTHOCTH MCTPUYICCKOI'O MHTCPBAJId 3BYKOBBIX BOJIH C (1)330B0ﬁ CKOpPOCTBIO
1 Q0™ 1 Q0 — T (3.26)

B aTHX ABYX paBeHCTBaX MPU OJUHAKOBOM MPHUPAIICHUHA KOOPIUHATHI OTIIHYACTCS
npupaiieHue BpeMeHu. [Ipu CKOpoCcTH KpOBHU B COCY/Iax OpraHu3Ma paBHOUM HYITIO
B paBeHCTBe (3.26) mpupaiieHre KOOpAWHAThI PaBHO HYJIIO M 3HAYMUT YacTOTa

OuWeHus cep/ilia paBHa HYJIO, IPH 3TOM HACTYMAaeT CMEPb OpraHUu3Ma.
Ho Heo6xoauMo BEIYUCIUTE CpeIHEE 3HAUEHHUE STOTO HHBAPHAHTA
2s] Qo0 2s Qw. (3.27)

Ho opranusmbel oOnuceIBarOTCS 3BYKOBBIMU BOJIHAMU W KHHEMAaTHYECKOU
BSI3KOCThI0. KnHemMaTnyeckasi BS3KOCTh BaKyyMa paBHa i>/(2m). DTO CIEAYyeT U3
[13]. JloOaBneHue KWHEMATHYECKOW BS3KOCTH BEIIECTBA K KHHEMATHYCCKOH

BA3SKOCTH BadKyyMa OIHMIOCT CPpCAHCC 3HAYCHHUC KBAHTOBBLIX IIapaMCTpPOB, a
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OTI[GJ'IBHBIﬁ aToOM OIIMIICT YCPpCAHCHO, TaK KaK KHHCMATHUUYCCKas BA3KOCTb

BeIllecTBa ABJAETCS CTATUCTHYECKUM mapameTpoMm. Utoro umeem 1>/(2m)+n r/r,

rac UCIOJIb3YCTCs INIOTHOCTL CPCbI r | W INIOTHOCTH ABHUIAIOIICTOCA TEJIa r p AJIA

nepecuera U3 odbema Tena B o0beM cpeiapl. Ha BenuuuHy u3iaydeHus aroma
no0aBKka MHUMOM 4acTH K mocTosiHHOM IlmaHka He cka3biBaeTcs B CHILy Majlou
MHUMOM 4actu d>(P¢eKkTuBHOM mnocTosHHONW I[lmaHka, Tak Kak IUIOTHOCTb
ABUTaronieiicss yactuilpl Benuka. J¢d@exkTuBHOE 3HaueHue nocTostHHoW Ilmanka

>-2min (/r,, IPUYEM TaK KaK Macca KPOBHU BEJIMKA, JEUCTBUTEIIBHOW YaCThIO

s dexkTuBHON mocTosiHHONW [lmanka mnpeHeOperaem. Toraa paseHctBo (3.27)

3aIlIUIICTCA B BUJIC
AdPp—1 Qo AgP—1QQm

I/IHTGFpI/Ip}/H 9TO YPABHCHHUC, IIOJYyYaCM (B cliydac 3By1(0B0ﬁ BOJIHBI ITIOTHOCTD

Cpellbl paBHA IIOTHOCTH TEJA)

00 ) ® 1S 006 00 N w .
A@Bd—,n A@B(,:]—, A@E&—, A@Bd—, G’ Fon

YMHOKasl JaHHOE YpaBHEHHE HA SKCIIOHEHTY. [lomyuum

p A@Bb— A@b— pda’ jTon

ITpu dazoBoii ckopocTH paBHON KOHCTAHTE MOCE HHTETPUPOBAHUS MTOJTydaeM

BpeMsI JKU3HU
00 Tdtp A@B— pda’ Ton (3.28)
13 (2.9) umeem (E=a " 7)
6 — —a&— ¢ Q¢ (3.29)

BOCHOJ’IBByeMCﬂ aHaJIoTueun MCIKAY JOJICKTPOMAarHUTHBIMH W 3BYKOBBIMH BOJIHAMH.

DJIEKTPOMAarHUTHBIN 3apsii aHAJOTUYEH 3BYKOBOMY 3apsily €- \/7/72/CF Y UMEET
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OIMHAKOBYIO pPasMCPHOCTD. I'ne HCITIOJIB3YCTCA IINTIOTHOCTBH CpcCahbl, c€c

KMHEMaTH4YecKas BA3KOCTh U (pa3oBasi CKOPOCTh 3BYKa. DHEPIUs 3ByKOBOU BOJIHBI
paBaa O — —. IloacraBnsiem B Gpopmyny (3.29) 3HaueHue SHEPrun U

CKOPOCTH, paBHO# v/d, Tme Q ¢l auameTp KpOBEHOCHOTO COCY/Ia, TOIyYrM
t — o Qae—— ¢ Q¢ (3.30)

3Hasi 3HAYEHHE BPEMEHU >KM3HM OTHOCHUTENIbHO JIBUTAIOIIECHCS KPOBH, MOXKHO
BBIUUCIUTh COOCTBEHHOE Bpemsi KM3HU. [ e >PdeKkTuBHBIA AUAMETP
KpoBeHOcHOro cocyna paBeH 0.0005cwm, nmuna cocyna 200cMm, ¢aszoBasi CKOpPOCTh
10000cm/cex, kuHemaTHueckas BA3KocTh kpoBu 0.045cm?/cex. IIpu 5TUX JaHHBIX

POJOJIKUTENIBHOCTD KU3HU 137 JeT.

KakoBwl cnenctBus u3 3tod Qopmynsi? PoauBiiuiics opraHusmM MOXKET

yMepeTh, eciu He Oy/eT cpa3y JAeMcTBOBATH KPYr KPOBOOOpAILICHHUS.

KpOMe TOro, BpPCMA KHU3HHU KOMIUICKCHOC, I'IC MHHMAsA 4YaCTb O3HA4YacT
MyJIbCalUK0 BPEMCHH JKH3HH, BLIPAKAIOIMIYIOCA B IIYJIbCAIUU KPOBH. MoxxHO
OoNpCACINTb IIYJIBC OpraHu3dMa, IACJIA ,ZIGIZCTBPITGJIBHYIO 9aCTb Ha MHHUMYIO,

ONpPEAEIAIONIYIO Bpems ImyJibcauuu. [lynbsc opranusma paseH

by

| - a&——T¢" ¢

TpeHupoBaHHBIE CHMOPTCMEHBI JIOJDKHBI MMETh OOJBIION JOCTYIl KHCIOpOAa K
MBIIIIIIAM, TOTOMY JUAMETP KPOBEHOCHOTO COCYy/a MOJDKEH OBITh KaK MOXKHO
6oubie. Ho TIpu 3TOM yMEHBINACTCS IMYJIbC, MOITOMY KBAHTOBOE YKMCJIO € JOJDKHO

OBITh YMEHBIIICHO, TIPU OSTOM TIYJIbC YBEIMYUBACTCSI. XapaKTEPHOE BpeMs
nyiabcanuu KpoBu 2.22 cekyHasl — C& ‘T Tlpum cpemnem nmamerpe cocyna
0.0005cm kBanToBoe umcio N=20000, mynsc 86 ymapoB B munHyty. [lynbsc paBen
| — yaapoB B MUHYTY. TpEHUPOBKH YBEIUYHBAIOT JUAMETP COCYAa CIIOPTCMEHA,

IIpy YMCHBIICHNH KBAHTOBOI'O YKMCJid, OCTAaBJIAsA ITIYJIbC HCU3MCHHBIM.
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OpraHu3sMbl  CHOPTCMEHOB  JEJATCS HAa  CHOPUHTEPCKUE U CTallepCKUeE.
CrnpunTepckue HUMEIT OOJNBIION JHAaMETp KPOBEHOCHBIX COCYIOB, UTO
MpOSABIIAETCS B OOJBIIMX pa3Mepax OpraHu3Ma M MajoM KBaHTOBOM uuciie. OHH
pa3BUBAIOT OOJBIIYIO CHUJYy MPHU MBIIIEYHBIX Harpy3kax, HO Ha KOPOTKOE BpeMs.
Bpems nelictBus onpenensercs KBaHTOBBIM YHCIOM, KOTOPOE JAeT BKJIAJ B BPEMs
Harpy3kd OpraHu3mMa U y CIPUHTEPOB KBAaHTOBOE YKCIO Maylo. Y CTauepoB
JUaMETp KPOBEHOCHOI'O COCyJa MaJl, HO KBAaHTOBOE YMCJIO BEJIUKO. T.€. MBIIIIBI
00pa3yloT Majyio CHIIy 3a CUET MaJloro JAOCTyla KUCIOpOAa B KPOBU MPHU MajoM
JUaMeTpe KPOBEHOCHBIX COCYZOB, HO BIMSHUE OOJIBIIOr0 KBaHTOBOI'O YMCIIA
BEJIMKO, U MOJYJb BpPEMEHM HArpy3KH BEJIMK, YTO O3HAYAE€T BBIHOCIMBOCTH

OpraHu3Ma.

g onpenenenus N€MCTBUSA MOBBIIIEHHOW HAarpy3KH OMPEICIINM CIIEAYIOLIYO

dbopmyny ais BKJIaJa MHUMOM YacTH BO BPEMS KU3HU
T ——W" € (3.31)

Ee Hamo yMHOXHUTH Ha CIEIYIOMIMK MHOXHUTEIb, ONMPEACIISIONIMNA OO BKJIaaa

MHHUMOMU YacCTH
ro o —r =7 (3.32)

I'me BenmmumHa N m3MeHEHHOE KBaHTOBOe umcio. Kpome Toro, mpeoOpa3oBaHa
Benmmunaa QO Q- B dopmyrne (3.31). B dopmyne (3.32) amamerp ocTtajics
Heu3MeHHbIM. JIis HemsMmeHHBIX mapamerpoB (opmynsr (3.30) mpu N=22000
ompesensieT BpeMs ToBbilieHHOW Harpy3ku 3.03 wacoB, a mpu N=3250 Bpems

noBbIieHHON Harpy3ku 10 cek. Bappupys BenuM4MHY KBaHTOBOTO YHWCIA WU

JAAMETP COCYIa MOXKHO ITOJIYYUTh PA3HOE BPEMS MOBBIIICHHON HArPy3KHU.

BriBo1BI
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[IpeoOpazoBanue JlopeHlla B JUAJIEKTPUKAX HAI0 HCIOIb30BaTh C (a3oBoi
CKOPOCTBIO, BMECTO CKOPOCTH CBETa B BaKyyMe. B KaxnoW cucreme KOOpAMHAT,

Oyner cBos (azoBasi CKOPOCTb.

I'naBa 4. IIpeoOpa3oBanue JlopeHna ajsi 3ByKOBbIX BOJIH

[Tokaxxem, 4TO 3BYKOBBIC BOJIHBI OIMCHIBAIOTCS YpaBHeHHMEM MakcBemia u
3HAUYUT JUIsl HUX CIIpaBeUIMBO NpeodpazoBanue JlopeHua ¢ ¢pa3oBoil CKOPOCTHIO
3ByKa BMecTO (ha3oBoil ckopocTu cBeTa. [IpuBeAeHBI CCHUIKM Ha CTaThiO, B
KOTOPOW Ha OCHOBAHWU PEISTUBUCTCKOU (POPMYIBI JJIsI SHEPTUU KBAa3UYaCTHII
CO CKOPOCTBIO 3BYyKa, BMECTO CKOPOCTH CBETa, BBIUMCICHBI MapaMeTphbl Telus

IIpU HU3KOM TEMIIEpAType.

[Tokaxkem, 4TO MOXHO ONPEAEIIUTh HANPSKEHHOCTh DJIEKTPUUECKOTO U
MAarHuTHOTO TIOJISI Y YpPaBHEHUW 3BYKOBBIX BOJIH THAPOAWHAMHUKH. {1 3TOrO
ONpENICNIUM TMOHITUE CKAISIPHOTO U BEKTOPHOT'O MOTEHIHMAJNIA 3JIEKTPOMAarHUTHOTO
nojsa. PoTop MeEHAET 3HaK MpH NEpexXOJie U3 MNPaBOM JEKAPTOBOM CHCTEMBI
KOOpJIMHAT B JIEBYI0. DTO MOYKHO JI0Ka3aTh, PACIMCaB ONPEIEICHHE pPOTOpa B
JIEKapTOBOM CHCTEME KOOPJAMHAT M MOMEHSB 3HAK B OJIHOM CTOJIOIE y omeparopa

g depeHnpoBaHus U 3TOH K€ KOMIIOHEHTE CKOPOCTH.

| - k ‘ ‘ i | k ‘
pav=lH® . H- Hi-_ pav
KXy M X5 M, BXy X
Vi -V, V, Vi VoV,
uHaeke [ COOTBETCTByeT mpaBOW CHUCTEME KOOPJMHAT, HWHIAEKC | JIEBOW.

JluBepreHuus 3HaK HE MeEHsET. PacnuimieM BEIWYMHY KOMIUIEKCHOW CKOPOCTH B

BUJIE
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V=(V+V)/2+(V-V)I2,
Y TIOJIEUCTBYEM ONEPATOPOM JUBEPIeHIIMs Ha 00€ YacTH paBEHCTBA
B,V=D,(V+V)/2+D, (V- V)/2.

[lepeiineM B KOMIUIEKCHO COMPSIKEHHOE MPOCTPAHCTBO U B IJIOCKOCTH BEKTOPOB
ReV,ImV BO3bMEM JIEBYIO NUBEpreHiuoo. HampaBieHne MHUMOM KOMIIOHEHTHI
CKOPOCTH COBMaJaceT C HalpaBJIE€HUEM OCH, y KOTOpoi MeHsieM 3Hak. Mmeem
cooTHolieHue b,V :E)|V*. Tak Kak B IUIOCKOCTH ReV,ImV AeHCTBUTEIbHAsA
4acTh HE U3MEHUT 3HaKa, a MHUMAas 4acTh U3MEHUT 3HAK, MOJTYYHM
B,(V+V)/2+D,(V-V)/2=D,V=DV =
=D, (V+V)/2-D(V-V)/2=D,(V+V')/2-D,(V-V")/2

Bocnone3oBanuce Tem, 4TO TIpaBas W JieBas JAMBEPreHIMsA paBHBL OTKyna
nonydaem D, (V - V*)/2:O, u 3Haumt, (V- V*)/2:i @, 3 A, T.e. MHUMAs YacCTh
KOMILJIEKCHOM CKOPOCTH COJICHOU IalIbHAS.

AHaJIOTUYHO pacimnucbIBacM CKOPOCTD, HOHGﬁCTBOBaB o1rICpaTopoMm poTop
D, 3V=D3(N+V)/2+D, 3 (V-V)I2,

HA

HO BEJIMYMHY CKOPOCTH IPEICTaBUM B BUIE V =V,+-—, a CKOpocTb C 3TO
Cut

CKOpPOCTh BO3MYILEHUS B Cpelie. YCJIOBHE HAa MHUMYKO 4acTb V BBINOJHSIETCA.

[lepeiineM B KOMIIJIEKCHO CONPSIKEHHOE IPOCTPAHCTBO M B INIOCKOCTU BEKTOPOB
(V) *
ReV,ImV BO3bMEM JICBBIM POTOp, MONY4YMM COOTHolIeHHe B, 3V =D 3V .

Hanpasnenre MHUMOWM KOMIIOHEHTBI CKOPOCTH COBIIAIA€T C HANPABICHUEM OCH, Y

KOTOPOM MEHsIEM 3HaK. Tak Kak JEMCTBUTENIbHAS YaCTh U3MEHUT 3HAK, & MHUMAs

gactb Het, (D)® =- 3 u B3sTa KOMIIEeKCHO conpshkeHHas YacTh), HMeeM

P, 3V=D3V =D 3(V+V)/2-D3(V-V)/2=
=- P3I(V+V)/2+D,3(V-V)/2
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*
T.e. mnomyyum B3 (V+V )=0. DOT0 COOTHOLIEHUE  DIKBHUBAJIECHTHO

v +V*)/2 =-grad . Urak, umeem

Dta Gopmyna apyras GopMyIUpOBKa (akTa, YTO BEKTOP MOXKHO IPEACTABHUTH B
BUJIC CYMMBI Fpa):[I/IeHTHoﬁ yaCTu nu COHGHOH;{&HBHOP’I yactu. 13 sToro PaBCHCTBaA
HUMEECM
V,=- "2 b/ +i®3 A=E+iH
Cut

vgz-%-aj-ic'b)sA:E-iH
Ccut

Tak Kak CKOpPOCTh B ra3e MOJYUHSACTCS BOJHOBOMY YPaBHEHHUIO, HAIPS)KEHHOCTh
«QIEKTPUYECKOTO» U «MarHUTHOTO» MOJISI TOJYHUHSIETCS BOJTHOBOMY YPaBHEHHIO.
YacTHpIM pEIIEHWEM [JBYX BOJIHOBBIX YPaBHEHUH SBISIIOTCA  YpPaBHEHUS
MakcBemia aisi cBOOOAHOTO MPOCTPAHCTBA. DTU YACTHBIE PEIICHUS ABISIOTCS U
OoOLIMMHU pelIeHUsIMUA I CBOOOJIHOTO MpocTpaHcTBa. B camom nerne, noGaBka
IPOM3BOJILHON (DYHKIIMK B ypaBHEHHS MakcBeiia Jyisi CBOOOHOTO TPOCTPAHCTBA,
NPUBEAET K BOJHOBOMY YPaBHEHHUIO C JO0ABOYHBIMU (YHKIIUSIMHU OTHOCHUTEIHHO
ypaBHEHHs CBOOOIHOTO MPOCTPAHCTBA.

OTMeTHM, KOMIUIEKCHBII XapakTep MAacCOBOW CKOPOCTH yAApHOW BOJHBI, a
3HAYUT U JJI1 BOJIHBI MAJIOW MHTEHCUBHOCTH. B caMOM Jieiie, COriacHO U3BECTHOU
dopmyrne nepemnana AaBleHUS 10 p, U HOcIe p, (GPOHTA yIapHON BOJIHBI UMEEM

cM. [5]

Po_ 29 2. 9°1_1, %9 Doy 0, B8 )
pp g+l g+l g+l g

OTKyaa uMeeM (hopMyITy JUIs Tiepenaja JaBiICHUS B BOJHE MajlOil MHTEHCUBHOCTH

B ra3c
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_ 49 .-
[)f)—flchalg+1’g—C\/ :

Ora ¢dopMmyna MHOXHUTEIEM OTJIMYAETCA OT M3BECTHONM (OPMYJIBI MEXKIY

TepenaaoM IaBIeHHS M MAacCOBOH CKOPOCThIO D@y B 3BYKOBOW BONHE. 3HAUMT

dopmyna (1.1) He mepexonuT B H3BECTHYIO (HOpPMYJy Uil 3ByKOBOUM BOJHBI H,
ClIeZIOBAaTeNbHO, OompezeneHre (GOopMynbl s 3BYKOBOI BOJIHBI HAJ0 W3MEHMTb,

nepeiis B KOMIUIEKCHYIO MIIOCKOCTh. 3aMeHa OCYIECTBIIETCS 1Mo (hopmyIie

. 2
&:C_L-'_DaRe*-lDa‘Im =1+ [)a‘Reequa) 1+(Dalm )2.
Py G G Dage

Da,
Otkyma crmemyer Qopmyia Dp = rc,Dag . expia) |1+ (D‘T'm)2 . Hmeercs
Re

paccoriiaCoBaHuc MCKAY (1)21301)'1 BCIIMYMHLBI IICplriaaa MHaBJICHUA W CKOPOCTH.

OTHOlLlIEHHWE MHHMMOM 4YacTH MAacCCOBOMU CKOpPOCTH K ﬂGﬁCTBHTCHBHOﬁ qaCTu

y Da,, _ |15¢°- 2g- 1
ABJIACTCA KOHCTAHTON =

Dage (9+1)*

BJOJIb HaIIpaBJICHUA

pacnpocTpaHeHHs, 3HAUUT MHHMas 4acTh OOJbIIE€ W DHEPrUs 3BYKOBOW BOJIHBI
orpunarenbHa. OTKyJa 3ana3/ibIBaHue Mepenaga JaBJIeHUsS U MacCOBOM CKOPOCTH

1597 - 2g- 1
(g+1*

pasHo @ =arg([Dag, +iDa,,) = arcta

Hcnosnb3ys TOJIBKO NPOIOIBHBIE 3BYKOBBIE BOJIHBI, YIAIOCH CKOHCTPYUPOBATH
MIOIIEPEYHbIC HATPSYKEHHOCTU 3BYKOBOTO MOJISL.

[Tonydaercsa, 4ro TaKk Kak IOTEHUMAIbl W HANPSKEHHOCTH YpPAaBHECHUS
MakcBemia “HBapUaHTHBI OTHOCUTENIBHO TpeoOpa3oBanus JlopeHiia, BBeACHHBIC
3BYKOBBIE MOTEHLUHAIbl W HANPSKEHHOCTH BOJIH, WHBAPUAHTBI OTHOCUTEIBHO
npeoOpazoBanust Jlopenna. Ho WHBapMaHTHOCTH MapaMeTPOB, OIKCHIBAIOIINX
3BYKOBBIC BOJIHBI, OTHOCHTEIIBHO TpeoOpasoBanus JlopeHma cruemyer u3

BOJIHOBOI'O YPAaBHCHHA, KOTOPOMY IIOAYHNHAIOTCA 3BYKOBBIC BOJIHEIL. B camom ACIC
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pelIieHre B BHJE IUIOCKOM BOJIHBI COAEPXKUT HWHBapUaHT — (a3y peuieHus

expli(kr - ut)], KOTOpas SABIIAETCS CBEPTKOM IBYX YETBIPEX BEKTOPOB, KOTOPBIE

HHBApHUAHTHBI OTHOCHUTCIBHO Hp606pa3OBaHI/IH HopeHua 3BYKOBBLIX BOJIH.

YPaBHeHI/Ie JABIDKCHUA TEJIAa B X KUAKOCTU UMCCT BU

dy , dR _

—<=f,.
dt dt
I'ne nepBeIil WieH ONUCHIBACT IBUKEHUE TEJIA, 4 BTOPON WIEH UMITYJILC KUJIKOCTH.

my,
2

Nmnynbe skuaKocTH cuutaercs no Qopmyne B, = oy
-u“/ct

, TJAC HCIIOJIB3YCTCA

Macca JKUJIKOCTH B 00beMe Tella, CKOPOCTh >KUIKOCTH paBHA CKOPOCTU Tejla U
BMECTO CKOPOCTH CBE€Ta B BaKyyMe B PEJISITUBUCTCKOM 3HaMEHATelie CTOUT
¢dazoBas ckopocTh 3ByKa. JlanHas popmyna onpenensieT MpUBEACHHYIO MacCy BHE
3aBUCUMOCTH OT (DOPMBI Tena. JUIsl UMIUHAPUYECKOTO Tejla OHa CIpaBeINBa, IS

cdepsl pUBEJEHHAs Macca BIBOE OOJIBIIIE.

Ho mouemy pensTUBUCTCKMN 3HaMEHATeNb HAJAO MPUMEHATHh K KUIAKOCTH U
HENb3s NMPUMEHATh K JBIDKyIIeMycs Telny. B Bakyyme uist JBMXKYIIErocs Teia
HEO0OXOIMMO HMCTOJIb30BaTh PEISTUBUCTCKUN 3HAMEHATENh CO CKOPOCTHIO CBETA B
BakyyMme. J[BiKylieecs: Te0 COCTOUT M3 YACTHUI[ BaKyyMa, KOTOPbIE TPYIIUPYSICh
NOUYUHSIOTCS TipeoOpa3zoBanuio JlopeHlla, HO pENATUBUCTCKUI 3HaMEHATENb
MOSIBWICST M3-32 TOTO, YTO TEJO MOMEIIEHO B CpPEIy, COCTOSIIYI0 U3 YaCTHII
BaKyyMma, IMpUYEM Macca Teja ONpelesseTcss maccodl uactull Bakyyma. Jlid
KUIKOW  Cpelpl, COCTOSAIIEH W3 DJIEMEHTApHbIX YacTHIl, CIPaBEIJIUBO
npeobpazoBanue JlopeHua ¢ pa3oBoit CKOPOCTHIO 3BYKa. TBEpIOE TENO COCTOUT U3
AJIEMEHTapPHBIX YaCTHII, JBUTAIOIINXCS B CPEAHEM CO 3BYKOBOW CKOPOCTBIO, ILIIOC
KOJIEOITIONNEeCs YaCTHUIIbI, IPUYEM B TBEPJIOM TEJI€ HECKOJIBKO 3HAUYEHUN CKOPOCTH
3Byka. OcymiecTBisisl JTUHEHHOE MpeoOpa3oBaHWE MPOCTPAHCTBA AHU3OTPOITHOTO
Tena, yIaeTcs MOCTPOUTh U30TPOIHOE MPOCTPAHCTBO U mpeodpa3zoBanue JlopeHna
CM. CTp. 59, HO 3TO CBOWCTBA OMMUCAaHUSI BHYTPEHHEHN 4acTu Tena. B Hec:xkuMaeMon

KHNIOKOCTH, COCTOHHIC?I M3 2JICMCHTAPHLBIX YaCTHIL, 3BYKOBEIC BOJIHBI OIIMCBIBAIOTCA
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BOJIHOBBIM YpaBHEHHEM, MPUYEM MOXKHO BBECTH YypaBHEHHE MakcBemna s
KUIOKOCTH CM. cCTp. 34-37 wu, cnegoBaTelnbHO, I HUX  CIPABEIIMBO
npeodbpazoBanue Jlopenna. Ho cmpaBemnuBo nu mpeoOpaszoBanue JlopeHma c
(a30BOI CKOPOCTHIO 3BYKA B JKUJKOCTH IS TEJA, HAXOASAIIETOCs B )KUJIKOCTH, T.€.
MMEETCS JIM Y MAaKpOTeJl PEIsTUBUCTCKUI 3HAMEHAaTeNlb CO CKOPOCThio 3Byka? Her
He uMmeercd. KonnuecTBo 4acTull BakyymMa B €IMHMIIE YACTULl BaKyyma, OJHOM
KBaHTE, HE PABHO YUCITYy ABOrajJip0 U HE SBJISETCS KOHCTAHTOH, MO3TOMY
3aBUCUMOCTb HMMIYJIbCa OT CKOPOCTH SIBJISIETCS HEIWHEHHOW B YypaBHEHUU 2
3akoHa HploToHa U siBigercs (QyHKLIMEH OT CpelHel CKOPOCTH 4YacTHUll BaKkyyma,
WIM CKOPOCTU 3JIEMEHTapHOW 4YacTuilbl. KonMuecTBO 3J€MEHTapHbIX YacTHI] B
OJIHOM MOJIE€ PaBHO 4YMCIy ABOTrajpo, 3HAYUT HEJTUHEHHBI MHOXXUTEIh pPaBEeH
MOCTOSIHHOM KOHCTAaHTE - MacCe€ YacTUIbl, U HUMITYJbC JIMHEHHO 3aBUCUT OT
CKOPOCTH, T.€. Y MakpoTeJ PeJsTUBUCTCKOTO 3HaMEHAaTeNsl ¢ (pa30BOM CKOPOCTHIO
3Byka HeT. Tak Kak MakpoTela COCTOSAT U3 YacTUIl BaKyyma peIsiTUBUCTCKHIA
3HaMeHaTellb ¢ ()a30BOM CKOPOCTHIO CBETa BO 2 BTOPOM 3akoHe HbroTOHa ecTb.
CKopocTh MakpoTed He CKJIAJbIBAETCSl MO PEISTUBUCTCKON (dopmyne ¢ (a3oBoii
CKOPOCTBIO 3ByKa BMECTO CKOPOCTH CBETA, a CIPABEMJIUB 3aKOH CIIOKEHHUS
ckopocTeit ¢  (a3oBod  ckopocThio cBeTa. s cpedpl  CIPaBETMBO
npeobpazoBanue JlopeHna c¢ (a3oBoil CKOPOCTHIO 3BYKa TMPOSBISIONIEECS B

MIPUCOECAUHEHHON Macce.

HOI{CT&BJ’IHH 3HAYCHHUC UMITYJIbCAa ) KUIKOCTH B o0beMe TCJa, IOJIYy4YuM

Mduk+d mu,

dt dt i u?/c?

:fk

Mdu"+ ma,,, my.u,_/c? )dun:f
1/1 u?/c? ey at
[Ipucoennnennas macca B M30TPOITHOM KUIKOCTHU paBHaA
ma,, muyu, /c?

Tonbko cpeaa OIMHCBIBACTCA PCIIATHBHUCTCKHMU

mg, = + .
f-wic @ i)

dbopmynamu ¢ ($a3oBOM CKOPOCTBIO 3BYyKa, JUISI MaTepUabHBIX Tell
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pensTUBUCTCKUE (POpMYIBI HaAO0 mucaTh ¢ $Ha30BOMl CKOPOCThIO cBeTa. [Ipuuem

¢dazoBasi CKOPOCTh 3BYyKa IMOJy4YeHa B pa3aenax 5.1,5.2.

B xuwre [5], 3BykoBas BOJIHA OINHKCAaHA KaK YJOBJIETBOPSAIONIAs
npeoOpa3zoBaHui0  koopauHaT [amunmes. ABTOMaTHYECKHM  CIEAyeT  He
PEIAATUBUCTCKOE MPABUWIIO CIOKEHHs CKOpocTeil. OmnuireM ee B IPOCTPAHCTBE
MUHKOBCKOTO. 3aMETUM, YTO JIJIi MAaCCUBHBIX TENl PEJISITUBUCTCKUE (DOPMYIIBI
HE CHOpaBEIJIUBbI, a CIPABEJIUBBI TOJBKO [JIs CpPEAbl PaclpOCTPAHEHUSA

3BYKOBBIX BOJIH.

Nmeem HenoaBwxkHyro cucremy koopauHat Kii. Ilycte uMeem 3ByK,
NpUHUMAEeMbId HaOJIOZATEIeM C YacTOTOM W B cucteme KoopawHaT Kij
JIBUTAOIIENCs co ckopocTthro -Ui. Kpome Toro, mmeem ABUTArOIIUKCS
UCTOYHUK CO CKOPOCTBIO - U B TOM K€ HANPABICHUM, U3JIyYAOLIUNA 3ByKOBOU
curHai ¢ yacroroii W B cucteme orcueta K. Torma umeem npeobpa3oBaHue
Jlopennia ¢ mnepemeHHOW (Da30BOM CKOPOCTBIO CHUCTEMBI KoopauHaT K
cucteMbl KoopauHat Kij

w- kU _ wi- KiUj
J1-UZ?/ez 1-U/cf

Tac k_kx =Cosq - Toma HMCCM CBA3b MCKAY YaCTOTaAMMU H3JIYy4daTCisi U

HaOJTr01aTEN

- v icosqi),/l- U?/c?

Ci wi
(1- ‘l:J cosg)\1- Uiticg W
F

He pensartuBuctckue dhopmynsl npuBeneHsl B [1] dopmyna (68.4) u (68.5). B He
PEISITUBUCTCKUX (OpMyJax KBaJpaTHBIH KOPEHb paBeH eAWHHIC U (a3oBas
CKOPOCTh COBIIaJIa€T CO CKOPOCTHIO 3BYKa MPH HEMOJBI)KHOM HabIto/aresne u

ucrounuke. He pensaruBucrckue GopMyIibl UMEIOT BUJT
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1- —cosgi
C, Wi
w

1- U cosg

s

[lycte wm3nyuatens ABukeTcsl ¢ (a3oBOM CKOpOCThIO 3ByKa, U =c.. Torma
yacToTa M3JIydaTels W CTPeMHUTCS K OECKOHEYHOCTH, IPHU YCIOBUU COSg , 1.
3HaUUT W Uil IPUHUMAEMOI0 3ByKa MMEEM BBICOKYIO 4YacTOTy. T.e. XJIOIOK
UMEET BBICOKYIO DHEPTHI0 U MOXET pa30uTh crekina. [Ipu He pensiTMuBHCTCKOM
dopMyIie BBICOKAsl 4acTOTa M3JTy4yeHUs HE Mojy4yaeTcd. JleTunk ABuraercs mon
yraoM cos0=1 W Uil HEro 4acroTa M3JIydeHUsl paBHA HYJIO, KaK B Ciydae
PENSITUBUCTCKON, TaK W HE peNITUBUCTCKON (opmynsl. [Ipu npeoponenuun
3BYKOBOT'O Oapbepa 4acToTa U3JIyUYEHUS JJIs JIETYMKA paBHA HYIIO. U HACTYIAeT

THUIIIHNHA.

['pymnmoBasi CKOpOCTh BhIUUCIICHA B [5]

%:CE+U, (4.2)

bopmyna (68.2). Dra ¢dopMmyna MoJlydeHa M3 HMPHHIHKIA OTHOCHTEIbHOCTH
lamuiies 1 €CTECTBEHHO SBISETCA HE pPEIATUBUCTCKOW. [lpu mocTossHHOU
ckopoctu cpeapl U  ¢as3oBas CKOpOCTh sIBIsieTCs KOHCTaHTOW. DasoBas

CKOpPOCTh paBHa
=k* =+ +—, (4.3)

IZI€ BOJIHOBOM BEKTOP HWHBApPUAHTEH OTHOCHUTEJIBHO IIOBOPOTOB B JAaHHOM
VHEPLUATBHOW CUCTEME KOOPAWHAT, T.€. €r0 MOAYJb SIBISETCS KOHCTAHTOM B
HeW. Ecin BEKTOp sBNSETCS OJMHAKOBBIM IIPU MOBOPOTaX CUCTEMbI KOOPJWUHAT,
TO €ro MOIYJIb OAMHAKOB B JIIOOOM HANpaBJICHUH. SIBISETCS KOHCTAHTOW H
¢dazoBass CKOpOCTb, €CITHM CKOPOCTh JBWXKEHHUS CpeIbl TOCTOsSHHA. B

JIBUTAIOIIECUCS CUCTEME KOOPIMHAT, ATO APYras CKOPOCTb.
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MeTpuueckuil HTEpBad 3BYKOBOW BOJIHBI coXpaHsieTcs ¢ (pa30BOM CKOPOCTHIO
3ByKa (JIOKanbHO (ha30Basi CKOPOCTH 3BYKa SIBISICTCS KOHCTAHTOM NPH MOBOPOTE

CHCTEMBI KOOPJIMHAT)
ds” =cZdt® - dx’ - dy? - dZ*.

CnpaBemyBo mipeoOpazoBanue JlopeHia s cpeibl ¢ pa3sHbIMU (Pa30BBIMU

CKOPOCTAMMU B PA3HBIX CUCTCMAX KOOPAUHAT.

o i + VT
dxl_dXi1+C'tdtiV/CF . dt= o Ce
J-veie T eveie
dyi=dy,dzi=dz

Ir1¢ BCIIMYMHBI CI: (1)a3OBBI€ CKOpPOCTHU B ABUTAOITUXCS CUCTEMAX CO CKOPOCTBIO V|

CKOpOCTH CpeJbl CKIIaIBIBAIOTCS 10 (hopMyJie
U, _Ujlci +Vic, Uy _Ujy1-V?iciici U, _Ujy1-V2/ct /e
c. 1+UjV/(cice) ¢ 1+UV/(cic.) ¢ 1+UV/(cice)
(4.4)

Bennuuna ckopocTu, KOTOPYIO HY’KHO MOJACTABIISTH B mpeodpazoBanue JlopeHna B

He ITPUXOBAHHON crcTeMe KoopauHart, papga C =Cp .

CrpaBeIHBO MPABHIIO CIOXKEHHs BOMHOBBIX umcen K = (Ki+ WV, /cf)g ¢

TOYHOCTBIO JI0 OTHOIIEHUSI CKOPOCTH BOJHBI K CKOPOCTH cBeTa. MoOayib
BOJIHOBOTO YHUCJA SIBJISIETCS MHBAPUAHTOM IPU MOBOPOTAX CUCTEMBI KOOPAMHAT.
3HaunT (ha3oBas CKOPOCTh, KaK BeJIWYWHA, yaoBierBopstomas (4.3) sBusercs

KOHCTAaHTOW B JTAaHHOM cHUCTeMe KoopawHaT. B mpeoOpazoBanuu JlopeHiia Hamgo
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UCIOIB30BaTh (Pa3oByr0 ckopocTh. B ombite ®Pu3o HCHOIB3yeTCsl JIBE pa3HbIC
CKOPOCTH TIOTOKa, U, CJIEI0BaTENbHO, JBE pa3Hble (Pa30BbIe CKOPOCTH, MOATOMY
MOJIYYMJIOCh ~ 3ama3[blBAHME CBETOBOW BOJHBL. B omeite  Maiikenbcona
UCIIOb3yeTcsl oJHa (ha3oBasi CKOPOCTh, COOTBETCTBYIOIIAsh CKOPOCTH 3eMIIH,
MO3TOMY 3ala3JblBaHKsl CBETOBOW BOJHBI HET. BOJTHOBOM BEKTOP CKJIAJBIBAETCS I10

PENIATUBUCTCKUM IIPABUJIAM CJIOKEHUS CKOPOCTEN C (ha30BOM CKOPOCTBIO CBETA.

CyuiecTBeHHasi 4aCTh CKOPOCTH BOJIHBI Ui MHTEpPEpeHnn oOpa3zyeTcs B
JIByX aHTUIMApaJUIeNIbHBIX HamnpaBieHusX. Eciu uMeercs ojlHa CKOPOCThH Cpejbl,
nyTeM Tepexo/a B JPYryl0 HHEPUHUAIbHYI0 CHUCTEMY KOOPJIMHAT MOXKET OBITh
oOpamieHa B Hoib. PazoBasg CKOPOCTh UMEET MOCTOSHHBIA MOAYJIb, TaK Kak
MOJAYJb BOJHOBOI'O YHWCJA IMOCTOSHEH. B CcHIly M30TPONMHOCTHM NMPOCTPAHCTBA B
OJTHOM CHCTEME KOOpPAMHAT, OHO COXPAaHUT CBOI H30TPOIHOCTHE B JPYroiu
MHEpLUAIbHON CUCTEME KOOpJAMHAT, T.e. (a3oBas CKOpPOCTb OJHAa, M OHa
onpexaensiercs o ¢hopmyne (4.6). B ciryuae HenpepbIBHOI CKOPOCTH Cpebl, OyIeT

OJIHa HeTIpepbIBHAS (Pa30Basi CKOPOCTbh.

B R [P R
¢ ¢ cC G ¢ ¢’ cj
: (4.6
1 v o1 o1
— 2t at ot
G C G G

[IycTh nmeercs nBe aHTUNApAJLIEIbHBIE CKOPOCTH CPEABI Y IBYX Pa3HECEHHBIX
T€J, B KaXIOM TeJle CKOPOCTH 3JIEKTPOMArHUTHOW BOJIHBI MPOTUBOMOJIOKHBI. 3a
CYET CJOKEHHMSI CKOpOCTEM He ynacTtcsi JOOOUThCS HyJIeBOM ckopoctu. He
CYIIECTBYET CUCTEMBI KOOPJIMHAT, B KOTOPOU MPOCTPAHCTBO U30TPONHO. MMmeeTcs
JBA pPa3HBIX IO MOJYJI BOJHOBBIX BekTtopa. Dopmyna 118 ABYX pasHbIX

BOJIHOBBIX BEKTOPOB (4.7)



4.7)

ci; ¢ ¢ ¢ C G ¢gc cC Cy Ci
B3aunmMoselicTBue BOJTHOBOTO YUCIIA CO CKOPOCThIO HOCUT HEJTMHEWHBINA XapakKTep.

B cnygae N ckopocteit cpen umeercs N He oOpamjarommxcs B HOJb
CKOpOCTe cpefbl, cieqoBareabHo, N He paBHBIX 1O MOJYJIIO BOJHOBBIX BEKTOPA,
n 3HauyuT N da3oBeIx ckopoctedl. Mnm B ciydae HENPEPHIBHOTO W3MCHCHHSI
CKOPOCTH CpEJIbl U TT0 KpaiiHEeW Mepe MpHU OJTHOM CKayke CKOPOCTH, CYUTATh HAJO

o ¢popmyie (4.8) u umeercst N HenpepbIBHBIX (a30BbIX CKOPOCTEH.

V 2V
(_ %)2+%+%:%+ _" +( ) +—%+ k=1...N (4.8)
C#Vk c Cy CG (g qc c? Ct Cg,,

[Ipu 0O6HYIEHUU OJHON CKOPOCTH OCTAJIbHBIE CKOPOCTH OyAyT HE HYyJIEBBIE U
UMEETCSI BO3MOKHOCTh OIPENIEIUTh OTHOCUTEIbHBIE CKOPOCTH. Tak B OIBITE
®u30, MOKHO ONPEACIUTh OTHOCUTEIBHYIO CKOPOCTH ABYX Cpel HMeeTcs
IPOU3BOJIbHAA CHCTEMA KOOPAMHAT C Majioil CKOPOCTBIO, IOATOMY OJHA
ckopocTh B omnbiTe DHU30 NOpPOU3BOJIIBHA, M ONPEAEISAETCS OTHOCUTEIbHAs
ckopocTh 1ByX cpen. IlpoBens wuHTEp(dEpeHIMIO OTHOCUTEIBHO HYJIEBOU

CKOPOCTH Cpe/ibl BCEX OCTANBHBIX (DA30BBIX CKOPOCTEH JIsl CpPell C HE HYyJIEBOU

MOCTOSTHHOM CKOPOCTBIO MOKHO OTIPEICIUTh Pa3HOCTh
2, N Vi 1 1
—5 t(5)" =—5—- — ., amno Hell U OTHOCUTEBHYIO CKOPOCTh CPEJIBL.

GC c Ckv,  Cko

B uactHOCTH, HMCHONB3ysl CBETOBOM CUTHAJ B NapajlieNibHbIX KaOensxX B
pPa3HbIX HANPABJICHUSAX, MOXKHO OIPEIACIUTh HUX OTHOCUTEIBHYIO CKOpPOCTb,
JNEJICHNEM Ha JBAa KOTOPOW MOXKHO OIPEIACIUTh CKOPOCTh OTHOCHUTEIBHO

a0COJIIOTHOM cucTeMbl oOTcueTa. AOCONIOTHAs cUcTeMa OTcueTa B cllydae
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HEJINHEMHOW Cpeabl, ONMMCHIBAEMOW HENWHENHbIM ypaBHeHHeM Hapwe-CToKca,
COOTBETCTBYET cCpelie, KOTOpas Ha OECKOHEYHOCTHM HemoJBikHa. Harie
YETBIPEXMEPHOE TMPOCTPAHCTBO TJIOCKOE, IMOATOMY OECKOHEUHOCTh CpEbl
cymiecTByeT. Ecnm ke MpOCTPaHCTBO OKAXKETCA HE IJIOCKHM, TO CYIIECTBYIOT
00JaCTH B 3TOM NPOCTPAHCTBE, KOTOPBIMHU 3aMOJHEH 3pUp, U 3TU 00JIacTU
MMEIOT OECKOHEUHOCTh panuyca. Kak B ciywyae 3emim umeercs atMmocdepa,
3aMoJIHCHHAsT BO3JAYyXOM, TaK U B Clydae MPOCTPAHCTBA, UMEKOTCS 00JacTH,
3arMoJIHCHHBIC YacTUIlaMHi Bakyyma. CKOpOCTh 00JacTH, B KOTOPOW HAXOJUTCS

ComnHeunas CUCTCMa, MOKXHO OIIPCACINTD.

JUist moATBEp X ACHUS MPaBUIBHOCTH PEISATUBUCTCKUX (OpMyN st
SHEPrMM Tella CO CKOPOCThIO 3BYyKa BMECTO CKOPOCTH cBeTa B [6] Obuin
ONpEJENICHbl  MapaMeTpbl  DHEPreTHYECKOTO  CHEKTpa IKUAKOTO  Tefus,
NpUBEJICHHBIC B KHUTE [ /], KaKk sMnupuyeckue cM. [ 7] popmymna (22.7). Dueprus

CUCTCMBI CHHUTACTCA C YUCTOM PCIIATHBHUCTCKUX 3(1)(1)CKTOB JIIA 3ByKOBOﬁ BOJIHBI
2
m,C;

e = W Ota popmyra mpuBeaeHa B [8], kak yuuThIBaroIas BIMSHHE
- C
n S

cpensl Ha Maccy Tema. I'me BemmumHa Cg CKOpOCTH 3ByKa, V, CKOpPOCTB

KBa3W4YaCTHUIBI B 3BYKOBOW BOJIHE B HEMOABMXKHOM cpene. PaccmarpuBarotcs

Macchl Tejla OOJIbIIE MacChl HHaHKa, IMO3TOMY HNPHUMCHAIOTCA PCILAITUBUCTCKUC

(bopMyIIBI JIs SHEPIUM YaCTHIBI CO CKOPOCTBIO 3ByKa. Bemumumna M, macca
npotoHa. I eKTuBHAS Macca B )KUJIKOCTH OMHUCHIBAETCS 1O (hopmyie

1 2

_ K
(F) pq = m e(>k).

I'ne Benmnunna 9(>k) SHEPTHsi CUCTEMbl. B pensiTUBUCTCKOM MNPUOTUKEHUU

coOcTBeHHOE 3HaueHue AP (HEKTUBHON MacChl cuuTaeTcs o Gopmyiie



52

(i) — l-lz mcsz — H Vp -
m ™ MWV WV, 1-v2/c2 WY, ml- V2/cd)¥?
_l[ Tpq V'V ]

+
m (1- V2/c2)*¥?  ci(@-v?/c2)*?

[TapameTpbl KUIKOrO Telldsd HUMEIOT cleAylollue 3HayeHue cM. [7] dopmyna

(22.7).
u=24Q0'cm/sD=87K;p,/>=1.9AQ0Ccm*;m =0.16m(He").

9T0 NpaBUWJIBHOC BbIYUCICHUC IMAPAMCTPOB KHAKOI'O TCIUA IIOATBCPIKIAACT

IMPaBUIIBHOCTH peHHTHBHCTCKOﬁ q)OpMy.HBI JJI SHCPTUH YaCTHIIBI.

Ho kak e mNpou3BOAUTH M3MEPCHHS PACCTOSHUM W BPEMEHU, €CIU C
MOMOIIIbI0  3BYKOBBIX W  JJICKTPOMAarHWUTHBIX BOJH OHH  HM3MEPSIOTCS
HEMpaBUIbHO. Tak paccTOSHUE B JBUTAIOMICHCS CUCTEME OTCYETa MOKHO
MEpUTH C MOMOUIBIO pagapa, HO BBOAUTH MOINPABKY HA UCKa)XKEHUE PACCTOSIHUM,
U3MEPEHHBIX C MOMOIIBI 3BYKOBBIX M AJIEKTPOMArHUTHBIX BOJIH. YYUTHIBATh
CKOPOCTh OOBEKTa MPU 3aMepe B JBUTAIOLIEHCS CUCTEME OTCUETa C MOMOIIBIO
3BYKOBBIX U 3JIEKTPOMATrHUTHBIX BOJIH, ONPEIEIsisi OMOJIOTUYECKOE COOCTBEHHOE
BpEMs, KOTOpPO€ TeueT HEW3MEeHHO. IIpu TakoM ompenelieHHMH MNpOCTpaHCTBaA-
BPEMEHHU TOHSATHE IEHTpAa HHEpUUU OOpeTeT HOBbIKM cMbici. OHO He Oyxaer
HaXOAMTHCS B Pa3HBIX TOUKAX Tella B pa3HBIX CHCTEMax OTCYeTa, a Oyner

COBIIagaTh C onpez[eneHHoﬁ B COOCTBEHHOH CHCTEME OTCUeTa KOOpAHHATC.

IIpu >TOM MOXHO OHNPENENUTh CKOPOCTh BO3MYILECHHS, KaK BEIUYUHY
CPEIHEKBAAPATUYHOTO OTKJIOHEHHsSI CKOPOCTH, U TOT/Ia OHA HE OyNeT 3aBHCEThH
OT CpellHEel CKOpOCTH. B ueThIpeXMEepHOM MPOCTPAHCTBE BPEMEHHU €€ MOYKHO
ONpEeNEeNUTh, KaK CpPEIHEKBAJPATUYHOE OTKJIOHEHHE MPOCTPAHCTBEHHBIX
3HAYEHUI YEThIPEXMEPHOU CKOPOCTH, IPUYEM 3Ta BEIMUYMHA HE OYJIEeT 3aBUCETh
oT cpeaHeil ckopoctu. Ho B pa3HbIX cpelax BeJMYMHA JUCIEPCUU CKOPOCTH

pa3Hasi, MO3TOMY 3Ta BeJIMUYMHA OyJIeT 3aBUCETh OT cpeibl. OHa OyleT 3aBUCETh
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OT CKOPOCTH T€JIa, TAK KaK JBUTAIOLIEECS TE€JIO BHOCUT U3MEHEHHUE B JUCIIEPCHUIO
CKOpOCTH cpefbl. byaer nu oHa coBmagaTth ¢ ¢a3oBoil ckopocThio? dazoBas
CKOPOCTb 3aBHCUT OT CKOpPOCTH CpEIbl, a OIpEAEIeHHas II0 IUCIIEPCHH
CKOpPOCTb HE 3aBUCHUT OT CKOPOCTH Cpejibl. MEeTpHUUECKUIl UHTEPBAJl PABEH HYIIIO
¢ (a30BOI CKOPOCTHIO, HO MPOCTPAHCTBEHHAS] YaCTh METPUUYECKOI0 MHTEpBaja
HE MPOIOPLUOHANbHA IHUCIIEPCHUH CKOPOCTH, a MPOIMNOPLUOHAIbHA CpPEIHEMY
KBaJpaTy CKOpPOCTH. MeTpuueckuid WHTEpBall MHBapuaHTeH ¢ (a3oBoi
CKOpPOCTBIO, @ HE C IMOCTOSIHHBIM 3HAYE€HHEM JHUCIEPCUU CKOPOCTH, KOTOPOE
COOTBETCTBYET CKOPOCTHM CBE€Ta B BaKyyMe, M MOCTOSSHHOMY 3HA4Y€HUIO
TeMIeparypel. OJT0 JMOO TeMmIepaTypa 4YacTHUll BakyymMa B  cllydae
AJIEKTPOMArHUTHON BOJIHBI, JIUOO CpPEIHEKBAAPATUYHOE 3HAYCHHE CKOPOCTU

QJICMCHTAPHBIX YaCTHUII B CJIy4aC 3BYKOBBIX BOJIH.

, BeIBOIBI

Jloka3aHo, 4TO 3BYKOBBIE BOJIHBI NMOAYMHSIOTCS ypaBHeHHIO Makcgenna. Ha
3TOM OCHOBaHMHM MOXHO yTBEpXKJaTb, 4YTO JJISI HHUX CIPaBEIJIUBO
npeobpazoBanue JlopeHIla co CKOPOCThIO 3ByKa, BMECTO CKOPOCTH CBETA.
[IpuBenen mnpumep cTaTbl, B KOTOPOM C HMCIOJb30BAHUEM PEIISITUBUCTCKOMN
bopMyNBl CO CKOPOCTBIO 3BYKa, BMECTO CKOPOCTH CBETAa, BBIYHCIICHBI
napaMeTpbl IHEPreTUUECKOI0 CIEKTpa renus. B kuure [7], 3T mapameTpsl HE

YAAJI0Ch OIIPCACINTb, U OHU IIPUBCACHBI KaK SMITMPHUYCCKUC.

I'naBa S Ilapagokc 0/1M3He OB

Kpome wMerpruueckoro HHTEpBAIIA OSJIEKTPOMArHUTHBIX BOJIH CYIIECTBYET
METPUYECKUI UHTEPBaJ 3ByKOBBIX BOJIH, C UCIOJIb30BaHUEM (ha30BOI CKOPOCTHU
3BYKOBBIX BOJH, pa3sHOM B pa3HbBIX CUCTeMax KoopauHar. B ciyuae
JBUTAIOIIEHCS cpefbl (a3oBasi CKOPOCTh 3BYKOBBIX BOJIH CKJIQJBIBAECTCA CO

CKOPOCTBIO Cpellbl MO pPEeISATUBUCTCKUM (dopmynaMm. [l mnpenoTBpaiieHus
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OeckoHeuHOM (opMynbl sl BO3MYILEHUS, HAAO CKOPOCTU CKJIAJbIBATh
CKOpOCTh 3ByKa B HEMOJABIDKHOM Cpele CO CKOPOCTBIO Cpeabl TIo

PENASATUBUCTCKON (POPMYIIE CIOKEHUSI CKOPOCTEH.

O6patumcsa k aBropy CTO, 4TO OH MHUIIET O COKPAIICHUH BPEMEHU U
paccrosiHus. «Bompoc o TOM, peanbHO JIM JIOPEHIIEBO COKPAIEHUE WU HET, HE
nMmeeT cmbicaa. CokpalieHue He SBISETCS PEATbHBIM, IHOCKOJIBKY OHO HE
CYLIECTBYET Il HaOmrojarTess, IBHXKYIIETOCs BMECTE C TEJIOM; OJHAKO OHO
peasbHO, TaK KaK OHO MOXKET OBbITh MPUHIMIHAIBHO JOKA3aHO (PU3UYECKUMHU
CpeACTBaMU Ui HAOMIOIaTeNsl, He JIBHXKYILErocsl BMecTe ¢ Teiom» cM. [15]. S
9TO OOBSACHSIO TaK, NPU M3MEPEHHH C TIOMOIIBI 3BYKOBBIX WIJIU
AJIEKTPOMArHUTHBIX BOJIH MOXHO TMOJYYUTh 3ama3/iblBAHUEC BPEMEHU B
JIBUTAIOILIECUCSl COTJIACHO TEPMHUHOJIOTHH OHWHIITEWHA cUCTEME KoopAuHar. B

CcOOCTBEHHOI CHUCTEME KOOPpAHUHAT BPCMA U PACCTOAHUC HC COKPAIIArOTCH.

CymectByeT npeodpazoBanne JIopeHIia Jj1s 3BYKOBBIX BOJIH C UCIIOJIb30BaHUEM
¢da3oBoil ckOpocTH 3ByKa. Bpems M paccTosiHME€ M3MEHSIIOTCS B JIBUTAOIIEHCS
CHUCTEME KOOPAMHAT, TOJBKO €CIIM HCMOJIb30BaTh JJIs U3MEPEHUS] 3BYKOBBIC
BotHBL. COOCTBEHHOE BpEMs B JIBUTAIONICHCS W HEIMOJBIKHOW CHCTEME
KOOPJIMHAT TEYEeT OJWHAKOBO. J[BHTaromiuiicss ¥ HEMOABMKHBIA OJIM3HEI IO
COOCTBEHHOMY BPEMEHHM IPOKMBET OJMHAKOBBIM MHTepBal. [Ipm Macce tena
MHOT'O MeHbIIle Macchl [Imanka HaIo MCIOaB30BaTh Mpeodpa3oBanue JlopeHia ¢
(ha30BOM CKOPOCTHIO CBETA, @ B IPOTUBHOM Ciydae ¢ (pa30BOH CKOPOCTHIO 3BYKa,
B NOPOMEKYTOYHOM ClIyda€e HaJo uHTepnoaupoBaTb. Ilo  Bpemenw,
BBIUMCJIIEHHOMY C MOMOIIBIO CBETOBOM M 3BYKOBOM BOJIHBI JBHUTAIOIIMKCS B
JAHHOH CHCTeME KOOpAWHAT OJU3HEI[ IMPOXXUBET OOJBIINA HWHTEPBAJ, YeM
HETOIBMKHBIN. bruonorndeckuii Xo/1 BpeMEHH OINPEAeIsIeTCS M0 COOCTBEHHOMY
BPEMEHH, TaK KaK YCKOPEHUE BPEMEHH, 3TO CBOMCTBO M3MEPEHUSA C IMOMONIBIO
3BYKOBBIX WJIM JJICKTPOMArHUTHBIX BOJIH, a COOCTBEHHOE BpEMsS B Pa3HBIX

CHUCTCMAX OTCUYCTa OJHUHAKOBO. KpOMC TOro, 441 MAaACCHUBHBIX TCI HC
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Ha0JII01AJIOCh YCKOPEHHE BPEMEHU B ABUTAIOUIEICS cUCTEME KOOpAUHAT. A OHO

JOJDKHO OBITH CyYHmCCTBCHHBIM.

du3uky B Hayvajae ABAJALIATOTO BEKa OTKA3aJIMCh OT ITOHSTHS 3(1)1/1pa, TaK KaK
CKOPOCTL CBCTA B z[BmemeﬁcsI CUCTCMC KOOpPAHHAT OKas3ajacCh IMOCTOSSHHOM B

NEPIIEHAUKYJIAPHBIX HanpaBieHusAX. Pa3oBas CKOPOCTh paBHa
— 2=
—=kfr——t—+—, (5.1)

TAc BOJIHOBOM BCKTOP HWHBAPHAHTCH OTHOCHUTCIIBHO IIOBOPOTOB B I[aHHOP'I
HHepHI/IaHBHOﬁ CUCTEMC KOOpAHUHAT, T.C. €TI0 MOAYJIb ABJISICTCA KOHCTAHTOU B
Hel. SIBNsIeTCS KOHCTAHTOM M (ba3013a51 CKOpPOCTBh, €CJIIN CKOPOCTb IABHIKCHUA

CpCabI ITOCTOAHHA.

BennyuHa ckopocTH, KOTOPYIO HYKHO MOJICTaBJIATh B MpeoOpazoBanuu JlopeHna B

He IITPUXOBAHHO cicTeMe KoopanHaT, pasaa C = Cp.

5.1 Boiuuciaenue pa3oBoii CKOPOCTH B CJIy4ae YPABHEHUI TMIPOAMHAMUKHA

Boruncnum Benuuuny GpazoBoil CKOpOCTH. 3anuilieM YpaBHEHUS THAPOIUHAMUKI

W WV

M X

/’(IJ_V|+Vk l.l_V|)=_ Hp(lr)
Mt MXy MX

JlokaxxeM, 4YTO YypaBHEHUE Oijepa HE HMHBAPUAHTHO  OTHOCUTEIBHO
npeodbpazoBanuii ["anmmes. Jimg dero mnoacTaBUM 3HAYEHHE CKOPOCTH B

IITPUXOBAHHOM M HE IMITPUXOBAHHOW CHUCTEME KOOPAMHAT INPU HEU3MEHHOM

nasiaenun P = Pi, momydum aBa ypaBHEHUS
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rV Ly Wy up(lf)
HXy pX .
MM+ ')+(V +u)|-1(V||+U|)) Hp(r)
pt HXyc X

(5.2)
r(——=

I[OJDKHO MOJYUYUTCA YPaBHCHHUC OJIA HlTpPIXOBaHHOI)'I CUCTCMbI KOOpAWHAT

p (Vi WV - I (5.3)
FXy MX
Bbratem U3 BTOporo ypasHenus (5.2), yuutsias, uro U, =CONSt, ypasnenue (5.3),

NOJIyYUM

Vi L
Vi _ Hp(lf)+upl(lf|):0_

X X MX

Uy

[IITprxoBaHHBIC U HE MITPUXOBAHHBIC TABJICHUE U IUIOTHOCTH COBIIAJIAIOT B ClIydac
npeoOpazoBanusi [anunes. BoiOupaem cucreMy KOOpJIMHAT, T/I€ CKOPOCTb
CUCTEMBI KOOPJAMHAT UMEET OJHY KOMIIOHEHTYy. Torja oHa JIOJDKHA PaBHATHCA

HYIIIO. HonyqaeTc;I, qTO0 JABC CHCTCMBI OTCUCTAa COBIIQJAar0OT, TaK KaK HX

OTHOCHUTCIIbHAsA CKOPOCTH Uk paBHa HYIIIO.

. Jlanee crnemyer craHAapTHbII maccax: mycTh cpexa ogHopomaa [ (I\1)=7, u
JIBUKETCSI C TIOCTOSSHHOM CKOPOCTBIO V(r,t) =V,. (HerpyaHo BuieTh, 4To Takas
napa ,,\V SBISETCA PEIIEHUEM YypaBHEHHUH.) PaccMOTpuM Maiible BO3MYIIEHUS
ATOr0 COCTOSIHUS, TO €CTh MOJIOKUM

rrt)=rq+ryrt)

V(r,t) =V, +V,(r,t)
MOACTAaBUM B YPAaBHEHUS M COXPAaHUM B HHUX TOJIbKO JIMHEWHBIE MO MaJIbIM

nobaskam /4 (r,1),V,(r,t) wienst. ITpu manbix 106aBKax K CKOPOCTH CIIPABEIHBA

dbopmyna cioxeHuss ckopocted lanmwmies B JMHEHHOM NPUOIMKEHUW IS

npeodpazoBanus Jlopenua. [lonyuum
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&+V0k&+r0%=0
Mt MXy KX

V, V.
ro(u 1 +V0k M 1|):_C2%

k

2 _ MO _

rie C KBaJZpaT CKOpPOCTM 3ByKa. Hampumep, mns uacalbHOro rasa,

p

MMOACTABJIAA YPABHCHUC a):[I/Ia6aTBI, nmojydacm C2 =g—.
r

Jlo "BONHOBOIrO ypaBHEHHUA" OCTaeTCs OAMH IIar: Hy)HO mpoauddepeHIupoBaTh

OJIHO M3 YpaBHEHHUM - MIEPBOE WM BTOPOE - C MOMOILBIO ONepaTopa H +V,, H oy

BOCIIOJIB30BaThCA OCTaBIINMCH. HaHpI/IMep, HOHCﬁCTByeM o1rIcpaTopom

K

\V/ \V/
_+V0ki Ha TIEPBOE ypaBHEHUE W TOJCTABIISsA “_JJ+VOKH_]J W3 BTOPOTO,

it X Mt MXic
IMoJIydyum
(E +V,, H )?r, =c’Dr,
it ’
MOJICKICTBYEM OIEpPaTOpPOM H +Vy, M ha BTOPOC YpaBHCHHE W IIOICTABIISSA

k

Wy Ky
24 +V,, L U3 mepBoro, MoIy4uM
k

(E +Vok L) Vy =c’DV,
Mt K

Tak kak kK0’ UIIMEHTHI ATOTO ypaBHEHHS SIBISIOTCS KOHCTAHTHI, TO MPOBOJS

oTiepaTop, UMEIOIIUN BHUT KBAAPATUIHON (popM

(H +V0k H)Z-D
Mo € X

K IMAaroHaJbHOMY BUAY, IIOJY4YHMM BOJHOBOC YPAaBHCHHUC OTHOCHUTCIBHO BCKTOPA.
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Crout 3a7a4a npuBeICHUS KBAAPATUYHON (POPMBI

2

A% ViVi
Yo +TY| Yot——

2 Wi (Vi +Y5+Y3) =V V.

K nuaronamsaomy Buay. I'me y, :L, Y, =M Monaraem Y =0,,Z,. Ans atoro
FX

HEOOXOIMMO HAWTH COOCTBEHHBIE YHWCIAa U COOCTBEHHBIE BEKTOPHI JMHEHHOIrO

npeoOpazoBaHust Ay

lay - /.0 =0
(B - /200 ) 9 =0

Torna xBagpaTtuuHas popma IPUBOAUTCA K BUAY (z, = H )

a

3
a Yy =/.(@ g.;illgla)zaz'

1=0

Torzxa BOJIHOBOC YPABHCHHC IIPUBOAUTCA K BUAY

3 2
3 v
/(& gig.) =0

1=0

a

BBojis HOBbIE IepeMeHHbIE TIO PopMyIie

3 3
Zm‘{/é [/ (& guaw)l’/3
k=1 =0 ,m:l,2,3.

3
\/- /n(@ GmiOm)
1=0

Xon =

Torzma BONHOBOE ypaBHEHUE NEPEXOIUT B YPABHEHUE

3
lv@ 999
ZV 0_ ol 10 .§ 2V
e a Mo
. . B m=1 m
\/a (/va 9¢9.)°/3

k=1 1=0
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Tak Kak Tpu COOCTBEHHBIX YHCIIa 3TOTO MPeoOpa30BaHUs OTPULATENbHBI, a OJHO
MOJIOKUTENIbHO,  BpPEMEHHas  KOOpJAMHATa  CBSi3aHa C  MOJOXKUTEIbHBIM
COOCTBEHHBIM UYHCJIOM, a MPOCTPAHCTBEHHBIE KOOPAMHATHI C OTPULIATEIbHBIM, IIPH

9TOM BCC pACTAHYTBIC KOOPAWNHATHI I[GI‘/’ICTBI/ITGJ'IBHBIG.

Bbruncium coOCTBEHHBIE YMCia 3TOr0 MPEe0Opa30OBAHUS

1-/ V,,/C V,,/cC Vys/C
Vo, /€ -1-1 VyVp,/C® Vy,,/c?
Vo, /C VN, /C® - 1- 1  VoVp,/C°
Voa/C VoNa/C® VoNgalC®  -1-1

BbruncinuM 3HaueHHE 3TOTO OMNPENETUTENs, Pa3IOkKUB IO TEPBOH CTPOKE M0

BTOPOTO MOPS/IKa MaJIOCTH
S (- 1)A+/)P - (VEHVEHVE)L+ /)2 =0,
[Tonyuyum nBa NpUOIMKEHHBIX YPAaBHEHHUS

/% - 1- (Voy +Vz +Vgg) /€% =0
1+/)%=0 '

OTtkyna nMeeM PUOJIMKCHHBIC COOCTBEHHBIE qucia

_ 2 \/2 4\/2\ /2 y
[91=° \/1+ (Vo1 +Vgo + Vo) /€7 /5, =- 1. CobeTBeHHBIE BEKTOPBI 3TOH MATPHLIBI

pasubl Oy, = 0, . OTKyIa nMeeM 3HadeHHe HazoBOH CKOPOCTH

3
/(A g|o)2
1=0

2
i - J s [ e v s ()
0

3 3
al/ (@& 9.°1°/3

k=1 1=0

Ho mnomydyenHoe BwipaxkeHue isi (a3oBOM CKOPOCTH CHPaBEIMBO 1T HE
PEIATUBUCTCKOTO ABWKEHUA. lIpy MCIONBb30BaHUM PENATUBUCTCKUX YPABHEHUM
JBW)KCHUS C WCIOJB30BaHUE CKOPOCTBHIO 3ByKa, moiiydaeM (opmyny wus [5],

(154.14) u BOTHOBOE ypaBHEHHUE BBITJISIIUT TaKUM 00pa3oM



60

2 3 2
HXO m=1 uxm

Ho st10 YpPaBHCHHUC B CUCTCMC KOOpPAHWHAT, I'’/IC Cp€aa HCIIOABUKHA. BomnnoBoe

ypaBHEHUE TIPU MPOU3BOJIHLHON CKOPOCTU CPENbl OMMCHIBACTCS MPeoOpa3oBaHUEM
Jlopenna ¢ (da3oBoii ckopocthio Cr. Ilpu ycnouu 7 = e/ frf [10JIy4aeM BOJHOBOE

YpaBHEHHE HE PEISITUBUCTCKOE.

PaccmoTpum ciydail aBuraromieicss cpeabl. TeH30p SHEPrUU-UMIYJIbCA

paBeH
T“=gywu'u“ - pd,w=e+p.

k
=0. IloxacraBum B 3TO

T,
T

VYpaBHenue HaBbe-CTOkca 3anmumiercs B BHUJIE

YPAaBHCHHUC TCH30P S9HCPTUN-UMITYJIbCA, ITIOJTYUUM

U
k i’
X

Oi (UlU W—p

X

PaznenuMm Ha BenmUYMHY TEMIOBOU (DYHKITMU

1
w=e+p=4p+rcg({1- V?/cp + ———) =
i " 1-vee?

3
=4p+ et ((———+ [1+4 W)
=1
=1

1+3 o

Ui eIMHUYHOro oObeMa. CropaBeyIMBO TaKXKe YpPaBHEHUE HEPa3pbIBHOCTU

u(ru') _
T

3anuiieM ypaBHEHHUSI OTHOCUTEILHO MaJIbIX BO3MYIIIEHHH, U npoauddepeHimpyem

10 KOOpJIMHATE.

Wwy U @y
WG X X Wb ax

Ik
g;i UpUo
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CremaeM mpedmonoXKeHHe mHpu ycmoBum UN =uf +uf;uf/c, < 4,uf = const,

P=Po- PLW=Wy + W, W, =€ - P

Ik
HU U =u} U Ky +uk P— L_=0. (5.6)

[Tonyyum ypaBHEeHUE

2
UgUs “Wl S (5.7)

XX X

B cnyuae HenmoaBu>XHOM Cpeibl uO (1,0,0,0), nonyyaem ypaBHEHHE

Hcnonb3ys el:(“—e) <P, momydaem ypasHenue (5.5). Uro ompapibiBaeT

cnenannoe pomymierue (5.6). Ilpu stom ypaBHeHue (5.7) Hamo MPHUBECTH K

JAVaroHaJIbHOMY BHUIY, UCTIONB3YS W, =€ - P, = [(“—e)S - 1] p,. YroOn! BennuuHa

NPUPAIICHUS TEIUIOBOM (QyHKIMM ObUta OECKOHEYHO MaJIoW IpHupalieHue

e
JABJICHUSI JTIOJDKHO OBITh OTPHUIATEIBHBIM, TaK KaK BEIWYMHA (“—) . KOHeYHas u

MOJIOXKHUTENbHAS. BennunHa NpuUpamieHusl IIOTHOCTH IPU MAlBIX CKOPOCTSX
_ 2 | _ y
ry=e/lcs{, 3mauur mia ycioBus U, =(10,0,0) umeem mns mnpupaiieHuit

=0,6,=p,. Ipu xomeunoit cxopoctu cpexsr W, 0, a sBusercs mambim

NpUpAIICHUEM
2
o ubutI(H0), - g H P o ((He) gy Byzp =0 HPL (58)
HP oG X< Hp X X'

Crowut 3a71a4a pUBEICHUS KBAAPATUIHON (HOPMBI
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UBUS[(“—HS)S - Y ¥ +(Yo)2 - (Y1)2 - (y2)2 - (Y3)2 =

W

K nuaronansHomy Buny. I'me Yo =—,

Y, :Ll. [Tomaraem Y, =0,
X

Z, . Jlna aroro

HEOOXOIMMO HAaWTH COOCTBEHHBIE UHWCIAa U COOCTBEHHBIE BEKTOPHI JMHEHHOIrO

npeobpa3oBaHus Ay

lay - /.0, =0
(ay - /200 )9s =0

Iia)
pz

Torma kBagpatnuHas popma npuBoaAuTCs K BUAY (Z, =

3
Yy =/.(a gla)222
1=0

Torzxa BOJIHOBOC YPABHCHHC IIPUBOAUTCA K BUAY

TRYA
n(z?)?

/ (a gla)

BBojis HOBbIE IepeMeHHbIE TIO PopMyIie

3 3
Zmi/é[/k(é 9y )°1%/3
X = ki 1%0 m=123.

m 3
\/' /m(a glm)2

=0

Torzma BONHOBOE ypaBHEHUE NIEPEXOUT B YPABHEHUE

3 3
2V, 2\/E';}l[/k(a o) 1?I3

/(@ g|o)2 =L K
1=0

=2l 1= a "Yigr=dgic,

(5.9)

(5.10)
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3 3
\/é[/k(é gk)“1°/3
k=l 1=0

I'ne BemmumHa cZ =c2 ¢azoBast ckopocTh. Ilpu >TOM

3
'Y 2
/(@ 90)
1=0
npeobpasoBanue JIopeHIa 3aUIIETCS B BUIE

X _XitCitVl/ce

J1-V2/c?

_CelitxV/cE

J1-V2/c2

Xy = Xj,X3 = X4

F}IC CKOPOCTb CUCTCMBI OTCUCTA HAIIPpABJICHA BAOJb KOOPAWHATLI X]_.

OHpG}ICJ’II/IM YPaBHCHHC I10 BBIYHCIICHUIO COOCTBEHHBIX YUCCJI 9TOIO0

npeoOpa3oBaHus
Ug®+1-/ Uo* Ug? ug®
UlO Ull_l_ / Ulz Ul3 ) )
go ° 21 22 ° 33 =0,Ug :U(I)Ug[(E)s -1
U; U; use-1-/ Ug Hp
U udt Uz Uz-1-/
Briu
3 UCIn
Uo°+1- 1)O Ug - 1- /)~ UgH)?WU§-1- 1)U -1- 1)+

=1
- (UPHUE-1- HUSB-1-7)- UB2UE-1- 7)UEB-1- 7)=0 3Hade

HHC 3TOI0 OIIPCACINUTCIIA 40 BTOPOI'O IMOPAAKAa MAJIOCTH

B ciyyae ManbIx CKOpOCTSIX IBUKEHUS CPEbl, YUUTBIBAsA COOTHOLICHUS Ug <d,

MOJy4YHM YpaBHEHUE
- (@L- A+7)-[(Ug)* +(Ug")* +(Ug) 1A+ /) =0.

Otkyna nmeem
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/o=U8°+Jl+(U81)2+(U82)2+(U83)2,
=05t (L UG + U + U5
[,=-1+Ug% /5 =-1+U°

B ciryyae oIHOMEpPHOIO IBM>KEHUS UMEEM KBAJPATHOE YPABHECHUE
[7- [(UP+ULY)-1-UP+U-UlUk =0.

KOpeHB 9TOT0 KBaJIPpATHOI'O YPABHCHUA PABCH

l0r = (UL +U/2° J1+UP - U +USUR + (UL +ULY)? 14
NwmetroTtes emte nBa KopHs /, =-1+U2,/, =-1+U %,

Pemast ato ypaBHeHue 4 creneHu, mojydaeM 4 COOCTBEHHBIX 3HAYCHHS.
Heo6xonuMo Takke HaWTH COOCTBEHHBIE BEKTOPHI ATOTO MpeodpazoBanus. Torma

o ¢opmyie (5.10) HalimeM BOJTHOBOE ypaBHEHHE C (ha30BOM CKOPOCTHIO.

[Toctpous npeobpazoBanue JlopeH1a A 3ByKOBBIX BOJIH MOXHO MOJYYUTh
npeoOpazoBanue [ammiies s 3BYKOBBIX BOJIH. [IpeoOpazoBanusi ['amumes
peanu3yroTCsl JUIsi MACCUBHBIX TEl B CiIy4ae CKOPOCTH TeJla, MEHbIIel (a3oBoi
ckopoctu 3ByKa. [Ipu npubnmxeHnu K (pazoBoil CKOPOCTH 3ByKa Y MACCUBHBIX TeJ

HAYMHAIOTCS TPOOJIEMBI C MIPEOIOJICHUEM CKOPOCTH 3BYKA.

PenstuBucrckoe ypaBHenue HaBbe-CTokca comepxutr B QopMmyne is

BHYTPEHHEH SHEPTHH €IMHUIIBI O0BEMa JIBa YICHA

B _ rcg _ E2+H? _ rce _
w=e+p=——_=p+ = +p+e=

\1- VZ/c? 8o \1- VZ/c?
1
=4p+rc®(y1- Ve + ——)
\1-VZ/c?

(511

raie e=>w/DV »5Heprus eauHULbl 00beMa IEKTpOMarHuTHOro mnois. [lepBbiii

YJICH OIIMCBhIBACT MATCPHUIO, a BTOpOﬁ YJICH JJICKTPOMAIHUTHOC I10JIC.
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Bosmoxxno 1nBa cmocoba moctpoeHus ypaBHeHuss Haswpe-Ctokca. Cmocob
YUUTBHIBAIOIIHIA SHEPTHUIO TOJIsl U MaTepuu. Wnu aBa oTaenbHbIX ypaBHeHus: HaBbe-
Crokca, OJJHO OMUCHIBAIOIIME MaTepuio. a Apyroe moie. I[lpu pensaTuBuCTCKUX

CKOPOCTSX IMEPBBIN WwieH Oobie Broporo B Gopmysie (5.11). Ho dopmyisr (35.7),

(35.8) u3 [14]
e-3p=3 mc?*1-V2/c*d(r-r,) = me? [1- V?/c?

TpeOyIOT, YTOOBI MPH YIBTPAPEIATUBUCTCKUX CKOPOCTSIX OCHOBHYIO POJIb UTPAJIO
none, ¢ nasnennem P =e€/3. CyMMHpOBaHHUE TMPOU3BOJUTCS IO YACTHIIAM B
enunuiie odwvema. Jliast storo B ¢opmyne ans BHyTpeHHer sHeprum (5.11)
TpeOyIOT, YTOOBI MPH YIBTPAPEIATUBUCTCKUX CKOPOCTSIX OCHOBHYIO POJIb UTPAJIO
none, ¢ gasaeruem P=€/3. Jns sroro dopmynst (5.11) mwis BHyTpeHHEi

SHEPIUM MCKaXKaIOT, paszjaras 1Mo CTEMEHSM CKOPOCTH, W TOJIY4alOT KOHEUHYIO
SHEPrUI0 MaTepuu NpPU PEIATUBUCTCKUX CcKopocTsax. Dopmyna (5.11) npu

PCILITUBUCTCKUX CKOPOCTAX HUCIIOJIB3YCTCA B BUAC

rv: O E*+H® 5 rV?

e:rcé+ 3 =/rcg + +e.
0

IIpu wuckaxxennour ¢opmyne (5.11) momydaror KOHEYHOE 3HAYCHUE DSHEPTUU

MaTepHUU IIPU PEIATUBUCTCKUX CKOPOCTSX.

[ToaToMy 11t OTCYTCTBUS HCKa)KEHHS (OPMYINIBI HAJ0 HCIOJIb30BATh
OTZIEJIbHO JHEPrui0 Mojs U Marepun B ypaBHeHuu Hasbe-CTokca, mosydatcs
OTJIeTIbHOE YpaBHEHHUE IS TIOJiA | Ji7ist MaTepud. [Ipuyem (a30Byro CKOPOCTh HAO
WHTEPIIOIUPOBATh, JJIs1 SJIEMEHTAPHBIX YACTHUIl UCIIOIB30BaTh (ha30BYI0 CKOPOCTh
AJIEKTPOMArHUTHBIX BOJH, a JJIs MAacCCHUBHBIX Tell ()a30BYI0 CKOPOCTh 3BYKOBBIX
BoH. [Ipmuem B Bakyyme (ha3oBasi CKOPOCTh 3BYKOBBIX BOJH IEPEXOJIUT B

($a30ByI0 CKOPOCTH JIEKTPOMArHUTHBIX BOJTH.
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BBoauTcs equHoe MoHATHE UHTEpHoiupyeMas (pazoBasi CKOPOCTh 3BYKOBBIX U
ANEKTPOMArHUTHBIX BOJIH, KOTOPOE 3aMEHSET IOHSATHUE CKOPOCTH 3BYKOBBIX H

QJICKTPOMAIrHUTHBIX BOJIH U BBIYUCIIACTCA, HCIIOJIB3YySA CKOPOCTb CPCABI.

VYpaBuenne HaBbe-CTokca i 3JIEKTPOMATrHUTHBIX-3BYKOBBIX — BOJIH
onpezensieT ABMxKeHue noid. [lpuyem onsTe ¢ uHTEpHoNALMEel (Ha30BOM CKOPOCTH
AIEKTPOMArHUTHBIX U 3BYKOBBIX BOJIH. POHOHBI OIHCHIBAIOT MOJIE 3BYKOBBIX BOJH
cM. TinaBa 4 ¢ (a3oBoi CKOPOCTBIO 3ByKa, a (DOTOHBI ONHUCBIBAIOT

QJICKTPOMArHuTHOC I10JIC C (1)330B01>i CKOpPOCTBHIO CBCTA.

B cnyuyae maTepuu ¢azoBasi CKOpOCTh HHTEPIIONIHUPYETCS 10 Gpopmyiie

(1 a)+ 1 expe m*/mg)
ffom  €XpEmM?/mZ) +expl mg /m?)’

ﬁifri

da3oBasi CKOPOCTh 3BYKa OIpPEAENSIeTCS] PaHrOM YacTUIl BaKyyMma, 0Opa3yrolmux
3BYKOBYIO BOJHY. [Ipu paHre paBHOM e€IUHUIE, ATO BEJIMYMHA MHHMAs U
pacnpocTpaHseTcsi CO CKOPOCThbIO cBeTa B BakyyMme. [Ipu paHre yacTuiy Bakyyma,
paBHOM OECKOHEYHOCTH JTO BEJIIMYMHA JIEWCTBUTENbHAsA, W COBMAJaeT C
CTaHJApTHOM CKOpPOCThIO 3ByKa. IIpu mpomekyTouHoM panre ¢a3oBas CKOPOCTb
3ByKa BeJIMYMHA KoMIUIeKcHas. dDa3oBasi CKOPOCTh 3JIEKTPOMArHUTHOW BOJIHBI

3aBUCHUT OT AMDJIEKTPUUECKON MPOHUIIAEMOCTH U CKOPOCTHU CPEJIbl MITH TETa.

B cnydae nonst ¢poToHOB Mtk POHOHOB BECOBOM KO3 (HUIIMEHT paBeH

o= exp¢ ug I w?)
ex (- ug I w?) +expt w2 Iug)’

I'me Wg rpanuynHas dactoTa. B ciydae ¢poHOHOB, (ha3oBasi CKOPOCTh MPU HU3KOU

4acTOTE OINPENEISIETCS Yepe3 CBOMCTBA JIPYTMX YacCTHIl BaKyyma, CBSI3aHHBIX CO
CTAaTUCTUKON i1 (pepMHOHOB M OO30HOB W OMPENESAETCS KOTEPEHTHBIM M HE
KOT€pEHTHBIM  CBOWCTBOM  KPUCTAJUIMYECKOM  pemeTrku. B kpucramnax

KPpUCTAJNIMYCCKAA PCIICTKA KOI'CPCHTHA, a4 B KHMAKOCTH M I'a3¢ HC KOI'CPCHTHA.
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@dazoBasi CKOPOCTb HIpPH  BBICOKMX 4acToTax »d3T0 (a3oBas  CKOPOCTb

3JIEKTPOMArHUTHOM BOJIHBI.

PensatuBucTckoe ypaBHEHUE Hasse-Ctokca CIIpaBENINBO IS
ANEKTPOMAarHUTHO-3BYKOBBIX BOJH. [Ipuuem BhiBeneHa Qgopmyna Jisi 3THUX BOJH
TOJIKO B CJIy4ae HENOJABWXHOU cpelbl. Sl omnmcan 3JeKTpOMarHUTHBIE-3BYKOBBIE
BOJIHBI JUIsl IOCTOSIHHOM CKOpocTH cpeasl. Ilpu aTom nmonyuuiiocs npeoOpa3zoBaHue
JlopeHlia, OTIIMYHOE OT NPeoOpa3oBaHUs CO CKOPOCTbIO cBeTa B Bakyyme. Ilpu
MajlOil CKOPOCTH CpEeIbl, IIOJIy4aeTcs He PpeIIATUBUCTCKOe ypaBHeHue Hasbe-

Crokca ¢ uaTepnoaupyemon (ha3oBoi CKOPOCTHIO.

CoBepIlIeHHO aHAJIOTUYHO MOJYyYaeTCsl ypaBHEHHUE JIJII MATEPUH U OTJICITLHO
s monsa. O6a  ciydasi, IS MaTepUagbHBIX Tel H I TOJIS HMEIOT
npeobpazoBanue JlopeHna c ¢as3oBoii ckopocTbio. IlprueM ckKopocTh cpenbl B
HEPENATUBUCTCKOM ClIy4ae JOJKHA OBITh MEHBIIE CKOPOCTH BO3MYILEHHS,
¢dazoBOil CKOpOCTM CBeTa M 3ByKa. JTa (pa3oBasi CKOPOCTh OMpeneisieTcss IO

CKOpPOCTHU CpCabI.

da30Basg CKOPOCTh 3BYKa U CBETA ONPEACICHbl HA OCHOBAHUM YPAaBHECHUS IS
MaJblX BO3MYILIEHHUI NI pelsiTUBUCTCKOro ypaBHeHHs HaBbe-CTokca u 3aBUCAT

OT CKOPOCTH CPEJIbI.

B ombite ®u3zo wuCHonp3yeTcs JABE pa3HblE CKOPOCTUM IIOTOKA, W,
CJIeIOBATENbHO, JBE pa3Hble (a30BbIE CKOPOCTH JIIEKTPOMArHUTHBIX BOJIH. B
ombiTe MaiikenbcoHa u3Mepsiach ¢Ga3oBasi CKOPOCTh CBETAa AIEKTPOMATHUTHBIX
BOJIH, 3ama3[bIBAHUE CBETOBOIO JIy4a MIPH OJHOW CKOPOCTU JBHXKECHHS 3EMJIU.

3HaunT (hazoBas CKOPOCTh, ITO KOHCTAHTA, YTO COOTBETCTBYET opmyde (5.1).

5.2 IIpeoopa3zoBanue JlopeHua 1Jist 3ByKOBbIX BOJIH

B CJIY4a€ aHU30TPOIIHOIO TEJia
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B ciyyae aHM30TpONHOro MPOCTpAaHCTBAa (pa3oBasg CKOPOCTb 3aBUCUT OT YIJIOB U
SIBIIICTCS TICPEMEHHOM B JCKapTOBOM mpocTpaHcTBe cM. [18]. B pesynbrate
pacTsDKEHHST M TOBOPOTOB MPOCTPAHCTBA YIAJIOCh MNPUAUTH K HU30TPOIHOMY
MPOCTPAHCTBY C MOCTOSIHHOM (pazoBoi ckopocThio. [Ipu 3TOM 3a7a4a CBOIUTCS K
MPOCTPAHCTBY MHUHKOBCKOTO, U 3HAYUT B NMOJYYEHHOM H30TPOIHOM MIPOCTPAHCTBE
cipaBeJIuBO mpeoOpa3oBanue JlopeHma. VYgamock MOCTpOUTH ypaBHEHHE
MakcBesia OTHOCUTENBHO TpaJueHTHON YacTu peuieHus. Mcnosib3oBaHa uaest o
pacliMpeHur pelIeHUsT ypaBHEHUA MakcBeijla Ha HaNpsHKEHHOCTH IO,
3aBHUCSIINE OT KaTMOPOBOUHOTO MOTEHI[Majla. B HOBOM MpOCTpaHCTBE MOCTPOEHO
BOJIHOBO€ YPAaBHEHHE OTHOCHUTEIBHO YETHIPEXMEPHOM CKOpOCTHU. Pelast 3amauy B
M30TPOIHOM TPOCTPAHCTBE MOXXHO €€ MEPECUUTaTh B aHU3OTPOMHOE JEKAPTOBO

IMpOCTPaHCTBO, O6paBOBaHHOC AHU30TPOITHBIM TCJIOM.

MGTpI/I‘IGCKI/Iﬁ HHTCPBAJI H MCTpI/ILIeCKI/Iﬁ TCH30P B MATCPHAJIbBHBIX TCJIaX

3aIlIUIICTCA B BUJIC
. . 3 3
ds’ =c?(dt® - dxXdx /¢f) =c’[dt® - § (dy*)?/cf]=c’dt’- § (dZ)?,
k=1 k=1

3 3
1/c¢? =3 1/c?,dZ =cdy*/c U?/c? =] V2/c?

k=1 k=1

2

I'me C; ckopocTh mepenayd BOMYIICHHMS WM METpUYeCKuid TeHsop 1/cp,

COOCTBEHHBIE YHCJIA KOTOPOTO PaBHBI MPOJAOIBHON U MONMEPEUHON CKOPOCTH 3BYKa
B cpene Cy, xoTtopas MOXET OBITh KOMIUIEKCHOW, YYHTHIBAIOIICH 3aTyXaHHE
3BYKOBOU BOJHBI. [Ipu ycinosuu 1/ cij2 =q /c? mojyyaeM METPHYECKU MHTEpBa
Munkosckoro. Ilpu npousBoIbHOM fq MOJIy4aeM METPUYECKUH HWHTEPBAI
MMHHKOBCKOTO ¢ pacTSIHyTBIMU KOOPJIMHATAMM.

HpezmonaraeTc;[, YTO CMCIOCHHUC Y3JI0B PCIHICTKHU 3aBUCUT OT OTHOCHUTCIIBHOI'O

pacCTOSIHUSI MEXAYy HUMHU, HpudeM KOA(DPUIMEHT MNpPONOPUUOHATBHOCTH HE
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3aBUCUT OT TMOCTOSSHHOW CKOPOCTHM  Teia. 3HaueHue K03 (PUIMEHTOB
MPOMOPLUOHAIIBHOCTU HE 3aBUCHUT OT IOCTOSHHOM CKOPOCTH Te€Jla KaK €IUHOr0
LIEJIOTO, U MO3TOMY CKOPOCTH 3BYKa SIBJISIFOTCA KOHCTAHTAMHU B Pa3HBIX CHUCTEMAxX
KOOpAUHAT. BHYTpEHHHUE CBOWCTBA YIPYroro Tejlda HE 3aBUCAT OT €ro MOCTOSIHHOMU
CcKOpocTH. [Ipu 3TOM MOXKHO OIPENEHTUTHh YETHIPEXMEPHBIA TEH30P CKOPOCTH, TIE
MHUMasi 4YacTb «MAarHUTHOTO» M <QJIEKTPUUYECKOrO» TIOJA B HHEPUUAIBHOU

CUCTCMC KOOPAHWHAT paBHA HYJIHO. Beimonnsiercs PAaBCHCTBO HYJIIO JIA MHHUMOM

—“A UA(H(HA ”Ak)lk 0123 cm.

YaCcTH «IJIEKTPOMArHuTHOro» nojist Fy, =

uz  pz pz
[19]. OTtkyna cieayer A =——=H
\/1 v2/c? C\/l V? /c
U u
Uy, = e PR TEH30P CKOPOCTHOIO «3JEKTPOMArHMTHOTO» IIOJIS
w" oz
2.
paseH F :% =
Mz pz

[IpeoGpazoBanust Jlopenma s ynpyroid jaedopManud TBEPAOro Tela

34Ty TCS B BUC

U
dti+ — dzit
47 = dzit + Udt; dt= ! c? ! 2=72 P =7"

e fiume s T

3
Ine umeem 1/c? =3 1/¢Z,dZ =cdy/c, -

k=1

ypaBHeHI/IH Makcseaa ML QJICKTPOMAIrHUTHOI'O IIOJIA B ClIydaC OTCYTCTBHA

TOKOB, UMCIOT BH

pi MFik -0

glJZp

C ydyeTom TeH30pa CKOPOCTH UMEEM
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P SR S | G SR (GRS
L7 8 w2
A W
'#(_'Ak_zuzk

[IpencraBum l%:d—zo, Tak Kak M dz@:gkI b dz =0y dai =0, =0,...3 1,
ds pz* ds Uz ds ds

CJIE0BATEIBHO, BEIUUNHA U, yIOBJIETBOPSIET BOJHOBOMY YPAaBHEHUIO.

VYpaBHEHHE JABMKECHUS JIJIsl YIPYTUX BOJIH B KPUCTAJIAX UMEIOT BU cM. [18]

2
m HU
rdt =1/ m
kl )

[IpuBenem omepatop auddepeHIrpoBaHUs MO KOOPAMHATE K JIUAarOHAJIbHOMY

BUlY

K

/mpp =LT,Q%c;, p* =
M

ia <Xa

3
(/i - deLT)o, =0p' =4 dic,

a=1

3
|/ - doLiy [F0c, =@ (gak)-lpk =B

k=1 “ya

[Tony4aercs, 4TO BEIMYMHBI KOOPJAUHAT PACTAHYTA U ITIOBEPHYTA B OTHOLIEHUHU

3
a (g0 -=1

k=1 X Y,

[ToncraBnsier B 3TO ypaBHEHUE 3HAYEHHUE Y4 , TTOTYyUAEM

a (9u) —=—= b;yb:gll(yxk'i-yg'

BosiHOBOE ypaBHEHHE 3aNUIIETCS B BUJIEC
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ré=4 LT (ga)Z““

a=1 a

Jlns kaxnaoro 4 nUpUBEIEM NPaBYK 4YacThb K JAUArOHAJIBHOMY BHUAY, MCIOJIB3YS

ypaBHEHUE

(Crg - d"Kp )Gy =0
|Cr - dK, =0
Ch —Lm(gg) Ir

TOFIIa MOJYYHUTCA TPHU YPABHCHUA C 9 PasHbIMH CKOPOCTAMU

? 1 p'zub g.
— A m - n .
ﬁ% g a (Gb g) Cmanb gg a 2
a=1 Wa
HpOI/ISBOJILHyIO (I)yHKIII/IIO B OIIpCaAcCIICHUU cOOCTBEHHOTO BCKTOpa OIpEcaAcInM

U, 4= U, 0OIIel ist BCeX UHIEKCOB g .

2
Hub _
= a Kp a5 Uy =Uy (Yo, Y1s Y21 Y3) -

a=1 a

DTO ypaBHEHHUE NMPUBOJUTCS K BUIY

i 1 3 pu, . (e, f,)?
b — "“ha— b 3.
(e, b) am Mzp, 070 2 (g a’)2
Kba
a,b=1 Kba g.d-1 Kdg

[Tomygaem MeTpuyeCKUil MHTEPBaJ, OOIIUI I TPEX YPABHEHHI
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3 3
d¢ =c2dt?- § (dZ2H?=d$=c2dt*- § (d7')?=

a,b=1 a=1
3 Gk
=codt” - a (dy")* & : : R
a=1 b=1 3 (e, fy)
“0eQ K,y
g,d=1 dg
3 (e, f,)? 3 e,,f,)?
Log @ hgpagy g bl
Co aba Kpa b (e, fa)
pad —
g9.d=1 Kdg

3 3 1 ) 3 3 1 )
(€, fp)= a i a # a —) /a @ =1
g b aa=l b a g‘l b—l K bg g=l a-=l Kg a

Nwmeetcs ABC OpPTOTOHAJIBHBIC CHCTCMbBI KOOPJAHWHAT, O6p&30BaHHBI€

tensopom 1/K,. ¢ wuHmekcamm a,p. OOpasoBaHbl JBa HaIpaBJeHMS,

OIINCBIBACMBIC 3TUM TCH30POM. HpI/I (1)I/IKCI/IpOBaHHOM OJHOM H3 MHACKCOB, I[pyroﬁ

HHIACKC, OIIPCACIIICT BCKTOP, HAIIPABJIICHUC KOTOPOIro OMPCACIACTCA OIHO3HAYHO

3 32 1 .
€ =d lla (@ ):(€,,8,)=1. TIpu dukcupoBaHHOM IPYroM
b1 Kpa Vg b= by
MHJIEKCE, OJIyyaeTcs HaIpaBJIcHUE
3 1 203 1,
f,=a a (@ —=)"(f,,f,)=1 Jlost YCTaHOBJIEHHS
a=l 4 Kb a g1 a=1 ga

COOTBCTCTBHA MCIKIAY ABYM HAIIPpABJICHHUAMHU HAA0 HX YMHOXHTb Ha KBaJpar

CKaJIIpHOTO Tpom3BeneHus (e,,f,)*. Ilpu K, . He 3aBucsmem or nHmekca &

3 e, 3
HOIYYHM CyMMYy & ( b) =4 VK, a (e, f,)?=1 u 3aBUCUMOCTb OT
a,b=1 b a b=1 a=1

HaIIpaBJICHUA UCUC3ACT.

3nauenve tenzopa /K, . omHosmauno onpenenser (azoByl0 CKOPOCTH.

Jns pacTAHYTBIX WJIM CXKATBIX KOOPAWHAT CHPAaBEIJIUB METPUYECKUN HHTEPBAI
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MUHKOBCKOro, 3HauuT W mpeoOpazoBaHue JlopeHma. MOXHO THOBTOPUTH
pacCyXKIeHus, IMPUBEACHHBIE JUII MW30TPOIHOIO Te€jla, HO B 3TOM HET

HCO6XOI[I/IMOCTI/I, pacCy:KacHuUsI COBCPIICHHO aHAaJIOTNYHBI.

VYpaBHEHHE OMpeAesoNnee MOIYIb CKOPOCTH 3ByKa B H30TPOITHOM
OPOCTPAaHCTBE B JIaHHOM Cllydyae Ompefensercs OAHo3HadyHo. Ho mpum

MMOBCPXHOCTHOM PACCMOTPCHHUU OHO OIIPECACIIACTCS U3 YPABHCHUSA

r wad

|/|klm im |_

2 _
|/ik|meke|/C0' r ¢ =0
2
[Tony4aercs. 4TO MOIYJIb CKOPOCTH C; 3aBUCUT OT HANpPaBJIE€HHs €IMHUYHBIX

BCKTOPOB q H OonpeacisiCTesa HC OJHO3HAYHO. OTO CBS3aHO C TEM, 4YTO
IMPOCTPAHCTBO aHU3O0TPOIIHO. B npeajlaracMomMm pCmiCHUU MPOHUCXOAUT IMOBOPOT U
PacTsAKECHHUEC BOOJIb  OIPCACIICHHBIX HaHpaBJIeHI/Iﬁ, N 3agadya CBOOAUTCA K
HN30TPOITHOMY IIPOCTPAHCTBY U pCHIACTCA OAHO3HAYHO.

COBGpHIGHHO AHAJIOTMYHO ITIOJIYYHUM YPABHCHHC

2 3 2 2 3 2

H o5 P gg-o- 2 -3 =0
WS w @ A e )]/ - @
“p =W
= A

Pemnast Ty 3amady B cdepuueckoil CHCTeMe KOOPAMHAT, W 3Has TeH3op /ijgm H
3HAUUT 3HAEM MPeoOpa3oBaHUE OT JAEKAPTOBBIX KOOPAMHAT Xy K H30TPOIHBIM

KOOpAWHATaM Z, , IOJy4uM

3 (e f5)° 1 CHAE

z,- 2= (& X =g &l
b=1 K ( d) o a,b=1 Kba

ba

g,a-1 Kd g
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Umeem pemrenne 3agaun (1) j =/ (2°,...,2°), momcraBmss 3aBucumocts (2)

nonyanM f =/ (Xg,-.-X3). 3Has pereHue I MOTEHIHMANA, MOXHO ONPEISTHTH

CKOPOCTbB PAacIpOCTPAaHECHHUS BOJH B aHU30TPOITHOM TeJIe.

Jlns  mokazatenbcTBa TMOCTOSTHCTBA COOCTBEHHOTO BPEMEHHU B PasHBIX
CHUCTEMax KOOpJIMWHAT MPOBEIEM MBICICHHBIN SKCIepuMeHT cMm. [3] ctp.21.
Paccmotpum Anama u EBy coBepiaroiye BpailieHHe M0 KPyroBbIM OpOUTaM B
MPOTUBOIOJIOXHBIE CTOPOHBI B OJIHOM IUIOCKOCTH. Torga MeTpUYecKui

HHTEPBAJ PaBeH
ds’ =c?dt? - dr? - r2dj % - dZ.

B MoOMeHT BCTpeun OHM CHHXPOHM3UPYIOT 4Hachl. [Ipu cienyrouieid BcTpeun
AJaM CUMTAaEeT, YTO €ro 4achl YUAyT BHepen, a EBa cuuTaer, 4To €€ 4achl yuayT

Briepes. Ho kak mokaswiBaeT mojicuer, coOCTBeHHOe BpeMsi Anama u EBbI

Hen3MeHHo. [lokaxkem »510. Tpaekrtopus Anmama [Fp =1y, Z= 0/ A=W,

Tpaexropust Esbr [ =1y,2=0,/ = W . CobGctBeHHOE BpeMs HX

OJHNHAKOBO
dr 2 =drZ =c?dt® - rfwAdt® =c?*(1- réw?/c?)dt?.

Cob6cTtBenHoe Bpemsi Anama u EBBI OcTanoch OJIMHAKOBBIM, a BpPeMs B
JBUTAIOIICICS CUCTEME OTCYETA YBEJIMYMIOCh OTHOCUTEIBHO HETOJBUKHBIX
Anama u EBbl. M3MepeHne BpeMEHH M pacCTOSIHUSA C MOMOIIBIO 3BYKOBBIX U
AIEKTPOMArHUTHBIX BOJH MOTEPSJIO CBOM CMBICT B KpyroBbeix opOutax. Ho
COBMAJICHHE COOCTBEHHOTO BPEMEHH IS MO-Pa3HOMY JABUTAIONINXCS OOBEKTOB

0CTaJIoCh, KaK CBOMCTBO, OMHUCHIBaeMoe (popMynaMu, KOTOpPHIE CTIPABEIITUBHI.

B xkuure [10] mnpousBeneH MOACYET COOCTBEHHOIO BpPEMEHU B
HEMHEPUUAIBHON CUCTEME KOOPAMHAT, HEMOIBUKHOTO AJlamMa, U OHO COBIIAJIO C
cOOCTBEHHBIM BpeMeHeM jBuraroiieiicss EBel. 1 Ha000poOT, npu HENOABUKHON

EBe ee coOcTBEeHHOE BpeMsi COBMAJIO C COOCTBEHHBIM BPEMEHEM JBUTAIOIIETOCS



75

Anama. IIpuBeaem Boeikmagku w3 [10]. OcymectBuMm mnpeoOpa3zoBaHuUE

KOOPAMHAT, IEPENAS B HE HHEPLHUAIBHYIO CUCTEMY KOOPAUHAT

j - ji=/ -t
t- ti=t
r- ri=r
Z- Zi=Z

MeTpI/I‘{eCKI/Iﬁ HHTCpBAJI B IHTpHXOBaHHOﬁ CUCTEMC KOOpAWHAT, PABCH

(IWTpUXH OMycKaeM)

2 2
WZ; 2 2™ 4icdt- dr? - r2dj 2 - dZ.
C (3

Tpaexropus Hemoxsmkuoro Amama Iy =1y,Z2=0/ o =0. [suraromascs Esa
umeer Ttpaekroputo I =g, Z, =0/ ( =-2W. CobcteHHOE Bpems Anama u

EBBI1, paBHO
dt3 =c?@- réw?/c?)dt?.

c?

drZ =ff(L- rfw?/c?)dt® + —2 c?dt® -

2
4”5—2“)c2dt2 —ff(1- r2n? Ic?)dE.

COOCTBEHHOE BpEMSI HEMOJBWKHOTO M YCKOPEHHO JBHUTAIOMIETOCs OOBEKTa
COBIAJIO, a B IITPUXOBAHHOW JBUTAIOLICHCS CHUCTEME KOOpPJIHUHAT BpEMSs

YCKOPHUJIIOCH.

PaccmoTpum  ciydail, korga COOCTBEHHOE BpeMs HE COXpaHSETCH.
Homyctum Anam Bpamaercs co ckopocteio W mpu paguyce I' =Ty, a EBa co
ckopocTbio W/2 mpu paguyce I =4r,. Tlpuuem Anam u EBa Bpamaiorcs

BOKPYT Pa3HBIX IIEHTPOB, U WX OKPYKHOCTH KacaroTcs. Torma coOCTBEHHOE

BpeMsi Aqama paBHo df 3 =c?(1- rZw?/c®)dt?, a coberBenHoe Bpemsi EBbr

paBuo df3 =c*(1- 4rfw?/c®)dt®. Korma oHM BCTpedaroTCs, COOCTBEHHOE

BpeMmsi y HuUX pasHoe. Ho peanmszaums Takoro nuxeHus ¢ nomombro OTO
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HEBO3MOXHA, TaK KaK HUKAKOE TPAaBUTALMOHHOE IOJE€ HE MOKET 00ECHeuuTb
Takoe JABMKeHHE. Bo3MokHO obecniedeHue Takoro aBkeHus B pamkax CTO.
Ho nmeercs ogna cnoxHocTs. @opMyiia a1 cOOCTBEHHOIO BPEMEHHM B paMKax

CTO
)
! A =CRV1- VZ/c*dt (5.3)
i1

npuMeHuMa He Bcerja. OHa mpuMEHHUMa TOJIBKO B KaKOM-JIHMO0O T0JIe, U CUUTATh
CKOpPOCTh HaJI0 B 3TOM I10JI€, TPABUTAIMOHHOM WJIU 3JIEKTPOMArHuTHOM, M HE 1O
cymmapHomy d(dexTy, a MOXHO ONPEACNUTh 3ama3iblBaHUE JId KaKIOou
YaCTHUIIbl, B CJIy4ae 3JICKTPOMArHUTHOTro mojsi. CUuTaTh CKOPOCTh MO APYroi
CUJI€ HE MPUBOAUT K JIOKAJTbHO WHEPLMAJIBLHOW CHUCTEME KOOPAMHAT, TaK Kak
JNEUCTBUE JPYrUX CHUJI HE 3aMKHYTO, a JCHCTBUE TPABUTALIMOHHOTO U
3JIEKTPOMArHUTHOTO MOJ 3aMKHYTO. I[IpuueM MoaenupoBaHUE TaKOW CHIIBI C
IIOMOIIBK0 MHOYKECTBA YACTUL HEBO3MOXHO, TaK KAaK MOXXHO OIPEACIUTH
YCKOPEHHUE TOJIBKO Ka)J0M dyacTulbl. PopMyna 1isi YCKOPEHHUSI CIOKHOIO Tesa
COAEPKUT MHOXKECTBO YacCTUL. M Uil KaXKIOW YaCTULBI CBOE BpeEMs

3ama3/IbIBaHMs, OOIIEr0 BPEMEHHU 3ama3/IbIBaHus HE CYIIECTBYET.

M3MeHeHHe BpEMEHH B Pa3sHBIX CHCTEMAX KOOPAMHAT MOKHO TOJKOBATh
KaK 3aMeJJICHHE B OJHOI CHCTEME KOOPAMHAT, UM KaK YCKOPEHHE B JIPYTOIl.
Bce 3aBHCHT OT TOTO, KAKOE BPeMsl PacCMaTpHBaTh HensMeHHBIM. COOCTBEHHOE
BpeMs, BpeMs HEINOJBMKHOIO B JAHHOW CHCTEMe KOOpAMHAT HaOJIojaress
ABIAETC HEM3MEHHBIM, TaK KaK OHO ONpEJeNsieTcs B eIUMHCTBEHHON CHCTEME
KOOpJIMHAT, B KOTOPOH TEJI0 HEMOJABIXXHO. B mo0oil mpyroii cucreme
xoopaunat Bpems 1, - 1, B popmyne (5.3) mepemenno. ®usuyeckuii cMbICI
MMeeT COOCTBEHHOE OHOJOIMYECKOE BpeMs, a He M3MEPEHHOE IO 4acaM, C
IIOMOIIBIO CBETOBBLIX M 3BYKOBBIX BONH. 110 yacam ¢ IOMOIIBIO 3BYKOBBIX U

CBCTOBLIX BOJIH BPCMA I[CI\;ICTBI/ITGJ'II)HO COKpAaTUTCA B 3aBUCHMMOCTH OT MACChbI

TCJIa HWJIM 4YaCTHIHBI. HN3menenue BpCMCHHN B MHUKPOMHUPEC OIPCACIIACTCA C



77

IOMOIIBIO DJIEKTPOMArHUTHOM BOJIHBI, OTKYJa U €ro u3MeHeHue. liMeeM CBs3b
dt =./1- v?/ cgdt, rne | COOTBETCTBYET BPEMEHU B CUCTEME KOOpPAMHAT, I

Yachkl HEMOJABIDKHBI. JTO CcOOCTBEHHBIE OHWoJormueckoe BpeMsa. Bpems B
ABWDKYIICHCS CUCTEME KOOpAWHAT OyJeT HEM3MEHHO, TJIe CKOPOCTh Tella paBHA
HYJII0 B COOCTBEHHOM cucteme koopiauHat. Ho OGuosornueckoe, coOCTBEHHOE
BpeMsi [ COOTBETCTBYET BPEMEHU CUCTEMBI KOOPAUHAT B KOTOPOM HAOIIOIaTENb
HETIOJIBM)KEH, a HE YCKOPEHHOMY BpEMEHH, H3MEPEHHOMY C TIOMOIIIBIO0 CKOPOCTH
BO3MYIIEHUS. B JOBWKymieicss cucreMe  KOOpAWMHAT  OMOJIOTHYECKOE
COOCTBEHHOE BpeMsI HEM3MEHHO JUISI HETIOJBMKHOTO B 3TOM CHCTEME KOOPIWHAT
HaOmronatens. EquHCTBEHHOE OTIMUME yleTaromero Onu3Hena oT OJn3Hena B
WHEPIMATBHON CHCTEME KOOPAMHAT OTO pa3Has pEeakmus ONOpbl IpH
yckopeHun. Ho 3T0 HUKaK He CBSI3aHO C MPHUOOPETEHHOW CKOPOCTHIO TEUCHUS
BpeMeHu. [IpocTo Gmonorndeckoe Bpems )KU3HH, HAIIPUMEP, JIETIUKOB B CBS3H C
YXYIIIEHUEM COCTOSIHUSL 3/I0pOBBbSl YMEHBIIAECTCS B CBSI3U C IEPErpy3KaMu.
CoOcTBeHHOE BpeMsi, B JII000H crcTeMe KOOpIUHAT HEU3MEHHO U HE 3aBUCHUT OT
peakuuu oropsl. JlelicTBHE 3aBEeleHHON NPYKUHBI YacoB HE 3aBUCHUT OT
peaKkIuy Omophl YacoB, a OINpeNessieTcsl YIpyrocTeio npyxuHsl. [IpaBna eciu
yIapuTh MO YacaM, T.€. CO3AaTh OOJBIIYI0 PEAKIHIO OMOPHI, TO OHU MOTYT
CIIOMAThCSl, HO 3TO HE M3MEHHUT XOJl BPEMEHH U B HWHEPIHAIBHON CHCTEME

KOOpJMHAT. Y 1ap 10 YacaM aHaJOTHYeH JIEUCTBUIO MIEPETPY3KU Ha JIETUUKOB.

YCcKOpUTCS HMHTEpPBAJl BpPEMEHHM B  JIBWKYLIEHWCS CUCTEME KOOPAMHAT,
W3MEpPEHHBI C TIOMOIIBI0O 3BYKOBOW BOJIHBI, TaK KaK COOCTBEHHOE BpeMs
HEU3MEHHO. YBEJIMYUTCA U pa3Mep Tena, U3MEPEHHBIM C MOMOIIBIO 3BYKOBOM
BOJIHBI B JBUXKYIIEWUCS CHCTEME KOOPIMHAT, NMPU HEU3MEHHOM COOCTBEHHOM
pasMepe Tena, U3MEPEHHOM IIpU HENOABMXKHOM Teie. lIpoucxomut moamen
noHsAtud. Mmeercs cucTteMa IITPUXOBAHHBIX KOOPAMHAT, TA€ OOBEKT
HenoABwKeH. OHa cBsi3aHAa C HE IITPUXOBAHHOW CHUCTEMOM KOOpJWHAT
npeoOpazoBanueM ['anunes u Jlopenna. 3anumem npeobpazoBanue ["amunes u

Jlopenua.
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V 1
X=(Xi+Vti)g.y=Vvi,z=zit=(ti+ 5 Xi)9,.0= —="
c’ J1-Vv2/c?

B o10ll cucreMe KOOpAMHAT IITPUXOBAHHBIM OOBEKT HEMOJABHUXKEH, a He
TpUXOBaHHBIM nBUkeTcs. CorjmacHo mpeoOpazoBanHuto JlopeHna, uMeeTcs

CBA3b

DXi

V1-V2/c?

Jlanee wayT npoTuBopeuns ¢ kHurou [14]. B Hell Ha3bIBaeTCS MOKOSIIAMCS

Dx =

00BEKTOM HE IITPUXOBAHHBIN, XOTS OH JBUXKETCS CO CKOPOCTBHIO V COIJIacHO
npeoOpazoanuto ammnes u JlopeHma. A naneliie AT IMyTaHWIA TOHSTHH,
Kakoi OOBEKT CUMTaTh HEMOABH)KHBIM, TOT W pa3Mmep He MeHsercs. B [14]
CUMTAETCS, YTO HEMOIBWIKEH HE IITPUXOBAHHBIN OOBEKT, U IMMOITOMY OH UMEET
MaKCUMaJIbHYIO JJIMHY B pa3HbIX HWHEPLUHUAIBHBIX CHUCTEMax KOOpJWHAT, a
pasMep IITPUXOBAHHBIM COKpaIlaeTcs, a Ha caMOM Jeji€é HEMOJABWKECH
MITPUXOBAHHBIM OO0BEKT ¥ HMMEET MHUHUMAJIbHYK JUIMHY B  Pa3HBIX
WHEPIMAIbHBIX CHCTeMaX KOOPJAHWHAT, a HE IITPUXOBAHHBIA MMEET OOJIBIIYIO
mHy. Borpoc B ToM, Kakol 0OBEKT CUNTATh HETIOJIBUKHBIM H, CJIEI0BATEIIHHO,
UMeeT DJKcTpeMaiabHbI pasmep. CormacHo mpeodOpazoBanuto [amunes wu
JlopeHI1a, HEMOABUIKEH IITPUXOBAHHBIA O0OBEKT, a HE MITPUXOBAHHBIN JBHKETCS
CO CKOPOCTBIO V . BpeMsl )KU3HU B ABUTAIOLIEICS CUCTEME OTCUETA YBEIIMUYUTCS
10 CPaBHEHHUIO C COOCTBEHHOH CHCTEMOW OTCYETa, 3HAYUT TEMIT >KU3HU M
4acTOTa YMEHBIIUTCA CM. CTp. 32-33. DTO COOTBETCTBYET BPEMEHH KU3HU
AJIEMEHTApPHBIX YacTHUIl, KOTOpPO€ y [BIXKYIIEro Tejla OoJbllie YeM Y

HCIIOBHIKHOTIO.

CornacHo ¢ Moeill HAEONOTHEH, IITPUXOBAHHOE BpPEMsI HEMOABUKHOTO
HaOMroMaTenss HEW3MEHHO, COBMAJaeT C COOCTBEHHBIM BpeMEHEM, a

I[BI/IFaIOIHI/II\/'ICSI Ha6n}0z[aTem> MOXET HMMCTBb Kak 6OJ'IBH_I66, TaKk M MCHBIICC
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BpeMs, 4eM COOCTBEHHOE. JTa HUACOJOrds OTIMYAETCS OT OOUIENPHU3HAHHOM,
COTJIaCHO KOTOpPOM  IITpUXOBaHHbIA  HaOmomarenb JBuxkercs. Ho B
COOTBETCTBUM C TpeoOpazoBaHueM ['anmuiess IITPUXOBAHHBIN HaOIIOATENb
HEMOJBIXKEH X =Xj+Wtji. B 1aHHOM ciy4ae nBuraromuiicss Hab01aTeIh UMEET
MEHBIINE MOKa3aHusg 4yacoB. Ho 3TO B ciiyyae paBHOYCKOPEHHOIO JBUKECHUS.
JIBurarommiicss ¢ TOCTOSIHHOM CKOpPOCTBhIO HaOJ0IaTellb HMMEET MOKa3aHus
yacoB OouiblliMe, 4eM COOCTBEHHOE HemojaBMXHOe Bpems. Ho 310 (okychl ¢
U3MEPEHUEM BPEMEHH C TMOMOIIBIO JJIEKTPOMArHUTHOM BOJHBL. HMcTUHHOE
COOCTBEHHOE BpEeMs HEMOJBIKHOIO HaOMIoAaTeNnss HEU3MEHHO B 00O

CUCTCMC OTCUCTA.

Crapenue opranusma oOyCIIOBJIEHO JABYMs (aKTamH, MpOIIeAIINM
BPEMEHEM U YaCTOTOM, C KOTOPOM MPOU30ILIO CTapeHHE TUTIOC TPUMEIIUBAOTCS

IMPOCTPAHCTBCHHBIC KOOPAWHATHI. CDaKTOp m - kl X, SBJIACTCA HWHBApPUAHTOM B

MHEPIHMATBHBIX CHCTEMaX KOOPAUHAT, U OIPe/IeIiIeT CTapeHUue OpraHu3Ma. ITOT
(dakTOp OJMHAKOB B Pa3HbIX CUCTEMaX OTCYETa, 3HAYUT CTAPEHUE HE 3aBUCHUT OT
TOT0, C KaKOW CKOPOCThIO JABMKETCS 00beKT. B coOCTBEeHHOU cucTeMe oTcyeTa
ATOT (PaKkTOp paBeH MPOU3BEACHHUIO COOCTBEHHOTO BPEMEHUW Ha COOCTBEHHYIO

yacrory. B OTO ecrp anHamoruuHbli uHBapHaHT g, dk dx" = dk dx".

COXpaHeHI/Ie 9TOI'0 MHBApHAHTA O3HAYACT, YTO CTAPCHUC OpraHrM3Ma HC 3aBUCHUT

OT CUCTCMBI OTCUECTA.

Ho onpenenenHblli ¢ MNOMOIIBIO 3JEKTPOMArHUTHOW BOJIHBI pPa3MEPhBl HE
U3MEHSTCS, T.€. BUJETh MBI OyJeM Te€ XK€ pa3Mephbl, TaK KaK 3pECHHE HaIllle
AJIEKTPOMAarHuTHOE, a CKOpPOCTh 3ByKa Maja, IO CPAaBHEHHUIO CO CKOPOCTBIO
CBeTa. 3HAUYUT COOCTBEHHOE MCTUHHOE BpPEMsI TEYET B Pa3HbIX IBUTAIOLIHXCS
CHUCTEMax KOOpPJHMHAT OJWHAKOBO, HO M3MEPEHHOE C IMOMOIIBK) BO3MYIICHUU,
3BYKOBBIX WJIM CBETOBBIX, BpE€MS B JBHUTAIOLICKHCS CHUCTEME KOOPAMHAT
yBenunuutca. Ho coOcTBEeHHOE BpeMsi OCTaHETCs HEeM3MEHHbIM. BepHyBuuiics
MyTEHIECTBEHHUK, OJU3HEI], IO COOCTBEHHOMY BPEMEHHU MPOKUBET OJUHAKOBBIM

HHTCPBAJI C HCIIOJABH)XHBIM 6J'II/I3HeI_[OM. TonbKO IO CBETOBBIM U 3BYKOBLIM
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JacaM OH TPOXKHBET OoJblee BpeMs, a COOCTBEHHOE BpeMs OAWHaKoBO. [lo
3BYKOBBIM 4acaM BpPEeMsI TOXKE YCKOPUTCS B JIBUKYIICHCS CUCTEME KOOP/IHUHAT, a

cOOCTBEHHOE BpEMsA OCTAHCTCA HCU3MCHHBIM.

Bpewms B 1Buxkylencs cucreMe KOOpAUHAT TEYET 10 YacaM, HEIOABUKHBIM
B 3TOH cucteMe koopauHat. [loaromy BepHyBIIMiics Onu3Hel, OyneT Bce BpeMs
KUTh 1O COOCTBEHHOMY BpPEMEHH, M 3HAYUT BEpHETCS 0e3 W3MEHEHHUs
VMHTEpBajga BPEMEHU K CBOEMY HENOJABHKHOMY B HA4aJbHOM CUCTEME OTCUYETa

Onu3Heny.

®u3znyeckuid CMBICI HMMeeT COOCTBEHHOE OHMOJOTHYECKOE BpEMs, a He
U3MEPEHHOE T0 YacaMm, ¢ TIOMOIIbIO0 CBETOBBIX M 3BYKOBBIX BOJIH. [lo wacam ¢
MIOMOIIIbIO 3BYKOBBIX M CBETOBBIX BOJIH BpPEMS JICUCTBUTEILHO YBEIWUYUTCS B
3aBUCUMOCTH OT Macchl Teia wiM 4Yactuibl. [Ipu ckopoctu Tena Oomblie
CKOPOCTH 3BYKa, MOHSATHSI U3MEPEHHBIX CO CKOPOCTHIO 3BYKa JUIMHBI U BPEMEHU

HYXKIaCTCs B YTOYHCHHH.

Ocraercs B cuiie U3MEHEHHE BPEMEHU B Pa3HbIX MHEPIIMAJIBHBIX CHCTEMax
KoopauHaT. Tak aeMeHTapHasi 4acThlla Mo cOOCTBEHHOMY BPEMEHHU MPOKUBET
YCIIOBHO TOBOps, 1 cekyHy, a B 1abopaTopHOi cucreme koopauHaT 10 cekyH,
OTHOCHUTEIHHO U3MEPEHUSI BPEMEHH HEMOABMKHBIM HA0III01aTeIEM C TIOMOIIIBIO
ANEKTPOMArHUTHBIX BOJIH, €CJIM BEPHYTHCA B CHUCTEMY ILIEHTpPa WHEPLHH, TO
yactuua npoxupeT 1 cexkynay. Ho Bo3BpaTa B cUCTEMY LIEHTpa MHEPIUU HET,
YacTHIIA pPaclaieTcs B JIaOOpaTOPHOW CHUCTEME OTCYETa, HO MO COOCTBEHHOMY
BPEMEHM, TJI¢ OHA HEMOJBH)KHA, MpoxkuBeT | cexyHay. HyxHo mepecuurtarhb
BpeMsl  J1a0OpaTOpPHOW  CHUCTEMBI  OTCYETA, H3MEPEHHOE C  IMOMOIIbIO
ANIEKTPOMArHUTHBIX  BOJIH  HEMOJBIDKHBIM  HaOdrofaTelieM, BO  BpeMs
COOCTBEHHOW CHCTEMBI OTCYETa YaCTHUIIBI, TO TIOJYYUTCS BpeMsl OfHA CEKyHJa.
DOT0 W ecTb OMOJOTrMYecKOe BpeMs CYIIECTBOBAHMUS YacTUIbl. B maHHOM
skcriepuMeHTe Bpemsi 10 CekyHJ TMOJy4eHO C TMOMOIIbI0 MPOUACHHOTO
PAcCTOSIHUSI CO CKOPOCTBIO CBETA, T.€. C UCIOJIb30BAHUEM 3JIEKTPOMATrHUTHOIO

M3MEpPEHMUSL.
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Amnanorunynas curyauus ¢ curHanamu GPS. MHTepBan BpeMeHn M3MepeHHbIH B
71a00paTOPHOM CHCTEME OTCUETa C IMOMOILBIO CBETOBBIX BOJH B COOTBETCTBHUHU C
npeoOpa3oBanueMm Jlopenma Oyner OoJbliie, 4YeM TMPOWAET BpPEMEHU TIO
coOcTBeHHbIM Yacam. Ho u3MepeHuss BpeMEHU NPOUCXOIAT B J1abOpaTOpHOM
CUCTEME OTcyeTa, KOTopoe Oousblie 4YeM B coOctBeHHOW. Ha cmyTHuke
KOMIIEHCUPYETCSl Ccuja TSIKECTH, 3a CUeT LEHTPOOEKHOM CUJbl M BpeMms
U3MEpPEHHOE YacaMM CITyTHUKA UMEET YBEJIMYECHHE TOIBKO 3a cyeT ckopocTu. Ho
3eMJId JKMBET MO BpEMEHHM JabopaTOpHOM CHUCTEMBbI OTCYETa, CBSA3AHHOWU C
NPUTSOKEHUEM H BpallleHHEeM 3eMiId, ModToMmy Bpemsi GPS KoppekTHpyroT,
4YTOOBI BpeMsl CIYTHHKAa COBMAAaio C BpeMeHeM 3emiu. Heobxonumo, 4ToObl
BpeMsi M3MEPEHHOE C TOMOIIBI0 3JIEKTpOMarHUTHBIX BONH GPS, coBmano c
3emHbIM. O COOCTBEHHOM BpPEMEHH, OJMHAKOBOM I CIYTHHKA U 3E€MJIU HE
IyMaloT, TOOMBAIOTCS COBHAJACHUS BPEMEHH 3eMJIM M CIYyTHHKA, KOTOPOE
OTIMYaeTCsl B pas3HbIX Toukax 3emiu. l[lpaBunbHee ObUTO OBl MEepedTH K
COOCTBEHHOMY BpE€MEHHU 3e€MJIM U CIYTHUKA, KOTOPOE HEU3MEHHO U YUYUTHIBATh

MOTIPAaBKU BPEMEHU Ha pPa3HYI0 CKOPOCTh BpalleHUs! 3eMIIH.

[Tpu 5TOM aTOMHBIE Yachl TIOCTPOSHBI C TIOMOIIBIO 3JIEKTPOMArHUTHBIX BOJIH
¥ M3MEpSsl 110 HAUM TIOJTyYUM 3ama3/bIBaHie BPEMCHH B JIBUTAIOIICHCS CHCTEME
orcyera. lX mokaszaHWs HAIO TEPECUYUTHIBATH C IOMOIIBIO MPEOOPa3OBaAHMS
BpemeHn 1o JlopeHIly B cOOCTBEHHYIO cHCTeMy oTcdera. [lomydaercs, 4To
3¢ peKT HEeM3MEHHOCTH BPEMEHH B COOCTBEHHOM CHCTEME OTCUYETa HEBO3MOXKHO
U3MEPUTHh C TIOMOIIBI0 CYIECTBYIONIUX 4YacoB. TOJMBKO OSKCIEPUMEHTHI C
BpEMEHEM JKM3HU OpraHu3Ma, He OCHOBAHHOTO Ha 3JIEKTPOMArHUTHBIX BOJHAX

MOYKET J1aTh PE3YJbTaT.

Pa3pemurcs n nmapanokce bemna. JIBe HENOABHKHBIE PAKETHI COCTUHEHBI TYTO
HaTAHYTHIM TpocoM. OHU HAYMHAIOT ABUTATHCA C OJIMHAKOBBIM YCKOPEHHEM U
JOCTUTAOT OOJBIION CKOpOCTH. PaccTosiHue Mexay pakeTamu COKpaTUTCS B
COOTBETCTBUHU C NpeoOpazoBanueM JlopeHiia u kaHaT pazopsercs. Ho ¢ npyroi

CTOPOHBI B CONYTCTBYIOIIEH CHUCTEME KOOPAWHAT KaHAT HE H3MEHUT CBOIO
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JUTMHY ¥ He paszopBercsa. CrnenuaibHas TEOPHS OTHOCHUTEIHHOCTH HE MOXKET
pa3pemuTh JTOT mapanokc. Ilpemmaraemasi WHTEpHIpeTanus JIETKO €ro
pas3pemaeT, B MPaBMIbHOM COMYyTCTBYIONIEH CHCTEME KOOPAMHAT pa3Mep KaHaTa
HE W3MCHUTCSA. A B JBUTAIONIEHCS CHUCTEME OTCUETa HAJO TEPEeCUYUTHIBATH B
COITYTCTBYIOIIYIO CHCTEMY OTCYETa, JJIs ONpEIeSICHNs NCTHHHBIX pa3MepoB. B
JIBUTAIOIICHCS CHCTEME OTCYETa, M3MEPEHHUS C MOMOIIBIO AJIEKTPOMATrHUTHBIX
BOJIH MTPUBEJIN K COKPAIICHUIO JUIMHBI. Ho 3TH M3MepeHwHs Ha/l0 IEPECUUTHIBATD

B COIMYTCTBYIOUIYIO CO6CTB€HHyI-O CUCTCMY OTCUCTA.

HpI/I ABHKCHHUHN CO CBCpXBBYKOBOfI CKOpPOCTBIO BpEM:, HU3MCPCHHOC IIO0
3BYKOBBIM BOJIHAM, TCPACT cBol cmbicia. M »T0 HE HAapymcHUC IPHUINHHO-
CHG}ICTBGHHOﬁ CBA3H, ITPOCTO U3MCPCHUC BPCMCHH C ITOMOIIBIO 3BYKOBBLIX BOJIH B
9TOM CJIy4a€ HCBO3MOKHO. CKOpOCTB YIIapHOﬁ BOJIHBI OOJIBIIIE CKOpPOCTHU 3BYKa.

[TogxopeHHoe 3Ha4YeHUE 3HAMEHATENs W3MEHUT CBOM 3HAK, W OyJIeT paBHO
JV?/cZ-1. MeTpudyeckuil uHTEpBajd CTAaHET MHHUMBIM, W YyAapHas BOJHa

pacIpoCTpaHsIeTCcsl CO CKOPOCTBIO OO0JIbIlIE CKOPOCTH 3ByKa. MHTEepBaj cTaHOBUTCA
IPOCTPAHCTBEHHO-TIOAO0HBIM. /{7151 CBEpX3BYKOBOM CKOPOCTH JBMKEHHS 3BYKOBOE
BO3/ICHCTBHE B PA3HBIX CUCTEMAX OTCUETa MOXKET ObITh, KaK paHbIIE, TaK U MO3Ke
COOBITHSI YeM B CHCTEME OTcueTa ¢ OECKOHEUYHOW ckopocThio. Ho Tak Kkak
OecKOHEYHass CKOPOCTh HE [OMYyCTUMa, MNPUYMHHOCTH OYAET COXPaHATHCS B
00JaCTH C HENpepbhIBHOM CKOPOCThIO. TONBKO COOBITHS, JBUTAIOIIMECS CO
CBEPX3BYKOBOIl CKOPOCTBIO, OYAYT OIEpekaTh COOBITUS CO CKOPOCTHIO 3BYKa, T.€.

3BYKOBOE BO3JICHCTBHE Oy/eT 3ama3bIBaTh M0 CPABHEHHUIO CO CBEPX3BYKOBBIM.

Ananoruvnas cutyanusi ¢ cooctBeHHbIM BpemeneM B OTO. Ecnu Bpemst B mosie
IpaBUTAIlMM TE€YET HE OJWHAKOBO B JIAOOpaTOPHOH CHCTEME KOOPJWHAT, TO
COOCTBEHHO BpEMsI B IOJI€ TPABUTAIIMU M BHE €ro TeueT oJJuHaKoBO. CoOCTBEHHOE
BpeMsl SIBJIIETCS OMOJIOTUUYECKUM BPEMEHEM KM3HU CUCTEMbl. COOCTBEHHOE BpeMsI
B OTO omnpenemsiercs crneayronmuM ob6pazoM. C  MOMOIIBIO  JIOKAJIBHOTO
npeoOpa3oBaHusl YHUUTOXKAeM TI'PaBUTAIIMOHHOE ITOJIE. JOKAJBHO cHUCTeMa Oyer

yIOBIETBOPATL npeodpaszoBanuto Jlopenna. CobcTBenHoe BpeMs [ ompenenurcs
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t t t
no ¢opmyne iy = fjfn/1- V2 /cldt= /g, V'V dt= Vv dt. OTO HCTHHHOE,
0 0 0

OMOJOrNYecKoe BpeMsl MO KOTOPOMY JKMBYT OOBEKTHI C HE 3JEKTPOMATHUTHOMN
npupoaoi. M3mepeHne oOOBEKTOB C 3JIEKTPOMArHUTHOM NPUPOJION JaeT He
MIPAaBUWJIBHOE 3HAYCHHE BPEMEHHM U KOOPJMHAT, KOTOPOE HAJ0 MEPECUUTHIBATH B
ucTuHHOE BpeMda. [IpuuemM OOBEKTHI € 3IIEKTPOMArHUTHOW MPUPOIOH KUBYT
COrJacHO COKpAILEHUI0O BPEMEHHU COIJIacHO oduuuanbHOM Touke 3peHus. Ilo
ATOMY MOBOAY CM. MaTepuayg Ha cTp. 68. Bompoc mo KakoMy BpPEMEHH KUBYT
KUBbIE  OpPraHu3Mbl? ODTO  OJHOBPEMEHHO M  TUAPOAMHAMUYECKas U
JJNIEKTpOMarHuTHas  cuctema.  llpuyeM  ruapoaMHaMHuYecKHe  OOBEKTHI
yIIOBJIETBOPSIOT MpeoOpa3zoBanuio JlopeHna ¢ (a3oBoii ckopocThio 3ByKa. Ecnu
TUAPOAMHAMUYECKUI OOBEKT, MOAUYMHSAIONIMICS mpeoOpazoBanuio JlopeHna c
(a30BOI CKOPOCTHIO 3BYKA, ABUKETCS, TO OH OOJIbIIE KUBET MO 3BYKOBBIM Hacaw,
CM. CTp. 68. Eciu HENnoABMXKEH, TO BpEMS €ro JKW3HU COKpallaeTcs.
[TonBUXKHOCTH OpraHu3Ma CBsi3aHa C JIEHCTBUEM CHJIBI TskecTH. Ecim Obl Cuitbl
TSDKECTU He ObLIO, TO OPraHU3M HaxoAWics B COOCTBEHHOH cHCTEME OTCYETa U
MEHbILE KWI. Tak Kak CKOpOCTb 00BEKTa Majla, TO JIEKTPOMArHUTHBIE CBOMCTBA
HE BIMAIOT Ha MPOAOJDKUTEIBHOCTh XKU3HM. HO Takke Kak BpeMs JKU3HU
JJIEMEHTAPHOM 4YaCTULBl YUIMHAETCS B JABWXKYILNEWCS CHUCTEME OTCYETa,
YIJIMHIACTCS M BpeMsl KU3HHM 3a CUET PEIITHBUCTCKOTO 3(ddekta ¢ ¢azoBoi

CKOpOCThIO 3ByKa. Ilpmyem coOcTBeHHOE€ BpeMs JKU3HM df W Bpems
dt

J1-Vv?ict

TCJIa OTHOCHUTCIIBHO HCHO,HBH)I(HOﬁ Ha OECKOHEUHOCTH CpCabl, KOTOpasa ABJIACTCA

pENATUBUCTCKOE dt OTIMYAETCA Ha MHOXXHUTEIIb =dt, Tae V CKOpPOCTH

a0COIOTHOM CHCTEMOH OTcYeTa HeMMHEHHOU cpensl cM. cTp. 42. KocMoHaBT Ha
opOuTE MO TUAPOJUHAMUYECKAM CBOWCTBAM HAXOIUTCA B COOCTBEHHOW CHCTEME
oTcueTa TaK KaK CHJIBI TPaBUTAllMA KOMIICHCHPYIOTCS  IEHTPOOCKHBIM
YCKOPEHHEM, TOATOMY HEOOXOAMMBI YIPaKHEHUS ISl TOJJCp KaHMs KU3HU (Ha
OopOUTE MBIMIIIEI aTPOPUPYIOTCS U TIPH UTUTEIHBHOM TaKOM COCTOSTHUM HACTYIaeT

CMEpPTh 10 Mepe HCTEUEHUsI COOCTBEHHOIO BpPEMEHU) U TIepexoja K
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PENSITUBUCTCKOM, HE COOCTBEHHOW CO CKOPOCTBIO 3BYKa M C PEAKIUEH OIMOpHI
cucreMe orcyera. CoOCTBEHHOE BpeMs JKU3HHM YEJIOBEKa OIPaHUYEHHO, a
JBIKEHHE €r0 YBEIMYMBAECT, TAK KaK YEJIOBEK TMApOoJMHamMuyeckas cucrema. Ho
€CJIM TEepPEecYUTaTbh B COOCTBEHHYIO CHUCTEMY OTCYETa, TO MOJYYUM HCTHHHOE
Ouonornyeckoe BpeMms KU3HHU. TakuM 00pa3oM MOJIy4yaeTcs, YTO JABUTAIOIIMICS
opranuzM Oonbiie xkuBeT. Ho 310 »3ddexT wu3MepeHuss ¢ MOMOILIBIO

QJICKTPOMArHUTHBIX W 3BYKOBBIX BOJIH. UHBAPUAHTOM ABJIACTCA BCIINYMHA dknan,

KOoTOpass COOTBCTCTBYCT H3MCPCHHUIO B COOCTBEHHOHl cHCTEME KOOpAHWHAT.
CobOcTBeHHOE BpCMA KU3HHU ONIPCACIIACTCA BPCMCHCM KU3HHU C

CKOMHGHCI/IpOBaHHOﬁ CHUJIOM TSIKECTH C MUHUMYMOM IOBUXXCHUA.

[Tpo10MKUTETLHOCTh KU3HU B COOCTBEHHOW CHCTEME OTCUeTa, OTIMYACTCS OT
IPOJIOJDKUTEIIFHOCTH KWU3HU B JBUTAIOIIEHCS cucTteMe orcuera. Ho maccuBHBIC
Tena He NOMYUHAITCA TNpeoOpasoBanuto Jlopenuna. OpranusmMm — 3TO
TUAPOJMHAMHUYECKAsT CHUCTEMa, IO3TOMY Ui HEro MOXHO HCIOJIb30BaTh
npeobpazoBanue JlopeHia co ckopocThbio 3ByKa. JlJis MacCUBHBIX T€J HE KUBOU
npupoabl mpeoOpaszoBanue JlopeHla cO CKOPOCTBIO 3ByKa HE CIPaBEJIMBO.
Bbruncinum cBsi3b MEXAy MPOAODKUTENIBHOCTBIO KU3HH B COOCTBEHHOW CHUCTEME
OoTCueTa W B JBUTAIOUIEHCS B ciydae mpeoOpasoBaHus JlopeHia Ijisi 3BYKOBBIX

BOJIH
4 _

J1- V2/c? )

JIBUTArOmuiicss opraHu3M MPOXKUBET OOJbIIE BPEMEHHU t, YeM HETOJBUKHBIA .
Temn xu3HM W dYacToTa y JBUTaronierocs oObekTa yMeHbmatrcs. CpemHsis

CKOpOCTb JBWKEHUS opranusma V =1m/s. [lonpaBka kK BpeMeHU KU3HU
t(A+V?/2c?)=t(1+4.6G0°) =t.

[Ipn nponomxuTenbHOCTH XHU3HU 60 JET NMPOAOIKUTEIBHOCTh MKWU3HU 3a CUET

pensTuBUCTCKOro 3 dexra yaamHuTcs Ha 2.85 yaca mpu U3MEPEHUH C MOMOIIbIO
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3BYKOBLIX BOJIH. CoOcTBeHHOE BpEMA KU3HU OCTAHCTCA HCU3MCHHBIM H PABHBIM

60 ser. CKOpOCTh BUPYCOB B )KUBOM OpraHuzme 10 'm/s.

YpaBuenune OTO B atmocdepe, B )KUAKOM 00beME U TBEPJIOM TeJe MEPEXOAUT
B YpaBHEHHUE, OINMCHIBAIOIIEE 3BYKOBBIE BOJIHBI, T.€. BMECTO CBETOBBIX BOJIH,
omucaHHbiX B [22], kotopeie omuckiBaeT OTO, Hamo HCIOIB30BaTh 3BYKOBBIC
BOJHBI cM. [23]. Bo3Hukaer Bompoc 00 HCIOJIL30BAaHHHM 3BYKOBBIX BOJH IS
BBIUMCIICHUSI TPAaBUTAMOHHOTO paauyca. ['paBUTALIMOHHBIA pagnyC 3BYKOBBIX

rh o rh o> _mie > Jrn?
yV—I"——,C" s

BOJIH aBeH =r = r=
P fiffifm ° Gm®*  16mc >3 2m C

rac

s
UCIIONIB3YETCA IJIOTHOCTh, KUHEMATHUECKasd BA3KOCTh MaTepHalia 3JIEMEHTAPHOU
YacTUIbl U CKOPOCTh 3ByKa B HEW. ['paBUTAllMOHHAs MOCTOSIHHAass G CTOUT B
3HameHarene. /[ 37eMeHTapHbIX 4acTULl T'PaBUTALMOHHBIE PaguyChl 3BYKOBBIX
BOJIH Oousibiie. T.e. 3BYKOBbIE BOJIHBI WJIM TUIPOJWHAMUYECKHE d(PPEKThI MOTyT
OKa3blBaThb BIHSHUE HA IMPOLECCHl B MHUKPOMHUPE, B YAaCTHOCTU B JKUBOM

OpraHu3mMc.

Bpems n3HU IBUraromierocs Me30Ha yBEJIMYMBAETCS, a TEMII )KM3HU U 4acTOTa
yMeHblIaetcs. Bpemsi &u3HM OnM3HENa IMYTEIIeCTBEHHHKAa W JoMocena
onnHakoBo. Ho Tak kak B JBUTaromIelcs CUCTEME KOOPAWHAT BPEMS YCKOPSIETCH,
BEPHYBIINCh I HETO MPOHAET OOJBIINNA HWHTEPBAJI BPEMEHH, HO C MEHBIIEH
4acCTOTOM WJIM TEMIIOM YXU3HHU, HO COOCTBEHHOE BpEMs y HEro COBMAAET ¢ OpaToM
nomocenoM. Ho 310 mpon3onaer, ecim y Hero UCIosb3yeTcsl BpeMs, U3MEPSEMOE C
MTOMOIIBIO AJIEKTPOMArHUTHBIX BOJTH. Kak s mucan y Hero Tpu croco0a u3MeHeHUs
BPEMEHHU, MO0 3aKOHAM 3BYKOBBIX BOJIH, JIEKTPOMArHUTHBIX U T'PABUTALMOHHBIX.
I'paBUTalIMOHHBIE BOJHBI  ONMCBHIBAIOTCS  AHAJIOTUYHO  3JIEKTPOMATrHUTHBIM.
N3Mepennss ¢ MOMOIIBIO 3BYKOBBIX BOJH OCTaHYTCS HEHW3MEHHBIMHU, TaK Kak
a0CoMIOTHAs CHCTEMa OTCUeTa JBIDKETCS BMecTe C TeinoM. KakoBO BIHsSHHE
AIEKTPOMArHUTHBIX BOJH Ha opranm3M? Ha MOJeKyIsipHOM W aTOMHOM YPOBHE
JNEUCTBYIOT 3JIEKTPOMArHUTHBIEC BOJIHBI. DJIEMEHTAPHbBIE YACTUIIBI KUBYT COTJIACHO

QJICKTPOMAarHuTHOMY BSaHMOHeﬁCTBHIO n B I[BHF&IOH.IGﬁCH CHCTCMC OTCUCTA HUX
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BpeMsi  JKM3HHM,  OIpEAeIeMOE  JJIEKTPOMAarHUTHBIM  B3aUMOJECHCTBHUEM,
YBEIMYUTCS, HO COOCTBEHHOE BpeMsl OCTaHETCcs Heu3MEeHHbIM. Ho m3mepsis c
MOMOIIBIO 3JIEKTPOMArHUTHBIX BOJH MOJY4YMM YBEJIUYEHHE BpeMeHM u3HHU. Ho
’KUBbIE OPraHU3MbI HE OMUCHIBAIOTCS AJIEKTPOMArHUTHBIM B3auMojencTBueM. OHH
MUTAIOTCA, TOTPEOIIAsT XUMUYECKYI0 3Hepruto. Coctoat u3 OakTepuil U BUPYCOB,
KOTOpBIE JKMBYT [0 CBOMM 3aKOHaM KMBOI'0 OpraHu3ma, MOrJIOHIatoT APYr Apyra.
OHu ynmpaBisIlOTCS 3aKOHAMU BbDKHMBaHUS. VX B3auMopeiicTBUE HE CBOAMTCS K
anekTpoMarHuTHoMy. Eciaum ymactcst cBeCTHM 3TH 3aKOHBI K 3JIEKTPOMATHUTHOMY
B3aMMOJICHCTBUIO, TO OHM OyAYT MNOJYMHATHCS 3aKOHAM HWHBAPUAHTHOCTU U
npeoOpazoBanus JlopeHlla ¢ yCKOpeHHMEM BpEeMEHU B JBIDKYLICHCS cucCTeMe
orcueta. [loka oOHapy)uBaeTcs TOIBKO BIHUSHUE THAPOJIUHAMHYECKUX (PAaKTOPOB,
OoOyCIIOBIIEHHBIX  3BYKOBBIM  B3aumojeiictBueM. Hamo u3yuuTh BiIHsHHE
AIEKTPOMArHUTHOTO TMOJISl HA OPraHU3Mbl U TOTJIa MOKHO OIICHUTH 3ama3]/IbIBAHUE
BpEMEHU B OKUBBIX CHCTeMaX. byAayT M KpbICHl JIOJbIIE€ JKUTH B
AIIEKTPOMAarHUTHOM TIOJIe, MO CPAaBHEHHUIO C KpbhICaMH 0€3 3JIEKTPOMArHUTHOTO

I1O0JIA. OTHOLIEHHE  BIUSHHUSA 3BYKOBOTO IIOJII K  JJICKTPOMAIHUTHOMY

1370

2 b
S

onpeaAcisICTCAd OTHOIICHHCM HMX TI'PAaBUTAOUMOHHBIX PaInyCOB T.C.

TUAPOJAMHAMHYECKU (DAKTOp ropa3fo CHIIbHEE AJIEKTPOMAarHUTHOTO. 3BYKOBOE
noJsie OyleT OompeessaTh SHEPTUIO JIEKTPOHOB B aTOME BOJOPOAA KAaK BEIIMUUHY
CBOOOJHOTO TOJII, TaK Kak TOTEHIMANbHAs DHEPrusl  IOJOXKUTEIbHAS.
[loTeHnmanbpHass SHEpPrus 3BYKOBBIX BOJH  TOJOXKWTEIbHA ©  OOJIbIIE
MOTCHIIMAIBHOW OJHEPTHH JJIEKTPOMArHUTHBIX. 3BYKOBBIC BOJHBI OJIKE K
KJIACCUYECKOMY OIHUCAHUIO0. DHEPrus. OJHOIO0 MOJS MacChl 3BYKOBOW 3HEpPruu

OmpesieNsieTcsl C TOMOIIBI0 KHHeMaTH4ecKoil Bsi3koctu /1 mo  dopmyne

E =mnw+1/2) = mj(n+1/2) =54Q0°(n+1/2)erg, xak wu SHEPrusi KBaHTA

AIEKTPOMArHUTHOTO oS E, =i>mn+1/2) =imc®(n+1/2) =i10°(n+1/2)erg.

DOHeprusi 3ByKOBOI'O TOJIE B ~10'2 OOJIbIIE YHEPTUU BJIECKTPOMATHUTHOIO MOJIS.

9HepFI/IH QJICKTPOMAruuTHOIO I10JIsI MHHUMaAs, TaK KaK OIIPCACIIACTCA I[HCHepCI/Ieﬁ, a
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SHEPrusi 3BYKOBOM BOJIHBI JEWCTBUTEIbHAS, TaK KakK OIpeaenseTcs o
KJIacCUYECKUM (opMysaM U OINpEAeNseT CpelHee 3HAueHWE. 3BYKOBas IHEPrus
MOJIOKUTENIbHAS U ONpeesieT CBOOOHOE, JTaMUHAPHOE COCTOSIHUE JJIEKTPOHA, a
AJIEKTPOMArHUTHAsE HSHEPTHsl aToMa OTpUIlaTeIbHAs M OIpeJesseT CBsI3aHHOE,

TypOyJIEHTHOE COCTOSTHUE.

BriBoanl

VBenuueHue BPCMCHHU M PACCTOAHUA Ha6JIIOIIaeTC$[ TOJIBKO TIpU HU3MCPCHHU C
IMOMOIIIBIO CBETOBLIX UJIM 3BYKOBLIX BOJIH. Nwmeetcs OJMHAKOBO TCKYIICC BPCMs B
PasHbIX CHCTEMAX OTCUYCTA, OI3TO coOCTBEHHOE BpCMs, KOTOPOC U SABJCTCA
6I/IOHOFI/I‘{€CKI/IM, CANHBIM BPCMCHCM (1)I/I3I/I‘{€CKI/IX IMpoHeCcCoB. HBHF&I—OIHHIZCSI )51
HGHO}IBI/DKHI)IIZ 6JII/13H€II B I/IHepHI/IaHBHOﬁ CHUCTCMC OTCUCTA ITPOKUBYT OUHAKOBOC

cOOCTBEHHOE BpeMsl JI0 BCTPEUH.
5.3 D¢ dexT BaBmiiopa-Uepenkona

B ciywyae nBwkeHHS dYacTHIBI B TMPO3pPAvyHBIX Cpefax CO CKOPOCThIO Ooiblie
¢dazoBOil CKOPOCTh, peanu3yeTcsi CcBepxcBeToBas BoiHA. [IpeoOpa3zoBanue
Jlopennia Hajgo0 MCHONB30BaTh C (Pa3o0BOMl CKOPOCTHIO BMECTO CKOPOCTH CBETa B
Bakyyme. YacTuiia MOXXeT ObITh pa3orHaHa B BaKyyMe, CO CKOPOCTHIO MEHBIIE
CKOPOCTH CBETa B BaKyyMme, HO Oosblie (a3oBOil CKOPOCTH B IIPO3PAayHOl cpelie.
[Ipn ABMKEHMH YaCTHIIBI B MPO3PAUYHON Cpelie €e CKOpOoCTh yMeHbluaerca. Ho o
YMEHBIIIEHUSI CKOPOCTH YaCTHUIIBl OHA JBUMIKETCS CO CBEpX (ha30BOM CKOPOCTHIO,
co3/aBasi YIUIOTHEHUE cpejle, NMpUYEM YIUIOTHEHHE oOpa3zyeT kKoHyc. Hwmeercs

aHaJIOTHsI CO 3BYKOBBIMH BOJIHAMH, 00pa3yIOITUMHU YAAPHYIO BOJIHY.

I'naBa 6. 3aBucMMOCTH IPe0OPa30BAHUS KOOPAUHAT OT SHEPIrUuM

AHHOTanusa
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[IpeoOGpa3zoBaHue KOOpAMHAT YacTHI] BaKyymMa COOTBETCTBYET MpeoOpa3oBaHUIO
I'amunes. Ho COBOKYNMHOCTH 4YacTHI] BaKyymMa 3a CUYET CJIOKEHMS KBaJpaToB
KOMILUIEKCHBIX CKOpocTeil oOpaszyer Merpuueckuii TeH3op OTO u B yacTHOCTH
tenzop CTO. T.e. ans 3JIEMEHTAPHBIX YaCTUIl, KaK COBOKYIIHOCTH YaCTHII
BaKyyMa, crpaBennuBo npeobOpaszoBanue Jlopenua. Ho B sanpe aroma umerorcs
YaCTHUIbI C OOJIBIION TMOTEHIUATBHOW SHEpPruer, KOTOpbhle 00pa3yrT EIUHYIO
yacTully Bakyyma. IIpu 3ToM, pasMep mpoTOHa HE COKpAallAaeTCs Ha BEIWYUHY,
cinenyromyo u3 CTO cm. [16]. BeiBenena ¢gopmyna npeodbpazoBanus JlopeHiia ¢

YUCTOM INIOTHOCTH S3HCPTUHU Y HACTUIl BAKyyMa.

®usnueckuii cMbici MeTpuyeckoro TeHzopa OTO

[Tokaxem, 4TO CKOpOCTh YacTHI] Bakyyma oOpasyeT Tenzop OTO. Oo6mias
TEOPHsI OTHOCUTEIBHOCTU NOCTPOEHA ISl MAKPOTEJ, U OHU BpPalaloTCsl ¢ MHUMOM
CKOPOCTBIO M TIOCTYNATENIbHO [JBHXKYTCS C JEHCTBUTEIBHOM CKOPOCTHIO.
OnpenenuM KBaJapaT KOMIUJIEKCHOM KOOpPAWHATHI MATEpUANIBHBIX YACTHI], U3
KOTOPBIX COCTOUT BaKyyM, JBUTAIOIIUXCA C [OCTYNATEIbHOH CKOPOCTBIO

V_ ,s=1,...3,8 HoMep dacTulbl. [Ipu 3TOM YacTHuIlsl Bakyyma OyayT BpamaThCs C

sa

MEPEMCHHOM MHHUMOW CKOpPOCThIO W, (t,%,..,X3). CuuTaem, 4To CKOPOCTH
YACTHIl BAKYyMa PaBHOMEPHO paclpelielieHbl B MaJIOM 00beMe, IPHYEM CKOPOCTh
BpaieHus paBHa W, =W, (I,X ,....X3) U HMEETCS CKOPOCTh MOCTYMATSIHLHOIO
mewkenns Vg, =V, (t), nocrymartensHoe — aBumkeHWe — Manoro  o0beMa

HpHMOJ’IHHCﬁHO H 3aBHCHUT TOJIBKO OT BpEMCHHU
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N 3
d= & a (idw, +dVy,)*tg/(2N) =

a,b=-Ns=1
N3 dv.
= 4 4 (P=dx +iMedir —2d’t2/(2N) =
a,b=-Ns=1 Ht dt
N 3
=- 4 3 MM 2/0N)dxkdx +
a=-Ns1 HXT X

iw_ dV, LW, W i}
+ 3 8 [2MWsa s oMV Wsayqkq 2 1oN) +
k d k q
a,b=-Ns=1 X t X llt

N 3 dV H dV
+ d § ()2 + e T (W y21q22 o) =
a,b=- Ns=1 dt Mt dt Mt

3 3
=- § g dXdx+3 g,,dXcdt+ g,c2dt?

k,=1 k=1

N 3
3 g VS /2N=c?

Bennunna C ckopocte cBera, paBHass A d Ve =C", KOHCTaHTa
b= N s=1

>2 >3

t. = 5 = 2
me“c 137me

q

A9TO MOCTOSIHHAsT KBAaHTOBOM MeXxaHuku. T.e. mojydacm

(dbopMyIly MHBapMAHTHOTO MHTEpBajIa OOIeH TEOPUU OTHOCUTEIHLHOCTH. Bennunna

0w pasHa

N 3

gu=a a UWia Wv—siat(?/(ZN),
a=-N s=1 l.lX
NS w,, pw, L,
Jo=-a a — o _—tg/(2N),
a=-N s=1 ClJI

mpu 3TOM KO3(PGUIMEHT TPH BPEMEHHOW KOMIIOHEHTE METPHYECKOr0 TEH30pa

paBeH
N3y NS,
0= 4 & (—)22I2N)- 8 A (Fos)22/(2N).
p=—N s Cdt a==Ns1 G
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N
|le -
[Ipu 5TOM BOCIIONIB30BATUCH COOTHOIIEHUEM &

a—NlJX a

N
a %:O
=N M

HMG@M, HCIIOJIB3YA BMECTO KUHETUYECKOM OHCPIruu CUCTECMBbI IIOJIHYIO SHCPIHUIO

3
-5 (IDWS)ZtZ (iDw) 2+2U -(1+2;J;|):-(1+rg/r),rg=2g\/|/02,
s=1 C

goo— Dt =ﬁ%exp[ (DV) /I(2myC )]dDV:

s=1 0
=1- 2M /(rc?)] =1- g/

F}IG M , MacCa 4YaCTHIHbI, co311afomeﬁ I'paBUTAllTUOHHOC IIOJIC. CKOpOCTB Wsa

CTalMOHApHA, T.C. OT BPCMCHH HC 3aBUCHUT. 061112151 TCOPUA OTHOCUTCIBHOCTH HC

normyckaer — (U3UYECKOW  CUHTYJISIPHOCTH  ONpeAenuTensi, o0pa30BaHHOTO

METPUUYECKUM TeH30poM, nodtomy uMeeM Jgodny =CONSt, orkyna onpenensercs

————, 0 =1- Mg Ir .

oonee Tounas popmyna g, =-

-r/

B ClIy4dac OTCYTCTBHA BHCIONHCIO ITOTCHIIMAJIA JJIA YaCTHUILl BaKyyMad UMCEM

3

O =0y . Mpu stoM nmeem uto & (DX ) _1 a ( )Ztg =1 ¥ CKOpOCTb
s=1 k s=1

W, crainmoHapHa, T.€. OT BPEMEHH HE 3aBUCHT.

Yro IIPUBOOUT K IIPCAIIOJIOKCHUTIO CymcCTBOBaHUA KBaHTa BPCMCHU,

IIPOCTPAHCTBA U CKOPOCTHU
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Dx =1/ N =1y /137,Dt =t /N =t;, /137,

3
DV = |4 (Dw,)* =c/N =10"cm/sec,
s=1

1
| =>2/me’t =l /lca=—"——
q M€t =l 137.035989

N =>2137/(1,,m,e?) = —“1|37a° =

PI
_/137.035989(,5291772102 A0 ° _137.035989"'*my, _
1.616199000 3 m,

. £2%/[1+a)@+a*)*A+a®)?@+a>*)’@1+a*)?](1° 10
=3.832865800° = . :
[696°(1° 0.900'%)

Koncranta N omnpexneneHa ¢ ToyHOCThIO u3MepeHuss mo nanHeiMm CODATA

2010,2012 ap =0,5291772102(17)10 8cm, Be/MUMHA

lp) =1.61619997)10 33em. [Ipy 3TOM 3Ta KOHCTaHTa paBHA CTEIICHU JIBOMKH, C

HOHpaBKOﬁ Ha MHO>HTCJIb, BaBI/IC}IH_II/Iﬁ OT MHUPOBBIX KOHCTAHT.

[IpeneioM KBaHTOBOM TEOPUHM TPABUTAIMH SIBISICTCS HE KJIACCHYECKast
MeXaHMKa, a KBaHTOoBas MexaHuka. [lostomy N Qp /v137 nmomkHa OBITH

XapaKTEpHON KOHEYHOUW BEJIMYMHON KBAHTOBOW MEXaHUKHU |q .

JlobGaBKa MOCTOSTHHOW CKOPOCTH K CKOPOCTH YaCTHIl BAKYyMa B METPHUECKOM
TEH30pEe CHUCTEMBI KOOPJAWHAT HE HM3MEHUT METPUYECKOTO TeHszopa. [lpuyem y
OTIEIBHOM  YACTUIBI BaKyyMa CKOPOCTh  CKJIAJBIBACTCA C  IMOMOIIBIO
npeoOpa3oBanusi [amwies, a oOpa3oBaB dJEMEHTapHbICE YACTUIIBI OHU
MOMYUHSIOTCS PESITUBUCTCKOMY CIOCO0Y ClOKeHHs cKopocTeil. CrpaBenius
Omaromapst popmyse ['anmumness cloKeHHUsT CKOPOCTEW MPHUHIIMI OTHOCHTEIBLHOCTH,
¢du3nKa mporecca 3aBUCUT OT OTHOCUTEIBHONW CKOPOCTH YaCTHI] BAaKyyMma, a HE UX
abcomotHoro 3HadyeHus. Eciam Obl Obuia cmpaBennmuBa ¢GopMyna CIOKEHUS

ckopocte JlopeHlla, TO pa3HOCTh CKOPOCTEH 3aBucella Obl OT OTHOIICHUS
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CKOPOCTH YaCTULIBI K CKOPOCTH BO3MYILEHHMS U NPUHIMI OTHOCUTEIBHOCTH HE
paboran Obl ais1 cpelpl, OMUChIBAEMOM dYacTulamMu Bakyyma. Kpome Ttoro,
BBIBEJICHHBIE (DOPMYJIbI 1JI1 METPUUYECKOTO TEH30pa B Caydae (OPMYIIbl CI0KECHHS
ckopocteil JlopeHnia u3MeHWIuM Obl CBOM BHMJ M ObLIM Obl HE WHBapHAHTHBI

OTHOCHUTCJIBHO I[O63.BKI/I K CKOpPOCTH.

Omnncanne KBaHTOBBIX CHCTEM Ha OCHOBE CBOMCTB YaCTHUI] BaKyyMa

Hcnons3yem 3TO CBOMCTBO YaCTHI] BaKyyMa JJIsl OITMCAHUsI KBAHTOBBIX CUCTEM.
B cnywae aroma Bomopoja pasmep CHUCTEMbI oImpezensercs o0JiakoM ciabo
B3aUMOJICHCTBYIOIIMX AJIEKTPOHOB, U 00pa3yeTcs cuctema, noguunstomascs CTO.
Pasmep aTroma u3MeHseTCS B COOTBETCTBUU ¢ TMpeoOpazoBanuem Jlopenna. B
clly4ae pacCMOTPEHUS Spa, WM OTIEJIBHOTO MTPOTOHA B3aMMOICUCTBUE CHIIBHO,
YaCTHUIIbl BaKyyMa CHJIBHO CBSI3aHBI, TaK KaK MX KOHIICHTpPAIMS BEJIMKA, U OHU
o0pa3yloT eauWHYI0 YacTHIly BakyymMa cC TnpeoOpasoBaHuemM [amunes u ux

HPOIOJILHBIN pa3Mep He cokpainaeTcs cM. [16].

[To Mepe manpHeHIIEro pocTa CKOPOCTH, coryiacHo [16] oHu 00pasyroT B
JIBUTAIOIIICHCS CHUCTEME KOOpJUHAT (OpMY JABOSKOBOTHYTOM JWH3BL. Jlemo B Towm,
YTO DHEPTHS MO IEHTPY MOMEPEYHOTO CEYCHHUS ITPOTOHA OOJIBIIIE MOJYIISI SHEPTUU
Ha €ro TpaHUlle Ha E€AUHUIy MomnepedHoro pasMmepa. Ilo mepe yBenuueHus
CKOPOCTU OTHOCHUTEJIbHAS JOJid NOTEHIMAajda B IEHTPE IONEPEYHOr0 CEUCHUS
OospIlie MO MOJYNIO, 4YeM Ha rpanune. CraemoBaTeabHO, B IIEHTPE NPOTOH
MPOSBIIAET CBOMCTBA €AMHOW YACTHUIIBI M 3HAYUT yacTUll [ amuiiess, 1 mpoaoIbHbBIN
pasmMep HeusMeHeH. Ha rpaHuIle mONEpeyHOro CEYEeHUsT MPOSIBISIFOTCA
pPEJISITUBUCTCKME CBOMCTBA, W pa3sMep YacTUIbl yBeauuuBaeTca. I[lostomy

obpasyercs ¢popma JBOSKOBOTHYTOH JIMH3HI.

®opmyna a1t npeoOpa3oBaHusl KOOPAUHAT CIEAYoIIas
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dx= (dxj + fp dti-)/1- V212
Ce
fipdt = (i dti + - i) 1 [1- V2 /G2
Cr

dy=dyj,dz=dzj
U (Xi, Vi, zi
A L L

c® A r(XiYizi)dxi
0

2 e o
Zi):u E(X.I, y.l, Zi) <0
HYIHZ]

I'ne BEJINYMHA U (Xi, Vi, IUIOTHOCTB SHEpruen

B3auMozeiicTBus yactu Bakyyma, ! (Xi, Vi, Zi) miotHOCTB Macch! Teia.

U (Xi, Yi, Zi
Korna OTHOIIIEHUE - a(yi,Zi)( yi,2) >0 MaJlo, CIIPaBEIUBO
c® /i r(XiYizi)dXi
0

npeobpazoBanue Jlopenma. Korma ckopoctu pacTyT, ckasbiBaercs (HakTop

] U (i, yi, i) >0 y
a(vi.zi) , KOTOPbIM MCHBIIC HA I'PAHUIIC IMOIICPCYHOT'O CCUCHHA
2 o~ C gt ot .
c” N 7 (Xiyi zi)dXi
0

tak kak a(Vi,Zi) Gombme uem B IIEHTpe, W TpaHWIla YBEIUYMBACTCSA, a

[IEHTPAJIbHOE CEUYCHHE HEU3MEHHO, W oOpasyeTcsi ¢opMa JBOSKO — BOTHYTOM
TuH3bl. HamoMHHMM, 4TO MITpUXOBaHHAS YacTHIA HETOJBUKHA B CBOCH CHCTEME
KOOpJAHWHAT, U €€ pa3mep Heu3MmeHeH. He mTpuxoBaHHas yacTulia IBUXKETCS U €€

pa3sMep yBEJIMYHBAETCH.

YacTurpl Bakyyma IpH OOJBIIMX CKOPOCTSAX HMEIOT (POpMY JTBOSIKOBOTHYTOM
JIMH3BI, HO B CHJIy MaJIOTO CPEIHEreOMETPUUECKOr0 pa3Mepa U OOJBIIOTO MOTYJIS
SHEPTUU B3aWMMOJCUCTBUSA, MPOSIBJISIOT CBOMCTBA 4YacTull ['anmuies mpu Maiaom
paHre MYJIBTHITONS, 00pa3yIOMIEro YacTHIly BaKyyMa. BobIoi panr MyIbTHIIONS,
COOTBETCTBYET OOJBIIOMY KBAaHTOBOMY UHCIy DJJICKTpOHA B aToMme, W,

CJICA0BaTCIbHO, MAJIOMY MOJYJII0 SOHCPIUU BSaHMOﬂeﬁCTBHH.
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I'naBa 7. IlpeoOpa3oBanue JlopeHna B HCKPMBJIEHHOM NPOCTPAHCTBE.

Otor 3ddexT HabmomaeTCs NpPH PACIPOCTPAHEHUHM CBETa B Pa3HBIX
HanpaBIEHUSIX B CiIy4yae Bpalaromeiics okpyxHoctHn. CKOpocTh CBeTa B
UCKPUBJICHHOM MPOCTPAHCTBE — BPAIIAIOMICHCS OKPYKHOCTH paBHA c+\b,c- Wb
NpH PacrpoCTPaHECHUU B Pa3HBIX HAMpaBICHUSAX. B pe3ynbTaTe MOSBISACTCS
3aras/bIBaHNE CBETOBOM BOJIHBI. JTO M3MEHEHue mpeoOpazoBanus JlopeHma B
MCKPUBJICHHOM TPEXMEPHOM NPOCTPAHCTBE. AHAJOTWYHBbIC HAOIOICHUS JeIalu
aCTPOHOMBI B KOCMHYECKOM TIPOCTPAHCTBE B ClIy4ac HCKPHBICHHOTO
npocTpancTBa. B Ge3pasMepHOM BHJIEC ATO 3ama3[bpiBaHue omnpenensercs cMm. [17]
dbopmyna (4.1.10)

My-_ 4 b
/Dt_c Wb /

bW ¢

I'me b pamguyc okpyxxkHocTH, W dacTora BpalieHus] OKPYKHOCTH, / JUTMHA BOJHBI
aneKkTpoMarHutHoro mnosis. Ilpm wacrore, paBHon W=fryb  3ama3gpiBaHue
MaKCHMaJIbHOE, T.€. peanu3yeTcs npeoOpa3zoBanue koopauHaT [Mamunes, dazoBas

CKOPOCTh CBETa CTPEMUTCA K OCECKOHEYHOCTH, CHPABEIJIUB  MPUHIUI

nanpHOAecTBUA. [lpu  ycioBUAX i> >Z|.,i>E WIN % > i% >E
- Py oW~ bW/ c c

peanusyercs mnpeoOpazoBanue JlopeHIa, Tak Kak 3ara3iblBaHUs, HET CKOPOCTH

pacrpocTpaHeHusi BO3MYILIEHHMS paBHa CckKopocth cBera. llpum  ycimoBusx

b C b_ W
—>>—> 3 umm —> >—> A peanusyercsa npeodpazoBanue [anmies, Tak Kak
C

/[ bW

¢azoBast CKOPOCTb CTPEMHUTCS K O€CKOHESYHOCTH.
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Takyto GopMyny ClIOXEHUS CKOPOCTEH MOXKHO OOBSICHUTh, €CIU BBECTU

€ 3 4o
a30B CKOpPOCTb o dopmysne — = —,ad = eXpe 6%7 0 u KOTOPYIO
azoByro CKOp (opmy i fr] S Co- WhbPic/ 2 py

HAJI0 UCIOJIb30BaTh B MpeoOpazoBanuu JIOpeHIIa BMECTO CKOPOCTH CBETa B

BaKyyMe€. dazoBas CKOPOCTL B HCKPHUBJIICHHOM IIPOCTPAHCTBEC HU3MCHUT CBOC

o B 40N b 0
3HAYeHMEe U YBEJTMUMTCS COTIAcHO 3aKoHy M} = CeXpeae—z
V\/zb /c / + u

OTMeTI/IM, dTO Ha BpPCMA 3alasAabIBaAHUA TIPU MAJIbIX CKOPOCTAX BpPAIICHUSA
N3MCHCHHUC CKOPOCTH CBCTA HC CKA3bIBACTCA. B camom ACJIC CYHICCTBYCT (1)0pMyJ1a

®duso, onpeaenstomiast pazoByr0 CKOPOCTh
fp =M n+V (- 1/n®) =c/n+Wo(1- 1/n?).

Tak kak B JaHHOM Cily4yae Majod 4acTOThI BpalleHus (a3oBas CKOPOCTh OOJbIIE

CKOPOCTH CBETa B BakyyMe uMeeM N< 4, umeem GopMyIry

40b®WIn? _ 4pb*W

if/n®  ff

IIpu dopmyne croxenus ckopocrei ['ammiess dactota HE HM3MEHSET CBOETO

Dt =

3HAYCHHUS TIPU MaJiol 100aBKM K (pa3oBOM CKOpocTH cBeTa. BenmuuwmHa (assl

3ara3/bIBaHusl HE MEHSETCS, KaK M BPEMEHU 3ala3bIBaHHs, YTO W ONPEACISIN B
omrudeckom BonmokHe. C  rtounocteio M Cr < < pesymerar  m3smepeHus

3alla3blBaHA CHIHajJla B OIITHYCCKOM BOJIOKHC IIPpH HN3MCHCHHUHU (1)213030?1

CKOPOCTH HC CKa3bIBAJICA. da3oBas CKOPOCTDB IIPHU 3TOM HU3MCHHJIACH CYIIICCTBCHHO.

Korma xe peanusyercss mnpeoOpazoBanue ['anunes. [lpu paBeHcTBe
ckopocteit Wb =fr. Ilpu 3TOM CKOpPOCTH CBeTa MOXKET OBITH OOJIbIIE BEITUUUHEI,
CTOSIIIIENl BMECTO CKOPOCTU CBETa B Bakyyme B mpeoOpaszoBanuu Jlopenma. Ilpu
O0JBIIIOM HECOBMaACHUM ATUX ckopocTeit Wb =fr peanusyeTcs mpeobpa3oBanme

Jlopenna. Ilpm wmanoil CKOpOCTM BpalleHUS OKPYXKHOCTH HaOJIoAaeTcs
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BBHITIOJIHEHUE TTpeoOpazoBanuil JlopeHna. B ciydyae 6ombioro paguyca KpuBU3HbI
ONpPENENSIONIMM  SIBISIETCS  OTHOLLEHHWE YacTOThl  BpallleHUs] K  YacToTe
ANEKTPOMAarHuTHOW BONHBL. [ peanuzauuu ¢dopmyn [anmunes HeoOxoaumo,
YTOOBI YacTOTa BPAILlEHUS OKPY>KHOCTH ObUia OoJibllle 4acTOThl cBeTa. B ciyudae
Majoro pajaudyca KpUBHU3HB, HO Ha MHOro OOJbIlIero, 4YeM JJuHa

AIIEKTPOMArHUTHOM BOJIHBI BBIMOIHSIETCS TpeoOpa3zoBanue ["anuies.

I'naBa 8. CBepxcBeTOBbIC BOJHBI B YCHIHBAKIIUX Cpeaax

B ycunuBamomux cpegax MOTyT paclpOCTPAaHATHCS CTAllMOHAPHBIE BOJIHBI C
(a30BOI CKOPOCTHIO, OOJIBILIENH CKOPOCTH CBETA B BakyyMme. Dopmyna ais (a3oBoil

CKOpPOCTH 3THUX BOJIH UMCCT BHU

U ) B 8.1)
1- (¢c- a)ft

F,IIG C,d8 TIOrOHHBbIC KOC—)(i)(l)I/ILII/IeHTLI YCUIICHUA U TIOTJIOIICHUA, [ JIUTCIIBHOCTD

umnynbca. OTHOCHUTENbHOE HW3MEHEHHE KOHILEHTpaluu (OTOHOB 3a Majblid

untepBan Bpemenn DZ/C: pasmo Dz/C:f. Dra sxe Benmunba pasna cfipt oTKya

Dz
JUTSL TIpUpatieHus: ckopoctu DU = o = cccet

VMeeM ypaBHEHHE TI0 OIpeelIeHuo (ha3oBoii ckopoctu M =C+Du=c+ ccc.f .
Otkyna caenyet ypaBHeHue (8.1). Ilpu ycrnoBum (C -da )fl]‘ >1 Bonna msmenut
ceoe manpasirenne. Ilpu yemosun (C- @) <O saryxmer. Ilpu ycnosun

(c-a)ft =1 (azoBas CKOpPOCTh paBHa OECKOHEUHOCTH M CIIPABEIJIMB 3aKOH

CIOXKEHHUs CKopocTed l'ammiies mist cpeapl, B KOTOPOW MPOUCXOIUT YCHIICHUE
AJIEKTPOMArHUTHOM BOJHBI. BHE 3Toil cpeabl (a3zoBasi CKOPOCTh OMpEAENseTCs

CBOWCTBAMU CPEJbI, B KOTOPOU paclpOCTPAHSAETCA.
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I'naBa 9. UHBapHaHTHOCTH HEJIMHEHHBIX YPAaBHEHU

OTHOCHTEJIbHO npeodpa3oBanus Jlopenna

JIn HEIMHENHBIX YPAaBHEHUM IBW)XCHUS HE CIPABEIJIMB IPUHLHUI CYIEPIO3ULIUN
pemenusi. [loatomy mpeoOpazoBanue [amwiies Ay HEIMHEMHBIX CUCTEM HAJO
CTpOUTH OCOOBIM 00pa3oM. AHanoru4Ho u mpeoOpazoBanue JlopeHua s
HEJIMHEWHBIX CUCTEM HaJ0 CTPOUTh 0coObIM oOpa3om. [lpu sTOoM BbIAENsETCA
CUCTEMa KOOpJAMHAT, TA€ Cpela HENOABM)KHA Ha OECKOHEYHOCTH, TI/A€ HET

B3aUMOJICHCTBHS.

B cniydae npeoGpazoBanus ["anuies peiieHre Haao CTPOUTh B BUJIE

dxj = dx - V,°dt=dF (xj, X}, X})
dF (X4, X}, X4)
dtj

(1)

Vi=V, - V° = =G, (X4, Xp, Xi)

Pemaem HenuHeHOe ypaBHEHHE B CHUCTEME KOOpPAMHAT, TJ€ CKOPOCTh Ha
OCCKOHEYHOCTH paBHA HYNIO, T.€. B INITPUXOBAHHOW CHUCTEME KOOpAMHAT.
[Tomyuyaem BTOpyro ¢opmyny (1). HMaTerpupyem 5TO ypaBHEHHE, TOJydaeM
U3MEHEHHE KOOpJWHATHL. B cucTemMe KOOpAMHAT. TJie CKOPOCTh Ha 0ECKOHEYHOCTH

HE HYJIEBas IMEEM PACIPOCTPAHSIONIYIOCS BOJIHY
X = V=R (0 - VOt X - Vo't Xg - V3t).

Tak KaKk Ha OCCKOHEUHOCTH HMEEM BOJHOBOC peUICHUC, 3HAYUT OTHOCHUTCIBHO
KOOpAWHAT BOJIHBI CKOPOCTH Ha OCCKOHEYHOCTH HYyJICBasA. U HMMCCM HYJICBYIO
KHMHCTHYCCKYIO SHCPIUIO Ha OECKOHEUYHOCTH IMOACYUTAHHYIO B HC HITpHXOBaHHOﬁ

CUCTCMC KOOPpAHHAT.
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I'ne BemmumHa V,% 9TO CKOPOCTH CHCTEMBI KOOPAMHAT. AHAJOTMYHO B Ciydae

npeoOpa3oBanus JlopeHiia HaJl0 CTPOUTH PELLIEHUE B BUJIE

dx- Vv Odt
Xj= =dF, (X, Yi, zi)
\/1_ (VO)Z/CZ
_ 0 2
dti= IEM I e i vizi)
\/1_ (\/0)2/02

dyi = dy=dF, (xi, yi, zi)
dzi=dz=dF,(xi, Yi, zi)

CkopocTtu npeoOpa3yroTcs M0 3aKOHY

Vi- VP dR (X, i Z)

Vi

T1- VW, /c? ot
Vi LV, 1- (VO)2I? dF, (xi,yiZ)
SR TRVL VT Y
V.:VZ\/l' (Vo)?*/c* _ dF,(xi, yi, Zi)
17 Vo, /c? ot

B cucreme koopauHaT, TIE€ CKOPOCTh CHCTEMBI KOOPAHMHAT HYJIEBas,

COOTBETCTBYIOIAsl HYJIIO CKOPOCTH Ha OECKOHEUHOCTH, MMEEeM MpeoOpa3oBaHUe

KOOpAUHAT
v, =S58 - g (o, vi 2
ot
dF, (xi, Yi, zi)
V s — Yy — G X., ., Zi .
J . y (Xi, Vi, Zi)
V= ) -y, 2)
|

Kunetnueckas OHCPIuUs, IIoACYUTaHHasA B CHUCTCMC KOOpAHWHAT, I'IC CKOPOCTHL HaA
OECKOHEYHOCTH paBHa HYJIIO KOHCYHA. Yto HE CKaxellb O APYrux CHUCTCMax

KOOpAWHAT, TIAC IIOACYHMTAHHAA Ha IIPAMYIO KHHCTHYCCKAs OHCPIrud Ha
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OECKOHEYHOCTH HEe paBHa HYyJI0. [lonyyuB pelieHue B IITPUXOBAHHOW CHCTEME
KOOpAMHAT, I[EPECYUTaeM €ro B HE IITPUXOBAHHYIO CHUCTEMY KOOPAUHAT,
[IPOMHTETPUPOBAB [0 IITPUXOBAHHOMY BPEMEHHU, IIOJY4YUM ILITPUXOBAHHBIC
KOOPAMHATBI, KOTOPBIE MIEPECUYUTAEM B HE LITPUXOBAHHBIE. B HE MTPUXOBAaHHBIX
KOOpJMHATaX MOJyYHM BOJIHOBOE PEIICHHE C MPEOOpa30BaHUEM BPEMEHHU, IPUUEM

KHHCTHUYCCKAsA SHCPTHA BOJIHBI B OECKOHEYHOCTH paBHa HYIIIO.

3HaYUT nepexoa B JApPYryro CHUCTECMY KOOPAHWHAT, CBA3dH C BOJIHOBBIM
pPCUICHUCM CcO CKOpPOCTBHIO CHUCTCMBI KOOpJAWHAT. Ha6JIIOI[aTeJ'IB B HC
HJTpHXOBaHHOﬁ CUCTCMC KOOpPpAMHAT YY4aCTBYCT B BOJHOBOM JBHXCHHH CO
CKOPOCTBbO CUCTCMbI KOOPJAWHAT. HOBTOMy CCTCCTBCHHO, YTO JIsI HCI'O PasMCpPhbI

IMpru U3MCPCHUU C MMOCTOSTHHOM CKOpPOCTBIO CBCTA, USMCHAIOTCA.

I'naBa 10. IIpeonosieHune TEJI0M CKOPOCTH 3BYKA U CBETA

Jliss TpeoioNieHnsT 3BYKOBOTO Oapbhepa HEOOXOIWM pEaKTUBHBIN JIBUTATEb,
UMCIOIINKA ~ KOMIUIGKCHYIO  TATy. [Ipolleccel B pEakTUBHOM  JBUTATENIC
TypOyJICHTHBIC U 3HAYUT CKOPOCTh MOTOKA KOMIUIEKCHas cM. [21]. DTo o3Hauaer,
YTO BO3MOXHO TMPEOJ0JICHHE 3BYKOBOro Oapwepa. B »ddekre Basumona-
UYepenkoBa HaOIIOMaCTCS CKOPOCTh YaCTHIBI CBEPXCBETOBas, Oojblie (a3zoBoi
ckopoctu cBeta. [lpmyem mnpeoOpazoBanue JlopeHI]a Hag0 WCIOIB30BATH C
(da30BOil CKOPOCTHIO, a HE CKOPOCTHIO CBETa B BakyyMe. B craTbe mpeiokeH
QITOPUTM  TIPEOJOJICHUS CBETOBOrOo  Oapbepa. PaccmarpuBaeTcsi  TOJIBKO
KMHEMaTH4ecKasi 4acTh TEYEHUs, MpOOJeMbl C HArpeBOM TIPpU CBEPX3BYKE HE

paccMaTpUBarOTCA.

CornacHo pensiTUBUCTCKUM MPEJICTABICHUSM O CKOPOCTH 3BYKa pa3BUTHIM B [20],
CKOPOCTh 0OJIbllIE€ CKOPOCTU 3BYKa MPEOJI0JIEBACTCA C OOJIBIIUM TPYAOM KaK Ha
caMoJieTe, TaK U Ha aBTOMOOWJIe. DTa CKOPOCTh B MPOEKIMH HA KacaTelIbHYIO K

TPaeKTOpUH, onpeaesieTcs no Gopmyie
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~ Fdt m(v-V,) — Vlc

Vo Mme™ me " fiviie
C t i '
Lo PO MV V) Vole

, Mc omc 1.v2/c?

I'ne penaTUBUCTCKUI 3HAMEHATENIb UMEETCS TOJIBKO y IPUCOCAUHEHHOU MacChl m .

Ho ckopocTh 3ByKa B 3T0# (hopMyJsie KOMIUIEKCHAs, TIOATOMY CHpPaBEIJIMBO

lillexp(- iargc+iargV) = a+ib

Ic Ji+a?- p*+2ab
: \/m expliarg(@ +ib)]
41+ (@2 +b?)2+2a%- 2b% expliargllral- b2 +2ia h]
~ Fdt m(v-Vy),  Vylc

Dmc mec  J1- V2 /c?

['me nelcTBUIO CHUIIBI TIPEMSATCTBYET UMITYyJbC Tena. Ecnu Obl He ObUIO

=a+ib;

PENSITUBUCTCKOTO 3HaMEHATENsl y TMPUCOETUHEHHOM MAacChl, CKOPOCTh Teyia Obl
pocna HeorpanudueHHo. Ho TpeOyeTcss mnpeomoneTh NPUCOSAMHEHHOW Maccoi
3BYKOBOW Oapbep. /[l yCTOWYMBOCTM JABWKEHHS JIOJDKHO — BBITIOJIHSATHCS
- argc+argV =arg@ +ib) - argll+a®- b*+2ia h/2argV =0. Ho mauanbHas
CKOPOCTb TeJa paBHA HYJIIO, [I03TOMY HAa4aJbHYIO CKOPOCTh MOKHO HE YUUTHIBATD,
Y OTCYET BECTH OT Haydayia ABWKEHUS. [Ipu MOCTOSITHHOM MHUMOM 4aCTH CKOPOCTH,
MOJIy4aeTCsi HE CThIKOBKA, MHUMasl J3KCIIOHEHTa CIpaBa U CJEBAa COKpallaeTcs,
CIipaBa MMEETCSd MHHMasl BEJIIMYMHA, a CJEBa JEHCTBUTENbHAs BelnuyuHa. Toraa
700 CKOpPOCTh Tejla CTAaHOBHUTCS KOMIUIEKCHOHM, MO0 NeWCTBUTENbHAs YacTb
UMITyJIbCA paBHa HYJIK, U CKOPOCTb 3BYyKa CTAHOBUTCS YHUCTO MHUMOM.
KomMmrnekcHast CKOpOCTh Tella O3HaudaeT ero BpalieHue win konebanue. U To, u
JIpyroe MpUBOAUT K aBapuM, TaK KaK aBapus IpPHU MPEOJOJECHUU CBEPX3BYyKa HE
MPOUCXOJUT, CKOPOCTh Tejia JAeiCTBUTENbHA. YHMCTO MHHMMasi 4acTh CKOPOCTHU
3ByKa HayMHasi C OMpPEJEICHHOTO MOMEHTa BPEMEHHM HE MPUBEHET K pe3yJbTary,

TaK KdaK B Ha4daJIC IBHXCHHA CKOPOCTb 3BYKAa HMCCT I[CIZCTBHTGJII)HYIO 4aCTb U

bZ 2
3HauuT & , 0. [lonmyuyaercs MHUMAast 4YacTh 3ByKa MEHSETCS] U BEJIMUMHA > A
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, T.C. HeﬁCTBHTGHBHaH JaCTb MMITyJIbCa HE PaCTCT, 4 MHUMaAA PaCTCT, HNPHUUCM

peanu3yeTcs

V] _ Ja® + b* 9

| 4f(b?- D2 +a* +2a2b? + 22

MHuMasi 9acTh CKOPOCTH Tena pacteT mo dopmyne R=R, +i4/T?a- R, T cwm.

[21], rne T mepeman maBieHus, Wik Oe3pa3MepHasi CHiIa TArH, R kputhdeckoe

uncno  Peitnombaca. Ilpm  yemosum 14 =R, macrymaer typGynenTHbIii
KOMIUICKCHBI PEXUM, NMpPHU 4ucie PelHonbpaca Tella, paBHOMY KPUTHYECKOMY.
JleicTBuTENbHAS YacTh Yncia PeiiHobCca HE pacTeT, a MHMMAs 4acTh pacrteT. [Ipu

9TOM HUMIIYJIBC ABUTATCIIA YPAaBHOBCHIMBACTCA C HUMITYJIIBCOM COIIPOTHUBIICHUA
bZ — 2
Cpeasbl, IIPHUCM =1>>a M TOoraa CKOPOCThH TEjia 6y216T OOoJIbIIIE CKOpOCTH

3BYKa. HOHy‘IaCTCSI, qTo I IPCOaO0JICHHA CKOPOCTHU 3BYKa UMITYJIBC TCJIa JOJIKCH

t
paBHATECA IM[ Fat_ m(v - Vo)
mc mc

0

Fdt m(V-V,)
mc mc

1=1> Re[Ry

0

] H TOr'’Ia CKOPOCTH TCJIa

OyIeT paBHITHCS

VvV _ NJa'+l 1 _ 1
lcl 4a*+4a? ~2a Fdt  m(V - V,)

mc mc

> A,

2RelR

0

]

[Ipy DOCTOSHHOM CKOPOCTM JABHWKEHHUS Te€Ja, CYMMAapHbId HMIYJIbC PABEH
KOHCTaHTE, TaK KaK B 3TOM Cllydyae CyMMapHas CWJIa paBHa HyIr0. Pactymum
HMMITYJIbC COOTBETCTBYET YCKOPEHHOMY JBHXCHHUIO WM YMEHBIICHHUE HUMIIYJIbCa
[IPY TOPMOXKEHUH TEJIA NPHU OTPULIATEIILHOM CyMMapHOU cuie. Bo3Hukaer Borpoc
SABJISCTCS JIA PEAKTUBHBIA MMITYJbC KOMIUIEKCHBIM. lIpu wmcnosbs3oBannn
PEaKTUBHOTO JBUTATENIS HAOMIOAAeTCsl TYpOYJICHTHBIA PEKUM TCUCHHS] W 3HAYUT

KOMIUIEKCHAsI CKOPOCTh TIOTOKa cM. [21] u KkoMmIuIekcHas cua.

OuenuM, Koraa CKOPOCTb 3BYKa SIBIIIETCS KOMIUIEKCHOW. CKOPOCTH 3ByKa

onpenensercs no popmye
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w 1 1 Lw_ Lk _Lwr
2rC3[(4/7/3+V)+C(a'a)] 7 T RT

1 .
~+ia ua uwe
C

I'me L anuna cBoGoaHOTrO mpobera. B pa3spekeHHOM BO3ayxe JIMHA CBOOOIHOTO
npobera OombIle IIMHBI BOJHBI M3nydeHus KL > 34, v 3HAUUT MHUMBIA UMITYJIBC

00JIbIIIe, U MPOILE JOCTUTHYTh CBEPX3BYKOBBIX CKOPOCTEH.

BozHukaer Bonpoc, a BO3MOKHO JIM MPEOA0JICHUE CKOPOCTH CBETA, aHAJIOIMYHOE
CKOpOCTH 3ByKa. Jlj1s1 3TOr0 Heo0xouMa KOMILIEKCHas cuja. BBoauTcst B Teopuu

noast [14] xomrmiekcHbii BekTop F=E +iH wnMeronuii Oosbiol (Gu3nyecKuit
. 2 _ 2 2 o

CMBIC]I, Kak oOpasyrommii wuHBapuantel F°=E°- H°+2i(E,H), pasubie

JNEUCTBUTEIIPHOM M MHHUMOM 4YacTH KBajapaTa 3TOro BekTopa. B Teopuu moss

e
cymectByer ¢opmyna A = qk, KOTOpasi TpH KOMIUIEKCHOW ckopoctu U
u

ompeieNiIeT KOMIICKCHBIM MOTEHITAN, @ 3HAYUT ¥ KOMIUIEKCHOE AJIEKTPUUYECKOE U
MarautHoe mnoiie. @opmyna st cwibl JIopeHna ciemyromias FL —eE+ e[V, H]/ C.

Ho (1)OpMy.IIa HGﬁCTBHTGHBHaH, npuueM IIpu KOMIUICKCHBIX ITOTCHIHAJIaX
IMpeBpalacTCsa B KOMIIJICKCHYIO. Ho cuna 3a cueT MarHMTHOIO IIOJIS HaIIpaBJICHA

NEPIEHAUKYIISIPHO CKOPOCTH U ONIPEAEISET BPALICHUE YaCTHULIBI.

B YCKOPHUTCIIAX MAIrHUTHOC M 3JICKTPHYCCKOC I10JIC IMTOCTOAHHOC WU HC 3aBHUCHUT

_ W WA

OT BPEMEHH, T.€. YCKOpstolnas cuia papua E, =- ——- —- 1 =1,...3. B ciyuae

HC3aBHCUMOCTH BCKTOPHOI'O IIOTCHIOHMAJIAa OT BPCMCHH, KOTOpBIﬁ JIMHEHHO CBS3aH
CO CKOPOCTBIO, HAIIPAKCHHOCTD JJICKTPUYICCKOI'O IIOJIA IIOYTH HeﬁCTBHTCHBHa, €ro

MHHMMasl 4acTh MaJjla U OIpPEIEIIIETCS 3HaMeHaTelleM B (opMyJie Ul ITOTEHIHAIa
k _
RU" =R, - (V,R)/c, rae ckopocTh paBHa CKOPOCTH CO3JAIOIIUX I10JI€ YACTHIL U

MCHBIIC CKOPOCTH CBCTaA. I[J'IH IIOJIYy4YCHHA KOMILJICKCHOM HAIIPSAKCHHOCTHU
QJICKTPUYICCKOro I10JId HGO6XOI{I/IM3 3aBUCHUMOCTb OT BPCMCHH BCKTOPHOI'O
IIoTCHIOMAaJa. Ho B YCKOPUTCIIAX HAIIPAKCHHOCTh MAI'HUTHOI'O IIOJIA IIOCTOSAHHA, U

3HaA4YUuT BeKTOpHBIﬁ MMOTCHIOHAJ IIOCTOAHCH, T.C. HAIIPAXKCHHOCTDL JJICKTPHUYCCKOI'O
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nojast JAeucTBUTeNIbHA. T.e. B YCKOPHUTCIIAX CBCPXCBCTOBOC JBHMXXCHHUC HC

MMOJTY4YHUIIb.

Nmeetcs  cBepxcBeToBoe TeueHue B ciydae dddexkra BaBuosa-
YepeHkoBa, MpuUYeM CKOPOCTh Tena Oojblie (a3oBOM CKOpPOCTh cBeTa. B
npeobpazoBanuu JlopeHa HaJ0 UCIIONB30BaTh (Pa3o0BYyI0 CKOPOCTh, @ HE CKOPOCTh
CBETa B BaKyyMe. DTO CIeAyeT U3 TOTO, YTO TOJBKO JJisi a30BOM CKOPOCTH CBETA
WIA 3ByKa COXpPAHSAETCS METPUYECKUI WHTEpBaJ B Cllydae 3BYKOBOTO H
AIIGKTPOMArHUTHOTO TIOJSI MPHU TEPEXOAe MEXAy pasHbIMH cpenamu. B ciydae
aToro s dexra ans CBETOBOM BOJIHBI 00pa3yeTcsi CKayoK YIJIOTHEHHUS, KaKk M B
cllydae CBEpX3BYKOBOro TeueHHUs. CKOpPOCTh 4YacTHIBI OyIeT HW3MEHSATHCS B

COOTBETCTBUU C CHJIOU TOPMOKCHUA 9aCTHUIIBI

Volee Fdt ., V,/c

JL1-VZic? D mc  1-vZ/c®

I'me Cr ¢dasoBas ckOpoCTh cBeTa B MPO3PayHOM MaTepuae, Vy/c CKOPOCTh

QJICKTPOHA B BAKYYMC, ACIUTCA Ha CKOPOCTH CBCTA B BAKYYMC, CKOPOCTH YaCTUIIbI

pU MPOHUKHOBEHUU B MPO3PAvyHOE TEJIO OYIET YMEHbBIIAThCS Vp <V,, Tak Kak
CWJIa COMPOTUBIICHHUS OTPUIIATENbHA.

B kuure [4]§115 momydeHo BBIpaK€HHE IS CHIIBI, JACHCTBYIOIICH Ha
AIIEMEHTAPHYIO YaCTHILY

e’ c?

R Ve

C2

Yudw.
OTtkyna uMeem IpUOJIUKEHHOE PELIEHUE
2 2
e C
FW) == (1- ——)n/2.
W pe; ( V2n2)

CrnenoBarenbHO, CUja, AEHCTBYIOIIAs HA YACTUILYy paBHA
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d20 2

€
ar? [} 2v2n?(w)

F(t)=- —a’u(t) exput)dw.

IIpu ycnoBum nokasartenst NpeaoMIIEHUs, OJIM3KOro K KOHCTaHTE, MOJIy4aeTcs
CWJIa, IEUCTBYIOIAs HA OTPAaHUYEHHOM OTpPE3KE BPEMEHH, T.€. IP(PEKT U3ITyUCHHUS
3aTyXHET, TaK KaK CKOpPOCTb 3JIEMEHTapHOW YacTHULbl OyJeT KOHEUHON U MaJoi,

WJIY HYJIEBOW.

FI/II[pOIII/IHaMI/IKa, N B YaCTHOCTH AaAKYCTHUYCCKHUC KOJ'Ie6aHI/I$I, OIIKUCBIBACT
MOBCACHUEC MAKPOTCJIa, COCTOAIICC H3 IJJICMCHTAPHBIX 4YaCTHI. AKYCTHUYCCKHC
KOHe6aHI/I$I, 9TO KOJIEOAaHUS QJICMCHTAPHBIX YaCTHII. QHCKTPOI[I/IHaMI/IKa OITKMChIBACT
IIOBCACHUC  YaCTHUII BaKyyMa, B YAaCTHOCTU  JJICKTPOMAIHUTHBIC  BOJIHBI
ONpCACIIIOTCA CKOPOCTBIO YaCTHI[ BaKyyMa. Tak kak macca AUITIOIA Malla,
KHHCMATH4YCCKasd BA3KOCTb BdKyyMa BCJIMKA W YHUCIIO PCﬁHOHBHC& MaJIO, KaK H

KpUTHUUYECKOE yuciio PeriHonbAca.

[Tonyunm u3 pensituBucTckoro ypaBHenus Hasoe — CTokca ypaBHenue KieitHa-

I'opnona. PaccmotpuMm ypaBHenue HaBbe - CTOKCca ¢ KHHEMATHYECKOM BSI3KOCTHIO

i>

/7—2— 3alMCaHHOE B PEISATUBUCTCKOM (opme, mpuyeM Oe3 ydera TerIoBOro
m

noroka. Ecmu penstuBuctckoe ypaBHenune Hasbe — Crokca 3ammcaHo

OTHOCUTEIBHO TEIUIOBOM (YHKIMU E€AUHHUIBI 00beMa wW=e+ p B JOKaJIbHON

cucreMe mokoss cMm. [5]§133, To B mpemnmaraeMoii (Gopmylie HCIOIB3YeTCS

IUIOTHOCTbD B JIOKAJbHOM CUCTEME IOKOSI

|>(uukfr1 uukﬁ))_uofrf&g_u.ﬁ%: upk_

2m g HX rpx
[lonyunnu pensiTUBUCTCKOE HHBapuaHTHOe ypaBHeHue HaBpe — Crtokca. IT1O
ypaBHEHHE OTJIHYaeTCsl OT pelsITUBUCTCKOro ypaBHeHusi Hasbe-Crokca,
npuBeseHHoro B [5]. YpaBHeHue B [5] cTpomTcs Kak OTIMYArOIIEeCS CKOPOCTH
TEIUIOBOTO JIBMKEHHUS OT MAaTEpUAIbHOIO JBWXKEHHS. B JaHHOM ypaBHEHUH

TCIIOBAA 4aCThb OTCYTCTBYCT.
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Bocnons3yemcst pPaBEHCTBOM TUISE YEeTBIPEXMEPHOI CKOPOCTH

i>
ufm=- —D,Iny k=0,...3. TIpu 5ToM 3TO paBEHCTBO MOKHO TMPEJCTABUTH B
m

>
Bujge PV =i—u—y|,| =0,...3, OTKy1a uMeeM OmpeeicHHe Oleparopa HMITYJIbCa
L > y
o) ZT&’I =0,...3. T.e. 4eTbIpeXMEPHBIi UMIYJbC YACTHI[ BaKyyMma SIBISCTCS

COOCTBEHHBIM YHCIIOM ONEepaTopa UMIYJIbCa.

o i>piny 2 1>piny
i> m X< . i> m ux< .
2am O 2m X
_i>piny _i>piny
i>piny " om ok L i>Hny T om ok pp
m g, X m X rpxt
2

>
PaSIIeJII/IM 9TO YPpAaBHCHHUC Ha BCIIMUHNHY E [MoJIy9um
m

5 5 2 s
ol [p ny . Winy piny piny  piny piny 2rr21 ~ ”pkukds]:O.

O g i g X >P T X

Tne semmuuna OX =u*dsk=0,...3, npu 5ToM wuHTErpan BAONb TPAEKTOPHH

paBeH

(9~ €P(%) =00 X0 - 080663 = O ds=
S0

s (x0,><1,x2,x3)
=-f HIOK u“ds=-  fj “pk dxt
o THX (€80 THX

[IpuueM kak (yHKIUS METPUYECKOrO HHTEpBaJia, 3Ta BEJIMYMHA WHBApUAHTHA
OTHOCHUTENIbHO TipeoOpazoBanusa Jlopenma. ['me BenmnunHa S COOTBETCTBYET

3HAQYEHUI0 METPUYECKOr0 HMHTEpBaja, M HMHTErpajn OepeTcss BIOJIb TPACKTOPUU
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JABIMDKCHUSA YaCTHII. HpI/I‘-ICM YaCTHasA HOpPOM3BOJHAA OT 3TOr0 HMHTCIpaia BAOJIb

TpaeKTOpHUH, paBHA

(X0:% 1%, %3)

S
BR Paes B P outdss g FB oI
HX (50,040 ,9) X udsSO X u rpx urds rpx

[IpouHTETpHpyeM 3TO ypaBHEHUE, TOTYUUM

2

[u Iny ulny plnyulny ulnyplny] 2m
DO X B i g ) >

=-m?c?/>?

i “pkukds:
o [HX

212
['me KOHCTaHTy WHTETpUPOBAHUS OO0O03HAYMIH m2c />, VmuoxuM 53TO

YpPaBHCHHC Ha BCIIMUYNHY y )41 BOCITIOJIB3YCMCH PaBCHCTBOM

5% :y[uzlny+ulny Hny | uy :y[u Iny ulny Hiny |
W O O g X X

ypaBHeHue Knelina-I'opgoHa ¢ moTeHuuanom.

MOJIYYUM

2,2

Wy Wy 2mi
WO x>
Hp
rpx

y =mc?y 52

=" ﬁ ude:CZ(X01X11X21X3)- Cz(Xg,Xé,Xg,Xg)<O
S

IIpn 3TOM BpeMs KM3HU CTALlMOHAPHOI'O COCTOSIHUSI 3aBUCHUT OT KOOPJIHMHATHI

wacTHLB Y =%exp[— i(EDt - ip Dr)/>][1+0(r - ro)?].

[Ipu 3TOM JNOKaNbHOE PEIICHUE CBOAUTCS K PABEHCTBY

E? = pic® + 2mPu °c® + m*c?

DTO ypaBHEHUE NMPUBOJIUTCS K BUIY

_po _po
E- mé&= 2m+mC2 2rn+mC2(X X', X%, %x%) - ME (XS, %6, %5, %)
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Ilonmyyaercs, 4TO CBSI3aHHOE COCTOSIHHE KBAaHTOBOM MEXAHMKH COOTBETCTBYET
TypOyJICHTHOMY pE€XUMYy, a CBOOOJHOE COCTOSIHUE JIAMHUHAPHOMY, TaK Kak
CBA3aHHOMY  COCTOSIHUIO  COOTBETCTBYET  OTpPULATENIbHAs  JHEpPrus, a
JNEUCTBUTENbHAS YaCTh KUHETUYECKOW HSHEPruu TYpOYJIEHTHOTIO pEeXHMa HMEET
OTPULIATENIBHYIO YaCcTh 34 CUET KBaJpaTa MHUMOM YaCTH KOMILIEKCHON CKOPOCTH.
KBaHTOBOE CBSI3aHHOE COCTOSIHME DJIEMEHTApHOM YacTHUIbl  ONMCHIBAECTCS
KOMIUIEKCHOM  CKOPOCTBIO YaCTHL BaKyyMa C OTpPULATEIbHOW YacThIO
KMHETUYECKOM JHEPTMM IYTEM pELIEHUs PEIATUBUCTCKOro ypaBHeHHs Hasbe-

Crokca.

Cuna, neiicTByronjass Ha TEJNO CO CTOPOHBI PEAKTUBHOIO JBUIATEI,

omnpezensercs no Gpopmyine

F =f{pd + rViV,)df,.

I'me wuHTerpanm Oepercs TONBKO IO 3aMKHYTOW TIOBEPXHOCTH. Tak Kak
NeWCTBUTENIPHAS YacTh CKOPOCTH B TYpPOYJIGHTHOM PEXHME paBHa KOHCTaHTE, TO
MHHMMas 4YacThb CWIbl JIMHEWHO 3aBUCUT OT KBaJparTa MHHUMOH CKOPOCTH
BBIXOJISIIIIETO TOTOKAa B JBUTaTele. IJTO MNPUBOAUT K OTPUIIATEIBHOM CHUIIe,
00yCIaBIMBAIONIYIO ICHCTBUTEIBHYIO TATY ABUTATeNs. UTOOBI MHMMAs 4acTh TATH
Obu1a OOJIBINE MEHCTBUTEIBHOM TATH KPUTHYECKOE Yuciao PeliHombaca nBUTaTelis
JOJDKHO OBITh MaJIBIM. OJTO O3HadaeT, 4TO ITOBEPXHOCTH BHYTPH JIBUTATEISA

JOJDKHA COCTOSITh U3 MaTepualia ¢ OOJIBIION MIEPOXOBATOCTHIO, TOTa KPUTHIECKOE
o - 2 2
gpcno Peitnonbsea 6yner mansim RER =R, < dmMR | torma ReF ~R; - (ImR)* <0,

YTO 00CCICYUT OTPHUOATCIIbHYIO CHUIIY, T.C. TAT'Y ABUTI'aTCIIA.

CyliecTByeT ABa TUMA PEaKTUBHBIX ABUratess. OJHU U3 3aMKHYTOro oObema
BBIOPACBHIBAIOT CTPYIO W 10 3aKOHY COXPAaHCHHS HMMITYJIbCa TEJIO JBMIKETCS B
MPOTUBOMOJIO)KHOM  HampaBiieHUU. J[pyrue TypOOpeakTUBHBIC JIBUTATEIH
MPUHAMAIOT CTPYIO BO3JyXa, HarpeBalOT €€ A0 TYpOYJISCHTHOIO COCTOSHHS |

BBIOPACKHIBAIOT B TMPOTUBOIOJOXKHYIO CTOpOHY. COrjjlacCHO 3aKOHY COXpPaHEHUS
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MacChl, CKOJBKO IOCTYNHJIO MAacChl, CTOJBKO W ObUIO BbIOpomIeHO. [Ipuuem
CKOpPOCTh M Macca CTPYH H3-3a €€ HENPEPHIBHOCTH HE M3MEHUJIACh. 3a CUET YEro
oOpa3zoBanach peakTUBHas TAra. TypOyJleHTHas CTPysS KOMIUIEKCHAs U €CIH
MHHMasi 4acTb CKOPOCTH, OOJIbIlIe JIEHUCTBUTEILHON YAaCTH TO €€ JIEUCTBUTEIbHAS
4acThb  KBaJpara  CKOPOCTM  HampaBlieHA  MOPOTHBOIIOJOXKHO  CKOPOCTHU
pacnpoCTpaHEHUs, T.€. CO3HACTCS TAra. OJHEPrusi PacXoAyeTcsi Ha CO3JaHUE

TypOyJIEHTHOTO MOTOKA.
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